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INTRODUCTION 

Dur ing  t h e  l a s t  few d e c a d e s ,  t h e r e  h a s  o c c u r r e d  a  ma jo r  r e v o l u t i o n  i n  
t h e  s c i e n c e  and p r a c t i c e  o f  t i m e  and f r e q u e n c y  g e n e r a t  i o n ,  d i s s e m i n a t i o n  
and u t i l i z a t i o n ,  F requency  and t i m e  s t a n d a r d s  w i t h  v e r y  h i g h  p e r f o r -  
mance c h a r a c t e r i s t i c s  have  been d e v e l o p e d ,  many o f  which a r e  commer- 
c i a l l y  a v a i l a b l e ,  S i g n i f i c a n t  f u r t h e r  p r o g r e s s  i n  a l l  i m p o r t a n t  p c r -  
formance  a r e a s  i s  p o s s i b l e ,  T h i s  i n c l u d e s  improved s h o r t  and l o n g  t e rm 
f r e q u e n c y  s t a b i l i t y ,  s p e c t r a l  p u r i t y ,  s i z e ,  w e i g h t ,  e n v i r o n m e n t a l  i n -  
s e n s i t i v i t y ,  c o s t ,  power demand and many more. In  a d d i t i o n ,  t h e r e  may 
be  many c a s e s  where  t h e  a p p l i c a t i o n  o f  a  b e t t e r  c l o c k  c o u l d  s i g n i f i -  
c a n t l y  r e l a x  o t h e r  s y s t e m  p a r a m e t e r s ,  and t h e r e b y  r e d u c e  o v e r a l l  s y s t e m s  
c o s t  and c o m p l e x i t y ,  

The q u e s t i o n  a r i s e s ,  what b e n e f i t s  can  be d e r i v e d  from a v a i l a b l e  o r  po- 
t e n t i a l l y  a v a i l a b l e  f r e q u e n c y  s t a n d a r d s  and c l o c k s ?  The PTTI A p p l i -  
c a t i o n s  and P l a n n i n g  Mee t ing  i s  t h e  p r o p e r  forum t o  a d d r e s s  i n  a r e a -  
l i s t i c  manner t h i s  problem o f  l o n g  t e r m  t e c h n o l o g y  p l a n n i n g .  Our ob- 
j e c t i v e  i s  t o  f i n d  a  d e f e n s i b l e  r a t i o n a l e  f o r  l o n g  t e r m  i n v e s t m e n t  s t r a -  
t e g y  f o r  t i m e  and f r e q u e n c y  c o n t r o l  d e v i c e  deve lopmen t .  The u s u a l  ap-  
p roach  t o  t e c h n o l o g y  p l a n n i n g  i s  t o  d e f i n e  s y s t e m  r e q u i r e m e n t s  and de -  
r i v e  t e c h n o l o g y  n e e d s ,  which  i s  f o l l o w e d  by a  program t o  a c h i e v e  s t a t e d  
o b j e c t i v e s .  We have  d i f f i c u l t i e s  w i t h  t h i s  a p p r o a c h ,  Long term o p e r a -  
t i o n a l  r e q u i r e m e n t s  a r e  u s u a l l y  d e f i n e d  i n  v e r y  g e n e r a l  t e r m s ,  and i t  i s  
v e r y  d i f f i c u l t  t o  e x t r a c t  t i m e  and f r e q u e n c y  g e n e r a t i o n  and d i s s e m i n a -  
t i o n  n e e d s  from s t a t e d  g o a l s ,  

We would l i k e  t o  s u g g e s t  a  p o s s i b l e  a l t e r n a t e  methodology,  F i r s t ,  one  
s h o u l d  e s t a b l i s h ,  f o r  a  p a r t i c u l a r  a p p l i c a t i o n ,  t h e  s p e c i f i c  f u n c t i o n  
per formed by t h e  d e v i c e  i n  t h e  s y s t e m  and t h e  e l e m e n t a r y  r e l a t i o n s h i p  
be tween t h e  t i m e l f r e q u e n c y  d e v i c e  and s y s t e m  p e r f o r m a n c e ,  I n  a d d i t i o n ,  
onc  s h o u l d  a l s o  d e t e r m i n e  t h e  c r i t i c a l  pe r fo rmance  and o p e r a t i o n a l  t i m e /  
f r e q u e n c y  d e v i c e  p a r a m e t e r s  which  l i m i t  s y s t e m  pe r fo rmance .  A f t e r  hav-  
i n g  e s t a b l i s h e d  t h e  q u a n t i t a t i v e  r e l a t i o n s h i p  be tween t h e  d e v i c e  and t h e  
s y s t e m ,  t h e  key  q u e s t i o n  t o  c o n s i d e r  i s  t h e  s y s t e m  impac t  o f  improved 
t i m e l f r e q u e n c y  d e v i c e s ,  How would a n  improved d e v i c e  p a r a m e t e r  improve 
t h e  s y s t e m ?  It i s  hoped t h a t  by u t i l i z i n g  t h i s  a p p r o a c h ,  a  s y s t e m a t i c  
r e v i e w  o f  c u r r e n t  and a n t i c i p a t e d  a p p l i c a t i o n s  may p o i n t  t o  a l i m i t e d  
number o f  d e v i c e  p a r a m e t e r s  with c r i t i c a l l y  i n f l u e n c e  s y s t e m  p e r f o z -  
mance,  The optimum R&D i n v e s t m e n t  s t r a t e g y  t h e n  i s  a program t o  improve 
t h e s e  h i g h  s y s t e m  impact  d e v i c e  p a r a m e t e r s ,  

One p o s s i b l e  methodology i s  t o  c o n s i d e r  a  m a t r i x  o f  ( a )  m i l i t a r y  o r  com- 
m e r c i a l  f u n c t i o n s  and ( b )  e v a l u a t e  t h e  t i m e / f r e q u e n c y  d e v i c e  s e l e c t i o n  
c r i t e r i a ,  The f u n c t i o n s  c o n s i s t  o f :  n a v i g a t i o n ,  p o s i t i o n i n g ,  and t a r -  
g e t i n g ;  communica t ions  f o r  command and  c o n t r o l ;  s u r v e i l l a n c e  and r e c o n -  
n a i s s a n c e ;  i n t e l l i g e n c e ;  and i d e n t i f i c a t i o n ,  The s e l e c t i o n  c r i t e r i a  
i n c l u d e :  p e r f o r m a n c e - - s t a b i l i t y ,  s p e c t r a l  p u r i t y ,  a c c u r a c y ;  s y s t e m  
l i m i t a t i o n s - - s i z e ,  w e i g h t ,  power;  c o s t - - i n i t i a l  a n d / o r  l i f e  c y c l e ;  and 



