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ABSTRACT 

The Upper Atmosphere Research S a t e l l i t e  (UARS) i s  a three-axis s t a b i l i z e d  Earth- 
p o i n t i n g  spacecraf t  i n  a low-Earth o r b i t .  The UARS onboard computer (OBC).uses a 
Four ie r  Power S e r i e s  (FPS) ephemeris representat ion t h a t  inc ludes 42 p o s i t i o n  and 
42 v e l o c i t y  c o e f f i c i e n t s  per  ax is ,  w i t h  p o s i t i o n  res idua ls  a t  10-minute i n t e r v a l s .  
New c o e f f i c i e n t s  and 32 hours o f  res idua ls  are uploaded d a i l y .  This study evalu- 
ated two backup methods t h a t  permi t  the OBC t o  compute an approximate spacecraf t  
ephemeris i n  the event t h a t  new ephemeris data cannot be upl inked f o r  several 
days: . 
(2) sw i tch ing  t o  a simple c i r c u l a r  o r b i t  approximation designed and tes ted  (bu t  
no t  implemented) for  Landsat-D. 
the  backup per iod  and does no t  requ i re  add! t i o n a l  ground operat ional  procedures 
for generat ing and u p l i n k i n g  an add i t i ona l  ephemeris tab le .  The t r a d e o f f  i s  t h a t  
the  h igh  accuracy o f  the  FPS w i l l  be degraded s l i g h t l y  by adopt ing the  longer  f i t  
per iod  necessary t o  ob ta in  backup accuracy f o r  an extended per iod  o f  t i m e .  The 
r e s u l t s  f o r  UARS show t h a t  extended use o f  the FPS i s  super ior  t o  the c i r c u l a r  
o r b i t  approximat ionzfor short- term ephemeris backup. 

I ( 1 )  extending the  use o f  the FPS c o e f f i c i e n t s  p rev ious l y  up l inked and 

The FPS method provides grea ter  accuracy dur ing 
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1.0 INTRODUCTION 

The Upper Atmosphere Research S a t e l l i t e  WARS) w i l l  use a Four ie r  Power S e r i e s  

(FPS) ephemeris representa t ion  (Ha l l  and Long, 1978; Long and Fo l ta ,  1986) s i m i l a r  
t o  t h a t  used by Landsat f o r  normal onboard computation o f  the spacecraf t  ephem- 
e r i s .  The nominal procedure w i l l  be t o  u p l i n k  a new s e t  o f  FPS c o e f f i c i e n t s  d a i l y  
along w i t h  32 hours o f  res idua ls .  
32 hour timespan. 

The t e r m  "ephemeri s representat ion"  i s understood t o  inc lude the  e n t i  r e  process of 
supply ing ephemeris in fo rmat ion  t o  the spacecraf t .  I t  inc ludes ground-based com- 
pu te r  generat ion o f  the  spacecraf t  ephemeris coupled w i t h  data compression tech- 
niques, data t ransmission t o  the  spacecraf t ,  and onboard a lgor i thms fo r  computing 
the requ i red  data. I n t e r e s t  i n  a backup ephemeris representa t ion  c a p a b i l i t y  f o r  
t i m e s  beyond the normal 32-hour timespan l e d  t o  a study i n  which two approaches 
w e r e  evaluated: (1) con t inu ing  t o  compute an ephemeris us ing the FPS c o e f f i c i e n t s  
w i thout  res idua ls ,  or (2) swi tch ing t o  a simple c i r c u l a r  o r b i t  approximation. 

The emphasis o f  the study was on the f i t  e r ro rs  in t roduced by s u b s t i t u t i n g  the FPS 
o r  c i r c u l a r  o r b i t  approximations as models o f  the pred ic ted  reference ephemeri s .  
Although unce r ta in t y  i n  the pred ic ted  ephemeris i t s e l f  in t roduces add i t i ona l  e r -  
r o r s ,  these are the same f o r  both FPS and c i r c u l a r  o r b i t s .  While the e f f e c t  o f  
f i t  pe r iod  on poss ib le  over f low o f  FPS c o e f f i c i e n t s  and res idua ls  (us ing the  
Landsat-D scal  i ng parameters) was evaluated, e r ro rs  i ntroduced by over f low i n  on- 

Prec is ion  FPS r e s u l t s  are requ i red  fo r  t h i s  

board computer (OB0 in termediate computations were  ignored. M i  1 l e r  (1987, p. 
has shown tha t ,  f o r  the  FPS f i t s  t o  the nominal UARS o r b i t  used i n  t h i s  study, 
t h e r e  was a s u f f i c i e n t  cushion t o  avoid overf low. 

The e x i s t i n g  Landsat OBC software permits the continued use o f  the FPS c a l c u l a t  
a t  reduced accuracy beyond the timespan o f  the res idua ls .  Because the accuracy 
the FPS a lgor i thm degrades r a p i d l y  when i t  i s  evaluated a t  t i m e s  beyond the f i t  

1 

on 
o f  

per iod,  an extended f i t  pe r iod  f o r  the normal FPS u p l i n k  must be considered. 
t h i s  study, e f fec ts  of 3-day and 7-day f i t s  w e r e  evaluated. 
per iod  extends the  t i m e  per iod  fo r  which the FPS can be used as a backup ephem- 
e r i s ,  bu t  a t  the  cos t  o f  poss ib l y  decreasing the accuracy dur ing  the  normal 
32-hour pe r iod  o f  use. 

For 
Lengthening the f i t  
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The accuracy o f  3-day and 7-day f i t s  o f  the c i r c u l a r  o r b i t  approximation w e r e  
evaluated and compared t o  FPS r e s u l t s .  
puted i n  t e r m s  o f  nad i r -po in t ing  er ro rs ;  a long-track,  cross-track,  and r a d i a l  pos i -  
t i o n  d i f ferences;  v e l o c i t y  e r ro rs  i n  the spacecraf t  body frame; and yaw, p i t c h ,  
and r o l l  e r ro rs .  

