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A yecent c.lock syrick-,,onisat ion eeq)er irnent besi,veen the 
National 1)h:ysical L;~hra.tory (NIJLj , Nelv Ikl.!ri ~txld 
Space Applications Cen-Lre (SAC) , Ahex~eda1~:ad, in India 
v i a  geost:tt ionary s a t e l l i t e  syrrr~izonic-XI, s ta t  ioilecl 
a t  4g0 E longitude,  is reported i n  t h i s  paper. A s  
vnly one s a t e l  l i t e  transponder w a s  a r a i l nb l e  f o r  t h i s  
experiment, the  tlvo 1r.aj- t;ran.mlission of the clock 
pulses was c a r r i d  oil-t by s~vi.tciling t h e  transnii t- 
receiver r o l e s  at t h e  two s t a t i ons  at 5 minutc in te r -  
v a l s  t o  achieve a n e w l y  simultaneous tlvo way trans- 
miss ion .  Taking into account a l l  t h e  additional. 
delays,  t he  results d m ~ n s t r a t e d  a clock-synchronisa- 
t i o n  accuracy of b e t t e r  t h a n  0.5 microseconds. iZ 

c r y s t a l  based portable clock f l ow  ab~trcl. an aiy- 
c r a f t  con.f -irnwI t h i s  clc?ck-synclu-oni:;at ion rv-i t h i n  a 
1nic.rosecond , 

INTRODUCTION 

The feasibility 05 precise clock sj .nchro:~isatiorl  0x1 an in- 
ter-continental basis ~ l a s  becn demonstrate? and looks attrac- 
t i v e  for  t i m e  t r a n s f e r  OLA a global scale (see  Somayajulu, 
1977, for a recent review). These experiments c a r r i e d  over 
the past decade and a ha l f  have incyrease.3 t h c  p r e c i s i o : ~  of 
clock synchronisatio:l. Current 1.y a t w o - w a y  t ransmiss io-1 
using a microwave kra-~sponder aboard a gc3s ta t io1;a~y s a t 2 l l -  
ite is ~ o n s i d e r e d  to yrovidc the greatest prec i s ion  i n  syn- 
ch ron i sa t ion  of t w 3  renore  c101:ks. 

With the 3- aila ability of the French-Gcrrnarl gzoscat ionary 
satellite Sympho:lie- TI to India for telecommu~lication exper- 
iments under a bilateral agreement an opportunity is grvmi- 
ded for initiating clock 2 ynchron i sa t  i o r l  ewerirncnts i n  
India, The sstellitc was parked G\ier the e q u ? t o c  above 
49' E 1a:lgitude i n  June 1.977 add is cxpectc.3 t o  S e  l oca ted  



there for two years. Clock synchronisation experiments have 
been carried ou t  f r o m  1 7  t o  30 A p r i l  and 16 th  t o  313 J u n e ,  
1978 between Natio:lal Physical Laboratory, New Delhi and 
Space Applications Centre, Ahmedabad v i a  the  Delhi and Ahme- 
dabad e a r t h  stations, This r epo r t  describes the details of 
these experiments and t be  results obtained. 

DETAILS OF TELE EXPERIMENTAL SET-UP 

The symphonic satellite has . two  C-band transponders aboard 
of which one transponder w a s  available for  these experiments. 
The frequency for  uplink transrnissiorl i s  6347.5 MHz and is 
4122.5 MHz for downlink reception,  Both the  Delhi (DES) and 
Ahmedabad ( A E s )  e a r t h  s t a t i o n s  are equippe3 with s imi l a r  
transmitting and rece iv ing  equipment. The re levan t  d e t a i l s  
are given i n  table-1. 

