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bk present  a s i n p l e  nethod f o r  measuring t h e  acce le ra t ion  s e n s i t i v i t y  of  
cgartz resonators. This mthd  u t i l i z e s  r e a d i l y  ava i l ab le  e l e c t r o n i c  corrponents 
and the voltage-frequency e f f e c t  i n  doubly-rotated cu t s ,  or a s i q l e  \TO f o r  
s ingly-rotated cu t s ,  to determine both phase a d  magnitude information. The 
method is based on m n i t o r i n g  vibration-induced EM sidebands of an  oscillator 
w i t h  a spectrum analyzer while applying acce le ra t ion  conpensation. An op a?p 
c i r c u i t  w i t h  r evers ib le  p o l a r i t y  is used to  supply a conpensation s ignal  h i c h  
is proport ional  to an accelercaneter output .  Since t h e  goal  is to  observe a 
reduction or increase i n  FM sideband mgnitude,  tb phase and magnitude 
requirenrents of  the conpensation c i r c u i t  are less than that required for  h igh  
l e v e l  conpensat ion. 

Exanples w i l l  be given o f  t h e  rnethod. Typical reductions or erihancerrrents 
of 6 to  20db can be seen e a s i l y  and a r e  s u f f i c i e n t  to  e s t a b l i s h  th absolute  
phase ( s ign)  of each g a m  vector corrponent . Data is presented to show t h a t  
acce le ra t ion  s e n s i t i v i t i e s  of 1~- lO/g can be m a s u r d  with confidence. 

INTROWCT ION 

The acce le ra t ion  s e n s i t i v i t y  of  quartz resonators a r i s e s  from tk stresses 
caused by t h e  rmss of the resorator blank reac t ing  aga ins t  the resonator 
munt ing  s t r u c t u r e  during accelera t ion.  A c o m n  mthcd of  representing t h e  
acce le ra t ion  s e n s i t i v i t y  is by t k  g a m  vector,  made up of the frequency s h i f t s  
observed fo r  u n i t  acce le ra t ion  i n  three orthogonal a x e s [ l ] .  Typical nunhers f o r  
the coqmnents of  the g a m  vector range from l o w  E-9/g to mid-E-lO/g. The 
acceleration-induced frequency response of  a resonator is then t h e  dot p r d u c t  
of t h e  gamm vector and t h e  appl ied  accelera t ion.  In  research and d e v e l q m n t ,  
a measurerrent technique f o r  the gamma vector is required for  a wide range of 
frequencies, resonator con£ igura t  ions, and overtone operat ion. Often 
m a s u r e m n t s  must be done on unsealed devices: t h e  Q w i l l  t y p i c a l l y  be lower, 
and t h e  res i s t ance  higher, than under ideal ,  sealed conditions. m n y  
s i t u a t i o n s  require  knowing both the magnitude and tl-ra d i r e c t i o n  of the gamma 
vector.  These include a n t i c i p a t i o n  of  using various conpensation techniques 
such as oppsed-pai r  compensation, accelercarreter f e e d b c k  conpensation, and 
spring/mass conpensating sys tems[ l l .  Also, when applying t h e o r i e s  
regarding t h e  acce le ra t ion  performance of a device, a f u l l  desc r ip t ion  of  
t h e  garmna vector is needed. 
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kasuremnt techniques commnly used have a number of disadvantages which 
make them less than ideal in R & D enviroments. A m t h d  c o m n l y  used is 
observing, with a spctrum analyzer, the FM sidebands generated by sinusoidal 
acceleration of the crystal under testf21. With this method, one is able to 
obtain the magnitude, but not the phase, of the gamma vector. Another c o m n  
rnethcd is EM demodulation[3]. This technique requires virtually noise free 
dernsdulation circuitry to detect sensitivities as low as 1~-10/g. The voltage 
controlled oscillators used in such circuitry usually have a small frequency 
range over which they are useful. Retooling for crystals of varying frequencies 
can becorn ti= consuming and expensive. Another method which is used is the 
2-g tipover test. Because of the small frequency shifts involved, an extremely 
stable temperature environment and a high resolution counter is necessary to 
obtain useful results for crystals with low sensitivities. However, t h  2-51 
tip-over test does provide the sign (phase) of the gamma vector. The reader is 
referrd to Filler's tutorial on acceleration effects on crystals[l] for more 
details. 

