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ABSTRACT 

The two-way t ime t rans fer  us ing the  Hermes (CTS) 
s a t e l l i t e  and the  Symphonie s a t e l l i t e  began i n  Ju l y ,  1978. The Hermes 
experiment f i n i s h e d  a t  the  end o f  June 1979, and the  Symphonie 
experiment w i l l  cont inue u n t i l  the end o f  1980. The N.R.C. uses 
te rmina ls  a t  t h e  Communication Research Center about 25 m i les  from t h e  
N.R.C. labora tory ,  and the  t ime t rans fe r  from N.R.C. t o  C.R.C. i s  made 
using l i n e  o f  s i g h t  TV recept ion  w i th ' f r equen t  checks by por tab le  
cesium o r  rubid ium clocks. I n i t i a l l y  the  USNO used Goddard terminals ,  
and the  NBS a  HEW termina l  i n  Denver, and both r e l i e d  p r i m a r i l y  on 
por tab le  c lock  synchronizat ion.  For the  l a s t  e i g h t  months, Comsat 
te rmina ls  were used a t  the  USNO and a t  NBS, so t h a t  no secondary t ime 
t r a n s f e r  was requi red.  I n  France, the  PBS Symphonie te rmina l  i s  i n  
B r i t t a n y ,  300 m i les  from t h e  Labora to i re  de Temps e t  Frequence (LPTF) 
a t  the  Observatoire de Par is ,  and the  t ime t r a n s f e r  t o  the  terminal  i s  
made v i a  the  TV networks. The unce r ta in t y  i n  t h i s  l a t t e r  1  i n k  i s  
about 20 ns, b u t  f o r  the  o the r  s t a t i o n s  the  unce r ta in t y  i s  1  t o  5 ns. 

I n  most o f  t h e  experiments, 1  pps pulses o f  the  
s t a t i o n  atomic c locks were exchanged between the  par tners,  and a 
cubic equat ion was f i t t e d  t o  the 1000 t o  2000 second measurements. 
The equations were exchanged and substracted t o  o b t a i n  the  t ime 
d i f f e r e n c e  o f  the  s t a t i o n s .  The standard dev ia t i on  i n  the  f i t  o f  the  
equat ions varied, depending on condi t ions,  from 1.5 ns t o  16 ns. For 
the  l a s t  month o f  the  Hermes experiment a  1  MHz s igna l  was used, 
g i v i n g  a  standard dev ia t i on  o f  0.18 ns. 

The comparison o f  the  t ime scales v i a  s a t e l l i t e  
and v i a  Loran-C (BIH C i r c u l a r  D) show c l e a r l y  t h a t  some Loran-C l i n k s  
a r e  very good, b u t  t h a t  the  NBS l i n k  va r ies  by 1  us. Via the  
s a t e l l i t e  the  f r e q u ~ j c i e s  o f  the  t ime scales can be compared w i t h  an 
accuracy o f  2 x  10- . 



INTRODUCTION 

A p r e l i m i n a r y  r e p o r t  on the  two-way t ime t r a n s f e r  
NRCINBS and NRC/USNO v i a  t h e  Hermes (CTS) s a t e l l i t e  was g iven a t  the  
PTTI meeting l a s t  year.  The experiment f i n i s h e d  a t  the  end o f  June 
1979, when the  Hermes s a t e l l i t e  was taken o u t  of serv ice,  and t h i s  
paper i s  the  f i n a l  r e p o r t  o f  the  y e a r ' s  operat ion.  The t r a n s f e r  
NRCILPTF (France) v i a  t h e  Symphonie s a t e l l i t e  a l so  began i n  J u l y  1978, 
and i s  expected t o  cont inue u n t i l  December 1980, b u t  on l y  the  r e s u l t s  
o f  t h e  f i r s t  year  w i l l  be presented f o r  the  purposes o f  comparison. 

