
A N  E V A L U A T I O N  OF G P ? I O N A I  T I M I N G / S ' r ' N C H R O ? . I 1 Z A l ' l i 3 1 4  
F E A T U R E S  T O  S U P P O R T  S E i E C T I O N  OF A V  3PTIvUM 

D E S I G N  FOR T H E  D C S  DIGITAL, COMMUNiCATlON N F T W O R K  

D. B. B r a d - l e y ,  J .  5 .  C a i n ,  111 ,  a n d  $!, i d ,  N i i l i a r d  
H a i - r i s  C o r ~ p o r z - t i i ; n ,  M e l  b a i l r n e ,  r : o r - i ( j a  

ABSTRACT 

T h i s  p a p e r  r e p o r t s  t h e  r e s u l t s  o f  one of t h e  t a s k s  o f  
a s t u d y  per fo rn !ed  by H a r r i s  C a r p o r a t i o n  f o ~  t h e  
Defense Com~l- lun icat i  or12 Agericy ( D C A )  , The t a s k  was to 
e v a l u a t e  the a b i l i t y  o f  a s e t  o f  t i r n i n g / s y n c h r o n i z a -  
t i o n  subsystem f e a t u r e s  t o  p r o v i d e  a s e t  o f  d e s i r a b l e  
c h a r a c t e r i s t i c s  f o r  t k  e v o l v i n g  Defense Con-~munica- 
t i o n s  Sys tem ( D C S )  d i g i t a l  c o m m u n i c a t ~ o n s  n e t w o r k .  
The s e t  c f  f e a t u r e s  r e l a t e  t o  t h e  app roaches  b y  
w h i c h  t i r n i n g / s y r c h r o n i z a t i o n  i n f o r n i a t i o n  c o u l d  he 
d i s s e m i n a t e d  t h r o u g h o u t  t h e  n e t w o r k  and t h e  inanner i n  
w h i c h  t h i s  i n f o r m a t i o n  c o u l d  be u t i l i z e d  t o  p r o v i d e  
a s y n c h r o n i z e d  n e t w o r k .  These f e a t u r e s ,  w h i c h  c o u l d  
be u t i l i z e d  i n  a  l a r g e  number o f  d i f f e r e n t  combina-  
t i o n s ,  i n c l u d e  n lu tua i  c o n t r o l  , d i r e c t e d  c o n t r o l ,  
d o u b l e  ended r e f e r e ~ c e  l i n k s ,  independence o f  c l o c k  
e r r o r  measurement  and c o r r e c t i o n ,  phase r e f e r e n c e  
c o m b i n i n g ,  and s e l f  o r g a n i z i ~ g .  Some a d d i t i o n a l  
seconda ry  f e a t u r e s  i n c l u d e  sn loo th ing  f o r  1 i n k  and 
n o d a l  d r o p o u t s ,  unequa l  r e f e r e n c e  w e i g h t i n g s ,  and a 
m a s t e r  i n  t h e  m u t u a l  c o n t r o l  n e t w o r k .  The s e t  o f  
d e s i r a b l e  c h a r a c t e r i s t i c s  used i n  t h e  e v a l u a t i o n  o f  
the  f e a t u r e s  i n c l u d e s  b u t  i s  n o t  l i n i i t e d  t o ,  f r e -  
quency  and phase a c c u r a c y ,  m i n i m i z e d  p r o p a g a t i o n  o f  
d i s t u r b a n c e s  i n  t h e  n e t w o r k ,  s l i p  f r e e  communica-  
t i o n s  as  a normal  mode o f  o p e r a t i o n ,  s u r v i v a b i l i t y  
u n d e r  s t r e s s e d  c o ~ d i t i o n s ,  i n t e r o p e r a b i l i t y  w i t h  
o t h e r  n e t w o r k s ,  nioni t o r a b i  1  i t y ,  p r e c i s e  t i m e  a v a i  1 - 
a b i l - i t y ,  m i n i m i z e d  ove rhead  r e q u i r e m e n t s  and c o s t  
e f f e c t i v e n e s s .  

The u t i l i t y  o f  each  f e a t u r e  ( a n d  c o m b i n a t i o n s  
t h e r e o f )  i n  p r o v i d i n g  t h e  d e s i r a b l e  c h a r a c t e r i s t i c s  
was e v a l u a t e d  by  means o f  combined a n a l y s i s  and  
compu te r  s i m u l a t i o n .  One u n d e r l y i n g  a s s u m p t i o n  was 
t h a t  c f  a  m i c r o p r o c e s s o r  based  n o d a l  s y n c h r o n ' z e r  
w h i c h  imp lemen ted  a second o r d e r  d i g i t a l  phase 
i o c ~ e d  l o o p  w i t h  an e x t e n d e d  r a n g e  l i n e a r  p h a s e  
d e t e c t o r .  The n o d a l  ~ i ; i c r o ~ r o c e s s o r  was a l s o  u t i l i z e d  
i n  d i s t r i b u t e d  c o n t r o l  o f  ?.he t i l : i i ng l s , ynch ron i  z a t i o n  
s u b s y s t e ~ n  n e t w o r k .  

Some o f  t h e  f e a t u r e s  o f  t h e  s i r n u l a t - i o n  tilode1 i n c l u d e d :  
1 )  a s i n g l e  n e t w o r k  t o p o l o g y  o f  20  nades and 29  



interconnecting 1 inks ( a  mixture of cable, s a t e l l i t e ,  
microwave, and t ropo) ,  2 )  normal variations which 
included an i n i t i a l  startup t rans ien t ,  normal path 
delay variations,  natural clock frequency d r i f t s ,  
and link and nodal measurement j i t t e r ,  3 )  three se t s  
of s t r e s s  scenario and 4 )  sixteen combinations of 
t h e  timinglsynchronization subsystem features .  

Nodal loop parameters used in the simulation were 
n o t  optimized b u t  were a compromise of several con- 
f l i c t i n g  goals. These included maximizing u t i l i za -  
t ion of the available reference information, pro- 
viding for  rapid entry into the network, coasting 
through reference outages and minimizing the 
e f fec ts  of t ransient  and steady s t a t e  reference 
perturbations. A continuing portion of the study 
from which t h i s  paper was abstracted aims a t  
optimizing these parameters. 

The re la t ive  a b i l i t i e s  of each of the sixteen com- 
binations of the subsystem features in providing 
each of the desirable character is t ics  i s  presented 
in tabular form for  easy comparison. Although t h i s  
study i s  par t icular ly concerned with the DCS 
application, the information developed could be 
applied to  any extensive network. 

INTRODUCTION 

A l a r g e  s w i t c h e d  d i g i t a l  communicat ions network g i v e s  
r i s e  t o  a  s e t  of d e s i r a b l e  c h a r a c t e r i s t i c s  f o r  i t s  t i m i n g /  
s y n c h r o n i z a t i o n  subsys tem.  T h i s  s e t  of d e s i r a b l e  c h a r a c t e r -  
i s t i c s  i s  i d e n t i f i a b l e  from t h e  miss ion  of t h e  communicat ions 
network.  There a r e  a number of f e a t u r e s  which may be a p p l i e d  
t o  t h e  t i m i n g / s y n c h r o n i z a t i o n  subsys tem i n  v a r i o u s  combi- 
n a t i o n s  t o  p r o v i d e  t h e  i d e n t i f i e d  s e t  of d e s i r a b l e  c h a r a c t -  
e r i s t i  c s  t o  v a r y i n g  d e g r e e s .  

T h i s  paper  r e p o r t s  t h e  r e s u l t s  of one o f  t h e  t a s k s  of a 
s t u d y  performed by t h e  H a r r i s  C o r p o r a t i o n  f o r  t h e  Defense 
Communications Agency ( D C A ) .  The purpose  of t h e  t a s k  was 
t o  e v a l u a t e  t h e  a b i l i t y  of s e v e r a l  t i m i n g / s y n c h r o n i z a t i o n  
subsys tem f e a t u r e s  t o  p r o v i d e  a s e t  of i d e n t i f i e d  d e s i r a b l e  
c h a r a c t e r i s t i c s  f o r  t h i s  subsys tem,  Although t h e  s t u d y  was 
performed s p e c i f i c a l l y  f o r  t h e  f u t u r e  DCS d i g i t a l  communi- 
c a t i o n s  ne twork ,  many of t h e  f i n d i n g s  a r e  a l s o  a p p l i c a b ' l e  
t o  c i v i l i a n  d i g i t a l  communicat ions ne tworks .  The approach  
used i n  t h e  e v a l u a t i o n  was combined a n a l y s i s  and computer 
s i m u l a t i o n .  

