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!rc?qucncy s t a n d a r d s  ar.2 used ir, tn:,s L 1 - ~ a v i g ; : ~  i.cn al-lc-: 

t c l ccon~mul l i ca t i . ons  s y s t . x ~ s  t r j  o r o ~ r i d e  :I I te r~r ;  
illemory o f  e.l.ther F rcqucncy ,  p h a s e ,  crr ~ I T , P  F I D ~ C / . J ,  

Prum a S Y S L C I ~ S  p o i n t  a1 v i e w ,  t:hf pt?rL::rmar:cc as-- 
p e c t s  o f  t h e  f r e q u e n c y  s t a n d a r d  cari bc wc-~ghed  

, . 
against o t h e r  systeiil.; c l l a r a c : t ~ ! ~ - !  ~ t l  i::: , ~tis:l? 
o v e r a l l  p e r f o r m a n c e ,  (L(JsI, size, and a ~ c c t s s i b i l i t y ;  
a numben oll e.xamplcs are vi.ry b r i c r l : !  z-cviewe:!. T h e  
t h e o r y  of  phase Co;:k a n d  freqileric!- ioc .k  syst-ems i s  
; ~ u t l i n e d  in s u f L i c i e n t  d e t a i l  t h a t  one. :a)-I ens ;Ly 
p r e d i c t  t o t a l  :>sc i .11ator  sys t em perfc)rrnani 2 'from 
mensu reme~ l t  s En the i n c i i v i d n a l  compunen:s. .As ar: 
e x a m p l e ,  d e t a i l  s o F t h e  p e r f o r m r ? n c e  ,-!- ; I  -! ,.:).I .?p?(:. -. 

t r a l  purity o e c i l l a ~ : o ! -  l ) : . i a~e  : ~ . ~ k e d  ;:: 9 -i(c~!g t ~ r n l .  
s t a b l e  o s c i l l a t o r .  31-E g iv f i r .  kesil., t3 f ~ r  , < e v e r d  
sys tems ,  inciudil;g tap_ bes;  system s t a b i . i i ' t : ~  t h a t  
c a n  bc  o b t a i n e d  i r a m  p r c u s ~ n t  cnmmercial 17 a v a i  1 able 
3-MHz sources, a r e  shown, 

F requency  s t a n d a r d s  a r c  u s e d  1-11 r:lusl: n a v i g a t i o i i  ar i l  con1rir.:n i c a  t i 5n;;s 

systems t o  p r o v i d e  rj l o n g  t e r m  rnernor;! o f  ei tiler I-i2(2c!uenc:v., p h a s e ,  ,>r 
t i m e  epoch.  Thesc  q u a n ~ i t . : c s  form a I l ~ c r a r c i : y ,  s(:) t l - ) a t ,  i n  g e r - l e r a l ,  
s y s t e m s  w h i c h  depend 0 7 1  mirlirnurn t i r r ;e  < ? i s p e r - s i c n  f o r  the i :. opernlr .;oil 
p l a c e  m o x e  d i f f i c u 1 . t  r e q u i r e m e n t s  nrl t h e  s?Stelil ~ ' ~ : l i l  l .a tor  t h a n  tl-lose 
which o n l y  r e q u i - r e  p h a s e  coilerenc;.  o r  f r e q u e n c y  s t a b i l l t y .  +Je wii..; 
b e g i n  by v e r y  b r i e f l y  examin ing  sumc of t h c  ma jo r  a p p l i c a t i v n s  o f  fie- 
quency a ta r ,c la rds  and c o n s i d e r  some o f  t h e  p o s s i b  Le t r a d e r i f  f s  betweer? 
o s c i l l a t o r  p e r f o r m a n c e  on the lone. Iiand , and Lhe p c r f ~ r r n a n z e  o f  ~ 7 t h ~ ~  
sys tem compnnents  on t h e  o t i - I ~ I - .  

Doppler  Radar : 

The s i m p l e s t  r a d a r s  a r e  CW U o p p l ~ r  devices w h l c h  deter ,mlnc  Lhc r ad l -d i  
v e l o c i t y  o f  a t a r g e i  by  homodyne deLection oF Lnz r e t u r ~ l  s i g n a l  w ~ t h  L ~ L C  



t r a n s m i t t e d  s i g n a l .  I n  normal  o p e r a t i o n ,  t h e  r a n g e  and d e t e c t i b i l i t y  o f  
t a r g e t s  u s i n g  such  d e v i c e s  i s  l i m i t e d  by t h e  p h a s e  n o i s e  o f  t h c  o s c i l l a -  
t o r .  Phase  n o i s e  on t h e  c a r r i e r *  i n  t h e  Doppler  bantl o f  i n t e r e s t  is ,  
r e f l e c t e d  from n e a r b y  " c l u t t e r " ,  h a v i n g  v e r y  l a r g e  c r o s s  s e c t i o n ,  and 
c a n n o t  be  d i s t i n g u i s h e d  from t h e  Doppler  s h i f t e d  c a r r i e r  r e f l e c t e d  frorn 
a  s m a l l  d i s t a n t  t a r g e t :  Dec reased  p h a s e  n o i s e  t h e r e f o r e  r e s u l t s  i n  
e x t e n d e d  r a n g e  a n d l o r  b e t t e r  c o n t r a s t ,  w i t i i ou t  r e s o r t i n g  t o  more conlplex 
s i g n a l  a n a l y s i s  such  a s  t i m e  d e l a y c d  c r o s s  c o r r e l a t i o n .  Very low p h a s ~  
n o i s e  c a n  b e  o b t a i n e d  w i t h  a  h i g h  d r i v e  l e v e l  q u a r t z  c r y s t a l  o s c i l l n t o r .  
Dev ices  w i t h  w h i t e  p h a s e  n o i s e  be low r a d  /Hz a t  a  c a r r i e r  £re--  
quency  o f  100 MHz a r e  c o m m e r c i a l l y  a v a i l a b l e .  However, s u c h  o s c i l l a t o r s  
h a v e  much deg raded  l o n g  t e r m  p e r f o r m a n c e  compared t o  low d r i v e  l e v e l  
q u a r t z  o s c i l l a t o r s  o r  a t o m i c  f r e q u e n c y  s t a n d a r d s .  C o n s e q u e n t l y ,  i n  
o r d e r  t o  s a t i s f y  s p e c t r a l  p u r i t y  r eq r l i r e rnen t s  a n d  l o n g  t e r m  s t a b i l i t y  
s p e c i f i c a t i o r l s  it: may b e  n e c e s s a r y  t o  a d o p t  a  s y s t e m s  a p p r o a c h  t o  t h e  
o s c i l l a t o r ,  e - g . ,  a h i g h  d r i v e  l e v e l  c r y s t a l  o s c i l l a t o r  l o c k e d  t o  a  low 
d r i v e  l e v e l  c r y s t a l  o s c i l l a t o r  o r  an  a t o m i c  c l o c k .  

D o ~ ~ l e r  N a v i r a t i o n :  

P r e s e n t  day n a v i g a t i o n  s y s t e m s  b o t h  f o r  s a t e l l i t e s  and f o r  d e e p  s p a c e  
t r a c k i n g  u t i l i z e  two-way o r  c o h e r e n t  measu remen t s .  A s i g n a l  i s  t r a n s -  
m i t t e d  t o  t h e  s p a c e c r a f t  where  i t  i s  t r a n s p o n d e d  f o r  Dopp le r  d e t e c t ~ - o n  
o n  E a r t h .  The v e l o c i t y  e r r o r  i s  p r o p o r t i o n a l  t o  t h e  f r e q u e n c y  c h a n g e  o f  
t h e  o s c i l l a t o r  d u r i n g  t h e  round t r i p  t o  t h e  s p a c e c r a f t  and e s t a b l i s h e s  a  
r e q u i r e ~ n e n t  on t h e  s t a b i l i t y  o f  t h e  f r e q u e n c y  s t a n d a r d .  