2. S a t e l l i t e  te rmina ls  

The NRC had t h e  use o f  te rmina ls  a t  the  Communication 
Research Centre i n  Ottawa, loca ted  about 25 m i les  from the  NRC 
labora tory .  The NRC rubid ium c lock  and measuring equipment a re  housed 
a t  the  10 m Symphonie te rmina l .  I n i t i a l l y  f o r  the  Hermes experiment, 
the  video s igna ls  were re layed v i a  t r i a x  cables 1.5 m i l es  t o  the  9  m 
Hermes te rmina l .  A f t e r  December 31, 1978 the  s igna ls  were re layed an 
a d d i t i o n a l  m i l e  by cable w i t h  a  65 MHz c a r r i e r  t o  a  2  m te rmina l ,  
which operated u n t i l  June 30, 1979. Time t r a n s f e r  from NRC t o  CRC was 
e f f e c t e d  by l i n e  o f  s i g h t 1 V  recep t i on  c a l i b r a t e d  p e r i o d i c a l l y  by 
po r tab le  c lock  t rans fe rs .  

The USNO planned t o  operate us ing  te rmina ls  a t  the  
Goddard Space F l i g h t  Center, b u t  w i t h  var ious l o g i s t i c  and equipment 
problems, on l y  one successful  NRCIUSNO t r a n s f e r  was possib le.  A t  the  
Wingspread Users Meeting, September 19, 1978 J. Kaiser suggested t h a t  
po r tab le  20 W 2.4 m Comsat te rmina ls  might  be ava i l ab le ,  and one was 
i n s t a l l e d  a t  the  USNO f o r  t r a n s f e r s  beginning November 14, 1978. 

The Hermes s a t e l l i t e  was a  j o i n t  CanadaIUSA venture, 
w i t h  each country  us ing t h e  s a t e l l i t e  on a l t e r n a t e  days. The exper i -  
ment was run  on Canadian days up till December 31, 1978 a f t e r  which 
t ime the  Canadian a l l o c a t i o n  was dedicated t o  TV experiments. From 
January t o  June 1979, t h e  experiment was r u n  on USA days on t ime 
a l l o c a t e d  t o  Comsat. The t ime t r a n s f e r s  resumed on February 13, 1979 
when t h e  new CRC te rmina l  was a v a i l a b l e  and o the r  arrangements were 
completed. 

The NBS had t h e  use o f  a  HEW 200 W 3  m te rmina l  
on t h e  t o p  o f  a  h o s p i t a l  i n  Denver from J u l y  1978 t o  A p r i l  1979. Two 
p o r t a b l e  Cs c locks were c a r r i e d  from NBS t o  Denver f o r  each t rans fe r ,  
and TV t r a n s f e r  prov ided an a d d i t i o n a l  check. 

I n  A p r i l  1979, a  second 2.4 m po r tab le  20 W Comsat 
te rmina l  was i n s t a l l e d  a t  t h e  NBS labo ra to ry  a t  Boulder. The 
t r a n s f e r s  NRCIDenver, NRCIBoulder and USNOIDenver, USNO/Boulder both 



agreed t o  30 ns, so no c o r r e c t i o n  f o r  the  change i n  te rmina l  delays 
was made. 

I n  France, the Symphonie te rmina l  (PBS) a t  Pleumeur Bodou i n  
B r i t t a n y  i s  used f o r  the  NRC/LPTF (Labora to i re  p r ima i re  de temps e t  
frequence) t r a n s f e r .  The PBS/LPTF ( P a r i s )  t r a n s f e r  i s  made v i a  the 
French TV network w i t h  c a l i b r a t i o n  by po r tab le  c locks.  The p r e c i s i o n  
i n  the  PBS/LPTF l i n k  i s  about 20 ns, and the  accuracy v i a  the po r tab le  
c lock  t r i p s  i s  about 100 ns. 

The network described above i s  g iven i n  F igure  1. 

