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I - LOW TEMPERATURE QUARTZ CRYSTAL OSCILLATOR

GENERAL PRESENTATION

One of the main results regarding 1/f noise obtained during this program was
the 1/Q“ dependance law. A new series of nolse measurements was performed on
different kinds of resonators to confirm this law and principally to study the
influence of power level on the noise behavior. Comparative measurements were
achieved at low, medium and high powers. A new result 1s the possibility far

quartz resonators to experience chaotic behavior.

Frequency stability at low temperature was measured at both short and medium
terms using the dual crystal passive system. Comparisons are made with corres-
ponding stabilities of the same crystal measured at room temperature 1n the

same system.

Realization of an oscillator at low temperature, including crvstal and elec-

tronics, 1s discussed, and preliminary results are qiven.

1/f NOISE LEVEL VERSUS POWER LEVEL T
1) Noise at low power * :iﬂ
The measurement system remains the same and details can be found 1n previous 9

reports {AFOSR arants B0-0105 and 81-0191).

2.5 Mz, 5 MHz and 10 ¥Hz crvstals were measured.

. b

.
La's aca' sl

* These measurements were performed at the National Bureau of Standards T
Freauency and Time Division by J.J. Gagnepain.
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1) 5 MHz resonators. Six AT-cut o
crystals (Sth overtone) were stu- g,éé
| died. Two were commercial BVA re- §
: sonators and four were standard g
- commercial high quality resona- }:16?E
tors. A typical spectrum (pair of §
BVA crystals) is shown 1n Fi1q. 1. §
I The noise 1s essentially 1/f fre- é‘-a
quencyv noise. The 1/f3 noise 1s »S
due to the filtering effect of E N
| the resonator ; this occurs at 10
! 1ts half bandwidth. For three
pairs of resonators the frequency
nolse S;/Z(F), measured 1 Hz from 10 oo A ] A >
i the carrier were equal to 2.5 x . Fourier Frequency (Hz)
10-43/vhz, 2.5%1071 bz and The solid curve sgégé_%he apparent frequen-
3x10-13 //Hz. The raw data were cy noise spectrum of 2.5 MHz, 5 MHz and 10

MHz resonators. At Fourier frequencies abo-
ve the half bandwidth, the spectrum must be
tion that the noise of each reso- corrected for the filtering effect of the
resonators yielding the dashed lines.

divided by ¥2 under the assump-

nator was 1dentical. Obviously by
doing all possible pairs one can obtain a more accurate value for each reso-
nator 1independent of this assumption. All these resonators had unloaded
Q-factors 1in the range 2.5x10° < g < 2.7x10°.,

2) 10 MHz resonators. Two kinds were measured : AT-cut and BT-cut crvstals.
Roth were third overtone resonators, but with verv different N-factors, tvpi-
cally XX105 for AT-cut and 1.7x10° for BT-cut. BT-cut crystals have much

hiagher fl-factors hecause this crystalloqraphic orientation has lower internal

losses for the thickness-shear mode.1 Nolse spectra are shown 1n r1q. 1. A
large difference 1n the noise levels can be observed between the AT and 87T
cuts. At 1 Hz from the carrier these levels are of the order of 7x10~ 3,sz

tor the BT resonators to 3.ZX1O‘11//H2 for the AT resonators. These results j -fi

show a strong dependence between the 1,f noise jevel and (Q-factor. L
5, 2.5 MHz resonators. Two pairs of fifth overtone, AT-cut rescnators were R
tested with unloaded J-factors close to ax10%. Althouch these paiTs had y
almost the same (-factors, the noise levels differed bv almost one nrder of ’ 4
maonitude. The presence of 1,f% noise 1n the spectra of SVOJFE indicates that R

the sensitivity to temperature fluctuations are verv larae for this tipe of f;‘

resonator. AR
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All the resonators were measured at powers of the orcder of 10 pW.

¢

fa-

\

\

The 1/f noise power 1 Hz from the

-2¢
<0 X LOMKZ AT-gut
L LOMNZ AT-cyt

0 \

carrier, evaluated for each indivi-

dual crystal, was plotted as a func-

tion of the unloaded Q-factors 1n

B i

Fia. 2. A linear rearession amona

Fractional frequency tluctuations Sy {114z)

: \ 2
3 these experimental points gives | < a4
» -9 '
; G A
. 2 ‘ A
I Sy (1 Hz) = 2 !
\. 0 QL' ,\\ \ ¢ {OMHZ FT—gut
3 - \"6; \ toMHz 3T-cut
. 0 N\ ‘% [y
, N 0
g AN \ 10MHZ BT-qut
: These results are also summarized 1in Ny \ et
N
>
: Table 1 -an | G \
s - - 10 < \ \ MH
\ o, c Xy  3VA
\ % . z
\6‘ " ‘Ewpz
AN
The data show a clear dependence of N \Vz.mmz
-24 s,
N \
1/f noise on the rescnator's unloaded 10 1; ) ¥
X 0 10
“
D-factors, following 2 1.0 law. The UNLOADED G-FACTIA
only exception 1s with the 2.5 MHz Fig., 2

1/f noise level, measured at 1 Hz from
the carrier as a function of the unloaded
noise most likely due to thermal Q-factor for the different resonators
tested. The measurement svstem noise is
indicated by ----

(#2) crystals, which show excessive

transient effects.

If these crystals are used 1n an oscillator, the 1 f spectrum will qive a
flicker floor 1n time domain, whose corresponding values are qiven 1n Table
I, and which corresponds to the best stabilitv achievable 1n that case with an

oscillator, at least at room temperature.

N 1 i !
! 1.0 M2 1.5 M2 < . . | by " T T
resonator | N ! P ! PN S M4z i S MMz 10 MHz yo10 MH2 \ ] . 0 2
i ' = { : | : ! ! ; ' ' ) X
! : ! M | ' ' '
! : A | At | ar i At | A ; u a1 2 [
crvstal out A at i ! |
i ! . \ 1
i .
. ' ! i | s . e RN -
Lo Doatst a0 ] 2.ea10° ) 2T000% 0 etC® LSt e neart o neet e
. o | ! ! . ‘
\ -
H by ! ! b 26 . i Py P A e ama P K
N T N R T Ir A L R e e I €.
M |
i | .
' i)
. il - S I ~13 ip=id o peis yomtt « g gpeit PPN TR
‘riicuer ficor: '.%'L‘"J AL ) 2.9 2.8 : ARV s ) A 14 oL L9 LTt
| i i i i . '
Table
*F aprae leve. At * HT from 'he rarrier, arg Corceaponding Tlicwer flcor, for the '.."nr-:t SAT e
2.5 My ® D 2fvatale were MOt Spken (D10 ACCOUNT ir the linear regreasion ¢t L
- 3 -
. - ‘-'\‘ . . h -. . -




