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ABSTRACT 

Managers a r e  o f t e n  r e q u i r e d  t o  make key i\' cqrr7:" : -  - ; i ' I; l~a;a3(: ) I :  

t h e  performance o f  some e I e m ~ r ~ t s  o f  a i a i  tic - i- 1 # -  ~ , J I C ) )  

i n t e n d e d  t o  a s s i s t  t h e  manager i n  t h i s  i r ~ i p o r t a n t  T a s k  i n  so f a r  ?< 

i t  r e l a t e s  t o  t h e  p r o p e r  use  o f  p r e c i s e  anti ; ITCLI I '~~,P_ C ~ O C I ' S  
i n t u i t i v e  approach w i  1 1  be used t o  show .I I ~ . I  " :! Z ! J ~  1 1  i s  
measured, why i t  i s  measured t h e  way i t  i., a t ~ d  w l i ~  i r  i; l l ~ s r  y ~ h e d  
t h e  way i t  i s .  An i n t u i t i v e  e x p l a i \ a t i n r i  nf t,t>e tv~ ; i i1  I I I ~  11113 

domain and f requency  domain measures a s  wc i I I 1 1 i i ~ r j  

w i l l  a l s o  be g i v e n .  

E x p l a n a t i o n s  o f  when an " A 1  l a n  ~ a r i n r l c a '  r I ( \ +  <-,' , 1 '  I a l l ( \  

wnen i t  s h o u l d  n o t  be used w i l l  a l s o  be g i b e r  11 ) r  c- L I : -: 1 ~ 1 1  f \.lay 
t o  measure c l o c k  f requency  d r i f t  w i  1 1  h r  rrp'; l r s l > c i  i j ! c  \ e I a i  , o f  c l i i p  
o f  t h e  rms t i m e  e r r o r  o f  a c l o c k  t,o a u IT FIT w ;  ' I - l f -o  k ) ~  

Y g i v e n .  The env i ronmen ta l  sens i  t i v i  o t  7 l , I T  1 ,3t r r ~ ' " l , i a r ~  +he 
most  i m p o r t a n t  e f f e c t s  d e t e r m i n i n g  i t s  p e r f  orn~ari~c: :;pi :-a I l j i \ \ l i  $-on- 
menta l  parameters  o f  concern  and nomi na ' S P I I ~ ; "  \ ; l \  I I : ~ ^ I - I V  

cammonly used c l o c k s  w i l l  be rev iewed .  

S y s t e m a t i c  and Random D e v i a t i o n s  i n  C locks  -- 

T h i s  paper  i s  t u t o r i a l  i n  n a t u r e  w i t h  a minimurn o f  rna l l~~nl r?t . i t .s  ~ I I V  y o d l  o e i r \ g  
t o  c h a r a c t e r i z e  c l o c k  b e h a v i o r .  F i r s t ,  t inie d e v i , ~ t  I n n s  ( I -  ~ ! - ~ ( ~ L A @ I I ( -  1 ( . j ~ v i a t i o r 1 5  i 11 

c l o c k s  may be c a t e g o r i z e d  i n t o  two t y p e s :  s y s t e t n a t l r  1 1,:s a11 ? I ~ C ~ I ~ ~ ~ O I ~ I  d e v i  a- 
t i o n s .  The s y s t e m a t i c  d e v i a t i o n s  Lome i n  a v a r i e t y  o f  l c i t ~ l i s  l \ ,p i f r7;  e x a l i i p l e ~  
a r e  f requency  s idebands,  d i u r n a l  o r  annual v a r i a t i n r l s  a ' 3 : ~  : : l e t ~ ; > \ ~ i c j t  , t i m e  
o f f s e t ,  f requency  o f f s e t  and f requency  d r i f t .  k i y u r e  : i l:l; i ls - 1 : r l ~  (11 t , \ \ese. 

