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fabricated ; two each at rotation anqlos of 0 , 15 , .10 , 45, 60, 75 , and 90 det~rees. i he’

cO n ton f requency, i n s e r t i o n  loss , and temperature coeff ici ent were measured fo r  each of

these delay lines.

This report documents the fabricat ion and t o s t  of the rotated SAW delay lin es .

Complete data of the center frequency, insertion loss , and temperatur e’ c o e f f i c i e t i t  as

a funct ion of rot at ton auto ] e is presented . The rt’su I t s  of the proqranu denuons t rated

tha t t he techn ique was ust’fu I for va rv tnt) tht ’ has u I u eque’n& ~ re’su It I nq fro uim a 51711)10
pho t ,mma sk over a 10 ranqe. This i’, it ’tti ’t’ than su fl i t  lent for conipensat 1 nq for mask

t a b i t ,  at ion uncertain ties.

Another maj or p roble m l im i t  inq the use of sur la~ e ac oust  Ic wa ve osc i 1 hato,’s as f re—

~iuenc y sources in hi qh pet’forrnance app Ii cat  1,1115 i s  t h~ I th eir I o,t~ — t e rm frequency dr 1 ft
or a ol nq i s  consider ably qreat or than convon t I ona 1 bulk c i~~ s t a 1 os, t 1 1 cetors • The ’ loitti —

term aqi nq rate of the host SAW o s c i l l a t o r s  l s  app ros t i ta t e ’  1 I 00 t line s tt redter t han the
a ointl rate of hi gh qual i tv bulk c ry s t a l  oscillators . liii ’ na t u r e ’  of the SAW ,1ela~ line

a q in~i mechanism has not been ident i f ied hut l i k e l s  sou u’ces inclu de’ fa t to rs su t it as

stress rd ax at  ion wi th in the crysta l  and the net al l  i :e’d finger pattern , and on t  ,iltliI t ,i —

t ion ~f the crys ta l  surface by foreign mna t eu ’ ia l

~ i’ date , a total of over 10 osc i l  lato ,’ —v e a u ’ s  of a t l i nq  d a t a  has been .u,.cuunulate ’d as

part of th is  program. F o u r  ~50 MHz osc i l la tors  have been on cont inuous lift ’ test for

the past .‘—l / ..’ years. When maintained in a stable environment , tho se o scillators have

a demonstrat ed agin g rate of -5 ppm pet’ year.

As a part of this study , two SAW osc i l l a to r  ag ing experinteit t s were designed and

conducted. The experiments were ainted at invest i gat in g two aspects of the SAW aqIn t~
problem : the ef fec ts of tem perature cyc l in g,  and changing the un et al li za tion ‘scheme’

front chrome-aluminuni to chrome-gold. A temperature cyc i ing test was conducted to doter -

mine both the maqnitude of cycle-induced aging rate changes and the degree of si i uuila r it ~
between aging rates of the four S AW osc i l la to rs .  As a resul t  of stressing the occi lla -

tot ’s in this fashion , the ag ing rate increased front under -5 ppm per yeai’ to over - ,‘t’

ppm per year.

The second aging experiment entai led the fabr icat ion and life testing of two SAW 4

osc i l la tors  usinq chrome— gold meta l l ized delay lines . This esperinuent was desi t iutt ’d to
invest iqate the re lat ionshi p between the SAW delay line meta l l i zat ion  and i ts  at~iItq

rate. Chrome-gold metal lization was chosen since it is used for contacts on high q u a l i t s
bu lk crysta ls .  During the first 3 months of aging, these oscillators have denioitstrated

art aqinq rate of approxintate ly twice that of the chronte/alun uinuni oscillato r s durin g

their firs t 3 months . Extended aging of these oscillators will he ntece’ssau’~ to con f i rm
these test results. 
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This program has been particularly i mportant because it has recorded the long-

term aging rates of a set of four SAW oscillators over a 2-1/2 year period. These

oscillators have been subjected to a wide variety of controlled environments and the

• resulting aging rates recorded. It has been demonstrated that if the true aging rate

of a SAW osc i l l a t o r i s to be de termin ed , it is not sufficient to test the oscillator

in a carefully stabilized enviro nment , but rather one which niore closely simulates

actual operating conditions.

4
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2. ROTATED SAW DELAY LINE FABRICATION

A to tal o f 1 4 ro tate d SAW dela y l ines was fabr i cate d for these ex periments on
ST-cut quartz using standard photo lithographic techniques. The dependence of key

delay l ine parameters (velocity , coupling coefficient, temperature coefficient) was

calculated as a function of rotation angle. The calculated values were found to be in

good agreement with the measured data for the full 90° range of rotation .

2.1 SAW DEVICE MATERIAL

ST-cut quartz , which was the SAW substrate material used for the crystal rotation

experiments, has found widespread use in SAW device applications because of its excel-

le nt temperature stabil ity . ST-cut quartz is cut at an angle of 42.75° from the

Y-axis. On ST-cut quartz , the surface acoustic wave is normally propagated along the

X-axi s . This is illustrated in Figure 2-1. Because quartz is an anisotropic crystal ,

its veloc i ty , piezoelectric coupling coefficient , and temperature coefficient are func-

tions of the surface acoustic wave propagation direction .~
1
~ Figure 2-2 shows the

cal culated dependence of the surface wave velocity as a function of propagation direc-

tion on ST-cut quartz. The surface acoustic wave velocity increases as the direction

of propagation is rotated from the X-direction , reaching a maximum at 900 .

The calculate d electromechan ical cou p l i ng coeff i c ien t (k 2 ) for surface acoust i c
waves on ST-cut quartz is also a function of propagation direction as shown in Figure

2-3. The electromechanical coupling coefficient is calculated from k2 = 2 ( A vI v ) ,  where
‘ -I. is the fractional change in the surface acoustic wave velocity when the substrate

surface is metallized. The electromechanical coupling coefficient first increases as

one rotates from the X-axis and then decreases to zero at 90° from the X-axi s . Thus ,

no surface acoust ic wave can be generated at 90° from the X—axis. The calculated first

order temperature coefficient of delay as a function of propagation direction is shown

in Figure 2-4. Th is coefficient is zero for propagation directions of 0, 37, 143, and
180 degrees .

