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ABSTRACT 

Stud ies  on network t i m i n g  s t a r t e d  i n  Sw i t ze r l and  i n  1974, pre-  
p a r i n g  t h e  f u t u r e  convers ion t o  d i g i t a l  t ransmiss ion  and 
sw i tch ing ,  s t i m u l a t e d  by t he  development o f  i n t e g r a t e d  elec- 
t r o n i c s .  F i r s t  genera t i  on equipment was s p e c i f i e d  and develo- 
ped i n  1975176, when e a r l y  i n t e r n a t i o n a l  standards recommen- 
d i n g  10-11 1  ong term s t a b i l i t y  were d ra f t ed .  F u r t h e r  work l e d  
t o  t h e  p resen t  network t i m i n g  concept i n  which t he  network i s  
d i v i d e d  i n t o  3 reg ions,  each ces ium-con t ro l led  i n  a preselec-  
t e d  master-s lave mode w i t h  4 l e v e l s  o f  h ie ra rchy .  A l l  major  
(2nd  o r d e r )  nodes a re  served by t r i p 1  e-redundant, micropro-  
cesso r - con t ro l  1  ed p r e c i  s i  on c r y s t a l  osc i  11 a to r s .  The t h i r d  o r -  
der  l e v e l  i s  c o n s t i t u t e d  by the  d i g i t a l  sw i t ch ing  centers .  

1. INTRODUCTION 

The ope ra t i on  o f  a  d i g i t a l  communications network i s  cha rac te r i zed  by t ime- 
mu1 t i p l e x e d  t ransmiss ion  and sw i tch ing .  The var ious  opera t ions  on t he  f l o w  of 
d i g i t a l  i n f o r m a t i o n  depend on p roper  t i m i n g  o f  a l l  events i n  o rder  t o  min imize 
e r r o r s .  

H i s t o r i c a l l y ,  d i g i t a l  t ransmiss ion  i s  01 der  than d i g i t a l  sw i tch ing .  It s t a r t e d  
here  i n  Sw i t ze r l and  15 yea rs  ago w i t h  t he  i n t r o d u c t i o n  o f  pu l se  code modula- 
t i o n  (PCM) t r ansm iss ion  systems on e x i s t i n g  symmetric p a i r  l i n e s  i n  t he  r u r a l  
network i n  o rde r  t o  inc rease  t h e i r  te lephone t r a f f i c  capac i ty .  These systems 
worked i n  an analog environment, combining 30, 64 k b i  t / s  channels i n  a  PCM 
frame w i t h  a d d i t i o n a l  2 channel s f o r  frame i d e n t i f i c a t i o n  and s i gna l  1  ing ,  re -  
s u l  ti ng i n  a  s tandard ized  2048 k b i  t / s  PCM-si gnal . Th i s  ope ra t i on  i s  known as 
t ime  d i v i s i o n  m u l t i p l e x i n g  (TDM) s i nce  each channel i n  a frame occupies a de- 
f i n i t e  t ime  s l o t  c a r r y i n g  an 8 b i t  word. A t  t he  r e c e i v i n g  end, t he  s igna l  i s  
dernul t i p l e x e d  and decoded t o  r e c o n s t r u c t  t he  30 analog vo ice  channels. I n  the  
coders and t h e  mu1 t i p l e x e r s ,  a l l  d i g i t a l  opera t ions  on t h e  s i g n a l s  are con- 
t r o l l e d  by a c l ock  o s c i l l a t o r .  The demul t i p l e x i n g  r e q u i r e s  the  same c l ock  s i g -  
n a l  e x a c t l y  a t  t h e  same ra te .  Furthermore, t h e  s t a r t  o f  t h e  frame must be 
i d e n t i  f i ed. 



Such a d i g i t a l  t ransmiss ion  system can thus operate on ly  i f  the b i t  as w e l l  as 
t h e  frame t imes a re  c o r r e c t l y  def ined, i .e.  i t  requ i res  b i t  and frame synchro- 
n i z a t i o n .  The b i t  synchron iza t ion  i s  the  more fundamental ope ra t i on  s ince  i f  
i t  i s  ma in ta in ted ,  then t h e  frame synchron iza t ion  i s  ob ta ined  by d i g i t a l  l o g i c  
ope ra t i ons  c o n t r o l l e d  by t he  b i t  synchronous c l ock  s i gna l .  The sub jec t  o f  t h i s  
paper t he re fo re  deal s on l y  w i t h  t h e  aspects o f  b i t  synchron iza t ion  and t im ing .  