I f  a  c l o c k  has a f requency  o f f s e t ,  t h e  t i m e  d e v i a t i o n -  w r  1 <\)pear d~ c.. ramp func-- 
t i o n .  On t h e  o t h e r  hand, i f  a c l o c k  has a frequer~r,;y ~ ? i % i f r  , r l !e l i  ti;+ r . e ~ i r l t i r ~ g  
t i m e  d e v i a t i o n s  w i l l  appear as a q u a d r a t i c  t i m e  i i i n c t , i o ~ i  ?e T i in(: (Jclvi a t  i 017s 
w i l l  be p r o p o r t i o n a l  t o  t h e  square o f  t h e  r u n n i n g  ::il:ie i l ~  i P TI<II)V o t h e r  
s y s t e m a t i c  e f f e c t s  t h a t  a r e  v e r y  i m s o r t a n t  t o  conside'- I r l  LII-~({P: s t ,<~ lc l i  rig c 1 0 ~ k . '  
c h a r a c t e r i s t i c s  and F i g u r e  1 i s  a v e r y  simp1 i s t i : ,  ; ! c  : i l k  P (>' 1 i ) ~ l i t l  y i  ,? i i r lel  ~f m o ~ t  
p r e c i s i o n  o s c i l l a t o r s .  The random fl ~ ic tua t , i o l i s  or- t l e v i  -11, 1 I - 1 1 1  ; I \  ec: i~ , i i l , :  05c i  1 - 
l a t o r s  can o f t e n  be c h a r a c t e r i z e d  by power l a w  spectr  il ' 1  r!t t-,pr LJO) ( i 5 ,  i f  t h e  
t i m e  r e s i d u a l s  a r e  examined, a f t e r  remov inq t h e  7 y ~ , t t i ~ ~ a t i  1 ..I ft-$i 1 n r ~ t -  rir PIOY'P o f  
t h e  power l aw  s p e c t r a  shown i n  F i g u r e  2 a r e  t y p l ~ a l l y  o, c p t  e ~ c  riiefininy o f  
power l a w  s p e c t r a  i s  t h a t  i f  a F o u r i e r  a n a l y s i i  or c p e c i i  (IFI J I I A ] \ I G ~ ~  i q  

p e r f o r m e d  on t h e  r e s i d u a l s ,  t h e  i n t e n s i t y  a t  var la l t s  I ~ I L I Y ' ; P ~  f I ~ ) q ~ ~ ~ r l ~ . i ~ s  , f i s  
p r o p o r t i o n a l  t o  fB; p d e s i g n a t e s  t h e  p a r t i c u l a r  power law r., ( u - e i r  l i - Y . - 2 . - 3 , - 4  
and ur = 2nf ) .  The f i r s t  p rocess  shown i n  F i g u r ~  i ;. i.,l i r ~ d  \ ~ l , l t ~  :l,liqe phcise 
m o d u l a t i o n  (PM) .  T h i s  n o i s e  i s  t y p i c a l l y  u b s e r v ~ r l  11. ;tip - I \ [  1 . t  :c.r rl- f : ~ r l , ~ l a t i n r ) ~ .  
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f o r  example, o f  an a c t i v e  hydrogen maser f o r  sample t imes  o f  f rom one second t o  
about  100 seconds. Th i s  no ise  i s  a l s o  observed i n  q u a r t z  c r y s t a l  o s c i l l a t o r s  f o r  
s p ~ p l e  t imes  i n  t h e  v i c i n i t y  o f  a  m i l l i s e c o n d  and s h o r t e r .  The f l i c k e r  no i se  PM, 
f , i s  t h e  second l i n e  i n  F i g u r e  2. T h i s  k i n d  o f  no ise  i s  o f t e n  found f o r  p ~ m p l e  
t imes  o f  one m i l l i s e c o n d  t o  one second i n  q u a r t z  c r y s t a l  o s c i l l a t o r s .  The f o r  
random wa l k  PM i n d i c a t e d  by t h e  t h i r d  l i n e  i s  what i s  observed f o r  t h e  t ime  dev ia -  
t i o n s  o f  rub id ium,  cesium, o r  hydrogen f requency s tandards.  I f  t h e  f i r s t  d i f f e r -  
ence i s  taken  o f  a  s e r i e s  o f  d i s c r e t e  t ime  read ings  f rom t h e  t h i r d  l i n g ,  t hen  t h e  
r e s u l t  i s  p r o p o r t i o n a l  t o  t h e  f requency d e v i a t i o n s ,  which w i l l  be an f process o r  
a  w h i t e  no i se  freq1:ency modu la t ion  (FM) process. I n  o t h e r  words t h e  t i m e  and t h e  
f requency a re  r e l a t e d  th rough  a  d e r i v a t i v e  o r  an i n t e g r a l  depending upon which way 
one goes. The d e r i v a t i v e  o f  t h e  t i m e  d e v i a t i o n s  y i e l d s  t h e  f requency d e v i a t i o n s ,  
and t h e  i n t e g r a l  o f  t h e  f requency d e v i a t i o n s  y i e l d s  t h e  t ime  d e v i a t i o n s .  So, 
random wa l k  t ime  d e v i a t i o n s  r e s u l t  f rom w h j t e  no i se  FM. I n  genera l ,  t h e  s p e c t r a l  
d e n s i t y  o f  t h e  f requency f l u c t u a t i o n s  i s  w t imes  -3e  s p e c t r a l  d e n s i t y  o f  t h e  t i m e  
f l u c t u a t i o n s .  The f o u r t h  l i n e  i n  F i gu re  2 i s  an f process. I f  t q s  were repre -  
s e n t a t i v e  o f  t h e  t i m e  f l u c t u a t i o n s  t hen  t h e  f requency would be an f o r  a f l i c k e r  
no i se  FM process. T h i s  process i s  t y p i c a l  o f  t h e  o u t p u t  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  f o r  sample t imes  l onge r  t han  one second o r  t h e  o u t p u t  o f  r ub i d i um o r  
cesium standards i n  t h e  l o n g  te rm (on t h e  o rde r  o f  a  few hours,  few days, o r  few 
weeks depending ybon which s tandard) .  We f i n d  t h a t  i n  ve r y  l o n g  term, most a tomic  
c l o c k s  have an f t ype  behav io r  f o r  t h e  t ime  f l u c t u a t i o n s  -- making t h e  f requency 
f l u c t u a t i o n s  an f-2 process o r  random wa lk  FM. These f i v e  power law processes a re  
ve r y  t y p i c a l  and one o r  more o f  them a re  a p p r o p r i a t e  models f o r  e s s e n t i a l l y  every  
p r e c i s i o n  o s c i  11 a t o r .  C h a r a c t e r i z i n g  t h e  k i  nd o f  power-1 aw process thus  becomes 
an impo r tan t  p a r t  o f  c h a r a c t e r i z i n g  t h e  performance o f  a  c l o c k  (1). Once a  c l o c k  
has been c h a r a c t e r i z e d  i n  terms o f  i t s  sys temat i c  and i t s  random c h a r a c t e r i s t i c s  
t h e n  a t i m e  d e v i a t i o n  model can be developed. A ve r y  s imp le  and u s e f u l  model t h a t  
i s  commonly used i s  g i ven  by  t h e  f o l l o w i n g  equa t i on  (2): 

