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FOREWORD 

The p r i m a r y   o b j e c t i v e   o f   t h e   E r r o r   S e n s i t i v i t y   F u n c t i o n  

Ca ta log  i s  t o   i l l u s t r a t e   t h e  e f f e c t s  o f  v a r i o u s   s y s t e m a t i c  

e r r o r s   o n   o r b i t a l   s o l u t i o n s   i n v o l v i n g   r a n g e ,   r a n g e - r a t e ,  

a z i m u t h ,   a n d   e l e v a t i o n   o b s e r v a t i o n s .  

The Ca ta log  was w r i t t e n   f o r   t h e  NASA W a l l o p s   S t a t i o n  

GEOS-B C-Band S y s t e m   P r o j e c t   G r o u p ;   t h e r e f o r e ,   t h e   e r r o r  

e f f e c t s  h a v e   b e e n   d e t e r m i n e d   s p e c i f i c a l l y   f o r   t h e   W a l l o p s  

AN/FPQ-6 and   o the r  C-Band radars .   However ,   the   methods ,  

ana lyses ,   and   conc lus ions   con ta ined   he re in   a r e  o f  g e n e r a l  

i n t e r e s t ,   a n d   s h o u l d   b e   a p p l i c a b l e   t o  many o t h e r   o r b i t a l  

s o l u t i o n s   i n v o l v i n g   r a n g e ,   r a n g e - r a t e ,   a z i m u t h ,  o r  e l e v a t i o n  

o b s e r v a t i o n s .  
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I 

SECTION 1.0 
INTRODUCTION 

An a n a l y s i s   o f   t h e   p e r f o r m a n c e   c a p a b i l i t i e s  o f  an 
i n s t r u m e n t a t i o n   s y s t e m ,   s u c h  as t h e  AN/FPQ-6 r a d a r ,  re -  
q u i r e s   c o n s i d e r a t i o n   o f   t h e   m a n n e r   i n   w h i c h   t h e   d a t a  

i s  t o   b e   u s e d .   I n   t r a c k i n g   e a r t h   o r b i t i n g   v e h i c l e s ,  
t r a j e c t o r y   d a t a  i s  n o r m a l l y   p r o c e s s e d   i n  some p r o -  
cedure   which   a t tempts  t o  ob ta in   t he   mos t   p robab le  
o r b i t ,   b a s e d  on some a s s u m p t i o n s   a s   t o   t h e   s t a t i s t i c a l  
p rope r t i e s   o f   t he   measu remen t   no i se   and   t he   sys t ema t i c  
e r r o r s   a f f e c t i n g   t h e   d e t e r m i n e d   o r b i t .  An example  of 
such  a d a t a   r e d u c t i o n   p r o g r a m  i s  t h e  NONAME d a t a   r e d u c -  
t i on   p rog ram  wh ich   u ses   t he   Bayes i an   l ea s t   squa res   e s t ima-  
t i o n   t e c h n i q u e  t o  s o l v e   f o r  a s e t  o f  o r b i t a l   e l e m e n t s  
a n d ,   o p t i o n a l l y ,   c e r t a i n   c o e f f i c i e n t s   p r o d u c i n g   s y s t e m a t i c  
e f f e c t s  on e i t h e r   t h e   m e a s u r e m e n t s   o r  on t h e   i n t e g r a t e d  
o r b i t .  

I d e a l l y ,   t h e   r e s u l t   o f   t h e   d a t a   r e d u c t i o n   p r o g r a m  
w i l l  b e   a n   o r b i t   w h i c h   a l l   m e a s u r e m e n t s   ( a f t e r   c o r r e c t i o n  
f o r   b i a s e s ,   e t c . )  w i l l  f i t  e x a c t l y   e x c e p t   f o r  some e r r o r  
which w i l l  a p p e a r   t o  be   r andomly   d i s t r ibu ted   abou t   t he  
o r b i t .   I n   a d d i t i o n ,   t h e   d a t a   r e d u c t i o n   p r o g r a m  w i l l  p r o -  
d u c e   a n   e s t i m a t e   o f   t h e   o r b i t a l   e r r o r   d u e  t o  t h i s   n o i s e ,  
a l though   t he   measu remen t   no i se   va r i ances   mus t   be   i npu t  t o  
the  program. 

I t  i s  a w e l l  known f a c t ,  h o w e v e r ,   t h a t   r e s i d u a l s  
a lmos t   neve r   even   approach   r andomness ,   and   t ha t   o rb i t a l  
e r ro r   e s t ima tes   based   on   measu remen t   no i se   a r e   no to r ious ly  
low. I t  i s  a l s o  a wel l  known f a c t  t h a t   b o t h   o f   t h e s e  
d i s c r e p a n c i e s   b e t w e e n   t h e o r y   a n d   p r a c t i c e  a re  due t o   t h e  
s e t  of   approximat ions   which   a re   made ,   and   genera l ly  of 
n e c e s s i t y ,   i n   t h e   a c t u a l   u s a g e   o f   t h e   B a y e s i a n   l e a s t   s q u a r e s  
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' 

e s t i m a t i o n   p r o c e d u r e .   S p e c i f i c a l l y ,   t h e r e   a r e  more un- 

knowns a f f e c t i n g  a g e n e r a l   d a t a   r e d u c t i o n   p r o g r a m   t h a n  
measu remen t   no i se   and   t he   s e t  o f  p a r a m e t e r s   s o l v e d   f o r .  
The p r e s e n c e   o f   a c t u a l   e r r o r s   i n   s u c h  unknowns i s  e x h i b i t -  
e d   i n   n o n - r a n d o m   r e s i d u a l s   a n d   e r r o r s   i n   t h e   o r b i t a l  
e l e m e n t s   l e a d i n g   t o   e r r o r s   i n   t h e   o r b i t   g r e a t l y   i n  
e x c e s s   o f   t h a t  due t o   n o i s e   a l o n e .  

I n   g e n e r a l ,   t h e   l e a s t   s q u a r e s   e s t i m a t i o n   p r o g r a m  
w i l l  a t t e m p t   t o   e s t i m a t e   a l l   t h o s e   p a r a m e t e r s   s i g n i f i c a n t -  
l y   a f f e c t i n g   t h e   o r b i t   o r   m e a s u r e m e n t s .   B u t   t h i s   c a p a -  
b i l i t y  i s  l i m i t e d   b y  a number   o f   f ac to r s ,   i nc lud ing  a 
l i m i t e d  a m o u n t   o f   i n f o r m a t i o n   i n   t h e   a c t u a l   d a t a ,  limit- 
ed  computer   s torage  and  running  t ime,   and  lack  of  know- 
l e d g e   a s   t o   w h i c h   p a r a m e t e r s   a c t u a l l y   h a v e   e r r o r s   a n d  
a r e   a d v e r s e l y   a f f e c t i n g   t h e   s o l u t i o n .  

I t  shou ld   be   emphas ized   t ha t   t he   qua l i t y   o f   t he  
r e s u l t s   o f  a d a t a   r e d u c t i o n  i s  v e r y   s t r o n g l y   a f f e c t e d  by 
t h e   q u a l i t y  o f  t h e   d a t a   i n p u t   t o   t h e   c o m p u t e r   p r o g r a m .  
D a t a   i n   t h i s   s e n s e   i n c l u d e s   n o t   j u s t   t h e   a c t u a l   s e t   o f  
m e a s u r e m e n t s ,   a s   e . g .   r a d a r   t r a c k i n g   d a t a ,   b u t   t h e  com- 
p l e t e   s e t   o f   p a r a m e t e r s  upon  which   the   so lu t ion  w i l l  be  
b a s e d .   I f   t h e r e  i s  a choice   be tween  us ing   miss ion   Cal i -  
b r a t i o n   ( p r e   a n d / o r   p o s t )   o f  a r a d a r   t o   d e t e r m i n e  i t s  
b i a s e s ,  a n d   s o l v i n g   f o r   t h e s e   b i a s e s   i n  a d a t a   r e d u c t i o n  
program,  the  former  course  should  a lways  be  fol lowed - -  
assuming ,   o f   cou r se ,   t ha t   comparab le   o r   be t t e r   accu r -  
ac i e s   can   be   ach ieved .   Th i s   amoun t s   t o   no th ing  more 
than  making  use  of a l l   t h e   i n f o r m a t i o n   t h a t  i s  a v a i l a b l e  
a n d   e x p e c t i n g   t o   t h e r e b y   o b t a i n   b e t t e r   r e s u l t s .  
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I n   p r a c t i c e ,   o f   c o u r s e ,   t h e   s i t u a t i o n  i s  n o t   q u i t e  s o  
c l e a r  c u t .  For  example,  if a r a d a r   c a n   b e   c a l i b r a t e d   s u c h  
t h a t  i t s  r a n g e   b i a s  i s  known t o   w i t h i n  5 meters, there  i s  t h e  
q u e s t i o n  as t o   w h e t h e r   b e t t e r   r e s u l t s  w i l l  be   ob ta ined   by  
s o l v i n g   f o r   t h e   r e m a i n i n g   b i a s   i n   t h e   d a t a   r e d u c t i o n   p r o g r a m  
o r  by   i gnor ing  i t .  I n   t h i s   e x a m p l e ,   t h e   i n t u i t i v e   a n s w e r  
i s  t h a t   b e t t e r   r e s u l t s   s h o u l d   b e   o b t a i n e d   b y   s o l v i n g   f o r   t h e  
b i a s ,   s i n c e  w e  a r e   c o n s i d e r i n g  a Bayes ian  l e a s t  s q u a r e s  
d a t a   r e d u c t i o n .   B u t   t h i s  i s  n o t   n e c e s s a r i l y   t r u e  when 
account  i s  t a k e n   o f   t h e   p r e s e n c e   o f   o t h e r   s y s t e m a t i c  e f f e c t s  
wh ich   a r e   a lways   p re sen t .  The g e n e r a l   r u l e  i s  t h a t   t h e  
more   pa rame te r s   t ha t  are a d j u s t e d ,   t h e   l a r g e r  w i l l  be   bo th  
t h e   n o i s e   o n l y   v a r i a n c e   a n d   t h e   e f f e c t s  o f  e r r o r s   i n  s t i l l  
u n a d j u s t e d   p a r a m e t e r s .  

The ORAN Program i s  d e s i g n e d   t o  (among o t h e r   t h i n g s )  
complement  an o r b i t a l   d a t a   r e d u c t i o n   p r o g r a m   s u c h   a s  NONAME. 
A s  a d a t a   a n a l y s i s   t o o l ,  i t s  p r i m a r y   a d v a n t a g e   l i e s   i n   t h e  
f a c t   t h a t  i t  can  compute i n  a s i n g l e ,   r e l a t i v e l y   s h o r t ,  
computer   run  the e f f e c t s  wh ich   numerous   po ten t i a l   e r ro r  
s o u r c e s   w o u l d   h a v e   o n   a l l   q u a n t i t i e s   s o l v e d   f o r   i n  a 
p a r t i c u l a r   d a t a   r e d u c t i o n ,   i n c l u d i n g   o r b i t a l   e l e m e n t s   a n d  
measu remen t   r e s idua l s .  I t  i s  t h e n   p o s s i b l e   t o   a s c e r t a i n  
t h e   s e n s i t i v i t y  o f  a s o l u t i o n   t o  a p a r t i c u l a r   t y p e   o f   e r r o r  
a n d   a l s o  see t h e   p a t t e r n  o f  t h e   e r r o r   r e f l e c t e d   i n   t h e  
measu remen t   r e s idua l s .   Wi th   an   e s t ima te  of t h e   e r r o r   i n  
t h i s   p a r a m e t e r ,  a c o m p a r i s o n   w i t h   a c t u a l   d a t a   r e d u c t i o n  
r e s i d u a l s   c a n  show w h e t h e r   t h i s   e r r o r   s o u r c e  i s  n e g l i g i b l e ,  
o r  may be  a p o t e n t i a l   e x p l a n a t i o n   o f   t h e   s y s t e m a t i c   t r e n d s  
i n   t h e   m e a s u r e m e n t   r e s i d u a l s .  
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There are s e v e r a l   o b j e c t i v e s   w h i c h   t h i s   r e p o r t  i s  
i n t e n d e d   t o   s a t i s f y r  They a re :  

A.  To show t h e  e f f e c t s  o f  s y s t e m a t i c   e r r o r s  on 
d a t a   r e d u c t i o n s   u s i n g   d a t a   f r o m   t h e   W a l l o p s  
FPQ-6 r a d a r ,  

a .  as e x h i b i t e d   i n   m e a s u r e m e n t   r e s i d u a l s  

b .  as r e f l e c t e d   i n   B a y e s i a n  l e a s t  s q u a r e s  
e s t i m a t i o n s   o f   o r b i t a l   e l e m e n t s   a n d  
o t h e r   a d j u s t e d   p a r a m e t e r s  

c. as r e f l e c t e d   i n   o r b i t a l   a c c u r a c y   a n d   i n  
p r e d i c t i o n   c a p a b i l i t y .  

B.. To i d e n t i f y   t h e   s y s t e m a t i c   e r r o r s   w h i c h  m o s t  
s e r i o u s l y   d e g r a d e   o r b i t a l   a c c u r a c y .  

C .  To show t h e   l i m i a t i o n s   o f   d a t a   r e d u c t i o n s   f o r  

e r r o r  m o d e l   c o e f f i c i e n t   r e c o v e r y .  

D.  To d e m o n s t r a t e   t h e   u t i l i t y   o f  ESFC i n   d a t a  
a n a l y s i s .  

The type  of   measurement   model   upon  which  the  resul ts  
o f   t h i s   r e p o r t  are based  i s  d i s c u s s e d   i n   S e c t i o n  2 . I n  
g e n e r a l ,  one o r  more FPQ-6 r ada r s   a r e   a s sumed ,   w i th  
measu remen t   no i se   l eve l s   co r re spond ing   t o   t ha t   wh ich   has  
been   obse rved   on   da t a   f rom  the   Wal lops   r ada r .   Sec t ion  3 

d i scusses   t he   sou rces   o f   unmode led   e r ro r s   wh ich   a r e   con -  
s i d e r e d   t o   b e   p r i m a r i l y   r e s p o n s i b l e   f o r   t o t a l   o r b i t a l   e r r o r  
a n d   s y s t e m a t i c   r e s i d u a l s .  

4 



I n   S e c t i o n s  4 and 5 ,  we a t t empt  t o  mee t   ob jec t ive  A ,  

f i rs t  f o r  a s i n g l e   s t a t i o n   ( W a l l o p s )   s o l u t i o n ,  and  then 
wi th   Wal lops   i n  a m u l t i - s t a t i o n   s o l u t i o n .  Most o f  t h e  
s i g n i f i c a n t   e r r o r  m o d e l   t e r m s   a r e   i d e n t i f i e d   i n   t h e s e  
s e c t i o n s   a l s o ,   t h u s   s a t i s f y i n g   o b j e c t i v e  B. I n   S e c t i o n  6 ,  
the   p roblem o f  e r r o r  model  recovery i s  c o n s i d e r e d   b o t h  
f o r   t h e   s i n g l e  and m u l t i - s t a t i o n   s o l u t i o n s .   S e c t i o n  7, t h e n  
d e m o n s t r a t e s   s e v e r a l  means  by  which t h e  ORAN program  can 
b e   u s e d   t o   e x p l a i n   v a r i o u s   a s p e c t s   o f   t h e   r e s u l t s  o f  a c t u a l  
d a t a   r e d u c t i o n s .  

S e c t i o n  8 summarizes some o f   t h e   s i g n i f i c a n t  
conc lus ions   wh ich   can   be   d rawn   f rom  the   e r ro r   ana lys i s  
r e s u l t s   d i s c u s s e d   i n   t h i s   r e p o r t .   A p p e n d i x  A p r e s e n t s -  - 
i n  a somewhat a b s t r a c t   f o r m - - t h e   m a t h e m a t i c a l   b a s i s   o f   t h e  
ORAN program.  Simulated G E O S - B  measurement   ra te   and 
acce le ra t ion   p ro f i l e s   a s   obse rved   f rom  the   Wal lops   I s l and  
AN/FPQ-6 r a d a r   f o r  two t y p i c a l   p a s s   c o n f i g u r a t i o n s   a r e  
i l l u s t r a t e d   f o r   r e f e r e n c e   i n   A p p e n d i x  B. 

5 
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SECTION 2 .0  
MEASUREMENT MODEL 

The  measurement  model  used i n   t h i s   a n a l y s i s   c o n s i s t s  
o f   r a d a r   s l a n t   r a n g e ,   r a n g e - r a t e   a n d   a z i m u t h   a n d   e l e v a t i o n  
a n g l e s .   F i g u r e  1 i l l u s t r a t e s   t h e   r a d a r   c o o r d i n a t e   s y s t e m ,  
a z i m u t h   a n g l e   b e i n g   m e a s u r e d   f r o m   t r u e   n o r t h   c l o c k w i s e   t o  
t h e   r a n g e   v e c t o r   a n d   e l e v a t i o n   a n g l e   b e i n g   t h e   i n c l u d e d  
a n g l e   b e t w e e n   t h e   h o r i z o n t a l   p l a n e   a n d   t h e   r a n g e   v e c t o r .  

For  a l l  a rcs ,  t h e   e p o c h   o r b i t a l   e l e m e n t s   u s e d  were 
t h e   d i f f e r e n t i a l l y   c o r r e c t e d   p o s i t i o n   a n d   v e l o c i t y   v e c t o r s  
o b t a i n e d   t h e   t h e  NONAME Da ta   Reduc t ion   P rogram  us ing   ac tua l  
AN/FPQ-6 measurements on GEOS-11. I n   g e n e r a l ,   a l l  ORAN 

r u n s   a t t e m p t e d   t o   s i m u l a t e   a c t u a l   t r a c k i n g   c o n f i g u r a t i o n s ,  
b o t h   i n   g e o m e t r y   a n d   i n   t i m e .   I n   a d d i t i o n ,   a l l   e r r o r  
propagat ions  assumed a d a t a   r e d u c t i o n   o f   t h e  minimum 
var iance   type   which   could   have   been  - -  and i n  many c a s e s  
was - -  performed by NONAME. 

The  measurement   noise   values   used  in   most   of   the  ORAN 

r u n s   d i s c u s s e d   i n   t h i s   r e p o r t  are  l i s t e d   i n   T a b l e  1 a n d   a r e  
r e p r e s e n t a t i v e   o f   t h e   c a p a b i l i t i e s   o f   t h e   W a l l o p s  FPQ-6 
r a d a r .  The range  , az imuth ,   and   e leva t ion   s igmas  are t h e  
approx ima te   no i se   l eve l s   wh ich   have   been   obse rved   f rom 
NONAME r e d u c t i o n s   o f   s h o r t   a r c   b e a c o n   t r a c k   d a t a   o n  GEOS-11. 
T h e s e   n o i s e   l e v e l s   h a v e   b e e n   f o u n d   t o   b e   a p p r o p r i a t e   ( i . e . ,  
u n c o r r e l a t e d )   f o r  a sampl ing   f requency  a t  l e a s t   a s   h i g h   a s  
l /second.   Because  of  a s p a r c i t y   o f   r e d u c e d   r a n g e   r a t e   d a t a  
f rom  the   Wal lops   r ada r ,   t he   r ange   r a t e   s igma   u sed  i s  a con- 
s e r v a t i v e   e s t i m a t e   o f   t h e   n o i s e   l e v e l   b a s e d  on t h e   t h e r m a l  
n o i s e   e q u a t i o n s .  
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TABLE 1 

AN/FPQ-6 MEASUREMENT STANDARD  DEVIATIONS 

Measurement 
One-Sigma 

U n c e r t a i n t v  

Range 

Range- ra t e  

Azimuth 

E l e v a t i o n  

5 me te r s  

4 cm/sec 

1 5  a r c  - s e c  

1 5  a r c  - s e c  

Measuremen t s   uncor re l a t ed ,   s ampl ing   r a t e  = 1 p e r  1 5  seconds .  
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I n  ORAN, i t  i s  n e c e s s a r y   o n l y   t o   s i m u l a t e   t h e  
geometry  of a s a t e l l i t e   p a s s ;  i t  i s  n o t   n e c e s s a r y   t o   u s e  
t h e  same  sampl ing   ra te  as would   be   used   in  a d a t a   r e d u c t i o n .  
The   p ropaga t ion   o f   t he  e f f e c t s  of  unmodeled  errors   depends 
on ly   upon   r e l a t ive   measu remen t   we igh t s ,   and   t he   p ropaga t ion  
o f   mode led   e r ro r  e f f e c t s  scales  as t h e   i n v e r s e   s q u a r e   r o o t  
o f   t he   s ampl ing   f r equency   fo r   f i xed   measu remen t   we igh t s .  
F o r   c b m p u t a t i o n   e f f i c i e n c y ,   t h e n ,  a sampl ing   f requency   of  1 
p o i n t   p e r  15 seconds   was   u sed   i n  ORAN. To compare  the ORAN 
m o d e l e d   s t a n d a r d   d e v i a t i o n s  wi th  those  o f  a d a t a   r e d u c t i o n  
w i t h  a s a m p l i n g   r a t e   o f  1 p o i n t l s e c o n d ,   t h e  O W  s igmas   should  
be   mu l t ip l i ed   by   -where  T i s  the sampl ing   f requency .  I t  
w i l l  be   found ,   however ,   t ha t   t he   mode led   e r ro r   con t r ibu t ion  
normally  forms a s m a l l   f r a c t i o n  o f  t h e   t o t a l   o r b i t a l   e r r o r .  