We use t h e  t e r m  "network t i m i n g "  i n s t e a d  of synchron iza t ion  because o f  t h e  
meaning t h e  term synch ron i za t i on  has been g iven  t o  i n  t h e  l i t e r a t u r e .  Most 
au thors  use i t  f o r  des ign ing  t he  a c q u i s i t i o n  and t r a c k i n g  o f  a r e c e i v e r  c lock  
on some i n f o r m a t i o n  con ta ined  i n  t h e  rece i ved  s igna l .  I n  our  con tex t ,  network 
t i m i n g  has a  more general  meaning, i.e. e s t a b l i s h i n g  and m a i n t a i n i n g  t i m i n g  
and frequency c o n t r o l  o f  a l l  c l ocks  throughout  an extended network w i t h  the  
accuracy and r e l i a b i l i t y  r e q u i r e d  f o r  ope ra t i on  a t  a l l  l e v e l s .  Th is ,  o f  cour-  
se, a l s o  i m p l i e s  synch ron i za t i on  i n  t he  narrower sense mentioned above. 

The f i r s t  2048 k b i  t / s  PCM 1  i n k s  i n s t a l l e d  f o r  cab le  t ransmiss ion  i n  an analog 
env i  ronment d i  d  n o t  r e q u i r e  ex te rna l  t i m i n g  c o n t r o l  and operated we1 1  w i t h i n  
an e a s i l y  ach ievab le  frequency accuracy o f  1 50 ppm, s ince  no i n t e r a c t i o n  was 
t a k i n g  p l ace  w i t h  o t h e r  d i g i t a l  systems. The ques t ion  o f  t i m i n g  c o n t r o l  on l y  
a r i s e s  i f  t h e r e  a r e  severa l  sources of d i g i t a l  i n f o r m a t i o n  (generated by 
c l o c k s  i n  every  source) t o  be processed i n  m u l t i p l e x i n g ,  t ransmiss ion  and 
s w i t c h i n g  systems. 

To i l l u s t r a t e  t h e  problem, we ment ion t h e  30 channel synchronous 64 k b i t / s  - 
2048 k b i t / s  mu1 t i p l e x e r  descr ibed  i n  more d e t a i l  i n  t he  re fe rence  [I]. Each 64 
k b i t / s  b i t  stream generated by i t s  own independent c l ock  i s  w r i t t e n  i n t o  a  
b u f f e r  memory. The common c l ock  o f  t he  m u l t i p l e x e r  reads t h e  i n f o r m a t i o n  o u t  
a t  i t s  h i ghe r  2048 k b i t / s  r a te ,  8 - b i t  words a t  a  t ime. Depending on t he  avera- 
ge r a t e  d i f fe rence  between t h e  c locks,  i t  may occur t h a t  an 8 - b i t  word i s  e i -  
t h e r  read  t w i c e  o r  n o t  a t  a l l  ( b u f f e r  over f low,  i .e.  data l o s s ) .  Such an event  
i s  c a l l e d  a  s l i p  and always c o n s t i t u t e s  a  temporary c o r r u p t i o n  o f  the  t r ans -  
mi t t e d  d i g i t a l  data stream. I n  general ,  t h e  t i m i n g  v a r i a t i o n s  show systemat ic  
and random behaviour.  The average s l i p  frequency i s  a  s t a t i s t i c a l  q u a n t i t y  and 
depends on t h e  t i m i n g  v a r i a t i o n s  as w e l l  as on t he  b u f f e r  s ize.  

D i g i t a l l y  encoded vo i ce  a t  t h e  s tandard 64 k b i t l s  PCM b i t  r a t e  i s  r e l a t i v e l y  
t o l e r a n t  t o  s l i p s  as on l y  about every 25 th  8 - b i t  word ( o c t e t )  s l i p  causes an 
a u d i b l e  c l  i ck . Data t ransmi  s s i  on between computers i s  obv ious ly  l e s s  to1 e ran t ,  
even t a k i n g  i n t o  account t h e  a v a i l a b l e  means o f  e r r o r  d e t e c t i o n  and c o r r e c t i o n  
by appropr i  a t e  cod ing  which reduce t he  1  i n k  throughput  and i n t r o d u c e  addi ti o- 
n a l  delay.  