where x ( t )  i s  t h e  t i m e  d e v i a t i o n  o f  t h e  c l o c k  a t  t i m e  t, x  i s  t h e  synch ron i za t i on  
e r r o r  a t  t = o, and y i s  t h e  s y n t o n i z a t i o n  e r r o r  a t  t 2 o, which produc.es a 
l i n e a r  ramp i n  t h e  t i%e  d e v i a t i o n s .  D i s  t h e  f requency d r i f t  term, w h i c l  i s  
a lmos t  always an a p p l i c a b l e  model element i n  commercial standards.  Th i s  + D t  te rm 
i n  t h e  t i m e  d e v i a t i o n  due t o  t h e  f requency d r i f t  y i e l d s  a  q u a d r a t i c  t ime  d e v i a t i o n .  
L a s t l y ,  t h e  e ( t )  term con ta i ns  a l l  o f  t h e  random f l u c t u a t i o n s .  I t  i s  t h i s  te rm 
which i s  t y p i c a l l y  c h a r a c t e r i z e d  by  one o r  more o f  t h e  v a r i o u s  power law processes. 
Once a c l o c k  has been f u l l y  cha rac te r i zed ,  t hen  i t  i s  p o s s i b l e  t o  do optimum t ime  
p r e d i c t i o n .  Shown i n  F i g u r e  3 a r e  some examples. The even power law spec t ra  have 
s imp le  a l g o r i t h m s  f o r  p r e d i c t i o n .  I n  t h e  case o f  w h i t e  no i se  PM, t h e  optimum 
p r e d i c t o r  i s  t h e  s imp le  mean. I n  t h e  case _04 random wa lk  PM, i t  i s  t h e  l a s t  
va lue .  I n  t h e  case o f  random wa l k  FM, an f process on t h e  t ime,  the  optimum 
p r e d i c t o r  i s  t h e  l a s t  s lope. I n  t h e  case o f  f l i c k e r  no ise ,  t h e  p r e d i c t i o n  a l g o r -  
i t hms a re  s i g n i f i c a n t l y  more compl i ca ted  b u t  n o t  i n t r a c t a b l e ,  and A R I M A  techniques 
can be employed i n  o rde r  t o  develop optimum p r e d i c t i o n  a l g o r i t h m s  (3) .  
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The Concept o f  an A l l a n  Var iance  

