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ABSTRACT 

The Navstar  Global  P o s i t i o n i n g  System (GPS) is a  
space-based,  r a d i o  p o s i t i o n i n g ,  nav iga t ion  system 
which was au tho r i zed  f o r  development by DoD in  De- 
cember, 1973. The system w i l l  p rov ide  extremely 
a c c u r a t e ,  t h r e e  dimensional  p o s i t i o n  and v e l o c i t y  
in format ion ,  t o g e t h e r  w i th  system t ime,  t o  s u i t a -  
b l y  equipped u s e r s  anywhere on o r  near  t h e  e a r t h .  
Concept v a l i d a t i o n  f i e l d  tests were completed i n  
t h e  Spr ing of 1979. One of t h e  o b j e c t i v e s  of 
t h e s e  t e s t s  was t o  e v a l u a t e  t h e  performance by 
measuring t h e  p r e c i s i o n  and accuracy of t h e  
t r a n s f e r  of GPS t ime t o  t h e  s t a t i c  u s e r .  

INTRODUCTION 

The Navstar  Global  P o s i t i o n i n g  System (GPS) is a  space-based,  
Radio Frequency (RF) ,  Navigation System t h a t  p rov ides  ex- 
t remely  a c c u r a t e ,  three-dimensional  p o s i t i o n ,  v e l o c i t y  and 
system time informat ion t o  p rope r ly  equipped u s e r s  anywhere 
on  o r  near  t h e  e a r t h .  I t  i s  a  J o i n t  Se rv i ces  Program, man- 
aged by t h e  A i r  Force ,  wi th  d e p u t i e s  from t h e  Navy, Army, 
Marines,  Defense Mapping Agency, Coast  Guard and NATO. 

Concept v a l i d a t i o n ,  Phase I of t h e  program, was completed 
i n  t h e  summer of 1979. Th i s  phase of t h e  program included 
e x t e n s i v e  t e s t i n g  t h a t  was conducted a t  Yuma Proving 
Grounds ( Y P G ) ,  A r i z .  The o b j e c t i v e s  of t h e s e  t e s t s  were t o  
address  a  v a r i e t y  of o p e r a t i o n a l  and t e c h n i c a l  i s s u e s  which 
c h a r a c t e r i z e  t h e  performance of t h e  system. One of t h e s e  
i s s u e s  was t h e  a b i l i t y  of GPS t o  prov ide  a  p rope r ly  equipped 
user  wi th  a c c u r a t e  system t ime.  

Ob jec t ives  

The o b j e c t i v e s  of t h e  Phase I Navstar  GPS Time Trans fe r  
T e s t s  were: t o  e v a l u a t e  t h e  performance,  t o  measure t h e  
p r e c i s i o n  and accuracy of t h e  t r a n s f e r  of  GPS t i m e  t o  t h e  
s t a t i c  u s e r  and t o  develop a  base  of informat ion t h a t  would 



suppor t  and exped ia t e  t h e  United S t a t e s  Naval Observa tory ' s  
(USNO'S) e f f o r t s  t o  develop and e v a l u a t e  s p e c i a l i z e d  u s e r  
equipment t o  e x h i b i t  t h e  o p e r a t i o n a l  GPS's p r e c i s i o n  t iming 
c h a r a c t e r i s t i c s .  

System Descr ip t ion  

GPS comprises t h r e e  d i s t i n c t  segments: (1) t h e  Con t ro l  Seg- 
ment (CS) , ( 2 )  t h e  Space Segment (SS) , and ( 3 )  t h e  User Seg- 
ment (US). An i n h e r e n t  des ign  p rope r ty  of t h e  system i s  i t s  
p r e c i s e  and i n t e r n a l l y  a c c u r a t e  time. 