Table 1. D e t a i l s  of D e l h i  andAhmedabad Earth Sta t ions  

--- -- -------- 
Delhi Earth ~ t a c o ~ ~  Ahmedabad Earth St- 

-------- -- a t ion  -- 
Lati tude 28' 36'  30t'N 23' 1' 21.03'pN 
( ~eographic  ) 

Longitude 7 7 O  11' O . O l V E  72' 3 3 '  52.48'" 
( ~eographic)  

Height of the 
Antenna (abwe 240.7 rn 
mean sea l e v e l )  

Antenna Type Parabolic  dish 
& size Dia 10.7 metre 

E I R P  dbw (Max) 84-0  

Transmit Freq. 6347.5 MHz 

Receive Freq. 4122.5 MHz 

I F  Bandwidth 1 0  MHz 

Modulation F M  

Parabolic d i sh  
D i a  14 metre 

4122.5 MHz 

10 MHz 



A s i m p l i f i e d  block d i a g r a m  of the  experimental conf iguratiorz 
at the t w o  ground s t a t i o n s  is  shown i n  f i g .  1. The C-band 
t rans2onder  an  board the  Symphonic s a t e l l i t e  receives at a 
frequency of 6347.5 MHz and t r a n s m i t s  at a frequency o f  
4122 .5  The satellite tran.sponder acts as a simple f r e -  
quency tr+a!nslator wi thout  any s i g n a l  processing.  Thc: band- 
w i d t h  of t h e  t ransponder  i s  90 M H z .  The effective isotropic 
r a d i a t e d  pwer (EIRP)  of the  -kdrai7sponder is  29 dbw. 

Each station in t u r n  t r a n s ~ n i t k e d  a c o n t i n u o u s  wave (w)  car- 
r i e r  that i s  deviated 2 4 0  KHz f o r  a 3 0 ~ 1 s  p e r i o d  o f  t i m e .  The  
rise t i m e  of the  c lock  p l ~ l s e  is 50 ns.  This dev ia t ion  is 
caused by a 3OYs clock pu l se  generated a t  a ra te  of 1 pps. 
The pulse shape is  checked on an oscilioscope before s t a r t -  
i n g  the  time measurement. The s i g n a l  received f r o s  the re- 
mote s t a t i o n  via the  s a t e l l i t e  is de tec ted  by the l i m i t c . ~ /  
discrlimrinabo i n  the r ece iv ing  system a t  t h e  grozlnd s ta t io ; l .  
The l e a d i n g  edge of the d i sc r imina to r  output  pulse  stops the 
t i m e - i n t e w a l  counter  (HP Model 5245 or 5248 L/M) which i s  
s t a r t ed  by the  local clscl.; p~ l s e .  I n  e f f e z t ,  t h e  counter  
measar2s the elapsed  time be tw~c i l  t h e  start pllse of the lo- 
cal clock and t h e  stop pulse  from t h e  remote clock. The 
counter readings a r e  recorded wi th  1 0  samples ce:~Cred orl each 
minute and averaged. The :duration of the  e x p r i m e a t s  each 
day was 3 0  minutes, Each station t ransmit ted  foz 5 minutes 
w ? ~ i l e  t h e  other rece ived;  im~ed ia te ly  a f t e r  5 minutes t h e  
t ransmi t - rece ive  r o l e s  a r e  switched f o r  t*ne ne-xt 5 minutes. 
This .Jcras repeated  every 1 / 2  an hr .  s o  t 'hat  a maximum of 6 
s e t s  of samples are obtained each day.  The t i m e  d i f f e ~ e n c e  
between the t w o  clocks Iccate.3 a t  khe groi~nd s t a t i o n s  is 
deteTmined from t h e s e  readings.  