F i g u r e  4 i l l u s t r a t e s  a  s i m u l a t e d  random w a l k  PM p rocess .  Suppose t h i s  p rocess  i s  
t h e  t i m e  d i f f e r e n c e  between two c l o c k s  o r  t h e  t i m e  o f  a c l o c k  w i t h  r e s p e c t  t o  a 
p e r f e c t  c l o c k .  Aga in  t h i s  p rocess  i s  t y p i c a l  o f  t h e  t i m e  d e v i a t i o n s  f o r  r u b i d i u m ,  
cesium, and p a s s i v e  hydrogen c l o c k s .  Choose a  sample t i m e  T ,  as i n d i c a t e d ,  and 
n o t e  t h e  t h r e e  t i m e  d e v i a t i o n  r e a d i n g s  (xh, xg ,  and.x  ) i n d i c a t e d  by  t h e  c i r c l e s  3 and spaced by  t h e  i n t e r v a l  T .  The f r e q u e  c y  e v i a t i o n  y  i s  p r o p o r t i o n a l  t o  t h e  
s l o p e  between xl and x2 (yl = ( x  - ) S i m i l a r l y  y 1  i s  p r o p o r t i o n a l  t o  t h e  
s l o p e  between x  and x  ( y  = ( - x r ) .  The d i f f e r $ n c e  i n  s l o p e ,  Ay, i s  a  

