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Abstract 

The frequency, amplitude, and noise of t h  output signal of u quartz-c~stalcontrolbd-oscilkclor B af- 
fected by a large number of environmental eflects. ntis puper examines the physical busis fur the sensitivity 
of precision osciUators to ternperdure, humidity, pressure, vibration, mugneticjeld, electricfield, load, and 
radiation. The sensitivity of crystal oscilhtors to radiation is a very complex topic and poorly understood. 
Theresore only a few general results ure mentioned. The sensitivity to most external influences often varies 
sign$cantly from one oscillator type to another and from one unit of a given type to another. For u given unit, 
the sensitivity to one parameter open kpends on the value of other parameters and history. Representative 
sensitivity to the abovepurumeter will he given. 

I I. Introduction 

Quartz crystal oscillators are a fundamental element in many arcas of frcqucncy llletrology alfectirlg 
applications such as cornmitnica.tion and  navigation. Their frequency, output level, amplitude noisr, 
and phase noise arc generally critical parameters that determine the overall pcrforruance of a systeln. In 
many applications their pcrformancc is sigriilicantly less than that obtained under ideal cnvironmcntal 
conditions. In tllis paper I will briefly outline thc physical basis and rrpresentative values for tlle 
scnsitivity of quartz crystal oscillators to ellviro~lrne~ltal parameters. The most jrnportant of thcsr 
are temperature, hn  rnid ity, pressure, vibration, magnetic field, electric lield, load, arld radi;~tion. The 
sensitivity of quartz oscillators to radiation is a very complex and poorly ullderstood topic and therefore 
only a I ~ w  general reslilts are r-ncntioncd. For a givcn oscillator thc scnsitivity to  one parameter often 
depends on the valne of other parameters, and the history of the device. It is often difficult to 
separate the influence of one pararnctcr frotn that of another. Scvcra.1 methods for chara.ctcrizing the 
envirorlmerital sensitivities of both qua.t.tz resonators and oscillators are discussed in [I]. Much rrlore 
cffort is needed in this area. 

11. Model of a Quartz Controlled Oscillator 

Figure 1 shows a simplified diagram of a quartz-crystal-controlled oscillator. 'I'hc well known oscillation 
conditions arc that  thc phasc around thc loop be an integral multiple of 27r arid that the loop gain he 
1 ['2-51. Small changes in  thc loop phasc, d4, arc compensated by a change in oscillation frequency of 



where uo is the oscillation frequency and Q is the loaded Q-factor of thc resonator. Small changes in 
the frequency of the resonator a,re directly traaslated into changes in the frequency of the oscillator 
since the rest of the electronics is generally very broa.dband compared to the resonator, that  is, 

These two equations provide the basis for understanding how the various environmental conditions 
affect both the short-term and the long-term frequency stability of the oscillators. 

111. Changes Within the Resonator 

Environmental effects that  change the frequency of the resonator have been investigated by many 
people in much more detail than can be described in this paper. Thc most important environmentally 
driven changes within the resonator are driven by changes in temperature, level of excitation (rf 
amplitude), stress, adsorption and desorption of material on the surface, vibration, radiation, electric 
field, and magnetic field. 

The frequency shifts due to  these effects are universal to  the extent that  a given change in resonator 
frcrluency causes the same change in oscillator frequency in the limit that the oscillator loop is broad- 
band. Different o~cilla~tor designs have an influence on the apparent isolation of the resonator from 
the environmental parameters. 

A. Temperature and Temperature Changes 

Temperature variatio~is change the value of the elastic constants and, to a lesser degree, the dimensions 
of the resonator. The change in resonator frequency with te~nperature varies greatly with crystallo- 
graphic cut and orientatio~l [6-211. Figure 2 shows a typical static frequency versus temperature curve 
for precision quartz resonators [16]. Tlze actual values depend on the rcsonador cut, overtone, fre- 
quency, diameter, artd rrlounting techr~ique. Temperature dianges and temperature gradients oftcn 
cause frequency changes that arc large compared to the slope of the static curve [6-221. Typical 
coefficients for the frequency-temperati~re efrect for 5 MIIz resonators are 

for 5th overtone K1'-cuts, and 

for 3rd overtone SC-cuts. Here A'l' is the temperature difference in Ir' f so~n  turnover and U / d t  is the 
rate of change of temperature in I i l s .  



