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The NTS-1 satellite is currently being employed 
as a precursor to the phase I concept validation 
program of NAVSTAR GPS. The assiqned tasks 

error budget related to the performance of 
precise satellite clocks and orbital accuracv 

I Station Svnchronization results are n r ~ s ~ n t ~ d  

. A - -  

frequency measurements, collected over the past 
year, have been processed to produce station 
synchronization values between cesium clocks 
located at each station. A one month data span, 
using a zero sate1 1 i ,ke r l  nrk ~ l n r l a t ~  t i m a  

I systematic bias of 9 ns. The synchronization 

measured is on the order of 250-500 ns, when 
comparing clocks located at the Australia 
station with clocks Incat-ed at t h e  rontral 

I - . -  - - - - -  

station synchronization is sensitive to two 
components of satellite position error. The 
results show that long term predictions, on 
the order of 2-3 months, are possible with 
only a small increase in station synchronization 

INTRODUCTION 

The NAVSTAR Global Positioning System (GPS) is a DOD 
program (1) designed to provide precise navigation 



t o  a  wide v a r i e t y  of m i l i t a r y  and c i v i l  users  v i a  a 
c o n s t e l l a t i o n  of 2 4  s a t e l l i t e s  deployed i n  sub-synchro- 
nous c i r c u l a r  o r b i t s  of near 1 2  h r  per iod ( 2 ) .  The 
~ a v i g a t i o n  Technology Seqment (NTS) of GPS has been as- 
signed t h e  t a sk  of v a l i d a t i n g  key concepts and hardware, 
with s p e c i a l  emphasis on space-borne clocks and atomic 
frequency s tandards.  Phase 1 of GPS employs time d i f f e r -  
ence measurements between four  of t h e  spacec ra f t  clocks and 
the  u s e r ' s  clock (Fig .  1) . 
Naviqation Technoloqy Seqment (NTS) Resul ts  

The NTS-1 s a t e l l i t e  (Fig.  2 ) ,  launched i n  1974, has 11 on- 
board experiments. Resul ts  have been reported ( 3 )  on the  
frequency s tandards performance, which included two Efratom 
Atomic Rubidium O s c i l l a t o r s ,  and a Frequency E lec t ron ics  
quar tz  o s c i l l a t o r .  Following t h i s  e f f o r t ,  a change was 
made i n  the  NTS t r ack ing  network t o  check t h e  spacec ra f t  
clock performance, o r b i t a l  accuracy employing only time 
d i f f e r e n c e  measurements and prepare f o r  the  forthcoming 
NTS-2 launch. Previous NTS-1 s a t e l l i t e  clock comparison 
between USNO and RGO have been reported ( 4 )  employing 
doppler observat ions t o  determine t h e  NTS-1 s a t e l l i t e  
ephemeris. 

Through the cooperation of t h e  Royal Greenwich Observatory 
(RGO)  and t h e  Divis ion of National Mapping (DNM) i n  
Aus t ra l i a ,  NTS permanent ground s t a t i o n s  have been 
loca ted  a t  t h e  r e spec t ive  coun t r i e s .  Inputs  t o  the  NTS 
time d i f fe rence  rece ive r s  ( 5 )  a r e  obtained from clocks t h a t  
a r e  p a r t  of cesium clock ensembles. These clock ensembles 
a r e  p e r i o d i c a l l y  compared wi th  t h e  USNO UTC time s c a l e  v ia  
por t ab le  clocks and o ther  means. Hence these  s t a t i o n s  can 
be used t o  a s sess  the s t a t i o n  synchronization accuracy. 

Other opera t iona l  ground s t a t i o n s  a r e  loca ted  a t  t h e  NRL 
annex (Chesapeake Bay Divis ion)  and i n  t h e  Panama Canal 
Zone. The NTS con t ro l  cen te r  i s  loca ted  a t  NRL. 

For a one month system c losure  t e s t  an NTS time d i f fe rence  
rece ive r  was loca ted  a t  t h e  U. S.  Naval Observatory. The 
r ece ive r  was dr iven  wi th  clock inpu t s  from t h e  USNO Master 
Clock #l. The NTS-1 measurements a r e  c o l l e c t e d  using a 
Datapoint 2 2 0 0  minicomputer; these  measurements a r e  sub- 
sequent ly entered i n t o  t h e  General E l e c t r i c  I n t e r n a t i o n a l  





v a l u e  of (USNO-ENSEMBLE), if the offset of the remote clock 
is known with respect to the ensemble, using Eq (2). 

~q ( 2 )  (USNO-ENSEMBLE)=(USNO-REMOTE)+(REMOTE-ENSEMBLE) 

Through the use of Eq (2) for a collection of measurements, 
the variance of (USNO-ENSEMBLE) may be calculated. Hence 
a sigma value can be obtained to estimate the weight to be 
assigned the NTS-1 station synchronization values when 
incorporating remote clock ensembles in a master clock 
ensemble or in a time scale. 