2 3 measure o f  t h e  f requency &ange f rom %he f i r s t  i sample i n t e r v a l  t o  t h e  n e x t  
a d j a c e n t  r sample i n t e r v a l .  W i t h  a  f i x e d  v a l u e  o f  T ,  imag ine a v e r a g i n g  t h r o u g h  
t h e  e n t i r e  d a t a  s e t  f o r  a1 1  p o s s i b l e  r e a d i n g s  o f  x , x2, and x 3  d i s p l a c e d  b y  r 
each y i e l d i n g  a Ay. The average squared v a l u e  o f  ky d i v i d e d  b y  2 i s  c a l l e d  t h e  
" A l l a l l  v a r i a n c e " .  I n  t h e o r y ,  i t  i s  t h e  average o v e r  a l l  t i m e .  I n  p r a c t i c e ,  
f i n i t e  d a t a  s e t s  y i e l d  r a p i d l y  c o n v e r g i n g  e s t i m a t e s .  The square r o o t  o f  t h e  A l l a n  
v a r i a n c e  i s  denoted a ( r ) ;  o ( t )  i s  an e f f i c i e n t  e s t i m a t o r  o f  t h e  power l a w  s p e c t r a  
model f o r  t h e  da ta .  xow o (Y) changes w i t h  r i n d i c a t e s  t h e  exponent f o r  t h e  power 
l aw  p rocess .  I n  f a c t ,  i n Y t h e  case o f  random w a l k  FM,  CJ ( s )  i s  s t a t i s t i c a l l y  t h e  
most  e f f i c i e n t  e s t i m a t o r  o f  t h i s  power l aw  p rocess .  I ?  power l aw  processes a r e  
good models f o r  a  c l o c k s  random f l u c t u a t i o n s ,  wh ich  t h e y  t y p i c a l l y  a r e ,  t h e n  t h e  
A l l a n  v a r i a n c e  a n a l y s i s  i s  f a s t e r  and more a c c u r a t e  i l l  e s t i m a t i n g  t h e  p rocess  t h a n  
t h e  F a s t  F o u r i e r  Transform.  Some v i r t u e s  o f  t h e  A l l a n  v a r i a n c e  a re :  I t  i s  t h e o r -  
e t i c a l l y  and s t r a i g h t f o r w a r d l y  r e l a t a b l e  t o  t h e  power law s p e c t r a l  t y p e  (P = - p - 3 ,  
-2<p < 2,  where p  i s  t h e  exponent  on I). Once a  d a t a  s e t  i s  s t o r e d  i n  a computer 
i t  i s  s i m p l e  t o  compute CT (t) as a f u n c t i o n  o f  .I. The d i f f e r e n c e  i n  f requency ,  
by, i s  o f t e n  c l o s e l y  r e l a x e d  t o  t h e  a c t u a l  p h y s i c a l  p rocess  o f  i n t e r e s t ,  e.g. 
f requency change a f t e r  a  r a d a r  r e t u r n  d e l a y e d  b y  t ,  e f f e c t s  o f  o s c i l l a t o r  i n s t a -  
b i l  i t i e s  i n  a  s e r v o  w i t h  l o o p  t i m e  c o n s t a n t  T ,  t h e  change i n  f requency  a f t e r  a  
c a l i b r a t i o n  o v e r  an i n t e r v a l  I, e t c .  Some drawbacks o f  t h e  A l l a n  v a r i a n c e  a re :  
i t  i s  t r a n s p a r e n t  t o  p e r i o d i c  d e v i a t i o n s  where t e p e r i o d  i c ,  equal  t o  t h e  sample -!? 
t i m e  r .  I t  i s  ambiguous a t  p=-2, i . e .  t r  ( r )  % t may be e i t h e r  w h i t e  n o i s e  PM o r  
F l  i c k ~ r  n o i s e  PM. Remembering f r o m  above t h e  r e 1  a t i  onsh i  p between t h e  s p e c t r a l  
d e n s i t y  o f  t e  f requency  d e v i a t i o n s  and t h e  s p e c t r a l  d e n s i t y  o f  t h e  t i m e  d e v i a t i o n s ,  P if S x ( f )  2. f and S ( f )  % f", t h e n  w = p + 2 and rr = - p - 1  ( - 2 < p < 2 ) ,  where S ( f )  i s  
t h e  s p e c t r a l  dens i$  o f  t h e  t i m e  d e v i a t i o n s  and S ( f )  i s  t h e  s p e c t r a l  d e n s h y  o f  
t h e  f r a c t i o n a l  f requency  d e v i a t i o n s .  F i g u r e  5 shoxs t h e  n o i s e  t y p e  and t h e  r e l a -  
t i o n s h i p  between p and a. There a r e  some ways around t h e  a m b i g u i t y  p rob lem a t  
I=-2. F o r  n o i s e  processes where a > l  t h e r e  i s  a  bandw id th  dependence (4). A 
s o f t w a r e  t r i c k  can be employed t o  e f f e c t i v e l y  v a r y  t h e  bandw id th  r a t h e r  t h a n  d o i n g  
i t  w i t h  t h e  hardware.  Ra the r  t h a n  c a l c u l a t i n g  a (T) f r om i n d i v i d u a l  phase p o i n t s  
t h e  phase can be averaged o v e r  an i n t e r v a l  r .  ~ e X c e  t h e  xl, x , and x Z f r o m  F i g u r e  
4 become phase o r  t i m e  d i f f e r e n c e  averages.  As r i n c r e a s e s  t g e  e f f e c  i v e  measure- 
ment system bandw id th  decreases.  T h i s  t e c h n i q u e  removes t h e  a m b i g u i t y  prob lem.  
We have c a l l e d  t h i s  t h e  m o d i f i e d  A1 I a n  v a r i a n c e  o r  m o d i f i e d  u (1) a n a l y s i s  t e c h -  
n i q u e .  F i g u r e  6 shows t h e  11, n! mapping f o r  t h e  m o d i f i e d  ~ l f a n  v a r i a n c e .  F o r  
w h i t e  n o i s e  PM, p i s  equal  t o  - 3 ,  and f o r  f l i c k e r  n o i s e  PM, p i s  equa l  t o  -2.  

Time P r e d i c t i o n  E r r o r  of  a  C l o c k  

Ano the r  concep t  wh ich  has become u s e f u l  i s  t h e  compu ta t i on  o f  t h e  t i m e  e r r o r  o f  
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p r e d i c t i o n .  In t h e  case of w h i t e  no i se  FM and random wa l k  no i se  FM, -c q ( - c )  i s  
t h e  optimum t ime  e r r o r  of p r e d i c t i o n .  For  w h i t e  no ise  PM t h e  optimum v a l u d  ach iev-  
a b l e  i s  t 0 ( t ) /J3 ,  and f o r  f l i c k e r  no ise  FM i t  i s  t cr ( -c) / ln 2. 

Y Y  

App l y i ng  some o f  t h e  above concepts t o  s t a t e  o f  t h e  a r t  f requency s tandards y i e l d s  
t h e  f requency s t a b i l i t y  p l o t  shown i n  F i g u r e  7 (5) ,  and t h e  cor responding RMS t i m e  
p r e d i c t i o n  e r r o r  p l o t  shown i n  F i gu re  8. The RMS t i m e  p r e d i c t i o n  e r r o r  p l o t  i s  
based on re fe rence  (2) and i s  a f u n c t i o n  o f  t h e  l e v e l s  o f  no i se  i n  t h e  c l o c k  and 
a1 so t h e  u n c e r t a i n t i e s  assoc ia ted  w i t h  determi  n i  ng t h e  sys temat i c  d e v i a t i o n s  due 
t o  a f i n i t e  da ta  l eng th .  

