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Measurement of the Short-Term Stability of Quartz 
Crystal Resonators and the Implications for Crystal 

OsciIIator Design and Applications 

I ~ R I C D  I,. WAI,LS A N D  ARTHUR E. WAINWRIGHT 

Absfracf-A new technique is p asented which makes it possible 
to measure the inherent short-term stability of quartz crystal res- 
onators in a passive circuit. Comparisons with stability measure- 
ments made on crystal controlled oscillators indicate that noise in 
the electronics of the oscillators very seriously degrades the inherent 
stability of the quartz resonators for times less than 1 s. A simple 
model appears to describe the noise mechanism in crystal controlled 
oscillators and points the way to design changes which should im- 
prove theu short-term stability by two orders of magnitude. Calcula- 
tions are outlined which show that with this improved short-term 
stability it should be feasible to multiply a crystal controlled source 
to 1 THz and obtain a linewidth of less than 1 Hz. In many cases, 
this improved short-term stability should also permit a factor of 100 
reduction in the length of time necessary to achieve a given level of 
accuracy in frequency measurements. 

m w ” c T I o ~  

IXYSTAL controlled oscillators play a key role in fre- C quency metrology in that they arc’ used in nearly all 
precision frequency measurement and generation devices. 
Measurements of the inherent frequency stability of the 
quartz crystal resonators used in the frequency control 
of oscillators are therefore of particular interest. 

The technique described here permits one to  nreasure 
the inherent frequency stability o f  quartz crystal reso- 
nators in a passive circuit without the noise usually associ- 
ated with an active oscillator. Comparisons with stability 
measurements made on crystal controlled oscillators indi- 
cate that noisr in  the electronics of the active oscillators 
very seriously degrades the inherent stability of the 
quartz resonators for times lvss tlian 1 s. I ~ P I ~ C C ,  in addi- 
tion to  making possible the (valuation and modeling of 
the frequency stability of curystnl resoiiators and the de- 
pendence on various manufacturing processes, t hesc meas- 
urement tcchiques also inakr it possible to  evaluate 
directly the degradation o f  the frequency stability due 
t o  differrnt oscillator circuits. A siniplc niodrl is developed 
which appears to explain this degradation i n  stability and 
which also points thr way to design changes in crystal 
oscillators which should greatly improve their short-term 
stability. 

Calculations indicate that with this  improvrd short- 
term stability, it should be feasible to  frrqucnry niultiply 
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‘Fig. 1. Passive cryst.al measurement system. 

a crystal controlled source to 1 THz and obtain a line- 
width of less than 1 Hz. This would make possible a much 
more precise transfer of frequcncy information and sta- 
bility between thehfrared and RF regions of the spec- 
trum than is possible now. In many cases, this improved 
short-term stability would also permit a substantial reduc- 
tion in the length of time necessary to reach a given level 
of accuracy in frequency measurements. 

h4EASURERlENT TECHSIQUES 

The frequency stability of the crystal resonators has 
been measured in the system schematically shown in 
Fig. 1. Two crystals which are as identical as possible are 
driven from the same low-noiso sourcv. I3y caroful adjust- 
ment of crystal tuning and the balancing of the relative 
Q’s, the output from the mixer can be made first ordrr 
insensitive to  both residual amplitudr arid frequency 
modulation in the source. This reduction o f  noise from 
the source makes it possible to mrasure small tinick vary- 
ing frequency deviations of thtb crystals. Sprcial care must 
be taken to operate the mixer a t  the ac quadraturr point, 
which is usually slightly different from the dr  zero point, 
in order to realize the full potcntial of this method. T h o  
high sensitivity of this systvm for detwting frequrncy 
changes of the crystals can be found from analyzing thc 
equivalent circuit shown in Fig. 2. 

