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Orbit Determination of Space Craft of Japan

By
Takaji KATO*!

Abstract: A lot of artificial satellites and deep space probes have been launched, since OHSUMI that is the
first Japanese artificial satellite was launched in February, 1970.

As for the first time, it was the requirements for orbit determination that the satellites can be tracked by the
antennas of the ground stations. But the accuracy requirements for orbit determination have been changing to
high accuracy as missions advance. In this paper, [ explain about the change of the accuracy requirements for

orbit determination and about dealing with the accuracy improvement for orbit determination.

Keywords: orbit determination, space craft
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1970 F 2 AORPENOATERE (BBTA] oL LIFLR, #EHALEE, EEHFEERI D
EFohTnd, TRS0HEE - IBEEEILOERE~DERIZ, BWE, 7y CEREEERLIRY
EWIBEETH 7N, Ivia yARELATAIION, BUERENDOERBED, m*ﬁ-fi«t&of%
WA, ORERICTIE, SuEgeE I T AR EEROER Y, MERBRIHME S, A - MEERR L I250TEY
L, &5 IAXA OPERERHEIA LORHMALD2NT, BT 5.

. i3 U & (i

1970 FE 2 RO®PEWOANLHE [BEYTA] 075 BIF, 19854 1 A OEFEHFELAE [ 2 &40 ] o3 b HIFLk,
¥ CONLEE, BFEHFEAEI I ETFoA TS, TNO0OEERE - AR SO ERE~OERIE, HWE, 7
VTP TBREERENLERVE W IERTH 7275, T0%k, bR A-o0ERERENERS I, é%,:iu
a yAEEAT A0, MERESNOEREED, |=u)rr HANEB-oTETWD, 012205 LR FESNT WA
BH#H 2 ASTRO-G T, BB EEREEI M I cmicTF Tl > Twb, INEWREILT BT 535, LOOMED
LOEBEORNy 77—k T—»s, LyITF—%, GPST— % &L TETVD, RHL T, TuBEdE s
LIETORDIER %, WIRKEBIGE &, A - ZEEEBL IS5 THA L, 85I JAXA OFEREHER EOR ) M4
DWW, BT S,
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2. BUEREICKHT HHEER (tIXEREE)

2.1 BREEOBEK (1970 £~ )
19704F 2 RICHT B LTSNS EOONTHE [BBTA] 1, FEHEH 4EMEER*ZELLZOALZDT, KIEH

GANTHREE L TEBE2ALCHELTON [ZA8V] PRATH L. ZOREITIHT 990 km, =T 1100 km, I
TEAERA 30 LICHE I A SNz, TOEDIH25 1978F 9 B2 llilrm 2 248 (LARW2, 72A¥n3), HEmaE
5 (LAKEW, TAWE, 2wk, 2x{ 29, LETA) MTbE Lo, ZONOWBERE~NDIREY, HHE .
=23 Tom,

BOEREESR I E RO T T THERLEA L

BET—% L7 T T OBREMAE, VHF, UHF# D l-way Ky 79 —7— %

B1 [BByH] (£) & [1zAatw] (f)

F1 BEFT—%
7 — & OfEH 7 = s #
LR SR E SN EE AR - EEBCH ERICHVEL, FH| LYY E 2-way Py 7T —%
Ly WCEL MR 2 IE L CRkoaT—5Th Y, ZOEIEHEEZH | & ¥, RARR (Range and
F B L AEAEEREIC AN T 5. Range Rate) &IN5
lway Fv79— WD O REENLEWLO Fy 7T T — 2

W ERD5RESNEELHE - FEBRTH LRI D EL-ER

Zway 27T ¥y 75— Eis T — 5

s WREEBRLELZOT Y5 FOfET— 5

VLBI 7 — % BAERD OB LI LD 2B TRABICZEL, 22007 ¥ 73 TO
ZEBROFERHOEL b LD 5.

SLR 7= % W ERDS@HRICENT TRE S e L — 5O HARRHIR

2.2 BHIEETEDBH (1977 £~ )

1977 42 IR (&< 2% ] 27 b LiFoh, BEHGEICHEASH, BAPEWOHIEHEREE Rotz. ZDRT
BCRELHE [0F3bh ], 2HICEEEHE [2{(5), BELAICERREEZ (0] O3BOFILEES TS R
SN, M, BIEEICHERASNH. BEPEEAOZOIE, SELSPERERBENEREN, 2020, BFF—%
ELTIHE, S#H (2GHz) LYY F— 25w CTlE SR,

23 RXFEIvYa>hroOEREER

1977 F 2 ICAXR—= A VLBIE [135 2] 2575 EIFS N, s@iis 560 km, m#s 21000 km, BLEEFE 31 & O#LE
WA SNI, COWENS OREERIE, MBREHETOmMUTEV ) CNFETIERVIEFICHVERBE TH - 72,
COD, BIHT—-FE LT, SHLYITF—=2oMic, STHERBLOKuT (15GHz) @ 2-way Kv 79 —7— % 25 H
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BN, WOEREREE LTE, B 10m OMERERE 2 E
HWLTW5,

24 WIBRAIVIarhL5OEREER (2002F~ )

2002 4 12 A\ CBRBBUAIEAN T 2 ADEOS-2 (A &Y 2) %%
Ji 803 km, HLEMEHAG 99 EOBELE A SNz, ZOE
IZIZ GPS ZEH (L1DA) MHEHIN, BREDHETED
Kaohiz, Tz, MEIrSHEIZL—F% LI, ZOEHE
WA A SLR 77— b SN/, MEREHEOEEE
LCid40 cm ANER S 7z,

2006 4F 1 A I RIS BLAEAN #T2 ALOS (72vwh) 25415 |
WFH N, EE 690 km, HLEMERNT 98 B OMELE ICH A S,
COWRIZIZIGPS ZEH (L1, L2) »H#EshTBY, HAE
WL ERSE 2 BT Th 5.

B3 [A&Y2] () & [Zwb] ()

3. BUEREICKHT 2HBEEK (B - RERER)

3.1 BFRYOBEMMIT (1985 F~ )

19854E 1 N —EHEIRAM [ &%) 25, HPETHH T, MEREHEZHL L, REMBEICH S ETFS R,
RT8 A [Twvdwv] U CEEMBLEICITS LiFoh, L 51219864FE3 HICNL—E2ICEEL, Billz1r-
7z, WUBEPLEANOTRIE, RTFRAATT (YFFIZEBEE) 2 5AM64mETHER T v 7T TR FETH o7z, f
LB T =71, STHEOL YT & 2-way Fv 79 =75 ThHsb, EEE LT, [EEHF] ol (FTH T~ 90
HE) 12BWT, 001 ~002ETHY, FAHDOT > FFDOY—AIE014E (SH) 1S LEDNEWHEIZL > TV 5,
N —EHRREEGER (IR 5 OB 1B 7 T km) ORBUILLTF o@D .

[S&AF)3A11H EHE2S O #7007 km

[Twew] 3H 8 H HEDSOHHE #1575 km
HUBJUERE L LTIE, 199540 [S &5 o6 (MERkEEE : 5 T7~ 14 km), 1 HO 1 BOHLETE THEDE
(FHEPBEDHE) H720 ~ 800km & 7 > T A[1).

E\n
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ELA A2

S&EMT

3.2 BEHZFALBERIE (BXJ s> J/84) (1990 £~ )
199043 H, HEAZFMH LEREFRTOBEZHYE LT FEBELE [OTA] PWOHA AT 4 ¥ 7N 10

YL7z. ZOHAIE 1992 475 LT OB KB BEE 2 GEOTAIL ([C#F &4, H2EA Y 4 Y 74128, Eth st
WEREERD 220 fEOWLBE ISR A SNz, BT —13S/S, SIX (Ty TV > SH/ o)y X4 (8GHz)) DL
YT, 2way Ky 77 —ThY, HuBRE~NOIRIE, PEHEHOZETICLEREE (MERKE: 5~6km) Tholz. %
B, [OTA] 1Z19924E2 AICAARI#EICHEA SN, 19934F4 FIC AWiICE2E L7z, [OCAJ, GEOTAIL DYLIE L IE RS
BAIZOWTUTIIRT.

1) 0TA

AT 4 Y TINAL WIE>
F1MAY 4 754 1 1990/3/19 5 (JST)

B DE TR Y & 0 1990/3/13 81K (JST) (Fef i il 1 IRE ) )
g7 — % CSISLYY, SIX 2-way Ky 7o —D4HET—4
JPL & D7 CAZE 600 m, HE 2mm/s (HEREEEE @ 33 7 km)

<HREEHE> EERE S 3km
(2) GEOTAIL

< Distance Tail Phase | 199249 H — 1994 4F 10 H >
TR 1 30-220 #hERFAE (51 5 — 140 75 km)
AUV 510 EREE (377 — 677 km)

OB JUERE R (1993 4F2415F)

L B L (A WOE N O R
PRk ERZE D 10km, A 2em/s

%13, BIE GEOTAIL (&, Near Tail Phase (1994 4F 11 H~) O®HLE % FAT LB AT T 5.

NRYY 5 km, TARY D197 km

X5 [OTA] () & GEOTAIL (£)
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3.3 BEAE#SMEHRA (1998 F~ )

1998 £ 7 FIC KBRS [OFH | 2S4Tb s/, [OFA ] 13T K EEE 300 km OBLERAZBEL LTwiz/i
&, WLEE AR ERFSE T 100 km ASHEREICER SN2, BALDS, BEAEROAREEIZLY, KERFO#HERE
AIEES o7z,

KB B O AR E LT, B, 2010 E 6 LIFFEOEBFEER PLANET-C XHEF TH 5.

K6 [DFA] () & PLANET-C (£)

34 NBEYCTIN) -1, BRAE (2003F~ )

20034E5 HANRREDS Y TN F =V RHWE L [3eR8] b Lo, BFREOEFORXEWE LT, SwhH’
BLON0, XTHCOEZEWITbNI. toT, BHT—FE LT, XIXOL VY, 2-way Ky 77 —Thb. #l
ERESNOERE LTE, OBKMEERFOBETE B L CQ/NREFEREONMERE 2000 km TH o 72, FEiz LTIC
S

OELMEEROBLEYUE © #fTH

QN BN G R DR E A B

AT D/NRERERE (2005/7/29) DALE g kEE
BHDOL YL 2-way Ny 77— THREBRMLEL . 1800 km

|

~

¥

KT — 5 Lot H . 45km
FREOEEFEMED % ;1100 km

P> T, HIEEMIERSE 2000 km LT EEL TV 5,

3.5 BENGOHE (2007 F~ )

2007 4EEIZ, HENGOHFE By & Uiz AHEAHE SELENE 75415 EIF 5N 2, BuEi-E~0ERIE, HEHGOHE
WHRLEZETHY, BHT—FE LT, S/ISOL VY, 2-way Fv 77—, S/IXDd-way Fv 77 —HWSHNL
A, ZOF—%1%, SELENEDENEESHDEMIZA>TWAERE, VL —HE* N LT LFEBET LY, LR
)L —HE-RRHE—) L-—HE - EREOBEO Fy 77 —BERLHE LT -5 Thb.

4. BEREREM ELICHETT

4.1 HIREAREE

20124E12 12520 ] OBMELRE TH S ASTRO-G DI L LA FEINT WS, TOFHED S OERMEJREEE I
em THY, WEPSOERIZL LB T — & TIIEREZMAT I ERIARTEETH D, FD720 GPS ZEMBOIEHLSTE S
NTwab., Lal, TOHBEOHMEIE, FHbAEE 1000 km, HHAEE © 25000 km OFEMHETH Y, £ < DERAS,
GPSHLEL ) FAEMT 2 L1045,

BT, GPSHLE X 1) SE DG VI COWLETE DR EOMRIZMT, HREMEHTH 5.