o p e r a t i o n a l  r e q u i r e m e n t s *  The o p e r a t i o n a l  i a c t o r s  c o n s i d e r :  e n v i r o n -  
ment - - space ,  n u c l e a r ,  a t m o s p h e r e ;  " i l i t i e s - - r e l i a b i l ~ t y ,  d u r a b i l i t y ,  
m a i n t a i n a b i l i t y ,  i n t e r o p e r a b i l i t y ;  s h o c k ,  a c c e l e r a t i o n ,  and v i b r a t i o n ;  
warm u p ;  a n d ,  F i n a l l y ,  e a s e  o f  dep loyment  o r  manlmachine  i n t e r f a c e s ,  
T h i s  pape r  i s  an  i n i t i a l  a t t e m p t  t o  d e f i n e  i h e  q u n l i t a t i v c  r e l a t i o n s h i p  
be tween  c l o c k  p e r f o r m a n c e  and s y s t e m s ,  and  g i v e s  i n f o r m a t i o n  w h i c h  may 
be u s e f u l  i n  d e c i d i n g  ( a )  h o w  would b e t t e r  p e r f o r m i n e  c l o c k s  improve  
s y s t e m  p e r f o r m a n c e ,  o r  ( b )  d r a t  t r a d e o f f s  c a n  he mndc be tween  s y s t e m  
perforinai lcc r ec lu i r emen t s  , t i l e  usr o f  a  b e t t e r  o r  worse  i r e q u e t l c y  s t a n -  
d a r d  o r  c l o c k ,  and  o t h e r  s y s t e m  d e s i g n  p a r a m e t e r s ,  i l i i ~ s e  q u e s t  Ions  a r c  
a d d r e s s e d  from a p u r e l y  t e c h l l i c a l  v i e w p o i n t ,  It i s  beyond t h e  s c o p e  o f  
t h i s  p a p e r  a s  w e l l  a s  t i l e  cornpetellee o t  the a u t l i o r 5  t o  a n a l y z e  s y s t  em's  
t r a d e o f f s  and p o s s i b l e  s a v i n g s  111 systerrl ;ompli.xi t y  a n d  c o s t ,  

Overv iew 

A p p l i c a t i o n  a r e a s  wki.ch most c l o s e l y  i n t e r a c t  w i ~ h  f r e q u e n c y  s t a n d a r d s  
and c l o c k s  f a l l  i n t o  t h e  g e n e r a l  c a t e g o r i e s  oL n a v i g a t i o n  and communi- 
c a t i o n ,  N a v i g a t i o n  h a s  been l i n k e d  f o r  n a n y  c e n t u r i e s  t o  c l o c k s ,  Mo- 
d e r n  n a v i g a t i o n  r a n g e s  from the d e t e r m i n a t i o n  o f  t h e  position o i  s t n -  
t i o n a r y  u b j e c t s  on t h e  S U I - T ~ C ~  o f  t h e  Kar t t i ,  to p o s i t i a n  f i n d i n g  o i  
s h i p s ,  a i r c r a f t  and  s p a c e c r a f t ,  :u some a s p e c t s  nf v e r y  l o n g  ba se l i . r~ i !  
i.nt e r f e r o m e t r y  , N a v i g a t i o n  i s  c h a r a c t  c r i z e d  mostly ip r e q u i r e m e n t s  on 
t h e  long  t e r m  s t a b i l i t y ,  i , e , ,  L imp k c c p i n g  a b i l i t y  o f  c l o c k s ,  Comrnuni- 
c a t i o n ,  which t y p i c a l l y  emphasizes t h e  s h o r t  t c r in  s t :a i~  l l i t y  o r  s p e c t r a l  
p u r i t y  o f  f r e q u e n c y  s t - a n d a r d s ,  raL;ges froril e x p l o i t a t i o n  a f  t h e  e l e c t r o - -  
magnet ic .  s p e c t r u m  t o  cornputcr  d a t a  l i n k s ,  N e v e r t h e l e s s ,  some forms  o f  
n a v i g a t i o n ,  sucl i  a s  Dopp le r  r a n g i n g ,  r e q u i r e  a l s o  s h o r t  f e r m  s t a b i l i t y  
and s p e c t r a l .  p u r i t y  and some forms o f  cominunica t ion ,  suck1 as  sy t lchronous  
communicat i ,on c h a n n e l s ,  may b e n e f i t  Lrorn good p h a s e  o r  t i m e  s t a b i - l i t y  o f  
c l o c k s ,  I n  a d d i t i o n ,  i n  a  s y s t e m s  a p p r o a c h  i t  may b e  b e n e f i c i a l  t o  b a s e  
s y s t e m s  which  h a v e  boti-1 n a v i g a t i o n  a n d  co :n i i~un ica t i on  ;:spects (;n n common 
h i g h  p e r f o r m i n g  t i r n e / f r e q u e n c p  s o u r c e ,  

B e f o r e  we e n t e r  a  more d e t a i l e d  d i s c u s s  i o n  o f  any ~ j f  t h e s e  a r c a s  a n o t h e r  
i m p o r t a n t  f a c t  h a s  t o  bc n o t e d ,  This i s  t11c e v e r  u r e s c n t  t enr lency  t o  
b a s e  s p e c i f i c a t i o n s  and s y s t e m s  p e r f o r n n a c e  requirements on t h c  c h a r a c -  
t e r i s t i c s  o f  a  g l amourous  s y s t c m  component ,  r n  nur c a s e ,  on t h e  I r e -  
quency  s t a n d a r d  o r  c l ~ c k .  A t  t h e  samc t i m p ,  t h e r ~  i s  o f t e n  a l a c k  ot 
a n a l y s i s  w h e t h e r  t h e  c l o c k  o r  ctker sys t em p a r a m e t e r s  a c t u a l l y  l i m i t  
sys te :ns  p e r f o r m a n c e ,  I n  o t l i e r  wori is ,  a b c f t c r  >:lock r:lay i n s t a n t l y  Leau 
t o  a n  improved s y s t e m  pe r fo rmance  if o t h e r  ininor s y s t e m  l i m i t a t i o n s  
a r e  removed,  a n d / o r  s e r i o u s  s y s t e m  1 i r n i t . a t i o n s  w o u l 3  s u g g e s t  t h c  u s e  o f  
an i n f e r i o r  c l o c k  a t  no s a c r i f i c e  i n  u l t i ~ n a t c  :;ystem [ ) e r f o r ~ n a n ~ e ,  Si11ij- 
l a r l y ,  p r o c e d u r a l  c h a n g e s  i n  sys tc rn  t ~ p e r a t i n n s  may !;e. t r a d e d  against 



c l o c k  performance requ i rements  r e s u l t i n g  i n  b e n e f i t s  i n  sys tem p e r f o r -  
mance, c o m p l e x i t y ,  r e l i a b i l i t y  and o p e r a t o r  depcndcnce,  

T u n a b i l i t y  

Very f r e q u e n t l y ,  t h e  sys tem d e s i g n e r  i s  c o n f r o n t e d  w i t h  a  need t o  pro-  
v i d e  f o r  f r equency  o r  t ime  ( p h a s e )  a d j u s t a b - i l i t y ,  l n  t h e  p a s t ,  more 
o f t e n  t h a n  not  i t  appeared e a s i e s t  t o  t h e  sys tem d e s i g n e r  t o  s p e c i f y  an  
a d j u s t a b l e  f requency s t a n d a r d  o r  c l o c k ,  C r y s t a l  d e v i c e s  can be  made tun-  
ab l e  by adding a  c a p a c i t o r  i n  p a r a l l e l  o r  i n  s e r i e s  t o  the  q u a r t z  c r y s -  
t a l  r e s o n a t o r .  T u n a b i l i t y  i s  t h e n  ach ieved  by v a r y i n g  t h e  v a l u e  o f  t h i s  
c a p a c i t o r  mechan ica l ly  o r  e l e c t r i c a l l y  ( v a r a c t o r ) .  Atomic f requency  
s t a n d a r d s  can be a d j u s t e d  by changing t h e  magnet ic  f i e l d  which i s  a p -  
p l i e d  t o  t h e  i n t e r o g a t i o n  r e g i o n  of  t h e  atom ( s c  c a l l e d  C- f i e ld  r e g i o n ) ,  
The a tomic  resonance  f requency h a s  a  second o r d e r  dependence on t h e  mag- 
n e t i c  f i e l d  i n  ces ium,  rubidium and hydrogen d e v i c e s ,  This  dependence 
i s  of t h c  o r d e r  of l ~ - ~ / t e s l a  (1 t e s l a  = l o 4  g a u s s ) ,  and r a t h e r  l a r g e  
f requency  changes can  be a f f e c t e d ,  

