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ABSTRACT 

The choice of c o r r e c t l y  def lned and u s e f u l  parameters f o r  charac- 
t e r i z i n g  t h e  performance of re fe rence  clocks used in d i g i t a l  c o w  
municat ions systems is  a sub jec t  of e f f o r t s  i n  t h e  CCITT and the  C C I R ,  
t h e  c o n s u l t a t i v e  t echn ica l  bodies of the  ITU. The ope ra t i on  of t he  
systems depends on timing. Thus t h e  CCITT has chosen I n  i ts Recommen- 
d a t i o n  G811, t o  spec i fy  t he  clock performance requirement by s t a r t i n g  
a maximum al lowable t i m e  i n t e r v a l  e r r o r ,  i . e .  a c locks  time depa r tu re  
after i n i t i a l  synchronizat ion.  

On t h e  o the r  hand the  commonly used c h a r a c t e r i z a t i o n  of clock perfor- 
mance is  based on frequency i n s t a b i l i t y  as the basic phenomenon. CGIR 
Recommendation 538 t h e r e f o r e  s t a t e s  t he  w e l l  known polynomial form of 
the s p e c t r a l  d e n s i t y  of random frequency depa r tu re s .  It is  now 
p o s s i b l e  t o  e s t i m a t e  a probable time i n t e r v a l  e r r o r  i f  the  model para- 
meters of the  clock are known. This e r r o r  depends on the  i n i t i a l  
synchroniza t ion  e r r o r ,  the  frequency d r i f t ,  t he  i n i t i a l  frequency 
s e t t i n g  e r r o r  and the random frequency i n s t a b i l i t y .  

With e s t ab l i shed  r e l a t i o n s  between the  frequency i n s t a b i l i t y  of c locks 
and the  t iming p r o p e r t i e s  requi red  f o r  the system, the r e l evan t  param- 
eters determining the timing p r o p e r t i e s  can be i d e n t i f i e d .  

I n  a network these  parameters are a) t h e  c h a r a c t e r i s t i c s  of t he  clocks 
l oca t ed  a t  the nodes and b) t h e  s p e c t r a l  d e n s i t i e s  of the de lay  
v a r i a t i o n s  of t h e  l i n k s .  One important op t imiza t ion  problem is  the  
design of remote c o n t r o l  systems for clocks from a master clock over 
l i n k s  a f f e c t e d  by delay v a r i a t i o n s  and noise .  The r e s u l t  depends on 
t h e  bandwidth of t he  c o n t r o l  loop and t h e  free running s t a b i l i t y  of 
t h e  con t ro l l ed  clock. 



1. INTRODUCTION 

The purpose of this paper is to present some definitions, relations 
and practical data for the planning and design of network timing in 
digital communications sys tems . It is based on information which in 
most cases has already been published in various forms and also provi- 
des an update on the current work on recommended performance standards 
which is going on in the International Telephone and Telegraph Con- 
sultative Committee (CCITT) and the International Consultative Com- 
mitee on Radiocommunications (CCIR) of the International 
Telecommunications Union (ITU). 

There is a need for clarification of concepts and unification of 
language among the people working on new devices and systems related 
to the field of PTTI Applications. 

The system planner and designer needs well established theoretical 
concepts. In addition, he needs a good feeling for the orders of 
magnitude for the relevant parameters. The data presented in this 
paper are mainly illustrative and not intended to promote a particular 
design or product. 

In section 2 clock parameters are summarized. Section 3 deals with the 
concept of Time Interval Error and section 4 with transmission delay 
variations i.e. the degradation of timing information occurring on 
communication links. In section 5 the performance of a remote 
controlled clock i s  discussed by means of numerical examples. 

2. CLOCK PARAMETERS 

The performance of clocks is described by the following set of 
parameters. 

- Environmental influences: - temperature 
- shock 
- acceleration 
- humidity 

- Frequency drift or aging 

- Random frequency instability 
Environmental influences limit the performance of free runnin~ clocks. 
In the case of frequency controlled clocks, the control range will 
have to be large enough in order to compensate for these effects. 
Environmental specifications therefore constitute an important set of 
design parameters which often determine the choice of a system con- 
figuration and the requirements on the devices used. The values given 
in the numerical examples are for a mild environment typical for civi- 



l i a n  a p p l i c a t i o n s  (Temperature  + lo  t o  +50°C, Humidity 30 t o  80 p e r c e n t  
r e l a t i v e ,  n e g l i g i b l e  shock and a c c e l e r a t i o n ) .  M i l i t a r y  o r  c i v i l i a n  
mobi le  and a e r o n a u t i c a l  a p p l i c a t i o n s  r e q u i r e  o t h e r  sets of pa ramete r s .  

