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A bstract 

T h e deplo yment o f l a rge constel l a tions o f 
sa tel lites bo th  increa ses th e po tentia l fo r clo se 
appro a ch es betw een o rbiting o bjects and increa ses 
th e impo rt a nce o f predicting po tentia l co l lisions 
betw een o bjects.  Impro vements and ex tensions to  
ex isting clo se appro a ch  a lgo rith ms a re presented 
fo r applica tion to  constel l a tions o f sa tel lites.  M any 
o f th e constel l a tion configura tions current ly under 
considera tion consist o f a  distinct set o f o rbit a l 
planes ea ch  conta ining a  group o f ph a sed sa tel lites 
in circula r o rbits.  Simil a rities in th e o rbits o f th e 
sa tel lites in th e constel l a tion a re utilized to  
impro ve th e efficiency o f clo se appro a ch  
predictions by a s much  a s 62 percent.  T h e 
a sso cia ted computa tion times a re pro jected to  be 
rea sona ble fo r even th e l a rgest o f th e current ly 
proposed constel l a tions. 

In troduction  

T h e pro ba bility o f co l lisions betw een 
o rbiting o bjects is increa sing w ith  th e l a unch  o f 
ea ch  new  sa tel lite.  T h e first confirmed co l lision 
betw een tw o  o bjects in o rbit a bout th e Ea rth , th e 
French  sa tel lite CERISE and a  piece o f debris from 
a  ro cket body, o ccurred in July 1 996.1   In ligh t o f 
th is, th e da ily ma intenance and opera tions o f l a rge 
constel l a tions o f sa tel lites w il l pro ba bly include th e 
determina tion o f po tentia l future co l lisions 
betw een th e sa tel lites th a t comprise th e 
constel l a tion and o th er o bjects in o rbit.  T h ese 
po tentia l co l lisions a re o ften referred to  a s clo se 
appro a ch es.  B ecause ea ch  o rbiting body o ccupies a  
vo lume in spa ce, and because th ere is uncert a inty 
a sso cia ted w ith  th e eph emeris o f ea ch  o bject, ex a ct 
intersections o f th e tra jecto ries a re no t th e only 
events o f interest.  It is mo re rea listic to  define an 
ex clusion zone a bout ea ch  sa tel lite in th e 
constel l a tion such  th a t pa ssa ge o f ano th er o bject 
th rough  th e ex clusion zone is considered to  
represent an una ccepta ble risk to  th e sa tel lite.  
Clo se appro a ch es a re defined a s th e periods o f time 
w h en an o bject is w ith in th e ex clusion zone o f a  

sa tel lite in th e constel l a tion.  O nce future clo se 
appro a ch es h a ve been identified, contingency plans 
can be ena cted to  reduce th e pro ba bility o f 
co l lision. 

T h e ba sic pro blem is to  predict w h en a  
sa tel lite o f interest, th e prima ry sa tel lite, w il l h a ve 
an una ccepta bly h igh  risk o f co l lision w ith  any 
ano th er Ea rth  o rbiting o bject.  T h e source o f 
epemeris info rma tion fo r o bjects in Ea rth  o rbit is 
usua l ly t h e United Sta tes Spa ce Command 
(USSPACECO M ) sa tel lite ca t a l o gue w h ich  
current ly conta ins o ver 8000 objects.1  T h e simplest 
meth od o f clo se appro a ch  prediction is to  step 
a long th e tra jecto ries o f th e prima ry and ea ch  
candida te o bject, computing th e dist ance betw een 
th e o bjects a t ea ch  time step, and detect cro ssings 
th rough  th e bounda ry o f th e ex clusion zone.  T h e 
dra w ba ck o f th is simple tech nique is th e l a rge 
computa tiona l burden th a t it imposes. T o  ligh ten 
th e computa tiona l lo ad a sso cia ted w ith  th is 
appro a ch , mo st meth ods fo r determining clo se 
appro a ch es betw een sa tel lites include fil ters w h ich  
a re used to  elimina te candida te o bjects from 
considera tion if th e range betw een th e tw o  
sa tel lites canno t be less th a n th e radius o f th e 
ex clusion zone. 

