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a2 AFE A, Jeido] ¥ ANA Ax YAz o] Eol s SolF BEAIL LSt
olg A7) A 7 A= 248 B2 AA L £ 942 AEd JHAEHR AF5A
o} "y A A Ae) Ho] 3 P(State Transition Matrix)3} 54+ 8 B (Covariance Matrix)-&
SGP4 Bd3 £ 3 Y < finite difference WY& o]-&35to A4 eod, 35 A8+ ¥4
7,157, a8 AdAY Felz 42 4Y9E9 24 32 Yo wet dFH oz A g
48 & #4335tk TOPEX/POSEIDON POEE o|% AlEd ol A% B&gE AHE3ld
M Asdd dudEe J5S EAT 43 AL 42 o 1kme] 93X L& 714
o 79 ¢ o 3km2] 93] 28 7} = NORAD Al2¥3 544 458 717 93 9
g goln] Alade] & dF LF2AL AT 2242 0.1% ojH o] A A E 50mo]
W o} gict,

ABSTRACT

In case that we independently obtain orbital informations about the low earth satel-
lites of foreign countries using radar systems, we develop the orbit determination
algorithm for this purpose using a SGP4 model with an analytical orbit model and
the extended Kalman filter with a real-time processing method. When the state
vector is Keplerian orbital elements, singularity problems happen to compute par-
tial derivative with respect to inclination and eccentricity orbit elements. To cope
with this problem, we set state vector osculating to mean equinox and true equator
cartesian elements with coordinate transformation. The state transition matrix and
the covariance matrix are numerically computed using a SGP4 model. Observational

measurements are the type of azimuth, elevation and range, filter process to each
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measurement in a lump. After analyzing performance of the developed orbit determi-
nation algorithm using TOPEX/POSEIDON POE(Precision Orbit Ephemeris), its
position error has about 1 km. To be similar to performance of NORAD system that
has up to 3km position accuracy during 7 days need to radar system performance

that have accuracy within 0.1 degree for azimuth and elevation and 50m for range.

Keywords: SGP4 model, radar system, extended Kalman filter, analytical orbit model, finite
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u}Zo] Bu]atF A E R (NORAD) A& A 3 A4F 23k 8000719 A7} ¢ 5
71E) d3 goltl 23 Aladg T3 ZAL Yo F4 -] 2574 A el (Space Surveillance
Center)o| M £ Fo]t] Al2d S F3] AAE A4S 3 D A3 3l h(Khutorovsky et al. 1999).
olf £F A Na”dAM = A¥ T BohE B2 AT ol o] f4 & AS3A AgE = =
HAAHA AERDS Polt A2 AERdE AR5 9o NORADE s A =24
¢l SGP4 2 d-g o] &3t AAE YAl T A= FRE two-line elements FE)| 2 =35t 74
F712 £A3H £ AEE gl A AF3t2 gl Montenbruck 2000).

ol AFo N dloly Aladg o] &3tdd AASE Aol st B2 U= 49, 59
ZAANE A AEZ2Y ¢85 & NORADAAM A8 1 e AL A=2dd SGP4 2d 7}
AN A Al BF 2RI E AHS e EA4Foz fd Fgen FE AEE AA Holy
AIAE-E AHE5HA] ¥ 7 TOPEX/POSEIDON POE(Precision Orbit Ephemeris) & o] &3t 2} &
% wol2UE AEH A A5 E A7 ASHAY NEd A=A ¢ueEY 45 8UF7)
%13 TOPEX/POSEIDON POEE o] &3] 33 Alado] 45& UYetlls 33 2482 A%
#2 A2 E A8 AE 2RSS ML A2 ¢gEE AHS3a NORAD A|2d3
Yt d5e @7 s dog doly Alade A4 AelTF AL AR A &4 &5 A=
3 A 248 AE_4AE 27 AS84F 39 propagationdt 23} TOPEX/POSEIDON POE
£ vlzstgrt

2. 3ol AlAE R A2

2.1 30| A|AE]

#olt] Al2dL tho] Ao tid 71 Add BAIQle] 2442 AAF BAZ o] 75t Folh
Alade] e doltiy ma ¥, A$ Fopo A7), 283 gEe] 27] S ¢ "tk
A48 AAE ot Aa"e 37 A Rol AHESE dolt Al2ads) 7B o R dele 2o
o 944 28 127 FF700 B8 "R 7] W2 EYdAM 2 xtol7t itk A dig A
BAELE ASNS7) 8020  BAE o HEole = U ALS E3FoEN Y5HY I
2] BHE HETLE I 5 Y narrow-beamwidth W E FF TN AL + Utk B &=
B = doppler frequency shiftE ZH T2 AA W}k &, ZA 4 dlojt] AJ2dL AAE T
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213l 1. TOPEX/POSEIDON POES} NORAD Al A3 912 Ao,

FA L golt Alagde 2 H42 gAY FABYol 5FHALE A Hrt. BAE #lo|
o Al2"e dut 244 Folt Al2"o A AL single target tracker Y& AR 3
A4S A= ATl 98 AL EAlA 3 7453 automatic detection and track 7143
phased array radar tracking 71" & F2 A&-3132 gt} @2 NORADOAA 4 A& 22 AHREH
+ PAVE PAWS & o]t] A~ "2 phased array radar tracking 71§ AF&3L3 S1tH(Skolnik 2001).