I n  t h e  e a r l y  sevent ies,  t h e  a c c e l e r a t i n g  pace i n  t h e  development o f  d i g i t a l  
e l e c t r o n i c s  opened t h e  way towards the  es tab l  ishment o f  e n t i  r e l y  d i g i t a l  ne t -  
works. I n t e g r a t i o n ,  f i r s t  o f  t ransmiss ion  and s w i t c h i n g  ( I n t e g r a t e d  D i g i t a l  
Network, IDN) and then o f  se rv ices  ( I n t e g r a t e d  Serv ices  D i g i t a l  Network, ISDN) 
became recognized as be ing  t h e  concepts o f  t he  f u tu re .  New t ransmiss ion  media 
such as s a t e l l i t e s  and o p t i c a l  f i b e r s  a re  o f f e r i n g  inc reased  capac i t y  a t  lower  



cos t ,  be ing  we1 come f o r  accomrnodati ng t h e  growing demand, especi a1 l y  i n  data 
comrnuni ca t ions .  Worl dwide communications r e q u i r e  t echn i ca l  standards, recom- 
mended by t he  competent c o n s u l t a t i v e  bodies o f  t he  I n t e r n a t i o n a l  Te l  ecommuni - 
c a t i o n s  Union, i .e. t h e  CCITT Study Group X V I I I  f o r  d i g i t a l  networks and C C I R  
f o r  r a d i o  communications. Recommended standards f o r  network t i m i n g  a re  p a r t  o f  
t h e  performance o b j e c t i v e s  f o r  d i g i t a l  networks, e s p e c i a l l y  i n  t h e  CCITT Re- 
commendations s e r i e s  G. 800. 

T h i s  paper r e p o r t s  on work performed i n  Sw i t ze r l and  du r i ng  t h e  l a s t  t en  years.  
I n  Sec t ion  2, t h e  elements o f  t i m i n g  network des ign a re  discussed w i t h  regard  
t o  t h e  model i n g  o f  parameters, t h e i r  i n t e r a c t i o n s  and t h e  op t ions  chosen du- 
r i n g  t h e  e v o l u t i o n  o f  t h e  p r o j e c t .  Sec t ion  3 p resen ts  t he  p resen t  s t a t u s  o f  
t h e  concept which now i s  i n  course o f  implementat ion. 

A d d i t i o n a l  i n f o r m a t i o n  about t h e  c u r r e n t  s t a t e  o f  d i g i t a l  network t i m i n g  p lan-  
n i n g  has been presented and discussed i n  Ref. [9]. 

2. ELEMENTS OF TIMING NETWORK DESIGN 

2.1 Clocks 

I n  t h e  c o n t e x t  o f  t h i s  paper we use t h e  term "c lock"  t o  des ignate t h e  equip- 
ment which generates t h e  t i m i n g  s i g n a l s  a t  a l l  nodes o f  the  network. These 
c l o c k s  thus  determine t he  b i t  r a t e s  a t  which the  d i g i t a l  i n f o r m a t i o n  i s  gene- 
ra ted ,  mu l t i p l exed ,  and processed i n  t h e  sw i t ch ing  centers .  

I 

The main design parameters e n t e r i n g  i n  t h e  c lock  u n i t ' s  s p e c i f i c a t i o n s  are: 

- accuracy and s t a b i l i t y  o f  t h e  c l ock  frequency. 

- r e l i a b i l i t y  o f  t h e  c l ock  u n i t ,  i.e. a v a i l a b i l i t y  o f  t h e  o u t p u t  s igna l .  

The r e l i a b i l i t y  i s  most impo r tan t  as t he  f a i l u r e  o f  t h e  c l ock  i n  a  d i g i t a l  
I p rocess ing  equipment causes a  t o t a l  f a i l u r e  o f  a l l  i t s  func t ions .  

The accuracy o f  t h e  c l o c k ' s  f requency i s  cha rac te r i zed  by t h e  u n c e r t a i n t y  o f  
I 

i t s  s e t t i n g  w i t h  r espec t  t o  t h e  l e g a l  u n i t ,  i.e. t he  second o r  i t s  inverse,  
t h e  Her tz .  

