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Abstract 

The frequency, amplitude, and noise of tk output signal of a quariz-crystul~ontrolkd-oscillator is af- 
ftrted by a large number of environmental efficts. This paper examines the physical basis for the sensitivity 
of precision oscilkrtors to temperature, humidity, pressure, vibration, magneticjeld, e k t r i c j e l d ,  bad, and 
radiatwn. The sensitivity of crystal 0scilhto.e to radiatbtt is a very comph  topic and poorly undentmd. 
Therefoon only a few general r a u h  are mentioned The sensitivity to most external influences o/en varies 
significantly from one oscillator ope to another and from one unit of a given type to anotkK For a given unit, 
the sensitivity to one parameter often &pen& on the value of other pameters and history. Representative 
semin’vity to tk above parameter w i l l  be given. 

I. Introduction 

Quartz crystal oscillators are a fundamental element in many areas of frequency metrology affecting 
applications such as communication and navigation. Their frequency, output level, amplitude noise. 
and phase noise are generally critical parameters that determine the overall performance of a system. In 
many applications their performance is significantly less than that obtained under ideal environmental 
conditions. In this paper I will briefly outline the physical basis and representative values for the 
sensitivity of quartz crystal oscillators to environmental parameters. The most important of these 
are temperature, humidity, pressure, vibration, magnetic field, electric field, load, and radiation. The 
sensitivity of quartz oscillators to radiation is a very complex and poorly understood topic and therefore 
only a few general results are mentioned. For a given oscillator the sensitivity to  one parameter often 
depends on the value of other parameters, and the history of the device. It is often difficult to 
separate the influence of one parameter from that  of another. Several methods for characterizing the 
environmental sensitivities of both quartz resonators and oscillators are discussed in [I]. Much more 
effort is needed in this area. 

11. Model of a Quartz Controlled Oscillator 

Figure 1 shows a simplified diagram of a quartz-crystal-controlled oscillator. The well known oscillation 
conditions are that the phase around the loop be an integral multiple of 2 x  and that the loop gain be 
1 [2-5]. Small changes in the loop phase, dq5, are compensated by a change in oscillation frequency of 
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where vo is the oscillation frequency and Q is the loaded Q-factor of the resonator. Small chanses i n  
the frequency of the resonator are directly translated into changes in the frequency of the oscillator 
since the rest of the electronics is generally very broadband 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. The most important environmentally 
driven changes within the resonatQc,are driven by changes in temperature, level of excitation ( r f  
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 
frequency causes the same change in oscillator frequency in the limit that the oscillator loop is broad- 
band. Different oscillator designs have an influence on the apparent isolation of the resonator from 
the environmental parameters. $ 7  

.' 
A. Temperature and Temperature Changes 

Temperature variations change the value of the elastic constants and, to a lesser degree, the dimensions 
of the resonator. The change in resonator frequency with temperature varies greatly with crystallo- 
graphic cut and orientation [6-211. Figure 2 shows a typical static frequency versus temperature curve 
for precision quartz resonators [16]. The actual values depend on the resonator cut, overtone, fre- 
quency, diameter, and mounting technique. Temperature changes and temperature gradients often 
cause frequency changes that are large compared to the slope of the static curve [6-22). Typical 
coefficients for the frequency-temperature effect for 5 SlHz resonators are 

Av/uo = 10'' AT2 - 10'' d T / d t  ( 3 )  

for 5th overtone AT-cuts, and 

Av/uo = 10'' AT2 + lo'' dT/dt (4) 

for 3rd overtone SC-cuts. Here AT is the temperature difference in A' from turnover and dT/dt is the 
rate of change of temperature in K / s .  

