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ABSTRACT 

Te lecommunica t ion  ne tworks  o f  t i m e  d i v i s i o n  sw i t ches ,  i n t e r c o n n e c t ~ d  b y  
d i q i t a l  t r a n s m i s s i o n  a r e  h e i n q  p u t  i n t o  p l a c e .  A t  each s w i t c h ,  each 
i ncominq  h i t  s t ream i s  b r o u g h t  i n t o  i t s  own b u f f e r .  Then t h e  c l o c k  i n  
t h e  s w i t c h  " reads "  each b u f f e r  t o  r e - e s t a b l i s h  phase. Care must hc 
t a k ~ n  t o  keep f r e q u e n c y  d i f f e r e n c e s  hetween v a r i o u s  c l o c k s  f r o m  bccornincl 
t o o  1  arpe,  o t h e r - w i  sc huf  f e r s  w i  11 u n d e r l o v e r  f 1  ow a t  an unaccept  ah1 y 
h i g h  r a t e .  Rased on e m p i r i c a l  l y  d e f i n e d  d d t a  t r a n s m i s s i o n  r e q u i r e m e n t s ,  
one m a j o r  ne twork  has de te rm ined  t h a t  f r a c t i o n a l  f r e q u ~ n c y  i nequal  i ty 
between swi1:ches s h o u l d  he no worse t h a n  1 . 7 ~ 1 0 - ~ ,  

A ne twork  needs near  f r e q u e n c y  e q u a l i t y  between i t s  own sw i t ches ,  and 
a l s o  between i t s  s w i t c h e s  and o t h e r  ne tworks  w i t h  wh ich  5t i n t e r f a c e s .  
Frequency accu racy  - p e r  s e  - i s  n o t  r e q u i r e d ,  b u t  as a  p r a c t i c a l  
m a t t e r ,  t h e  b e s t  way t o  a c h i e v e  needed f r e q u e n c y  e q u a l i t y  i s  f o r  each 
network  have  master  c l o c k  w i t h  an acccrracy which i s  a t  l e a s t  as qond 
as iX10di8. To be c e r t a i n  t h a t  t h i s  accu racy  i s  ach ieved t h e  
mas te r  c l o c k  i n  each network  s h o u l d  be based on a s i q n a l  f ro17 a cesiurn 
source .  

Cesium sources  f o r  t h e  purpose o f  p r o v i d i n q  master  c l o c k ,  f a 1  1 i n t o  two 
c a t e q o r i e s :  

1) Cesium s t a n d a r d  on s i t e .  
2 )  Cesium based s i q n a l  r l i s t r i h u t e r l  v i a  sorrle t r a n s m i s s i o n  medirrm. 

Concerns o f  systems d ~ s i q n e r s  a r e  t h a t :  
A) The master  s i g n a l  he t i e d  t o  a p r o p e r l y  f u n c t i o n i n s  c e s i u r  

s tanda rd .  
B )  I f  mas te r  s i o n a l  i s  l os t . ,  t h e  scc0ndar.y c l o c k s  he o f  

s u f f i c i e n t l y  low a!>inq t h a t  t h e y  fr e  r u n  a t  least .  a week h e f o r e  5 - t h e i r  accu racy  deprades helow 1X1.0- . 
The accuracy  o f  a  p r o p p ~ l y  f u n c t i o n i n q  commercia l  Cs heam s t a n d d r d  i s  no 
worse t h a n  about  1x10- . The m a s t ~ r l s ~ c o n d a r y  system must he 
des iqned  such t h a t  the accuracy  o f  t k r ,  master  can be v e r i f i e d .  

The paper d i s c u s s e s  t h e  r e l a t i o n s h i p  between t h e  master  and t h e  
secondary  c l o c k s .  The q u e s t  i o n s  o f  mas te r  c l  nck accuracy  and p r e c i s  i o n  
and t h e  f r e e - r u n n i n g  c a p a b i l i t y  o f  t h e  s e c n n d a r , ~  c l o c k s  w i l l  be 
examined. 