Accuracies f o r  both techniques w e r e  com- 

The UARS OBC con t ro l s  p o i n t i n g  o f  the UARS high-gain antenna (HGA) toward the  

Tracking and Data Relay S a t e l l i t e  (TDRS) by computing the requ i red  HGA gimbal 
angles us ing UARS and TDRS ephemeris r e s u l t s  and the OBC a t t i t u d e  so lu t ion .  Thus, 

extended use o f  the TDRS ephemeris representat ion would be requ i red  i f  UARS t rack-  
i n g  o f  TDRS were t o  cont inue dur ing  the backup per iod.  F o r  t h i s  reason, 3-day and 
7-day f i t s  o f  the  TDRS ephemeris representat ion were generated, and the  Ear th 
(nad i r ) -po in t i ng  e r r o r s  (which can serve as a measure o f  the c o n t r i b u t i o n  o f  TDRS 
ephemeri s error t o  the spacecraft-to-TDRS t r a c k i  ng e r r o r )  were computed. 
w e r e  small f o r  e i t h e r  f i t  per iod.  

Er ro rs  

2.0 BACKGROUND 

2 .1  Fps 

I n  s tud ies repor ted by H a l l  and Long (19781, a number o f  poss ib le  ephemeris repre- 
sentat ions f o r  Earth-orbi  t i  ng spacecraf t  w i t h  near-ci r c u l a r  (eccent r i c1  t i e s  l e s s  
than 0.02) o r b i t s  and both low-Earth (550 t o  950 k i lometers  (km) a l t i t u d e )  and 
geosynchronous o r b i t s  were considered. Algor i thms were evaluated fo r  usefulness 
when computational t i m e ,  data storage, and data t ransmission were a l l  l i m i t e d ,  and 
accuracies o f  1 m e t e r  (m) t o  10 km root-mean-square (rms) p o s i t i o n  e r r o r  were  r e -  
qu i red  f o r  timespans of up 4 days. The FPS was selected as the spacecraf t  ephem- 
e r i s  representa t ion  t o  be used f o r  onboard computation by the  So lar  Maximum Mission 
(SMM), which used the f i r s t  Nat ional  Aeronautics and Space Admin is t ra t ion  (NASA) 
Standard Spacecraf t  Computer (NSSC-1) OBC. 
erated on the  ground; then, us ing a t runcated FPS, the c o e f f i c i e n t s  and res idua ls  
were  determined and upl inked t o  the OBC, .where the  FPS was evaluated t o  prov ide 
the Car tes ian elements a t  spec i f ied t i m e  i n t e r v a l s .  

The pred ic ted  ephemeris was f i r s t  gen- 

532 



To represent the Car tes ian spacecraf t  ephemeris data a t  equispaced g r i d  po in ts  f o r  
Landsat and f o r  UARS, an FPS o f  the f o l l o w i n g  form was chosen: 

1 t j s i n  ( i w t )  + b ijr' cos ( i w t )  
i j  

i o 1  j = O  

1 
k + C [ s i n  (ut) + cos (u t11  [c  k s i n  ( 2 w , t )  + d k  cos (2wet)1 

k=O 

where w i s  the  o r b i t a l  frequency and i s  assumed t o  be the same f o r  each Cartesian 

coordinate.  
value o f  

The Ear th 's  s idereal  r o t a t i o n  frequency, w e ,  i s  assumed t o  have a 

w = 2n/[23.934467 (3600)l radianslsecond e 

I n  opera t iona l  programs, the s e r i e s  i s  used i n  a nested form as fo l lows:  

+ {A7 + t C %  + t(Ag + t (A10  + t(Al l  + tA l2 ) ) )1 )  s i n  ( w t )  

+ {Al3 + tCA14 + t ( A 1 5  + t ( A 1 6  + t(A1, + tA l8 ) ) )1 }  COS (ut) 

+ {A37 + p39 s i n  (at)  + %1 cos ( w t ) }  s i n  (2wet)  
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where x ( t )  = any p o s i t i o n  or v e l o c i t y  component 
w = mean o r b i t a l  frequency o f  the spacecraf t  f o r  the data span 

t = spacecraf t  c lock  t i m e  r e l a t i v e  t o  a spacecraf t  c lock  reference t i m e  
= Ear th 's  s idereal  r o t a t i o n  frequency we 

f o r  the data span, modeled as fo l l ows  ( f rom Lee, 1981, p. 3-1; NASA, 
1987, Sect ion 3205.2.2): 

2 t p t o  + ( 1  + R) (T  - To) + Rd ( T  - To) 

where T = t r u e  ephemeris t i m e  
to ,  TO = spacecraf t  c lock  t ime and corresponding t r u e  t i m e  a t  the  FPS 

re ference t i m e  (TREF) 

R = spacecraf t  c lock  d r i f t  r a t e  
Rd = r a t e  o f  change o f  R 

For the  TDRS ephemeris representa t ion  i n  the UARS OBC, res idua ls  a re  n o t  used and 

o n l y  the A 1 ,  A2 ,  A7 ,  A8,  A13, A 1 4 ,  A,9 ,  and 
(NASA, 1987, Sect ion 3205.2.3). 

t e r m s  are f i t  

Although some rough analogies can be made w i t h  such fac to rs  as J2 per tu rba t ions ,  
the  i n d i v i d u a l  terms o f  the FPS should no t  be thought o f  as having phys ica l  s ig-  
n i f i cance .  The FPS i s  simply a convenient method us ing  a l i m i t e d  number o f  t e r m s  
t o  compute near -c i rcu la r ,  low-Earth o r b i t s  t o  a s u i t a b l e  degree o f  accuracy f o r  
l i m i t e d  t i m e  per iods.  

To accura te ly  determine the o r b i t a l  frequency, w ,  the  maximum entropy method 
(MEM) i s  used. 
ana lys is  for shor t  data spans; MEM can loca te  p e r i o d i c i t i e s  i n  the  data t h a t  are 
o f  the order  o f  the  length  of the  data span i t s e l f  w i thout  quant iz ing  them. The 
MEM ana lys is  i s  fo l lowed by a l e a s t  squares f i t  o f  the c o e f f i c i e n t s  o f  a t runcated 
FPS t o  a p rec ise  ephemeris f i l e  generated by numerical i n teg ra t i on .  Residuals are 
then computed a t  spec i f i c  g r i d -po in t  t i m e s .  
added t o  the  p o s i t i o n  and v e l o c i t y  generated by eva lua t ing  the  c o e f f i c i e n t s  a t  

selected gr id- t ime i n t e r v a l s  t o  ob ta in  Cartesian elements nea r l y  i d e n t i c a l  t o  the 
i n i t i a l  p rec ise  ephemeris. A four-po int  H e r m i t e  i n t e r p o l a t o r  i s  then used t o  ob- 
t a i n  Cartesian elements between gr id- t ime i n t e r v a l s .  