The s e t  of i d e n t i f i e d  d e s i r a b l e  c h a r a c t e r i s t i c s  f o r  t h e  
f u t u r e  DCS d i g i t a l  communicat ions network t i r n i n g / s y n c h r o n i -  



z a t i o n  s u b s y s t e n i  a r e  d i s c u s s e d  i n  sorne d e t a i l  i n  . For  
t h i s  r e a s o n ,  and s i n c e  t h e y  a r e  somewhat p a r t i c u l a r  t o  t h e  
DCS n e t w o r k  b u t  p r i n l a r i l y  s e l f  e x p l a n a t o r y ,  t h e  s e t  o f  d e s i r -  
a b l e  c h a r a c t e r i s t i c s  a r e  m e r e l y  l i s t e d  i n  S e c t i o n  11. S i n c e  
t h e  s e t  o f  f e a t u r e s  r a n g e  Prom t h e  e x c e e d i  ng!y fanli 1 i a r  t o  
t h e  p o s s i b l y  n e v e r - h e a r d - o f ,  a f a i r l y  d e t a i l e d  e x p l a n a t i o n  
o f  wha t  t h e y  a r e  i s  g i v e n  i n  S e c t i o n  1 1 1 .  A t t r i b u t e s  o f  t h e  
s i m u l a t i o n  model a r e  g i v e n  i n  S e c t i o ~  I V .  The r e s u l t s  o f  
t h e  e v a l u a t i o n  a r e  d i s c u s s e d  i u  S e c t i o n  V .  

1 1 .  T H E  D E S I R A B L E  C H A R A C T E R I S T I C S  -- 

The s e t  o f  d e s i r a b l e  c h a r a c t e r i s t i c s  a g a i q s t  which  t h e  
f e a t u r e s  were  c o ~ n p a r e d  i n c l u d e d  t h e  f n l  1 o w i n g :  

1 .  F r e q u e n c y  a n d  p h a s e  a c c u r a c y .  
2 ,  Freedom o f  c l o c k s  f rom b e i n g  d i s t u r b e d  by p e r t u r -  

b a t i o n s  o c c u r r i n g  f u r t h e r  f rom t h e  m a s t e r  t h a n  t h e  
l o c a l  n o d e .  

3 .  Freedoni f rom p r o p a g a t i o n  o f  c l o c k  e r r o r s  e x c e p t  
t h a t  o f  t h e  m a s t e r .  

4 .  No h a r m f u l  p r o p a g a t i o r l  o f  a  d i s t u r b a n c e  d u e  t o  
p a t h  d e l a y  v a r i a t i o n s  o r  l i n k  d r o p o u t s .  

5 .  S l i p  f r e e  a s  a  normal  mode o f  o p e r a t i o n .  
6 .  S u r v i v a b i l i t y  o f  t h e  t i rr i iny f u n c t i o n .  
7 .  Minirnuni o v e r h e a d  c o m m u n i c a t i o n s .  
8 .  P r e c i s e  t i m e  a v a i l a b i l i t y .  
9 .  Sys teni  l e v e l  r n o n i t o r a b i l i t y  ( f u n c t i o n a l  a s  

o p p o s e d  t o  e q u i p m e n t  m o n i t o r i n g ) .  
1 0 .  C o m p l i a n c e  w i t h  F e d e r a l  S t a n d a r d  1 0 0 2 .  
11.  C o s t  E f f e c t i v e n e s s .  
1 2 .  I n t e r o p e r a b i l i  t y  o f  t h e  d i g i t a l  c o m m u n i c a t i o n s  

s y s t e m  w i t h  o t h e r  d i g i t a l  con imur i i ca t ions  s y s t e m s  
e m p l o y i n g  d i f f e r e n t  s y n c h r o n i z i n g  t e c h n i q u e s .  

13 .  C a p a b i l i t y  t o  a u t o m a t i c a l l y  s e l e c t  a new n e t w o r k  
m a s t e r .  

1 1 1 .  T H E  F E A T U R E S  - 
T h e r e  a r e  s e v e r a l  o p t i o n a l  f e a t u r e s  which can  be i n c l u d -  

ed i n  v a r i o u s  c o m b i n a t i o n s  i n  t h e  DCS t i r r l i n g l s y n c h r o n i z a t i o n  
s u b s y s t e m .  Some o f  t h e  f e a t u r e s ,  h o w e v e r ,  p r e c l u d e  i n c o r -  
p o r a t i o n  o f  c e r t a i n  o t h e r  f e a t u r e s .  A 1  s o ,  sonie c o m b i n a t i o n s  
o f  t h e  f e a t u r e s  a r e  more s y n e r g e t i c  t h a n  o t h e r s .  

1. I n d e p e n d e n t  C l o c k s  ( I C )  

F i g u r e  1 shows t h e  forrri o f  t h i s  f e a t u r e .  T h i s  f e a -  
t u r e  p r e c l u d e s  t h e  a t t a i n m e n t  o f  a t r u l y  s y n c h r o n i z e d  corn- 



m u n i c a t i o n s  network due t o  t h e  u n a v a i l a b i l i t y  of  i d e a l  c l o c k s .  
However, i t  p r o v i d e s  a b a s i s  f o r  many compar isons  a n d  i t  i s  
a l s o  a  n a t u r a l  f a l l  back c o n f i g u r a t i o n  f o r  t h e  d i r e c t e d  o r  
mutual c o n t r o l  f e a t u r e s ,  when i n  t i m e s  of s t r e s s ,  a1  1 r e f e r -  
ences  a r e  t e m p o r a r i l y  l o s t .  I t  i s  spoof  p r o o f ,  i t s  s e t  u p  
t ime  min ima l ,  a n d  f o r  a t a c t i c a l  m i l i t a r y  communicat ions 
miss ion  i t  may ve ry  well  be t h e  b e s t  c h o i c e .  I t  i s  concep-  
t u a l l y  s i m p l e  froni t h e  s t a n d p o i n t  of t h e  t i m i n g  subsys tem 
i t s e l f  b u t  i t  i s  n o t  n e c e s s a r i l y  t h e  s i m p l e s t  from t h e  s t a n d -  
p o i n t  of t h e  d i g i t a l  communicat ions equipment  d e s i g n e r  o r  
u s e r ,  because  l a c k  of a  t r u l y  synchron ized  network i m p l i e s  
o c c a s i o n a l  r e s e t t i n g  of communicat ions b u f f e r s ,  as  we1 1 a s  
an i n c r e a s i n g l y  complex sys tem of p u l s e  s t u f f i n g  t o  accom- 
niodate growing m u 1  t i p l e x i n g  a n d  s w i t c h i n g  needs .  For a  
g iven  q u a l i t y  of communication i t  i s  no t  n e c e s s a r i l y  t h e  
l o w e s t  c o s t  sys tem due t o  t h e  h i g h e r  impl i ed  q u a l i t y  of 
nodal c l o c k s .  A l s o ,  t o  t h e  d e g r e e  t h a t  s u r v i v a b i l i t y  i s  
r e f l e c t e d  i n  t h e  p r o b a b i l i t y  of b i t  s l i p s  and t h e  a b i l i t y  t o  
mon i to r  t h e  sys tem f o r  impending f a i l u r e s ,  i t  does n o t  n e c e s -  
s a r i l y  p r o v i d e  a s  s u r v i v a b l e  a network a s  c e r t a i n  combina- 
t i o n s  of t h e  o t h e r  f e a t u r e s ,  a l l  of which a r e  p rec luded  by 
independen t  c l o c k s .  S i n c e  independen t  c l o c k s  d o  n o t  l e a d  
t o  a  synchronous  network i t  was not  i n c l u d e d  i n  any of t h e  
s i m u l a t i o n s  and w i l l  n o t  be f u r t h e r  c o n s i d e r e d  i n  t h i s  p a p e r .  

2 .  D i r e c t e d  Cont ro l  ( D C )  

The form of t h e  d i r e c t e d  c o n t r o l  f e a t u r e  i s  shown i n  
F i g u r e  2 .  I t  c o n s i s t s  of a t r e e  network of s e l e c t e d  corn- 
m u n i c a t i o n s  l i n k s  o v e r  which t i m i n g  i n f o r m a t i o n  i s  passed  
from m a s t e r  node t o  a l l  immediate  ne ighbor  nodes .  These 
immediate ne ighbor  nodes i n  turn p a s s  t i m i n g  i n f o r m a t i o n  
from t h e i r  nodal c l o c k s  t o  t h e i r  immediate  n e i g h b o r s  w h o  
a r e  f a r t h e r  removed from t h e  m a s t e r .  The t i m i n g  i n f o r m a t i o n  
on ly  f lows  i n  one d i r e c t i o n  of t h e  duplex  l i n k s ,  i . e . ,  away 
from t h e  m a s t e r .  T h i s  i s  t h e  c e n t r a l  i d e a  of  a m a s t e r  s l a v e  
network which i s  a p a r t i c u l a r  c a s e  of  d i r e c t e d  c o n t r o l .  
S i n c e  t h e r e  a r e  n o  c l o s e d  l o o p s  i n  t h e  ne twork ,  t h i s  f e a t u r e  
has n o  network s t a b i l i t y  problems.  I t  i s  a w ide ly  used 
f e a t u r e  i n  m i l i t a r y  a n d  c i v i l i a n  ne tworks  [ 2 , 3 , 4 ] .  I t  r e -  
s u l t s  i n  a s y n c h r o n i z e d  network i n  Which a l l  nodes have t h e  
same a v e r a g e  f r e q u e n c y .  When combined wi th  e l a s t i c  communi- 
c a t i o n s  b u f f e r s  of s u f f i c i e n t  s i z e ,  s h o r t  te rm p e r t u r b a t i o n s  
w i l l  n o t  c a u s e  b i t  s l i p s .  Thus t h e  network shou ld  be a b l e  
t o  s u p p o r t  communicat ions w i t h o u t  s l i p s  o r  schedu led  r e s e t -  
t i n g  of communicat ions b u f f e r s  f o r  a n  i n d e f i n i t e  p e r i o d  of  
t i m e .  



