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ABSTRACT 

The Deep Space Network (DSN) h a s  a  requirement  t o  m a i n t a i n  
knowledge of t h e  f requency o f f s e t  between DSN s t a t i o n s  w i t h i n  
3  x 10-13 and t ime  o f f s e t  w i t h i n  1 0  microseconds.  It i s  f u r t h e r  
a n t i c i p a t e d  t h a t  i n  t h e  1987-1990 e r a  t h e  requ i rement  f o r  
knowledge of t i m e  o f f s e t  between DSN s t a t i o n s  w l l l  be  less t h a n  
1 0  nanoseconds.  

The J e t  P r o p u l s i o n  Labora to ry  (JPL) i s  u s i n g  t h e  Global  
P o s i t i o n i n g  System (GPS) Space V e h i c l e s ,  a s  a  development pro- 
j e c t ,  t o  t r a n s £  e r  t ime  and f requency over  i n t e r c o n t i n e n t a l  
d i s t a n c e s  between s t a t i o n s  of t h e  DSN and between t h e  DSN and 
o t h e r  a g e n c i e s .  JPL h a s  i n s t a l l e d  GPS t iming  r e c e i v e r s  a t  i t s  
t r a c k i n g  s t a t i o n  n e a r  Barstow, C a l i f o r n i a  and a t  i t s  t r a c k i n g  
s t a t i o n  n e a r  Madrid, Spain .  

The d e t a i l s  of t h e  exper iment  and the d a t a  a r e  r e p o r t e d .  
There i s  a d i s c u s s i o n  o f  t h e  u l t i m a t e  c a p a b i l i t i e s  of these 
t e c h n i q u e s  f o r  meet ing t h e  f u n c t i o n a l  r e q u i r e m e n t s  of t h e  DSN. 

INTRODUCTION 

The J e t  P r o p u l s i o n  Labora to ry  (JPL) o p e r a t e s  t h e  Deep Space Network (DSN) f o r  
t h e  N a t i o n a l  Aeronau t ics  and Space A d m i n i s t r a t i o n  (NASA). The DSN c o n t a i n s  
t h r e e  complexes l o c a t e d  i n  C a l i f o r n i a ,  Spa in  and A u s t r a l i a  which a l l o w  a con- 
t i n u o u s  view of non-ear th  o r b i t i n g  s p a c e c r a f t .  The DSN h a s  a  requirement  t o  
m a i n t a i n  knowledge of f requency  o f f s e t  between complexes of 3 x 10-l3 A f / f ,  and 
a  knowledge of t ime  o f f s e t  t o  w i t h i n  1 0  microseconds.  It is  f u r t h e r  a n t i c i -  
pa ted  t h a t  i n  t h e  1987-1990 e r a  t h e  requ i rement  f o r  knowledge of t i m e  o f f s e t  
between DSN complexes w i l l  be l e s s  than  1 0  nanoseconds.  C l e a r l y ,  new measure- 
ment t e c h n i q u e s  w i l l  b e  needed t o  meet t h e s e  requ i rements .  

Among t h e  new measurement t e c h n i q u e s  be ing  i n v e s t i g a t e d  by JPL,  t o  meet these 
r e q u i r e m e n t s ,  i s  t h e  u s e  of Global  P o s i t i o n i n g  System (GPS) t i m i n g  r e c e i v e r s .  
The GPS t i m i n g  r e c e i v e r s  p r e s e n t l y  be ing  used by JPL were  developed and b u i l t  
by the  N a t i o n a l  Bureau of S tandards  ( N B S ) .  P a r t  of t h i s  development was 
funded by JPL . 
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Descr ip t ion  o f  t h e  Receivers  