Assuming t h u s  t h a t  we have environment under c o n t r o l ,  we can con- 

I c e n t r a t e  on t h e  o t h e r  two pa ramete r s ,  whereby t h e s e  s p e c i f i c a t i o n s  
I i n c l u d e  some r e s i d u a l  environmental  e f f e c t s  ( e  .g. t h e  f l i c k e r  

f r equency  i n s t a b i l i t y  i n  most o p e r a t i o n a l  c l o c k s ) .  

I 

Table  1 c o n t a i n s  s t a b i l i t y  d a t a  on t h e  fo l lowing  types  of c l o c k s  

c e s  ium 
rubidium 
c r y s t a l ,  oven c o n t r o l l e d ,  h igh s t a b i l i t y  types  

I 
The ag ing  coefficients a r e  upper l i m i t s  d e r i v e d  e i t h e r  from 
m a n u f a c t u r e r ' s  s p e c i f i c a t i o n s  o r  from o p e r a t i o n a l  e x p e r i e n c e .  Four 
d i f f e r e n t  types  of c r y s t a l  o s c i l l a t o r s  have been cons ide red .  

No. 1 i s  a 5 MHz commercial type  i n  wide use today 
No. 2 i s  a  l e s s  expensive  s m a l l  oven c o n t r o l l e d  VCXO 
No. 3 i s  a  low n o i s e  I0 MHz VCXO 
No. 4 i s  a  p r o j e c t i o n  of new d e s i g n s  

I The random i n s t a b i l i t y  c o e f f i c i e n t s  a r e  t h o s e  of t h e  w e l l  known 
I 

I t h e o r e t i c a l  model [I-61 recommended by t h e  C C I R  [ 7 ]  and based on t h e  

~ s p e c t r a l  d e n s i t y  of normal ized random f requency  d e p a r t u r e s :  

v-vo 
with y ( t )  = - 

V 
0 

v be ing  t h e  a c t u a l  " i n s t a n t a n e o u s "  v a l u e  of t h e  f requency ,  vo t h e  
nominal  v a l u e  and f t h e  "Four ie ro - f requency .  The v a l u e s  i n  t h e  t a b l e  
a r e  computed from t h e  time-,domain d a t a  g iven  by t h e  manufac tu re r s  as 
t h e  square  r o o t  o y ( ~ )  of t h e  two-sample Al lan-var iance ,  u s i n g  t h e  
r e l a t i o n :  

where f H  i s  t h e  upper  c u t o f f  f r equency  of t h e  measurement system used 
t o  measure 0 (T), and T t h e  sampling t ime.  

Y 



The f i g u r e s  given a r e  a l l  conserva t ive  upper l i m i t s ,  u sua l ly  
guaranteed by the  manufacturers and not so-cal led " typ i ca l "  va lues  
which o f t e n  tend t o  be op t imi s t i c .  Only t he  c r y s t a l  o s c i l l a t o r  example 
No. 4 c o n s t i t u t e s  a p r o j e c t i o n  not  ye t  confirmed by l a r g e  s c a l e  opera- 
t i o n a l  experience,  bu t  prototype r e s u l t s  a r e  a v a i l a b l e  [ 81 . 
The va lues  missing from t h e  t a b l e  have not been included because they 
a r e  e i t h e r  not s i g n i f i c a n t  f o r  t h e  a p p l i c a t i o n s  discussed i n  t h i s  
paper ( s h o r t  term, high f f l u c t u a t i o n s  f o r  Cesium and Rubidium) o r  
sma l l  compared t o  t he  o the r  terms ( h o  f o r  c r y s t a l  o s c i l l a t o r s ) .  

3 .  TIME INTERVAL ERROR 

Timing is  an e s s e n t i a l  func t ion  i n  any d i g i t a l  communications system. 
Therefore ,  i n t e r n a t i o n a l  s tandards  def in ing  the  minimum performance of 
t h e  clocks used f o r  network timing a r e  required i n  order  t o  achieve 
world-wide d ig i ta l .  communication. The CCITT Study Group X V I I I  working 
on s t a n d a r d i z a t i o n  of d i g i t a l  networks has  issued a Recommendation 
G811 i n  1976 ( 9 ) .  A r ev i sed  e d i t i o n  w i l l  be published i n  1981 a f t e r  
t h e  recent  6 t h  General Assembly (Geneva 10-24 November 1980). This 
document s p e c i f i e s  the  minimum performance of c locks  s u i t a b l e  f o r  ple- 
s iochronous ope ra t i on  of i n t e r n a t i o n a l ,  i . e .  border-crossing d i g i t a l  
l i n k s .  Plesiochronous ope ra t i on  between networks means t h a t  each net- 
work i s  con t ro l l ed  by a master o r  re fe rence  clock which is  free-  
running w i t h  respec t  t o  t h a t  of the  neighbouring network. This  
r e q u i r e s  c l o s e  t o l e r ance  frequency adjustment and high s t a b i l i t y  i n  
o r d e r  t o  keep the  r a t e  of occurrence of s l i p s  below one i n  70 days i n  
any 64 k b i t l s  channel.  