Cohe ren t  Dopp le r  t r a c k i n g  h a s  t h e  d i s a d v a n t a g e  t h a t  a s i g n i f i c a n t  
amount - -approximate ly  one - th i rd - -o f  t h e  t i m e  i s  s p e n t  t r a c k i n g  t h e  
s p a c e c r a f t  and t h i s  r e q u i r e s  t h e  l a r g e s t ,  most a c c u r a t e  r a d i o  a n t e n n a s  
a v a i l a b l e .  The i n c l u s i o n  o f  an onboa rd  f r e q u e n c y  s t a n d a r d  c l i m i n a t r : ~  
t h e  need Eor t h e  l a r g e  a n t e n n a s .  By d i f f e r e n c i n g  two one-way Dopp le r  
s i g n a l s ,  i t  would be p o s s i b l e  t o  u s e  s m a l l e r  a n t e n n a s  f o r  s h o r t e r  p e r -  
i o d s ,  t h u s  c o n s i d e r a b l y  d e c r e a s i n g  t h e  i n i t i a l  c a p i t a l  e x p e n s e s .  The 
s t a b i l i t y  r c q u i r c m c n t s  o f  t h e  s p a c e c r a f t  beacon  a r c  q u i t e  m o d e s t ;  t h e  
r a n g e  i n f o r m a t i o n  i s  c o n t a i n e d  i n  t h e  d i f f e r e n t i a l  Doppler  s i g n a l ,  
c a u s i n g  t h e  n o i s e  of t h e  onboa rd  o s c i l l a t o r  t o  c a n c e l  t o  f i r s t  o r d e r .  
However, t o  a c h i e v e  t r a c k i n g  a c c u r a c i e s  which a r e  d e s i r e d  f o r  t h e  
1 9 8 0 ' s - - l e s s  t h a n  10 cm r a n g e  e r r o r  and l e s s  t h a n  . 0 5  r a d  a n g u l a r  
e r r o r - - i t  w i l l  be  n e c e s s a r y  t o  s y n c h r o n i z e  i n d e p e n d e n t  c l o c k s  a t  t h e  
g round  s t a t i o n s  t o  b e t t e r  t h a n  1 n s .  S i n c e  t h c  b e s t  e x i s t i n g  commerc ia l  
c l o c k s  c a n n o t  a c h i e v e  1 ns  t i m e  d i s p e r s i o n  f o r  more t h a n  one  d a y ,  e i t h e r  
d a i l y  r e s y n c h r o n i z a t i o n s  o r  new c l o c k  s y s t e m s  w i l l  b e  r e q u i r e d .  

*See Appendix A f o r  d e f i n i t i o n s ,  s p e c i f i c a t i o n s  and g e n e r a l  d i s c u s s i o n  
o f  p h a s e  n o i s e .  



The d c ~ e r m i  n a t i o n  o f  b a s e l i n e  c o o r d i n a t e s  o v e r  ,geodynami ca l  l y  i n t e r - -  
e s t i n g  d i s t a n c e s  i s  b e i n g  done  usin:: remote v e r y  l o n g  b a s c l i n e  i n t e r -  
f e r o m e t r y  (VT.,XT) s t a t i o n s .  Quasar-s  a r e  u s e d  C i ]  e . r ; t nb l i s l i  a s p n r s c  g r i d  
s y s t e x  w'tiicii rnay t h e n  bc  f i l  l ed  i n  by s a t c l l i  t l-~ r ad io in t t i r l e r c3 rne t r l 1 .  
The r o l e  01 f r e q u e ~ ~ c y  s t a n d a r d s  ii> V.LEI i s  to c s t ~ i h ? i s i - 1  pklase rc fc : rences  
a t  each  s t a t  iion wki.ici1 a r c  ~ o i j e r e n t  wi tji E ~ c I ~  , :jt.h~'r LL)I+ tlit: d u r a t i o n  o f  
i l le  ~ ~ l c a s u r e n e n t  . The s t  anciarils arc. u s ~ d  t o  i . i> t l~pcndc l i t~ l  :; dctcr rn i r le  the: 
pi lase oL t h e  r e c e i v e d  s i g n n l ,  t11us pe rmi t  t i  11g s u b s e c - ~ ~ r ~ n L  c r o s s  corr-Fi a-  
t i o n  of t i l e  s j . g n a l s .  The maximum c l u r a ~ i o r ~  n £  Lhc J ; j t n  s t r e a m  wilicl? n a y  
be  c r o s s  c o r r e l a t e d  i s  s m a l l - - a p p r o x i m a ~ c l y  onc- ten th- - -compared  to t h ~  
c o r r e l a t i o n  ~ i m e  o f  s i t t i e r  r E f c r e n c e  a s c i l l a t n r .  The c o r r c l a t i n n  r i m e ,  
T,, o f  a n  o s c i . l l a t o r  i s  d c f i n e d  s o  t h a t  t h c  i n t e g r a t e i l  phase  n o i s e  t o r  
f r e q u e r l c i e s  g r e a t e r  t h a n  1 / ~ . ~  is C311e r a d 2 ,  t h i j t  i s  (Apl?~l idi>;  h) 

For a n  o s c i l l a t a r  a t  f r eque r l cy  ' A ,  w i ~ o s c  Lon;? t t e rx  1 r i l ~ : t i o n a l  frfqut?nc:y 
s tabi l i ty , ; ' :> ' :  c ry ( , . ) ,  i s  dornilnaterl by a L l i c k e r  n o i s e  ! . cv l - l ,  3 ( I l i c k r r ; ,  Y 
t i l e  c o h e r e n c e  t i m e  i s  l / ( ~ c , ( f ~ i c k e r ) v , ) .  b o r  ~ x a m p l  e ,  Let: c ? , ( f l . i c k c r )  
= 10-14 and V,, = lo1' t lz ;  t o e  c o b e r ~ n c e  t i m c  i s  500ti i; ar:d ti16 m;ximuir! 
d u r a t i o n  of  t h e  d a t a  s t r e a m  i s  S O U  s .  T h e  p r i r ~ ~ a r y  t r a d e o i l .  i s  t i m e  
s p e n t  f o r  r e s y n c h r o n i i z a t i o n  v e r s u s  a  more c l a b o r a t c  c l o c k  s y s t e m .  

ljhen s a t e l  1 i t e  s i g n a l s  a r c  used  f o r  g e u d e t i i :  h a s c l j r l e  rrleasurcment s ,  
t h e r e  i s  a t r a d e o f f  betweei l  a n t e n n a  and o s c i l l a t o r  pc rLc~rmance .  T t .  rl 

s u i t a b l c  phased  a r r a y  a n t e n n a  c a n  l)p. b u i l t  whicil iic3ps f rom orle s a t c l l  i t c  
t o  t h e  nex t  once  e a c h  s econ t i ,  t h e n  f r e q u e n c y  s t a ~ ~ d a r d s  n t  t h e  .inc'l~i:en- 

.ire. requ:i.re:l f o r  d e n t  g round s t a t i o n s  h a v i n g  s t a b i l i f y  a f  o n l y  5 x l!~-" - 
s u b - d e c i m e t e r  a c c u r a c y .  I-lowever, i f  d i s h e s  m l . i ~ t .  he usi.ci, t i le  c y c l e  r a t e  
he twccn  s . - i t e l l i t e s  would be a p p r o x i m a t z l y  o n ?  hund red  ti.mcs s l o w c r  a n d  
t h e  o s c i l l a t o r  would need  t o  bc o n e  hundrer l  t i : nc s  rt1ori.l s : a b l e .  

Time Code N a v i ~ a t i o n :  

The L l o b a l  P o s i t i o r l i n g  Sys tem wi .11  f u n c t i o n  b y  the! t r a n s r i ~ i s c i o n  o f  t i m c  
atid p o s i t i o n  d a t a  from a n  erlseliihie o f  s n t c l l i t e s .  By observing f o u r  
s n t e l . l i t e s ,  t h e  o b s e r v e r  c a n  s o l v e  Tor i1 j  s t h r c c  p o s i t i o n  c o o r d i r ~ n i c s  
and t h e  t i m e .  S i n c e  t h e  s o l u t i o n  depcuds  o n  t h e  r n n , q i .  t o  ;; s n t c : . l i . t e  
b c i n g  p r o p o r t i o n n l  t o  t t ic  t j rne i:T f l . i gh t  of! t h e  s i g n a l ,  t h c  c r r u r s  i n  
t h e  c o o r d i n a t e  s o l u t  ioln a r c  d i r e c t  l y  p r o p o r t  i o n a l  t o  t hc' t i rnc d i s p e r s i o n  
of t h e  onboart l  c l o c k .  The s a t . e l . l l t c  c l o c k s  1 1 l u s t  1)e rpg :~ l . q r l y  r e sync i l ro -  

-7- -9- - -See  Appendix  B f c r  a p r e c i s e  d e f i n i t i o n  a n d  d i s c u s s i o n  o f  f l y  (T). 



n i z e d  b e f o r e  t h e  r a n g e  e r r o r  due  t o  t i m e  d i s p e r s i o n  e x c e e d s  t h e  s y s t e m  
a c c u r a c y  s p e c i f i c a t i o n .  