The c l o c k ' s  o u t p u t  s i gna l  i s  u s u a l l y  a s i nuso ida l  vo l tage,  f rom which square 
waves o r  pu l se  t r a i n s  a re  der ived.  T h e i r  s tep t r a n s i t i o n s  can be r e l a t e d  w i t h -  
i n  a  smal l  f r a c t i o n  o f  t h e  p e r i o d  t o  t h e  zero  c ross ings  o f  the  c l ock  o u t p u t  
s i gna l .  The t i m i n g  t r a n s i t i o n s  o f  any r e a l  c lock  show a  cumula t i ve  growing de- 
p a r t u r e  from a  s t r i c t l y  p e r i o d i c  t i m i n g  sequence assumed as an i d e a l  re fe ren-  
ce, i.e. t h e  t i m i n g  e r r o r  o f  any r e a l  c l ock  increases w i t h  t ime w i t h o u t  
bounds. 



Clock frequency i n s t a b i l  i ty i s  t o  be cha rac te r i zed  cons ide r i ng  systemat ic  as 
we1 1  as random depar tures from t h e  nominal value. Systematic e f f e c t s  i n c l u d e  
t h e  a l ready  mentioned s e t t i n g  unce r ta i n t y ,  l o n g  term d r i f t  and, t o  some ex- 
t e n t ,  known environmental  i n f l  uences such as cyc l  i c  temperature v a r i a t i o n s .  
Random e f f e c t s  a re  cha rac te r i zed  by s t a t i s t i c a l  model ing which a1 1  ows t o  pre- 
d i c t  t h e  probable depar tu re  o f  f requency and t ime f rom the  nominal value. If 
t h e  t ime d i f f e rences  between t he  c l ocks  i n  a  network exceed t h e  l i m i t s  s e t  by 
t h e  b u f f e r  memory capac i ty ,  s l i p s  w i l l  occur. A f t e r  a  s l i p ,  t h e  memory i s  s e t  
t o  an i n te rmed ia te  va lue  and i t  s t a r t s  t o  be f i l l e d  o r  emptied again u n t i l  the  
n e x t  s l  i p  occurs. Th i s  " c o n t r o l  l e d  s l i p "  ope ra t i on  i s  equ i va len t  t o  r e s e t t i n g  
t h e  c l o c k ' s  t ime. It i s  i n  p r i n c i p l e  p o s s i b l e  t o  operate a  network w i t h  f r e e  
runn ing  c l ocks  a t  a l l  nodes, p rov ided  these c l ocks  have s u f f i c i e n t  accuracy 
and s t a b i l i t y  i n  o rde r  t o  l i m i t  t he  s t a t i s t i c a l  frequency o f  s l i p s .  Th i s  mode 
o f  ope ra t i on  i s  c a l l e d  p les iochronous ( f rom greek p l e s i o s  = near, i .e .  nea r l y  
on t ime ) .  I t r e q u i r e s  on ly  minimum network management, i.e. on l y  i n f r e q u e n t  
f requency adjustment of some o f  t he  c locks ,  i f  t he  l a t t e r  a re  o f  h i gh  accuracy 
and s t a b i l i t y  such as cesium c locks  [I]. However, h i gh  s t a b i l i t y  c l ocks  a re  
more complex, thus  l e s s  re1 i a b l e  and more expensive than s imple c r y s t a l  o s c i l -  
1  ators. We1 1  designed c r y s t a l  osc i  11 a t o r s  have low phase noi  se and excel  1  e n t  
s h o r t  term s t a b i  1  i t y .  Temperature c o n t r o l  1  ed ovens a1 1  ow t o  reduce t he  e f f e c t s  
of  ambient temperature v a r i a t i o n s  t o  a  low l e v e l .  Frequency d r i f t  due t o  ag ing  
o f  t he  c r y s t a l  resona to r  and i t s  assoc ia ted  c i r c u i t s  i s  t he  main problem t o  be 
handled by means o f  automatic frequency c o n t r o l  on an ex te rna l  re ference.  