NORMAL EULER ANGLES 0 

4

A 132.75
I 9
‘1 42 .75°

+v Axis
V

’ 

~~~~~~~~~~~~~~~~~~~I~~~~~~~~~~~~
7

Figure 2-1. ST-CUT Quartz
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Figure 2-4. Calcula ted Temperature Coefficient of Delay vs
Propagation Direction for ST-Cut Quartz

2.2 SAW TRANSDUCER DESIGN

The SAW delay lines fabricated for this program were of the closed structure con- 
V

figuration as shown in Figure 2-5. One transducer has a total of 149 fingers and the

V 
other has 213 fingers . The center-to-center separation is 106 A , whe re A i s the SAW
wavele ngth .  When the delay lines were fabricated on ST-cut quartz along the X-axis

(0° rotation), the center frequency of operation was 250 MHz.

The equivalent circuit approach was used to calculate the characteristic impedance

and the minimum insertion loss of the transducer in the passband. The cross-field

equivalent circuit model was used since there were many fingers in the transducers .

The equivalent circuit of the input admittance of the interdigital transducer is
represented by a radiation conductance in parallel with the transducer radiation

susceptance and static capacitance. This equivalent circuit is illustrated in
Figure 2-6.

4

I49F INGERS 2I3F INGERS

I.) CLOSED STRUCTURE (LINE WIDTH - GAP WIDTH S 1,4A)

Figure 2-5. Basic SAW Delay Line Configuration
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Figure 2-6. Shunt Representation for Electrical
Input Admittance

The rad iat ion conductance Is gi ven as

Ga(f) 
= G1 (~~~ x) (1)

where

x = N,i (f - f
0)/f0

= sk 2N2 CT fD
N2 number of finger pairs of the transducer

k2 = the piezoe lectr ic cou pling constant of the substrate

C1 = N C 5W

C5 
= ca pac i tance per finger pa i r

W = the aperture of the transducer

The radiation susceptance can be obtained from the Hilbert t ransform of the radiation
conductance. At the transducer synchronous frequency 

~

Ba ~~~ 
= 0

The conversion efficiency of a transducer can be calculated using its equivalent

circuit which is  a radiation conductance in parallel with the radiation susceptance

and total static capacitance. The acoustic wave power is equal to the amount of

electr ical power delivered to the radiation conductance Ga(w)• Solving for the power

del i vered to Ga compared to the maximum power ava ilable from a generator of conduct-

ance GL and allowing for the bidirectional loss of the transducer gives

2 G G ( ci) )

- - LL....,._____ (2)
(G L + Ga (w )) 2 + (2

~
foCT + B

a(t*i))
2

Thus , utilizing the cross—field equivalent circuit model , the input admittance

or Impedance of the transducer and the delay l ine insertion loss can be easily V

calculated .
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1 F A BR iCATI O N T LIV’HNIQUES

Stan dard photo lithographic technI ques were used to fatir i cat e the’ surface as. tuu ’ . t l t

w ave ’ de lay ii n u t ’ s  , a 1 thou gh special precaut i lul ls were taken to ensure good rep ii cat itinu

~ t the I ,‘a,isduct’n’s . The on gina 1 mask for the’ 25(1 M hz SAW de lay ii lit’ was fal tr i ~uted

on a standard 60—nil 1 th ick  ti l ,iss pl ate coated w i t h  alit I — re t lect ing chrome . Ihi l s

phot omask was then t rans ferred to a con fonitta 1 f lex  lb le ’ hthotoniack of 7 —lii i 1 thickne ss .

I lie’ t i s e ’ ,uf a flex ible photoniiask mm m ii zed diffr action e ’tf i ’ct s whi t ’h Occur dun nq the

ul t ,‘av i ol et expos~ire” of the photor es is t • thu s t’ltsur lug qood 11 newt dth resol Li t ion for

the t ransducers .

Al l  of the l’o t a ted SAW do lay h u es weu’e’ f abr i ca tell usin g ant 0 t cli i rig p ’ot ‘s s  . A
lii U met a I Ii lint W , e S  f lu—st deposited on the ‘,tj hs t ra t e  by f lash eva ItOr’a t I ne) about

100 A tt t chroiii I urn followed by an evapora ted Ii 1 fl of 1000 A of a 1 umi liufll . Tint ’ chroni 1 (11)1

was used to ens Lire’ good adhe’ns ion of the a 1 until nuni t u r n .  Hot It Ill u s  we’re’ e’vapora ted

at  a I ow substrate teniperatur e to liii niltt i ze the grain) s i z e

I hie’ transducer pat t e m s  were tra uts ferred onto the ’ meta l  f i l nun us I nq a 11 t)h t fit’ It 1
ma ’.. k and Shi p1 e’y 1350 pos i t iv e  photores 1st . The photort’s i st w as then exposed and
dove I ttpe’ ti to form a uinas k over the metal I 11111 . A vacuum frame w i th  a t fl in t n’ubtte’n’

meiith,’ane was u sed to l i f t  the quartS’ substrate 1 utt o I nt iniate contact w i th  the phot tt

ri ta sk to I niprove the line width resol u t  ion . Final i .y • the” pat tern was do f i neti by

c heni tcal ly etch ing away the undes i red m e t a l .

2 .4 PROPA ATI O N ANGLF Mh AS UREM{NTS

The ST —cut quartz substrates used for this program w~~’e pui’c htased f rom

sawyer Research Products . These crysta ls were X -ra y or iented by the vendor and the
long i’dqes of the crysta l blanks cut parallel to the X— ax i  s to  w i th i n  +0. 50

The quartz substrates were niounted on a 4- intch ci rcular plate which had cal lhra -

t ion ang les around its clrcuntference . The circular plate was then mounted out the
dlaitto rtd caw ho lder for s i t  d u g  out the Individual SAW substrates . By a nit cromant ipu-

lator adjustment , th e large’ quartz crystal  was th en oriented for cutt ing to wi th in
+0 .5 0 

of the  des i red  propoqation d i rections (0, 15, 30. 45 , 60 , 75, and 0 degrees),

The de lay 11 I t t ’s  were then fabricated w i th  the  direct ion of propaqati Olt pal’a 11 el to the
b u g  edge of the quartz substrates. It is estintated that the propoqatlon direct ion
i s  a ccu ra t e  to wi thin + j

O of the desi  u’ed ro ta t i on a n g l e .

Individua l quartz substrates were se lect ive ly sampled to confi rm the or ientat ion .
To do this , they were ntounted I nt.o a gon I onte ten and X- rayed along t he \ - ax i s .

I iqure’ 2-1 shows the Laup X-ray di f f ract ion pattern result ing f rom an ST-cu t  qua rt ,’
substrat e oriented at 00 

froni the X-a xls

B ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Table 2-1. Calculated Transducet’ Input Ad iunitta utce as a
Funct i on of Propagat i on D i rection

Transd ucer A Tra nsducer B
(149 Fingers ; CT 9.25 pF) (213 Fingers ; CT 13 .25 p1)

Opa j On G (  ~ttos) B (niiuhos) G (uiiumhos) B
~~
(nhtIhos)

1.59 14.52 1.26 20.8

15° 1.69 14.70 3 .47  21.05

30° 2.07 15.04 4.2 5 21.54

45° 1.48 15.09 3.04 21.t~’

V 

60° 0.65 15.72 1.34 22.51

75° 0.182 16.10 0.37 23.06

80° 0.091 1 .16 0.19 23.15

85° 0.031 16.19 0.063 23 .20

90° 0 16.21 0 23.21

.‘teit -

.

C’

V V

~~~

1

-— — - -
(C” ,tO ” e~c ”

P~0PA~~A i ION OIR I ~ i I~ cO t  c U t  ~t

liqure 2-8. Measured vs Calculated SAW Delay Line
Center Frequency as a Function
of Rotat ion Angle
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I r
i nse,’tion loss of the SAW delay lines was calculated usiut q equationt ( ? ) .  Because ot

the sluiahl propagation length (106 wavelengths), the propagation loss a,td heaiuu ste,’u’ ing

11 loss were neglected. The ,‘esults of the calculat ion are indicated by the sol id curve

in Figure 2-9. together with the measured data. The discrepant ’y between calculated 
V

and measured values is attributed to partial trautsducer unatch lnq (due to boutd wires)

and electr ical  feedthrouqh between Int imut and output tra ntsduce rs .
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F igure 2-9. Measured vs Calcul ated SAW Delay Fine
Insertion LOSS as a Function[ of Rotation Angle

The electro mechanical coupling coeffici ent goes to zero at 9(10 fron t the X - a x i s ;
thus there Is no surface wave excited In that direction. However , a sha llow hulk
acoustic wave (SBAW) which was discovered at TRW can he e’x c ited . This SIIAW is a f a s t

shear wave which propagates close to the surface of the substrate. ( 2 ,3) 
The Ire-

I quency of operation is about 1.6 time s higher than that of X-propaqated SAW s . The
insertion loss Is comparable to that of SAW devices .