This method provides super ior  frequency r e s o l u t i o n  t o  Four ie r  

I n  the OBC, these res idua ls  can be 
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2.2 CIRCULAR ORBIT APPROXIMATION 

The c i r c u l a r  o r b i t  approximation was o r i g i n a l l y  designed f o r  use by Landsat-4 a t  a 
t i m e  when the  s o l a r  panels appeared t o  be undergoing progress ive f a i l u r e  (Quinn, 
1984). 
e r i s  a lgo r i t hm t h a t  would need t o  be updated from the ground no more f requen t l y  
than once per  week and, i f  necessary, could be used f o r  1 month. 
o r b i t  a1 g o r i  thm uses an average nodal per iod,  average nodal precession, and o r b i t  
rad ius  t o  compute the  p o s i t i o n  and v e l o c i t y .  For UARS, the  c i r c u l a r  o r b i t  param- 

e t e r s  would be f i t t e d  on the  ground and upl inked as an add i t i ona l  OBC t a b l e  each 
t i m e  the  FPS ephemeris was upl inked. 

The c i r c u l a r  o r b i t  model was def ined by Quinn (1984, p. 4). P o s i t i o n  and v e l o c i t y  
are computed i n  G C I  coordinates as fo l lows:  

The requirements w e r e  t o  prov ide a coarse (on the order  of 1 degree) ephem- 

The c i r c u l a r  

x = R (cos R cos €3 - s i n  R cos i s i n  8) 
y = R ( s i n  R cos €3 + cos R cos i s i n  8) 
z = R ( s i n  i s i n  8) 
i = -V (cos R s i n  e + s i n  R cos i cos e) 

= -V ( s i n  R s i n  e - cos R cos i cos e) 
i = v ( s i n  i cos e) 

where R = r i g h t  ascension o f  ascending node: 

R = R ( a t  T = 0) + T * i; 
e 

R = nodal precession r a t e  
T = t i m e  elapsed s ince reference t i m e  
8 = o r b i t  a n g l e ’ c l i n e a r  func t i on  o f  t i m e ) :  8 = (2n/P)T 
P = average nodal per iod  
R = rad ius  a t  f i r s t  ascending node 
V = v e l o c i t y  a t  f i r s t  ascending node 
i = i n c l i n a t i o n  o f  UARS o r b i t  

2 . 3  EFFECT OF EPHEMERIS ERRORS ON SPACECRAFT OPERATION 

I t  i s  accepted t h a t  the  OBC-computed backup ephemeris may no t  be accurate enough 

fo r  the spacecraft t o  m e e t  the nadi r -poi  n t i  ng cont ro l  requi  rements f o r  normal 
science measurements. Two coarse con t ro l  requirements remain: ( 1  1 The spacecraft 
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l i ne -o f - s igh t  d i r e c t i o n  t o  TDRS must be computed t o  an accuracy o f  1 deg (NASA, 
1987, Sect ion 3205.2.2, p. 4) t o  mainta in  TDRS contact .  

p o i n t i n g  e r r o r  must be maintained below approximately 5 deg t o  avoid a t r a n s i t i o n  
t o  a safehold mode t r i gge red  by o f f - n u l l  Earth sensor measurements. 

The UARS spacecraf t  w i l l  have a component o f  nad i r -po in t ing  e r r o r  due t o  ephemeris 
representa t ion  e r r o r  when i t  i s  measuring an i n e r t i a l  a t t i t u d e  and c o n t r o l l i n g  t o  
a l o c a l  v e r t i c a l  frame computed us ing the onboard ephemeris. This nad i r -po in t ing  
e r r o r  i s  computed as the angle between the G C I  spacecraf t  pos i t i ons  obtained from 
the onboard ephemeris representat ion and from the reference ephemeris. 

When UARS i s  f l y i n g  forward a t  normal a t t i t u d e ,  the yaw ax i s  (Z) i s  i n  the  nad i r  
d i r e c t i o n .  The p i t c h  ax i s  (Y)  i s  i n  the d i r e c t i o n  o f  the negat ive o r b i t  normal. 
The r o l l  ax i s  ( X I  i s  orthogonal and p o s i t i v e  i n  the  d i r e c t i o n  o f  f l i g h t .  The 
mathematical fo rmula t ion  o f  the e r ro rs  i n  spacecraf t  a t t i t u d e  due t o  e r ro rs  i n  the 
OBC ephemeris representa t ion  was given by F o l t a  (1987, Appendix A) .  

The nad i r -po in t ing  e r r o r  i s  s imply  the root-sum-square (rss )  o f  the  p i t c h  and r o l l  
e r ro rs ,  and these a l l  depend on ly  on p o s i t i o n  e r ro r .  However, the  yaw e r r o r  de- 
pends on e r ro rs  i n  the  d i r e c t i o n  of the negat ive o r b i t  normal, which i s  computed 
as the cross product  o f  the  spacecraft p o s i t i o n  and the  v e l o c i t y .  Since the  UARS 
FPS inc ludes p o s i t i o n  bu t  no t  v e l o c i t y  res idua ls ,  p i t c h  and r o l l  e r ro rs  should be 
reduced when res idua ls  a re  used, but' yaw e r r o r  should be r e l a t i v e l y  unaffected. 

The component of spacecraft a t t i t u d e  e r r o r  perpendicu lar  t o  the  spacecraf t  l i n e  o f  
s i g h t  t o  TDRS cont r ibu tes  d i r e c t l y  t o  e r r o r  i n  p o i n t i n g  the  spacecra f t ' s  high-gain 

antenna (HGA) a t  TDRS. The i n d i v i d u a l  con t r i bu t i ons  from r o l l ,  p i t c h ,  and yaw 
depend on the  geometry, bu t  as an upper bound on e r ro r ,  t h e i r  rss value can be 

(2 )  The spacecraf t  nadi r -  

used. However, the  spacecraft p o s i t i o n  e r r o r  a l so  c o n t r i  
e r ro r ,  and t h i s  e r r o r  i s  h i g h l y  co r re la ted  w i t h  p i t c h  and 

The e f f e c t  o f  t h i s  c o r r e l a t i o n  i s  shown i n  Figure 1. The 
con t ro l  a lgo r i t hm i s  I nd i ca ted  by a subscr ip t  I (appl icab 
measuring an i n e r t i a l  referenced a t t i  tude and con t ro l  1 i n g  