The task o f  des ign ing  op t ima l  frequency c o n t r o l  systems where t he  ex te rna l  re-  
fe rence  s i g n a l  i s  t r a n s m i t t e d  over  a  c o m u n i c a t i o n s  l i n k  i s  o f  such importance 
i n  t h e  f i e l d  o f  synch ron i za t i on  t h a t  i t  has been t r e a t e d  i n  a vas t  amount o f  
l i t e r a t u r e  d u r i n g  t h e  l a s t  twenty years.  The bas ic  c o n t r o l  dev ice i s  t he  phase 
l o c k  loop  (PLL)  . The frequency o f  t he  o s c i l l a t o r  i s  c o n t r o l l e d  by a  vo l tage  
p r o p o r t i o n a l  t o  t h e  phase o r  t ime  d i f f e r e n c e  between i t s  o u t p u t  s i gna l  and t he  
re fe rence  s i gna l .  Phase i s  t he  t ime  i n t e g r a l  o f  angular  frequency, thus i n  a 
s t a b l e  PLL, t h e  l o n g  term frequency d i f f e r e n c e  between t h e  re fe rence  and t he  
c o n t r o l  1  ed c l  ock tends towards zero. Desi gn i  ng optimum PLL c i  r c u i  t s  r equ i  r e s  
t h e  knowledge n o t  on l y  o f  t he  c lock  o s c i l l a t o r ' s  parameters, b u t  a l s o  t h a t  o f  
t h e  re fe rence  s i gna l  under a l l  c o n d i t i o n s  o f  operat ion.  A  severe f a u l t  t o  be 
avoided by a l l  means i s  t he  phenomenon o f  c y c l e  s l i p p i n g  i n  which t he  c o n t r o l  
l o o p  t empora r i l y  l oses  i t s  l o c k  and t h e  c l ock  l oses  o r  ga ins  one o r  severa l  
c y c l e s  so t h a t  i t s  t i m i n g  p r o p e r t i e s  become e r r a t i c  and unpred ic tab le .  

I n  t h e  p resen t  design, t h e  p r o p e r t i e s  o f  t h e  d i g i t a l  f requency c o n t r o l  loop, 
t h e  associ  ated moni t o r i  ng c i  r c u i  t s  and t h e  choice o f  c r y s t a l  osc i  11 a t o r s  ha- 
v i n g  h i g h  s t a b i l i t y  i n  t h e  f r e e  runn ing  mode c o n t r i b u t e  towards n e g l i g i b l e  
p r o b a b i l i t y  o f  c y c l e  s l i p p i n g .  

Requirements f o r  new design o f  c l ock  u n i t s  f o r  the Swiss PTT network appeared 
around 1973. Experience on t h e  use o f  s t a b l e  o s c i l l a t o r s  i n  t he  t ransmiss ion  1 
network e x i s t e d  then  f o r  over  20 years,  as c a r r i e r  generator  equipment used I 
f o r  f requency d i v i s i o n  m u l t i p l e x  (FDM) systems i n  t he  coax ia l  cab le  and micro- 1 
wave r e l a y  t r unk  l i n e  network, Growing demand f o r  t ransmiss ion  capac i t y  f o r  I 



te lephone t r a f f i c  and f o r  data t ransmiss ion  on leased l i n e s ,  t he  need f o r  r e -  
placement of obso le te  equipment and t h e  p lans  f o r  convers ion o f  t he  network t o  
d i  g i  t a l  t ransmi  ss i on  and s w i t c h i n g  were t h e  d r i v i n g  f o r ces  f o r  t he  development 
o f  new c a r r i e r  generator  and c l ock  equipment. T e n t a t i v e  s p e c i f i c a t i o n s  were 
e s t a b l i s h e d  i n  1974, des ign and development s t a r t e d  i n  1975 and was completed 
i n  1977. Two se t s  o f  performance s p e c i f i c a t i o n s  had t o  be es tab l i shed .  For  an- 
a l o g  FDM c a r r i e r s ,  t h e  accuracy had t o  be b e t t e r  than 2 p a r t s  i n  lo8. A r a t h e r  