A second method of p r o v i d i n g  f requency  t u n a b i l i t y  i s  t o  use  an  a d j u s t -  
a b l e  f r equency  s y n t h e s i z e r  i n  t h e  e l e c t r o n i c  loop  which i s  employed to 
s e r v o  t h e  c r y s t a l  o s c i l l a t o r  (found i n  a l l  a tomic  s t a n d a r d s )  t p  t h ~  a- 
tomic r e s o n a n c e *  S i n c e  a  c e r t a i n  f requency  i s  needed t o  i n t e r r o g a t e  t h e  
atomic resonance  f requency  ( h e r e  w e  assume a  c o n s t a n t  magnet ic  f i e l d ) ,  
t h i s  v a r i a b l e  s y n t h e s i z e r  a l l o w s  t h e  g e n e r a t i o n  of  t h i s  f i x e d  i n t e r o g a t -  
ing  f requency from a  whole range of  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 i e s ,  and 
t h u s  p rov ides  t u n a b i l i t y .  

I n  most c a s e s ,  however, i t  i s  over looked t h a t  t h e  a d d i t i o n  of  t u n a b i - l i t y  
a f f e c t s  t h e  b a s i c  o p e r a t i o n  of  t h e  f requency s t a n d a r d  o r  c l o c k  i n  a  d e t -  
r i m e n t a l  way, Frequency s t a n d a r d s  d e r i v e  t h e i r  h igh  s t a b i l i t y  and ac-  
cu racy  from t h e  f a c t  t h a t  t h e  e s s e n t i a l  c o n t r o l  e l e m e n t ,  t h e  q u a r t z  
c r y s t a l  r e s o n a t o r  o r  t h e  atomic r e s o n a t o r ,  has  a  h i g h  resonance  Q,  and 
t h a t  t h e i r  r e sonance  f requency  i s  h i g h l y  i n v a r i a n t  w i t h  t ime  o r  e x t e r n a l  
parameter  changes ,  The a d d i t i o n  of  a t u n i n g  c a p a c i t o r ,  i n  t h e  c a s e  of  
c r y s t a l  o s c i l l a t o r s ,  o r  t h e  p r o v i s i o n  f o r  magnet ic  f i e l d  v a r i a b i l i t y  i n  
t h e  c a s e  of a tomic  r e s o n a t o r s ,  v i r t u a l l y  always d e g r a d e s t h e  performance 
by p r o v i d i n g  a d i r e c t  c o u p l i n g  of  t h e  r e s o n a t o r  t o  v a r y i n g  e x t e r n a l  i n -  
f l u e n c e s ,  S i m i l a r  arguments can be made f o r  t h e  v a r i a b l e  s y n t h e s i z e r  i n  
a tomic  s t a n d a r d s  which a f f e c t s  t h e  i n t e r o g a t i n g  microwave spec t rum,  and 
t h e r e b y  a g a i n  degrades  t h e  u s a b l e  p r o p e r t i e s  of t h e  a tomic  r e s o n a n c e ,  
The importance  of  t h i s  problem becomes c l e a r  i f  we c o n s i d e r  h i g h  p e r f o r -  
mance c r y s t a l  o r  a tomic  r e s o n a t o r s  p r o v i d i n g  s t a b i l i t i e s  of t h e  o r d e r  of 
10-13, I f  t h e  sys tem d e s i g n e r  r e q u i r e s  t u n a b i l i t y  o v e r  a r e g i o n  
( o f t e n  even l a r g e r  i s  r e q u e s t e d ) ,  t h i s  i m p l i e s  t h a t  w e  add an e x t e r n a l  
i n f l u e n c e  c a p a b l e  of  a f f e c t i n g  t h e  fundamental  r e sonance  phenomenon by 
l r 7  o r  more,  If t h i s  approach i s  implemented,  and at: t h e  same t ime  t h e  
o r i g i n a l  10-13 c a p a b i l i t y  i s  e x p e c t e d ,  i t  means t h a t  t h e  sys tem de-  
s i g n e r  e x p e c t s  a11 pa ramete r s  o p e r a t i n g  on t h e  t u n a b i l i t y  t o  be  s t a b l e  



t o  t h e  l o p 6  l e v e l ,  For example ,  i f  one ycrlt a t  t h e  v a r a c t o r  a t  a c r y s -  
t a l  o s c i l l a t o r  p r o v i d e s  t h e  r a n g e  of  I Q - ~ ,  n u t  o n l y  d o e s  the  v o L t a g e  
h a v e  La be s t a b l e  t o  one m i c r o v o l t ,  hu t  t h e  c a p a c i t a n c e  v e r s u s  v o l t a g e  
c u r v e  m u s t  be s t a b l e  t o  t h e  !K6 l e v e l ,  and  t h i s  s t a b ~ l i t y  has  t o  h o l d ,  
n o t  o n l y  u n d e r  i d e a l i z e d  ~ o n d i ~ i o r i s ,  b u t  a isci  w i t h  r e s p e c t  t o  o t h e r  p a r a -  
rne tprs  o p e r a t i n g  on t h e s e  q u a n t l t l e s ,  such  a s  t e m p e r z t u r e ,  c i b r a t i c n ,  
C ~ C  * 

It i s ,  t h e r e f o r e ,  u s e f i l l  r o  a s s e r t  r h a t  l a r g e  t u n a b i i i t y  and s t a t e - o f -  
t h e - a r t  p e r f o r m a n c e  i n  f r e q u e n c y  s tnr r t ia rds  and c l o c k s  a r c  i n c o m p a t i b l e ,  
and t o  t h e  b e s t  of  t h e  a u t h c r s "  knowledge have n c v c r  bccn  s a t i s f a c t u r i l y  
combined. I n  o t h e r  words ,  w c  h a v e  t h e  axiom t t l a t  t u n a b i l i t y  c a u s e s  J e t e -  
r i o r a t i o n  o f  c l o c k  a r ~ d  o s c i l i a ~ o ~  p e r f o r m a n c e ,  i n s t e a d  3f requiring t i ic  
c l o c k  m a n u f a c t u r e r  t o  s u p p l y  a t u n a b l e ,  s u p e r - p r e c ~ s i o n  r l o c k ,  s y s t e m  
d e s i g n e r s  s h o u l d  c o n s i d e r  imp lemen t ing  t u n a b i l i t y  b y  rne2n.s e x t e r n a l  t o  
t h e  a c t u a l  c l o c k ,  To t h l s  e n d ,  t r e q u e n c y  t u n a b i l i ~ y  can  b e  ac t l i eved  by 
a d d i n g  an e x t e r n a l  d i r e c t  s y n t h e s i z e r  o r  a second :unable n s c i l l a t o r  
w i t h  a s y n t h e s i z i n g  l o o p ,  I f  phase  o r  t i m e  a d j u s t m e n t  i s  d c s i r e d ,  ex-  
t e r n a l  phase  s h i f t i . n g  by d i g i t a l  o r  a n a l o p  means shoul.tl be t h e  method o f  
c h o i c e .  

