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V A R I O U S  USES OF THE GPS OPERATIONAL CONTROL SYSTEM (OCS) TRACKING D A T A  

P a u l  S. Jorgensen 

ABSTRACT 

The GPS Operat ional  Control System (OCS)  has  f i v e  monitor s t a t i o n s  loca t ed  
world-wide. These s t a t i o n s  cont inuously t r ack  a l l  s a t e l l i t s s  i n  view, and t h i s  
raw t r ack ing  da t a  is t r ansmi t t ed  t o  t h e  master con t ro l  s t a t i o n  a t  t h e  Consoli- 
dated Space Operations Center (CSOC) f o r  f u r t h e r  r e a l  time processing.  The 
d a t a  i s  s t o r e d  on tape  and is a v a i l a b l e  f o r  post processing as we l l ,  This  
paper d i scuss s s  a v a r i e t y  of ways the  t r ack ing  da t a  can be analyzed t o  o b t a i n  
usefu l  information regard ing  Navstar s a t e l l i t e  performance as well as t h e  
performance of t he  OCS i t s e l f .  S a t e l l i t e  t r ack ing  by t h e  monitor s t a t i o n s  is 
qu i t e  complete, with continuous t r ack ing  of t he  P-code modulation of both t h e  
L1 and L2 c a r r i e r  f requencies ,  a s  w e l l  a s  continuous phase t r ack ing  of t h e  
c a r r i e r s  themselves. This a l lows f o r  pas t  processing in  a v a r i e t y  of ways 
depending on t h e  physical  e f f e c t  t h e  a n a l y s t  is t r y i n g  t o  unravel .  

Ca r r i e r  t r ack ing  is v e r y  p rec i se  with t h e  t r a c k i n g  noise  down i n  t h e  
r eg ion  of a  few mi l l ime te r s .  T h i s  low noise  c h a r a c t s r i s t i c  makes i t  poss ib le  
t o  s epa ra t e  out  t h e  s h o r t  term s t a b i l i t y  of t he  s a t e l l i t e ' s  atomic frequency 
s tandard .  Over t h e  pas t  years  t h i s  has proven t o  be a most valuable  use of the  
t r ack ing  d a t a .  

Another use of t he  t r ack ing  d a t a  is t o  s tudy  the  c h a r a c t ~ r i s t i c s  of t he  
ionosphere a t  t he  monitor s t a t i o n .  From both pseudo range ( P R )  and accumulated 
d e l t a  range (ADR) a t  both c a r r i e r  f r equenc ie s ,  t h e  f i n e  g r a i n  s t r u c t u r e  of t he  
t o t a l  e l ec t ron  count (TEC) a s  t h e  s a t e l l i t e  passes over t h e  monitor s t a t i o n  can 
b s  obta ined .  

The code t r ack ing  noise i n  making t h e  PR measurements can be s tud ied  i n  
some d e t a i l .  One r ecen t  new approach t o  t hese  s t u d i e s  al lows u s  t o  s s p a r a t e  
mult ipath e f f e c t s  a t  t he  monitor s t a t i o n s  from other  no ise  sources .  

The OCS combines a l l  t h e  t r ack ing  da t a  over 15 minutes t o  ob ta in  a s i n g l e  
value of pseudo range. To accomplish t h i s  i t  uses a technique c a l l e d  
" ionosphor ica l ly  co r r ec t ed ,  ADR smoothed pseudo range." By post  processing t h e  
raw t r ack ing  d a t a ,  i t  is  possibly t o  perform an accuracy eva lua t ion  of t h i s  
technique.  

1 .  THE GPS SIGNAL STRUCTURE 

The navigs t lon  s i g n a l  from the  Navstar/GPS s a t e l l i t e s  is t r ansmi t t ed  on 
two L-band f requencies ,  1575.42 MHz c a l l e d  L1 and 1227.6 MHz c a l l e d  L2. Both 
the  L1 and L 2  f requencies  arp bi-phase modulated by a very long ,  p r e c i s e ,  
pseudo random sequence ( P  code) a t  a r a t e  of 10.23 MHz. Actual ly t h e  L1 
c a r r i e r  frequency is quadraphase modulated, s i n c e  i t  is  a l s o  modulated by a 
course /acquis i t ion  ( ' ; /A)  pseudo random sequsnce. The C I A  code on L1 w i l l  not 
be d iscusssd  i n  t h i s  paper s i n c e  the  OCS m o n i t ~ r  s t a t i o n s  use t h e  P code almost 
a l l  t h e  time. Data a t  a r a t e  of 50 b i t s  p e r  second is a l s o  superimposed on t h e  



P and  C / A  code  m o d u l a t i o n s .  The d a t a  dops n o t  p l a y  a d i r e c t  r o l e  i n  t r a c k i n g  
and  t h e r e f o r e  i s  n o t  d i s c u s s e d  i n  t h i s  p a p e r .  