466 



1 ne aynamic temperature effect leads to hysteresis in the experimental measurement5 of temperat , i re  
coeificients as shown in Figs. .3 and 4. This effect makes i t  difficult to locate the exact turn-oier 
point. This in turn leads to oscillators wi th  finite frequency changes even for slow, small temperature 
excursions, especidly for XT-cut resonators. Table 1 shows typical temperature coefficients for an .4T- 
cu t  resonator as a function of the error in setting the oven to the exact turn-over point. Table 2 shows 
typical temperature coefficients for an SC-cut resonator as a function of the error in setting the oven to 
the exact turn-over point. The actual change in temperature may be driven by changes in atmospheric 
pressure and/or humidity thereby changing the thermal conductance and temperature gradients within 
the oscillator package [22-241. Deposited radiative energy can also change the temperature of the 
resonator. The performance potential of AT-cut resonators is extremely difficult to attain due to their 
very high dynamic temperature coefficient. Sulzer was the first to  attain a performance - 3 x 
from AT-cut resonators, and i t  was many years before it was  generally realized that the reason for the 
excellent performance was an oven design with extremely low thermal transients [25]. The reduction 
in the dynamic temperature coefficient for SC-cut resonators as compared to the earlier AT- and BT- 
cu t  resonators represents a major advance in the practical application of quartz crystal oscillators in 
nonideal environments using only simple ovens. bluch better thermal performance can be obtained 
using multiple ovens [26], aged high-performance thermistors [27], and compensated oven designs 1281. 
The tradeoff is increased complexity, size, weight, and cost. 

Temperature generally does not affect theehase noise or short-term frequency stability of an oscillator. 
However, in cases where the sustaining electronics is not temperature controlled, slight changes in gain 
and noise figure with temperature will be reflected in the output phase noise. Eteviews of the correlation 
ofoutput phase noise with the noise performance of the sustaining stage and output amplifier are given 
in I2-5. '291. 

Another important effect, especially with AT-cut resonators, is activity dips. Activity dips are due to 
the accidental overlap of some other mode of the resonator with the resonance mode. This coupling to 
the unwanted mode leads to increased losses and hence a reduction in the oscillator amplitude. The 
frequqncy of the resonator is also pulled by the coupling to the other mode, which usually has much 
higher sensitivity to temperature than the primary mode of oscillation. This leads to temperature- 
frequency coefficients that vary rapidly with temperature over very narrow ranges in temperature of 
the resonator [30-3.11. Figure 5 shows the frequency-versus-temperature performance of the primary 
clock in the Ginga satellite [33]. The nonlinear thermal coefficient near 18OC make i t  very difficult to 
model to accurately recover clock timing. SC-cut resonators and some types of lateral field resonators 
show much reduced incidence of activity dips and their associated quirks in the temperature coefficients 

The dynamic temperature effect and the possibility of an activity dip significantly complicates the 
specification and measurement of oscillator temperature coefficients. For critical applications the 
frequency must be measured over the entire operating temperature range using a model of the actual 
temperature profiles. 

[31-36]. 

B. RF Excitation Level 

The frequency of the resonator is also a function of amplitude of the signal level as shown in Fig. 
G [16, 18-20, 31, 37-39]. The  sensitivity to  this effect, usually called the amplitude-frequency effect, 
is a function of the blank curvature as shown in Fig. 7 (341. Typical sensitivities t o  this parameter 
range from approximately 10-9/pW for 5th overtone AT- or BT-cut resonators t o  parts in l O - ' ' / p ~ ~ ~  
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for 3rd overtone. SC-cut resonators at i S l H z .  The primary envi ronmenta l  drivers for ?:,is ei!f.'c. 

are temperature. humidity. or radiation changing the excitation level t h r o u s h  interaction i v i t h  ;he  
automatic gain control (-4GC) and the gain of the sustaining stage. Changes in the dc supply voltage 
can also affect the amplitude of oscillation by changing the .4GC circuitry. 

