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EFFECTS OF ACCELERATION ON THE
RESONNANCE FREQUENCIES OF CRYSTAL PLATES

P. C. Y. Lee and Kuang-Ming Wu
Department of Civil Engineering

Prince ton University
Prince ton , New Jersey

Suienary effec ts have been done by A. U . Warner ,7 U . L. Smith ,
8

and by N . Valdois , S. J. Gagnepain and S. Beason .9The changes in the thickness—shear regonnance
frequencie s of circ ular crystal plates subjected to Circular Plate Under In—Plane Ac celeraUonsteedy in—plane accelera tion with arbitrary direction
are stud1~d. A circ ular plate of redius It is referred to the

rec tangular coordinates X , Y , 2 wi th XZ p lane as theA cl osed fore solution for a circular plate under middle plane of the plate. The plate Is supported byaccelera tion with three or more points of mounting is a number of metal ribbons attached to the edge of theobtained. Prom this solution , ini tial s t ress and pla te. Their locations are denoted by angles nj ,strain fields are computed at each and every point of i — 1,2,.. .n for n supports (See Fig. 1). The p la te isthe plate as a function of plate orientation , subjec ted to a stead y in—plane body force C with itsdirec tion of acceleration , and positions of supports. orientation denoted by angle $ with respect to X—axis .These fields are then taken into account in the coupled This problem is analyzed in two stages. In thisequations ~~ ~e incremental thickness—shear and sec tion, ini tial fields due to the accelera tion areflex u r~’ ’ ons through the second— and third—order determined . Then the small oscillations superimposedelast s coefficjei~t, of the crystal , on the initial fields are studied In the next section.

ace—dependence or non—uniformity of 
~q_uilibrium of Forces and Momentst’~ ~a and the smallness of th e frequency

ch t 0 in the order of l0—~) a per turbation Let N i and Ti denote the normal and tangentialme used to calculate the changes in the thick— components , respec t ively, of the force f rom theness—shear resonnances . The predicted frequency changes support at aj to the plate (See Fig. 1). For theare compu ted as functions of the acceleration direction equilibrium of the plate under the bod y force Cand of the po .itions of the support. for AT cut of (force per unit volume), we requirequartz. These are then compared with experimental
value. of A. W . Warner and W . 1.. Smith. IF — 0

It

- 
Introduction C 2b iT It2 cos~ +~~ N~ cosa1 1—1 ~ slna1 — 0

This is the third in a series of studies of the 
IF —frequency—sensitivity of crystal resona tor plates t1 z 

n n (1)external for ces. In the firs t paper of the series , 2 r rC 2b ii R sine + L N a m a  + T cosa — 0a system of six two—dimensional equations , accom,odat— 
i—i I I 

~~~~~ 
i Iing the coupling of the flexure , extension , face—shear ,

thickness—shear and thickness—twist modes , was EM — 0derived for vibrations or waves of small—amplitud e nsuperimposed on finite , elastic deformations due to 
~ T~ — 0static , initial stresses. In these equation ., the 1—1nonlinear term . as,ocjated to the third—order elastic

• stiffness.. in stre..—atrajn relations were included. Force—Displacement Rela t ionsThen the frequency change, of the fundamental thickness—
shear mode. of circular rotated V—cuts of quart s , Let u~ and w denote the notmal and tangen t ialsubjected to a pair of diametrical force., were studied component., respe~t ively , of the displacement of theand compared with va~ioua existing experimental data.2—5 support at u.s. Assume that the response of each metalin the second paper,’ nonlinear effects of initial ribbon can be represented b y a  cantilever beambending on th. vibrations of circular quartz plates subjected to end forces Ni and T1. Then for a metalwere investigated . The plate wa, flexed as • ribbon of length t , and rectangular croaa—se cr~on arescantilever near th e edg. and stre ssed by a transverse, h1 xh2, the forc e—disp lacem,nt relation , are ,1concentrated force applied at a point diametric ally
oppo site the s’ippore. In obtaining the in itial field. Ni — K I~ u~ • T1 — — K 1

2 
w~ (2)caused by bending, strain components were assumed to

be smell, but large gradients of plate defl ectio n end h K — 3E’t 3 
I h h3 ’l2 a d  I h h3/ 12 Welarge rotat ions of the plate element are permiss ible 1 2 1 • ~ 2 1 2by retainin g their quadratic term, in strain—dis place— ~‘ e

nt relatio ns. Predicted val ues were compared with -. 

~ — h~/h2 
<~~ 1the asured ones by Kingins , Iarcua , end Perry .3 In “ - 1 2 1 2both cases , eapli cit formulas for predicting frequency

chang es were obtained in terms zero- and first—order Compatib ility of Displace ment , of Supportsstrain, through the second— and third—order slaa t ic
stiffnes, coefficients , Lit u and v be the rigid body displacsiss nts in X

and Z direc tions , respectively , end m the rigid bodyIn the present paper , the equations of mot ion for rotation abou t V axle of the plate. Aasu me thatthe coupled thickness—shear and fl szur el vibrations relative disp lacements betv esn any pair of materialderived in Ref. I are employed in the stud ies of the particles within the plate caused by the initial bodyacceleration effect, on the changes In thickness—shear force are saall as compsr.d with the rigid bodyresonances. Ezperimsntal investigations on acceleration translation. u and w, Then the compatibility relations

I

C-



among the diaplacements of the supports are
cos 8j — y.~1(R2

~~~z1 z — x 1 x)

— u cos + w sin
(3) 1v u sin m + w c o s a + R n  sin S — —

i i i r1R i x x I~~
(7)

We have thus obtained from eqs . (1) — (3) a sys tem of 2 x1)
2 + ( 2

(4 x n + 3) equations with ul, w1, N1, T1, u , w , and 
r
1 Cx — z — z

1
)

a as the (4 x n + 3) unknowns. It can be reduced to
a system of three equation, in terms of u , w, and a by g — (a1 + e~) ± 2 ii a
substI tuting (3) into (2) and , in turn , into (1) as
follow,.

[—

~ I c~— I s~ — (1—y ) I s~c1 E.~l 1~ 1 r~ ~ 
where n is an integer so chosen that 0 < L3~ ~ a.

Initial Strain Field
I .~c1 —~ I s~— c~ _Ic

ij [~ j 

[_
~ 

sin1 Due to the s~~~etry of the applied forces and the
I c  1 s ~ o plate itself with respect to XZ p lane, we take— I I ufO) . u~°) and u~l) as the non—zero Initial diaplacn.mtt

where components. Then by linearizing the initial strain—
displacement relations, eqs. (53) of Ref. 1, we have

— _ 2 b w R 2
C K 12 

C, s~ — sin a
1
, c

1 
— coe 

~~0) 
— ~~0 ~ (O) _ IJ~

0
~11 ‘ 3 3,3 (8)

Once u, v, and a are obtained from (4), we can E~°~ — , 2E~°~— ~,
(O) 

—2 2 S 1,3 3 ,1compute suppor t displacements from (3) and support
force. from (2).

For the last relation of (8), it is assumed that in—
Initial Stress Field plane rotation associated with initial deformation is

negligible ,
The exact solution for an isotropic circular

plate which i. subjected to body force C and boundary ~~~~~~ (i4°~ + u~
0
~/2 — 0.

forces N1 and T1 may be obtained from Michell ’s
solutions11 in plane—stress theory of elasticity . The The above strain component. may be computed from
rectangular components of stress at a point P(x ,z) are th. initial st rea.-atrain relation. , eqs . (49) of
given by Ref. 1,

~ ~°x1 
— - 1 C x +~~ c z T~°~ 2b C ~(O) (9)

p pq q2 x  2 z1—1
where T~

0
~ are related to component , of initial stress

a N obt ainJ from (5) by following relation. .
o — T (0 —~~~~j) + ’  x — 1C & (5)

& ‘ &i—l I 2 x 2 & 

T~°~ 2bO x I — 2bo~ (10)
a

— I T
~~ 1—1 ~ 

— f C & - 
~ 

G~ x 
T~~~” 2b t .

The initial stress field i~ calculated from (5)
where C — coa •, C — 0 51~ • for a circular plate with four supports . Two of the

support. are along the xj axis and the other two along
is the normal stres, at point P(x,z) due to forces the *3 axis. The plate is subjected to a body force

Nj and Tj applied at point Aj(x4 ,zj). It i. a normal c — 15 $ ~n the —x1 axis direction. The distribution
stress acting in the direction or along r1 (See of stresa components along diameters oriented in
Fig. 2) and is given by direction , 45’ from a , *3 direction , and 9 from xj

are shown in Figs. 3.-L, rssp.cttve ly . Stresse. due
a --I-
r
1 

sbr1 
(I~ con + T

1 
sin (6) to forces which are statically equivalent to those

calculated from (2), but mmii ornaly distributed over
the supported area are also calculated and are shown

or in rectangular components in dashed lines in Figs. 3-4 . The comparison show.
that the differences are not significant in the

o — a coe2 
•~ 

elect roded central area , but they are more pronounced
Xi f t near the edge of the plate.

— 
~~ 

sin 2 
~~ 

(6)’ Thickpess—Shear and Flexural Incremental Vibration.

For rotated Y—c uts of quartz vibrating in the
— a sin cos vici nity of the thickness—shear frequencies , the

X*j  f
j  ptWomiaent component of incremental displacement i,

which is coupled to u(0) . The coup led equations

Once the location. of points A1 and F, or a , , z1, 4 p.tiee of thidwees—she&r and flexural modes with
a, med a, are gives, the other qeaseittee i& tJ above U~°’, ~~~) and T~O) of (S) and (9) as unknown functions
equities. y be obtained throu~~ Ie..etr icai consider- 0 &j *3 are obtained from eqs. (35) of Ref. 1
atioan as f.l l.ws. as follows.



a4 ((14~j
(O) )t (O) 44j (O) t (l)

~4; (i) t (l) +T (O) (O)
J 

- 
~ 

((l+2U
~°i) Cf?~+2uf°~

C
~~

)
J
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The displacemen t equations of .otian of uW (x1,t ) and
40) (x1, t ) are obtained by substituting (h) into (12) + (C ~(0) + Ch r  r,l l5rtfisn into (11). The resulting equatione in terms of
dimensionless variables
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niaiti al fields .ekas the + (l4I4~~ + U~
0
~) C66r r ,1exact solutions of (13) very difficult to obtain . A

each function can be separated into two parts as 7
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Ry setting initial :ields to zero in (17) and (18), we 
~ ~, + • — ~, a $ — 0 (27)have 1 1

b2 C11 and normalization
2 . T 3 — — 1 , t~ — b .

3K~ c
66 (20) 1

I v ~~v d A - l  (28)
2 

~ 
o o

2 • 4 ‘

andT - T  - F  — F  — F  — 0 .  It can be seen that2 4 1 3 5 TI~ changes in the resonance frequencies of the
(15) reduce to the coupled equations of thickness—

fundamental thickness—shear nodes are
shear and flexural vibrations when there are no
initial stresses.’2 For free vibration problems , (15) 1
may be written in the following matrix form . v,~

.Q.v dA

~~~ 1~~ALv — Av (21) — — —i — -
~~ — t ’(O .$,ai.R/b) (29)

0 
C0 x

where L is the linear differential operator and is 
0

separated into two parts as the following.
We see that frequency change is a function of plate

L - L + ‘~ ‘22~ 
or ien tion 8, azi.~ ‘i angle of body force •, locatione

0 of the Supports 0~~~, and the ratio of the radius to
thickness of the ,~~ate R/b.where

T a +i T a Calculations for frequency changes are made for
1 11 3 5 1 circular AT—cuts of qu.~ ‘tz p lates with diameter

L
0 

— 2R — 15mm, thickoesa 2b — 1.69 mm. The plate is

F a F ~ subjected to an acceleration with C — 15 g —
3 2 1 3 4 11 14700 cm/sec 2 and supported by four nickel ribbons of

(23) leng th 9. — 6.35 sin and rectangular cross—section
(h1 — 0.076 sue and h~ — 1.270 mm). The Young ’s moduhu

t1a11÷t2a1÷t 3 t 4 a
11

+t 521 for Nickel is E 4.~ 2 x lO~ dyne/cm~. The predicted
frequency changes hf/f as a function of azinoth angle

Q0 
— $ for three different support configurations are made,

(f a +i a +t A (f a +f a ) using Sechmann ’s13 values of the second—order elastic
3 1 ii 2 1 3 3 4 ii 5 1 c o ef f i c i e n t s  and those of Thurs ton, Miskimin, and

Andrea th14 for the third—order coefficients. These
In (21), v is the displacement in vector form and predicted results are shown in Figs. 7—9 agd compared
is related to the dimensionless frequency C as follows, with measured values of Warner7 and Smith. It can be

r~i 
seen in Figs. 7 and 8 that the agreements of

I I between predicted and measured values are reasonable
V — both in magnitude and variation. In Fig. 9 , the

L”J ~24’ 
measured values are quite different from the calculat—

2 2 
ed values (solid lines) and also d if f e r e nt in general

A — — — (w/~~1) character from the measured values for the two plates

2 2 1/2 which have slightly different mounting configurations
whe re w1 — (3ic l C66 /pb ] is the lowest thickness— as shown in Figs. 7 and 8. It appears possible that ,
shear cut—off frequency of an infinite plate without in presenting experimental values of Af/f0 

f or
initial stresses. We note L0 is the part of the various orientation of accelerations, —x3 axis
operator associated to aotions without initial stresses instead of +x.~ axis of the plate was usea as the
while Q is the part of the operator which includes all reference. If this is the case, then all the data
the effects of initial fields. Since the values of t ’,ould be shifted by 180 in abscissa. The calculated

and fj are several orders of magnitude smaller ve1.ues after shifting by 180’ are plotted in dotted
than those of Tj end 

~i. 
respectively, it Is appropriate lines in Fig. 9 for comparison. It Is seen that

to employ the perturbation method to obtain the agreement becomes close. When looking at the results ,
frequency changes due to acceleration, we should keep in mind si.plificationa have been made

in order to obtain the mathematical solutions. The
Let pla te is assumed to be uniform in thickness and

‘1) vibrating at frequencies of the fundamental thickness—
A — A

~ 
+ A 

~~~ 
shear modes. The actual plates used in experimen ts

(1) 
are double—convex and excited at frequencies of the

V — V + V fifth overtone of the thickness—shear modes.

where v and A
~ 

satisfy Once the accuracy of the analytical solutloni are
established , the acceleration aenaicivity of

~ — A V ‘26~ 
resonance frequencies can be computed systematically

o o o o as functions of various effecting factors , i.e. the
orientation • and magnitude C of acceleration ,

(26) are the equations of motion of the thickneas—shear geometry of the resonator plate R/b, positions of the
and flexural vibrations withou t initial stresses , supports a

~. 
orientation of the plate e, and the

Their solution for. and dispersion relation may be linear and nonlineer material coefficients.
obtained from eqs. (20), (22), and (24) of Ref. 12.
We further impose traction —f ree boundary conditions References— tf I) — 0 (from eqs. (61) of Ref. 1), at
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Figure 4 A circular plate subject to a body force in —x1 direction .
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CAI~UIATI0NS (14 THE STRESS CO9.~ ENSATSD (sc-cur) Q.UA~ ’Z RESONATOR *

E. I’. EerNisse
Sandia Laboratories

Albuquerque, New Mexico 87115

Su~~ery Theory

Theoretical calculations have been carried out on The theory for the effects of static mechanical
the .toubly-rotated SC-cut quartz resonator. The reso— stress bias on the resonant frequency of thickness-
nant frequency of this resonator is free from the shear quartz resonatori has been adequately presented
third—order elastic constant effects of static mac han— before . The theory i~ based on the formulation by
ical stress bias . Calculations show that this stress Thurston and Brugger, which holds for isothermal,
compensation can be adjusted independently from the homogeneous conditions , The limitation of isothermal,
temperature compensation during fabrication. Angular homogeneous conditions means that the present calcu.la-
tolerances necessary to a ttain the stress compensation tions apply rigorously for cases where the t ime scales
are investigated. The theoretical results are shown of Interest are long compared to the thermal time con—
to agree quantitatively with recently published ther- stant of the thickness dimension of resonator plates .
mel shock measurements. General expressions for the This ther9al time constant t.1 can be estimated from
SC-cut and AT-cut are provided to allow s imple calcu- solutions of the differential equation for heat flow
lation of the frequency shifts due to any static mech- i~ a slab bounded by x = ± Tq/2 (plate thickness 

=

anical stress bias,

Introduction pci2

The SC—cut was introduced at the 29th Annual 
= ..~....a (4

Symposium on Frequency Control )- This doubly—rotated,
quartz resonator is a member of the (yxw-t~~,e thick- Here p is density in kg/rn3 ; K is the component of the
ness—shear mode family. It Is temperature compensated thermal conductivity tensor along the thickness d.irec—
and free from frequency shifts induced through third- tlon In joules/(sec-m .X) ; and C is specific heat In
order elastic constant effects by static mechanical joules/ (kg ic) . The specific heat depends on the mech—
stress biases in the plane of the resonator blank . anical boundary conditions and varies according to the
The sources of the static mechanical stress biases amount of work done by the stress—strain fields duri ng
could be acceleration, electrode stress , or the mach- thermal expansion. The details for the case of a
anical mounts . The third-order elastic constant ef- plate heated nonuniformily along the thiqkness dimen-
fects are surprisingly large when compared to today ’s sion hai been worked through by Holland;1 a typical
frequency control requirements. In fact , changes in number for t can be calculated using his numerical
mechanical stress bias with time have been suggested values for tree largest decay constant and handbooks
as a source of long-term frequency drift .1’

2 
values for K. We estimete PC as 8.o joules/(sec.rn.K)
for the AT-cut at room temperature. For a 5 MHz , 5thIn the present paper, calculations on the SC-cut overtone, AT-cut precision crystal thickness of O.l7om,are presented which are intended to aid in the tabri— t~ is 71 macc , a result comparable to the 65 macc es—

cation and experimental investigation of this poten- tiasted by Kusters. These time s are short relative to
tinily important quartz resonator. The coeffic ient to the time scales of the majority of experimental
relating frequency shift to static mechanical stress conditions to which quartz resonators are subjected.
in the electrodes (called the stress coefficient) 15 Thus , the present isothermal, homogeneous theory is
shown as contour plots on the~~ ,8 plane. The sensi- applicable toe large fraction of technically inter-
tivity of this stress coefficient to errors in ~ ~~ esting problems involvi ng static mechanical stress -
9 are discussed quantitatively . It is found that the bias in quartz resonators.
stress coefficient in the vicinity of the SC—cut is
dependent almost entirely on 0 alone, while the firSt— The theoretical formulation can be suamed un in
order temperature coefficient is dependent almost the relation1’ 5entirely on 0 alone. The~e facts should make the
SC-cut easier to study as well as to manufacture,

dr/f— (~
) oW~)_lIAa+ ~ lI

2tJ8s~~+ 3~B s C B 6IAf (2)
A general , quantitative expression for the third-

order elastic constant effect in terms of 0 and 8 in Here, matrix notation is used for tensors (a, 
~, y, 6

presented for the SC-cut which will allow calculation run 1—6), f is the thickness shear resonant frequency,
of the influence of any mechanical stress bias on the bf is a change in that frequency, p 0 is mass density
resonant frequency of the SC-cut. A similar general in the unstressed condition, s.~ is the isothermal
expression is presented also for ‘ee AT-cut so that elastic complianc e tensor , ~~~ is the_isothesmel
future workers can compare the relative merits of the third-order elastic-stiffness tensor , Ta is the ever—
SC-cut vs. the AT-cut, age stress bias in the quartz averaged over the thick-

ness dimension ~ , ~~~ is a change in the averageFinally, the similarity of thi present SC-cut and static stress biL. The A.~, 3a’ and Ua are defined bythe 1’S-cut (thezasi shock compensated) proposed by
Holland is discussed. In fact , it is deaonstra~ed
that the results of a recent exper imental search for (A1, A2, A3, ~~, A5, A6)
a thesmel -shock compensated quartz resonator can be
explaineJ quantitatively with the present calcula- — Iii1~1, y2, N?3, 21y3, ~ ;1N3, a(1N2, (3)
tions • This comparison lends credence to the exis-
tence of the SC-cut and demonstr ates the generality of
the present calculations. 

~
, 

~~ ~~ 
~~ 

~~ 
U6)

- lu~u~, ~~~ u u j , ~~~ ~~~ ~~~~ (~ )

S



coefficient Is nearly vertical there. This means that[B1, B2, B3, B14, B5, B6) 0 can be adjusted with little effect on the first-
= { ~~~~ II 2PJ2~ 

N
3
U , N2

U + N
3
U~, order temperature coefficient. This relative ortho..

gonality of the stress effect and the temperature ef-
N1U + N

3
U~, N1U~ + N

2Ufl . (5) fect has technological impact for it suggests that one
can independently adjust the stress and temperature
response of the SC-cut.Here Nj is the unit vector in the direction of acoustic

wave propagation (thickness of plate) and and U? are The right-hand scale of Fig. 1 has been centeredthe slow shear wave eigenvalue and eigenvector of on the SC-cut. This was doze to allow for the inevi-
table differences between theoretical calculations andP W2U~ = N NscjrksU~ 

(6) experimental reality which arise both from inaccura—00 k r
d es in the values for the elastic constants and from

where tensor notation is used (subscripts run 1-3) and contouring effects. Noting the right-hand side of
cirks is the isothermal elastic stiffness tensor. Fig. 1, we see that fabrication with an accuracy of

~ 1.5’ on 0 will reduc e the stress coefficient by atPiezoelectric effects on resonant frequency are small 
least a factor 2f 10 relative to the AT-cut value ofin quartz and crc ignored here. 
0.273 x l0 11cm’/dyn. An accuracy of t 0.2’ on 0
during fabrication will provide a reduction in theThe values for A~~ are found from the specific 
stress coefficient of at least 100 relative to thestatic stress bias patterns under consideration and AT—cut .are usually identifieble more easily in the plate axes

system. A rotation of to the same axes system as 
It must be emphasized here that Eq. (9) and thethat used for the elastic tensors Is necessary before definition of K are specific to the case of stressthe contractions in Eq. (2) can be carried out, changes in the electrodes. As such, Eq. (7) leads to

the minus sign in Eq. (9) which allows a direct rela-Theoretical Results tion between the frequency shifts (Ar) and changes in
electrode Stresses (AS). Equation (2) is the moreThe choice of A~~ for Eq. (2) is unlimited and a general relation and should always be used as thegeneral study Is impractical. A planar isotropic starting point for studying the effects of static mach-atress bias is representative of many experimental anical stress biases independent of their origin. Forsituations and is chosen here for the study of stress this reason, we present here Eq. (2) as evaluated foreffects as a function of 0 and 8. The case of a the SC-cut to facilitate any furthe r work on the ef-planar isotropic ~~ which is generated, by an electrode fects of arbitrary, static mechanical stress biases .stress has been treated before.1 Let be the aver- For the SC-cut, we find (0 = 22 )4’, 8 = 314 ,3

0 in theage static mechanIcal stress bias referenced to the calculations)plate axes (x1 is length, x0 is thickness, x is
width). We represent the e fect of the elec~rode Ar/f = (-0.1580 A~1 - 0.089114 A~2 + 0.17114stress by the force per unit width, S, acting across
the electrode-quartz interface (s is the integral 

+ 0.2167 A~ 14 + 0.3767 A~5 
+ 0.36914 A~6)x  10-ll (10)through the electrode thickness of the electrode stress

and is in units of dyn/em). A change in 8, AS, causes
For comparison, we find for the AT-cut (0 — 0°,

A!1 — A!3 - AS/1~q 8 — 35.25 )

A!2 A!14 - A!~ — A!6 0 (
~ ) Af/f (-0.26714 A~1 - 0.05161 

+ 0.2133 A~3
in the quartz. Here ‘t~~is the plate thickness and the + 0.2773 A~14 + 0.0 d~5 + 0.0 A~~~x lO”~~ (ii )
minus sign crises beca e the static stress bias in
the quartz is a reaction to the electrode stress In using Eqs. (10) and (11), remember that A~~ is
(a positive is tension in the electrode). After rote- referred to the crystal ~~~~ not the resonator plate
tion of to the crystal axes to find A~~ AS/.t

q 
axes, and A~~ is in dyn/

can be factored out of A~~ to form 
Alte~~~tely , most workers will find it easier to

work in the resonator plate axes (x • length direction- K (8) - thickness direction, x - widt?i direction). See
• Reference 13 for the axes e~d (yxwt~~,8 conventionswhere used here. Equations (10) and (U) have been rotated

K — - (aw 2
)
_l

(Aa+ ~~~~~~~~~ 
B~B 5~~C~~6] 

to the resonator plate axes; we find for the SC-cut

df/f - (-0.01786 A !1 - o.crrs6o A!2 + 0.01772 A!
3(ATaIq/d8) (9)

was called the stress coefficient in earlier works1’9 + 0.1969 A!,,~+0.090ae4 A!5 
+0,2~e97 

~~~ 
X (12)

and is a function of 0 eM 8 °~~~~~~ ‘ and for the AT—cut

Contours of K in the ~ ,e) plane are 
!~°!~ ~~~~ Af/f - (..o,~ $ A!

~ 
+ 0.1673 A!2 - 0.00563k A!

3Fig. 1 as calculated with publis hed value.
the various elastic constants in Eq. (9) Included in + 0.1711 Ay,~ + 0.0 A!

5 
+ 0.0 A!

6
)x ~~-ll • (13)Pig . 1 is the loci of the zero first-or der te~~,erature

coefficient ,22 Let us focus our attention first on In Eq.. (12) and (13), rmee~~er that d!~ is in thethe SC-cut which is the intersection of the ‘.rc con- plate axes ayst~~ and is in units of dIm/ca2. l’ortour of K end the zero fi rst-orde r t~~~ercture coeffi- 
~~~~~~~~ with AT - A! • -1,0 i IXQ.  Ci), ~~~~. (12)cient e t o  • 22).’ ad O  - 3~.3’. The contours a tE  laede to tbe Af/~~of 0~273 x 10 , the valu. quotedare almost horizontal there . This means that 0 be for K of the AT-cut.adjusted around the SC-cut with little effect on K.

Likewise, the loci of the zero first-order temperature

S



Note 4n Eq. (~2) for the SC-cut that the coeffi- during the thermal cycling. If that is the case, fre-
cient of A end A are essentially equal in magnitude quency shifts should occur through third-order elastic
but opposIt~ in sigf~ (the slight difference in magni- constant effects which are larger than would be pre-
tude is representative of the numerical accuracy to &icted from the static frequency-temperature charac-
which the SC—cut has been determined) . For isotropic teristic . Kusters does indeed observe large frequency
planar stress , shifts and finds a doubly—rotated cut at 0 - 21.93°,

8 = 33.93 which shows thereal shock effects at least
A!
1 

= A!
3 

two orders of magnItude smaller than his AT-cut control
crystals. His results are shown in columns 1 and 2 of

A!2 - A!14 - A!5 
— A!6 — 0 , (114) Table I for several different doubly-rotated cuts.

If the experimental results in columns 1 and 2 ofand Ar/f approaches zero according to Eq. (12). Table I are self-consistent and are due to planar
stress bias in the quartz plates, they should scaleExamination of Eq. (12) shows that for anisotropic with the calculated values for K shomn in Fig . 1. Thisplanar stresses where AT1 ~ and the remainder of is indeed the case as seen in columns 3-5 of Table IEq. (114) holds, Af/t will still be relatively small be- where the present calculations are presented noz~~lizedcause the magnitudes pf the AT1 and AT coefficients to the AT-cut. The calculations are based on the

are small. Also, the coefficient for ~hear in the right-hand scale of Fig. 1, i.e., the deviation of 0plane of the resonator plate,A!5, is relatively small, from the zero stress coefficient. The calculated re-
Thus, for a large variety of planar stress patterns , cults in column 5 of Table I c~~~are to within 30% of
Af/f will be small, the experimental results in column 2. Considering that

the experiment does not exactly correspond to the pres-
As seen in Eq. (13),,the AT-cut is much more sen- ent isothermal conditions assume-i for the calcu.latioas,

sitive to stress in the AT1 direction than in the A!3 the agreement is satisfying, It should be noted, also,
direction so planar stress patterns such as described that the agreement seen in Table I would be attained if
by Eq. (14) will cause a large Af/f . The AT—cut will the stress biases in the experiments came from thermal
be insensitive o&~ to the case of stress concentrated expansion of the mounting, or scae means other than
solely along the A directt~~. Such an anisotropy ther!Ilal gradients in the thickness dimension of the
is seen experimentafiyl14u 1~5 in terms of the force san- resonator plate. Certainly the signs of the Ar/f are

correctly predicted by the calculations . In addition,sitivity of a quartz resonator frequency when the plate the calculations are uniformly high in magnitude on
is subjected to a one—dimensional, in—plane force , either side of the optimum 0 which says that the zeroEquation (114) can be used to calculat e the force 5cc- crossing is well-defined but that the shape of Ar/f vs.siti v ity of the AT-cu~~similar to past theoretical 0 is slightly different between the theory and experi-works on the subject. Of course, accurate determin- ment . Based on the agreement seen in Table I, theatjon Qf the static mechanical-stress bias is neces- existence of the SC-cut seems assured,sary. 1’

Conclusions
C~~~arison With Thez~~l Shock Effects

The general applicability of the present theoryRecent numerical calculations have been carried has been discussed . The agreement between the pre~entout by Holland for the time frame in which thers*l calculations and the thez~~ 1 shock data of lusterstransients with t~~~erature variations along the thick- lends confidence to the existence of the SC—cut . Theness dimension are important .3 His results show that SC—cut is general in concept in that the frequency isthe stress biases set up in the plane of the res onator decoupled c~~~letely from planar stress biases andplate by nonuniform heating in the thickness dimension 
~ ‘eatly decoupled from anisotropic stress biases , allcause large frequency deviations through third-order of this independent of the source of the mechanicalelastic constant effects • He calculates that there is stress bias , As such, the SC—cut offers promise of

a doubly-rotated cut atØ — 22.8°, 8 314.3’ which As.. better long—term frequency stability and better resis-
couples from the third—order elastic constant eff ects, tance to acceleration effects than the AT-cut. Forre rkabiy close to our isothez~~l calculatione of this reason, general theoretical expressions are
0 — 22)6 , 0 • 314,3. Although times the order of 10’. included for the third—order elastic constant effects
of milliseconds are involved for the thermal transient in the SC-cut and the AT-cut so that any arbitrarycase (a rsgiae where the present results do not apply mechanical stress bias situation can be easily treatedrigorous ly), it night be expected that as long CS in the future .
third-order elastic effects predominate, the present
results are useful. The small difference in the two Acknowled~~~ntpredictions for O and 8 ii either due to the effect of
going from isothsi~~,l to adiabatic conditions in the The author appreciates receiving the data oftheory or due to the planer tresses in the thermal 

.~~, A . Euster s before its publ ication .shock case being not isotrupic since the thez~~l cx-
pension of quartz is anisotl’opiC. References
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t Pig. 1 Calculated contours of the stress coefficient in Eq. (9) in the
0,6 plane for the (yxw~~~,6 family of doubly-rotated quartz resona-
tore . The loci of the calculated zero first-ord er temperature
coefficient is included. The SC—cut is ~ 

— 22.14 , 0 — 314.3°,
The right-hand scale isO measured as a shift from the SC-cut.

TABLE I

C~~~srisoa of Thermal Shock Data
end the Present Calculations

Celeuleded Yale. of
Dc~~ly-5otat.d Cut Ixpsri~~ats11y ~~servsd Deviation of K(io’~~ mar/gym)

Used by Resters (Mt. Ii) 1,//f (pa) 0 Angle Per 0 In Cola 3 Calculated At/f (pp)
(O,S) for Tber l Transients Prom Optin end 8 Ia col~~~ 1 Normalized to AT-Out

AT -2052.5 (---.. ) 0.273 -2052.

(2r . 31..015) -101.13 (-0.93°) 0.0179 -1314.

(23’, 33.~~ ’) 119.53 (l.or ) -0.0209 157.

(25’, 33,6W ) 396.1. (3.07 ) -0.0585 1.1.0.

(21.93°, 33.930’) <-ao (0’) 0 - 0
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STATIC STRAIN EFFECTS ON S U R F A C E  ACOUSTIC WAVE DE LAY

R .  8. Stokes and K. M . Lakin
Electronic Sciences Laboratory

University of Southern California
Los Angeles . California 90007

Summary are of considerable interest because they add to the
problem of temperature effects on delay in applica-

Strain effects on acoustic surface wave devices tionu where delay stability is critical. Temperature-
are of considerabLe interest  because they add to the dependent strains occu r whenever materials with
problem of temperature effects on delay in app lica - different thermal expansion coefficients are attached ,
tion. where delay stability is critical. Tem perature- as in epitaxial structures (e.g. , A1N /Al 203) or in
dependent strains occur in any case in which any case in which the device is firml y mounted to a
materials with different th e rmal expansion coeffi - larger structure. Strain effects on YZ LiNbO3 have
cients are attached, such as in epitaxial structures been used to temperature-compensate this material
( e . g . ,  A 1N /A 1203) and in cases where the device is by T oda and Osaka ’, and strain effects in YX and
firmly mounted to a case or larger structure. ST-X quartz and in silicon have been used by Reeder .
Calculations of these effects have been reported , but Cullen , and Gilden2 to measure pressure.  Strain
at present the agreement between theory and experi- effects on surface wave delay have been measured by
ment has not been nearly as good as that for bulk Nalamwar and Epstein3 7  (YX quartz . YZ LiNbO3,
acoust ic waves.  ZoO on g lass and fused quartz), Cullen and Reeder 8

(YX and ST -X quartz) and T oda and Osaka ’ (YZ
The theory for strain effects on bulk acoustic LiNbO 3 ).

waves has been carefull y worked out by Thur ston and
Bru gger . Thurston ’ s theory allows experimental The theory for Strain effects on bulk acoustic
results of bulk wave dela y vs. strain to be predicted waves has been worked out carefull y by Thurston and
with accuracy. This paper reports an extension of Brugger . 9.12 Thurston s theory allow s experimental
Thur s ton ’ s formalism to calculations of surface results of bulk wave delay vs. Strain to be predicted
acoustic waves under uniform finite strain. The wi th accuracy. Na lamwar and Epstein 4 7  h a v e
surface wave calculati ons are made by f i r s t  solving reported computations , based on ano ther form alism .
the finite strain problem , using second - and third - which include surface wave dela y vs. strain in YX
order elastic constants , for arbitrary uniform strain , quartz and Y Z  LiNbO3, but for these case , calcu la-
crysta l symmetry, and orienta tion. This allows the t ions do not agree closel y with experiments.
use of Thursto n ’ s elasticity relations , which permit
surface wave velocity calculations in a way similar This pape r reports an extension of Thurston s
to the usual surface wave computations, formalism to calculations of surface acoustic waves

under uniform finite strain. A piezoelectric
The above calculations have been made with correcti on is included as a strain-independent effect .

va rious static boundary conditions to approximate and the importance of its strain dependence is
the experimen tal conditions for measurements discussed. Velocity dependence. on all possible
reported in the literature . Agreement with these uniform surface s t resses  are calcu lated for YX
measurements and previous calcula tions is discussed , quart z , ST-X quartz , and YZ LiNbO 3. A com parison

is made with experiments reported in the literature
Surface wave substrates are usually thin plates , and the possible extra effects that may result f rom

and this geometry causes a much greater sensitivity bending experiments are discussed .
to bending force . than to pu re extensional or c orn-
press io na l forces . Previous measurement , of surface Theor y _
wave velocity vs . strain have all been with bending
experiments. Bending strain includes several effects In the discussion of finite strain and wave
which do not appea r in the uniform strain calculation propagat i on in such a strain , we attempt to stay as
and should be eva luated separate ly. These effects close as possible to the notation of Thurston. 1 The
and their relative import ance are discuseed . location of a particle in the medium can be described
Experiments in progress at USC whic h measure In Cartesian coordinates by its position in the
velocity v s . uniform strain as a check on the bending unstra ined cryst a l , *1; Its pos ition In the initi ally
experiments are desc ribed . sta tilltll y strained crysta l , X 1; or its position

after displacement from the init ial strain condi ti on ,
Introduction x 1. Wave displacements arc therefore u1 = - X1.

Bars over quantities indicate values In the initially
Strain effects on acoustic surface wave devices strained c ondition . Other quantities are:

t 1 thermod ynamic tens tons
This research was supported by the Joint Services
Electronic s Program , through the A i r  Force Office 

~~ 
Lagrangian strains

of Scientific Resea rc h under Contract
F4462O 71 C-0067. U inte rnal ene rgy per unit ma.s
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I F free energy  per uni t  mass 
- - oS oS,T —- c,. - c . + c T( +o1’~ tjkL tjkl ijklmn mn

p dens Ity

We use the convention of a3 as the surface norma l where C?~kI
T Is the third-order elastic constant of

and x 1 as the direction of prop agation (Fig . 1). The mixed isotherma l and adiab atic conditions.coordi nate a3 is zero at the s urface and positive Brugg er l3  gives the conver s ion from th is mixedinside the medium, coefficient to the purely adiabatic third-order
constant , cT .S

f 
S , which can be a change of severalA. Static Strain pe rcent . j k mn

Before the wave propagation problem can be In an unstrained crysta l, the wave equation isdescribed, the condition of finite static strain must
be known . Strain is a measurement of deformation, 

~ 
u~ ~T kand is nonlinea r in the displacement gradient,; for p ’~. = c —

i L,jkm aa.aaStra i ns tha t can not be considered t nif t nltess trnal . a m k
full definition must be used . Lagrangian strains are
the most commonly used: since we assum e everywhere here that there are no

r ., body forces. Under a uniform stress , the effective

~ ~~ ic 5 j~ a1)(~x Isa .) - 6~ j (1) elastic constants for wave propagation In generaL) 
‘~ show much less sy mmetry than those in an unstres sed

crystal. Th is is due to the fact that the s t resse a
The quantities analogous to stresses that are themselves modify the wave propagation problem inconjugate to the Lagra ngian strain s are the thermo- su ch a way that it is not analogous to any unstresseddynamic tension .:9” 12 problem . ~~ The stresses in the w ave depend on

particle rota tion in addition to strains , In contrast to
= P (au/~l1 ) = P (~F/~ 1) ) the unstralned state. U The small-signal wavepci o ~~ S o ixi T 

equation (disp lacement much less than a wa velength)
(adiabatic) (isothermal) valid for a uniformly strained crystal is

The elasticity relation for finite stat i c strain 
— ~

2
ukcan be described as a power series with isothe rmal p 

~i , B . (2)- t i~km ~~~~~~st tff nesse s as coefficien ts: 
j  m

— 
- oT — 

+ I 07’ — — 
+ . ~ui whichtij  

- C 1.~~~
1 ~~kl 1ci.k~~ ‘kl~ mn 

-

B . 6 T + C .
The stiffness coefficients in the series are evaluated tj kn-i 1k Jm (jkm
at zero straIn , when the Lagrangian strains and where
thermodynamIc tensions can be replaced by the usual — ~X BX . ~X ~X
inflnitesslrnaI strains and stresses. Ci km 

.~ .~~.! ~~~~ ~~~~~~~~ ~~~~~~~~ C
pe1 

(3)

The displacement gradients aX 1/aa,, are needed and
to com plete ly sp ecif y the state of deformation. They
can be found throug h (1) from the stat ic strains if B - Bij km kmljthey are assumed symmet ric , whic h is analogous to
the inf initesairn.al pure a train cas e of no intern * t but
rotations .

8 . S , B - B • in general.ijkm j lkrn ig km IjmlcStresses can be found from the thermodynamic
tension s with the displacement gradients:

The Bij km ’u cannot be reduced as the cijlin .t ’a; there
— ax 1 BX . 

— 
axm P0 are in general forty-five elements of that must

J T
1~~ 

-
~~ ~~ — ~~L t

rs~ 
where J ~ r— ~ 

= be ca lculated and carried.
r ~ 

(determinant) Thurston” has introduced ano ther set of
cons tants , “wave-propaga tion coe fficients ” , which
acqu ire more useful s ymmetry due to a re-ordering

B. Wave EquatIon of subscripts :

Acoustic w aves In crysta ls at practical 
- 5 £ (3 +B ) - 6 T +~ ‘(C k’ ~~~ k~

’fr equenc ies and tem pe ratures Involve elast ic changes ~.)kI1~ 2 lkjm imJk IJ km I ,pm in)
fast enough to be essential ly adiabati c. 12 Under
sta tic strain , the elastic ity relation for the wave is These have the properties that

C
ijk rn’~ 

t iJmk CJIkm but C~~1~~1t 6kmij’ in general ,
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so that they can be reduced to a non -sy mmetric six- 1 E II = 0 where
by -six matrix sm

- * F c 16 + ~ ~m) (rn )
C C . sm s3kl 11 k 13 k
~v ijkm

Under static strain , the small-signal wave
With the C1~~~,’ s . the wave equation becomes stresses are dependent on both strain and r otation ,

2 and can be found from the wave dIsplacement
a u . gradients with the coefficients

l
~i 

C1~~~ ~~k m 
—

-- T1. - Ei.km ~~~
C. Trial Solution where

X
While Thursto n11 uses equation (4) onl y for r BT - -1

bulk waves , It is ju st a point form of Newton ’ s E i. km 
= I 

~ 
I

second law and is app licable to any kind of elas tic L Ii m J
wave , As is done In the usuat caLculations of
surface waves in anisotropi c substra te s , 14 we use evaluated at the initially strained state , and
a trial solution which decays in depth

= ~~~~ 
- liX 1 - ak X 3 ) 

, 
ElJ km = Ttm 6j k

_ T ij
6km + Tjm6

ik + Cijkm

Use of this tr ial solution leads to the elgenva lue C• k m  is reducible in subscript and symmetric j ust
problem (Chr istof fel equation): as 3an elastic constant in the absence of strain ,

— 2 form ing a six -by -six symmetr ic matrix afte r
- ~ 6~~)$. where ~i p v reduction. ~~~~~~ however , Is reducibl e in the first

.1 pair of subscripts , but not the sec ond , leaving
and fifty-four elements after reduction . The boundary

2 condition for a surface wave solution is then:
M

13 
= (C (ij)I + 2o~C(1j) 5 + o C~~~~) 

II F II = 0

where (ij) sta nds for the reduced subscript from one where
to six defi ned in the usual way (Voigt’ s notation).
The velocity here is in terms of real distance in the 

- (m) (m) (m)
initiall y strained crystal , v dX 1/dt = du/d k. F

sm 
- Es3kl (6 l 1$k + 6

136k a

Solution of the above eigenva lue problem leads It is assumed , of cour se, that the applied static
to th ree modes whIch deca y In distance from the stress is consistent w ith T 3 T4 T 5= 0, the condi tions
surfac e: for a free surface.

~
(n) 

= 0
(n) ,J(.t - It X 1- a~~k X 3 ) 

for modes n 1 ,2,3. F. Other Forms of the Wave Equation

The Ejj km contain ail the information found In
As in the unst rained case the surface wave th ~~solution Is a combination of these three modes whic h ~ ijkm’ n C

satisfies the boundary condit ions for the free 1
surface T3 T4 T 5= 0. âijkm ! ~~ikjm’

~ 
Eimjk)

The general combination of mod es is
and the wave equation can also be written with the

u [ ~ A~
1
~
)
.
(tt)
.
_j* k X3 ]ei 

- 
E1j~~~’s: 

2
I 

— .. a u k
P u 1 ~~~~~ ax ax ‘ (6)

j m

D. Bou ndary Conditions Tb. way, equation can also be written

In the unstra ined case , writing eq e~tiosts for a2u1 
_______

‘.leiad ot he :eqiMre nt thatlhe Lermiflaflt I )m ax~ax + Lj~~n axj axm
of the coofficlents .1 th e A ~‘I• in th. three equation,
must be zero In ord•r that a non-trivial solution .1 where Cjj~~ is defined In (3). This Is of the earn.
A (n)’s exist. This Is form as fla iamwar and Epste in ’ s wave equation in

‘4



the absence of piesoelectric ity. quasi-static approximation, and

1k X 1 I
~~ ,m ’ [~Si’~l ~~~~~~ 3(3u 13x )

F. Piezoelectrlcity 3T 1~,X 

[ 
3D 1

In an uns t rained crysta l, piexoelectricit y for L mJ m n
small strains can be modeled with the c oristitutive
relatI ons : and

FT . c - e  F
tj  ijkl kl ij,k k 3D

i i

DIt C E  + e  1)kj ,j k,ij lJ Notice that a comparison of (7) , (6), and (4) allow s
to be replaced by the Cijk m~ 

which were used
where eIJ k  cIt ~~ 

and the superscripts F and ~ in the nori-piezoetectric wave equation.
denote evaluation at constant electric field and
constant strain, respectiveLy. These relations or Since stresses are alway. reducible , it can be
higher-order equivalents should Ideally be used in seen that the 1ik m’

~ 
are reducible in the first pair of

solving the static strain problem exactl y . In the subscri pts . Th~ re is no simple reaso n , however ,
strained sta te we can still assum e generaL constitu- for assuming that the g~~~ 0 ’s are simila rly reducible ,
tive relations for small changes: or that gi ,mn 

=

F raT “
~~~ The boundary conditions for surface waves at a

dT 
[ 

3T .
= ~~ 

I 
d(3uk/3x l) +1 ~~~~ I dE~ free surface are T 3 T4 T 5 0 , D3 and 4 continuous3(3ukl3X j ) 

L 8Ek J across the surface , and the fields vanishing at a
short ing plane at a specified distance from the

F raD ~ 
surface. ~4 If tik,m and g

~~ ik are known, the
dD1 - [  

3D
1

- 

~
Wuk 13X l )] d(3uk I3X 1 ) +

~~
j dE 

Christoffel equation and bou ida ry condition deter-
It minarits simiLa r to those of Stobodnik 14 can be

written , keeping the integrit y of the pair of subs c ripts
on the grn,i~~5’

The full displacement gradients are used here since
the non -p lezoelectric problem has show n that both If the assumption is made that c~ ,ik is
strains and rotations are important. reducible and 

~m ik ~ik ,m’ then the piezoelectric
wave problem is ~xactly that of SLobodnik’s14 but

In the absenc e of free charge , the waves must with the mechanical term s (those involving the
satisfy the equations stiffnesse a) replaced by those in the non-piezoelectric

formalism of parts C and D of this section.
aT .

• 
~~~~~~~ 

= Thermodynamic expressions for 
~ik m  

and
and a proof that the dielectric constant

remains sy mmetric even under finite strain , arediv D = 0
given in the appendix.

The piezoelectric wave equation , are then , for small Numerica l Results
amp litudes ,

An existing acoustic surface w ave computer
— 

~ ~~
‘(k a (au lax ) 3T 3F program written at USC by D. Penunuri and sim ilar

__________ 
m n lIt m

~1 3(3u /ax ) 8X
It 

+ r~ ~~~~~

__ 
to Sl obodnik ’s ’4 was modified for this problem. The

m It second-order elas tic consta nts used to solve them a 

st atIc strain problem are the same as tho.e for the
~D ~g . bD1 a(au /ax

dlv D ~ 0 - 
~~~~ + __________ 

m ~ wave propagation: adiabatic and electrically free- 

~1I~ 1~x ) ax (constant E). The static strain problem is solvedin it i noct -piesoelectricall y with these sti ffnesses , so tha t
the result is as If the surface of the crystal were

Using (5) and defining pleso.l.ctri c constants for the covered by an equipotential . P(esoel.ctricity is
strained state , this Is: assumed constant sinc e the change with st ra in Is not

available. The errors expected due to these approxi-a2
U
k x a2

~ 
mations are discussed later. The computer prog ram:

+ ‘Ik,m ax ax (7)
m It m I. Rotat e. sec ond- and third-order sti ffness

tensors (measured at zero strai n) to the
indiv D 0 u .~~ Ij !4__ + 1x 62u wave coordinate system shown in Fig. 1 ,

I,mn ~~ -r ~-- u.Ing the rotation matr ix

0’ 0CijIt l a s a  a c 15
where 4 is the electric potential and we hay, used the im JiI Ito tp inste p

IS



= a C
0 dielectric constants vs . strain are probabl y on theC ijklmn a

iq
ajr a

ks
a ltarnu nv qrstuv ‘ order of the strain , since mos t physical constants

(c ij kl . P, etc. ) change at that rate. These changes
2. Solves the finite static strain problem , have much less effect on the velocity than similar

giving disp lacement g radients , thermo- fractional changes in stiffness , since the wave
dynamic tensions • stresses , etc. forces are mainly mechanical. So unless the

- dielectric or piezoetectric constants change
3. Calculates C~~,, and Ejjkm for the strained surprisingly rapidly with strain , their effect on the

c rystal. velocity vs. strain should be small.

4. SoLves for a surface wave velocity using To investi gate the effect of piezoelectric and
the theory from the last section and an dielectric constant changes on velocity, ordinary
iteration for a zero boundary condition surface wave veloc ities were  calculated with
determinant, perturbations of each relevant ek ~~ 

and e~~. The
dielectric constant was changed symmetricall y since

For a non-piezoelectric crysta l, the only error it retains its symmetry under finite strain. To scale
in the velocity should be due to the adiabatic assump- the perturbations for comparison with strains , they
tion. This error is introduced in two places : are shown as changes divided by the maximum e or

e for the material , These results are sh own in
I. in the magnitude of static stress vs. Table I for YZ LiNbO 3 and ST-X quartz.

deformation,
With the approximations outlined above , the

• 2. in the stress used in the wave propagation shifts in SAW velocity for YZ LiNbO3, YX quartz ,
p roblem . and ST-X quartz were calculated vs. small sing le

elements of static s tress . The resulting ratios of
Iiuntington ’6 gives the thermod ynamic conversion fractional velocity change vs. stresS can be used as
from adiabatic to isothermal second-order elastic a basis for any uniform applied s t ress  or strain ,
constants and mentions that it is usually on the order since for small s t r es s es  the velocity shifts are
of one percent of the cons tants . McSkimmon , additive. The results are shown in Table II , in which
Andreatch , Jr. , and Thurston 17 measured both sets
of constants in quartz. The largest absolute stiffness C 1 = (dv/v)/dT 1difference was 0. 3 percent of c 33 , the hi ghest st i f f -
ness. Experience indicates that the error due to the A t  a free surface T 3 T 4 T 5 0, but in some static
adiabatic assumption for static strain in the y ’s strain conditions these st resses can be nonzero
defined later is on the order of the fractional immediatel y below the surface , where the wave
correction between adiabatic and isothermal stiff - forces act. For example , in the bending of a short
nesses. This correction for the diagonal stiffness cantilever beam by a vertical end load, T 5 is nonzero
in LiNbO 3 and quartz is less than one half percent , in the interior of the beam. 19 The single-element
so correspond errors in the y ’e are expected to be stress perturbations for T 3, T4, and T 5 are
on the order of .005. therefore included only as indications of which of

these stresses may have a heavy effect on velocity.
The electrically free case of elasticity in a These stresses can of course not be uniform since

piezoelectric material is not that of an isolated, they vanish at the surface , while the velocity calcu-
insuLated crystal in a typical experiment. According lation assum es uniform stress.
to Nyc , ~~ an isolated piezoelectric plate has the
mixed electrical conditions of D normal and F It can be seen tha t the ve locity shift var ies
tangential to the surface being zero. Nyc ’ s formula widely, depending on which elements of stress are
for conversion of isothermal c ornpliances from applied. For Instance , YZ LiNbO 3 is about twelve
constant F to constant D normal , F tangential times more sensitive to T 2 than to T 1~Indicates differences typ ically of less than a percent /
for quartz, but considerabl y more for LiNbO3 . The Cullen and Reed er 8 have reported experimental
computed velocity shifts for Y Z  L iNbO3 therefore measurements of velocity vs. strain for the cases
can only be accurate for a device surrounded by a (fl 1 = 0, 

~~~ 
0) and (1~ � 0, 

~z 0). The added
c onduc tor . assumptIo n s must be made that T3 T4 T 5 0 at the

surface, and that T6 0 by simplicity of the
In the wave propagation probLem , piezo- configuration. They define y1 (A v Iv ) l1~1 for theseelectricity Is chosen as a cons tant effect, since Its cases . Convertin g these con~Itlon s to a uniform

variati on with strain is not available , We use stress tensor allows these y e  to be assembled from
It lIt ij  = •k ij where f and & are defined in the the calc ulated val ues in Tabl e II. Nalamwar and

last section . Constant plezoelectric lty is of course Epstein 5 assum e in their theory the same strain
a very crud e assumptlost but makes a significant configu ration , so values of y 1 measured from their
dIfference In highLy piezoelectric materials from • plots are also included. Table III shows the values
non-piezoeLectric approximati ons, since the added of y from various calculations and experiments.
piexoelectric stiffening alters the chara c te r of the Conditions of single stress elements are also
surface wave solutions. Included , since in a very long bar the st ress  perpen-

dicular to the ax le vanis hes , even during bending. It
Fractional changes in piezoe lectr lc and can be seen tha t our calculations resem ble those of

Is



Nalamwar and Epstein much more than any of the The strain T1~ , however , leads to a pe rpendicula rexperiments reported. The difference from their s t ress T 2 which is only relaxed when the bar aLsocalculation. is probably due to the addition of the bends in the opposite direction (FIg. 2) ,  forming afinite-strain formalism of wave propagation. saddle shape. Considering bending moments in two
perpendicula r directions . M 1 and M2 acting on x 1 orIt can also be seen tha t measuremen ts of x 2 faces of any section , the bar bends with radiivelocit y vs.  strain must be done very carefull y since and R (Fig. 3) , and these bendings are coupledthe sen sitivity of the measurements to strains or throug~h the Foisson s ratio with the equa tionss t res s es  other than the predominant one can

drast ically affect the veLocity shift. For Instance ,
Y Z  L NbO 3 is about twelve times more sensitive to 1/ii~ = 

E’Z t3 ~~ L vM2 )
Tz than to T1, so unless the change in T-, is known a,
to a twel fth of the change in T 1, the experiment is 

12worthless. h R 2 = 

~ 
(M 2 - ‘VM 1 )

E(Za)
Experimenta L Considerations

It can be seen that application of only oneLack of agreement between theory and experi- bending moment , such as M1 in the ideal cantileverment in Table 111 indicates that the actual experi- beam experiments , causes a bending in the planemental conditions have not been correctl y modeled, normal to x1 also. Similarly,  if only the curvatureThe considerable disagreement between our calcula - 1/ p 1 is allowed (cylindrical bending, as in Cullen
tions and Culten and Reeder s measurements for and Reeder) , a second bending moment M2 vM 1ST-X quartz are the most unsettling because quartz is must be applied along with M1. The strains at anyonly slightly piezoelectric and its third-order elastic point are simple in these two cases; in the cantileverconstants are apparently well known. 2° beam T)~~’ - vu 1 and in cy lindrical bending 

~~~ 
0.

A. Bending Stresses In the case of bending that is not pure , the
bending moment varies along the bars  length. To

The experiments of Nalamwa r and Epstein and avoid a net torque on any element of the bar, shearthose of Cullen and Reeder are bending experiments; Stresses must exist to balance the change in bendingthis is because a thin plate requires much less force moment. If M 1 changes along x 1, T 5 is required; ifto produce a surface bending strain than to cause a M2 changes along x2, T4 is required. Both th es euniform strain of the same magnitude. Experiments stresses are zero at a f ree surface , but are nonzerowith uniform strain in thin bars are di f f i cu l t  to carry inside the bar. A nearly exact solution for the
out, because bending must be very carefully mini- cantilever beam of rectangular cross section with
mized in order not to overwhelm the effect caused by width Zb and thickness Za , and b >> a, given inthe average uniform strain. However , every bending Timoshenko22 is:
experiment involves many other effects than the
obvious surface strains 1~ and 1),. The sensitivity P oT = - — (1 - x ) (x - x ) (1 - x  ) = distanc eof the bending experiments to these effects can be 1 1 1 3 3 from loadstudied, and experiments should be designed such
that these effects are either known or negLigibLe. In T2= T3

= T
4= 0

this section we examine the stresses and other
perturbing effects that may occur in a bending 

T = 
1 P 

~a
2 

(x -expe r Iment . 5 1 + v 21 ‘ 3 3

•v P o 0Typ ical surface w ave substrates used In our T 6 
= - j—~

—— y (x3 - x 3 ) (x 2 - x 2 )
laboratory have dimens ions of 1” or 2 ” x 0. 5 x 0.4” . ‘V
These can be considered moderat el y short bars or
rectangula r plates. A cantilever beam of these where P Is the end load, I the moment of inertia , and
dimensi ons can be bent easil y to provide a s ubs tantial and x are the coordinates of the cente r of the bar ’ slongitudinal surface strain In the cente r of the wide cross section. It can be seen that T 5 is non -zero onsurface; severa l hundred times as much force is the interior of the bar and that T6 is non zero on the
requ ired to produce a unifo rm stra ta of the same s urface everywhere but at the exact cent er of the
magnitud e. prop agation path. At  a point c = a - (x 3 - x~ ) beneath

th. surface and 6 = (x2 - x~ ) sway from the center ofTimesh.nko21 discusses the infUti tes s imal the propa gation path, we can see that , for smal l c/a ,beading of a plat. of unIf orm thicba.ss w ith Poisson ’s
ratio v For a constant bendi ng moment M1 (torque 

T FT - __________aro~~~ di. bar ’s cente r plane due to forc es in Iti e x l 5 1 (1 + v) (I - x
1 )dl reCd..), di. plate bends to a constan t radine and

5 a w her.j Is Yo~~g’s modsatss. and ja Is 
T61T 1 

5 ____ 
6

~~s th lcbaea. .1 di. bar. The strain Ladec ed by this v ( - *1)
*3=pore fr—~tag is thee s 

• w here 13 ~~ so that at distan ces fa r fro m the load In comparIson
dopes co.rdt ~~ t. at di. center .f the bar ’s thi cba.ss . with th. cross -section al dim ensions , the shea r

17

I



s t resses  T5 and T 6 can be expected to be in the velocity vs. strain coefficients is then
neg ligible , found by us ing  the strain at the surface of a purely

ben t bar u 1 a/ f l 1, where Za is the bar s th ickness :
An accidental Load in the x2 direction also

applied to the beam would cause com pa ra tively minor 
A - A v /v - 6 - H/(f R ) - H

effects , due to the increased value of I for the differ- ‘
~
‘ l 

— 

fl 1 
— ‘r 1 1 

- 
a/P — fa

ent geometry, but stresses would be added to T 1 and
TL (the T 5 contribution for b >> a is negligible).

For convex bending, this would be a positive
s h i f t  in a meas ur ement of velocity vs. surface strain.If the load is app lied unevenly on the end so that
The approximzte values for H have been calculatedthe re  is a slight torsion (Fig. 4), the predominant

effect is an added T6 at the surface. For b >> a, as.

Timoshenko23 gives , for the cente r of the propagation
Material and H (mm - MHpath , zorientation

T _ 
Mt YX quartz 0.972

( 3) (2a)2 
(2b)

2 Y Z  LiNbO3 1. 131
fused quartz 1.008

where Mt is the end torque . it can be seen that the property is not heavily
dependent on the material. This effect is usually

In summary, in a long cantilever beam (experi- small; for the experiment of Cuilen and Reeder it
ment of Nalamwar and Epstein), we have T 1 and T5 would make a difference of about .05 in y~ . For
for a properl y applied load , and T 6 away from the much thinner substrates , of course , it could becom e
center of the propagation path . A dditional contribu- significant.
tions to T 6 are caused weakly if the load is not purely
vertical , and more strongly if a torque is accidentally The cylindrical propagation correction is on the
applied to the end. Bending moment M2. even if order of the reduction in path length at an average
applied at the ends, will vanish at the center of the depth of the wave. An effective depth can be calcu-
bar by St. Venant s princi ple as long as the bar Is at lated that a rtificially lumps the cy lindrical velocity
least twice as long as it is wide. The strains are shift into just a change in path length ; for YX quartz
related to the stresses by the compliance tensor , and this is d = .289 A. In a bar made cy lindrical by
are in gene ral non-zero, bending, the change in path Length with dep th is

accompanied by changes in density , stiffness , stress ,
For a square plate in cy lindrical bending and strain; in fact , the finite s~rain conditions of our

(experiment of Cuhlen and Reeder), two bending uniform strain theory are all s.mply scaled linearly
moments are applied by forcing the edges parallel to down with depth (for convex bending). It seem s

the axis of the cylinder to stay straight. This results plausible that the extra effect due to bending can just
in u 2 0, since there is little distance for the be approximated by calculating the velocity for the
straightness requirement to relax. If the cylindrical strain conditions that exist at the average wave depth.
bending was actually slightly conical , the variation in 11 the average wave depth calc ’ilated above for the

and M2 would cause sligh t T 4 and T5 below the path length change alone is used , the total effect can
surface. If a sli ght torque w as applied due to be lumped into a new
imprecisely positioned loading pins , T 6 would occur.

y = (1 - d/a)yI (bent) 1 (plane surface)A s ummary of possible s t resses in bending
experiments is show n in Table IV.

This estimate indicates that the bending
Propagation on a Bent Surface. In the simple causes even less than the shift due to cylindrical

case of pure cylindrical bending (R~~’ P. R2 ~
), the geometry alone, implying that the effects of

wave propa gates around the surface of a cylinder of increased density, etc . , partly cancel it. The
constant radius . The problem of Ray leigh wave changes due to Viktorov ’s cylindrical propagation
propagation around the surface of a cylinder Is solved therefore should be reduced by a factor of five for
in V Iktorov ,2~ where a somewhat cumbersome the materials and orientations mentioned here.
asymptoti c expression for velocity perturbation from
Ray leigh waves on a plane surface Is given. We have Uniform Strain. If a long bar is under
used this expression to find the ve locity shift In Long itudina l tension or compression In such a way
isotrop Ic approximations to quartz and LiNbO 3. that no bending results , St. Venant ’ s principle

insures that in the center of the bar the stress is
The value of 6 = (v - v5)ivp, where v Is the simply T 1 T, T2 .. . T~, = 0. Even if the bar

plane RayLeI gh wave velocity and v is the cyltndrIcal is mounted nonunlfor rnly at ihe ends or with
surface Ray lei gh velocity, Is proportional to restrictions on the end strain , at distances from the
11(k5R )  v~~/(.R) for small curv atu res , so we can ends of abou t the width of the bar , the sImple state
define a constant H for a given materia l such that of st ress results as long as there is no bending
6 H/fR . Use of Vikto rov ’ s perturb atIon formula moment or torque.
with Isotropic approximations to surface wave
s ubstrates allows a determ inati on of H. The change Avoiding bending moments In the longitudinal
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stretchin g of a bar primarily consis ts of insuring A ppendix
that no net lever arm exists where this tension is
applied to the bar. The similar case of a (ever arm Thermodynamics of Piesoelectrlclty Under
In compression of a column due to unevcn, end
~~~~~~~ I. analysed in Den Hartog ,25 for a stability Finite Strain
calculation. For loads much less than critical (a
ton or so), Den 1lar tog ’. formula f o r  rectangular This formalism uses the assumption that the
beams reduces to dens i ty  Is comp letely dete rmined by the Lagrangian

straIns. This Is true for Infinitessimal strain, ,
T and should be nearly true for small finite strains .1 surface 

= +
I avera ge a 

Since we can write the purely mechanical
energy simply In terms of the thermodynamic tensions

where e is th e lever arm of the load, assuming equal and Lagrangian strains , we choose the Lagrangtan
lever arms at both ends , and Za is the thic kness in strains 11~~/p0, the elec tr ic field E , and the entropy
the direction parallel to the arms (Fig. 5) . For this S as Independent variables. The finite change in
case , then, reduction of the bending error to ten volume under strain requires that we be car*fuL
percent of the uniform stress requires reduction of about adding energy per unit mass to energy per uni t
the lever arm to 2/3 mU for a 40-mit thick bar, volume, Mechanical strain energy is t~ d(1)i3/p0)13
Ths requires very careful design of the connections per unit mass; electrical energy is D1 d per unit
of the cabl es suppl ying the tension , and a good volume. If S is the entropy per unit mass , we can
measurement of veLoc ity shift requires many experi - write an energy function per unit mass as
menU, remounting the cabLes each time, to get a 

Dgood stat isticaL average. 
dZ = t , d(T~ ,f p ) - __!. dE + TdS13 13 0 ~ i

Measurements. We are now measuring the
shift in velocity for uniform stress T 1 in ST- X For adiabatic changes , dS is always zero. The
quartz. This materia l was chosen because: adiabatic derivatives of Z are:

1. It. properties are well known. 
________ _!

~~
._ =

ij ‘ ~E1 ~2. It is nearly non-piezoelec tric. E,S

3. The zero temperature coe fficient should A lso
make It Insensitive to adiabatic cooling 2 ~t .

caused by the stretching. 
~~

_. 
~~~~~~~~ 

~

‘

~
j 

=

4. Bending experiments in the literature
and our calculations give very different 

= c E’~ = ~
E.S

results In this case, ijkl klIj
and

We have not yet done enough measurements to get a
statist ically reliable number for C 1. a(D

1
/p)

~o ~E.bE “n o ~E.ConcLus ion j  1 
~ 

1),S

Thurston ’s theory for bulk acoust ic waves In p ~D1 ~~ s n SfiniteLy strained eonpieso electric crystals has been - -
~~ ‘~

j-. = - — c i.
, 

‘ - —
extended to surface waves. The appr~~lmation of ~ ~ 

p 
~

strain-Independent piosoeLectricity has been added
for calcu lations of velocity vs . all possible unIform The plezoel.ctrlc coefficients are
stresses In YX quartz , ST quarts , and YZ LLNbO3.
Numerical results have been report ed and com pared
with results pubUshed prev ious ly by others. p = 

~A disc ussIon of the poeelbi. effects other than
uniform strain that may enter into a bendIng and
experiment includes shear stresses, torques, and
linear strain variations with depth. Uniform stress 3(Dk/o ) 

~~ k(nio~’0fl
exp.rtmental dIffi culties are described , along with ‘ 

~~o ~~ 
= -

experiments present ly underway at USC. U ii Ij ij 3, E

Interchanging the order of differentiation has shown
us that the dielectric tensor remains s ymmetr ic , and
the stiffness tensor retains the symm etry c~ ic1 =
itowev er di. pt.soeiectrlc cons ta nts are related by

IS



p 3D 
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(p / p)  14. A. .1. SLobodnik, Jr., F. D. Conway, and1 o k o
- 

8E 
— + D~ (8) R. T . Delmon ico , Microwave Acous tics

k 11.S ~ Ij S.F ij S.F Handbook, vol. IA , Air Force Cambridge
Research Laboratories AFCRL-TR-73-0597,

The quantities used in the piezoelectric theory Bedford , Mass . (1973).
formalism , f X and g X can be related by the1k m t,mn
above equation ~y 15. B. A. Auld , Acoustic Fields and Waves in

Solids , vol. I. John Wiley and Sons, Inc.

X - 

3T ik ~~ 
- ~~ ~~ i ~~ k 3t

rs (New York , 1973), p . 62.
1ik m 8E 

- p ~~~ ~~~~~~
‘

m S,1~ 0 r a m 16. H. B. Huntington, in Solid State Physics vol. 7 ,
ed. by F. Seits and D. Turnbull, Academic

X 3D1 X 1 3X 3D1 Press , Inc. (New York , 1958), p. 257.
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FRACTURE RESISTA1~cE OF SYN’I’KEPIc cz-QUAJ1fl SEED PLAT~~
Derryl L. Browulow
Bell Laboratories

Murray Hill, New Jersey

S~~~ary Selection of Seed Plates
The fract ure resistance of synthetic n—quartz as All experi ments were performed on synthetic n-easured by spherical indenters has been investig ated, quartz seed plates , having typical dimensions ofTests in an aqueous environment shoved that water 16.3 cm X 5 cm x .12 cm. Both minor rhombobedraireduced the fracture strength 21%. Likewise, two seed plates , ccmaonly referred to as r-f.ce quartz, andorganic solutions used in quartz cutting operations needs cut five degrees from the positive a—axis weredecreased the fracture strength or quartz but ~~t to used for axperiment&tion.the same extent as water . Etching In hydrofluoricacid results I~ an initia l reduction in fracture The r—face seed platee were prepared fron as—grownstrength folioved by a 20% increase after longer atones using a multi—blade vafering saw . A cOntinuousetching. Etching In ama~njum birluoriae at room abrasion with No. ~O0 SIC powder mixed in a liqui dtsmp erat u,t~-e results in a 20% drop in fractur e strength slurry is in effect during the entire cutting oper-without any eventual recovery . However the fracture ation.behavior resu lti ng from etching at 50°C follows apattern si*ilar to that of the hydrotluoric acid Seed plates of ~ini1ar surface texture were Chosensolution. Optical microscopic examination of the for experimentation. They were devoid of majorsurface texture corroborates the fracture data quite bleaishes, surface cracks , inclusions , and pronouncedveil, surface uxIevenn,~~ due to irregular cutting notion.No additjona~ surface polishing or lapping was doneThe fracture strength decreases with increasing prior to testing.tamperature. However, it van found that annealing at

550°C for 2L hours caused an increase. No indenter 
~q~griscopesize effect was observed. A linear relationship offracture load versus thic kness of seed plates was A polariscope developed by Mrs 2 was used toobtained. Teats were performed on strained and Un— display the strained and unstrained regions of thestrained regions on both r—face end 5°lC quartz; no quart z seed plates . The essential components of thedetectable difference was found. However the 5°X polariscope consisted of a high intensity monochromaticquartz was found to have a higher average fracture light, a liquid having the same refractive index asvalue. A 24—hour v—ray irradiation produced no quartz, a polarizer and analyzer, a eyetam ofdiscer nib le changes in fracture strength. strategically positioned lens and filters and video—display Cyntea.

~~~ Words Quartz, Fracture of Quartz, Strength
of Quartz. The operation of the polariscope is based on theoptical phenomenon of strain induced birefringence. AIntroduction detailed account of the construction of the polariscopeand condit ions for birefringence as relat ed to theWhen a spherical steel ball is pressed examination of quart z seed plates appears elsewhere .2perpendicular to the plane surface of a brittle Only the essential reatures will be presented here.material , such as quartz, the normal and tangental
component s of the for ce exerted by the indenter When a strained quartz •eed plate is placed insidecreates a surface fr*cture at a certain critical load, the polariscope, the polarized light entering the plateThis event Is i .diately followed by a radial cx— is spL.t into components. These components are polar—tension of the crack into the bulk of the material. ized in the directions of the principal stresses of theThe initial formation of this crack geometry displays quart s plate. Due to crystalline snisotropy thecertain Iertzjan characterjstjcs.l In the Nertsian components are not transmitted with a uniform velocity.experiment a circ ferentjal surface indentation is Var iations among the transmitted velo cities result ini ediste],y folloved by a finite radial extension of phas. differe nces in th. merging 11gM. These phasethe crack into the bulk of the material. The force differences are proportional to the difference s of therequired to initiate this typ. of fr acture is not principal stresses at the points of entry and thetotally dependent on pbysical parameters such em th icknesses of th. plates.i The result is a discon—Young a modulus and Poisson’s ratio, but depends tinuity in light intensity betveen strained andgreatly on cond1tjo~s affecting the material history unstrained regions. Figure 1 shows a typical polari-of the indentat ion marface, scope photo graph of the strai n pattern of a test

s pls.The present experiments were performed on as—received quarts seed plates in order to investig ate Indentation Fracture Tsstconditions adverse ly affecting fracture duringpr.peratiou of the seed plates. Fracture of the seed The seed plates wer, ounted on a uniform steelplat.s affects Us. yield of the bydrothernally growa block prior to indentation. A thin piece of paper andquarts. The quartz yie ld is related in a c~~~1ex way uniformly spaced double—coated tape was placed betweento the ch icel, thermal and mechanical history of the the block and the quarts to facilit ate specimenseed plate.. Variables rs lat ing to these condittotas r ovsl after testi ng. A spherical, 1.6 — dIameterhave been studied, bell was mounted on a shaft connected to the moving
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cross—head of an m atron mechanical tester. The down— Var—aol and PC. Careful attention was given to
ward motion of the cross—head pressed the spherical coating the samples to avoid any drying beneath the
bail normal to the plane surface of the seed plate indenter at the immediate time of indentation. The
Until a distinctive audible fracture was induced . The results are shown in Table II.
force required to induce this fracture was transmitted
via strain gauges to an X—Y chart recorder . A nearly Table II shows that water drastically reduced the
static load rate was desired to avoid rate effects ; fracture strength from a mean value of 17.6 kg to
hence a cross—head speed of ~.2 ‘( l0~~ cm/sec was 13.9 kg. This result confirmn the well accepted fact
chosen for all indentations, that water has a marked effect on strength reduction

through the replacement of Si—O bonds with Si—OH bonds .
Results and Anal~~~ ,

It i. evident from Table II that Var—aol and PC
Strained vs. Tinatrained Regions solutions also decrease the fracture strength of

quartz but not to the same extent as water.
Table I shows the results of indentation fracture

test on both strained and unstrained areas of as— Effect of Etching
received r—face seed plates, as identified by polari—
scoptc photographs. The mean fracture strengths are The surface of the as—received quartz is strained
18.2 and 17.0 kg respectively and are essentially and contains microflaws . Therefore one would expect
equivalent in view of the scatter in the data. Thus an increase in fracture strength after the damaged
the present indentation method is not sufficiently area has been removed.5 rnitiany hydrofluoric acid
sensitive to differentiate the fracture strengths of yes used to etch the quartz prior to indentation. The
these two types of areas, if such a difference exists , seed plate was placed into a full strength solution of

hydrofluoric acid for a predetermined period of time.
Effec t of Orientation Optical microscope photographs of the quartz surface

were taken before and after etching.
The mechanical properties of quartz are highly

anisotropic. In order to experimentally investigate Aemonium bifluoride was also used as an etching
anisotropy in quartz , indentations were performed on solution, at both room touperature and 50°”. A
seed plate. cut 5° fro, the positive X—a.xis, as well saturated solution was used as an etchant in both
as r—face plates. The results are also shown in cases prior to indentation. Figures 2a through 2h
Table ~~

. reveal the effect or various etching times on the
surface texture of quartz , using full strength hydro—

Table I shows that the fracture strength for the fluoric acid. It can be seen that the surface
•5°X—cut Is 50% higher than that of the r—cut . The becomes smoother after etching for an hour or longer .
value of Poisson’s ratio is highly orientation Etching with a~~onium bifluoride at room temperaturedependent and principal ly accounts for the marked produced no visible change in the surface texture of
variatiop in observed fracture strength. Hartley and quartz. Raising the temperature to 50°C , however ,
Wilabav,5 using the Hertzian test , report a larger resulted in etching behavior similar to that of hydro—
fracture force for the basal plane than for both the fluoric acid at room temperature.
prism and edge planes. The basal plane ii parallel to
the X—axis in quartz, therefore the +5°X—cut should be Figure 3 shows the fracture strengths of quartz
similar to the mechanical properties of the basal after etching In hydrofluoric acid and e oniwe bi-
plane . fluoride, respectively . Etching in hydrofluoric acid

results in an initial reduction in fracture strength,
Effect of y—Ray Irradiation followed by a recovery after 60 minutes of etching and

a subsequent saturation. The strength becomes higher
When electrom agnetic radiation iapinges upon by about 20 percent after etching for 75 minutes or

matter , photons nay become absorbed into lattice to— longer. The initial drop in strength could be the
fects. Lattice defects capable of absorbing photons result of enlargement of existing surface microf laws
are known as color centers. Quartz turn, dark brown prior to their elimination at longer etching times.
after y—rsy bombardment due to these color centers .
Strained areas appear as dark coloration patches in Etching in amnoniua bifluoride at room tempera-
+5°X synthetic n—quart z , facilitating the i ediate ture results in a 20 percent drop in fracture strength
testing of strained and unatrained area.. The quartz without any eventual recovery. The fracture behavior
seed plates received a 21s—bour y—ray bombardment prior resulting from etching at 50°C follows an etching
to testing, pattern similar to that of the hydrofluoric acid

solution. Thus the ~‘racture data corroborat e the
Ge a—ray irradiation apparently stimulates no surface texture observations quite well.

strengthening mechaniems in the 5°X-cut quart: as
noted in ‘fabl e I. Also no distinction may be drawn Effect of T~~perature
between strained and unstrstned areas in terms of
mechanical strength. The quartz seed plates were mounted on a uniform

bronze test block supported by a regulated hot plate .
Since no detectable difference in strength was The bronze surface was smoothly lapped to remove

found between strained and unstrained regions in the surface roughness and dirt. Temperature measurements
above tests, further tests described below were were made by bondin g a thermocouple directly to the
conducted without disti nguishin g these regions . quarts seed plates. Lead. fro, the thermocouple

reference Junction were connected to a digital volt—
Eff.c t of A~u.ous end Organic Enviromsents meter . The temperature could readily be obtained

from iilli—vol t temperature tables . This apparatus
Ordinary tap water was uniformly coated on the r- allowed stable t peratures to be maintained ~~ tofac, s eeds and indentations were performed to note any 332’C. T perature stability was enhanced ~~ a

•ff.ct on fracture strength. The .ff.c t of two special enclosure designed to eliminate any effects
organic solution , used in the quarts cutting opes due to stray air currents .
ation. em. also studied. Tb. two solutions are
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Figure 14 shows the effect of temperature on the theory involves the prediction of the ratio (P/c)
fracture strength. The values are higher than those where P is the fracture force and c a characteristic
shown in previous figures and tables due to the change crack dimension for fracture beneath a point indenta—
in experimental setup . It is clear that the atreggth tion. It the crack is allowed to proceed through the
decreases with increasing temperature. Westbrook material , c gives a measure of the material thickness .
reported a strength reduction with his hot hardness This particular type of fractur e event is character—
measurements on the basal and prism planes of quartz ized by a distinctive audible emission.
structures. The decrease , however, is less drastic
than that shown in Fig. 14. No direct data comparisons Lawn and Swain initiate their analysis by
may be made between the tvo measuranents, since developing a geometrical representation of the
Westbrook’ s hardness numbers are measured as load fracture. This is attempted by first developing an
divided by contact area using a Vickers indenter , expression for the stress intensity factor in terms of
Measurements presented in this paper are direct the ratio (P/c). The stress intensity factor , which
fracture values for quartz seed plates using a gives a measure of the intensity of the stress field
spherical indenter , in the immediate vicinity of the crack, is combined

with an expression which describes the force needed
Effect of Indenter Size for crack extension. In order that a crack propagate

under equilibrium conditions the force needed for
The radius of the contact circle between indenter crack extension must balance the force resisting crack

and sample surface varies with indenter size. This extension. The resulting expression is
size effect increases the probability for a severe
sicroflaw to come lb contact with a large indenter . (P/c ) ~Spherical indenters of diameter 1.6, 3.2 . 6.14, and ( 1v2 )(l~~~~) 2n12.7 mm were used on seed plates 1.2 mm thick. The
seed plates were etched in hyd.rofluoric acid for 105 whereminutes prior to indentation in order to reduce
scatter in the data. The results, shown in Table III, P0
indicate no indenter size effect. Presumably etching /p

~~ 
0 

c*ira
2

r~~~ved most surface flaws , resulting in a fracture
strength independent of indenter size. and~~~~

’) is a constant characteristic of the material
and is obtained by direct measurement of the contactEffec t of Annealing
radius a, generated by load P

0

Since annealing could result in healing of n Is a constant determined by indenter geometrysurface flaws and/or reduction of internal strains , an
experiment was conducted to test this ides. The fir~t B is a constant determined by crack geometry
set of seed plates were annealed for 214 hours at a r is the fracture surface energytemperature of 600°C. The plates were completely
shatter ed • most probably due to the a -. B structural E i~ Young’s modulus
transition at 573°C. Another set of samples were

V is Poisson’s ratioannealed for 21e hours at 550°C prior to indentation,
while another set were annealed for five days at
i6o°c For the case of a spherical indenter loadr

perpendicular to the plane of a flat specimen,
a 8 1. Therefore the relevant expression becomesIn order to suppress thermal shock , all seed

plates were initially placed into a cold oven. The
heat was gradually increased until the desired (P/C) • 

(P0 ~t
temperature was obtained. After the desired annealing
time had elapsed , the oven was allowed to cool over— (l—v 2 )(l—2v )2
night prior to specimen removal.

The resulting strength changes, listed in In order to numerically evaluate this expression we
‘fable II , are somewhat incomplete. Annealing at 160°c use r — 14 .1 X 102 ergs cm” 2 , which is the measured
for five days appears to decrease the strength some— s urface energy for ~he (1011)—face in quart z obtained
what , while annealing at 550°C for 214 hours tends to by Brac e and Wals h. The r—fac e seed plate is very
increas e the str ength . Polariscopic examinations near this orientation . Young’s modulus is calculated
before and after the 550°C anneal indicate no notable from the expression
change in internal, strain. The potential strengthen-
ing of quartz plate , by high temperature anneeJ. E ((1—cos2e)2S11 + cos1’0833 + cos2O(l—co s 2O)( S 44 +

warrants further test.

Effect of Thickness ~~l3~ 
+ 2 cos 0 sin 3 0 S

___________________ 14

Seed plates of thicknesses 1.2 , 1.5, 1.?, 2.0 , This expression is obtained by modifying CeAy’s9
2.7 and 3.3 em respectively were used to study the general expression of Yqung ’ a modulus for a quart z
effect of thickness on the fracture load. The type of bar in any orientation, whose length is denoted by
mounting, visual examination for defects and loading the d~r.ction cosines in a spherical Coordinate
rate was the seae as for the previous tests , system. The angle 0 is the angle between the (0001)

and ( i!oo) p1~~e., end has a value of 38°13 for the
Figure 5 shows the result.. The data indicat e r—tace plate. The values given as 813 represent

a linear relationship of fracture load versu, thick- t
mess of seed plate. A least squ ares fit of the data ~~~~ jastic constsn ts of quartz s~d are give n by

yields 3.93 ‘ 105 N.”1 as the slope. 811 — 1.27 x io~~2 cm2 dyne”1

The experimental relationship compared with a
theory formalatsd ~~ Lawn and Swain . The basis of 833 ~ 0.97 io~~2 am2

a



S
13 

— —0.15 X io’12 om2 dyne”1 B. Strength is increased by etching in hydrofluoric
acid at room temperature and aeaonium bifluoride

S1414 — 2.00 X lO_12 
cm

2 
dyne’1 at elevated temperature. There is also an

indication of a strength increase with a 214 h
Poisson ’s ratio is estimated using the expression anneal at 550°C. Further work , however , is needed.

V — 1/2 [‘U
(~~~~~~ 1) 

+ V
(
~~~~

.
)
) 

C. Gemma—r&y irradiation has no detectable effect on
fracture strength.

where V(~~~~~~1) and V(u00) are the Poisson ratios for
the basal and prism planes respectively. The values Acknowled~~ents
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Table I. Strained vs. Uristrained Regions

Sample Description Number of Test Points Frac ture Load (kg )
Strained Unstrathed Strained Unstrained

r-face , as received 90 119 18.2±3 .14 17 .0±3. 14

5°X , as rece ived 89 88 26.8±6.6 25.6±6.5
5°X , y-ray irradiated 88 73 24 .4±4 .5 2 14.4±14.0

Table I I .  Effect of Aqueous and Organic Environments
and Anneal ing

Samp le Description Number of Test Fracture Load
__________________ Points (kg)

Surface coated with 88 13.9±2.5
1420

Surface coa ted with 90 15.14±2.9
var—sol solution

Surfsce coated with 99 15.5±2.6
P C Solution

Annealed 24 ‘i, 550°C 90 20.8±5.2

Annealed 5d, 160°C 15.1±3.3

Table III. Fracture Load of r—face Quartz as a Fnnction
of Indenter Size

Indenter Diameter Fracture Load
(in) Number of Test Points (kg)

-?~- 51 18.5±3.1

61 19.8±3.9

53 19.0±~ .3

18.1±3.0

I
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Table IV. Experimental Values of’ p0 and Calculated
Values or P/c as a Function of Thickness
for r—tace Quartz

Plate Thicknesi~ Value of p~ Theoretical Value or (P/c)
(mm) Nnr2 X l0~ Nm 1 x l0~

1.2 7. 24 3.7

1.5 5.03 5.3

1.7 6.92 3.86

1.9 10.7 2.5

2.7  11.0 2.46

3 .3 18.4 1.44

a
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FREQUENCY /TEMPERATURE • ACTIVITY /TEMPERATURE A1~0MALIES IN HIGH
FREQUENCY QUARTZ CRYSTAL UNITS

J. Birch and D.A. Weston
The General Electric Co. Ltd ., Ilirst Research Centre, Wembley, England

Stamiary is now well established , the design of units having
freedom from unwanted modes of vibration which couple

Tempera ture dependent coup ling of the thickneg,~— to the main thickness—shear mode is much leas
shear response and unwanted modes of vibration can predictable.
occur in high frequency crystal units causing
irregularities (‘bandbresks ’) in the frequency/tempera— It has been generally accepted that coupling can
ture and activity/temperature characteristics, occur simply because the finite lateral dimensions of

the crystal element can support low frequency modes
Investigations undertaken on circular crystal such as flexure , longitudinal and face—shear , and that

eleme n ts having both circular and rectangular cisc— high overtones of these can have frequencies
trodes have shown a significant difference in band— comparable with the thickness—shear response frequency1.
break behaviour , especially under high drive level Transmission network measurements may f a i l  to de tect
conditions. Whereas with circular electrodes no these unwanted resonances, or at beat will indicate
correlation between bandbreak incidence and electrode that they are extremely weak electrically because of
diameter could be found over the frequency range from charge cancellation at the electrodes. The mechanical
9 11Hz to 15 MHz, the use of accurately oriented amplitude of vibration can, however, be large and
rectangular electrodes has revealed a systematic de— these resonances then become apparent as they coup le
pendence and also an increased degree of coupling into the wanted mode, absorbing energy and lowering
between wanted and unwanted modes under unfavourable the Q value.
design conditions.

Since the frequency/temperature coefficients of
X—ray topograph measurements to determine th~ wanted and unwanted modes are different, the simplest

nature of the coupled modes involved have failed to way of observing this coupling phenomenon is to vary
reveal any evidence for coupling with high order over— the crystal unit temperature and at the same time
tones of flexure, face—shear or longitudinal responses monitor the main thickness—shear frequency response
in circular crystals. A characteristic type of and its equivalent resistance. Recorded plots
standing wave which has however been observed in all (‘bandruns’) of frequency/temperature and activity!
crystals having bandbreaks has been analysed and the temperature variation often show anomalous behaviour
main constituent found to consist of a periodic mode (‘bandbreaks ’) and this is especially so Ln cases
propagating along the x—axis. The magni tudes of the where the crystals are required to operate at high
bsndbreaks associated with this type of mode are drive drive—levels (5 mW — 10 mW) .
level sensitive and , in addition to the topographic
evidence , electrical measurement, have indicated that In ~ontra.t to the possible interfering modes
the interfering mode has a frequency equal to twiee referred , to earlier , non—l inear elastic behaviour
that of the fundamental thickness—shear resonance, giving rise to drive—leve l Sensitive coupling has been

found to be the most prevalent cause of bandbraaka in
Investigations involving the repeat processing of the investigations described in this paper , which were

numerous crystal elements over a wide range of p late-’ undertaken to try and establish design criteria for
back values have shown that consisten t behaviour can be crystal units having freedom from coupled modes of
obtained. It has also been found that bandbreak free whatever origin.
and bandbreak fouled regions exi st alternately across
the frequency bsnd examined and the location of these Initial Investigations of Electrical Performance
reg ions is  dependent on the ratio of electrode length!
crystal thickness and on plateback, Electrode Diameter

It is concluded that the major cause of bandbr .aks The major work undertaken during the initial
in high fr equency quartz crystals of circular geometry stage of the investigations was to examine the
can be exp lained by coupling via non—linear elastic incidence of bandbreaks in crystal units in the fre—
propert ies to one particular type of mode excited at que ncy range 9 MHz to 15 Mlix as dependent on electrode
twice the frequency of the fundamental mode . GoiqIling diameter. Crystal blanks of 8 mx diameter with a small
to th is made , which to the best of knowledge has not edge bevel of 60 mm radius ware used and gold electrode ,
bean previously identif ied , occurs when the elect rode were deposited by sputtering to give elect rode
length approximates to an integral nu~~er of half’ diameters ranging2f rom 3.4 — to 5.8 mm at a nominal
wavele ngths and ter minates at siitin odes of the plsteback of A f / f 3 — 1.53 klIz/) (z 2.
interfering response . The implication of the results
is that by careful choice of electrode s u e , It was desired to reprocess the same crystal blank
orientat ion and plateback , it is possible to produce when study ing the effects of changing electrod, size.
c rystal units wh ich are fre. of bandbres k s over a wi$el To satisfy this requirement, and at the same time
temperature range at any frequency . faci litate bandrunning fros —20°C to •700C, the crysta ls

were left uncanuad and placed in a emaIl electrica lly
Introduction heated enclosure which could be hermetically sealed to

protec t the crystal from cond ensat ion during th.
The problem of unwanted resonances in thickness— temperatu re ta et, A typical enclosu re is shown in

shear v ibrating AT—cut quarts crystals has occupt.d the Figure 1. The hermetic seal was made using an 0—ring,
atte ntio n of nu rous wo rker. engaged in the development and dry nitrogen wee flushed through the enclosure
of h .f .  and v .h ,f . crysta l wsit. ove r a ~~~~~ of years. before pinching off the rubber hoses to ansor. that the
Whilst the desi gn theory for c rystal .l..enta having crystal was in a dry and inert atmosphere for test ing.
good freedo. from sitharmanic thickness—sheer resonances With this arran~~~~nt it wa s practicable to cool the

32



c rystal to —20°C, p lug the conte ner into the test stud ies are described in a later section.
4 oscillator preset to the required room temperature

drive— level (usually 7.5 u~J) and heat the crystal to X—Ray Topography
+70°C in a controlled time of 2 minutes, 20 seconds.

A study of the mechanical vibrations of AT—cut
A frequency synthesizer was used to produce a crystal, was undertaken as part of the general band—

beat frequency in conj unction with the test oscillator break investigations, by colleagues working on X—ray
output. The synthesizer frequency was s et below the topographic analysis in the Materials Characterisation
crystal frequency at roun temperature so as to produce Department at the Hirst Research Centre 2 ’3.
an inverted frequency/temperature tharacteristic
co m pared to the normal viewing of the AT—cut cubic Figure 6 shows topographs obtained on circular and
curve. This arrangement has the advantag e that a large rectangular crystals mounted in slotted nickel tapes
posit ive frequency swing occurring at a bandbreak will and driven at similar power levels as used ii’ the
produce a maximum pen deflection without any possible electrical study . In the case of the rectangular
ambiguity such as can exist with deflection through the crystals the nickel tapes were ‘kinked ’ to contact the
zero—beat condition when the reference frequency is set electrode lead—off p lating.
higher than the crystal frequency. A double trace
chart recorder was used to display the deviations in The light ares in the topograph of Figure 6(a)
activity (equivalent parallel resistance) and frequency shows the antinodal region of thickness—shear vibration
occurring during bandrun testing. Examples of bandrun obtained by X—ray diffraction from the (loll) Bragg
plots are reproduced in Figure 2. plane; in thu bandbreak—reject crystal the active area

extends beyond t.e central portion covered by the over—
Typical results from the first investigations are lapping electrodes because of coupling to an unwanted

given in the form of a scatter diagram in Figure 3 and mode. Using the (0443) Bragg plane, which is almost
show no correlation between bandbreak incidence and parallel to the crystal surface and thus virtually
electrode diameter. The plotted points indicate insensitive to thickness—shear vibrations , the inter—
crystals having large bandbrsak s, whilat the circles fering mode can be seen in greater detail (Figur e 6(b))
and slashed—circles represent band.reak—free and minor and extends to the bevelled edge of the blank along the
bandbreak incidence respectively. x—ax is. This reflect ion is highly sensitive to strain

and saturates at a relat ively low level so that a
Electrode Thickness vibration pattern can usually be seen at a tempera ture

far removed from the temperature of maximum coupling
The effect of electrode thickness was first especially if a high crystal drive—level is used. For

studied on 30 units by evaporating a circular gold spot the majority of topographs the drive—level was set at
on to one of the electrodes of prev iously base coated 7.5 nW and the c rystals were heated to locate the
and mounted crystal elements. The crystals were driven bandbreak temperature when this was above ambient.
continuously by an oscillator during the deposition and
the activity deviation was p lotted using an XY recorder. The most symmetrical patterns were obtained using
A typical ‘smoothed’ plot obtained during the course of overlapping electrode str ips to form accurately
this frequency trieming is shown in Figure 4. The test oriented rectangular electrodes of sufficient mass to
crystals were , wi th one or two exceptions , base pla ted ~energy_trap~ the unwanted node. Figure 6(c) shows
between 40 kliz and 70 kliz below the blank frequency f 3 ‘Scrambling’ of the pattern caused when the lead-off
(c. 10 )Slz) before mounting and starting the plating was oriented 100 away from the z’—axis , and
adjustment. Figure 6(d) shows the restricted active area, or auergy

trapped region, of an unwanted muds obtained by the use of
Figure 5 compares the behaviour of four crystals relatively heavy plating. With 3.4 mm square electrodes

and in each case a shaded portion represents the and dt/f~ — 1.4  kIlz /MNz’ the active area extends
initial stages of adjustment (c. 100 kIIz) which usually just beyond the electrode area in the latter crystal
revealed a ns~~er of minor activ ity dips. As the and , in a similar fashion to Figure 6(b), the wave—
plateback was increased , very large dips in activi ty length of the mode appears to double in the outer
were observed and these are represented in Figure 5 by region. An interpretation of this effect is given in
the large vertical arrows . Figure 4 would be Reference 1 where it is shown that the observed
represented by four such arrows, one of these being pattern , can be accounted for by the superimposition of
shovn in the shaded region, two modes of vibration having twice the resonant

frequency of the main thickness—shear mode. The modes
During th. course of the above taste , bandruns combining to produce the pattern in Figure 6(d) can be

were soadrimes made to see if there was correlation represented by Figure 7(a) which shows the variation in
be tween the activity dips observe d and bandb reaks . In lattice strain gradient q (curvature) due to a periodic
Figure 5 the result. of such bandrun tests are in— mode p(x ) of short wavele ngth along the x—axi a which is
dicated and show good correlation. For nominally superimposed on a modulating mode m(x). Combining these
identical blank freq uencies and base plating conditions , two modes in the manner of the X—ray topogrsph measure—
such as for un its P4 , PlO and P14 there was some ment , which is insensitive to reversals in the strain
semblance of a patte rn in the location of the activity gradient, gives the integrated X—ray topograph intensity
dips but , considering all the results , the beh ,v i~ ur 1(x) pattern in Figure 7 (b) . Sinc e the modulating mode
was mast complex . Since normal frequency sdjustm ent is shown with a large axç 1~ tude (strain gradient) in the
would occur within the shaded region the prospect of region outside the electrodes , only alternate ant inode,
eliminating the minor ano malies ‘~v overall electrolyt ic of the periodic mode, where the two modes are In phase ,
plat ing , i.e. over base e1ectro d,~ and lea&’off , was correspond to intensity maxima , the intervening anti—
tried but ingi oved results ware not obtained , nodes becoming minima. An apparent doubling of wave-

length thus occurs in the outer reglons of the crystal.
In view of the significant effect of plateback, A similar effect ii seen in Figure 6(e) which shows a

which the foreg oing emp.ri at. had illustrated , and transmission topograph and the modulation of a length!
the results of X—ray topograp hy st udies proceedi ng in thickness flexural mode by thw large amplitude
paralle l, the investi gations were extended to look in thickness—shear mode which is energy trapped in one half
mare detail st the relationship between electrode of the crystal. In the latter example the electrodes
geometry and bandbrs ak incidence. The results of these extended to the edge of the crystal in the x—direction
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and overlapped by approximately 5 mm in the z’— To investigate the behaviour in greater detail
direction. This recta ngular c rystal operated at a further crystal unit. were prepared with rectangular
frequency of 9.49 MHz , cons istent with the node being electrodes measuring 3.42 an x 3.42 mm. After bandrun
the 71st overtone of flexure3 as indicated in the testing the crystals , these were removed from their
topograph. mounting tapes and, without damaging the existing

electrodes , were further p lated , remounted and band run.
FIgures 6(f), (g) and (h) show selected topo— In t~is manner a number of units were plated from about

graphs taken on a 10 mm square blank , having an un— Af/ f 3 — 1.8 to 5.0 kliz/HHz2, then stripped of plati ng
coated frequency f3 — 11.315 MHz, which was subse— in aqua regis and processed once again in a similar
quently plated wi th electrodes of 4 an x 4 mm in ares way to test the repeatability of processing to obtain
to reduce it. frequency in eight steps finishing at the sane bandrun characteristic..
10.800 MHz. Figure 6(f) shows the unwanted node
extending over the whole area of the blank at a plate— Figure 9 shows plots of crystal frequency versus
back 6f — 85 kHz; for Id between 180 kliz and 240 kHz p lateback which include the above repeatability tests
this  mode was absent in the unplated portion of the (crystal. A—F). The experimental points for the same
crystal but the area under the electrode lead—off crystal are enc losed within a rectangle and contacting
plating revealed the mode extending out to the rectangles correspond to repeat runs. The results
mounting tapes; Figure 6(g) illustrates this confirmed that with strict control of the processing
behaviour at a p lateback of 240 kHz. For Id exceeding it was indeed possible to obtain good repeatability and
330 kfiz the unwanted node was energy trapped under the bandb reak characteristics of closely simi lar appearance
overlappi ng electrodes in the same manne r as the were obtained.
thickness—shear mode; Figure 6(h) shows the behaviour
at a platebac k of 380 klia. Further ex per iments produced additional results

enabli ng Figure 9 to be completed and indicating that
A flexural node extending to the edge of the for a given crystal p lateback certain frequencies would

blank is seen in Figure 6(g) to be energy trapped in constitute bandbreak free regions whilst others would
the z’—direction by the overlapp ing electrodes. Thers be bandbreak fouled. A ntnber of the experiments are
are an eetimstad 83 antinodes in this mode which is e~~~ar ised in the figure by giving the numbers and
consistent with the measured frequency being percentages of results conforming to the expected
1l.0~4 P*z. pattern , e.g. 23 o~ t of 24 units (962) at appro xim ately

11.4 MHz with Af / f 5 c. 1.8 kHz/MIIZZ ware clear of
Other examples of flexura l and thickness—shear bandbreaks as expected in a bandbreak clear zone.

node co upl ing, but w ithout the characteristic unwanted
mode dealt with in this paper, have been observed in Observation of topogra ph patte rns for crystals in
rectangular crystals but never in circular crystals, the various regions of Figure 9, and the translation

of the activity dips towards higher temperatures as the
From measurements on topographa of crystals in plateback was increased, confirmed that the same

the fre quency range 9 MHz to 15 MHz Goodall and interfering mode with a negative fr equency/te mperatur e
Walla ce’ found that the product of crystal blank coefficient was responaible for the broad fouled
frequency and wavelength of the periodic p lane wave regions and that coupling was to higher order nodes at
p,ttern seen at a bandbresk was approximately constant, the higher frequencies , i,e. 13)12, 151/2 and 171/2 in
giving 1x~~ 

— ~ 0.08 ma p1Hz. the three fouled regions. Fro, the wavelength
frequency constant end the topograph patterns it is

In a similar manner to that predicted evident that the electrodes overl ap the central energy
theoret ically by Mindlin and Lee4 , and conf irmed trapped region and terminate on anti nodes
exper imentally by Sasaki and .haonji subsequent to our of the unwanted mode.
findings5, for coupling between thickness—shear ,
flexur e and face—shear , it appeared probable that the Investi~ation of the Coupled lode
cond itions for excitation and coupling to the unwanted
mole should be fulf illed when the product of electrode Examination of typical crystal responses in the
length (tx) and frequency is a multiple of A f~. vicinity of the coupling temperature revealed
Ex peri mental results , some of which are cons!d.r.d characteristics similar to those shown in Figure 10(a)
below, have been obta ined to confirm that the which illu strates results obtained on a sweep measuri ng
incide nce of bandb~sak s attr ibutable to the particular set at four different values of drive —level appl ied to
type of unwanted made in question does va ry in ~ a pi—netwo~k containing the crystal. Furth ermore , by
syste mat ic way depe ndent on electrode length , mass driving the crystal in an oscillator and obtai ning an
loading and crystal fr equency . audio beat frequency it was possible to detect a

frequency ji~~ between the two coupled modes as the
Deta iled Investi gation of Randbreak Incidence as t~~~erature was varied through the bandbreak. This

Dependent on Electrode Geometry behaviour is s imilar to that expected for modes
coupling at nominally the same frequency but havi ng

In view of the simplified plan. wave pattern , different temp erature coefficients of frequency
seen in to pograph . of cryst als havi ng wall ori .nted (Figure 10(b)). X—ray topograpbs of crys ts l~
rectangular electrode s , a deta iled investigation was exh ibiting this behaviour have , however , shown the
undertaken on such unite covering the frequency range characteristic pattern attributable to a coupled mode
9 to 13 *i with platebsck values ranging from at twice the f~mdamsazta1 frequency, and e crystal
Li/f1 — 1.5 to 5.0 kilt/MHz2. Analysis of the bsndrun driven at a resonance corresponding to twice the
resu lts obtained at 7.5 ~ i crysta l drive—level shoved frequency of th. fund ntal thickness—shear mode has
that many frequency/te mperature and activi ty / given a topograp h pattern of simi lar chaLacter to that
t~~~eratwe anomalies were characte rised by pronounced found at the fundamental respo nse. Two 1011
deviations , as illustrated in Figure 2, and plotti ng tran smi ssion topo$raphs illustrating the latter point
the inc idence of these gross bandbreaks gave the are reproduced in Figure 11.
results shown in Figure 5, in which two region. are
clearly definable as producin g unaaeisfacto ry units. Wood and Seed6 have reported on non—linear
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elastic coupling between thickness—shear modes at 
~r 

By means of X—ray topograph, obta ined on n~~erous
and modes at 2c r’ and Franx7 have shown that unwanted crystals exh ibiti ng gross bandbreak s the inte rfering
nodes at 3f~ may quse activity dips. An equivalent node has been analysed as co mprisi ng two strain wave
electr ica l circuit° which takes account of the components , the pr incipal one being a periodic plane
co upled mode is shown in Figure 12 which includes the wave propagati ng along the x—ax is .
possibility of both mechanical and electrica l
coupling. Mon—linear mechanical coupling is Using rectangular electrodes of a particular size,
represented by the capacitor Cc which is considered bandbreak clear or bandbresk fouled regions become
to va ry dependi ng on the charge on the crystal, evident over a range of frequencies. The bandbreak
Ignor ing the crystal stetic capacitance C0 and fouled regions occur when an odd rn~~er of half wave—
electrical coupling (~ — 0), the analysis by Wood and lengths of the periodic mode are cover ed by the
Seed shows that first order non—linearity with electrodes which terminate at antinod.s. Bandbraak

c clear regions, on the other hand, are to be ex pected
— co when the electrodes span a whole number of wavelengths

c q and terminate at nodes. The use of circular electrodes
is clearly incompatible with this criterion for the

best describes the behaviour observe d at a bandbreak suppression of coupling.
as regards the change in crystal equivalent series
resistance wh ich should incre as e as the square of the The high degree of repeatability obtained during
crystal current. An experiment described in the the experiments has required close control of the
paper by Wood and Seed shoved that in the expression crys tal processi ng condition s , but given the necessa ry

n control it is evident that units capable of operation
— RI at high dr ive levels can be syetematically desi gned to

be free of bandbreaks.
the value of the index n was 1.75 approximately
rather than 2 as predicted theoretica lly, but Acknowledge ment
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THE RELATIONSHIP BETWEEN PLATE BAC1( , MASS LOADING AND
ELECTRODE DINENSIONS FOR AT—Ctrr QUARTZ CRYSTALS

HAVING RECTANGULAR RESONATORS OPERATING AT
FUNDANE NTAL AND OVE RTONE WIDE S

J .F . Werner and A.J. Dyer
The General Electric Co. Ltd., Hirat Research Centre, Weithley, England

St~~sry 2w width of electrode along IC

Blank frequency, defined as the frequency of ~~~~~~~~~~~~~~ coordinates along the X, Y’,Z’ axe s

thickness—shear vibration for an infinite unplated area, wave amplitude
blank , is an important quantity in energy trapping

B Vøltjiiietheory and is closely related to the lower frequency
limi t for wave propagation. It is shown theoretically C correction factor
and experimentally that a close estimate is obtained by C compliancemeasurements at hi gh overtone orders using s ir gap m
electrodes. ‘Plateback ’ is the fractional frequency D electric flux density
lowering due to the mass of the electrodes and the

E electric field strengthreduction of piezoelectric stiffness caused by
connecting the resonator in a low impedance circuit. L notional mass of crystal.
The equations relat ing resonator frequency, mass 0

loading and electrode geometry are given , and the coo- L1 inductance of crystal ,

pu tational method for rectangular electrodes with edge s M mass/unit area
parallel to the X and Z ’ crystallograph ic axes is

Q Q factorexplained.
R,S ,Px, Pz denote regions of the c rystal p late

Us ing a simple edge correction enables good agree— T s tresssent with exper iment to be obtained for crystals with
square electrodes at the fundamental and overtone V potential difference
modes. An interesting result is tha t a crystal with
small electrodes (L/t $ 7) at fairly low mass loadings 3x’°z coefficients of exponential decay along

IC and Z ’can have v irtually zero plateback and therefore a very
low Q at the fundamental mode while operating well at l/g permittivity
third overtone. It can thus control an untuned
oscillator at the crystal third overtone freq uency. ~ik modified elastic constants

~~~~~~~ 
propagation coefficients along X and 1’

The theory enables the total vibrational energy
and hence the inductance of the crystal to be computed . n propagation coefficient along Y ’
Theoretical results , conf irmed by experiment , show that ex,ez angles describing displacement at electrode
the usually accepted inductance ‘ constant ’ is a boundar ies
function of plateback and electrode size. A inductance constant

Energy loss at the crystal edges has been p constant defined by u
2 —

represented by the loss at the edge . of an equivalent
square crystal with edge damping. This model enables ‘ density
the degradation of Q due to imperfect energy trapping a piezoelectric charge
to be computed. Combining this result with the

• normelised frequencyintrinsic Q value for quartz , and with losses due to
internal fr iction in the metal electrodes , gives Q turns ratio of an ideal transformer
values for the main mode and the anharmonic overtones
which can be plotted against plateb ack. to ss in the w angular fr equency
damaged surface layers of the quartz is not cons idered , A plateback
lo that pract ical Q value s are less than predicted.
However , th is co mputational procedure , which takes Introduction
blank size into account , has proved useful in
des igni ng single response crystals. The fo llowing treatment of the AT—cut cry stal with

rectan gu lar electrodes was orig inally undertaken as a
List of Symbols pre liminary to a study of integrated crystal filters ,

However, it has also proved to be useful for the design
2a length of electrod e along Z ’ of si ngle reso nator crystals , enab ling computed

pred ictions of their properties to be made, and it is2b thickness of plate (— t) this aspect which is diucussed below.
elast ic constants 

The wave propagation analys is is based on that
)i2

~~ 
p issoslectric constant outl ined for integrated filters by Reilly and Ledwood’

It constants and di gcuss.d more fully by Reilly in a doctorate
thssis’ Similar simplifying asss ~~ t ions are made , butt length of electrode C• 2a or ~~~~ the theory is extended to deal wi th rectangular

thickness—shea r overtone order electrodes of finite di..naions , rather than strip
electrodes having infinite width.unit normal to a surface

t thickn ess .f plate (. 2b)
u part ic le displace ment
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Outli ne of the Theory
Simplifying Asst~~ tions T~

o) 
— T6 • h26D2 (3)

(1) It is assu me d that the wave propagation in the where the superscript (o) denotes quantities used in
crystal is substantially the same as for a non— the purely elastic solution, B22 is reciprocal
piezoelectric body with boundary conditions permittivity and 1t26 is a p iezoelectric constant (see
modified by the piesoelectric effect. This Table 1). In equation (2) a term in h25(3u1/3x3) has
approximation is justified for quartz, which been neglected , which is justified because the
has low pjezoelectric coupling, and means that electrodes are usually much larger in the x 3 direction
difficult electrical terms in the wave than the plate thickness. Differentiati ng with respect
equations can be neglected , to x3 thus gives a term much less than that arising

from differentiation with respect to 12. In equation(ii) Traction free crystal boundaries , i.e. (3) ~ term in b36D1 has been neglected in consequenceI1~n. — 0, where n~ is the unit vector normal
to t0~e crystal eurhce. 

of assumption (v).

(iii) Continuity of stress T and displacement u at Provided that variation in the x~ and 13 direc tions
all internal boundaries between regions , is not so great as to invalidate the simpl ificatio ns,

(Lv) The voltage on all electrodes is zero and the equations (2) and (3) can be used to determi ne the

charge density on the remaining surface is boundary conditions which apply when seeking the
solutions of the elast ic equatio ns. There are twozero . Since th. external field is neglected -cases, i.e. for unpiated and p lated c rystals , forthis last condition reduces to D n1 — 0, where which the values of propagation coefficient , andD1 is the cn~~onent of electric hux density, respectively, can now be determined.

(v) It is asstmad ut (parallel to the X axis) is
the only significant particle disp lacement and Unplst~d Crystals
K2 and D1 (normal to the plate) are the only
significant c~~~onents of electric field end In the general case, a solution to equation (1) is
flux . uj — Aajn fl5x2 .fI(xI)~~3(x3). Pros assumptiOns (ii)

(vi ) The extreme edges of the plate are ignored. ~ 
and (iv) , T6 — 0 at 12 — tb and D2 — 0 at x2 — ±b.

is assume d that either ‘trapping’ prevents 
Hence from equation (3) T6(e) — 0 at x2 — ±b is the

appreciable energy reaching the edges or that 
appropriate boundary condition. Apply ing this gives

what does reach them is absorbed . 3u1

Simplified Equation of Hotion 
Tg — cts — — AnScosnS(±b).f l(xl).f3(x3) — 0

3x2

Using these assump tion s a simplified equation of if the term in ’c SS(3u 1/ 3x 3 ) is neglected. Thus
motion of the form — anr/2b, where u — 1,3,5... is the overtone order.

l2uj 32
U1 In the special case of a uniformly excited plate ,

‘Y ll -r • cgg ~~ + ‘(~ 5 ‘-‘r • PW 2%tl — 0 the tetos in x~ and x3 disappear from equation (1), and
3xi 312 3x 3 the frequency

can be shown to app ly, where we are dealing with a
purely elastic solution , the pie zoelectric properties ,~ 

rEi~of the quartz simply modifying the boundary condition.. UI
B 

— 

~s -

p is the density of quarts, w the angular fr equency of
the vibration , and

2 is obtained by substituting back. This frequency
(w — 2.1 ~ is the ‘blank frequency ’ which is of

‘VS3 • c5~ — — im~ortsnJ in the theory.
C”

Plated Crystals
is Yo igt ’ s face shear constan t , where the c constants
ar. the appropr iate rotated elastic constants for the Ftan assu mpt ion (iv) the voltage V on the
AT—cut (see Tab le 1). electrodes is zero, so tha t the boundary conditions at

x 2• ib are
The modulus y ll ha. the for .

2 V — — 12dx2 — 0 (4)
Y l l  — C~~ 

— — • kc~~ —b
C22

and Tg — 0. Thus from equation (3) vi obtain
A value for It of .~ /l2 has been quoted in the T~O) — h2gD2 at x2 ib as the boundary condition for
lit eratur e, the derivation being attributed to the elastic solution. Since div D — 0 vs can say
Tierste a and Mindlin. However, the value of YII used 3D2/5x 2 — 0 and D2 is therefore uniform in x

~
,

in our computations has been deter mined empirically and Therefore fro, equation s (2) and (4)
will be discussed later. 

b
Piesoelectr ic Effect on the Boundary Conditions J 12d*2 — 42D2.2b — h2g[ulJ~b 

— 0
—b

S implified for.. of the pis.oelectrtc relations

g4o) 2b$22
— S~2D2 — h25 (2)

This shows that the piszoe lectr ic excitation is only

are used as follows i— i.e. D2 —i— tUl~~ b 
(5)

significant for nodes antisy .trical in x~ as would be
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expected.
exponent ial decay a~ and a

~
. The process of setting upA solution of equation (1) is and aolving the eq uation. to find symeaetrical solutions

— AsinviR*2 .f i(x i) .f~ (x2) for such mode, will now be described.
so that

T(o) 
2u In the R region a solution is of the form

S — Cgg ~~~~ Acg gr%1Cosr~ (ib).f 1(zj).f3(x3)
314 u~ — A is innRx 2.c os

~~x 3 .c os ~~x i
(m)- h25D2

i.e. antlsyimeetrical in x1 and syzm~etrical in 12 and
again neglected the term in c5~(3ui/3x3). Substituting 13. flg is th , appr opriate value of propaga t ion
for D2 from equation (5) leads to Cm)

coefficient for the overtone mode is. Inserting this

— 
8~2c~~ solution in equation (1) and nor.alising to unit half

thickness b, i.e. ~ — b~ and n — bn~ givesX II x,z R
‘~1b h~6 (m) (m)

the solutions to wh ich give the propagation
coeff icients n to use for plated areas of the ‘Yi l~~ + C66fl~ + yS5 C 2 — b2p

~
tiil — 0 (7)

crystal, NorJli.ing to unit half thickness b, i.e. (is)

‘1 - flab give s 
_____

Putting • — u/w a and using WB — mir/2b /csb/ PS ~~~S equation (7) givestann
~ 522c66

(6) ‘2— 
h~6 YiIC 2 + ‘Y 55~ + C66fl~~ 

— U
2
~~
2 (
~

) C5~~ — 0 (8)

(a)
In this equation 8~2, cgg and h26 are the app ropriate
rotated constants for the AT—cut (see Table 1). The In region P~ using a solution of the form
equation has been solved computationally and solutions u~ — A 2sinn$x2.cosc1xj.ex~{—a 1c~} leads in a similarfor the antisy stric mode . m — 1,3,5,7 and 9 are manner , remembering that n~ — os/2 , to an equation
given in Table 2, togcther with values of the quantity 

24,~ /m
2i2, It will be noted that as the overtone orde r 6(l •

2) —0  (9)iJresses this latter quantity approaches ~~~~~~~~~~ ~~ 
— + (i!) c~

~ approaches os /2. This is because the higher over—
tines have les s piezoelectric coupling to modify the Similarly for region P~surface boundary condition. 

2

In the hypothetical case of uniform exci tation by ~~~~ 
— y11a + 

(2 )  
c6b (l •

2) — 0 (10)

larg e area isassless short circuited conducting
electrodes the solut ions of equation (6) give the Applying the conditions of ust~~tion (iii) at theplateback directly. Since in this case wr — ~~~~~~~~~~~~~~~ boundary 13 — a givesand P

a
_ p

s
we have

plateback A — — ~~~~~ 
~~ A lsi nnR x2.cos~xxl .cos~z

a — A2s inflSx 2 .c os
~1x iexp { ..n

5a}
R 

~~~
- ~ (a)

f~ flg 
— 

3W (II)

These values are given in Table 2. for continuity of dis~l cement; for continuity of
Recta ngular Elect rodes of Finite Site stress the quantity T~$ must be considered. Now

Referri ng to Figure 1, the e lectrodes have length (o) 
+ c~~ —T5 • C552a along the Z ’(x3) axis width 2w along the X(x 1) axi s , 312 3x~and the c rystal th ickness is 2b. The plated area is

designated the a region , the implated area be ing 
~~ it may be s hown that the effect of the term c5~divided into P~, ~~ 

and S reg ions as indicated.
can be neglected, bas ically because c56 ii email

The effect ive density in the R region is p1 and a compared with c~5 (see Tab le I) and the quantity
constant p is defined by p • • where p is the n cot~ x 2 — fl cOtfl z~ is always small. Thus we can
density of quarts in the u~~lat .d3regLon. ~he equation e~uate1the va&use ~f 3u~ /313 at the boundary
of motion (I) applies , a purely elaiti c solution being
cons idered . In this equation , p is eithsrpp1 orpp5 ~~~~~~~~~~~~~~~ z1sinç a £Rn,sinfl5x2.coUC1zI.xp(—e5a)I I
according to the region being analysed. The method of
solution by considering one mode alon , and treati ng the (12)regions as if they are of the s~~~ th ickness but
differ ing densities was first proposed by 3hockley et Dividing equation (12) by equation (Ii) and nor.atieing
a13, and great ly si mplifie, the t reacoset, to unit half thickness b gives

An energy tr ipped mode of vibration can be temç
11
a — n~/~~ (13)

supported when the f requency lowering due to the
electrodes is such that real propagation coefficients and this equation also holds I or the bounda ry at mb a.
~~ and ,mi st in the 1 region , but the wave in the
surrounding quart* is evanescent having coefficients of For the boundar ies at Ii — iv the procedur. is

similar, but the va lues of Tii — c iiOu*/ lxi ) are
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equated. Th. resulting equat ion is propagating along xi putting 
~~~

— 0 in the third of
equat ions (15) gives • ox — v’41 + y55 C~) and

tenc1v — a1/c~ (14) similarly for the thickness twist wave we find
• ~~ 

— /(1 + 
~ ii~~

)
~ 

These frequencies are higher
t~an the blank frequency ($ — 1) as a consequence ofEquations (8), (9), (10), (13) and (14) describe the f inite size of the electrodes.the part icle motion for the resonator. Introducing

normalissd elastic parameters 
~~ 

— (2/mw ) 2 
~11/c 6S Calculat ion of Inductanceand ‘vss — (2/os )2 y~5/cg s gives the following set of

f ive sim~ltaneoua equat ions in the six quantities 
~~~ In the equivalent circuit of Figure 2(a)  thea , a1, 4 end W quant ities to the ri ght of the ideal transfor mer of

~2 1:4 turns ratio are mechanical. Thus La is the
motional mass of the crystal and the current in this+ + ~!_) i~~ — — 0 part of the circuit represents velocity at some

(m) reference point. If 6 is the velocity, ti.~ that at the
reference point , e.g. the position of maximum velocity ,

— + 1 — — 0 La is found by equating kinetic energies , i.e.

‘rss~ 
— Vii;~, 

+ 1 — — 0 (15) ~L 62 — f ~~ 2 dBn o
— where B is the volume of the vibrating body. Since— l1esn~5a s inusoidal motion is considered , 6 — jwu and —Thus

— ~~tan~~w 
L — .!.. . ‘ pu2 dB (17)I

~ 2USolution of the equations o

If a value is inserted for either • th. ~
, represents the piezoelectric coupling between

the electr ical circuit on the left and the mechanicalnormal ised frequency) or p (repree enting the mess circui t on the right. If i is the electrica l current ,load ing due to the electrodes) the equat ions can be therefore , i — $~~
. Current is rate of transfer ofsolved, In practice it is generally desired to design

the device for a given frequency, so • is therefore charge, so i — jwo — j *wu0, where a represents the
total ins tantaneo us piesoelectr ic charge .chosen as a known quantity end p as on~ of the unknown

quantities to be found.

(2 \ Thus 4 — a/u (18)
The term ~~~~ v4 in the first of equations (11)

(a) The circu it of Figure 2(a) si mplifies to that of
is tabulated in Table 2. Since the unknown p only Figure 2(b) where L1 is the crystal inductance in
appears in the first of equations (15) the other four electrical units. L1 — Lm/$

2 so from equations (17) and
equations can be solved. Substituting from the (18)
fourth sad fifth into the second and third
respectively, ahd rearran ging gives a form suitable J ~~~~ J pu 2dB

B — ‘ (19)for computation:— L1 —

02 rJD2dA~’\
2

— ~~~~ • (1 + 
~ss~~) cos 2~ — 0 ~ A I

I I s ince in the WS system surf ac e charge density is(16) equivalent to electric flux density.
1 — i i~~

2 • (B • ~ li~~ ) cos 
~~ 

— 0x a
From equation (5), D~ — (h26/b824)u(xi,b,x3) s~

where — viic~ + ~ — •
2 that

b2B~2 J pu2dl

( 20)and R5 ;~ 5C~~+ l — 4 2 L1 ——— ~—- ~ ‘\2h26 ( J  udA
\A I

— 
gq~atioea (16) can be solved computationally for

ç and 
~~ 

by a pro cess of success ive substit ution , wh ere I is the volume of the whole crystal and £ ths
ii~ich, ii carried out in the correct order, gives a area of the elsct roded region.
rapid conver~~nce. Thus, starting with t — 0
substituted in the second of equations (l~~, a roo t— Carrying out first the integration in the
hunting procedure solves the equation for ~ • This denominator, rem~~~er ing that at the surface x~ —

va lue i. than substituted in the first equation (16) the term sinyi1~b is negligibly different from unity
and the same procedure finds a closer approximation to a w

Repetition of the cycle from 2 to 5 times is J udA S J J £1cos~~zi.cosC5z,dxidx,Juelly eaou~i to obtain val ues o~ suff icient accuracy. A —a —v
Having solved equations (16) for 

~~ 
and ,, the

remaining unknown quantities i, B~ and a5 can be A1avsine1sine,
(21)found by direct sebetitution into the first of —

eqmstio.s (15) for ~i and into either the s.cond and
third, or th. fourth and fifth to obtain i~ where — ~~v .nd I, -

ft is worth co ntiag that equations (15) lead to The integration in the numerator must be carriedvalues of the ‘cut—off’ frequencies below which energy out in separate parts for the different regions oftrag~ing occurs. For the thickness—shear wave Figure 1. Thus in the region a
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— A isian1xz.cosC1xi.cos~1xi Determination of Blank Frequency
(a)

and the required ints1ral is Referring to the first of equations (15), in the
case of large electrode size there is litti s variation

21 p 2awb —S~i (0 + sine cosO ) with x’ or 13 so tha t the coeff icientc and 
~ 

areLa — ~sAi~ ~ r—
~ 

as x x x small. Also at high overtone orders 4~1/m2w 2

(e • sine cose )] approac.:es unity and 
~~i and 

~ 

(a)
z I Z beco me amall.

In region P~ The equation thus reduces to — I/u2 and since
u3 — A2s infl Sx 2 .c os

~ 
x1.exp(—a 13) 4 — I — 8 this gives 6 • (u—L)/ u as the limiting case.

The blank frequency (9 - 1,8 — 0) is thus given by the
and applying the boundary conditions with region ft at frequencies of the crystal at a high overtone with
x~ — a gives large electrodes of various mass loadings when extra—

A 1cos~1a polated back to zero mass loading (p — I). Since the
A2 — exp —n a) p iezoe lectric ef fect  is small at high overtone s , the

effect upon frequency of an air gap is small.
neg lecting the difference between sinng b and sinflSb. 

Consequently. the frequency obtained by using large
The required integral is (a) area air gap electrodes on the unp ia ted blank at a

2 ~~ 
cos3O1 

high overtone should agree with the blank freq uency as
— p 5A i ~~~—~ — (e • sine cosO ) . defined above.

I x x sin ex z
In Figure 3 the lowerin2 of frequency at ninthin wh ich the fourth of equations (15) has been useà to overtone is plotted against mass loading (represented

make the substitution — (0 /a) tan e z. by the total amount of gold evaporated in each plating
In a similar manner we find operation) for son. 60.3 MHz crystals. The crystal

cos 3e blank frequencies were measured at ninth overtone2 —

~~ (0 + sine cos8 ) I using 6.5 em d iameter air gap electrodes. Extra—
* z z sin 8— P 5A1 ~~~ x polating the results to zero mass loading , gives a

discrepancy of about 10 kHz only, represent ing an
and for region S~ where u — A 3sinnSx2.exp{~

a
~
x1} uncertainty in the fundamental blank frequency ofexp(—n x3) we obtain only about I kHz.

— 
05A 2a~1b coa 3e~ cos 1e11S 4 8 sinB sinO Table 3 shows some measurements of blank

X l  I I frequency carr ied out on one of these c rystals (a
Combining these results , with equat ion (21), into 12 em diameter blank) using variou s types of jig, both
equation (20) gives at f undamental frequency and at ninth overtone, the

latter measurements being given as f/9 . Whereas theb28h e2e~(I1s 21P~ • 21
~X • 4I~) spread of the measurements at fundamental is aboutL i - ______________________

h26 l6A~a
2w2sin2e sin2O 13 kRz , the values obtained by measurement at the

x z ninth overtone spread by less than I kHz and are
also significantly lover. Experience also shows thatMaking th. approximation of replacing the term at higher frequencies correspondingly larger2vTg/.w by 1 (the difference being less than 4 parts in discrepancies are found between measurements of

l0~ at w orst) , using a value of frequency con stant of f~ndamental blank frequency made with various jigs.
1660 kHz me and the values of 022 and h26 from Table I It cpn be concluded that the best way to estinategive

blank frequency for the purposes of using energy
e e trapping theory and determining coupling in integrated

— 
0. 39848 a3 x z f ilters is to use a measurement at high overtone . It

should not be necessary to make sore than two or(henries) A ( f1”\3 sin2O1sin 2O1 three such neasurements at the frequency of interestca2~~ iiw)

+cot9 )(I •~ 

to determin, a correction to apply to the fundamental
blank fr equency measure n.nts made with the preferred

t. ~ ~ 
+ ~~2

_
~ type of jig.

( 
~ 

sin 2 O % ~ / sin 20
_ ) ] In the experiments described in this paper ,

I 
~ + 

1 (22) 12 me diameter polishe d c rystals have been used andx 2 I \ ‘ 2 their blank frequencies have been measured in a low
impedance s—network at ninth overtone using the

where is the aria of the electrodes in square 6,5 me diaiseter jig listed in Tab ls 3.
centimetres and is the blank frequency in Calibra tion of Mass Loading
aegahert , at the appropriate overtone. 

Crystals used in the exper iments were mounted in
Results and Comparison with E~~eriment metal shim masks to define the electrode pattern . Gold

was deposited by vacuum evaporation from a set of four
In order to obtain •mperimsntal confirmation of V—loop fila*ents held in a stationary relationship

the theory it ha. been necessary , firs tly to improve with the crystal. The filaments were loaded each time
the thod of dete rmining blank frequency, a knowledge with measured l.ngths of 0.2 me diameter gold wire ,
of wh ich is essential in finding the p la teback , and and the gold was completely evaporated in each
secondly to use an emperimental method in which operation.
electrode s can be depos ited on the crystals with known
value s of mess loadLng. The mass loading produced was determined by
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weighing test pieces held in place of the crystals correction improves the agreement betwee0 the computedand a value of 0.114 .g/cm2 was found per cm of gold curves and experimental results for the 1.75 em squarewire loaded on each filament . For the 6.695 MHz electrodes. Results for 3 me square electrodes areblanks used in the experiments this corresponds to a shown in Figure 6 , together with computed curves. The
fractional mass loading 814/N of 0.00173 per cm of gold agreement between theory and experiment appears
wire per Loop. Zn a typical case a total Length of reasonable , particularly when it Ia considered chat
gold wire of 20 cm (divided between the four blank contour may begin to have an effect on the
filaments) could be 0.5 me in error at worst. The results at this electrode site.
assumed fractional mass loading of 0.00865 would thus
have an erro r attributed to this cause of ±0.00002. Inductance Measurements

For a uniformly excited plate , if 14 is the mass The inductances of the experimental crystsls were
of quartz per unit area , the notional mass per unit measured using a bridge method and compared with
area is L.~ — 14/2 — p~b. If a surface loading 814/unit computed values. The edge corrections mentioned above
area (total of both sides) is applied the notional make a few modifications to the computations. These
mass becomes Lma — Lies + 6I.~ — 14/2 + 814 — Dftb where corrections should be used in stmaing the kinetic

~a is the effective density for the electroded area, energy of the motion, but not in s~~~ing the charge.
Note that p

~ 
is not si mply give n by addi ng the total Applying these conditions equation (22) becomee

mass of quartz and electrode, modified to
2 0R 2814Thus u - ~~— — I + -

~~~~ — 
0.39848 a3 e

~
e

and the fractional mass loadi ng 814/14 — (p—l).(p+l)/2. £
3 

~ff 
sinI0

~
sinZ01

Direct comparison between theory and experiment is rtherefore possible . Since p is always close to unity, x /9~ + cotO ’’’9’ • ot9’’thire is little error in equating the fractional mass x x z c z’
b iding 814/14 to the quantity p—I found in the 

/ sin20’\ / sin29 ’ \ Icomputations. 
+ Cu 2 — l (se; + 

2 ) ~~~~ + 2 
z ) (23)

Re lationship betwean Plateback , Mass Loading and
Electrode Dimensions where the primed symbols indicate those quantities

computed for the modified boundaries.
A series of crystals were plated with electrodes

1.75 and 3.0 me square. After mounting, the resonance Value s of inductance calculated from equation
frequencies at various overtones were used to find the (23) are found to diverge systematically from the
pleteback 8 — Cf1 — 

~
&)/

~3~ 
Experimental points experimental points and it is reasonable to assume

re lati ng A with fractional mass loading AM/N were then that an edge correction, due to a ‘fringing’ effect,
plotted to compare with computed curves of A versus should be used in computing the total charge collected
u1. The first trials showed a systematic divergence by the electrodes.
fro, the computed curves in that plateback was found to
be higher than that predicted for a given mass loading. Assume charge ii collected from additional strips
Th. discrepan cy was large for the fundamental mode, of width kt around the electrode, and let u~ and ~~• becoming progressively mealier a, the overtone order efi eff
increased and becoming negligible as the seventh over— be the effective displacements in these regions. Thentone. The discrepancy also reduced as the electrode equation (21) is modified to
ai,e increased. An ex~~~le of this behaviour is shown• in Figure 4 for crystals with 1.75 me square
electrodes. fudA — ~~-~~—— sinO sinO + 2u5 ,kt.2w + 2u,, .kt.2 a

A x x  eff eff
Thee. discrepancies were all within the range 

24which could be covered by a simple edge correction to
the electrode dimensions of less than a c rystal thick— Taking °a — A ico5 ~1a we ci~n assume that
mess . Trial computations showe d that a correction
placing the effective edge of the electrode a distance / a kt / kte
O ld . further into the mplat.d region greatly U — u +( d r A 1 ( cos O — ~~~~~~ si nO
improved the fit. This correction is in some respects 4 S 

~~ / I a z

smeloinus to the end corr.ction for organ pipes and ha.
the effect of increasing the effective L/t and w/t s imilarly (25)
rat ios for an electrode by 1.6/a. The largest effect 

/ kt0
• is on the calculations for small electrodes operating uw — Li ( cose — sine

in the f .. nta l muds and there is negli gible effect R I

at high overtones.

There is of course , no reason to suppose that App lylu *g equations (25) to equation (24) we obtain a
thi. correction is a true constant. It may well be correction factor C for the computation of charge
empected to vary slig htly w ith th. value of the de n y
propagat ion constants ~~ and ~~, so that it could be a
f w.ctio~ of electrode sise ‘ plateback and could have 

~~~ — ci e i e cdifferent values for the anharvonic overto nes. n a

~~vever, there is insufficient data available to define I I

it mere precisely end the factor 0.8 which has been
~~ sen y be regarded as a satisfactory mean value , 

where
Figure 5 show. ho, the application of this



* X X  — —
C — I + sine sin8 (w cose • a cos9 The computed curves in Figures 11 and 12 show that Axx z is in fact a function of both plateback and electrode

size. The usually accepted value of 1.8 is, however,— k Z  sine — ka~ sine } Been to be near the Centre of the range for the mostz z I x frequently used electrode sizes.
The corrected value of inductance is therefore found
from the equation (23) by dividing by C2. In using the Curves of Figures 9 — 12 it should

be remeabered that the plateback 8 is based on the
Trial computations have shown a reasonable fit values of blank frequency which would be indicated by

between theory and exper iment if a value of k — 0.3 is measurements at high overtone orders.
used. It is to be expected that the fr inging
correction ahould be independen t of the overtone order , Third Overtone Oscillator Crystals
and this value has therefore been chosen for the beit
overall f it with the available experimental results. Examination of the curves shown in Figures 9 and

10 shows that the effect of restricted electrode size
Figures 7 and 8 show co mparison of experimental on plateback is nuch greater for the fundamental mode

and computed inductance values at various overtones for then for overtone modes. Whereas for t/t — 15 the
crystals with 1.75 em and 3.0 me square electrodes. plateback is roughly proportional to fractional mass

loading for both the fundamental and third Overtone
Notes on the Fapirical Edge Corrections and the y~~ modes, a marked difference between these modes is shown

for smaller electrode sizes , e.g. L/t — 7. In thisConstant case a fract ional mass loading of 0.004 produces no
As described above , the following empirical significant plateback at the fundamental mode but a

modif ications have been made to the theory:— plateback of about 0.002 at the third overtone, Also
see Figure 5 (for L/t — 7,03) where fundamental

(i) A mechanical edge correction is applied to responses are shown with negative plateback. These
were all very low Q responses; their behaviourelectrode dimensions in order to obtain

agreement with experiment for plateback A depends upon the whole crystal and its mounting and,
plotted against fractional mass loading (~—l). 

being untrapped modes, they do not enter into the scope
of the theory described in this paper.

(ii) An electrical fringing correction is used to
obtain agreement with experiment for inductance Crystals having electrodes of around this size and
L~ plotted against p latsback A . mess loading, therefore, display little or no anergy

trapping for the fundamental mode which is consequently
A. mentioned earlier , the theory has been extended of very low Q, but have third overtone modes which are

to the computation of coupling between neighbouring energy trapped and active. Such a crystal can be used
electrode.. In these investigations , not reported to control an untuned oscillator at the third overtone
here , discrepancies have been obtained in experimental frequency, thus savi ng the complication of a tuned
values of coupling along the X—axis (thickness—shear circuit in the oecillator , This type of crystal design
wave), which vary with overtone order , and may be has been described elsewhere in a patent application4.
partly attributable to neglect of coupling to flexural
modes. However , by choosing empirical values of ‘r~~ Further Applications of the Theory to Crystal Design
depending on overtone order (see Table 4) improved
agreement ha. been obta ined , and the values given in The use of Bechmann’s constant to determine the
Table 4 have been used in the computations reported in plateback limit for the design of single response
this paper. Trial computations have shown that within crystals in vhich the anharmonic overtones are to be
the range examined the value of y~~ has very little or untrapp ed is well known. However, by app lying the
negligible effect on the computed results for fractional theory described in this paper , a more quantitative
mass loading (p l) and inductance 1. at given values of approach can be made to the problem, with account being
plstebac k A. Any uncertainty as to the correct value taken of the crystal size.
of y~~, therefore , does not invalidate the conclus ions
about the magnitude of the edge corrections needed to The solutions of equations (15), as described above ,
reconcile the theoretical computations with practical lead to a mathematical description of the distribution
determinations of A and L 1. of particle displacement in the electroded and

surrounding regions, and it has been seen that the
Un iversal Curves for Square Electrodes kinetic energy of vibration can be computed. The energy

loss at the crystal edges can be represented by the loss
Since the theory is completely expressed in at the edge. of an equivalent square crystal with edge

quantities nornalised to the half plate thickness b , damping, and est imated by integrating the energy in the
the results are universally true as functions of tails of the exponential distribution. Estimates of the
electrode length/crystal thickness. Computed curves of degradation of Q due to imperfect energy trapping can
plateback A plotted against fractional mass loading therefor. be made for the wanted mode. Similar estimates
(u—l) for square resonators of various electrode can be found for the sy meetric anharmunic overtone, by

• length/th ickness ratios are given in Figures 9 and 10 seeking the next higher order solutions if they exist
• for the fundamental and third overtone modes (for untrapped modes no such solutions will be found
• respect ive ly, and in this simp lified model are presumed not to exist).

A si mple modification of equation (15) allows the same
To obta in corresp ondi ng curves for inductance L1 process to be carried out for the antisymestric

an inductance ~~~~~~~~~~~ A is defined by inharmonic overtones.

_______ 
Coebining these results with the intrinsic Q value

— henries for quarts, and with .sti mates of bosses due to internal
& friction in the meta l electrodes and, if applicable,

- • III. losses due to the viscosity of the surrounding

4.



atmosphere (see Reference 5 on the subject of gas Conclus ions
damping) enables curves of Q versus A to be plotted
for the main mode and the enharmonic overtones. It has been ahown that a simplified theory of wave
Electrical loss due to resistance of the electrode propagation for the AT—cut crystal , which neg lects
films is another factor of importance in many cases, coupling to othe r modes (such as flexural modes), and
and can also be est imated. An example of these replaces piezoelectric effects by modified boundary
curves, with some experimental results for crystals at conditions, is adequate to predict the pr incipal
6.7 MHz fundamental and 20.1 IVIz third overtone is measurable properties of crystals with rectangular
shown in Figure 13. electrodes. Using the theory, modified only by

applying simple edge correction, to the electrode
Loss in the damaged surface layers of quartz is dimensions, the values of plateback and inductance for

not considered in this model , an that, as Ia seen for any particular electrode geometry and mass loading can
the third overtone results in Figure 13, practical Q be readily computed, and are shown to agree well with
values fall short of those predicted. Another source experiment.
of energy loss not considered in this simple theory is
thai due to coupling to flexuraj. modes cf, Mindlin and The investigation has already led to the davebop
Lee • The measured Q values for the fundamental mode nent of third overtone oscillator crystals with
in Figure 13 are significantly higher than predicted, virtually zero activity at the fundamental frequency,
As mentioned earlier , these are untrapped modes and the computational techniques are being applied in
involving the whole crystal p late , and would be the design of miniature single response filter
suppressed by adding damping at the crystal edges, crystals, where the effect of restricted black size on

the crystal performance can be predicted .
The c rystal perfor mance shown in Figure 13

illustrates the behaviour of the third overtone Further extensions of the theory to the study of
oscillator crystal described in the previous section. integrated filters are being made and it is hoped will
It will be seen that within the fractional mass loading lead to better predictions of coupling and unwanted
range 0.004 to 0.01 (correspond ing in this case to a mode incidence in these devices.
p ateback range for the third overto ne of 0.0025 to
0.007) the th ird overtone response has a Q of up to Acknowledgement
thirty times that of the fundamental. In other
experiments much greater ratios than this have been This work was initiated by Salford Electrical
obtained. Instruments Ltd. , part of GEC Electrical Components

Ltd.
The main benefit of the Q calculations , however ,

is in the design of single response filter crystals to References
ind icate the range of usable p lateback values , and the
procedure has been used by us in the deve lopn ent of 1. N.R.C. Reilly and N. Redwood , “Wave Propaga t ion
miniature filter crystals. The calculations show that Analysis of the Monolithic Crystal Filter”, Proc.
at low plateback there is loss of Q due to imperfect lEE , Vol. 116, No. 5 , May 1969, p. 653 — 660
energy trapping , while at higher platebacks the
sy stric overtones become trapped. 8y computing the 2. N.R. C. Reilly, “ Wave Propagation Analysis of the
inductance , as well as Q, for these overtones their Evanescent Mode Piezoelectric Filter ”, Doctorate
relative activity at any platebeck value can be Thesis, 1969, University of London
estimated , On the other hand , the antisymeetric over—
tone modes cannot usually be untrapped without degrading 3. W. Schockley, D,R. Curran and D.J. Koneval, “Energy

• the wanted mode , so that freedom from this type of Trapoing and Related Studies of Multiple Electrode
overtone can only be achieved by maintaining good Piltnr Crystals”, Proc. 17th Annual Frequency
symeetry of the blank and plating thicknesses so as to Control Symposium, 196 3, p. 8 8 —  126
obtain prec ise charge cancellation.

4. J. Birch, A.J. Dyer and J.F . We rner , “ Improve ments
& These points are illustrated by Figures 14 and in or Relating to Piesoelectric Resonator ,” ,
j 

15, which show computed curves of Q versus A for 1.5 me UK Patent Application No. 28133/74
• square electrodes with a blank frequency of 18.5 MHz.

Figure 14 is for an 8 x 8 me blank while Figur e 15 is 5, A. Seed , “Microniniature Cold Weld Crystal Units”,
for a 4 ‘ 4 me blank. The Bechmann limit to avoid Proc. 20th Aemual Frequency Control Sympos ium,
trapping the sy etric overtones would be the same in 1966, p. 234 — 251
both cases and, if the formula A (2.4/(t/t)]2 was
used , would give a maximum plateback of 0.0206, As 6. R.D. Mindlin and P.C.Y . Lee, “Thickness—Shear and
the figures show, however , the size of crystal blank Flexural Vibrations of Partially Plated Crystal
has a ve ry marked effect on the activity of the Plates”, tnt. J. Solid Structures, 1966, 2,
var ious modes. For the large plate (Fig ure 14) a p. 125 — 139.
plateback of less than 0.01 would probably be chosen
for the best operation , but in the case of the small
plate (Figure 15) such a low plateback would lead to
excessive Q degradation of the wanted mode. A — 0.015
mould seem a good compromise to both maintain Q and
avoid excessive activity of the sy etric mode..
faperimental values of Q found at platebacks of 0.015
and 0.016 are show n on Figure 13, and in Figure 16 a
fr equency response spectr um is given for an
experimental miniatur e crystal on a 4. 3 me diameter
blank with plat .bsc k of 0.0131. As is seen , this is
a substantially s ingle response crystal.
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TABLE 1 TABLE 4

Constants for the quartz AT—cut (MRS units) Empirical values of iu (1415 units)

Density p — 2.65 l0~ kg/n3
— 87.49 x 10~ N/n

2

Reciprocal permitt ivity 822 — 2.480 x 1010 rn/P 2cia 1! c66
Piezoslectric constant h26 — 2.418 ‘ l0~ N/C Vi i  — c11 — .

~
—  • —a— — 111.13 N/rn2

Elast ic constants cli — 87,49 x l0~ N/rn2

2 Overtone order n Empirical value of y j j
d l  — —8.92 x lO~ N/rn N/rn2
c22 — 130.7 x lO~ N/rn2 1 100.0
c~5 — 69.50 x lO~ N/n2 3 75.0

— —2,32 x lO~ N/rn2 5 90.0
c66 — 29.48 x l0~ N/rn2 

7 80.0
These rotated constant, were computed by Reilly2 from 9 87.5Bechmann’s values for the principal constants of
quartz.

Z I

TABLE 2

Solutions of the equation

tann,1 — fl
,1~~~22~~~6~

’1
~26) 

1 /
_ _ _ _ _ _ _ _ _  / I S

I /
I /

n ‘1R 4q/n2e2

/ ~ z /
1 1.56568837 0.9935075 0.00326

I I
3 4.71069050 0.9992796 0.00037
5 7.85296249 0.9997408 0.00013 P,1 z ’ p P,1
7 10.99484444 0.9998679 0.00007 xw

_
I w

9 14,13660049 0.9999201 0.00004 ‘

I’t. is the effect ive plateba ck created by short—circuited — 

massless conducting electrodes on an infinite blank. I I~ /

_ _  

l / ,

I /

S 
P1 

S
TABLE 3

Blank frequency sasurements at
I Ifundamental and 9th overtone
I I

Fundamental 9th o/t frequencyType of air gap frequency 9j ig used measurement 1hz111* Figure 1. Part icle disp lacement for a rectangular resonato:r .

1 me di ter 6.701. 6.695
3 me diameter 6.701 6.695
6.5 me di t.r 6.6~8 6,695

2 me x 2 ma 6.709 6.695
square , surrounding
crystal clamped
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-4 DIPSENS IONHIC RECTANGULAR ELECTRODES

AND ARRAYS OF ELECTRODES ON AT-CUT QUARTZ EODIES

John H . Sherman, Jr.
Mobile Radio Product, Department

General Electric Company
Lynchburg , Virginia 24502

Summary relationships , and a contribution toward the valida-
tion of the method.

The method of Mortley is applied to the deter-
mination of the dimensions of arrays of electrodes
of monolithic crystal filters in order to determine The Method of Mortley
those configurations which allow of the maximum
plateback or of the minimum impedance. A limiting The method of Mortley presuppose. rectangular
relation is found between filter bandwidth and electrode pattern e laid out with edges paralle l to
impedance which i. imposed by the quartz. The the rotated crystalographic axes. Initially the
method is also applied to cast light upon the rela— electroded area is considered as an isolated reso na—
tionship of the electromechanical coupling coeffi— tor with an enharmonic spectrum given by the mall—
cient of quartz and the observed capacitance ratio known equation associated with the names of McSkimin,
of crys tal s . and Sykes [4, 5J. In thi. view the remainder of the

plate is considered simply as a support for the
Fiexure as a Q limiting mechanism in plated AT electroded resonator and the energy of the resonator

resonator , is shown to be a well—understood macha— is considered totally trapped within the electroded
nisa readily inco rporated into the design of resona— area.
tors sod filter arrays with rectangular electrodes.

The other view of the remainder of the plate is
The validity of the method is •x ined by that at the frequency of the unclectroded plate the

exutning the amplitude of the staoding wave through plate would act as an energy sink for the electroded
the ent ire extende d blank. The errors of the method area. At Lb. plate frequency and above, the snargy
are shown to be conse rvative . The dimensional ratio s would be ~‘un—trapped” and no electrode—associated
calculated are correct and the correct maximum of resonance could occur.
plateback is shown to exceed the maximum indicsted
in the method by a comfortable 182. A superposition of these two view, yields a

sense satisfying to physical intuition of bow a
Eayvorda: Energy trappin g , Crystal Resonator , portion only of the enharmonic spectrum of the

Monolithic Crystal Filter, NC?, Plateback, Electrode fictional resonator defined by the electrode pattern
design. will be trapped. It further yields so approach to

derivi ng the platebac k formulas whereby that limited
spectrum could be realized in a real device .

Introduction
Nortley ’. application of the method to generate

In so earlier paper (1) the author applied the single mode crystals encountered the proble. that
method of Mortley (2, 3) in an extended examination the finite bl*nk had its own sp ectr um of response ..
of the single—node trapped energy resonator. Mortley These response s were coupled to the electrode , and
had created the method to guide his c~~~letely suc— appeared in t he device spectrum. When they were
cesefu l design of a clean spectr um AT—cut resonator suppressed , using elabo rate and ingenious edgs
used in a directly frequenc y modulated oscillator of treat ment of the blank , consc iously designed single
high perfor mance . He did not push the method to its response crystal resonator , resulted.
limits (in his papers), but used it as a guide to
the solution of am sxt r ly difficult practical The application of the method to more complex
resonator desig n proble.. Ind ed, he asserted that spectra seems not to have been consciously made.
there we re problem, to be encountered in claiming leaver 16) ploy.d this kind of reasoning in order
validity for the method at its limit. , to write en expression f or the maximum value of the

coupling between two sectio ns of the monolithic
In my paper I proceeded to push the method crystal filter , leaver (7] is also the source of

further toward its limits d succeeded in Figure 1, a f i ly of x—ray copographs of a 6—section
extracting new der ivatione of t. iliar relation— monolith ic crystal filter showing the standi ng wave
ships. In on. instance I failed to find the of lattice distort ion for each of the six short
familiar relationship due to error on my part circulated “ resonance peaks” of the crystal , and of
corrected herein. In soother I found a paradoxical Figure 2 a. well, in which he demonstrat ed that these
relation which I interpreted incorr ectly, th. correct six responses behave in the quarts as six enharmonic
interpretatio n of which leads to a demo nstration of r.mpon.ea of a resonator dimensioned essentially as
tbs kind sod high degree of validity wh ich can be the overall array.
ascribed to the machod.

To ma this say. the method of Nortley nay offer
The present paper contains furt her useful further understanding of the properties of the array .

results obtained by peshing the method — rules for Earlier I had found opti nisatio n for mula, for single—
dimensioning arrays, more now derivation of familiar response rectangular slectroded resonator.. This
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clue should lead to similar optimization formulas We now proceed to write the equation for thefor the arrays of monolithic crystel filters. resonant frequencies of the electroded region ,
treating the entire array a. a singl. developed
electrode:

Application of the Method

The search for optimization criteria requires
that a well—behaved array be clearly defined. Refer— 

...L ~~~~~~~ 
~~~~ 

~
2
~~
•

+ -._l.1. + (1)ence again to Figure 1 will illustrate behavior along f~~ — z - j  t2 x2 z2the length and width of the array of a well—designed
array .

The first thing to notice is that this array o f t 2 
~

2c’ p2e’ \
+ 

____z6 electrodes has 6 end not 7 enharmonic mode. associ— — L~/~Ji + 

~
i_

~ ~
ated with the length of the array and has 1 and not 3
associated with the width. These 6 enharmonic modes
result in s ix resonance, which are identified with
the six response peeks of the ,horted filter. Note t — . 

—.—‘~ I (2)that this is really a reve rse identification . Actu— — f j +
ally leaver excited the six response peaks of the mo~ J ~~~~ z21( ~~ + 

p2C’ ‘1

short.d filter and the x—ray topograp hs permit us
to mak. the identification that they are the six
enharmonic mode s of the extended resonator.

These responses are all trapped by the ext ended where X and 1 are the array dimensions in the x and
resonator. The topogrsphs illustrate the location z ’ directions respectively and t — Y is the equivs—
of the trapping sites. The bandwidth of the filter lent thickness of the resonator (in the y’direction) .
is very well defined by these reaponae.. In a sense This thickness is of the fictional unelectroded
the bandwidth of the filter itself can be said to be resonator of the sane extension a. the electrodes
the separat ion of th. lowest and highest of these which has the sane gravest response. The indices m,
response peaks. When the filter is inserted into fl and ~ count the number of half wave s in the stand—
a circuit which faces it with finite impedances the jog wave of the resonance in the appropriate diasn—
overall response wi ll be slightly wider and much sion of the resonator , m being the conventional
smoother, but this is an interactive effect ,  overtone order. The elastic module ~~‘ iJ are barred

to remind me to use the piezoelectrically stiffened
Thus the entire bandwidth of the filter lies values whsn the time comes for numerical computation.

across the frequency range of the trapped responses.
It follows that the frequency lowering of the entire Aa noted, an array of E electrodes must have E
array in phase , which is the lowest response peak of and not E+l enharmonic resonances along its length
the filter , must exceed the bandwidth of the filter, and 1 and not 3 resonance, along its width. It is

argued per the method that increasing platsbaek
It i. equally true that the array must not have generally causes an enharmonic response in one

7 responses associated with its length nor 3 with its direction before the other resulting in either less
width or there would be at least one more trapped than the maximum plateback for a given inductance
response sod at least one sore shorted respon se peak or more than the minimum inductance for a given
for the filter. Whatever the resulting filter would bandwidth. Equating the expreasions for the
turn out to be, it certainly would not be the filter frequency of the two unwanted mode. provide, the
intended to be designed. formula for the proportions of the array which

simultaneously optimises this pair of parameters.
Thus s well—designed array of E electrode

.e~~.nt. will have E and not E+l enharmonic modes Long along Z:
trapped along its length and 1 and not 3 associated
with its vidth.* When this condition obtain s then ~ml(E+l) — ~m3l (3,)the plateback of the entire extended array with all
electrodes in phase , the “ main response ” of the
extended electrode , will equal or exceed the band— C11 (E+l) 2

~~ 5 — 
9~~
j ~~~~~width of the filter. + —i— (4z)

This latter conclusion is necessary from ano t her
viewpoint a. well. If any portion of the desired Z2 (E+l)
paesband lies at such a frequency that it is not in — — _••

~~
•
~~

(3.)
the rang. trapped by the electrode arra y there is no i2 B G ’
propagation path through the quarts from th. input 11
to th. output terminals. Under such circumstance.
that portion of the signal would not propagat e
through the filter and the realized psssband would
not be as wide a. the desired on..

* The reasoni ng for ignoring the even enharmonic . either of the blank or of the electrode —— the
across the width of the array is that these defective unit is s imply rej ect ed . This nay be
should not occur. The field shou ld be exactly consi dered differently in ot her e.tablis laents. If ,
shorted out by the electrodes. If a second the second nu.t be suppressed by design then the
enharmonic is detecte d in th, response of any unit, “number.”, which can be derive d by the same princi—
it is treated as evidence of defective processing pies , will be much more restri ctive .
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similarly . “ Long along X’~ similarly “Long along X” generates

1~’ 2 ’  2 + other (8x)
~a(E+i)l — ~ml3 (3x) 

l+

~~~/ 

8~ t2

generates a C~~Z term.

x 2 (E+l) 2—i ~~‘

— 

8 
~ (Sx) Whence by the standard approximation
•0

These relationships give the ratio of array length ‘ 2
to width which permits the greatest plateback , 4~ t 4~ ’ t 2

since neither the length nor the width will trap i+.a1~~i+ ~~ 1+4 ~~l+—’~
the first unwanted response before the other. For ml~~6x

2 m~~’66Z
2

the same argument these relationships give the ratio
which yields the largest area of array. and

4 ~~
‘ t 2 4C ’

In the frequency equation 
~moo is what i. known ~~~~ 

11 
‘

~~ 
2— 2 

(10)

as a ‘ characteristic frequency”. From the equation m
it is seen that a resonance at this frequency would 66 66

require either an electrode of infinite extent or
zero variation in the amplitude of the disturbance Equations 10 and 5 are cast into the conventional

across the electrode. Since neithe r of these condi— form of design equations by inserting numerical
tions can be achieved , t moO is not acce..able for values* and rearranging:
measurement. In the literature of energy trapping
f.oo i. called ~e’ 

the characteristic frequency of ~~~~~~~~~
the electroded area. The lowest observ able frequency t ~~ 0 t m (11)
of the electrodes 1. f,11.

Another characteristic frequency pertains to — 0.794 / (E+lj2—l ~ — l.26~ f(E+l)2_l
the unelectroded quartz surrounding the electrode l X 8 8
area. This frequency called f5 in the energy
trapping literature is also, strictly speaking , not 

(12)

measurable. For a rectangular blank it can be ______
calculated from the blank frequency and the blank a ~~ ~~ 

fEV~
dimensions. If the blank i. to have edg. treatment 

full ~mll
to suppress total system resonances f5 must be
known. If total system resonances will be allowed
to occur then the measured blank frequency should Limitations on MC? Realization
be used for f 5 anyway. This is the frequency at
which energy spreads fro. the electroded area into The foregoing derivations reflect upon the
the entire blank . possible relationships between bandwidth and

terminating impedance which can be realized in a

The maximum electrode (thickness or area) ~~ 
monolithic crystal filter. Taking frequencies

that at which the first unwanted response just in Hz. dimensions in ii,., inductance in henries
escape. into the whole blank. and impedances in o~a~s, we may write , per electrode

segment (6]
Again considering “Long along Z” 20 3adefine , following leaver , l.8E (10)L 

f 3 A
• — f. ~~.ii ’

~~
1W

— 1.88 (10) 20m3
and 4 — Af /f~~1 f 3 X ~
and recalli ng Equation 3

— l.6E (10) 20~3
f — f~~,1 ~~~ ~mi (E+l) 

f3 12

1 +~~~~f 31,f~~1 — fmi(t+l)
~

f_u (6)

~j1 ~2 $ .
~9 

- 

*1~ this paner three elastic constants keep recurring

/ •2
~~z2 ((1+1)2_i) 

— 

Cj 1, C~~ and C~~. These have different values for
stat ic eforant one and for waves. For waves the

l+~il 
~2 / 8 

sy.bol is written with a bar, viz , 
~~~jJ •2~~~~2 I%Cz+i

2_
~~~ C’ - 86.74OXl0~ -ii

g’ t2 c 3 — 6$.IO7X1O~ — 69.241X109

• 
~~~~~~ 

other
terms — 2LOl3Z1O~ - 29.3SOIlO~66

Is

--



and since configuration the electrode will short out the
field of an antisymeietric distribution of latticef~~mk 1/t distortion the equations written here have allowed

20 3 across the width 1, not 3, half waves instead of 1,
1.8 1 (10) a net twa. In the case of singly electroded resona—

tor , then one can platebeck as if 2, not 3 is
allowed, When this 1. done in this derivation the

C~j 
radical __________

Furthermore J
’jE+l)2_l

x2 4~’ becomes unity and equation. 5 and 10 reduce to
—~~~~~ 11

2 2 — ‘
t a C66

~ .794 — 1 26 (16)
~

and

1(3W)/ f

and substituting for — 1.66 x 106
X~~~l/2~~ 3,88 Z~~~l/2~ ~~ (17)

L14.62 (l0)~ ~
3 ~66 I (8W) 

is a

This 1.26 ia the correct ratio of the dimensions

I ~ 
~ /(E+l)2_ 1 ~1 for the optimum electrode on Ar quartz , a correction

11 55 of the erroneous value derived in El]. The error
in (1] is the consequence of using “etatic” constants

L)~1.55 (l0)~ is
3 I 

to evaluate the derived expressions numerically (10] .
(14)

J(E÷l)2_l f 2 
Capacitance Ratio

When designi ng a filter by recent methods a
designer has access to the properties of tabulated The electrode has another effect on the nature
nor*alig.d fi lters (9].  He either use, one f of the resonances discussed. Without an electrode
thoee already tabulated or has the problem of all of the resonances are of the nature of anti—
calculating a new normalized filter, then by well resonances, but with the electrode a series resonance
known principles “denormalizing” it to get actual can occur as well, and as at least an intellectu al
component value, for the filter. exercise we can discuss the behavior of a massless

electrode on a quart. plate. Whatever happens due
The element inductance of the monolithic to the masslees electrode happens in an ideological

crystal filter i~ given by: sense “ first ” , and to its consequence is added the
consequence of the mass of the electrode material.

________ To do this we recall Equation 2L —
2 7 (1W) / t2 

(n
2Ej~, + (2)where Nj  is the first norm alized elanent value and f — f / 1 + —i--—— F1 is the resistive source or load terminating the moP moo

filter. 
• C66 X

Writing this for I. in the preceding inequality and require , as always, that
yie lds: x2

ll
~~~ 

2.9(10)~.
3 6 — 

K 1!!1 .~ 12 —

Ml J~~ 
~~‘ ~ (E+l)~~l f 2

11 33 ,/ 
______________________so

~~,,73(1Q)6.3 
~~ f — f + ~

2
~~1 f

~2 
~
. ~a

(13) map moo / — ______I
~ ~~ 

(V.1)’i f2 
I x2~~6 

(
~ •2 )

This limitation imposed by the medium is not which we will write *5normally the first encountered • In moat instance,
beadwi4 tb limitat ions due to the electric al proper — ~~~ 2 2ties of C0 are encountered, requiring the use of - ft + p

quarts substrate ~~~o.e. over sad be~~nd the C

(18)external coil, for C0 cancellation. This relation-ship describes the kind of limitation which the 
2 — ________

2U00 66

eff sct. of ciresit element..

51e 1e ~So4 I~~oq~~p r.

$scause in a s~~~etrica1 singly electrrded
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This is similar in form to the equation and
relating the resonances of a practical crystal unit: ,2

2 2 2 1+10 2 
11

a I
_.!_ • 1+ —i - —.

~~ — 

t
2 

~~
,

~ 0 

~lll 1 + 2 2
s c _ _ _ _

which basically describes a matter equally indepen -. I
dent of the mass of the electrodes. 

1+ 159.3The capacitance ratio gives an expression for
the partition of energy between the electrode — — 1.005015674
capacitance and the notional capacitance; the 1
electromechanical coupling coefficient gives an 1+ 5(159 3)
expression for the partition of the electrical and
mechanical energy . They are !oth measures of the 

— 1+ _L
same thing and are related by the well—known formula rc

C ~~~- 2 From this

C 8 K 2 r — 199.4 (20)
c

Substituting for K its value for AT quartz If an expression is extracted for just the
0.0880, capacitance ratio associated with f011 in , this

limiting case it is, to a very good approximation
C (see Equation 8):

— 159.3 2 2 —C a X C , 6 2
r —The ma.,less electrode hasn ’t effected the anti— C 8 t

2 
~~
‘

resonant frequency of the quartz which still is f 9, 11
while it has established another characteristic
frequency for the series resonant frequency which
is related as: which asserts that the capacitance ratio varies with

the square of the overtone order. This, of course,
2 2 1 Is not a newly discovered relationship, but it is
~ 1+ —  reassuring, again, that the method yields the right— — 159.3 result.

Anticipating a result generated in the last
We can consider the spectrum as the area of the section of the paper which shove that the accurate

measles. slectrode is allowed to grow and recognize frequency lowering is greater than that calculated
that at some electrode area another mode will be by the method , this coefficient is adjusted from
trapped, then another . f 111 will continue to approximately 200 to 172. This i~ a very credible
decrease , approaching f1® and the antirasonant number for the ratio of capacitance of crystals
frequency will remain f5. If  we look at the condi— which is often measured in the practical case
tton at which this syste m is marginally a single right around 180.
mode system, that is when f113 — f131 — f,, we can
write This is what happens first , due to the con-

ductivity of the electrode. The mass of the alec—

— ~~~~ — 
1 ~

2 trod, depre sses both of these frequencies , but a
1+ — — 1+10 2 

crystal maintains essentially this capacitance ratio,
which is solely the consequence of the conductivityf 1~~ f 1~~ 159.3 I 
of the electrode.

Whence
Flexure

I J ~~‘ z I
— 77,5 , — — .794 — Sykes (11] presents an empirical for*ula for

t the fl exure reson ance s of an AT—cut rectangular
66 blank. His expression expresses the condition for

— 61.5 a flexure overtone frequency to coincide with the
thickness mode frequency. He writes:

which is a large electrode , but this is not sur-
prising as this 1, a vary small plateback , the 

~xf — 
1338.4 nxftheoretical minimum .

Though we cannot measurs f 100, ever , in this and notes that even value, of n represent resonances
cas e we know it surely end can calculate from it which are coupled , hence interefere , with the xy• shear node . The odd value . are not coupled to the

shear , hence provide a method for the optimum
2 dimensioning of the blank. If 2K be written for n

J1A • 1 + 2 and the resulting frequency expression equated to

~~ 
(
~

) the xy shear frequency there results2
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calculation of the final array dimensions and
1338.4 (2K) — 

1660 plateback .
I — t -

Amp itude Distribution
or

• 1 6131 Central to the understanding of the limitations
t — of the method is the recognition of how the model is

oversimplified. The method posits an “all or
One way of viewing the generation of xy shear nothing at all” condition of reflection of energyin a crystal is as the consequence of pairs of at the boundary of the electrode. Trapped energy

couples with axes along Z’ applied at the two is not held this way, in fact.
x—ends of the ele..trode . This is equivalent to a
number of other presentations , but has the advan— The introduction of a finite region of
tage that it focuses attention on the generation characteristic frequency f

~ 
into the extended regionof f lexure. of characteristic frequency f, creates a situation

exactly analogous to the finite rectangular potential
Each couple, in addition to generating a well employed so exteneively in basic Quantum

shear which is trapped by the electrode, generates Mechanics courses 113] to teach Schroedtnger ~1a flexure wav e which can propagate through the [13 , 14, 151 methods. The normalized acoustic ampli-
entire blank. An the couples occur in pairs. The tude is the accurate analogue of the Schroedinger
phase of each f laxure wave passing the axis of the amplitude and the trapped energy in any reg 4 on of
other couple depends upon the velocity of the the Born expectation for that reg ion . The indication ,
flexure wave and upon the separation of the couples then , is that the method of Mortley is r e l a t e d  to the
along x . At certain separations the two flexure complete description of a resonator as classical
wave. are exactly out of phase and the flexure particle physics is u the wave mechanics of poten—
zplitude is everywhere zero. When this condition tial wells and boxes.* In this sense it is an

occurs the flexurs extracts zero energy from the example of the conplementarity proclaimed by Boht .
electroded area and the resonator Q is maximized.
Half way between the ~lexure amplitude is maximum, To study the fringing of the trapped energy of
the maxjjmim energy is transported from the electrode an AT resonator at the boundaries of the electrode ,
end Q is minimums, propagation constants are written in the form:**

Mindlin and Lee (12] addressed this situation ). 
~ 
[
~ /w~~ 

2
and generated the curve of Figure 3 relating the Q x — / / 2of a trapped energy resonator with rectangular t j  C~1I v
electrodes to the X/t ratio of the electrode. The 

— _________

periodic ity of the Q maxima is 1.608 thicknesses , /~
, / ,, 2

or 
~
. 

~ - 
11 / 6 6  / x

1.608 K 
t I ~~sJ v~

This is certainly the same periodicity Sykes
discussed , but with the difference that this is an
optimum electrode dimension formula, not a blank
dimension formula to be avoided. Also half way CActually of the original Delroglic formulation to
between these ratios are the minimum Q electrode Schroedinger ’s. Slater in (13] disposes of the
ratio., not the optimum blank dimension.. It is problem of a particle in a potential well in a
easy to recognize the source of the difference in condensed mathematical treatment and describes,

~• the reflection which the flexure wave suffers at the almost in passing the case of two wells. He
boundary of the blank. There is no reflection at illustrates the amplitude distribution of four modes• the boundary of the electrode . This causes the in a single well and two modes in a pair of wells ,
significanc. of the even and odd multipliers of the thus outlining the solution of the single resonator
basic periodicity of 0.8 l/t to be interchanged . and the coupled dual. Rojanaky , [14] in 1941,

discussed both a particle in a box and a particle
This result interacts with the results earlier in a well. On the other hand the University of

for the l/t ratio. If is is necessary to design for Pittsburg staff [15] in 1936 only discussed the
the .aximua Q then this relationship, which applies particle in a box . (This method of Mortley finds
to each individual electrode and not to the overall solutions like those of a particle in a box.)
array, must be observed along with the plateback Apparently the quantum physicists learned to handle
limitation . When combined with the inductance the penetrable wall just before 1940.
specification which set . the electrode area the Q
requirement may cause the entire array proportion
to deviate slightly from optimum. When this occurs **Ifl the material to follow, lower case w is
th. maximum platsbac k rust again be reduced , though typed for the frequency variable omega. Although
only slightly, initially shocking, the expressions are readily

followed .
If the array is laid out along Z ’ it becomes

quite easy to design for maximum Q, a. the z—dim .n—
sion of the resonator. is .imply the width of the
array . If the array is laid out along a then
adjusting the length of each resonator for Q will
affect the overall length of the array , hence the
resonator separation , making necessary an iterative

5’



where the frequency w~ 
is the characteristic in derivation and the other writ ten when necessary

frequency associated with the region of interest , by symmetry.
either the electrode (w5) or the surrounding 2 2
extended blank (w,). The domain of w is the range Since w5< w, 

w —w is imaginary,
We ( w < w5. The elastic constants will be written 

C 

2
singly or doubly primed depending upon whether w
they apply to the el.ctroded or non—electroded
regions .

Since the two directions have their propagation gieing rise to a sinusoidal amplitude distribution
functions formulated similarly except that C~1 is of the standing wave under the electrode. The dis—

written for the a—direction and C~5 for the 
tribution outside the electrode is. by the same

z—direction , only one will be followed in detail token, exponential.

The electroded domain and the surrounding domain will be examined in the right halt plane, in parallel:

Electroded Domain Surrounding domain

0~~x çX/2 X/2~~x4°

Sinusoidal envelope Exponential envelope

Case 1; Eveo functions:

U - A cos lrx 

j

~~ 6 
J W

e u - ~ exp fl’x (24)

Since both the amplitude and the derivative of the amplitude must be continuous across the electrode
boundary, the logarithmic derivative must also be continuous across the boundary.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~U dx t j 1 J 2 ~ / E~1 j w~ U dx 

~ J C11 w

which expressions are to be equated at x — 1/2 , resulting in:

• r~ rn  ~~~, 
— ,, r 2 2 2

• tanj& / c~ / w _w
e JC1~C66 /we(w.~

w 
~252t I — , I 2 I— ~ 

—
‘ 

1 2 2 2
,/ C11 j  w ,, C11

C66 j 
w (v — w)

I-
The radical containing all four C coefficients will be called Q. Using the identity cos x — 1// 1 + tan x

equation (24) can be evaluated at X/2 , allowing the a*plitude continuity to be made explicit :

2 2 2

8 - + 
A/ - 

w ( v  _W
e
) 

2 
- 

2 
(26)

(Q l)w w~ + w (w

while equation (25) will yield to iterative numerical solution to supply frequencies.

Case 2; Odd functions:

U • A /i~ 
/

~~~~
2 

- ~ •XP_.! 