S ~ ~ C H R O L S I S A T I O N  OF DES ATOMIC C1,OCEC WIT'; MASTEL? CLOCK 

The i.?atio:la:L Phys ica l  Laborato-y ( N P L )  , N e w  I k l h i  , m a i n t a i n s  
t h e  natio:lal time stai3dard t h ~ o u g l - 1  a ccs ium clock I-IF P b o d l  
5061 A with op t ion  004. NPL a l s o  transmits t i m e  s i g n a l s  
der ived  f r o m  the  standard clock on ATA-tr3nsmissions a t  car- 
rier frequencies  of 5 ,  1 0  and 1 5  MT-Iz. Another cesium clock 
type HP 5061 A with opt ion  004 was l oca tcd  a t  the De. 'Lhi  Earth 
S t  a t  ion and  was k e p t  i r ,  s y n c h r o n i z : ~ ~  i o n   wit;^ t h e  !na:jter 
c lock  Sy the following methods : 

i) Via tracking of ATA broadcast 

From t h e  ATA-time t r a n s m i s s i o n s  rece ive3  a t  DRS 1 P P s  p ~ l s e s  
are generated by zero-crossing detection technique. The de- 
l a y  between these  u l s e s  and t h e  1 pps 

I ? g u l s ~ s  f r o m  t he  
C e s i u m  C l c c k  loca  ad a t  DES i s  measure by the  time i n t e r -  

1 val counter; from t h i s  .dela:~ n e a s u r e m e n t  a7.l cornput~ng t h e  



(ground wave) propagation delay between ATA ( ~ r e a t e r  Kailash,  
New  elh hi) and DES,the DES cesium clock is adjus ted  f o r  syn- 
chronism wi th  t h e  Master Clock w i th in  50 ps. 

(ii) Via Portable Clock 

A 1 pps pulss is generated from the 100 IZIB output of F P  
1 0 5 B  type c r y s t a l  o s c i l l a t o r .  This 1 sec pulss i a  autosyn- 
chronised wi th  the Master Cesium Clock. The synchronised 
crystal clock is  immediately t r anspor ted  t o  DES where it is 
theil used to synchronise the DES cesium cloclr to about 
0.1 ps. The his tory  of the  crystal is  w e l l  known before .  
A t  the end of each experixnental perid, the  cesium clock a t  
DES was t r anspor ted  to ATA fo r  d i r e c t  comparison with the 
master clock. The o f f s e t  measured was coi is i s tent  wi th  t h a t  
determinted by t h e  portable c r y s t a l  clock t o  within 0 .  P ,&s. 

Before the  start of t h e  experiments t h e  AES atomic clock is 
synchronised t o  the Master Clock t o  w i t h i n  1 m s  us ing  the 
ATA-transmiss ions received a t  Ahmedabad, 

FACTORS AFFECTING THE PRECISION AND ACCURACY OF CLOCK SYN- 
CmoNISATION 

( a )  precision of Synchronisation 

The precision of clock synchronisa t ion ,  i.e. , t h e  minimum 
absolute t i m e  differei ice .to which two Clocks could be syn- 
chronised,  is determined essentially by the signal- to-noise 
paver r a t i o  a t  t h e  rece iver  output  which prwides the s t o p  
pulse t o  the t i m e  interval counter  and the counter  error, 
the latter being taker1 as ) 1 d i g i t .  The f i n i t e  s ignal- to-  
no i se  r a t i o  causes a j i t t e r  of t h e  leading edge of the clock 
p u l s e ,  thus causing an error i n  t h e  measurement. The r . m . s .  
j i t ter  i n  t h e  arrival t i m e  of the clock pulse is g iven  by 

$t rms j i t ter  = - tr ... 1. .. . (1) 
( s T 2  

where t r  is dura t ion  of the clock pulse  and S/N is t h e  sig- 
nal-to-noise power r a t i o .  In  our case tr  is  30,~s. The 
stated S/N ratio for both DES and AEA is 50 db min. U s i n g  
t he se  va lue s ,  f r a m  equ. (1) we ob ta in  an estimate of rms 
jitter as 67 n s .  



The combination of the rms jitter and t h e  inherent counter  
error will show up  as random f l u c t u a t i o r l s  of the counter 
output  superposed on any sys temat ic  drift due t o  factors to 
be descr ibed  i n  t h e  next s e c t i o n .  Thus the s t a n d a r d  devia- 
t i o n  of t h e  counter  reading  is  a measure of t h e  p r e c i s i o n  
of  synchronisat ion.  