! s t r i n g e n t  requi rement  was t h a t  f o r  t h e  c a r r i e r  phase noise: sideband power 1 
s p e c t r a l  dens i t y  had t o  be l e s s  than -120 dB pe r  H e r t z  below t h e  c a r r i e r  i n  
t h e  range 50.. .4000 Hz o f f s e t  f rom the  c a r r i e r  [3]. For  d i g i t a l  t ransmiss ion  
a p p l i c a t i o n  as a master cen te r ,  t h e  accuracy and l o n g  term s t a b i l i t y  was re -  
q u i r e d  t o  be b e t t e r  than 1 p a r t  i n  1011 i n  o rde r  t o  f u l f i l l  t h e  CCITT Recom- 
mendation G. 811 i ssued  i n  1976. A d iscuss ion  o f  these requirements has been 
publ  i shed  i n  1977 [4 ]  as w e l l  as a d e s c r i p t i o n  o f  t h e  equipment [5]. The main 
f e a t u r e s  o f  t h i s  equipment were: 

- two 5 MHz oven -con t ro l l ed  c r y s t a l  master o s c i l l a t o r s  

- o p t i o n a l  cesium pr imary  master 

- t w i n  5 MHz master buses, each f eed ing  t h e  2 redundant sets  o f  o u t p u t  s i gna l  
syn thes i ze r  generators  

- t w i n  redundant power supply  system j 

- su rve i  11 ance and a1 arm c i  r c u i  t s  accord ing  t o  es tab l  i shed t ransmiss ion  1 i n e  i 
equipment standards 

- mechanical des ign accord ing  t o  Swiss PTT Standard Equipment P r a c t i c e  BW72 
f o r  t ransmiss ion  l i n e  equipment. 

Beg inn ing  i n  1978, these s tandard c l ock  u n i t s  were i n s t a l  l e d  i n  t h e  t r unk  ne t -  
work. I n  t h e  d i g i t a l  data p a r t  o f  t he  network t h e r e  a re  c u r r e n t l y  14 u n i t s  ha- 
v i n g  t he  cesium master i n  operat ion.  

2.2 L inks  A 
As mentioned i n  t h e  p reced ing  sect ion,  t h e  des ign o f  an automat ic  c l ock  f r e -  
quency c o n t r o l  system i n  which t he  re fe rence  s i gna l  i s  generated a t  a  d i s t a n t  
node and t r a n s m i t t e d  over  a l i n k  r e q u i r e s  t he  knowledge o f  t h i s  re fe rence  s ig -  
n a l  ' s  c h a r a c t e r i s t i c s .  Any t ransmiss ion  system in t roduces  a delay and va r i a -  

", 

t i o n s  of t h i s  de lay appear a t  t h e  ou tpu t  o f  t he  l i n k  as v a r i a t i o n s  i n  t h e  ti- c 

ming of t he  s i gna l  i n  a d d i t i o n  t o  t he  t i m i n g  v a r i a t i o n  o f  t he  c l ock  genera t ing  
t h e  s i g n a l  a t  t h e  o t h e r  end. We can measure and analyse t he  frequency and ti- 
ming i n s t a b i l i t i e s  o f  the  rece i ved  s i gna l  b u t  t he re  i t  i s  n o t  p o s s i b l e  t o  se- 
p a r a t e  t h e  two c o n t r i b u t i n g  pa r t s ,  i .e. c l ock  v a r i a t i o n s  and de lay v a r i a t i o n s ,  
i f  bo th  a re  o f  t h e  same o rde r  o f  magnitude. I n  t h e  l i t e r a t u r e  publ  i shed  u n t i l  

I 
about  t e n  yea rs  ago, a lmost  no th i ng  cou ld  be found on measurements o f  s i gna l  
delay,  whereas t h e o r e t i c a l  work on network synchron iza t ion  was abundant (see 
l i s t  o f  re fe rences  i n  [ I ] ) .  Fo r  reasons o f  f l e x i b i l i t y  i n  network management 
and t o  f a c i l i t a t e  network growth, i t  was decided a t  t h e  beg inn ing  t o  a t tempt  
u s i n g  t h e  t i m i n g  i n fo rma t i on  con ta ined  i n  t h e  bas i c  2048 k b i t / s  f i r s t  o rde r  4 



~ PCM mu1 t i p l e x  as re fe rence  s i gna l ,  i .e. t o  avo id  t h e  des ign and c o n s t r u c t i o n  
o f  ded ica ted  synch ron i za t i on  1 inks .  i 

~ Therefore,  t h e  p r o p e r t i e s  o f  de lay v a r i a t i o n s  on t h i s  t ype  o f  s i gna l  had t o  be 
determined. Two main types of de lay v a r i a t i o n s  a re  t h e  most impor tant :  

- j i t t e r  
- wander I 

The term " j i t t e r "  des ignates r a p i d  v a r i a t i o n s  o f  t h e  t imes a t  which t he  t r an -  
s i t i o n s  between t h e  l o g i c  s t a t e s  i n  t h e  s i gna l  occur, i .e. v a r i a t i o n s  around a 
mean va lue averaged over  a  few seconds. 