,
/~~~~ 
/

~~;w
2 

(27)

When this pair of equations are treated as above, the result is to replace tan with cot in the
equation which correspond s to (25) and everything else is identical . We will, therefore no longer make
anything of the diffsr.nc, between even and odd amplitude functions, but will lump them together.

I0



With this condensation (25) becomes:
J w — v  ,C ’ C 1w (w —w)
1 2 2 /. — ,, I 2 2 2

fr [T~ f , - , [2  2 2 tan
_____ _______ 2t Cil ~ 2 (25)C C 1 w (w —w ) 

I C C I w (w —w )11 66 e atan3[~~

j

C66 

j

____ •___ ‘J—’ —
‘ 1 2 2 2 ,I e 11 66 a a

w C C 
j
w (v _w )cot 2t e11 e 11 66 s e which is capable of numerical solution.

In order to examine the untrapping of energy The first thing to note is that this equationwe let w equal v . Since we are considering only 
always has at least one solution. Naive application

variations in th a’ direction we are dealing with 
of the method leads to the conclusion that there is

the frequency in our old nomenclature , Now a cer tain minimum of plateback required beforew—v — 0, and : energy can be trapped. The wave mechanical analoguee
of this error is the presumption that the walls of

tanll’X 1~~ 
,çr 2 a potential well of finite depth are impenetrable.

— — o (28) Impenetrable walls are of infinite height —— these
cot 2tJ E~1J we bounds of the electrode are finite walls of quite

are the bounds of the real crystal blank. The

moderate height , of only a few percen t and are
penetrable.

which is satisfied by the condition:

A substan ti al amoun t of discussion of this
— , 

/~
Ti minimum is to be found in [1]. This was misguided

— 
nW , n an integer (29) effort. A real minimum .~equirement of pla teback

2t 2 2 can occur if the electrode is designed to come tooC11 
~ 

w
5 close to the edge of the wafer , but no otherwise

well designed crystal will fail to trap at least
Solving this for w /w yields: one mode because the frequency lowering due to theB e

elec trode is too small. On the other hand too heavy

— — /1 + (30) 
a freq. plate spot can trap a mode of its own inside
the elec trode reg ion below the f i r s t response of the
main electrode deposit. (The wave mechanicalw

e 
f lOO ,J I C66 analogue of a freq. plate spot is a depression in

the bottom of a finite recess , just as the analogue
of the electrode on a real wafer is of a finite

A similar derivation based upon propagation recess in the bottom of an infinitely deep well.)
along z ’ would develop the parallel axpreasion: On this basis , and because there really is a minimum

here to trap an unwanted additional mode , the freq./ 2 2 — plate frequency lowering must be kept less thanC ’W — — /1+ 
p t 

that minimum .
V

c 
f
100 i (31) 

Numerical Calculations of Resonant Frequency

These are recognized to be the relationships According to the frequency equa tions used inpostulated according to the method and constitute the method of Mortley the resonant frequency isa substantial validation of the method. We write 
related to the electrode characteristic frequencywith substantial confidence : at the optimum X: Z ratio by

— ~~ 
n2t 2 

Cli P
2t2 C55 (32) f111 

j

1 
1+ 

2 C11f
lOO / + 

~lOO 66 
2E’

A suspicion that a term in Cj5 might properly
appear is purely of academic interest , since Cj 5 while the untrapping frequency , identified with
is zero. f 113 or f 131 is given by

Thi. development applies to the marginal  

113 
— / ~ 1

untrapping of the frequency f , that is at the flnpcondition: 
—  ____________1+

~l00 J c66 1f — flop s

This latter equation is the point of intersectionand is a necessary relation for the method to be of the two computational approaches discussed in thisvalid. From thi. relation all the d imension ratios paper. The comparison of the two approaches is madewe re derived , so the dimension ratios are also by computing f113/f 111 by both for th. same value ofshown to be valid. f1j3/f1~~. For ease of computation a convenient
value of f113/f111 is chosen and f113/f1~~ computedWhat remain, for validation of the method is to by the method. This makes both of these rationalexamine the frequency 

~1lJ,~ 
The amplitude distri— numbers and allows the easy comparison of thebution of f 111 is even so the equation to be s tudied compu ted numbe r with the chosen one.is Equation 25. Solutions of this equation must

satisfy Equetion 24:

61

-



Let: The solution and various other relationships
of interedt are plotted in Figure 4 , plotted as

f 1.~ — 1 + 
functions of ~ in the range of 1 to 7 percent.

Curve 1 is the value of XI t corresponding to4
on a scale range of 0 to 100. The value of Z/t

lO~~1 t
2 corresponding is found by dividing by 1.26.

1+
Curve 2 is a curve of 1—1, the frac tional

- (1+4)~ — ~66 I (33) value (w5 ~ ‘e)”e’ the scale is read in percent.

~lll 
2C~1 t

2

Curve 3 is a curve of 0-1, the fractional value1+ 
C66 1

2 (w5—w )/w , the scale is read in percent. This is the
result o f the solution of the equation, and is the
primary objective of this part of the study. The
point to be noted is that this lies above Curve 4 ,

2Cj1 t2 

— 
(l+4) 2_ l which ie 4 plotted vs 4 by some 18%. This indicates

_______ _____________ 
that the method of Mortley contains a safety factor

~~4) of 182, a.:d that the values of plateback given asc66 x
2 5 — (1+ A)2 limits o~ inequalities may often actually be used,

treati’ig the inequalities as equations.
whence

Curve 4 is simply ~l plotted against A to2 2
— . . !~.. — ~ + ~ T (1+8)

2 —1 
2 1 facilitate the interpretation of curves 2 and 3.

1(2 _g 22 2 _ _ _ _f 100 w 5 — (1+8) J Curve 5 is a plot of ~.,J ,~ 
and is the

fraction of a half wave in the sxnuaoidal part of the

and 
standing wave lying under the electrode, the range of

____________________ 
the scale is from 0 to 1. This fraction ranges from
82.92 at 1% to 81.9% at 72 plateback , an average of

— ~~~ 6 / 2 [5_(l+8)2] 
(36) (there may well be more than one interpretation) as

_______________ 
82.42. This implies an interpretation of the fringe

t i 
~~ J (l+~A) ‘i totaling 17.6% of the x and z’ extension of the

electrode , 8.8% on a side. The fringe can thus be
So if we let found by combining curves 1 and 5 appropriately.

2 2
V w

— - O [11, 
~~ 

— ~~ and • - •
2 conclusions

t If ~~‘ w w11 e The method of Mortley provides a convenient
method of determining useful design equations for

equation 25 transforms into the electrodes of both reaonators and monolithic
crystal filters. Detailed examination of the ampli-
tude distribution in an electroded resonator has

-
~~~ 

/ ~l — •
2 

~ ~ “ ‘ 2 — disclosed that the approximation involved is conser—
______ ii 66 /j ._ J. vative and the design principles derived may be usedtan ,/ ~rJ •

2 — J ~~~~ ~66 J 1~ •
2 with confidence.
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LASER INTERFEROMETRIC MEASUREMENT OF THE VIBRATION DISPLACEMENTS

r OF A PLANO-CONVEX AT-CUT QUARTZ CRYSTAL RESONATOR

K. lijima , Y . Tsuzuki, Y. Hirose , and M. Akiyama
Yokohama Nat ional University

Yokohama , Japan 233

Summary frequency by the PZT—driven mirror , are focu-
sed onto one point on the resonator surface

Deta iled vibrational displacement dist— of diffuse surface finish. The lights scatt—
ributions of the thickness—shear modes of a ered into the normal direction of the resona—
piano—convex AT—cut quartz plate have been tor surface are then collected by a condenser
measured for the first time utilizing a laser lens to the p—i—n photo—diode optical detec-
interferometric technique. The technique is tor. In the presence of a vibration displace—
unique in tha t simple introduction of a low— ment Ucosut to be studied , the beam A under-
frequency phase modulation into one of the goes a phase modulation of (2irU//~A)coswt and
laser beams makes measurements essentially the beam B , of — (21TU/1’~A)coswt , where A is the
free from environmental mechanical distur— wavelength of the laser light. If we further
bances , and hence , re latively simple optical take into consideration the low—frequency
setups may be used for measur ing in-plane vib- phase modulation e(t ) , which is the stun of the
ration displacements down to the order of phase modulat ions 6cosi~t introduced to the
several angstroms. beam A and • (t) caused by the environmentalmechanical d~sturbances, then the phase diff e-

Introduct ion rence M(t) between the two beams can be ex-
pressed as

The circular plano—convex AT—cut quartz
crystal resonators(l) have been in wide use as 136(t )  = 8 (t )  + 2(2irU//~A )coswt. (U
high—stability oscillator elements in the
frequency range from 1 MHz to 10 MHz. In spite The light intensity incident upon the optical
of their great practical importance , it has detector is
been very difficult to make a satisfactory
analysis of their thickness—shear vibrations. I Ea

2+ ~~~~~
2
+ 2EaEbThis is primarily because of the special geo-

metr ies of these resona tors as well as the cos (8(t) + (4nU//~A)coswt1 (2)
crystal anisotropy itself. It would there-
fore be of great help if the detailed distri— where E~ and Eb are the amplitudes of thebutions of the vibration displacements over beams A and B, respectively, Equation (2) can
the entire crystal surface were experimentally be expanded , using Bessel func tions, into a
known beforehand , series with a number of different frequency

components.
We have previously reported a holographic

technique ( 2), and have proved it to be a The displacement amplitude U is then ob—
powerful means for measuring displacements of tam ed from two of the componen ts in the
contour vibrations of quartz resonators and following manner. The lowest frequency corn-
mechanical vibrators having relatively large ponent, the J0 component, isvibration amplitudes of the order of several
thousand angatroms. It can not be applied, — 2E aEbcOaO(t )J o (4nU//~A) .  (3)
however, to the thickness—shear vibrations ,
since their maximum vibration amplitudes are The component with the center frequency of w,
est imated to be not more than several hundred the J1 component , is
angstronis. Instead , use of laser interfero—
metric techniques would seem to be a reason— = _4EaEbSi nO ( t ) J I (4wU/ñA)co Swt• (4)
able procedure for them. When using such tech-
niques , however, special care is needed to If the maximum phase deviation S of the emp—
isolate the optical setup from low—frequency toyed low-frequency phase modulation is chosen

t environmental mechanical disturbances, by adjusting the supply voltage of the PIT—
dr iven mirror phase modulator in such a manner

* We have developed a new laser interfero— that coeO(t)  and sin8(t) reach the peak values
metric technique in which simply introducing * 1 at several instants of time, then the
a low—frequency phase modulation into one of peak—to—peak values of the J0 and J1 compo—
the illuminating beams makes measurements nents are given by
essent ially f ree from these disturbances(3).
~ np1oying this technique, detailed displace— 1ppO — 4EaEbJo (4

~~ / ’~~
) ( 5 )

ment distributions of the thickness—shear
modes of a piano—convex AT—cut resonator have ~~~~ “ 8EaEbJI( 4WU// ~

X ) .  (6)
been obtained ,

Since the range of U of our interest is
Measurement Method not more than several hundred angstroms, the

approximations J0 (x) 1 and J1 (x ) X/2 can
Fig. 1 shows the standard system arrange— be used, and from Equations (5) and (6) , U is

ment for mea suring in—plane thickness—shear obtained as
vibration displacements. The laser beams A and
B, one of which is phase modulated at a low- U — (Ippj/Ippo)/~A/4 1T . (7)

4—



It should be noted here that U, which is de— relations between these two components, which
termined from the ratio Ippi/Ippo , is not are related to the directions of vibration ,
affected by the environmental mechanical die— were determined by rotating the resonator ab—
turbances , since both IppO and Ippl can be out its axis and finding the direction where
made independent of the waveform of 0(t) by the displacement amplitude became maximum. It
proper adjustment of S as seen in Equations is seen from Fig. 4 (F) that the directions of
(5) and (6 ) .  It should also be noticed that vibration are crooked toward outside because
the vibration displacement component in any of the existence of f in ite z displacement corn-
direction within the object surface can be ponents. They are , however, almost parallel
measured separately since the phase differ— to the x axis in the center region of the pla-
ence 136(t ) of Equation (1) is sensitive only te where vibration displacements are large,
to the vibration in the direction shown in and hence , the equal displacement lines of
Fig. 1. this vibration in this region are nearly the

same as those of the x displacement components.
In actual measurements , the ratio I~ 1/

IppO can eas ily be determined by displayin~ Using the same resonator , one of the in—
on an oscilloscope the output voltages of the harmonic thickness-shear modes was also stu-
selective amplifier , with known gains G(u) died. The results are shown in Fig. 5. In
and G(O) for the J 1 and J 0 components, res— order to excite this mode, the half portion of
pectively. Fig. 2 shows typical waveforms of the electrode on the convex surface devided
the J 1 and 3, components. In these waveforms, along the x axis was used as shown in Fig. 5
one takes its maximum or minimum when the (A) .
other becomes zero, and vice versa, since
they are proportional to cosO(t) and sin0(t) , It i. noticed that the vibration displa-
The appearance of several peaks of the same cement distributions over the upper or lower
magnitude ensures the existence of instants half surface are essentially similar to those
of time when Icose(t)I and Iaine(t)I are at of Fig. 4. The entire vibration pattern is,
their maximum, as discussed above, however , more extended toward outside and the

maximum vibrational amplitude of the z compo-
Results of Measurements nent, which is about 1/5 of that of the x com-

ponent, is relatively large in comparison with
Employing the technique outlined above, the fundamental mode. It appears from these

measurements were made on the circular piano— results that thickness—shear motion is predo—
convex AT—cut resonator depicted in Fig. 3. minant compared to thickness—twist motion in
The resonator has gold—evaporated electrodes this mode, although it is sometimes called the
on its surfaces of diffuse finish ($2000) . thickness—twist mode.
The flat surface is fully coated so as to
maintain high optical reflectivity, and hence, Conclusions
to make measurements over the entire surface
possible. The convex surface is partially We have developed a new laser interfero—
coated , with a cut along the x (crystallo— metric technique which is, in principle, free
graphic) axis, as shown in the figure. This from the environmental mechanical disturbances
cut was made in order to enable excitations and is capable of measuring small in-plane
of the fundamental and an inharmonic vibrations down to the order of several ang—
thickness—shear vibrations using the same stroms. Employing this technique, detailed
resonator, and quantitative displacement distribution

patterns of the fundamental and an inharmonic
Fig. 4 gives th. results for the funda— thickness—shear vibrations of a piano—convex

mental thickness-shear vibration along with AT-cut quartz resonator were obtained for the
the method of its excitation. Pig.. 4 (C) first time .
and (0) are the distributions of the displa-
cement components U and U~ in the x and a It is concluded that these distribution
direction., reapecthely. Measurements were patterns can provide important and detailed
made along the lines A~ —DD’ shown in Fig. 4 information on such practically important
(B). Th. U~ distributions in Pig. 4 (C) modes , and the technique described in this
indicate that they are concentrated to the paper can be a powerful means for the study of
center reg ion of the resonator plate and have the vibrations of the AT-cut resonators and
similar shapes with slightly narrower width other small in—plane vibrations.
in the a direction than in the x direction.
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TAILOR ED DOMAINS IN QUARTZ AND OTHER PIEZOELECTRICS

N. H. Newnh.m and L. E. Croes
Materials Research Laboratory
Pennsylvania State University
University Park, Pennsylvania

Su~~ary Ferroic Crystals

Ferroic crystals contain domain states which can The term “ferroic” has been suggested 6’7 to dee—
he switched by suitably chosen external forces. The cribe all types of mimetically twinned crystals in
domains in a primary ferroic differ in spontaneous which the orientation of one or more of the twin corn-
polarization (ferroslectricity) spontaneous magnet iza— ponents may be effected by the application of suitably
tion (ferroisagnatts.), or spontaneous strain (ferro— chosen external driving forces. Ferroics may be
elasticity), while those in a secondary ferroic differ broadly classified from the nature of the property
in induced strain , induced magnetization, or induced tenSors which differ between orientation states (twine)
polarization. Examples of ferrobielastics, ferro— in the crystal , since these differences will determine
elastoel.ctrics and other secondary ferroics are dia— the nature and orientation of driving fields which are
cussed , together with their applications as multi- required to accomplish reorientation between states.
doma in piezoelectric resonators. Twinning is usually A very simple classification on this basis is given in
considered a nuisance in piezoelectric applications , Table I.
but it can be used to enhance certain modes of motion ,
or to eliminate others, but making use of differences The first section in Table I lists the well known
in the piezoelectric coefficients. Multi—domain primary ferroics6, primary being used here in the sense
crystals and ceramics can also be used to produce that the domain or twin states are distinct in the
“forbidden” harmonics, or as high—frequency resona— orientation of the lowest rank response tensor , i.e.,
tors , and as focused acoustic transducers, electric polarization, elastic strain, or magnetization.

It must be recognized that in many primary ferro ic
The concepts of secondary ferroic switching and species more than one type of response may occur. For

domain—divided piezo.lectric will be illustrated with example, in ferroelectric species derived from non—
laser—induced twinning in a—quartz. Dauphine twinning centric prototypic structures , the twin states are
in quartz is characterized by reversal in polarity of frequently distinct in both the orientation of apon—
the ~ OO axes. Structurally the change is slight , taneous electric polarization and of spontaneous
but twin wall motion is accompanied by reversal in elastic strain, and may be driven between states either
sign of piezoelectric coefficient d111, making by electric fields or elastic stresses.
tailored—domain configuration, possible. Quartz is
ferrobielastic , so that Dauphine twine can be induced Even the most elementary consideration, however ,
by mechanical stress. During World War II , electrical shows that there are many crystals with mimetic twin

• twins were partially eliminated from natural quartz by systems in which the different twin components do not
• applying mechanical torque to heated crystals. But differ in the orientation of the primary quantities

twinning can be controlled more conveniently using electric polarization, elastic strain or magnetization.
lasers or other high—intensity light beams. Differ- It is perhaps surprising that the possibility of

• ential thermal expansion caused by localized heating ferroic responses driven by the differences of orients—
generates th. required stresses to induce twinning. tion in higher rank teneor properties has only very
Tailored domain patterns have been incorporated in X— , recen tly been suggested 7, and the systematization given
AT— and DT—cut plates using a CO2 laser and simple in the second part of Table I proposed .l
irradiation patterns. The characteristics of multi—
domain quartz resonators are described. Consider for example a system in which the twin

• domains differ in the orientation of the piezoelectric
Key Words (for information retrieval) tensor djjk. To effect a difference in free energy

Twinning, quartz, piezoelectric, laser heating. between domains both an electric field L
~ 

and an
elastic stress 0ik must be applied at the same time,

Introduction since either field alone will leave the energy change.
identical. Thus the ferroelastoelectric is neither

This paper provides a review of our recent work ferroelectric nor ferroelastic , but is in fact a con—
on secondary f.rroice’,2, domain—divided piezo— pletely new and interesting species.
electrics3,~ , laser—induced twinning in quartz.

5 The
ultimate goal of this line of research is to optimize Table I gives examp les of crystals in each cats—
the performance of solid state device , through the gory. In severel cases, though the appropriate re—
manipulation of f.rroic twin patterns , a type of domain sponee of the twinning has been observed, the term—
engineering. To achieve this goal vs are searching inology used here has not been specifically applied to
for ways to control twinning on a very fine scale by the system concerned.
applying localized fields and stresses. Most of our
efforts have been devoted to electrical and mechanical Although at present there are only a few well
control since .egoetic domain devices ar, already well documented examples , secondary ferroic phenomena nay
developed . In the applications described hera , the prove to be rather coemon, since the symeetry require—
twins diff .r in piezo.1.ctric properties , but one can aents are not eep.cially stringent . Syninetry reatric—
also imagine applications for twin patterns in which tions for ferrobislectricity, ferrobielasticity, ferro—
the twin. differ in .lasCic constants , refractive bimagnetism , ferroslastoelectricity, ferromagneto—
indices, or other material parameters. Such domain— elasticity and ferromagnetoelectricity were described
divided devtce~ can be operated in a fixed twin in a recent paper. 2 Perrobielectricity can be expected
pattern, as in the twinned pieaoelectric resonatore in antiterroelectric ferroslastic species with sub—
discussed later , or with .ovsble twins , such as stantial dielectric anisotropy . Low—temperature SrTiO~
ms$netic bubble domains. may be an example.8 Nicke l oxide9,’° and other anti—

ferrom agne Ic ferroelastics with anisotropic magnetic
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TABLE I

Primary and Secondary Ferroics

Ferroic Class Orientation States D i ffe r  in Switching Force Examp le

~~ ~ma t If

F~ rroe lect r ic Spontaneous polarization Electric field BaTiO 3Fcrroelast ic Spontaneous strain Mechanical stress Pb3(P04) 2Ferromagnetic Spontaneous magnetization Magnetic field Fe304
S&coada~q
Ferrobielectric Dielectric susceptibility Electric field SrTIO 3 ( ? )
Ferro bimagnetic Magnetic susceptibility Magnetic field NiO
Ferrobie lastic Elastic compliance Mechanical stress Si02Ferroelastoelectric Piezoelectric coefficients Electric field and mechanical stress N1I4C1
Ferromagnetoe last ic Piezomagnet ic coefficients Magnetic field and mechanical stress C0F2
Ferromagnetoelectric Magnetoelectric coefficients Magnetic field and electric field Cr2 03

susceptibility show ferrobimagnetism. Evidence fot patterns which further enhance the resonance charac—
ferromagnetoelastic domains is found in CoF211- and teristics. Monolithic crystal filters’7 are an out—
FeCO 3

12, while Cr 20313 shows ferroma gnetoelectric growth of this work.
switching. Of the 90 magnetic point groups , 35 are
potentially ferromagnetoelastic and 40 potentially Partial—electrod ing and the other techniques help
ferroniagnetoelectric . suppress spurious modes, but they also reduce the

amp litude of the desired mode. Much of the crystal is
Regarding ferrobielasticity and ferroelasto— not properly coupled in phase with the field when

electr ici ty, it can be shown that there are five pure electrodes cover only part of the surface , or when the
ferrobielastic species , fifteen pure ferroelasto— plate is contoured , or when supports clamp the crystal.
electric species , and ten which show both phenomena. This results in lowered power levels and smaller d cc—
Anunonium chloride 14 is a pure ferroelastoelectric ironic signals.
while 1—quar tz l5 is fer rob iel ast ic and p o t e n t i a l l y
f€r roelastoelectr ic .  Quartz will be considered in There is another way of enhancing piezoelectric
more detail in the following sections together with vibration modes which has not been explored in the
its application as a domain—divided piezoelectric . past. Many piezoelectric crystals are also ferroic ,

and therefore exist in more than one orientation state
Domain—Divided Piezoelectrics or domain. When referred to a common set of axes ,

piezoelectric coefficients often differ in the two
An alternating voltage applied to a piezoelectric domain states. Under suitably chosen driving forces ,

crystal causes the crystal to vibrate , and if the domain walls can be moved to a desired configuration.
frequency corresponds to one of the mechanical Making use of the differences in piezoelectric co--
resonances , the amplitude of vibration may be very efficients , the domains can be arranged to drive only
large. Every crystal has a number of such resonant the desired vibration modes.
frequencies that depend on the crystal dimensions,
the orientation of the plate with respect to the A possible objection to the tailored domain con—
crys ta l  axes , and the type of mechanical oscillation cept is that domains night switch during use, espec—
involved . The most Important vibration modes are ially when driven at high power levels. This is cer—
longitudina l. flexural , face—shear and thickness— tainly true for many ferroelectric crystals , but not
shear.16 Each type of vibration can exist in a funds— for all ferroic cryEtals. Quartz is ferrobielastic ,
mental and in higher order or harmonic modes. To make but not ferroelectric , and canno t be switched by
matters atill more complic~ ted , the modes are often electric fields. The same is true of certain primary
mechanically—coup led to one ano ther , giving rise to ferroics such as lithium niobate and other frozen
additio nal combination modes. ferroelectrics with high Curie point~ . In general, it

is possible to build in domain structures which are
The difficulties caused by secondary resonances immovable at room temperature.

are especially severe for the high—frequency modes of
a t’.in plate. Under these condition., harmonics of Selective Excitation of Harmonic Modes
the numerous resonances associated with the lateral
dimensions of the plate may approximate the funds— Some examples of piezoelectric crystals with
ment,,L thickness mode in frequency. As a result of tailored domain configurations will now be considered
the coupling, the frequency specLLum may consist of a to illustrate the utility of the idea. The motion of
large number of resonances rather than the desired a plate in a low—frequency face shear mode is illu—
single—mode of the thickness vibration. Such undesir— strated in Figure 1. CT and DT quartz plates used as
able behavior can be partly eliminated by orienting filters and oscillators operate in low—frequency face—
and proportioning the plate so that the resonant fre— shear modes.1-6
quenc les of the interfering modes differ appreciably
from that of the desired mode. Additional improve— Figure la shows the plate at rest. The funda—
mont can be acbievsd by contouring the plates and by mental face—shear vibration and one of its hartnonics
mounting the crystal in such a way that the undesired are shown in lb m d  lc , respectively. The fundamental
modes are suppraseed by clamping. In recent years , consists of expansi n end compression in opposite phase
modera evaporation and photo—etch techniques have along the two diagonals of the plate. Shear motion may
been uSed to pro duce carefu lly—desi gnsd electrode break up into higher fraquency modes similar to its
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fundamental. The harmonic shown In Ic consists of two bar. This mode is being driven by plezoelectric co—

~~ 

segments vibrating in opposite phase. To generate efficient d 333 which excites a thickness vibration
other harmonics , the motion may be reversed in phase along [001). The thickness vibration is coupled
any number of times along either length or width. through Poisson’s ratio to expansions and contractions

in the (110) direction. Third , fifth , and seventh
Modes of motion are excited by alternating d cc— harmonics of the length extension were also observed

tric fields , making use of the plezoelectric effect. but even order harmonics are absent as expected.
To excite the face shear fundamental , the major faces
are electroded and a field is applied normal to the One—half of the crystal was then poled in the
pJate . if  is the direction normal to the plate , opposite direction giving a two—domain bar (Figure 3o).
then E1 is the field in this direction. Let X 2 and The frequency spectrum was then remeasured , using full
X 3 be the directions paral lel to the length and width c—face electrodes as before. Second and sixth—order
of the plate , then L23 is a shear strain about X1. harmonics of the length extension mode were observed
The face shear fundamental consists of alternating as prominent resonances while the fundamental and odd
strains of — d123 E1. Resonance motion results harmonica were greatly attenuated. Resonant frequen—
when the frequency of tSe applied field E1 corresponds ciee are therefore effect ively doubled in the two—
to the natural resonant frequency o f the plate deter— domain bar. In addition to raising the frequency, the
mined by its dimensions and elastic constants, experiment also demonstrates the feasibility .~f excit-

ing vibration modes forbidden to the single—domain
The harmonic shown in lc cannot be excited when crystal.

the plate is fully electroded because the two halves
of the plate are out of phase. To excite such a Ferrobielasticity in Quartz
mot ion, a partially electroded sample could be used.
A twinned crystal could a lso be used , with a simpler Quartz is a cry8tal of very considerable tech—
electrode pattern , less field distortion , and superior nological importance , combining elastic , dielectric and
electromechanical energy conversion. Consider a piezoelectric properties which are highly desirable for
crystal  plate twinned through the center Figure 2. many electromechanical filter , transducer and frequency
Suppose , for example , the twine are of a simple type control operations. Early devices used natural
in which the orientations are related by reflection Brazilian quartz , and at that time twinning in such
across crystal plane (100). crystals was studied extensively.16

Ajmnonium chloride has mirror twins of 1-his type . However , with the advent of large scale production
NU 4C1 belongs ferroic symmetry species m3mF43m and of synthetic quartz , twin properties have been largely
is ferroelastoelectric below _300C. 14 The tv-~ns ignored. Synthetic crystals are generally twin—free
di f fer  in the sign of piezoelectric coe fficient d123, since they are grown on untwinned seed plates below
so that an electric field directed along X1 produces the a—B inversion at 573°C.
shearing strains of opposite signs in the two domains.

In natural quartz , two types of interpenetrant
Suppose the damain structure shown in Figure 2a twinning occur: optical or Brazil twins and electric

were Incorporated in a cryatal of annrmonium chloride , or Dauphine twins. The optical twins are essentially
and the plate was electroded on its major faces per— growth twins , involving the handedness of the arrange—
pendlculsr to X1. An alternating field E1 would gen— ment of silicon oxygen tetrahedra in the structure.
crate the mode shown in Figure 2b because of the dif f— To convert right—banded quartz to left—handed quartz ,
erence in piezoelectric coefficient . Comparing Fig— strong silicon oxygen bonds must be broken and the
ure 2b and Figure lc, it is obvious that the f unds— twinning is not ferroic .
mental vibration of a twinned crystal may correspond

• to a harmonic vibration of an untwinned crystal. Electric twinning involves much more subtle die—
• tortions of the structure , associated with the loss of

Ordinarily it is difficult to excite an even symmetry which occurs at the B * a transition (from

harmonic in a single crystal vibrator where most of the point groups 622 to 32). These symmetries are con—
energy goes into the fundamental and lesser arnouats sistent with ferroic species 622F32 which is both
into the odd harmonics. Vibration patterns for the ferrobielastic and potentially ferroelastoelectric.
various harmonics and combination modes are well The inequivalence in free energy between two electric
known. When the domain pattern corresponds to one of twin states of quartz Induced by an electric field and
these vibration patterns , selective excitation results an elastic stress applied in general orientations is
so that any mode can be excited with a suitably chosen given by:
domain structure. In this way , it is possible to con-
ver t any harm c to a fundamental , resulting in more t.G • 4S 1123 (0

11
o

23 
— 022033 + 20

12
013

)
efficient electromechanical energy conversion , and
greater vibration amplitude at the desired frequency.
Closely—spaced domain patterns may give very high + 2d111(E

1
011 — E

1
022 — 2E

2
Y 12)

frequencies .

The feasibility of the tailored—domain concept has Ferrobielastic switching via S1123 has been demon—
been tested with piezoelectric gadolinium molybdate by etrated ’5 but ferroelastoelectric switching through
comparing the impedance spectrum before and after d111 has not.
twinning. 3 Gd2 (Mo04)3 is both ferroelectric and ferro—elastic at room temperature and belongs to ferroic The phenomena of stress—induced twinning and de—
species 42a72em. Thin rectangular bars were cut and twinning of the s lectric twine in quartz has been known
polished with the length of the bar parallel to the for considerable time.’8 With the ehortege of high
orthorhombic [110] direction. Dimensions along [110], quality natur*1 quartz which occurred during World War
[110], and (001] were approximately (13 x 2 x 1) mm3. II , efforts were made to detwin samples for resonator
With the crystal pole~: to a single—domain stat., the applications l9 .lO , however , the studies at that time
(003) faces were fully electroded and the resonant appeared to have had no clear theoretical basis for
frsqusncy spectrum measured from 10 kliz to 5 MHz understanding the phenomena and used both temperature
(Figure Ia). The prominent peak at 10 kHz is the gradients and torsional stresses (piezocrescence) to
fundamental .xtensionel mod. along the length of the modify the electric twin structure in quartz cuts of
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interest in transducer applications. Let 0 be a tensile stress along X’s, an arbi trary
A~ 

direction within the plane of the AT—cut. X’~ is

~ 
Much more recently A1zu15 demonstrated controlled obtained by rotating X~ through an angle • toward X1.twin motion in quartz , using uniaxial stress applied We now evaluate the switching stress product

normal to (100] and at 45° to [ooi]. When viewed 011023 _ 

~22°23 ~ 2012013 in terms of an applied stress
along [looJ in polarized light domains were visible o along X’s. Performing the sppropri~te transfor~ations

• because of differences in photoelastic coefficiente. leads to the result 02 ( 3 sin 2
~ — cosL~ sin 2O)coa’~ sin

e coa 0 for the switching stress product. This func—
Using a ra ther simple a ross generator , Aizu tion is plotted for an AT—cut crystal in Figure Sb by

mea~ured values for the cgerri~e stress of 5 x 108 substituting 35015’ for 8. The result is a aix—lobe
N/rn’ at 23°C and 3.5 x 10 N/in at. 150°C. In quartz , figure with four large positive lobes and two narrow
the ~ * a transition which introduces electric twinn— negative lobes of smaller size. The positive lobes of
tog is cloae to second order , and the phonon mode the theoretical curve reach a maximum at an angle ~softening which drives the transition is rather slightly larger than 450 , The analytic expression is
similar to that in the ferroelastic LaA1O3 and the tan2$max — 1 + 4 ain2O , which gives 4lmax of 4 7 9 0 for
improper ferroelectric—ferroelastic Gd2 (Mo04 )3. One AT—cuts and 49.9° for DT—cuts. It is obvious from
might then expect that the coercive stress for ferro— Figure 5b that tensile stresses directed along
bielastic switching drop to near zero at the transi— X3(0 — 00) or perpendicular to X3(8 — 900) are useless
tion point (573°C). This is not inconsistent with the in switching Dauphine twins.
present sparse experimental data.

The positive lobes of the switching stress func—
Laser—Induced Twinning in Quartz tion in Figure Sb bear a strong resemblance to the

observed twin patcerns in AT—cut plates (Figure 4b).
The mechanical stress technique is rather cumber— The four—lea f clover patterns are similar both in shape

some, however , and a better method is needed to pro— and orientation. We interpret this similarity to mean
duce textured domains in quartz. We have recently that under laser irradiation, thermal stresses are
demonstrated3 that domain patterns can be created being induced nearly radially around the central heated
optically using lasers or other high—intensity light reg ion , and that domain walls move out from the center
beams . Large thermal stresses can be induced by most rapidly in the effective switching directions.
localized heating since the surrounding cooler regions This seems to be the case at medium po.cr levels where
tend to restrain thermal expansion. X— , AT-, and DT— different illumination patterns give substantially the
cut quartz crystals have been twinned with a 10.6 urn same domain structure , but at lower power levels the
GO2 laser employing a simple mask to generate local-- twin pattern more closely resembles the illumination
ized heating and thermal stresses. Srne U quartz pattern (Figure 4a) . Slit—shaped illumination in the
platelets having dimensions of appro*imately — 45” orientation gives stresses at 1350 along one of
0.08 x 0.6 x 0.6 cm were cut from untwinned synthetic the positive lobe directions causing the illuminated
crystals. The plates were covered with a graphite area to switch.
mask in which a slit measuring 0.4 x 0.015 cm was
machined. The orientation of the slit with respect to Additional details concerning the experimental
the crystal axes was carefully controlled, techniques and the theoretical description of the twin

patterns are given in an earlier paper .5 In searching
In order to lower the coercive stress for ferro— for the best conditions to generate reproducible domain

bielastic switching , the apparatus was placed in a pa tterns , there are an enormous number of variables
small furnace and heated to approximately 500°C, as which remain to be optimized . The fact that rather
monitored by a thermocouple. The crystal was then similar patterns can be produced over a wide range of
irradiated and allowed to cool gradually to room conditions makes us feel optimistic about the poesi—
temperature . After etching in hydrofluoric acid , the bilitiea of controlling Dauphine twins in quartz.
crystals were examined for twinning in reflected light. Quantitative analysis of the energy and stress dia—
Two of the twin patterns produced in AT—cut plates are tributiona is presently being undertaken to aid in the
shown in Figure 4. X— and DT—cut pattern. are sops— optimization of experimental parameters which control
what different and have been describ*d ~~~~~~~~~~~~~~~ domain size and shape. These parameters include

aperture size , shape , and orientation , plate shape and
At low laser power and for certain slit orianta— thickness, ambient tempera ture , irradiation time and

tions , the twins in AT—cut plates resemble the slit in power, and laser wavelength. Control and understanding
size and orientation (Figure 4a), while at. medium power of the e f f ec t of these variables is a necessary prelude
levels a characteristic four—leaf clover pattern (Fig— to incorporating tailored domains in quartz .
ure 4b) developed regardless of irradiation pattern .
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Figure 1. Motion of a plate in low frequency shear)-6 The cryatal is at
rest in (a), and in motion in (b) and (c) where two phases are
shown; one a solid curve and the other a dashed curve to
illustrate the distortion with respect to the original shape.
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Figure 2. (a) Twinned piezoelectric with vertical domain wall dividing
th. crystal in half. Under uniform alternating field B1 the
crystal vibrates in pattern (b) because the piezoelectric
coefficient d123 is of opposite sign in the two twins , thereby
inducing opposite shears.
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Figure 3. The resonant frequency spectrum of a gadolinium molybda te

crystal showing the changes which occur when the bar is twinned
in half.3 The fundamental length—extension mode (0.14 MKz )
and its harmonics are numbered . Second and sixth harmonics
are enhanced by the domain structure while the fundamental
and odd harmonica are suppressed .

(.~) (
~
)

Figure 4. Laser—twinned AT—cut quartz platea with dimensions 0.6 x 0.6 x
0.08 cm. Twinned region appears darker. The crystals were
exposed at an ambient temperature of 500°C to a 10.6 ~nn laser
beam with a rectangular geometry of approximately 0.015 x 0.4 cm
on an edge. Beam power was maintained at 0.9 watts for 0.5
sec (a) and 3 sec (b). With reference to the crystal axes in
Figure 5a , X1 is vertical t~d is horizontal. ~he alit was
oriented at 450 to I1 and X .
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Figure 5. The coordinate system used to derive the switching stress com-
bination for an AT—cut quartz plate is shown in (a). X3denotes the thermal stress (o) direction in the crystal plate.

is obtained by roteting X 3 about the Xl axis through an
angle 0 in the 12 — X3 plane; e is 35°15’ for an AT—cut plate.
$ represents the angie betwgen X~ a~d X ” . In (b3 the thermal
stress combination CI (3 sin’$ — cosh$ •~~2 0)coe 0 sin 8 cos 8
1. plotted as a function of $. The solid line, indicat, dir—
ection. stsbilizing one Dauphine twin state while the dashed
lines indicate directions stabilizing th. other twin state.
The angle of maximum stabilization for the solid line lobes
1, 47.9°.
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A NEW PIEZOELECTRIC RESONATOR DESIGN

Raymond BESSON

Ecole Nationale Sup8rieure de Chronorn8tr ie et de MicroisScanique
La Bouloie Route de Cray

25030 BESANCON, FRANCE

Sumary

In the conventional design of a resonator, Nevertheless, since the today’s require—
electrode deposition and bonding problem, appear as ments in crystal resonator technology are constantly
important limitations (related to phenomena at the increasing, phenomena at the boundaries ‘.f the piezo—
boundar ies of the piezoelectric medium) . So, if the electric medium most be carefully checked and if
enclosure is not considered, further progress are possible m~stered. For instance, as pointed out byma inly expected from Eer Nisse , the stored frequency shift due to e1ec~’

— a better solution of the “boundaries trode deposition is as much as five order of agnitu-’

problems” including electrode deposition. de larger than typical specifications for long term
— improvements of crystals mounting . drift (5 MHz fifth overtone units). But, mastering

the boundary phenomena could reduce the aging and
First , it is quickly shown that electrode crystal’ s noise contribution as wel~ . Then if the

deposition and bonding processes usually cause crys— difficult problem of the enclosure is not conside—

tale damages, contamination, ion migration, stresses red , further progress are expected from improvements

and , as a consequence, various phenomena including in electrode deposition and crystal mounting. Of

aging. Different solut ions are reviewed, course , the best solution for plating should be to
have none, and the best fixation of a crystal should

A new design using uncoated crystals is exhibit neither discontinuity nor addi tionnal stress,
proposed and described. Lower aging, easy frequency crystal damage or contamination.

adjusting and high Q factor can be provided at the
same tiae. Sample surface preparation , resonator In Next section , we will f irst point out
mounting and exc itation conditions are discussed . The some of the difficulties usually met in a conventional

second part of this paper deals with the main charac— design.

terietics of resonator. constructed according to this
new design . For comparison purposes, numer ical data Consequences of Plating and Bonding
and typical curves concerning a 5 MHz fifth overtone
design are given (including electrical parameters, In a Convent ional Design
frequency spectrum , frequency stability a), (~) and In the usual manufacturing process of along—term drift), 

plated crystal a thin metallic film (gold, silver ,
The various results are discussed so as to Aluminium or Copper) is deposited on-to contoured

see which improvements could actuall y be obtained by crystal surfaces which have been previously eithe r

use of thi, new technique. polished or etched. Usually the crystal Is cemented
to thin nickel ribbon fixatioim,T,C. bonded or

Key Words : Piezoelectric Resonator , Quartz , electrobonded .

Unplated Resonator , Electrode Effects , Bonding
Effects , Frequency Stability, Aging, Frequency Adjus— Plating should be considered first since

t ing, Crystal’s Noise Reduction, its effects occur in the very energy trapping zone.
Nevertheless the stress relaxation In the mounting

Introduction structure and the contaain*tion which is caused by
the bonding process cannot be ignored.

The convent ional design of a resonator
using plated crystals is almost the only design Plat ing is always a very rough process for
available nowadays. The universal use of costed units the crystal surface neighbourhood . The crystalline

has been introduced by Roger A Sykes In1 the Years arran gement is partly upset , p ieso.l ectric properties
1948. Since Warner ’s design achievement in 1952 , are locally modified, metallic ions penetrate inside

various improvements have been added but no major the crystal thereby generating further ion migration.
change has appeared. The conventiona l design actual— The surface of the crystal is drastically perturbed

ly reaches the top of the state of the art . and the perturbation will not be constant versus
time so giving rise to further frequency drift. At
the same t ime , thin film stresses cause a non negli-
gible frequency shift , which is not stable with time.

work is supported by the “Direction Several fundamental phenomena beeing involved it is
des Recherche s St $oyens d ’Essa is ” , DRNE. difficult to predict the exact noise contributIon of
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the plating and the exact frequency drift contribution B.V.A1 Design (A.T. cut’as well. Nevertheless, it has been possible to prove
that stall intrinsic stresses correspond to improved
aging and that probably the intrinsic aging of I) General description
quartz material is orders of magnitude lower than
aging exhibited by plated units. The resonator is represented in Fig. I and

Fig. 4 and includes
At the same time, the Q factor , mainly — a crystal , ref. I , the surface of which

determined by the internal friction in quartz, is has been very carefully prepared. This crystal is
reduced by the damping due to the metal deposited on enclosed between two silica condenser plates ref. 3,
the surface. But this effect should not be exaggera— 4, while a silica ring ref. 2 keeps the ticknesa of
ted, since the Q factor obtained with plated units the condenser constant. Electrodes are deposited on
according to the Warner’s design is close to the the disks ref. 3, 4
intrinsic Q factor of the material. Moreover excita— — a crystal fixation
tjon by reduced electrodes, annu lar electrodea or — a metallic experimental soldered en ci rc u—
parallel field technique have been widely used and re which is sealed by a pinch of f process.
can be c~nsidered as a firat attempt to suppress
pla ting . At last , it ~uat also be pointed out that , 2) Sample surface preparation
recently, A. C. Smagin obtained very high Q fac tor
with an experimental device using an unplated arti— The crystal is very carefully lapped and
ficial crystal. sometimes polished. Especially, at the end of the

manufacturing, we used two processes matching together.
Let us consider now the frequency adjuste— The first process P1 gives a correct geometrical con—isent of p lated units. It is a very important problem , tour, the second P2 cleans or etches the surface . TheVarious techniques operating by additionnal deposition resonant frequency 

~r 
of the crystal is used as a teat.

of metal are used, in situ environment or not. P1 is used, then P2. then P and so on, so as to ob—
First , the stability of the frequency adjustement, tam an asymptotic increas1~ig of f . And the end P
especially in situ environment, is a matter of is always used to obtain correct deaning and avoi
discussion, layers destroyed by P1.
Second, it is generally difficult to adjust the fre— As far as possible, we try to operate in a
quency of a given unit to better than one p.p .m of clean atmosphere i.e. free from dust particles and
the nominal frequency. (Of course, this does not chemically controlled. Of course the quartz wafer
include the laser machining technique which is only ia very carefully rinced , dried and cleaned (inclu—
available for glass enclosure type units). Neverthe— ding IJ.V c~eaning) using the results of recent inves—
less a more accurate frequency adjuetement is needed tigatione
for some applications ; so further progress is also
desirable in this domain. 3) Resonator mounting and excitation conditions

Let us suppose for instance a 5 MHz fifthNew Design Using Unplated Crystals overtone, plano—convex wafer. The crystal is T.C. bon—
dad fellowing the usual process and fixation is made

Starting from a conventional design we by means of two, or even more, thin nickel ribbons.
tried to obtain (The crystal e’~y , of course , be cemented too, but

— a preparation of the crystal surface avoi— T.C. bonding is prefered to avoid, later on, vacuum
ding acoustic absorption in the firat few surface modifications in the sealed enclosure). The lower
layers of the quartz plate. This preparation included silica disk insures the crystal fixation. Holes , ap—
a correct decontamination of the surface , proximately 3 me in diameter , have been drilled in

— electrical excitation by electrodes depo— the disk. They are slightly conical (approximately 1 )
sited close to the crystal surface on insulators little nickel cylinders ref. 5 are given the same cx—

• mechanically stable with respect to the crystal. ternal conical shape and inserted into the holes. The
— improved fixation (more precision and lese nickel ribbons are soldered to the nickel cylinders

contamination, additionnal stresses and diacontinui— so that an air gap ranging from some microns to a
ties), few tens of microns ie left between the disk and th.’

t crystal.
For fac ility, the new design will be called The upper disk may be contoured (using the some con—

B.V.A design (B.V.A stands for the French “inside a tour used for the crystal), or it may be flat. It is

J 

Box with Lower Aging”). The very first trials, were located very close to the crystal f,etween some microns
achieved in 1972. More systematic investigations have and a few tens of microns) by means of a ring which
recently lead to several designs named B .V.A , all can be made out of fused silica but which can also be
using uncoated crystals. If n is odd a ratheP conven— piezoelectric and variable in thickness for instance .
tional bonding and a special fixation are used. Thie ring provides a very accurate frequency adjust.-
If n is even the design uses improved bonding and ment since a variatior of I micron of Its thickness
mounting. This denomination indicate, two successive correspond, approximately to a variation of I Hz of
steps of our attempt to reduce be crystal’ s noise the resonant frequency, Actually, rings are not lap—
and frequency drift contribution, pad individually to the correct thickness but chooien

among a lot hav ing slightly different thicknesses.
As an examp le we shall completely describe The main advantage of this ring is to allow very ac—

the basic design of one type of the first sen .. curate frequency adjustements (better than I Hz for a
5 MHz fifth overtone) and to introduce more parameters
on which the resonator properties depend . Especially
it must be pointed out that the resonant frequency may
be easily modulated,

7.



For accurate frequency adjustement , the following than observed with usual design (a crystal driven
procedure is used wi th 2 m A exhibited a relative frequency change of

— f i r s t obtain a p lot of the frequency ver— 1.510 6
).

sus temperature curve of the wafer mounted in a test
device Thermal propert ies

— second mount the r,,onator at a well knowi
temperature and take into account the frequency varia— The B.V.A resonator exhibits longer time
tions from various ori gins (tempera ture , enclosure constants but the frequency temperature curve ía
under vacuum, ,..). similar to those usually obtained. In addition some

gradient e f fec ts  appear. Of course , the heat trans fer
process between the crystal and the medium outsideMain Character istics of B.V .A 1 Itesonators the enclosure is very different from usual since the
crystal is not connected to the outside through metal—

B.V .A resonators can be achieved at any lic conductors.
usual frequency but they are given more interest in
the high frequency range since the electrode phenome — Frequency stabilit ies and frequency drift
na are relat ively more important at high frequencies
for thin crystals. Nevertheless , for comparison put— Direct measu~enents of the fluctuat ions of
poses , we choose to stud y f i r s t the 5 MHz , f i f th the resonant frequency, in a pass ive circuit , have
overtone , c lassical AT cut , resonator, been performed
The comparison will then be performe d in good condi— The crystal beeing driven at 5gw , the flicker level
tions since was found to correspond t

— in the usual design the ele:trode problem a (r) 4.210’~
2

yis less important for thick crystals.  
- The results could later be related to the mechaniems— the 5 MHz , fi f th overtone, classical contrresonator represents a well known top of the state of ~bIthing 

to the frequency instabilities in crys-
talsthe art. The ~1lative frequency stability has also bee n measu-
red using an ordinary test oscillator with gainElec tr ical  parame ters
automat ic control but without special environment
conditions. The fellowing results have been obtainedThe equivalent linear circuit is given
for a drive level of 2.5 ~iwfig. 2, and the ordinary plated units correspond to 

— I Ithe scheme of fig. 3. The two equivalent circuits are r .36 a 0 (r) — 1.210
— I Iconnected by r — 3.6 a o (t) : 1.710

________________ 
— I IL

1 -( Cg+ Ce )
2 

L - 36 s o (r )  2 710

Cg2 Long term drift experiments have not beenC —  C
(Cg+Ce) (C+Ce+Cg) completely carrie~ 2

out yet. Nevertheless oscillators
have been tested after 3 days continuous operation

H
1 ( Cg + Ce 2 in an excellent laboratory environment .

Cg beeing within JO ‘C and the oscillator level less
— R The temperature s~ abili ty in one point of the oven

than law, the frequency drif t was lower than 3 x 10 10
Cg Ce

Co - per day
Cg + Ce SyStematic investigations concerning tests

with respect to vibrations and shocks have no t been
Numerical values clearly indicate that carried out yet.

L C H are very close to L, C, K respectivel y if the
air ~ap 1

is in the micron range . Also , the frequency of Other B.V.A. Types
the unit can be easily pulled by means of a, sari. Ca-
pacitor . - Resonators using designs sl igh tly d i f f e r e nt
The fellowing results have been curren tly ol~tained or different from the bfli12

B.V.A design are now
using natural quartz : constructed and tested It is certainly too

K 1 85 0 Q — 2.4510
6 

soon to give comp lete de8cription and results since
we are just beginning the teats which are devoted toThe gaps were abeut 20 microns each, the electrodes design improvements. Nevertheless we can point outwere golden circular electrodes 10 me in diameter, 
that some encouraging data have been obtained.We obtained some improved results by using artificial

quartz and certainly it would be useful to select the
For instance the very f i r s t rea una tora ofblanks (this has not been done yet). the 8.V.A type (neither major discontinuity nor

— Frequency spectrum and non linear effects : major stress caused by the bonding process)
evaluated from ord inary natural quartz exhibited the
following resultsFrequency spectra very similar to those ob-

tained with coated unitS, are found , resonance peaks Q — 2.8106 R 1 — 60 0
are exhibited at tht same frequencies (identical to
better than 2 x ID ). No additionnal resonances ap— The crystal beeing driven at 5 ~iw the8pear and it seems that the elimination of unwanted flicker noise level was f1~jnd to correspond to
mode, is at least as good with the B.V.A design. a (r) • 3.710y

The amp litude frequency effect was Investi-
gated and was found to be two times more important

so

-
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The re lative frequ~~ cy sta bility using II — Measurements performed in the Laboratoire de

exactly the same osci llator used for the B.V.A
1 

Physique et Métrologie des Oscillateurs C.N.R.S.
type is better than by C. Marianneau

— 0,1 (~ ) — 210:
12 

12 — Measurements performed in our Laboratory.
— I a °y ( t )  — 10 

12

— 10 s a (r) — io~~
2

The results are just indicative s ince the
experiments are still carried on.

Comeents and Provisional Conclusions

The resul ts of our first attempts are rather
encouraging since many fea tures of the reaonators can
be improved. Particularly it must be pointed out that
the enclosure problem has not been solved at all (at
leas t,cold welded type enclosure should be used). Whe~some evident improvemen ts of the technique are effec-
tive the results should be much better.

The new reaonators are interesting for
fundamental studies. Some of their properties are
different from usual , especially the proper ties rela-
ted to heat transfer processes, to the crystal’s
noise contribution and to the frequency drift of
oscillators.

It must also be pointed out that some ad—
ditionnal construction parameters appear , because the
proper ties of the resonator do not depend only on the
crystal.

The frequency stabilities obtained are also
interesting since the very first results are involved.

Much work is to be done before more defini-
tive conclusions are ,iven but , nevertheless , this
first attempt indicates that this technique could be
very promisaive .
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FUNDAMENTAL NOIS E STUDIES OF QUART Z CRYST A L R ESONATORS

J.J. Gagnepain
Ecole Natlonale Superleure de Chronometrie et Micromecanlque*

Besancon , France

Summa ry

The studies of quartz crystal oscillator frequency tical by means of the resistors ri , r~ and of tuning
instabilities show they are not entirely due to elec- capacitors r1and r2, are driven in transmission by
tronics noise but the quartz resonator Itself must be the source S and their phases are compared with the
considered as a noise source. The previous investiga- double balanced mixer M~. An adjustable phase shifter
tions of resonator frequency noises (given by F. Walls) permits one to operate the mixer at the quadrature point.
gave an important Indication about their levels. This The phase noise at the mixer output is proportional to
work presents the results of measurements of frequency the resonator ’ s f requency f luctuations. Using the in-
fluctuations of quartz resonators used as passive four- tegrator li and the varactor diode D~ I t  i s poss 1~ le to
ports. The noise I s characterized In the frequency lock the frequencies of bot h resonators together with
domain, an appropriate attac k time . The second device using

the mixer M~ Is used to c a l i b rate the s e n s i t i v i t i e s
Several noise sources contribute to the frequency (In fact to control the factor Q/w, where Q Is the

fluctuat ions. Correlation with external perturbations quality factor and w the resonance frequency) for each
as vibrations and temperature fluctuations are studied, resonator. This is very important when any parameter
In the power density spectra the noise at the lowest In the measurement system Is changed. It is also useful
Fourier frequencies is related w i th thermal effects to lock the quartz Q2 with the source using the inte-
and mainly with thermal stresses. The flicker noise grator 12 and the varactor diode 02. Special care must
level is partially related with the resonator design, be tak en in the adjustment of the frequency tuning and
Different kinds of resonators at different frequencies 0 factors balancing in order to remove the Influence of
are used with particular plating types and shapes. both frequency and amplitude noises from the source.

The eqalvalent circuit is shown in Fig. 2.
Introduct ion

Let s introduce the angular resonance frequencies
To improve the quartz crysta l oscillator stab i l i ty ~ and w~

it is important to be able to separate In the noise the
part due to the resonator from the part due to the elec- (1) ~~ = l/L 1C1, s~

2 = l/L 2 C 2
tronics. Measurements of resonator resonance frequency
no ise have been performed by F. Walit Li] at 5 MHz and the Q factors 01 and 02
10 14Hz. The present work is a continuation of these
previous measurements. (2) L 1w1/R i , Q2 = L2 w2/ R 2

The short-term stability Is mostly limited by the The capacitors r1 and r2 w i l l  tune the angular frequencies
add itive therma l noise and therefore could be improved to the values 

~~ and 
~~~~~~

by Increasing the driving voltage. But relatively high
powers cannot be achieved because they Increase the (3) w ’i

2 w2 2( l + ~~~~~~ w ’ 2 2 
~~~2 (l +

r2 + y 0fl icker noise level , and the amplitude to frequency
noise conversion. On the other hand this can have an
influence on the long—term stability, as the power
dr i fts will be converted to frequency drifts. The resonator tuning will force w 1 w 2. Let s

Introduce the driving signal angular frequency . =

The long-term stability is affected by the elec- ~~ 
+ ~~~ where &~ Is the difference between ~ and the

tron ic components and, principally, by a change of resonator resonance angular frequency u~. After several
resonator parameters with age. These phenomena are app roximations (high Q factors . ~~~~ smal l and Qj / w 1
related to the technology and some mechanisms like Q2/u ~�) the phase di f ference • at t he mixer  out put i s
impurity migrations Inside the crystal lattice, surface given by the relation:
t ransformations , and leaks In the enclosure. There Is
also stress relaxat ion in the electrodes (2]. One
Interesting solut ion Is the actual development of elec- (4) ~ 2 - + 4 tiw2 

~~~~~ -trodeless resonators (3]. ~
The stability in the region from about 1 s to 100

s is l imited by the flicker noise and the random walk + ~~1__ ( i~ - 
F~~T)frequency noise. These noises are direct modifications

of the resonator resonance frequency. Their physical w i th
mechani sms are not understood yet and the best way to
study them appears to be the use of resonators as passive

Cr, C r ~dev ices. (5) k, C 0~C 0 +r1) and k 2 — 
v0t 0+r2)

Measurement System

The measurement system which has been used is The first term In the relation (4) can be cancelled
sim ilar to the one presented by F. Walls (1) but fea- out, balanc ing the Q/u factors. The third term Is
tures some modifications. This system is schemat ica l ly frequency independent and can be removed , adjusting
shown in Fig. 1. the DC output amplitude offset. In the case of C0 •

“~ and C0, Y 0 < r1 , r2 the relation becomes :Two resonators Qa and Q~, identical or made Iden-

*Thjs work is being performed at the Frequency S Time
Standards Sect ion , National Bureau of Standards ,
Boulde r , Colorado 803(12.
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of 1V p.t.p. the corresponding noise is of the orde r of
1 nv (at 2 HZ). It Is lowrr than the measurement system

(6) • = 2 
~w (~t 

- 

~
)+ ~ a1 c0~~

2 (12 -L 1) no i se an d , in fact it is always possible to adjust the
driving levels on both the mixer Inputs to minimize
th is noise.

(L 2 -11 
Most important is the load impedance , particularly

The source frequency fluctuations Influence will the reactive part , because any variation in this will
be minimum for the particular value Aw0 of ~w: change the reso nator frequenc y f o l l o w i ng the re l a ti on:

______________ idw i ~~i dr1(7) 
~~ - 

~~~i~~o (12 -L~1 
(12) —~i-~-I ~

-r;- —
~

where r1 includes the tuning capacitor and the firstIf the source frequency adjustment is achieved with a
stage amplifier Input capacitor (with the assumptionsmal l  error €~~ and If the source fractional frequency r1 > C0). For a 5 MHz, 5th overtone, resonator C1 =fluctuations are introduced , the phase noise 4xl O~” pF and, for exa mp le , w i th r 1 100 pF we obta 4n

due to t;iese source fluctuations is given by the rela- dw i/w i = 2x10 ’ dr1/r 1. It i s therefore necessary to
tion: choose tuning capacitors with quality such as dr1/r1 < 1O °.

In fact, in most oscillators the medium term
(8) &t~ 8 Q1 C0 (L2-L 1) c0 w~y5 . stabilit y can be limited by the fluctuations of the re-

act ive part of the impedance , if enough care is not
taken. The choice of the vibration mode of the reson-Introduc ing the frac ti onal frequency f luc t ua ti ons of 
ator is important too, becau se the value of the mot i onalthe resonator , y , we find for the corresponding capacitor c1 is approximate~y in versely pro port ional tophase no i se 

~~q 
q for t he pa i r : 

n 3 , where n is the overtone rank. The electrodes ’ s i ze
also defines the C1 value. Therefore the higher the
overtone rank and the smaller the electrode surface ,(9) &Iq 

= ‘2tJ~
’Qoyq . the lower wil l  be Ci.

For 5 MHz , 5th overtone , resonators wi th  , for instance, 
The noise obtained at the measurement system outputC0 = 10 x lO~~

2 F, L2 -L1 — 2H , 
~~0 = 5 rad/s we will 

is applied to a spectrum analyzer with a 1 Hz bandwidthobtain the following ratio between both noises and a 2 - 1000 Hz frequency range. At the same time
thi s no i se i s f i ltered using a constant  Q f i l ter , in the

___q = 2xl03 range 0.01 - 10 Hz. The filtered voltage is converted
into frequency and its mean square value rieasured and

(1 0) 
calculated with a computing counter. These two parts
of this frequency domain phase noise mea~surement systemwhich shows that the source noise Influence can be re- 
thus have overlapping ranges and allow the direct measure-moved with the appropriate adjustment. The curves shown cent of S~1, ( f )  ove r a tota l range of f = 0.01 Hz toin Fig. 3 represent the mixer output voltage as a func-

tion of the source frequency and the Q factor balancing. f = 1000 Hz.
A residual noise is unbalanced because of time delay
differences in the cables and circuitry . It is included Experimental Results
in the measurement system noise and it is measured sub-
stituting resistors in place of the resonators. The fractional frequency fluctuation ’s densi ty

power spectrum S (f) is calculated from the relation (11)
The previous caiculation Is valid for frequencies where S ( f )  i s o~

’
tained as described above , taking intow ithin the resonator linewldth . For frequencies outside account the mixer sensitivity (3.7 mV/degree) and thethe llnewldth 1t Is necessary to take into account th~ ampl ifier gain (100)resonator ’s filtering effect. If S~(f) Is the power

spectrum of fractional frequency fluctuations and S
4
(f), Frequency and Plating Influence

the corresponding phase spectrum , they are related by Fig. 4 depIcts the spectra cf resonators at 1 MHz,the fol l owing relation where f Is the Fourier frequency: 5 MHz, 10 MHz and 25 MHz. The lowest noise level is
2 obtaIned with the 5 MHz crystals. In the spectra the

_____________ slo pe of (1 corresponds to fl icker noise. The dotted(11) S (f) — S (f) part Is the directly measured result, corrected usingy 2m f )  + 
relation (11). At low Fourier frequencies , the spectra
present slopes of f 2  (random walk of frequency) and
f ~~. With the 10 MHz resonators , lmpo rt~nt differencesMoreover, the source ampl itude noise is transformed i n the flicker noise levels have been found betweeninto frequency noise by the resonator amplitude-frequency resonators of the same type. A resonator with a fl ickereffe ct. This depends on the driving level , but there is noise of 4 x 10 ’’ (at f = 1 Hz) at room temperature .compensation between the two re~onators If they are iden- heated up to 900 C presented a decrease of Its noiset ical.  With the sourc e5 used in these studies , and a level to 1 x lO 22 , which remained unchanged afterpower of I aw , the equivalent S ( f )  (In 1 Hz coming beck to room temperature. This phenomenon may

bandwidth) at 1 Hz from the car~ ler , due to this effect be related to stres~. relaxation in the electrodes [2].
Is equal to l0 2s for regular 5 MHz, 5th overtone, res-
onators. The seco,id effect of amplitude modulation wi l l  Several 5 MHz resonators vibrating in the fundamentalbe to introduce noise at the mixer output because of the mode have been studied with circular plat ings and Znonlinearitles of the mixer. Wi th voltage amplitude shaped p la t i ngs , but with the same mounting. The noise
The source was a high quality frequency synthesizer
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level is decreasing with the electrodes surface , but for the 10 MHz resonator . at room temperature the
without significant proportionality . The same study quasistatlc temperature coefficient Is 5.4 Hz/°C.

r-• performed with 5 MHz, 5th overtone, resonators using For the curves of FIg. 6 with a slope (df/dt) at the
circular and rectangular platings of different surface origin , with m the crystal mass, C Its specific heat,
area presents also a noise increasing with the plating and P the beam power , the apparent temperature coefficient
area. Among this series of resonators made with the a is given by the relation:
same technology , the lowest noise levels obtained at
f 0 1 Hz, using a p~~er of 10 uw duri ng these measure- 

~~~ 

.
ments are shown in Table I. (13) a

a Is found equal to 50 Hz/°C for the worst case. The
f requency var iat ion due to therma l stresses i s ten

resonator type sample size S~(l~~~ times greater than the variation due to therma l expan-
sion and elastic coefficient changes.

5 MHz fund. 2 5x10 2 2  For resonators with very high temperature coeffic-circular plating 
__________ ients an important noise level increase can be observed.

Fi g. 7 shows the noise spectrum of a double rotated5 MHz fund. 1xl0 22 cut resonator which is used as temperature sensor. ItsZ plating 
______________ __________ temperature coefficient Is equal to 360 Hz/°C. If , at

1 Hz, the f requency f luc tua t ions a re tota l l y due to5 MHz 5t h overtone 6 l x l 0~20 thermal fluctuat ions, this corresponds to temperaturecircular plating
____________________ ______________ __________ fluctuat ions of 8 j°C.

5 MHz 5th overtone 2 l.5xl 0 2 The corre lation between 10 MHz resonators frequencyrectangula r  p l a t ing  
___________________________ noise and the temperature fluctuations insIde the oven

5 MHz 5th overtone has been studied using the previous temperature sensor,
2 2xl 0 2 5  the frequency noise of which was measured using also aelectrodeless I phase bridge. The resolution of this phase bridge cor-

responds in this case to a temperature resolution , at
TABLE 1 1 Hz, equal to 0.2 i°C. Both noise voltages ei (t) from

the 10 MHz resona tors and e2 ( r )  fro m the sensor are
fi l te red at a given comon frequency, thus converted

Vibrations into frequencies using voltage to frequency converters.
The cross correlations function Reie2 (r) and the auto-

The external vibrations can be naturally present correlation functions Reiei (t) and Re0e2 (-r) are calculated
i n t he room, or experimentally applied accelerations, with the computing counter. The cross-correlation co-
These acceleration experiments were carried out using ef f i cien t  K(-r ) is defined by the relation :
a loudspeaker and a power amplifier. The accelerations
were measured by an plezoelectric ceramic-type acceler- 

Reje2(-r)ometer mounted close to the tested resonator. (14) K(t) =

W ith one 5 MHz fundamental mode resonator, a direct 
.~~Re1ei(0) ‘ Re2e~(0)

Influence of the vibrations have been found, shown in
Fig. sa. The spectrum presents a floor and a peak in Its max ima , at d ifferent Fourier frequencies , a re show n
the range 8 - 20 Hz , di rectly related w i th the v ibrat ion i n Table U .
spe trum (Fig. Sb). In fact this sensitivity was ent i rel y ______________________________________
due to induced vibrations of the mounting and resonator IFrequency 1 0.01 Hz I 0.1 HZ I 1 Hzoutput leads and It can be easily removed using stronger _________________________________________
leads and fixation. Similar experiments with other reson-

spectrum and low level external vibrations. 
Kmax (t) 60% 30% 6%ators of Table I show no direct correlation between noise

Temperature Ta b le I I .
More significant are the temperature effects.

Noise measurements have been done at different tempera- There Is a direct correlation for low frequencies
tures. If there was a direct correlation between the corresponding In the spectra to tIc frequency random
resonator temperature coefficient and the noise level , walk noise. This correlation decreases quickly at
this last one should be minimum at the temperature turn- frequencies where the flicker noise becomes predom-
over point. Experimentally this was found not to be the Inant. The measurements have been done using resonators
case (except for very high temperature sensitivity). In the differential method of Fig. 1. In fact, there
Under thermal perturbation the quadratic thermal proper- must be some compensation between the temperature
ties of the crystal are not valid anymore and It becot”es fluctuations of the two resonators. reducing the measured
necessary to take Into account the thermal gradients. correlation . At this time, a quantitative assessment
Applying very fast temperature variations with a laser of this effect appears difficu lt. For an individual
beam (power 1 as.) at different points on the crystal resonator the correlation will be stronger. The cor-
surface, thermal grad ients and therefore thermal stresses relation depends also on the sensor position with respect
were Induced. The resulting frequency variations were to the resonators and certainly the best way would be
measured with the previously discussed phase bridge , to combine resonator and sensor in the same enclosure .
The frequency response of the 10 MHz resonators is shown
In Fig. 6. The most sensitive points are those close to Remarks
the fixation points. It Is possible to calculate from
these curves an equivalent temperature coefficient to The driving power level has an influence on the
compare it with the regular quadratic one. For Instance , flicker noise level. This has been already observed
Prototype resonators made by R. Besson, EN SCM , Besancon , in hard driven oscillators . But these is no precise
France.
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tiona l to the dissipated power. In quartz crystal reson- and Time Standards Section of the National Bureau of
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[4]. where the noise power density is directly propor- Thi s wor k has been car ri ed out i n the Frequency
ators this is true for high excitation powers (> 10 pw), Standards. The author wishes to thank H . He l lw ig forbut for lower values it depends more on the crystal type giving the opportunity to perform this study and forand the technology used. A floor can be observed or he lp fu l discussions . He is deeply grateful too toeven a noise increase. It is difficult to give inter— F. Walls for his help and suggest ions , and to R. Bessonpretations of these phenomena , but they could be ex- for prov id in g t he elec trodeless resonators.plained by surface effects due to Impurities and v i—
brati onally dead zones on the crystal. References

The no i se level i s also a fu nct ion of l i fe time [1] F .L .  W a l l s , A .E.  Wa i nwright , “Measurement of theespec ially if the resonator is oscillating for the Short-Term Stab ility of Quartz Crystal Resonatorsfirst time . Fig. 8a shows the noise level variation and the Implications for Crystal Oscillator Desi gn(at 1 Hz) versus time for 5 MHz, 5th overtone, resonators. and Appl icat ions,’ IEEE Trans. on InstrumentationAny perturbation of the oscillati on gives also a tempo- and Measurement, Vol . 111-24. no. 1 , March 1975.rary noise increase , but with different time constant ,
which could mean t hat both of these phenomena do no t [2] E.P. Eer Nisse , “Quartz Resonator Frequency Shiftshave the same physical origin. In Fig. 8b is shown the A r i s i n g  from Electrode Stress,” Proc. 29th SFC,noise l evel evolution versus the time after the driving Ft. Monmouth, NJ , 1975.voltage has been turned off for one minute.

[3] R. Besson, A New Piezoelectric Resonator Design ,’The therma l noise in quartz crystal resonators has Proc. 30th SFC, Ft. Monmouth , NJ , 1976.never been measured. A theoretical evaluation of its
value can be performed knowing the losses inside the 

[4] C.S. Bull, S.M. Bozic , Excess No i se in Semi-crystal. The simplest way Is to consider it as an Conducting Devices due to Fluctuations in theiraddi t ive noise , inducing phase fluctuations. An equiva- Characteristics when Signals are Applied ,lant resonator Frequency noise , giving the same phase Brit. J. of Appl . Phys , Vo l. 18 , 1967.no i se , can be ca lc u la ted and i ts power spectrum is given
by the re lation:

kT(15) 5V~~~therma l =

where k is the Boltzmann constant, T the absolute
temperature , P the diszipated power , Q the Q factor and
w0 the resonance angular frequency. For a power of
1 liw , a Q factor of 2x lO’ and at 300K Sy ( f )  i s  equal to
l x l O~~7(i nside the resonator line width) and It is much
l ower than the measured noises.

Concl is ion

Several noise sources contributing to quartz crystal
resonator frequency fluctuations have been found. Among
them, two main noises are to be distinguished: one
related to temperature fluctuations at low Fourier fre-
quencies , the other one causing flicker noise spectral
behavior. This flicker noise could be related to severa l
relaxat ion phenomena Ins ide the crystal lattice but with
some inf luence of environmental and surface effects
which can be sometimes important.

It fol l ows that it may be Impossible to achieve in
a single oscillator state—of-the—art short— and long-term
stabi ities at the same time . The solution could be the
use of two resonators , as act ive and/or passive devices ,
driven respectively with high and low power to realize
the possible stability over all Fourier freuqencles.
One other application Is the possibility of using a
passive resonator in a discriminator mode for the measure-
cent of frequency InstabilitIes of not so stable oscil-
lators (or synthesizers).

From all available published materi al it appears
that stabilities like aging of l0~~ P!” dr-i and

_t flicker floors in the hi gh ra nge of 10 ~~‘ cuu l d  be
achieved with quartz crystal devices in the n€i r future.
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IMPLEMENTATION OF BRIDGE MEASUREMENT TECHNI QUES FOR

QUARTZ CRYSTAL PARAMETER S

E. HAFNER
US Arm y Electronics Technology & Devices Laboratory (ECOM)

Fort Monmouth , New Jersey 07703

and

W. J. RILEY
GenRad, Conco rd, Massachusetts 01742

Suirinary

The majority of crystal measurement procedures and are significant for certain applications , requiring
currently specified in MIL-C-3098 are based on the use appropriate measurements of the relevant characteris-
of CI Meters, which are generally recognized as in- tics , among them the resonance resistance at extremely
adequate for many applications. An extensive modern— low drive levels.
ization program has been initiated by ECOM several
years ago with the goal of establishing hi ghl y accurate The instruments most widely used over the past
techni ques , and associated Instruments , that have the thirty years for evaluating quartz crystal unit per-
capability of serving as calibration standards (refer- formnance are the Crystal Impedance Meters (CI Meters)2,
ee) for instrumentation used by the crystal inanufactur- which are test oscillators that use the crystal unit
ers, as well as, eventually, for high throughput ac-. to be measured in the series arm of a It feedback net—
ceptance testing of crystal units. Once completed , work. These instruments have served very well indeed
the new techniques , which are based on the use of for many years, and, properly used, their capabilities
brid ges, will be incorporated into MIL-C-3098. are still adequate for a large fraction of the crystal

units procured today. However, with the advancing
The development program first addressed the in-. state—of-the—art of quartz crystal unit technology and

strumentation necessary to simplify the use of com— application, their limitations have become increasing—
mer cially available impedance and admi ttance bridges ly evident over the past several years to the point
for crystal measurements. This part has now been ac- where the continued use of these traditional instruments
complished with the completion of pilot production is considered, by some, to be a detriment to progress
models of a Tracking Servobridge Detector. The de- in the field.
tector is basically a heterodyne receiver/synchronous
detector that locks the frequency synthesizer excit- Alternate techniques were advanced , therefore, and
ing the bridge to the crystal unit under test. Its have been reported on at these Frequency Control Sym-
design and performance wi ll be described in the paper. posia.3 Among them are the various versions of tbe

zero phase ii network/Vector Vol~in~ter techn1ques ,~~
6

The second phase of the program addresses the re. the network ao~lyzer techniques • and the bridge
placement of currently available mechanically operated technique . 9-ui All of them represent improvements to
bridges with a microcircuit admittance bridge that is varying degrees, and at varying cost, over the instrumen-
electronically tuneable and capable of performi ng op— tation currently specified In MIL—C—3098. A particular
tionally manual , semi-automatic or fully automatic version of the zero phase n network/Vector Voltmeter
crystal measurements. The design of this bridge and technlaue has already been selected as the reconinende&2
Its current state of development will be discussed. basic technique for crystal measurements by the Inter-

national Electrotechnical Convnlttee (IEC). The maxi-
Key Words mum and min 1~um transmission use of the n network is

Measuring-Devices (Electrical-Elec tronic), Impedance- recoesnended ‘ by IEEE Standard 177.
Br idges , Admittance-Bridges , Schering-Bridge , Micro-
circuit-Bridge , Crystal—Measurements, Crystal-lu,,— It IS apparent to most, familiar with the field,
pedance-Meter, Detectors , Synchronous-Detection, that the measurement aspects of MIL-C-3098 , the basic
Servo-Bridge-Detector , Quartz-Resonators , Piezoelectric— procurement doctmient for crystal units purchased by and
Resonators , Frequency—Standards , Heterodyne-Receiver. for the US Government Services, are in urgent need of

revision. It should be apparent also, based on past

this purpose will not easily be changed again in theintroduction history , tha t the techniques that are selected now for

The complete characteri zation of the properties near future , quite possibly not for another twenty
of quartz crystal units as electrical circuit elements years. In order not to be constrained soon again with
requires evaluation of a large nwnber of different an inadequate measuring system , the techniques to be
performance aspects. The most basic of these are the introduced now should , at least, be capable of handling ,
resonance frequency and resistance, and their behavior with confortable margin and as economically as possible,
with temperature and time. Frequently of cumparable all measuring tasks on crystal units now in production,
importance, but always of Interest are, additional ly, as well as on those currently in the R&D phase. The
the motlona l arm Inductance or capacitance , the s ta t ic  most advanced unit in the latter category, expected to
capacitance and the spurious mode spectrun, whereby be used in relatively large quantities by the early
at least the resistance of the strongest spurious l98~’s has an anticipated frequency to lerance of 1 X
modes must be determined. Many other aspects exi~tl 10- and <2 x lO-’°fwee k aging.
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The candidate technique with the best promise of bridge. The current status of this work will be des—meeting these requirements Is based on the use of ad- cribed below.
mittance bridges , and a concerted program is being pur-
sued at and by the US Army Electronics Coasnand to re- Regardless of what type bridge is used for crystal
alize this promise in a practical manner. The purpose measurements , a stable signal generator and a sensitive
of this paper is to relate the progress being made on heterodyne receiver are required. If this receiver is
this program, equipped with a means to lock the generator frequency

to the minimum of the bridge output signal , a very sig-
Bridge Measurements - Genera l nificant slmpllcat lon of the measuring process results. 15

ECOM has pursued the development of an advanced receiver
Impedance and admittance bridges are designed to wi th suitab’,? gençrator control functions through var-

measure the resistive and reactive components of an b u s  stages uO , lb of a program that has now resulted 17
“unknown” impedance by adjusting, in a calibrated man- in the completion of a pilot production line , at Gen-
rer, two electrically orthogonal internal elements un- Rad, for the ‘Tracking Servobridge Detector’, to be
til the output of the bridge is zero, i.e., the bridge described below . Incorporated in this device are al—
is balanced. The values of the adjustable elements at ready all features necessary to permit automating the
balance are related to the “unknown’ resistance and operation of the elctronically tuneable microcircuit
reactance respectivci y. The calibration of these val- bridge. An interface unit between the bridge and the
ues is checked by reference to “standard’ elements in- Tracking Servobridge Detector will be required , how-
serted into the “unknown ’ terminals of the bridge, ever. Both,the bridge and the interface unit are the

subject of an ECOM R&D contract just awarded to GenRad.
Depending upon the design of the bridge , and de-

pending on the magnitude of the para sitic circuit ele- Electronicall y Tuneable Microcircuit
ments and leakage signals within the bridge, the den- ~~ifttance Bridgesity of calibration check points required to assure a
desired level of accuracy will vary , with respect to Currently available coninercial HF and VHF bridges
the number of different “standard” values to be used were desi gned at a time when solid state devices, whose
and the number of different frequencies at which the parameter values are electronically variable , were
calibration is to be performed. Thus , one might gain either not yet Invented or in their infancy , and micro—
the impression that the accuracy of any particular electronic technology In general was unknown . Applica-
bridge measurement is totally dependent upon the ac- tion of these comparatively new components and techni-
curacy of the ‘standard’ elements, which, certainly ques in the construction of bridges appeared to offer
at high frequencies , are themselves rather difficult obvious advantages over the older designs ; however,
to evaluate. More specifically, one might be led to the degree to which the performance goals for bridges
suspect , that bridge measurements on crystal units suitable for piezoelectric crystal resonator evalua-
are fundamentally similar to alternate techniques tion could be approached remained to be demonstrated.
which rely on the use of substitution elements. A number of breadboard models were constructed , there-

fore , with successively improved performance. The be-
There is a significant difference, however. havior of the two models completed most recently

Each substitution measurement stands on its own , with confirmed the feasibility of the basic approach.
no link to any other measurement before or after, and
hence without a means to detect the presence of ex- The physical size of the recent breadboard models
traneous factors affecting the measurement . A bridge, is illustrated in Figure 1. The entire bridge is con-
on the other hand , when used to measure broadband pas- tam ed in the round block in front of a Tracking Servo-
sive components, such as resistors or capacitors over bridge Detector (TSBD). The solid coax lines connect-
a wide range of frequencies , should produce a self- ing the bridge to the TSBD are feedlines only, and not
consistent set of resistance and reactance rea~T~~s part of the measuring circuit. The bridge can thus be
which define, with arbitrary redundancy, the equiva- used quite remotely from the TSBD, such as in a multi-
lent circuit of any particular component. This circuit pIe crystal oven. The two ten turn potentiometers in
should consist of only a small number of constant, the box on top of the TSBD are used here for manual
i.e., frequency independent , elements to be plausible. adjustment of the DC control voltages applied to the
The self-consistency requirement provides a very rigid bridge . Crystal units can be clamped to the bridge
check on the validity of the bridge calibration , in terminals by means of the two spring loaded piano keys
fact, it imposes a most unforgiving constraint on the visible on top of the bridge block.
proper design of the bridge.

Figure 2 shows another configuration of the bridge
Cosmnercially available rf bridges can be expected body, mounted in a shel l that can be used to form an

to meet the self-consistency tests over their primary oven around the bridge for single crystal measurements
impedance and frequency ranges. The use of these in- at elevated temperatures.
strtanents for crystal measurements, however, presents
a number of practical difficulties . Being manually The circuit diagram of the bridge is shown in
operated, their use carries a degree of tedium which Figure 3. The configuration is that of a traditional
is not easily eliminated by automation. The bridges Schering bridge, wi th cdditional elements, as required
are designed for use at room temperature and hence, for biasing the varectors C1 and C4, which serve as the
crystal units in a temperature chamber can be connected variable bridge elements . The element values used are
to it only by means of comparatively long lines or listed in Figure 3, except for R5 and R6, which are
cables. In fact, the electrical length between the 450 kn and 850 ko respectively. All resistors are thick
plane of measurement within the bridge and the refer- film elements, the fixed capacitors porcellain chi ps.
ence plane, where the crystal unit is located, is sig- The largest ‘unknown’ conductance for which b&ance can
nificant, and most be corrected or compensated for, still be achieved is Gx - 300 nanho , i.e., all crystal
even when the crystal unit is connected djrectly to units with resistances greater than about 3.5 n can be
the “unknown terminals of these brldges.14 measured. The “unknown” capacitance range Is about

±45 pF.
In an effort to circumvent these difficulties ,

ECOM has been exploring the feasibility of constructing Of crucial importance in the physical construction
an electronically tun.able microcircuit admittance of the bridge is the elimination of residual rf leakage,
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and the conanon mode rejection of the output transformer. for C and C into resistance and capacitance values
The former is aided by the use of subminiature semi- for t~ie “unk~own ’, on a hand held calculator if desired.
rig id coax cables between the bridge network and the Thus , even if the residual inductances can be further
transformers , and by shielding between elements, the reduced by modification of the current design of the
latter by the use of three transformers in tandem . The bridges - some modifications will be required in any
first of these is a 1:1 unit, speciall y wound, using 8 case to reduce the low frequency anomaly — , their pres-
turns of two tightly twisted two strand acetate insu- ence in the circuit is not intolerable. Their effect
lated wires, with the two strands in each wire connected could , of course, be reduced also , possibly to the point
serially to form the center tapped primary and second- where no corrections are required even at 220 MHz, by
ary windings respectively. It , as well as the following raising the impedance level of the bridge elements , i.e.,
two transformers T2 and T are housed in 10—5 cans , by accepting , for example , 10 ohms as the lowest resis-
The bridge Input transfor~er and the latter two are tance for which the bridge can still be balanced. A
conanercial , off the shelf items (Watkins and Johnson separate bridge model would then be required to evalu—
BT8C). ate lower resistance crystals, such as are encountered

frequently in the 5-25 MHz range. The current goal is
An exploded view of one form of the bridge is to use only one model .

shown in Figure 4. The gold plated 7.62 cm diameter
brass block has cavities machined into it to receive Of greater importance for the use of the bridge for
the transfonners, the bridge proper and the DC and rf crystal unit measurement, then the residual inductances
leads . In the second row of components in Figure 4, still present, is the orthogonality of the resistive and
below the T0-5 transformers, is a top view of the plat- reactive balance controls. Referring to Figure 3~ itform which carries essentially all of the bridge corn- will be observed that, when a purely reactive “unknown”
ponents. It fits into the rectangular cavity in the is inserted into an ideal bridge , only the value of C4
block. To the left of it is the cavity cover for her- needs to be adjusted to reestablish balance; when the
metic sealing, below it the bridge terminal block which “unknown” is purely resistive, only C1 has to be changed ,
also carries three chip capacitors that can be selected i.e., the adjustments in C1 and C4 are orthogonal.as series load capacitors when needed.

If these two controls are perfectly orthogonal in
The equations governing the behavior of an Ideal a bridge , it will be capable of measuring the resonance

Sche ing bridge are frequency independent. Frequency frequency of a crystal unit with perfect accuracy , re-
dependent terms are caused primarily by the residual gardless of any other imperfections It might have. It
inductance associated with the finite dimensions of the is only necessary to leave C4 at C4 the value es—
bridge elements and the length of the interconnecting tablished during initIal bal4nce, a~L with the crystalconductors. The significance of these terms increases unit inserted , reestablish balance by adjusting C1 and
with the square of the operating frequency, and with the generator frequency. The frequency found in this
the inverse square of the bridge resistance values , manner is , obviously, the resonance frequency, i.e.,
The lew impedance level and the wide frequency range of that frequency at which the crystal impedance is purely
the bridge discussed here thus imposes particularly resistive. Alternatively, If cross terms exist between
severe constraints on size, which, even in microc i rcuit C and C due to some spurious bridge elements and/or
form , are difficult to meet. Figures 5 and 6 show the ~4 leaka~e, the value of C4 at balance , when a pureresults of measurements taken on the latest breadboard resistor is inserted in the “unknown ” term i nals, will
model which was completed only quite recently. in differ from C4 and the crystal frequency found at
Fi gure 5 are the values of the capacitances C1 and (.4 C4 — C40, wil u

0deviate from
required to establish “initial balance” , i.e., when
the “unknown ” terminals are open-circuited . The values The magnitude of the cross terms between the re-
at the highest frequency used (240 MH~ are seen to dif- 

sistance and reactance balance controls of a particular
fer from those at low frequencies by about 8% due to bridge can be evaluated by analyzing data obtained on
the combined effects of the residual reactive elements a sufficiently large number of resistors and capacitors .
present in the bridge. The behavior of C4 at frequen- This has not yet been done for the microcircuit bridges
cies below about 4 MHz is increasingly sensitive to res- constructed under the present program, hence no state-
idual leakage, i.e., construction details , as well as ments can be made about the probable accuracy of reson-
to the magnitude of the resistive elements which appear , ance frequency measurements. However, using the Track-
actually or effectively , In the C2 branch of the bridge. ing Servobridge Detector, it is possible to observe

that any lack of orthogonality between the C1 and C4
The consequences of the residual Inductances in controls of these bridges does not exceed 2 degrees

at 240 MHz. None is observable below 100 MHz.the bridge model are even more apparent in Figure 6,
where the solid curves represent the uncorrected data
obta ined when thick film resistors of various DC values The repeatability of a measuring instrument can be
and capacitor chips, respectively, were clamped Into determined only by an adequate number of tests extend-
the bridge “unknown” terminals. Preliminary analysis ing over a period of time . The data accumulated on
of these results indicates that the dominant residua l the microc ircuit bridge system to date is insufficient
Inductances are associated with well defined bridge to assess it. The resolution of the system, however,
elements, namely C2 and C (i.e., the C branch) in has been evaluated and is depicted In Figure 7, cx-
Figure 3, and with the lJd to the “unk~own” terminal , pressed as the smallest susceptance and largest resis-
If the values of these three residua l inductances are tance, respectively, which , when placed across the
assumed to be I — 0.8 nil, L1.4 — 1.0 nil and L — 1.5 “unknown” terminals, can still be measured with IS
nil, a self consc~t.nt set of ~0rrected values ~an be 

resolution. The curves shown apply to a bridge null
calculated , with the result Indicated by the dashed of 140 dB, which is readily and smoothly attainable
lines in Figure 6. These are seen to be easily within with the microcircuit bridge and Tracking Servobridge

Detector. The latter has a useable sensitivity of5% of the low frequency values at all frequencies, cx- about -150 dBin. As a matter of Interest, when thecept for the low frequency anomaly In the capacitance input signal into the bridge Is 0 dBm, the rf vol tagevalues similar to that discussed above for C40. across the open circuited “unknown” term inals is about
The calculations required to effect these correc- 35 nV, providing a drive level of 30 uW for a 40 ohm

tions are simple, and can be carried out along with crystal unit.
those required to convert the DC b ias voltage readings
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The bridge resolution in terms of susceptance as Table I
shown in Figure 7,can be translated into atta inab~efrequency resolution , when measuring crystal units , Condensed Specifications for
with the aid of Figure 8. The lower curye in Figure Tracking. Servobridge Detector*7 shows that a susceptance change of 10” ninho can be
resolved to better than 1% at all frequencies of in- Frequency Range: 0.8 to 220 MHz for the basic instruni-terest here. Figure 8 then shows that, for example, ent and 45 to 220 MHz for the XlO frequency multiplier.on a crystal unit with Rr — 20 o and Q 50,000, i.e.,

— 106, a frequency change of 3 x 10— 8 can be obser— GeneratorL 10 and Multiplier Inputs: +10 dBni nominal .
ved with comparable resolution , that is to better than
3 X l0’IO . Thus , the resolution of the microcircuit Rf Output: +30 to -70 dBm nomina l , 0.8 to 20 MHz; +24
bridge system appears to be adequate for precision to -76 d8m nominal , 20 to 220 MHz ; (continuously ad-
performance evaluation , including aging, on all crys- justable).
tal units currently envisioned .

Receiver SensitivIty : -155 dBm typical equivalent in-
Tracking Servobridge Detector put noise level in bandwidth of synchronous detector

17 meters.
The Tracking Servobridge Detector is designed

for use in conjunction with rf bridges and frequency Internal Leakage: <-145 dBin equivalent input. Typical-
synthesizers, or other suitable signa l generators, to ly <-155 dBm below 150 MHz.
measure quartz crystals with high reproducibility and
accuracy. The unit serves as a very sensitive de- IF Modes: Linea r and log.
tector for the bridge unbalance signa l , permitting
measurements at power level s ranging from several RF Modes: Direct and Xl0 frequency multiplier.
milliw atts to well below a nanowatt. High detectivity
(-155 dBm ) is achieved by super-heterodyne conversion , Servo Modes: Sweep, center, lock and automatic modes
low-noise IF amplification and synchronous detection, are provf~id.The latter not only provides independent reactive and
resistive unbalance detection but also permits the Synthesizer ConipatibI~j:~~ GenRad 1060 and 1160 series ;
use of a control loop to lock the synthesizer fre- Hewlett-Packard 5100 series .
quency to the crystal under test, automatically main-
taining reactive bridge balance. This key feature Detectors: Magnitude and quadrature synchronous de-
makes practical the widespread use of bridge measure~ tector meters with continuously adjustable reference
ments of crystals. phase.

Other features of the Tracking Servobridge Dc- RF I’,onitor 0u~put: 0 dBm nominal
tector include a X10 Frequency Multiplier (45-220 MHz)
to extend the utility of synthesizers of limi ted fre- 10 Compatabllity : Generator output and control/power
quency range , a broadband power amplifier with atten- Interface coinpatable with Offset 10 unit.
uator (+30 to -70 dBm) for control of the measurement
power level , linea r and log detector response modes , Temperature Range: +15°C to +4~~C,
adjustment of synchronous detector phose , a wide range
of swept frequency displays for initial setup and In- Power: 99 to 121 V, 198 to 242 V , 50 to 60 Hz, 60 W
spection of spurious modes, and a versatile servo ~~ Thal (with external Offset LO).
amplifier for lo,.ked operation with automatic lock
acquisition. The frequency lo’ k servo system not Mechanical : DIMENSIONS (wxhxd), Bench 435 x 180 x
only permits fast , automatic determination of a cer- 445 nan ([7 x 7 x 17.5 in.); Rack 483 x 180 x 445 nan
tam characteristic frequency of the resonator (series (19 x 7 x 17.5 in.). Depth includes handles.
resonance, for example) but also can follow the in-
2edance circle tod~ermine crystal inductance or track _______________________________rrequency variations versus temperature, ~See MhL-D-55361 (EL) fôi~ complete specifications .

A frequency range of 0.8 to 220 MHz is covered. Other important requirements are a low distortion
‘ The instrument (with companion Offset 10 unit) pro- broadband rf power amplifier , a low noise and wide dy-

vides all needed functions for crystal measurements namic range receiver, synchronous detectors with cx-
with a rf bridge, other than a signal source, counter cellent quadrature rejection and low dc offset and a
and oscilloscope , servo Integrator with exceptionally low drift.

The Tracking Servobridge Detector conforms to all Environmental requirements are all in the general
essential requirements of MIL-D—5536l (EL). A con— context of laboratory operation.
densed list of those specifications is shown in Table
I. The instrument Is packaged in a 180 nan (7’) high

rack/bench enclosure as seen in Figure 1.
The single most difficult requirement is an in-

ternal rf leakage level which is below the noise level A block diagram of the Trackin g Servobridge Dc-
over most of the frequency range and represents a tector is shown in Fi gure 9. The diagram shows the
shielding factor of over 180 dB between the RF Output major functiona l modules (except for the power supplies)
and Receiver Input ports. This requirement has a pro- and the main signa l path s between them.
found influence on the design from the bloc k diagram
through circuit design , component selection and pack- Generator Section
ag ing. Isolation amplifiers and balanced mixers are
critical to reducing the level of generator signa l An external rf source, e.g., a frequency synthe-
which appears at the receiver inpu t through interna l sizer, Is connected either to the Generator Input or
leakage paths . ExtensIve power supply filter ing, rf to the Multiplier Input (In which case the Multiplier
tight module shield enclosures and the use of solid Output Is connected to the Generator Input). These
jacketed coaxial cable interconnections are all vital, are SO 0 interface .t a power level of +10 d8ni. The

.5



frequency range of 0.8 - 220 MHz is covered by the basic gain of the frequency lock loop. Servo gain is ad-
unit with associated offset LO unit in 12 overlapping justable by two step attenuator controls. Another
bands. The X1O Frequency Multiplier has an output feature Is a A FM function which , by modulating the
range of 45 to 220 MHz so that the synthesizer needs generator frequency , can produce an oscilloscope dis-
an upper frequency of only 22 MHz for complete coverage, play to aid in adjustment of the IF phase.
An auxiliary function of the Multiplier is to increase
the resolution of frequency measurements between 4.5 Offset LO Unit
and 22 MHz.

The local oscillator si gnal for the receiver is
The Generator Isolation Amplifier spl i ts the produced by an external Offset 10 unit which is pow-

generator signal into three isolated paths , a +7 dBm ered and controlled by the maIn Tracking Servobrid ge
level to drive the RF Power Amplifier , a -15 d8m sig- Detector. The LO signal , offset from the generator
nal which Is applied to the Reference Mixer via a 20 frequency by +80 kHz , must be free of any generator
dB pad and 0 dBm output for the external Offset Lfl frequency component by 100 - 110 dB if the resulting
unit. leakage signal is not to limit the receiver detectiv-

ity . The Offset 10 unit achieves this level of per—
The RF Power Amplifier produces a low distortion , formance by producing the offset at half-frequency

leveled output to drive the rf bridge. A step atten- by phasing-type SSB techniques and then filtering by
uator and variable level control are provided to ad— means of a phase-locked VCO at the 10 frequency . This
just the rf output over a 101 dB range. The maximum is shown in the block diagram of Figure 10. One of
power output is +30 dBm up to 20 MHz and +24 dBm to twelve overlapping frequency ranges is ~e1ected by a220 MHz. A panel meter indicates both proper genera- band switch on the Tracking Servobridge Detector. A
tor drive signal and the rf Output level ahead of the view of the 10 chasis is shown In Figure 11 .
step attenuator. An auxiliary 0 dBm output is pro-
vided to drive external frequency measuring equi pment. Basic Operation

Detector Section The functions and capabil ities of the hardware
described above for bridge—type quartz crystal para-

The detector section consists of a superhetero- meter measurements may be illustrated by describing
dyne receiver and synchronous detector system which its basic operation .
requires a local oscillator signal offset from the
generator by the IF frequency of 80 kHz. A typical equi pment setup using a manually oper-

ated bridge is shown in Figure 12 and the major inter-
The LO Input signal is applied to the LO Isola— connections are shown in Figure 13. Preliminary ad—

tion Amplifier which supplies isolated +7 dBm drive justments are made to set the approximate synthesizer
to bot h the Receiver and Reference Mixers. The Re- frequency, (.0 frequency range and measurement power
ceiver Mixer converts the Receiver Input signal into level .
one at the 80 kHz IF frequency. The Reference Mixer
does the same thing to an internal generator signal First an initial bridge balance is made (with
to produce a phase coherent IF reference. the crystal replaced by an open or short as appro-

priate). The synchronous detectors are then bought
The receiver IF signal is amplified by the IF into phase alignment with the bridge arms by ad-

Amplifier which has both linear and log response .justing the IF phase to a minimum response of one
modes. In the linear mode the IF gain is continu- detector to changes In the orthogonal bridge arm.
ously adjustable over a 120 dB range. The log mode
dynamic range is over 70 dB. The IF amplifier output The crystal under test is then connected to the
level is displayed on a panel meter and is available bridge and the bridge is rebalanced. If the re-
as a dc signal at an output connector, active component is nulled by changing the synthe-

sizer frequency and the resistive component nulled
The reference IF signal is applied to the IF with the corresponding bridge control, the result

Reference and Phase Shifter which supplies phase ad- will be a determination of the zero reactance fre-
justable reference signals for the synchronous de- quency and resistance for the resonator (

~r 
and Rr).14

tectors. A complete 36~ range is covered by a con- Other characteristics of the crystal can be deter-
tinuously adjustable control and a 0 - l8t~ reversal mined by similar measurements at difference bridge
switch is also provided. The IF phase is remote pro- settings and frequencies.
gramable for automatic system applications.

Locked Operation
The Synchronous Detectors accept the IF Amplifier

output and display the magnitude of the In-phase and The servo system may be used to automatically
quadrature components on panel meters and as dc out- vary the synthesizer frequency so as to maintain re-
puts. active bridge balance. Analog control of the synthe-

sizer is used for high resolution. Once initIal ad-
Sweep/Servo Section justments are made for servo range, phasing and gain ,

multiple crystals of the same type may be measured by
The Sweep and Servo Amplifier has a variety of simply pressing the “auto ” button and nuf l ing the re-

control and display functions. It produces a control sistive bridge arm. The servo may also be used to
output signal which is connected to the frequency track variations versus temperature .
control Inpu t of the synthesizer and can cause the
synthesizer frequency to follow a manual panel con- swept Operation
trol , to be swept at adjustable deviations and rates
or to lock to the null point of one synchronous de- The crystal under test may be examined for spur-
tector. Auxiliary outputs provide oscilloscope horI- b u s  modes by sweeping th. generator frequency and ob-
zontal and vertial s ignals for swept displays. Pro- serving an oscilloscope display of the detector output.
vision is made for automatic lock acquisition by Controls are provided for sweep rate and width. Tn-
sweepIng until a crystal response is found. An in- angular or sawtooth sweep waveforms is selectable.
tegrating amplifier can be used to Increase the dc
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System Operation 8. Pustarfi , H.S. and Smith , W .L ., “An Automatic Crys-
tal Measurement System ’ . Proc. AFCS, 27, Pp 63-72,

Provisions are made for completely automatic sys- June 1973.
tern operation of the Tracking Servobridge Detector when
used with a voltage controlled rf bridge. An autobal- 9. Gerber, E.A ., “A review of Methods for Measuring the
ancing system can be designed to make (after initial Constants of Piezoelectric Vibrators ’ . Proc . IRE .
setup for a particular crystal type) completely auto- ~

j, pp 1lO3.~lll2 , Sept 1953.
matic bridge measurements of a selected crystal para-
meter. This would make thIs type of measurement 10. Horton , W.H. and Boor, S.B., “Comparison of Crystal
practical for production line use. Measuring Equipment” . Proc. AFCS, 19, pp 436—467,

April 1965.
Conclusions

11. Hafner , E., Ballato , A., and Blomster, P., “Quartz
With the feasibility of the electronically tune- Crystal Measurements” . Proc. AFCS , 24, pp 177-190,

able microci rcuit bridge established and the develop- April 197’).
ment of the Tracking Servobridge Detector now comple-
ted , a new generation measuring system for piezoelec- 12. IEC Publication 444 (1973) “Basic Method for the
tric crystal units is nearing the point of practical Measurement of Resonance rrequency and Equivalent
application. The capabilities of this system in terms Series Resistance of Quartz Crystal Units by Zero
of accuracy, resolution, and throughput , will be ade- Phase Technique in a ri Network”.
quate for the system to serve as Government Reference
Standard for the forseeable future. Its automatic 3. IEEE Standard No. 177 (1966) “Piezoelectric Vibrators ,
operation features may make it a desirable choice for Definitions and Methods of Measurement”. (ANSI.
genera l quality control and inspection purposes by C83.17 - 1970).

crystal unit manufacturers and users. 14. Hafner, E., “The Plezoelectric Crystal Unit - Defin-
gemeflts itions and Methods of Measurement” , Proc . IEEE 57,

pp 1 79-201 , Feb 1969. —
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Figure 1.

Breadboard Model of Electronically Tuneable Microcircu it
Bridge (front) with Tracking Servobridge Detector.

Figure 2. MIcrocircuit Bridge in Oven Shell.
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BLO I K [ ) IAGAAM OF TRACKING SERVO BRIDGE DETECTOR
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AN ANALYSIS OF OVX RTONE MODES IN MONOL ITHIC CRYSTAL FILTE RS

H F .  Tiers ten
Dep artment of Mechanical Engineering,
Aerona utical Engineering A. Mechanic .

Rensselaer Polytechnic Institute
‘rroy , New York 12181

Abs tract 2. Preliminary Considerations

A previous treatment of overtone modes in trapped A schematic diagram of a cross-section of a two-
en ergy resonator , is extended to the case of two pole element monolithic crystal filter is shown in Fig.I
monolithic crystal filters . The asymptot ic disp ersion along with the associated Cartesian coordinate system .
rela tions for the fundamental and odd overtone coup led On the basis of the simp lif ying assumptions of small
thickness-shear and thickness-twist waves near cutoff piezoe lectric coupli ng, the neglect of certain rela-
along wi th t,~se simp le approx imate edge conditions at tively small unimportant elastic constants and the fact
Junc tions , which were employed in the earlier trea tmon t that in the essentially thickness-shear modes of inte r -
of resona tore , are app lied in the analysis of two-pole est , the wave , or decay, numbers in both the x~ - and
monolithic crystal filters . Both thickness-shear and x~-direc tions are much smaller than the thickness wsve
thickness- twist coupling directions are considered, numbers , it has been shown2 tha t to second order in
The influence of piezoelec tric stiffening, el ectrode small quantities the differentis l equations that remain
mass loading and electrical shorting is included in the to be satisfied take the form given in Eqs. (2.3 ) and
analysis. A lumped parameter representation of the ad- (2.1) of Ref .l, hereaf ter referred to as I. To the same
mi ttance matrix for the two-port device is obtained, order of approximation the pertinent constitutive equa-
Numerical results are presented for a few geometrical tions take the form given in Eqs .(2 .4) of .s~ f .l , where
configurations, it was shown that T,3 and T33 are ne gl ig ib le  to the

order of approximation being obtained , and the boundary
1. Introduction conditions that remain to be satisfied on the major

surfaces of the plate take the form given in (2.5) of I
In a recent investigation”2 the three-dimensional for the unelectroded p la te and the form give n in (2 .6)

equations of linear piezoelectr icity , with the aid of of I for the fully electroded p late . Cl early, the no-
cer tain simplifying assumptions , were app lied in the tation emp loyed here is defined in I.
analysis of rotated ‘i-cut quartz trapped energy reson-
ators with rectangular electrodes operating in over- It has been shown’ that a typical asymptotic solu-
tones of Coup led thickness-shear and thickneaa-twist tion to second order in ~ and v for plate waves in an
vibra tions . To this writer’s knowledge the only other unelectroded region can be written in the form given in
treatment of trapped energy resonators operating in Eqs.(2 .7), with (2 .8) - (2.11), all of I. Similarly , it
Coup led thickness-shear and thickness-twist vibrations has been shown2 that a typical asymptotic solution to
is due to Meeker3 , who used equa t ions’ obtained from second order in ~ and ~ for p late waves in an electroded
Mindlin’s’ pla te equa t ions , which hold for the funda- region with shorted electrodes can be written in the
mental thickness mode only, Wi th the aid of the afore- form given in (2.12), with (2 .13) - (2.15),of I. It has
ment ioned simp 1ifyin~ assumpt ions”2 , asymp totic expres- also been shown3 that for purposes of analysis of a
sions for the fundamental and odd overtone coup led trapped energy resonator or monolithic crystal filter
th ickness- shear and thickness-twist dispersion equa - operating in the vicinity of the cutoff frequencies of
tions valid in the vicinity of the cutoff frequencies overtones of coupled thickness-shear and thickness-
were de termined for both the electroded and unelec- twist vibrations , the solutions in the unelectroded and
t roded regions of the plate. In addition, simple ap- elac troded regions , respec tively , can be represen ted in
proximate boundary conditions at each junction between the form
an e1ectrode~ and unelectroded region were established. -~x imt
Moreover , in an unelectroded region adjacent to an U~ 8, ) sin ~~x5e cos vx3 e

electroded region the wavenuabers in the direction of — — iwt
the junction line were taken to be the same in order ‘¼ ~~~~~ sin Tf~x2 coe ~x, cos vx3 e , (2 .1)
tha t the stap le approximate continuity conditions at the
junction be satisfied , where it is understood that (2 .9), (2 .11) and (2.14),

(2 .15),.~~, all of I, respec tively , are satisfied .
In this pape r the previous analysis is extended to

the case of two element monolithic cr ystal filters op- It has been shown’ that at an x,-junc tion between
crating in overtone modes . The asymptotic dispersion an electroded and unelectroded region of the p late , the
rela tions and staple approx imate edge conditions at four existing continuity conditions can be aattsfied ,
junctions, which were employed in the earlier treat- appr oximately, by requiring the continuity of only the
sent0 of resonatore are employed in the present analy- two quantities
si, of two-pole monolithic crystal fitters . Although 2 2all the equations sseocisted with the etectroded and ‘¼ I ‘¼.i

adjacent unel.ctrod.d rsgiona are satisfied to second while at an 5,-junction it has been shown’ that theorder in the smell wave and decay numbers along the continuity of only the two quantitiesp late , the equations a.soctatsd with the relativ .ly son-
i.portant corner type regions ar. satisfied pointwt.e (2 .3)
only to first order in the same small quantities . The
influen ce of pie.o.l.ctri c stiffen ing, etect rods ~~“ is required as in I.  As not ed in the Introduction it
loading and electrica l shorting is included in the has been shown’ that , sine. ~ and v are small compared
ana lysts and a lumped parameter representation of th. with fl, it is more appropriate to satisfy all equations
admitt ance matrix for the two port device is obtained , associated with a corner type region to first order in ~Some nua srica l results obtained fins the analysis .rc and v po*ntwise than to satisfy (2 ,9) of I , which con-
presented . tom e terse of zero and second order in ~ and v , point -

wis, and ths continuity conditions at junctions (2. 2)
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and (2.3~ , which have conditions of zero and first order 

~~~~~ ~~~~ 
( + ~~~

—in ‘~ or v, respectively, as integral conditions only. 
~~Consequentl y,  in the interior of a corner type region

we do not satisfy (2.9) of I , but at the junctions be-
tween corner type regions and adjacent regions we do — ~~~~~~~~
satisf y the continuity conditions consisting of either
(2 •~~) or (2.3) pointwise. This means that in the in-
terior of a corner type region we satisfy the conditions 

___________

to f ir st order in ~ and so , since firs t order terms do 
J ~~~

coB soNS x,
not exist in (2.9) of I, and at junctions between corner
ty pe regions and adjacent regions we satisf y the con- 

~~~~~ e ’~’ 
(x5 +w)

ttnuity conditions pointvise to first order in ~ and so. — s~’~s cos
Thus , all equations associated with the relatively un-
important corner type regions are sati s f ied  to f irst
ord e r in ~ and so, while all equations associated with r’u~’~~ 

e ’I~~ ”2~~~ (3.3)~ cosall oth er regions are satisfied to second order in ~
and so.

for the ay ,mnetric modes , while for the antisyninetric
3. Monolithic Crystal Filter modes 

~~~~~~~~ 
are rep laced by

The cross-sec tion and p lan vi ew of the monolithic s4~~~ -sin ~~~~ ~~A )* e~~~~k~
+ 2+2t3)l — tu,tcos s o,~~5,e

crystal filter are shown in Figs.l and 2, respectively.
In the vicinity of two extremely close resonances , the ~~1)*

~~ sin ~~ x2 (-A~~° cos~~,5 (x1 +f ~ ) $-

lower one , say the Nr cth or NSth , being the fund ament al
synsnetric (in x~) mode and the upper one , the N (’r+l )cth

- iwt
or MA th , being the next higher , i.e., the fundamental ~~~~~ sin ’

~s* (its +L 2 )Ic oa v,,,x,e
antisynsnetric (in x,) mode , the two terms in the series ( N~Tsolution7 corresponding to these two modes dominate the u,, ‘sin ~~ x3A,~~~ stnh f.~,x1 cos v555,e

iWt
. (34)

others and the solution can very accurately be wri tten
in the form

and in the remaining equations in (3.3 a l l  scr ipts S
• ~~~~~~~~ ~~~~~~~ 1e~’°~ - (e,V(P)/ce 2h)e iWt are rep laced by scripts A. The solutions presented in

(3.1) - (3.4) satisfy the differential equations and
iwt /• (V ~ ~~x2/2h)e + (e2~ , a,,)~~}?’~ ~4~ )5 _ ~4~ )5 (h) x 2 I h )  boundary conditions on the respective major surfaces of

the electroded and unelectroded regions of the plate
+ ~~~ 

,~~C p ) s  ~(s~s’ (h)x~ /h) ) iwt
e , (3.1) provided“lie -

~~~~~~

• ~
5
~4v5 +~~‘u~~~° ~eiWt , ~(a) (e25 /e ,2)u~°’~ , MN ~‘ +c5 5v  - k.a e —0 , ~~~ 

- ~~~~ +k~ e 0

(3.2) -M5~’ + c 5~~j2 +k 5 t -O , M,,~ ° + c,5 v2 +k ,,~ 0 , (3.5)

where p — 1,3 repres ents the two electroded regions , a where as in I , and repeated here for completeness ,represents the remaining unelectroded regions and the
expressiona for ~~~~~ 

‘~~~ )‘ ~~~~ and are givenIN , , U1~
by MN — [c,,+ ( c is +cae ) r  +

‘sin ~~ 2A ~~~ 
112+213 ) 1  — isut 4(r

~ea -c~5 )(c55 r + c ,2)cot ,d4tt/21 (3.6)coB ~~55,e c32Nn,s -,
1 4 — 1,3,5 

Mn
‘¼~ 

sin ~~ x~ [A~~)’ cos~~~,(x, +~~~) - 
r ( c ,,+cep ) / (~se -c,,) , Z~ c8, +e~5 /g~2 , (3.7)

iwt 
~~~~~~~~~~~~~ ~~~~~~~~~ ~~ 

_ (NTT/2h) (~55 /Q)*, (3.8)sin ~,,,(x, +4)Jcos ~~~~~~‘N

MnL4~~ —sin ~~ z,4~~’~~cosh ~~~~t1 CoS ,,55,e
1°
~ 

E~, ‘~(NTT/2h)(~,a/p)~~( 1 - (44e I~~
n2) R ] , (3.9)

Mn
u,N —sin ~~ x2(4~ ” cos~~~3 (x1 -11,) + 

k~, e~,/C55B,, . ke ‘(ZeeP)~~ 
N,~I h , R 2 ø ’h’/~h

~~~~)‘ ain~~~, (x~ - L,) J c os so~,55,e
t°’
~ , 

(3.10)

~~~~ ‘sm ~~~5,A~~
)s e~~~s1~~~

_ (13+213)J — ~~~ 
(3.5), is for the electroded region, (3.5), is for

cos ~~~x,e , regions 0,2 and 4, (3.5)3 is for regions 1’ , I , l~ and
3~ and (3 .5)~ is for the corner typ. regions (1 , 1 , 4F ,

(o)ps — .5 S O)) ,
~~~~~~~~ “ui) 

Ct , 2 and 4N However , as noted earlier the solutionsI N ’°IN cos ~~~~~ ‘ in the com e; type regions do not satisf y the dispersion
relation (3.5)4, which contains quadratic , but not

— ~~~ 5-so~,5 (x,-w) linear , terms in the smell decay numbers ~ and so.
‘ cos 5,

The solutions presented in (3.1) - (3.4) satisfy the

( 2 3  e
_
~~~

(53~
i
~
) respective edge conditions in (2 .2) and (2.3) provided

u,~ N~~IN cos ~~~~~~
tan ~~~ — ~~(coah ~~~ +sinh 

~~a)  
, ~~~ w ~~ , (3.11)

— ,J*(3)5 
(!‘cosh~~t, -~°smn h~ 13)

• ‘¼s ~~~~~~~ co.

~J ~~~ ~~v.~,(x ,-w) for the s~moetric mode, and

‘¼e N UIN Cos
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f~ (cosh ~L, 4 sinh ~L)~_________________________ 
(3)~ —

tan 2~ f, — 
~~~ 

sinh U~ 
,~~~2 coah~~13) 

, tan Zw —4 - , (A~~) 5 ) 2 (2 L3 + 
sin 4~~~13)~ ~ 1N~~~~ 1N (I  - cos 4~~,13)

~~~(3 . 12)

for the antisyucuetric modes. The amplitude ratios for + (~~~~) 3 ) 2(2 13 - 
sin 4~~ 13’~ +

the synsuetric modes are given by 2’t~5 
I

~~3)~~/ 2 ) ~ cosh ~~~~ , ~~,
3 )s / A ~,

2 ) S  — (A~_~~~3) 2 (sinh ~~~~~ + 13)] 
(3.19 ;

~~~
( f ~ I~~ ) sinh f~ 13 i~ cos \liW and of course, in performing a calcula t ion we se t

A~~ ’~~/4~~)’.. cosh ~~~ cos 2~,1., + 4~~~
S — 1. For the antisymmetric (in it,) modes , we have

(~,/~~)sinh f~ 13 sin 2~~ j, , , (3 .13) — 
(..1)(5~ iY2 4e58 F”° (V~~

1
’ - V~~~) 

, (3.20)
c~~ (1 -a

~~,/u?)!~~~~L~ ,and for the an t isysmne t ric modes are given by

where
• si nh 

~~~~ ~( 3 ) *I 4s) ~ — 
~1* 

• 
2 sin ~,45 w ri(S) , sin 2~~~13 +F

(~ 0 /~~ )cosh E~1, , cos ~,w ,
C08 2~~~13)], 

(3.21)A~
4 )

~~/A(
,2 ) *  sinh 

~~A 1 3  cos 2L 1.., + is

r sin 2(~ 5 /~ 0 )cosh ~~ L, sin 2~~~13 . (3.14) L5, — [V + ~ 4~~w + 
cos2 

~~~ w1 1(M~~
)2 

+

~~~~ ,
~~ 

J L
As in Ref .2, we now note that from (3.5)~_ 3 , (3.8) and
(3.9), we may wri te (A (a)A)2 

(213 + 
sin ~~~~~~~ +

2~~~
I (~~/ MN )~ -

~~~~ 
]~~, so [( ~~/~~~)~ ~~~~~ (3.15)

iN BiN (1 - cos 
~~~~~~~ 

+
where

AN (Nit /2 h)(~~~ /p ) *( ( 446 /l~~i2) +R)  . (3 .16)  
(~~~~~ A ) 2(213 - ‘it ’ 

~~ea13) +

Cl ear ly ,  Eqs.(3.15) hold for synmietric and antisyosnetric (4~ ) s ) 2  (5i~th 2~~~~13 - 13)] , (3.22)
modes. Equation (3.11),, with (3.l5)~~, and (3.ll)~~, 2E.~,

• with (3.l5)~~, cons titute two independent transcendental
equa t ions for ~ and 

~ 
for a given 11,, 13 and w , which where, of course, A~~~” — I. As usua l, the u~~ and uo,,may readily be solved for all the a ’nenetric modes with in Eqa .(3.l7) and (3.20) are to be rep laced by

respect to x, and x.~. The eigenfrequency for any one
of those modes may then be determined from (3.5), , •

~~~ 
+is~,3 /2Q,, , •i1;e *  ‘

~~ W N A ’2QN , (3.23)
(3.8)~ and (3 .9). Similarl y, Eq. (3.12),, with (3.15) ,,
and ( .12) 3, with (3.15)~~, cons t itute two independent in which QN is the unloaded quality factor of the plate
transcendental equations for 

~~ 
and ~~, for a given 13’ in the 14th thickness mode .

13 and w, which may readily be solved for all  the mode8
antisyninetric with respect to it1 and syninetric with re- The curren t through the pth electrode is obtained
spect to it3. Aga in, the eigenfrequency for any one of by substituting from (3.1), with (3.3), (3.4), (3.17)
those modes may then be determined from (3.5),, (3.8), and (3.20), into (2 .2) of I , which is then subs tituted
and (3.9). The foregoing analysis is for interresonator into -13
coupling in the thickness-shear or x,-direc tion. The (13+2 13)
analysis may be made applicable to the case of inter- 

i°’~~•~ $ $ D~’~ dx,dx, , (3.24)resonator coupling in the thickness-twist  or 5,-direc-
tion simply by interchanging MN and ~~ in (3.5) and — . -(13+2.ç)
(3.15). Some calculated results for fundamental and 13
overtone modes are given in Table I.

where the negative limits on the second integral are for
The amp litude factor K53 for the synmietric (in x,) p • I and the positive limits are for p — 3. From

mode appearing in (3.1) - (3.2) i, given by (3.24) we obtain

M
N$  

— (~~1) (t~— 1V3 4e,5F
53 (V~1” + v<3) ) 

(3.17) 1U) —Y ,v~’1 +y13v~°~, ~~~ — ‘t,,v~’~ ~~~~~~~~~~
(3.25)

whe re where 1 3 5
2 sin ~~1w 

[z~~
)s sin 2L~5 ~ + y,, ~ y,,~~!!n r4~13 (1 +~~~~) + .  ‘s’i~~ In ’)  - l1l,,~ 

+
2h LN I N$ 

(555) 5

~~‘~‘(1-cos 2~~~ L)] (3.18) 
[( ui /n’)iN

— + 
sin 2~~1v + con’ ~~~ [(A~~

)5)’ 
+ ,

~,, ~,, — m e sa 1 (51(5)5 
________________

LI(ues/u?)-l11~~ 
-

(3.26)

i~.
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The quantities C0, C,55 and C,55 def ined by

C0 — 4wLt 23 (1 +~~~)/2h , (3.27)

C,,3 — 2c ,38~~~ (F”3) ’/ )51n ’2hL,,3 , (3.28)

C1(, — 2s338~~ (F” )21) T~~2hL,1, , (3.29)

are called the Sta t ic  capacitance and symoetrtc and
antieyum.tric notional capacitances , respec t ively,  and
have been calculated for a range of cases from t igh t ly
coupled to wea~ty coup led and are tabulated in Table I.
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TABLE I

N 213 R (5, +U~ )/21T (u~ -u~ )/2n C,3 C,, C,,/C,,

— 
in kHz kliz fF fF

1 .002 .01 9925.90 34.68 7.90 7.01 1.127

1 .002 .02 9834 .65 37.74 7 .97 7.47 1.068

1 .01 .01 9927.29 26 .28 7.72 7.30 1.057

1 .01 .02 9837.65 25.04 7.94 7 . 7 3  1.027

1 .02 .01 9928.12 18.68 7 .59 7.S5 1.006

1 .02 .02 9839.16 15.32 7.92 7.92 1.000
1 .05 .01 9928.65 6.69 7.52 7.79 0.966

1 .05 .02 9839.95 3.60 7.95 8.05 0.987

1 .100 .01 9928.66 1.20 7.60 7.73 0.983

1 .100 .02 9839.99 0.32 8.00 8.02 0.997

3 .002 .00333 29947.54 29.27 .212 .189 1.120

3 .002 .00667 29859.56 31.21 .220 .208 1.056

3 .005 .00333 29948. 29 24 .08 .208 .195 1.066

3 .005 .00667 29861.39 23.05 .219 .213 1.028

3 .010 .00333 29948.95 17.44 .204 .202 1.010

3 .010 .00667 29862.76 14.14 .219 .219 1.000

3 .020 .00333 29949.33 9.14 .201 .208 0.967

3 .020 .00667 29863.43 5.41 .219 .222 0.986

c Unelectroded thickness frequency : ,e~/2it — 10 MHz
Coupling: thickness-shear

N — 1, 213 — 2w — .1. in., c.,, — 1.538 pF

N — 3, 213 — 2w — .05 in., (~ — 0.390 pP.
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A HYBRID INIIX RATED MONOLITHIC CRYSTAL FILTE R

l(azuo Okuno and Takaya Watanabe
Nippon E l e c t r i c  Company Ltd .

Kava sak i City , Kanagava 211 Japan

Suimnary disadvantages inherent in filters belong ing t., the first
category. The size of filter is large for use in  VHF

Progress in various comunication system equi pments range . It is also difficult to fabricate them w,th
is reflected in the filters becoming smaller in size , m arrow bandwidth and hi gh s t a b i l i ty.
having hig her  s tabi l i ty  and higher reliability.
To meet these requirements , a new devic e , hybrid inte— On the other hand , advantages for the latter are
grated monolithic cry sta l filter (HI14P), was developed, component miniaturization because of shorter wavelength
This H1MF consists of thin film lumped element circuit than that of electromagnetic wave by a fac to r of
and en ergy tr apped resonator in integrated structure approx imately l0~~ , very hi gh Q being independent of
on a substrate. In this paper a general discussion of physical size , better temperature frequency character—
a RuM P and its problem nn the design and fabr ica t ion  i s t i c s , and stable ag ing characteristics.
is described .

To obtain these advantages , it is important to
Key words (for information retrieval) combine piezoelectric components with conventional

electric circuits for the filter. A new device , hybri d
Hybrid integrated monolithic crystal filter, Energy integrated monolithic crystal filter (HIMF), was devel—

trapped resonator , Thin film lumped element circuit , oped for this comb ination . The HIMP is compatible with
Spiral inductor, Microstr ip line, Substrate, Fused present microwave integrated circuits and ultrasonic
quartz , Nd:YAG laser, Spiral resonator , 100Mb/s PCM technology , The HIMP consists of thin film lumped
timing pick—up filter , elements and energy trapped resonators in integrated

structures on a single substrate (fused quartz or
List of symbols ceramic). In particular there are two different con-

f igurat ions of integrated structure :
do,di ,bo: Outside diameter, inside d iameter and thick-

ness of spiral inductor , distances (1) Thin film lumped elements + energy trapped
: Spiral width , distances resonatora.

a ’ : Distance be tween edges of two
ad j acent spirals, distances (2) Thin film lumped elements + surface acoustic wave

o : Number of turns devices.
Rs : Sheet resistance of strip conductor, ohms/sq
H : Resistance of spiral inductor , ohms The filter di~ cusaed here, illustrated in Figure 1, is
lo : Total length of rectangular strip, distances for a configuration of type ( 1).
r,d Radius and length of cross over wire,

distances This paper describes the factors involved in the
L : Inductance value of spiral inductor, henry de sign and construct ion of thin f i lm  lumped elements ,
Q : Quarlity factor of spiral inductor such as the spiral inductor and gap capacitance in
fr Self—resonant frequency of spiral inductor , mi cros tr ip  lines, the energy trapped resonator , the

hertz considerations involved in design and construc tion of
Cd : Distributed capacitanc e of spiral inductor , a HIMP for trial use in a 100Mb/s PCM system as timing

farad pick—up filter .
Permea bility , henry/s

a Conductivity, mho/m Lumped elements
: Dielectric constant

t o : Permitt ivity of free space , fa rad/a (A) Spiral inductors
V 0 : Velocity of light, n/s
P : Frequency , he rt z Figure 2 schema tically depicts a simple , planar,
w : Angular f requency spiral inductor on a subatra+ e . The L , Q, f r  and Cd of

Correction facter as a function v’/h o this spiral inductor can be calculated from
K ’ : Correction facter as a function s ’/w ’
a ,b ,c : Width , length and height of rectangular L — A~~’~~~— + O 5 d ( l n ~~- 1)+ P 05*10 ’1,A(1n~~~~—~+ 1.193

shield wall , distances N —
• +02251 ) ( I )Ca ,Cb : Shunt—gap capacitance and series capacitance

Cte ,Cta : Capacitance correspond to the electric and ~~~~~~ •L _ j~~~ j
~~~~magnetic wall , farad ‘a ft KX’R.tf,iw KJ( g 2

w : Width of .ic rostri p line , dis tances — 
v~ (3)

a : Gap spacing between microst r ip  lines , r ZsnuI +d , .

distances (1,— 
~~~ FL (4)

a : Coefficient factor is to be dete rm i nd so as
to maximize the capacitance Cte or Ctst . wh.re L., c0, ~~ and A are as follows ,

h : Thickness of substrate , distances L — 2 a na~
— (do — di)/2

Introduction • (do + di)/4
A — 39.37007874 [nB/ma)

Fi l ters ua.d in VHF range are class il ied into thope
employing distributed components , such as spiral or In order for above expression to hold, do should be
helica l resonators , and those employ ing piezoelectric 1 .2d i , n should be 1 or greeter . First term in (1)
components, .uch as energy trapped resonators or ~~ given by pby~ical dimensions of apiral inductor.
surface acoustic wave devices. There are ion. Second end third terms in (1) are correction ones for

ill



cross over. The correction factor K takes into account Then the capacitance Cte , Ct,n and Co can be obtained
t h e  crowd ing of the cu r r en t  f rom the corner  of the as fo l lows.
spiral inductor.  Figure 3 is  a p lot of K versus
taken f rom Terma n . (~~ _ it t~~a.b(~’F ( I  +a. .b.)’ ~

~~~ I 3 , i 3

Figure 4 is Q of spiral i nduc to r  as a func t ion  of . ( e ,.cot h(rmn.c)+coth(rmnn(c-h))} - ( 10 )

di/do , wi th the inductance  L and leng th of spiral as
constants. It has been shown tha t  di/do = 7/15 will 32
optimize Q. In order to easil y design , Figure 5 gives (tm

T~~~~’ E Zt he des ign cbart of spiral inductor. Tmn{ ( ‘c Ih(Tmn.h)4 ’colh(Tm n(c-h))J
0.1,3- N -2 ,4-

Table 1 shows the measured and calculated L’s for a
numbe r of d i f f e r e n t  s ize spiral induc tors . As fo r  this 

• 
-+ 2’

experiment , conductors of the spiral inductor are de— ,, ,m nb ,~~ ot ’rnu, ou1 Tio~~~~~~ T - - ( I I )

posited a metal sandwich ax’ a fused quartz substrate by
vacuum evaporation using electron beam heating . Co=-~~ c0.o.(b s )I -~~~~(o,.coth(71no h)+co*h(Tmo(c-hfl} “(12)
The bottom meta l (NiCr )  of layer is about 350A—thick .
The top metal (Au) of laye r is about 7.511m—thick. ~~ wtiere 

___________is noted tha t the measured values are close to the
theore t ical ones , with in 3 % deviation . Tmr~ ~

1 (.Jl~_)’+ (_L~
__ )2 ‘--(13)

(B) Gap capacitan ce in microstri p lines Ptn~~

Since gap capacitance in microstrip lines can have ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •..(j4)

enough dis tributed capacity to influenc e on transmission mow

charact eristics of HIMF~ in VHF range , i t  is primaril y
important to design the discontinuity structures pre-
cise ly.

The analytical conf igulati on of the gap is illus-
trated in Pigure 6. I t  is preferable to represent the R~ nih ~ t %
gap structure with the equivalent e circuit as shown
in Figure 6 (c), because the parameters of equivalent
o circuit show the phy .ical meanings well. The shunt—
gap capaci tance Ca can be inferred from the effect of (16)

the disorder of th. electrostatic field distribution at
the edge of the strip conductor. The series capacitance Numerical data for the equivalent circuit parameters
Cb arises from the coupling effect of the adjacent of the gap can be read ily obtained by- computing the
strip conductors , above formulas with the aid of a digital computer and

using (5 ) ,  (6) .  The calculated gap capacitances for
Hence , the shunt—gap capacitance Ca and the series parameters are shown in Figure 7.

capaci tance Cb for the new equivalent—circuit parameter
Ct., Ct. and Co are given by Energy trapped resonators and substrates

Ct.. — Ca
• 2 (3) Prom the system requirements the desired f i l t e r

characteristic is determined a 2—pole cbebyshev design
Ct. — Ct. (6) with a center frequency at 97.728 Ifl a , and an 1 dBCl, = 

ripple and a 3 dB bandwidth of 22.5 kliz. On the basis
of this result , the plate dimensions and electrode size

where Co is the line capacitance of the uniform micro— of the energy trapped resonator are selected . The rca—
strip line with its length of b”.s. onator spacings are determined using an analysis of

the piezo—electric equations and interactive computer
The capacitance Ct. and Cts, are given by the varia— (Figur e 8).  Table 2 shovs the measured and calculated

tional expression which is stationary with respect to parameters values.
arbitrary first—ord er variations in the charge distri-
bution on the strip conductor pi(z,y,*)z The resonator frequencies are adjusted by mass

i fJ,pi(x .y.z)Gi(x •alx ’ ~ 
removal. Nd~Y~~ laser machining facility to perform

m (7) this operation is in use . The resonatora are left
slightly low in frequency so that aft.r this operation
the filter characteristic h*s the proper center f re—

wher, the three dimensional potintial Green ’s function quency and bandwidth , but is located 1 — 5 kliz low in
Oi (x ,y,zlx ’,y ’,z’), satisfying the boundary condition. frequency. The accuracy of resonant frequency is
with the electrode walls (ike) or the magnetic wells adjusted within ±1 x lO~~.(ii.) at y~.O , and b , is th. solution of following
poisson ’ s equation Table 3 describes the properties of two popular sub—

atr ate. The thermal expansion coefficient of substra te
..J...

~ a(x~x ’)i(y.,~y’)a(, a’) (8) for HIM P is an import ant factor for the temperatureGi(x ,y, s I x ’ ,y ’ ,s’) — 
stability. Figure 9 shows frequency deviation versus
te.p.rstu .r . for energy trapped resonator mounted on a

vh.r. • (x — x ’) is a Dira c ’a delta function , fused quarts and cera mic substrate . It i. noticed that
fused quarts substrat. is the Sore suitable.

For the thin microutrip lime case , the charge distri-
bution way ha. taken the ’ toss D.u iin procedur. for 1W~ s and its const ru ction

pi (x,y,s) — pt (x ,y)a (a—h ) (9) Th. general HIMF d,sign process is illustrated in
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Figure 10, which is based on the theoretical principle 
, 
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The propo sed HIMP volume represents a 10 : 1 reduction
the present spiral resonator volume.

Conclusions

It has been shown that a hybrid integrated monolithic
crystal f i l ter  (lu MP ) can be used in a 100 Mb/s PCM
system as ti.ing pick—up f i l t e r .  This HIM? consists of
a thin fil. lumped element circuit and an energy trapped
resonator in integrated structur . on a fused quarts
subst rate . Distinct RI MP features are as follows :

(1) Considerable size reduction in VHF use , 1/10 in
volu.e compared to spiral resonators , make it
possible to construct remarkably smal l VHF f i l ters
for co~~inication systems.

(2) Ni gh stabilit y and high reliabilit y ar. obtained
because of energy trapped resonator . and integrated
ut ru.~tu re s ,

For these reasons , the HIM P has b.co.. a very impor-
tant fac tor in the VHF filter field .
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thin f i l m  lumped element  c i rcu i t  Sp i ra l  inductor  
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Figu re 1 Equivalent circuit of the trial hybrid /
integrated monolithic crystal filter
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Figure 2. Spiral inductor on substrate
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Dimensions  -
- Calculations Exper iments

n(turns) ws (~i m) do(mm) di (mm) ( n H )  (nH)

Samp le 1 4 400 9.9 3.8 121.2 121. 4

Samp le 2 3 .75   300 9 . 9  5 .7  155.1 1 5 1 . 3

—  .~~~~~~~~~~~~~—~~~~~~ -— ~~~~~~~~~ — - -~~~~~~~~--- 

Sam ple 3 4 200 6 . 9  3 . 8  12 7 . 4  1 3 1 . 2

I _ __ _ _ _ _ _

TaLile 1. Comparison of inductance values of sp i ra l  inductor
obtained by a theory and an experimen t.

Figure 6. Gap in microstrip transmission lines

(a) Analytical configuration of gap
in rnicros tri p tra::rnis~ ion 

~ 
____________________________

subatr ate

—H _ _

(b) Ph ys ical st ructure  w 1 L
Cb

0—

(c)  Equivalent circuit Ca Ca

p

114



r 

i 
~~~~~~~~~~~~~~~~~~~~~~~~~~

‘

~~:

/
0.0001 — -— — -—— --——- - -—-—-———_—— --———- - — - — - -  - — - -— -.-

0.1 .0 0.0

N
I

0 E

0 .1zEi~EIII) I

electr ode (A l)  ~~ I . c
a -

_ _ _ _ _ _ _ _ _ _ _  

—1-- 
~~~~~~~~~~~~~~~~

~1~ ~~~~~~~i~~~~~~

O

quarts plate electrod e (Al ) ‘ 

~~ 0 :
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Table t . P r o p e r t i e s  01 sub st ra te  m a t e r i a l s

- - Property Thermal-expansion Thermal conductivity Densi t y  Die lec t r i c  Constant Power f a c t o r

Substrat e - cotiti cient (l 0 6/’CI - C a l / c m / s e c /d eg l  ( g / c m 3 ( at 25 C . MHz os~~~~~~~~ ent ~

m a t e r t a l

Fused q u a r t /  0. 5t~ 0 .0034 2 .2 0  3.6 0.00002

-- 1 -

7.) 0.088 (.67 9.4 0.0009

s l y .

u i /f D r z i gt. of c i r .- .. .. qu ar t s  plate. and pattern.

‘40 
- ‘  U li r a . on i ,  u org  of su b s t r a i r s

:: ~~~~~~~~~~~~~~~~~~~~ 
Ka se p l a t i n g

.1 :  

—- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ d q . . s r t ,  

I~t~~
- t o  Nd YAC . la s er  Wr l d i ng

( c h i p  condencor , ,  ene r 5y trapped resona tor )

- Ad3u. tmen t of r en t e r - f r e q u e n cy  and b.nd idihl

.40 
of HI M F - . t ic lid YAC lase r

-so ___________ _ _ _ _

Cold wel ds n 5
0 10 Z O to 4U 50 50

c - c l

Ti-tn p r r a t u r r  c c  d r g r , - ,- Tes t  of Tempera ture  c h . r a c t e r i st i c s
( F r equency ,  loss and phas e dev iati on ~~j

F , gu r r  9 f r rqur nr  y d r n la t ion  v r r .u,  tern p r r au r e f o r
rn, r~~. t r a p p.-d r . .onsto r on f u s e d  q u . r t .  and

s c h ut r a t e .

Figure 10. Design procedure to ,- H I M ) .

Table 4. Design parameters of thin

film lumped element circuit
as, efl~~ siu r .-..,. , . d  r n ,on sto,

rf
L
Lri c-~~:t: rr ~~ 1,

,11 50 ohm
,npui in,njfli  Out put te r minal ____________________________

700 ohm

FI 5 u C0 I I .  C~ o.. . .mt.osal c,.’ .t iS. i.t.t )t~ beld nirsr.t. d I.. 127. 4 nH

C1 9 .1  PF

C 2 1 1 . 6  PF

3 dS bandwIdth 21. 8 MHz
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Figure 16.  Phase- temperature  c h. r .c t r r i .t o  of h y br i d  i n t eg ra t ed
monolithic c r y s t a l  f i l t e r
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~ur!ace Acoustic Wave VIF Fi l ters for TV

Usi ng ZnO Sputtered Film

Satoru Fuj ishima , Hideki Iahiyama, Atuehi Inoue , Hideharu leki

Murata Mfg. Co ., Ltd.

Sumaary
Bell jar

Surfa ce acous t ic wave VIP f i l ters for
TV have been researched and developed in
the world because they have many merits
uniform frequency or phase characteristics.
We have succeeded to make the surface

such as small size, non—alignments and

acoustic wave filters using ZnO—sputtered
films. Here, the method to make the ZnO
thin fi]jns and the characteristics of the

other materials ii e LiNbO3 single
SAW filters are reported compar ed with

crystals and PZT ceramics .

Introduction

Surface acoustic wave filters for TV SubatVideo IF have been recently researched _____
and developed in the United States, europe [~J 

L .an.
~H1and also in Japan. Materials for these

filters are mainly single crystals like
LiNbO3, 117a03 and BiI2GeO2O or piezo— R. F. Powerelectric ceramics like PZT. However, the 02 + Ar Vacuum
cost of single crystals like LiNbO3 is Pump Supply

Gasver1 high at present compared with ordinary
LC FT in TV VIP module and it is difficult

Fig.1 Outline of Sputtering Equipusentto expect to reduce this price ever, in the
mass production. And for another point, the and Substrate PoSitiontemperature coefficient of frequency for
LiNbO3 is more than 70 pj

~

/ C , This means
we have some limitation to use LiNbO3. ZnO thin film fablicationPiegoelectric ceramics like PZT have
many merits which electro—mechanical We used an ordinary diode RI sputteringcoupling coefficient Keaw ii big enough, equi~snent. The outline of electrodes andsize and shape is free, and the cost is substrates position in the bell jar is showncomparatively low because of ease to mass in Pig. 1.
production. However to use piezoelectzic We used the EnO powder which purity isceramics for SAW filters for TV VII. we better than 99 % to make the ZnO target.must make quite non—porous ceramics of at After this powder is mixed with binder andleast lees than 2 — 3 pm grain 5i ZC n  At dried , the powder is pressed by the prese~~epresen t , hot press tec ique is the most of about 1 ton/o.2 to make the disc of 100suitable to make such fine grain ceramics, ma diameter and 5 ma thichness. Thie disc isbut this technique is also th, reason of ahintered to the 85 ma diameter and 4 macost—up. thiobiess after the firing of about 12OO~~ZnO thin film materials have been in 2 hours. It was effective to add I to 3studied as a thin film transducer to e~~te wt % of Li2CO3 in this targ.t to increasebulk wave in micro wave range since 1960 , the insulation resistance of sputtered ZnOand recently studied to use SAW filter thin film. Accord ing to the ordinarysince White and others have pronounced to sputtering method, substrates should be fixedmake interdigital electrode in 1965. in parallel to the ZnO target. Thit in thisZnO is ~ low price material , especialy case , it was difficult to make good ZnO thinZnO thin film sputtered from sintered ZnO films because of the heating up of substratetarget is cheeper th*n LINbO3 or hot by direct heat radiation from plasma andpressed PZT ceramics. As ws found it is target. So, we found it is better to fix thevery easy to make good oriented ZnO substrate in perpendicular to the side ofthin film. and very stable materials having the ZnO target as shown in Fig. 1 to protectgood performance , we would introduce hire the heating up of substrate .the rssu]ts. We used argon 50 %~,j aixed oxigen 50 %

gas in pressure of 7a10 Torr and th. anode
voltage of H.P power oscillator was 1,8 to2,0 k.. In this case , the growth speed of ZnO

II,



thin film was about 0,2 to 0,4 pm/hr and the The eleetro—mechanical coupling co—
temperature of substrate was from 150 to 200 efficient Ksaw was about 10 %. This value
.C We needed about 50 to 100 hours to make was measured from the difference between
the 20 pm thickness. This seems a little the maximum and minimum impedance of an
slow to the practical production, but we interdigital electrode. The dielectric
expect to speed up this time in two or constant of ZnO th~tn films was 8,5 and thethree times by controlling the temperature resistivity was 10°St—cm . Table I shows
of substrate. Used substrates were standard each constant of ZnO thin films comparing
alkaline free glasses for thin film with LiNbO3 single crystals and PZT ceramics.
resistors which size was 50” 50 mm and 0,5
mm thickness. And the flatness of these ______________ _________ __________ _________

glasses was good enough to make fine pattern
on the surfaces. It was also easy to make Material LiNbO3 ZnO PZT
this ZnO thin film on another substrate like 

_____________ ________ _________ _________

fused quartz, alumina and metal substrate.
Effective

Quality of ZnO thin films Permittivity 50 8,5 300

In order to evaluate ZnO thin films, 2 
— _________

we used X—ray diffractometer. When the glass Ksaw /2 0,024 0,005 0,012
substrate sputtered EnO is rotated around ______________ _________ __________ _________

the axis of diffraction, we can make a
locking curv-e. We can evaluate the quality Propagation
of ZnO thin films checking the C—axis Loss (dB/cm) <0,1 4—5 6—7
deviation from the perpendicular to the
glass surface, and the distribution of this
C—axis. Temperature

An example of the good distridution is Coefficient —80 —30 —45
shown in Pig. 2—a. This shows the mean value (ppm/C)
of C—axis deviation is equal to about 2 ______________ _________ __________ — —

degrees ande-value of distribution curve is
equal to about 3 degrees. And another example Pore Size — <1 4
of the bad distribution is shown in Fig. 2—b. (p m)

Table 1 Material Constants
+5°

-t Structure of SAW filter
Pig. 3 shows the structure of SAW

filters we made this time. Interdigital
I’ electrodes of Cr + Au are made by photo—

etching directly on the glasi substrate
of 0,5 mm thickness. ZnO thin films are
sputtered on this electrodes to make 20 pm

Fig. 2—a Good Orientation of C—axis thickness.

~ Glass Substrate

Fig.3 Stracture of SAW Filter

Fig. 2—b Bad Orientation of C—axis
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Input is a nomal interdigital Fig. 5 shows an example of the frequency
electrode with 15 finger pairs and output response and group delay time curve for
is an apodized one with 24 finger pairs Japan TV measured by Pig. 4 diagram. In
which finger and space width are 10 pm for Fig. 5, dotted line shows the calculated
58 MHz Japan TV. Photo 1 shows this response. Both calculated and measured line
structure. To improve the spurious response coincide good enough in main pass band.
excited by bulk wave, it is useful to etch Fig. 6 shows the spurious response until
the back side of the glass substrate by 100 MHz frequency range.
sand blast and to coat silicone rubber on
both outer side of input and output electrodes.

Photo. 1 Transducer Structure 80

-H
50 55 60 65

Cha~,apteristica of SAW filter Frequency (MRz)
Pig. 4 shows a block diagram of color

TV which includes a SAW filter with a input Fig. 5 Prequency Characteristic ofseries inductor. Output of a SAW filter is ZnO SAW Filterterminated with a 330 ohm resistor.

0

~~ 20
-a

0

~f~
_

?u~%s~j_1 !... {
_

SAW Pilt .r 
j AsP~~~~~~ j  

40

j J, 
~~~~

“°°
~~ 

~~ 60

80 __________

Fig. 4 Block Diagram 20 40 60 80 100

Frequency (1O4z)

Fig. 6 Spurious Response of
ZnO SAW Filter
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For reference, we show in Fig. 7 and
Pig. 8 for PZT material. by same electrode
pattern. From these figures, we find that the
bottom level response by PZT is worse than
ZnO because of the electro—magnetic and static
coupling between input and output electrodes.

Pig. 9 shows an example of the
temperature characteristics of center
frequency. From this curve, we can calculate _________________________________
N 30 ppm/ •C for the temperature coefficient
which means quite enough for practical use. 0.4
The aging characteristics have been measured
for 400 days in room temperature to give
less than 0,1 %. ~~~‘ 0.2

‘-a

—0.2
‘ 20
.
~~ —0.4

40

Temperature (
~ 

)
0
-I —20 0 20 40 60 8043

a
‘1.’
4..
‘~~ 60

Fig. 9 Temperature Characteristic of
Center Frequency

80
C onclus ion

45 50 55 60 We found it is possible to make surface
wave VIP filter for TV using ZnO—sputtered

Frequency (MHz) film on glass substrate. The low cost and
low temperature coefficient of the frequency

Fig. 7 Frequency Characteristic of will be the big merits of this filter.
PZT SAW Filter The authors wish to thank Dr. A. Kawabata

and Dr. T. Shiosaki of ~yoto Universityfor many advices.
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F I L T E R I N G  WITH ANA I.OG CCD’S AND SWD’S

C. R.  Hewe s , 1. T. Clalborne , C. S. Hartmann and 0. 0. Buss
Texas Instrumen ts Incorporated

Dallas , Texas

Intr oduction

Charge-coupled devices (CCDs) and surface acoustic the kth 
~2 

electrode to the kth 03 electrode , the cur-wave dev i ces (SWDs) are currentl y emerging as two very rent flowing to the kth 03 electr ode line consists of
i mportant techno l ogie s for Implementing filtering current whi ch would flow if no si gnal charge we re
functions. Both CCD5 and SWD5 are very efficient In present plus a signal current. Therefore , the signal
performing the transversal filter operations which are charge can be detere l ned by integrating the current
illustrated in the prototype block diagram of Figure 1. flowIng to the 0~ electrode dur ing charge tr..nsfer.
This efficiency is a result of the fact that both CCDs Weighting Is performed by splitting the 03 electrodeand SWD5 perform the time delay , accurate analog multi- and integrating the current flowing to the 03 electrodeplic a tion and addition operations, during charge transfer. Weight i ng is performed by

splitting the 0~ electrod e and integrating separatel y
Although the two device types can perform similar the current flo~ing to each portion . A wei ghting coef-

fi ltering functions they are comp l ementary rather than ficlen t of zero corresponds to a split in the center
competative . CCDs are essentially low frequency of the electrode , and positive and negative hk are(f < 10 14Hz) and long time delay (T < 1 sec) devices achieved by appropriately proportioning the charge
while SUDs are IF and RF devices (f > 10 MHz) with between 0~ and 0 . The sunvnation is achieved by
moderate t i m e  delays (T < 100 ~sec). Tii~ie bandwidth connectl4 togeth~r the Oj’ electrode and the 0~ eiec-
products are on the order of T x BW < 10’ for CCDs trode as shown in Fi gure 2b , and the filter output is
and T x BW < tOt’ for SUDs, obtained by integrating and differenc ing the 03’ and

03 clock line currents in the output (DCI) as shown.
CCDs are sampled data filters with a discrete t ime

base (i.e. clock signal) which can be controlled by The split electrode technique was firs t deve l oped
crystal oscillator for very accurate and precise fii- for use with bucket-brigade devices (BBDs)2 and has
tering . CCDs can also be tuned by means of the exter- been widely used for both CCD and BBD filters. ” The
nal clock frequency. SUDs on the other hand operate design techniques are further describe d in Reference 1
with a continuous t ime base and a delay t i m e  wh i ch is and 8.
fixed once the device is fabricated.

Bel ow we briefl y describe the CCD filter and the CCD Examples
SWD filter and give examples and more detailed refer-
ences for each. The frequency response of an 800-stage CCO band-

pass filter is shown in Figure 3.’ The fIlter was
designed with optimum weighting to have uniform side-

CCD Transversal Filters lobes at —40 dB. The hi ghest measured sidelobe is de-
graded to -37 dB by a weighting coefficient error as

The block diagram of a CCD transversal filter i s  discussed in Reference 8. It has a 0.7 percent frac-
given in Fi gure 1. It consists of delay stages 0 to- ti ona l bandwidth at —3 dB and a 1.0 percent fractional
gether with circuitry for performing the weighted bandwidth at -40 dB.
sunsnation of node voltages ~~ Each delay stage con-
sists of p transfer electrodes In a p—phase CCD. The The chirp z-transform (CZT) Is an algorithm for
f i l t e r  is samp led and clocked at clock frequency t’c’ performing the discrete Fourier transform (DFT) in  which
and the z-transform characteristic *1(z) is given by the bulk of the computation is  per fo rmed in a chirp

transversal filter and , for this reason, ft is part —
N-i — cularly attractive for CCD Imp l ementation .’”'’2 Begin-

*1(z) — E h~z 
~‘ (1) nlng with the definition of the DFT

n 0
N-i

where hn, n 0 , N-i , are the weighting coef f ic ients , Fk — E f
n
e
_l21Tr

~~~~
N (3)

and z is related to frequency f through the relation n—0

and using the substitutIon
ti2llf/fc) . (2) 

2 2 22 n k — n  +k -(n — k) (4)

Tb. CCD transversal filter is an I mportant com- the following equat i on results
ponent primarily because the weighting and sijiusing r
circuitry is quite simple. Using the spilt electrode 

-i L2IN I N— l / —i ~ , ‘ i ‘weightIng technique 1 , a CCD delay lIne can be made F — e ~ ‘ I E (f e ~~ j e ~ (5)
into a transv.rsal filter by splittIng on. of the k 

L
n_0

~~ 
“ I

el.ctrodes in each delay stage and putting a differ-
ential current integrator (DCI) In th. clock line as This equation has been factored to emphasize th. three
shown schematically In Figure 2. operatIons which make up the CZT algorithm : premu lti—

plicatlon by a chirp, filtering In a chIrp transversal
In Fi gure 2, the signal charges are sampled on filter , and postmu ltlpllcation by a chirp. When only

the 03 clock .lectrodss. As charge transfers from the power densIty spectrum is required , the postmulti-
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p licat ion by exp(-i k 2 / N )  can be eliminated , and a filter , as one might expect.
block diagram of the c i r c u i t  Imp lementat ion Is given
in  F i gure 4. The a v a i l a b i l i t y  of accurate spectra l information

i n real time permits impo r tan t new s i g nal  p rocess ing
Five hundred-stage CCD filters have been used to applications , such as the programmable matched f i l t e r i n g

implement the block diagram of Fi gure 4; the result and prewh i tening~
7 In another confi guration , the

is shown In Fi gure 5. The CCD CZT is discussed further transform adaptable processing system (TAPS) provides
in Reference 8 and 13. continuously variable SAW bandpass and bandstop fIlter-

ing.

SWD Bandpass Filters Since the chirp transform converts the input signal
piecewise into a time signal that is proportional to the

In many respects , SAW bandpass filters have been Fourier transform of each signal block , adaptable filter-
pushed closer to ultimate levels of achievable per- ing can be effected by simply multip l y ing each of the
formance than most other SAW ~~~~~~~~~~~ Table I sum- Frequency components , w h i c h  are now separate~j in t i m e ,
marizes several i mportant performance characteristics by an appropriate amplitude— and phase-weighting coef-
of surface-wave bandpass filters and , simultaneous l y, ficlent using an RF mixer. This “modulated” ch i rp
suggests general limitations of the surface-wave tech- transform si gnal can then be inverse transformed with
nology i t s e l f .  Many outstanding achievements have been a second c h i r p transform to reconstruct the “filtered”
demonstreted with SAW filters , as shown In the f i r s t  t ime s i gnal.  By vary i ng the modulation function , the
column . The second column lists values that can portion of the input spectrum that Is passed or stopped
currentl y be ob ta i n e d  in  a h i gh-y ield moderate -prod uc- can be a r b i t r a r i l y se lec ted , i n  any combina t ion of
tion environment. The third column represents esti- bandpass and/or bandstop responses , simply by changing
mates of antici pated Improvements due to refinements the width and position of a gating pulse or pulses,
i n transducer wei ghting and better second-order design ,
inc l uding diffraction and electrical loading effects. The results of the prototype are more completely

discuss ed and demonstrated in Reference 17, bu t Fi gu res
Some of the parameters in Table I are interrelated 9 and 10 demonstrate bandpass and bandstop operation ,

in ways such t h t  the limiting values of parameters respectively. In both cases, two sets of pulses are
canno t all be realized in a sing le filter. For example, used for the i nput signal: the first pulse train has
m i n i m u m  achievable insertion loss depends on fractional 0.8 ~js width at 1 34 MHz and the second 0.2 ~is width at
bandwidth , 5 as will be discussed shortly. In additIon , 168 MHz . This input signal is shown in the top trace
althou gh nom i n a l l y l i near phase response is usually of both figures . The second trace is the chirp trans-
obtained unless a desired dispersion is specified , form of the input si gnal repeated every 1.9 t~s with the
triple-transit echoes produce a periodic ripple in transform of each successive interval of the input.
phase and amplitude in the passband of some SAW filters. To imp l ement a bandpass filter , the modulation function ,
This ri pple diminishes with Increasing Insertion loss or gate , Is simp ly turned off except when the des i red
in convent iona l  filter geometries but , notabl y1 i s  frequency components of the transform are present in
nearly eliminated with unidirectional design . t i m e . The third t race of Figure 9 shows the modulated

transform data for the case in which the 0.8 u s pulse
An example of a hi gh performance SWD bandpass train at 134 MHz is passed and all other frequencies

filter Is shown in Figure 6. This filter was developed are rejected . Since the transform repeats each 1.9 u s ,
for space application end had a 287 MHz center frequ- the gate must also be activated every 1.9 us to remove
ency w i S h  a 6 MHz bandwidth. The most notable feature the shorter pulses from every interval of the signal.
of this filter is the out of band rejection which is The final trace of FI gure 9 is the output of the
not less than 70 dB and often near 100 dB from dc to prototype following the inverse transform of the modu-
1.2 GHz. This device and others are discussed more lated transform trace. The short pulses are clearly
fully in Reference 14. rejected and the desired longer pulses are correctly

passed and reconstructed.

SWO Chirp Z-Transform Alternatively, one might wish to reject the longer
pulses at 134 MHz and pass all other frequencies . This

Chirp z-transform units emp loy ing SWD chirp devices would be imp l emented by turning off the gate only dur-
have recently been used to implement a continuously ing the t ime  corresponding to the frequency components
variable bandpass/bandstop filtering capab Ility .1’’’’ of the 134 MHz pulses , as shown In the th i rd trace of
The basic alg o rithm Is simI lar to the CCD chirp trans- Figure 10. The i nverse transform shown I n the last
form discussed above with two major differences . First , trace shows that only the narrow pulses are passed
the SWO chirp z-transform is continuous in time whereas and properly reconstructed by the inverse transform .
the CCD version is time sampled. Second , the SWO trans- More than 40 dB of rejection was obtained at the stop-
form works at a carrier frequency which a llows both band frequencies.
real and ima g inary (in-phase and quadrature) componen ts
to be processed In a single channe l whereas the CCD The prototype system has clearly demonstrated its
unit requires multiple channels to p rocess real and capability to perform adaptable bandpass/b andstop fIl-
i mag i n a r y component s of the sIgnals. The chirp trans- ter ing . All the components required are conventional
form orders the frequency components on an i nput s i gna l and easy to build , in contrast to the fabrication dif-
serIally i n  t ime , i . e . ,  the Output time response is flcult es associated wIth the conventional switched
proport iona l to the Fourier transform (or f requency tappe d delay line progranveable approach. Development
spectrum ) of the I nput time signal. The chirp tran s- of this approach has begun for a communicat i ons system
form i~ realized by a chirp fi lter , two ch i rp genera- application for programmable matched filtering and pre-
tors , and two mixers as shown In Figure 7. This unit whitening althoug h realization of the potential of rea l
was built us I ng SAW chirp fIlters wIth the time lengths time transform processing Is s t i l l  I n Its early stages .
and ban d w l dt h~ s hown . Figur. 8 shows th. actua l chirp
transform output for a succession of 7 CU input sIgnals
from 120 to 180 MHz in 10 MHz steps. The frequency
conten t of the Input signal Is clearly displaced in
t i m e  proportiona l to the chirp r a t e  of the SAW chir p -
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Conclusion February 1975, pp 144-145.

Analog CCD and SWO technology can provide many 13. 0. D. Buss , R. L. Veenkant , R . W . Brodersen , and
i mportant filtering and signal processing func tions. C. R . Hewes , “Comparison between the CCD CZT and
The func tions performed by these devices are similar the digital FF1,” In Proc. m t .  Conf. Application
but have d i f f e r i n g  frequency ranges. Both technolog ies of Charge-Coupled Devices , San Diego , CA , Oc tober
w i l l  have an i mportant place in future communIcations 1975, pp 267-281 .
systems .
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TABLE I
SURPAC E WAVE BANDPASS FILTER CAPABILITIES

Projecte d
Pe,,,onstrat.d Production Pract ica l Li ”it,

Ca n te r  Frequency 1.0 MHz —2. 75 0Hz 10 MHz - 1.5 6Hz m o MH Z - 2.0 GM:

Minlu,,,, InSer ti on Loss 0.65 dB 1.0 dB 0.5 dE

~~~l”~m Fr .ctlonai Bandwidth loo t 50% lOO t

SidsIoba Reject iOn 70 dB 60 de 90 dt

MifliS ~~ B .ndwidth moo kl$z 100 kflz 50 ltIIz

Minima,, Tr an s i t ion Sandw idth * 100 khz 100 kH~ 50 t He

Mlnl~~,, Shape Factor 1. 1 5 1.2 1. 1

T r i p le T rans it  Suppr.,,lon 55 dB . tS as ~eO d6

A~~ lit ~ de Hipele 5 0.02 da 5 0.05 dl ± 0.01 aS

Pt.~a DevIat ion f ro,,, Lins ar • 0.10 .20 • 0.10

taclud s p.rforu.nc. ach ieva ble wi th SAW resonator,

tectu das (l~ c t r icaI LoadIng (ffects (Ref. 15) whI ch can be co,,,pensated by proper desi gn

Fi gure 1. Block diagram of a transversa l filt er
showing delay stages 0 and weightin g -

,

coefficients hn where n 0 . N-l . 
.

- 
‘ FItl~

• . ‘ ‘: —~o Onset

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~

H. S Ii’S M.O 
S Or,,,,

Fi gure 3. Measured frequency respons. of an 800-
stage CCD bandpass fIl t e r. The filter
was designed u s i ng  optimum weIghtIng to Figure 2. SchematIc of the spilt slectrode tech-ye s d.lobes , and a passband at nique for realizi ng the weightIng coef-one quarter 0 the clock frequency. flci.nt s of a transversal filter.
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Fi gure 4. Imp lementation of the CZT al gorithm to l0 3td 515 711 ~~
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Fi gu re  5. Spectrum of a 200 Hz square wave obtained
using the system of Figure 5. (a) Input
si gnal . (b) Output spectrum showing odd

- harmonics through the 9th. (c) Output
spectrum on a lOX expanded scale. The
fundamen tal  i s  o f f  scale  and the arrow
Indica tes the trailing pulse wh i ch
resul ts from imperfect transfer efficiency .
(d) Output on a 100X expanded scale.
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Fi gure 6. ReJection greeter than 70 dB , from dc to
1.0 GHz , in a 287 MHz quartz filter for a
co~~inicatIon s applIcation in space.
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Fi gure 7. Implement ation of a prototype chirp
trans form system .
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implementing a bandpass filter to pass
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FI gure 10. Response of the TAPS prototype system
performing bandstop filtering to reject
the 0.8 us pulses at 134 MHz .
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NEW TEMPERATu RE COMPENSATED MATERIALS WITH HIGH PIEZOELECTR IC COUPLING

Pau l H . Carr and ILt Robert M. O’Connell
Deputy for Elec tronic Technology (RADC/AFSC)

Hanscocs AFB , Massachusetts 0173 1

Sunvviary ber lini te . a theoretical computer mode l5 was used i n
conjunction with the data of refs 2,3 to calculate the

The development of new materials with p iezoelec tric surface acoustic wave veloc i ty , elec t romechanicai cou-
coup li ng greater than that of quartz w i l l  be discussed. p l i ng coefficient (AVIV), elec tromechanical power flow
A major milestone towards this goal has been the dis- i’ng le . and temperature coefficient of time delay (lCD)
covery of a phy s i c a l  mode l for exp laining why known for severa l  standard crystallographic cuts , The
materials are temperature compensated . This model has variation of these quantities , as the direction of pro—
been used to predict new temperature compensated pagation changes in the YZ plane , is shown for X-cut
materi als. For bu lk waves ber li rite , Ai PO~. has been Berllnlte In Figure I , for examp le . The shapes of the
found to have temperature compensated cuts similar in curves are similar to those of X—cut quartz~~ which is
orientat i on to the AT and Br cuts of quartz , bu t with to be expected since the materials are so much alike .
elec t romechanical coup ling coefficients 2.5 times as Note that for this cut there are two orIentatIons which
large . Fo r sur face  waves , temperature compensated are temperature compensated . The corresponding val ues
or i entation s have been calculated to have up to 1~ times of surface wave velocity , e lectromechanical coup l ing,
the electromechanical coupling of ST-cut quartz. Neph- and power flow ang le and its rate of change are shown
d ine . (K.A l SiOL,)(NaAiSi~~)3, nas positive temperature for these and several other promising orientations in
coefficients for c,~ 

and c66, wh i ch indica tes that it Table I . For comparison , the data for ST cut quartz is
sI~o,,ld have temperature compensated orientations for shown also. The most significant feature to be gleaned
bot’ bulk and surface acoustic wave applications , from Table I is tha t the electromechanical coup ling of
Otr,e, pr omising materials wi l l  be ident ified , the temperature compensated cuts of ber l inite is as

much as ~e times as large as that of ST cut quartz.
Introduction

Another noteworthy feature of Table I is provided
Th is  paper w lI review the s ta te-of - the-ar t  of by the Z-ax ls  cylinder data . From this data and

materials available for surface acoustic wave (SAW ) Fi g u r e 2 it is seen that as the Euler angle X is varied
devices. Large-bandwidth SAW devices are in general from 0.00 to 11 .20, a trade-off is provided between at.
not small , li ghtwe i ght, and energy conserving. This is orientation having 1 PPM/°C TCD wi th  O .O~ power f l ow
due to the ovens or other energy consuming schemes wh i ch ang le

0
and a temperature compensated orientation hav i ng

are requ i red to compensate for the large temperature a ~
,.1 power flow ang le .

coeffic ent of lithium niobste . Harrow-band SAW dev i ces
have , on the other hand , achieved their potential for Other Promising Substrates
being small , ligh tweig ht , and passive devices due to
the temperature-compensated ST-cut of quartz . As can be seen in Fig. 3 and Table ii , l i th i u m

loda te has the highest piezoelectric coup ling of any
A major milestone towards discovering temperature known substrate availab le for SAW7. The tempe ra t u r e

compensated materials with piezoelectric coupling coefficient of t ime delay for the Z-cut is only 7 par ts
greater than that of quartz is a phenomenologlcal m~de I per million . Other orientations are temperature cam -
which exp lains why known materials are temperature con- pensated , but the piezoelectric coup ling is much smaller .
pensated.1 Temperature compensated solids have eIther L i t h ium iodate has the disadvantage of being hygro-
one of the two anamotous properties: (I) a negative scop i c , wh i ch makes this material difficult to process
coefficient of thermal expansi3n or (2) a positive tern- for surface acoustic wave devices.
pera ture coefficient of veloc i ty or elastic constant. 

BQuartz it. temperature compensated because the tempera— Weinert and Isaacs have reported a temperature
ture coefficien t of c6€, for shear propagation along the Compensated orientatio 9 of Tl 3VS~ with an elecCromechan i-
i-axi s is positive . The structures of alpha- and beta- cal Coup ling factor , k — 3%. The velocity of this
quart z provide an understanding of this behavior. The material was very slow , of the order of 900 rn/sec .
alpha-quartz structure Is a part i a ll ~i collapsed der lv a- which is a disadvantage for hign frequency filter app li-
tive of beta—quartz. Above room temperature , the Si02 cations but en advantage for long delay lines . The
tetrahedra rotate and distort towards the straighter power flow or beam Steering angle of about - 17 degrees
beta-structure, The phenoinenolog ical model gives the is another disadvantage of this orIentation . However ,
following quali ties of temperature compensated crystals: It may be possible to find orientations of Cii s materjai
(1) an open lattice structure with associated bending with no beam steering , as was the case for Tl 3 Ta Sei,.~moments , (2) the existence of structural phase transi-
tions , and (3) low coordination number of major con- By sputtering a silicon dioxide film on V-cut
stituents . 1 i—propagating lithium tantalate , Parker and Schulz~

0
have produced a temperature compensated composite . The

B ar l inite temperature compensation i s  produced by the fact that
the temperature coefficient of the silicon dioxide is

As expected on the basis of ~ne theory , berflnite , oppos i te to that of the lithium tantalate . The t h i n
A1PO4, has beasT found to have temperature compensated film produces dispersion and lois , the former li miting
cuts for bulk waves similar in orientation to the AT the bandwidth of coded devIces and the latter the time
and BT cuts of quartz , but with electrome~h~nica l delay . The most ex~ fting propsrty of t h i s composite is
coupling coe ff icients 2 .5 tIme s as large .~~~ Better that the parabolic temperature coefficient of t i m e  de-
quality crystals must be grown to determine i f  the lay is an order øf magnItude lass then It is for ST-
.coustif Q of this material Is comparabl e to tha t  of quartz . This ‘-ateria l should be I mportant for SAW
quartz.” Both materials have a simIlar frequency per oscillator app licat ions . It has the highest velocity
un It thickness , of the materials in Table I I , an advantage for producing

high frequency dev i ces when limited by the photolitho-
In order to investigate the presence of tempera- graphic resolution required to make the t ransducers .

ture compensated cuts for surface acoustic waves in Nepheline , (KAISiO I ,)(NaAlSiO 14)3. has positive tempera-
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ture coef f ic ient s for c 11 and c • whIch Indicates that 10. I .E . Parker and M .B. Schulz , “Proceed i ngs 1975

* it should have temperature comp~~sated otlentatlons for Ultrasonics Symposium ,” 261 (Sept 1975).
both bulk and surface wave applications .’

Beta—eucryptite . LiAlSiO 1 , is a promising silicate ii . L.E. Bouczar and G .R , Barsch , J.App l .Phys., 46 ,
that has been grown at Pennsylvania State University .2’~ 4339 (1975).
This material Is interestIng because of its large nega-
tive therma l expansion In the direction of the hexa— 12 . L.E. Bouczar and G .R . Barsch , to be published .
gonal c-axis. This may give rise to temperature com-
pensatIon even with negative values of the temperature 13. W .B. Regnault , G. R. Barsch , and K.E. Spear , to be
coefficients of the elastic constants. Pb2Ktdb5015 has published .
been found to have large electromechanical coup ling
factors of the order 0.7 and opposite signs for the
temperature coefficients of the bulk wave resonance
frequency for different v~brat lon al modes. It there-
fore gives promise of being temperature compensated , TABLE IHowever, it Is difficult to grow larr samples du, to
Its tendency to crack upon cooling.

ufluSS C flS5e a.,. N N U

~Cfl ~~~~~~ ~~ 4’ ft..w a amt wea•
— -~~~~~- — _ _Severa l years ago , the only temperature ccmpsn- a.. j .e.. • •.m. s. .i.~ 

,,
sated material available for SAW device s was ST-cut _____ ______ ______ _____

quartz . In Tab le I I  are summ arized fou r new tempera- ~~~ 
... —.‘. ‘—.‘ • ‘em .“ .. ‘..~~ “a

ture compensated materials which have became available ....a...... . ~~~ ~~~~ 
_____

with higher pie zoelectr lc coupling than quartz. No one - - - -— — _____

substrate is pe ’fect for a l l  devices , but these and ~~~~~~
‘
~~~~~~~~

-‘ ““  ‘ ‘-‘a” “ .‘-‘a V

other materials under development , such as Pb2KNb5O15, L r • .os ... ..._

increase t he variety of cho i ces for the device desi gner . ~~~ ,a. ..,,...s , ,.a, ,., ,.v. ,,aThey remove the requ i rement of an oven for broad-b nd , ~~ _____ ______ ______ — _____

low inserti o n loss devices, for which ST-quartz is not
adequate. . • ‘aScii N,.,,, , .msne s cas, . ~~~~ Gapo,

bi I ‘th U N’a$H I .n,.I a C.O~Needed now is a readily available supply of these . t.emnonmn.aa~~~~n

materIals to the device manufacturer . B e r ll n l te is
currently not avai lable , but If It can be grown with
suitable quality by the method already demonstrated by
Stanley ,4 It may rsplace many quartz devices because
of Its highe r plexoelectr lc coup l i n g .