(b) Accuracy of Clock Syr~chronisa t ion  

The accuracy of t h e  c lock  o f f s e t  measurement o r  synchronisa- 
t i o n  depends on the e x t e n t  t o  which s i g n a l  delays intro- 
duced i n  t h e  t o t a l  system are k n w n  or accountecl for. The 
total siqnal de lay  time comprises the time delay introduced 
by the i n t e rven ing  e l e c t r o n i c  equipment, i . e . ,  the t ransmit-  
t i n g  equipment a t  t h e  earth s t a t i o n ,  t h e  s a t e l l i t e  trans- 
ponder ,  and the receiving e q u i p m n t  at the other ground sta- 
t i o n ,  the delay i n  the  ionosphere and the trogmsphere, and 
t h e  free space path  delay between the groand s t a t i o n  and the 
s a t e l l i t e ,  Thus c o n t r i b u t i n g  f a c t o r s  for  the  total s i g n a l -  
de lay  e r r o r  budget a r e  : 

(i) Ionospheric and t ropospher ic  de lay  z r r o r s  

(ii) S a t e l l i t e  p o s i t i o n  error  

(iii) Equipment delay erro.ys 

The signal de lay  is  d e f i n e d  a s  the  t i m e  requi red  f o r  an 
L d e n t i f i a b l e p o i n t  inthe signal waveform from entering the 
transmitting equipment to its reappearance a t  the output of 
t h e  r ece ive r .  I n  the present case it is  the 50% v a l u e  of 
the l e a d i n g  edge of t h e  1 pps pulse. 

i) Ionospheric and t ropospher ic  errors 

I n  t h e  earth's ionosphere and t h e  troposphere the signal 
d e l a y  i s  equal t o  the group delay i .e .  , the  s i gna l  energy 
propagates with t h e  appropriate group velocity. The group 
de lay  i n  the ionosphere is  e s s e n t i a l l y  propo-tional t o  the 
total e l e c t r o n  corltent w h i c h  has a diurnal v a r i a t i o n ,  a l s o  
a day-to-day v a r i a b i l i t y  and is a function of frequency. 
Rs the a d d i t i o n a l  ionospher ic  delay is f requency  dependent, 
an e r r o r  i n  a t w c - w a y  methcd will be caused by the  i n e q u a l -  
ity of the  propagation time f o r  two 3 i rec t ior l s  of the  path. 
I n  high f r q u e n c y  approximation, the iorlosphere delay 'dl is 



where 

f : frequency in Hz 

N e  : e l e c t i o n  d e n s i t y  per meter cube 

N : t o t a l  e l e c t i o n  con ten t  along the path 

u s i n g  eqns. ( 2 )  , the error due t o  t h e  ionospher ic  effect ,, 
El, for t h e  up- l ink of 6 GHz and t h e  dmn-l ink  of 4GEk  is  
given by 

-77 

1 2  where ND , NA are the t o t a l  e l e c t i o n  contents (e /m ) along 
t h e  p a t h  from s a t e l l i t e  t o  the  DES & AES r e s p e c t i v e l y  and 
d~~ and d~~ are t h e  de lay  from DES t o  s a t e l l i t e  and t o  AES 
and from AES t o  s a t e l l i t e  and DES respectively. 

On t h e  o the r  hand t h e  t roposphere group de lay  is  p r a c t i c a l l y  
independent of frequency and is i n s i g n i f i c a n t  f o r  e l e v a t i o n  
angles greater than 15' ( I n  the  p resen t  case t h e  e l e v a t i o n  
angle is  4 5 O  1. A t  the C-band micrawave f requencies ,  treat- 
ing t h e  velocity propagation as e s s e n t i a l l y  the v e l o c i t y  of 
l i g h t  (2.9979 x 10  d s ) ,  from e a r t h  station antenna t o  t h e  
s a t e l l i t e  introduces an e r r o r  of less than 5 ns i n  the 
group de lay  computation. 