( V
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2 .6 CONCLUSION

The exper inneuttal results of the rotation measurement verify existing pre-

di ctions. Physical parauuieters , including surface acoustic wave velocity ,

ele c t romecha ni cal cou p l in g coeff i c i ent , and the temperature coefficient of delay ,
were ca lcu la ted and tabulated us i ng bulk acoustic wave data . Our rotation)

niieas urenuients show that the center frequency of a transducer can be predicted using
th t is surface acoustic wave velocity . For a given llnew idth of a transducer , one

cant calculate the centter frequency of response as a function of rotation angle front

the surface acoustic wave veloc i ty shown in Figure 2-2. For the exper iments , th i s
free surf ace veloc i ty ca n he use d s i nce the second e f fec ts  are neg l igib le .  Both
the piezoelectric loading and mass loading of the fingers were small. The

piezoelectr ic l oading was small because the piezoelectric coupling coefficient for

ST-cut quartz is small. The itiass boad luig was suim all because the unetallization was

out ly 100 A of chromium overlaid wIth 1000 A aluutti nuuut , an d the ope rat i ng f req uency was
between 250 and 280 MHz. Titus , even us i ng f ree surface veloc i t ies as shown i n
Figure 2-2 . the calculated center frequencies were close to the measured values as

shown in Figure 2 _ $ ,

The values of the electrouitecha nical couplin g coefficient together with the

cross- field equivalent circuit ntodel were used to calculate the transducer character-

istic impedance and convers i on loss as a function of rotation angle. In these

calc u l a t i ons , the static capacitance was assumed to he a constant and to be indepeum-

deutt of rotation angle. Table 2-1 lists the input adunittance of the transducen’ used

in these measurements. From these values , one can calculate the insertion loss of

the SAW delay lines. These results are shown in  Figure 2-9 along with the measured

values. The difference between calculated and nuieasured values is attributed to

part i al t rans ducer match i ng and e lect r i cal feed th rouq h.

Thus , us ing physical parameters determined by bulk acoustic wave data , one can
V predict the behavior of the surface acoustic wave as a function of rotation angle.

However, the transducer center frequency shows better agreement to the c a l cu l a t i ons

-
‘ 

than the insertion loss.
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3. ROTATED SAW DELAY LINE CHARACTERIZATION

The 14 rotated SAW delay lines (two each at rotation angles of 0, 15, 30, 45 , 60,
75, and 90 degrees) were carefully characterized to determine the relationship between

rotation angle and performance. The parameters which were monitored were center

frequency , insertion loss , bandwidth (Q) , passband shape , and temperature coeff i c ient.
The results of this test program indicate that there are two different modes of opera-

tion . The first is the normal surface acoustic wave mode , and was the dominant mode
for the 00 through 75 0 rotation angles . The second i s a shallow bulk mode and was
the dominant mode for the 90° rotation angle. To further evaluate the two di fferent

modes , add itional delay lines with rotation angles of 800 and 85° were fabr i cated.
Both of these delay lines also operated in the shallow bulk mode. This result

indicates that the transition between dominant mode occurs between 750 and 800.

3.1 TEST PROCEDURE

To en s ure the validity of the program results , a test plan for evaluating the

rotated delay l ines was developed. This test procedure was than followed for each

delay line . The tests were done on a swept frequency basis and included passband ,

center frequency , insertion loss , and return loss. They were performed on a semi-

automatic basis using an HP8505 network analyzer.

Follow ing the swept frequency tests, each delay line was assembled into a test

oscillator circuit to determine its temperature stability . One coninon set of loop

electron ics was used for all of the tests to eliminate the potential uncertainty

associated wi th using a different electronics with each oscillator. The output

frequency for each oscillator was then measured over the -50°F to +150°F temperature
range .

3.2 TEST RESULTS

This section presents the raw data from the characterization and sumarizes the

relationship between each major parameter and rotation angle. The results are
H sunmimiarized in Table 3— 1.

3.2.1 Frequency as a Function of Rota”nn

The prime motivation for this task was to demonstrate that the frequency of

operation of a SAW delay line could be varied by rotating the direction of acoustic

wave proagatlon wi th respect to the X-axis of the ST-cut quartz substrate. To

document this effect, 14 SAW delay lines were fabricated , two each at rotation angles
of 0, 15, 30, 45 , 60, 75, and 90 degrees. In add ition , four more delay lines were
fabricated at angles of 80° and 85° to provide further data for the shallow bulk mode

of operation .
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Table 3-1 . SAW Delay tine Character ization Suninary
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The results of this investigation indicated that there were two diffe rent modes

of operation for the rotated delay lines . The first uttode , which is the normal surface
acoustic wave , existed for rotation angles of 00 through 750~ Over th i s 750 range ,

the delay line center frequency shifted front 249.200 to 276.900 MHz , an increase of
1 1 percent. The frequency as a function of rotatiout angle Is shown In FIgure 3-1 .

T 1 
- 

~

“
‘VI I

I I ‘

I’ 
- 
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* c C iA I t t I N  ~.Nc4u tIM c.411 SI

Figure 3-1. SAW Delay Line Frequency t iS a F u n c t i o n
of Rotation Angle
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The second mode of operation is a shallow bulk wave . This mode propagates for
rotation angles between 800 and 90°. Over th is 100 range , the frequency of operat ion

varied between 370.000 and 393.900 MHz, for a total shift of 6.3 percent. The data
is shown in Figure 3-2.

:H~~~~ 
0 380

ROTATION ANGLE (DEG~~ISm

Figure 3-2. Frequency of Operation vs
Rotat i on/Ang le for
Shallow Bulk Mode

These tests demonstrated that the use of crystal rotation is a viable technique

of controlling the center frequency of SAW delay lines . For a 15° rot’tion from 00,
the frequency variation was 8.7 X 10 4/degree . A tolerance of ±0.50° can be held
dur ing alignment of the SAW mask and crystal . This translates to an accuracy of

+100 kHz at 250 MHz which is compatible wi th the remaining fabrication tolerances .