Until recent ly ,  the time and freqlrency (TP!F) req~~irerrlent of the 
cnmmerci a1 comm~rnicat ions industry was almost, t o t a l l y  1 imiterl t o  rluartz 
o s c i l l a t o r s  of low to  medium qua l i ty .  This situat.ion i s  chanqinq very 
rapidly.  There now ex i s t s  a s ign i f i can t  need for  atomic standards and 
hiqh-quality quartz o sc i l l a t o r s .  There are two reasons for  t h i s :  

1. Vital portions of most m a j o r  networks are now, or soon will he, 
d i q i t a l .  

2 .  The breakup ( d i v e s t i t u r e )  of the Re1 1 System and a s s o c i a t ~ d  chanqes 
i n  the industry. 

The breakup of the Be11 System i s  a rr~a,ior additional s tep  in the fedtwal 
government's encouraqernent of competition in the telephone industry. 
This general encouragement plus one very spec i f i c  aspect of the 
divest . i tnre decision are of great in~portancc in the industr.vls needs fo r  
TF,F capability. n ives t i tu re  spec i f i c a l l y  requires "Equal Access." lnlhat 
t h i s  means i s  t h a t ,  fo r  any c a r r i e r ,  the cost of access to  a lonq-haul 
( l o n q  d is tance)  network and the q~ral i t y  nf that access must he eq~ral to 
that  of any other c a r r i e r .  

So compet.it ion and speci f ica l  l y ,  Fqual Access, press fo r  a widespread 
irr~proverrlent in TPlF capahil i t y  and speci f ic  charac te r i5 t i cs  of tliqi ta'l 
cornrnunicat.ions rief i n ?  the quant-it at,ive r~quirernent .  

I n  rnost, if not a l l ,  exist.inq and plann~rl commercial networks, huffel' 
in ter faces  are used on each incorninq trunk of a d i a i t a l  switch. T h a t  
i s ,  i t  i s  not a t o t a l l y  synchronous network--phase i s  r e -~s t . ah l  i s h ~ r l  a t  
each switch. So even though the  networks wil 1 he d i q i t a l ,  the use of 
buffers at  each switch means tha t  i t  i s  only frequency equa l i ty  (near 
ef lual i ty)  t h a t  i s  needed. (We think that. t h i s  may not he t rue  in the  
fut.ure hecause there are advant,ages to  a t o t a l l y  synchronous system.) 
Since the network will he d i q i t a l ,  the requirement i s  t h a t ,  as  they pass 
thro~rgh the switches, the various h i t s  must have a de f i n i t e  time (phase) 
re la t ionsh ip  t o  one another. This i s  achieved at  each switch by the  
local clock in the switch that  sequent ia l ly  "reads out" the buffers.  I f  
the  r a t e  of t h i s  local clock i s  not equal t o  tha t  of the incoming hi't 
stream, then the huffers wi 1 1  gradual l y  under/over flow. 

By empirical t e s t s ,  the Re11 System (letermined t h a t  data customers 
incurred unacc~pt,ahle dearadat ion if  s l i p  r a t e s  (but  r over/under flow 
r a t e s )  went heyond ahout one T - 1  frame i n  20 hours. fP ( A  T-1 
s i ~ n a l  i s  communications t r a f f i c  in a cer ta in  d ig i t a l  format whose ratcs 
i s  1.544 Mb/s and whose frame l ~ n q t h  i s  193 h i t s  ( 1 2 5  r~~icroseconds) 
lonq.)  This correspo ds t o  an end-to-end f ract ional  freqirency Ll dif ference of 1.7X10- . Ass~rminq that  the freqirencies of the nodal 
clocks are randomly d$strihlrted about some nominal value, the probable 
o f f s e t  i s  about 1x10-- t o  cause s l i p p a q ~  a t  the level where 
correct ive  action needs t o  he t , ak~n .  