I n  t h e  p r e s e n t  experiment a two-way t r ansmiss ion  i s  used. 
Although it is n o t  s t r i c t l y  s i m l t a n e u u a ,  it is nearly 
simultaneous i n  the sense t h a t  the t ransmi t - rece ive  roles 
of the two stations a r e  alternatevely switched af ter  a 5- 
minute i n t e r v a l .  During this t i m e  the ionospheric and tr* 
pospher ic  cond i t ions  are p r a c t i c a l l y  unchanged and therefore 
t h e  propagation delay drops out i n  the f i n a l  computation of 
t h e  clock offset. The c o n t r i b u t i o n  due to any s a t e l l i t e  
motion is discussed  i n  the next s e c t i o n .  An e x p l i c i t  a s s u m  
ption invalved is that t h e  e l e c t r ~ m a g n e t i c  p a t h  between DES 
and AES is r e c i p r o c a l .  This assumption is n o t  s t r i c t l y  
va l i d  because the  up l ink  and dawnlink f requencies  differ by 
2 GHz. However, the  d i f f e r e n c e s  i n  the path r e c i p r o c i t y  
are negligible a t  the C-band frequencies, amounting t o  less 
than  Ins. 



ii) S a t e l l i t e  Posit ion E r r o r s  

Symphonic satellite is n o t  i n  an absolutely synchronous or- 
bit. The motion of t h e  satellite d u r i n g  the  period of t e s t s  
produces a s t eady  and sys temat ic  change of the apparent  time 
de lay  that is measured. The DES and AES t ransmi t - rece ive  
roles are switched alternately for  5 minutes. D ~ r i n g  the 
period of measurements the s a t e l l i t e  d r i f t  error is l e s s  th- 
an 1 ~ s  over t h e  one minute i n t e r v a l  for which t im delay is 
masured. I n  any case, t h i s  systematic drift is taken into 
account by least square  f i t  on a computer of t he  p iecewise  
observat ions.  

The e r r o r  i n  the position of t h e  ground s t a t i o n s  does not 
exceed lm and is hence inconsequeiztial .  

iii) Equipment Delay error 

The t i m e  signals experience a d d i t i o n a l  delay i n  passirlg 
t h r o u g h  t h e  e l e c t  r0rlic equipment i n  t h e  - t ransmi t - rece ive  cha in ,  
v i z .  , the  t r a n s m i t t i n g  and receiving equipment a t  each 
g r o u n d s t a t i o n a , n d t h e  satellite transponder. In  t h e  p r e s e n t  
case the s a t e l l i t e  transpor~der operating i n  the C-band u s z s  
ve ry  wide bandwidths ( 9 0  M H z ) :  moreover th.e satellite trans- 
ponder e s s e n t i a l l y  operates i n  a t r a n s l a t i o n a l  mode and 
hence  t h e  d e l a y  in t h e  s a t e l l i t e  t r ansponde r  is negligible.  

The major e r ro r  c o n t r i b u t i o n  comes from the equipment delay 
a t  the ground stations- The va r ious  equipment delay contri- 
butions rimy be i t e m i z e d  as f o l l m s :  

i) The t i m e  delay i n  t h e  modulation c i r c u i t s  and t h e  
transmitter Chain a t  each station ( gt1, dt2? : 

ii) The t ime de lay  due t o  the  f i n i t e  l eng th  of trans- 
miss ion  line/waveguide to the  t r a n s m i t t i n g  anten-  
na feedpoint  ( d l t t a l ,  dta2 ) : 

iii) The t i m e  delay from t h e  receiving antenna feed 
point t o  t h e  parameteric ampl i f i e r  i n p u t  and t he  
delay due t o  t he  transrnissiorl line/waveguide from 
the parametric a m p l i f i e r  output  t o  the  main 

ground s t a t i o n  (Eka , &a ) 
1 2 

iv) The time delays i n  t h e  c'iernoc~ulatioi~ and output 
circuits , gr2). 



