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ABSTRACT 

A two-way t i m e  s y n c h r o n i z a t i o n  exper iment  w a s  per -  
formed i n  t h e  sp r ing  o f  1979 and 1980 v i a  t h e  I t a l -  
ian SITt10-1 e x p e r i m e n t a l  t e l ecommunica t ions  s a t e l -  
l i t e .  

The exper iment  w a s  des igned  and  implemented by t h e  
Istituto E l e t t r o t e c n i c o  Naz iona le ,  Tor ino  ( I t a l y ) ,  
t o  p r e c i s e l y  m o n i t o r  t h e  s a t e l l i t e  m o t i o n  and t o  
e v a l u a t e  t h e  p o s s i b i l i t y  of  pe r fo rming  a h igh-prec i -  
s i o n ,  two-way t i m e  s y n c h r o n i z a t i o n  u s i n g  a s i n g l e  
communication c h a n n e l ,  t ime-shared  between t h e  par-  
t i c i p a t i n g  s i t e s .  

The r e s u l t s  o f  t h e  exper iment  show t h a t  t h e  p r e c i -  
s i o n  of t h e  t i m e  s y n c h r o n i z a t i o n  i s  between 1 and 
5 ns, w h i l e  t h e  e v a l u a t i o n  a n d  c o r r e c t i o n  o f  t h e  
s a t e l l i t e  mot ion  e f f e c t  h a s  been performed w i t h  an 
accuracy of a f ew  nanoseconds  o r  b e t t e r  o v e r  a t i m e  
i n t e rva l  from 1 up t o  2 0  seconds  

INTRODUCTION 

The principal f e a t u r e s  of t h e  SIZIO-1 t i m e  s y n c h r o n i z a t i o n  
exper iment  c a n  be briefly summarized as f o l l o w s :  
- the exper iment  was d e s i g n e d  t o  p r e c i s e l y  m o n i t o r  t h e  satel- 

l i t e  motion and t h e  e f f e c t s  o f  t h i s  mot ion  on t h e  t i m e  syn -  
c h r o n i  z a t  i o n  a c c u r a c y  ; 
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- t h e  time synchronization i s  performed using t h e  two-way 
time synchronization technique and a single communication 
channel,  time-shared between the two s i t e s ;  

- t h e  experiment t e s t s  a new technique t h a t  h a s  been proposed 
t o  co r rec t  f o r  t h e  s a t e l l i t e  motion e f f e c t  w h i l e  performing 
t h e  time synchronization; 

- by using a single communication channel, no e f f e c t s  a f fec t -  
ing  t h e  accuracy o f  t h e  time synchronization at t h e  : ns 
l e v e l  a r e  due t o  t h e  space segment (from one ground anten- 
na t o  t h e  o t h e r ) ,  thanks t o  t h e  high f requencies  used f o r  
t h e  RF c a r r i e r s ;  

- t h e  time s i g n a l s  used allow t h e  independent determination 
of  t h e  u n c e r t a i n t i e s  o f  t h e  t ime-of-arrival measurement s 
at the  two s ta t ions ,  t o  separate t h e  con t r ibu t ion  of  each 
s t a t i o n  t o  t h e  total p r e c i s i o n ,  

This  last f e a t u r e  can be important t o  unders tand  t h e  cont r i -  
b u t i o n  of l o c a l  phenomena (ground equipment, atmospheric con- 
d i t i o n s  a f f e c t i n g  t h e  signal a t t enua t ion ,  e s p e c i a l l y  r a in ,  
e t c  , ) t o  t h e  synchronizat ion p r e c i s i o n ,  

CII;GAl\ll Z A T I O N  OE' TIIE EXPEEI?JETJT 

A d e t a i l e d  d e s c r i p t i o n  i s  given i n  r e f .  1 .  Only a P e w  remarks 
a r e  given h e r e ,  mainly f o r  re ference  p u r p o s e s .  

Two ground s t a t i o n s ,  B'ucino and Liario ( f i g .  1 ) ,  p a r t i c i p a t e  
t o  t he  experiment. Bo th  s i t e s  are i n  I t a l y ,  i n  the north- 
ern  (Ilario) and i n  t h e  c e n t r a l  p a r t  ( F u c i n o )  o f  t h e  country;  
one IEN Cesium c lock  w a s  i n s t a l l e d  a t  each s i t e .  