F r e c r ~ r ~ n c y  acclrracy, p e r  se, i s  n o t  r e q u i r e d .  Rut ,  as a p r a c t i c a l  
m a t t e r ,  ach i  e v i n q  f req r l ency  accu racy  i s  t h e  mnst c o s t - e f  f e c t  ivcl  rrleans 
o f  a c h e i v i n q  t h e  net?ded frequenc,y equa l  it.,y. I f  a1 1  u s e r s  t a k ~  t h i s  
approach, wh ich  t h e y  seem t o  he do inq ,  t h e n  each one w i l l  ach ieve  ho th  
compatah i  1 i t y  and a~rtnnorrly. 

I f  c o r ~ l p a t a h i l i t y  i s  t o  tje achieved, every  node ( s w i t c h )  i n  a q i v e n  
network  wh ich  i s  t o  i n t p r f a c e  w i t h  a node i n  an t h ~ r  net.work mrrst. t-~avct 
f r a c t i o n a l  f r e q t ~ r n c y  acc l r racy  nf  a t  , pas t  1X10-': ~ r o r n  a ~ r t e t r o l o i j  y  
v i e w p o i n t ,  one would l i k e  t o  have a  r e f e r e n c e  whose accurac.y i s  o f  t : h ~  
o r d e r  of t e n  t i r n ~ s  I ~ e t t e r  t h a n  thos t l  d i c ~ s  wh ich  a re  t o  be fK c o n t r o l  1  edlrneasurtld, i . e . ,  ahout. 1x10- . 

FL!RTHEt< CONS I[)FRATIOPIS 
ON NETWORK FHE()UENCY RE()IJIKFFVIENTS 

F o r  rnost i.rsers o f  TRF eqr.riprnent, t h e i r  ma jo r  t~crsinrtss i s  sornethinq ~l se, 
e . q . ,  t e l ephony - -and  t h e y  want t o  keep i t  t h a t  way. T h i s  means t h a t  
i d e a l  l y ,  a1 1  equipment shoul(1 a r r i v c  f r o r  t h e  mancrfact.urer on f requency,  4 and i t  shou ld  s t a y  w i t h i n  one p a r t  i n  10 f o r  many months.  Whcn 
r e c a l  i l ) r n t i o n  i s  r e q u i r e d ,  i t  s h o u l d  he pe r fo rmed  a t  low c o s t  hy p c o p l e  
who t ~ a v e  no p a r t i c u l a r  e x p ~ r t i s e  w i t h  T&F t e c h n o l o q y .  