As mentioned e a r l i e r ,  any uncer ta in ty  i n  t h e  t i m e  de lay  rnea- 
surement w i l l  appear as b i a s  i n  t h e  clock o f f s e t  measurement 
while  ally v a r i a b i l i t y  i n  the delays l i m i t s  the accuracy. 

A t  each e a r t h  s t a t i on  before t h e  s t a r t  of the  experiment 
each day , the  equipment de lay  was measured as p a r t  of the cali-  
b r a t i o n  procedure, by i n t e r n a l  looping. A sample of the 
t r ansmi t t e r  output is dwnconverted t o  t h e  rece iver  frequency 
us ing  a broadband * m i x e r *  whihh contr ibuted  an i n s i g n i f i c a n t  
amount of delay- The measured s i g n a l  delay a t  DES was 
1 . 2 8 ~ ~  and f o r  AES it was 2 . 8 ~ ~  This AES delay included an 
ex t ra leng th  of 5 7 m  t o  the  downconver te r  which introduced an 
e x t r a  t i m e  delay of 0.57ps i n  t h e  loop delay. Thus t h e  time 
delay  i n  t h e  e l e c t r o n i c  equipment i n  t h e  AES i n t e r n a l  loop 
is 2.23ps, The v a r i a t i o n  i n  the delay  was less than O . l p s .  

I n  t he  determination of t h e  clock o f f s e t ,  the equipment t i m e  
delay t h a t  e n t e r s  the p i c t u r e  is  t h e  differef ice between t r ans -  
mitter t i m e  de lay  a t  DES p lus  t h e  rece iver  t i m e  delay a t  
AES and t h e  t r ansmi t t e r  t i m e  delay a t  AES add t h e  rece iver  
t i m e  delay a t  DES. Since t h e  t r ansmi t t e r  and rece iver  time 
delays a t  each s t a t i o n  could not  be measured s epa ra t e ly ,  it 
was assumed t h a t  the t o t a l  i n t e rna l  loop delay  is equa l ly  
dividedbetween t h e  transmitter and t h e  receiver .  Thus the 
n e t  d i f fe rence  of the delays considered above is  t a h n  t o  be 
zero. T h i s  assumption introduces an unresolved bias of 
4- l.Oys. - 
The t i m e  delays introduced due t o  f i n i t e  t ransmission l i n e /  
waveguide lengths  a t  DES add AEiS are: 

RESULTS 

Measurements of the t o t a l  time delay  were made on 21 days 
during t h e  two t e s t  periods i n  A p r i l  and June  1978. Each 
day a maximum of 6 sets of measurements each cons i s t i ng  of 
a t  l e a s t  50 observations-10 cent red  on each minute dur ing 
t h e  5 minute i n t e r v a l  - have been accummulated. These da t a  
a r e  used t o  determine t h e  AES clock offset w i t h  r e spec t  t o  
t h e  DES clock and hence wi th  respect t o  t h e  NPL Master 
clmk. Also because t h e  two terst periods are separated by 
about 6 weeks w i t h  the c l z k  running, an opportuni ty is pro- 
vided t o  determine t h e  systematic  o r  l o n g  - term d r i f t  r a t e  



of the AES clock wi th  respect t o  t h e  master clock. 

The clock e r r o r  or o f f s e t  is  defined as f o l l c w s : ( ~ ~ - r - . ~  d9) 

Clack o f f s e t  ( E )  = ,%ster clmk time (NPL) - Y s e r  C l o c k  Time. 
If the user clock lags behind the Master clock E i s  p o s i t i v e  
and is negative i f  t h e  user clock is  ahead or t he  master 
clock, 

The clock o f f s e t  is computed as f o l l m s .  ~ c f e r r i n g  t o  f ig .2  

L e t %  be the apparent time delay measured a t  AES with  DES 
transmitting. 

'fL be the apparent time delay measured at DES with AES 
t r ansmi t t ing .  