L ?'he dynamic temperature effect leaads to hysteresis in thc cxpcrimcntal measurements of temperature 
coefficients as shown in Figs. 3 and 4. This cffcct makes it difficult to locate the exact turn-over 
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point. This in turn leads to oscillators with finite frequency changes even for slow, small tempera.tnre 
excursions, especially for AT-cut resona.tors. Tablc 1 shows typical ternperature coefficients for amrl AT- 
cut resonator as a function of the cnolh in sctting the oven to  the exact turn-over point. Table 2 sllows 
typical temperature coefficients for an SC-cu t resonator as a function of the error in setting the oven to 
the exact turn-over point. The actuad cllange in temperature may be driven by changes in atmospheric 
pressure and/or humidity tllereby changing the thermal contluctancc and temperature gradients within 
the oscillator package [22-241. Deposited radiative energy call also change the temperature of thc 

! resonator. The performance potential of R'S-cut resonators is extremely dilficult to a t t i n  due to  their 
very high dynamic ternperature coefficient. Sulzer was thc first to  attain a perforrnarlce - 3 x 10-l3 
from AT-cut resona.tors, and i t  was many years before it was generally realized that  the rcason for thc 
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excellent performance was an  over1 design with extremely low thermal transients [25]. Tlle reduction 
in the dynamic temperature coefficient, for SC-cut rcsonators as compared to  the earlier AT- and BT- 
cut resonators represents ;t rrlajor advancc in the practical application of quartz crystal oscillators in 
nonideal environments using only simple ovens. Much better thermal perforraallce caal be obtaincd 
using multiple ovens [26], aged high-performance tllerrrlistors [27], and cornpensatcd oven designs [28]. 
The tradeoff is increased complexity, size, weight, and cost. 

Temperature generally does not affect the phase noise or short- term frequency stal~ility of an oscilla.tor. 
However, in cascs where the sustailling electrollics is not terrlperature controlled, slight changes i n  gain 
and noise figure with temperature will be reflected in the output phase noise. Reviews of tlle correlation 
of output phase noise with the noise performance of the sustaining stage and output a.mplifier are given 
in [2-5, 291. 

Another i~rlportant effect, especially with AT-cut r~sona.tors, is activity dips. Activity dips arc duc to 
thc accidental overlap of some other mode of the resonator with the resonance mode. This couplirlg to 
the unwanted mode leads to increased losses and 11exlce a, reduction in the oscilla.tor amplitude. The 
frequency of the resona.tor is also p111lcd by tlic coupling to th r  othrr modc, which 11s11al1y has much 
higher sensitivity t o  temperature than the primary mode of oscillation. This leads to ternperature- 
frequency coefficients that vary rapidly with temperature over very narrow ranges in teiilperature of 
the resonator [30-341. Figure 5 shows the frequency-versus-tcmpcraturc pcrforrua~~cc of the prirnary 
clock in the Ginga satellite [33]. Tlle rlonlirlear thernlal coefficient near 18°C ma.ke it very difficult to 
model to accurately recover clock timing. SC-cut rcsol~ators and some types of lateral field resonators 
show much reduced incidence of activity dips and their associatcd quirks in  the temperature coeff~ciellts 
[34-361. 

The dyna.mic tempera.ture effect a,nd the possibility of an activity dip significantly complicates the 
specification and measurement of oscillator temperature coefficients. Ehr critical a.pplications tlle 
frequertcy must be measured over the entire operating temperatlire rallge using a model of the actual 
ternperature profiles. 