Fucino (fig. 2 )  t r a n s m i t s  i t s  t i m e  signal a t  0 seconds o f  t h e  
synchronization frame (Fucino t i m e ) ,  a c t i n g  as s t a t i o n  ' A ' ,  
while Lario t r a n s m i t s  i t s  own signal a t  0.5 s ( L a r i o  t i m e ) ,  
ac t ing  as  s t a t i o n  'B'. 

Two times-of-reception a r e  then  measured a t  each s i t e ;  w i t h  
reference t o  fig. 3,  these  a r e  T4 and T at  Fucino and 'TI 3 
and T5 a t  L a r i o  (we have no need to measure To and T 2  s ince 
these  a r e  known). 



I To s i m p l i f y  t h e  n o t a t i o n  and for a b e t t e r  u n d e r s t a n d i n g ,  we 
I may n o t e  t h a t  T4 - To i s  t h e  t i m e  o f  p r o p a g a t i o n  o f  t h e  t i m e  
I 

signal f r o m  Fucino t o  Fuc ino ,  TI - TO i s  ( n e g l e c t i n g  f o r  now 
I E) t h e  t i m e  o f  p r o p a g a t i o n  f rom Fuc ino  t o  L a r i o ,  e t c  ., so we 
I can write: 

( * )  l o c a l  t i m e  r e f e r e n c e  

T(FF), T(TL), T(LF) and  T(LL) a r c  t h e  ac tua l  r e s u l t s  of  t h e  
t i m e  measurements  a t  t h e  two s i t e s  r e x c e p t  f o r  t h e  subtrac- 
t i o n  o f  0.1 s, r e s u l t i n p  from t h e  hardware  i m p l e m e n t a t i o n ,  
see  r e f .  1 7  and w i l l  be used  i n  any f o l l o w i n g  c o m p u t a t i o n .  

Two d a t a  t y p e s  a r e  c o n s i d e r e d :  pseudo-range d a t a ,  such as 
'II(FF) and T ( Z L ) ,  that a r e  t h e  t i m e  i n t e r v a l s  measured against 
t h e  same t i m e  r e f e r e n c e ,  and s y n c h r o n i z a t i o n  data, such as 
T ( X )  and 'Y'(FS) ; t h e  s t a r t i n g  a n d  end ing  t i m e s  o f  t h e  l a t t e r  
i n t e r v a l s  a r e  measured w i t h  r e f e r e n c e  t o  d i f f e r e n t  c l o c k s .  

Data format 

A c t u a l l y ,  each  one o f  t h e  values l i s t e d  i n  ( 1 )  r e s u l t s  from 
t h e  measurement p r o c e s s  as  t h e  mean o v e r  t e n  independent 
measu remen t s :  a rough data f i l e  i s  shown i n  f i g .  5 .  Each 
t i m e  o f  a r r iva l  i s  t h e n  e v a l u a t e d  as t h e  a r i t h m e t i c  mean of 
t h e  measured data. The d a t a  i s  r e j e c t e d  i f  t h e  associated 
standard d e v i a t i o n  i s  l a r g e r  than 100 n s ;  however ,  l e s s  than 
0.5 of  t h e  d a t a  was r e j e c t e d  because t h e i r  s t a n d a r d  devia- 
t i o n  w a s  e x c e e d i n g l y  l a r g e .  Sn t h e  average, the s t a n d a r d  de- 
v i a t i o n  f o r  each o f  t h e  t i m e - o f - a r r i v a l  e v a l u a t i o n s ,  based 
on t e n  d a t a  v a l u e s ,  i s  i n  t h e  r m g e  10 t o  -)O ns. 