3.2.2 Passband Distortion

~wept response of each of the SAW delay lines was recorded to determine the
passband characteristics as a function of rotation angle. The swept responses are
shown in Figures 3—3 through 3—16. From these graphs , it Is evident that the pass-
band becomes increasingly distorted as the rotation angle is increased beyond 450~
Two parameters which were measured to analyze this distortion were unmatched
Insertion loss and Q (f0/3 dB BW), both of which are plotted as a function of
rotation angle in Figu res 3-17 and 3-18.
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Figure 3-3. 0 Degree “A” Rotated SAW Delay Line
V Passband Character ist ic
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F~ OUENCY NH:

Figure 3-4. 0 Degree “B” Rotated SAW Delay Line
Passband Characterist ic
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Figure 3-5. 15 Degrees “A ” Rotated SAW Delay Lin e
Passband Characteristic

F~~QUENC’Y NH:

FIgure 3-6. 15 Degrees “B” Rotated SAW Delay Line
Passband Characteristic
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Figure 3-7. 30 Degrees “A” Rotated SAW Delay Line
Passband Character ist i c
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• Figure 3-8. 30 Degrees “B” Rotated SAW Delay Line
Passband Characteristic
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Figure 3-9. 45 Degrees “A” Rotated SAW Delay Line
Passband Characteristic

0 1 
-
~~ 4 - - -“

~~~20 - - - - - - 
~~~~~

- - t - -

/~ 

‘

~~

‘\

\
-

~
~~~~~~~~~~~~~~~~~~~ 

_ 
4

- t

~-u0 -8 -6 V 4  -2 ‘2 .4 +8 +10
FRIQUENCY NH:

FIgure 3-10. 45 Degrees “B ” Rotated SAW Delay Line
Passband Characteristic

19
S

- 
_V.~ V~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



‘~~~~~ VI-

C I ‘“

~“~
“
~1” 

“_ - - - ________

n o -  -~ 
. V V

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
F~~ GUENCY NH:

Figure 3— 11 . 60 Degrees “A” Rotated SAW ~elay LinePassban d Charac ter ist i c

0 _  _  _  _  _  _  _ _ _  _  _  

20 _ _ _  - ‘~~~~~~
- - - - - - - -

~~~~~ - - - _ - -

: ‘ 

~~~~~~~~~~~~~ +8~~~~~~~~~~~~~~~~~~~~~~~~ 2~~~~~~~~~2~~~~~~~~~~~~~~~~ + 8 + 8  TO
— FREQUENCY 1MHx)
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Figure 3-14. 75 Degrees “B” Rotated SAW Delay Line
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4

For rotat ion angles of greater than 45 0 , the passha nd became severely distorted

and the insertion loss inc,-eased by approximately 10 dB over the 00 rotat ion value of

14 dB. There was also sign ificant skewing of the response which resulted in multiple

responses in the passbattd. These multiple responses tended to reduce the bandwidth

of the main SAW response and hence the increase in Q from a nominal value of 357 for

the ~° rotation to 714 for the 750 rotatIon. It should he noted , though , that the

~‘assha nd distortion d id  not interfere with the use of the rotated SAW delay lines In
a SAW oscil lator configuration .
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3 .2.3 Temperature Coefficient

The temperature stability of the SAW delay lines has also been found to be a
function of rotat ion angle. Th i s dependence is graphed in Figure 3-19. As can be- [ 1 seen from the graph , the relationship between first order temperature coefficient and

rotation angle is a complex function. For the nominal 00 rotat i on, the first order

‘[1 coefficient was zero, as is to be expected . Between 00 and 480, the first order
coefficient is positive with a maximum value of 12.6 ppm/°C for a rotation of 30°.

1_ I .40 ____  ____  ____  ____  ____  __________  ____

I .20 -

- ‘  

uT70 jo 40 
_ _  

80
ROTAT ION ANG LE (DEGREES1

Figur. 3-19. SAW Delay Line First Order Temperature Coefficient

I as a Funct i on of Rotat ion

Extrapolating the measured data indicates that the first order coefficient will go to
zero for an angle of approximately 480. For rotation angles of 4g0 to 750, the
coefficient is negative , with a maximum value of -40 ppm/°C at 75°.

I The s i ngle data point for the 90° rotated delay lines is not plotted on the

graph because , as previously described , these delay lines did not operate in a surface
acoustic wave mode. The basic dependence of frequency vs temperature for the 900

( rotation was linear with a coefficient of +30 ppm/°C. The frequency vs temperature 
4

plots for the 14 SAW delay lines are shown in Figures 3-20 through 3-33.

1 ST-cut quartz has a parabolic frequency vs temperature characteristic with a
null at about room temperature. A useful side benefit of rotating the delay l ine is

the ability to increase the temperature at which the zero occurs . For example , the
I zero for the 150 rotation occurred at approximately 95°F, a 45°F increase over the

00 rotation . This effect could be particularly useful for higher frequency SAW delay
f 

lines . Due to second order effects , the zero temperature for typical 1 GHz SAW delay
lines Is reduced to about 30°F. By rotating the delay line , th i s effect could be

( compensated .

L 24

I:—~~ 

- - - ‘- -‘- ‘ .I ~~~’V - . --- “ V - V_ V ~I~ V ‘ ‘

~ 

~~~~~~~~~~~~~~~~~~ - ‘ —---4 ,—— -V.- 
~~~~~~~~~~~~~~~~ S~S~flS, - •~~ 

V.



—-. ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~VV-V~?W ,~~VV___~_ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~,‘V _-V~ ’_~V_V_ V~~ ’ — V._-V~’V ’_-— ’ ‘ — ‘  - _~~ r., . -~~~~~~ -

:: 
j

~~~~~~~~~~~

’ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

24$’ 730 - --- - 

,,
,,,
,/

/ 

--

- 

- -

____  ____  ____  ____  I—24$.o9~ —‘—‘— -‘-— — -—— ________ — --~~~—‘- ‘— — - — — ---.
-50 -30 -‘0 +10 .~30 .50 .70 ‘90 ‘110 .130 •u so

FR[QeJENC’Y (“Ft

Figure 3-20 . 0 Degree “A” Rotated SAW Del ay Line Measured
Temperature Stability
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Figure 3-21 . 0 Degree “B ” Rotated SAW Del ay Line Measured
Temperature S t ab i l i t y
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Figure 3-22. 15 Degrees “A” Rotated SAW Delay Line Measured
Temperature Stability
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4. SAW OSCILLATOR DESIGN AND FABRICAT ION

This section discusses the theory of SAW oscillator operation and describes the

way i n which this theory was implemented for the program.

4. 1 THEORY OF OPERATION OF SAW OSCILLATORS

A SAW oscillator consists of a SAW delay line connected in a feedback looit wi th

an antp lifier as shown schematically in Figure 4-1. This circuit oscillates at any fre-

quertcy for which the total phase shift around the loop is an integer multiple of 2’ ,

and the gain of the amplifier is equal to or qreater than the net i n s e r t i o n  loss of the

feedback elements. The conditions for oscillation can be expressed as

( 4 .1 )

and

L5 ( f )  + L 1 ( f )  = ~(f ,A) (4.2)

where

f = oscillation frequency

V = center to center transducer separation

V = surface wave velocit’~
phase shift throuoh all elements except SAW delay line

n = an integer

L5 ( f )  = in sert i on loss of SAW de la y l i ne
r,(f ,A) = amp lifier qain as a function of f and output level , A

Solv inq (4.1) for f

f = n - ( 4 . 3 )

As a general rule, L1 (f) and G(f ,A) are very slowly varyin g functions of f over a broad
ranqe around the frequency for which the oscillator is beinq designed , but L5(f )  i s  a
very strong function of frequency . The SAW delay is designed as a bandpass filter

whose response is ideally qiven by

Li Ls ( f )  K ( ~~~ 
x 

)
2 
(s

in Y 
)