2.2 5GP4 2d

SGP4 22 v A AT FHAE Jp,Jz Y Ju zonal term2 & AW 7] 2lg v 3 A
TFZolgtx 71 s 7] AL power density function2 2 A B3+ Brouwerd] 3|4 A o] £
Z A3t Laned} Cranford 7} 19703 o] 723tg o}

SGP4 Ed& 48 & x7] 714 YoM 9] Kepler 37 HAE 249 @A 5 A pseudo-drag
terme LA ¢ B 2 311 28 g2 A B JA} L5701 H& A= 242 Fo]Ar)
AIZE oA Sl o] oist 22 BA=

v(t)

o] i (Hoots & Roehrich 1980), 714 B* = 1p,°13 B = CpA/molth. A2 £ A AL AA 3
FAAUTC)olH HEAE FoIA ERE 7|FL 8 A FEHS AT o= AT 23t B

t _ - _
( r(t) ) ~ SGP4(do, 60, 10, Yo, Wo, Mo, B*, t) 1)

=S BT o= M XH(precession) 2} 5 (nutation)& BF LA €& FEH THFL X-F2
Z 3}+= METE(Mean Equinox and True Equator) X A ojt}. SGP4 22 A= 49 3 HFE
< 99 ¥ A7) A3E uE e AdEY g9 FEE 9R7) A5 E AE 4 os) 1

oM FE A4S AR o2 34 =i Montenbruck 2000).
I3 12 15 9 1335kmo XD 1o A MA 25 Fol A BEFI e AYToR
Be #HolA 23 AAHS 53 15cme] 93] 2 3E 712 TOPEX/POSEIDON $]4 9] POES:
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SGP4 2dg ©]-83= NORAD A&l A% &3 Ao} 93] 2ol & vehllE A=A 74
Zok Ztf & 3kme L5 Kol gitt oW A3t TOPEX/POSEIDONS| POE& NASA JPL
°] GPS ztg A8 Ao o3& AFH = A AL A TH(Williams & Zelensky 1991).

2.3 AlE} HIE]

SGP4 22 99 state”} Kepler FF AS 249 B*3Add A= ZAFA HulE A4t oA
o) AET AT AA Lz sl Sold EAZ #AEA At o) ZAE AV A A=Z A A
23} state® BF METE cartesian 249 B* g2 2 A3} o= A7 tol i3l

< ;Eg ) ~ F(#(to), #(to), B*,t) = SGPA(F(to), 5(to), B*, 1) 2)

9} o] AET} 47|A F= BF METE cartesian 248 stateZ 3= g4 F5E ey
stateo] DT So1B BAZL BASHA %L ¢ 4 Aok H4Y ALRYA SGP4 RAL Y
state® HE AIELAV ol HE ATLAZ 87 g 2o 4 F=ghol dls] £33 states 3
2 A8 42 B Fojof Brh A2 ATLAE 93 RN ATAN o W= BE 4EYE
o] 235 o] glof 7|4kdo] MY wivit} WA H1 JF AELAE AT AFT 12T U A
BT HSUES A4 WS U ALRAE 49 &e v @tk 2137 W) BF A=L4E
Q] A7 B8 BE3E 53 92 & Y+ AE A =24 E Newton-Raphson & ©]
g3t AR FEHATHEA E 1996).

3. Az 24

3.1 SEHZ0FEE{(Extended Kalman Filter)

A=ZAL BASYS ZAZ 39 A4 £5& A3 2458 Y53 APz 9
W Ao X AL4 3 measurement model & H ot Ajaglo|th Ho|t) A|lAHE AR HA
o st AE BRE AFe=d ojm) AHR3E= HAFAE= AEF4 I (topocentric) o] L FE gk
2 ECF(Eearth Centered Fixed) X ¢l 4] ZHazimuth), 15 Z(elevation) ¥ A]4 7 2] (range) 2
A23 ;. BF METE cartesian 849 B*#e g 2439 HE Y statedt &g AFE T LA
717] 918} ECF }®E METE X2 ¥#sigch ojuf 37 FAHAIE AHgst=f 4A] FHAE
Apg3h= kol uhet state?] 27} mean equinox A true equinox I A 7+ A3 €} SGP4 Ko
mean equinoxZ A2 3tE £ mean equinox & AH2317] Y3 BF FAAE ALt FRAH }
tHMontenbruck 2000).

