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ABSTRACT 

I n  t h i s  p a p e r  we r e p o r t  a T & F intercomparison 
experiment between t h e  Na t iona l  p h y s i c a l  Labora- 
t o r y  (NPL) , New D e l h i ,  India and Physikalisch- 
Technische Bundesans t a l t  (PTB) , Federal a e p u b l i c  
of Germany, carried o u t  from May 16 t o  June 29, 
1979. The p a r t i c i p a t i n g  ear th  s t a t i o n s  were 
New Delh i ,  India  and Raisting, PRG. The  NPL 
clock was p laced  a t  New D e l h i  E a r t h  Station and 
t h e  R a i s t i n g  Clock was c a l i b r a t e d  w i t h  PTB/ 
P r imary  s tandard  via LOIIAfl-!: and t r a v e l l i n g  
clocks,  The random u n c e r t a i n i t y  of t ime compari- 
sons represent2d by two sample Al lan Variance 
d (30 s e c o n d s ) ,  was l e s s  than  10 nanoseconds. 

The rela t i v e  frequency d '  f f  erence between the  3 EPL and i i a i s t i n g  Clof:ks,aTPL,3,9IS, a s  measured 13 
over t h e  14 days  p e r i o d  was found t o  be -15.7~18 . 
The  r e l a t i v e  frequency d i  7 f  erence be2ween PTB 
Primary S t a n l s r d  and 3 a i s t i n g  Clock,aPTB,RAIS, 13 
l u r i n g  t h i s  pe r iod ,  was measured t o  b e  - 22 .8~16  
The r e l a t i v e  f r e q u e n c y  d i  'ference between NPL 
clock and PTB Primary ~ t a n d a r d , d N l ~ , ~ ~ ~ ,  t h u s ,  is 
+ 7. ~10-13, 

The clock r a t e  (V!C,Tndia) ev3 u a t z d  i n  t h e  
$3 present work as +7.1 4 0.5~10- , agrees  ve ry  

well w i t h  t h ? % t  o b t a i n e d  v i a  ' J E  p k s e  measure- 
ments ova -  one ycar  p e r i g d  i c s c r i b e d  i n  a 
companion paper and w i t h  US110 t r a v e l l i n g  c lock 
time comparisons made i n  Sep:ember, 1983. 



The French-German S2 ~ e l l i t e  iymphonie-1 w,:s made a v a i l a b l e  
f o r  I n d i z n  'Teleconmunic-tion experiments from June 1977 t o  
J u n e  1979. It was parkc4 ove equn t o r  2 t 4 9 " ~  l o n g i -  
t u d e ,  T h i s  g r o u p  has e a r l i e r  , i n  loti-I and 11th PPL'L 
Xeet i n g s ,  r e p ~ r t e d  Cl-n?k d y n c h r o n i s a t  i o n  and T i m e  3i sserni- 
n a t i o n  Exoeriments i n  I n d i a  by mesns of sa t e l l - i t e  Symphonie. 
7, tipis p a p e r  w e  r e p o r t  a s imu l t snc  u s  two way ao:le t i n e  
and frequency comparison experirnent?3) by xezrs  of sa te l -  
l i t e  symphonie between the atomic clocks at the National 
Physical L a b ~ r ~ t o r y  ( Y P L ) ,  N e w  D c l h i  and t h e  time scale of 
P h y s i k a l i s  :h-'Peschnis ?he Sun( - l e san ta l t  (PZR) , Federal 3epub- 
l i c  nf Germany. T h i s  experiment was perfnrrned over a 44 
days  p e r i o d ,  from Eviay 16 to 23 and then aqain  from ,Tune 25 
to 29,1973. The  main objectives were: t o  synchronise T F C  
(KPL) t o  thclt of T T T  ((PTS) and  t o  f i n d  o u t  t h e  y e l a t i v e  
f r equency  d i c fe ren :e  of KPTJ c locks ,  SypL,p~B, w i t h  r e spec t  
of PTB Primary  Standard. 