3. Experimental procedures 

I n  the two-way t ime t r a n s f e r ,  the  second c lock  1  pps pulses 
are  beamed t o  the  geostat ionary s a t e l l i t e ,  and prov ide the  s t a r t  
s i gna l  f o r  the l o c a l  counter.  The counter i s  stopped by the  pulse 
rece ived from the  o ther  te rmina l  v i a  the s a t e l l i t e .  I f  i t  i s  assumed. 
t h a t  there i s  r e c i p r o c i t y  i n  the s a t e l l i t e  transponders and i n  the  
paths f o r  the  s l i g h t l y  d i f f e r e n t  frequencies, then the  t ime d i f f e r e n c e  
between the c locks  and t h e  two s t a t i o n s  i s  given, as i n  F igure  2, by 

To date, the  t r a n s m i t t e r  delays t. and t h e  rece i ve r  delays ri have 
n o t  been measured. However, i f  a'simple t r a n s m i t t e r  t* and r e c e i v e r  r* 
are  b u i l t  t o  measure tl + r* and t* + rl a t  s t a t i o n  1, and the  same 
measuring equipment i s  c a r r i e d  t o  measure t2 + r* and t* + r 2  a t  the  
second s t a t i o n ,  then i t  i s  apparent from Equation 2 t h a t  tl - t2 and 
r, - r2 can be determined w i t h  h igh  accuracy. These measurements w i l l  
be made f o r  the  present  CRC and PBS termina ls .  

The 1  pps video s igna l ,  shown i n  F igure 3, inc ludes  
t h e  normal ho r i zon ta l  sync pulses of the  TV format  t o  main ta in  
proper l e v e l s  i n  the  TV video c i r c u i t s .  There i s  a  disadvantage i n  
the  simple 1  pps format i n  t h a t  the  r i s e  t ime o f  about 200 ns makes 
the  readings dependent on the  t r i g g e r  l e v e l  o f  the  counters. There 
are  a l so  v a r i a t i o n s  if the S/N i s  low. Normally runs about 15 minutes 
were made, g i v i n g  900 readings. A cubic  equat ion was then f i t t e d  t o  
the  measurements, and the  two equat ions subtracted t o  remove the  
e f f e c t s  o f  sate1 l i t e  motion. The t ime d i f ference between the  s t a t i o n  
c locks  was then ca l cu la ted  f o r  a  p a r t i c u l a r  second, and the  necessary 



t r a n s f e r s  t o  t he  l a b o r a t o r y  UTC scales inc luded.  The standard 
d e v i a t i o n  i n  f i t t i n g  the  equat ion t o  t h e  measurements va r i ed  from 1.5 
ns t o  16 ns depending on s igna l  cond i t ions .  

For t h e  month o f  June 1979, t h ree  modems b u i l t  
a t  NRC w i t h  t he  1  MHz s igna l  (F igu re  3 )  were used a t  CRC, USNO and 
NBS. I n  t he  modem a  c r y s t a l  was locked t o  t h e  incoming Doppler 
s h i f t e d  1  MHz wave t r a i n ,  and a  wide band square wave was used t o  
s top  the  counter.  With these modems, a  standard d e v i a t i o n  below 0.2 
ns was obtained. 

I n  a  l a t e r  ve rs ion  o f  t he  modem, both 1  pps and 
1  MHz s igna l s  a re  inc luded,  w i t h  t h e  1  pps a t  0.7 v o l t s  and the  1  MHz 
a t  0.3 v o l t  l e v e l .  The 1  pps i s  sen t  0.5 us i n  advance, and i s  used 
i n  t he  modem t o  open a  gate t o  a l l o w  t h e  f i r s t  1  MHz c y c l e  f o l l o w i n g  
t o  t r i g g e r  t he  counter.  Th is  g ives  the  same ou tpu t  as a  1  pps s igna l ,  
b u t  w i t h  t he  p r e c i s i o n  o f  t h e  1  MHz s igna l .  On a  double hop t o  
France and back, CRC/PBS/CRC, a  standard d e v i a t i o n  o f  0.25 ns was 
obtained. 