U n l e s s   c u t   o f f  by t i m e   t o   s i m u l a t e  a NONAME d a t a  
reduct ion ,   measurements  were assumed t o   e x i s t  down t o  a 
r a d a r   e l e v a t i o n   a n g l e   o f  5 d e g r e e s .  No measurements  were 
a l l o w e d   b e l o w   t h i s   a n g l e   b e c a u s e   o f   t h e   d i f f i c u l t y   i n  
a c c u r a t e l y   c o r r e c t i n g   a c t u a l   r a n g e   a n d   e l e v a t i o n   d a t a   f o r  
t r o p o s p h e r i c   r e f r a c t i o n   i n   t h i s   r e g i o n .  

F igu re  2 i l l u s t r a t e s   t h e   r e l a t i v e   g e o m e t r y   b e t w e e n  
s e l e c t e d  GEOS-I1 s a t e l l i t e   p a s s e s  and  the AN/FPQ-6 t r a c k i n g  
s t a t i o n s  a t  Wallops,   Bermuda,   Antigua  and  Patr ick AFB. The 
f i r s t  o f   t h e s e   s t a t i o n s  was u s e d   f o r   a l l   s i n g l e   s t a t i o n  
s o l u t i o n s   c o n s i d e r e d   i n   t h i s   r e p o r t   a n d   a l l   f o u r   s t a t i o n s  
were u s e d   f o r   t h e   m u l t i - s t a t i o n   s o l u t i o n s .  The s t a t i o n  
g e o d e t i c   c o o r d i n a t e s   a r e   l i s t e d   i n   T a b l e  2 .  

To f u r t h e r   i n d i c a t e   t h e   t r a c k i n g   r e q u i r e m e n t s   o n  
t h e  FPQ-6 r a d a r   d u r i n g  GEOS-I1 p a s s e s ,   t y p i c a l   m e a s u r e m e n t  
ra tes  a n d   a c c e l e r a t i o n s   f o r  two d i f f e r e n t   p a s s e s   o v e r  
the   Wal lops  AN/FPQ-6 s i t e s  a r e   p r e s e n t e d   i n   A p p e n d i x  B .  
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TABLE 2 

SA0 C - 5  DATUM STATION POSITIONS 

GEODETIC EAST HEIGHT ABOVE 
STAT1 ON LATITUDE LONGITUDE ELLIPSOID (METERS) 

Wallops I s l a n d  37'51'36'.'346  284'29'  25'1825 - 4 0 . 5 0 4  

( F P Q - 6 )  

ANTIGUA 17'08'37'.'372  298'12 24!'796 + 3 9 . 6 8 4  

(FPQ-  6 )  

P a t r i c k  AFB 28'13' 34'.'984 279'24'1 ' . '782  -36.40 

( F P Q -   6 )  

Bermuda 32'20'  51'195  295'20  46'124 + 3 . 6 0  

(FPQ-   6 )  
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SECTION 3 .0  
SOURCES OF UNMODELED ERRORS 

3 . 1  GENERAL 

I n   v e r y   f e w   i n s t a n c e s ,  i f  e v e r ,   a r e   r a w   m e a s u r e -  
ments f r o m  a n y   t r a c k i n g   i n s t r u m e n t   u s e d   i n   a n   o r b i t  
d e t e r m i n a t i o n  when t h e   m o s t   a c c u r a t e   s o l u t i o n  i s  d e s i r e d .  
I n s t e a d ,   t h e   m e a s u r e m e n t s   a r e  f i r s t  c o r r e c t e d   a s  wel l  a s  
p o s s i b l e   f o r   a l l  known s y s t e m a t i c   e r r o r s .  (They may 
a l so   be   smoo thed   t o   r educe  random e r r o r s . )   I n   m o s t   c a s e s ,  
however ,   t he   co r rec t ions   can   on ly   be  made approx ima te ly ,  
a n d   s y s t e m a t i c   e r r o r s  s t i l l  remain o f  a m a g n i t u d e   l a r g e r  
than   th .e   ac tua l   “ random”  noise   l eve l   on   the   measurements .  
One o f   t h e   p u r p o s e s   o f   t h e  ORAN program i s  t o   i n v e s t i g a t e  
t h e   e f f e c t s   o f   i n c o m p l e t e   o r   n o n - e x i s t e n t   c o r r e c t i o n s   f o r  
c e r t a i n   s y s t e m a t i c   e r r o r s   o n   t h e   m e a s u r e m e n t s   u s e d   i n   a n  
o r b i t a l   d a t a   r e d u c t i o n .   B i a s e s   a r e   t h e   m o s t   o b v i o u s  - 
and i n  most   cases ,   the   mos t   impor tan t  - example of an  
e r r o r   o f   t h i s   t y p e .  

I n   a d d i t i o n  t o  t r u e   m e a s u r e m e n t   e r r o r s ,   a c t u a l  
o r b i t   d e t e r m i n a t i o n s   a r e   a f f e c t e d  by  two o t h e r   m a j o r  
s o u r c e s  o f  e r r o r  - s t a t i o n   p o s i t i o n   e r r o r s   a n d   f o r c e  
f i e l d   e r r o r s .  S u c h   e r r o r s   e n t e r   t h e   p i c t u r e   b e c a u s e  o f  
t h e   n a t u r e  o f  t h e   o r b i t   d e t e r m i n a t i o n   p r o c e s s  - t h e   b e s t  
f i t  o f  ca l cu la t ed   and   obse rved   ( co r rec t ed )   measu remen t s .  
A c a l c u l a t e d   o b s e r v a t i o n   a t  a p a r t i c u l a r  time depends  upon 
t h e   p o s i t i o n   o f   t h e   s t a t i o n   a n d   t h e   p o s i t i o n  o f  t h e   s a t e l -  
l i t e .  T h u s ,   s t a t i o n   p o s i t i o n   e r r o r s   e n t e r   t h e   c a l c u l a t e d  
m e a s u r e m e n t   d i r e c t l y   a n d   f o r c e   f i e l d   e r r o r s   e n t e r   b e c a u s e  
t h e   s a t e l l i t e   p o s i t i o n   a t   a n y  time past   epoch  depends  upon 
t h e   f o r c e   f i e l d   u s e d   i n   i n t e g r a t i n g   t h e   o r b i t .  The e f f e c t s  
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o n   o r b i t a l   d a t a   r e d u c t i o n s  of  s t a t i o n   p o s i t i o n   e r r o r s  and 
c e r t a i n   f o r c e   f i e l d   e r r o r s   c a n   a l s o   b e   c a l c u l a t e d   b y   t h e  
ORAN program. 

An as ses smen t   o f   whe the r   o r   no t  a p a r t i c u l a r   e r r o r  
s o u r c e  i s  r e a l l y   o n e   o f   t h e  more s i g n i f i c a n t   s o u r c e s  o f  
e r r o r   i n   a n   o r b i t a l   s o l u t i o n   r e q u i r e s  m o r e   t h a n   j u s t   t h e  
f o r m   o f   t h e   e r r o r  as expressed  by a t r a c k e r   e r r o r   m o d e l  
term. A r e a s o n a b l e   b e s t   e s t i m a t e   o r   a n   u p p e r  limit f o r   t h e  
e x p e c t e d   e r r o r  ( o r  s t a n d a r d   d e v i a t i o n )  o f  t h e   p a r a m e t e r  i s  
a l s o   r e q u i r e d .   T a b l e  3 l i s t s  t h e   u n c e r t a i n t y   e s t i m a t e s   f o r  
t h e   s e t   o f   p a r a m e t e r s   w h i c h   h a v e   b e e n   c o n s i d e r e d   f o r   e a c h  
r a d a r   u s e d   i n  ORAN r u n s   d i s c u s s e d   i n   t h i s   r e p o r t .   I n   g e n e r a l ,  
t h e   v a l u e s   c h o s e n   a r e   c l o s e   t o   b e i n g   u p p e r  l imits f o r   e x -  
n e c t e d  e r r o r s ,  based  on s t a n d a r d   W a l l o p s   r a d a r   c a l i b r a t i o n  
p r o c e d u r e s   a n d   c u r r e n t   e s t i m a t e s  o f  s t a t i o n   p o s i t i o n   a n d  
f o r c e   f i e l d   e r r o r s .  An i n d i c a t i o n  o f  t h e   s o u r c e  o r  p rocedure  
f o r   o b t a i n i n g   t h e   e r r o r  model terms a n d   t h e i r   v a l u e s  as 
l i s t e d   i n   T a b l e  3 a re   g iven   be low.  

3 . 2  INSTRUMENTATION ERRORS 

3 . 2 . 1  Bias  Errors 

E r r o r s  o f  b a s i c a l l y  a b i a s   t y p e   h a v e   b e e n   g e n e r a l l y  
f o u n d   t o   b e   t h e   l a r g e s t   c o n t r i b u t o r   t o   s y s t e m a t i c   e r r o r   i n  
r a d a r   t r a c k i n g   s y s t e m s .  An e s t i m a t e   o f   i n s t r u m e n t a t i o n   b i a s  
e r r o r s   c a n   b e   o b t a i n e d   f r o m   p r e -   a n d   p o s t - m i s s i o n   c a l i b r a t i o n s .  
The range  bias   can  be  found  by  comparing a s e r i e s   o f   m e a s u r e d  
r a n g e s   t o  a f i x e d   g r o u n d   t a r g e t   w i t h   t h e   s u r v e y e d   r a n g e   v a l u e .  
S i m i l a r l y ,   t h e   b i a s e s   i n   a z i m u t h   a n d   e l e v a t i o n   a n g l e s   c a n  
be  determined  by  comparing a s e r i e s  of  angle   measurements  
t o  a bo res igh t   t ower   i n   bo th   no rma l   and   p lunge   ope ra t ion .  
The mean d i f f e rence   be tween   t he   measu red   r ange   and   t he   su r -  
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TABLE 3 
SOURCES OF UNMODELED ERRORS AND THEIR MAGNITUDES 

UNMODELED ERROR 

Range Bias  

Range-Rate  Bias 

Azimuth  Bias 

E l e v a t i o n   B i a s  

Timing  Error  

E l e v a t i o n  Droop 

Mis l eve l   Phase  

Mis leve l   Ampl i tude  

Ve loc i ty   Se rvo  Lag 

Acce le ra t ion   Se rvo  Lag 

R e f r a c t i o n   E r r o r  

Local   Survey  Error  
G , Y  9 2 )  

(X,Y, Z )  
Center  of Mass E r r o r  

G e o p o t e n t i a l   C o e f f i c i e n t  

(NWL5E-6-SAO D i f f )  

G r a v i t a t i o n a l   C o e f f i c i e n t  

E r r o r s  

E r r o r   i n  p=GM 

MAGN I TUDE 

5 meters  

4 cm/sec 

50 a r c - s e c  

50 a r c - s e c  

50 p s e c  

1 0  a r c - s e c  

1 0  degrees  

1 0  a r c - s e c  

1 0 0 %  

100 % 

1 0 %  

1 0  m e t e r s   i n   e a c h  
c o o r d i n a t e  

20  m e t e r s   i n   e a c h  
c o o r d i n a t e  

1 0 0 %  
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veyed  range i s  a measu re   o f   t he   b i a s   i n   t he   r ange   measu re -  
ment   and  can  be  used  accordingly  as  a p r e - p r o c e s s i n g   c o r r e c -  
t i o n   f o r   r a n g e .   U n f o r t u n a t e l y ,   t h e   c a l i b r a t i o n   m e a s u r e m e n t s  
must  normally  be made a t  a v e r y   l o w   e l e v a t i o n   a n g l e   w i t h i n  
t h e   a t m o s p h e r e   a n d   i n   t h e   n e a r   f i e l d   p a t t e r n   o f   t h e   a n t e n n a ;  
s i n c e   m u l t i p a t h   a n d   t r o p o s p h e r i c   r e f r a c t i o n   e f f e c t s   o n   t h e  
c a l i b r a t i o n   p r o c e s s   a r e   b o t h  somewhat u n c e r t a i n   a n d   v a r i a b l e ,  
t h e   r e s i d u a l   b i a s e s   a f t e r   c a l i b r a t i o n  may be   cons ide rab le .  

P r e s e n t l y ,   t h e   p r e p r o c e s s i n g   p r o c e d u r e s   f o r   t h e  
Wallops AN/FPQ-6 r a d a r   a p p l y  a r a n g e   b i a s   c o r r e c t i o n   o b -  
t a i n e d   f r o m   t h e   p r e -   a n d   p o s t - m i s s i o n   c a l i b r a t i o n s ,   b u t  do 
n o t   a p p l y   a n g l e   b i a s   c o r r e c t i o n s .  The b i a s   v a l u e s   l i s t e d  
i n   T a b l e  3 a r e   c o n s i s t e n t   b o t h   w i t h   e x p e c t e d   r e s i d u a l   C a l i -  
b r a t i o n   e r r o r s   a n d   w i t h   t h e   r e s u l t s   o f   a n a l y s e s   p e r f o r m e d  on 
d a t a   t a k e n   d u r i n g   c o l l o c a t i o n   t e s t s   a t   W a l l o p s .  

3 . 2 . 2  R e f r a c t i o n   E r r o r s  

The t r o p o s p h e r i c   r e f r a c t i o n   c o r r e c t i o n   a p p l i e d   t o  
W a l l o p s   r a d a r   d a t a   d u r i n g   p r e p r o c e s s i n g   u s e s  a measured 
su r face   i ndex   o f   r e f r ac t ion   and  a cosecant  dependence  upon 
e l e v a t i o n   a n g l e .  A r e f r a c t i o n   c o r r e c t i o n   b a s e d  upon  the  ray 
p a t h   i n t e g r a t i o n   u s i n g  a m e a s u r e d   v e r t i c a l   r e f r a c t i v e   i n d e x  
p r o f i l e   h a s   a n   e x p e c t e d   e r r o r   o n   t h e   o r d e r  o f  2 - 4 %  [ l  1 .  
The use   o f  a co r rec t ion   p rocedure   based   upon  a s u r f a c e   i n d e x  
on ly   shou ld   i n t roduce  a few p e r c e n t   a d d i t i o n a l   e r r o r ,   a s  
s h o u l d   t h e   f l a t   e a r t h   a p p r o x i m a t i o n   ( i   . e .  , t h e  csc E depen- 
d e n c e ) .   T a k i n g   i n t o   a c c o u n t   t h e   f a c t   t h a t   t h e   l o c a t i o n   o f  
t he   r ada r   nea r   t he   l and - sea   boundary   where   a tmosphe r i c  
c o n d i t i o n s   a r e   q u i t e   d i f f i c u l t   t o   p r e d i c t ,  a r e s i d u a l   r e -  
f r a c t i o n   e r r o r  o f  1 0 %  o f   t h e   c o r r e c t i o n  i s  an  approximate 
upper  limit t o   t h e   e r r o r   w h i c h   c o u l d   b e   e x p e c t e d .  
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3.2.3 Hardware-Oriented  Errors 

On-site  radar  calibration  generally  removes a major 
portion  of  all  hardware-oriented errors  such as  droop,  mis- 
level,  non-orthogonality, etc. However,  after  the  calibration 
corrections  are  applied, a  small  residual  error  still  remains 
which acts as a bias  on  the  measurements.  Moreover,  the 
calibration  constants  which  are  used  in  the  computations 
are determined  only periodically, so that  any  variations  in 
the  radar set-up  procedures,  changes  in  instrumentation  or 
the  daily  use  of  the equipment  may  affect  their  value. 
Mislevel  experiemnts  conducted on the  Wallops AN/FPQ-6 
pedestal  during  a 24 hour  period in  July 1968 with  clinometer 
readings  taken  every  hour  showed  a  variation  in  mislevel  of 
7 degrees in  phase and 7.5 arc-sec  in amplitude. For this 
study, a  more  conservative  estimate  of 10' in  phase and 10 
arc-sec  in  amplitude  was used as  an  estimate o f  the  unmodeled 
mislevel errors. Previous experience with  antenna  sag  of  the 
Cassegranian  dish of the AN/FPQ-6 radar  showed  that 10 arc- 
sec  was a  reasonable  value  for  measurement  uncertainty  in 
elevation  droop angle. In addition,  because  the  radar was, 
by choice,  not  operated  in a  mode  to  correct  the  raw  radar 
data for  dynamic lag in  the  azimuth and elevation  servo  loops, 
an  unmodeled  error for both  velocity  and  acceleration  servo 
lag of  100%  was assumed. 

3 . 3  TIMING ERRORS 

At Wallops  Station,  a  master  clock  generates  coded 
timing  pulses which  are transmitted by telephone  lines  to 
the AN/FPQ-6 radar.  Diurnal  variations  are  measured  and 

16 



r e c o r d e d   d a i l y   a t   t h e   m a s t e r  s i t e  by   d i r ec t   compar i son   o f  
the m a s t e r   o s c i l l a t o r   a n d   t h e   c e s i u m  beam s t a n d a r d s .  This 
va r i a t ion   can   r ange   f rom 50  t o  300 1 ~ .  s e c  and i s  not   normal -  
l y   a c c o u n t e d   f o r   i n   t h e   p r e - p r o c e s s i n g .  A va lue  of  50 1-1 

s e c  was used   a s   an   e s t ima te   o f   t he   unmode led   t iming   e r ro r  
f o r   a l l   r a d a r   s i t e s .  

3.4 STATION POSITION ERRORS 

The o r b i t   p r e d i c t i o n   p r o c e s s   p r e d i c t s   t h e   p o s i t i o n  
of a s a t e l l i t e   i n   a n   i n e r t i a l   c o o r d i n a t e   s y s t e m   b y   r e l a t i n g  
t h e   s a t e l l i t e   t o  known p o i n t s   i n  a l o c a l   ( r a d a r - c e n t e r e d )  
c o o r d i n a t e   s y s t e m .   C o n s e q u e n t l y   a n y   e r r o r   i n   t h e   p o s i t i o n  
o f  t h e   r e f e r e n c e   p o i n t s  w i l l  d e g r a d e   t h e   p r e d i c t i o n   a c c u r -  
acy. The b e s t   d e t e r m i n a t i o n s   f r o m   s a t e l l i t e   m o t i o n   h a v e  
r e c o v e r e d   s t a t i o n   p o s i t i o n s   t o  1 5  m e t e r s   w i t h   r e s p e c t   t o  
t h e   g e o c e n t e r   [ 2 ]  . I n   f a c t  , r e f e r e n c e s  [ 31 and [ 41 s t a t e  
t h a t   t h e   c e n t e r   o f  mass   coordinates   of   any SA0 C - 5  Baker- 
Nunn s t a t ions   have   been   a s ses sed   t o   have   approx ima te ly  
1 5  - 20 me te r   accu racy .  

A ground  survey  of   the  Wallops AN/FPQ-6 s i t e  conduc- 
t e d   i n  March 1 9 6 8  by t h e  STADAN Opera t ions   D iv i s ion ,  NASA/ 
GSFC, has  a p o s i t i o n a l   u n c e r t a i n t y   w i t h   r e s p e c t   t o   t h e  
J u p i t e r ,   F l o r i d a   B a k e r - N u n n   s t a t i o n   o f   l e s s   t h a n  6 me te r s .  
T r a n s f o r m e d   t o   t h e   g e o c e n t e r ,   t h e   p o s i t i o n a l   u n c e r t a i n t y  
f o r   t h e   W a l l o p s   S i t e  i s  l e s s   t h a n  2 1  meters .   For   the  
p u r p o s e s   o f   t h i s   r e p o r t ,   t h e   u n c e r t a i n t i e s   i n   t h e  X ,  Y ,  
Z p o s i t i o n  of  cen ter   o f   mass   coord ina tes   have   been   assumed 
a t  20 meters   each ,   whi le  1 0  meters   has   been   assumed  for   the  
p o s i t i o n   u n c e r t a i n t i e s  f o r  each X, Y ,  Z p o s i t i o n   o f   t h e  
Wallops FPQ-6 s i t e .  
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Since  a l l  s t a t i o n s   u t i l i z e d   i n   t h i s   s t u d y   ( a n d  
u t i l i z e d   i n   W a l l o p s   d a t a   r e d u c t i o n s )   a r e   p o s i t i o n e d  on 
t h e  SA0 C - 5  Datum, t h e y   a l l   h a v e  a c o m p a r a b l e   p o s i t i o n a l  
u n c e r t a i n t y   w i t h   r e s p e c t   t o   t h e   g e o c e n t e r .   F o r   s i m p l i c i t y ,  
a l l  s t a t i o n s   w e r e   a l s o   a s s u m e d   t o   h a v e   t h e  same topocen-  
t r i c   p o s i t i o n   u n c e r t a i n t y .  