2 
(4.4)

U
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Fi gure 4-1. Schematic of SAW Oscillator

where

2-N(f-f )

X

2- M(f - f  )

Y = V.~~ 
o

K = insertion loss at f0

N = number of finger pairs in first transducer

M = number of finger pairs in second transducer

/2~nN (f-f0)~ 
2 

1 2i~M(f-f ~~ 
2

s i n  (, ~ 
—) sin

K 
~~ � N ( f f °) 2~~ (f-f0) 

= G(f 0 ,A) - L1(f 0 ) (4 .5)

g
o fo

It is clear that the ideal case will occur when (4.3) is satisfied at f0. Equation
(4.3) has nearly n solutions , but the gain term of (4.5) can be adjusted such that the 4

onl y simultaneous solutions to both (4.3) and (4.5) occur in the immediate vicinity of
f0 . So long as only one solution to (4.3) falls within the primary response of the
SAW delay line , single mode operation of the SAW oscilla tor is guaranteed .

It is also evident from (4.3) that some frequency modulation of the SAW oscillator
is possible. Taking the derivati ve

(4.6 )
f 2~ ’p
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g ives the expected result that the smaller the center-to-center transducer separation , , -
i.e . , the l ower the delay line Q, the greater the SAW oscillator tuning range. The

usual method of accomplishing the tuning is via a phase shift network.

The preceeding has established the desi gn goals for the oscillator circuit , in

particular equations (4.3), (4.5), and (4.7). The following discusses the actual imple-

mentation of the circuitry surrounding the SAW delay line.

4 2  SAW DELAY LINE FABRICATION

The six SAW delay lines tested in this program were of the open structure config-

uration as shown in Figure 4-2. This open structure delay line consisted of a normal

transducer of 201 fingers and a thinned electrode transducer with five sections , each

consistin g of 41 fingers. A thinned electrode transducer is similar to the normal type

interdigital transducer , except that there are periodic open areas between sets of

electrodes to reduce the second order effects. The center-to-center separation between

transducers was 500 wavelengths. This path length separation g i ves the dela y l i ne a
hi gh Q and enables the SAW oscillator to have good short term stability. This delay

l in e was des i gned to have a center frequency of operation of about 250 MHz.

5 SECTIONS ,
201 FINGERS 41 FINGERS EACH. SECTION SPACING - b o x

_______________________ 

11111 11111 ~ II~II ~HQ~I.’ ~°°~‘ H
Figure 4—2. Transducer Configuration for

SAW Delay L in es

The frequency response of a thin electrode transducer is g i ven as

- sin Nin f
H ( f )  A ~~ sin f~~ 

‘ (4.7)

where

A = a constant related to material constants

x = N~(f-f0)/f0

N = number of f i nger pa i rs per section

N = number of sections

= time delay between sections
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A delta-function niodel and an equivalent circuit mode l were used to ~iITnu l t I ’  delay

I i  ne haractvr i  s t  i (~~~~ , Calculations were performed on a CDC Cyber 174 c omputer. The

ri’sul tant fr equ ertc y response of the delay line is the product of the two indiv idua l

t r ansducer trans for funct lor is. The calcul ,ited fre quency respons e is show n in f I qure

I \ -
:

_ _  _ _

- I \
0 

0.91W 0.988 0,922 0.996 1,000 I .004 i .008 1 ,012 1 ,016
FUFO (JENCY (WHi T

Figure 4-3. Theoretic al Frequency Response of
the SAW Delay I inc

The original mask for the 250 MHz SAW delay line was fabricated on a standard

60-ITnil thick glass plat e coated with anti—reflecting chronic . This p hoto ma sk  wa s then

trans (erred to a conformal f l e x i  ble  pho toniask of 7-mi 1 th ickness.  A vacuum frame w i t h
a thin rubber membrane was use d to lift the quartz substrate Into i n t i m a t e  c o n t a c t  w i t h

the flexible mask. This Iiiinimiz ed diffraction effects which occurred during the- t ultraviolet exposure of the photoresist. , thus ensuring good linewidth resolution for

the transducers . 4

The photolithographic technique used in the fabrication of the int. erdi qital trans-

ducer s is illustr ated In Iiqure 4-4. The transducer patterns were fabricated by the

“etchin q ” techn ique . In etchin g, a thin tnie t ,n l film is deposited on the substrate

followed by spin or dip coating of Shipley 1350J positive photor esist. The surface is

then exposed with a highly u n i  form monochorm a t i c  1W l i ght  source throuqh a l i ght f i el d
photomask. After exposure , the surface Is developed, forming a transducer pattern ove n
the m etal  f i l m . The metal 1 Ic pattern is defined by chemicall y etching or sputt er etc h—

t r ig  throu gh the developed photores ist pattern .
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Figure 4-4. Schematic Illustration of the Planar
Fabrication Techniques

Prior to the meta llization , all the quartz substrates were baked at 200°C for 30

minutes , and then slowly cooled to rooni temperature under vacuum. This was done to

minimize the amount of absorbed gases which might otherwise be trapped on the quartz

substrate surface by the metal film. The metal films for the chrome/alumi num trans-

ducers were formed by flash evaporating about 75 A of chromiunt followed by the evapora-

ti on of about 1250 A of alum inun i . The chrome/gold n i e ta l l i za t ion  cons is ted  of about

50 A of chromium and 500 A of g o l d .  A t h i n l a yer of gold (500 I°~) was used to Iifl Tt i ITil?t ’

the mass loadin g effects associated with thick gold films. These films were evaporated

at low substrate temperature In order to m i n i m i z e  the grain size. The chromium f i lms

were used to ensure good adhesion of the aluminum and gold films .
V 

Chem ical etching and ion milling techniques were evaluated for fabrication of the

Cr/Au transducer patterns. Two chemical etchants were investigated . The standard semi-
conductor gold etchant, (400 g K!, 100 g 12~ 

and 400 nil of water) was tried first.

F After dilution wi th  water , t h i s  etchant had a high etching rate (‘~5OO A/sec ) and it

destroyed the ptiotoresist pattern. The second etchant , wh i ch was successf u l in produc-

ing delay lines , was a commercial chenlical called Techni strip. After diluting Techni

s t r i p  ~,1th water, a con trollable etching rate of approximately 50 A/sec was obtained.

The samples were etched for 10 seconds in diluted Technistr ip heated to 500C. Th is

etch ing procedure yielded the best SAW delay lines.

A Veeco Microtech system was also used to etch the samples. The delay lines pro-

duced by ion milling had excellent line edge resolution . The approxiniate etchin g rate

was 27 A/sec at the standard operating conditions of the system. The ion- m illed

dela y lines were not used for the aging studies since this technique is not readil~
amenable to mass production methods .
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The th in film design was chosen because of its excellent electrical performance , high

temperature stability , and small size.

The remaining components required for the oscillator are all straightforward . A

coniiiercial 3 dB power divider (ANZAC DS-109) was used to couple a portion of the ampli-

f i e r  output back through the SAW delay line. The device is broadband (10 to 500 MHz).