The complex amplitude of the voltage appearing at thcx 
mixer input from either crystal, labelrd i s  propor- 
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tional to  the following frequency dependent terms 

where i t  is assunled that 

-= 1 * uo* 1 
I J X C X  - = wozJ LLCL 

b W  0 0  - << 1, 
Y X  2 Y X  

where - = unloaded Q of tlic crystal 

wo 
Y L  >> Y X ,  - = unloaded Q of the LL, C L ,  RL  circuit 

2 - Y L  

1 - > Rs > RL. 
W O C l  

One notes that there is n p I i ~ ( :  shift across the circuit 
which is proportional to the. frequency difference bet\veen 
the source and t.he natural resonant frequency of the 
crystal. This phme shift under the preceding assumptions 
is just 

(3) 

for y/2r = 1 Hz, the rnixer output is, therefore, 170 mV 
per Hz frequency change in thr ~iaturnl resonant frequency 
of either quartz r(w)Iiator, :wsuniing they both havc a 
bandwidth of 2 Hz. 

The signal from tht. inixcr is thcn processed for rithw 
frequency or tinir domain dat a ( w e  I;ig. I ) . S l w t  ra l  
a d y s i s  of thr  mixm oiit,i)nt yicMs [S,( f)]I '*,  S,( f) h i n g  

Thcb time domain data is takm wing n voltage to frc- 
queiiry ronvcbrtc.r : ~ i i d  :I ~*onii~utiiig r o u i i t  i b r .  'l'hc. :tvc.r:igc. 
frequency iiwasurc~ci by tlrc c*ornputitig (*ountcr diiriiig a 
saniple t>inie r has a compoiicwt whit-li is pri~portioii:il t,o 
the average frequency doviation b d  \ w ( ~ i  thv two crystals 
during the sample time r .  I3y taking niany conscnutivt. 
rneasurcnients a t  each saiiiple tirnr r ,  oitc (*an r-oniputc. 
the Allan vari:rnce u:( r )  in  the usual \ray [ 13. 

The actual t i m r b  domain data \vas takvn using a scwmcl 
diffcrencr incthod ivhich reiiiovcd l i n c w  frcqueiic*y drifts 
of the crystals. Sincc tlic objvrt of this work \vas t o  in- 
vestigate the short-twin stability of rrystal rcson:ifors 
and crystal controlled oscillators, this :tpprowli grc-ntl> 
reduced the rcquirrmrrits on t t i c h  tcmpwatiirc stdilit y oC 
the enclosures \vithout any sacrifice in data quality. 

the spectrH1 density o f  frcqucncy fluctu a t '  1011s. 

note that EXI'EIIIhIENTAL RISSUL'I'S 

Y X  5 Y 
Rs + R L  

RS 

is 3 the loaded angular bandwidth which in most cases is 
very close to  y x .  Identical results are of course obtained 
for the other crystal. The 90" phase shifter \vm made 
from a variable length delay line. The double balance 
mixer is used as a phase detector and produces a dc volt- 
age which is proportional to the instantaneous phase dif- 
ferenc-e from We between the two signals. The mixer 
sensitivity was t y p i d l y  3 mV per degree phmr difference 
from 90" which, when used with (3) yiclds a niixer ontput 
( in  volts) of  

Aw 360 
y 2% 

1' = - - - - 0 . 0 3  V 
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Frequency domain data for a 5-MHz cr s t d  pair with a Fig. 5. bandwidth of 200 HI, 5A-200, at 28 J, C. 

flicker of frequency region is 

by ( 7 )  = (2 In 2h-1) (*5) 

while for the random walk frequency modulation region 

UY(7) = c+ *q2. 
The most surprising r tw l t  is the indication, from the 

frequency domain data, that the time domain stability 
improves as one goes to  measurcmeiit times which are 
shortrr than the inverse half angular bandwidth. The 
functional dependence on measurement time in this region 
is ~ ~ ( 7 )  - 71/2. 