Frequeuc  y s y n t h e s i s  i s  riot w~ i . - i~ouc  t r o u b l e s  o f  i t s  (own r 'l'he l a r g e  
amount o f  s i g n a l  p r o c e s s i n g  w i - tn in  g e n e r a l  p u r p u s c  s y n t h e s i z e r s  r e s u l t s  
i n  e l e v a t e d  l e - v e l s  of phase  i n s t a b i l i t y  compared t n  tile i n p u t  s i g n a l . ,  
C o n s e q u e n t l y ,  t h e  u s e  o f  a s y n t i l e s i z e r  a s  t h e  outp1.1t s o u r c e  rnay 11rc.venC- 
t h e  a t t a i n m e n t  o f  t h e  needed l e v e l  o f  s h o r t  and long terin s t a b i l i t y ,  k 
b e t t e r  s o l u t i o n  i s  u s u a l l y  t c  use  a ( c r y s t a l )  o s c i l i a t o r  w h i c h  i s  o f f s e t  
f rom t h e  p r e c i s i o n  c l o c k  by means n f  a f r c q u e n c y  s y n t h e s i z e r ,  T h i s  a r -  
rangement  p o t e n t i a l l y  p r o v i d e s  much improved s p e c t r a l  p u r i t y  and lo:,lg 
t e rm  s t a b i l i t y  t h a n  t h e  d i r e c t  use  o r  a  s y n t i r c s i z c r  a s  tlic o u t p u t  dc-  
v i c e ;  howeve r ,  t h e  f r e q u e n c y  t u n a b i l i t y  i s  r e s t r i c t r ? d  i n  speed  a n d  
r a n g e ,  

Warm-up a n d  E n v i r o n m e n t a l  S e n s i t i v i t y  

From t h e  p o i n t  o f  v i e w  or t h e  u s c r ,  e s p e c i a l l y  i n  m i l i l i a r y  a p p l i c a t i o n s ,  
some u s u a l l y  n e g l e c t e d  p r o p e r t i e s  o f  f r e q u e n c y  s r a n d a r d s  may be t h e  most  
i m p o r t a n t ,  These  i n c l u d e  t l l c  b c h a v i u r  i n  s e v e r e  cnv i rnnn ren t s  and  t h c  
t i m e  r e q u i r e d  t o  a c h i e v e  a s p e c i f i e d  a c c u r a c y  and s t a b i l i t y  a f t e r  a c o l d  
s t a r t ,  Such ~ r o ~ e r t i e s  a r e  u s u a l l y  n o t  o p t i m l z c d  b y  trhc d e s i g n  wt~ic'ri 
y i e l d s  t h e  best .  l o n g  tcrim s t a b i l i t y  o r  s p e c t r a - l  p u r i t y ,  

P r a c t i c a l  o r  e n g i n e e r i - n g  p r o b l e m s ,  i n c l u d i n g  t h c  need f u r  ovens  and  v a c -  
uum pumps, l i m i t  t h e  warm-itp per  formanee  o f  ?>otFi l a b o r a t o r y  and cor:lrner.- 
c i a 1  f r eque i l cy  s t a n d a r d s ,  l iowever, t h e r e  i s  (>tie t i ev i c -P  whict-I was cle- 
s i g n e d  f o r  f a s t  w a r m - u p ,  t h e  p a s s  ivtl arnlnolnia f r e q u e n c y  s t a n d a r d ,  12j 
T h i s  d e v i c e  a c h i e v e s  i t s  fu l .1  a c c u r a c y  o f  s h o r t  17 a f t e r  t u rn -on  
from a c o l d  s t a r t ,  D e s p i t e  t h e  un i r r ip ress ive  a c c u r a c y  compared t o  com- 



m e r c i a l  cesium s t a n d a r d s ,  t h e  o v e r a l l  performance of such a d e v i c e  f o r  
s h o r t  d u r a t i o n  m i s s i o n s  may be s i g n i f i c a n t l y  b e t t e r ,  

New schemes f o r  t e m p e r a t u r e  compensation of q u a r t z  c r y s t a l s  may a l s o  r e -  
s u l t  i n  r a p i d  achievement o f  l o u 9  o r  b e t t e r  accuracy  from a  co ld  s t a r t ,  
I n  a d d i t i o n ,  t h e  a p p l i c a t i o n  of  "smart s c r v o s "  may a l l o w  s e v e r a l  o s c i l -  
l a t o r s  t o  be combined i n  ways which improve t h e  o v e r a l l  e n v i r o n a e n t a l  i n -  
s e n s i t i v i t y .  Improvements may be made i n  t h e  performance not  o d l y  wi th  
r e g a r d  t o  tu rn -on ,  but  a l s o  i n  s e v e r e  a c c e l e r a t i o n  and r a d i a t i o n  env i ron-  
ments. Such s e r v o s  would have both  v a r i a b l e  g a i n  and t ime c o n s t a n t s ,  
Th i s  concept  amounts t o  a sys tems approach t o  t h c  f requency  s t a n d a r d  i t -  
s e l f ,  

S v n c h r o n i z a t i o n  

The e f f e c t  o f  s t a b i l i t y ,  accuracy  and t h e  a b i l i t y  t o  synchron ize  c l o c k s  
on t h e  performance of a  complex sys tem i s  w e l l  i l l u s t r a t e d  by t h e  f o l -  
lowing sample problem: Find p o s i t i o n  wi th  r e s p e c t  t o  a  n a t u r a l  o r  a r t i -  
f i c i a l  geograph ic  g r i d ,  such a s  t h e  s u r f a c e  of  t h e  E a r t h ,  o r  a network 
of o r b i t i n g  s a t e l l i t e s ,  An i d e a l  system of t h i s  n a t u r e  i s  g l o b a l  i n  
coverage ,  th ree -d imens iona l ,  a r b i t r a r i l y  p r e c i s e ,  p r o v i d i n g  i n s t a n t a -  
neous a c c e s s  and p o s i t i o n  f i x ,  and a b l e  t o  a c c e p t  u s e r s  a u t o m a t i c a l l y  
and i n s t a n t a n e o u s l y ,  Another example f o r  r e s y n c h r o n i z a t i o n  r e q u i r ~ m e n t s  
i s  a  s e c u r e  communications sys tem with  a c c e s s  and i d e n t i f i c a t i o n  be ing  
provided v i a  t i m i n g ,  

Of primary importance  f o r  t h e  f u t ~ c t  i o n i n g  of a  t ime-ordered s y s  tern o f  
t h i s  n a t u r e ,  i s  t ime a c c u r a c y ,  Here accuracy  i s  meant i n  t h e  s e n s e  o f  
t ime  d e v i a t i o n  o f  i n d i v i d u a l  sys tem c l o c k s  from system t i m e ,  and u s e r ' s  
knowledge of  sys tem t ime ,  I n  n a v i g a t i o n ,  p o s i t i o n  i n f o r m a t i o n  o f t e n  i s  
e x t r a c t e d  from t ime i n f o r m a t i o n  u s i n g  t h e  p r o p a g a t i o n  speed of  e l e c t r o -  
magnet ic  s i g n a l s  (speed o f  l i g h t ) ;  t h e r e f o r e ,  p o s i t i o n  accuracy  o f  one 
meter  r e q u i r e s  a  t ime accuracy  o f  3 n s ,  