42 BMEBRER
CEEAHBOBEREICH LN TWABIT— 713, Ly Ve 2wy Ny 79 —THaAD, ZOTF—51E, &biz,

o\
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HWAHMICEREZF->TwahA, UL, HENEEL TWwh 2w, EETHICEALZ FEICLBRESFEET L. EREIT
IRV ET L, 2way Fv 79— (LYY LA V), RUZORE, REICHT5EERLTOXRTEIND.

p=r+r,emecosoesin(wt—a) (1)

G _ —r, e@ecosdecos(wi—r) (2)
oo

op e

L=y epesind esin(wr—a 3
L (@-a) ()
Z T, pr LA b

P HIZET D LY A b
r S D WL~ & O FREfE

w: HERE R

a: PR O TR

5 BREMORE

REFEARE, WIROLERN LTS 4720, BEROREIX, 235~ 235FEDEYIL. EoT, REIHT L L
YUV A POBEOELIIL A, FREICTABRER, 08ATRE (LTS, T0n, HIkONIEE & FRER
DIFET BIENAFEEN S 256, REFAOMNEBREREFIRECHLTE. e onlReLTL,
VLBLEI & OBEHMERTH 5. VLBLIX, EEERZ2007 » 7+ CRBFICEESHEFBENT 2 20k, HiE
DBEREO FA 2 FRECBETIHMCH D, TREHEBEMIICHLA. 8512, KADES EHOBELHO THIk L
LT, BEL 20EHEOEEE % ZZHICBIT 2 730705, M VLBITH A, ZO7— 5k, 77T OERF I EE
RO, LYY, Zway Ny 77— EORMICLY, BLEREREOM L, F7203, PLEREICVLERHEOHIEAK
SNBSS TEY, M3 VLBIEM ORI, HEEED TV 5,

%,

Z2 % X #

(1] FEsBF, MR =, A, “T&8&2% ], [T OBERE S #ERE a7 5 L ISSOP”, FHEZN7E
BreRe, 425, 1986
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ALOS D5 &M B - 7%E
b L oth R M2 LT R

Precise Orbit Determination for ALOS

By
Ryo NAKAMURA*!, Shinichi NAKAMURA*' and Nobuo KUDO#*'

Abstract: The Advanced Land Observing Satellite (ALOS) has been developed to contribute to the fields of
mapping, precise regional land coverage observation, disaster monitoring, and resource surveying. Because the
mounted sensors need high geometrical accuracy, precise orbit determination for ALOS is essential. So ALOS
mounts the GPS receiver. This paper deals with the precise orbit determination experiments for ALOS using

Global and High Accuracy Trajectory determination System (GUTS).

Keywords: ALOS, precise orbit determination, GPS

B 3

Peldi gl 2 (ALOS) (3HBIER, sust@lil), SERUICE, BRMEL2 S0 B e Lok
BUEBETHL., ALOSOHRE L TWVA TH oy FIEE Vw2 LELTL0T, BEEICHELS RE
VLULENRDH L, TD, ALOSITIE 2 A GPS S ERSHEHE I, T TAXA sEEERE v
AT & (GUTS) ZAVTIT 572 ALOS OB EHEREEROERT L0/ bDTH L.

L i U & (£

PEEEMEES [77vh] (ALOS) 13, 20064E1 24 HiZ, MTBFHr 7 —»oiTb Lifohrs. BERES, #H
WELA, KERGUEE, BERE 2 ENORBEENE T2 RERAROBREMELCH Y, BRS L LT, S
EWEOMET 5 2 FAEDL [Ny 0Ty 7 TEEAE Y (PRISM) |, E#HOREORESCF R WS 720
O BRI ARG 28 (AVNIR-2) |, B - RIEIC L S P RBoBl ks 72— X F7 LA FK LNV N
ROV — % (PALSAR)J D3 O@iﬂfﬂ?iﬁiﬁl e BEL, éﬁﬂ] iz FMLU):IK“%@E(HIJT%T& EAHLTWA, ALOS

B3%<D3Iviarhbhh, WS OB ERPIFET B[] FOILO—2E LT, EXYPUELT S
BV E A % HZTZM_&OL ALOS@@‘LL EE I "'#é%;ﬁﬁ%ot. FD7-%, ALOS I3 28 GPS {5 # %
BHELTwD

GPS ZEH T — & 2 v/ RBLEE R (LEO) #EORHEHLE RS IIL (L3N THB Y, GRACE X CHAMP 7% & CH#
cm QEERIEFR R E SN TWEB[3][4]. JAXA b 1995 A L ) BBENERE Y AT 4 (GUTS) DREELHO .
L5 GPS ZEH # #58 L 72 ADEOS- T O HBLEREER TIL 23 ecm BEOWEIERHEE % 3E K LI5], 2 WA GPS 54

AL 72N O LEO 2 T 4 GRACE OHLEHRE TII DLR DS R L L C8em DELEIEHE > R L TV 5[6].
F7:, GPSHAEABHOYIERE TIEIGS (lnternational GNSS Service) LB & DWE T T em OFEE T ER L T 5

ALOS OHUBEHREREERIT I m UANTH L 720, BHCGPS ZEEIEICL4HUEO GPSEHE LR L TWIIIBEE

* 1 HALEE SR JAXA)
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KAERGAZTIEEHL AW ERDbNA, Lo L, EBICITEHGPS REMRIIFHEICoy 7+ 752 L, HLGPSHA
AAKEE T AR I CELSHERET A 2 LR IN. GPS 2 HW 2B REIL 3 RICHLE & g % FEFICE < 729
IZFIERIC 4B EO GPS HEDIHIR EN TV ALENH S, FD/2i, ALOS #5Hk GPS ZEMK T — ¥ 2l F O GPS %15 4%
T—F UL ICRE L 72E, 2HESZEREHOMEN L LR, BERERENE ZWEIHHLL. 22T,
FKANET =y O— MM EETIAT) 210k ), BohiT— 2 KBICFBE LPERE 2T 72,

2. ALOSOIva &k

TR BT 1/250,000 2 7 — VOWIEEER I v ¥ a Y I2BWT, ALOS (IEHEE L M EREI RO 5/,
BlziE, SAR (BHHOL—%) A5 7xz0x M) —[71& ) Hiffi & v 5 PALSAR (&, [@ UHis % 28I L T
FRLZ LI VB AH L 2 BELBNTAIENTE L, HEOORMEN SR LT, WEHOZEI 4L 21T
WL, ZoESPETIELZ EEFBLERTHS. L
L, ALOS IZERSICIZFE UFTiciE > TL AREFRIZIZIZTE R T,
TNz 1E ALOS O#LETEH A FH W THIET 20805 5 72
®, ALOS DIEFER BLETHRSVLEIL R LD TH S, BRI
I ERERETIm UAPEREN TV,

3. BHEEMEREY AT L (GUTS)

3.1 GUTS DY AT LK

GUTS ® ¥ A5 A % Fig. 2 127”9, GUTS I3 ALOS #i#k
GPS %17 — & % JAXA WERkElll+ >~ 4 — (EOC) 75 %1F
E ; Y, GPSHLJRD T — ¥ % JAXA GPS i ERE & 1GS @
Fig.1 ALOS fp b= AP LHIE L TWb . GUTS OREHLEIEITT — 4 1
WU FEREE YL R RS PERTE N S o TWwh. GPS T
—% (RINEX) ZilNT—%& L, NDFEETTIVEBHMET VO

GPSHIRE 789 A— % ZMET A LI X D IEBHERE T FITT
e M@J %. GPS it A vt — Y L AT S 7z ALOS #5#% GPS %18
ALOS 7 — & % W CERPGERE LTV, TNEOHEEEL LT
HwuTwa,
JAXA GPSH 173 1GS Global Sites | 5-1.1  RTALEE
GUTS 3 HHHLBEIE Z1T ) Wi, £O727— 7 ICHLM %
éﬁtizgh;bsmmon GPSH bR 1GS ftp Server fid. #BHWGPS ZEWMT s ray 2k 7 1y FOHIER,
EHGPSRT — 4 Mk v b U—2 GPSRF—# B GPS ZEWT— ¥ LM LR GPS ZEHT — 5 D1 7 v
aurs CRSHRA e A v TOBM ERIE, K OBMEREROWIELTV, 20
et ollecion V| gr—sora-vorrERE T
$#EHGPSRT —%| iK%~ bU—2 GPSRT—4 GPSfitikA vE—Y 3.1.2 %*ﬁiﬁ/&ﬁ
HEHGPSHhiLAE @ GPS 7— % (RINEXAMUET— %) »OMMHEZHEET 2.
o e $F, GPS F— S 1 bdh B IRy ¥ ERY, ZREWMRIEL
s | LHFEEFVERVCCEETS. 29 LB LHEL
R R ALOS) RINEX Ui 7 — & OFHEA RN B & ) I AIHRTE % B s
PR AT o] R | Th. ZORELEYEL, BrEE RN 2 BNIREE ko,
ENENFETNCTRIE L O YMHEE 5.
HHBPIEEALOS) 3.1.3 PEEHERE
: ’(/EO(;:‘** GUTS D HEH B JL5E 1T GPS ZEMBIN 7 — & (RINEX #]
HF—%) 2T —5 &L, ZRx LHFEET VRO
Fig.2 GUIS DY A7 4 EFIVDI8T A — ¥ % Square Root Information Filter THEET 5.
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- JE B IGS |

DEEZEEL, ALOS OLHEREZITS.

3.1.3.1 HEETFIL

JIHT FINE GPS BER U ALOS OBLEZE 47 9 B

ICAFEIN TV AHEE (SINEX) 2B L, 9 GpsEo¥LE T

i
Y

AR s UL T IS B R RS,

Table 1 JJFEETF I

EETHTNENDEE

3132 BEETIL

GPS @ 2B OYLEHEIZ v A B 7 —

T2 BREECZ < OB

ML GPS ZET— bR I N DTH D
RO o T A, ALOS OHEFREIZH WA ERF— 7 12 ALOSEH GPS T2 7 — 7 b at&

Sl GPSDF A F 7 A ALOSOEAFI 7 A
THER 2 /) JGM3(12%12) JGM3(70*70)
{fﬁfﬁkiﬁ KBg, A, 2R XBg. A, SEE
KEEHEET GSPM.04b . b
s AogoEFLbE)  |coDE KT, BEETTVCHE
HEREHIET T v HIERT LR & HERFRIM S ER T X R & i BR AR S b
B s BRI IERS20037HL IERS2003%EH1L
WY [ EEEY IERS20081EL TERS2003¥EH
R TERS2003#:41 IERS2003#EH1L
KEHH BRET I, ZHEAETT N THE
(K] Emsh 2 TERS2003%EHL IERS2003EHL
BREINEE ik

SNFbDEDT, FARIIE COBRENFET S, IAODRBETHIETA72OIETMLICINZEELTWAE D F L
TR,
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cm-Precision Determination of Satellite Orbits and Geodetic Motion

By
Toshimichi OTSUBO*!

Abstract: New technologies have make it possible to measure the satellite orbits at cm precision. Precise orbit
determination software requires a number of physical models on the satellite acceleration, the rotation of the
Earth, the site displacement, and so on. Reversely it can be used for detecting precise effects of cm or even

sub-cm order.

Keywords: Precise orbit determination, Satellite laser ranging, Global Navigation Satellite System, Space
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Precise Orbit and Clock Estimation Software for High Accuracy Positioning
Experiment System Using Quasi Zenith Satellite System

By
Yosuke YAMAMOTO*', Mikio SAWABE*?, Satoshi KOGURE*? and Masashi UO*?

Abstract: The Japan Aerospace Exploration Agency (JAXA ) has to started the development of High Accu-
racy Positioning Experiment System using Quasi-Zenith Satellite System (QZSS). The Master Control Sta-
tion (MCS) which is one of the components of High Accuracy Positioning Experiment System performs pre-
cise orbit and clock estimation using QZSS and GPS positioning signals and generates navigation messages
for QZSS users.