Errors can occur in the measuremnt of small g a m  components in the low 
E-lO/g to high E-11/g range. The errors are related to cable reactance 
mulation due to vibration of powr cables and sigml cables passing to and 
£ran the shaker table. The prdlem was observed in varying degrees for all the 
different mthds tried in this work. 

Presented here is a versatile method of determining bth the magnitude and 
direction of t l ~  gamma vector for crystals with a brmd range of frequencies. 
The equiprent used is readily available laboratory equipment. Cable modulation 
effects are addressed. 

THEDREX' ICAL BASIS 

Wen a crystal is under vibration, its resonant frequency is shifted due to 
stresses induced by the interaction of the resonator blank and its mwnting 
structure. The frequency shift df, is proportional to the acceleration. The 
frequency/voltage effect of an SC cut crystal (or other doubly rotated crystals) 
also results in a shift of the resonant frequency (df )[4]. I£ the applied v 
voltage and the acceleration are correlated such that dfv and dfa are equal in 
mgnitude but opposite in sign, an apparent decrease in the g-sensitivity of the 
device can be observed. This effect has been used previously by Rosatti and 
Filler as a conpensation technique[51. 

In the case of singly-rotated wart2 cuts, such as the AT-cut, that do not 
have a voltage-frequency effect , a voltage controlled phase shift netmrk may be 
used to madulate the freqgency of oscillation. 

AS discussed recently[61, the phase relationship between the acceleration 
and the applid compensation signal mst he accurately controlled rear 180° to 
achieve corcpensation. Figure 9 shows a theoretical plot of how much sideband 
suppression can be acmnplished for phases approaching 180" as the ratio dfv/dfa 
is varied. In order to observe a significant decrease in g-sensitivity, the 
amplitude and phase of the compensating signal must match the amplitude and 
phase of the acceleration effect of the device quite closely. Assuming precise 
amplitude control, the phase of the compensating signal mst mat& the phase of 
the acceleration effect to within +/-5 degrees to achieve 20db sidekind 
reduction. We have found that 10-20 db is adequate to identify the phase of dfv 
that reduces the acceleration-induced dfa sidehd. 



Lqically,  if the quartz crystal is turned upside down, the gamma vector 
corrponent should be equal i n  magnitude and oppsi te  i n  sign for the t m  
orientations. This has never occured i n  any experiment e have tried when 
dealing with g a m  responses below 2~-10/g. WP attribute this  to  the fact that 
tk cables passing t o  and from the shaker, no matter What test  configuration is 
used, are rdulated by the vibration. The cable vibration sinusoidily detunes 
the oscillator, t o  varying degrees, deperding upon the tes t  configuration and 
the Q of the crystal or circuit untler test.  This creates an effect that adds 
vectorially t o  the g a m  vector being studied, and is therefore a source of 
error. (In the configuration t o  be described this  effect is repeatable, and on 
the order of 1~-lO/g a t  50 Mlz. The effect is much less significant a t  lowr 
frequencies. men testing the sam crystal either in the setup described herein 
or when shaking the complete oscillator circuit,  some cable effects are 
observed. ) 

The present experinental equipment and procedures are hsed  on holding cable 
effects constant and masuring the crystal both right side up and upside down. 
Since the cable effects add primarily in-phase or out+£-@ase with the 
acceleration effect of the crystal, the algebraic average of the tho readings is 
approximately equal t o  the crystal effect, with the cable effect cancelling. In  
other words, if df i s  the cable effect, #and assuming it is additive t o  the dfa 
i n  the +X directiofl, ~t will bs subtract~ve from the dfa rnasurd in the -x 
direction. The masured df i s ,  t h u s  

and the desired dfa is given by 

EWIPMENT USED 

A block diagram of the test  system i s  shown i n  Figure 1. The test 
equiprent used includes a LING Electronics Inc. &el 203B shaker table driven 
by a variable frequency audio oscillator and an audio amplifier. Attached to 
the shaker is a fixture for munting the crystal i n  any of 6 directions 
(+/- x,y, Z). 

Figure 2 shows the crystal fixture. Rigid wiring is u s d  inside the c u b  
t o  minimize mtion during vibration. The c u k  can be turned over to  test a l l  
s i x  axes. The cables running t o  the shaker are caremlly fixed so that their 
effects remain constant, allowing cancel lat ion using m a t  ion 3 above. 