I n  p r i n c i p l e ,  sys tem synchronism can be a s s u r e d  a r b i t r a r i l y  w e l l  v i a  
e l e c t r o m a g n e t i c  s i g n a l s ,  p r o v i d i n g  t ime  i n f o r m a t i o n  t o  and between t h e  
components o f  t h e  sys tem* On t h e  o t h e r  hand ,  r e q u i r e m e n t s  o f  r e l i a b i -  
l i t y ,  freedom from e f f e c t s  which d e t e r i o r a t e  s i g n a l  t r a n s m i s s i o n s  ( n a t u -  
r a l  and a r t i f i c i a l  i n t e r f e r e n c e ,  weather  c o n d i t i o n s )  and autonomy o f  
subsystems ( a b i l i t y  t o  o p e r a t e  i n  c a s e  of  p a r t i a l  system f a i l u r e )  would 
l e a d  t h e  d e s i g n e r  t o  a sys tem requ i rement  o f  no r e l i a n c e  a t  a l l  on e l e c -  
t romagne t i c  s i g n a l s ,  I n  o t h e r  words,  t h e s e  l a t t e r  r equ i rements  make 
i d c a l  c l o c k s  d e s i r a b l e ,  h a v i n g ,  once s y n c h r o n i z e d ,  no t ime  d e v i a t i o n .  
Real sys tems ,  of c o u r s e ,  f a l l  i n  between t h o s e  two extremes f e a t u r i n g  
f i n i t e  r e s y n c h r o n i z a t i o n  t i m e s .  N e v e r t h e l e s s ,  t h e  g e n e r a l  s t a t e m e n t  c a n  
be made t h a t  a  more s t a b l e  cl.ock would a l l o w  t h e  r e l a x a t i o n  of  r e syn-  
c h r o n i z a t i o n  r e q u i r e m e n t s ,  and c o r r e s p o n d i n g l y  i n c r e a s e  r e l i a b i l i t y ,  
autonomy and i n t e r f e r e n c e  immunity, 



For  most c l o c k s  and o s c i l l a t o r s  one may w r i t e  a s  a  u s e f u l  d e s c r i p t i o n  o f  
t h e  t i m e  d e v i a t i o n  1 3 1  

Tile f i r s t  t h r e e  c o e f f i c i e n t s  In tflrs equat ion < i r e  r:lo<iei p a r a m e t e r s  : 
t = 0 s i g n i f i e s  t h e  l n s t a n t  01 s v n c h r o n i z a ~ ~ o n ,  u(, 1s dn c s t ~ r n a t e  3 f  t h e  
s y n c h r o n i z a t i o n  o f f s e t  a t  t = O ,  vg 1 s  an e s t l r n a t c  01 { the  f r a c t i o n a l  t r e -  
quency o f f s e t  a t  t = O ,  and L* i s  the e s t i m a t e  o f  t i l e  f r a c t r o u a l  f r e q u e n c y  
d r i f t ,  The f o u r t h  t e r n ,  t (t), repr -espr i t s  th i .  randorr irequency f l t l c t u a -  
t i o n s  of  t h e  o s c i l l a t o r  wllich a r e  cnaracterized by the v n r i n n c ~ :  

where y; d e n o t e s  the f r a c t i o n a l  f r e q u e n c y  m e n s u r e ~ n ~ n t  o f  d u r a t i o n  and ' ' 
d e n o t e s  t i m e  average ,  A l l  ~xoilern  locks and o s c i i l s t o r s  havc  been  
foutld t o  t y p i c a l l y  improve i n  stability w i  tt, ~ r ~ c r e a s e d  s a m p l i n g  t i rnes  
( r e g i o n  1) u n t i l  t l ~ e y  r e a c h  t h e i r  s t a b i i i t y  l r m i t  o r  f l l c k c r  f l o o r  ( r e -  
g i o n  21, For  l o n g  sampllng t i m e s  ;, t h e y  f i n a l l y  c i e t e r i o r a t e  i n  s t a b i -  
l i t y  ( r e g i o n  31, I h e  e r r o r s  I n  t h c  model p a r a m e t e r s  and 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 l l  c o n t r i b u t e  t a  the t i m e  d e v i a t i o n  e r r o r ,  Tab le  1 sum- 
mar izes  t h e s e  t h r e e  d i i f c r e n t  r e g i o n s  ant1 two rnol l~ l  p a r a m e t e r s  a n d  gives 

Region 2 

R e g i o n  3 

O f f  set 

D r i f t  



q u a n t i t a t i v e l y  t h e  c o r r e s p o n d i n g  t ime  d e v i a t i o n ,  x ( t ) ,  It shou ld  be 
no ted  t h a t  t h e  t ime  d e v i a t i o n  g i v e n  i n  each of the f i v e  rows o f  t a b l e  I 
assumes t h a t  t h e  c o r r e s p o n d i n g  f requency  f l u c t u a t i o n  i s  t h e  s o l e  e f f e c t  
f o r  a l l  a v e r a g i n g  A more complete  t r e a t m e n t  of  t h i s  b e h a v i o r  
i s  g iven  i n  r e f e r e n c e  5 ,  However, t a b l e  I s c r v e s  a s  an  adequa te  q u a n t i -  
t a t i v e  gu ide  because  f o r  any p a r t i c u l a r  r ange  of  t t h e  dominant e f f e c t  
can be e a s i l y  i d e n t i f i e d  by comparison o f  t h e  r e l a t i v e  v a l u e s  from r c -  
g i o n s  1, 2 ,  3 ,  I n  such t r e a t m e n t  t h e  v a r i o u s  c o e f f i c i e n t s  k  a l s o  become 
model pa ramete r s ,  

W e  should  f i r s t  examine t a b l e  I ,  I f  we assume t h a t  we t y p i c a l l y  d e a l  
wi th  r e l a t i v e l y  long t i m e s  between r e s y n c h r o n i z a t i o n  we can i g n o r e  t h e  
a s p e c t s  of r e g i o n  1, Region 2 and t h e  f requency  o f f s e t  have i n  common 
t h a t  t ime  d e v i a t i o n  i s  p r o p o r t i o n a l  t o  e l a p s e d  t i m e ,  T h e r e f o r e ,  f i g u r e  
1 d e p i c t s  t h e  c o n d i t i o n s  o f  f r equency  o f f s e t  a n d / o r  f l i c k e r  of  f r e -  
quency. F i g u r e  2 d e p i c t s  c o n d i t i o n s  where random walk of  f r equency  (Re- 
g ion 3 )  domina tes ,  I n  f i g u r e  3  t h e  c o n d i t i o n  of a  c l o c k  w i t h  f requency  
d r i f t  i s  shown, I n  t h e  t h r e e  f i g u r e s ,  t h e  f r a c t i o n a l  f r equency  o f f s e t  
o r  f l i c k e r  f l o o r  ( f i g *  I ) ,  t h e  f requency  walk c o e f f i c i e n t  ( f i g ,  2 1 ,  and 
t h e  f requency  d r i f t  c o e f f i c i e n t  ( f i g ,  3 )  a r e  p l o t t e d  v e r s u s  t h e  t ime  be- 
tween r e s y n c h r o n i z a t i o n ;  t h e  d e s i r e d  o r  r e q u i r e d  t i m i n g  accuracy  ( p o s i -  
t i o n  a c c u r a c y )  i s  t h e  pa ramete r ,  