3 .  M u t u a l  C o n t r o l  (MC) 

F i g u r e  3 s h o w s  t h e  f o r m  o f  t h e  m u t u a l  c o n t r o l  f e a t u r e .  
I t  i s  t h e  a n t i t h e s i s  o f  d i r e c t e d  c o n t . r o 1 .  E a c h  n o d e  t a k e s  a 
w e i g h t e d  s u m  o f  t h e  p h a s e  e r r o r  o f  i t s  l o c a l  c l o c k  r e l a t i v e  
t o  t h a t  o f  s i g n a l s  r e c e i v e d  f r o r n  a l l  o f  i t s  i ~ n t n i e d i a t e  n e i g h -  
b o r s  t o  d e t e r m i n e  a c o r r e c t i o n  s i g n a l  t o  a p p l y  t o  i t s  l o c a l  
c l o c k .  S i n c e  t h e r e  a r e  n u m e r o u s  c l o s e d  l o o p s  i n  t h e  n e t w o r k ,  
c a r e  ~ i i u s t  b e  t a k e n  i n  t h e  s e l e c t i o n  o f  e r r o r  s i g n a l  p r o c e s s -  
i n g  p a r a n l e t e r s  a t  e a c h  n o d e  i n  o r d e r  t o  i n s u r e  n e t w o r k  s t a -  
b i l i t y .  T h e  n e t w o r k  f r e q u e n c y  u n d e r  i l l u t u a l  c o n t r o l  i s  a 
f u n c t i o n  o f  t h e  w e i g h t e d  a v e r a g e  o f  t h e  i n d i v i d u a l  n o d e s  
n a t u r a l  f r e q u e n c i e s  a n d  t h e  p a t h  d e l a y s  o f  t h e  n e t w o r k .  T h i s  
f e a t u r e  h a s  b e e n  w i d e l y  s t u d i e d  f r o n i  a t h e o r e t i c a l  s t a n d p o i n t ,  
m a i n l y  t o  i n v e s t i g a t e  t h e  q u e s t i o n s  o f  n e t w o r k  s t a b i l i t y  a n d  
t h e  s i z e s  o f  t r a n s i e n t  a n d  s t e a d y  s t a t e  p h a s e  e r r o r s  i n  t h e  
s y s t e m  [5,6,7,&,9,10,11,12,13,14] b u t  n o  l ~ ~ a j o r  n e t w o r k  h a s  
s e l e c t e d  t h i s  f e a t u r e .  I t ' s  m o s t  t o u t e d  a t t r i b u t e  f o r  a 
m i l i t a r y  n ~ i s s i o n  i s  i t s  s u r v i v a b i l i t y .  

4 .  D o u b l e  E n d e d  R e f e r e n c e  L i n k s  ( D E )  

F i g u r e  4 s h o w s  a n i o d e l  f o r  d o u b l e  e n d e d  r e f e r e n c e  
l i n k s .  T h i s  f e a t u r e  p r o v i d e s  t h e  c a p a b i l i t y  t o  r e m o v e  t h e  
e f f e c t s  o f  t r a n s m i s s i o n  d e : a y  t i r u e  i n  t h e  t i i l l e  r e f e r e n c e  i n -  
f o r ~ l i a t i o n .  E a c h  n o d e  i n  t h e  t i i i i i n g  h i e r a r c h y  t r a n s m i t s  L O  

e a c h  o f  i t s  i m n i e d i a t e  n e i g h b o r  n o d e s  i t s  c l o c k  r e a d i n g  a s  
w e l l  a s  t h e  d i f f e r e n c e  b e t w e e n  i t s  c l o c k  a n d  t h a t  r e c e i v e d  
f ro111 i t s  i n i r n e d i a t e  n e i g h b o r .  T h i s  i s  s u f f i c i e n t  i n f o r m a t ? o n  
t o  r e n i o v e  t h e  p r o p a g a t i o n  t i m e  f r o i n  t ,he r e f e r e n c e  i n f o r m a t i o n .  
To s e e  h o w  t h i s  w o r k s ,  l e t  Kp\ = T A - T ~ ~ + U B ~  b e  t h e  d i f f e r e n c e  
b e t w e e n  n o d e  A ' s  c l o c k  r e a d i n g  a n d  t h a t  o f  n o d e  13. N c t i c e  

1 t h a t  t h e  p r o p a g a t i o n  t i m e  f r o r l  S to A h a s  b e e r  e x n l i c i t l y  
a c c o u n t e d  f o r  b y  t h e  t e r m  D k n .  S i ~ n i l a r l y ,  l e t  K B  = T , - T A + D ~ B  
be t h e  d i f f e r e n c e  b e t w e e n  t e r e a d i n g  o f  n o d e  G ' s  c l o c k  a n d  
t h a t  o f  n o d e  A w i t h  p r o n a q a t i o n  t i t l i e  fron:  A t o  I3 e x p l i c i t l y  
e x p r e s s e d  b y  ~ A R .  N O W  m c i e  B nlay d e t e r i r i i n e  t h e  e r r o r  o f  i t s  
c l o c k  r e l a t i v e  t o  t h a t  o f  n o d e  A t o  w i t h i n  o n e - h a l f  t h e  
a s y n i m e t r y  o f  t h e  d u p l e x  l i n k  p r o p a q a t i o n  t h e s  b y  c o i r i p u t i n c j  

T h e  a s y m m e t r y  D B A - D  o f  a d u p l e x  1 i n k  i s  e x p e c t e d  L O  b e  f B  q u i t e  s r i i a l l  i f  s i i l i i  a r  e q u i p 1 1 : e t l t  a t l a  t h e  sa i l le  t r a n s r n i s s i o l :  
m e d i u n i  i s  u t i l i z e d  i n  t h e  f o r w a r d  a n d  r e v e r s e  p a t h s .  



5 .  Independence of  t h e  Clock E r r o r  Measurement a t  
Any Node from t h e  C o r r e c t i o n  of  Clock E r r o r  a t  
Any Other  Node (ICEM&C) 

T h i s  i s  a  f e a t u r e  which may be used t o  remove t h e  
e f f e c t s  of phase e r r o r s  i n  c l o c k s  i n t e r m e d i a t e  between t h e  
l o c a l  node and t h e  network m a s t e r .  Th i s  i s  accompl ished  by 
p a s s i n g  measured b u t  u n c o r r e c t e d  e r r o r s  down t h e  t i m i n g  
c h a i n s .  F i g u r e  5 shows how t h i s  i s  accompl i shed .  When t h i s  
f e a t u r e  i s  used i n  c o n j u n c t i o n  w i t h  d o u b l e  ended r e f e r e n c e  
l i n k s  and d i r e c t e d  c o n t r o l ,  each node of  t h e  network i s  e f -  
f e c t i v e l y  t i e d  t o  t h e  network m a s t e r .  T h i s  f e a t u r e  canno t  be 
e f f e c t i v e l y  a p p l i e d  wi th  t h e  mutual c o n t r o l  f e a t u r e  because  
i n  g e n e r a l  t h e - c  i s  n o  d e f i n i t e  h i e r a r c h i c a l  pa th  from the  
l o c a l  node back t o  an u l t i m a t e  r e f e r e n c e ,  

6 .  Phase Refe rence  Combining ( P R C )  