A GPS r e c e i v e r  o p e r a t e s  by s i m u l t a n e o u s l y  t r a c k i n g  b o t h  t h e  c a r r i e r  f r e -  
quency and  t h e  P-code m o d u l a t i o n  o f  t h e  c a r r i e r .  I n t e r n a l  t o  a n y  GPS r e c e i v e r  
is a r e p l i c a t i o n  o f  b o t h  t h e  c a r r i e r  f r e q u e n c y  a n d  t h e  P-code s e q u e n c e  o f  
random 1 ' s  and  0 ' s .  By l i n i n g  u p  t h e  i n t e r n a l l y  g e n e r a t e d  P code  w i t h  t h a t  
b e i n g  t r a n s m i t t e d  from t h e  s a t e l l i t e ,  t h e  time when t h e  r e c e i v o r  r e c e i v e s  t h e  
GPS s i g n a l  can be  o b t a i n e d  by m e a s u r i n g  t h e  t i m e  o f f s e t  o f  t h ?  a l i g n e d  P code  
w i t h  r e s p e c t  t o  a c l o c k  i n  t h s  r e c e i v q r .  From t h i s  time o f  a r r i v a l  measurement  
and t h e  known s p e e d  o f  l i g h t ,  a measure  of t h e  r a n g e  f rom t h e  s a t e l l i t e  t o  t h e  
m o n i t o r  s t a t i o n  is  o b t a i n e d .  

By means o f  a phase  l o c k  l o o p  c i r c u i t  i n  t h e  r e c e i v e r ,  t h e  i n t e r n a l l y  
g e n e r a t e d  c a r r i e r  f r e q u e n c y  c a n  be  s y n c h r o n i z e d  t o  t h e  s i g n a l  r e c e i v e d  f rom t h e  
s a t e l l i t e .  By k e e p i n g  c o u n t  of  t h e  c y c l e s  o f  t h e  i n t e r n a l l y  g e n e r a t e d  c a r r i e r  
f requency,  t h e  mot ion  o f  t h e  s a t ~ l l i t e  t oward  o r  away from t h e  m o n i t o r  s t a t i o n  
c a n  be o b s e r v e d .  A summation o f  t h e  c y c l e s  p r o d u c e s  a measurement  of t h e  
i n t e g r a t e d  Dopp le r  ~ f f e c t .  T h i s  measu re  is a l s o  r e f e r r e d  t o  as a c c u m u l a t e d  
d e l t a  r a n g e .  I t  s h o u l d  be n o t e d  t h a t  t o  d e t e r m i n e  a  v e r y  p r e c i s e  measu re  o f  
t h e  change  i n  r a n g e  o f  t h e  s a t e l l i t e  d u r i n g  a p a s s  o v e r  t h e  m o n i t o r  s t a t i o n ,  
t h e  carr ier  t r a c k i n g  must  bs a b s o l u t e l y  c o n t i n u o u s .  T h e r e  c a n  be no c y c l e  s l i p  
o f  t h e  p h a s e  l o c k  l o o p .  

2 .  OCS MONITOR STATIONS 

Each m o n i t o r  s t a t i o n  c o n s i s t s  of  e i g h t  c h a n n e l s  s o  t h a t ,  i n  p r i n c i p l e ,  i t  
h a s  t h e  c a p a b i l i t y  o f  c o n t i n u o u s l y  t r a c k i n g  e i g h t  s a t e l l i t e s  s i m u l t a n e o u s l y .  
The c h a n n e l s  c o n s i s t  of 16  d e m o d u l a t o r s ,  8 f o r  t r a c k i n g  t h e  L1 c a r r i e r  f r e -  
quency and 8 f o r  t r a c k i n g  L2.  I n  t r a c k i n g  a s a t e l l i t e ,  e a c h  c h a n n e l  p r o v i d e s  
f o u r  b a s i c  measurements  a t  e a c h  msaslurement t i m e .  These  measurements  a r e  
p seudo  r a n g e  and  a c c u m u l a t e d  d e l t a  r a n g e  a s  measured  o n  the  L1 and  L2 f r e -  
q u e n c i e s .  The measurements  are  t a k e n  e v e r y  1.5 s e c ,  t h u s  an OCS m o n i t o r  
s t a t i o n  co l lec t s  a g r g a t  d e a l  o f  d a t a .  For  example ,  d u r i n g  a 6-hour p a s s  o f  a 
s a t e l l i t e  t h e r e  would be 14 ,400  s e t s  of t r a c k i n g  d a t a  o r  a  t o t a l  of 57 ,600  
measurements .  