I n s t a n t a n e o u s  a c c e s s  i s  t h e  o t h e r  systetn pa ramete r  which i s  r e l a t e d  t o  
c l o c k  performance.  An example i s  b e s t  used t o  i l l u s t r a t e  t h i s ,  I f  one 
meter  n a v i g a t i o n  accuracy  i s  t h e  sys tem d e s i g n  g o a l ,  t h e n  a 3 n s  capa-  
b i l i t y  must be  a v a i l a b l e  n o t  o n l y  from t h e  sys tem bu t  a l s o  from t h e  u s e r  
c l o c k ,  The minimum r e q u i r e m e n t ,  t h e r e f o r e ,  on both  c l o c k s  i s  x ( t ) = 3  ins 

independent  of  t i m e ,  o r  fl ( T )  = k ~ - l  w i t h  k = 3 n s ,  T h i s  i s  a  r e -  
quirement which most c l o c % s  w i l l  f u l f i l l  f o r  sampl ing t i m e s  from l e s s  
t h a n  a  second t o  many seconds ,  I f  we want t o  r e q u i r e  t h a t  t h e  u s e r  h a s  
an  i n s t a n t a n e o u s  p o s i t i o n  f i x  e n t e r i n g  t h e  sys tem o r  has no rneans t o  
a c q u i r e  sys tem t i m e  t h e n  t h e  u s e r  must have an a  p r i o r i  knowledge of 
sys tem t ime  t o  t h r e e  nanoseconds ,  I f  t h e  u s e r  had an i n i t i a l , ,  p e r f e c t  
knowledge of sys tem t i m e ,  t h e n  goes  on a m i s s i o n ,  ( b e i n g  c u t  o f f  from 
d i r e c t  a c c e s s  t o  sys tem t i m e ) ,  a  c l o c k  wi th  c e r t a i n  performance would 
a l l o w  him t o  have a m i s s i o n  d u r a t i o n  of one hour w h i l e  r e t a i n i n g  a  one 
meter  p o s i t i o n i n g  a c c u r a c y ,  whereas a  c l o c k  wi th  b e t t e r  performance i n  
r e g i o n s  1 a n d / o r  2 would ex tend  t h i s  t o ,  f o r  example,  many d a y s *  

Another i n t e r e s t i n g  a s p e c t  i n  t h i s  c o n t e x t  i s  t h e  t r a d e o f f  between s i g -  
na l - to -no i se ,  ( a n t e n n a  d e s i g n ,  s i g n a l  s t r e n g t h )  and c l o c k  performance,  
I f ,  f o r  example,  sys tem t ime  can be a c q u i r e d  by r a p i d  scann ing  on a 
second-by-second b a s i s ,  a c r o s s  f o u r  s a t e l l i t e s  ( t h e  GPS sys tem)  t h e n  one 
nanosecond t i m i n g  i s  r e q u i r e d  o n l y  f o r  t h e  d u r a t i o n  of  a  few s e c o n d s ;  
t h u s ,  a  r e l a t i v e l y  i n f e r i o r  o s c i l l a t o r  would be  s u f f i c i e n t ,  I f ,  how- 
e v e r ,  more e l a b o r a t e  a n t e n n a s  and p o i n t i n g  a r e  r e q u i r e d  and a n  a c q u i s i -  
t i o n  t ime  p e r  s a t e l l i t e  o f ,  f o r  example,  s e v e r a l  hundred seconds  i s  
needed,  t h e n  one nanosecond needs  t o  be main ta ined  o v e r  one thousand o r  



more seconds  r ec lu l r lng  :l v e r y  gocd :rsc;l Lator pc r io rmancc  an i h e  u s e r s p  
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. ~ l a t i o n o h i p  beirwee~; t e r m  s t a b i l . i e y  A.n : ~ . n t e r e s t i n g  example of  t h e  -+. 

artd r e c a l i . b r a ~ i o : - l  intel:.v:~l wmes frcm the a r e a  n f  cn l i i ; nun i . c~ t  i o i i ~ ,  I:> . . 
u r d e r  to increase the  ava i ln1~ l . c  ; spec t ru r r ; !  ~7pe7.3f i n g  : c a z - s i ~ ~ !  f rcqucn-  
cie:; :ire b e i n g  iccreased w h l l e  tile c h a n n e l  u:ici~i; is i;cid n e a r l y  cons--- 
rant, r e s u l t i n g  in ' rg r :c~rr  sjrt:::.j.f i z a t  i or: 3:i ~ : I E  : C)T?G t e r m  , i . t . ~ S i l  xty o f  
both t- r a n s n i t t e r  and r e c e  i v e y  f r e q u e n c y  z . E < c Y c T ~ , : ~ ~ : .  7:: L.t:i? ::;?st? tsf ?T!W 

cos t  mobi- i . e  i r r a n s r r ~ i t t c r s ?  t h e  presc:nt ~?CLI!:-i c:;~t-ii~i-;:i arcy just 3e";by tFic 
c..r;yst:-l!.s ir, u s e ,  i n  r~ r ( i ? i l .  tii a ~ ~ ~ n p l . i s i ,  i l hc1  T.CX~: i i ~ r p  ! ~ i . g t ~ e r .  $3  Crc-  
quei l ry i c w r i l  l !-ie n e c c s b n  ry  tc e i t h e r  iinprovc cr:;s id..' i ) ~ . ~ f o r ~ n a ~ l t : i ,  ~ ~ s - P L I . -  

i.ze t h e  crystal, (31- use 9 t ~ . 3 x 1 5 m : ~ t e r . i l ^ e c ~ ; ~ ~ ~  dcsigr: w i ! I ~ r l  callhrates 
i t se l . f  \!sing t h e  recej.veci s i g ! ; n l  fror;: a more t:ccut-;trf. baa:. s t a t i o n ,  I f  
the i.lasr ,!.lternative i s  ac!opted ,  t h e  i , l~~i) j . l .c  t r a r r s r n i t t . ~ ~  Lrerlueizc:~ s t a n - -  - ' d a r d  rni; : Ir  ex.cccd spcci;i,:-:.at i o n  Limits betweer;  ,:;c.s, ! ! I S  s b f u n t  i o n  ;:c~r.l;l 
he ccrrrected by sequi.rj.~:lg  hat a f c c r  t!lc crl..Li'~rat ncr: i n ter 'va!  s u c h  a r.io- 

, " 
b i l e  r a d i c  r e c e i v e s  a transm:sslo~ lrnm s br?s:e s t a t i c 2  b e f ~ r e  t r a n s m i t -  
t i n g  i t s e l [ ,  

Sys;:ems w h i c h  tiea.1. w i t h  v e r y  wi.;,!;k signais a r c  i:cnsi::ive tc t h e  s p e c c r a l  
p u r i t y  ss w e 1 . l  as t i le  low t ~ r m  5 ; - a b i l i t y  ct t..i;c sy:.~crri o s c i ' , l n t n r s ,  La 
t h i s  pur%:ion o f  otlr  pape r  w e  ~ l ! ~ : > c t r a t e  !:hi. 6:iLcrcts o!: stab~lity, i;pec- 
t r a i  p u r i t )  acd s i g r ~ a l - i ~ - n o F s c  y a r l i .  with ,?-:iarnpli?s from Doppler- t-adax: 
and Dopp le r  navigation, 

v e l o c i t y  o f  a ~ s r g e t ;  !7y h~liliiCi>!i?~ c: i>t~~.t i :~!i :  17; i ~ h e  r e t u r n  sig11;;i ~ i t ! i  a 
. . 

