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Sumnary 

The s t u d i e s   o f   q u a r t z   c r y s t a l   o s c i l l a t o r   f r e q u e n c y  
i n s t a b i l i t i e s  show t h e y   a r e   n o t   e n t i r e l y  due t o   e l e c -  
t r o n i c s   n o i s e   b u t   t h e   q u a r t z   r e s o n a t o r   i t s e l f  must  be 
considered as a noise  source. The prev ious   inves t iga-  
t ions   o f   resonator   f requency   no ises   (g iven  by F. Walls) 
gave an i m p o r t a n t   i n d i c a t i o n   a b o u t   t h e i r   l e v e l s .   T h i s  
work   p resents   the   resu l ts   o f  measurements o f  frequency 
f l u c t u a t i o n s   o f   q u a r t z   r e s o n a t o r s  used  as pass ive  four-  
po r t s .  The n o i s e   i s   c h a r a c t e r i z e d   i n   t h e   f r e q u e n c y  
domain. 

Severa l   no ise  sources  cont r ibute  to   the  f requency 
f l u c t u a t i o n s .   C o r r e l a t i o n   w i t h   e x t e r n a l   p e r t u r b a t i o n s  
as v i b r a t i o n s  and  temperature  f luctuat ions  are  studied. 
I n   t h e  power dens i ty   spec t ra   the   no ise   a t   the   lowest  
Four ier   f requencies i s   r e l a t e d   w i t h   t h e r m a l   e f f e c t s  
and main ly   wi th   thermal   s t resses.  The f l i c k e r   n o i s e  
l e v e l   i s   p a r t i a l l y   r e l a t e d   w i t h   t h e   r e s o n a t o r   d e s i g n .  
D i f f e r e n t   k i n d s   o f   r e s o n a t o r s   a t   d i f f e r e n t   f r e q u e n c i e s  
a re  used w i t h   p a r t i c u l a r   p l a t i n g   t y p e s  and  shapes. 

I n t r o d u c t i o n  

To i m p r o v e   t h e   q u a r t z   c r y s t a l   o s c i l l a t o r   s t a b i l i t y  
i t  i s   i m p o r t a n t   t o  be a b l e   t o   s e p a r a t e   i n   t h e   n o i s e   t h e  
p a r t  due to   the   resonator   f rom  the   par t  due t o   t h e   e l e c -  

no ise  have  been  performed  by F. Wal ls [ l ]  a t  5 MHz and 
t r o n i c s .  Measurements of  resonator  resonance  frequency 

10 MHz. The present  work i s  a con t inua t ion   o f   t hese  
previous measurements. 

The s h o r t - t e r m   s t a b i l i t y   i s   m o s t l y   l i m i t e d  by the  
add i t i ve   thermal   no ise  and the re fo re   cou ld  be improved 
by i n c r e a s i n g   t h e   d r i v i n g   v o l t a g e .   B u t   r e l a t i v e l y   h i g h  
powers  cannot  be  achieved  because  they  increase  the 
f l i c k e r   n o i s e   l e v e l ,  and the  ampl i tude  to   f requency 
noise  conversion. On the   o the r  hand t h i s  can  have  an 
i n f l uence  on t h e   l o n g - t e r m   s t a b i l i t y ,  as the power 
d r i f t s  will be conver ted   t o   f requency   d r i f t s .  

The l o n g - t e r m   s t a b i l i t y   i s   a f f e c t e d  by the   e lec-  
t r o n i c  components and, p r i n c i p a l l y ,  by a change o f  
resonator  parameters  wi th age. These phenomena are  
re la ted   t o   t he   t echno logy  and some mechanists l i k e  

-. .. i m p u r i . t y ~ . m i ~ g r . ~ t i ~ ~ ~ ~ .  the .crystal .1att i&  surface 
transformat ions, and leaks   i n   t he   enc losu re .   The re   i s  
a l s o   s t r e s s   r e l a x a t i o n   i n   t h e   e l e c t r o d e s  [Z] .  One 
i n t e r e s t i n g   s o l u t i o n   i s   t h e   a c t u a l  development o f   e l e c -  
t rodeless  resonators  [3]. 