The pseudo range measurements  are  o b t a i n e d  by t r a c k i n g  the  P-code modula- 
t i o n  of t h e  c a r r i e r .  T h i s  m o d u l a t i o n  is a t  a c h i p p i n g  r a t e  o f  a b o u t  98 nano- 
s e c o n d s ,  which c o r r e s p o n d s  t o  29.3  meters. The q u a n t i z a t i o n  i n  t r a c k i n g  t h e  
code  is 1 / 1 2 8  o f  a p-code c h i p ,  which c o r r e s p o n d s  t o  0.23 meters. T y p i c a l l y  
t h e  t o t a l  I s i gma  n o i s e  i n  o b t a i n i n g  t h e  pseudo r a n g e  measurement  is a b o u t  
0 . 3  m e t e r s .  T h i s  a p p l i e s  t o  p seudo  r a n g e  measurements  o b t a i n e d  f rom b o t h  L1 
and  L 2 .  

The a c c u m u l a t e d  d e l t a  r a n g e  measurements  ( A D R )  are o b t a i n e d  by t r a c k i n g  
the c a r r i e r  f r e q u e n c i e s ,  Compared t o  pseudo r a n g e ,  ADR is much more p r e c i s e .  
A t  t h e  L1 f r e q u e n c y  o f  1575.42 MHz, t h e  c a r r i e r  wave l q n g t h  is o n l y  19  cm. The 
q u a n t i z a t i o n  i n  t h e  c a r r i e r  t r a c k i n g  is 1/256 of  a  wave l e n g t h  which  is l a s s  
t h a n  1 mm. Similar p r e c i s i o n  is o b t a i n e d  i n  t r a c k i n g  t h e  L 2  f r e q u e n c y  o f  
1227.6 MHz, which c o r r e s p o n d s  t o  a wave l e n g t h  o f  24 cm. 



The pseudo range measurements are a measure of the absolute range from the 
manitar station to the satsllite. The accumulated delta range measurements 
provide only a precise measure of the change in range to the satellite during a 
pass over the monitor station. By appropriately combining pseudo range and 
accumulated delta range, it is possible to have the best of both worlds. From 
pseudo range, we obtain absolute informat ion and from accumulated data range, 
we have measurements of extremely high precision. Furthermore, by combining 
both types of measurements from the L 1  and L 2  carrier frequencies, we also can 
combine these measurements so as to have ionosphwic delays removed from these 
composite measurements. 

3 .  I O N O S P H E R I C A L L Y  C O R R E C T E D  P S E U D O - R A N G E  
AND A C C U M U L A T E D  D E L T A  R A N G E  ( A D R )  

Two frequencies are used on G P S  to provide measurements for automatically 
correcting for the ionospheric delay. The delay at each frequency can be 
obtained by noting the difference in the msasurgd pseudo range at L1 and L2. 
The ionospheric delay at the L1 and L2 frequencies is given by the following 
equations: 

A P R l  - f 2* 
2 2 

f l  -f2 

P R I  and P R 2  are the pseudo range at L1 and L2 respectively, and A P R l  and APR2 
are the ionospheric delay at these two carrier frequencies f ,  and f 2 .  Th.: 
ionospherically corrected pseudo range P R C  is obtained as a function of the two 
uncorrected pseudo range measurements as fallows: 

Similarly, the ionospherically corrected accumulated de l t a  range A D R C  is 
obtained by combining the accumulated delta range measurements at L1 and L2 as 
follows: 

A D R C  = 2.545728 A D R l  - 1.545728 A D R 2  ( 4 )  

Utilization of the above relations to combine the two pseudo range m a -  
surements to obtain a single ionospherically corrected pseudo range is done for 
each pair of pseudo range measurements taken every 1 . 5  seconds during a pass of 
the satellite over the monitor station. Likewise, all the pairs of accumulated 
delta range measurements are also combined far each of the measurement times 
during a satellite pass. 

4. OBTAINING ADR SMOOTHED P S E U D O - R A N G E  

Over a 15-minute time interval, where the end points roughly correspond to 
the Kalman filter K points, a smooth representation of pseudo range is obtained 
during this time interval. This is obtained from a total of 600 pairs of 



i o n o s p h e r i c a l l y  c o r r e c t e d  pseudo range and  a c c u m u l a t e d  d e l t a  range. The 
p r o c e d u r e  f o r  o b t a i n i n g  ADR smoothed pseudo r a n g e  is as f o l l o w s :  