Frequency domain measurements on a low-Q 5-AIHz 
crystal pair are sho \v~ i  in Fig. 5. As in the case o f  the 
10-hlHz pair, &( $) goes as h-1j-l o u t  to :tpproximately 
the half-bandwidth point (100 Hz) and tlien goes as 
h-2f2 .  Again, tlic froquency doni:tiii data iiidirate that 
cry(.) goes as ~ 1 ' 2  for 7 < l/r. Direct confirmation of this 
requires ~nc:isurc~ments o f  uY( 7 )  at s k i i i p l ~ ~  t h i s  of order 
IO-' s wliicli rould r ic i t  be inadti with this alquratus duv 
to dead time problems [I 7. The solution to this problem 
i4 t o  rsniniiic tlic' d:ita for a high+ v r ~ - s t i i I  1):iir nhc*rca 
l/r is o f  ordrr 1 s. 

1 IO 100 

f lHr )  

Fig. 6. Frequency domain data for a 5MIIe crystal pair with a 
bandwidth of 2 He, 5B-2, at 28°C. 
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Fi . 7. Time domain data for crystal pair 5U-2 along with the 
frequency domain data of Fig. 6 transferred to time domain. 
Also shown are the time domain data for a high quality oscillator 
controlled by one 5B-2 cryst,al at 65°C. 

Fig. 6 shows the frequency domain data from a 3-hIHz 
crystal pair with a bandwidth of 2 Hz. Transition from 
the f-' to f-z behavior sliould occur a t  1 Hz which is the 
lower limit of the specstrum analyzer used. Xote  that 
S,( f) goes as f-' out to at least 50 Hz so that onP should 
expect u,(t) to go as the square root of t from a t  least 
time of order (2*50)-' or 3 ms or smaller. Fig. 7 sliows 
the time domain data for this crystal pair along with tlic 
frequency domain data transferred to time domain. 

The increase in stability for timw less tliaii the iriversc 
bandwidth is confirmed by these me:wureiiieiits. As orie 
goes to shorter and shorter times the stahility beiwmcs 
worse again due to noise in tlic isolation aniplifier aid tlir 
measurement system. This noise causes an uncertainty in 
the measureirient of the position o f  thc zero crossiiig. I f  
the noise is ivliitc then the frtque1ic.y fluctiintioris n i l l  
have a white phase modulation character and ~ " ( 7 ) .  will 
go 3s 7-I for timw 1nrgc.r t h i n  t h  iiivvrw I ) n n c ~ \ \ - i t l t  11 of 
tlie measureiiient systeki. 
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The influence of the additive Johnson noise in the elec- 
tronics on the measured stability can be understood using 
the following simplified model referred to Fig. 2. Multipli- 
cative phase modulation in the isolation amplifiers has 
been reduced by the use of local negative feedback as 
originally suggested by CZ). Assume that the source 
voltage is A0 cos wot and that there is a white noise voltage 
a( t )  with effective bandwidth b referenced to  the isolation 
amplifier input. Then the effective amplifier input is 
approximately given by 

1 
A0 cos wot + a c ( t )  cos wot 

1 
v ( t )  =- 

WOCL (Rs + R L )  
+ n s ( t )  sin wut (7) 

where a c ( t )  cos mol and a s ( t )  sin wot are the in-phase and 
quadrature components of the noise, respectively, and 
have zero-mean value and bandwidth b / 2 .  The rnis values 
of ac ( t )  and a s ( t )  equal the rms value of a ( l )  and there is 
no correlation between them, Le., 

( 8 )  

a,s(t)ac(t)  = 0. (9) 

- nc41> = Z t T  = d(1) 

The average slope a t  zero crossing is 

The quadrature component of the noise leads to  an 
rms uncertainty in the zero crossing of approximately 

for times greater than 1/2b since i t  takes about that much 
time for a s ( f )  to ;tssuine a new value. Therefore, 

For times shorter than 1/2b i t  can be shown [3], [4] 

The line labeled “Jphnson noise from amplifier” indi- 
cates the estimated contribution of our measurement sys- 
tem to u , ( T ) .  Calculations of the Johnson noise in the 
series loss resistelice of the crystal R, show that this con- 
tribution to u,(r) is very small compared to  that of most 
active circuits. 