The s t a b i l i t y   i n   t h e   r e g i o n   f r o m   a b o u t  1 S t o  100 
S i s   l i m i t e d  by t h e   f l i c k e r   n o i s e  and the  random walk 
frequency  noise. These n o i s e s   a r e   d i r e c t   m o d i f i c a t i o n s  
of   the  resonator  resonance  f requency.  Their   physical  
mechanisms are  not  understood  vet  and the   bes t  way t o  

t i c a l  by means o f   t h e   r e s i s t o r s  r:, r2 and o f   t u n i n g  
c a p a c i t o r s   r l a n d  r 2 ,  are   d r i ven   i n   t ransmiss ion   by  
the  source S and t h e i r  phases are  compared w i t h   t h e  
double  balanced  mixer M ] .  An ad jus tab le  phase s h i f t e r  
permi ts  one to   opera te   the   mixer   a t   the   quadra ture   po in t .  
The phase n o i s e   a t   t h e   m i x e r   o u t p u t   i s   p r o p o r t i o n a l   t o  
the   resonator ' s   f requency   f luc tua t ions .   Us ing   the   in -  
t e g r a t o r  I1 and the  varactor   d iode D1 i t  i s   p o s s i b l e   t o  
lock   the   f requenc ies   o f   bo th   resonators   together   w i th  
an appropr ia te   a t tack   t ime.  The second dev ice  us ing 
the  mixer  MP i s  used t o   c a l i b r a t e   t h e   s e n s i t i v i t i e s  
( i n   f a c t   t o   c o n t r o l   t h e   f a c t o r  Q/w, where Q i s  the 
q u a l i t y   f a c t o r  and W the  resonance  f requency)  for  each 
resonator.   This i s   v e r y   i m p o r t a n t  when any parameter 
i n   t h e  measurement system i s  changed. It i s  a lso   use fu l  
t o   l o c k   t h e   q u a r t z  Q2 wi th   the   source   us ing   the   in te -  
g r a t o r  I 2  and the   varac tor   d iode D P .  Special  care  must 
be taken in   the   ad jus tment   o f   the   f requency   tun ing  and 
Q f a c t o r s   b a l a n c i n g   i n   o r d e r   t o  remove t h e   i n f l u e n c e   o f  
both  frequency and ampli tude  noises  from  the  source. 
The e q u i v a l e n t   c i r c u i t   i s  shown i n   F i g .  2. 

Let 's   in t roduce  the  angular   resonance  f requencies 
w1 and w2 

the  Q f a c t o r s  Q1 and Q2 

(2  1 91 = L lw l /R l ,  Q2 = Lz~z /Rz  

The capac i to rs  T1  and r2 will tune  the  angular   f requencies 
t o   t h e   v a l u e s  W and w ' ~ .  

The resonator   tun ing  will f o r c e  w I 1  = d 2 .  L e t ' s  
in t roduce  the   d r iv ing   s igna l   angu lar   f requency  W = 
,,,l + A,,, where AW i s   t h e   d i f f e r e n c e  between a and the  
resonator  resonance  angular  frequency y .  Af te r   seve ra l  
approximations  (high Q f ac to rs ,  A W  small and Ql /y  
QT/w2)  the phase d i f f e r e n c e  @ a t   t h e   m i x e r   o u t p u t   i s  
g i ven   by   t he   re la t i on :  

w i t h  

The measurement system  which  has been used i s  The f i r s t  term i n   t h e   r e l a t i o n  ( 4 )  can be cance l led  
s i m i l a r   t o   t h e  one presented  by F. Walls [l] but  fea-  out ,   balancing  the Q / w  f a c t o r s .  The t h i r d   t e r m   i s  

shown i n   F i g .   1 .  
t u res  some modi f icat ions.   Th is   system  is   schemat ica l ly   f requency  independent  and  can  be  removed, ad jus t i ng  

the  DC o u t p u t   a m p l i t u d e   o f f s e t .   I n  the  case o f  C, = 
Y, and C,, Y, 5 r l ,  r2 t h e   r e l a t i o n  becomes: 

Two resonators Q l  and Q 2 ,  i d e n t i c a l   o r  made iden- 

*This work i s   be ing   per fo rmed  a t   the   Frequency  & Time 
Standards  Section,  National  Bureau  of  Standards, 
Boulder,  Colorado 80302. 
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o f  1V p.t.p.  the  corresponding  noise i s   o f   t h e   o r d e r   o f  
1 nv ( a t  2 Hz). It i s  lower  than  the measurement  system 

d r i v i n g   l e v e l s  on bo th   the   mixer   inpu ts   to   m in imize  
t h i s   n o i s e .  