F i g u r e  6 shows a model f o r  t h e  phase  r e f e r e n c e  com- 
b i n i n g  f e a t u r e .  Th i s  i s  a  f e a t u r e  a p p l i c a b l e  f o r  use i n  
c o n j u n c t i o n  wi th  D C ,  D E  and ICEM&C which t e n d s  t o  r educe  t h e  
e f f e c t s  of c u m u l a t i v e  measurement e r r o r s  i n  r e f e r e n c e  i n -  
f o r m a t i o n  a r r i v i n g  a t  nodes f a r  removed from t h e  network 
m a s t e r .  T h i s  i s  done by combining r e f e r e n c e  i n f o r m a t i o n  
r e c e i v e d  a t  a  p a r t i c u l a r  node o v e r  t h e  p a r a l l e l  p a t h s  from 
t h e  network m a s t e r .  I t  i s  des igned  t o  make good use  of  a l l  
t h e  a v a i l a b l e  r e f e r e n c e  i n f o r m a t i o n  w h i l e  c a r e f u l l y  a v o i d i n g  
c l o s e d  l o o p s  i n  t h e  ne twork .  Two c l a s s e s  of t w o  t y p e s  o f  
i n f o r m a t i o n  a r e  passed  th rouqh  t h e  sys tem when t h i s  f e a t u r e  
i s  u t i l i z e d .  The two t y p e s  of i n f o r m a t i o n  a r e  t h e  a c t u a l  
measured v a l u e s  of  t h e  r e f e r e n c e  i n f o r m a t i o n  and an e s t i m a t e  
of t h e  s t a t i s t i c a l  v a r i a n c e  i n  t h e  measured v a l u e  of t h e  
r e f e r e n c e  i n f o r m a t i o n .  The s t a t i s t i c a l  v a r i a n c e  i s  o b t a i n e d  
from d e s i g n  p a r a m e t e r s  of t h e  network components .  I t  i s  used 
t o  d e t e r m i n e  how t o  we igh t  t h e  measured r e f e r e n c e  i n f o r m a t i o n  
r e c e i v e d  o v e r  t h e  v a r i o u s  p a r a l l e l  p a t h s .  The two c l a s s e s  
of i n f o r m a t i o n  a r e  c a l l e d  c l a s s  1 and c l a s s  2 .  A t  a  p a r t i c u -  
l a r  node c l a s s  1 i n f o r m a t i o n  o f  both t y p e s  i s  o b t a i n e d  from 
ne ighbor  nodes s t r i c t l y  above t h e  l o c a l  node i n  t h e  network 
h i e r a r c h y .  I t  i s  combined and used t o  d i s c i p l i n e  t h e  l o c a l  
c l o c k .  The combined c l a s s  1 i n f o r m a t i o n  i s  a l s o  passed  t o  
ne ighbor  nodes not  lower i n  t h e  h i e r a r c h y  than  t h e  l o c a l  
node. The c l a s s  2 i n f o r m a t i o n  i s  o b t a i n e d  from ne ighbor  
nodes n o t  lower  i n  t h e  network h i e r a r c h y  t h a n  t h e  l o c a l  node. 
I t  i s  combined and passed  t o  ne ighbor  nodes lower i n  t h e  
h i e r a r c h y  t h a n  t h e  l o c a l  node. The method used t o  combine 
t h e  r e f e r e n c e  i n f o r m a t i o n  i s  t o  we igh t  i t  i n v e r s e l y  p r o p o r -  
t i o n a l  t o  t h e  e s t i m a t e d  v a r i a n c e .  

T h i s  f e a t u r e  a l s o  p r o v i d e s  f o r  an e l a b o r a t e  mon i to r -  
i n g  c a p a b i l i t y .  



7 .  S e l f  O r g a n i z i n g  ( S O )  

T h i s  f e a t u r e  i s  c o n c e r n e d  w i t h  a  s c h e m e  f o r  d i s t r i b u -  
t e d  s e l f  o r g a n i z a t i o n  o f  t h e  n e t w o r k  h i e r a r c h y ,  I n  a  s y s t e m  
t h a t  d o e s  n o t  u t i l i z e  t h e  P R C  f e a t u r e  t h e  i m p l e n : e n t a f S o n  i s  
v e r y  s i m i l a r  t o  t h a t  d e s c r i b e d  by D a r w j n  a n d  P r i m  , E a c h  
n o d e  i s  a s s i g n e d  a r a n k  w i t h  t h e  n e t w o r k  r r i a s t e r  b e i n g  a s s ' i g n e d  
a h i g h e r  r a n k  t h a n  a e y  o t h e r  n o d e .  T h e  f i r s t  a l t e r n a t e  m a s -  
t e r  i s  a s s i g n e d  a r a n k  :ewer t h a n  t h e  r i l a s t e r  b u t  h i g h e r  t h a t 1  
any o t h e r  n o d e ,  e t c .  E a c h  - ; i n k  i s  a s s i g n e d  a d e m e r i t  n u n i b e r  
d e p e n d i n g  o n  t h e  q u a l i t y  o f  t h e  l i n k .  T h e  o b j e c t  o f  t h e  
s c h e m e  i s  f o r  e a c h  n o d e  t o  r e f e r e n c e  t h e  h i g h e s t  r a n k i r i g  n o d e  
t h r o u g h  t h e  h i g h e s t .  q u a l i t y  p a t h .  I t  f c ,  s h o w n  i n  [15] t h a t  
a  n e t w o r k  w i l l  a c t u a l l y  d o  t h i s  . i n  a  s t a b l e  m a n n e r  w h e n  a l l  
r u l e s  a r e  u t i l i z e d .  

F o r  n e t w o r k s  u s i n g  t h e  P R C  f e a t u r e  a s  d e s c r i b e d  b y  
S t o v e r  [16] t h e  1  i n k  d e m e r i t  i n f o r m a t i o n  i s  e s s e n t i a l l y  c o n -  
t a i n e d  i n  t h e  v a r i a n c e  i n f o r m a t i o n  s o  i t  i s  o n l y  n e c e s s a r y  
t o  k n o w  t h e  n u m b e r  o f  i n t e r v e n i n g  n o d e s  b e t w e e n  e a c h  n o d e  
a n d  ' t h e  n i a s t e r  r e f e r e n c e ,  a s  w e l l  a s  t h e  n o d a l  r a n k i n g s .  

8 .  M a s t e r  i n  M u t u a l  S y s t e m  ( M I M )  

One o f  t h e  d i s a d v a n t a g e s  o f  t h e  t i i u t u a l  c o n t r o l  f e a -  
t u r e  i s  t h a t  t h e  n e t w o r k  f r e q u e n c y  n iay t a k e  r a n d o m  w a l k s .  
T h i s  may b e  a v o i d e d  by a l l o w i n g  o n e  n o d e  t o  b e  t h e  m a s t e r ,  
i . e . ,  t h i s  n i a s t e r  n o d e  d o e s  n o t  r e f e r e n c e  a n y  o t h e r  n o d e  o f  
t h e  n e t w o r k .  T h e  r e s u l t  i s  t h a t  t h e  l o n g  t e r n - )  a v e r a g e  f r e -  
q u e n c y  b e c o m e s  t h a t  o f  t h e  n i a ~ t e r  n o d e .  

9 .  S m o o t h i n g  f o r  L i n k  D r o p o u t s  a n d  R e f e r e n c e  
S w i t c h i n g  ( S L D & R S S )  

T h e  t e c h n i q u e  rr:ost c o n i ~ i i o n l y  u s e d  t c  d i s c i p l i n e  t h e  
l o c a l  c l o c k  i s  a s e c o n d  o r d e r  p h a s e  l o c k e d  l o o p .  A s t e p  
c h a n g e  i n  r e f e r e n c e  p h a s e  a t  t h e  i n p u t  t o  s u c h  a d e v i c e  
r e s u l t s  i n  a s i l i k e  i n  o u t p u t  f r e q u e n c y  w h o s e  p e a k  a n i p l i t u d e  
i s  e q u a l  t o  2 < w , ~ $ ,  w h e r e  : a n d  .., a r e  p a r a r r ~ e t e r s  o f  t h e  
p h a s e  l o c k  l o o p  a n d  '6 i s  t h e  r e f e r e n c e  n h a s e  c h a n g e .  T h i s  
f r e q u e n c y  s p i k e  c a n  h a v e  a l a r g e  p e a k  d m ~ !  i t u d e  a n d  I S  q u i t e  
u n d e s i r a b l e .  F o r t u n a t e l y , i t  c a n  b e  a v o 1  d e d .  

I n  a n e t w o r k  u s i n g  i ~ i u t u a l  c o n t r o l  d r o p o u t  s m o o t h i n g  
c o n s i s t s  o f  r e m e m b e r i n g  t h e  v a l u e  o f  u h a s e  e r r o r  r e l a t i v e  
t o  e a c h  r e f e r e n c e  i m m e d i a t e l y  b e f o r e  t h e  d r o p o u t .  T h e  r e -  
m e m b e r e d  v a l u e  i s  t h e n  a p p l i e d  t h r o u g h  a  d e c a y i n ?  m u l t i p l i e r  
f o r  a p e r i o d  o f  t i i i i e  s u f f i c i e n t  t o  a l l o w  t h e  r e r n d i n i n ~  r e f -  
e r e n r p  e r r o r s  t o  s l o w l y  r e a d j u s t ,  t h e r e b y  a v o i d i n g  t h e  l a r g e  
s p i k e  i n  o u t p u t  f r e q u e n c y .  



In a  d i r e c t e d  c o n t r o l  ne twork  u t i l i z i n g  a s econd  
o r d e r  l o o p  of t h e  i n t e g r a l  p l u s  p r o p o r t i o n a l  t y p e  t h e  i n t e -  
g r a t o r  v o l t a g e  may be a d j u s t e d  t o  e x a c t l y  c o m p e n s a t e  f o r  t h e  
d i f f e r e n c e  between t h e  o l d  and new r e f e r e n c e  e r r o r s .  S i n c e  
t h e  i n t e g r a t o r  ha s  a l o n g  t i m e  c o n s t a n t  t h e  o u t p u t  f r e q u e n c y  
c h a n g e s  v e r y  s l o w l y  t o  c o m p e n s a t e  f o r  t h e  d i f f e r e n c e  i n  p h a s e  
r e f e r e n c e s .  