This paper presents an overview of the precise orbit and clock estimation software, simulation results of orbit

and clock estimation by prototype software, and connection method between GPS time and QZSS time.

Keywords: Quasi-Zenith Satellite System, Orbit Determination, Time Synchronization
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Development and On-Orbit Results of Miniature Space GPS Receiver by
means of Automobile-Navigation Technology

By

Hirobumi SAITO*!, Takahide MIZUNO*', Kousuke KAWAHARA*!, Kenji SHINKAI*,
Takanao SAIKI*!, Yousuke FUKUSHIMA*!, Yusuke HAMADA*2, Hiroyuki SASAKI*?,
Sachiko KATUMOTO*? and Yasuhiro KAJIKAWA**

Abstract: Miniature space GPS receivers have been developed by means of automobile-navigation technolo-
gy. The weight and power consumption of the GPS receiver are 35 g and 1 W, respectively. We expanded the
frequency sweep range in order to cover large Doppler shift in orbit. We tested the performance in low earth
orbits by means of a GPS simulator. The GSP receiver succeeded in cold start acquisition in less than 30 min-
utes. This GPS receiver was on-boarded on INDEX satellite launched in August 2005. The performances of

cold start acquisition and position accuracy was verified in orbit.

Keywords: miniature GPS receiver, INDEX satellite, satellite instrument
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ANHIREE R NN D WIZZ O GPS ZEKRE B L. WHRRSERE £5%0E, SuEhIcTEEL, wTh
b 20 7 PUT T SRR S T B,

GPS NS R A WA N VO VOBERET EML 72, GPS 7— 12 X 2 HEHEME & GPS MM E L v
T, GPSMIFLKERDEIRIHE T > ¥ AT 2FM L7225, ImDTOMETHS.

L £ 2 » ¥

WAE, A—F U= a AR IS GPS ZEBIER SN L L)1k, HEDgBETENLLIWIUT /N
BEEO GPS ZEMWIEMLEINTETWALL

—75, DOPETEMLEN TV LHELED GPS ZERICOVWTIE, BElke, BHIZ1I0WL L, ZoME%nT
M2 1EMAICES, bYPEOHEEHERE O GPS ZERORMEE L L TIE, RAEGPS ZEHA — I —L3ITTML T,
BA—N—DFEEAOMBEHCCTEEHEEHNO GPS ZEMEZHSE, HELTWE, 2ok, AEIAMEEODLTH
RERBEMHOIAMIOLLH5S. AT, REZTIZASIC 1F v 7OBRED, FHAMGERAVWLZLTT) v M
WIMELEDDEL)ICHE->TLED.

RIFFETIE, AL L TERKD g DHEBEAGPS R HEKR TS L) B LT, BEMEHT— 5 2 EFHT
I % AN OFH GPS ZAEW R R L7,

2. CIXHIRH GPS ZEHOMERE & MR E I D Wik, 3, T, FHH GPS ZER~NOWBENE 2B~ 5%. 4.
121, PfEL7:GPS SEME GPS VI a Lb— s AV THBELOBER > 2 3 L— Y 3 ¥ LTEHi L2/ R %2R T, 5.
i, MIERN VO WICHERT 7-00%EEE, 6. ICEHE ECHE LN EEBNTS.

2. E® B GPS

KWL CHEMBICYE AT 20158 R L 2B GPS ZEMIE, AR (Bk) ©8F v » %)V GPS {51 CCA-
370HI THbD. ZOGPSZEHOARINTVLIAHEEELIIRT(L]. EREEFHNBgTHY, ZEMY A XL, 587 X
363X 11.0mm3 &, MHDTIUTHY, LLHBEHAI—F X~ a VEBICHARAINTVWIRETSHL. TOFE
1R,

GPS ZEBWOBIEY — 7 v AZBER LR LY, 2=V FA % — MC X 5 HATIHHRERR TTFE (time to first fix) (%,

TTEF =4 Ts + (N-4) Ts,max + 30 [sec] (1)
ERMYICEE S [2, 3], 4O GPSHE LT 2 T, NEHOGPSHEDY —F 2lkAh/zL$5H. fHal5E 1IEHDTs
3= F D) LA OFE W s — FIERETH Y, B2 —FPABIICKbo 2GEOY —FIZE LA

FHFRICH B, Ts,max 131 20D GPS FEDY —F 2 KA T, TNVRBILIHEDY, RO GPSHEDOY —FIZ8ITT 5 £

F1 HIEHD GPS Z/E# CCA-370 HI D14

Receiving sy stem Multichannel (8 Channels)
RF input Frequency 1675.42MHz (L1) C/A code
Sensitivity -126dBm
Geodetic sy stem WGS-84
Positioning accuracy 30 m 2DRMS
Maximum Velocity for tracking 200km/h (56m/sec)
Output data rate 1Hz
TTFF Hot start 8.5sec~52sec
Warm start 25sec~88sec
Cold start (Spec) 95sec~ 11min
Cold start (Actual) 50sec~5min
Power supply Main voltage DC +5.0V+0.25V
Current 180mA typ. 270mA max
Preamplifier power supply DC +4~5V 10mA~ 30mA
Weight 359
Size 58.7 % 36.3x 11.0 mm? fi . INDEX 2RO 7 74 FET NV
Operative temperature -30°C~+70°C (RF/\ A7)y ]‘WE‘Z)
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TORKEMTH L, E3WFAFH Y TR LEREOLZ 7 = 2 ) AZEHMTH L. EHH GPS ZEHTIL,
Ts=4 sec, Ts, max = 12 sec TdH o 7.

= FHEBICBNT, I— FUAT—FOWRBIZPNFSOMBENED Y y 7 T—FE L TUESNLOT, WUEEERIE—
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UF B EWE R X o THBELE O BHAELT 570, BELTWL., ZOAF v 7 5 EHEIEAfs 13, GPSHERF
FO Ny 7T —BEEBORKEEME Afd &, GPS ZEROREMERTIELS (TCX0) DEEHREEHH Af, O 5 %
BAETHIICEDONTVRETIEENS, Thbb,

Af, = Af, + Af, (2)

THA 7). GPSHEDOHLEILEE 20,000 km DHMETH Y, ZOMBEHEIL39km/sec THAH, —J, HERD BEEHE L
T ETHRRERY, 22 TIE460m/sec TH D, GPSFHE & 2 — W — OMBHEE LTI GPS HEDHEER T T D,
AKTH 1.3km/sec TH 5.

&Y, HEOBEEHGPS ZERTIE, Fy 77 —BEKY 7 MI A=t KHzEETH 2. ZEROERERHER
R FE R O R R IL Af, =+ 12KHz BBETH 5. (2) NL Y Ax v VEREHMEIL Afs = I7TKHzRETH
5.

3. MUBEREICH T 2RBERK (B - RERER)

WREIETOHEEE L, KEEHEREEIETIE75km/sec ThH D, GPSH R & GPS HEMZBEH L -2 —F—1HE
OB, L= —HEOWYEEE THRT D), HA86km/sec 2 5.

WEMEBETIIRE L Ny 7T —BEEY 7 M b b7z, IThE GPS ZEMIHILER TE 2 L) ICdB 247 ) LB
Hb. TORHIC, MANLKHEHLE CEESNLGPSEHELLOBEO Ny 77 —BAEBEOS /%, HEHEY I 2
L—>a vV 7 STK (Satellite Tool Kit) % AWV T3k 7z [2, 3], EBUEEHZ L LT, HE60km OBMEFZETHLT
RF o T HEREIAS2 2 L2, JAS 2R & GPSIHEDHE T — 7 1%, STKDF—F N—2A%MH L7z, JAS 2 D
EEFIL, S 690 km, PUAMERMG 08.6°, FAZMAREE102.3° #E(20.035, ITHLMFE 154.7°, FHULS A 107.2° TH 5.
YIialb—YaVMELTII09ETHLIER2S 27 ABTH A, K212, Muhicix Fy 77— B, #uicizR
HERHZ 7oy FLTWwWa, Ny 77 —FHERORAEIL, #H45kHz TH 5.

B GPS ZEMEFFH M IIWBT 5013, (2) UTBWT Afs =+ 45 kHz & BT Afd = + 57 kHz O Fi [ % & 5 A
¥y T HLENHY, BEX—h — I ZOUEEAAE L /2. M ORI GPS ZEHKTIZ Afs =+ 17KHz ThH - 72D T,
¥ 33MBILVT —F R E %2 5.

FEHHAGIE L GPS ZEMITF LT, 2. LRBICUMIHIREIEDO Y — 7 v AZFEMICBI L7, 2tk s e, H
WHO) = F IR LA O — FEEEIE, 2240 — A% 2R TIE, Ts=1~64sec 204 LTV 5, GPSfEL
FEHTHL LML T —T%2HE 505 —FHMIL37T 7 — A Z /24 HE TlE Ts, max = 68 ~ 100 sec 1244 L, 2
2R R7-BAEH O GPS SRR Il L CHABERE B A 005 L) 12 o T b,

3000 : | | '

2000 |- I e aal SeYN e -
1000 | 4

: . _

| |
0 10 20 a0 40 a0
Doppler Shift [kKHZ]

2 27 AMICHEHE CZESNLGPSHEESDO Ny 79—l 7 FOR
TEREE
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4. FEREE GPS SHER O

4.1 HMLHEIRMERE OO 5T

F 3TV WORED SRR L ) FECBCTIH THL GPSIHEDREOHEL ALy 7421 T, 8~13
BOGPS WENFNHTHL, Nwndnld, 5~ L celmTryrraEllTwvwidiy, 13F v lo
GPS ¥ 2 3 L—# & HvT, MR OMREGRFE T2 L8XH 5, LiL, AR TEIZF v ALDOGPS ¥ a3 b—
¥ Spilent 476 % v 7z,
&%%ﬁotm%%%ﬁ®%ﬁﬁﬁ%%%%%?%twm,ﬂwbmwﬂﬁﬁﬁkﬁﬁ%mwf,3—»FR9—FM
it o Y 32 b—Ya r&froiz, By 755 20054E 8 B 23 0 21 1 09 ¢ 58.8 (UTC), #uilf i F1% a=7009.939 km,
L e = 0.0039, IEMGEA i = 97.820 deg, F78 LLREE 2=165.908 deg, 3 HﬁWﬁm-ww%N@,®Mﬁ BnT,
LRy ZWERA G 20 R O — 0V FA Y — FIRE 24T\, 44 77— A TTFF 7 — % & W% L7z, 20 0 B8 L Tl irse
TLTWLWIEEITHE, B L, M43 TIFFORMME2EL- b0 THL. DAz Toyr — A TR
BLTWABIENGDD., JOI s, $—FEEENHEAERE LA T, MENE L TN TETH L Z LPR
GETE. BB, WHEAOY - F BRI O F F TR TR AV ELEREL T A,
(?SWE®MLﬁ|&2%%km@HﬁLT@U BN 12 TH 5. —JF, eV EFRBLE (3R EE 640 km
meﬁf%% MWD WORLEIRNIH 7T 5 TH D, 00, RO WOBLERN LY H5IEGVERE (& 210E

FHE) TiE, Aok L ER DL GPSTHEDHAGHDEREESH TN L LEVWEZLTIVv, D LORNER

ét 30 7LUF @ GPS (AR O S E LT O & A LH L TSV CHMTE L, GPSZEHF  mEHD GPS fifhl %
H=F L7, mAFHO GPS BRI H A/ p (&, p= CEFHNLTTRGPS HEE) / (GPS AR T
HY, M3 L PR TR RIS p = 1069/32 L BT 4. 4O GPS #iAL £ AT 4 T2 NED GPS i &
D —F & A TUIRL B3 5 #EEE PN L I AR L2 fE v,