F igu re  4 i s  a rep roduc t i on  o f  t h e  computer ou tpu t  
a t  NRC f o r  a  f i v e  minute NRC/NBS t ime t r a n s f e r  on June 27, 1979 us ing  
t h e  1  MHz modem. The ou tpu t  inc ludes  a  p l o t  showing the  f i t  o f  t he  
cubic  equat ion t o  t he  data, and a  h is togram w i t h  1  ns r e s o l u t i o n .  
A f t e r  t he  sw i t ch ing  t r a n s i e n t s  a t  t he  beginning o f  t he  r u n  a l l  o f  t he  
measurements are w i t h i n  0.5 ns o f  t h e  equat ion. The constant  term 
should read 256537709.67, t he  f i r s t  two d i g i t s  having been suppressed 
f o r  convenience i n  computation. The l i n e a r  term, showing a  path 
l e n g t h  change o f  51 ns/sec, i s  t y p i c a l ,  and emphasizes the  need t o  
s u b t r a c t  t he  r e s u l t s  f o r  t h e  two s t a t i o n s  f o r  a  p a r t i c u l a r  second. 
The sawtooth ev iden t  i n  t he  p l o t  i s  a  beat  between the  t ransmi t t ed  
1  MHz and t h e  Doppler s h i f t e d  rece i ved  1  MHz. The i n t e r f e r e n c e  was 
due t o  inadequate decoupl ing i n  t h e  modem, which would have been 
cor rec ted  had the  experiment cont inued. It does n o t  a f f e c t  our  present  
r e s u l t s ,  b u t  i t  does p a r t i a l l y  mask r e a l  v a r i a t i o n s  o f  about 0.5 ns 
a t  t he  beginning o f  t he  run. It appears t h a t  t h e  p r e c i s i o n  o f  t h e  
experiment i s  s u f f i c i e n t  t o  observe ionospher ic  e f f e c t s  o f  t he  order  
o f  nanoseconds. 

Experimental r e s u l t s  I: 
The r e s u l t s  o f  t he  t ime  t r a n s f e r  experiments a re  

, 
! 

g i ven  i n  Table I (NRC/NBS), Table I 1  (NRC/USNO), Table I 1 1  (NBS/USNO) 
and Table I V  (NRC/LPTF). On January 1, 1979 NBS added a  s tee r i ng  I 

c o r r e c t i o n  o f  20 ns/day. Th i s  has been subt rac ted  i n  t he  second 
column o f  t h e  NBS t a b l e s  t o  p rov ide  c o n t i n u i t y  f o r  p l o t t i n g  the  two 
six-month per iods.  



The te rmina l  delays t. and r .  were n o t  measured, 
and the re fo re  the re  i s  an unknown J f f se t  6r e r r o r  i n  t h e  s a t e l l i t e  
t ime t r a n s f e r ,  which hope fu l l y  i s  constant.  Por tab le  c lock  r e s u l t s  
NRC/USNO showed the  s a t e l l i t e  va lue about 300 ns high. For the  
NRC/LPTF the  s a t e l l i t e  e r r o r  i s  about 200 ns. 

There i s  t he re fo re  a  f o r t u i t o u s  c a n c e l l a t i o n  
o f  the  te rmina l  delays, b u t  the  e r r o r s  and the  unce r ta in t y  i n  t h e  
e r r o r s  are such t h a t  some smal ler  f i x e d  co r rec t i ons  t o  the  tab les  were 
n o t  made. One c o r r e c t i o n  t h a t  must be app l i ed  i n  f u t u r e  h igh  accuracy 
t r a n s f e r  i s  t h a t  f o r  the  Sagnac E f f e c t .  