The CS comprises Monitor S t a t i o n s  (MS) and t h e  Master Con- 
t r o l  S t a t i o n  (MCS) t h a t  a r e  a l l  very  c l o s e l y  r e l a t e d  i n  
t i m e  (wi th in  a  few nanoseconds) .  For t h e  Phase I GPS t h e r e  
were fou r  MS l o c a t e d  a t  Guam, Hawaii, Alaska and Vandenberg 
A i r  Force Base, C a l i f . ,  w i th  t h e  MCS a t  t h e  same l o c a t i o n  
a s  t h e  Vandenberg MS. The func t ion  of t h e  CS i s  t o  monitor 
t h e  SS (GPS s a t e l l i t e s )  v i a  measures of pseudorange, d e l t a  
range ( i n t e g r a t e d  Doppler) and s a t e l l i t e  h e a l t h .  Th i s  i n -  
formation i s  processed i n  near  r ea l - t ime  by t h e  MCS t o  pro- 
v i d e  b e s t  e s t i m a t e s  of  each GPS s a t e l l i t e ' s  ephemerides and 
c lock  performance. Using t h e s e  e s t i m a t e s ,  ve ry  a c c u r a t e  
p r e d i c t i o n s  of t h e  s a t e l l i t e s '  ephemerides and c lock  models 
a r e  genera ted  and uploaded t o  t h e  s a t e l l i t e s  d a i l y  by t h e  
MCS . 
The SS of t h e  o p e r a t i o n a l  GPS comprises 24 s a t e l l i t e s  whose 
o r b i t s  a r e  n e a r l y  c i r c u l a r ,  w i t h  12-hour per iod  and r a d i i  
of 2 0 , 2 0 0  k i l ome te r s .  These s a t e l l i t e s  w i l l  be conf iqured  
i n t o  t h r e e  e q u a l l y  spaced o r b l t  p l anes  t h a t  a r e  i n c l i n e d  
63 degrees  from t h e  e a r t h ' s  e q u a t o r i a l  p l ane .  There w i l l  
be e i g h t  e q u a l l y  spaced s a t e l l i t e s  i n  each p lane .  This  
con f igu ra t ion  w i l l  provide cont inuous v i s i b i l i t y  t o  a t  
l e a s t  fou r  s a t e l l i t e s  from any p l ace  on o r  nea r  t h e  e a r t h .  
Each s a t e l l i t e  w i l l  c a r r y  a  system of redundant ,  high pre-  
c i s i o n  and h igh ly  p r e d i c t a b l e  t ime  and frequency s t anda rds .  
These s t anda rds  w i l l  be used t o  gene ra t e  t h e  RF spread 
spectrum, Pseudo Random Noise ( P R N ) ,  s i g n a l s  t o  t h e  u se r  
segment. For t h e  Phase I GPS t h e r e  were fou r  development 
model s a t e l l i t e s  t h a t  were equipped wi th  redundant ,  pre-  
c i s i o n ,  rubidium t ime and frequency s t a n d a r d s ,  i n  o r b l t ,  
f o r  t e s t i n g .  These s a t e l l i t e s  w e r e  conf iqured  i n  opera- 
t i o n a l  o r b i t  s l o t s  so  t h a t  t e s t e r s  a t  YPG were a b l e  t o  ob- 
s e rve  them simul taneously  f o r  up t o  1 .5  hours  per  day. 
J u s t  p r i o r  t o  t h i s  v i s i b i l i t y  a t  Y P G ,  t h e  s a t e l l i t e s  were 
uploaded wi th  t h e  newest ephemerides and c lock  p r e d i c t i o n  
models by t h e  MCS. In  a d d i t i o n ,  i f  r e q u i r e d ,  t h e  s a t e l -  
l i t e s '  s t anda rds  were a d j u s t e d  i n  phase and/or f requency so  



t h a t  t h e y  p r o v i d e d  t h e  u s e r  segment w i t h  t h e  n e c e s s a r y  co- 
h e r e n t  n a v i g a t i o n  s i g n a l s  t h a t  are p r o c e s s e d  by t h e  u s e r  
equipment  t o  o b t a i n  p o s i t i o n ,  v e l o c i t y  and sys t em t i m e .  

The u s e r  segment c o m p r i s e s  a v a r i e t y  o f  User Equipments  
(UE's)  and t h e i r  a s s o c i a t e d  h o s t  v e h i c l e s .  The UE's a r e  
sets which a r e  composed o f  PRN r e c e i v e r s  and d a t a  p roces -  
s o r s .  These sets a r e  d e s i g n e d  t o  m e e t  t h e  s p e c i a l i z e d  
o p e r a t i o n a l  r e q u i r e m e n t s  of t h e  u s e r  which are g e n e r a l l y  
c h a r a c t e r i z e d  by t h e  dynamics o f  t h e  h o s t  v e h i c l e .  For  t h e  
Phase  I GPS t h e r e  were  f o u r  c l a s s e s  o f  UE:  (1) h i q h  dynarr- 
i c  sets f o r  f i g h t e r / b o m b e r  a p p l i c a t i o n s ,  ( 2 )  low dynamic 
sets f o r  a i r  t r a n s p o r t  a p p l i c a t i o n s ,  ( 3 )  low cost  p r o t o t y p e  
sets f o r  commercial  a v i a t i o n  a p p l i c a t i o n s ,  and ( 4 )  man-ve- 
h i c l e  sets f o r  ground a p p l i c a t i o n s .  I n  g e n e r a l ,  t h e s e  sets 
a l l  pe r fo rm t h e  n a v i g a t i o n  m i s s i o n  o f  GPS i n  t h e  same man- 
n e r .  The r e c e i v e r  o b t a i n s  measurements  of  pseudorange  and 
d e l t a  r a n g e  ( i n t e g r a t e d  Dopp le r )  t o  f o u r  s a t e l l i t e s .  These 
measurements  a r e  handed o v e r  t o  t h e  d a t a  p r o c e s s o r  which 
computes  t h e  u s e r ' s  p o s i t i o n ,  v e l o c i t y  and t i m e ,  u s i n g  a 
Kalman f i l t e r i n g  t e c h n i q u e .  The rate  o f  t h e s e  measure-  
men t s / computa t ions  i s  r e l a t e d  t o  t h e  dynamics of  t h e  h o s t  
v e h i c l e .  

T e s t  D e s c r i p t i o n  

The d a t a  f o r  t i m e  t r a n s f e r  t e s t i n g  were c o l l e c t e d  i n  con-  
j u n c t i o n  w i t h  s t a t i c  ( p o i n t )  p o s i t i o n i n g  tes ts .  These  
tests  w e r e  conduc ted  from J a n u a r y  t h r o u s h  March 1979 a t  
YPG, A r i z .  by Defense  Mapping Agency p e r s o n n e l  u s i n g  t h e  
Mobile  T e s t  Van (MTV) . 
The MTV i s  a one- ton  s t e p  van which p r o v i d e s  an approved 
o p e r a t i o n a l  env i ronment  f o r  an e l e c t r o n i c s  p a l l e t  which 
c o n t a i n s  a  h i g h  dynamics u s e r  equipment  (Magnavox X-Set) 
and i n s t r u m e n t a t i o n  t o  m o n l t o r  and r e c o r d  u s e r  equipment  
pe r fo rmance ,  measurements  and n a v i g a t i o n  s o l u t i o n s .  The 
X-Set c o m p r i s e s  a f o u r - c h a n n e l ,  d u a l - f r e q u e n c y  r e c e i v e r ,  
power s u p p l y  and  b a t t e r y  pack ,  n a v i g a t i o n  d a t a  p r o c e s s o r  
(NAV DP) ,  C o n t r o l  D i s p l a y  U n i t  ( C D U ) ,  preamplifier and om- 
n i d i r e c t i o n a l  ( v o l u t e )  a n t e n n a .  The i n s t r u r n e n t a t l o n  com- 