U t e s  t o  TDRS p o i n t i n g  
r o l l  e r r o r .  

normal UARS a t t i  tude 
e when the  spacecraf t  i s  
t o  a computed nad i r -  

p o i n t i n g  a t t i t u d e  based on the  OBC ephemeris) and a poss ib le  backup con t ro l  mode 
by a subscr ip t  E (app l i cab le  when the spacecraf t  i s  c o n t r o l l i n g  t o  a nad i r -po in t ing  
a t t i t u d e  based on Earth sensor measurements). UARS and TDRS actual  pos i t i ons  are 
i nd i ca ted  by S and T; a prime ( ' 1  ind ica tes  the OBC computed pos i t i on .  The UARS 
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(a) UARS EPHEMERIS EFWOR @)TORS EPHEMERIS EFWOR 

Figure 1. TDRS Po in t i ng  E r ro r  Geometry 

and TDRS "computed nad i r -po in t ing"  e r r o r  due t o  ephemeris e r r o r  i s  i nd i ca ted  by 
ABs and ABT. 

The c o n t r i b u t i o n  from ABs t o  spacecraft-to-TDRS p o i n t i n g  e r r o r  i s  A+I or A+E, 

depending on- the  spacecraf t  con t ro l  mode; the c o n t r i b u t i o n  from ABT i s  A+T. 

L e t t i n g  S and T a l s o  represent spacecraf t  (6,978 km) and TDRS (42,164 km) d is tance 
from the Ear th 's  center ,  i t  can be seen f o r  the geometry shown t h a t  

The equat ion f o r  A+I seems t o  i n d i c a t e  t h a t  ( f o r  normal i ne r t i a l - re fe renced  
a t t i t u d e  c o n t r o l )  co r re la t i ons  reduce the e f f e c t  o f  ephemeris e r ro rs  on TDRS 
p o i n t i n g  e r ro rs .  However, when the UARS and TDRS pos i t i ons  are 90 deg apar t ,  i t  
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i s  c l e a r  t h a t  UARS yaw e r r o r s  t rans fo rm d i r e c t l y  t o  TDRS p o i n t i n g  e r r o r s .  The 
equa t ion  f o r  ABT i n d i c a t e s  t h a t  t h e  c o n t r i b u t i o n  o f  TDRS ephemeris e r r o r s  t o  
UARS-to-TDRSS p o i  n t i  ng e r r o r  may be approximated as t h e  equi Val e n t  TDRS nadi  r- 
p o i n t i n g  e r r o r .  
approximated as t h e  sum o f  UARS a t t i t u d e  e r r o r  and TDRS n a d i r - p o i n t i n g  e r r o r .  

W e s w i l l  t h e r e f o r e  consider  t h e  UARS-to-TDRS p o i n t i n g  e r r o r  t o  be 

3 .O PROCEDURES 

O r b i t s  generated by t h e  FPS and t h e  c i r c u l a r  o r b i t  approx imat ion were f i t  and com- 
pared t o  a p r e d i c t e d  ephemeris generated by t h e  Goddard T r a j e c t o r y  Determ n a t i o n  
System (GTDS). The Ephemeris Representat ion Ground Support Sys tem ( E R G S )  and a 
m o d i f i e d  v e r s i o n  o f  t h e  Ephemeri s Representat ion Ground Support  Q u a l i t y  Assurance 
(ERGSQA) programs were used t o  compute c o e f f i  c i  ents  and t o  generate ephemeri s f i  1 es  
p a s t  t h e  l e n g t h  o f  t i m e  used t o  f i t  t h e  c o e f f i c i e n t s .  These programs a r e  discussed 
by Boland and Lee (1982) and Boland (1982). 

The c i r c u l a r  o r b i t  f i t  uses t h e  numerical  average o f  t h e  nodal p e r i o d  ove r  t h e  
t imespan des i red .  The FPS f i t  i s  performed over  a se lec ted  timespan o f  t h e  pre- 
d i  c t e d  ephemeri s t o  determi  ne t h e  o r b i t a l  f requenci  es ,  c o e f f i c i e n t s ,  and r e s i d u a l  s .  
C u r r e n t  Landsat ope ra t i ons  use 3 days as t h e  da ta  span f o r  f i t t i n g  c o e f f i c i e n t s .  
The extended f i t  l e n g t h  used i n  t h i s  r e p o r t  was a r b i t r a r i l y  se lec ted  as 7 days, 
t h e  l a r g e s t  f i t  l e n g t h  t h a t  i s  c u r r e n t l y  supported by  t h e  ERGSS program. Accu- 
r a c i e s  f o r  b o t h  approx imat ions a r e  g i ven  f o r  n a d i r - p o i n t i n g  angles;  yaw, p i t c h ,  
and r o l l  angles; a long- t rack,  cross- t rack,  and r a d i a l  p o s i t i o n s ;  and v e l o c i t y  
components. 

4.0 RESULTS 

4.1 FPS AND CIRCULAR ORBIT ACCURACIES 

Table 1 compares t h e  l e n g t h  o f  t i m e  u n t i l  t h e  n a d i r - p o i n t i n g  e r r o r  ( d e f i n e d  here 
as t h e  combinat ion o f  p i t c h  and r o l l  e r r o r s )  exceeds a 1-deg o r  5-deg angle.  These 
angles a r e  as suggested by t h e  General E l e c t r i c  Company f o r  m a i n t a i n i n g  TDRS 
p o i n t i n g  and f o r  a v o i d i n g  t r a n s i t i o n  t o  t h e  sa feho ld  mode, r e s p e c t i v e l y .  A s  seen 
i n  t h e  t a b l e ,  a 1 .O.-deg n a d i r - p o i n t i n g  accuracy can be mainta ined by e i t h e r  t h e  
FPS o r  c i r c u l a r  o r b i t  approx imat ion f o r  about t h e  same t i m e  p e r i o d  i f  a 7-day f i t  

538 



Tab e 1. Comparison o f  Length o f  Time From Beginning o f  F i t  U n t i l  Nad 
E r r o r s  Exceed 1 o r  5 Degrees 

r-Poi n t i  ng 

Davs From Beginning o f  F i t  
R e w e s e n t a t i  on 1-Degree E r r o r  5-Degree E r r o r  

C i  r c u l  a r  
3-day f i t  9.8 21.4 
7-day f i t  12.7 23.9 

FPS 
3-day f i t  5.3 6.8 

7-day f i t  13.1 16.9 

i s  used. 
t i v e l y .  
when compared t o  a p r e d i c t e d  ephemeris. As shown i n  F i g u r e  3, f rom 7 days t o  

app rox ima te l y  11 days from t h e  s t a r t  o f  t h e  da ta  f i t, bo th  FPS and c i r c u l a r  o r b i t s  
g i v e  s i m i l a r  r e s u l t s  f o r  a 7-day f i t. 
11 days. 