Py =Cp' (I-p)¥~1 (3)

o et (1) OFRIEM T HAEGELRIC LY, AR RO BRI RO 2 HEBRTE S, TOMBEEH4IC
IR, GPS 2 3 L—# EHnizgiit, ZoMEE I ORSTER A N CE—Sr adTn b,

4.2 AIEE HE OO R

CLfE L7 GPS S8 440 & O BISEEE 7 — ¥ ORE 2 W25 5 H 1T, GPS ZERD 5 D4 GPS 7 B/ b ORI T—
2R LT, RN 24T o TR oA R A B 5 1 2R3 (3), BRI A A AN VR THEOY I 2 -3
HERTH L. 5 (a) EPDOPHE L — W R OMIEOIEBIE 4 RT. 2—F— @R OB IS LT GPS #H5E

Cumulative probability of TTFF
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OUBLKEREEL, THMIE6~scpsHREIMREAT @ 5 e

W5, BRI E P LTI T 5 GPS EDHA 4 ~ 2 LA\ AN \ / Ay z

5MICAT 5 H4H D, PDOPEA 10D LIS 5. ®5 8 S b\l pfehe o Lo fohed - 2
(b) &, WHREEOMMBE TS 5. PDOPAHLT BB IS , 1.\'j;§/:”ﬂ gt 40 =
B, WEEER 10m B BT 575, WIEED ms,  obbr e e e oo

dRMS 13 25m T 5. PDOP DEMMEIIK 27 THD. Tk o "

D, GPS ZEHOMIEEEIG 09 m T 5, R , )

Ky 3al—va v T, GPSEEBOBEFMEAHLL £ bt fl d1-:

7272, GPSWRMGEOEL GPSWR I By 7L E [ IVERART e [T AR
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%%MLt%%%%?KTT.m%%ﬁ%ﬂﬁﬁ%dﬁ?Bm 5 WL o et PSR G SN
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FEEGPSHREZ Oy 7RAEL, XE4] 25 0RENZMEEH

b S 7yl B 28 Sl 5 S¥>-4
\\7:. PDOP i, 533 T 5N TV 5T % PDOP 27 & <2 PUEETOWMRELMAEE (msfl, $42m)

. SEBONBEEDS62m, BAKNKNEEE, M Fstinated omror
T B RIEE 7L ICH LT, #9167 m L FRENS. brorEoues in orbit
43 BHREY o Epheneris data 21
2000 4E 3 A (CHRSLEE EFAMAIEFTICB VT, Cob0 2 & B 1k .
BRI 7 72, BICRE L7 GPS B Emby —7 | oo Sowelite clock 21
VCREHERAICHEE, MIBET o7 FEA LT, Rk | lonosphere >4
GPS 7 5 F, GPS ZfEH#IC RFIBS & ¢7-. 2ok HicL |Receiver measurement 09
GPS I &A% 5 D y iR IBETERER T, 20 krad L\ L OfiftEAH | Total range error 62
AN —

Position error (PDOP=2.7) 16.7

30MeV & 200MeV D71 b EBEHERE T 72, Vo

AXRY NI v FT w7 (SEL) ZFEL LD o755, 200 Mev
DTN EoTE, YU TNARY Ty Ty b (SEU) 13584 L7z, 2054 L — MIWEEE 1200 km BB KR F
HWLE L CI3HAC I ROBEEE FHRENS.
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INDEX # 2 (3T LIFROFEHN O WV) (IFHIEMFERERE, FTHEEMRARPRHAE L ERE 72k, HE3ITMA
D3WMLEBHHONERFHETH L. A — 07 OMMHBEDOWRG LA — 0T 25| SR TETRA 4 v ORFEMN 1T
BHOLEDI, BENZHEFMOWME LELEZE), M6 VWDWHEOHEZRT. RIFFEICTHE L -8/
GPS ZEMDWBEEIE 2 N\ VO WEEIZ T R o 7.

EMEMICESBDPEEENTVEINVDVD L) 2 ATHER, BEGHEZTLRVWVATIHRZER, TYT7F2HEI
GPS BN L AT 2 MERFICIANT A Z EASTE RV, ZORMBEICT 272010, EEREDCT ¥ 7 &R L
THEEB LTI HEZ TV D, @ANEOT V7 T2 #BTA2LENH L. NOWEHEICHEBRTHGPST7 v 7
FTELT, 200FEBHGPS 7T T FERENA T v FTEBL, @FNBO7 7 FL Lb DR LAR2]L £
BEHACPS 7T HE TN T TE2HELTCBY, ZEBRLETHEMT — 7V 7y 7OBEBRERbANS., —D
D GPS ZEBNS, RENATY vy FENLT, £7207 57 F0OF) 7 v FICEBEMETHLENH L. TO5MIC
AIDBDELT, TANFYY UNEBERBLE. M712, BELIZEHMGPS 7 ¥ 7 FOH L, Mo WiFRICHE
BWMUZIRET, YA VI v GREBICEVERNINE LT v T F/8F — V2 RT

NWD WD GPS ZEH & LT, SEBAKL Y4 VIV Y Vv AREY2 12075 — A ANTERE L. JER
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R ROER LML, BN, RERER, HBRREBEOMIELTR o7
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HALCA Orbit Determination Results

By

Shiro ISHIBASHI*', Takafumi OHNISHI*', Takaji KATO*?,
Tsutomu ICHIKAWA*? and Makoto YOSHIKAWA*2

Abstract: HALCA (MUSES-B) is the first space VLBI satellite, and precise orbit determination is required
from VLBI observation mission. This paper describes the outline of MUSES-B orbit determination and eval-
uates the achieved precision.

Keywords: HALCA (MUSES-B), Orbit Determination, Dynamical Model, Ku-band Doppler
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ASTRO-G 12 BT 5 Bl E L E P E DRSS

& I B*1, ASTRO-G BLBPEEY 77 — 4 *!

Study for Precise Orbit Determination of ASTRO-G

By
Makoto YOSHIKAWA*! and ASTRO-G Orbit Determination Sub-team®*!
Abstract: ASTRO-G is the successive mission of HALCA, which is Space VLBI mission. It will try to

observe in much higher resolution than HALCA by using the phase referencing method. When we use this

method, the requirement of the orbit determination accuracy is about a few cm. We are considering how to

achieve this accuracy.

Keywords: Space VLBI, Orbit Determination
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#1 ASTRO-G DEMIZBIT AT XA — %

Observing Frequency 8 GHz 22GHz 43 GHz
Resolution 205 pas 75 us 38 pas
SEFD 4080 Jy 2200 Jy 3170 Jy
Fringe detection Sensitivity 7 o, 25 mly 50 mly 110 mJy
with VLBA 25m

with phased-VLA 5mly 11 mly 22 mly
Phase referencing Sensitivity 6 mly 8 mly 11 mly

(90 min., VLBA 25m)

Image sensitivity 0.034 mJy/beam 0.064 mJy/beam  0.100 mJy/beam
(12 hour observing time)
Brightness temperature 6.8x 10'K 13x10°K 2.1x10°K
sensitivity
72 ASTRO-G & HALCA, VLBA & DM
ASTRO-G HALCA VLBA
Anenna diameter 9m 3m 25m
Apogee height 25,000km 21,500 km 0km
Orbit period 7.5 hour 6.3 hour 1day
Polarization LCP/RCP LCP LCP/RCP
Data downlink 1 Gbps 128 Mbps 512 Mbps
Observing frequency (GHz) 8,22,43 1.6, 5,(22) 5,8,22,43,86
Highest resolution 38 pas 360 pas 96 (as
sensitivity (5/8 GHz) 23 mly 158 mly 7.9 mly
(22 GHz) 50 mly N.G. 23 mly
(22 GHz with phase-ref’) 8 mly - 5.3mly
( 1.5hour integration)
Launch 2012(Target) Feb.1997

2. ASTRO-G DELEFRE
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FExRN—AC LT, ASTRO-G DHEREEMEHT A Z L 12L7.
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Current Geostationary satellite orbit operation and its future view

By
Yasunobu MAENQ#*!

Abstract: Space Communications Corporation is providing the service of the satellite communication for
Japan and international countries by four geostationary communications satellites (called Superbird) with Ku
band and Ka band. Our company has 40 year total on-orbit satellite operation experience from eight satellites

since 1989. SCC will introduce the orbit operation work and the future view.

Keywords: Geostationary satellite, orbit operation
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%1 FHEME® (Superbird Communications Corporation)
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Table ] SB ) — X{:#¢

Satellite SB-A SB-B2 SB-C SB-D
(NSAT-110)
Orbital slot 158 degE 162 degE 144 degE 110 degE
Launch date Dec-1992 Feb-2000 Jul-1997 Oct-2000
Manufacturer SS/L BSS(HSC) BSS(HSC) LM
BUS type FS1300 HS601HP HS601 A2100AX
Payload Ku/Ka band Ku/Ka band Ku band Kuband
Service Area |Japan, Taiwan, Korea| dJapan, Taiwan, Japan, SE Asia, Japan
Korea, NE Asia, Hawaii,
Steerable Beam(Ku) Steerable Beam

SB — A GHRIZME 20m DL L, FTEWTER 250 & W HFT R
MR R D SR TdH o 72, SB-C 5 HEIE 1997 4E 7 H 12T
HEFoh, AGHELD HICKEOEMLE - ERREREL
LCREr SNz, ME262m, FTETEREN 3, BEEFHIC
b1 7%90W D Ku/Ny FHfikgs 4 24 REH L, HFICT7Y
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On-Board Image Monitoring for Satellite Near-Miss Warning

By
Seiichiro KAWASE*!
Abstract: Assuming two communication satellites operating in close proximity each other in geosynchronous

orbits, we consider satellite near-miss warning based on image monitoring on-board one satellite as to track the

other. The warning will be effective if direction and range is monitored, as the predicted approaching trajec-

tory has its best accuracy at the time of closest approach.

Keywords: Geosynchronous orbit, Satellite near-miss, Orbit estimation, Orbit prediction
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The Real Time Trajectory Estimation Program (RTEP)

-Overview and Experience Results-

By

Mina OGAWA*', Yasunori INANA*!, Shoh TANIGUCHI*!,
Ken NAKAJIMA**, Manabu HOTTA** and Masao HIROTA*'

Abstract: The Real Time Trajectory Estimation Program (RTEP) is JAXA’s system for estimating a satel-
lite’s trajectory and thrust acceleration based on the Kalman filter during the apogee engine firing (AEF).
RTEP has been used during the AEFs of, ETS-VI (1994 ), COMETS (1998), DRTS (2002) Oicets (2005)
and Alos (2006). This paper presents the overview of RTEP, the results of the estimation useing Space net-

work data.
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Table 2 Outline of RTEP functions
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The navigation for Formation flying of spacecraft

By
Tsutomu ICHIKAWA * ! Yuuichi TSUDA * !

Abstract: Japan Aerospace Exploration Agency (JAXA) is planning the next generation magnetosphere observation
mission called “SCOPE.” (cross-Scale Coupling in Plasma universE). SCOPE aims at observing the Earth’s magnetotail
with 5 satellites flying in formation to fully resolve the temporary and spatialdistribution of the magnetospheric phenome-
na in the near future. For this observation, the clock synchronization and relative distance measurement between the space-
crafts are essential. This paper describes introduced onboard relative ranging and clock synchronization systems and a
robust and efficient approach for relative navigation and parameter estimation of spacecraft flying in formation ingeneral
in the main topics. In the main focuses, the approach uses measurements from the optical data that provides a line of sight
vector from the master spacecraft to the secondary satellite. State estimation for formation flying is achieved through an
optimal observer design. Also, because the rotational and translational motions are coupled through the observation vec-
tors, three approaches are suggested to separate both signals just for stability analysis.Simulation result indicate that the

combined sensor/estimator approach provides accurate relative position estimate.

Keywords: Formation flying, Navigation, Orbit determination, Ranging system, Optical data.

