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ABSTRACT 

Over the last three decades we have 
seen methods evolve for the characterization 
of clocks and oscillators. The principal 
progress has been made in the time domain, 
but significant clarif icatiun has occurred 
in the frequency domain as well. We now 
have a CCIR recommendation and an IEEE 
standard for clock characterization. 
However, as we see the frontiers pushed 
forward, we can see a demand €or even more 
exacting characterization of oscillators and 
clocks. The efeect of environmental 
perturbations on clocks and oscillators is 
likely to become even more important as it 
effects the long-term stability. rn 
addition, we see an iinpostant need to 
characterize measurement systems. To date, 
there is no etaridarcf for the proper 
characterization of measurement systems. 
Yet often the techniques f u r  comparing 
either laboratory or remotely separated 
clocks may limit tiieir frequency or time 
stability. A s  we look a decade ahead, these 
measurement concerns become even nore 
important, Hence, there is a clear need to 
arrive at measures for charactarizing 
measurement systems. In addition, we need 
to refine our ability to characterize the 
advanced Clocks w e  anticipate in the coming 
years. Stronyer ties with the 
telecommunications industry, where system 
timing and synchronization needs are high, 
will be mutually beneficial to both fields. 
This paper reviews m m e  of the highlights of 
time and frequency metroloqy, makes 
recommendations for some needed 
standardization, and calls attention to 
certain unresolved problems. 

INTRODUCTION 

There is need to be still more 
deflnitive in the measures we use to 
describe time and frequency (T/F)  devices , 
and comparison systems. There are now a 
useful IEEE standard (No. 1139-1980) and 8 
consistent CCLR recommendation for 
characterizing clocks and oscillators. [I] 
There is not, however, a similar measurement 
standard for time and frequency measurement 
systems (which might include clocks and 
oscillators). 

Since the construction of the first 
atomic clock in 1948 we have seen about a 
factor-of-10 improvement in accuracy of 
primary standards every seven years. WE! 
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expect this trend to continue. This will 
place new demands on metrology within the 
lab as well as on comparisons of clocks 
R N I Q ~ ~  to each other, 

I n  addition, as we design servo 
electronics, we cannot optlmize system 
design unless we have properly characterized 
both the frequency standards involved and 
the measurement electronics. within the 
laboraary environment this is often done 
well. However, when servo-controlling 
clocks remote from each ot.her, serious 
Mistakes are often made. 

FOUR AREAS OF 'P/F I4ETHOLCSGY 

There are four general categories of 
tfmu and irequency irtetrology as shown in 
'Pabla 1. The Cirst .:ategory involves 
trc%ltrericy S O U L C ~ S .  Mdqr Trdvance:i, laige and 
small, ovw clie years h a w  produced devices 
of ielnarkablrt btabil ity and accuracy. l r  
rccent exaiiiple is the work of Andrea De 
Marchj 1 2 1 ,  who showed how Ilahi pulling in 
cesium- beam freqi:ency sitmdards degrades the 
1or~pt.erin irequency stability of these 
devices. Urde~standinq these effects, he 
then showed how to reduce environmental 
perturbations on ces ium stanritirds. A 
sign: f i e a n t  improveitient in long-term 
trrquency stability and accuracy is now 
av a i i ab1 e. 

T h e  second cateqory is turning a 
frequency standard in to  a reliable clock. 
At firfit thought, counting cycles from a 
frequency standard seems straightforward. 
But  tXiere are problems knowing absolute 
delays through crit.icaI parts of the 

At the sub- measurement equipment. 
nanosecond scale and ovEr lung distdnces, 
knowing these delays poses significant 
challenges. 1 i ~  additl mis there is proinise 
€or J. frequency standard in the optical 
region o f  the spectruin. We are probably 
decades away from teing able to count 
optical frequencles without degradation. A 
hrmkthrouqh is needed. 

Included within t l i i s  second category is 
the important problem of properly using 
combining alqorithms. When there is more 
than oue clock, how should the readings be 
combined? Here again characterizing both 
the clocks as well as tlie riieasurement 
systems is essential for algorithm 
optimization. caution is necessary 
because algorithms can make matters worse. 
Properly used, algorithms can provide 
improved rt.?lJabj lity and performance. P a s t  
work has demonstrated that for ini-ermediate 
and long-term frequency stability, the 
output of ari algorithm can be better than 
the best physical clock in the system. N o w ,  
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d i s s e m i n a t i o n  systeii i  j 5: niixioy(  r )  . 
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Table 2 .  r I ; E'roni t l i e  ar,.lLiment::; iibrtv(? 
c o n c l u d e  that .  t hesc f n l n i  H gocd set-. of' 
measures folr f r e q u e n c y  s t i tndnrds  a n d  c I G I  