2) Noise at medium power

When the drive level of the crystal 1s

Current (mA)
T feer— v v

_‘ increased 1t exhibits nonlinear ef-
fects due mainly to the higher order

= elastic constants. This 1s the well

known amplitude frequency effect where

rY r v vy

distortions appear 1n the amplitude 5 o
Frequency (Hz)
and phase resonance curves and even

hvsteresis can be developed as shown

-30
in Fig. 3.
: |
The non'inear behavior of a resonator
Frequency (Hz)
driven 1., transmission can he repre- =
; - 3
L 2N
sented by the phenomenclogical rela- st
tion &
al
2.
d21 wp di ol
0 N o -
— = — w2[1 - 2¢(Q) cos Qt] 2
o d &
t g dt (1 + k12) = F cos wt &
where 1 1s the current through the Fiag., 3
. Amplitude and phase sonance ey
crvstal, @ the loaded Q-factor, and F P phase resonance curves
3 of guartz resonators
. the amplitude of the driving force. k
-
- 1s the nonlinear coefficient {(related
o to the next higher order elastic constants}. e{% cosQt 1ntroduces a modula-
tion of the resonance annular freguency wg, which represents the frecuency
nolse of the resonator. Solving this equation with a perturtation methad
aives the phase noise of the output sianal.
Let SVO(&/ be the freauencvy noise spectrum of the crvstal., When darivina 1% st 1
low power, 1n the linear ranne, the corresponidinng shase spectrum 1s niven ba
N w2
5 S ) =5, (0) —
B s Yo 2 2,2 {
R° + wqo 40 .
. -
i‘ At medium levels, when the rescnator 1s driven near tre jume frecuency, (oo
. rhase spectrum becomes
. 2.2 2,42
. ‘ wa &7+ w” aRt
Syt E Sy 7.2 ]
' Q7 Q% + w5 Q%) y
-4 - 1
: <
TR S N I R U




Thus the ratio between the phase
nolse at medium and low powers 1s
S (h1gh power) (@% « wi/u0?)? i
Se (low power) o%(e? + wg/Oz) E
%)
g o
This ratio qoes to unity for @ » w /Q g w0
[}
and 1s equal to wg/160292 for @ g
mo/aQ. Therefore the 1nduced phase 2
>
noise for the lower Fourier freguency Q 10“
<o
components can be greatly 1ncreased Z \\\\\ .
' ® N 1opw
by the crystal nonlinearities. Such a =
a9
noise was experimentally observed on § o
a 5 MHz (5th overtone AT-cut) resona- E
tor driven at 2.5 mW, as shown on *
Fiag. 4. .
'.oa - - T D Sl
J1 1 10

Fourier- frequency (H7z)

Fig. &
F requency noise spectrum of a 5 Miz
driven at low and medium power

3) Noise at high power

At sti1ll higher power (of the order
h of a few watts) the quartz resonator
was found to exhibit larae instabili- t {mA)

ti1es as shown 1n Fig. 5.

h Such phenomena are known 1n nonlinear unstable

systems as chaotic behavior. Chaos
" 20
. has been observed in manv different

systems2, for example phase locked

loops3 and Josephson junctions “,5 T
which can be consicered as low [ 1
G-factor resonators. The main diffe- x
rence between these svstems and 5 F (e 'ﬁ
guartz crysta. resonators stem from S — 5o E— léo’L__‘—.k'. )
) the high Q-factor and thermal Fourier frequency #
effects, which stronagly modifv the _ :{;
behavier of the crvstal at hich Stable and Unst%%%é‘%tates of a 5 Mz f&;

power., resonator driven at hich power

M R P T P P S C T R Y ‘.'E'-. T '.'-‘-“' L P T .‘-'.. LA T TR T T
REEN . . .. .l < '.- - . . > - P Rl - PO K - - .'- ot -
SRR TR P L, L. AT AT R SR, YIS, TP Uk . U T W W .




Thermal effects will be predominant main]ly if the crvstal 1s operated at =a
temperature below 1ts turnover temperature. In this case the temperature
coefficient 1s neqgative (of the order - 4 Hz®C). The temperature rise cue tn
the dissipated power induces a negative frequency shift, which can be laroe
enouah to pull the crystal frequency to the frequency where tne down-jump
phenomenon occurs {Fi1g. 3). Thus the amplitude becomes much smaller decrea-
si1nq the dissipated power. Temperature therefore decreases causing the
frequency to 1increase until 1t reaches

the second jump and so on. This gives

a cycling with large amplitude and

phase perturbations, as shown 1in Fiq.

, 100ms N

6. This phenomenon occurs when the

amplitude-frequency effect and the Fig. 6

Amplitude perturbation cue to thermal

temperature coefficient have opposite s
effects at hiah power

si1qns.

Above the turn-over temperature the sian of the temperature coefficient be-
cemes positive. In this case the temperature rises, 1nduc:inc a positive
frequency chanae, which corresponds to an additional amplitude-frecuercy

effect. This 1s equivalent to 1ncreasing the nonlinearities of the crvstai.

Fra. 5 1llustrates the amplitude resonance curve of a 5 MHz (AT-cut, fifth
overtone crvstal excited with a 7 V rms drivinag sianal. As the drive
frequencv 1ncreases the crystal goes from stable state to chaotic states

through sudden transitions.

This 1s quite different from the behavior of lew-0 resonant svstems. for toe
latter the route to chaos qoes throuagh a set of cascadina subharmenic bifur-
rations. The rate at which the number of subharmonics 1ncreases with .iri1vinn
power leads quickly to a spectrum composed of so many spectral lines that it

appears as a continuous noise spectrum,

For hiagh J resonatnrs, like cuartz rescnators, subharmenic cereratior s nct
nbser.ed because all these subharmonic trequencies are nut of *re roecornator
Fandwidth ard therefore firltered, Onlv when their number 15 larne enouch,

such as when there are components 1n the resonator bar~w: th, ~kaot:c heha-
vinr acpears. ‘his explains the sudden transitinn to chaos withoot O sprfya-

tion of cascading bifurcations.,

=

A A
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The sideband frequency noise of the transmitted signal was measured under the

2
same conditions as at low and medium powers. A f° spectrum 1s observed for

the power spectral density of the frequency fluctuations of the signal. This
corresponds to a white phase spectrum and therefore to white noise for the
frequency fluctuations of the crystal. This 1s in agreement with other

2.5

observations of chaos , but does not lead to 1/f noise. This 1s shown 1n

Fig. 7.

The level of this noise 1s 1038 {power spectral density) and 1s to be compa-
red with the level of Fig. 1. The noise 1s 1ncreased by several orders of

magnitude.

These results confirm the 1/0% law of the 1/f noise level, and this 1s shown
quite clearly by comparing crystals at the same freaquency but with very
different Q-factors such as AT and BT crystals. 1/f noise can be altered and
magnified by the nonlinear response of the crystal as has been shown at
medium power. At high power, large noise 1s agenerated, but this noise 1s not

related with the previous one, and the exhibited spectrum 1s purely white.

<
\—»
1%}
-7
10 1
=1
o e TN e N
-19
(Lo I
20
10 »
~T T Cas
! to 100

Fourier fraquency

Fia. 7
Freguency fluctuations of a 5 MRz resonator driven at 7 VRMS
illustrating the chaotic state of the crvstal
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LOW TEMPERATURE DUAL CRYSTAL PASSIVE SYSTEM

The dual crystal passive system which 1s used allows operation of a crystal
at low temperature while keeping the electronics at room temperature. This

system was described in the previous report, and only the schematic diagram

1s presently recalled.