The long term normalized frequency depa r tu re  must t h e r e f o r e  be l e s s  
t han  1 p a r t  i n  lo1' i n  normal opera t ion .  The p r o b a b i l i t y  of degrada- 
t i o n  t o  1 p a r t  i n  lo9 s h a l l  be l e s s  than and t h a t  of unavai labi-  
l i t y  less than lov6.  

The clock performance l i m i t s  a r e  def ined as a  maximum al lowable Time 
I n t e r v a l  E r r o r  (TIE): 

where AT i s  the  time d i f f e r e n c e  between the  a c t u a l  t iming s i g n a l  and 
a n  i d e a l  t iming s i g n a l .  Using a  more f a m i l i a r  no t a t i on  [ 2 ,  3 ,  4 ,  6 ,  71 
w e  have f o r  any time i n t e r v a l  r: 



For a  c lock  which has been a d j u s t e d  t o  the nominal frequency and 
synchron ized  a t  t = O ,  the  p robab le  t ime i n t e r v a l  e r r o r  0, (t) can be 
e s t i m a t e d .  ff, (t) is  t h e  s t a n d a r d  d e v i a t i o n  of t h e  t i m e  d e p a r t u r e s  of 
an  ensemble of i d e n t i c a l  c l o c k s  having random i n s t a b i l i t i e s  d e s c r i b e d  
by t h e  model of e q u a t i o n  1. The fo l lowing  r e l a t i o n  has  k e n  
demonstra ted by means of computer s i m u l a t i o n s  [ l o ] ;  

Oy i s  t h e  
oyPT 1 t h e  
d e s c r i b i n g  
paramete rs  

s t andard  d e v i a t i o n  of t h e  i n i t i a l  f requency adjus tment  and 
two sample s t andard  d e v i a t i o n  ( s q u a r e  r o o t  of e q u a t i o n  2 )  

t h e  random f requency  i n s t a b i l i t y .  It i s  assumed t h a t  t h e  
c h a r a c t e r i z i n g  t h e  c l o c k  do not  change wi th  time and t h a t  

t h e  initial adjustment  e r r o r  and t h e  subsequent  random f requency  f l u c -  
t u a t i o n s  a r e  s t a t i s t i c a l l y  independent .  I n  a d d i t i o n  t o  t h e  random 
i n s t a b i l i t y  and t h e  i n i t i a l  adjus tment  e r r o r ,  f requency d r i f t  has  t o  
be  cons idered  and t h i s  l e a d s  t o  a  combined s y s t e m a t i c  and random 
e s t i m a t e  of t h e  TIE 

E v e n t u a l l y ,  s i g n i f i c a n t  c y c l i c  environmental  e f f e c t s  w i l l  have t o  be 
i n c l u d e d ,  too.  The method of e s t i m a t i n g  t h e  T I E  us ing  e q u a t i o n  6 has  
been d i s c u s s e d  i n  t h e  CCIR Study Group 7 and included i n  a  d r a f t  
Report  [11]. 

The allowed l i m i t  of t h e  T I E  recommended i n  CCITT G811 i s  shown i n  
F i g .  1. 

On t h e  s h o r t  term we s e e  d i f f e r e n t  curves  which depend on t h e  h i t  r a t e  
o f  t h e  communications channel  cons idered .  This is  due ta t h e  f a c t  t h a t  
t h e  l i m i t  d e f i n e d  i n  t h i s  range i s  100 T + 118 u n i t  i n t e r v a l ,  
expressed  i n  nanoseconds where t h e  u n i t  i n t e r v a l  i s  t h e  i n v e r s e  of thf 
b i t  r a t e .  

I n  a r e a l  s i t u a t i o n  t h e  random component of t h e  t ime d e p a r t u r e  de te r -  
mines a f i n i t e  p r o b a b i l i t y  of v i o l a t i o n  which can be computed f o r  t h e  
model d e s c r i b e d  above. A recommended va lue  w i l l  have t o  be de f ined  
a f t e r  f u r t h e r  s tudy .  

4 .  TRANSMISSION DELAY VARIATIONS 

The s y s t e m a t i c  and random d e p a r t u r e s  of t h e  t iming i n s t a n t s  from t h e  
i d e a l  p e r i o d i c  t iming waveform a r e  des igna ted  by t h e  terms of " j i t t e r "  
and "wander". I n  the l i t t e r a t u r e  we f i n d  t h e s e  d e p a r t u r e s  r e f e r e n c e d  
e i t h e r  t o  t h e  s i g n a l  pe r iod  (phase  j i t t e r )  o r  t o  a r e f e r e n c e  time 



s c a l e  ( t iming  j i t t e r ) .  The l a t t e r  form is  t o  be p re fe r r ed  s i n c e  i t  
does not depend on the  p a r t i c u l a r  b i t  r a t e .  