( 6 )  @ = 2 Am($ - g)+ 4 Q1 C O A ~  (Lz-L,)  noise and, i n   f a c t  it i s  a lways   poss ib le   t o   ad jus t   t he  

+ "1zco (L,-L1 1. Q Most i m p o r t a n t   i s   t h e   l o a d  impedance, p a r t i c u l a r l y  
The source  f requency  f luc tuat ions  in f luence will t h e   r e a c t i v e   p a r t ,  because  any v a r i a t i o n   i n   t h i s  will 

be  minimum f o r   t h e   p a r t i c u l a r   v a l u e  AQ o f  Am: change the   resonator   f requency   fo l low ing   the   re la t ion :  

If the source frequency adjustment is achieved with a where r l  inc ludes   the   tun ing   capac i to r  and t h e   f i r s t  
sma l l   e r ro r  c 0  and i f  the   source   f rac t iona l   f requency  s tage   amp l i f i e r   i npu t   capac i to r   (w i th   t he   assumpt ion  

f l uc tua t i ons  ys are  in t roduced,   the phase no ise  6 Q S  For a 5 MHz, 5th  overtone,  resonator C1 = 
4x10 pF and, f o r  example, w i t h  fl = 100 pF we ob ta in  

due t o  these   sou rce   f l uc tua t i ons   i s   g i ven   by   t he   re la -   dw ' l /w ' l  = Z X ~ O - ~  d r l /T l .  I t  i s   t he re fo re   necessa ry   t o  
t i o n :  choose t u n i n g   c a p a c i t o r s   w i t h   q u a l i t y  such  as d r l / r l  5 lo - ' .  

i-l >-$d. 

I n   f a c t ,   i n  most o s c i l l a t o r s   t h e  medium term 
( 8 )  &Qs 2 8 Q l C o  (L2-L) )  E D  YY, . s t a b i l i t y  can be l i m i t e d  by t h e   f l u c t u a t i o n s   o f   t h e   r e -  

a c t i v e   p a r t   o f   t h e  impedance, i f  enough care i s   n o t  

In t roduc ing   the   f rac t iona l   f requency   f luc tua t ions   o f  ator is important too, because  the value of the motional 
taken. The c h o i c e   o f   t h e   v i b r a t i o n  mode o f  the  reson- 

the  resonator ,  y , we f i n d   f o r   t h e   c o r r e s p o n d i n g  
phase no ise  60 f o r   t h e   P a i r :  capac i to r  C L  i s  app rox ima te l y   i nve rse l y   p ropor t i ona l   t o  

q n3 ,  where n i s  the  over tone  rank.  The e lec t rodes '   s i ze  
a lso   de f ines   the  C1 value.  Therefore  the  h iqher  the 

For 5 MHz, 5th  overtone,  resonators  wi th , fo r   i ns tance ,  
C O  = 10 x 10 F, L2-L1 = ZH, c .  = 5 rad/s we will 
o b t a i n   t h e   f o l l o w i n g   r a t i o  between both  noises 

which shows tha t   the   source   no ise   in f luence can  be re -  
moved wi th   the  appropr ia te  ad justment .  The curves shown 
i n   F i g .  3 represent   the  mixer   output   vo l tage as a func- 
t i on   o f   t he   sou rce   f requency  and the  Q f ac to r   ba lanc ing .  
A res idua l   no i se  i s  unbalanced  because o f   t i m e   d e l a y  
d i f f e r e n c e s   i n   t h e   c a b l e s  and c i r c u i t r y .  It i s   i n c l u d e d  
i n   t h e  measurement  system no ise  and i t  i s  measured  sub- 
s t i t u t i n g   r e s i s t o r s   i n   p l a c e  o f  the  resonators.  