Reference s

I. R .E . Nswnham, “ ElastIc Properties of Oxides and the TABLE I ISearch for Temperature Compensated Materia ls ,’
AFCRI . Report No. TR-73-0220 , Contract No.
Fl9628—73-C-0l08 (March 1973). m ,‘a~~~ Rfl,Sfl C(weNwWD ‘aflM3

2. G,R. Bersch and R.E. Nesetha., “Plezoelectric Mete— — ______ — _______mom, mum
r i a l s  w ith Posi t ive Elas t ic Constant Tempera ture Ms~~~~~ ~~~~“~~‘ f~ PW’~ v~’a *NOUS d•ft. emwscc,,’

mamas
CoeffIc ients.” AFCRL-TR-75—0l63, Fina l Report , — ______ — ________

Contract No.F19628—73-C-0l08 (April 1975). 
U’05 Z CUS •JSI 5.5 S.a em

(“act.fl3V54 w’ma ~~~~ ~~~ —~~
3. Z.P. Chang and G.R. Barsch, IEEE Trans.Sonlcs £ (‘a. 

— ______ — _______

• S.’a La . emso, — ~~~ ~U l t rasonIcs 
~~fl, 

127 (1976) — -______ _______

spa , ~~~ •, ‘UN ~
— —4. J.N. Stanley, Industrial and Eng Ineering Chemistry . 

~~~ ~ 0~vol . 1i6 • pp 1684-1689, (August 1954). rno,t • ~~ • •~~~ •. ‘U~~ a.

5. J .J . C~~~b.ll and W .R , Jones , IE EE Trans . Sonics &
Ultrasonics 

~~~~ 
209 (1968)

6. A ,J , S lobodnlk ,Jr. , “The Temperature Coefficients
of Aco ustIc Surface Wave Veloc i ty and Deloy on
LithIum Nlobat., LIth Ium Tantalate , ~&ertz and
Te ll u r iu m  Ox I de ,” USAF C~~~rIdge Rss .Labs .,$edford .
Mass. , Rep. AFCftL-72-0092, 1971 (unpublIshed)

7. V S .  J lpson , J. F. Vetel lno , A . JhunJhunwaia and
J. C. Field . Proc. IEEE ~~ , 568 (1976)

8. R,W . Welnert and T ,J. Isaacs, “Proceedings of the
29th Annuil Sympeelum on Frequency Control , 1975,”
pp 139- 1112, (May 1975) .

9. T.J . Isaac. and R ,W . Wsinsrt, Jeurnal of ElectronIc I -

Materials j , I) (19$) ,

~~~~~~~



- -

-•
U . ._ 

~~~~~~~~~~
-
~~~~~

— —,- - - — 

-.

1~ /

/

/
t_~•

\

\,

~ - - - I — 
Figure 2. The variation of temperature coefficient5 / of time delay end power flow angle  for Z-axis

I
.., ,i~ 

cy linde r B er il n ite as a function of the direction
of the plate normal .

~~ emr ~~~~ma

~~~ :~~~‘a,ma r .r
S ‘

I i sv , ,•
is,..

oem ‘a’.,
,., ~~~~

“S. 4’A ~—ib---~
--

~, ~e ,~~ maSS -f s~,

~ ~
‘~~~em ~~~~~~~~‘a

Figu re I . The variation of SAW ve locity , plazo-
electric couplIng, pewsr flow angle , and tempera- FI gure 3. Temperature coefficient of time delay
ture coefficien t of time delay for X-cut Serl lnl te versus p lezoe lectrlc coupl i ng for various SAW
as a function of the ang le between the Y axis and materials .
the dIrectIon of propagation .

~

131



T E M P E RI t I J R E  CHARACTER I STI CS OF H I G H  FREQUENCY

i.ITHIUH TANTAL.ATE PLATE S

Jacques Déta int and René Lancon
Centre National d ’Etudes des Téléconinunications

Issy—l es—Mou lineaux ( F r a n c e )

Introduction

Li thium tantalate (Li Ta 0-3) is a p iezoelectric
m a t e r i a l  which  may be of g rea t  in t e r e s t  for  f r e q u e n c y  = 

~I 1 k ~~ ~~~~~ E,,, (3)
con t ro l  and se lec t ion . Owing to i t s  high e lec t r ome cha—
oical coup ling factor , it may be used in bulk—wave D, , ~~ o ( 4 )
thickness vibrating resonator s up to hi gh ord er of
overtones , and f i l t e r s  u s i n g  th i s  m a t e r i a l  may have ~~~~~~~ ( 5)
snaxiusin, bandwi the about ten time s what  can be reached
w i t h  q u a r t z .  T

j k .j ’ P  ü,, ( 6 )
The p r a c t i c a l  u s e f u l n e s s  of Li Ta 03 depends

widely on the existence of low t e m p e r a t u r e — c o e f f i c i e n t
of f r e q u e n c y  of the resonators  mad e of t h i s  m a t e r i a l .
Several  au tho r s  reported the  tempera ture  behaviour of In the above r e l a t i o n s  Sjk , Uj, Tjk , D1 , E1 are
~— c u t  p lates v i b r a t i n g  in t h i ckness  shear mod es [ . )),  the components of strain , mechanical displacement ,
~~~ ~3). This  cut  e x h i b i t s  a zero temperature  stress , e l e c t r i c  d i s p l a c e m e n t  and ele ctr i c  f i e ld
coefficient of frequency at fondamental resonance , but  tensors r e spec t ive ly ,  w h i l e  Cikim , •uIk . are
at harmonic modes the temperature c o e f f i c i e n t  is  large the con s tan t  e l e c t r i c  f i e l d  elastic atifnesses , the
and negative . As was shown by ONOE ~,4), the ef f e c t p iezoe lectr i c  con s tan ts, and the constant S t r a i n
of the high coupling factor is preponderant in this perinitivities. ~ is the electrostatic potential and p
temperature behaviour , the specific mass of the material. We used the usual

notations of tensor analysis f~) an inde x preced edAft er their measurements of the temperature coef— by a con~~a denotes d i f f e r e n t i a t i o n  with  respect to thef i c i e n t s o f  Li Ta 03 elastic and piezoelectric cons-
tan ts , SMITH and WELSH t5

~ 
pointed out the possibility space coordinate. The sunination convention for repeated

tensor indices is used.of ex is tence  of zero tempera ture  c o e f f i c i e n t s  c u t s .
WELSH also reported temperature  c o e f f i c i e n t s  of For the one-dimensional approximation, the solu—
antire sonance fre2uencies of thickness shear modes in t ion of the syste~i, ( I ) — ( 6 )  is a plane wave propagating
r o t a t e d  ‘i—cuts L61 . in the direction n (n 1, °2’ 03). 

of the fo rm
In c o n t r a s t  wi th what is done for qua r t z  where

the stud y of a n t i r e s o n a n c e  is s u f f i c i e n t , in hi ghly ‘1’= ’l’, exp
p i e z o e l e c t r i c  ma te r i a l s , resonances  and an t i resonances  

(K . . - ut) ] ( 7 )
Repor t ing  (7)  in the above system lead a to equationexhibi t quite differen t behaviours.

p ‘., ~We present a method of calculation of the first — u1~~ A11, u. (8)
order temperature coefficients of resonance and

wherean tiresonance frequencies at any harmonic , which uses
the general t r e a tmen t  of the v i b r a t i o n s  of th in  

~~, ~~~~~~ ~~ ~~,, + ~~~~~~~ n, n,,, ~~~~ ( 9 )piezoeiec tric plates . This method is app lied to n, n,li thium tantalate using the published data for this
ma ter i a l  L5)

~ 
The solu t ions of (8) are the three eigenva lues
~ ‘ (i — I , 2, 3) of the matrix A , corresponding to

Thickness vibra tions of piezoelectri c the three modes propagating in the ~
‘direction . To

~L~tes each mode is associated a velocity

In this  work , .re use the classical model of
inf i n i te, one—d imensional resonator consisting in a v’=.~j~~~ ( 1 0 )
p ie zoele~ tric plate of thickness h w i t h  unweighty  l
elec trodes , the two faces being stress free .

The classical deriva tion of the impedance formula ~ displacement vector~~~ (ut, u~ , u
1
) which is the

etgenvect or corresponding to the ei1envalue c5’, and anof the resonator L7~. ~
8j may be resumed as follows 

effec tive electromechanical Coupling factor
The syste m of equations to be solved includes the

defini tion of strain (I). the constitutive equations
(2 ) ,  (3) ,  the electrical equations (4), (5) and the
s t ress  equation of motion (6) . 

~ _ II~j kI_~j ~ k ~ P ( 11)

S,5 — -j— u~ +u ,1 ) (1)  
n ‘~

pa P ~

— Crn,,,, S,,,, .e ,1~ E, (2 )
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W i t h  c l e c t r i c a l  and m e c h a n i c a l  boundary condition s on This coefficient is independant of the order n of the
the two faces , one ,btains the impedance formula of harnxsnic .1

~~ is c omputed f r o m  d e f i n it i o n  (22). The

1
the resonator : 

[ 
- 

] 

t i t he r  terms of relation (23) are calculated from the
_______ c o e f f i c i e n t s  of the r ma l expansi n (l~~l

(24)

wher e 8’ = I ,.’ -- . C~~ 
~~~~ (l3),(14) T5 fl fl 1 ~~~ (25)

Resonance  f r e q u e n c i e s  t en mera tu re  c o e f f i c i e n t s
is the s t a t i c  capac i t ance  of an area S of plate , (RF TC)

= (15) 
An e x p l i c i t  f o r m u l a  for  RFTC was g iven  by ON OF.-.i s  the d i e l e c t r i c  p e r m i t t i v i t y  in the ii d i r e c t i o n,  in the  s i n g l e  mode approximation (~1

The poles  of Z(”) g ive the an t i resonance  f r e q u e n c i e s
associated w i t h  each mode ‘

~~,_ Ti,, — T~,( 
2k 2 “

(n odd) (16) ~ ~~+k~(k~1)) 
(26)

f ly
2h where ~~~ ‘l’

~,, , 11, are the temperature coeffi-
while the resonance frequencies are the roots F of : cients of resonance , antiresonance and coupling factor ,

3 2

1 L  ~~~~~~~~~~~~~~~~~~ 

r and ~r the  s o l u t i o n  of the  s i n g l e  mode equation
( 17)

i — I
Cl assification of the modes. : 1 — k 2 !9J.!1 = 0 (27)

The mode, propagating in the direction ~ may be
separated in three groups A , B, C according to their This approximation is valid for the resonances of the

velocities so as to have longitudinal mode and when only one transverse mode
is exc i ted , as in the rotated ‘i—cuts of Li Ta (~~ , but

VA > V~ >V~ (18) in an arbitrary dire ction , speciall y when the
Mode A is the thickness—quasi—extension and modes B v e l o c i t i e s  of the transverse modes are nearly equal ,
and C are t h i c k n e s s — q u a s i— s h e a r . The antiresonance this approximation no more holds.
frequencies at a g i v e n  h a r m o n i c  f o l l o w  the same o rder

The method used here permits a rigourous calculation

(19) of RFTC. The resonance frequencies are computed from
equation (i7) for T and T + .IT up to a given

By convention the resonance frequencies are also harmonic and the RF~C ar e °deduced f r o m
separated in three groups in such a way that  a
resonance frequency of a group is the root of ( I l )  

T~ 
1 F)T0- i-~~T) F,r  (28)inisediately lower than the antiresonance of the same IT )

group. Such a cl assification is the easiest to uae
in computer program s but will produce some disconti—

Calculated resultsnus ties in the following curves when the velocities
of two modes become equal. For instance , a c l a s s i f i c a -
tion baaed on the continuity of displacement vector 

.‘s The method descriebed above was applied to
li thium tsntalate . We used the material constants andgives much more comp lexi ty in computation . 
their first order temperature coefficients published

Derivati on of the temperature coefficients by SMITH and WELS}i(5~), excep t for the va lue of e
tha t we Set equal to L9 C/na , value published by 33

WA RNER et sI .  (io) and closer from our experimenta lThe dependence of a f u n c t i o n  X which temperature
measurements.T may be expressed by a polynomial expansion

— In) “ The direction of the normal to the p la te  is
Xii X)T5i(1.~~ T~ (T—T0 ) 1 (20) defined by two angles ~ and 8 as shown in fig. I.

Tx (2 1)where “~ 1 The results are presented in two forms : (I) plots in

fl X)TO) 
~~ 

rectangular diagrams wi th 8 as abscissa and ~ as
parame ter , (2) al titude charts in polar diagrams .

is the ~~~ order temperature coefficient. In the pre— Electroisechamical coupling factors for the three
sent work we limit the expansion to the first order , modes are represen ted in fig. 2 to 6, an tiresonance
the temperature coefficient being, when dT is small frequencies temperature coefficients in fig. 7 to ii ,

and resonance frequencies temperature coefficients
1 X (’I5, + AT)— X (T0) for the fund ame n tal  modes in f i g. 12 to lb . Similar(22)

X (T,) ~ T curves of RFTC may be obtained for harmonic modes but
above the th ird harmonic they become jrscticaly theIf the material constan ts and their f i r s t  order same as the APT C.Fig . I l  shows the AFTC of the nontemper :. we co ef f i c i e n t s  are ~~owii , the above der iva p sezoel ect r fc  transverse mode &nd the AFTC and RFTCt ion of C 1 , k’ , F and ‘r may be performed for a 
of the piezoelectric t ransverse mode of ro t a t edreference tempera tur e T and for a temperature 
‘i—cu ts. Curves of AFTC are similar to that published0I + .11 . The temperatur. coefficients of frequency are by WELSH

tRen deduced in the following manner .
Fig. 18 , where coupling fac tor , AFI’C and

(A .F.r.c.) p la te rotated around the Y Lila , shows cleev ly the
influe nce of plezoelectric effect on the temperature

Fro, rela tions ( t o) and (16) the A.F.T.C . of a behaviour .
.ode is 2 Fig. 13 shows that the mode B exhibits two lines

wi th zero temperature coefficient of resonance fre—
— + Ti,- 4- 1,— 1’,, (23) quency . The firs t I s the well—known X—cut familly .

Antires onance frequenci es temperature coeff icients RFTC for fundamental , third and fifth harmonic for

The X— cut has a parabolic frequency temperature curve
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w i t h  a mininum at — 10’ C (l I .By  l i g h t l y  r o t a t i n g  the i ngot s  whose comp os i t i ons  were d e t e r m i n e d  fr o m  C u r i e
p late one can obtain a zero temperature coefficient temperature measurements.
at 20’ C. The other line runs near the Y axis
• 90’ ) wi th negative 8 angles. This zero tempe— Conclusion

rature line also exists for antiresonance frequency
as was shown in f i g. S . We have discriebed a method of c a l c u l a t i o n  of

the f i r s t  order  temperature coefficien t of frequency
Experimental results of infinite thin plates of piezoe lectric crystals

wi th a r b i t r a r y  c o up l i n g  f a c t o r , f o r  any o r i e n t a t i o n
To v e r i f y our c a l c u l a t ions , we choose a Cut on and at any harmonic .  Th ia method , appl ied  to l i t h i u m

the second zero c o e f f i c i e n t  l i n e  of mode B. To tantalate shows that some cu ts  v i b r a t i n g  in th ickness
f a c i l i t a t e  the o r i e n t a t i o n  process , the Cut was mode exhibit zero temperature coefficients even at
chosen in the v i c i n i t y  of the lattice p lane fo i I J  h i g h  order overtone where the resonators have still
which is a ‘ i — c u t  rotated of an angle — 32 5 6 ’  around  good q u a l i t y  factors. Experimental results confirm
X axis .  The zero temperature  cut is obtained by our c a l c u l a t i o n s , and a good c ompromise between
performing a second rotation around Z’ axis of a the value of the coupling factor and the location of
l i t t le angle a ( f i g .  19) . The f i g .  20 shows f o r  these the minimum of f r e q u e n c y  tempera ture  curve may be
YX lv / —  32 ’ 5b ’/ a cuts ( t h e  or ien ta t ion  of the found . This  method may be easily extended to higher
pla tes are given according to the IRE standarda [II’)), order temperature coefficients . Nevertheless the
the coupling f a c t o r  and the temperature coefficients theoretical results must be used carefully because
of antiresonance and resonance of fundamental , 3rd the model does not account for energy trapp ing and
and 5th overtones. The first experimental cut because crystals of different sources may exhibit
corresponds to an ang le a of about  5’, which on the different behaviours.
polar diagram of fig. 15 , corresponds to •. 84’,

O - — 32 47 ’ . Acknowledgments We thank K. PASSARET ,
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THE ANGULAR DEPENDENCE OF PIEZOELECTRIC PLATE
FRF~tJENCIES AND THIZR TI24PEN.ATURE COEFFICIENTS

A. Ballato and G. J. lafrate
US Army Electronics Technology & Devices Laboratory (ECCRI)

Fort Monmouth, New Jerney 07703

SwTiary IT-cut was introdoced;10~’~~ the eptire locus was then
explored by Bechmann, et al.,l2 lLi in the early 196G b ,

Additional cuts have been ~~s~~’ibed in the inter-
tk,ubly rotated plate vibrator~ of quartz are known vening years up to the present , - ‘~ and in view of this

to possess a locus of zero first order temperature cc- and becau~e of the stringent resonator requirements men-
efficient of frequency for all values of the azimuthal tioned,1-

~~ it is particularly appropriate at this timeangle, Along this l ocus a number of cuts (V, FC, IT , to tie together a riwaber of these past results and to
SC/TS, RT) have been used for particular purposes but , examine more closely some of the physical and electrical
by and large, p.~st applications have been relatively properties of doubly rotated nuts along the zero tern-
few. Consequently, little in the way of detailed in- peratn~~ coef ficient locus for thickness modes, In-
formation has been published regarding the general cluded are graphs of the derivatives with respect to p
properties of arbitrary cuts on the locu8. and to 9 of most of the quantities of interest,

In this paper we consider the problem of plane Our considerations here will be confined to the
wave propagation in doubly rotated piezoelectric crys- upper branch of the locus, but it would be a mistake to
tals and compute the quantities of importance, such as assume that interest in doubly rotated cuts is limited
frequency, coupling factor and their temperature cc— t o the thickness mode zero temperature coeffiçi~pt locusefficienta, as function of orientation for plates along or that it is limited to quartz. The LC_cutlo L 0  is a
the zero temperature coefficient locus in quartz. In- doubly rotated thickness mode quartz cut having ex-
cluded are graphs of the angle gradients of these quan- tremely linear frequency-temperature behavior rather
tities from which the orientation sensitivities may be than a zero temperature coefficient.
obtained.

For surface ?c~~stic wave ( SAW ) applications, the
The results are applied to misorientation correc- ST-cut of quartz2’’’ (a singly rotated cut,

tions also. For example, it is shown that rotated-Y- (nt) + ii2.~°) is the quasi-Rayleigh wave counterpart
cuts are unaffected to first order by misorientations of the AT-cut ((I lL) + 3~ .2~°). Both have wave propa-
in azimuth angle, and the second—order corrections are gation along the X-sxis; the AT-cut has particle motion
determined, along X exclusively, while the SAW motion is compounded

of I and 11 displacements. In doubly rotated cuts the
Although we concentrate on quartz applications analogous SAW mode propagates along Xl, and the locus of

because of their imnediate interest, the methods we use zero temperature coefficient of delay may be traced in
are valid in general and may be applied to any crystal angle apace, starting from the ST-cut at ‘f 0°, along
for which the material constants are known, such as alu- a path approximating the bulk wave locus. Thus the bulk
minun phosphate and lithium tantalate • A series of wave locus suggests angular regions for future SAW re-
graphs present typical frequency constant , coupling and search. Of course , SAW ’ s have an additional degree of
temperature coefficient calculations for slwr,inusi freedom , viz., the angle ~‘ that describes the direction
phosphate. of propagation in the plane of the plate with respect to

the X1 axis, so that the zero coefficient loens consists
Introdoction of a surface in ç ,9, ~ ‘ apace. Other considerations,

such as coupling factor and power flow angle, will de-
Precision frequency control requirements for digi- termine the relative importance of these more general

tal cc*mmanication and position location systems, cur- cuts. Insensitivi ty to certain nonlinear effects (to be
rently undergoing developnent , make it imperative that discussed below for bulk waves) appears a tempting pos-
crystal resonator performance be improved in a number of sibility, for quartz and for other substances such as
aspects. These include both ~tat1 c and transient aluminum phosphate.
frequency-temperature behavior, as well as shock and
acceleration insensitivity. —“ In a fashion similar to the SAW situation, it

happens that contour modes of plates and discs exhibit
It appears certain that singly rotated quartz temperature behavior closely akin to thickness modes.

resonators of the AT- and BT-cut variety are intrinsi- The DT-cut is the counterpart of the AT-cut, as the
cally incapable of achieving the nece8sary tolerances, CT-cut i~ of t~e Bl~-cut. For doubly rotated contour
while a strong possibility e-lste that swveral of the mode vibrators°,9 the locus of Figure 1 is again close
effects requiring improvement may be brought well to the locus of zero temperature coefficient and may be
within tolerance simultaneously by the expedient of used as a first approximation.
using more general quartz cuts.

In succeeding sections we give brief discussions of
~~th sing]~ and doubly rotated plates are shown in plane wave propagation in piezoelectric crystals, piezo-

Figure 1 in relation to the crystallographic axes I, electric plate frequencies, static temperature behavior,
I Z The singly rotated cut is described in IEEE nata— angle eenaitivitiee, sysuitetry axes , and applications to
t~cJ as (Ill ~8, the doubly rotated as (TIarA ) P/O. quartz and berlinite.
Also shown in Figure 1 Ia the bulk wave zero tempera-
ture coefficient locus for quarts. The most prcetiaing Plane Wave Propagation
re~~on is that branch of the locus for e ‘ o, and this
i~ where we will concentrate our attention in this The plate problem may be solved in either of two
paper. ways. One either transforms the elastic, piezoelectric,

and dielectric constants to a coordinate system one of
Work on doubly rotated quart z cuts began shortly whose axes is along the plate thickness, ox’ one works in

after the discovery of the AT- arid BT-gute , with the the crystallographic system, describing the plate
work of Bokovoy and Baldwin on V_cute.C~9 In l9~l the normal by direction cosines ai~~,
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In this latter method, which we adopt, one forms Corresponding to these frequencies are the three
frequency constants

- 

~C .~ke 
~~zL 

(~~) 
- zh ~~~~~~~~ - . (13)

2 e,, o(~ , and (2)
i J The short circuit resonance frequencies, f, (e ~.ds ..)

are found from
- E~, ~~~~~ 2 k.~ ~~~~~~~~ = (Th)

Then, using the piezoelectrically stiffened values where

— ~, )c- h~~ /z .N’a. - (is)
- + ,~~~~~

. , (14)

and where icn is given by (8). It is important to nct~
the eigenvalue equation that the proper coupling factor cfriving each m”~~ , kn ,

could only be kno~~ after the plate problem had been

— — 
correctly solved.’ That it turned out to be easily

o - ( r — 
~ ~~ ‘Ik (~~) calculable from quantities that appear when only the

I 
~afinite medium is considered is a fortunate after—the-

— 
fact happenstance.

ii solved. This results in three roots dC . and corres-
ponding eigenvectors 1,,,j~ . The roots are orda~ed For the AT-cut, two of the Ian vanish, and the pie-
according to the relations ,‘~ 

‘
~ zoelectri c coupling between the modes, seen in (114),

• disappears; with deubly rotated plates all three Ian will
- ~ ~ j 

~
‘ ;~ ~

‘ (6) generally be present. However, if the Ian are not large,
& - 

:~ ( and the frequency constants Ba are suff iciently well
-. - separated, then the resonance frequencies may be ap-

Th. effective plezoelectric ~onatant for mode ~
.. 18 proximated by applying the uncoupled equation

— x = x /l~
’ (16)

e~, — 
~~~

-‘)
~ , , (7)

to each mode separately.

and the corresponding coupling factor is ~~ift1ng the position of the ininittance circle
operati ng point by the intro doction of a load capacitor

______ 
CL in series with the crystal is treated by modifying

k.. - e., /,/~J’,~ 
. (8) the three Ian values:

(k~)’ k . /  C .i. + c. / c~)
One may include the phenomenologica]. effects of

esall lose by incorporating the effects of viscosity, where
consideri~~ ~~ as the imaginary part of the elastic a
etiffless: ‘ C. - € A~ /zJi , (18)

* £ and Xis the effective electrode area.
- .iC4 & e  ÷ CO V ) . . (9)

j  
~~ 

‘ Static Frequency-Temperature Behavior

Thu l ada to a cemplex eigsnvalue equation, which can The first order temperature coafficiant of ax~
be avoided by realizing that for guarts at room test- quantity i~ defined as the logarithaic derivative of
p.rature .

~ /~~ i. typically 1O’~~& second., so that to that quantity with reepect to temperature. Applying
en excellent a~~rcxistation one may simply form this definition to (12) gives

H ,a~ 
- 
‘~~ j ~~e 0

~aa ~~ 
(10) c c..) — ‘lii — k ‘T. ‘~ ~ 

. (19)

and comput. the effective viscosity f or  mode set using The temperature coefficient. of density and of plate
the lo.elase eigsnmctore: thicloiees are expressible in terms of the thermal ex-

pansion oonatante,31 while Tz~ is obtained by’ dif-
- H ~ ~~ 

, (U) ferentiating the cubic resulting from (~~)

.0 . (20)
Pi.so.l.ctric Plate Frequencies

In (20),
The traction-free piesoelectric plate prob~~a was —

solved .x*ctly for thidu~ss. mod., by Tieruten.” When A - (1’. +T ~, er ,,) , (21)
the electrodes are open—dr~~~ted, the three thickness
modes are ueccupled. 1~~ resulting antiresonanoe ft.- B = ( 4t ~,F . .F ~~1 ’—7 ’,’-F ’ ) , (22)’~~qssncies for. thre. harmonically-related sequence. • ‘5

c =(r . 4 t , F .  -~~~ ~~~
p
~~~) . (23)

(ms.~e m )  - M .
~~~~~~

F/4th . (12)
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The differentation yields T~ as Anala Oradiente

Resonator frequency-temperature behavior is usually
T,_, - “ ~~~~“ ~~~~ 4 

~‘) , (214) expressed as a Taylor eerie. tenperature difference
~~.. ( 32...’— a A ~~.. + 0) from a reference temperature, and variations in

where orientation angle 6 are treate d in like vnamter . While
frequency-temperature behavior for quartz is rather well

- (
~~ , (2S ) known, at least near the zero coefficient locus, thed~r d r ~~ ~~ angle gradients are not very well known. With antici-

a . (tr1~si~~ 
r pated dunand for doubly rotated cuts on the zero coeffi-

cient locus, it is important to know the values of the
• dT angle gradients of the quantities of interest such as

L , and ‘T~ç ~~ , since these will determine the
—z i~~ — ~ - , (26) angle specification, necessary for holding the pertinent

dr 
~~ 

) quantities in tolerance.

~~~~~~~~~~ - 4. 
~~~~~~~~~~~~ 4~

, We will present graphs below showing the behaviordr dT of the angle derivativee of interest along the zero
temperature coefficient locus. In the next section we

+ ~~~ r~,-. ñ2~ y~~~~1 - z(ñ,r55- ?hT~5)~~~ discuss the case of what happen, near ~ - 0°.
sir

Symeetry Axis
~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ In quartz, X1 i, a digonal. axis of symeetry. Fordr 

~~~ 1 0 - 0°, Xl passes throug~i the plane of the plate . A, a
In order to determine the temperature coefficient consequence of this

of the resonance frequency ~~ ~~ , the differentia- z K K B B Bticn must be appli~~ to (ifs), or it may be determined by c2~ , c26, c3S, c~~~, o~~, andnumerical methods. For low coupling materials, where
the frequency constant s are adequately separated almost vanish; also vanishing are
everywhere, as with quartz, it is sufficient to make the
single mode approximation. It was shown by Once33 that e22, e23, •214’ e32, C33, andthe difference between and Tf is proportional
to the temperature coefficient of th~ coupling when only with the consequent results that the desired mode (the
a single mode ie considered: slow shear mode) is a pure mode and that most of the

important quantitie. have a zero 0 derivative, so that
Tç,~ - - - — . T~ . (28) departures in 0 are manifested only in second order.

It has also been shown that the presence of electrode For the doubly rotated plate of Figure 1 the c(,~ are
• aaa.-loading is an additiona~~f~~luence on the tempera- 

~ a, = - sin~ coseture coefficient difference.

~~ A series load capacitance C,. shifts the point of - + co~~ coe~ (~~~)
zero reactance from the resonance frequency 4~ to a
load frequency~~. ; C,. aleo sltere the temperature O(z~~~~+ sjn6 (36)
coefficient of the cryetal:

F o r Ø = 0  the r ’
Tc5 _ 7 ’

~c..~~ — ~~~~~~~ 
, (29) 

r~~~_ c~~ coe2e + c ~~ ein2e + 2 c~6 Co.esino (37)

whey. c( - C. /(c. + C..) . The capacitance ratio
- 022 cos e + ~~ ein

2e + 2c~~ cosO ein9 (38)
- C. Ic , (30)

is proportional to and C1~ in first approxima- r~3 = c~~ co.
2e + c~3 ~~~~ + 2c~~ cone ,ine (39)

ticn ie

~~ ~i/j~, , (31) r~, 
- c~~ coe

2o + c~~ 
1,j~2Q +

so (29 ) may be written aa
(43 + o~~) cone sinø (ho)

Tç, - Tç ~~~~ ~~~~~~~~~~. 
• (32 )

r 13 - c~~ ~~~~ + sin2e+
including the effects of

~~~~~~~~~~~~~~~~~~~~~~ 
(c~ç +c~6)oo.erthe a~i)

3 3

+ (t-.fl (;.._ ‘r~.) ) +zL~.rfl,~ } . (33) 
r12 o~~ oos2Q + c~ ~in

2•

The pammeno. of C,. in series with th. crystal is ~°~6 + a!~) cone iin9 (ta)
equivalent to operation of the crystal at a place on it.
i ittenoe circle between and
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For ~ = the ~~ are d ~~~~ = 
~~ 

(,c~~ — c~~) ce-;~;
— coo 0 ~ 3~~ 9 ~ ~~~~ c,5).,5. a.,e (143) 

~ S n20 (60)

= fit ce s~. 4 ~~ a..i’&+ (e,.4 + e,2) cesC ~ tot 9 
= z (,4~ — . 6)  Ce S~9

~~~ 
f,~ csa • + e,3 S”4~& .(e ,+ ~~1 )Co3C S~M 9 .(14S)

— ‘
~~
(

~~~ ‘~~~ +x7~ s.~ 29 
(61)

For ~ - O~ E iS 
dir’ - ~~~~~~~~~~~~~ ces ’e6 & 6

S
~~ 

Coc 8 # Ej i 5(.,D+2E~,Cos* S,n8. (146)

(.~C4~ *.4~2II~) Si~.72~~ (62)
The derivatives d/ck~, for 0 -

dr d~~~ _
~C ,a — (147) — Z ( e 1 —  e,..) co?9

C
- — ,

~~~~~. ~~~~~~~~~~ ~~~~~~ coaO  (148) ~ I2 ( e25 + e3~) ~~inlC (63)

1cgr~ - — £36 s~nze — ~~~~qf cii’f (149) — 2 (e,~ — f.z’) C S ~G

~~~~ 
_ l/~(~~•~ ç~ ,d, ,) Sin 29 — fz (e.~+ e,,) s~ 1 zO (614)

a’
—~~~~. ÷A~ c)  COS’8 (SO) ~~~~~~~~~~~ (e,  — 

~~ ,q) ces’&

1-!~ ‘I~ (~~,~ +~ c~g) S ,,29 — ‘Iz( ’e .u + eaq) SLHLO (65 )

2 a
~~~~~~~~~~~~~~~~~ ~~~~~~~~~ 

(51) d¼i~’ Z(C,’—€,: )~~os. —~~~~. 51c129 . (66)

~1r~ u
+ ~1~w j  si.i z8 For class 32 (quartz), these redoce to

g * . a £I o ~~~~~ CoS O + s e+Z ,C,~~osa,.49 (67)—
~~~: ~~~~ c~.vsZe (52)

a a Sr,1 — ~~~~ 0 + ~CM~i S~P1’8 ~ZiC,q c.sb Si,& (68 )
—

d4 • a ~— ,.Cqq co1~~ + £* (69)
— (e,~ 4. e~~) C.,,’. (53)

- ~~~ 
1L~ l-(~~~~-~~~~)c.5e S.btO (70)

~~~~~- - — ‘IL(e,,.q- e..,) 5(.1ZO
d4.

I
1~) — O  (71)

— (e,z4 e~~ ) e.s 29 (5J8 )
(72)

dZ~,_ _q1( e~~ 4 e,) ~~ - —e 5 cos
2• — e.~j to s. s..~e (73)

— ( e,.~i. et~r) cis
29 (55) — (714)

(75)
(56) W€~~ — 2€,,. GaS 8. 

~~~~ COS 9 i- E, S 1 , ’• (76)c~4

The second derivative, d2/Ø~ are , for 0 = 0° 

- 0 (77)4~
r.? Z( ~ 

0 1 9c , -c . i . ) c..• ~~~~ ,i.• (~7)

— O  (78)
~~ -~~(~~5—4)C. : .—A:., si,ii. (58)

a.1 
- 0 (79)S 9 % 1 5

- 2.(C~ç_ Ass ) C•e • — Cpq 3~ ?L• (59 ) a,
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0 (80) (T4/ae)Ae + i f ( ) 2
~7•~ / ~~ç~’)  A~’

’
*

~~~~ ~~~~~~~~~~~~ ~~~~~~ ‘/( ~~~~~~~~~~~~~~~~ ~~
‘
~÷ (  ~‘ / ? a )  AS~~ 9 . (98)

— (2~~,.4
’)c..’8 (81)

The rotated-Y-cuts of quartz, containing the digonal

( 4 f ~, ~~~ ~~~~~~~~ axis X1, have

44 Tc/~~ - ~~~
‘T~~~/~~~p~~~~~ .,.o~ (99 )

~~~~~t a a
— + A~~) CO3 6 (82) When the angular derivatives of (19) are evaluated,

using (67) to (96) and the temperature derivatives of
(67) to (96), the following values are found for the

~L~i .~ o (83) AT-cut wi th & +35.25°:

• - — f ~ e ,.~ zn 29 ÷ z e ,, cos’O (814) - — ~ .oe y ,o ’/k , ’e (bc)

- o (85 ) a’~~/15t_ + ~~~~~~ ‘~ / 0 / k , (~ f (101)a, 
a’~~f a~’_ —47.~ 9 ~ ,0’/g , (•ç~)

L 
. (bo2)

(86 )
4~ The maguitudes in (99) - (102) permit (98) to be

approidinated by the simple expression
-

A7’ç ~ (— 5.1 xie~
’/k , ’e) A9 +

— A.’~ Sin 2D (87) (—~ .o x i ’fK ,(’~’)
’) A~’~ (103)

so that , for constant AT , a parabola describes the re-4t r,~ 
~~~ 

£ 0 z- — L.’ ) Cos 8 suiting curve. Setting £T1 equal to zero yields the
curve of Figure 2, which describes the locus of constant
first order temperature coefficient. For any other con-9.

4- ~ ,w 
~~~~~~~~~~ 

(88) stant value of AT1, the parabola is simply shifted up
or down along the A8 axis. This figure permits detei~~.

- 0 (89) nation of the tradeoff between 4’ and 9 necessary to pre-
4~~ 2. serve a required value of Tf.

- ~~~ ~~~~~~ 
_ , # Aq.~) S.n2& (90) Calculations on the Quartz Locus

4”
The loci shown In FIgure 1 trace the paths of zero

4~fli
’ 

- 0 (91) temperature coefficient for the two quasi-shear modes in
quartz. Our attention is directed in this paper to the0 (92) upper (9)0) branch of the c-mode locus, but it is in-
etructive to see the overall structures of the tempera-d . .  - 44 CO 3’~~ +1fz f,. Sin ze (93) ture coefficient surfacer in angle space. Figures 3 and
14 are provided for this purpose. Figure 3 shows the c-
mode locus, including the position of the AT—cut at0 (9k) ~ - 0°, and the IT—cut at 0 — 19.10, both on the upper
branch. Figure 14 shows the b-mode branch, with the po-0 (9S) sition of the BT-cut at ~ - 0~ indicated.

0 (96) The upper c-mode locus is adequately described by a
straight line with equation

Startin1 from (20) and differentiating twice with ~0 - +35.25°..ll• ~p
0/

~9~) • (1014)respect to 0 lead. to the required relation, for the 0
a gradients in terms of r E, ~ and € 8’plus their de- We use the ela,tie,~~ iesoelectric and dielectric con-

rtvat iv.s . In like manner the 9 gradient . are obtained. stants of ~~ctwann, and the temperature coefficients
• These are quite lengthy but straightforward to obtain of these quantitieq given in Becheann, et al.; use ofand are omitted here. more recent ~~~~~~ does not change the resul ts

perceptibly.
Power Series in Two Variables

In the following series of graphs for quart z, theSeaj.1 variation. in both ‘f and 9 are treated by relation (1014) has been used to define 9 corresponding
using a Taylor series in two variable,. Using the t411t to the 0 values appearing on the abscissae.
perature coefficient of frequency as an exanpl.,

A. Frequency Oonstant.
TçO~.&i’, ..ai ). 7~ ~~~~~ ~~~~~~~~~~~~~ A•

÷ (~~,• 2~~, + A. ‘) “
~~ (“ .)/nt~ 

• .  Figure 5 show, the quasi-extensional a-mode fre-
quency constant Na; N~ and Nc ale given in Figure 6.
Nodes b and c are separated by hiS at 9 ,~ 0~; the sept-letaining terse up to second order in angular differ- ration decreasee with increasing fl, becoming l($ atencea gives 
9 - 21.90 (the SC-cut), and 7% at 9 - 300.

T~ (V,a~ , .ea#)- 1~ç0~~)• 4’T~ (V7~/ey’). A’f ÷

146

— -



For all three modes the angle gradients 3$ /94’ times that of the AT-cut, which is a disadvantage in
are given in Figure 7; all three vani sh for 0 - 00. monolithIc filters and TCXO ’s, but the value i~ quite
Figure 8 shows the gradients ~.N’ /9 e. In the vicinity acceptable for precision oscillator use. The ratio has
of the SC-cut the value of 3’( /9? is about six times been calculated from the relation
the AT-cut value of Pj ( / 9  8.

/L~~ 1r~/8~~
’ . (lo?)

B. Piezoelectric Coupling.
Figures 19 and 20 give the angle derizatives of~t

Piezoelectric coupling factor N is given in
Figure 9; near the SC-cut both thickness quasi-shear F. Notional Capacitance.
modes have nearly equal coupling. The derivative
S IkI /50 is given in Figure 10. For the AT-cut Notional capacitance is proportional to electrode

~ k1 /50 vanishes for the c-mode, whereas near the area 1~e and to resonator frequency. Considering ye
SC-cut it is an extreme and a one degree error in 4° and frequency fixed, motional capacitance normalized to
results in about a ~~ change in Iki . Figure 11 shows the equivalent AT-cut plate is

Zd /1 8, whIch vanishes near the PC-cut; at the SC-
cut it is slightly less sensitive than at the AT—cut. ~~~~~~~~~ (AT-.-4t - ~~~~~~~~~~~~~~~~~~~~~~

C. Time Constant. This ratio i~ shown in Figure 21.

The notional time conetant38 T~ is defined as 0. Notional Resistance.

i~~ / ~~~ 
. (105) Since

(106)
With the quartz viscosity values of Lmnb & Richter ,29
the Z values along the locus p e  given in Figure 12. and I, given in Figure 12, one may calculate the no-
The units are femtoseconds (1o_i~ seconds). Fran (105), tional resistance ratio of a plate with respect to an
v stay be re-expressed in a masher of ways, such as AT-plate with identical electrode area and frequency.

The result i~ given in Figure 22.t ;-  Rl Cl l/ek,Q. (106)
H. Mode Spectrograph.

In (106), R1 and Ci are the notional resistance and
capacitance of the equivalent electrical circuit , Gj

~ 
is The plate vibrator input adnittance is

the nominal resonance frequency of the mode considered, i.,, /
and Q is its quality factor. From Figure 12 it is seen - 

ic.) Ce / ti— Z i~~ f .nX e~/X m. ~~~
. (l~~~)

that, for v~ constant, the Q of the desired c-node in-
creases slightly with increasing ‘9 . Figures 13 and 114 Fran this, one obtains the mode spectrograph, which is a
show a r, /9 ~‘ aiad 9 ~ /9 0, respectively, plot of the plate suQ~eptance versus frequency. Usually

measured in practice-” is a quantity proportional to the
D. Particle msplacmeent. susceptance of the plate when the shunt capacitance Co

has been balanced out. We have computed spectrograph,
Figures 15 - 17 show the angles made by the particle of this quantity, B

~, 
normalized to the susceptance, Bo,

displacements for the three modes. Mode a is pre~~~~- of the shunt capacitance. These are shown for various
nantly extensional, that i~, the motion is largely along cuts in the following figures. All curves have been
the x, (thickness) axis. For this mode (Pd and 9d are plotted for the lossless case, but each resonance has
defined as follows: ~fd is the angle of the first rota- been marked with a figure in percent to indicate the
tion, about Cj  , fran x1 to ;‘ , and 9d .5 the angle level of the response when losses are present. The
of the second rotation, about X , ’, Iran Ki to Ca’ . levels have been nozinalised to that of the c-mode AT-cut
This definition is similar to the plate rotation, shown at the fundemental resonance.
in Figure 1, where 4’ is the measure of the rotation
about x1 , and 9 the measure of the rotation about X . • The relative levele are given by

In like fashion, for the b-mode with particle dis- / (P4)
p1ac~~~nt a.. 1y along It ,’ , 4’d ii defined a,,tbe angle (p~~ 

. t~ c .~. ~~~~~~~ / • t ( ....d. ~~) . (no)
of first rotation, about X 1 from a , to a, , and 9d
i~ the second rotation angle, about xj  , Fran a,’ Figure 23 is for the AT-cut; the c-node has capaci-
to it,’ • tance ratio 159 and notional time constant of 11.8 fmato—

seconds. Fourteen percent above the c-node is the Ire-
For the c-mode, we continue the permutation and quency of the b-mode, bat it is not piezoelectri caliy

take ~d aa the angle between A , and a , for the ro- driven.
tation about it, , and ød as the rotation angle between

it ’ and it ,’ for the rotation about it,’ . From Figure. 214 and 25 are for 0 - l3.9~ and for the PC-
Figure 17 we eee that the AT-cut ( ~

I_ 0°) is a pure cut at 0 - 150, respectively . A strong X-ray plane ex-
mode set, with 4°d and 9d equal to zero. Aa 4~ in- let. for ths l3.9° cut, making it easy to orient
creases , so de ‘9d and ød. This has the practical con- accurately .
sequence that unles, some tec}n~ qus rich as bevelling i,
used,24 it would be e~~scted that deubly rotated plates The IT-cut spectrograph is given In Figure 26. Mode
would suffer from Q degradation dee to mo~mting losses c has become somewhat weaker than mode b which is lC~~
i~ we~ compared to th. AT-cut, even though their intrinsic above it. Figure 27 show, the spectrograph plot for the
Q’. are slightly hi~~er. SC—out . The capacitance ratio. are nearl y equal , but

the c-mode loss is nearly deuble that of the b-mode,
K. Capacitance Ratio. whi th is lC~ higher. A wider frequency plot with ordi-

nate in dB is shoim in Figure 28 for the SC-cut. The
The ratio of static to ~~nmaic, or notional, alps- level. ar, ‘elative to that of th. b-mode fund.nental,

citance appearing in the equivalent circuit representa- labeled b~1). One sees here ths cluttering of the
tier of the p1st. vibrator is shoim in Figure 18. It speotr prodeced ~~ the thre. series of )~~~o~j cs.
is seen that the SC-cut value ii appronimste]7 three These are aly the thio~meaa nodes; in practice each
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will have associated wi th it anhartnonic overtones due to e Higher t and R1 for filter and TC~~ applica-the lateral phase reversal, across the plate , further tions; enaller C1.
crowding the spectrum. Contouring can reduce these ef- • Out-of-plane displacements-increased mounting
facts very much. More Import ant in many respects is the losses.
strength and proximity of the b-mode fundmnental to the e Proximity of b mode with moderate strength.
c-mode fundamental resonance • e Mode spectra more complicated.

Figure 29 is the graph for the rotated—x-cut, flerlinite
with ~ - 30°,

Berlinite (AL P014 ) is a material very like quartz
I. Temperature Coefficient of Frequency. In structure and material properties. It occurs natur-

ally only as tiny crystpls, but may be grotm to large
The temperature coefficient of antiresonance fre- size relatively easily .U2 An evaluation of the elastic,

quency, Tf , Is plotted In Figure 30. If , Instead of piezoelectric, lpd dielectric constants has recently
computing at a reference temperature V0 of 2~°C, one been canpleted;U~5 these are used here to calculate sometransforms Tf a ~~ the inflection temperature Ti, the of the properties of deubly rotated cuts of this inter-
curve for mode c is foun d to increase with increasing 0 esting material .
as shown on the graph. Ti increases from 26.14°C for the
AT-cut to 9~.14°C for the SC-cut , to l~7°C for the Aluminum phosphate has coupling coefficients
rotated-X—cut. The gradients a a ~ and ~ Tf a’ a e roughly three times those of quartz. A sample of what
are shown in FIgures 31 and 32 , respectively, is obtainable Is shown in Figure 38, showing the 1c~, forcuts of the orientation (YX~.r ) ’9 .
J. Tmnperatui’e Coefficient of Coupling.

For cuts (YX er4 )l2°/e, Figure 39 presents MmTic, the temperature coefficient of piezoelectri c versus 9. It is very similar to the corresponding set
coupling, is plotted in Figure 33; Figures 314 and 3~ for quartz, but the values are slightly lower. Fig-
contain plots of the derivatives of T,~. Using the ure 140 gives the km for S’ - 12°; agaIn the similarity
curves in Figure 33 and the relation (28), T~ may be ob- to quartz is to be noted, bit the magnitudes are about
tam ed; the plots are shown in Figure 36, from which it three times larger. In Figure 141 are the T~ a (m~~ n)is seen that T

~ for mode c is not sensitive to changes for ‘9 12°. As nay be seen from a glance at Figure 3,
in 0. the c-mode quartz curve becomes much more positive in

the region IB~ < 30° than the berlinite curve. anall
K. Frequency-Temperature Behavior, changes in the berliriite temperature coefficient values

could have the effect of shifting the zero temperature
Figure 37 contains plots of frequency versus tent- locations significantly.

perature for the SC—cut. Values of a Tfa/ a 8 from
Figure 32 have been used to obtain the curves at van - In Figure 142 the loci of Tf a - are shown for
ous 8-offsets; the second- and t~~r~~order coefficients berlinite; the similarity to quartz is again apparent .
wa re taken from Beclanann, et al. ~~~~ From the graph Because the material coefficients are not as well known
it is seen that the SC-cut shoul d be excellent for oven— for AL 

~
0h as for quartz, and finn applications are notcontrolled applications due to its high inflection tern- yet established, it is not advisable to pursue calcu-

peratu re (9~~.14°C); compari son with the corresponding lations of gradients at this time. However , the ntagni-
AT-cut ..t (71gw’, 12 of Reference 31) discloses that tudes of the coupling factors and the presence of zero
the SC-Cut i8 flatter than the AT-cut and is less temperatw.e coefficients in a material structurally
sensitive to changes in 0. similar to quartz justifies further efforts to grow,

measure, and apply this material. In particular, panel-
Conclusion, - Quartz leling what we have said about the temperature behavior

of bilk and surface waves on quartz , the surface wave
Doubly rotated quartz plates on the upper zero properties of AL 

~°h 
appear very appealing, with a zero

temperature coefficient locus appear to have a very temperature coefficfent locus all but a certainty.
promising future for applications where various non-
linear effect. have to be ainimitted. A short list of AoImowled~~ent
advantages and disadvantages follows. Comparisons are
with respect to an AT-cut with identical frequency and The authors take this opportunity to thankelectrode size • Mr. Robert ~~oadbelt and Mrs. Caroline Harri s for their

careful drafting and Mrs. Anita Earle for her expert
A. Advantages.

• Improved static frequency-temperature behavior. P.~fe~~~~ces*
• Greatly im~roved transient frequency-temperature

behavior.2 
1. F. E. Botterfield; “Frequency Control and Time In-

• Lessened edge-force sensitivity. 
2n formation in the NAVSTAR/Global Positioning System,”• Greatly Improved planar stress behavior. these Proceedings.

• Reduced acceleration sensitivity .
• Improved plitude-frequency behavior. 2. A. J. Van Dierendonck; “Time Requirement. in the
• Lessened int.rmodulation effect.. NLVSTAR/Global Positioning System (oPs), ” these
• Fewer activity dips. Proceedings.
C fflightly improved quality factors.
• Thicke r , less fragile plates. 3. R. A. Mahsr/ “Oscillator and Frequency Management
• Mode separations and couplings adjustable for Requirements for OPS User Equipeents,” these

stacked-crystal filter use. Proceedings.

B. Disadvantages.
* A1’CSS Annual Frequency Control S)mlpoeiuin, US Airye I-saying and orienting ittore difficult. Electronics Comnand, Fort Moomouth, NJ 07703.

• Tighter tolerances required on angle because of
finit, gradients.
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PROGRESS REPORT ON SURFA CE

ACOUSTIC WAVE DEVICE MMT

A lan R. Janu s
Hughes Aircraft Company

Fullerton, California

Summary In order to address the des i gn, electrical
te st , environmental and volume fabrication require-

In July 1 975 , Hughes began a two-year , ments of the program in an orderl y fash ion , the pro-
USAEC OM sponsored Manufacturin g Method s pro- gram I. broken Into four phase . as shown in Table II.
g ram on surface acoustic wave devices . A statu s During the firs t phase , the six devices were desi gned .
repor t is presented which identifies the extent to fabricated and tested to specification. Ten devices
which program obje ctives have been met In terms of of each of the six d esi gns were delivered to ECOM
desi gn , fabricat ion , packaging and teat considera- at the end of this phase. In order to meet the pro-
tions. gra m requirements for auto correlation (phase

coded tapped delay li— .e f i l t e r s ,  r.ii r ai se compre .-
The object of the program Is the establish- sio n line test , the appropriate reverse coded tapped

ment of a production capability for SAW devices of delay lines and pulse expansion line. were included
varied desi gn and material . Specificall y, the con - in this shipment.
tract identifies six test vehicles with rig id electr ical
and environmental specifications . These are band - During the second phase of the program , test-
pass fil ters , tapped delay lines and pulse cornpres- ing and analysis of those devices that failed to meet
sion filters with center frequencies of 100 to 200 full specification was perfo rmed. This redesi gn
MHz on both lithium niobate and ST-quartz. The effort resulted in a finalization i f  electr ical specifi-

program Is divided into four phases. During the cation for the balance of the program. Ten devices
first , design phase , the six devices were desi gned , of each of the six desi gns , fully adherent to the f inal-
fabrica ted and tested to specification. The second Ized specification , were delivered at the end of this
phase was directed at the redesi gn or design modifi- phase.
cation requir ed by the failure of first phase samples
to meet specification. The program is currentl y Th e third phase calls for the testing of de-
entering the third phas e. This phase calls for test- vices to a M I L - S T D  8838 type of environmental
ing of the devices to an environm ental specI fication , specification and will result In the delivery of fifty
The final phase calls for the establishment of a pilot each of the six device types. During the final phase
line and the pr~duction of one hundred f i f t y of each of the program , a pilot line will be established for

of the devices , the production and delivery of one hundred fifty of
each of the devices, fully adherent to electr ical and

Introduction environmental requirements of the program. An im-
portant element of this phase calls for the develop-

This paper deals with the pre liminary re- ment of realistic manufacturing cost data on each of
suits of an effort to satisf y the requirements of a the device designs.
Manufacturing Methods and Technology (MMT) pro-
gram based on a broad range of surface acoustic Program Accomplishments

wave device desi gns. It encompasses both the ini-
tial and redesi gn ef forts on six differ ing SAW designs Phase I
as well as a discus sion of the accompany ing fabrica-
tion effort. Design - A detailed discussion of each of the

desi gns Is beyond the scope of this paper 1 and will be
Program Requirements addressed here only to clarify certain test data . In

general , each desi gn approach chosen was verified
The overall objective of the MMT program is to be consistent wIth specification requirement s by

the establishment of a production capabili ty for SAW computer simulation prior to commitment to mask-
device functions that are representative of a proven making. Maskma king ut ilized on F~tc ctromask step
technology. Table I summarizes the six device de- and repeat apparatus for both pattere generation
sign. chosen by 3~CuM for the program. They are (10 X-emuls Ion reticle) and working plate fabricition
broad ly classified Into bandpass , phase coded tapped (1 X-antt-reflection chromium). This approach
d.lay line , and puls. compression filters. Substrate allowed for rapid turnaround as well as a lower ed re-
materials specified are lithium niobate and ST- curr ing cost during antici pated redesign efforts. A

quarts. typical mask layou t Is show n in Figure 1.
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Appropriate series  Inductive tunIng and series Initial results on quartz substrates indicated
padd ing resistors required to meet the VSWR specifi-  that supposedly ident ical plates from the same ship-
cation a re indicated.  Due to the uncertaInty In the ment were capable of producing devices at zero and
fina l series  resistance level at the prototype stage , plus four percent of the design frequency in approxi .
t h r e e  levels of aluminum film resistance have been mate ly a I to 1 ratIo. With reference to Figure 2 ,
incorporated into the d e v i c e .  The final mask has a thia. frequency diff erence can be accounted for by an
die array that exceeds the area capacity of the sub- equivalent acoustic velocity difference. This acoustic
strate in order to provide redundancy for patterns velocit y difference can be related to the polarity of
damaged in processing. the y- axls rotation relative to the z axis. Here , for

the proper acous tic velocity of 3158 m/sec , the ro-
Fabrication - Substrate materials were ob- tation ang le Is a +42. 75 0 rotated y-cut (ST-quartz).

tam ed from Val pey-Fisher Corp. 2 (3 x 0.75 x 0. 025 For an acoustic velocity of 3290 rn/sec the notation
inch ST-quartz, + l5~ orientation to x axis) and Cry.- ang le is a -42. 75° rotated y-cut (not ST-quartz). It
tal Technology, Inc. (2 (dix) x 0. 020 inch lithium has been confirmed through the vendor that all the
niobate , + 6 orientation to z axis). pla tes received under the ori ginal order were cut

from the same stone. Given that the stone must be
Both materials were cleaned with an acetone bisected In order to remove the seed crysta l, It is

soak and scrub and a detergent scrub , intermedIate hyp thesized tha t the stone halves could have been
steps Involved a deionized water rinse. The sub - misali gned relative to one another in regard to x-
strates were dried under a dry nitrogen stream, polari ty prior to slicing. The vendor has now ian -
These substrates were then metallized with aluminum plemented an x-ray screening procedure to correct
to a thickness appropriate to the desi gn requirement this problem.
(2000 

~ ± 10% except TDL, 1250 ± 10%). The metal-
llzed substrates were spun at 5001) rpm In order to Test Results - Tables III through VIII compare
achieve a positive res is t  thickness (Shipley A Z-l  3508) specification requirements to the tested results of the
of 3000 + 10% a prebake schedule of 10 mm . at first desi gn effort. With the band pass filters , the in-
90°C was utilized. sertion loss specification was only nominally achieved

on BP-Q. On BP-LN , b oth insertion loss and VSW R
Transducer pattern . were exposed at from specIficat ions were exceeded. The two tapped delay

3-6 sec. using a Kasper Alligner , Model 1800. Dc- lines failed to meet specification In a number of areas;
velopment of the resist Involved a 50% dilution of insertion loss , sidelob e and spuriou s suppression ,
commercial developer. Exposure and development and VSWR . The pulse compression filters were de-
times were  adjusted to give the proper line-to-epace ficlent only in sidelobe suppression and VSWR.
ratios for a given filter pattern. The patterns were
then defined in the aluminum using a nitric acid, Phase U
phosphoric acid, water (2:40:9) etchant. The photo -
resist was stripped in acetone prior to visual inspec~ Design - The redesign effort  during the 2nd
tion at ZOOX magnification. In the majority of cases Engineering Phase involved in-dep th analysis and
to date , the predtce yield has exceeded fifty percent . testing of the devices in order to improve the degree
The criterion for this yield I. based on the number of to which the desi gns meet the specifications imposed
good die vs. the number of die printed. A good dice by the program. It was also determined that specifi-
is defined as having no aborts and less than 5 opens, cation relief , primarily in the area of VSW R, was re-

quired in order to (I) preve nt a substantial reduc tion
Prior to dicing, the substrates were recoated in device yield , and (2) negate substantial device cost

with photoresist for protective purposes. They were increases projected for additional matching compon-
then pitch mounted and diced using a 6 ntil. OD dix- ents . In view of the relatively insIgnificant impact
mond blade. Dice were then individually recleaned of VSW R on system performance at IF , this relief
prior to packaging. Die mounting utilized Dow Corn- was granted by the program office. Tables IX
ing 3140 R.TV, cured for 24 hours in air. Thermo- through XIV reflect these specification modifications
compression gold wire bonding (2 mil dia. ) comp leted as well as changes In test data that r esulted from the
the packaging operation, redesign effort.

Due to the complexity of this dicing procedure The insertion loss achieved on prototype BP-
as well as the lack of proper sawing equipment, de- Q (Table IX) devices was marg inall y at 22 dB , poten-
vice yields hav, been significantly lower than that In- tially lowering device yield. In order to lower this
dicated by the predice Inspection during this phase of value to an acceptable 20 dS , the series resistance on
the program. both input and output transducers was appropriatel y

reduc.d. This , howeve r , raised the VSW R level in
During this initial pJt ase , th. requirement for excess of the specification.

confirming th e devic. design. 1i4.pend.nt of feed -
through and tuning losses , has dictated the use of In the BP-LN design (Table X) , Hughes
machined chassis emp loying SMA connectors , learned that the multistrlp coupler specified for
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this device was incurring additional Insertion loss . The net result of the Phase II effort has been
An agreement was reached with ECOM to proceed with the finalization of the elec trical specification for thea new design eliminating the coup ler. A thorough balance of the MMT program.
theoretical evaluation of a number of designs was then
performed . Of the best of these , it was found that Fabrication - In order to more effectivel ythe inherent Q of the transducers caused the theoret i- utilize substrate material from both a cost andcal Ins ertion loss (15  dB) and spurious echo suppre s- throughput standpoint , substrate sizes were revisedSian (35 dB) to be barel y met. Adapti on of this de- du ring the 2nd Eng ineering Phase . ST -quartzsi gn would require a relaxed echo suppression of 30 (2 x 2 x 0.025 inch) from Valpey -~~isher Corp. anddB. A more serio us p roblem is that the new design y-z lithium niobate (2 x 1 .75 x 0.020 inch) from
requires addition of six lumped matchin g network Union Car bide Corp. ~ are now used for the balancecomponent s , including two broadband impedance of the program.
transfo rmers . Furthe r more , it should be noted that
this desi gn has not been evalua ted experimentall y, and The dicing problem identified during the 1stthat the actual perfo rmance data could conceivabl y be Eng ineerin g Phase was resolved by r eceipt and im-further modified by deviations fr om the assumed ideal plementation of an Electrog las 6 dicing saw , Modeltransformer performance behavi or. It was theref ore 106. Initiall y, the new saw met all expectations ondeemed desirable to adopt the ori gina l desi gn with ap - lithium nlobat e in terms of yield , kerf loss and speed.propriate specifica t ion modification in Insertion loss However , a blade life problem was encountered in theand VSWR. dicing of quartz. This problem was resolved by the

implementation of an improved saw blade at reduced
For both ta ppe d delay lines (Table s XI , XII),  spindle speed.

it was determin ed that a VSWR of 1. 5:1 could not be
achieved with an Inser tion loss of 30 dB under any cir- During the 2nd EngIneerin g Phase , commer-
cumstances. A somewhat reduced VSWR . could be ob- d aI ly available semiconduc tor pin packages 7 wereta m ed with the addition of two additional component s successfull y substituted for machin ed chasis (Fi g-
on th e Inpu t transduce r and one on th e output tap or e 3) .  A ten fold packaging cos t re duct ion was
a rray. This approach was not considered desirable achieved by this Implementation . While the new pack-
f rom a cost stand point , and appropriate VSWR speci- ages do not show as good a feedt hrough suppression asfication modifications were Imp lemented, Due to the the machined units , (Tables IX throug h X I V) ,  sped-lower fractional bandwid th of the TDL -200 desi gn , the ficatton Is still met. The key element in meeting
proposed VSW R level is lower. Indeed , the relaxed this specification lies In the In timate grounding of the
VSW R specification contributed to an Improved Inser- package base.
tion loss in both desi gn..

Conclusions
The specified metallization thIckness (1000-

2000 X) caused th e spu r ious echo suppression sped - Design and test efforts during the Initial phasesfication to be exceeded. A reduction in thIckness to of a sur face acoustic wave MMT program have re-
400 allowed this specification to be met. The suIted In six bandpass , biphase coded tapped delayspecified time-sidelobe level, influenced by a complec line and pulse compression filter designs that , InInter-relationshi p of orienta tion , metal lizat lon thick - general , meet electrica l specification. The major
ness , and die mounting procedure , was only margin- exception to specification ad herence has been witha 1iy achievable on engineerin g samples . A 2 dB re- the VSWR parameter. Durin g the course of this
duct ion in this level was implemented into the sped - effort , a number of fa b ti ca tion problems in or lenta-
fica tion, tion , dicing and packaging have been resolved . Work

is now proceedin g Into the environmental and pilot
As with the TDL . designs , the PC -Q VSWR line phases of the pro gram.

Insertion loss trade -off was resolved in favor of the
latter parameter . In PC -LN , component cost dic - Acknow ledgments
tated VSWR specification re lief . Finally, in the PC-
LN desi gn , the tim e sidelob e limit has been attri buted The auth or wishes to express his appric lati on
to an anomalous interac tion between the surf ace to T. W . Bristol , W . R. Smith , and G. W . Judd for
acoustic wave and the transducer metal lization. The their efforts In desi gn and test , and to L. Dyal for de-
Identification and resolu tion of this anoma lly were vice fabr ication. This work was performed under
felt to be beyond the scope of the program and a 5 dE USAECOM contract No. DAABO7 -75C-0044.
specificat ion relief was Imp lemented for the first
leading and trailing sidelobes only.

On both pulse compression filters , changes in
shunt and series resistance were required at the mask
level in order to otherwise meet specification param-
etere.
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TABLE S I -- -

SUMMARY OF MWI o~v~c~ ouio~s 
HUSHES

Sm~~~~~ ~~11R$ PP-Q I~~
IP-1.N 110 ~~k Y-Z UU0I~~~

5 UIPH*~~ cøo~~ TP~~~ ICI- 100 100 -
~~~ ST-OIMRTZ

OBAY L 5U1~~~$ 1DS~~~ 0 ~~O ~~b 5T~WMR1Z

PIAJE cONP10IUSON PC-Q 100 M~b 0T-~~~~R1Z
F~jE—

PC-IN - 110 Y-Z 11150MM
0S*1E

TABLE II
~oa DESCRIPTION AND TASKS HUGHES

STIP PHASE I — FISST INOINEESING SAMPLES PHASE III — COR~OSMAL SAMPLES

• DAMON SIX SAW DSVICU TO MECIFICATION • TEST DEVICES TO INVISONMINTAI. SPICIPICATION

. PM. PACXAOE *510 TE ST DEVIC E 015100 5 PINALI Z I INVIROFIMENTAL IPSCIFICATION

• • OSLIVD TIN EACH • DILIVER FIFTY EACH

PHASE II — 5500110 1110111(151110 SAMPLES PHASE IV - PIlOT R(~4 SAMPLES

• 510(1*00 0(VICU Al N(CISSARY I FINALIZE 1.1111

• PISALIZI ILICTSICAL ICIPICATION S 511*51151 DEVICI COST

S DILIV ES TIN EACH • DILIVIS ISO EACH

STEP II

• DIVELOP P1511 P05 550550. PRODUCTION NATE

COMPARISON OF MEASURED PARAMETERS
AND SPECIFICATIONS FO~ BP.Q FILTERS • 

HUGHES ,

SCS-476 MEASURED

3.10.1 fo MHz) 100 ± 2 100.2

3.10.2 ~9 @ .3 dB (MHz) 2 ~ 0.04 2.04

3.10.3 1’ ( L SEC) 2 ± 0.01 1.995

3.10.4 1’X ~ 4 4

3.10.5 INSERTION LOSS (dB) 20 ± 2 22

3.10.6 SIDELOBE 8UPP. (dB) 35 40

3.10.7 FEEOTHROUOH $UPP. (da) 50 58

3.10.9 SPURIOUS SUPP. (dB) 35 43

3.10.9 VSWR <1.6:1 <1.2:1

Table Ifi
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COMPARISON OF MEASURED PARAMETERS
AND SPECIFICATIONS FOR BP-LN FILTE R HUGHES -

____________________________ 

SCS-476 MEASURED

3.10.1 to (MHz) 150 ± 3 160.0

3.10.2 ~fl @ -3 dB (MHz) 30 ± 0.6 30.0
3.10.3 ‘7 (/ 1  SEC) 2 ± 0.01 2.00

3.10.4 5T X $ 60 60

3.10.6 INSERTION LOSS (dB) 15 ± 1.5 21 V

3.10.6 SIDELOSE SUPP. (dB) 36 40

3.10.7 FEEDTHROUOH SUPP. (dB) 60 53

3.10.8 SPURIOUS SUPP. (dB) 36 39
3.10.9 VSWR Table IV <1.5:1 <2.3:1 V

COMPARISON OF MEASURED PARAMETERS I
AND SPECIFICATIONS FOR TDL-100 FILTER HUGHES

SCS-476 MEASURED
3.10.1 to (MHz) 100 ± 2 100.0

3.10.2 ft @ -3 dB (MHz) 10 t 0.2 10.0

3.10.3 7 (/ L  SEC) 12.7 12.7

3.10.4 ‘7’ X $ 127 127

3.10.5 INSERTION LOSS (dB) 30 ± 3 40 1
3.10.6 SIDELOBE SUPP. (dB) 19 15 TO 181

3.10.7 FEEOTHROUGH SUPP. (dB ) 50 60

3.10.8 SPURIOUS SUPP. (dB ) 35 28 1
3.10.9 VSWR <1.5:1 < -5:1 1

Table V

COMPARISON OF MEASURED PARAMETERS -

WITH SPECIFICATIONS FOR TDL-200 FILTER HUGHES

__________________________ 
SCS~476 MEASURED

3.10. 1 to (MHz) 200 ± 4 200.1

3.10.2 $ @ .3 dB (MHz) 10 ± 0.2 10.0

3.10.3 ‘7 (/ L  SEC) 12.7 12.7

3.10.4 1X $  127 127

3.10.5 INSERTION LOSS (dBI 30 ± 3 31 V

3.10.6 SIDELOBE SUPP. (dl) 18 16 TO 19V

3.10.7 FEEDTHROUGH SUPP. (dl) 50 50

3.10.8 SPURIOUS SUPP. (dl) I,’

3.10.6 VSWR Table VI •C1 •6~1 <3.I:l t” 
• 

-



COMPARISON OF MEASURED PARAMETERS TO - - .

SPECIFICATIONS FOR PC.Q FILTE R HUGHES

SCS-476 MEASURED

3.10.1 to (MHz ) 150 ± 3 149.5

3.10.2 ~8 (MHz) 50 ± 1 50.0

3.10.3 ‘TX (/ LSEC )  2+0 .01 2

3.10.4 T X $  100 100

3.10.6 INSERTION LOSS (dB) 55 ± 5 39 TO 48

3.10.6 SIDELOBE SUPP. (dB) 25 19 TO 28 V
3.10.7 FEEDTHROUGH SUPP. (dl) 50 70

3.10.8 SPURIOUS SIJPP. (dl) 35 49

3.10.9 VSWR 
Table VU 

<1 .5:1 < 2:1 V

COMPARISON OF MEASURED PARAMETERS
WITH SPECIFICATION FOR PC.LN FILTER - 

HUGHES 
-

SCS-476 MEASURED

3.10.1 fo (MHz) 150 ± 3 150

3.10.2 ft (MHz) 50 ± 1 50

3.10.3 Tx(/L SEC 2±0.01 2

3.10.4 ‘T x$ 100 100

3.10.5 INSERTION LOSS (dB) 30 ± 3 24 TO 28

3.10.6 SIDELOBE SUPP. (dB) 26 1910 28V

3.10.7 FEEDTHROUGH SUPP. (dB) 50 65

3 10.8 SPURIOUS SUPP. (dB) 35 46

3.10.9 VSWR Table VUI <1.5:1 <i o :iV

COMPARISON OF MEASURED PARAMETERS
AND SPECIFICATIONS FOR BP.Q FILTERS HUGHES

— PHASE It

SCS-476 MEASURED

3.10.1 to (MHz) 100 ± 2 100.2

3.10.2 $ @ .3 dl (MHZ) 2 ± 0.04 2.04

3.10.3 7 (/ L SEC) 2 ± 0.01 1.995

3.10.4 I’X $ 4

3.10.5 INSERTION LOSS (dB) 20 ± 2 21 20

3.10.6 SIDELOBE SUPP. (dB) 35 40

3.10.7 FEEDTHROUGH SUPP. (dli 50 4 63

- :  3 10.8 SPURIOUS SUPP. (dIl 35 43

3.10.9 VSWR Table IX ~~~~~ <2:1 <44* ~1.5:1

-- - -4
-
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COMPARISON OF MEASURED PARAMETERS
AND SPECIFICATIONS FOR BP-LN FILTER HUGHES

— PHASE II

SCS-476 MEASURED

3,10.1 to (MHz) 150 ± 3 150.0

3.10.2 ft @ -3 dB (MHz) 30 ± 0.6 30.0

3.10.3 l ’(/ LSEC) 2 ± 0.01 2.00

3.10.4 ‘7 X 8  60 60

3.10.5 INSERTION LOSS (dl) iG ~ 1.G 20 ± 1.5 24— 20

3.10.6 SIDELOBE SUPP. (dB) 35 40

3.10.7 FEEDTHROUGH SUPP. (dB) 50 -59-- 60

3.10.8 SPURIOUS SUPP. (dl) 35 39

3.10.9 VSWR Table X 4l.5~-l <3:1 <2.3:1

COMPARISON OF MEASURED PARAMETERS
AND SPECIFICATIONS FOR TDL.100 FILTER HUGHES

— PHASE II -

3.10.1 to (MHz) 100 ± 2 loop 100.1

3.10.2 ft @ .3 dl (MHz) 10 ± 0.2 10.0

3.10.3 T (
~ . SEC) 12.7 12.7

3.10.4 ‘ f X f l  127 127

3.10.5 INSERTION LOSS (dl) 30-±--9- 27 ± 3 -40- 27

3.10.6 SIDELOBE SUPP. (dl) -19- 17 15 TO 10 20

3.10.7 FEEDTHROUGH SUPP. (dB) 50 -60’ 52

3.10.8 SPURIOUS SUPP. (dl ) 35 -28— 40

3.10.9 VSWR Table XI <4-6~ <4:1 +6l~ <3:1

COMPARISON OF MEASURED PARAMETERS
WITH SPECIFICATIONS FOR TDL-200 FILTER HUGHES

SCS.476 MEASURED
3.10.1 to (MHz) 200 ~ 4 200.1

3.10.2 ft @ .3 dB (MHz) 10 ± 0.2 10.0

3.10.3 7’ (/( SEC) 12.7 12.7

3.10.4 T XB  127 127

3.10.5 INSERTION LOSS (dl) 30 i 3 26 i 3 ~3e- 26

3.10.6 SIDELOBE SUPP. (dl) 49- 17 19 TO 19 20

3.10.7 FEEDTHROUGH SUPP. (dl) 60 50

3.10.8 SPURIOUS SUPP. (dl) 35 -34- 40

3.10$ VSWR Table XII <I 6~1 <3:1 <9-9-4 <2.3:1



COMPARISON OF MEASURED PARAMETERS
TO SPECIFICATIONS FOR PC-Q FILTER HUGHES :

— PHASE IS - -

SCS~476 MEASURED
3.10.1 to (MHz) 150 ± 3 149.5

3.10.2 ft (MHz) 50 ± 1 50.0

3.10.3 7 (/I SEC) 2 ~ 0.01 2

3.10.4 ‘TX ft 100 100

3.10.5 INSERTION LOSS (dB) 55 ~ 5 60 ± 6 30 TO 40 50

3.10.6 SIDELOBE SUPP. (dl) 25 19 TO 20 30

3.10.7 FEEDTHROUGH SUPP. (dB ) 50 ~ O— 52

3.10.8 SPURIOUS SIJPP. (dB ) 35 49

3.10.9 VSWR Table XII1 *1.5.1 (2.5:1 < 2:1

COMPARISON OF MEASURED PARAMETERS .
WITH SPECIFICATION FOR PC-IN FILTER HUGHES

— PHASE II -

__________________________ 
SCS-476 MEASURED

3.10.1 to (MHZ) 150 ± 3 150

3.10.2 ft (MHz) 50 ± 1 50

3.10.3 7’ (/ L SEC) 2 ± 0.01 2

3.10.4 TX  ft 100 100

3.10.5 INSERTION LOSS (dB) 30 ± 3 24 TO 26 30

3.10.6 SIDELOBE SUPP. (dB) 26 13 TO 20 25

3.10.7 FEEDTHROUGH SUPP. (dl) 60 -66- 52

3.10.8 SPURiOUS SUPP. (dl) 35 45

3. 10.9 VSWR *1-44<3.5:1 -*404 <2.5:1
20 dl FOR 1ST LEADING AND TRAILING SIDELOB ES

ONLY
Table XIV

—



ANALYSIS OP TUNING FORK CRYSTAL UNITS AND
APPLICATION INTO ELECT RONIC WRIST WATQIES

S. Kanbayashi , S. Okano , K. Hi raisa & ‘F. Kudama
Toyo Communication Equi pment Co., Ltd.
Icawasaki—city , Kanagawa Prof. Japan

and

U. Ikrnno & V. Tolnikawa
Faculty of Engineeri ng, Yamagata University
Yonezawa—city , Ysmagata Prof. Japan

Suamary Definition
Length of base Represented by “h”In order to standardize the design method of ning 
Symmetrical crystal blank A crystal blankfork crystal uni t, the resonance frequencies , di.- 

havi ng ares ofp lacement and str ess distribution ar e analized l,~ equal leng ths (t o)finite element method . From the re sults of these 
and equal width sanalysis , further investigation was executed , and 
(do )an ultrs mi niat ure tuning fork crystal uni t (32.768

kHz ) has been manufactured. Stat istical data of the Unsyisnetrical crystal blank A crystal blankcrystal unit in act ual production line are introduced havi ng arms of
different lengths

here. 

snd/or width s.
The lengths are

Int roduction - 

identified by L 1Most electroni c wris t watches manufactured worldw ide and 92, and theat present emp loy crystal units vibrati ng at 32.768 wid ths by dl andkHz (2 ’ ) .  The crysta l units are designed in tuo d2.di ff erent types~ f ree free bar and tuning fork , both 
Free vibration : Vibration of the crystal blarj (in flexur e vibratio n mode . At the preceding 5r

~
°— not supportedsius on frequency control , unique reports~~ 6

were presented concerning electri cal performances and Clamped vibration i Vibra tion of the crystalmanufacturing technologies of the se two types. blank clamped at bottomWe aimed to manufact ur e XY fl~xure tuning fork or~stal 
Fof Resonance f requency of free vibrationunits excelling in shock and vibrat ion—resistivity

and othe r performance characteri stic.. At that time , Foc z Resonance frequency of clamped vibrationhowever , we could hardly find results of theor etical
ana lysis publis hed for this mode of vibrat ion. There — oFcf Foo—Fof

Focfore , we decided to use the finite element method of
simulation. This paper pre..nts results of our 

~y etr ica1 Cr ystal Blanksanalysis , and the stat istical dat a of tuning fork
crystal units manufactured on the basis of the 

In orde r to evalua te the influence s of supporting , weanalytical results, 
calculated resonance frequencies and disp lacement and
stress dist r ibutions under extreme conditions, freeFinite element simulat ion of tuning fork cn’stal units vi bration and clamped vibration. Resonance frequen—
cies were calculated for h/do — 1, 2, 3, 4, 5, 6, 7Conventionally, the tuning fork cry stal unit ha~ been with the results as shown in Tab le 2 and Fig. 4. Itregarded as a kind of canti lever vibrating in flexure is seen from Fig. 4 that for h/do <, 3 the differencevibration mod, and been snalized only in a simple way, between Fof and Foc is large , that is , this range ofIn the actual design , however , detai l informati on is dimensions has large influences of supporti ng.neoesssry about dimensional varieties of crystal For h/do ~ 3 Pof is alier than lOppa indicatingblanks, e lectrical influence s of support ing and other 
that , when the arrangement of arms ia sufficientlyactual manufacturing considerations • First , for symmetri cal , there is little influence of ne*pporti ng .obtain~ ng the design guidelines, we have calcuia ited 
As to displaceme nt distri butiona, the base displace—resonance frequencie s and displacement and stre ss msnt for h/do - 1, 2, 3, 4, 5, 6 only was calculateddi.tributions by the finite element me thod, 
with the results as shown in Fig. 5. For this figure,it is assused that the di splacement at the Iqaper—endMsthod of analysis 
of the arm is 1. In the shaded area , the x-direction
and/or Iirection displacement are larger thanCr ystal blanks to be anaiiz.d were prepared from a Z~ 12. 5 x ID and in the oth~~ areas, both displacementsp lat . at the cut angle rotated +2’ about the x—siis. 
•

~~~ mealier than 12.5 x 1Th, size of the specimen is shown in Fig. 1. Electro— It is seen from F g. 5 that for h/do ~ 4 there isdes were srrsng,d to induce electr ical fields at 
~~~ li ttle displacement of the base portion in the caseportions whish buys opposite phan.. and excite vibra— of fre e vibration . Moreover, there is no significanttions in the zy plan. (Pig. 2 • For the analysi s by di ff in displacement dist ribution between freethe finit . element method, the crystal blank was -.~~ ~~~ vibr ation . In short , for h/do Z 4, thedevid.d into 64 rectangular elMM nts in the 

~~

‘ 
influence of clamping is negli gible.portion and 80 r.ctsgular elements in the base portion 
Stress di stri butions for h/do - 1 and h/do . 4 areas uhown 3. The calculation was executed by a 
shown in Pig. 6. Arrow s in this figure representcomputer a progrsa of Q~~~~1 (I~~C/ the magei~-~•~, and distr ibution of principal stressesMAS?IIAM )~”) . Th. piezosleotricity of the specimen was (Because of symmetrical patterns, arrow, in the otherignored and the elastic constants shown in Table ~ ha lf are omitted.)were used .
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It follows roughly from th is  figure that  for h/do 1 Especiall y ,  in the 32.768 kllz tuning fork crystal
a difference in stress distribution is seen between uru t, about six times the fundamental frequency , that
free vibration and clamped vibration, but for h/do — 4 ,  is , 190 kHz (second harmonics) is easily excited if
th i s difference is practically negligible. Moreover, the load capacitance CL is ,snall. Therefore,
it is seen that the stress concentration is not l imi t— referring to the stress dis t r ibut ion of the cantilever
ed to the arm of the tuning fork but extends to the shown in Fig. 9, we experimentally investigated the

base, relation between electrode arrangement in the arm
portion and the resonance resistance of the second

U nsynnn trical Crystal Hlanks harmonics , for desi gning the electrode arrangement
which is free from excitation of the second harmonics.

In pract i ce , crystal blanks have necessarily unsymmet—
r’ical dimensions by the influence of fabricating Electrical characteristics
precision, and therefore , we have to exam ine the
charac te ri s t i cs  of the unsymmetrica l crystal blanks A 32.768 kHz tuning fork crystal unit was manufactured
as well. Noting the findings with symmetrical crystal referring to the theoretical analysis explained above .
bLinks tha t for h/do ~ 4 there is little influence An outline of th is  crystal uni t  is as follows:
‘f support, we selected the case of h/do 4 for

. a lcula t ing  the behavior of the unsymmetrica l crystal Holder size (Fig. 10) : ii 8 mm (I.E.C,
blanks. Resonance frequencies were calculated Recommendation No. 49)
for h/do 4, and i) (dl—d2)/do — 3%, 2) (dl—d�)/do B1~ SIk size : Width = 1.37 ma
6% and 3) (9 1—92)/b 1.3% with the results as shown Thickness 0.5 mm
in Table 3. The ratio difference in resonance fre— ngt~ 6.2 mm
queney between free vibration and clamped vibration , h/do 4.2
‘Fef , is shown in Fig. 7. It is seen from th i s  f igure
tha t  by the influence of unsymmetrical arms the Cut ang le : +20

difference in resonance frequency is large indicat ing Support (Fi g. ii ) : Di rect clamping at the
tha t  these dimensions bring about large influences of bottom by h ig h temperature
support. Disp lacement distributions also were solder
calculated under the same dimmensional conditions
as above with the results as shown in the same manner Elec trical equivalent circuit parameters
as in the case of symmetri ca l crystal blanks. (Fig.
8). As the syinmetricity of arms is lost , displace— An electrical equivalent circuit of the 32.768 kHz
nents at the bot tom in free vibration become large , tuning fork crystal uni t is shown in Fig. 12. The
increasing significantly in the di f fe rence from measurement was made at room temperature at all
those in the case of the clamped bottom, times. Distributions of R i  and Q of 500 specimens
From these results and those of the calculation of are shown in Fig. 13 and Fig. 14. The typical value
the rate of frequency change mentioned above , it is of R i  is so small as ilk U that the power consumption
found that  the unsyineetricity of arms should be of the crystal un i t  can be small. The typical values
mi nimi zed as far as possible. of Co and Co/Cl are l.7pF and 540, respectively,

both being almost equal to those of the XY f r ee free
Consideration bar. Fig. 15 shows the load capacitance characteris-

tics of typical crystal units. It follows front th is
Shock—resi stivity a~d ~~~~~ figure that the frequency change rate at the load

capacitance of l2pF (in the most common use for wrist
The free free bar ha.. nodal points and usually, it is watches)  is —8 .2ppm/pF.
supported at these points. Each nodal point is a
single point which is stressed to a consider able Spurious respon se of second harmonics
degree. (F ig. 9). In practice, however, supporting
requires some area which extend to the portions of As seen in Fig. 16, the series resonance resistance
large d isplacements and thereby interferes with in the second mode is hig her than about four times
vibration of a crystal blank. This means that rigid that in the fundamental mode. It has been confirmed
support ing can not be done and the shock—resistivity that under these conditions second harinor.ics osc.illa-.
is l~~~; or rigi d soldering , if done, resulting in tions can be suppressed adequate ly.
smal l  Q and large variation of temperature charac-
teristic. The tuning fork crystal blank has little Frequency tesperature characteristics
d~sp 1acement and stress at the base of this crystal
blank as shown by the analysis. This means that The temperature characteristic of the XY tuning fork
ri gi d soldering can be done and the shock—resistivity crystal uni t can be approximated by a parabolic curve
is h i gh.  E speciall y in the case of a symmetrical which can be determined comp letely by the turnover
tuning fork, the difference in the resonance frequency temperature and parabolic constant .
~. tween free vibration and claisped vibration is leas Fig. 17 and Fig. 18 show histograms of turnover tempe—
than lOppm and this is a strong support to the state— rature and parabolic constant distributions. The
sent given above. The tuning fork crystal unit is spread. of these distributions are smaller in general
advantageous even in respect of the aging-performan ce than XY free free bars probably because the supporting
over the free free bar crystal unit , because the for— method employed in the tuning fork crystal unit is
mtr can be clamped at the bottom which is l i t t le superior to that in the free free bar crystal unit.
stressed .

Shock and vibration—resistivity
Second harmonica

For the shock—resistivity t..t , cry stal units were
The free free ber has different nodal points for the dropped three times from the height of 750mm onto
fund~~~ntal mode and the higher modes, and if the a i’arci wooden board of thickness ~~mm~ and frequencycrystal unit is clamped at the nodal point in the shifts measured before and after the drops are shown
(widamental mode, higher modes are suppressed auto-’- in Fig. 19. There is a tendency thst the frequency
matically. In the tuning fork crystal unit, higher is changed to the minus side by the drop teat , but
harmonics are quit. free and are easi ly excited, 

~~. ~~~~~ is less than 3pp .

l’s



For t h e  v ib ra t ion-res i s t iv i ty  test , crystal units Refer ences
were subjected to continuous vibratio n within the
frequency range of 1L) 55 Hz continuously varied and ( i)  Max P. Forrer
h a v in g  a double amp l i tude  of 0.7mm in cycle of two “A Flexure—Mode Quartz for an Electronic
minutes for 40 minutes in each of x, y and z direc’-’ Wrist Watch”
tions. The frequency shifts by this test are shown The 23rd Frequency Control Symposium (‘69 )
in Fi g. 20.

(2) P.H. Muaa and R,G. Daniels
Aging characteristic “The Crystal Controlled Electronic Watch System”

The 25th Frequency Control Symposium (‘71)
Fi g. 2 1 shows a typ ica l aging curve , together with
a h i s tog ram of frequency change distr i butions of 30 (3) Hiro shi Yoda, Hiroo Ike da and Yasuyuki Yamabe
specimens measured at the room temperature for one ‘Low Power Cl’ystal Oscillation for Electric
year . It is seen from this figure that all the Wrist Watch”
specimens fal l  within the range of -t-3 ppm/year. The 26th Frequency Control Symposium (‘72)
Morer,ver , frequency changes with storage at —30°C and
+85’c for 500 hours were measured. As shown in Fig. (4) M. Onoe, T. Shinada, K. Itoh and S. Miyazaki
22, the frequency change with the —30°C storage is “Low Frequen cy Resonator~ of Lithium Tantala te ”
almost linear and is small, while the frequency change The 27th Frequency Control Symposium (‘73)
with the +85°C storage is initially negative but
becomes positive wi th the lapse of time . The probable (5) Juergen H. Staudte
causes for the phenomenon in the high temperature “Subeiniature Quartz Thning Fork Resonator ”
storage test are the relief of strains developed in The 27th Frequency Control Symposium (‘73)
the blank and the sorption or desorp tion of gases
at high temperatures, the reaction will be rapid (6) Jean Engdahl and Hubert Matthey
resulting in large frequency changes. “32 kHz Quartz Crystal Unit for Hi gh Precision

Wrist Watch”
Heat cycle The 29th Frequency Control Symposium (‘75)
Ten heat cycles of — 30°C (30 minutes) • +25°C (15 (7) R,H, Mac Neal
mi nutes) -, +85°C (30 minutes) 4 +25°C (15 minutes) ‘The NASTRAN Theoretical Manual” Lovel 15.5,
4 —30°C (30 minutes) each were repeated. The Ire— Suppliment , NASA, SP—22l(Ol), P5.8—33, National
quency differences before and after this test are Aeronautics and Space Administration, (1972—121)
shown in Fig. 23. All specimen fall within the
range of .s2 ppm.

Heat shock by soldering

Fig. 21i shows frequency and series resonance re—
sistance changes of 20 specimenm subjected to 5
second immersion in a soldering bath at 280°C. It
is seen in this figure that the crystal uni t is little
affected by the soldering.

Conclusions

(i) In the manufacturi ng of tuning fork crystal
units for wrist watches , the finite element
method was used for the analysis of tuning
fork vibration. By this analysis , information
about bottom dimensiona, influences of support-
ing, electrode arrangement, and the importance
of arm symmetricity was obtained.

(2) Based on the results of the analysis mentioned
‘bove , it was made possible to manufacture
those tun ing fork crystal units having excellent
cbaractrist ics such as series resonance resist—
ance, capacitance ratio , temperature characteri..-
tics, shock and vibration- ’reeistivity , aging,
etc.

(3) The use of these crystal units in wrist watches
is adv antageous in respect of o,arrent consump-
tion , frequency adjustment , shock and vibration—
resistivity, suppression of second mode vibra—
tion, etc.



‘
~ 

‘
a
” ~~~~~~~~~~~ 

— - -  — - - - - - - -— 

I ( C
~~) •e413’ ‘~~ö~~•dI 

- - - -

~~ ;::~ 
.:::°“

~
‘ 

~
_____j

T.5. ~~~~ ,.5./
- _4, cu.,

~ 
_ _ _ _ _JttN4’~1’ ~44+rFf IL.

/ ‘
.- 
]

Fig. I Size of crystal blsnk Fig.3 EI.,.,.nt p.rtibon

h(se) F~~~ 4g) ~~(~ 4z) a~~

__________ 
I 

_________ 
I 0.S5 3133514 34.24045 ,54753.5

~

, ~~~~~~~~~~~~~~~~~~ 
2 E1~ EE; • sso e

$ j 0 3.30 34.03714 34.0.3093 - 5.2
5 395 34 1 409$ 34.14S$e s.c

1,) 7 4.52 3425630 3425544 . 4 7

Tsb4e 2 Resonecs fr.qu.ncy of symmetrical crystal b~.nk

F,g.2 Connection ~f .l.ctroda.

~~~~~~~
h/d.

Pls_.4 R.sensce frsqusrmy vs be. l.ngth

170



lild ~ !Z~L( %) .!3 (%) ~~~~~ ~ O~a) ,~f f!! (~ •j~l

0 0 33S2537 33S2515 -

2 3 5 6 3.0 0 33ee I S  33.57552 + 555

E~1~t~ [III 
~~~~~~~~~ 

~
j— 

LII] LI LI LI .~ ~~~~ ~~~~ 35 +2174

~~~~!! ~~~~~~~~~ 

- 

T:3. R f r ~~~~ n~~~L:~~~a.thca

EILI L I L I L  LJ LI III LI

UL
~~~~~~~
I. 

~~~

~
,( 5 ~~~~ e.l d,..,’b..t.. ’ ~4 .~..,,wes.l ~~y.S.’ bIa ,,h

‘1500

“T H -H -H~I l~~~~ _______________

I 
____

~~~~~~~~ ~
. 

~~~~~ Fig.? Frequency diff.r.nc. ratio vs msysim.tricity

_ _ _ _ _ _ _

[LLJT~~~~~~ if~ic_~
~~ ~ 

,
~~ 

.r ~a

In



— Fr.. v,brst’on CIamp.d ,,WaI,00
d~_ SI I i  l ,

4 301%I O S ?  _ 
_ _ _ _

_ _ _ _ _  

, 

EEEE~~:I~tII1
4 0)5) 3(S) 

_________________  ________ 

~
fl$

Fig S Diaplscement distribution of unsymmetricsl cryatsl blank

F,.. F,.. S., C_rIM.., 

—
~  

L —

~~ o~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ 
0 3...’— -~~~~~~~~~~ 

- -

Fig.9 Displacement end str ess d.atribution U U - — i

— M L .
I. . . _______ 

. 

~
—-—( ( ~

_— 09..,

Fig,I 0 1-lolder dimension

Fig. 11 Im~~r and outer view of tuni ng fork resonator

in



26

50

Fig 12 £l.otric.l
eqoiwa5nt 6ircu,t

- - -U

,
~~0C

‘-SOO
I.e

~ i L

~IL Fig.16 Histogram :f spurious response rat,o

Fs13 Histc iscl wi..
r,e_rsnc. r .sstan.. Fa 14 Hatogrsm sI q.&ity lsstor

“- 100 • . 400

32

250 ~~~~~~~~~~~~~~~~~~~~~~~~~ I )  so

i
ISO \ T~ (CI 6 (‘10 SC’)

Fig,17 t’iietogrsm of Figia Hlstogrsm of

~! 

tu,T,q~ rtInp6.atIt, pfabOric Constsnt

SO (3w... .fl46 .h._d
)

~6O~~~iI 6I5• Cond,t.e,

*~~. es5l5~ e. O . 7~~~
fr.5..v6)r 40- 5564.
40..u.. •

0 a 
~~~~ ~~~~~~~~~~ 

II 100

C.lpc ) 
22

- 
- 

Fig. l 5 Load capacitsnc. characteri stics 

•

. 

~~~~~~

,. ~~~~~ ~ ~1FF (PPM ~ F (PPM)

Fig. 19 Schok r.sistivity Fig.20 Vibrst.on rssi~tivit~

172



I *1461 I

__ 0 0 2 0 0

cI_ dl,.

Fig, 21 Histogram of frequency aging

~~~ C_rmtlm,

III 0~5. T~~~ 250 C

.21. I . I I~j ~~~~~~~~

~~~ 

. 

so

‘-r
Hi

Fig.22 l$~ t .id lOW IIUIPSFSS$S ato lls 05 0 . 03 03 0 05

~F P (PPM) 2R, (6v )

Fig 24 Resistance to soldering h.st

7
— Yw. ..dl_r

6.54

-so -,0 - I l  -as I +5.5*1.0 *13 105w..

a,f, ~~M)

~lg23 Histogram of hut cyel.

~ •~‘tk 6.

174 i,,’. ~~~~
~~~~1tdv’.Y



ANALYTICAL AND EXPE R IMENTAL INV E STIGATIONS OF

32KHz QUARTZ TUNING FORKS

J. A. Kusters , C. A. Adams & H. E. Karrer
Hewlett-Packard Labs
Palo Al to, California

and

R. W. Ward
Litronix Corporation
Santa Clara, California

Sunmiary Later , Mason3 described a planar tuning fork where the
tines are - very thin compared to the tine width . This

The quartz tuning fork, operating at 32,768 Hz, design operated up to 10 kHz and had the advantage
and fabricated using planar Integrated circuit tech- that the frequency depended primarily on the t inenology , has been shown by Staudte1 to be a precise width and length.
time base for quartz crystal watches. The tuning fork
configuration typically has better long-terni stability, All quartz tuning forks rely on a plezoelectri-
less susceptibility to shock and vibration , and oc- cally excited extentional motion to drive a ,flexurecupies less volume than a comparable flexure bar. motion in a bar (i.e., the tine). Yoda4 has descr ibed

the tuning fork as a traditional linear free - free
Recent work at HP has concentrated on theoretical flexure bar which has been bent in-half. The twoanalysis of tuning fork behavior , and mounting , etch nodes of the flexure bar then move down to the base

techniques, and orientationa l dependence of fork of the resulting tuning fork.
parameters.

One cri tical problem has been the fabrication of
Initial theoretical analysis concentrated ~ tuning forks to operate at hi gh frequency. This

predicting the frequency and temperature performance was solved by Staudte ’ who used planar integrated cir-of simple flexure bars such as +5° X-cut and NT cuts. cuit technology and photolithographic techniques to
Fol lowing excellent theoretical agreement with the etch the forks from 1 mu thick quartz wafers. He
flexure bars, an attempt was made to synthesize a described tuning forks operating at 32.768 kHz with
tuning fork model using sections of such simple bars. Q’ s of 70,000, equivalent series resistance of
Correlation between predicted and observed frequency 300 k(2, and a second-order frequency/temperature
was satisfacto ry. Agreement with observed temperature coefficient of 40 x lO- 9/°C~.behavior was generally poor.

As part of our continuing Interest In quartzConcurrent with the theoretical work , experiments resonators , we investigated the properties of the
were run on a magnetically driven steel model of a quartz tuning fork as a possible time base for small,tuning fork to gain insight on possible mounting hand-held instruments . The program involved a theo-
techniques and dependence of Q on mount location. retical study of tuning fork behavior concurrently

with experimental work on mounting, etching, and
Many 1.5 sill thick quartz wafers were fabri- crystal parameter measurements.

cated at various orientations. After pattern defini-
tion and exposure, the wafers were etched using a
variety of techniques including anmionium biflouride Theoretical
chemical etching, and plasma etching. After mounting,
vacuum baking, sealing, and backfilling tO 50 U of 

~~ Background
the temperature performance and equivalent circuit
parameters of~a l l  units were measured. Initial attempts in analyzing tuning fork behavior

centered on simple, empirically derived expressions
Typica lly , the plasma-etched units exhibit more of the fork’s frequency dependence on the geometry

consistent behavior and qenerally higher Q than cheini- of the fork tine . It was apparent that due to the
cal-etc hed units  at the same orientation. anisotropy of quartz and the complex acoustic activity

of the tine, these models were not adequate.All un its show a strong or ientat lonal dependence
on drive level , with certain orientations showing As a result, the theoretical study was divided
an anomalous drive-level dependence similar to that Into two areas. The first Invo l ved deriving suitable
of a highly over-driven AT resonator, but with ~ expressions of simple flexure bar behavior useful for
drive level less than 0.2 ia watt. any orientation in quartz, and for any geometry. From

thi s, using simple flexure bar sections and matching
boundary conditions, an attempt was made to synthesize

Introduction a tuning fork model which would have utility in
predicting fork behavior.Tu~1ng forks were first made of crystalline quartzby Koqa’ in 1928. This was a 1000 Hz device and had

proportions similar to classical metal tuning forks .
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Simple Bar Analysis where :

The analysis of a simple free-free flexure bar is C C(Ax) = [cosh(Ax) + cos (Xxfl/2
an extension of the work of Mm dl In6 and Lee7. The

= S( A x) = [sin h( A x )  + sin (Ax )] / 2xful l details are given in the Appendix. The key point
in the analysis is that instead of choosing bar orien- c C C XX )  [cosh (Xx) — co s (A x)] / 2A
tations for which the set of 5 coupled differential 

2

equations separate into sets where closed form solu- S s( Ax)  = [s inh(Xx ) - sin(Xx))/2A 3

tions exist, we allowed computer generated solutions CU = CU(ux) cos (Ux)
to be sought for any orientation. As a result , each
solution generally involved to some degree, contri- and SU S(J(~x) = sin (i.ix).
butions from each of the five acoustic modes allowed ,
flexure, length-extension , face-shear, thickness-shea r, The derivatives w ’ I

, w” , and v in (3) can be
and thickness-twist . replaced by thei r mechanical equivalents of the bend-

ing moment M, the shear force Q and the norma l force
To test the validity of the model , a comparison N by taking in to account the following relationships:

was made between the theoretical solutions found and
the data presented by Mason and Sykes8 on the +5° M(x) = - W

I ‘(x)
X-cut operating in the flexure mode, and a 0° X , 50° V
NT flexure bar . Solutions were found as a function of Q(x)  - ~— w ’(x) (5)the width-to-length ratio. In each case, no dif-
ference is observed in the frequency vs. width-length and
ratio plots between the model and the Mason data. N(x) = v (x)
As a further check, the first-order temperature coef-
ficient for the two cases was also calculated. The
comparisons are shown in Figure 1. In each case, the where B u2

~ A , and where w, p, and A are the circu-
sign and magnitud e agree quite closely. The remain- lar frequency, the density, and the cross-sectional

area respectively. By making the appropriate substitu-ing small discrepancy is most probably due to trun- tion and introducing state vectors Z0 and Z1 and thecation of the model to displacements through 2nd transfer matrix F, we obtain:order, and strain through 1st order, and not allowing
coupl ing to elastic modes of higher order. Z1 = F Z 0 (6)

The model was also checked against experimental
data obtained from other NT-type flexure bars. In where Z (w. w , M, Q, v , N) t. The importance of
every case, frequency agreement was excellent, and this nota tion Is that at a free end, M , Q, and N
first—order temperature coefficient agreement was vanish , whereas, at a clamped end , w, w’, and v
quite good. vanish.

In the corners of Fi gure 2, each bar section
Tuning Fork Synthesis connects to Its nearest neighbor at a small angle e.

Under the assueption of a rigid connection of the
Once a satisfactory flexure bar model had been two bars , it is evident that the displacements w and

derived, a natural step was to use this model to v, and the shear forces Q and norma l forces N are
synthesize a model of the tuning fork. An analysis transformed by an orthogonal substi tution , whereas
by Schwa rz9 of the elgenfrequencies of i sotropic the derivative w ’ and the bending moment N must remain
tuning forks was used as a starting point. In thi s unchanged. Therefore, we can define a transformation
model , the tuning fork is v iewed as - i composite of between the Z1 state vector and the Z141 state vectorstraight bar sections as shown In Figure 2. Each as:
section Is assumed to operate only in flexure and
leiigth-extensiona l modes . As a result , the differen- Z1~ 1 = K Z~ (7)
tial equations governing the individua l section can
be written as: where K is a nodal matrix and Is given by:

:I (8)

- X~w (x) 0 (1) 1cose 0 0 0 -sine 0
v ’’(x) + L1 2v(x )  = 0 (2) 10 1 0 0 0 0

10 0 1 0 0 0where A and ii are the wave ni.rbers derived from the
s imple  bar model of the flexure and extensional modes 0 0 0 cose I) -sin
respectively, and higher order effects such as rotary 0 0 0 cosB 0inertia are Ignored.

0 0 0 sine 0 case
By leaking the substitutions shown, Equations (1)

and (2) can be written in matrix form as: By means of the transfer and nodal matrices, It
1w1 1 Ic s ~ ~ ~ ~ 11 is now possible to state the following linea r relation-

w0 ship between the state vector at the end of the last
~~l

I I IA~s C S c 0 0 11w0’ 1 bar section, and the state vector Zo at the beginning
I ‘$ IAh c ~~~~ 

~ ~ ~ 
, ,

~ 
of the first section :

11w0i l  I~~I

~ i ’’’ I J~”s ~~~~ ~~~~ C 0 0 II .‘‘‘ (3)] 1w0 I Z = FnKn_l Fn_ l F~K~F~Z0 (9)

1 to o 0 0 CU SU/u I”o j1 J L~~ 

0 0 0 -uSU ~ ~~~~ 

Formally, we have the linea r transformation:

Zn = P Z o (10)
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where the matri x P depends on the geometry of previously, further work on a theoretical model of a
the synthesized tuning fork and can be computed tuning fork was stopped.
numerically for any value of the circular frequency
(~~) .

Mountl~gThe resonant frequency of the composite fork may
now be determined by taking into account the boundary As part of the experimental program , the influence
conditions at the free ends of the tines. Therefore, of the mounting structure and its location on the
(10) becomes : resonator Q and frequency was studied.

wn w0 When a tuning fork is vibrating in its fundamental
acoustic mode, characterized by the ti nes movir.g in

0 opposition in the plane of the fork, the region around
0 0 the bottom of the fork gap, or crotch, experiences a
0 = P 0 ‘11’ large local particl e motion. As one moves further

from the crotch, the amount of elastic energy present
v0 in the fork stem decreases. A long stem can be

rigidly clamped at its base wi th little effect on
o 0 the Q or vibrational frequency . However, if the fork

is rigidly clamped near the crotch , the Q of the fork
Hence there ists a subset of ‘11’ for which’ will drop due to elastic losses in the base, and thecx . frequency of the fork will be altered due to changes

in effective elastic constants near the crotch.
0

0 = Ideally, a tuning fork is mounted r i g i d l y  in  su c h
s o (12) a way that Q is not degraded and no frequency effects

0 v are noted. However , i f  the base is clamped too far
o from the crotch , the effective cantilever becomes too

A necessary condition that a non-trivial solution long and shock and vibration vulnerability increases.
exists for (12) requires that det P5 = 0. The fre-
quencies for whi ch this condition is fulfilled are the Steel Model
resonant frequencies of the composite fork structure .

In evaluating mount location , a ntoveable mount
During the experimenta l work to be reported is desirabl c .  Because of the rather small size of

later, this model was checked against measurements the 32 kHz quartz tuning fork , a stainless steel model
made on a variety of quartz tuning forks with dif- resonant at 1460 Hz was constructed. The steel unit
ferlng geometry and crystallographic orientation. The had the same dimensional ratios as a standdrd quartz
resonant frequency predicted by the model was invar- tuning fork. The model was placed In a mount whose
iably five per cent low when compared to the experi- location could be easily varied. The assembly was
mental da ta . More importantly , the frequency deriva- then placed in a vacuum chamber to reduce the in-
tives, with respect to the various fork parameters fluence of air damping on the fork perfo rmance. The
proved to be quite accurate and useful in determining steel fork was driven magnetically with driving coils
new designs and orientations. The value of derivative on either side of the fork. A light emitting diode
Information becomes apparent when one realizes that and photo detector pair were positioned at a tine edge
there are seven degrees of freedom available in the to determine the relative magnitude of the tine dis-
tuning fork design, the three orientationa l angles , placement. The experimental device is shown In
the tine length, width, and thickness, and the tine Figure 3.
gap width. With the exception of the tine thickness ,
a change in any of these can significantly affect the For each position of the mount, the fork was
tuning fork performance. driven magnetically and the frequency varied until the

detector indicated that a steady-state resonance had
The original goal for the development of the been achieved. The dri ve was then turned off, and

model was to use the computer as a tool for seeking the resonator Q determined by the decrement method.
orientations which had a zero first-order and minimum The resultant data , plotted as a function of the
second-order temperature coefficients of frequency at length-to-width ratio, is shown In Figure 4. The
25°C. Thus the model was used to predict expected data shows d si gnificant drop in Q and an abrupt shift
temperature coefficients as a function of geometry and in the resonant frequency at certain discrete, repeat-
orientation. As wil l be shown later, the results are able mount locations. Further investigation showed
generally quite poor. As a result , the utility of the exlstance of an unwanted transverse longitudinal

a the model was substantially diminished , mode In addition to the flexure mode at these mount
locati ons . If the fork is mounted at locations for

The fai lure of the composite fork model is most which L/d Is approximately 2, 3, etc., then the
probably due to severa l simplistic asswsptions made coupling to this transverse mode can be minimized .

‘j~ in the analysis. The effect of the tuning fork stem Practically, Lid ratios greater than 3 are not feasible
‘

~~~~~ on Its acoustic behavior was Ignored. Mass loading due to increased shock and vibration susceptability .
due to the electrode patterns was neglected. in
addition , all higher order corrections, such as rotary Quartz Tuni ng Fork Mount
Inertia, were not Included in the differential equa-
tions for the individua l sections. The quartz tuning fork is rigidly mounted by

using a brazed mount as shown in Figure 5. A nickel
At this stag. in our investigation , it was pad is brazed to a standard TO-S header using german-

apparent from the ixp.rlmental data that suitable lum-gold alloy . The fork has a chrome-gold ground
orientations existed, If at a l l , only in a rg~her plane on the backside of the unit. A tin-gold
small region about that descr ibed by Staudte lU . As eutectic alloy Is then used to braze the fork to the
• result, except for the derlvat’v. data mentioned nickel pad. The all metal moun t Is used to insure

“7
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4 cleanliness and good aging of the final unit. No complete electrode patterns for 45 fInished tuning
evaluation of epoxy mounts was done during the program. forks.

Although the steel model indicated tha t preferred Etching
mount locations existed at L/d = 2, 3, etc., the exact
values for the quartz tuning fork are a complex func- The remaining process necessary to produce tuning
tion of the fork geometry and Its elastic properties. forks ready for mounting is to etch out the unwanted
To examine this , several units were constructed with quartz material around the tuning forks. The process
an L/d ratio of 2.5. The measured Q was significantly used must etch through 1.5 mlls of quartz In a reason-
lower than those mounted at ratios of 2 or 3. Thus, able time leaving walls that are near vertical and
although the steel model Is at best an analog of uniform . Although a number of different technqiues
the quartz fork , the data obtained is adequate to were used Initially, the majority of the forks made
optimize the quartz fork mounting location , were etched using chemical etching and plasma etching .

The chemical etching consists of iinaersion of the
Fabrication entire wafer in concentrated aninonlum bi flouride at

40°C for approximately 4 hours . Thi s is a two-sided
Wafers etching process. Its advantages are that it is inexpen-

sive , and relatively fast.
Oriented wafers, 1’ square, .111 thick , are cut

from cul tured quartz. After angle correction with a Plasma etching is done in a proprietary system
double-crysta l X-ray diffractometer, the wafers are developed by Hewlett-Packard for the rapid removal of
lapped to .03011 thick . Laue techniques are used to crystalline materia l . This is a single-sided etching
adjust the rotation angle of the wafer to the proper process which is capable of removing 1.5 mils of
orientation. The wafers are then cut and lapped to crystalline quartz in about two hours. At t h i s  rate,
a fi nal finished dimension of 0.811 in the direction of however, the removal of the aluminum etch resist is
the major axis of the tuning fork and 0.75 orthogonal also quite high. A typical run takes 14 hours to etch
to this. through the quartz wafer . The prima ry advantage of the

plasma etching technique is that no selective etching
The dimensIoned wafers are waxed onto lapp ing or faceting occurs.

carriers using filtered Tizon II wax. After lapping
with 5 micron A1203 abrasive to 10 mils and p o l i s h i n g  Figure 7 shows SEN photographs of tuning fork
with a zirconium oxide suspension (Lustrox 1000) to cross-sections made u s i n g the two processes . The
8 m l l s , the wa fers are removed, fli pped over, and re- faceting and undercutting are quite evident on the
waxed to the lapping plate. The second side Is then chemically-etched unit, whereas, , the plasma-etched
lapped to 3.5 mils , then polished to a final thickness unit exhibits smooth, uniform walls.
of 1.5 miles. With crystal blanks this thin , it be-
comes essential that all wax used be filtered thor- Final Procej .!~oughly, and that both sides are polished an equal
amount to prevent unequal surface stresses and result- After etching , the metallic etch resist masks are
ant curling , carefully stripped off, leaving 45 tuning forks , com-

plete with electrode patterns , suspended in a quartz
Cleaning frame. After mounting on the header in the ,ranner

discussed previously, thennocompression bonded fly-
The polished wafers are cleaned with acetone, leads are attached to the top electrodes, the header

aqua reg ia, NH4OH and formic acid, methanol , bubble and cap are cold-welded, and the units are Installed
rinsed in dc-ionized water, then placed in an ultrason- in a vacuum bake-out head. After a 4 hour bakeout at
ically agitated Freon TF bath, and dried in Freon TF 200°C, the units are backfllled wi th 50 microns of
vapor. The cleaned wafers are stored in a UV box11 helium and sealed. After preliminary aging , the
unt i l  ready for use, finished tuning forks are ready for test. No attempt

was made to produce tuning forks that resonated
Photollthographic Processing exactly at 32 ,768 Hz. Techniques for tuning thesç

devices have already been demonstra ted by Staudte~2.A mul ti-step process is used to define the various
electrode patterns and the quartz etch resist patternA .
The electrodes are formed by vacuum deposition of 300k Experimental Results
of chrome and 1000g of gold on both sides of the wafer.
Then, Kodak 747 photoresist is spun onto the wafer, Procedure
baked, exposed, developed, and unwanted metall’Ization
removed fr om both side s of the wafer. A photograph Resonant frequency , Q, notional resistance, and
of the top electrode pattern is shown In Figure 6. the frequency temperature response were measured for

each tuning fork. For each orientation checked , a
After thorough cleaning to remove the remaining number of tuning forks were used. Data contained in

photoresist , a further vacuum deposition of me~allIc this paper reflects the mean value for all units of
films Is applied to both sides of the wafer. If the the same orientation and method of etching. In each
wafer i~ destined for chemica l etch),ng, this consists group, all tuning forks were obtained from the same
of 2000* of chrome followed by 4O00~ of silver. If wafer, insuring uniformity of crystallographic orienta-
plasma etching is to be used, the silve r layer is tion and processing.
replaced by 4 microns of aluminum. Again, photoresist
is applied and a second set of photomasks used to All measurements were made using the equipment
define the tuning fork outline . After processing and setup shown In Figure 8. ThIs Is a low frequency
etchi ng the unwanted metal film, and thorough cleaning , ver~ion of the measurement system described previous-
the wafers are ready for quartz etching. At this time, ly ’’. All time bases were slaved off of an internal
each wafer conta ins the necessary etch patterns and house frequency standa rd allowing fr equency measure-

ments to be made to an accuracy of better than 5 parts
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In l0~. Temperature measurements were made using a Even though the tuning fork has a Q an order
quartz thermometer calibrated to 0.01°C. of magnitude lower than the AT-cut , the onset of the

effect occurs at dri ve levels more than three orders
Temperature coefficients were determined by taking of magnitude lower. No effort was made to eliminate

frequency data as a function of temperature at roughly the drive level effect, except to note Its existance
15°C steps in the range from -75° to 80°C. This data and to take proper precautions in making all measure-
was then computer-fitted to a polynomial yielding the ments.
necessary temperature coefficients for each units.

Conci usion
Resistance and resonant frequency were determined

directl y from the test setup used. Crystal Q was The purpose of this project was to investigate
determined by offsetting the phase tracking angle the technologies and problem areas associated wi th
±45° in the frequency control amplifier , and measuring the quartz tuning fork. Effort was concentrated on
the resultant frequency. mounting, etching, and crystallographic orientational

depen dence of pa rameters. During the program, the
Results anomolous drive level effect was discovered and

its effects on performance explored. No attempts
From initial computer predictions and results were ma de to di rectl y duplicate the work of Staudte

from severa l prelimi nary attempts to make quartz tun- reported previously. ’
ing forks , we dec ided to restrict the major part of
our effort to a region where the norma l to the major Nevertheless , the results obtained indicate that
surface of the fork (the thickness di rection) was the only usable orientations for quartz tuning forks
,ithin 35° of the + Z-axls. A numb er of wa fer s were most likely lie within a few degress of the preferable
fabrica ted at orientations spaced 10° apart about the orientation disclosed by Staudte10 . Without exception ,
2-axis. These are shown in Figure 9. Initiall y, the every orientation examined outside of this region has
intention was to have the major surface inclined 20’ high drive level effect, poor turnover temperature ,
with respect to the 2-axis , but for other reasons, the or high notional resistance , and in most cases , a
final inclina tion angle was 20.568°. Prel iminary combination of all three.
results indicated that a smaller inclination angle on
the 4’-rota ted cut would yield better turnover results. ReferencesThe data reported here is for a ~‘-rotated cut wi th aninclination angle of 17.33° from the Z-axis.

1) J.H. Staudte, Subminiature Quartz Tuning Fork
The rotational orientation about the thickness Resonator ,” Proc . of 27th Annual Symp. on Fre-

direction was chosen to obtain the largest electro- quency Control , pp. 50-54, 1973.
mechanical coupling factor for each orientation. For
the data shown, ~ ‘ 0’ is defined as the length 2) I. Koga , Tuning Fork Made of Quartz Crystal’1 ,
direction parallel to the X-Y plane. J. Inst. of Elec . Engrs.,(Japan), Vol 48, pp 100-

101 , 1928.
Table I gives the final results for the six

orientations examined in depth. Shown are the measured ~) W .P. Mason , Physical Acoustics, D.Van Nostrand
and predicted first-order temperature coefficients. Co., New York , pg. 54, 1958.
The second-order coefficients for all orientations
measured were essentiall y identical , -40 ± 5 x l0-9/°C2. 4) H. Yoda , H. Ikeda , and V . Yamabe, “Low Power
Also shown are data for two orientations where both Crystal Oscillator for Electronic Wrist Watch,”
plasma and chemical etching were used. Proc. of 26th Annua l Symp . on Frequency Control ,

pp. 140-l47,~1972.
The measured notional resistance, Q, and effective

induc tanc e are shown in  Tab le II  as a function of 5) K. Tanno , N. Konno, and N. Ono, “Resonant Fre-
orientation for the six cases. quency and Vibration Mode of Plate Tuning Fork ,”

J. Acous. Society of Japan , Vol 30, No. 6,
Data for two orientations for which both plasma ~~ 

336-343. June 1974.
and chemical etching were used is also given . Typically
the plasma etched units exhibit higher Q and greater 6) R.0. Mindlin, “High Frequency Vibrations of
unit-to-unit repeatability . Most probably, this is Crystal Plates ,” Quart. Appl . Math., Vol . 19,
due to the more uniform tine edges obtained In this pp. 51-61 , ~96l .
process as s hown In Figure 7.

7) P.C.Y. Lee, “Extensional , Flexural , and Width-
Drive Level Dependence Shear Vibrations of Thin Rectangular Crystal

Pla tes, J. Appl . P)l~,s., Vol . 42, No. 11,
Measurement procedures were complicated by an pp. 4139 41(4, pct. 971 .

anomolous drive level dependence noted in a number of
the test units. Tuning forks at certain orientations 8) W.P. Mason and R.A. Sykes, “Low-Frequency Quartz-
and drive levels have resonant frequencies significantly Crystal Cuts Having Low Temperature Coefficients ,”
lower than the frequencies measured at the ±45’ phase Proc. I.R.E., Vol . 32, pp. 208-215, April 1944.
points. Data taken on a crystal not exhibi ting a strong
dri ve level dependence Is shown in Figure 10. As a 9) H.R. Schwarz,”Eigenfrequencies of Tuning-Forks,”
comparison, an i dentical unit at a different orientation Coeputer Methods in Aopl . Mech. and Enylneering ,

Vol. 1, pp. 159-172, ~~72.has a dependence as shown in Figure 11. Drive level
effects such as this were noted in all units for which
• was less than 40°. ThIs effect is similar to that 10) U.S. Patent 3,766,616 , issued Oct. 23, 1973.
noted in AT-cut resonators14’15. The significant
diffe rence is tha t this effec t occurs In 1 MHz AT ’ s U) J.R. Vig, C. Cook , Jr., K. Scheldtal, 3. Lebus ,
at a drive level of 250 ~i watts, and in tuning forks and t. Hafner, “Surface Studies for Quartz
at drive levels less than 0.1 u watt. Resonators ,’ Proc. of 28th Annual Sytrp. of Fre-
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Appendix

The analysis of simple flexure bar behavior is 
V = E A 1 exp i(

~ixi~~
t)

primarily an extension of the previous work of Mindlin 6
and Leer

where w is the circular frequency, ~~ . are the wave-
numbers Of the five allowed pgdes A 1 is the amplitudeConsider a rectangular plate with length 2a in for the ith component of ~3

(1i and are the ampli-the ‘1’ direction , width 2b in the ‘2’ direction, and
thickness 2c in the ‘3’ direction . In this case , the tude ratios.
proper two-dimensiona l , first-order stress equations
of motion for a body wi th stress-free surfaces are: In the process of deducing the final form of the

equation which results from substituting all of the
T (0) 2b~U~(°) i ,j 1 ,2,3 above (Equations A2 through A6) into Eqn. Al ,
ij,i the following substitutions are used:

T (1) (0) — 2b3 ( (A l ) C12 C2,~ = ~ 
C~ C4~

ab,a - T2b — 
T~ 

a ,b=l,3 ~i j  C1j C2~ ‘ 1ij ij - 
C44

where o~
(0) are the components of displacement and U 

- ~i3 ~3j * — 1j3 13j*are the components of rotation in the x direction o~’ C = _______

a pl~~e element, T1 
(0) are the resulta~t stresses and ~ “Ii C33 jj - 

133
Tjj ( are the stre~s couples , and only terms through ** *first order in stress and strain , and second order In

____ - 
1ij (A 7)** ‘ 1ij - **displacement are retained. jj = 

C66 3C65The stress-strain relationship for a generalized
crystal can be written as: where reduced notation is used for C.

T1~~°~ = 2b cjjktSk~~
0) 

Dimensionless frequencies and wavenumbers can be
(A2 ) defined as:

T (1) 2b3 ~ (1)
ii -r Cijkt~kL

** ; ~ 
= ~1b (48)

where l ,j , k,t 1 ,2,3, and ci ,~kL is the appro~~1ate 3C66(rotated) elastic constant. •he strains , Sij can
be defined as:

and they are related by the dispersion relationship
si~

(°
~ 

= J~. (u~~~
(o) + uj ~

b0)+ i2~u1 + 62i u~°~
) F(c~,C)(A 3) 

= la 1~I 0 (a 1~ 
= a~1 ) (A9)

where :
s + ~ (u a,b

(1)+ ub a ) 
a11 = C11~~-3~~, a12 = C16~~ a13 = C15~~

ab

where ó
~j 

is the Kronecker Delta function.
a14 = -C16~, a15 = -c 14~, a22 =

Under the assumptions of traction-free surfaces,
and thickness 2c small when compared wi th the acoustic a23 = C56~~, a24 -

~~~, a~5 = —C46~,wavelengths and other plate dimensions, the components
of displacement, stress, etc., can be approximated by 

= c55~~-3~~, a34 ~ 56~’ 
a35 = -C45~their i ntegrated average across the thickness as: a33

V~
(m) (X1,t) l r u~

(m
~~x1,x 3,t dx 3 a44 = + 1 -i~

2, a45 ~l5~ 
+

(44)
i

~-( T1~~”) (x 1,x3,t) dx3 
and a55 y55C

2 + C44 - (Alo)

The solution of (Ag ) yields five values of
where ~ is the wave number of the desired solution.Further, extensional and f lexure notion in the x1direction is assumed synretrical so tha t :

c (~ )( (U1~
°~ , 

p
1
(1), U2 j,3 dx~ 0 (AS)

I-c
Finally, a system of solutions to (Al) is assumed

to be of the form :
(0)vj b ~~ A 1 ~~i 

exp j(
~i

x 1_wt) j  • 1 ,2,3

5
( 1) 

= Z. A i 041 exp j(~1x1-wt) (A6)v1
1=1

1S1
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Fi gure 6 - Top Electrode Patterns
Figure 7 - SEM Photographs of Etched Tuning Forks
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Figure  9 - Crystallographic Location of Experimental
Tuning Forks
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AN APPROXIMATE THEORY FOR THE HIGH-FREQUENCY

VIBRATIONS OF PIEZOELECTRIC CRYSTAL PLATES

S. Syngellakis and P. C. Y . Lee
Department of civil Engineering

— Princeton University
Princeton , N.J .

Summary Gradient eqs: S1~ ~~
- (u~~1 + Ujj) (3)

A general procedure for  deducing app.~~ximate two— E
1 —

dimensional equations for elastic plates from the
three—dimensional theory of elasticity was introduced where T S

~j, 
u1, D E are the components of stress ,

by Mindlin i based on the series—expansion methods of strain ,~~.echanicsl di~pla~ement, electric displace,Poisson 2 and Cauchy, 3 and the integral method of electric field, respectively, and ~ is the electricK ir c h h o f f . 4 Th is method , based on s power—series potential. Material properties are the elastic
expansion , has been employed by Mindlin 5.6 and Tiersters s t i f fness  constants cj j kf ~ 

the dielectric constants
and Mi~ dlin 7 to derive approximate two—dimensional c~ ,, the piezoelectrie constants eij k ,  and the mass
equations of motion of piezoelectric plates from the dei~sity p.three—dimensional theory of piezoelectr ici ty for
applicable frequencies as high as those of the Equations (1) - (3) may be reduced to four—
fundamental  thickness—shear modes. In references 5 equations in four unknowns :
and 6 , the mechanical displacement and electric
potential  are expanded in the power series , while in c

jj u . + e 
~ 

= PU
jki k , ii kithe reference 7 the mechanical displacement and (4)

elec tric displacement are expanded in the same series. e
kij  u

jik  
— C~~ ~~~ 

= 0

By employing the same general p rocedure but us ing
a trigonometric—series expansion, Lee and Nikodem8,9 According to a uniqueness theorem analogous to

Neumann ’s in elasticity,  a unique solution of eqs. (1)—have ded uced approximate two—dimensional equations of 
(3) can be insured by specifying u , ~i and E atmotion for bo th the isotropic and an isotropic elastic

plates. The main advantage of this approach is that each point of the body of initial ~tim~~t an~ by

the generation of higher—order approximate equations specifying at each point of the surface  a~~ all times
one member of esch of the productsto accommodate any harmonic overtones in plates can be

made in a simple and systematic manner.
E
1 

u
1 

, t 2 u2 , t
3 

U
3 

, 4(n iDi) (5)

In the present paper , two—dimensional equations
whereof successively higher orders of approximation for

p iezoelectric crystal plates have been deduced from a t~ — n~ T1~ o n iDi 
(6)

three—dimensional variational principle of piezoelect—
rici ty by expanding the mechanical displacement and In (6) , t 1 and o are the surface traction and surface

elec t r ic  potential in a trigonometric ee’-ies. By a charge , respectively,  and n i is the uni t  outward
no rmal to the surface .truncat ion procedure established in t)e ).revious

studi es,8,9 equations of variour orde of approximation 
These equations may be derived from the followingare extracted from the infinite set. Then for the

variational princip le: in a reglirn V bounded by atruncated system of order N, the kinetic energy and
Burface ~,6electric enthalpy density are formulated; a theorem

for the uniqueness of solutions is proved and the 1~ l 1 f~1 I
orthogonality of modes of free vibrations is establish- 6 d t l (K—H) dV + dt~ (t~s5u~+~cS$)dS 0 (7)
ed. In order to examine the accuracy of these i~ i~equations of motion , f rom zero th up to four th order o o
approximation , the dispersion curves for real and
imaginary wave numoers of an infinite plate are explor— where K is the kinetic energy dens i ty
ci in detail and are compared with the corresponding
•ol ution~ of the exact frequency equation of the K — p 

~~ 
tl
j 

(8)
three—dimensional theory of piezoelectricity .10

Three—Dimensional Equations and H is the electric enthalpy densi ty

The three—dimensional piezoelectricity may be H = C~~~~~ 1 
S
II
SkE — c~ 3 

E
1
E~ — e

ijkEj
S
jk 

(~~
sununarizad by the following twenty—two equations

so that
Divergence eqa : T

1~~~ 
- 

(1) T1~ — aHI
~
s
~ 3— o (10)

Algebraic eqe: T
1~ 

- d
ik E  

5kL •kij 

D
i 

—

(2)
— L3k Sik + E jj Ej
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Two—Dimensional Equations
V

The plate is referred to rectangular coordinates ~~~~ — (t  ) cos 
~~~~ (1—4’) d*

x with the face, of area A , at x2 — ± b and with * i —i C

aAd x the coordinates of the middle plane which (15)
interLcts the right cylindrical boundary of the plate 1

(n) nin a cutve C (Shown in Fig. 1). The components of a — a) cos -~ (1—4,) d4,mechanical displacement and electric potential are J 1 C

expanded in an infinite series with their thickness—
dependence expressed by the trigonometric func tions as

and v Indicates the normal direction to C (See Fig. 1).follows.

Gradient Equations (2D)nfl
U~ = 

~os T (1—4,) u~°~ (x 1,x3.t)
n—O (11) The nth—order components of strain and electric

field are definednfl
4’ — ~~~~ T (l—4) •

(
~
) (x 1,x3,t)

n 0  1 (n)

(n) (
~) 

ii ~ 
(u~~~ +

where ~ — x2/b and Uj  , 4’ are functions of x
~
, x

3 — ns (n) (n)) (16)and t ime t only. s~ — 

~~ ~
62i u1 ~ 62j ~I

By inserting (11) into (7), 
~~~ 

requi4ng
independent variations of each du and 64 ,’~’~ and E~°~— — •

(n)

employing the relations (2), a sy~tem of two—dimension-
al equations are obtained and st~ marized as follows. — ~ 6

2~ •~~I 
-

~~~~~~

Divergence Equations (2D)
such that

(n)
~~~~ 

M~~
(n)

+!p
(n) _ (1~~~ 6 )~~ u~ij,i 2b 2j b j no ‘~~ (1—4,)](12) S~~ ~ (S~~~cos !.L (l— ~’) + sin

D
(n) 

— 
n —(n)

~~~~~ 
~~~ D~ + ~~ D~°~ — 0 (17)

where the nth—order components of stress, elec tric E
i 

— ~ [E~’~~cos ~~ ~~~~ + ~~~~~~~ 
~~~

- (l— ~)1
UI,

disp lacement, face— traction and face—charge are n—o
def ined, respec tively, by

Constitutive Equations (2D)1

— J T~~ cos ~~ (1—4,) d4,
ii

~~~ — (1+6 )(c S~’~no ijkt ki 
— e

kij ~~

1 
~~~A (c 

—(ii)
+

-1 

—
—(n) 

—~~~ T~~ sin (1—i) d4, 
m 1  

an ijki Ski 
— e

kij

rl
— (1+6 )(e + 

~~no ijk jk
— D

1 ~~~ 
!~~ (1—i) d~i

(13) + 
~ 

A (e ~~~~~~~ t
jj1 m 1  an ijk jk

~~~~~ f Di 
sin (l—~ ) d~p (18)

— ~ A (c
r n 0  ma ijk L Ski 

— ekij 
~~m)

)

— ~~(b) + (— l) tm t
3

(— b) 
+ c ~ (n)

ijkt ki 
— ekii 

~4n)

— a(b) — (_j )
fl 
a(—b)

and — A (a ~(.) + 
(s) )

ma ijk jk ~~~ 
E~

1 n 0
- ) o n#~ 

+ e + E
j j  

~(n)
IJII Jk

whereNatural loundary Conditions on C

I ~•
— ~~~~ 

A — 2 2  
~, 

aim — odd
meJ ~ aJ (14) I o aim — eveno(m) D~”~ (a — 1,3)— 

~a a 
Define plate kin•tic energy density and plate

electric •nthalpy density, r..p.ctiv.ly, bywhat. .dg.—tractlon and .dg.—char e Cr. d.f Imad ,
respectively, by

‘IS



Trunca tion of Series and Adj ustment

K d~ H — J H d~ (19) 
The process of series truncation for obtaining a

— 1 ystem of two—dimensional equations of approximation of
order N (N > 0, it can be considered a. the number of

It can be verified that the following relations are harmonic overtones accot3m~odated in the theory) is to let
- .~tis f ied. (n) 

•
(n) — 0 for n > NU

j  
— o

— ,as~°~ i~~~— ~~~~~ ‘ 
(20) and also to discard ~~~~ 

~~~~ 
~~~~ I~~) 

for n > N.ii 
, 

ii

n) ~~~~~~~ j~(n) _ ~ii/ai~
1
~ . ‘rwo correc tion fac tors and 

~2 
are introduced

into the kinetic and electric enthalpy energy densities
for the truncated finite system of equations. TheA t this poin t, it may be noted that all mechanic— positions of these factors are indicated in the follow—

variables of the present tormulatlon were intro— ing expanded forms of K and H:
ced earl ier in reference 9. Also, an illustration

t he  componen ts of d isplacement u~fl), and strains —2p~~ .(
,~~~and ~~~~~~~~ can be found in reference 8. 2K — p (2n2 ~~

0) ~ (0) + + ...) (21)

and

2i1 — c i j k L t2S ij  Ski +02 S Ski +sjj S + . ~~~~~~~~~~~~~~~ +ij~ k9. ij ki ij kt
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______________________ andGoverning Equations on U
1
(n)  (n)The governing equa t iona on u and can be

obtained by inserting eqs. (16) ~into (18) then , in
turn , into (12). The resulting equations for plates
with  m—isonoclinic .y~~ etry are given as follows.

(n) nn 2 (n) (ii ) (n)
c 11u~~~~1+c 55u1 ~~ 
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~~~
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General Nth—Order Dispersion Relation Substitution of (25) into (23) yields:

Considering plane harmonic waves propagating in
an inf inite plate which has faces free of traction and C2k /A

~
2
~~

_
~~ ~ (2L+l)2k /A “0 ; k0 ,l S

open to the vacuum , we let (26)
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In the case of straight—created waves propapating given by (29) , however with the simpliticetion that
along x3 direct ion~ componen ts t4°) , u~~)and •(ni are the first rows and first columns in all ç and
uncoup led from ~~~~ it can be seen by setting z1 — 0 have been eliminated. For example, the dYspersion
and z3 — a in eqs (27) and (28). The dispersion relation for the f i r s t—orde r  approximate theory is
relation for the coupled modes is , of course , still red uced to
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Figure 2: Dispersion curves for the first—order approximate theory.
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THE VIBRATION OF A BICONVEX CIRCULAR AT—CUT PLATE

Nobunori Oura , Hitohiro Fukuyo
Tokyo Institute of Technology

259 Nagatsuta, Midor iku , Yokohama 227, Japan

and

Akir a ‘fokoy~ma
Kumamoto University

Kurokamicho , Kumamoto 860, Japan

Simmiary the radius of curvature is modified by lapping while
thickness must be kept invariant . The two spherical

The thickness—shear fundamental vibration mode of surfaces of the plate are ground with a curve genera-
a biconvex circular AT—cut plate is analyzed. As an tor having a No. 300 diamond wheel which is used for
analytical approach , the node chart and electric po— optical lens cutting until they acquire the same
lar ization patterns of the biconvex circular AT—cut radius of curvature. The identical plate must be
plate are compared in detail with those of the circu— ground down at about a 5—rn step of radius of curva—
lar fist AT—cut plate of which vibration modes are ture. A silver film is evaporated on almost the whole
well known .l As a result, it is found that the domi— area of each surface of the plate except the pen —
nant displacement is u along the electrical axis as is phery. For the measurement of resonance frequencies,
the case for the circular flat AT—cut plate. There— the plate is placed on a copper ring with a thin lead
fo re , the equation of motion for the circular flat wire f or ease of vibration and furthermore the same
plate is employed in describing the vibration of the ring is put on the plate. An exciting voltage at the
biconvex circular AT—cut plate. Prom the fact, that resonance frequency is applied to two copper rings.
the biconvex plate has a geometry similar to an oblate The resonance frequency spectrum is measured automat i—
spheroid and that the electric polarizations are con— call y and recorded on a strip chart. The mode spec—
centrated near the center of the pla te, the biconvex trum thus obtained is shown in Fig. 1.
plate is approximated by an oblate ellipsoid in carry-
ing out the mode analysis. (2) A test sample having almost no spurious resonance

is fabricated. The geometry of this sample is re—
1. in troduction presented by points A, B and C In Pig. 1. The elec-

tric polarization patterns generated by the vibration
Planoconvex and biconvex circular AT—cut quartz are observed by means of the conventional electric

plates have recently been used widely for highly probe method . Since the sample plate has two convex
atable quartz oscillators. The circular plates can be surfaces , a concave glass which has the C aine radius of
lapped very easily compared with rectangular and bay— curvature as the sample plate and on which a silver
d ied AT—cut plates because the cutting direction of film is deposited is used as a lower electrode; after
the Contour does not have to be aligned during the mounting a probe in it it is plated with copper and
lapping process. However, convex AT—cut quartz plates polished. The plate sits In an epoxy resin frame ; a
must be lapped so as to coincide its axis as a lens small motor drives the frame and the crystal slides
with angle of cut of the plate. In spite of such dif— along the lower electrode. The upper electrode is a
ficulties in manufacturing the AT—cut plate is cur— silver film evaporated on the upper convex surface of
rently used extensively partly because the unwanted the test sample. A thin lead wire is fixed to the
responses can be suppressed very effectively, and a periphery of this film with a conductive adhesive.
high Q—value can be realized without fine adjustments Electric polarization intensities produced by the
of the support. However, the three—dimensional vi— thickness—shear vibration thu. measured are shown in
bration analysis of biconvex circular AT—cut plates Fig. 2. In Fig. 2(8), the central peak showed have
has not been done. We previously analyzed the thick— the opposite polarity to the side peaks, and in Fig.
ness—shear vibration modes of the circular flat AT—cut 2(C) the two peaks should also have the opposite po—
pla te , and in this paper , we app ly the same technique larity to the other three which ssndvich the two.
to the vibration mode analysis of the biconvex circu—
lar AT—cut plate. 3. Vibration Modes of a Biconvex Circular AT—Cut

Plate and Those of a Circular Flat AT—Cut Plate
• We measured frequency spectra and electric polar-

ization patterns produced by the thickness—shear vi— The thickness—shear vibration modes are not
brationa of the biconvex circular AT—cut plate. Thus strongly affected by the geometry of the plate, circu-
it is found that the thickness—shear vibration charac— lar or square; the feature. of vibrational mode. with
teri.tics of the biconvex plate are essentially the the two different AT—cut plates are as follows:

• aame as those of the circular flat AT—cut plate. As
regards the thickness—shear vibration, the biconvex (1) The thickness—shear vibration comprises not only
circular AT-cut plate is approximated by an equivalent the fundamental mode but also many inharmonic modes.
ellipsoidal plate which is inecribed at the center of The resonance frequencies of the biconvex AT—cut plate
the plate . slightly increase as the radius of curvature is de-

creased while the thickness is kept constant. Similar—
2. Vibrati,n Modes of Biconvex Circular AT—Cut Plate ly. those of the flat AT—cut plate increase as the

radius of the plate decrease.. As a whole, the d cc—
The vibration modes have been analyzed in the tric polarization pattern is invani.int substantially

following processes: although the plate is biconv.z.

(1) Tb. relationship between the plate siz. and r.e— (2) The intensity of electric polarization decreases
onance frequencies of the fundamental and spurious vi— more rapidly toward th. periphery in the z direction
bration modes is obeerved m d  the result is plotted in than in the x direction, but (a) the electric polani—
the mode chart. The mode chart is drawn every time zation patterns of the biconv.x circular AT—cut plate
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are smoother than that  of the c i rcular  f l a t  AT—cut  which is rewritten as
plate because of the weak coupling of the thickness—
shear mode to the other modes; and (b) the electric
polarization of the biconvex circular AT—cut plate is x 2 v2 z2
concentrated more Strongly in the central area of the — -f- + = I (7)
plate than that of the circular flat AT—cut plate. tR ,i l I~2 tR I

2 ‘ 2 J’~ 2 J-~From these similarities it may be concluded that
the vibrational displacements of the thickness—shear On the other hand , the rectangular coordinates are re—
mode with the biconvex circular plate are mainly along lated to the ellipsoidal coordinates as follows:
the electrical axis.

4. Theory for Thickness—Shear Vibrat ions
of a Biconvex Circular AT—cut Plate 

y
2~~~~~a

2)(~~_a2)(~~ _Q2
) 2(1~_b

2)(~~_b2)(~ 3
2
_bi)

4.1 Equivalent Ellipsoidal Plate and its Equation 
— 

(a2—~) 
~~ ‘ X 

(&—c ~) b
2

of Motion

The thickness—shear vibration of the biconvex 2 2 2
circular AT—cut plate produces displacement u along 2
the electrical axis and we have the same equation of Z 

~ (8)
motion as for the circular flat AT—cut plate and the a b
rectangular AT—cut plate2

cç~ + c 
~~~~~~~~ + C 4_.~ -4_P(s1u~aO (1) where ~~~ ~z and ~~ are parameters and a and b are con-II a’ , S5uZ stante. These parameters and Constants are related as

where cii, c64 and c~ 5 are elastic constants referring 
2to the x , y and z—axis , respectively, shown in Fig. 3, zp is the mass density of quartz , and w (-2wf) is the + 

~ 2 + (9)
resonance angular frequency. ~~~

— ~ — C

In terms of the replacements and

Ca’ - z C55 - ~ i°~~~~.. 2 12) ~~ > a) ~2 > b> ~ >0 60)
— -- i’ ~ — -p ‘— -k
C11 C,, C 11 As shown in Fig. 4, Eq. (9) represents an ellipsoid if

~ i is cons tant , a hypetboloid of one sheet if ~~ is
x =X 9 ~ z = j.IZ (3) constant, and a hyperboloid of two sheets if ~~, is con-

stant. For the equivalent ellipsoidal plate, parameter
should be replaced by 

~~ 
on the surface of the equiva—

Eq. (1) can be transformed into the Helmholtz equation lent ellipsoidal plate.

+ ~~~~~~~~~ 
a2u k2u — - R t 2 t R tax2 ay z + aZ 2 + — o .4) 

~~~~~~~~~~~~ 
a ( ~~~—~~-~~

)

The resonance frequencies can be obtained from the
value , of ki which satisfy the given boundary condi— L2 Rt i
t ion. As mentioned already , however, it 1, difficult u = — ç (j~~— Ii (II)
to solve Eq. (4) under the required boundary condition /
because there is no orthogonal coordinates which re—
p’esent the geometry of the plate. Since the electric If u is expressed by u’sFi(~ j)F,(~ z)F,(~ ,)

3, Eq. (4)may
polarization is already found to be concentrated in be rewritten a.
the central area of the plate and the shape of the bi— i i ~ 2 a _______________

convex plate is similar to that of an ellipsoidal g ~‘4 —a )(11— b )~ C 1 2 2 2 a
plate , the biconvex circular plate is replaced by en 1a2 It,  ~ 1. — a )( ~ — b 1
equivalent ellipsoidal plate which in~cribea the given 

t~2~ 3 
~, “13 1, ) F i I

• biconvex plate at the center of the plate surfsce and
has the radius of curvature as the biconvex plate (see ~~~
Fig . 3). * W F~ =0 (12)

The radius of major axis of the equivalent ellip—
sold represented by ellipsoidal coordinates is given which is further rewritten by separation ef variables
by

e~v’i~7i (5) I A_ f (f~. tXE 2 b2)l~..~1 ~k
2+ k~

~~ ,

Therefore the ellipeoid is represented by V i~ ~ii

2

(6) 

iN 

~~~~~~~~~~~~~ (13)

1~~~~~



where n — 1. 2, - and k~ , k3 are the separation con-
stants . In Eq. (13) we must find values of k1, ki and A A~~,g) (19)
k, which satisfy the given boundary conditions.

where in - 0, 1, 2, and , in , m+l, m+2
‘ .2 Approximate Analysis of Thickness—Shear Consequently, 5(n) and J(~) are expressed as

L 

Fundamental Vibrat ion

A long computing time is required to determine
the values of k1, k2 and k, by solving the eigenvalue ~~~~~~~~~~~~~~~~~~~~~~ (20)
problem. ~i in Eq. (3) for the AT—cut plate is approx-
imately equal to unity, and the electric polarization
is concentrated in the central area of the pla te, and
the plate has a shape similar to an oblate spheroid; ~2. m/2consequently the equivalent ellipsoid in Fig. 3 may be 

~~~~~~~~~~~~~~~~ Za,.,(ig~mL)j~~,.~(g~ )
replaced by an oblate spheroid which is represented by
the oblate spheroidal coordinates , which takes the ‘1—
axis as the axis of revolution . Here the parameters (21)
are set as 

~~, ~ 2 — 0 and ~~, 
— sin 4 for the

oblate spheroidal coordinates. Then , the following
relations are obtained.

where P~+n(n) is the associated Legendre function and

2 2 2 2 2 2 2 z 2 
j51~~~~~) is the spherical Bessel function; afl and dn

V a X ~a ( 1~~ X l — ~ )cos ~ 
are constants and the prime indicates that n takes
only even or odd numbers.

The X—Y cross section of the equivalent spheroid

Z~ 
1’)sin~ ‘0~~ 

< czD , -I~~9~ I (14) is given by

x 2 
_____

• is transformed by Eq. (14) as follows; Q~(1~P~
2) 

~~ a2~
2 = (22)

I The value of 
~f 

on the plate surface is given by
_ _ _ _ _  ~1 ~2 d U  

_ _ _ _ _ _ _a2 (~2 2 ) ~~~~
(
~i ~~~~~ 

i ~d’1 ~~~~~ , 
___________

k2 t1~ d2u k~u=0 05) ~ 
_ i1It~/2e//~i~~

0t
z (23 )

~~ ~~—~‘) ( l — q 2) ~~~ where t is the thickness of the plate. Then the
boundary condition is represented as follows by taking
into account the thickness—shear mode.

By assuming that u is separable in variables as 0 (24)

U =~~(~)S(r~)T(~) ( IS )  Equation (24) indicates that ~u/~~ f should vanish on
the plate surface, where n is the normal to the sur—

the following equations are obtained from Eq. (15) face. Equation (24) does not hold rigorously for the
actual biconvex circular AT—cut plate except the center

d
~~
2 +m~ 0 

of the plate. However, the boundary condition re—

= presented by Eq. (24) is valid because the electric
polarization is concentrated in the central area of

— — (A—g ~ — — f, we must first determine the value of ~f and thend ~ 2)dJ] 
2 2 

~~ 

the plate. In order to obtain the resonance frequency

d4 t~~ obtain the value of g satisfying Eq. (24). According
(17) to Eq. (24), u is regarded as a function only of ~ and

the following equation is obtained trots Eqs. (21) and
(24).

d 2
~~~I_ r~ )~

_
~J+ (A tg2712_j.~ i)S=0 

_______

g
g_ k~a

where a and A are separation constants.4 Since we
f i nd •(~) — •($ + 21!) fro. its physical meaning, we
put

1
~ (#) cos m+ (t9) 

- 
m

where a - 0, 1, 2 , 3, ~(~tI)~ ~~~m+ fl f~~
0 (25)

since s .ust take a finite value, A becomes di.—
continuous and S in Eq. (16) is given by an associated The electric polarization produced by the thickness-

L.gendre func t ion when $ • 0. Then, the separation shear fundamental vibrational mode is distributed uni-

constant i. given by (,( (. + 1), 
~ 

being equal to a , formly toward the periphery . Therefore a takes zero.

Therefore The resonance frequency f is given by
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by using Eqa.(2), (ii) • (17) and (23). .‘ 
~~ 

lildi ,

1~j0 
,
~ ~

. 
~~~~~~ 

t — M l  mm
‘t

The cal cula ted resonance frequency is compared . ~. - .,
with the measured one in Fig. 5. The vibrational mode .

is given only by S(~ ) ,  because J(~) is constant on the 
M40 ‘.

, ~. - —  . -~

plate surface. Since m — — 0, it is possible to MX •. . -
calculate Eq. (20). Further , according to Eq. (14), .

the distance from the origin is given by __ - 
. ~~~~~~

- 4 . ,

r~~Ja(I4~~)(l~ q2) (27) ~~R6O . - 
~~~~~~ 

. .
Since a and 

~~ 
are constant , the normalized radius of 

.X ,Z40 . 
~~~~~~~~~~~~~ 

- 

.. ~~~~~~ .

the pla te is given by ‘~~~~~~~
.
• ~~~~~~~~~~~~~~ . .

(28) ~~ ~~~ .,L :. r- ~~~

The calculated and observed thickness—shear fundamen— ~ \ ~ ~ ij
tal v ibra t ional  modes are shown in Fig. 6. — - . .~~ - ~~~~~~ * * --,

— — — - lt \  ~~~~~~~~ 
. 

~~ ~~
. --. 

_ . -
5. Conclusions , -.

“4, — — — -~~ - -‘,~.. . .*~ * 
. . .