1. INTRODUCTION

SCOPE aims at observing the Earth’s magnetotail where the ions and electrons interact with each other, with 5 satellites flying infor-
mation. To fully resolve the time-domain behaviour and spatial distribution of the magnetospheric phenomena, a simultaneous observation
by spatially distributedelectro-magnetic instruments is essential.

SCOPE's orbit is a highly elliptical orbit with its apogee 30RE (200,000 km), perigee RE + 3000 kin from the Earth center. SCOPE con-
sists of one 450 kg mother satellite and four 90 kg daughter satellites, flying 5 to 5000 km apart from each other. The inter-satellite link is
used for telemetry/command operation as well as ranging to determine the relative orbit of 5 satellites in a small distance, which cannot be
resolved by the ground-based orbit determination. The relative ranging and clock synchronization is one of the essential technologies for
this mission. One of the technology candidates to be implemented aboard spacecrafts is the onboard correlation capability. The onboard
correlation for the wave and particle measurements requires each spacecraft to synchronize its clock to up to lusec, and to use the relative
distance between spacecrafts of the 10 m accuracy.

Other main focus in this paper, the navigation system described for formation flying applications comprises an optical sensor of a com-
bined with specific light sources (beacons) in order to achieve a selective for the future spacecrft. It is assumed the sensor is made up of a
position sensing system placed in the focal plane of a wide angle lens.

While the individual currents depend on the intensity of the light, their imbalances are weakly dependent on the intensity and are almost
linearly proportional to the location of the centroid of the energy incident on the position sensing system. Calculating the current imbal-
ances then yields two analog signals directly related to the coordinates locating the centroid of that beacon's energy distribution on the posi-
tion sensing system, in a quasi-linear fashion, and therefore to the incident direction of this light on the wide-angle lens (which gives a line
of sight vector). Because the beacons are offset from the mass center of the secondary satellite, the observed line of sight couples the rota-

tional and the translational motion. The Kalman filter uses this raw information to update the position and the attitude equations without

* 1 ISAS/JAXA
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any discrimination about the nature of the signal. This approach is effective in most of the cases. but it is difficult for stability analysis
because of the complexity of the system in hand and of the way that the Kalman gain is calculated. The approach presented in this paper
is based on two special characteristics: the observer uses a constant gain for each parameter to be estimated (suboptimal filter) and the
incoming signal is split according to the translational and the rotational dynamics. The use of constant gains avoids dealing with nonlinear
time-varying systems. and the signal separation allows two independent plants where the stability analysis is feasible on each one using
different approaches.

The organization of this paper proceeds as follows. First, the basic equations for the system are given. Next, the calibration procedure is
shown. Then, the relative attitude equations are derived, followed by a presentation of the orbital equations of motion. The suggested meth-
ods for the signal separation process are then presented. Next, the observer design for relative attitude and position estimation is shown.

Finally, simulation results for formation flying applications are presented.

2. SCOPE Formation Flying

To resolve the time and spatial distribution of ionic and electronic phenomena to the significant level, scientists require the spacecrafts’
clocks should synchronize and the relative positions between the spacecrafts should be obtained throughout observations. The accuracy
requirements are shown in Table. 1. The requirements for scientific observations are as follows;

(1) The clocks must synchronize to the accuracy indicated in Tab.1 throughout the observation. The relative ranges (1-dimensional)
should be obtained on board the spacecrafts with the accuracy indicated in Table.1, so that on-board data selection and correlation process
can be executed.

(2) The 3-dimensional relative positions should be obtained with the accuracy indicated in Tab.l. As a real time determination is not
recuired for this information, the positions are to be calculated on ground based on an offline analysis.

(3) As to the absolute precision of the mother satellite’s clock (with reference to UTC) and the absolute positions with reference to the
Earth center, only the ordinary level of accuracy is required.

2.1 Ranging and Clock Synchronization System

The range between mother and daughter satellite is measured by PN code signal-reproduction ranging, where the daughters loop-back
the signal from mother satellite, and the mother compares the PN code phases of the forwarded signal with that of the returned signal to
obtain the distance information. At the same time, the daughter reads the PN code from mother and synchronizes the internal clock, so that
the clocks of mother and daughter tick at the same speed, as long as the daughters receive the signal from mother.

In addition to the mother-daughter link, inter-daughter link is prepared to measure the inter-daughter distance. Each daughter has a sec-
ond receiver to receive the reverse link from another daughter, and has a capability of comparing the phase difference between this three-
way PN code with its own clock.

2.2 SCOPE ranging system status

Though it still has areas violating the relative range requirement Tabl, this result implies that the clock synchronization compensating

propagation delay, the most essential requirements, is satisfied. This in turn contributes to reduce the spatial and temporary scanning range

for correlation, even when the link between spacecraft is restricted.

Table 1 Accuracy Requirements for Intersatellite Time Synchronization and Ranging

‘Mother—Doughter Distance Time Synch. Accuracy Ranging Accuracy
1 km 1 usec 10m
10 km 10 tsec 100 m
100 km 100 U sec 1 km
1000 km 1 msec 10 km
L km L/1000 msec L./100 km

3. Formation flying by using optical sensor observation

3.1 'The equations

The mathematical models are presented in the context of the particular problem related to relative position and attitude estimation from
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line of sight observations. The angular velocity of the frame a
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vector components expressed in some frame ). The vector |
|
@, is the mathematical vector made up of the components PinHole Zf +xm
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of wy, taken in the yframe. The derivative with respect to (Secondary Satellite)

N

time is indicated by the operator p, where p R is the rate of
Secondary
X, Satellite

change of the vector R relative to the frame « and p,R” is .

the time derivative of the vector expressed in the o frame.
3.1.1 Observation equation Fig. I Focal Plane observation

Figure 1 shows the focal plane measurement of the system
for a master and secondary satellite system using one light source from a beacon. Three frames are used to describe the orientation and
position of the master and secondary satellite. The first one, denoted by (X,, Y., Z,) is fixed on the secondary satellite, with the beacons
firmly attached to the body of the satellite, and having known positions in the (X, ¥,, Z,) frame.

We assume that this frame is centered at the mass center of this spacecraft, and is denoted using the superscript s on the mathematical
vectors. Fig.1 Focal Plane observation The second reference system, denoted by (X}, ¥, Z)) is fixed on the master satellite, where the focal
plane of the system is located. We assume that the Z; axis is along the boresight, passing through the input pin hole which is at a distance
Z,= + ffrom the focal plane. The axes X and Y, are arbitrary, but fixed in the sensor. This frame is denoted as the f frame. The third frame,
denoted by (X,,, Y, Z,) is fixed to the mass center of the master satellite. The position and orientation of this frame with respect to the focal
frame is assumed to be known. The vectors for the master frame are identified with the superscript m.

The point S is the origin of the frame s. The point O is the location of each light beacon in the secondary satellite; normally there are sev-
eral beacons to assure continuous tracking of the satellite and for redundancy. The point / is sometimes referred as the image center since
it is the intersection of each light beam from the beacon with the focal plane, where position of T with respect to the focal reference system
is used to form a line of sight observation. The point denoted as F in Figure 1 is the pinhole which is coincident with the sensor principal
point. Three vectors are now defined: SO (the vector from the center S of the s frame to the beacon location O), S7 (the vector from the the
center S of the s frame to the image center /), and O (the vector from the beacon location O to the image center I, with the constraint equa-
tion given by Of = ST - SO.

The orientation between the secondary and master [rames is denoted by the (unknown) rotation matrix C% which transforms a vector
expressed in the secondary frame s to the primary frame sn. The rotation matrix C'} between the focal and the master frames is known by

ground calibration. Expressing the vectors S/, Of, and SO, in frame components gives the following.

Cy (§[—§O)SEC§”VS =v"= (51)}” ("
where v* :5_1/2[)(1 =Xp: ¥ =Y0,Z, _ZO]T and & E(XI _xo)z +(Y1 _yo)z +(Zl "Zo)z'

The quantity (Xo, Yo, Zo) represents the known beacon location, and (X,, ¥, Z;) is the unknown position with respect to the secondary

satellite. The measurements x, and y, in the focal frame can be expressed in unit vector form by

X
i 1 :
V=771 2
VX YT
Ly

where fis the known focal dlistance. This unit vector in the master frame is expressed using the fixed rotation matrix

between the sensor plane frame and the master satellite reference frame, with v = CY v, A bias offset in the measurement is also
accounted for in the model (denoted by A in Figure [). The bias vector is a constant error vector induced by an unbalance of the horizon-
tal and vertical gains in the focal plane detector relative to the particular coordinate system associated with the detector at calibration.
Essentially this is the same offset between the “electrical center” (zero voltage imbalance) and the geometrical center associated with the

optical boresight and sensor coordinate system. This vector is denoted by. v, and is normally referenced in the focal plane frame:
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Small separations between light beams reduces the discrimination of each beacon, which ultimately produces a dilution of precision in
the position and attitude solution. A larger distance between the satellites also leads to a dilution of precision since the beacons ultimately
approach angular co-location. If the relative position between satellites is known then only two non-colinear line of sight vectors are
required to determine an attitude solution. In a similar fashion for the position navigation only problem, where the satellite is considered
to be a “mass point” (in other words without attitude), two line of sight vectors are only required. A covariance analysis shows that when
the relative position and attitude both are unknown then two line of sight vectors provide only one axis of attitude and one axis of position
information. Furthermore, an observability analysis using two line of sight observations indicates that the beacon that is closest to the tar-
get provides the most attitude information.

The least position information, and the beacon that is farthest to the target provides the most position information but has the least atti-
tude information. In order to find a deterministic solution for the position and velocity at least four vector observations are required.

3.1.2 Relative attitude

In this section the governing equations for the relative attitude kinematics between two bodies are reviewed. The kinematic equations
presented here are derived using non-inertial reference frames, however only minor changes are required from the standard formulation.
Starting from Eq. (1) and taking derivative of each vector with respect to the same frame in which they are expressed gives the following

expressions

pv” :Cg”pVSercg”vs=C§’(va+C;f,pC§’VS) @)
The bias in Eq. (1) is considered to be a constant, so it's derivative is zero. The same expression in Eq. (4) can be derived by the appli-

cation of the transport theorem. which yields the following expressions

PV =DPVH@, XV (5a)

ns

ms

pV"'ZC_;n(pVS—i-COS,XVS) (5b)

Both expressions, (4) and (5), must be equivalent. Setting these equations equal to each other yields the time rate of change of the atti-

tude matrix, given by

CopCy =|,, %] (6a)
pCi' = s =

where [ ® X] denotes the cross product matrix.

The relative attitude kinematics are described by the expression in Eq. (6) in terms of attitude matrix and theangular velocity between
both frames.

We now write the expression in Eq. (6) in terms of the corresponding quaternions. Toward this end, the quaternion is expressed as, q'j,,[e’
sin% cos 5‘]7 where e is the eigenaxis between both frames and o is the rotation angle measured from frame m to frame s. The quaternion
is a vector with the same components in both the m and s frames, and can be expressed in any external frame as an arbitrary (i.e. general)
vector. This has an advantage over the rotation matrix formulation, which is fixed to the reference system s and m in this case. An infini-
tesimal rotation is expressed in terms of the quaternion as dq;, = | + 1/2 @,,,dr, where dt is the time differential. Multiplying by the quater-

nion g, and taking the first-order infinitesimal part, the following differential equation is given
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wher th quaternion @}, is decomposed into a scalar and a vector part as ¢, = [( ‘,',,)T qo] , and [Q x] is the skew symmetric cross prod-
uct matrix. Both the attitude matrix and quaternion formulations will be used in the definition of the observer feedback error, but the quater-

nion formulation is used in the actual implementation of the observer.