The p r e v i o u s   c a l c u l a t i o n   i s   v a l i d   f o r   f r e q u e n c i e s  
w i th in   the   resonator   l inewid th .   For   f requenc ies   ou ts ide  
t h e   l i n e w i d t h  i t  i s  necessary   to   take   in to   account   the  
r e s o n a t o r ' s   f i l t e r i n g   e f f e c t .  I f  S,(f) i s  t he  power 

overtone  rank and the   sma l le r   t he   e lec t rode   i u r face ,  
the  lower  will be Cl. 

The no ise   ob ta ined  a t   the  measurement  system outpu t  
i s   a p p l i e d   t o  a spectrum  analyzer  wi th a 1 Hz bandwidth 
and a 2 - 1000 Hz frequency  range. A t  the same t ime 
t h i s   n o i s e   i s   f i l t e r e d   u s i n g  a constant Q filter, i n  the 
range  0.01 - 10 Hz. The f i l t e r e d   v o l t a g e  i s  converted 
in to   f requency  and i t s  mean square  value measured and 
c a l c u l a t e d   w i t h  a computing  counter. These  two p a r t s  
o f   t h i s   f r e q u e n c y  domain  phase no ise  measurement  system 

ment o f  S ( f )  over a t o t a l   r a n g e   o f  f = 0.01 Hz t o  
thus  have overlapping  ranges and a l l o w   t h e   d i r e c t  measure- 

f = 1000 Hz. 
@ 

Experimental  Results 

The f r a c t i o n a l   f r e q u e n c y   f l u c t u a t i o n ' s   d e n s i t y  
power spectrum S ( f )   i s   c a l c u l a t e d   f r o m   t h e   r e l a t i o n   ( 1 1 )  

where S ( f )   i s   o b t a i n e d  as descr ibed above, t a k i n g   i n t o  
account ' the  mixer   sens i t iv i ty  (3 .7  mV/degree)  and the  
a m p l i f i e r   g a i n   ( i o 4 )  . 

y .  

spectrum o f   f r a c t i o n a l   f r e q u e n c y   f l u c t u a t i o n s  and S ( f ) ,  Frequency  and P l a t i n g   I n f l u e n c e  

the  corresponding phase  spectrum,  they  are  related  by 
t h e   f o l l o w i n g   r e l a t i o n  where f i s  the  Four ier   f requency: F i g  4 d e p i c t s   t h e   s p e c t r a   o f   r e s o n a t o r s   a t  1 MHz, 

@ 

MHz, MHz and 25 MHz. The lowest   no ise   leve l  i s  

W 1 2  
ob ta ined   w i th   t he  5 MHz c r y s t a l s .   I n   t h e   s p e c t r a   t h e  
s lope  o f  f corresponds t o   f l i c k e r   n o i s e .  The do t ted  
p a r t   i s   t h e   d i r e c t l y  measured resu l t ,   co r rec ted   us ing  
r e l a t i o n   ( 1 1 ) .  A t  l o w  Four ier   f requencies,   the  spectra 
p resent   s lopes   o f  f (random  walk o f  f requency) and 

(11) 2 .  

(2lTf) + 2% 4Q1 

Moreover,  the  source  ampli tude  noise i s  transformed 

e f f e c t .   T h i s  depends  on t h e   d r i v i n g   l e v e l ,   b u t   t h e r e   i s  
into  f requency  noise  by  the  resonator  ampl i tude-frequency 

compensation  between the  two  resonators i f  they  are  iden- 
t i ca l .   W i th   t he   sou rce*   used   i n   t hese   s tud ies ,  and a 
power o f  1 uw, the   equ iva len t  S ( f )   ( i n  1 HZ 
bandwidth) a t  -l Hz f rom  the  cary ier ,  due t o   t h i s   e f f e c t  
i s  equal t o  10 2 8  f o r   r e g u l a r  5 MHz, 5th  overtone,  res- 