A Saunders & Associates lOOHF C I  ~ t e r  was chosen as the oscillator circuit 
i n  order t o  drive crystals with a broad range of frequencies and impedances. It 
is connected to  the crystal through a pair of coaxial cables clamped a t  both 
ends. Figure 2 shows a block diagram of the oscillator, cable, and f i l t e r  used 
with SC-cuts. Figure 3 shows the phase shift netmrk used for AT-cuts. The 
phase shift netmrk can also be us& with SC-cuts, but is not preferred because 
of its susceptibility t o  pwer supply noise. The output of the oscillator is 
observed on an HP3585A spectrum analyzer. High frequency crystals (greater than  



40 mz) require a mier w i t h  a relatively low noise reference oscillator 
( ~ 3 3 2 %  Frequency Synthesizer) to shift the signal to a frequency within the 
operating range of the spectrum analyzer. 

The conpensation signal is obtained from an accelerometer munted on the 
fixture that holds the crystal. (The shaker table driving signal my also bs 
used for conpensation as long as the phase requiremnts previously ~nt ioned  are 
sat is£ id. ) The signal i s  fed through a variable gain op-anp circuit with 
$ w i t &  selectable polarity and an option to  apply a dc voltage. This op-amp 
circuit is shorn i n  ~igure  5. The output of this circuit is fed back to the 
crystal via the f i l ter  netmrk of Figure 3 or the phase-shift netmrk of 
Figure 4. 

MEASUREMENT PEacEDmE 

The crystal under test is clamped i n  the cube, hich  provides for easy, 
repatable a l igmnt  of the crystal i n  any of 6 directions. The polarity of the 
frequency shift effect of a crystal i s  determined by observing a slight shift in  
frequency wkben a dc voltage is applied to either the crystal (doubly rotated 
case) or the phase shift netmrk. The device is  t k n  shaken at approximately 
3gr, and the sideband amplitudes are lneasured using the spectruln analyzer. 

TIE phase of the gamma vector i n  the axis  of vibration i s  masured by 
slowly increasing the level of conpensation from zero while observing the 
sideband anplitude. Re£erring to Figure 9, i f  the oonpensation signal is of the 
correct phase to  cancel the crystal's acceleration effect, the sideband 
amplitude w i l l  f i rs t  decrease, and then increase. The opposite phase w i l l  show 
only an increase i n  sideband anplitude as shown i n  ~ igure  9 for 0" phase. 
Switching the phase of the compensation without changing i t s  amplitude w i l l  
result i n  a fairly large difference i n  the anplitude of the sideband peaks. By 
correlating this informtion with the p la r i ty  of tk accelermter output 
relative to the crystal acceleration, the magnitude and direction of the gamm 
vector component can be uniquely determined. 

The polarity of the voltage frequency effect reverses when a doubly rotated 
crystal is turned upside down i n  our fixture because the pin polarity of the 
crystal i s  reversed, while the polarit of the covensating circuit stays tb 
sarrre .  I t  i s  inportant to keep track o I this1 By referencing everything to the 
dc shift test, one can keep the signs straight. If  the cable capacitance effect 
i s  predominant, the compensation anplifier circuit requires a polarity reversal 
when the doubly rotated crystal is inverted. In contrast, when the crystal 
acceleration effect predominates, no polarity reversal i s  needed because both 
the acceleration effect and voltage effect i n  the crystal change sign. In 
contrast, for crystals where the phase shift ~ t m r k  is used, no polarity 
reversal is needed when the cable capacitance effect predominates but polarity 
reversal i s  needed when the crystal effect predominates as the crystal i s  
reversed. 

Measurements are made for oppsing directions. The true answer ( i f  cable 
effects are constant and i n  phase with tlae crystal acceleration effect) i s  found 
by using Equation 3. 



RESULTS 

Several shaker frequencies here used t o  verify that no structural 
resonances occur i n  either the experinental fixturing or the crystal package. 
No structural resonances are observed £ran 30 H z  t o  200 H z  i n  our fixturing. 

Wen ~ a s u r i n g  small g a m  vector components, one can see some variation 
with shaker frequency that b e  attribute to  standing have acoustic resonance i n  
the cables. Figure 6 shows results for a crystal with a low Q ( i n  a i r ) ,  h e r e  
the cable rrodulation effects are larger than the acceleration effect i n  the 
crystal. Note that one wuld masure an erroneously high gamma value if only 
one orientation of the crystal was lneasured (either the open circles or f i l led 
circles of ~ i g u r e  6) .  Also, one muld erroneously conclude that there was a 
structural resonance. In fact, the true answer (x ' s  i n  Figure 6)  is 
a ~ ~ r o x i m t e l ~  -6~-l l /9  (-4~-ll/g) , as seen by using Equation 3 with the t m  
masurerent s a t  each si%er frequency . 

