
GPS NAVIGATION EXPERIMENT USING HIGH PRECISION GPS 
TIMING RECEIVERS 

J.  Buisson, 0. J .  Oaks, M. L i s t e r  
Naval Research Laboratory 

S. C.  Wardrip 
NASA Goddard Space F l i g h t  Center 

S. Lesch iu t t a  
Po l i t ecn i co  D i  Torino 

I s t i t u t o  E l e t t r o t e c n i c o  Nazionale 
E .  Detoma, P.  Dachel, H .  Warren, T. S t a lde r  

Bendix F i e ld  Engineering Corporation 
F. Fedele 

I t a l i a n  Navy, MAGNAGHI 

I I t a l i a n  Navy, MARITELERADAR 

Global Pos i t i on ing  System (GPS) T i m e  Transfer  r e c e i v e r s  
were developed by t h e  Naval Research Laboratory (NHL) t o  
p r o v i d e  s v n c h r o n i z a t i o n  f o r  t h e  NASA Global  L a s e r  
Tracking Network (GLTN). I 

The c a p a b i l i t i e s  of t h e  r e c e i v e r  a r e  being expanded 
mainlv through sof tware  modi f ica t ion  t o :  

P .  G .  Ga l l i ano ,  F. Cordara,  V.  Pettiti 

R .  Azzarone 

ABSTRACT 

- 

- 

- 

1 * Demonstrate t h e  p o s i t i o n  l o c a t i o n  c a p a b i l i t i e s  of a 
s i n g l e  channel r e c e i v e r  us ing  t h e  GPS C/A code, 

I 

* Demonstrate t h e  t ime/navigat ion c a p a b i l i t y  of t h e  
I r e c e i v e r  onboard a  moving p la t form,  by s e q u e n t i a l  

t r a c k i n g  of GPS s a t e l l i t e s .  
I 

S e v e r a l  advanced n a v i g a t i o n  a l g o r i t h m s  were t e s t e d ,  
I t r a c k i n g  e i t h e r  a f u l l  o r  reduced c o n s t e l l a t i o n  of t h e  

c u r r e n t  Phase I GPS s a t e l l i t e s .  
I 

The exser iment  was conducted dur ing  October 1983 onboard 

I t h e  I t a l i a n  Navy hydrographic s h i p  "MAGNAGHI". Tne s h i p  
provided a s t a b l e  p la t form,  a b l e  t o  move with cons t an t  I 
speed,  whi le  keeping t r a c k  of its own p o s i t i o n  with h igh  
accuracy.  The s h i p  was equipped with a wide range of 
rad ionaviga t ion  equipment, inc lud ing  Raydis t ,  Motorola 
Mini -Ranger ,  T o r a n ,  Loran-C, Omega and T r a n s i t  
r e c e i v e r s .  There were a l s o  onboard atomic c locks  with 

I submicrosecond accuracy.  To keep an accu ra t e  t r a c k  of 
t h e  s h i p ' s  p o s i t i o n  a t  sea  du r ing  t h e  experiment ,  t h e  

I 



Mini-Ranger system was used with transponders located on 
the  seashore. The Mini-Ranger system provided pos i t ion  
t o  an accuracy of 5 t o  10 meters.  

This  experiment was a j o i n t  e f f o r t  between t h e  fol lowing 
U.S. and I t a l i a n  agencies and organizat ions:  Tne U.S. 
Naval Research Laboratory, the  NASA/Goddard Space F l i g h t  
Center,  with t h e  support of t h e  Bendix Field Engineering 
C o r p o r a t i o n ,  t h e  I t a l i a n  Navy, t h e  I s t i t u t o  
E l e t t r o t e c n i c o  l lG.  F e r r a r i s I 1  and t h e  P o l i t e c n i c  of 
Torino ( I t a l y ) .  

INTRODUCTION 

The Naval Research Laboratory developed a GPS time t r a n s f e r  rece iver  f o r  t h e  
NASA,Goddard Spacef l ight  Center which was f i r s t  deployed and t e s t ed  i n  June 
1981 . Since then,  s i x  r ece ive r s  have been completed and del ivered  t o  NASA 
f o r  deployment i n  the  NASA Global Laser Tracking Network (GLTN). The 
receiver  was designed t o  provide prec ise  time measurements between the2time 
standard of the  U.S. Naval Observatory and clocks a t  remote loca t ions .  The 
pr imary  a p p l i c a t i o n  is s y n c h r o n i z a t i o n  of remote c l o c k s  and c l o c k  
evaluat ion.  NASA is using the  r ece ive r s  t o  synchronize remote mobile l a s e r  
s t a t i o n s  t o  t h e  U.S. Naval Observatory time standard. Prec ise  time is 
required a t  each s t a t i o n  in  order  t o  time tag  the  da ta  and t o  acquire  
s a t e l l i t e s  with the  l a s e r  ranging systems. 