F i g .  1 shows t h e  t i m e  d i s p e r s i o n  o f  a  c l o c k ,  u s i n g  optimum p r e d i c t i o n  

F i g .  1. T i m e  d i s p r r s i o n  o f  a c l o c k  w i t h  s t a b i l i t y  

(7 2 ( ~ ) = ( ' j x 1 0 - 1 2 T - 1 / 2 ) 2  + (3x10 -14 )2 )  us ing  
Y .  

o p t  L~nunt p r ed  i c  t i on  t e c h n  i q u ~ s  . 
t e c t r n i q u e s ,  d u e  t o  w h i t e  f r e q u e n c y  n o i s e  and  f l i c k e r  f r e q u e n c y  n o i s e ; l l j  
t h e  assumed t i m e  domain s t a b i l i t y  i s  oy2[:] = ( 5  x 1 0 1 1 2 ~ - 1 / 2 ) 2  + ( 3  x 
1 0 - L 4 ) 2 .  The r m s  p r e d i c t i o n  e r r o r ,  x r , ,  , i s  $ ~ - r ) l / ~ / 2 - r r v ~  where  h ( - r )  
i s  t h e  d i f f e r e n c e  be tween  t h e  o s c i l l a t o r ' s  a c t u a l  phase  ( t i m e )  and t,hc 
p r e d i c t e d  v a l u e  a f t e r  a t i m e  i n t e r v a l  T .  Fo r  t h e  assumed o s c i 1 l a t o 1 -  
p e r  forrnance 

-12 1 1 2  3 x l " - l r+  
x ( ~ ) - ( 5 x 1 0  T )?t( 

y n 2  r m s  T ) ;) 

and t h e  v a l u e  o f  t h e  rlns p r e d i c t i o n  e r r o r  a t  one  day  i s  4  n s ,  a lmos t  
e n t i r e l y  d u e  t o  t h e  f l i c k e r  f r e q u e n c y  n o i s e .  A f t c r  a  s u f f i c i e n t l y  l o n g  
t i m e  t h i s  model w i l l  no  l o n g e r  a p p l y  b e c a u s e  d e t e r m i n i s t i c  e f f e c t s  w i l l  
d o m i n a t e  o v e r  t h e  random n o i s e  t e r m s .  The dominan t  d e t e r m i n i s t i c  t c r m  
r e s u l t s  from a l a c k  o f  knowledge  o f  t h e  t r u e  f r c q u c n c y  d r i f t  and c a u s e s  
t i rne d i s p e r s i o n  which  i s  q u a d r a t i c  i n  t h e  p r e d i c t i o n  i n t e r v a l ,  i . e . . ,  

2 x,,,(') = where  D i s  t h e  f r e q u e n c y  d r i f t  p e r  u n i t  t i m e .  

The i n c l u s i o n  o f  a f r e q u e n c y  s t a n d a r d  on b o a r d  a  s a t e l l i t e  o r  s p a c c  
v e h i c l e  r e s u l t s  i n  s e v e r a l  f a v o r a b l e  f e a t u r e s .  Tn t k c  c a s e  o f  G P S ,  i t  
p e r m i t s  an u n l i m i t e d  number o f  u s e r s  t o  s i r n r ~ l t a n e o u s l y ,  p a s s i v e l y  a c c e s s  
t h e  s y s t e m  and e l i m i n a t e s  t h e  need f o r  t h e  u s e r  t o  tiavc a  t r a n s m i t t ~ . r  



a n d  t o  t r a c k  tlic s a t f : i l i t e .  However, t c )  s a t i s f y  thes t?  r e q u i r e r n ( j ~ l t s  i n  a 
s y s t e m  w h i c h  i s  c a p a b l e  o f  3 rn (1G n s )  acc i l r scy  1U d a y s  a F t c r  t h c  last 
s a t e l l i t e  c l u c k  r c s y n c h r o n i z a t i o r !  r e q u i r e s  a s p a c c w o r t h y  c l .ock  w i t h  p c r -  
formance which h a s  only been de1:ronstrated i n  t h e  l a b o r a t o r y .  

Commanica~  i o n s  Sys t ews  : --- -- 

There i s  8 cir3se r e l a t i o n ~ i ~ i : ~  between the perfor-iriance o f  ssciilators a n d  
t n e  commuilicat i o n s  s y s t e m s  which ut i l i z c  thetn.  P h a s e  ;:c~l-~fire~:t , ~ i y s t e x ~  
r e q u i r e  c a r r i e r  synchroni z a r l . o n ,  t h a t  i s ,  a D:. e c i  sf k i ~ , . ~ j ~ l e d g c  o f  :I-ic 
t r a n s m i t t e d  c a r r i e r  f r c q u c n c y  a n d  p h a s e .  I n  a d d  i t  i o n ,  symbol, w o r d  a n d  
: tramp s y n c h r o n i z a t i o n  are  -1sua1ly  n e c d e d .  In  some s i  t > l a t i  isns, p l l a ~ e  
c o l l e r c n t  t e c i l n iq i l e s  d o  no.[: appl:,: ,  T h i s  i s ; l ecesc r r  i 1 . v  tiit. casi . ,  T ~ K  
e x a m p l e ,  whcn t h e  t r a n s r n i t t e c ~  powcr i s  l i m i t - c c i  and ;hc r a n g e  rs vet:-, 

g r e a t .  Thc f i n i t c  width of t h e  i :arr ier  p r e v e n t s  u n l i m i t e d  x a r r o w  b a n g i n g  
of t h e  r ece ive r  i n  o r d e r  t o  coa lpensa te  f o r  l o s s  of ~ i y , ~ l i ~ l - t o - n o i . s ~  
r a t i o .  

The s t a h i - l i t y  o t  t h e  t r a n s m i t t e d  s i g n a l  h a s  similar e f f e c t s  on h o t t i  rn- 
c o h e r e r ~ t  and  cot-!erent s j y s t c m s  a l t h o u g h  t i le  l a t t e r  a r e  i:loril s e n s i . t i \ r e .  
Some t y p i c a l  examples  a r e :  ( 1 )  The t i m e  tc acqi . l i re  f r e q u e n c y  o r  p.hase 
symchrcrnizat  i o n  i s  p r o p o r r  l*.cnn l to the rr~axi.muat ir-clucnc-y c r r o r  oS f i le  

tra11srnil:ter d iv i -ded  by t h e  rcccivc.;  banawidt t -L ,  (2; T h e  ! ~ r o b a b j . l i t y  ~f 
b i t  e r r o r s  i n c r e a s e s  a s  a. res:j?t :j f rx2i . s~  i larr! ier  r e f e r t i n c e  o r  ~ y n c n r o -  
n iza t f io t l  s i g n a l s .  ( 3 )  r h c  t rans,r i i t i :ed n r . r r i e r .  ~ C I W ~ T  d e c r e a s c s  a s  a 

,' , , r e s u l t  o f  p h a s e  n o i s e  power ( 4 :  The rcii . l iri .c? i-'rla~?n::; h a n d w i d ~ t ~  and 
deadbands  must accnmodate  t i l e  1 o r ? y  t e r m  i l s t  zb:.! it.; 13f t i12 t r a r ~ e ~ m i t t e r  . 

Need f o r  Compos i te  Osc i ?  L a t o r  9 s . - ~ t n s :  ------ - 
One r e s u l i :  of  an o v e r a l  l systern a r l a l y s i s  w i l l  br: t h y  :;rj;..c.ific.at;ions f o r  
a f r equency  s t a n d a r d  needc>d t o  p r o v i d e  r e f e r e n c e  ; ,~yna!s ,  i f  t h e  s p e c i -  
f i c a t i o n s  can]-lot be met  by  a cornn!erciall  y ava i l . , l , l c  at-!-( i c e ,  :her, i t  rray 
s t i l l  be  p o s s i b l e  t o  rncct: the r z q r ~ i  rernerlts c r ; . t : ~  ii s,:!<:l.e~r c o : r ~ p o s ~ d  n f  
more t h a n  one d c v i c e .  