3.5 FORCE F I E L D  ERRORS 

A t  t h e   a l t i t u d e   o f   t h e  GEOS-I1 s a t e l l i t e ,   a t m o s -  
p h e r i c   d r a g   f o r c e s   a r e   n e g l i g i b l e .   S i n c e   t h e   p e r t u r b a -  
t i o n s  due t o   t h e   s u n  and moon c a n   b e   q u i t e   a c c u r a t e l y  
m o d e l e d   i n   t h e   o r b i t   g e n e r a t i o n   p r o c e s s ,   t h e   o n l y   s i g n -  
i f i c a n t   f o r c e   f i e l d   e r r o r s   a r e   t h o s e   i n   t h e   e a r t h ' s   g r a v -  
i t a t i o n a l   c o e f f i c i e n t  and i t s  h a r m o n i c   c o e f f i c i e n t s .  

3 . 5 . 1   G r a v i t a t i o n a l   C o e f f i c i e n t  

The b e s t   e s t i m a t e   o f   t h e   g r a v i t a t i o n a l   c o n s t a n t ,  
GM@, has   been   ob ta ined   f rom  the   r educ t ion   and   ana lys i s  
o f  Ranger  Lunar  Radio  Tracking  Data  by J P L .  The uncer -  
t a i n t y   i n   t h e i r   d e t e r m i n a t i o n  i s  +1 x 1 0  [ S I .   T h i s  
va lue  was c a r r i e d   a s   a n   u n m o d e l e d   e r r o r   i n   a l l   s i m u l a t i o n s .  

- 6  - 

3 . 5 . 2   G e o p o t e n t i a l   C o e f f i c i e n t s  

B e c a u s e   s i g n i f i c a n t   v a r i a t i o n s   e x i s t   f o r   t h e   g e o -  
p o t e n t i a l   c o e f f i c i e n t s   r e c o v e r e d   f r o m   t e r r e s t r i a l   a n d / o r  
s a t e l l i t e   t r a c k i n g   d a t a  - d i f f e r e n c e s   w h i c h   a r e   g e n e r a l l y  
much g r e a t e r   t h a n   t h e   q u o t e d   s t a n d a r d   d e v i a t i o n s  - a 
scheme   has   been   adop ted   wh ich   u t i l i ze s   t he   d i f f e rence  
be tween   t he   bes t   de t e rmined   g rav i ty   mode l s   a s   t he   e f f ec -  



t i v e   u n c e r t a i n t y   i n   t h e   t o t a l   s e t   o f   g r a v i t a t i o n a l   h a r -  
m o n i c s .   I n   t h i s   m a n n e r ,   a n y   f r a c t i o n s   o f   t h i s   d i f f e r e n c e  
c a n   b e   r e p r e s e n t e d   i n   t h e   s o l u t i o n   a s   a n   u n m o d e l e d   e r r o r .  

Assuming t h e   e x i s t e n c e   o f  more than   one   g rav i ty  
model   o f   comparable   accuracy   and   tha t   these   models  do 
no t   have   t oo  much common a n c e s t r y ,   t h i s   a p p e a r s   t o   b e  
t h e   m o s t   v a l i d   r e p r e s e n t a t i o n   o f   t h e   t o t a l   g e o p o t e n t i a l  
c o e f f i c i e n t   e r r o r s .  The m o s t   a c c u r a t e   u n c l a s s i f i e d  
g e o p o t e n t i a l   m o d e l s   a r e   c o n s i d e r e d   t o   b e   t h e  SA0 M 1 ,  
t h e  APL 3.5,   and  the NWL 5 E - 6 .  Differences  between  any 
two o f   t h e s z   t h r e e   m o d e l s   a r e   a v a i l a b l e   i n   t h e  ORAN p r o -  
gram  as a r e p r e s e n t a t i o n   o f   t h e   g e o p o t e n t i a l   c o e f f i c i e n t  
e r r o r .   D a t a   r e d u c t i o n s   w i t h   t h e  NONAME program  a re   nor -  
mal ly   done   us ing   the  SA0 M 1  g rav i ty   mode l ,   wh ich   has  
been shown t o   p r o v i d e   b e t t e r   l o n g   a r c   o r b i t a l   f i t s   t h a n  
e i t h e r   o f   t h e   o t h e r   t w o .  Most  of t h e  ORAN runs  con- 
s i d e r e d   i n   t h i s   r e p o r t   u s e d  1 0 0 %  o f  t h e   d i f f e r e n c e s  
be tween   t he  SA0 M 1  and   the  NWL 5E-6  models   as   the  geo-  
p o t e n t i a l   c o e f f i c i e n t   e r r o r .   S i n c e   t h e  SA0 model i s  
known t o  be a m o r e .   a c c u r a t e m d e l ,   t h i s   r e s u l t s   i n  a 
somewhat p e s s i m i s t i c   e s t i m a t e   o f   t h e   e f f e c t s   o f   g e o -  
p o t e n t i a l   c o e f f i c i e n t   e r r o r s .  
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SECTION 4 .  0 
UNMODELED ERROR EFFECTS ON WALLOPS SINGLE 

STATION  SOLUTIONS 

4.1 SINGLE  STATION  SHORT ARC 

An e r r o r   a n a l y s i s   o f   t h e   u n m o d e l e d   e r r o r   e f f e c t s  
(Table  3 )  on  Wallops FPQ-6 measurements   of  GEOS-I1  was 
c o n d u c t e d   f o r  two s i n g l e   p a s s   s o u l t i o n s .   C o l l o c a t i o n  
t e s t  numbers 8 4 ,  89  and 54 w e r e   c h o s e n   f o r   t h i s   s t u d y   a s  
r e p r e s e n t i n g ,   r e s p e c t i v e l y ,  a low e l e v a t i o n ,  a moderate  
e l e v a t i o n  and a h i g h   e l e v a t i o n   p a s s   c o n f i g u r a t i o n .   T e s t  8 4  
a t t a i n s  a maximum e l e v a t i o n   a n g l e  of 2 3  d e g r e e s ;   t e s t  8 9  
a t t a i n s  a maximum e l e v a t i o n   a n g l e  o f  63 d e g r e e s ;   a n d   t e s t  54 
a t t a i n s  a maximum e l e v a t i o n   a n g l e   o f  8 4  d e g r e e s .  

4 . 1 . 1  Orbi t   Accuracy  

The e s t i m a t e d   e f f e c t s   o f   t h e   u n m o d e l e d   e r r o r s  on 
t h e   o r b i t   a t   e p o c h   a r e   g i v e n   i n   T a b l e  4 f o r   t e s t  8 4 ,  Table  5 
f o r   t e s t  8 9 ,  and  Table 6 f o r   t e s t  54 .  The e s t i m a t e s   a r e   p r e -  
s e n t e d   a s   e r r o r s   i n   t h e  H ,  C ,  and L o r b i t   c o o r d i n a t e   s y s t e m .  
The H and L c o o r d i n a t e s  l i e  i n   t h e   o r b i t   p l a n e   f o r m e d   f r o m  
t h e   r a d i u s  and v e l o c i t y   v e c t o r s .  The H ,  o r  r a d i a l ,  
d i r e c t i o n   l i e s   a l o n g   t h e   r a d i u s   v e c t o r .  The L ,  o r  a long  
t r a c k   d i r e c t i o n ,  i s  i n   t h e   o r b i t   p l a n e   p e r p e n d i c u l a r   t o  
t h e   r a d i u s   v e c t o r  and  has a componen t   a long   t he   pos i t i ve  
v e l o c i t y   d i r e c t i o n .   ( F o r   c i r c u l a r   o r b i t s ,  L i s  a long  
t h e   v e l o c i t y   v e c t o r . )  The C ,  o r   c r o s s   t r a c k ,   d i r e c t i o n  
i s  p e r p e n d i c u l a r  t o  t h e   o r b i t   p l a n e .  
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The  measurement   no ise   cont r ibu t ion  t o  t h e   o r b i t a l   e r r o r  
i s  p r e s e n t e d   a c r o s s   t h e   t o p  row of   Table  4 ;  t he   bo t tom 
row g i v e s   t h e   t o t a l   r o o t  sum s q u a r e   ( r s s )   c o n t r i b u t i o n  
of   measurement   noise   and a l l  unmodeled e r r o r s .   T h e s e  
t a b l e s  show t h a t   t h e  u n m o d e l e d   e r r o r s   p r o p a g a t e   i n t o  
l a r g e   e r r o r s   i n   t h e   e p o c h   e l e m e n t s .   T h i s  i s  p a r t i c u l a r l y  
e v i d e n t   f o r   r e f r a c t i o n ,   t h e   i n s t r u m e n t   b i a s e s   a n d  
h a r d w a r e   e r r o r s .  

I t  s h o u l d   b e   n o t e d   t h a t   t h e   l o c a l   s u r v e y   u n m o d e l e d  
e r r o r s   a r e   r e d u n d a n t   f o r   t h e   s i n g l e   s t a t i o n   s o l u t i o n .  
Th i s  i s  due t o   t h e   f a c t   t h a t   t h e   l o c a l   s u r v e y  i s  mere ly  
a t r a n s f o r m a t i o n  o f  t h e   c e n t e r   o f  mass  system.  This 
s ta tement   can   be   ver i f ied   by   compar ing   the  rss v a l u e s  o f  
t h e   l o c a l   s u r v e y   o r b i t   e r r o r s   w i t h   t h e   c e n t e r   o f   m a s s  
e r r o r s ;   t h e   a g r e e m e n t  i s  e x c e l l e n t ,   c l e a r l y   s h o w i n g   t h e  
s c a l i n g   f a c t o r   o f  2 between  the  two s e t s   o f   e r r o r s   ( s e e  
Table  3 ) .  

The e f f e c t s   o f   t h e   u n m o d e l e d   e r r o r s   o n   t o t a l  rss  
o r b i t   a c c u r a c y   a r e   p r e s e n t e d   i n   F i g u r e  3 f o r  t e s t  8 4 ,  
t e s t  8 9  and t e s t  54 a s  a func t ion   of   t ime  f rom  epoch .  
I n   a d d i t i o n ,   F i g u r e  4 i l l u s t r a t e s   t h e   c o n t r i b u t i o n   o f  
i n s t r u m e n t a t i o n   b i a s  e r ro r s  towards   o rb i t   deg rada t ion   and  
shows t h a t   t h e   a n g l e   b i a s   e r r o r s   a r e   t h e   d o m i n a n t  e r r o r  
s o u r c e   t o w a r d s   o r b i t   i n a c c u r a c i e s .  I t  i s  a p p a r e n t   t h a t  
t h e   o r b i t   a c c u r a c y  i s  improved  by  almost a f a c t o r   o f  two 
d u r i n g   t h e   d a t a   s p a n   f o r   h i g h e r   e l e v a t i o n   p a s s e s .  A t  
t h e   b e g i n n i n g   o f   t h e   n e x t   r e v o l u t i o n ,   t h e   o r b i t   a c c u r a c y  
wou ld   have   improved   a lmos t   a s   s ign i f i can t ly   a s   du r ing   t he  
f i r s t  o r b i t   t h r o u g h   t h e   d a t a   s p a n .  The o r b i t   e r r o r  i s  
r educed   on   t he   nex t   r evo lu t ion   because  i t  passes   t h rough  
t h e  same i n e r t i a l   p o s i t i o n   t h a t  was u s e d   i n   d e t e r m i n i n g  
t h e   i n i t i a l   o r b i t .  
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DELTA  H 
(METERS) 

2 5 . 5 2  
- 3 . 7 6  

2 0 7 . 0 4  
- 2 . 1 7  

2 . 0 3  
9 . 5 3  

- 1 . 0 6  
- 1 3 . 2 4  h3 

h) 

1 4 . 9 0  

I 

i 
- 3 . 6 5  

- 2 4 . 7 3  
- 5 3 0 . 5 3  

9 . 4 8  
0 . 0 4  

- 9 6 . 0 2  
1 7 . 6 0  

- 5 8 . 8 2  
- 0 . 6 4  

1 . 1 6  
5 8 2 . 4 1  

TABLE 4 

S I N G L E   S T A T I O N  LOW ELEVATION  SHORT  ARC  SOLUTION  (TEST 8 4 )  

ESTIMATED  HCL  ERROR ON EPOCH  ELEMENTS DUE TO UNMODELED  PARAMETERS 

DELTA  C  DELTA  L  DELTA  HDOT  DELTA  CDOT  DELTA  LDOT 
(METERS)  (METERS)  (CM/SEC)  (CM/SEC)  (CM/SEC) 

3 3 . 6 7  
- 1 . 6 2  

- 4 9 5 . 1 8  
- 5 . 9 4  

7 . 1 6  
- 2 . 3 0  

- 1 4 . 6 1  
9 .os  
8 . 4 9  

- 4 . 0 2  
2 3 . 0 2  

4 7 2 . 1 9  
6 8 0 . 0 0  

- 0 . 1 0  
3 5 . 4 9  

- 5 6 . 6 6  
4 0 . 6 9  

- 1 6 . 6 6  
- 0 . 9 1  

9 7 2 . 2 0  

2 3 . 4 9  
- 4 . 9 3  

- 1 9 3 . 5 1  
- 6 . 9 0  
- 8 . 1 2  

4 . 3 7  
- 9 . 1 5  

- 1 9 . 7 9  
- 7 . 4 6  

1 . 2 6  
- 1 3 . 6 3  

- 1 5 5 . 2 2  
5 6 0 . 2 7  

- 3 . 5 7  
- 2 8 . 0 4  
- 2 9 . 0 2  
- 2 6 . 9 3  
- 1 4 . 2 4  

0 . 4 4  
6 1 5 . 9 8  

4 . 5 5  
3 . 6 8  

13.31 
0 . 6 5  
0 . 5 5  

- 0 . 4 9  
0 . 9 0  
1 . 7 3  
0 . 2 7  
0 . 2 9  
9 . 2 5  

3 1 . 7 9  
5 5 . 1 8  - 

0 . 3 2  
5 . 6 9  
4 . 8 1  
5 . 2 9  
1 . 6 6  

- 0 . 0 9  
6 6 . 6 5  

6 . 6 0  
0 . 1 6  

6 8 . 5 7  
- 0 . 5 6  
- 0 . 2 0  
- 0 . 1 6  
- 1 . 0 8  
- 0 . 2 8  
- 0 . 5 1  
- 0 . 0 5  
- 7 . 9 3  

9 . 3 7  
1 6 2 . 1 2  

- 0 . 0 2  
1 . 7 5  
6 . 4 8  
2 . 8 7  
3 . 7 9  

- 0 . 0 4  
1 7 6 . 7 7  

1 . 5 1  
2 . 0 5  

- 0 . 9 9  
- 0 . 0 5  

0 . 0 1  
- 0 . 3 0  
- 0 . 2 1  

0 . 4 4  
- 0 . 3 6  
- 0 . 4 6  

4 . 0 7  
- 0 . 9 0  

4 . 8 7  
0 . 0 0  

- 0 . 1 9  
1 . 1 6  
0 . 2 7  
0 . 0 2  

- 0 . 0 0  
7 . 1 1  

UNADJUSTED 
PARAMETER 

NO I SE 
NWL- S A 0  GRAV 
REFRACTION 
WALLOPS X 
WALLOPS Y 
WALLOPS Z 
C.O.M. X 
C.O.M. Y 
C.O.M. Z 
RANGE B I A S  
R   R T E   B I A S  

E L E V N   B I A S  
AZMTH B I A S  
T I M I N G  
EL  DROOP 
M I S L E V E L  
MSLVL  PHSE 
VEL  SRV LAG 
ACC  SRV LAG 
TOTAL  ERROR 



DELTA  H 
(METERS) 

9 . 7 6  
- 1 . 4 4  

8 . 3 4  
- 0 . 6 7  
- 0 . 6 7  

9 . 9 3  
2 . 8 3  

- 1 6 . 3 1  
1 1 . 1 2  
- 3 . 3 0  

- 2 3 . 2 7  
- 7 8 . 1 8  
- 1 0 . 9 1  

- 0 . 1 0  
- 8 . 9 2  
24 .54  

4 . 0 9  
- 2 . 1 2  

2 . 5 5  
9 0 . 3 2  

TABLE 5 
SINGLE  STATION YEDIUM ELEVATION  SHORT  ARC  SOLUTION  (TEST 89 )  

ESTIMATED  HCL  ERROR ON EPOCH  ELEMENTS DUE T O   M O D E L E D  PARAMETERS 

DELTA C DELTA  L  DELTA HDOT DELTA  CDOT  DELTA  LDOT 
(METERS)  (METERS)  '(CM/SEC)  (CM/SEC)  (CM/SEC) 

27 .40  
0 . 4 8  

4 4 . 8 9  
8 . 5 1  
4 .79  
0 . 4 2  

1 5 . 1 7  
9 . 3 0  
8 . 0 8  
3 . 7 6  

- 2 2 . 0 2  
- 258 .20  

5 2 3 . 4 5  
0 . 2 5  

- 3 2 . 8 4  
3 7 . 4 7  

- 5 0 . 1 4  
1 8 . 6 9  

6 . 7 8  
5 9 1 . 4 3  

8 . 9 2  
- 1 . 4 0  
- 7 . 1 8  
- 3 . 3 5  
1 0 . 6 6  

3 . 1 4  
- 8 . 5 2  

6 . 1 8  
2 0 . 6 9  

2 . 9 8  
- 2 3 . 1 9  

- 1 . 5 9  
, 1 5 7 . 2 5  

- 3 . 6 3  
1 . 0 1  

1 3 . 9 6  
1 9 . 6 6  
- 7 . 7 8  

0 . 6 1  
1 6 3 . 5 2  

2 .80  
0 . 3 2  
3 . 4 1  
0 . 2 4  

- 0 . 8 1  
- 0 . 3 5  

0 . 5 8  
- 0 . 3 0  
- 1 . 7 2  
- 0 . 4 6  

9 . 0 3  
- 3 . 2 6  
2 0 . 3 5  

0 . 3 3  
- 0 . 9 5  
- 2 . 9 9  
- 5 . 0 1  

1 . 6 9  
- 0 . 1 5  
23 .84  

6 . 6 1  
- 0 . 8 4  

1 . 4 0  
0 . 4 8  

- 0 . 5 4  
0 . 1 5  
1 . 1 6  

- 0 . 6 2  
- 0 . 6 6  
- 0 . 5 8  

6 . 6 1  
2 . 8 6  

1 7 0 . 5 0  
- 0 . 0 1  

0 . 0 0  
5 . 3 3  

1 0 . 7 5  
- 5 . 2 8  
- 0 . 1 7  

1 7 1 . 3 0  

0 . 8 6  
0 . 0 5  
1 . 4 4  
0 . 0 1  
0 . 0 7  

- 0 . 2 4  
"0. 1 0  

0 . 4 5  
- 0 . 1 8  
- 0 . 7 7  

2 .68  
- 1 . 9 0  
- 7 . 2 1  
- 0 . 0 0  
- 0 . 4 1  
- 0 . 0 6  
- 0 . 5 9  

0 . 0 6  
- 0 . 0 1  

8 . 1 9  

UNADJUSTED 
PARAMETER 

N O I S E  
NWL = S A 0  G RAV 
REFRACTION 
WALLOPS X 
WALLOPS Y 
WALLOPS Z 
C.O.M. X 
C.O.M. Y 
C.O.M. Z 
RANGE B I A S  
R  RTE  BIAS 

ELEVN B I A S  
AZMTH B I A S  
TIMING 
E L  DROOP 
MI SLEVEL 
MSLVL  PHSE 
VEL  SRV LAG 
ACC SRV LAG 
TOTAL  ERROR 



DELTA  H 
(METERS) 

7 . 4 0  
- 4 . 0 5  

0 . o o  
0 . 6 7  

- 0 . 8 8  
1 0 . 1 8  

5 . 6 0  
1 6 . 2 8  
1 1 . 1 0  
- 5 . 8 2  

- 2 2 . 7 1  
- 0 . 1 7  

- 1 2 . 5 4  
- 0 . 1 0  

tu 

01.11 
- 0 . 7 7  
2 2 . 0 5  
- 9 . 0 3  

3 . 3 0  
4 3 . 3 8  

TABLE 6 

SINGLE  STATION  HIGH  ELEVATION  SHORT  ARC  SOLUTION  (TEST 54)  

ESTIMATED  HCL  ERROR  ON  EPOCH  ELEMENTS  DUE  TO  UNMODELED  PARAMETERS 

DELTA  C DELTA  L DELTA  HDOT DELTA  CDHOT DELTA  LDOT 
(METERS) (METERS) (CM/SEC) (CM/  SEC) (CM/  SEC) 