. p r i s e s  a  d a t a  p r o c e s s o r ,  i n p u t / o u t p u t  e x t e n d e r ,  n l n e - t r a c k  
t a p e  r e c o r d e r  w i t h  b u f f e r  f o r e m a t t e r ,  cassette t a p e  t r a n s -  
p o r t  (memory l o a d e r ) ,  e n g i n e e r i n g  d i s p l a y  (CRT)  u n i t  and 
e n g i n e e r i n g  c o n t r o l  (keyboard )  u n i t ,  power s u p p l y ,  power 
d i s t r i b u t i o n  u n i t ,  l i n e  f i l t e r ,  h i g h  pe r fo rmance  ces ium beam 
t l m e / f r e q u e n c y  s t a n d a r d  w i t h  power s u p p l y  and  I R I G  t i m e  code  
g e n e r a t o r .  F i g u r e  1 p r o v i d e s  a b l o c k  d iag ram o f  t h e  X-Set/ 
I n s t r u m e n t a t i o n .  



The GPS satellites continuously broadcast P R N  RF (L-band) 
signals at 1575.42 (Ll) and 1227.60 (L2) MHz. Essentially, 
the process is as follows: the carrier frequency is com- 
bined with the P R N  code and the low rate data stream, which 
contains the satellite's ephemerides and clock model to 
produce a modulated carrier frequency. To measure the 
range from the user to a satellite, the X-Set internally 
generates a P R N  code which is identical to that of the 
satellite. This code is shifted until it is correlated 
with the received code and the amount that it is shifted 
can be interpreted as the difference in time between the 
X-Set's clock and that of the satellite. If the two clocks 
are synchronized, this time difference is the range to the 
satellite from the user, when multiplied by the speed of 
light and corrected for atmospheric effects. In reality, 
the two clocks are never synchronized exactly. This situa- 
tion produces a pseudorange measurement which can be ex- 
pressed by the following equation: 

where 
- 
R = pseudorange measurement from the user to the 

satellite,. 

R = true range from the user to the satellite, 

c = speed of light, 

At, = propagation delays due to the atmosphere, 

Ato = the user's clock offset from the satellite 
clock. 

The X-Set's receiver is a four-channel, two-freqeuncy unit 
which is implemented with internal process control software 
(firmware). The receiver is integrated with a hiqh speed 
navigation data processor to provide a hiqh dynamic user 
with navigation solutions at a 1.7 second rate. These so- 
lutions are obtained by processing the simultaneous meas- 
urements of pseudorange and include a first order ionos- 
pherlc correction, 0.5 second duration delta ranges to 
four satellites, and a Kalman filter estimation process 
whose eight element state vector contains three dimensional 
position and velocity, and user clock offset and rate. In 
the context of the static user, the Kalman filter is cued 
so that the velocity state only reflects the noise of the 
delta range measurements. To clarlfy this process, the 



determination of position and user clock offset can be 
determined in general mathematical terms as follows: 

where 

i = 1, ..., 4 and identifies measurements to the four 
satellites, 

R~ = [(xu - + (yU - ~ i ) ~  + ZU - z=)~]% are the 
true ranges from the user at Xu, Yu, ZU to the 
four satellites at Xi, Yi, Zi, 

- 
Ri = the X-Set's simultaneous measurements of pseudo- 

range to the four satellites, 

Ato = the user's clock offset from satellite's 
clocks. Notice, this assumes that all of the 
satellites' clocks are synchronized. In real- 
ity, the satellites' clocks are not exactly 
synchronized in terms of their pulse trains but 
the broadcast navigation messages contain the 
predicted clock models that are generated by 
the MCS, which mathematically synchronize the 
satellite clocks to the GPS Master clock, which 
resides in the Vandenberg MS. In the X-Set's 
computational process, the pseudorange measure- 
ments are corrected with these clock models 
prior to their entry into the estimation pro- 
cess so that one must solve for only the common 
clock off set. 

In the above system of four equations there are four un- 
knowns to be determined: three for the user's position 
(Xu, Yu, Zu) and one for the user's clock offset (At,). 
Notice that the satellites' positions (Xi, Yi, Zi) are pro- 
vided via the broadcasted navigation message which contains 
the predicted ephemerides that are generated by the MCS. 
For the testing, real time solutions of the user's clock 
offset were obtained as a part of the navigation solution. 
In addition, postprocessed solutions of the clock offset 
were obtained by assuming the users' position and this 
results in a one equation system with one unknown. 

In order to maximize the precision of the pseudorange 
measurements and to provide a test configuration which 
would support time transfer tests, the X-Set was imple- 
mented as follows: the receiver's oscillator was syn- 



chronized in a phaselock loop to the 5 MHz output of the 
instrumentation's cesium standard via a hardware upgrade 
in the receiver, and the receiver's clock phase was syn- 
chronized to the one pulse per second (PPS) output of the 
cesium standard by implementing specialized navigation 
software. This use of the cesium standard actually makes 
it the receiver's clock. Thus, the internally generated 
PRN code is equally or more precise than the satellite 
generated code. 