The earth s t ~ t i n n s  which p a r t i c i p a t e d  i n  t h e  expesirnents 
were New Del:-~i ear th  s t a t i o n  (3x3)  where one o f  the PPL 
cesium c l acks ,  os c i l l o q u a r t z  Model 3200, hence f o r t h  
ca l led  NPL-1, was kept and t h e  R 3 i s t i r g  e a r t h  s t a t i o n  (KES). 
The o t h e r  cesium clock at NPL, :lP i.Iode'l 5061A with o p t i o n  
004 hence f o r t h  cal led NPL-2 which p a r t i c i p a t e d  in t h e  
experiments and was ~t a d i f f e r e n t  l o c a t i n n  was intercom- 
pared w i t h  NPL-1 by regular rubidium clock trans~ortations. 
The Cesium c lock  at l i 2 i s t i n g  e a r t h  s t a t i o n  (HP Model 5061A 
w i t h  o p t i o n  004) was m l i b r a t e d  w i t h  PTB, Primary Standard 
via LORAN-C and t r a v e l l i n g  clocks,  

The theo ry  and t h e  measurement uncer  t a i n i t i e s  of 
taneous two way node time t r ans fe r  are  w e l l  known 
will n o t  be described.  Only the experimental  d e t a i l s  and 
the  results will b e  d i s c u s s e d ,  

7 % ~  experimental s e t  up a t  KPT, is shown ir ?i 1. It is 
s i m i l a r  t o  t h e  one used by TIubner and Hetzel!tf f o r  time 
comparisons perfo:mc!I by qeans of t h e  s a t e l l i t e  Symphonie 
between Haisting(FRG) and Pleumeur-Bodou (Prance). The 
1 PPS p u l s e  from N P L L  was pla(:ed on TV synch  p u l s e  as t h e  
p i c t u r e  s i g n a l ( w a v e  form o f  t h e  signal shown i n  Fig.l),To 
have i d e n t i c a l  s i g n a l  pat t .ern  th roughou t  t h e  d u r a t i o n  of 



t h e  experiment a p e r f e c t  phase and f requency synchronisa t ion  
between 1 PPS of ,'s clock and TV sync pulse i s  r e q u i r e d .  To 
a c h i e v e  this, frequency of TV synch p u l s e  generator  was 
locked t o  t h a t  of Z s  clo.=k and a d e f i n i t e  p h a s e  r e l a t i o n  
with 1 PPS of Cs clock was ma in ta ined .  

A s  is c lea r  from F ig .1  t h e  1 PPS of XPL Cs clock was d i -  
r e c t l y  f e d  t o  "START" p o r t  of t h e  time i n t e r v a l  c o u n t e r  and  
t h e  s i g n a l  was r ece ived  from R a i s t i n g  (Similar t y p e  of 
p u l s e  as shown i n  F ig .1 )  was d i r e c t l y  used to "STQP" t h e  
time i n t ~ r v a l  counter.  

Initially t h e  data wastaken once every  second w i t h  a time 
i n t e r v a l  counter  (W 5248 L/M) of 10 nanoseconds r e s o l u t i o n  
as  it co:ld be i n t e r f aced  w i t h  the  ava i l ab l e  p r in t e r (HP  
5050B), Later, i n  view of  t h e  b e t t e r  measurement uncer ta in-  
ties, a counter  (XP 5345A) w i t h  2 n a n o s ~ c o n d s  r e s o l u t i o n  
was used and t h e  data was taken once e v e r y  30 seconds. The  
c o u n t e r  u s e d  at H a i s t i n g  had a 1 nanosecond r e s o l u t i o n .  

F i g . 2  shows a 30 minutes  s e c t i o n  o f  measurement va lues ,  as 
ob ta ined  once every 30 s e c o n d s  i r  New D e l h i  and Raisting. 
The data was taken once e v e r y  30 seconds for a b o u t  an hour 
on each day, In 3 i g - 2  t h e  s a t e l l i t e  mot ion  has been e l i m -  
i n a t e d  by p l o t t i n g  f i rs t  d i f f e r e n c e  and o n l y  t h e  d e v i a t i o n s  
from t he  s t r a i g h t  l i n e  have been shown, 

The random uncertainty f o r  t h e  upper  c u r v e ,  which i s  t h e  
h a l f  d i f r e r e n c e  of t h e  measured v a l u e s  a t  New DeLhi and 
R a i s t i n g  i s  ;t 4 nanoseconds. T h e  mean h a l f  d i f ' f e r ence  of 
t h e  measused values a t  N e w  D e l h i  and Zaisting along with 
standard deviation and A l l a n  'Tariance ( fl -30 seconds)  a r e  
g i v e n  i n  T a b l e  1, T y n i c a l  values  of randcm u n c e r t a i n t i e s  
a r e  i n  the  range of 2 3 t o  2 10 nanoseconds. In two cases, 
v a l u e s  of even about f: 70 nanose-opds were foand. The 
reasons f o r  t h i s  l a r g e  u n c e r t a i n t y  cou ld  n o t  be ascer ta ined.  