H o o ts et a l.2 designed a  series o f th ree 
fil ters th rough  w h ich  candida te o bjects h a ve to  
pa ss befo re a  fina l determina tion o f th e clo se 
appro a ch  dist ance is made.  T w o  o f th e fil ters a re 
purely geometrica l and one uses th e know n 
properties o f th e o rbit a l mo tion o f th e tw o  o bjects.  
T h ese fil ters serve to  “w eed out” th e ma jo rity o f 
th e o bjects in th e ca t a l o gue and grea t l y reduce th e 
number o f computa tions needed.  After th e 
applica tion o f th e fil ters, th e tra jecto ries o f th e 
rema ining candida te o bjects a re sa mpled to  
determine th e a ctua l clo se appro a ch  periods.  T h e 
ex clusion zone is modeled a s  a  sph ere centered a t 
th e prima ry sa tel lite.  Alfano  and Negron3  
developed a  tech nique fo r modeling th e dist ance 
betw een tw o  o bjects using lo ca lized cubic 
po lynomia ls.  In th is appro a ch , th e geometrica l 
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fil ters developed by H o o ts et a l.2 a re stil l a pplied, 
but th e fina l fil ter is removed and th e tra jecto ries 
o f th e veh icles a re sa mpled a t l a rge time steps (up 
to  1 0 minutes) to  crea te w a vefo rms describing 
eith er th e rela tive dist ance3 o r range ra te4 betw een 
th e sa tel lites.  T h is w a vefo rm pro vides a  model 
from w h ich  estima tes o f th e time o f clo sest 
appro a ch  and th e entrance and ex it times fo r 
cro ssing an ex clusion zone bounda ry a re made.  
T h e w o rk o f Alfano  and Negron a l l o w s th e 
ex clusion zone bounda ry to  be modeled a s an 
el lipso id centered a t th e prima ry sa tel lite to  
a ccount fo r uncert a inties in th e a long-tra ck 
position o f th e o bjects being grea ter th a n th e 
uncert a inty in th e cro ss-tra ck and radia l directions.    
O th er auth o rs h a ve appro a ch ed restricted versions 
o f th e pro blem considering only th e dist ance 
betw een th e o rbit a l pa th s5 o r only circula r o rbits6. 

In th is paper, w e describe an a lgo rith m fo r 
th e detection o f clo se appro a ch es ba sed upon 
H o o ts et a l.2 w ith  ex tensions fo r constel l a tions o f 
sa tel lites.  T h ese ex tensions impro ve th e efficiency 
o f th e clo se appro a ch  a lgo rith ms w h en applied to  
mo st constel l a tions o f sa tel lites under current 
considera tion.  T h e o vera l l number o f 
computa tions can be reduced by t a king advanta ge 
o f simil a rities in th e o rbits o f th e sa tel lites in th e 
constel l a tion.  M o st constel l a tions under current 
considera tion, fo r ex a mple, a re comprised o f 
sa tel lites in circula r o rbits in a  distinct set o f o rbit a l 
planes.  T h is info rma tion can be used to  reduce th e 
need fo r applica tion o f some o f th e fil ters to  once 
fo r th e entire constel l a tion o r once per o rbit a l 
plane.  W h ile th e ex clusion zone is modeled a s a  
sph ere centered a t th e prima ry sa tel lite, an 
a l terna tive definition o f th e ex clusion zone could 
be implemented.   

D escription  of Filters 

T h e clo se appro a ch  fil ters applied to  th e 
constel l a tion pro blem a re th o se described by 
H o o ts et a l.2 w ith  some significant modifica tions 
to  th e o rbit pa th  fil ter.  T h e applica tion o f ea ch  o f 
th ese fil ters requires th e specifica tion o f th e time 
interva l o ver w h ich  th e clo se appro a ch  ana lysis w il l 
be perfo rmed and a ssumes th a t a l l o bjects a re in 
clo sed o rbits.  A candida te o bject w h ich  ma y stil l 
h a ve a  po ssibility fo r a  clo se appro a ch  w ith  th e 
prima ry o bject a fter a  fil ter h a s been applied is sa id 
to  h a ve pa ssed th a t fil ter.  T h e purpose o f th ese 

fil ters is to  elimina te candida te o bjects w h ich  
canno t come clo ser th a n th e minimum a l lo w ed 
sepa ra tion dist ance to  th e prima ry sa tel lite.   

A pogee-P erigee Filter 

T h e apo gee-perigee fil ter is used to  
elimina te candida te o bjects w h ich  do no t come 
w ith in th e minimum a l lo w ed sepa ra tion dist ance, 
D, o f h a ving an o verl a p in a l titude w ith  th e 
prima ry o bject.  Candida te o bjects a re elimina ted 
only if th ey fa il t h is fil ter a t bo th  ends o f th e time 
period being considered.  Fo r constel l a tions w h ere 
a l l o f th e sa tel lites sh a re th e sa me ba sic range o f 
a l titude, th is fil ter need only be applied once.  T h e 
apo gee and perigee fo r th e fil ter a re set to  be th e 
ex treme va lues a s sa mpled from th e entire 
constel l a tion. 

T h is fil ter can be applied using a  different 
definition o f th e ex clusion zone surfa ce if th e radia l 
dimension o f th e surfa ce is bounded.  