f -3 .  With  the 10 MHz resonators ,   impor tan t   d i f fe rences  
i n   t h e   f l i c k e r   n o i s e   l e v e l s  have  been found  between 
resona to rs   o f   t he  same type. A resonator   w i th  a f l i c k e r  
n o i s e   o f  4 x l o - ' '  ( a t  f = 1 Hz) a t  room temperature, 
heated up t o  90" C presented a decrease o f  i t s  no ise  
l e v e l   t o  1 x which  remained unchanged a f t e r  
coming  back t o  room temperature.  This phenomenon may 
be r e l a t e d   t o   s t r e s s   r e l a x a t i o n   i n   t h e   e l e c t r o d e s  [2]. 

onators.  The second e f fec t   o f   amp l i t ude   modu la t i on  will MHz resonators vibrating in the fundamental 
be t o   i n t r o d u c e   n o i s e   a t   t h e   m i x e r   o u t p u t  because  of t he  mode have been s t u d i e d   w i t h   c i r c u l a r   p l a t i n g s  and Z 
non l i nea r i t i es   o f   t he   m ixe r .   W i th   vo l tage   amp l i t ude  shaped platings, but with the same mounting. The noise 
*The source was a h igh   qua l i t y   f requency   syn thes i ze r  
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l eve l   i s   dec reas ing   w i th   t he   e lec t rodes   su r face ,   bu t   f o r   t he   10  MHz r e s o n a t o r ,   a t  room temperature  the 
w i t h o u t   s i g n i f i c a n t   p r o p o r t i o n a l i t y .  The same s tudy   quas is ta t i c   t empera tu re   coe f f i c i en t   i s   5 .4  Hz/"C. 
per formed  wi th  5 MHz, 5th  over tone,   resonators   us ing  For   the  curves  o f   F ig .  6 w i t h  a s l o p e   ( d f / d t )   a t   t h e  
c i r c u l a r  and rec tangu la r   p la t i ngs  O f  d i f f e r e n t   s u r f a c e   o r i g i n ,   w i t h  m t h e   c r y s t a l  mass, C i t s   s p e c i f i c   h e a t ,  
area  Presents  a lso a n o i s e   i n c r e a s i n g   w i t h   t h e   P l a t i n g  and P the  beam power, the  apparent   temperature  coef f ic ient  
area. Among t h i s   s e r i e s   o f   r e s o n a t o r s  made w i t h   t h e  a i s   g i v e n  by t h e   r e l a t i o n :  
same techno logy ,   the   lowest   no ise   leve ls   ob ta ined  a t  
f = 1 Hz, us ing  a power o f  10 pw dur ing  these measure- 
ments a re  shown i n  Table I .  (13) a = (x) d f  p . 

Iresonator  type--  
l 
i 5 MHz fund. 
l c i r c u l a r   p l a t i n g  

l 

, 
2 i 5 ~ 1 0 - ' ~  

~ 5 MHz fund. 
1 Z p l a t i n g  l 4  
l 
I 5 MHz 5th  over tone 
I c i r c u l a r   p l a t i n g  

1 , 
6 ~ 1x10-2' 

l 

5 MHz 5th  over tone 
r e c t a n g u l a r   p l a t i n g  

5 MHz 5 th   over tone 
e lec t rode less  

2 ' 1 . 5 ~ 1 0 - ~ ~  I 

2 
i 

2 o - ~  5 

TABLE I .  

Vib ra t i ons  

The e x t e r n a l   v i b r a t i o n s  can  be "na tu ra l l y "   p resen t  
i n   t h e  room, o r   expe r imen ta l l y   app l i ed   acce le ra t i ons .  
These accelerat ion  exper iments were c a r r i e d   o u t   u s i n g  
a loudspeaker  and a power a m p l i f i e r .  The acce le ra t ions  
were  measured  by  an p iezoe lec t r i c   ceramic- type   acce le r -  
ometer  mounted c lose   t o   t he   t es ted   resona to r .  