For  a l l  600 1.5 s e c o n d  d a t a  p o i n t s  t h e  a v e r a g e  v a l u e  of a l l  t h e  pseudo 
r a n g e  measurements  is o b t a i n e d ,  L i k e w i s e  t h e  a v e r a g e  v a l u e  o f  a l l  t h e  accumu- 
l a t e d  d s l t a  r a n g e  measurements  is a l s o  o b t a i n e d .  The d i f f e r e n c e  o f  t h e s e  
a v e r a g e  v a l u e s  is added  t o  o a c h  and  e v e r y  a c c u m u l a t e d  d e l t a  r a n g e  measurement .  
I n  t h i s  way t h e  a v e r a g e  of t h e  ADR measurements  is  made t o  be t h e  same a s  t h e  
a v e r a g e  of t h e  pseudo r a n g e  measurements .  Now the pseudo r a n g e  measurements  
a r e  much more n o i s y  t h a n  a c c u m u l a t e d  d e l t a  r a n g e ,  However, when t h e  a v e r a g e  of  
600 s u c h  measurements  is o b t a i n e d ,  t h e  n o i s e  i n  t h e  r e s u l t a n t  a v e r a g e  v a l u e  
w i l l  s t a t i s t i c a l l y  b 5  r e d u c e d  by a f a c t o r  o f  24.5,  Having a d j u s t e d  t h e  a v e r a g e  
v a l u e  o f  a c c u m u l a t e d  d e l t a  r a n g e  t o  match  t h e  a v e r a g e  o f  t h e  p seudo  r a n g e  
measu remen t s ,  W P  have  o b t a i n e d  a v e r y  smooth r e p r e s e n t a t i o n  o f  pseudo r a n g e  i n  
t h e s e  a d j u s t e d  ADR measurements .  T h i s  way t h e  b e s t  o f  b o t h  w o r l d s  h a s  been 
o b t a i n e d :  an a b s o l u t e  v a l u e  o f  r a n g e  from t h e  code  t r a c k i n g  and  a v e r y  low 
n o i s e  r e p r e s e n t a t i o n  o f  t h i s  r a n g e  by v i r t u e  o f  t h o  h i g h  r e s o l u t i o n  i n h e r e n t  i n  
t r a c k i n g  t h e  c a r r i e r  f r e q u e n c i e s .  

5. A N  EXAMPLE OF OCS TRACKING DATA 

To i l l u s t r a t e  t h e  v a r i o u s  u s e s  of t h e  OCS raw t r a c k i n g  d a t a ,  o n l y  o n e  s o t  
o f  data has bsen  s e l e c t e d  f o r  t h i s  pu rpose .  T h i s  is from a pass of N a v s t a r  3 
o v e r  t h e  Hawaii  mon i to r  s t a t i o n  d u r i n g  August 2 ,  1985. The d a t a  is c o n t i n u o u s  
o v e r  a l m o s t  6-1 /2 h o u r s  and  is  r e p r e s e n t r i t i v e  of  a b e t t e r  q u a l i t y  set of raw 
t r a c k i n g  da ta .  There is  a t o t a l  o f  1 5 , 5 2 8  1 .5-second d a t a  p o i n t s .  

6. NOISE I N  THE PSEUDO RANGE MEASUREMENTS 

S u c c e s s i v e  pseudo r a n g e  and  a c c u m u l a t e d  d e l t a  r a n g e  measurements  change  i n  
a g r a d u a l  s y s t e m a t i c  f a s h i o n ,  ma in ly  b e c a u s e  of s a t e l l i t e  mot ion  and  e a r t h  
r o t a t i o n .  To e v a l u a t s  t h e  s h o r t - t s r m  f l u c t u a t i o n s  i n  t h e  d a t a ,  i t  is n e c e s s a r y  
t o  remove t h e s e  l o n g e r  t e r m  s y s t e m a t i c  e f f e c t s .  A s t r a i g h t f o r w a r d  t e c h n i q u e  
f o r  a c c o m p l i s h i n g  t h i s  is t o  f i t ,  i n  a l e a s t  s q u a r e s  s e n s e ,  a po lynomia l  
f u n c t i o n  o f  time t o  t h e  t r a c k i n g  d a t a .  The r e s i d u a l s  o f  t h e  t r a c k i n g  d a t a  t o  
t h e  po lynomia l  f i t  a r e  computed f rom t h e  po lynomia l  e x p r e s s i o n .  Thus9 
r e s i d u a l s  r s p r e s e n t  t h e  n o i s e  i n  t h e  d a t a  a n d ,  f o r  t h e  pseudo r a n g s  d a t a ,  a r e  
g e n e r a l l y  s i m i l a r  t o  u n c n r r e l a t e d  w h i t e  n o i s e  and a r e  n o t  s e n s i t i v e  t o  t h e  
d e g r e e  of  t h e  p o l y n o ~ n i a l  u s e d  i n  t h e  f i t t i n g  p r o c e s s .  For t h i s  example ,  a  
1 7 t h  d e g r e e  po lynomia l  was u s e d .  