Environmental  E f f o r t s  on Clocks 

From a  management p o i n t  o f  v iew, t h e  c h a r a c t e r i s t i c s  o f  t h e  v a r i o u s  c l ocks  shou ld  
be r e l a t e d  t o  t h e  needs o f  a  p a r t i c u l a r  program. It i s  impo r tan t  t o  keep i n  mind 
t h a t ,  i n  p r a c t i c e ,  sys temat i c  and env i ronmenta l  e f f e c t s  o f t e n  a r e  t h e  predominant 
i n f l u e n c e  on t h e  t ime  and frequency d e v i a t i o n s  o f  a  c l ock .  The re1  i a b i  1  i t y  o f  a  
c l o c k  i s  o f t e n  a  b a s i c  i ssue ,  and t h e  manager shou ld  assure h i m s e l f  t h a t  adequate 
r e l i a b i l i t y  has been documented. The manager a l s o  needs t o  ask t h e  f o l l o w i n g  
ques t ions  i n  each a p p l i c a t i o n  t h a t  he may have. What a re  t h e  env i ronmenta l  cond i -  
t i o n s ;  e .g . ,  t h e  temperature,  t h e  temperature g rad ien t s ,  t h e  temperature f l u c t u a -  
t i o n s ,  t h e  r a p i d i t y  o f  t h e  temperature changes, t h e  magnet ic f i e l d  c o n d i t i o n s ,  t h e  
shock and v j b r a t i o n  c o n d i t i o n s ,  and t h e  h u m i d i t y  c o n d i t i o n s ?  How do these  condi -  
t i o n s  a f f e c t  t h e  c l o c k ' s  performance? A l l  c l o c k s  a re  a f f e c t e d  a t  some l e v e l  by 
changes i n  t h e  above env i ronmenta l  parameters p l u s  some o the rs  as w e l l .  Some 
c l o c k s  are  a f f e c t e d  by baromet r i c  p ressure .  V i b r a t i o n  can be ex t reme ly  impor tan t .  
I n  some c l ocks  t h e  servos w i l l  un lock,  f o r  example, i f  a 1 kHz v i b r a t i o n  i s  p re -  
sent .  (6). Some c locks a r e  a c c o u s t i c a l l y  s e n s i t i v e .  What i s  t h e  g r a v i t a t i o n a l  o r  
g s e n s i t i v i t y ?  What are  t h e  c o s t ,  s i z e ,  we igh t  and power requi rements? L i ne  
v o l t a g e  power f luc t ,uat ions can a f f e c t  c locks .  Changes i n  t h e  dc power can a f f e c t  
some c l ocks ,  We have found t h a t  a  good c l o c k  environment can improve c l o c k  p e r f o r -  
mance cons ide rab l y ,  and we have p r o v i d e d  a  h i g h l y  c o n t r o l l e d  environment f o r  t h e  
NBS c l o c k  ensemble t o  improve t h e  performance over  t h a t  ob ta i ned  i n  t y p i c a l  l a b o r -  
a t o r y  environments.  Another ve r y  impo r tan t  ques t i on  t o  ask i s  what i s  a c l o c k ' s  
1  i fe t ime?  Redundancy and/or mu1 t i p 1  e c locks  a re  sometimes necessary t o  overcome 
l i f e t i m e  and r e l i a b i l i t y  problems. It i s  impo r tan t  t o  t a k e  a  system's  approach i n  
e s t a b l i s h i n g  t h e  b e s t  c l ock ( s )  and c l ock ( s )  c o n f i g u r a t i o n .  I n  some cases t h e  
program needs a re  f o r  s ynch ron i za t i on  t o  UTC, i n  o t h e r  cases t h e  needs a re  f o r  
s y n t o n i z a t i o n ,  i . e .  t h e  f requenc ies  w i t h i n  a  system need t o  agree. Of ten t h e  need 
i s  f o r  t i m e  o r  f requency s e l f  cons is tency  w i t h i n  a program, e.g. GPS r e q u i r e s  t i m e  
cons is tency .  I t  seems many peop le  a r e  buy ing  cesium standards as a panacea, when 
i n  f a c t  t h e y  may n o t  be s o l v i n g  t h e  problem a t  hand. Buy ing a  cesium s tandard  
does n o t  guarantee synchron iza t ion ,  However, i t  does guarantee s y n t o n i z a t i o n  
w i t h i n  some accuracy. A l l  c l o c k s  w i l l  d i ve rge  and e v e n t u a l l y  depa r t  f rom synchron- 
i z a t i o n  t o l e rance .  I t ' s  j u s t  a m a t t e r  o f  t ime! Knowing a c l o c k ' s  c h a r a c t e r i s t i c s ,  
t h e  system requi rements ,  and t h e  env i  ronmental  c o n d i t i o n s  w i  11 a1 1  ow t h e  manager 
t o  know t h e  b e s t  c l o c k  o r  c l o c k s  t o  buy and t h e  b e s t  way t o  implement them. For  
example, a  r ub id i um c l o c k  coupled t o  a GPS r e c e i v e r  (used i n  t h e  common-view mode 
w i t h  UTC(USN0 MC) o r  w i t h  UTC(NBS)) would have b e t t e r  s h o r t  te rm and b e t t e r  l o n g  
t e rm  s t a b i l i t y  t han  any commercial cesium c l o c k  a v a i l a b l e .  The s t a b i l i t y  would be 
somewhat worse i n  t h e  v i c i n i t y  o f  t equal t o  one day. I n  p r a c t i c e ,  t h e r e  a re  some 