I V .  T H E  SIMULATION M O D E L  

A compu te r  s i m u l a t i o n  model was d e v e l o p e d  t o  he1 p e v a l u -  
a t e  t h e  a b i l i t y  o f  t h e  s e t  o f  f e a t u r e s  d e s c r i b e d  i n  S e c t i o ~  
I 1 1  t o  p r o v i d e  t h e  s e t  o f  d e s i r a b l e  c h a r a c t e r i s t i c s  l i s t e d  
i n  S e c t i o n  1 1 ,  t hough  p r i m a r i l y  f o r  c h a r a c t e r i s t i c s  1 t h r o u g h  
6 .  T h i s  model c o n s i s t e d  o f  t h e  f o l l o w i n g :  

A noda l  s y n c h r o n i z e r  
A n e twork  t o p o l o g y  
A s e t  o f  normal l i n k  and noda l  v a r i a t i o n s  
A s e t  o f  s t r e s s  s c e n a r i o s  
A s e t  o f  f e a t u r e  c o m b i n a t i o n s  

1. The Nodal S y n c h r o n i z e r  

F i g u r e  7 shows a  s i m p l i f i e d  f u n c t i o n a l  b l o c k  d i a g r a m  
of  t h e  noda l  s y n c h r o n i z e r .  The w e i g h t  and sum f u n c t i o n  i s  
u t i l i z e d  i n  mutua l  c o n t r o l  s y s t e m s  a s  w e l l  as d i r e c t e d  s y s -  
tems u t i l i z i n g  t h e  P R C  f e a t u r e  a l t h o u g h  t h e  i m p l e m e n t a t i o n  
w i l l  be c o n s i d e r a b l y  d i f f e r e n t  f o r  t h e  two c a s e s .  Under 
mutual  c o n t r o l  a1 1 a v a i l a b l e  r e f e r e n c e s  a r e  normal l y  s e l e c t -  
ed  e x c e p t  t h a t  f a i l e d  r e f e r e n c e s  must  be d e s e l e c t e d .  P ro -  
v i s i o n s  a r e  made f o r  e i t h e r  a V C X O  which i s  d i r e c t l y  coti- 
t r o l l e d  by t h e  l o o p  f i l t e r  o u t p u t  o r  an a t o m i c  c l o c k  whose 
o u t p u t  i s  i n d i r e c t l y  c o n t r o l l e d  by means o f  an o u t b o a r d  p h a s e  
s t e p p e r .  The p h a s e  d e t e c t o r ( s )  was modeled a s  an e x t e n d e d  
r a n g e  l i n e a r  d e v i c e .  The l o o p  f i l t e r  was one o f  two t y ~ e s ,  a h a v i n g  t r a n s f e r  f u n c t i o n  - o r  S+h. The p h a s e  l o c k e d  \ o o p  

s-ta s 
emp loy ing  a  l o o p  f i l t e r  o f  t h e  f i r s t  t y p e  r e s u l t s  i n  a  t y p e  
1 l o o p  w h i l e  one  emp loy ing  a  l o o p  f i l t e r  o f  t h e  s e c o n d  t y p e  
r e s u l t s  i n  a  t y p e  2 l o o p .  The t y p e  1 l o o p  t r a c k s  a  c o n s t a n t  
f r e q u e n c y  o f f s e t  ( l o c a l  c l o c k ' s  n a t u r a l  f r e q u e n c y  o f f s e t  
f rom r e f e r e n c e  f r e q u e n c y )  w i t h  a c o n s t a n t  n o n z e r o  e r r o r  s i y -  
n a l  o u t  o f  t h e  p h a s e  d e t e c t o r .  The t y p e  2 l o o p  t r a c k s  ;I 
c o n s t a n t  f r e q u e n c y  o f f s e t  w i t h  a  c o n s t a n t  z e r o  e r r o r  s i g n a l  
o u t  o f  t h e  p h a s e  d e t e c t o r .  I n  o r d e r  t o  a v o i d  ne twork  i n s t a -  
b i l i t y  p rob l ems  o n l y  t h e  t y p e  l l o o p  w a s  u t i l i z e d  w i t h  t h e  
mu tua l  c o n t r o l  f e a t u r e .  E i t h e r  t h e  t y p e  1 o r  t y p e  2 l o o p  
may be u sed  w i t h  t h e  d i r e c t e d  c o n t r o l  f e a t u r e  b u t  t h e  s imu-  
l a t i o n s  were  run a l m o s t  e x c l u s i v e l y  w i t h  t h e  t y p e  2 l o o p  



b e c a u s e  i t s  p e r f o r m a n c e  i s  c l e a r l y  s u p e r i o r  t o  t h a t  o f  t h e  
t y p e  1 l o o p .  F i g u r e  8 shows a b a s e l i n e  model f o r  t h e  p h a s e  
l o c k e d  l o o p .  F o r  a d e t a i l e d  e x p l a n a t i o n  o f  s u c h  d e v i c e s  s e e  
t u t o r i a l  p a p e r s  and  k8]. From t h i s  model t h e  f o l l o w -  
i n g  t r a n s f e r  f u n c t i o n s  f o r  t h e  t y p e  1 and t y p e  2 l o o p s  can  
be d e r i v e d :  

1 2 ~  ( 5 )  L, , 2 

where  , = VW and !: = Y'- 

where  &, = a n d  .: = Y1v 
T a b l e  1 s h o w s  t h e  l o o p  p a r a m e t e r s  used  i n  t h e  s i m u l a t i o n .  

T A B L E  1 

Loop P a r a m e t e r s  f o r  S i m u l a t i o n  

Type 2-DC-Quar tz  
Type 2-DC-Cesi u t ~ i  
Type 1-DC&MC-A? 1 

2 .  Network T o p o l o g y  

The t o l j o l o g y  o f  t h e  n e t w o r k  used  i n  3 1 1  s i r ~ u l a t i o n s  
i s  shown i n  F i g u r e  9 .  I t  , , a s  c h o s e n  + o  r e ; ~ r e s e t i t  a s k e l e t o ~  
o f  t h e  DCS n e t w o r k  i n  t h a t  l i n k  d i s t a n c e s  were  c h o s ~ n  s i m i -  
l a r  t o  t h o s e  t h a t  111 '11  a c t u a l l y  be u t i l i z e d  . n  t h e  DCS n e t -  
work .  The f o u r  g a t e w a y  nodes  w e r e  3F(.ulned l o  c o n n e c t  b e -  
tween  t h e  N o r t h  American a n d  European  cof i t . i v i en t s .  

3 .  Normal Link and Nodal V a r i a t i o n s  

The normal  1  i n k  v a r i a t i o n s  were  1 -ode led  a s  s i n u s o i d a l  
l e n g t h  v a r i a t i o n s  a b o u t   he noll~ir ial  ? ? n q t i . i .  F 1 1  e x c e p t  t h e  
t r o p o  1 i n k s  w e r e  lliodeled w i t h  a p e r i o d  o f  c t ; e  d a v .  M e a s u r e -  
ment  j i t t e r  t e r n i s  were  added  f o r  e-IcP,  l i n k  d o d  e a c n  l o d e  f o r  
some o f  t h e  s i n l u l a t i o n  r u r i s .  I n i t i a l  f r e q u e r c y  o f f s e t  was 
assumed f o r  e a c h  c l o c k  t o  g i v e  an i ~ i t i a l  L r a n s i e n t .  Q u a r t z  
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: ' a b l e  2 

Normal L i n k  d n r l  N o d a l  i a r i a t . i o n s  

L I N K S :  

L i n k  T y p e  - 
M i c r o w a v e  

C a b 1  e  

S a t : e l l  i t e  

T r o p o  

1,- Measi?ren;e t i t  
Zi t t e r  

where  D r = L ' ,  ~ , d = 7 . 3 x l C - \ i . a d / s ,  5 i . 1 0 - ~  r a d / s  a n c  ~ ~ ; ~ i o r n i n a l  

l i n k  d i s t a n c e  

N O D E S :  

Node  I i u n i b e r s  

1 , 2 , 1 3 ,  & 14  

3 , 4 , 5 , 6 , 7 , 8 , 1 5  & l6 

9 , 1 0 , 1 1 , 1 % , 1 7 , i 8 , 1 9 ,  & 2 C  

I G  M e a s t ~ r e m e n t  
J i t t e r  - 

1 0  

Noda l  v a r f  a n c e  a n d  w e i g t ~ t , i n c  f d c t . c i *  c a l c u l a ~ i o ~  

.>li' i s  t h n  v a r i a n c r  r j s s o c i a i : e d  ~ ' i t k  t h e  l7 : r !k  b f t w r ? r  ! h c  

r e f e r e n c e  n o d e  a r i d  t h e  I c c a i  n o d e  ar;a z I l i  i P t e  c l c d a l  v a r i a r ~ c e .  



T a b l e  3 

G e n e r a l  S t r e s s  S c e n a r i o  

A p p l y  i n i t i a l  t r a n s i e n t  t o  a l l  n o d e s  

A p p l y  n o r m a l  l i n k  d e l a y  v a r i a t i o n s  t o  a l l  l i n k s  

A p p l y  c l o c k  d r i f t s  t o  a l l  q u a r t z  c l o c k s  

5 0 0 0 0  s  - Node  6 c l o c k  s t a r t s  r a m p  i n c r e a s e  i n  f r e q u e n c y  o f  
1 . 1 6  x 1 0 - 1 4  x f o  p e r  s e c o n d  a n d  c o n t i n u e s  u n t i l  
7 5 0 0 0  s e c o n d s .  