This c o r r e c t i o n  f o r  measurements made w i t h  
geostat ionary s a t e l l i t e s  i n  the r o t a t i n g  coordinate system o f  the  
ea r th  i s  s i g n i f i c a n t .  The t r u e  t ime d i f f e r e n c e  i s  g iven by 
t (East c lock )  - t (West c lock )  = A t  (measured) - 2wA 

T 
C 

where w i s  the  angular v e l o c i t y  o f  the  ear th,  and A i s  the  pro jec ted  
area, on the  equator ia l  plane, o f  the  s a t e l l i t e  and ear th  s t a t i o n  
network. The values* f o r  t h e  present experiment a re  g iven i n  Table V. 

East 

USNO 

NRC 

NRC 

PBS 

TABLE V 

West 

NBS 

NBS 

USNO 

NRC 

There i s  an i n t e r e s t i n g  r e s u l t  f o r  NRC/USNO, f o r  w h i l e  NRC i s  eas t  
o f  USNO, viewed from the  s a t e l l i t e  p o s i t i o n  i t  appears t o  be west. 

The r e s u l t s  o f  t h e  Symphonie t r a n s f e r  t o  France 
are p l o t t e d  i n  F igure  5. Transfers were made most working days u n t i l  
MJD 43913, and tw ice  a  week a f t e r  t h a t  date. There was a  break i n  the  
measurements du r ing  the  e c l i p s e  pe r iod  i n  t h e  f a l l  o f  1978, and a  
sho r te r  break f o l l o w i n g  MJD 43913 when the  antenna a t  CRC was changed. 

There are  occasional e r r o r s  o f  about 200 ns 
which presumably a r i s e  from the  t ime t rans fe r  t o  t h e  l abo ra to r i es ,  
b u t  the  reason f o r  these has no t  y e t  been i d e n t i f i e d .  

*David W Al lan,  NBS, p r i v a t e  communication 



I n  F igure  6 the  r e s u l t s  f o r  t he  NRC/NBS, NRC/USNO 
and NBS/USNO t r a n s f e r s  a r e  p l o t t e d  ( w i t h  t he  20 ns/day adjustment 
f o r  t he  UTC (NBS) va lue a f t e r  January 1, 1979). The sca le  o f  t he  
f i g u r e  i s  such t h a t  d e t a i l e d  comparisons o f  t he  t ime scales i s  n o t  
poss ib le,  b u t  some general conclusions can be drawn. 

F i r s t ,  a  comparison o f  t he  s a t e l l i t e  r e s u l t s  
w i t h  t h e  Loran C values obta ined from the  BIH C i r c u l a r  D show t h a t  
t he  Loran C NRC/USNO i s  ve ry  good f o r  most o f  t he  year .  Un fo r tuna te l y  
t he  one Hermes r e s u l t  i n  J u l y  cannot be used, because a t  Goddard 
separate t r a n s m i t t i n g  and r e c e i v i n g  antennas were used and the  
te rmina l  de lay e r r o r s  a re  l i k e l y  t o  be much d i f f e r e n t  than those o f  
t he  duplex Comsat te rmina l .  Therefore, t he re  i s  no comparison w i t h  
t he  po r tab le  c lock  measurements poss ib le  f o r  t h i s  per iod.  

The NRC/NBS Loran C r e s u l t s  show, as expected, 
v a r i a t i o n s  o f  about 1  us from the  l ong  l and  p  h  t o  Boulder. V ia 73. Loran C t he re  a r e  apparent changes o f  3 x  10- i n  t he  r e l a t i v e  
f requencies o f  t he  t ime scales f o r  per iods  o f  3 t o  4 months. 