prob lems w i t h  t h i s  i d e a ,  b u t  i t  i 11 u s t r a t e s  t h e  p o i n t .  

L a s t l y ,  F i g u r e s  9 t h r o u g h  1 3  show nominal  v a l u e s  f o r  some i m p o r t a n t  c l o c k  c o e f -  
f i c i e n t s  t h a t  managers and d e s i g n  eng ineers  need t o  p r o p e r l y  assess when e v a l u a t i n g  
wh ich  c l o c k  o r  c l o c k s  w i l l  b e s t  se rve  t h e i r  needs. These a r e  o n l y  n o m i r a l  v a l u e s  
and t h e r e  w i l l  be e x c e p t i o n s .  A band o f  v a l u e s  i s  l i s t e d  f o r  t h e s e  c o e f f i c i e n t s  
r a n g i n g  from nominal  b e s t  per formance a v a i l a b l e  f rom l a b o r a t o r y - t y p e  s tandards  
t h r o u g h  t h e  range o f  t y p i c a l  v a l u e s  observed and s p e c i f i e d  f o r  c o m m e r c i a l l y  a v a i l -  
a b l e  s t a n d a r d s .  
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Fic~ure 7 .  Frequency s t a b i l i t y  of some of t h e  best performing frequency standards 
from each of four main types: CS = cesium be m ,  R B  = rubidium gas c e l l ,  H = 

hydrogen (ac t ive  and passive).  Note: log 108 = I ;  e .g .  log 10- = -14. 
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Figure 8. RMS time prediction e r  o r  p lo t  f o r  t he  sa frequency standards as 
shownin Figure 7.  Note: log 10F = I ;  e.g. log 1OVT8 = -14. 
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Figure 9. Nominal values f o r  the  temperature c o e f f i c i e n t  f o r  t h e  frequency s t an -  
dards: Q U  = quartz c rys ta l  , RB = r u b i  di um gas cel l , H = ac t ive  hydrogen maser, 
H(pas) = p a s s i v e  hydrogen maser, and C S  = c e s i  um beam. 
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Figure 1 0 .  Nominal values f o r  t h e  magnetic f i e l d  s e n s i t i v i t y  f o r  the  frequency 
standards:  QU = quartz c rys ta l  , R B  = rubidi urn gas c e l l ,  H = ac t ive  hydrogen maser, 
H(pas) = passive hydrogen maser, and CS = cesium beam. 
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O S C l  L L A T O R  

R E P R O D U C I B I L I T Y  

F igu re  11. Nominal c a p a b i l i t y  o f  a frequency s tandard t o  reproduce t h e  same 
f requency a f t e r  a p e r i o d  o f  t ime  f o r  t h e  standards: QU = qua r t z  c r y s t a l ,  
RE = rub id i um gas c e l l ,  H = a c t i v e  hydrogen maser, H(pas) = pass ive  hydrogen 
maser, and CS = cesi  urn beam. 