The d i s t i n c t i o n  between j i t t e r  and wander i s  a t  p resen t  not very pre- 
c i s e l y  def ined .  One could t r e a t  i t  a s  a matter of Four i e r  Frequency 
s i n c e  most s p e c i f i c a t i o n s  of j i t t e r  s p e c t r a l  d e n s i t y  and j i t ter  
t r a n s f e r  func t ions  s t o p  a t  t he  low end around about 20 Hz. 

I n  a  recent  update on synchroniza t ion  [ 1 2 ]  one f i n d s  some examples 
ex tending  the  frequency domain t o  q u i t e  lower va lues  f o r  s p e c t r a l  den- 
s i t ies  having the  c h a r a c t e r  of white  phase ( o r  t iming) no ise .  

The word "wander" appears  i n  some CCITT documents a s  a  des igna t ion  f o r  
slow sys temat ic  and random phase or time f l u c t u a t i o n s .  

The t i m e  f l u c t u a t i o n s  observed a t  t he  r ece iv ing  end of a t ransmiss ion  
l i n k  a r e  t he  sum of t h e  f l u c t u a t i o n s  o r i g i n a t i n g  i n  t h e  c lock  a t  t he  
t r a n s m i t t i n g  end and t h e  path de lay  f l u c t u a t i o n s  [13]. The planning 
and design of a network timing sys  tem r e q u i r e s  q u a n t i t a t i v e  knowledge 
of both phenomena. A s  summarized i n  s e c t i o n s  2  and 3 w e  have a  f a i r l y  
complete p i c t u r e  on the  modeling of c lock  performance. Re l i ab l e  d a t a  
on path de lay  v a r i a t i o n s  a r e  more d i f f i c u l t  t o  ob ta in .  This  may be due 
t o  t he  l a r g e  v a r i e t y  of t ransmiss ion  systems i n  use o r  under develop- 
ment and t o  t he  f a c t  t h a t  long term pa th  de lay  measurements on opera- 
t i o n a l  t ransmiss ion  systems a r e  much more d i f f i c u l t  t o  organize than 
l a b o r a t o r y  measurements on o s c i l l a t o r s .  Therefore ,  t he  d a t a  given 
below a r e  n e i t h e r  complete nor d e f i n i t i v e  but r a t h e r  an i l l u s t r a t i o n  
of o rde r s  of magnitude t o  be expected and sub jec t  t o  some r ev i s ion .  

The bes t  known example of j i t t e r  accumulation on long t ransmiss ion  
l i n k s  is t h a t  occur r ing  on t h e  lowest h i e r a r chy  PCM l i n k s  wi th  a  
b i t r a t e  of 1544 kBi t / s  (USA and Japan) o r  2048 k b i t l s  (Europe).  The 
b a s i c  theory  has been e s t a b l i s h e d  many years  ago [ 1 4 ]  and recent  
measurements known t o  t he  au thor  /15, 16,  181 appear  t o  confirm t h e  
t h e o r e t i c a l  p r ed i c t i ons .  The s p e c t r a l  d e n s i t y  of t he  t iming j i t t e r  has 
t h e  genera l  approximate form shown i n  Fig.  2 .  This f i g u r e  r ep re sen t s  
a n  envelope drawn above t h e  spectrum which is more complex and has 
maxima and minima depending on the  d i g i t a l  word s t r u c t u r e  o r  p a t t e r n  
of t h e  s i g n a l .  Using t h e  envelope for des ign  purposes is  a conser- 
v a t i v e  approach. The timing j i t ter  s p e c t r a l  dens i t y  envelope can he 
descr ibed  by 

where h200 and fB a r e  func t ions  of t he  number N of cascaded regenera- 
t o r s  and t h e  bandwidth o r  Q of the  r egene ra to r  t iming c i r c u i t .  



Fig .  3 shows t h i s  dependence on N f o r  two examples: p a s s i v e  LC c i r c u i t  
r e g e n e r a t o r s  w i t h  Q = 80 and PLL-type r e g e n e r a t o r s  w i t h  Q = 500. 

We s e e  t h a t  f o r  F o u r i e r  f r e q u e n c i e s  below fg, t h e  PCM-line j i t t e r  has  
t h e  c h a r a c t e r  of w h i t e  t iming  ( o r  phase)  n o i s e .  

For  random, ze ro  mean normal ly  d i s t r i b u t e d  test s i g n a l s  t h i s  p r o p e r t y  
a p p e a r s  t o  be t r u e  f o r  a r b i t r a r i l y  low F o u r i e r  f r e q u e n c i e s .  For real  
v o i c e  and d a t a  t r a f f i c  t h e  s t a t i s t i c s  can be d i f f e r e n t .  However, 
modern coding t echn iques  tend t o  approach random o r  pseudo-random 
s i g n a l  s t a t i s t i c s .  S i m i l a r  d e s c r i p t i o n s  of t r a n ~ m i s s i o n  d e l a y  s t a -  
t i s t i c s  can be developed f o r  a l l  k i n d s  of d i g i t a l  t r a n s m i s s i o n  
sys tems .  A complete  review i s  beyond t h e  scope of t h i s  paper.  