For comparison, the stability of these same two crystals 
in a high performance crystal oscillator a t  65°C is also 
indicated in Fig. 7. Note the dramatic difference in sta- 
bility for times less than 1 s. This difference is just the 
noise contribution due to  the electronics in the crystal 
controlled oscillators. The difference for measurement 
times greater than 1 s is primarily due to the decrease in 
the stability of this crystal pair at 65°C. Fig. 7 vividly 
illustrates the power of this technique for evaluating crys- 
tal controlled oscillator circuits. 

The character of the oscillator stability for times less 
than 1 s is very similar to that of the crystal measiircments 
below 10 ms only the level is higher. Using (12) and 
assuming a crystal drive of order 1 pW, Rs  = 100 Q, 
~ ( t ) ~ , , , ~  = (2 nV/Hz) (4 X IO4 HZ)’’* = 400 nV, yields 
u,(r) = as observed. 

This suggests (in arcordance with widely held hliefs- 
see, c.g., [4], [5] that Johnson noise sources in the ampli- 
fier and oscillator stages that arc’ not filtered by the crystal 
are the cause of the observed noise in this and niost low 
drive cryst8al oscillators. Sliort-term stability could I)(> 
greatly improved merely bv increasing crystal drivc. A 
factor of 100 increasc in crystal drive should l)roductb :I 

factor of 10 improvenwnt in  t lip short-twin s td i l i ty  o f  
the oscillator. ltecent nieasurein(~iits by J. Grosslanii)t~rt, 
G. Marianneau, N. Oliver, and .J. Uebcrsfcld on a crystal 
controlled oscillator with 50 p W  of crystal tlrivc, yield :L 
factor of 10 improvement, in t,lic. short-term stability ovw 
results for the oscillator with approximatc4y 1 p W  of  drivr 
shown in Fig. 7 [GI. In both oscillators multiplicative 
phase modulation was reduced by local negativcb feedbark 
[2]. Additional improvement can be obtaiiied by using a 
high input impcdnticc huRrr aniplifier :ind driviiig it \\.it Ii 

a series tuned tank froiii a point, in the osrill:itor wlicw 
the noise is bandwidtli liiiiitcd by the crystal, ns i n  Fig. 2. 
This increases A without charigiiig ( I  ( 1 )  , sinct: a ( 1 )  is pri- 
marily determined by the .Johnson noise in the stages 
following the basic oscillator. 

Stability measurements on 5 crystal pairs suggest that 
the flicker of frequency level is roughly proportional to 
Q-’. That is high-Q crystals generally have a correspoiid- 
ingly lower flicker of frequency Ievcl, however, crystals 
with the same Q can vary as much as a factor of 10 i n  
stability in the flicker region. This indicates that fabrica- 
tion techniques have a considerable influence on stability 
beyond just considerations of the obtainable Q. The meas- 
urement system described here could easily bc used to 
examine the influence of various manufacturing procwsc’s 
on crystal stability. Some measurements versus temper- 
ature were also made. The 5B-2 cryst,al pair demotistratcd 
a factor of 2 higher stability a t  25°C than a t  eithrr - 75°C’ 
or +6.5”C. Another 6-RIHz crystal pair \\-it11 thc saiiiv (2 
was a factor of 2 more stable a t  66” than a t  25’ achieving 
a level about 2 times more stable than even the 513-2 
crystal pair illustrated in Fig. 7. 

Since both crystal pairs were high-quality 5th ovcartonc 
AT cuts, these measurements are not conclusive. It ap- 
pears necessary to make stahility measurcment vrrsus 
temperature over a very wide temperature range \\-it11 
many intermediate points in order to understand the tvm- 
perature dependence. 

APPLICATIONS FOR CRYSTAI, OSCII,LATOIK3 
WITH IMPROVED SHORT-TERM STABILITY 

There are a number of itnportaiit applications for rrystal 
controlled oscillators with greatly improved sliort-torni 
stability. 
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1) Use as a source for multiplication to  the infrared. 
The linewidth could be nearly 1500 times narrower than 
for any previous system and nearly lo6 times narrower 
than prrvious crystal controlled oscillator systems [7], [SI. 