With  one 5 MHz fundamental mode resonator,  a d i r e c t  

a i s  found  equal  to 50 Hz/"C f o r   t h e   w o r s t  case. The 
f requency   va r ia t i on  due t o  thermal  stresses i s  ten 
t imes   g rea te r   t han   t he   va r ia t i on  due t o  thermal  expan- 
s ion  and e l a s t i c   c o e f f i c i e n t  changes. 

For   resonators   wi th   very   h igh  temperature  coef f ic -  
i e n t s  an   impor tan t   no ise   leve l   inc rease can be observed. 
F ig .  7 shows the  no ise  spect rum  of  a double  ro tated 
cu t   resonator   wh ich   i s  used as temperature  sensor. I t s  
t e m p e r a t u r e   c o e f f i c i e n t   i s  equal t o  360 Hz/"C. I f ,  a t  
1 Hz. t h e   f r e q u e n c y   f l u c t u a t i o n s   a r e   t o t a l l y  due t o  
thermal   f luc tuat ions,   th is   corresponds  to   temperature 
f l u c t u a t i o n s   o f  8 u"C. 

no ise  and the   t empera tu re   f l uc tua t i ons   i ns ide   t he  oven 
has been studied  using  the  previous  temperature  sensor, 
the  f requency  noise  of   which was measured us ing   a l so  a 
phase br idge.  The r e s o l u t i o n   o f   t h i s  phase b r idge   co r -  
responds i n   t h i s  case t o  a temperature  resolut ion,   a t  
1 Hz, equal t o  0.2 w"C.  Both  noise  vol tages  e1(7)  f rom 
the  10 MHz resonators and eZ(T)  from  the  sensor  are 
f i l t e r e d   a t  a given common frequency,  thus  converted 
in to   f requenc ies   us ing   vo l tage  to   f requency   conver te rs .  
The c ross   cor re la t ions   func t ion   Re le2(7)  and the  auto- 
c o r r e l a t i o n   f u n c t i o n s   R e l e l ( ~ )  and Re2e2(r )   are  ca lcu lated 
with  the  comput ing  counter.  The c ross-cor re la t ion   co-  
e f f i c i e n t  K ( T )  i s   d e f i n e d  by t h e   r e l a t i o n :  

The c o r r e l a t i o n  between  10 MHz resonators  frequency 

(14) K ( T )  = Rele>(-r)  
JRele l (0)   Rene~(0)  

i n f l u e n c e   o f   t h e   v i b r a t i o n s  have been found, shown i n  
F ig .  5a. The spectrum  presents a f l o o r  and a peak i n   I t s  maxima, a t   d i f f e r e n t   F o u r i e r   f r e q u e n c i e s ,   a r e  shown 
the  range 8 - 20 Hz, d i r e c t l y   r e l a t e d   w i t h   t h e   v i b r a t i o n  in I1. 
spec t rum  (F ig .   5b ) .   I n   f ac t   t h i s   sens i t i v i t y  was e n t i r e l y  
due t o  i n d u c e d   v i b r a t i o n s   o f   t h e   m u n t i n g  and resonator 

leads and f i xa t i on .   S im i la r   expe r imen ts   w i th   o the r   reson-  
a t o r s   o f   T a b l e  I show no d i r e c t   c o r r e l a t i o n  between no ise  
spectrum  and  low  level   external   v ibrat ions.  

output  leads and i t  can  be e a s i l y  removed us ing   s t ronger  

30% 6% 

Temperature Table 11. 
More s ign i f i can t   a re   t he   t empera tu re   e f fec ts .  