6 0 0 0 0  s - Node  1 3 ' s  c l o c k  niakes  s t e p  d e c r e a s e  i n  n a t u r a l  f r e q u e n c y  
o f  3 x 1 0 - 1 1  x f o .  

7 5 0 0 0  s  - Node  6 ' s  c l o c k  b e g i n s  r a m p  d e c r e a s e  o f  1 . 1 6  x 1 0 - 1 4  x 
f o  p e r  s e c o n d  a n d  c o n t i n u e s  u n t i l  1 0 0 0 0 0  s e c o n d s .  

1 0 0 0 0 0  s - Node  1 3 ' s  c l o c k  makes  s t e p  i n c r e a s e  o f  3 x 1 0 - l 1  x f o  
i n  n a t u r a l  f r e q u e n c y .  

1 5 0 0 0 0  s - L i n k  6 - 5  f a i l s .  

Node  5 f r e e  r u n s  u n t i l  1 5 0 3 0 0  s e c o n d s  a n d  t h e n  r e f e r -  
e n c e s  Node  7  if s e l f - r e o r g a n i z i n g .  

Node  5 f r e e  r u n s  u n t i l  1 6 0 8 0 0  s e c o n d s  i f  n o n s e l f -  
r e o r g a n i z i n g . .  

2 0 0 0 0 0  s - L i n k  1 - 2  f a i l s .  

Node  2 f r e e  r u n s  u n t i l  2 0 0 3 0 0  s e c o n d s  i t  r e f e r e n c e s  
Node  6 i f  u s i n g  s e l f - r e o r g a n i z a t i o n ,  i t  f r e e  r u n s  t o  
2 1 0 8 0 0  s e c o n d s  f o r  n o n s e l  f - r e o r g a n i  z a t i  o n .  

2 5 0 0 0 0  s  + Node  1 3  f a i l s  

Node  1 6  f r e e  r u n s  u n t i l  2 5 0 3 0 0  s e c o n d s  a t  w h i c h  t i m e  
i t  r e f e r e n c e s  Node  1 5  i f  u s i n g  s e l f - r e o r g a n i z a t i o n .  

I t  f r e e  r u n s  t o  2 7 1 6 0 0  s e c o n d s  i f  u s i n g  n o n - s e l f  
r e o r g a n i z a t i o n .  

M o n i t o r :  N o d e s  5 ,  G ,  7,  2 ,  11, 1 3 ,  1 6 ,  17, 1 5 ,  a n d  3  

L i n k s  7 - 5 ,  1 - 6 ,  1 - 7 ,  6-2, 5 - 1 1 ,  1 - 1 3 ,  1 3 - 1 6 ,  1 6 - 1 7 ,  
1 4 - 1 5 ,  a n d  2 - 3 .  



T a b l e  4 

F e a t u r e  C o n ~ b i n a t i c n s  f o r  S i m u l a t i o n s  

1. D i r e c t e d  c o n t r o l  w i t h  T y p e  I l o o p  ( i ~ u t u a i  s y r i c  : o c i ~ :  p a r a m e t e r s ) .  

2 .  D i r e c t e d  c o n t r o l  w i t h  T y p e  2 l o o p .  

3 .  M u t u a l  c o n t r o l  w i t h  e q u a l  w e i g h t i n g .  

4 .  M u t u a l  c0nt. t-01 w i t h  u n e q u a l  w e i g h t i n g .  

5 .  M u t u a l  c o n t r o l  w i t i l  a  !!!aster a n d  e q u a l  w e i g h t i t - ! g  

6 .  M u t u a l  c o n t r o l  w i t h  a  m a s t e r  a n d  u n e q u a l  w e i ? h t l n q  

7 .  M u t u a l  c o n t r o l  w i t h  d r o n o u t  r ; ~ o o t h i n g  ( a n d  e q u a i  w e i g h t i n g ) .  

8 .  D i r e c t e d  c o n t r o l  w , i  t h  T y p e  2 l o c v  a r i d  d o u b l e - e n d e d .  

9 .  M u t u a l  c o n t r o l  w i t h  e q u a l  w e i g b r i n n  a ~ d  d o u b l e - e n d e d .  . . 

1 0 .  V u t u a l  c o n t r o l  wi t i )  a r ~ ~ a s t e t - ,  u n e q u a l  w e i g h t i n g ,  d r o p o t i t  s m o o t h i n g ,  
a n d  d o u h l  e - e n d e d .  

11. D i r e c t e d  c o n t r o l  w l t i - I  d o u b l e - c , n d e d  a n d  i n d e p e t ! L e n c c  o f  m e a s u r e -  
rr~_ent a n d  c o r r e c c o - n .  

1 2 .  D i r e c t e d  c o n t r o l  w i t h  d o u b l  e - e n d e d ,  i n d e p e n d e n c e  o f  n ) e a s u r e m e n t  
a n d  c 0 r r e c t . i  o n ,  a n d  p h a s e  r e f e r e n c e  c o m b i n i n g .  

S E L F - O R G A N I Z I N G  K U r i S  

1 3 .  l i r e c t e d  c o n t r o l  w i t h  T y p e  1. 

1 4 .  D i r e c t e d  c o n t r o l  d i  t h  doub!  e - e n d e d .  

1 5 .  R e n o a t  Run Pjo. 11 .  

1 6 .  R e p e a t  Run No. 1 2 .  



T a b l e  5 - Summary o f  R e s u l t s  

F e a t u r e  

DC-1-SE 
DC-2-SE 
b1C-EN-SE 
MC-UEW-SE 
NC-M-EN-SE 
MC-M-UEW-SE 
MC-DOS-EN-SE 
D C - 2 - D E  
MC-EN-DE 
MC-M-UEW- DOS-DE 
DC-2-DE-ICEM&C 
DC-2-DE-ICEM&C-PRC 
DC-2-SE- SO 
DC-2-  D E - S O  
DC-2-DE-ICEM&C-SO 
DC-2-DE-ICEM&C-PRC-SO 

1 2  3 4 
P a t h  D e l a y  

C l o c k  E r r o r s  b f a r i  a t i o n s  a n d  
H i g h  L e v e l  C l o c k s  Do N o t  D r o p o u t s  Do N o t  
N o t  D i s t u r b e d  b y  H a r m f u l l y  H a r m f u l l y  
P e r t u r b a t i o n s  a t  P r o p a g a t e  P r o p a g a t e  

F r e q u e n c y  L o w e r  L e v e l  s o f  t o  O t h e r  t o  O t h e r  
A c c u r a c y  N e t w o r k  Nodes  Nodes  S l i p  F r e e  S u r v i v a b l e  

13  1  3 - - - - - - 
12 1  3 1 0  2  ( 6 3  9 
1 5  8 4 1 4  4 ( l o o { *  1 4  
1 6  5 4 1 5 1  4 ( l C O ) *  12 
9 7 3 1 2  4 ( l o o ) *  1 1  

10  6 3  1 3  4 { l o o ) *  1 0  
14  4 4 I 1  4 ( 1 0 0 ) "  1 3  

7 1 3 8 1  ( 1 3 )  6 
8 3 4 9 3  ( 7 3 ) *  7 
3 2 2  7 3  { 7 3 ) *  3 
6 1 It 6 1  ( 1 3 )  5 
5 1 I t  5 1  ( 1 3 )  4 

1 1  1  3 4 2 ( 6 3 )  8 
4 I 2 3 1 ( 1 3 )  3  
2  1 I t. 2 1 ( 1 3 )  2  
I 1  I T  1 1 ( 1 3 )  1 

I n  " S l i p  F r e e "  c o l u m n  n u m b e r s  i n  p a r e n t h e s i s  i n d i c a t e  
b u f f e r  s i z e s  n e e d e d  t o  a v o i d  s l i p s .  

* R e q u i r e s  s p e c i a l  p r o v i s i o n s  w i t h  q u a r t z  c l o c k  t o  
c a n c e l  a c c u m u l a t e d  p h a s e  e r r o r  e v e r y  1 0 0  d a y s .  

t N o t  h a r m f u l  a c c o r d i n g  t o  c r i t e r i o n .  

! P o t e n t i  a1  l y  h a r m f u l  a c c o r d i n g  t o  d e f i n i t i o n .  