I 

C. Stress (Force) 

Stress on the resonator blank changes the resonance frequency through the nonlinear piezoelectric 
coefficients [11-21, 34, -10-4-L]. Stress is transmitted to  the resonator through the mounting structure. 
It can originate from temperature-driven dimensional variations in the vacuum enclosure, or changes 
in the press':- surrounding the vacuum enclosure, changes in the magnetic field causing a change in  
the mounting .orce due to the use of magnetic components. The stress on the resonator, due to the 
use of electrodes directly plated onto the resonator, can change with resonator drive, temperature. 
radiation exposure, and time. The stress due to  the electrode has been estimated [12-13, 201, but  
the changes with environmental effects such as vibration and temperature cycling are very difficult to 
estimate. Figure 8 shows the change in frequency of a traditional AT-cut plate due to diametricallv 
opposed forces in the plane of the resonator as a function of the angle between the applied force and 
the s axis [29]. BVA resonators are probably less sensitive to this effect due to their unique mounting 
arrangement [2O- 211. -4. 

D. Adsorption-Desorption 

Changes in the quantity or distribution of molecules on the surface of the resonator can lead to 
very large changes in the frequency of the resonator [6, 16, 46-48]. One monolayer added to a 3 
SlHz resonator amounts to roughly 1 part per million change in the frequency [L6]. SIajor drivers of 
changes in the background pressure and in the movement of adsorbed gasses are temperature changes 
and enclosure outgassing or leaks. 

The background pressure of helium inside the resonator enclosure can significantly increase i f  the 
vacuum enclosure is glass and the resonator is operated in an environment with large amounts of 
helium. A typical helium leak rate for a glass enclosure operating a t  80°C in a pure heiium environment 
is 5 x 10-3Pa/s .  Even in air at 80°C the helium builds up a t  a rate of approximately 2 x 10-8Pa/s  or 
about O. iPa /yr  [49]. The use of metal enclosures greatly reduces the helium ieak rate, but most metals 
outgas significant amounts of hydrogen and may contribute to the drift of some oscillators I29.491. -4 
typical sensitivity for an AT-cut resonator to a non-reactive gas is lO"/Pa (0.7 x 10'lo/Torr). 
Ceramic enclosures that  reduce the helium and hydrogen leak rates t o  negligible values have been 
developed [46]. There also is some question as t o  what portion of the residual phase noise in quartz 
resonators is due to  time varying rates of collisions with the background gas [48]. 

.' 

E. Acceleration/Vibration 

Although a large shock and/or vibration can change the long-term frequency of the resonator, the 
dominant effect is usually the instantaneous change in the frequency of the resonator due to changes in  
the stress applied to the resonator through the mounting structure [6,1.1,16,18-21,50-57]. The frequency 
change depends on orientation and is linear with applied acceleration or vibration up to  approximately 
50 g (191. See Fig. 9. The maximum sensitivity is typically of order 2 x lO-'/g. Significant effort has 
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been espended in minimizing this effect through compensation [ i 2 - i 4 ] .  mo!inting techniques :io- 2 L. 111- 

,jO..j2], and resonator fabrication techniques i'20-21]. The net sensitivity for specially compensated or 
fabricated oscillators ranges from approximately lo-" to 3 x per g. The change in frequency 
due to inversion "2g tipover test" is often biased due to changes in the temperature gradient as shown 
in Fig. 10. Although not commonly mentioned, magnetic field sensitivity can also bias the test since 
the magnetic field effect also is a function of position and motion [58-33). 

The phase noise of a resonator subjected to vibration is increased by an amount 

where is acceleration sensitivity and A is the applied acceleration. Figure 11 shows the quiescent 
phase noise of a 100 X I I 7 7  oscillator and that obtained with r = '1 x 10-9/g and A = 2cos2;rft. The 
increase in phase noise over that obtained under quiescent conditions is approximately 70 dB at a 
Fourier frequency of 10 k H z .  Even with l? = 1 x lO-"/g the degradation would be about 30 dB. 

.c F. Radiation 

Radiation interacts with the resonator in many ways. Although not fully characterized for each' 
resonator type and oscillator, i t  is possible to list some common aspects. A more detailed summary is 
found in [16]. 

Pulse Irradiation Results 

1. For applications requiring circuits hardened to pulse irradiation, quartz resonators are the least 
tolerant element in properly designed oscillator circuits. 

2. Resonators made of unswept quartz or natural  quartz can experience a large increase in series 
resistance, R,, following a pulse of radiation; the radiation pulse can even stop the oscillation. 