B. RF Excitation Level 

The frequency of the resonator is also a function of arnplitudc of tlle signal level as shown in Fig. 
6 [ l G ,  18-20, 34, 37-39]. The sensitivity to this effect, usually callcd the amplitude-frequency effect, 
is a fu~lction of the blank curvature as show11 in Fig. 7 [34]. Typical sensitivities t o  this parameter 
range from approximately ~ O - ~ / / A W  for 5th overtone AT- or UrI'-cut resonators to parts i n  I O - ~ ~ / / A W  



for 3rd overtone, SC-cut resonators a t  5 MHz. The primary environmental drivers for this effect 
are temperature, humidity, or radiation changing the excitation level through interaction with the 
automatic gain control (AGC) and the gain of the sustaining stage, Clla.nges in the dc supply voltage 
can also affect the amplitude of oscillatiorl by cllanging the AGC circuitry. 

C .  Stress (Force) 

Stress on the resonator blank changes the resonance frequency through the nonlinear piczoelectric 
cocfficicnts [ll-21, 34, 40-441. Stress is transmitted to  the resonator through tlie mounting strticture. 
It can originate from temperaturc-driven dirrlensional variations in the vacuum cnclosure, or changes 
in thc prcssure surroundi~lg the vacuum enclosure, changes in thc magnetic field causing a change in 
the mounting force due to the use of magnetic components. Thc  stress on the resonator, due to  the 
use of electrodes directly plated onto tlle resonator, can change with resonator drive, temperature, 
radiation exposure, and t i~ne .  The stress dne t o  the electrode has been estimated [12-13, 201, but 
the changes with environmental effects such as vibration and ternpera.ture cycling are very difficult to 
estimate. Figure 8 shows the cllange in frequency of a traditional AT-cut plate due to  diametrically 
opposed forces in the plane of tlie resonator as a fu~lction of tlic angle between the applicd force and 
the x axis [29]. BVA resonators arc probably less sensitive to this effect due to their unique mounting 
arrangement [20-211. 

D. Adsorption-Desorption 

Changes in the quantity or distribution of molccl~les 012 the surface of tlic resona.tor caa lead to 
very large changes in the frequency of the resonator [B, l G ,  46-48]. One monolayer atldcd to a, 5 
Mllz resonator a,mounts to rougllly 1 part pcr million change i11 the frequency [ l G ] .  Major drivers of 
clianges in the backgronnd prcssure aad in the movement of adsorbed gasses are temperature changes 
and enclosure outgassing or leaks. 

Tlle background pressure of helium inside the resonator enclosure can significantly increase if the 
vacuum enclosure is glass and the resonator is operated in an environnicnt with large amounts of 
helium. A typical helium leak rate for a gla.ss cnclosure operati~lg at  80°C in a pure helium environment 
is 5 x 1 0 - ~ P a / s .  Even in air a t  80°C the heliurrl builds up a.t a ra,te of approximately 2 x 1 0 - ~ P a / s  or 
about 0.7Ya/yr [49]. The use of metal cnclostt res greatly reduces the helium leak rate, but rnost metals 
outgas s ig~~if ica~l t  amounts of hydrogen and may contribute to  the drift of sorrle oscillators [29,49]. A 
typical sensitivity for an ~ l ' - c u t  resonator t o  a non-reactive gas is I O - ~ / P U  (0.7 x ~ ~ - l O / ? ' o r r ) .  
Ceramic enclosures that  reduce the helium and llydrogen leak rates to  ncgligible va.lues have been 
developed [4G]. 'l'here also is some question as to what portion of the residual phase noisc in quartz 
resonators is due to ti~rle varying rates of collisions with the background gas [48]. 

Although a large shock and/or vibration car1 change the long-term frequency of the resonator, the 
dominant effect is nsually the iustantatieous change in the frequency of the resonator due to  changes in 
the stress applied to  tlie resonator through the mounting structure [6,14,16,18-21,50-571. Tlle frequency 
change depends on orientation and is linear with applied accelera.tion or vibration t ~ p  t o  approxirnately 
50 g [19]. See Fig. 9. The maxinlunl sensitivity is typically of ordcr 2 x JOU"g. Significant effort has 



bccn cxpcndcd in minimizing this effect through compensation [52-541, ~~lountir lg techniques [20- 21,119- 
50,521, and resonator fabrication techniques ['lo-211. The net sensitivity for specially compensated or 
fabricated oscillators ranges from approximately 10-l1 to 3 x lo-'' per g. The change in frequency 
due t o  inversion "2g tipover test" is often biased due to  changes in the temperature gradient as shown 
in Fig. 10. Althougll not cornrrlonly mentioned, magnetic field sensitivity can also bias the test since 
the magnetic field effect also is a f ~ ~ n c t i o n  of position axid motion [58-5'31. 