Pilot| Syntheti
ouTPUT zer]
1 Directional
L Oscillator Butter > Phase "‘°d°'a‘°’J “ couplier
* R
t \ by Y
Coaxialy
! : Lo 16 tm cable}
! { Divider [ tm :ﬂ/ 2 !
. ‘ i !
. } !
b = —
\ - : _—
] i  electronic tuning k=i L2
L i _~<h_JL7 Lock=tn -—71; : :I:
- k)owar‘
—_—
Fig. 8

Schematic diagram of dual crystal passive svstem

This system was tested first at room temperature. When operating at low tom-
perature the main difference comes from the long link, a coaxial cable,

between the electronics and the crystal respectively outside and 1nsice '

dewar.

The phase loop which locks the active oscillator to the passive rescnator

acts as a discriminator.

The overall response was tested in real conditions. Quite different neravi-r

was ohserved from room to low temperature, as shown 1n Fia. 93 ana b,

The spurious responses observed at low temperature are

e to VCWR 1rnchies
mismatching between the 50 ¢ characteristic i1mpecance of the coasia. rai .-
and the motional 1mpedance of the crystal which can become as lnw .as 3 fow

ohms, when at low temperature.
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J. i The spurinus responses o
t —-\\\\\\ / could be avoided in prin- .
. < ;
1 K ! ciple by using a small-
4 \ i o
i \ X s1ze wideband RF trans- PR
N ,/ - N
N former,but no such trans- o
former was able to be
e P
operated 1n liguid helium
Frequency
9a with sufficlent efficien-
I cv. This 1s due to the o
2 ferrite core which looses
% ' 1ts magnetic properties
> |
‘ ; at cryogenic
i ' .
b ‘/ temperatures. »
! f
‘ i
Q. i
I , The problem was solved by
i
: “ introducing a serial re-
\\\\‘__‘//////ﬁ\ ; sistor 1in the crystal P
circult, even 1f 1t 1s L
w not the most satisfactory
solution. The response 1s
T — > given 1n Fig. 9Jc.
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The dynamic thermal behavior of the crystal was studieg at lnw temperature.

The frequency-temperature characteristic 1s representec nv tne well known

relation
‘ ’ I3 5 , 14 T \2 ~ ; 1
3 LESE = ‘T-T Y 4 b T-T 3¢ 4 (., + a dl'dt
. 9} o] 0 0
¥ where as, b and 3 are the static and dynamic temperature coerficients. RSe

Y
]

ponding frequency change. As

; shown on F1g. 10 the phase

The dynamic coefficient was ¢
evaluated by modulating the i
temperature of the oven 1n- 5
< side the helium bath at .1 -i‘
J¢
IS - 3 -
t Hz and recording the corres ’é‘ Tamperature
-
o
§
-

difference between the two
signals 1s small. This indi- F;tau‘ncy ‘
cates also a small dynamic
effect. Therefore the exact
value of a cannot be exactly

measured, but 1ts upper li-

mit was evaluated yield:ng

. Lo Fig. i0 : Temperature and [re uedos VAridtivns N
a < 6x107°" s/K S

At the same time the static
coefficient a, was measured.

Near 1.5 K 1ts value was

ag = 2x10°% /K

Relalive Fre quancy
N

The resonator under test was e e
a 5 Miz, Sth overtecne AT-cut ot F*;
crystal. Its static F-T cha-
racteristic 1s Qiven 1N

Fiqg. 11,

—

[N
e
L ]
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> Short term frequency stability was measured bv simultareocus comparison with
different hich stability crvstal oscillators. This "trianqulation® méthod nas

.
an equivalent resolution which 1s of the order of 2x'N" " gver 100 3

C‘ Medium term frecuency drift, 1.e. over one dav, was obtained Y comparisor
with a Cs clock. It was not possible to test the frecuency drift over more
than one day, because low temperature in the dewar cannot

- be maintained far
: larger periods of time without refilling.

Stabilities of the crystal are qgiven in table I] and can be compared to the
corresponding stabilities of the same crystal when operated at room tempera- _"
ture. ’

T =1,5K | 1 =300 J
o, (10s) | 8x 10-13 (BW=1kHz) 3 % 10712 drift .
s (100 s) 3 x 10-13 3 x 10712 removed ;
.
drift < 10~ /day 2x10-10 ‘day |
—
- 4
Table II

Comparative stabilities of the 5 MHz, Sth overtone e
AT-cut crvstal under test S
S
At room temperature the ZX1O'10/day drift was cbserved after cne week of T

oscillation. This value 1s not characteristic of a very high stabilitv cryvs-
tal. But i1mprovement by more than gne order of macnitude :s obtalned at low

temperature. And 1n this case frequency was recorded as snon as the crvstal

has been cooled down, without anv preageing.

A short term 1mprovement 1s also about one orcder o —acnit.ce, and the 17y

tation 1s still due to residug! temperature flucttirns acting

outside ¢on

. the electronics.
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CRYOGENIC OSCILLATOR

Components

Different components were selected as a function of their benavior at low

temperature. ':}?1

a) Resistors -

Metal film resistors were used. The low temperature behavior depencs on 1is

history. After a first cooling (1nto liquid nitrogen, a .irift of 110" hour

was observed with a 30 kQ resistor. Temperature cycling 1is necessary to sta- -

F bilize the resistor.
{

b) Diode

A germanium diode was stu-
died at 1.2 °K. The ten-
sion Vp which 1s 0.7 v

at 300 °K takes the value

of 10 V at low temperature

as shown on fig. 12.

Characteriatios of o0 D0 wooe a0 L2 X




c) Transistors
~2fsistors

N-channel, dua) qate,

MOSFET, transistors are
the mast appropriate ones
for operating at low

temperature,

As observed on Fig. 12a,
b, ¢, they are 1mproved

at low temperature,

I L oo
T T TR e
. o TS
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Oscillator
i
A Colpitts-type-oscillator was chosen with a dual gate MOSFET transistor :
[7]. The second gate 1s used to control the excitation level {(Fia. 13). This )
oscillator was operated at 1.2 °K. Vo
)

C1z220pF &

E s.nkjE <>

Ceranig

Fiag. 13

Dsecillation level must also be controlled using AGT.

i
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F1g. 14 shows the dependence of the output freaquency on the gate n©2 tension 3
level. In order to improve the frequency stability, 1t 1s necessary to recuce )
the oscillation level as much as possible. j
1

o

GATE 2 .
VOLTAGE } e e e - 1
V) ; 4
3 <

2 3

i

B

)

0 - ,
LJFE/F (ppmd

Fig. 14 -

L

!

These results are preliminary. The oscillator 1s now 1n operation and fre-~ -3
guency stability measurements will be 1in progress in the near future. g
)
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GENERAL CONCLUSIONS

Two aspects were examined during the three steps of this grant

] - the noise behavior of quartz crystal oscillators
- the feasibility and performance of a low temperature quartz frequency
standard.
I a) Two different noise phenomena are observed in the fluctuations of the

resonance frequency of a quartz resonator.