O s c i l l a t o r  s y s t e m s  arc. u s c f g l  be r : a~ l se  t h e  o p e r c i t ~ n : :  c < l r ! d i ? l ~ n r ;  whic??  op-- 
t i m i z e  one p c r f o r m a n c c  a s p e c t  o f  a niml:!e o s c i l l a t o r  a r c  nc->rrnal ly  ~ ~ r i f i l - -  

v o r a b l e  t o  o t h e r  a s p e c t s .  go:- e x a r r l p i ~ ,  1:1 a q u a r t z  c r j r s ~ n  l : ) s i . i . i l a t o r ,  
h i g h  power d i s s i p a t i u ?  iri t!iaz r e s c ~ n a t o r  i s  necc-s.;;lr>, !i-, a c 5 i e - v ~  t h e  h e s t  
shortl t e r m  s t a b i l i t y  ( ave rag i r rg  i-lmcs l e s s  thar?  . i  s )  h i n t ,  due  to t h e  
piezoelectric n o n l i n e a r i t i e s ,  m u c h  l ower  power l e v e l s  sre r e q u i r e d  f a r  
t h e  b e s t  long t e r m  s t a b i l i t y  and l o w c s t  31- if^ . [ 2 i  i i o w e t ~ e r ,  a systerrl c a n  
be c o n s t r u c t e d  c o n s i s t i - n g  of: two d e v i c c s ,  one  owtirnizeo f o r  l o n g  t e rm  
s t a b i l i t y  and t h e  o t h e r  f o r  s h o r t  .term s t a b i l i t y .  Thz s y s t e m  can  ljave a 
s i n g l e  output w h i c h  h a s  the b e s t  p e r f o r m a n c e  u t  t n c  two  device^.[:^^ h 
s y s t e m s  a p p r o a c h  i s  a l s o  u s e f u l  for o p t i m i z i n g  o t h e r  z s p e c t s  o f  o s c i l l z - A  
t o r  p e r f o r m a n c e ,  Sys tems can be ~ i se r !  t o  p r o v i d e  powcr g a i n  a f t e r  f r e -  
quency  m u l i t i p l i c a t i o n ,  t o  p r o v i d c  i i l t e r i n g  f u r ~ c t i c n s  which a r e  n o t  



p o s s i b l e  w i t h  p a s s i v e  d e v i c e s  and t o  p r o v i d e  u n u s u a l  combina t i , ons  01: 
p r o p e r t i e s  s u c h  a s  h i g h  t u n i n g  r a t e  combined w i t h  s u p e r i o r  l o n g  tern1 
s t a b i l i t y .  E q u a t i o n s  which p e r m i t  one  t o  p r e d i c t  t h e  n o i s e  pe r fo rmance  
o f  a  s y s t e m  compr i sed  o f  p r e v i o u s l y  measu red  components  a r e  d e v e l o p e d  
and s e v e r a l  examples  a r e  e v a l u a t e d  . 
One s y s t e m  w i l l  be e v a l u a t e d  i n  d e t a i l ,  b o t h  t h e o r e t i c a l l y  and e x p e r i -  
m e n t a l l y .  I t  i s  an e x t r e m e l y  i m p o r t a n t  examplc  b e c a u s e  o f  i t s  wide  
a p p l i c a b i l i t y  and t h e  f a c t  t h a t  i t  c a n  b e  e a s i l y  c o n s t r u c t e d  from com- 
m e r c i a l l y  a v a i l a b l e  components .  It c o n s i s t s  o f  a  q u a r t z  c r y s t a l  o s c i l -  
l a t o r  h a v i n g  s t a t e - o f - t h e - a r t  s p e c t r a l  p u r i t y  which i s  p h a s e  l o c k e d  t o  a 
s econd  q u a r t z  c r y s t a l  o s c i l l a t o r  h a v i n g  s t a t e - o f - t h e - a r t  l o n g  tern1 s t a -  
b i l i t y .  Data  a r e  p r e s e n t e d  which d e m o n s t r a t e  t h e  o v e r a l l  s y s t e m  s p e c -  
t rum and t i m e  domain s t a b i l i t y  a s  a  f u n c t i o n  o f  t h e  l o o p  p a r a m e t e r s .  

THEORY OF PHASE LOCK AND FREQUENCY LOCK SYSTEMS 

?he  g e n e r a l  problem i s  t o  improve  t h e  s t a b i l i t y  o f  a  v o l t a g e  c o n t r o l l e d  
o s c i l l a t o r  ( V C O )  by l o c k i n g  i t  t o  a  r e f e r e n c e  which h a s  b e t t e r  p e r f u r -  
mance o v e r  some r a n g e  o f  i n t e r e s t .  Two t y p e s  o f  f e e d b a c k  l o o p s  a r e  
n o r m a l l y  u s e d :  a  f r e q u e n c y  l o c k  l o o p  i s  r e q u i r e d  when t h e  reference i s  
a  p a s s i v e  r e s o n a t o r :  a  f r e q u e n c y  l o c k  l o o p  (FILL) o r  a  p h a s e  l o c k  l o o p  
( P L L )  may be  used  when t h e  r e f e r e n c e  i s  a n  a c t i v e  d e v i c e  p r o d u c i n g  i t s  
own o u t p u t  s i g n a l .  [ 3 1  I t  i s  shown be low t h a t  t h e  same e q u a t i o n s  c a n  bc 
u sed  t o  d e t e r m i n e  t h e  s t a b i l i t y  i inprovement ,  i n d e p e n d e n t  o f  t h e  t y p e  o f  
1 oop .  

P i g .  2 shows t h e  g e n e r a l  f e a t u r e s  o f  t h e  1eedb.ack l o o p .  The reference 
f r e q u e n c y  i s  R r  and d e v i a t i o n s  from t h e  nomina l  a r c  d e n o t e d  ~ 1 2 , ( ~ ) ;  t h c  

REFrRENCE 
OSCILLATOR OR RESONATOR 

F i g .  2. F h a s ~  o r  f r ~ q u ~ n c y  l o c k  loop .  

FILTER 



VCO h a s  f r e q u e n c y  SL nrxd deviations 16io(t'- I t  i.s conrpared wi.th t t l c  
r e f c r c n c c  i n  t h e  d e v i c e  l a b e l l e d  d e t e c t o r  whose n u t p u l  i s  v d ( s )  = E ~ ( s S  
[ f \ l d r ( s )  --A610(s)], where  A>C,is) and Acl,(s) a r e  t h e  L a p l a c e  t ra r r s for rns  o f  
t h e  c o r r e s p o n d i n g  I r e q u e n c y  d e v i a t i o n s .  'I'he p h a s e  and  frecluerlcy t r a n s - -  
Eorrns a r e  r e l a t e d  v e r y  s i m p l y  b y  t h e  e x p r e s s i o n  

which  makes  i t  p o s s i b l e  t o  dis t i r . i : ;uish between the FLL nricl t i ]?  TJLi  
e n t i r e l y  t h r o u g h  the f u n c t i o n a l  dcpcndcncc  oT K , l ( s )  For  FT,I,, Kc;(s)  
i s  a  c o n s t a n t ,  R,, w h i l e  f o r  t h e  PLL,  R , ~ ( s )  = T<,;.is \&li?rc kdj im con-- 
s t a n t .  Thus  t h e  d e t e c t o r  o u t p u t  Tor L h t  PLL i s  p r o p n r t i o n a l  t o  the 
phase cli f f e r e n c e  be tween  t h e  V C O  and the r e f c ! r encc ,  Id(:; )=K$ (,pris -- 

$ , / s ] .  The n o i s e  v o l t a g f  g e n e r a l o r  VI l ( s )  r e p r e s e n t s  t h e  i n t e r n a l  r lo i sc  
o f  t i l e  V C O .  T f  t h e  t u n i n ? ,  r a t c  o f  t h e  o s c i  l . l n t o r  i s  K,,(T-Tz/volt '!, t'ricrl 
t h e  open  l o o p  n o i s e  of  t h e  VC:O i s  g i v e n  by  

The c l o s e d  l o o p  p c r f o r m a n c t  o f  the s y s t e ~ r l  1 -o l lows  b y  t r a c i n g  AP,(sr  
a round  the  l o o p :  

where  G ( S )  = K ~ K ~ ( S ) F ( S )  i s  Lhc open  l o o p  a n i n .  Assuming t h a t  t h e  nojsc 
i n  t h e  VCO and t h e  r e f e r e n c e  a r c  u n c o r r e l n t e d ,  t h e  s p e c l r a l  d e n s i t y  o f  
t h e  f r e q u e n c y  n o i s e  obeys  t h e  e q u a t i o n  

where t h e  y ' s  d e n  t h e  d e v i a t i o n s  n o r m a l i z e d  t o  thc c a r r i e r  I r c q u c n c y ,  
e , g . ,  y,= A Q ~ / ~ & .  ?hT ~t f n l  lows t h a t  S ,  =sy(- ,"I 1 ,  - ) ,  s1.1 S j s a t  i s 1 i c s  t h ?  