rransrni'i'ceri s ignr ! l ,  P i 1 e . s ~  ~ : o i s c  i n  tihe v l c l i - i . ~ : . ;  ! ~ f  i-he ircc;ucni .y o! t t ic  
r- 1 t. c a r r i e r  o c c u r s ,  o f  c r t r r s e ,  ;:: the  same. sn-ial; I;i.erl..ier:ic> j:zizFe arirl;;-~ti -':--, 

c a r r i e r  a s  t h e  2c)ppler  S T ' ; ;  f t z ?  r t . t 8 > r - r ~  siqnal fr:  311: :l-.e target, ' I t . ! e r~ -  
f o r e ,  :t;c re laf  i v e l y  weak r e i i e j - ;  , , lo l ls  o: !rile ;,i;asc I I U , . , ~  f r o m  .8rlf~3rby i:b.- 
~ ~ C L S  i?i.t:-! n VC-;y4. 1 a r g ~  2 r o s 5  st?iC i oi? ca;rnc: na cl ist- i .? . ; .uisi l~icj ;  f:ror:i the 
Dopp le r  s i l i f t e d  sigaa!! of i n t e r ~ l s t  w t i i c i l ,  i;i-:c:~c;gh I r ? ; . t ~ x i  1.y s t r n n r ,  car~lcs 
back at. very ~ m a l i  in~cns1.t:: fr-ilix t i le  cii.<rnnli . . t w g ~ t  ;:crving :;mal:i c r o s s  
s e c t i n n ,  Ti le lev-el c~r,f  p h a s e  r-iiliis;., tL!tlr.cforc., r e 1 3 t c j  t ~ ' .  51gnd:i $::on-. 
trast ar:d a de! : rease  in pi!:i:;i: : I . : ) ~ > L  w i l l  e x t ~ t i d  t h e  -;range. anui/o:r the  cirrr-- 
t r a s t  oL t h i s  Dappicr s y s t c m ,  

P resenr  ciay nnvipatr i f in  svst t .ns  fi-lr s a t . c i l L t e s  2nd f ~ r  d?.:i.ip s ~ a c e  I-brni~e 
. ~ 

2rack.irtg i l t s l i z e  I O U I I C ~  t l  i~ c o h i r i ' n c  x~ i i . a s i~ re i r i e~~ t s  l i c  i q n n . :  1s  t r a n s -  
" .  

m i t t e c i  to tile spacecrsft x~Ic:.~? I ! .  I!:, :ra:;s-punclc;:! fa;: i j up? l c r .  i.ie:&.,:::i(>i; 

on tile grour?d,  !!!-,e ?re:!~.~<:.lic:;. i : : b , i . . ~ b i . i i ~ : 7  121. I ! ~ . ? , I ~  .-.SCL~I:ILL>I: d~lrli t~: r i ~ ~ !  
round t r i p  time of  rile s i . g n h ,  tr.2 chrr. s p a c e c r a f t  and ! : :a::r: is prop i . r . t iona l  
to t h e  ve1.ocit.y e r r o r  l:he~:eby c ! . s t n b l . i s h i r l g  s rc:c,l;iraa:.cnt 0:: tlie X C C I ~ U ~ T '  



term time stability of the frequency standard, Figures 1-3 can be used 
to determine the quantitative requirements, This two-way Doppler track- 
ing has the disadvantage that the spacecraft m u s t  detect the transmitted 
signal with a very small antenna which requires large and accurate trans- 
mitting antennas with associated expenses, Tf an onboard frequency stan- 
dard is included into the spacecraft the size and complexity of the 
Earth-bound antenna can be highly reduced. The spacecraft beacon is 
then measured and compared by two separated ground stations, in a way 
analogous to very long baseline interferometry, In both cases, position 
and velocity accuracy depend directly on the synchronization and syn- 
tonization of the clocks at the two ground stations, If 10 cm range 
error and ,05 rad angular error are tolerable, then subnanosecond timing 
must be realized at the two groundstations, 

A receiver for coherent communications must reconstruct the frequency 
and phase of the unmodulated transmitter carrier. This is normally 
accomplished by ~hase-locking a voltage controlled oscillator (VCQ) to 
the received signal. The speed and accuracy with which this is done 
depend on the stability and accuracy of the signal as transmitted, the 
stability and accuracy of the VCO, and the signal-to-noise ratio of the 
received signal, 

If the frequency offset, Af, between the transmitted signal and the VCO 
lies within the phase-lock loop ( P L L )  bandwidth, BL, then lock is ac- 
quired within one rf cycle, Howcver, the PLL bandwidth is limited by 
the requirement that within this bandwidth the weak received signal must 
have signal-to-noise ratio greater than one, Thus, the usual situation 
is one where Af greatly exceeds BL, For a critically damped, high gain, 
second order PLE, the pull-in time is approximately[6] 

In the case, for example, of a loop with A f  = 100 Hz and B L  = 1 Hz, the 
pull-in time would be more than 10 hours, 

The result of this situation is that acquisition is generally achieved 
by sweeping the VCO,  The maximum rate is lirni-ted by the bandwidth of 
the loop, Consequently, the pull-in time is approximately 

which would be only 0.1 hours for the above example, There are, of 
course, other more complex PLL and PLLIfrequency lock loops, some with 
variable sweep characteristics, which can reduce the pull-in time for 
large initial off sets A 



Once l o c k  i s  a c q u i r e d ,  t h e  VCO p h a s e  r e f l e c t s  t h e  t r a n s m i t t e d  c a r r i e r  
phase  t o  a  d e g r e e  d e t e r m i n e d  by t h e  t r a n s m i t t e d  c a r r i e r  p h a s e  n o i s c ,  t h e  
VCO n o i s e  and t h e  n o i s e  o f  t h e  r e c e i v e r ,  Ttle r e s i d u a l  n o i s e  results in 
e r r o r s  i n  t r a n s m i t t e d  d a t a  and  l i m i t s  t h e  d a t a  r a r e ,  

Thus ,  improvements  i n  t h e  a p r i n r i  knowledge ( a c c u r a c y !  o f  t h e  VCO would 
c o r r e s p o n d i n g l y  r e d u c e  t i l e  PLT., g c c j u i s i t i o n  t i n e  v i a  r e d u c i n g  t he  p u l l - i n  
d e l a y  a n d l o r  t h e  needed  s w e e p j s e a r c h  a m p l i t u d e  n r  t i m e ,  Tn a d d i t i o n ,  
l ower  p h a s e  n o i s c  o f  t i l e  VCO allows f a s t e r  d a t a  r a t e s  , and /o r  l o w e r s  t h e  
e r r o r ' i n c i d e n c e ,  