The NBS r ece ive r  i s  descr ibed i n  l a s t  yea r s  proceedings ( r e f .  l ) ,  i t  uses  only 
the  one frequency conta in ing  the  CA code which i s  t r ansmi t t ed  by each space 
veh ic l e .  The r ece ive r  l ocks  on t h e  space v c h i c l c ' s  s i g n a l ,  t h e r e f o r e  i t  needs 
only a small  omnidi rec i iona l  antenna r a t h e r  t h ~ n  a s t e e r a b l e  d i s h .  The 
r ece ive r  i s  c o n t r o l l e d  by a n  i n t e r n a l  microprocessor t h a t  au tomat ica l ly  
handles  schedules ,  l ength  of r ecep t ion  time and o t h e r  tasks. Once the  r ece ive r  
i s  s e t  up, normal ope ra t ion  only  r e q u i r e s  occas iona l  human i n t e r v e n t i o n .  For 
i n s t ance ,  t he  r ecep t ion  time i s  decremented 4 minutes every day which of course 
i s  a  l i t t l e  d i f f e r e n t  than a s i d e r e a l  day. Th i s  i s  done t o  make i t  a b i t  more 
convenient by having t o  d e a l  on ly  wi th  whole minutes. I t  i s  necessary  t o  
a d j u s t  t h e  schedule every few weeks t o  keep the  viewing angles  c o r r e c t .  

Configurat ion of t h e  System 

A t  p resent  JFL has  two GPS t iming r e c e i v e r s ,  one i s  loca t ed  a t  the  Goldstone 
Tracking S t a t i o n  Complex (GTS) near  Barstow, C a l i f o r n i a .  This  r ece ive r  g e t s  
i t s  1 second t iming pulse  from a cesium c lock ,  Goldstone c lock  5 ,  GTS(Cl5) 
which i s  loca t ed  about 20 Km from a hydrogen maser c lock  Goldstone S t a t i o n  
Reference GTS(SR) which i s  a t  another  s t a t i o n  i n  the  same complex. The hydro- 
gen maser clock i s  t h e  same one used i n  Very Long Base l ine  In te r fe rometry  
(VLBI) which measures, among o ther  t h i n g s ,  t h e  time o f f s e t s  between t h e  DSN 
complexes. A c lock  t r i p  us ing  a po r t ab l e  cesium c lock  i s  made once a week 
between GTS(Cl5) and GTS(SR). These c lock  t r i p s  a r e  done i n  conjunct ion wi th  
t h e  r e g u l a r l y  scheduled weekly VLBI measurements. 

The second GPS t iming r ece ive r  i s  loca t ed  a t  t h e  DSN t r ack ing  s t a t i o n  near  
Madrid, Spain. The Madrid r ece ive r  g e t s  i t s  t iming pulse  from a hydrogen 
maser c lock  which i s  t h a t  s t a t i o n  r e fe rence  c lock  MAD(SR) . MAD(SR) i s  
another  hydrogen maser c lock  used i n  the  VLBI  measurements and i s  a t  the  o the r  
end of t h e  weekly VLBI measurement between C a l i f o r n i a  and Spa in .  

Two o t h e r  r e c e i v e r s  involved i n  t h i s  t e s t  were loca t ed  a t  NBS i n  Boulder, 
Colorado and a t  t he  United S t a t e s  Naval Observatory (USNO) i n  Washington, DC. 
The NBS rece ive r  i s  i d e n t i c a l  t o  those used a t  J P L ,  i t  g e t s  i t s  t iming pulse  
from the  NBS c lock  9 which i s  a c lock  i n  t he  NBS ensemble. A d a i l y  o f f s e t  o f  
c lock  9 t o  UTC(NBS) is  a v a i l a b l e  a t  months end and of course  t h e  r e c e i v e r  is  
a c c e s s i b l e  by te lephone wi th  a modem. The USNO GPS t iming r e c e i v e r  i s  a 
Stanford  Telecommunications r e c e i v e r  of s i m i l a r  f u n c t i o n a l  design t o  the NBS 
r e c e i v e r .  I t s  schedule i s  decremented approximately 28  minutes per  week ( 1 ) .  
The r e c e i v e r  g e t s  i t s  timing pu l se  from UTC(USN0, MC). There a r e  c o r r e c t i o n s  

l ~ h e  USNO rece ive r  schedule i s  decremented 2 7  minutes one week and 2 8  minutes 
the  a l t e r n a t e  week. This  a l lows an approximation t o  a skde rea l  day.  This  
w i l l  be changed t o  4 minlday decrement s t a r t i n g  around t h e  f i r s t  of 1983. 