The te rm "wander" des ignates slow v a r i a t i o n s  o f  t h i s  mean value. Both j i t t e r  
and wander have known causes: The two main c o n t r i b u t o r s  t o  j i t t e r  a re  va r i a -  
t i o n s  o f  t h e  l o g i c  t r a n s i t i o n  th resho lds  depending on t h e  b i t  p a t t e r n  which 
occur  i n  r egene ra t i ve  repea te rs  i n s e r t e d  i n  l ong  t ransmiss ion  1  i n e s  and wai- 
t i n g  t ime j i t t e r  generated i n  h i ghe r  o rde r  mu1 t i p l e x e r s  us ing  b i t  s t u f f i ng .  
The h i g h e s t  peak-to-peak j i t t e r  ampl i tudes observed a re  o f  t he  o rde r  o f  a few 
hundred nanoseconds. The j i t t e r  spectrum i s  approx imate ly  f l a t  up t o  a  c u t o f f  
f requency which depends on t h e  t ransmiss ion  systems parameters and exceeds 1 
kHz on l y  i n  r a r e  cases. Above t h e  c u t o f f  i t  decreases w i t h  a  s lope  o f  a t  l e a s t  
20 dB/decade. 

The main cause o f  wander i n  t h e  t ransmiss ion  l i n k  i s  t he  dependence o f  de lay 
on t h e  temperature. The temperature c o e f f i c i e n t s  o f  s tandard s i z e  coax ia l  cab- 
l e s  and o p t i c a l  f i b e r s  a re  known t o  be l e s s  than 0.1 nanoseconds pe r  k i l o m e t e r  
and degree cent igrade.  The i n f l u e n c e  o f  temperature on 1  i ne equipment u s u a l l y  
p l a y s  a  l e s s e r  r o l e .  Step changes o f  t he  de lay occur through sw i t ch ing  between 
d i f f e r e n t  1  i ne sec t i ons  which a re  re1 a t i  v e l y  i n f r e q u e n t  and usual l y  re1 a t e d  t o  
de fec t s  accompanied by s i gna l  i n t e r r u p t i o n s .  T rans ien t  e f f e c t s  due t o  e l e c t r o -  
magnet ic i n t e r f e r e n c e  must a l s o  be taken i n t o  account. 

2.3 Network o p e r a t i  on modes 1 
D u r i n g  the development o f  network t i m i n g  concepts, two main p r i n c i p l e s  o f  ope- 
r a t i o n  modes f o r  t h e  c l ock  c o n t r o l  have been discussed [ I ,  41 I 

- mutual synch ron i za t i on  
- master-s l  ave synchron iza t ion .  ~ 4 

The mutual synch ron i za t i on  method c o u l d  be c a l l e d  "democrat ic"  s ince  i t  i s  ba- 
sed on mutual c o n t r o l  o f  a1 1  o s c i l l a t o r s  hav ing t he  same rank i n  t h e  network, 
each t a k i n g  i t s  r e fe rence  f rom the average o f  a number o f  incoming s i gna l s .  
The master-s lave method i s  h i e r a r c h i c a l ,  i .e.  t h e r e  i s  a  master c l ock  which 
c o n t r o l s  o t h e r  c l ocks  o f  lower  rank. 

From t h e  v i ewpo in t  o f  network topology, mutual c o n t r o l  appears t o  be b e s t  f i t  
f o r  meshed networks, whereas t r ee -  and s t a r - l i k e  networks a re  h i e r a r c h i c a l  i n  
t h e i r  general  o r g a n i z a t i o n  and t h e r e f o r e  b e t t e r  s u i t e d  f o r  master -s lave opera- 
t i o n .  i 






