3. Resonators made of properly swept quartz experience a negligible change in R, when subjected 
to pulsed ionizing radiation (the oscillator circuit does not require a large reserve of gain margin). 

Steady-State Radiation Results 

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

2. At doses >1 Krad, frequency change is quartz impurity dependent. The ionizing radiation pro- 
duces electron-hole pairs; the holes are trapped by the impurity A1 sites while the compensating 
cation (e.g. Li or Na) is released. The freed cations are loosely trapped along the optic axis. 
The lattice near the A1 is altered, and the elastic constant is changed; therefore, the frequency 
shifts. Ge impurities are also troublesome. 

3. At lo6 rad dose, frequency change ranges from lo-" per rad for natural quartz to per rad 
for high quality swept quartz. 
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-4 t r equency  chsnqe 15 nespt ive  for n a t u r a l  quartz: i t  c an  be positiLcl or negatricl for cll:t lr,lf: 

j u e p  t c u l t u r e d  quart  2 .  

. 
5 .  Frequency change saturates at doses > LO6 rads. 

6. The Q degrades i f  the quartz contains a high concentration of alkali impurities: the Q of res- 
onators made of properly swept cultured quartz is unaffected. 

i‘. Frequency change anneals at 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 application of electric fields also tends to cause ions within the crystal to 
move which changes the frequency. T h e  net result is that the change in frequency generally has a 
fast component due to  the interaction with the crystal constants and one or more slower components 
associated with the movement of ions as shown in Fig. 12. The slower time constants depend ex- 
ponentially on temperature. 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 10‘” to per volt applied across the 
resonator. Large electric fields and elevated temperatures are sometimes used to “sweep” ions out of 
the quartz bar prior to fabrication resonators [16,60-63). 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-”/T [1.64- 
661. Most resonators are, however, constructed with magnetic hoiders. As the magnetic field changes 
the force on the various components of the resonator. This causes a frequency shift through the 
force-frequency coefficient discussed above. 

IV. Changes Within the Loop Electronics 

I 

hlany 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 modulation 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. 
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A.  Tuning Capacitor 

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

behere Co is the parallel capacitance and CI is the motional capacitance. It is not uncommon for 
the first term in Eq. 5 to be of order results in 
a frequency change of 10". Primary environmental parameters which change Cr, are temperature, 
humidity, pressure, and shock/vibration. 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, i f  present. C h a n g s  in the supply voltage, XGC and temperature all change 
the input capacitance of the sustaining sta'ge 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 XGC and the sustaining stage and thereby change the effective 
input capacitance. 

[IS]. In this case a change in CL of only 

B. M o d e  Selection/Tuned Circuits 

\lost oscillators use matching circuits and filters to adjust the loop phase to approximately On and, 
especially with SC-cut resonators, to suppress unwanted modes. The phase shift across a transmission 
filter is given approximately by Eq. 1 with the Q in this case being that of the tuned circuit, Q c .  The 
fractional change in output frequency due to  small changes in either circuit inductance, L c ,  or circuit 
capacitance, Cc, is approximately given by 

1 Q c d c  d L  
D v / v  ry - cv -- + -. 

2Q Q Cc L c  

Far from resonance the change in loop phase with change in filter capacitance or inductance is generally 
much less than that given by Eq. (1). This suggests that  the use of notch filters t o  suppress unwanted 
modes is probably superior to the use of narrow-band transmission filters. 

The values of most resistors, inductors and capacitors, and even parameters associated with the active 
junctions, are a function of temperature, humidity, current, or voltage. Significant improvements in 
the medium-term frequency 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- 
n" oscillator due to a change in relative humidity from approximately 20% to 100% [22-231. This 
fractional change of frequency is about 1000 times the normal 1 s frequency stability of 3 x 
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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 dB of isolation corresponds to a maximum phase deviation 
of lo-* radians. 