The bas i c  s y n c h r o n i z a t i o n  f r ame  lasts 1 s and i s  r e p e a t e d  
e ,very 10 s ;  d u r i n g  t h e  1979 s e r i e s  o f  n e a s u r e a e n t s ,  small 
groups of d a t a  ( 1~ t o  15 measurement f raaes)  :./ere r 'ecorded 
seauentially, t o  c h a r a c t e r i z e  t h e  p e r f o m a ~ c e  o f  t h i s  t ech-  
niaue o v e r  t i m e  i n t e r v a l s  o f  10C t o  1"; s e c o n d s :  this was 
actually p e r f o r m e d  a l s o  to v e r i f y  t h e  ass~1mption o f  a Linear 
m o t i o n  of  the s a t e l l i t e  and t h e  v a l i d i t y  o f  the c o r r e c t i o n  
used ( s e e  e u .  ( ' 7 )  t o  ( I C ; ) ,  r e f .  1 )  o v e r  this tine i n t e u v a l .  



During 1980 a second series of measurements were per- 
formed over  longer  t i m e  intervals (up t o  1 6  m i n u t e s ) ;  t h e  
comparison between t h e  r e s u l t s  obtained v i a  t h e  s a t e l l i t e ,  
t h e  TV method and p o r t a b l e  c lock  t r i p s  a r e  shown i n  fig. 6 ,  
where c t  is t h e  d i f f e r e n c e  between t h e  two atomic c l o c k s  
l o c a t e d  at t h e  ground s i t e s .  An expanded view over  f o u r  con- 
s e c u t i v e  days of s a t e l l i t e  measurements i s  g iven  i n  f i g .  7 .  

The o v e r a l l  accuracy o f  t h e  c l o c k s  comparison w a s  e s t ima ted  
t o  be between 50 and 100 ns, wi th  r e f e r e n c e  t o  some p o r t a b l e  
c lock  comparisons. 

Synchronizat ion e s t i m a t e  ( T  = 1 s )  

The c l o c k s  d i f f e r e n c e  & t  at  t h e  t ime  t ,  de f ined  as: 

i s  g iven  ( s e e  r e f .  3 ) ,  over  t h e  b a s i c  synch ron iza t i on  frame 
t ime  i n t e r v a l  t ( r  = 1 s), by t h e  equat ion:  

T~(FL) - T~(LF) 
( 3 )  E ( f  = 1 S) = t 

+ ( 0 . 5 )  -C 
2 

s i n c e  (t2-t,) i s  0.5 s ( s e e  f i g .  3 ) .  

The range-ra t  e c o r r e c t i o n  C t o  E t ,  as de f ined  i n  r e f .  1 ,  i s  
c o m ~ u t e d  as: 

The magnitude of  C was usually found t o  be i n  the  range 
244 nsls, y i e l d i n g  a range r a t e  c o r r e c t i o n  of  1 t o  2 n s  over  
t h e  bas ic  frame. 

A n  e s t i m a t e  o f  i s  ob ta ined  by t a k i n g  t h e  a r i t h m e t i c  mean 
of a number of succes s ive  d a t a  (from 100 s up t o  16 minutes).  
If E would be c o n s t a n t  over  t h i s  measurement in t  emral,  t h e n  
t h e  s t anda rd  d e v i a t i o n  U ( E )  o f  t he  data would be r e l a t e d  t o  
t he  p r e c i s i o n  of t h e  method. 

The evaluation of E and U(E ) i s  c a r r i e d  on by app ly ing  a 
3-sigma width  f i l t e r ;  that is ,  t h e  E t v a l u e  i s  r e j e c t e d  i f  
t h e  r e s i d u a l  I 6-ct 30. ; i f  any a h a s  been r e j e c t e d ,  a new 



E and a (E ) a r e  evaluated using t h e  remaining data. 
T h i s  p rocedure  i s  r e p e a t e d  u n t i l  no more d a t a  a re  r e j e c t e d ;  
usua l ly  t h i s  f i l t e r  r e j e c t s  l e s s  than  t h e  5,: of t h e  a v a i l a b l e  
data. 

Assuming a normal d i s t r i b u t i o n  of t h e  data, t h e  one-sided 
e s t i m a t e d  e r r o r  l 6 & (  i n  t h e  de t e rmina t i on  o f  F i s  g i v e n ,  w i t h  
t h e  99.5$ c o n f i d e n c e ,  a s :  

The magnitude of &E , when i s  computed over  50 t o  100 data 

~ t ,  ranges u s u a l l y  between 1 and 5 ns ( s e e  f i g .  7 and f i g .  8). 