A p l o t  of t h e  r e s i d u a l s  of  t h e  pseudo r a n g e  d a t a  t a k e n  f rom L1 t r a c k i n g  is 
shown o n  F i g u r e  1 .  The rms v a l u e  o f  t h e  n o i s e  is 0 .403  m e t e r s .  I , i k e w i s e ,  t h e  
r e s idua l : ;  f rom L2 t r a c k i n g  a r e  shown o n  F i g u r e  2 where  t h e  rms n o i s e  is 0.274 
m e t e r s .  To remove t h q  i o n o s p h e r e ,  t h e  L1 and  L 2  pseudo r a n g e s  a r e  combined as 
g i v e n  i n  E q u a t i o n  ( 3 ) .  A p l o t  of  t h e  r e s i d u a l s  o f  t h i s  combined pseudo r a n g e  
d a t a  is shown a n  F i g u r e  3 ,  and  t h e  rms v a l u e  o f  t h e  n o i s e  is  1 .10  meters. 

A s  shown on F i g u r e s  1 ,  2 a n d  3 ,  t h e  n o i s e  i n  t h e  L1 pseudo  r a n g e  d a t a  is 
somewhat g r e a t e r  t h a n  t h e  L2  d a t a ,  and  t h e  n o i s e  i n  t h e  combined pseudo  r a n g s  
d a t a  is much g r e a t n r  t h a n  e i t h e r .  T h i s  is b e c a u s e  of t he  m u l t i p l i c a t i v e  
f a c t o r s  i n  E q u a t i o n  ( 3 )  f o r  combining  t h e  L1 and  L2 pseudo r a n g e  d a t a .  



7. NOISE I N  THE ACCUMULATED DELTA RANGE DATA 

U n l i k e  pseudo range, there is v e r y  l i t t l e  n o i s e  i n  the carrier t r a c k i n g  o f  
t h e  GPS s i g n a l .  I n  f a c t ,  a l m o s t  a l l  t h e  n o i s e  o b s e r v e d  i n  t h e  a c c u m u l a t e d  
d e l t a  r a n g e  (ADR) d a t a  is r e a l l y  t h e  s h o r t  term v a r i a t i o n  i n  t h e  a t o m i c  fre- 
quency s t a n d a r d s ,  b o t h  t h e  s a t e l l i t e  and m o n i t o r  s t a t i o n  c l o c k s .  Us ing  t h e  
same po lynomia l  f i t t i n g  t e c h n i q u e  t h a t  is done  f o r  t h e  pseudo r a n g e  d a t a ,  t h s  
r e s i d u a l s  f o r  t h e  ADR from t r a c k i n g  t h e  L1 c a r r i e r  a r e  g i v e n  o n  F i g u r e  4 and  
from t r a c k i n g  L 2  o n  F i g u r e  5. Using  E q u a t i o n  ( 4 )  t o  remove t h e  e f f e c t  of t h s  
i o n o s p h e r e  f rom t h e  ADR d a t a ,  t h e  r e s i d u a l s  f o r  t h e  combined ADR d a t a  are g i v e n  
o n  F i g u r e  6. 

As shown an F i g u r e s  4 ,  5 and  6 ,  t h e  r e s i d u a l s  fo r  t h e  L1 and L 2  ADR d a t a ,  
as well as t h e  combined ADR d a t a ,  are v i r t u a l l y  i d e n t i c a l .  T h i s  is b e c a u s e  
a l m o s t  a l l  o f  t h e  n o i s e  is c o n t r i b u t e d  by t h e  s a t e l l i t e  and  m o n i t o r  s t a t i o n  
a t o m i c  c l o c k s  which h a v e  t h e  same e f f e c t  o n  L1 and  L2 t r a c k i n g ,  O v e r a l l ,  t h e  
ADR n o i s e  is a n  o r d e r  of  magni tude  l e s s  t h a n  t h e  n o i s e  i n  t h e  pseudo r a n g e  
d a t a .  T h e r e  is some s t r u c t u r e  i n  t h e  ADR n o i s e ,  whpreas  t h e  pseudo r a n g e  n o i s e  
is a l m o s t  e n t i r e l y  w h i t e  n o i s e .  

The d a t a  on  F i g u r e s  4 ,  5 o r  6 a l l o w s  one t o  d e t e r m i n e  t h e  s h o r t - t e r m  
s t a b i l i t y  o f  t h e  c o m b i n a t i o n  of t h e  N a v s t a r  ?,/Hawaii mon i to r  s t a t i o n  p a i r  of 
a t o m i c  c l o c k s .  The r e s u l t i n g  A l l a n  v a r i a n c e  (or  s i g m a - t a u )  p l o t  is shown on  
F i g u r e  7. 