To provide an independent monitor for the cesium and system 
redundancy, two additonal cesium standards were installed 
in the MTV and the three cesium standards were integrated 
into an ensemble which was monitored hourly usins a com- 
puter controlled time interval counter which measured the 
difference in time between the one pulse per second outputs 
of the cesium standards. These differences were automati- 
cally recorded on magnetic tape in a small cassette. The 
instrumentation cesium standard was considered the master 
for all testing. Figure 2 illustrates the timing ensemble. 

The test site at YPG was located in the immediate vicinity 
of the Inverted Range Control Center (IRCC) and the antenna 
was precisely referenced to a permanent survey station 
mark. The position of the mark was determined in the WGS 
72 earth centered/earth fixed coordinate system by the De- 
fense Mapping Agency (DMA), using precise conventional and 
Geoceiver-Transit satellite surveys. The MS's have been 
positioned in the WGS 72 system by DMA, using the same 
methods, and their locations form the reference frame for 
GPS. Given the above, it is clear that we can use the 
position of the station mark as the user's position to im- 
plement the single satellite time transfer. 

Up to this point, time transfer has not been defined ex- 
plicitly, but it is now possible to provide this defini- 
tion. Time transfer is the process whereby GPS time is 
transferred to a user's clock. In these tests, the trans- 
fer of time is to the instrumentation's high performance, 
cesium, time/frequency standard. To realize the transfer, 
the navigation (real-time) solution of the user's clock 
offset, error in clock phase (ECP) , is applied to the 
user's clock time so that, effectively, the user's clock 
is in synchronization with GPS time. In the case of the 
postprocessed solution, the clock offset is determined and 
applied to the user's clock time to provide a GPS time 
scale for the user's clock. 



R e s u l t s  

For  t h e  t i m e  t r a n s f e r  t e s t s ,  t h e  t i m e  r e f e r e n c e  was p ro -  
v i d e d  by t h e  U n i t e d  S t a t e s  Naval  O b s e r v a t o r y  f l y i n a  c l o c k  
t r i p s ,  which e s t a b l i s h e d  t h e  d i f f e r e n c e  i n  t i m e  between 
t h e  GPS Master  Clock  a t  t h e  Vandenberg MS and t h e  MTV c l o c k  
ensemble.  

Dur ing  t h e  p e r i o d  from e a r l y  J a n u a r y  t o  e a r l y  March 1979 ,  
t h e  USNO f l y i n g  c l o c k  made f i v e  t r i p s  from Washington DC t o  
YPG and Vandenberg. Each o f  t h e s e  t r i p s  c o n s i s t e d  o f  f l y -  
i n g  a  h i g h  pe r fo rmance ,  ces ium beam, t i m e / f r e q u e n c y  s t a n d -  
a r d  and t i m e  i n t e r v a l  c o u n t e r  from t h e  USNO, Washington,  
D.  C .  t o  YPG, t o  t h e  Vandenberg MS t o  YPG and back t o  wash- 
i n g t o n  i n  a p p r o x i m a t e l y  two d a y s .  P r i o r  t o  t h e  c l o c k ' s  de- 
p a r t u r e  and a f t e r  i t s  r e t u r n  t o  Washington,  it was c a l i b r a -  
t e d  w i t h  t h e  USNO ensemble  o f  more t h a n  20 h i g h  pe r fo rmance  
ces ium s t a n d a r d s .  When t h e  c l o c k  was a t  YPG and t h e  MS, 
t h e  t i m e  i n t e r v a l  c o u n t e r  w a s  u sed  t o  measure t h e  t i m e  
d i f f e r e n c e  between t h e  f l y i n g  c l o c k  and t h e  l o c a l  c l o c k .  
The c a l i b r a t i o n s  and t h e  t i m e  d i f f e r e n c e  measurements  
were p r o c e s s e d  a t  USNO t o  p r o v i d e  t h e  r e l a t i o n s h i p  between 
t h e  c l o c k s  a t  t h e  Vandenberg MS, Y P G ,  and t h e  USNO. F i g u r e  
3 and T a b l e  I p r o v i d e  t h e  r e s u l t s  f o r  t h e s e  f l y i n g  c l o c k s .  