same r e l a t i o n  a s  S : 
Y 



I G (  j W) I g e n e r a l l y  i n c r e a s e s  m o n o t o n i c a l l y  w i t h  d e c r e a s i n g  w ,  rnaklng i t  
p o s s i b l e  t o  draw some g e n e r a l  c o n c l u s i o n s  a b o u t  t h e  o u t p u t  s p e c t r u m  o f  
t h e  s e r v o e d  o s c i l l a t o r .  The n o i s e  i n  t h e  r e f e r e n c e  o s c i l l a t o r  and i n  
t h e  c o n t r o l  l o o p  i s  low p a s s  f i l t e r e d ,  w h i l e  t h e  n o i s e  i n  t h e  VCO i s  
h i g h  p a s s  f i l t e r e d .  T h i s  l e a d s  t o  t h e  most common s i t u a t i o n - - t h e  a u t p u t  
s p e c t r u m  i s  dominated  by t h e  r e f e r e n c e  o s c i l l a t o r  a t  low F o u r i e r  f r e q u e n -  
c i e s  and by t h e  VLO at: h i g h  F o u r i e r  f r e q u c n c i e s .  However, i n  t h e  e v e n t  
t h a t  t h e  s p e c t r a l  p u r i t y  o f  t h e  V C O ,  S$n(w) ,  i s  much worse  t h a n  t h e  
p u r i t y  o f  t h e  s e r v o  o r  r e f e r e n c e ,  we s e c  t h a t  S+o(ci)) i s  a p p r o x i m a t e l y  
S J ~ ~ ( W ) /  I G ( ~ w )  1 2 .  I f  I G (  j(r~) I h a s  a  maximum v a l u e  o f  104 ,  f o r  example ,  
t h e n  t h e  s p e c t r a l  d e n s i t y  o f  t h e  l ocked  VCO c a n  n e v e r  be b e t t e r  t h a n  
~ ~ , , ( 8 ~ ) / ( 1 0 , 0 0 0 ) ~ ,  even  i f  t h e  s e r v o  and r e f e r e n c e  a r e  much l e s s  n o i s y  a t  
t h a t  F o u r i e r  f r e q u e n c y .  

T h i s  i n d i c a t e s  t h a t  I G (  j h ) )  1 s h o u l d  be a s  l a r g e  a s  p o s s i b l e .  However, 
t h e  maximum v a l u e  i s  f i x e d  by t h e  r o l l o f f  s l o p e  and t h e  maximum u n i t y  
g a i n  f r e q u e n c y  which c a n  be  t o l e r a t e d  by t h e  s h o r t  t e r m  s t a b i l i t y  o f  t h e  
r e f e r ~ n c e  s i g n a l .  I f  t h e  r o l l o f f  e x c e e d s  12 d B / o c t a v e  a t  t h e  u n i t y  g a i n  
p o i n t ,  t h e n  t h e  l o o p  w i l l  o s c i l l a t e .  The r e q u i r e d  s h a p e  o f  G ( j o ~ )  t o  
r e d u c e  t h e  e f f e c t  o f  t h e  open l o o p  VCO n o i s e  be low t h e  l e v e l  o f  t h e  
r e f e r e n c e  n o i s e  f o r  F o u r i e r  f r e q u e n c i e s  be low t h e  u n i t y  g a i n  f r e q u e n c y  
c a n  be d e t e r m i n e d  from t h e  above  e q u a t i o n .  Fo r  example ,  t o  t r a n s f o r m  - 
random walk  o f  phase  (S$"u 2 ,  t o  w h i t e  phase  n o i s e  (S+CE(I)O) r e q u i r e s  a  
s i n g l e  i n t e g r a t i o n  ( i . c . ,  G 1 An a n a l o g o u s  r e s u l t  car, b e  de -  
r i v e d  f o r  d e t e r m i n i s t i c  p r o c e s s e s  which c a n  not: bc  described i n  te r rns  o f  
s p e c t r a l  d e n s i t i e s .  Fo r  example ,  t h e  un locked  VCO may e x h i b i t  f r e q u e n c y  
o f f s e t  ~ l ( t . 1  a t ,  f r e q u e n c y  d r i f t  $ ( t )  t 2 ,  o r  even  f r e q u e n c y  a c c e l e r a -  
t i o n .  I f  t h e  p a r a m e t e r  t o  be  c o n t r o l l e d  h a s  a n  open  l o o p  b e h a v i o r  p r o -  
p o r t i o n a l  t o  t P  t h e n  t h e  r e q u i r e m e n t  f o r  t h e  c l o s e d  l o o p  s y s t e m  t o  h a v e  
z e r o  dc  e r r o r  i s [ 4 ]  

P I i r n  [(A) I C: ( j li)) / 1 =(J) . 
c1i-f I) 

A c r i t i c a l l y  damped second o r d e r  l o o p  r e s p o n s e  i s  n c a r l y  i d e a l  f o r  o s c i l -  
l a t o r  sys t em a p p l i c a t i o n s .  The r e q u i r e d  open  l o o p  g a i n  f u n c t i o n  i s  

i n  which o h  i s  c a l l e d  t h e  n a t u r a l  f r e q u e n c y  o f  t h e  l o o p .  L h ]  

I n  the  c a s e  o f  t h e  P L L  i t  c a n  be  app rox ima ted  by s c l e c ~ i r l g  the f i l t c r  of  
F i g .  3a  f o r  ~ ( s ) ,  w h i l e  t h e  FLL r e q u i r e s  an  a d d i t i o n a l  i n t e g r a t i o n  i n  
o r d e r  t o  have t h e  same o v e r a l l  open  l o o p  g a i n  f u n c t i o n ,  



F i g ,  3 ,  .Filters for- phase and i'ri+c;u(inr-y l o c k  iCrcljt.. , b . i  l ~ ( l t -  ( a )  is 
u s e d  to a c i ~ i e v r  a second orcler PL.L -rspunsi3 ii'- i A  i i e  (;:) arid ( b )  
ir. s e r i e s  prodrlce a s ~ c o n r i  o rdr l r  FLI, r p s l - o n e i . ,  

For  f r e q u e n c i e s  srna1.l co~npnred  t o  ;,,/2, tFic o p e n  l o o p  f;;ii.n increases at 
1 2  dB/octave. tiowever, b e c a u s e  o f  :he k r c a k p o i n t -  aL ' - , , / % ?  ;he s i o p n  is 
o n l y  6 dB/oc tavc  ilt t h e  u n i t y  g a i n  f r e q u e n c y  arid l!he l oop  ; s u n c o r - i d i ~ i n n -  
a l l y  s t a b l e .  Because  o f  t h e  l i m i t a t i o n s  of a n n i o ~  i n t ~ f ; r < ? t o r s  2nd o t i ie r  
c i r c u i t r y ,  t h e  PLL, whiz11 has 31-1 i n lhe ren t  purc . i n t e ? r n t i o n ,  i s  s ~ l p c r i o r r  
in p e r f o r m a n c e  where k t  is a p p l i c a b l e .  E r r n r s  i t i  si.1~; ;! l o o p  p r o d u c c  a 
phase o f f s e t  between tilt. two osciilatnrs, whereas e r r o r s  il; =i PLL : -~sml t  
i n  a f r e q u e l - ~ c y  o f f s e t .  The i.'lAIA n l i j s t  hi' u s e d  w i t h  p n s s i v . :  rcso:iators and 
can bc u sed  t o  achieve m p r o v m c n t s  in some PLL c 1 r ; i r a c t c r l - ~ s t i c s ,  5;ut:h a s  
pul.1 i n  r a n g e  and a c q u i s i t  i o n  c i.mc. 

SYSTEMS APPII(IACII 1WK SIMULTAYEO:! :; S PbC:'CKhl, 
PLIKTTY ANT) LONG TERM STP,DIL,ITY 

There arc commercial 1 y available o s c i l i  n t o r s  with s u p i ~  i c r  s p e c t r a l  
p u r i t y  and l o n g  t e r n  stability. but no onc d v v i c c  has t ne  b e s t  pertor- 
mance f o r  all a v e r a g i n g  times. This sc.cLic;n wil 1 shi~w t-iow to di::ign a 



s y s t e m  which h a s  t h e  optimum pe r fo rmance  e v e r y w h e r e :  Da ta  a r e  p r e s e n t e d  
which c o n f i r m  t h e  r e s u l t s  o f  t h e  p r e v i o u s  s e c t i o n ,  

The low d r i f t  5-MHz o s c i l l a t o r ,  u sed  a s  t h e  r e f e r e n c e ,  i s  c h a r a c t e r i z e d  
by t h e  measured  s p e c t r a l  d e n s i t y ,  

w h i l e  t h e  s p e c t r a l l y  p u r e ,  5-MHz o s c i l l a t o r  i s  a p p r o x i m a t e l y  c h a r a c t e r -  
i z e d  by 

10-lo. 5 
s (f) - + 10-17.1 7- 9 

where  f=(1)/2n i s  t h e  F o u r i e r  Lrequency  o f f s e t  from t h e  c a r r i e r .  