In this paper, we have experimentally obtained — — . ~~~~~~~~~ .~ ... .
the mode chart of a biconvex circular AT—cut quartz 11

1
11

plate.  With the aid of this mode chart we can find O~~~~’- ~~~~~~~~ . .4~~ ~~~~I

the relation between resonance frequency and plate ~~ ~~ 
.‘

~ 

-.-., - ~~~~~
size,and design resonator.. We have observed the vi— I - “j . t.
brational modes by measuring the electric polarization ~~~~ ~ t~ ~au ,. ~~ 

-

patterns and compared these with those of the circular I-’ , . , I . , , . , , , i~
flat 6,nd rectangular AT—cut plate. As a result, it
has been confirmed that the plate vibrates dominantly Fig.l Mode chart of biconvex circular AT—cut plate.
in the direction parallel to the electrical axis, that
is , the dominant displacement is u. For ease of the
analysis of vibration of the biconvex circular pl5te ,
we have replaced the plate by an equivalent ellipsoid
in view of the experimental facts that the electric
pola rization concentrates in the central area of the
plate. The oblate spheroid model has been adopted to
analyze the vibrationa l modes . The results obtained (A )from this analysis indicate that the numerical solu-
t ion is sufficiently useful so far  as the thickneSs—
shear fundamental vibration is concerned.
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PROPERTIES or A 4 r-o~
-• MINIATURE FLAT I~ECTA NGU LAR

QiIA P T~ RESONATOR V 1BRAT IN~ IN A COUPLED MODE

A .E . Zums t .g  ~IIId P. ~uda

St~IH-QUARTZ Di vision
,- . ,  Rienne

Swit ;~ r iand

Summary Introduction

In thi~ w~ -x - ~. w~- stud y b~t !. expei iment ally and A pure thickness shear does not exist in a free
the :reticaily the properties -f a rectargular AT-cut plate with finite dimensions for the angular momentum

resonator with flat r incipal face- , part iou— would not be conserved . Transversal displacements

~ariy for very low at io a/b ~~~~~ where is the which result in flexure modes must be added. The
dimension •~io: g the X - axis ~nd b , the thickness of coupling between these modes may be considered as
the plate. The value of the ratio c/b is typ ically 25 fundamental for it exists indP~ endently of the crys-
where c is the dimensi r. along the Z’-axis. For such talline symmetry. Other coupl. .~ s may be considered
l w values of •i !t , the coupl ing  between the th ~ ckne s~ as accidental for they depenc’ e.g. on the value of an
shear and the flexure is very i r np : r t a n t ;  the trans— elastic or piezo—e lectric cot rant ; these constants
versal displacement due to  the flexion amounts to may cancel for some symetrieJ or may be cancelled by
01% of the tangon!ial dispi~~ ement at the surface of a judicious rotation.
t h e  pia~ e due to the thickness shear . This coupling
modifies many of the well—known properties of the The mathematics of the fundamental couplings is

~~~~ AT-c o- . complicated because a perturbation methode can only be
locally applied. So, we have to wait until 1951, year

a the frequency vs temperature curve is when a theory due to R.D. Mindlin i (named I hereaf ter)
asymme t r i c  of “third order” and more otarted discussing in a quantitative manner the cou-
open t h~,n usual AT curves. pling between the thickness shear TS1 and ths flexure

Fl in plates havi ng monoclinic symmetry together wi th
b the temperature of the inflexion point solutions for rectangular AT-cut quartz resonators.

may vary between 50 and 90°C . Fig. I sri 2.

c the linear temperature coefficient of In 1961, M indlin 2 issued a general theory of
the frequency at 25°C as well as the th in  anisotrop ic plates and the same year Mindl in and
dynamical capacity depend both , in a tlazis 3 (named II hereafter) proposed solutions for
parabolic and cyclic manner , on the rectangular AT-cut quartz resonators wherein exten-
ri~tio a/b. tional motions are included . By ignoring the boundary

conditions on the Z’-faces , only the face shear in
‘I the attenuation along the Z’—directior . the plane XZ ’  propaga t ing in the X-direc t ion , co’~p1es

of the coupled mode is stronger than that with the TS1 and the Fl modes.

given fo r  the pure thickness-twist. 3
The results match very well with the experiments

These properties lead to interesting technolo- Fig. 3 compares calculated values where we used
• gica l consequences for both resonators and filters. Bachmann ’s constants ~ to our own experimental values

in the ran~ e 2 ,84a/b~~ lO ,J3.sW/C*I5 the normalised
i the strong attenuation of the vibration frequency, ~~ , •

~ 
r 
~~r’66 ~~~~~~~ Ia.

• along the Z’-axis allows , on the one hand
a reduction of the dimensions of the re- Owing to the good result~, the theory may be used
sonator while keep ing a high quali ty to design rectangular quartz resonators . At first
factor (C) 500’OOO for c/a 20) and , sight , a high value of a/b , e.g. a/b 29,5 seems to
on the other hand it allows to  mount  the be interesting because , on the one hand , the fre—
resonator rigidly, getting thus a high quency does not depend on the dimension a and , on the
shock resistance and a very pure spectrum other hand , the influence of the coupling with the

• (-60 db between 0 and 10 MHz for a ~ MHz flexure on the properties of the AT-cut is expected
resonator), to be low. Actually, it can easily be proved with

I t h a t  in the middle of the first shelve above the
ii possibility to use a high-frequency reso- axis.fl~~ 1 the ratio of the vibration amplitude of

nator with an inversion point at room tern- both modes TS1 and F1 is inversely proportional to
pera ture and wi th a parabolic temperature n — i , where n is the order (even) of the flexurc. bar—
coefficient of -1.10-8 /(°C)2 instead of manic. This leads to resonators which are elongated
_14 .lO—8 /(°C)2 for the ST cut , along the x—axis5 as dep ic ted in f i g. ‘Ia.

lii easy fabrication since all faces are plane, However these resonators present a disadvantage
all sect ~~~ are rectangular a’-d only two for they only offer a middle quality f actor which is
fsce~ need t r  be partiall), ~eta11ized . moreover affected with a great dispersion . This is

due to the flexure mode F1 which is propagating in
Its util: zation seems most suitable for hi gh- the X-direction and which undergoes no attenuation

qua I~~t y  wrist-watches (1 sec./month)

ill

• 
I— • _ _



V outside the metalliced region (Fig. eb) . So there -iccordin g to I I .  F ig .  9 tiow ; the same measurements
exist s an energy flow absorbed or partially refl-~cted 

i b t a i r i e ) on energy tru~ ped resonators . There is a

~v the mounting structure . Mind lin and Lee6 have ii- qualit ative agreement between the theory and the
c l lateU the quality fio tor of such r,:;onat ors ,*th, xp -rimerits as far as t h e  shape of the  curves is

• losses due to the ft -sure must f e  suppressed i.e. concerned , but the rotation angles I r e  fairly d i f f e-
the X— fi~es must he ~e~~t free . A r e sona tor  elongated r en t .  The curves are as~mmetric with inflexini point
ai n g  the 2’, wi th a narrow dimension a as dep ic ted ly ing between 40 and 10 C. The radius of - urvature
j r f i g .  5a and , gives good results.~78 is small in the upper inversion po~ r t ~~~i at 25°C
As the flexure made arises from coupling with the with parabolic temperature coefficient of I ( o  r efer

2
thickness si~ ic mode, an attenuation of the latter 1 -l.lO”~ / (oc)2 and one at 550 with _2.l0 9/(0C)
a lo n g  the Z’- tirection (which is ste •nger than along
the X- iirect ion) 5150 leads to an attenuation f the Fi g. 11 gives a comprehensive view of the li t- a r
Fr mode along the Z’-direction , resul t ing in a per- t oinperature coefficient of the frequency Tf

( l ) at 2100 .
fect energy trapping. The reduction of the dimension The mast interesting point is the parabolic and cy-
c c  cc at important coupling between both TS1 and e l ic  behaviour of Tf(I) as a function of a/b. It
F1 modes modify ing substantially the properties of IS forecasted by I , particularly for the values of
the  u sual  A T - o u t  ~~. Some of these modifications are a/b corresponding to the top of each parabola. Theory
s tu d ied h e r eaft e r .  I I  does not report a parabolic behaviour of Tf ( I ) ,
~~~~~ the case of In f in i t e  plate.  In order to imp rove although Its absolute value is closer to t h e  measured

the qual i ty  one than that  y ielded by I .  The discrepancy be tw e en
II and the measurements may be due to the energy
trapp ing whi ch induces a partial inhibition of the

Accor dt g to  I I , t he terminology of which is extentional motion ; this is not accounted for by II
a~~~i here , the displacements are g iven by: whereas it is indirectly reported in I where no

extentional motions are allowed . We found experireli-
U2 

S h(A 1~~ 21sinf1x1tA~~~~~~ inf 2xj+A 3oi23sin~~3x1 ) tally tha t Tf
( I )  diminishes wi th increasing elec-

trode thickness in the order of magnitude calculated

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ by Zelenka 10.
% and bi g in the lower one . Fig. 10 shows an inversion

A1cos~~ 1x1+A 2cos~~ px 1+A 3cos~~ 3x point
Dynamical capacity

whe re ~ 2 and 
~~ 

are the displacements  directed along
Y and Z’ 

~‘9i is the rotation about Z ’ , 
~~~~~~~~~ 2’ 

A dynamical capacity as high as possible is

the wave numbers associated respectively to the 
o f t ~~n required for resonators as well as fo~ f i l t e r s .

fl exure , the face shear and the thickness shear Fi g. 12 shows the  measurements on ‘4 MHz resonators .

mode. h A 1~~ 2j represents the vibration amplitude 
The electrodes are 3 mm long and a/b 2 ,q6.  As for

p erpendicular to the plate due to the flexure mode T f ( I ) , the dynamical capacity Cj bears a paraLo~.ic

and A ;  the tangent ial  vibrat ion amplitude on the and cyclic behaviour as funct ion of a/b.  The maxima

surface of the plate due to the th ickness  shear of T f ( I )  and C1 amount to the same values of a/b

roo~e. We_character ize  the coupling by the ratio which  d i f f e r  from those corresponding to the minima

A w 21 I A 3 whicn is depicted on fig. 6 for the vibra- 
of the  coupling ( c f .  f i g. 11, 12 and 6 ) .  The choice

t i o r i s  coup led the ‘4th and 8th fl exure  harmonic, of a maximum dynamical capacity of the main mode pr-

For a/b~~~3 the ratio A m 21 /A 3 amounts  t o  nearly 0,5 vides simultaneously a minimum dynamical ospacity of

which also means tha t  the kinet ic  energies ‘f the t an -  the other modes of the same kind , thus cont r ibu t ing

g e r t i a l  and transversal displacements  are nearl y to the  spectral p u r i t y .

equal. Consequentl y, it is not possible t~ discribe
t h e  vibration of such a resonator simply by a pure
t h i c k n e s s  shear .  The coupling rate may be a d j u s t e d  by Qual i ty  factor

vary ing the ratio a/b modifying thus the properties
of t oe resonator and , as is shown hereaf ter , t h e  The opt imizat ion of the quali ty factor has been

smallest coupling does not yield the mast  i n t e r e s t i n g  achieved by incremental metalization in ultra high

properties. vacuum followed by measurements in situ . Fig. 13
shows the qua l i ty  factor Q vs gold electrode thick-
ness t per side . The maximum is very sharp and

Therma l propert ies depends on the value of a/b . By metalizing at once
the optimal th ickness , the Q values are hi gher , thus

The resonance frequencies vs temperature have showing that some losses are due to the electrodes .

been calculated within the frame of both theories These losses probably accoun t only for a part of the

arid II  on the basis of the temperature coefficient strong decrease of Q value beyond the maximum . There

of Bechmann at al’I as well as those of Adams et a19. may exist a mechanism owing to the d is t r ibut ion of

The calculations are qui te long specially in the the vibration amplitude as function of the electrode

frame of 11 where the IBM computer 369tt35 of the thickness which can explain a maximum of the value.

OMEGA-watch firm was used . This is suggested by the dependence of the optimal
electrode thickness on the rat io a /b .  The h ig h value

coefficients are an order of magnitude smaller then plitude along the Z’-direction is much stronger than

t” st between I and I I .  The results published here that given by the well-known formula for a pure

are calculated with Bechmann ’s set. Fig. 7 shows the thickness twist

The differences due to both sets of temperature of reveals that the attenuation of vibration am-

Influence of the dimension on the frequency vs tern- - 2.94 d/b
perature curve calculated according to I and fig. 8 a

1*7
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w here d is the distance from the electrode edge. Theo- Conclusion
ret ical work and interferometric vibration amplitude
measurements are in progress. A rectangular AT-cut resonator elongated in the

Z ’ -directiori offers interesting thermal and electri-
cal properties , a high quality factor and an aging

Spectrum low enough to be used advantageously everywhere , wherm
very small dimensions are required . The most promi-

Fig. 14 shows a spectrum between 0 ,01 and 10 MHz Sing application is to be found in the high quality
a resonator presenting the following characteris- wrist-watches (1 sec. per month) because the follo-

‘l os  wing resonator may be produces economically in large
quantities .frequency ‘4 .2 MHz , a/b 2,96 , Q 265’OOO,

8serie Frequency f t4,1943014 Hz 2
22

The ordinate is the current response, the applied
I t I ge being 100 mV. This spectrum is very pure , Resistance R r 50.fl.

the most important unwanted mode lying 60 db below Dyn . Capaci ty C1 C1 r 1,6.10-15 Fthe  fundamental  one. The reasons are:
Qual. Factor Q 500’OOO

a. the  g o d  energy trapp ing allows a rigid
Static Capacity C0 z 1,0 pFmounting that damps down all modes which

are not trapped . Inversion Temperature T~ r 25°C

Thermal coefficient /2 -l ,1.lO~~ /(
°C) 2

b. the coupled modes TS1 and F1 immediately
above and below the fundamental are on Case dimensions 13,4 x 3,14 x 2,8 sri
the one hand far away in frequency while (0.530 x 0.134 X 0.110”)
having,  on the other hand , a very low
dynam ical capacity .
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MINIATURIZED CIRCULAR DISK AT—CUT CRYSTAL VIBRATOR

Yoshimasa Oomurs
Faculty of Engineering

Tokyc Metropolitan University
Setagaya , Tokyo, Japan

Su~~ary Vibration of the small size circular disk crystal

The re quirem snt of the practical application of The chart , which shows the relations between the
miniaturized AT—cut crystal vibrator , of which fre- resonance frequencies and the ratio of diameter to
quency temperature characteristics is cubic curve , has thickness of the disk crystal , is basically necessary
been increased with the development of miniature for the design of the circular disk crystal vibrator.
electronic components. Frequency responses of crystal were measured by the

system as shown in Fig. 1.
The ratio of diameter to thickness of the conven-

t ional circular disk AT—cut p late that has been used Decreasing the diameter of the specimen by polish—
for th ickness shear mode is usually aore than 15, but ing , frequency responses on the specimen at different
the ratia of miniaturized one described in this  paper diamete. (6.5 mm — 25 mm) were measured . An air gap
is 4.68 (diameter : 6.824 mm , th ick iess: 1.459 ian , holder was used in the measurements. A part of the
Frequency : about 1 .2 MHz). This ratio is determined above mentioned chart obtained from the experiments is
from a chart which expresses the variation of frequency shown in Fig. 2. In this chart, the absc issa is
responses versus the ratio of diameter to thickness, denoted by the ratio and the vertical axis is denoted
It kg understood from the chart that the vih’iti on of by the normalized frequency if/f 0); f means the
the specimen con a l st t  of shear f lexural  mod e at re— resonance frequency of the contoured circular disk
sonance frequency . crystal , i.e. the measured resonance frequency; and f0

is the resonance frequency in case of AT—cut thickness
From the point of view with practical fabrication , shear vibration. The size of dots in the chart shows

a difficulty Is how to support the  small size circular the relative magni tude of amplitude of the frequency
disk crystal by wire mounting . In solving this prob— responses , and the large dot corresponds to larger
lam , basic character istics in connection with the amplitude, The series of the large dots denote the
productio n of miniatur ized circular disk crystal have varia t ion of dominant frequency responses.
been obtained .

The amplitude of response 2, which is considered
The following are main results described in this to be a fundamental one, becomes small amplitude at

paper. the point A because of the coupling with the near—by
res pon ses 1 and 3. I t  is , therefore , not preferable

1) The vibration of the shear flexural mode has for the crystal  vibrator to choose the rat io at the
been analyz ed by the results of the electric polariza— point A. On the other hand , there is no other fre—
tion dis tribution along X and Z ’ axis. quency response but the dominant frequency response at

2) The supporting points around the side of the point B. So. the ratio at this point 4.68 has been
spec imen are examined by the mechanical probing method , dec ided for the spec imen of crystal vibrator and its
and a pair of supporting position s at the center of frequency responses is shown in Fig. 3.
thicknssa on Z’ ax is ar. found best. A pair  of sup-
p or t i ng  wires are adhered to these points . Fig. 4 shows the e lectr ical  probing method to

3) The reproducibility of the frequency temper— measure the distribution of polar ization1, and obtained
atur e characteristics has been considered to be distributions are shown in Fig. 5. As shown in Fig. 5,
satisfac torily good , the pie~.o electric changes are in accordance with the

• 4)  The fl.xural mode of the side wire mounted strsin excited by the resonance frequency.
cir cular disk crystal is observed by Michelson ’s
interfercme ter , and the results on the supporting R. Stark applied the optical interferometer to
points show good agreement with the results obtained the study of the vibrational mode of the AT—cut cir—
fro. the mechanic al probing method . cular disk crystal 2. Calcula tion on the electric

polarization distribu tion along X axis was made by
In troduction using formulae obtained by him , and the result shoved

good agreement with the measured one. These calculated
The miniaturized crystal vibrator , of which shapes formulae are referred to Appendix. It is understood

are th. tuning fork type and the bar type , have been from the above mentioned results that the vibration of
put into practice in the industry of wrist watches in the miniaturized circular disk crystal, is consisted of
complia nce with the development of miniature electronic the shear flexura l vibration.
components. Owing to the electrical behaviors of those
crystals , the temperature compensating circuits are Supporting Method
necessary in accordance with the requirement of
accuracy. Sup~orttng positions

Recent development of application of IC and LSI The conventional supporting method is not applica—
in the frequency range of MHz urges miniaturization of ble to the small site crystal trea ted in this paper .
AT—cut crystal vi brator . Previous to the estab lisPmie nt of suppor ting method , th.

mechanical probing method was used to find a pair of
The present paper concerns with the convenient positions on the crystal.

m anufacturing process on the miniaturization of the
circular disk AT—cut crystal and their electrical Ri8. 6 •hows the apparatus of the mechanical
charac teristics , probi ng method . Silver electrodes were spoiled to

surf aces and aide of the disk crystal specimen. The
belt e lec tr odes  (width :  about 1 mm) were arranged for
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the connection between the su r face  electrodes of CI may be caused by the defec ts  and the scratches
(diameter: 6 ian) and the side one. The thickness of which  are seemsd to exist in the  crystal  under the
these electrodes was 1,000 A. manufacturin g treatment.

The exper imental procedure is es follows . The Length of the supporting wires
spec imen is held by the upper ann - lower rods at
the center of thickness. With t i ’ ‘~te of holding It is more advantsgr’oua for miniaturization of
posi t ion by 30 degree , the  reson - ~quenc y and the c rys ta l  v ib ra to r  to make the supporting wire length
crysta l  impedance (CI)  are measor~ d he w network, shorter. Fig. 14 shows var ia t ions  of CI and changes
These measurements  are also c~~r r i ~’d by changing the in f requency  with the change of the length of aup~ or t—
weights  on the upper rod to examine ne external  fo rce  ing wire.  If the supporting wires are adhered to the
e f f e c t s .  The exper imental  r esu l t s  are shown itt Fig. 7 center of thickness on 1’ axis , the length of wire
and Fig. 8. I t  is c l a r i f i e d  f r o m  these resul ts  that exerts little influence on the characteristics within
a pair of centers of thickness on 7’ ax is are very good 1.5 mm.
for the supporting positions.

Cub ic curve
Side wi re mounting

Frequency tempera ture  character is t ics  for  c rys ta l
An a i r  gap holder shall not be used f r the mini— of var ious  cut angles f rom Z —ni inor face were measured

a t u r i z a tio n  of the c rys ta l  v ibrator  because of i ts  at the previously dec ided rat io of diameter  to thick—
large construct ion and or the ins t ab i l icy  in the reso— ness.  Zero t empera ture  coe f f i c i en t  has been obtained
nance frequenc y which  might be caused by the portable in the range of 45’C to 55 C C at the cut angle 4 15’ .
usage.  Therefore , the side wire moun t ing  has been Fig.  15 shows the typical  cubic curve of the frequency
adopted . Fig. 9 shows the appearance of the side wire temperature character is t ics  in the range of — 1O’C to
mounting on 2’ ax i s .  “he wires used for  this  mount ing 145’C. The CI value is comparatively small and its Q
are  the bronzephospher headed wires coated by gold, value is about 340,000.
After mounting , silver electrodes were formed by
evaporation in vacuum of 2 • l0—~ Torr. The specimen Observation of flexural vibration
is connected to the lead wires of the HC—2 5/ IJ socket
as shown in Fig. 10. Fig. 11 shows the photograph of The f lexural  v ibra t ion mode was observed by
the specimen. M ichelson ’s interferome ter3, Fig. 16 shows the ob-

served interference fringes for the crystals of dif—
Characteristics of the aide wire mounted crystal ferent supporting axis. The crystal current in these

experiments was kept at constant of 1 mA , Black
Electrical characteristics of the minia tur ized stripes in the photographs are considered to be Un—

circular disk crystal  vibrator were measured by the s moved regions in the flexural  vibrat ion .
netwnr k.

Fig. 17 shows the calculated displacement along
Re oducibility of the side wire mountina X axis according to the reference (2) , and the dis-

placement corresponds to the observed interference
Reproducibi l i ty  of the  aide wire mounting was f r inges  in the photograph of Fig. 16. It is , there—

taken into consideration from the point of the Ire— fore , considered that both ends of the  crystal diam—
quency t empera ture  character is t ics  and relations be— eter on X axis move as like as the calculated displace—
tween the CI values and temperature. The experiments ment .
with regard to the r ep roduc ib i l i ty  were carr ied out by
the fol lowing procedures. Af t e r  completion of the Fig. 18 shows the calculated electric polarization
first measurements of the above mentioned character i s— d i s t r i b u t i o n  along X axis.  The d i s t r ibu t ion  consists of
tic s, all of the supporting wires and electr odes were of the sum of both components of polarizat ion due to
taken off  f r om the crystal. Consequentl y the specimen the ehear vibrat ion and the flexural one. The measured
was made return to the initia l stats of crystal. This electric polarization distribution as shown in Fig. 5
crustal was again subjected to attach the wires and is in good agreement with the calculated one in Fig.  18.
electrodes in accordanc e wi th the previously mentioned
processes , and was served to th. second measurements.  Conclusion

• These proces .es——p rep a ra t ion of the specimen for
measur ements , and elimination of th e wires and The miniaturized circular disk AT— cut crystal
electrodes——were repeated three t imes . The results vibrator , of which ra tio of d iame ter to thickness is
obtained in th i s  experiment are shown in Fig. 12 and below 5, is st i l l  not u t i l i zed , but the poss ibi l i ty  of
Fig. 13. their practical use has been proved experimentally,

provided that the suitable supporting positions and
In these f igure .  the results  measured by air gap method s have been found .

holder are p lotted for comparison.  I t  is seen f rom
F ig .  12 that the change in frequency with the temper— Appendix I
ature change is less than 3 10 6, and this shows
that the reproducibility of mounting is fair ly good . From the re.ults of reference (2) concerning on

the vibrat ional  mode of the circular  disk AT— cut
The measured values of the crystal imped ance crys ta l  wi th  the r a t i o  20 and 40 , the components of

change from about 50011 to 9000 as shown in Fig. 13. The displacement are expressed by the  fol lowing formulae
curve (1) in Fig . 13 shows the result obtained by air according to the polar coordinates.
gap holder , and the curves (2), (3), and (4) are the
results by the side wire mounting . These nombers at- 

— —tach.d to th. curves correspond to th. order of U — U Cos2O — U
0
Sin~8measUrements , and then the curve (5) means the re-

sults measured by air gap ho lder after the side wi re 
— u + U ) SinO Cosemounting had been done. Comparing the curves between i ’ r 8

(1) and (5), th. increments  of cry st al imped ance are
nearly 120(1 to 2500. D c  abov e mentioned tn cre sent — ~ Coso

203

-~~~ ~~~~~- _ _ _ _ _ _ _ _



where U~ , 11z
’ are the displacement components of X and

Z’ axis, and r~ is the thickness direction displacement .
The symbols expressed in the above mentioned formulae
are the sam e definitions as those in the reference (2).

The displacement of the flexural mode on X axis (
/

The calculated flexural disp lacement is shown in Fig.
is obtained in case that the angular 0 becomes z~’ro.

l i i i  11111 11
17. I

RecorderThe electric polarization distribution on X axis I’ ~~~~~ j~
J

is expressed by the next formula.

_______ 
ln(r,0)F Lr.01

1 U (r ,O) + Ir FIg. 1 — Measuring System for Frequency‘P (r,O) X
Response .

where ~ (r ,0) is the maximum value.
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Fig. 11: Miniaturized AT—Cut Circular Disk Crystal Vibrator.
Holder: HC—25/U. Diameter: 6.824 mm , Thickness: 1.459 em.
Frequency: 1.2 MHz.
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DIRECT PLAT ING TO FRE~ J ENCY - A P1)WERFUL F A BRICATION MET h~J0 FOR CPYSTALS WITH CLOSELY CONTROLLED PARA11ETEP~

P. Fischer , L. Schulzke
.~ j :  - Germany

Su ranary A survey of the practic ally used calibration
method s is shown in Fig. 1 , a classification is mode —

Besides for low aging rates crystal specifications of whether the crystal can be sept oscillating whilst
today call more and more for closely controlled motto- being calibrated and thus giving a good control of the
nat parameters and defined spurious attenuetion . The amount of loading or not.
conventll)nal m~trod of ~~se plating the electrod e Con-
figuration and overplating It with a spot for final Elec trop lat in g
adjustment of frequency raises problems especially
in the  higher freq uency ranges , where the spot Electrol ytic deposition fron a nickel bath Is 

—dimensions are becoming the governing factor for the a Cheap method but is difficult to be controlled be-
motional parameters. Direct plating to frequency,i.e. cause the deposition rate changes considerabl y if the
simultaneously plating both sides of the carefull y process is performed repeatedly. When done in a single-
masked resonator is a way to obtain a uniform and step procedure with the aid of a conatant-current sOL.~~O8
reproducible electrade configuration, and a precision timer, results ore by far better but

close tolerances in the order of some ppm are still
rhe plating equ ipment is described with some difficult to achieve . When properl y applied nickel

details of the vacuum system , the evaporation sources, plating gives very uniform layers with only a sm~~ l
the maaklrig technique of the crystal and the control deton ation of the motional parameters, its disadvan-
circuit basing on the transmission-line method cover- tage is poor control and the necessity of a therma l
ing the frequency range from 3 to 200 MHz. treating to obtain stable resonators.

Experimental data cover the relation between Mass Removal by Etching •
motional parmrreters of the crystal and the relative
mass loading, both for the conventional spot plating It is usable only with Aluminium-plated res-
and the single-step plating procedure. Figures on the onators and also very difficult to be controlled, it
frequencl drift after the plating process due to gas requires thermal treating for stability reasons too.
absorption are given taking into account the deposi-
tion rate and the surface structure of the resonator . Dielectric Mass Loading
Typical aging record s of single-step plated crystals
sealed in resistance-welded enclosures are given at Overplating the resonat:or end Its electrode
the end of the paper , with a dielectric layer of Sillcon~’Monoxyde keeps its

mesa-s t ruc ture  near ly  unchanged and therefore  permits
Introduction large tuning ranges without significant changes of the

energy- trapping conditions with filter resonators. The
This paper will deal specifically with the still unsolved problem seems to be the long—time eta-

fabrication method of plating high-frequency crystals bility of the dielectric layer , which remains chemi-
in a s ingle-s tep procedure to their final frequency. call y active and thu s causes drift effects due to gas

absorption and/or oxydatior . Until now this method has
This procedure and its associated equipment was only a limited range of application to filter resona-

evaluated at I~VG under the objective to achieve a tors.
highly f l ex ib le and econonic fabr icat ion  f a c i l i t y  for
ccsmnercial and military crystals. Although the subject Laser Trinvning
Ii s t i l l  to be improv ed in many respects,  it is used
in currsnt high volume production now for more than Although not fully evaluated regarding its in-
3 years. fluence on t~~ i crystal parameters in general, laser

trinirring is the Only rnet~rod to remove electrode mate-
Frequency Adjustment Method s rial Selectively with re’~pect to Its location and is

therefore especially attractive for the adjustment 0+
A quartz Crystal must be considered as a can- multiresonator arrays in the filter field .

poatta resonator consisting mainly of the crystal -
plate end its electrode configuration. The mechani- Chemical Reaction from Gas Atmosphere
cal properties of this composite resonator in con-
junction with the p iezoel.ctric ef fec t  of energy con’ When iodine is brought onto an Ag-electrode to
version results in a device with one or several pro- form Ag.), stab le ~syers are echlsved only up to a lim-
nrxjnced resonance frequencies, for each of which an ited temperature end if only very small amounts were
equivalent 2 -port electrical network can be used In applied . Careful thermal treating is required.
approx imation . We w i l l  restrict  here the problem to
the high-frequency thickness-shear vibrator and w i l l  Sputtering
thus n.gl.ct the inf luence  of the supporting system.

Sputtering is not widely uaed because of the
Despite of the technology of today it t. not low deposition rat, of this process and the difficulty

possib le to manuf ac ture the c snposite resonator within to measure the resonator whilst being exposed to the
those close mechan ica l tolerance. required by most glow discharge. New sputtering sources and the advan-
epplicationa, an individual calibration oust be per- tag.. of RF-sput ter ing may become attractive in the
formed with each crystal. According to the equivalent fabrication of crystals , for final calibration other
network where the inotionel inductance is equivelent  methods are superior.
to the mess of the active region , mass loading or
r emoval is the most econ~ sic way for calibrating the
Individua l resonator.
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Metal Deposition by Spot Plating problems can be overcome w i t h  a plating prc . edure,
which individually deposits the electrode unto the

This method is obviously the one most wide i~ used crystal under permar nt. control c+ the roror abut s
becejee its efficienc y and its excellent control of frequency.
deposition . It s disadvantage is the 2-layer system of
electrode materie l with possible Interactions between Fabrication and Eqrj i~nent for ~ingle-Step Plat ing
triers , and the fact, that .~ith increasing platebeck the
properties of t p  deposited spot are governing the
resona tor ’ s behavior . Prepara t ion  of Blanks

An osci l1~ tor or filter crystal is normally de- Multiblade cutting c wafers from ang le-corrected

signed accordir~ to the required motional inductance lumbered V-bars is the first ctep, + ollowed by rough-

or capacitance by selecting the proper electrode lapping to a standard thickness and semi-automatic

diamete r ,  t i e  tota l platebac is then defined either x-ray sorting in to grou ps ~-f + 15 minutes of arc. The
for minimum resistance or for optimum suppression of so far rectangular wafers are then brought to their

spurious modes by application of the energy trapping circular shape by an automa tic 2-gang diamond-wheel
principle, grinder which optionally can leave a small reference

segment at the circumference for easier electrode

The diameter of the spot is chosen somewhat alignment. The crystals then undergo 3 consecutive

smeller than that of the base electrode to prevent lapping steps, are re-X-rayed if necessary, and

an increase of the effective electrode area due to finally polished or semi-polished, Flatness control

s’acowing and alignment tolerances, To expand the by interferometry is followed by a thoroughful clean-

e f f e c t  for  ex p e r i m e n t a l  i nves t iga t ion  c r y s t a l s  w i t h  ing and etching procedure. The crystals come out with

~~-ii aroe-tal frequencies of 10, 15 , and 20 MHz were a normal tolerance of + .075 kHz/MHZ , selective

base plab~d with - 0.4 kHz/M Hz2 and then spotted etching is added if the specification calls f c r  closa-

..it r about hale of their base electrode diameter . All limits .

motional parameters were measured as a function of
spotting plate back on the fundamental, 3rd and 5th Masking of the Crystals

harmonic arid scaled to the corresponding parameter of
the base plated crfstal. The blanks are mounted onto the holder in a pre-

cise fixture, which exactly positions the nlate with

It can be clearly seen on Fig. 2, 3, and 4 that respect to the holder base-plate . After apply ing the

a sharp decrease of the moti onal capacitance occurs conductive cement by a dispenser, the fixtures w t t ~
with increasing plate beck due to spotting, the ax- the crystals are transferred to stainless steel ovens

pc~ en ’iol decay for large pletebacks moves exactly to for cur ing (see Fi g.8).

the figure, which correspond s to the diameter of the
spot. As expected this exponential decay is much  more The mask for sing le-step plating is a precision

pronounced w i t h  the overtone modes then with the fun- tool and different designs are used for each crystal

damenta l and thu s seriousl y affects the calibration of holder fami l y. The mask is constructed from two

overtone crystals with close motional perameters. phenolic parts with imbedded guidance shafts and con’-
pressed by springs5 end air gap between the mask and

The rnotjonal resistance increases with the the crystal plate is in t h e  order of .3 rIm . Th e mask

spotting platebeck except for the fundamenta l  mode, is referenced to the base p l a t e  (see F i g . 9 ) ,  mis~
wnere Ue basic plateback obviously was too low. The al ignment of the ctystal can result only in a slight

corresponding relation of the effective ~ of the res- 
,eXCentric~ ty of the electrode and not in a displace-

onators In Fig. 5, 6, and 7 showS a flat maximum of Q ment of both electr~des to each ither.

versus the spotting plateback, except the 10 MHz-
cr~ stai because of t h i  above mentioned reason. If the The set of electrode diameters is dimensioned for

effective ~ of t he  resonators remains relatively ~ 5 %~Irit~I’ii85~ of the motional capacitance, the exac~
stable, an increase of the motional resistance is the electrode diameter is milled-out with the mask already

consequence of decreasing motional capacitance due to essentiled. Overplating of the mask in continuous op-

the  spotting platebac~~, it seems tha t  this effect was eration can be removed by etching in sulphuric acid .

quite often misinterpreted to originate from excessive As the basic components and the alignment of the masks

mass loading, are relatively inexpensive , regular replacements raise
no cost problems. FIg. 10 gives an impression of the

Spotting causes a pronounced change of the bound- different steps of production,

ary conditions of the resonator because the active
region of the resonator decreases. This can be meas- Vacuum System and Evaporation Chamber

ured witt tns irnarmony of the main modes, i.e. by
calcula ting the difference of the actual overtone The general layout of the plating station is shown

frequency to n-times the actual fundamental frequency, in Fig.11: The evaporation chamber is located in an

this behavior can be seen from the graphs 5, 6, ~~~ 7, optimum position for the operator with the high-speed
pumping system below the table . Either a 1800 1/sec

uming up t hese r e su l t s  it can be stated , that diffusion pump with a liquid-nitrogen-cooled baf le

any fins-calibration method must change, by deposition or a turbomolec~lar pump is used , to achieve a start

or removal, the designed bsse electrode uniformly if vacuum of 5.10 torr wi th in  less than 20 seconds.
the motional parameters shou ld not be effected too This relative low figure is sufficient because the

ouch. This shifts, for close-tolerance cryatale, the mean free path of gas molecules must be seen in rele-

problem toward s an extreme control of the base plating tion to the distance between evaporation source and

procedure an E-gun evaporation source In conjunction substrate, which length is only about 30 rim in this

wit h an elaborate masking or moving system for the configuration. The chamber is designed for minimum

substrates and control of thickness end rate of ds- volume with the main valve mounted to it as close as

position Is a rust to keep the spread of the base- possible.
electrode platebacic to less than one percent . These
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The evaporation chamber contains the exchange- As long as there is no conductive layer onto the
able evaporation source units and the shutter system, crystal plate, the 6-channel voltage is small. The
The chamber is closed alternattngly by the 2 cover voltage step-up, which occurs when the electrodes are
p l a t e s ,  w h i c h  hold the massed crystals precisel y becoming conductive, is sensed by a level detector and
positioned by the knife-edge contacts of the build- starts the search-and-lock circuit. The loop then re-
in P1-networks. Closing t a  chaster activates the mains locked to the crystal’ s zero-phase frequency,
control circuits for pumping-down and RE-switching. which moves downward until the end of plating, thus
As long as the evaporation vacuum is not achieved , g i v i n g  a cont inuous  information of frequency and
the operator checks frequency and resistance of the resistance.
cr~ stal of the prior cycle and mCsks a new one for
re load ing .  A comput ing  counter with ausiliary output5 mon-

itors and controls the plating process : Manual input
The principal arrangement of the evaporation keys are provided for crystal frequency, harmonic order

chaster is shown in Fig. 13: If sufficientl y low and the offset for fine-shutter actIvation. The counter
pressure r ac been reached , the contro l  c i r cu i t  opens presets the coarse figures of the decade generator,
bot’ shutters and energizes the evaporation heaters , interlocks the heater current module arid controls the
The operator contrcls the rate of deposition by panel shutter system. Analog outputs for d i sp lay  of the
-eters. ~.be n t h e  crystal frequency crosses a preset deposition rate are provided , although the evaporation
cf4’set , the control circuit reduces the deposition sources are now running with a preset deposition rate .
rate by a factor of 10 with the fine shutter and a closed-loop rate control  sys tem is a subject of
Interh uot s evaporation at zero offset. Deposition further investigations.
cont:ol by a shutter system has proven to be Superior
t han controlling the current of the heaters. Closing of the final shutter ends the plating

procedure, the chamber is then vented with dry nitrogoi
The evapora t ion  sources are easily exchange- to keep water contamination of the chamber walls to a

able units w i t h  a ho r i zon t a l  beam Output (see F i g . 14 ) .  minimum. The crystals finally undergo ~ s t ab i l i za t ion
A thin mclybdenium sheet metal with a tilted area of period of one hour at +150°C in stai n less steel ovens
‘-lnirmsj m cross-section is used , thus giving a defined before being sealed in a capacitor-discharge welding
area ~ f maximum temperature. The hole on the top of station.
the evaporation unit Is for recharging it with
hooked Ag-wires and is closed by a spring supported Experimental Results
plate from the cover.

To get comparative figures to spot plating,
Control Circuit Applying the Transmission-Line Method crystals with fundamental frequencies of 10, 15, and

20 MHz were directl y plated, and the motionel pars-
The transmission-line method has proven the most meters of the fundamental and overtone modes were

versa tile me thod in fabrication , it gives corres- measured as a function of mass loading.
pondlng readings within better than 1 ppm of fre-
quency and S ~s of resistance throughout our facili- Therm still can be observ ed an exponential decay
ties, by measuring the frequencies at 2 defined phase- of the motional capacitance with increasing plateback ,
offsets the motional parameters of the crysta l can be but the rate of decay is much smaller than that ob-
easily calculated , served with spot plating (when comparing Fig.2,3, and

4 with Fig.16,17 , and 18 the abscissa compression by
The general layou t of the control circuit Is the factor of 2 should be noticed with the directly

given in Fig. 15 : Pi-ne tworks of 3 different designs plated crystals). When taking the derivative of b~thare used at KVG depending on the f requency range : slopes at the base plate amount of K - .4 kHz/tlHz of
the first investigation and calculating the plateback

I to 30 rilz :  A network with an adjustable range for a S - tolerance of the mot iona l  capaci-
synznetric load capacitance tance, direct plating allows for a 30times larger
for fundamental mode cryata~ calibration range with fundamental and at least a

l0tiines larger range with overtone crystals. These
20 to 100 MHz : The conventional network. figures are of course valid only for the cited 1:2

Crystals designed to work ratio of overlayed electrodes from Spot plating and
in to  load capacitances are wi l l  approach u n i t y  for  a perfect  over lay ,  but as the
adjusted to a Calculated electrode diameters of overtone crystals are getting
of f s et f requency,  the error smaller because of increasing demands of spurious
resulting from parameter suppression , the investigated ratio of 1:2 is not too
variations of the crystal far from reality.
is acceptably small in most
cases. The 0 vs. mass-loading characteristic Ia not

significantly affected by the method of plating : As
80 to 200 lIz: A special version is uSed, the motional capacitance C1 changes less with direct

which compensates the static plating, this consequently allows for a much larger
capacitance C0 by an elec- plating range with respect to changes of motional
tronically tuned wideband resiatence. This statement, experimentally verified
resonance circuit, by Fig. 16 through 21 , is a further advantage of the

direct plating method .
The system consists basically of the P1-networks,

whI~ tl are switched-in alternatingly by PIN-diode it would be beyond the scope of this paper , to
coaxial relays, a programable decade generator as a discuss the relations of the mace-loaded resonator from
somewhat luxurious VCO, the HP-8405A vector-voltmeter acoustic theory, yet a simplified electranechanicel
end a fast search-and lock circuit. Calibration to anelogon will show the main relations : The plated
zero-phase is accomplished by inserting a compensated crystal is a composite ruaonetor, where t Fp sass of th~reale tor and the drive level is set to the correspond- active region (equivalent to the mot idnel i’idcctance)
Ing 8-channel voltage reading of the vector-voltmeter, and its compliance (equivalent to the inotional rat ed-
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tance ) are det~rrsining the f r e q u e n c y .  P l a t i n g  the polished or semi-polished blanks is imperative for
active region Increases the mess, but simultaneously crystals with v -ry narrow adjustment tolerances, The
decreases its compliance to a lesser extent , so the achievement of higher uniformit y of the electrode
resulting frequency goes negative. As mass and stiff- structure by a controlled rate of deposition is under
ness, the reverse of compliance, are acting upon the evaluation now .
frequenc~. with opposite sign , their electrical equiva-
lents, if considered separately, show changes orders
of magnitud e larger than it would be expected fran the
frequenc~ change. Designing a crysta l for a defined
motional Inductance or capacitance now means nothing
else then designing it for a specific ratio of mass
to compliance with the product of both being respon-
sible for the resultant frequency. When disregarding
the static capacitance C0, this gives a certain range
of choice, to obtain the specified parameter either
by the size of the electrode or by the amount of plate-
back . This adjustment by 2 variables can be used
practically . but of course it is easier, to make the
design in accordance with a theoretically derived or
experimentally verified standard pl~ tebeck and then
calculate the electrod e diameter ,

Two f u r t h e r  d e t a i l s  should be covered here be-
cause of genera l interest and their special importance
for the direct plating procedure: A freshly plated
crystal exhibits an exponentially decaying frequency
drift d ownwards in the order of several ppm , which
cefinitely not originates from therma l effects. The
stabilization time is proportional to the inverse of
pressur e and the total amount of drift is related to
the effective surface of the plated region . Adsorption
of gas molecules at the newly generated and therefore
che~ icall y very active surface is a reasonable ex-
pla nation of this effect, whic h is practically used
with getter pumps. The effective surface of the
electrode is mainl y governed by the surface finish
of the blank, a crystal with a 2 micron finish
exhibits a drift abou t 2.5 times larger than a semi-
polished crystal with a poliahing time of 5 minutes
(see Fig.22). But even with identical surfaces of the
blanks, the rate of electrode deposition flea en in-
fluence onto the effective surface of the electrode:
Dou bling the deposit ion rate  resul ts  In an increase
of drift by about 50 %. The amount of drift for a
given blank surface is sufficiently predictable end
therefore raises no problems in fabrication,

The aging behavior of directly plated crystals
seems in no way to differ from conventionally plated
units, provided the fabrication process is within
good control. Aging record s from samples of both
plating procedures were taken in logarithmic time
increments u~ to 210 days, wIth the crystals ex-
posed to +85 C. 45 MHZ-resonators in 3rd overtone
exhibited , with no exception , positive frequency
shifts between .2 and .9 ppm over the total period
of observation , An interesting result further was.
that no significant difference in aging was observed
between crystal a sealed by a capacitor-discharge
welder with 3 cc pulse duration end coldwelded units
in the HC-42/U crystal holder .

Conclusion

The meth od of directly plating crystals to their
final frequency has proven in practice as an efficient
and economic fabrication process, as it eliminates
completely the btep of base plating and its associated
tolerance problems . Direct plating renders fabrication
of crystals with close motionel tolerances or, in
reverse , allows for larger blan k tolerances for
moderate tolerance crystals.

Gas adsorption after plating is the main subject
of further investigations, as until now the use of
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Fig.9: Principle of masking arrangement for single - step plating

FLL, 10; Line-u p of the succeeding steps of direct plating .
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Fig. 13: Arrangement of main components inside the vacuum chamber
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CERAMIC FLAT PACK ENCLOSURES FOR PRECISION QUARTZ CRYSTAL IJNITS4

R. Donald Peters P
General Electric Company

Neutron Devices Department
St . Petersburg, Florid a

Summary (0.12 in.) thick. This is thick enough to allow
mount ing of 5 MHz overtone blanks as well as the fun-

This pape r will discuss further developments in damental mode blank now being used. This frame is
the design and processing of ceramic flat pack enclo— open on both sides to provide for simultaneous deposi-
sures for precision crystal units beyond that de— tion of the electrodes. The four electrical feed—
scribed by Nam er , Wilcox et al at th 29th Symposium throughs are tungsten metallizing which is painted on
on Frequency Control. The techniques described are one layer of the green ceramic before the frames are
being applied to both 5 MHz and 20 MHz fundamental laminated and fired. Internal ledges are provided for
mode precision resonators. The design of the package the attachment of mounting clips. The top and bottom
will be illustrated and the process flow described covers are made from a single layer of “doctor bladed”
including high vacuum processing, ultraviolet cleaning, ceramic approximate~ly 0.9 ‘mu (0.035 in.) thick. The
nickel electrobonding and Radiflo** leak’ äet~~-,tion. two “extra ’ feed throughs allow for redundant connec—
A comparison will be made of three finaJ~ seal,ing tions, enable instrumentation of the package , and also
techniques and the reasons for choosing a gold/gold provide an enclosure which can be used for applica—
diffusion bond made at 300 C discussed. Initial tions other than quartz resonators . In fact , we are
accelerated aging data on our first 5 MHz units are presently inveatigating the possibility of combining
also included, two of these frames and using this configuration to

package the oscillator/heater assembly to be used with
Introduction the precision S MHz resonator.

Tile requirements for a precision package have
been described by Hafler and Vi~ ’ and f u r ther d is-
cussed by Hafner , Wilcox et al. Briefly stated these
requirements are:

1. Mater ials must have low gas permeation and
solubility.

2. Materials must withstand vacuum bakeout tem-
peratures of op to 800

0
C.

3. The final seal must be made in a vacuum or 
/

Inert atmosphere.

4. The d aign must permit depcsition of the elec-
trodes simultaneously onto both sides of the
resonator.

5. The design should be compatible with micro-
circuit mounting . 1 cm

6. The unit should have minimum capacitance. Figure 1. 5 MHz Ceramic Flat Pack
(Ameri can Ten—Cent Piece Shown for Size Comparison)

7. The unit must be able to withstand high
shock.

5—MHz Pai?kage Design

Based on these considerations , a S MHz ceramic
flat pack resonator package has been dseignsd with the
assie tance of ECOM (Figure 1). This package, which is
manufactured by Mttslized Ceramics Corp., Providence ,
R. I . ,  is 95% alumina ceramic except for the f inal
closure seals which are gold , and the electrical feed—
throughs which are tungsten. Copper or gold leads are
attached to the outside either with colder or a
thermocoaspression bond. The octagonal “window frame ”
body (Figure 2) is 19 so (0.75 in.) across the fists
and is made of laininat.d alumina approxtinately 3 ‘mu

...— 1 cm

• 
5Thie work funded and directed by U .S .  Arey
Elect ronics  (‘n~~ and (ECOIt), For t Pbn~~uth , N.J. Figure 2. 5 MH z Ceramic Flat  Pack Covers and

Frees/Resonator Ainseably Prior to Final Meambly
**Trsdemark , Consolidated Electrodynamics Corp.
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20 MHz Package 1)esi gn

The 20 MHz ceramic flat pack (Figure 3) has been
previously described by Hafner and Wilcox. It is
10-so (0.4 in.) square anu made using the same proc-
esses described fcr the 5 MHz package. The frame
(Figure 4) is approximately 1.5mm (0.060 in.) thick — 

~IIJand covers are 0.5 am (0.020 in.) thick. The only 1 cm
changes we have made in this desi gn are in the clip
area , where we have reduced the surface area in con-
tact with the blank to eliminate void formation
during nickel electrobonding, and in the final bond ,
where we have substituted a gold/gold diffusion bond
for  the aluminum to alumina bond previously reported. Figure 4. 20 MHz Ceramic Flat Pack Covers and

Frame/Resonator Assembly Prior to Final Assembly

Processing

A generalized process flow for  our f ab r i ca t i on  of
both the 5 and 20 MHz ceramic f la t pack resonator
units is given in Figure 5. After receipt from the
vendor , the sealing sur f a ce of the ceramic parts are

— fl~ ground f la t and parallel to within ± 0.0127 imu
1 cm (±0.0005 in.) and then the frames are helium leak

checked. Some problems were encountered with inter-
laminar leaks in the 5 MHz frames in the first batch
received from the vendor. This problem resulted from
improper pressing of the “green” ceramic prior to
final sintering and was soon corrected. No leak prob-

Figure 3. 20 MHz Ceramic Flat Pack lems have been encountered with the 20 MHz frames.
(American Ten—Cent Piece Shown for Size Comparison)
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Figure 5. S MHz Resonator Plow Chart
F
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4 A fter helium leak check (—1 x l0~~ ° std cra3/e sensi— t ime in an all— metal vacuum syetem. The parts  are
t ivity) , the ceramics are cleaned and the sealing plated to  frequency in two steps~ first , the rough
surfaces are screen pzint estallized wi th  Mo/Mn/TiH2 ’ eva pora tion is made at a blank temperature of approxi-
and hydrogen sintered at 1475°C. The sealing surfaces mutely 200°C, and then the parts  are cooled and the
and cli p bonding pads are plated with 0.0025 to turning point frequency determined. They are then
0.0075 mm (0.0001 to 0.0003 in.) thickness of gold final tuned with the blank temperatu e near the turning
using Selrex BDTSIO5 p lating bath , and then dry H2 point .  The assemblies are removed f r o m  the vacuum
f ir e d  at 900°C to sinter the gold to the metalli~ ing. system and ultraviolet cleaned again prior to final

assembly and bonding.
The mounting clips , which are 0.025 mm (0.001 in.)

nickel and have gold plated tabs , are nex t thermo— The final closure is made with a gold/gold diffu-
compression bonded to the mounting pads ueing the f ix-  sion bond in high vacuum. Bonds are made a t 300°C and
tu r e  shown in Figure 6. fhis  bond is made at approxi- approximately 225—kg (500 lb) load . Sys tem pressure
mutely 400°C. Heating Is from three sources; Calrod** at the t ime of5bonding after 1—hour minimum system
units in the base , a directed hot helium gas jet , and bakeout at 325 C is about 1 x lO— ° Torr. Aft er bond—
the heated bonding t ip. The bonding force is applied ing the unite are leak checked . This is done by hold—
with a spring. Extensively pretested resonator blanks ing the resonators 64 hours at 0.42 MPa (60 psia) in
which already have Cr/Au pads evaporated at the edges krypton 85. They are then cleaned and measured for
are then mounted in the clips. Nail polish is used to residual radioactivity. This technique has a leak
mask o f f  areas from the nickel plating to avoid die— sensitivity of better than 1 x i~~ ’° std c m ’/s.6 Aft er
continuities at  the electrode/Ni in ter face0 and to leak check the bottom of the unit will be coated with
provide a hinge in the nickel plate on the Ni mounting RTM* elec trolesa nickel directly on the ceramic so
clip to reduce mounting induced atress. The resonators that the flat pack can be soldered to the temperature
are then nickel electrobonded to the clips using a controller to provide optimum thermal contact. The
sulfamate nickel bath with the temperature carefully tensile strength of the 11Th nicke l solder jo in t  has
controlled to  minimize plating stress.5 After plating bean meo.sured uaing ASTh buttons with a 0.81—micrometer
the  nail polish is removed and the parts  are degreased (32—microinch) surface finish that were joined together
and ul t raviole t  cleaned. The gold electrodes are then using 60/40 solder. The average strength was found
evaporated onto the blank on both sides at the same to be approximately 46 MPa (6600 ps i ) .  (See Table 1.)

HOT GAS NOZZLE

: -“a  U
LOAD SPRING

BONDING TIP

5—MHz FRAME

HEATED STAGE

5 CM

1 IN .

Figure 6. Modified Eutett c  Bonder lead to Theraoco~pree.ion
Bond Mounting Clip, to Frame

5Tradeeark, Selrez Co.
55Tr~~~~ rk, General Electric Co. *frade5~rk , Trgneen. Co., Inc.

220



213

Table 1. Electroless Nickel Metallizing Table 2. Bond Results Susosry
Solder Joint Strength

Strength Range
Tensile Strength Sample — Leak

Bond System Size MPa (psi) Tight
Sample No. MPa (psi) — ________________________

Al/A 12 0, 30 0— 112 (0—16 000) 3%
0 52 (7397) Sn/Au S 105 (15 000) 602
1 44 (6325) Au/Au 20 56—245 (8 000—35 000) 901
2 42 (6050)

3 62 (8855)

4 42 (5995) 
Our results with the A1203/A1 bond described in

S 1~ ~~~ ref erence 2 were variable , indicating that this tech—
Average 46 ( 6600) nique is probably very sensitive to processing .
_____________ _________ Ultraviolet cleaning the parts before bonding did ,

however, increase bond strengths. The tin—gold system
was investigated only as a backup. It capitalizes on

Sealinx the fac t  th at , when tin and gold alloy, the melting
point of the alloy increases.’ Therefore , a bond can

Before a final closure sealing technique was be made by melting tin at 232°C, and because of the
chosen, three methods were evaluated: direct bonding alloy formation , this bond will remain intact to con—
of A1203 to aluminum

2 tin soldering to gold plated and siderably higher temperatures. A major  drawback to
metallized A1203; and gold diffusion bonding of gold this type of seal is that the presealing bakeout must
plated metallized Al203 . ASTh tensile test buttons be below the final sealing temperature. Another draw—
which were fabricated from 95% Al203 manufactured by back is that the tin actually melts end can run onto
Diamonite Products 111g. Co. were ground flat and par- areas where it is not wanted , possibly causing shorts .
slid and used for these tests. ASTh samples were
used for our purposes since they could be readily leak The gold/gold diffusion bond is made In the fix—
checked using a helium leak detector and standard fix— ture shown in Figure 7. This consists of a 900—kg
turee were available for tensile testing of the aped — (1—ton) hydraulic ram mounted on a 6—in, diameter
mans. (See Table 2 . )  vacuum flange . The load is applied via a metal

LAMINAR F1.OW HYDRAULIC
CLEM BENCH RAI4

HIGH VACUUM
FLAMGE

BELLOWS FEEDTHROUGH
(NOT SHOWN)

BOND
AREA

.6

Figure 7. Diffusion Band Fixture
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bellows against the botto. t f  a stainless steel cyltn— Evaporation
der welded to the inside of the same flange. An ad-
vantage of this design is that the load is applied Because of the long cycle time of an all—metal
agains t the welds and bolts that hold the cylinder and high vacuum system , app roximately one run per shif t ,
ram to the flange , but no load is applied against the especially if it is baked out to remove adsorbed gas,
bolts holding the vacuum seal together. This design It is necessary to process more than one resonator per
allows the entire bonding fixture to be removed from pumpdown of the system. The first step to accompl ish
the system to aid in the assembly of the parts to be this is a simple “brute strength” approach , where nine
bonded. This assembly can also be aligned or rep laced filaments are mounted in the system such that any one
as a unit to avoid taking the vacuum system out of of six resonators can be evaporated individually
service should a problem develop . (Figure 8). Evaporation rate control i~ provided by

resistance monitors. These monitors are simply sap-
phire discs on which a serpentine pattern of evaporant

The gold/gold diff,.t ion bond used for the final is deposited and its resistance monitored. These
closure of the flat pac has several advantages over devices work well at high temperatures and can be
other sealing techniques evaluated: monitored with simple equipment. They are used to

adjust the two filament evaporation sources to equal
evaporation rates. Shutters allow for premelting of

1. Strong, vacuum tight joint (to 245 Ml’a the gold and evapora t ion rate adjus tment before ~eso—(35 000 psi]). nator evaporation. The long—term solution to increas-
ing the production rate is felt to be the fabrication
of a directional evaporation source which will recycle

2. Low gas permeation. the evaporant , such as that which is described by Dr.
Andrea elsewhere in these proceedings, and a vacuum
manipulator which can insert and then remove the reso—

3. Ab ility to withstand bakeout at temperatures nator assemblies from the evaporation or bonding fix—
above final bond temperature. turing so that a large quantity of resonators can be

put into the system and then processed sequentially
without opening the vacuum eystem. The manipula tor

4. Nonoxidiz ing surface for ultraviolet clean— shown here has been suggested by Dr. Hafner and a pro—
ing. totype is being built at present (Figure 9). The

unique feature of this design is the use of a rough
vacuum on the inside of the bellows to reduce the

5. Proven technology . pressure differential that an operator must work
against and thus improve his ab ility to handle small
parts.

SHUTTER

RESISTANCE
ION PL’MP MONITOR /

6—INCH METAL
SEALED VACUUM
FLANGES

j
- _ -

~

--;i1

~ 
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—~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

~~~~~~~~~~ H 
I METAL .........— ~. ~ 

j i ‘0” RING
RESONAT OR POSITION MOLT CUP FOR BELLOWS 

~~~ L SEAL
(TYPICAL SIX PLACES) GOLD CONFINEMENT

(COVERS REMOVED)
TUNGSTEN I 

‘tl .~I NEEZER
HAIRPIN —I 10 cm \\ if ~..“P0INTS

10 in.

Figure b . All—Metal Vacuum System Wi t h Nult iple
Filament Evaporation Sources Figure 9. Vacuum Manipulator
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Studies i i I i &

Our Auger electron spectrometer was used to in-
vestigate the ultraviolet cleaning process. Two p ieces
of quar tz  having gold deposits on the i r  su r face  were
cleaned by ~&r  norma l solvent cleaning process . One
was put d i r e c t ly in the Auger equipment; the other was
ul t rav io le t  cleaned’for  15 minutes and then put in the Ir &&& fl.L I.~.Ib~~f l

Auger chamber. Scans showed that there was consider- - — — — — — — — -

abl y less than a monolayer of carbon—type contamination
on the ultraviolet cleaned specimen , while there was
significant ly more carbon on the one not u l t raviolet
cleaned (Fi gure 10) . Af ter the gold surface was
characterized , it was removed by ion spu ttering until
the carbon peak disappeared . The buildup of the carbon
peak was then monitored for 1000 minutes , during which
time considerably less than a monolayer of carbon
accumulated on the surface (Figure 11). This amount of ~
carbon could cause a considerable frequency shif t in a
sealed—off unit , but is probably not sufficient to
cause an adherence problem between subsequent layers of
gold when evaporating to frequency in a two—step proc— ~
ess such as that previously described.
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Figure 11 Carbon Regrowth on Clean Gold Surfaces
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- j Surface Finish (SEll)

: . . . ~ : : j , ~ : : .~~,
:: 

~~~~ 
: The d i f fus ion  bond final  closure requires the

ceramic parts to be very flat and parallel or else

~~~ 
. they are cracked by the high for ce used. To accoeplish

this , all parts used to date have been ground on a
surface grinder using a 180—grit bonded diamond wheel

f :: ; :: :: ::T :::: I:: ::r ;::J :::: : after final firing . SEl1 photos of this surface

4 I I I I (Figure 12) show a very rough high surface area topog—
i : : : :  • : ; ; J : : : : , .  :~~ : : 4 . .f.: :  ..;.[~~~I raphy , This can be considerably improved by lapping
‘::; : ::.:;::::I;:::;: Jj j j J J~~~: ; ; : j I j ~

:: , : wi th fine diamond dust. The effect of the cera mic
me em me ass ~~~~ surface finish on long—term aging has not bean evalu-

ated as yet; we do not know whether the surface acts a~Electron Energy , eV a source or mink for contaminants. The effect of the
surface area of the inside of the ceramic enclosure
will be evaluated in the near future. If properly

Figure 10. Au Specimen Not ‘DV Cleaned (Left) cleaned and baked , however , we hope the surface finish
and Au Specimen After IN Clàani ng (Right) will have li tt le effect on aging.
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Aging Resul ts

Some aging da ta has been ob tained by EC0M on our
f irs t grou p of 12 pro totype 5 MHz ceramic f l a t  pack..
built using these techniques. Table 3 shows the re—
suIts of one week qt or a ~~e at 105°C. The fre quency
measurements were made before and af ter  the storage
period at 40°C and the accuracy of the t&P /F measure-
ment ia f e l t  to be 7 x l0 ’. These uni ts showed
a max imum frequency s h i f t  (b!/F) of 26 x 10 ’. This
is up to an order of magnitude better than the best
quality military units usually encountered. Thi. same
group of resonators was then aged for  30 days at 85°C.

As ReceIv ed The average of the absolute values of the aging rate
( tI P/F ) was 6 x l0~~~ pe r day . The range was from
+ 13 x lO~~ ° to — 14 x lO~~ ° per day. It should be
stressed that these results are from our f irst proto-
type assemblies. With improved technique and batch

ably be expected. These unit . were made by person-
nel who had extensive experience in high vacuum thin

u1i~iII 
p roc essing , considerably improved resul ts can reason -

f i l m  technology, but who had never made resonators
before .

Table 3. Accelerated Aging Results
5 MHz Resona tors
(105°C - 1 week)

Ground — 180 Grit Diamond Wheel

Average Frequency
Resonator Shif tNumber (4~!)

33 —2 x lO~~
34T +7

_____________________________________________ 35R —26
36R —6
37 —6
39 0
40 +13
41 +13
42 +22
43 +8

Poliahed — 15 Micron Diamond Compound 45 +2
47 +20

R - Indicates Rebond

T — Indicates Tin  B r aze

Ce ramic fla t pack enclosures are now available
for bo th 5 and 20 MHz crystal unite. Resonator.

Polished — 1 Micron Diamond Co.pound bu ilt using these enclosures in conjunction with nL~~ et
electrobonding , ultraviolet cleaning and high vacuum
processing are showing very encouraging accelerated
aging results. Many of the techn iquea being developed ,

Figure 12. Ceramic Surface Topography such as th. gold diffusion bond , the modular bonding
SEI4—3000X Magnification unit, and the precision manipulator will be app licab le

t ’  a system in which the resonator can be cleaned ,
siectroded and sealed all without exposure to atmos-
phere .
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DESIGN OF A NOZZLE B EAN TYPE METAL VAPOR SOURCE 1

Ronald P. Andres
Beam Kinetics Laboratory

Department of Chemical Engineering
Princeton University

Pr nceton , New Jersey 08540

Suesary condenses, and is recycled to the source ch amber by means
of a li quid transfer line. The great  advantage of such

A prototyp~ design of a directional hi gh flux source a design over conventional evaporation sources is that
tot us.. in vapor deposition of electrode materials dur- the major part of the evaporant flow not needed to p la te
ing fabrication of precision quartz crystal resonatore the substrate is recycled and not wasted .  The need for
is presented. The design is based on the theory and high deposition rates leads to the requirement that the
technology of nozzle beaum . This nozzle beam type source f low from the source chamber be at a re la t ively high den-
ts conceived : (1) to permi t large deposition rates with sity. Such unconstrained expansion of a vapor from a
minimum wastage of electrode materIal , (2)  to operate in high pressure source thro ugh an orifice into a vacuum is
high vacuum , (3) to emi t vapor in a horizontal direction , termed a nozzle or free jet flow.
thereby permitting the use of a pair of sources to p la te
both sides of a substrate simultaneously, and (4) to op— This paper sets for th  general design considerations
crate for extended periods without requiring frequent for such a nozzle bean type source and a theoretical
breaking of the vacuum in order to replenish the source , model for its operation . Experiments run with  several
It Is estimated that this design can operate at a deposi— source configurations are reported. Finally a prototype
tion rate equal or above that of a conventional evapora— design is presented and discussed.
tlon type source with less than one percent of the wast-
age of electrode material experience d with a convention— General Design Considerations
al source .

The flow distribution from a circular orifice into a
Introduct ion region of vacuum can be theoretically predicted both in

the limit of vanishing source density (i.e., large mean
A critical step in the fabrication of ultra high free path in the source relative to the diameter of the

precision quartz crystal resonators is the vacuum deposi— source aperture) and in the limit of high source density
tion of the electrode material . In order to minimize (i.e., small mean free path relative to aperture dims—
stresses that could cause aging, both sides of the reso- eter) .
nator are plated simultaneously and at equal rates so
tha t  the final thicknesses of the electrodes are approxi— In the firs t case we have the classical expressions
mataly equal.  In orde r to minimi ze aging due to mass fo r ef fus ive  f low:
t ransfer , the electrode material I. of high purity and is 1/2deposited rap idly unde r high vacuum cond ition. so as to 2kT W d 2

• minimize sorption of contaminants. f — (O.282)n — (1)o o n  4

These requirements p lace ra ther stringent per f or— andmance requ i rements  on the metal  vapor source used in the
-‘acuum p l a t i n g  operation . Ideally it should min imize 

I 0—0 1) — f 1 1 (2)
wastage of expensive electrode material (such as gold), ‘

should be capable of operation over a wide range of con-
trolled deposition rates, should be compatib le wi th high where
vacuum operation , should not require frequent maintenance,
and should permit simultaneous p lating of bo th sides of a f0 total source flow (molecules/sec)
subst rate.

n — source density (molecules/cc)
These require ments led Dr. . E. Hsfn.r and J. Vig of 0

the U.S. Army Electronics Conmand , For t Monmouth , New T — source temperature (‘K)
Jer sey , to invest igate the possibility of using molecular
bea , techniques to develop a new high ly directional vapor k — Boltzmann ’s constant (.rg/° K)
deposition source Il l . Their concept was a source such
as is shown schematically in Figure 1. This source is — molecular weight of vapor molecule (gal
divided into two ch~~~ers interconnected by me ans of an molecule)
apertu re. The first of these chamber . (source chamber)
is held at a high temperature so as to maintain the vapo r d — source aperture diam eter (cm)
pressure of the •vaporant at a high value . The second 0

chambe r (collimation chamber) is maintained at the melt— I ( 8 — Q ,t)  — centerline f lux intensity (molecules/ce
ing poin t of the evapor an t the reby maintaining a re la— sec)
t ively low vapor pr essure . Because of the pressure dif-
ferential bet ween the two chambers , a vapor flow is •5— & — distance from source aperture (cm).
ta b liahed throug h the source aperture . A por t ion of this
flow passes through a collimation aperture and plates the In thi , effusive limi t the flux intensity , t(O ,&),  veries
.hee rs te . By far the largest fr sct ion of the flow , how— as the cosine squared of the angle , 0 , measured with r.—
ever , strike , the walls of the collimation chamber , spect to the centerline of the f low. Thus , in the region
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about  i — 0 the  f l u x  of molecules is:  ( 1) p r a c t i c a l l y  diameter of th i s  v i r t u a l  source , d~ *, equals the actual
constan t with 8, ( 2 )  propor t iona l  to the total source aperture diameter , d0. In the nozzle or hi gh dens i ty
flow , f 0. and (3)  inversely p ropor t iona l  to the distance, limi t the diameter of the virtual source is a multip le ,
I , squared.  a , of the  ac tua l  a p e r t u re  diameter , whe r e a depends on

the product n0d0 (increasing slowly as n0d0 increas es).
Sherman and Ashkenas 12 1 have analyzed the structure The parameter , ci , is always g rea te r  than unity but is

of the supersonic free jet flow that e’dsts in the limi t typically less than four for flows in which nucleation
of high source density. Making use of  the i r  resul ts and condenaation of the vapor do not take place 131 .
y i e l d s  simple expressions for total source flow and cen-
ter~~in e i n t ens i t y wh ich have the  form : The intensity distribution from such a collimated

1/2 free molecular source is shown schematically in Figure 1.
2kT ltd The i n t e n s i t y  p ro f i l e  consists of two regions : (1) a cen—

— (O.513)n — --i —~ 2~~ (3) tral porti xi characterized by a diameter , a, in which the
° 

- intensity is t h a t  of the  uncoll imated flow and (2) an an—
n uLsr region character ized by an ou te r  diameber , b , in

r which the in tensi ty falls to essentially zero. Straight—
l(0 0,t)  — (l .85) f ~~~pJ 

(4) forward geometrical considerations yield the following
expressions for a and b:

The numerical constants in Eqns. (3) and (4) are for the
cas e of a monatomic vapor.  The f l u x  i n t e n s i t y , 1(0 ,1), a — d

1 r + d * 1 — (6)
varies in t h i s  h igh  densi ty  l imi t as 1 1

[( O ,~~) I(0_0 . t)cos 2 (~~~ b — d
1 ~~

— + d* [~~ — 
11 

( 7 )

where 1 — 1.36 radians f o r  the  case of , a monatomic vapor.
Thus , in the region about 8 — 0 the flux of molecules is The only par t  of such a coll imated beam that is use—
ag ai n :  ( 1) practically constant with 8, (2 )  proport ional  fu l  fo r  un i form plating of a substrate is the central
to the t ota l  source f l o w , f 0, and (3) inversely prop er— portion . The di ameter  of t h i s  cons tan t f l u x  region can
tional to the distance , t , squared. In the  high density be designed , however , to be equal to or s l ight ly greater
or nozzle f low limit , however , the centerline f lux  in— than the diameter  of the subs t ra te  area tha t  is to be
tensity for a given source flow ie nearly twice what it plated. The essential feature of such a collimated beam
would be if  e f fu s i v e  conditions obtained. Furthermore , source is that  only tha t  f rac t ion  of the vapor f lowing
the source f low and thereby the centerline intensity of through the collimation aperture that is directed into
a nozzle type source can be orders of magnitude g rea te r  the annular region w i t h  inner diameter a and ou te r diam—
than the e f f u s i v e  values for a given size aperture there— eter  b need be wasted in contrast to the usual case of an
by p e r m i t t i n g  much higher vapor deposition rates . uncollinated source when everything passing through the

source aperture that  is not directed onto the s u b s t r a t e
In most plating operations the distance , t , is taken is wasted. Even the small f r a c t i o n  of the f low that  is

to be fair ly large so as to minimize the e f fec t s  of wasted can be minimized by keeping d0*/d 1 small and/or b y
thermal radiation from the source. The actual solid an— keeping i/il cloee to unity.
gle about 0 - 0 that is sub tende d by the substrate is a
small f r a c t i o n  of the to ta l  solid angle of the f low . Gold Vapor Source
Thus , only a small fraction of the total vapor passing
through the source aperture is deposited on the substrate. I t is possible , using relevant physical data (41 and
The remainder of the source flow depos it. onto various Eq. (3), to evaluate f0 for a nozzle type gold vapor
collimators or masks used to define the actual area on source. The results of such a calculation are plotted in
the substrate that is to be plated and onto the walls of Figure 2 as a function of source temperature , T0. A
the vacuum system. Wh i le this material can in princip le standard aper ture diameter , d0, of 1 sen was arbitrarily
be rec overed for eventual reus e , such recove ry involves assume d in these calculations. The f low through any
breaking open the vacuum system an d subs t antial repur i f i— other aperture can be f ound by mul tip lying f0 f rom Figure
cation . Ideally one would like to continuous ly recycle 2 by the square of the actual diameter in mm. two sets
the material that is not deposited on the substrate. It of units in which to express f 0 are used. The l e f t  hand
is this concept that fo rms the basis of a nozzle bean scale reeds in molecules/second while the righ t hand
type source , scale reads in milliliters liqui d gold/second.

The elements of such a source are schematically pic— The ideal centerline intensity of a nozzle beam type
ture d in Figure 1. A directed beam of vapor molecules is gold vapor source can now be obtained through use of Eq.
collimated from the total flow passing throug h the source (4) and values of f 0 obtained from Figure 2. As an cx—
aperture and this collimated beam is used to plate the amp le of the order of mag n itude of this f l ux , assume a
substrate. The remaining portion of the vapor condenses standard arrangement in which d0 — 1 me and & — 10 cm.on th. wal l, of th. chamber containing the collimation Expressing the flux of gold vapor as an equivalent depo—
aper t ure. This collimation chamber is then either main— eit lon rate , the de?oeiticn rate for this configuration
ta m ed at a temperature above the melting poin t of the in A/sec equals 10— ‘ times f0 expressed in mol/.ec.
material being used so that the materiel continuo us ly
flows back into th, source chamber or it i. periodically A rate of 0.01 1/.e~ is achieved when T0 a l300’C.
heated to melt and recycle th~ condensate. A dep osition rate of 10 A/sec req uires a source chamber

t.mperature of 1900’C. High deposition rates, therefore ,
As long n1 is kept low enough so that the vap or restrict the material of cons truction for a gold vapor

molecules flowing throug h th. sour ce aperture are not source to one of the re fractory metals.
appreciably scattered by the backgro und dens i ty in the
collimation chamber , the eource flow will become free The temperatur e of the collimation chamber for the
molecular at some poin t and the intensity distribution in case of a gold vapor source is set by the melting point
the collimated beam will be roughly that f rom a virtual of gold , lO63 C. At this temperat ure there are a number
f ree molecular source situate d at the poeition of the of oxide cerami cs that can b. used as materials of con—
sourc , ap erture (3 1. In the cas, of effusive flow the .t ruc tion . In particular , high purity A1203 seems
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a t t r a c t i v e . It  exhibits  neg l ig ib le  ch emical in te rac t ion  decided to modify the source to that shown in Figure 4.
with Au , is an electrical insulator , is easily fabrica~~d
into practical ly any shape , is tolerant of thermal shock, This canfiguration eliminates the need for metal—
and is inexpensive 2 , ceramic joints  and has the decided advantage of a greatly

simp l i f ied colli ma tion chamber des ign. The interior of
Experimental Considerations the crucible is machined with a slight taper so that its

1.8. at the top is latger than at the bottom. This per—
The primary difficulties in achieving a prac t ica l  mi te  ex t r ac t i on  of the metal  charge as a solid block

source based on the foregoing ideas arise from : (1) the should the need ar ise. The prototype source chamber
hi gh temperatures required and (2) the need to move the shown in Figure 4,i.e.,s small 0.D. tungsten tube inside a
liquid evaporan t against a pressure differential from the larger tungsten sheath , is based on the experiments de—
coll imation chamber to the source chamber . A number of scribed below but has not actual ly  been tested in our
experiments were carried Out to determine a suitable so— laboratory due to the lack of facilities for its fabri—
lot ion to these problems. In all of these experiments cetion .

Cu was used as the evaporant. The material of choice for
the collimation chamber (crucible) was high purity Al2o3 Two experiments were run to simulate the source de—
and for the source chamber was tungsten , al though in sign shown in Figure 4. Both of these experiments were
some of the experiments  lava was s u b s t i t u t e d  for A1203 run with inner tubes of tantalum encased in an alumina
and tantalum was substituted for tungsten because their outer tube . The first experiment involved a 1/8” 0.D.
avai labi l i ty  and lower cost permitted a lerger range of tantalum tube with a wall thickness of 0.010” encased in
experiments to be performed, a 10 sen 0.D., 6 mm l.D., alumina tube. The alumina tube

was originally closed at one end , and a hole was dr illed
The easiest way to heat a refractory metal object through this end to permit passage of the tantalum tube.

to a high temperature is by electrical resistance heat— The joint was a force fit at room temperature.
ing. In this case the best geometry for the object is
that of a cylinder with a small 0.8. Thus, in all of This source produced an intense copper beam. The

the experiments the configuration of the source chamber tempera ture of the tan talum tube , however, did not rise
was that of a long thin cylindrical tube, closed at one much above tha t of the crucible and the spatial distri—

end and cooseunicating with the fluid r•~servoir via the 
bution of the beam , while directed , did not agree with

opposite open end. The source aperture was drilled into the predictions of Eqns. (6) and (7). Although the ten-

ths side of the tube . perature of the liquid copper pool in the collimation
ch amber wasn ’t moni tored , it is felt that this tempera—

The only feasible way to transfer the l iquid evapo— tore became hi gh enough so that e f f u s i v e  f low from the
rant app ears to be by means of capi l lary forces or by collimation chamber itself formed a major part of the

means of a differential liquid head. The contact angle beam.

of liquid gold on a clean tungsten surface in vacuum is
less than 90’ and decreases with increasing temperature The second experiment involved a 1/16” 0. 8. tantalum
( 51 .  Thus , it is expected that for this system surfac e tube with a wall thickness of 0.005” encased in a 4 mm
tension forces will tend to draw l iquid evaporan t into 0.8. , 2 mm I .D. , alumina tube. This time the tanta lum
the sour ce tube . In all of the experiments wi th Cu , how— tube reached a temperature of 2,000°C and produced a
ever , the opposite phenomenon was observed , i.e. there sharp ly def ined beam . For the conditions of the experi—
was a decided capillary lowering of the liquid level in ment (d0 — 0.5 nnn~ L~ 

— 5 cm, dl a 6 inn , and I — 15 cm)
the tube. A contact angle greater than 90° was also ob— the beam should theoretically have been 18 mm in diam—

served at the Cu—A1203 interface. eter and this is what was observed experimentally. Un-
for tunately , as was the case with the source shown in Fig—

The first experimental configuration studied is ure 3, the source tube eventually cracked where it pass—
shown schematically in Figure 3. The collimation than— cii through the alumina sheath. It is perhaps worthwhile

ber had a helical groove machined on the outside. Tong— mentioning that initially the copper would not flow into
sten wire (0.015” diem .) was wound in this groove and this tantalum tube even under a d i f ferent ia l  head of 4
was used to electrically heat the crucible . This tech— cm. This problem was solved by placing a small amount of

nique proved very successful and was improved in later Cu wire inside the tube.

models by transforming the groove into one with a flat
cross section in which 1/16 ’ wide by 0.005” thick tanta— Finally, a third source configuration was explored.

lum ribbon could be wound and by increasing the thick— This source consisted of a 0.195” 0.0. tungsten tube with

ness of the crucible ’s bottom to assure a more uniform a wall thickness of 0.005”. Inside this tube was sup—

inside temperature . The source chamber was a 1/8” 0.8. ported a filamen t of 0.015” diameter tungsten wire , which
t an ta lum tube with a wall thickness of 0.010” . Electri— had been wound on a mandril into the form of a spring.

Cal current - to heat the tube was supp lied by means of ~ 
The bottom 1/4 ’ of this spring had an 0.8. just smaller

stainless steel clamp at the closed upper end and by than the 1.8. of the tube so as to center the filament in

means of a 1/8” 0D. tungsten rod isesersed into the pool the source tube while the remaining portion of the spring

of liquid metal at the bottom of the crucible, had an 0.0. approximately 1/3 of the tube’s 1.0. Elec-
trical current to heat the source passed down through

Several attempts were made to teat the performance this f i lament  and then back via the tube. It was poesi—

of this design . None of these runs were successful in ble to control the source chamber temperature at above

producing a copper beam . They served to point Out a num— 2000°C with this arrangement. Unfortunately , the portion

be r of serious f l aws  in the design . Fir st , coppe r exhib- of the tube submerged in the copper pool remained at a

ited a r ela t ively large contact  angle wi th  the A1203 ~~ 
relatively low temperature and no measur eab le copper beam

that liquid Cu was excluded from the region around the was produced.
bottom of the Ta tube.  This could of cou rse be remedied
by incr easing the dimensions of the er.tire crucible . A Aa was the case with the other experiments , the d i—
more serious flaw , however , involved the joint between men.ions of the components used in this source whe re dic-
the Ta tube and the A1203 crucible . After several runs tated primarily by their availability in our laboratory.

the tub e became emb rittlad at this joint and failed. The The liquid level inside the source tube for this config—
joint was a force fit at room temperature . Due to the uration will in general lie below that of the liquid sur—

differen c, in ther mal expansion of Ta and Al203, the t ube rounding the t ube . Thus , the tube well in the region of

v.a constricted at its operating te mperature and this may the liquid— vapor interface will be near that of the sue-
have caus ed the failure . Whateve r the reason, it was rounding liquid ( i . e .  approximately the melting
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te mperature of evaporant). The temperature of the liq— References

~iid near the filamen t will on the other hand be much
h igher , approaching that of the filament itself. Ac— 1. Hsfner , E., Vig,  J. and Andres , R.P., Invention Dia—
curate modeling of this situation is quite difficult but closure — ‘A Highly Directional Source for Vacuum Evapor—
it seems that there should be situations in which an ap— ation” , U.S. Army Electronics Command
preciable net flux of evaporant into the tube exists. Be-
cause of its relatively simp le construction , this config— 2, Ashkenaa , H. and Sherman , F.S., “The Structure and
uration should be studied further. Utilization of Supersonic Free Jets in Low Density Wind

Tunne ls”, Rarefied Gas Dynamics, (ed. de Leeuw), Vol. 2,
Proposed Desi~n p.84, Academi c Press , New York (1965).

3. Sikora, G.S. , “Analysis of Asymptotic Behavior of Free
A suggested prototype nozzle beam type source for Free Jets : Prediction of Molecular Beam Intensity and

use in vapor deposition is shown schematically in Figure Veloc ity Dis tri butions ’, Ph.D. Dissertation , Princeton
4. This design makes use of the theoretical and experi— University (1973).
mental considerations described in the previous sections . 4. Handbook of Chemistry and Physics (cii. Weast) Chemical
The dimensions of the  col 1imation chamber in Figure 4 Rubber Co. , Cleveland (1967).
were arr ived at by assuming the substrate  is located at 5. Sugita , T . ,  Ebisaka , S. , Kawasaki , K., ‘Contact Angles
a dis tance of 20 cm f rom the source o r i f i ce  wi th  a diem— of Gold and Silver on a Clean Tungsten Subs tra te”, Surface
eter of about 2 . 5  cm. Under d i f ferent  situation s the S d .  20 , p .417 ( 1970).
size of the collimation aperture can be al tered fo1lowii~
Eqns. (h) and ( 7 )  and the earl ier  discussion ,

The A1203 collimation chamber employed in this de- SOURCE CCL.LIMATION
~ign has proved simple to operate and quite reliable. CHAMBER CHAMBER
3e~~iuse of its large size and relatively high operating
temperature , It is necelsary to provide radiation shield— 

Iing around this chamber so as to not raise the tempera—
tcre of the substrate. It may prove in practice tha t  tiw d5
best way to operate is to actually have the collimation ___________________________________
chamber near room temperature during substrate plat ing
and to heat this chamber to recycle evaporsnt only a f t e r
the plating operation is over. Whatever turns out to be 

____________

the cas e , a thermocoup le should be p laced inside a closeni
end alumina tube and imme rged in the metal pool in this
chamber to monitor its temperature.  j i Ii

The source chamber in Figure 4 has been shown to be Figure 1. Schematic of nozzle Bean Type Source
feas ib le in concep t bu t has not been constructed or op-
erated. Probably further experiments with a tantalum
source having this configuration should be carried out
before construct ing one from tungsten. Certainly more
work has to be done before the design of this critical
part of the source is finalized (see discussion in eec—
tion on experimental considerations).

This source should exhibit only a very small fts c— id’t ion of the wastage of electrode material  experienced wi th

_ 
/5.conventional sources. It is estimated that such a nozzle

beam type source can operate with deposition rates equa l
or above that  of conventional evaporation sources . At
the same time this source is capab le of very low , con-
trolled rates of deposition. A source containing two
separate source chambers with different size apertures rwould yield an even larger range of controlled p lating
rates

Acknowled~ments

I wan t to thank Dra . E. Hafn sr and J. Vig for nu—
merous helpful discussions and suggestions throughou t id’ ~this work. Finall y ,  I want to acknowledge the aid of J.
Nittner who built the experimental model, and of ‘I. Wong at
who ran many of  th . experiment s.

Footnotes

1 This work was supported throug h the U.S .  Army Re-
search Offi ce by the U.S.  Army Electronics Co and , Fort
Monmouth, New Jersey.

2 Fabrication with alumina is achieved by starting
with green material , which is easily machined , and then
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Figure 2. Gold Flow Throua_h One Milli.at er Diameter Aperture
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AN EVALUATION OF LEAK TEST METHODS
FOR H E R M E T I C A L L Y  S E A L E D  D E V I C E S

Ralph E. McCullough
Texas Instruments Incorporated

Dallas , Texas
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Test methods which are avai lable for leak 0 

VP0
testing hermetically sealed packages are discussed in
this report. Emphasis is given to helium and radio- ,- ,
isotope tracer gas methods because of the stringent 

- I Lt~ (M~~~l/2hermeticity requirements for frequency control e 
~p— f~devices. ‘~ 0

The different results which are obtained using
the various military specification methods on the - -

sane device are discussed and the reasons for these TABLE I-B - RADIOISOTOPE
different results examined . The effect of changes In
the various parameters which affec t the measurement Pressure Package
of leak rates is explained . This discussion includes MIL-STD TTme PSIA Reject Point Volume
the effects of changes in internal free volume of the (h~~~ )
device being tested, changes in pressurizatIon, 202 Per equip. 1x10 8 All
changes th pressurization t ime and changes In wait mf g ’ s manual
t ime from out of pressure to read out. 750 0.1 73~5* 1x10 8 All

883 0.2 29.4* 5x10 8 All
The problem of correlation between the helium

and the radioisotope methods is discussed in terms of
why there is a problem and what must be done to over- * Minimums - Pressurization conditions must satisfy
come It. The range over which correlation can exist the equation :
and the reasons why It cannot exist beyond that point
are also examined . (I - ______________

‘~ 1 2 2
Gro s s leak methods which will test the leak SKt 

~ erate range not tested by normal helium or radioiso-
tope methods will be examined. The advantages and Examination of the exposure conditions , reject
disadvantages of each of the co,mlonly used tech- points and the formulas suggests that significan tly
ni ques are Included , different results could be obtained on a population

of devices , depending on the specification selected
Proper sequence of testing is examined and tech- for use. Figure 1 shows that this is true. The

ni ques discussed which will assure that the fine leak population used was made up of “rejects.” It was
test method utilized will overlap the gross leak test tested using MIL-STD-750 hel i um conditions , vac uum
method used. baked for 24 hours , tested for residual helium , then

tested to MIL-STD-883 helium conditions . After
another 24 hour vacuum bake period the devices were
tested to 750 radioisotope conditions, baked, checked

The test methods of MIL-STD-202, MIL-STD-750 for residual krypton , then tested to 883 radIoisotope
and MIL-STD-883 for hermetic seal testing are the conditions.
most coimnonly used to determine the hermeticity of
device packages. Hel i um or krypton 85 with appropri- The data resulting from the two radioisotope
ate equipment is used for the fine leak range of less tests are essentially the same . There are more
than l0~ atmospheric cubic centimeters per second . “acceptable ” devices on the 883 condition plot only
Fl uorocarbon bubble or weight gain condition Is then because the rejtct point Is one hal f decade larger
used to test the gross range greater than l0~~ atm th an the 750 lImit.
cc/sec .

The results of the helium testing show the
The fine leak conditions and limits specified differences that were suggested by Table I. There Is

In these documents are shown In Tables I-A and I-B. more scattering of the population using the longer
pressurizati on time of MIL-STD-750 . The 750 data

TABLE I-A - HEL IUII Indicates that more of the devices have leaks near
the gross leak part of the range and also shows

Pressure Reject Point Package devices with finer leaks than indicated by the 883
MIL-STI) Time PSIG Indicated Calculated Volume data . Examination of Figure 2 will show the reasons

(hours) — for this situation. In Figure 2c note that a device
202 Per equip. lx10 5 All with an actual leak rate of 10” atm cc /sec would

mfg ’s manual read out at 5x10~~ atm cc/sec when bombed for one hour
750 4 60 5x10 8 MA All and at lx10 8 atm cc/sec when bombed for four hours if
883 i 75 ~~~~ 5x 1O~’~ eO.Jcc both pressurizations were at 30 PSIG. If the actual
883 1 75 5xlO’ 7 Sx lO €* ‘.0.1cc leak rate Is 106 atm cc /sec the Indicated values are

5xl0 7 end 1xl0’~
6 at one and four hours respectively.

* Pressurization conditions determined by the
equation: Examination of Figure 2b shows that this problem

Is corrected to some axtent by the differences In
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4 specified pressures . The lO~ leaker indicates about that it will overlap or even meet the l ower limit of
lO~ when pressured at 60 PSIG and 2xlO”~ at 90 PSIG the gross leak test.
which does not compensate for the half decade
difference created by the bomb time . Each of the specifications cited at the beginnIng

contains conditions for fl uorocarbon bubble gross leak
Therefore, if one h e l i u m  tested devices of the testing. Only MIL-STD-883 contains the weight gain

volume being discussed to the MIL-STD—750 conditions , condition . The non back pressured bubble test should
all of those which passed would have leak rates of not be considered for use unless the device being
less than lxl0~~. If this same group were tested to tested has an internal free volume of greater than
MIL-STD—883 condit ions , all of those passing would 1cc . The fine leak test on devices smaller than thIs
have leak rates of less than 2xl0 7. will not extend to meet l ower limit of it.

Another factor which has to be considered is the The back pressure bubble condition will detect
internal free volume of the package under test. leakers into the upper part of the lO~ range and the
Figure 2a shows that under the same bomb conditions weight gain condition as low as 2x10 6. These limits
a leak of lO-~ could read in the l0 ’°, iO~ or 10-8 are the result of cessation of fluid flow through
range depending on the volume . The remaining factor holes smaller than this at pressure differentials
is the time from removal of pressure to readout, usable for such testing. This can be seen in Figure
Figure 2d shows that this affects primarily the gross 4, which shows the flow rate through various leak
end of the range. Volume and time from pressure off sizes . The leak size to leak rate relationship is
to read are not factors in the case under discussion shown in Fi gure 5. Devices with leak rates larger
but are just as important as those affecting it. than the cited capabilities can escape detection ,

however , if the leak is made up of multiple small
It has now been said that the radioisotope test paths equivalent to one hole of 106 mid range size .

of MIL-STD—750 correlated with the radioisotope test
of MIL-STD-88 3 , and that although the helium tests There is not a test or series of tests which will
did not correlate, the reasons why are understood . assure with complete confidence that all leakers have
The other correlation to be considered is that of been removed from a population when the testing is
helium to radioisotope. Figure 1 shows a lack of complete. However, if one determines and uses the
correlation except over short spans within the range proper test conditions , and uses calibrated test
being tested. These are located at about 1o—~ to equipment and qualified personnel , the escape rate

- - nearly 10— 6 in the 883 plot  and if Curve A In Figure can be minimal in spite of the size holes bei,’~3 Is exa mi ned one can see why. This is the range in searched for.
which the mass spectrometer readout is approximately
equal to the actual leak rate. Curve B in Figure 3 The formulas cited and l imits of the test condi-
indicates that this should occur at a lower actual tions , both fine and gross , are discussed more fully
leak rate value when MIL-STD—750 conditions are in technical report RADC-TR-75-89 issued in April 1975
used. The 750 plot in Figure 1 indicates this is by Rome Air Development Center .
true although only a short span at about i0-~ canactually be called good correlation. NIL-SI B He/Kr 85 COMPARISON , V~ .O86cc

This all adds up to the fact that if variables ~~~ 
~~4j ~~~~~~~~ !~~~~

data is to be used for establishing correlation be— B He K r 0 Kr He
tween hel ium and s,i~ ope test, then the pressure /
t ime relatlonshIe~ n~ist b~ calculated in advance He f1&IJRF ~~~ .

Also that the mass- ~~~~~~~~~ readings must be M11 5TD 883
converted to actual leak rates . If attribute type 10 6 . -

correlation is required , then only the spectrometer V C
value at the desired actual leak rate has to be — — —

~ 
— , : .  He REJECT

known 
. . ; c

Another point about correlation present In lo~~ 
A BFi gu re 1 is that as values approach the gross range :

the larger the difference between helium and radio-
Isotope readings. This may be partially attributed I
to molecular flow being assumed in the helium formula RADIOISOTOPE REJECTand viscous flow In the radioisotope formula. Thm 

~
-8 I

flow in the 10-6 and l0~ range is considered t~ ’be- - 

Kr BS 1O
_8 io~ io~

6
transitiona l by most, so neither formula will result -

In describing the actual leak value concisely. For
practical purposes , however, this is not Important as - .

long as the test defines these devices as leakers. He 
~~~~~~~~~~~~~

One can readi ly conc l ude from the above that it
is essential that pressures and times be properly
computed and adhered to if devices are to have the
required hermeticity leak rates. The selection of D c
arbitrary times and pressures coupled with acceptance ..

~ 
. - - -

of uncorrec ted readouts can result In devices which 10

have lea k ra tes a decade too large being Installed in . 
.
. S 

-

a system. This canno t be overeephasi zed in the case — — — . — — He REJECT
of frequency control devices which typically have S

smell Internal free volumes. Re-examination of the A . B
c curve in Fi gure 2a will show tha t the fine leak 10 .#mADIOISOTOPE REJECT

test conditions must be carefully chosen to ensure Kr85 10 l0
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CHARACTERIZATION OF METAL-OXIDE SYSTEMS
BY HIGH RESOLUTZON ELECTRON SPECTROSCOPY

E. J. Scheibner and W. H, Hickljri
Georgia Institute of Technology

Atlanta , Georgia 30332

Suemary A number of these factors  have been examined by surface
analyt ical  techn iques employing ultra—high vacuum and

The long—term frequency stability of precision electron—excited Auger electron spectroacopy (AES).
quartz crystal resonators is adversely a f f e c t e d  by Much of the work that  relates directly to the fabrica—
several factors. Among thest factors are the presence tion of quartz resonatore is concerned with foreign
of foreign material and chemical reactions at the alec— material or contamination on the quartz surface prior
t r o d e — q u a r t z  i n te r face . Much of the previous work em— to deposition 

9f the electrode material. For example,
p loying electron spectroscopy is related direct ly  to Simmons , at al provided an introduction to the Auger
the f a b ric at i o n  of quartz  resonator. and is concerned effec t and presented AES results, obtained with a re—
with the identification of foreign material or contam— tarding field analyzer (RFA) . on the contamination and
inat ion on the quar tz  surface prior to the deposition cleaning of quartz and magnesium oxide surfaces. Vig,
of the electrode material. The research described in et al investigated various polishing and cleaning
th i s  paper is directed towards a knowledge of the techniques for quartz crystals. The effectiveness of
chemical reactions that take place between a reactive their chemical cleaning procedure was evaluated by AES .
metal  electrode and the quartz crystal . Metal—oxide Later, Hart and his co—workers used AES to identify
systems included in the discussion are the metal—oxide specific contaminants on resonator surfaces and argon
system , A~ —A 2. 2 O 3, and the system involving aluminum ion sputtering to remove them. Finally, Vig, et al 5 ’6
and a grown silicon dioxide f i lm on silicon, examined several cleaning procedures using AES to eval-

ua te them and found tha t irradiation by ultraviolet
High energy resolution Auger electron and X—ray light was most effective in removing hydrocarbons from

photoelectron spectra obtained using a double—pass cy- quartz surfaces. The majority of current Auger studies
lindrical mirror analyzer with retarding grids are pre— including those mentioned (except for Simaons 2) make
sented. With this analyzer the incident Auger electrons use of the single—pass cylindrical mirror analyzer (COOP.).
or photoelectrons are decelerated in the retarding This analyzer has an instrumental resolution of 0.6:
field of spherically—shaped grids in such a manner that which means that at 1000 eV electron energy the absolute
a constant pass energy through the CMA i~ obtained , resolution is 6eV.
The energy dietribution data for Auger electrons ,
N(E) vs E, available directly from the COlA, are pro— In this paper results will be presented on the
ceased appropriately to enhance the signal—to—noise characterization of metal—oxide systems by Auger electron
ratio. This technique is to be compared with conven— spectroscopy (AES) and x—ray photoelectron apectroecopy
tional Auger techniques which present derivative data , (xPs) using a double— ~ ass cylindrical mirror analyzer
d N ( E ) / d E  vs E. with retarding grids. With this analyzer the incident

Auger electrons (or photoelectrons) are decelerated in
The intens ities and shapes of Auger and photoelec— the retarding f i elu  of spherically—shaped grids in such

tron peaks for the metal and its oxide are examined a manner that a constant pass energy through the cE4A is
analytically in terms of lifetime broadening and d cc— obtained. Palmberg 7 presents data showing tha t the ab—
tron—phonon scattering and attenua tion lengths in the solute resolution, as indica ted by the FWHM of the cia.—
oxide are derived from integrated intensity data as a tic peak, is a function of the pass energy and the size
function of oxide thickness. Chemical shift informa— apertures used in the analyzer. For the conditions we
t ion for the d i f fe ren t  metal—oxide systems provides a have used , i.e., pass energies of the order of 50eV and
means for the identification of intermediate solid— small apertures, the absolute resolution is about 0.7eV
phases at metal—oxide interfaces , for all incident electron energies.

Finally, potential applications of this work to 
Conventional Auger techniques present derivativethe study of inter faces in quartz resonators , charge

spectra (dN/dE vs E) rather than energy distr ibutioncoupled devices , surface acoustic wave devices and data (04(E ) vs F) .  in our work we have pulsed the pr i—hybrid aicro circu ite are mentioned. mary beam at 12101z and tuned our PAR Lock—in Amplifier
(LI P.) to the same frequency. The output of the LEA ,

Kay Words (for information retrieval) 
which is then 04(E) directly, Is fed into a Nicolet ModelAuger Electron Spect rosc opy , X—ray Photoelectron Spec— 1072 Signal Averager which has a digital (BCD) outputtroec opy, Aluainum, Aluatnum Oxide, Silicon Dioxide , and an analog output for plotting on an X—Y recorder.

Quartz Rasonator, I nterface. The adva nta ges of such a high rasolution Auger technique
are that intensities and shapes of Auger peaks can be

Introduction examined analytically, closely spaced peaks a re resolved ,
and chemical shift  infor mation is readily obtained.The long—term frequency stabilit y of precision

quartz crystal reeonato rs is adversely affected by In a recent paper , Wagner8 tabulated Auger andseveral factors. Among these are t ime—dependent changes X—ray photoelectron chemical sh i t le  observed in photo—
in the mass of the resonator, the composi tion and elec tron spectra for a nt~~~er of metal— metal oxide pairs.
partial pressures of gases in th. resonator package , Table I gives his values for chemical .hift~ in binding
changing stresses in the resonator due to therma l mis— energy and chemical shifts in Auger energy for selected
match between the electr ode materia l and quartz and
relaxat ion of the electrode usterial, stresses caused elements and their oxides. Wagner ’s results indicate

by the tunttng structure and contacts , foreign material thst in all cases the Auger shift. are considerably

and chemical reactions at the electrode-quartz int~ r_ larger than the photoelectron shifts when the tra nsi—

face , and changes in the qua rt z crystal structure. tions involve only core-level electrons . The large
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Auger s h i f t s  have been investigated theore t ica l ly  b y High resolut ion (F.,, — 50eV) photoelectron spectra
Shirley and co—workers9 who relate them directly to the of the At—lp photoelectron peak are shown in Figure 3
much larger extra—atomic electron relaxation in the for the specimen before sputtering (trace A), after 30A
doubly—charged final state of the Auger process as corn— removal (trace B) and for the aluminum (trace C). The
pared to the singly—charged final state of the photo— t o ta l  th ickness  of the oxide f i l m  was of the order of
electron process. As a practical consequence of these 35— 4 OA. The chemical shift between the AL—2p aluminum
results it is now feasible to examine by h igh resolu— peak at 7 1.7eV and the A t — 2 p  oxide peak at 74 .2eV of
tion Auger techniques in terface reactions such as migh t 2.5eV is in agreement with Wagner ’s data. 8 Quali ta—
occur at the in ter face  between a reactive metal d cc— tively ,  the intensity of the aluminum peak decreases
trode and a quar tz  resonator. Other systems that wi th  an increase in oxide th ickness while the ox ide peak
might be studied in detail are metal—metal oxide sys— increases with oxide thickness.
tems, such as At—At2O3 and reactions at the interface
between a metal electrode and a grown silicon dioxide Figure 4 shows the broad Auger spectrum, dN (E)/dE
f i lm .  In the later case , for an aluminum electrode, VS E, from the oxide surface. The presence of oxygen is
bulk thermodynamic free energy considerations predict indicated by the strong peak at 510eV and CL and C are
that the aluminum will reduce the Sf02 forming an present as contaminanta. The high energy KLL At peak in—
AL 2 O 3 phase at the At—SiO2 interface. tludes contributions from both the oxide and the metal.

Experim en tal Resul ts Figure 5 shows a portion of the high resolution
KLL spectrum including the strong KL2L3 transition , a

Specimens used in this initial investigation were weaker KL2 L2 t ransi t ion, the bulk p lasmo n peak (E.g) and
obtained from (111) n—type silicon wafers which were two surface plasmon peaks (Eu,). Characteristic energy
thermally oxidized to a thickneas of l0OO~ , then coated losses , tiE, due to the excitat ion of bulk plasma oscilla—
with a 400A thick aluminum f i lm.  A f t e r  cleaning, the tiona in aluminum are usually about 15eV , as observed ,
wafers were oxidized in dry oxygen at 1150 C and then and the energy losses due to surface plasma oscillations

g iven a heat treatment in dry nitrogen at ll50 4 C for are a factor of 1/6 or l/v9’ lower depending upon whethar
10 minutes .  Prior to the meta l  deposition the oxidized the interface is planar or spherical, respectively.
wafers  were dipped in an aqueous HF solution, rinsed in
dc—ionized water and blown dry in nitrogen . Aluminum Figure 6 shows high resolution (F — 100ev) Auger
was sputtered onto the wafers in a Sloan DC Sputtergun spectra , 04(E ) vs E, for the ~~~~~ transitions before
qys,.em at an argon pressure of 5— 6pm . The advantages sputtering (trace A ) ,  afte r iSA removal (trace B),af ter
of this type system are that  the substrate is maintain— 30A removal (trace C) and for the aluminum ( trace 12) .
ed at a low temperature and that high sputtering rates The total thickness of the oxide film was of the order
can be obtained. For the above specimens the substrate of 35—40L As mentioned previously these high resolution
temperature was about 7OC and the deposition rate for data were obtained by pulsing the primary electron beam ,
aluminum was ~ooA/isin. Subsequent annealing in nitrogen tuning the Lock—In Amplifier to the pulse ra te, and per-
at successively higher temperatures enables a study of forming signal averaging for the indicated number of
the solid phase growth of aluminum oxide at the AL— Si02 scans. The d i f fe ren t  sh i f t s  between the AL—KL 2 L 3 peak
interface. Some of the above specimens were annealed at 1388eV and the oxide peaks at 1380.7eV and 1380.3eV
in dry nitrogen at 4705C for about 20 minutes while indicate slight variations in oxide composition. The
others were not annealed, aluminum curve (trace D) shows weak peaks at 1378.9eV

and 1382eV. The 1382eV peak i. due to KL 2 L2 Auger tran—
Figure 1 shows an Auger concentration profile oh— sitions. The peak at 1378.9eV is associated with the

tam ed by argon ion sputtering through one annealed excitation of surface plasmons by Auger electrons from

specimen at a rate of soA per minute . The peak—to—peak the IcL2 L 3 peak. It ’s .alue suggests that the vacuum—

amplitudes of the AL (l393eV), 0(510eV), and Si(l6l6eV) 
metal interface after sputtering is roughened rather

peaks were recorded simultaneously with the sputter re— than planar. The increasing intensity at the left of

moval of material. In this mode of d isplay the energy each trace results from the bulk plasmo n peak . Trace C

peak s due to At and At 2 0 3 and those due to Si and 
~~t 2 

includes contributions from the KL2 L2 Auger peak and

are not separable. A continuous recording can provide from the surface plasmon peak although the plasi.on peak

however additional information on the Auger signals appears shif ted to a lower tiE value. The reduced tiE

wi th in  each multiplex channel.  The schematic diagram would be plausible since the appropriate factor relating

ind icate s an expected natural oxide on the aluminum the surface and bulk plasmon energies is l/vTTT for a

f i lm and an in term ediate At 203 between the aluminum and thick oxide on aluminum and perhaps a higher  value is

the silicon dioxide. At successive points in the pro— in order for the very thin oxide in C.

f i l i n g ,  the argon ion sputtering was stopped , the sys-
tem was pumped to approximately l0’~ Torr and high re- 

A&—SiO2 System

solution XPS or AES scans ware obtained . The f i r s t  re—
sults were for the natural oxide on the alumi num f i lm.  Figure 7 shows preliminary results of sputtering

through an annealed specimen in order to obtain informs-
At—At 203 System tion about the formation of an intermediate oxide phase

at the At—Si 0 2 interface. The high ,resol utign photo—

Figure 2 chows a broad XPS scan over a 1000ev electron traces A and B are for 200A and 250A removed

range of binding energies taken from the oxidized a lu— res pectively and show only the At—2p peak at 7 1.7 eV

minum surface before the initiation of argon ion sput— since the positions are well removed from the interface .

te ring and using MgKa radiation , The oxygen Auger peaks As the interface i. approached the additional peak de—
a nd the 0—is photoelectron peak are due to the oxide , veloping at approximately 74.4eV is attributed to the

carbon and nitrogen are indicated as contaminants and At—2p electron, from the At in At 203 although f u r t h e r

the AZ2s peaks are a coabination of photoelectrons from studies may indifate the presence of aluminum hyd~oxid..

the aluminum in the oxide and the aluminum metal . Auger For trace C~ 300A had been removed and for 0, 380A . A

peaks occur in XPS spectra at an apparent binding energy decrease in the At peak amplitude is also observed in

equal to the difference between the x—ray photon energy correspondence with the profile data shown in Figure 1.

and the Auger electron energy. Thus, an oxygen Auger
peak occurs at 744ev which is equal to 1254ev — 510eV . Further studies of the At—Si0 2 syste. using both

high resolution XPS and AES techniques are continuing.
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At—Quartz System and it works quite well for reasonable starting guesses
for the peak and background values.

Studies of the aluminum electrode-quartz resonator
system following the methods used for the A L— A L 2 03 end Figures 8—11 show results of the f i t t i n g  proce—
At—S iO 2 system should have considerable significance duree for the four spectra of the AL—A Z 203 experimental
for unders tanding the frequency stability of quartz data. The solid lines are the experimental curves and
crystal resonstors with aluminum (or other reactive the crosses are the computer generated points. Figure
metal) electrodes. It is therefore strongly suggested 10 exhibits a slight discrepancy since the KL2L2 and
that such studies be pursued. surface plasmon peaks were fixed in the position of

Figure 11. Subsequen t refinement of the data analysisl1

Data Analysis which allows these peak positions to relax to the best
fit , shows a much closer agreement with the experimental

Analysis of the Auger spectra for the AL—AL203 curves.
system is presented in detail in this section in order
to illustra te the general treatment which can be applied The metal and oxide peak positions and widths and
to either Auger or x—ray photoelectron high resolution the widths of the Lorentzian (lifetime) and Gaussian
data.  componente are listed in Table IX .  One striking effect

to be noted is the significant broadening of the oxide
The data analysis involves consideration of the peak vs its metal peak. This recently discovered

background, the instrument resolution and the line chemical e f fec t  has also been seen in the XI’S spectra
shape. Usually one would deconvolute the known instru— of several polar compounds. 12 ,13 The conclusion that
ment function end inelastic loss peaks (obtained from this is mainly a non—lifetime effect seems to be born

the elastic peak spectrum) from the Auger spectra. ou t in our analysis by the greater increase of the
Such a technique often leaves residual inelastic peaks Gaussian component over the Lorentzian component in

and requires data of excellent statistical quality to going from the metal to the oxide peak. Citrin at a113

be fully successful. An alternative procedure that is postulate that this change in linewidth is due mainly
advanta geous with data of high resolution is to least— to phonon broadening. The effect must be localized

squares f i t  the convolution of line shape and instru— however since the width of the metal peak remains re—

ment funct ion to the experimental peaks . This proce— latively constant even with an oxide overlayer. The

dure retains all the information contained in the cx— widths of the Gaussian and Lorentzian components vary

perimental spectrum. among the metal peak s . This variation may be due in
par t to inexact knowledge of the background slope . To

The experimental shape of a single peak is assumed determine the background more precisely we would need
to be a Voigt function , a convolution of a Lorentz ian to obtain more of the spectrum on the high energy side

of the metal peak.(1.) and a Gaussian (C). Fitting this function to the
experimental data requires repeated convolutions and a
knowledge of the functional form of the experimental In tegrated in tensities f o r  each metal and oxide
line shape . Moreover the computations are quite time— peak are obtained af ter  removal of the background and
consuming. We have approximated the Voigt function by the neighboring peaks by f irst  integrating the experi—
a linear combination of L and G components in the form mental curve over the finite energy range chosen in

the f i t t ing  program. Usually this energy range is about
— Eo\

2 8eV centered on the peak position. The area on the tail
region of the peak is taken from the fitted curve . The
total area or integra ted intensity for the metal peaks

f(r,c,E) - h
[c/

~~ 

\ .~r ) 

_____ ] is normalized with respect to the metal peak from pure
/F — Eo\l aluminum. The normalization of oxide peak areas is oh—

+ (1—i;) exP[_(~ 
~~ ) 

(1) ta m ed , less accurately, by scaling the oxide peak areas
according to the oxide thicknesses . In Figure 12 the
normalized integrated intensities for the Auger metal

where b — l / 2 / i ~~~ and h , F0, and 1. are the height , and oxide peaks are plotted as a function of t/A where
pos it ion and FWNM of the peak ; r~ is the L—G mixing A is the attenuation length (~30~). Also shown for com—
coeff icient  determined from the best f i t  of f (r ,~~,F) to parison are the no rmalized integrated intensities for
the experimental peak. Wertheim, et ai 10 have shown the x—ray photoelectron metal and oxide peaks obtained
that f(r ,C,E) provides an excellent representation of from the experimental curves of Figure 3. The solid
the Voigt l ine shape if the entire line is used in lines are derived theoreticelly , following Shelton ,1”
deter minin g t .  Then one can find I~ and rL from gFaphs by considering t he geometry of the sample and the COlA
relating these quantities to 1’ and ~~~~~~~ Zn practice we (the angle between the COlA axis and the semp le normal is
uSC a non—linear least squares fitting program to find 3 0 )  and the aperture angle and width of the COOP. (42 .3
not only ‘~ but h, F0 and r also. Typical ly, we obtain and 6 respectively ). Two emission func tions are used ,
En and r to s precision that is over an order of megni— a cosine distribution and an isotropic distribution.
tude better than the instrument resolution. The cosine distribution is used for the metal peaks

since it is the expected distribution if the substrate
As seen previously in Figure 6 each Auger spectrum is uniform and isotropica lly absorbing. The isotropic

- omprisea a me tal peak , an oxide peak and an inelastic distribution is used for the oxide since it is a first
loss background. Two small peaks under the oxide peak approximation to emission from single atoms.
are aaeo,- I a ted with the Kl.~L 2 t ransition and the first
surf ac e pissuon f rom the metal peak . W. fi t all these Table III gives a comparison of the attenuation
pe ka , one st a t ime , with Voigt functions using the lengths for A1203 ob tained in our work with other values
non-Ilneer 1.est squares f i t t i n g  procedure discussed obtained exper iment ally or theoretically. Our value for
above. We ase~~~ th , background is linear over the A is at variance with the free—electron—like attenuation
.n.rgv range of th. spectra , and we find its elope and length calculated ~y Penn 15 and with the experimental
ntsrr.~t after subtracting the f i t t ed  peak shape from value of 16.7 + .6A at 1400eV obtained by Batty s et al 1t

~• ..r.r eant~~l spectrum . Thi, procedur . is then re— Penn treats th valence electrons as an interacting d ee-
p.c - . 

~~~~‘ -  ‘~,.new values for p.aks and background Un— tron gas. He then can write the inelast ic collision
ii .rc 1. li t t le chang. in peak and background vslues cr oss—section and thus the attenuation length in terms
~vos one terettos a. the next . The computer program of the valence electron ’ s quasiparticle self—energy sad
,~sst vs Play. deve loped b e e  this fitting automstically lifet ime . The contribution from the core electrons to
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the attenuation length, which is small, is treated in 3. J. R. Vig, H. Wssshsusen, C. Cook, N. Katz and F.
a tight—binding approximation. Penn ’s model , which in-  Hafner , Proceedings , 27th Annual Symposium on Pre-
cludes exchange and correlation among the valence d cc— quency Control, U.S. Army Electronics Comeand, Fort
trons ,yields a value of A — l8.4A at 1400eV . We have Monmou th , NJ , p. 98 (1973). Copies available from
at presen t no good explanation for the differences be— NTIS , accession number AD 771042.
tween our data and that of others. However , we have
used high resolution data and the values for the a t t en— 4. R . K. Mart , 11. H. Hickl in  and L. A. Phillips, Pr o-
uation length are consistent for both the oxide and the ceedings , 28th Annual Symposium on Frequency Control ,
metal peaks. Lotz 16’ 17 applied the tight—binding U.S. Army Electronics Command , Fort Monmouth, NJ ,
method to both the valence electrons and the core d cc— p. 89 (1974). Copies available from Electronics

trons and obtained a value of A — 28A for 41203 in Industr ies Association , 2001 Eye Stree t, NW, Wash—
agreement with our value of A — 30 + 3L ingtofl, DC 20006.

Applications 5. J. R. Vig, C. F. Cook,Jr., K. Schwidtal , J. W.LeBus
and F. Hafner, Proceedings , 28 th Annual Symposium

Potential applications of the methods described on Frequency Control, U. S. Army Elec tronics Command ,
to the study of interfeces in quartz crystal resonators For t Monmouth , NJ , p. 96 (1974). Copies available

include the reaction of aluminum electrodes with resi— from Electronics Industries Association, 2001 Eye

dual gases in tb resonator package , solid phase reac— Street, NW, Washington, DC 20006.

tions at the aluminum—quartz interface and chemical
characterization of quartz crystal surfaces after clean— 

6. J. R. Vig, J. W. LeBus and R. L. Filler, Proceedings,

ing. Other devices in which an aluminum—silicon di— 29th Annual Symposium on Frequency Control , U. S.

oxide or quartz interface occurs are the CCD transversal Army Electronics Commend , Port Monmouth, NJ , p. 220,
filters 18 and surface acoustic wave devices.19 The thin (1975). Copies available from Electronics Industries

f ilm metallization of oxides in hybrid microcircuits Associat ion , 2001 Eye Street , NW, Wa shington , DC
has been discussed in detail by Hattox.20 An importan t 20006.

problem area for study by high resolution electron
spectroscopy would be tue adhesion between thin me tal 7. P. W. Palmberg, J. Vac. Sci. Technol., 12 , No. 1,
films and oxide substrates . 379 , Jan/Feb 1975.

Conclusions 8. C. D. Wagner, presented at the Discussions of the
Farada y Society, Vancouver, Canada , July 1975.
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tore is influenced by physical and chemical properties ~~ S. P. Kovslczyk, L. Ley, F. R.McFeely, H. A. Pollak ,
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TABLE I.

CORE-ELECTRON BINDING ENERGIES AND TRA’ISITIORS
FOR CHEMICAL SHIFTS BETWEEN ELEMENT NW ITS OXIDE

(MqK(. - 1253.6 eV)

Element Atomic BindIng Kinetic Auger Chemical Chemical
Or N,~~er Ene r ~ner Energy Shift Shift
Oxide Of E8

(P~ FI PEr E (A) E9(Pt) -AE (A)
Element (Mq Ka)

293/7 
KL 23L23

749 12 49.8 1203.8 1185.8
Mg(ox) 51.2 1202.4 1179.5 1.4 6.3

Al 13 72.8 1180.8 1393.1
Al (ox) 75.4 1178.2 1386.4 2.6 6.7

51 14 99.4 1154.2 1615.7
Sl (ox ) 103.3 1150.3 1608.7 3.9 7.0

293/2 LM~~M45

Cu 29 932.4 321.2 918.8
Cu 20 932.2 321.4 916.9 -0.2 1.9

TABLE I I

Auger KL 2L3 ANALYSI S

Thickness Peek FWHM Lifetlee Gsusslsn

-. 1388.05eV 1.76eV .858ev .905eV

-ISA 1388.03 1.81 1.03 .877

-3M 1388.03 1.83 1.50 .270

.75* 1388.05 1.84 1.38 .508

-- 1380.6$ 2.99 1.41 1.89

-15* 1380.41 3.35 1.55 2 .27

-3M 1381.29 4.00 1.78 2.88

~Instri nt function removed
(Instruesnt functIon F1081 • 0.7ev)

lUtE III

C($ APISOR OF ATTENIMIIOM LENGTHS FOR *1203

PRESENT WORK OTHER WORK

ZS.4~ A Al

31.42 A Oxide 18.1 A (Sst9,e 18.4 A (Peas, 181$)

Ave. .3 0 . 0 + 3 *  
2$A( Lotz ,1%7)

(.1.3 A NI~ 0Ev. )

Penn Is free—electron-Ilk.
Lots is ti t-blmdleg
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A NUVEL METHOD OF ADJUSTIM) THE FREQUENUY OF’
ALUM I NUM PII~TED QUARTZ CRY STAL RESONATORSS

Virgil E. Bottom

Tyco Crystal Products, Inc.

Summary Therefore the addition of 1.32 pg/cia2 to both eurfaces
of the 2O kfflz plate causes a decrease of about 2.4 kHz
in  the frequency.Aluminum is preferred as an electrode material

for VHF quartz crystal units because it is inexpen— In forming the oxide of aluminum , 1.32 pg/cm2 ofsive , adheres well to polished quartz surfaces , has oxygen combine chemically with 1.48 pg/cm2of a lum inumgood electrical conductivity and , bettor than any to form 2.80 pg/cm2 of A1203. Taking the density ofother metal , matches the acoustic impedance of quar tz, 
aluminum oxide to be 3.20 g/cia3 the thickness of the

Another important sdvantage of aluminum is that the 
resulting oxide lsyer is about 88 A . A film of

metal fil, is protected by the oxide layer which 
aluminum having a mass of 1.48 pg/cm2 has a thickness

forms on its surface . However the development of the of about 55 A. Hence we may say thst the conversion
oxide layer results in frequency changes called of 55 A of aluminum into 88 A of A1203 (on both“aging . Unit. may be heat treated to pro-age the 

electrodes) results in a frequency decrease of aboutaluminum electrodes but the frequencies must sub— 2.4 kHr on a 20 MHz plate. The thickness of the
sequently be adjusted in some manner and thu usuelly oxide is about 1.6 times the thickness of the aiumi—
initiates s new cycle of aging. The present paper 

flu, uaed in its production .descr ibes a method of adjusting the frequencies of
alu min um plated quartz resonator. in which the thick— Since the growth of the oxide causes the fre—ness of the aluminum oxide is used to make the fre - quency to decrease about 27 Hz/A , the growth of the
quency adjustment, Unit, fabricated in this way show natural oxide layer which reaches a maximum thickneaa
less aging than do unite fabricated by conventional of about 50 A should cause a decrease of about 1.3 kHz
methods, 

or about 65 ppm . Frequency changes of this magnitude
are commonly observed.Key words (for information retrieval). Anodic

Oxidation , Quartz Crystal Uni t , Aging. During the period of growth of the oxide layer
the alum inum is aeparated from the atmospheric oxygen

The Oxidation of Aluminum 
by the oxide layer already formed . For growth to
continue either oxygen atoms must penetrate the oxide

When a freshly prepared aluminum surface is to reach the metal beneath or aluminum atoms muat
first exposed to air en oxid, film begins to form on diffuse through the oxide to reach the oxygen outaide.
the surface. Within an hour , under ty pica l room A number of studies have shown ~~~~~ that it is theconditions , the thickness of the oxide grows to about aluminum Ions which diffuse through the oxide. Mott10 A (1.0 na). The thickness continues to increase ; has proposed two theories to explain why the
reaching about 20 A in a day and about 45 A in a month, oxide ceases to grow when it reaches a thicknesa of
Very l i t tle growth occurs after the film reaches a 

about SO A. In hi. first theory (1940) he poatulated
thickness of about 50 A1. that the growth ceases because the electrons required

for charge equilibrium can pass through the oxide byThe rate of oxidation is only slightly depend— “tunnelling’ onl y if the thickness is less than aboutent upon the temperature below about 300°C. Above 50 A. In hi. later theory (1947) he suggoated tha t300°C the rate of growth increases with  the temper— the work function might be email enough to permitature and at 450°C the rate is about twice the room the rmi onic emission fro m the aluminum to the oxide and
temperature rate . The rate of growth at any tamp er— tha t  the thickness is limited by temperature . Furtheretu re is increased by an inck.aee in the hum idity, expe ri mental work is required to determine whichFairly rapid Oxid a tion can be produced at a temper— theory provides the best explanation .atur e of 350°C by introducting steam into th . ox-
idat ion chambe r 1 . Anodic Oxidation

The growth of the oxide on the aluminum a loe— it is well known that the thickness of the oxidet rodes of a quart s resonator c.uaea mass loading with layer on an aluminum surface can be increased byan scco.penying frequency decrease. We may calculate snodic oxidation - The alumi num to be anodized isthe expected frequency change in the following way, made the anode in an electolytic cell containing a• Consider , for example , a 20 hllz AT—cut quartz blank suitable electrolyte. If the electrolyte provides
oper.ted o.~ its fund..enta l frequency mode . Using oxygen bearing cation , and is one whiob does not react
the relationship frequency x thi ckness — oon.tan t , it chemica lly with th , oxide , an Oxide laye r is formed ,
may readily be shown that a change of 100 A in th. the thickness of which i. directly proportional to thethi ckness of the blank (50 A from each aide) c.u,e. applied voltage . The oxide f ii. thus formed is an—a frequency change of 2.36$ kHz. Th. sa per unit hydrou ., non—porous and of un iform thickness.
area of a layer of quarts having a thicknea. of 50 A
i. 1.32 ~~~~~~~ For very smell frequency changea Many investigations have been mad, of the se—we may oonaider the frequency cha nges to be linearly iation ahi p between the thick ne.. of the oxid, and theproportional to the mass changes, It is permissible an odiming voltpe. A review of th .ae stud ioa has beento do this since the mass is added at a point of sero 

given by Young • The results ar e In rather poorst rese sod therefore the elastic effect. are not agree ment as may be amen from Table I .  The disagree—£ .,ortu nt . ment may be due to uncertainties concerning :
•Patemt Pending
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a, The dens i ty  of the oxide which ia known After baa , plating the frequency of a 20 MHz
to vary w i th  thickness, plate should be ideal ly  between 2 and 10 kHz above the

b . The solubi lity of the oxide in the nominal frequency. Given blanks in this frequency
electrolyte , range after base plating and reasonable setting toler—

c . The roughness of the surface of the an cea , the units can be set on frequency in one , or at

substrate , most two , anodizing steps. If the frequency of the
d. Filament material incorporated in the unit  after base plating is below the range just spec—

oxide. if ie d , the frequency may be increased by immersing the
e. Clean lin eaa of the substrate , plated blank in a di lute  alkali  solution . In thia

connection it is remarkable that the thickness ci the
TABLE I oxide i. not reduced in the process. Starting with an

oxide layer of given thickness , say 100 A , the fre—
(6) Wa lkenhorat (1947) 13.7 Angstronte/ quency of the unit may be increased by an amount

vol t correa~Sbnd ing to the removal of more than 100 A Of
(7) Deryagin end Friedland 11.7 oxide , yet the thickness of the oxide remains 100 A .

( 1948)
(8) Nasa (1949 ) 13. 0 Anodic oxidation provides a nearly ideal method
(9) Bahn and Bôtt ge r 12 to 18 .5 for adjusti ng the frequency of an aluminum plated

(1953) quartz resonator since the thickneae of the oxide

(10) flennig tl956) 16.5 layer can be made much thicker than the natural thick—

(11) Van Geel and Schelen 12 . 7 ness of 50 A while it ii being uaed to adjust the

(1957) f requency. The term AROX has been defined as a noun
to replace the term “ anodic oxidation ’ a. it is

The frequency change of a high frequency quartz  applied to quartz crystal units . It may also be used
reson.tor affords an especially sensitive method for as a verb to mean ‘to adjust th, frequency of a
determining the thickness of the oxide layer. The piezoid by the process of snodic oxidation ”.
method ia . however , subject to the same uncertainties
a. those listed above : particularly the density of the Procedure
oxide. Our results indicate that the thickness of the
oxide increase, 12.3  ± 0.1 I/ v if the density of the The thickness of the aluminum fi lm used to
oxide is taken to be 3.20 pg/cm3 (see references 1 . 5) .  provide the electrodes of a VHF quartz resonator

depends upon a number of factor , including the he r—
r.gure 1 shows the changee of frequency vs. the monic overtone and energy trappi ng congfd eret iont .

voltages used in adjusting the frequencies of several Typically films having thickness between 500 and 1500
20 Mlix AT—cut plates. The slope of each curve is A are used . Tho f i lm  must be thick enough to provide
350 Hz/V. When the curves ar, extrapolated to ,~~t — o, the required electrical conductance and to supply

a threshold voltage rangi ng f rom a few tenths of a volt enough metal for the frequency adjusting process. It
to 2 or 3 volta is obtained . This threshold voltage must be remembered that in the A1I)X process , aluminum

is a measure of the thick ness of the natural oxide is consumed when the frequency is either inure .aed or
layer  which depends upon the history of th , surface , decreased . As we have seen , a 30—volt oxide layer

A freshly prepa red aluminum surface ha. a threshold has a thickness of about 360 A and a layer of aluminum
voltage of less than one volt cor respond ing to an 230 A thick is consumed in its form a tion . The remain—
oxide thickness of lea, than abou t 10 A. A threahold ing aluminum must be thick enough to provide the

voltage of I to 3 volts is found with film, which necessary electrical conductance.
have be*n aged for several days or which have been
heat treated. Na turally the threshold voltage for a 

As previoualy stated the frequency of a 20 Mlii
• film which has been anodized is equa l to the volta ge plate should be between 2 and 10 kH* above the nominal

used in the anodization . It is conven ient to speak of frequency, it is not necessary for the base pla te
the thickness of the oxide layer in terms of the tolerance to be thi, close , however , In practice the
threshold voltage or the voltage used to prepare ~~~~ . 

b.ae plat, window may lie between th, upp er limit of
A one—volt layer ha. a thickness of about 12 A and 10 khz abov, the nominal frequency and some lower’
thu. a thirty—volt f i lm has a thickness of about 360 limit determined by the amount of aluminum d.po.ited .
A. The ful ly  developed natural oxide film is there- For example , it an electrode thicknesa of 1250 A is
fore a four—volt f i lm , u1ed , corresponding to a plate—beck of 60 kHz (or 0.15

f , ) ,  the frequency of the resorator can safely be
At any given vol tage the rat, of gr owth of the raised 20 kHz by removing some of the aluminum chem—

oxide and therefore the r ate of decrease of the re— ically. Thua the plate—back wind ow is from —20 + 10
son.tor frequency decrees.. with time. Figure 2 shows kHz from the nominal frequency , If thicker electrodes
the frequency cha nge with time for several different can be tolerated , or if lower f i lm conductance is

• anodizing voltages. In each cas. about 15% of the acceptable , an even wider window may be provided .
total change occurs in the first two or t hree seconds
with about 90% occurring in the first ten seconds. A solution of 10 g of NaOH per liter of deion-
The upp er limit of th, anodizing voltage is determined used water ia a auitable med ium to” increasing the
by the practical limitation, of the amount of alumi— frequency of the base—plated unit t~ the frequency
num available and by the time required . Thirty vult s  required for ano dic oxidation , In addition to maki n g
is about the limit for a typical production procea . the base— plate window wider , chemically raisi ng the
altho ugh higher voltegee cen be used wader’ special frequency insures a clean surtice from which to start
conditions, The frequency of a 20 MHz AT—cut plate the anodization . The rate of frequency change is
can be reduced over 10 kIls by the us. of an anodizing very strongly temperature dependent so that it is
volta ge of 30 volta. desira ble to control the temperature of the solution

a few degrees above room temperature ,
is a trad, mark of Tyco Crystal Products , Inc .



The change of frequency is a linear funct ion  of t ime N a t u r a l l y  care must be exercised to insure tha t
(except for the first few seconds) and the operator the unit is thoroughly rinsed a f t er  each operation and
quickly learn, to determine the time required to that the solutions and the rinse waters are not cont am—
produce a deaired frequency change , m ated . Ul traso nic rinsing in at least three etages

of deionized water followed by one r inse in e lectronic
If the frequenc y of the resonator is n Hz above grade methanol is recommended . Drying should he done

the req uired frequency, the anodizing voltage Ia wi th  a jet of nitrogen since compressed a i r  is seldom
given by f ree of oil .

V = V0 + (n/A) (I) Advantages of the ANOX Process

where A 1. a constant called the “ANOX constant”. The ANOX proces’~ offers a number of advantages
A depends upon the frequency and t he harmonic order over conventional methods of adjusting the f requenc’
of the resonator and to a slight degree on the of a VHF crystal u n i t . The more important  of these
electrode size . V0 is the threshold voltage . The advantages are the following.
value of the ANOX constant can be determined from
the following formula which can readily be derived I. The thickneaa of the oxide is proportio~sl
f rom the relationship between the frequency change to the voltage so that the frequency of a unit can he
and the o~~td e thickness assuming that the thickness changed by a predictab le amount by the use of a pre—
change. at the rate of 12 .3  A/V and the oxide density determined voltage . This feature makes the proces’
ia 3, 2 g/ee3. It is thus found th a t adaptable to microproce ssing techniques.

2 . No material other than aluminum and its oxide
A 0.87 h f~ 

(2) i~ added to the quartz thereby eliminating all pro~ ler~.
of diffugion of  one metal into another , incoepatiiili -

where h is the ha rm onic order 1 , 3 , 5 , 7 , . .. and f1 of different metal,, aherence of a second metal to t~ie
is the fundamental frequency expressed in megahertz, aluminum oxide and discontinuity of acoustic nmpedsn~e
A is given in hertz per vol t , 3 . The geometry and aymmetry of the resonator

are not disturbed since both electrodes receive the
In order to insure that the oxide layer develop— same treatment . In overplating, metal is commonly

ad on the electrode, is substantially thicker than deposited on one side only and not always uniformly
the n.tu ra l 4—volt layer , an anodizing voltage of at over the electrode. Any disturbance of the symmetr y
least 5 vol ts  should be uaed , This mean, that the of the plating is conducive to the exci ta t ion of the
frequency of th, unit should be reduced by at least inharmonic overtone modes , commonly called ‘ ap ur s ” .
SA where A is given by Eq. 2. Thus the frequency 4 , Blank s a re cleaned a. a part of the frequero~
of a 60 MHz , 3rd overtone unit  must be reduced by at edjuatment process and may be cleaned ultrasonicall’.
least 5.2 kilt, aga in  before encapsu la t ion  if required .

5. The equipment required is r e l a t i v e l y  s imp le
Figure 3 show, the apparatus required . A Heath— and inexpenaive and operator t r a in ing  is m i n i m a l .

k i t  Regulated Power Supply (Model lP—88) is a con— Simple graph. provide the operators with the neceasar~
venient  power source . Several suitable electrolyte. freque. .cy/voltage data .
are known. Among those listed in the literature are : 6 , The problem of abnormal behavior a t low dr ive
a onium citrate , ammonius pentaborate , ammonium level or “sleeping sickness” scarcely exists in
phosph ate , boric acid . oxalic acid and tertaric acid, crystal units made by the ANOX proceaa becauae no
Each of these has been used with satisfactory results , loose particles of plating or particles of dust or
The of the electrolyte muat be adjusted with an other materials remain on the surf ece of the quartz.

• .ppropr iate acid or base so that th e electrolyte doe.
not react chemically with the oxide, Pure chemicals The over—all yield of u” .it a meeting specific—
must be used and care must be taken to avoid contam— ationa is generally much higher from an AM~X line than
ination of the AIUX solution . The cathode is a sheet from a l ine m a k in g  comparable u n i t s  by over—pla t in g  to
of pure aluminum , frequency .

The proceas of adjusting the frequency by anodic
oxidation is simple and under good conditions an ex-
perienced operator can finish units to frequency at The most important advantage of the ANOX process
the rate of one per minute. The equipment required is the freedom fr om aging due to oxidation of the
is also relatively simple and inexpensive. In plating. Figure 4 shows the aging of two groups of
addition to the power supply . a suitable oscillator 47 , 050 MHz third overtone AT—cut un i t s .  The un i t s
and counter and an ultrasonic washer are needed , of the two groups received identical treatment except

that the ANOX process was uaed with  one group and
It is necessary that the quartz surface on which over—plating with silver was used with the other. The

the aluminum electrodes are deposited in b.ae—p lat ing units are enclosed in standard HC— l 8 holders and
be very clean . Otherwise the aluminum films will solder sealed in an entirely conventional manner ,
l oosen during chemica l etching or anodic oxidation.
The proc ... thus provides an excellent check for the After  308 days at 1200C the average frequency
adherence of the aluminum . “øleeping sickness” change of the units made by the ANO X process is — 10
characterized by abnorma l behavior at low drive levels ppm w i th  a standard deviation of ± 6 ppm . By cola-
is virtually non—existent in units which are made by parison the average change of frequency of the units
the APUX process. 

— 
made by over—plating with silver is -72 ppm wi th  a

‘Here and elsewhere in this paper it is under.tood
that the blank s are polished.
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r s t anda rd  devi,t ion of ± 30 ppm . None of the un i t s
received any kind of pre—aging treatment ; the first
seasurementa hav ing  been made w i t h i n  an hour alter
the units were set on frequency. The graphs indicate ___________________________________ 0 Uthat  the aging of the units made by the ANOIt proces s
is subst .ntiall y complete whereas the frequencies of
the other units are continuing to decrea se. If the ,

behavior over a period of ten months is extrapolated
0to . period of ten years the units made by the ANOX

process will have changed about 12 ppm while the units • 
—

made by over—plating will have changed about 100 ppm .
Since the un i t s  in both groups received ident ical  • ~~

‘

t r ea tment  in a l l  respects except for the method of —

4’.
__ Uadjuating the frequency , it appears that the differ— ‘- S —

en ce between the i r  aging rates must  be aacribed to U
change. occurring in the electrodes and not to con— ‘

~~~. i~, 
C
0

tamI~ ation , stres , relaxation or any effect associated 0’
with the quartz , Some residua l aging , common to both — I.
groups . may be due to the method of encapsulation and

“Imore work is required to determine whether or not this • ~~ 
a
>and stress re laxa t ion  are s ign i f i can t  factors . There 4

can be no doubt that the oxidation of the plating 0’
‘awa, the most important  factor in the aging of a lumi— • Ml 0
-4num p la ted  un i t s  and tha t  th i.  can be grea t ly  reduced o

if not eliminated by anodic oxidation .
0’

Conclusions
‘\ N

— ‘0
N O  0The frequencies of aluminum plated quartz re— ‘.

sonator. may be ad juated by the use of snodic oxid— z
ation . The process is simple and easily controlled i i a I I I 4
and the equipment 1. inexpensive, The y ield of a i,,, • * ,a~ ~~ — 0 a
production line u,tng the ANO X process is high
compared with that of a line using conventional
method s. A3 N 3flO384 ~0 3SV3~ 33U , ‘4______________________________________________ a,

The agin g of aluminum plated VHF quartz re— ________________________________
sonator s is largely due to the growth of the oxide 20
layer on th, electrodes. The oxide layer created
by an odic oxidation is made thicker than the t,rminal _ IS

p1th ickness of the natural oxide layer so that no x
further oxidation occurs and aging is hereby minimized .

The ANOX process is especially useful in adjust— Uing the frequencies or VHF dual end monolithic coupled z $4
resona tora where the required frequency adjustments Iii
can be made by anodizing the electrodes independently.
It as y also be used to adjust the band width of Z 2
coupled resonatora by selectively mass loading a

II.aeparste plated are,. 
,~, 10
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VOLT~~~TER

A - ALUMINUM ANODE
B - GLASS BEAKER (100 MI)
C - C R Y S T A L  U N I T
D - A NOX SOLUTION

Figure 3 a Apparatus for adjusting resonator frequency by
anodic oxidation

. — — — -.. .__ ® t

I~ ~~~~~~100 1,000 0,000
HOURS AT 20c c

A AV ERA GE OF 35 UNITS (ANOX )
AVERAGE OF 24 UNITS (OVER PLATED)
47 050 MHZ AT-CUT

riqur. 4 a Chang. of fr.qu.ncy Vie hour. at 12O~ C
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SURFACE LAYER OF A POLl SHE!) CRYSTAL PLATE

Hitohiru Fukuyo and Nobunori Oura
Tokyo Institute of Technology

4259 Naga tsuta , Midoriku , Yokohama 227 , Japan

Sunanary shift is presented as a function of the etching time
for some polishing pressures; the annealing effect on

In the course of developing precision crystal re,— the frequency shift ia also presented. On the basis
onators we have devised a technique to clarify influ— of these observations structure of a surface layer is
ences of a surface layer of a polished crystal plate speculated .
on its resonance frequency by gradually etching away
the surface layer. At the same time the annealing Finally we describe observation of a profile of
,‘ff ect was also observed, the refractive index near the aurface of a fused

quartz plate by means of ellipsoinetry . which supports
Specimens we used were 5-MHz circular piano— con— our speculation on a distorted surface layer of a

vex AT—cut crystal resonators in which the 5th overtone polished single—crystal resonator .
of the thickness—shear vibrational mode was excited.
Every time a specimen resonator was etched it was Precision Measurement Technique
placed on specially designed air—gap type holders of the Resonance Frequency
which were mounted between parallel electrodes ; with
these holders the resonance frequency was reproducible To clarify the effec t of a distorted surface
within ± 1 Hz which was small enough as compared with layer1 on the resonance frequency, we had to develop a
observed frequency shifts produced by etching, technique for reliable precision measurement of the

resonance frequency of a crystal resonator which allows
As a polished , non—annealed crystsl surface was mounting it without influencing the resonance fre—

etched , the resonance frequency was abruptly reduced quency; a well—controlled etching process is also im-
by about 20 Hz which , however , depends on the polish— portant in the present study.
ing pressure (the first region), and after passing a
minimum it gradually increased (the second region) A 5—MHz circular plano—convex AT—cut resonator
until the third region was reached in which the reso— was adopted as a specimen , in which the 5th overtone
nance frequency shift was linearly dependent on the of the thicknesa—shear vibrational mode was excited to
et ching time. An abrupt frequency decrease in the reduce the effe~ t of holders as much as possible . The
first region is a new finding . When a polished reso— planar face of a resonator was supported by three thin
nator of the same geometry was annealed at 52O~C be— paper pillows arranged in a triangle and an air gap 50
fore having been etched , on the other hand , the reso— in wide was maintained between the resonator and the
nance frequency was reduced by almost the same amount lower electrode as shown in Fig. 1; the paper holders
as a frequency shift observed in the first region; as served as very nice cushions. The upper electrode was
it was etched , the resonance frequency went up mono— adjusted to make a 3—run air gap above the reaonator.
tonically just like the previous caae after passing a
minimum . The slope in the linear region, however , was We found the resonance frequency was reproducible
sharper than that in the third region of the non— within ± 1 Hz , a f r ac tional ratio 2 X 10 1 to the rca—
annealed resonator. From these observations we have onance frequency. This value was satisfactory because
concluded: the distorted surface layer consists of it is much smaller than frequency shifts to be mess—
three regions and the annealing process effectively ured.
release8 strain in the surface layer.

The specimen resonator was etched for a given time
We also observed a profile of the refractive index in a saturated solution of anunonium fluoride which was

near the surface of a polished , non—annealed fused kept at 0CC or 25 C. The specimen was carefully
quartz plate by means of ellipsometry . The reault cleansed after having been etched and dried by infra—
supports the observation of a surface layer structure red heating; with dust—free surfaces the specimen was
of a polished single—crystal quartz plate mentioned placed on the paper holders and the whole thing was
above, kept at the ZTC temperature ( — ~6O C) .  The chemical

etching and the frequency measurement were repeated
Introduction alternately, and the resonance frequency shift was

measured as a function of the total etching time.
As is well known, proper selection of a crystal

material, geometry of the crystal resonator , and its Resonance Frequency Shifts
supports which may not disturb vibrations of t he res-
onator plays a crucial r -is in designing a high preci— We have made the following five measurements.
sion crystal resonator. Furthermore , the procesaing
of a crystal plate to stabilize its quality is aleo (A) The resonance frequency shift of a non—annealed
important , especially removing a surface layer of a specimen is plotted in Fig . 2 for various values of
polished resonator .  However , l i t t l e  has been known the tota l etching time. The ini tial aligh t etching
about the nature of a surface layer of a polished abruptly reduced the frequency by about 20 Hz. which we
crystal plate because its th in  thickneas makes d if f  i— call the first  region; a f ter  passing a minimum it in—
cult a detailed observation. The main purpose of the creased (the second region) and finally the third re-
current study La to find a prescription for stebiliz— gion was reached where the frequency shift is propor—
ing the quality of a cryseel resonator by ch ically cional to the etching t ime. The whola cycle was re—
etching a distorted surface layer or by annealing i t .  peated with several specimen. and it was found that

the amount of the first abrupt frequency shift was
We firs t show a techni q ue for making preciaion dependent on the polishing pressure.

measurement of the resonance frequency 51.1 chemical
etching processes . The observed resonance frequency (B) When an etched specimen reached the third region
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a convex face of the resonator was polished again and is removed by a elight etching or annealing. The
measurement was continued . The initial dip was ob— second layer Ia thicker than this and cannot be re-

• served again but its depth was almost halved probably  moved by annealing. The third layer is very thick
because the planar face was kept free from repolish— and works to raise the resonance frequency ; it is r.~-ing; the second region following the dip was also moved by annealing .
small ~see Fig. 3).

Conclusion
(C) A polished crystal was initially annealed at
520C. The resonance frequency was reduced by about We have found the effect of a surface layer of a
20 Hz before being etched and the first abrupt shift polished crystal plate on its resonance frequency and
of the resonance frequency was no longer observed as obtained a prescription for stabilizing the resonance
it was etched , as shown in Fig. 4. It follows that frequency by chemical etching and annealing. We
the first region was released by annealing, desire to clarify crystallographical structure of a

distorted surface layer of a polished crystal plate
(0) In the third region the specimen was annealed at in a further study .
520 C. The resonance frequency was reduced , by an-
nealing, down to almost the original value and then it Acknowledgments
increased linearly in the etching time with a larger
slope as shown in Fig. 5. The authors would like to thank Prof.Dr. T. Musha

for the interesting discussion on this study. Thanks
(E) An annealed specimen was repolished in its third are also due to Mr. S. Kamihoriuchi, Mr. F. Shishido,
region , and then the frequency shift was measured as Mr. N. Kitajima, Mr. S. Kanazawa and Mr. H. Kohno for
it was etched , the result being plotted in Fig. 6. We their cooperation throughout this work.
obtained a eieilar result to case A. This fact shows
that the third region will be followed by the fourth References
region in which the resonator La almost free from
strain or distortion. 1. S. Nonaka, “The Fundamental Studies on the Lapped

and Polished Layers of Crystal Plate and the
Optical Observation of the Surface Layer Evaporated Metal Electrode,” Doctor Thesis at

Tokyo Institute of Technology , March 1969.
A profile of the refractive index near the sur-

face of a crystal was observed by means of an optical 2. H. Yokota, “Ellipsouaetry in the Measurement of
method called ellipsometry . Since a single—crystal Surfaces and Films,” Junka tsu , Vol.19, No.3, 1974 ,
quartz is birefringent , a fused quartz was used as a pp.229—235.
specimen. With this technique ,2 an equivalent re-
fractive index of a surface layer and its equivalent
thickness can be measured. The measurement was re-
peated by repeating the chemical etching. From these
quantit ies for various etching times , we determined a
model profile of the refra ctive Index which best fit
the obeervation; the result is shown in Fig. 7. 1 UPPER BRASS ELECTRODE

Discussion j v~
From the observation we have described above , we CRYSTAL RESONATOR 

_______________ — -

make the following speculations. 
~~ 3~y~ A I R  GAP

THIN PAPER PILLOW ~~~ _.—-~~ 

(A) and ( B ) :  An abru pt shif t  down of the resonance L .±.~~.

frequency denoted as the first region and a re—
lat ively rapid frequency rise in the second region
are generated by polishing. I ‘

\
(A) and (C) : The polishing process raises the reso-

nance frequency as denoted by the first  region and LOWE R BRASS EL
it La removed by annealing . The aecond region is , CRYSTAL RESONAT OR 

-
-

however , stable against annealing and does not
contribute to raising the resonance frequency . -

(A) and (D) : The third region is also generated by
the polishing process and contributes to raising
the resonance frequency; this region vanishes
af ter annealing .

(D) and (B) : The fre quency shift created by the thi r d /
region is tantamount to a change in jhe thickness /

crystal plate as large as 70 or more than 

THIN PAPE R PILLOW
The profile of the refractive index reflects the

above—mentI:ned st ructur: of a distorted surface layer 
FIG. 1 CRYSTAL RESONATOR MOUNTING

The above discussion is at ar ized as: the sur-
face layer of a polished crystal plate consists of
three differen t layers , The first layer which works
to rafee the resonance frequency is very thin and it
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A METH~V OP ANGLE CORRECTION

Dieter Husqen
Claud C. Caimsa, Jr.

Savoy Electronics , Inc.
Ft. Laude rdale. Florida

Mechanical Method
Angle correction has became necessary J~t.gle correction is usually accan-because of the tighter angle requirements plishe~ mechan.tcally. The mechanicalneeded for today’ a crystals and the in- method is to lap or grind the blanks atability of the cutting operation to stay an angle to the surface. A blankholder,wi thi n the requi red angle Of cut. This usually a vacuum type, holds the blankreport ahows an easy method of correcting at an angle to the grinder or lap plate andthe quartz crystal orientation angle by grinds or laps the angle correction away.covering half the crystal blank with an The other side of the blank has to beetch resistant material and placing it in corrected also to get a ful ly correctedan etch solution. The minimum thickness blank. If only one side is corrected, thedisadvantage of mechanical angle correction results after lapping will be half corrected.can be overcome by using the etch method. The disadvantages of the mechanical methodbut th. amount of correction is limited tO are only one to six blanks can be corrected

at a time, it requires skilled personnel.
and the minimum thickness is about 0.015Introduction inches. The ability to m ake rather large
angle corrections is the chief advantage.In the manufacture of AT cut crystala,

the trend is to tighter temperature co- Etch Methodeff icients, ( TC tolerance ) .  An exampl e is
*5 ppm fran -.10 to ‘ 7O’C specified for Angle correction using an etch solutionland mobile crystals. Another example is is accomplished by etching away specific*2.5 ppm from -10 to ~ 60’C specified for areas of the blank, so that in the followingcrystals used in base stations. Thie re- lapping process , the angle shifts. Thisqul.res blanks with an angle tolerance of method has four steps. First approximatelyplus or minus half a minute of arc, half of the surface area on both sides ofThe accuracy of the saws under normal the blank has to be covered with an etchmanufacturing conditions is still not much resistant material .better than ~1 .  The diamond blade saws at
Savoy Electronic s generally hold within *4’providing the saw bl ade is in good condition. Etch resistant materialA slurry saw user reported ~2’ angular
spread for both the sawing and tran efer ing
error . Therefore, only about 50% or less of
the blanks cut axe usable for tight tol- ~--~erance temperature coefficient crystals.

In order to use the crystal blanks when
there is no requirement for those with larger _________________ 4tolerances, the orientation angle has to be 

______________ -changed. Th. technique of angle corr.ctiori
is to shift the two surfaces of the plane /TEtched away are~~~~ _parallel blank by a certain angle so that
the angle between the crystal structure
and the surface is correct.

Fig. 2

Circuit plating tape ( 314 *1280) was‘
~, 4°’ found to be a good etch resistant- 

I ~~
-j—------ material. The tape is held by a special

fixture. Th. crystal blanks ire placed onI 
____ 

th. edge of the f ixtur, and pressed
against tim. taps.

Fig. 1
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tanor at= . . = in radian)
- - The etch depth is a function of etch

- activity and time. The etch activity is
held as constant as practical by controlling
the temperature ( 80~C I and by keeping
uadi ssolved etch crystal s ( annoniuzn
bifluoride) in the solution C saturated

- solution) . The activity is also checked to
the following stepsz

qØIIl~~~~~~~~~~ CHECK THE ACTIVITY
OF THE ETCH SOLUTION

~~~~~LE
0

— 1) Make a f requency measurement 5.800 I8~z
- -. on an unplated blank

2 )  Etch the blank a 20 second
standard time

Then a piece of tape is placed on the 3) Make a frequency measurement 5 • 820 PcIz

front side of the crystals, and the tape
with the crystals attached in rmnoved 4) Calculate thea f ~ 20 lOiz
from the special fixture. These strips of
tape and crystals are placed in a plexi-
glass spinner. These spinners hold 80 FIG. 4
blanks each.

If the Af varies, the etch time for a
particular angle correction has to be changed
in such a way that the amount of etch (At

/ remains constant. The amount of correction
can be determined empirically and a correct-

- -
- 

- ion table made for different activities as
,~~ 

-
~~
. ~~~~~

- AMOUNT ETCH TIME IN MINUTES
-- 

- -- - - - - - OP STAI~~A~~ ETCH OP

CORRECTION 18 KHz 20 1~1s 22 JG3z

1’ 5.0 4.5 4.0

2’ 10.0 9.0 8.0

3’ 15.0 13.5 12.0

iime nsxt step is to etch away the 4’ 20.0 18.0 16.0
exposed area of th . crystal blanks, so
that the surface has a step on both sides FIG. S
(diagonally opposed ) • The angle change AOC.
is approximate .qual to th. etch depth if
divided by half the length of the blank
( f  /2) • The maxiwn angle change is about 4 ’ , because

the tape does not hold up much over 20
minutes at 80.C.

Lap surfaces Thu tape is removed fr-.~m the crystal
blanks after the etch step . The spinn er

th. etch solution ._______________________ holding thu taped crystals is removed from

/
Fig. 3

NO



Results

The following results were obt ained
using the 3M #1280 tape and enunonium

- bi fluoride at 80’Cz
- 

RESULTS ANGLE CORRECTION

Blanks .450 sq. Frequency 6450 IaIz.

Angle 35 ’13’ *.5’  Correct to 35 14 ’ 40=1’

Angle double checked before corrected

X-Ray measurement after etch correction and
lapping to 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _

and placed in a large bealcer of cool water.
Some of the crystals fal l. of f the tape ~.hen 239 35 14’*/S’
it shrinks due to the cool water, but others
have to be pulled of f .  No probl ems occur 48 35’15’*.5’
f rom adhesive sticking to the crystals since
most of it stays on the tape. 311 — 76% within a~ 5’

The f i nal step is to lap the half
etched crystal blanks plane parallel. This FIG. 6 The blanks were X-Ray measured
is done in a planetary lapping machi ne. The twice, therfore, the ini tial accuracy was
crystals must be lapped enough to remove the approximately 95% within *.5’
step resulting f rom the etching. Result8 76% of the blanks came up to

The advantage of this method As that th. desired angle within S, 5’
much thinner blanks can be corrected and the
disadvantage is the maximum correction of 4 ’

~ cperiment

Paint and tape ware tried as an etch
resistant covering.

The following paints were tried:
Acrylic Icrylon
Lacquer
Aerosol Undercoat
Paraf in, dissolved in alcohol

Acrylic Krylon was the best paint, but the
longevity in th etch solution was not good.
Paraf in did not stand up to the temperature.

The following tapes were tried:
Scotch Magic Transparent *810
Scotch Magic Transparent *600
3M Circuit Plating Tape #1280

Tim. 3M tape held up very good and it is
now used in  production.

Two etch solutions were tried. The first
was a concentrated solution of wvnonium hi-

• fluorid, at 8O•C, which is also used in
production for other purposes. The second was
a mixture of hydrofluoric acid and amonium
hi-fluoride at room t~~~.rature. ~~om
t~~~eraturs was chosen becaus. it would be
desirable to have an active acid that is
sot heated to avoid the problems with the
t~~~eratur. resistance of th. covering mater-
iel. Ibwevsr , the activity of thi s acid
only ¼ of ~~~oni um hi-fluoride .t 80C ,
therefore, onium hi-fluoride is now in use.

281 

~~~~~~~~~~~~~~~



RE SULTS ANGLE COIRE CTION RESULTS ANGLE CORRECTION

BLanks .401 sq. Frequency 6450 KHz . Blanks .407 sq. Frequency 6450 lOIs

Angle 35’21’*.5’ Correct tO 35 23’ Angle 35’08’*.5’ Correct to 35 10’àG—2’

60 - 2’ Angle couble checked before corrected

X-Ray measurement after etch correction and X-Ray measurement after etch correction
lapping to 7800 lOIS. and lapping to 7800 101*.

Quantity Angle
Quantity Angle

4 35•Ø 9’* ,S’
-Il 35 21’*.5’

30 35 10’*.S’
233 35’22’*.5’

6 35’ll’*.S’
195 35 23’*.S’

40 75% within *•5’
41 35 24’à .S’

PIG. 8 The correction angle is plus 2’.
9 35’25’*.5’ The blanks were double X—ray measured.

The end result shows 75% of th. blanks after
-155 — 52% within *5 ’  correction are within *5 ’

— 89% within * 1.5’

*2
Quantity Angie

41 35 21’*.S’
RESULTS ANGLE CORRECTION

66 35 22’* .S’
Blanks .407 sq. Frequency 4400 101*.

352 3 5 2 3 ’a.5’
Angle 35’20’s.5’ Correct to 35’23 ’ a€) ’3 ’

~ 26 35’24’a .5’
X-Ray measurement after etch correction and

— 
120 35 25’*.5’ lapping to 6450 loIs.

805 - 44% within ‘.5’ Quantity Angle
— 80% within * 1.5’

____________- - 47 35 21’*.5’
FIG. 7 The amount of correction is plus 2’.
for both groups. 93 35 22’*.S’
Group *1 is slightly under corrected
Group *2 is slightly over corrected 420 35•23’*.S’
The blanks were only measured once on
the X-Ray machine before correction. 137 35•24’*.S’
The initial accuracy was only approxi-
mately 80% within *0.5’, thsrfors. the 49 35 25’a .S’
end result does not show an exact picture.

746 — 56% within *•5’
— 87% within * 1.5’

___________ 
or 72% within ‘ 1’

FIG. 9 The correction plus 3’.
These blanks were only X-Ray measured once,
and they are thicker than the others.
The end result show, that 56% are within ‘.5’

- 
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Conclusion

The investment in tooling and
equipasnt necessary to implement thu
method is quite email. Very little
training is needed to put this method into
practice. However, some engineering willhav, to be don., becaus, the etch charts
used to determine the etch time are empir-
ical and may vary from one manufacturer toanother. The vari,tien would be due to thefinish on the test blank and the activi ty fothe etch. P urthermer., each blank ei~ e shouldhave an appropriate etch chart.

Over 50,000 crystal blanks have beenangle corrected using the etch method: thusrendering what would otherwise be excessinventory into usable blanks.

• 
••

- ••

-•

1~
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THE EFFECT OF BONDING ON THE FREQUENCY VS. TEMPERATURE
CHARACTERISTICS OF AT-CUT RESONATORS

Raymond L. Filler and John R. V ig
US Army Electronics Technology and Devices Laboratory (ECOM)

Fort Monmouth , NJ 07703

Sumary

Although the frequency vs. temperature (f vs. 1) process-induced stratns, including cement-strains due
characteristics of quartz resonators depend primarily to the bonding agent . The effects of such ‘cement
on the angle of cut of the quartz plate with respect strains ” on resonator performance have not, however,
to the natural crystallographic axes , processing van - been measured previously. This paper discusses experl-
ables such as the stresses due to the mounting clips , merits which show that the bonding technique employed
bonding agents , and electrodes can also have important can significantly change the f vs. T characteristics
effects. For thin resonator plates , in particular , it of AT-cut resonators.
has been found that the bonding technique employed can
produce large rotations In the f vs. T characteristics. Bonding Experiments
Changes in the f vs. T characteristics which corres-
pond to shifts In apparent angle of several minutes During the fabrication of 20 MHz resonators, a
have been observed. This paper discusses experiments poor correlation was noted between the angle of cut,
which have defined the effect of bonding on the appar- as measured by X-ray diffraction , and the apparent angle ,
ent angle. as determined from the f vs. T characteristic . This

poor correlation persisted even after the incorporat~onNickel electrobohding was used throughout these of a highly accurate laser assisted X—ray gonlometer
experiments because this technique permits precise into the fabrication process.
control of the bonded area, the thickness of the bond-
ing film , and the Intrinsic stress in the film. The At the time of these observations, two different
experiments were performed on 6.4 me (0.250 ) diameter , 20 MHz resonator designs were under development. For
20 MH~ AT-cut plates. The bonding areas were smal l both resonator designs, the nickel electrobonding tech-
(1 me ) ovals placed along a blank diameter. The nique was used to bond the blanks to the mounting
shift in apparent angle was measured as a function of clips. The bonded areas of the two designs are shown
the orientation of this diameter with respect to Xx’ . as the blackened portions in Figure 1. One design was
Downward shifts In apparent angles were observed when
the bonding areas were oriented along the ZZ direc-
tion; upward shifts were observed along the XX ’ direc-
tion . For a 50 ~m (2 mils) thick bonding film , achange in bonding orientation from ZZ’ to XX ’ produces
an apparent ang le  shift of over 6 mInutes.

The shifts in apparent angle were found to be a
function of the shape, area , and thickness of the
bonding agent, and of the orientation of the bonding
area with respect to the crystallographic axes of the
plate. By carefully controlling the geometry and
orientation of the bonding spots, the effect of bond-
Ing on resonator frequency can be min ized , or alter-
nately, predictable shifts In apparent angle can be
produced . Thus the bonding method can possibly serve
as a convenient means of “angle correcting” . FIgure 1 , Bonding Areas on Low Shock and High

Shock Resistant Crystals
Key words. Quartz-Resonators , Quartz , Bonding,

Freqiency vs. Temperature—Cha racteristic , Resonator , for a high shock resistant Temperature Compensated Crys—
Plezoelectric-Crystals , Frequency-Control , Frequency- tal Oscillator (TCXO) application in which the edges of
Standards , Stresses , Aging (Materials), the blank were strengthened by extending the nickel

plating around nearly the whole circumference of the
introduction blank. Two small diametricall y opposed gaps In the

plating serve to prevent electrical shorts between
The frequency versus temperature (f vs. T) char- the two semicircular halves of the edge plating. The

actenistic of a quartz resonator deperv~ primarily on second design, with the small bonded areas, was for a
the angle of cut of the resonator blank. There are, low shock TCXO application. The centers of the bonded
however , secondary factors Introduced during the pro- areas In both designs were oriented along the ZZ’ crys-
cessing which can also Influence this characteristic. tallographic direction of the blanks.
Among these are the stresses due to mounting, bonding
and the electrodes. Resonators of the high shock design were found to

have a f vs. I characteristic which one would normally
associate with blanks whose angles of cut are higherYoung, et al ., have demonstrated by an x-ray than the measured X-ray angles. Resonators of the lowsource image d1~tort1on technique the existence of
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shock design , however, had apparent angles which  were ‘~ickel electrobonding process described previously 3.
consistently lowe r than the X—ray angles . Moreover, The nickel plating took place In a temperature control-r the discrepancies between apparent angles and X-ray led plating bath at 48 C. The thickness of nickel dc.
angles Increased as the thickness of the the nickel posited during bonding was a constant 50 urn 1 2 mlls)
film used for bondina was Increased, throughout this experiment. The thickness was control-

led by using a constant plating current density and a
These observations suggested that the poor correl- constant plating time , and was checked by measuring

atlons between the apparent angles and X.ray angles the thickness on a control sample. The circular elec-
were related to the bonding films. The tight toler- trodes had a 3.2 en diameter , and consisted of vacuum
ances on the f vs. T characteristics of these TCXO evaporated gold , with a plateback of 350 kHz. The
crystals made a better understanding of these obser- resonators were sealed with a dry nitrogen atmosphere
vations essential. Inside the enc’osures,

A group of resonators were fabricated as shown In The f vs. T characteristic was measured, and the
Figure 2. The resonator blanks were 20 MHz fundamen- apparent angle was determined from the curve relating
tal , plano-plan o , AT cut, natural quartz, with a dia- the normalized difference between turning point fre-
meter of 6.35 me (0.250 inch), final lapped wi th 5 um quencies , 6F , to the angle of cut, as shown in Figure 3.
aluminum oxide abrasive, beveled , then etched 800 kHz.
After measuring the angles of cut carefully, chromium- 1_~~~~~~~ ’ -

gold tabs were vacuum evaporated onto the blanks near 30 /
the edges. The tabs, which con~isted of 200 A of Cr /
+ 120 A of Cr-Au mixture + 600 A of Au,deflne the areas /
on the blanks to be plated during nickel electrobond- 

~~ing. These areas, Indicated as the “bonded areas” in ~~ 2i
Figure 2 , are 0.5 rise wide and 2 m long (0.020” X

~~20

x
.‘
-

~~~~ ~~~ / \ I

BONDED AREA -\~~~~~~~~~~~~~~~~ 
‘
~

i~~~~~~~~\\WI1
‘
~ ~~~ ‘

~~‘ 

~~ uiunr 35’I23O ’ 3 4 
• • 

~ 
‘ 3

\

~ 

~~~~~~~~~~~~~~~~~~~~~~~ ~fr flIJIUC w oir p~Aso- ptAso ruaAMrsr *L)

Figure 3. Difference Between Turning Point
Frequencies vs. Angle of Cut

The curve is a plot of the relationship 5

______________________________________ 4(b2 - 3 ac)3”2
I I I I S F= (1)

I I I I 27c~L._J I....i where a , b and c are the usual temperature coefficients
of the first , second and third order , respectively.

Figure 2. Resonator with Bonding Area Orientation , For example, as shown by the dashed line 18 Figure 3,
•, Shown. when 6F • 15 ppm , the apparent angle is 35 16’ 30”.

After so determining the apparent angles of a group of
0.080”). The bonding orientation angle, *, between resonators , the resonator blanks were stripped of all
the diameter defined by the centers of the tabs and metal and reprocessed using the identical fabrication
the XX’ crysta11ogr.~, iic orientation of the blanks proceedure , except that for each crystal, the bonding
was measured by conoscopic observation in a polarizing orientation , q, was changed. The f vs. I characteris-
m1cro~crope”. tics were remeasured and the apparent angles were de-

termined as before. It was found that all the appar-
The mounting clips ware 0,76 m wide, 5.1 iran long, ent angles had changed. The changes were a function

51 urn thick (0.030” X 0.200” X 0.002”) steel . The of bonding orientation. Those whose bonding orients-
clips were positioned on the base (HC-25) In such a tions were changed towards XX ’ shifted upward In ap—
manner tha t when the resonators were mounted, the parent angle; those whose bonding orientations were
radial force exerted by the clips was near the mini - changed toward ZZ’ shifted downward In apparent angle.
mum required to hold the crystals in place. An area
on each clip was masked to assure that the clips were To insure that the observed shifts were due to the
not stiffened by the nickel during electrobondlng. bonding only, and not due to the stresses exerted by
One of these areas is labeled as the “hinge” In Figu re the mount ing-clips , one cl ip on each of several reson-
2. ators was cut and rejoined with 76 urn (3 m u )  diameter

gold wire. The changes In apparent angles due to this
The crystals were bonded into the bases using the modification were found to be negligible. That the
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changes were due to the bonding films onl y was a l so D i scuss ion of Res u l ts
confirmed by the fact that when the thickness of the
nickel bonding films were increased without chang ing The curve in Figure 4 explains the seemingly ano-
any of the other processing parameters, the magnitude malous behavior of the two TCXO crystal designs men-
of the apparent angle shifts also increased. tioned earlier. For both designs, the blanks were

mounted along ZZ’ . The low shock design produced a
The reprocessing of resonators was repeated until downward shift in apparent angle, as would be expected

a curve of apparent angle shift vs. bonding orients- from Figure 4. The upward shift In angle produced by
tion was obtained , as ~ own in Figure 4. The vertical the high shock design is also explained by Figure 4,

because when the angle shifts are sunned over all bond-
- Ing orientations encompassed by the edge plating on the

high shock design , the net angle shift Is clearly up-
wa rd.0 51*51 R i ?

S.
A II*NI Nol The angle shifts are believed to be due to the

temperature dependent stresses produced by the bonding
- agent. As the temperature of the resonator is changed,

the stresses due to the difference in thermal expan-
sion coeff ic ients  between the bonding agent and the
quartz also change. For a given bonding procedure,
the shifts in SF due to these thermal stresses are ex-
pected to be proportional to the difference in thermal

2 - expansion coefficients, the difference in elastic con—
stants , and to the stress sensitivity coefficient of

• quartz.

• The thermal expansion coefficient of quartz in the
tangential and radial directions is plotted as a func-

o - - - - tion of the orientation, ~, in Figure 5. Since the 

1 c, - •. 4 _~- - - --~ir rI

~~ 3 ~~~~~~~~~~~~~~~~~~ -

_____________ ________________________________________________ 1*01*1
so’ n ,~

BONDING O~I(NTATION , *, MEASURED FROM XX ’ 
~ I2~-

& I ‘ - -.  ~III3Figure  4. Apparent Angle Shift vs. Bonding . - - -

OrIentation . I
II Q I flh’comSSl~~IIs4axis is the apparent angle shIft, in minutes , measured ~.. /

From the angle of cut of the blank (as determined by
X-ray diffraction). The curve shown is the best fit
through numerous data points. The actual data poInts ~ IO~
for two of the blanks are shown by the triangles and
cIrcles. The orientation ~hIc~ produces zero shift In 

—-

apparent angle is about 50 ~5 . I
I - - -

~~~~~~~~~- -~~~~~~~- -—b- - - 
_
~

_ 
‘ 

,,
0’ 10’ 20’ 30’ 40’ 3*’ *0’ 30’ W’ 00’

For example , the angle of cut o~ blank No. 7 wasmeasured to be 350 16’ 41” . With 35 12’ 30” as the *, fITS RESPECT TO OR ~
reference angle, the standard value of the normalized Figure 5. Thermal Expansion Coefficient of AT-cut
difference between tu-nlng point frequencies, SF, as Quartz vs. Orientation
calculated from equatlcn (1) abo~e, is 15.9 ppm. When
the bonding orientatIon ,~,was 11 , the measured SF was bonding agents are generally isotropic, it is not p05—
54o09 ppm , which corresponds to an apparent angle of sible to achieve an exact match to the thermal expan-
35 21’ 53” ; i.e., the apparent angle shift was +~~

‘ 12” . sion coefficient of quartz.
When this same blank was refabrlcated with 

~
, • 85

SF • 8.25 ppm was rasure& This corresponds to an ap- The stress sensitivity coefficient of quartz for
parent angle of 35 15’ 12” ; i.e., the apparent angle an isotropic stress in the acti~e area of the resonator
shift  was -1’ 29” . Iprefore, f8r the same blank re- has been calculated by EerNisse for the rotated Y-cut
processed from • - ii  to * • 85 , the total shift in family. To explain the angle shift data of Figure 4,
apparent angle was 6’ 41” , and the total shift in SF however, the stress sensitivity coeffIcient for an
was 45.8 PPP~. anisotropic stress applied in the plane of the blank

near the edges would be needed as a function of orlen-
Several blanks were also processed with a silver tation,*. Such Information is not currently available.

conductive cement as the bonding agent. After these
blanks were reprocessed so as to shift the bonding Applications
orientation from near XX’ to near U’, shifts in ap-
parent angles as hi gh as 4 minutes were measured , how- 1. AgIng and Thermal Hysteresis
ever, a sys tematIc s tudy of angle shift vs. bonding
orientation , was not attempted due to the diffIculty We have seen tha t the bonding agent can produce
of controlling tha area and thickness of the cement significant shifts in f vs. I characteristics. For
applied,

285



example , as was d i scussed prev iously , when blank No. 7 Liof F igure 4 was bonded near the XX’ orientation , the
measured SF di ffered from the value one wou ld normally
expect from the angle of cut by nearly 40 ppm. At the
upper turning point , for example , a relaxat ion of the
thermal stresses could produce a frequency change ,
i.e., aging , of over 10 ppm . Similarly, if the fre-
quency of this resonator is measured at a given tem-
perature, then remeasured at the same temperature after
having experienced a temperature excursion , the fre-
quency will be different if during the temperature ex-
cursion the stresses at the quartz-bonding agent in-
terface change. Therefore, the stresses due to the
bond ing agent may lead to si~ .i ificant aging and therm-
al hysteresis effects.

To minimize the contribution of the bonding agent
to ag in g and thermal hysteresis , resonators should be
bonded along the orientation which produces zero
shift in apparent angle. Interestingly, and perhaps
not coincidentally, the optimum orienta~ion for mini-
mizing the effects of bonding, about 50 from XX ’ , is
nea r the opti mum or ientat ion for m in~mizin g the ef-fects of mounting stresses. Ballato has shown that
for a radial force applied to the edge of an AT-cut
p la te , the force-frequency coeff~c ient is zero whe n
the force i s ap p l ied at about 60 from XX ’.

2. Angle Correction
Figure 6. Angle Shift Compensated Bonding Area on

The effect of bonding on the f vs. I character- Hi gh Shock Res istant Resonator
istic can be utilized to intentionally change the
apparent angles of blanks whose angles of cut would Conclusions
normally place them outside the usable range. For
example, for t’.e bond ing configuration described The bonding has been shown to be cap able of pro-
above , according to the results presented in Figure ducing significant changes in the f vs. I characteris-
4, the range of “angle correction ’ is from 5.5 m inutes tic_ of AT-cut resonators. The effect of bonding on
up to 1.5 minutes down. Of course, this range can be resonator frequency can be minimized by a careful
var ied by varyin g the bond ing configuration , i.e., choice of bonding configuration. The effect can also
the a rea , sha pe and t hi ckness of the bondi ng o yent be used to produce predictable changes in f vs.. I
applied . To ioinimize the effect of angle correction characteristics.
on resov~ator stability , the bonding ag~nt usedshould be one which shows m i n i m u m  stress rel ief  at Acknowledgements
the normal operating temperatures of the resonator. The authors would like to thank Dr. E. Hafner for
3. High Shock Resistant Resonators his helpful com ments, Dr. A. Ballato for providing

Figures 3 and 5, and Mr. L. Nelson for making the f
Among the requirements on a shock resistar.t TCXO vs. T measurements.

crystal under development is a f vs. T characteristic
in which the frequency excursion between turning References
points is 18 ~5 ppm, and that the resonator survivea l5 ,000g shock of 6 msec duration , with minimal 1. R. A. Young, R. B. Belser, A. L. Bennett, W. H.
change in frequency. These two requirements seemed Hickl in , J. C. Meaders, and C. E. Wagner , “Special
for a long time to be incompatible. The high shock X-ray Studies of Quartz Frequency Control Units ” ,
bonding configuration shown in Figure 1 strengthened Proc. 19th Annual Symposium on Frequency Control,
the resonator sufficiently to allow it to survive the pp 23-41, 1965 , copies available from NT I S AD
‘~,00Og shock. The bonding, however, also shifted 471229.
‘Pie apparent angle to such an extent, that the yield
on higi shock crystals with acceptable f vs. T char- 2. J. R. Vig, A High Precision Laser Assisted X-ray
act~rictics was extremely low. Goniometer for Circular Plates”, Proc. 29th Annual

Symposium on Frequency Control , pp 240-247, 1975,
1i~. results presented in Figure 4 allowed us to copies available from the Electronics Industries

—~i.c~~~ the high shock crystals in a manner which Assoc. , 2001 Eye Street , NW , Washington , DC 20006.
,.r ~ ’t s  a ~~ch higher yield on the f vs. I char- Article also available as ECOM R&D Tech. Rept.

- -. - i In F I g u r e  4, the upward angle shift at 4376, Dec. 1975, NTIS Accession No. AD A0l8520.
- 

~ondInq ~rientation Is about four times as
,. - • “a -5n~ sward shift at the zz’ orientation. 3. J. R. Vig, J. W. LeBus and R. 1. Filler , “Further

• -‘.-‘ ‘~ a ia therefore made wider in the vi- Results on UV Cleaning and NI Electrobondlng ” ,
ortentstion so as to compensate Proc . 29th Annual Symposium on Frequency Control ,

- • • ....~ sp,tft produced by the bonding near pp 220-229, 1975, copies available from EIA - see
‘a~~’d I nq confIguration is sisown in Ref No. 2.
• • 4i imi ft in apparent angle due

~- ‘ ~~~~ , • ‘ 4 ’ 1 )r I s  near zero . 4. See e.g., N. H. Hartshorne and A. Stuart , Practi-
cal Optical Crystallography, Chapter 5, American

267 

-. rr _’t.a. ’l —a



Elsevier Publ . Co. , 1964.

5. R. Bechmann , “Frequency-lemperature-Angle Character-
istics of AT-and BT—Type Quartz Oscillators In an
Extended Temperature Range” . Proc. of the IRE, Vol .
48 , p. 1494, August 1960.

6. E. P. EerMisse , ‘Simultaneous Thin-Film Stress and
Mass Change Measurements Using Quartz Resonators” ,
J. Appl . Phys., Vol . 43, pp 1330—1337 , Apri l 1972

7. A. D. Ballato , “Effects of Initial Stress on
Quartz Plates Vibrating in Thickness Modes” , Proc .
of the 14th Annual Symposium on Frequency Control ,
pp 89-114, US Army Electronics Command , Ft. Non-
mouth , NJ , 1960. Copies available from NTIS, AD
246500.

288



DESIGN CONSIDERATIONS IN STATE-OF-THE-ARI
SI GNAL PRO CESSING AND PHPSE NOISE ~-1EASUREMENT SYSTEMS

by

F. L. Walls , S. R. Stein , James E. Gray
and David J. Glaze

Freauency and Time Standards Section
National Bureau of Standards

Boul der , Colorado 80302

where S is the spectra l density of the noise power andIntroduction p iS tHe power available to a matched load. For Johnson
noise , the most common situation ,The recent rapid improvement of oscillator phase

noise has resulted in significantly more stringent re-
quirements for signal handling equipment. However , in— 

~ 
• ia = 4 x 10 21 Jformation concerning the phase noise performance of the

two most important types of circuits - amplifiers and and the achiegable phase noise performance is —184 dBmixers — is often difficult to find . Some general princi- below a 1 rad~/llz for a 1 Vrms signal from a 50o source.
ples are presented which ‘allow one to estimate the phase
noise performance of an amplifier. Also,techniques are In contrast to the white phase noise which is added
described which permit one to obtain the best possible to the carrier by the amplifier , the flicker phase noise
results fran the traditional double balanced mixer. A is produced by direct phase modulation in the active
measurement set-up which has 15 to 25 dB improvement in its element . It has been found empirically that a transistor
noise floor is shown in detail to illustrate proper mixer stage which does not use emitter degeneration typically
drive and termination. Although traditional circuits can has phase noise given by S4(f) = 10— ’’ rad2/f. However
with extreme care achfe~ S,~, -175 dB or slightl y better , the use of local RF negative feedback can reduce this
this is not sufficient for all present requirements . One noise power by as much as a factor of lO” .[ll Passive
technique to obtain an additiona l improvement of 10 to elements can also contribute to the flicker phase noise.
40 dB in measurement system noi se is to reduce the mixer Electrolytic , ceramic ,and silver mica capacitors and carbon
and amplifier contributions to the noise floor by the use composition resistors can give excessive flicker noise
of cor,’elation techniques. A circuit to accomplish this and should only be used In non—critical locations.
is discussed along with some preliminary results .

Three design requirements for low phase noise ampl i-
One of the most frequently needed systems in the fier design follow from the above discussion. Firstl y,study and use of oscillators is the phase—lock loop, each stage of an amplifier must incorporate emitter de—However , since the performance of this system is often generation to minimize the flicker phase modulation.

incidental to the ultimate goal of the experimenter , e.g. Secondly, critical passive components should be examinedthe measurement of phase noise, the desi gn of such a for excessive phase noise. Finally, the signal level
• system sometimes given too little consideration, re— must be always maintained at a hi gh enough level tosult ing in unanticipated difficulties and wasted time . achieve the desired white phase noise level .

The desi gn of an extremely simpl e phase—lock loop which
is suitable for almost all high stability oscillator ap— In order to illustrate the influence of thi s philos-
plications is discussed with particular attention to the ophy on the design of an amplifier, a new isolation ainpli—advantages over more traditional circuits . fier is described. This amplifier was developed to pro-

I . PH ILO SOPHY OF LOW NOISE AI4~L I F I ER DESIGN vide a hi gh degree of isolation between very low phase
noise RF signals which are usea to compare atomic asia

If an amplifier were driven from a noiseless oscil- other frequency standards.
lator, then the output phase spectrum would typically
have a flicker noise regIon at low frequencies and a II. WIDE-BAND LOW-NOISE ISOLATION AMPLIFIER
white noise region at higher frequencies. The break be-
tween the two is usually between one and one hundred Hz The amplifier shown in Figure 1 is designed to op-
and the white noise extends out to the bandwidth of the erate from one to several hundred megahertz. In order
amplifier. The source of the white noise modulation can to minimize current drain a method of achieving high
be Identified and the magnitude estimated, but similar isolation which used a small number of stages was
generalizations can not be made for the flicker noise. needed . This requirement was satisfied by a cascaded
Nevertheless, empirical guidelines can be established pair of common base transistor stages, Qi and Q~ 

A
which should ensure against unnecessarily poor flicker signal applied to the output port propagates towards
noise performance. the Input through the collector-base capacitance of Qi .

The 2N39O4 was selected because of its small output
Provided that the Integrated noise of the capacitance, 4 pF. Since the base of Q~ is grounded

the signal power, half the thermal noise power contrib- output Impedance of the preceding stage, the signal is
amplifier over its entire bandwidth is small compared to through a capacitor and the emitter looks into the high

utes to the phase modulation of the signal. Thus the low pass filtered. A second stage of filtering is per-
spectral density of phase fluctuations due to fo rmed by the transistor Q2 in the same way. It
noise of the amplifier is Is also possible for a signal to propagate from the

output to Input through the bias chain. Transmission
through this path is reduced to the same level as trans-

S,( f )  S0/2P5 mission through the transistor chain by the cascaded low
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pass filters . lypica l isolation which is achieved is The best performance has been obtained with units which
greater than 120 dB at 5 MHz degrading to 100 dB at 50 use hot carrier diodes in the ring. Some differences may
MHz. also result from the type of transformers in the coupling-t circuits . The noise observed at the output of the mixer ,

The common emitter input stage determines the col - consisting of mixer and amp lifier contributions , is nearly
lector current of the transistors. The 27o dc emi tter constant over a range of input power level . However , the
resistance produces an average collector current of output signal , proportional to the phase fluctuations ,
40 mA. Noise performance is generally best when the increases with the drive power. The best signal-to-noise
amplifier operates well within the class A region. With ratio for Fourier frequencies in the white noise region
a 5Oc~ load this amplifier can produce an output of nearly is obtained at very high drive levels. For one type of
I Vrms (13 dBin) with minimum distortion. The gain of the mixer , using a sing le diode in each arms , the best noise
amplifier is determined by the l oad resistance and the floor was obtained with approximately 30 mA rms current
unbypassed portion , 27~, of the emitter resistance. With at each input. This drive level exceeded the rnanufac-
the values shown, the full output swing occurs for an turer ’s maximum drive current specification. The optimum
input of approximately 1.5 ~~~~ drive is not necessarily the same for all Fourier fre—

quencies . The same mixer performed best. below 40 Hz at
The white noise floor which one would estimate for lower drive level . Since such a double balanced

this amplifier is 
~ ~ 

-184 dB. The measured noise mixer is a dynamic impedance the average drive current
floor is shown as curve A of Figure 2. The noise floor does not sufficiently describe the operating conditions.
appears to be only -174 dB , but since this level cor- The optimum method of coupling to the mixer also depends
responds to the measurement system noise it can only be upon the output impedance of the si gnal source. Al though
said that the ampl i fier Is not worse than this. The the use of 5Oci pads to attenuate the drive level is tradi-
measured flick~r phase noise of the amplifier is tional , a series resistor whose value is chosen to set
S~, = ~~~ rad If. This performance level is reached the desired current often gives superior performance .
because each transistor has a reasonable amount of local The improvements which are observed may be due to reduced
RF negative feedback. The emitters of Q, and Q2 both r ing ing of the drive currents.
look into the high dynamic impedance of the preceding . .
stage while the emitter of Q3 has the unbypassed 27~ 

The signal-to-noise ratio at the mixer output is also
resistor. For a given application , this unbypassed re— affected by the type of termination used. Since the mixer
sistor should be made as large as possible, limited has a low output impedance, near 5O~l , the dc termination
only by the necessity of having full Output voltage must be high impedance compared to 5Oc2. Failure to ob-
swing . serve this may result in 6 dB or more loss in signal level .

However , it has been determined empirically that the mixer
In addition to achieving low noise levels it is must be terminated differently at P.F. In the circuit shown n

necessary to minimize microphonics and pickup of power- Figure 4 the impedance to ground at the output of the mixer
• line frequencies and other signals. For this reason, no is 1 kci at dc and approximately 50c~ at 10 MHz. The net

use has been made of filter inductors or coupling trans- result of the hi gh drive level and the output termination
formers. It is also possible that temperature changes is illustrated in Figure 5, which shows the beat frequency
could cause sufficient collector current variation to between the two oscillators in Figure 4 at low drive
degrade the flicker performance. As a result , the level (sinewave) and high drive l evel (clipped waveform).
diode has been included In the bias chain to further The slope of the clipped waveform at the zero crossings is
stabil ize the collec tor current. It should be placed in more than twice the slope of the sinewave. It follows
physical contact with transistor Q~. The amplifier has from Eq. (2) that the noise floor is improved more than
been constructed on a double sided printed circuit board 6 dB by this technique. The increase in slope is not real-
measuring 3.25 cm x 9 cm. The art work for this circuit ized without appropriate termination , but the optimum cir-
board is available from the authors. cuit has not been determined. The noise floor achieved

with the circuit of Figure 4 is shown in curve C of
III. DOUBLE BALANCED MIXERS AND PHASE Figure 2. The spectral density of phase is -150 dB at

NOISE MEASUREMENT SYSTEMS 1 Hz and drops to a floor of -176 dB.

The most commo n and also most sensitive method of
measuring phase noise is to use a double balanc ed mixer. Several other special circumstances may o:cur. One
If the input ports are driven by quadrature signals , may wish to measure the signal from a device which has
then the output voltage Is proportional to the phase Insufficient output power to dri ve a double balanced
deviation of the input signals from the quadrature con— mi xer . Figure 6 shows a simple buffer amplifier which
ditlon. The spectral density of the phase noise can be may be used under the circumstances . In keeping wi th the
calculated from the very simple expression stated philosophy of amp1if~er design , this circuit candri ve a mi xer with a nominal 50p input impedance with a

IVn(flI 2 1 V rms signal In class A Qperat ion. The mixer input Im—
S (f) •1—~———— t (2) pedance appears as an unbypassed 2OO~ in the emitter
‘ 1 s J circuit which results in excellent flicker noise perform-

2 2 ance. As shown in curve B of Figure 2, the spectra l den-
where V (f) is the noise densIty in units V /Hz at the sity of phase is —149 dB at 1 Hz and falls off to the
output ~f the mixer and V s is the sensitivity of the noise floor of the measurement system . The 10 dB Improve-
mixer In V/rad. ment in flicker noise over the previously described

Isolation amplifier Is probably due to the greater emit-
A variet~y of circuits for the measurement of phase ter degeneration or lower intrinsic flicker noise in the

noise have been discussed extensively In the literature. 2N5943 transistor compared to the 2113904 or both. The
Here we will look closely at specIfic problem area s 2N5943 was suggested for use in this circuit by Charles
common to all circuits using double balanced mixers: Stone of Austron Inc .
components, input drive levels and output termination.
Data are presented which show that proper treatment If the device being tested Is capabl e of more output
of these details results In a 15 to 25 dB improvement In power than a standard doubl e balanced mixer can accept ,
the performance of phase noIse measurement systems. then it Is possible to achieve even lower noise floors .

Provided the driving voltage exceeds about 1 Vrms, It Is
Figur. 3 shows a typical doubl e balanced mixer , possible to use a high level mixer. Such a device has

more than one diode in each leg of the ring and Is there-
fore able to achieve higher output voltage without a
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corresponding increase in the noise. The circuit dia— appear coherently on both channels and can ’ t be distin-
gram of the mixer in Figure 3 shows two diodes In each guished from real phase noise between the two oscillators.
leg. Using a mixer with three diodes per leg a noise One half of the noise power appears in amplitude and

4 floor of -184 dB was achieved with a drive level of one half in phase modulation.
1.6 ~~~ If the oscillator ’s output impedance is low
but the voltage is insufficient to dri ve a hi gh level Curve A of Figure 8 shows S~(f) for the mixer and
mixer a step-up transformer can be used to obtain the ap- dc amplifiers in Channel 1 and 2 when used separately.
propriate drive voltage. Since the signal and noise The mixers in this case have three diodes in each leg
power increase by the same ratio , the spectral density instead of the two shown in Fi gure 3 and are driven
of phase of the device under test Is unchanged but the with approximately 5 VDtp at 5 MHz from lOu source lii-
noise floor of the measurement system is reduced . pedance using 33o series resistors. Curve B Figure 8

Indicates the correlated component of this noise between
IV. CORRELAT ION TECHNIQUE the two channels. In order to predict performance In a

specific measurement using this scheme, the noise level
With all of the imp rovements described the tradi— of the isolation amplifiers used would have to be added

tional double balanced mixer phase noise measurement to Curve A and proportionately to Curve B.
system Is unable to resolve the noise floor of the best
oscillators ~nd amplifiers. The above data clearly Indicate that significan t l ie—

provements over any presently existin g phase noise meas-
If times 20 or more frequency multiplier chains with urement system can be obtaIned using correlation tech-

noise levels 20 dB below that of the measurement system niques. Such improvements are vit ally necessary In order
shown in Figure 2 were available, then that would solve the to measure present state—of—the-art si gnal processing
present problem. So far we are unaware of such multi— equipment and to test future components and circuIts .
plier chains, although some prototype multiplier chains The simple single frequency correlator used In this ex-
show white noise floors 5 to 10 dB bel ow Figure 2. It periment could be replaced by a fast dig ital system
would al so be convenient if the measurement system were which would simultaneously compute the correlated phase
broadband so as to accept carrier frequencies from ap- noise for a large band of Fourier frequencies . Ultimate
proximately 1 to 100 MHz. Figure 7 shows the block noise floors could probably be reduced 40 dB below the
diagram of a phase noise measurement system which is in- noise level of a single channel .
herently very broadband and also has the capability of
improving the measurement system noise by at least 20 dB. -V. PHASE-LOCK TECHNIQUESIt consists primarily of two equivalent traditional phase
noise measurement systems. One of the most ubiquitous elements of phase noise

measurement systems is the phase-lock loop. (2,3] WhenAt the output of each doubl e balanced mixer there the phase noise of a pair of oscillators is measured ais a signal which is proportional to the phase differ— phase—lock loop is normally used to maintain a conditionence, ~~ between the two oscillators and a noise t~erm, of approximate phase quadrature. For accurate measure-
V11, due to contributions from the mixer arid amplifier. merits it Is necessary to keep the phase error less thanThe voltages at the Input of each bandpass filter are about 1/6 rad despite any initial frequency offset be-

tween the two oscillators or any frequency drift during
V ,(BP filter input) • A, A4(t) + C,V111(t) the course of the measurement. The phase—lock loop is

(3) usually the most neglected element of the measurement
V 2(BP filter input) A2 A4 (t)  + C2V112(t) system because its purpose is only tangential to the

measurement requirements. As a consequence it often
performs marginally. In this section the requirementswhere VNI(t) and VN2(t) are substantially uncorrelated. for a phase-lock system are discussed and an extremelyEach bandpass filter produces a narrow band noise func- simple yet elegant circuit Is presented which more thantion around its center frequency f: meets these requirements.

V ,(BP filter output) A,[S (f)]’~ B,
½ cos (2nft + i’(t)l A specific example Illustrates the problem: De~,ign

+ Cit 
~VN1

(
~~
f
~ 

B,½ cos L2mft + n,(t)1 (4) 
a feedback loop to lock a 5 MHz VCO to a reference os-
cillato r with a unity gain frequency of .16 Hz and cal—

V2(BP filter output) A2(S (ffl’~ 62½ cos (2wft + v(t)1 culate the open loop frequency difference for phase error

+ C2(SVN2 (f)1½ 62½ cos (2wft + ri , ( t ) J  
of 1/6 rad. The VCO has a tuning rate of 5 x io—~ Hz/ V
and the phase deviation from quadrature. One so 1utlon,
the first order phase-lock loop, is shown in Fiqu,,. 9.

where B, and B are the equivalent noise bandwidths of The 500 resistor and 0.1 pF capacitor are for proper ter-
filters 1 and respectfully. Both channels are band- mination of the mixer and do not contribute appreciably
pass filtered In order to help eliminate aliasing and to the frequency response of the phase-lock loop. The
dynamic range problems. The phases s’(t), n,( t) and n2(t) 

open loop gain of this servo Is
A take on all values between 0 and 2w with equal likel i-

hood . They vary slowly compared to 1/f and are substan-
f tially uncorrelated. When these two voltages are mu lt I -  2 (5x10 3 Hz/V) (0.17 V/rad) Gamp (w)plied together and low pass filtered only one term has 6servo~”~ 

• _________________________________

finite average value. The output voltage is (b)
lO~ G

= 1/2 A 1A2 S,(f) 8~~~~B
2

½ + D,<cos (~(t) —n 1(t)]> 
5.3x

out
(5) j w

+ D2ccos (y(t) — n2(t)J> + D3 <costn ,(t )— n 2 (t ) i> . where Gamp(w) Is the frequency response function of the
For times long compared to 8i~ ’B~

”
~ the noise terms ~~~ ~ 

amplifier . For the first order loop the amplifier has
and D tend towards zero as!!. Limits in the reduction constant gain and the open loop gain of the servo system
of th4se terms are usually associated with harmonics of falls off at 6 dB/octave at all frequencies as shown in
60 Hz pickup, dc offset drifts, and nonlinearities in the dashed curve of Figure 10. ThIs type of response
the multiplier. Also If the Isolation amplifiers have results from the fact that a phase error m easu red at the
input current noise then they will pump current through mixer Is cOrrected by changisig the frequency of the VCO ,
the source resistance. The resulting noise voltage will I.e., the feedback loop contains one inherent Integration.
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ISOLATION AMPLIFIER
To produce a unity gain frequency of 0.16 Hz, or an

attack time of one second, requires amplifier gain of 185.
The loop produces negligible correction for Fourier fre-
quencies greater than 1 Hz and may therefore be used to isa
make phase noise measurements In this frequency range.
The open-loop frequency offset which corresponds to a 1/6 .r 1
rad phase error is 3 1512 3

= (1/6 rad) (0.17 V/rad) (5 x l0 3Hz/V)(l85)
(7) lOuF .OliF

2.5 x 10-2 Hz 3 3
or only 5 parts In IO~ at 5 MHz. It is often difficult OUT

to achieve and maintain such a small frequency offset. .1~F 

~~~~~~~ 

~~~~~~~~~~~~~ ~~~However , the following circuit increases the dc gain of 350 3 FB
the feedback loop by lO~ and decreases the phase errorproportionally, The improved performance is achieved by j— 203904
adding a stage of quasi-integration which makes a second
order loop as shown in Figure 11. The first stage of ~~amplification Is the same as in the first order loop. 1012

The second stage has gain equal to R,/R2 for Fourier 1sF ~~~~~~~~ 
“

~
“1

.O1~F

frequencies larger than 1/(2wR 1C,). If R,C,exceeds 3
the attack time of the first order loop the new phase-
lock loop is stable. It is critically damped when •~~~ 

_~~~~~~~~ ~~~ 
203904

R 1C1is approximately four times the attack time and 368012 3°~has good step response for R1C 1between 1 and one and
five times the attack time. The solid curve in Fig- 

~~~~ 

_r”—” 
~~~~~~~~~~~~~ 

22PFure 10 is the magnitude of the open loop gain of the 
36~~~ 3second order loop assuming R, R2. Figure 12 compares

the step response of a first order loop to that of a zNo—fl ~~~~
“ 253904

second order loop with R,C,equal to the attack time . .1~F I •1~F
114459

The second order loop Increases the long-term gain tby the open loop gain of the second operational ampl i- 2.2140
fier provided that the leakage resistance, R of the
capacitor is sufficiently large. The open 1~op fre— 

.l~ Oh,F
quency offset between the two oscIllators which can be V

tolerated Is therefore increased to a limit determined
either by the maximum voltage swing of the second amp-
lifier or the maximum tuning availabic In the VCO. The Fig. 1 Schematic of 1 Ml-lz to 200 MHz isolation amp-
second order loop can be impl emented with a single op- lifier . The isolation is -120 dB at 5 MHz.
erational amplifier rather than the two which were shown Art work for this amplifIer is available from
for clarity. In this case the attack time is adjusted the authors.
by varying the inpu t resistor, R2, of the operational
amplifier , A2 and omitting amplifier A, in Figure 11.
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Fig. 4 Typical system for~measuring S~(f) of a pair
of equal frequency oscillators. Noise floor
for this system is shown in Figure 2, curve C.

Fig. 3 Schematic of a double balanced mixer . This
particular mixer Is shown with two diodes in
each leg.
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is shown In FI gure 2 curve 8.
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Fig. 8 Curve A shows S4(f) for each channel 0f the
measurement system of Figure 7 excluding the
isolation amplifiers . Curve B shows the cor-
related component of S,(f) between the twochannels.
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Fig. 12 The dashed curve shows the response of the

The dashed curve shows the open—loop gain of first order phase-lock loop of Figure 9 to
the first order phase-lock loop of Figure 9~ a phase step, while the solid curve shows the
while the solid curve shows the open-loop response of the second order phase-lock loop
gain of th. second order phass—lock loop of of FIgure 11 , with R,C,~ the attack time.Figure 11.
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AN )JLTRASTABLE LOW P~~~ER 5 MHz QUARTZ OSCILLATOR
QUALIFIED FOR SPACE USAGE

Jerry R. Norton
Applied Physics Laboratory
The Johns Hopkins University

Laurel , Mary land

Suismary A description of the Vacuum Flask
Assembly beginning on the inside and working

An Ultrastable Quartz Oscillator has toward the outside follows. Circuits within
been developed and qualified for use in earth the Vacuum Flask are physically miniaturized
orbiting spacecraft . Units of this design by using hybrid circuit fabrication tech-
have achieved a frequency stability of niques. Shown in Figure 2, circuitry for the
3 x lET13 . By using hybrid circuit fabri— oscillator is fabricated on a miniature PC
cation techniques and a very effective board which is 1.2 inches in diameter . Chip
“Super Insulation” system , the redundant component resistors , capac itors , and tran-
oscillator package occupies a volume of 57.6 sistors with typical dimensions of 80 x 50 x
cubic inches , weighs 2.2 pounds , and requires 10 inils are simultaneously attached to the
only  0.6 w a t t  of DC power at an ambient PC board by a solder reflow technique . A
temperature of 25° C. modif ied Pierce oscillator circuit is used

with  negative feedback appl ied to reduce
Introduction flicker noise and stabilize circuit gain.

A series of space qualified oscillators Figure :i shows the oscillator circuit
was developed at the Applied Physics Labora— board attached to the left end of the
tory beginning in the late 1950s for use in Oscillator/Temperature Control Assembly. A
the Navy Navigation Satellites (formerly protective cap is placed over the board to
called Transit satellites). Each successive prevent damage to the small chip components.
design has resulted in improved oscillator On the opposite end of the assembly is the
performance and an increasingly accurate oven control circuitry , also fabricated by
satellite navigation fix capability, hybrid circuit techniques. A single pro-

port ional oven controller is employed to
The primary objective of the new oscilla— maintain the quartz crystal and critical

tor design was to develop a very high perform— portions of the electronic circuits at the
ance unit that required little power and turning point temperature of the crystal.
minimal weight and volume. The oscillator Con3iderable effort was expended to not only
must survive a vigorous vibration environment maintain the crystal at its turning point
during a Scout rocket launch and retain its temperature , but to minimize thermal gradien ts
high performance during a minimum 5 year within the Oscillator/Temperature Control
mission in an ear th  orbit environment of 600 Assembly.
nmi. A uniformly predictable aging rate with-
out frequency perturbation is also desirable. A 5 MHz 5th overtone quartz crystal

manufactured by Bliley Electric (BG61AH—5S)
Design Details is enclosed in the crystal housing between

• the oscillator and the oven control boards.
Figure 1 shows the assembled oscillator An oven heater is wound on the outside of the

package (top removed) with the two independent crystal housing .
oscillators. Mounted along the upper side of
the package are two conventional PC (printed The effort to minimize thermal gradients
circuit) boards , one for each oscillator, was continued in the thermal insulation system
Located on each board i. a 5 MHz outpu t wi th  the use of a form of insulation called
amplifier , a voltage regulator , and an oven “Super Insulat ion ” . This insulation consists
heater power amplifier. A cylindrical Vacuum of alternate layers of radiation reflective
Flask Assembly below each PC board contains aluminized Mylar and a porous low thermal
an Oscillator/Temperature Control Assembly conductivity Tissuglas paper. A cutaway
which , together with the PC board , comprise drawing (Figure 4) shows the layers of
a complete oscillator, insulation wrapped around the Oscillator/

Temperature Control Assembly, Layers of
The Vacuum Flask Assembly is suspended insulation are also placed at each end of the

w i t h i n  the oscillator package by a series of assembly. The joints between the rolled
nylon cords. Fou r groups of cords , two of horizontal and the stacked vertical insula—
which are visible in the photograph and two tion layers represent the major thermal leak-
identical  groups below each flask , form a age paths in the insulation system. There—
dynamic suspension sy stem which isolates the fore , in an effort to redistribute and equal-
flask from vibration. By varying the stress ize the thermal paths , a metal shell with a
in the cord system , the dynamic charactoris- high thermal conductivity was placed between
tics may be adju sted to achieve the desired inner and outer groupings of the insulating
vibration isolation . Due to the very low blanket. “Super Insulation” has a thermal
thermal conduc t iv i ty  of nylon cord , the conductivity three orders of magni tude less
suspension system also contributes to thermal than Urethane Foam.
isolation of the Oscillator/Temperature
Control Assembly located wi th in  the vacuum In order to realize the insulating
fl ask . qualities of “Super Insulation” the system
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must be evacua ted  to a pressure of”~0~” torr. susceptible to the radiation levels found at
Th accomplished very simply by ,venting 600 nmi altitudes receive additional screen-

the enclosure to the vacuum of outer’ space ing in order to eliminate those which are
once orbit is achieved, sensitive to radiation . Throughout the

fabrication of an oscillator , numerous
Performance Data visual and electrical inspections are made

by both quality assurance personnel and the
The goals for oscillator performance Design Engineer to ensure that assembly is

were realized in the present design . Figure not only in accordance with applicable
5 shows typical 24 hour drift rates for two drawings and good workmanship practics , but
oscillators. Data for oscillator A covers also the high performance intent of the
a 14 day period and has an average daily design.
drift rate of 1.58 x lO” ’ /24 hours.
Oscillator B has an average daily drift rate Once fabricated , each oscillator package
of 1.94 x 10 1/24 hours for a 17 day period, undergoes a very extensive test program.
A plot of fractional frequency stability During thermal vacuum testing to simulate
(Al lan  Variance) for averaging times ( t )  from the space environment , all pertinent electri-
0.1 soc to 1000 sec is presented in Figure 6 cal parameters are tested. The oscil lator
(measurement system noise bandwidth is 60 package has been q u a l i f i e d  to w i t h s t a n d
kHz). This graph is a composite of data levels of up to + 25 g of s inusoidal
from several oscillators , the bar at each ( r )  vi b ra t ion  between 90 and 150 Hz.
indicates the maximum and minimum data from
the group of oscillators. The line connect— In addi t ion  to the above , t he osci l lator
ing the various averaging times is the package con t a in s  two completely independent
ave rage Allan Variance for the group of 5 MHz quartz oscillators to provide redun-
oscillators. Oscillator performance as a dancy if the operating unit should develop
function of temperature varying from —23~ C erratic performance or fail during the 5 year
to +55 C is shown in Figure 7. Frequency period . Only one oscillator is operated at
s h i f t  t~f /Z is relative to an ambient temper— any given time . The redundant oscillator
a t ure  of 25 °C.  The max imum f requency s h i f t  package has a volume of 57. 6 cubic  inches
is 1 x l0_ ’2 /°C. Total power consumption and weighs 2.2 pounds . A photograph of the
for the oscillator , elec tronics , and oven assembled 5 MHz Ultrastable Oscillator pack—
heater as a function of temperature is also age is shown in Figure 9.
presented.

Conclusion
Other operating parameters are:

The design goals for a new genera tionFrequency s h i f t  resul t ing  from a change 
quartz oscillator have been f u l f i l l e d .in oscillator load resistance of +10%

is 7.4 a 10_la . — Compared to the last generation oscillator
design , several operating parameters were

Frequency shift resulting from a change improved by a factor of ten and weight ,
in input  power supply voltage of 

~~~~ 
volume , and power consumption have been

is 6.42 a lo~l 2 /vol t,  reduced. As described herein , a redundant
oscillator package has been fab ricated andSpurious response fully qualified for use in an earth orbitingHarmonic: 55 dB below 5 MHz carrier satelli te .Non- harmOnic : 65 dB below 5 MHz

carrier in a 100 Hz/BW

Figure 8 is a typical strip chart recording
of Sf/f as a function of time between two
oscillators ,

Both natural  and synthet ic  quartz
material has been used to fabricate resona—
tors. The synthetic quartz was manufactured
by Sawyer Research ~~oducts , Inc . and was
Swept Electronic Grade material. Comparable
performance is achieved from either type of
quartz  resonator when used in oscillators.
Synthetic quartz resonators are used for
flight hardware because of less sensitivity
to radiat ion effects from the orbital envir-
onment .