B2e AAE A U3 33 @ ZAE F BHOR 37| ff 2o v BFA H5H= #FF
< AAZeg AYde Aol ARHoly o] & 93 AAT Ay WA A ENIAEHE AL A
tH(Tapley & Schuts 1986). e A A A Aol P B2 states} BE Y2 MY AAE 7HA22 7
stateo]] ti3l ©u)R-& o] F propagation?t state2] W3S Fo propagationFt A7} WUEHE F3|
9} 31 propagationdt A7} A& o] 3+ finite difference WHH S 0] &3to] A AT A71A A
5H(A)L £ 4 finite difference 32 FH F QA 1%E Z stateol] 3l Stk 7 stateo]] o3}

041 — SGP4(I¢ -+ Az,yg,zt,:t't,y}, Z.t,B*) - SGP4($t,ytyzty-'l»:t,’y.t,ét,B*)
Oz Az

3)
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29 3. A3 Ao ek AUl A 229 37 W3H(50m, 9%-0.1%, 50m, 2-EX-0.05%).

9} 2 gy oz Aastdnt 98 A P g g e oA 2z stateo] o) 3 measure-
ment®] Hu| 2

H: L= 6Azt+1 0AZ,:+1 6Azt+1 6Azt+1 6AZ¢+1 aAzH.l aAzH.l
= Ort41 Oyryr Ozeqn OTeyr Oyt Oz OBfy,

(4)

9} 22 AAE 1=Z B, 2 n A A diE 24 X o] g8 He| Z R X o
3} measurement?] W3 F L o] 3o FHMUAo T FEYh
322 LdueEe M B2y

Mg A=FAR dneFe] £ 98 94 45& 937 93 TOPEX/ROSEIDON POEE
o8 Z+ B& rolz2¥E A EHoJMete AT AE Ar A 4 Ao sHESE L A
AA 23S FA Pt 5 A8 QYA AGTLE 59 36.3748%, F 73 127.3547%, 1% 93.5m <]
HA ez AL 1719 Aol s 2 ATt FE o2+ B 4T 1E 7t
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1723 goll e 2d 94 229 rms Fh(m).
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103< 0.05%, 0.15, Al A+ 100m, 50m, 282 30m=E H A3l 2z 39 Fokol ofd 324t
€ 4tk 19 2, 37 4+ A Aol g YA 2419 278 vehie] 2 A& g O
AW AXA 229 rms g E 154 2ot

Z A5 A AL A=EA FueES LS AT BF 1247 oJuld] AAHo 5
gL Bood AU A 23 td 24F Aol Jdoy FikmolWe] HFEE RIS & 5
At}

a. Fojci AIARIS| M EA

o AFNA ML A=ZEA ¢1eE2 A=2L S NORADS SGP4 RE S AL 37 i 2
o A= 234 434 TOPEX/POSEIDON POES 74 £ A oF 3kmo) Y= 242 Eo].‘_—-
NORAD TLE A"} v 8 A5& Bojok & Aolth o]§ 2AZ MER A=EF 183
o]-83td NORAD TLE A|~® 3} %?J_f& 4SS R3] 93 2og Holy 2" s 8
Z27¢ gotiy] 93 2 #F Agd A Az 23E 2HAE 27 AE 848 39 AL A=
24 ¢u8E$ o)439 54 ¢ Ax &3 37 TOPEX/POSEIDON POEE 77t vl w319
t}.
I 5= UAATS 127 A5 4R A AdAL sl B Ao HXAE e
d, 4% 232 49743 1529 1ogte] 0152 FRoln, 2 8Z 192 00559 df F&
AdFelth 2N 43 FHAe ANdAY BFxolz7t 242} 30me) 50m Y Wf & vrehH,
2 A AAE L] BEx 0=} 100mY WS JERACE AJM AR FExo)=7100mY i F
EF5Y 3¢ A0 oF 9km] §12] 23 Hold 9100 NORAD Al2"FH+ g2 A B
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A vl BopF AR E glold Al2dd HHFH R SGP4 RS AHE-3te] A
E Y49 A=E 2F83 vk B dFedME g3 AAE A4 i@ A= BEE ol Al
2dg o] 83l 5T ¢ AN AE FEE B2 AL &3] Xy g3 AHAHA A
E 299l SGP4 Rl AAZE Ae B4 4RI & ALt A E AR B8, A
A TOPEX/POSEIDON POEE o] &3l #& ARE A3t £ A7odA Mgt A2y ¢
21&9 45& FU354ch NORAD TLE Al2¥3} 543t 452 €71 fis] 228 ot Al&d
g Ay SFRAE LolRY] A3 4 &g S A 2HH AT LAE o8] AET U
TOPEX/POSEIDON POEE nlZ 3ty 2 A3} ot Aade ANAAR d5o) 2288 &
e, & Al AR AT HA 50m o] of v Wz AxZte] Aol 4 01%
oJuj o of gtr}
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