3.1.3 Relative navigation and dynamics

From basic orbit theory, s the equations of motion are written assuming that each satellite is referenced with respect to the same inertial
frame. The vectors are described in the Fig. 2. The relative orbit is described by the difference between both vectors, r = R —R.. If the mas-
ter satellite position vector is written as R, = Rm[l 0 O]T, the expression can be simplified. The frame with this property is the Local Verti-
cal Local Horizontal (LVLH) reference frame, which is widely used to reference Earth Pointing satellites. The vector r is decomposed in

m frame components and takes the final expression given by

R, +z R,

Z IR + r||3 HRm“3 -y -2y —wz Aayg
wl __ y . e A ®)
Y| = —u R 3 wl e w T—wy | + Gy
& l mz+ rf| 0 0 Aa,
IR + r”3

where A is the relative acceleration. The forcing part along the X axis component has the following structure:

[f (R, + Ryp) = f (R,)]" which is not robust from a numerical point of view. This expression is maintained for compactness and will be
used in the observer analysis, but for practical implementations it is convenient to re-write it avoiding the subtraction of two large numbers.
Eq. (8) expresses the dynamical model for relative navigation between the secondary satellite with respect to the master satellite.

‘We note that the number of master satellite orbit parameters computed on the ground and to be used in Eq. (8) is at most 3. For the gen-
eral case, the magnitude R,,, the angular velocity @, and angular acceleration @ are just needed. For the special case involving circular
orbits, only the position magnitude is necessary.

In the attitude problem, Euler’s equation or the measured gyro outputs are the starting point for the derivation of the rotational dynam-
ics equation to obtain the angular velocity between the inertial frame and a body frame. For the relative attitude problem, Euler’s equation
must be applied in a differential mode, similar in fashion as the orbit case. However, we seek an expression without an additional “third”
frame (inertial one included), in addition to the m and the s frames, so that the system is independent of the extra reference frame’s choice.
In other words, the relative navigation and the relative attitude must be a function only of the definition of the master and secondary frames
and completely independent of the particular choice of the inertial frame or any other frame other than m and s. This simple fact is com-

mon in control theory, where the error or its derivative is only defined by the current and the desired state independent of any other frame

choice.

In the two body problem previously derived, the equation Master Second.ary
for r is very accurate because it is supported by well known Satellite e, Satellite
models for almost all involved forces in hand, with any \
remaining small perturbation bounded. In the relative atti- Smm r m

tude dynamics the presence of internal torques, which are
normally unmodeled with an unbounded time integral, plays
an important role in the model equations. We assume that

each satellite in the constellation has an attitude control sub-

system able to maintain the desired satellite orientation

Referenée Orbit

inside of some allowable bound. The last hypothesis is a

qualitative one. We assume that the measurements are avail-
able frequently enough to use simpler propagation models Fig. 2 Relative navigation

(to be derived) as a function of the sampling interval.
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3.1.4 Signal separation

Due to the slow moving dynamics in orbital motion, the translational and rotational dynamics are almost independent (in fact there is a
second order coupling thought the angular velocity which appears in both systems, but for this analysis we can assume a negligible cou-
pling between both motions). This section presents three approaches for signal separation of the translational and rotational dynamics:

1. Time Domain Approach: This approach assumes that the contribution of the angular rotation is smaller than the translational motion

contribution on the sensor output. In other words the distance between the beacon location and the secondary satellite mass center is

much smaller than the distance between the mass center of both satellites.

2. Spline Wavelets Filter: This approach is a frequency band filter which can run in quasi-real time, and uses splines as the basis func-

tions for which the incoming signal is represented.

3. Standard Band Pass Filter: This is the standard approach from basic signal processing theory and in general does not run in real time.

It uses the different frequency scales between the rotational and translational motion to separate them via one or two band filters.

3.1.4 Observer design

In this section an observer is designed to estimate the relative attitude and angular velocity as well as the relative position and the linear
velocity. The information matrix of the attitude and position estimation errors is explicitly calculated for two line of sight observations. The
information matrix is divided into four partitions, where the two main diagonal elements correspond to the attitude and position informa-
lion matrices that have the identical structure if each problem (i.e., attitude or position) was considered independent of each other. The ofl-
diagonal partitions couple the attitude and the position errors. A diagonalization (i.e, a decoupling of the attitude and position) of the infor-
mation matrix occurs only in very special cases (the presence of a deterministic solution for example). Therefore, the entire problem which
includes both attitude and position estimation should be considered in the observer design. Toward this end, the signal is separated using
the previous methods, and both observers (attitude and position) are designed independently.

The observer design treats the attitude portion by representing the residual (measurement minus estimate) error through a quaternion
vector formulation, and treats the position portion of the residual in a straightforward position vector formulation. The angular error
between the measured (v™) and the estimated (") vectors in master frame can be visualized by a rotation axes normal to plane that con-
tains both vectors. This axis (¢);) can be interpreted as the vector part of the quaternion error, and the rotation angle between both vectors
is the scalar part of the quaternion. The position error (dz) is simple vector difference between the estimated and measured vectors.

Before continuing with this concept, the following matrix relation is first written

C"= = ACC )
where the estimated vector, matrix or frames are noted with the superscript (), and € = AC. The rotation error matrix between the esti-
mated and measured quantities can be written in terms of the quaternion as AC = [ + 2¢g, + 2 [@X ]*. To simplify the notation this matrix is
simply defined as AC = (7 + [8X [)};. Eq. (1) can now be re-written as

n

Am o §
OV (10)

v = (1+[6x])"

m

where ¥ is an estimated vector, which depends on only of the angular motion (after signal separation). Eq. (10) can be re-writien in resid-

ual form as
m o oamo_ M~
v =" =[6x] ¥V (1)
nt

Using the multiplicative property of the cross product matrix the right hand side of Eq. (11) can be expressed in a more convenient form
as

$m ™ Z[‘A’X],ﬁ (¢/31)’ﬁ (12)

m

where the vector ¢, is expressed as the vector part of a quaternion in any frame. As stated previously this is one advantage of using the
quaternion parameterization over the rotation matrix in the obserber. The left hand side of Eq. (12) is denoted by dz =¥"— v" for simplici-
ty.

The number of measured line of sight vectors is generally greater than one, and the processing of this information can be done in the
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least square sense. Each estimated vector cross product is stacked into a matrix as

[¥, %]
o = : (13
V"Z ) )
[V %]
In this case the pseudoinverse is computed using all available information. Therefore, the quaternion error is computed by
Vhdz=9l —[80.59,)]
" N ey 41 (14)

where ¥} is the pseudoinverse of ¥,,. The computation of the quaternion error is corrected, but the scalar part of the quaternion (Jg,) is
assumed to always be equal to +1. However, the scheme presented in this section maintains all four elements of the quaternion error
because the sign of the scalar part is used in the design of the observer.

The nonlinear is used for attitude estimation; however, two slight modifications are introduced. The first one incorporates an angular
velocity model, and the second includes a model of a potential bias, represented by b m, in the quaternion differential equation to include
any offset of the sensor, which may even be the computation of the focal distance.

The observers for the relative linear position and relative linear velocity are given by

F=V-K,dz s

(16)

V=1(F,9) - K, dz

where f (+) is the right hand side of Eq. (8), r is the relative position vector, and v is the relative linear velocity vector. The minus signs
in Egs. (15) and (16) are due to the definition of dz. The constant gains K, and K, are positive definite matrices (usually diagonal).

3.1.5 Simulation
The orbital elements used in the simulation of the master satellite are shown in Table 2.

A small initial condition perturbation of these elements is used to simulate the motion of the secondary satellite. The true inertia matri-

ces of both satellites is given by

I =1,=diag [100 120 140] (N-m-s9)

m
In the observer the following inertia matrices are used:

I=1,=diag [110 115 150] (N=rn-s)

m
The true relative initial angular velocity is constant, and given by

w=1[0.07 0.05 0.03]" (deg/sec)

Table 2 Orbital elements of the Master satellite

Semimajor axis 6900 km
Eccentricity 0.1 deg
Inclination 50 deg

Node right ascention |10 deg
Argument of perigee |10 deg

Mean anomaly 10 deg

This document is provided by JAXA.



76

The relative angular velocity trajectory is computed by integrating the following equation

! -1

where Is is the true inertia and A = 0.02. A noise of 0.01/3000 is assumed for each measurement on the focal plane. Four beacons are
placed on the secondary satellite at a distance of 1 meter from the mass center along each coordinate axis. The fourth beacon is placed at
[1, 1, 117 in the secondary frame.

The observer described in the last section is implemented for state estimation from the line of sight measurements. The initial condition
angular error is a rotation of about 15 degree along each of the coordinates axes. The initial angular velocity has 50 percent errors from Eq.
(17). The initial position condition 10 percent from the true value and the initial linear velocity condition is 30 percent from the true value.
The sampling rate is 4 Hz. The plots in Fig. 3-1 and 3-2 shows position and linear velocity errors each other for the estimator.

The relative distance along the X axis is almost three times the distance along the other two axes (around 94 meters against 30 meters ).
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Fig. 3-1 Position error Fig. 3-2 Linear velocity error

This difference can be observed in the oscillation of the attitude error in roll, which is intuitively correct.
The roll angle error is within 0.3 degrees, and the pitch and yaw angles are within 0.05 degrees. The position errorin all three axis is with-

in 1ecm. Also, the velocities are well estimated using the observer.

4. Conclusion

The relative range determination and time synchronization system for formation flying of SCOPE mission was discussed first.

Next, a detailed algorithm and the result were discussed about the relative navigation by using optical data in the main topics of this
paper. The optical sensor involving the beacons and position sensing technology in the focal plane has been introduced for formation fly-
ing applications. In order to achieve an accurate line of sight measurement from this sensor a calibration procedure has been shown. Exper-
imental results indicate that the calibration provides accurate results. Also, an observer based system has been presented as an alternative
to the extended Kalman filter for formation flying navigation of spacecraft. Simulation results have shown that accurate relative attitude

and position estimation is possible.
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Orbit Determination Method Using Radio Interferometry of Small-Diameter
Antennas for LEO Satellites

By
Yuji SAKAMOTO*!, Masanori NISHIO*? and Tadashi TAKANO*?

Abstract: In this paper, using the radio interferometry of two small-dish antennas, the phase difference of
arrival radio caused by the arrival time delay was observed. The algorithm of orbit determination and the
required facilities are considered and the performance of method was verified.

There is the 76-m baseline radio interferometry of two 1.4-m parabola antennas in the Faculty of Science,
Kagoshima University. In the case study, using this facility, the one of Globalstar satellites, which is LEO clus-

tered satellite system, was observed.