Q~iality Assurance and Test Program

In order to achieve a 5 year l i f e ,
component types are selected with great • • • , • -  • -
care. Components are purchased to careful ly •1’

writ ten specifications , and each is screened
to eliminate visual and electrical defects
during incoming inspection at APL. All
components used in the cons truction of f l igh t
qual i f ied  hardware are operated at 70% or Figure 1
less t han the manufacturer ’s maximum rated Ultrastable 5 MHz Quartz Oscillator Packagepar ameters. Components which might be
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FIGURE 7 OSCILLATOR PERFORMANCE AS A FUNC TI ON OF TEMPERATURE
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Figure 8 - Typical  S t r i p  Char t  Recording of Sf / f  Vs. Time Between
Two 5 MHz Ultrastable Oscillators
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Fig ure 9 - Assembled 5 MHz Ultrastable Oscillator Package
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STABLE OSCILLATOR FOR PIONEER VENUS PROGRAM

Martin B. Bloch, Marvin P. Meirs and Ted M. Robinson
Frequency Electronics, Inc.

New Hyde Park , New York

Summary

Frequency Electronics, Inc. has devel-.
oped a stable quartz crystal oscillator for o”—’i.L ntmC,~ ,. N V  ,•~Ithe Pioneer Venus Program. This os~ illator
maintains a total accuracy of ipplO during _~~~~~~~~~~__— 0
the approach to Venus: during the severe de-
celeration that occurs in entering the

I �ROfl LAU’(CHVenusian atmosphere, which is approxima tely
LA~~~

100 times as thick as the Earth ’ a atmosphere 
~~~~~

‘

~

“°“ (
,,~,,, 

)and the descent to the surface of Venus ,
whe~ e it experiences a severe heat rise to ~~~~~~~~~~~~~~ ~~~
340 F - 

— —

The techniques of the design are discus-
sed with regard to meeting the requ irements / EscoliNiffi
of small size, low weight, low power, and ~~~“~°‘l ~~~~~~~~~~

~SNOV
good frequency stability. A stainless—steel
Dewar flask was used to survive the 700 0
deceleration pulse, and also provide the re- PIONEER VENUS MISSION PROFILE
quired insulation to meet the other require-
ments. FIGURE 1
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STABLE OSCILLATOR , OCXO
PIONEER VENUS

MODEL FE-2123A , OUTLINE DRAWING
!‘XGURE 2

279 - -



Introduction frequency accuracy through a 22 minute  pre-
entry phase, entry, and a 60 minute descent

The Pioneer Venus Program is a scientif— phase.
ic mission designed to learn more about that
planet. The mission consists of two space— The stable oscillator is located on t)~craf t ;  an orbiter, which will orbit the upper shelf of the small probe. The probe
planet Venus, and a mult iprobe spacecraft, pressurized with one atmosphere of nitroger
which will release and deploy one large probe
and three small probes into the Venusian
atmosphere for eventual landing on the Design
surface of Venus. The stable oscillators,
which are located in each of the three small The physical measurement of these osci
probes , will  be used to determine general lators was limited to 1.5” x 2’ x 5” . The
circulation patterns of the atmosphere. actual outline configuration is shown in

Figure 2. Most of the circuitry is housed
Figure 1 illustrates the mission profile the 1.5” diameter tube portion. A detailed

and shows the time phasing for the various view of this Al assembly is shown in Figur€
mission tasks. The multiprobe is launched
approximately four months before its rendez- A1A1 is the oscillator printed-circui’.
vous with Venus. The oscillators are ener— board, which is located in the sealed inner
gized and permitted a warm—up time of 90 oven enclosure, Item 17. Pr inted—circui t
minutes. After that, they must maintain board, AIA2, is the inner—oven control and
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sets the temperature on heater Ri, Item 9,
using sensor RT1. AIA3 is the output ampli-

-. fier printed—circuit board, and A1A4 is the
- outer—oven control printed—circuit board ,

if .,,~~~~. .  which controls heater R3 , Item 11. The
double oven was Used to precisely control the
crystal temperature during the severe temper-
ature excursion during the descent to Venus.

All of this circuitry is located inside
the stainless—steel Dewar flask, Item 16. A

- detailed drawing of the f lask is shown in
~igure 4. Electron Beam welding techniques
were used to manufacture this flask. An• -~~~ inner wall thickness of 0.015 inch was used

(~~
. to minimize conduction losses through the

walls of the Dewar. The stainless—steel
Dewar was used in lieu of a glass Dewar to
meet the high G acceleration requirements.

FLASK, VACUUM Figure 5 shows a detailed photograph of
STABLE OSCILLATOR , OCXO the stable oscillator. The voltage regulator

PIONEER VENUS printed—circuit board was mounted outside the
FIGURE 4 Dewar flask , on the cover assembly. This
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:over was then solder sealed to the housing, Quartz crystal Yl was developed to with—

~o insure that the oscillator would be main- stand the high level deceleration (700 0’s)
-~~~ned in a constant pressure atmosphere. during entry with a minimum frequency shift

from pre to post-entry. Each of the small
probes ’ oscillator frequencies are slightly
different, wi thin 10 kNz of one another , with
a nominal frequency of 19.1 MNz. A fifth ...._ ....... ................ overtone FC Cut crystal was chosen for this

_____ application. A TO-B Koidweld holder was used

~~~~~ ~
• ‘

~~~~
‘ [~~~~~~ 

with a three—point crystal mount.

~~ 
_______ 

t
. 

I 
Performance

— I The oscillator performance during the
deceleration, during entry , was the key to

•1 
oscillator was tested for this parameter both

-o.~~~~ meeting the lpplO9 frequency stability. EachL
~±ifIIII~....JI_j F using gravity as the force, and dynamically,

statically, by rotation of the oscillator

m ~~~~~ by accelerating up to 700 G ’s (qual ifica tionO’flhI~

- 
level) and 565 G ’ s (acceptance level) by use

~~~~~~~~~~~~~~~ 

of a hydraulic centrifuge and recording data ,
both immediately before and immediately a f te r
the acceleration. Figure 8 shows the fre-
quency change due to the static rotation of

BLOCK DIAG RAM the oscillator. Figure 9 is the sunvtary data
STABLE OSCILLATOR, ocxo from the dynamic acceleration testing of the

PIONEER VENUS same oscillator. After each oscillator was
FIGURE 6 tested, it was then rotated to the optimum

axis to obtain minimum frequency change.
A block diagram of the stable oscillator

circuitry is shown in Figure 6. The oscilla- Figure 10 shows the acceptance level
tor circu itry used was a Butler conf iguration. thermal profile for the total 82 minute
This configuration used a minimum number of mission. The mounting su~face temperaturepar ts, which kept the size to a minimum and goes from — 40 F to + 122 F, while the con-
also was capable of achieving the lppl0~ vected heat flux inside the probe varies from
stability over the 82 minute mission environ— - 40 p to + 3250 F. The upper curve shows
ment. The schematic of the oscillator the frequency variation as a function of time
circuit is shown in Figure 7. when exposed to this envi ronment.
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The table of Figure 11 is a summary of
the pertinent stable oscillator requirements I
and the results actually received. The  - - .

oscillators used slightly more energy than ~._ -—~~~ ‘.fo’g-C’

originally anticipated. This was due prima— “ 
~~~~

‘ --
~
.

~~~~
‘

rily to the stainless—steel Dewar flask, ~~ S s,,
which has a thermal loss factor approximately  I50 % greater than a glass Dewar f lask.  Ex— __U- _~ 
perimentation has been performed on a tita-
nium Dewar flask , whose thermal loss is  -

equivalent to the glass Dewar . All  other
des2.gn ob3ectlves were met or exceeded

ANGLE ~~~~ pplO ’° ~ 

_____________ _____________ _____________ 
MISSION THERMAL PROFILE

PION EER VENUS
56 5 G’ s 700 G’ s FIGURE 10

00 
~4 . 7  — 4 .8  ______________ ________________

— 900 
—0 +1 

PARAMETER O 
— 

ACTUAL

Stze 5x1 Sxl. 5 (D~ a.)
+ 90° + 2 . 4  + 4 . 7

WeCgh t 14 oz .  8 .5  oz.

— 165° —1.0 +1.4
Inpu t  P0WVr 7 W peak 6 W peak

(25.2 to
33

FREQUENC Y VS DYNAMIC HIGH ‘G’ ACCELERATION Warm-Up Time 90 m m .  90 mi,,

F IGURE 9
Warm-Up Energy 175  W-m in . 210  W- nun.

Conclusions Accuracy After  1 pp lO 6 S pp lo 8
90 nUn.

Oscillators can be designed to meet de 

-

______________

celeration forces up to 700 O s , through the Fr equency ±1 pp lO 9 ±1 pp 10 9
use of unconventional stainless—steel Dewar St& ~i1ity
flasks, as opposed to glass Dewar flagks. ( 82 sin.
With careful design of crystals and attention miss ofl)

to temperature charsct~ ristics, frequency Phas e Noise .017 degrees Res .002 degrees Rnis
stabilities of ± lpplo7 are achievable wi~hin (6 H z SW)
operating temperatures of — 40 F to + 122 F,
as exhibited on hostile environments , such as PIONEER VENUSfound on Venus and other extra-terrestial 19.1 MHz STABLE OSCILLATORplanets in outer space . TABLE OF CHARACTERI STICS

F IGURE 11
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THE STABILITY OF PRECISION OSCILLATORS IN VI BRATORY E N VI R O NM EN T S

M artin B. Bloch and Alf red  I . Vulcan
Frequency Electronics, Inc.
New Hyde Park, New York

Summary The design guidelines discussed below
have proven to be usefu l in min imizing

High s tabil i ty oscillators used for induced noise.
shipboard , airborne and satelli te applica-
tions experience vibration and shock environ-
ments, which can compromise mission integrity. Designing For A Mission
This paper presents some of the design and
measurement techniques used to optimize high It is imperative that for a given
precision frequency source performance during mission, the complete shock and vibration
mechanical perturbations . spectra be defined, including magn itude,

direction , frequency profile, and mechanical
resonance characteristics in mounting struc—

Introduction tures. Once these factors are determined,
the optimum oscillator loca tion in the

In assuring mission integrity, both the vehicle, axis or ientations, and electr ical
survivability aspects of oscillator design as characteristics are chosen to minimize
well as the minimization of phase noise induced frequency instabilities.
induced by vibration are studied . In the
following paragraphs data is presented for Several programs for which hardware was
ship and aircraft frequency standards operat— developed and tested with these parameters
ing at 5 MHz, as well as higher frequency, as design drivers are itemized in Table 1.
satellite VOCO ’s, TC(O’s, and ovenized units.
Although many factors contribute to phase
noise degradation, those which have the ma)or Survivability Aspects
impact and are emphasized in this paper are:

It is important to differentiate between
1. Crystal Characteristics engineering practices, which are directed at

2 Circuit Conf ration 
increasing the probability of an oscillator

igu “Living—Thru” a relatively short term high
3. Vibration Isolation and Package °G” period, and those which minimize phase

Design noise during lower level events lasting for a

TABLE 1

SUMMARY OF OSCILLATOR STABILITY AND SHOCK/VIBRATION REQUIREMENTS

PROGRAM STABILITY SHOCK OR VIBRATION

GPS Master 5xl0~~~
2/second 0.5G 2/Hz survivabili ty

Oscillator —100 dBc at 100 Hz

Space Shuttle —130 dBc at 100 Hz 0. 12G 2/Hz operating
Master Oscillator

Space Shu ttle 45 millidegrees in 0.1G2 /Hz operating
4 Channel VCXO 300 Hz bandwidth

Mariner-Jupiter— 4xl0~~
2/aecond 0. lG2/Hz survivability

Saturn Probe

Pioneer-Venus t lx10~
9 705 0 deceleration

Probe operating

WSQ—2 shipborne 1.8 millidagrees 0.1 inch double
Oscillator amplitude operating

Airborne Command 1.8 millidegrees O .0028G 2 /Hz operating
Post Master
Oscillator S

2*4
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longer period of time. Quite often a design mechanical analysis of the internal subas-
tailored for a specific application neces— semblies is made, taking into account reson—
sarily results in compromising other perfor— ant points and G loading factors. Quite
nance aspects. For example, utilization of a often, a low level sine—vibration scan is
steel or titanium Dewar flask for high shock made of these parts to get the required data.
and vibration environments results in a After this is accomplished, the design of
slightly heavier and less thermally efficient internal resilient mounts is undertaken,
source. Thus, a complete t rade—off  study using pre—stressing factors and ma terial
must be made to def ine  the best overall elastic constants, to optimize the low.-fre—
design for a given s i tuat ion.  quency rol l-off  characteristics of the com-

plete mounting system . A mechanical mock—up
An oscillator~ which must survive a can then be fabricated and tested to ver i fy

severe shock , and/or vibration event , uses the design. When the mechanical constraints
ruggedized construction techniques, including of a given package do not allow suff icient
ribs, braces , etc., necessary to ensure isolation at low frequ~ncies, external vibra-
mechanical integrity. The development of the tion isolators must be considered.
metal Dewar f l ask has enabled us to design
physically smaller units than those utilizing Of prime importance in attaining the
glass flasks, which require a large volume of required goals is the design of the crystal
internal vibration and shock isolating mate- resonator. All of the techniques used to
rial. The thermal efficiency of a steel minimize G effects at the crystal are useless
f lask  is typically 35 % worse than glass, but unless the crystal is properly designed and
with titanium, the efficiency is comparable located in the assembly. The following
to glass. The use of metal flasks has proven describes some of the design criteria and
feasible for both the GPS and Pioneer—Venus experimental results obtained on crystal
Missions . Another important aspect of oscillators manufactured for various high-
survivability-directed design practices is vibration environments.
the encapsulation of components and subassem—
blies within an oscillator to prevent lead
breakage or catastrophic component failure Factors Affecting Oscillator Stability
during high-level shock and vibration. Manu- During Vibration
facturing techniques, which minimize the
probability of this type of failure, also Theoretically, any frequency or phase
help to reduce phase noise levels during determining element in an oscil lator is a
lower level vibrations. Component bonding to potential noise inducer. Fortunately, the
surfaces, which are mechanically resonant, at major contributors can be isolated by the use
an induced vibration frequency, or to struc— of a computerized worst—case analysis, which
tures whose movement is not attenuated by relates output frequency to component value
internal mechanical isolating materials, variations. All paper analysis, as well as
should , of course , be avoided. A pre l iminary data taken on operating devices , indicate ’

I 

4 _
HC
~

40/U
~,JI~~~~~~ 

HC- 35/U 
_ _ _ _ _

FI GURE 1
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that the quartz resonator is the major con— sealing . Thermal compression or epoxy
tributor of vibration induced phase and fre— bonding are used for electrode adherence.
guency noise.

Of fundamental importance is ensuring that
For a given oscillator circuit design in the mechanical self resonance of the crystal

a specified environment, the three (3) major lies well outside of the vibration input
factors contributing to vibration induced spectra. Figure 2 is the basic equation
phase noise are the crystal parameters, the which determines the crystal structure reso—
circuit configuration, and the effect of nance . For all of the crystals used , these
vibration isolation, resonances range from 3000 to 4500 Hz. Data

taken with 2, 3, 4, and 6 point mounts,
Crystal Effects. The crystals utilized indicates that the 3 point mount is the moat

in the oscillators described in the following suitable f ton. ‘he standpoint of high surviva-
paragraphs are manufactured under stringent b i l i t y  and induced phase noise. In addition ,
quality controls, which ensure their suita— stresses set up in the crystal blank with 4
bility to high reliability applications, and 6 point mounts cause unpredictable tern-
Figure 1 shows typical resonators fabricated perature performarce with these resonators.
for these applications. Third and Fifth This is important in applications requiring a
Overtone 5 MHz units in HC—4O/u(C) holders, high degree of frequency repeatability after
as well as Fundamental, Third and Fifth temperature and power cycling.
Overtone HC—35/u(TO—5) resonators operating
in the 15 MHz to 22 MHz range were used in All of the crystals to be used in hard en-
the described units. vironinents are screened with a slow—scan

sinusoidal vibration at levels of 2 to 10 G’g,
The crystals are fabricated using high from 10 to 2000 Hz, in 3 axes. A transmis—

vacuum technology, hydrogen firing and cold sios~ jig is used for this testing with the

CA LCUL ATION FOR CRYSTA L
STRUCTURAL RESONANCE
- 4~i - X (bh 3/ 12) g

Whe r si I — bh~ — 2nd moment of area of ~crystal — fun damental frequencyrr ribbon of crystal in hertzIi — number of supporting g — 386 inches/(sec) 2
ribbons (typically 3)

b — width of support
W — irr2tp — mass of ribbon in inches

cystal blank

h — thickness of suppor t
t — k/f crystal — resonator ribbon in inches

thickness in inch..

1 = length of support
r — radius of resonator in ribbon in inches

inch..

3 E 30 X 106 lbs/square
k • 65.4 * 10 inch h.rt* inch

P — 0.09563 Lbs/ (inch)3

3517 Hz
FIGURE 2

CALCULATION FOR CRYSTAL STRUCTU RAL RESONANC E
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minimum loss frequency and series resistance axis for vibration, and it is along this
being monitored. Crystals with even momen— axis, that the crystals least susceptible
tary inomalies in either parameter are axis shou’d lie, for lowest induced noise.
relected. This sine scan tests the integrity Experimental data indicates that the axis
of the mounting structure and bond quality, perpendicular to the surface of the crystal
and provides a valuable indication of wafer is the least sensitive one. Several re-
mounting stresses, searchers have published similar results,

and from a theoretical standpoint, it appears
Given an electrical specification for an reasonable since there is minimum energy

oscillator, the choice of resonator, i.e., AT coupling into the thickness—shear—mode, from
or FC Cut , as well as the angle of the cut, normally directed vibration stresses.
is generally governed by thermal considera-
tions. The overtone of the resonator is a Circuit Contributions To Phase Eoise.
function of the required stability and pull Figure 3 shows a typical high-stability
range. Fortunately, the decisions made oscillator designed for severe environmental
regarding these parameters have little effect conditions. Although of lesser affect than
on the phase.noise susceptibility of the crystal susceptibility, mechanical stresses
resonator, but rather the actual physical set up in active and passive circuit elements,
design of the device, including lead and bond by external perturbations, can seriously
integrity, as well as surface contouring, is degrade oscillator stability, if not consid—
of prime importance. It has been shown ered. Simple flexure of a printed—circuit
repeatedly that the bi—convex crystal has board, with resulting modulations of stray
lower phase noise susceptibility than a circuit capacitances at a critical point, is
plano-convex design. Typically, a 6 to 15 dB almost impossible to experimentally isolate,
improvement is attained with the latter, and and must be eliminated in the early develop—
it is employed for the most stringent appli- ment stages.
cations.

Manually variable elements, such as
Crystal orientation, relative to the trimmer capacitors and potentiometers, can

external vibration vectors, is an important become noisy with time. This can compromise
consideration when a crystal is mounted in a stabili ty and induce fixed—frequency of fsets,
given assembly. Many missions have a worst of parts in l0~~ . It should be a goal of

OUTPUT AMPL &
CRYSTAL FILTER

DECOUPLING A2A1
FILTER ASS?
A1A7 

—

~~~~~~~~~~~~~
-___

OSC, AGC ’ INNER OVEN )

~tu~J~n~! OUTER OVEN
~~~~~~~~~~~1L

S 

ntpr
BUFF ER AMP L

A1A5

S 

FI GURE 3
CROSS SECTION OCXO

FLTSATCOM OSCILLATOR
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every good design to eliminate these elements
by replacing them with fixed—value components
after the circuit is aligned. Not only will
unpredictable sources of future noise be
eliminated , but the reliability of the whole Pd0 (~~~ TES T ~~~~~ ~~~~~~~~~~ OSCILLATORassembly increased.

One of the worst offenders in the gen-
eration of noise, during shock and vibration,
is LC and crystal filters used fo~. spurious 

-

signal supression or noise shaping. All of 
~~~~~~~~~the considerations that go into the selection ...~~~~“

of the oscillator crystal, shou ld be applied
to f i l t e r  crystals as wells since induced ~~~~ ~~~ 

“~~~ .o~~
,, ““

phase modulations in a f i l t e r, even though it L I S

may be isola ted by 100 dB from the oscillator
circuit , can degrade phase noise. - J

Vibration Isolation. The same factors __f
~

-
~discussed in Survivability Aspects above 

~~~
-‘ —Ti S

regarding survivability, are applicable to I
the reduction of phase noise under vibration. “,~~~~ 

I ~~~~~~~

The Dewar flask is mounted on pre—stressed
rubber shock mounts, whose low frequency
rolloff starts at 120 Hz. The entire assem-
bly within the flask is potted with a light-
weight foam material . The density of the
foam is carefully controlled during curing to
minimize the generation o~’ internal stresses,and provide the proper density for efficient
vibration damping. Resilient pads located Measurement Techiu.ques
between subassembly printed—circuit boards
are used to increase the resonant frequency Figure 4 shows the set—up used for
of the entire assembly. measuring phase noise during vibration . The

unit under test, mounted on the vibration
For precision oscillators used in ship— table, drives one channel of a dual X1000

borne and mobile environments, it is of ten mult iplier chain. The other channel is
necessary to isolate the frequency source driven by a non—vibrated reference standard.
from vibration in the range of 5 to 30 Hz. The multiplier outputs are mixed and fed to a
For these applications heavy duty shock tracking wave analyzer or low—frequency
mounts are generally used, having rolloffs spectrum analyzer. Two modes of operation
starting at 15 to 20 Hz. These mounts often were used for measuring sine—vibration
have self resonances which lie in the 1000 to spectra. In the closed—loop mode, the output
1500 Hz region, so care should be exercised of the tracking analyzer is used to drive the
in their use for multipurpose applications, vibration table directly through a power

ampl i f i er. The reference standard is phase 
‘I locked to the unit  under test to give a zero

frequency offset at the noise tester output.
By doing this, the vibration frequency will

I —h -I 1 remain in exact synchronism wi th the tracking
1 1 analyzer center frequency, as it sweeps over

the desired range. The analyzer bandwidth is
set large enough so that any slight frequency
differences have no affect. The reference
oscillator is unlocked from the unit under

________ 

test during measurements.

::~ I For the manual mode of operation, a
________ fixed offset between the unit under test and

~~~.. .., reference oscillator is introduced and the
________ 4 table vibrated at a specific frequency, whi le
r . i the analyzer scans the desired band. This

I. -~~ I mode is used when searching for vibration
I ________ induced effects at frequencies other than the

vibration freq uency . For random noise meas-
urement. , the manual mode must , of course, beI ~~~~~~~ 
used. 

S

Although the noise tester operates with S
5 MHz input signals, oscil~.ator. at other

FIG 4 frequencies can be measured by mixing them to
V IBRAT ION TEST SETUP

us



Fr~~~:R} 7
5 MH z with a high stability local oscillator . STATIC G SENSITIVITYFigure 5 shows how two identical oscillators
can be used in conjunction with an in te rpo la— SUN, S OVERTONE PLA N O CONVEX
tion oscillator to provide data at frequen— CR YSTAL

cies other than 5 MHz. By proper phasing,  
________ ______ ________noise contributions of the interpolation — _______ _____ _______S

oscil lator wil l  not a f fec t  the data . S -

When making noise calculations, using
the techniques used above, the following
criteria is observed : — (]

A. A bandwidth normalization factor is - -

not applied to discrete noise spectra.

B. A 3 dB factor for identical oscil la— .~“ 

- ‘ 
‘. 

-

tore cannot be subtracted from the noise ..

measurements when the unit under test is “°‘
vibrated. /

C. Measuring equipment must be located
a~ far  as possible from the vibration equ ip—

- . due to mechanica] and acoustical pickup. --4

.~_‘ X I O ~O

0 . Interconnecting cables should be -

1 to non-vibrating structures to reduce ‘5,,

~ous phase perturbations. ‘. S -

Computer analysis of phase L ( f )  into ... “ 

radians, and Hz deviations, are possible. — ___________________

‘so.
Also the a f fec t  of phase locked loops in

operational situations should be included in 
——

data reduction, designed crystal oscillator . This test
rejects poor crystal wafer mounts, improper
crystal mounting within the oscil lator , and

Measurement Results gross component problems. Figure 7 is the
radial coordinate plot for the Pioneer—

Static Measurements Venus ~scillator showing a maximum offset of0. 9xlO . 
~~~~~~~~ fl~~~~ 5 ’ ~~~ -The most fundamental test of an oscilla-

tor, subjected to high environment stresses, 8
is the static orientation test. This consists r t r r ~ ~Vt ~~~~~~1

of rotating the unit through 360~ in each of ~- S~~~~

its three orthogonal axes. Figure 6 is a FIGURE
chart showing typical results for a properly
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Dynamic Orientation WIDEIIA IID STAr VOANATOIJA

S All, FIFth OVE0505L

Figure 8 shows the effect  of rotating a
crystal around its Z axis, while subjecting
it to low frequency sine—vibration, at 0.1 

STA000RO . oo/SRo-20(xn-Ii

inch double amplitude. An improvement of 10 ~~~~~~ 10

to 15 dE is possible using this technique.
The absolute magnitude of the induced noise -,~
re la t ive  to the reference leve l is a function 20

of crystal mount integrity. Since the vibra-
tion amplitude is constant, the G forces — — 

S

increase with frequency. 90 ~~~~ S

• S S A -
Low Frequency Sine—Vibration / \

Figure 9 shows a 5 MHz Frequency 
100 

,~

.

Standard , subjected to a shipborne spectra of 3. U N I •P V ~ V~
0.1 inch double ampl i tude in the frequency sF5104
range of 4 to 33 Hz: -110 4

Curve (1) is the basic oscillator with I
no potting or vibration isolators; \ 

______ _____ ‘~~ .—_L
A -

Curve (2 )  shows a dramatic improvement ‘. N..~ 141,00000 /
above 10 Hz , due to the use of vibration 

~~~~~~ 

DESIGN 
~

isolators; -130 ~~~~ 
‘,., .. \ ‘~~ +‘ , ‘-

PFFF.000C! - S. - — 
.. / ~Curve ~3j shows additional improvement , S., ~~ \ — ,

due to potting of the modules. 5

— 04 0

For shipborne units, heavy duty vibra— 10 30 10 0 300 1000 1000

- - Iori mó~iiiEi are necessary if the best inte— so? FROWEIF? -- II.

grated phase noise is required .

LOW FAEQu!74cy SINE VIDOA r TON Wide-Band Sine-Vibration
S AK, Fr01K OSPERTONE CRYSTAL

Figure 10 shows the results of subject—S POINT SMUNT ing a 5 MHz Frequency Standard to wideband
51D0 5100 AXI~ Sine—Vibration.

VI BR AT I ON I.CVEI.~ 0 1  lOUIS DR

FIGURE 9 The upper curves are for an off—the—
— shelf laboratory type standard . The improve-

ment shown in the lower curves is due to the
af fect  of potting, especially of the output

, Q crystal f i l ter .  Additional improvements, due
-40  

—
. — to orientation and vibration isolators are

apparent . The cancellation of orientation
e f f ects is feasible for shipborne applica—

___________ 

tions , where a fixed oscillator loca tion is 
. 0 used. A bi-convex crystal was used in the

oscillator shown in the lower curves . It
should be noted that the final data at 2 G’s

___________ ________ ________ 
is only 10 to 15 dB above non-vibration ref-

-100 ~~~~~ erence level.
\

_ _ _
__ (?~ Random Vibration

urrnsct uspoi’roo. w Figure 11 illustrates the effect of1 ISOLATORS subjecting a 5 MHz osgillator to an airborne
I . uiioi’rso environment of 0.03 G’/Hz .2 IIOLATORI
~ -150

3 The lower curves show the improvement
S.
, due to utilization of all of the techniq ues

described in this paper. No low frequency
-is. ‘ , - 5 . isolator. are employed, but e~ bi—convex

crystal was used . In the front—back plane,
the improved oscillator is only 2 to 3 db

4 10 20 4° worse than th. reference.
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Conclusions VIKOAT I ON

This paper presented some design tech- 
0 O 1 ~~~~ 1~ 5-50, 11,

niques , which have proven useful in the 
5 , 7  vS 7.1 -hoor,  5,

design of Frequency Standards subjected to
vibratory environments. These techniques _____ ____ 

15 .5 VI I I

included : 
‘~ _____ _____ — ____

A. Careful circuit design , using con—
puterized worst case analysis. ~~~~~°° ‘~~ 7’~7 ~~~~~ 041*51,00000

— — ... OAC T I.LA TOP

B. Complete def ini tion of mission -
, — S

environmental cond itions. ~~~~° ______ _____

C. Proper crystal  selection and design . ~ ~~.
—r, • S~ \ ~~~~~~~

0. Use of internal resilient shock r-. 
- \ ~~mounts. ‘ : “1

mount~
’ Use of external, low frequency shock 

n0 

~~~~~~~~~~~~~~~~~~~~~~~~~

F. Implementation of component bonding ~~‘° ~~ 
~
__, 

-

and assembly potting .

G. Testing of mechanical mock—ups to ‘ _____

define G levels within the structure. 1 30 100 1040 1000
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A MINIA -F15111- : h IGH STABILITY FCX() USING I)IGITAL COMPENSATION

Man B. Mroch and GIt nn H . Ilyk es
Collins Radio Group, Hoekw* I Intern ational

Abstract Digital Compensation

A miniature high—stability temperature -compensated It is possible to replace the compensation network with

crystal osclllate,r (HST(’XO) has been developed with new some kind of a temperature sensor , a memory , and means
featurv.s for eventu al use In SSB communications equipment. (I f e-onve r~lng the stored information into useful form for the
These new feature s are a wider temperature rance for the modulator. In this method the memory stores the required
same temperature stabIlity ( 15 pp 108 from —415 e. -~5 C> , correction at each chosen temperature increment and is
single supply (10 ~O.5 V), low powe r consumption (less than addressed by the temperature sensor. The memory output
100 mW , a CMO S compatIble output (10—V squ are wave) and - a n  use a 1)/A conve rte r to develop the ou tput to the modu-
smal l si ze >2. 75 x 1.5 x 0.5 inches , 6.98 x 3. sl x 1.27 cm) . i ator . To accomplish thi s for a TCXO by strictly digital
Othe r Importan t teatures of the IISTCXO are a 50—ohm out— means would require a very large memory . Howeve r , the
put (0.12 3 V rms),  Insensitivity to load variations and vOl t— crystal can be considered to have a good frequency vs
age vari ations (±5 pp 109) and fast warmup (1 pp 10~ in 1 te mperature memory , if the effects of hyste resis , which
min ute l .  The TCXO uses a conventional analog thermistor are time and temperature dependent , are excluded. Since
net snsrk for coarse compensation , and a CMOS digital fine the AT cut crystals used for this application have a slope
correction system with a programmable memory fo r fine of 0.5 to 1.0 ppm per ‘C around room temperature , use of
compensation. A computer data interpolation method is coarse compensation to reduce the storage memory can
used to minimize the required number of data points for be very helpful. Used in this HSTCXO Is a coarse corn-
fine correction . pensation n -work to reduce the overall frequency vs

temperature Co less than 1 ppm ove r the ambient tempera-
This wo rk was supported by u S  Army Electronics tore range. Therefore , the digital portion has only to re-

Co mmand under Contrac t DAABO7-73-C-0 137. duce thi s 1 a factor of 10 to achieve the design speci-
fi cation goal of ±5 pp 108 .

Introduct ion c~ios circuitry lends lt~elf well to this application
for its inherently low power consumption and the low

Tempe rature compensated crystal oscillators have counter frequencies that can be used for satisfactory
been in commercial production for about 15 years and are operation. Total power required to operate the digital
bei ng reeroduced at a Feasonable cost for stabilities of compensati on circuitry described , excluding the PROM ,

~5 pp 10’ from —40 to t70 C. Stabilities of ±5 pp 10~ hav e was in the order of 15 milliwatt s .
been aehieved over a narrow temperature range in quite
small quantities. To attempt to use a thermistor resistor HSTCXO Description
network to compensate a crystal oscillator over a wide
temperature r ange to stsbllities of pp 108 , has been too The pu rpose of this program was the development and
time consuming and expensive to be practi cal . Some of construction of five high-stability temperature —compenssted
the limitations have been and still are the electrical hys- crystal oscillators (H STCXO) for use as a reference osdil-
teresis of the crystals due to thermal cycling , interaction Later in an advanced SSB communications system.
of network adjustments , and component rctra ceabtli ty with
temperature. A block di agram of the HSTCXO is shown In figu re 1.

Temperature compensation is achieved by using both ai~a1og
and digital techniques.

In recent years , the use of digital computers both large
and smal l hav e been used by Industry to calcul ate real The rf circuit consists of a modified Pierce oscillator
values of thermistors and resisters to generate the 3rd followed by a cascode amplifier. A common emi tter ampli—
order voltage curve required to compensate the cry~c.al fler drives a line ar amplifier IC for the 50-ohm sine wave
oscillato r. This approach along with the “segmented ap- output. The other CMOS output is derived from a comple-
proach works reasonably well until stabilities of 5 pp 108 mentary pair operating as a high speed switch. Both of the
are attempted over an extended temperature r ange. stages are stacked In pairs to save power. Power consump-

tion of the oscillator and amplifiers is about 40 milliwatts

The temperature compensation described in this pap’r from the single 10-V supply. Included In this portion is the

had its origin in the laboratories at the Collins Radio Con e— vol tage regulator , which provides a stable dc source for the

pany in 1970 and early 1971. An HSTCXO Study, Contract complete HSTCXO. Necessary load isolation was obtai ned

DAABO7-7 1-C-0136 was granted by the Solid-State and Fre - by paying careful attention to rf circuit grounds and by pro-

quency Control Division , Electr onics Component Laboratory, vi ding sufficient active stages between the crystal and load .

L r1ited States Army Electronics Command (USAEC) . This
contrac t called for 10 feasIbility models operating at 5 MHZ. Coarse compensation was accomplished by conventional

These r equI red 3 power supplies and a 6,5-cubic-Inch means, using three thermistors and six resistors to generate

volume the required 3rd order voltage curve. A stability of 15 parts
In 107 was obtained from -46 to s85 ‘C using only the coarse
compensation network . By using a crystal with a âf between

An additional contract , High Stability l emperature turning points of 50 ppm , the upper tu rning point tempera-
Compensated Crystal Oscillator study, Contr act 1MAR07- ture was near +80 ‘C. This saved the use of additional
V’- C 0137, was granted to Improve the performance and thermistor/resistor network parts usually required when
reduce package size from 6.5 to 2.0 cubic Inches. This work operating much above the crystal upper turning point.
was completed on flVC exploratory models during 1974 and
1975. An extension of the above contract was granted to Separate varactors are used for the coarse and digital
change the frequency from 5 MHz to 4.5 MHz , provide a compensation because the frequency sensitivity Is ve ry
CMOS output, and reduce the Input p ower to less than 100 different. For example , the frequency pullablllty for the
mlUlwatt s .  Also Included , was the request to extend the coarse var actor Is about 10 ppm per volt , whereas the
ambient operating r ange from -46 to ~85 ‘C and maintain digital varactor pullsblllty is adjusted to about 1 pp 108
th” *5 pp 108 frequency stability, per volt.
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VOLTAGE I
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_____________ 

+9V AEG~~~~~~~~~~~~~

VOLTAGE 7 THEP~. ~0~1REGULATOR
] 

NET~, us.

I I  ~~~~~~~ TUR ~~~ I
CLOCK I FREQUENCY

I CONVERTER 45MHZ

I FINE

I COUNTER GATE I VARACTOR

LL— 
0/A

CONVERTER
TIMING RESET
CIRCUIT

I OSCILLATOR

READ +9V RE I3

P 
COUNTER (NEW) I +9VREG

PROM ADDRESSSW 4 .5 MHZ OUT 4.5 MHZ OUT
+9V REG 125 VRMS, MIN 1OV CM OS

POWER 256 X 4 BIT DATA INTO 50 OHM S
SWITCH PROM

COMPE~:ATION 
I COARSE

NETWORK

FIgure 1. 4.5 MHz HSTCXO, Block Diagram .

CMOS Digital Circuitry (figure 3 of the timing diagram). The power switching
circuit , shown In detail in figure 4 , accomplishes this. To

The block diagram of the CMOS digital circuitry is prevent the oscillator from losing fine compensation during
shown In figure 2. Its purpose Is to correct the 4. 5—MHz the off cycle of the PROM , a 4-bit shift register memory is
frequency to within *5 parts In 108. The coarse network used; this retnins the last PROM word until the next up-
has corrected the frequency to within ±5 parts in 107 so a date. A 4-bit D/A converter is used to convert the register
frequency error reduction of 10 is involved. This is output into 16 equally spaced voltages. This consists of an
accomplished with a programmable memory (PROM) that R/2R resistive ladder where H Is equal to 25 kilohms. An
stores the proper correction, word , and a D/A converter BC filter follows the D/A converter to attenuate the fre-
to convert the word to the fine Varicap voltage at regular quency modulation of the carrier at 25 kftz and to produce a
Interval s over the -46 to +85 ‘C temperature range, smooth function of the compensation voltage without discrete

voltage steps. if the temperature Is such that the decimal
PROM address Is between exampLe 100 and 101, the resul-

Two RC oscillators are used to provide the Input sig- tant output will be summation of the two output voltages.
nals for the digital compensation circuit. The fIrst oper- The signal -to-noise measurements made on the HSTCXO’s
sins as a clock at a frequency of 25 kHz to provide the show that all sldebands are greater than -115 dB below
timing pulses for the gate, reset, and read functions. The the carrier.
other oscillator operates as a teir.perature sensor as its
frequency varies from 50 to 100 kflz by use of a sensistor The PROM has been commercially available since
In the feedback network. The PROM Is addressed by the 1970 when Harris Semiconà.iotor introduced their first
digital dividers which count the frequency of the reliable programmable memory , the PROM-0512. In
temperature-sensitive oscillator. (~1tput buffers are used this HSTCXO, a 1024-bit PROM Is used with the 256 x
to provide the ,~ cessary interface between CMOS circuitry 4-bit format, giving 258 addressable memory slots , each
used and the TTL PROM Inputs, having a choice of 16 words. Since the temperature

range of —46 to +85 ‘C is equal to a &I~ of 131 ‘C and 256
To meet the overall power requirement of 100 mW addresses are available, it is possible to provide almost

m ax , the PROM must be switched on for a short duty cycle a word correction for every 0.5 ‘C.
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FIne Compensation Procedure the cable harness can be removed fro m the !ISTCX() and
the programmed PROM installed,

•\ i icans must be provided to replace the PROM during I . Make a confirming te m perature vs frequency run
iin~’ c”n~~’nsation. This Is accomplished by use of an from - 1I to s.~ (‘ at the same 1 C increments to verify
int , r f .w.  adapter consisting of a 16—posItion rotary switch satisfactory performance. Not , : Stabilize HSTCX() at
w i t h  binary to 7—segment conversion and allows an address room temperatur e for at least 10 hours before beginning
readout it any temperature . Th us , the address at any confirmation temperatu re run. This Is necessary to
I’ mperature Is read and recorded at 4 (‘ Increments along allow the cry stal to recover from any hysteresIs.
with the required word which corresponds to the smallest
frequ ency error at 1.5 MHz. Packaging Techniques

l i t  important steps involved for the fine compensa— To ach ieve the 2—cubic—Inch silt for the HSTCXO
Lions are as follows: without the use of hybrid , th in—fi lm circuit techniques

• would have been an impossibility . The coarse oscillator
1. Seal the cover on the coarse TCXO in prepara- circuitry , w i t h  th~ exception of the crystal thermistors,

tion for fine compensation. Varlcap, and coarse compensation resistors , was
2. StabIlize the unit at room temper ature for at packaged In the enclosu re shown In figure 5. The finished

it ist 10 hours to recover from any crystal hysteresis. substrate befo re lidding is shown In figure 6. Isolation of
Tk’glnnlng at —46 C , stabilize the sealed TCXO In 4 ‘C the output stages from the oscillator and voltage regulator
increments (thi s may require from 0.5 to 2 hours depend- circuitry was obtained by use of separate grounds on the
ing upon the ambient temperature change). At each tern- coarse substrate.
perature , record the PROM address and the decimal output
word that produces the smallest frequency error. The CMOS digital circuitry was also package d in an

3. Tahularize and record PROM addresses and the Identical hermetic enclosure. The di gital section substrate
desired corresponding output words, before lldding is shown In fI gure 7. All resistors are

4. Key punch computer cards with the temperature, metal film type with the exception of the high resistance
address , and word input data. The compu ter program values , which are purchased chips. Components selected
developed for this project will perform a linear Interpola- are smal l , but generally of high qu ality. Frequency deter-
tion between the -4 ~C Input dat a and provide a tape output mining capacitors are all porcelai n dielectrics , whether
suitable for automatic PROM programming on a commer- inside or outside the thin-fil m enclosure s , to achieve ver
cial programmer such as the I/O ROM programmer , low drift rates and low hysteresis. Electrolytic capacitors
model 101—24430 . are Sprague 193D solid tantalums. The design and con -

5. After PROM Is progr ammed and veri fied cor- struction of the hybrid thin-film circuits meet the require-
rectly by comparing the inpu t data with the PROM data , ments of MIL—M—38 510.

_________________I 

- 
__________.71OTYP .{

.205 —s 
_ _ _ _ _ _ _ _ _ _ _ _ _ _

.205 

_ _ _ _ _ _  _______ U ll~
’ 11

.018 DIA TY P,
~~~~~~~~~~~~~ 29 PINS

TOLERANCES: * 008
1.100,11 SPACES AT .100,

2 PLACES

GLASS AT THIS PIN
SHALL CONTRAST IN
COLOR (PIN 1)

.600

Figure 5. Coarse and Digital Enclosures.
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~~ .~~~~ ~~~~~~~ L~~~i ~~~Figure 1 . Coarse Oscillator. Figure 7. I~igItaI Circuitry .

The Illustration In figu re 5 shows the packaging concept, thin—film packs. The crystal is wrapped with copper foil
The package is a hermetically sealed , copper enclosure to minimize temperature gradients. Glass cased crystals
with a volume of 2 cubIc inches. Exterior dimensions are were used because they gave the best frequency retrace
0.492 x 1.492 x 2.742 Inches , m aximum , as shown. The characteristic.
input/output terminals also serve as the mounting pins as
shown in bottom view of HSTCXO, figure 9.

Two leads go fro m the coarse oscillator into the digital
Inside the package are two compartments: The coarse side; one carries the regulated *9 V dc and the other the dc

TCXO side and the digital (fine ) compensation side. This voltage to the fine Varicap. The thin-film packages are
is shown in photo in fIgure 10. Two small printed circuit heat sinked to the exterior copper enclosure , again reducing
boards are used to interconnect the various parts and the the thermal gradient to a minimum.

- 
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-=-— 
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T ~1J’ 1J~ ~ ~if if if Figure 9. HSTCXO, Bottom View.

FREQUENCY ADJUST

__ Ii
’

FIgure 8. Two-Ctthic-inc h TCXO Packaging Concept. F’Igure 10. HSTCXO, Tep View With Covers Removed.
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DesIgn Coals Warmup : Within *1 pp 10 of final fre-
$ quencyin i minute.

Listed below are the objectives of this RSTCXO study:
Spectral purity: Northarmonic discrete,

Nominal output frequency: 4.5 MHz spurious shall be 100 dB or
more below carrier.

Frequency -temperature
stability: (steady—st&te) ±5 pp 108 from -46 to +85 C Size: 2.75 x 1.5 x 0.5 inches.

Frequency-temperature Data on HSTCXO Modele
stability: (retrace) The frequency change result-

ing from thermally induced The frequency vs temperature data for fou r models Is
hysteresis shall not exceed shown in figures 11 and 12. Note the overall similarity to
*3 x IO’~ at temperatures of each other. In theory , it should be possible to compensate
-46, +30 and +85 C when to less th an 1 pp 108 , but when reduced to practice, an
subjected to the following overall stabIlity of *5 pp 108 is difficult to obtain due to
temperature cycle: -57 to crystal hysteresis and other anomalies.
—46 to +30 to 85 to —46 to
85 to +30 ~C. The HSTCX() 

The voltage coefficIents for the oscillators were less
shall be maintained at a than 5 parts 1010 for the specified supply change of 10 V dc
storage temperature of 57 ±0.5 V. The maximum frequency change due to a load

~~ for a minimum of 16 hours change of 50 ohms was Less than 2 parts io9. Maximum
preceding the test and fre— power Input on four models was 84 milliwatts with a #10.5
quency shall be recorded V dc supply. The unwanted spurious outputs were found to
following a 1-1/2-hour be greater than -100 dE down 2 kflz away from the carrier.
stabilization period at each The frequency—temperature stability (retrace) was not as
temperature. The maximum good as desired due to the Limiting criteria of the crystals
time permitted for any one themselves, plus component retrace over temperature.
temperature change shall
be one hour. Conclusions

Frequency-temperature Successful design , construction , and operation of the
stability : (transient) ±5 pp 108 for a ramp 10 ‘C two cubic Inch HSTCXO’s have been demonstrated using

change, 1 c/minute ramp digital compensation. Stablllties of *5 pp 108 have been
starting at -40, — 5 , +30 and obtained from —46 to +85 ‘C. A single power supply of
+65 ‘C stabIlized temperatures +10 V dc supplied both the coarse and digital circuitry
respectively, with a power drain less than 100 milliwatts. Since the

components used are small and the thin film parts much
Frequency-voltage smaller, the shock and vibration characteristics are
stability: *5 pp i09 (+10 *0.5 V dc). excellent for high reliability communication equipment,

including apace applications.
Frequency-load
stability: ±5 pp ~~ (OulPUt A 50 ±5 

There are two limiting factors that tend to make fre-
quency compensation to teas than 5 parts in 108 impractical.

ohms, output B 30 *5 ~~ One Is thermal hysteresIs In the quartz crystal itself. The
five crystals used were selected from 20 crystals to pick

Frequency adjustment uni ts with the lowest frequancy retrace error at the lower
range: *1 ppm, minimum, turning point. The other is thermal transients , which in a

small volume such as the RSTCXO , are diff icult to control
Ca~tput Voltage: for there is no space available for thermal insulation. To

use the HSTCXO In environments where temperature
C~atpit A: 0.125 V rms , minimum , in transients may be as high as 5 to 10 CC/minute, external

50 ohms. Insulation would be required.

Qitput B: Square wave , 10-volt CMOS High-volume production cost estimates seem to be
compatible , 30-pF load, compatible with oven controlled oscilla tors with equal

stability requirements. The long-term aging should
Input power: 10 V *0.5 V . 10 mA max be compatible or better than oven crystal oscillators

(output A , 50 ohms, output since the crystal would see a lower ambient temperature
B. 30 pF) most of its life.
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Figure 11. Frequency Vs Temperature for HSTCXO Models SN 1 and SN 2.
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DESIGN OF VOLTAGE CONTROILFI) ( ‘RYSTAL OS(’l LLATORS

Stuart 1. Lipoff
Arthur D. Little , Inc.

(ambridge. Massachusetts

Summary iowed by two doubler stages. However, practical implcment~it ions of
phase modulators have required a l~ multiplication to achieve rca-

Voltage Controlled Crystal Oscillator (VC XO) frequency modu- sonable levels of audio distortion . It will he shown that the minimum
lators have found increasing use in recent years in portable Fre- frequency deviation required for a VCXO modulator is limited h~
quency Modulation (FM) equipment as an alternative to a standard quartz crystal economies , and that this minimum deviation is lower
crystal oscillator followed by a phase modulator. This paper will than that required by the phase modulator.
consider the advantages of using a direct FM VCXO over an indirect
FM phase modulator. A model for the crystal and frequency control Use of a VCXO modulator will then provide the following
element will be developed and basic circuit design considerations will benefits:
be presented. Conditions necessary to minimize audio distortion
generated by the VCXO modulator will he dealt with in detail. 1. Less multiplier stages reduce cost , size , and battery drain.

2. For the common used AT cut crystals in HC-l8/U holders

~~,y words (for information retrieval) it is possible to realize economies in crystal selection by using a
Crystal. FM, Frequency Modulation, Land Mobile, Linearization, fundamental crystal frequency between 5 and 10 MHz.
Oscillator, Quartz, Quartz Crystal, Radio. VCXO. Voltage Con-
trolled, Use of a phase modulator would require a 2.5 MHz crystal in

the limit case of the Low VHF Band (30.50 MHz) and K=l 2 .
Introduction however , 2.5 MHz crystals are not readily available in HC-18/U

holders.4 5

Present audio frequency response requirements of FM modula-
tot’s in the land mobile radio services span the range of 67 to Crystal Model
3000 Hz.i The low end limit of 67 Hz is determined by the need to
transmit Continuous Tone Controlled Squelch System (CTCSS)2 in Figure I is the model to be used for the crystal in the vicinity of
the range of 67 to 270 Hz at I KHz deviation. The upper limit of fundamental resonance.”8’9~’0
3000 Hz is set by Fedetal Communications Commission regulations
and the need to transmit speech in the range of 300 to 3000 Hz at For w, <~~ <w~
S KHz deviation. This need to transmit the low audio frequencies Let u~ Series resonance
imposes the most severe requirement on the phase modulator.3 antiresonance due to C,,

CL = load capacitance for design center frequency
Let D Frequency deviation in Hz WC L 

= design center frequency due toC0 +CL antiresonance
Fa Audio modulating frequency in Hz A -
O = Maximum phase modulation capability of the phase Ac , 

“~ (8)
modulator in radians WI

M Minimum number of times phase modulator output A .., -
must be multiplied to produce 5 KHz deviation A (9)

D F a ~ (I) $

For CTCSS modulation of 67 Hz at I KHz deviation and A —
(10)

~ lOS Hz (2)
= (3)

For speech of 300 Hz at S KHz deviation and 4 — w/2 A typical crystal would have the following worst case specifica-
D,p,,ch 47l Hz (4) (ion :

— 10.6 (5)
ee1 2w 20xl06,C0 =5xl0

i2 ,4cL~~
330xl0 S,R, 25

Assuming that frequency multipliers are implemented with a
combination of doubler (x2) and tripler (x3) stages. The above specification is sufficient to determine each element in

Figure i.The following calculations assume that X~~>> R 1
Let N • Minimum number of required multiplier stages

I — Posit ive lnteger0,l,2,... W 1 (II)
• Positive integer 0,1,2, .. .

K - Smallest poative integer such that K~ M and
K 2tx31 (6) In Figure 2, L.q Is the equivalent inductance for w, <WCL

(7)
— 

__________ 
( 12)

From (3) and (5) above the smallest value of K that satisfies (6) 
L 

V1iq (C,, + CL)

is K—l 2 foe I.’2 and j.’l. Assuming that it is possibie to build a
perfectly linear p h e  modulator with ef2 phase deviation, the best - 

1 (13)
circuit reduction possible would be an o.clllator-trlpkr stags fol. ‘~cL (C,, + CL )
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_______ 

WC L L1 C1 — I (14) 20 MHz series resonan t frequency to 60 KHz above series resonance.W~ W~ L, — 
(W~:CI ) — W C L C 1 Data presented in Figure 4 is def ined as fol lows:

C, ~ 
2

w,) <<c r~ (IS) Freq — Frequency of analysis
C,, + C5 ~ ~ 

) — ,  
~~ 

2&~~~~~ 
(WCL Z — Magnitude of crystal impedance

PH - Phase angle of crystal impedance
Ci 2I ( +C t )A~~~~2(SxI0

2 +32xl0~~~)33Ox1O
6 Z, — Real part of crystal impedsnce

.0244 pF (16) -- Imaginary part of crystal impedance
L — Equivalent inductance in MH

11 = =
W~ C 1 (2w 2OxlO’ )’ 0244xI0~~ 

‘ 2 593 pH (Il) C — Equivalent capacitance in pF
DF - KHz offset from series resonance of 20 MHz

XTA L FOR FS - 20 MHZ AND ~~ -5 PP AND OF - 330 PPM 132 PP LOAD)
p — AND RS-250HM 5

No. Nan,. F rom To V.Ius
______ 

Nodsi Nomui~ I

1 II 0 1 i.0000E 0
2 CO 0 I 5.00005-12
3 Cl I 2 2.44105-14
4 11 2 3 2.59325- 3

ci — — S R i  3 0 2.50005 1
— — 

FlOUR S 3

The model exhibits the proper behavior of a series resonance at
20 MHz with a net equivalent real impedance of 25 ohms, and net
equivalent capacitance of -32 pF at 330 PPM offset (rain series
resonance , With a 32 pF load on the crystal model, an antiresonance
will occur at the 330 PPM offset with a net equivalent real imped-

FIG 1 ance of 33.6 ohms. Since the analysis shows good agreement with the
predictions of (16) and (17), the ci~~. ~ ying assumptions made in
deriving the equations are justified.

Crystal Impedance Variation vs Frequency

For the previously considered phase modulator, the woilt case
crystal lImitations occurred when building a t ransinifter on 3O MHz.Li [I Assuming that the c~~~al fundamental ~~quency may be selected on
a cost-size basis only, a multiplier ratio of x 3 will require a crystal
fundamental range of 10 to I7MHz to cover the 3O to 50 blHz Low

— — 
ReQ VHF Band To provide a S KHz deviation with a x 3 multiplication

ratio, the VCXO must be capable of t l.7 1(Hs deviation it the
fundamental. Figure 5 is an expanded analysis of the data of FigUre 4
about the 32 pF antIresonance of the crystal. The range of the
anaiysis spans the t 1.7 KHz range of interest. Using the above
model, the functional relationship of the crystal impedance vs. DF

Al wiflbe studled.
— l

Z~~ (18)

~~~ si.O~ wills

F102
using 13

-1 (w/w 1)2 -
— —  (19)

The mo4si of Figuss I with (ha values calculated In (16) and (~ tc - I )  • 2 Ac,, C0 s.i -C w (w/w )5 -

(17) abuse was entered into the Ac-Coded Qrcult Analysis Pro-
pa&’ The computer model is ~iown In Fipse. 3. Using this model
s circidt anslyiis wss perform.d with the rssults shown ln Figure 4. ~~~ ~~ 2A  

- 
1 foe (w w,)<< w,

The frequency foe ansiy* was ewiad from 10 KHz below the w C,, (2 4~,, -2  a) 
~~ I..±!a. 1) (20)



I r ac,, ]
~

[ A C ,, ~~2
Z1 =~~~~ L~~~o ÷~~ Ac L(Co +Q) l

~~ [ / ~~,, + / ~ 7 0
2 +~~~/ A c y+ . . . ]  (2 1) 

(24)z7 = ______

z, = x7 +(K2~~)
2 + - .J (25)
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* 20927 7 .091 4 16 12047 1.16337 76.0 4 0  27 ~~ 365* 0613 $4 3 7 7  3304 7 7  235 94

3017 *006 2. 7 3 0 2  06 735.07 2733.86 77 .0 3 7 ~~ 
*4 20*117 3402 *2 373 3542 2 7  237 II
08 105* 0 0 7 0  5* 374 000 0 70 024 5.44817 *06 2.325 2 N 70167 2.227 77 ISO 34  2~ 705* ~~~ .9 310 *38 28 710 4 5

4717 3*620 2.53S~ 86 70.01 2031.43 20.0 - II ~ ,~o *5* 0 4 7  00 314 067  4 5  223 50
4217 2003’ 2.7864 86 706.77 2.79S.I0 220 2.17 31
438 *032 3.024 2 10 272. 73 3.01006 240 - tO 32
448 *06 3.2750 N 240 73 1.30648 260 - 2 4  32 728*216 17
418 *945 3 .1564 10 273.12 3,0672 200 - 2.2 34
460 *5* 4.92200 11 274.53 4072.06 32.0 - 20 36
476 200* (~~~5 86 310.10 4.447.4* 30 0 - II 36
418 30*3 4.0715 10 42446 4 .045 06 310 - 9 6  37
0817 31010 0.579 5 N 073. 71 6.55610 44.0 - 14  30
660 3006 17.060 $4 037.35 427734 600 9 3  * Prom (25) above it is hypothesized that Z will be a nearly linear
*90 *010 7.066 54 786.25 7.758 55 S7~0 - 7 7  40
53. ~~0I~ 6.064 83 8701$ 9.2.310 860 - 70  ~7 sunction of DF over the 1.7 KHz range interest about the 32 pF
61* *042 0055 5 03 7 3 17 0 4  0.0443 770 ~ ant resonance. Figure 6 is a linear regression analysis of the data of94$ 3*1743 7 7 0 4 4  51 7 703.92 11.11522 570 — 7 ~3
858 *0*9 14.4101 0* 2.54100 ,4.,am 770.0 I 4~ Figure 5 to test the hypothesis. The regression shows excellent cone-ISO 3*06 10011$ IS 42515* 760176.92 740 0 - 49
570 *048 *3110 74 1. 74.86 30~~~ 0* 7100 - 3 ~o lation with a maximum error of 1.5% and a standard error of 1.4%.118 00057 *440 7 06 700610 *25S- 7~ ~~~~ - ‘ Figure 7 is a plot of the regression line and the data of Figure 5 with806 *06 86,0*4 4 48 48.101* 4148170 150.0 — 2 46
108 *0171 87.060 77  9237143 -*276.47 060 ~‘ the crystal impedance as a function of DF. For the purpose of01* *1706 019288 -00 2’.010 —42.474.31 ‘370.0 2 50
826 00107 36.400 2 77 ‘4 .71037 -3070167 ~~~ o 2 07 fUrther analysis the regression result will be uaed.638 10102 30P144 77 0416.86 -3537446 -7016 3 52
56* 00063 7004.4 —II 3,3*7.7* -70 .0610 706.0 53
118 3004 04.06.2 14 2. 7 0 6 7 7  -IS40SJ0 -711.0 0 54
10. *04 911700 16 1.511 20 - - ‘3,037 10 1700 — 4441307 DF — 43.82805 (26)
878 1000* 73,064 -0 9 * 3642 -92 .7*57 - 170 7 86
068 10687 70..i8a -48 17047 - ‘*01044 170 7 50

*8 10*8 8.000* 14 *0.16 - 0073.2’ *0 I N Osciljator Design Considerations
7*5 *01 027300 86 07207 - 8 407.176 . 42$ 00
‘II *006 •4615 17 47*10 - 5.40151 - 670 5 03

,,suo.. Figure 8 is the schematic diagram of a colçltts oscillator circuit
with a varactor diode added in series with the crystal to permitSince crystal specifIcations are more often siren In terms of 8*cL VCXO operation.’5 ’

04 Good design practice dictates chasing C4 andinstead o( A08 0 it ia desirable to expreal (2l)ln terml of AC L. 
CS large compared to 32pF so that (he load seen by (he crystal Is
almost totally determined by D2. Doing so insures that the operatingProm (IS)
frequency is nearly independent of transistor variations. In Figure 8

—s-— — 2 A ~ (22) then the crystal sees only D2 and C3 as a b e d .  It is necessery to
C0 select the vsrsctor and the proper bias to provide a 32 pP load for

the crystal. Since the oscillator frequency is a direct fUnction of the
c0 + 

(23) 
varactor bias, the bias supply must be regulated, nominal bias voltage
Is limited on the low aide by the combination of RF peak voltage 0

Act. C 
plus the audio peak voltage. The bias voltage must be large enough to
Insure the varactor diode remains reverse biased. On the high side,

Substituting (23) in (21) bias voltage must be low enough to permit regulation over the
battery life vo~tage variations without excessive current drain or
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circuitry. A voltage of about 7 volts will satisfy both conditions 178.237 214 .330 250.422 285,515 322.60 7 358.700
above for a nominal I 2.5 volt nickel -cadmium battery supply. R2 is

5.000selected to reduce variations in bias voltage due to h e y  of the
5.200

varac t or diode , and yet not reduce the varactor Q. Finally C3 will be 5.400
made small enough compared to D2 so as to provide enough range to 5.600
adjust the oscillator over the calibration tolerance of the crysta i and 5800
still provide resolution to set the oscillator on frequency. The tank 6.000
circuit in the collector is tuned to x 3 the fundamental crystal 6.200
frequency, which is then amplified without further multiplication 6.400
straig ht through to the antenna. Other oscillator considerations not 6 600
rela ted to the VCXO are well covered in the literature.’ 5 , 16 

0 
6.800

KHz

t11S48 ., o.ou.oo *64ty*s 7.200
1.400

7,04.300 01
0,. 705* 27 7.600

7.800“302* - 43535*
8.000

9 4 0”~~o2 3 5 .’ 774 8.200
- ‘ “05 8.400 

- 8.600
0.4 6 ,30~~Il.., , .  - 7*6  8.800

*74*1 7024 0? 30*2*410 000 70* 07485*5* 9 001)
02 ‘

~~~~~ 17 ~237 214.330 25~.422 28~,515 323,607 351700*1700.7.14. .. 8559•*4~ 7 7100.48 735.48 0710,05
059.0*0. 5 0.. 020*0.... 44 7 7 002  7 * 31

900 30 7200.05 4032 *0

lI0~~ ••4 0.00*7 553 0 44..i

70086 7 3 0 2 3 ’  786 FIG 7
78586 7520 7 0 2317 7 77 4
‘1141 70 1,20 7500
¶43 720 ‘tIN, 7610 7 7*
709 411 0586 7 787 *3
3024 86 130 444 114 100
5*0* 20410 577 474
48 ,70 5*5* 314 274

213 -a 320 07  2100777786
2105* 2752(0 08 764 +12.5
123 3* 02104 305
1355* 23 7 117 607 477 ~‘ V~c22000 217 531 33 0~ ’ C2 Dl R3
1*04 731814 074 775 

________________________

1*86 240*76 7 7 7 5  022
4*4 986 200007 I 757 *4

C6 
Li

1.45* 140 211 7 303 86
25204 fl3’48 ‘3* 86

R4
254 04 5* ISI 7 4 4 7  747 5

1205* 02,04 In . 1 1 1 7

770 86 207 7* 7  7474
174 86 275 140 I 444 7 04

204586 45* 820 ¶ 1 0  41

R2 F0 r045* 5*214 7 710 531
20758 713 7 7 7  7 7 2 7  830
a’ ,* 5*750 7 552 177 Xl tu1~~I001 986 202640 86 86

*70* 535 486 Ri  
—~~~-~~~~~‘ ~C5t ~~ R6

57786 3114 70 470 *3
596 986 025*73 278 787
0* 405 120 000 411547 ~~ 001 Audio In 0~........ 4$.t
785 710 314115 227
5*506 2*242 505 “~ Cl

323113 III $11
3*04 5*274 1714
104 5* 302041 7 534 7 353

347861 I 553 I4 ~l
*204 *140 3*3 ¶ 730 FIG 8

*804 7 890 1015

15815

contact potential of the diode, and C~ is the fIxed capacity of the
VCXO Design -

~ varies with the junction diffusion profile of the diode. V~ is the

From (26) it P al,pazent that the functional relation between package and device. For a typical abrupt junction varsctor, the
the varactor voltage and the oscillator frequency deviation will be the formula becomes.
mine as the functional relation between the varactor voltage and the
esractor impedance. The general relation between the varactor capec-
ity,C,,andthe reverse blas voltsgs,V,ls given by” C,’ .ISpF + v \ .44 (28)

q
C7 — C5 ’P 

~~ 
(27)

(I + 
V~) Since C5 Is small compared with the other term, and V~ is small

compared to V ; then C0 m ay be approximated by
CiCt - ___._ (~

)
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4

10

4
10

6 —‘ 9*o.~ t . ’ s..244 / C4 O~~~,40411 
47150774

This approxima tion is *Jrate to I - 5’~ over the range of V ¶08.4232, 551 ’ - 0 1 34.. 0 (‘3*-’ •
2/03 12 12

from 4 to  10 volts t’or ‘t 7 =3 2 pF all  volts. Using a nominal value of 7 0010, 044001

V -~ 011115 and (‘ .(2 pF ( ‘
, Is given by 755 ,62.0 0 0 2 7 4, , 4 0C0.105 70*.0 329200020

0,, 0012 22.7.7 90 7458 *2. 2,0.. .7 ,07 V•~
C7 = 1 1 + 7  3 2 p F  (30)

7~ 95 l7. 5146I 7I2. 9450* 1322

~‘aractor diodes are usually specified with V 4  volts , using 2~)) 5 o , o~~~~7I0.0*5.*lIl’101l1l0I 904

and (30) C1 =40 pF. Commercially available varactor diodes have C,’s 483 431,.*7~ 32

from 6.8 to 100 pF at V=4 volts. Using (26), (29) and (30) the T ,20 0 7.0 ..*~o 70035*0010 0. 20005*0*70 I

oscillator devia tion vs varactor voltage is 5* 37 7 55* III 204

II, 5522 319

DF Z1 +43 .82805 13 1) 
1020 ‘ ~~32 07.

44.4 1307 341

0* 11001’ .*oty I*.41 5*

1170 0027447 0524. ,, 050 10, 0780 V.101 -l 022

+ 43.8 16. 44 41
~~~~~2.43.8280805 2~~20x 106 x9 .OS x l0~~~OF = ________________________________ (04 ,7.802* 27 040* r.2 a~~ 042 0,~~~~~ ..,7’

(3 21444 1307 444 1,4’ - l*01 I.- “47
2 00 6

3 07 0
(32) is plotted in Figure 9 showing DFvs V. Since a deviation of . 0

1.7 KHz is necessary at the crystal fundamental to produce S KHz 00 0
6 00 0

deviation at the operating frequency (x 3). the linearity of this curve oo 0

over that range is of interest. From Figure 9 notice it is necessary to , 702 ‘140 1,2077l 7004.2 0.7 11041101$

go about V—4 voits for -1.7 KHz deviation to about V 1 0  volts for
+1.7 KILo deviation. This approximately ±3 volts swing sets the lower
limi t on the audio driving voltage of 6 volts peak to peak. Since the

NO., L,7S ,.
~ 
I 25 5074*8021100270005000.

curve of Figure 9 does not appear to be very linear 7 the audio 044 ~ 0 - 5 .  , ‘ ‘2., .,O85,.I,s0 00s-3.C,7002l 7744

distortion should be expected to suffer. 0707

7,92. - Ill yOgI) .202 755,0,51,741

10,000 ______________________________________________________ . o€~
, ou, v

3644050526 ¶ 14673835*077
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Voltage Acroes Varactor (Volts)

+ 12.5

FIG O ~~
VCC

• C2 Di R3

A maximum of 10% distortIon is permitted, but good design 
R4practice dictates keeping the nominal distortion due to the varactor

under 1% to allow for tolerance variations and the distortion in the 

R.F. Out

51,” of the expected recovered audio for a sine wave input to the
audio amplifier driving the modulator. FIgure 10 is a Fourier ansly- 

Li 

~ 0 C4

modulator described by (32). The audio voltage input level was xi ~~~~ C5 .~. R6
adjusted to permit a mna,umum of ±5 KIlt deviation at the operating
frequency. From FIgure 10 the total harmonic distortion is 6%; R2 

_~~~~~~
tD2cles51y t~~ P $oo hWt. 

RI +

VCXO Linearization + ~~ ‘ C3
Audio In

FIgure I I  stow, the circisit of FIgure 8 wIth the frequency Cl

adjust capacitor C3 replaced by a parallel Inductor LI. If the re-
science ot LI is lmgur than that of D2, lbs psmalbl combination will FIG 11



look net capacitive. By chosing LI and 02 properly, this net capaci- Expanding (37) in a power series
tance can be made equal to 32 pF; and LI can serve the same
func tion as the vernier adju st copacito r In Figu re 8. In Figure 1 , C3 u L 

~ 
•27/ ’TV 1

is chosen to look like a RF short to the inductor but still have L’~’ 
LC~ — 7,JTTV j 

(39)

relatively high reactance ove r the audio range . All other components
are chosen with the same considerations analogous to Figure 8. By K ~~2 (41))
proper choice of LI and D2 in Figure lIthe undesirable nonlinearity
of the circuit of Figure 8 can be considerably reduced. ~/fl

’V’. (I + V) 2/2 I + V (I + V)312
+ _ — + + . -

K/ l W K K’ K’
In Figure 12 (41)

I 
________

( 3 3 )  & y’T ”V” 
— (I + Vi ’ ’ ’2 I 3 (1 + V) ’ 12

w C eq 
= = 

u~’LC1 — l  -

~~~ K— ~,,/T’ V - 
2 K  ~~ K2~~~ 2K ’

2 ( l + V) 
k , , ,  (42)C ~~~~~~~ _ ‘.__!_ (34) + 

IC’eq

using(29) 62 _~ TTV _ ( I + V ) ’ 31’ ~ 3 ( l + V i ’ ’ 2 ~~~~~ ,,0
C, I - u~’LC~ -55/TTV &V2 K -~/rTV 4 K 4 K’

(3 5) (43)C0q = _____ - 
~~ 2 L~/fl:’V

K4 — 3(1 +V) K2 — 8 ( 1  + V) 312 K — 15 (1  + V)’ ~ 0 (44)
using (31)

u~L27/iTV set V7volts
+ 43.82805

DF ~.~ LC1~~~’1-
;-V- 

(36) K’ —24 IC’ — 1 8 1 K— 960 0 (45)
44.41307

Figure 13 shows the roots of (45) solved by using the POIRT’
DF ~~ 

.,L./T’T”V (37) subroutine. The real positive root of 7.8948459 is the one of inter-
~~2 LC1 ._~1—~:•V” est.

PItOGRAM TO SOLVE ROOTS OF EQUATION (45)

10 Oim.nsior’ XcOF (5), COF (5). ROOTR (4), ROOT I (4)
20 Data IXCOF 111 .102 1.51 /.960 .181, 24.0, 1/
30 Call POLRT IXCOF. COF . 4 , ROOTR I ROOT!. I E R)

_ _ _  

I 4 0  Display ROOTR . ROOT!
-es- - 5 0  STOP

eQ 51 END
L 

_fc 
60 Subo707ztine POLRT (XCO F. COF , M, ROOTA . ROOT! . I ER)

> Run
— 5.06674 ? 7.8948459 — 1.4140524 — 1 .4140524 0 0 —4.8903915

4.6903916

FIG 12 FIGURE 13

K 0 1 7 . 9 = u 2 LC, (46)

Figure 14 shows (36) plotted for three cases. For each case an By choosing Land C1 subject to the constraint of (46) the secondarbitrary value was selected for the inductor LI in Figure II and the derivative of (36), with respect to V. will be zero about V=7 . In
varactor D2 capacitance, C . was selected so that all three curves addition L and C2 in parallel must provide a net equivalent 32 pF
crossed at V~7 volts with C.q (the crystal load) 32 pF. The case of load to the crystal for V=7 or stated analytically
L 1NF corresponding to the circuit of Figure 8 was previously dis-
cussed. For L=INF notice that the curve is concave down about V=7 ______C1 ‘2/~volta. For the other case of L*0.5 MH notice that the curve is concave (32 pF + 

L ) (47

up. This indicates that an improvement in linearity may he possible
by selecting an intermediate value between L 0.5 MH and L~INF. Solving (46) and (47) simultaneously for w 2 1  20 MHz yields

L 3.54836242 iiH and C1~ 140.987IO5 pF. Or expressing the
Analytic Anal~~~ varactor capacity at the conventional 5/024 volts, C, 63.05 pP. For

the above example both LI and 02 (Figure II) have values within
Since all curves are monotonically increasing with increasing V the ranges normally available at 20 MHz, and therefore the circuit is

over the range of interest, they can be linearized by setting practically realizable.
61 wL~~~

’
~’V

0 (38) In Figure 14 notice that for L 3  .5 g~H the concave nature of the
o~’ I..C1 — s/l~~V curves does in tact disappear.
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_____________________________________________ Conclusion
4 10,000

1. .5 UH,’

8 
- /t. 3.5 UH By employing a circuit like Figure II with proper choice of

components, it is possible to compensate for the normally present
C— . nonlinearities of a VCXO FM modulator. Component values nec-

6.000 - ~~~~~~~~~~~~~~~NF essary to achieve this linearization have practical values and therefore
the technique is realizable for practical cases.

0
‘7

4 000 ~~~~~~~ .“
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PHASE NOISE MEASUREMENT USING A HIGH RESOLUTION
COUNTER WITH ON—LINE DATA PROCESSING

‘I Lu l z  Peregr ino
Dav id W. Ricci

Hewlett-Packard Company
Santa Clara , California

Suesnary Derivation of Time Domain Relationsh ip .s
to Phase Spectra Characterist ics

The measurement of c lose- in phase noise using 
-____________________________

time domain techniques wil l  be discussed . A review Defin itions and Notation
of the theoretical basis for the measurements and
some extensions will be presented . A system for Let us beg in with a br ief review of random
making the measurements using a high resolution variables , linea r systems, notations and definitions.
reciprocal counter and a desk top calculator will be
described . The capabil it ies of the system wi l l  be Let x ( t )  be a real random variable, The au t o
reviewed , correlation function of x(t) Is defined as:

Introduction R (t ,r) ~ (x(t) . x(t + t)> (1)x
The measurement of phase noise can be made by a where <‘)means statistical or ensemble average.variety of methods which are described In the current

literature. However , if one desir es to measure the If x ( t )  is stationary in the wide sense , then thespectral characteristics close Into the carrier , the auto correlation does not depend on t and we can write :task become s difficult and time consuming . Measure-
ments down to the 10 to 100 Hz range can be accom-
pl ished with spectrum or wave analyzers depending on R

~
(T) 0<x (t) ‘ x(t + ~)) 

(2)

the noise level . Measurements much below these
offset frequencies are virtually Impossible with If x( t )  is ergodic, then the statistical average
these techn iques. can be replaced by time average.

The techniques to make measurements closer to We wi l l  assume without any loss of generality
the carrier usually resort to time domain analysis that the mean value of x(t) is zero. In this case we
which is also described in the current literature , have:
The primary imped iment to the utilization of these
techniques has been the lack of equipment to m,’uke f t  R

~
(0) • <x 2(t)> = o’~ (3)

easy to use. Recent equipment advances such as
progreeseable instruments and versatile calculators , The spectral density of x ( t )  is defined as thefor example, have provided the means to implement Four ier  tran sf orm of i t s  auto correlation function :these techniques.

11

Before describing the measurement system , a S~
(w) f R,~(r) e

’iwTdt (4)
review of the theoretical basis for the measurement -~will be presented. Most of this review will follow The inversion formula gives:the standerd literature with some exceptions that
wil l  tend to put more emphasis on the calculator 11

utilization. R
~
(1’) 02 ~~.!_ f S

~
(s4 ) e+i

~tTdw (5)
-

A genera l transfer func tion will be derived for Let a l inear time invariant system with transferthe counter-calculator system which should cover a function H(w) be driven by the random variable x ( t ) .standard frequency measurement or comparison of the The output of the system represenLed by m(t) will bephase between two oscillators or the phase of an also a random variable as in FIg. 1.oscillator compared to itself through a delay line .

For a constant gate time (or constant delay),
the transfer function can be written as the product x(t) —__ [

~~
]_-_. m (t)

of two functions, one controlled by the counter (or
delay line) and the other by the calculator.

Figure 1
We prove that a linear combination of frequency

measurements Is equivalent to a filter which can be It can be shown that:
adjusted by proper choice of the linea r combination
coefficients. A particular choice of coefficients
is assumed for which we derive closed formu’as for Sm

(141) I H(w)~2 S~
(w) ( 6 )

the continuous and the delta function (bright line)
spectral densities. The minimum spectral level due EquatIon 6 will be used to determine S (w) In the
to counter quantizatlon is derived , next section. For more details see reterenck 1.2 and 3.
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Mea~~~~~ Spectral Density We have:

Normally a narrow band filter represented by H(w) S
~
(w) 02 

2tr (
~~)2 [~

(
~

, )  + 6~~frw0)) (11)is used to determine the spectra of the random variable
x (t) as explained below . Two special cases are
~onsidered . Which gives:

A. Continuous Spectra - The spectral density = H(w0)I~ ~ x~
2 (12)can be considered approximately constant over the

filter bandwidth and we can write:
(412 Note that ~ is the average power of x(t).

R~ (0) 
~ 
5x ~~~ 

~~~~~~~ 
It should be pointed out that during all the

derivations we will use the “two-sided ” spectral
density , that Is the Integrations wi ll be from -~~ to

IT., 1 )1 2 - 
+o’, This will keep our Fourier transform pairs in

= — IH (u (cs~-w ~) S,~(w~) (7) the standard notation used by most EE’s. FourierIT 0
frequency will be in radians per seconds.

where ~., Is the filter center frequency and w~, w~define ~he filter band . (We have used the fact Frequency Counter as a Linear System
that H(w ) I and S~(w) are even functions of w.) Consider the signal

Solving for the spectral density we get:
V ( t) V0 - cos (2w’y0t + + e(t)) (13)

m m where V and ‘r are the nominal amplitude and fre-S
~

(w 0 ) = 

— (H(w) 
2

du 1~ IH (w0)
2 quency ~nd &(t~ represents a random phase variation .
(~~

_
~~
) is chosen Such that <8(t)> 10 0.

iT

(8) Any amplitude variation is assumed to be
el iminated by limiters or some other method and for

Where can be detarmined with an average vower meter this reason is disregarded.
or usin~ samples of K measurements of m as: The signal phase Is defined as:

1
~~’i- ~~ (m1 - 

~ ~~ 

m~~2)~ 4(t) 2irf0
t + ÷ 0(t) (14)

The signal frequency v(t) and the angular
= 4.ir [(~ m1

2 ) - 
~ 

(
~~ mj)~
]) 

frequency 0~t) are related by:

2inj(t) = c2(t) ~~
. (15)

If we use only one sample of K measurements of m(t),
we get an estimation of which is satisfactory for and are assumed to be positive for all t, which ismost cases, equivalent to •(t) be a monotonic Increasing function

of time , that is , 2,r-v - 0(t) > 0B. The Spectra Contains Delta Functions. This 0
Is th~ case when x(t) contains periodic terms, thenthe result of the integration Is no longer dependent Counter Model
on the filter bandwidth.

An ideal counter can be modeled as a system
For example let x(t) be given by: that measures phase variation over an Interval of

t ime r , cal led gate time, and divides the result by
x(t) x~ . cos w0t 

. x~, (e
i(Sbt + e

_JW0t ] 
2wr.

(10) Let v(t) represent the result of a counter
measurement, then have:

v(t) • .~
]_ . [

~
(
~

) — •( t -t ) )  (16)
*For complex m (t), Is given by:

Taking the Fourier transform from both sides and

- 

~~ ~~~~~ 

m,j~2) 
using the shifting theorem1 we have:

r(w) 
~~~ (~~( s ~) - •(w) e”

~~~ ] (17)

- 
- I ( Z Jm 1J

2) - 
~ ~~ 

mjj2]~ Here the upper case letters are used to represent<i
r K

L i-i the Fourier transform.
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Which can be reduced to: The last problem in a real counter is the sampling,
that is the counter output is not a continuous van-r w 

~~ 
w 1/2 .J Wr/2 

~~~ ~~~ 
able but a sequence of numbers obtained at the end of

02 ‘ w 1/2 ‘ C • 
‘ each gate time . A special case solution is presented

In reference 5, Append ix 1.
tie may conclude that tP,e counter is a linear

system with transfer function (or gain) given by: Mod i fying the Counter Transfer Function

~ sin 
~ j/~ 

_j
~Jr/2 In order to measure spectral density , we wantH~(W) — 21 ~~~‘2 

. e (19) the counter to look like a very narrow band filter ,
Ideally we want a delta function.

Where the index 4 in transfer function means
that it applies for the phase as input. A weighted combination of a sequence of measure-

ments taken at different times will give:
The transfer function when the angular fre-

quency .i(t) Is considered as Input is given by:
rsi(t) = 

~i 
‘ “1 (21)

w) —
~

- H ( ) - 
1 , sin~~r/2 -j,ir/2

~ •
W 2wj ,.~

, r/2 e (20) 
where v(t i)

Practical Counters let Fig. 3 represent the phase as a function of
time . i~ the gate time and ti the time at the end of

Below are some problems tha t ~ might incur due the i reading . The last reading is taken at the time
to practical considerations. which is considered to be the current time , that Is

t = t.
In reality a counter detects and counts zero 0

crossing s of the signal being measured . If the g
phase of the Inpu t signal is a monotonic increasing
functIon of time, as It was assumed, then the model
is quite satisfactory .

On the cther hand if the phase of the input ‘1
signal can decrease, which is equivalent to a a a. a .1”
negative frequency, then we may get extra counts . ‘ 0
for example in the vector diagram representation of j

~ 
Ti ~

the signal, Fig. 2. Every time that the resultant
vector crosses the V axis front right to left , we
get a count; if the vector goes back we will get an Figure 3
extra count.

Replacing Y(t) as function of ,(t) and defining
- t0 - t

1 
we have:

~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ 
m(t) 

~~~~~ 

[.(t) - •( t_ T o)] 
+

+ 
~~~~~~~ ~~~ - •( t_ r M_ T

M)] (22)

Taking the Fourier transform we get the transfer
~ X function :

f gure 2 (.‘ n
H (ui ) “ I’r~~ (I-c 0 ) +

In FIg. 2, V represents a sine wave and V2 L ~~oa interference th~t causes phase modulation .
a,, -jwT -jut,, 1

Practical counters ~‘ - ~~ have quantization . ,  + ~— e (1-c ) (23)
problems , that is the flue -: - - of counts Is an integer m

~M .J
and any fraction of 21 in :~-e phase variatIon is
disregarded. ThIs ~.. jblim is reduced by reciprocal The counter calculator equivalent transfer
counters with a high fre~:u.ncy clock. In a recip- function can be adjusted to approximate the desired
rocal counter, the actu~’ gate time is a mu ltiple filter transfer function by proper choice of 

~~~‘ ~~of the signal period eu if the phase fluctuation and i~. The weights a~ can be complex and theiris not too large (O (L)’<2rv ) then the gate time phase is equivalent to a change in the time the meas-
can be asst sd constant as 0far as the counter urements are made, which can be used to simulate a
transfer function is concerned . yariebli t im e between measurements.
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If we make the gate time ~ 
a constant t and the For most practical cases , the phase noise is a

time between consecutive measurements , defined as fast decreasing function of w and only the first pass
dead t ime , a constant td we have , band of H th has to be considered , as In references 6

and 7 , whIch have plots of IH~(.~)! which is equal to
1H4(w)/wI, Error will occur depending on how fast

V~
2
~ ~O = constant , and we may have to considerI .j ~~(r+i~~) _JMu(r+yd

)J 

the phase noise decreases as a function of w such as
H4(w) - [o

+01e +.. + o~e more than one pass band , ’1

C~lculatlon of Spectra Density

So far we have proven that the linear combinatIon
sin wr12 

- e
_i
~1T/2] 

of the frequency measurements m (t) can be considered
(24) as the output of a filter whose Input is 4(t) and

transfer function H1 or Input ~(t) and transferfunction H~(w), This Is represented in the block
d iagram , Fig. 4.The fIrst bracket, which is mainly determined

by the calculator via the a~~, can be interpreted asa truncated complex Fourier series and its terms can
be adjusted as a series representation of the desired n(t)

~~~~~~~~~ 
‘v(

filter function’’7. The second bracket can be
considered as a fixed filter and for large N the
first bracket completely determines H4.

Figure 4
Other types of measurement such as comparing

the phase of two oscillators of same frequency or As in the linear system we have two cases.
comparing the phase of an oscillator to itself ,
using a delay line, will have the same type of A. Continuous Spectra - The spectra can be
transfer function due to the fact that time differ— consid~re~ia s constant over the filter bandwidth.ences are equivalent to phase differences. Using the fact that e~ R~(O) and eq. 5, we have :

In the case of a fixed delay line , we use the
calculator controlled part of the transfer function ‘he
to achieve the desired filter characteristic. 2 — 

l f ~ H,
(u)12 S4(w)d.w

em ~‘
(28)

A particular but very useful choice7 is
= (~l)i which reduces m(t) to:

If we use I4~(w) instead of I4
4

(w) ,  we have:
m(t) - (y0 - y1) + (y2 

- y3) + .,. + 
~ M-l 

-

(25) 2 
- 

1 
J IHfl

(Tw)
~

2 ~2 S4(u) d...em ~
‘

Let N — (l’i+l)/2 be the number of pairs of -m (29)
measurements represented by the terms In parenthesis ,
then we can reduce H

4 
to: A normalized expression in u for H,~ is given

as:

1 1 W
r _j2u (T+td) + - 

_i (N_ l)2w(.r4..rd)] 
Mu sin r —H,(w) 

10 .

fl sf2 —

.2sin (Wy— 2 ~“ I~’ r
s in  wt/2 _ iw( t+ t d,2 ) J H ,( w ) J  “~~ 

• si

IT (26) ~

The bracket can be recognized as a geometric Wiw
series which gives: sin Ms I

___________ I
________ sins —s I (30)(1’+

l’
d) 

W ±W I
~~~~. Sln w’r/2 ~ NH,(w) - w wtI2 -

Where r and are:

sin 
~~~~~~~~~ 

-iwC Mfr +1d
)-r

d,2]

Sin sw (’r+rd) e 
(27) r — T+Td (31 )

A very Important poInt to be kept in mind is athat In general this corresponds to a filter with - (32)
many pass ba nds.
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We have used the fact that sin(x) only changes
the sign when we add or subtract e to x to obtain the
term (w±w )/w For large N and Iwiw I.c~w0 we can S4

(w 0) .183 ‘~~~~ 
(36)Nf0approxlma~e 0

111 1 as:

w±w The phase spectral density due to the pass band01I t~,, sin rw/2 sin Ne —
‘ 

centered at can be determIned by equation (36)0 I where ~2 can be determined by numerical methods.IH,i ‘ wiw I m
O iit rw/2 Nit — (33)

B. Power Soectra Contains Delta Function
(BrigiW Line~. Let us consiier the special case of

Note that (11,1 Is equal to a constant times a phase modutated signal such as
sin (x)/x I centered at +w and -w0. Solving the V = V0 cos (00t + cos w0t) (37)integral (28), we have:

2 ..,,2 2
_____________ 1 1 r 

~ \ ‘m The phase spectra for the modulation is:
S~(~0) ~ 

H
~
( 2 0  

= 

~ s in r (34) S0(w) - 2w (
~
.o
~)
2 [4(w-w

~
) +

Where w /N can be interpreted as the equivalent
bandwidth in°radians pen second (see Fig. 5) and
f0 

02 w
~

/ 2w. (~e~)~ [s(f-f0) + 6(f+f )] (38)

The signal can be expanded In the usual form
usIng Bessel functions and for small ep we have:

J (~~~) ~~lI..5,
4.,

J 1 (e
n
) 02 1/2

Where o~~( f )  is defined as the energy at + w0 per

5,
4(1” ~~~ d~Af ) ~‘ (~~~i

2 
~s(f-f0) (39)—t

Hz divided by the total energy.

From the previous equations (37, 38), we concl ude
that o((f ) and the “two—sided ” phase noise S

~ 
are

approximately equal for small e~.U,
U’

___________________________ 
a) 4)

The relation between and a Is obtained by
~~‘ U’ solving the integral (28) ~)IvIng: ~

U, 
_______

2
(~ e~~ 

2J H.(wo)I~ [
~ 

jH4(~0)~ -i (40)
(

7
can determ Ine the phase spectrum as for the continuous

______ 

ca se and mul tiply the result by f 0/N, to obtain
~~~~~~~~~~~~~~~~ Front the previous equation , we conclude that we

(1 ~
The presence 0f delta functions (bright lInes)

can easi ly be detected due to the fact theta2 is not
dependent on N, a~ Is indIcated by the equatI~nrelating rn2 and (? )2

If we selec t ~ = • then the multiple response So far we have relations to determine the phaseof H ,(w ) do not b.g~n u~~il 5~~ Is reached. 
~~ s~ectr a1 densIty S,(a) and the bright lin es intensityfigure 6. (,~ )2 , In the next section, we will derive the

~ 1 1/3 2 ~
2 s~s~~m resolution using a statIstical approach to the

______ 
m quentization problem.

U (
8 siniir/3~ ~~ (35)
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Estimation of the System Resolution The counter by itself does not have sufficient
,ontro l or data output capacity , so a measurement stor-

The system resolution is determined by the age plug in uni t  is included . It extends several cap-
min mum t ime variation that the reciprocal counter abilities of the counter . The front panel gate times
can resolve, which is the clock period , are (as in most counters) in decade steps . This does

not allow enough f lexibi l i ty for spectra character-
Let T be the cloc k period, the gate time and izat ion so a gate generator is Incorporated in the

the fre~uency of the input slgnal. plug-in which generates a measurement time (‘r ) signal
in the range of 1 to 999 x 10’ 5isec . The dead time

We will assume that the noise of the Inpu t between measurements (~ ) is also controllable via
signal will cause a maxImum time variation of ~ 

the plug -in. The p1ug-~n also stores the measurement
~ c data in a buffer memory for output over the interfaceduring the gate time . Let as. represent the

resultant frequency variation then we have : bus to the calculator .

The measurement cycle of the counter is also
controlled by the plu g in  by-passing such things as6V — V i (41) the display cycle to minimize the dead time betweenI

measurements. Dead time as low as 15 s’s can be
If we assume that 2 is uniformly distributed achieved .

from -l to +1 and that the resultant óv In each
frequency measurement Is independent of all previous The mixer/amplifier unit provides a means

nes , than m(t) Is the sian of independent uniformly to further increase the system’s resolution by
distributed random variables . heterodyning the test signal down to a low frequency

si gnal by mixing It with an offset reference oscil-
Using the central l imit theorem , we concluded Iator. It includes the necessary filtering , bandwidth

that for large N the random variable m(t) ~ control and ampli f i e r s to properly condition the input
approximately Gaussian wi th var iance equal to the signals for application to the counter.
s~ji of the variances for each frequency measurement
resulting in: The control of all the previously described

instruments Is provided by the calculator via the
interface bus. Measurement data is also sent to

2 ~ ~~ )21 (42) programeed from its keyboard to perform the various
the calculator by the same means . The calculator is10 N~~~4~.’j ’ 

~~~

measurement operations and to process the data
where 2N is the number of frequency measurements and received from the counter and plug -in. All the
the term in brackets is the variance of Sv, aspects of system behavior are under program control

o f the calculator . The operator specifies measurement
This Implies in a resolution given by: parameters at the keyboard. The pr~nter device is

used to output the processed results either in numeric
or plotted form.

/ rw 2 \2 ‘
~c 

v~2
S4(.w0) fii~~w/ 2) ~~~ (43) System Operation

For the following discussion ,refer to figures
7 and 8.

The Measurement Sy~~~~ Si gnal Cond itioning . There are a variety of
System Description ways of preconditloninq the input si gn al before

apply ing them to the input of the counter. The major
The system consists 0f five major components: a objective of these techniques is to increase the

high resolution reciprocal counter (HP 5345A) with resolution of the measurement. The one shown in
externa l gating capabilities , a measurement storage Fi gure 8 is a simple heterodyning technique where
plug-on unit (HP 5358A), a mixer/amplIfier unit the test oscillator Is compared with a reference
(HP l083OA), a desk top calculator (HP 9825A) and osci l lator which is offset in frequency from the test
printer/plotter output device (HP 9871A) as shown in oscillator by vj. The output of the two oscillators
figure 7. Coninunication and control between the is mix,d together to produce an audio range beat note.
various instruments is provided by a digital inter- The output of the mixer is passed thru appropriate
face system (HP-Interface Bus). In addition, a test f i lter ing to eliminate the undesired mixer products.
tone generator (HP l083lA) and time of day clock are The si gnal is then amplified by a hig h ga i n , low noise,
included to enhance the system ’s capabilities . A limiting amplifier. The main purpose of the amplifier
functiona l block diagram Is shown In fIgure 8. is to provide reliable detection of the zero crossings

of the beat note. The output of the amplifier is
The counter provides the system w ith the ability essentially a square wave which is used to drive the

to make high resolution (2 nsec) period or time input of the counter. This approach is necessitated
interval measurement or frequency (by the reciprocal by the wide bandwidth (500 MHz) of the counter inpu t
technique). This determines the sYstem ’s sensitivity and the resulting inpu t noise which mak~.it impossible
floor limit as will be shown later. In addition, the to detec t a low frequency zero crossing with a 2 nsec
counter has the abil i ty tO be qated from an external resolution. As such the amplifier is provIded with
~arnple time signal. This is necessary in order to bandwidth control so that the input noise bandwidth
ut ilize various sampling functions and thus determine can be adjusted to be compatible with the signal being
(tie offset frequency at which a spectra measurement measured .

made .
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The techni que of comparing two oscillators , whil e can be allowed to reset and transfer data during these
it has some disadvantages , Is still the best overall intervals. Hence the counter is essentiall y free
method of performing this measurement. it is not from dead t ime constraints when using this sampling
possible to measure the carrier directly, especially function. Secondly, the sampling function Is a short
at microwave frequencies , with sufficient resolution , sequence suitable to on line processing & allows
thus sore down conversion technique is required . The measurements to be made out to a reasonable distance
problem is the noise contributed by the local (refer- away from the carrier.
ence) oscillator. in order for it to be negligible
its spectra imist be 10 to 20 dB below the test Software.
oscillator In which case the error is small (.4 to .2
dB respectively). When it is not possible to obtain The software ( the stored program in the calcu-
a reference oscillator which is better than the test lator) determines a significant portion of the
oscillator , then two oscillators of assumed identical system ’s behavior and performance characteristics .
spectral characteristics can be used and the measure- The set-up of the operating modes of the instrument
ment result taken as the average of the two. This and the method of data reaction is determined by
approach will always measu re the worst of the two wi th  the program wr lt ten for ~ne calculator . As such the
a maximum error of less than 3 d8. The uncertainty system has a great deal of flexibility in executing
of which oscillator is the poorest of the pair various sampling and processing methods as a function
can be resolved by taking 3 or more and comparing them of writing the appropriate program .
in all combination s (A vs B, A vs C, B vs C, etc.).
This approach will identify both the best and the System Performance
worst of the group.

Sensitivity : The system ’s sensitivity using the
The remaining problem with the heterodynlng simple heterodyning method and the 50% dead time

technique is the requirement that the reference ~~~~~ 
sampling function is given by eq. 43. Evaluating

d ilator be offset from the test oscillator. In this gives a family of curves as shown In ff~ure 9.
certain cases (cesium, rubidium or crystal oscillator s Eq. 43 assumes no other sources of noise in the
for example), it is difficul t or impractical to offset system. This is valid as long as the mixer and
them , and as Such , a different signal conditioning amplifier noise are designed to be below this limit.
approach is reauired. These have been discussed in As can be seen, the sensitivity increases with a

the literature 6. The main requirement in ternmof the decrease in the beat frequency (v
1

) and as the offset
current approach is to present the counter with a frequency is increased.
signal which is representative of the phase of the
test oscillator and whose period is measurable by the In the primary region of interest (10 Hz and
counter with sufficient resolution to be meaningful, below), the sensitivity Is quite good compared to

most oscillators available today. rn the region
Counter 0p~ration . The counter counts the number above 10 Hz, which is primarily for comparison with

of cycles of the input signal that occurs within the other techniques , the sensitivity can be lnade uate .
gate time and the number of cycles of the 500 I’Ilz In these cases other resolution enhancement techniques ,
time base thatoccurred from the first zero crossing such as multiply ing the input signals to microwave
after the opening of the counter’s main gate to the frequencies , can be used .
last zero crossing after the closing of the gate.
Thus , the measurement consists of two numbers: 1) the Maximum Offset Frequency: The maximum offset
number of cycles of the Input and , 2) the elapsed frequency Is limited by the counter ’s dead time and
t ime in 2 nsec steps that it took the n cycles to number of measurements required per cycle of the
occur, sampling function. In the case of the 50% dead time

sampling, the upper offset frequency is given by:
The operation of the counter and plug — in unit

are directed by conirands received over the Interface ~max 
=

bus from the calculator. These are determined by the —

stored program in the calculator . Each series of Since the counter is only able to measure an integral
measurement is made by prograrmiing the counter to number of cycles of the input , one of these is
the desired function (period, frequency, time inter- equal to the dead time , this can also be related
val) ,  setting up the desired gatlng function (measure- to the beat note frequency , thus
rent and dead time) and the number of measurements v.
to be made. The resulting data is stored in the pl ug- f
in In order to reduce the dead time between measure- max

• ments and subsequently transferred to the calculator
via the interface bus for processing . Filter Bandwidth: The approximate equivalent

filter bandwidth as given in figure 5 is
Sampling Functions.

The frequency selective characteristics of the
counter Is determined by the wdy the measurement data 

B U

is acquired by the counter (I.e. the measurement and
dead time ) and the processing algorithm used In the It Is important to note two characteristics : I) As
calculator (i.e. the choice of ci ’s) as given by the filter fundamental response f0 Is moved closer
eq. 24. A variety of resulting transfer functions to the carrier , the bandwidth of the filter becomes
have been discussed in the literature’,7. The most proportionally smaller , and 2) By increasing N , the
aftract ive of these from the point of view of an bandwidth can be made arbitrarily small. Both of
on line process is the so called modified Hadamard these facts are what allows this method to measure
variance or 50% dead t ime sampling function proposed phase noise arbitrarily (in theory) close to the
by Bdugh (see Reference 7, p 225, Figure 6). The carrier , whereas traditional analog methods are
reason for this choice is the sampling function
has two ~ coefficients w h i c h  are zero and the counter
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limited by the skirts of analog filters. sample Results

Di gital Filter Harmonic Responses A typical printout of the system is shown in
fIgure 10. A series of measurements are made at the

As shown in figure 6, the harmonics of the dig- specified frequencies and dIgita l filter bandwidths.
Ital filter have the same response as the fundamental The measurements are repeated at each frequency for
response. The usual assumption Is that the spectra specified numbers of “sweeps ” to provide some statis-
In the region of interest Is declinina at a rate of tical information about the measurements since the
f’2 or greater, and that the number of harmonic measured value represents an estimation of the mean
responses is limited to a finite number by the select- value of the spectra. The results can also be
able IF filter and thus the error is negligible, presented In graphical form as shown In figure 11.
However, this assumption must be verified each t ime Here U~e “X ” represents the average of the values
a different class of oscillator is measured as white measured and the “ — “ . the one signa value of the
phase noise can contribute significantl y. Further , variations.
so called bright lines occurring at any of the harmonic
responses will produce erroneous resul ts. The problem Conclusions
of white phase noise is discussed by Lesage and
Audoin . The problem 0f bright lines (usually 60 and The use of time domain techniques for close-in
120 Hz and harmonics thereof) can be coped with by phase noise measurements can now be performed in a
judicious choice of the offset frequencies and/or practical manner. Use of a high resolution reciprocal
bandwidths. counter gives good sensitivity for offset frequencies

below 100 Hz. By combinIng a progransnable calculator
Performance Verification with the progranmeble instrumentation, results can be

obtained in the time it takes to collect the data.
Several methods were used to verify the results

obtained by this measurement technique. Acknowledgement
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Figure 7 HP 5390A Frequency Stability Analyzer System
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AN EFFICIENT HARDWARE IMPLEMENTATION —

FOR HIGH RESOLUTION FREQUENCY SYNThESIS

B . Bjerede end C. Fisher -
General Dynamics/Electronics Division

San Diego, California

su ary_ In troduction

Conventional frequency synthesizers use either Current state—of—the—art frequency synthesizers
iterated direct synthesis, or programnable div ide—by—N suffer from the lack of a combination of one or more
phase lock , or digital sinusoidal table look—up tech— desirable features. These include suppression of
nique.. Thea. approaches suffer from one or more of spurious sidebands , small minimum frequency increments ,
the disadvantages of poor spurious suppression or low phase noise sidebands , and simple hardware imple—
close—in phase noise performance , poor frequency reso— mentation (3). Tierney, Rader and Gold (4) have pio—
lution , output bandwidth limitations or high complex- neered recent efforts in tha area of digital frequency
ity . The approach presented in this paper reduces synthesizers in an effort to develop digital imple—
these pr oblems by using a digital phase accumulator mentations for high performance with minimum hardware.
with compenaation for the deterministic variations in
the output pulse spacing . For an H—bit accumulator Design and implementation of a new approach to
and F~ the integer equivalent of the binary control frequency synthesis using a digital phase accumulator
word , the output pulse repetition rate , 

~r ’ is will be described. The digi tal phase accumulator ac-
cep ts binary control words from an external source and

— F f 2— (M—l) is clocked by a reference oscillator to generate
n c carry—out pulses having a controlled frequency. The

where 
~r 

is the clock frequency . accumula tor carry outpu t pulses provide the reference
frequency to a conventional phase—locked loop.

The phase accumulator contains the instan taneous Figure 1 shows a simplified block diagram for the digi—

phase of a desired sinewave the period of which equals tel phase accumulator (GA) frequency synthesizer. The

the average spacing of the carry—out pulses occuring at theory of opera tion has been published previously (1).
transi tions of the reference clock . The pulse spac-
ings will not in general be equal but will exhibit de— The highes t possible clock reference frequency

terministic phase noise. The magnitude and spectral compatible with the logic type used for implementation

characteristics of the phase noise are direc t ly de— of the digital •A should be used. The carry—out repe—

pend ent on the instantaneous phase error , which is a tition pulses are normally generated at sufficiently

sampled sawtooth function with peak—to—peak amplitude high rates to guarant13e high rejection of reference

2w times the ratio of the output frequency to clock harmonics which are far outside the PLL loop bend—

reference frequency. The carry—out signal provides width. A real improvement in spurious harmonic rejec—

the inpu t to a phase—locked loop (PLL) which filters tion can therefore be realized over conventional m di—

the phase noise excep t low frequency spectral compo— rect frequency synthesizers.

nents. Proper selec tion of clock reference frequencies
will insure the presence of only phase noise spectral Analog phase compensa tion within the loop can sub—

componen ts outside the loop bandwidth. Further phase stantially reduce the predictable phase error generated

noise reduction can be achieved with analog phase com— in the reference frequency by the digital •A . Good

peneation at the PLL detector derived from the digital short—term frequency stability can be achieved over a

complement of the phaae error from the phase wide range of fre quencies with major reduct2.on in hard—

accumulator , ware require ments.

A frequency synthesizer using a digital phase Sc— Perfo ’mance criteria for the total frequency syn —

c umi jiator was designed and incorporated into a HF thesizer are dependent upon specified design goals for

(2—30 MHz~ re ceiver. ECL logic allowed operation at the digital •A and the PLL. Factors relating to the

clock frequencies near 30 MHz for a frequen cy output •A include accumulator word length , the frequency and

rings from SO MHz to 110 MHz. Frequency increments of stability of the clock reference signal and the par—

0.05 Hz were echieved with spurious rejection greater ticulsr logic family chosen. Loop operation is based

than 80 dB. Phase noise sidebands in a 1 Hz bandwidth upon the sensitivity of the voltag e controlled oscil—

removed 25 kliz from carrier were down 120 dB. Short letor , loop bandwidth and transient response , and Sc—
term stability conformed to MIL STD l88B . Other oyn— cu racy and tim ing of the compensating analog phsie

thesizer s using this approach have been develope d , ue signal derived through digi tal—to—analog (DIA) conver—

covering the 500—1000 MHz frequency range. sion . Suppression of phase noise sidebands are de-
termined ~y the resonator Q—value , the power level and

This ap proach allows a reference trequencv to the the inherent and inlec ted nQiss of the VCO .

PLL of eeveral megahertz to iniure suppression of ref-
erence frequen cy modulation components. Very high fre— The theory of the digi ta l phase accumulator and

quency resolution can be achieved with considerable re— requiremen ts of PLL operstion are presented in the fol—

duct io n in hardware requirements over •tste—of —the— a rt lowing paragraphs. A detailed discussion of the origin

indirec t synt :leeie techniques.
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and nature of the phase jitter in the •A ca r ry—out
pulse train is given with a solution for its undesir— 1-.- ’ ”  -3,0 i _ -- -~ I ~ - - -~~~ ‘
able eff ects on the sinusoidal output frequency gen— 1 5

• ~
l 3

_j :: ~~cra ted by the PLL. A hardware realization is described
with experimental verification of performance .

I f—
~~~~~~ - - 

1
Di gital Phase Accumulator -_______________ - ,..~~~~‘ l S 3 C5 I- 

J $ , li’ l’ 
- ~~~~~ ~ tiCI l3. I ~ I ’ ” ”~~.. -

—i—— 
~~~ L’_~,T~ -The main function of the di g i tal  •A is i ts ability

I LL. -j -
~

to generate pulses of linearly controlled frequency.
Operation is based on periodic binary addition of a
selected binary control word , F to the lsst previous
resulting addition from the acct~mulator . Given an 

- - :_ ‘ : . I~~~ ! -
h—bit bi nary letche d accumulator programeed for the r 

~~~~~ 
- -

binary ADD mode , the accumulator output word is repre— -

scooted by the binary toodulo 2M addi t ion , 3.-f ou l. - I I I I
- . 1110115

S — F + S (aodulo 2M) (1)
11- n n-l

Figure 2. Digital Phase Accumulator , 32—Bits With
where Sn is the current accumulator output , and n any D/A Phase Error Translation
discrete in stan t in time. The discrete time intervals
cor respond to the reference clock period , Tc — l/fc, Since the accumulator output pulses are synchronized to
so tha t Sn is updated synchronously every Tc seconds, 

the reference clock they are not in general evenly
A carry—out pulse is generated dur ing a clock pulse ~~ 

spaced. For a given accumulator word length and fixed
each overflow of the accumulator by the most signifi— control word and reference frequency the output pulse
cent bi t (MS8) of the accumulator word. The remainder repetition pat tern will consist of a periodic seq uence
from the addition following the previous clock pulse of two pulse rates , the long term average of which is
is latched and becomes the new addend during the cur— given by Equation 2.
rent clock period .

For the case where the ratio of the binary magni-
tudes 2M~~/K of Equation 2 is an integer n umber , then
f
~ 

is an exact subharmonic of 
~c’ 

With this type of
operation the accumulator is filled uniformly during
each period , Tr — 1/fr, with the carry—out pulse San—
erated with no remainder to carry over to the subse—

la tor as the new addend the decimal integer equ ivalen tConverter
of F~ is suztooed synchronously into the accumulator

Control 

b~~ Phase Error quent addition. With all zeros entering the accumu —

until it is again filled accompanied by the generation
of a carry—out pulse, and the process continues.

Hi nary DIg ita l PLase For other selected control words whose binary

1tf o Vc~~~~~~~~~~~

equivalent is not an exact divisor of 2M—1 ( i .e .  theW, rI!

Cloc k 

Phase 
or 

Detector
ratio 2M~~/K contains a fractional component) the Sc—
cumulator will not fill uniformly during each suc—

Rate renc- cessive Tr period . Then the remainder after carry—out
generation is not zero but will exhibit j.eriodic varia-
tion over a specified number of Yr periods, A varia-
tion in the number of clock pulses required to produce
a carry—out results , however this number repeats peri-
odically and is entirely predictable given f

~
, F~ , and

and M. This predictable variation is responsible for
Fisu re 1. Simplified Block Diagram of Digital Phase phase jitter in the ~A output signal and directly pro—

Acc umulator Frequency Synthesizer duces deterministic phase noise in the desired PLL
carrier waveform.

Figure 2 gives the simplified block diagram ot ~12—bit digita l phase accumulator showing generation of Figure 3 demonstrates the two cases just de— -

~he phase compensation signal. Look—ahead carry i~ sc ribed , determined by the ratio 2M”l /K. Figure 3(A)
employed within the architecture to maximize allowed shows the case in which 2M~~/K is an exact integer and
throughpu t rates and minimize add time . Sixteen word the accumulator latched binary content is plotted as a
;I~~3nents are processed by each A1,U as shown by the function of time . After every 4 clock pulses the sc—
system signal flow in Figure 2. The numbers shown in cumulator is filled and generates a carry output pulse
parenthese , with the discrete variable s indicate the with no remainder , that is , f~ — 

~c’4’ 
The resulting

h i t  rsnge associated with that sagonent of the word, sawtooth pa ttern is periodic with period
1/e r’ Figure 3 (B) represents accumu latoc

For the N • 32 bits accumulator of Figure 2 the ~:~~ I t e n t as a function of time for 2M /K a f r a c t ion
average repetition rate of the carry—out pulses is cx— equal to 4 . 5 , that is , 

~r 
— tcI4 ’~~’ 

Since the frac—
pressed sa , tionsl portion is 0.5 the sawtooth pattern has an aver-

age period Tr — (d1 + d2)/2 — 1/fr, so that the pattern

— f K2 ’
~~~ — f / ( f~~ J ) /gJ (2~ 

repeats every two carry—out pulses. Dual frequency
r c c components i/d1 and l/d2 in the carry—out pulses are

therefore generated alternately. Remainders of zero
where K l~~ the decimal Intege r equivalent of the binary and F~l2 in the accumulator therefore alternate to
C O O I t I I I  W.~e d  F~ and the Ic  i~~t significant bit cur t . ’-  ~3ruduc 5 r isse jitter with period d 1 + d2 and pe ak—to—

3~~~~) I l l t I ~~~~~~I ~~. pSak -~t r i a t  I In  amp li tude of 2 l f r / f c ra il  n-

-3m



A ,, ACCUMULAT OR PUU noise reduction is achieved in propor tion to the ratio

/ -
- between loop bandwidth and repetition frequency of the

/1 

- - - / phase noise, i.e. wn /f c. Higher order components re—

/
‘
~ 

I - - suiting from possible incidental FM will also be sup—
- pressed by the loop./ I ACCUMULATO R EMPTY

-e4~- Ie-.-— d , sic ~ i ” ~~~~ E T C  Reduction by Analog Phase Compensation

Al Lover frequency components of deterministic phase
noise can be greatly reduced by direct compensation
within the loop. Analog representation of the phase
noise can be derived f r om  the analog equivalent of a

-
~~ /1 ..4 A ACCUMULATOR Pull. word segmen t from the AU) outpu t of the digital •A.

1 1 I The MSB of the digit a l word at the ALl) output should

~~~~~~~

. - I correspond to the most significant nonzero bit of the
binary input control word. For high accuracy the word

ACCUMULATOR EMPTY segment should consist of a sufficient number of bits
).‘s— d 1 erie d 2 ‘~Fs 

d I —~~~4 ETC (usually 8 or more) . Digital—to—analog (D/A) conver-
sion using the offset binary mode with current output
will produce the bipolar complement of the analog
phase error v

A) ~~~P, A N E X A C T I N T E R G E R

IN 2M~~, A FRACT ION RESULT ING IN DUAL FREOU ENCY COMPONENTS lid 1 AND lid 2 
Figure 4 shows the schematic representation of the

PLL with the sumeing nods for analog phase compensa—
Figure 3. Sawtooth Representation of Accumulator tion. The current input compensation signal v~0 is

Conten t at Each Clock Pulse sumeed with an output signal from the phase detector to
effectively cancel the effect of reference phase jitter

The binary representation of the phase jitter in and prevent it from entering the loop. The compensa—
the PA output can be derived directly from a digital tion error is periodic and corresponds to a ramp con—
output segment of the PA as shown in Figure 2. Suffi sisting of discrete steps of duration ‘rc with pe riod
cient bi ts are required for precision to produce an equal to the phase noise repetition frequency. The
accurate analog eignal using D/A conversion. The MSB peak—to-peak level of the ramp entering the PLL is
used in Fn becomes the MSB in the designation of the edjusted to provide the correct compensation signal.
phase noise with 8 or 10 bite adequate for a practica l The settling time of the D/A converter must be suffi—
represen tation of the generated phase noise. ciently fast to allow the presence of v,n at the sum-

ming node during the dura t ion of the clock period
The precision and repetition rate of the PA out after the phase detector responds to its reference

put pulses are cont rolled by the accumulator size, input.
clock freq uency , and bi t length of the binary control
word , F0. Given a fixed accumulator word length a This technique has proven especially effective for
higher maximum output repetition rate can be achieved close—in deterministic phase noise and can provide more
only by an increase in the clock reference frequency . then 40 dB improvement over the uncompensated spectrum.
Th. logic family and layout used in the PA implementa-
tion in turn impose limitations on the max imum clock
rate th rough finite propagation delays. Highe r reso-
lutio n in the output pulses for incremental frequency ,,
changes can be achieved with longer •A word lengths. , ,
However , this will tend to lowe r the maximum atta in ~~~~~~~able refe rence frequency to the PLL , aside fro m some I( tSPtJ T
what increased hardware require ment o. ~ I

Phase Noise Considerations •,, L ‘

Since the reference frequency to the PLL is typi-
cally several megahertz suppression of reference side— .11
bands is achieved through proper loop filter
design (2). However , the phase jitter created by the
digital $A , described in the previous section and de— Figure 4. Phase Locked Loop Showing Su ing Node
picted in Figure 3, can manifeet itself in phas. noise for Analog Phase Compensation
which may span a very wide frequency range (from dc to
hundreds of kilohertz). Periodic phase noise can Reduction by Multiple Clock Frequencies
therefore be gsner*ted on the desired output signal
and prove quite troublesome , particularly the frequen— To further insure elimination of all pha$e noise
cies within the PU. loop bendwidth . Techniques to components from the output spectrum the phase noise
minimi ze the effects of and eliminate the source of frequency components must be maximized with respect to
deterainistic phase noise are hers de l ineated , includ— their frequency . A very effective means to guarantee
ing pertinent hardware considerations , that all components ar, far femoved from the loop band-

width is to employ multip le clock reference frequen-
Reduction by Loop Bandwidth cies. For a clock signal which generate . low frequency

phas. noise components for a given input binary control
Deterministic phas. noise can be suppressed in word, a differen t clock frequency is chosen. The new

the FISt by a sufficiently narrow 1oop bandwidth to clock frequency will , of course , require a different
attenuate all higher frequency components. Phase binary control word to generate the smee reference
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f requancy , ~r ,  to satisf y Equation 2. However, the Analysis showed two clock frequencies to be suf—
period of the lowest frequency component of phase jit— ficient to provide high separation between all critical
ter will he sufficiently small to be easily suppressed output frequencies. A system limitation of 100 kHz
by the loop. Aa a minimum requirement , ther ,ifore , two clock frequency spacing multiples indicated 27.9 MHz
clock frequencies must be selected , and 29.1 MHz achieved best separation while maximizing

the absolute clock frequencies. The clock reference
Low frequency phase noise components will be frequency was selected manually by gating the desired

strongest v,~ry near , but not exactly at , phase accumu— clock to the accumulator, The PLL loop bandwidth and
la tor output frequencies corresponding to integer sub— transient response were designed for high spuri oua re-
harmonics of the clock reference frequency. In addi— jection and phase noise suppression with the mid of
t ion , some fractional subharmonics (2M”l/K a fract ion) annlog phase compensation . 4 highly sensitive VCO was
can produce significant, although much weaker, phase designed using a high—Q veractor tuned tank circuit.
noise components in the PLL output for a given loop
bandwidth. Those fractional subharrnonics with small Total hardware requirements consisted of two
fractional Components (multiples of 1/2 , 1/3, 1/4) gen— single—layer circuit boards, each 10 in. by 4.25 in.
crate by far the greatest noise in the output spectrum in size. A 29—bit binary control word was used with
and require additional suppression. To accomplish this the remainder of the input bits fixed at zero. Ribbon
a search is made for two practical clock frequencies cables provided airect interface to the e.:ternal manual
which maximizes the separation between all integer and controller .
fractional subharmonicT over the output frequency
range of interest. Spectrum analysis f the VCO output sinusoid

showed spurious noise and phase noise suppression of
A pattern of the interleaving ~ri tical frequencies more than 80 dE across the frequency band. Nonco—

is selected as optimal and the two corresponding clock heren t phase noise sidebends were 120 dE below the car—
frequencies chosen for synthesizer operation . For a nc r removed 23 kflz in a 1 Hz bandwidth. Excellent
specified VCO out put frequency, therefore , the clock shor t term stability was echieved , within standards set
frequency is selected which produces a 4A output fre— forth by MIL—STD 1883.
quency farthest from the critical aubhsrmonica of that
clock frequency. Three clock frequencies may provide Ref erence frequencies to the PLL in the range
greater separation and may be beneficial for very large from 2.56 MHz to 3.44 MHz insured Tmple suppression of
percentage output bandwidths, reference frequency modulation components , a problem in

many conventional synthesizers. The high reference fre—
A digital frequency synthesizer based on a digital quencies also allow for switching times orders of magni—

•A nnd employing correct loop bandwidth characteristics tude faster than conventional indirect synthesizers.
and techniques of analog phase compensation and multi—
pIe clock reference frequencies to the $A will guaran-
tee nea r 100% elimination of all phase noise compo— A similar synthesizer has been successfully its—
neflt e. Care must also be taken in design of t ’te PLL p lexented in a microwave measurement unit for an auto—
filter and VCO and noise—free power sources to insure mated test system. Frequency requirements were 500—
absence of any degradation of the output signal. 1000 MHZ with 10 Hz steps achieved using a 28—bit phase

accumulator. Loop multiplication was fixed at 400.
Spurious rejection of greater than 60 dB was achieved

Hardware Implementation across the frequency band using a comuercially avail-
able VCO.

A •A—typ . digital frequency synthesizer was built
to serve as the local oscillator (ISO) in a HP
(2—30 MHz) receiver. A frequency range from Re fe reIE~!L
82—110 ?f llz vs. a requirement of the LO due to the
80 MHz IF frequency of the receiver. The frequency 1. B. E.  Rj er ede , G.D. Fisher , “A New Phtse Accumulator
resolution was required to be 1 flg, Approach to Frequency Synthesis ,’ Proceedings ,

IEEE NAECON 76 , pp 928—932, May 1976.
The digital $A via designed for 32—bit operation

as shown in Figure 2 and v.a implemented uaing 2. F. M. Gardener , Phaselock Techniques , John Wiley S
emitter—coup led logic for maximum throughput rates. Son., Nes York. 1966.
Digital translation and a 10-bit fl/A converter was
used to pgovid. the analog phase compensatio n signal to 3, J.  Gore ki—Popiel , Fr equency Syntheei s: Techniques
the PLL. For 32—bit op.r1t’on minimu, frequency step. end Applications, IEEE Press , New York , 1975.
of 0.2 Hz are attained with a z,-xi’msm allowable
throughput rate of 31 MH z. To achieve the desired 4. J .  Tiern ey , C .M. R.ader , 8. Gold, “A Digital Fre—
output frequency range a fixed ioop multiplication of quency Synthesiz er , ’ IEEE Trans . Audio and Electro—
32 vs. required. acoustics , AU—19 , 48 (197:.).

321

______ ________ - . - -~~~~



RESONATORS AND COUPLED RESONATOR FILTERSSAW

3. J. Staples and P. C. Smythe
Piezo Technology Inc., Orlando , Florida

Abstract

The behavior of SAW resonators and coupled electrical loading of the quartz surface. The
resonator filters on ST-Quartz is examined , reflectors were separated by 41.SA IDT edge-to—
SAW resonance phenomena are explained in edge and a 40.5 finger—pair IDT was placed
terms of two-dimensional symmetric and anti- symmetrically between the reflectors. The
symmetric modes. The effects of energy trap- transducer periodicity , A ZDT S was 84.5
ping are conside red and the results of trans~- microns , center frequency anproximately 75
ducer apod zation shown . Because of the two- l’fliz, and the aluminum 1000 R in thickness .
dimensional symmetry, SAW resonators may be
coupled using transverse or inline modes. Resonator characteristics were measured
Typical SAW coupled-resonator filter responses using a Wayne—Rerr admittance bridge , model
for each type of coupling are discussed . Using B80l , with an HP spectrum analyzer and track-
two SAW two-pole devices a four-pole filter ing generator for bridge detector and source .
response is demonstrated . The resonator lumped parameter equivalent

circuit shown in Figure 1-c was assumed in
I. Introduction the analysis and interpretation of the

experimental results shown in Table I.
The acoustic surface wave cry stal ~eno-

nator , which has recently generated consider- TABLE I
able interest in the field of frequency
control( 1) and ultrasonics (2) , will be dis NOMINAL EQUIVALENT CIRCUIT PAR.ANETERS
cussed in this paper. The SAW resonator
make s use of two grating reflectors to form 74.6  - 74.8 MHz
a surface wave cavity . By means of an inter 16 ,000 MHz
digital transducer (IDT) , electrical signals 

~a 
6000 Oh~iBare converted to acoustic waves and converse-

ly. The operating characteristics of the R~, 50—100 Ohms
cavity depend upon the reflection coefficients C0 10 pP (typ)
of each reflector , the substrate material, and C1 .004 — .007 pP
the electro-acoustic field of the IDT itself. L1 500—1000 Ui!

In this paper experimental and theoretical C0/C 1300-1700
behavior of SAW resonators and coupled-reso-
nator filters will be examined. ‘These devices Using the bridge, the resonator swept—are of potential interest for narrow band frequency response could be examined in
filtering applications in the 50-1000 MHz detail as well as characterized quantitative-ranges because of their high Q’s and low ly in terms of equivalent circuit admittancesfre quency temperature coefficients. Further measured directly on the bridge.advantages of SAW resonators for filter ap-
plications are: 1) fundamental mode operation Figure 2 is a typical response obtainedto at least 1000 MHz ; 2) small size ; 3) with the admittance bridge adjusted torug~edness and ease of mounting, and 4) low balance out the effect of resonator staticnatural impedances. Most important of all , capacitance , C0, and transducer radiationinter-resonato r coupling may be achieved , resistance , R5. Spurious modes (

~i—~g
) atleading to some valuable monolithic filter frequencies other than the principal re.o-structures. nance frequency (SO ) ar. clearly seen on the

high frequency side of the response. TheseXI.  SAW Msonance spurious mode . arm transverse modes pro duced
by the leaky impedan ce discontinui ty alongA numbe r of experimental resonators have the transve r se .dges of the resonator.been fabricated. The basic resonator struc-

ture shown in Figure 1-a was photo-etched in SAW resonance phenomena may be explainedalum inum films on ST-quartz blanks , 1 mm thick in terms of standing surface acoustic wavesand 14 mm in diameter. Using silver epoxy , symmetric or antisy imnetr ic ahout a twothe blanks were then mounted in standard H C 6  dimensional coordinate system as shown incrysta l cans and sealed in dry nitrogen/helium Figure 3. In th. dir ection of pr opagationgas at atmospheric pressure . Multi—level (inline) the distributed reflectors createphotolithographic processi ng steps involving symmetric and antisymm.tric inline modes orthin-film deposition and etching were used standing waves. Normally the resulting inlinethroughout the resonator fabrication . The 
~~~~ spectr um is reduced to a single inlinedistributed reflectors conta ined 200 reflect- mode by selecting the proper reflectorm g  aluminum str ip.. , approxi mately 1 micron separation and bandwidth.in thickness as shown in Figure 1-b. The

length of each stripe was lO0A~ ~~ Associated with each inlin, mod. is amicro’~s) where ~ is twice the grating finite sp.ctru~ 9f transvers ely trappedperio dicity . A thin (100 ~ ) f f lm  of chrome (guided) modes ’3’. Trapped energy modes inwas placed under th . reflecting strip es to bulk-wave r..onators are well known~ 1 • Forinsure adhesion m d  eliminat e periodic the bulk-wave case , the resonator consist.
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essentially of a plate having a region whose For the transversely coupled resonator (5)
cut-off frequency , due to a combination of fil ter of Figure 6 b  the desired modes are
piezoelec tric and mass loading , is lower than the first symmetric and antisymmetric trans-
that of the surrounding region. The loading verse modes. Coupling in this case is con-
is usually modeled by an appropriate dif- trolled by the width and separation of the
ference in the densities of the two regions, trapped regions and the amoun t of trapping
Although structural enalogies between the applied in these regions.
bulk wave and surface wave devices are in-
comple te it may be noted in the bulk-wave To study transverse coupling . resonators
case that this difference in densities is were constructed on ST-quartz as previously
equivalent to a velocity difference . described; however , in this case two Un-

apodized IDT ’s were placed between the re-
The ana logy between a trapped—energy , flecting arrays as in Figure 6-b. The trap-

bulk—wave resonator and the SAW resonator of ped regions were lO A p wide and separated by
Figure 1 is not exact because the region of SA R . Transverse coupling between the ID’r’s
fast surface wave velocity, outside of the is shown in Figure 7. Low—Q dielectric films
reflectors, contains no reflecting stripes accounted for the high insertion loss in this
which are analogous to the reflecting walls early prototype . The spurious activity on
of a bulk-wave crystal resonator. Since a the high frequency side of the response is due
transverse discontinuity does exist, even to coupling between higher order transverse
though a somewhat leaky one, the trapped modes. Apodiration of the IDT ’s migh t be
nodes occur only weakly as in the response used to alter or reduce the relative amplitude
of Figure 2. The analogy is stronger for the of these modes.
case shown in Figure 4. Here a region of
slow wave velocity is formed using a thin Inline coupling produces a filter response
f i lm over the transducer and reflectors, quite different from transverse coupling due
however , the reflectors have been extended to acoustic transmission outside of the re-
beyond the film into the region of relatively flector stopband . An example of inline
fast wave velocity to demonstrate the trap- coupling between SAW resonators can be seen
ping phenomenon. The results shown are for in Figure 8; the filter response is shown for
a slow region width of 4OX R and a reflector unmatched 50 ohm terminations. In this
width o~ 100AR . The trapped modes are now example 300 reflecting stripes were used in
enhanced because the energy outside the the outer reflectors and 150 for the middle
guided region as well as within the guide is reflector. The transverse dimension of the
reflected . structure was 1001R and the IDT ’s were

apodized to suppress higher order transverse
Trapped-energy, transverse modes would modes. The inline-coupled resonator modes

represent a serious problem were it not for can clearly be seen ; the deep null between
the ability to apodize the IDT and hence them indicative of the mismatched (low)
alter the transverse amplitude distribution terminating impedance. Far from resonance
of the transducer . Apodization of the IDT the reflectors appear transparent and the
has a large effect upon the resonator spurious background spurious level is caused by direct
mode spectrum. Illustrating this, Figure 5 IDT-to—IDT acoustic transmission . The ulti-
shows the response of a resonator similar to mate spurious level can be quite high, typi-
the one of Figure 4, except for an apodized cally greater than -90 dB + 5 MHz from the
IDT . In this case no trapped unwanted modes center frequency.
are observed. The ability to weight the
excitation function of the resonator is not Near resonance the inline coupled reso-
shared in practice by bulk-wave trapped-energy nator response becomes maximally flat when
resonators and is unique to SAW technology the filter is terminated in its midband
itself. Because the SAW resonator may be characteristic impedance. Passband response
apodized and selected transver~.e modes prof- is illustrated in Figure 9 for various values
erentially excited, very wide , and hence vary of terminating impedance . A simple series C ,
low impedance , resonators may be fabricate d paralle L matching network as shown in
without transverse modal interference . Figure 10 was used to transform the 50 ohm

source and load to the desired impedance
XII. Coupled Resonators and Filters level . The small spurious resonances appear-

ing within the passband and on the high
Since the acoustic surface—wave resonator frequency side of the filter response of

possesses two-dimensional symmetry , a coupled- Figure 9 are due to higher order transverse
resonator filter may be implemen ted by either modes not completely eliminated by the trane-
inline or transverse coupling of individual duc.r apodization .
resonators. Representative structures for
both inline and transverse coupling are showi~in Figure 6-a and 6-b respectively. Filters of the above type have been built

with insertion losses typically 1 dB and
For inlin, coupling the desired modes are percentag , bandwidths from 0.01-0.1%, For

the first syi etric and antisy mestric inline the filter shown the bandwidth is 70 kHz at
modes. For small coupling , the structure of 75 t~~z. In Figure 11 the modal frequency
Figure 6-a will have a two—pole f i l ter separation , which can be related to the
response for which the cente r reflector filter bandwidth, is plotted as a function of
controls th. degree of coupling between the the number of center reflector stripe., Mc,two resonstor s or, equivalently, the modal for the inline coupled structure . In the
frequen cy separation end hence the filter limit of no center reflector the coupled modes
bandwidth , degenerate into the symmetric and anti-
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symmetric inline modes of the single remain- 5.  H . F .  Tiersten and R . C .  Smythe, “Guided
ing resonator. Surface Wave Filter”, Proc. 1975

Ultrasonics Symposium; p. 293.
A four-pole filter response may be ob-

tained by cascading two of the above 2-pole 6. R.C .M. Li , J .A.Alueon , and R.C. Williamson,
monolithic structures as shown in Figure 12. “Surface—Wave Resonators Using Grooved
For the prototype response shown the inser- Reflectors,” Proc. 29th Annual Frequency
tion loss was typically 3 db. The u l t i l iza— Control Symposium , p. 167; 1975.
tion of SAW resonators in filters with mo~e ______________________
than four-poles is limited at present due to

-rproduct.

IV. D~scugsjon and Conclusions IffluhIIHllIll HHII1 fu nD DII DII I0O&5

the relatively low Q—fractional bandwidth I I

SAW resonators have been shown to possess L i
both inline and transverse modes. Inline
modes may be analyzed using transmission line
models. The transversely bound modes associ- IA )
ated with each inline mode may be predicted
with reasonable accuracy using energy wave-
guiding concepts. Apodization of the excit-
ing lOT has been shown to provide preferential
excitation of these transverse modes.

Although SAW resonators represent an 1 i
improvement over presently available bulk ...mm.. em — 

. •. m . .~~~
resonators in the upper VHF range , they
nevertheless have at present certain practical I L.’~’~ I~~b000 * Cs / I
limitations , some of which are: relatively 2 I 100*)

low 0, typically less than 20,000 at 100 MHz
(this is not an inherent limitation , the $t 0UA~1’Z N0T TO$CALS)

intrinsic 0 b,~pq approximately 100,000 for 
Is)

ST-cut quartz’ ‘); C0/C1 slightly better than
a 3rd overtone AT-cut bulk resonator; and
temperature stability inferior to an AT-cut
bulk resonator . In many applications temper-
ature stability is an over-riding consider-
ation. For comparison , the stability of
ST-quartz SAW resonators is shown in Figure
13, together wLth that of an AT-cut bulk : c0
resonator . Two-pole filter characteristics — T T~

;have been experimentally demon strated for
both inline and transversely coupled reso-
nators. In both cases, the coupling is the ________
resu lt of symmetric and antis yssnetric mode IC )
excitation about an appropriate center line.
One method of extending these techniques to Figure 1
multi-pole filter resp onses using tandem—
connected or cascaded two-pole SAW monolithics 

(a) Surface acoustic wave (SAW ) resonator
has been shown . These new sur face wave structure , (b) Side view (not to scale)
filters are expected to find app lications as showing fabrication details and (c) SAW
narrow band low—loss filters in the 50—1000 resonator equivalen t circuit.
MHz range .

1. 29th AnnuaL S~~~ osium on Frequency Control, -so
U.S.Army Electronics Command , Ft.  Monmouth ,
New Jersey, (1975) .

2. 1975 Ultrasonic. Symposium Proceedings ,
Los Angeles, Cal i f . ,  Sept. 1975, IEEE
Cat. No. 75 CR0 994—4SU. 

.

~~~

3. E.J. Staple. ard R.C. Smythe , “Surface
Acoustic Wave Resonator s on ST-Quart z ” , r r~ 1 i
Proc . 1975 Ultrasonics Symposium ; p. 307, 

~ Fi
4. N. Shockl.y, D.R .  Curran , and 0.3 . Konev al,

“Energy Trapp ing and Related Studies of
Multiple Electrode Filter Cr ystal . ” , —

17th Annual Symposium on Frequency Con~.rol, .505 ~MS ~ ..ss ‘sos
1963, p. 1$. ~~~~~ ffis~tExpanded bridge response showing spurio us

resonator modes.
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Apodized , trapped energy SAW resonator bridge
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Representative structures for (a) Inline and
Figuxs 7 (b) Transvers, coupling of SAW resonator..

Unmatched (SOQ), 2—pole filter response using
transversely coupled SAW r.sonators.
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Typical matching circuit used with 2 pole SAW
filters
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Figure 8
Unmatched (500) , 2-pole filter response using
inline coupled SAW resonator. .

1

Figure 1].
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matching impedance for inline coupled
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TWO-PORT QUARTZ SM RESONATORS

W i l l i a m K . Shreve
Texas i n strumi n ts Incorp orated

D a l l a s , Texas 75222

S unina ry

A two-port surfece acoustic wave (SAW) resonator the ref lec tor array acts as a wav egu ide which , because
with an unloaded Q of 20,000 h~s been constructed of it s width , I s  h i g hly ove rmoded. The h i g h e r  orde r
on 47.25 (z x t) quar tz (ST cut , 42 .750° rotated nodes introduc e distortion in both the amplitude and
y Cut). Th i s resona tor has a clean , sin gle node phase of the fundamental response that can mike it
response with spur ious transverse nodes effect i vel y impossible to obtain controllable muit ipo le f i l t e r
suppressed. The reflectors are arrays of grooves responses. These spurious responses can be suppressed
etched into the quartz by using a reactive plasma etch- by coupling properl y to the lowest order node of the
ing process. If this ref lector array is modeled l~ a acoustic resonance .
manner analogous to th.t used for an isotropic wave-
guide, Stap les and Smythe showed that the structure Coupling to the acoustic resonant mode is accom—
supports many wavegu ide nodes. A l l  but the lowest pu shed by interdi g i ta l  transducers either at the ends
orde r node represent spurious resonances that distort of the arrays or in the cavity . To min imize the loss
both the resonator am plitude and phase near the funda- at resonance , the t ransducers  s h o u l d  be p laced i n  the
me ntal response . A method of coupling to only the cavity so that the coup l i ng fingers f a i l on the peaks
l owes t orde r node by apod lzing the in terdi gi tal trans- of the standing wave set up at resonance . Deviation
ducers is described and demonstrated. Examp les of from this position w i l l  reduce the cou piing at resonance .
filters wi th controlled Butterworth responses are used The miximum transduce r size is fixed by the requirements
to illustrate the viability of this technique . that the transducers be in the cavity and that the

cavity be small so that it w i l l  support only one reso-
Because of the hi gh Q of these devices , close nan t node.

attention must be paid to variations In the fabrication
process. Sma ll changes can move the resonant frequency Resonan t Characteristics
by several time s the resonator bant~ idth . Variations
in groove depth end ,neta llization th i c k n e s s  appea r t o The type of resonator used in this study is shown
be the dominant causes of variations in resonant fre- schematicall y in Fig. I. Each reflector array Consists
quency between wafers.

Deviations from the design frequency caused by
fab r icat io n necess i ta te  p o s t — f a b r i c a t i o n  freq uency
tuning in many oscillator and narrowband filter app li-
cations. Preliminary results of tuning with a thin *..ss
dielectr ic overlay of ZnO are presented. 

50,d..I ~~~~~~~~ I~40I*

Surf ace ôcoustIc wave (SAW ) ~~ o0ator5

and narrow band filter applications. A SM resonator
consists of two distributed reflectors, each consisting
of an array of surface perturbations on half wavelength
centers. The arrays define a cavity wh i ch wi t ) reson-
ate when the effsctive cavity length is an integr al
nunèer of half-wave lengths. Distributed reflec tor
array s of th i s type are h ighly reflecting only over a
narrow band of fr,quenci:s (th. stop band of the irray ). Figure 1. Schemit ic of two-port SAW resonator using

the reflectors is transmi t ted. Th. cavity and refi ec— groove reflectors on ST quartz.

tor can be designed so thet only one resonance occurs
within the stop band. Such a design results in  a fun- of 400 grooves. The g rooves are 100 wavelength s long .
damsntal ~~de resonator with no spurious cavity reso- approx imately 0.25 wave l engths wide , and on the order
nanc.s to gsnerate Interfe rence . 5.flectors of th i s of 0.013 wavelengths deep . Two aluminum transduce rs
type do have stop b nds at harmonics of this fundemen- each consisting of 29 pei rs of electrodes are placed In
t el , t but spurious responses at these frequencies are the unetc hed cav i ty  to couple energy in and out. These
effectively suppressed by coupling and electrically transducers mus t be positioned in precisely the righ t
matching to the fundamental. The individual reflec tors position within the cavity to obtain thi optimum
within an ar ray can consIs t of any of a n~~~er of response , but smell errors wil l only leed to a dec rease
surfa ce perturbation s in ci Wding grooves,2’~ degosl t.d in coupling to the resonant mode. Transduce r position
iie tal ,5 dielectric l ayers .’ or iapl.n ted ions, can be used as a means for controlling the strength of

coupling Into and out of a resonator. The design of the
The reflec tor array is typically on the order of transduce r elsa controls the lapedance of the coeçleted

100 wavelengths wide . The net effect of the ind ividua l resonator and the transducer capacity can be used to
perturbation s Is to introduce a perturbation over the .ii~~l l f y matching to an external l iupedance .
en tire area covered by the array. I? this perturbation
results in a reduce d velocity under the array (as it Typica l performance for a two-port resonator is
does for grooves, a lum inum, gold, or ZnO reflectors), shown in Ti9. 2. The picture of a device shows two
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Figure 2. Two-port quartz SAW resonator. Top left: p i c tu r e of reso na to r . lop r i g h t :
measured characteristics . Bottom: frequency response.

t ransducers in the cavity (distinguishable by the dark $~C when norm ai ized to I GHz. (Air loading loss is
bonding  pads) , diffraction f rom the two grooved arrays , proportional to frequency.) The corresponding experi-
end extra transducers at the ends of the arrays . The mental value published by T. L. Szabo and A. J.
freq uency response of the device shows the resonance Slobodnlk , Jr., is 0.47 dB/tisec.8
peak and a background leve l generated by direct  acoust ic
transmi ss ion  between the transducers. This background Fabrication
Is a characteristic of two-port surface wave resonators
end shows up in filters made from these resonators. Fabricatior of plasma etched quartz SAW resonators
In terms of urod*Iiny, this leve l shows up as a resis- i s  a mu lt istep process. At each s tep , uncert a i n t i e s
tanca shunting the series resonant arm as opposed to are introduced wh i ch affect the frequency of the final
the shun t capacity characteristic of one-port resona- device . For devices like that shown in Fig. 2, the
tars . The device shown in .~l g. 2 has an unloaded Q center frequency can vary by more than the device

~~~ 
of 2 1 ,000. The unloaded Q is the ratio of the bandwIdth. There are severa l possible sourc ..,s of this

energy stored to the energy dissipated per cycle in the error . The effect of small orientation errors In the
cavity , it is an upper limi t for the loaded Q (f0/eW). velocity of ST-cut wafers has been conside red by BeIi~
An extensive discussion of resonator Q can be found i n  A misor ienta t io n of the plate norma l by ±0.25 degrees
Reference 7. leads to a maximum frequency shift of ±92 parts per

million tppm). Alignment of the resonator pattern
One of the major sources of loss in the groove with the X axis of the crystal is less critical; an

reflector quartz resonator is air loading. The unloaded erro r of ±0.5 degrees causes a shi ft of ±15 ppm.
Q of a 194 MH z resonator can be increased from 18500 in
air to 25500 in vacuum. The reciproca l of Q1~ is a The thickness of the alu minum f i ngers appears to be
measvrs of the loss In the resonator. Thus , the change extreme l y critical , in theory’0 variation of the
in l/Q,~ is a measure of the attenuation Introduce d ~.y th i ckness gf an ide as solid slumui nu m film on ST quartz
air loading. In th i s case the change Is 14.7 x 10-0. from 1225 A to 1300 A (3%) shoul d cause a vel ocIty
This result is equivalent to an attenuation of 0.40 de/ shift of ± 17 ppm at 200 MHz. in pract ice shifts
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corres po n d i n g  to 180 ppm for t h i s  change i n  metal
thickness have been observed in resonators on different
quartz slices. The large discrepancy between theory
and experiment is currently under i nvestigation.

Fabrication of the reflectors also affects the
resonator frequency . The reflector width has a large
effact on the reflecti on amplitude per stripe . The
w i d t h  also affects the phase of reflect i on and therefore ~~~~~~
the resonant frequency. The relationsh i p between the
groove width and frequency has yet to be determined.
The resonant frequency varies as the squa re of the ~~~groove depth. For ST quartz , this leads to a maximum
frequency uncertainty of 90 ppm for a depth varia tion
of 2.5% about the desired depth of h/A — 0.013. The
net result of all these fabrication variations is an C s*I,
expected maximum frequency varia tion of 377 ppm. in
experiments at 185 MHz, the observed frequency varia-
tion across a slice has a standard deviation of ±40 ppm Figure 3. Waveguide modes In a two-port resonator. Top:and a ma ximum deviati on of ±75 ppm. The maximum
observed variation from slice to slice for slice s from resonator schematic Illustrating the field
the sane stone Is 140 ppm with a standard deviation amplitude distribution across the waveguide

for the lowest order modes. Bottom : frequencyof ±60 ppm. These variations are well below the
expected maximum because not all variations are necess- 

response of resonator showing the distortion
introduced by waveguide modes.ar i ly in the same direction (some may cancel) and

orientation difference s are reduced by comparing
devices from the sane slice and slice s from the same
stone. The numbers shcw that standard processes for
surface wave resonators lead to a requirement for post
fabrication frequency tuning of about 300 ppm.

Post Fabrication Tun i ng

~~~ 
~.lwuen oa~

by using dielectric overlays , laser tr irumui ng (applicab le
Surface wave resonator tuning can be accomplished

to resonators using metal fi lms), electrical trInumin~(applicable to resonators on h i g h couplIng materials
and reflector thinning (applIcable to overlay reflec- 

—

tors). For resonators with groove reflectors, a zinc
oxide layer over the entire resonator prov i des the 

~~~tuning range required t. make up for fabrIcation varia-
tions. The excess loss Introduced by tunIng can be
measured by the change in the reci proca l of unloaded Q.
For tuning up to 300 ppm in freguency at 195 MHz this
change is as large as 3.0 x 10 °. This value corres- Fi gure 4. Frequency response of a two-pole” filter
ponds to about one-fifth the loss introduced by a i r  constructed with two resonat o rs wi th  spurious
loading at this frequency . As the tuning range is waveguide modes.
increased to three parts per thousand, the loss becomes
equal to that for a i r  l oading. For devices operated in coupling transducer to the potential variation across
a i r , tuning of up to 300 ppm introduces only a slight the waveguide . Determination of the field distribution
performance degradation. Further tuning causes an across the waveguide array on an anisotropic substrate
unacceptable Q degradation; the phase slope for osc il - cannot be solved in c losed form and variational tech-
lator appiicat ions is significantly degraded and for niques must be used. in this case , the problem is
f i l te r  applIcations the loss for a specIfied bandwidth further complica ted by the complex nature of the
is Increased , boundary condition at the edge of the array . Some

feeling for the nature of the field distribution c~anWaveguide Modes be obtained from the analogy to bulk wave resonances
pointed out by Staples and SJsythe) 1 Solutions of

Surface wave reflectors perturb the surface of the problems involving Sounded resonant systems va ry in a
crystal and In many cases (including groove reflectors) sinusoidal manner , so a cosine we i ght ing function
result in a reduced surface wave velocity. This across the guIde was chosen for this work. This weight-
reduced velocity turns the 100 wavelength wide array Ing is accomplished by apod i zatlon of the coupling
int o a weveguide that is hi ghly overusoded. E. J. Staples transducer as shown in Fig. 5. Typ ical responses for
and A. C. S.ythe hav, analyzed this effect in a manner devices with this design are shown in Fig. 2 end Fig. 5.
analogous to that used for trapped energy modes in bulk In both cases the responses are free from amplitude
wave reson ators . ’ 1 An example of the effects of this distortion caused by waveguide modes. it should be
muitisoding is sh~~~ in Fig. 3. i~ en resonators of noted that any perturbation on the surface of the
this type are used In narrow band filters , the effec ts resonator tha t causes unwanted modes to couple strongly
of the unwanted sodas can become even more severe as to the desired mode will reintroduce distortion In the
illustrated by the two-pole f I l ter response shown in resonator response. The unloaded Q of the 388 MHz
Fi g. 4. One technique wh i ch can be used to suppress res nator shown in Fig. 5 is 10 ,000. This is the first
these modes is to use narrow arrays wh i ch support only demonstration of SAW resonator operatIon above 200 MHz
one waveguide mode. Th is solution is not alw ays practi- with a Q t h I s  hig h.
cal due to impedance considerations at the input
t ransduce r . The tach niqu u used In this work Involves
coupling to only the 1 ~ es t orde r mode In the wave-
guide by matching the potential generated by the

3$0
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where N — the number of pairs of electrodes in the
________________________________________ transducer

Er, 
— the effective substrate dielectric constant

—eu iu~ ’~ w — the maximum aperture of tha transducerII,

k2 — the substrate electromechanica l coupling
constant

f — the transduce r center f req uency

f0 — the resonant frequency

item,, F — the array reflection coefficient
L — the effect i ve cavity length.

Fi gure 5. Apodl zatlon of coupling t ran sd ucers to
suppress waveguide mode interference . C Is the stray capacity from bonding pads. The
Top : schematic of resonator wi th  apodization, mode l relates design parameters and material constants
act ive  transducer region shaded. to a simp le circuit similar to that used for bulk reso-
Bottom: f requency response of 388 MHz nators. For filter desi gn , th is mode l Is essent ia l ly
resonator with apodized trensducers. the same ~s one used for bulk wave resonators In ladder

networks. 3 Because the model for the array is based
Nodeiing on lossless transmission line segments, the magnitude

of the reflection coefficient must be determined from
With the transducers apodlzed to suppress wave- experimental data. Until the loss mechanisms are iden-

guid e iuode distortion , the two-port resonato r can be tified , this fit must be repeated at each frequency of
modeled by a simple equivalent circuit. The arrays operat i on . The fit can be made to the loss at resonance
are modeled as lossless transmission lines with alone. The theory then allows one to predict the
periodic dlscont inuities. These lines are comb i ned resonator Q~ 

(Q~ — W0L1/R 1) and the refore the measured

with a si m p le model for the interdigital coupling bandwidth. This procedure has been fo lowed for a 184
transducers to model the entire resonator. Near reso- MHz resonator , and the results are show n in FIg. 6. The

nence , this circui t  nodal for a synre trlc rf~onator 
experimental values for R0 and C0 are determined from

cen be reduced to the form shown in Fig. 6 resonator out-of-band rejection and input capacity at
low frequency respectively. The agreement  between
exper iment and theory Is  good.1~

J s~ c~ 1 Filter DesIgn
• s-~~~ ‘flTL.—.~~..fl ~S.C The model for the two-port resonator permits the
• ‘1’ S T

synthesis of resonators that are optimized to partIcular
filter des i gns. Given the maximum Q avai lab le in a
resonator, the desi red filter bandwidth , and number of

___ 
poles in the filter , one can determine all the circuit
element yal ues for filters of the type shown inSm Fig. 7,1 ,l5 This circuit illustrates the use of two—

3 1  II port resonat o rs in a two -po le fi l ter.  In many casesCI ,~) ~~~ the resonator can be des i gned to reduce the number of5~ 4•~ uses i.e
C0 n L! external c i rcu i t  elements required to match the resona-

tor to the external circuit. Proper design of the
coupling transduce r capacity C0 at the ends of the

Smia me~~s~ esa t. Msdes ~~ maw f i l t e r  combined with the proper choi ce of the inductor
IT al low one to match the filter over a narrow band near
resonance.

Figure 6. Equivalent circuit for two-port resonator.
The table compares experinec~tal and theo-retical resu lts for a 184 MHz resonator on
ST quartz.

The circuit elements wi th  cos i ne apodization of the
coupling transducers are related to the substrate
chara cteristics and design parameters as follows :

- IrAA 1 — 2 FF 1 ~ 
J

L 1
u
4 i~~~ 

uenww i

0

— 

(2wç) 2L~

£ • 
~~ 

+ 
Fi gure 7. EquIvalent circuIt of two -pole f i l te r  mode

~ p ~~~ 
~ Cp using two-port re,onators.
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SURFACE - WAVE RE SONATOR FILTERS
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Figure 8. Examp les of two-pole filters made with two-port resonators coupled electric ally.
Top: narrow bandwidth filter. Bottom: intermediate bandw idth filter .

Two examples of filters built with two-port reso- response can be eliminated by apod izat loru of the coup-
nators are shown in Fi g. 8. The narrow bandwIdt h filter ling transducers. Variatio ns in resonant frequency
is made by directl y cascading two resonator, in a T0-8 caused by fabrication uncertainties can be compensated
header as shown in the photograph . No external matching for by tuning with a die lectric overlay of 2nD. The
to a 50 ohm system is required. The r~suItIng filter resultant resonator can be modeled on an ad hoc basis
had a 17 dB loss , 17 kHz bandwidth , and 48 dB near Irs by a simple equivalent circuit that is app licable to
rejection. To increase the bandwidth , the coupling the design of multipole filters.
between resonator, was increased by adding an inductor
1c between them as shown In Fig. 7. The resonators Acknowledgements
were ind ividuall y packaged for shielding and tun ing
i nductors we re added at the ends to match to the 50 ohm The autho r wishes to acknowledge those who helped
system. The bandwidth of the filter increased to 40 with this manuscript : Dennis Saunders for resonator
kHz. the loss decreased to 7 dB , and the near in testing, resonator tuning, filter construction , and
rejection was reduced to 32 dB as compared to the figure preparation ; Steven Mille r and Bob Vess for
narrow bandwidth filter , These two filters Illustrate resonator fabrication ; Robert Wagers and Delama r Bell ,
the tradeoffs between low loss , narrow bandwidth , and Jr ., for helpful discussions , Billy Davis and David
out-of-band rejection when fixed Qu two-port resonators Carroll for drafting the figures used here , and I rene
are used in multipole filters. P. Robbins for typ ing this manuscript.

Conclusion

Two-port SAW resonators consisting of plasma etched
groove reflectors In ST quartz and alumin um coupling
transducers have been made with Q ‘ s ove r 20,000 and
wit h accurate contro l (± 1 50 ppm) of resonan t frequency .
Spurious waveguide node distortion of the frequency
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SURFACE ACOUSTIC WAVE RING FILTER
5

Frank Sand y and Thomas E. Parker
Raytheon Research Division

Walt ha m , Massachusetts 02154

Abstract

A new geometry for surface acoustic wave filter. will be seen, is such that out of the desired passband
has been developed which provides bandwidths of up there is no direct acoustic transmission between the
to 2 percent with an insertion loss under iB and out- input and output transducer and hence there is very
of-band rejection of over 60 dB. This rii~, fi lter  high out-of-band rejection. There are coupling
geometry consists of four 90° reflecting gratings at the schemes for SAW resonators that increase the out-of-
corners of a rectangular propagation path. Interdigi- band rejection , but they do it at the expense of band-
tal transducers are placed between opposite pairs of width The ring f ilter has been capable of achieving
gratings. The gratings are nearly perfect reflectors bandwidths up to 2 percent or more with at least 60dB
over a narrow frequency band and reflect energy from of out-of-band rejection.
one transducer to the other. Since the energy launched
in bot h directions by the input transducer gets reflec- The ring filter geometry is capable of resonating
ted to the output transducer , the 6 dB of bidirectional and its use of reflective gratings makes it physically
loss normall y associated with SAW delay lines is not resemble a resonator. However, in normal operation
present . Thus , if the transducer s are well matched , it is not resonant and it should be considered a trans-
very low loss is attainable. Furthermore, since the versal filter.
gratings become transparent to acoustic waves at fre-
quencies outside of the device passband , the two trans - Ring Filter Geometry
ducers are not acoustically coupled at those frequen-
cies. Thi s provides the high out-of-band rejection The surface acoustic wave r ing filter geometry is
which is not obtainable from a conventional SAW reso- shown in Fig. 2. Acoustic energy is launched by the
nator whose transducers are still acoustically coupled input transducer in two directions. The acoustic
far from resonance.. •

, 
energy propagating in each of these directions is re-
flected towards the output transducer by the two 90’

The bandpasb of tbI~’t!~ice is determined pri- reflecting gratings on eacl~ ~ide as in a reflectiveman ly by the reflectivity response of the grating. The array compressor (RAC). ~~ The gratings can Consist
reflectivity per line as a function of position in the of ion-etched grooves , metal  stripes providing piezo-
grating must be varied gradually to avoid reflectivit y electric shorting, metal or dielectric stripes providing
aidelobes. The shape factor of the filter response can mass loading, raised rid ges , or any other for m of
be increased further by choosing the number of fingers periodic discontinuity.  If the input transducer is prop-
of the transducers such that the first frequency null of erly matched , all of the input energy is coupled into
the transducer response occur s at a desirable point on the two usefu l acoustic paths without the bidirecticn-
the grating reflectivity response curve. ality loss noi~’iI~~lly associated with SAW transducers.