The r e a l i t y  o f  t h e  f a t u a t i o n  i s  that .  J q u a r t z  o s c i l l n t . o r  whose a q i n g  
r a t e  i s  ahocrt 1x10- /day  w i l  1 he out. o f  f r e q u e r ~ c y  t o l e r a n c e  i n  a 
few w ~ e k s  i f  l e f t  t o  f r r e - r u n .  S~rch an o s c i l l a t o r  (known i n  t.l-li, 
te lea t ,onc  i n t l r r s t r y  as a St.ratlrrq 2 o s t : i l l  a t . n r )  i s  nedr  t h e  t n p  o f  t h f l  
1  i n ?  i n  c o m r n ~ r c i a l  l y  a v a i l a h l e  q u a r t z  n s c i l  l a t o r s .  As a  p r i l t i c a l  
r n a t t ~ r ,  t h i s  ~TIE~RIIS t h a t  i n  any m a j o r  ne twork ,  t h e r e  rnust he a  rninirrlirrrl o f  
a t  l e a s t  nne atorrl ic f r e q u e r ~ c y  s tanda r r l .  We h ~ l i t . v e  t h a t  t h p s p  sources  
s t i o ~ l l d  5~ basr?d on cesium. That  i s ,  i t  s h o ~ r l d  t~c  a ccl5ium s t a n d a r d  on 
s i t r . ,  a GPS (G loba l  P o s i t  i o n i n q  Systern) r e c e i v e r ,  o r  a  Loran-l: r e c e i v c r  . 
W i t h  one such cesiunl master  c l o c k  and s u i t . a b l e  transmission -- l i n e s  t o  t h e  
o t h e r  nodes t h a t  i n t e r f  ace w i  t t l  t . h ~  n u t s  i r k  nefwwnrks. an acitonomous 
ne twork  of m i n i m a l  f r eq l rency  c-apahi 1  i t.y car1 1-w assemhl cd .  The ritlna i ~ d e r  
o f  t h i s  pa/+? i s  a  d i s f i i s s i o n  tii'lwhaf; i s  rileant h,y " s r r i t a k l ~  t r a n s m i s s i o n  
1  i n e s "  and "rrtinimal f r equency  cal-rahi 1  i t , y . "  blhdt. we w i  1 1  s k ~ t c h  out. i s  
tha t .  t h e  d e s i q n  o f  an nptirnum TRT net.work, haseri on t h e  c r i t . l i? r inn  o f  
o v e r a l l  cornmunicat,inns nptwork  p r o f i t a h i l  i ty,  i s  a r n t h e r  clenc-.rdl 
systems problem. One s i q n i f i c a n t  f a c t o r  i n  t h ~  a n a l y s i s  i s  t o  t r y  t o  
account  f o r  t h c  qenera l  untsase o f  t h e  t e l e p h o n y  i r l d r l s t r y  a t  hav in t l  t o  
dea l  w i t h  soph i  s t  i c a t e d  TdF cnns i d e r a t  i n n s .  

F i q u r e  1 i s  i n t e n d e d  t n  make th re t !  } - m i n t s :  

I .  I n  a k i g  ne twork  ( c . ? . ,  a  network  c o v e r i n q  most of t h e  11.7.) some 
s w i t c h e s  can be a d e q u a t e l y  s l  a v r d  o f f  a q i v ~ n  inaster ,  h u t  not. a1 1.  I n  
t h e  f i q u r e ,  t h e  s o l i d  l i n e s  j o i n i n q  nodes/ s w i t c h e s  art! sho r t -hn r r l  
( l o c a l  distribution) p a t h s  t h a t  t y p i c a l l y  a re  l ~ s s  t h a n  100 m i l e s  l o n g .  
The broken pa ths  a re  l onq -hau l ,  f o r  example, a  s a t e l  1  i t e  p a t h .  Whether 
a p a t h  i s  s r i i t a h l e  t n  t r a n s f e r  r n a s t ~ r -  c l n c k  rlepcnds on f o u r  tklinc-1s--the 



qua1 i t y  o f  t h e  slave! o s c i l  l a t o r ;  t h e  i n s t . a h i 1 i t . y  t.hat t h e  p a t h  adds t o  
t h e  t r a n s m i t t e d  s i g n a l  ; t h e  c o s t  o f  u s i n ?  a  p o r t i o n  o f  t h e  handwid th  o f  
t h a t  p a t h  f o r  send ing t h e  TRF s i g n a l ;  and t h e  r e a l i h i l i t y  of t h e  path, ,  
I t  i s  n o t  oirr purpose t o  d i sc \ r ss  t h c s e  t h i n q s  i n  d e t a i l ,  h o t h  beca~rse o f  
1  ack n f  space and l~ecause  i t  c o u l d  o n l y  he hypnt,het i c a l  s i n c e  t h e  
optinlrrrr s o l u t i o n  f o r  each l i n k  o f  a q i v e n  network depends nn t he  presf?nt. 
and f u t u r ~  c o m p e t i t i v e  s i t u a t i o n  f o r  t h a t  n ~ t w o r k .  It i s  u s e f u l ,  
however, t o  g i v e  an example: Assume t h a t  t h e  1 i n k  between two nodes 
say, s w i t c h e s  1 and 2 o f  Network B y  i s  a s a t e l l i t e  pa th .  If " c l o c k "  i s  
t o  he passed f r o m  swit.ch 2 t.o s w i t c h  1, t h e n  t h e  s l a v e  c l n c k  a t  s w i t c h  1 
must have a  s u f f i c i e n t l y  l ow  a q i n q  r a t e  t o  average o u t  t h e  d o p p l e r  s h i f t  
due t o  s a t e l l i t e  m o t i o n .  The m o t i o n  i s  a p p r o x i m a t e l y  p e r i o d i c  w i t h  a 
p e r i o d  n f  one ti . If  t h e  qoal  i s  t h a t  t h e  c l o c k  a t  s w i t c h  1 nt lver  he f8 more t h a t  1x10- away f r o m  t t j ~  mast-er t hen  i t s  ao ino r a t e  w i l l  
have t o  he b e t t e r  t han  1x10- /day.  Thc reason i s  t h a t  t h e  
l o c k - l o o p  t i m e  c o n s t a n t  cannot  be s h n r t . r r  t h a n  one day. 