A second  o r d e r  PLL was s e l e c t e d  t o  combine t h e s e  two d e v i c e s  a s  a sys- 
t em;  F i g .  4 shows t h e  ma jo r  e l e m e n t s  of  t h e  c i r c u i t .  A d o u b l e  balariccd 
m i x e r  s e r v e s  a s  t h e  p h a s e  d e t e c t o r .  It i s  f o l l o w e d  by a 2-pole  f i l t e r  
which a t t e n u a t e s  t h e  10 MHz o u t p u t  o f  t h e  m i x e r ,  b u t  h a s  l i t t l e  i n f l u -  
e n c e  on  t h e  l o o p .  The c a p a c i t o r  s h u n t i n g  t h e  o p e r a t i o n a l  a m p l i f i e r  and 
t h e  low p a s s  f i l t e r  f o l l o w i n g  i t  l i m i t  t h e  n o i s e  bandwidth  o f  t h e  l o o p  
a t  a  s u f f i c i e n t l y  h i g h  f r e q u e n c y  compared t o  t h e  n a t u r a l  f r e q u e n c y  o f  
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P i g .  4 .  Second o r d p r  p h a s r  l o c k  loop .  



t h e  l o o p  s o  t h a t  t h e y  llnve i ~ c ~ l i g i b l ~  c f f c c t  1317 r h r  lccrll  r -esponsc.  The I r e s i s t o r  2nd i - a p a c i i u r  i n  iiie f e e d h a c k  p a t h  a r o ~ i n d  c h i  ~ p c r i i t l o n a i  a m p i i  - 
Eiel c-rre chosen to p r o d u c c  tr i t i  c n l  damping  Tllp anpr t rxl !ni l te  s y s t ~ m  
s p e c t r a l  d e n s ~ t y  i s  

1 F i g ,  5 shows the open l o o p  r l o i s e  nf b ~ t ' r ~  osc.i ni ;crs  an? t h e  c?oscd l o o p  

s y s t e m  o u t p u t  f o r  two different ~ r n j  ty )y;ail?. Lrri-.c,~.-,.c:..nci.e.s, S H:r ( 2 1 2  m s  ;.it12 
16  Hz ( l G  ms). If t h e  u n i t y  ga . in  ii'rcquc.rrt:s- i s  t : . ? : 7  ; : i " ' , !  ti)? sy ' ; te-  s p c c -  

tr-a1 p u r i . t y  is d e g r a d e d  by t h e  ;-rferr~ncc- .  r:oi:;e; t 1 1 ~  riV:ti.rn~.~rn u n i t ?  ~ 2 ;  11 

f r e q u e n c y  i s  near 8 Hz ir; t - i i ~ s  e x a m p i c .  

,, , .. F i g ,  5, S p p c t r - a 1  d r n s i t y  :!l phasr i  f ~ i r  :ti) ~,- , -?l! iz ,  VLC i . l ; ;viqg P X : ~ ~ ~ . P L Z ! I  

spt.?cLral pur.;t.y, 1,51 5-?4hz VCC t!av.irig good i o l i ~  tcrtil s t a h i - -  

i i t y ,  ( e l  5ys~et11 ~ ~ ~ f i ) ~ - i ~ ~ i . i c *  i?ii.fl~ 1.C h:r. ij;!i:,.- p ; i i ~ i  ~ T I J ~ J U P T E C ~ ,  

arid !d) :;ystFrn pe-ri'n:rxancr i J t r :  ':; i!c ! : :~ i i>  gi? i n  f r ~ q u ~ r r c y ,  

" . .  The  time dona.lr: s t a b i i x t y  i r  si-!oitr~: 11 P . L ~ .  A ,  '1!76., ' .r;3xlg:13.~j RYE:  : . h ~  
, .. 

s y s t e m  s t a b i . l i t y  w i t h  El Hj: - . ir~i  :;Y j ~ s 1 l - i  : r i?~~l .~er :c .~~.  ., . wh13 .c  :;re ::1t-i-:i.i-s as(: 
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P i g .  6.  T i r r l ~  domain s t a b i l  i l l y  :)I t h e  s p ~ c t r a l l y  ImrP o s c i l l a t o ~  
( c i r c l e s )  a n d  t%lp  t w o - ~ ) s c i l  l a t o r  sy s tPm w i t h  8 llz u n i t y  r a i n  
f r r q u r n c y  ( t r i a n g l r s ) .  

The r e s ~ ~ l t s  which c o u l d  bc  o b t a i n e d  w i t h  t h r e e  ot l - ier  sy s t e rn s  a r e  shown 
i n  b i g .  7 .  The s t a b i l i t y  shown  f o r  sys te ln  1 r c s u l t s  f rom p h a s e  l o c k i n g  
t h r e e  commerc i a l  o s c i l l a t o r s :  A s t a t e - o f - t h e - a r t  5-MHz o s c i l l a t o r  p ro -  
v i d e s  t h e  s h o r t  L e r m  s t a b i l i t y  ( ~ < l s )  a n d  i s  l o c k e d  t o  a  low d r i L t  o s c i l -  
l a t o r  f o r  b e s t  i n t e r m e d i a t e  s t a b i l i t y ;  t h e  l o n g  t e r m  p e r f o r m a n c e  r e s u l t s  
[rum l o c k i n g  t h i s  p a i r  t o  a  c ~ s i t l r r ~  beam f r e q u e n c y  s t a n d a r d .  T h i s  s y s t e m  
h a s  t h e  b e s t  p e r f o r r n a n c ~  which c a n  bc  o h t a i n r d  w i t h  commercial d e v i c e s  
a t  5 Mliz. 

I n  t h e  r e g i o n  from a p p r o x i m a t e l y  .UI s t o  1 s ,  t h e  s y s t e m  s t a b i l i t y  i s  
b e t t e r  t h a n  t h a t  o f  any  a f  t h e  cornpollent o s c i l l a t o r s .  T h i s  s i t u a t i o n  
o c c u r s  i n  t h e  c a s e  o f  wt i i t c  phase  n o i s e ,  b e c a u s e  t h e  s t a b i l i t y  o f  t t l c  
l o n g  t e r n )  s t a b l e  o s c i l l a t d r  i t 1  t h i s  r e g i o n  i s  d ~ t c r m i n e d  by t l i c  v e r y  
h i g h  frequency p o r t i o n  o f  t h e  s p e c t r a l  d e n s i t y .  For t h i s  r e a s o n ,  u y ( 7 )  
c u r v e s  s h o u l d  be  used w i t h  g r e a t  c a u t i o n  when p r e d i c t i n g  s y s t e m  c h a r a c -  
t e r i s t i c s .  

Sys tem 2 i s  a p r o t o t y p e ;  a  5-MHz q u a r t z  c r y s t a l  o s c i l l a t o r  i s  f r equency  
l o c k e d  t o  n p a s s i v e  q u a r t z  c r y s t a l .  I t  h a s  t h e  h c s t  i n t e r m e d i a t e  t e r m  



E i g .  7. 'I'imt? dorr~ain stabiltty o f  !;!) a SyStPl'i ~onipo~i'd o f  8 spec - -  
t r - a l l y  p u r c  quar:e nsc f  1 i a t o r ,  n low d r  i l t  q u a r t z  o s c l ! l a t o r  
a n d  n ces ium -1ocX ( p r ~ d i . c t c l d ) ;  (2) a sysic!l; ; O ~ L I ! ) C ) S P ~  of B 

s p e c t r a 1 l . y  p u r e  q u a r t z  n s c i l l a t o r  at-id a p a s s i v ~  q u a r t z  c r y s -  
t a l  ( r e a l  i z r d )  ; (:j) a  sys tc tu  ccmpc3s~d r-if ,.I s u F r r c o n d u c t  ing  
c a v i t y  s t a b  i l  i z ~ d  o s c  i l l ~ t o r  atnd a p a s s i v e  hydrogflll  f r e q u ~ n c y  
s t a n d a r d  ( p r e d  i c t ~ c i ' ) ,  

s t a b i l i t y  e v e r  a c h i e v e d  w i t h  i i  quar :_z  c r y s r a l !  b ~ i c a u s c  :he p a s s i v e  reso- - -  
n a t o r  i s  o p e r a t e d  u n d e r  corici i t i tsns  which  opt i rni .ze  the s t a b i l i t y  i n  t h e  1 
t o  104 s r a n g e . L 2 r 3 ]  Eventunlly s y s t e m  2 s h o u l d  e q u a l  o r  b e t L e r  t h e  
pe r fo rmance  al s y s t e m  1 f o r  a l l  t imes  s h o r t e r  t h a n  !gL' 5 .  