S y s t e m a t i c  slow d e l a y  v a r i a t i o n s  a r e  mainly  caused by environmental  
i n f l u e n c e s  on t h e  t r a n s m i s s i o n  medium. I n  t h e  c a s e  of s a t e l l i t e  
s y s t e m s ,  t h e  dynamics of t h e  system c o n f i g u r a t i o n  [ o r b i t  pa ramete r s ]  
p l a y  a major r o l e .  

Temperature c o e f f i c i e n t s  of m e t a l l i c  and o p t i c a l  f i b r e  c a b l e s  are sum- 
marized i n  Tab le  2 .  These f i g u r e s  a r e  o r d e r s  of magnitude and may v a r y  
depending on t h e  c a b l e  type  and manufac tu re r .  A publ i shed  r e f e r e n c e  
[ 1 7 ]  h a s  been found on ly  f o r  t h e  o p t i c a l  f i b e r s ,  t h e  o t h e r  d a t a  have 
been ga the red  from v a r i o u s  unpub l i shed  r e p o r t s ,  The t e m p e r a t u r e  
v a r i a t i o n s  show a d a i l y  and y e a r l y  c y c l e  which depends on t h e  c l i m a t i c  
c o n d i t i o n s .  I n  t empera te  r e g i o n s  such a s  Europe a n  average t empera tu re  
of  f l O 0 C ,  a  peak-to-peak range of 20°C ( y e a r )  and 2'C (day)  c a n  be 
expec ted .  

For  t r a n s m i s s i o n  o v e r  a  g e o s t a t i o n a r y  s a t e l l i t e ,  a 24 hour c y c l i c  
v a r i a t i o n  of t h e  t r a n s m i s s i o n  d e l a y  i s  due t o  imper fec t  o r b i t a l  para- 
meters ( e c c e n t r i c i t y ,  i n c l i n a t i o n )  . Taking i n t o  account  t h e  n e c e s s i t y  
of  improved s t a t i o n k e e p i n g  due t o  t h e  i n c r e a s i n g  p o p u l a t i o n  on t h e  
g e o s t a t i o n a r y  o r b i t ,  a  peak-to-peak d a i l y  d e l a y  v a r i a t i o n  of 600 
microseconds  should  not  be exceeded.  Long term d r i f t  and o r b i t  r epos i -  
t i o n i n g  w i l l  cause  a d d i t i o n a l  v a r i a t i o n s  1201. T e r r e s t r i a l  microwave 
l i n k s  over  l i n e  of s i g h t  p a t h s  a r e  known t o  be ve ry  s t a b l e ,  probably  
less t h a n  5 nanoseconds v a r i a t i o n  due t o  t h e  r a d i o  p a t h  i t s e l f .  

A most ly  unknown parameter  i s  t h e  d e l a y  v a r i a t i o n  due t o  env i ronmenta l  
c o n d i t i o n s  a c t i n g  on t h e  equipments used i n  t h e  v a r i o u s  t r a n s m i s s i o n  
sys tems.  Much work remains t o  be done and i t  i s  s u r p r i s i n g  t o  n o t e  
t h a t  J . R .  P i e r c e ' s  p l e a  f o r  i n f o r m a t i o n  on t h i s  m a t t e r  i n  1969 [19, p. 
6291 went a lmost  unno t i ced .  Whereas t h e o r e t i c a l  work i s  abundant and 
sometimes e l a b o r a t e  i n  t h e  pub l i shed  l i t e r a t u r e  [121,  r e l i a b l e  
e x p e r i m e n t a l  d a t a  on t r a n s m i s s i o n  d e l a y  v a r i a t i o n s  s t i l l  remains 
s c a r c e .  I t  i s  t h e r e f o r e  d i f f i c u l t  t o  see which and what p a r t  of t h e  
many t h e o r e t i c a l  approaches  a r e  r e a l l y  r e l e v a n t  f o r  o p e r a t i n g  system 
d e s i g n .  