Figure 7 show a histogram of the gamma vector corrponents lneasured for a 
grwp of 10 MHz, 3rd overtone, SC-cut, tm-point munt crystals. Included i n  
Figure 7 are theoretical results obtained using finite elemnt rde l ing  t o  
calculate the stress i n  the quartz and the theoretical development of 
Tiersten[7] t o  calculate the frequency shift.  The theoretical mthods w i l l  be 
published later, but the comparison between the experimntal average and the 
theory is excellent. 

As a denonstration of the present experimntal techniques, tkre magnitude of 
the f u l l  gamma vector is shorn in Figure 8 before and after proprietary 
treatmnt of four of the resonators of Fisure 7. Mte that a l l  four devices 

d 

masure tightly a rand 2-  7'-10/grm a or (1.9~-10/g) . This wans that tk 
technique described herein can consistently masure components on the order of 

a N m s  IONS 

The wthcd descrihd for measuring the gam-vector of quartz crystal 
resonators is quite practical i n  a research and developwnt environmnt , and my 
be applicable t o  production faci l i t ies  as wll. The wthd is able t o  detect 
both the magnitude and phase of g-sensitivities less than 1~-lO/g i n  crystals 
having a variety of frequencies and designs. The ~asurernent procedure i s  rapid 
and uses equipmnt readily available i n  mst  laboratories. 

The authors wish to thank M r .  Kevin Kelly for imking the measurements 
described herein. 
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FIGURE 1. Block diagram of the test system used to determine the 
acceleration sensitivity of doubly-rotatd quartz resonators. The spectrum 
analyzer is usd to masure the magnitude of the sensitivity vector. 
Determining the polarity of conpensation requird for sideband suppression 
yields the absolute sign of the acceleration sensitivity vector. 

Cables 

FIGURE 2. Fixture for masuring the acceleration sensitivity of quartz 
resonators. The crystal is secured in the cube, which can be rotated i n t o  
+/- X,Y, and Z orientations. The cube is secured to the nwxlnting fixture by a 
clarrp (not show). Cable effects are repeatable and do not change with cube 
orientation. 



ISOLATION FILTER NETWORK 

, ,  * I From Cornpnoation Ckt. 

FIGURE 3. Typical filter netmrk used with SC-cuts to isolate ths oscillator 
from the conpensation circuitry. Actual coqnent values will vary depending 
on the crystal frequency and, oscillator circuit used. 

PHASE SHIFT NETWORK - ', 
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FIGURE 4. Typical phase shift netmrk used £ow measuring AT-cut crystals. 
The varactor (S~332) reacts with the output resistance of the oscillator to 
rdulate the phase of the circuit. The series resistor is us& to reduce the 
sensitivity. 

COMPENSATION AMPLIFIER CIRCUIT 
From 
Accelerometer 
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FIGURE 5. Sixrplified schematic of the compensation amplifier showing the 
buffer and gain stages, anplitude control, and switching schemes for phase 
reversal and D.C. voltage effect polarity checking. 



-Z orientation 

FI- 6. wasured acceleration sensitivity versus shaker table frequency 
for a 50 MHz, 4-pint munt, SC-cut crystal. The effects of the cables are 
subkracted by measuring b t h  + and - orientations for each axis. W t e  that 
once these cable effects are eliminated the masured acceleration sensitivity 
is independent of frequency. 
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HISTOGRAM OF MEASURED GAMMA 
with Theoretical Predictions 
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FIGURE 7. ~istg'ramof garnm masured on each axis of 15 resonators (lOMlz, 
3rd, SC-cut, 2-point munt.) Average and standard deviation of masured 
values are conpared to analytically predicted values. 
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E IMPROVEMENT OF GAMMA VECTOR 

Before After 

FIGURE 8. Irrprwemnt of gamm vector by proprietary processing. *an and 
standard deviation of gamm vector magnitude of 4 units (10 mz, 3rd, SC-cut, 
2-point munt)  before and a f t e r  processing. 

RMPLITUDE RATIO (dFv /Dfa )  

F I m  9. lubximrn e ~ c t e d  sideband suppression as a function of t k  
ratio dfv/df of two  sinusoidal mdulating functions at various 

phase angles. sideban8 suppression occurs when the phase of the acceleration 
effect and the voltage effect approach 180". If the phase is close to zero, 
the t m  effects add, and no sideband suppression occurs. 