I n  summar.y, orie of t h e  ma,jnr c o n s i d e r a t  i o n s  i n  d e c i d i n q  whether t.a s l  a v ~  
a c l n c k  l o c a t e d  a t  t h e  end o f  a q i v e n  t r a r ~ s n ~ i s s i o n  p a t h  i s  t n  exarninc 
t h e  t r a d e - o f f  between $1 ave -c lock  qua1 i l . y /cos t  and s t a k i l  i t y / r e l  i a h i l  i t y  
o f  t h e  pa th .  

2. The f i q u r e  i s  drawn t o  i n d i c a t e  t h a t  i t  i s  ~ l n a d v i s a b l e  f o r  one ma jo r  
network  t o  t a k e  i t s  master  c l n c k  f r o m  another  major  network .  For  
example, w i t h  t h e  c o n n e c t i o n s  as shown, c o n s i d e r  what would happen if 
Network A took  i t s  c l o c k  f r o m  e i t h e r  Network R o r  T.. If t h e  s i q n a l  r l o ~ l s  
away ( f o r  whatever reason)  Network A w i l l  n o t  he a b l e  t o  s e r v e  i t s  own 
i n t e r n a l  needs o r  have a  c o n n e c t i o n  o f  adequate qua1 i t y  t o  the  
s t i l  l - f u n c t i o n i n g  " o t h e r "  ne twork .  We he1 i e v e  t h a t  e v e r y  m a j o r  
l onq -hau l  network shou ld  have i t s  own (autonomot~s)  cesium-hased mas te r  
c l o c k  a t  d t  l e a s t  nne node. 

3.  We k e l i e v e  i t  w i l l  he v e r y  comlnnn f o r  a s w i t c h  o f  a  l a r n e  p r i v a t e  
network  t o  he i n t e r c o n n e c t e d  w i t h  two or more lonq -hau l  c a r r i e r s .  ( h e  
"Customer 4"  i n  t h e  f i q u r e ) .  Such a  customer may o r  may not. w i s h  t o  
t a k e  c l o c k  f r o m  one o f  t h e s e  comrncrci a1 c a r r i e r s .  I n  any event ,  i t .  
a q a i n  p o i n t s  up t h e  need f o r  qnod f r rq ! rency  equal  i t y  between a1 1  
p a r t  i e s - - p r  i v a t e  as w e l l  as commerci a1 . 