2 9 . 5 0  
5 . 9 4  

- 3 . 1 6  
9 . 4 6  
1 . 3 5  

- 0 . 2 2  
1 7 . 8 2  

6 . 5 8  
1 . 8 6  

- 0 . 9 0  
1 5 . 2 0  
2 1 . 1 7  

7 5 9 . 8 7  
0 . 2 6  
2 . 2 5  

6 4 . 0 6  
4 5 . 4 1  

- 2 2 . 8 5  
- 3 2 . 5 8  
7 7 6 . 3 0  

6 . 2 0  
- 2 . 2 0  
- 1 . 6 2  
- 4 . 0 1  
1 0 . 0 3  

4 . 2 5  
- 8 . 9 7  

2 . 6 6  
2 1 . 6 7  

2 . 3 5  
, 1 9 . 1 0  

1 . 6 9  
6 7 . 8 2  
- 3 . 7 2  

0 . 2 6  
6 . 7 8  

2 3 . 2 7  
. l o  . 0 3  
- 1 . 0 4  
8 0 . 1 1  

2 . 0 8  
1 . 4 9  
0 . 1 8  
0 . 2 6  

- 0 . 7 9  
- 0 . 6 1  

0 . 5 0  
0 . 1 3  

- 2 . 0 0  
0 . 3 9  
6 . 7 0  

- 0 . 6 5  
0 . 0 3  
0 . 3 5  

- 0  * 11 
- 1 . 3 6  
- 6 . 5 7  

2 . 7 5  
- 0 . 1 0  
1 0 . 4 9  

6 . 3 7  
- 1 . 9 5  

0 . 2 4  
0 . 1 7  
0 . 5 5  
0 . 0 1  

0 . 1 7  
0 . 7 2  
0 . 8 7  
0 . 1 5  

- 3 . 2 2  
- 0 . 5 9  

- 1 6 8 . 7 2  
- 0 . 0 1  
- 0 . 1 5  

0 . 3 5  
- 1 1 . 1 7  

5 . 1 2  
- 0 . 9 3  

1 6 9 . 3 4  

0 . 6 0  
0 . 4 2  
0 . 2 3  

- 0 . 0 3  
0 . 1 5  

- 0 . 2 6  
- 0 . 2 0  

0 . 5 5  
- 0 . 0 8  
- 0 . 6 4  

1 . 9 1  
- 0 . 1 1  
- 6 . 2 2  

0 . 0 0  
- 0 . 0 2  
- 0 . 5 1  
- 2 . 4 4  

1 . 0 4  
- 0 . 0 1  

7 . 1 5  

UNADJUSTED 
PARAMETERS 

NOISE 
NWL-SA0  GRAVITY 
REFRACTION 
WALLOPS X 
WALLOPS Y 
WALLOPS Z 
CT.  MASS. X 
CT. MASS. Y 
CT.  MASS. Z 
RNG . BIAS 
RRATE  BIAS 
ELV . BIAS 
AZM.  BIAS 
TIMING 
ELV.  DROOP 
MISLEVEL 
PHASE 
VEL.  SRV.  LAG 
ACC.  SRV.  LAG 
TOTAL  ERROR 



RS S 
POS I T   I O N  
ERROR FOR 
N O I S E  ANC 
UNADJUS  T-  
E D   P A R A -  
METE R S  

d RS S 
POS I T I O N  

T O   N O I S E  
- "ERROR  DUE 

"" - - - 
-. """ ONLY 

1 

LOW E L E V A T I O N   ( T E S T  84 )  
"- - - M E D I U M   E L E V A T I O N   ( T E S T  8 9 )  

- .- H I G H   E L E V A T I O N   ( T E S T  5 4 )  

0 10 2 0  30 40 5 0  60 

F I G U R E  3 T O T A L  O R B 1  T ACCURACY ON SHORT  ARC  PASSES 
a 
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L E ~ A T  I ON B I A S  

1 0  - - 

COLLOCATION  TEST 8 9  

4 .  I I I I I I I I I I I I I 

0 1 0  2 0  30 4 0  5 0  6 0  
T I M E  FROM  EPOCH ( M I N U T E S )  

F I G U R E  4 TOTAL  ORBIT  ACCURACY ON T Y P I C A L   M E D I U M   E L E V A T I O N   P A S S  
S O L U T I O N  FOR UNADJUSTED  MEASUREMENT  BIAS  ERRORS 
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4 . 1 . 2  R e s i d u a l s  

The e f f e c t s   o f   t h e   m o s t   s i g n i f i c a n t   u n m o d e l e d  
e r r o r s   o n   t h e   m e a s u r e m e n t   r e s i d u a l s   a r e   p r e s e n t e d   i n  
F igu re  5 f o r  t e s t   8 4 ,   F i g u r e  6 f o r  t e s t  8 9 ,  and  Figure 
7 f o r   t e s t  5 4 .  The f i g u r e s  show t h a t   t h e   e l e v a t i o n  
b i a s   a n d   r e f r a c t i o n  i s  c l e a r l y   t h e   d o m i n a n t   e r r o r   s o u r c e  
on   t he   r ange ,   az imuth   and   e l eva t ion   measu remen t   r e s idua l s .  
A t  v e r y   h i g h   e l e v a t i o n   a n g l e s ,   t h e   e l e v a t i o n   b i a s   g e t s  
p r o p a g a t e d   i n t o  a n e a r l y   . c o n s t a n t   b i a s   i n   t h e   e l e v a t i o n  
r e s i d u a l s ;   a t  l o w   e l e v a t i o n s  i t s  e f f e c t s   a r e  s t i l l  
s y s t e m a t i c   b u t   g r e a t l y   r e d u c e d .  The e f f e c t  o f  a r a n g e   b i a s  
o n   t h e   r e s i d u a l s  i s  r e l a t i v e l y   i n s i g n i f i c a n t   s i n c e   m o s t  
o f  i t  i s  a b s o r b e d   i n t o   t h e   o r b i t   ( s e e   S e c t i o n   4 . 1 . 1 ) ;  
t h i s  i s  a l so   t he   ca se   fo r   an   az imuth   b i a s .   However ,  
a l t h o u g h  a l a r g e   p o r t i o n  o f  a n   e l e v a t i o n   b i a s  i s  absorbed  
i n t o   t h e   o r b i t ,  i t  n e v e r t h e l e s s  s t i l l  has  a r e l a t i v e l y  
l a r g e   s y s t e m a t i c   e f f e c t  on t h e   m e a s u r e m e n t   r e s i d u a l s ,   a t  
l e a s t   f o r   s h o r t - a r c   s o l u t i o n s .  

From t h e   c u r v e s  shown i n   F i g u r e s  S,G,and 7 f o r  t h e  
e f f e c t s  o f  az imuth   and   e l eva t ion   b i a ses  on  azimuth  and 
e l e v a t i o n   r e s i d u a l s ,  i t  w i l l  be s e e n   t h a t  o f  t h e   a p p r o x i -  
ma te ly  52  a rc-sec   assumed f o r  e a c h   b i a s ,   a l m o s t   a l l  o f  
the   az imuth   b ias   and   about  3 0  a r c - s e c  of  t h e   e l e v a t i o n  
b i a s   a r e   a b s o r b e d   b y   t h e   o r b i t   f o r   b o t h   t h e  medium and  low 
e l e v a t i o n   p a s s e s .   T h a t  a l a r g e   e f f e c t   f r o m   e a c h   b i a s   h a s  
b e e n   p r o p a g a t e d   i n t o   t h e   o r b i t  i s  c l e a r l y  shown i n   F i g u r e  
4 .  We t h u s   s e e   t h a t ,   p a r t i c u l a r l y   i n   t h e   s h o r t - a r c   c a s e ,  
the   magni tudes  o f  r e s i d u a l s  i s  n o t   n e c e s s a r i l y   a n   i n d i c a t i o n  
o f  o r b i t a l   a c c u r a c y ,   s i n c e   t h e   o r b i t   c a n   a c t   a s  a low  pass 
f i l t e r  and  absorb a l a r g e   p o r t i o n  o f  t h e   s y s t e m a t i c   e r r o r  
i n   t he   measu remen t s   o f  a t r a c k i n g   s y s t e m .   I n   t h e   n e x t  
s e c t i o n  we w i l l  s ee   t ha t   measu remen t   sys t ema t i c  e r r o r s  
a r e   l e s s   r e a d i l y   a b s o r b e d  by t h e   o r b i t   i n  a l o n g   a r c  
r e d u c t i o n .  
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4.1.3 Characteristics of Short Arc Solutions 

The results of the low and high elevation short 
arc passes have indicated that: 

a. Instrumentation biases do  not show up as 
true biases on the measurement residuals, but 
are largely absorbed by the  orbit. 

b .  Biases in azimuth, elevation and refraction are 
the dominant error sources. 

c. The effects of  a timing bias, survey and 
geopotential errors on the residuals are 
negligible in comparison with bias errors. 

4.2  LONG ARC SINGLE STATION 

In this.section,  we consider the ORAN computations 
for a typical 2 4  hour arc with tracking  by  the Wallops 

. FPQ-6 on 3 GEOS-I1 passes. Runs were also  made for a 48 
hour  arc but the results did not differ in any signifi- 
cant respects from the one day  arc  and for that reason 
will not be separately discussed. Certain aspects o f  a 
48 hour arc are, however, considered in Section 7.2. 

The tracking  times for Wallops for the 3 different 
passes are shown on Figure 8 .  All 3 passes are relatively 
high elevation passes, and correspond to collocation test 
numbers 89,91, and 9 3 .  It will be  noted from Figure 2 
that, geometrically, passes 1 and 3 are  very similar, but 
quite different from pass 2. This fact is very significant 
and will be discussed below. 
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4.2.1 - Orbit Accuracy 

Considering the noise only contribution, the accu- 
racy of the epoch  elements which can be obtained by the 
3 passes of radar data is shown in the first row of 
Table 7. It will be noted  that  the numbers are much 
smaller than the corresponding sigmas for the single pass 
solutions. Basically, the multi-revolution solution has 
to be much better than the single pass solution because 
the orbital period is much better determined. 

Let us now consider the time propagation of the 
noise only variance covariance matrix, as is shown by 
the  lower curve of Figure 8. As was noted above, two 
of  the  three passes, upon which the  orbital solution is 
based, are quite similar geometrically. Stated otherwise, 
this means that the satellite is viewed by thege passes 
in the same portion of the  satellite's inertial trajectory 
and from similar viewing angles. Since we already know 
from the single pass solution that  the orbital accuracy 
has a minimum each revolution (starting with the  tracking 
period) we would expect  that with data from these  two 
similar passes, we would still have just one minimum per 
revolution. The minimum would, of course, be much 
deeper because of  the  better period determination. 

The middle tracking period (actually, the fact 
that it is the middle rather than one of the end periods is 
probably  irrelevant), however, complicates matters because 
it occurs near the  time  at which the orbital uncertainty 
would otherwise be a maximum. The  net result is, as  is 
clearly sh-own in Figure 8, that  the overall orbit has 
a near minimum for the  two similar passes, and a local 
maximum for the middle pass. The true maximum has, however, 
been shifted to another portion of the  orbit. 
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DELTA H 
(METERS) 

1 . 2 7  
- 0 . 0 9  

1 . 2 4  
- 0 . 1 9  
- 2 . 1 8  

2 . 6 8  

W - 0 . 5 8  
b P  

2 . 1 8  
- 3 . 7 5  
6 7 . 6 0  

2 . 4 2  
6 7 . 9 0  

TABLE 7 
SINGLE  STATION ONE DAY  LONG ARC SOLUTION  (TESTS 8 9 ,   9 1 ,   9 3 )  

ESTIMATED HCL  ERROR ON EPOCH  ELEMENTS DUE TO UNMODELED PARAMETERS 
DELTA  C  DELTA  L  DELTA HDOT DELTA CDOT DELTA LDOT 
(METERS)  (METERS)  (CM/SEC)  (CM/SEC)  (CM/SEC) 

1 . 7 0  
-1 .31  
1 7 . 1 4  
- 0 . 8 2  
- 1 . 6 4  
- 4 . 9 7  

- 1 7 . 3 0  
- 4 3 . 0 2  

8 . 4 6  
1 8 7 . 0 8  

6 . 4 3  
1 9 3 . 9 2  

1 . 6 7  
0 . 4 4  

- 0 . 8 2  
- 2 . 8 1  
- 3 . 5 0  
- 3 . 1 6  
1 0 . 2 4  
- 6 . 1 1  

. 2 2 . 1 6  
- 5 . 2 2  
- 0 . 6 8  
2 3 . 3 6  

0 . 1 8  
- 0 . 0 2  
- 0 . 0 5  

0 . 2 5  
0 . 3 3  
0 . 3 5  

- 0 . 7 8  
- 0 . 0 3  

1 . 0 0  
7 . 5 2  
0 . 0 9  
7 . 6 5  

0 . 3 2  
0 . 0 1  

- 0 . 5 8  
- 0 . 0 7  
- 0 . 6 7  
- 0 . 3 6  

0 . 1 6  
3 . 1 7  

- 1 . 5 1  
- 3 3 . 5 1  

- 0 . 3 7  
3 3 . 7 1  

0 . 1 1  
0 . 0 1  

- 0 . 1 1  
0 . 0 1  
0 . 1 9  
0 . 2 4  
0 . 0 8  

- 0 . 2 0  
0 . 3 2  

- 7 . 1 4  
0 . 2 7  
7 . 1 7  

UNADJUSTED 
PARAMETER 

NO I S E  
REFRACTION 
RANGE B I A S  
R  RTE B I A S  
AZMTH B I A S  
ELEVN B I A S  
C.O.M. X 
C.O.M. Y 
C.O.M. Z 
NWL-SA0 GRAV 
GRAV COEF 
TOTAL ERROR 



>""I 

I I! r/CROSS-TRACX ERROR 
,ALONG-TRACK ERROR / I  

w 
m 

-400 1 \ I  " U 
" V 

\L ERROR 

I 

" I ,  16 8 10 12  14 16 1 9  20  2 2  2 4  

T I M E   F R O M   E P O C H   ( H O U R S )  
F I G U R E  9 ALONG  TRACK,   CROSS  TRACK  AN0  RADIZL   ORBIT   ERRORS  DUE  TO  NWL-SA0  GRAVITY  MODEL  D IFFERENCES - ONE DAY L O N G   A R C   S O L U T I O N  



The effects of the unmodeled error complement on 
the epoch elements are also shown in Table 7 .  The most 
striking error source is that due to errors in the 
geopotential field. By comparison, all other parameters 
have effects which are almost negligible. When the 
effects of all the unmodeled parameters are  added (in an 
rss manner)  to  the noise only sigmas, the total epoch 
element uncertainty is given in the last row of Table 7. 
Again we  see, except in an even more dramatic manner, 
that  the noise only contribution to the total orbit error 
is only a small fraction of the total error. 

The propagation of the total variance covariance 
matrix into orbital error is shown in the  top curve of 
Figure 8 .  From Table 7, we  know that  this curve is due 
to predominantly geopotential coefficient errors. To 
shed some light on the rather peculiar behavior of the 
total accuracy curve, we show in Figure 9 the individual 
radial, cross track, and  along  track components of  the 
geopotential error effects. As expected, they are near - 
but not quite - sinusoids with the period o f  the orbit. 
There is both some amplitude and some phase modulation 
in  all components. That the root sum of squares of the 
curves in Figure 9 does  indeed effectively produce the 
top curve of Figure 8 may  be readily verified. 

Several distinct features may  be  observed about 
the  total orbital accuracy: 

a. It has  two maxima and  two minima per orbital 
period  and  these maxima and minima occur at 
the same times as  they  do in the  bottom curve 
of Figure 8 for the noise only situation. 
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b .   Min ima   occur   du r ing   bo th   t he  f i r s t  a n d   t h i r d  
p a s s e s .  

c .  A l o c a l  maximum o c c u r s   d u r i n g   t h e   s e c o n d  
p a s s .  

I t  t h u s  i s  seen   tha t   the   modeled   and   modeled  + unmodeled 
cases have a number o f   c h a r a c t e r i s t i c s   i n  common. I t  now 
r e m a i n s   o n l y   t o   e x p l a i n   t h e   p e c u l i a r   f e a t u r e s   o f   t h e  
g e o p o t e n t i a l   c o e f f i c i e n t   e r r o r  e f f ec t s .  I n   s i m p l e s t  
terms, t h e   e x p l a n a t i o n  i s  t h e   f o l l o w i n g .  

I f   g e o p o t e n t i a l   c o e f f i c i e n t   e r r o r s   e x i s t   i n  a d a t a  
r e d u c t i o n ,   a n d   n o   s p e c i a l   p r o v i s i o n  i s  made f o r   s o l v i n g  
them o r   t h e i r   e f f e c t s ,   t h e   l e a s t   s q u a r e s   p r o c e s s   h a s  no 
c h o i c e   b u t  t o  a r r i v e   a t  a s e t  o f   o r b i t a l   e l e m e n t s   ( a n d  
p e r h a p s   o t h e r   p a r a m e t e r s )   w h i c h   d o   t h e i r   b e s t  t o  minimize 
t h e   w e i g h t e d  sum o f   squa res   o f   measu remen t   r e s idua l s .  
Needless  t o  s a y ,   t h i s   s e t   o f   e l e m e n t s  w i l l  b e   d i f f e r e n t  
f rom  what   they  would  have  been  had  geopotent ia l   coeff i -  
c i e n t   e r r o r s   n o t   b e e n   c o n s i d e r e d .  A s  c a l c u l a t e d  by ORAN,  

t h e   e r r o r s   i n   t h e   e p o c h   o r b i t a l   e l e m e n t s   a r e  shown  below 
f o r   t h e   t r a c k i n g   a n d   d a t a   r e d u c t i o n   c o n f i g u r a t i o n   b e i n g  
c o n s i d e r e d   i n   t h i s   s e c t i o n  - assuming ,   o f   cou r se ,   t ha t   t he  
d i f fe rences   be tween  Smi thsonian   and   Naval  Weapons Lab 
g rav i ty   mode l s   p rov ide  a t r u e   r e p r e s e n t a t i o n   o f   t h e   g e o p c -  
t e n t i a l   c o e f f i c i e n t   e r r o r s .   I n   K e p l e r i a n   e l e m e n t   f o r m ,  
t h e s e   d i f f e r e n c e s   a r e :  

6 a  = -14.887 m 6 L! = 8.647" 
6 e = 13.507 x 6~ = - 4 0 . 2 0 2 "  
6 i = 7.268" 6 M  = 38.252" 
6 T = 19.515 x seconds  



So e r r o r s   i n   g e o p o t e n t i a l   c o e f f i c i e n t s   g e t   p r o p a g -  
a t e d   a s  much as poss ib l e   i n to   t he   epoch   e l emen t s .   However ,  

epoch   e lements   do   no t  by t h e m s e l v e s   d e t e r m i n e   t h e   o r b i t  
f o r  a l l  f u t u r e  times. The f o r c e   m o d e l   a g a i n   e n t e r s   t h e  
p i c t u r e ,  and t h e r e i n  l i e s  t h e   e x p l a n a t i o n  f o r  t h e  
p e c u l i a r   b e h a v i o r   o f   t h e   c u r v e s   i n   F i g u r e  9 a n d   t h e   t o p  
c u r v e   i n   F i g u r e  8 .  They   have   one   con t r ibu t ion   due   t o  
changes i n   t h e   e p o c h   K e p l e r i a n   e l e m e n t s ,   b u t   t h i s   c o n -  
t r i b u t i o n   m u s t   h a v e   t h e   p e r i o d   o f   t h e   o r b i t  as i t s  b a s i c  
p e r i o d .  The o t h e r   c o n t r i b u t i o n  i s  a d i r e c t   o r b i t   g e n e r a -  
t i o n   t y p e  e f f e c t  i n  which a l l  t h e   g e o p o t e n t i a l   c o e f f i c i e n t s  
h a v e   e f f e c t s   a c c o r d i n g   t o   t h e i r   " n a t u r a l "   f r e q u e n c i e s . *  
On t h i s   b a s i s ,   t h e   t o p   c u r v e   a s  shown i n   F i g u r e  8 shou ld  
b e   t h e   s o r t   o f   t o t a l   e r r o r   b e h a v i o r   t h a t   w o u l d   b e   e x p e c t e d .  

4 . 2 . 2  

e r r o r s  
F i g u r e  

R e s i d u a l s  

The p ropaga t ion   o f   t he   mos t   s ign i f i can t   unmode led  
i n t o   t h e   m e a s u r e m e n t   r e s i d u a l s  i s  shown i n  
1 0 .  As e x p e c t e d   f r o m   t h e i r  e f f ec t s  on  the  epoch 

e l e m e n t s ,   t h e   g e o p o t e n t i a l   c o e f f i c i e n t   e r r o r s   p r o p a g a t e  
i n t o   l a r g e   m e a s u r e m e n t   r e s i d u a l s .   F o r   r a n g e   a n d   r a n g e  
r a t e ,   s u c h   e r r o r s   a r e  by f a r   t h e   d o m i n a n t   c o n t r i b u t o r   t o  
s y s t e m a t i c   r e s i d u a l s .   H o w e v e r ,   f o r   a z i m u t h   a n d   e l e v a t i o n  
measu remen t s   t he   b i a ses   on   t he   r e spec t ive   measu remen t s  
a r e   t h e   m o s t   s i g n i f i c a n t   c o n t r i b u t o r s   t o   r e s i d u a l   e f f e c t s .  