Keywords: orbit determination, radio interferometry, VLBI
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TITTMEL) B, L fo ST YT TEBTAMMY g, o, FTEL, M7 T T OMME B L OVHIZELELEG *
KA THEET 5,

o 2 2 . 2T, .
fi:[]_ﬂJfO' ¢i:T flp[ ¢:~—C_( fsloe _prw)' ¢:_g(fepe —prw)

< >

ANT-w ANT-¢

B2 BfEEE T 7

A, WoEE TV, BUlEREZEE T, MWML%[M%@ﬁE7fw7JVAﬁTé:aT FOBHILE % 1
NF I edRs, 22T, REEBHET A MY IZERGCEESEEL 27U 75 4 [ODER] % i

BUNEE 2 OHFBHTH Y, RIETHF 71y bERBATVWARETH L0, %@iimﬁiﬁm74W7°AﬂL”
LIEE v, 9, itz (L%, PD & ERT L) o [ 28BS LT7 + VYT 27V T) 200
ERI3AIRY. FMRETIE, {047 PD O BIIMEASES L T b LIRS, REERKMAE LS. FOROIF T
oy MIEENDRMENAEAT 270, HEBIMEE OBBREIML L, ZOTLITY AL T, LM
HHIE PD & Bl L C A LR (LM%, PDR & ERET %) 2845, MAHEZILEPDR 13, HEHNE & OB
HEDSTRETSH ), [EROWEREE 7 « Ly CUBETTETH 5,

47, AE PD_a # ¥0iEM S (ND) LTPDR_Db 25 L 12k, WIWE X c % AL, KERHEE 7 1 )V% (ODEF)
THRMMEX d% ”nié ZOREHE X _d 5 EH (O0BS) T& 2 PD_e & EilllfE PD_a D= % DPD_e £ ¢
B, HARICIERE T IC BRI R B, ERIZEETNRES T » YV LAFEEOREV%S. 2 TND, ODEF, OOBS
Hﬁﬁﬁ%//b@é%?%%

IOTNT) X LOTHE, BB AE L SBESHBIEIC K E R 8L RITT. £2°C, HEMoie & s
HTNI) XAL@QuRET D (3K, FT7ATY XL@QE R FOME X d ZFHT 5. 20X d2 ol
PD_e #At8 L, MM Ltmmfk,ﬁhmmbtﬂmgzih&é &C, BiEtG AL A% DPDR_h 2 B H
L, & PDRD 2SI B 2 &T, HilifritAe & E£72 W PDRAZHIGET 5. ZOPDRZHWTHOIREEHEE
T AN TR B LT, L hEOHEC ﬁwHEMEXJ%&iﬁé:&ﬁﬁ%é.mﬂ%uxJ#bﬁﬁfééﬁmm
PD_k & Eilll PD_a DW= DPD_k # Wi+ 2 2 & T, WLBRE TV T XL DFK M2 THT 5
WHESHEE 7 ¢ V% (ODEF) OF7 VT X8, MGy F7 405 28R4, REENZ MV XL, T8y 7

A (FEE ’ﬁﬂ”gé)@Ew%g%ﬁﬁ,mjhhblUﬁﬁ\)’ZLE%T%.%MHM@“7F”*Z At 2 R M {8
Ny M VERZ, BREELS T E R, BETY % WREE A AL EATS % P, IKEER B IER T AX b L, R
E’})kfﬁj 5.

X= lo,yz0604"Z= 19,0, 00" WlEHT— 540
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This document is provided by JAXA.



80

real obs. ¢act

o

¢nd = ¢a0t+A¢nd

x_c | initial orbit X
real obs. J——————— O‘iODEF
l ND optimal orbit X - OOBSl

¢nd = ¢act+A¢nd l QQBs
pD_e | estimate obs. aopt

initial orbit X B l ND
X_d i it X G 2 2 >0 .
-. optimal orbit K, Ora = ¢°pt+A¢nd4’?<7¢opt

l OOBS

estimate obs. &opt Aénd - T

o + . . . -~
¢actz ¢act+ A¢ nd_A¢ nd
i timal orbit X t —
DPD_k | obs. residuals A@,._ ¢ _d | op op ODEF

PDR_g

7IL3) LD revised optimal orbit X opt2

(BIEMARENTED)
00BS

-+

PD_k | estimate obs.¢opt2‘>?<4
FILIYXLOQ

(BEWHRELRE) obs. residuals A¢act—opt2

M3 WBEHET VT XL
3. B # W =

31 SIS
AW CIRET 2WEREFEORNU BT 5 7:008E L LT, BIEERFHELITA T A/NNIEER TR
AFMT 5. COBETENEIERLIAmDNRTRT 7T V7 F 26 THEL, £HRIE76m Thb. LEOHE LB
&L, &7V 7T CRKZANCZET 2BEOMME Crodifl) 2K/ 40ms OMBETHENITE VAT LTH L. VtHE
DEALRITEHBINTE 2,
BMNEEEITROEBYTH A,

- BT 5 © GLOBALSTAR M 31 (FJ#LIE - &5/ 1409 km - Bl @A} A 52 deg)
- WX JE I 55 6876.712 MHz (JIE VB B RS2 TEA)

- EBETWREGRE D 76m

RS2 6 (2006/9/14 ~ 2006/9/15 UTC)
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R e e 75 EE
B4 AOEERTFH (LR RAERE)

3.2 HAMEPD QWA

FRHTICHE L7246 /52 (43F112H) OBBEARIRY. 2 TF— 2%, Bt - @ THL3PD BHME (PD_a) o
bOTHL., 2T A0 ms ICFHATE B AEMEME [25 5FH] LboTHY, #HEL LTPD_a Tl 1s i 1 MEYS
T2bDEART. TNEBBPEET 4 VI OFEREAN 2 BRRT 2 7200LMTHS. TXy 7EHE, F—F—50
BT 5.

F 1 FEWMERATICEA L7280 s 2B

pass ID number of data start finish time span

(each pass) (since epoch) uTe UTe (each pass) (since epoch)
0 955 955 2006/09/14 05:11:04 05:27:20 16.3 min 0.01 day
1 982 1937 2006/09/14 07:10:44 07:27:28 16.7 min 0.09 day
2 1017 2954 2006/09/14 21:49:16 22:06:36 17.3 min 0.71 day
3 903 3857 2006/09/14 23:50:44 00:06:07 15.4 min 0.79 day
4 1020 4877 2006/09/15 05:56:07 06:13:30 17.4 min 1.04 day
5 768 5645 2006/09/15 07:57:14 08:10:19 13.1 min 1.12 day

APEMEIEIE 2r OFINCHIR SN CTBY, 2n0BEREBLIUOAREELL 71y P2 EATYS, 2 OAHGEEIEHE % #
Wb L, 250 P L2500 PDBIEEE 22 5. ZOMBMEMIZRT. e LT, NA0DPD_a%KRT 5.

fali A 780 7E
-2pi~0
0 e i
-2pi ﬂ
2R ﬂ/
gl 0 5 10 15 20
time since epoch (min)
TEfE T — 4% Bk GLOBALSTAR M31

epoch =06/09/14 05:11:04 UTC

5 LAHZEBIAE (PD_a)
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Z O PD BHMED S B A X% FEF LR 2 REICRT, ERIEEERZ (40 ms BOEFEM) 1281 2 HEH
LTI EHDOESE L EODTHE, TNIEFT VT LA XDOSEIZEMT AEERLEL. JAZXNEL LK
EVWKHAFZRY 7 0~60BLUT 125~ 16 3ICHATES., AREZRy 77~ 1 50HFALILK L7200 T,
I TVEIE6000 HTH B, A APRE LT ZORBOFHERZL 11751 deg TH 5.

40 ms HOMEM % 25 HFH L 72 PD_a TIE, HEHOIC /4 AE5 0D 1 IChBDT, /A4 AEHERMET 2.350 deg & A
&5,

3.3 EAEPDR MOEE

BIHE PD 2 B L C, BUMEPDR (702 XLEDPDR D) # WS T 5. PDICIET v FafiElETNTRY,
R MR I EPDRICE ENDE T YV VT LREDKRELS LD, TV T ARERNSILCTHLDIL, HIBRERNS
e PR TRUE T 9 5. BUERBRAE R OBOBRETHRE SN O THBEIZ 2. K7 — AT, BEHSHEZ 40
2R E L7z, BHAME PD ICIEAR B XA S B 720, LITFOEBICHET M2 HH 5.

1. PD D47 — & 12xf L T s % E47
2. 40 s R T W R 2 FI L, PDR £ D3ES S RMS 2 TR DT HIR) % #E
JRHELAELEVELD S RMSAVNS WX B DA PDR ZFH L, F&1) OXENILEIKR

B 7122 MR A RT. £XTIE, PDR % 40s D4 22 KMICH, FXEICBVTIKHIH & D757 5 RMS
FRHLCWS, 22T, KMI0~ 4 BLIORMIOZHEMAT A, LEVWHEHOREZ, EURERICESCLDT
0.28deg/s & L7z, AHKDPDR_b L, Hl& LT/NA0DDDEIRT.

1E+6 1E+6
l 1E+5
g 1B < 1E+4
g, 1E+4 <“'1E+3 .
& 1E+3 | 3 ‘
Z . TAE+2
g 1E+2 i o |
@ o 1E+1
9 1E+1 : bl | 3
o 1E+0 |7 o §1E+0 ! ;
& e : (oL g a 1E-1 .
o 1E2 IR LAt il |
S 1E3 | s " § 1E-3
g 1E-4 . g 1E4
1E-5 1E-5
1E-6 - 1E-6
0 5 10 15 20 4 8 9 10 11
time since epoch (min) time since epoch (min)
GLOBALSTAR M31 sigma = 11.751 deg
epoch = 06/09/14 05:11:04 UTC (num. of data = 6000)
6 40 ms BREMD / A et (G137 ~ 11 53 K OIEK)
0.5 AHHHHAANA H 500
I adopted | { PDR_b -
v
0.4
o)
\'9 =
803 g % 2 &
Qo 9]
< e,
o z
Q0.2 o
a = a
S o -500
%)
Lo H
o
0.0 -1000
! " - 0 5 10 15 20

index of segment (every 40s) timeisinos spoch i)

lthreshold = 0.28 deg/s | N

epoch = 06/09/14 05:11:04 UTC
7 RIXHGED B & OMARZEZESRETHME (PDR b)
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34 BERLEEOES e s s 4 s
IRAEBHETFE D IS8T A — |2 S DA RVl s = 11 e
wAHETE , &k i E X V. Z.X.y.7 | .
FHERAE R MR . Z iU i/tx%ﬁvﬂlerA lZBWwT, & propagation
AT LR LB ORREESEINTVL DT ;
D, BN AHEEr N N~ P2 7BLV 7 b i O30 O OO
o | T | T | T | Ty | T

Y TRICH RS A I E IS BOBETH .

T A LR RBNGRY . SERMEEE s LT, R
o 7 BRI OPBEZ BT F WA > THEERT 5. 48 BUMERRRE O
ZAUCHI R, BN SR T E BRI o8 - FERT
B, 12770, MUDNAERBEONACBNTE,  BPUEEET L. THEHEST A — ST E DR BT
L7:HTHD,

EBIZy Iab—vary LR, OIEE 1sBEL LAEE, 2ms BEOHEE THAME covEYT 5 2 2457
RETHD I LR L7,

IIT, HRATED i, W2 OBIMEICREEE S A v, BFEONNy T T 40y TEME ST 2 — 5 LI
IZPUET B 2 DT AR, BE(NDS2EHTRAEND /T A — FHEEMBELZ I R-> TR, MUTLVITY XLZERT 5
Z TR L.

3.5 FEAHER

JRAT#EH % RFUIRT . MHMﬁ(Xd,%ﬁW%fmJ)@éM’,Jﬁi&Wé FHE /ST A — & IC(E 10 km,
BT 10 m/s OERIGEE L N2 THEIT 2O a8 T, ZFE LU TREBEANHET A Z L 2R Lo, 2R E
HES, KT -2063s & %Y, #ka§JMT%é.’®m# EBCIZREIC L A 00, WOBERIC L - THLT
WAL OD, HHOBEDPLETH D,

KA, BEMAREOBREIRNEE RBIIRT, EXBRELLVE SO PDEE (EE@L EMMOES, DPDe), fAid'
Lok doprDEE (DPD.K) THhi, WINGHHNL T~ s K5 TH Y, LBMAAAZERNIZ T2y P LTWS.
WEEHEE 7 A V7BV T, REEEE L TERHLTORWKHETEPD EARE CRNTWAD, FHKHEIZBWT

Wi 2 iR T & 5. BB TE R E L WEMOME, PDIREIZKE B dii it A S s A, %‘“®TML@
PDHEENRKE HiN L TV LT RIftRETE 5.

T O R 05 &, B OFERAEIL 0399 deg/s TH B, 72, Jl'i.’i@? PuE OFEdE ﬁlll/rg G, 0.7
5, MBS o, =Joi+oL 0l FEET AL, A5m Th b, EHILIOKEDHEITAERTE TV DL

DEFEIZEA L TS HBOMETH 5.