O rbit P ath Filter 

T h e o rbit pa th  fil ter is used to  elimina te 
candida te o bjects w h o se o rbit a l pa th s, independent 
o f th e lo ca tion o f th e sa tel lite, do no t come w ith in 
th e minimum a l lo w ed sepa ra tion dist ance o f th e 
prima ry o bject.  Fo r th e ca se o f tw o  circula r o rbits, 
in th e a bsence o f perturba tions, an ana ly tica l 
so lution ex ists.  In th is ca se, th e minimum dist ance 
o ccurs a long th e line o f intersection, th e rela tive 
line o f nodes, o f th e tw o  o rbit a l planes.  T h is 
so lution w a s used by H o o ts et a l.2 a s th e st a rting 
point fo r a  New ton itera tion sch eme to  so lve th e 
mo re genera l pro blem w h ere th e o rbit pa th s a re 
el liptica l. Fo r ca ses w h ere eith er o rbit h a s modera te 
eccentricity, h o w ever, th e New ton meth od usua l ly 
requires an initia l guess w h ich  is clo ser to  th e fina l 
so lution th a n th e points a long th e rela tive node in 
o rder to  converge.   

A new  a lgo rith m h a s been developed fo r 
th e o rbit pa th  fil ter w h ich  so lves th e pro blem in a  
sligh t l y different w a y.  T h e previous appro a ch  
so lved fo r th e minimum dist ance betw een th e tw o  
o rbits and th en compa red th a t result to  th e 
minimum a l lo w ed dist ance.  T h e new  meth od first 
determines if th e dist ance betw een th e o rbits can 
be less th a n th e minimum a l lo w ed dist ance, and 
only so lves fo r th e minimum dist ance in a  sma l l 
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subset o f th e ca ses.  T h e geometry o f th e tw o  o rbit 
planes is sh o w n in Figure 1 .  
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Figure 1 .  O rbit path geom etry 

T h e tw o  o rbit planes h a ve a  rela tive 
inclina tion, IR , w h ich  ma y be defined using th e 
cro ss product o f th e tw o  o rbit no rma l unit vecto rs 
a s 

 sin | |I h hR P C= ×
ρ ρ

, (1 )  

w h ere 
ρ
hP  is th e no rma l to  th e o rbit plane o f th e 

prima ry o bject and 
ρ
hC  is th e no rma l to  th e o rbit 

plane o f th e candida te o bject.  B a sed on th e rela tive 
inclina tion, th e minimum a l lo w ed sepa ra tion 
dist ance, D, and th e radius o f th e o rbit a t t h e 
rela tive node, it is possible to  determine th e 
ma x imum dist ance from th e rela tive node th a t a  
sa tel lite could be and stil l be w ith in th e minimum 
a l lo w ed dist ance.  T h e dist ance betw een one o bject 
and th e o rbit plane o f th e o th er o bject ma y be 
w rit ten a s 

 ± =D r I uR Rsin sin , (2) 

w h ere uR  is th e a rgument o f l a titude rela tive to  
th e intersection o f th e tw o  o rbit planes and r  is 
th e o rbit radius.  Figure 2 il lustra tes th e 
rela tionsh ip betw een th e rela tive inclina tion, th e 
rela tive a rgument o f l a titude and th e dist ance 
betw een th e o rbit pa th s. 
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Figure 2.  Relative argum en t of latitude 

T h e o rbit radius is ex pressed a s 

 ( )( )r
a e

e uR

=
−

+ − −

( )
cos

1
1

2

ω ∆
 (3) 

w h ere a  is th e semi-ma jo r a x is length , e  is th e 
eccentricity, ω  is th e a rgument o f perigee, ∆  is 
th e a rgument o f th e rela tive node and uR  is 
defined by th e rela tionsh ip 

 uR = + −ν ω ∆ , (4) 

w h ere ν  is th e true anoma ly.  Equa tion (3) ma y 
th en be substituted into  Equa tion (2) and so lved 
fo r uR t o  yield   

 A u B uR Rsin cos+ = 1, (5) 

w h ere 

 A
a e

D
I eR=

−
±

+ −
( )

sin sin( )
1 2

ω ∆ , (6) 

and 

 B e= −cos( )ω ∆ . (7) 

W h en th e substitutions 

 C A B= +2 2 , (8) 

 A C= cosδ , (9) 

 B C= sinδ , (1 0) 

a re made in Equa tion (5), th en a  simple 
trigonometric identity yields 
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 sin( )u
CR + =δ
1

. (1 1 ) 

Equa tion (1 1 ) h a s tw o  so lutions fo r uR , 

 u
CR = − + 





−δ sin 1 1
, (1 2) 

 u
CR = − + − 





−δ π sin 1 1
. (1 3) 

Equa tions (1 2)-(1 3) a re ea ch  so lved w ith  bo th  
po ssible signs in Equa tion(6) to  yield a  to t a l o f 
four so lutions, tw o  o f w h ich  bound ea ch  cro ssing 
o f th e rela tive node.  If th e quantity 1 C  is grea ter 
th a n one, th en th e o rbit pa th s never rea ch  a  cro ss- 
tra ck dist ance o f D  and th e tw o  o rbit pa th s a re 
considered to  be coplana r.  In a  coplana r ca se, th e 
o rbit pa th  fil ter and time fil ter a re skipped. 