I n  the s a t e l l i t e  r e s u l t s ,  there  a re  two dates 
when changes were made i n  t he  NRC te rmina l .  The f i r s t  i n  January 
1979 was t o  a  d i f f e r e n t  t e rm ina l  a t  a  d i f f e r e n t  s i t e ,  and the re  must 
be some v e r t i c a l  s h i f t  i n  t he  scales a t  t h a t  p o i n t .  However, f rom 
t h e  NRC/USNO Loran C measurements i t  does n o t  appear t o  be la rge .  
The second i n  March was an obvious change o f  120 ns i n  both NRC scales 
t h a t  d i d  n o t  appear f o r  t he  NBS/USNO r e s u l t s .  Th is  was n o t  explained, 
b u t  t he  c o r r e c t i o n  was added t o  a l l  subsequent measurements. 

The bes t  r e s u l t s  were obta ined f o r  NRC/NBS i n  
1978, when the  main 9  m CRC t e rm ina l  was used and a  200 W t e rm ina l  
i n  Denver. As was mentioned before,  the 1  pps r e s u l t s  a re  dependent 
on S/N and the  q u a l i t y  o f  t h e  rece ived pulse. Over t h e  l a s t  f o u r  
months o f  1978, when r o u t i n e s  had been establ ished,  frequency -14 comparison between the  NRC and NBS scales was b e t t e r  than 2  x 10 . 

The same accuracy was obta ined f o r  NRC/USNO 
f o r  t h e  month o f  June 1979, us ing  the  1  MHz modem. Unfor tunate ly ,  
t h e  two mid June measurements w i t h  NBS us ing  1  MHz were i n  e r r o r  by 
about 40 ns. A wrong d e v i a t i o n  s e t t i n g  on the  te rm ina l  a t  BouIder 
r e s u l t e d  i n  a  2.2 v o l t  r a t h e r  than t h e  proper 1  v o l t  v ideo s igna l  
be ing rece ived by the  par tners  and t h i s  caused phase d i s t o r t i o n  
i n  t h e  r e c e i v i n g  s t a t i o n s .  However, a l l  ended w e l l ,  and on the  l a s t  
day o f  t he  experiment, on June 27, 1979 a  2  ns c losu re  was obta ined 
f o r  t he  th ree  two-way t r a n s f e r s .  



There was some d i f f i c u l t y  i n  1979 a t  CRC i n  
main ta in ing  a constant  video delay i n  t h e  complex and l ong  t rans fe r  
system. On days when the re  was an obvious CRC e r r o r ,  the  po in t s  were 
ignored i n  drawing the  curves. 

Another "c losure"  experiment was c a r r i e d  o u t  on 
A p r i l  9, 1979. The a l l o c a t i o n  on Hermes and Symphonie s a t e l l i t e s  was 
a t  t h e  same time, and the  video s igna ls  from NBS and from France were 
patched through t h e  C R C  te rmina l  t o  e f f e c t  an NBS/LPTF two-way t rans-  
f e r .  Immediately be fore  and a f t e r  t h i s  t r a n s f e r  an NRC/NBS and 
NRC/LPTF t r a n s f e r  was made, and the  sum o f  these agreed t o  4 ns w i t h  
NBSfLPTF r e s u l t .  Th i s  agreement was perhaps f o r t u i t o u s  because i n  
us ing two s a t e l l i t e s  the  near s i m u l t a n e i t y  o f  the  normal two-way 
t r a n s f e r  i s  l o s t .  A f u r t h e r  experiment, i n  which t h e  NRC/NBS and 
NRC/LPTF t rans fers  were c a r r i e d  o u t  a t  the  same time, had t o  be aban- 
doned because one o f  the  counters a t  CRC was n o t  s u f f i c i e n t l y  r e l i a b l e .  

Near the  end o f  the  experimental pe r iod  Comsat labora-  
t o r y  i n s t a l l e d  two PSK modems, which had been modi f ied  f o r  t ime 
t rans fe r ,  a t  t h e  USNO and NBS termina ls .  This system demonstrated 
a h igher  e f f i c i e n c y  i n  t h e  t ime t rans fe r ,  and achieved a sigma o f  
17.5 ns on a l i n k  o f  100 kHz bandwidth. 