The N P L Z ,  which was used i n  d i r e c t  meqsurernents w i t h  
Zaisting, experienled a phase  anple  shi f t  d u r i n g  t h e  two 
s e t s  o f  data  in May and J u n e  and a shase s h i f t  correct ion 
o f  564 ns w i t h  an estimated u n c e r t a i n t y  of 20 ns, based on 
t h e  r e l a t i v e  frequency d i f f e r e n c e  of two KPL cesium c l o c k s ,  
S ~ ~ ~ l ,  N P L 2 ,  was a p p l i e d  t o  t h e  second s e t  data  of June. 
S ~ ~ ~ l , 1 \ ' ~ ~ 2 , m e a s u r e d  by r e g u l a r  r u b i d i u m  clock transports- 
tf ons d u r i n g  t h e  experiment was found to be 22 ns/day,with 
N P L 2  r u n n i n g  faster than NPI-1 .  



The * l a i l y  mean h a l f  d i f ;  erence of t h e  measured va lues  at 
Xew Delhi and Raisting T (NPZ-1 - R a i s t i n g )  a re  p l o t t e d  in 
Fig.3. The  s lop  of t h i s  curve  gives the re1 tive f requency 
d i f f e r e n c e  h e  tween N P L l  and R a i s t i n g  c lock ,  $NPL,RBIS, as 
measured oveT t h e  44 days pf$iod. The va lue  in t h i s  case is 
found t o  be -15.7 2 0.4~10" In F i g . 3  an expanded view 
of f i r s t  se t  of data is shown. The u n c e r t a i n i t y  shown is 
t he  uncertainfty of the slope of i n c l i n a t i o n  of t h e  r e g r e s -  
s i o n  l i n e  th rough  the two s e t s  of data p o i n t s .  The time 
comparisons T(Raisting-UTC,PTB) between I i a i s t i n g  clack and 
PTB p r i m a r y  standard d g r i n g  the above measurement period is 
plotted in Fig.4,  Th s l o p e  of t h e  curve gives t h e  r e l a t i v e  
f requency  d i f f p r e n c e  3PTB,~A~S. The data fo r  t h i s  curve was 
made a v a i l a b l e  t h r o u g h  t h e  cour tesy of PTB and is t a b u l a t e d  
i n  T a b l e  2, P o i n t s  on Fig.4  represent  measurements v i a  
LOI-dF-C and p o i n t s  wi t h  c i r c l e  represent  measurements v i a  
t r a v e l l - i n g  c l o c  SPTB,RAIS from Fig .4  is found t o  be 

53 -22.5 + 0.3~10- . From F i g s .  3 and 4 t h e  r e l a t i v e  f r e -  
quency difference b e t w e e n  NPL clock and PTB primary s t a n d a r d  
SNPL,PTB (SNPL,RAIS-SPTB,RAIS), t h u s ,  is + 7 . 1  + 0.5~10-13.  - 

The time comparison made w i t h  U.S. Naval  Observatory 
t r a v e l l i n g  Clock b rough t  to N e w  Delni in September 1980 
agreed with t h e  i n i t i a l  N P L 1  clock s e t t i n g  w i t h  respect 
to PTB t o  w i t h i n  a small f r a c t i o n  of a microsecond and 
w i t h  the N P L P T B  re la t ive  frequency d i f f e r  C~ ,%PL,PTB,  
of  + 7.1~10-13 to with in  few parts in lodf2, w i t h  those 
meazuxted by means of s a t e l l i  Le symphonie. 

~ i m i l a r l ~ , ~ ~ ~ ~ , ~ ~ ~  repor ted  i n  t h i s  paper i s  in good agree- 
ment w i t h  t he  e l a t i v e  frequency dif ference  %PL,PTB 
7.0 + O . ~ X I O - ~ ~  evaluated from VLF phase measurements over 
one year p e r i o d  and described i n  a companion paper. 