* Though p e r h a p s   n o t   o b v i o u s ,   t h e   p r e d o m i n a n t   p e r i o d i c i t i e s  
of a l l   g e o p o t e n t i a l   c o e f f i c i e n t s  i s  o n c e   p e r   r e v o l u t i o n  
( t o  which i s  added  an m times d a i l y  e f f e c t ,  where m i s  t h e  
o rde r   o f   t he   ha rmon ic ) .  The d i f f e r e n t   c o e f f i c i e n t s   h a v e  
wide ly   vary ing   phases ,   o f   course .  
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T h i s  e f f e c t  i s  c o n s i s t e n t   w i t h   t h e   a z i m u t h   a n d   e l e v a t i o n  
b i a s  e f f e c t s  on   t he   epoch   e l emen t s  as shown i n   T a b l e  7 .  
That  i s ,  t h e s e   m e a s u r e m e n t s   h a v e   a n   e s s e n t i a l l y   n e g l i g i b l e  
e f f e c t   o n   t h e   o r b i t .  ( A s  a c o r o l l a r y ,   t h i s  means t h a t   t h e  
az imuth   and   e l eva t ion   measu remen t s   had  l i t t l e  e f f e c t  on t h e  
s o l u t i o n .   T h i s  i s  t h e   c a s e   b e c a u s e   o f   t h e i r   l o w   w e i g h t s   i n  
t h e   s o l u t i o n   a n d   t h e  f a c t  t h a t   t h e   m u l t i p l e   p a s s   s o l u t i o n  
i s  p o s s i b l e   u s i n g   r a n g e   a n d / o r   r a n g e  r a t e  d a t a   a l o n e . )  
S i n c e   t h e   o r b i t   d o e s   n o t   s h i f t   t o   r e d u c e   t h e   a z i m u t h   o r  
e l e v a t i o n   b i a s e s ,   t h e   t o t a l   b i a s   r e m a i n s   i n   t h e   r e s i d u a l s .  

I t  w i l l  b e   n o t e d   t h a t  some o f   t h e   r a d a r   e r r o r   m o d e l  
t e r m s ,   e l e v a t i o n   d r o o p   a n d   m i s l e v e l ,   c a n  show up i n   t h e  
a z i m u t h   a n d   e l e v a t i o n   r e s i d u a l s .  A s  was t h e  case w i t h  
b i a s e s ,  we a g a i n   h a v e   t h e   e f f e c t   o n   t h e   m e a s u r e m e n t  
p r o p a g a t e d   d i r e c t l y   i n t o   t h e   r e s i d u a l   w i t h   p r a c t i c a l l y  
no e f f e c t   u p o n   t h e   o r b i t .  

4 . 2 . 3  C h a r a c t e r i s t i c s   o f   S i n g l e   S t a t i o n  Long Arc S o l u t i o n  ~~ 

From t h e   t a b l e s   a n d   g r a p h s  shown a b o v e ,   s e v e r a l  
d i s t i n g u i s h i n g   c h a r a c t e r i s t i c s  may b e   d e d u c e d   f o r   t h e  
long a rc  s o l u t i o n  as f o l l o w s :  

a .  The n o i s e   o n l y   v a r i a n c e   f o r   t h e   o r b i t  i s  much 
l o w e r   t h a n   t h e   s i n g l e   p a s s   s o l u t i o n .  I t  would 
a p p e a r   t h a t   t h e   v a r i a t i o n   d u r i n g  a r e v o l u t i o n  
would  have a minimum f o r   e a c h   t r a c k i n g   p a s s  
o f   s i g n i f i c a n t l y   g e o m e t r y ,   a l t h o u g h   n o t  a l l  
min ima   wou ld   be   expec ted   t o   occu r   du r ing  
t r a c k i n g   p e r i o d s .  

b .  The o r b i t  i s  d e t e r m i n e d   a l m o s t   c o m p l e t e l y  

( w i t h   t h e   w e i g h t s   u s e d )  by t h e   r a n g e   a n d  
r a n g e  r a t e  d a t a .  
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c. E r r o r s  i n   t h e   a z i m u t h  and e leva t ion   measure-  
ments w i l l  b e   s e e n   i n   t h e i r   r e s i d u a l s   i n  
a fo rm  d i s to r t ed   on ly  by a g e o p o t e n t i a l  
c o e f f i c i e n t   e r r o r  and the   (poss ib l e )   p re sence  
o f   s e v e r a l   d i f f e r e n t   e r r o r   s o u r c e s .  

d. By f a r   t h e   m o s t   s i g n i f i c a n t   s o u r c e   o f   o r b i t a l  
e r r o r   c o n s i s t s  of e r r o r s   i n   t h e   g e o p o t e n t i a l  
c o e f f i c i e n t s .  

e .   Large  t rended  range  and  range  ra te   res iduals  
can a r i s e   i n   m u l t i - p a s s   s o l u t i o n s  from  geo- 
p o t e n t i a l   c o e f f i c i e n t   e r r o r s .  

4 1  



SECTION 5.0 

UNMODELED ERROR EFFECTS ON SELECTED 
MULTIPLE STATION SOLUTIONS 

5.1 SHORT ARC MULTI-STATION 

The pass selected for the unmodeled error analysis 
was identical to  the high elevation, single station solu- 
tion  presented in Section 4.0 (collocation test 89). The 
following AN/FPQ-6 radars were utilized for the multiple 
station solution: Patrick AFB, Wallops Island, Bermuda 
and  Antigua. The pass configuration in respect to each 
station has fairly well represented a high elevation 
geometry from Wallops and Bermuda, and a low elevation 
geometry from Antigua and Patrick. The short arc case 
was investigated to determine the effects of unmodeled 
errors in  the measurement residuals and orbit prediction 
accuracy attainable from multiple stations. 

For multiple station data reduction analysis, it 
is reasonable to  expect  any systematic errors to be 
uncorrelated between the  stations.  This assumption is 
similarly applied  to multiple station error analysis 
studies. Thus, the results obtained from each station 
are completely independent of the  other stations. Stan- 
dard measurements included range, azimuth and elevation 
data from all stations with the addition of rate data 
from  the  Wallops  radar. 
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5.1.1 " Orbit   Accuracy 

The m u l t i p l e   s t a t i o n   e r r o r   e s t i m a t e s   i n   t h e  HCL 
c o o r d i n a t e   s y s t e m   a r e   p r e s e n t e d   i n   T a b l e  8.  A comparison 
w i t h   t h e   s i n g l e   s t a t i o n   s o l u t i o n  shows a decrease   due   to  
t h e   e f f e c t s   o f   t h e   f o l l o w i n g  unmodeled e r r o r s  o n   t h e   o r b i t :  
r a n g e - r a t e   b i a s ,   a z i m u t h   a n d   e l e v a t i o n   b i a s ,   r e f r a c t i o n  
and   geopo ten t i a l   e r ro r s .  The l o c a l   s u r v e y ,   c e n t e r  of  
mass coord ina te s ,   and   r ange   b i a s   were   r e l a t ive ly   una f fec t ed .  
The l a r g e s t  i m p r o v e m e n t   o v e r   t h e   s i n g l e   s t a t i o n   s o l u t i o n  
was t h e   a n g l e   b i a s  and r e f r a c t i o n   e r r o r s .   I n   a d d i t i o n ,  
t h e   t o t a l  measurement   noise   on  the  orbi t  i s  l e s s   t h a n  3 . 0  
meters ,   an   improvement   over   the   s ing le   s ta t ion  by a f a c t o r  
of  t e n   f o r   t h e  same a r c .  

F igure  11 p r e s e n t s   t h e   t o t a l  rss  o r b i t   a c c u r a c y   f o r  
one r evo lu t ion   pas t   epoch .   Dur ing   t he   da t a   span   t he   o rb i t  
accuracy   due   to   no ise  i s  2 . 1  meters  and  due t o   n o i s e   p l u s  
unmodeled e r r o r s  i s  4 2  me te r s ;  i f  no measurements  were 
a v a i l a b l e  on the   nex t   consecu t ive   t r ack ing   pe r iod   t he  
o r b i t   a c c u r a c i e s  would  be 44  and 5 0 0  m e t e r s ,   r e s p e c t i v e l y .  
The l a c k  o f  a deep   var iance  minimum on the  subsequent  
r e v o l u t i o n   f o r   m u l t i p l e   r a d a r s  i s  due t o   t h e   r e l a t i v e l y  
poor   geometry  between  the  four   s ta t ions  (see  Figure 2 ) .  
From t h i s   a n a l y s i s ,  i t  i s  c l e a r   t h a t   t h e   m u l t i p l e   r a d a r  
s o l u t i o n  i s  a b o u t   t e n   t i m e s   b e t t e r   t h a n   t h e   s i n g l e   r a d a r  
s o l u t i o n   a t  most   t ime  points .  

5 . 1 . 2  Res idua ls  

F i g u r e 1 2   i l l u s t r a t e s   t h e   m a j o r  unmodeled e r r o r  
e f f e c t s  on  the  measurement   res iduals .  I t  i s  i n t e r e s t i n g  
t o   i n v e s t i g a t e   w h e t h e r   t h e   r e d u c t i o n   i n   t h e   o r b i t   e r r o r  
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DELTA H 
(METERS) 

1 . 5 1  
0 . 8 4  

- 3 . 0 6  
- 4 . 0 2  
- 0 . 0 6  

0 . 4 3  
- 0 . 7 5  

2 . o o  
- 0 . 4 6  

1 . 0 2  
- 0 . 3 2  

1 . 2 3  
- 0 . 0 1  
- 4 . 2 6  

3 . 5 1  
2 . 2 8  
0 . 0 2  
0 . 9 4  

- 0 . 3 1  

TABLE 8 
MULTI-STATION  SHORT'   ARC  SOLUTION  (TEST 8 9 )  

ESTIMATED  HCL  ERROR ON EPOCH  ELEMENTS DUE TO UNMODELED  PARAMETERS 
DELTA C DELTA L DELTA HDOT DELTA CDOT  DELTA  LDOT 
(METERS)  (METERS)  (CM/SEC)  (CM/SEC)  (CM/SEC) 

2 . 4 1  
1 . 3 0  
1 . 2 0  

- 4 . 2 3  
3 . 4 6  
3 . 2 9  

- 1 . 4 1  
3 . 1 6  
0 . 2 7  
0 . 2 0  

- 0 . 8 2  
1 . 4 7  

- 0 . 9 1  
1 . 8 5  

- 0 . 9 5  
- 1 . 2 4  

5 . 3 1  
6 . 3 6  

- 5 . 6 1  

1 . 6 4  
6 . 0 4  

- 5 . 6 0  
-1 .83  

0 . 7 4  
- 1 . 1 0  
- 0 . 9 4  

3 . 1 7  
- 1 . 3 6  

1 . 3 2  

0 . 2 2  
1 . 5 1  
0 . 5 3  

- 7 . 6 6  
6 . 8 0  
3 . 8 4  
0 . 9 4  
1 . 9 9  

-1 * 1 5  

0 . 6 9  
- 1 . 6 2  

1 . 8 2  
0 . 3 3  
0 . 1 1  
0 . 0 9  
0 . 3 0  

- 1 . 2 9  
0 . 3 3  

- 1 . 0 5  
- 0 . 0 4  
- 0 . 8 1  
- 0 . 4 1  

2 . 5 3  
- 2 . 1 1  
- 1 . 3 4  

0 . 0 8  
- 0 . 6 3  

0 . 1 5  

0 . 7 6  
0 . 0 3  
0 . 1 0  

- 1 . 2 1  
0 . 9 2  

- 1 . 5 2  
0 . 2 1  

- 1 . 5 7  
- 0 . 4 3  
- 0 . 7 7  

0 . 1 1  
- 0 . 4 2  
- 0 . 2 0  

0 . 0 6  
- 0 . 3 0  

0 . 1 0  
1 . 1 9  

- 3 . 2 8  
0 . 1 0  

0 . 2 6  
- 0 . 9 1  

0 . 6 0  
- 0 . 2 5  
- 0 . 0 2  
- 0 . 1 3  

0 . 1 1  
- 0 . 5 2  

0 . 0 6  
- 0 . 1 8  

- 0 . 0 1  
- 0 . 1 5  
- 0 . 0 6  

0 . 8 2  
- 0 . 7 5  
- 0 . 4 0  

0 . 0 0  

- 0 . 4 3  
0 . 1 0  

UNADJUSTED 
PARAMETER 

NO I S E  
WAL R B I A S  
ANT R B I A S  
PAT R B I A S  
BER R B I A S  
WAL A B I A S  
ANT A B I A S  
PAT A B I A S  
BER A B I A S  
WAL E B I A S  

ANT E B I A S  
PAT E B I A S  
BER E B I A S  
ANTIGA X 
ANTIGA Y 
ANTIGA Z 
BERMDA X 
BERMDA Y 
BERMDA Z 



TABLE 8 ( c o n t  .) 

DELTA H 
(METERS) 

- 0 . 8 8  
- 0 . 3 9  

0 . 5 3  
- 0 . 4 9  
- 0 . 2 5  

0 . 5 7  
- 1 . 3 7  

0 . 9 5  
- 0 . 2 5  

1 . 6 8  
- 1 . 4 2  
- 2 . 5 0  

3 . 0 7  
- 2 . 5 7  

8 . 7 4  
- 4 . 6 4  

1 8 . 2 6  
- 7 . 7 2  

1 . 0 8  
- 0 . 1 0  
24 .42  

DELTA  C 
(METERS) 

- 1 . 8 9  
- 0 . 3 9  

0 . 1 2  
- 0 . 7 1  
- 0 . 8 8  
- 0 . 9 9  

0 . 4 4  
2 . 0 7  

- 1 . 2 7  
0 . 0 6  
3 . 7 7  

- 2 . 6 0  
5 . 1 2  

- 5 . 9 9  
1 1 . 6 5  

- 1 7 . 3 5  

- 6 . 9 3  
- 5 . 4 3  

1 . 4 2  

. - 0 . 0 1  
27 .97  

DELTA  L 
(METERS) 

- 2 . 0 8  
- 1 . 3 5  

0 . 8 2  
- 0 . 7 0  
- 0 . 5 3  
- 0 . 5 7  
- 2 . 5 9  
- 0 . 0 0  
- 0 . 4 6  

3 . 0 8  
3 . 3 7  

- 7 . 4 8  
0 . 8 9  
0 . 1 5  
4 . 1 9  
7 . 0 6  

- 4 . 4 4  
- 1 7 . 7 4  

1 . 4 3  

- 0 . 1 3  
26 .74  

DELTA HDOT DELTA CDOT 
(CM/SEC) (CM/SEC) 

0 . 7 8  
0 . 3 7  

- 0 . 2 3  
0 . 4 5  
0 . 2 5  

- 0 . 0 6  
0 . 8 2  

- 0 . 6 1  
0 . 1 8  

- 1 . 5 5  
- 0 . 4 6  

3 . 3 9  
- 1 . 1 0  

1 . 8 7  
- 1 . 8 4  

0 . 0 3  
- 0 . 3 4  

0 . 4 6  
- 1 . 0 7  

0 . 1 2  
6 . 9 4  

0 . 6 6  
0 . 2 1  

- 0 . 0 6  
0 . 5 8  

- 0 . 1 2  

0 . 4 1  
0 . 0 9  

- 1 . 4 8  
0 . 9 7  
0 . 3 5  

- 1 . 4 2  
0 . 4 1  

- 1 . 9 3  
4 . 7 1  

- 0 . 5 2  
- 0 . 5 8  

0 . 0 4  
- 0 . 1 1  
- 1 . 1 2  
- 0 . 0 1  

7 . 4 4  

DELTA  LDOT 
(CM/SEC) 

0 . 1 4  
0 . 2 6  

- 0 . 0 9  
0 . 1 9  
0 . 0 6  

- 0 . 0 8  
0 . 2 8  

- 0 . 3 2  
0 . 1 2  

- 0 . 5 1  
0 . 1 2  
0 . 7 3  

- 0 . 4 5  
1 . 0 1  

- 0 . 3 2  
0 . 3 0  

- 0 . 6 2  
- 0 . 2 8  
- 0 . 6 3  

0 . 0 7  
2 .59  

UNADJUSTED 
PARAMETER 

WAL RR B I A S  
WALLPS  REF 
ANTIGA  REF 
PATRIK  REF 
BERMDA REF 
WALLPS  TIM 
ANTIGA  TIM 
PATRIK  TIM 
BERMDA T I M  
WALLPS X 
WALLPS Y 
WALLPS Z 
PATRIK X 
PATRIK Y 
PATRIK Z 
C.O.M. X 
C.O.M. Y 
C.O.M. Z 
NWL-SA0 GRAV 
GRAV COEF 
TOTAL  ERROR 
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46 



- WALLOPS Y 

WALLOPS Z 

/-- 

- "- - - - - RANGE B I A S  ' WALLOPS X 

R R A T E   B I A S  

REFRACTION 

PCA (E = 5 1 O )  

I 

~- 
E L E V A T I O N   B I A S  

C O L L O C A T I O N   T E S T  R 9  

A Z I M U T H   B I A S  

1 1 1 1   1 1 1  I I  I ,  

4 6 R 
1 1 ,  I , ,  I ,  I 

I n  1 2  1 4  I h  1 A  
F I G U R E  12 T I M E  FKOM  EPOCH  (MINUTES, 
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for the  multiple  station  solution  was  transformed  into 
the  measurement residuals. Figure 1 2  clearly  shows  that 
the  azimuth  and  elevation  bias  errors  were  almost  totally 
absorbed by the residuals.  This  was not the  case for  the 
single  station  solution  where the angle  bias  errors were 
almost  totally  absorbed by the orbit. Thus,  for  multiple 
radar  short  arc  solutions,  the  orbit  does  not  act  as  a 
filter and absorb  systematic  errors  in the tracking sys- 
tem as was the case  for  single  radar  short  arcs;  in the 
former  case, the geometry  between the stations  helps  to 
improve the overall  minimum  variance  solution and dis- 
tributes  the  systematic errors appropriately. 

5.1.3 Characteristics . ~ of  Short ~ Arc .. Solution - -~ 

From the  analysis  conducted on a  typical  short  arc 
multi-station  solution, the  following  characteristics 
were  observed: 

A. Angle  biases  are  completely  absorbed by the 
measurement  residuals. 

B. Geopotential,  timing and hardware errors 
were  relatively insignificant. 

c. Refraction  errors  are  nearly  all  absorbed by 
the  elevation  residuals. 

D. The  multiple  radar  solution is approximately 
ten  times  better  than  the  single  radar solu- 
t ion. 



5 .2  LONG ARC MULTIPLE STATION 

We now c o n s i d e r   t h e   r e d u c e d   d a t a   c h a r a c t e r i s t i c s  
f o r   t r a c k i n g   b y   t h e  same s t a t i o n   c o n f i g u r a t i o n   d i s c u s s e d  
i n   t h e   p r e v i o u s   s e c t i o n ,   b u t   w i t h   t r a c k i n g   o v e r  a p e r i o d  
o f  2 days  as i n d i c a t e d   i n   T a b l e  9 .  T h e s e   p a s s e s   c o r r e s -  
pond t o   c o l l o c a t i o n  t e s t  numbers 8 4 ,  8 8 ,  and 91 .  
R e f e r e n c e   t o   F i g u r e  2 shows t h a t   t h e   p a s s   g e o m e t r y  was 
s i m i l a r   o n   t h e  f i r s t  a n d   t h i r d   p a s s ,   b u t   q u i t e   d i f f e r e n t  
( i . e . ,   t h e   o p p o s i t e   s i d e   o f   t h e   o r b i t )   o n   t h e   s e c o n d   p a s s .  

The  unmodeled e r r o r  s e t  we c o n s i d e r   t o   b e   t h e  same 
a s   f o r   t h e   s h o r t  arc  c a s e ,   w i t h  a l l  measurement   biases  
t h e  same f o r   t h e   d u r a t i o n  o f  t h e   c o m p l e t e   t r a c k i n g   p e r i o d .  
Th i s  i s ,  o f  c o u r s e ,   a n   a p p r o x i m a t i o n   s i n c e   t h e   c o r r e l a -  
t i o n   o f   r a d a r   b i a s e s   f r o m   o n e   p a s s   t o   t h e   n e x t  w i l l  be 
less  t h a n   p e r f e c t .   I n  terms of t o t a l   o r b i t a l   e r r o r  com- 
pu ta t ion ,   however ,   t he   a s sumpt ion  made i s  t h e   p e s s i m i s t i c  
one  and i s  c o n s i s t e n t   w i t h   t h e   g e n e r a l   a p p r o a c h   i n   t h i s  
r e p o r t   o f   c o n s i d e r i n g   u p p e r  limits f o r   v a r i o u s   e r r o r  
s o u r c e s .  