Noise measurements  have  been  done a t   d i f f e r e n t  tempera- 
tu res .  I f  there  was a d i r e c t   c o r r e l a t i o n  between the  
resona to r   t empera tu re   coe f f i c i en t  and the   no i se   l eve l ,  
t h i s   l a s t  one should be  minimum at   the   tempera ture   tu rn-  
ove r   po in t .   Exper imen ta l l y   t h i s  was found  no t   to  be the  
case  (except   fo r   very   h igh   tempera ture   sens i t i v i t y ) .  
Under  thermal  perturbat ion  the  quadrat ic  thermal  proper-  
t i e s   o f   t h e   c r y s t a l   a r e   n o t   v a l i d  anymore  and it becomes 
necessary to   t ake   i n to   accoun t   t he   t he rma l   g rad ien ts .  
App ly ing   very   fas t   tempera ture   var ia t ions   w i th  a l a s e r  
beam (power 1 m) a t   d i f f e r e n t   p o i n t s  on t h e   c r y s t a l  
surface,  thermal  gradients and therefore  thermal  stresses 
were  induced. The r e s u l t i n g   f r e q u e n c y   v a r i a t i o n s  were 
measured w i th   the   p rev ious ly   d iscussed phase br idge. 
The frequency  response o f   t h e   1 0  MHz resonators i s  shown 
i n   F i g .  6 .  The most sens i t i ve   po in ts   a re   t hose   c lose   t o  
t h e   f i x a t i o n   p o i n t s .  It i s   p o s s i b l e   t o   c a l c u l a t e   f r o m  
these  curves an equ iva len t   tempera ture   coe f f i c ien t   to  
compare i t  w i th   t he   regu la r   quadra t i c  one. For  instance, 
*Prototype  resonators made by R .  Besson, ENSCM, Besancon, 

France. 

There i s  a d i r e c t   c o r r e l a t i o n   f o r   l o w   f r e q u e n c i e s  
corresponding i n   t he   spec t ra   t o   t he   f requency  random 
walk   no ise .   Th is   cor re la t ion   decreases   qu ick ly   a t  
f requencies where t h e   f l i c k e r   n o i s e  becomes predom- 
inant .  The measurements  have been done us ing  resonators  
i n   t h e   d i f f e r e n t i a l  method o f   F i g .  1. I n   f a c t ,   t h e r e  
must  be some compensation  between the  temperature 
f l u c t u a t i o n s   s f   t h e  two resonators,   reducing  the measured 
c o r r e l a t i o n .  A t  t h i s   t ime ,  a q u a n t i t a t i v e  assessment 
o f   t h i s   e f f e c t  appears d i f f i c u l t .   F o r  an i n d i v i d u a l  
resona to r   t he   co r re la t i on  will be s t ronger .  The cor -  
r e l a t i o n  depends a l so  on the   sensor   pos i t ion   w i th   respec t  
to   the   resonators  and c e r t a i n l y   t h e   b e s t  way would be 
t o  combine resonator and  sensor i n   t h e  same enclosure. 

Remarks 

The d r i v i n g  power l e v e l  has an i n f l uence  on the 
f l i c k e r   n o i s e   l e v e l .   T h i s  has  been already  observed 
i n   h a r d   d r i v e n   o s c i l l a t o r s .  But  these i s  no prec ise  
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law  as  has  been  found f o r  excess  noise i n  r e s i s t o r s  Acknowledqements 
[4],  where the   no ise  power d e n s i t y   i s   d i r e c t l y   p r o p o r -  
t i o n a l   t o   t h e   d i s s i p a t e d  power. I n   q u a r t z   c r y s t a l   r e s o n -  
a t o r s   t h i s   i s   t r u e   f o r   h i g h   e x c i t a t i o n  powers (2 10  vw), 
b u t   f o r   l o w e r   v a l u e s  it depends  more  on t h e   c r y s t a l   t y p e  
and  the  technology used. A f l o o r   c a n  be  observed o r  
even a noise  increase. It i s   d i f f i c u l t   t o   g i v e   i n t e r -  
p r e t a t i o n s   o f   t h e s e  phenomena, but   they  could  be  ex-  
p la ined   by   su r face   e f fec ts  due t o   i m p u r i t i e s  and v i -  
b r a t i o n a l l y  dead  zones  on t h e   c r y s t a l .  

and Time Standards Sec t ion   o f   t he   Na t iona l  Bureau o f  
This work  has been c a r r i e d   o u t   i n   t h e  Frequency 