The c a p a b i l i t y  t o  look  a t  t h e  p r e c i s i o n  o f  t h e  method o v e r  
short  t i m e  i n t e r v a l s  i s  demonst ra ted  by fig. 8 a n d  f i g .  3, 
where two-hours d a t a  are p l o t t e d ,  t o g e t h e r  w i t h  an unweighted 
least-squares fit o f  t h e  a v a i l a b l e  data.  

As it can be s e e n ,  t h e  average e r r o r  o f  the f i t  i s  q u i t e  srnal'l, 
less than  1 .5 ns .  

Expanded t ime  synch ron i za t i on  frame (t = I ( '  s and T = 20 s) 

A s  explained i n  r e f .  1 ,  the t ime  synch ron i za t i on  frame can 
be l engh tened  by simply r e a r r a n g i n g  t h e  d a t a .  

This shows t h e  c a p a b i l i t y  o f  the method t o  syrlchronize -t;wo 
clocks by us ing  a s ing le  communication channel  even i f  a fast 
switching of t h e  T3' c a r r i e r  a t  the t w o  s i t e s  i s  no t  p o s s i b l e  
and a large ef fec t  due t o  t h e  s a t e l l i t e  m o t i o n  i s  t h e n  expect -  
ed; however, t h e  amount of t h e  c o r r e c t i o n  due t o  t h i s  m o t i o n  
can be computed very accurately by us in^ 'the pseudo-range  
da ta  available. 

In t h i s  c a s e ,  t h e  clocks difference E car1 be computed as: 

( s i n c e  now ( t 3 - t l ) = 1 0 . 5  - S )  where C i s  given by eq.  ( 4 ) .  

T h i s  i s  eauivalent t o  have a station transmitting its time 
sicnal . , at  t o  and t h e  o t h e r  s i t e  t r a n s m i t t i n g  a t  ( t f l . t 1 0 . 5 ) s .  



Accordingly, t o  simulate a longer time in t e rva l  ( . c =  20 s )  we 
can write: 

where now C i s  computed as: 

A comparison of  s i n g l e  measurements o f  h t, evaluated by using 
ea.  ( 3 ) ,  ( 6 )  and ( 7 )  i s  presen ted  in f i g .  10, over a 200 s 
time i n t e r v a l .  The agreement between t h e  va lues  o f  E t  f o r  d i f -  
f e r e n t  t ' s  i s  remarkable, i f  w e  note  t h a t  t h e  co r rec t ion  t o  
be a p p l i e d  t o  eq. ( 6 )  and ( 7 )  amounts r e spec t ive ly  t o  about 
48 and 95 n s  i n  most cases, 

Fur ther  ana lys i s  on t h e  experimental data 

Ins tead  of  using t h e  d i f f e r e n c e s  between t h e  measurement d a t a  
~ ( ~ 1 . 1  and T(LF) t o  compute ~ t ,  i t  i s  poss ib le  t o  use a poly-  
nomial f i t  of  t h e  data and then  evaluate  r over the  coef - 
f i c i e n t s  of t h e  fitted polynomial. 

This procedure has t h e  advantage t h a t  l e s s  data are exchanged 
between t h e  two s i t e s  ( t h e  fit c o e f f i c i e n t s  only)  and that 
a l s o  missing data p o i n t s  a t  one s i t e  can be recovered from 
t h e  f i t t e d  curve. 

By writing: 

eq. ( 3 )  can be w r i t t e n  as: I 

where : 



If E~ i s  constant  over t h e  measurement i n t e r v a l ,  then E =E 
and e a .  (10)  becomes: t t 0  