Procedures  f o r  g a t h e r i n g  and p r o c e s s i n g  t h e  d a t a  

The r e c e i v e r s  w i l l  s t o r e  i n t e r n a l l y  one t o  two weeks of d a t a  depending o n  how 
much d a t a  i s  a c q u i r e d  each  day.  The d a t a  from t h e  r e c e i v e r s  a r e  a c q u i r e d  by 
t e lephone  u s u a l l y  once a  week. I n  t h e  use  of t h e  NBS t y p e  r e c e i v e r ,  t h e  
r e c e i v e r s  themselves  a r e  accessed .  I n  t h e  c a s e  of t h e  USNO r e c e i v e r ,  t h e  ( l d t ~ ~  
i s  a c q u i r e d  from a  p u b l i c  d a t a b a s e  s e r v i c e  p rov ided  by USNO. I n  b o t h  cases the 
d a t a  a r e  t r a n s m i t t e d  a t  a  300 baud rate and a r e  r e c e i v e d  and p r i n t e d  ouL on ;j 

t e r m i n a l .  The d a t a  a r e  t h e n  i n p u t  by hand i n t o  a  Hewlet t  Packard 9845 c a l c u 1 3 t o i  

A l l  of the  d a t a  were t aken  a s  a mutual  view of t h e  space  v e h i c l e  by p a i r s  of 
t i m i n g  r e c e i v e r s .  T h i s  method promises  t h e  b e s t  r e s u l t s  and i s  t h e  s i m p l e s t  
w i t h  r e s p e c t  t o  p r o c e s s i n g  t h e  d a t a .  A s  more space  v e h i c l e s  a r e  added i n  the 
FPS c o n s t e l l a t i o n ,  t h e r e  w i l l  be  a d d i t i o n a l  o p p o r u n i t i e s  f o r  mutual  view 
around t h e  world  . 
The r e c e i v e r s  a r e  programmed t o  t a k e  d a t a  f a r  10 minu tes  (600 seconds) .  Thcsc  
d a t a  are t h e n  reduced i n  t h e  r e c e i v e r  t o  a  s i n g l e  d a t a  p o i n t  which represent,; 
t h e  t ime  o f f s e t  between t h e  l o c a l  c l o c k  and t h e  GTS c l o c k .  The d i f f e r e n c e  
between t h e  two v a l u e s  of l o c a l  c l o c k  and GTS t i m e  i s  t h e n  c a l c u l a t e d .  This 
i s  done f o r  each  space  v e h i c l e  t h a t  i s  a v a i l a b l e  f o r  mutual  view each  day.  
These v a l u e s  a r e  t h e n  averaged t o  produce a s i n g l e  v a l u e  f o r  t h e  day. I f  
d a t a  p o i n t s  a r e  miss ing ,  t h e n  a l i n e a r  i n t e r p o l a t i o n  i s  made on t h e  o r i g i n a l  
measurement. 

R e s u l t s  

The f i r s t  and e a s i e s t  measurement t h a t  was made was between c l o c k  5 a t  GTS 
and NBS c l o c k  9 .  E a s i e s t  because  t h e  NBS r e c e i v e r  was a l r e a d y  s e t  up and 
o p e r a t i n g .  The d i s t a n c e  between s t a t i o n s  i s  approx imate ly  1200 Km and r e g u l a r  
c l o c k  t r i p s  are made between GTS and NBS so  t h e  measurements can be  verified. 

F i g u r e  1 shows the r e s u l t s  of t h e  UTC (NBS) - GTS ( c l o c k  5) with the Cesium 
p o r t a b l e  c l o c k  t r i p s  r e s u l t s  a l s o  shown. Because of d i f f e r e n t  a n t e n n a s  be ing  
used a t  NBS a r e c e i v e r  c a l i b r a t i o n  was n o t  a v a i l a b l e ,  t h e r e f o r e  t h e  1st c l o c k  
t r i p  was used as a c a l i b r a t i o n .  The second t r i p  d i s a g r e e d  by 36 n s  and tlie 
t h i r d  by 5 ns .  

T h i s  r e c e i v e r  i s  now probab ly  a de f a c t o  permanent i n s t a l l a t i o n  a t  GTS and w i l l  
p robab ly  e l i m i n a t e  t h e  need f o r  most f u t u r e  c l o c k  t r i p s  between NBS a n d  Cl'S. 