F igu res  2 and 3 p resen t  these r e s u l t s  f o r  3-day and 7-day f i t s ,  respec- 

Each f i g u r e  shows t h e  e r r o r s  f o r  t h e  FPS o r b i t  and t h e  c i r c u l a r  o r b i t  

However, t h e  FPS o r b i t  degrades a f t e r  

Tables 2 and 3 p resen t  t h e  p o s i t i o n  d i f f e r e n c e s  f o r  bo th  t h e  c i r c u l a r  o r b i t  and 
FPS o r b i t .  The s i g n i f i c a n t  

p o s i t i o n  d i f f e r e n c e  i s  i n  t h e  a long - t rack  d i r e c t i o n  and agrees w i t h  t h e  p rev ious  
n a d i r - p o i n t i n g  r e s u l t .  An improvement i n  u s i n g  t h e  FPS i n s t e a d  o f  the- c i r c u l a r  
o r b i t  was e s p e c i a l l y  noted over  t h e  f i r s t  severa l  days even a f t e r  t h e  r e s i d u a l s  
have been exhausted. 

Maximum values a re  g i ven  f o r  3-day and 7-day f i t s .  

F igures 4 and 5 p resen t  t h e  yaw e r r o r s  f o r  a 3-day f i t  and a 7-day f i t  when t h e  
FPS and c i r c u l a r  o r b i t  approximat ions a r e  compared t o  a p r e d i c t e d  ephemeris. A s  

shown i n  t h e  f i g u r e s ,  t h e  FPS accuracy i s  s u p e r i o r  t o  t h e  c i r c u l a r  o r b i t  accuracy 
d u r i n g  t h e  t i m e  i n t e r v a l  used f o r  f i t t i n g  c o e f f i c i e n t s  and f o r  a s h o r t  t i m e  a f t e r  
f o r  a 7-day FPS f i t .  
t h e  FPS o r b i t ,  i t  w i l l  degrade a t  a s lower r a t e  than t h e  FPS o r b i t  when s i g n i f -  
i c a n t l y  p a s t  'the end o f  t h e  t i m e  i n t e r v a l  used f o r  f i t t i n g  c o e f f i c i e n t s .  
5, and 6 p resen t  t h e  yaw, p i t c h ,  r o l l ,  and v e l o c i t y  e r r o r s  f o r  1-, 3-, and 7-day 
pe r iods ,  r e s p e c t i v e l y .  
over  t h e  s t a t e d  p e r i o d .  

A1 though t h e  c i r c u l a r  o r b i t  has i n i t i a l  l y  l a r g e r  e r r o r s  than 

Tables 4, 

Resul ts  rep resen t  t h e  maximum angle o r  v e l o c i t y  e r r o r s  
Dur ing  t h e  f i t  p e r i o d ,  t h e  FPS e r r o r s  a r e  much sma l le r  
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Table 2. Maximum P o s i t i o n  D i f f e r e n c e  (km) Dur ing  F i r s t  Day o f  F i t  

3-Day FPS 7-Dav FPS 
3-Day 7-Day No With No With 

D i r e c t i o n  C i  r c u l  a r  C i  r c u l  a r  Resf dual s Res: dual s Resi dual  s Residual s 

Along- t rack -29.8 -29.8 0.47 0.05 0.80 0.06 

Cross- t rack 2.7 2.9 0.13 -0.01 0.21 -0.02 
Radia l  11.3 11.4 0.17 -0.05 0.19 -0.05 

Table 3 .  Maximum P o s i t i o n  D i f f e r e n c e  (km) Dur ing F i r s t  7 Days o f  F i t  

3-Day FPS 7-Day FPS 
3-Day 7-Day No Wi th No With 

D i r e c t i o n  C i r c u l a r  C i r c u l a r  Residuals Residuals Residuals Residualsa 

Along- t rack -65.7 -29.8 795. - 0.89 - 
Cross-track 9.7 9.7 272. - 0.27 - 
Radi a1 11.3 11.5 146. - 0.19 - 

aOnly 32 hours of r e s i d u a l s  a r e  up l inked.  
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Table 4. Maximum Yaw, Pi tch,  Rol l ,  and Veloc i ty  Errors During F i r s t  Day o f  F i t  

3-Day 7-Day 
Errors C i  r c u l  a r  C i  r c u l  a r  

Point ing Errors (deg) 
Yaw - +0.0189 k0.0189 

P i t ch  +O. 2467 +O. 2451 
Rol l  - +O. 0238 +O. 0232 

Ve loc i t y  er rors  (km/sec) 
X-axi s -0.0146 -0.0147 

Y-axi s - +O. 0025 +O. 0025 
Z-axi s +O. 0227 +O. 0225 

Magni tudea 0.0246 0.0246 

3-Day FPS 7-Day FPS 
No With No With 

Residuals Residuals Residuals Residuals 

- +0.0012 +0.0012 20.0018 +0.0016 
- +O .0060 +O .0003 -0.0065 +Om 0005 
- +0.0013 +0.0001 +0.0014 +0.0001 

+O. 0003 

- +o. 0002 
-0.0007 
0.0007 

- +O. 0003 

+o. 0002 
-0.0007 
- 

0.0008 

aMagnitude a t  a given epoch and not magnitude o f  maximum values a t  d i f ferent  
epochs. 