* 

For Q N lo6 and isolation of 40 dB, the maximum pulling is approximately Au/v = 5 x lo-'. This 
is an approximate model 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 com- 
plicates matters significantly since changes in orientation within the magnetic field lead to  frequency 
shifts and motion dependent effects. Therefore movement, acceleration, and or vibration certainly 
leads to 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. Xccel- 
eration and vibration of circuit elements in the absence of a magnetic field lead to phase/frequency 
modulation. These effects are difficult t o  separate from those due to changes of stress applied to the 
resonator, but are no doubt present and may in some cases prevent accurate measurements on some 
low-g-sensi tive resonators (1,56,57,64-66). 

.l*r 

D iscussio n 

The frequency stability of quartz-crystd-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 by appropriate attention .to 
circuit design and/or shielding. Among the remaining environmental drivers, temperature is probably 
the most significant. Most oscillator ovens could be significantly improved using better circuits and 
better insulation. Magnetic shielding may be necessary to actually realize the full performance of 
low-g sensitivity resonators. Pressure and humidity effects can be very serious 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 t o  be done to  refine the characterization 
of sensitivity t o  various environmental parameters. 
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Table 1. Typical frequency versus temperature coefficients for an AT-cut resonator ;vl th  J. +:li~,~. ,+: 

temperature of S3'C as a function of oven parameters. Frequency stability of 1 x reqiiirej 
ATldt < 10n l i / s .  

.1 Oven Offset Oven Change 
mK klOOmK k 1 0 m K  k 1 m K  kO.1 mK 

0 3 x 10-'O 3 x 3 x 10"" 3 x 1o-l5 
1 3 x lo-'' 5 x 2 x 6 x lo-'' 

10 5 x lo-'' 2 x lo-'' 6 '<. 6 x 
100 2 x lo-' 6 x 10'" 6 x 6 x 

Avlv  2 3 x 10-'AT2 + lo-' dTldt 

Oven Offset 
mK 

1 
10 

100 

o 

Oven Change 
k 1 0 0 m K  k 1 0 m K  f l  mK fO.l mK 

4 x 10-l' 6 x 2 x 8 x 
6 x 10'" 2 x 8 x 8 x 
2 x lo-'' 8 x lo-'* 8 x 8 x 

4 x 10-11 4 x 10-13 2 x 10-15 4 x 10-17 

.c 

Table 2. Typical frequency versus temperature coefficients for a SC-cut resonator with a turnover 
temperature of 85OC as a function of oven parameters. Frequency stability 1 x requires LTldt < 
330n K / s .  

A v / v  = 1 x 10-'T2 + 3 x 10-7dT/dt 
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Table 1 .  
r e s o n a t o r  w i t h  a t u r n o v e r  t empera tu re  of 8 2 i 5  as a f u n c t i o n  of  oven 
p a r a m e t e r s .  

T y p i c a l  f requency  v e r s u s  t empera tu re  c o e f f i c i e n t s  f o r  an AT-cut 

Frequency s t a b i l i t y  of 1 X 10 r e q u i r e s  AT/dt c 10 nK/s. 

Av/v = 3 X 10-8AT2 + 

Oven O f f s e t  Oven Change 

dT/dt  

mK ? loo  +mK +, 10 mK + l m K  5 0 . 1  mK 

0 3 x 1 0 - l 0  3 x 3 x 1 0 - l ~  3 1 0 - l ~  

1 3 x 10-l0 5 x 10-l2 2 x 6 x 

10 5 x 2 x 10-11 6 x 6 x 

100 2 x 6 x lo-" 6 x 6 x 
r* 

Table 2 .  
r e s o n a t o r  w i t h  a t u r n o v e r  t empera tu re  of195"C as a f u n c t i o n  of  oven 
pa rame te r s .  

T y p i c a l  f r equency  v e r s u s  t empera tu re  c o e f f i c i e n t s  f o r  a SC-cut  

Frequency s t a b i l i t y  1 X 10- r e q u i r e s  AT/dt < 330 nK/s. 