For  t h e  p e r i o d  o f  1 F e b r u a r y  t h r o u g h  1 March 1979,  real 
t i m e ,  t i m e  t r a n s f e r ,  t e s t  d a t a  w e r e  c o l l e c t e d  a t  YPG. Dur- 
i n g  t h i s  p e r i o d ,  14 d a y s  o f  d a t a  w e r e  c o l l e c t e d .  Each d a y ' s  
d a t a  c o n s i s t e d  o f  a p p r o x i m a t e l y  s i x  samples  which were 
c o l l e c t e d  o v e r  20-minute t i m e  p e r i o d s  a f t e r  t h e  sa te l l i t es  
w e r e  up loaded by t h e  MCS w i t h  a p p r o p r i a t e  ephemer ides  and  
c l o c k  models .  Each sample was t h e  real  t i m e ,  Kalman F i l t e r  
s o l u t i o n  o f  t h e  e r r o r  i n  t h e  X-Se t ' s  c l o c k  p h a s e .  T h i s  
e r r o r  i n  c l o c k  p h a s e  (ECP) i s  t h e  d i f f e r e n c e  between t h e  
u s e r ' s  l o c a l  t i m e  and  GPS t i m e ,  and i n  t h i s  c a s e  t h e  u s e r ' s  
l o c a l  t i m e  is o b t a i n e d  from t h e  MTV i n s t r u m e n t a t i o n ' s  h i g h  
pe r fo rmance ,  ces ium,  t i m e / f r e q u e n c y  s t a n d a r d .  To o b t a i n  
v a l u e s  f o r  t h e  a c c u r a c y  and p r e c i s i o n  o f  real  t i m e ,  t i m e  
t r a n s f e r ,  t h e  ECP was compared w i t h  t h e  a c c e p t e d  t r u e  d i f -  
f e r e n c e  i n  t i m e  between t h e  MTV and GPS a s  d e t e r m i n e d  by 
t h e  f l y i n g  c l o c k  and USNO's a n a l y s i s  o f  t h e  MTV c l o c k  en-  
semble d a t a .  B e f o r e  t h e  compar isons  were made, t h e  ECP was 
c o r r e c t e d  f o r  hardware  d e l a y s .  These d e l a y s  are due  t o  t h e  
l e n g t h  o f  t h e  X-Se t ' s  r e c e i v e r  c a l i b r a t i o n  c a b l e  and  t o  t h e  
d i f f e r e n c e  between t h e  s ix - second  p u l s e  o f f s e t  o f  t h e  Van- 
d e n b e r g  MS and t h a t  o f  t h e  MTV X-Set r e c e i v e r  f rom t h e i r  
r e s p e c t i v e  t i m e / f r e q u e n c y  s t a n d a r d s '  one  p u l s e  p e r  second  
r e f e r e n c e s .  The v a l u e s  f o r  t h e s e  d e l a y s  are l i s t e d  and  
e x p l a i n e d  i n  Appendix A and B. T a b l e  I1 c o n t a i n s  t h e  ECP/ 



USNO compar i sons .  

To p r o v i d e  a d d i t i o n a l  c h e c k s  o f  t h e  t i m e  t r a n s f e r  and t o  
l o o k  a t  t h e  c a s e  i n  which t h e  u s e r ' s  p o s i t i o n  i s  known, t h e  
MTV m a g n e t i c  d a t a  t a p e s  c o n t a i n i n g  t h e  pseudorange  measure-  
m e n t s ,  s a t e l l i t e  b r o a d c a s t  ephemer ides  and Kalman F i l t e r  
s o l u t i o n s  f o r  F e b r u a r y  5-7 w e r e  p o s t  p r o c e s s e d  by t h e  Aero- 
s p a c e  C o r p o r a t i o n .  The r e s u l t s  o f  t h e s e  e f f o r t s  a r e  p r e -  
s e n t e d  below. 

Case I i s  a f o u r  s a t e l l i t e  s o l u t i o n  o f  t h e  ECP which used  
t h e  b r o a d c a s t  ephemer ides / c lock  models  and  t h e  Geoce ive r /  
T r a n s i t  d e t e r m i n e d  WGS 72 p o s i t i o n  o f  t h e  X - S e t ' s  a n t e n n a .  
The ECP was d e t e r m i n e d  by d i f f e r e n c i n q  t h e  measured pseudo- 
r a n g e s  and t h e  g iven  r a n g e s  and t h e n  f i t t i n g  t h e s e  d i f f e r -  
e n c e s  t o  a second o r d e r  po lynomia l  w i t h  a  c o n s t a n t  ( b i a s )  
t e r m ,  d r i f t  t e r m  and a g i n g  t e r m .  T h i s  po lynomia l  was t h e n  
used  t o  g e n e r a t e  t h e  ECP f o r  t h e  same t i m e s  t h a t  r e a l  t i m e  
ECP d a t a  were o b t a i n e d  d u r i n g  MTV o p e r a t i o n s .  

Date  - Polynomia l :  Ao + A , .  ( t - t o )  + A,. ( t - t o ) *  
Ao = 8952.753 m t r s  

5 Feb 79 A,  =-0.00042236 mtrs/sec 
A ,  = 0.00000023 m t r s / s e c 2  
t o  = 50519.25 s e c  

Time Real-Time P o s t  P r o c e s s e d  Real -Pos t  
(set) ECP ( m t r s )  ECP ( m t r s )  ( m t r s )  

Mn -1.278 
(-4 nanoseconds)  



D a t e  - P o l y n o m i a l  : 

6 F e b  7 9  Ao + A ,  ( t - t o )  + A, ( t - to )  
Ao = 8 9 9 1 . 6 1 2  m t r s  
Al = 0 .00376515  mtrs/sec 
A2 = 0 .00000042  mtrs/sec2 
t o  = 52256 .48  sec 

Time R e a l - T i m e  P o s t  P r o c e s s e d  R e a l - P o s t  
(set) ECP ( m t r s )  ECP ( m t r s )  ( m t r s )  

8 9 9 0 . 9 6 3  + l .  0 3 7  
8 9 9 0 . 9 0 1  + l .  0 9 9  
8 9 9 1 . 6 5 2  - 1 . 6 5 2  
8 9 9 3 . 2 1 9  -2 .216 

Mn - 0 . 4 3 3  
(-1 n a n o s e c o n d )  

S 1 . 7 4 9  

Date - P o l y n o m i a l :  Ao + A I -  ( t - to )  + A2. ( t - t o ) '  
Ao = 9 0 4 2 . 9 6 2  m t r s  