' What about the  qua1 i t y  o f  t h r  s l a v e  c l o c k s ?  I n  t h e  commercial ne tworks ,  
any d i g i t a l  s w i t c h  s i t e  tha t .  direct.1.y i n t e r f a c ~ s  wit.h (no i n t - e r v e n i n r l  
s w i t c h )  a  d i q i t a l  s w i t c h  f a  compet ina c d r r i ~ r  s h o u l d  have a c l n c k  t h a t  
aqes no worse t h a n  1XlO-'.'/day, t h a t  i s ,  a S t r a t u m  2 c l o c k .  W i t h  
a  s l a v e  of t h i s  qua1 i t  i f  t h e  master  i s  l o s t ,  f r c q ~ ~ e n c y  accuracy  a't. 
l e a s t  as good as 1 X 1 0 - ~ ' w i l  l he m a i n t a i n e d  f o r  a t  l e a s t  one week. 
T h i s  w i l l  p r o b a b l y  be s u f f i c i e n t  t i rne  t o  r e s t o r e  t,he master .  
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:, r - T l i o  t k l ~ i c~~ j i t " , : j t l s  ls544 P113/:; ( l j q i t , d l  s - i q ~ d l  i r l  I-,tie f: ;r- , ,)dl ,  k ! ~ ~ - ; b i l - ~  ti(; O X ?  

- GPS rr.ct! i v e r  
- !.or.an-C r e c i v e v '  

T l i i l  i lS1 ,  IiPC,,  rid L o r a n  o p t  iont ;  arti ,j1 1 ,  o f  ::our*st3, bil:;::{l 1111 ce:; iu,il 
s l , :~ r - i : j a r~ is  h u t  t h ~  users ' s i  tr-! i y ;  t . yp i c : a l  l , ~  ver.y rt lrn,3t,~ fro11 tth? 5,011r.c c ? .  
/ \ I  s:2, t l i ~  s i q n a l  a r r i v p :  i n  a for-vi ( 0  f , ~ r - c ' l d t )  \~I)~I-;I r ~ ~ ~ i ~ : ~ i ~ : ! : ~ :  ;)r-oc!:t;(;i:is~ 
i r i  orr ler.  t : r i  r ,xt.r+act t h t .  fri?cllri.ricy ;)f t h ~  c r l s i  !iirl s t,:!~i:-lri\~-!% t i i d t  1 i i :  
1 ~ : ~ I i i o ~ l  l l i r ? r v .  (Tt i f? T&F s i q n d l  l~r . r~ i i ( - lc : (~%r I)!/ 5t .c3 i : i~ ) r~  id!4Vl: o f  t,flfl ~ ! d t - , l o ~ - ~ ; ~ I  
Lirr.i.a~l o f  5 t .an t l i l r .d~  i s  a1 sn I I S F ~ ~ ~  i t i  s ( . I I ~ I ~ ~  (:,ISPS. E I J L ~  :hit? to t t i t ?  r ~ . + t  i1r-i.l 

of-. t , ~ i ~  :; i 11 n (1 1 , t tie ;i\/ ?r d(i i r l  (1 t i 111e r i ~ t ! d  ~ r i  <?(-,!-IP i ( J : !  c3 , c i ( ~  11 i tq :>[j 
, ,~r -~- .~ ' -  , . ,  i (  ~:,IY,I !\;ill hp 1011qpr t , t i l ~ r ~  i s  ( : r ~n \ t ~ i i i [ > t i t ,  f;-ir* lr;rnki1 , ~ ~ ~ > r - ~ ~ , ' l  

I I i i t ,  f ( . ~ r -  3 v j h i l  P i ~ t  I ~ t r ? ~ t . ,  t l i ~ i  ~ c ~ i a ~ i ' - ;  o f  i ) t i t ,a i  t l i l i n  r r ~ ~ t ~ t t ' ! .  r-:ln:-k s~li 1 1 
,,r-:>ih;it~lv ( i j \ ~ i : i ( t  1rlt.o two  r:idjnr cat t . ! r ! ;~ i - i~ !s :  