2) Use as ashort-term base in counting systems toreduce 
the time necessary to  achieve a given level of accuracy. 
In some cases acquisition times could be reduced by more 
than a factor of 100. 

3) Use as a short-terni local oscillator for precision fre- 
quency standards. One of our prrscnt standards, NBS-5, 
is partly limited now by thc stability of its local oscil- 
lator [9]. 
Future standards will need even better short-term sta- 
bility. 

MULTIPLICATION TO T H E  INFRARED AND 
T H E  CALCULATION 01‘ L1NEWII)THS 

There is today a growing need for frequency measure- 
ments and frequency control in the infrared to optical 
region of the electromagnetic spectrum. Onc of the prob- 
lems associated with multiplying the frcxquency of a crystal 
controlled oscillator to thcsr high frequencies is that, the 
fad, lincwicltli or irist:uitanc.ous 3-dH l incwi t l  t I i  of tl iv sig- 
rids hccomrs very largo (anotlicr considrmt,ion is of course 
signal-to-noise) . For examl)lc, a stat>c-of-the-art commer- 
cially available quartz cryst.al oscillator would yirld a fast 
linewidth W f  of nearly 1 MHz when rnultiplicd to  1 THz- 
even using a perfect multiplier chain. This is to  he com- 
pared wit.h its fast lincwidth of approximately l e 6  Hz a t  
5 MHz and Hz a t  10 GHz. This will be discussed in 
detail below. Analysis shows that a fact,or of 5 improve- 
ment in the short term stability would reduce thc line- 
width a t  1 THz to only a few hertz. The reduction in 
linewidth would allow the detector bandwidth to  be 
greatly reduced which should also improve the detected 
signal to  noise ratio. This would improve one’s ability to  
measurc or control frequencies in the infrared and provide 
a platform for multiplication to the visiblr. 

The fast lincwidth W f  can be estimated from the follow- 
ing approximate cxprcssion 

where Y is the frequency at which W f  is being calculated. 
Note that S,( f)v*/p is just the spectral density of phase 
fluctuations at frequency v .  

Equation (14) integrates thrse phase fluctuation sa sa 
function of Fourier frequency from Q) to W / / r  such that 
the total rms phase fluctuation is equal to 1 rad. One 
radian is approximately the pha.se fluctuation necessary 
to  make the signal out of phase with itself. 

The integral in (14) is easily broken up into parts to 
handle the various dependcnces of S,( f) on f, found in 
laboratory devices, c.g., see Fig. 8. For a single power law 
dependence of S,( j) on f, equation ( 14) yields values for 
Wf which are within a few percent of those derived by 
Halford in his pioneering paper [IO]. The comparison 
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Fig. 8. Fr uency domain data for: (a) high quality oacillator 
controllecleBy one 513-2 crystal, (b) S M H ~  to !)-Grin multiplier 
chain, (c) 5B-2 crystal plus Johnson noise of measiirPment system. 

Camparison of several estimates of the fast lincwidlh M’, as R 
function of the type of noise present. &(,) is awimed t o  foll(iw R 
single power law dependence on Fourier frequency offset, from the 
carrier f over the entire rep;ion of interest. 

for several types of commonly encountrred t yprs of noisc 
are given in Table I. Curve n of Fig. 8 sho\vs X,( j )  calcu- 
lated from the measured oscillat]or stability (’urvrs of Fig. 
7. This was done using ( 5 )  in the flirkcr of frcqurnry 
region and u,(T)  = 3 b h - 2 / ( 4 r 2 ~ 2 )  i n  the white ptmsc 
modulation region. In addition, a single pole filter cen- 
tered at 5 MHz with a bandwidth of &‘LO kIIz was a s r d  
to  keep S,( f) finite at high frrquencies. This valuch is also 
consistent with measurements of the bnntlwidth of thv 
amplifier section of the oscillator. Curvr b of ll’ig. 8 s h o ~ s  
the measured S,( f )  for our low noise .‘i-hlHz to 9.2-GHz 
multiplier chains. Curve c show &( j) for crystal pair 
5B-2 from Fig. 6 plus the estimated Jotiiisoii noisc shown 
in Fig. 7. Again a f20-kHz singlc-pole pass-band Iiltcr 
has been assumed. 