Any clo se appro a ch  betw een th e tw o  
o bjects must o ccur in th e range o f va lues o f 
uR defined by Equa tions (1 2)-(1 3).  T h e nex t step 
in th e fil ter is to  determine th e minimum dist ance 
betw een th e tw o  o rbits inside th e a l l o w ed range o f 
th e rela tive a rgument o f l a titude fo r one o f th e 
o rbits. T h e minimum dist ance is determined by 
computing th e dist ances from th e interva l 
endpoints and th e rela tive node on th e candida te 
o rbit to  th e prima ry o rbit.   

T h e dist ance betw een a  point and an 
el lipse ma y be computed using th e fo l lo w ing 
a lgo rith m.  First, th e position o f th e candida te 
o bject is pro jected into  th e plane o f th e prima ry 
o rbit a s 

 
ρ ρr T rPQW =  (1 4) 

w h ere T  is th e transfo rma tion ma trix  betw een th e 
inertia l co o rdina te system and th e o rbit plane 

co o rdina te system w ith  th e ∃P  a x is pointing 

to w a rds perigee and th e ∃W  a x is pointing a long th e 
o rbit a l a ngula r momentum vecto r.  T h e pro jection 
o f th e candida te sa tel lite position vecto r into  th e 
o rbit plane o f th e prima ry sa tel lite is sh o w n in 
Figure 3. 
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Figure 3.  P rojection  of position  vector in to the orbital 
plan e 

T h e eccentric anoma ly a sso cia ted w ith  a  vecto r 
from th e center o f th e el lipse th rough  th e point is 
th en computed from th e in-plane component o f ρrPQW  a s 

 E
r
r

Q

P
=











−

∗

tan 1 , (1 5) 

w h ere  

 r ae rP P∗ = + . (1 6) 

Since no minimiza tion can be done on th e out o f 

plane dist ance rW , th e quantity to  be minimized is 

th e dist ance from th e in-plane pro jection o f th e 
point to  th e o rbit pa th .  T h is dist ance can be 
w rit ten a s 

( ) ( )d E a E r b E rP Q( ) cos sin= − + −∗

2 2
(1 7) 

w h ere b  is th e semi-mino r a x is length , 

b a e= −1 2 .  W e use th e secant meth od to  

minimize th e function 1
2

2d E( )  by driving th e 
va lue o f its slope to  zero .  T h e initia l bounds fo r 
th e secant meth od a re given by th e bounds o f th e 
quadrant in w h ich  th e pro jected point lies. T h e 
slope o f th e dist ance function w ith  respect to  th e 
eccentric anoma ly is given by 

 
d d ar E br E

a e E E
P Q′ = − −∗ sin cos

cos sin .2 2  (1 8) 
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T h e secant meth od lo ca tes th e eccentric anoma ly 
w h ere th e dist ance betw een th e point and th e 
el lipse is a  minimum, 

 ( )D d E r Wmin min( )= +
2 2 . (1 9) 

If th e dist ance a t th e rela tive node is less 
th a n th e dist ance a t bo th  ends o f th e interva l o f th e 
rela tive a rgument o f l a titude, found by so lving 
Equa tion (2), and th e dist ance a t th e rela tive node 
is grea ter th a n th e minimum a l lo w ed sepa ra tion 
dist ance, th en w e so lve fo r th e true minimum using 
a  pa ra bo lic appro x ima tion meth od.  O th erw ise th e 
minimum sample is considered to  be th e minimum 
dist ance.  If th e minimum dist ance betw een th e 
o rbit pa th s is less th a n th e minimum a l lo w ed 
sepa ra tion dist ance, th en th e candida te o bject 
pa sses th e o rbit pa th  fil ter.  T o  a ccount fo r th e 
ch anging geometry due to  th e precession o f th e 
o rbit plane and th e a rgument o f perigee, w e 
perfo rm th is fil ter a t t h e ends a s w el l a s a t t h e 
midpoint o f th e time interva l.  If th e candida te 
o bject pa sses th e fil ter a t any o f th ese eva lua tions, 
it is reta ined. 