With t h i s  paper  we conclude a ser ies  of time t ransfer  and 
time comparison experiments by means of s a t e l l i t e  symphonie  
which were i n i t i a t e d  i n  A n r i l  1978 and were r epor t ed  in 
t e n t h  and eleventh PT'CI Meetings. The future plans on time 
dissemination via  s a t e l l i t e s  include sane more experiments 
with Ind ian  e xperimental s a t e l l i t e  APPLE (to be launched 
in mid 1981), a time dissemination se rv ice  v i a  operat ional  
I n d i a n  demostic s a t e l l i t e  INSAT to be l aunched  in l a t e  1931, 
involvement in LASSO/SI~lIO12 experiments and possibilities 
of i n t e r n a t i o n a l  time comparisons via some common view 
sa t e l l i t e s ,  



T h e  i n t e r c a l i b r a t l o n s  between PTB and R a i s t i n g  c locks  were 
made via LORAN-C and travelling clocks. Four time compari- 
sons were made d u r i n g  t h i s  p e r i o d  v i a  t r a v e l l i n g  clocks 
with a n  estimated u n c e r t a i n t y  of 2 50 ns.  The LORAN-C 
m e a s u r e q e n t s  were more u n c e r t a i n  than these. 

A basic l i m i t a t i o n ,  c o n t r i b u t i n g  maximum u n c e r t a i n i t y ,  of a 
two-way time t r a n s f e r  via s a t e l l i t e  i s  t h e  p r e c i s e  measure- 
ment of individual p a t h  de l ay  of t r a n s m i t t e r  and r e - e ive r .  
A t  N e w  D s l h i  no a t tempts  were made t o  lneasure i n j i v i d u a l  
p a t h  delay of t ransmit ter  and receiver.  Only combined l o o p  
d e l a y  consisting of t ransait te r  , t e s t  l o o p  t rans la  t o r  (a 
r ep l i ca  of t ransponder  on sa t e l l i t e l  and r e c e i v e r  was mea- 
sured. T h i s  gave a value of 1900 2 10 nanoseconds. PTB has 
cowunicn  t e d  separate measurements on p a t h  delay of t r a n s -  
m i t t e r  and r e c e i v e r  a t  3 a i s t i n g  e a r t h  s t a t i o n .  These,  
i n c l u d i n g  f i l t e r  de lays ,  a r e  : 

Transmi t t e r  (Raisting) t 956 ns 
hece iver  (Ra i s t i ng )  : 954 ns 

T o t a l  : 1910 ns 

It may be seen t h a t  t o t a l  p a t h  d e l a y s  encountered a t  N e w  
D e l h i  and R a i s t i n g  a r e  same w i t h  t ransmit te r  and receiver  
contributing h a l f  of t h e  t o t a l  delay.  

A c l o c k  t r a n s p o r t  between NPL and PTB d u r i n g  the experiment 
was n o t  p o s s i b l e  f o r  f i n a n c i a l  reasons and t h e  uncertainity 
of time comparisons could n o t  be a scc r t a ined .  However, 
based an e q u a l i t y  of p a t h  d e l a y s  at R a i s t i n g  a n d  N e w  D e l l i ,  
w i t h  t r 3 n s m i t t e r  and r e c e i v - r  d e l a y  b e i n g  almost equa l ,  one 
c o u l d  i n f e r  LOO n a n o s e ~ o r d s  as t h e  u p p e r  l i m i t  f o r  accuracy  
u n c e r t a i n t y  of time comparisons. These i n c l u d e  time t r a n s -  
fer  u n c e r t a i n i t y  be tween PTB and aaisting ( ~ 5 0  ns) , time 
t r a n s f e r  u n c e r t a i n i t y  be tween NPL-1 and N P L 2  (m 20ns) and 
u n c e r t a i n i  ty i n  p a t h  delays  ( m  100 ns) , 

The  : i e l a t i v i s t i c  due t o  e a r t h ' s  r o t a t i o n  f o r  
t h e  N P L Y T B  time comparison experiment is ca lcu la t ed  t o  be  
+ 179.5 ns. T h i s  va lue  s h o u l d  be  added t o  column 3(mean 
value) of Table  1 t o  g e t  t h e  t r u e  v a l u e  f o r  t h e  time d i f -  
ference between Raisting and NPL. I t  is  a s i g n i f i c a n t  
contribl:.tl.on in v i e w  of t h e  p r e z l s i o n  of' less t h a n  10 ns 
achieved  i n  t h e  experiment. However, i n  absence  of t r a v e l -  
i n g  clock time comparison, t h i s  cou ld  n o t  be verified. 
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Table  1 

TmZ CCMP:IRISCNS BZYVJdEI; I l A I S T I K G '  S CLO,,X AND 
UTC (?21B) V I A  LCAiAX-C A1'3 TIiAVdL1,IKG CLOCK. 