8. DIFFERENTIAL IONOSPHERIC DELAY 

The GPS s i g n a l  s t r u c t u r e  p r o v i d e s  a u n i q u e  means f o r  s t u d y i n g  t h e  iono-  
s p h e r e .  Tak ing  t h e  d i r f e r e n c e  between pseudo r a n g e  measurements  a t  t h e  L 2  
f r e q u e n c y  and a t  L1 p r o v i d e s  t h e  d i f f e r e n t i a l  i o n o s p h e r i c  d e l a y  and  is a d i r e c t  
measure  o f  t h e  t o t a l  e l e c t r o n  c o u n t  between t h e  s a t s l L i t s  and  m o n i t o r  s t a t i o n .  
A p l o t  o f  this d i f f e r e n c e  is shown on F i g u r e  8. Two difficulties ars  appa r t ?n t  
upon e x a m i n a t i o n  o f  t h e  d a t a .  P a r t  o f  t h e  p l o t  i n d i c a t e s  a nc:gative d i f f e r e n -  
t i a l  d e l a y  between L 2  and  L 1 ;  t h i s  is  q u i t e  i m p o s s i b l e ,  il b e i n g  a t  t h n  h i g h e r  
f r e q u e n c y .  T h e r e  is c l e a r l y  a b i a s  between t h e  L1 and  L 2  d e m o d u l a t o r s  m e d  f o r  
t r a c k i n g  NavsLar 3 a t  t h e  Hawaii  monit,or. s t a t i o n .  T h i s  b i a s  is a matter o f  
proper c a l i b r a t i o n  o f  t h e  m o n i t o r  s t a t i o n  r e c e i v e r .  I t  s h o u l d  be n n t q d  t h a t  
t h e  d a t a  used  a s  t h e  example  i n  t h i s  pape r  was t a k e n  a n  August  2 ,  1985 a t  which 
tirne t h e  OCS had  been o p e r a t i n g  f o r  a s h o r t  time and  c a l i b r a t i o n  a n d  o t h e r  
p r o c e d u r o s  had  n o t  been f u l l y  i r o n e d  o u t .  

The second  d i f f i c u l t y  shown on F i g u r g  8 is t h o  pseudo r a n g e  t r a c k i n g  n o i s e  
which  a l s o  shows up as  t h e  q u , l ~ - l t i z a t i o n  o f  t h e  L1 and  L2 code  t r a c k i n g  l o o p s .  
A t  b o t h  c a r r i e r  f r e q u e n c i e s ,  t h i s  q u a n t i z a t i o n  is o n e  1 2 8 t h  o f  a c h i p  wh ich ,  a t  
t h e  P-cod? m o d u l a t i o n ,  is 29 .3  m e t e r s ;  t h u s  t h e  q u a n t i z a t i o n  l e v e l  i s  0.23 
m e t e r s .  T h i s  n o i s e  and  q u a n t i z a t i o n  c a n  be e l i m i n a t e d  by t h e  u s e  o f  t h e  a c c u -  
m u l a t e d  d e l t a  r a n g e  d a t a .  Tak ing  t h e  d i f f e r e n c e  of t h e  L1 and  L 2  d a t a ,  we 
a g a i n  have  a measu r s  o f  t h e  d i f f e r e n t i a l  i o n o s p h e r i c  d e l a y ,  e x c e p t  f o r  i ts  
a b s o l u t e  v a l u e .  T h i s  is c o r r e c t e d  by t h e  f a l l o w i n g :  The a v o r a g e  o f  a l l  t h e  
pseudo r a n g e  d i f f e r e n c e s  is computed a n d ,  l i k e w i s e ,  t h e  a v q r a g e  o f  a l l  t h e  
a c c u m u l a t e d  d e l t a  r a n g e  d i f f e r e n c e s  is a l s o  o b t a i n e d .  The d i f f e r e n c e  o f  t h e  
two a v e r a g e s  is added  t o  t h e  ADR d i f f e r e n c e  d a t a .  I n  t h i s  way we o b t a i n  t h e  
b e s t  of b o t h  w o r l d s ,  a b s o l u t e  i o n o s p h e r i c  d e l a y  Pram t h e  pseudo ranges (aside 



from t h e  c a l i b r a t i o n  p rob lem)  and  v e r y  f i n e  g r a i n  d e t a i l  f rom t h e  A D R s .  The 
r e s u l t s  a r e  shown on  F i g u r e  9. To f u r t h e r  i l l u s t r a t e  t h e  f i n e  g r a i n  n a t u r e  o f  
CPS c a r r i e r  t r a c k i n g ,  a blowup o f  F i g u r e  9 between 100 and  200 m i n u t e s  is shown 
o n  F i g u r e  10 .  The s p r e a d  of t h e  da ta  p o i n t s  shows t h a t  t h e  c a r r i e r  t r a c k i n g  I 

n o i s e  is j u s t  a f e w  millimeters. 