7 F e b  7 9  A1 = 0 .00148212  mtrs/sec 
A2 = 0 . 0 0 0 0 0 0 4 2  mtrs/sec2 
t o  = 5 0 5 0 9 . 0 2  sec 

Time Rea l -T ime  P o s t  P r o c e s s e d  R e a l - P o s t  
(set) ECP ( m t r s )  ECP ( m t r s )  ( m t r s )  

- 3 . 3 7 3  
Mn (-11 n a n o s e c o n d s )  

C a s e  11, i s  a s i n g l e  s a t e l l i t e  ( N a v s t a r  4/PRN Code 8 )  so- 
l u t i o n  w h i c h  w a s  o b t a i n e d  u s i n g  t h e  same t e c h n i q u e  as i n  
C a s e  I .  



Date - Polynomial: Ao + A,. (t-to) + A,. (t-to) 
Ao = 9044.438 mtrs 

7 Feb 79 A, = 0.00162105 mtrs/sec 
A, = 0.00000003 mtrs/sec2 
to = 50449.12 sec 

Time Real-Time Post Processed ECP (mtrs) Real-Post (mtrs) 
(sec) ECP (mtrs) 4 Satellite 1 Satellite 1 Satellite 

-4.491 
Mn (-15 nanoseconds) 
S 3.063 

Case 111, is a combined solution of the three days' data 
from Case I. In this case, Aerospace Corporation gener- 
ated post flight empherides and satellite clock models for 
the four satellites by post processing MS measurement data, 
which covered the period of 29 January to 12 February. 
These ephemerides and clock models were then processed 
with the MTV measurements in a batch, least squares process 
which provided solutions for the MTV's position, clock 
offset and rate. In addition, solutions were obtained by 
using the MTV measurements without applying first order, 
ionospheric corrections. 

Date & Time Real-Time Post Processed Real-Post 
(sec) ECP (mtrs) ECP (mtrs) (mtrs) 

5 Feb @ 51000 8952 8953.4 (8961.4*) -1.4 
6 Feb @ 52500 8992 8993.4 (9000.0*) -1.4 
7 Feb @ 51000 9044 9044.9 (9050.9*) -0.9 

*These are the ECPs determined without using the 1st order 
ionospheric ocrrections. 

I Review of the Results 

The Case I data verify the real time solution data and in- 
dicate only marginal (approximately 10 nanoseconds) im- 
provement is obtained when the pseudoranging data is post 
processed. 



The s i n g l e  s a t e l l i t e  r e s u l t s  i l l u s t r a t e d  i n  Case  I1 and 
and E C P s  d e t e r m i n e d  w i t h o u t  i o n o s p h e r i c  c o r r e c t i o n s  i n  
Case I11 p r o v i d e  an i n d i c a t i o n  t h a t  a  s i n g l e  s a t e l l i t e  \ 

t i m e  t r a n s f e r  w i t h o u t  i o n o s p h e r i c  c o r r e c t i o n  would d e q r a d e  
t h e  r e s u l t  by a p p r o x i m a t e l y  3 0  nanoseconds ,  depend ing  on 
t h e  i n d i v i d u a l  s a t e l l i t e s '  b r o a d c a s t  e p h e m e r i s  and c l o c k  
model q u a l i t y .  

The Case I11 d a t a  i n d i c a t e  t h a t  p r o c e s s i n g  w i t h  post f i t  
ephemer ides  d o e s  n o t  s i g n i f i c a n t l y  improve t h e  real  t i m e  
r e s u l t s  e x c e p t  i n  terms o f  c o n f i r m a t i o n  and g r e a t e r  s t a -  
t i s t i c a l  s i g n i f i c a n c e  due  t o  t h e  amount o f  d a t a  employed 
t o  o b t a i n  t h e  r e s u l t s ,  t h a t  i s ,  t h e  c o n f i d e n c e  l e v e l  i s  
g r e a t l y  i n c r e a s e d .  

C o n c l u s i o n s  

The compar i sons  o f  t h e  rea l  t i m e  and p o s t  p r o c e s s e d  ECPs 
show t h a t  GPS w i l l  be a b l e  t o  p r o v i d e  b e t t e r  t h a n  2 0  nano- 
second t i m e  t r a n s f e r s  i n  r e a l  t i m e ,  b u t  t h e  r e a l  t i m e  ECPs 
which were c o r r e c t e d  f o r  X-Set s y n c h r o n i z a t i o n  e r r o r s  and 
c a l i b r a t i o n  d e l a y  l i n e  e r r o r s  i n d i c a t e  t h a t  t h e r e  a r e  hard-  
ware d e l a y s  which must  be  a c c o u n t e d  f o r  i f  t h e  u s e r  a c t u a l l y  
i s  t o  o b t a i n  a  p h y s i c a l  t r a n s f e r  of  t i m e  i n  t e r m s  of  h i s  
UE's c l o c k  o u t p u t  p u l s e .  I n  t h i s  c o n t e x t ,  tes ts  a r e  now i n  
p r o g r e s s  t h a t  have been d e s i g n e d  t o  a d d r e s s  t h e  d e l a y  i s s u e s  
s o  t h a t  t h e  Phase  I1 GPS UE w i l l  p r o v i d e  t h e  u s e r  w i t h  a  
t i m e  t r a n s f e r  c a p a b i l i t y  t h a t  is more i n  conformance w i t h  
t h e  s y s t e m ' s  r e a l  c a p a b i l i t y  which h a s  been d e m o n s t r a t e d  ' 
v i a  t h e  real  t i m e / p o s t  p r o c c e s s e d  ECP compar i sons .  