Before time measurements can be made with the  r ece ive r ,  the  pos i t ion  of t h e  
antenna must be input  in  WGS-72 coordinates.  Currently,  t h i s  pos i t ion  is 
determined by an independent survey before deployment of the  r ece ive r .  This 
experiment t e s t s  t h e  c a p a b i l i t y  of the  GPS time t r a n s f e r  rece iver  t o  perform 
a navigation both on a f ixed  point  and on a slow moving platform. An 
accura te  f ixed  point  navigation c a p a b i l i t y  would allow t h e  GPS rece iver  t o  
perform cold s t a r t  synchronizations of f i e l d  deployed clocks i n  a  stand 
alone capacity.  'Ihe moving navigat ion was performed in  order  t o  evaluate  t h e  
f e a s i b i l i t y  of providing accura te  time synchronization on a slow moving 
platform. 

This navigat ion experiment uses t h e  e x i s t i n g  Phase I NAVSTAR GPS s a t e l l i t e s  
which a r e  a p a r t i a l  s e t  of the  f i n a l  cons te l l a t ion  of s a t e l l i t e s  t o  be  
deployed i n  t h e  1980s. The r e s u l t s  presented here a r e  an evaluat ion a 
time t r a n s f e r  rece iver  opera t ing  i n  a navigation mode. They a r e  not intended 
t o  be used a s  an evaluat ion of NAVSTAR GPS accuracy or c a p a b i l i t y .  

Moving Navigation Solut ion 

To perform a n a v i g a t i o n ,  t h e  GPS r e c e i v e r  makes independen t  r ange  
measurements t o  a number of NAVSTAR s a t e l l i t e s .  The posi t ion  of each 
s a t e l l i t e  a t  t h e  t i m e  of measurement is computed from ephemeris da ta  
t ransmit ted by each s a t e l l i t e .  A ground antenna pos i t ion  is assumed, and t h e  
d i s t a n c e  t o  each s a t e l l i t e  is c a l c u l a t e d .  The c a l c u l a t e d  r a n g e s  a r e  
subtracted from t h e  measured ranges giving r e s i d u a l s  which a r e  used t o  
c o r r e c t  t h e  assumed pos i t ion .  The corrected pos i t ion  is then used t o  



c a l c u l a t e  a new r e s i d u a l ,  and t h e  i t e r a t i v e  process  cont inues  u n t i l  t h e  
~ o s i t i o n  converges t o  wi th in  some d e l t a  va lue  of e r r o r .  The b a s i c  equa t ion  

where P is t h e  improvement i n  p o s i t i o n  

A is t h e  measurement mat r ix  

W is a weighting mat r ix  

and (0-C) is  t h e  mat r ix  of differences between measured 
and computed ranges.  

Tne s e q u e n t i a l  range naviga t ion  is explained i n  d e t a i l  i n  r e f e r ence  3 and 
r e f e r ence  4 and t h e r e f o r e ,  is presented he re  a s  t he  method used without  

I n  t h e  moving n a v i g a t i o n  s o l u t i o n ,  a f i v e  d i m e n s i o n a l  n a v i g a t i o n  i s  
perf orrned t o  determine l a t i t u d e ,  l ong i tude ,  c lock of f  se t ,  course d i r e c t i o n ,  
and v e l o c i t y .  A minimum of f i v e  s a t e l l i t e  measurements a r e  made f o r  each 
p o s i t i o n  de te rmina t ion .  The s o l u t i o n  assumes a cons t an t  v e l o c i t y  and course  
f o r  each f i x  and a cons t an t  he igh t  on t h e  su r f ace  of t h e  e a r t h  a t  a l l  t imes.  
These assumptions a r e  reasonable  f o r  t h e  case  of a  slow moving s h i p  i n  open 
s e a s .  

I n  order  t o  determine t h e  goodness of each s o l u t i o n  f i t  t o  t h e  d a t a ,  t h e  
geometr ic  d i l u t i o n  of p r e c i s i o n  (GDOP) was c a l c u a l t e d .  The GDOP is de f ined  
h e r e  as :  

L < where 6 LnT, 6LLoNC, and CLOCK a r e  d iagonal  terms of t h e  

T -1 covariance mat r ix  ( A  WA) i n  t h e  naviga t ion  s o l u t i o n .  GDOP i n  t h e  c lass ica l  
s ense  may inc lude  a l l  f i v e  d i agona l  terms of t h e  covariance ma t r ix ,  however, 
t h e  i n t e n t i o n  is only t o  provide a r e l a t i v e  measure of goodness of s o l u t i o n  
P o r  t h e  d a t a  presen ted .  