9. ANOTHER METHOD FOR OBSERVING PSEUDO RANGE NOISE 

C o n c e p t u a l l y ,  t h e  a l t e r n a t i v e  method is t o  f i r s t  s u b t r a c t  t h e  a c c u m u l a t e d  
d e l t a  r a n g e  d a t a  from t h e  c o r r e s p o n d i n g  pseudo r a n g e .  A l l  t h a t  r e m a i n s  i n  t h i s  
d i f f e r e n c e  are  t h e  pseudo r a n g e  n o i s e ,  t w i c e  t h e  i o n o s p h e r i c  d e l a y  ( s i n c e  t h e  
e f f e c t  of t h y  i o n o s p h e r e  is o p p o s i t e  i n  s i g n  f o r  code  and  c a r r i e r  t r a c k i n g )  and  
a n  o v e r a l l  b i a s .  The i o n o s p h e r e  is t h e n  remavod by u s i n g  t h e  d i f f e r e n c e  o f  L1 
and L2 A D R s ,  scaled u p  t o  t h e  a p p r o p r i a t e  l sve l  by t h e  f a c t o r s  g i v e n  i n  
E q u a t i o n s  ( 1  ) and  ( 2 ) .  Us ing  t h i s  a p p r o a c h ,  t h e  e x p r e s s i o n  f o r  o b t a i n i n g  o n l y  
t h e  n o i s e  i n  t h e  L1 pseudo r a n g e  Is g i v e n  by: 

L i k e w i s e ,  t h e  e q u a t i o n  f o r  t h e  n a i s e  i n  t h e  L2 pseudo r a n g e  d a t a  is g i v e n  
by : 

PRN2 = PR2 - 5.091456 x ADRl + 4.091456 x ADR2 ( 6 )  

F i n a l l y ,  t h e  b ias  is removed by s u b t r a c t i n g  the  a v e r a g e  o f  a l l  t h e  d a t a  
p o i n t s  as computed e i t h e r  from E q u a t i o n  ( 5 )  o r  ( 6 ) ,  as  t h e  c a s e  may be.  The 
r e s u l t s  o f  t h i s  a l t e r n a t i v e  method a r e  shown o n  F i g u r e s  1 1  and  12 .  Note t h a t  
t h e s e  p l o t s  a r e  q u i t e  s i m i l a r  t o  F i g u r e s  1 and  2. 

10. IS IT MULTIPATH? 

A m a t t e r  o f  some c o n c e r n  h a s  been t h e  p o s s i b l e  e f f e c t  o f  m u l t i p a t h  a t  t h e  
mon i to r  s t a t i o n s .  The i n i t i a l  p a r t  of t h e  L2 pseudo r a n g e  n o i s e  p l o t  on 
F i g u r e  1 2  is s u g g e s t i v e  o f  some small e f f ec t  as  i n d i c a t e d  by t h e  o s c i l l a t o r y  
b e h a v i o r  of thc3 n o i s e .  T h i s  is e v e n  more c l e a r l y  i l l u s t r a t e d  on  F i g u r e  13 
where a 40 p o i n t  r u n n i n g  a v e r a g e  ( I - m i n u t e  a v e r a g e )  o f  t h e  d a t a  on F i g u r e  12 is 
p l o t t e d .  Whether o r  n o t  t h i s  is m u l t i p a t h  c o u l d  be d e t e r m i n e d  by p l o t t i n g  t h e  
d a t a  f o r  s u c c e s v i v e  d a y s .  If t h e  o s c i l l a t o r y  p a t t e r n  r e p e n t s ,  t h a t  is a r a t h e r  
c l e a r  i n d i c a t i o n  t h e r e  is m u l t i p a t h .  T h i s  h a s  n o t  been done  f o r  t h i s  example  
of raw t r a c k i n g  d a t a  s i n c e ,  i n  any  c a s e ,  t h e  e f f e c t  is n e g l i g i b l y  small .  In  
f a c t ,  studies of d a t a  from o t h e r  mon i to r  s t a t i o n s  show t h a t ,  w h i l e  some small 
m u l t i p a t h  e f f e c t  p r o b a b l y  d o e s  e x i s t ,  t h e  overa l l  e f f e c t  on  GPS is n o t  
s i g n i f i c a n t .  

1 1 .  EVALUATING THE ACCURACY OF ADR SMOOTHED PSEUDO RANGE 

As d i s c u s s e d  p r e v i o u s l y ,  u s i n g  Equa t ions  ( 3 )  and ( 4 )  t o  remove t h e  
i o n o s p h e r e ,  a l l  of t h e  L1 and L2 pssudo r a n g e  and  a c c u m u l a t e d  d e l t a  r a n g e  data c 

c a n  be combined i n t o  a s i n g l e  set of pseudo r a n g e  and  ADR da ta .  To o b t a i n  ADR 
smoothed pseudo r a n g e  every 1 5  m i n u t e s ,  taks:  t h e  f i r s t  1 5 , 0 0 0  d a t a  p o i n t s ,  
t a k e n  o v e r  6-1 1 4  h o u r s ,  and  d i v i d e  them i n t o  25 g r o u p s  of  600 p o i n t s .  For  e a c h  
g r o u p ,  t h e  a v e r a g e  of t h e  d i f f e r e n c e s  be tween pseudo r a n g e  and ADR are computed 
and  added  t o  t h e  A D R s .  The r e s u l t  is t h e  ADR smoothed pseudo r a n g e .  