1. "The P e l  1  Syst;tl:ul R ~ f e r t l r i c r ,  F r r c . l ~ ~ c r - ~ c v  Ne two rk  ( i3Si,l ? l  'l - 1 1 1 1  

r ) ~ x ~  I:.\~I.'Y, wh ic t i  i? < ~ k ~ n ~ ( i  ,?;II-I o1 ) i i r ~ i t , \ ?  ~y : \ IK j  ~ ~ : n ~ ~ i t ~ ~ t ~ r i i ~ ~ ~ ~ t i ~ - ~ r - ~ ~ , ,  h ? ~ ~ . ,  P , ) ( > : i  

i l i s : :~~sf !d  i n  4 ~ t a i l  i r i  o thc r -  p l ,~ : : t~s,  I t .  i s  i l r ~o r7 I . : ~ r i k . ,  
l inerever, t o  sur11ri la l* i7~ i t s  e s s t i n t i a l  c-.ti?r-at:t,rr.isti(-.: Tt i< i>?%t>,l or1 (2 

triact of c e s i ~ r m  s t a n d a r d s  locat -?( : I  -in 3 s intr1t3 : ~ r ~ c i o r - ; i ~ j l ~ i ; : . a l  1nr:iii i:iri. 
Ttle s l ' r ~ n a l  i s  t . rdnspor ter -1  i n  s i r i [ r s r ~ i : i a l   for*^^^ t o  apar:ixi i l !dt.!. l i /  l0ri <;i-l-r)s 
. l l i r ( ' r { l ( !ho i~t  t ; i l ~  1 1 .  5 .  , where  i I:. i s  t e r m i n a t e d .  

'I'he<!f c, i t e s  are I n c n t i o n s  o f  f 4 E S S  swit.ch;?s ( t h e  vor:y iar.cli2 c-liir i t : , j l  t o 1  i 
s w i  t r i i e s  o f  t t ~ e  ATRT 1  or iq-ha111 s,yst.elri) , Th i:; s i r j r i ~ j  'IP(-(-I;o+s t:i(! II.C\~.; :;::r, 
( : lock f o r  each s w i t c h  anr!, as 51rr.h, i t s  f r ~ r l c t r n c y  i<; i ~ ' : ; i , i : ; l c i ~ . l l  $11 t k i r - !  r i51 
I r - a f f  i t :  s t rear l is t t in t .  FII~C+~'(IP fr1-)1~1 t / i o s ( ~  sv i i  t ~ t - ~ ~ c ; ,  F I r 1 ~ 1  l , y 9  5c~~:16> (if !:" - IC?Y;L~ 

[,XI. st : r<r r i r~s tu r l r i i r ia t .~  i n  nt ,her> i . l i q i t - a1  c,\biit,cii(-.c, VIII~I-J-I 31-i' l l i \ ~ t ,  . C r - l r  

c n n v ? n t  io! !al  t ~ l  ephonn o p e r a t  i n q  coirlliorii cs  ( T h e s e  cr?~rip,-tri il-:~; i n c l  ! J JV  tr:r! 
B e l l  O p e r a t i n q  Cnrt~p;lnics ( E 0 C 1 s )  and whdl.., p l- iot"  t o  d ivc is t ; i t t~ r ' i ? ,  v d ? r t :  

knowl-I a:; t l i c  " J n r i ~ n e n c l e n t s . " )  Th(! F? k l l ~  l . c ) ~ i r i ~ r  ~ O ~ I I [ I O I . I ~ ? : I ~  i - ~ f  l L t i ( ~ ~ ~ ~  
st.r,,rarrs Ihr?cor~!cs t h e  r r ias te r  (:lock For ~ , / I P % P  ~ w i  ~ C J I P S .  



So now wp have t h e  s i t u a t . i o n  of a q r e a t  many B S R F N - d e r i v ~ d  master  c l o c k s  
i n t e r c o n n e c t i n q  w i t h  each o t h e r  and t h e  " o t h e r "  hased  c l o c k s  i n  
n e i q h h o r i n o  networks ,  such as I I C I  and S p r i n t .  