The moving naviga t ion  was performed onboard t h e  I t a l i a n  Navy r e sea rch  v e s s e l  
"Ammiraglio Magnaghi". The s h i p ' s  home p o r t  is i n  LaSpezia, I t a l y ,  and t h e  
experiment was performed off t h e  coast  of LaSpezia a s  shown i n  f i g u r e  1 .  lhe 
s h i p  had a Motorola Mini-Ranger system of naviga t ion  which was used a s  a  
comparison f o r  t h e  GPS r e c e i v e r  r e s u l t s .  7he Mini-Ranger system cons i s t ed  of 
a two channel t r a n s c e i v e r  onboard t h e  s h i p  and two t ransponders  loca ted  a t  



known pos i t ions  on the  shore.  One transponder was located a t  pta d e l  Mesco 
and the  o ther  a t  I .a Palmaria. The n a v i g ~ t i o n  was ~ e r f o r r n e d  while t h e  s h i p  
was s t e e r i n g  courses of approximately 090 and 270 with a ve loc i ty  of 8-9 
knots.  The Mini-Ranger system provided continuous pos i t ions  of the  s h i p  t o  
an accuracy of 5-10 meters.  ' h e  data  was recorded a t  t h e  epochs of GPS 
measurements f o r  l a t e r  comparison a t  the  conclusion of the  experiment. 

GPS Measurements 

A minimum of f i v e  s a t e l l i t e  t r a c k s  were made f o r  each navigation solu t ion .  
Each s a t e l l i t e  t r a c k  requ i res  approximately f i v e  minutes as shown i n  f i g u r e  
2(a) .  Two minutes a r e  required f o r  s i g n a l  search and acqu i s i t ion ,  and then 
one minute f o r  locking and synchronizing t o  the  s a t e l l i t e  d a t a ,  Once locked 
and synchronized, s a t e l l i t e  ephemeris and clock information is read from t h e  
d a t a .  Las t ,  s a t e l l i t e  range measurements a r e  made, one measurement every s i x  
seconds f o r  a  period of a minute. A minimum of f i v e  of these  such t r a c k s  a r e  
used in  each navigation so lu t ion .  Idea l ly  f i v e  d i f f e r e n t  s a t e l l i t e s  would be  
tracked a s  i l l u s t r a t e d  i n  f i g u r e  2 (b ) .  However, because of t h e  l imited 
s a t e l l i t e  v i s i b i l i t y  using the  Phase I s a t e l l i t e s  i n  I t a l y ,  most of the  time 
l e s s  than f i v e  s a t e l l i t e s  were tracked,  bu t  they were repeated a s  shown i n  
the  example of f i g u r e  2 ( c ) .  

GPS NAVSTAR V i s i b i l i t y  

Figures 3 and 4 a r e  two d i f f e r e n t  ways of descr ib ing t h e  s a t e l l i t e  
v i s i b i l i t y  f o r  the  t i m e  and place where the  experiment was performed. Figure 
3 shows the  e levat ion  versus time f o r  each s a t e l l i t e .  ?he navigat ions were 
performed during the  time period from 6 50 9 hours. The p l o t  shows t h e  
maximum of f i v e  s a t e l l i t e s  v i s i b l e  above 10 from 0630 t o  0730. During t h e  
remainder of the  time between 0600 and 0900, only th ree  o r  f o u r  s a t e l l i t e s  
were v i s i b l e .  

Figure 4 shows the  s a t e l l i t e  azimuth and e levat ion  r e l a t i v e  t o  t h e  s h i p  
between 0600 and 0900 h o u r s .  The b e s t  s a t e l l i t e  geomet ryooccurs  a t  
approximately 0630 when a l l  f i v e  s a t e l l i t e s  a r e  in  view above 10 e levat ion  
and separated the  g r e a t e s t  d i s t ance  i n  azimuth. A s  time approaches 0900 t h e  
s a t e l l i t e s  move c lose r  together ,  and NAVSTAR 4 goes out  of view giving poor 
geometry f o r  navigat ion.  The accuracy of the  r e s u l t s  can be co r re la t ed  t o  
t h e  goodness of s a t e l l i t e  geometry and is apparent i n  t h e  da ta  presented. 