- 1/f'2 random walk noise which 1s quite well understoocd and can be attri-

buted to temperature fluctuations.

- 1/f flicker noise, which 1s the main object of the studv. A clear cor-
relation of 1/f noise with the unloaded Q-factor, 1.e. the internal acoustic

loss, was found. The 1/Q" dependence law was explained theoretically by the

vrlv..,

assumption of fluctuations i1n the thermal phonon relaxation time constant,
; This 1mportant result can be a quideline for the complete understanding of
: 1/f noise ! The main point which remains to be demonstrated 1s a 1/f noise
: sp:ctrum 1n the fluctuations of the phonon time constant : this presupposes

the calculation of this time constant which has not yet been done.

On the other hand, the influence of impurities was alsc studied. It was shown
that fluctuations of their relaxation time constants can ~lso lead to 1.0°
dependance law. It remains to be shown experimentallv that impuritv relaxa-
ti1on contributes to the genmeral 1/f noise behavior of the crvstal. This would
be possible by measurement of 1/f noise at S0 K for instance at the maximum

nf Na* 1on relaxation.

Finally the noise behavior was examined at high powers, when the cryvstal ne-
comes stronaly nonlinear and experiences chaotic behavior. A verv larce noise
increase was observed. This nolse has a white spectrum and apparertly oes

not lead to 1./f.

b) The measurements of frequency stability of a nuartz crvstal rescrator

and/or osc:illator at low temperature were mainly perfaormed by Lsinn the con-

rept of a dual crystal passive sys*em, 1.e. a passive Auartz rescnator in 1-

quid helium and a phase locked oscillator at room temperat jre. 1hi1a supnosed: Y

T T e e e e et e e S e T e e ST e e -t
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- accurate temperature control i1n the helium bath
- low no1se electronics
- minimyzation of cable effects

- study of the properties of quartz at low temperature.

The results obtained with a medium quality quartz crvstal exhibited improve-
ment of both short [10-100s) and medium (1 day) term stabilities by one order

of magnitude, and this withcut anv preaqina.

Stabilities in the range of a few parts 1in 10’1“ at short term and 10‘12

per
day seem to be feasible with hiah qual:ity crystals. Rioht now this supposes

principally a better stability of the electronics at room temperature.

The realization of a complete oscillator in liguid helium was undertaken. The
advantage 1s simplicity and the avoid nce of external effects at roor tempe-
rature. The oscillator 1is made and stability measurements are in progress,

but results were rot yet available for inclusion 1n this report.

As a brief summary, the following points are considered as the main results

of the proqram :

- 1/f noise 1n quartz crystals 1s related to acoustic attenuation ;
N

- 1t follows a 1 10" law ;

- assumption 1s made of fluctuations of thermal phonon relaxation time

constants
- 1mpurities can contribute to 1’f behaviar ;

- operating a quartz resonator at low temperature 1mproves both short and

medium term stabilities bv at least a factor 10.

e . . . e e et et . et et .
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~ FAST WARM-UP SAW OSCILLATORS

GENERAL PRESENTATION

When a quartz crystali plate :is subject to a change of the ambilent temperatu-
re, 1t underqoes a time-depencdent 1nhomogenenus temperature distribution
which causes perturbation of the frequency. This 1s rcalled dvnamical thermal
beha' 1or. In bulk resonators, cuts are found which are not sensitive to

varyinq temperature.

The purpose of the present study 1s to determine the dynamical behavior 1in
SAW oscillators, In thin quartz plates, thermal diffusion 1s deemed predomi-
nant 1n one direction. This leads to a one dimensional mode! which was pre-
sented 1n a previous report (June 1982). It appears however that 1n a finite
plate, diffusion alona another direction could modify the tempe ature repre-
sentation and the spatial repartition of stresses. The time-dependent 1inhomo-
geneous two-dimensional temperature distribution i1n the gquartz 1s obtained
from the uncoupled heat conduction equation subject to the appropriate boun-
dary conditions. Since the heat conduction 1s sufficiently slow compared to
the speed of elas1ic waves, the mechanical 1nertia terms can be neglected 1in
the stress equation of motior, reducing them to the quasi-static stress equa-
tions of equilibrium. The time-dependent, thermallv-induced deformation state

1s obtained from the static linear thermoelasticitv,

A perturbation analvsis of the eauilibrium equations for small vibrations

superposed on the static thermal hbias has been performed.

The resulting changes in wave velocitv show that dvnamic thermal behavicr of
SAW devices is noverned oy twgo terms

- the first resulting directly from the t+ermal nradients within the crvstal
1s proportional to the temperature perturbation. It can be described b 3
coefficient ; anc 1t points out the 2¢fact of 5 “emperature verturhation

~h1ich 15 time-depencent or time-:indepenrdent.

- the secord one, related lirearly to the time rate of change of measured

temperature, introduces the dvnamic thermal coefficient a.

ekl
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THERMOELASTIC THEORETICAL MODELS
1) Two-dimensional temperature distribution
»
A diagram of the crystal plate 1is shown 1n F1g. 1 aiong with the associated
coordinate system, s
T X, The x, coordinate axis 1s normal )
i*h to the ma or surfaces cof the pia-
te. The lencth of the plate 1in
- 0 e < the Ox3 direction 1s large compa-
L4
1
red with the cross sectional di- )
- mensions (2h x 28",
-h
Fig. 1 We discuss two special cases of
Cross section of the plate heating which could represent )
experimental thermal perturba-
tions.
Case I : Lateral heatina y
X, The first case was mentioned
T ooH o
T 1n the previcus report. Pres- .
rTTTTrT+ T T
+h cribed surface temperatures ;
- . +1 it and Tz .t are at the
‘//’V \‘}—-—————————.w) j\'l Lot ! < t -
) \‘/:‘ . s (o end faces < = +1 ard x; oz -1
PR -0 1 \
- T Jaa. 20, A linear reat
H -
! transfer with the amblrent me-
)
Fig. 2 dium gt zero temperature o-
Sehemat 1o diagram of the plate heating on Urs oAb the maor Taces w> oz
noth laterat surfaces. Heat transfer ocrurs . :
TR, TemRer st e o b
at the x; = + h faces CRAERC
COAGLe thae lAate 05 0Ne e
o ’
bv the faliowing cuoat 1ons
R .
A 3g AT} R
- b e = e = 0 “ 1.
Jx‘z k Bx: © At - < xp <1 ,
o= (L) Xy = +% -h L)
) _ T
gz ot xp = =1 -hooxr ok -
'
RERES N, . Ll P S e e  a  a a a a aare