Table 5. Maximum Yaw, Pi tch,  Rol l ,  and Veloc i ty  Errors During F i r s t  3 Days o f  F i t  

3-Day 
Errors C i  r c u l  a r  

Point ing Errors (deg) 
Yaw - +O. 0338 
P i t ch  +O .267 1 

Rol l  - +O. 0402 

Veloc i ty  er rors  (km/sec> 

X axis - +O . 01 47 

Y axis - +O. 0046 
Z axis +O. 0227 

Magni tudea 0.0243 

7-Day 
C i  r c u l  a r  

- +O. 0338 
+O. 2451 
- +O. 0401 

- +O. 01 47 

- +O. 0036 
+O. 0225 
0.0268 

3-Day FPS 
No With 

R e s i  dual s R e s i  dual s 

- +0.0014 +0.0014 

- +O. 0062 +O. 0004 
- +O. 001 3 +O. 0001 

- +O .0003 

- +O. 0007 
-0.0007 

0.0007 

7-Day FPS 
No With 

R e s i  duals Residual s 

+o .0022 +o . 0022 
-0.0065 +O 0004 
- +O. 001 4 +O. 0001 

- 

+O .0003 
+O. 0008 - 
-0.0008 
0.0008 

aMagnitude a t  a given epoch and not magnitude o f  maximum values a t  d i f f e r e n t  
epochs. 
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than the  c i r c u l a r  o r b i t  e r ro rs .  For both the c i r c u l a r  o r b i t  and the FPS o r b i t  
w i thout  res idua ls ,  yaw e r r o r  i s  comparable t o  r o l l  e r ro r ,  and p i t c h  e r r o r  i s  l a r -  
ger. The FPS p i t c h  and r o l l  e r ro rs  are reduced by a f a c t o r  o f  10 by adding res id -  
ua ls ,  s ince computation o f  these angles depends o n l y  on the p o s i t i o n .  
e r r o r  comparisons f o r  FPS and c i r c u l a r  o r b i t  again show the FPS t o  be super io r  t o  
the c i r c u l a r  o r b i t .  

V e l o c i t y  

Table 6.  Maximum Yaw, P i tch ,  R o l l ,  and V e l o c i t y  Er ro rs  Dur ing F i r s t  7 Days o f  F i t  

3-Day FPS 7-Day FPS 
3-Day 7-Day No With No With 

Er rors  C i  r c u l  a r  C i  r c u l  a r  Residual s R e s i  dual s Residual s R e s i  dual s 

Po in t i ng  Er rors  (deg) 

Yaw - +O. 0802 +O. 0801 -2.4100 - - +o. 0022 +o. 0022 
P i t c h  +O. 5505 +O. 2451 -6.4389 - - +O .0073 +O .0004 
Ro l l  - +O. 0804 +O. 0801 -2.3000 - - +0.0018 +0.0001 

Ve 
X 
Y 

Z 
M 

oc i  t y  e r ro rs  (km/sec) 

ax i  s - +0.0107 +0.0107 +O. 3204 

gni  tudea 0.0638 0.0243 0.8139 

ax i  s -0.0147 -0.0147 -0.1028 

a x i  s +O. 0606 +O. 0247 -0.7925 

- +O .0003 
- +o. 0002 
-0.0009 

0.0009 

aMagnitude a t  a g iven epoch and no t  magnitude o f  maximum values a t  d i f f e r e n t  
epochs. 

Yaw accuracy degradat ion over the  first 3 days due t o  sw i tch ing  from a 3-day f i t  
t o  a 7-day f i t was analyzed. Table 7 and Figures 6 and 7 show t h a t  some s l i g h t  
degrading does occur. 
e r r o r  from 0.0014 deg t o  0.0022 deg over the f i r s t  3 days o f  use, which i s  s t i l l  

b e t t e r  than the  corresponding value o f  0.0338 deg fo r  the  c i r c u l a r  o r b i t .  P i t c h  

r s t  3 days by ex-  
r es idua ls  does no t  

The r e s u l t  of extending f i t lengths i s  t o  increase the yaw 

and r o l l  accuracies are no t  s i g n i f i c a n t  
tending the  f i t  length,  as shown i n  Tab 
s i g n i f i c a n t l y  improve the  yaw accuracy. 

y af fected over the f 
e 5. Adding p o s i t i o n  
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Table 7 .  Resu l t s  o f  Yaw E r r o r  Comparison Dur ing  F i r s t  3 Days 

Maximum Yaw E r r o r  Observed Over F i r s t  3 Days 
ReDresentat i  on 3-Dav F i t  (Decrees) 7-Dav F i t  (Degrees) 

FPS ( w i t h  r e s i d u a l  S I  0.0014 
FPS ( w i t h o u t  r e s i d u a l  s )  0.0015 
C i  r c u l  a r  o r b i t  0.0338 

0.0022 
0.0022 
0.0338 

4.2 EVALUATION OF SCALING AND S I Z I N G  OF FPS COEFFICIENTS AND RESIDUALS FOR OBC USE 

An a n a l y s i s  was performed comparing t h e  FPS c o e f f i c i e n t s  t o  t h e  l a r g e s t  and smal l -  
e s t  va lues t h a t  can be u p l i n k e d  when sca le  f a c t o r s  a r e  used t o  conver t  them f o r  
u p l i n k  t o  t h e  OBC. 

The UARS OBC i s  s t r u c t u r e d  f o r  double-prec is ion,  3 6 - b i t  double words f o r  p o s i t i o n  
and v e l o c i t y  c o e f f i c i e n t s  and s i n g l e - p r e c i s i o n ,  1 8 - b i t  words f o r  p o s i t i o n  r e s i d -  
u a l s .  The doub le -p rec i s ion  words do n o t  use t h e  s i g n  b i t  o f  t h e  low-order,  1 8 - b i t  
word; thus,  o n l y  35 b i t s  a r e  used. From t h e  sca le  f a c t o r  and number o f  b i t s  used, 
t h e  l a r g e s t  and s m a l l e s t  p o s s i b l e  va lues o f  t h e  u p l i n k  parameters can be computed 
f rom t h e  f o l l o w i n g  equat ions:  

N-S) La rges t  c o e f f i c i e n t  = ( zN  - 1 ) / ( 2  

N-S) Small e s t  c o e f f i c i e n t  = 1 / ( 2  

where N = one l e s s  than  t h e  number o f  b i t s  used ( i . e . ,  N = 34 f o r  p o s i t i o n  and 

S = s c a l e  f a c t o r  o f  OBC da ta  taken f rom Landsat-D System Tables (Sh i rey ,  
v e l o c i t y  c o e f f i c i e n t s ;  N = 17 f o r  s i n g l e - p r e c i s i o n  r e s i d u a l  c o e f f i c i e n t s )  

1983) one f o r  each c o e f f i c i e n t  used 

These equat ions were used t o  eva lua te  t h e  l a r g e s t  and s m a l l e s t  va lues t h a t  can be 
u p l i n k e d  when t h e  s c a l e  f a c t o r  i s  taken i n t o  account.  The u n i t s  o f  t h e  coe f f i -  
c i e n t s  w e r e  changed f rom meters p e r  (second) 
P rep resen ts  t h e  power o f  t i m e  used i n  genera t i ng  t h e  c o e f f i c i e n t .  
t o  match t h e  u n i t s  used by t h e  OBC. 
was found t o  be between t h e  l a r g e s t  and sma l les t  va lues t h a t  cou ld  be up l i nked .  