There have hcen and w i l l  be cases where t h e r e  i s - - o r  appears t o  be--an 
o u t  o f  t o l e r a n c e  f requency  d i f  f e r e r r r : ~  h t l t w e ~ n  s w i t c h  p a i r s .  It w i l l  n o t  
he easy t o  d e t e r m i n e  which, i f  e i t h e r ,  of t.he s w i t c h  c l o c k s  i s  i n  e r r o r , .  
T h i s  i s  b e c f ~ s ~  t.he m ~ a s y y e ~ n e n t  ne rds  t o  be made t o  an accu racy  of a t  
1 e a s t  1x10- ( and  1x10- a t  in t ,e rnat ; iona l  qateway s i  t r  
And i t  i s  hecause each and ever,yone o f  t h e s e  mas te r  c l o c k s  w i l l  have  
been t r a n s f o r m e d  a t  l e a s t  nncp i n  i t s  pathwa,y f r o m  i t s  o r i q i n a t i n q  
ces ium s t a n d a r d .  (A lmos t  w i t h o u t  e x c e p t i o n  i t  w i l l  o n l y  he v i a  an 
i ncominq  DSI t r a f f i c  s t ream t h a t  a s w i t c h  w i l l  he a h l e  t o  access t h e  
f r e q u e n c y  o f  i t s  ne iqh t )o r . )  The n o i s e  wh ich  accompanies these  
t r a n s f o r m a t i o n s ,  ~ n d  the assnc i  a t e d  t r a n s m i s s i o n  processps,  w i  1  1 r e q u i r e  
a p p r o p r i a t e  a v e r a q i n g  t i m e s - -  y p i c a l l y  frnrr~ one t o  e i g h t  h o u r s - - t o  

1 I, a c h i e v e  a  p r e c i s i o n  o f  1Xl.n- , 

We c,ontend t h a t ,  f o r  a t  l e a s t  one nodc i n  each ma jo r  ne twork ,  i t  w i l l  
p r o v e  ver-y c o s t  e f f e c t i v e  t o  h a v ~  a means o f  
e a s i  l y--unarnhiquorrsly--determini nq t,he acc l l r acy  of you r  own and you r  
n e i q h h o r ' s  c l o c k .  The way t o  do t h i s  i s  w i t h  dua l  ces ium c a p a b i l i t y  o f  
e i t h e r  t h e  Cs/GPS n r  t h e  Cs/Loran v a r i e t y ,  and a DS1 i n t e r f a c e  t h a t  
e x t r a c t s  t h e  c l o c k  f r o m  t h e  incorninq t r a f f i c  s t ream. 

I f  t h e  i n t e r c o r n p a r i s o n  o f  such a dua l  cesiuni  sy em shows a  f r a c t i o n a l  3 !i frequency d i f f ~ r e n c ~  n o t  much l a r q e r  t h a n  1x10- then,  t o  a  ve TY h i q h  p r o h a h i l i t y ,  b o t h  source5 art? a c c u r a t e  a p p r o x i m a t e l y  1x10- . 
A c h ~ c k  o f  t h e  incorninrl  c l o c k  a r i a ins t  onp o f  t h e  merrlhers o f  t h ~  duo w i l l  
t h e n  corrlpl e t ~  t h e  t e s t s .  A 1  1 - i n - a 1  I ,  t h e  r e s o u r c e s  spen t  t o  c r e a t e  a 
h iqh -qua1  i t y  f r ~ q ~ l c l n c y  r p f ~ r ~ n c e  systern f o r  a cornnuunicat i o n s  ne twork  
w i l l ,  i n  t h e  l o n q  run,  n rovP t o  k~ v e r v  c o s t  e f f ~ c t i v ~ .  

The a u t h o r  a c k n o w l ~ d o e s  t h e  h e l p f u l  r e v i e w  o f  t h i s  a r t i c l e  h,v 
Mark H. Wai te.  
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