Curve n of Fig. 9 shows the linewidth calrulatcd from 
curve n of Fig. 8 using (14) as R. function of find oiitpiit 
frequency Y. ,Ilthough this rrsult is vrry surprising and 
totally unanticipated from earlier ca1cul:itioiis \\ hrre S, (  1) 
was aqsumed to  follow a single power law dependencv on 

[lo] it is consistent with measurements using similar 
oscillators and multiplier chains [7], [SI, [IO], [I I], 
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o u i p u i  F R C Q U E N C V  

Fi . 9. Dependence of the fat  linewidth on the synthesized output 
frequency for an input epectrum given by: (a) curve a in Fig. 8, 
(b) the Bum of curves b and c in Fig. 8. 

where t.he linewidth increased from less t,han 1 Hz a t  10 
GHz to  nearly 1 MHz at 0.9 THz. The actual change in 
the dependence of Sv( f) on f is of course more gradual 
than assumed in the model for the calculations. This 
would tend to  increase the frequency span over which 
the linewidth step shown by curve n oceurs. Nevertheless, 
the basic result of nearly 5 orders of magnitude increase 
in linewidth when Y is increased from approximately 130 
to 500 GHz should be valid. 

Curve b of Fig. 9 shows the resulting linewidth calcu- 
lated from (14) as a function of Y ,  assuming that Sv( f )  is 
given by the sum of curves b and c in Fig. 8. We thus 
derive the fast linewidth appropriate to driving our present 
X-band multiplier chains with a crystal controlled oscil- 
lator which realizes the inherent stability of the crystal 
resonators shown in Fig. 7. The linewidth for frequencies 
above the step at approximately 2 THE is then dominated 
by the X-band multiplier chain. Further improvements 
in these multiplier chains would permit the linewidth step 
to  be moved to even higher frequencies. The effect of 
noise on W, in the frequency multiplication from 10 GHz 
to  the THz region is of course reduced by 4 X lo6 over 
the initial stages. 

CONCLUSION 
A new technique which allows t,he measurement of the 

inherent frequency stability of quartz crystal resonators 
was introduced. Measurements using this technique drm- 
onstrated that the resonators are much more stable than 
the corresponding crystal controlled oscillators, especially 
for timcs less than 1 s. The utility o f  these techniques for 
measuring the effects of different oscillator designs on 
stahilit.y, as we11 as the possibility of cvalurstion and opti- 

mizing manufacturin,g procow’s to prwlucc cryst,al reso- 
nators with bett,er short-term stability was dernonstratcd. 
A simple model of noise dcgradation in cryst,al controlled 
oscillators a t  short measurcmmt times and suggested de- 
sign changes t,o niinimizr tthis effect \vcr(x also given. A 
method for cstimating the fmt linewidth (instantaneous 
3dB linewidth) of a signal a5 a function of freqiicncy ww 
presented. I t  Was shown that, crystal oscillators, i f  featur- 
ing short-term stabilitirs equal to thosc: of t,he prescnt 
crystals, would yield fast 1inewidt.h~ of Icss than I €12 

after multiplication to 1 THz. 
This is nearly a factor of 106 less than prrsent crystal- 

controlled oscillators and a factor of  1500 less than prcvi- 
ously obtained with any system at 1 THz [7]. Sur11 per- 
formance would thereforc greatly aid frequency metrology 
in this region of the spectrum as well as provide a plat- 
form for multiplication to higher frequencies. Wc ftrv con- 
tinuing work towards realizing this performance potcntial. 
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