Time Transfer Geometry at TCA 

A typical pass (Fig. 4) of NTS-1  yields time difference 
measurements with respect to the NTS-1 satellite clock for 
a 2.5 hour span. Hence these measurements can be combined 
with the satellite clock information, satellite ephemeris 
and central station measurements to yield the offset 
(USNO-REMOTE) values for a 2.5 hour data span. 

Assuming the satellite link and central link information is 
available, Eq (1) may be evaluated for any of these 
measurements to produce a value o f  (USNO-REMOTE). For PTTI 
applications involving long term comparisons of time scales 
it is computationally efficient to produce a single value 
of (USNO-REMOTE), with an associated variance, that is 
subsequently processed in a time scale algorithm. Previous 
experience has indicated that the evaluation of a single 
number for clock offset at the time of closest approach 
(TCA) to the remote statian is a good choice. The reasons 
for choosing TCA are as follows: (1) uncertainties in the 
ionospheric and tropospheric delays are minimum because the 
satellite is at a maximum elevation angle with respect to 
the station, (2) the data is symmetric about TCA, and (3) 
the contribution of the satellite position error along the 
satellite velocity vector is minimized because, at TCA, 
the range rate is zero (Fig. 6). 

USNO System Closure Results 

A three week system closure test was conducted at the U.S. 
Naval Observatory (USNO) commencing on day 89, 1976. This 
test is a special case of the usual procedure depicted by 
Fig. 7. The normal use of NTS-1 entails use of the 
satellite clock to transmit a time signal to a remote 
location, thereby requiring a satellite clock and ephemeris 
update to the time of the remote observation. For m e  USNO 
test, a time difference receiver was physically located at 
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value of 2 1 1  n s .  A longer time span (40 days) employing 
s a t e l l i t e  passes i s  presented i n  Fig.  13 t o  obta in  b e t t e r  
s t a t i s t i c a l  s ign i f i cance  on the  measurement. The longer 
time span e x h i b i t s  a systematic  e f f e c t  t h a t  w i l l  be d i s -  
cussed l a t e r .  F i g .  14 d e p i c t s  the  cesium clock ensemble 
used t o  ob ta in  UTC (RGO) , Outputs from RGO ( J P )  a r e  used 
t o  d r i v e  t h e  NTS-1 time d i f fe rence  rece ive r .  Hence t h e  
USNO ensemble can be compared t o  t h e  RGO ensemble v i a  t h e  
NTS-1 s a t e l l i t e  using t h e  values of ( R G O ( J P )  -UTC (RGO) ) as  
given by ~ i g .  14. E q  ( 2 )  can be used t o  evalua te  t h i s  
comparison a t  any convenient epoch. This was done f o r  
day 108, 1976 a t  OOhr and y ie lded  a  value given by Eq  ( 3 ) .  

Eq (3)  UTC (USNO MC#I) -UTC (RGO) =-3.578pSEC (-0. O ~ ~ ~ ~ S E C / D )  * 
(T-108) . 

The accuracy of t h i s  r e s u l t  can be est imated by using 
i n t e r p o l a t e d  values from por table  clock c losures .  The 
f i r s t  of two c losures  was on MJD42702.3(17 Oct 1975) wi th  
a  value of -2.2(+)1pSEC. The o the r  c losure ,  given i n  USNO 
s e r i e s  7 ,  #447, o n  M J D 4 2 9 6 5 . 5  ( 6  J u l y  1976) has a value of 
-4.4(31pSEC. I n t e r p o l a t i o n  t o  day 108, 1976 y i e l d s  a 
value of -3.726ySEC. Comparison wi th  t h e  NTS-1 determi- 
na t ion  g ives  a  d i f f e r e n c e  of -148 nanoseconds, wi th  
r e spec t  t o  NTS-1. 

The (USNO-RGO(JP)) measurements exhib i ted  a  noise l e v e l  of 
2 1 1  ns . ,  which i s  considerably l a r g e r  than t h e  value 
obtained wi th  zero s a t e l l i t e  clock update. Fur ther  
a n a l y s i s  of t h e  da ta  indica ted  t h a t  a small  equipment 
problem was present  during t h i s  da ta  span which e f f e c t i v e l y  
increased t h e  measurement noise from a nominal value of 3  
n s  up t o  10-20 ns.  This inc rease  accounts f o r  only a  small, 
p a r t  of t h e  2 1 1  n s .  T h e  a d d i t i o n a l  f a c t o r s  include t h e  
s a t e l l i t e  clock and ephemeris update, and t h e  u s e  of a  
s i n g l e  frequency t i m e  d i f f e r e n c e  measurements a t  a  nominal 
frequency of 335 MHz. Previous a n a l y s i s  ( 3 )  i n d i c a t e s  that. 
t he  use of s i n g l e  frequency measurements, which prevent  
accura te  measurement of ionospheric  delay,  i s  the  
dominating f a c t o r  f o r  t h e  2 1 1  ns .  noise  l e v e l .  