5 . 2 . 1   O r b i t a l   A c c u r a c y  

The s t a n d a r d   d e v i a t i o n s   o f   t h e   o r b i t a l   e l e m e n t s  
due   t o   measu remen t   no i se   a lone   a r e  shown i n   t h e  f i r s t  row 
of   Table  1 0 .  Again we n o t e   t h e   n o i s e   o n l y   s i g m a s   t o   b e  
c o n s i d e r a b l y   r e d u c e d   f r o m   t h o s e   f o r   t h e   s i n g l e   p a s s  
s o l u t i o n .  A b reakdown  o f   t he   unmode led   e r ro r   e f f ec t s  on 
t h e   e p o c h   e l e m e n t s  i s  a l s o  shown i n   T a b l e  1 0 .  The l a s t  
row i n   t h e   t a b l e   g i v e s   t h e   t o t a l   s t a n d a r d   d e v i a t i o n s  
inc luding   bo th   modeled   and   unmodeled   e f fec ts .  As was 
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PASS 1 PASS 2 PASS 3 

Tracking  Time Track ing  Time Tracking  Time 
(minutes   f rom Max. E l .  (minutes   f rom Max. E l .  (minutes   f rom Max. E l .  

S ta t ion   epoch)   (degrees)   epoch)   (degrees)   epoch)   (degrees)  

W a l l o p s  0 . 0  - 1 4 . 2 5   2 6 . 6   1 8 7 9 . 7 5 - 1 8 9 7 . 2 5   3 3 . 5   2 8 0 6 . 5   - 2 8 2 5 . 5   6 5 . 9  

Ant igua  1 8 7 8 .   - 1 8 8 9 . 2 5   3 1 . 5   2 8 1 4 . 7 5 - 2 8 2 5 .  1 1 . 2  

P a t r i c k  AFB 1 . 7 5 - 1 6 . 7 5  2 1 . 1  1 8 8 0 . 5   - 1 8 9 3 . 2 5   1 5 . 4   2 8 1 0 .   - 2 8 2 8 . 7 5   6 3 . 7  

Bermuda 0 . 5  - 1 0 . 2 5   1 0 . 0   1 8 7 8 .   - 1 8 9 4 . 7 5   4 6 . 4   2 8 0 7 . 7 5 - 2 8 2 4 . 5   3 0 . 4  

UI 
0 I 

TABLE 9 
TRACKING ON MULTI-STATION LONG ARC 



DELTA H 
(METERS) 

0 .37  
-0 .24  

0 .26  
- 0 . 3 5  

0 . 6 6  
0 . 0 6  

- 0 . 0 7  
I” - 0 . 2 0  

0 . 0 6  

Ln 

- 0 . 4 9  
0 . 0 1  

- 0 . 6 7  
- 0 . 2 2  

0 . 1 9  
0 . 0 3  

- 0 . 1 9  
- 0 . 1 5  

0 . 5 6  
- 0 . 5 1  

- 0 . 0 8  

TABLE 10 
MULTIPLE  STATION TWO DAY  LONG  ARC  SOLUTION 

ESTIMATED HCL ERROR  ON  EPOCH ELEMENTS DUE TO UNMODELED PARAMETERS 
DELTA C DELTA L DELTA HDOT DELTA CDOT DELTA LDOT 
(METERS)  (METERS)  (CM/SEC)  (CM/SEC)  (CM/SEC) 

0 . 6 3  
- 3 . 2 5  

- 1 . 6 8  
- 2 . 8 0  
- 4 . 1 5  

0 . 0 4  
- 0 . 0 3  

0.34 
- 0 . 0 9  

0 . 8 3  
0 . 1 1  
0 . 7 8  
0 . 5 3  

-1 .32 
1 . 6 0  
0 . 8 2  

- 2  * 35 
2 . 9 4  
2 .66  
0 . 0 3  

1 . 0 4  
- 2 . 3 1  

0 . 0 1  

- 0 . 8 4  
0 . 0 7  
1 . 0 8  

- 0 . 2 7  
0 . 7 4  
0 . 4 9  

- 0 . 0 6  
0 . 2 0  

- 0 . 4 9  
0 . 2 0  
0 . 3 1  
0 . 1 3  

- 0 . 0 0  
- 0 . 3 8  
- 0 . 5 8  

0 . 0 3  
- 2 . 2 4  

0 . 0 9  
0 . 0 1  
0 . 1 5  

- 0 . 0 9  
0 . 1 2  

- 0 . 0 6  
- 0 . 0 3  

- 0 . 0 8  
- 0 . 0 4  
- 0 . 0 6  

0 . 0 0  

- 0 . 0 7  
- 0 . 0 2  

- 0 . 0 3  

- 0 . 2 3  
- 0 . 0 9  

0 . 0 3  
- 0 . 2 2  
- 0 . 1 1  

0 . 1 6  

0 . 0 9  
0 . 3 6  

- 0 . 0 6  
0 . 2 7  
0 . 0 3  

- 0 . 0 5  
0 . 0 6  

- 0 . 0 1  
0 . 0 0  
0 . 0 2  

- 0 . 0 3  
0 . 0 9  

- 0 . 0 3  
- 0 . 2 2  

0 . 1 0  

- 0 . 0 1  
- 0 . 2 2  

0 . 1 8  
- 0 . 0 5  

0 . 0 2  

0 . 0 3  
0 . 0 2  

- 0 . 0 2  
0 . 0 3  

- 0 . 0 6  
- 0 . 0 1  

0 . 0 1  
0 . 0 2  

- 0 . 0 1  
0 . 0 4  

- 0 . 0 0  
0 . 0 5  
0 . 0 2  

- 0 . 0 2  
- 0 . 0 1  

0 . 0 2  
0 . 0 1  

- 0  .os 
0 . 0 4  
0 . 0 1  

UNADJUSTED 
PARAMETER 

NOISE 
WAL R BIAS 
ANT R BIAS 
PAT R BIAS 
BER R BIAS 
WAL A BIAS 
ANT A BIAS 
PAT A BIAS 
BER .A BIAS 
WAL E BIAS 
ANT E BIAS 
PAT E BIAS 
BER E BIAS 
ANTIGA X 
ANTIGA Y 
ANTIGA Z 
BERMDA X 
BERMDA Y 
BERMDA Z 
WAL RR BIAS 



TABLE 10 (CONT. ) 

DELTA H 
(METERS) 

0 . 0 2  
0 . 0 2  
0 . 1 1  
0 . 0 5  

- 0 . 1 9  
- 0 . 0 3  

0 . 5 7  
- 0 . 3 2  

- 0 . 8 2  
Ul w 1 . 8 4  

1 . 2 0  
0 . 6 6  
2 . 2 5  

1 . 0 8  
1 . 1 4  

- 2 . 0 6  
- 9 . 7 2  

6 6 . 3 5  
2 . 2 9  

6 7 . 2 5  

DELTA C 
(METERS) 

0 . 3 7  
0 . 3 0  
0 . 4 4  
0 . 6 0  
0 . 0 1  
0 . 0 2  

- 0 . 5 8  
0 . 4 8  

- 0 . 1 5  
0 . 5 8  
1 . 8 3  

- 1 . 0 0  

0 . 7 0  
0 . 9 3  
7 . 2 7  

8 . 5 0  
- 1 6 . 6 4  
- 4 2 . 2 7  

- 3 . 5 5  
4 7 . 7 0  

DELTA L 
(METERS) 

0 . 4 3  
0 . 0 2  
0 . 1 1  

- 0 . 0 3  
- 2 . 2 1  

0 . 0 8  

- 1 . 0 3  
- 0 . 4 2  
- 4 . 5 9  
- 2 . 5 8  

2 . 3 0  
0 . 2 7  

- 1 . 8 0  
1 . 5 3  
5 . 8 1  

1 3 . 6 7  
3 . 6 4  

2 5 . 6 9  

- 1 . 3 5  
3 0 . 9 1  

DELTA HDOT 
(CM/ SEC) 

- 0 . 0 2  
- 0 . 0 2  

0 . 0 2  
0 . 0 0  
0 . 1 1  
0 . 0 4  

0 . 1 4  
0 . 0 4  

0 . 2 0  
0 . 1 0  
0 . 1 5  
0 . 1 5  

0 . 3 8  
0 . 1 7  

- 0 . 7 3  
- 0 . 0 9  
- 0 . 2 0  

- 1 2 . 5 1  
- 0 . 0 0  

1 2 . 5 6  

DELTA CDOT 
(CM/ SEC) 

- 0 . 0 4  
0 . 0 2  

- 0 . 0 6  
- 0 . 0 1  

0 . 0 7  
- 0 . 0 3  

- 0 . 0 3  
- 0 . 0 3  
- 0 . 1 2  

0 . 0 4  

- 0 . 4 4  
- 0 . 5 5  
- 0 . 3 3  
- 0 . 2 8  

2 . 4 8  
- 0 . 5 9  

0 . 9 0  
1 4 . 7 0  

0 . 2 7  
1 4 . 9 9  

DELTA LDOT 
(CM/SEC) 

-0.00 
0 . 0 0  

- 0 . 0 1  

- 0 . 0 0  
0 . 0 2  
0 . 0 0  

- 0 . 0 5  
0 . 0 3  
0 . 0 8  

- 0 . 1 7  
- 0 . 1 1  
- 0 . 0 6  

- 0 . 2 0  
- 0 . 1 0  
- 0 . 1 1  

0 . 1 0  
0 . 8 8  

- 4 . 9 0  
0 . 3 0  
5 . 0 0  

UNADJUSTED 
PARAMETER 

WALLPS REF 
ANTIGA REF 
PATRIK REF 
BERMDA REF 
WALLPS TIM 
ANTIGA TIM 
PATRIK  TIM 
BERMDA TIM 
WALLPS X 
WALLPS Y 
WALLPS Z 
PATRIK X 
PATRIK Y 
PATRIK Z 
C.O.M. X 
C.O.M. Y 
C.O.M. Z 
NWL-SA0 GRAV 
GRAV COEF 
TOTAL ERROR 



t h e   c a s e   w i t h   t h e   s i n g l e   s t a t i o n   l o n g   a r c   s o l u t i o n ,   t h e  
d o m i n a n t   e r r o r   s o u r c e  i s  g e o p o t e n t i a l   c o e f f i c i e n t   e r r o r s .  
T h e   o n l y   o t h e r   r e a l l y   s i g n i f i c a n t   e r r o r s   a r e   d u e   t o  
c e n t e r   o f  mass e r r o r s .  The o v e r a l l   o r b i t a l   a c c u r a c y ,  
b o t h   t o t a l   a n d   n o i s e   o n l y ,  i s  shown i n   F i g u r e   1 3  as a 
f u n c t i o n   o f  time f o r   s l i g h t l y  more   than   one   revolu t ion .  
I n   c o n t r a s t   t o   t h e   s i n g l e   s t a t i o n   s o l u t i o n ,   t h e   n o i s e  
o n l y   v a r i a n c e   h a s   b u t  a s i n g l e   c y c l e   d u r i n g  a r e v o l u t i o n ,  
i n   s p i t e   o f   t h e  f ac t  t h a t   t h e   o r b i t   d e t e r m i n a t i o n   i n c l u d e s  
d a t a   o n   b o t h   s i d e s   o f   t h e   o r b i t .  The   mos t   l i ke ly   exp lana -  
t i o n   f o r   t h i s   b e h a v i o r  i s  t h a t   t h e  more   sp read   ou t   t r ack -  
i n g   c o n f i g u r a t i o n   o b s e r v e s  a s u f f i c i e n t l y   l a r g e   p o r t i o n  
o f   t h e   o r b i t   a n d  f r o m  s u f f i c i e n t l y   d i f f e r e n t   a s p e c t  
a n g l e s   t h a t   s h a r p   v a r i a t i o n s   i n   t h e   o r b i t a l   a c c u r a c y  
d u r i n g  a r e v o l u t i o n   a r e   p r e c l u d e d .  I t  w i l l  be   no ted   t ha t  
a minimum o r b i t a l   e r r o r   o c c u r s   p r i o r   t o   r a t h e r   t h a n   d u r i n g  
t h e  f i r s t  p a s s ,  no d o u b t   a n   i n f l u e n c e   o f   t h e   o t h e r  two 
p a s s e s .  

The t i m e   b e h a v i o r   o f   t h e   t o t a l   o r b i t a l   a c c u r a c y  i s ,  
o f   c o u r s e ,   n o t   f u l l y   d e p i c t e d  by  one  revolution.  However,  
t h e   b a s i c   p a t t e r n   o f   b e h a v i o r  i s  q u i t e   s i m i l a r  t o  t h a t  
f o r   t h e   s i n g l e   s t a t i o n   s o l u t i o n .  The o r b i t a l   e r r o r  i s  
d u e   a l m o s t   e n t i r e l y   t o   g e o p o t e n t i a l   c o e f f i c i e n t   e r r o r s ,  
each  component o f  which i s  a n e a r   s i n u s o i d   w i t h   t h e   p e r i o d  
o f   t h e   o r b i t .   C o n v e r t i n g   t h e   c o m p o n e n t s   i n t o   a n  rss  e r r o r  
e f f e c t i v e l y   d o u b l e s   t h e   f r e q u e n c y ,  The time va ry ing  
p h a s e s   p r o d u c e   i n t e r f e r e n c e   p a t t e r n s   w h i c h   s h o u l d   v a r y  
somewhat i r r e g u l a r l y   d u r i n g   t h e   d a y ,   b u t   s h o u l d   r e p e a t  
t h e m s e l v e s   a f t e r  a day.  
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5 . 2 . 2  R e s i d u a l s  

R e s i d u a l   c o m p u t a t i o n s   f o r   t h e   m o s t   s i g n i f i c a n t  
e f f ec t s  on   t he   Wal lops   r ada r   measu remen t s   fo r  a l l  t h r e e  
p a s s e s   a r e  shown i n   F i g u r e  1 4 .  As e x p e c t e d ,   t h e   g e o p o t e n -  
t i a l  c o e f f i c i e n t   e r r o r s   p r o d u c e   o n e   o f   t h e   d o m i n a n t  
e f f ec t s .  B u t   v a r i o u s   o t h e r   e r r o r s ,   p a r t i c u l a r l y   b i a s e s ,  
a r e   q u i t e   e v i d e n t .   F o r   t h e   a n g l e s ,   o n l y   t h e   b i a s e s   a n d  
r e f r a c t i o n   p r o d u c e   s i g n i f i c a n t  e f f ec t s .  Cen te r   o f  mass 
e r r o r s ,   a l t h o u g h   n o t i c e a b l e   i n   t h e   o r b i t a l   e l e m e n t s ,   c a n -  
n o t   b e   s e e n   i n   t h e   r e s i d u a l s .  

5 . 2 . 3  C h a r a c t e r i s t i c s  o f  Long Arc M u l t i - S t a t i o n   S o l u t i o n s  

The f a c t   t h a t   b i a s e s   i n   m e a s u r e m e n t s   l o o k   l i k e  
b i a s e s   i n   t h e   r e s i d u a l s   i n d i c a t e s   t h a t   t h e   o r b i t   h a s  a 
l i m i t e d   a b i l i t y   t o   a b s o r b   s y s t e m a t i c   e r r o r s   f r o m   t h e  
number o f   s t a t i o n s   a n d   m e a s u r e m e n t s   u s e d   i n   t h e   s o l u t i o n  
c o n s i d e r e d   h e r e .  The  same t r e n d  was e v i d e n t   i n   b o t h   t h e  
s i n g l e   s t a t i o n   l o n g  arc  a n d   t h e   m u l t i - s t a t i o n   s h o r t   a r c .  

G e o p o t e n t i a l   c o e f f i c i e n t   e r r o r s   l e a d   t o   t r e n d e d  
e f f e c t s   i n   a l l   r e s i d u a l s ,   a n d   a r e   t h e   d o m i n a n t   c o n t r i b u -  
t o r s   t o   r a n g e   r e s i d u a l s   o n l y .   F o r   t h e   o t h e r   m e a s u r e m e n t s ,  
t h e   b i a s   e r r o r s   a r e   c o m p a r a b l e   t o   o r  much g r e a t e r   t h a n   t h e  
g e o p o t e n t i a l   e r r o r  e f f ec t s .  
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SECTION 6.0 
PROBLEMS I N  ERROR MODEL RECOVERY 

6 . 1  GENERAL 

I n   S e c t i o n s  3 , 4 ,  and 5 ,  w e  have  acknowledged  the 
e x i s t e n c e   o f   c e r t a i n   s y s t e m a t i c   e r r o r s   i n   t h e  FPQ-6 r a d a r  
measurements  and we have  found  that  when s u c h   e r r o r s   a r e  
i g n o r e d ,   s i g n i f i c a n t   o r b i t a l   e r r o r s   r e s u l t .   S i n c e  it has  
been   imp l i c i t l y   a s sumed   t ha t   e r ro r  model e x p r e s s i o n s   e x i s t  
fo r   such   sys t ema t i c   e f f ec t s   (w i th   t he   excep t ion   o f   geopo-  
t e n t i a l   c o e f f i c i e n t   e r r o r s ) ,  we  now wish   t o   cons ide r   t he  
c a p a b i l i t i e s   o f   t h e   d a t a   r e d u c t i o n   p r o c e s s   f o r   r e c o v e r i n g  
some o f   t h e   e r r o r  model c o e f f i c i e n t s .   I n   t h i s   s e c t i o n ,  
we w i l l  examine  the  error  model r e c o v e r y   c a p a b i l i t i e s  from 
two w i d e l y   d i f f e r e n t   t y p e s   o f   a r c s :  a s i n g l e   s t a t i o n ,   s i n g l e  
p a s s   s h o r t   a r c ,  and a 4 8  hour   a r c   w i th  3 passes   over  a n e t -  
work of 4 t r a c k i n g   s t a t i o n s .  We might   expec t   d i f fe ren t   answers  
b e c a u s e   o f   t h e   d i f f e r e n t   c h a r a c t e r i s t i c s   o f   t h e  two a r c s .  

6 . 2  SHORT ARC RECOVERY 

A range ,   az imuth   and   e leva t ion   b ias   recovery  was 
per formed  on   the   Wal lops   s ing le   pass   so lu t ion   for   co l loca t ion  
t e s t  89.  The minimum v a r i a n c e   s o l u t i o n   f o r   t h i s   c a s e  now 
s o l v e s   f o r  ." bo th   t he   epoch   o rb i t a l   e l emen t s  and t h e   t h r e e  
measurement  biases  simultaneously.  

6 . 2 . 1  Orbit   Accuarcy 

The e r r o r   e s t i m a t e s   f o r   t h e   o r b i t a l   e l e m e n t s   i n   t h e  
HCL c o o r d i n a t e   s y s t e m   a r e   p r e s e n t e d   i n   T a b l e  11, i nc lud ing  
the   e f f ec t s   o f   each   unad jus t ed   pa rame te r .  Comparing t h e s e  
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DELTA H 
(METERS) 

1 4 . 7 8  
- 1 5 . 4 8  

- 0 . 3 8  
- 0 . 2 9  
- 9 . 0 4  
- 3 . 1 5  

0) 1 6 . 6 6  
- 1 1 . 0 5  

UI 

3 0 . 8 1  

TABLE 11 
SINGLE  STATION  SHORT ARC WITH  BIAS  RECOVERY  (TEST 8 9 )  

ESTIMATED  HCL  ERROR ON EPOCH  ELEMENTS DUE TO  UNMODELED  PARAMETERS 
DELTA C DELTA L DELTA HDOT DELTA CDOT DELTA LDOT 
(METERS)  (METERS)  (CM/  SEC)  (CM/SEC)  (CM/SEC) 

4 3 3 . 6 5  
- 7 7 . 7 3  

1 7 . 2 5  
-1 0 34  

- 3 2 3 . 2 5  
- 6 . 2 6  

- 1 4 . 6 2  
- 1 5 . 9 1  
5 4 7 . 1 6  

1 3 0 . 8 7  
1 . 2 6  

- 4 . 8 8  
0 . 1 0  

7 5 . 4 7  
5 . 6 0  

- 4 . 1 0  
- 1 8 . 2 6  
1 5 2 . 4 1  

1 7 . 2 1  
4 . 4 9  

- 0 . 0 9  
0 . 1 4  

- 8 . 4 4  
- 0 . 2 1  

0 . 0 4  
1 . 4 1  

1 9 . 7 4  

1 4 2 . 0 2  
2 5 . 6 8  
- 6 . 2 9  

0 . 4 0  
9 4 . 6 9  
- 4 . 2 8  

2 . 7 3  
3 . 2 7  

1 7 2 . 8 4  

7 . 1 7  
3 . 2 3  

. o .  7 3  
0 . 1 1  
5 . 8 8  
0 . 0 6  
.O. 30 
0 . 2 4  
9 . 8 5  

UNADJUSTED 
PARAMETER 

N O I S E  
R R T E   B I A S  
NWL-SA0 GRAV 
GRAV COEF 
REFRACTION 
C.O.M. X 
C.O.M.  Y 
C.O.M. Z 
TOTAL  ERROR 



results with those for the short arc unadjusted solution, 
we  see that not only are the noise only sigmas much larger, 
but the individual unmodeled error effects are considerably 
larger also. (not shown are the correlation coefficients 
between the orbital elements, which are also larger for 
the adjusted parameter case.) In particular, the measurement 
noise effects on the epoch  elements for the  bias recovery 
solution are more than an order of magnitude greater than 
they are  for the unadjusted parameter solution. All these 
factors indicate that an attempt to recover measurement 
biases on a short arc pass  leads  to a near singular solution. 