The at tenuator  in the feedback loop is simply a “TEE” configuration attenuator utiliz-

ing thin film chip resistors . The values of the resistors were selected to provide the

required level of attenuation.

The total loop phase shift (or oscillator frequency) is fine tuned by a meander

l ine phase shifter. The total length of the line is varied by interconnect ing lines

of different lengths. Relative phase shifts of up to 3600 in 2.5° in crements can be
selected at 250 MHz . A variable capacitor network could have been used to perform this

func t i on , but the temperature stability of the oscillator would have been degraded .

A comon requi rement for all of the elect ron i cs in the osc i llator loo p i s the
stab ility of the insertion phase and gain or loss of each component. All of the com-
ponents used in the oscillator were selected for maximum temperature and long term

stab ility. In order for the aging tests to accurately reflect the aging in the SAW

delay l in es , the long term stability of the remaining components in the oscillator

must be significantly better than the SAW crystal .

The four SAW delay lines were matched to 50 ohms at the inpu t and output , Both the
delay line and matching network were mounted in a hermetic flatpack on an alumina carrier.

Figure 4-6 is a photograph of an assembled 250 MHz delay line prior to sealing. The

delay lines were hermetically sealed to protect the surface of the crystals. The cen-

ter frequency of the delay lines is very sensitive to any contamination (particularly

moisture) on the surface of the delay line. In addition to protecting the face of,the

SAW crystal , the packaging technique for the delay line must also protect the crystal

from mechanical stresses, The quartz crystal was attached to the al umina carrier with

Dow Corn ing RTV No. 6-1104. This material is particularly suited to this appli cation

for the follow ing reasons. First , the material exhibits a minimum of outgassing. This

is important to prevent contamination of the SAW crystal after it is sealed. Second ,

the material is flex ible and acts as both a mechanical shock absorber for the crystal

and absorbs the stresses due to the different thermal coefficients of expansion of the

quartz crystal and the alumina carrier. Finally, the material is used to absorb the

acoustic waves which reach the edges of the SAW crystal and would otherwise be reflec-
ted back to the transducers.

Electrical connections to the transducers were made using ultrason ically bonded

alum inum wires. Thermal compression boding was not used due to the requirement that

the SAW crystal be preheated to a high temperature prior to bonding. The ch ip capaci-

tors and inductors were attached to the carrier using a silver filled conduct ive epoxy.
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Fi gure 4-6. 250 MHz SAW Delay Line Prior

to Her ijietic Sealing

Tills materia l was also selected for iiiiniiliiutii outqassi nq . The components were n ot  sold—
ert’d duo to the p o s s i b l i t y  of f lux or solder contaminatin g the delay line , Finally

the entire cart - ic ,’ was mounted in the f la t  pack using the same conductive epoxy that
was used to a t t a c h  the chip components.  The input and output connections were made by
wi ~~ bonding from the carr ier  pads to the leads of the package.

The p ,’oci’Ss in s teps  fol lowed to seal the delay l ines we t-c carefu l ly  chosen to

ensure tha t  the de lay l ines are kept as clean and as dry 115 poss i b le .  The c r y s t a l s
were fi t ’s t c leaned w i th  a fine camel hair brush and acetone. The y were next blown dry
w i t h  dry nitro g en to clean any dust par t ic les fromii the pack ag& ’s.  The c r y s ta l s  were
then vacuum baked for 24 hours at 150°F to further dry the quartz crysta l  and to mini-

ni :e the trapped gasses in the RTV and epoxy.  Fol lowing the vacuu m bake , the packages
were stored in  dry n i t rogen until they were hermetical ly sealed . F ina l ly ,  the sealed
packages were both f i n e  and gross leak checked to conf i rm that the packaged delay l ines
were truly herme t ic1t l 1 v sea led . Following the seal ing process , the inpu t and output
return loss and the insertion loss of the delay lines were i ’ec liecked. I n  genera l, no

significant degradation was measured due to the sealin g process . The insertion loss of 4
a typical delay line is shown in  Figure 4-7.

The alignlilent process for the oscillators is very simple. The first step i s  to
determine the difference between the delay line insertion loss and the linear amplifier

qain. The at tenuator  in the loop is then se lec ted  to provide a pp ,’os imatoly 3 dO of

excess gain in the loop. The am ount  of ex c e s s  1 i neat’ anipi i fi et ga i n  deterini lies the

t level of saturat ion in the ampli f ier when the loop is oscillating. R~’qardless of the
amoun t of excess l i nea r loo p gain , when the loop is osc i l l a t i ng .  Iii’. ampl i f ier  w i l l

saturate or compress until the total gain around the loop is reduced to  unity.
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Figure 4-7. SAW Delay Line Insert i on Loss SN 107

The 3 dB value of excess loop gain is a conipromise between several factors . A

higher level of excess gain in the loop would result in  greater output power from the

osc illator and would provide a greater assurance that the loop will continue to oscil-

late as the delay line insertion loss increases or the amplifier gain decreases due to

the effects of aging and temperature. However , h igh levels of excess loop gain and

therefore saturation result in an increase in the amp lifier noise figure (or osci l lator
phase noise ) and in higher levels of harmonically related spurious outputs.

The second step in a ligning the osci l lators is to adjust the total loop phase
shift . The osc illator is fi rst tested with a nominal amount of extra phase shift. The

output frequency is then fine tuned either up or down to the exact desired frequency
4

by either decreasinq or increasing the total length of the meander line. Using this
t e c h n i q u e , the oscillators can be adjusted over a range of approximately .100 kHz w i t h
a resolution of appr oximately ‘5 kHz. Table 4-1 summarizes the data for the 250
osc ill a ’tors following their initial alignment. In each case, the out pu t freque nc ie s
of the oscillators were adjusted to correspond to the frequency of mnlin i niun i i n se t tio lt

loss of the SAW delay used in the oscillator; i.e., to the f0 referred to in equations

(4.4) and (4.5).
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Table 4-1. SAW Oscillator Performance Summary

fumplifier/ Bias Current
Delay L i ne Osci l lator fo out at +15 V
Serial No. Serial No. (MHz) (dBm) (mA )

111 SN 23311 249.699 9.9 67

107 SN 23313 249.757 10.2 68

109 SN 23315 249.704 9 .2  66

106 SN 23316 249.784 10.0 68

4.4 CHROME/GOLD OSCILLATOR FABRICATION

The two chrome/gold delay line oscillators were fabricated using a commercially

ava i la b le hybri d trans i stor ampl i f ier module from Watkins-Johnson , part No. A73 . The

amplifier typically has 32 dB of gain and a 3.5 dB noise figure in the band 5 to 500

MHz , ensu ring good performance at 250 MHz. The amplifier performs over the full temp-

erature range of -55°C to +125°C and is packaged in a hermetic TO-S can. An Anzac

DS-l 09 3 dB power divider was used to couple a port i on of the aniplifier output back

through the SAW delay line. A resistive “TEE ” atten uator network was used in the feed-

back path to set the loo p gain. The delay line insertion loss , amplifier gain , and

other small losses were used to calculate the value of the attenuator required to

real ize an excess loop gain of 3 dB. A lO-dB resistive attenuator was included at the

output for load isolat ion , since the loop phase is load dependent. This ensures that
the oscil lator will see a load VSWR of no mo re than 1.2:1. A length of 0.031 inch

diameter semi-ridgid coaxial line was inserted in the loop to adjust the total loop

phase sh i ft and oscillator frequency. A react i ve phase sh i fter was avo i ded s i nce such
a network wou ld have degraded the temperature stabil ity of the osci l lator.