Table I 

USNO Master Clock - MTl7 Clock 
11 January to 1 March 1979 

The offsets are determined from USNO's adjustment of fly- 
ing clock trip and MTV timing ensemble data. 

Date - Time - Offset (us) 

1 Feb 1445 -8.210 

2 Feb 1425 -8.298 

3 Feb 1355 -8.366 

5 Feb 1412 -8.482 

6 Feb 1442 -8.535 

7 Feb 1420 -8.591 

8 Feb 1425 -8.646 

9 Feb 1415 -8.705 

12 Feb 1318 -8.890 

13 Feb 1328 -8.951 

15 Feb 1310 -9.078 

21 Feb 1252 -9.452 

28 Feb 1220 -10.014 

1 Mar 1212 -10.086 



Table I1 

Time Transfer  at  Yuma Proving Ground AZ 
Mobile Test Van w/Magnavox X-Set 

a l l  da t a  i n  nanoseconds 

Correc- USNO ECP'- 
Date Time (LT) ECP - - t ion  ECP ' TRt TRt - 
1 Feb 
2 Feb 
3 Feb 
5 Feb 
6 Feb 
7 Feb 
8 Feb 
9 Feb 

12 Feb 
1 3  Feb 
15 Feb 
21 Feb 
28 Feb 
1 Mar 

tTime Reference 

* these  a r e  t h e  number of  samples obtained during t h e  time period.  
ECP, i s  t h e  mean of samples and i s  charac ter ized  by i t s  standard de- 
v i a t i o n .  
Correct ions a r e  derived from the  m a t e r i a l  presented i n  Appendix A and 
B. 
ECP' is t h e  ECP with co r rec t ions  appl ied .  
USNO Time Reference, t hese  va lues  were obtained from t h e  da ta  presented 
i n  f i g u r e  3 and Table I. 
ECP'-Time Reference a r e  the  e r r o r s  i n  the  time t r a n s f e r .  

Analysis ,  i n v e s t i g a t i o n s  of clock t r i p s ,  t iming ensemble and t h e  syn- 
chroniza t ion  suggest  t h a t  t h e  q u a l i t y  of each t e s t  i s  150 nanoseconds 
(one sigma). The mean of  t h e  14 t e s t s :  -27 1 56 nanoseconds confirms 
t h i s  and suggests  t h a t  t h e  major source of e r r o r  i s  t h e  nominal value 
of 170 nanoseconds of VMS synchronizat ion delay.  
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Figure 2. Time Transfer MTV's Timing Ensemble 





Appendix A 

MTV X-Set 
C a l i b r a t i o n  Delay 

CALIBRATION CABLE = 117 Nanoseconds 
measured w i t h  
time interval  
counter 

The X-Set's c a l i b r a t i o n  procedure sends  a s i q n a l  o u t  v i a  
a c a b l e  t o  i t s  p r e a m p l i f i e r  and back t o  t h e  r e c e i v e r  v i a  
t h e  R F  cab le .  The r e c e i v e r  measures t h e  t ime  it t a k e s  
and t h e  e q u i v a l e n t  range i s  s u b t r a c t e d  from t h e  pseudo- 
ranqe measurements. Th l s  r e s u l t s  i n  a  measurement which 
i s  too  s h o r t  by t h e  l e n q t h  o f  t h e  c a l i b r a t i o n  c a b l e  d e l a y  
t i m e .  The c a l i b r a t i o n  c a b l e ' s  d e l a y  was measured s e v e r a l  
t imes  wi th  a  two-nanosecond r e s o l u t i o n ,  t ime i n t e r v a l  
coun te r  and found t o  be 117 nanoseconds. Thls  d e l a y  i s  a  
p l u s  c o r r e c t i o n  and i s  added t o  t h e  ECPs. Not ice ,  MS's 
c o r r e c t  t h e  pseudoranging f o r  t h i s  e f f e c t  so  t h i s  t iming 
b i a s  i s  no t  in t roduced  i n t o  t h e  SS. F u r t h e r ,  t h e  M T V ' s  
X-Set does no t  c o r r e c t  f o r  t h i s  because t h e  nav iga t ion  
s o l u t i o n  i s  t r a n s p a r e n t  t o  common t imino  b i a s e s  and navi-  
ga t ion  was t h e  primary t e s t  goa l  of  t h e  s e t .  