OSCILLATOR 

ABSOLUTE ACCURACY 

F i g u r e  12. Nominal c a p a b i l i t y  f o r  a f requency s tandard t o  produce a frequency 
determined by t h e  fundamental cons tan ts  o f  na tu re  f o r  t h e  standards : QU = q u a r t  
c r y s t a l ,  RB = rub id ium gas c e l l ,  H = a c t i v e  hydrogen maser, H(pas) = pass ive  
hydrogen maser, and CS = c e s i  um beam. 





QUESTIONS AND ANSWERS 

DR. WINKLER: 

I would l i k e  t o  q u a l i f y  your s ta tement  t h a t  one should ope ra t e  a 
rubidium s tandard  wi th  a GPS r e c e i v e r  and have a b e t t e r  performance 
f o r  very  s h o r t  and very  long t imes.  That s ta tement  i s  t r u e ,  bu t  
incomplete,  because i f  you would buy a  set of cesium c locks ,  a  c lock  
ensemble, you ga in  one more poin t  and f o r  s t r a t e g i c  systems t h a t  i s  o f  
s t r a t e g i c  importance, t h a t  i s  independence. Tha t ' s  a very  important p o i n t  
and I want t o  emphasize t h a t .  

MR. ALLAN: 

I s a i d  t h e r e  a r e  p r a c t i c a l  reasons t h a t  you don ' t  choose t o  do t h a t .  
Tha t ' s  a very good example. 

MR. WARD: 

Sam Ward, J e t  Propulsion Lab, Is t h a t  modified Allan va r i ance  u s e f u l  on 
an a c t i v e  hydrogen below TAU va lues  of a hundred seconds? 

MR. ALLAN: 

It would be u s e f u l  because a c t i v e  hydrogen does have a  white  pm and so  
f o r  t h e  s h o r t  term a n a l y s i s  you g e t  t a u  t o  t h e  312 power, yes ,  i t  wou1,d 
be useful. 

DR. VESSOT: 

I n  r e l a t i o n  t o  t h a t  l a s t  po in t  of TAU -312 behavior ,  i n  f a c t ,  a rose  from 
such measurements of Phase Noise 1956. Tha t ' s  no t  t h e  comment I want: t o  
make. There a r e  two t h i n g s  I implore you t o  do. The f i r s t  one i s ,  p l ease  
lower t h e  floor on t h e  colored graph of t h e  hydrogen maser; t h e  t e n  t o  
t h e  minus four teen;  I t h i n k  we a r e  s a f e l y  below one i n  t h e  f i f t e e n t h .  
So I r e s p e c t f u l l y  suggest that you back i t  down by a f a c t o r  of t e n  and 
s t i l l  be a s  honest as  you could poss ib ly  want t o  be. You a r e  s a f e  by a 
f a c t o r  of about t h r e e ,  if you do t h a t .  

The second comment i s  t h e  fact  t h a t  a s  we have long d iscussed ,  ever  s i n c e  
1956, t h a t  bes ides  making t h e  va r i ances  a  func t ion  of t ime,  I r e s p e c t f u l l y  
suggest  a l s o  that w e  include the bandwidth. I t ' s  inc reas ing ly  important ,  
1 t h ink ,  t o  recognize t h a t  s h o r t  term s t a b i l i t y  i s  l i m i t e d  by a d d i t i v e  
noise and t h a t  a d d i t i v e  n o i s e  i s  n e c e s s a r i l y  bandwidth dependent. And 
those  people who a r e  t o  spec i fy  o s c i l l a t o r s '  s t a b i l i t y ,  p a r t i c u l a r l y  i f  
t h e y ' r e  involved i n  r a t h e r  s h o r t e r  terms, must, i n  t h e  g iv ing  of the 
Allan var iance ,  spec i fy  t h e  averaging i n  t ime and t h e  s t a b i l i t y .  



The definition of t he  Allan variance i m p l i e s  that the sample number is 
two. So by saying that, we have cornered that issue as two, The dead 
time i s  another question, and I don't think one should complicate it 
further at this p o i n t ,  but I would urge you to at least admit that 
we should have the averaging time and the bandwidth;  and we have been 
around the barn with that, Jim, on that committee. I would just like 
to take one more lap. 

MR. ALLAN: 

Thank you, Bob, and I would f u l l y  concur on any sigma-tau graph that 
you're looking at a tau to the minus one behavior .  You need to have 
bandwidth specified as well. 

DR. BARNES: 

I will take just a moment to mention that some years ago. Dr. Vessot 
did a bandwidth variable measure of frequency stability and the tau of 
the three halves came out of h i s  work. So the tau of the three halves 
is not a stranger. 
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