F\‘ - - ~ F— e s s SR o o -
- A
'b
‘ 1
e + 2 22 L ke =0 xpg = £h -2 < xy 4R e} )
3 DX c 1
b
b
! 8(x1, x2, 0} = O at t = 0 ‘1d°

k2 = A2/X1 1s the ratio of the thermal concductivities in the x3 and x] direc- '

tions. x 1s the thermal diffusion constant in %he x: Jitection and H 1s the

# linear heat transfer coefficient,

The analytical solution of the diffusion equation (13} along with the 1nitial
condition {1d} and boundary condit:ons (1b-1c} 1s decucec from tre analytical

solution obtained with &) and 37 considered as time-independent, by Duhamel's

r theorem [1]1. The result 1s
: ]
L COS ap X 1
9(xy,x2,t) =7 2 Hh n2 s
n cos 2, h (ap+H®*h" « Hh
[
e s1nh kap{x, +4) sinh kap(l-x, . ‘
g N LT L ay(t) no (23 '
. sinh kan 22 sinh kan 28
- (_1‘“'1 il? _15 z&l(t) sin 2L (x(+R) + 52(t) s1n ii-(l—xl)})
1=1 227 «8 2% 28 B
)
with
2 i /
8 = k2 a® + (1n/28) (3)

and a, are solutions of the transcendental equation

&
~—

anh tan anh = Hh

Relation (2} exhibits two terms. The first one 1is proportional to the applied

temperatures 't} and 95{t). The second one 1s lineariy related to the time
. - PN

rate 21t} and 7/t cf the temperature perturbaticn.

Express:on {2) has beer ralculated for quartz plates 2 mm thick and 2 com

long, a lirear trarmafer such that Hh = 50 with equal applied tcmperatures

By 0t) = B0t = B(L)). .




Figure 3 shows the actual change of the part proportional to &(t) for fixed

values of x2 = 0. and 0.9 mm as a function of xj.

ﬂ‘°¢
k| f
[
,’
| Fig. 3
a) x; = 0 mm
L0.5 b) xo = 0.9 mm
Hh = 50
Y-cut
xt
|
L—)
0 10 (mm)
Fig. 3

Note that the temperature decreases very rapidly near to the plate ends, so
that temperature variation 1s negligible in the interior of the plate.
Furthermore, the part proportional to &(t) 1n (2) 1s very small. Consequently

SAW frequency chanaes are negligible (cf. section II).

A slight modification of this problem consists of maintaining faces at

x; = th at &:{t) and ${t), with thermal dissipation occuring on iateral
faces. Temperature transmitted 1nside the plate 1s, to a good approximation,
represented by the one dimensional model of an 1nfinite extend plate with

faces at 217t) and $(t).

Case [! : Lower face heating

T H

[
2+ ** £ 2 2+ T 2+
+0

Lt seems wore nteresting

i

- L 4, to stuav tne rase af nress
9]

I crived tamperature Tt oon

- _rrTr. 5
—3—f 3 -
4
“

— the fuce x~ z -t o, 4

e

// ire neat 13 transterc oo b
20 the exteran, worT gt seros

Fiag. 4 corstart termpecrsture Dy o3
Scheratic arangram cof tne nlate heati:ng on
the inwer surface. Heat transfer occurs at
the three gther faces reral~ung faces.

linear transfer nn the 3

a

-ttt al




2% 2% 180 _ g
NN
bx2 k axl x 2t
t N 2¢ + H6 = 0
Ox1
Ay 28 L He z 0
dx2
8 = o{t)

x1

X2

X2

to the equations

-h < xp <h
-2 < xyp <&

1+
o

-h < x2 <h

-2 < x; <2

= -h -L < x3 €2

Solving the equations (5) leads to the temperature distribution

cos k apx 1 u
B8(x1,xp,t) = E z 2H2 nl 5 _l? .
n 1 cos k apl  (ap+H )L + HR 2h°
u o(t) d(t)
sin - (xp+h) / (1 - s1in 2u /2u ) . L_—f— - —)
24 B8 kB
for -2 € x3 & +L
-h < x3 < +h
with
32 _— ai + (ul/Zh)z
@, and u, are solutions of the transcendental equations

anl tan anl = HR

-u, cotan u, o+ 2hH = 0

5a)

5b)

(6)

from relation (6, temperature 8fxy,x2,t) can be written as the sum of two

terms, proportiecnal respectively to 3(t) and &0t and such that

Alxy,x2,t) = GQ o{t) «+ 9% olt)
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Charts have been prepared giving numerical values of the temperature 8. figqu-
res 5a and 5b show 96 and eé as a function of x; for some x2 values, The li-

near transfer coefficient H has the same value as in the previous case,

a
!
J b
~U.>
, L =1 cm
! c
‘ h =1 mm
i a, x2 = - 0.5 mm
210 0 0
(mm) b) x5 = 0. mm
Fiz. 3a c) x2 = + 0.5 mm
HL = S00
Y cut
ge
I
-0 on
L O .%f{.‘
{om)
L -0.05
Q\\\\k
\
c
. -=0.1
N - b
Fig. 30
- :4 -
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-
T
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8p and 8y as a function of x; are shown in Figures 6. Quantities 8, and 83 »
are practically constant 1in the main range -xc < xy < Xey Xg being approxima-

. tely 8 mm 1n the case of a plate 2 cm long.

Mareover, BQ 1s linear along the plate thickness and eé can be advantageously

represented by a polynomial of the variable xp with degree 3.

<
t ]
£ =1c¢m 1
9
; h = 1 mm
S < <
*. Y N a) x; =9 mm '
-1 0 ! (xm)
. b) x; = 8 mm
Fig. ba 1

D
> .

o
X x
o
' 1]
n ~J
o
(] 3
3
'-!
o

Fig. 6b
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2) Two-dimensional thermal stresses in plates
Thermal stresses arise in a heated body because of the non-uniform tempera- -
ture distribution and the crystalline anisotropy (at least for free plates}, ) Bk
A two-dimensional thermoelastic problem 1s considered for temperature distri-
butions of the form 8{x),x,t). For long plates, the resulting problem is
plane-strain [2] : fﬁ@
, }
up = ul(xl,xz) uz = U2(X1,X2) us = 0 \10)
k Two-dimensional formulations .
» 1
| A svstem of approximate plate equations for the determination of thermal o]
T stresses 1n thin piezoelectric plates 1s performed by the thin plate approxi- :
mation due to Mindlin {}]. Referred to the Oxjxzx3 coordinate system, displa- . #
cements u, are developed with respect to x; powers o
1 .
R
3 .
3 3 n \n\ -
. up = E X2 Uj
k n=0
3
_ - n (n) (1)
. Uz = 2 X2 U3
- n=0
X uz = 0
:‘ The n-th order plate strains take the following form
(ny _1 . (n) (n) (n+1) (n+1) 1y .
h Slj =3 “ul,j ruyor (n+1) (621 Uy + 62k Uy ) (12
|
4
:_ and the linear thermoelastic constitutive eguations are written
- _ _ N ‘ Ly
; Tl\] = CleR, Skx VlJ' e(xlgxzqt' \1}, . .1
X ]
- The thermoelastic constants v,, are related to the ccefficients of lLinear "
d
: ; : ! sual r -
¥ expansion x, , and the elastic constants Clel bv the usua! relation .;q
N ‘ 1
Vij T Cigka %ka e )
1
o
.
= d
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The static form of Mindlin's equations mav be written

p(n) g qln=t) L emd g
1j,1 2]

3
n
o
[

where i takes the value 1 and skips 2 and

+h
r{n) | [ x5 1.

iy =] ij 9x2

(n) n +h
F = T..

j 2 23 |.n

The dependence along x3 has been disregarded.