Table 1 2  presents the results of the instrumentation 
bias adjustment for a single radar short arc solution. 
These results demonstrate the futility o f  short arc  bias 
recovery solutions using a single radar. The simulation 
results indicate that if data is utilized from only a 
single pass, the potential for recovery of instrumentation 
biases is quite good in elevation, but  poor in azimuth, 
and extremely poor in range. Thus, had we attempted  to 
adjust only  the  bias in elevation, we may have obtained a 
better orbital solution and a fairly good elevation bias 
adjustment. It is apparent that  as more parameters are 
adjusted, the solution becomes more sensitive to  the 
effects of unadjusted errors. 

The total orbital accuracy  during  the data period 
is presented in Figure 15 and should be compared with 
Figure 3which shows the rss orbital accuracy for the same 
solution except with  no parameter adjustments. The orbital 
accuracy for the former solution is also shown for one 
revolution past epoch. During this error propagation, it 
is clear that the measurement noise in the orbit is larger 
than in the unadjusted short arc solution by  at least a 
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TABLE 1 2  

SINGLE  STATION  SHORT  ARC  WITH  BIAS  RECOVERY  (TEST 89) 

STANDARD  DEVIATIONS  FOR  ADJUSTED  PARAMETERS 
SIGMA  AFTER  RATIO  TO  SIGMA  INCL.  A  PRIORI  MAXIMUM 

PARAMETER  ADJUSTMENT  A  PRIORI UNADJ . PAR. S I GMA  UNMOD.  PAR.  MAGNITUDE 

RANGE  BIAS 4.84  meters 0.9683 5.63 meters 5.0 meters REFRACTION 2.8 meters 
AZMTH  BIAS 40.3 arc-sec 0.8298 51.3 arc-sec 5 1 . 5  arc-sec REFRACT I ON 26.8 arc-sec 
ELEVN  BIAS 2.45 arc-sec 0.0476 16.6 arc-sec 5 1 . 5  arc-sec REFRACTION 16.6 arc-sec 

ul 
0 
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factor of six for most time points, and that the effects of 
the unmodeled errors contribute a maximum of approximately 
300 meters to the orbit uncertainty as opposed to 1 0 0 0  
meters for the unadjusted solution. 

6.2.2 Characteristics o f  Short Arc Bias Recovery 

From the analysis conducted on the short arc single 
radar  bias recovery, the following characteristics have 
been observed: 

a. Bias recovery may be quite good in elevation 
but is generally poor in azimuth and'range. 

b.  As more parameters are adjusted, the solution 
becomes more singular and more sensitive to 
small errors in unadjusted parameters. 

6.3 MULTIPLE STATION LONG ARC SOLUTION WITH BIAS 
ADJUSTMENTS 

To demonstrate the  error model recovery.capabilities 
of multi-station  multi-revolution arcs, the same tracking 
configuration discussed in Section 5.2 was re-run in ORAN 
with the same set of error model terms, but with certain 
of  the error model terms switched to  the adjusted category. 
These included range, azimuth, and elevation biases for 
all radars and  the positions of the Antigua and Bermuda 
radars. The same a priori information was used for the 
adjusted parameters as  had been used for the magnitudes 
of  the  expected error in the parameters when they were 
considered to be unadjusted. 
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DELTA H 
(METERS) 

0 . 3 9  
- 0 . 1 1  
- 0 . 2 5  

0 .06  
- 0 . 2 8  

0 . 0 3  
- 0 . 1 9  

m - 0 . 0 4  
W 

0 . 6 5  
- 0 . 3 8  
- 0 . 8 7  

2 .31  

1 . 0 8  
0.78 
2 .37  
0 . 9 1  
0 . 5 7  

- 1 . 5 7  
- 1 0 . 0 3  

58 .07  
2 . 1 6  

68 .97  

TABLE 1 3  
MULTI-STATION LONG ARC ADJUSTMENT SOLUTION (TESTS 8 4 , 8 8 , 9 1 )  

ESTIMATED HCL ERROR ON EPOCH ELEMENTS DUE TO UNMODELED PARAMETERS 
DELTA C DELTA L DELTA HDOT DELTA CDOT DELTA LDOT 
(METERS)  (METERS)  (CM/SEC)  (CM/SEC)  (CM/SEC) 

1 . 4 4  
- 0 . 8 9  
- 0 . 0 6  

0 . 0 3  
0 . 5 8  
0 . 2 7  

- 1 . 4 7  
0 . 6 3  

- 1 . 3 4  
2 .08  

- 4 . 4 5  
2 .72  
0 . 5 2  

- 0 . 7 2  
2 . 5 3  

- 1 . 8 5  
1 1 . 7 0  
- 5 . 3 4  
- 7 . 7 6  

- 8 0 . 4 6  
0 . 4 7  

8 2 . 1 5  

1 . 1 0  
- 2 . 4 8  
- 0 . 0 5  

0 . 1 7  
- 0 . 2 8  

0 . 2 0  
- 2 . 5 8  

0 . 2 3  
- 1 . 1 9  
- 0 . 0 2  
- 5 . 1 5  
- 3 . 3 1  

0 . 8 3  
0 . 7 8  

- 1 . 5 1  
0 . 8 3  
6 . 6 5  

1 0 . 4 2  
6 . 0 7  

2 0 . 8 6  - 
- 0 . 1 4  
26 .12  

0 . 1 0  
0 . 1 8  
"0 . 04 

0 . 0 2  
- 0 . 0 5  

0 . 0 1  
0 . 1 3  
0 . 0 2  
0 . 1 4  
0 . 0 3  
0 .24  

- 0 . 1 5  
0 . 1 5  
0 . 1 2  
0 . 1 5  
0 . 1 6  

- 0 . 8 3  
0 . 3 8  

- 0 . 3 3  
1 2  * 2 1  
- 0 . 1 0  

1 2 . 2 6  

0 . 1 1  
0 . 0 3  
0 . 0 4  

- 0 . 0 3  
0 . 0 4  

- 0 . 0 4  
0 . 0 9  

- 0 . 0 4  
- 0 . 0 2  
- 0 . 0 5  
- 0 . 2 5  

0 . 2 3  
- 0 . 2 0  
- 0 . 8 8  
- 0 . 2 7  
- 0 . 0 6  

2 .36  
- 0 . 0 3  

0 . 4 1  
1 3 . 8 3  

0 . 0 6  
1 4 . 0 7  

0 . 0 4  
0 . 0 1  
0 . 0 2  

. o .  0 1  
0 . 0 2  

.o .  00  

0 . 0 2  
0 . 0 0  
- 0 . 0 6  

0 . 0 3  
0 . 0 8  

- 0 . 2 1  
- 0 . 1 0  
- 0 . 0 7  
- 0 . 2 1  
- 0 . 0 8  
- 0 . 0 6  

0 . 1 5  
0 . 8 1  

- 5 . 0 6  
0 . 2 9  
5 . 1 6  

UNADJUSTED 
PARAMETER 

NOISE 
WAL  RR BIAS 
WALLPS REF 
ANTI GA  REF 
PATRIK  REF 
BERMDA REF 
WALLPS TIM 
ANTIGA TIM 
PATRIK TIM 
BERMDA TIM 
WALLPS X 
WALLPS Y 
WALLPS Z 
PATRIK X 
PATRIK Y 
PATRIK Z 
C.O.M. X 
C.O.M. Y 
C.O.M. Z 
'NWL - SA0 GRAV 
GRAV COEF 
TOTAL ERROR 



6.3.1 Orbit Accuracy 

The accuracy of the recovered orbital elements, 
along with the various contributions to the total error, 
are shown in Table 13. A comparison with Table 10 ,  which 
shows the comparable quantities when only the orbital 
elements are solved for, shows that: 

a. The "noise" contribution to  the  total 
uncertainty is considerably larger, although 
still a minor contributor to the  total orbital 
error. 

b. The effects of the unmodeled errors have,  in 
general, increased. 

c. The most significant unadjusted parameters are 
still the same, with the gravity model 
difference responsible for the largest error, 
and  the  only other relatively significant 
parameters being center of mass errors. 

d. The overall accuracy of the epoch elements has 
not significantly changed, being slightly 
smaller for the adjusted parameter case. 

The time propagation of the overall orbital error 
is shown in Figure 16 for slightly more than one 
revolution after  epoch. This period includes the 
first tracking period. As was indicated  by  the orbital 
elements, the noise only solution shows a much larger 
uncertainty when parameters other than  the  epoch  elements 
are solved for, but the overall uncertainty is not 
significantly different when the effects o f  the unadjusted 
parameters are  included. 
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6 . 3 . 2  Adjusted Parameter Accuracy 

The standard deviations of the adjusted biases and 
station positions are shown in Table 14. Three sets of 
sigmas are shown: the a priori, the adjusted sigmas 
including noise contributions only, and the adjusted 
sigmas including all unmodeled error effects. In addition, 
the most significant unadjusted parameters and their 
effects are shown. 

Several features of  the  entries in Table 14 are 
immediately evident: 

a. Considering the noise only solution, there 
was  a large reduction in  the a priori sigma 
for all parameters. The poorest recovery was 
in the Bermuda height, for which the adjusted 
sigma was 59% of the a priori. 

b. With one exception, the total uncertainties 
after adjustment of the range biases and 
station positions were greater than  the a 
priori uncertainties. The one exception is 
the Y, or latitude, coordinate of Bermuda. 
It will be noted that in this case, the 
largest contributor to  the  total uncertainty 
is  the latitude of the Wallops radar. This 
indicates that, as might be  expected on  a 
geometrical basis, the error in the adjusted 
latitude of Bermuda would be essentially the 
same as the  error in the Wallops latitude. 

c .  Even including the unmodeled error effects, 
the adjustment of the elevation biases from 
all stations is  good  (reduction of the a 
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PARAMETER 

Bermuda R Bias 
Patrick R Bias 
Wallops R Bias 
Antigua R Bias 
Wallops A Bias 
Antigua A Bias 
Patrick A Bias 
Bermuda A Bias 
Wallops E Bias 
Antigua E Bias 
Patrick E Bias 
Bermuda E Bias 
Antigua X 
Antigua Y 
Antigua Z 
Bermuda X 
Bermuda Y 
Bermuda Z 

TABLE 14 
MULTI-STATION LONG  ARC BIAS RECOVERY UNCERTAINTIES 

STANDARD DEVIATIONS 
A Priori 

5.000 m 
5.000 m 
5.000 m 
5.000 m 
0.250 mr 
0.250  mr 
0.250  mr 
0.250  mr 
0.250 mr 
0.250  mr 
0.250 mr 
0.250 mr 
10.000 m 
10.000 m 
10.000 m 
10.000 m 
10.000 m 
10.000 m 

Adius ted 
Noise Oniy 

1.111 m 
0.574 m 
0.571 m 
2.388 m 
0.005 mr 
0.008 mr 
0.005 mr 
0.005 mr 
0.005 mr 
0.008  mr 
0.005 mr 
0.006 mr 
1.558 m 
1.861 m 
5.930 m 
0.880 m 
0.910 m 
2.289 m 

Total 

22.190 m 
11.266 m 
12.245 m 
17.520 m 
0.007  mr 
0.023  mr 
0.010 mr 
0.010 mr 
0.110 mr 
0.157 mr 
0.133  mr 
0.135  mr 
56.723 m 
13.987 m 
25.630 m 
23.900 m 
8.706 m 

35.775 m 

MOST SIGNIFICANT 
UNADJUSTED PARAMETER 

Name 

NWL-SA0 Grav 
NWL-SA0 Grav 
NWL-SA0 Grav 
NWL-SA0 Grav 
NWL-SA0 Grav 
NWL-SA0 Grav 
NWL-SA0 Grav 
NWL-SA0 Grav 
Wallops Refr 
Antigua Refr 
Patrick Refr 
Bermuda Refr 
NWL-SA0 Grav 
NWL-SA0 Grav 
NWL-SA0 Grav 
NWL-SA0 Grav 
Wallops Y 
NWL-SA0 Grav 

Effect 

21.633 m 
7.777 m 
9.175 m 
17.964 m 
0.004 mr 
0.021 mr 
0.008 mr 
0.008 mr 
0.104  mr 
0.154 mr 
0.131 mr 
0.132  mr 
56.002 m 
8.445 m 
17.751 m 
22.474 m 
6.266 m 
26.577 m 

Units: m - meters 
mr - milliradians 



priori sigma by about a factor of two, even 
with the use of  pessimistic values for the 
uncertainties in the unadjusted parameters) 
and the recovery of the azimuth biases is 
excellent (reduction of the a priori sigma 
by at least a factor of ten). 

d. The elevation angle biases are corrupted much 
more by refraction than  by geopotential 
coefficient errors. 

e. In general, errors in the geopotential model 
and correlations between different error model 
terms constitute the largest deterrents to 
radar calibration using long  arc orbital 
solutions. 
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S E C T I O N  7.0 
DATA  ANALYSIS 

7 . 1  SHORT  ARC  COMPARISONS 

To d e m o n s t r a t e   t h e   u s a g e   o f  ORAN f o r   d a t a   a n a l -  
y s i s ,   a n   a t t e m p t  was made t o   d e t e r m i n e   t h o s e   e r r o r   m o d e l  
p a r a m e t e r s   w h i c h   c a n   s a t i s f a c t o r i l y   a c c o u n t   i n   p a r t i c u l a r  
cases f o r   t h e   s y s t e m a t i c   p a r t   o f   a c t u a l  A N / F P Q - 6  t r a c k i n g  
r e s i d u a l s .  T w o  a c t u a l   p a s s   s e t s   o f   d a t a   t a k e n   b y   t h e  
Wallops A N / F P Q - 6  r a d a r  on GEOS I1 w e r e   i n v e s t i g a t e d .  C o l -  
l o c a t i o n  t es t s  84  and 87 w e r e   s e l e c t e d   f o r   s t u d y   r e p r e -  
s e n t i n g ,   r e s p e c t i v e l y ,  two  low e l e v a t i o n   p a s s   c o n f i g u r a -  
t i o n s .  The a c t u a l  NONAME d a t a   r e d u c t i o n   r a n g e   r e s i d u a l s  
w e r e   r a n d o m l y   d i s t r i b u t e d   b u t   t h e   a n g l e   r e s i d u a l s   w e r e  
s y s t e m a t i c a l l y   t r e n d e d .   F i g u r e s  1 7  th rough 2 2  p r e s e n t   t h e  
NONAME r e s i d u a l s   f o r   b o t h   t e s t s   w i t h   p o i n t s   p l o t t e d   e v e r y  
1 5   s e c o n d s   a p a r t .   T h e s e   g r a p h s   a d e q u a t e l y   r e p r e s e n t   t h e  
g r o s s   f e a t u r e s   o f   t h e   a c t u a l  F P Q - 6  t r a c k i n g   r e s i d u a l s .  

ORAN s i m u l a t i o n s   w e r e  made u s i n g   t h e  same  measure- 
m e n t   w e i g h t s   a s   w e r e   u s e d   i n   t h e  NONAME d a t a   r e d u c t i o n  
(aR = 2 meters   and  CT = 50  a r c  - s e c ) ,  and  unmodeled 
pa rame te r   e f f ec t s   were   computed  on t h e   r e s u l t i n g   r a n g e ,  
a z i m u t h   a n d   e l e v a t i o n   r e s i d u a l s .   T h e   o b j e c t   o f   t h i s   i n -  
v e s t i g a t i o n  was t o   d e t e r m i n e   t h e   e f f e c t s   o f   i n d e p e n d e n t  
i n s t r u m e n t a t i o n   e r r o r s   o n   t h e   r a d a r - o r b i t   g e o m e t r y   a n d   t h e  
s u b s e q u e n t   r a d a r   r e s i d u a l s .  The  unmodeled e r r o r s   a n d  
t h e i r   m a g n i t u d e s   w e r e   s e l e c t e d   f r o m   T a b l e  3 a n d   r e p r e s e n t  
t h e   b e s t   c u r r e n t   k n o w l e d g e   o f   t h e   e r r o r   s o u r c e s .  

A , E  

The  unmodeled e r r o r   e f f e c t s  on  the  measurement   re-  
s idua l s   computed   f rom  the  ORAN s i m u l a t i o n s   a r e   p r e s e n t e d  
i n   F i g u r e s  1 7 ,  18  and 1 9  f o r  t e s t  8 7  and   F igu res  2 0 ,  2 1  
and 2 2  f o r   t e s t  84.  Only   t he   mos t   s ign i f i can t   unmode led  
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e r r o r  e f f ec t s  a r e  shown  on t h e   g r a p h s .  The NONAME r e s i d -  
u a l s  are superimposed  on  each  graph for comparison. 

B e c a u s e   t h e   r a n g e   r e s i d u a l s   a r e   e s s e n t i a l l y  random 
f o r  b o t h   c a s e s ,  no   exp lana t ion  i s  r e q u i r e d   f o r  i t s  b e h a v i o r  
p a t t e r n   a l t h o u g h   v e r y   s l i g h t   s y s t e m a t i c   e r r o r s   a r e   e v i d e n t .  
However  comparison o f  t h e   a c t u a l   a n g l e   r e s i d u a l s   w i t h   t h e  
unmode led   e r ro r s  show t h a t  a n e g a t i v e   e l e v a t i o n   b i a s  o f  ' 5 0  

a r c  - s e c   c o u p l e d   w i t h  a p o s i t i v e  1 0 %  r e f r a c t i o n   e r r o r  
a d e q u a t e l y   d e s c r i b e s   t h e   g r o s s   f e a t u r e s   o f   t h e   a c t u a l   a n g l e  
t r a c k i n g   r e s i d u a l s .  A s  p r e v i o u s l y   d e m o n s t r a t e d   ( s e e   S e c -  
t i o n  4 ) ,  t h e   s y s t e m a t i c   e r r o r s   a r e ,   t o  a l a r g e   e x t e n t ,   a b -  
s o r b e d   b y   t h e   o r b i t   f o r   s i n g l e   r a d a r   s h o r t   a r c   s o l u t i o n s .  
T h i s   e x p l a i n s   t h e   l a c k  of  l a r g e r  unmodeled e r r o r   e f f e c t s  on 
the   measu remen t   r e s idua l s .  

Although i t  i s  d i f f i c u l t   t o  make any   genera l   con-  
c l u s i o n s   r e g a r d i n g   t h e   e x p l a n a t i o n   o f  - a l l  s y s t e m a t i c   t r e n d s  
e x p e r i e n c e d   b y   r a d a r   t r a c k i n g   s y s t e m s ,   t h i s   a n a l y s i s   d o e s  
d e m o n s t r a t e   t h e   e f f e c t i v e n e s s   o f   u s i n g   u n m o d e l e d   s y s t e m a t i c  
e r r o r s   a s   u n a d j u s t e d   p a r a m e t e r s   f o r   s t u d y i n g   t r e n d s   i n   t h e  
AN/FPQ-6 r ada r   measu remen t   r e s idua l s   ove r  a s h o r t   a r c .  

7 . 2  LARGE LONG ARC MEASUREMENT  RESIDUALS 

I n   S e c t i o n s  4 . 2 ,  5 . 2 ,  and   6 .3 ,  we always came t o  t h e  
c o n c l u s i o n   t h a t   t h e   m o s t   s i g n i f i c a n t   s o u r c e   o f   e r r o r   i n  
m u l t i - r e v o l u t i o n   o r b i t a l   s o l u t i o n s   c o n s i s t e d   o f  e r rors  i n  
t h e   g e o p o t e n t i a l   m o d e l .  I t  w o u l d   t h e r e f o r e   b e   d e s i r a b l e   t o  
d e m o n s t r a t e   t h a t   t h i s   c o n c l u s i o n  i s  c o n s i s t e n t   w i t h   a c t u a l  
d a t a   r e d u c t i o n s .  

F o r   a l l   e r r o r   s o u r c e s   w h i c h   t h e  ORAN p rogram  cons ide r s ,  
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t h e r e  i s  a w e l l  d e f i n e d   e r r o r   m o d e l   w i t h   t h e   e x c e p t i o n   o f  
g e o p o t e n t i a l   c o e f f i c i e n t  errors. The . o n l y  uncertainty 
i n   t h e   t o t a l   e r r o r   p r o d u c e d  by t h e   e r r o r   s o u r c e  i s  t h a t  due 
t o   u n c e r t a i n t y   i n  the v a l u e   o f   t h e   c o e f f i c i e n t   o f   t h e  . 

e r r o r  model  term. F o r  va r i ance   computa t ion   pu rposes ,   t he   co -  
e f f i c i e n t   o f   t h e   e r r o r  model term i s  a random v a r i a b l e ,   b u t  
t h e  e f f e c t  w h i c h   t h e   e r r o r  has on an o r b i t a l   s o l u t i o n  i s  
c o m p l e t e l y   d e t e r m i n i s t i c   e x c e p t   f o r   s i g n   a n d   a m p l i t u d e .  