In applica tion o f th e o rbit pa th  fil ter to  
constel l a tions o f sa tel lites, a  computa tiona l sa vings 
ma y be possible if th e sa tel lites w ith in an o rbit a l 
plane h a ve very nea rly th e sa me semi-ma jo r a x is 
length , eccentricity and a rgument o f perigee.  In 
th is ca se, it is possible to  run th e o rbit pa th  fil ter 
once and apply th e results to  a l l o f th e sa tel lites in 
th e plane.  T o  a ccount fo r th e fa ct th a t t h e sa tel lites 
w il l no t be in identica l o rbits, w e can increa se th e 
minimum a l lo w a ble dist ance fo r th is fil ter by th e 
ma x imum dist ance betw een th e o rbit o f th e first 
sa tel lite  in th e plane and th e o rbits o f th e o th er 
sa tel lites in th e plane.  T h is va lue can be 
determined by stepping a round th e o rbits in th e 
plane, o th er th a n th a t o f th e first sa tel lite, and 
computing th e dist ance to  th e o rbit o f th e first 
sa tel lite a t ea ch  step.  T h e ma x imum dist ance, S , 
to  th e o rbit o f th e first sa tel lite is computed fo r 
ea ch  subsequent sa tel lite in th e plane and th e 
ma x imum o f th ese is added to  th e va lue o f D  used 
in Equa tion (2), 

 D D Splane = + max . (20) 

T h is fil ter can a lso  be applied to  different 
definitions o f th e ex clusion zone if th e radia l and 
cro ss-tra ck dimensions o f th e ex clusion zone a re 

bounded.  In th is ca se, th e squa re ro o t o f th e sum 
o f th e squa res o f th e ma x imum radia l and cro ss-
tra ck dimensions o f th e ex clusion surfa ce can be 
used a s th e minimum a l lo w ed sepa ra tion dist ance. 

T im e Filter 

In o rder fo r a  clo se appro a ch  to  o ccur, no t 
only must th e pa th s o f th e prima ry and candida te 
o bjects come sufficient ly clo se, but th e tw o  o bjects 
must simult a neously be w ith in th e interva ls 
defined by th e o rbit pa th  fil ter.  T h e purpose o f th e 
time fil ter is to  compute th e time interva ls fo r ea ch  
sa tel lite w h en it is w ith in th e minimum a l lo w ed 
sepa ra tion dist ance o f  th e tra jecto ry o f th e o th er 
o bject.  T h e tw o  sets o f interva ls a re th en sea rch ed 
fo r o verl a ps.  Candida te sa tel lites pa ss th is fil ter if 
one o r mo re o verl a ps ex ist.  Furth ermo re, only th e 
o verl a p interva ls a re reta ined fo r use in th e fina l 
fil ter.   

T h e time interva ls a re computed fo r ea ch  
sa tel lite ba sed on th e ranges o f th e rela tive 
a rgument o f l a titude computed in th e o rbit pa th  
fil ter and th e rela ted interva ls fo r th e prima ry 
sa tel lite.  T h ese interva ls a re converted to  interva ls 
in mean anoma ly fo r ea ch  sa tel lite.  T h e o rbit a l 
elements o f th e sa tel lite a t t h e midpoint o f th e 
considera tion interva l a re th en used to  determine 
th e times w h en ea ch  sa tel lite is w ith in th e clo sest 
mean anoma ly interva l a round ea ch  o f th e tw o  
nodes.  T h e sa tel lites w il l return to  th is geometry 
on a  periodic ba sis.  Since th e o rbits a re a ffected by 
perturba tions, h o w ever, w e canno t simply add 
multiples o f th e o rbit period to  genera te th e entire 
set o f time interva ls.  T h e period o f interest is th e 
a mount o f time required to  return to  th e sa me 
a rgument o f rela tive l a titude.  T h is period is 
dependent upon bo th  th e mean mo tion o f th e 
sa tel lites and th e mo tion o f th e rela tive node, 

 Τ
∆R M

=
+ −
2π
ω& & &. (21 ) 

T h e secula r ra tes o f ch ange o f th e a rgument o f 
perigee, ω  , th e righ t a scension o f th e a scending 
node, Ω , and th e mean anoma ly, M , a re modeled 
a s7 

 
( )

( )& cosω =
−

−
3
2 1

5 12
2

2 2 2
2J a

a e
n Ie , (22) 



6 

 
( )

& cosΩ = −
−

3
2 1

2
2

2 2 2

J a
a e

n Ie  (23) 

 & &M n nt= + , (24) 

w h ere 

 
( )

( )n n
J a

a e
Ie= +

−
−













0
2

2

2 2 2
21

3
4 1

3 1cos ,(25) 

ae  is th e equa to ria l radius o f th e Ea rth , J2  is th e 
second zona l h a rmonic o f th e gra vit a tiona l 
po tentia l, n0  is th e unperturbed mean mo tion, &n  
is th e ra te o f ch ange o f th e mean mo tion and t  is 
th e time pa st th e epoch  o f th e element set.  T h e 
ra te o f ch ange o f th e perturbed mean mo tion is 
computed ba sed on th e ch ange in th e perturbed 
mean mo tion o ver th e span o f th e interva l o f 
considera tion. 