With (12) and (13) the m-th order stress resultants take the form

2
Tgm) *Cijkg L M Siz) T Vij o (™
J LS J

Hop = W™ (manet) mn even

= 0 m+n  odd

- 3(M) denotes the quantities
+h

o™ - [ X3 8(xy,x2,t) dxy

-h

The boundary conditions on the main surfaces

n
[e=]

Too(+h) = 0 Ti12(+h)

and on the end faces

qu)(+l) =0
1]

are that of a free stress plate.
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Caliculation of the displacements
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a) Basic equations

The equilibrium equations (15) may be expressed in terms of strains by
means of the strain-stress relation (18). The strains 1n turn can be written

A}
in terms of displacements uin’ (12).

Doubly-rotated cuts have elastic constants which 1ntroduce coupling between
extension and flexure. Then, first calculations are maage i1n the case of
singly-rotated cuts, and elastic constants which coupie extension and flexure
are taken ta vanish in the constitutive equations. So, from (15) we may write

the extensional plate equations i1n the form

o) _

Tll,l =0 (23)
) (o) _ ‘
T12,1 - T22 =0 (24)
(2) 57 (1)

T“‘,1 - -le =0 (25}

In these equations, the boundary conditions (21) have been taken 1nto account

so that with (17)

F(n) =0 {26)

In the same manner, the flexural plate equations are

‘o) _ .
o =0 27)
(1) ‘o) P
T11,1 - le =0 -28)
(2) (1) AN
le,l - 2'22 =0 (29

The following notation

UL’J = bul/auj (30,

has been used.
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If relation 18} and the constitutive equations {12} are introduced 1n

‘0) '2) 3
uj

(23-25) and '27-29, displacements uy ', y Ys ~ and ué}' on one hand

.

are aqoverned by the following qroup of equations

2 a0l
‘6) b (2) ) 2 (3} -1 -
¢ o) \ C 1 : ! \ - ' 31
Colfup s vy, * By 0Ty s TS 3
n 2 1 2 W, 2 4
- N2 h \‘1 h A\ ‘. \ } \ /\ N
_G‘L(Er_‘_ul} *—“23*—U}))~'C \u‘o,-‘-h_.u,\zl) (325
2 3 3 N 5 2,1 y ! 12 Ly . 3 JU
N o)
‘o) 2 {2 g
{ Yoo
4—[:22\u2 + h u, o Vg
(2)
L GTL B A ¢2 PR N S DI LU S 2 &0 (33
IR U RS VS L B SV R T8 Ur-ani S - S U
2 / 2 p 4 ,
= C (Z.h_u‘z) +|1_.u\1) 4-2..11\3 }
66 3 1 3 2,1 5 2,1

1)
(1) R2 R* (3) 2n? (2) 81 X
AN L a8 - £3g)
Cpyluy )y 3 T3 up )+ Gy, 3 Y2t TN c ‘ )
(1), 2. (3) (o) _h? (2), ,
Ceeuy hu, TU 3T Y0 =0 (35)
Cee h2 (o) R* (2)  hZ (1) n* 3) . |
66 ¢ L0 i \ \ - =
_2—- \}— U2,1 4-5—--u2’l +-3—-ul +"5_31 1 F (36
2 b, 2 1)
ce h2 () Rt (3) 2r? (2) e 1 ;
ZLCIZ(— Ul +_S_ul,l\+C22._}—u2 s 2y 1

The matrix notation for Cljkl has been used.
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b, Free stress plate
The second order differential equations yield terms aim) as known expres-
) sions 1n x;. Due to the representation of the temperature as a sum of trigo- J
\ ’ / - 4 .
} nometric functions (6, the solution of f£gs. (31)-{(36) under conditions {22 :
for traction free boundaries 1s rather complicated. B
]
I Some simplifications can be carried out by using free stress conditions. L
’
(o) (2) SR
In order to allow for free strain 522 and 822 we take 3 4|
= T =
[ T22 0 and ’s g {37) {
[
Reported 1n (24) this condition leads to j
!
10 oy (38)
12 4
‘ "
M 1s a constant which vanishes 1f the condition (22), Tf;)(tl) = 0, 1s taken :
1nto account. .
4
s -'—‘.4
; From (37) and (23}, (25) we obtain »
’ (o) PR 9(0) h2/5 - 9(2)/3 ,
I Ui, = vt 3 %)
- ! 8/45 h
I o -
’ \ . ‘
g (2) * 9\2/ - 6"0/ hz/'/} . .
’ Uy F vt 3 1600 3
; ’ 8/45 h ]
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Flexural equations are ftreated in a similar manrer, Then, i1n order to alliow

)

: : 1
for free thickness strains 552 , we assume

This leads to the flexural pliate equations

(1) S
TV =0 k!

i1

. 47
T22) =4 47,

{o) o
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AY
rfg’ =0 (49
and then
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Wher inteqration «ith respect %o xy is performed in the atove exCressions,

5\ s

. . . L0, 0 .
intearation censtants are introcduced 1n u, ' and u reimresenting uriform

1 2
translation ot “re plate along the x| axis. We can set this to sern without

. . 1
loss of gerneral:itv. Moreover, intearation constants acpearira in o and
IR ( \ R
. o) \ RN .
U, vanish as a consecuence of conditions (21) T, 7{+#¢; = 0 and T/ .22 =0.
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As previously mentioned, displacements, strains and displacement gradients
are obtained in a sum of trigonometric functions which 1s not suiltable for

numerical calculations.

An attempt to simplify the above expressions consists of writing the tempera-
ture distribution 1n a more convenient form for purposes cf sensitivity cal-
culations. This form 1s a polynomial obtained hbv polynomial regression in two

l dimensions {(xj} and x2).

r Polynomial representation of temperature distribution
1

Charts for temperature 1ndicate that the temperature in the main part of the

plate 1s almost constant along the x) direction ; the region near the end

faces can be replaced by a polynomial 1in x;. Consequently, without any loss
e of generality we may introduce the somewhat simplified temperature represen- '
tation given by a polvnomial, the coefficients of which are given by a polyno-

mial regression. For the particular case of 1ntecest of figures (5) {(6), 6qD

v ¥Yr vov v v

and 9¢ are written 1n the respective forms

1 -
:_ o
_ :
: =

[4¢]
"