For a given transmission system, the  quan t i t a t ive  descr ip t ion  of delay 
v a r i a t i o n s  must comprise both random and c y c l i c a l  components. The ran- 
dom component is  conveniently represented i n  the  form of a timing 
f l u c t u a t i o n  s p e c t r a l  dens i ty  S x ( f ) .  It is a t  present  not known i f  low 
frequency divergent  terms ( f l i c k e r  o r  random walk) a r e  s i g n i f i c a n t  a t  
very low Fourier  Frequencies. I f  such e f f e c t s  e x i s t ,  they a r e  probably 
small compared to  the  e f f e c t s  caused by temperature cycles. Accumu- 
l a t e d  s t a t i s t i c s  on extended systems subjec t  t o  many temperature 
cycles  with d i f f e r e n t  amplitudes and phases could r e s u l t  i n  a f l i c k e r  
l i k e  spectrum having s i g n i f i c a n t  dens i ty  down t o  frequencies of one 
cycle per year. There is however a fundamental d i f ference  between 
transmission delay and clock t i m e  va r i a t ions :  The e l e c t r i c a l  length of 
t h e  transmission path is always f i n i t e  and i ts  v a r i a t i o n s  remain 
wi th in  physical ly l imi ted  bounds, whereas the time departure of any 
r e a l  clock grows without bounds. 

5 .  REMOTE CONTROLLED CLOCK 

The problem of remote cont ro l  of the timing proper t ies  of a clock over 
a transmission l i n k  a r i s e s  whatever the type of system organizat ion 
chosen i n  p rac t i ce ,  i .e .  mutual synchronization, h ie ra rch ica l  master- 
s l ave  (HMS) o r  any of possible combinations, refinements and se l f -  
organizat ion schemes [21, 221. The basic system elements a r e  always a 
reference  clock, a transmission l i n k  and another clock the time and 
frequency of which is t o  be control led by some means i n  order  t o  
ob ta in  the  fu l f i l lmen t  of a spec i f i ca t ion  such as CCITT Rec. G811. The 
reference might be i t s e l f  a cont ro l led  clock o r  a f r e e  running master. 
The examples discussed i n  t h i s  sec t ion  are on a qu i t e  elementary l e v e l  
compared t o  those discussed i n  recent  publicat ions [23-261, but 
include s p e c t r a l  dens i ty  models of the transmission time j i t t e r  and of 
o s c i l l a t o r  i n s t a b i l i t y  based on r e a l  data.  

I n  most systems cur ren t ly  i n  operat ion and under development, the  
h i e r a r c h i c a l  master-slave (HMS) type of operat ion is  applied. HMS i s  
straightforward and f i t s  well i n t o  the s t r u c t u r e  of ex i s t ing  public 
networks a t  the l oca l  and regional  level .  Compliance with CCITT Recom- 
mendation 6811 requi res  tha t  master clocks a r e  accurate i n  frequency 
with an uncertainty of l e s s  than + 1 p a r t  i n  1011 and t h i s  implies 
reference  t o  the frequency of UTC: Cesium clocks operated i n  a reaso- 
nable environment a r e  accurate and s t a b l e  enough t o  s a t i s f y  the 
requirements with only a minimum of survei l lance  and very few, i f  any 
readjustments. Rubidium and c r y s t a l  clocks requi re  i n i t i a l  frequency 
s e t t i n g  and subsequent frequency con t ro l  from an ex te rna l  reference t o  
compensate f o r  the  inherent  frequency d r i f t  (aging).  

Figures 4 and 5 show the  time-domain frequency i n s t a b i l i t y  Oy(T) of 
t y p i c a l  cesium, rubidium and c r y s t a l  clocks based on the  data  of Table 
1. 



Fig. 6 shows the  est imated t i m e  i n t e r v a l  error for some c locks  ( s e e  
table 1) opera ted  i n  t h e  f r e e  running mode. It i s  thereby assumed t h a t  
each of t he se  clocks has been adjusted i n  frequency and synchronized 
a t  t = O .  

The unce r t a in ty  By0 of the  i n i t i a l  frequency adjustment f o r  each 
type of c lock  i s  assumed t o  be minimized, i.e. t h e  averaging t i m e  f o r  
t h e  measurement used f o r  t he  readjustment is  chosen so t h a t  t he  u n c e r  
t a i n t y  corresponds t o  t h e  minimum, f l a t  po r t i on  ( " f l i cke r - f l oo r " )  of 
t h e  o y ( ~ )  diagram of Fig.  4 and 5 r e spec t ive ly .  I n  some cases ,  n o i s e  
i n  t he  process  of measurement through a t ransmiss ion  l i n k  may lead  t o  
a h igher  va lue  of oyo and t h i s  must be taken i n t o  account i n  such 
s i t u a t i o n s .  Figure 6 g ives  an idea  of t h e  p o s s i b i l i t i e s  of manual 
readjustment  based on measurements. It allows t o  determine how long a 
lower h i e r a r chy  c lock  can be operated i n  t h e  free-running mode wi th in  
t h e  s p e c i f i e d  l i m i t s  of G811 a f t e r  i n t e r r u p t i o n  of t he  l i n k  t o  t h e  
mas te r  clock. It is  assumed t h a t  t he  frequency c o n t r o l  system memori- 
zes  the las t  v a l i d  s e t t i n g  of t he  o s c i l l a t o r  c o n t r o l  before  t he  
i n t e r r u p t i o n  [27 ,  281. It t u r n s  out t h a t  a cesium c lock  can be 
operated i n d e f i n i t e l y ,  a rubidium c lock  ( a  = 1.10-11 per  month) f o r  52 
days and c r y s t a l  o s c i l l a t o r s  No. 1 ( a  = 3.10-11 per  day) f o r  1.6 days 
and No. 4 ( a  = 5.10-I* per  day) f o r  5.2 days. 