The phaae noise of a resonator subjected to  vibration is increased by an a,mount 

where I? is acceleration sensitivity aad A is the applied acceleration. Figure 11 sllows the quiescent 
pilase noise of a 100 MHz oscillator and that obta.ined with I' = 2 x and A = 2 cos 2n 11. The 
increase in phase noise over that  obtained ullder quiescent conditions is approxi~r~ately 70 dH at  a. 
Fourier frequency of 10 kHz. Even with r = 1 x 10-l'/~ the degradation would be about 30 dl$. 

F. Radiation 

R,adiation interacts with the resonator in liiarly ways. Although not fully cllaracterizcd for each 
resonator type and ~scil la~tor,  it is possible to list sor-nc common aspects. A more deta.ilcd summary is 
found in [lg]. 

Pulse Irradiation Results 

1. For applications rcqi~iring circuits hardened to pl~lse irradiation, quartz resorlators are the least 
tolerant element i n  properly designed oscillator circuits. 

2. Resonators made of unswcpt quartz or natural quartz car1 experience a large increase in series 
resistance, R,, following a pulse of radiation; the radia,tion pulse can cvcn stop the oscillation. 

3. Resonators ma.de of properly swept quartz experience a negligible change in K, wllell subjected 
to pulscd ionizing radiation (the oscjllator circuit docs not require a largc rrscrve of g i l l  msrgi:~). 

Steady-State Radiation Results 

1. At doses < lo0  rad, frequency change is not well understood. Radiation can induce stress relief. 
Surface effects such as a.dsorption, desorption, dissociation, polyrnerization and charging may be 
significant. Thc frcquency change is nonlinear with dose. 

2. At doses > I  Krad, frequency cha,nge is quartz impurity depcndcnt. The ionizing radiation pro- 
duces clectron-hole pairs; the holes are trappcd by the impurity A1 sites while the cornpcnsa.ting 
ca,tio11 (e.g. Li or Na,) is released. The freed cations are loosely tra.pped d o n g  the optic axis. 
The lattice near the A1 is adtered, and the elaatic constant is changed; therefore, the frequency 
shifts. Ge impurities are also Iroublcsorne. 

3. At lo6 rad dose, frequency change ranges from 10W1' per rad for natural quartz to 10-l4 per ra,d 
for high quality swept quartz. 



4. Frequency change is negative for natural quartz; it can be positive or negative for cultured and 
swept cultured quartz. 

5. Frequency change saturates at doses > lo6 rads. 

6. The Q degrades if the quartz contains a high concentration of alkali impurities; the & of res- 
onators made of properly swept cultured quartz is unaffected. 

7. Frequency change anneals a t  T > 240°C in less than 3 hours. 

8. Preconditioning (e.g., with doses > lo5 rads) reduces the high dose radiation sensitivities upon 
subsequent irradiations. 

9. High dose radiation can also rotate frequency-vs.-temperature characteristic. 

G. Electric Field 

The frequency of certain resonator cuts are directly affected by the application of even small electric 
fields through changes in dimension and effective mass and through interaction with the nonlinear 
coefficients [58-631. The applicatjon of electric fields also tends to cause ions within the crystal to 
move which changes the frequency. Thc nct result is that the cl-tange in freq~icncy generally has a 
fast component due to the interaction with the crystal constants and one or rnore slower corrlpo~lents 
associated with the movcrnent of ions as shown in Fig. 12. The slower time constants depend ex- 
ponentially on te~nperature. This electric field effect has been used to vibration compensate SC cut 
resonators [54] and to create an ultra-linear phase modulator [60], Sensitivities to this effect are highly 
cut and material dependent and range from approximately 30-l1 to lo-' per volt applied across the 
resonator. Large electric fields and elevated temperatures arc sornetimcs used to "sweep" ions out of 
the quartz bar prior to fabrication resonators [16,60-631. This is most often used on resonators for 
radiation environments. 