Table 5 - Summary of Results 
(Continued) 

7 8 9 10 12 13 11 
Overhead Precise h n i t o r a b i  Ti ty Federal Inter- Selects Cost 

Requirement Time Incre- Standard Operabi l ity Hew Effective 
(Bits/Sec) Avaf lable Hental Overall 1002 #aster TIme 

(% Bf Space 

I .  DC-1-SE -- No Fair Good Fai r  F a i r  No 0.77 395 

2. DC-2-SE 

3.  HC-M-SE 

4 .  K - U E W - S E  

-- Flo Fair Good Fair Fair Id0 0.77 395 

-- No Poor Good Poor Poor No 7.20 594 

-- No Poor Good Poor Poor Ho 7.2C 594 

-- No Poor Good Fair Fa $ r MJ 7.20 594 

-- No Poor Good Fair Fair k 7.20 594 

-- No Poor G o d  Poor Poor Ho 7.20 594 

6 3 Yes Good Good Fair F a i r  No 7 - 2 4  731 

63 MU 
63 Yes 

126 Yes 

171 Yes 

7 6 . 5  No 

139.5 Yes 

202.5 Yes 

247.5 YPS 

Poor 

Poor 

Very Good 

Yery Good 

Good 

Yery Good 

E x c e l  l e n t  

E x c e l l e n t  

b o d  

Good 

Good 

Good 

Good 

Good 

Very Good 

Yery Good 

Poor 

Good 

Good 

Good 

f a i r  

Goad 

Yery Good 

Very Good 

Poor 

Good 

Good 

Good 

Fair 

Good 

Yery Good 

Very Good 

tlo 

Na 

Ho 

No 

Yes 

Ye5 

Yes 

Yes 



harmful v e r s u s  non-har  
c r i t e r i o n  of harmful p 
mari l y  concerned  wi th  
( c l o c k  o r  l i n k )  would 
c a t i o n s  c l o c k  r e c o v e r y  
c l o c k )  o f  a node down 
p r e d i c a t e d  on our  know 
r e c o v e r y  l o o p s  i n  e x i s  
can be d e s i g n e d  t o  han 
speed  by s e l e c t i o n  of 
s i g n a l  t o  n o i s e  r a t i o  
below: 

Using t h i s  c r i t e r i o n  a  
" c l o c k  e r r o r s  do n o t  h 
one c l o c k  e r r o r  of 10 -  
harmful t o  some node o  
t u r e  combina t ions  exce  
t ime a v a i  1  ab i  1 i t y "  co l  
p r e c i s e  t ime  i s  automa 
of f e a t u r e s  b u t  r a t h e r  
e n t s  a r e  p rov ided  t o  s 
s y n c h r o n i z e r  which g i v  
" s e l e c t s  new m a s t e r "  t 
a m a s t e r  node (Runs 5 ,  
m a t i c  s e l e c t i o n  of a  n 
wi th  N O .  However, a r  
of f e a t u r e s  would almo 
a u t o m a t i c  s e l e c t i o n  of 

C o n c l u s i o n s :  

All f e a t u r e s  t e n d  
c a l l y  d e s i g n e d  t o  
t h e  a t t a i n m e n t  of  
t i c s .  

m f u l  p r o p a g a t i o n  of d i s t u r b a n c e s ,  a: 
r o p a g a t i o r ~  was d e r i v e d .  Th i s  was p r i -  
t h e  p robab i  1 i t y  t h a t  a d i s t u r b a n c e  
c a u s e  a b i t  s l i p  i n  t h e  i n p u t  communi- 

loop  ( d i f f e r e n t  from t h e  o u t p u t  nodal 
s t r e a m  f r o m  t h e  d i s t u r b a n c e .  T h i s  w a s  
l e d g e  of t h e  p a r a m e t e r s  of  t h e  c l o c k  
t i n g  D C S  equ ipmen t s .  New equipments  
d l e  d i s t u r b a n c e s  o f  a  g iven  s i z e  and 
t h e s e  p a r a m e t e r s ,  a l b e i t  a t  a p o s s i b l e  
p e n a l i t y .  The c r i t e r i o n  i s  l i s t e d  

D e f i n i t e l y  h a r m f u l .  

7 P o t e n t i a l l y  harmful and i t  c a u s e s  
SNR d e g r a d a t i o n .  

9 U n l i k e l y  t o  c a u s e  o b s e r v a b l e  
problems.  

lo  No e f f e c t s  on s l i p  r a t e  or SNR. 

g a i n s t  t h e  d e s i r a b l e  c h a r a c t e r i s t i c  
a r m f u l l y  p r o p a g a t e  t o  o t h e r  nodes"  
9 p - p  was judged t o  be p o t e n t i a l l y  
f  t h e  network under  each  s e t  of f e a -  
p t  t h e  ones i n d i c a t e d .  In t h e  " p r e c i s e  
umn t h e  YES e n t r i e s  do n o t  mean t h a t  
t i c a l l y  p rov ided  by t h i s  combina t ion  

i n d i c a t e  t h a t  t h e  e s s e n t i a l  i n g r e d i -  
u p p o r t  a n  add-on u n i t  t o  t h e  nodal 
e s  p r e c i s e  t i m e .  In t h e  column t i t l e d  
he mutual c o n t r o l  sys t ems  u t i l i z i n g  
6 ,  and 1 0 )  had no p r o v i s i o n s  f o r  a u t o -  
ew m a s t e r  and t h e r e f o r e  were marked 
e a l  imp1 e m e n t a t i o n  of t h i s  combinat ion  
s t  c e r t a i n l y  r e q u i r e  p r o v i s i o n s  f o r  

a  new m a s t e r .  

t o  do t h e  t h i n g s  which t h e y  a r e  l o g i -  
do. They a l l  p r o v i d e  c o n t r i b u t i o n s  t o  
s u b s e t s  of t h e  d e s i r a b l e  c h a r a c t e r i s -  



D i r e c t e d  and mutua l  c o n t r o l  t e n d  t o  p r o v i d e  f o r  a s y n c h r o -  
n i z e d  n e t w o r k  w i t h  l o n g  t e r m  f r e q u e n c y  a v e r a g e s  a t  e a c h  
node  t h e  same a s  or  v e r y  c l o s e  t o  t h e  n e t w o r k  f r e q u e n c y .  
A d d i t i o n a l l y ,  d i r e c t e d  p r o v i d e s  f o r  l o n g  t e r m  z e r o  a v e r -  
a g e  p h a s e  e r r o r  and c o n t a i n s  d i s t u r b a n c e s  i n  t h e  b r a n c h  i n  
which t h e y  o c c u r  and o n l y p r o p a g a t e s  them downward.  

D o u b l e - e n d e d  removes  p a t h  d e l a y  v a r i  a t ' o n s .  

Smooth ing  removes  u n d e s i r a b l e  l a r g e  f r e q u e n c y  s p i k e s  d u e  
t o  s t e p  c h a n g e s  i n  r e f e r e n c e  p h a s e .  

M a s t e r  i n  m u t u a l  s y s t e m  p r o v i d e s  d e f i n i t e  n e t w o r k  f r e -  
q u e n c y .  Unequal  w e i g h t i n g  i n  rriutual s y s t e m  t e n d s  t o  ini- 
p r o v e  s h o r t  terrri a c c u r a c y  b u t  c a n  c a u s e  l a r g e r  t r a n s i e n t s  
w i t h  l i n k  a n d  n o d a l  f a i l u r e s .  

I C E M & C  r emoves  d i s t u r b a n c e s  d u e  t o  i n d e p e n d e n t  c l o c k  
e r r o r s  i n  a b r a n c h  o f  n o d e s .  

P h a s e  r e f e r e n c e  c o n i b i n i n g  i s  e f f e c t i v e  i n  c o m b a t i n p  
rneasurerrient j i t t e r  a n d  a l s o  d e c r e a s e s  e x p e c t e d  p e r c e n t a g e  
o f  t i m e  t h a t  nodes  may be w i t b o u t  a r e f e r e n c e  d u r i n g  
p e r i o d s  o f  s t r e s s .  

The s i m u l a t i o n s  were  p e r f o r m e d  w i t h  l in i i  Led n e t w o r k  s i z e  
and c o n n e c t i v i t y  and f o r  v e r y  l i ~ l - l i t e d  run t i m e .  With 
l a r g e r  n e t w o r k s  and c o n n e c t i v i t y  and t i~uc t~  l o n g e r  run t i m e  
t h e  e x p e c t e d  b e n e f i t s  f rom t h e  a d d i t i o n a l  f e a t u r e s  w i l l  
be a c c e n t u a t e d .  

P r o v i s i o n s  f o r  a d d i t i o n a l  f e a t u r e s  ( o v e r  and a b o v e  mutual  
o r  d i r e c t e d  c o n t r o l )  d o e s  n o t  seem e x c e s s i v e  i n  t h a t  
o v e r h e a d  d a t a  r e q u i r e t l i e n t s  a r e  q u i t e  s rval l  a n d  p r o c e s s o r  
t in ie  and s t o r a g e  s p a c e  i s  srnal 1 i n  c o l n p a r i s o n  w i t h  t h e  
c a p a b i  1 i t i e s  o f  p r e s e n t l y  a v a i  l a h l e  t r i i c rocornpu te r s .  

The mos t  s t r i k i n g  of  t h e  a d d i t i o n a l  f e a t u r e s  i s  t h e  
d o u b l e - e n d e d  r e f e r e n c e  l i n k s .  