The ( R G O - R G O ( J P ) )  measurements exhib i ted  a  one sigma noise 
l e v e l  of 1 2  ns f o r  the  30 day time span from day 90 t o  day 
120, 1976. ( F i g .  15) The ( R G O - R G O ( J P ) )  no ise  l e v e l  i s  
small  as  compared t o  t h e  (USNO-RGO(JP)) noise  l e v e l ,  there-. 
fo re ,  t h e  approximate value of t h e  (USNO-RGO) one sigma 
value i s  2 1 1  n s .  Hence t h e  (USNO-RGO) time comparisons 
a r e  t o  be assigned a weight of 2 1 1  ns when incorpora t ing  
the  ind iv idua l  measurements i n  a time s c a l e  algorithm. 





- 
P given i n  Fig. 6. Success ive  obse rva t ions  f o r  d i f f e r e n t  
s a t e l l i t e  passes  occur a t  d i f f e r e n t  e l e v a t i o n  ang le s  w i t h  
r e s p e c t  t o  t h e  s t a t i o n ,  hence succes s ive  obse rva t ions  span 
t h e  plane perpendicu la r  t o  t h e  v e l o c i t y  v e c t o r  a t  TCA. 
According t o  Eq (1) eva lua t ed  a t  t h e  t imes of c e n t r a l  and 
remote obse rva t ion ,  d i f f e r e n c e s  i n  t h e  s a t e l l i t e  t r a j e c t o q  
e n t e r  i n  t o  (USNO-REMOTE) va lues .  Then us ing  E q  ( 2 )  t h e  
measurements may be re fe renced  t o  t h e  d i f f e r e n c e  i n  the 
s t a b l e  t ime s c a l e s .  

The s a t e l l i t e  ephemeris used t o  c a l c u l a t e  t h e  (USNO-AUS(209) 
v a l u e s  given i n  F ig .  16 was 60 days from epoch ( 9 ) .  The 
(USNO-AUS(205)) va lues  g iven  by F ig .  18 have a more r e c e n t  
epoch, hence t h e  decrease  i n  one sigma n o i s e  l e v e l  from 
689 ns  (Fig. 16) t o  265 ns  ( F i g .  18) can be a t t r i b u t e d  t o  
improved s a t e l l i t e  ephemeris. Reference t o  F i g .  1 7  shows 
t h a t  combining measurements from t h e  two ephemerides 
r e s u l t s  i n  a smal l  change i n  (USNO-AUS(205)). This smal l  
d i f f e r e n c e  i s  f u r t h e r  i l l u s t r a t e d  by comparing t h e  va lues  
o f  (USNO-AUS(205)) c a l c u l a t e d  from t h e  measurements given 
by F ig .  18 and F ig .  16 f o r  an epoch o f  day 129, 1976. A 
smal l  d i f f e r e n c e  of 440 ns  i s  a t t r i b u t e d  t o  t h e  60 day 
s a t e l l i t e  ephemeris update.  T h i s  r e s u l t  v e r i f i e s  t h a t  
long term o r b i t a l  p r e d i c t i o n s  w i t h  small e r r o r  a r e  p o s s i b l e  
as i n d i c a t e d  by prev ious  NRL a n a l y s i s  (10). 

Conclusions 

1. The NTS-1 Worldwide s t a t i o n  synchroniza t ion  accuracy,  
us ing  p r e d i c t e d  s a t e l l i t e  ephemeris c a l c u l a t e d  us ing  only 
335 MHz time d i f f e r e n c e  obse rva t ions ,  i s  L O  ns  f o r  s t a t i o n s  
nea r  t h e  c e n t r a l  s t a t i o n  and i n c r e a s e s  t o  about  100 ns  f o r  
s t a t i o n s  half-way around t h e  e a r t h .  

2 .  The one sigma synchroniza t ion  n o i s e  l e v e l  depends on 
s a t e l l i t e  c lock  update t ime.  A one sigma va lue  of  43 ns 
was measured w i t h  z e r o  s a t e l l i t e  c lock  update:  t h e  l a r g e s t  
va lue  measured was 265  n s  (F ig .  1 9 ) .  

3. Time d i f f e r e n c e  measurements e x h i b i t  a one sigma va lue  
of  3 n s .  

4 .  Long term (60 day) s a t e l l i t e  ephemeris p r e d i c t i o n s  
have been v e r i f i e d  f o r  two components of s a t e l l i t e  
p o s i t i o n .  

5 .  Work i s  con t inu ing  on t h i s  p r o j e c t  and f u r t h e r  improved 
accuracy and p r e c i s i o n  i s  expected t o  be  ob ta ined  w i t h  t h e  
launch of t h e  NTS-2 s p a c e c r a f t  (Fig .  2 0 )  in 1977 .  
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