P t o  m e t e r s  p e r  ( m i l l i s e c I P ,  where 
Th is  was done 

Each c o e f f i c i e n t  computed by t h e  ERGSS program 
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Overf low o r  under f l ow  was n o t  encountered f o r  t h e  nominal e c c e n t r i c i t y ,  e = 

0.001 486. 

A s tudy was nex t  c a r r i e d  o u t  (Hashmall, 987) t o  determine i f  t h e  Landsat s c a l i n g  
parameters would produce ove r f l ows  us ing  nonnominal o r b i t a l  parameters.  
study, a worst-case o r b i t  was assumed t o  be one w i t h  an e c c e n t r i c i t y  ( e )  o f  0.05. 
Both 7-day and "s tandard"  3-day FPS f i t s  were considered. The programs and pro- 
cedures p r e v i o u s l y  used w e r e  m o d i f i e d  s l i g h t l y  t o  improve p rocess ing  e f f i c i e n c y ,  
and a search was done t o  determine t h e  l a r g e s t  e c c e n t r i c i t y  b e f o r e  an o v e r f l o w  
would occur .  Most o f  t h e  o r b i t  genera t i on  runs w e r e  performed w i t h  t h e  standard 
s e t  o f  i n p u t  o r b i t a l  elements, o t h e r  than e c c e n t r i c i t y .  

A d d i t i o n a l  3-day o r b i t  genera t i on  runs were performed f o r  e = 0.05 w i t h  severa l  
va lues o f  t h e  r i g h t  ascension o f  t h e  ascending node. The 172.035-deg va lue  was 
reduced by 45 deg i n  7.5-deg steps. 
decrement o f  t h e  r i g h t  ascension o f  t h e  ascending node. 

I n  t h i s  

A d d i t i o n a l l y ,  one r u n  was done w i t h  a 90-deg 

Computations o f  FPS c o e f f i c i e n t s  were performed w i t h  a r e f e r e n c e  t i m e  (TREF) o f  
21 hours a f t e r  t h e  s t a r t  t i m e  (as i n  t h e  o r i g i n a l  s tudy)  and repeated w i t h  a TREF 
o f  36 hours a f t e r  t h e  s t a r t  t ime. 

For t h e  3-day f i t s ,  o v e r f l o w  f irst occurred a t  e = 0.066, where one p o s i t i o n  co- 
e f f i c i e n t ,  t h r e e  v e l o c i t y  c o e f f i c i e n t s ,  and one r e s i d u a l  over f lowed.  A t  e = 0.065, 
t h e r e  w e r e  no ove r f l ows .  For t h e  7-day f i t s ,  t h e  first o v e r f l o w  occurred a t  e = 

0.049, where a s i n g l e  r e s i d u a l  over f lowed.  A t  e = 0.048, t h e r e  w e r e  no ove r f l ows .  
These r e s u l t s  were u n a f f e c t e d  by changing t h e  FPS r e f e r e n c e  t i m e  f rom 21 t o  
36 hours a f t e r  t h e  s t a r t  o f  t h e  computat ion i n t e r v a l .  

FPS c o e f f i c i e n t s  f o r  3-day f i t s  a t  e = 0.05 showed no ove r f l ows  i n  cases where t h e  

r i g h t  ascension o f  t h e  ascending node was s e t  t o  values d i f f e r i n g  f rom t h e  standard 
va lue  by up t o  45 deg. 

The 3-day f i t  r e s u l t s  i n d i c a t e d  t h a t  t h e  FPS ephemeris t a b l e  s c a l i n g  used f o r  
Landsat w i l l  n o t  produce s c a l i n g  problems f o r  UARS. Even i f  a 7-day f i t  were  used, 
an e c c e n t r i  c i  ty  g r e a t e r  than 0.048 i s  p robab ly  q u i t e  un l  i kely. 

4.3 EVALUATION OF UNCERTAINTIES I N  THE UARS PREDICTED ORBIT 

The d i f f e r e n t  scenar ios f o r  t r a c k i n g  passes and expected e r r o r  sources, such as 
d a i l y  u n c e r t a i n t y  i n  t h e  s o l a r  f l u x  o r  geopo ten t ia l  f i e l d s ,  r e s u l t  i n  an uncer- 
t a i n t y  i n  p r e d i c t i n g  t h e  UARS o r b i t .  

t a i n t y  and r e p o r t e d  t h e  expected r e s u l t s  f o r  UARS. F i g u r e  8 i n d i c a t e s  a p o s s i b l e  
Schanzle (1985, 1987) analyzed t h i s  uncer- 
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t o t a l  n a d i r - p o i n t i n g  e r r o r  when t h e  u n c e r t a i n t y  i n  t h e  UARS o r b i t  i s  added t o  an 
FPS n a d i r - p o i n t i n g  e r r o r  f rom a 7-day f i t  o f  c o e f f i c i e n t s  ( f rom F o l t a ,  1987). 
Even though t h e  c i r c u l a r  o r b i t  long-term accuracy i s  b e t t e r  than t h e  FPS o r b i t  
accuracy, t h e  p r e d i c t e d  o r b i t  u n c e r t a i n t y  becomes t h e  domi nant  e r r o r  source and 
may exceed 1 'DRS p o i n t i n g  requirements w i t h i n  2 weeks. 