A l t h o u g h ,  a c c o r d i n g  t o  t h e  d e f i n i t i o n  o f  h a r m f u l  t r a n s -  
i e n t ,  most  o f  t h e  d i s t u r b a n c e s  d u e  t o  c l a c k  e r r o r s  o r  
p a t h  d e l a y  v a r i a t i o n s  a n d  d r o p o u t s  e x p e r i e n c e d  i n  t h e  
s i m u l a t i o n  were  j u d p e d  t o  be n o n - h a r m f u l  t h e s e  e v e n t s  
w e r e  m o s t l y  i s o l a t e d  arid t h e i r  a n p l  i t u d e s  w e r e  c h o s e n  
t o  r e p r e s e n t  t y p i c a l  e v e n t s .  I n  a r e a l  s t r e s s e d  e n v i r -  
onment i t  i s  p o s s i b l e  t h a t  s e v e r a l  s u c h  e v e n t s  c o u l d  
o c c u r  c l o s e l y  enough t o q e t h e r  i n  t i r r e  a n d  a t  t h e  c o r r e c t  
p o i n t s  i n  t h e  n e t w o r k  t o  be  h a r r n f u l .  The t a b u l a r  sumrriary 



i n d i c a t e  
t o  such 

s t h e  c o m b i n a t i o n s  
t h r e a t s .  

of f e a t u r e s  l e a s t  v u l n e r a b l e  

P r e c i s e  
scheme o  
ended l i  
which t h  
phase an 
improve 

Without 
t r o l  s y s  
c u l t .  P 
s u r v i v a b  
a l s o  r e q  

A d i s t u r  
network 

In o r d e r  
sys tem 1 
The d i s a  

1 .  Type 
non- 

2 .  Type 
non- 
phas 

3 .  The 
s h o r  

4 .  Char 
prov 
l i f e  
f r e q  

E r r o r  hi 
a  comple 
w e i g h t i n  
mance a t  
i t  more 
i n t e r v a l  
v i v a b i l  i  
1 e s s e n s  

t ime  can be p r o v i d e  
f c o n t r o l  t h a t  has 
nks .  The add-on do 
e nodal s y n c h r o n i z e  
d f r e q u e n c y .  Addi t  
t h e  a c c u r a c y  of d i s  

a  m a s t e r  t h e  networ 
tem may wander whic 
r o v i s i o n  of a  mas te  
i l i t y  of t h i s  metho 
u i r e d  t o  au torna t ica  

bance o c c u r r i n g  any 
p r o p a g a t e s  t o  a l l  n 

t o  e n s u r e  network 
i m i t a t i o n s  a r e  p l a c  
d v a n t a g e s  a r e  a s  f o  

1 loop t r a c k s  cons 
z e r o  phase  e r r o r .  
1 l o o p  t r a c k s  cons 

z e r o  f r e q u e n c y  e r r 0  
e e r r o r .  
above two c h a r a c t e r  
t te rm a c c u r a c y  of 
a c t e r i s t i c  2 .  above 
i s i o n s  f o r  d r i f t i n g  
t ime  o p e r a t i o n ,  pe r  
uency,  o r  o t h e r  mea 

s t o r y  a t  each node 
x f u n c t i o n  i n v o l v i n  
g s ,  s t r e s s  e v e n t s ,  

a l l  o t h e r  nodes of 
d i f f i c u l t  t o  d e v i s e  
s when a  r e f e r e n c e  
t y  i s  d e c r e a s e d .  T 
t h e  u t i l i t y  of moni 

d a s  an add-on f e a t u r e  t o  any 
a  m a s t e r  and u t i l i z e s  d o u b l e -  
e s  n o t  a f f e c t  t h e  manner i n  
r  c o n t r o l s  t h e  l o c a l  c l o c k ' s  
i o n a l  f e a t u r e s  may be used t o  
semina ted  t i m e .  

k f r e q u e n c y  of t h e  mutual con-  
h makes i n t e r o p e r a t i o n  d i f f i -  
r  would t h e n  d i l u t e  " c l a i m e d "  
d of  c o n t r o l .  Overhead i s  
I l y  s e l e c t  a1 t e r n a t e  m a s t e r s .  

where i n  t h e  mutual c o n t r o l  
odes of t h e  ne twork .  

s t a b i l i t y  i n  a  mutual c o n t r o l  
ed on t h e  t y p e  of  nodal l o o p .  
l l o w s :  

t a n t  f r e q u e n c y  o f f s e t  w i t h  

t a n t l y  d r i f t i n g  c l o c k  wi th  
r and c o n s t a n t l y  i n c r e a s i n g  

i s t i c s  t e n d  t o  d e g r a d e  t h e  
t h e  ne twork .  

i n d i c a t e s  need f o r  s p e c i a l  
c l o c k s ,  s i z e  b u f f e r  f o r  

i o d i c  a d j u s t m e n t  of n a t u r a l  
n s .  

i n  mutual c o n t r o l  sys tem i s  
g network t o p o l o g y ,  r e f e r e n c e  
and i n d i v i d u a l  c l o c k  p e r f o r -  

t h e  ne twork .  T h i s  makes 
a  c o n t r o l  s t r a t e g y  d u r i n g  

i s  n o t  a v a i l a b l e .  Thus ,  s u r -  
h i s  complex h i s t o r y  a l s o  
t o r e d  p a r a m e t e r s  a t  each node. 
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F i g u r e  7 :  F u n c t i o n a l  B l o c k  D i a g r a m  f o r  Noda l  S y n c h r o n i z e r  

F i g u r e  8 :  B a s e l i n e  P h a s e  L o c k e d  Loop  Model 





F i g u r e  10 - L'Facc p l c t  f o r  d i r e r : t ~ j  cuntr-s i  ttl  typr  2 l o o p  
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F igure  12 - f'hasc p l c t  f o r  d i r ec t ed  iof i t1.01 w l t h  1 . y ; ; ~  ? loop 
aqd doup!?-cnd?d. G t a t - r j i  : t ress :c??ario.  

F i g u r e  13 - F r e ~ u e q i y  ;> lo t  f u r  d i r e c t e d  c o r ~ t r o l  with t ype  2 
loop and dobhle-c'nrled. Ge!lcrdl s t r z s r  s c ~ r t d r i o .  

ended, i n d e p r q d e n c ~  o f  roeasurement hrrd c o r r e c t i o n ,  
phase r e f e r e n c e  cuincininij an(! sc i i  a ~ ' q , i n i z i n g .  
General s t r e s s  sce l? r r io  ( w i t t  f i t ~ e r j  . 

F i g u r e  15 - Frec;~ency ? l o t  f o r  A i rpc ted  c o n t r o l  v . i t r ~  double- 
ended, inde;;eeicence o f  r ,e~sur?in?nt and  c o r r e c -  
t i o n ,  uha&e r e i e r z n c e  cor,il-ining dw! self' 
organ iz ing .  Senera1 :tress scenar io  ( w l  t h  j i t t e r )  
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QUESTIONS AND ANSWERS 

MR. DAVID OWOLO, Western Union:  

Most  o f  t h e  ne tworks  t h a t  b o t h  y o u  and Ron touched  on t o d a y  used 
p r i m a r i l y  t e r r e s t r i a l  l i n k s  f o r  c a r r y i n g  e i t h e r  c o n t r o l  o r  r e f e r e n c e  
i n f o r m a t i o n  t o  t h e  v a r i o u s  nodes, be t h e y  mas te r  o r  s l a v e .  What 
e f f e c t s  do s a t e l l i t e  t r a n s m i s s i o n  l i n k s  have on any o f  t h e  systems 
y o u  have d i s c u s s e d ,  and a r e  t h e r e  any s p e c i a l  t e c h n i q u e s  t h a t  a r e  
more a p p l i c a b l e  to s a t e l l i t e  l i n k e d  ne tworks  t h a n  t h e y  a r e  t o  
t e r r e s t r i a l  ne tworks?  

MR. W I L L I A R O :  

I d i d  t o u c h  on t h e  f a c t  i n  t h e  f i r s t  phase d iag ram I showed t h a t  
t h e r e  were s a t e l l i t e  1 i n k s  assumed i n  t h r e e  p l a c e s  i n  o u r  ne twork .  
The b i g  phase v a r i a t i o n s ,  t h e  26 microseconds w h i c h  I showed on t h a t  
f - i r s t  phase p l o t ,  were e s s e n t i a l l y  t h e  r e s u l t  o f  t h e  d i u r n a l  v a r i a -  
t i o n s  o f  t h e  v e r t i c a l  d r i f t  o f  s a t e l l i t e s  i n  t h e  d i r e c t e d  c o n t r o l  
p a t h  t o  t h o s e  nodes. 

The use o f  doub le  endedness can v i r t u a l l y  e l i m i n a t e  t h o s e  s l o w  
speed v a r i a t i o n s  and n o t  o n l y  t h e  phase v a r i a t i o n s  b u t  t h e  f r e q u e n c y  
v a r i a t i o n s  a l s o  d i sappeared  i n  t h a t  second s e t  o i  g raphs.  The sim- 
p l e  use o f  d i r e c t e d  c o n t r o l  w i l l  v i r t u a l l y  e l i m i n a t e  t h e  e f f e c t s  
t h a t  s a t e l l i t e s  have upon t h e  d i s t r i b u t i o n  and t i m i n g .  

DR. HARRIS A .  STOVER, Defense Communications Agency: 

Now y o u  have seen, I t h i n k ,  t h a t  t h e  mutua l  i s  n o t  t h e  f i r s t  c h o i c e  
p r o b a b l y ,  and wha teve r  c h o i c e  y o u  make between d i r e c t e d  c o n t r o l  and 
mu tua l  , i t  i s  genera l  l y  bene f  i c i a 1  t o  add t h e  a d d i t i o n a l  f e a t u r e s  
a f t e r  y o u  have made t h a t  c h o i c e .  