Sys tem 3 shows t h e  r c s u l t s  which  would be  o b t s l n c d  ii a supe rconduc : t i ng  
c a v i t y  s t a b i l i z e d  o s c i i l a t o r  werc p h a s e  l o c k e d  t u a ; ~ a s s i v c  hydrogel1 Ire--- 
quency  s t a n d a r d .  'Ttic s.;stern periornlar lce i s  tllc b c s t  w h i c h  c a n  be 
ach ieved  w i t 1 1  e x i s t i n g  d e v i c e s .  I - '> 8 1  

We have  i l l u s t r a t e d  how ,i svs:c-rrs a p p r o a c h ,  w ~ t i i  i t :  l n c r ~ a s e c i  c i ep rc r s  
o f  f r eedom,  c a n  p r o v i d e  y r e a t  ly i lnprovcd s t a ' n i  l i t y  rrcr formance  r c l a t  i v c  
t a  a single o s c r l  l a t o r .  I n  a comple t e1  y a n a l o g o u s  ? l annc r  a n  ~ c ~ s c i l l a t n r  
e x h i b i t i n g  low v i b r a t i n n  or  radiatinn s c n s l t i v i t y  c. in  b c  phase  l n c k ~ d  t u  
a l o n g  ter ln s t a b l e  o s c i l l a t o r  t d  y l ~ l d  rmprovernPnts l r l  t l l e s ~  p a r a m e t e r r .  

S imp le  e q u a t i o n s  w h i c h  cat1 be a sed  t o  p r e d i c t  Lt;e performance i l b  e i t h e r .  
f r e q u e n c y  o r  ph::se l o c k  s y s t e m s  iiave becrl d i s c 1 1 s s e d .  A. l o o p  f i l t e r  f o r  
a c h i e v i n g  n e a r  optimurrr r e s u l t s  was d e s c r i b e d  and ~ x p e r i m e n t a l  r c s u l t s  af 
o n e  p h a s e  lock l o o p  svstem usin.!: t h i s  f i l t e r  !were p r e s e n t e d .  P r e d i c t e d  
performance  c u r v e s  f o r  some o t h e r  i n t c r c s t i n g  s y s t e m s  were  p r e s e n t e d .  
Us ing  t h i s  i . n f n r m a t i o n ,  the d e s i g n e r  s h o u l d  be  a b l e  t o  t a i l o r  t h e  p e r f o r -  
mance o f  at1 o s c i l l a t o r  s y s t e m  !lo meet  t h e  r1vt:rai.l f r e q u e n c y  s t a b i l i t y ,  
a c c u r a c y  o r  t i m i n g  s p e c i f i c a t i o n s  o f  a n a v i g a t i o n ,  ::ommunicat i o n s  o r  
o ~ h e r  l a r g e  e l e c t r o n i c  s y s t e m .  



APPENDIX A :  Phase  Noise  i.n O s c i l l a t o r s  

The i n s t a n t a n e o u s  o u t p u t  v o l t a g e  o f  a  h i g h  q u a l i t y  s i g n a l  g e n e r a t o r  may 
be w r i t t e n  a s  

V ( t )  = [V + ~ ( t )  s i n  [fi t + $ ( t ) ]  
0 0 

where Vo and sJo a r e  t h e  nominal  a m p l i t u d e  and f r e q u e n c y ,  r e s p e c t i v e l y ,  
w h i l e  ~ ( t )  and $ ( t )  a r e  random p r o c e s s e s  r e p r e s e n t i n g  a m p l i t u d e  n o i s e  
and phase  n o i s e .  The o b j e c t i v e  i s  t o  c h a r a c t e r i z e  @ ( t ) .  T r a d i t i o n a l l y  
t h e  measurements  h a v e  been  d e s c r i b e d  as b e i n g  per formed i n  e i t h e r  t h e  
f r e q u e n c y  domain o r  t h e  t i m e  domain.  The recommended d e f i n i t i o n  f o r  t h e  
f r e q u e n c y  s t a b i l i t y  measu re  i n  t h e  F o u r i e r  f r e q u e n c y  domain i s  t h e  one  
s i d e d  s p e c t r a l  d e n s i t y  on a  p e r  H e r t z  b a s i s ,  S + ( f ) ,  o f  t h c  random 
p r o c e s s  $ ( t  ) .  l Y 1  I n  t e r m s  of  t h e  s p e c t r a l  d e n s i t y ,  t h e  mean s q u a r e  
phase  f l u c t u a t i o n s  w i t h i n  t h e  f r e q u e n c y  band f l < f Z  i s  

Phase  n o i s e  i n  o s c i l l a t o r s  i s  o f t e n  e x p r e s s e d  a s  a r a t i o  o f  s i n g l e  
s i d e b a n d  phase  n o i s e ,  p e r  root: H e r t z  t o  c a r r i e r  power--:<(£)--as a  
f u n c t i o n  of  F o u r i e r  f r e q u e n c y  o f f s e t  from t h e  c a r r i e r .  ~ ( f )  i s  r e l a t e d  
t o  t h e  s p e c t r a l  d e n s i t y  o f  phase  n o i s e  o f  t h e  o s c i l l a t o r  by  t h e  e q u a t i o n  

F i g u r e  8 shows t h e  t y p i c a l  a p p e a r a n c e  o f  t h e  s p e c t r a l  d e n s i t y  o f  p h a s e  
n o i s e  of  an  o s c i l l a t o r .  High q u a l i t y  o s c i l l a t o r s  o f t e n  e x h i b i t  power 
law dependence  o f  t h e  s p e c t r a l  d e n s i t y .  I n  r e p i a n  I ,  S $  i s  t y p i c a l l y  
p r o p o r t i o n a l  t o  l / f 3  and  t h e  o s c i l l a t o r  i s  s a i d  t o  h a v e  a f l i c k e r  
f r e q u e n c y  n o i s e  b e h a v i o r ;  i t  i s  p r o b a b l y  t h e  r e s u l t  o f  changes  i n  t h e  
v a l u e s  o f  t h e  f r e q u e n c y  d e t e r m i n i n g  e l e m e n t s .  I n  r e g i o n  1 1 ,  S$  i s  
p r o p o r t i o n a l  t o  l / f 2  and t h c  o s c i l l a t o r  i s  s a i d  t o  h a v e  w h i t e  f r e q u e n c y  
n o i s e ;  i t  i s  o f t e n  t h e  r e s u l t  o f  t h e r m a l  n o i s e  i n  t h e  g a i n  e l emen t  o f  
t h e  r e c e i v e r ,  Norma l ly ,  t h e  a m p l i t u d e  n o i s e  i s  much l e s s  t h a n  t h e  phase  
n o i s e  i n  b o t h  r e g i o n  I and T I .  I n  r e g i o n  111, S +  i s  c o n s t a n t  and t h e  
o s c i l l a t o r  i s  s a i d  t o  have  w h i t e  phase  n o i s e .  T h i s  i s  u s u a l l y  t h e  r e -  
s u l t  o f  a d d i t i v e  t h e r m a l  n o i s e  i n  an  a m p l i f i e r  o r  some o t h e r  d e v i c e .  I n  
t h i s  r e g i o n ,  t h c  a m p l i t u d e  n o i s e  i s  g e n e r a l l y  e q u a l  i n  magni tude  t o  t h e  



F i g .  8 .  T y p i c a l  s p ~ c t r a !  d e n s ~ t y  0:' p h a s ~  f o r  a h;igr? c ! u a ? ~ t v  o s c i l -  
l a t o r .  

, . 
phase n o i s e .  Region  T V  is usuai.'!y ;iue t;) i l r , - ; C i .  i>ijndw-:citt-~ of the: ouirpilt 
a m p l i i i e r s  . 