If only t h e  linear ( v e l o c i t y )  terms a r e  s i gn i f i c an t  and any 
h igher  o r d e r  term (acce le ra t ion!  o f  t h e  s a t e l l i t e  motion i s  
negl-ected,  then C i s  given by 

a + b. 
( 1 3 )  

i 1 
C = +  

4 

This  procedure w a s  a c t u a l l y  c a r r i e d  on over measurements in- 
tervals up t o  600 s; over time i n t e r v a l s  up t o  200 s i t  w a s  
found  t h a t  a l i n e a r  ( f i r s t  o r d e r )  f i t  ( a s  given by eq. ( 1  2) 
and ( 1 3 )  1 w a s  usua l ly  good anough t o  evaluat e E and any 
f u r t h e r  increase  i n  t h e  degree of t h e  d o e s  not  
improve t h e  f i t ;  o b v i o u s l y  this r e s u l t  depends mainly on t h e  
c l o c k s  and t h e  synchronization D r o c e s s  behaviour . 
Thi s  was a l s o  a further check o f  t h e  co r rec tness  o f  t h e  l i n -  
e a r  motion assumption as given by e n .  (4). 

The t e s t  of s t a t i s t i c a l  s igni f icance  ( s e e  r e f .  2 )  of t h e  corn-. 
puted c o e f f i c i e n t s  o f  t h e  polynomials ( 9 )  was c a r r i e d  on by 
comput ing  t h e  standard devia t ion  o f  t h e  e s t ima ted  c o e f f i -  
c i e n t  s. 

This w a s  done i n  t h e  follow in^ way: t h e  l e a s t  squeres f i t  i s  
expressed by t h e  normal eauat ions that, i n  matrix f o r m ,  a r e :  

where : (Y'x) i s  the normal equat ions  matrix ( o r  x-products 
mat r ix)  ; 



(X'Y) i s  t h e  c ross -produc ts  matrix; 
i s  t h e  v e c t o r  of t h e  c o e f f i c i e n t s .  

An estimated value o f  t h e  standard dev ia t ion  of t h e  f i t  i s  
computed as: 

where n  i s  the number of da ta ,  k i s  t h e  number o f  estimated 
c o e f f i c i e n t s  and ri i s  t h e  i-th r e s idua l .  The estimated stan- 
dard devia t ion  ( r e f .  2 )  o f  t h e  k-th c o e f f i c i e n t  i s  given by: 

where ckk i s  t h e  k-th diagonal  element of t h e  matr ix  (x'x)-! 
Actua l ly  t h e  computation o f  t h e  ( x ' x ) - I  matrix w a s  performed 
with Gauss-Jordan reduct ion  and pivot  search t o  minimize t h e  
numerical computation e r r o r s .  Then an estirnat ed confidence 
interval f o r  t h e  coefficient can be computed, by using the 
Student t - d i s t r i b u t i o n  at (n-k) degrees o f  freedom. 

Ground- equipment d e l a y s  measurement s 

Two t y p e s  o f  measurements were p e r f o m e d :  t e s t - loop- t rans la to r  
(TLT ) measurements and transrnit t ing-chain de lay  measurements 
( L A R I O  s i t e  o n l y ) ,  

Test-loop-translator measurements 

The experimental set-up is shown in f i g .  1 1 . The measurements 
performed showed a p r e c i s i o n  around 1 ns and a long term ( 1 
month) s t a b i l i t y  of t h e  de l ay  i n  the order  o f  1 t o  3 n s ,  i f  
t h e  ground equipment i s  operated at t h e  same power level. The 
measurements were performed i n  t h e  same opera t ing  condi t ions  
as during t h e  synchronization ses s ions .  

The loop-delay w a s  found t o  be 3.776 ps (I.,AF?IO) and 4.618 ps 
( F U C I r i O )  on t h e  average, 

Transmitter delay  measurements ( L A R I O  s i t e  only)  

The proposed use o f  a microwave cav i ty  as a frequency discrim- 
i na to r  w a s  t e s t e d .  .The c a v i t y  was charac ter ized  by a Q of 
1500 a t  t h e  t ransmission f requency.  Unfortunately,  t h e  on ly  



way t o  couple the  c a v i t y  near  the TLT was v i a  an e x i s t i n g  
d i r e c t i o n a l  coupler ,  t h a t  a t t e n u a t e s  the  s i g n a l  more  than 
40 dB. 

The r e c t i f i e d  s i g n a l  consequently was very small ,  s ince  the  
c a v i t y  contr ibuted an a d d i t i o n a l  a t t enua t ion  o f  about 12 dB, 
and, under these condi t ions,  the measurement w a s  impossible.  