-0.008 < x1; £ O
- 500 {(xp-h: (545

T

~0.01 < x; < -0.008

fas 39 - 42° and S0 - 53). Specific calculations have heen made for quart:

f 5, = -{x_-n)(-0.0071 - 1.91x - 120x%: 10° 55
& 3 2 1 1
L -0.0C6 < x; < 0 '
<
al \ ’ 52 4 6.3 _
Se = - 0,103 + }O.9x2 + 1,023 107 x5 - 31.5 107« = F .56 ]
-0.01 < 3 <« =-0.006 1
. . . )
25 = fo27 1 9.83 + 2330 x; + 373.3 1U;xf + 16,35 1U°x?‘ V57 1
The whole ranae of x) values 1s rapidiy obtaired, M-tn order moments of & are E
1
teadiiv performed. Acenrdingly, we substitute from relations %4 - 57 1nto ' 4
.
<]
KR

nlates 2. mm thick and 2. cm long and compared to the eneral calcu.ations

serformed withaut approximations.,
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3 SENSITIVITY OF SAW 10O TEMPCRATURE GRADIENTS .
o :
1) Calculations of sensitivaties
b
wWhen a quartz resonator undernres heating, two kinos of orfercts 570t tha
!‘ natural frequency @ oa direct thermal effect hv means of dilatation and cate- -
rral temperature rcoefficirents like ap . and an 1ndirect thermcelaghic ef- i
“1ka’ :
fect 1nduced bHv normlinearities of the quartz crvstal, .
b ]
i 4
Both effects can be considered as a bias applied on the orvstal subetrate i
which modifies the second nrder elastic constants 'Clik, recome A . 0
rooa > N
natura! state coocdinate system (6 the nonlinear ororzcetior ecuatice 1o
written 4
u = A U, 9z
.“ Po 1,tt tgm T j.mo K 1
) ]
\ . [y Pl 4
where Py 18 the specific mass and u the displacemen. due to he Soron Trao ]
X ~ <
’ quency vibrations. 4
F
] ¢
The boundary conditions corresponding to a stress “ree surface arce 4
AL U =0 fo X9 = ne
tkgm “a,m r 2 0 ' ]
;
A1k1m are the modified elastic constants, which can bBe written :n thke form
A, . =T +« b e :
1k gm 1k ym 1k jm ]
~l
3 o
where the kaim tensor 1s considered as a cmall rerm with respect to the se- -
~ <
cond orcer elastic constant C [t can be related to the temperature ard

1k jm’
“he thermal stroesses and strains in the following wav

P T - o+ U + 5 C +ar [ R T
1tk ;m 117wm 1.0 DM ] 1.,a k1ima uv_ kroouv CIK M Tk
. ! ™ > ’:‘1\
where ., 5 anc U are ragpertively the tnermeoynnamic tergions, trhe de-
n v Ly D ) ’

Farmat iona grel the iaplacement aracienits induced v terrerature.

N the case 2% SAW ocscillators, the monlinear coup.ine f the cryvstal owito

‘he hioh freaquency wiave depends an itte depth penetratinn, Then periurhat oo

) terms b o oare a furciiorn of the step variatle xp and can be written “olio-
° ~1ng the rela%tinn
ﬁ\ n A
S < oW
1k jm “Tk Mmoo 4
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By usinc a perturcation method 5 , fe.ative rrequency snifts are calcu-
: .ated
o0 o{p) *0 C.g)* o ol , 0
{‘ ° e Ap Yj Aq oy Mmoo My G % kgm
- - * - & + N
n D - Q 1 — :q_-1 -
Aw +9 qp q - v 8] [ .
0 ‘o
_ = H3 1
w © 0. .p, *C 2 .qg,* T
o] 2 e AD ug Ny Yg )
2p_ Vv ‘
0 = *
PyQa Cip - Qq
o, 0(s) _{s) ek - o -
A, u. y N and q, are characteristic quantities of surface scoustic wa-
2 -~
ves propagating i1n a nonperturbed medium ]
{
”fS) Xr
. N
Jw (bt - )
0 ¢ o ols) 0 v
u, =) As u e o A4
S
e
Since the temperature distribution 1s proparticonal partiv to Tt and partly
» B N
to the time derivative E{t) {(see E£q. A) of previcus section far example  ‘the
perturbation terms H, _ have two parts J
1< i - -
4
- = g . PN AN .
Hikgm = Rucgm =0+ Dpggm 20 62 <

Zelative frecuency shifts dw/wy are calculatec rar $.t. anc Pit’ contribus

.
t1ons .
8 , Aw - 1 A ~
- — = a and — = a isis
; —
- DU owg Pt owy, .
L
:
.’ Trun, smern g 5AW gscirlilatar 1s submitted o tempecst,re variations, such as
3
Fish “luctuations of temperature super:mpnse i on Slow Lomperature charaoes,
- celat Lye TrTeguency snifis are writien
t i
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Some comments about coefficients appearing in Eg. 67 may be given

- coeffilcients ag bo’ ch describe the thermal behavior of the quartz

when 1t experiences a homogeneous temperature variation agiven by T,

- 3-coefficient determines the frequency change resulting from a local
temperature perturbation & which could be time-dependent cr time-indepen-
dent, This local temperature perturbation induces 'n the plate an 1nhomoge-

neous temperature repartition followed by stresses ana strains. This leads to

new properties of the deformed crvstal reflected by Hlk‘m terms {(1n the place

J
of Clkjm)'
- a-coefficient is related to the time rate of change of the perturbation

and 1ts effect vanishes when aforementioned rates become neqgligible.

Freguency shifts for singly rotated cuts

Coefficients a and E defined 1n relation (66) have been evaluated 1n the fol-

lowing cases (see Fig. 4)

- Time varying temperature ®(t) 1s applied on the lower surface of the plate

- Some linear heat transfer H occurs on the other sides of the plate.

Results obtained by the two dimensional model are shown in Table 1. The nor-

malized transfer coefficient 2H 1s equai to 500.

cut Y, X AT, X ST, X
ay {ppm/K) 0.09 0.06 0.067
ED (us/¥) -0.11 -0.10 -0.09 y
Zp ‘ppm,/K) 0.096 0.065 0.07
Zp (us/K) -0.13 -0.13 -0.11
1
Table 1
Theoreticnl values of a and a ‘or singly rotated cuts
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Coefficients ;b and ED result from numerical calculation of dynamic thermal
sensitivity in which temperature distribution is qiven as the ceneral solu-

tion of the thermal diffusion equation (see Eq. 6).

Coefficients a_ and ;p are calculated i1n the same way but the temperature
distribution 1s replaced by the polynomial expansion obtained by polynomial
reqression in two dimensions as indicated 1n the former section {see Egs.

54-57).

Comparison between Zb and EE coefficients on one hand and ;O and Ep coeffi-
clents on the other hand shows that for each cut obtained values are in good

agreement and 1t seems reasonable to use a simplified représentation for the

2-dimensional temperature,

It appears that a-coefficients are weak and their influence on the static

behavior 1is not 1mportant.

From an experimental point of view, measured values of dynamic ccefficients
of SAW devices do not validate the adequacy of the two-dimensional model.