Navigation Data 

Figures 5 - 14 a r e  p l o t s  of t h e  computed navigation so lu t ions .  The pos i t ion  
of the  sh ip  is plo t ted  i n  l a t i t u d e  and longitude f o r  d i f f e r e n t  s e t s  of 
navigat ion da ta .  Each set represents  a  run by the  sh ip  from one end of the  
a r e a  shown i n  f i g u r e  1 t o  t h e  o t h e r .  GPS de te rmined  p o s i t i o n s  a r e  
represented by 0 ' s  and Mini-Ranger pos i t ions  a re  X ' s .  A value f o r  accuracy 
is given a s  a range from the  minimum t o  the  maximum devia t ion  of the  GPS 
pos i t ion  from the  Mini-Ranger pos i t ion .  Tne GDOP value as  defined in  
equation (2) ,  is a l s o  given. A NAVSTAR v i s i b i l i t y  p l o t  shows the  p o s i t i o n s  
of the  s a t e l l i t e s  used during each navigation so lu t ion .  Tne X ' s  on the  
s a t e l l i t e  pos i t ion  arrows represent  the  times da ta  were taken by the  GPS 



For example, f i g u r e  5 is run number 1 on October 5 and shows agreement 
between GPS and Mini-Ranger s o l u t i o n s  of from 4 t o  52 meters .  The NAVSTAR 
v i s i b i l i t y  diagram shows t h a t  t h e  s o l u t i o n  was obtained from e i g h t  s a t e l l i t e  
t r a c k s ,  t h r e e  on NAVSTAR 5, one on NAVSTAR 4 ,  and two each on NAVSTAR 3 and 
NAVSTAR 6. The GDOP of 1 . 1  i s  a  f a c t o r  of t h e  number of t o t a l  measurements 
used and s a t e l l i t e  geometry. GDOP1s of lower va lues  i n d i c a t e  b e t t e r  f i t s  of 
t h e  d a t a  t o  t h e  naviga t ion  s o l u t i o n .  GDOP is reduced a s  t h e  number of 
measurements i nc rease  and a s  t h e  s a t e l l i t e s  a r e  separa ted  i n  p o s i t i o n .  The 
p l o t  of Mini-Ranger d a t a  shows t h e  dev ia t i on  of t h e  s h i p  from a s t r a i g h t  
course .  Some of t h e  e r r o r  is a t t r i b u t e d  t o  t h e  assumption i n  t h e  GPS 
s o l u t i o n  t h a t  t h e  course  is a s t r a i g h t  l i n e  and cons t an t  speed. Tne s t r a i g h t  
l i n e  f i t  is apparent  i n  t h e  GPS d a t a .  

The o the r  f i g u r e s  ( 6  - 14)  show abso lu t e  accuracy r e s u l t s  i n  t h e  range of 50 
meters  o r  b e t t e r  f o r  va r ious  geometrys and number of t r a c k s .  F igures  15 - 17 
s u m a r i z e  t h e  r e s u l t s  of t h e  GPS naviga t ion  accuracy f o r  t h i s  experiment 
using a  t ime t r a n s f e r  r e c e i v e r .  Figure 15 is a p l o t  of t h e  d i f f e r e n c e s  i n  
t h e  l a t i t u d e  s o l u t i o n s  of GPS from Mini-Ranger f o r  a l l  s o l u t i o n s  ob ta ined .  
h e  average d i f f e r e n c e  i n  l a t i t u d e  was 10.8 meters .  Figure 16 is t h e  same 
type  of p l o t  showing an average difference i n  l ong i tude  of 23.6 meters. 
F igure  17 is a p l o t  of ATNAV, which is t h e  RSS p o s i t i o n  d i f f e r e n c e  between 
t h e  two systems,  f o r  a l l  t h e  s o l u t i o n s  ob ta ined .  ?he average d i f f e r e n c e  of 
45.1 meters is an i n d i c a t i o n  of how good t h e  GPS time t r a n s f e r  r e c e i v e r  can 
nav iga t e  us ing  a p a r t i a l  GPS c o n s t e l l a t i o n  and, a t  times, poor geometry. 