The goal in specifying the electronics for the loop was to maximize long-term

stab ility of the l oop gain and phase. All of the components used in the osc llator

were chosen so that temperature and long term stability of the loop electronics would

be significantly better than the stability of the SAW delay line. This ensures that

the delay l ine is the dominant element in determining oscillator frequency and that the

frequency measurements reflect primarily the aging of the SAW delay line.

The two osc illators were each assembled in a single machined brass chassis 1.5 by

3.0 inches. The loop electronics were mounted on a small durold board which was sold-

ered directly to the brass housing. The SAW delay line was mounted In a hermetic
V 

0.8 x 0.8 Inch package and attached to the chassis with machine screws . No input or

output matching was Included in the delay line package. The mounting and wire bondin g

of the quartz crystal closely duplicates the mounting of chrome/aluminum metal lized
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de lay lines previously life tested. Insertion loss vs frequency of the two Cr/Au
delay lines are shown in Figures 4-8 and 4-9. Performance of the oscillators is given
i n  Tab le 4-2. Typical frequency over temperature performance Is shown in Figure 4-10.

Table  4-2.  Chr ome/ Gold Osc i llator
Performance Sumary -

‘

Amplifier f B ias Current
Serial No. o out at +15 V

lA 247.772 MHz -8.7 dBm 19.3 mA

2E 247.640 MHz -9.0 dBm 19.3 mA

-ic ——— ‘—‘-~~~~~~~~ --__________ —V.-— ___________________________________________________

CENTER
247.730

‘30 —__ , — __________________________

2~~ 247 257
FREQUENCY , (MHz)

Figure 4-8. Cr/Au SAW Delay Line Insertion
Loss SN lA

~ 
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5. AGING TEST PROGRAM

TRW has conducted a continuous aging program dur ing the past 2-1/2 years to
characterize the aging rate of SAW delay line oscillator s . The aging rates of four

250 MHz oscillators have been cont inuously monitored for the full 2-1/2 year period.

In addi t i on , two new oscillators fabricated with chrome/gold nietallization have been
on life test for 3 months. The aging history of the original four 250 MHz oscillators

is shown in Figure 5-1. The four oscillators were first subjected to 12 months of

aging tests in a constant environment. A bias cycling test was then performed for

3 months to determine whether the SAW delay line or the oscillator electronics was the 
V

major contributor to the overall aging rate. After 6 months of additional stabilized

ag ing, the 3 month temperature cycling test was performed. The oscillators were then

again stabilized and further aging data recorded. The total aging rate recorded during

each of these tests is summarized in Table 5-1.

5,1 PRE-TEMPERATURE CYCLING AGING REVIEW

The frequency aging rates for the four oscillators during the initial 1 year of

cont inuous life tests are summarized in Table 5-1. The average aging rate for the four

oscil lat ors over the 1 year period was -21.0 ppm per year. An additional 18 weeks of
data were accumulated. During th is 18-week period , the average aging rate for the four
oscillators dropped to less than -6 ppm per year. The frequency aging of the oscilla-

tors is exponential as evidenced by the decreasing aging rates .

A 3 month bias cycling test was then performed . The purp ose was to try to isolate
the aging effects in the SAW delay line from those in the remaining loop electronics.

Based on existing data for electron ic components , the aging rate of the oscillators

should be a positive function of temperature ; that is , a decrease in temperature should
bring about a corresponding decrease in aging rate. The two methods of evaluat ing the

ag ing characteristics of the SAW oscillators which were considered were to cycle the

oscillator bias on and off, or to elevate the osc illator temperature above the baseline

value of 92°F. The first technique was chosen because it offered the potential of
separating the aging rate of the delay line from that of the remaining loop electron ics.

The aging rate of the amplifier alone should decrease when the bias is off whereas the
aging rate of the SAW delay line should be independent of amplifier bias. The test was

performed by separating the four oscillators into two pairs . One control pair of

oscillators was left continuously on. The bias on the other pair was turned off and
only turned on once each week -‘- just long enough (~5 minutes ) to measure the oscillator
frequency. When the oscillator bias is turned off, the temperature of the delay line
drops only a few degrees due to the overall reduction in dc power dissipation and hence
oscillator baseplate temperature . The j unction temperature of the transistors in the
loop amplifier , however , is reduced by 100°F due to the thermal resistance of the ch ip
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Table 5—1 . SAW Aging Life Test Summary

Con ti n uous A qinq
1 !1IJIIIJ S Ag m c i  , B i as C~’c 1 m g  Cen t i IWI I IA  All ing With/Te mp Correct ion

V. - —- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ “ ‘‘  

‘,~~I~~’ 11 I1 . I I A g in g : A gin g Agin g A Q I F I V I

4ginI: O I , r a t io t l  Ra te  I Aq i ni l fl ur a t i on l Rate Aqino Dur’ation~ Rate Ag ing Duration Rate

I I~’III We€V kS I I PV ‘yr p n rV I yrl  Weeks I ( I ; I V / V / r ~ P I  Weeks PPm/Yr ppiii _j ,_ Wee k s 111111

&e -~‘4 .) - .8~~~~~)3 -~~2 O  4 J Q  Not tested

23313 -10.1 48 - 2 1 . 8  + .6 1 3 + 2 4  - . 4 14 -1.5 -1.7 12 -74

:3,115 -:t~.~~ 311 -28.8 r - ? 1  13 -8.4 + .? 14 .74 -1.8 1? -7.8

23316 -15.~’ 48 - 1o .5 - .9 13 - 3b - 6  14 -2.2 -1.2 12 -5.?
•~VE 21.0 48 ‘ 22.8 1 , 1 13 4 4  . 4 - 14 1 5  1 .6 12 6.9

- ,~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ _ _ _  _ _ _  _ _ _

HIIIh-LOW Cyclin g Conti nuou s Aging 2.5 Year Total
Osci l lat o r - ‘ - -— - - - - —‘  “ - ‘ -—

Serial No. A g ing A ging Ag ing
Aqin g Duration Rate Aging Duration Rate AginIl l  Duration Rate 