H o o ts et a l.2 give th e ra te o f ch ange o f th e 
rela tive node to  be 

( )& sin
sin

cos & &∆ ∆ Ω ΩP
C

R
C P C

I
I

= −  , (26) 

( )& sin
sin

cos & &∆ ∆ Ω ΩC
P

R
P P C

I
I

= −  , (27) 

and a  useful ex pression fo r computing successive 
rela tive periods a fter k  revo lutions, 

 Τ ΤR R DFK
k

n
n
n

= −




_

&
1

2π
, (28) 

w h ere ΤR DF_  is th e rela tive period in th e a bsence 

o f dra g effects (&n = 0). 

T h e time interva ls computed from th e 
time fil ter represent th e periods o f time w h en one 
sa tel lite is w ith in th e minimum a l lo w ed dist ance o f 
th e o rbit pa th  o f th e o th er sa tel lite.  Since th e time 
fil ter is simply converting th e ranges o f rela tive 
a rgument o f l a titude produced by th e o rbit fil ter 
into  time interva ls, th e applica tion o f th e time fil ter 
to  a  entire plane o f th e constel l a tion is subject to  
th e sa me requirements a s th e o rbit pa th  fil ter.  In 
th is ca se, th e interva ls computed fo r th e candida te 
o bject can be sh a red by a l l o f th e sa tel lites in th e 

plane.  T h e interva ls fo r ea ch  sa tel lite in th e plane 
must stil l be computed sepa ra tely a s do th e 
resulting o verl a ps w ith  th e interva ls fo r th e 
candida te sa tel lite.   

T h e time fil ter can be applied to  different 
definitions o f th e ex clusion zone subject to  th e 
sa me conditions a s th e o rbit pa th  fil ter. 

Boun dary Crossin g Filter 

T h e fina l fil ter in th e determina tion o f 
clo se appro a ch es is th e bounda ry cro ssing fil ter.  
T h e purpose o f th is fil ter is to  detect cro ssings o f 
th e ex clusion zone bounda ry during th e interva ls 
rema ining a fter th e time fil ter.  Since w e a re 
considering th e bounda ry to  be a  sph ere, bounda ry 
cro ssing a re ana lo gous to  th e range betw een th e 
tw o  sa tel lites cro ssing th e th resh o ld defined by th e 
minimum a l lo w ed sepa ra tion dist ance.  In th is 
fil ter, th e range betw een th e sa tel lites is computed 
during th e interva ls computed during th e time 
fil ter.  T h ese interva ls a re typica l l y very sh o rt.  Fo r 
ca ses w h ere th e interva l dura tion is less th a n 1 0 
minutes, w e compute th e range a t th e ends and 
midpoint o f th e interva l.  If th e range a t th e 
midpoint o f th e interva l is less th a n th e range a t 
bo th  ends, th en w e so lve fo r th e minimum using a  
pa ra bo lic appro x ima tion meth od.  O th erw ise th e 
minimum range is simply th e sma l lest o f th e 
sa mpled ranges.  If th e minimum range is less th a n 
th e specified minimum a l lo w ed sepa ra tion dist ance, 
th en a  clo se appro a ch  h a s been found and th e ex a ct 
cro ssing times a re determined.  If th e time interva l 
is grea ter th a n 1 0 minutes in dura tion, th en th e 
range is sa mpled a t interva ls o f 1 0 minutes and th e 
minimum range determined.  T h is is usua l ly only 
necessa ry in th e ca se o f coplana r o rbits.  T h ere a re 
no efficiency impro vements to  th e bounda ry 
cro ssing fil ter during th e computa tions o f clo se 
appro a ch es fo r constel l a tions o f sa tel lites. 