I 
A second GPS t i m i n g  r e c e i v e r  was i n s t a l l e d  a t  t h e  DSN s t a t i o n  i n  Spa in .  A 

I 
s c h e d u l e  of mutual  o b s e r v a t i o n  of two space v e h i c l e s  (SV5 and SV8) was s t a r t e d .  

I These a r e  t h e  o n l y  two space  v e h i c l e s  t h a t  a r e  mutua l ly  o b s e r v a b l e  from both 

I complexes. The space  v e h i c l e  o b s e r v a t i o n  schedu le  was made t o  have t h e  same 
I 
I a n g l e  of o b s e r v a t i o n  from b o t h  s t a t i o n s .  Some s l i g h t  a d j u s t m e n t s  were made t o  

e q u a l i z e  t h e  a n g l e s  from 41"  t o  45' above t h e  h o r i z o n .  The space  v e h i c l e s  a r e  
over  Greenland a t  o b s e r v a t i o n  t ime  and s e e n  w i t h i n  a  few d e g r e e s  of each u t h e r  



A clock offset measurement is made every day from each space vehicle and the 
mean is used as the value of the clock offset. The same procedure for getting 
a value of clock offset is used between GTS(C15) and MAD(SR) and between 
UTC(NBS) and GTS(C15) with the exception that only two space vehicles are 
available. A plot of the clock offset values is seen in Figure 2. Figure 3 
is the same graph with a frequency offset removed. 

The frequency offset between the GTS(C15) and MAD(SR) was calculated using 
days of data. The calculations assumed statistical independence between the 
measurements using the two space vehicles. A typical offset measurement was 
9.5 x 10-l3 with a (confidence) standard deviation of the mean of 
2 . 8  x 10-14 A f / f .  This is within the re uirements to have knowledge-of fre- 9 quency offset to within the 3 x 10-13 A f  f DSN specification. 

Confirmation by independent GPS measurements 

Unlike the clock offset measurements between GTS and NBS, the measurements from 
California to Spain cannot be confirmed by frequent clock trips. One attempt 
at confirmation was ,a daily indirect time difference measurement made through 
the U.S. Naval Observatory (USNO).  This was accomplished in two steps: First, 
there was a daily mutual view schedule maintained by NBS, USNO and Goldstone. 
Second, USNO and Madrid maintain a mutual view schedule, which results in daily 
time offset measurement between their clocks. These direct and indirect time 
offset measurements between Goldstone and Madrid are nearly statistically 
independent. 

Figure 4 shows the differences in the measurement of the time offset between 
Goldstone and Madrid by two different paths. There was a mean offset of 
140 ns. An explanation of this could be an error in the coordinates of the 
receiver. There is some reason to believe this is true at Goldstone and there 
have been no checks made at Spain, The new firmware to be installed in the 
NBS designed receivers in 1983 will contain a navigation pr6gram. Then it will 
be possible to verify the antenna location within a few meters. 

A good candidate for the cause of the daily variation is the different 
scheduling methods used by JPL and NBS and that used by USNO. This problem 
should clear up in 1983 when USNO starts decrementing 4 minuteslday. At that 
time the test will be rerun. Some of the daily variations are probably caused 
by ionospheric changes. There is no attempt to account for this in the NBS 
and JPL receiver at this time but one would expect this error to be less than 
is presently seen. 

Confirmation using VLBI measurements 

Approximately once every week a VLBI measurement is made between ETS and MAD 
and between GTS and the DSN Australian complex. One of the results of the 
VLBI measurement is the time offset between the involved stations. By using 
the regular clock trips between GTS(C15) and GTS(SR), the GPS timing receiver 



r e s u l t s  c a n  p roduce  a n  a p p r o x i m a t e l y  weekly  t ime  o f f s e t  be tween GTS(SR)  a n d  
t h e  MAD(SR) -- F i g u r e  5. Thcse  t i m e  o f f s e t  measurements  c a n  be compared t o  the 
t i m e  o f f s e t  r e s u l t s  of t h e  VLBI measurements  as s e e n  i n  F i g u r e  6 .  

A l i n e a r  f i t  on e a c h  of t h e  two s e t s  of  d a t a  shows a n  e x c e l l e n t  ag reemen t .  
These  measurements  w i l l  b e  c o n t i n u e d  t h r o u g h o u t  1983. I t  i s  p l anned  t o  make 
measurements  i n t e r n a l  t o  t h e  s t a t i o n s  t o  f i n d  t h e  d i f f e r e n c e  be tween t h e  VT,RI 
and  t h e  GPS measurements .  