APPENDIX B 

X-Set S y n c h r o n i z a t i o n  Delay  

The X - S e t ' s  c l o c k  i s  s y n c h r o n i z e d  t o  an e x t e r n a l  1 PPS 
w i t h  s o f t w a r e  c o n t r o l  o f  hardware .  The p r o c e d u r e  i s  a s  
f o l l o w s :  t h e  o p e r a t o r  i n p u t s  t h e  t i m e  which w i l l  be  set  v i a  
t h e  CDU p l u s  an estimate o f  t h e  r e f e r e n c e  c l o c k ' s  (MTV M a s -  
te r  Clock)  o f f s e t  from GPS t i m e ;  t h i s  sets a  g a t e  i n  t h e  
r e c e i v e r  and t h e  X - S e t ' s  c l o c k  t o  t h e  t i m e  w h i l e  f r e e z i n g  
t h e  epoch u p d a t e  o f  t h e  c l o c k ;  j u s t  p r i o r  t o  t h e  Master  
C l o c k ' s  epoch (1 PPS) o f  t h e  set  t i m e  t h e  o p e r a t o r  imple-  
ments  t h e  t i m e  set w i t h  a CDU i n p u t  command, which t e l l s  
t h e  r e c e i v e r  t h a t  t h e  n e x t  1 PPS it sees w i l l  be  t h e  syn- 
c h r o n i z a t i o n  p u l s e ;  when t h e  r e c e i v e r  sees t h e  1 PPS a t  
t h e  g a t e  it s t a r t s  t h e  epoch u p d a t e  o f  i t s  c l o c k  c a r r y i n g  
t h e  set  t i m e .  To d e t e r m i n e  t h e  q u a l i t y  o f  t h e  MTV syn- 
c h r o n i z a t i o n ,  t h e  d i f f e r e n c e  between t h e  r e f e r e n c e  1 PPS 
and t h e  X-Se t ' s  c l o c k  o u t p u t  p u l s e  w e r e  measured d u r i n g  
e a c h  t e s t  w i t h  a  t w o  nanosecond r e s o l u t i o n  t i m e  i n t e r v a l  
c o u n t e r .  N o t i c e ,  t h e  MS's u s e  X-Sets f o r  d a t a  c o l l e c t i o n  
and t h e i r  c l o c k s  are set t o  a n  e x t e r n a l  r e f e r e n c e .  I n  t h e  
c a s e  o f  t h e  VMS, t h i s  i s  accompl i shed  s i m i l a r l y  t o  t h e  MTV 
w h i l e  t h e  o t h e r  MS c l o c k s  are set  from t h e  MCS v i a  t h e  s a t -  
e l l i t e s .  For  t h e  t i m e  t r a n s f e r  tes t  it i s  i m p o r t a n t  t o  
know t h e  o f f s e t s  o f  t h e  VMS and MTV s y n c h r o n i z a t i o n s .  I n  
t h e  c a s e  o f  t h e  VMS, a nominal  v a l u e  o f  170 nanoseconds  h a s  
been d e t e r m i n e d .  For t h e  MTV, measurements  w e r e  o b t a i n e d  
and  a r e  l i s t e d  on t h e  f o l l o w i n g  page.  

MASTER 
CLOCK W 
1 PPS 

RECEIVER 

CLOCK PULSE 
every 6 seconds 

TIME INTERVAL 
COUNTS 

A A A 

A = X-Set's pulse l a g  



N o t i c e ,  i f  t h e  VMS and MTV s y n c h r o n z a t i o n  e r r o r s  were 
e q u a l ,  t h e  e r r o r s  would c a n c e l .  I n  t h i s  case, t h e  VMS a t  
170 nanoseconds  and t h e  MTV a t  a  lower  l e v e l  i n t r o d u c e  a  
b i a s  i n  t h e  t i m e  t r a n s f e r .  The e f f e c t  o f  t h i s  b i a s  i s  t o  
make t h e  ECP s m a l l e r  a s  t h e  MTV c l o c k  i s  s l i g h t l y  ahead  of  
t h e  VMS c l o c k .  To c o r r e c t  f o r  t h i s ,  t h e  measurements  o f  
t h e  MTV s y n c h r o n i z a t i o n  e r r o r  f o r  e a c h  tes t  a r e  s u b t r a c t e d  
from VMS nominal  v a l u e  and t h e  r e s u l t a n t  v a l u e  i s  added t o  
t h e  ECP. I n  t e r m s  o f  t h e  VMS nominal  v a l u e ,  w e  can  c h a r -  
a c t e r i z e  i t s  q u a l i t y  by t h e  s t a t i s t i c s  p r o v i d e d  by t h e  MTV 
measurements ,  which g i v e  u s  a nominal  v a l u e  o f  170 + 2 5  
nanoseconds  (one  s i g m a ) .  



T a b l e  B . l  

D i f f e r e n c e s  between Cesium 1 PPS and  X-Set ( S e r i a l  #12)  
6  second p u l s e  a f t e r  s y n c h r o n i z a t i o n .  Measurements  w e r e  
o b t a i n e d  w i t h  t h e  HP 5345A Time I n t e r v a l  C o u n t e r  (2  nano- 
second r e s o l u t i o n ) .  

Va lue  Va lue  
Date - (nanoseconds )  D a t e  - (nanoseconds )  

1 Feb 79 110  1 Mar 79  12 4 

2  Feb  79 7 6 2 Mar 79 140 

I 3 Feb  79 122  5 M a r  79 100 

I 5 Feb  79 102  6 Mar 79 1 1 4  

I 6 Feb 79 126  9 M a r  79 1 3  8 

7 Feb  79 6 8 12  Mar 79 94 

8 Feb  79 102  1 3  M a r  79  132  

I 9 Feb  79 82 14 M a r  79 5 4 

1 2  Feb 79 90 1 5  M a r  79 134 

1 3  Feb  79 9 0 1 6  Mar 79 124 

14 Feb  79 1 4  0 1 9  Mar 79 14 0 

1 5  Feb  79 14 6 20 Mar 79 92 

1 6  Feb  79 112  22 M a r  79 90 

1 9  Feb 79 8 6 

20 Feb 79 66 

23 M a r  79 134 

I 21  Feb  79 126  

1 8  Feb 79 124 

Mn = 109  + 25  3 1  s a m p l e s  
30 = (34, 1 8 4 )  a l l  v a l u e s  

w i t h i n  t h i s  i n t e r v a l  