The f i n a l  comparison o f  the  four  t ime scales i s  
g iven i n  F igure  7. I n  t h i s  f i g u r e  t h e  i n t e r c e p t s  and slopes have a l l  
been a l t e r e d  t o  pe rm i t  an expansion o f  the  scale. Any f a c t o r  t h a t  i s  
common t o  the  th ree  curves a r i ses  from the  NRC scale, and o ther  
i n d i v i d u a l  changes can be determined by us ing the  o the r  two scales as 
cont ro ls .  

Conclusions 

There i s  no doubt t h a t  these l o n g  term experiments 
have shown the  advantages o f  the  two-way s a t e l l i t e  t ime t r a n s f e r .  
Our e f f o r t s  must now be app l ied  t o  the  development o f  an economical 
opera t iona l  system using commercial s a t e l l i t e s .  
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Table I UTC(NRC)-UTC(NBS)=dt ns Table I 1  UTC(NRC)-UTC(USNO)=dt ns 

I 
i 

MJD d t  d t *  

4371 7.83 2706 
43724.83 2674 
43731.85 2639 
43738.83 2643 
43759.84 2566 
43766.83 2558 
43773.84 2598 
43780.84 2684 
43786.83 2720 

Table I1 I UTC(NBS)-UTC(USNO)=dt ns 

43800.83 
43807.83 
43814.88 
43821 -88 
43828.88 
43842.88 
43849.88 
43856.88 
43863.87 
43870.87 
43931.64 
43952.68 
43965.81 
43972.61 
43986.61 
44002.60 
44007.63 
44028.73 
44035.86 
44044.67 
44051.67 

MJD d t  

43826.71 4938 
43833.71 5033 
43840.72 5053 
43847.71 51 29 
43854.71 5191 
43863.89 5207 
4391 7.61 5363 
43931.59 5420 
43952.63 5474 
43965.78 
43972.58 
43986.59 
43993.64 
44007.60 
44028.76 
44035.80 
44044.60 
44051.58 

For dt*, t he  -20 ns/day change i n  UTC(N8S) frequency on January 1, 
1979 (MJD 43874) has been removed t o  ma in ta i n  cons is tency  w i t h  t h e  
1978 data.  The d t *  va lues a re  p l o t t e d  i n  F igures 6 and 7. 

2891 
2975 
3009 
3058 
3087 
3195 
3233 
3290 
3322 
3367 
4938 
5609 
5990 
6245 
6566 
7177 
7265 
7957 
8126 
8382 
8642 

5548 
5574 
5586 
5710 
5690 
5911 
5939 
5987 
6053 

MJO 

43917.65 
43938.64 
43945.63 
4 3 9 5 2 . 7 0 - 1 2 3  
43965.83 
4 3 9 7 2 . 6 6 - 6 1 3  
43986.68 
44002.63 
44002.64 
44007.56 
44014.87 
44028.78 
44044.61 
44051.63-2586 

3765 
4015 
4134 
4253 
4294 
4585 
4572 
4842 
4869 
4949 
5069 

d t  

989 (Denver) 
354 " 

44 " " 
- 436 " 

" 

- 998 " 

-1 477 " 

-1 446 (Bou lder )  
-1 578 " 

-1690 " 

-2007 " 

-2355 " 
" 

d t *  

1882 
1667 
1496 
1471 
1421 
1380 
1276 
1176 
11 46 
1113 
1142 
1106 
1077 
986 



















Are there any questions? 

DR. COSTAIN: 

I Are there any answers? 

I MR. CHI: 

Would you please use the microphone and identify yourself for the 
sake of recording? 

MR. LAUREN RUEGER, The Johns Hopkins University, Applied Physics Laboratory 

With all those precision measurements, what kind of a standard 
were you using out at the stations because we see in time order 
scatter a nanosecond kind of a variation in cesium standards? 

I DR. COSTAIN: 

I There was an HP Rubidium at the CRC site. 