To i l l u s t r a t e  f u r t h e r  the ope ra t i on  of a remote con t ro l l ed  clock,  
F igure  7 shows a block diagram comprising a cesium master  c lock,  a PCM 
l i n k  as mentioned i n  s e c t i o n  4 and a c r y s t a l  o s c i l l a t o r  con t ro l l ed  by 
t h e  most elementary form of a phase-locked-loop, 1.e. a f i r s t  o rder  
PLL having a s i n g l e  pole RC loop  f i l t e r .  The j i t t e r  t r a n s f e r  a n a l y s i s  
of t he  PLL i s  made using the phase-time formalism descr ibed i n  [ 4 ,  p. 
188 f f ] .  

Table 3 shows the  formulas used i n  t he  computations of Uy4(r) 
desc r ib ing  the  random frequency i n s t a b i l i t y  of the  s l a v e  o s c i l l a t o r .  
Then the  est imated time i n t e r v a l  e r r o r  of the  s l ave  o s c i l l a t o r  i s  com- 
puted using the  r e l a t i o n :  

at  TIE^ (t) = t 0 (T*) + - 
y4 Kx 

The f i r s t  term is s i m i l a r  t o  equa t ion  5 and the  second term i s  due t o  
t h e  f a c t  t h a t  we use a f i r s t  o rder  PLL, a is  the  aging c o e f f i c i e n t  of 
t h e  s l ave  o s c i l l a t o r .  I f  the  s l a v e  o s c i l l a t o r  i s  t o  be con t ro l l ed  over 
a noisy l i n k ,  a low va lue  of K, ( " loose  con t ro l " )  i s  des i red  but then 
t h e  second term shows the  pos s ib l e  l i m i t  of improvement ob ta inable  f o r  
a s l a v e  o s c i l l a t o r  having a given aging c o e f f i c i e n t .  

The input  d a t a  f a r  t h e  numerical examples a r e  given i n  t he  Tables  4 
and 1. The f i g u r e s  which fo l low show a s e l e c t i o n  of some t y p i c a l  
ca se s .  



Figure  8 shows the s p e c t r a l  dens i ty  Sy4(f) of t h e  con t ro l l ed  o s c i l l a -  
t o r  output f o r  t he  4 s l a v e  o s c i l l a t o r s  considered,  both values of 
Kx shown i n  Table 4 and wi th  and without  t he  PCM l i n e  j i t t e r .  

F igure  9 shows the  corresponding t i m e  domain s t a b i l i t y  u (TI. 
y4 

Figure  10 shows the  T I E  e s t i m a t e  obtained by means of equat ion 8. 

It is t o  be emphasized t h a t  t hese  r e s u l t s  do not c o n s t i t u t e  a design 
proposal .  They a r e  shown t o  i l l u s t r a t e  t he  r e l a t i o n  between re ference  
i n s t a b i l i t y ,  l i n e  tlming j i t t e r ,  c o n t r o l  loop parameters and s l ave  
o s c i l l a t o r  i n s t a b i l i t y  using a simple PLL-Control System. 

I n  a p r a c t i c a l  design,  s t e p  frequency c o n t r o l  with a memory and pro- 
vided wi th  a f a s t  a c q u i s i t i o n  mode a s  descr ibed i n  [27, 281 o r  perhaps 
h igher  order  o r  microprocessor con t ro l l ed  adapt ive  systems a r e  o r  w i l l  
be used. There is  not much d i f f e r e n c e  between the  loop t r a n s f e r  func- 
t i o n  I& i n  our i l l u s t r a t i v e  example and those used i n  127, 281, except 
f o r  the  larger computation e f f o r t  required f o r  t he  a n a l y s i s  of t hese  
more soph i s t i ca t ed  designs.  

The d i f f e r e n c e  between the  computed TIE e s t i m a t e  and the  design l i m i t  
imposed by k c .  E811 c o n s t i t u t e s  a margin i n  which the  sys temat ic  
c y c l i c  de lay  v a r i a t i o n s  remain t o  be included. The allowed amplitude 
of these  v a r i a t i o n s  depends on t h e  p r o b a b i l i t y  of v i o l a t i o n  allowed i n  
t h e  design. 