1DEGREEERROR 

0.00 2.25 4.50 6.75 8.00 11.25 13.50 15.75 1 

DAYS FROU EPOCH 

Do 

F i g u r e  8. UARS Nadi r -Poi  n t i  ng E r r o r  ( P r e d i c t i o n  U n c e r t a i n t y  Added) f o r  a 7-Day 
F i t  o f  FPS (No Residuals)  

4.5 TDRS FPS ACCURACIES 

UARS r e q u i r e s  a p r e d i c t e d  TDRS 
p o i n t i n g  angles.  The TDRS o r b  

s c r i b e d  i n  Sec t i on  2.1, w i t h  e 

o r b i t  t o  a l l o w  onboard computat ion o f  t h e  HGA 
t w i l l  be represented by FPS c o e f f i c i e n t s  as de- 
g h t  c o e f f i c i e n t s  up1 inked  t o  rep resen t  t h e  p o s i t  on. 

To determine t h e  accuracy o f  t h i s  r e p r e s e n t a t i o n ,  an a n a l y s i s  was performed us ing  
3-day and 7-day FPS f i t  i n t e r v a l s .  The r e s u l t s ,  presented i n  F i g u r e  9, compare 
t h e  TDRS n a d i r - p o i n t i n g  e r r o r  t o  elapsed t i m e  u s i n g  t h e  same methods descr ibed i n  
Sect ions 3 and 4.1. Both f i t  i n t e r v a l s  y i e l d  smal l  n a d i r - p o i n t i n g  e r r o r s  over  the  
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I 

f i rst 3 days, w i t h  t h e  7-day f i t  i n t e r v a l  s u p e r i o r  f o r  l onger  pe r iods .  
cated i n  Sec t i on  2.3, t h e  c o n t r i b u t i o n  t o  spacecraft-to-TDRS p o i n t i n g  e r r o r ,  
A@T = 1.2 deT ( t h e  computed n a d i r  p o i n t i n g  e r r o r ) .  

A s  i n d i -  

5 o I Y  m 
f Y aim1 

Qpoo 0.00 I 2.62 6.25 7.87 10.50 15.12 15.75 18.37 21 

DAYS FROM EPOCH 

Fi.gure 9.  TDRS Nad i r -Po in t i ng  E r r o r  f o r  3- and 7-Day F i t s  o f  FPS (No Residuals)  

The UARS o r b i t  can b e s t  be represented f o r  s h o r t  pe r iods  ( 1  week a f t e r  r e s i d u a l s  
a re  exhausted), w i t h  c o e f f i c i e n t s  generated f rom an FPS f i t  t o  a 7-day p r e d i c t e d  
ephemeris. Even w i t h o u t  r e s i d u a l s  added, t h e  FPS o r b i t  i s  s u p e r i o r  t o  t h e  c i r c u l a r  
o r b i t  r e p r e s e n t a t i o n  and should be considered f o r  backup i n s t e a d  o f  t h e  c i r c u l a r  
o r b i  t technique.  The r e s u l t s  o f  t h i  s a n a l y s i  s conf i rmed t h e  f o l  lowing:  

0 I n  genera l ,  f o r  shor t - term backup ( 1  week), o r b i t s  generated from t h e  FPS 
approx imat ion a r e  more accurate than those u s i n g  t h e  c i r c u l a r  o r b i t  approximat ion.  
C i r c u l a r  o r b i t s  a r e  i n i t i a l l y  l e s s  accu ra te  than FPS o r b i t s  b u t  degrade more s l o w l y  
ove r  l o n g  timespans. 
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0 A 1-deg nad i r -po in t ing  f i t  e r r o r  and a 0.1-deg yaw f i t  e r r o r  can be main- 
ta ined by both the FPS o r b i t  and c i r c u l a r  o r b i t  representat ions f o r  approximately 
11 days when us ing a 7-day f i t  i n t e r v a l .  

0 During the  nominal u p l i n k  per iod,  p i t c h  and r o l l  e r ro rs  are no t  s i g n i f i -  
c a n t l y  increased by extending the f i t  i n t e r v a l  from 3 days t o  7 days. 
yaw e r r o r  over the  f i r s t  3 days increased from 0.0014 deg t o  0.0022 deg when ex- 
tending the f i t  length.  

The maximum 

0 Ro l l  e r ro rs  are comparable i n  magnitude t o  yaw e r ro rs  f o r  c i r c u l a r  o r b i t s ,  
and f o r  FPS o r b i t s  when p o s i t i o n  res idua ls  are no t  used. 

0 Yaw, p i t c h ,  and r o l l  e r ro rs ,  when us ing the FPS approximation w i t h  o r  
w i thout  res idua ls ,  are s i g n i f i c a n t l y  smal ler  then those f o r  c i r c u l a r  o r b i t s  over 
the length  o f  the  f i t .  
fit, the FPS accuracies degrade r a p i d l y .  

When the t i m e  o f  comparison exceeds the timespan o f  the 

e C o e f f i c i e n t s  generated f o r  the 7-day f i t  us ing Landsat sca l i ng  fac to rs  do 
no t  v i o l a t e  OBC word s i ze  requirements. 

0 Any increased f i t  accuracy i n  us ing c i r c u l a r  o r b i t s  f o r  long-term backup 
may be i r r e l e v a n t  because o f  the  uncer ta in ty  i n  p r e d i c t i n g  the  UARS o r b i t .  

0 TDRS ephemeris representat ion f i t  e r ro rs  remain small (<0.1 deg) over 
the 1- t o  2-week timespan considered i n  t h i s  r e p o r t  and do no t  pose a problem f o r  
spacecraft-to-TDRS po in t i ng .  
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I APPENDIX - ELEMENTS USED FOR INPUT I N T O  EPHEMERIS GENERATION 

~ 

The nominal o s c u l a t i n g  elements used i n  t h i s  a n a l y s i s  a r e  as f o l l o w s :  

I Epoch October 1, 1989 
a 6978.0653 km 
e 0.001 4860 
i 57.017788 deg 
R 172.03500 deg 
w 60.937802 deg 
M 299.16207 deg 

The p ropaga t ion  parameters used i n  t h i s  a n a l y s i s  a re  as f o l l o w s :  

Drag c o e f f i  c i  e n t  2.2 
UARS s p a c e c r a f t  area 0.000028 km2 
UARS s p a c e c r a f t  weight  5500.0 k g  

S o l a r  f l u x  (FlOe7) 200 x 10" watt/(m2Hz) 

1. 

2. 

3. 

4. 

Geopotent i  a1 
Propagator 

15 by 15 
12 th  o r d e r  Cowel 1, 60-second s t e p s i z e  

S o l a r  p e r t u r b a t i o n s  Inc luded  
Lunar p e r t u r b a t i o n s  Inc luded  
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