Nevertheless, we present a simulation of frequency temperature curves,
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2) Simulation of the dynamic thermal behavior

»
From Table 1, frequency-temperature characteristics were calculated for
Y-cut, ST-cut, AT-cut for scme time rates of change of temperature.
a) Y-cut, X propagation [ ]
s
S
r %ﬁ(r) = 24.3 10°%(7-T_) + 18.7 10-2(1-T )% + 0.091 10-° 2(t) - 0.11 10-° 2(t)
h T,=25°C : al = .1 °C  and &(t) = AT sin Qt ’
&(t) = AT.Q cos Qt
where @ 1s related to the time varying rate v of the temperature by
' v = EI. =Q . AT .
s dt
3
F ’
AT = .1 °cC
f a) v = 130 K/mn
b) v = 260 K/mn o
¢) v = 390 K/mn *
Velocity values are ‘f K
T(°C) large and experimen- ; v
T N tally not realis-
24.8 ] 25.2
R tic. That means that
the Y-cut 1s very
insensitive to tem-
perature gradients >
compared to 1ts sta-
tic thermal beha-
V10T, ’
’
Fi1g. 7 : Theoretical dynamic thermal behavior of Y-cut. B
Dashed line 1is the static frequency temperature .
characteristic. S
L
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v
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b) AT-cut, X-propagation

Static frequency-temperature characteristic of the AT,X-cut presents a

turnover point at 65.2 °C, Temperature gradients introduce a drift of the

turnover point due to the ‘a-coefficient. For the AT -cut, a-coefficient 1s ’
equal to 0.06 10"/ °K which would correspond to a new turnover point at
65.9 °C.
Dynamical thermal behavior of the AT-cut 1s computer-simulated arcund this ’
new turnover point for several temperature variation velocities
3
%ﬁ = 3.3 10°%(7-1 ) - 41 1072 (1-1 ) + 0.06 10=° @(t) - 0.10 107° &(t)
Y )
with : ®(t) = AT sin Qt
A ’
b
3 Tg =25°C
: AT = 1°¢C -
l o
ay v = 13 K/mn
$ b) v = 26 K/mn D
c) v = 39 K/mn -
]
=20 L o
>
. f1g. 8 : Theoretical dynamic thermal behavior of AT,X cut
- Dotted line 1s the static frequency temperature
X characteristic around the new turnover point (65.9°C)
k ’
.
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¢) ST-cut, X-propagat:on |

The turnover point of the static frequency temperature characterist:c of
the ST-cut 1s at 25°C. As for the AT-cut, the &(t) term leads to a rew turn-

over point at a temperature of 25.8 °C.

Computer simulation 1s mude around this peculiar temperature value for seve-

ral temperature variation velocities and curves are plotted 1n Fig. 9.

Thermal behavior of the ST-cut, X propagation 1s described by the foliowing

relation taking into account both static anc dynamic effects

%ﬁ = -39.6 1077 (1-1 )% + 58.3 10-12(7-70)3 +0.067 10°% s(t) - 0.05 10-% B(¢;

t with : &(t) = AT san Qt

. #Af -9
20 -f—(lO )
[
C

IC 4 b TO - ZC)OC
AT = 1°C e
a) v = 1,8 K/mn :'-‘{-_:
b) v = 3,6 K/mn O

c) v = 5,4 K/mn

Fig. 9 : Theoretical cdynamic thermal behavior of ST,X cut

around the new turnover point (25.8 °C)
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Frequency shifts for a doubly rotated cut - FST-cut

In the case of singly-rotated cuts, terms in constitutive egquations which
couple extension and flexure are vanishing. In doubly-rotated cut calcula-
tions, these terms are to be 1included 1n equations. Although the previous
two-dimensional stress calculations are not adequate for doubly-rotated cuts,
we still assume that the assumptions used 1n our calculations hold for the
FST-cut (® = 6°20', ® = -41°30" and ¥ = 26 °) and corresponding results of

sensitivities are presented in Table 2.

Calculations by Calculations by
FST-cut analytical expressions {polynomial representation
(D) (p)
a (ppm/K) 0.17 0.15
a (us/K) 0.06 0.09
Table 2

Theoretical values of ; and ; for FST-cut
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i To 1llustrate dynamic thermal behavior of the FST-cut, computer simulation
r was performed around the new turnover point g, = 29.2 °C. Results are shown
3
L

in Fig. 10.

éri = - 20 10-9(r_ro)2 + 10 10‘12(T_TO>3 + 0.17 107° a(t) + 0.06 1078 a(t)

with : &(t) = AT sin Qt

Tog = 25°C
AT = 1°¢C

5 K/mn
10 K/mn
= 15 K/mn

<
"

a)
b) v

c)

<
'

F1g.10 : Thecretical simulation of dynamic thermal behavior
of the FST~cut. Dotted line 1s the static frequency-temperature
characteristic around the new turnover point (29.2°C?

In conclusion, the FST-cut exhibits sensitivity to time-varving temperatures

of the same order of magnitude as for singly rotated cuts, despite the
fact that the model neclects terms coupling extens:iorn and flexure. :f:
T
' 1
1
ij
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GENERAL CONCLUSION

The stress state caused in quartz crystal by thermal perturbation has been

analyzed for 1its effects on the temperature stability of SAW devices. A two-
dimensionnal model was developed in order to obtain first ; temperature dis-
» tributions which are presented as temperature charts, and second ; stresses

induced by thermal effects.

Corresponding dynamic sensitivity was obtained by a perturbation method and

RS AR Irdrs e

characterized by two coefficients, the first one E; directly related to ther-
mal strain state, the second one g reflecting the response to time rate chan-

ges of the temperature.

Batin e gy e

Computer simulations of dynamic thermal behavior are made for singly rotated
cuts (Y, AT, ST-cuts, X propagation) and the FST-cut and for several values
; of temperature time rates. We note the small dynamic thermal sensitivity of
these cuts where a 1s smaller than a measured for SC-cut bulk wave resona-
. tors. We also have discussed the expected impact of dynamic coefficients on

the frequency-temperature characteristics.

It should be noted that theoretical a and a coefficients are derived 1n the
restrictive case of a free plate. Accordingly, mechanical stresses induced by
the external mounting have been 1gnored in this treatment. The description

must be extended to incorporate effects such as forces due to the differen-

ti1al expansion between mounting and plate. The specification of prescribed )
boundary conditions 1n any experimental situation 1s a peculiar problem and, .
in many cases, 1lts solution may require a three dimensional model. :,;

»
At this point, only few experimental results on cdvnamical temperature effect i 1
1n SAW devices are reported in the literature. To confirm the validity of the ~;1
theoretical model, experimental values for several cuts must be obtained. fﬂ
.Y
Caonsequently, 1t 1s necessary to consider dynamic thermal experimental impli- o
cations for SAW oscillators built 1n the same technoloaqy. ’ 1
]
Systematic experiments must be performed to move forward on this problem. SRR
AR
O
.
)
e
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As a brief summary, the following points form the main results of this y

o
program ;
- dynamic thermal behavior of SAW devices 1s due to direct i1nfluence of tem-
perature gradients and to stresses 1nduced by thermoelastic properties in- :
si1de the free plate. o
| - theoretical dynamic temperature coefficients of SAW devices are smaller
than those measured in SC-cut bulk wave resonators (1 to 5 1077 s/K).
- mechanical stresses due to the mounting have to be included to model com- ‘.
pletely the thermal behavior of SAW oscillators.
- systematic measurements are necessary to confirm theoretical results obtai-
ned during this program. ,
@
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