I n  order  t o  increase  the  r e c t i f i e d  s i g n a l ,  i t  w a s  necessary 
t o  inc rease  the  frequency devia t ion:  i n  these  condi t ions the 
communication equipment was working outs ide the  range of nor -  
mal operat ion and the  o v e r a l l  system response degraded no- 
t i ceab ly .  The measurement j i t t e r ,  f o r  ins tance ,  increased up 
t o  50 ns ( 1 sigma), a s  compared t o  the 1 ns found i n  the TLT 
measurements; t h i s  w a s  v e r i f i e d  by performing the same TLT 
measurement, but  with the  l a r g e r  frequency devia t ion .  

The rep roduc ib i l i ty  o f  the  measurements, mainly r e l a t e d  t o  
the  c r i t i c a l  s e t t i n g  o f  the microwave cav i ty  ( t h e  cav i ty  res- 
onance was adjus ted  a t  the RF carrier frequency when no mod- 
u l a t i o n  w a s  a p p l i e d ) ,  was better t h a n  100 n s ,  even when 
working i n  these  very  c r i t i c a l  condi t ions .  
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F ~ E .  12 - The time t r a n s f e r  unit ( T T U )  

F i g .  13 - Automatic TV rneasl~reme~ts subsystem 

348 



QUESTIONS AND ANSWERS 

MR. DAVID  ALLEN, Nat ional  Bureau o f  Standards 

Two questions; one what i s  the  s i z e  o f  the  antenna involved? 

PROFESSOR LESCHICUTTA: 

Yes, please. I n  t h e  ground s t a t i o n  the  s i z e  i s  17 meters w i t h  a 
t r u e  bandwidth -- RF bandwidth o f  34 megahertz. A1 so, i n  the  r e -  
peater s a t e l l i t e  i n  t he  r e a l  bandwidth o f  base band bandwidth o f  
6 megahertz. 

As regards the experiment on the ship, the  diameter o f  t he  
d i s h  i s  on the order o f  2 1/2 meters bu t  the  bandwidth i s  j u s t  
1.5 megahertz. So, obv iosu ly  the  p rec i s ion  should be deter io ra ted .  

MR. ALLEN: 

I thought i t  was a very  e x c e l l e n t  r e s u l t  t h a t  you received. I have 
one quest ion i n  regard t o  the  equation. Because the s t a t i o n s  are 
b a s i c a l l y  no r th l sou th  you would n o t  see any e f f e c t  due t o  the  SANYAC 
cor rec t ion .  

PROFESSOR LESCHIUTTA: 

Yes, the SANYAC c o r r e c t i o n  i s  13.5 nanoseconds, i n  our case because 
the  area of the  path i s  very small i n  the e q u i t o r i a l  plan. 

MR. ALLEN: 

The c o r r e c t i o n  was n o t  i n  the  equat ion? 

PROFESSOR LESCHIUTTA: 

No, no, i t  was n o t  inc luded but  i s  i n  the order  o f  14 nanoseconds. 

MR. ALLEN: 

Thank you. 

PROFESSOR LESCH IUTTA: 

13 foot.  

MR. ALLEN: 

Very good. 



CHAIRMAN BUISSON: 

Any o ther  quest ions? 

MR. LAUREN RUEGER, The Johns Hopkins Un ivers i  ty/Appl i e d  Physics Laboratory 

Do you ever take advantage of p lanning your  experiments on the  sate1 - 
l i t e  motion when t h e  r e l a t i v e  changes t o  the s t a t i o n s  are  minimized? 

PROFESSOR LESCH I UTTA: 

There, again, we a r e  n o t  i n  a p o s i t i o n  t o  do so. We j u s t  rece ive  
f o r  some hours du r ing  the  day, bu t  we a re  p lanning per iods o f  ex- 
periments t o  make a l l  day measurements i n  order  t o  f o l l o w  the  s a t e l -  
l i t e .  

I n  prev ious experiments we have seen the  maximum r e l a t i v e  
speed o f  t he  s a t e l l i t e  i s  of t h e  order  o f  3.5, 4 meter per  second. 