I n  the  case of d i r ec t ed  c o n t r o l  HMS, the  type of t ransmission medium 
l i m i t s  t he  al lowable d i s t a n c e  between master  and s l a v e  clocks.  Double- 
ended timing [22]  can  i n  p r i n c i p l e  reduce the  e f f e c t  of slow de lay  
v a r i a t i o n s  but t he  de lays  involved i n  t h e  back and f o r t h  t ransmission 
of timing information may change the  t r a n s i e n t  response of the  c o n t r o l  
system and c a r e f u l  a n a l y s i s  is required i n  order  t o  a s c e r t a i n  t h e  s ta-  
b i l i t y  of the  cont ro l .  

6 .  CONCLUSIONS 

The bas ic  parameters r e l evan t  t o  the  design of network timing systems 
d e s c r i b e  the random and sys temat ic  t i m e  depar tures  of t he  system 
elements ,  1.e. master  ( o r  re ference)  c locks ,  t ransmission l i n k s  and 
o t h e r  c locks  con t ro l l ed  over t h e  l i nks .  Using the  d e f i n i t i o n s  and 
n o t a t i o n s  recommended i n  CCIR and CCITT t e x t s ,  t he  q u a n t i t a t i v e  rela-  
t i o n s  between these  parameters have been e s t ab l i shed  and i l l u s t r a t e d  
by means of numerical examples based on a v a i l a b l e  measured da ta .  The 
examples have been l imi ted  t o  a simple PLL-control system but t h e  ana- 
l y s i s  can even tua l ly  be appl ied t o  more soph i s t i ca t ed  systems a t  the  
c o s t  of increased computational e f f o r t .  

The author  g r a t e f u l l y  acknowledges the  con t r ibu t ion  of Kurt HilCy who 
d id  the  programming f o r  t he  computations of the  numerical examples. 
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TABLE 2 

Type of cable Temperature c o e f f i c i e n t  
of delay i n  ns/km x "C 

Symmetrical pair ,  wire diameter 
0 . 8  mrn paper insulat ion  

Symmetrical pair ,  wire diameter 
0 .8  mm polyethylene insulat ion  

Coaxial cable polyethylene/air  
insu la t ion  1 , 2 / 4 , 4  mm 2 ,6 /9 ,5  mrn 

L 

Optical f ibre  SiO2 core [17] 0.035 



TABLE 3 

Inwut data: 

Source : 

D e r i v a t i o n s :  S S 
X 
1 

X 
Line 

s = S  + S  
X 
2 1 

X 
Line 

t S 11 - Hxl 2 Output. : -- s = sx t i x i  
4 2 

X 
4 0 

with u = , n f ~  

G e n e r a l  R e l a -  
t i o n s  used: 

2 2 
S =47Tf S 

Y ;  X: 



TABLE 3 (CONTINUED) 

Loop t rans fe r  
f u n c t i o n  : 

DC Loop Gain K [s-l] 
X 

S i n g l e  pole RC F i l t e r  

Time Constant  

1 
Damping ratio: < = 

2 4 ' -  
x 1 

1 
n a t u r a l  frequency f = -- ( 2  

n 2~ T1 

f 
w i t h  fi = - 

f 
n 



TABLE 4 

-16 N = 552 
S = 2.49 . 10 . max. Ji t ter  

x Q = 80 
L i n e  

PLL parameters 

(Crystal Osc i l l a to r  Parameters see Table 1) 

Measurement system c u t o f f  frequency 

f o r  time-domain i n s t a b i l i t y  0 ( T )  
Y 

f H  = 1000 H z  for a l l  cases .  





Fig. 2 PCM Timing J i t t e r  Spectral  Density 

Fig. 3 PCM T i m i n g  Jitter Parameters 



Fig. 4 Cesium and Rubidium clock instability 
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OUESTIONS AND ANSWERS 

MR. GEORGE PRICE: 

I have drawn the conclusion that one ought to spend a lot of money 
to get a very, very good high stability crystal oscillator for a 
digital communications system, because the requirements of CCIR or 
CCITT are such that we need that. Is that a wrong conclusion? 

DR. KARTASCHOFF: 

It is a right conclusion, You can use crystal, or rubidium, or 
cesium, you can also use very clean links and a lot of crystals. 

There are many, many possible solutions. Of course, we would 
welcome having a 1 ittle bit better crystals. 

MR. PRICE: 

I could get by with a very cheap oscillator or I could get by with 
a real expensive one, and whether I spent the money to get a very 
expensive one would probably depend upon what? -- accuracy require- 
ments, or slip requirements for the communications? I just don't 
know why I would spend the money to get a more expensive oscillator, 
is what I am saying. Is there a communication efficiency advantage 
in going to a very, very highly stabilized BVA type resonator that 
you recommended here a bit ago? 

DR. KARTASCHOFF: 

Well, I do not recomnend it, I just have seen that it is a possi- 
bility that probably will come on the market, and of course it 
makes things easier, but the communications system will also work 
with the present oscillators. 