By symmetry if the output transducer is properly
The transducers must be well matched not only to m atched and the acoustic waves fr om the two paths

reduce insertion loss but to insur e that all of the acous- arrive uniformly with equal phase and amplitude, all
tic energy makes onl y a sing le transit halfway around of the acoustic ener gy will be coup led out to the de e -
the ring. Acoustic energy not coupled out on this first tric output port. Furthermore, if the grat ings are
pass makes multiple resonant transit e around the ring highly reflecting, virtually all of the power launched
cau ai’ig pass band ripple with a frequency determined int o the acoustic waves will reach the output . Thus the
by the ring transit time. insertion loss is inherently very low and there can be

negligible triple-transit signal.
Re sult s are presented showing filter responses of

devices built on lithium niobete with grating. consist- The primary frequency- selective elem ents of this
Ing of alum inum lines, alum inum lines between ion- filter are the gratings , although the transducer re-
etched groove s and ~epth-weig hted Ion-etched groove s, sponse can also contribute to the out-of-band attenua-
and devices built on ST-cut quartz with gratings con - tion. The fr equency response of the grating can be
stat ing of gold lines recessed in ion-etched grooves , tailored either by amplitude weighting the reflectivity

per stripe along the grat ing or by freq.zency modula-
Introduction ting the spacing of the stripes as in a chirped pulse ex-

pander. Although very broad pulse expander RAC’ a
The ring filter is a new surface acoustic wave de- are readily constructed with low reflectivity gratings ,

vice confi guration that t volved fr om wor k on SAW we have found from computer modeling that high re-
resonators aimed at Increasing their bandwidth and flectivity chirped gratings giving nearly total reflec-
their out-of-band rejection. It retains the advantages tion over their band are difficult if not impossible to
of low insertion lois which resonator s achieve by con - design . Th~s is due to the incoherent scattering of
fining virtually all of the acoustic energy between re- acoustic energy by the disconti nuit les in the grating
flective gr at ings. However , many resonator filter prededing th9se with which the incident acoustic beam
geometrie s do not provide good ultimate reject ion, The is resonant. i2) W~ have therefore tailored our grating
reason for this can be seen from the simple two-p ort reflectivity spectra only by amplitude weighting. The
resonator geometry shown In Fig. 1. At frequencies moat readily achieved method of amplitude weighting
far from resonance , the grati ngs becom e transp arent is to use grooves with varying depths as the reflecting
to sur face acoustic waves and the device then closely discontinu lties. Mass loading stripes or ridges can
resembles an ordinary SAW delay line with non - also be varied In thickness. However, the reflectivity
negligible Inse rt ion loss. The ring filter geometry, as of metal stripes due to plezoelectric shorting Is not

Work suppo rted by 12. 5. Army Electron ics Command under Contract No. DAABO7 -75-C- l348 .
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s e n s i t i v e  to t h i c k n ess .  To some extent , reflection A t r i v i a l  means of ampli tude weighting the re-
ampli tude can be modulated by varying the lengths of f leet iv i ty  per str ipe is to truncate or square off the
the str ipes.  However , th i s  can generally only be done ends of the gratings fur thest  from the t ransducers .
on the t ra i l ing  end of the gra t ing with the stripes get - The lengths and hence the reflection coefficient am-
t i n g  monoton ica l ly  shorter since the stripes may also plitude of these truncated end lines then varies
perturb the  acoustic velocity and the wave front would linearl y with posi t ion.  This ampli tude modulation
be dis tor ted bey~ nd the shortened stripes. smears out the sidelobe s t ructure  as can be seen in

l’ig. 4. However . t h i s  amp litude weighting of the
The angle ~ the grating stripes is determined by t ra i l ing end of the grating has very little effect on the

the ra t io  of velocities of the surface waves in the two in-band response.
orthogona l direct ions of propagation. The SAW velo-
c i t i e s  unper turbed  by the grat ing stripe s are the con - The 3 dB width of the filter response can be
rect v e lo c i t i e s  to use for the f i r s t  grat ing line and broadened by increasing the reflect ivi ty per strip?
nearly exactly correct for all of the leading lines from and hence decreas ing the effective lengt h of the grating
which most of the reflection takes place. if the re at band center. This we have done by combining two
flectir.g stripes significantly perturb the SAW veloci-  reflection mechanisms. A device similar to the one
ti es , this  grating ang le will not lead to a perfect 90° previously described was made with 9300 A ion-
reflection from lines deep within the grating. How- etched grooves using the aluminum grat ing as an etch
ever , energy will only reach those lines at out-of-band mask .  Since tie reflections from the piezoelectric
frequencies where loss of power is acceptable. If the shorting of the a luminum add in phase with the re-
first few grating lines are truncated so that the grating flectione from grooves between the aluminum stripes ,
pattern edge facing the transducers is parallel to the the aluminum grating was then left in place. The fil-
transducer fingers, then the velocities of the surface ter response from the combined grating is shown in
wave as perturbed by the grating should be used to Fig. 5. The bandwidth is nearly doubled by the in-
compute the grating angle throughout the grating. How- creased reflectivity. The insertion loss of this device
ever , if the leading edge is squared off , the reflected has also been reduced to 2.5 dB. This is the lowest
acoustic beam profile becomes much less uniform and loss we have achieved so far.
cannot be completely absorbed by the output transducer.

A much more sophisticated amplitude weighting
If all of the acoustic energy incident on the output function can be obtained if only grooves are used. In

transducer is not coupled out , the remainder will particular , if the groove depth as a function of posi-
make another transit  around the r ing.  The device will tion is the square root of a Hamming function , the re-
then be a resonator. This is not desirable since it flection spectra of a pair of gratings will be similar to
creates a comb structure of resonant modes in the that of a Hamming filter which has 42 dB sidelobes.
t ransmiss ion pass band. Proper matching of the trans- It will deviate from the Hamming response at the cen-
ducera can be viewed as completely overcoupling these ten of the band because the gratings are strongly re-
resonances to blur them together and produce a smooth fleeting there and each line of the reflector does not
pass band . see the sam e incident energy. However , in the out-

of -band region , the grating Is weakly reflecting and
Spurious responses are also inherently low in this  since the purpose of this ampl itude weighting is to

ring geometry. Bulk waves generated by the input control the out-of-band filter shape , it is sufficient
transducer are not reflected at the same angle as sur - that the response approach that of a Hamming filter in
face waves due to differing anisotrop ies in their veloci- that region.
ties. Thus, they do not reach the output transducer.

The response of two ring filters using grooves
Lithium Niobate Ring Filters alone is shown in F1g. 6. In one device the grooves

are a uniform 9400A in depth , but are truncated as
Our first ring filters on YZ LiNbO 3 substrates previously at the trailing end of the grating. Because

used aluminum stripes as the grating structure. The of the reduced reflectivity per stripe of the grooves
transducers had 21 fInger s, making them very broad- alone, the 3 dB band width is reduced to 0.5 percent.
band compared to the reflection band of the gratings. Howevef, the insertion loss of this unit remained
Their acoustic aperture was 100 wavelengths so that low at 2. 5 dB . In the second device the groove
when inductively tuned they would be well matched with depths are modulated by the square root, of a Hamming
50 ohm s radiation resistance. This also provided the function with a maximum depth of 8000 A. The 3 dB
transverse beam with 100 reflecting stripes. The bandwidth is reduced further by a small azrc.unt. but
gratings originally had an excessive lengt h of 300 the skirts are steepened substantially. The 40 dB
stripes so virtually no acou stic energy reached the shape factor is reduced fr om 10 to 4. 6. Out-of -band
far end at the band center . sidelobes start about 40 dE down near that expected

from a Hamming filter . This is the desired effect of
amplitude weighting the reflectivity. Greater band-

Resu lt s from such s ring filter are shown in Fig. width can be achieved by using deeper (more reflect-
3. This filter had i. S dB insertion loss and a 1 per - ing) grooves. However, If the groove s are deepened
cent 3 dE bandwidth at 65 MHz. However , because too much the near-In sidelobes start to distort and
the gratings have a uniform reflectivity per stripe, the increase in height. To prevent this , the number of
total reflection of the gratings has pronounced side- stripes over which the Hamming profile is applied
lobes which show up in the titter response. If the total should be decreased appropriately.
reflection were low , these sidelobe s would have the
familiar sin x/x frequenc y dependence. For the high If the gratings on the two sides of the r ing are not
reflection case considered hero, the exact shape dli- ~~~ctly Identical, the wave on one side may traverse
tsr .. The spacing of the sidelobes is determined by a slightly longer path and arrive at the output trans -
the reciprocal of the length of the whole grat ings. The ducer out of phase with the wave from the other side.
3 dB width of th. filter response, however , I. deter - The acoustic energy will then not all be coupled out by
mined by th e reciprocal of the effective length of t hat the output transducer and the remainder will make
pert of the grating which contribut es to the In-ba nd re - another transit around the ring. Thi s device will then
fl ection. Since nearly sit of the power is reflected In be a mult imode resonator with low Insertion loss only
much less than the full grati ng length , the 3 dB band - at those frequencies where the multi -transit signals
width is much greater than the sldelobe spacing , arrive back at the output transducer in phase with the



~~ S f i rs t  t rans i t  signal. This behavior is shown by the addition to the mass loading reflection there ~s a
large in-band ripple in Fig. 7. This ripple can be re -  topographic reflection from the raised strip.  Unl ike
moved by separately measur ing the phase of each half the  reflecttons from grooves and piezoelectric short -
of the r ing and adding an aluminum phase correction ing on LiNbO 3 which conveniently added in phase, the
pad. mass loading and topographic reflection.  of gold

str i pes are 180 degrees out of phase and tend to can-
F a r  from the pass band , the insertion loss keeps ccl each other. This problem was avoided by fi r st

increasing with frequency deviation. Minor pass ion-etching grooves in the substrate and then recess-
hands occur at some harmonics and subharmonics of ing the gold stripes in the grooves. T1.is eliminated
the pass band . The worst of these are the fif t h ha r -  (or reduced) the topographic reflection , leaving the
monic at about 330 MHz and the th i rd  subharmonic at larger mass  loading reflection alone.
about 22 MHz.  Responses at both of these frequencies
are about 65 dE below the main pass band. The weak Figure 9 sh qws the insertion loss of a qi~art z r ing
f i f th  harmonic response is expected , but the subhar - filter with 2000 A th ick  gold stripes in 3500 A grooves.
manic response was not and is not yet understood. The 3 dB bandwidth is 1. 4 percent , but there is a 3
However , it is smaU enough not to be a problem. dB ripple in the pass band. Part of the ripple is

caused by a phase mismatch between the two acoustic
fhe  input impedance of the LiNbO 3 ring filter is paths , but part is also due to the incomplete coupling

sh wn in Fig. Ba on a Smith cha rt plot , without a load , of acoustical energy into electrical energy. Electri -
and in Fig. 8b with a 50-ohm load. The dominant loop cal matching of quartz r ing filters has proven to be
in both f igures  is due to the transducer and its series very d i f f icu l t .  This  is due to the low capacitance of
matching inductor. The numerous subsidiary loops quartz t ransducers  making the effect of parasitic
centered near 50 ohm s are the multiple resonant capacitances more pronounced , the low radiation re-
modes of the r ing.  These occur only when energy is sistance of 100 wavelength apertures . 12 ohms , making
not being coupled out by the output transducer on the the effect  of parasitic resistances more pronounced and
f i r s t  t r ans i t .  When a 50-ohm load is put on the output the necessi ty for large inductors usually with lower
transducer , the resonances nearly disappear indicating Q’ a . The device shown in Fig. 9 used 4: l impedance
good output coupling eff ic iency.  t ransformers  in addition to inductors for matching.

This brought the sum of radiation resistance and para-
The minimum input  resistance shown in the Smith sitic resistanc e to well over 50 ohms.

charts of Fig. B is 12 ohm s far from the pass band. Figures lOa ani lob show the insertion loss as a
This resistance is due primarily to the transducer function of frequencyforanother quartzring filter. This
ingers an is a series resistance that is also present figurc clearly shows the high out-of-band rejection of

in the pass band . It contributes I dB loss per t rans-  the ring geometry. This device had recessed gold
ucer in is particular evice. By increasing the stripes of only 1100A thickness and consequentlyhad a

thickness of the aluminum fingers , thi s has been cut in rei.atively narrow bandwidth. It also shows lower in-band
half in later devices including the ones whose insertion ripple. The electrical matching of this device was per -

formed by T. Lukaszek(3) who supplied these figures.

Other sources of loss in these devices include
residual  SAW leakage past the gratings , scattering of The 40 dB shape factor in Fig. 9 ii 3.6, although
surface waves into bulk waves by the grating, and ii~ - a weighted grating was not used. The transducers on
compLete coupling of the acoustic beam to the output the quartz ring filters have 51 finder s and therefore
transducer due to loss in uniformity of Its profile. the transfer function of the transducers whose first
The magnitude of each of these terms remains to be nulls occur at ± 4 percent of center frequency con-
unde rstood . tributes substantially to steepening the skirts. A com-

bination of transducer design and grating amplitude
As would be expected, the ring fi lters on lithium weighting should prove very etfec ive at reduc ing the

niobate are somewhat temperature dependent. The shape factor even further.
+9 1 ppm/ ”C temperature coefficient of delay of YZ
lithium niobate causes a shift in the center of the pass- A third device with 2200 A gold stripes in 2600 A
band of 0. 1 percent for a temperature change of only grooves was fabricated and the insert ion loss for thi s
I l’C. However , th e low anisotropy o.~ the tempera - device is shown in FIg. 11. ThIs device was different
tur e coefficient on Y-cut lithium niobate result s in from the first two in that two series transducers of
virtually no change in the correct grating angle with 50 K aperture each , as shown in P ig. 12 , were used
tem peratu r e and henc e the minimum insertion loss is for input and out put . A 3 dB bandwidth of 2. 3 percent ,
temperatur e insensitive , and a 40 dB shape factor of 2. 4 were obtained, but

some ripple was still present in the pass band . The
ST -Quartz Ring Filters radiation resistance for thi s device should have been

50 ohms, but with series Inductor s a value of only 35
Because of the temperature dependence of lithium ohms was observed. This was due to parasitic cap.-

niobate , ring filters wer e also constructed on ST-cut cit ances which become even more pronounced in this
quartz. The transducer and grating patterns initially geom etry. Wit h 2 to 1 tr ans formers a minimum in-
used on quartz were similar to those used on LINbO 3. sert lon loss of 4 dB and a rippl e of 1 .5  dE was obtained.
The transducer apert ure was again 100 waveleng ths
but the number of finger s was 51 Instead of 21. For the ring geometry, the temperature depen-

dence of the pass band frequency is determined by the
Since the plezoelectrle shorting effect Is neglig- temperature coefficIent of delay for the launchIng and

Ible on quartz, a different reflection mechanism had receiving direct I ons only. The temperat ur e coeffi-
to be used. It was desired to have as large a band- cient of the transverse direction has no direct eff ect
width as possible. As seen with the LiNbO3 ring fit-  on the pa.sban d frequency. Therefore, ring fi lters
t ers , unles s the grooves are extremely deep , the ba nd- built on ST-cut quart z show essent ially no change In
widths are only moderate. Therefore, a mass loading pass band frequency with temperature. However ,
tech nique using gold stripes was used. Gold strip es the anisotro py of the temperatur e coefficient for the
alone however give less reflection than would be cx- two directions Is large and therefo r ethe correct gr at-
pectsd from their mass loading . Th , reason Is that In Ing angl e varies with temperature. An Increase in

— A



i nsertion loss is expected as the temperature varies Devices have been demonstrated uiing both
from room temperature. An increase of 3 dB for lithium niobate and quartz substrates aloag with a

4 = 45C C was measured on the quartz r ing f i l ters,  variety of acoustic reflection techniques. Some of
Reduction of the acoustic beam aperture would reduce these techniques involve novel properly phased corn -
the sensitivity of the device to grating angle errors binations of reflection mechanisms. One problem
and hence reduce i ts  temperature dependence. How- area , which is yet to be solved , deals ‘~ith the tern -
ever, the amount the aperture can be reduced is l i m i -  perature dependence of the devices. That is , with
ted by the necessity of the acoustic beam to cross devices using lithium niobate substrates , the center
enough reflecting stripes in the transverse direction frequency or pass band shift s with temperature.
to give good reflection. With ST-cut quartz devices , although the frequency

is temperature-stable, there is a slight insertion
Conclusions loss dependence on temperature.

A novel SAW device employing an acoustic ring
geometry has been demonstrated. It provides several References
potential advantages for VHF and UHF band pass filter
applications. It offers insertion loss less than 3 dB I. H . C. Williamson and H. I. Smith , IEEE Trans.
with bandwidth over 2 percent. Probably its most re- SU-20 , 113 ( 1973).
markable feature is extremely clean out-of-band re- 2. F Sandy, 1975 Ultrasonics Symp. Proc. ,j ection of well over 60 dB , rarely achieved with SAW IEEE Pub. No. 75-CHO-994-4S 13, p. 385,devices. Shape factor is controlled by proper weigi .t -  (Sept. 1975).ing of the reflectivity per stripe and appropriate
choice of length of transducers. 3. T. I .ukaszek , privat e communication.
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OPTICAL WAVIX3UIDE MODEL FOR SAW RESONATORS

Jeff Schoenwald
Teledyne MEG

Palo Alto , California

introduction surrounding subst rate. The guiding phenomenon is in-
duced by the reflective array itself, by the Introduction

In 1972, E. Ash 1 described a new SAW devIce that of metal strips , dielect ri c strips , etched grooves ,
outlined a way of achieving reflectIon of SAW’s with ridges , Ion implantation or by diffusion. The periodic
a potential efficiency approaching 100% . All previou s perturbation manifest s Itself as an average shift In the
approaches --e.g..  large step discontinuitles , edge surface-wave velocity. Moreover , the perlodicity
refl ections - - suffer from the large efficiency for con- places constraint s on the propagation wavevector that
version to bulk acoustic waves. Ash’ s basic concept lead s to a spectru m of modes itt the frequency domain
consists of forming a Fabry-Perot cavity from two rather than a single frequency propagating down a
arr ays of distributed reflectors. Each array contains a wavegulde with a discrete spectrum in the velocity, or
periodic set of lines. Efficient reflection results from wavevector domain.
an array whose pertodlcity creates a wavevector kg =
* .tw /d in the surface that phase-matches a forward The analysis present ed here shows excellent cor-
SAW of wavevector k 8 to a reflected wave . Thu s, relation with experiment . Furthermore, it confirms the

suspicion that the velocit y of waves propagating
-k +k - ‘l~ 

t hrough a reflective array of metal strips a quarter-
S a d wavelength long is not the arithmetic mean

or Uvo + X, ) /Z] but is in fact somewhat closer to the
metallzed velocity.

k .. Z.i .. k I 2 .~s d g ‘ ‘ The optical model is applied to a propagating plane
wave In an infinite periodic array. The stopb and as-

If K 2w/A , then: sociated with Bragg reflections i sa  function of the
Fourier component of the “optical” Index (the velocity

1 (3 ratio) at the reflective grating wavevector .
A d ’  or

The Surface Wavegu ide
Ad In optics, the ratio between the velocity of light

in vacuum and in another medium defines the relative
Hence, the periodtcity of the grating I s half the refractive Index of that interface. Similarly, we shall

SAW wavelength. The result I s that a distributed array define a refractive index. N 2, for a SAW wave prop.-
consists of strIps 1/4 wavelength long, spaced 1/2 A gating with a Rayleigh velocity V~, on a surface that
apart . and usually extend s man y wavelengths in the has been slowed relative to the free surface Rayleigh
direction transverse to the propagation direction, velocity (V 1) by alteration of the surface; i.e., by

metalizatlon, mass loading deposition, ion implanta-
The transmission line model of the distributed t4 on , etc. (Figure 1). Far convenience and future ret-

array developed by Sittig and Co~ulri 2 , and as applied erence, th. free surface velocity. Vi, Is norniaflz.d
by various other investigators3’ ~~, is a very useful to unity, and Nl is defined as equal to one (with the
analytical technique. It obtains the reflection coeffi- consequence that, should it become necessary to in-
cient amplitude, phase, end effect ive phase center of volve them , bulk waves have an index less than one) .
reflection of a distributed reflective array. In con- Thu s, NZ VZ = 1.

junction with the equivalent circuit model for an inter -
digital transducer (IDT), a complete acou sto-electri-
cally exclt.d SAW resonator can be modeled, and
InsertIon loss and crystal bandwidth can be predicted
with en accuracy limit ed primarily by the accuracy of
the network model of t he IDT and the reflective arra y.

This nodal has proved quite satisfectory but for
one phenomenon: The transmission line model Is in-
her ent ly one-dimensional end cannot represent the I
transverse standing-wav e structure that exists m a
slow-w.v., closed resonant structure3. It Is con-
venient to obtain a simple modsl that easily facilitates
a calculation of the transverse modes that are common
to the resonator structure. Although it would be ele-
gant to derive a first-principl, calculation based solely
on the materiel constants and boundary conditions on
the stress and electrical potential, such a technique is
neither stratqhtf ~ ,,ard nor transparentl y accsssible for
easy applicatIon

The waveguidlng nature of reflective arr ays I
treat ed by analogu e with optical slab wavequldes
The imposed bound ary conditions lead to discret s modes
of propagation. All that is required to cilculat. th.s.
mod.i is the sp~~turs of the guide and th. velocity dif-
ferenc. between the wavequiding structures and th. Figure 1.



On the assump t ion that we are regarding SAW
waves as plane waves and thus neg lecting the excita- REGION I REGION 2 REGION I
tton of bulk waves necessary to satisfy the boundary V~~ V

1

regions , Snell ’s law for the retraction of a SAW across
cond it ion at the Interface between the two surface 

-~ - -the boundary Is Identical to the optical analogue (Fig-
ure 2) :

N2 sin 82 — sin 81 . (4)

undergo total int ernal reflection (TIR) for en angle of

The obvious consequence is that when N~ ~ 1 , a
wave incident on the boundary from Region 2 can - —

incidence greater than IZ c’ the critical angle : FIgure 3.

Requiring *1 (X 8) *2 (X B) and d*h/dXIBe20 sin’
~ 

1
~~ 

d~
2/dX~~ yield s the transcendental relati on

— 

1 where 

tan k~~B ~~~
— (8)

k
~

2 
= w2N2

2 
- k5

2 (9e)

— = w2(N2
2 —1 ) — k~

2. (9b ~
W ’2B

_________ It must be pointed out at this time that the wave-
guide structure consists of a periodic array of str ips
and the average velocity in the array, from which we
obtain N Z, Is some weighted value between that of a
free surface end that of a smooth , fully loaded region.
Nevertheless, the pertodicity gives rise to a freq uency
band of efficient reflection.Figure 2.

Since It is waves within thi s fr equency band thatAs an example, a thinly metalized surface of
LiNbO 3 (t vti. ~ - .025 , depending on cut and prop.- concern us, we will use the fact--to be shown later--
gatlon direction) has an effective index of that all wcaves in the frequency stopband hav, the same

real component of wavevector; I • e., k 5 kg/2. In
other words, the ir waveleng ths are identical . The

N 2 1 + A V/V ~ 1.02 56 .  (6) imaginary component rep resent s spat ial decay of the
wave amplitud e with penetration into the reflective

Thus , TIR takes place for angles of incidence array. It is the imaginary component of k 5 which con-
tains the frequency dependence of the wevevector. Wegreat er than 77 , and such a wave can be trapped In will normalize this constant wavelength to unity. Thus .the slower region . Re (k5) 2w /1 — 2 w .  We will neglect the imaginary

Since we wish to consider waves that propagate part of k5 for now since It will be shown later that it 15
along a slow corridor of t he substrate, we must find quite small . Then, we have
the normal modes that satisfy the appropriate boundary
conditions. A rigorous statement of the correct bound- k~

2 
— ~u

2N2
2 

- (Lw ) 2 (IDa)
ary condItIons is beyond the scope of this pap er 8,
and it is to the optical model we look for a simpllftca— ~2 (2~ 

2 w2) (l0b~tion In finding the normal modes. In that case, the
conditions simply require the wave amplitud e and Its
first derivative to be continuous across the boundar y The dispersion relat ion (8) may be rewritten
between the two regions7. Refer ring to Figure 3, the
wav, propagates parallel to the interfeces (the Z direc-
tion) end is a sinusoidal function In the X-dlrection
within the waveguide (Aperture 2~ and exponentially _____________tan8/~~~~~~-I .’ 

~decayIng withX in RegIon 1. 41t) N22
~’ z w 2 (11)

Becaus. the transducer has symmetric structure,
only symmetric modes Will be examined although the We may now solve for the normal mode frequencies
antlsymmstric modes are found just as directly. In the stophand which are constrained to have a con-

stant real k3. Examinatio n of th. right side of (11) in-
In RegIon 2, let th. wave amplitude be dlcatel that w Is constrained to the range

•2
0c., t) — A2oo. k,~i 41(kz-i&e) (7s)

and In Region 1, 
< W C 2w (12)

Ø3 (x,t) — ~1~~~~( I x t ~~~)ê(A5 (*) , (7b~ so that (11) yi•lds real solutions. The dispersIon (8)
where w is the circular frequency, is plotted in Figure 4.
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In 2 
~~~ 

CUTOFF 

F/Fe E
FIgure 4. DIspersion tan 8k~ ilk,~ for B 25, N2 =

The high fr equency cutoff at w 2n can be ex- 1 000 L
pressed another way. From Equdtions (8) and (9b) , it 20 40 60 80 100is evident that cutoff occurs when k = 0 , or

2 2 2 W/A

~~ 
(N 2 - 1) = k (w = 2,r). (13)

c Figure 6.

If, for example, N 2 — 1.0256 (see Equation 6) Not all the symmetric modes up to cutoff can be
1 .4 308 , and the angle of Incidence formed by seen since the reflection stopband is narrow and the

kxc’and k z (= 2~r) 18 77’, -. the critical angle. Thus , transducers are so placed within the cavity to produce
any wave with a larger k~ will have a smaller attack a zero in the transducer response which limits the de-
angle and will not be trap~ed in the waveguide. tectivit y of the device at the higher modes.

As will be seen in the next section, the waveguide The index (N z) was chosen for the calculation in
normal mode dispersion may be utilized to obtain Infor- the following manner4: Transmission through a single
mation about the index (or relative velocity) of the reflective array will produce a stopband in the center
trapping region; i.e., the distributed reflective array. of the transducer passband . The depth of that stopband

yields the transmission I T 12 through the array,
Experimentaj Verification of the Wavegutd e Model

Stopband depth (dB) = 10 log IT 12 . (14)
Consider the resonance response of an ST-quart z

resonator two-port. The reflective array was fonned The reflection coefficient R is relat ed by I R =
by etching the substrate, leaving the aluminized pat - 1 - I T  12 (neglect losses) and N 2 can be comput ed from
tern in bas relief. The etched depth was 750 1, and 2the pattern was designed for operation at 140 MHz.  A N 2 

m 
-

series of modes are evident as small humps or the high J R  I = 
Zm ( 15)

frequency side of the main resonance, as shown in Fig- N 2 + ~
ure 5 . The device aperture 2B = b O X 0 where X0 is the
wavelength in the grating at 140 MHz . where m is the total number of period s in the distri buted

reflector .
0dB As in the optical model, the velocity ratio N is

used , not the impedance ratio. Fro m (15) , we m~ycompute N 2, the velocity ratio of adjacent element s of
the index . Experience with reflective arrays and long
transducers has indicated that the velocity of a wave
on a 50% perlodlctty metallzed substrate of quartz or
LiMbO3 is not the mean of the free and fully metalized
substrat e when the period is half the wavelength, but
is weight ed toward the metalized velocity, being only
20% to 30% of the velocity difference above the metal-
ized velocity. This defines an effective velocity ratio
for the distributed reflector as a waveguide which we
call N’ . It is this number we use for N 2 in (5) , (6) ,(lO) ,
( 11), (12) , (13) and (15) . In the case oletched grooves
or ridges, an effective index N~ Is obtained by using
(14) and (15) plus a measurement of the transmIssion
stopband to calculate the relative strip-to-gap index .

Figure 5. Frequency response of a two-port ST-quartz This index is interpolated to arrive at a value for the
etched groove resonator at 140 MHz . Verti- effective waveguide index . The ridge to valley Index,
cal: 10 dB/dtv horIzontal: 100 kflz/dI v. n , Is comput ed to be 1.0096 from which Is obtained an

• approximat e wavegutde velocity Index of 1.007 . Fig-
As stated earlier , the constant wave number Is a ure 6 shows the computed (solid lines) and experimental

res’~lt of the per lodtcity in the reflective array. The mode frequencies (squares) versus aperture . As stated
main resonance is a consequence of the Fabry-Perot before, the mode number must be judiciously chosen
cavity; Its lsngth being exactly that required to excite when the bandwidth of two adjacent modes could over-
the fundamental mode. The higher frequency, weaker lap and mask their separat e existence .
resonances are the result of a finite cavity aperture,
z~. Figure 6 shows the agreement between the wave- If trapping Index is a variable, as In the case when
qu~’1e calculation, Equation 11 , and the experimentally the thIckn.~~s of a trapping film can be var ied,  it ts de-
meas .red, normalized frequencies of the test device . sirabl e to compute the Index that will limit the mode
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spect ru m for a given aperture. Figure 7 shows the de- 0 —
pendance of the differential index (N’ -1) on aperture
to limit the symmetric mode density. One must remain n 9-
below a certain differentIal index for a given aperture,
or below a certain aperture for a given differential in- ~ 8
dex, to limit the mode spect rum. The curves shown • ‘
are the limiting loci for one, two and three symmetric ~~~ ° ‘

~modes. ~~ 6
l1\ I c .  -~~~Ill ..~ ‘—Cl) q’(
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decreasing amplitude. The array is assumed to be of
00001 . . . . .

~~~~~~~~~~~~
. . .  infinite extent--both transversely and longitudinally.

10 20 30 40 50 60 70 80 90 ‘00 For the moment, we are not concerned with waveguid-
Ing, but only with perlodicity-induced dispersion .
Further, the interaction is assumed weak so that, once

APERTURE (In wovelsngths) reflected, a wave in the reverse direction undergoes
no further reflectIon . If all components of the grating

Figure 7 . were considered , if the array were finite in extent and
multiple reflections Included , the wavevector diaper-

Another way of representing the mode population slon would be somewhat more complicated , having the
versus aperture for a given trapping index Is shown In nonquadratic shape that is typical of the “inverted
Figure 8. For example: given a reasonable aperture sin x/x” behavior observed in transmission through an
of, say. 40 X. maintaining only the first symmetric array 4”2 . The significant result of this exercise is
mode requires a trapping film of differential index of that , within the stopband of the reflector , the wave-
.05% or less. The technical problem is reduced to one vector (real part) is not sensitive to frequency.
of calibrating a f i lm ’s index versus thickness for a

• given frequency. It can be shown that the relative index, N . can
- then be either calculated or measured as shown earlier,

Wave Pro oagetion In a PeriodIc Array yielding a completely consistent prediction of A f, the
stopL,end width , despite the assumption of an infinite

To subst ant iat e the claim that the observed trans- array.
verse modes propagate with the same wavevector , we
refer to a Rimpbe analysis familiar in X—ray crystal CZfect of WoveQ uid ing on the Ecuivalent Circuit Model
scatter1qq~ . A similar observation was made by
Emtaqe lu and Ingebrigtsen ll . A plane wave propagat - Now that the physical bas i s of the transverse
ing through a periodic structure undergoes reflection modes is clear and a simple represent ation is available ,
when the 8ragg condition-—Equation 2——is satisfied . it is easy to make a first guess at necessary modifica—
At this point , the wavevecto becomes complex--the tions to the equivalent circuit as described by various
real part Is Independent of frequency and the Imaginary authors. Figure 10 ts a suggested but by no means de-
part. which to a first approxi mat ion Is quadratic In finitive model for a two-port , one-pole SAW resonator.
fr equency, specifies the attenuation of the forward C0 j -i R 0 are the static capacitance and the radiat ion
wave (Fii~ure 9). Several simplifying assumptions have resistance of the input/output transducers near reson-
been made: Only the fundament al Fouri er component of anco. All terms subscripted with a 1 are the motional
r~ e periodic perturbation is Included in the coupling lumped elements that describe the resonance frequency,
cquatlorv. . :!inher order terms contuihutp with Q, and loss of .i resonc~ice; the superscripted primes
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designate successive transverse modes. Here we have separated the roles of waveguide and
refl ector-—the reflector now constitutes a region of

Appro priate modifications of the transmission line reflectivity alone and the trapping index is defined
model can be made to include these “ spuriou s” re- between the region und er the trapping film and the re-
sponses in the resonator analysis .  flector region not under the f i lm.  The lowest mode in

each resonator can couple In a symmetric and antisym-
metric way to give two coupled modes . Because of
dIfferent phase velocities, modes of differing order In

• • each resonator will not couple . Figure 12 shows the
- c1 ~r frequency splitting of the first three symmetric modes

Into symmetric and antisymmetric modes of the coupled

~ ~~1
. 

~~
• resonat or . Controlling the aperture , trapping and IDT

_ y y v~~~ design of a single resonator will enable limiting a
~ c 1’ L ’  single-pole device to one fundamental transverse mode .

_ _.t’r )v~. Control of the coupling gap will cont rol the splitting
~ c~ between the two-pole response.

(.004
a

+ 
~ 

~~~~~~ 

~~ + 
~ 
: ~~~~~

- :: ~Figure 10. -f—-- z
1.001

Applications to Multipole Filters $

Once the trapping index of a particular material 1.000 4- , , . . ,
has been calibrat ed for a given frequency versus thick- u t 3 e 5
ness , we will assume material processing is capable
of controlling the mode structure. If we consider the PUNS SAP (A)

structure in Figure 11 , it is clear that the modes can
couple across the gap between the two trapping regions. Figure 12. Frequency splitting between the fundamental

symmetric and antisymmetric modes of a two-pole trans-

—v
———

~N—/
———

~N~ 

versely coupled resonator for the first three symmetric
modes of a single-pole resonator . B Z SX., N 2 = 1.004.

Figure 13 shows a two-pole response, unmat ched
so that the two-pole response and the transverse mode
spectrum of each pole is evident . Pole separation is— — — 73 k}fz at 70 MHz and the transverse modes can be— — — seen trailing from each pole.

____________ ____________ — Conclusion
____________ — We have at hand a simple model that is tractable

— for resonator design. Limitation of spurious response
____________ = ____________ 

for frequencies above 70 MHz has a significant ad-

i i j  

vantage over bulk crystal filters. Multlpole coupling
___________ ___________ 

is simply described and should be easily controlled.

____________ ____________ 
The author wishes to thank Texas Instruments,

— — where a portion of this research was done .
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Figure 11. Transversely coupled resonat or$ . Upper
curve: First sym metric mode. Lower curve: First Figur i 136 . Log ref — +7 dB. IL — -9 dB . Vertical:
antisymm.tric mode, 10 dB/div. Horizontal: 0.5 MHz/div.
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Sunmary application will be that which cannot be
covered by volume wave resonators : the range

This pape r deals pr imari l y vi m t~~ p lece~- f rom about 50 to perhaps 2000 MHz . The upper
nt  of transducers within the cavity of f requency l imi t  is determined by d i f f i c u l t i e s

surface acoustic wave (SAW ) resonators , and which arise in the technology , because
Their effect on the overall resonator electrode dimensions are less than 1 j im at
fre~~ r-rcy characteristic. frequencies above about 1000 MHz. Tb ’ lower

‘~W resonators are very frequency sensitive 
limit is set by the size of he resonator

~e’-:ces . At the resonance frequency, th~ 
structure and the cost of th~ sutistrate.

mase per roundtrip of a wave must be ~ In contrast to convert~~onal .~AW devices
ulti ple of 2lr radians . The inclusion Of which utilize traveling wav -s , where great

o :upling transducers in the space between fforts are taken to Eliminate surface wave
reflectors will in itost cases int roduce r e fl e c tl cr . s  and to des ign electrodes such
acLi~ t~ cr.al reflection . Transducers , if they that reflection stop bands fall outside t h e
r~-flec t , mt.st therefore be considered to be device pass band , for SAW resonators reflect—
cart of the reflector . Exceptions are the ions are wanted and operation is at the stop

called double— r split—finger transducers band frequency. The obtainable ~ s of SAWw u i c h  exhibit low reflection whc- n properly resonators lie an order of magnitude below
erminated . Lepe r-b ing on the transducer to those of conventional volume wave resonators .

r e f l e c t or  spacing , the resultant ccmbined The factor which l im i t s  the . of SAW reso—
flection may cause severe distortions in nators appears to be the partial conversion

tue resonator frequency characteristic, and scattering of surface waves into bulk
waves

If the transducers are placed at a maximum
of me standing wave pattern , the  reflection Volume waves may efficiently be reflected
from the transducers will be 90 degrees out from polished~ ~ ~rfaces which represent broad—

~f These with the ccmponent reflected by the 
band reflectors . Volume wave resonators

r- flectors . This  will always lead to a dis— consist~n~ of quartz plates A/2 thick , where
tormion of t he  frequency response. The use of A is the acoustic wavelength , operating at
r.or.-reflecting double—electrode transducers the fundamental frequ~ncy of 50 MHz are

• will eliminate this unsymme try and the however as trc:, as 50 pc , and hence quite
~ssociated frequency shift. The mayimum 

fragile and difficult t o  m o u n t .
operetlug frequency at which a distorti~ u— In contrast to bulk waves surface waves
free response is possible  wil l  however  me: . cannot  e f f i c i e n t ly be r e f l e c t e d  from a single
be limited to less than 400 MHz ,- .sing pnoto— surfacersuch that periodically distribu~ eJ
lithography ~u 1jim lire width), reflectors must be used .

Transducers may however also be placed in Figure 1 il’ustrates t he  operating frequeroy
such a mann~r , that they are ’part of the range and -

~~ of both volume and surface ~-a’,’ereflector’, in which case the two reflected reflectors for comparison .
components are either in phase or out of
phase. The transducers are then A/a off a Planar SAW r--soriators with distributed
standing wave maximum with the coupling not reflectors have much similarity with optical
being optimum but still sufficient. Such a resonators of the Fabry—Perot type . Actively
trar .rducer_reflector arrangement will lead to investigated within the last two years by
an jr,dist~ rt’-d symmetrical frequency responne. several research groups both in the US and in
cince it is not necessary to use double— Europe , they are extremely promising devices
electrode transducers , the maximum frequency for a ~Ir e a t  number of communications appl~—
is about 800 MHz , using photolithography. A cations . We shall attempt to describe simple
symmetrical end undistorted frequency re— resonators on YZ lithium niobate and on
sponse is th’~s possible at higher frequencies 

.T quartz with emphasis on the effect of some
at t h e  expense of a somewhat weaker coupling of the design parameters on the resonator and
to  the cavity, filter performance. We have concentrated on

jevices which are fabricated in a simp le one—
Introduction step process using a single Al evaporation

with subsequent etching .
A new type of surface acoustic wave device , Although the principle of the SAW resonator

-
~~ SAW r~-sonator , has emerged within the is relatively simple , the proper design is

psst f~w yesrs . ’~~ This new SAW concept has difficult , and we are still far from fully
Ic ed to cons idrratle activity in the develop— understanding these devices . Many second
m.-nt of nerrowbarid filters and oscillators order effects need still to be investigated .
in the frequency range from 10 to several SAW propagation properties as a function of
thcusand MHz. Although the typical range of metallization parameters’need to be determined.
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TA BLE I
Prop’ rtles of SAW resonators

~~ ______

ADVANTAGE S :

large r’o rigo (30—1000/3000 MHz ) as
1 , High f u n d a m e n t a l  operating frequency and

i l l u s t r a ted in F ig . 1
2. Because of planar technology compat ib le

w ith s t anda rd  IC t echnologyio~ - 
AW
/~~ d/yy/// ~~hw n, 3. h:~ggudL , P o t e n t i a l l y  inexpensive

~~~. hrn~~l1 in sire , with size decreasing wi~ 
-
•

e ~oe moo emo w~z f~~eq u nr icy  as is i l l ust r a t e d  by F ig .2
FREQu~Nc~ 6. Low impedance  levels are possibl :

(100— 1 0(’O oucs )F1~~. 
a App l i ca tion  range of bulk and 

~~ 7. The planar character permits v a r i at i o n  ofr,sonators . The upper l i m i t  for SAW resona— phase within resonator structure totors is about 1000 MHz us ing  photoli thography achieve t u c in g  and pass band shCp1n ~~l~~, l!and about  3000 MHz us ing  electron-beam d .~~ ;u pp r e s s io n  of spurious responses hcss iblel i thography . Harmonic  opera t ion  cf SAW o’.’er a large f r equency  range 6
resonetors  is not f easab le  a t  t h i s  t i m e .

DI SADVA N TAGES :
SAW r,$onq~~ t,H,, co,w,nt ,on~l S~~ hIt., 1 . Ex cI t a t i o n  of bulK waves , and conversi on

0.2000 of surface waves into bulk waves l3mlts
130 th ,u S to  about  2500—20000

_____________ 2 .  Vnt i l now onl y a weak th i rd  ha rmon ic— ‘00 tOO
resp~r:se has been observed (with double-- 3OO M~~ eleclrode transducers). Thus, harmonic

_~~~ operation to reach 5Hz frequencies seems
not possible

F ig .  2 Comparison of the s ize  of conven t io— ~~~. Expensive electron beam lithography
nal SAW- and SAW resonator-filters. The size necessary at higher frequencies (>1000
of a conventional SAW f i l t e r  is propor t ional  ~0L)
to the desired Q , whereas that of a SAW
resonator Is independent of 0. The size of
both classes of devices varies inversely with
frequency. ‘N OUT

Even if all these properties are known with 

~Jj IIIII~ll Jj ~ III! ~~ SUR~~~5 w~ e
great a c c u r a c y ,  the surface wave propagation -; I(IIib’ ~~velocity throughout a crystal varies consider 

-

__________________
ably such tha t  it is not possible to design
a SAW reaonator to operate at a given frequen— REFLECTOeS
cy. Therefore, one of the most important
problems is to find means for adjusting the Fig. 3 Schematic representation of a 2—port
f inal operating frequency of the devices .~~2. SAW resonator . Thnable one—port operation
Clearly , such f ine tuning methods must be is also possible by properly te rmina t ing  the
simple , inexpensive and not time consuming, second port .~~Similar problems however occur wi th  bulk
wave resonators and they have been overcome.
We believe that the same appl ies to SAW
resonators .

are shown in Table 1.

The basic resonrtor

The basic structure of a SAW resonator is -

To summarize , the properties of SAW resonators I~I

i l lustrated in Flg .3, where separate inter—
dig i ta l  transducers are used for inpu t and
output . Addi t ional  structures may be placed
in the space between the reflectors to pro-
vide increased rf shielding between inpu t
and output , coupling to other resonators , or
frequency tuning. One port resonators usually Fig. 4 Actual layout of 2—port SAW resonatoremploy a transducer placed in the center of with double electrode transducers having 2.5the resonator. The device illustrated in Fig.3 f inger pairs and two rf shields . The trans—may also be operated in a one port mode by ducer to reflector spacing is for optimalpronerly terminating the second transducer , coupling. Only a stoal l  portion of the 500pt ,Xer$biy t edctiveiy in order not to draw reflecting strips of this experimentalenergy from the %svitY and thus reducing the device are shown.Q of the device.

The treneduceri are very broadband compo-
nents with a ~ dli bandwidth of 1—50 %, where—

Mi



as tne ref lector  bandwidth lies an order of avai lable .
magnitude below th i s , typ ica l ly  0. 1— 1 %. Impor t an t  parameters  which must  be known

The re f lec tors  are of a d i s t r ibu ted  na tu re,  for  the des ign  of the re f lec tors  are the
They cons i s t  of pe r iod ica l ly  spaced ref lec t— var ia t ion  of the surface  wave ve loc i ty  and
ing e lements  such as s t r i p s  or grooves .  the impedance mismatch A Z  wi th  the s t r ip  to
Several possible techniques for realizing space ratio , metal or dielectric thickness ,
reflectors are illustrated in Fig.5. groove depth , interconnection pattern and

impedance , and external impedance . Many of
,,.~~~~ these parameters are not well known at this

t ime .p ,zoit.ctr’c s,,bstratl

l b  _ i~~:iii~~ii~~ i 
Although only the very s imples t  re f lec tor

met al is illustrated in Fig .  3 and 4 , very much

( c i  ~~~~~~~~~~~~~~~~~~~~~~ 

ez, more complex reflectors may be used. A
ref lec tor  wi th  certain ampli tude and phase
characteristics may be synthesized , similarly
to transducers for surface wsve bandpass

(d l  

_ 
— _ ,~~,mSIQl filters . As we shall show later , the trans-

ducer is actually part of the reflector and
I . )  _ j J J~_ j j~~~~_ d ~elIcDK must be treated as such by adding amplitude

and phase.

grooves Frequency characteristic of resonator

on irrelanted A typical frequency characteristic f a
5 1 f 1 E J ~ E~ two—port resonator is illustrated in Fig.6.

__________________ 
C

d,flusedI I 1 1 !~~~~~m.tot

Fig.5 Eigh t  d i f f e r e n t  ways to construct
reflecting arrays for surface acoustic waves.
The reflective properties of metal strips on 4L
high—coup ling materials , such as lithium
niobate ,are highly dependent on external
impedance and interconnection patterns .14 SC

Analogous to electrical or microwave trans—
mission lines , pert of the energy will be
reflected at impedance discontinuities . The

bc  —reflected waves from increasing and decrea— 30 40 50 60
s ing Impedance steps will  have opposite phQse. fr eque n cy IMHrJ
If the distance between upatep and downstep
is one quar te r  wavelength , the two reflected F ig .  6 Typical frequency ~haracteristiC of
components will be in phase.  If in addi t ion , a two—port  SAW resonator f i l t e r .  Load in—
the distance between upsteps or downsteps iS ped ance— 50 ohms , N — 500 , N~ =2 .5  double
half a wavelength , the contributions from the electrodes . ~~~~~~ 

rd , yZ l i thium niobate ,
individual r e f l ec t ing  elements will  also be aluminum metal liza t i&~. Pattern as shown in
in phase. Fig. 4 . The sharp peaks throughout spectrum

Several poss ibi l i t ies  exist to achieve a are plate modes.
change In acoustic impedance

Zac = v ) 1/2 (1) 
10 VZ L

where 9is the material density and v the 20
surface wave velocity. Unfortunately a change
of only~ or only v is , except I or some
special cases , generally not possible. The
change in 2 for the various reflector
technologleE is therefore difficult to pre— 

~ 40diet. In Fig. 5(a) through (d) __________________________________
we illustrate several reflector configurations
where reflection and propagation properties
are effected by the electrical connection of
the individual reflector strips . In (d) and
( e )  mass loading is used . It has the advantage

• of better control over the acoustic impedance
discontinuity st.p4Z since it is quite easy
to control the thickness of deposited films.
Etched (ion, plasma ,sputter and chemical)~~
grooves may be employed as reflectors as
illustrated in (I ’.  Ion implanted * and
diffused metal~reflectors have also beenused succseesfully in the past.
Wh ich type of reflectors to be used , depends .qtI.~~~ (M HZ )
on the required resonator properties , and to Fig. 7 Detailed frequency and phase response
some extend on the technologies which are of device illustrated in Fig.6 and 4.
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The broad sin X/X type response at the —40d B will be discussed In detail below . Examples
level is due to  d i rec t  t ra n s m i s s i o n  between of several techniques , as illustrated in
trar sducers . How this response can be mini— Fig. 5, for r ea l i z ing  sur face  wave r e f l e c te r-~mized or totally eliminated will be discussed have been discussed and demonstrated by
in more detail below , in the section on several authors . For special resonator
sin X/X suppression. The resonance peak is applications only certain technologies may be
shown in detail In Fig ~. This response was applicable . But if surface wave resonator-c
obtained with a device as illustrated in are to i.E inexpensive , temperature stable
Fig. 4. It may be noticed that the resonance devices , they must be realizable with
frequency f does not quite coincice with the materials such as quartz , and must require
center frequency of the reflectors f . This only simple technology, such as a single
is one of the ma~ nr problems encount~red in raetallization and photoresist step. I~ecausethe design of single—mode resonators . The of this reason we will concentrate on dis—
reasons for it are an uncorrect spacing cussing the design of devices requireing
between reflectors , or reflections inside the only one metallizatiori step; aluminum or.
cavity , as will be discussed in detail in ST quartz and lithium niobate . Shorted
following sections . aluminum strips and grooves are believed to

be the methods which lend themselves for
inexpensive mass production of resonutors

Design parameters since they require few processing ~teps .Metal strips ca rse an impedance mismatch
The relevant dimensions for the design of 82 due to:

a typical 2—port resonator are shown in 1. mass loading due to the metal
Fig. 8. The reflector may be any one of the 2. electric field shorting under the strip
various types illustrated in Fig. 5. N is 3. electric field shorting between strips .
the number of reflector elements (stri~s), The reflective properties are effected
and N is the number of transducer finger by the strip interconnection scheme and
pairs~ For the electrodes , which may be any external impedance connected between
single or double electrodes , the center line strips or groups of strips.
of the electrode is relevant. The distance There exists no simple relationship
1 is generally kept a minimum because of between the acoustic impedance step ~ Z andu~~ertair.ties in the various surface 

wave the average velocity v under the grating,
velocities under reflectors , transducers , and little data is avaclable to date .
metal pads , etc , and in order to obtain less
sensitive conditions for the correct place— Several theoretical discussions of periodic
sent of the transducers . The cavity length reflectors for surface waves exist so far.IB,I?
1 depends on the number of resonance peaks The most useful model has been a
which are desired within the passband of the transmission line equivalent which is capable
reflectors.This is generally only one , hence of calculating phase and amplitude for a
if the penetration depth 1 is known , the periodic grating reflector , specifying the
reflector—reflector spacin~ 1 can be number of reflector elements N and the
determined. The penetration d~~ th 1 is , as impedance mismatch AZ. Typicalramplitude and
will be shown below , proportional t~ the phase responses are illustrated in Fig.9 and
slope of the reflector phase , and Increases 10. The calculated reflector pass band has a
away from the reflector center frequency 1r’

I C
P4, • (00
AZ • 0015

ref I~ctor tro nsducl?s r .(l .ctor as
N, Nt N,

06

V
IiII - - 

~ll m 
~~~~~

II .96 0.98 1 1 .02 1.04
U f/ i,

I i=. i ..-.
~
i L~_ Fig.  9 Calculated amplitude of the ref lec—

~~
-
~~~r 

I t ion using the transmission line model .~~

_____________ ________ sin X/X form , and becomes increasingly f lat
at its maximum with increasing 82 or N

arameters As we shall demonstr ate below , the shaFeFig. 8 ~~o—port resonator ~ 
observed experimentally with a multimode
of the reflector characteristic can be

Reflective properties of simple reflector cavity where many resonances occur within
the reflector pass band (see F ig.33 ).Perhaps the most important structure of the

SAW resonator are the main reflectors , which The reflector phase characteristic as
reflect close to 100% of the incident energy. determined by experiment is for comparison
In its most simple form ,a ref lector consists illustrated in Fig. 11 .
of an array of Perturbations for surface waves Losses are always present in a reflector,spaced one half wavelength (center to center ) and must therefore also be considered in theapa r t. Exactly which wavelength to be used
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_____________

—I 0 ~
. Al ‘etlecto,i

ST QUARTZ

-4-n

0 2 0
n.lnb.r of ,.fi.ctor tle.norWs N,

096 099 b OO l O b  102 F ig .  12 Measured ( d o t s )  and calculated
“I. ( l ines )  var ia t ion  of Q with iossy r e f l e c tor .

F t v .  10 C’ alculated  phase of the re fle .~tIon
usir~ The transmission line model.’4 __________________________

ID shorteddesign of 3AW resonators . Unfortunately they ~~~~~~cannot be determined theoretically, and it is
~~cessary to determine their effect on the / ~~~~~~~ ~

,,

tor losses limit the reflection and thus the a
resonator performance by experiment. Reflec-

total required number of reflector elements .
0-SThis means that the 3 dB bandwidth or

a~~d the insertion loss of a resonator do not o
vary above a critical number N of reflector 4/ Al ~fl,ctor.elements . This behavior has be~~ investigated 

1~~y us with simple two—port resonators on ________

Y lithium niobate and on ST quartz. Our _________________________
results are illustrated in Pig. 12 and 13. -

numb., of ret lecto , ei.menls N,

• Fig.  13 Measured(dots)  and calculated
~~, . (lines) va:~iation of Q with lossy reflector .

of a trarisver~ e mode near the resonance\ The jump at N =200 is due to the presence

frequency.

Experimentally we find a critical N .AZ
I! product which for both ST quartz and rc

YZ lithium niobate lies between 3 and 4.
0 • — th.ery Based on experimental evidence , the losses
. within the reflector seem to decrease with

decreasing 8Z. The product N .AZ thus• asp . da ta 
increases also. This behaviof° must be con—-w -

sidered in the Stud y of special high 0
-2w 

•\ . resonators .
I • I • I • I • 1 1 Clearly , practical  resonators will  have to33.6 .4 3~.O .2 -~ -6 •S be designed with N slightly above N Ir .

ffsquency (MHz~ order to obtain th~ highest 0 and to~
’
~se as

little substrate area as possible.
Fig. 11 ExperImental  reflection phase for 

The width of the reflector pass bend atshorted Al reflector strips on YZ l i thium
niobate .14 the base of the resonance curve ( the

frequency between the f i r s t  zeros in F ig .9 )
is important for resonator design . This

The point at which the 0 of the devices drops re flector base f requency tb is shown insharp ly is well defined , especially when AZ Fig .  ~~~ The theoret ical  curve is a re la t ion
is large , The value of 0 is a very sensi t ive  obtained from the t r ansmiss ion  line m od e l . 18
func t ion  of the reflection coe f f i c i en t, as is
well  known from the f ields of optics and Although only the s imples t  r e f l ec tor s  have• m icrowaves . An attempt has been made to f it  so far been investigated , more complicated
the ex perimental  data using the transm ission structures may be used to realize spec i f ic
line model. This is shown by the solid lines amplitude and phase chsrart4ristics. The
ii Fig . 12 anti 13. Because w~ have only used 

~des~ r- ’er-~-”- 
“-S - ,n~~ r -‘1r~-~ t~ -~ ~~~~~~una podized structures ifl our experiments , not have the sin X/X type ii.mplitude character—

transverse modes appear close to the resonance istic of Fig .9 ,  but rather  a f la t  pass band
frequency and effect the 3 dB bandwidth which and no $id.lobei. Such a characteristic may
is used In our definition of the 0 her.. The be obtained by w•ightiri~ th. reflectioneffect can be seen in F ig .  15. a long the ref lec tor  structure. Several

310
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__________________________ The ref lector  penetrat ion depth
YZ L.Nb~

shoilid This distance is defined by the slope of
, ~% A S T q.ort z the reflector phase charac te r i s t ic , as

shown in Fig. 10, and is given by the ax-.
- A pression

-~~ v d
~rc s s  lp ~~~~~~ ~~~~~~~ 

( 2 )

/\ .
~~o,co,n 

AZ~1
_______  

where y
r is t~~e average r e f l ec to r  ve loc i ty .

0 001 
A Z  

002 003 The penetration depth 1 is the distance f r - c c
the edge of the reflect~r at which an acoustic

~‘i ~~’. lit Experimental and theoretIcal values single plane mirror Is located , as shown in
h-h r the reflector base frequency 

~b 
- FIg.16. At or near the reflector center

f r e o u e n c y  f , the penetration depth t~jk’-s

~ei~~rct ing s c he c es  ar e  a p p li c a h i -- . s imi l a r  to or. ire simp’e form of 2d r /4hz , with
those used for c~~n -  •-rtional SA.’~ liters . One reference to Fig. 10. If the resonance  f requency
-c~~ or difference r,e-uever exists. Th’- weight ing f requen cy f 0 differs from ~ r 

t r. €- mirror is
fc’r reflectors should be such that no energy located at a grea~~ r d i s t an~ e fran the e u T ~
~s lost fr~sc the cavity. By wei~ titi ng t h e  of trie reflector . h i s  iniplies an increase
er.gtn of the reflectors , varying away from in  Ide cavity length , a r c  as we shall see

‘h~ center in a cos X fashion , ehf ~ c ient lat --r a decrease in the cavity mode spacing.
r e f te c ’  ~on occurs or~~v at the center of the
s r - ~~ u e .  Exp e r i m e nt a l  resul ts , showing a dr;~~~~ t.d

‘ - ; -
~~~~~~ resure’cr response free of ripples S

and transverse modes ~°are illustrated in 
_ _ _ _ _ _  .gu,ooi.nt to 

_ _ _ _ _  m , , r
E i g .  15. F t h  the i n se r t i on  loss ~—7 hi - for ill
.in w e igh t e d  r e f l e c t o r s )  and the 3 dO b a n d w i d t h
h ave  ~ccr eased because of the  losses in t ro— 4AZ
du ’-~~u w it h  length we igh t i ng  of the r e f l ec to r  Fi h .  1t~ Around I c  center frequi nc-v of the
~ t r L p s . It is ther- ’=for desireable to use reflectors , the nodel  of an acous tsc  n i r r - - r
cor-s an t  ap er ’ ur e  w e i gn ’ing such as s t r i p  located at the d i s t a n c e  shown may be u s e d .
withdrawal , strip p o s i t  5on or strip width
w e i r n t ~ , ,n . Some of - nese weighting methods
C:- ’ cur r ’n t~ be ing investigeted by us. Velocity correction

•so —~~~~~ In t h i s  sec t ion  we shall  di scuss  the
spac ing bet -er. reflectors for s i n pi e
r e sona to rs .  R e f l e c t i on s  f r a n  t r a nsdu c e r s  are
neg lec ted .

-~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ( h e  r e q u i r e m e n t  for  resor .ar5ce is tha t  t h e

-~~~~~ 
— phaseshift across th -  cavity (one transit)

° [ ~~~~ mus t be
radians , (3)

20 
/ wr ere n T is an i n t o g ir .  Resonan ce  occurs at

I / \ frequency f
0.

/ hr~e space i r . o ide the cavi ty  may consist  of
— 

/ • a n umber of se o ~~ions with slightly different
2 ~o ~~~~~~ surface wave p ropaga t ion  ve loc i t i e s .  The

ph ase sn i f t  of a wave per t rans it  may be
3~~2S 3~5 347T 350 ex~ -r c-:;sed by

f r eq ue ncy MHZI 1
F c g .  15 Amp l~~ de and phase characteristics ~T = ~~~~~~~~~~~ ~r ( 4 )
of a reconatoi- -with length weigh ted  r e f l ec to r  .. S

s r  -s 005 X type  w e i , I h t i n g  f u n c t i o n ) and where  1. are the p h y s i cal  lengths of the
•~w~- :g ted transducers . various’ sections between reflectors , and

0r is as shown in Fig. 10. Defining
(~ir XJX suppression v 1 =Vf +~~~v 1 ( 5)

$ ecause of d i rec t  su r face  wave t r a n s m i s s i o n  ‘

~~ . 
v
1
/V~ — 1 (6 )

Pu weer inpu t and o u t p u t  t ransducers  of a ~~1)~ m A v /v ,. (7)
‘ w — port resonator , the s in  X / X type response 1

~s present .  Because of t ee  l imi ted  i t ,  this  ~ A-~-a lue  ca . rc’-,t u~ much more th an~~3O dB below and ,
~, 

— 2 d r + 1
~f t 

~~i ’~~~r~ 
(a )

the resonance peak .  The sir5 X/ X response can
be reduced or eliminate I where v and ,’. are the velocity and wave—
— -  using a narrowband reflective grating to length ~f section i respectively , v~. and

change the d i r e c t i o n  of wave propagation 
y
r are the free surface and r e f]ec t~ r ve loci—

to an L or Z path t ie s .  In the above expressions we have used
—- e l ec t r i ca l ly  cascading two—port resonators the r e f l ec to r  pe r iod icity  dr and the r e f lec to r

via transducers or mul t ist r ip  coup lers sur face wave velocity 
~r as refe rence .

—— by using un id i rec t iona l  t ransducers  which If the sum term of equ. Lt is not a multiple
rad ia te  toward the ref lectors  of ~fl• , the operating frequency f0 will not
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c in cH e  w i t h  the ref lector  center  f requency F i g .  19

-i3~termir .e the operating f r equency .  Around 
~r ’ of Al s t r i p s  on T

I :-he value of ~ from equ. 4 will then 
- 

Measured dispersion

the frequency shift is given by quar tz .
2

f — .
.

a r ~ f = - J ~~Z l -  1r AZ )’n (9)

\
\~

~~~~~~~~~~~~~~~~~~~~ ~r ~ z<o (ia) 

~ ~\ 
\f~

n order to ob ta in  a syr m e t r i c a l  f r equency

r - ference to b ig. 10. Thus a cavity length
response cur ve , 

~r must te zero or T , wi th

~r r e f l e c t a r — r € f l e c t o r  spacing cor rec t ion  of 
AI on ST~~.ort.

= 2d r~~~~T ( 1 1)  
0 002

— dr(n T — ØT/ W  ) ( 1 2 )  Oh /IS

wh - r e
~~ ØT= l . _ n T (13 )  Ref lec t ion  correct ion

The e f f e c t of 
~~~~ 

on the resonator frequency
cu a ra c t e r i s t i c  is i l lus t ra ted  in Fig. 17. If single—electrode transducers are used ,

considerable re f lec t ion  may already occur at
the t ransducers .  This can give r ise to a
phase s h i f t  which causes a d i s to r t ion  in the
frequency response and a frequency s h i f t  as
was illustrated in Fig.17 for the case of
velocity correction . In Fig. 20 we illustrate
a very s impl i f i ed  model . Two components of

<0 0 >0 reflect ion one from the transducer , the other
from the ref lector , are considered.  MultipleFig.  17 Resonator  f requency  response if the ref lect ions  are neglected.  The d i f ference inc a v i t y  is ( a )  too short , ( b )  correct , ( c )  too phase of the two components is 2ørt +ør_ø tlong.

In order to be able to make the proper In order to obtain the total
cav i ty  length correct ion 41 one must r e f lec t ion  amplitude and phase , the two
know all  velocities within ~~e resonator components mus t be adde d vectorially.
c a v i t y , as well as the velocity variat ions The phase jump 0 may be ei ther 0 o r T  (see
wit h external impedance for transducers , Fig. 10).Since rresonators use transducers
wi th metallizatiorr thickness and metallizatlon with high impedances which are terminated in
ratio. Unfortunately, very little data is low impedances ( 50 ohms for our investi—
available at the present time . We have used gations), they may be trea ted as shorted
with some success values of gratings with a phase jump Ø~ — T .
=—0.024 fur fully metallized surfaces ,
=— 0. uTh for shorted aluminum strips ,~ 

The phase shift Q can be considerable when
the two reflection components are out of

=-0.007 for open aluminum strips ,~~ phase. The various possibilities of trans—
=—0.o18 for transducers ,single electrodes , ducer to reflector spacing will be discussed

terminated in a low impedance , in some detail in the following section. The
for YZ lithium niobate. phase shift due to ~ is

The e f f ec t  of mass loading , i . e .  a change
in m e t a l l i z a t i o n  thickness for a particular 

~~~~~ 
= — 

~~ ~r ( 1 4 )
resonator configuration is illustrated in
Fig. 18. We wish to point out the fact that If f is to coincide wi th  f the required
the rate of frequency variation depends on cavi€y length correction ~~~
the part icular  design .

For ST quartz , the electric f ie ld  shorting 
Al rr dr (n T — s/Tx ) . (1 5 )

e f f e c t  is small.  The e f f e c t  of mass loading
on velocity ( f requency)  is shown for an Al cavi ty  i
metal g rat ing . center ~~~ ref lector

~s4. ‘trans—I .. - . . I

I~~
0er i- .- :~ i ______________

— I• 

_ _ _I”
,

I R t 
—I 

R t 2ørt +Or~ Ot

_ _ _  

_ _ _  /~~~~
________________ /

________________ 
I ~~~~~ e 

a RrT~ 
1

r,f~.W nq~~~~~~ W~~~~~
Fig. 18 Frequency dispersion of two YZ
l i th ium niobate resonator filters with Al Fig . 20 Addit ion of reflection component
setallizatiOn thickneas.Slope.—7OKHZ/pm.’ frost transducer. The addition of the two

components results in a phase shift Q.
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- - .re 21 shows r e  r e f l e c t i o n  and tran s— (ptimum coupl i g is achieved by p l a c i n g  the
ni~ sion ,as cal: lated u s i n g  the t r ansmiss ion  transducers on tne  peaks of the s t a n d i n g
~ ine  sc ’dcl , far  a s ingle  e lec t rode t rans ducer .  waves . I t  may be noted from Fig 22 , that  t h i s
:0cc f ar  example tha t  the ampl i tude  r e f l e c t i on  wil l  however lead to a d i s tu rbance  of the

(I f~ r a °0 f~ uger  pair  t ransducer  is about  p e r iod ic i ty  between r e f l ec to r  and t r ansduce r .
~‘.5 for a ~~; at C. dl . This may cause undesired e f f e c t s  such as

a d dit i onal phase s h i f t s , as was discussed in
__________________________ the previous sect ion and i l lus t ra ted  in F ig .

20. Indeed , we have observed large d i s t o r t i o n s

of two—por t  devices  on ST quartz  and YZ
li th ium n i o b a t e , when th~ r e f l e c t o r — t r e n c c i c e r

standing wave pattern. :hese dev :ces had a
was optimum for coupling to the

large r e f l e c t i o n  component from lr a r , sd .-c• - rs
05

in the resonator  f requency cha rac t e r i s t i c s

or add i t iona l  s t r ips  ins ide  the c a v i t y .  cr
exper imental  observat ions  are i liu s  r -a t e :  j r ,
F ig .23  th rough  26. Both , the d i s t o r t i on  and
the frequency shift of tee mair. res rar.ce,
are now theore t ica l ly  p r ed i c t ab l e . it is also
quite apparent that ,if this type of trar.cdcc

__________________ p lacement is wanted , only non re fl ec t sr zg  r i u u b i .
to ~o electrode transducers  wi l l  r e su l t  in an Cr .—

transducer electrode pours N dis tor ted  response.  This w i l l  cowe ’;’-r I i rrr~the opera t ing  f requency  to about 400 z , if
F i g .  21 Calculated amplitude r e f l e c t i o n  and conven t iona l  photolithograp hy is u s e d .
t ransmiss ion  coef f ic ien t s  for single electrode
transducers .

YZ LstaO3
Ref l ec to r—transduce r  spacing

The placement of the transducers from the
re f lec tors  is a very c r i t ica l  parameter .  For
some cases the s tanding wave pa t te rn  inside
the cav i ty  has been determined experimental ly
e i ther  by p lacing a number  of transducers 

40spaced by varying amounts from the r e f l ec to r
on the subs t ra te  measur ing the phase of the
reflected signal~~~, or by optical probing.6
Depending on the s ign of the impedance d i s— tr q.~s~ cy ~MHi f

• c on t inu i ty  ~ Z ,  the s t a n d i n g  wave pa t te rn  of
the surface waves wi l l  be as is i l lus t ra ted  Fig. 23 Frequency response of a two—port

resonator wi th  strong ref lec t ion  from t rans—in Fig. 22. ducers and additional strips in cavity .Th e
~~~~. R t ransducer—reflector  spacing was optimum for

ca,,ty 
~~— o coupling , as shown in FIg. 22(b). The corres—

Cent.,r r l , F2 .
~~ d,_~~ 

ponding resonator structure is shown in Fig.2.
tOT ..-M-+- F -.~ 

REFLECTOR

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~

uloodsog wa,.$
5 

• _______

n,d. coosty

I 
______

~~~~~~~~~~~~~~~~ .4~’z ~~~~~~~~~~~~~~ , ~~~~~

~~

Fig.  24 Metal l izat ion pattern for two—port
resonator • The response is illustrated in

Fig.. 22 standing wave pattern and transducer— Fig. 23
reflector spacing 1rt for optimum coupling for(a) positive 42 In order to obtain a d is tor t ion free
(b) negative4Z. response , single electrode transducers must
For optimum .~upl ing , the transducer electrodes be placed such that  the two reflected compo—
are positioned at the peaks of the standing nenta are in phase. The transducer may then
waves, be considered to be part of the reflector.

*3

n ~~~

-

~~~

-=



For the des ign  of resonators we have l i s ted
• the reflector  properties for ST quartz  and

yZ l i th ium niobate in Table 2, as well as
STUthe transducer placement in Table 3. For both

cases , ~~Z < 0  and ~ Z > 0 , there is a transducer , QUARTZ
U—ref lec to r  spacing 1 for which the two

re f lec t ion  compooent~ are in phase. The 2
coupling to the standing wave pattern will -
be reduced , since the transducers are A/8 off ~ 

\
\LuNbO3

the s tanding wave peaks . ~ 1o’

_  

I
T~~~~~~~~~~

0 —  . —

St QUARTZ

Wot O)i 0
U_________________________________ a

transducer electrod, pairs Nt

______________ _____ 
Fig.  27 Calculated acoustic radiat ion- 40 resistance for single electrode transducers .

3 3125 315 31T5 
~ 3C .

Fig. 25 Frequency response of a two—port
resonator with strong reflection from single
.-lectrode transducers. The t ransducer—
reflector spacing was optimum for coupling ,
as shown in Fig . 22(b). The corresponding :: LINbO 3
resonator s t ructure  is shown in Fig.  26. 

- .0 3C 
0

~~~~~~~~ ~~~~~~~~~~~~ STI TO 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

QUARTZ

~ 10

I 0
1 10 100

transducer eLectrode pairs Nt

- Fig.  28 Calculated conversion loss for
- -  - single electrode transducers .

Fig.  26 Metall izat ion pattern for two—port Tunable resonators
resonator. The response is illustrated in
Fig. 25

By changing the total phase s h i f t  across
Impedance levels a resonator , the operating frequency will

change to a new value at which the resonance
cond it ion , as expressed by equ. 3 is fulfilled .In order to calculate the transducer The opposite change in phase will occur at

impedance in the frequency range outside the the reflectors as expressed by equ . 4. The
resonance , we have provided design data in correspond ing frequency shift is obtained from
Fig. 27 and 28. The conversion loss for two equ. 9 or 10.transducers will  determine the level of the
sIn X/X response (see Fig.6). The impedance Tuning can be accomplished by changing the
level at resonance may be obtained from ar velocity u’~der the transducers or the
equivalent series RLC circuit description . A reflectors~ The velocity under a transducer
coarse approximation is depends on its internal impedance as well as

its terminating impedance. The effect is also
Rres — 

~~ 
(1,/A ) /Q (16) proportional ~o the electromechanical coupling

coefficient It . For lithium niobate , tuning is
R must be chosen such as to maximize the is illustrated in Fig. 29 and 30. The resonator
g~nX/X suppression and minimize insertion with tuning transducer is illustrated in Fig.
loss . 31. Both resistive and capacitive impedances

were used for tuning. Max imum tuning rate
occurs when the transducer impedance equals
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the e x t e r n a l  u r p e l a r c e.  ‘e s iSt i ve tu n :n g  is i l l u s t r a t ed  in Fig 32. D x r t ~ct  :r ~~I . -;Trn~ss.~ -(
. nd es ir e ab le  s ince i t  removes er~~rgy from ~~~ between t ransducers  of inr i iv idual  r e s o n at a r r

c a v i T y  a r .  hus l~~ -er s  the .~ an:i  in ’;r -~~ses m u s t  be avo ided in order to obta~~r. r i g s
t h e  in s e r ti ’s  lc-~ s .  l e c au se  ol t i C  s r r a l ~ s in  X / X  response suppress ion . ;5cs~~t 1 0 d[~co up l in g  cf h T q u a r t z , e l e c t r o n i c  ~u r i n g  is suppression has been ob t a ined  to date  by
on l y  p o s sib l e  over a very -n a i l  r a n g e  : I ~ .01%) .  cascading four  dev ices .  Improvements in t he

:nsertion loss are possible by m a tc h :n g  a~~linpt.n and output transducers . 

C,LpF L •M~ d.~taI
toO IN lrSfl&doo.’o ,eII.ri..

40
tO 

a

~ 20~ 1.11e, I Hi.,

0
25 L

3 630 340CC 34030
“eq..4ncy M$1I $isqu.ncy Miii)

20
iig. 29 ‘c.riir.g characteriotics wito external

ar e s i s t an c e  F and c a p a c i t a n c e  C for  a three ______

port r e s o r a t~~r on Y l i tn i um  ni~ bate .
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Fig .  32 Elec t r ica l ly cascaded SAW resonators .
Three devices were cascaded to obta in  80 dIR

_ U r
_
~~~~~ 

- .
~~ si n X/X suppression .-~~~~~ • . • L  • , . l  ,

V ICC IC ICC
14., ~~~

Mu ltimode resonatorsFig. 30 Electrical tuning of the resonance
frequency of a SAW resonator  on Y2 l i t h ium 

As the cavity length 1 increases , moren iobate.
modes appear w i th in  the pass band of the
reflectors . Fig. 33 i l lustrates  the response
of a multimode resonator on YZ lithium
n iobate , using 250 open circuited aluminum
strips , an eperture W of 100 d , s ing le
electrode 2 finger pair transdu~ ers , and
a reflector—reflector spac ing of 36 mm. The
high insertion loss is due to tne low number-
of reflecting strips (N 400) and the
large cavity length. Th~

0observed 3 dB band-
wIdth gave a loaded Q of 10 000.

The mode spacing of a multimode resonator
is given by

V V ( 1 7 )—

Fig. 31 Typical meta l l iza t ion  pattern of a
two—port resonator with tuning transducer in where v is some average velocity throughout
center 3f cavity, the resonator , for simplicity. The penetration

depth 1 varies with frequency about I as
the ~ slope of the reflector phase r,

Cascaded resonators giv.fn by equ . 2. The mode spacing is thus
maximum at the reflector center frequency I

SAW resonators may be coupled in many and decreases away from I . From the mode r
different ways. We car, distinguish between spacing it is thus possibie to determine the
electrical and acoustic coupling methods, penetration depth 1 , as well as the impe-

dance miamatch 4Z. ~Electrical coupling is possible by electri-
cal connections between individual cavities , We have constructed oscillators using two—
which may be accomplished by interconnect ing port multimode resonatora . Frequency hopping
transducers , or by coupling strips . Some of th between mocea was possible by varying the
the reflector metal strips may extend from o phase ar ound the loop . It is believed that
one resonator to another. One simple example such aultimode oscillators and filters are
of eO.ectrically cascading several devices is useful in communications systems . The unequal

-s



mode or channel spac ing is of less consequence
~f an identical device with equal channel ______ 

TABLE 2 
________

spac ing is used at the other terminal, a 1. a a ~.,C. 0 ~~~ 00.42 0 aWe have also cascaded electricall y a ..-~ ~~
identical multimode devices and obtained in— 4) 4’~~~ C. S I C .  -

a o~~ tO~~~ 0N  0) 0)
creased suppression between modes. Devices i—i ~~~~~ ,-i~~~ r..o~~, og e ‘.-~a~~~having different mode spacing have also been 0 a u s  of l- . - l
cascaded to obtain only one or several ~

- ~~~~ -‘ SI -,i E ~.n.
spec ific modes selectively. open

Multimode resonators are very useful for circuited
studying the properties of reflectors as well Al + 0.01 1 0
as the effect of transducer—reflector spacing . YZ strips
it is quite Impossible to deduce the reflector LiNbO3 shortcharacteristic (Fig.9) from the frequency circuited — 0.015characteristic of a single mode resonator . Al 2 — 0.016Tn Fig .33  however , one can clearly recogn ize str ipsthe shape of the reflector characteristic. In ________ _____ ________

addit ion , we observe that there exists already open or
a slight distortion toward higher frequencies , Sf  short 2 h -iis imi la r  to the d i s to r t i ons  observed in Fig.23 quartz circuited —

and 25, even though the t ransducers  consis t  Al
of only 2 finger pairs (~~~Z~ 0.015). _____ strips 

_____ ______ _____

2 dr 
Z 1 Z2

— metallizat ion Z2
20 thickness

Conclus ion
!3o
a Although we have investigated only ST quartz

and YZ lithium niobate devices using aluminum
C metallization , the design parameters discussed

-~ 40 here app ly to other structures as well.aa Table 3 summarizes transducer placement and
distortion of the frequency response. Double50 ___________________________________________
e l e c t r o d e  t r a n s d u c e r s  may a lways  be placed715 72 72.5 at the peek of the standing wave pattern forfr.quency (MHz) opt imum coupling , without causing distortion .
Single electrodes must be placed off the peakFig. 33 SAW multimode resonator . for a distortion free response.

TA BLE 3 
_________ ______________________________  — — —

STI C.
.3
s a n .  see also

trans— refl . eo~~ reflection Fig.20 for
ducer 

~~~~~~~ ~ z 0~ 0~ 0rt 1rt components

L~ f•t~ — __ 
— — — 
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AGING EFFECTS I N  PLASMA ETCHED SAW RE5ONATQRS ’~

0. 1. BeN , Jr. and S. P. P11 Her

Texas Instrume nt s Incorporated
p .  

~~. Box 5936. M/S 134
Dallas . Texas 75222

IntroductionS~imna ry

This paper covers the first stage of a programThe development of p lasma etched surface acoustic
wave (SAW) resonators makes poss ible narrowband filters to improve the long term stability of surface acoustic
and stable oscillators in the VHF and UHF ~anges. To be wave (SAW I resonators by identify ing and elim in a t n~;

effective in these app lications , the devices must have the major factors responsible for their ag ing. Pre-
lower aging rates than currentl y estimated for SAW delay V I O U 5  WOrk Ofl aging of SAW devices has been n~ tivate
line osclll ator s . by the requirements of delay line oscillators and

filter s . 1~ 3 ~uff lcien tl y low ag ing was found in these
ca ses , near room temperature and over a re l atively

Low aging rates are obtained for bulk mode reso- short period of t ime , to justify the u~e of the dev -e ~nators when particular care is paid to the mechan i cal 
~ their intended app lication . The advcnt of the Z A ~,and chemical environmen t of the surfaces . The proces~ - resonator with Its much higher Q makes necessary a m- r~1n9 required for p lasma etched SAW resonators is sub- thorough inv estigation . An examp le of a p lasma ei~.~~ ’

~tant ially different from the standard techniques used resonator and its response are shown in Fi gure 1.~for crystal resonators , being based on photolitho- An unloaded Q greater than 20,000 at 200 MHz is t i - . -  .a~graphic techni ques used for SAW devices and sem i conduc- of the performance poss ible with SAW resonators a 4
tor circuitry , justifies their use in oscillators and narrowban’l f i  -

ters . To obtain maximum benefit from the hig h Q, t c
Key fabrication and packaging processes are being necessary that the devices maintain a lon g term st eel —

evaluated for their effect on ag ing  rates. In the work lit y of a few parts per mi l l ion (ppm) . Thus the D’ima ’~reported here , acceler ated rates at 250CC have been objective of the program is to deve l op SAW reson~torS
measured for 48 days to minimize the time required to with long term s tab i l i t y  compatible wi th  their h’’~’ Q.
determine the most important processes and their effect A secondary objective is to characterize the ag in g o’~--
on room temperature ag ing. Sur face preparation , c lean- cesses in sufficient detail that the useful lIfe w
i ng  and lithography processes , storage , and packaging reliability of the device in field service may be e~~ti-were the variables chosen based on crys ta l  resonator mated w i t h  reasonable confidence .experience .

The scope of this pape r is to present the
Subst antial ag ing was seen in devices made On sub results obtained through May 1976. A brief review

st rates polished w i th  conventional (cerium oxi de) opt i— of some basic pr incip les of ag ing processes w i l l
cal polishing procedures. After an in i tial stabi li za- be g i v en , fol lowed by s nore extens i ve discussion o’
tion period of 45 minutes , all the “clean” variables the experiment al program and measurement procedures
were very similar with rates less than 10 ppm per dou The results are suevoarized for 12 separate combine-
Du ng of the aging time up to 8 days. Rates for longer tions of ei ght process variables. These results form
time s as well as all vacuum sealed devices were substan- the basis of the next phase of the program .ti di ly degraded by contamination from the mounting mate-
rial. The best results were obtained with unsealed Basic Prin cipl e spackage s w hich a l low ed outgass lng products to escape.
Rates of less than 5 ppm per doubling were obtained over • An extensive literature has been developed t.
the ent ire range of time s to 48 days at 250”C, with -wxp lain and predict the failure of components as
rates better than 2 ppm per doubling over an inter- function of time and st res s level. Much of the t heo rymediate two week period . The correct acceleration fac - Is developed in the context of failure rates for ~~ern~-tor for the 250” C ag ing temperature used is not known conductor comp o nents (see for example the reviews of
and i s  the subject on continuing i nvestigation. Reynolds5 and Peck and Z ierdt ’) ,  but it has also been

app lied to the aging rates o’ quartz resona tor s. 7’8
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The ideal case is illustrated in Figure 2. ‘~ e
property of interest (frequency change in our case 1 i s
monitored as a funct ion of time at some temperature T I -

The resultant data p loted on a log t scale produces a
‘ “ ~~~~~“ straight line described by the equation DF — A + B Ioq5.-,,. ,‘.‘ The same data taken at a higher temperature results In

a new strai ght l i ne with a steeper slepe. The assump-
t ion is that the lines will continue to be straight
as they are extrapolated to longer times. The more
rapid change at higher temperatures is desirable as I t

change in th. property of i nterest. Room temperature
shortens the time required to obtain a si gnifi cant

- results are determined by mean s of the graph at the
right of Fi gure 2. Some property characteristic of the
ag ing process Is chosen, iuch as the frequ ency shi f t
OF at tins t~. Then to the extent th.t a single
thermally activated process dominates the ag ing, a plot
of log OF vs inv erse t emperature i/I , w i l l  be a str ai ght
line wi th  slope equal to the activatio n anergy. The

1. Plasm . Etched Quart z SAW Resonator . higher temperature r.su lts ar, simp ly extrapolat ed to
the lower serv ice temperature of Interest , T~.

* Th is s~~rk was sponsor.d by the Naval Resea rch Labo ratory, Contract NOOOlk-75-C-O82~
as



the aging, based on similarities to results reported
for crystal resonators. Alternate processes wereI I designed for these steps and a separate lot of devicet~t ~ ~2 was run for each. The devices were aged at 250’C forDi ~ 
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~~~~~~~~ incr easin g periods of time . All measurements were
made at room temperature.

Fabrication and Packag ing Variations
~ :
~ ~ ~ 

‘
‘
~ In an attempt to i dentify critical processes

II 1
2 II 

1
0 resulting in device aging, a series of fabrication and

‘m’ ~n packag ing variations was imp l emented for comparison tr
a ‘standard” process. Each standard operation and it s

~~~~~~~~~~ o r. or,, 1 variation are summarized In Table I , along with the lot-,He,

des i gnation. The first five lines are fabrication va n-
ables  and the rest concern packag ing variables . The

2. Ideal isotherma l Ag i n g  - Time and Temperature results shown In the table will  be discussed in Section
IV .Dependence.

- Typ ically, a chemical-mechanical polish process
. I, using Syton is used for all quartz SAW applications , b -:

I _ _ _~~; ~ 
~‘? ~~~ the more conventional optica l polishing process with

~ 

-

~~ 
cerium-ox i de was thought to be of interest for this

~ ~~~~~~~~~

_ _ _

~~~~~~~ r
I 

.. : - . chemically etched with concentrated hy drof loric acid

_______________ ~ 

~~~~~~~~~~~~~~~ 

study (Lot A). The quartz substrates of Lot B were

0~ ~ ~ 
~2 

~~~ 
‘
~ - 1 minute at room temperature after the standard cheer-

- 
. -

- mechanical polish. The post polish etch was performed
-~ 

- . to i nvestigate the potential ag ing effects of the amor-
_________________ ___________________ 

phous quartz resulting from the polishing action as welL_____________ ______________

I I T as provide some stress relief to microcracks in the sur-I o
face. The variation in Lo 0 was to deposit the alum i-

I,q I In num t ransducer meta l l i za t ion with no elevated substrate
temperature , the argument ‘ eing that the small differ—

3. Practica l Isotherma l Aging - Time and Temperature ence in film adhesion and/or grain size mig ht affect the
Dependence . ag i n g .  Lots E and F were directed at controlling the

organics present from norma l SAW processing. in the
normal process , devices were ashed in a conventionalThe experimenta l procedure is straightfo rward.8 p lasma system to remove resist residues. In Lot E . a’; --Data is taken at several hi gh temperatures. The ing was omitted after the last resist removal. In Lotfrequency shifts are extrapolated to the time of F , devices were stored under a liv li ght at all timesinterest , then p lotted vs l/T to determine the fre- pr ior to header seal.9 These five variations comp letedquency shifts to be expected at lower temperatures . the resonator fabrication portion of this study .

in practice , the procedure is not so obvious The assembly operation for each device lot wasdue to the effects shown in Fi gure 3. Most aging bassi call y performed by mounting two SAW resonators inprocesses are complex , resulting in Isotherma l lines a ro-8 headsr as shown in Fi gu re 5. The device waswhich are not straig ht. Moreover , the activation mounted with an adhesive at only one end in an attemp tenergies of the separate processes may not be even to minimize header—device teaperature coefficientapproximately the s ame. Nachani c.i app~i ca t ion  of effects. The devices were shined during the therma l• the idea l procedure w i l l  result in differer,t low compression ball-bonding operation so—as not to deformteii’oerature results depending ‘ipon the time chosen the “diving-board” type mount: The actua l devices canfor the determi nation and the relativ e magnitudes be seen in Figure 6, where the T0-8 header assembly i sof the activation energies . Sufficient data must shown on top of the test f ixture.be taken , therefore , to assure that the extra-
polation s are based on the part of th. data which The asseni ly variations used in this stud y arerepresents the p rocesses which are active at the also suimiarized in Table I .  The devices In Lot G wereservice temperature. moun ted with Ab l f l im 517 epoxy and sealed in a vacuum

atmosphere. The vacuum seal was obtained by solderingThe ag ing of an early p lasma etched reso-
nator at 150 C shown in Figure 4. The two

same device. This curve shows thet the aging pro-
wecess, at least on this sample of one , is a complex _____________________________________________

curv es represent two separate resonance s of the

process and care is requi red In analysing the data.
The magnItude of th. ag i ng is larg e enough to matter , 

_______

si nce the shift Is larger than the device ban~~idth . ______

in add i t ion , the time requirwd to characterize the
ag ing at lSOC is exc essive for the in i t i a l  stages 

_________ _______ 
_______ ________

of these results , the ag i ng tempera ture was rwis.d to

of the investi gation where many possible causes must __________ _______a — .
’be elim inated as rapid ly as possible. On the basis 

_________ _______ 

________ 
______

250 C.

Processing s teps In the fabrication, mounting,

Experimental Program

and packaging of the SAW resonetor were eximi ned for
pos s ible contributions to aging of the device .
Several of these were thought to be contributing to ~ Aging of an Ear ly Resonator at l5O C.

a.



copper tubes into the TO-ö lids , drawing a vacuum after it unlikely that the exact time to the first medsure-
a conventional lid seal operation , and crimp ing the reent Is important. The devices we re measured again
copper tubing. This package is also shown in Figure 6. after the lids are seaied or fastened to the headers.
Lot H devices were mounted with the same Ab l film epoxy The i n i t i a l  ag ing t ime was 45 minutes , and was con-
but sealed in a nitrogen atmosphere with a conventional t i nua l ly doub l ed to a maximum increment of 16 days .
lid seal operation. During the preseal bake step, the Measurements were made at room temperature after each
l i d s  are normall y placed onto the header , but in Lot ag ing step. The oven used to age the devices required
.) , the headers were uncovered during the bake-out. The approximatel y ID minutes to reach temperature and was
next assembly variations were also associated with the progra,mried to return to room temperature in approx i-
sealing operat i on and mounting material. The vacuum matel y 15 minutes.
seal ing process was used again w i th  a change In the
mounting material (normally Dow Corning RTV-3i45). A The data were processed to y ield the center
space qualified Dow RTV (6-1104) was used in Lot K frequency, bandwidth , insertion loss , and unloaded Q
because o f i t s  low percentage of condensable volati les. at  each step, and then determine both incremental and
Lot L used the standard 3145 RTV , with the vacuum seal cumulative changes in the parameter. The frequency
operation . In the last tes t lot , the devices were not of maximum response was used oni y to check the data
hermet ic al l y sealed. The lids were merely crimped on for consistancy and as a measure of the skewness of the
in an air atmosphere. Finall y ,  two lots of control response. The 3 dB frequencies may be determined much
samp les were processed with the standard SAW fabrica - mole accurately and were used to calculate the center
tion procedures . frequency .

The data for each lot or group were combined to
find the maximum and minimum of each incremental and

-
, cumu la t i ve  change at each step. The average and

/ standard deviation were also determined. Selected
representative results from this mountain of numbers

~~~~ 7J are presented in the next section .

_ _ _  
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5. SAW Resonator Mounting for Ag ing Studies .

~~~~~~~~~~~ ~ 0 5.

— 
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7. Isotherma l Ag ing of 184 MHz SAW Resonators — Lots A
and B (Optical Polish and Post Pol i sh Etch).

Results

pj~ cessing Variations

Frequency shifts for lots A (conventional optical
polish) and B (chemical post polish etch) are shown in
Figure 7. in each case , the curve is drawn through the
average of the 10 device s used and the error bars corre-
spond to one standard deviation . The reference freq-
quency is the value measured i mmediately after mounting
and the first data point at t — 0 is the change result-

u. Examp le Packages Sitting on the Electric al Test ing from sealing the lid to the header.
Fixture.

To faci l i tate comparison be tween lots in Table I ,
Measurement and Analysis Procedures these curves are broken Into four characterist ic

regions . First , the initial aging is l umped Into a
Device perfo rmance was eva luated by displaying the single number, the total change throug h the first step

narrowband respons, shown in Figure I with a sweep gen- of 0,031 days. Than most of the lots have a fairly
erator and measuring the key frequencies with a labora- straig ht reg ion of uniform slope from 0.031 to approx i-

H - . tory counter, In part icular , the frequency of maximum mate ly 1.0 day. There is usually another region of
response , upp.r and lower 3 dB frequencies and mini- constant slope , not always as clear as for Lot A , from
mwe ins ert ion los s we re determ i ned on each device at 1.0 to 16 days. Then most lots take a nosedive beyond

• 
- each step of th. agi ng. 16 days , as shown for both lots in Fi gure 7 .

The data were taken first after mounting the The first conclusion to be drawn from Fi gure 7 is
device on the TO~8 header. The short time s and low tha t conventiona l optical polishing leaves a surface
temperatures used in the process ing to that point make susceptible to aging . This is not surprising , as it i s

30
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generall y known to be the case for crystal resonators but the leak rate was high enough to permi t free exchange
and the polished surface has also been shown to be of gas between the package and room atmosphere. The
inferior for surface wave p ropagation. 10 Ths second frequency changes for this lot are compared to Lot B on
point is that the performance deteriorates rapidl y a 5X expanded frequency scale in Figure 9. Unlike all
after 16 days . the other lots , the frequency remained constant to +20

ppm (4 kHz) over the entire period. This Is aôditionalThe fabrication variations (Lots A throug h F) evidence that the outgassing of the mounting material Isshow essentiall y the same results for all variations responsible for the accelerating degradation of allexcept optical polishing and are not signific antly other lots for time s beyond one day. A second conclusiondifferent from the controls. Their effects are is that the aging to be expected of aluminum electrode seither not detec tibie at the accuracy of these mea- is not as significant for SAW resonators as for bulksurements or are being masked by some uncon t rolled resonators. This is at least partly true beca use of thevar iable,  s m a l l e r  f ract ional  coverage of the act ive area by the
Packa~ i~~ Variations electrodes . After an initial pre-aging period , the

unsealed devices aged at approximately 2 ppm per dothl ing
Three mounting materials and three interna l atmos- of the ag ing time at 250°C.

pheres were examined as packag ing variations . The most
notable effect shown in Table I is the substantial ag ing Acceleration Factor
of all devices which were evacuated prior to sealing
(Lots G , K , and 1). A post-mortem on selected devices The data collected to date are insufficient to deter-
showed si gnificant damage of the surface . A photograph mine the acceleration factor w~th any degree of certainty.of the space between transducers of a device from Lot L Both more accurate frequency measurements and a series of
is shown in Figure 8. It is clear tha t the normal cure experiments at several lower temperatures will be requi red
cycle on the RTV is not adequate to prevent outgasslng or to determine the acceleration resulting from the high
perhaps deco m pos i t ion  at 250°C. temperature ag ing. Crystal resonators have been evalua-

ted extensively. The activation energy determined in
One lot was aged in unsealed packages. The lids one recent study 8 was 0.7 eV , y ielding an acceleration

were crimped to assure that they would stay on the of 2000 from 25 to 150°C and another factor of 30 from
package and prevent gross contamination of the surface , iso to 250°C. The apparent activation energies of a

TABLE I
RESONATOR AGING TEST S

(days at ~5O°C)

L~f ~ppm)- - 

I per doubling
0 L031 1 1.0 1 16

PROCESS STEP STANDARD VARIAT I ON LOT I to I to I to to
1.031 11. 0 1 16 i 48

Polish Chem-Mech. Standard Optical A 30 60 -5 -150
Post Polish Etch None Chemical B - .2 2.2 -9 -170
Alumi num Dep. Hot Cold Shot 0 -5 0 -22 -360
Ash after la st Yes No E -4 -1. 3 -17 -260resist removal
Store under No Yes F -5 .3 -17 -250UV light

Mount to Header RTV 3145 Vacuum, Epoxy G -140 -110 -27 -2000
Epoxy, N2 H -12 -10 -13 -1000

P re-seal Bake Lids on lids off J 5 .6 -7. 5 -450
‘Seal N2 Vacuum, 1104 K 18 -135 -400 -

Vacuum, RTV 1 -12 -150 -2*) -

Air, crimped lids M -2.4 5 -1.6 -5. 4
Controls Standard None Cl 7.3 -3.6 -10 -2(X)

- 

. 

C3 -1.1 1.3 -10 -130

—— - - - - -
~,n — ~~r - - —p. - —— - -



Acknowledgements

The ass is tance of Bob Vess and Larry Simonson in
designing and executing the fabricatio n and packaging
procedures is gratefully acknowledged. The results would
not have been poss ible without the patie nt and painstaking
work of Jim Hilton and Dennis Saunders.

References

1 . H. Lewis , “The surface acoustic wave oscillator - a
natural and time l y deve l opment of the quartz crystal
oscillato r ,” Proc. 28th Annual Frequency Control Symp.,
U. S. Army Electron ics Command , Ft. Monmouth, N. J.,
pp. 304-314, May 1974.

2. T. E. Parker and H. B. Schulz , ‘Stability of SAW
8. Surface Damage of Vacuum Sealed Resonator After controlled oscil lators ,” 1975 Ultrasonics Symp . Proc..

16 Days at 250°C. Showing Region Between the IEEE Pub. No. 75 CHO 994-1~ iJ7 pp . 261-263, September
Transducers. 1975.

3. J. R. Moulic , “Observation of long term veloc ity dr i f t
In LiMbO3,” 1~ 75 Ultrasonics Symp. Proc., IEEE Pub. No.
75 CHO 994—4SU , pp. 51 1— 5 1 3 , Septembe r 1975.

I I 4. V. R. Shreve , “Two—port quartz SAW resonators ,” Proc.

- - - i J 30th Annua l Frequency Contro l Symp., U. S. Army
-f - _

‘1- - -~ Electron i cs Command , Ft. Monmouth, N. J., June 1976.

5. F. II. Reynolds , “Thermally accelerated aging of semi-
conductor components,” Proc. IEEE, 62:2, pp. 212—22 ,
February 1974.

•1 6. 0. S. Peck and C. H. Zierdt , Jr ., “The reliability of
semiconductor devices in the Bel l System ,” Proc. IEEE ,

a m .2 i.o z 0 a -~ 62:2, pp. 185—2 11 , February 1 974.

7. A. V. Warner , 0. 6. Fraser , C. 0. Stockbrldge ,
“Fundamental studies of aging in quartz resonators ,”

~J. isotherma l Ag ing of 184 MHz SAW Resonators - Lots B IEEE Trans. Sonics Ultrasonics , 12 , pp. 52 59, Jun e
and H (Post Polish Etch and Unsealed Can). 1965.

8. S. H. Olster , et al. , “A6 Monolithic crystal filter
wide range of quite dissimilar devices tend to cluster design for manufacture and device quality, ” Proc. 29th
around 0.7 eV. Assuming the same is true for the SAW Annua l Frequency Contro l Symp ., U. S. Army Electronics
resonator, then the two weeks of stable operation after Coninand , Ft. Monmouth , N. J., pp. 105 —11 2 , May 1975 .
one day of pre-aging at 250°C corresponds to a period of
2 x 60,000/52 — 2000 years. This would be adequate for 9. J. R. Vig, J. W . LeBus , R. L. Filler , “Further results
most purposes but is awkward to verify by direct measure- on UV cleaning and NI electrobondlng,” Proc. 29th
ment. The above calculation can be at best an educated Annual Frequency Contro l Synç,oslutn, U. S. Army Elec-
guess unt il mo re data is acquired at intermediate tem— t ronics Command , Ft. Monnouth , N. J., pp. 96—108, May
peratures to isolate the properties of the process 1975.
responsible for aging at lowe r temperatures.

tO. 0. T. Bell , Jr., “Growth , orientation, and su r face
Summery and Conclusions preparation of quartz ,L’ 1972 Ultrasonics Syiop . Proc.,

IEEE Pub. No. 72 CHO 708-8SU, pp. 206’tO, 0ct~,ber 972.
A s et of fabrication and packaging variables were

re sted to determine the i r  ef fect  on the aging rate at II. V. E. Bottom , “A nove l method of adjusting the frequen-
250° C of plasma etched two -po rt quartz SAW resonators. cy of aluminum plated quartz crystal resonators,” Proc.
Substantial aging was seen in devices made on substrates 10th Annual Frequency Control Symp. , U. S . A rmy
polished with con vent ional (cerium oxide ) optica l Electronics Command, Ft. Monmouth, N. J., June 1976.
polishing procedures. After an in itial stabilization
period of 45 minutes , all the “clean ” variables we re
very simi lar with rates less than 10 ppm per doubling of
the aging t ime up to 8 days . Rates for longer times
as we ll as all vacuum sealed devices were subs tan tiall y
degraded by contamination from the mounting material.
The best results were obtained with unsealed packages
wbich allowed outgasslng products to escape . Rates of
less than 5 ppm per doubling were obtaine d ove r the
entire range of times to 1i8 days at 250°C, with rates
better than 2 ppm per doubling over an inte rme diate two-
week p.riod. Tine .ff .ct of th. alumin um electrod e s las t
have been smell to allow this low a rate. Th. correct
acceleration factor Is not known and is the subject of
continuing inv estigation .



THE PER I ODIC GRATING OSCILLATOR (PGO )
R. D. Weglei n and 0. W. Otto
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Malibu , Cal ifornia 90265

Sumary

The princ i pal aspects of the PGO are reviewed and complete mutual cancellation except for the small con-
Some new performance data is reported. The distinctive tribution required by 1extelement of this device is a pair of ion-etched gratings
that determines the oscillation frequency as well as The frequency variation with temperature In con-
the noise characteristic in the vicinity of the car— ventional SAW oscillators using ST-quartz exhibits an
rier. The P00 has some uni que features of advantage at approximately parabolic characteristic about the
high microwave frequencies and in applications where turn-around temperature T0, of the form
excessive long-term drift is intolerable.

We report on the adjustzmant of the turn—around ~,f ~
t~~perature by variation of the x- and z-path length ~~ 

B (T-T0)
2 (2)

ratio of the device on y-cut quartz. We also report where B ~ -32 x ~O
9/°C2.5 To achieve temperature-on the measured noise performance of two versions of

th~ PGO as canpared against a well-developed bulk stable operation . It is desirable to locate I near

crystal oscillator , all at 97 MHz. The noise spectra the ambient temperature prevailing in the par~icular

d i e measured under quiescent conditions and under application. This may be performed by simultaneous

random vibration , wi th the P60 having much higher rotation of the crystal cut and adjustment of the ~i1m

irmnunity to vibration than the crystal oscil lator, thickness of the aluminum transducer metal lization .
In the P60, however , where y-cut quartz is the tempera-

Introduction ture-stable substrate ,1 the location of T0 is indepen-
dent of any metal film thickness considerations .

A new type of surface acoustic wave (SAW) delay may be positioned over a wide temperature range , simply

line oscillator which makes use of a pair of ion- by varying the delay ratio between the x- and z-directed

etched reflective gratings a~ frequency—determining 
acoustic path lengths , ~ and n~ . This change i n delay

elements has been described. The gratings are ratio may be imp1eme i~ted by providing for several trans-
arranged in a Z- or U—path configuration (rig. 1) so ducers along the x-direction of the photomask. By
as to couple two mutuall y orthogona l propagation d i— simpl y connecting the input to al ternate transducer
rections having linear temperature coeffi’ients of posit ions , the nx/n~ ratio is readily and predictably

delay (TCD) of opposite sign (e.g., x- and z-propa- varied. In our dev ce three transc4’’~ rs were used at
gating y—cut quartz). By suitably adjusting the each port with different lntertransducer delays so that

pathlength ratio of the two propagation directions , nine different deldy ratios could be effected wi th one
temperature ~tablllty com~~rable to ST-quartz ~ 

mask and one lithography step. We present here experi-
achieved. The sni~1l area , relativel y broadband thin- mental verification of ~he technique and some comparison
film Interdigita l transducers i~- the periodic grating with the predicted shift of T~ with a change in x-

oscillator (P60) serve only the transduction function directed delay.

while the ion-etched gratings provide the required
filter ing function. The two experimental curves shown in FIg. 2 were

measured on the same P60 dev ice, with different trans-

In this paper we pre ent new data on the adjust- ducer coilnections. For the two cases , the change i n
abil ity of the temperature characteristics of the P60. delay corresponds to a 

~~ o~ approximaately 30 wave-
In addition , noise characteristics of two varieties of lengths , or about 0.30 microseconds . The corresponding
laboratory P60’s (so-called Z- and U-path) are compared change In turn-arou,id temperature is seen to be 17°C.
against a thoroughly engineered crystal oscillator (all Predictions 0f the shift of T0 with n~ may be made If
at 97 MHz multiplied to X band) under quiescent and the value of B and the total path length are known .1
under vibration conditions. The PGO shows a clear Table I sunsnarlzes the predicted and experimentally
advantage over the crystal osciilator in a vibration measured T0-shlft with n,~ based on the daa in Fi g. 2.
envl rorvnent.

TABLE I
Adjust ab le Temperature Stable Operation TURNAROUND TEMPERATURE (To) ADJUSTMENT IN PG0.~Z

The basic principle for the temperature-stable T~ 21° 38°
~peratior of the P60 Is that of selecting the ratio of —

~i1 th~Pngth~ for the two orthogonal propagation dl- n
~ 155.23 155.23

~~ ‘~ion s that results In a cancelling of the linear

~. ay -  temperature coeff icients at the desired operating n,~ 445.03 474.98
as~c.r.ture . A d.rlvatl.n of tbe temperature stability
“i ‘ ‘or mis reported earlier. ’ It turns out that If nT 591.81 630.21

•‘ a’ ‘ ons are rIght angle and all propagation
- -~~~~

-. in pij re mode, the temperature stability B*(lO_9 /0C)2 -38.2 -69.05
-“ ‘~~~c.s to ~for bo th Z- and U- path devices)

~TO/n1 (ca lc .)  .39 C/A x
° 5 z~z ‘ t ext ( 1)

aTo/n~ (neas.) .57°C/x
~

-~~ ... i’m. ~~- amd 2-direr ted pathl ength s
. - •

~~~ ~, 
are the ll ,nea r Tm’s alonc’ *

•.. ~~ i — , , Is ~~~ i~~~~ jn~~ lCD B r /2 of Ref. 1

~~~~ -~~rca. I ’- v 8~ adjusting
•.- ‘- ., 

, a,1 - , •r —~s ui t  In
~~~~~~ — Is)



It is seen that the measured T0 sensitivity to n~ ~ 
circuit and connecting cable associated with the

0.57°C/wavelength, somewhat larger than anticlpa~ed. vibration table platform .
Although this discrepancy is not full y understood , i t
is a consequence of the somewhat different second— The relative ininunity to vibrat ion of the SAW
order coefficients of the two measured curves (dif- oscillator in genera l and the periodic grating oscll-
ferent B’ s). These coefficients as wel l as the turn- lator in particular , is a direct consequence of the
around temperature T0 are influenced by the tempera- fact that the piezoelectric crystal substrate support-
ture depende.ice of the external circult elements and , ing the surface wave topography does not undergo dis—
in particular . the tuning inductance.D These factors tortion (bending or twisting), since the substrate Is
were not accounted for in the present experiment. thick compared to the wavelength and firmly supported
Experiments are in progress to separate the intrinsic on a rigid base.9
y-cut quartz behavior from the external temperature-
dependent effer.ts and will be reported on at a later In Fig. 5, the noise power spectra in the quiescent
time. state of the PGO-Z and crysta l oscillator are replotted

and summarized. Al so shown Is preliminary data of a
Noise Performance P60-U oscillator taken in the same manner as for the

other oscillators. We have also Included t~~ inter-
In this section we compare the noise power spectra cepts of the noise power spectra prediction 1’-’ and RNS

of two periodic grating oscillator devices against frequency (ED) calculated from the assumption of simple
that of a conventional oscillator , all oscillating FM theory (S/N = 20 log 

~m/”2~
D). The ordinate shows

within 1.0 MHz of 97 MHz. The two P60 devices are coi- noise power in dB/Hz versus offset frequency out to
structed on y—cut quartz with x- and z-propagation 1 MHz. In all cases the curves are normalized to 97MHz
direction s, one in a 2—path configuration (100 re— as previously outlined. For the Z-path configuration
flectors/grating) and one in a U-path configuration of the PGO , the expected noise peaks for the other
(400 reflectors/grating). Both devices nominall y modes at 16(1 kHz Intervals are clearly evident. These
satisfy Eqn. (1) with Yext 0. modes are absent in the U-path configuration since the

grating filter bandwidth is identical to the reciprocal
The power spectra of the oscillators were mea- delay of the device. Both the noise floor and intercept

sured at X band using a conventional varactor multi- regions , corresponding to the reciprocal d3lay fre-
plier chain (96x). A standard noise measurement test quencles are in reasonable agreement with predictions.
set was employed that detects amplitude (AM) or phase The lower noise floor of the P60-U Is a direct conse-
(FM ) noise on microwave signals in the 9-10 GHz fre- quence of the higher Q of the grating filter in this
quency range. The technique allows for the determine- design. It is interesting to observe that the tran-
tion of the noise power density to within an offset sition from the noise floor regime to the region where
frequency of 1 kHz of the X-band carrier. The sing le- phase noise dominates (20 dB/decade) is somewhat slow,
sideband noise power spectral density of the 97 MHz resulting in a narrower than expected oscillator line-
oscillators In dBfHz is readily calculable using the width. Finally It can be seen that the crystal oscil-
known measurement bandwidth (0.1 kHz or 1 kHz) and the lator noise spectrum exhibits a minimum at a level 7dB
multipl ication ratio. In our calculations it was lower than the P60-U at an offset frequency of about
assumed that the oscillator was driven by white noise 3 kHz , but looses this distinct ion quickl y to the P60-U
at the amplifier output and that no additlona], phase at offset frequencies beyond 18 kHz .
noise was introduced by the multiplier chain. ’

Conclusions
In FIg. 3 the noise power spectrum of the Z-path

P60 at 97 MHz Is compared against that of a well— The P60 has a number of distinct fabrication and
developed 5th_overtone quartz bulk crystal oscillator environmental advantages. For high frequency devices
operating at the same frequency. Both oscillators lithography resolution requirements are relaxed about
are under quiescent conditions. The lower noise of 40%- over standard transducer electrodes or resonator
the crystal oscillato r compared to the P60 is readily elements at the same frequency . Yield is increased
apparent, decreasing from 20 dB lower at 1 kHz offset not only by the coarser pattern but also because ion-
to only 5 dB lower at 20 kHz offset. The poorer noise etched reflective elements are highl y defect tolerant,
characteristic of the P60 is due In part to Its modest as has been amply substantiated by reflective arrays in
equivalent filte r Q. dispersive filters. Additional benefits accrue at high

frequencies from the fact that the large coherent re-
The same two oscillators are compared again In flections characteristic of the multi-element periodic

Fig.  4 under random vibration levels of 8G RMS between impedance discontinuities of transducer structures are
20 and 2000 Hz (.032G’/Hz). While the P60 noise level virtuall y absent, as are the associated metallic layer-
is rai sed uniformly by about 10 dB , the noise of the induced propagation losses .
crystal oscillator Is raised 20 to 30 dB and exhibits
severa l resonant spikes which rise an additional 20 to The absence of metal ‘ ira-substrate Interfaces In
30 dB. At these resonances the crystal oscillator the frequency deteminin~ vimi ent of the ion-etched
spectrum Is poorer than that Of the P60 by 40 dB. The filters is expected to significantly increase the long-
resonant spikes In the crys tal oscillator are char— term frequency stability of the oscillators , and par-
acteristic modes 0f vibration in the bulk crystal plate ticularl y the long-term drift and variation associated
and depend on its support structure and its general with such Interfaces .
sensitivity to acceleration .0

Because of the parabolic frequency dependence on
No serious attemp t has been made to date to design temperature that the P60 exhibIts It Is important that

the P60 circuItry with  minimum vibration sensitivity the turnaround temperature can be positioned over a
In mind , whereas the crystal oscillator represents the wide range. The perlQdic grating oscillator , as
current state of deve lopment in engineering practice. described previously, ’ lends itself uniquely to this
One would , therefore , expect improvement of P60 noise adjustment without resorting to changes In crystal cuts ,
power spectrum under vibration in a mechanically well- and wi thout dependence on metal film thickness. Finally,
engineered SAW oscillator package. The sharp increase the turnaround temperature may be suitably changed
in the noi se spectra within 2kHa of the carrier of using a single mask design and In essentially a single
both oscil lators Is somewhat suspect of arising not In lithograph step on the y—cut quartz substrate.
the oscillator s themselves but in the elect ri cal
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SAW oscillators have been predicted to be rela- V L 555X
150tively rugged devices , free from constant acceleration , Z-PATHshock and vibration , characteristic of bulk crystal

oscillators. 3 The i nsensitivity of SAW devices In gen 

-

______

eral arises from the fact that essentiall y no surface
strain is ,.roduced in a typical thick , wel l -anchored
surface—wave substrate that is subjected to large
stress forces. These predictions are wel l borne out

(PGO 1)

L = 800)
in experimental results presented here. 0 ~ 800
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For opt&mum~~up1ing, the tranoducer electrodes be placed suoFi that the two reflected compo—
are poettioned at the peaks of the standing nents are in phase. The traz~sducer may then
wavee . be considered to be part of the reflector.

-~~--~~---
-

FAST FREQUENCY HOPPING WITH SURPACE ACOUSTTC W&VE (SAM) FRZQIJENCY SYNTRESIZEP.S

-4 L. R. Adlci.na
Rockwell i~sternaUona1, Electronic. Reaearch Diviatos~Anaheim, Cai.ifornja

Abetract mode synthesizer appi~oach ia that once etabLe osci11ati~~is eatablished the frequency spectrum will be present in
The SAW frequency synthesizer reported here derivea the line at all t imeø. Thus, the rate at wlii~h a par—

from the baeic single mode SAW occillator. Aa in the SAW ticular frequency component can be celacted will be
oscillator configuration, input and output tranaducera limited aolely by the epsed of the awitche8. There will
are connected together through an amplifier , but for the be no need for lengthy delays while a frequency mode is
synthesizer che IOTa in the feedback ioop are designed so locked into oscillation.
that the entire comb of frequencies which can be sue—
tam ed in oscillation is retained, Thia comb of frequen— to clarif y the operation of this system, consider
cies will propagate down the delay line as a surface the basic SAW oscillator chasm in Figure 2. The con—
acoustic sieve and the individual frequencies may be dition that a signal of frequency w experience a phase
selected by means of a cerise of receiving tOTs dapoaited shift equal to an integral isultipla of 2w radians is
on the substrate. Each of the receiving IDTs will have a given bycenter frequency corresponding to one of the comb
frequenc ies and its frequency response wil l, be such that + — (1)
all of the comb frequencies except the one desired will. V
occur at the response null s. Thus , each receiving WT where L is the transducer separation, ~ is the phase
will have an output consisting of a single frequency of shift in the network external to the SAW delay line and
high spectral purity. The advantages this approach for v is the SAW velocity. If L — MAo , where P1 is a large
frequency hopping application is that a single delay integer and Xo is the center frequency wavelength, then,
line and feedback loop generates a number of frequencies neglecting 4,, the allowed frequencies of oscillation are
which are available at all timee. Thus, the speed at 15)which deaired frequencies can be selected will be de— fn — fo (1 (2)
terinined solely by the speed of the external switches.
High performance MOS/C*)S IC switches are now available It can be slsown3 that the network Q and, hence, the
with switching times on the order of 2 nsec. In this stability is proportional to M. Thus, to maintain high
paper the resulta of theoretical and experimental izsvesU— spectral purity and to minimize the effect of the en—
gations of this synthesizer approach will be presented, ternal phase shift it is necessary that H be very large ,

at least 1,000. This implies a comb of closely spaced
Introduction frequencies since from equation (2)

£51 — fo/ M (3)
The basic Surface Acoustic Wave (SAW), oscillator

consists of a simple delay line with input and output where 1sf is the spacing between the spectral components
Interdigital transducers (IOTa) connected through an of the comb. At typical tOT center frequencies of 100
amplif ier to form a positive feedback loop. This device MHz 1sf will be on the order of 100 KHz, and to select
is capable of eupporting a comb of frequencies with out individual frequencies from such a comb with trans—
frequency separation proportional to the length of the ducers having standard Sin X/ X  responses would require
delay path. Most of the SAW oscillator configurations IDIB quite large in physical extent, —3 cm. This would
discussed in the literaturel,2 have been deai~~ d ~~ that greatly restrict the number of outputs allowable on a
all of the coisb frequencies but one fall in the nulls of substrate of reasonable size, Therefore the frequency
the transducer frequency response. Thus, a single mode response of the t ransducer system must be tailored so
of high spectral purity is obtained. It is the purpose that only frequency components separated by at leaet one
of this paper to show how the complete comb can be uti— (and preferably more) MHz fall within the paasband.
lized in the dsaign of a multimode frequency synthesizer
and how individual components of this comb can be 5e If the SAW otcillator is activated simply by turning
lected at ultrafast rates. The ba.ic idea of this device on the amplifier a stable comb of frequenciaa will not
is outlined in th. following asotton end experimental normally be obtained. This is so ls.scause when this acti—
resu lte are presented in Sa~ tion III , vation procedure is followed th~ signal i5 built up from

thermal noise . Following Lewis the output of the feed—
Easic Principles back loop V0(w) is given by

The SAW synth esizer scneme is shown schematically in v0(w) Gv~ (w) I.jwt+A(w)e.lw(t.t)+A2(w)eiw(t_2t)+ ——1 (4)

amplifier to form a f.ed~ack lO~Fi 
frsqu.ncy cOmpOnent. the amplifier gain and the delay line in..rt ion los.,

Figur e 1. Tranaducere I and T2 are connected through en where C ie the aaplifier gain, A(W) ie the product of

which experience a phase shift equal to an integral is the delay in the acoustic path end V1(w) is the
eultiple of 2w radians and for which the amplifier gain initial signal input into the amplifier. If A(w ) is near
is sufficient to overcome the total losses in the loop unity thea, V0(w) will continue to grow until the satu—
can be .uetained in oeciilation. If suitable phaa. lock— ration level of the amplifier is reached. If dw is the
tog technique. are employed all of th, allowed med., overall bendvidth of the system and £0 is the saturationwithin the bandpess of the system can be stabilized to power of the amplifier thenobtain a tisiform frequency comb . Th. resulting signal
travels down the d.lay lint as a uurfece acoustic wave
and individual components of the coisb arc selected by
means of interdigital transducers. These Ib’ra are de-
signed so that only the fssquency of intere st lies [ P(W)d — P
within the paasband of the frequency r.apone. while “
othera fall in the frequency response nulls. The par—
tinnier transducer output (and, hence, the particular
frequency), may be selected by means of high speed PIN defines the output spectrum where P(w)-
diode sw itches. The great advantage of this SAW isulti—



with tUfling tranaducir is illuatrated in Fig.
logs. 31. Both resistive and capacitive impedance .

were used for tuning . Maximum tuning rate
occurs when the transducer impedance equals

4—.—- _i
__ — —

Since the initial signal into the smplifier Vi(i) arises shown in Figure 5. A. will be seen in the diagram the
from the noise in the system it is a random function of switch consists of a tee configuration of three vertical
frequency and will in general be different each time the junction diodee. The polarity of the current flowing
system is activated . Thus, the output power spectrum into the bias part defines the switching function. If
can not be predicted. Computer simulations of two fre— the current is positive diodes d1 and d. are forward
quency combs supported by a SAW oscillator are biased mad appear as small resistances to2the Pp input.
shown in Figure 3. These two combs were obtained by tjnder these conditions d3 is reversed biased and appears
turning on the amplifier at different times. The as small shunt capacitance. Thus, with a po.itive bias
uneveness and unpredictability exhibited by these two current flowing the switch ie ‘ on’ . With a negative
simulations is confirmed by experiment. current input to the bias port the diode conditions are

reversed. Diodes 
~l 

and d2 appear as capacitances while
To obtain a stable, uniform comb of frequencies d3 appears as a shunt resistance. Very little HF input

from the SAW oscillator phase locking techniques must be signal gets through to the output and thug the switch is
used. One approach (shown schematically in Figure 4a) “off” . With the PIN diode switches recently developed
would be to initiate the oscillations with a pulse from at Hockwell on/off ratios greater than 60dB are obtained
an external generator clocked at a rate to produce the when operating at frequencies near 200 MHz. Switching
desired comb spacing in the frequency domain. Provided rates are extremely rapid for these switches, approxi—
proper phase relationships are maintained, the comb in mately 2 nscc.
the oscillator loop will build up from the injected
signal resulting in a uniform spectrum. Figure 4b shows The frequency comb produced by the oscillator is

an active phase locking technique similar to that de-. shown in Figure 6. This photograp h was obtained by
scribed by Gilden , et ~~~ Here the signal circulat ing feeding the oscillator output into a spectrum analyzer .
i~ the feedback loop is mixed with a local oscillator 

The comb was stabilized using the active phase locking

(which could be a SAW oscillator) of frequency 1sf de-. technique described in Section II. The horizontal scale
fined in equation 3. This mixing process will develop in the photograph is 5 MHz/div and it will be seen that

side bands corresponding in phase end spacing to the a frequency spacing of 10 MHz has been established.

feedback supported frequencies defined by the SAW line . Once the comb was locked in place the spectrum was very
This will assure the maintenance of a stable, uniform stable over a time span of several hours (the longest

comb of phase coherent frequencies within the bandpaes period observed). No phase noise measurements were made
of the system. An advantage of this approach is that it on this particular device although the phase noise has
can be automated by tapping some of the RF signal out of been established for a similar single mode SAW oscil—

the loop, detecting (with r—F detector) and amp lif ying lator fabricated at Rockwell. For that device the noise
this signal. The video output from the amplifier is was 55dB down at 100 IUlz with 1 KHz bandwidth. Similar
then employed as the modulation reference into the mixer. resulte would be expected with this device.
This system is described in Ref. 4, Thus there are
sevetal techniques for obtaining a stable comb of Ire— The 140 MHz and 130 MHz outputs from the selection
quencies from the SAW osci llator. The particular phase transducers are shown in Figure 7. The outputs were
locking techniques employed in an actual device will obtained by operating the diode switches manually.

depend on such factors as convenience, power consumption Examining the outputs individually it was found that th*

and cost, 
Q and stability of the selected modes were the same as
for the corresponding frequency component in the comb.

The basic design of the receiving transducers is The most obvious characteristic of the outputs shown in
straightforward. The frequency response of a standard the photographs is that the isolation of the main signal
transducer with uniform finger overlap is of the form from all other modes is only about 20dB. The main

Sin sit/sit where si is one radial frequency and t is the reason for the relatively high spurious response with
width (in time) across the transducer. Clearly nulls this prototype model was determined to be a combination
will occur whenever si t — nil, Thus, if null. seoarated of high SAW insertion loss and electromagnetic feed—
by a frequency of 1sf are desired then the time delay through. As pointed out above, the on/off isolation of

ecross the transducer must be the switches is at least 60dB at these frequencies, and
therefore any leakage throug h the switches makes only a

— 
minor contribution to the observed spurious, Also, any
degrading effect arising f rom an imperfect tran sducer

and the physical extent x of the tDT in the direction of response function was determined to be small. This was
SAW propagation must be x — Vt — vIM , This simple most readily seen by placing an absorber of rubber
criterion will be modified by such factors as diffraction cement on the crystal surface and noting that virtually
*nd dispersion, but it is sufficient for a first order all of the spurious spectrum remained . On the other
estimation of transducer size , hand the insertion loss was approximatel y 45dB end the

RF pickup sig nal was only 20dB below this. Therefore it
Exp.ri~~nts 

is clear that the signa l isolation can be substantially
increased by adjusting the transducer Na to reduce the

To demonstrate the validity of the concepts 8usma— SAW insertion loss (and thus increase the signal to

rized above, experiments were performed with operating spurious ratio) and by improved package design. From
SAW oscillator devices. The multimode oscillator was previou s measurements of the transducer response
fabricated by modif ying an existing delay line structure function and from previous experience with SAW lines for
which was desig ned to operate at a center frequency of which electro magnetic pickup is a problem, it is est i—
140 MHz . The time domain separation of the IOT. in the mated that a sig nal isolation of 60dB can readily be
feedback loop was approximately 8 55cc or 1120 wave— achieved and even higher isolation., up to the limit
length . at center frequency, and the frequency response imposed by the switches are possible.
of the IDT syste m was such that tha comb pertodicity was
10 MHz. Two mod. selecti on tran.duc.r. wer , deposited Conclusio n
on the substrate. One of these had a center frequ ency
of 140 MHz while the other had a canter frequency of 130 Ona approach to utilizing the f requency comb defined

MHz. The dimension s of these transducers satisfied the by a .ultimoda SAW oscillator in * rap idly selectable
cods selective requirements described in Section II. frequency synthesizer ha. been presented in thi. paper ,

The validity of the approach ha. been demonstrated
PIN diode switches fabricated using silicon—on-, experimentally with a prototype codsl. The manner in

.apphlrs t.cbiology were employed at the selection trans— which a device such a. this would be employed in a
ducer outputs. The basic cir cui t for thse, switches is particular syete. will depend to a large extant on the

‘S.



applicst ion, required frequency spacing, etc. For
example , it is easy to visualize how a very small number —
o f SAW components described above could be used to

P synthesize a large number of frequency components if
judicious use is made of a I aw mixers at the transducer
outputs. From the criteria given above it can be shown
that about ten output IDT’e with 10 MHz bandwidth can be
comfortably contained on a reasonable size (—3 in.)
quartz crystal. If the output bandwidth (and hence, the —

comb frequency spacing) is 2 MHz only five transducers ______________________

can be deposited on the same crystal. However , it can I~~~~~~
,I
~~’be shown that by properly combining (through a mixet)

the ten outputs of two SAW synthe sizers with 10 MHz
frequency spacing and the five outputs of two synthe— 

—sizers with 2 MHz spacing, 1,000 frequency components
separated by one MHz can be obtained. It is clear that
these four SAW elements coupled with a microprocessor to
control the PIN diode switches can provide a very compact,
low cost fast lapping frequency synthesizer system, I—
Other applications and frequency combinations can be
readily derived from the basic approach. —‘~~rgir—’——~-
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(b) 140 MHz Canter Frequency
Scale: Vertical 10dB/Div .

Horizontal 5MHz/Div.

Figure 6. Frequency comb on spectrum analyser. Center
frequency — 140 MHz; Horizontal, scale — 5 KRz/div ;

vertical scale — 10dB/div .

Figure 7. Outputs from two detection U)T’s selec ted
by pin switches.
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FREQUENCY CONTROL AND TIM E INFORMATION IN THE
NAV STAR I GLOBAL POSITIONING SYST EM

F, E. Butterfield
Aerospace Cor poration
El Segundo , Califo rnia

Abstract 198 1, consisting of nine orbiting satellites uniforml y
distributed in three orbit planes . Carried on into

NAV STAR/Global Positioning System (GPS) is a Phase III, the Production Phase . the system will con-
t n -service program for worldwide radio navigation tam in 1983 or 1984 eight satelli t er ~ in each of these
u si ng synchronized transmissions from a satellite three planes for a total of Z4 .
co n stellation . All satellite clocks a re referenced to
a sing le ground based clock through periodic obser- Orbits
vations  at f ixed known location s, followed by a
l inearized real-time least squares estimation corn- The orbit descriptions for the three phases are
putat ion which e stablishes orbit s and satellite time given in Table 1. For Phase I, the in itial toler ances
simultaneou sl y. Ti me corrections are made as on these orbits are:
necessary through messages imposed upon the con-
tinuous satellite transmissions . Period ±2 sec

Eccentr ic i ty  0.01
Satellite clocks are pseudo-random code gene- All Angular quantities ±2 ’

rators d riven by atomic standa rds f rom which the
two c a r r i e r s  are also derived . Dig ital data are im- Since the program is in an earl y stage , these and
posed modulo 2 on the PN code with data and code other specifications may change as experience is
t ransitions coincident , The message content includes gained with the actual hardware .
time of day, clock state (i ncluding effects of rela-
t iv i ty ), ephemeris, and almanac . Ephemeris Determination

In the f irs t  phase of the program, six satellites The satellites are equipped with coherent trans-
will be placed in inclined 12-hr orbit s such that they mitter s operating at 1575.42 and 1227. 6 MHz, and
appear together over the U . S. daily. At completion, dr iven by atomic clocks with frequency stability
the second phase is expected to have at leaet nine specifications as shown in Figure 1. These t rans-
satellites in orbit with two always in view around the missions will be monitored in Guam, Alaska, Hawaii,
world. The final phase plan calls for twenty -f o u r  and Vandenberg Air Force Baae (VAFB), California.
satellites. The monitor station clocks are cesium standards ,

The time of arrival of transmission epochs will be
For a use r  at an unknown location, time is a observed at these monitor sites and passed to the

normal output of the navigation fix obtained from Naval Surface Weapons Center (NSWC) at Dahlgren ,
obse rvations on four satellites and an iterative loca- Virginia where ephemerides will be estimated.
tion solution. The e rror bud get for this case in-
cludes allowance for receive r noise, the atmosphere The NSWC computation will be carried out pen-
effect  on propagation , uncertainties in the satellite odica ll y and the results combined with daily monitor
clocks and orbits , and the effect of the geometrical station observations In a second computation con-
situation (mulUpath transmission and geometric dilu - ducted at VAFB . These daily estimates will be used
tion of precision), to describe the current ephemerides and clock states

to users  (navigators). The specified precision of
For greatest precision , the long code component these estimates in Phase I is indicated in Table 2.

of the transmission will be used . It will provide It is expected these values can be obtained with the
spatial resolution better t han 100 feet and time reso- rubidium standard s on the Phase I satellites and the
lution better than 100 nsec . A short code component cloèk values may be considerabl y better .
is also avai lable on one car r ier which Is modulated
at 1/10 the r ate of the long code and t ran smitted at The time ref e rence for these estimat es will be
3 dB hig her power level , one of the monitor station standards. Thu s, GPS

Key Words (fo r information retrieval) NAVSTAR / ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~Global Position ing System , Geometric Dilution of matter of record but not compensated by resettingPrec ision , sate llites , nav igation , satellite clocks . If Indiv idual satell ites deviate from
system time by more than I macc , they will be reset .

Introduction In all cases the satellite clock state will be deter -
— mined in GPS time,

In December of 1973 , the Department of Defense
began im pleme ntation of the Concept Validation Satell ite transmissions are phase modulated
Phase (Phase I) of the NAVSTAR/Globa l Positioning carriers . At 1575 MHz , two modulations are  u sed
System . The initial apparatu s for this new radio simultaneousl y. The first is one long pseudo-random
navigation program , now nearing completion, con- binar y sequence with shortest interval of 98 nsec
sists of six satellites with launch vehicles , a ground deviatin g carrier phase ±90 , The second Is a
operations or control network , and six type. of user periodic pseudo -random binary sequence with shortest
equipment . This equi pment will be emp l aced and interva l of 980 nsec and repetition rate of 1000 corn-
(~p~’ri~Pd i l i ,r tn g t l ~~~ next  year and th ree qu~sr t e r s  In plets q~i~ n c e s  ne t  see . The ~eeond binary sequence
preparation for conside ration by the Defen se System d~vl&tes the carrier O and 180’. The first sequence
Acquis ition R.vi.w Council for continuation into Is called the P sequence , the second the C/A .e-
Phase II, the System Validat ion Phase , In this phase , quence , Their trans itions are slmu ltaneo us and their
a limit ed operationa l capability will be establi shed b y epochs are common, The dail y ephemeris and clock
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state data derived at VAFB are added in binary form Performance
(modulo 2) to both the P and C/A sequences at 50 bps.

Navi gation accuracy (and time recovery  accuracy)
Co nceptually . the process is illustrated in Fig- is dependent upon the geometric disposition of the

ure 2 , Only the P sequence and data are ordinarily satellites and the signal conditions. The satellite out -
applied to the 1227 MHz ca r r i e r  in the Phase I put requirements are g.ven in Table 3 in terms of the
satellite s , power developed in specific antenna s on the earth .

Since the si gnal s penet rate both the ionosphere and
Transm itted Data the troposp he re , t he delay properties of these regions

are important . The troposphe re effect s are expected
The content of the — ‘) bps data stream is not to be modeled on the basis of local conditions. The

limited to information about ephemeris and clock, ionosphere effects can be modeled or isolated by use
The full message f o r  a selected satellite is dia- of both the 1227 and 1575 MHz signals, which ar e
grammed in Figure  1. It is organized in 6 eec, 300 simultaneously modulated in the satellite. Another
bit segment s transm itted in succession without eff ect of importance in navi gation is that of multiple
i n t e r ruption , path propagation. This eff ect is rapidly varying in

ai rcraf t  mounted terminals due to instability in att i-
Except for the sections designated TLM and HOW, tude . For ground installations, the effect may vary

segment Ia is repeated in segment s h a , lila, IVa ... more slowly and require additional integration for
until 1 20 repetitions have occurred . Then the content gr eatest precision. In time transfer  applications
of the segment is changed to more closely rep resent where locat ions ar e known, the multipath eff ect s can
t he expected ionosp here co rrection and clock per- be reduced b y use of moderate directivity in the ter-
forrnance. Segments designated with a, b, and c are minal antenna.
treated thi s way. Segment lid is not necessar ily a
repetition of Id. Segment lIe is not a repetition of Ic . The specified apportionment of navigation mea-
Th ese last segment s ca r ry  almanac information about surement e r ro r s  is given in Table 4, These figures
the other satellites in the constellation, Since thi s are the portions of measurement error that are un-
information is 190 bits per satellite, and since it is correlated over the satellites being used for naviga-
required much less urgently than the data of segment s tion . The geometric effect s are illustrated quanti-
desi gnated a, b, and c, it is t ransmitted approxi- tatively in Figure 4 that shows the Phase III statistics
mately once every 15 mm , It is not expected to be on Geometric Dilution of Precision and its compo-
changed frequently; its primary use is in the process  nents . Navigation error , then , is the product of the
of signal acquisition. The clock stat e given in the measurement er ror  and the appropriate dilution of
almanac is expected to be represented there within precision factor .
±10 ~sec of the actual satellite clock state .

One or more of the six Phase I satellites will be
The sections designated TLM contain a preamble visible f rom any poi nt on the ea rth almost all of the

and telemetry info rmat ion connected with satellit e time, but they appear in group s suitable for naviga-
ope r at ions . The preamble sets the reference for all tion periodicall y. Because of the orbit period chosen ,
successive bits , ground tracks repeat and the groupings persist at the

geographical locations shown in Figure 5. The group -
The sections designated HOW are ‘hand over ing s occur at earlier local times on successive days.

words” that describe the state of the P sequence at The time difference is 4 mm per day. With the limited
the beginning of the next 6 sec data interval. This number of satellites in Phase I the dilution of preci-
information, read off the det ect ed C/A signal, is used sion factors exceed those of the full Phase III
to set the P sequence generators in preparation for a constellation.
transfer to P signal at the start of the next data
Interval,

All of the data in the data message , except for
HOW , TLM are provided to the satellite s by the up-
load station of the control or network. Nominall y,
this operation is conducted orce a day.

The satellite , generate the HOW and TLM words
and the necessary parit f connected with them . The
satellites also respond to inltializin~ and control com-mand s from the up load station and the Air Force Satel-
lite Control Facility. Clock frequenc y and code phase
are both adjustable from the ground . There is an
additional variet y of commands that can cad s the ,&t-
elite to deviate temporaril y li-n.m its predicte .i statu s.
If the satellite Ii in this cond~t ion, appropriate warn-
ings appear in the dat a mesbage .

There are two relativistic influences to be ac-
counted for: the sateihte velocit y and the gravity field.
They introduc . a constant frequenc y chan~ps and varia-
tion s proportional to orbit eccentr icity. The consta nt
term is accommodated by a frequency offset in the
atomic standard . The vari kt ions are incorp orat sd In
coefficient s in th. data massag e .

372



a

Table 1. GPS Orbits Table 2. Accuracy of Transmitted
Ephemerides - Phase I

Period - 43 , 073. 26 sec
Eccentricity - 0 Component Error (1 o~) after 24 hr .
Inclinat ion - 63’ _____________________ ____________________________

Argument of Perigee - 0 Radial 0. 7m

Intrack 3. SmRight
Ascension of Crosstrack 0,7m
Ascending

Pha se I Node~
1 Mea n Anoma ly~

2
~ 

Clock Bias 100 nsec
Clock Dr ift I )(

Orbit Plane A B
___________ _____________ _______  ______  Clock Drift Rate 4)( 10 13 /day

A 240~ -23 , 2’ 16.8’
16,8 56.8 Table 3. Signal Levels from Linearly Polarized56. 8 96. 8 Antenna with 3 dB Cain

B 120 
~~~~~~~~~~~~~~~~~ 

C/APhase li A B C
_____________ _______________ ________ _______ 

annel

A 240 0 0 0 1575 MHz -163 dBW and -160 dBW

B 120 120 120 120 1227 MHz -166 dBW or -166 dBW

C 0 240 240 240
— 

All t ransmissions are RHCP
Phase ill A B £
___________ _____________ _______ ______ — Table 4. GPS Error Budget (Phase I I I )A 240 0 15 -15

45 60 30 - ________________

90 105 75 Space Vehicle Ephemeris 5 ft

Atmosphere 8 to 17B 120 135 150 120
180 195 165 Space Vehicle Group Delay 3
225 240 210 Receive r Noise and Resolution 5

C 0 270 285 255 Multipath 4 to 9
3 1S  330 300

___________ _____________ _______  _______  
Total RSS 12 to 21 ft

(1 )  Referenced 21 March 1971

(2) Reference Midn Ight
GMT 21 March 1971
(Ri ght Ascension of Prime Meridian I s 178 .4 )

Satelhte Clack Stability

LONG IERM DRIF T . LESS THAN 1 PART IN 10 12 PEA DAY Signal Assently and Modulation for 1515 MHz Carrier
I I I I I I

10.10 P SIC GIN 
_______

________ 
i— 1 ~i1 1 ej MDD2

1011 
\~~~________ ___

_.

~~~~~~~~~~~~~~~~~~~~~~~~~

__, 

J~~
:moARD F 

______  _ _ _ _ _
_______ I c/A SIG GEN 

______

kN2 I I } ~~10.12 — I DATA RIGISTERL.1011 
_ _

10-13 - l
~ MRIER ________1 MUtT

I I I I I
10.1 100 10 1 io2 iO~ ~Q4 IO~ 106 FIgure 2.

AVERAGING TIME—sec
4.

Figure 1.
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Message Structure GPS Phase Ill - Global Geometzic Performance

6 sec; 300 BITS - ——“~ ~ ss I

T LMIHOW IONOSPHERE SYNCHRONIZATION
3Db 30b CORRECTION DATA DATA SEC Ia  99.9 - lOOP . TIME
__________________________________________________ HOOP - HORIZONTAL
________________________________________________ VOOP - VERTICAL

[TLMIH0W ! 
EPHEMERIS DATA “

~
] SEC lb 

- POOP - POSIT ION 1301

I I 1 EPHEMER I S DATA SEC I c  ~ 
-

lOO P

I 1 I SPARE SEC Id 
— 

HOOP

[ ALMANAC S EGIe
I BEST FOUR SATELLITES 5’ OR
__________________________________________________ MORE ABOVE HOR IZ ON

IONOSPHERE SYNCHRONIZATION SEC II
CORRECTION DATA DATA 

a 
I I I

0 1 2 3 4

EPHEMERIS DATA ] SEC II b 
COOP FACTOR

_________________________________________ Figure 4.

Figure 3.

Areas in Which Phase I Satellites Provide PDOP
Less Than 4 as a Function of Time (hours)

:

1 I I

Figure 5,

!~
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TIME REQUIREMENTS IN THE NAVSTAR GLOBAL

POSITIONING SYSTEM (CI’S)
4,

A. .1. Van Dierendonck M. Birnbauui
General Dyna~~cs Electronics Division Space and Missile Systeu~ Organization (SA1~ O)

San Diego, California Los An geles , Cal i fornia

Sui~~ary In Figure 1, four  SVs are shown as rec ired for
a th ree—dimensional navigation solution. This is

CPS navigation is accomp lished by one—way time bec~,use the User does not normally know his time —measurements. One nanosecond time error equals 0.984 User Time (UT). The o f fse t  of this time with  respect
feet range error. Thus, time control and distribution ~~ GPS time at the time of simultaneous receptions is
are essential to CI’S. The CI’S Control Segment (CS) con— denoted ~~ and is cousnon to all four measure~ment5,trola CI’S tinie . Th&~ GPS Space Vehicles (SVs) d i s t r i bu t e  The CI’S reception time is:
CI’S time. Thus, requirements  related to time are
speci fied to the CS and the SVs. t a = UT —ta t (1)U

There are three basic requirements (specified
jointly to the CS and SVs) on GPS time derived from the and the lIPS transmission time for SV i is:
systea concept which provide: 1) compatibility with

acquisition of CPS “P” signals, 3) continuous User 
T1 Ts~ ~~ 

~~~~~ ‘ ~ .4 (2)other timing and navigation systems ; 2) ‘~fast” User 
t t — t~t

navigation accuracy.
where ty5 is the SV time at time of transmission and

The requirement of CPS time to be compatible with 
~other timing and navigation systems is a requirement ~ 

is the offset of this time with respect to CPS

for the CS to in i t ia l ize  and maintain CI’S time to wi th— time . The atmospheric delays from the SV i are ~ t A .
in 100 microseconds of Coordinated Universal Time (UTC). Random variations in the atmosphere , mult ipa ch and gen—
CI’S will use external data that are time—tagged with eral transmitter and receiver noises are ignored; c is
UTC , and other systems will use CPS for time t r an s f e r , the speed of light .

For fast ’ acquisi t ion of the CI’S “I” signal , the The transit time is truly the difference between
User must have the capability of acquiring that signal the CI’S transmi t time and the GPS receive time. It
directly .  To do so he is dependent on the a priori represents the t r ue slan t range except for the propa—
knowledge of the SV’a times (to within about 10 micro— gation delays (the ~~~ ). The User ’s apparent t ransit
seconds ) and positions (to within about 10,000 feet). I
Thus , the CS is required to initialize and control the time defines the pseudo—range measurement. The true
SV clocks to within this tolerance , and the SVs clocks slant ranges are:
mus t be capable of being initialized and controlled to
th i s  tolerance.  Precise a prio ri knowledge of time is Ri 

— c(t ~ — t
1 
) — cl~t,,,, ~~~ ..,4 (3)

not required for  ,wri,,al User acquisition of the CI’S i
“C/A” signal

while the corresponding pseudo—range measurements are
User navigation accuracy is di rec t ly  related to

+ c(~ t —tat ) — c(U T— t ) (4)his cu r ren t  knowled ge of SV clock t ime. Thus, SV I~~ = + C~~tA U 8i Ts1clocks are required to maintain a running time that is
predictable to within CI’S performance requirements.
The CS is then required to predict their times, to gen-
erate SV clock update parameters , and to upload these Obviously, there are the three basic corrections
parameters into the SV5. that the User must account for to derive true slan t

range. The first is the SV clock offset which must be
To provide continuous user navigation , the SVs are supplied to him ; the second is the atmospheric delay.

required to continuously radiate signals with super— which only he can estimate as it depends on his geom—
imposed navi gation parameters to the users. The c~ i8 

etry; the third is his clock offset which only he can
required to forma t these parameter8 and sv p rocessor determine — the r &- -~son for the four th  SV.
control parameters compatible wi~th the SV processor
design . Supplying the User with a precise SV clo:k offset

is the joint responsibi l i ty  of the CI’S Contr,~1 Segment
These basic requirements flow down to more specific and the GI’S Space Vehicle Segment (SVS). This objec—

derived requirements. tive and responsio llity define the time requirements
in CI’S, whi ch is , of course , the topic of this paper.

Introduction A brief overview of the CI’S segments and their rela-
tionship is given in Appendix 1. These time require—

CI’S measurements are corrected transit times of ment s in CI’S fall in one of three categories:
SV generated signal. radiated ~o a receiving User.

meaningful only if the times at which they are trans— 2) SV time and data control for User acquisition
Since the system i~ passive, the measurements are 1) GPS time synchronization with UTC

mu ted and received are p recisely known. The fact i~ 3) SV time and data control for precise continu—
they are not , and the User must correct the apparent OUS User navigation
transit t ime with information supplied to him or solved
for  by hi., The requi rements of these ca tegories will bs dis-

cussed followed by considerations for the Phase III

37~



c.
~

tS3

-... C~ltUSER U

CIIA

XBO1

Figure 1. Relationship of Times Between SVs and User and Their Respective Ranges

operational CI’S. The requirements discussed are for to GE’S time. NSWC does, however , as does the CS, use
the Phase I concept validation of GPS, however, most UTC time—tagged Sun and Moon locations in their re—
of them extend to Phase III requirements.  spective ephemeris determination processes . Again ,

this does not requite an accurate time synchronization ,
CI’S Tt.ie Synchronization with UTC but does require “a” synchronizatio n,

CS Specified Requirement CI’S Users, also internal to GPS, benefit by know-
ing GE’S time prior to navigating with GPS. The extent

There is a requirement that the CS reference t ime of the benefit depends on how accurate their knowledge
shall not deviate from Coordinated Universal Time is. The maximum benefit 3 to know it to with in  10 to
(UTC) by more tha n 100 microaeconds.(1) The Intent of 20 microseconds so as to p dorm direct “I” code
this requirement is to synchronize CPS time with U’FC. acquisition. This requires that they have a stable
The purposes of this r .-quirement are both internal to frequency stan~ srd in order to stay synchronized to
GPS as well as for external syetema. internally, th e CPS time once they have ascertained it. Al though ayn—
CS has components which are agencies that have no chronizing GPS time to within 100 microseconds ~o UTC
physical access to CI’S time, These agencies — the may provide a marginal direct “I” code acq u~sition , the
Air Force Satellite Control Facility (AFSCF) has access intent of the requirement is not, at least during the
to UTC, and the Naval Surface Weapons Center (NSWC) concept validation phase, to provide the capability
works wi th da ta referenced to u’rc. to initialize Users with UTC .

The AFSCP controls the Air Force SVs and provides Certainly a very important use of CI’S is for time
a backup upload capability for the CS. It also per— transfer for initializing or interfacing with external
forme the initial tracking of those SVa and provides systems. This is probably where the real requirement
the initial ephemeris epoch state to the CS for each for synchronizing CPS time to UTC really lies. Now-
of those SV5 . None of these functions require time ever , to the authors ’ knowledge, there ia no specif ic
synchron ization any more accurate than a second or requirement to do it within 100 microseconds.
two, ~ut they do indeed require time synchronization. Although there doesn ’t appear to be a concrete

NSWC periodically provides the CS with a refer— reason for the 100—microsecond requirement during the
ence epheme ris for each SV. These references are in i t ia l  phase of CI’S, there is a requirement for “a”
deter*ined using data measured and time—tagged by the synchronization to OTt. ‘ince a 100—microsecond syn—
CS. Therefore, they should be , and will be , referenced chronization is not an unreasonable requiremen t to
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achieve with the use of a “flying” clock , it has been and because GPS time will drift away from UTC, main—
generally accepted as the requirement. tam ing GPS time to within 100 microseconds of IJTC

would be disruptive to the CPS system. To havo dis—
Related Requirements continuities in GPS this would cause Users to lose

lock from the (PS signals , and would cause extreme
There are four related requirements on the CS that difficulties within the CS to coordinate the dis-

serve to reduce the nuisance factor of maintaining continuity. Thus, the requi rement to merely publish
synchronization of GPS time to UTC. These require— the time difference between GPS time and UTC was
ments specify the stability, the estimation accuracy derived. This publication is interpreted to meet the
and the control of the CS Manitor Station (MS) clocks , intent of the original 100— microsecond requirement.
which provide the GPS time reference. These require-
ments are much more s tringent than necessary for SV Time and Data Control for User Acquisi tion
synchronization to UTC, as they are meant to maintain
internal CPS system accuracy. They will be discussed It is essential that the GPS SV5 timing be under
in detail as requirements for SV time and data con— strict control to enable the Users to acquire their
trol for precise continuous User navigation. They do, signals. The CS and the SVS are jointly required t o

however , eliminate the need for frequent monitoring maintain that control.
and/or reinitializing GPS time with respect to UTC,

GPS Specified Requirements
Derived Requirements

This joint requirement is reflected in part in the
Although they are not specifically stated in any overall CPS System Speciuication (2) that is referred

GPS system level or segment level specifications, to by the CS and SVS Segment Specifications.(l ,3) The
there are requirements imposed on the CS that were requirement is in the form of a definition of the
derived during the design process. These are the Navigation Signal Structure. The specification states
requirements to: 1) initialize an MS clock with an that the waveform shall be specifically designed to
external time source; 2) initialize the Upload Station allow system time to be conveniently and directly ex—
(ULS) clock; 3) periodically verify the time differ— tracted in terma of standard units of days, hours,
ence between an MS time and UTC; and 4) publish the minutes and integer multiples and submultiples of the
time difference between CPS time and UTC. second. It specifies the SVe P” (precision) signal

timing. The Pseudo—Noise (PM) code chipp ing rate is
The reason for the first of these requirements defined to be 10.23 megabits per second. The code

is obvious. It is only necessary to do so at one MS epoch shall be made to occur exactly 7 days of elapsed
as all other MSs are initialized via signals received system time after its last epoch by resetting itself
from an SV. All MSs are capable of receiving a one routinely at seven day intervals. The measure of this
second pulse from a “f lying” clock (calibrated to UTC) elapsed time shall be the number of Xl (the first of
to initi lialize a time counter at a tine entered into two PM codes Modulo 2 summed together) epochs , termed
the MS computer. An operator—induced signal within the the “Z” Count , which have been counted since the PM
second prior to the correct pulse enables the counter. code epoch. The time between Xl epochs shall be cx—
This initialized MS is the first “Master” ~~ as its act ly 1.5 seconds of SV time. Thus , a Z count is
t ime is considered perfect (within a known bias). The worth approximately 1.5 seconds of CI’S time.
precise times at the other MSs are estimated through
SV tracking and estimatt on. The Z count shall be transmitted every six sec-

onds , and shall be contained in the Handover Word
The requirement to initialize the ULS (computer) (HOW) of the also Modulo 2 su~~ed synchronous data bit

clock is necessary regardless of the difference be— stream 0, and represents the system time at the start
tween CP5 time and UTC because it is shut down when— of the next data subframe (a subframe is six seconds
ever it is not in use. Time is necessary in the ULS long). The 1 count value and the time of the PM code
for antenna pointing and for upload verification (with— epoch shall be adjustable. Furthermore, all SV~ shall
in a second or two). The ULS computer or operators transmit the same Z count within an accuracy dictated
never have access to GPS time , but the operator does by derived requirements.
have access to UTC (via his calibrated watch). As will
be discussed later , there can be a significant differ— The C/A (clear/acquisition) signal code shall have
ence between GPS time and (FTC (although known). Since a chipping rate of 1.023 megabits per second. Its XC
the ULS receives parameters from the Master Control code epoch shall occur every millisecond. There shall
Station (McS ) used in functions of CI’S time, either be a navigation data bit transition every 20 iailli—
the operator or the computer must correc t for the seconds , providing data at a rate of 50 bits per sac—
difference. ond. These bit transitions, the PM code epochs, the

XC code epochs, the Xl code epochs and the 0 data bit
Of course, GPS time as defined by the “Master” stream epochs shall all occur in synchronization at

MS and (FTC are going to drift apart mostly because fre— their respective integral multiple rate. All rates
quency standards cannot be perfectly calibrated. Since, shall be coherently derived from the frequency stand—
the frequency difference won’t be known initially, it ard , and at the same rate on both the L1 and L2 fre—
will be necessary to verify the time difference between quency carriers, whose frequencies shall also ~e
GPS time and UTC at later dates, changes in the time derived from that same standard.
difference may be predicted based on these verifica-
tions. To ~acco odate these verifications the MS clocks The CI’S System Specification also specifies the
provide an output pulse every six seconds. Measuring content of the signal data stream D. For the User the
time between one of these pulses and a one second pulse signal data has two functions, One is to allow the
from a calibrated “flying” clock accomeodates the User to navigate continuously , which is discussed later ,
verification, and the other is to ai~ the User to acquire the trans-

mitted signal.. Certain timing information in the data
To reset GPS time is disruptive to the continuous i. essential for User acquisittona

operation of the CPS system. Because UTC is not a
continuous ti reference (it has occasional on. second 1) System time
jt~~ to be consistent with th. earth’. rotation rat.), 2) A pr.aithle for synchronization
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3) Sub t rame identification CS Specified Requirements
4) SV clock information for all SVs

t In addition to the GPS specified requirements ,
The system time shall be in the form of the 2 the CS also has two requirements fro, the CS Speciui—

~unt in the Handover word as described earlier. The cation. that control the SVs timing to enable User
pr eamble shall be a fixed 8—bit word that appears at acquisition. The firs t requirement is that the Master
The start of each subframe (every six seconds) which Control Station (PCS) shall be capable of generation
also shall coincide with an Xl code epoch and shall of clock control commands (e.g., digital toning) when
occ~ r at the 2 count transmitted in the previous HOW required to maintain system accuracy, and to forma t
.~~rd . There shall also be a subframe identification these commands for upload to the SV, Th. formatted

~n the HOW word , however , since the data stream epochs Z—coun t adjustment commands are included in normal
occur in synchronization with the PM code epochs, th is CS up load s to the SV. The frequency adjustment
information is redundant with the 2 count, commands will be commended by the AFSCF via the TT&C

command subsystem.
For norma l acquisition on “C/A”, this is all the

r i sing  information that is required by the User , since The second requirement is that  the ?t~S shall be

~nce he has obta ined synchronizat ion wi th  the data capable of generating an almanac for up to 24 SV5 . The
~rresm and received the Z—count , he is able to trans— accuracy of the almanac shall be sufficient to allow
f.r to “P” signal tracking and collect data required each user to acquire the GPS navigation signals and get
or navigation. For direct acquisition on “P”, how— a position fix in a specified time. The almanac data
‘v,~r, the User requires a priori information on the SV shall be formatted for upload to each SV and are in—
4iosc signal he is trying to acquire.  This informs— cluded in norma l CS uploads to the SV5 . The almanac
t L o n  may have been prestored by the User , which is clock data is obtained f rom a prediction of SV clock
on ly  u se fu l  if he know s CPS time and his position to parameters, which are products of a related require—

~~ th i n  a few thousand meters.  To normally kn ow this ment on the CS. That requirement is for the generation
formation , he would normally have been tracking of clock upda te par ameters , whose accuracy mus t be

~l.Dther SV signal. Thus , so that  he may obtain the much greater than required for the almanac. They are
necessary information  to d i rec t ly  acquire a new SV’ s generated fo r  User navigation purposes , and will be
signal , a l l  SV data streams shall contain information discussed in detail as requirements for SV time and
on all SV positions and clocks (almanacs). This in— data control for precise continuous User navigation.
formation shall appear in subframe 5 of the data
stream , providing almanacs o~ the SVs on a r o t a t i n g  Derived Requirements
basis. The information on a given SV shall appear at
least every 25th frame (made up of 5 subframes), or Certain requirements not specified at the GPS
every  750 seconds. The clock inform at ion required in system level or segment level were der ived for the
the almanac is the SV’ s t ime o f f s e t  and d r i f t , wh ich control of SV tim.. and data to enable User acquisi—
provides the offset to within an accuracy dictated tion. These are the requirements on the synchronize—
by derived requirements. tion of t ime between the SVs , and thus , a requirement

on the size of SV clock correction words in the navi—
These system level timing requirements are all gation and almanac data. The derived requirement on

on the SVS, except for  the requirements to synchronize synchronizing all SV ’s time to within one millisecond
the Z counts on al’  SVs and to provide the almanac of CI’S time is based on a derived requirement that all
contents .  These two requirements are assigned to the SVs transmit the same bit of the navigation data at the
CS. same tim.e. Thus , the Users know what data they are col-

lecting based on what time it is, or , for the sequen—
SVS~~ p~cified Requirements tial User (time—sharing one channel among 4 S%~s),

making it possible to collect data from all visible
In addition to the CI’S specified requirements , the SV5 on e reasonable time—sharing basis.

SVS alao has requirements f r o m the SVS Specif icat ions
that control the SVs timing to enable User acquisition. The time of the PH code epoch is not specified in
These are three requirements on the Clock (oscillator) either of the system level or segment level apecifica-.
Assembly accuracy and control. The first is a fre— tions. It has been defined to be approximately mid—
quency accuracy. The frequency error of the SV night Saturday Night/Sunday Morning.
emission shall be less than one part in 108 dur ing the
life of the SV. An error of this magnitude represents SV Time and Data Control for Precise Continuous
a time drift of 864 microseconds a day and dictates User Navigation
derived requirements on the almanac word sizes jointly
with the requirements on the frequency of 2 count/code Given that the User is able to acquire and t rack
phoce adjustments. an SVs signal and demodulate the system data, his next

task is to navigate to an accuracy dictated by his
The second requirement is a requirement fo r  digi— mission. To do this he needs precise continuous

tal tuning. That is, a capability shall be provided knowledge of the posi tion , velocity and time of up to
to reset the frequency in steps no larger t~an ona four SVs in a desirable geometry. The CS and the SVS
part in i010 over a range of 4 parts in 10 around are required to provide this information to the User.
the nominal  f requency  via the TV1.C (telemetry) subqys— The requirements for providing that SV time information
tern. The purpose of this  requtreun t is to minimize is discussed her..
the SV c lock time d r i f t , and thus , minimize the derived
requirements stated in the pravious paragraph. CI’S Specified Requirements

The third requirement is th. requirement on the The specification on User navigation accuracy in
code reset. That is, the code phase an d 2 counter the CI’S system is expressed indirectly in terms of
shall be capable of being reset to the nearest chip User Equivalen t Range Error (URRE). The navigation
(98 nanoseconds) using the CS control link (upload), accuracy (one sigma) is normally estimated as the UERE
The necessity for this requirement is to maintain times COOP, where CDOP is the Geometric Dilution of
synchronization of timing b etween SVe and to minimize Precision. COOP is defined as the square root of the
navigation data word sizes, t race of the navigation and time error covartance
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matrix (4 by 4) for the case where the pseudo—range Regarding timing stability, the specif ica t ion
measurement errors have unit variance and are un— states that , for all on—orbit conditions , the fre—
correlated. COOP depends only on the relative geome— quency stability shall be within the requirements
try of the User and the SV5. At the same time , UERE spec i f ied in Figure 2. This figure represents the
is defined to be that uncorrelated portion of the square root of Allan 2—sample vartance (4) specifica—
observed range error. n o n  on clock stability. This translates to a clock

time uncertainty versus time that is presented in
The SV time error is directly a User Equivalent Figure 3. In this figure , time drif t representing

Range Error since it is always along the line—of—sight, the specified stability of Figure 2 is compared to
It is also separated from the total UERE specification that obtained in testing various frequency standards ,
and is specified in the budget for the SV group delay, two of which are engineering models of standards to
For Phase I , the specified budget is a UERE of nine be launched with GPS SV5. The 2.5 hour point re—
feet (‘.9.146 nanoseconds) (one sigma) that shall be presents the 2 hours after all SVs are updated ,
applicable for two hours after all SV5 are updated, since the update time is estimated to be 0.5 hours.
For Phase III , the specified budget is a UERE of three
feet (‘.3.049 nanoseconds) (one sigma) that shall be
applicable for twenty—four hours after all SVs are
updated. This SV group delay is defined as the sum-
mation of delay uncertainty due to effects in the SV
such as unmodeled clock drift and uncalibrated delay 1Q~~in signal equipment. 

UNACCEPTABLE
This UE RE specification is a requi rement on the

CS and SVS jo int ly .  It is a requirement on the SVS to 10 -

provide predictable clock time o f f se t s  to within the ~~
SV group delay specification, allowing for reasonable ,,‘~
CS prediction errors. Likewise, there is a require— 

~ •12 - ACCEPTABLEment on the CS to predict the SV clock time offsets ~~10
to within the SV group delay specification, allowing ~
for unpredictable random SV clock errors. There is
no clear division of the SV group delay error budget °‘

be tween the SVS and the CS , primarily because the 10.13 —

stabil i ty of the SV group delay a f fec t s  the CS ’s
ability to predict It.

-ii I I I I 
—The CI’S Sys t em Specification also specifies the 

101 100 101 )0~ 10~content of Subframe 1 of the SV signal data stream.,
which the CS is required to provide. Subframe 1 shall 

SAM PLE TIME SECONDS)consist of ThM and HOW words (provided by the SVS) and
Data Block 1 (provided by the CS). Data Block 1 shall 5502
be generated by the CS and shall contain the fre-
quency standard corrections. Corrections for rela— Figure 2. Clock Frequency Stability
tivistic phenomena shall be included within this data.

The purpose of Data Block 1 is to provide the CS Specified Requirements
User with SY clock correction information to correct
for SV clock offsets  to within  the specified UERE (one The CS is required to provide the content of Data
sigma). In addition , because the SV clocks are at a Block 1 which the User applies to correct for the SV
d i f fe ren t  gravitational potential and are traveling time offset.  The CS Specification states that the
faster then clocks on the earth , their times must be MCS shall be capable of processing retrieved data to
corrected for general relativistic e f fec t s .  Although generate a clock update (i.e., clock bias , clock fre—
these e f fec t s  wouldn ’t be classified as SV group delay , quency of fse t , and relativity e f f e c t )  for each SV (up
they are included in the clock correction information,  to 24) accura te to the level specified in the CI’S

Error Budget. The MCS shall generate these clock up—
SVS Specified Requirements date parameters relative to the clock that is desig—

• nated by the operator to be the master clock. The
In addition to the CI’S specified requirements, MCS shall be capable of formatting all SV update data

the SYS also has requirements tra, the SVS Specifics— consistent with the CI’S signal s t ructure, generating
tiona tha t cont rol the SV5 timing for precise User the SV data files and transmitt ing them to the ULS.
Navigation. Thee. are requirements on equipment The ULS shall be the primary means for uploading the
group delay and on t iming stability and clock dr i f t .  CPS navigation subsystem. with valid navigation data.
The specification states that the group delay from
clock to radiated output shall be calibrated prior to Related Requirements
lsuuc ’~. The effective group delay uncertain ty of the
PEN sigm.el shall be less than 1.5 nanoseconds (one In order for the CS to predict and generate SV
sigma ) during norma l operations , and less than 2.5 clock update parameters to the accuracy level sped —
nanoseconds (one sigma ) during SV eclipse operation.. f ted in the CI’S Error Budget , it has these related
Equipment group delays are equiwsient to time of fsets, requi rements on its internal t iming:
Therefore uncertainties which are biases , or very
long time—cons t amt variations, are of no consequence 1) The requirement on stability and accuracy of

7 becaus. they appear to be a clock time offset or d r i f t .  th. I~ clocks
However, random. or short t ime—constant equipment group 2) The backup power requirement to provide
delays affect the CS’s ability to predict the BY continuity of time
clock dr if t .  The purpose of this requiremen t is to 3) The capability to choose which clock is the
minimize that effect, master clock without destroying the continuity of time
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4) The capability of correcting pseudo—range Because power outages and/or other equipment
measurements for SV clock relativistic effects failures are bound to occur, there is a requirement

5) The capability to perform an optimal estimate that the MCS shall be capable of providing the oper—
of all CS clocks ator with the means to select which CS clock shall be

6) To provide a system performance evaluation used as the Master Clock. If the “Master ” MS loses
function to monitor the characteristics of all CI’S its time reference , or if its time reference -is in a
clocks degraded condition, another MS shall be designated

the Master MS with a negligible shift in CI’S time
The CS Specification states that each MS shall (expected to be no worse than 2 to 3 nanoseconds w ith

u t i l i ze  a frequenc y standard for deriving its refer— a step change in f requency of no worse than I part In
code timing functions. The standard shall have a eta— 1012). This requirement ensures that there will
bility (the squa re root of Allan variance) of 1 part always be a CS tias reference of a quality required to
in 1011 for one second averaging and 1 part in 1013 for estimate and predict SY time.
lO~ secon ds averaging. The standard shall not deviate
from its assigned frequency (using averaging periods Secular relativistic effects on SV clocks, al—
of 100 seconds or longer) by ~~re than 5 parts in 1012 though significant, are not impor tant to the estimation
for up to one year after calibration. This require— of SV clock parameters or SV ephemerides because they
ment essentially specifics that high performance are not distinguishable from deterministic SV clock
Cesium b eam frequency standards be used in the MS.. frequency offsets. These apparent offsets are comeon
The pur~oee of this high performance stability require— to both the CS and the User, Thus, they can be ab—
sent is to enab le an estimation of SV clock psram— sorbed in the predicted SV clock parameters. However,
eters without influence from the characteristics of there are also periodic relativistic effects on the SV
the MS clocks, clocks that are impossible to absorb in reasonable

clock estimation models, Therefore , it is important
Wi th respect to power outage , the CS Specific.— that these periodic effects be accounted for in CS

tion requires that the ?6 components , e.g. , time , measurement processing as well a. for SV clock pares—
timing, and frequency references , which require cc. — eter updates. Thus, the MCS Uhall be capable of
t~ nuo ua pc~’er shall have backup power supplies that correction of ranging data f or relativistic effects.
will provide 2 hours of operation in event of power
outage . Besides reducing the nuisance factor , this The next CS requirement related to predicting and
requirement provides for a continuity of t ime in the generating SY clock parameters is that the ICS shall
MS5 so tha t re-initialization and estimation of KS be capab le of performing an optimal estimation of all
‘~ime will only be required after long—term power CS clock update parameters . Since the NSa are provid—
failures . Re—initial ization and estimation puts the ing the t ime references for estimating the SV clock
SV5 in the role of providing the CI’S time reference parameters , it is obvious that the relative difference
instead of the MS., thus d.grsding the capability to between each non—Master MS clock and the Master MS
eitl m.a~e sod predict SV time, clock mest also be estimated.
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A sys t em performance evalua tion f unc tion is also tha t the L1—L2 corr ect ion term , TGD, is an estimatedp a requirement on the CS. This requirement , although correction term to account for SV differential group
not critical to the estimation of SV clock parameters , delay between L1 and L2. This correction is only for
provides for a real time evaluation of the estimation the benefit of L1 Users because SV c lock correc tions
and pred iction process as well as the health and per— are based on two frequency corrections. The 11 User
formance of the various system clocks. Specifically , shall correc t SV PRN code phase time , t
the MCS shall provide performance evaluation of: 1) equation Ts

i
’ wi th the

residuals between the latest observed SV clock state
t — tand the state predicted by clock parameters in the Ts

i ~~~ 
+ TCD (5)

navigation data frame (an evaluation of the difference
between what the User is receiving and what the CS is

The CS will be required to estimate TGD duringcurrently estimating); 2) residuals between the esti— 
periods when the ionospheric delay is at a minimum.mate of the SV clock state at the latest epoch and the

state which was predicted for that epoch 1, 4, 12, and
24 hours before (an evaluation of the stability of the The CS is required to provide the conten t of Data

Block 1 as described in the lCD. In addition to TGDSV clock); and 3) the uncorrected , synchronization
error between the CI’S time standard and all MS and SV 

and eigh t ionospheric model coe f f i c ients, Da ta Block 1
shall contain the SV clock correction parameters.clocks (an at a glance evaluation of all the system

clocks as compared to CPS t ime to monitor the perform— These parameters shall be the three polynomial coeffi—

ance of the MS clocks and to ensure the required cients 5~3, a1 and a2, a reference GPS time since

synchronization between all clocks and CI’S time). weekly epoch , t0,, and an age of da ta (clock) , AODC.
The polynomial shall describe the SV PRN code phase

Derived Requirements (clock) offset, At8 , with respect to CI’S t ime , iT ,
Many of the requirements specified by the CI’S at the time of data transmission. These coefficients

system level and segment level specifications regard— described the offset for the interval of time (one hour
ing SV time and data control for precise continuous as a minimum) in which the parameters are transmitted.
User navigation are not specific. The reason for this The polynomial shall also describe the offset for an
i. that the requirements affect the designs in three additional one—half hour (i.e., one—half hour 8ub se—
segments — the CS, the SVS , and the User Segment (Us). quent to the beginning of transmission of th iext set
Many of these requirements could not be defined at the of coeff icients)  to allow t ime for the User to receive
time the system and segment level specifications were the message for the new interval of time. The age of
genera ted , because they had to be derived join tly by data word (AODC) shall provide the User with a conf i—
the three segments, The vehicle for deriving these dence level in the SV clock correction. AODC repre—
requirements is an Interface Control Working Group santO the time difference (age) between the Data Block
made up of meshers of the three se~~~nts. The resiklt— 1 reference time (t 00 ) and the time of the last mess-
ing document is an Interface Control Document (IcD)(5) urement update (t1) used to estimate the correction

referenced in the CI’S system and all segment level parameters. That is,
specifications. This document imposes derived re-
quirements on all three segments. The requirements AODC — 

~oc — t
L 

(6)
regarding SV time and data control for precise con—
tinuoua User navigation are : Describing the SV clock correction as a polyno—

1) Differential SV group delay between L1 and L2 mial satisfies the requirement to provide the User

“I” signals with data for continuous navigation.
2) 1.1—12 correction for single frequency Users
3) The exact contents of Data Block 1 The CS also has a requirement to format the Data
4) The format of Data Block 1 Block 1. Of importance i.i these discussions is the
5) The User algorithms for SV clock corrections range and scale factor of the SV clock correction

parameters and the L1—L 2 correc tio’. Table 1 specifies
The first of these requirements was not addressed the format of these parameters as given in the lCD.

in the SVS Segment Specification. It is only important The scale factors determine the accuracy. They were
to the two—frequency User if the di f fe rential group selected to provide correction accuracy on “-e order
delay is random or time varying with a short time con— of a nanoeecond. The ranges were dictated primarily
atant, for the same reasons discussed earlier for the by the worst case SV clock drift characteristics , the
SVS Specification on equipment group delay . Th. lCD desir-. to minimize the nuaber of SV clock control
states that the differential group delay between the comeands, and the requirement to synchronize the PN
r.,diated Li and 12 “I” signals shall be specified as code epoch s of the various SY. . The range of a0
consisting of random plus bias components. The mean (976.6 microseconds) indicates the accuracy of that
d i f f eren tial delay shall be defined as the bias off se t synchronization.
in the (L1—L2) P differential delay. Fur a given Nav-
iga tion Subsystem redundancy configura t ion, the mean For continuous SV clock correction the User shall
delay shall not exceed 15.0 nanosec. The random van — correct the time received from the SV with the equation
ation s about the mean shall not exceed 1.5 nanoeec (in seconds)
(one sigma). Since both the CS and the two-frequency
User use the 11—12 difference for ionospheric correc— t
tions, any differential delay is .utiplied by a factor T

1 
— t~f5 — At

5~

of 1.5625. Thus the 15 nanoseconds results in a 23,44
nanosecond By clock offset. Because this would be where
normally sbsorbed in the BY clock offset estimate and
prediction , it will have no effect on the two—fr .—
quency User. I t will have so effect on the single— At — a
frequency User , since the observed clock offset  to 

+ a1 (tT~ — t0~
) + a2 (tTi 

— toc)
2 (8)

hi. does not include this delay . Note that equation . (7) and (8) as wr i tt en  are
As a safeguard against an appreciable different ial coupled . Wh ile these coefficients a0, 

~l’ 
and 57 are

group delay between the SV Li and 1.2 “I” signals , a generated by using CI’S time as indicated in equation
requiremen t was derived to provid, for an L1 L2 COt” (8), the sensitivity of At to t is negli g ible.

uency User The lCD states 5j  T~rection for the single fre q

Ill



Table 1. Data block 1 Parameters

Parameter No, of Bits Scale Factor (LS1) Range* Units

2
31 4.66 x 1O”~

’
~ ±2 24 ‘5 ,96 x lO~

_8 
SecTCD 8

AODC 8 2 11 
— 2048 2 19 

— 524288 Sec

t 16 2~ — 16 604,784 Sac
oc

2”
~~ 2.78 x lO.’17 ±2 ”48 -

~ +3,553 x io—15 Sec/set 2
a
2 

8

2”~~ ~ 1.14 x 10
13 ±2~

28 ±3, 725 x lO~~ Sec/seca
1 

16

a 24 10 ±2 ”lO ±9 .766 x lO ’
~ Sec2 l.164 x l0

0

indicates that sign bit shall occupy the ~~~8t significant  bi t  (MSB)

NOTE: All binary numbers shall be two’s complement .

This negligible sensitivity will allow the User to Consideration for Phase III
approximate L

~ 
by tTg in equation (8). The 

Relative to CI’S time, there are surely numerouseters a0. a1 and a shall include all general relativ— improvements that can be made over the Phase I system.i.tic effects  on t~~e SV clock. Certainly the most important will be the evolution of
better frequency standards , especially those qualif iedSusmiary of CI’S Time Synchronization 
for space vehicles. Another very important improve-
ment could be in the ability to estimate and predictThe time synchronization between CPS time and 
their behavior in the apace vehicle environment. TheUTC , the MS clocks , the SV clocks , and the User clocks concept validation will provide increased knowledgeis sunearized in Figure 4. This diagram illustrates in both of these areas ,the maximum clock of fse ts  between the various clocks

and CI’S time and an expected or required Phase I tol Another important consideration for time in theerance on the estimate of those offsets. The MS and operational CI’S is its relationship to the Universalao.e User maximum offsets (3.1 see) are dictated by Coordinated Time (UTC) . Without very much difficulty.the size of the pseudo -range register in their respec— GPS I:~~~~ couls be synchronized to LJTC to within a fewtive receivers. Nor mally , this o f f s e t will never be nanoseconds — at least to a known difference. This
more than a few millisec. The User tolerance was could be easily realized by placing a (i’S User Set in
obtained by multiplying a CI’S specification specified coincidence with a UTC time reference and continually
h ERE of 18 to 24 ft times an expected TDOP of 2.5. monitoring the time difference between CI’S time and(TDOP is the Time Dilution of Precision.) UTC. In fact , the CPS User Set could be slaved to a

UTC standard. A normal User set will solve for the
difference in t ime.

-.-
~ 

i..’- ±45-Il NANOSEC
USERS ~ ‘~~ “fl 

~~ ,,.., The fact that there will be a difference between< 3.1 SIC GPS time and UTC does not pose a problem to the t imeUT transfer Users, for in Phase III, that time difference. i
~ 

can be transmi’led via the navigation data stream as
<I7S.I 4~i1tC part of Det~~ Biock 1.
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Figure 4. CI’S Time Synchronization for Phase I
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APPENDIX I

The relationship between the Control Segment (CS) ,  The Air Force Satellite Control Facility (AFSCF)
the Space Vehicle Se~~~nt (SVS) and the User Segment is not part of either of these segments, except that it
(US) of the Clobal Positioning System is illustrated provides a backup upload capability. The AFSCF does ,
in Figure 5. however, control the SV except for the normal day—to-

day pr imary SV uploading.
To the User CI’S appears to be a passive system,

since all he observes are the L1 and L2 navigat ion The Naval Surface Weapons Center (NSWC) acts as
signals from the SVS. The CS, howev2r , not only ob— part of the CS. Their role is to provide reference
serves the L1 and L2 navigation signals, but also ephemeris data and force model parameters to the MCS ,
comeunicates with the SVS via an S—band uplink. The which are based on measurement data provided to them
received signals provide ranging data and upload yen — by the MCS.
fication through the Monitor Stations (115) to the
Master Control Station (MCS) via dedicated communica— The Inverted Range Control Center (IRCC) is a test
tion lines. The EICS is a data processing facility facility for CI’S during the Phase I operations, but
that uses this ranging data to estimate and predict does not interface with the segments except as a re-
the SVS ephemerides and clock characteristics, Pen — ceiver of signals. During non—testing periods , how—
odically, it formats the predictions along with other ever, the IRCC has the capab ility of being a back up
Space Vehicle (SV) processor control data , passes thi s 115, end could serve as one , if needed.
data to the Upload Station (ULS), wh ich in turn up-
loads the data into the SVs via the S—band link. At
a time dictated by control data upload into the SVa ,
the SVS will commence to transmit the new upload data,
providing the Users with fresh , accurate navigation
information.
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Figure 5. NAVSTAR Clobal Positioning System (Phase I)
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OSCILLATOR AND FREQUENCY MAN AGEMENT REQUIREMENTS
FOR 01’S USER EQUIPMENTS

Robert A. Maher
Texas Instruments Incorporated

Dallas, Texas

SUMM ARY

The N A V STAR/GPS (Global Positioning System) is a I Oscillatorspread-spectzum precision satellite navigation system scheduled for
operational use starting in the early eighties. Significant demands 4,, 10.23 MHZ
will be placed on oscillator stability and frequency management S

technologies to achieve the full navigational accuracy and sntijam
potentials inte nded for the system. This paper discusses these I xii I I xiv
requirementa for a variety of types o GPS User Equipments . Mao I ~i I
discussed are various related frequency/time management require- p paD
ments for the user equipments . The frequency management 0
req u irements involve calibration of the reference oscillator against Code I) Quadrature
the GPS system thus/frequency as well as phase-stable synthesis of Generators C/A C/AID I Modulator
the required system local oscillator frequencies and the PM code ________________
clocks. All of these requirements on accuracy, low phase noise, 

~~~ Ia~~wide tuning ranges, and severe environments make it necessary to I 50 Hz 17consider several synthesis techniques. 4 
________

Dete 
____ 50 bps -

INTRODUCTION [ Source D.ta

The NAVSTAR/GPS satellite navigation system is placing Output : L 1 = 154 1,,;
significant demands on the state of the art of oscillator and L2 — 120 4,,
frequency-management technologies. This paper will first briefly
describe the GPS system from the viewpoint of user equipment
design. Then, oscillator stability requirements for meeting the Figure 1. Conceptual Design of Signal Source
navigational accuracy and antijam ming requirements for vsxloua in NAVSTAR/GPS Satellites
types of user equipments will be discussed. Finally, some of the
frequency-management requirements will be discumed using several
beak frequency plans as examples.