Ye,, Tf, be the equipment delays i n  the DES transmit chain 
and receive chain r e spec t i ve ly  ( yt, = $t) + ft&,,; X I  - + Sfia, ) 

Ilftl , xi be the equipment delay i n  AES t r ansmi t  and receive 
chain  r e s p c t i v e l y  (rt,;. Scl+Sta,j 1;,: g h ,  + ~ * a r J  

The clock o f f s e t  then is given by + 

I f  khe equipment de lay  i n  each t ransmit  - receive circuits 
is t h e  same is  zero. However fo r  reasoils o u t l i n e d  in 
Section4 (iii) an unresolved bias of 5 I..Ops ex is t s .  

Thus C l o c k  offset = A T  - + 1.0 
2 - /"' 

As mentioned earlier, dur ing  test period each day 6 sets of 
observat ions of 5 minute duration are obtained a t  each sta-- 
t i o n *  Each sample cons i s t s  of 10 observations centred on the 
minute. In order to take care of t h e  sys temat ic  drift due 
t o  s a t e l l i t e  motion, t h e  piece-wise sanplez; are processed 
on computer using a least squares fit fir both t he  s t a t i o ~ s  
( ~ i g .  3 , 4 ) .  From these  curves the average clock o f f s e t  fo r  
each day is measured. 

The corresponding staadard deviati0:l is a l s o  computed. Un- 
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TABLE I1 a -- 

Date Time Average 6(~*/2 ) <for Counter Rem- 
a ~ 2  (ps I f i t t e d  c u r v e s  resolu-  arks 

--- DES , m S  t i o n  

2 1 - 4 - 7 8  1300-1430 18.03 -- -- -- 10011 AES 
Sec . clock 

reset 

27.4.78 -do- 7.75 -- -- -- 1 0 0 n  AES 
Sec . clock 

reset 

Average AES Clock Dri f t  = -12 psec/day 

fo r tuna t e ly  a t  DES the t i m e  i n t e r v a l  counter  used has only a 
100 ns resolut ion .  However a 10  ns r e so lu t i on  counter  was 
used on 11days  during the tests and t h e  standard deviat- 
ion  computed from these abservat ions  is taken t o  be repres- 
e n t a t i v e  of the c a p a b i l i t i e s  of t h e  experimental system. 

The results of the measurements are sunrmarised i n  table 
I1 a,b.  It is concluded that the c lock synchranisa t ion  is 
possible to a precision of - 1 7 ~ s  us ing  a 100 ns r e s o l u t i o x ~  
t i m e  i n t e r v a l  counter  and t o  a precisian of .08ps w i t h  lOns 
resolution counter. The accuracy of synchronisat ion , tak- 
ing i n t o  account a l l  t h e  possible de lays ,  is about 0.5ps, 
w i t h  a bias of + l ~ s  which is probably an overest imate.  

Tn order t o  determine the drift r a t e  of the AES clock with 
reapect to DES clack and hence with respect t o  t h e  NPL mas- 
ter  clock,  the results are plotted in F i g .  5 .  During the 
April tests the AES clock o f f s e t  w a s  + ve and it w a s  drift- 
i n g  a t  a r a t e  of .12pper dayup t o  June 16. O n  June 1 7 t h  



TABLE I1 b 
I 

I 

Date Time Average 6 ( ~ q / 2 )  /for Counter Rem- 
s f i t t e d  curves resolu-  arks 

DES AES tion 
1OOns ---- 

1 6 - 6 - 7 8  1430-1600 +11.21 ".\.2 ,020 -042 lOOn Clock 
Sec . 

18.6.78 -do- .03 - - - 1 On. C l o c k  
Sec. reset 

21.6.78 -do- -1-38 .288 .018 .OQ1 Resolu-  
tion 
100 n 
Sec.  