H. Magnetic Field 

The inherent magnetic field sensitivity of quartz resonators is probably smaller than 10-ll/T [1,64- 
661. Most resonators are, however, constrt~cted with magnetic holders. As the magnetic field cllanges 
the force on the various components of the resonator. This causes a frequency shift through the 
force-frequency coeficie~it discussed above. 

IV. Changes Within the Loop Electronics 

Many environmental parameters cause change in the phase around the oscillator loop. The most 
important are temperature, humidity, pressure, acceleration/vibration, magnetic field, voltage, load, 
and radiation. This environmental sensitivity often leads to increases in the level of wide-band phase 
noise in the short-term, random-walk frequency rnod~la~tiori in the medium-term, and drift in the 
long-term. The value of loop phase shift are not universal, but critically depend on the circuit design 
and the loaded Q-factor of the oscillator. 



A, Tuning Capacitor 

The frequency of the oscillator is generally fine-tuned using a load capacitor, CL, of order 20 to  32 
pF. In practice this capacitor is often made up of a fixed value (selected a t  the time of manufacture), 
a mechanically tuned capacitor for coarse tuning; a varactor for electronic tuning, and a contribution 
from the input capacitance of the si~staixling stage and matching networks. The frequency change for 
small changes in CL are 

where Co is the parallel capacitance and Cl is the motional capacitance, It is not uncommon for 
the first term in Eq. 5 to be of order lop3  [16]. In this case a change in CL of only results in 
a frequency change of Prirnary environmelltal parameters which change CL are temperature, 
humidity, pressure, and shocklvibration. Humidity and pressure change the ratio between convection 
and conduction cooling. See Figs, 10 and 13. Pressure changes in a hermetically sealed oscillator can 
also be driven by temperature. This changes the temperature gradients and thereby the temperature 
of the tuning capacitor (and also the temperature of the resonator.) Shock and vibration can change 
the mechanical capacitor, if present. Changes i11 the supply voltage, AGC and tctnperature all change 
tbc input capacitance of the sl~stairiirig stage and the varactor diode. Humidity can change the value 
of the dielectric coefficient and losses in the capacitors and even the circuit board. Radiation can 
change the gain and offsets of the AGC and the sustaining stage and thereby change the effective 
input ~a~pacitance.  

B. Mode Selection/Tuned Circuits 

Most oscillators usc rnatching circuits and filters to  adjust the loop phase to  approxi~nately Ox and, 
especially with SC-cut resonators, to suppress unwanted modes. The phase shift across a transmission 
filter is given appr~xima~tely by Eq. 1 with the Q in this case being that of the tuned circuit, Q,. The 
fractional change in output frequency due to  small changes in either circuit inductance, LC, or circuit 
capacitance, C,, is approximately given hy 

Far from resonance the change in loop phase with change in filter capacitance or inductance is generally 
much less than tha,t given by Eq. ( I ) .  'This suggests that the use of ~iotch filters to suppress unwanted 
rnodes is probably superior to  the use of narrow-band transmission filters. 

The values of most resistors, inductors and capa.citors, and even pa.rariieters associated with the active 
junctions, are a function of te~nperaturc, liurnidity, current, or voltage. Significant improvements in 
the medium-term freque11c.y stability can often be obtained merely by sealing an oscillator to  prevent 
changes in the humidity and pressure [22-231. Figure 13 shows the frequency change of a high perfor- 
mance oscillator due to a change in relative lluraidity from approximately 20% to  100% [22-231. This 
fractio~lal change of frequency is about 1000 tirnes the normal 1 s frequency stability of 3 x 10-13. 



C .  External Load 

If the external load of the oscillator changes, there is a change in the amplitude and/or phase of the 
signal reflected back into the oscillator. The portion of this reflected signal that  reaches the oscillating 
loop changes the phase of the oscillation and hence the output frequency by an amount given by Eq. 
(1) and reexpressed in Eq. (8). In this case we can estimate the maximum phase change as just the 
square root of the isolation. For example 40 dl3 of isolation corresponds to  a maximum phase deviation 
of radians. 