The above  d i s c u s s i o n  shows thatr n a v i g a t  i o n  and sornmrlnicat i o n  sys:ems c a n  
b e n e f i t  i f  b e t t e r  f r e q u e n c y  s t a n d a r d s  and c l o c k s  become a v a j . l a h l ? ,  
" B e t t e r "  means n o t  o n l y  a  f u r t h e r  i l - l c r ca se  i n  f u n d a ~ ~ ~ e n t a i  s t a b i l . i t y  2 n d  
a c c u r a c y ,  bu t ,  even  more i m p o r t a n t l y ,  a v a i l a b i  lit! o f  , adequa t e  s t a b i i 1 . t ~  
and a c c u r a c y  a t  a t t r a c t i v e  c o s t ,  s l . z e ,  power demznds ,  a s  w e l l  a s  e n v i r o n -  
mer l ta l  i n s e n s  i t  i v i t y ,  For example ,  tllany a p p l i  c a  t i o n s  wculcl becotile :am- 
monp lace  a s  w e l l  a s  e c o n o m i c a l  if a  u s e r - o r i e n t e d  f r e q u e n c y  s t a n d a r d  
which  p r o v i d e s  1 n s  t i m i n g  c a p a b i l i t y  f rom l c s s  t h a n  orlc s econd  o u t  t o  
s e v e r a l  t h o u s a n d  s e c o n d s ,  and  which  p e r f o r m s  u n d e r  s e v e r e  e n v i r o n m e n t a l  
c o n d i t i o n s  would become a v a i l a b l e ,  Such 3 s t - anda rd  s t i l l  d o e s  n o t  
e x i s t ,  T h e r e f o r e ,  deve lopmen t  h a s  t o  f o c u s  on  b o t h  t n e  a r e a  o f  subnano-  
s econd  t i m i n g  o u t  t o  many d a y s  i n  a  p r a c t i c a l ,  r u g g e d ,  e n v i r o n r n e n t a l 9 y  
i n s e n s i t i v e  device a t  r c a s o n a b l e  c o s t ,  a s  wel.1 as on t h e  a r ea  o f  u s e r -  
o r i e n t e d  s t a n d a r d s ,  I n  a d d i t i o n ,  o s c i l l a t o r s  o f  a s e  n o i s e  w h i c h  
a r e  p r a c t i c a l  and c n v i r o n m e n t a l i y  s t a b l c  a r c  n c e d e d J L '  
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Figure 1.  Lilrgest a?  l owable f r e q u e ~ y , '  o f f s e t ,  ,;, , 2nd "1 i c~ev .  nf' :'re,- 
quency f l o o r ,  kF, 35 a f'tinctioii c f  lrime, ?:., a f ' re r  rserfert 
sync!ironizatl'on'. The s c h i e v a b l e  tir!ie acc:Jrac!r, X ( t . j ,  i s  
xhe parameter. 



Figure 2. Largest allowable w a l k  of frequency coefficient, kW,  as  a 
function o f  time, t ,  after perfect synchronization. The 
ach ievab le  time accuracy, X ( t ) ,  is the parameter. 



(per 10's) 

I o - I 3  

Figure 3. Largest  a l lowable  frequency d r i f t  c o e f f i c i e n t ,  0, a s  a func- 
t i o n  o f  time, t ,  a f t e r  p e r f e c t  synchronizat ion.  The achiev- 
a b l e  time accuracy,  X ( t ) ,  i s  t he  ararneter. D i s  used a s  a 
f r a c t i o n a l  frequency d r i f t  per 10g sec ( a p p r a x .  1 d a y ) .  



QUESTIONS AND ANSWERS 

MR. HARRY PETERS, S i  gma Tau: 

I j u s t  wanted t o  comment on the  t u n e a b i l i t y  equat ion r e l a t i o n s h i p  
between range o f  t u n e a b i l i t y  and the  s t a b i l i t y  o f  t he  o s c i l l a t o r .  I 
t h i n k  you w i l l  agree w i t h  me t h a t  t he re  a r e  now synthesizers 
which r e q u i r e  on t h e  order  of h a l f  a w a t t ,  no phase l o c k  lloops, 
and g ive ,  f o r  example, f o r  t he  hydrogen maser, 1 0 - l 6  o r  1 0 - l 7  range, 
d i g i t a l l y  c o n t r o l l e d ,  and where t h a t  r e l a t i o n s h i p  r e a l l y  wou ldn ' t  
ho ld,  

These are  a l ready  developed and are  opera t ing  i n  two labora-  
t o r i e s  a t  t h i s  t ime. They are  very  simple system-wise and, there-  
fore, probably n o t  a re1  i a b i  1 i ty  problem. 

DR. HELLWIG: 

I t o t a l l y  agree w i t h  you, Harry. My answer t o  t h a t  i s  t h a t  i t  i s  
sometimes d i f f i c u l t  t o  draw the  l i n e  between t a l k i n g  about t he  bas ic  
c l o c k  and t a l k i n g  about t h e  system. In your case ( i n  my phi losophy,  
i f  you want) t h e  l i n e  i s  drawn a t  the  maser. And w h i t  you a re  
saying, r e a l l y ,  i s  what I am recommending: Put  t h e  tuneab i l  i t y  
ou ts ide  o f  t h e  bas ic  c l o c k  concept. I f u l l y  agree w i t h  you. 

MR. SAM WARD, J e t  Propu ls ion  Laboratory 

I d o n ' t  f e e l  t h a t  enough emphasis has been p u t  on r e l i a b i l i t y  i n  
these approaches because n o t  even the  r e c i p r o c a l  na ture  o f  t ime and 
frequency i s  e f f e c t i v e  i f  you c a n ' t  keep t h e  system going. And r e -  
dundancy i s  n o t  t he  answer, e i t h e r ,  because t h a t  o n l y  comp1icat.e~ 
t h e  problem. 

DR. HELLWIG: 

Do you mean r e l i a b i l i t y  o f  t h e  c locks  themselves o r  r e l i a b i l i t y  o f  
t h e  system and c locks? 

MR. WARD: 

B a s i c a l l y ,  t he  c locks  themselves. 

DR. HELLWIG: 

I d e l i b e r a t e l y  stayed away f rom t h a t  aspect and I t h i n k  we w i l l  s tay  
away from i t  i n  t h e  p r i n t e d  paper. I t h i n k  the  o n l y  t h i n g  I can say 



i s  t o  repea't. what Dr. Minkler s a i d  :~lready: i f  you p lan  t o  rurr 
operatjonal systenis, p lease  p u t  i n  [:locks wrzi ch have prover; 
themselves. 
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And have  redundancy. I nri  l l  p ~ r t  i n  Iny f -n 've cent5 w o r t h  a1 s c ,  ancl 
o f f e r  a conjecture t c  Dr. Ilt?l'lwlig's ve ry  exct:lleni; observation t h a t ,  
unfar."iunateiy , the n~a .nu fac . t~ r e r~  have n o t  beer, ttirned on hy, l e t '  s 
say, t h e  in te rmed ia te  range because they know t h a t  only  t h e  b e s t  
will be spec i f ied .  B i i t  t . 1 ~  :;- i tuati i ln i s  oppos i t e  f o r  the OEM market 
f o r  understandable reasans.. O r ~ l y  the l ea s t  v o ~ i  (:an yet  away w i t h  
will he specified. 

.So 1 t h i n k  t h e  s i t u a t i o n  \+1*il change trle OEM markez; expa~r i js ,  
and more dnd more aP "cjresr -intermediate uerforrriances \ s l ~ : l  be i7e- 
quired, fur-  inl;tance, ? 'P  counte rs  and otoer such th ings  These have 
been t h e  major d r i v i n g  f a t c s  f o r  the developrneot df' very n i c e  - i t t l t .*  
crystal  modulcs which are  avai;able today a t  relat~vely low c o s t .  