I MR. RUEGER: 

Okay. What about the standardization of the point on the pulses 
that you used for determining the epoch of a measurement? We 
have been hearing for a while that people use different places on 
these rise times and different rise time pulses and character- 
ization. Have you some kind of standardization for this purpose? 

DR. COSTAIN: 

We try to operate at a quarter of a volt trigger level on the 
standard one volt pulses or . 7  volt pulses. But of course with 
the one PPS it is very sensitive in fact to the quality of the 
received signal and the trigger level and somebody comes by and 
changes the trigger level from time to time. This is why we pre- 
fer the one megahertz. When you have got a wideband square wave 
it doesn't make much difference where the trigger is set. 

The only thing is, is you have to make sure, and we did, 
that the megahertz is synchronized with your 1 PPS. 



Does everybody in your network use exactly the same character- 
istics in this respect? 

DR. COSTAIN: 

We endeavored to. That was the main thing. The video treatment 
in the terminals was not always the same. 

MR. CHI: 

I would like to ask you one question if I may, and that is what 
is the variation of the corrections throughout the time of measure- 
ment? Is that variation large or fairly constant? 

DR. COSTAIN: 

It is a bit difficult to tell with the type of experiment we were 
running, I mean, and you were fitting a cubic equation and can 
cover a lot of faults. But I think we could see real variations 
of the order of nanoseconds. 

I was going to say that my endeavor is, if I can persuade 
our authorities to get two terminals for Ottawa, to do a two-way 
time transfer to ourselves, eliminate clock errors and make a 
definitive evaluation of this statellite system. 

DR. LESCHIUTTA: 

Can you please tell us something about what techniques you are 
proposing to use in order to calibrate the ground stations? Cali- 
brate the delay of the ground station? 

DR. COSTAIN: 

Yes. I should elaborate. While it is intentionally what we intend 
to do with Symphonie, first make a small transmitter, a little gun 
diode, that you use to measure the artificial transmit/receiver 
loop, then carry that to the next station and make exactly the 
same measurement and subtract it. I think that can be done to 
one or two nanosecond precision. 

And the same with the transmitter. You build a small receiver 
and you carry that receiver, cables and everything and make the 
identical measurement at the other station. And it is the dif- 
ference in those measurements that you want to know. 



It is very difficult, I think, to measure precisely and sep- 
arately the transmitter delay and the receiver delay at a station. 
If we can make the difference measurements between the two sta- 
tions, then I think it can be much more accurate. 

I MR. PLEASURE: 

Would you please comment on the technique suggested by Professor 
Cohen of the University of Pennsylvania in an article in "Physical 
Review Letters" where he has geostationary satellites communicating 
with one another and with ground stations and using that to calcu- 
late Einstein. Were you aware of that? 

I DR. COSTAIN: 

I think I did read the paper. I don't know that any further veri- 
fication to my knowledge is needed in relativity theory to the 
accuracy that we can make the measurements. You must, of course, 
take into account a rotating coordinate frame-- 

I MR. PLEASURE: 

But he could not do that accurately. He has an approximation that 
he would like to have measured. 

DR. COSTAIN: 

Well, if we can achieve nanosecond accuracy, this would be one 
percent verification on this SAGNAC effect. I would say that my 
objective is not that; my objective is a cheap commercial network. 
It is an interesting thing, but it costs money to mount a more 
elaborate satellite to satellite and we are at the moment searching 
for a way to make our communication network economical. And I 
think one of the things we have going for us is that I think the 
communications networks will need sub-microsecond times in their 
systems in the very near future. 

I DR. SERENE: 

Are you planning to compare your result using the LASSO system, in 
the area of 1 nanosecond? 

DR. COSTAIN: 

The inquiries that we have made that we do not have access to a 
telescope for the two-way, and I am not sure, in fact, whether I 
would have the money or manpower for the one-way from Ottawa. We 