For Q N lo6 and isolation of 40 dB,  the maximum pulling is approximately Av/v = 5 x This 
is an  approximate nlodel for most 5 MHz oscillators. As the frequency increases the problem of load 
pulling becomes much worse because both the Q-factor and the isolation decrease. 

D. Acceleration, Vibration, and Magnetic Fields 

Acceleration and vibration can distort the circuit substrate and the position of components leading to 
changes in the stray inductance and/or capacitance and thereby changes in the frequency. Virtually 
none of the presently available oscillators have magnetic shielding. The presence of magnetic field corn- 
plicates matters significantly since changes in orientation within the magnetic field leaad to  frequency 
shifts and motion dependent effects. Therefore movement, acceleration, and or vibration certainly 
leads t o  induced electric and magnetic fields that disturb the quiescent performance of the oscillator. 
In most cases such effects are very difficult to separate from other motion induced effects. Accel- 
eration and vibration of circuit eletrlellts in the absence of a, magnetic field lead to  phaselfrequency 
modulation. These effects are difficult to separate from those due to changes of stress applied to the 
resonator, but are no doubt present and may in sorne cases prevent accurate measurements on some 
low-g-sensitive resonators [1,56,57,64-661. 

Discussion 

'.She frequency stability of quartz-crystal-controlled oscillators has been refined to  the point that small 
changes in a wide variety of environmental parameters are now significant. The most important 
environmental parameter is probably acceleration and vibration a t  frequencies less than approximately 
100 Hz. All of the other environmental drivers can be significantly reduced hy appropriate attenti011 to 
circuit design and/or shielding. Arnong the remaining envirollmental drivers, temperature is probably 
the most significant. Most oscillator ovens could be significantly irnproved using better circuits and 
better insulation. Magnetic shielding rnay be necessary to  actually realize the full performance of 
low-g sensitivity resonators. Pressure and humidity effects can be very seriotts in open oscillators. 
Fortunately these effects can be eliminated by hermetically sealing the oscillator. The sensitivity to 
low doses of radiation is not well understood. More work needs to  be done to  refine the characterization 
of sensitivity to various environmental parameters. 
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Table 1. Typical frequency versus temperature coefficients for an  AT-cut resonator with a turnover 
temperature of 85'C as a function of oven parameters. Frequency stability of I, x 10-l3 requires 
ATldt  < 10nKls.  

Table 2. Typical frequency versus temperature coeflicients for a SC-cut resonator with a turnover 
temperature of 85OC as a f~lnction of oven parameters. ficquency stability 1 x 10-l3 requircs ATldt  < 
330nKls. 

Ou/u = 4 x 1 0 - 9 '  + 3 x 10-~r17'/dt 

Oven Offset 
I ~ K  

o 
1 

10 
100 

Oven Change 

Oven Offset 
mIC 

o 
1 

10 
100 

f 100 mIC 
3 x 10-10 
3 x 10-lo 
5 x 10-lo 
2 x 

Oven Change 

f 10 mK 
3 x 10-l~ 
5 x 10-l2 
2 x 10-l1 
6 x 10-l1 

f 100 mK 
4 x 10-l1 

4 x 10-'I 
G x lo-'' 
2 x 

4z 1 mK 
3 x 10-Id 

2 x 10-13 
6 x 10-l3 
6 x 10-l2 

f 1 m K  
2 x 1 0 - l ~  

2 x 10-l4 
8 x 10-l4 
8 x 10-l3 

f 10 1rl1C 
4 x 10-l3 
6 x 10-l3 
2 x 10-l2 
8 x 10-12 

f 0.1 rrlK 
3 x 10-l5 
6 x 10-l5 
6 x 10-l4 
6 x 10-13 

f 0.1 mK 
4 x 10-1, 
8 x 10-l6 
8 x 10-l5 
8 x 10-l4 



Table 1. Typical frequency versus temperature coefficients for an AT-cut 
resonator with a turnover temperature of 81i5 as a function of oven 
parameters. Frequency stability of 1 x 10 requires AT/dt < 10 nK/s. 