Coplan ar O rbits 

If a  candida te sa tel lite is detected to  be 
coplana r w ith  th e prima ry sa tel lite in th e o rbit pa th  
fil ter, th e o rbit pa th  fil ter and time fil ters a re 
skipped and th e candida te sa tel lite is subjected to  
th e bounda ry cro ssing fil ter o ver th e entire interva l 
o f considera tion. 
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Results 

T h e IRID IUM T M  sa tel lite constel l a tion 
w a s selected fo r study because th e number o f 
sa tel lites in o rbit a t t h e time o f th is w riting (34) is 
fa irly l a rge and because th e a l titude regime a l lo w s 
fo r a  l a rge number o f candida te o bjects fo r clo se 
appro a ch es.  T w o  issues w ere o f interest in th is 
study: th e a bility o f th e constel l a tion a lgo rith ms to  
repo rt th e sa me clo se appro a ch es a s a re repo rted 
w h en th e sa tel lites a re pro cessed individua l ly and 
impro vements in pro cessing efficiency.  A ba seline 
set o f clo se appro a ch es w ere determined by 
pro cessing th e sa tel lites in th e constel l a tion 
individua l ly fo r th e period o f 1 0 N o vember 1 997 
00:00:00 to  1 2 No vember 1 997 00:00:00 (G M T ).  
T h e sa tel lites considered to  be pa rt o f th e 
IRID IUM T M  constel l a tion a re listed in T a ble 1  
a long w ith  an o rbit plane designa tion crea ted fo r 
th is ana lysis and th e number o f appro a ch es clo ser 
th a n 1 0 K m ex perienced by ea ch  o f th e sa tel lites in 
th e constel l a tion o ver th e tw o  da y time period. 

Table 1. Iridium constellation 

SSC Number Plane # Close 
Approaches 

2 4 792  A 6 

2 4 793  A 8  

2 4 794  A 3  

2 4 795  A 3  

2 4 796 A 5  

2 4 8 3 6 B 6 

2 4 8 3 7 B 6 

2 4 8 3 8  B 4  

2 4 8 3 9 B 11 

2 4 8 4 0  B 7 

2 4 8 4 1 B 5  

2 4 8 4 2  B 5  

2 4 8 69 C  12  

2 4 8 70  C  4  

2 4 8 71 C  6 

2 4 8 72  C  9 

2 4 8 73  C  4  

2 4 90 3  D  4  

2 4 90 4  D  6 

2 4 90 5  D  5  

2 4 90 6 D  6 

2 4 90 7 D  3  

2 4 94 4  E  3  

2 4 94 5  E  8  

2 4 94 6 E  5  

2 4 94 7 E  2  

2 4 94 8  E  6 

2 4 94 9 E  6 

2 4 95 0  E  4  

2 4 965  F 6 

2 4 966 F 9 

2 4 967 F 6 

2 4 968  F 8  

2 4 969 F 4  

T otal 6 229 

 

T h e sa me ana lysis w a s perfo rmed th ree 
mo re times using th e constel l a tion-specific 
enh ancements to  th e fil ters.  In th e first ca se, th e 
apo gee-perigee fil ter w a s applied once fo r th e entire 
constel l a tion.  T h e o rbit pa th , time and bounda ry 
cro ssing fil ters w ere th en applied individua l ly fo r 
ea ch  rema ining candida te sa tel lite.  In th e second 
ca se, th e apo gee-perigee fil ter w a s applied once fo r 
th e entire constel l a tion and th e o rbit pa th  fil ter w a s 
applied once per plane. T h e time and bounda ry 
cro ssing fil ters w ere th en applied individua l ly fo r 
ea ch  rema ining candida te sa tel lite.  In th e th ird 
ca se, th e apo gee-perigee fil ter w a s applied once fo r 
th e entire constel l a tion and th e o rbit pa th   and time 
fil ters w ere applied once per plane. T h e bounda ry 
cro ssing fil ter w a s th en applied individua l ly fo r 
ea ch  rema ining candida te sa tel lite.  In a l l t h ree 
ca ses th e sa me set o f clo se appro a ch es w a s found a s 
in th e ba seline ca se.  T h e effect o f sh a ring th e 
results o f th e va rious fil ters in th e clo se appro a ch  
pro cessing fo r a  constel l a tion is sh o w n in T a ble 2. 
T h e pro cessing times sh o w n in T a ble 2 w ere 
genera ted on a  Silicon G raph ics O 2 w o rkst a tion 
w ith  a  1 50 M H z pro cesso r. 
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Table 2. Effects of sharing filters in close approach processing
S harin g 

Con figuration  
A verage # Can didates P assin g Filter Close 

A pproaches 
P rocessin g 
T im e (sec) 

P ercen t 
Im provem en t 

 Apogee-
Perigee 

O rb it Path Tim e    

Non e 2228 852 384 229 270 0%  

A pogee-P erigee 2905 866 393 229 1 36 50%  

O rbit P ath 2905 866 456 229 1 1 3 1 7%  

T im e 2905 866 457 229 1 02 1 0%  

 