a s  well a s  f o r  n i e a s u t  cm;:nt. spstemu. i n  t l ; < ?  
t i m e  domain we c o n c l u d e  t I i a t  t h e  I T I ~ ~ ~ S I I L  e:.: 
recorninended are a TJ(id se 
standards and c l i r c : k s .  
clef icienlr. tor c h a i ' a c t e r i 2  
spst.ems. 'I'nhle 3 1 ists the  recomineridt-ii 

posed 1: iI!!C 

F o r  the f i -c r juer icy  cl<Jma i r , ,  

t h i s  def i c i c n c y .  Table L: 1 i s L s  the s1)ec;tral  
derisi.ty re la t ionships  f o r  t h i s  measure  a n a  
t h e  ra rqe  of curiirw-gencc. );'or a f i n i t e  d a t a  
se t  an esti tnate of this i~ ieasu re  ( ' N A R )  i s  
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T a b l e  4 .  Spectral D e n s i t y  and ' T i m e  
[loma i n lie 1. c? t i o n  :;li i p 5 

-5  c n _< 1 

where S I f )  is t h e  s p e c t r a l  d e n s i t y  of t h e  
time dfffererlce ineasurernents,  x ,  and 13 
d e n o t ~ s  thc.  kincc  of powpr-law spect:suiii. 

.c: ., ( f )  . fa 

cr -- f3 t 2 ,  

.- :j .r _i f 3 

whcre y is t:hc iioi-mai i z e d  f r e q u e n c y .  

S i lice t h e  usus A t y p e s  of measurement noi se 
iir9 cell terecl aruuri(1 p = 0 ,  this gj .ves  :I 
ricJar--Ze.ru dcpentience 011 7 (a desj r z b l e  t i - i t  it. 
for  a qc~c:d measure) . nther u s e f u l  

is t ics  of this measure  are:  

it_ i z  e q u a l  t o  the r : lass jca l  
s- tandard d e v i a t i o n  of the time 
t l i f  ference measurements  f o r  7 = T,,, f o r  
whi ~ . F - ~ I O ~ R E  P b l ;  

i t  eriuaLs I:he s ta i idard  d e v i a t i o n  or 
t h e  mean o f  the time difference 



I 

Proper1 y c h a r n c i i e r i z i n g  t-he s t o c h a s t i c  
processes ,$llows o p t i i m l  estinat.i.ori of the 
envi  ronithent.al pcrt:ilrbati.oiis due t o  
temperature,  hi~midi l - . }~ or other f a c t o r s .  1.P, 
f o r  example,  we see whil:e-noi.ss F 
i n  3 cesium a t .andard ,  the opt:inium 

'!> , ( Y j 
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T h e  c u r r e n t  s t a n d a r d s  f o r  
c h a r a c t e r i z  iiig c l o c k s ,  o s c i l l a t o r s ,  
measurement s y s t e m s ,  and d i s s e m i r i a t i o n  
s y s t e m s  a r e  csefui and a d e q u a t e  e x c e p t  i n  
two a r e a s .  These d e f i c i e n c i e s  a r e  (1) t h e  
c h a r a c t e r i z a t i o n  a n d  model i n g  of 
e n v i r o n m e n t a i l  y induced  p e r t u r b a t i o r i s ,  which 
of t e n  c a u s e  long- te rm i r i s t a b i  t i t i e s  i n  
c l o c k s  and o s c i l l a t o r s ,  and ( 2 )  t h e  
c h a r a c t e r i z a t i o n  or the t.ime-doinain b e h a v i o r  
of measuremene, d i s s e m i n a t i o n ,  and 
comparison s y s t e m "  A tj.me-dornain t i n i e  
s t a b i l i t y  measure ,  o X ( 7 ) ,  has been st:.udied, 
t e s t e d  and is proposed  a s  a measure. which 
will h e l p  r e s o l v e  t h e s e  d e f i c i e n c i e s .  
Dealing w i t h  b o t h  t h e s e  d e f i c i e r i c i . e s  is a 
necessary  step to improve time and f r e q u e n c y  
metrology and t o  keep up wi.th t h e  new c l . o c l c s  
and o s c i l l a t o r s  a n t i c i p a t e d  i n  t h e  f u t u r e .  

A s  w e  d e v e l o p  new i n t e r n a t i o n a l  ti.me 
t r a n s f e r  s y s t e m s ,  s u c h  a s  t h e  two-way 
s a t e l l i c e  t i m e - t r a x i s f e r  s y s t e m ,  it w i l l  be 
ext remely  h e l p f u l  t o  have  a common l a n g u a g e ,  
a s  well as  common and needed measures  t o  
c h a r a c t e r i z e  per formance .  A d d i t i o n a l  tools 
may a l s o  be  needed a s  w e  move t o  h i g h e r  
l e v e l s  OF a c c u r a c y  and s t a b i l i t y .  
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