2 a t e  ? I J D  'L'(ria is cirg-U!S T (da i s  t ine -UTC 
(PL'B) by clock (PTB) v ia  
t r n n s p o r t a  t i o n  ZOIiAK- C 

.-L.l 

( u s  1 ( u s  ) 

14.05.73 44007 0,367 
15,05,73 44009 0,050 
17.05.79 44010 0,304 
13.05,73 44311 0,497 
21.05.79 41014 1,092 
22.05.79 44015 1,415 
23005.73 44015 1,527 
30.05,79 44023 2,955 
31.05.73 44024 3,024 
01.05.73 412025 3,350 
04*0G*79 44030 4,113 4,136 
07.06.79 44031 4,342 
03.05.79 44332 4,703 
013.05.79 44033 4,752 
13*04.79 44042 5,519 
19.06.79 44043 6,538 5,530 
20,06,73 44044 6,903 
21.07.73 44045 7,153 
23.05.73 44052 5,459 
23.06.79 44053 5,705 3,730 



Table 2 

T IME CCIMPAHTSOKS , S 1'ANdAIiD DZVIATICK AND 
A L U N  T'AIL I A N  >E SXT'dEE;hT MIS CIXG ' S SLCCK 
ASD NPL-1 V I A  SATELLITE S-.IPxOTiIE 

Date M JD Nean Standard A l l an  
Value  Dev ia t ion  Var I a n  ce 

May 17'79 44010 +1M, 711s 10.96 ns 10.5 ns 

May 18' 79 44011 4263.7ns 7.92 ns 10.3 ns 

May 21179 44014 c693.Flns 4.24 ns 3.5 ns 

May 22'79 44015 +74G.i3ns 52.52 ns  55.1 ns 

May 23'79 44015 s951.5ns 7.91 ns 2.3 ns 

June  23'79 44052 +50*57.0 ns  33.4 ns 60.5 ns 

June  29' 79 44053 -t5401.2 ns 3.5 ns 4.73ns 

* P o s i t i v e  s i g n  i n d i c a t e s  l i a i s t i n g s  1 PPS corning e a r l i e r  
t h a n  NPL 1 PPS, 

* NPL T i m e  was off by 435.2943 us and was s e t  a f t e r  t h e  
experiment on May 15' 79. 

*** ?'or l i m i t e d  number of o b s e r ~ r a t i o n s .  
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EXPERIFKNTAL SET-UP Or NPL -PTB CLOCK SYNCMUONISATION 

C XPEHIMENT (MAY JUNk ,1979 ) 

S,p.G. = Synch p u l s e  ~ e n e r z t o r  

F i g *  1 

P I . L . . I . - ~ , I ~ ~ , . ~  
s 5 10 15 2 0  2 5  30  
5 t- 

NPL-PTB CLOCK SYNCHRON6ATKXJ E X P E M N T  MAY-JUNE ,1979 

Fig.2  : Deviatic~s from the s t r a i g h t  l i n e  of 
Clock off-set be tween NPE and Raisting. 
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11 r lg.3 : Clock  o ' f - s e t  b e t w e e n  XPI, and 
Y i a i s t i n g  (SN~L,~AIS). 

m 

z lO.00 

Pomnl* ro~r . r .n !  m m o n u r . m n ~ *  w*,  man-c . CJ 
Pwnln -8Vb r , rc I .  ropr.r.nln n.enu..*nln r ~ o  

PatmH C I O C ~  

.... -@- 

r 7"7-7̂ -- 

$ 10 2 0 so 40 30 
r 

M JD - 44000 t 

NPL-PTB CLOCK SYNCHRONISATION EXPERIMENT 

MAY-  JUNE, 1979 

F i g .  4: c l o c k  o:f-set b e t w i ? c n  X" ar+:l 
Reisting (Sp-p9,;,:,~y). 
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