29.6.78 -do- (-5.39) - - - --do- Clock 
reset 

Average AES Clock D r i f t  = .43 p ~ e c . / d a y  

the AES clock stopp:fi. A - f t e ~  :recommissku:~ing the AES clock,  
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D r i f t  rate of AES clock w.r.t. DES clock 

and after s t a b i l i s a t i o n  it was synchronised with respect to 
DES clock and the o f f se t  w a s  + ve. During the rest of the 
June t e s t  period the  apparent drift r a t e  of the AES clock 
with respect  t o  the DES clack w a s  0 . 5 ~  per day. This app- 
arently different d r i f t  rates reconciled as follaws . The 
DES cldck has a d r i f t  rate opposite t o  that of AES with res- 
pect t o  the NPL master clock. When the AES clock offset. 
(with r e spec t  t o  DES) was + ve, the apparent d r i f t  rate is 
smaller because the two clock@ were d r i f t i n g  i n  the s a w  
direction. When the offset became - ve, the clocks w e r e  
drifting i n  opposite d i r e c t i o n s  and hence the  apparent 
drift r a t e  is t h e  sum of t h e  d r i f t  r a t e s  of the  two clocks and 
hence is apparently much larger than dur ing April tes t .  
The d r i f t s  of the ms and DES clocks are plot ted i n  t he  same 
figure which es tab l i shes  a uniform drift rate of the =St 
clock with respect to the NPL, Master Clock 



Check of the Cons is tency of C L w k  Synchronis a t ion  w i t h  port- 
able clock  

The heart of t h e  p o r t a b l e  c lmk is a c r y s t a l  o s c i l l a t o r  mo- 
del 1 8  105B. This o s c i l l a t o r  output has been use6  t o  derive 
second pulses. The arrangement is also there to autosynchro- 
n i s e  t h e  epoch of the second pulses  w i t h i n  a f r a c t i o n  of m i -  
crosecond wi th  respect t.o t h a t  of a cesium cl.ock second pul-  
ses. The d r i f t  ra te  of t h e  crystal  clock has been studied 
very c r i t i c a l l y  for better p r e d i c t i o n  of the clock epoch. 

Befare flying the  clmk,  it is auto-aynchroizised with master 
cesium a t  ATA t o  w i t h i n  0 - 4  microsecond and the t i m e  d i f f e s -  
ence is noted i n  t ime i n t e r v a l  counter  HP 5248L.  The clock 
is then Elawn to Ahmedabad by a commercial aeroplane and the 
AES cesium c lock  w a s  d i r e c t l y  compared with this p o r t a b l e  
clack, af ter  about four hours t i m e  of i t s  a u t o  synchronisa-  

I t i o n  w i t h  ATA cesium i n  Delhi. A t  medabad  the o f f s e t  be- 
t w e e n  ATA and AES clock was found t o  be i .95psecond  w i t h  
drift p r e d i c t i o n  u n c e r t a i n t i e s  of .25ysecond (at t h a t  t i m e  

I according t o  symphonic experiment o f f s e t  was 1.15~). I n  

the return f l i g h t  the p o r t a b l e  c lock  was autosynchronised 
w i t h  AES cesium and a f t e r  roughly four hours t h e  p o r t a b l e  
c lock  w a s  again compared with ATA cesium and the o f f s e t  was 
found t o  be 1 - 5 ~ s  ( a t  t h a t  time the projected values  of 
symphonie experiment was 1.32 ps) . 
Thus the f l y i n g  clock experiment confirms t h e  consistency of 
the clock synchrr>nisation experiment via symphorlie s a t e l l i t e  

t o  an accuracy of 0.25 ps. 
On 28th June the d i f f e r e n c e  between the f l y i n g  c lock  exper i -  
ment and t h e  Symphonic experiment was found to 3e 0 . 8 ~ ~  
which is well within t h e  u n c e r t a i n t y  i n  symphonie experiment. 
Hawever, on t h e  second day ( 2 9 t h  ~ u n e )  t h i s  difference was 
0 . 1 8 ~  s. Though both t h e s e  values are w i t h i n  the  limik of 
u n c e r t a i n t y  of symphor~ie experiment b u t  thedifference of 
0.42 + s on consecutive two days observations m y  be due t o  

some u n c e r t a i n t y  i n  behaviour of crystal due t o  jerks w h i l e  
f ly ing .  
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