_V_  
ppm Weeks ppm ,’vr ppm We eks tpm ’ vr W~~ ks lj

~~~
’ vr

23311 - 11.2 13 -44 .8 ~53 5 - 8 .3 -16 i:a - ~~~~~

.3313 - e . 2  13 -.‘4.8 ~53 5 551.2 - ‘4 1 .4  -10.1

2~315 I -4.4 13 -17 6 + 1 5 104 ~~ 1:4 -10.5

233 1~ +3.~ 13 1 14 .4  + 1 5 22.9 -14 124 - 5.9

4VE 6.35 13 25.4 1 1 4 2 ~ 5 148.82L 2 63 124 11.0

trans istors . If the two unbiased oscillators had shown a reduction in aging rate com-
pared to the remain ing pair of biased oscillators , the results of the test would have
suggested that the ampl i fiers were dominating the oscillator aging; whereas if no

J significant change in the aging rate had occurred , it would suggest that the delay
lines we re dominant.

The results of the 1 3 weeks of bias cycling tests are shown in Figure 5-2. The

average aging rate for the continuously biased pair was 5.6 ppm per year , vs 3.4 ppm

j per year for the on/off biased pair. The slightly different aging rate of the cycled

pair is most likely due to thermal transients in the oscillators during turn-on .

Afte r bi as cycling , the aging rates of the four oscillators returned to the values

measured before the test indicating that the bias cycling had an insignificant effect

on the oscillator aging. Based on the assumptions made when these tests were started

concern ing ag i ng mechan i sms , it appears that the SAW delay lines are dominating the
oscil lator aging rate.
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Figure 5-2. SAW Oscillato r Bias Cycling Agi ng Results
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Du ring the Initial months of the l i fe test , the effect  of temperatu re cha nges on
frequency was small compared to the frequency shift due to aging, and correct ion of
the frequency for the .1 °F var iations in baseplate temperature was not necessary . As

the aging rate decreased , the frequenc y cor rec ti on for temperatu re chan ges beca me 
V

more significant. In addi t ion , changes in the test configuration caused changes of

several degrees in baseplate temperature , such as the 6.5°F drop during the bias cyc-

l inq test, and the 4.5°F drop caused by removal of SN 23311 from the test.

A typical frequency vs temperature curve is shown in Figure 5-3. W i th a l l  four
oscillato rs running , the basep la te temperature was about 101°F. The best linear cor-

rec ti on for tem peratures close to 101°F is -250 Hz per °F. Due to the parabolic nature

of the frequency dependence on tempera ture , l inear correction is not accurate for

temperature differences of more than a few degrees. In order to compare data from

different phases of the aging test s , the data shown in Figure 5-1 has been corrected
for temperature changes. During the cycling test , the temperatu re was not al lowed to
stabilize and the correction for temperature was not very accurate. However , during

the post aging test the temperature did stabilize at 101°F.
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Figure 5-3. Typical 250 MHz SAW Oscillator
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5. .’ rIMPI RAT IJRE IVYCL ING AG ING TI SI

I he four 250 MH? SAW Os r ’ l ila tors were subJ vu ted to a tompe ri t ore t ’y(: 1 i iuj an i nq

t v s t  for a 3 month period. It i s  well t ’stahl  ished that the aging rat I’ of e l e c t r o n i c

CtiIll t lOIieIi t s 1 5 a f u n c  t on of temperatur e . The purpose of th i s test was to dot enir i no
ho magnitud e and nature of the r’e I at I onsh i p between osc i l la tor  temperature and •iq I rig

r a te .  Pe,~formi rig aging t e s t  S at e levated temperat tires is a common prac t i  (
V II to oct a b—

ii sh j irHect  r’d 1011(1 time aq I rig rates. A more str ingen t form of this tY PO of I ,‘‘.t i ng
i s  to temperature cycle the units under test. This not 0111 y exposes the c i rcu i t  s to
ol ev at od temper atures, hut s t re s ses the parts due to the constant heatIng and coo l i ng.
It was therefore felt that the t emperature cyc ii og t e s t  , w h i c h  more ci osel y s imu l1i t os

1ic tual operating condi t ions , would be a more real I st i nicasure of the t rue  aging r a t e

of the  SAW o~ciilators .

Ihe temperature cycl 11 (1 test was configured with the same oscillators and ha s eV

p la t e  used in previous tests except tha t heaters were added to the baseplate . ()s ~ I I  -
late,’ SN .‘3.U I was returned to the test , but i t s  frequency changed s l i gh t l y  wh en seve ral
internal mountin g screws were retiqhtened.

Thermal 1 y conductIve rubber heat i rig el enients purchased from 1,1 o t t  rofi liii . I n c .  . part

No. 1 3000-240 , wore mounted between the  oscillators and the haseplate. The temperature

was cy c led  using a sol id state controller which heated the basepl ate to 150°F and t hen

allowed i t  t o  cool to 85°F. The cycle time was a bou t 2 hours . rrequericv was measured

on a weekly basis durin g the low temperature port i o n  of a temperature cycle.

The test continued for 3 months at which time the oscillators wore placed in an

insula ted container and a l lowe d to s tab i l i z e , while operating continuousl y . A conipara ’

tiv e record of the cycling test data i s shown in liqure 5-4 .

During the cyclin g test, the oscillator frequencies did not  t r a c k  each o t h e r .

Most of this can he explained by the dynamic character of the test which did not. a l low
the haseplate temperature to stabi l ize.  Temperature gradients in the ~a sep la t e  could
have allowed temperature differences of several degrees between oscillators . This

would not have been detected since only one thermometer was used to mon itor hasoplat e

temperature. The average aging rate for the four osci l lators was about -15 ppm per
year du ring the cyci m g  test. , which is about 5 tImes the —5 ppm per year measured

he toro (V ycl m g .  -
‘

The post cycl in g aging revealed some unexpected results. After the osc i l la tor s
were placed In an insulated container and operated continuously, the hase p l a t e t empera-
ture was s tabi l ized at 101°F. But the frequency did not return to the value s measured

before the cycling test. En fact, the cycling test apparently caused unpredictable

frequency shifts not related to any externa l condition such as t empe rature. This could

indicate a differen t aging mechanism previously not seen. Perhaps the adhesion of the
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Figure 5-4. Temperature Cycled SAW Oscillator Aging

transducers or stressing at the crystal surface changed during the temperature cycling.

To determine more accurately the cause of these shifts in frequency , furthe r carefull y
planned investigations would be required.

5.3 CHROME/GOLD OSCILLATOR AG ING

The aging test of two 250 MHz chrome/gold metal lized SAW delay line oscillators

began on 8 September 1977. The oscillators were assembled in i dentical housings using

hermet ically sealed SAW delay lines . Both oscillators were attached to a common base-
plate and placed in a thermally isol ated environment. The baseplate temperature stab-
i l i zed at 9l 0F with both oscillators operating continuously.

Dur i ng the agi ng test , the oscillator baseplate temperature was continuously mon-
itored. The data was taken at the same time each morning. The baseplate temperature

var i ed about ~l.O°F and althou gh the need for temperature correction was minimal , a
l inear correction of -250 Hz per deqree Farenheit was applied .

The frequency aging characteristics of the two oscillators is shown in Figure 5-5.
After the first few days , the aging rates of both oscillators were comparable. The
agin g rate Is summarized In Table 3-2 on a monthly basis. The aging of about -60 ppm

• per year during the fourth month is twice what was measured after 4 months of burn -in
for the aging study using chrome/aluminum metallized delay lines. The projected aging
rate based on th is test would be about -60 ppm per year , compared to the -5 ppm per
year measured on chrome/aluminum meta llized delay lines.
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Table 5-2 . Chrome/Gold Osci l lator  Ag ing Summary

Osci l lator 1st Month 2nd Month 3rd Month 4th Mont h

2E -31.8 ppm -6.5 ppm -4.5 ppm -5.5 ppm

lA -23.5 ppm -8.0 ppm -4.5 ppm -5.5 ppm
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Fi gure 5-5. SAW Oscillator Aging for Cr/Au
Meta lli zed Delay L i n e s
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