N A V S T A R / G P S  is a satellite navigation system being
developed jointly by the armed services for operational use in the
early 198(is. A complete description of the system will not be Identical data streams are excluaive’ORed with the two code
given here,1 but some of the salient aspects of the system that sireains. The data rate is 50 bits/second , with each 20 ma bit time
bear on oscillator atability and freq uency-management will be occupying an in tegral number of chip times. In the case of the C/A
revieend. code, the 1 ins periodic time ambiguity is resolved by the data

modulation and by the content of the data stream .
From the user’s perspective, the system is a broadcast.orily

system with 1,-band aprssd.specteum signals being radiated from After the user system baa acquired the GPS satellites and
24 hIgh -altitude satellites to give global coverage. The user will solved the navigation/time equations with a Kalman filter, then
select at least four of these satellites to be tracked and, from state outputs from this filter can be used to calibrate the user’s
measurements on these signals, can compute his position in X, Y, clock time and frequency with high accuracy ; indeed , thne /
and Z, as well as 01’S system tlrne/frequency. Data broadcast by frequency is an important ancillary output of the system. OPS
the satellites deecribe their orbits to the user. The carrier, code time ceo be obtained to at least tens of nanoseconds, and
modulation, and data sic generated In each satellite mutually frequency to better than one part In 1010, depending on avenging

• coherently sta~thig from a bese frequency of 10.23 MHz, termed f0 time. But care must be taken in interpreting these figures , due to
in this psper. These concepts are shown In flgwe 1. possIble limitations in the stability of the user ’s clock.

All 24 satellites use the same two carrier frequencies, 1.~ and OSCILLATOR REQUIREMENTS
L,. 1., is 154 f0, or 1,575.42 MHz ; L, is 120 f0, or 1,227.60 MHz.
Each satellite uses a distinct set of codes, and code division Several system perfornsaflce cbsrscterlstici that beer on

• multiplex Is used to separate the satellite signals from each other, oscillator stability requirements will be discussed in this section.
The use of two different frequencies from each satellite allows Psrsrneters chosen as example. are intended to be representative of
mee.urenrenta to be made by the user for Ionospheric delay the range of user equipment types that sre being considered. These
correction. Two codes are used. One, termed CIA, is a Oold code ran ge from Inexpensive, low.eccur.cy, single-channel systems to
end is periodic In 1 ins and has a chip rate of ~~‘10 chips per multiple-channel, blgh.dynanrlc, hlgh.entljem miadle equlpenenta.
second; the other, termed the P.code, be. a period of one week, The various oscillator stebllity requirements sic swninsrlzed In
and s chip rate of f.,, chip. per second. Both codes csn be Table I. The bale mesaire of oscillator stability used a the well
simultaneously present on quadrature components of the carrier, known Allan Vsrlance’ for various specifIed gate times.
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TABLE I. SUMMAR Y OF Al lan Std . Div.,
OSCILLATOR STABILITY REQUiREMENTS wi’tt~ MeasurementGate Time rSquare

Root
Measurement of

Gate Allan
Tune,r Variance, 10”

Reason (seconds) o Assumptions I

Doppler > 102 10- ’ ±150 Hz cell , one cell
Search due to oscillator 10~°uncertainty~ L1 opera .

ting frequency

~ 10-foot drift 1a-~ ______ 

_..-“ ~ 8 — 0.15 radian. rmsDeed 100 10~~ _______

Reckoning I0~ L,

SequentIal 5 8.7 X i0”° 5-foo t error; —Paeudorsnge 05 6.7 X zo-~ 
ODOP - a —

Measurement

1 2.5 X 1O~~’ BL— 0.1 rad ians , _______ _______ ______ _______ _______ _______

1 Hz iToh; L 1 opera.
________ 100 10 1Noise in ;ing frequency0.063 4 X 10” BL — -1’) 

15 Hz (includes any
________ ________ _____ degradation Carrier Tracking Bandwidth, 8L (Hz)

10-2 2.5 X 10~ BL = due to
100 Hz multiplication) FIgure 2. Oscillator Stability Requirements

for PLL Noise
0.1 6.7 X iO’’° Errordue to oscillator:

0.02 mfO.1 second
-n taJ

~~~~~~ ________ ________________— 
This expression holds true with good acc~Lracy for a wide range of
spectral dependencies of oscillator nOise.4 Assum ing a phase ji tter
of 0.15 radian mrs and the L carrier frequency, application of
Equation 1 gives the results sh~wn in fIgure 2. It should also be
noted that for carrier-tracking bandwidths much less than 10 to
15 Hz, allowable user dynamics become restricted unless estimation

Carrier Tracking Bendwidth and Antijsm Margin by an inertial system is used to aid the carrier loops.
The term “carrier tracking bandwidth” in this paper refers to

the bsndwldth, BL, of whatever servo loop is being used to ~~~k A plot of achievable antijam margin can be generated using
the carrier’s phase (or frequency ) after carrier acquisition has been the above results, and assuming the squaring loss considerations
~ccomplish.d . Generally speaking, the narrower this band width , the discussed earlier. These results are shown in figure 3 as tolerable
pester will be the sntljssn (A/J) margin for maintaining carrier J/S level versus carrier-tracking 1oop bandwidth. For the higher
lock. For the user to initially obtain the 50 bps navigation (satellite j amming a hold-on mode of operation Is assumed wherein the data
ephemeris) data the C/NQ must be at least +25 dBHz or ~, which is not currently obtainable ; only tracking and navigation with
Implys a maximum P-code A/J margin of 45dB to obtain data. pi’evlously obtained ephemeris data are being done. The curve

assumes a constant 0.15 radIan rms phase error due to local
• But once the ephemeris data for a given satellite is obtained , oscillator instability, as given by EquatIon 1. Also assumed is a

It will be valid to reasonable navigation accuracy for about an constant 11 dB SI’IR In the loop bandwidth.
hour. During this time, one can utilize narrower carrier-tracking
bandwidths to track the setelllte signal In the presence of a higher
level of jamming, even though the data Is not currently obtainable.
In this circumstance , data modulation becom es a frustration to C/N,, P-Cod. JIS,
nsarowlng the bandwidth since these le no pure cssr~er component dB dB
Irroedmat and a oostas4ype phase detector must be used , with Its
attendant squaring Ices and higiw? threshold accepted .3

10 50 —
Osrillator stability becomes of Increasing concern as the

csirler.tracklng bandwidth Is lowered . An expression that gives the
required Allan Variance for a given Carrier loop bsndwkltb and 

~~ —• desired rma phas. error due to oscillator Instability is given by
Iqusdon i.

t 20 50. —c - I C  —
w0 r /

where ~~~ go. — — SNA L - 11 dB 
—

o - square root of Allan variance ~I’ 
- 200 Hz

A8 - allowable phase error, radians rins , due to 
~~ g~ — — —oscillator short-term stability

• carrier frequency, radIans/second 100 10 1 0.1
- gate tins., chosen to be the reciprocal of Caviler Tracking Bandwidth (Hz)

• • th. equivalent noise bandwid th of the
• - 

carver tracking phase-lock loop
- 

• . .•~~ 
• 

• • Flqure 3. JammIng ~~~ l Versus
- • • • K - 2.5 far 2nd order S - 0.707 loop Carrler.Trscking Bandwidth



Sequential Pseudorange Measurements Frequency Plans
To obtain a position fiz , the user must make pseudorange A short discussion of poseible frequency plans will be gi ven

measurements on four different satellites. (“Pseudorange ” means here. The set of alternatives discussed is by no means exhaustive;
finding the phase in the code stream being received from a given indeed an extremely wide range of frequency plans is possible.
satellite , with some arbitrary absolute time offset that applies Rather , it is hoped that the examples chosen will illustrate lome of
equally on all satellites; this arbitrary offset, or time bias, is solved the salient considerations. Representative doppler magnitudes are
in the navigation solution.) Ideally , these measurementa would be shown in Table 2 for three types of user equipment.
made simultaneously by four individual receivers. A single receiver
m a y  be u sed sequentially provided that measurements are relatable
in time; here, clock stability becomes important. Absolute clock TABLE II. REPRESENTATIVE DOPPLER MAGNITUDES
frequency accuracy is not im portan t as long as sufficient measure-
ments are taken (at least 5) so that time bias rate can be obtained Relative
as a Kalman filter state to calibrate the user ’s clock freq uency. User Velocity, V Hz at L, Hz at ~Eauipment (mete rs/sic) V/C (kHz) (Hz )
Pseudorange Rate Manpack ±1 ,100 ±3.7 X l0 ’ ±5.8 ± 38

Pseudo range -rate  measu remen t s  (also called doppler
measurements or incremental range ) can be degraded by oscillator HDUE ±2 ,200 ~7.3 X 10-’ ±11.6 ±75
noise ; these errors are closely related to carrier loop phase errors Missile ± 10 ,000 ±3.3 X iO-~ ±52,5 ±34!
due to oscillator noise. A typical integration time for measurement
of paeudorange rate is 100 ma . An nos accuracy requirement of
0.02 meters per 0.1 second requires a short-term oscillator stability
of: Three possible plans are shown in basic form in figure 4.

These are the long-loop short-loop, and (1 + v/c ) approach.
0.2 rn /sec 0.2 rn/sec

o = = = 6.7 X io-~ 
Doppler at the base frequency is designated sa t ,,’ — f0 + ~f. In all

c 3.10~ mfsec instances double conversion is somewhat arbitrarily a umed , with
nominal intermediate frequencies of 18 f0 and f ,,. Code Injection
precedes the first conversion. In the long-loop approach , all doppler
is removed at the first conversion. All of the circuitry following the
first conversion can then have minimum bandwidth; with all of the

Dead Reckoning code and doppler removed the minimum IF bandwidth is determined
The dead-reckoning problem is one of clock extrapolation and solely by the 50 bps data modulation.

is closely akin to the sequential pseudorange problem, which is one
of clock interpolation . The deal -reckoning problem can occur if With the short-loop approach the dopper is removed on
one (or more) of the navigation satellite signals is unavailable , due, conversion to baseband Fixed first and second local oscillator
for example, to a spate of exoeseive jamming or an occlusion of f r equencies are then possible, but then the IFs must handle the full
the line-of-sight path. Then , it may be desirable to carry on dopp ler range. An obvious Intermediate approach would be to
navipticn, or at least to minimize the amount of clock drift to remove all the doppler at the second conversion.
minimize direct (P-code) reacquisition time. Table I shows the
clock stability required for an assumed 10-foot rms position drift. The (1 + v/c) approach has all signals and local oscillator

frequencies scaled by the fractional doppler shift (1 + v/ c), where v
Long-Term Frequency Accuracy is the user/satellite relati ve velocity, and c is the speed of light. An

advantage of the (1 + v/c) approach is that a doppler-correctedThe requirements for long-term frequency accuracy 
~~ clock (e.g., 17 f.,’) is directly available for the code generator.determined primarily by the doppler search requirement. A typical

doppler search cell size is ±150 Hz. To have one additional cell tO The choice of 18 f,, as the first IF in these examples has theaserch because of oscillator lnsccurac3’ dIctates an absolute advantage of allowing the use of a simple 8/4 multiple in choosing
frequency accuracy of ii0’~ for 1,5.0Hz (L ,)  operation, between the L, and L3 receive freq uencies. IFs at f~)~ or multiples

thereof, run the risk of self-jamming due to the local code clock atSummary of Oscillator Requirements t,,. Choice of other IFs is of course poadble. but will require
The demands on a user’s reference oscillator stability derive slightly more complex synthesis of the local oscillators.

from several requirements as discussed above . The requirements are
relative to various different m easurements or gate times and vary The long’Loop and (1 + v/c) approaches are shown in more
according to the type of user equipment and level of performance detail in figures 5 and 6, respectively. The L2 case is shown with
desired. A representive collection of these various requirements is parentheses. A digital carrier loop filter is indicated in figure 5.
summarized in Tsble I. The messure of stability used Is a, the Here the digitized costar loop phase error is operated on digitally
square-root of the Alias Variance taken over a specified gate time in cloeed’loop fashion to produce a doppler frequency-control

word to drive an incremental phase mod ulator (1PM) . which will
modify the multiplied reference frequency (136 f,, or 102 to) by
an amount necessary to remove the doppler. If (1 + v/ c) is the

FREQUENCY MANAGEMENT correct proportional doppler shift , then (1 + Ky/ c) is the proper
multiplier for the fiat local oscillator in the long-loop approach

General shown. For L ,, K • 154/136; for L3, K - 120/102. If a digitally-
• controlled advance-retard clock generator modifies the reference• The frequency management problem for GPS user equipment fre quency, 17 to according to K - 1, then a properly correctedca n be divided Into three catagories . doppler code clock results.

Generation of doppler-corrected L, and L3 local oscil-
lator signals with acceptably low phase noise Note that in the long.loop approach shown in figure 5

Generation of code clocka that are frequency-aided by the ~~~~~~~ of all freq uencies starts with a fixed reference frequency
at f0 — 10.28 MHz .carrier doppler estimates

Calibration of the system reference clock time and A 1023/1000 shift of the to reference frequency provides a
• frequency . convenIent 10 MHz sidnal for the various system clocks and for the

range counter.

—
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Figure 6. Detail of (1 + v/c) Approach

In the (1 + v/c) approach shown in figure 6 all local oscillators The means of calibrating the user’s clock time/frequency from
and code clocks are multiples of a variable frequency source at the GPS signals is mainly a problem in the navigation software .

- + ~ f. The 17 to ’ second local oscillator signs] can be used More sophisticated high performance (high-antij am ) system designs
directly as a doppler-corrected code clock . A 10 MHz reference can consider inertial aiding to the GPS receiver and navigation
oscillator provides the various system clocka, software, Since oscillator g aenaitivity will be a significant limiting

factor on ultimate GPS user system performance, a fruitful area for
The VCXO representa a critical design point in the system, lurther investigation will be that of absorbing the reference cecil-

inasmuch as low phase noise must be achieved while adequate l*tor ’a 3-axis g senMtiv~Ues into the system ’s Kalman filter , and
doppler tuning range is preserved. For high performance systems learning these sensitivities on the bails of accelerometer inputs as
with wide tuning rangea (e.g., ±50 kHz at L 1), and n arrow PLL correlated in the software against the relatively stable GPS signals.
bandwidths (e.g., 10 Hz), an analog VCXO may not be possible ; The reference oscillator correction in formation so obtained can
but for lower-performance systems the (1 + v/c) VCXO approach is then be used ooth by the navigation software , and by the receiver
simple and economical Of course , the VCXO and carrier loop to correct its frequency synthesizer output for g-induced phase
filter functions can both be implemented digitally with a digital errors.
fllte~ and an appropriate synthesis scheme.’

Qock Calibration (X)NCLUSIONS

SInce the NAVSTAR/GPS will constitute a time/frequency Table I shows that oscillator stabilities of lIT ’ to 10-10 are
dissemination system , part of the design of the user equipments Is required to meet most of the performance goals assumed . The gate
to calibrate its clock. For normal (C/A code, then P-code) tunes for these stability figurea range from 10 ma to several tens
acquisition, only very modest initial clock accuracies axe required , of seconds. When one considers that the current state of the art for
mainly to facilitate doppler search . After acquisition, medium- and oscillator stability against acceleration is about icr’ per g, it is seen

long-term stabilities of the user clock will be the main limiting that significant difficulties will be found in attempting to obtain
frctors on how accurately it is meaningful to calibrate the clock high performance from the user system in vibration environments.

For gate times of a second or more , one must include oscillator
time/frequency. attitude changes as part of the g changes.

In the care of direct P-code acquisition , the whole clock The frequency-management problem for GPS user equipments
problem becomes much more complex and is heavily intertwined ncludes generation or synthesis of phase-stable local-oscillator
with operational considerations. Search time Is directly related to signals at L-band to close phase-lock loops in relatively narrow band-
the user’s knowledge of 01’S system time as well as, somewhat widths to track signal frequency variations, This constitutes a
paradoxically , his own approximate location. Whether the user’s a definitely nontrivial ‘implementation problem. For the higher-
prlorf tIme/frequency knowledge for direct P-code acquisition is performance, wide-tuning-range applications digital synthesis ii
regarded intrinsic to the user’s system, derived by the user from attractive; on the other hand , analog frequency -controlled oscillators
01’S esrller , or obtained from some external GPS or non-OPS have the advantage of simplicity, especially for the less demanding
sourre, I essenti ally en operations] question, applications.

3M

~~~~~~~ Wfl.. r !. Ji.? - • -



The frequency-management picture Is completed by recognizing
that the user’s clock must be calibrated by including appropriate
states In the nav~ *tion filter, which itself may be aided by sr inertial
measurement unit in certain GPS applications.
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NAVSTAR GLOBA L POSITIONING SYSTEM OSCILLATOR REQUIRE MEN TS
FOR THE GPS MANPACK

Jack Moses
Magnavox Government and Industrial Electronics Company

Advanced Products Division
Torrance , California

Summary The basic GPS operationa l concept is described as fol-
lows: A ground tracking network periodically measures and

The selection of an oscifiator for the NA VSTA R GPS updates the ephemeris of each satellite In addition to the
Phase I Manpack Is constra ined by many factors. The paper satellite oscillator (i.e., clock) phase and frequency. The
examines the oscillator requirements by first postulating tracking stations must be located relative to the space
the operational scenario of the potential manpack user and vehicles such that eufficient data can be measured to main -
reconciles these requirements against the system perform- Lain high precision ephemeris and inter-satellite clock s n -
ance capahility. In addition , the paper examines and ana - chronization. The stations wifi be located In the C ONUS or
lyzes the following major areas in order to succinctly define U.S. territory, The uploading stations provide the termina l
and coherently summarize the multitude of factors affecting for communicating this data to the satellites for subsequent
the oscillators requirements. broadcast to the user, Each satellite will continuously

transmit this Information together with binary coded ranging
1. Oscillator warm-up characteristics as it affects signals to the users. Each satellite CW navigation signal

frequency accuracy required to meet initial signal will be transmitted on two L-band channels; Li which is
acquisition, nominally centered at 1575.42 MHz and L2 which Is nomi-

2. RequIred short-term stability and aging rate (long nally centered at 1227.6 MHz. The signal waveform Is a
term stability) necessary to meet direct P subsequent fix composite of two pseudo-random noise (PN) phase-shift-
performance accuracy and PN correlation code tracking keyed (P8K) signals transmitted In phase quadrature. These
accuracy. two signals are referred to as the P-signal and the C/A-

3. Fractional frequency stability degradation due to signal. The P-signal provides the capability for high pre-
environmental factors and its effects on signal acquisition. cision navigation , is resistant to ECM and multipath, and

4. Oscillator spectra l purity as It affects phase errors can also be denied to unauthorized users by means of traus-
In the receiver tracking loops and its asso lated degrada tion mission security (TRANSEC) devices.
in system C/No.

5. Mechanical vibration induced frequency modulation The C/A -signal provides a clear (i.e. , unprotected)
of the crystal oscillator and the resultant system perform- ranging signal for users whose navigation requirements are
ance degradation. less precise. In addItion , this signal sei’vea as an acquisi-

6. Oscillator phase noise effects on phase slips In the tion aid for authorized users to gain access to the P-signal.
carrier loop. The C/A-designation Indicates the “clear” and “acquisition”

functions of this waveform.
The paper concludes by summariz ing the presc ot oscil-

lator technology available to manpeck development Dy exam- Orthogonal binary coded sequences from the satellites
inlng many parameters such as warm-up time, fractional provide a capability for identifying each individual satellite.
frequency stability, power, size and weight. This is a common technique known as Code Division Multiple

Access (CDMA). By means of a correlation detector, the
Introduction time shift between transmission of the signal and arrival of

the signal as determined by the user’s receiver clock is
Global ~osltionlng System Description measured. This time shift Is composed of two parts: the

signal propagation delay from the satellite transmitter to
The Global Positioning System (GPS) Is a satellite-based the user and the unknown offset of the user clock. The

radio navigation system which is presently planned for evo- effects of satellite ephemeris errors and satellite clock
lution to an operational system In three phases. Phase I is errors are assumed to be small (or amenable to accurate
primarily a Developtient Test and Evaluation (DT&E) pro- compensation) by the user. Using the known velocity of
gram where the objective Is to validate the system concept propagation , this time measurement can be converted to an
with six satellites. This wifi provide a continuous position equivalent range. This is often referred to as a pseudo-
and velocity fix capability at selected ground locations for range measurement, denoting the measured range offSet due
periods of two hours per tIny. Phase II will Involve expand- to the user’s clock time error. If the user knows the eatel-
Ing the satellite confIguration to nine satellites (three satel - lit. position (I. e., transmitted ephemeris) end has a “suffi-
111 . in each of three orbit planes). This will provide a lJns- d ent set” of pseudorange measurmenta, it Is possible for
ited global operational capability. Phase LII will be the hire to uniquely establish his geographic position and clock
operational development of the final OPS satellite time offset. A “sufficient set” basically means a minimum
configuration, of four Independent range measurements,

The Phase UI GPS satellite orbit configuration Is a In principal, If a user had an accurate clock syncbro-
3 x 8 (three planes, elgl*t satellites per plane) constellation. nized to system time he could measure the precise time a
Each satellite is In a 12-hour (altitude ss3. 16 earth radii) signal from a satellite was received ; thus , only three lode-
orbit Inclined at 63 degrees. pendent range measurements would be required for a posi-

tion fix. Unforttmately, equipping each user with a auffi-
The overall OPS system will be com posed of the follow- clently accurate clock and synchronizing it to the satellite.’

Ing l*.eic ugmseda time would be prohibitively expensive and cumbersome. To
circumvent this difficulty the OPS user Is equipped with a

• Muter Control and Tracking Stations fairly Inexpensive crystal clock.
• Uploading Stations
• Satellites This paper describes requirement, on the crystal clock
• User Navigator needed to meet the system performance of the Phase 1 Maapaok.
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Mission Scenario L I M I T S OP TI M E AM B IGUITY

CLOC K INS T A B I L IT Y

PROPAGATION DELAYThe selection of the oscillator for the GPS Phase I EAEOLLEN CV ________________________
Manpack development Is dependent upon the user ’s ope ra-
tional scenario, but , In addition Is driven by the constraints — — — — — — —

Imposed by the Macpacks ’ size , weight, power and perform- — — . — — — —ance goals. 
— — — —t LIMI1 SOE FRFQUENC ~

— . AM B IGUI TYA OPS army user can be either a foot soldier or a — — — —
vehicular unIt. It is required that a user be able to position — —. — — — I OSCILLATOR ORe’fix from a cold start (normal acquisition) and from a hot 

2 DOPPL ER Seerstart (direct acquisition). The user is allowed 5 minutes — — — — — —
from a cold start for oscillator warmup after which time he — _. — — — — —
must be able to position fix within 100 seconds. Subsequent
fixes are at 15 minute Inte rvals for the duration of the mis- — — —
slon of 48 hours. These requirements are for Phase III
when the GPS Is lblly operational. The Phase I Macpack 

~ TO DETECTOR BAND WIDTH • TIME

has relaxed requirements In that the user is allowed 15 a ~~coom R A T E )minute s to position fix from a cold start and the first fix AVERAGE SEARCH TIM E . AVERAGE DWELL TIM E PER CELLtime Is 225 seconds. Furthermore, the system design will . NUMB E R OP CELLS
be based on a 24 hour mission duration. All system require-
ments for the Magnavox Phase I Macpack are dictated by FIgure 1. AmbIguity Region for Synchronization
CID—US—1 13 , the system specIfication. 1

frequency ambiguity are (1) oscillator drift resulting in a
frequency offset due to oscillator warm—up characteristics,Oscillator Requirements for Signal Acquisition and (2) doppler shift which includes user and satellite veloc-
ity uncertainties. By using a priori knowledge of user/

The OPS Manpack user must first acquire the navigation satellite position and velocity, time and freq uency uncer-
ranging signals from at least four satellites before a naviga- taintles are reduced to meet TTFF requirements . Never-
tion fix can be obtained. The Manpack has two modes of theless, time and frequency uncertainties still exist. To
acquisition. The normal acquisition mode Is defined as meet the Macpack’s specified TTFF , the user clock uncer-
acquisition of the Lj  C/A signal followed by the acquisition tainty, assumed to be In the order of one minute, specifies
of its associated P signal. The direct acquisition mode Is the time domain search for the first signal to be conducted
defined as acquisition of the P sIgnal without the aid of the uniformly over the fuLl 1023 chip period of C/A code. The
C/A signal. In the Macpack there are two cases where bounded frequency uncertainty taking Into account user
direct P signal acquisition Is required: velocity uncertainty anti user’s estimate of satellite doppler

Induced by the user’s position uncertainty results In bound-
1. Under unfavorable Jamming conditions, the Manpack Ing the maximum oscillator offset to *100 Hz ( 10) which

user will directly acquire the P sIgnal. To do so, however , results In a frequency accuracy at the L band frequency of
requires highly accurate knowledge of system time. The 1.575 0Hz to be not teas than
time transfer capaluiity is facilitated by having another user
or station transmit system time and almanac data via a radio AF *100 Hz
link, uslng a radio unit such as an AN/PRC-25 or 7?. In this F 1.575 z ~ 

l0~~
mode of acquisition the radio link errors are important and
the search time ambiguity region predominates with ~~ This would be the frequency accuracy requirement at the endbility of the user’s oscillator being not the critical factor, of ESP (15 m m )  to begin the C/A signal acquisition process2. The Macpack user has the requirement for Initiation and meet the Manpack ‘a TTFF requirement under ideal con-of subsequent fixes fifteen mlmtes alter a previous fix. ditlons. However , environmental factors acting randomlySince these Intervals are small , the stability of the oscillator da~~~de the st*biltty In a root awn square manner. Theis important since it 18 the predomInate factor in bounding fractional frequency stability degradation, deacribed later,the uncertainty region. under extreme worst case conditions Is *6 x 108 . To over-

come this effect , the frequency accuracy should be *3 x 10 8
Normal Acquisition at the end of the equipment stabilization period over the tem-

perature range of -20°C to 55°C to meet the Manpack’sPrecision ranging measurement cannot be made until the rr~~~ requirement.end ci the receiver’s equipment stabIlization period (ESP).
For the Macpack, ESP Is th. elapsed time from equipment Dfr Ct A cquisitionturn-on until the start of the acquisition mode which Is not to
exceed 15 minutes over all ambient temperatures from -20°C A~ previously Indicated, the Maopaok set has a P-signal
to 550C. Final oscillator stability Is not required until 

~~ direct acquisition requirement wherein, a subsequent fix is
end of ESP. Theoretically no measurements should be made required 15 minutes after a previous fix. The current Man-
pr ior to equipment stabilization due to the random warm-np 

~~~k specification Indicates that the time to subsequent fix

t characteristics of the crystal osclUator. Before the process (TTSF) be no greater than 20 seconds for a user positionof sIgnal acquisition can begin which Is at the start ~f uncertainty ci 1 Ian. Searching out the time ambiguity regiontims to ffr.t fix (TTFF) period, the frequency offset must nOt Is the predominant factor In meeting the subsequent fixbe too large so as to significantly add to user velocity unoer- requirement. oscillator stability Is Important In boundingtalnty time Increasing the search aperture and T1’FF. this uncertainty to acceptable limits. To determine the fre-
quency stability requirement for the direct P acquisitIon , ItThe synchronizatIon problem In either normal or direct Is first necessary to examine the oscillator’s clock model.

P acquIsition Is one of searching a region of ambiguity for
the proper cell containing the signal. Figure 1 Illustrates Clock Model. The oscillator ’s frequency at any time t
th. factors which defies the const raining limit. ci the ambi- can be expressed as
guity region. The limits of timi ambiguity at , dictated by:
(1) clock lastabWttes or long tsrm Instability Important for f

~ 
t~, + (a) (~ ) (t) (1)

direct P.4oquisition over long Intervals of tim. outage, (2)
pro~~~~~’~~ l delay between satelllt. and ussr. The limits of where ft frequency at time t

‘SI



f - initial frequency at t For typical aging rates of crystal oscillators ranging from
0 1 x 10-S/day to 1 x l0-10/day for the short durations In the

= reference frequency time interva l the last term Is neglIgIble; therefore,

a = aging rate (rate of frequency shIft) 6AF (15. 8 — 0 . 2) X 10 
= *2 x io 8

In equa tion (1), a describes the average rate of change of the F 900
oscillator’s output frequency, assuming that envIronmental
parameters are constant, Since ft differs from ~r’ 

the clock When subsequent f ixes are made , the oscillator has reached
based on the oscillator model wIll gain or lose time because its ultimate stability which is on the order of *1 x ~~~~ With
each oscillator cycle Is a little short or long. For the case the induced random envIronmenta l degradation of ±5 x 108 ,
when a Is p.~sitIve , f t Is increasIng with respect ~ ~r 

and the required fractional frequency stabilIty I. reduced ~o
hence each cycle of the oscillator is short by the amount *7 x j~~8 which is still well within the *2 x iO—8 required to

meet the subsequent fIx requirement.
~ l 1\A - 

~~

-

~

-- - (2) EnvIronmental DegradatIon Frequency StabilIty

For an arbitrarily short period of time (At) there are 
~t (At) 

Environmental effects on the Manpack such as tempera-
cycles of difference. The incremented time error E can tore variations , vibration, g—force loading, shock, load
therefore be expressed as changes and voltage changes can all contribute to the fluctua-

tions in the crystal oscillator’s output frequency. These per-
E = - I ‘At 3 

turbatlons are Independent, normally distributed, random
‘,~r ~) ~~‘ ‘ ‘ ‘ variables (actually, the perturbations are Independently

caused but are not normally distrIbuted). The combined RMS
In the limit perturbation Is the square root of the sum of the variances of

the Individual perturbation. The effects of the environmental
/ ft \ factors tend to degrade the fractional frequency stability In a

dE = - 1) dt (4) root sum square (RSS) manner. The resultant le deviation of
r / all factors Is given by

To obtain the accumulated error . dE can be integrated which N
results in 

/f - I 2 

aAF = (aA F )
2 (7)

E E +( r j~~+ a t (5)O
\ r /  where

where E0 = Initial time error 
~AF standard deviation of the Induced change

= (ft, - f1J 
= initial frequency error can be evaluated for a good crystal oscillator con-

sider1~g the environmental factors. Table I lists lu values
a = oscillator aging rate of these factors at the L-Band frequency of 1.575 0Hz.

= elapsed time Table I. Environmental Effects on the Oscillator

EquatIon (5) can also be expressed as laAF at
Induced L-Band

E - E + ~ + ~ 
Parameter Stability Changed (Hz)

— o ~ F F  2 (6) 
__________ ________ __________ ______

AF Temperature 1 x 10~~ -20°C to 55°C 1.8
where —i- = fractional frequency stability. Fluctuations

Of the 20 seconds required for the TTSF, 2,5 seconds Vibration 2 x 10
9/G 2.5 5.0

are required to search and acquire each satellite using
dlrcct acquisition. One p chip code = 100 moe. The search ~~ook 2 x io~~/o 11 g 22.
rate Is 50 PN chips/sec; thus , the time uncertainty Is

0—Force l x l O  /0 2 .5g  2.5
E = 2.5 sec 

~~ :~~hi [100 naec~j 12. 5 psec ceding

Voltage I x 1O~~ 5% 1.6
To this uncertainty must be added the user position time change
uncertainty. This then specIfIes the total time ambiguity
region. For the M*i~~ ek. the position uncertainty Ia 1 kin Load Change 1 x 10- 10% 1.8
which translates Into 33 p chIps or 3.3 psec , Thus the tota l __________ ________ __________ ______

time uncertainty is 15.8 ~isec. From equation (6), the The resultant 1a4F deviation for the above factors given by
required fractional frequency stability can be calculated equation (7) is
assuming the following: ~~~ 2 2 2

a = V3(1.6) + (5) + (22) + (2.5) — 24 Hz
E — 0.2.sc

0 or a Sa worst case of 72 Hz.
t = time interv~’1 between fixes 15 lain.

Thus, the environment will cause the crystal cecilia-
Therefore , tor’s output frequency to randomly change by 72 Ha (3a)

worst case. This results in an effective fractIonal frequency
E 0.2 +y (900 eec) +~~(900 sec)2 degradetion of

312



Carrier Incidental FM 

= ±5x lo
_8 

~~~~~

In specifying the receiver performance of the OPS
Manpack, practical implementation losses must be consid- , vco F 2

ered since they tend to degrade the theoretIcally achievable ~S V 2  ~~~~~ *

performance. The re are five areas of receiver Iznplemen-
tation losses that are of concern . They are: (1) receiver
noise factor loss; (2) fIl terIng and waveform dIstortion; (3) nIl) WHIT E PHASE
correlator loss; (4) oscillator phase Jitter (IncIdental FM); GAUSSIAN NOISE ~OISE

(5) quantization and sampling. Receiver implementation
losses have been specified not to exceed 2 dB to meet the I AND 0
required receiver performance. We will now examine In LIEN

detail oscillator phase Jitter and Its effects on receiver
performance. Other losses are analyzed elsewhere, 2

Incidental frequency or phase modulation of the trans-
mitted carrier or of the receiver local oscillator degrades
receiver performance by Introduc ing an additional tra cking
error , over and above the noise-induced tracking error In Figure 2. Second Orde r Costas Loop Block DIagram
the Cosine carrier tracking loop. This causes a reduction
In the 1oop signal-to-noise, but more important, results in Table III. Costas Loop Parameters
stressing the linear range limits (± 0.5 radIans) of the loop — —________

phase detector, and as a result causes the loop to be more Parameter
susceptible to losing lock. This analysis treats IncIdenta l -___________________________

modulation from two sources: (1) the RF front end local Loop Order 2nd
oscillator multiplication Induced phase noIse; (2) the
mechanical vibration Induced frequency modulation of the Threshold C/No (dB-Hz ) 26
reference oscillator crystal.

Loop Noise Bandwidth BL (Hz) 20
Mult ipl icat ion induced Phase Noise

Sampling Rate (samples/see) 250
For the specified user dynamics defined In Table II, the

GPS Manpack employs a second order Costas loop (or its Data Rate (bits/sec) 50
squaring loop equivalent) for deriving a “coherent” refer-
ence for demodulation, where, H(s) - Closed loop transfer function

Table II. User DynamIcs B L - One sIded loop noise bandwidth

Us~ S(f) - Spectral density of the phase Jitter

Dynamics Manpack Vehicle Thus, the total mean squared phase error for the Costas
_______________ —____ ____ — loop la given by

Velocity (rn/see) 0 - 10 0 - 30 2 2 2
2 aT = a m

+a
n (10)

Acceleration (rn/sec ) 2.5 6.0

Acceleration duration (see) 4 4
_ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _  _ _ _ _ _  

0 N B
A block diagram of the Cosine loop with additive white 4 = S (f)/1 - H(Jw) /2df + 

_
~Q~-!~ (11)

Otusa Ian noise and phase noise is shown In FIgure 2. The
Cosine loop parameters are spec ifted in Table Ill.

The total mean squared phase error In the C osine 1oop The receiver ’s master crystal oscillator is at a fre-
is made up of oscillator phase j itter and receiver noise. quency of 5. 115 MHz. Its phase noise spectral density
Assuming the phase j itter Is a stationary random proctss, measured In a 1 Hz bandwidth is given In Table IV.
th. two contributions to the mean squared loop phase error
may be Identifted as the following: Since the OPS operating frequency at L1 is 1575 MHa,

there Is a multir lication factor of approximately 308 which
Noise jitter contribution Increases the oscillator phase noise spectral density by

approximately 50 dB. A well designed multiplier circuit
• does not contribute additional noise beyond this theoreticalf 8~(f)/ 1 - H(~w)/

2df (8) 
~~~~

. 
This results In an expression for the spectral

Receiver 

~~ 

~~~~ 
29. 2 X 10 rad2/Ha (12)

For a second order loop

- ~~ f/ Huw~/~ df = -S~~& (9) /1 - RØw)/2 
= 

~ 4 ~~ 
• 1.89 

~ L (13)

o
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Table IV. Master Oscillator Phase Spectral Density at For w 
~
DW n the Integral approximates to

5.115 MHz Measured In a 1 Hz Bandwidth

Frequency Range Spectral Density Value io~~ 
~2x10~

S 
~ l0~~ x 2w xl0~

5 
= ~~~~~~~ red2

_ _ _  _ _ _  _______- -
~
-j  1~j1dw = 2w

2 Hz to 2 kHz Linear Decrease from L~~ J
to io~~~ rad2/Hz a2 

= 0.42 x 10 ’
~ ~ 1 x l0~~ = 1.42 x 1O ’~

4 red2

>2 kHz Flat at io~~
4 rad2/Hz 

m

0. 012 red
Thus.

2 2 a2
2wfc UT Um

+ 
n

= J S (fl/1 - H (Jw)/2df 

~J K1/1 - H(jw)/2df
2 NOBL

(14) °n -

where, F o r C/N0 = 26 dB-Hz and BL = 20 Hz
Ic = synthesizer low pass filter cutoff frequency = 

2 
= 0. 052 rad2100 kHz a

K1 
= l0~~ rad2/Hz 4 — 0.00142 + 0.052 = 0.05342 red2

..5 1 ~ 1
2 r 29.. ~l x 10 I u The new C/N0 for ibis mean squared error isI7m J 47i~_ I 4  4 I~~w [u + W~j 4 = B

~4~rn
2x105

+ I ~O F  
4 41 ~ (15) C/N0 = BL/a2 = 20/0. 05342 = 374 or 25. 7 d~~~Hz[

~‘ ~~ nj
Degradation due to oscillator noise jitter in the Costas loop

• 8/3
______ ~~~ 

is then 26 dB-Hz - 25.7 dB—Hz = 0.3 dB—Hz.
2 =4 .65xl0-~~( “

~~ 4 dw +— ~ 
4dwam Phase NoIse and Jitter Dee to Vibration. We now

0 ~ + 0n emmine In detail the mechanIcal vibration Induced frequency
(16) modulation of the reference osctllator crystal. Of specific

concern Is the error signal In the second order Cosine loop
First evaluating whIch tracks the carrier. The magnitade of the error sig-

nal which Is induced by incidental frequency modulation can

~ 8/3 be related to the signal-to-noise degradation and loss-of-
4. 65 a l0~~ 1 

~ 
dw look degz’adatlon.

+ 
Acceleration of the crystal oscillator In the receIver

causes its outj~it frequency to change slightly, and we model
let u = w/w~ this behavior as a linear relation: i.e.,

/ 8/3

a~~~.4.65z10 5f
1
~~~ 

~~~ 
W~ d U =  K (a/g) (17)

0 1+I ~~~

Where a/g is the acceleration relative to 32 ft/eec3, K Is
2 

• 4,66 a io~~ 
8/3 the constant of proportionality, and At/f0 i• the fractional

a m 1/3 ~~ 
iL..~ (11 deviatIon of frequency. Typical values for K on any of the

(“n) -~~ ~~~~ tl~ree axis, x, Y andzofagccxl orystal oadulator range
from 1 a i0-9/g to 3 a 10-9/g. Taking the maximum value
of K, we have at the OPS L1 frequency, f0 = 1.6 0Hz.

•

1 + 
= 
m sin At = 5 Hz/g (18)

for noninteger ~ Vibration applied to the receiver for azrpo.e. of test-
ing may be slaisoidal, random or shock. If the oscillator

2 - 4.6S x 1O 6
f ~ -4.2xlO~

5 raid2 Is rigidly moonted. the vtbration ta appiied to the orystal .

4 1 can reduce the transmItted vibration at higher frequencies3 
~~~ 1.4 sin ~~~ A soft monet de.lgned to Isolate the crystal from vibration

at the cost of a resonance Increasing the vibration of lower
The .eoond coetribatios to 15 frequencIes. The vibration requirements of the Maapaok

iizio~ 
are such that ths set shall operate with vibration Isolators

_____ in a non-operating condition the following vibration• j . 4 during vehicl, use and withstand withont vibration ieolators

o 
U) + rsr9ltrernsnts.
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1. SinusoIdal Vibration —

______________________________ _____________________Jitter Fre*~.iency (fin) Displacement (D. A.) Acceleration .5 —_________ —

5Hz 1.2 Inches 1.5g

20 Hz 0.075 luche 1 .Sg

38 Hz 0.021 Inche+~ 1.5 g 
____________ ____________ ____________

40 Hz 0.020 inchc~ 1.6g F
50 Hz 0.020 Incha~. 2. Sg  4

60 Hz 0.014 Inches 2.Sg 3

100 Hz 0.005 Inches 2.5 g 2
a

200 Hz 0.0013 inches 2.5 g z

500 Hz 0.0005 Inches 5.0 g

0 (0 tooWhere acceleration is given by: JIT TER FREQUENCY (HZ)

4*2 ~ 
2 (D/2)in (19)388 Figure 3. Loop Phase Tracking Error for

Sinusoidal Jitter
where,

Exam ination of FIgure 3 IndIcates the sinusoidal Jitter
= Jitter Frequency environment primarily causes a severe problem In the

vicinity of the loop natural frequency f~ = 6 Hz due to the
D = Double amplitude displacement phase deviation peak at that frequency. System performance

specifications and good engineering design practice dictate
2. Random Vibration. No requirement. that the peak crystal oscillator vtbrattonally induced tracking
3. 

~~, 
15 g for 11 mIllisecond, half sinusoid, error not exceed 0.1 red. FIgure 3 Indicates that at the

loop natural frequency the rms 1oop phase tracking error Is
Vibration Effects on Hard Mounted Osofflator. Let us 0.75 wad. This causes an effective signal power loss in the

now assume that the vibration is fully applied to the cecilia- loop of 4
tow which Is hard mounted in the receiver. For the specified
vibration using (18) , we find the phase deviation for the dli- Seff r
ferent ji tter frequencies Is specified In Table V. = r~ 

(2 Eman)]2 (21)

Table V. Phase Deviation Caused by Sinu soidal Vibration or at 6 Hz

Jitter Frequency Frequency Deviation Phase Deviation J0
2 (2. 05) = 0. 05 or 13 dB

(Lth ) Af hf/f
This Is far too excessive and vibration isolation Is required5 Hz 7.5 Hz 1.5 red to reduce tracking error and the resultant effective power

20 7.5 0.37 loss to acceptable limits.
38 7.5 0.20 The shock environment of 15g (peak for a half sinusoid)
40 8.0 0.20 for 11 msec corresponds to en average frequency of
50 12. 5 0.17
60 12.5 0. 21 ~ (~~i!~) (15g) — 48 Hz
100 12.5 0. 125
200 12.5 0. O~35 or a sudden phase change of
500 25.0 0.050 Aø = 211 tAt = 6.28 a 48 x 0.011 = 3.3 radians

The wins loop phase tracking error is given by3 This cannot be tracked by the narrow Costas loop. How-
ever, the phase discontinuity Is like a momentary phase

‘~1A f  
_ _ ________ 

slip and the Coatas loop does not actually lose look. The
recovery time to pull Into a small phase error is inversely~rms (ij 

[1 +
‘ 

6] 

(20)

proportional to the loop b.ndwidth; and the error rate for
data Is high during this transient.

Vibration Effect on Soft Mc*inted Oscillator. In view of
the peak in the phase error for a sinusoidal vibration at the

Al - frequency deviation loop natural frequency ci 6 Hz, the possibility of isolating
the oscillator by a soft mount Is examined. The problems
ocour when the Maz~ aok is mounted in the jeep and is sub-- Jltt.r frequency 
j.cted to severe vibration. A vibration Isolation system is

- loop natural frequency - 6 1k required which has a natural resonant frequency at <6 Ha.
Tb. amplitud, transfer function of the mount Is the frana-

Equation (20) is plotted In FIgure 3. mlsuibUhty sal Is given by5

-4



1 
~ + (2R~R )~ 

- 1~2 This is within the peak crystal oscillator vibratlonally

J 

(2~ 
induced tracking error of 0. 1 red. The effective signalT = I

÷ R 11 2)2 . (2R~R0) 
power loss with vibration isolation Is then

Seff _ rwhere, ‘r - [J0 
(2~rn )J (24)

Jitter Frequency fin
= 

Isolation Reso~~~t ~~~quency 
= rny— or at 6 Hz

2 (0 170) = 0.985 or 0.1 dB
= Damping Ratio 1 a Rc 

3 0 Jo
Considering the shock with the vibration Isolating sys-1 = Critical Damping tern proposed, we observe that the shock has the effect of

0 No Damping causing the oscillator to vibrate at the resonance of the
mount. Since the mount is very underdamped and the shock
vibration Is short , we can solve the transient problem as anEquation (22) is plotted In FIgure 4 below. impulse of acceleration applied to an undaniped resonance .
The acceleration transmitted to the oscillator i~ sinusoidal
at the resonance tr = 1.5 Hz of the mount and Is the peak

— . —. . pha.ee deviation of the sinusoid which is 3.3 radIans. Tak ing

I — — —
0.10 natural frequency f~ = 6 Hz to track sinusoidal phase jitter,

______ — — we find the peak phase error is4

~ii _  
_ _

0.20 2

5 ~~~~~~~~~~~~ 
— “~ 

- ° into account the capability of the second order loop with

2 _ _ _ _
_______ — — 

~m 
= ~~ 

~ 

~f

; 4~o 5 ]  (25)

L w  ~
0 . 5 — —  

_ _ _ _ _ _ _ _
~~~~~~ 

= 33 1 (1.5)~ 
1

0.4 — —~~~~~
~~ [(1.5)

4 
+ (6)~ o. sj

= 0.255 wad
0.1 0

1 0 Thle le oonslderably lese thanthe ahock produced froni a
— hard mounted oscillator, and well Within limits of tracking0 05 1.0 1.5 2.0 25 3.0 capability of the 1oop. This resulis from the resonance of

the mount being considerably below the natural frequency of
RD . FORCING FREQUENCY - the loop.

NATURAL FREQIJINCV I,OF ISOLATION SYSTEM Oscillator Short Stability Requirements as They Affect Code
Loop Performance

Figure 4. TheoretIcal Performance of Just as oscillator phase noise Is Important in the Coetas
Isolat ion System carrier tracking loop which extracts pseudorange rate, so it

Is Important In the code tracking loop which determines
The large peak in the transfer function Is obviously a pseudorsnge. The Manpack employs an early late (E/L)

problem If It coincides with or exceeds the Natural Fre- non-coherent code tracking loop which is implemented as a
quency of the loop, and If the vibration Is applied at or near first order loop. This Ia permissible since the code 1oop Is
the resonance. Choosing the natu ral frequency of the Isola- aided by the carrier loop whose bandwidth is suffIcIently wide
tion system at 1.5 Hz and dampi ng of 0.1, the peak 1ocp to follow all specified signal dynamics. In fact, since the
phase error ~~ In the second order loop with natural fre- code frequency Is derived from the carrier, nearly all signal
quency f~ for an applied sinusoidal jitter Is given by4 dynamics are absent as far as code tracking is concerned.

The primary requirement upon the oscillator stability
— T 

+ 4)
0.
5] 

(23) for ranging is not in terms of absolute accuracy but in terms
of its short term stability to ensure that It doesn’t move
about during measurements.

where. Short-Term Stability

T Is the transmissibility The short-term stabiLity of an oscillator characterizes
the statistical fluctuations about the average output frequency.

- phase deviation which could be produced on the The short-term phase fluctuations observed in the output of a
crystal in a bard mount. quarts crystal oscillator are attributed to three major

effects. One type of fluctuation results from thermal and
- 6 Hz shot noise generated in the cryital and associated oscillator

circuitry. A flat power spectral density Is associated with
At the frequency of 5 Hz this type of noise. A second type of fluctuation attributed to

the crystal unIt sad circuit fluctuation changes, Is flicker

- (1.5) [ ~~ 2 ] noise. The resultant power spectral density appears to have

( + 6~) 
~ 

a 1/F oharacteriatic. The third type of fluctuation is pro-
duced by additive noise. These dominant effects on short-
term stabilities, as a function of averaging time, are shown
In FIgure 5. The short-term fractional frequency stability

•m = O . OBS rad le thsn givsn I~y

—,—.- - -~



L t  us now exam ine the degradation In ranging accuracy
In the ode ioop caused by oscillator phase noise. Table IV

OF SIMPLE FILTER 

NOISE

previously specified the oscillator phase spectral density
The relationship between spectral density In the frequency
domain and time stability Is given by Reference 6. This
relationship is shown In Table VI.

~~~~~~~~~~~~~~~ IPPE T

Table VI. Relationship Between Spectrum and Time Stability

K2 
(2 K2 (2T)

2 v/6

‘
~ 

f~
’ K1 21n2

LOG IT) [ K0

The resultant oscillator phase noise density trans-
ferred to the code frequency of 10.23 MHz isFigure 5. Dominent Effects Upon Short-Term Stabilltiea

= \Jo-2 ~~, r ) (26) S0(f) = 
3 X 10 2

/Hz (28)47~~~rad

Where,
The mean squared j itter in the code 1oop is then2 (N, r )  Is the variance of N adjacent samples ofa

the average frequency 
= I 8~(f)/1 - HOw)!2 df (~~)r = averaging tIme 

0
153 fr~~~~~ J f requency stability of a good crystal For the first order code 1ooposcillator as a function of averaging time Is shown In Fig-

ure 6. For the Maa~*ck the requirement for short-term
stability Is to bound the oscillator drift with respect to the 

/1 - H (J w )/ 2 Wchosen point of PH correlation during the 20 meec aversgtug = 
2 2 ; wn = 4B L (30)

time. Design criteria dictates that this should be on the (#J +
order of *4 nsec. Thus, the mis fractional frequency devi-
ation is The code loop bandwidth is 0.6 Hz , therefore = 2.4 Hz.

= (~) 
r (27) Evaluation of (4) results In a mean squared Jitter of

= 1.45 x l(C~ red
Al’ *4x 10~~ ~~ x 10~~- 

20 x 10~~ 
The oscillator Jitter In the code loop translates Into a rang-
ing error of

FIgure 6 Indicates that for an averaging time (v = 20 isec)
the fractIonal frequency stability Ia *1 x 1 0 .  Th is die 

AR = -
~~~~~~~~ (31)spectral purity of a good crystal oscillator In the time

domain Is well within limits of meeting performance. WbsreA= lpchip = 100 ft. Therefore,
— — — — — — AR = 2 . 3 x 10 3 ft

i.- present M~~~sck cystem has a code phase re olu-
N.

— — — — tion quantized to 1/64 of a code chip which for the p sIgnal Is

— A range ~ J 
~~~ — 1.570 ftcode 

~~lO~~ —

The degradation due to oscIllator noise jitter In cedeC

— — — — 
/ — 

tracking performance Is given byN.
-~

10 l~~[A ~~~ 
(32)

toI _ _ _ _  
570 1is~ ii~ te ’ I 10 I0~ IO~ 10 ~~ 10 logAVERAGING TIME (TI qOONOS [~. 570 - 0. oot~J - 0.006 (lB

This Is negligible In ocanparleon to the ji tter causing
0.3 dB dsgra dation In the carrier tracking loop. This
results primarily from die spectral density beingFigure I. ~~~at Nem stebility (~azuctsrtsUos of Quarta decreased by 50 (lB In the carrier loop as ogpoaed to

Crystal Oscillator ouly 4 dB In the code loop.

-7



Effec ts of Oscillator Phase Noise on Phase Slip, in the 2 ______ ______ ______ ______ ______

Coetas Loop 
[The OPS Msi~adc receiver must regenerate the refer-

ence carrier from the eldeb*nda of the NAVSTAR double-
sideband suppressed carrier signal. In doing so there Is a
phase ambiguity In decoding the navigation data. Ose way of
resolving the o, z phase ambiguity is by employing differen-
tial data encoding where, for Instance, a one is transmitted
as a phase change and a zero conveyed by the absence of
phase change. The performance of such a scheme for per-
fect carrier regeneration Is termed differenti al phase shift
keying (APSE) .

The classical method of differential data encoding how-
ever Is not Implemented In the GPS navigational data encod-

0Ing structure. Rather the last bit of the previous word Is
employed for sopplying the polarity reference for data
demodulation. However , under the thermal noise conditions ao4
the performance of these two differential encoding schemes
Is about the same.

With differential encoding of data to resolve the ambi-
guity of tracking, phase slips of the tracking loop contribute
to the error rate In the output data. Let us now emmine the
degradation in probability of error for phase slips for a
APSE system with thermal noise against the Manpack system
which takes into consideration the existence of oscillator ______ ______ ______ _______ ______

phase noise and the usual additive receiver noise.

The probability of phase slips caused err9rs for a
Coetas loop for just thermal noise Is given by ’

Eb/NO1
“ejJ,~~~~ 

_
~~~BL Tb e~~~[ 2 B T ]  

(33)

Slip 
_______ _______ _______ _______ _______

20 22 24 25 28 30
where.

= 20 Hz THE OF~ET)CAL CIN dbU~
~ SSUMING 50 BPS DATA)

T 1 - 1
b Data Rate — 

50 bps 0.02 (34)
Figure 7. Probability of Phase Slip Caused Errors for

= C/N0 - 10 log data ~~~~ (35) COsine LOOp Vs Theoretical C/N0

Equation (33) is plotted In Figure 7. For the required C/N0
of 26 (lB - Hz we see that the possIbility of error for a phase previous analysis indicated that
slip t. 

~~~= O.05 rad2

- 2.312 x 10’5

ør
2 1.42 x ~~~ red2

We now eanm lne the probabilIty of error for phase slips
taking Into account the oscillator phase noise and r oeiver therefore , from (5)
additive neise.

The probability of phase slips wIth oscillator phase noise 
T
etip 

= 841 sec

is given ~~ and from (36)
1 (36)- 

~~]Phase Slip - 2.378 z l0~~

where ft.,, - data rate - 50 bps and This probatality of phase slip error causes less than
0.1 dB-lIn c/N0 degradation in the Coatas ioop. Th is , the
contribution of oscillator phase noise provides negligible

~~ 
(37) system performance degradation.

-
‘ a m

T,bp - 
3L 14e~~!Ok Oscillator Barvey

where 
~ selecting an oscillator for Phase I Maiçaok develop-

maui, careful oonslderation must be given to one that meats
the following requirements:

- mess s~aared phas. errOr due 
a. Required stability (uhert term and long term)

- mean squared phas. error do. to oscillator noise necessary to meet system performance.
Jitter. b. Fast warm-op.



c. Good pha se noise and environmental stabIlity char— 2. Hewlett-Packard Model 10543A.
acteristlos to minimize system performance degradation. 3. Frequency Electronics Corporation model FE-22-

d. Low power consumption. D0313 modifi ed.
e. Small size. 4. Austron , Texas; Suizer Mode l 1120.
f .  Low cost 5 . CollIns Radio Group, Cedar Rapids, Iowa; Devel-
g. Availability. opment for ECOM of the high stability temperature coo-
Five manufacturers have been Identifi ed that can poten- pensated cs~yst al oscillato r (HSTcXO).

tlaUy meet the requirements for Manpack oscillator. They are: Table VU presents the specifications from the manufac-
1. BendIx Corporation’s development for Ecom; Fast turer listed for the oscillators in columns 2 and 4 and the

warm—up tactical minIature crystal oscillator (T MXO). goals established In columns 1, 3 and 5.

Table VII . Oscillator Specifications

Manufacturer

2 Hewlett- 
~ 

Frequency
Deacrlptlon (1) Bendix Packard Electronics (4) Austron (5) CollIns Radio

Frequency 5 orS. 115 MHz 5.0 MHz 5.0 or 5.115 MHz 5.0 MHz
5. 115 MHz

Stabilization TIme *3.3 x l0~~ of abs *2 x 10~~ of abs ±2 x io 8 of abs ±2 x l0~~ of al,e ±1 x io 8 of abs
(at 25°C) frequency afte r frequency after frequency after frequency after frequency after

1 mInute 30 minutes 6 minutes 5 mInutes 1 minute

Short Term StabilIty *1 x 10
_ li 

for ±1 x i0~~
1 for *1 x 10 10 for *3 x l0~~ for ±1 x 10

_ li 
for

averaging time averaging times averaging times averaging time averaging times
of l sec to 2o min l sec to lOo sec of l eec ofisec ofisec

Aging Rate ±2 x 10~~°/week *5 x l0~~
0
~day *5 x l0 1

~/day ±1 x 10 9/day ±2 x 10 10/day
alter 30 day i 1.5x 10  / after l hr alter 72 hours after3o days
stabilization year stabilization stabilization

Warm-Up Power 10 watt max for S watts max at 5 watts peak at 5 watts peak at 10 watts max for
0.1 mm over 25°C 250C (2 m m )  25°C 0.5 mm over
-400C to 75°C ..40°C 14) 80°C

Continuous OperatIng 250 mw over 3.5 watts at 0.4 watts at 3 watts at 25°C 150 mw over
Power -400C to 750C 250C 250C -400C to 80°C

Temperature StabIlity *1 z 10~~ over *5 a l0~~ over ii a 10~~ over ±2 x 10~~ over ±5 x 10~~ over
-40°C to 75°C -550C to 71°C -200C to 40°C -200C to +55°C -400C to 80°C

Load StabIlIty *1 x 10~~ for 5% ±2 a 10
_j o 

for ±2 x 10 10 for 5% ±5 a 10~~ for 5% ±5 x 10~~ for 5%
load change at 10% load change load change at Load change at load change at
50 ohms at 50 ohms 50 ohms 50 ohms 50 olune

Voltage StabIl ity ±1 x 1O~~ for 5% ±1 a lO~~~ for *2 a 10~~~ for ±5 a 10~~ for *5 a 10~~ for
voltage change at 10% voltage 10% voltage 10% voltage 10% voltage
12 VDC change at change at change at change at

20 VDC 12 VDC 28 VDC 12 VDC

AcceLeration *5 x l0 9/g along ±1 a 10 9/g ±1 x 10 9/g ±5 a 10 9/g ±5 a 10 9/g
SensItivIty any axIs along any axIs along any axis along any axis along any axis

Vibration 8.nsttivlty ±5 x 10 9/g during ±1 a 10~~4 ±1 a 10 9/g ±5 x 10 9/g ±5 x 10 9/g
vibration without during vibratiot during vibration during vibration during vibration
vibration without vibra- without vibra- without vtbra- without vibra-
laolators tion isolators tion Isolatora tlon isolatore tion Ieolators

Frequsacy Stiock ±5x10 9/gafter *l x lO 9after ±lx iO 9after ±lx 10~~ after ±5x10 9/g after
Stability 50g, 11 insec SOg, 11 msec 50g. 11 msec 50g, 11 msec SOg, 11 msec

~~urioua Output Down 90 dB from Down 100 dB Down 100 dB Down 80 dE Down 100 dB
rated output from rated from rated from rated from rated

ou~~at ou~~at output ma~~at

Harmonic Oulput Down 30 dB from Down 30 dB Down 40 dB Down 30 dB Down SO dB
ratsd output from rated from rated from rated from rated

output output output output



Table VII. (Continued)

Manufacture r

‘2) Hewlett- ,
~ 

Frequency
Description (1) BendIx ‘ Packard ‘ Electronics (4) Austron (5) ColLIns Radio

Phase NoIse 10 Hz , — 110 dB 10 Hz , — 120 dB 2 Hz , — 108 dB 10 Hz , -110 dB 10 Hz , -110 dB
(measured in a 1 Hz 100 Hz, —130 dB 100 Hz , — 135 dB 20 k}Iz, —160 4B 20 kHz , —145 dfl 20 kftz, —140 dB
Bandwidth at an off- 10 kHz , —140 dB 1 kfl z , —145 dB
set from 5 MHz) 10 kHz , —145 dB

Volume (In3) 1.0 30 6.5 19.5 2

Wei ght (oz) 8 20 5 9 10

Ackncwledgements 3. “A Proposal to SAMSO/JPO for the Navatar Global
Positioning System , Volume 2 User System Segment”

Information for this paper was derived In part from a June 1974.
funded contract study titled “DESIGN DEVELOPMENT
STUDY FOR PHASE I NA VSTAR GLOBA L POSITIONI NG 4. “Down Converter Phase Noise, Action Item Control
SYSTEM MANPACK/VEHICULA R SET” accomplIshed In No. 5” by C. R. Calm, Interoffice Communication,
May 1975 for the Joint Program Office , Deputy of Space 14 March 1975.
NavIgation Systems, Headquarters , Space and MI sSIle Sys-
tems Organization, Air Force Systems Command. 5. “VibratIon AnalysIs for Electronic Equipment” by

Dave S. Steinberg, A Wiley Yntersclence Publication.
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6. “CharacterIzation of Frequency Stability ” by
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7. “Magnavox Communication and Navigation, Spread
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MINIMUM VARIANCE METHODS FOR SYNCHRONIZAT ION
OF AIRBORNE CLOCKS

Richard J. Kulp in aki
MITRE CORPORATION

Bedford , Massachusetts

Summary their value to be predicted for other instance s of
time. Using radiated signals the value of these van —

This paper conside rs the application of minimum ables can be estimated.
va riance methods to the process of synchronizing
geog raphIcally separated clocks using known configura— The beginning of intervals and radiated signals
tions in which t ime—of—arrival measurements are made either coincide or they are displaced by a known
on radiated signals. Configurations are those that amount. Methods presented enable the solution of when
involve interrog ation end rep ly be tween a user and a received signals were emitted and therefore the ~olu-
single doner , and one—way propaga tion between a user tion of the offset in t ime between local and reference
and the moltipl e sites of a refe rence system. Focue is intervals. When variable s which define how time of f -
on mov ing clocks using the latter category which is set changes are also estima ted , synchronism between
shown also to be a means of fixing location , solution t imes is main t ained.

The relationship of variables to time—of—arrival Signals are likely to be received with some un—
measurements is described for stationary and moving cer tain ty because of r~ceiver noise and other random
users , fo r atomi c and crystal clock and for ground e f fec t s .  Random error in the measurements will cause
wave and line — of—sight propagated signals. the solution of variables to have error. The uncer-

tainty that results when a solution is obtained with
Minimum variance concepts for solution of clock’ s no more than a suff ic ient  number of measurements for a

variables are described in de tail. Measurements over solution may be accep table. The uncertainty can be
a period of tine are applied to the solution of the diminished with additional data taken over a longer
clock ’, variables ; additional sites of the reference span of time. The concept of averaging, cu rve f i t t ing
are accepted as time—of—ar rival related to them occur or smoothing is applied. Prior data is processed with
in time. Methods are presented for recursive pro- recent measurements to obtain a less variabl e esti—
cas*ing which result in short histories of prior mated of the behavior of the local clock relative to a
measurements being applied for estimating variables reference .
of the clock’ . locatinn and much longer histories for
clock related variables of t ime and frequency of feet . Signaling for the Transfer of Reference Time
Resulting reducti~ ’s in the uncertainty of time off-
set causes the solution of clock’s position to have To determine the amount of offset  in time and
diminished uncer tainty Fading memory techniques are frequency it is necessary to determine the propagation
described which cause measurements to be discounted as delay in the transfer of timing signals from one loca—
a f unction of their oge . tion to another. Two signaling approaches are

examined.
Pa rametric expressions are given for accuracy as

a f unction of the number and distribution of sites of Propagation delay can be computed directly as a
the time reference . th. location of the offset clock result of a cooperative exchange of signals between
relative to the reference sites , type. of observations , two terminals. Two way signaling methods are dig-
f requency of measurements and the rate of discounting! cussed briefly.
fadi ng. Differences in accuracy between users with
atomic clocks wher e frequency offset ic assume d zero Other methods provide for signal transmission in
and crystal clocks where frequency offset is a van — only one direction. With one way signal systems any
able are provided , number of participants can synchronize with the refer-

ence sys tem unincumbered by cues and signaling protocol
The Synchronization Problem usually necessa ry with two way signaling methods.

Time is divided into a sequence of interval.. To maintain synchronism by receiving one way prop—
Events ar. scheduled , executed and recorded as happen— agated signals while moving , uni ts must be able to fix
ing in term , of a specified reference for the inter .~ t heir location relative to the source of timing signals .
val. of t ime . Th, interval sequence say be peculiar The means for fixing location may be independent of the
to specific systems and their application or a univer— timing signal. Alternatively intervals of time say be
sally recognized stand ard. Lik. intervals of time related to intervals between periodic tr snsmtaslons of
m,rkad by separated clocks are likely to be offset in systems configured for location fixing; signals used
time . An interval of t ime is determined by the elapse for ranging can be used to transfer t im.. Receivers
of a sp.cified nt~~ er of cycle , of oscillation , are able to determine their location and therefore ‘4hen
Mccc.. the frequaney of clocks’ oscillations are received ranging signals were transmitt.d and can pre—
likely to be different than that of the reference dict when futur e ord.red signals will be emitted.
part icularly if crystal devices ar. uaed , the offset Periodic transmissions of location fix ing .y.teaa such
in tim. will not remain constant. The frequency of an as Loran, ~~ega and proposed satellite systems can
oscillator may also change with t ime . Tim. of feet , provide a reference f or the division of t ime . These
frequency offset , and frequency offset rate aT. van — are specific examples of a general form which will be
ables that relate th. behavior of on. clock to another , discussed and which we will call a reference system :
Knowledge of their value at on. m utant of t ime enables a configuration of spatially separated , a~tually timed
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and locatad units by which users ’ timing and location As a practical matter for many field applica—
can be dete rmined from one way propagated signals . tions , the frequency offset rate may be con ’3ldered to
Most common are reference systems in which signals are be zero in modeling the behavior of crystal devices .
broadcast cyclical ly from units of the reference. In Frequency o f f s e t , denoted ~T , is thus assumed con-
an alternative configuration , units of the reference stRu t , and th e following model can be used :
system receive signals periodically tri ggered by the
u ser ’s clock . Remotely then the user ’s location , time 

~
T
t 

— 
~
T
t 

+ (t—t 0) dT
offset, and freq uency offset relative to the reference
system can be determined. 

~T — constant.  (2)

When signals necessa ry for a solution of time Conceptually, the model is a strai ght—li ne ~epre-offse t are transmitted simultaneously, or nearly so , sentat ion of a process with a slightly quadratic
the solution may be made without consideration of behavior . The consequences of the approximation arevehicle motion and unknown frequency o f f s e t .  The illustrated in Fig. 2.  A f i l ter  based on (2)  wouldestimate is of a sing le f ix  nature; the computed value make a straig ht—line fit to a sli ghtly quadratic data
of t ime offset applies for the instant the signals his tory . Because of the modeling approximation , the
were transmitted, period o f t ime over which observation may be used to

Influence the solut ion is limited . Fig. 2 shows someIn general , the oc ’urrence of signal transmis— typical values. A bias error of less than 30 ns in
sions for time dissemination need not be constrained the solution of time of f se t  will  result if the fre ’-
to occur grouped so that vehicle motion and frequency quency change rate B is less than 1 part in 107/day
offse t are absent as variables in the solution of t ime a f ter power has been applied for a short t i m e .  I to f f s e t. Su ch group ing may not be an alternative; appea rs that  af ter  warmup, the trajectory may be
si gnals sufficient for a solution may be emitted dis— modeled with constant frequency offset , and long jute—
jointly over a span of time . The functional relation- gration intervals may be applied. During warmup , theship between variables of position and time o f f se t  integration interval is shortened to a few dataapplicable for one instant of time and their value at points. By applying such a model , some economy in
other instances is assumed known. Because of this, the amount of processing is obtained.measurements taken at various instances over the span
can be expressed in terms of variables for a specified For purposes of estimating time offset , the fr e—
instance and their solution obtained. quency o f f s et of atomic devices can be assu~2~

d to be
zero. For frequency offset of 1 part in 10 , timeClocks and Their Behavior offset will change at the rate of 1 na every 100 a .
For estimating t ime offset  with data taken over aWhenever measurements over a span of time are 600— s interval , for example , a model of Constant timeprocessed in the solution of va riables , a functional off8e t will cause a 3—na lag between the est imated

description of the way variables change with time is and actual value—insignificant compared wi th  othernecessary. Suitable models are described based on sources of uncertainty.
characteristics of available crystal and atomic
dev ices. There are f undamen tal d i f f e r ences be tween Accelera tion and temperature change will cause
the two classes. In contrast to atomic sources , the the frequency of a crystal device to change from t s
freq uency of crystal devices is uncertain enough to previous constant value. The ability of a f i l t e r  torequire attention , and is sometimes considered a respond to change derenJc on its time constant. Longsou rce of error. Yet because frequency of fse t  is very t ime constants are applied to obtain large reductionstable and its behavior reliably predictable , it can in the random variation of the f i l t e r ’s o u t p u t , but
be estimated accurately in real time along with time cause the filter to respond sluggishl y to Change ato f f s e t ,  its input . For such a si tuation , the resulting

t ransient diecrepancy is only as small as the sen—
A generally accepted expression for the tra— sitivity of the crystal device to effects of the

jec tory of time offset is given by the following environment.
equa t ion , and is illustrated in Pig . 1:

Acceleration induced stresses cause a step shift
~T( t ) — AT(t 0) + m (t0)(t’- t 0)+ ~ (t~ t

0)
2 + e( t ) ~~ in the f requency of the crystal’s oscillations.

Consider application of precision oscillator having
whe re an accelera r ion— induced frequency shif t  of 1 part in

l09!g. Fig. 3 illustrates consequences of an a ircraft
fo Frequency of local oscillator , making a i—a turn , one more g than when f ly ing level .
fr Frequency of reference oscillator , at a velocity of 1000 f t / a ;  tine in the turn is

~T ( t )  Time o f f se t  at time t. app roxima tely 30 s , and during the turn , the oscil—
AT(t ) Initial setting error. lator ’s frequency shifts 1 part in l0~ as a result
m (t 0~ Frequency offset  (f 0— f r ) / f r ;  a dimension— of the l—g acceleration . Because of the long inte—

less quantity expressed as parts in 1010 . gration time of the f i l te r  for this example , 200 s ,
Rate of change of frequency offset or long the estimate of time offset lags the actual value by
term dr i f t  (f ’

0 — f ’r ) / fr ;  8sua lly given the 25 na at the end of a 30-s maneuver. Following the
dimension of parts in 101 /day . accelera tion , the oscillator ’s fre quency returns to

e (t) Other factors , particularly random the value it had prior to the maneuver .
perturbations. The effect  called short—
ter m stability is represented by this term . The resonant frequency of quartz crystal oscil-

lator s depends on the temperature of the crystal and
Depending on the interval during which data are taken , other components. The first consideration is to
and depending on whether a crystal or atomic device is assure that the frequency of f se t  remains within
used for the clock’s oscilla tor , either fr equency off— acceptab le limits over th~ expected operating temper-
set or frequency offset rate , or both , may be assumed ature so that the norisinal frequency can be used to
to be zero and dropped from the model without a de— convert elapsed cycles of oscillation to tim e of pro—
clime in acceptable accuracy. pagation . For examp le , the measured propagation time
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over a 300 nm path will be within 10 nanoseconds of With each transmission a measurement of elapsed
the true time of propagation if the frequenc y of the t ime is made. The measurement denoted 0~_ i5 the dif
local oscillator is wii.hin 5 parts in 10 of the fsrence between the receiver ’, timing of t~e beginning
nominal frequency. Oscillators are readily available of en interval and the receip t of the signal emitted
for which offset in frequency I. within thi, limit. yb.- - ~h. transmitter tines the beginning of the inter—
For longer propagation distances such as t’ synch— val f . have occurred. Measurements by both the ref en—
ronous orbits , offset on the order of 1 pa rr in l0~ encu ..nd local clock are illustrated . Measurements are
would limit error in the n’easured propagation time to expressed as a function of quantities of unknown value :
be less than 10 nanoseconds. Although frequency off- the t iae for propagation of the signal from transmitter
get between reference and local clock is a solution to receiver and the offset in timing between like inter—
variable , the reference itself nay be offset from its vals as marked by the transmitter and receiver.
nominal value and therefore a residual error in the
measurement of propagation time will remain. For an interval numbered n—j

The actual behavio r of time o f f s e t may depart 0 — PT — AT (3)
from th~ modeled behavior because of change in n—j n—i + n—i

frequency offset due to change in temperature. It where
is necessary to assure that the rate of change of
frequency o f f s e t  due to temperature change is slow 0 Observation on a signal transmitted duringenough for the t ime o f f se t  f i l te r  to respond to the n—j the interval denoted n — j .change. How the f—equency of any particular oscil-
lator unit will change in an actual situation cannot PT Propagation time.he asce rtained fro m the commonl y presented f requency n—j
offse t  “a temperature curves. Fig. 4 is an examp le
of the way f requenc y offset changes as a function of AT Time offset.
t emp erature change for an AT cut cryst a l. 1 The n— i
temperature at which the ma x imum and minimum points
of the curve appear depends on the cut of the crystal. In the expression , the combina t ion ± appears , the

Thim particular crystal has a temperature coefficient minus sign applies when observations are made by the
of about 1 part in 108t’C at a temperature 2 C  away user , and “he plua sign app lies when observation s are
from the zero point. Other crystal types have corn— made by the reference configuration.

pletely pa rabolic frequency versus t emperature curves. A sufficient number of observations are made and
Because it takes time for energy to dissipate , these processed to determine the properties of the

a somewhat conatan t rate of change of frequency ii 
user at a coemon time t . Variables of propagation

likely with change in ambient temperature . ~~ 
t ime and time offset dehned for various intervals

example , a discrepancy of about 50 us between the during which measurements were made most be expressed

actual and estimated time offset will result with a in terms of variables applicable for the time of the
solution t200—as filter when frequency offset c~.enges from a con-

stant value at a rate of 1 part in 10 /10 sin for a
duration of 10 mm , after which frequency becomes con— For time offset
stant. For operation within the region of Pig. 4 ~.n wh AT — ATwhich the temperature coefficien t is 5 parts in 10 1 c , a n—j 

+ r
1

AT (4)
the change in temperature most not exceed O.22 C during
a 10—sin period. To assure this , a thermostatically .~T — constant
controlled oven is necessary . If an oven is used , it
will probably be designed to operate at a zero co— where
efficient point , which will be at a temperature
slightly higher than the system operating temperature. Elepsed time between a and n—J .

The notion conveyed by the phrase “short—term ATa Time offset between a and n-i .
stability ” i. quite differen t from the similar sounding
“long—term stability :” long—term stability—syste matic AT Time offset  rate , in general constan t ,
change of frequ ency , short term stability—rando m but aero for atomic clocks .
variation of frequency . Fig. 5 is representative of
data on short—ter , stability and indicates tha t for C~n~~gti~~ t ion5 for the Transfer of Time
intervals of t ime less than 10 s, the variation in
indicated elapsed time will be less than 0.1 ~~,. As The way fl~..j is expressed in terms of variab les
a practical matter , fo r applications of this paper , for a specific t ime depends on has, many ter minals of
short-ter m stabiltiy say be ignored as a source of the reference are involved .
uncertainty in the behavior and modeling of clocks . Two—Way Signaling and a Single Doner

Measured Elapsed Time, Prop agation Time end Time
Offset With no more than s single reference terminal a

two—way exchange of signals between the local clock

The relationship between measured elapsed time , and the reference terminal is necessary . Eech makes a
propagation t im. between reference and local clock measurement of elapsed time on the other ’ s trsns—
and t ime offset is defined , mission . If the prop agation time between terminal, te

changii.g , th e rate of change is assumed to be constant
Fig. 6 shows inte rvals of time as marked by the over the interval of time necessary for the tran s.

reference system and interv als of time as marked by mission of signals. Constant rat . of change of pro-
the local clock for which time offset and values of ~**5ti0t tir .e is an app roximation and epplicable for
other variables is to be deter mined. The intervals only short intervals of time . The potent ial for flight
shown in Pig. 6 are merely for illustration ; any path chaagej does not warrant the use of exact de—
s qu.nce known to the local clock ii applicable. scr ipt ions applicable for extended length, of t ime .
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Four variables appear in the solution equations: time eatimate represents informa t ion on the current state
offset , frequency offset , propagation time and rate of the clock and is appli cable as data in the minimum
of change of propagation time . The assumed behavior variance solution . Estimates of time and frequency
of propagation time is given by (8). For the situ— offset with a smaller standard deviation can be
ation with dynamics, four independent measurements obtained by taking into accoun t prior solution pro—
are necessary : for an initial solution normally two dicted to the time of the current solution. Recur—
measurements are made by the user on two signals of sive minimum va r iance concepts have received con-
the reference separated in t ime and two measurements siderable attention in the past decade. 2’5’7 Their
are made by the reference on transmissions by the user , application to the process of synchronis, of clocks
Measurement values are comeunicated to a single is discussed.
location f or solution of variables , Note that pro-
pagation time is an explicit variable: neither the Solution Based Solely on Time of Arrival Measurements
velocity or mode of propagation appear as factors in
the solution equations. Reciprocity is assumed but Consider the following statement of the problem
signals transmitted by the reference may experience and its solution. Suppose that a number of meosure-
effects differen t than those emitted from the local meat quantities are available at discrete instances
clock, of time (tn_ i . t~_ j , ~~~~~~ 

tn_ k ) with the observation
at time t~ _ 4 denoted 0n— Suppose that •

~— i ~‘
Multiple Reference Terminals related to ~he st~te S(n~ at time t~ by

Consider a reference configuration consisting of 0 — J S(n) + a (5)n—j n—i n—ja number of mutually timed and spatially separated
units. Solution of clock’ s properties can be made
with either the reference or user transmitting . When where Un_ i represents the measurement error that

occurs at a — j .  Denote the set of such relation—observations are made at the user ’s receiver on trans-
missions of a sufficient number of unite of the ships of a group of observations by

reference , onboard solution follows . No transmission O J S ( n ) + V  (6)is required by the user. On the other hand , observa-
tions taken at a sufficien t number of units of the wherereference when communicated to a co~~~n location alloyeolution of the user ’ s properties by the reference E — 0 , E — R .system.

Then the minimum variance estimate of S(n) is obtainedThe way in which signals propagate must be de— by computingfi ned functionally. Propagation time is expressed in
terms of the known location of the reference and S(n) — (JTJ(lJ) ’4J TR”l e (7)unknown location of the user and an assumed velocity
of signal propagation . Specific expressions are The matrix (J~R’5)

’
~ is the convariance of the solu—given in append ix I for line—of—sig ht and ground wave tion error , with the diagonal elemente representingpropagated signals. If the user is moving, its the variance of the solution error.location at various t imes when signals are emitted

most be expressed in terms of its location at a It is assumed for details of the following thatspecific time for which the clocks properties are to equal uncertainty exists for all observations , andbe updated; constant velocity motion is assumed and
is reliably applicable for no more than short inter— that the ~rror in the observations are uncorrelated ;

I. When the dominant source of randomvale of time. 
~~4t;i~!y ie caused by quantizatioa of arrival time ,

such an assumption is reasonable. When receivers areThere are normally six variables: horizontal Implemented to provide a relative measure of signal—position and velocity, and time and frequency of fse t ,  to— noise ratio , observations can be weighted propor—Al titude is assumed known from an onbosrd altimeter . tional to signal—to—noise ratio with consideration forTo provide f or a usefully accurate solution when t he presence of quan~izat 1on error. Note that withobservations are one way , three graphically separated the assumption Rsit es of the reference are necessary . Normally each m
site transmits in turn and the group repeats
cyclically. For an initial solution there must be as (J TR ’lJ) l 

— 02 (J
TJ)

_l
, end J TR

_ l
De — _~~~ (JTf~ )

many independent measurements as variables. When 0~~

there are insufficient measurements in a single With equal weight ~ng of observations , calculations can
group , than mere than one group most be observed to be made without considering the specific value of o2
obtain a solution . With two or more groups , there may but the computed covariance is normalized to the
be more than sufficient observatione and a least value of
squares solution criterion is appropriate.

The way vehicle velocity and frequency offset
Minimum Variance Solution Methods enter into the problem and the way they can be treated

as solution variables is discussed .
First considered are expreesions f or the min-

imum variance solution of the properties of the Two Way Signaling With a Single Doner
clock using measurements of time—of—arrival of signals
received in chart interval of t ime . The solution of A reasonable approximation , at least for short
variables as well as the variances and correlation intervals , by which propagation t ime et various in—
of their probable error is determined. Following stances ~an bs related to propagation time at a
each solution additional time—of—arrival measurements specific time is to assume constant rate of change :
are made and with these alone a solution is also .
possible. Ippli cab le expressions are given . Recu— PT — PT —i + r

1
PT (8)n n

sive minimum vsriance method is discussed next. The
prior solution predicted to the time of the current — Const an t ,
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11 the vehicle ’s stats at time n is defined as The observation 0~ at t ime n - j is related to
the state at time n by ti~e following general
expression:

S( n ) — (PT~~T P T AT] T , (9) 
— 

—0n ~ 
f ( ( ~ — r •) , (A — r A ) ) + £T + r ~T + a . (15)— n ~ n j  a —  ~ n-i

then , in general , the observation at time n— j ia
related to the state at time n by The term f (] relates the propagation time at time

n — j to state variables at time a. The specific
+ a . (10) details of f (] depend on whether the signals are8 — (1 + 1 — S(n) n— i propagated line—of—sig ht or on the surface of then-i —

ellipsoidal earth , end are discussed in Appendix I.Given the sequency of four transmissions shown in Equation (15) is nonlinear . Gauss ’s method of dif—Fig. 7 for example, the following set of simultaneous ferential corrections ia used to obtain a solutionequations exists : of the state , given a number of observations. The
linear terms of a Taylor expansion of (15) about an18~] [1 

+ I —t
1 

_t

11 
[V 11 assumed value of the state at time n denoted S (a)

are retained. Given a number of observations ,aa set

1

e7 ~1 — l —~~~~ of linear equatlone can be formed. Taylor expansion
— 

~l + 1 —r 3 
_ 1

3 J 
S(n ) + (11) of (15) has the form

— 

~~~~~~~ 
— (8

11 ~~~ ~
l 

~~j
0jx ~~~~~~(,04j [1 — 1 — r 4 +r

4J [v4J

which define the ingredients for a minimum—variance ±ni l~~
(h1 ) — S5(n) J (16)

solutio n. If . fo r example , each of the four trans— or
missions inditated in Fig . 7 is equally spaced T s
apart , and the solution is for T e from th~ time of DO — J 4 DS + an-j n— , a n-j.the last reply, then by applying (7) and (11), time
and frequency offset can be computed as follows: The term 0 (a) is a computed value of the observa-

tion obtaii~~ by substituting the assumed state S (a)
Solution Variance for the variables of (15). The term 

~~ 
is compu!ed

as
— ~ (— 2e1 + 02 + 40 3 — 3e4) aPT(12) n—i I (17)

1+ 
— 

~~n SS 5(n).
A T — ~~~~(—e 1+ e 2 + e 3 — e 4 ) —.-~~

Explicit expressions for PT and B and B arewhere o~ is the variance in uncertainty of Oj end is given in Appendix I f or ~otJ~ line_of i*ight a~ià ground—assumed equal and uncor relatod among observatio ns . wave-propagated signals.The var iance in the solution due to random uncertainty
in the observ ation is as indicated . tf , for example, There are normally six variables , although .were equal to ±30 us, then the uncertainty in ~T depending on whether the vehicle is stationary andwould be about 45 na The uncertainty in frequency frequency offset is known to be negligible , variousoffset for T 1 s would equal 1.5 par ts in 108 . The combinations of three to six variables may need to beindications are that as the time between repliee is considered to obtain an unbiased estimate of time andincreased , then accuracy in frequency offset in in— frequency offset . There must be at least as manycreased . However , the equations are appropriate for independent observations as variables. To provideas long as the vehicle ’s motion generates constant for a usefully accurate solution when observationsrate of change of propagation tiae and frequency off— ar e one way, three graphically separated sites of theset is constant. For aircraft , maneuvers are likely, reference are necessary . Normally, each site trens—and therefore T must be kept short. mite in turn and the group repeats cyclically. When

there are insufficient observations in a single gt~~p,One-Way Propagation With P~ ltip1e Sites then more than one group must be observed to obtain a
solution . With one group , there may be insuffic tutA reasonable assumption is that the user 15 observations . With two or more groups , there may bemoving at constant velocity for at least a short more than sufficient observations, and a least squaresinterval of time : solution criterion is appropriate . Given p observa—

• — , + 4 tione , the following relationships exist)
n n j  .1 r i r
3 — constant 

(U) (

~*
lf 

1

8fl ~l$ 
l 

~‘1
0lA —r

~
B
’~

IDS(n) +1. IA A + t k  I’ i— I ’n n-~ 1 . 1
I — constant. [~,,j [~ B l -r ,B 1 

- , P L P
y Ø  +r Iuj

The state of the user is dsfined by six variables :

8(n) — (A • iT A ~ ~TJ
’
~. (14) (18)
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or fashion. Finite computer precision is also a factor
0 overlooked. The amount of reduction in variance is

DO — J DS(n) + V. limited because of finite precision and this implies
that only a limited amount of past data can be used

The minimum-variance solution of the differential to influence the current update. Unless precautions
coorection DS(n) — S(n) — S

a (n) is obtained by are taken , incomplete descriptions of process dynamics

T —l —1 T —l can cause divergence between the actual and computed
DS(n) — (.1 R J) J R DO. (19) behavior of the process.

The assumed state is corrected by the amount of As a practical matter , vehicle velocity is
the computed differential , The assumed state may not modeled as constant velocity . Because maneuvers and
be sufficiently close to the actua l state , so that the deviations from the assumed flight path are possible .
second—order terms dropped in the Taylor expansion are the predicted location and velocity for the time of
actually negligible. It ie usually true that the the next solution may not have a mean value consistent
solution will be closer to the actual stats than the with the clock’s actual location , The solution of
prior assumed value. Because of this , the usual time and frequency offset will therefore be influenced
procedure is to reiterate the solution using the aolu— by erroneous data if predicted position and velocity
tion of the first iteration as the assumed value for are used as data in the solution . To prevent un-
the second , and so on , until DS is smaller than a certainty in the modeled flight path of tne vehicle
specified threshold , from affecting the accuracy of the estimate of time

offset , the variables of the vehicle ’s path are
The variance to which the solution of time and discounted completely and not allowed to influence

frequency offse t and other variables will be deter— the current update, Complete discounting is achieved
mined is given by the diagona l elements of the matrix by assigning very large value to the variance of
(J TR’4J) —I . The accu racy depends on the geometry of their probable error.
the reference sites and the user. Consider a situa-
tion using Fig. 8 to illustrate performance. For Because oscillators used ...i clocks behave
the situation , one transmission from each site repre— uniformly and predictably, the modeled dynamics of
seats a grou p, and two groups are observed with r time offset conforms to reality f or as much as a few
denoting the group repetition interval. The standard hundred seconds or longer. The predicted estimate
deviation of time offset for a solution time lust of time and frequency offset have a mean value con-
following the completion of the second group and when sistent with the actual value and thu s is used as
the six variables of (14) are estimated is as given data to influence the current update. With each
in Fig. 8. The standard deviation of frequency offset updste , the uncertainty in time and frequency offset
is (2/t l)h12 multip lied by the value of the contours diminishes. Fading memory techniques are applied
of these figures . Ccntour e of Fig. 8 are normalized and cause the variances of the predicted estimate of
to the measurement uncertainty. Between updates , the variables of the clock to approach a nun zero
synchronization uncertainty will increase because of steady state value . This assures that recent obser—
the uncertainty in estimated frequency offset ,  At a vations of time—of—arrival influence to a degree the
time just before the completion of the reception of current solution and therefore the solution is able
signals of the following group , the ,~andard de— to respond to unmodeled slow changes in the behavior
viation in synchronization will be b!5 times the values of the clock. Fading memory techniques cause the
given for contours of Fig . 8. Performance for various influence of prior data on the current update to
other situations is given in Table I .  diminish as a function of data age.

Recu rsive Minimum Variance Methods The following sequence of computations enable
recursive minimum variance solutions and allow corn-

Estimates of time and frequency offset with a plate discounting of position and motion variables
smaller standard deviation can be obtained by using to be effected each update: 5
as data the predicted solution of the state for the T —time of the current solution along with the time—of— S(n/n) — S(n/n — q) + C(n/n )J R DO
arrival measurements since the prior solution.
Measurements of time—of-arr ival and the predicted S(n/n — q) — S S(n — q/n — q)
estimate influence the current update inversely pro— —l —l T —l 20portional to values assigned the variance of their C (n/n) — C (n/n — q) + J It 3
probable error. The variance of the probable erro r — l 1 T — 1 —lof the solution relative to that for t ime—of—arrival C (n/n — q) — (S ) C~~ (n — q/n — q) •
measur ements is obtained with each computation of a
solution , Variance of the probable error of the pre— The way the state changes between solutions is
dict ed solution can be computed . A pitfall in th . assumed known and is defined by S
application of recursive methods is to use the pre-
dicted variance of probable error without modificat ion . 11 Tq12Wit h each .succeeding update the computed variance of 

— ‘21the solution error decreases , asymptot ically approach-
ing zero. The consequence is that the most recent 0
t ime—of—arrival measur ement will have negligible in-
fluence as the current solution . An assumption
implicit in the mechanic , of co~~~nly presented form— where the dimensions of each identity I~ depend on
ulat ions is that the mean value of the behavior of which elements make up the stats. For stationary
the system whose properties ire to be estimated can vihicles , the velocity terms may be elmininat ed , and
be modeled accurately over an indefinite length of f or ato mic clocks , the variable for frequency offset
t ime and this leads to an asystotically zero variance may be eliminated .
computed for the solution error. Usuall y, models of
process behavior fit reality only in a piecemeal
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Eq u a t i o n  (20) may appear incomplete in t h a t  the Therefore the last expression in (20) is not used
tern, o f ten  denoted Q, which represe nts process uncer— as indicated. Define C

~T (n—q /n—q) as the co—
tain ty , i s absent : variance of the solution ~~~or of the clock’ s state

T 
for the previous update , then

C(n/n - q) — • C(n — q/n — q) S +Q. (22) TC
~T~~T (n /n — q) — S ~~~~~~ (n—q/n—q) 8 (23)

Both modeling uncertainty and limited computer pre—
cision are handled practically using a technique —l
called fading memory . The constant 2 in (20) where and therefore C (n/n—q) has the form
(l<Z~2 ) causes the covar iance to approach a finite 0
nonzero steady state. Its application is discussed — l 0
in detail below . C (n/n—q) — 0 (24)

In (20) , the term S(nln )  is the solution for the (C~~T L~T (n /n — q )J
current update , and S(n — q /n — q) is the solution for
the prior upda te with a between updates. The term With each up date , the uncertainty in time o f f se t
S(n/n - q) represents the prior solution predicted to dimi nishes. Even though position and velocity are
time a. The terms C(n/n)  and c(n ln  — q) represent the di scounted comple tely,  uncertainty in the estimate
covariance of the error of the current solution and of these variables also diminishes. Accuracy of
predicted state , respectively , position and velocity asymptotically approaches that

In the mechanization of an alg1rithm having a obtained with an a pr iori perfec t ly synchronized
s ta te  of r va r i?bles . the term 1T1( 3 is an r x r clock. The proportion of uncertainty in the estimate
matrix and JTg DO is an r x 1 column vector. Storage of position that Is diminished because of an accurate
is assigned for thepe two matrices. Following an estimate of time offset is appreciabl y grea ter than
update , the term C~~~(n/n — q~ is compu ted ~nd placed that obtained from using the flight dynamics for the
in storage assigned for 3T~~ 3. Storage 3 R~~ DO is allowable short period of time. Thus little is lost
set equal to zero. Both DO i and are computed fo l— because of complete d iscoun t ing,  while there is con—
lowing eac~ apasurelsent or when time permits.  The siderable gain through preventing uncer ta in ty  in
products J1Rj~ J~ and 3JRj~ DO i are also formed and vehicle notion from biasing the estimate of time off—
adde~ to t~ie contents of storage for C~ (n/n — q) and set.

DO as appropriate.
Implementation of Fading Memori~’ on Clock’ s

Obtaining the Initial Solution Variables ~~~

An ini t ial  solution and its covariance can be Beginning with the initial update , s steady
computed using equat ions (20) with appropriate sta te  covarisnce can be approached with successive
in it iil  conditions as discussed in the following, updates by mult iplying the term C (n ln— q) by the
Initial solution for the case of two way signaling value 2 — k q pr ior  to computing a new update , where
wi th  a single doner and for the case of signaling with tq is the t ime between the last and current update
multiple reference sites is discussed separately , and k is a constant (l<k<2). Such a mechanism

causes only a limited number of past observations
For the configuration in which a local unit ax- to affe ct the current solution , The solution will

change t iming signals with a single reference an respond to unmodeled slow changes in process be—
initial solution can be computed using equations (20) havlor . This approach is sometimes called faiing
with 1n—j defined as in equation (10) and S ( n/ n — q ) ,  memory , as the influence of past data and measurements
c~ (n/n—q) and 8n—j (a) set equal to zero for the is diminished as a func tion of age.
first three lines of equation (20).

The amoun t of fad e , or the steady—state value
For the case of multiple reference sites , the of the covariance , is controlled by the value of k

matrix J is the result of linearization about an (l~kC2). When k 1, all prior observations are
assumed solution. The term S (n/n—q) is set equal given equal weight , With this , the covariance of
to the assumed solution . For the initial solution , the solucion error would approach zero with time .
S(n/n -q)  is the receive r ’s best guess of its state and With k such that Z has a value in the vicinity of
it is used ~o compute J1 and D11. For the initial Z — 2 , only the most recent observations influence
solution C (n/n—q) is set equal to ze r o , indica ting the solu t ion ’s outcome . With k — 1.1, data from an
no confidence in th. initial guess. If iterations interval 24 seconds old will have weight 0.1
are necessary to converge to an initial solution relative to the current data , W ith k — 1.004, da ta
C~ ’(n/n—q ) is set equal to zero for each iteration , from an interval 572 seconds old have weight 0,1
If in updates following initialization C—l (n/n—q) is relative to the current interval.
set equal to zero, then only time-of-arriva l measure-
ments between updates influence the current update; Expected Performance Random Uncertainty
past estimates of the state have no effect.

Pa rametric relationships for the expected
Co~pIet e Discounting of Plight Variables accuracy following initialization and during •teady

atate are given in Table I for a number of cases.
In updates following the initial , the predicted For the multiple—site situation , one or more obser—

variables as.ociated with the position and velocity vetiona related to each si t e form a group of pof the state are discounted complete ly because of observations. Lik. observations are repeated at an
uncertainty in the modeled flight path of the vehicle , interval of i a. Expressions of Table I are
Complete di.coynting is implemented as follows : All specifically for the case in which p observations
elements of C”(n/n—q) related to variable s of the are on simultaneously transmitted signals. Pig. 9
vehicle ’s po .itfon and motion are assigned zero value. illustrate , the situation . In reality , signal. may
The elements associated with the variables of the clock be transmitted at various t imes within a group
are assigned the inverse coveriance of the predicted interval. The assumption of simultaneous signals
state of the clock for the time of the current update , has less cluttered expressions , which in the outcome
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convey qui t e well general conclu sions abou t accuracy .
For initialization , two groups are used . Expreseions 3
for accurac y are given when the state I. determined I 

— 
iX lx i l l  

— 

~i
8i~ ± ~~~

ismediately following the second group , denoted TA,
and for a time imeedistely preceding the reception Note that (H TH)~~ — A 1 of the observation group.
of the thi rd group, denoted TB. Comparison indicates
how the accuracy of predicted time of fse t  degrades Consequence s of various aystematlc error can
because of uncertainty in the estimate of offset th erefore be evaluated .
rate . Because in the steady state many past obser-
va tions affect the current update , the steady— An Illustration of Performance
state accuracy Ic quite insensitive to the specific
transmission forma t and the time for which the Fig. 10 sumoarizes conditions and expected per—
solu t ion app lies . In Table I , accu racy for  the formance for the results shown in Figs. 11 and 12
steady state is for the predicted estimate at a time of an actual flight . The aircraft transmits once
just before the next group . per second . Observations of a group are made at the

three reference sites on a single transmission of
The upper le f t  3 a 3 par tition of the inverse the aircraft. Because of this , solu tions of posit ion

covariance for varioui situati ona contains the and t ime offset can be made independent of the
following ma t r ix  denoted A : vehicle ’s velocity and the frequency offset of its

5

I ‘ 
clock. These single-fix sciutiona are indicated by

seq uence of observations is filtered using (20) withI i—l oh ‘8i~~ iA ‘~ 01A i 
the aymbol~~ in Figs. 11 and 12. In addition , the

complete discounting of variables of the vehicle ’s
A — — £8~~ £ 

~. 
(25) pa th  at each update. The distribution of probable

error expec ted for bo th si tua t ions is illustrated inP j Fig. 10. Clocks with l0—?’OIz oscillators were used ,[sy_e trical causing +50—na quant izat ion of signal arrival time.
The third diagonal element of ~~~ provides the 

The solution of position and time offaet during

solut ion to a Als’ Fig . 8 shows contours for OATB /O 
st eady—state operation with k — 1.005 is plotted in

m FIgs. 11 and 12, respectively, with the symbol t~.for the site geometry shown in the figure. The spread in the s ing le—fix  solution of time of fse t
Note from Table 1 that steady—st ate variance is about +750 ns. while that after filtering is

for time offse t is essentially equal for all situa— 
about +10~ ns. The rate of change of time offset

tions except one. For the case of a moving ueer with 
eviden~ in Fia. 12 is about 1 us/a , indicating that

a cryeeal clock the standard deviation of time off— the frequegcy offset of the user ’s clock is about 1

set is abou t /i larger than for other s i tuat ions,  ~ 5Tt in 10

Expected Performance Systematic Error 
Summary and Conclusion

In addition to random uncertainty, varioua Minimum variance methods have been described for

systematic sources of error also exist. For example , 
time dissemination methods using both one way and

even af ter careful calibration , there will still 
two—way signal propagation. Other variables besides

remain uncertainty in the propagation path and in the time offset appear in the solution equations. When

time aesumed for the signal to move from transmitter propagation delay is not known before hand , it must

to antenna and from antenna to the detiction logic , be estimated , either directly as a variable with the

Although small by themselves , these factors may be 
two way methods , or indirectly as a result of position

manifested as much larger errors in th. solution , 
estimation using one—way methods. Frequency offset

in much the same way that rand om errors in the and vehicle velocity may appear as variables. With a
observations affect the solution . Filtering pro- 

sufficien t number of observations spaced over time ,
cessors act to diminish the random variation in the these also can be estimated from the timing signal.

solut ions , bu t the systematic error of the solution
remains virtually unchanged . Precautions necessary in implementation of

recursive minimum variance methods have been pre—
In general , between updates , the cane combination canted . Complete discounting of predicted estimate

of observations is collected. Although the obeerv a- of variables of position and velocity has been intro—

t ion errors differ among links of the group, it is duced to prevent uncertainty in vehicle motion from

generally true that for each link , certain observation biasi ng the estimate of time offset .  Fading memory
er rors will remain constant for succeelve groups , ha. been appP .ed to variables of clock’ s behavior

to allow the recursive process to respond to slow

Denote gO as a vector of systematic error of an changes and unmodeled fac tors related to clock’ s
observa tion group . Because the systematic error is behavior.
considered constan t over an integration time , the
solution of variables of frequency offset and vehicle APPENDIX I

velocity do not incur error as a result. Denote
(A  4 LA TI T as the error of the solution due to EI~IATI0NS FOR PROPAGATION DISTANCE6

systematic er ror then Eq uations are given for 8 (a) , B of (16) and
( ( A € 5 L AT J T 

— (HTg) 1HT gØ (17) for both line—of—eight an~iurface~~sve pro—
pagation. Consider first some prelimina ry remarks

where the Ith row of II is the left partition of the concerning the parametric description of the earth ’s

obse rvation vector; fcr a multiple -site situat ion ,
for example:
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A reference ellipsoid , genera ted by rotating an C PTn_j (a) — ~~~ + ~s
ellip se abou t its minor axis with the major axis
genera ting the equatorial plane , is the analy t ical cos a — sin •i sin 4~ + cos 

~i 
cos cos (1~A )basis of geodetic datum. Iwo variables are sufficient

to define a datum: the distance along the major axis
from the axis of rotation to the surface is called the 65 — p (sin + sin 5 ) 2 + q (sin - ~~~
semi—major axis , denoted A , and f la tt ening , deno ted

2~ i 2F. Eccentricity, denoted e , is used: 
— A (1 — (1 — e ) ) ( 3  sin a — a)/ 8  cos a

2~ i- 2F - F2. q — A (1 - (1 - e ) ) (3  sin a + a) /8  cos 2 
~ a .

The distance from the surface of the ellipsoid to Followin g (17)the axis of rotation of the ellipsoid along a line
norma l to the surface end through the local poin t
is called the normal length and is denoted N where — A (cos sin cos ~A — sin cos +~ )/ sin  a

A 
— A (cos cos •~ sin (A

1 
— a.

N - 2 2 1/2(1 — e sin 5)
Referencesand 5 is the angle mad. by the normal with ehe

equatorial plane and is called the geodetié latitude. 1. W. L. Smith, “Quartz crystal controlled
The angle made by the local meridian with the prime oscillators ,” Bell Telephone Lab., Rep. 25335—H ,
meridian is the geodetic longitude , denoted A , and March 15, 1963.geodetic height , denoted 2, is the distance along the
normal from the local point to the surface of the 2. R. B. Blsc~~~n , “Me thods of orbital refinement ,”
geodetic datum . For the following, denote +~~‘ ~i’ Zi Bell Syst. Tech. J ., vol 43, pp. 885 909, May 1964.
as the coordinates of the ith unit of the refe rence
system related to the signal emitted at time n - 

~~, .~~. ~~~~~~~~~ “A practical non—diverging f i l t e r ,”and •j , A j ,  2 as the assumed or predicted coordinates 
~~~~~~~ . j ,,  vol. 8, pp. 1127—1133 , June 1970.of the participan t at t ime n — j .

4. H. W. Sorenson and J. E. Sacks, “Recursive fadingLine of Sight Propagation memory filtering,” Inform , Sce., vol. 3,
pp. 101—119 , 1971.

The predicted propagation distance between
points i and j for a signal transmitted at time n - 

~ s. H. W , Sorenson , “Kalman f i l tering techniques ,” in
is denoted C 

~~~~~~~ 
and is computed by Advances In Control Systems , vol. 3, C.T. Lecndes

Ed. New York: Academic , 1966 , 
~~

. 219.
C ~‘T Ca)” 1(R 1cos •~

) 2 + (R ~cos j 6. C. W. Ewing and 14. 14. Mit chell , In troduc t ion ton-j

____________________________________________________ Geodesy . New York : American Elsevier , 1970.

— 2R~RJ 
cos cos cos 6.1 + f ( N i

(l_e 2) + Z1) sin •~ 7, H. W. Sorenson , “Leas t—squares estimation : From
Gauss to Kalman , IEEE Spec t rum , vol. 58,
pp. 63—68, July 1970.

- (N~(l_ e2) .~. z~) sin 
8. C. E. Ellingson and R. J. Kulpinski , “Dissemination

of system time ,” IEEE Trans. Come ., vol. COM—2l,where Pp. 605—624 , May 1973.
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(cos sin coe 6.1 — sin cos

C P T

(cos cos $,~ sin (A~ — 1~))/C ~~~~~~~~

Ground—Wave Prop ngat ion

Using the Andoyer—L embert methods were a is the
grea t circle distance im radians between points i and
j ,  th. true propagat ion dis t ance is
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A HEURISTIC MODEL OF LONG—TERM ATOMIC CLOCK BEHAVIOR

D. B. Percival
- U. S. Naval Observatory

Washing ton , D . C.

Sulluary Basic Form of Model

A class of conceptually simple models for the The basic model is of the form
long—term frequency variations of atomic clocks is
presented. The basic mode l simula t~aa the average frac— — ~, + c
tional frequency deviation of a frequency standard as ~ t t

the som of a normally distributed random variable , c~ , where ~~ represents the average fractiona l frequency
and a random variable , u , which represents the apon— deviation during the time interval t to t + T of an
taneous changes in the m~an frequ ency of an atomic atomic frequency standard measured over some arbitrary
clock which have been reported by some observors. sampling time r for t — 0, t , 2r ,...; c~ is a random
Various statistical processes for are discussed . By variable -shich represents white noise and is normally
a suitable choice of the parameters in the model , the dis tributed with mean 0, variance 0

2 ; and is a see—
resulting sequence of simulated fractional frequency ond random variable which represent8 the current mean
deviates has st atistical properties that approximate (or expected) fractional frequency deviation. (In
the statistical charecter istics of atomic clocks . In another terminology , 1,~ may be referred to as the sig—
particular , the shape of the a (2,-r) versus T curve nal , and £ , as the noise.) To generate a simulated
shows a well—defined “flicker— ~requency ” region . This sequence o~ f ract ional frequency deviates beginning at
res ult suggests that “flicker—frequency ” noise may be time t — 0, u is set to an arbitrary initial value ,
a result of spontaneous changes in the mean frequency which, wlthou2 any loss of generality, may be regarde d
of an atomic clock. as zero. The term represents the initial mean frac-

tional frequency deviation of a frequency standard. At
The problem of estimating the parameters in two each subsequent time t, a decision is made ei ther to

forms of the model from actual data is discussed, let ~ — l.i or to se lec t a new value for U . If the

Under the hypothesis tha t one or the other of these essun$tiontI~ made that the occurrence of chknges in
two forms of the model is true, cimiulative sue cont rol may be described by a Poisson process , the decision
chart theory is considered as a solution to the prob— rule governing changes in i.’ is quite simple . At each
lam of determining when frequency changes in atomic time t, a coin is flipped which has a probability of p
clocks occur, of coming up heads and of 1 — p of coming up tails . If

the coin comes up tails , then U — . If it cones
Introduction up heads , then a new value for is s~ lected. The

waiting time between two successive changes in U is
In the las t decade , several papers have add reseed thus described by a random variable with a geoineiric

the problem of modeling long—term atomic clock per— distribution whose expected value is equa l to l/ p .  The
formance . (See, for examp le , references 1 , 2, and 3.) f i nal element in the model involves specifying the pro—
The purpose of this body of work has been primarily cedure f or selecting the new values of U • One possible
to provide a good statistical description of atomic procedure , which will be denoted a. model I, is to
clock f requency instability. Much of this work has in— select ~.s by setting it equal to a random n,m,ber drawn
cluded noise elements which are defined in terms of f r om a n~rmal distribution with mean U , variance CY~~.
the spectral density of fractional frequency fluctu— Model I is thus a stationary model whi~h states , es—
ations. Two elements generally included are white sentially , that , although there are changes in the mean
frequency noise with a cons tant spec tral density fractional frequency deviation from time to time , there
function and flicker—frequency noise with a spectral is a tendencq for the frequency standard to remain
density function proportiona l to 1/f , where f is the around some nominal value , I.L~.,. In a second possible
Fourier frequency variable , procedure , denoted as model TI, a new value of Ut is

selected by neans of a random nt ber drawn from a nor—
For heuristic purposes , it is of interest to mel distribution with mean U 

~
, variance a~.’ Model It

consider a fai rly simple , intuiti vely oriented model is thus a non—stationary, ra~~&n walk model with in—
of long—te rm cealla be clock perfor mance that does dependen t incr ements , i . e . ,  the selection of the new
not start with spectral density considerations. The mean fractional frequency deviation is dependent only
model should reflect the instability behavior that is upon the one mean fractional frequency deviation in—
empirically observed. It will thus include ter ms to mediately preceding it.  To s , a rize , eithe r model I or
model two of the salient features of the fractional model II is completely specified by three essential
frequency deviates produced by cesiom beam standards: parameters: 1) a , the standard deviation of the white
uncorrelated Gaussian (white) noise , and relatively noise process , 2? p , the probability of a frequency
abrup t changes in the mean frequency. The existence of change at any given time t, and 3) at ,, the standard
white noise is well— established , and there are known deviation of the magnitude of the frgquency changes .
physical reasons for it. presence. The existence of
abrup t changes ,, or steps , in frequency in ceaiia beam Exawination of Model I
standards is less vell—doc~aentad. Possible physical
causes fo r abrup t frequency changes are not well— To investigate the implicationa of model I , f igure
un derstood . In fact , it haa been suggested tha t these 1 shows the type of square root of th~s kll*n varia nce
steps are merely a result of the visual appearance of versus sampling time (or sigma—tau) curve tha t model I
phase reco rdings of frequency standards perturbed by produces. The solid line represents t)~e white noise
flick er—frequ ency noise. 1 The modeling considered in component, e~ , with its well—known r behavior. The -•

this pape r will explore the relatio nship between 
____________________________

- • flicker—frequ ency noise and abr upt changes in frequen— CA model similar to model II has been examined in de—
cy and the extent to whi ch th ey are interch angeable tail by G. A. Barnard . ’ He also briefly discusses a
mathematical descr iption s of a type of ce.iue beam mode l similar to model I , which he attributes to A. .1.
frequency instability . Dun can .
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position of this line on the graph is determined ph ase plot be tween tine t — 1 and t — 50 are examined ,
completely by the 0

e 
parameter. The dashed hill—shaped and the point is determined which is furthest away

curve rep resen ts the component ca used by f r equ ency per pendicular ly from the initial line. In this example ,
changes , U . Se tt ing p and 0 positions this curve the point at t — 31 is furthest away. Two more lines
un i quely o~ t~se graph , but vLrying these two para— are now drawn , one from t — I to t — 31 , and a second
meters does not alter the basic shape of the curve, from t — 31 to t — 50. These are indicated by the line a
The hei ght of the curve is determined by 0 . Increas— on figure 3 labeled , respectively, k’ and k”. The
ing a ,, moves the curve verticall y up on th~ graph . The slopes of these two lines are directly proportional to
hor tz6nta l posi t ion of the curve is determined by p. y ’ and 7” , the average fractional frequency deviatioos
The peak of the curve occurs at approximatel y the from , respec t ively, tine t — 1 to t — 31 and tine t —
sampling time given by 2 /p ,  so that dec reasing p moves 31 to t — 50. A test for a s ignificant  difference bet—
the curve horizontally to the right. The upper curve waco ~ ‘ and i” is made using a t—test , where the square
with dashes and dots represents the simination of the root of the residual variance is estimated by the
t and U curves , which wi l l  be the sigm a—tau curve of square root of the Allan variance. If the d i f f e rence
t~ e aven ge f r a c t i o n a l  frequency deviations. By Judic— between ~~‘ and ~

“ is sign i f ican t , then the algori thm
iou sl y positioning the £

~~ and P curves , a transition has identified a frequency change at time t — 31.
region on the sigma— tau curve 01 is produced which
will look superficially like a flicker—frequency noise This detection algorithm is easily extended to
region , i .e .  • a reg ion that has a slope of ze ro. This search for  frequency changes sequentially. In the above
effect is enhanced when uncertainty is introduced into examp le , the end tine t — 50 was arbitrarily chosen for
the signia—tau curve due to a f i n i t e  data length , as is illustrative purposes . Suppose that the above testing
shown in figure 2. Here, a sequence of 1200 variates procedure were performed sequentially f or end times
was drawn f rom a mciel I process , each variate repre— t — 3, 4 , . . . ,  49 with no frequency changes detected .
sentin g the average fractional frequency deviation for If , at end tine t — 50 , the t—test  were to indica te
one day. This f i gure shows that  a model I process can that  ~

‘ and 
~
“ are not significantly different , the

produce a sigma—t au curve that closely app rox imates tes t ing procedure would be repeated anew at tine t —

that given by comnercial cesium beam standards . 51. If , however , the t—te st  were to indicate that ~t’
and ~~

“ are signif icant l y dif f e r e n t, then subsequent
Since a l l  of the parameters needed to specify analysis at time t — 51 would use the point at t — 31

model I are obse rvable , the validity of model I may be as the new first point on the phase plo t , i.e. , all
examined further , a may be estimated by the square points before time t — 31 are ignored. Since a large
root of the Allan v~ riance .  With a frequency step de— number of dependent t— tes t s  are made , the size of the
tection algorithm suitable for the types of steps hy— crit ical  region must be very email in order to m m —
pothesized by model I, o~ and p may be estimated. With H ‘ ze the number of false detections . In the work done
these est imates of a , a , and p from real data , a hi re , the size of the critical region was selected as
theoret ica l  sigina-ta~ cu~ve may be derived under model .UO 1.
I and compared to the actual sigma—tau curve calculat-
ed from the data. This comparison will give some m di— The application of this detection algorithm to
cat ion of the validity of model I. simulated model I data indicates that it can detect

frequency changes quite well . This aimulation work
To find a suitable frequency step detector for indicates , however , that quite long data samples are

the model I process , some methods from cumulative sue needed to estimate the parameters p and 0 in model I
control chart theory may be applied .5 This body of with good confidence. This is due to the lact that, in
statistical theory is concerned with detecting subtle order to produce a sigma—tau curve resembling that
changes in a process mean . In the models considered g iven by a cesium beam frequency standard , the prob—
here , the process is the f ractional frequency deviates ab i l i ty  of a frequency change on any given day must be
produced by an atomic frequency standard. The cianula— small, being typically less than .02. Thus, for a data
tive sue technique involves forming a sequence of n ine— sample of length three years , 22 or fewe r frequency
bers , S~ , defin ed at each time t in the present case changes would be expected . The corresponding estimate
by of f r o m  this length of da ta sample may be a fac tor

of two off. Thus, even with simulated model I data ,

— 
t there is only reasonable agreement between a sigm a—tau

t ~i ’ cu rve derived via estimates of the parameters p and
and the true theoretical sigma—tau curve. In using r...il

With the exception of a mul t ip l ica t ive  constant , is data , there is an additional source of variation . s.ncc
equivalent to a relative phase value at tine t. By the true sigins—tau curve is not known and can only be
plotting S versus time, changes in the mean fraction— estimated by the usual methods .
al frequen~y deviation appea r readily as changes in
the slope of the S~ curve . Woodward and Goldsmith have Figure 4 shows a comparison of the two ways of
desc ribed a useful technique for detecting the point estimating the sigma—tau curve using real data. Cs
in time at which a process mean changed , based upon an 591/1 is a conventional cesium beam standard , for

L examination of the S tine series. 6 This detection which there are 1137 days of comparison data against
algorithm is illustrhed in figure 3. Here , a S tine A .1(USNO,MEAN ). the internal tine scale produced at
series is p lot ted which was derived from a eequ~nce of the Naval Observatory. After a linear frequency drift

• 50 random numbers representing fractional frequency of 4.~ par ts in 10— 1 3  per year was removed , the fre—
deviates , 7 , fo r i — 1 to 50. The first 25 random quency change detection algorithm detected 9 frequency
numbers wer~ drawn from a normal d i s t r ibu t ion  wi th  steps in this 1137 day time interval , yielding an
mean 0, variance 1 , and the last 25 , from a normal estimate of p of .01 and of of 1.2 parts in iO’~”~~.
distribution with mean ½, variance 1. To apply the de— Values for the square root of the Allan variance
tection al gorithm to determine whether there has been derived from these estimated parameter values using
a chenge in the mean fractional frequency deviation model I are re presented by the triangles. The standard
be tween tine t — 1 and t — 50, a line , deno ted as k on estimates for the square root of the Allan variance
figure 3, is drawn from the point at t — 1 to the are given by the circles . The agreement between the
point at t — 50 on the cumulative sum (or phase) plot , two estimates is fairly good. By this criterion , Cs
The elope of this line It is directly proportional to 591/1 seems to be well—described by a model including
~~, the averag e fractional frequency deviation from only white  frequency noise and abrupt frequency chats—
t ime t • 1 to t — 30. Next , all the points on the gee . There is no need to include flicker—frequency
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noise to account for  the observed eigm a—tau curve . References

I
Examination of Model I I  1. Allan , D. W ., et al., “Performance , Modeling , and

Simulation of Some Cesium Beam Clocks ,” Proceed —
Model II may be examined in a manner analogous to ings of 27th Annua l Symposium on Frequency Con—

model I. Figure 5 shows the theoretical sigma—tau trol , pp. 334 — 346 (1973),
curve for a model Ii process and its two components .
Again , the position of the £ line on the graph is 2. Canter , W. A., “Modeling of Atomic Clock Perform—
completely •totermined by the~ parameter , and the pos— ance and Detection of Abnormal Clock Behaviour ,”
ition of the line , by the i~f 

and p parameters . The NBS Technical Note 636 (March 1973).
same frequency change detection algorithm previously
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ferent estimates of the signta—tau curve for Cs 346/1 , Report AFAL—TR—75—65, Air Force Avionics Lsbor—
one estimate , represented by the triangles , via the atory (June 1975).
estimated model II parameters , and the other estimate ,
represented by the circles , via the usual direct com— 4. Barnard , G.A., “Control Charts and Stochastic Pro—
putation. Ca 346/1 i~ a conventional cesium beam cesses ,” J. ~~~~ Stat. Soc., Ser ies 8, 2 1,
standard for which there are 1200 days of compasrison pp. 239 — 271 (1959).
against A.1(USNO ,MEAN). A f t e r  a linear frequency
drift of 3.5 parts in i~~~’~ p.r year was removed , the 5. Van Dobben de Bruyn, C. S., Cumulative Sue Tests:
frequency detection algorithm detected 32 frequency Theory and Practice , G r i f f i n ’s Statistical Mono—
steps in this 1200 day interval, yielding an estimate graphs and Courses No. 24, Charles Griffin and Co.
for p of .03 and for a of 1.1 parts in ~~~~~ Figure Ltd. , London (1968).
6 indicates that Ca 34~ /1 is wall-modeled by a model
I i process , at least as far as the sigma’-tau curve is 6. Woodward , It. H., and Goldsmith, P. L., Cumulative
concerned . Suns Techniques , Imper ial Chemical Industries Mono-

graph No, 3, Oliver and Boyd Ltd., London (1964).
Conclusions -

In general , either model I or model II was able
to adequately characterize the long term behavior of
conventiona l commercial cesium beam standards , with a
few notable failures. However , for high performance

~oinmercial cesium beam standards , nei ther model f i t
well , in the sense that the sigma—tau curves estimated
via  the model parameters did not match those estimated
via dir ect computation . In most cases , the lack of f i t
was due to estL’sates of p and a which were too large .
(The estimates of p and a~ may ~ave been inflated in a
few cases due to some non—linear drifts in frequency
t h a t  were present.) This lack of fit may indicate
that the statistical characteristics of high perform-
ance standards cannot be adequately modeled by model I
or model I I .

Thus, f o r  some conventional commercial cesium
beam standards , a combination of white noise and abrup t
frequency shifts can explain much of the observed fre-
quency iootabtlities . In the models described here,
the flicker—frequency noise contribution to spectral
density oriented models has been absorbed by the fre-
quency step element. To this extent , flicker—frequency
noise and abrupt frequency changes are equivalent ap-
proximate mathematical description, of a type of cesi-
um beam frequency instability. These two mathematical
desc riptions are not identical , since , among other
reasons , it has been pointed out that flicker—frequen-
cy noise is self—s i milar , i .e . ,  a uniform expan sion or
contract ion of a phase p lot would not visually change
the statistical characteristics of the plot~ A model I
process , however , would not be sel f similar.
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MICR~~NAVE FREQUENCY SYNTHESIS
~ FOR

SATELLITE COMMUNICATIONS GROUND TERMINALS

G. Mackiw and G. W. Wild
RCA Corporation

Camden , New Jersey

Sum mary 1 MHz Increment SHF Synthesizer

Design, construction and performance of low noise, high The 1 MHz increment SHF synthesizer, O-l677( )/GSC,
st ability SHF Frequency Synthesizer family Is described , shown on photograph in Figure 2, was designed as a small,
The synthesizers have been developed for military tactical rugged, field maintainable unit to provide LO signals in tac-
and strategic satellite ground terminal s, under a contractual tical ground satellite communications equipment .
effort directed by the U. S. Army Satellite Communications
Agency, Fort Monmouth , N .J.  The overall synthesizer performance is summarized in

Table I. High spectral purity, high short term and tong term
These synthesizer designs have been implemented as stability, and spurious tree operation are provided. In addi-

local oscill ator sources in both the transmitting upconverters tion, microphonic sensitivity was minimized so that QPSK
and receiving downconverters In the AN/MSC-59, AN/TSC - data transmission bit error rate degradation the to shock
85 (Vl/V2), and the AN/TSC-86 family of tactical terminals, induced transients is minimized. Thee. shocks may be

caused by normal activities of operating personnel including
Frequency coverage from 6500 to 7700 MHz Is provided opening and closing of adjacent drawer~ and hard closing of

with tun ng increments of 1 KHz, 100 KHz or 1 MHz. Prin- sI~elter terminal door.
cipal performance requirements Include excellent spectral
purity and short term frequency stability to provide near A block diagram of the 0-1617( )/GSC is shown in Fig-
transparency in frequency conversion of BPSK and QPSK ure 3. The synthesizer contains an internal stable, low
carriers containing modulation data rates from 75 B/S to noise 5 MHz crystal standard from which all output frequen-
20 MB/S. des are referenced . The 5 MHz signs_i interfaces a divide

by R network, a X4 frequency multiplier , and a 5 MHz huf-
These equipments exhibit phase noise of -28 dBc on both fer ~~tput . The divide by R circuit (- 20) provides 250 KHz

sides of the carrier with offsets of 10 lIz to 300 11Hz and square wave output used as a reference signal in the phase
300 11Hz to 20 MHz , spurious outputs of -80 dilc 1 MHz comparator. The 20 MHz output from the X4 multiplier is
beyond carrier, and frequency stability of 1 x 10-10/0,1 filtered with a 20 MHz crystal bandpaas filter and applied to
second and *5 x 1O~~/24 hours. a 20 MH z harmonic generator . (~stpot of the harmonic gen-

erator containing both the fifth and the ninth harmonics of
Introduction the 20 MHz input I. filtered with a 100 MHz and 180 MHz

crystal bandpass filters. These filters have high selectivity
Two basic synthesizer designs have been developed to and rejection of the undesired sidebands necessary for low

provide frequency coverage over 6500 MHz to 7700 MHz spurious content at the multiplied output. The 180 MHz sig-
band. Each design uses indirect synthesis techniques which nal is next amplified, frequency divided by two (90 MHz),
provide inherent design fl exibility for modification to other filtered, multiplied by seven (630 MHz). After filtering and
microwave bands. amplification, this 630 MHz , +11 dBm fixed frequency output

is used for a second converter local oscillator. The 100 MHz
A single feedback loop design (Figure IA) which uses a signal is applied to a spectrum generator f ollowed by a

programmable digital divider t control the frequency of a power divider to provide a 100 MHz spaced comb spectrum
microwave oscillator was used for the 0 1677( )/GSC, I covering the frequency band from 6400 MHz to 7500 MHz.
MHz increment synthesizer. Recently, RCA has imple-
mented a design modificat ion of this synthesizer to provide This comb spectrum is applied to a YIG bandpaaa filter
100 11Hz incrementa while retaining the spectral purity which is front-panel tuned with the 100 MHz control switch
characteristics of the InItial 1 MHz design. to select the desired spectral line . The YIG filter output sig-

nal ts then mixed with a signal coupled from an SHF Osofi-
The I 11Hz increment synthesize r design (Figure 1B), later (VCO) (which operates at the final synthesizer output

nomencl atu red O-l678( )ITSC-86, was implemented with frequency) to provide an IF signal In the 100 MHz to 200 MHz
three Indirect frequency synthesis 1oop.. The multiple loop range. The IF signal is then applied to a fixed divide-by-K
design overcomes the inherent spectral purity degradation and a programmable divide-by-N frequency divider which
of a single loop in which too small frequency increments are provides a nominal 250 11Hz output. This output is compared
attempt.d. The degradation in such 1ocps I. dii. to a long in phase with the 250 11Hz crystal oscillator derived refer-
countdown, a low comparison frequency and oons.qu.ntly, a ence signal. The output of the phase oomperator provides a
narrow loop bandwidth. control voltage which is applied through a ioop filter to the

SHF VCO and closes the phase-look loop.
V arious circuit functions of these synthesizers were

implemented with both nicorwave integrated circuit (MIC ) The two 250 KIts signals are also applied to a lock
and fired-fil m hybrid conatructicm. The.. techniques detector circuit which monitors frequency coherence between
seduced equipment size, provided desirable maintenance the two input signal.. Loan of frequency coherence, which
modidarizatlon feature., and reduced connector and osbie results when the loop fall. out of phase look , triggers an
interface. which impact reliability and cost. “C~at of Look” front panel indicator light.
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The SHF VCO is a Gunn Oscillator containing both alec- the level of performance, summarized in Table 2, a triple
trical and mechanical tuning. When In-lock, the electrical loop design was used as Illustrated on the block diagram,
tuning range is sufficient to ma_Inta_In hold-in look over all Figure 6. As shown on the diagram, the synthesizer con-
reluired environmental conditions. When the frequency is slsts of a frequency standard , fixed frequency generator
changed by more than a few MHz, the front panel oscillator module, spectru m fil ter (YIG), 1 MHz step control module,
mechanical tuning is used to return the oscillator frequency 1 11Hz step control module, main loop module and an SHF
within the loop acquisition range. With the out-of-look lamp VCO .
and meter monitoring of the loop phase error, fast and
accurate tuning of the synthesizer can be accomplished. The frequency standard Is a stabl e low noise 5 MHz

crystal oscillator which is also capable of being locked to an
external atomic clock for improved long term stability . TheFrequency Selection
fixed frequency generator module is identical to that used on
the 0—1677( ~/C.~4C. It accepts the 5 MHz input and by directA steady state frequency diagram of the 1 MHZ Incre-

ment synthesizer scheme is shown in Figure 4. When the multiplication , division and filtering provides 100 MHz , 180
MHz and ~;n j  MHz outputs .loop is locked, the frequencies of the input signals into the

phase detector are equal . From the diagram ft may be seen
The ~t~F reference frequency for main lor~p mixing withthat under this condition the output frequency F0 is related the SIIF , ’ V O le  obtained with a comb generator and YIGto the reference crystal oscillator frequency f~ as follows: 

Filter as :“ viously described. The YlO filter is tuned in
100 MHz lorruments with the front panel freq iency selectionNKF = (a + — ) f (I) switch.o H r

1 MHz ~ ep Modulewhere the parameters are:

f 5 x 1O~ Hz (Crystal standard frequency) T~~ 1 MH z step module provides an output to the main
r loop in the frequency range from 180 MHz to 279 MHz in

1 MH z increments. The CHF VCO (1) drives a divide bya = 20 (64 + M );M O, 1, 2...11 (lOO MHz steps)
eight circuit within Its frequency control loop. The outpu t of(Total frequency multiplication)
the fL’ted divider i~ next applied to a - N circuit, which is

R = 20 (Fixed divider frequency division) switch programmable to provide integral frequency division
from 180 to 279. The divider output, nominally 125 11Hz. is
compared tn phase with the 125 11Hz reference signal whichN = 100 + L; L 0, 1, 2.. .  99 (10 MHz , 1 MHz steps )
is derived by freque.cy division (~ 40) of the 5 MHz refer-(Programmable frequency division) 
ence. The output of the phase comparator is then passed
through a loop filter and provides an error signal to controlK = 4 (Prescaler frequency division) 
the VCO. When in phase lock , the VCO provides an output

%betltutlng these parameter values into the expression of frequency refere nced to the Frequency standard and is
adjustable in 1 MHz steps. A lock detector Is used to drivethe output frequency yields:
a front panel out-of-lock lamp.

F 6.5z10
9
+ M x 1 08 + L x I O 6 Hz (2) l kHz Step Module

100 11Hz Increment Synthesizer The 1 11Hz Step Module similarly contains a UHF VCO
(2) locked through a programmable divider to a 10 11Hz

The 100 KHz increment synthesizer design was devel- reference signal, The output of this VCO, which operates
oped by modification of the 1 MHz increment design. To over 200 MHz to 209. 99 MHz frequency range, Is mtxed
achieve the 100 11Hz increments, the parameters shown in with 180 MHz signal from Fixed Frequency Generator to
the static diagram in Figure 4 were changed to the following: develop an intermediate frequency in the 20 MHz to 30 MHz
11 — 1, H - 50, N 1000 + L~ L = 0, 1, 2.. .999 (10 MHz , band. This IF drives a programmable M circuit which
1 MHz , and 100 11Hz steps). With these parameters the under locked condition provides a 10 11Hz output. This - M
phase comparison is performed at 100 KHz, and the pro- output is compared In phase with a 10 11Hz reference signal
grainmat1e divider must operate with 100 to 200 MHz input obtained by frequency division (+ 500) of the 5 MHz refer-
without a prescaler. ence. The phase comparator output controls the UHF VCO

via a loop filter.
In addition, the phase comparator and loop filter designs

were also changed to provide a higher loop gain. The - M c1rc’~.t i~ programmable over the division range
from 2000 to 2999 wIth a three digit decade switch. The 1

The natural frequency of the icop wa_a maintained at 11HZ atep module output Is obtained by dividing the VCO fro-
approsiniaiely 10 11Hz resulting in operating characteristics quency ( -  200) to yield a 1 MHz to 1.049950 MHz signal,
of the 100 11Hz Increment synthesizer essentially identical adjustable to 50 Hz steps, A lock detector monitors Loop
to the orIginal 1 MHz increment deeign. phase lock and drives a front panel out-of-lock lamp.

1 11Hz Increment Synthesizer
Main Loop Modal.

Thi 1 11Hz increment SB? synthesizer . 0—1678( )/TSC-
86, shown on photograph in Figure 6. was designed for use The Main Loop module mixes the signal coupled from
In stra tegic ground satellite oonisvmsb,ation .qdpm.nt where the SHF VCO waioh ope rates at the desired output frequency)
fib, frequency Increment selection Is required. To achieve with the output from the YIG filter to produce a 200 MHz to
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299. 999 MHz IF. This IF Is amplified and mixed with the No(s) is the phase noise it the synthesizer output and
4 180 MH z to 279 MHz output from the 1 MHz Step module to Ni(s) and N2(s) are the equIvalent note. generators repro-

produce 20 MHz to 20. 999 MHz second IF. After amplitloa- senting the SHF VCO and the crystal oecfllstor . Since the
tion and fil te ring, this signal is divl ed by a factor of 20 to Ni(s) and N2(s ) are random Independent noise sources, the
the 1 MHz to 1.049950 MHz range and phase compared with total phase noise output may be obtained by superposition as
the output from the 1 11Hz Step module. This Main Loop follows :
phase comparator output, alter loop filtering controls the
SHF VCO to close the main phase look loop. The SHF VCO No No

No(s) — (a) x Ni(s) + -j~j’ 
(a) x 112(s) (6)

design Is Identical to that used for the 1 MHz Increment
synthesizer. II N2(s) — 0 Ni(s) 0

Frequency Selection Contribution of each source is calculated with the other

A steady state frequency diagram of the 111Hz m ore- source equal to zero. From Figure 8 the following expres-

shown in Figure 7. When phase locked, Input frequencies to slobs are obtained:

the respective phase comparators are equal. Referring to
No 1 S

the diagram. it may be seen that the output frequency F0 is - 
A S/A + F(s )

related to the loop parameters as follows:

No KN 
________ (8)F — F + F2 

+ 20F3 
(3) (s) — (a + 

F(s)
S/A + F(s)0 1

where: where:

F1 
— a fr (Si) 

A — 
KN 

loop gain (8*)

F2 
= -~-fr (3~~ With a lead-lag loop fil ter used:

F - ~~~~ M 
+ 36

!
’ fr (Sc ) (8/wi 

1)
(9)3 200 ~i~ö ) F(s) —

Stibstituting for F1
, F

2 
and F~ yields: which substituted into (7) and (8) yields:

No 1 3(3~1
3 4’ 1)F - 

( M + + + a] ~ (4) 
~‘) -r 

S2/A~ 2 + 8(1/A + i/~~) + 1
(10)

where:

No 1111 (S/
~
.i + i)

(ii)fr - 5 MH Z (Frequency of Standard) (a) - 

~
.4’-i-

~ S2/Aw2Ifl(1/A+1/s,i 1) +1
a — 20 ~63 + 8) (Frequency Multiplication)

8 — 0 , 1, 2-— il ‘These are second order responses where the natural freq-

N - 180 + n (Frequency division in 1 MHz l~~~) ‘~o 
and the damping ratio I are:

a — 0, 1, 2 - —  99 
“ 0 1~/

~~~~~” (12)

N - 2000 + m (Frequency division in 1 11Hz loop)
m - 0, 1. 2 -- 999 1 “2 ~o’I —

%bstituttng for th. 
.j- + (iS)

F - 6500 + 100 8 + a + j~~~’ MH z NormalizIng .quations 10 and 11 wIth respect to ~.o and
using substitutions of equatIons 12 and 13 yIelds:0

EquatIon (5) .bows that the above system Is capable ci No 8(8 + W IA)

the sç~
-
~~y coverage .xtseding from 6,5 OHs to 7.699999 + ~ ~ ~ + ~ 

(14)

0Hz with 1 KIts Inorovnents. Frequency selectIon I. mad.
thr~~~ control of the YZO filter (100 MHz inor.asnts) and (21 ~~.ijA)8 +1No 

_____________the 1 MHz (+11) and 1 KIts (eM) dividers without tntsraottcs. 
~~~~~~~~~~ 

• ( 5  +1!i (15)
6eieetics Is p.rt ...nied via a seven digit dsc~~~ frost panel 32 +2 1 8  + 1
.wttoh.

Phase Holes Analysts The equatIons 14 and 11 indicat, that the loop ante as a acm-
pitsesetary sit of low pans and high pass filter.. The sole.

The .~~~t of the ~~nthssIa.r pars~~ tsrs upon outp*t generated is the ~ IF VCO I. at’somt d below the natural

~~s.s noise resultIng frono oceiributlcee ci She retur.so. frequssoy of th. loop whil, th. noise from the crystal ceoti-
siyst~ onofilater sad T Voltage Controlled C~ .fl1ator. later, ~~lUidI.d to ~ lF, I. s$~~~ aWd above the natural
q be d.Ssr~~.sd with ~~ nes ci Tiger. S. fr.queesy.

-- ~ r1:’T~~ ~~‘-~~
--
~ 1:4 .. Jb ....



For the 1 MHz increment synthe sizer , the e~uatIone 14 
— (20)

2 1 5 + 1
and i5 and their asymptotes are shown in Figure 9 In gen- + 2 ~ 8 + 1

The phase noise of the 1 MHz increment synthesIzer equivalent of having an infinite loop gain, and the loop o~~

oral , the exact shape of the response , I.e., the deviation
from the asymptote. and the response 6-12 dB/octave break
points depend t~ on the damping and the natural frequency to The equatIons (19) and (20) are shown In Figure 11 (for
loop gain ratios. 0. 5). It should be noted that below natural frequency

has a continuous slope of 40 dS/decade. This is

output N0(s) and the ithaee noise of the two contributary ~~ eratea with a zero steady state phase error. in addition,clilators Nj(s) and N2(s) are shown in FIgure 10 . The me.- phase noise advantage Is obtained at low Four ier frequencies,sured output phase noise was comparated with calculated where the dominating SHF VCO phase noise is more deeplyN0(s) using measured data for N1(s) and N2(s), and uations suppressed.6 , 10 and 11. The dose agree ment between measured and
calculated N0(a) indicates minimum s ’ntheaizer circuit de~-~ Similar analysis has been performed on the 1 11Hz incre-radation and the principle noIse contrilxation to the output is ment syn thesizer. Though the analysIs for the multiloop do-caused by the SHF VCO and the crystal oscillators, 

sign is somewhat more involved, the basic technique remains
the same. In this case, the total noise output In obtained byIn the case of the 100 11Hz Increment design , the phase superposition of four terms, namely that due to the SHF VCO,detector and the loop filter have been changed. Here a die- the UHF FCO in the 1 MHz Loop. the UHF VCO in the 1 KHZtel type phase detector was used which provided an output ioop and the crystal oscillator multiplied to the SHF outputcurrent proportional to the phase difference between the in— fr equency.put aignels. With a simple RC loop filter , the control volt-

age developed across the filter output as a function of the
Input phase difference is: The measured output phase noise of the 100 KHz and I

11Hz increment synthesizers differs little from the 1 MHz
design (Figure 10). Some advantage in the frequency offsetV ( s) 

- ~ 
RC S + 1 (14) region of 1 11Hz to 20 11Hz is obtained with the multlloop

• e CS I 11Hz increment design, due to the wider bsndwidth in Its
main loop.

where :

p - phase detector sensitivity - amp s/r id Figure 12 illustrates short term stability measurements
taken on a 1 11Hz Increment synthesizer which provides a
measure of the phase noise performance in the time domain.R,C - loop filter values

Fro m the above It may be seen that the block diagram of Spuriou, and Loop Stability Considerations
Figure 8 supplies, with 6 replacing 6 , K = 1. and

Since phase comparator circuits provide outputs which
ftC S + 1 contain leakag. of the input comparison frequencies andF(s ) - cs their harmonica; additional filtering between the phase com-

parator and the VCO I. required. This low pass filter serves
to attenuate these comparison frequency components, which

Substituti ng these into equatIons (7) and (8) yields: In hire controls uedesirable modulation of the SUF VCO to
acceptable spurious o~dput levels.

________________ 
Without ifitering and delay within the phase lock loop,No C 

______________

the loop Is ~moonditiosafly stable. With this filter , however,- 
~‘ 32 C + S ftC + 1 (15) tnstabflity due to the added phase shift can occur if too wide

a iocp bandwidth Is attempted. During the design of these
synthesizers it was determined that when such a filter is usedNo N S ftC + 1 (16) the phase shift ci the fflter at the natural frequency should beii”~~~

’ (e+ .~~
- )  

I 
+ ~~~~~ + ~ less tban 2o degr.s.. Tbe locp thsn rematns atabfe and the

A filter efiect upon the loop response is minimal. The filter
deaIge. for th. synthesizers described here suppressed the
spirious sideband. to -80 dBo, with the loop bandwidthTb. ea~2reesicss ar. also of second order and the natural 
~naturai frequencies) not exoending one tenth ci the oompart-frequency and the dempteg ratio are:

- (17) EquIpment Construction

Each syntheelser baa been constructed as a complete
I - .~~~ 4~ (18) assembly which is front panel removabl. from the aat,llut.

terminal upoonverter and down—converter drawer, Regu-
_______ 

lated do power is supplied by the converter drawer powerNarmelistag ~~~~~~ b a n d  1$ ~~~ respect ~ “o il~ Y

Tb. 0-1677( )/OSC uses five ping-In modules: S MHz
Crystal Oscillator , Fixed Frequency Generator , Ytg Filter ,

42$

I - 

‘~~~~~ - ?7T” T~ (19) Control Mobile and ~ IT YCO. The 0-1478( )/TSC-a6 uses



modules: 5 MHz Crysta l Oscillator, FIxed Frequency direct synthesis techn iques In which an SHF oscillator Is
(‘,env rator , Yig Ftlter . 1 MH z Step Module , 1 11Hz Step phase locked with digitally controlled feedback 1oops to a
Module, Main Loop, and SB F VCO . crystal derived reference . AnalytIcal methods of relating

the phase noise of the locked oscilla tor and the reference
Special RCA design fired fIl m hy brid and thin film MIC crystal oscillator to the synthesizer outpu t phase noise was

circuits are used In these modules, Three MIC designs are presented . These designs demonstrated that with care in
used in each synthesizer type : and seven fired film hybr id circuit desIgn, hese two oscillators provide the only sigul-
circuits are used in the 0—1677 and fourteen hybrid circuits ficant contrIbution to the phase noise at the synthesizer SHF
are used in the 0—1678. output,

Rapid synthesizer operating status and fault isolation
to the module level 10 accomplished with the use of front
panel status lamps and a converter drawer monitor meter .
Monitor outputs from each module are made available to a Acknowledgements
front panel meter selector switch for this purpose. The
primary synthesizer status indicator is the main loop “Out- ‘I he authors wish to acknowledge the contribution s and
of—Lock” lamp which requires proper operation of the entire guidan ce provided by many personnel of the U .S. Army
svntheslzerto be extinguished. Satellite CommunIcations A gency, Fort Monmouth, N.J .

who sponsored this development effort as part of the Small
Conclusion SHF Satellite Ground Terminal Progra m. Additionaily, we

acknowledge the many RCA Government Communications
Duslgn and performance characteristics of two basic Systems Division contributors to the design , development ,

military SHF synthesizers were described . Each uses in- construction and testing of these frequency synthesizers,
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TABLE 1

PERFORMANCE SUMMARY (1 MHz INCREMENT)

0-1677 FREQUENCY SYNTHESIZER

Variable Frequency
Output (SHF)

Frequency Range: 6600—7699 MHz

Frequency Increments: 1 MHz

Output Level: +10 dBm minimum, +16 dBm maximum

Spurious Outputs: -80 dB: all spurious 1 MHz beyond carrier
—125 dB: f0 *(684) *20) MHz

Phase Noise: -35 ciB below the carrier when measured on
both sides of carrier in bandwidth from 130
Hz to 20Hz

2. 630 MHz Output

Level: +9 to +13 dBm

Sp lricua Outputs: —80 dB: 1 MHz to 20 MHz from carrier
-70 dB: All other out of band spurious
90 dB: f~ *(630 *20 MHz , 700 *20 MHz ,

560 *20 MHz . and 70 *20 MHz)

Phase Noise: —46 dB below carrier from 10 Hz to 300
11Hz and 300 11Hz to 20 MHz

3. Frequency Stability: 1 x 10—10/0 .1 sec.
*3 x 10—7/year

4. Frequency Accuracy: Internal 5 MHz frequency standard adjust-
able to better than 1 x

5. 8ise: 9—1/4 ” x 54/4” x 12”

S. WeiØiti 11 lbs.
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TABLE 2

0-1678 FREQUENCY SYNTHESIZER PERFORMANCE SUMMARY

1. Variable Frequency
Output (SHF)

Frequency Range: 6500—7699. 999 MHz

Frequency Increments: 1 11Hz

Output Level: +10 dBm mInimum, +16 dBm maximum

SpurIous Outputs: -80 dB: all spurious 1 MHz beyond carrier
—125 dB: f4, *(680 *20) MHz

Phase Noise: -29 dE below the carrier measured on both
sides of carrier bandwidth covering offsets
of 10 Hz to !~OO 11Hz and 300 11Hz to 20 MHz .

2. 630 MHz Output

Level: +9 to +13 dBm

Spurious Outputs: -80 dB: 1 MHz to 20 MHz from carrier
-70 dB: All other out of band spurious
-90 dB: F0 ±(630 *20 MHz , 700 *20 MHz ,

560 *20 MHz , and 70 *20 MHz)

Phase Noise: -46 dB below carrier from 10 Hz to 300
iCija and 300 KHz to 20 MHz

3. Frequency Stability: 1 x 10—10/0.1 sec.

(Internal) *5 x 10 ’
~/24 hrs.

4. Frequency Accuracy: Adjustable to better than I x l0”8 (Inte~~~
Crystal Oscillator) External 5 MHz synchroni-
zation available.

5. Size: 9—3/4” X 7—1/4” K 12”

6. Weight: 17 lbs.
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No (5)

L 

r
L
U

J r---t- -
~L ÷rn,~~ .L rIL

L... .__I ‘ I ~$ F~~

FIGUR E 8. STh4PLIFZED DYNAMIC BLOCK DIAGRAM WITH EQUIVALENT NOISE GENERATORS

Where:

N (s) - Phase noise spectral density ai output

F(s) - Loop filter transfer function
6 - Phase detector ssaaithtty (vcits/rRdian)

- SlIP VCO sensitivity (r~~ta~/voit second)
e - total frequency ineltipitoatton
N, K. H - Frequency dtvteione

N j(s) - Phase noise spectral density of SlIP VCO
N2(s) - Phase noise spectral density of crystal standard
S - Complex frequ ency (S — a + jw)
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PHASE SYNCHRONIZATION 07 A LARGE HF ARRAY

BY A LOCAL BROADCAST STATION

S. Nassau Taheri
Bernard D. Steinberg

Donald L. Carison
Valley Forge Research Center

University of Pennsylvania

Sumeary correla tion function of the phase of a signal passing
through the ionosphere , a comp lez experimental program

In recent years research has been conducted at was designed. Eight receivers specially constructed
the Valley Forge Research Center in the field of very for this experiment , were installed at array element
la r ge antenna arrays with high angular resolution, stations over a region approximately 40 km in extent .
called radio cameras . When the size of an aperture be— Since the array was very th in , the distances between
comes very great . proble m. arise in the stability of adjacent elements was quite large . The minimum separa—
the ref ractive index of the propagation medium. In or— tion was 2 km . while 20 km was typical of the larger
de r to quantitative ly examine the spatial correlation distances between neighboring elements . The array was
function of cha phase of an ionospherically refracted located in the Delaware Valley of Pennsylvania. The
signal , an experimental 40 km liP array was constructed, relatively random element locations were chosen so

that the set of interpair spacings would provide a use—
An important requirement for the operation of ful distribut ion of abscissa values for sample poin ts

thi, huge arr ay was the provision of a phase stable on the phase correlation function.
local oscillator at each station. This reference aig—
nal was obtained by extracting the carrier f roia a 10— A transmitter in Boulder , Colorado , a distance of
ccl broadcast band trans mission . The primary emphasis approximately 2 ,400 km f rom the array, radiated a pulse
of this pape r is on the hardware subsystem which was train in the mid—HP range (nominaLly 9 MHz) with a peak
used to provide the phase stable frequency reference , power of 20 (cv (5]. This unit, essentially a computer
In particular , the characteristics and performance controlled ionosonde , generated nominal 64 microsecond
of the receiver designed for this task are presented H! bursts With a repetition rate of 100 per second .
in detail. (1) Both the carrier and repetition frequencies were de-

rived from an atomic standard and thus were very stable .
Introduction (The It4dio Camera) An illustration of the system is presented in Figure 1.

The angular resolution of en imaging device is Phase Synchronization of the Array
the order of the reciprocal of the number of wave-
lengths across the aperture. If an aperture (or an— A f undamental problem encountered in the construc—
tenna ) can be med. very large , in principle a very tion of a very large array is the establishment of
narrow beam can be formed. When an RI aperture be— phase synchronization at each element. It is the pur—
cones sufficiently large so as to obtain unusually fine pose of this paper to explain in c~ Itail the hardwareangular resolution , the resulting system is, in effect , subsystem dedicated to providing phase stable local
a radio camera (2]. Two significant requirements for oscillators at each station. The requirements on the
such a device are a sparsely filled aperture of ran— reference signal were quite restrictive . In particular
dosly located elements and self—adaptive beamforming the phase jitter was not permitted to exceed one or two
(3J. For example, in order to equal the resolving degrees rae .
power of a 2—inch lens at optical wavelengths , an L—
band radio camera would nominally extend over 20 miles • Since the physical separation of the array d c —
Although the .mpM. ia in radio camera research has ments was quite 1*rge and the terrain included such
bean placed on microwave oper atio n 5 the HP spectru m surface features as hills , roads , and st resme, it was
has also proven to be of much interest. (4) not practical to run cables directly to each element.

The u.s. of atomic frequency ats.ndarda was prohibited by
Large (17 Ar tS!! cost • As a solution to the problem of phase synchroni-

satio n , a design was considered in which the reference
In a recent research program conduct.d at the was transmitted to the stray by an RI link. This re—

Valley Forge Research Canter , the design of the maxi— quired the additional construction of a reference re—
~~ lip aperture which could be mad. to function as a ceiver from each station in the array .
diffraction limited d.vic. was studied . This syst
conc.pt involved adaptive, self—focusing signal pro— In order to provid, a useful signal to the large
ceasing tschniqu .s. system, a relatively powerful reference transmitter in

the noisy HF or medium wave bands was required . The
• Th. principal source of distortion in an HF array constr uction of such a transmitter proved to be. unne—

is the tur bulence of the propa gation medium , for the cessary because of the presence of a large number of
characteristics of the ionoapher. are both temporally high power broadcast stations operating in the vicinity
and spatially varying . sonhoengeneitie s in the Lone— of the test area. This method seemed quite attractive
spheric refractive index are rsspoaaibls for inducing after consideration wee given to the high stability and
spatial variations in th. phase of a signal passing closely controlled accuracy of the broadcast station
through the ionosphere. In the cas. of both point carrier frequencies as required by the FCC. One of the
to point co unicationa and ove r—the—horizon radar , 50 kW broadcast stations in the Delaware Valley , KYW,
this phase correl ation distance approximates th. no.- v.a chosen as th. reference • The signal fro . this eta—
imal, meziaum useful aperture for an HP antenna . tion provided the array with a very high signai level

at a frequency of 1060 (Na .
(IF Array Ew,risent*1 P!oiraa

In order to quantitatively evaluate the spatial
43$



Broadcas t Signal Properties frequency f~ was 1060 (Hz.

Severel different designs were considered for the In order to have a small phase error in the output
extraction of the carrier from the broadcast tranamla— of the aynthesiger , the reference signal was required
sion. The original plan called for the use of phase— to be highly stable. Any phase jitter in the reference
lock techniques fo r the recovery of the carrier from would be multiplied in the frequency synthesis process .
the amplitude modulated signal. The time constant of For example, a ± 100 peak jitter in the refer~nce phase
the PL.L was made approximately one second to ensure would result in a peak phase jitter of ± 100° afte r
that the output phase corresponded to the average AM frequency multiplication by a factor of 10 , provided
carrier phase. Soise difficulty was encountered when that the synthesizer did not introduce any additional
it was noted that phase modulation was resulting from phase jitter of its own. This would result in a rela—
the unbalanced amplitude modulation sidebands of the tive peak phase fluctuation of ± 2000 between two re—
carrier. This method, nevertheless , shoved consider— ceivers. Sub h large phase errors would tend to mask
able promise for a stable and accurate frequency refer— any true fluctuations due to changes in the ionosphere
ence. Any futu re design work should include a thoro ugh and thereby d iminish the usefulness of the measured
analysis of the use of PLL techniques in this applica— data .
tion. [6 , 7 j

It may be noted that there ware 30 different local
There were several possible causes for the unbal— oscillator frequencies . It is also of interest that

ance in the sidebands . One obvious possibility was a these sq uare wave signals had high third and f i f t h  bar—
slight misadj ustment at the transmitting station . A monic content. Thus many more possible frequencies
more likely cause was unbalance from the receiver cir— were available had they been needed. Harmonic opera-
cuitry itself. It was also possible that propagation tion , however , should be avoided if possible because of
conditions could favor one sideband of the broadcast degradatiou in receiver performance . [81
transmission. In any case, the effects of phase modu-
lation were of great concern. Figure 2 presents a The frequency multiplication process performed in
vec tor illustration of the phaae j i t t e r  resulting from the synthesizer was necessary due to the low frequency
a significant unbalance in the sidebands of a 100% of the reference signal. As a consequence the phase
tone modulated signal. jitter also was multiplied. In view of this important

considera tion , it is interesting to consider the use of
The method chosen to reduce this effect called a VHF broadcast signal as the reference . If a suitable

for the insertion of a high Q crystal filter tuned to station could be found , division rather than multip li—
1060 (liz in each receiver. The nominal bandwidth of cation could be employed which would diminish the re—
each circuit was 10 Hz, sufficient to reduce the reeid— sultant phase jitter from that inheren t in the original
ual phase modulation to approximately 10 m s .  These signal. This method is quite attractive it a compat—
results were extremely encouraging and permitted the ible VHF broadcast signal is available . Most cooner—
successful extraction of the carrier for use as a phase cial VHF signals , however , have unsymmetrical sideband,,
sta bl. f requency reference . e .g . , FM , TV , which make the problem of jitter—free

carrier extraction inherently more difficult.
Rsferenc e Receiver

Remaining Receiver Circuitry
The block diagram of the entire referenc e receive r

is shown in Figure 3. The crystal filter was placed To facilitate measurement of phase fluctuations at
after a HF amplifier tuned to 1060 (Hz. A MOSFET stage several frequencies within the ((F spectrum a wideband
with very high input impedance was ineertad at the out— superheterodyne unit was included in the design of the
put of the filter to provide isolation by minimizing HF pulse receiver. A variable frequency RI amplifier
the loading of the crystal . A cescode bipolar trans— allowed for the selection of the HF frequency in use.
istor stage was included for further signal anplifica— A two—stage IF amplifier with 60 dB gain yes also de—
tion . Finally, a comparator integrated circuit was veloped in addi t ion to a double balanced mixer with
used to provide hard limiting and to produc . a square 12 dB of conversion gain. The local oscillator was ob—
wave output compatible with TTh circuits. tam ed from the frequency synthesizer. A hard limiter

was provided to produc e an output signal compatible
The number of components used in the construction with TTL logic requirements.

of the reference receiver was quite limited. The cir-
cuit diagram , presented in Figure 4, reveals the sin— The remainder of the system consisted of fairly
plicity of the unit,  complex logic stages. These circuits , however, did not

affect the operation of the basic receiver already dis—
Frequency Synthesizer cussed. Their function was to perform tracking of the

pulse train as the time of arrival of the HF bursts
A frequency synthesizer , constructed with a TTL varied and also to carry out the actual phase measure—

phaselock loop, was used to provide phase stable local ment operation. In addition , a complex data recording
oscillator signals throughout the HP spectrum at mul— system was necessary to interface the output of the re—
tiples and fractional multiple . of the reference fre— ceiver with the magnetic tape data storage unit. (9,103
quancy of 1060 (Hz . The syn t hesizer was a versatile
device with a large inherent flexibility of operation.
The circuit itself was straightforward , consisting of Phase Error
a PU. with progra~~~ble output frequency. A simple
block diagram of the frequency synthesizer is shown in With proper tuning of the crystal filter , the rel—
Figure 5. ative phase jitter between two receivers was observed

to be on the order of 10 r ae. This value was measuredThe counter Ii may be set to any integer from 10 to
19 , thus establishing the oscillation frequency of the by comparing the reference signals from two receivers

on alternate traces of an oscilloscope. By using theVCO by varying the divisor in th. feedback path. Fur-
ther control over the output frequency was accomplished delayed sweep capability, a magnification of one cycla

after a substantial time interval revealed the phas eby adjusting the value of P for either 1, 2 , or 4~ Thi modulation inherent between the two signals. This pro—output freq uency was then where the reference ccc, is illustrated in Figure 6.
43,



Thus, in a typ ical f requency synthesiz e r  •uIt pU— ) .  bernard 0. Steinber g , Microwave Imaging — the La—
catio n by a factor ~! 10 , the re la t ive  phase err or .~~ - -li- Ca ra ,” Prta.ciples 1 Aperture and Arra y System
appro xima tely 10 r .  This amoun t of phase j i t t e r , 

~~~~~~~~~ 
section 1 A . 3 , John W i l e y  and Sons , New York ,

which set the resolution limi t of the entire syst.. L11J  1976 .
wee ~a t & ~~t a~ tOry for the intend ed purpose.

aa~mon4 S. Berkowitz . “Large HF Array, ” VFRC QPR
Phase jitter toler ance In phased ~ - ra v~. rel a tes ~ 5 . 8 , March 1974.

re ctiy to Lb. Las in array gain. Specif ically th . fac-
to r by which th. gain decrease s is azp(-o 2) where o is 5.  The Dynasond. transmi tter is operated by the Envir—
Lb. ,Leudef d 4.vietion ~ J phes. error.  P*r ezsmp1e~ a ~.ri.snta1 Research Laboratory National Oceanic and At—
I .13 gain loss w i l l  occur for  a phase uncsrtaLnty of ap- mosphsric Administration , U . S .  Dspa m~~~nt of Co~~~ree ,
proximately U.S red4 j rme. This value was used to Boulder , Colorado W. are indebted to Dr. V. N . Hess ,
sp e c i f y  tha t the Ln. ..ramcs of the reference signal be— l r e . Lor . (or pLa cing the facility at our disposal , and
t o t s  tr . quencv u l ic a t ion  must not b. greater t han t ’  M r. John W rig nt for his technical assistance in op—
several degree r m e .  it  may also be not ed thee th. loss .rating this equipment.
in gain  is quite r a p i d  w i t h  tn~ reasing ph • error ,
sinc e J r  a one r a d ian rma error there vi. be nearly a 6. Floyd N . Cerdnsr , Phaselock Techniques , John Wiley
5 dl lose in ga i n .  ( 121 and Sons , New York , 1966.

St~~~ry 7.  Earl N .  Powers , “Cohere nt Array Module , PU. De-
sign” . VFRC QPR 5. - ~~. May 1973.

Descr ibed in this pape r is a simple and attract ive
method fur  est ab lishing a phase stable reference when - 8. S.  Hansen Tah - “Large HF Array ,” VFRC QPR No. 12,
ever a high power broadcast stati on is sv.ilabl., pro— Februar y 1975.
vided only tha t the frequency tolerance and stability
req uired in the system do not exceed those ~~~loyed at 9. 5. Hassan Taheri , “Large ME Array, ” VFRC QP& No. 11
the broadcast station . Nay 1975.
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THE REMOTE SYNCHRONIZATION TECHNOLOGY

Lauren J. Rueger
The Johns Hopkins U n i v e r s i t y

Applied Physics Laboratory
Laurel , Maryland

Summary

With the advances being made in time and 3. Wha t problems are to be encountered In
frequency technology , the intercomparisons of this  f ie ld?
time scales at various remote sites has be-
come a challenge to the ingenu i ty  of the 4. How well can remote synchronization
Modern Time Scientist . This paper addresses; be rea lized?
(a) the reasons for the synchronization ;
(b) the technology that applies; (c) the Reasons For Remote Synchronizat ion
problems that must be faced ; and (d) provides
some examples of how well several systems Here are a few reasons for remote syn—
have worked. chron ization (Figure 2) and our panel members

may wish to add to the list .
Until recently , con tinuous international

precise comparisons of national time and fre— 1. International agreements on use of
quency standards laboratories had been the radio spectrum make it Important
limited to those countries within common to have national standards of Fre—
range of Loran—C chains except for occasional quency and Time that can be remotely
clock trips. The use of satellites for time synchronized or intercompared . The
transfer has forced the use of relativity and industry of the U.S.A. must synchro—
gravitational corrections to reconcile syn- nize to these standards in order to
chroniza tion measurements also made by ground build and calibrate frequency related
and aircraft clock trips . The advances in equipment . Thus , the national stand—
precise time transfers have brought attention ards and the industrial standards
to limitations in the primary standards represent examples of remote synchro-
ability to independently provide the same nization requirements.
frequency in different laboratories.

2. Navigation techniques make use of
Frontiers in precision time synchroniza-. synchronization in several ways.

tioa now include centimeter surveying capa— Navigation by stars requires clocks
b il it ies over thousands of kilometers by set to the time scales of the star
rad io telescopes referencing to noise modula— tables . Loran—C and ~ nega nav igat ion
tions of exploding stars in far away galaxies. requires precise synchroniza t ion  be
Operational navigational systems are in early tween the geographically—separated
engineering efforts to employ Independent reference transmitting station clocks.
satell ite borne clocks that should genera te Satel lite nav igation systems requ ire
t ime scales known to uncertainties of less the satellite clocks to be synchro—
than 10 ’s relative to each other , and whose nized to ground reference clocks to
frequencies are also known to uncertainties realize the desired accuracy in
of less than 10 1 2  relative to each other . pos i t ion f ixes .
Airborne clocks have per formed In experiments
with errors of less than 1 nanosecond in 15 3. Communication techniques require time
hour fl ights, Laser beams have been used for and frequency synchronization in
synchron izing clock measuremepts In aircraft order to coordinate messages flowing
with atomic clocks on the ground . simultaneously over discre1-~ fre-

quency bands across the radio spec-
A panel will be arraflged to bring together trwn . The economics of efficient

the experiences of people participating in operation and maintenance of high—
the research , the operations and time service capacitycormnunjcations force inclu—
fields needing these remote synchronization slon of precise timing and frequency
capabilities , control in the design .

Introduction 4. Scientific experiments often rely on
remote synchronization to enable
primary functions to be performed .

The purpose of this paper Is to provide an in-
troduction to the follow ing panel discussion on re- For example , propagation delay charao-
mote synchronization technology. I wish to cover the ter istics of a radio path can be
following four features. (Figure 1) determined by use of synchronized

clocks at each end of the path.
1. What are the reasons for remote

synchronizat ion? Another  way to use remote synchron i-
zation would be the verification of

2. Wha t is the technology that applies? relativity theories . The theories of
gravi tational shift and velocity
shift of atomic frequency standards
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have been confirmed in an experiment and a is as defined above.
with atomic standards carried in a
high velocity airplane traveling at These equations are assuming a rather
different altitudes. Another experi- simple model for the clock behavior - a
ment of a similar nature is soon to linear drift in frequency with time . For
be carried out to greater precision precision standards this turns out to be
with an atomic standard in a high actually very good because the higher order
alt itude rocket probe . terms see,r, to be influenced by random effects

that do not fit a simple model. It has been
The tectonic plates in the earth’s observed with quality crystal oscillators ,
crust are believed to move a few that the linear term dominates the irequency
centimeters per year ; experiments equation and the quadratic coefficient of
are planned to measure this effect frequency has a nagnitude about equal to its
by making precise determinations of uncertainty. I introduced these equations
the distance between stations onl y to show how a clock ’s time or accumu—
located on separate tectonic plates lated time quickly becomes a complicated
at times spaced a year or more function.
apart. The experiment requires the
stations to observe randomly modu- When two clocks are compared , it is con—
la t ed microwave signals from distant venient to express the errors in one relative
galaxies  to synchronize the clock: to the other in terms of either ~~~~~~~~
data to determine the separation Figure 6 shows how an offset error accumu-
distance. lates time errors over a range of .001 micro-

second to 1000 microseconds for offsets
Remote Synchronization Technology ranging from 10—’ to 10-”. over per iods of

1 hour to 100 days. This table helps one to
In order to understand each other , a few determine how frequent recalibration is re—

bas ic definitions (Figure 3) relating to re— quired given a frequency offset and an allow-
mote synchronization need to be established , able time error .
First , let us cons ider wha t is meant by a
Time Scale. A Time Scale is made up of two A test setup suitable for making labora-

ra te of progr sslon of vents~~~ r freque 
tory measurements of directly on a strip

Frequency is the number of events per unit of chart is shown in Figure 7. The example
time . A clock is a physical device for indicates a beat note of 1 Hz whose period is
measuring a time scale. It must have a measured to 1 microsecond resolution to pro-
source of frequency , a means of accumulating vide l0.~

12  resolution in frequency. Full
the count of events , a means to be set to a scale on the strip chart will depend on which
spec i f i c  date and usually has a display or digits of the counter are selected for dis—
output code indicating the accumulated time , play on the chart ; ranging from 10— ’ to lO_ 1 2

f u l l  scale .
Next , we should consider how the time

scales of two clocks can be compared to each Remote synchronization implies the
other. In Figure 4, several situations are direct comparison of two time scales in
indica ted for the frequency and time errors instruments at some point or points in the
that accrue as a function of time when a system (Figure 8). The comparisons can be
clock is driven by a frequency that is equal made either by carrying clocks from one site
to the reference clock frequency ; if the fre— to the other , or by sendin g one time scale
quenc y is higher than the reference clock signal to the other site , or by measuring at
frequency ; if the frequency is lower than the each site a time signal that is propagated
reference clock frequency ; if the frequency from a third source.
is changing from lower to higher ; and finally,
if the frequency is changing from higher to 1. In the portable clock transfer
lower than the reference clock frequency . As method , the portable clock is set at
you may have guessed , two independent clocks the reference site. It is taken to
do not advance at the same rates when exam— the remote site where the remote
m e d  In detail at high resolution , clock is set to the portable unit .