I n   t h e   c a s e   o f   g e o p o t e n t i a l   c o e f f i c i e n t   e r r o r s ,   e v e n  
the   fo rm  o f   t he   e r ro r   mode l   t e rm i s  a random v a r i a b l e   ( a t  
l e a s t  when a l l   g e o p o t e n t i a l   c o e f f i c i e n t   e r r o r s   a r e  lumped 
t o g e t h e r ,   a n d   t h i s  i s  t h e   o n l y   c a s e   w h i c h  w i l l  b e   c o n s i d e r e d  
h e r e ) .  The g rav i ty   mode l   d i f f e rence   t echn ique   wh ich  we a r e  
e m p l o y i n g   t o   m o d e l   g e o p o t e n t i a l   e r r o r s  i s  e x p e c t e d   t o   g e n e r -  
a l l y   p r o d u c e   t h e   a p p r o p r i a t e   e r r o r   a m p l i t u d e s ,   b u t   n e v e r  
any th ing   such   a s   t he   shape   o f  a r e s i d u a l .  

I n   F i g u r e  2 4 ,  we show t h e   a c t u a l   r e s i d u a l s   f r o m  a 
NONAME d a t a   r e d u c t i o n   f o r  a Wallops FPQ-6 o n l y  48 h o u r   a r c .  
I n   F i g u r e   2 3 ,  w e  show t h e  ORAN c o m p u t e d   e f f e c t s   o n   t h i s   d a t a  
r e d u c t i o n   ( u s i n g   t h e  same da ta   spans   and   t he  same measure- 
ment   weights)  of g e o p o t e n t i a l   c o e f f i c i e n t   e r r o r s   m o d e l e d   b y  
4 0 %  o f  t h e   d i f f e r e n c e   b e t w e e n   t h e  SA0 M 1  and   the   Appl ied  
Physics Lab. 3 . 5  grav i ty   models .   Only  4 0 %  o f  t h e   d i f f e r e n c e  
was u s e d   b e c a u s e   t h e   d a t a   r e d u c t i o n   u s e d   t h e  SA0 model  which 
i s  c o n s i d e r e d   t o   b e   t h e  more a c c u r a t e .  The a c t u a l   f i g u r e  
o f  4 0 %  was r a t h e r   a r b i t r a r y .  

I t  w i l l  be   no ted   by   compar ing   F igures  23 and 24  t h a t  
t hey   i ndeed   do   have   r e s idua l s   o f   app rox ima te ly   t he  same 
m a g n i t u d e ,   a l t h o u g h   t h e   s h a p e s ,  as s h o u l d   b e   e x p e c t e d ,   a r e  
n o t   v e r y   s i m i l a r .  We c a n   t h e r e f o r e   c o n c l u d e   t h a t   t h e  ORAN 
c o m p u t a t i o n s   a r e  a t  l e a s t  c o n s i s t e n t   w i t h   w h a t  i s  observed  
f r o m   a c t u a l   d a t a   r e d u c t i o n s .   L a r g e   r e s i d u a l s   f r o m   l o n g   a r c  
d a t a   r e d u c t i o n s   a r e   p r i m a r i l y   a t t r i b u t a b l e   t o   e r r o r s   i n   t h e  
g rav i ty   mode l   u sed .  
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SECTION 8.0 

CONCLUSIONS 

In this report an attempt has been made to demonstrate 
various characteristics of orbital solutions using data from 
one or more FPQ-6 radars. All computations were made using 
the ORAN program, which simulates the data reduction process 
in all essential respects and calculates the effects on the 
whole process of the presence of certain systematic errors. 
These errors  always exist to some extent, but their effects 
depend greatly upon the  tracking configuration and  the 
length o f  the  arc. The consideration o f  the  effects  of 
unmodeled errors  in a number of situations leads  to  the 
following general conclusions: 

a. Short arc single station orbital solutions are 
seriously affected by systematic measurement 
errors. That is, the measurement errors get 
propagated into  the orbit, and  may  be  only 
slightly evident in the measurement residuals. 
There is a very limited capability for any 
error model recovery. 

b. Multi-station short arcs  have a significant 
potential for error model recovery with favorable 
tracking  geometry. 

c. Long  arc multi-station solutions can be used for 
radar angle calibration and, to some extent, t o  

estimate  other parameters. The largest effects 
on calibration uncertainties are geopotential 
and refraction errors. 
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d. Long  arc  solutions  by FPQ-6 radars  are  essentially 
determined  by  the  range  and  range  rate  measure- 
ments.  Systematic  angle  measurement  errors  thus 
do  not  get  propagated  into  the  orbit  and  show  up 
in  the  residuals. 

e. Geopotential  coefficient  errors  constitute  the 
largest  deterrent  to  accuracy  of  long  arc  solutions. 
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APPENDIX A 

ORAN  MATHEMATICS 

SECTION A 1  

INTRODUCTIOIV 

T h e   a s s u m p t i o n s   i n h e r e n t   i n   t h e   l e a s t   s q u a r e s   o r b i t a l  
s o l u t i o n   a r e   n e v e r   c o m p l e t e l y   s a t i s f i e d ,   p r i m a r i l y   b e c a u s e   o f  
v a r i o u s   s y s t e m a t i c   e r r o r s   e x i s t i n g   i n   t h e   m e a s u r e m e n t s   a n d  
fo rce   mode l .   Var ious   p rocedures   can   be   u sed   t o   min imize  
t h e s e   e r r o r s   s u c h  as c a r e f u l   d a t a   p r e p r o c e s s i n g ,   u s e   o f   t h e  
b e s t   a v a i l a b l e   s e t   o f   g e o p o t e n t i a l   c o e f f i c i e n t s ,   i n c l u s i o n  
o f   a l l   s i g n i f i c a n t   p e r t u r b a t i v e  forces ,  and   recovery   o f  
c e r t a i n   e r r o r  model   parameters .   However ,   the   number  of   error  
mode l   pa rame te r s   wh ich   can   be   success fu l ly   r ecove red  i s  l i m i t e d  
by   computer   s torage   and   running   t ime  cons idera t ions ,  as w e l l  
as t h e   i n f o r m a t i o n   c o n t a i n e d   i n   t h e   d a t a  i t s e l f .  Fu r the rmore ,  
t h e r e  are  l i m i t a t i o n s   i n   o u r   k n o w l e d g e   o f   t h e   m o s t   s i g n i f i c a n t  
paramete-fs  and on o u r   a b i l i t y   t o  model c e r t a i n   t y p e s   o f  
e r r o r s ,   p a r t i c u l a r l y   f o r c e  model e r r o r s .  

I t  f o l l o w s   t h a t   t h e   a s s u m p t i o n s   u n d e r l y i n g   t h e   l e a s t  
s q u a r e s   o r b i t a l   s o l u t i o n   c a n   n e v e r   b e   c o m p l e t e l y   s a t i s f i e d .  
As a c o r o l l a r y ,   t h i s  means t h a t   s o l u t i o n   a c c u r a c y   e s t i m a t e s  
w h i c h   a s s u m e   t h a t   a l l   s y s t e m a t i c  e f f ec t s  have  been  modeled w i l l  
g i v e   o v e r l y   o p t i m i s t i c  e r r o r  e s t i m a t e s .  

We c a n   c a l c u l a t e   r e a l i s t i c   e s e i m a t e s  or‘ t h e   a c c u r a c y  
o f  a l e a s t  s q u a r e s   o r b i t a l   s a l u t i o n ,   p r o v i d e d   t h a t   e r r o r  
e s t i m a t e s   f o r   t h e   i g n o r e d   p a r a m t e r s  a r e  a v a i l a b l e  As a byL 
p r o d u c t   o f   t h i s   c a l c u l a t i o n ,   t h e   e f f e c - t s  on t h e  orbital s o l u t i o n  
o f  e a c h   i n d i v i d u a l   e r r o r  mode l   t e rm  a re   ava i l ab le .  The l a t t e r  
may b e   u s e d   t o   i d e n t i f y   t h e   i m p o r t a n c e   o f   v a r i o u s   e r r o r   s o u r c e  
on a p a r t i c u l a r   s o l u t i o n .  
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Y 

The  mathematics  discussed  have  been  implemented  in 
an  ORbital  ANalysis (ORAN) computer  program of considerable 
complexity. A wide  variety of error  model  terms  may  be 
considered,  and  the  program  can  consider  errors  which  arise 
when  multiple  satellite  arcs  are  processed  simultaneously 
for  the  recovery of geopotential,  station  position,  and  other 
parameters. 
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SECTION A2 

ADJUSTED  BIAS  PARAMETERS 

The main  purpose  of  the ORAN program i s  t o   c a l c u -  
l a t e   e f f e c t s  on an o r b i t a l   d e t e r m i n a t i o n ,   a n d / o r   i n s t r u -  
m e n t a t i o n   c a l i b r a t i o n ,   o f   t h e   l a c k   o f   v a l i d i t y   o f   c e r t a i n  
assumptions made i n   t h e  minimum va r i ance   t ype   r educ t ion  
of  o r b i t a l   t r a c k i n g   d a t a .  I n  p a r t i c u l a r ,   t h e   e f f e c t s   o f  
i g n o r i n g   t h e   p r e s e n c e   o f   v a r i o u s   s y s t e m a t i c   e r r o r s   a r e  
ca lcu la ted .   Because  of  s e v e r a l   p a r t i t i o n i n g s   i n v o l v e d   i n   t h e  
ma t r ix   i nve r s ions ,   t he   ma themat i c s   o f   t he  ORAN program  be- 
comes  somewhat involved .  The fol lowing  development   gives  
the  mathematics   used by t h e  ORAN program,   bu t   does   no t ,   in  
g e n e r a l ,   s p e c i f y   t h e   o r d e r   i n   w h i c h   t h e   o p e r a t i o n s   a r e   p e r -  
f orme d . 

C o n s i d e r   f i r s t   t h e   p r o p a g a t i o n   o f  unmodeled e r r o r  
e f f e c t s   i n t o   t h e   b i a s   p a r a m e t e r s  and o r b i t a l   e l e m e n t s   d e t e r -  
mined f o r  a s i n g l e   a r c .  The t r a j ec to ry   measu remen t s  may be 
r e l a t e d   t o   t h e   o r b i t a l   e l e m e n t s  and b i a s e s  by the   ma t r ix  
equa t ion  
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where   the   symbols   have   the   meanings :  

m -  

A -  

a -  

K -  

k -  

B -  

Y -  

E -  

a c o l u m n   v e c t o r   r e p r e s e n t i n g   t h e   d e v i a t i o n  of t h e  
a c t u a l   m e a s u r e m e n t   f r o m   t h a t   f o r  some approximate  
o r b i t  (m i s  s o m e t i m e s   c a l l e d   t h e   d i s c r e p a n c y   v e c t o r ) .  

a m a t r i x   g i v i n g   t h e   p a r t i a l   d e r i v a t i v e s  of  the   meas-  
u r e m e n t s   w i t h   r e s p e c t   t o   t h e   e p o c h   o r b i t a l   e l e m e n t s ,  
e v a l u a t e d   o n   t h e   a p p r o x i m a t e   o r b i t .  

a c o l u m n   v e c t o r   r e p r e s e n t i n g   t h e   d e v i a t i o n  of t h e  
t r u e   o r b i t a l   e l e m e n t s  a t  epoch  f rom  those f o r  t h e  
a p p r o x i m a t e   o r b i t .   O r b i t a l   e l e m e n t s   i n   t h e  ORAN 
p r o g r a m   a r e   i n e r t i a l   C a r t e s i a n .  

a m a t r i x   g i v i n g   t h e   p a r t i a l   d e r i v a t i v e s  o f  t he   meas -  
u r e m e n t s   w i t h   r e s p e c t   t o   t h o s e   b i a s   p a r a m e t e r s   w h i c h  
are  c o n s i d e r e d   t o   b e   a d j u s t e d .  

d e v i a t i o n s  o f  t h e   a d j u s t e d   p a r a m e t e r s   f r o m   t h e i r   a p -  
p rox ima te   (o r  a p r i o r i )   v a l u e s .  

same a s  K e x c e p t   w i t h   r e s p e c t   t o   p a r a m e t e r s   w h i c h  
are n o t  t o  b e   a d j u s t e d .  

same a s  k e x c e p t   r e f e r r i n g   t o   p a r a m e t e r s   w h i c h   a r e  
n o t   t o   b e   a d j u s t e d .  

a co lumn  vec to r   r ep resen t ing   t he  random n o i s e  on t h e  
measurements- 
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nm - total  number of measurements, 

nea - number of adjustable  bias  parameters. 

nu - number of unadjusted  bias  parameters. 

With y known,  the  minimum  variance  solution of 
Equation 2 -  1 for a and k is 

A ~ W A  A ~ W K  [ = [ KTWA KTWK ] [ KTW 

ATW 

Mak 

Mk 

where 

ATW 

KT W 

2 -  2 

2 - 4  

2 - 5  
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Mak = -QMks w i t h  Q = (ATWA)-lATWK 

Ma = ( A ~ W A )  -' + Q M ~ Q ~  

The v a r i a n c e s   o f   t h e s e   e s t i m a t e s ,   n e g l e c t i n g   t h e   u n m o d e l e d  
p a r a m e t e r s ,   a r e   g i v e n  by 

Var = Ma 

a n d   t h e   c o v a r i a n c e  i s  given  by 

The u n a d j u s t e d   p a r a m e t e r   c o n t r i b u t i o n   t o   t h e   t o t a l   v a r i a n c e  
w i l l  be  computed  below. 

To s e e  how t h e   s o l u t i o n   g i v e n   b y   E q u a t i o n  2 - 3  d i f f e r s  
f o r   d i f f e r e n t   a s s u m e d   v a l u e s   o f  y ,  t h e   e q u a t i o n  may b e   d i f -  
f e r e n t i a t e d   w i t h   r e s p e c t   t o  y t o   g i v e  

2 -6 

2 - 7  

2 -  8a 

2 -  8b 

2 - 8 c  



” a* - -MaA T WB - MakK T WB 
a Y  

” a 2  - -MakA T T  WB - MkK T WB. 
a Y  

Using Equations 2-6, 2-7,- and 2-9 Equation 2-10maY be re- 
written in  the more convenient form 

” aQ- - (ATWA)-l [A  T WB + A T WK - a? 3 
a Y  aY 

As  such, the ORAN program does not compute the total 
variance of the a estimate. To see  the expression which 
should be  used  to compute the total variance o f  k, compute 
the expected value 

A 

A 

2-9 

2.- 1 0  

2 - 1 1  
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Assuming 

E ( m m )   = E ( €   E )  = W , T T -1 

E(m y ) = 0 T 

Then Equa t ion  2 - 1 2  may be w r i t t e n  

m 

Var .i: = ( M ~ ~ A  + MkK ) (MakA W + MkK W)  T T T  T 1  

m 
I 

+ (M:,ATWB + MkKTWB)Var  Y(M:~A~WB + MkKTWB) 

= M~ + - aQ Var y (-1 a 2  , 
aY a Y  

2-13 

2 -.14 

a s  may b e   v e r i f i e d  by t h e   u s e  of Equa t ions  2 - 5 ,  2 - 6 ,  2 - 1 0 ,  
and a l i t t l e   m a t r i x   a l g e b r a .  
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. -  

SECTION A3 
EFFECTS OF UNMODELED PARAMETER  ERRORS ON ORBITAL ACCURACY 

A t  any time t h e   d e v i a t i o n s  o f  t h e   o r b i t a l  es t imate  
A n 

u s i n g   t h e   e s t i m a t e d  a and k ,  f r o m   t h e   a p p r o x i m a t e   v a l u e s  
may b e   e x p r e s s e d  as  

+ 6 x n u C Y ) n u  x 1 Y 

where   t he   symbol s   have   t he   mean ings :  

9 - c o r r e c t i o n s   a p p l i e d   t o   t h e   o r b i t   f r o m   t h e   p r e v i o u s  
a p p r o x i m a t i o n  , o r   i t e r a t i o n .  

N 

A - t h e   " d y n a m i c   p a r t i a l s "   o f   t h e   o r b i t  a t  a n y   p o i n t   w i t h  
r e s p e c t   t o   t h e  s e t  of  6 epoch   e lements .  

G - t h e   p a r t i a l s  o f  t h e   o r b i t   w i t h   r e s p e c t   t o   t h e  s e t  o f  
a d j u s t e d   e r r o r   m o d e l   t e r m s .   N o t e   t h a t   i n   g e n e r a l   t h i s  
m a t r i x   c a n   h a v e   n o n - z e r o   c o l u m n s   o n l y   f o r   g e o p o t e n t i a l  
a n d   d r a g   p a r a m e t e r s .  

A a - a d j u s t m e n t s  o f  t h e   o r b i t a l   e l e m e n t s   f r o m   t h e i r   a p -  
p r o x i m a t e   v a l u e s .  
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$' - adjustments of modeled parameters from their ap- 
proximate values. 

H - the partials of the orbit with respect to the set 
of unadjusted error model terms. This matrix also 
has non-zero columns only for geopotential and  drag 
type parameters. 

y - deviations of the true values of the unmodeled pa- 
rameter set from their assumed values. 

Unit errors in y thus lead  to effects on  the orbit of 

To obtain the variance of the estimated+, Equation 
3-1 may first be rewritten, using Equation 2-3 as 

Making use of Equations 2-9,  2-10, and 3-2 we can also 
write x as: 

* 

3- 2 

I 
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Next  using  the  definition  of  the  variance  of Q, 

ATwl 
'ATwl 

m +  

KT W. 

m +  

, KTW 

3 -  3 

and  again  making  the  assumptions  on m and y as  expressed 
by Equation 2-13 
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The form o f  t h e   f i n a l   r e s u l t   o f   E q u a t i o n  3 - 4  i s  t h u s   e x a c t l y  
the  expected  form,   namely  the  s tandard  form f o r  t h e   c o n t r i -  
b u t i o n  due t o   t h e  modeled  parameters  and  an  unadjusted p a -  
rameter   cont r ibu t ion   which  may be w r i t t e n   i n   t e r m s  o f  p a r -  
t i a l   d e r i v a t i v e s   i n   t h e  same way a s  was done f o r  Var k i n  
Equation 2 - 1 4 .  
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SECTION A4 
PARTITIONING OF ADJUSTED  PARAMETER SET 

Now suppose that the parameter sets k and y are 
partitioned into  the sets (ko, yo) (kl , yl) . . . , 
(kny yn), where the (ko, y ) parameters are common to 
all arcs, and  the (kiy vi) parameters affect only the 
i arc. The Mk matrix is  still given by Equation 2-5 .  

For simplicity, let n = 1. Mk may then  be written 

0 

th 

-1 

4- 1 

It is convenient to denote this as 

4 - 2  
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where 

-1 
{ K ~ w K ~ }  = K:WK~ - K ~ W A  ( A ~ W A )  (KTWA) 

-1 { K T w K ~ }  = K T W K ~  - K;WA(A~WA)  ( K T w A ) ~  

4- 3 

4 -  4 

4 -  5 

4 - 7  
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-1 
M1 = ( K T W K l )  + Qlo M 0 QT l o  . 

Note  that  the  same  partitioning  algorithm  used  in  going 
from  Equation 2 - 2  to Equation 2-3 can  be  used  in  inverting 
Equation 4 - 2 .  

The  derivatives of the  adjusted  parameters  with  re- 
spect  to  the  unadjusted  parameters  can  be  found by substi- 
tuting  into  the  general  expression,  Equation 2-10, 

a2 T -1 
- =  + M ~ ( K ~ w A )  (A WA) ( A ~ W B )  - M ~ K ~ W B  , 
a Y  

or 

4 - 8  

4- 9 
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" 

Substituting for M o ,  Mol, and M1 from  Equations 4-6 through 
4-8 it follows  that  the  parameter  derivatives  may  be  expressed 
as 

4-10 

4-11 

I 

This  result  is  exactly  analogous  to  that  expressed  by 
Equation 2-11. 
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SECTION A5 
MEASUREMENT  RESIDUALS 

From Equation 2-1, the residual which will remain 
after a and k have been estimated is given by 

e = m - & - I&-' B Y .  

Again differentiation with respect to y, 

5 - 1  

5-2  

shows the effects of unit values o f  the unadjusted parameters. 
For  any measurement, the residual derivatives with respect to 
the unadjusted parameter set, and scaled by  the a priori sig- 
mas o f  these parameters, are an optional output; measurement 
rate derivatives are output only if only the rate data from 
the measurement are being used. 
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APPENDIX B 
TYPICAL GEOS I1 MEASUREMENT RATE AND ACCELERATION PROFILES 

FROM WALLOPS FPQ-6 RADAR 

The  ORAN program was simulated in a mode to compute 
typical range, azimuth and elevation measurement profiles 
as observed by the Wallops Island AN/FPQ-6 radar. Figure 
B-1 illustrates these profiles for a low elevation pass 
configuration over Wallops; similarly Figure B-2 illustrates 
the profiles for a high elevation pass configuration. 
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