CONCLUSIONS 

1. The p r e s e n t  GPS t i m i n g  r e c e i v e r s  can  meet  t h e  1985 r e q u i r e m e n t s  s p e c i f i e d  
f o r  t h e  DSN.  With b e t t e r  d a t a  c o l l e r t i o n  and t h e  a d d i t i o n  of  s o f t w a r e  
f i l t e r s  i n  t h e  d a t a  p r o c e s s i n g ,  t h e r e  i s  r e a s o n  t o  b e l i e v e  t h e  i n t c r c o n -  
t i n e n t a l  t i m e  measurements ,  w i t h  t h e  e x i s t i n g  equ ipmen t ,  can approach  an 
a c c u r a c y  of  10-20 nanoseconds .  C e r t a i n l y ,  one can  e x p e c t  t o  f u r t h e r  
r e f i n e  t h e  measurement of  f r e q u e n c y  o f f s e t .  

2 .  The GPS and VLBI  measurements  o f  t i m e  o f f s e t  w i l l  compliment  e a c h  o t h e r  
f o r  some t i m e  t o  come. 

3. It h a s  been  shown t h a t  t h e  GPS t i m i n g  r e c e i v e r  i s  an  o p e r a t i o n a l  i t e m  
of equipment  c a p a b l e  o f  r e p l a c i n g  r e g u l . a r  c l o c k  t r i p s  o v e r  s h o r t  c i i s -  
t a n c e s  and shows p romise  o f  r e p l a c i n g  c l o c k  t r i p s  o v e r  i n t e r c o n t i n e n -  
t a l  d i s t a n c e s .  
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I I :  1 .  lJrl'C (NBS) - G o l d s t o n e  (Clock 5) 
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Figure  2.  Golds tone - Madrid as D i r e c t l y  Measured by CPS Timing 
Rece ivers  [Go lds tone  (Clock 5 ) ]  - [Madrid ( S t a t i o n  

Reference) ] 







Figure 5. Goldstone - Madrid D i r e c t l y  Showing O f f s e t  t o  
Goldstone ( s t a t i o n  Reference)  



r I 1 I I 1 I I 1 
r 

GOLDSTONE - 
- MADRID (HYDROGEN CLOCK) 

GTS (SR)  - MAD (REC) 

- 

- 
GPS: 
GTS (SR)  - MAD (REC) 

SLOPE - .0679 x loq6 seclday 

5200 5210 5220 5230 5240 5250 5260 5270 5280 5290 

MJD 
Figure 6 



QUESTIONS AND ANSWERS 

DR. G. M. R. WINKLER, U.S. Naval Observatory 

I f  you make comparisons where you use one intermediate s ta t i on ,  i t  i s  
extremely important  t o  s e l e c t  observat ions which are simultaneous p a i r -  
wise, i n  o the r  words, t o  e s t a b l i s h  the  d i f ference between s t a t i o n  A and 
B a t  t h e  same t ime and between B and C, poss ib l y  a t  another time, bu t  
again pai r -wise a t  t h e  same time. These times d o n ' t  have t o  be i d e n t i -  
c a l  b u t  they must be i d e n t i c a l  u n t i l  we can v e r i f y  the  o r i g i n  o f  these 
biases which were discussed i n  the f i r s t  paper. When one makes a b ias  
observation, then you can see t h a t  t he  t ime t r a n s f e r  undergoes a change, 
and unless you e s t a b l i s h  exac t l y  theor ized s imul tane i ty ,  you w i l l  o f  
course have e r r o r s  due t o  t h a t  change. 
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They a re  almost simultaneous. The USNO decrements 27 minutes one week 
and 28 minutes t h e  o the r  week, whereas we are decrementing 4 minutes a 
day, so the re  i s  some of t h a t  going on, and t he  two rece ivers  t h a t  l ook  
d i r e c t l y ,  they are  r i g h t  i n  step w i t h  each other. We decrement 4 min- 
u tes  a day w i t h  those, so t h a t  cou ld  be a source of e r r o r ,  sure. 