Standards. The author  wishes t o  thank H. H e l l w i g   f o r  
g i v i n g   t h e   o p p o r t u n i t y   t o   p e r f o r m   t h i s   s t u d y  and f o r  
he lp fu l   d iscuss ions .  He i s  deep ly   g ra te fu l   t oo   t o  
F. W a l l s   f o r   h i s   h e l p  and suggestions, and t o  R. Besson 
fo r   p rov id ing   t he   e lec t rode less   resona to rs .  
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b y   t h e   r e l a t i o n :  

where k i s   t h e  Boltzmann  constant, T the   abso lu te  
temperature, P t he   d i ss ipa ted  power, Q the  Q f a c t o r  and 
w o  the  resonance  angular  frequency.  For a power o f  
1 uw, a Q f a c t o r   o f   2 ~ 1 0 ~  and a t  300K S ( f )   i s  equal t o  

l ~ l O - * ~ ( i n s i d e   t h e   r e s o n a t o r   l i n e   w i d t h )  and i t  i s  much 
lower   than  the measured noises.  

Y 

Conclusion 

Severa l   no i se   sou rces   con t r i bu t i ng   t o   qua r t z   c rys ta l  
resonator   f requency   f luc tua t ions  have  been found. Among 
them, two  main  no ises  are  to   be  d is t inguished:  one 
r e l a t e d   t o   t e m p e r a t u r e   f l u c t u a t i o n s   a t   l o w   F o u r i e r   f r e -  
quencies,   the  o ther  one c a u s i n g   f l i c k e r   n o i s e   s p e c t r a l  
b e h a v i o r .   T h i s   f l i c k e r   n o i s e   c o u l d   b e   r e l a t e d   t o   s e v e r a l  
r e l a x a t i o n  phenomena i n s i d e   t h e   c r y s t a l   l a t t i c e   b u t   w i t h  
some in f luence  o f   env i ronmenta l  and su r face   e f fec ts  
which  can  be  sometimes  important. 

It f o l l o w s   t h a t  i t  may be i m p o s s i b l e   t o   a c h i e v e   i n  
a s i n g l e   o s c i l l a t o r   s t a t e - o f - t h e - a r t   s h o r t -  and  long-term 
s t a b i l i t i e s   a t   t h e  same time. The s o l u t i o n   c o u l d  be the  
use o f  two  resonators, as act ive  and/or   pass ive  dev ices,  
d r i v e n   r e s p e c t i v e l y   w i t h   h i g h  and low power t o   r e a l i z e  
t h e   p o s s i b l e   s t a b i l i t y   o v e r   a l l   F o u r i e r   f r e u q e n c i e s .  
One o t h e r   a p p l i c a t i o n   i s   t h e   p o s s i b i l i t y  o f  us ing  a 

ment o f  f r e q u e n c y   i n s t a b i l i t i e s   o f   n o t  so s t a b l e   o s c i l -  
passive  resonator i n  a d i s c r i m i n a t o r  mode f o r   t h e  measure- 

l a t o r s   ( o r   s y n t h e s i z e r s ) .  

From a l l   a v a i l a b l e   p u b l i s h e d - m a t e r i a l  i t  appears 
t h a t   s t a b i l i t i e s   l i k e   a g i n g   o f   1 0   p e r  day  and 
f l i c k e r   f l o o r s   i n   t h e   h i g h   r a n g e   o f   1 0  l 4  cou ld  be 
ach ieved   w i th   qua r t z   c rys ta l   dev i ces   i n   t he   nea r   f u tu re .  
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Fig.  1  Measurement  system 
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F ig .  3 Phase response o f   t h e  measurement  system as a f u n c t i o n  

o f  t h e  Q/w f a c t o r   b a l a n c i n g  

. M E A S U R E  



Fig. 4 Fractional frequency fluctuation's  density power spectra 
of quartz crystal  resonators a t  different  frequencies 

Fig. 5a Density power spectrum correlated with external  vibrations 

Fig. 5b External vibration amplitude spectrum 
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F i g .  8a Dens i t y  power  spectrum a t  1 Hz v a r i a t i o n   v e r s u s   t i m e ,   t h e  
c r y s t a l   b e i n g   o s c i l l a t i n g   f o r   t h e   f i r s t   t i m e  

F i g .  8b  Dens i ty   power   spec t rum  var ia t ions   a t  1 Hz a f t e r  a p e r t u r b -  
a t i o n .  
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