P ractical Con sideration s 

Actua l clo se appro a ch es w il l no t o ccur 
ex a ct l y a s predicted by th e a lgo rith m presented 
h ere.  T h e element sets from w h ich  th e clo se 
appro a ch es a re computed h a ve an a sso cia ted 
uncert a inty a t t h e epoch  o f th e element set.  T h e 
o rbit prediction model used to  genera te eph emeris 
from th e o rigina l element sets is imperfect.  T h e 
combina tion o f th ese tw o  erro r sources leads to  
predictions o f position and velo city o f th e sa tel lites 
w h ich  in genera l degrade in a ccura cy o ver time.  
Since clo se appro a ch es a re typica l l y determined 
using a  rela tively sma l l sepa ra tion dist ance, 1 0 K m 
in our ex a mple, it is no t long befo re th e 
uncert a inties in th e eph emeris grea t l y reduce th e 
relia bility o f predicted clo se appro a ch es.  Jenkins 
and Sch uma ch er1  repo rt th a t t h e relia bility o f 
predicted clo se appro a ch es 7 da ys out only h a ve 
a bout a  50%  ch ance o f a ctua l o ccurrence. 

T o  a ch ieve a ccura te results using th e 
described fil ters, it is necessa ry to  add a  pad to  th e 
minimum a l lo w ed sepa ra tion dist ance rega rdless o f 
w h eth er a  single sa tel lite o r constel l a tion is being 
pro cessed.  In th e ca se o f th e apo gee-perigee fil ter 
and th e o rbit pa th  fil ter, th e tra jecto ries o f th e 
sa tel lites a re a ssumed to  be el lipses.  O nly secula r 
ch anges in th e size and sh ape o f th e el lipses is 
modeled by th e fil ters.  T h e addition o f  a  pad to  
th e minimum a l lo w ed sepa ra tion dist ance fo r th ese 
fil ters a ccounts fo r th e o scula tion o f th e o rbit a l 
elements th a t is no t being modeled a s pa rt o f th e 
fil ters.  Fo r th e ex a mple presented h ere, a  20 K m 
pad w a s added.  T h e time fil ter a lso  requires th e 
addition o f pads on th e computed interva ls due to  

th e fa ct th a t t h e mean mo tion o f th e sa tel lites 
computed from Equa tion(25) w il l no t be ex a ct fo r 
ea ch  revo lution.  T o  a ccount fo r th is a  pad o f 1 0 
seconds plus one second per revo lution w a s added 
to  th e time interva ls fo r ea ch  sa tel lite befo re th e 
o verl a ps w ere computed. 

Con clusion s 

An efficient a lgo rith m fo r determining 
clo se appro a ch es to  th e members o f a  constel l a tion 
o f sa tel lites h a s been presented.  T h e a lgo rith m is 
ba sed on a  set o f fil ters w h ich  a re typica l l y applied 
in th e determina tion o f clo se appro a ch es fo r single 
sa tel lites.  A significant impro vement in th e o rbit 
pa th  fil ter h a s been made w h ich  elimina tes th e 
pro blems ex perienced by th e ex isting a lgo rith m 
w ith  o rbits o f modera te eccentricity.  A to t a l 
computa tiona l sa vings o f 62%  w a s a ch ieved fo r th e 
ca se study o f th e IRID IUM T M  constel l a tion o ver a  
tw o  da y time period.  T h e mo st significant 
impro vement, and th e ea siest to  implement, is th e 
sh a ring o f th e results o f th e apo gee-perigee fil ter 
o ver th e entire constel l a tion.  T h is impro vement 
a lone pro vides a  computa tiona l sa vings o f 
appro x ima tely 50% .  T h e pro cessing time o f w el l 
under tw o  minutes fo r 34 sa tel lites can be 
ex trapo l a ted to  infer th a t t h e pro cessing times fo r 
even th e l a rgest constel l a tions (T eledesic h a s 288 
sa tel lites in th e current ly proposed configura tion) 
w il l be under 30 minutes.   

Recom m en dation s for Future W ork 

A mo re ro bust meth od o f determining th e 
appropria te pads to  be used in th e fil tering pro cess 
w ould be useful.  Current ly, conserva tive padding 
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is applied to  a vo id missing clo se appro a ch es.  If 
sma l ler pads could be used, th e efficiency o f th e 
a lgo rith m w ould be enh anced.  An additiona l fil ter 
w h ich  removes coplana r members o f th e 
constel l a tion sh ould be applied.  T h is fil ter w ould 
elimina te th e need to  pro cess coplana r o bjects fo r 
w h ich  clo se appro a ch es a re no t po ssible.  T h is 
could be impo rt a nt in reducing th e o vera l l 
pro cessing time fo r l a rge constel l a tions, since 
coplana r o bjects a re th e mo st computa tiona l ly 
intensive to  investiga te. 
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