The portable clock is then returned
The equation of frequency for a working to the original si~js.~’and the port-

clock (Figure 5) as a function of time is: able clock clo~~.a~~ error is deter-
mined ; the closure error is the net

ft~~ O
+af Rt. where f

~ 
is the frequenc y at time lczt or gained relative to

time , t; f is the initial frequency ; 
~~~ 

is t~n re ference clock during the
round trip. The error is distrib-

the reference frequency ; and a is the rate uted to the date of the settin g of
of drif t per unit time , 

~~ 
the remote clock and the rem~-’teR clock so corrected either p:~ ’s~ cal1y

The time error equation as a fu n c t  ton of or by bookkeeping on the correctio~~.
t ime is:

E —E + ,~~ R t+!~~
_ where E is the time errort o  t

at time , t ;  E is the in i t ia l  time error ;
f - f  0

H is the init ial  offset in frequency ;
H
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2. The remote clock can sometimes be The effects of  no ise on the remote si te
set to signals derived directly from synchronization must be considered . In high-
the reference clock received over ly industrialized areas , the Radio Frequency
some propagation medium . If the Interference precludes the use of many con—
propagation medium is known and its ven~ent propagation links f or synchroniza-
delays determinable , these delays tion . Likewise , there are reg ions on the
can be corrected in the remote earth where noise domination of the radio
clock. If the delays are not known , spectrum limits the methods of synchron iza-
the reference clock can be slaved to tion available.
the received signal , but then it
s u f f e r s  the consequences of propaga- The effects of environment changes on
tio n variations , remote site standards can be severe . Fre-

quency standards are usually suscept ible to
3 . A third part y signal is a covisible everything you can imagine; to vibration ,

signal aga inst wh ich both the refer— magnetic fields , temperature extremes , volt—
ence clock and remote clock can be age variations , and var ious forms of nuclear
measured . The reference and remote radiation .
clocks are synchron ized when the
difference in the propagation paths Examples of Performance Realized
between the third party signal and
the separate clocks is corrected . Presented herein , are some examples of

what is being done presen tly in remote syn-
Problems in Remote Synchronization chronization . These are not intended to be

comprehensive , but are intended to give the
Problems in synchronization start with impression that there are many applications .

the clocks . There are two major errors to be
considered in clocks . (Figure 9) They are International Standards are compared at
the accuracy of the frequency source and the about i o — ’ ’  in frequency ; 100 nanoseconds in
accurac y of setting the reference date. time.

There are at least six synchronization Navigation by Loran—C has stations syn—
problem areas to be considered. (Figure 10) chronized to better than 2u Sec. of UTC ;

slave stations hold to substantially better
1. Ma intenance of accurate frequency in than 1 microsecond.

the  remote clock
2. Prov ision of accurate time transfer Greenwich time ball is dropped within

to the remote clock 0.1 second of noon for the ships in the
3. Determination of propagation path TAMES river to set their chronometers on

delays between the reference clock their way out to sea.
and the remote clock

4. Max imization of the frequency call— The Transit navigation satellites main—
bra tion in terval  tam time to within ±50 Microsec . of UTC and

5. Determination of the effects of ground contro l stations are synchronized to
noise each other to o f f se t s  known to 1.5 microsec .

6. Determination of effects of environ— The satellite frequencies are determined to
mental changes 2Xl0 ’1 . Experimental time transfers have

been made over short local ranges using
The first depends on the kind of fre— ground to satellite links to resolutions of

quency standard that can be provided and its 10 nanoseconds. Time transfers spanning one
susceptibility to changes due to the aging orbital period have been made to 45 nano-
or environmental effects. The time transfer second resolutions.
accura cy is ins t rumen ta t ion  sens it ive . The
propa gation path delays are in many cases The Timation III satellite has been
subject to variations which are not easily used for international time transfers as low
corrected. The interval between calibrations as 100 nanoseconds ; USA to Australia , Japan
is longer for more stable standards , is and England.
lon ger when wide tolerance in time error is
permitted , is longer when resets are more Experiments with ATS—l have provided
accura te. The economics of remote site ±11 nanosecond time transfers across the USA.
synchronization is strongly driven by the re-
calibra tion interval. The frequency standard Portable clock transfers over 20 mile
a t the remote site muSt be good enough to distances have provided less than I nano-
hold acceptably low clock errors between re- second errors ; over 800 miles d i s t ances ,
calibrations. Remote site instrumentation they have provided ±27 nanosecond errors .
can be quite simple if portable clock trans- around the world , they have provided abou t
fers are made , however , these trips may be 50 nanosecond errors.
so expensive that more complex receiver
instrumentation may be justified . As the VLB I experiments have realized time
accurac y to be maintained at the remote s i te  t r a n s f e r  reso lu t ions  of about 0.15 nano-
becomes more critical , recal ibratlens can be— seconds In selected cases.
come so frequent that they become continu
ous — this in the case in the Very Long Base- Laser beam time transfers have been
line Interferometry work. made over 10 to 20 mile links to about 0.1

nanosecond .
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POINTS TO BE COVERED REASONS FOR REMOTE SYNCHRONIZAT ION
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MAJOR CLOCK ERRORS SYNCHRONIZATION PROBLEM AREAS
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________
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~~~~~~~~ 
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FIGURE 10

FIGURE 9

PERFORMANCE OBTAINED FOR REMOTE SYNCHRONIZATION

MEASURED
FREQUENCY TIME

INTER NATIONAL STANDARDS 1O~~~ — 1O~~~ 100 NANOSEC

LORAN-C TRANSMITTER S
— RELATIVE TO UTC 2.0 MICROSEC
- INTERNAL TO CHAIN 1 O ’ ~ 0.2 MICROSEC
— SHORT TERM STABILITY 

_____________ 
5—40 NANOSEC

GREENWICH ROYAL OBSERVATORY TIME BALL 0.1 SEC
DROP TO UTC

TRANSI T NAVI GATION SYSTEM
— OPERATIONAL SATELLITES RELATIVE TO UTC 2x  10_ it 50 MICROSEC
— OPERATIONAL GROUND STATIONS RELATIVE TO UTC e 5. MICROSEC
— OPERATIONAL GROUND STATIONS RELATIVE TO 5~ 

10-12 0 1.5 MICROSEC
EACH OTHER

— EXPERIMENTAL TIME TRANSFERS BY SATELLITE LINK 10. NANOSEC

TIMATI ON — III INTERNATIONAL TIME TRANSFERS 5~ 10-
12 • 100 NANOSEC

BY SA TELLI TE LINK

TWO-WAY TIME TRANSFERS BY DCA SATELLITES 
— 

10-12 — 10~~~ 100 NANOSEC

NASA ATS-1 TIME TRANSFER ACROSS USA 11 NANOSEC

TV.LINE 10 TIME TRANSFER UP TO 20 MILES 3o 10 13 30 NANOSEC

PORTABL E ATOMIC CLOCK T IME TRANSF ER S
— 20 MILE TRIPS 10 13 1 NANOSEC
— MILE TRIPS 10—12 27 NANOSEC
— AROUND THE WORLD 2 s  10 13 50 NAN OSEC $

VERY LONG BASELINE INTERFEROMETER TIME TRANSFERS So 10 14 0.15 NAPIOSEC

LASER BEAM TIME TRANSFERS OVER 10 1020 MILES So 10 ’s 0.1 NANOSEC

FIGURE 11
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VELOCITY DISTRIBUTION MEASUREMENTS OF CESIUM BEAM TUBES

David A. Howat

Frequency & Ti.. Standard. Section
National Burea u of Standard .
Boulder , Colorado 80302

Abstract rang. of repetition rates. The R.F. power level is alco
programsed into the system. Besides the cavity connec—

This paper presents the current collection of Cs tion , the signal from the tube t. detector is connected
beam tube velocity distributions using an auto— to the system . With the tube operating in the mono-
sated measurement system . The pulse technique of atomic veloci ty node, the inten sity of the Ramsey spectrum is
velocity selection is the method incorporated in the deter mined by square—wave modulation between the Ramsey
system. Measuiements were made on tubes used at the center peak and the first adjar~ent valley frequencies .
U.S. Naval Observatory and at the NBS Boulder Laboratories . A synchronous (or lock—in) demodulator is used to estab—
The data revea l th at analysis of beam optics is direct— lish the amplitude and the result is recorded on a reel—
ly possible to a high degree. Frequency stability o (t) to—reel tape storage peripheral.

is shown for some of the standards with tubes involved After the system has gathered data over a prescribedin the tests, and correlations between bean distribution
features and Gy(T) are discussed . Paricular attention range of mono—velocities , each value at V

k is multiplied
th

is put on the differences in characteristics among by Tk (the corresponding k pulse period) in order to
tubes at nominal and high temperatures, old versus new get p(v). This multiplication equalizes the data points
tubes , and single bean compared to multi—be am tubes, since long pulse periods make the tube operate with a

smaller duty cycle than short pulse periods; therefore ,
Introduction the Ramsey amplitud e will necessarily be smaller. After

this , p(v) is normalized to unity , and on. obtains a plo t
About five years ago, a method was realized of similar to that shown in Fig. 2.

directly measuring a Ca bean tube atomic velocity dis-
tribution by taking advantage of the dual—interaction Fig. 3 has plots comparing a typical beam tube die-
cavity arrangement which is coemonly used [1). The tribution as measured at the detector with the kind of
method calls for the R.F. excitation signal to enter distribution one might see out of the oven. In mgst
the tube’s microwave cavity in precisely timed bursts, beam tubes, the oven operates at approximately 90 C.
The tube will yield a Ramsey spectrum only for those The corresponding most probable velocity is about
atoms traveling at a velocity such that it is properly 2.4 x lO~ cm/s. The fact that many tubes show contours in
excited by both interaction windows. An analogy earl - their respective p(v) which are substantially different
drawn between this method and a mechanical chopper indicates that the resultant velocity distribution is
method as shown in Fig. 1. A properly excited atom determined at essentially all points by the optics con—
will have velocity figuration [3].

- nTk
To date , 17 comoercial Cs tubes have been measured

where L. — length between interaction regions, using the velocity acquisition system . It takes about
— kth period of R.F. burets one hour to prepare the tube and system for a measurement

and about another hour to collect a 40—point plot of theand n — integer (1, 2, ~~~~ distribution . Most of the tubes were from standards used
by the U .S. Nava l Observatory , Time Services Division .
Many others were from the NBS Boulder Laboratory . InIn the co only encountered case where tube optics each plot, the R.F. microwave pulse width (r) and powerli.it the high and low velocities , one can assume n — 1 (F) above optimum power in C.W. mode (F0) are listed.or 2. Further more one can unambiguously select veloci-

ties with proper synchronous detection of the Ramaev
pattern and proper choice of burst width and power t2) .  The distribution. of the NBS primary Ca standards,

NBS—4 and NBS-6 , were measured and the results are shotntThis measurement technique is known a. the pulsed in Pig. 4. The plots denoted by “measured p (v) ’1 were
• method of velocity measur ement. x

tho se taken using the pulse technique . Also shown on
Knowledge of the atomic velocity distribution these graphs are velocity distributions which were con—

yield s information abou t the design of the optics in a put ed frog the Ramsey spectra at different R.F. microwave
b. tube. One can accurately judge the effects of power settin g e [4). Agreement between the measurement of
mscha nicsl adju stments or environmental influences by p(v) using the pulse technique and the computed distribu—
noting changes in th. distributi on or uncOemon character— tion based on Ramsey spectra is within 51.
istics. Moreover , one can calculate the frequ ency off-
set of the device due to the second—order Doppler effect. NIS— 4 (Pig. 4) has a length between cavity interac—

I

tio~ regions of sbout 0.5 m and uses of f—.xis geometry .
This paper presents velocity distribution measure— One notes considerable attenuation of velocities around

sent. which have been made to da te. Except for NBS—4 2.0 * l0~ ca/s. This is principally due to a vane centered
and NBS—6 (laboratory standards at the National in each cavity window, hence the center of the beam cross—
Bu reau of Standards ), all of the distributions wars from section. The addit ion of the vanes tend s to make the
co ercial Cs tubes, tub. act like a two—beam configuration.

Prccedure MRS—S (Fig. 5) is a long device having a length
between interaction regions of 3.74 a. On—axis geometry

A computer—ass isted system vs. built for acquiring is used and the positions of detector and oven can be
velocity distributions virtuall y automatically. The changed along the length and laterally to the beam . Also ,
system provides an S.F.  microwave signa l to the Cs ben. stops can be positioned along the b e .  Fig. 5
tube s cavity in programeed burst lengths and over a
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shows a velocity dis tribution taken from NBS•-6 for a stabilit y of the oven , state—selector magnets , mass—
particular optics confi guration. A p lot of the dia— spectrometer and electron multiplier (if any), and ion—
tribution based on Ramsey spectra is again in~ludad . izer. Further more , there is sensitivity to fluctuations

in the Cs emission characteristics of the oven . We
The next set of eight figures are distributions shall catagorize these types of effects as ‘beam noise”

from cossnercial tubes. Figures 6, 9, 10 , and 12 are and will ignore the detected signal sensitivity to R .F.
from single—beam tubes. The others in this set employ microwave power aiid power supp ly fluctuations although
multiple—beam configurations , and one sees a trend they do affect the detected signal.
toward more than ~ne peak feature in these plots . This
is especially noticeable in Fig. 8. With the tube Velocity distribution measurements using the pulse
represented in Fig. 8, two distributions were measured; technique enable direct monitoring of beam noise In a
one is the tube after one hour of warm-up and the other Cs tube to some degree. Beam noise would give rise to
one day warm—up . All of these tubes were in standards fluctuations in the distribution as a function of time .
showing a history of good stability performance , and The measurement system computes an average distribution
the tubes were measured under factory—sp ecified condi— over about a 100 second period per data point.  Assuming
tions , i.e., no rmal oven temperature, norma l C—field , gaussian noise , the measurement estimate per point should
etc. improve with averaging t ime . Thus , the plots of distri-

butions do not disclose information about beam noise as
Fig. 14 is the velocity distribution of a mal— the plots are presented in this manuscript. However,

functioning single—bean tube. The standard was being if one were to make successive measurements over a given
repaired at the time of the measurement and had been averaging time and noted the extent of fluctuations in
subject to an excessive mechanical blow of some sort . the distribution from measurement to measurement, it
The shock caused the standard to fail to lock properly , would be possible to substantiate whether a possible
The velocity distribution result shows a noticeable lack of stability of the standard al that averaging time
departure from the distributions which one cosnonly was traceable to beam noise.
sees with this particular tube . One notes considerable
broadening around the peak as well as less high—velocity Fig. 23 shows four p lo ts of o~(r) using the Allan
attenuation. variance of the standards containing the tubes shown in

The next set of four figures are distributions from Figs. 9, 11, 16, and 17. The standards were measured
against the U.S. Naval Observatory time scale (A.l , mean).

properly operating coemerciel tubes. All of these Correlation exists be wean the approximate flicker—floor
tubes are multiple—bee. devices except for the one value and the width iround the peak of the velocity dis—
plotted in Fig. 17. a single—bea. device . The tube of tribution for the corresponding tube ; wider peaks haveFig . 15 shows a pronoun ced doub le— peak characteri stic higher flicker levels. The width generally increases
again as a result of the superposition of distributions , as the beam cross—section increases. One can make the
The slight scattering of points indicated in Fig. 17 argument that tubes having optics designed for narrow
was due somewhat to the lower—than—normal signal out beam widths (relative to the length between interaction
of the tube ’s detector. It was necessary to average regions) tend to make the center frequency less sensitivethe synchronous detector output at each point over ~ to beam noise since all non—uniformities across the
longer time in order to get a reasonably continuous width are lowered as the cross—section decreases(5]. Fig.
curve . 24 is a plot of a (t) between NB S—4 and the tube of Fig.y

The next two tubes (Figs. 19 and 20) were older 7 which was in a connercial standard showing particularly
co erci al devices having a continuously operating life— good stability. The tube was a multiple—bea m device .
t i.e of about 5 years. They had shown good service
r ecor ds , and long—term stability approached 2 x lO~~ It should be noted that the width of the diatribu—
[Gy (T ) ]~ No obvious abmo rmalties are evident in the tion around the peak may be an indicator of frequenc y

sensitivity to beam noise. If , however , the beam noise
distributions, itself is very low, then the beam cross—section may be

made large without a sacr ifice in stability.
One powerful use of th. velocity measuremen t sys-

tem is in characterizing the ageing process in tubes. Conclusions
With measurements taken at regular intervals over the
l ife of a tube , one can observe chan ges in the beam as The large number of Cs bea. tubes that existsa diag nostic aid . The system will be used again to re— today makes it desirable to look at methods of testing
measure many of the tubes neasurso to see what ageing and eval ua t ion. Direc t measurement of the velocity di stri—
effects take place. bution is possible for all tubes with R sey cavities —

and is a help f ul diagnostic in characteri sing the tube
The last two tubes (Pigs. 21 agd 22) were operated

at an oven temperature which wa. 12 higher than independent of other things. Velocity distributions
have been shown of 17 co ercia l Ca tubes , MBS —4 and

oor.slly specif ted . This was done in order to obtain NRS — 6. The plots are entirely governed by beam Optics ,greater signal—to—noise ratio Out of the detector 50 and correlation did exist between the width of thethat short—term stabilit y of the standards could be distrib ution around the peak and long—term stability ofL.proved . Both were multiple—beam tubes and no the frequency sta nda rds containing the tubs. Subsequentradical departures frau a normal distr ibution exist , measurements will be made of s~~~ of the tubes again toWith ths tub. of Fig. 22 , a velocity distribut ion was look at ageing effects and other possible correlations.measured with the oven at its normal operatin g temper-
ature. The fac t that one sees a slight increase in Acknowledementthe high and low velocity components at a highe r oven
tamperaturs indicates that the total been cross—s ection Sp.cial thank. to Dr. Gerno t %jjnkler and his stsff
has increa sed, of the U .S .  Naval Observatory for ths tr assistance in

It is instructive to compare the velocity distri— many aep.cts of this york .
but ion ..asur ents to stabi ~.ity measurements for a
given tube Operat ing as a frequency standard. Gener -
ally speaking , on. cam site types of undesirable
effects in the b.a. trajecto ry as a function of tt e.
The detec t sd signal is dependent upon the mechanical
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PERFORMANCE OF A DUAL. BEAM HIGH PERFORMANCE

CESIUM BEAM TUBk.

~ary A. Seavey Louis F. Mueller
Hewlett-Packard Company
Santa Clara , California

Summary The pr imary life limiting elements in cesium beam
tubes are the cesium supply and the getteritig system .

The dual beam high performance cesium beam tube The cesium Supply and gettering system in the dual
general design and operation is discussed. Computer beam high performance cesium beam tube have been de-
generated theoretical performance predictions are signed for a five year operating life , as has the
compared to typical performance measurements on a standard tube.
large sample of tubes. Improvement in cesium beam
tube performance (figure of m e r i t )  as a result of The cesium oven or cesium source forms and aims
a new cesium oven design and a configuration change the two cesium beams by means of a multi—tube collima-
of the tube’s cesium detector is presented. A few tor. We use dual beams pr imar i ly  to double the output
tubes were subjected to adverse environments and the signal to the ionizer which gives a J5T increase in
beam tube performance after these tests is di ussed. the Signal-to Noise ratio at the input to the electron -
Also a sl ightly endified dual beam hi gh performance ics. A second advantage of the dual beam, which has
cesium beam tube was subjected to high level random been designed in, is relative immunity to acceleration
vib ra tions and it’s performance before and after the effects. The cesium beam intensity is controlled by
vibration is presented. The possibility of achieving the temperature to which the cesium is heated by the
greater than typical performance for relatively short oven. Additionally there are intentional conductance
periods of t ime , for special applications , is dis— limitations in the oven and collimator which reduce
cussed. MeaBurements of accuracy, stability for the beam intensity. These conductances within the
various time periods and stability in dc magnetic oven are designed to prevent liquid cesium from en-
fields carried out on HP 5061k primary frequency capirig the oven .
standards equipped with dua l beam hi gh performance
ceslum beam tubes is presented. The state selection magnets produce an inhosnoge—

neous , lO~ gauss peak, magnetic flux density. The beam
Introduct ion comprised of cesium atoms in two ex’ergy level groups,

as depicted in Figure 3, passes through this large
The dual beam high performance cesium beam tube magnetic field gradient. Since;

was developed by Hewlett-Packard Company in 1971.
During the pest three yeara Hewlett-Packard has been 1. an atom ’s energy is dependent on magnetic
prod ucing the tube to be sold as an option (designated field intensity;
option 004) with the HP 5061k primary frequency stan-
dard. Figure 1 shows the high performance tube and 2. the magnetic f ield intensity is dependent on
an HP 5O6lA. Utilization of the option with the position in the state selector magnet gap;
HP 5061k allows one to realize improved short—term
stability, reproducibility, aettability, and de— 3. physical systems tend to the lowest potential
creased sensitivity to dc magnetic fields, energy possible;

General Design and Operation then the atoms experience a force in the direction of
the magnetic field gradient. The atoms in the levels

The dual beam high performance cesium beam tube of F 3  and 2—4 , m~.~-4 group are deflected towards
is a paseive atomic reaonator whose internal compo- stronger magnetic fields. The atoms in the remaining
nents are shown in Figure 2 and are: a cesium oven, 2—4 levels are deflected towards weaker magnetic
which for.a aind aims the two cesium beams; the state fields. Hence the atoms of each of the two beams are

• selecto r magnets , which by means of a magnetic field spatially separated into two energy level groups.
• gradient, spatially sepsistm - the atoms of each beam

into two energy groups : the microvav. cavity , in The first state selector magnet separates the
which an ener gy state change of the stoma is induced; stoma into two energy level groups such that the F 3
the hot—wire ionizer , which ionizes the Stoma that levels and F—4, ss2—— 4 level are directed through the
have undergone an energy state change ; the mass microwave cavity while the remaining group of the F4
s~~ctr oaet.r , which sepa rates th. cesium ions from levels is prevented from passing through the microwave
unwanted noise contributing ions; the election Cavity.
esaltiplier, which convert the ions to electron s and

~~~lif tea the electron current to a l.v.l compatible The second state selector magnet separates the
with subsequent electronics: the ion ~~~~ wh ich cesium beam which has traveled through the microwave
maintains a high vacuum within the tube magnetic cavity into two groups , the atoms that have not under-
shiel4~~a, 

which minimizes effects of external magnet- gone a transition to the 2—4 group are directed away
ic fields; solenoid typ. windings, which produce the from the hot -wire ionizer and the atoms that have
hosog.neoua aags.tic field (C field) over th. region undergone a transition to the 2—4 group are deflected
of th. al crcwa v. cavity and for d.gausainq th. beam onto a path toward the hot-wire ionizer. Thus the ma-
tubs magnetic shields . Also the ibe contains get- j or ity of atoms th.t are ionized by the hot—wire ion—
taring .st.rial which collects and trap s th unwanted iger are atoms that have experienced an energy transi-
expended c.ei~so at~~~ . tion while traveling through th, microwave cavity.
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The microwave structure f i r s t  proposed by Profs’s- 2. Linewidth , 358 Hz
sor Ramsey is a center feed, U—shap ed microwave cavity
which is machined to close tolerances from oxygen-free 3. Figure of merit , 24.
copper. The outsi& configurat ion of the microwave
cavity is fabricated in such a .n~y that it positions The most important of these parameters in charac—
the C-field windings and the C-f ie ld  magne ti c  shield. tarizinq overall t ube performance is the figure of

mer i t .  The f i gure of merit is defined to be the beam
The hot—wire ionizer is a flat tantalum ribkon tube output sign al to noise ratio as measured in a

running at approximately 1000° Celsius. The csslum 1/4 Hz bandwidth , divided by the linewid th of the field
atoms which have undergone an energy t ransi t ion in indepes~ient transition. This ratio is wei ghted by
the microwave cavity are directed toward the ionizer a factor obtained from the curveshape of the f ield
by the second state selector magnet. The atoms inter- independent transition. Figure 5 depicts the pertinent
cepted by the ionizer f irst st ick , then are ionized , measurements and their relation to the figure of mar-
and f ina l l y evaporated and accelerated into the mass it.
spectrometer.

Typical Performance in an HP 5061k
The mass spectrometer spatially separates the

cesium ions from any other unwanted noise producing Figure 6 is a frequency offset histogram of HP
ions, such as potassium, and focuses the cesium ions 5061k option 004 based on final test data for over
into the electron multiplier. 100 instruments.

The electron multiplier , which is .of the box and The frequency Stability specification for the
grid design , converts the 1 x 10—11 ampere ion current 5061A option 004 is based on a realized figure of
to an electron current and then amplifies the electron merit of 10. The high performance tube figure of
current to approximately l0-~ amperes which becomes merit mean of 24, if realized in the environmental
the input for the signal processing electronics of and instrumen t conditions prevailing, would give a
the HP 5061k. 100 second stability of 3.5 x l0~13. Published d ,a

of NBS shows a realized stability of 5 x 10—13 at
Figure 2 depicts the paths of the cesium atoms 100 seconds - The specification sheet calls for less

through the beam tube. The solid lines indicate the than 8.5 x 10-13. These NBS data also indicate that
path of the atoms that contribute to the signal and the T—l/2 relation holds past l0~ seconds, giving
the dashed line indicates the path of the atoms that 5 x 10-14 at l0~ seconds.°
do not contribute to the signal.

The specification limit for sensitivity to magnet-
Comparison Theoretical Vs. Actual Performance ic fields is ±2 x 10 13 for a 2 g uss field in any

direction. A typical measurement yields :
A computer program was developed to model the

dual beam high performance cesium beam tube and the side to side ±1 x 10—13
theoretical performance was calculated based on this
model. 2 The pert inent  parameters obtained from the top to bottom ±5 X 10 14
computation s are as follows:

front to rear ±5 5 10~~~1. Total beam intensity arriving at the hot—wire
ionizer, 7.2 x l0~ atoms/sec. (1.15 x l0~~~a) The reproducibility specification of 3 x 10 12

is obtainable when the HP 10638k Degausser is used
2. Lirsewidth of the field independent transition with the HP 5061k Option 004. This reproducibility
(2— 3 , m~,—0 to 2—4, m

2
—0) is 327 Hz. is shown by the accuracy histogram Figure 6. The

function of the degausser is to relax the magnetic
3. Figure of merit, 31 domaines of the inner shield to an equilibrium mag-

netization after a change in the “C-field” current.
An initial production group of approximately 30 The degausser accomplishes in 20 minutes the relaxa-

tubes was produced that exhibited per fo rmance somewhat tion that mi ght otherwise proceed for weeks causing
less than predicted. An investigation was carried out a shift in frequency as the “C field” changes. A high
to determine the cause of this disagreement. A cesium level degaussing is recoimsended at turn on , and can
source problem was discovered as was an improvement be performed as the oven is heating. Low level de-
in the detector configuration . gaussing can be performed without causing the instru-

ment to unlock , and is recommended after changes in
The cesium source or “oven problem ” which caused “C field” , or magn.tic environment changes are made .

erratic beam intensity performance and some !! ~~~ 
early Reproducibility is defined as the independently set

failures , due to decrea sed signal level , req uired a up inst r’anent frequency comparison to the NBS frequen-
redesign of the cesium oven. This has long since been cy standard .
completed , and since we have seen no recurrences we
feel confident that the problem is cured . The settibility specification of ±1 x 10—13

requires the use of the degausser. Sett ab ility or
In Figure 4 the shaded area depicts the figure calibration refers to the ability to make relatively

of merit of the initial group , and the outlined area, small, predictable changes to the output frequency
the figure of merit of the most recent 150 units. The of the standard . One minor division on the “C field”
figure of merit increased 44% to a mean value of 24. control corresp onds to a nominal change of 5 x 10—14

in output frequency and 2 in the logging numbers on
Typical per formance after the modifications as the “C field ” dial which reads from 0 to 1000 .

measured on ,vsr 150 tubes:
Typical performance with regard to sett abil ity

1. Total beam intensity, 1 x iO ll a is 1 x j~~I4 which includes control linearity ,
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operator , beam tube and degausser effects.  Adverse Environments

Operating l i fe  data are still scarce, but recent— Randomly chosen tubes have been subjected to ad—
ly two early tubes were returned at end of l i f e  verse environments. One such test was to s’~~ject a
after more than 4 years in service. These tubes werC tube to high level shock. The test called the
of the old oven design . “hammer blow ” is carried out by mounting the tube

to a large steel carrier and then striking the carrier
High Level Vibration with a 400 lb. hammer. The hammer swings through 1,

3, and 5 foot drops in each of three axes for a total
A dual beam hi gh performance cesium beam tube of nine blows . The 5 foot drop generates shocks

was modified for the Global Positioning System evalu— on the order of 1500 g at the table. The tube suc-
ation program. The modifications were to strengthen cessfully passed this shock test without mechanical
it structurally and change the internal wiring so that or electrical damage , or measurable change.
the tube could be subjected to high level random vib-
ration and not experience mechanical or electrical Acknowledgements
failure .

The authors wish to express their appreciation
The random vibration characteristics were: to 5. C. Hyatt , R. F. Lacey, D. W. Allan for discus-

acceleration spectral density of 0. 35 G2/Hz from sions invaluable in the preparation of this paper
125 Hz to 1200 Hz, below 125 Hz and above 1200 Hz and to Sal Bias and Liz Cypert for their efforts in
the vibration spectral density decreases by 6 dB/ preparing the illustrations and manuscript.
octave until  a total frequency band of 20 Hz to 2000
H z is reached. Figure 7 is the plot of acceleration References
spectral density vs. frequency for the above mentioned
vibration. This vibration characteristic integrates 1. R. C. Hyatt , L. F. Mueller, I. N. Osterd ock “A
to approximately 25 g tins. High Performance Beam ‘Pubs for Cesium Beam Fre-

uency Standards , ” Hewlett Packard Journal , Sep-
The tube was measured in an HP 5061k frequency tember 1973, p.14.

standard prior to the vibration , then subjected to
the vibration while non-operating and then res,easured 2. Unpublished work , L. S. Cutler , 5. F. Lacey
in the same HP 5O61A frequency standard. A comparison
of this electrical performance before and after the 3. 5. F. Lacey, A. L. Helgesson , 3. H. Holloway
vibration is tabulated below: “Short—Term Stability of Passive Atomic Frequency

Standards , ” Proc. IEEE, 54, 2, p. 110, February
Short Term 1966.
Stability
(10 second 4. H. Hellwig, P.  W. Allan , F. L. Walls “Time and

Accuracy averaging) Frequency , ” Proc. Fifth International Conference
on Atomic Masses and Fundamental Constants
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specification 300. x iø 14 2.70 x i0 12 5. Contract No. N00l 73—75-C—047 l (NRL) .

Modified Performance for Special Applications

The figure of merit (stability) of a ceaiu beam
tube is determined as mentioned previously, by the
signal—to-noise ratio, the linewidth and curve shape
factor. I n  any given beam tube the linewidth and
curve shape are relatively constant, but the signal—
to-noise ratio can be changed within limits by chang-
ing the beam intensity , i.e.- oven tem~iersture. Since
the vapor pressure of cesium doubles for approximately
a 10” Celsius increase in oven temperature, one ex-
pects such a change to give a doubling of cesium beam
~nt .n s it y ,  a /riaprovenent in f i gure of merit and a
Io ublu ~q of consumption of cesium , or halving ofp.rstuiq Rf e.

..ium b5 tubes have been operated with oven
.~~~~r a~~’r.s increased 12” Celsius f rom nominal for
— . .4. C Pnandreds of hours . If the cesium vapor
.....,. s too great scattering occurs in the

—~~~ —‘ “ adversely effects the curve shape and line-
.‘ .,ui~ shorten the operating jife and yield

a ,ed,sctSOI% in cesium oven temperature
-a.,..., ~_ iiit enetty, cesium consi~~ tion ,

~~~~,. ‘ .ttl% •lpectsd longer life. The
- .‘ . ~~~~~. enuid be the ned for a de-

~~s i a  ..aid •st a low temper-
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MEASURE D PERFORMANCE AND ENVIRONMENTAL SENSITIVITIES

OF A RUGGE D CESIUM BEAM FREQUENCY STANDARD

Michael C. Fischer Charles E. Heger
Hewlett -Packard Company
Santa Clara , California

Summary Considering each of these, starting with po. r
shift , the cesium beam tubes have some small rem~.i~ ing

Several units of Hewlett—Packard ’s Model 5062C frequency versus RF power sensitivity. Along with
Cesium Beam Frequency Reference have been Rubjected this, the circuitry supplying RF to the beam tube w i l l
to test conditions covering a more severe range of have a small output power variation with temperature.
environments than any similar instrument previously.
Measurements of changes in output frequency , or in The C field current can vary slightly wi th  tern-
many tests phase, resulting from the changes in envi— perature depending on the accuracy of therma l compen-
ronment are analyzed and reported with hypotheses as sation of the circuitry which controls this current .
to the physical processes responsible for the effects.

The quartz oscillator has a temperature coeffi-
The variables studied are : temperature : humidity ; cient which can be in the neighborhood of S x l0~~acceleration : shock , vibration ; susceptibility to at temperature extremes, versus the 25°C value. The

electromagnetic interference: radiated , conducted , servo loop , in reducing this shift to 5 x 10”~l2 must
power variations; simultaneous cycling of temperature, exhibit an overall dc gain of iO~ . Since the open
vibration and power: and opportunities for operator loop gain of the entire servo loop excluding the
error, integrator operational amplifier is 1/2 , this ampli-

f ier  and its associated circuitry must have a dc
Introduction voltage gain of 2 x i0~ or 66 dB and very good offset

versus temperature performance. The integrator input
The subject of this paper is a particular type resistor is l0~ ohms which requires that the feedback

of cesium beam frequency standard , the Hewlett—Packard leakage resistance of the integrating capacitor, its
Model 5062C, Fig. 1, and its performance under envi— shorting relay and the integrator bounding diodes all
ronmental stress. This instrument, while being de— combined in parallel must remain above 200 megohms.
signed to perform well in very rough environments has
performance in benign environments very similar to its Another aspect of temperature effect  is in the
predecessor instruments. The five subjects to be one pulse per second and one pulse per minute outputs
discussed are: of the clock options; the variation in propagation

delay of their divider chains relative to the phase
1. Temperature & humidity of the 5 MHz output signal which drives them. These
2.  Electromagnetic susceptibilities shifts have been measured and are found to be of
3. Acceleration, shock , and vibration little consequence. The peak changes from the 25°C
4. Reliability under simultaneous multiple stress reference value measure from zero to +7 nanoseconds
5. The instrument’ s susceptibility to human at -28°C and -3 to +3 nanoseconds at +65°C.

beings
Tempc rature ,

Background
The frequency change caused by a non operating

The original format of this instrument was con— test of —40°C for 72 hours followed by an increase
ceived in response to the needs of some of the earlier to +65°C for 4 hours was measured to be 2 x 10-13
commercial aircraft colliaion avoidance systems. A during four hour frequency measurement intervals.
significant component of that format was an extremely The only significance of this is that it equals the
compact cesium beam tube , only 16 centimeters long, typical four hour stability, that is O y ( T )  —2 x 10—1.5
Fig. 2. The details of this tube are well covered in for t—l4400 seconds. This can also be considerei the
an article in the H—P Journal of March 1976. P rom one—sigma measurement uncertainty, therefore there was
the viewpoint of environmental sensitivity, this small no measurable degradation.
tube has a basically similar layout to the high per-
formance tube, also known as option 4 of the 5O6lA Temperature S Humidity
instrument.

The 5062C was preconditioned before humidity
Thermel Environment testing by baking it in a dry test chamber at between

40 and 50°C for two hours before returning to 25C
Ambient Temperature and 50% relative humidity to measure its pre—test

frequency . The unit was subjected to five days of
The effect of ambient temperature on the 5062C is 95% humidity with the temperature cycled for 16 hours

( shown in Fig. 3. Note that the data end points were each day at 50°C. The remainder of the 24 hour cycles
taken at temperatures outside the specified operating consisted of a 1 1/2 hour transition to 3 0 C  for five
temperature limits. This is data taken on the produc- hour, end a 1 1/2 hour transition back to 50”C. The
ticin line from a random sample of six recent produc- phase of the 5.0 I’OIs output signal from the unit under
tion un ita . Clearly no single effect dominat es these test was monitored, relative to the house standard
results. The most probable source. for the shifts continuously during the five day humidity test and
seen here are power shift , C field shift , and quartz the peak fractional f requency ch.n9e from the 25C
oscillator shift, all versus temperature. pre—tiet measurement was 1.2 x 10—12. The frequency
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measurements taken at 50°C , 95% R.H. showed no change DC Magnetic Fields
from the pre-test value.

In the tests with a 0.2 millitesla dc field , only
Electromagnetic Susceptibility one orientation caused any measurable frequency change ,

that being the one parallel to the C field direction
A rather thorough series of electromagnetic sus- in the beam tube. This worst case change was 4 x

ceptibility tests have been conducted on the 5O62C. 10—13. The influence of an external dc magnetic field
In addition to all applicable portions of MIL—STD— is seen in two areas; the beani tube and the RE chain ,
461A , two special magnetic field tests and a pulse with the beam tube being the more important. Since
outpu t spike test were included. The MIL—STD—46lA the observed sensitivity of the 5O62C in its most sen-
tests are summarized below: sitive axis, vertical lines of flux , is typically a

frequency change of 1 x 10 13 per 1 x 1O”~ teals (1
Radiated Susceptibility gauss), the magnetic shielding effectiveness can be

calculated. The sensitivity of the cesium atom itself
RSO1 magnetic fields 30 Hz to 30 kflz is proportional to the operating C field which is l0~fr

(100mG ) in the 5062C, resulting in sf/f of 9 x l0~~
RSO2 magnetic fields 20 amps of 60 Hz, and per tesla. The shielding effectiveness , expressed as

from 2 turns of a ratio of magnetic flux densities is 90,000:1.
wi re around
instrument 100 volt spike The influence of a dc magnetic field on the RI’

chain is less important . To examine the mechanism,
RSO3 electric field 14 kllz to 10 GHz the signal from the phase modulator is 5 MHz which has

1.0 volt per meter been sine wave phase modulated , with 137 Hz. Viewing
this signal as frequency modulated , a non linear FM to

Conducted Susceptibility AM conversion can occur when it passes through a de-
tuned resonant circuit. Such de—tuning could be

cSol applied to power caused by an external dc magnetic field affecting the
leads while in 30 Hz to 400 MHz nonlinear permeability of a ferrite core inductor. FM
operation to AM conversion is not a prob lem unless a following

stage exhibits AM to PM conversion , a near certainty.
CSO2 same By this means then , some small amount of incidental

phase modulation can occur at the second harmonic of
CSO3 same 100 volt spike the modulation frequency due dc magnetic fields.

The results of the MIL-STD—46lA tests were that none This second harmonic PM, considered as FM, will
of the tests caused any measurable perturbation to the have a phase relationship to the desired fundamental
output frequency or phase or to the time—keeping of FM , due to the way it was generated , which will not
the clock option, affect the symmetry of the modulation waveform seen by

the cesium atoms , however.
The clock Option pulse output , one pulse per

second, and in option 10, one pulse per minute, have Large Magnetic Field , Non Operating
been subjected to an injected noise immunity test
which they passed without measurable effect .  The test The cesium standard was subjected to a 25 oers ted
was the injection into the pulse output connector of (2000 A/rn) field (as used for ship degaussing) of
a 200 volt pulse , at least one microsecond wide , from f i rst dc , then one hertz ac for a five minute duration
a source impedance of 50 ohsis, each , in each of the three mutually perpendicular

major axes of the instrument . The frequency measure-
We would expect to find some perturbation fro m menta before and after this showed a shift of 3 x 10-13

certain frequencies of strong ac magnetic fields as which is not significant , being very near the re solu—
well as from powering the instr ument as freq uencies tion of the measurement time interval used.
within a few hertz of the 137 Hz servo loop carrier
and its second harmonic. Powe r Failure Tests

The field strengths req uired to cauee measurable When forcing the instrument to automatically
effects would have to approach one gauss or more , switch power sources among external ac , external dc ,
Smaller field strengths are covered by the 5501 test, and internal battery , the phase of the 5 MH z output
The servo carrier frequency was carefully chosen to was monitored with a resolution of one nanosecond.
avoid the 50 to 60 Hz region as well as 400 Hz. Fo~ No phase steps were observed.
these reasons , extensive testing with magnetic fields
and power near 137 and 274 Hz have not been undertaken. Acceleration
Further discussion related to this area is under the
subject of vibration . The significantly sensitive components ir~ a cesium

standard to acceleration are the beam tube and the
AC Magnetic Fields quartz oscillator.

Th. 5062C was subjected to ac magnetic field Considering the beam tube first , the 5062C tub.
test, of 0.2 aillit.sla (2 gauss) peak-to-peak at 50 has twelve b.ams passing through it to two group. of
and 400 Hz while frequency shift was being monitored six , see Fig. 4. The acceleration sensitive deflec-
for eight hour measurement intervals. Whil. most of tione applied to the two beams are arranged so that
th. its different co.binatio.,s of field orientation one is the mirror image of the other , to achieve
end freque : ~y resulted in changes of only a few part s cancellation . Further details on this were rep orted
in ten to the 13th, the two worst combinations caused to this symposium in 1971 in a paper by ~~n Hyatt end
frequency changes of 8 end 11 x 10-13, others.
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Due to this low sensitivity design of the beam Some sensitivity was expected at a third vibration

tube, the larger contributor to errors induced by frequency , 274 Hz , the second harmonic of the modula-
acceleration s is the quartz oscillator. Its sensitiv— tion . However no measurable phase or time errors were
ity is typically 1 x i0~~ per g of acceleration , for found in several sweeps through 274 HE. The built-in
the quartz oscillator alone. monitoring circuitry detected the disturbance to norma l

operation at 274 Hz as well as 137 Hz and 750 Hz and
Vibration the alarm lamp triggered in each case. Actual data

plots are not shown here because the test project is
For vibration frequencies above the control loop continuing and further analysis will be required.

corner frequency in a cesium standard , the quartz
oscillator is essentially on its own , Fig, 5. Shock
Accordingly , FM sidebands or perturbation of the short
term stability is to be expected. In the 5062C the Two shock tests were done on the instrument . The
loop time constant is typically 1/3 second for a cor- first was a 30 g, 1/2 sine , 11 ms, non—operational
ner frequency of 3 radians per second or 1/2 hertz, test which verified ruggedness for shipment and
Any mechanical resonances will scale up the effect portable use handling.
by a factor equal to the Q of the resonance.

The second is of ten called the “hammer blow test”
Some recent sine wave vibration tests on an early and although is usually a non-operational , survival-

prototype 5062C at 2 g peak from 14 Hz to 2000 Hz type test: it was done with the unit fu l ly  operational
showed no damage to the instrument and generally good and being phase compared against a standard .
agreement with the FM sidebands that would be predic-
ted by 1 x i~~~9 per g, except for mechanical reso- The test consists of allowing a 400 pound steel
nances. The worst of these resonances accentuated the weight, the hammer, to fall thru 1, 3 and 5 ft arcs ,
FM by about 30 dB near 750 Hz , indicating a mechanical in each of three axes for a total of 9 blows , striking
Q of 30, a reasonable expectation for typical chassis a steel carrier to which the instrument is attached .
structures, Fig. 6. The relationship used to predict The carrier floats on a very compliant suspension so
the FM sideband is that it responds freely to the impact. The mounting

f S a structure used to mount and contain the 5062C was
£ (f  ) 20 log 0 09C attached only at normally available mounting points

~ V 
v on the instrument and the mount stiffness simulated a

where heavy rack mounted situation. At impact the 5 MHz
phase took small jumps of 20 nS and then only during

La 
single sideband to carrier rat io, da the larger 3’ and 5’ drops . The alarm liç’t of the

unit was also tripped when a phase j ump occured.
I vibrat ion frequency, Hz The mechanism for the phase jump and alarm light is

the rapid acceleration of the quartz crystal in the
f I carrier frequency, Hz precision 5 MHz oscillator. This acceleration has

most of its energy at frequencies above the bandwidth
S oscillator acceleration sensitivity of the instrument ’s control loop. The acceleration
0 coefficient , t~f/f  per g causes a short duration lurch of frequency offset

(which integrates to a phase ramp or step) resulting
a peak acceleration, g in a pulse of error signal in the control loop. This

causes the alarm lamp to trip via the excess error
These sine wave vibration tests also extended signal channel in the self—check logic section.

below 14 Hz, down to 5 Hz at 0.2 inch, double ampli-
tude and ths. frequency was swept logarithmically Immediately after the effect of each blow was
versus time from 5 Hz to 2 kHz. in this method of registered , the continous operation lamp was reset
testing the only two frequencies which caused a mea- manually. After all blows were completed no change
.urable time keeping error t ’  accumulate were 750 Hz in the instrument ’s basic frequency or any other
and 137 Hz. To explore the 750 Hz resonance, a one parameters were noted.
minute dwell at that frequency was found to cause a
60 nanosecond time error to accumulate. The corre— Reliability, Multiple Stress Testing
sponding frequency error would indicate that the
crystal was not being controlled by the cesium loop. In order to measure the reliability of the 5062C
This was confirmed by an out of lock indication . The option 10 under conditions of maximum environmental
probable mechanism is the extreme FM depressing the stress , a severe teat was undertaken which involved
SF power level applied to th. beam tube. This could simultaneous cycling of extremes of temperature, input
occur with a modulation index approaching 1 at th. power and vibration all simultaneously on four units.
9.2 GHz frequency, or l0’~ at S ?84z. This calculates Temperature was cycled between the limits of -28°C and
to a 5 MHz sideband amplitude of -71 dB relative to +65° C four complete cyclee per day . The dwell time
the carrier, while a measurement showed -73 dB during at the two temperature extremes was 2.4 hours with the
the dwell, transitions taking 2.4 hours (0.65°C/minute) . A vibra-

tion level of 1.0 g peak at about 25 Hz was applied for
The disturbance caused as the vibration freq uency 10 minutes out of each hour during the normal eight

passed through 137 Hz amounted to 10 nanoseconds. The hour work day . In addition, the input power was varied
vthration frequency sweep rate in that region is 1.4 every 24 hours between hi , nominal, S low line ac, and
Hz per s.cond which is slow enough relative to the hi, nominal, & low external dc , and internal batteries
control loop b.ndwidtha in the instrument to resemble for a total of seven input power situations.
a few seconds of dwell. The instrument is vulnerable
at this frequency because it is the modulation Fr.— Since the units were operated from internal bat-
quency, or in other words, the carrier frequency of teries each day for 30 minutes, the energy drained
the instr~~~nt ’s servo ioop. from the batteries during discharge had to be recharged
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t in the 2 3  1/2 hours before the next discharge period.
I f  the batteries were not receiving sufficient charge, ,, ~, - —
the effec t would be cumulative , and at some point ______________________
would not stand up to a 1/2 hour discharge . To further
strain the system , the temperature was constantly - .‘

~Ij,j
being cycled during recharge . I f the temperature ‘ ‘~~~~~ - .

compensation of the charger did not closely match the
batte ry, the undercharge situation (or ,vercharge . •
which could be as disastrous due to excessive sul-
fat ion , e t c . )  would be aggravated . The result was 

~that after a total of 1375 instrument test hours , no .

degradation in batte ry performance wa s noted. ‘

I. b•
More importantly, no relevant failure occured

during the entire test sequence, and all measured
parameters such as 5 MHz phase vs. time , output levels
and cloc)’ timekeeping , operated flawlessly.

‘I,,
This test demonstrated a 2500 hour MTBF under

extreme conditions, which indicates an expected MTBF . 

.

almost 10 times that, in more normal use. ‘
~~

Personnel ‘0

Finall y ,  it has been found that operating and .
~~~~

service personnel can represent an environmental a
hazard to the instrument. In response to this , .
every opportunity was taken to make the instrument 

•simple to operate and maintain. IS ‘—4
U •

For example, the turn on procedure is four steps:

1. Connect power
2. Wait 15 minutes
3, Set mode and modulation switches on 1:
4. Press logic reset button to get a green

light

Also to aid in service , the top and bottom covers
have board locations, adjustments and major test
points silk screened on the inside . All boards are ~~‘

keyed to prevent accidental insertion in the wrong
socket. All regulated power supplies are current
limited to protect against accidental shorts. The
high voltage power supplies have dividing resistors 

*built-in so that a low voltage meter is used to test
their output. 

-
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Figure 2

Cesium beam tube used in Model 5062C
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OPTIMIZATION OF THE BUFFER GAS MIXTURE FOR

OPTICALL Y PUMPED Cs FREQUENC Y STANDARDS

F. Strumia , N. Beverini, A. Moretti
Gnsppo Nazioriale Struttura della Materia
Istituto di Fisica — Pisa

and

C. Rovera
Istituto E].ettrotecnico Nazionale — Torino

Abstract

Measurements on temperature and pressure of the optically pumped Cs. We found that the
shifts of the hyperfine transition F=4, m~,= pressure shift and its temperature dependence
0 -_. F=3, mF

_O) of Cesium have been perfor— can be simultaneously controlled by using sui—
med for various buffer gases. The hyperfine table mixtures of three different games.
relaxation cross section a and the dif-
fusion coefficient D0 of Ce~~~~ in the same Experiment

gases were also measured. The apparatus used for the measurement of
The results are useful in order to select bu f— the relaxation rates is shown in fig. 1. It
icr gas mixtures to be used in a Cs vapor ire— is similar to that described in ref. 7 and 8
quency standard, with an appropriate frequency in which are reported the results concerning
shift, a near—zero temperature coefficient, noble gases and N2. In the present inve8ti—
and a high optical pumping efficiency. gatiofl measurements were performed on light

hydrocarbon gases as CR4, C2B6, C2H4, C3H8Introduction that show a good optical pumping and large
The long term stability of an optically negative shifts.

pumped frequency standard is limited by the The hyPerfine ralaxation times have been
fluctuations of the pumping light intensity measured as a function of the Cesium vapor
and by thermal effects associated with the density. The experimental values extrapolated
temperature dependence of the buffer gas pres— to zero Cs density give the relaxation rate
sure shift. as a combined effect of diffusion to the cell

Other effects contribute to reduce the walls and collision with the buffer gas mole—
long term stability. Among this the cavity cules. Such data have been analyzed by means
pulling is negligible in a passive standard , of a computer and the best values for ~
Other lees known effects cannot be easily and D0 have been obtained (7).
investigated and understood without a prelirni— The experimental apparatus for measuring
nary reduction of the light and pressure shift. hyperfine shifts is shown in fig. 2 and 3.

An investigation on the performances of The light of a Ca lamp excited by H? at 60 MHz
an optically pumped Cesium vapor frequency is filtered by a magnetic hyperfine filter
standard using a high efficiency magnetic ani sent into an Al cavity, resonant on the
Kyperfine filter’ (1) has shown a very small TE011 mode , which contains the pumping cell.
light shift (2) as a consequence of the good The effect of the external magnetic field is
symmetry of the filtered line, reduced by two magnetic shields and an inner

The effects of buffer  gases on the ground coil produces a DC field to remove the dege—
state hyperfine frequency of Cs atoms were neration among the Zeeinan sublevels.
inveetigatsd by several author. (3, 4, 5, 6)  but The strength of the DC field is keept around
the results show discrepancies for the preseu— 0.08 Oereted producing an increase of the
re shifts and more for the temperature coef— o — o line frequency of about 0,3 Hz.

ficients. The temperatures of the magnetic filter and

We have performed measurements on those ‘~~
‘ the r*Ampin€ cell are controlled and moni—

gases which are also promising for an efficient torad by means of thermocouples. The tempera—

optical pumping. Two independent experimen— ture of the cell can be varied from room tern—

tal appa ratuses were used, one for the mea— perature ( —  20 OC) up to 60 °C.
surement of th. shift of the 04—4 0 Cs line, A thermostat is used to maintain the tempera—

snd the other one for the meaeureme31~ of the ture constant during a single measurement with

relaxation rates , the diffusion coefficient an accuracy better than + 0.2 °C. The RF

and the hyperfine relaxation cross section excitation at about 9.192 GHz is obtained by
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direct multiplication ( x 1458) from a low— H2 and Cs with a speed much higher as compared
—noise aynthetizer with a resolution of to the other alkali metals. In few days the
5 x 1O 4Hz , driven by a commercial Cesium— cells stopped to absorb C~i resonance light.
— beam fre quency standard 5 A low frequency The measured data are not reported since the
modulation at 37 Hz is applied to the microw ! H2 density in the cells varies with time.
vs by phase modulation of the 6.304 MHz at The continuous lines in fig. 4 are the beet
the input of the multiplication chain. The fit of the experimental data obtained by
e f f e ct of the HF excitation on the transmitted fitting with the help of a computer, the
intensity light is detected at the photocell, diffusion equation~
and the signal is sent to a phase sensitive
detector, lock—in amplifier type, used as a 1) ~~~

.
~S1>~~ DV 2<S 1,_ k(SI)

null detector.  The measuring apparatus,
shown in fig. 3, gives an accuracy for the_10
frequency measurements of the order of 2x10 where D • D0 , K — N ~~~
for signal amplitudes, at the photocell, A detailed solution can be found in ref. 7.
ranging from 200 ftiV to 3 MV . The most im—

The pressure and temperature coefficients ofportant error source in the measurement of the shifts were evaluated at OOC , with refe—the pressure shifts comes from the uncertain—
rence to the Cs nominal hyperfine transition

ty in the buffer gas density in the cells.
This di f f iculty follow either from the low frequency 

~~~~~ 9192 631 770 Hz, using the
following relation

precision of the manometer in the pressure
range of a few torr or from the impossibility 2) ~~~~~~~ = P~ [fl+8( T—T .)]
to maintain the cell temperature constant du-
ring the sealing off from the vacuum station.
This second error source is probably the most where P0 is the gas pressure in the cell re—
responsible for the large scattering between f erred to the temperature T0 = 273.16 °K,/3
previous measurements. In ref. 9 and 10 a is the pressure shift coefficient expressed
two step sealing off practice was used in order in Hz/Torr at 0°C, 8 is the temperature
to avoid large errors. In the present inve— coefficient iA -Hz/Torr . K.
stigation we adopted another procedure. A In the evaluation of the results the light
few minutes before sealing them off, the shift effect has not been taken into account
cells were immersed in a water bath whose it 4.6 x 10—1 2/1% of change of light inten—
temperature was measured with a precision sity and it is negligeable as compared to
better than +0.5°C. The glass tube used to the indetermination of the pressure measure—
connect the cells to the vacuum station was ment. A typical experimental result in the
very thin 50 that its volume was negligible shift determination is shown in fig. 5.
as compared to that of the cells. In this The values of the coefficients Do, 6~~ I,
way me can estimate that the sealing—off error J~

, , ~ obtained by solving the eq. 1 and
does not exceed ± 1%. 2 are given in Table I. From the values
The cells were prepared on a vacuum system given in Table I we see that N2, 11e, CR4,
using a molecular sieve and an ion pump, in C2H6, and C3H8 are the buffer gases giving
order to avoid contamination by oil and were the largest signals. In order to compensate
filled following the procedure described in both the pressure and temperature shift the
ref. 7, The pressure was monitored by an value of the ratio /3/s should be the sa—
absolute metallLn.o gauge with a resolution me for two different gases. This does not
of 0.1 Torr. The gauge was calibrated by happen even though the couple N2, C3H8
means of a primary mercury standard. In this is very close to this requirement. An
way we reach on accuracy of 

~ 
0.1 Torr. All easy compensation can be obtained by using

the pressure values were referred at 0°C. a mixture of three different buffer gases.
In this case we can obtain a full compenea—Results tion of the temperature dependent part of

The measurements were carried out on buf the shift and select a prefixed value 13M
fer gases added to pure Ce meta~L. In fig.4 for the mixture, The composition of the
th, behaviour of the hyperfine relaxation as mixture can be calculated by solving the
a function of the buffer gas density is following algebraic systems
shown. The results shown concern CH4, C2H6, + ~
C2k1 , C

3
H8 C4H1 . Analogous results for I

nobf. zases and 
~2 

are reuported in ref. 7
and 8. Also H2 was tested as a buffer gas. i
Good signals were observed ‘maediat.ly after
th, preparation of the cell, but we observed
that a chemical rssotion takes place between
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or N2+H2.C3 H8 . Since we have found also a very 

~~. B. Missout. J. Vanier: IEEE Trans. Instr. and
small light shift we should expect that the long term Meas. 24, 180 (1975).
stability of an optically pumped Cs frequency standard 10. B. Rovera , A. Demarchi , J . Vanier: Trans. onwill be significantly improved . 

Instr. and Meas.(Sept. 1976).

IABLE I

Experi omntal results for the hyperfine relaxat ion
and f~r the pressure shift of Cesium .

~ ~s i. 0,~ j3 RF
Gas signal

a 10 22 cm2 ~n~/s. Hz/Torr H±/Torr O )( O K arb— units

Ha 0.28±0.03’ 0.20*0.048 1185±46 1.49±0.15 795 1

Ne 0.93±0.09’ 0 35300 014a ~~~ -.-

Ar 10.4± 1 .0 ‘ 0.134*0.02 8 -191 ~~3C 1~~~~005 C 182 0.5

Kr 255±36 b 0.~~8±o.03 
b 1450~ 50C - 1 .9±0. 5 C 763 0.15

6.0±0. 4 0 087±0 ~i~’ 924 .7± 7 0.623 ± 0 .05 1484

CH4 4 1±0.6 0.28±0.05 -1050±30 -1.47±0.09 714

C2H6 
8.5±1.0 0.21*0.03 -1852±30 -1.87±0.02 990 1

C3H8 14.9.2.0 0.143*0.025 -~959±37 -2.03*0.08 1457

C2
H4 59.5±6.0 0.114±0.034 -- -

C4H10 -- -  ..- - -3995 -2.0 399w 1

a - from ref. 7; b - from ref .  8, c - f rom ref. 10

1~ 
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A NEW KIND OF PASSIVELY OPERATING HYDROGEN FREOUENCY STANDAR I~
F. L. Walls and H. Hellwlg

Frequency & Time Standards Section
National Bureau of Standards

Boulder , Colorado 110302

atomic hydrogen is typically accomplished via the
ABSTRACT scheme shown in the lower portion of this figure . The_______- 

state selection magnet shown is a hexapole but could be
The philosophy behind a new design of a passively a different configuration.

operating hydrogen frequency standard will be described .
Basically the hydrogen atoms are stored in a convention- Figure 2 shows a block diagram of a typical active
al , coated quartz bulb , which is contained in a TEA, hydrogen maser. By adjusting various parameters such as
cavity. The H-atoms are interrogated by driving hydrogen beam intensity, storage time , cavity Q, etc.,
the traditional 1 ,0 to 0,0 transition with an external the energy radiated by the hydrogen atoms can be made to
frequency source and comparing the amplitude and/or exceed cavity losses , and the system breaks into
phase of the output si gnal from the cavity with the in- osci llation.
put signal. The goal of this design is to achieve long 

-term frequency stability of better than I part in 10 ’” The weak signal of 10 12 to 10 ’’ W is then phase
for measurement times from 1 day to 1 year. This is compared with a local oscillator , using multip lication
done by increasing the cavity linew idth and decreasing and heterodyne techniques in order to preserve signal-
the hydrogen resonance linewidth as compared to typical to-noise. The output of the phase comparator is then
values for an oscillating maser. used to phase-lock the local oscillator to the hydrogen

signal. Note that in an active hydrogen maser no
The possibility of si gnificant size reductions microwave signal is injected Into the cavity.

based on the use of small dielectric cavities and lower
beam intensities , at little or no sacrifice in long Seve ra l passive hydrogen frequency standards have
term stability, is pointed out. been proposed in the past. The first passive frequency

standard was proposed and a prototype built by H. Heliwi g
A new cavity control servo is described which al— in 1970 [6,7]. A simplified block diagram is shown in

lows the rapid stabilization of the cavity resonance Fi g. 3, which is similar to Fi g. 2 except for the
frequency to better than 10 ’’ in its effect of pu lling addition of a signal that is injected into the cavity
the hydrogen resonance. The reduction of other syste- region. Phase comparison of the output si gnal wi th the
matic effects to below 10 ~~‘ fractional frequency un- input signal allows one to frequency lock the local
certainty and instability is discussed , including spin oscillator to the hydrogen phase dispersion signal.
exchange and magnetic interactions. Fig. 4 shows such a hydrogen dispersion signal . The

hydrogen signal was separated from other dispersive
INTRODUCTION effects by squarewave modulating the H signal at 1 Hz

via hydrogen beam modulation or Zeeman quenching and
The purpose of this paper is to describe the design detecting the resulting phase modulation with a 1

and report some preliminary measurements on a new kind synchronous detector. Stabilities of = 2 x l0 12 
~of passive hydrogen frequency standard which shows in a 30 Hz bandwidth were observed with this system [7].

great promise of achieving stabilities of better than Our present design Is an outgrowth of this work.
1 x 10 ‘“ for averaging times from one day to perhaps Fi gure 5 shows a hydrogen beam tube built and tested in
a year. In addition , we hope to prove that the design 1971 [8]. This beam tube featured a linewidth similar to
concepts brought forth in this passive H-maser approach the active maser and detection of the hydrogen atoms,
allow one much greater flexibility in trading various which had undergone the appropriate transition. As we
parameters off against one another In order to satisfy will see later, this approach virtually eliminates
other criteria, such as the reduction of size or cavity pulling. However, the then available detectors
of selected systematic effects. for thermal hydrogen atoms in arrangements which had

sufficiently narrow llnewidths had poor si gnal—to-noise ,
For timekeeping applications the goal Is to mini- which prevented the attainment of good stabilities in a

mize the time dispersion over many days or even reasonabl e time .
years [1]. Presently, the best that can be done with
any frequency standard , Including _hydrogen and cesium H. Peters proposed and built In 1971 a beam tube
standards, is several parts In 10 ‘‘ per year [2] —- with cooled hydrogen atoms not using any storage bulbs [9].
the only probable exceptions being the primary This reduced cavity pulling and eliminated wall shifts
cesium standards. Requirements In navigation while featuring good signal-to—noise. However, the line-
(Global Positioning System) are roughly equivalen t to width was much wider.
a frequency stability of 1 x lO~~’ for 1 to 10 days(3]. It has been the requirement for very good long Figure 6 shows the block diagram of our presently
term stability , rather than the quest for absolute operating passive hydrogen maser design . It uses a
accuracy, which motivated us to look at the possib ili— conventional beam system to produce the state selected
ties offered by passive hydrogen devices, atomic hydrogen. The cavity is Of standard size and

presently has a loaded Q of almost 40000. The design
Before embarking on the analysis of systematic and the reasons behind it will be discussed in detail

effects—-the elimination of which is the real essence in the context of reviewing various systematic effects.
of good long term stability--we want to briefly decribe
a typical active or self-oscillating hydrogen maser and Basically , a 5 141z oscillator Is multi plied and
several passive hydrogen standard options. mixed with a synthesizer output to produce the

hydrogen resonance frequency. This microwave signal is
then injected into the cavity and allowed to Interact

Hydrogen fr.~uency standards, whether active or with the cavity and the hydrogen atoms. The output
p ss lve, are based on the F • 1, mr • 0 to F — 0, and signal Is then processed in order to frequency lock the
• 0 hyperfine transition at 1420 P4Hz In the ground local oscillator to the hydrogen resonance and the TE

state of atemlc hydrogen, which is illustrated in cavity resonance to the local oscIllator. 0
Fig. 1 (4,5]. Production and State selectIon of the
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TABLE 1 “CAy - “H (Hz)

V _  v1~ ~DEVICE 
~CAV 

0H K FOR —-— 10
“H

CONVENTIONA L
ACTIVE MASER 35,000 1 x 3.5 x lO~ 0.4

PASSIVE MASERS :

PRESENT NBS
MASER 40,000 5 x io8 8 x 10

_s 
0.2

DIELECTRIC
CAVITY 5,000 2 x lO~ 2.5 x 10.6 57

HIGH-Q CAVITY
HIGH-H-Q 40,000 1 x 1010 4 x ~o 6 35

r,~i SHIELDINGTABLE ~ L’~i 
FACTOR

1 O ” T Ext Field
1 x 10 8 1 2.7 * )D~ HZ 25% 4 x 10~
1 x l0~ 1 2.7 x 1O 3 Hz 0.25% 4 x 10~
2 x io 6 1 1.1 Hz .0006% 1.6 x

The significant systematic effects which trouble effects are capable of shifting the frequency many parts
hydrogen frequency standards are: in 10’’. Note that In order to achieve one part in 10’”

1) CavIty pulling, 2) Magnetic field , 3) Crampton long term stability the cavity must be stabilized to
effect [10), 4) Second-order Doppler, 5) Wallshlft, and 3 parts in 1010 . Obvious sources capable of moving the
6) Spin exchange. cavity this amount are cavity temperature, bulb tempera-

ture, mechanica l strain , electrical changes in the
Cavity Pulling cavity walls, changes In the coupling to the cavity,

leakage of radiation from the cavity to the outside,
In our opinion the most serious limitation to long etc., all of which are likely to be functions of time.

term stability Is cavity pulling. Approximate
equations [Il] governing this effect are: One of the primary reasons we have chosen this

passive approach Is that it allows considerable flex-
ibility to choose design parameters such as cavity QV - V

H 
K(v~~ - “H~ and line Q In order to reduce cavity pulling because

2 no oscillation threshold conditions have to be met.

K J~CAV 
\ In our full-sized cavity design we have chosen toDETECTION OF ATOMS

~\ ~~
) (FAR BELOW OSCILLATION THRESHOLD) Increase line Q to approximately 1010 . This will be

accomplished by decreasing the hydrogen density In the
bulb and Increasing the storage time a factor of 10.
So far, we have achieved a QH of 5* 100. The physical

[12] ThIs reduces the basic sensitivity to cavity pullingK 
limit to this approach Is ultimately wall relaxation .

DETECTION OF rf as well as the frequency shift and broadening due to
(ALL I’IASERS, ACTIVE & PASSIVE) spin-exchange collisions by a factor of 10 and reduces

by the same factor the amount that the servo has to split
resonance l ine In order to achieve a desired stability.

After looking at the equations it is easy to In addition it reduces the required beam intensity by a
understand the early enthusiasm for the passive hydro- factor of 100 which has major implications in terms of
gen beam frequency standards, which detected atoms, as future size and weight of passive hydrogen frequency
they virtually eliminated cavity pulling. All of the standards.
present devices sample the field intensity, I.e., all
unasers - active and passive - suffer from cavity pulling Figures 7 and 8 show a model of the full sized
which varies linearly with the ratio of the cavity Q cavity which we are presently using. The cavity length
to the line Q, multiplied by the cavity offset. is adjusted b~ rotating the quartz barrel using a designof R. Vessot LU]. Note that 120 degree rotation chanqes

For a typical active maser the cavity pulling is the length by about 1 cm. The top h s  a choke flange
Indicated in Table 1: assuming a cavity Q of 35000 and which is designed to help suppress TM modes in the cavity
a line Q of 1 x 10’ it is not surprising that many

~~~ 
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and eliminate radiation losses from the top of the Another systematic effect is a perturbation dis-
cavity. The TN modes are troublesome In that they are cussed by Crampton (Crampton effect) [10] whIch is
degenerate with some coaxial transmission modes and caused by the presence of radial rf and dc magnetic
hence couple through the gaps around the cavity end- field components In the storage region coupled to a
plates to the outside. Any change In the outside difference in the populations 

°l l  and p 1 , 1 of
environment thus affects the TM modes which can then the 1 ,1 and l ,-l states due to the state selection
pul l the desired 1(011 cavity mode. process. This frequency shift is given by

Figure 7 shows a dielectrically loaded TE011 T IHrfcavity with a Q of approximately 6000 along 
~
VCE K y __________

side the standard cavity. The interior of the dielec- H (c i + 1  - 

~~
_
l) (l4(~~ tc/2) )I 

H~C1tric shel l is the storage bulb. This provides a
cavity which is exceptionally rugged and very much z 

r j
smaller than a standard cavity . The cavity pulling BULB
sensitivity is also small because of Its low Q where is the relaxation rate due to spin exchange
(see Table 1).

and is the average time for a hydrogen atom to cross
Cavity Servo the bulb. K is 2 x 10’’ Hz ‘T, 

subscripts r and z des-

In addition to decreasing the inherent sensitivity ignate radial and axial components of the magnetic fields.
to cavity pulling, the resonance frequency of the
cavity can be easily locked to the H resonance fre- One way to substantially reduce this effect is to
quency in our passive design. As depicted in ri9. 6, operate at fields of 2 x lO~ Tesla (20 m illigauss)
the signal from the 5 MHz local oscillator is phase where the 

~ 
T term reduces the effect by more than 00.

modulated, multiplied, and mixed to produce a phase Table 2 shows the relationship between magnetic field
modulated 1420 MHz carrier. After transmission through and required magnetic field stability and shielding
the cavity, the 1420 MHz signal contaIns amplitude factor in order to achieve a fractional frequency
modulat ion at the fundamental of the phase modulation stability of 1 x l0 ’’, we see that this solution is
with intensity and sign determined by the cavity offset. unacceptable for achieving long term stability, as it
After heterodyning to 20 MHz , the si gnal (now pure requires a stability of residual magnetic fields of
amplitude) is processed by a synchronous detector to 1 x l0 ’’ 1 (0.1 jiG) which is very difficult and may
correct the cavity frequency via tuning elements C0fl even exceed the long term stability of residual nag-
nected to the cavity output. Using 12.5 KHz phase netization of presently available magnetic shielding
modulation we have demonstrated that one can easily re-
duce the cavity offset to less than 5 Hz in only 20 Our solution to this problem Is to operate at a
seconds. UsIng the large bulb with a hydrogen line Q very low spin exchange relaxation rate , which is
of 5 x 10’ to 1010 in the full sized cavIty, we can necessary anyway to achieve the desired line Q of lO ’° .
reduce the effect 0f cavity pulling to below l0~~’~ in This greatly reduces the Crampton shift. If necessary ,
about 10 minutes. Therefore changes in the output fre- further reduction will be accomplished by equalizing
quency, due to cavity pulling, should easily be stable the 1 ,1 and the l ,-l populations i~

4ng a dc neck coil;
to parts in 1015 in long term even in the presence of this we have already demonstr )ur present device.
environmental perturbations, due to the low sensitivity The use of population mixir ~e the Cramptonto cavity pulling and the high si gnal to noise which per- effect reduces the si gnal L st. A more elegant
mits a correction of the cavity frequency In a time scheme Is to use double state ~..clon , which removesrapid compared to most environmenta l changes. both the 1,1 and 1 ,-i states I ~~. Double state

selection would increase the signal a factor of 3,
The 12.5 KHz modulati on sidebands are 10 dB below for the same spin exchange rate, over the state mixing

the 1420 MHz carrier; the modulation is fast compared to method and, In princi ple , totally eliminate the
the hydrogen llnewidth and the Zeeonan separation of Crampton effect. This Is more feasible with the pa-sive
approximately 140 Hz. The 12.5 KHz sidebands were system than In an active maser because of the reduced
measured to remain equal in amplitude to about l 0’ requirements on beam intensity . Another approach
after several months of operation. No significant to reduce this effect Is via careful centering of the
perturbation to the resonance I tself occurs using this storage bulb. This is difficult In a standard design
cavity stabilization technique. because the storage bulbs are usually not perfectly

sytmietric. In our small dielectric cavity design theMagnetic Fields storage bulb is the Inside of the dielecti c shell
and can be easily machined to be sy~mnetric to betterThe shift of the resonance frequency due to a than 1%. This alone should be enough to greatlymagnetic field Is (AV H in Hz, H In Tes la, 11 = 10” G) reduce the effect.

2.750 x 10’’ H2 Second Order Doppler

The second order Doppler shift is 1.3 xwhere the average Is over the entire storage bulb. per degree Kelvin for atomic hydrogen. This means thatThe average magnetic field is measured via the the temperature needs to be stable to only 0.07 K InZeeman effect v~ = 1.4 x 1010 
~T. Therefore the shift order to maintain an uncertainty of less than 1 x 10~~” .term should be written as In our present design the temperature is stable to about

0.01 K per day, using only the outside oven. Event ually
both the inner and outer oven wil l be used. It appears4VH 2.75 * io ’’[1t2+ ~~ relatively easy to obtain temperature stabilities of
0.01 K per year.where t~H~ Is the mean squared field devlati1

on from the
average ove r the bulb as measured v ia 

~~~~ 
n order to keep 

Wall Shift
the offset due to A~1T less than l0~’” , this term must

The wall shift is about 3 x 10 ’’ for a 15 cm bulb.be kept below (7 x 10 ’ 1)2 or (70 jiG)2, which ~ H. Peters [151 has shown that the wall shift is at least
relatively ea sy at magnetic fields below l0 ’T (1 mG) stable to parts In 10’ ’ per year. Only further work
(see Table 2).
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using better time scales which should include hydrogen Preliminary measurements with a 15 cm bulb with a

~ standards will reveal the time stability of this shift . llnewidth of approximatel y 3 Hz and a cavity of 40,000
The measurements of Crampton [16] on spin exchange In- yield a one second stability of 8 x 10.1. which
dicate that shifts due to paramagnetic gasses in the improves as the square root of time at least out to
bulb region could be very Important. As a consequence 1800 seconds. These measurements are very important
the stability of the wall shift may be influenced by because with a linewidth of 3 Hz, the standard is
cleanliness and by the stability of the background 10 to 20 times more sensitive to most systematic
pressure. Preparation of the storage bulb prior to effects than our new system presently under
coating, coating material , method of coating, and even construction. It will feature a cylindrical bulb
bulb operating temperature may also be important at of 18 cm diameter and 20 cm heig ht. Tests of this
the I x l0 ’’ level . Much work remains to be done in bulb in a different maser yield an increase in line Q
this area for all types of hydrogen storage devices. of nearly 10 and a signal-to-noise about 10 times

larger than presently achieved (see Fi g. 9).

Spin Exchange We therefore expect to achie~~ a short termstability of o (r) .� 1 x 10 12 2 These results
The presence of appreciable hydrogen density in

the storage bulb , which is desirable for strong si gnals, coupled wi th measurements reported above on the
causes a frequency broadening and shift because the reduction of cavity pulling, indicate that the full
hyperfine frequency is perturbed during collisions , size passive hydrogen maser just described Is capable
The spin exchange contribution to the llnewidth is of achieving a frequency stability of better than
typicall y a fraction of a Hz [17] and uncompensated 1 x 10’ from I day to perhaps a year.
frequency pulling is of the order of percen~~ of thebroadening, i.e., fractionally, parts In 10 for We also believe that It is possible to achieve
typical active maser operation. stabilities very close to this level in a passive

maser measuring approximately 16” in diameter and
In virtuall y all active maser desi gns, spin ex- 30” long using the small dielectric cavity.

change broadening is compensated for by cavity pulling
[18]. The residual frequency offset can then be Also it should be noted that the ability to
substantially reduced. This spin exchange tuning reduce cavity pulling independently to 1 x l0~’ , to
requires beam intensity modulations and an auxiliary be spin exchanged tuned via microwave amplitude modu-
frequency standard (another H-maser had to be used to lation as well as beam intensity modulation , and the
achieve excellent stability over many days [19 ,20]). ability to operate over more than an order of magni-

tude change in hydrogen density makes the passive
In our full size cavity design the spin-exchange rnasser a powerful tool for investigating systematic

frequency shift will be reduced to about 3 x l0 ’~ by 
effects and physical processes.
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Fig. 7 Photograph of small TE I dielectric cavity
along side a model fiji9 ~ized TE 1 1420 MHz

- 

. 

cav ity. Barrel of actual cavity quartz

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

Fig. 8 Barrel and top end cap of full sized TE
1420 MHz cav ity . Cavity length is adjusQ~~by rotating the barrel. See Fi g. 7. Note
choke on top flange which is used to

.r  ,

~~

, 

separate and suppress the TM cavity modes.

FIg. 9 (left to right) Photograph of 18 cm ‘h a.
x 20 cm high storage bulb , dielectric

- 

cavity , and 15 cm dla .storage bulb.
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Special Acknowledgement volume storage bulb . Figure 3 shows the Concertina storage
bulb in various states of elongation . We have achieved oscil-

The authors would like to make a special acknowledge— lation with the Concertina Maser , but haven ’t obtained a very
ment to Harry E. Peters. Harry Peters designed all of the good t uning factor as yet . Presently we are redesigning the
frequency standards discussed in th is paper , and until his Concertina Maser to remedy thi s situation.
recent retirement was the principa l force behind NASA’s hy-
drogen stan T program. We have included mention of the two calibrations stand-

ard s for completeness. There will be no fu rther mention of
Introduction them in this paper.

ddard Space Flight Center , NASA has
had ~hose principal task has been to develop and NA SA Maser Design and Performance
te - able hydrogen masers. After successful re—
suits with an experimental maser (NX-1), the NP series of Before discussing NP maser reliability , we would like to
prototype masers was developed . Figure 1 shows a picture discuss some of the noteworthy features of NASA masers and
of an NP maser. These masers have been extensively tested compare the performance of the NP and NX masers. Figure
in many years of field use around the world . This extensive 4 shows the principal elements of a NASA hydrogen maser.
field use , amount i ng to over 25 years of accumulated experi— Figure 5 shows a picture of some of these elements from an
ence with the NP masers , allows us to draw some valuable NP maser. The noteworthy features are as follows:
conclusions as to the reliability and lifetime of the component
parts of hydrogen masers under actual field conditions. The Large Hydrogen Source Bulb . The H. F. dissociator is a
latter part of this paper will present reliability data on the cylindrical bulb two inches in diameter by two inches high.
NP masers and draw conclusions from this data . The large size of the bulb enables it to run reliably with j ust

convection cooling .
The NASA program did not stop with the development of

the NP series. Based on experience with the NP masers , Palladium Purifier. To supp ly hydrogen to the R. F.
two new experimental inasers (NX—2 and NX— 3) were bui lt . Dissociator , a palladium purifier is used. In the NP masers ,
Figure 2 shows NX-2 as well as the first experimental ma- the pur if ier consists of a palladium-silver pellet brazed to
ser , NX-1. In thi s paper we will also compare the per- stainless steel tubing . In order to wet the stainless steel
forinance of the NP masers and the new NX masers. Pres- tubing it is necesaary to use a high temperature silver solder
ently, in a jo int program with the AppliedPhysics Laboratory which sometimes alloys with the palladlun. pellet . In the NX
(APL) of Johns Hopkins University a new series of fi eld op— and NR rnasers , the stainless steel tubing is nickel plated
erable hydrogen masers (NR series) is being developed, before brazing . This allow s the use of lower temperature
Some of the novel features of the NR masers will also be eutectic silver solder for the braze , eliminating the alloying
discussed , problem and producing a more reliable bond.

Another task of the NASA program has been to develop State Selector. In the NX and NR masers , there is an
atomic hydrogen primary frequency standards in order to electromagnetic quadrupole state selector . This state selec-
calibrate our field operable hydrogen masers. our goal is tor configuration has a high focussing efficiency allowing the
to develop a primary standard with a fractional accuracy of use of smaller pumps and contributing to long pump life.
10~~~. We are developing two such standards: a hydrogen
beam frequency standard 2 , 3 and a Concertina Hydrogen Ma- Replaceable Pumps. Both the NX and NR niasers allow
ser. 4 The hydrogen beam frequency standard is shown in the ton pumps to be replaced without letting the masers up to
Figure 2 . Presently all effort on the beam standard Is being air. The masers each use two 601/sec Varlan Associates
directed towards developing a hydrogen detector with high Noble Van Ion pumps . Reduced hydrogen consumption should
signal to noise ratio. A palladium—si licon MO SFET detector allow 15 to 20 years of pump life before replacement is
being developed by our microelectronics division is showing required .1
promise.

Small Entrance Stem . The one inch diameter entrance
The Concertina Muer is a variable volume hydrogen stem reduces the size of holes in the magnetic shieldi ng re-

maser which uses an PEP teflon bellows as the variable ducing inhomogeneity effects.
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Magnetic Shields. The NP masers use a quadruple layer Environmental Performance. Figure 8 summarizes the
of Molypermalloy shielding which has a shielding factor of effects of environmenta l changes on the fractional frequency
~00. In the NX and NR masers , a fift h shield has been added stability of NP and NX masers. The NP data was measured

which consists of a rectangular box that fo rm s part of the at Hay stack Observatory 8, the NX data at Goddard Space
maser frame . This increases the shielding factor to 15, 000. FlIght Center.

Elongated Storage Bulb. The elongated cavity and the Reliability and Operating Life of NASA Masers
large cylindrical storage bulb yield a hijh filling factor5 , and
a reduced magnetic Inhomogeneity shift 0 , 7 as well as high Since 1969 , NP hydrogen masers have seen extensive
line Q. 5 field use around the world supporting many programs. Figure

9 show s the locations where NP masers have been in use , and
Aluminum Cavity . The microwave cavity in NASA ma- Figure 10 lists some of the program s which were supported .

sers is aluminum whose high thermal expansion is put to use In many instances , NP masers made multiple trips to the lo—
to tune the cavity by changing the cavity temperature. With cations indicated in the map . Figure 11 lists the total number
use of aged thermistors in the temperature contro l loop , fre— of trips and the mileage for each NP maser . During the past
quency stability is better than one part in 10 ’~ over a one day six years , the average NP maser has made 14 trips and has
period .1 traveled 28 thousand miles. The point of all these statistics

is that the field use of the NP masers in the past six years
Present ly we are working on a new design for the cavity has been far flung and extensive , so that from the history of

using a combination of low temperature coefficient materials the NP masers during this period , we can draw conclusions
and aluminum which will greatly reduce the temperature sea- as to the reliability of the component parts of hydrogen ma-
sitivity of the cavity, but will still allow the cavity to be tern- sers of the NASA design under fairly rugged conditions.
perature tuned .

Figure 12 indicates the operational history of NASA ma-
Electronics Package. All of the critical electronics is sers. NX— I is includ ed because of its long operation (since

in a temperature controlled package between the inner and September , 1967) and as a comparison example of a NASA
outer magnetic shields to minimize thermal instability effects maser operating under laboratory conditions. Before going
from either the receiver system or the thermal control sys- on to discuss fai lures , we would like to describe some of our
tern. In the NP and NX masers , the receiver front end is a relevant operating procedures and how we define a failure .
low noise amplifier to ensure good short term stability . In NP masers were transported by air cargo or truck and expe-
the NH maser , APL is adding an isolator to reduce coupling rienced personnel were always sent with the masers to help
between the cavity and the low noise amplifier , and is adding set them up at remote sites. If travel was less than 8 hours ,
an image reject filter to improve the receiver noise figure the masers were sent fully operating on storage battery pow —
by 3db . er. For longer trips (up to 21 days), NP masers were sent

with only its pumps under power. On the one trip NX— 1 made,
Autotuner. Another feature of NASA masers is auto- it was totally dismantled . After masers were shipped , it was

matic flux tuning . Figure 6 shows a block diagram of the sometimes necessary to replace burnt out display bulbs
autotuner. The autotuner is described in detai l in reference or tighten loose cables. This will be considered part of
5. In the NP masers , the flux tuning information is converted normal maintenance required due to handling.
into a sign bit which is averaged and used to control the cav-
ity frequency . In the NX maser , the autotuner also supp Lies In discussing failures , we shall divide them into two
magnitude Information to the averager to take advantage of classes: electronic and non-electronic failures. Since stand-
the improved crystal reference oscillators now available. In ard commercial electrical components are used in NASA ma—
the MR masers , the autotuner will use a microprocessor sers , and in many cases breadboard electronics , we do not
which will also control all other key functions in the maser . consider our electronics fai lures relevant to any considera-

tions for future masers. We will therefore not consider elec-
When the autotuner change. the maser flux during oper- tronics failures, For completeness, however , Figure 13 in-

ation , a phase shift occurs due to amplitude to phase conver- dicates these failures.
sian . This phase shift , 10 to 2Ops la the NP masers , is
large enough to severely degrade short term stability . In the Non-electronic failures and major modifications in NX-i
MX maser we have reduced this phase shift to less than lps are shown in Figure 14. The length of down time in this chart
with an amplitude to phase compensator . Figure 7 shows the is not necessarily an indication of the severity of the failure;
phase shift with and without compensation . Noti ce that with many times personnel who could repair the masers were not
compensation there is still a transient phase disturbance even avai lable or were only avai lable on a limited basis. Notice
though the net effect I. zero . We are presently trying to re- that the failure rate of NP-4 was high compared with the other
duce this disturbance by developing a system to change the masera; NP—4 bad continual vacuum problem., either from a
flux slowly , slow leak or a contaminated system which could not be found .

This caused the maser output to decay slowly , indicating that
Since changing the maser flux disturbs maser operations , good vacuum conditions are Indeed essential to long term ma-

there is a possibility that the phase shift from high to low ser operation.
flux and from low to high flux will not be equal. This means
that there may be a cumulativ. phaa, shUt which would effect Using our operational history we can draw the foUowing
the accuracy of an sutotunad hydrogen maser u•ed as I pri- conclusions as to the reliability and lifetime of NASA maser
mary standard . We performed an experiment to check this component.:
possibility , and found that the phase shifts cancelled to:
0. 19p. 10.4 p.. For our autotuniag system, this would pro- Hydrogen Source Bulb . Th. large diameter pyrex bulb
duce a fractional frequency error of lass than 1.7 x 10-” , runs reliably for many years if the vacuum and hydrogen sup-
a negligible error for most applications, ply are clean . In both NP-i and NP-2 , the source bulb has



lasted greater than 7 years , and in NP-3 . 1-1/2 yea rs until its Conclusions
bulb cracked . In NP—3 after the purifier was repaired , due
to some contam ination in the hydrogen line and a bad source Experience with NASA field operable masers indicates
oscillator , the source ceased to produce atomic hydrogen . that one can obtain many years of reliable operation with hy—
The source cleaned itself up, however , after running several drogen maser. , even in rugged conditions . Projecting to
day s on clean hydrogen . possible spacecraft use , our data indicate that the technology

for reliable space qualified hydrogen masers is already
Storage Bulb . As a matter of procedure , storage bulbs available .

were recoated whenever masers were taken apart , so some
of the recoatings shown are not because of lifetime limita- References
tions . NP-4 indicates that vacuum leaks degrade e~or.~ge
bulb lifetime. When the storage bulbs of NP-3 and NP-4 1. Harry E. Peters , “Characteristics of Advanced Hydro-
were r~ placed , it was noted that the teflon coating failed the gen Maser Frequency Standards , ” Proceedings of the
water drop test in a spot opposite the entrance stem. Since Fifth NASA/DOD Precise Time and Time Interval Plan-
the NP masers have a single vacuum system and contamina- fling Meeting , NASA Doe. X-8 14—74—225 , pg. 283
tion products from outside the bulb can be exposed to the (Greenbelt , 1973) .
storage bulb only from near the source region , this bad spot
does not necessarily mean that contamination product s are 2. Harry E. Peters , “Topics in Atomic Hydrogen Standard
coming from the source bulb itself. The MX masers have a Research and Applications , ” Proceedings of the Fre-
double vacuum system , so future results may isolate the quency Standards and Metrology Seminar (Quebec , 1971) .
cause of this bad spot . In NP—3 , when the bulb was replaced
there was no indication of a drop in maser power , so this 3. Hafry E. Peters , “Hydrogen as an Atomic Beam Stand-
recoating cannot be counted ~s an indication of the bulb life - ard , ” Proceedings of the 26th Frequency Control Sym-
time in a properly operating maser. Even counting this , for posium, USAEC (Ft . Monmouth , 1972).
NP-i . NP-2 , and NP—3 , we have an average storage bulb
lifetime of greater than 6 years. 4. Harry E. Peters , “The Concertina Hydrogen Maser , ”

Proceedings of the 29th Frequency Control Symposium
Palladium Purifier. Both purifier fai lures were caused (Atlantic City , 1975).

by leaks opening up in the purifiers. As mentioned previ-
ously, our new fabrication method should solve this problem . 5. H. E . Peters , T. E. MeGunigal , and E. H. Johnson ,
Even with this , the existing deaign lasted , on the average , “Hydrogen Standards Work at Goddard Space Flight Cen-
for greater than 6.8 years. ter , ” Proceedings of the 22nd Frequency Control Sym-

posium, USAEC (Atlantic City , 1968).
Ion Pumps . The ion pumps worked reliably in NP—i and

NP—3 for greater than 6 or 7 years. In NP—2 , the failure 6. S. Crampton and H. Wang , “Density—Dependent Shifts of
was a vacuum leak which had nothing to do with the pump it— Hydrogen Maser Standards ,“ Proceedings of the 29th Fre—
self . Pump pressure in the NP maser. is typically 3.6 to quency Control Symposium , USAEC (Atlantic City , 1975).
4.8 x i0~ torr , so at these pressures many years of reli-
able operation can be expected . In NX-2 and NX-3 , operating 7. V. Reinbardt and H. Peters , “An Improved Method for
pressure is 1 to 2 x 1O~ torr . When NX-2 and NX ’-3 were Measuring the Magnetic Inhomogeneity Shift in Hydrogen
run at approximately 5 times normal pressure , in Six months Maser., ” Ibid.
NX-2 developed a shorted pump element . This indicates that
one should run at low pressures to ensure reliable pump 8. A. E. Rogers , Private Communication. (Haystack Ob-
operation . servatory , 1976).
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PRINCIPAL ELEMENTS OF THE NASA HYDROGEN MASER
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OPERATiONAL HISTORY Of IIASA/GSFC HYDROGEN lASERS
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A S TU D Y TO IDENTIF Y HYDROGEN MASER F A I L U R E  MODES *

**A. E. Popa , H. T . M. Wang , W.  B. Brid ges . A. N. Cheste r , J .  E. Etter , and B. L. Wal sh
Hug hes Resea rch  Labo rator ies

Malibu Canyon Road
Malibu , Califor nia 90265

Summ~~y Table 1. Princi pal Fai lure  Modes —

Ph y s i c s  Unit  ( 1)
Technical  prob le m areas  are presented that may

adve rse ly  af fec t  the re l iabi l i ty  of extended spaceborne ________________

operation of a h y d rogen maser f r equency  standard in 
COME~~~~NT ~~~~~~~ POSSIBLE MECHANISMthe Navstar  Globa l Positio ning System. Included are —

fa i lu res that have occurred in past maser desi gns H5 SUPPIV LOSSOF U2 ELOWCO RT HOL VALVE HEAT ER BURNOUT

even thoug h such f a i l u r e s  are now understood and PRESSURE SENSOR
MALFUNCTIO N

could be circumvented in fu ture  desi gns. It is con - CONTROL SYSTEM FAULT
cluded that all the fa i lure  mechanis ms are amenable G A S L E AK

to space qualif ication engineer in g. The greatest  ~~~~~~~ LOSS

potential problem areas are dissociator stability and DISSOCIATOR DISCHARGE CEASES IMPEDANC E CHANGE TURU
atom production , storage bulb l i fe t ime in a space CONTAMINATION

radiation envi ronment , and radiation damage to the WA LL EROSION

RP ORIVER PAILSelect ronics subsystem , part icula r ly sensors .  
CONTR OL CIRCUIT FAILS

______________________ 
POWER LOSS

Int roduction
______________ H ATOM PRODUCTION *ALL RECOM5INATION

DECLINES WHIT ES OUT ) GAS CONTAMINATION
This study was undertaken to identify technical •WALL SPUTT ERING

problem areas  tha t may adversely  affect  the reliabil- SERVO CONT ROLFAILURE
ity of spacebor ne operation of a hyd rogen maser f r e -  COLLIMATOR DECREASED THROUGHPUT MECHANICAL CRACKING
quency standard in the Navstar  Global Positioning OF COLLIMATED ATOMS WALL EROSION

System (G PS). From this anal ys is o f existing maser W A LLC ONTAMINAIION
CAUSING RECOMBIRATION

desi gns , areas for desi gn improvement can be ‘MISALIGNMENT
identified . STATE SELECTOR DECREASED THROUGHPUT LOSSOF POLE STRENGTH

OF FOC USSED AT OMS MISALIGNMENT

In this paper we attempt to list all possible fail— ‘HIGHEST RISK ITEMS

ure mechanisms that may occur in both spaceborne
and ground- based hy drogen masers .  Included are
failures th at have occurred in past maser desi gns , Table 2 . Princi pal Failu re Modes —
even thoug h such failures are now understood and Ph ysics Unit ( 2 )
could be circumvented in future desi gns.

Physics Unit Failure Modes ____________ ____________ ______________

COMPONENT FAILURE MODE POSSIBLE MECHANISM
Tables 1 and 2 list the various components tha t STORAGE EULS LOSSOF SIGNAL AND/OR DECREASED STORAGE TIME 5Y

comprise the physics  unit of a hy drogen maser . STABILITY TEFLON IRRADIATION DAMAGE

Associated with each component or element are one cHANGE IN WALL SHIFT 55
RADIATION DAMAGE

or more modes of failure that have been observed in •MECHANICAL FRACTURE Bu S-
past maser desi gns or that we project as possibilities AL IGNMENT OURING LAURO4

for a spacebor ne maser des ign. For each failure MICROWAIJE LOSSESDUE TO
SULS IRRADIATION

mode several possible causes are listed ; the aster - 
~~~~~~~~~~ E CAVIT ~~~ LOSSOF SIGNAL AND/OR LO SSO FCAV IT YO THRU COATING

i cks indicate known chronic  cases . S T A B I L I T Y  SEPARATION
STRESSES ON CAVITY

Hy drogen supp ly and regulation components are ION PUMP LOSSOF VACUUM ~MEC$ANICAL STRESS IT I H5OR~~~I

low risk item s because of the pa st experience with _____________ _______ 
HIOH VOLTAGE SWTRTS I

~!~~!~
sim ilar space-qualified ga. supp ly systems. Carefu l VACUUM SY STEM LOSSO F VACUUM OUTOASSING

eng ineering of the fina l hardware desi gn is all that  is VIRTUAL LEAKS
DISCHARGE SPUTTERINGre quired here.

MAGNETIC SHIELDING LOSS OF STA S ILIT Y EXCESSIVE EX TERNAL MAGNETIC
INTERFERENC E

Diffic ulties with the rf discharge p lasma hydrogen THERMAL 
— 

LOSSOF TE P ERATURE POWS RLOSS
diseociator have been common in the past , but recent SU5XYSTEM UNIFORMITY OR •AGI NG OF THERU A L SENSORS

STASIL ITY’experience has improved typical operating life to CONTROLCIRCUIT FA I LURE
STRESS — INOUCED MECHANIC’Lthree or more year . . Fi gure 1 I s a schematic repr e- FRACTURE

•ent ation of a typ ical spherical g lass bulk dissoclator MAGNETIC FIELD COIL BURNOUT 
— - ________

plasma with capacitivel y coup led electrodes. The ANDOSGAUSSINO COPITROLCIRCUIT FAILU RE
power is fed into the bulb by disp lacement current cOILE POWER LOSS

throug h th e g lass walLs to the conducting hydrogen 
~~~ €$T RISK ITEMS

plasma within.

_____________ 
Figure 2 ILl ust rates the potential distribution

*Thi , work was supported by the Naval Research near the g Lass walls , showing the potentia l fa ll or
“ wal l sheath” necessary to satisf y bounda ry cond iti onsLaboratories under Contract N000 l4- 75-C - l1 49 ,  on wa lt current. The wall sheath ha. the effect ofRobert B. Moore , Scient ific Officer. increasi ng the energy with which positive ions strike

**Hugh.S Aircraft Company, Space and Comr nunica- the wall ; th is , in turn , greatl y I ncre a ses the yield of
tions Group, P. O. Box 92919, Los Angele. , CA wall material sputtered by the incident Ions. Fi gure 3
90009. shows the typical steep dependence of sputter ing yield

as



on ion energy for the low energ ies  typical  of the wall mechanica l  desi gn wil l  he requ ired to keep s t resses
she&th . Only a one or two volt change in wall sheath caused by convers ion of titanium to titanium hy dride
can cause an order of magnitude change in the sput - from creat ing distort ions that would short out internal
t er ed material  y ield, e lectrodes.

The improvements  in d i ssociat o r  bulb l i fe  Of the remaining components in Table 1 , onl y
observed empi r i ca l l y in rece nt year.  can proba bl y the thermal sensors are likely to be a problem in the
be a t t r ibuted  to spaceborne maser design. Ca libration drift  with

radiation dose or the rmal cycling will have to be in-
• Increase  in bulb size vesti gated ca refu l l y.

• Better coup ling into the p lasma Electronics Unit Failure Modes

• Low er drive power. All electronic subsystems are subject to failure
mechanisms that are generally well known . Thermal

Thes e three factors  serve to decrease  the disp lace-  fati gue , chemical d i f fus ion , and electromigr atlon are
ment current  density throug h the walls and decrease particular hazards for devices dissi pating hig h powe r ,
the energ ies of the ions incident on the bulb wal ls ,  while contamination and corrosion , shorts (from loose
Further improvement may be possible by further metallic par t ic les )  and bond failures are encountered
changes in confi guration and choice of wall materials ,  by all electronic components.

While the multitube g l a s s  collimators them- In Table 3 the princi pal fai l ure modes for the
selves have exhibited li t t l e  d i f f icu l ty ,  mechanical hy drogen mase r e lectronics  unit are listed. The
str a ins in the reg ion adjacent to the collimator often hi ghest r i sk  is associated with space- radiation dam -
produce problems in convent iona l desi gns. Careful age an d inadequate thermal sinking of the hi gher power
attention to mechanical desi gn an d vacuum interlocks solid state devices. In the past , point contact devices ,
that prevent lar ge transient pressure d ifferent ials  such as Schottk y m ixe r s , have been subject to con-
ac ross the collimator bundle during startup should tact failure in vibration ; however , recent work at
eli minate thi s potential fail ure point. Hughes and other laboratories has produce d techni ques

to g reatly reduce the occurrence of th is potentiall y
No areas  of hi gh risk are associate d with the ser ious problem. Many electronic problems can be

maser state selector magneL eliminated by carefu l inspectio n as shown in the
Scanning Electron Microscope (SEM) pictures , Figs.

The princip al potential cause of failure resulting 5 , 6 , and 7. Fi gu re 5 is a mechanicall y stable
from t hy drogen storage bulb is degrad ation of the Schottk y diode whiske r contacting a gold electrode
Teflon C coa t ing. from the space radiation environ- imbedded in the semiconductor surface. Fi gure 6
me nt.  Increased recombinati on rates will occur if the shows a blunted whisker that has mechanically moved
fluo rine bonds are broken to produce more chemicall y off the gold electrode caus ing a failure. The SEM
active si tes.  Mic rocr a cks in the coat ing which expose pictu re shown in Fi g. 7 grap hicall y illustrate s the
the un derl y ing Si02 will a lso increase the probability re sult of electrom ig ra tlon . In th is case potassium
of recor nb inatio n . Changes in the wall shift  may be cont -~minati on left from wafer pro cessing has mi-
produced by radiation , althou gh this has not been docu- grated to the whisker causing diode failure.
mente d experimentall y. We have performed dose cal-
cul ation s on a typical maser desi gn in the Na vstar  Table 3. Pr Inci pal Failure Modes —

GPS orbit and have obtained values of 7000 rads (Tf)  Electronics Unit (3)
for seven years in the natural background and 18 ,000
r &d. (Tf ) if a nuclear event is atided. These values
are known experim ent &,J.1.~’ not to cause any gross COMPONENT PAILUREMODE POSSISLE MECHANISM

degrad a tSon of Teflon. ‘~~~ 
-______________ _______________

CRY STAL OSCILLATOR EXCESSIVE EREOUENCY ‘RADIATION DAMAGE
AGING T O QUART Z

A spaceborne mase r development prog ram will LO SSOF SIGNAL VIBRATIOWINOUCED
require accelerated radiat ion testing to determ ine tf —_________ ________ 

FRACTUR ES

any wall shift and llnewidth changes occur for the SYNTHESIZER DKG RA D E0STASIL IT Y RA OIATIO N DAMAOE TO

radiation dose encount ere ~~1n the Navstar orbit. We ____________ - - _________ ~JNCTIOW S

have found x-ray diffra ctj.q n measureme nts can detect VARACTOR O€ GRADE O OLITPUT RADIAT ION OAMAGE

slight changes in Teflon (~ ) below the threshold of SIGNAL LEV E L

gross radiation dam age. For examp le , thin Tel lon(~) 
MIXERS 

‘
~ DEGRAOEONOISE RAOIATIOPI DAMAGE

solar cell covers exposed to doses several times FIGURE INCREASESS ERIES

greater than that encoun tered by Navst a r show a RESISTANCE

development of cry .talllnity as illustrated In Fig. 4. LOSSOF SIGNAL ~~~~~~~ PAlL ORS

Whether change . observed by x- ray diffraction will DIISOCIATOR OUTPUT POWER THERNAL AGING
correlate with degradation in maser perfo rmance re- DRIVER ANO POWR R DEGRADATION

mai ns to be determined. OSCILLATOR S

H!GNEST RISK ITEMS

Th. microwave cavity structure offers small
fa ilure risk. Substantial wei ght savings throug h the
us. of advanced composite mater ials technology will
indir ectl y contribute to th . r. l&a biL ity of the entire
maser by reducing structural stresse s.

Conclu.ions
The Ion vacuum pump I s a weil-deveto psd corn-

ponent . However , a s.ro-g environment offers the Although there are many difficuLt problem areas
potential hasard of free-floating part ict.s which can tha t may adversel y affect th. reliability of a long
short th e hig h voltage elements. Special at tention to llv.d spaceborne hydrogen maser fr.qu.ncy standard ,

• all are amenable to space qua lification .ngin..ring.
__________ W. feel th . greatest pot .ntl sl problem area s at
Øis DuPon t tra d .mar k. present are

as

—- --~~-. -~~~
--



• Dissociator  s t a b i l i t y  and atom
5151 ISproduct ion

• Storage bulb l i f e t i m e  Ifl a space
rad ia t ion  env i ro nment

• Radia tion damage to  the electronics
sub system components , particularl y
sensors .
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~~~~ H

W~ be gan our h y drog . ~er studies by visit-
ing a number ~ f o r g a n iz a t l o  iv e  in the maser
f ie ld  and re la ted  a c t i v i t i e s . 
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V . Fo len , and R II Moore at the Naval Research  Schematic represen tation of th e plasma within an rfL a b o r a t o r i e s  H. H u ’ l t w i g  and F.  Wa l l s  of the Boulder
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Fi g. ~~. SEM of a m e c h a n i c a l l y s tab le  Schot tk y po in t  c o n t a c t .

‘
A.:’

Fi g. 6. SEM of a b l u n t e d  Schot tk y diode po in t  c o n t a c t  that  has

m e c h a n i c a l l y fa i l ed .

F I g.  7. ‘CM of a pUl t u T u  OnI . I f lu i I t . I I t i St tk y diode I l l u s t r a t ing

the elect r omlgration p roces s .
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4-30-232 Design of a Nozzle Beam Type Metal Vapor
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5-lC-339 High-Frequency Crystal Filter. - 5-19-269 Improvements of Quartz Filter Crystals -
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5-13-404 Single-Side-Band Crystal Filter. -
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and U. D. Beaver
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5-15-318 Transfer Function Synthesis of Quart z Cry-
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5-22-188 High Frequency Crystal Mechanical Filters5-19-42 Ultrasonic Tapped Delay Line. for Filter H. Ted.., Y. Nskazava and N. Kobori
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stals - D. H. C~rrsn and D. 3. Koneval
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B. P. Grenier nology Inc.
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Nippo n Tel. & Tel., Japan persive Surface Wave Filters - U. J. Skuder~USA Electronics Technology and Devices Lab-
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D. A. Roberts , Gould Inc.
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Germany Electronics Technology & Devices Laboratory,
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5-2~-27l Semi -Monolithic Quartz Crystal Filters and
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5-28-33 Filter Applications in Communications and
5-25-280 Monolithic Crystal Filters Electronics Industry - C. F. Kurth , Bell
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5-28-43 Energy Trapped Vibrations in Lithium Tanta-
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Monolithic Crystal Filters and L-C Networks H. C. Hales, 3. V. Burgess and H. J. Porter,
N. A. Simpson , S. 1). Finch , Jr., B. K. Wee.. The Plessey Company
man and A. N. Georgiadas, Bell Telephone
Laboratories, Inc. 5-28-256 HF Oscillator Control Utilizing Surface

Wave Delay Lines - H. 0. Vollers end L. T.
Cla.tborne, Texas Instruments

5-26-164 YIW/UHF Bandpsss Filters Using Plezoelectric 5-28-260 Surface Acoustic Vave Oscillator ~~periments
Surfs ce Wave Devices - C. 8. Hsr~~an , - A. K. Nsn&i, 8. T. Costansa and C. 8.
1!. F. Cheek sad 5. 0. Voller., Texas In- Wheatley Xli, Rockvell International
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anouchi and K. Shibs.y a Tohoku University
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Wave Filters - B. C. Rosenfeld, C. S. Hart- Crystal Filters - H. F. Tierste n,
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~~~~~ 123 Filtering with Analog CCI) and SAW Devices -

5-29-88 Practical Application of CCD-Transversal I). Husa, L. Claiborne , C. Rarthiann and
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J. 3. Tleviann and J. J. VandeGraaf , General 5-3~ - SAW Resonators and Coupled Resonator Pu-
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J. D. Jennings , J. I. Pelc, P. R. Perri - 3. Dehoenwald , Teledyne MHC
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5-29-120 Polylithic Crystal Filters - D. F. Sheehan , V. H. Hayd.l , P. Hiesinger, B. Dischle r sod
GTE tenk urt R. Smith , Institute for Applied Solid State

Poys Ice
5-29-135 A Survey of Current SAW Device Capabilities

- L. P. Claiborne , Texas Instruments , Inc. 5-30-358 Aging Effects in Placxna Ntched SAW Resona-
tors - D.. T. Bell, S. P. Miller and

5-29-150 Surface Acoustic Wave Resonator fleve1o~~ent L. A. Sinoneon , Texas Instrwnents
- 3. 3. Schoenvald and U. B. Sh reve , Texag

Instrt~ ent . Inc., B. C. Rosenfeld , Motor- 5-30-363 The Perioddc Grating Oscillator (RIo) -

ole, Inc . R . I). Weglein and 0. W. Otto , !tughes Re-
search Laboratories

5-29-158 Equivalent Circui t and Properties of Sur-
face Wave Planar Resonator. - K. H. T.akin 5-30-367 Fast Frequency Hopping with Surface Acous.
and ‘P. 14. Joseph, University of Southern tic Wave ( SAW) Frequency Synthesizers -

Cal ifo rnia L. R. Adkins , Rockwell International.

5-29-l6~ Surf ace-Wave Resona tors Using Grooved Re- 5 30- 157 Progress Report on Surface Acoustic Wave
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H. C. Villia~~on , Vmsaecbusett s Institute
of Technology

5-29-177 ~~ers~~~1.d SAW Filter Tra nsducer s -

S. 3. Sunaingsr , University of Illinois,
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6-11-502 Design Criteria for Vacuum Tube Crystal Frequency - L. Muoser
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6-18-535 Short Term Stability of High Precision
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- H. I. ?r,rking
6-23 -192 Temperature-Compensated Crye tal-Cont~olled

6-20-517 Generation of Selectable Precise Fractional Oscillators Operating from 800 kEa to
Frequency Offset. - B. P~rzen 1500 kflz - H. A. Batdorf

6-20-344 Progrs ed Oscillators for Doppler Radar 6-23-198 Frequency Standards for C~~~unicationi -

Systes.s - 0. D. Thompson, Jr., B. L. Sydnor 5. 5. LaFevre

511



CATEGORY 6 (Cont’d)

6-27-180 A 50C MHz Low Noise General Purpose Freq-
uency Synthesizer - W . F. Byers ,
K. U. Craft and 0. H. Lohrer , General

E-23-~’O1 Digiphase Frequency Syn thesizer - 
~~~1o Co.

C. C. Gillette
6-~”i-19l Digitally Compensated TCXO - G. 5. Buroker

6-23-211 A Miniatu re Precision Digital Fre quency and H. E . Pre rking, Collins Radio Co.
Synthe sizer - P. J. Hu ghes and H . J . Sacha

~-27-l99 A Fast Warmup Quart z Crystal Oscillator -
H. H. Gree rj iouse , P . L. McGill and D. P.
Cla rk , The Bendix Corp.

6-24- 191 Temperature Compensated Crystal Oscillators
- P. Dw’kett , P. Poduto and 0. Chizak 6-27-218 HIgh Stability Integrator-Controlled Oven

fo r Crystal Oscillators - T. Hamatsulci ,
f -~’t-200 New Approach to a Hi gh Stability Temperature 

~~• ~~~~~ U. Goto, N~ppen Elec tric Co.Ltd .
Compensated Crystal Oscillator -
S. Schodowskl 6—28-150 Phase Noise of Various Oscillators at very

Low Fourier Frequencies - D. Babitch and6-2~ -2~9 An Ultra tow Noise Di rect Frequency Syn- H. Failek, Hewlett Packardthesizer - D. 0. Meyer

6-26-160 Relations Between Spectral Purity and Freq-
uency Stability - J. Hu tman , .4DRE’T

6-25-231 The Design and Performance of an Ultra-Pu re ,
VHF Frequency Synthesizer for Use in HF Re- 6-28-166 On 1/f-Noise in Diodes and Transistors -

ceivers - H. 5. Peterson, Collins Radio Co. 0. Mueller , General Electric Co.

6-2 5-24C The Spectral Frequency Synthesizer - 6-28-181 The Design and Performance of a Crystal
D. P. tohrmann and A. B. Sills , USAECC~4 Oscillator Exhibiting Improved Short Tern

Frequency Stability - J . Groslambert ,
G. Marianneau , M . Olivier and J. Uebe rsfel4
C. N. R. S., Besan~on

6-26-43 Two Stage Self L.thiting Series Mode ~~pe
Quart z Crystal Oscillator Exhibiting In- 6-28-203 Abnormal Crys tad Oscillator Frequency
proved Short-Term Frequency Stability - Change wi th toad Capacitance and Its Elimi-
N. M. Driscofl , Westinghouse Electric Corp. nation - S. Nonaica, Nippon ElectrIc Co.

6-2~ -50 tow Noise Frequency Multiplication - 6—28-2 11 Compensated Wide Band Voltage Controlled
H. A. Baugh , Hewlett Packard Co. Oscillator for the Vikinp Program -

M . Bloch , M . Mei rs and H. Hosenfald , Freq-
6-26-55 The Design and Performance of an Ultra tow- uency Electronics

Noise Digital Frequency Synthesizer for Use
in VIY Receive rs - M . Peterson, Collins 6-28-214 MicrocIrcuit Temperature Compensated Cry-
Radio Co. stal Oscillator (MCTCXO) - D. L. Thomann,

C’rS Knights , Inc.
6-26-132 A Temperature Compensated Crystal Oscillator

Utili zing Three Crystals - K. Hirama , Toyo 6-28-221 New Approach to the Design of Crystal
Coemunication Equi~snent Co ., and M. Onoe , Oscillators - Y. Chata , Defense Academy,
Unive rsity of Tokyo , Japan Japan

6-26—140 tow Power Crys tal Oscillator for Electronic 6-28-232 Explicit Expressions for TCXO Design -
Wrist Watch - N. Yoda, N, Ikeda and S. K. Sarkar, Croven Limited
Y. Yamabe , Nihon Kogyo Co., Ltd., Japan

6-28-237 Compute r Design and Analysis for High Pre-
6-26-264 The Disciplined Time/Frequency Standard : cislor Oscillators - J . No , P. Nardin ,

A New Multi-Function Cry stal Oscillator - Frequency Electronics Inc.
D. Bebitch , 3. No , and H. Bloch , Freq uency
Electronics, Inc. 6-28-243 A Me thod for Estimating the Frequency Sta-

bility of an Individual Oscillator -

6-26-279 Quasiperiodi c Frequency Synthesis - J .  H.  Gray and P. U. kllan, National Bureau
Prof. Dr. 0. Becker , ThysikaLta ch-Techniac he of Standa~’is
Bundesanstaj .t , West Germany

6-29-248 Low Noise Microwave Oscil].ato r Design -
6-27-157 Q-Multiplied Quartz Crystal Resonator for 0. Jerini c , N. Gregory and W. Murphy ,

Improved ~~ and VPP Source Stabilization - Raytheon Co.
K. K. Dr iscoll , Westin ghouse Electric Corp.

6-29-264 Aerospace Radar Stab -Synthesizers -
6-27-170 Low Noise UHF Crystal Controlled Source - R . C. Xley, J r ., RCA

D. S. Beal.y, Westinghouse Electric Corp.
6-29-285 Deta Collection Platfor ms - K. L. Farber,

American Electronics laboratories, Inc.

512



CATEGORY 6 ( Coot ‘d .):

6-29-294 An Analysis of Frequency Stability for TCXO
- S. FuJ ii and H.Uchida , Nippon Electric

Company, Ltd.

6-29-300 VCXO: Theory and Practice - 3. Relic,
Campe.gnie d’Klectronique et de Piezo-
electricite

6-29-308 1/f Resonant Frequency Fluctuation of a
Quartz Crys tal - T. Muaha , Tokyo Institute
of Technobo~~’

6-29-311 Inte rnal Noise of a Quartz Crystal Oscill-
ato r , Influence of the Parallel Capacitance
- R. Brendel, J. Groelembert , 0. Mari~anneau , H. Oliver a~d 3. Uebersfeld,

C. N. B. S. Besanj on

E_ 3r _  420 Microwave Frequency Syn thesis for Satellite
Cormunlcatjons Ground Terminals - C. Ma~kjw
and 0. Wild , RCA

6-3~. -275 An Ultra-Stable tow Power 5 MHz Quartz
Oscillator Qualified for Space Usage -

J. P. Horton , Johns Hopkins University

6-3~ -279 Stable Oscillator for Pioneer Venus Program
- H. P. Heirs, T. Robinson and N . B. Bloch,

Frequency Electronics

6-3~ -284 The Stabili ty of Precision Oscillators in
Vibratory Enviroimients - A. Vulcan and
H. Bboch , Frequency Electroni cs

6-30-292 A Miniature High Stabili ty TCXO Using Digi-
tal Compensation - A. Mroch and 0. Sykes ,
Colli ns Radio Group

6-30.301 Linearization of Direct fl( Voltage Con-
trolled Crystal Oscillators - 8. 3. Lipoff ,
Hell & Novell

6~3O-3O9 System for Automatic ~~ase Noise Measure-
ment - L. Paregrino and P. Ricci, Hewlett-
Packard

6-30-318 An Efficient Hard ware Implementation for
High Resolution Frequency Synthesis -

B. Bjerde and 0. Fisher, General Dyn~~ica

‘1$



CATEGORY 7:

Qusnt~n Electronic Freque’~cy Standarda (Microwave Frequencies)

7 -l( -259 Atomic and Molecular Frequency Standards - 7-13-266 Atomic Beam Work at the National Physical
P. Dicke , Pri nceton University labo ra tory duri ng 1958-1959 - L. Easen

7-13-276 National~s Militarized Cesi um Beam Frequency
Standards - A. McCoubrey

7-ll-3C7 RubIdium Oscillator Exper iments -

T. P. Carver , Princeton University 7-13-297 TRG Missile-borne Cesium Beam Standard -

B. Daly
- ~1- 3i8 Opt Ical ~~~ping, Buffe r Gases and Walls -

U . B. Hawkins , Yale University 7-13-309 Broken Beam Experiment at Harvard University
- P. K].eppner

-11-324 Not Sources for MASK? - H. U. P. Strendberg
MA ssach usetts Institu te or Technolo~~’ 7-13-546 Misalle-b.,rne MA~~~ - P.  P. Reder and

C. Bj ckart
-11-335 MASK? Progress and Phase lock Techniques -

F. 0. Vonbun ~nd C. N. R .  Winkler , Freq- 7-13-575 Gas MASER for Frequency Control - 3. F. Lot-
uency Control Branch , USASKL speich and N. L. Stitch

7-11-352 MASER Engineering at Jet Propulsion 7-13-583 MASER Freq uency Stability - J. A. Barnes and
laboratory - V. Rigs, Jet Propulsion Lab . R. Heckler

11-~ .’3 Precision Atomic Beam Techniques - 7-13-596 A~~~nia MASER Work at Bell Telephone labors-
P. Kusch , Coluebia University tories - L. P. White

• -u-~ &~; F~ rfonsance of Ceeium Beam Sta fldards and 7-13-603 MAS!Rs with Slow Molecules - J. G. King
Ftiture R&D Plans - F. H. Reder and S. H.
Roth , Frequency Control Branch , ~JSASEL 7-l3_60 14 Suitable Molecules for Utilizing P14—Wave

Transitions for Frequency Control -

.7. Gallagher

-I2-~ l7 Progress in MASER Work at ~SASEL - 7-13-618 MASER laboratory Frequency Standard -

F .  H . Reder , Frequency Control Division , F. Vonbun
USASEL

7-13-632 Triple Resonance Method to Achieve Narrow
- I2-53-~ Measurement of MASER Frequency in Terms of and Strong Spectral Line s - C. Alley

Ce~ jum Stai,iard - 0. H. B. Winkler ,
Freq uency Control Division USASEL 7-13-648 Gas Cell Frequency Standarda Using Buffer

Gases and Buffer Wafli - B. Whj tehorn

~-l7-53B ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 7-13-655 
uency s tandard-M. Arditi 

Gas Cell Freq-
‘:e -sity

7-12-551 Beam MASER Techniques - Walter H. aiga , 7-13-668 
~~~~~~~~~~~~~~~~~~~~~~~ 

87 Vapor
Jet Propulsion Laboratory

7-12-569 A Scale -Of t MASER - 8. Johnson, Polytech- 7-13-676 Gas Cell Work at the Space Technobo~ r tab-
n Ic Research and Developaent Co •~~ Inc • G. ~ • Inouye

7-12 577 Realization and Measurement of Long Free 7-13 -683 Study of the Spin Relaxation of Optically
Atom Spin State Life Times- H. Dehmelt , Aligned Rubidium Vapor - U. F ranze n
University of Washingtj~n

7-12-593 Optical Ostecting of Cesium Ibrperfine 7-14-250 Work on Atomic Frequency Standards at the
Transition - Peter L. Bender and Earl C. Nat ’]. Physical Laboratory during 1959-1960
Be 1 ty, Nat • 1 Bureau of Standards and Andrew - I.. Eseen
P. Chi , U. 8. Naval Research Laboratory

7-14-261 A Superior Atomic Clock for Continuous long
7-12-606 Gas Cell. “Atomic Clocks” Using Buffer Case. Time Operation - 0. Winkler

and Optical Orientation - N. Arditi, Feder-
al ?e1sco~~~*nica tion tab s. 7-14-298 PBS Atomic Frequency Standards - R. Heckler

and H . S. Beehlar
7-12-625 Discussion of Some LJ.mi ts of Atomic Freq-

uency Control - T. B. Carver, Princeton 7-14-310 Molecular Beam Devices with Storage Boxes -

University N. F. Ramsey, D. Eleppner and H. K. Golden-
berg.

7-12-632 Design Considerations of Atmeic Beam Prsq-
uency Standards for Missile Enviroomsot - 7-14-315 ~~ sail -borne Atomicron Frequency Standard
P. ?. Del.j, TRO Incorporated - A. 0. NeCoubrey

114



CATEGORY 7 LCont’d) :

P 7-~L-~°8 E~f~’ct of Molecular Fre -p ienc’- Spread c • - ‘7 -~72 Frequency Beat Exper incnt c ~iit?: Hy~~c -~~&in~ ion in Cavities - I. P. Sen1tz,~y Masers - R. P . C. Veasot and P . K . Peters

‘-14-329 Frequency Shifts of Microwave Reson an ce in 7-17-392 Experimental Evaluation of a Thallium Been
a Gas Cell Using Optical Pumping - Frequency Standard - P . E. Beehier and
M . Anliti and T. P. Carver P . 3. Glaze

-1•.-33( Design Considerations for a Self-ContaIned 7-17-408 Recent Develo~~~nts in the Field of Atomic
A.t~cz~~a Macer OscIllator - S. Hopfer Frequency and Time Standards in Cvi L2~erland

- J. Bonanomi
~.It._35i~ Descrljtion of a Long Cesi ur Penis Frc iuency

- P. Kartasehoff , J. Bonanomi and 7-17-409 Excitation of Millimeter Wave Transit ions
J. DePar ns fo r Frequency Control - P. G. Strauch ,

R. S. Cupp and J. J .  Gallagher

7-17—438 Developoent and Performance of a MIniet~~•
‘ -l~ -~ 56 The Atonic Cloc~; as a Phase-Stable Oe dil).a- I zed Ce~ iua Beam Tube - J. George

tor for Deep Space Coessunication -

L. Mailing 7—17-449 Performance and ApplIcat~u n cf Gas 011
Frequency Standards - P. 3. Farme r

-15-168 Freq ..ency Control of IIPA on an International
System ( I I )  - V. HarPowitz and P. C. Hal). 7-17-462 Report on the Frequency of Hydrogen -

V. Markovitz
The Atomic Hyd rogen Maser - F. P. Ramsey

7-~ 5-1 1 Frequency Control by Gas Cell Standards
Fundamental Problems in the Light of Recent 7-18-265 A Discussion of the Prope r-tIes of Fo~ —
Cxix rlmentoi. Re sults - M. Ardit i Molecular Beam Detector -n - F. Burrc

S. Andresen, C. Shipley and P. Fo~a- .i
7-l5-2C 3 The Ultimate Signal to Noise Bossibilities

of a Maser — I. B. Senltzky 7-18-283 Hydrogen Maser Work ~JS,~.CL - H. C. ~nir-i-sen, C. J. Bickart
7-15-2’~4 Choi -~e of a Helec-Llar Transition for Fren-

uency Control in the Millimeter Wave Region -]Ji -299 Recent Develoisnents In Hyd rogen Masera -

- F. Barne c , P. Burk hard and M. Mizushina P. P .  C. Veasot , H. E. Peters s,-n~ ,‘. Yan er

7-15-21C !)euterated Ameonia Subnillimeter Maser - 7-18-308 The NPL Frequency Standard - L. Es~en.
A Progress Report - V. S. Derr , 3. 3. Cell- 3. McA. Steele and P. Sutcllff ’
aghe r and M. Ltchtenstein

7-18-322 Recent Progress in Cesium Pears at ~iet •
- 3. George , S. Wunderer and T. Athanin

-16-256 Advances in CV Solid State Optical Nasero 7-18~3144 A Modern Solid State Pertable Cesium beam
- C. C. B. Garrett Frequency Standard - A. S. Begley and

L. S. Cutler
7-16-257 Frequency Characteristics of an Optical

Maser - A. Javan sod T. 3. Jase)a 7-18-366 Progress in the Developoent of a Cesium
Beam Oscillato r for Aero space Guidance -

7-16-258 Spectral Distribution of Induced and Spon.. .1. H . Hellovay and P . H. Woodvard
taneous Naission b~ a Molecular Beam in a
Cavity- I. H . Senitzky 7-18~38l~ A Militarized Solid State Cesium Been Freq-

uency Standard - A. Orenberg
7-16-259 Comparison âf Performance Criteria of Freq-

uency Standards - C. L. Searle and D. A.
Brown

7.~19-298 A Militarized Solid State Cesium Beam Frcq-
7-16-267 Theory of Resonw~ce Frequency Shift Due to uency Standard - S. Past, 3. George ,

the Radiation Field - H. Mizuehima 0. Simpson end C. lydiard

-16-287 The Atomic Hydrogen Maser - N. F . Ramsey 7-19-332 Long ‘rime Constant Servo System for Cesiue
Beam Frequency Standerd - H. ~~~~s and

7_ i6~~c,c Oer—re tl”n of These-Locked Millimeter Waves A. C. Munge.il
for Frequency Control - P. 0. Strauch ,
H . K . Cupp, 3. U. Dees sal 3. 3. Gallagher 7_ l9_3~14 Cha racter istius of a High Perforuance Ce-

sLum Beam Frequency Standard - J. Th~l1ovsy
7-17-176 Application of Supsroomdnctiwit& to Freq - and H . Sanbo rn

uency Control — V. Harwig
7-19-369 Line Width Investigation ~f Millimeter

7-11-329 Mhi.w.msnta and Probime Areas of Atomic Electric Resonance Molecular Bean, Transi-
Frequency Control - P. 8. Radar tioni - H. 0. Strauch , P. 5. Cupp, V. 5.

Derr and S. 3. Gallagher

111

4  — — — — 1~ —.



-‘ CATEGORY 7 (Cont’d):

7-19-385 Yath oda and Re sults for Reducing Cavity 7-21-500 Recent Developeents in Atomic I~~trogen
Pulling Effect. of the Hydrogen Maser Masere - N. F. Ramsey
Frequency - H. Andresen

7-21-543 Ato.i~ Hydrogen Maser Work at L.S .R.H .
7-19-402 A Comparison of Perfo rmance Characteristic s Neuchatel, Switzerland - Ch. Menoud,

of Hydrogen, Rubidium and Aimsonia Macera - 3. Nadine and P. Kartaschoff
R. Vessot , 3. Vender , H. S. Pet ers and
L. Moeller 7-21-568 Recent Developeent on the Rubi dium 87 Maser

- 3. Vanier
7-19-416 large Storage Bulb for Hydrogen Frequency

Standard - N. P. Ramsey

7-19-417 The Effects of Optical P~nnping on the Rb8
~ 7-22-452 large Storage Box Hydrogen Maser -

Maser Oscillator - P. Davidovits and 5. 5. Uzgiria and N. F. Ransey
W. A. Stern

7-22-464 Hydrogen Standard Work at Godda rd Space
Flight Center - H. S. Pete rs , T. S. MeGuni-
gal. and B. H. Johnson

7-20-364 On the Bower Output of the Optically Pumped
Rb87 Maser - 3. Vanler 7-22-493 Appl ication of the Tr ansient Behavior to

the Study of the Hydrogen Maser - C. Audoin ,
7-20-365 High-Bower Maser Atomic Frequency Standa rds K. Deeaintfuscien and J. P. Schermenn

- P. Novick , V. Rapper and V. A. Stern
7-22-517 Some Experimental Results of BaO Applicable

7-20-370 Stark-Filtered Intensity-Pumped Maser Atomic to a Molecular Beam Frequency Standard -

Frequency Standards - V. A. Stern, V. Rapper S. 0. Andresen, H. 0. Mor telmana , P. 3.
and H. Novick Wautera and 3. DePrin.

7-20-377 MillImeter and Suheillimeter Wave Molecular 7-22-529 Barium Oxide Beam Tube Frequency Standard -

Been, Investigations - 3. 3. Gallagher , H. Beilvig, P. McKnlgbt, 5. Pennaci and
R. B. Cupp and P. A. Kempf C. Wilson

7-20-387 Recent Developeents in Hydrogen Macera - 7-22-~45 Phase Shift in Microwave Racmey Structures
N. F. Ramsey - H. P. Lacey

7-20-389 Studies of Field Effect Transistor. for Use 7-22-559 Study of Foenomena Affecting the Compo-
in Atomic Beam Tube Detectors - J . H. Nob - sition of Rubidi um Vapo r Cells -

way and P. Penfie ld, Jr. K. Pe R. Thomsen, L. J . Stief and
R. S. Fallon -

7-20-402 Servo-Controlled Hydrogen Maser Cavity Tun-
ing - H. 0. Andresen and S. Penned 7-22-573 Extension of Frequency Control Techniques

to the Subeiillmeter Wavelength Region -

7-20-416 A Thallium Atomic Beam Tube for Frequency H. A. Xempf , H. S. Cupp, V. T. Raith end
Control - R . F. Iacey J. J. Gallagher

7-20-424 Some Accuracy Limiting Effects in an Atom_ic 7-22-605 Progress in the Developeent of Hydrogen
Beam Frequency Standard - P. S. Rarrach Moser. - )I. Beker, M. Levine, I.. Moeller

and H. Vessot
7-20-436 The Canadian Cesium Beam Frequency Standard

- A. 0. Iimgeil , H. Beams and R . Bailey

7-20-448 Performance Charac te ristics of a Bortable 7-23-263 Light Modulation at the Rb87 Hy~perfine
Cesium Beam Standard - L. P. Bodi~,y Frequency - B. Tank and V. Rapper

7-23-271 An Optically Pumped Rb8~ Maser Freq-
uency Standard - V. A. Stern and H. Novick

7-21-467 Molecular and Atcaic Eea.e Geometry Optimiza-
tion - J . DePrin s, P. 5. Weuters aM 7-23-274 A Report on the Performance Characteristics
8. 0. Andresen of a Rev Rubidium Vapor Frequency Standard

- D. H. Throne
7-21-483 A N v  Cesium Beam Resonator - 3. George

7-23-279 Improved State Selection for Hydrogen Masem
7-21-484 A Propossd Barium Oxide Molecular Beam - H. F. tacey and H. F. C. Vessot

Frequency Standard - H. Beilvig
7-23-264 Recent Rssu.il a Concerning the Hydrogen

7~~~..49l Determination of the ~~~05 
~~~~~~ ~~~~~ his Maser Vail Noift Problam - I .  I. Ulgiris

Transition P’r.qu.ncy - P. P .  Lscey and P. V. E.ttnevitz

518



CA~~0ORY 7 (0ont~d):

7-25-331 Miniaturized , Rapid Warm Up Rubidi um Freq-
uency Source - K. If. Zepler , Plessey Com.,
Ltd., England

7-23-288 A New Method for Measurement of ~~ 
7-25-337 Discussion of Cavity Pulling in Pessiv~ Freq-

lation Difference of Ifrpe rfine-Levels of 
uency Stanuards - J. Viennet , C. Audoir i,

Stored Atom_s — C. Audoin, )(. Beeaintfu acIez~ 
and N . Desaintfuscien , Lab. de L Borioge

P. Plains aM .7. p. Sc~*r~~~ 
Atomique, Prance

7-23-297 AtomIc Hydrogen Standards for NASA Tracking 7-25-343 Hyd rogen Maser Wall Shift Experiments at the
Station. - B. 5. Peter., T. S. MeCunigal 

Nat ’l Researc h Council of Canada - D. Morri s,

and S. H. Johnson Ret ‘1 Research Council , Canada.

7-25-348 Hydrogen Macer Frequency Standard -

C. Pinnie, H. Sydnor and A. Sward , Jet Pro-
7-24-246 Areas of Promise for the Developeent of 1,ulcion laboratory

Future Primary Frequency Standards -

H. Thellwig

7-24-259 Hydrogen Moser with Deformable Storage Bulb 7-26-202 Joseph n. ~iou.ovay (1929-1971) - Twenty

- P. Debely Years of Progress In Atomic Freq uency
Standards - A. Nc0oubry, Veirian Associates

7-24-263 Surface Collision Fr equency Shifts in the and L. Cutler, Bevlett-Packard Co.

Atomic Hydrogen Moser - P. V. Zitzevitz 7-26-21.1 Automatic Frequency Controlled Rubidium

7-2~ -270 Studies of Hydrogen Maser Wall Shift for 
Frequency Standard - Y. Sato , P. KumaanotO ,

High Molecular Weight Pulytetrafluorethy- H. Oyamada and H. Uchida, Nippon Electric

lene - H. F. C. Veesot and K. V. levine Company, Ltd., Japan

7-24-279 New Information on the Foysics of Rubidium 7-26-216 Rubidium Frequency and Time Standard for
Military Enviromsent - P. 5. Frerking end

Gas Cells - P. Bender and V. V. Cohen D. z. Johnson, Collins Radio Company

7-24-280 Progress Report on the Rubidium 85 Maser -

J. Vinier, R. Vsillancourt , 0. Kissout and 7-26-223 Further Results on the Rubidium-B? Maser

If. Tetu Frequency Standard - V. A. Stern , Gener al
Time Research Center, and H. Novick, Colum-

7-24 -285 An Optically Pumped Perametric Frequency bia Astroph~siea1 labora tory , Columbia Un.t-

Converter - B. Tang and V. Napper

7..24..294 Cesium Beam Servo System Using Square Wave 7-26-225 Short Term Stability of Maser - K. Tutu

Frequency Modulat ion - B. Deans ~~ Jacques Vinier, level Unive rsity, Canada

7-26-230 Hydrogen as an Atomic Standard - H. Peters ,7..2l4~308 isv Prl ry Ceaium Beam Frequency Btan~,rd, p~~~, Go~~a~d apace Plight Center
F. Kuperamith , C. Thornburg end

7-24 . 361 The NBS Atc~~c ~~~ ~~~~~~~~~ ~~~~~~~~~~~~~ ~~~ 
7-26-242 Experimental Results vith Atcmic Hydrogen

SAT(NHS ), and t,rc(ji~a) - D ~ 
Storage Beam Systems - H. Helivig and

J. S. Grey and H. S. Machian H. B. Bell , PBS

7-26-248 Precisi on Absolute Frequenc y and Wavelength
Measurements in the Infrare d; A Review of

7-25-46 History of Atomic and Molecular Control of Activities at KIT - 3. 0. Beall, S. P. Mon.

Frequency and Time - N. Ramsey, Harvard chalin, K. J. Kelly, P. Xeilesnn, A. Sanche;

University 8. K. Singh , N. A. Kurni t and A. .Tavan,
Ma ssachuset ts Institute of Techno1o~~

7-25-297 Cesium Atomic Been Frequency Standards -

H. Beehler, PBS Boulder laboratory 7-26-257 A Superconducting Cavity Stabilized Oscill-
ator - S. H. Stein aM 5. P. Turneaure ,

7-25-309 Frequency Biases in a Been Tube Caused by Stanford University
R~~ ey Cavity Foase Differences -

H. Psilvig, J. A. Bar nes, D. J. GISSe, 7-26-319 Absolute Frequency of an Atomic HydrogenRational Bureau of Standards Maser Clock -S.  5. Peters, NASA, and P. 0.
7-25-313 Perfo~~~nce of ~~~1y Devalepsd Cesium Bean Nell and D. B. Perc ival, ~~ Naval Coserva-

Tubes and Standards - P. Hyatt , D. Throne, 
tory

L. S. Cutler, J. H. Ibilovey and L. F.
Mash er , Ibviatt-Pickard Com_peny

Maser Frequency Standard - V. A. Stern , 
Beam Pr imary Frequency and Time Standard -

Osneral Ti.. Corp., and B. Revic ;, Colum- 
A. 0. Mon~~11~ 5. Bai1e~~ 11. Dei~~~~

bia Usivsrsity D. Morris and C. C. Oostain, National Re-
search Council of Canad a

7-25-325 A Field Independent Optically P~*,ed 8
~Sh 

7-27-317 A Prehiminsz7 Report on Ce F, Rev I5~C Long-

517



• CATSOOHY 7 (Cont d)~

7 -27-33~+ .~e . - ~. ~irmauce - t S r  ti ..~ .~ ~~~~~~ ~ (-2O’.j~ Pie ~~~~ .u.r~ .s &u~i.rt~h and Developeent c~ fthe Rational Bureau of Standsrd.s Atc.lc the Cesium Tube Accuracy Evaluation System
i’ime Scale System - S. V. A.U.au , ~~ . 3. - S. A. &ive, 8. 5. Bell and H. Nel-1.vig,
Glaze, H. S. Machl an , A. 5. Vainwright , National Bureau or Standards
11. Helivig, Jam.. ~. Barnes and J. K. Grey ,
PBS 7-28-401 Satellite Application of a Rubidium Freq-

uency Standard - S. Nichel.s, S. White ,
~-27 -3~r Recent Progress on the 1(55 Frequency Stan - Naval Reseereh laboratory

darda - D. J . Glaze , Ii. Heilvig, S. Jarvts
and A. B. WeJnvright, PBS

7-27-3~7 Time Domain Velocity Modulation as a Tool 7-29-321 Application of Superconductivi ty to Pr.-
to Evaluate Cesium Beam Tubes - H. }ieflvig, cislon Oscillators - 8. H. Stu in , Rational
S. Jarvis, 0. 3. Slaze, L. Halford. and Bureau of Standard..
H. B. Bell, PBS

7-29-352 A 11ev Compect Cesium Beam Frequency Standard
7-2~ -367 Developeente of Hydrogen lfesere as Freq- - S. Grsi~ and Ialsnd F. Johnson, Cecillo-

uency Standards at Orsa5y - P. Petit , quartz SA, and H. A. Kern, Frequency and
3. Viennet, B. Bartiflet , K. Dessintfuscien Time Syst , Inc .
and C. Audoin , University of Peril

7-29-357 An Improved Matbod for Measuring the Nag-
7-27-3k? A N..v Mi niature Rubidi um Geis Cell Frequency netic Inhceogenstty ~~ift in Hydrogen Maser.

Sta 4ard - H. J.chart, EFRAT(I1 - V. 8. I1einbardt and 5. 5. Peters,
NASA/ Goddard Space Fli~~it Center

7-27-390 Evalueition of a Rubidium Standard for Sat-
eUlte hpplication - B. B. Moore, S. A. 7-29-362 The Concertina Hydrogen Namer - H. S. Peters
N~chola end J. D. White, Naval Research NASA/Goddard Specs fli~~t Center
l.aooratory

7..29-37l The Hydrogen Maser Wal l RbIft Problam -

7-27-400 Cavity Tonin~, & Light Shift in the RB87 J. Vanier , H. larcuche, L1eivsrsit. Law.] ,
Maser - 0. Busca, If . Tetu and J. Vanier , end C. Audoin , Lkiiver.ite de Pert. Sod
Level Jniver.ity

7—29—383 Theoretical and ~~~er1msnta1 Stodies of
7..27 -404 Status of the Dee’elope.nt of the Rubidium- 8~~~ Prob1~~~ Related to the Psssive Ru-

87 Maser Frequency Standard - V. A. Stern bid.ium Ga. Cell Frequency St ndard -

and S. Aulich , General Time Research 0. Missout and J . Fumier , Universite Level
~~rter, and H. &,vlch, Columbia University

7-29-387 A Dt~~ta1 5.00688 MHz Synthesizer and
7-27-406 8 end X-Band Superconducting Cavity Stebil- Sq~arevave PM Servo Systam for Cesium Stan-

ized Oscillators - J . 3. Jiaenez and dards - D. A. Hew and H. F. Salazar,
A. Septier, University of Paris National Bureau of Standarda

7-27-414 Th~ I*ve1o~~~nt of Superconducting Cavity
Stabilized CsctU.ators - 8. H. Stein and
5. P. Turnesure , Stanford University 7-30.414 A Meu ristic Model of Long-Term Atomic Clock

Behaviour - D. B. Percival, ~~ Naval ~~~ —

erVatOI7

7-26-2k7 Atomic Frequency Standard Relativistic 7-30.451 Vslocity Distribution Measur..snta of Ca
Suppler ~~ift Hzpert.ent - Narry Peter. and Beam Tubes - D. A. Hew , National Bureau of
Victor Reinhardt, NASA, Goddard Space Standard..
Pli~ it Center

7.30- 457 Perfozamoce of a Un.]. Beam High Perforamno.
7-28-315 £to.lc Frequency Standards, A Survey - Cesium Beam Tub. - 0. Seavsy, Hevlatt Peck-

s. Nailvig, National Bureau of Standards ard

7-28-340 A Consideration of Rubidium Lamp Stabili ty 7-30.46 3 Measured Peifozmsnc. and Enviromeental San-
for Rubidium Frequency Standard - B. sitivitie. of a RUUSd Cesium Beam Treq-
Oy~~~~a, K. ~~~~~~~~~~ V. Nato and B. nency Standard - K. C. Fisher and C. I.
khida, Stppon £1..ctric Co. lisper, Hsvlett Packard

7-26—344 A no.pact Rb87 pas.z (t )  G. lkmce, 7-30.~~ 8 0pti~ isation of to. Buffer O.~ Maxture for
J . Resin. nd J . Venter, Lava] University Optically Pumped Ca Frequency Standards -

7. Sthaia , 1. Bsverini, A. Mor,tti, Grippe
7.26-350 Kg Frequency Standard: Optind~atio@ of the Nezionele Strutture dells Materla, Piss,

Netastable Atomic Beam -7 .  8tr~mia, Italy , and 0. Rever e, Istituto Ilettrotac-
P. Kinguzz i, K. Prsncescozd end P. Benedet- n b a  Nazionale, Terima, Italy
U, kdvesait7 of Pins

7-30.473 A isv Kind of Passively Operating H-Prsq-
7-28.355 Density-Dependent Heift. of Hydrogen Maser umnoy Standard -7 .  L. Wall.. and I. Bell-

Standard. - 8. 8. Crampton, LT.K. Wang, wig, National Bureau of St~nd*rd .
Willi ~~~~~~
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7-30-4 ’I Nasa Atomic Hydrogen Fr equency Standards
Program - An ~~dat. - V. 8. lieithardt,
1). C. KaufMan, W. A. Ad aM 5. J . De~~~a
USA/Goddard Space Flight Center and
S. 1.. Saucy, ~eM1i Field He(ins.ring Corp.

7-30-489 A Study to Ldentify Hydrogen l1eser Failure
Hedes - W. B. Bridges , A. P. ~~e.ter, J . B.
Stter , A. I. Pope, B. L. Walsh end T. K.
Wang, W4gP... Research laborstorie.
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~ isntia Electronic Frequency Standards ( Infrared and Visible Frequsnciee)

8-15-22 5 ~ Optical Maser - V. Kaiser 8—28-348 Infrared Rectification and Frequency Mixing
In a Thin Pile Natal, P1etal~~~de, Natal
Diode Structure - A. Ja vsn aM 5. 0. ~~~l1,
Massachusetts Institute of Technelocy

6-17-425 Frequency Standard., in th*~ Optical R.ngs -

0. Gould

8-29-316 Frequency Stabilization of a C~i Dye Laser
end. Laser Saturation of Atomic B e s  -

8-21-455 Techniques for Generating, Detecting and. R. I.. Barger, T. C. Ruglish and J. B. We.t,
Posse Stabilizing Suheilhimeter Cehere~t National Bureau of Standard..
Radiation - 0. V. B.chtold, V. S. Dsrr and
V. T. Reitka 8-29-328 High Speed. Rectifying Junctions in the In-

frared Regions: Recent MIT De ielo~mants
A. Sanchez , Massachusetts Institute of Teth -
nology

8-23-305 Frequency Mixing and Maltiplication in the
Far Infrared end Infrared - A. Jawan 8-29-330 Frequency Stabilization of CO,~, Lasers -

C. Freed , Massachusetts Iosti~ ate of Tech-
8-23-306 Pressure ~~ift and Bro”i~ni ng of Yathane nology

Line at 3.39 Micron Studied. by Laser-
Saturated )1elecular Absorption - H. L. Bar- 8-29-338 Potential Frequency Accuracy of the 002
per and 5. L. Nail Flucrescence Saturation Dip - K. J. Kelley,

S. S. Th~~~., 5. P. Herw.b.1~~~, N. A. Kurnit,
8-23-307 Stability Investigatio n. of HCN Laser - and A. Jseen, Massachusetts Institute of

V. J. Corcor.n, H. S. Cope and Technology
S. J. ~~-~1’~gh,r

8—29-344 Limitation. on Miniature )bleculsr Freq -
8-23-31.2 Laser Frequency Stabilization Iking a P~i- usncy Sources - J. J. fl 11.&~.r, Georgia

mary Prequenc~ Reference - B. Ezekiel Institute of Technolo gy

8—24-233 Laser Frequency Stabilization Techniques
end it. Application. - B. S. Boyne

8-24-240 Autoemtic Frequency Control and Posse-
locking of Lassie - V. 5. Corcoran,
P. 1. Cupp and S. S. ~~l’ g~~r

8—24-275 Frequency Stabilization of Go~ lasers with
Respect to Resaive ~~6 eM 002 Line Centers
- P. Rabinovits, P. Hzllsr and

5. T. LsTeurretts

8-26-250 A Stabilisud ~~~ Laser for Infr are d Freq -
uency Synthesis - J . 8. Well.., ~~8

8-27-376 ~~arseteriatics of the 644 ma is-Is Laser
Otabilisud by 8a~~~stsd Absorption in
le 44~~ -Vsp~~~ - A. 5. Wallas4, Nation.].
~~~eioel. laboratory

6-27-385 *~1acu1sr Beam Stebilised laser-
L. A. Isebol, D. C. Yu~~~~~ eM 8. NaskisI ,
~~~~~~~~~~~~ Institute of Teaboology

8-27-386 Iat]neuoe of ~~purtine S%rea~~~e of Mat~~~.
~~abmIM b-Is Laser - C. bond. end
S. Mall, Nations]. ~ ussr of $~~~~srds
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Frequency end Time Coordination and Distri bution

9-10-216 Comparison isasureannts on Frequency Stan- 9-18-395 VI? Frequency Synchronization Provided
lards - S. A. Pierce , Harvard University with P5K Capability - B. P. Stone and

T. H. Gee

9-11-574 tow Frequency Standard Transmissions -

U. D. George, National Bureau of StandardS 9-19-195 A Report on the flevlett-Pftckard Flying
Clock Experiment Number Two - L. N. Bodily

9-19-297 Clock Synchroniznticn Via Relay II, Pre-
9-12-648 ~~ tperiaon of Atcmichrone with British lininary Report - V. Narkovitz and

Cesium Been Frequency Standard - C. A. Lidback
A. 0. Meooubrey, National Company, Inc.

9-12-665 Comparison of Atomic and Astronomical Time
- ViUima Nerkovitz , U. S. Naval ~~eerva- 9-20-577 A Digital Servo for Frequency and Time

tory Scale Conversion - P. Kartaachoff and
H. Brandenberger

9-20-588 Time Synchronization of Remote Clocks Using
9-13-316 The System of Atomic Time, A.l - Dual. VIP Transmissions - A. B. Chi and

V. N. Markovitz S. N. Witt

9—13-318 Atomic Frequency Standards for Propagation 9-20-612 VI? Envelope Timing Experiment - I). Hines
Studies - .1. Pierce

9-20-613 U8e of loran-C for Timing and Frequency
9-13-342 Synchronized Clock Expe riment - H. Bridghem, Comparison - L. D. Shapiro

0. Vjnkler end P. 5. Rada r

9-21-509 Frequency Comparison System for Spacec~’af t
9-14-254 Preliminary Results on Project VOSAC - Relativity Experiment - D. Eleppner

0. Winkler end P. Reder

9-14-267 Results of OBR Experiment - 3. Pierce
9-22-383 Recent Improvements in the U. S. Naval

9-14—275 Stabilization of VIZ Transmissions at NBA Chaervatory Timekeeping and Time Diatri-
- 5. Besting. end V. )krkowitz bution Operations - 0. M. H. Wiiild.er

9-14-276 Timing Potential of Loran-C - 0. Nefley, 9-22-384 Clock Er ror Statistics as a Renewal Pgocesa
B. P . Linfield. end P. 5. Doherty - 0. S. Hudson and 3. A. B rnea

9-22-419 Results of Differential. Geega Teat and
Evaluation Program - 3. P. Wright

9-15-226 Final Results of a World-Wide Clock Syn-
Chronization ~ cperiment (Project VOSAC) 9-22-441 Precise Frequency Comparison using a Freq-
- F. Baler, P. Brown, 0. Vinkler and uency Tracking Technique - V. V. Burhop

C. lickart end L. 0. Wilson

9-16-227 Synchronization of local. Frequency Stan- 9-23-18 International. Coordination of Radio Time
dards with VIP Transmissions - Signal b.tse ions - H. Beith
N. P. Stcne , Jr.

9-23-236 Use of the Loran-C Syste. for Time and
9-16-249 Tim. Seeping Satellites - P. 5. Dick. Frequency Dissemination - LCDB P. 5. PeAce

9-1.6-230 Thsory of Time Keeping in Space - 9-23-248 An Appli cation of Statistical ~~~othing
P. K. Sschs Techniques on VI? Signals fOr Chaparison

of Time Between t~ NO and NB8 - A. Ouetrot,
D. V. Allan, L. 8. Higbie and 3. Lavenceau

9-18-251 u g h  Precision Frequency end Clock Spa- 9-23-249 A Coordinate Frequency and Time System -
chronisation Technique. on an Internstiom- 0. 5. Hudson, fi. V. Allan, S. A. Barnes,
si basis - V. Martov its 5. Lavenceau, P. 0. Hal]. and 0. K. H. Wink-

Jar.
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)-2~i-3l~ Time/Frequency Technolo~ r in Syatem Dave.- 9-26-269 The Standards of Time and Frequency in the
o~xent - B. H. Per~tinson U . 8. A. - J . A. Barnes, NBS and 0. N. B.

Winkler , USNO
~~~ -322 A S~ rvey of Time and Frequency Dissemination

Techniques - J . Jes arson 9-26-292 Nationwide Preciac Time and Frequency Dis-
tribution Utilizing an Active Code W~thir.

2_2 !e_ 32~ Time and Frequency Transfer Via Microwave Network Television Broadcasts - D.A. Howe ,
L!n~ - D. Th~Uipe , B. Phillips and ~BS
J . O’Neill

9-26-309 Time Pran’~,er Using Nearly Simultaneous Re-
9-2h-332 Diurnal Phace of VIP Sign als Near Antipode ception Times from a Common Transmitter -

of a Transmitter - A. B. ChI D. V. Allan and H. E. Machlan, ~1B8 and
J. Marshall , Hewlett-Packard Co.

9-2L -339 A Second Satellite Oscillator Experiment -

B. Easton , C. Bartholomew and 3. Bowman 9-26-317 Standard Frequency and Time Service Using
Radio Broadcasting Facilities - L. H. Ment-

9_ 2Z ._3~.’~ The Omega Navigation System as a Source of gomery, Vanderbilt Un iver sity and Station
Frequency and Time - V. Palmer ws~

)-25-152 Time Control of Freq uency Shift Keyed 9.27..270 Time Synchronization of NASA Tracking
Transmissions at VIZ - P. B. Stone and Stations via LORAN..C - V. H. Mazur , NASA
I. H. Gatti s , Naval Research Laboratory, ~~~dard Space Flight Center
and T. N. Liebernan, NELEX

9-27-277 International Time Transfer Using the
~-25-l59 Omega VIP Timing - H. P. Swaneon , Naval Timation II Satellite - 3. A. Buisson,

Electronics Laboratory Center Naval Researc h labo ra tory

9-25-167 Time Dissemination Capa bilities Using the 9-27-286 Diurnal and Seasonal Variations in Atmos-
Omega System - i. Fey , National Pareau of pheric Time Delay - 1). N. LeVine , Univers ity
Ster4srds of Maryland

~.-25-17l Use of loran C Over Land - B. Wieder, 9—27..29C Application of Phase Stable VIP Signals in
Institute for Telecommunication Services Reall Aircraft - 3. .7. Tymczyayn , Federal) ‘ Aviation Administration

9-25-179 One Way Time Dissemination from Low A1ti~tide Satellites - L. Reuger , Applied 9-27-296 Active and Passive Relative Synchronization
mysics laboratory, Johns Hopkins Uni . of Remote Clocks in a Time Ordered System
vars ity - P. Coralnick end R. C. Stow, Singer

General Precision
9-25-186 Time Transfe r by Defense Coamunicat ions

Satellite - 3. A. *array , D. L. Pritt, 9-27-304 Accuracy of Overland Radio locat ion System
L. V. Blocker, V. S. Leevitt and P~ M. at Port Hood Using 1.5 to 2.0 14Hz Frequency
Hooton, Naval Research Laboratory, and Region - J. B. Wrig ht , Tracor
V. fi. Goring , Naval Electronics Systems
Command 9-27-312 UIW Frequency Translator Based on Regencra-

time Division - 3. O’Neill , D. Phillipe end
~,‘-25-194 Long Ter m Accuracy of Time Comparisons Via 

~. Stone , Naval Research laboratory
TV Radio Relay Links - 8. Lesehiutta,
Instituto 51st. Nazlonale, Italy

9-25-195 Pr ecision and Accuracy of Remote Synchro- 9-28..313 Reference Frequency Transmission over Bell
nization Via Pertable Clocks, Loran C, and System Radio end Coaxial Facilities -
Network Television Broadcast. - D. V~ H. F. Phvers , Bell Telephone laboratories
Allan, D. D. Davis, B. I. Blair and
s. s. Machlan, National Bureau of 8tai4a~~ 9-28-379 A Comparison of the Cesium end Spdxogen

Sypertine Frequencies by Means of Loran C
9-25-209 Methods of local Tine end Frequency ~~~~~~ and Jbr tab le Clocks - V. Rainhardi, Harvard

fer - 1). H. Ph illip., P. 5. PhU.Ups , University aM 3. tmvanceau, U. S. Naval.
.7. A. lawmen and .7. 3. O’BeiU, Naval. Observatory
Research Laboratory

9-28-384 Satellite to Ground Timing Experiments -
9-25-217 International Coordinated Clock ~~~ aM P. 3. Taylor, Johns Bepkina Usivereity

the Coming Xaprov..snts in System LflC” -

C. N. P. Vinkl .r , U. 5. Bees]. Obeerva tOZ7 9..28..389 Collecting sad Pxvo.ssing PITI Data -

L. C. Fisher , U. 3. Naval. Observatory
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9-28-395 Frequency Synthesizer for No rmalizing the
Frequency and Time Scales of Cryatal Clocks
on Orbiting Satellites - I.. J . Ruege r and
A. 0. Bates, Johns Hopkins Universit y

9-28-406 Digital Clock Synchronization via Switch
tong Distance Telephone Lines - C. C. Cos-
tam and L. 0. Miller, National Research
Council of Canada; A. Nishimura, Edmunde
Newball Associate s

9-28-408 Performance Data of Space and Ground Hydro-
gen-Masers and Ionospheric Studies for High
Accuracy Frequency ~~~par ison Between Spac e
and Ground Clocks - B. F. C. Vessot and
4. V. levine , &tithsonian Astrophysical
ObservatorY

9-29-384 Sub-Mi crosecond Time Tr ansport with a
Rubidium Portable Clock - N. Heliwig and
A. E . Wai nwright , National Bureau of
Standa rds

-3 -401 Minixr.nn Variance Numerical Methods for Syn-
chronizing Airborne Clocks - B. 3. Xulpins ci,
MITRE Corporation

9-30-438 Phase Synchroniz ation or a large 1U~ Arra~’
by a local Broadcast Station - S. H. Toheri ,
B. D. Steinberg and D. L. Carlson , Univer-
sity of Pennaylv~nia

9-30-444 The Remote Synchronization Technolo~~’ -

L. J. Rueger, Johns Hopkins Universi ty

N
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Applications of Frequency Control Davi es

I
lC~l0-i,39 Crystal Requirements for Future Military 10-25-75 The Crystal Controlled Electronic Wrist

Equi~~~nt - J. N. Ravel, Frequency Control Watch System: A Si-gate and ~ IOS-)~~I
Branch, SCEL Approach - P. 0. Daniels and F. H. Muse,

Metorola , Inc .

10-25-82 Frequency and Time in Airtreff Ic Control
10-12-193 A Fre quency Standard for Use in Missiles - and Collision Avoidance Application -

H. Peul Brover, Collins Radio Company V. I. Weihe , Consultant

10-25-88 Application of Crystal Clocks for Naviga-
tion and Time-Ordered C~~~unication -

10-13-248 A Coemunications Requirement of the Space B. 3. Kulpinski , MITRE Corporation
Age - V. Victor

10-25-91e Time Synchronized Ranging System -

10-13-261 Freque ncy Control Devices and the Micro R . N. Aughey, Singer-General Precision,
Module Program - 14. Bernstein Inc., Kear fott Div.

10-25-102 Piezoelectric Sensors for Use as Pollut ion
Detectors , MeteoroloEX Monitors and

10-14~1,04 Frequency Standards for Military Appli- Research Instruments - J . Kert zman , Con-
cetions - I). S. Johnson and 3. P. Freder- sultant
ick s

10-25—104 The Present State of the Art in Piezoelec-
trio Sensors - V. King, Esso Research and
Engineering Company

10-21-512 The Design of an Atomic ~~drogen Maser
a System for Satellite ~ cperiments - 10-25-125 Quartz Crystal Units for High 0 Environ-

H . Vessot , N. Levine, L. Mueller and ment - N. Bernstein, USAEC(1(
M. Baker

10-26-4 Precise Time and Frequency in a ~~~~unica-
lC-22-2C6 The Application of Piezoelectric Coupled- tion System - H. Folts, Defense ~~~~unica-

Resonator Devices to Comsun ication Systems tions Engineering Office
- V. L. &nith

10-26-8 Synchronization in High Capacity Broa d-
10.22-342 Crystal Oscillator Satellite ~ iperiment - band Carrier Systems - 3. F. Barr y end

P. Easton, A. Bartholcmev, D. Phillips 5. Naraysnan, Bell Telephone Laboratories
and N. Bloch

10-26-15 Frequency Control Aspects in ?u~~ Com-
munications and Surveillance -

S. Rafner, ECCI4
10-23-1 Frequency Control Requirements for the

Mallard Co anication System - 10-26-2 1 Short Term Frequency Stability in Co-
3. DelVacch io aM 3. Dressner herent Radar Applications - V. K. Saun-

ders, Berry Diemond Laboratories
10-23-8 Application of Precise Time-Frequency

Techmolo~~’ in Multi-Function Systems - 10-26-2.13 Frequency Control Requirements for Rencte
F. C. Viars Sensor Systems - U. D. Lawrence, Defense

Special Projects Group
10-23-14 Frequency Control for Tactical Net 88B

Equi~~~nt - 0. P. Layden

10-23-157 A Flexure-Node ~~artz for an Electronic 10-27-39 ~ artz Crystal Units for Space Applica-
Vri.t Watch - N. P. ?orrer tions - C. Gilbert, 3. Broussou and

3. Morel, Compsgnie d’ Kiactronique et de
PL~so-IL.ctricit4-C.E. P.!.

10-25-70 ~ iar tz Crystal. Applications in Digital.
Transmission - P. 1. Pobrock II , Bell
Telephone Laboratories, Inc . 1o.~9..41y ~~~ ~~~~ Modeling vith Ap~i1i-

cation. to Satellite Navigation -
10..25-TI~ Frequency Control Devices for )bbi].e 0. L. Neal.)’ and D. P. Vander Steep, The

~~~~anications - B. 3. Nun.aaker , Analytic Sciences Corporation
Motorola, Inc.
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10 -30-371 Frequency Cont rol and Time In.format ion in
the NAVWPAB/Global Reitioning System -

P. 5. Butterfield, Aerospace Corporation

10-30-375 Time Requirements in the NAVSTAB Global
Ph aitioning System (0)3 ) Control Segeent -

A. 3. Van Dierer4onck, General. Dynamics

lO-3C -384 Oscillator end Freq uency Menagement Re-
quirements for 0)5 t~er !~ui~~~nts -
P. A. Naher , Texas Instr~~ents

10-30-390 NAVSTAR Global ~~sitioning System -
Oscillator Requireieanta for the 0)5 Men.
peck - J. Moses . Magnavox
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Measurements and Specifications

11-1~ -3’5 VW Crystal Measurements - G. K. Guttwein 11-13-384 Short-term Frequency Stability Measurements
and D. ~~chmersic i , Frequency Control - H. D. Tan rana n
Branch , SCEL

11-iL -323 A New Method for Measuring the Equivalent
Parameters of VHF Quartz Crystals - 11-15-98 Higher Precision Crystal Measurements
Douglas ‘.1. Robertson , Georgia Institute of 1 - 15 Mc - N. Bern etel -

Techno1o~~r
11-1~-261 The Effects o Frequency Multipliers on th~11-~~ _Z4 96 A Counter Transfer 0aci11e~c’- Sy.~tem for Uncertainty of a Frequency Measurement -

Aj c rowrtv’~ Frequency Mea8urements - Alan 3. Rarity, L. Saporta and G. Weiss
~~~ley and Dexter Hartice , Hewlett-Packard
Company

11-16-187 The Measurement of the Parameters cf H. - .
Frequency Filter Crystals - F. K. Pri~ be

11-11-402 Frequency Control Stan!ard~ - Rt 1or~ Trend s
Within the International Elec trotechnical
Coumsission - V. J. Young, Standard Tele-
phones and Cable8 (England ) 11-17-289 Reliability of Military Quartz Cryz al

Units - V. Ingling and C. H. Joneo
11-11_ilOl Equ.tpuent for Detecting Unvanted Modes In

Oscillator Crystals - Joseph toos, 11-17-312 Spurious Mode!~ in AT-Cut Quart z Crysta1~ -

Motorola , Inc . A. E. Anderson

11-1.1-457 Low Frequency C. I. Meter AR/T~ 4-i4 - 11-17-314 Temperature Testing Tight Tolerance Cry~t-
H. A. Gilbert, Radio Frequency Labora- Units — 0. Biat line , Jr.
tories , Inc .

11-17-316 The Hybrid-Coil Bridge Method of Measurii~’11-ll-463 V1~ C. I. Mete r A1~/T~~(-l5 - D. lk chine rski , Unwanted Modes of Vibration in Quart z
Frequency Control Branch, USASEL Crystals - W . H. Norton and N . C. Sr; he

:1-11-479 Crystal Measuring Techniques Above 200 11-17-537 Accuracy of VHF Filter Crystal Meas u r~ .nc/sec - Samuel N. Witt, Jr., Georgia ments - A. D. Ballato and F. K. Prie~ o
Institute of Technolo~~’

11-17-602 Measurement of the Instan taneouc Frcq-
11-11-597 Precision Measurement of Short Time Inter- uency end. ?aaae Stability of Frequency

vale - F. K. Priebe, I). Schwab and Standards by Means of Frequency Compara-
ii. D. Tanz~nan, Frequency Control Br. , USAS~~ tore - B. P~rzen

L - 1 8-243 Frequency end Timing Control Requirements
1-12-334 Measuri ng the Resonanc e Frequency of Quar ~ for Future Military ~~~~unicstion Equi~~ent

Crystals with Improved Accuracy - - K. M. Baltas
A. 0. Platt, H. 0. Toblneki and H.S.Gruen ,
Armou r Research Foundation 11-18-407 Quantity Testing of Moderate -Precision

Crystal Units - 0. 5. Buroker
-12-359 An Instrument for Detecting Unwanted Modes

in Oscillator Crystals - Joseph Loos, 11-18-441 Design Considerations for Crystal In-
Motorola pedance Meters - C. L. Shibla

1-12-383 V1~ Crystal Parameter Measurements - 11-18-458 Comparison or Var ous Ne~~ods Used for
Saasael N. Witt , J r .,  Georgia Institute of Determination of Quartz Crystal Puxame te ”~Technolo~~’ In the Frequency Range 1 to 30 MC -

F. K. Priebe end A. !~. Ballato

11-13-123 Measurement of !~ Crystal Units with In-
creased Accuracy - D. Bochiseraki and 11-19-49 Aerospace Crystal Enviror~ental Require-
C. L. Shibl.a ments - D. B. L.eaon

11-13-137 Methods of Measuring Quartz Crystal Units ll~19..1s36 ~~~i*rison of Crystal Measurement Equip-
at V~~ - 8. Vitt ment - V. P. Horton and 8. 3. Boor

U-~j -354 Measur ing Thstr~~snta for I~ tereination 11-19-469 Automatic Crystal Aging Assembly -
- of Electrical Characteristics of Quartz K. Bernstein

Over the Pangs from 0 to 300 mc -

N. flicker
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11-19-487 Attenuation a~d Resistance Measurements of 11-23-93 Vector Voltmeter Crystal Measurement Syste~n
Unwanted Modes of Quart z Crystals - - H. H. Frerking
F. K. Pr iebe

11-23-102 On Precision Measurements of Frequency ard
11-19-655 Modification of Crystal Impedance Me ter Resistance of Quartz Crystal Units -

TS..7l0/T~ 4 - C. L. Shibla C. Franx

11-23-ill Another Look at Specifying a Crystal -

D. V. Nelson
11-20-465 Measurement of Mode Parameters by Sweep

F requency Methods in the Frequency Ran ge 11-23-122 Temperature Run , MIL-C-3098, Amen dment I -
f rom 20 to 250 MBz - F. K. Pr iebe and R. ~~~peo and F. Wolf
A. S. Ballato

11-23-223 A Carrier Suppression Technique for )4easur-

11-20-636 Precision Frequency Measurement of Satell- ing S/N and Ca rrier /Sideband Rat ics •I reat~,r
its ~nitted Beacon Signals - P. N . Arer.dt than 12~ dB - C. H. Horn

11—20-648 Experimental Frequency-Measurin g Receiver
System - F. S. Levi s

11-24-168 PrecIsion Measurmne n~ of Crystal Frequercy
11-20-661 Digital and Automatic Printing Frequency by Means of “Center Line Method ” -

Counter System - U. E. Adelsberger I. Kogs

ll-2~-672 A New Instrument for Automatic Measure ment 11-24-177 Quart z Crystal Measuremerts - H . Hafne r ,
of Microwave Frequencies - R. L. Allen A. Ballato and P. Blosister

11-24-301 Frequency Comparison of Five Coemerc ial
Standard s with a NASA Exoerimental R~j-

ll-2l-273 Short Term Frequency Stability Me asure - drogen Maser - A. R. Chi , F. G. Major and
mente - K. 5. Frerking j. H. Lavery

11-22-46 WritIng Crystal Specifications - LI-25-113 Measurement of Vibration Modes of Piezo-
3. Nolmbeck electric Resonators by Me ens of Holography

- Y. Tauzuki , Y. }Lirose and K. Ij isina ,
11-22-163 Temperature Testing Quartz Crystals, Equip- Yokahsma National University of Japan

ment and Methods - 0. Bistline and
R. Thmpeo U -25-118 Study of Frequency Control Devices in the

Scanning Electron Microscope - R. 3. Gerdes
11-22-164 Reliable and Repeatable Measurements of and C. 5. Wagner , Georgia Institute of

Fre que ncy and Resistance Changes of Quartz TechnolO~~’
Crystals due to Wide Temperature Vari-
ations - N . Schade 11-25-134 Using a Pendulum Diffnctometer to Improve

Precision of X-Raying Quartz Crystals -

11-22-232 Preci sion Measure ment of the Freque ncy 0. E. Nemetz , Geoerml Electric Company
Aging of Quartz Crystal Units -

N. Bernstein 11-25-148 Standards and the Frequency Control In-
dustry - J. B. Bolanbeck , Northern Engi-
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