Av/v = 4 X 10 -9 AT 2 + 3 x lo-' dT/dt  

Oven O f f s e t  Oven Change 

mK t100 mK k 10 mK f l m K  t 0 . 1  mK 

- 0 4 4 1 0 - l ~  2 1 0 - l ~  4 10-l' 

1 4 x 10"' 6 x l d 3  2 8 x 

10 6 x 10-l' 2 x 8 x 8 x 

100 2 x lo-'' 8 x 8 x 8 x 
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4 

Fig. 1 Simplified block diagram of a quartz-crystal-controlled-oscillator. 
Loop gain = 1 and loop phase = n2n n = 0,1 ,2  . . . .  

FREQUENCY-TEMPERATURE-OVEN CHARACTERISTICS 

I TURNOVER POINT 7 

I /  OVEN CYCLING RANGE 

t/ 

I 

Fig 2. Iualized frequency versus temperature c u w e  for a quartz resonator. 
The turnover point and the oven offset from turnover are indicated. From 
[I61 
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Fig. 3 .  Frequency v e r s u s  t empera tu re  f o r  a 5 MHz AT-cut r e s o n a t o r .  
temperature  cu rve  is shown i n  cu rve  1. 
wi th  t4OC s i n u s o i d a l  t empera tu re  c y c l i n g  a t  a sweep f r equency  of  9 . 2  x 
Hz-curve 2 ,  3 . 7  x lo - '  Hz-curve 3 ,  and 7 .4  x lo- '  Hz- cu rve  4 .  
the  c u r v e s  y i e l d s  a dynamic t empera tu re  c o e f f i c i e n t  of  - 1 . 3  x lo - '  s/OC. 

The s t a t i c  
The o t h e r  c u r v e s  show t h e  r e sponse  

A model f i t  t o  
From 

SC cut 3rd  overtone 5 Wiz (101 * 
n 

I- \ 
1 I 

56  58 6C 62 64 
c 

Temperature ( O C )  
Fig.  4 .  Frequency v e r s u s  t empera tu re  f o r  a 5 t M z  SC-cut r e s o n a t o r .  
temperature  cu rve  is shown in c u r v e  1. 
with k 4OC s i n u s o i d a l  t e m p e r a t u r e  c y c l i n g  a t  a sweep f r equency  of 9 . 1  X 10" 
Hz-curve 2, and 1 . 8  x 1 O - j  Hz-curve 3 .  
dynamic t empera tu re  c o e f f i c i e n t  o f  3 x 10" s/"C. 

The s t a t i c  
The o t h e r  c u r v e s  show t h e  r e sponse  

A model f i t  t o  t h e  c u r v e s  y i e l d s  a 
From f l o l .  
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Fig. 6. 
resonator. From [19]. 

Frequency versus the rf excitation level for a 5 MHz AT-cut 
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Fig. 7. 
sC-cut resonators. 
margin. From [ 16, 3 3 1 .  

Frequency versus the rf excitation Level for AT-, BT-, and several 
The approximate power levels are indicated on the left 

Frequency Change for in Plane Forces 

AT-- 

'-0 20 40 60 80 ,100 120 140 160 180 
X z -+ X 

Fig. 8. Frequency shift versus diametrically opposed forces in the plane of 
the resonator as a function of the angle between the force and the azimuthal 
axis. From ( 2 8 1 .  
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Typical sensitivity of a AT-cut resonator to acceleration as a 

Fig. 10. 
Position 1 and 6 are the same. 
after the rotation. 
gradient within the oscillator. 

Frequency of a precision oscillator as a function of orientation. 

This is likely due to small changes in the temperature 
Note the slow change of frequency immediately 

From [ 2 3 ] .  
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F i g .  11. 
induced phase noise from the application of sinusoidal acceleration at 
amplitude 2 g. 

Quiescent phase noise of a high quality 100 MHz oscillator and the 

An acceleration sensitivity of 2 x 10'9'g has been assumed. 
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F i g .  12. 
after the change in voltage is due to the movement of ions within the 
resonator. From Gagnepain [ l ] .  

Frequency of a function of applied voltage. The slowvariatio* 
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Fig. 13 
humidity. Fractional stability is approximately 2 x at 1 s .  From [ 2 2 ] .  

Frequemy change of quartz controlled oscillator due to a change in 
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