APPENDIX T i :  Frequer-ICY 5i:ahi.i t:; i!f an iisi:;.i.lator 

. . "  
The recomn~endel', d e f i n i t i c r :  far cjle freqtler~cy s c a b i i : . ~ ; .  ;neai:ure - 5  the  
time domain i:: t h e  two san:ple, z ,cro--deadt  i m e  var;Yirce. : i ~ m m c s i ~ l  y c a l l e d  



t h e  A l l  an v a r i a n c e ,  

where 

i s  t h e  average  f r a c t i o n a l  f requency over  t h e  ktkl i n t e r v a l  o f  Length I, 
and t h e  a n g u l a r  b r a c k e t s  i n d i c a t e  an  i n f i n i t e  t ime  a v e r a g e .  1 9 1  I t  i s ,  
i n  g e n e r a l ,  a l s o  n e c e s s a r y  t o  s p e c i f y  t h e  measurement bandwidth ,  f t l .  

B ig .  9 i l l u s t r a t e s  t h e  t y p i c a l  appearance  o f  t h e  two sample d e v i a t i o n  
f o r  a  h i g h  q u a l i t y  o s c i l l a t o r ;  power l a w  b e h a v i o r  i s  a l s o  common i n  t h i s  

I I . L A  
111-3 I 10 . '  1 11; I 2 l o 4  1115 

AVERAGING T IH I  . r ( r )  

F i g .  9. Typ ica l  two s a m p l ~  d e v i a t i o n  f o r  a h i g h  qua1 i t y  o s c i l l a t o r .  

casp .  In  r e g i o n  A ,  cr ( T )  i s  dominated by t h e  h i g h  f requency  n o i s e  o f  Y 
t h e  o s c i l l a t o r  and t h e  s t a b i l i t y  u s u a l l y  improves as  '1-1 ( w h i t e  phase 
n o i s e )  o r  -r-lI2 ( w h i t e  f r equency  n o i s e ) .  The s t a b i l i t y  i s  g e n e r a l l y  
dependent on measurement bandwith i n  r e g i o n  A .  I n  r e g i o n  B ,  t h e  o s c i l -  
l a t o r  n o i s e  i s  dominated by t h e  f l i c k e r  o f  f r equency  b e h a v i o r  and u i s  J' 
c o n s t a n t .  For longer  t imes  t h e  f requency  s t a b i l i t y  g e n e r a l l y  degrades  
a s  T ~ / ~  o r  'i o f t e n  due t o  d e t e r m i n i s t i c  e f f e c t s  l i k c  t e m p e r a t u r e ,  power 
l e v e l ,  and ag ing  of components. 
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OUESTIONS AND ANSWERS 

MR. LAUREN RUEGER, Johns Hopki ns U n i v e r s i t y  , Appl i e d  Ptrysics Lab: 

What servo systems have you suggested f o r  use i n  complex systems and 
how would you propose t o  v e r i f y  t h a t  t h e y  a re  f u n c t i o n i n g  cor rec t . l y?  
Would you have t o  go th rough a th ree-cornered  comparison o f  t h r e e  
systems t o  v e r i f y  t hey  a re  work ing? 

DR. STEIN:  

You b r i n g  up a v a l i d  p o i n t .  O f  course, i f  one i s  t a l k i n g  atlout 
env i ronmenta l  problems, such as, say, a c c e l e r a t i o n  s e n s i t i v i t y ,  one 
d o e s n ' t  have a problem because one can compare t h e  o s c i l l a t o r  under 
a c c e l e r a t i o n  t o  an o s c i l l a t o r  i n  a n i c e  environment,  one that: 
doesn' t have a problem. When t a l  k i n g  about  pushing system 
performance t o  t h e  1 i m i  t, one always has t h e  problem you discussed. 

MR. RUEGER: 

I b e l i e v e  what you a r e  sugges t ing  i s  an ope ra t i ona l  use o f  such a 
complex system; and i f  i t i s  a complex one, t hen  you need v e r i -  
f i c a t i o n ,  i n  se rv i ce ,  t h a t  these types o f  equipment are  work ing  and 
con t i nue  t o  work a t  t h e i r  f u l l  performance. 

DR. STEIN: 

Perhaps I am n o t  f o l l o w i n g  you r  p o i n t .  I t h i n k  t h e  answer t o  you r  
ques t i on  i s  t h a t  one t r i e s ,  f o r  ins tance ,  t o  produce an o s c i l l a t o r  
which has f a r  b e t t e r  behav io r ,  say, under i r r a d i a t i o n  than  e x i s t i n g  
o s c i l l a t o r s  and s t i  11 meets a t ime  d i s p e r s i o n  s p e c i f i c a t i o n ,  long-  
term, something 1 i ke a JTIBS-type s p e c i f i c a t i o n .  

And i n  t h a t  case, one d o e s n ' t  r e a l l y  have a problem because one 
can compare t h e  o s c i l l a t o r  o p e r a t i n g  i n  t h e  harsh environment t o  
o s c i  11 a t o r s  o p e r a t i n g  i n  good env i  ronments t h a t  mai n t a i  n t h e i  r good 
performance because t h e y  a r e  n o t  sub jec ted  t o  t h i s  problem. 

MR. RUEGER: 

The answer t h a t  you a r e  g i v i n g  me i s  one o f  t h e  des ign  v e r i f i c a t i o n ,  
b u t  n o t  one i n  which the  o p e r a t i o n  performance i s  susta ined.  And t o  
v e r i f y  t h a t  a dev ice  o f  t h i s  k i n d  works i n  s e r v i c e  over  l o n g  pe r i ods  
o f  t i m e  i s  n o t  t h e  same as a q u a l i f i c a t i o n  type  o f  a t e s t .  



D R .  S T E I N  

I guess I w i  11 have t o  1  eave t h a t  t o  t h e  systems d e s i g n e r s .  

DR. JACQUES V A N I E R ,  Lava1 U n i v e r s i t y :  

I t  may n o t  be a s e r v o  system a f t e r  a l l .  You s a i d  i t  i s  a s e r v o  sys-  
tem, b u t  y o u  have t o  make rneasur-ernents t o  ca l i b r a t e  e v e r y t h i n g  
around i t ,  and t h a t  may he v e r y  expens ive .  

DR. STEIN :  

We1 1, once a g a i n ,  t h e  e n v i  ronrr lental rneasuremer!ts can and wou ld  be 
made b y  e n v i r o n m e n t a l  senso rs ,  a u t o m a t i c a l l y .  

DR. VANIER: 

Yes, b u t  t h e y  a r e  not i n  a s e r v o  l o o p .  Y o u r e  p r o p o s i n g  an open 
l o o p .  

DR. STEIN:  

Well, i t  i s  open l o o p ,  and you  a r e  p e r f e c t l y  r i g h t  i n  the sense t h a t  
y o u  a r e  n o t  a t t e m p t i n g  t o  c o r l t r o l  t h e  env i ronmen t .  You a r e  o n l y  
a t t e m p t i n g  t o  o p t i m i z e  o s c i l l a t o r  per formance.  

D R .  GIOVANI BUSCA, Ebauches 

I wou ld  I i k e  t o  ask i f  t h e  good per formance y o u  have o b t a i n e d  
depends on t h e  f a c t  t h a t  when y o u  use y o u r  system, y o u  c o r r e c t  f o r  
t h e  p h a s i n g  s t a b i l i t y  o f  t h e  e l e c t r o n i c s .  Is i t  e s s e r l t i a l  t o  c o r -  
r e c t  f o r  t h e  p h a s i n g  s t a b i l i t y  o f  t he  e l e c t r o n i c s  t o  have t h e  b e s t  
r e s u l t s ?  

DR. STEIN: 

The answer t o  y o u r  q u e s t i o n  i s  r e a ' l l y  n o t  t r i v i a l .  The p a s s i v e  
e l e c t r o n i c s  may be an i m p o r t a n t  p a r t .  We f e e l  i t  i s  necessary .  
However, we have a l s o  used some nove'l c r y s t a l s  w i t h  new d e s i g n ,  
SC-cut, and t h i s  a l s o  i s  p r o b a b l y  necessary .  

Our r e s u l t s ,  f o r  i n s t a n c e ,  w i t h  s t a n d a r d  c u t  AT c r y s t a ' l s ,  are  
a p p r o x f m a t e l y  3 x lo-'>, and I wou ld  guess t h a t  t h e  reason  f o r  t h a t  
has t o  do w i t h  t e m p e r a t u r e  i n s t a b i l i t i e s  i n  t h e  oven. So w i t h o u t  
t h e  r i g h t  c r y s t a l ,  y o u  a l s o  canno t  do it. 