- 8  2 - 5 Av/v - 3 x 10 AT + 10 dT/dt 

Oven Offset Oven Change 

mK ?I00 +mK ? 10 mK ? 1 mK 4 0.1 mnK 

Table 2. Typical frequency versus temperature coefficients for a SC-cut 
resonator with a turnover temperature of 5°C as a function of oven 

-19 
parameters. Frequency stability 1 X 10 requires AT/dt < 330 nK/s. 

- 9  2 
AW/V = 4 10 AT + 3 d ~ / d ~  

Oven Offset Oven Change 

mK 1100 mK + 10 mK k 1 mK k 0.1 mK 
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Fig. 1 Simplified block diagram of a quartz-crystal-controlled-oscillator. 
Loop gain = 1 and loop phase = n2n n = 0,1 ,2  . . . .  
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Fig 2. Idealized frequency versus temperature curve for a quartz resonator. 
The turnover point and the oven offset from turnover are indicated. From 

[161.  



AT c u t  5 t h  over tone  5 MHz 
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Temperature ( W )  

Fig. 3. Frequency versus temperature for a 5 MHz AT-cut resonator. The static 
temperature curve is shown in curve 1. The other curves show the response 
with +4"C sinusoidal temperature cycling at a sweep frequency of 9.2 x 
Hz-curve 2, 3.7 x Hz-curve 3, and 7.4 x Hz- curve 4. A model fit to 
the curves yields a dynamic temperature coefficient of -1.3 x s/'C. From 

[lo]. 
A 

SC cut  3rd over tone  5 MHz 

Temperature (OC) 

Fig. 4. Frequency versus temperature for a 5 MHz SC-cut resonator, The static 
temperature curve is shown in curve 1. The other curves show the response 
with + 4 'C sinusoidal temperature cycling at a sweep frequency of 9.1 x loT4 
Hz-curve 2, and 1.8 x Hz-curve 3 ,  A model fit to the curves yields a 
dynamic temperature coefficient of 3 x lo- '  s/" C. From [ l o ]  . 
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Fig. 5. Frequency versus temperature for the primary timing clock of the Ginga 
satellite. From [ 3 3 ] .  

Fig. 6. ~ r e ~ u e n c ~  versus the rf excitation level for a 5 MHz AT-cut 
resonator. From [19]. 
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Fig. 7. Frequency versus the rf excitation level f o r  AT-, BT-, and several 
SC-cut resonators. The approximate power levels are indicated on the left 
margin. From [16, 3 3 1 .  

Frequency Change for in Plane Forces 

Fig. 8. Frequency shift versus diametrical'ly opposed forces in the plane of 
the resonator as a function of the angle between the force and the azimuthal 
axis. From [ 2 8 ]  . 
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Fig. 9. Typical sensitivity of a AT-cut resonator to acceleration as a 
function of direction. From [19]. 

f req p l a t  : 4/28/88, 12 :34 :20.69, 1 ine removed (-6.6869~-003/s) 
channel 1 (hp1316) - channel 5 (8682) 

Fig .  10. Frequency of a precision oscillator as a function of orientation. 
Position 1 and 6 are the same. Note the slow change of frequency immediately 
after the rotation. This is likely due to small changes in the temperature 
gradient within the oscillator. From [23]. 



Fig. 11. Quiescent phase noise of a high quality 100 MHz oscillator and the 
induced phase noise from the application of sinusoidal acceleration at 
amplitude 2 g. An acceleration sensitivity of 2 x 10-g'g has been assumed, 

- 
E = 3 . 1 0 ~  V / m  
1 

- 

-E = 0 

1 
1 0 0  

T I M E  ( s )  - 

Fig. 12. Frequency of a function of applied voltage. The slow variation 
after the change in voltage is due to the movement of ions within the 
resonator. From Gagnepain [ I ] .  
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Fig .  13 Frequency change of quartz controlled oscillator due to a change in 
humidity. Fractional stability is approximately 2 X at 1 s. From [ 2 2 ]  