S t a t i o n a r y  Pos i t i on  Determination 

The s o l u t i o n  of t h e  s t a t i o n a r y  pos t ion  de te rmina t ion  is t h e  same a s  t h e  
moving naviga t ion  with t h e  v e l o c i t y  cons t ra ined  t o  zero .  Equation ( 1 )  
becomes t h r e e  dimensional so lv ing  only f o r  l a t i t u d e ,  l ong i tude ,  and c lock  
of f  set .  A p o s i t i o n  de te rmina t ion  was made using GPS measurements obtained 
over a  per iod of six days a t  t h e  I s t i t u t o  E l e t t r o t e c n i c o  Nazionale i n  Tur in ,  
I t a l y .  Tne r e s u l t s  a r e  presented i n  f i g u r e  18. A known p o s i t i o n  was given i n  
WGS-72 coord ina t e s  and t h e  GPS s o l u t i o n s  f o r  each day a r e  t a b u l a t e d .  1he 
d a t a  used t o  ob ta in  t h e  s o l u t i o n s  were taken over  a per iod of hours  From a l l  
NAVSTAR s a t e l l i t e s  whenever t h e  s a t e l l i t e s  were i n  view and a t  p o s i t i o n s  
which provided g o d  geometry. Since t h e  r e c e i v e r  was no t  moving t h e r e  was no 
time c o n s t r a i n t  t o  t a k e  d a t a  from a l l  s a t e l l i t e s  s imultaneously.  Tne r e s u l t s  
show t h e  d i f f e r e n c e s  i n  l a t i t u d e  and longi tude  t o  be less than 10 meters .  

Conclusions 

The r e s u l t s  of t h e  moving naviga t ion  experiment demonstrate accuracy of 10 
t o  50 meters .  This shows promise of t h e  p o s s i b i l i t y  of an accu ra t e  time 
t r a n s f e r  on a slow moving p la t form us ing  e x i s t i n g  GPS t ime t r a n s f e r  
r e c e i v e r s .  

The 10 meter accuracy i n  determining t h e  p o s i t i o n  of a s t a t i o n a r y  p la t form 
demonstrates  t h e  a b i l i t y  of t h e  GPS time t r a n s f e r  r ece ive r  t o  become a  s tand  
a lone  system f o r  s e t t i n g  f i e l d  deployed c locks .  NASA h a s  p l ans  t o  implement 
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t h i s  c a p a b i l i t y  on e x i s t i n g  rece ive r s  i n  t h e  f u t u r e  and make it opera t ional  
in  t h e  mobile l a s e r  systems. 
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QUESTIONS AND ANSWERS 

MR. WARD : 

E r r o r s  caused by t i d a l  b u l g e ,  T would e x p e c t ,  t o  h e  of  t h a t  m a g n i t l ~ d e ,  when 
you compared i t  w i t h  the  ranging system,  t h e  r a n g i n g  system i s  nor  s ~ l ~ s i - t i v e  
t o  t h a t  Z-axis. 

MR. OAKS: 

I'm s o r r y .  E r r o r s  caused by what? 

MR. WARD: 

T i d a l  bulge. When y o u ' r e  a t  s e a ,  t h e  t i d a l  b u l g e s  on land, but: i t ' s  r r l u t l l  

l a r g e r  on t h e  s e a ;  and t h e  space  c r a f t  ephemeris i s  r e f e r r e d  t o  t h e  geltSd 
and t h e  h i g h e r  the e l e v a t i o n  of t h e  space c r a f t ,  the l a rge r  that er-rol 
becomes; and you cou ld  see t h a t  t h e  p e r i o d i c  f ~ ~ n c t i o r ~  i n  your d a t 3  t h e ~ p  
i s  b a s i c a l l y ,  I guess ,  t i e d  t o  t h e  s o l a r - l u n a r  t i d e  p e r i o d .  

MR. OAKS: 

A s  I s a i d ,  we c o n s t r a i n e d  t h e  h e i g h t  t o  b e  a c o n s t a n t  i n  t h e  n a v i g a t i o n  
s o l u t i o n ,  and we h a d n ' t  r e a l l y  looked a t  how--what y o u ' r e  saying i s  thnv 
what we want t o  do i s  l o o k  a t  t h e  e l e v a t i o n  of  t h e  s a t e l l i t e s  as c o m p a r ~ d  
t o  the p e r i o d s  when w e  had d i sagreements  i n  t he  navigaticn s o l u t i o ~ ~  

MR. WARD: 

T h a t ' s  c o r r e c t .  

DR. REINHARDT: 

1 have one comment. You should RMS errors, n o t  average  them. Yoti shuu ld  
average  t h e  squares of the e r r o r s  i f  you want t o  t a l k  about  t h e  t o t a l  e r r o r  
of  t h e  exper iments .  

M R .  OAKS: 

I n  which d a t a ?  

DR. REINHARDT: 

I n  the  d a t a  where you showed the  average  e r r o r  f o r  a l l  the  i n d i v i d u a " 1  runs ,  
I ' m  saying errors add i n  t h e  s q u a r e .  You should average t h e  square t o  g e t  
a p r o p e r  answer f o r  t h e  average  e r r o r ,  and t h e n  take t h e  square  r o o t  of that, 
r a t h e r  t h a n  t o  average  t h e  i n d i v i d u a l  e r r o r s .  