Throughout  t h e  p a s s ,  t h e  ADR measurements  are c o m p l e t e l y  c o n t i g u o u s .  
I d e a l l y ,  e x c e p t  f o r  a b i a s ,  pseudo r a n g e  and A D R  s h o u l d  t r ack  e a c h  o t h w  
c o n t i n u o u s l y ,  v a r y i n g  o n l y  because  o f  t h e  n o i s e  i n  t h e  pseudo r a n g e  measure-  
ments .  Consequen t ly ,  t h e  25 a v e r a g e  d i f f e r e n c e s  s h o u l d  all be t h e  same. 
S i n c e ,  as h a s  been shown, t h e  rms combined pseudo r a n g e  n o i s e  is a b o u t  
1.10 meters, one  might  e x p e c t  t h e  n o i s e  i n  t h e  600 p o i n t  a v e r a g e  d i f f e r e n c e s  t o  
be r e d u c e d  by a f a c t o r  of t h ?  s q u a r e  r o o t  o f  t h i s  number or  down t o  a b o u t  0.045 
meters. T h i s  of c o u r s e  assumes  a p u r e  w h i t e  n o i s e  p r o c e s s .  Not so. 

If we now compute t h e  o v e r a l l  average o f  t h e  25 average d i f f e r e n c e s  and 
s u b t r a c t  t h i s  o v e r a l l  a v e r a g e  from t h e  i n d i v i d u a l  a v e r a g e s ,  t h e  r e s u l t i r i g  
r e s i d u a l s  o f  t h e  25 a v e r a g e  d i f f e r e n c e s  would be as shown on Table  'I. The 
s t a n d a r d  d o v i a t i o n  o f  t h e s e  r e s i d u a l s  is 0.24 meters, a b o u t  f i v e  times what 
might  be p r e d i c t e d  based  on  w h i t e  n o i s e .  I t  i n d i c a t e s  t h a t  t h e  a c t u a l  unce r -  
t a i n t y  of t h e  ADR smoothed pseudo r a n g e  might be of t h e  order  of 1 / 4  meter, one 
sigma, T h i s  is s t i l l  v e r y  good and w e l l  w i t h i n  t h e  r e q u i r e m e n t s  of GPS.  

12. SUMMARY 

I By f i t t i n g  a po lynomia l  f u n c t i o n  o f  time t o  t h e  raw code t r a c k i n g  data,  

I t h e  n o i s e  i n  t h e  pseudo r a n g e  d a t a  can  be d e t e r m i n e d .  

I L i k e w i s e ,  n o i s e  i n  t h e  accumula t ed  de l t a  range d a t a  can a l s o  be deter- 
mined. From t h i s  t h e  s h o r t  term s t a b i l i t y  o f  t h e  s a t e l l i t e / m o n i t o r  s t a t i o n  

b a t o m i c  c l o c k s  c a n  be o b t a i n e d .  

The i o n o s p h e r i c  d e l a y  between t h e  s a t e l l i t e  and  mon i to r  s t a t i o n  can be 
e v a l u a t e d  i n  f i n e  d e t a i l  because  o f  t h e  low noise  i n  carr ier  t r a c k i n g .  

By a p p r o p r i a t e  combining  o f  pseudo r a n g e  and accumula t ed  d e l t a  range, a n  
a l t e r n a t e  method f o r  o b s e r v i n g  pseudo r a n g e  n o i s e  is made a v a i l a b l e .  Tak ing  
r u n n i n g  a v e r a g e s  o f  t h i s  n o i s e  d a t a  e n h a n c e s  t h e  d e t e c t i o n  o f  p o s s i b l e  
m u l t i p a t h  e f f e c t s .  

The u s e  o f  "ADR smoothed,  i o n a s p h e r i c a l l y  c o r r e c t e d  pseudo r a n g e , "  by t h e  
OCS can be e v a l u a t e d  by p o s t  p r o c e s s i n g  o f  t h e  raw t r a c k i n g  d a t a .  
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F i g u r e  3 .  Combined Pseudo Range Res idua ls  
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Figure 4. L1 Accumulated Delta Range Residuals 
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Figure 5. L2 Accumulated Delta Range Residuals 
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Figure 6. Combined Accumulated Delta Range Residuals 



Figure 7. Short  Term Allan Variance 
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F i g u r e  8. Difference Between L2 and L1 Pseudo Range 
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Figure 9 .  Difference Between L2 and L1 ADR 
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Figure 10. Amplification of 100-200 rnin Segment of Figure 9 I 
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Figure 1 1 , L1 Pseudo Range Noise 
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Figure 13, 40-Point Running Average of Data on Figure 12 

Table I. Residuals of the  600-Point Average 1 
Differences i n  Meters ' i 