7,=7,=0 (const)

%2 LTSRS

initial optimal revised
X_c X_J X_j - Xc

km -4918. 164 -4928.168 -10.004

y km 168.473 158.468  -10.005
z km 6034. 841  6024. 843 -9.998

dx m/s  -1504.555 -1514.552 -9.997
dy m/s  -6904.106 -6914.103 -9. 997
dz m/s  -1044.812 -1054.811 -9.999

tau_ 0 s 0 0. 000 0. 000
tau_1 s 0 1.172 1.172
tau_ 2 s 0 ~1.471 -1.471
tau_ 3 s 0 -1. 661 -1. 661
tau_4 s 0 -2.063 -2.063
tau b s 0 0. 000 0. 000

target = GLOBALSTAR MO31
epoch = 06/09/14 05:11:04 UTC
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index of data

4. Wb LU RHE

AT, 2RD7 V7 FCHRET 2/ OFEBERTHE 2 HW T, FERLEISER T 23 RERO [MHE] 2 8
L, MEEREDOT VT X4, KOLERESERZ RS 5 LI, ZOWLBEIERR) 25 M L7, HORse LT,
BREBRFHALPIAET S LAmOAFDO/NTRI T 7 F 2 ATHRT 2 EBETHE (BRE6m) 2HWT, KREEH
ERFE T 52 Cd 5 GLOBALSTAR O — i DHFE & x5 & L CHEI % Fi L 7-.

RWFFETEH L VHERETFELREL TV D, 2nOfBCHHETYBRNL, 202 bRLREEHE 7 1 V& TREE
5. B TEIREL RIS 5720, BEMABRELRET LTV T) AL ERFE L. £ -BIIRRRRE b [FkEZ
P L7z, .

#9112 HHOEBME RS SEEREE LR L2 25, DPFEICH 10kn BEL P 10m/s DFREPEEINDr— AT
ZE L TRl IR S 5 2 L 2R L 72, 0 & 2 OBIIMEREIEMR213 0.399 deg/s TH ), FLERE DEREFAEICHRE
T5E45mTHAD.

SHOBEE LT, MBS ROZL M52 EAWETH L, TS AT 2 ORHEHIGRE & fE/ T
L2002, FHllY 7 b 2 7 BLON—=F Y 2 TICHEILETH 5.

Z £ X W

[1] Y.Sakamoto and T. Yasaka, “Methods for the Orbit Determination of a Tethered Satellite System by a Single Ground Station,” Mem-
oirs of the Faculty of Engineering Kyushu University, Vol. 63, No. 3, pp. 185-202 (2003).
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SELENE @ 3 5§D H & ol fg 2 2 W 72 8LEFREIC £ 5
HETIGET S AT 4

OB OB EE W R R AT

6 H 3 £*3 RSAT/VRAD 7 )V— 7

Lunar Gravity Measurements System by Orbital Determination using Three
Lunar Orbiter of SELENE

By
Takahiro IWATA*', Noriyuki NAMIKI*?, Hideo HANADA*® and RSAT/VRAD Group

Abstract: Global mapping of the lunar gravity field will be conducted by using two small sub-satellites of
SELENE: the Relay Satellite (Rstar) and the VLB Radio Satellite { Vstar). Four-way Doppler measurements
toward the SELENE Main Orbiter above the lunar far side will be carried out by the Relay Satellite Transpon-
ders (RSAT) on Rstar and the Main Orbiter. Phase-delay differential VLBI observations will be performed
for multi-frequency carrier waves emitted from the Differential VLBI Radio Sources (VRAD) on Rstar and
Vstar. We have executed proto-flight tests and confirmed that instruments and the ground system of RSAT and

VRAD have enough performances to improve the accuracy of the lunar gravity field.

Keywords: SELENE, Moon, gravity field, Doppler measurement, small satellite

# £33

SELENE (= & %l A Bl o> 72> 1) L — i B v (RSAT) &, UL —f&E (Rstar) IS N5 RSAT-
1 & FEFREICERS NS RSAT-2 0 s, EEO B OEMOBEE Rstar FEH D 4 way N7 7 FRMNIC
LB 2. RSATIZE 2 ABMOEIG5 A OBEN &, A VLBI B (VRAD) (2 X5 BEIIER
ORI LN, HEHEGE7LOET ML

. i3 U &

F R % B0 S A FHEEOTEL, COREKOE NGBS IRR ST 2L T2 200, EDKHNICLINESR
5 BRI A B O BRI, RO NEEDRIIZE S35, fiko Fkalk J ffmlml_ I, MhIRE [l A L
EHEiz, 2way (M LRE-FHEHE-MLE) OBEROEIE . V927 }‘*\’?FU U7z - BAEEZE L2385 (RARR ) 12 &
DERIIS T &z, TR LT, BUBIREICHDT VEBTIC L A28 AT 5 2 LT, %mﬁgﬁu@yZTL\@;H%M;W-

%1 JAXAFENI (Institute of Space and Astronautical Science (ISAS)/JAXA)
* 2 JUMIREIEH (Kyushu University)
%3 ET R LA (National Astronomical Observatory of JTapan (NAOI)/NINS)
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REIC: A7 TR, MBREBEDOUET OO TLOEHEZED TS,

AMHERDOZ 7 — v, BEIbid, WoBENZERL LR L THERICKE L, TONIMHBELRAL 2 LI3mEk—- AR
DD L > TEETH A, T3 F T Lunar Prospector I ELHFLEBINIC LY, ENYETIVLP 165 P KD b1,
WELDOREIZL D 7 LV — 9 BEEOYWEOERBE L3 7T OYHEEOWEN 2 ENTELD]. EIAHPHOHEIZH -
WEARDRZICEAH L T2 2 e h b, #EkD o R ADEMOBEIZBRIEFSEOBVHERENrLROONDITHET,
HNGBE L ToERGEREIMC, FICENHREOBRMOHEE IZIE Kaula[S10MHEEAISRE SN TS 2. $/25K
Ml D#FDER S, BB xS 5 BENO H DB IZEZ LT b 720, RARR TOHIEREE XA 7.

2007 4EEEFT LAFFE 0 A S %52 SELENE T, I (selenodesy) % HAYE L7z 2480/ NEIE DN EHEN S SHEs L
B[4, IS 3O ARNERE LIV, 4724 F7IRHINIC L 2 A OEMOBERE &, ZRMAHS VLBLBUIIZ X %
HEORMMETR S OEEEMED, S, AENBIZOVWTLPI66P 2 B CHEENL D 70— NV Bl EHS 5.

2. IvvarOBE

21 Ivya>’yO774)L

B0 112, SELENE #fiid % £f2E, VL —%2 (Rstar), VRAD 52 (Vstar) DI 74 Falb—ary&R$., 49
A F7I5HO7z00ae — L v MEEOR#EE4TH [ L —aEP#Eds (RSAT)J &, Rstar & EfFRIIEHR SN T
Wh. 72, ZREWARN VLB Bl 72 Ok Ot 479 [H#ixf VLBI FIEHIF (VRAD) | &, Rstar & Vstar (235
ENTW5S,

SELENE 3 H-IIA B 7 v M X BF] BT O, HERkE 2 BB 0T 2 7 2 — 9 ¥ FHE & @ LT 6 H 8 e 2%
AENDE. RT, F9 Rstar WEFEDSHHEL T, & 2400-100 km (HLE R4 4 3,000 kim) OHFFIHLE 1285 A &
NA. T, Vstar 2555 800-100 km (BLEEFEE ¢ # 2,200 km) OFHBLEICHASNL, ZOtk, EHEIEEE 100
km OMFEICRE L, K 1FEMOBIMI v a y 2479, FEHEOWEIIN 2 » HEHOHERIE~ X —,¥12 &) 100 + 30
km (ZHEFE SN B DS, ANBUE R Rstar/ Vstar BBLERIH 2T b N e v iced, A EIIG0A0 EE 135088 % %) TZ14L
5.

2.2 RSAT : UL —# &k

RSAT LUPVRAD 1244 3 v ¥ 3 YOMAKZK 2R, [Mhofs (S4~9, X2) TRENTW S ERKOE 55
HEFELVIRT., £/, TNHOBIMNY AT LOEFRFEMERZ K 3I127RT. RSAT 3 v g v TlE, BEEIHOEM
AT, FHFAMRE — Rstar — E# S~ Rstar ~FHFE @ 4 way O CEIBEODHEZ 47, ZNEHBRB TR 7 I35
WL TERBEOPEZ RO L, 4B, ITHEREC, FHHE—> Rstar —FHE O 2 way T RARR @il b Ffti L T, Rstar @

X VLBIFERIE2 (VRAD-2) HIL-A Oy kA

VRAD@?E (Vstar) @ h ..... n

(R¥1%E2,200kmiEAEhE)

L —B 2B E PR (RSAT-1)
I VLBIFERIR1 (VRAD-1)

)L —f&E (Rstar) \ms

(E31%3,000kmiEME11E)

¥ % & (Main Orbiter)
(B E100kmM#LE)

X1 SELENE %3 % 3 & EDYME & RISE &85 D5 A&
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Main Orbiter

differential
VLBI
(S7,58,59,X2)

\%/ Earth \%’ % Earth

UDSC TACS VLBI station VLBI station

I VLBI correlation I
SOAC center

2 SELENE 2L 2 JENGEN I v a v oaK
Bl RSAT 12k 547 =4 FTI5H, AR . VRAD 12 & % ZE A% VLBI @il

721 RSAT/VRAD 2 v ¥ 3 »DIEFETC

ESb) 4 . =
e RIS s loop-band I A *
[MHzI (2BL) [Hzl
UDSC to Rstar/Vstar 1,000 CMD, RNG, RR
S3 2081.466 —
GN to Rstar/Vstar 1,000 CMD
S4 2260.416 Rstar/Vstar to UDSC 30 TLM, RNG, RR
S5 2241.579 Rstar to MO 100 RR
S6 2051.614 MO to Rstar - RR
S7 2212.0 Rstar/Vstar to VLBI ) VLBI
S8 2218.0 Rstar/Vstar to VLBI 5 VLBI
S9 2287.3125 Rstar/Vstar to VLBI - VLBI
Rstar to UDSC RR
X2 8456125 | o 0T 196
. Rstar/Vstar to VLBI . VLBI

*) UDSC: Usuda Deep Space Center, GN: Ground Network, MO: Main Orbiter,
CMD: command, RNG: ranging, RR:rangingrate, TLM: telemetry,

B2 ) TH <L Rstar TOHFRIZITY) L —FEEH AR (RSAT-1), EHETORFKIIEY L — & 20 m ke
(RSAT-2) %%,

FHEBD64m 7> 7+ Tld, KRA-VICEM LS HMERES % Rstar 1CEE T2 (755 1 S3). RSAT-1 @ S 7 Hifk
ST, AHE2 5O SHHlEES 2 MILER LT, 2way THEBIZITDET (S4) O L FEEFIZ, 4way K7 TEHIOD 7
ORI R L T CEREICPHET S (S5, 747 — FES). RSAT-2TlE, 747 — FESEHILARL T
Rstar I2HT D aR$ (S6, V¥ —YEF). RWTRSAT-1 O S/X W H#EETIE, V¥ —VEFZIAHEZE L TXHICT v
Ty L, ARARBICHHFT 2 (X2). AR TEAE S 72 RSAT @ 4 way K7 F 202 wayRARR 7 — ¥ 1%, NASDA D
BEHIFT (TACS) CT2E SN EHED 2wayRARR 7 — 7 & L2, SRS H £ > ¥ — (TACC) 2B\ T LEfEZE
SN, FHIMEE S v SZANOA I v v a VERFNTE Y 5 — (SOAC) ICREFSNE. DO, GEODYN-II X
RRENGHEEY 7 b 2T & ), F— S RIEROCEIEGENTZ4T .

TSR X, EHGBM A SL v VB ERED S WD 5N, Rstar (2392 2way K7 I EMAEE & LT
02mm/s (18 FHEIME), FHEREIIHT 2 4dway P77 I7BUREEE LT1.0mm/s (10 BFESE) 2 BEEL LTS, 2003
dE\ZFE M L7 RSAT & FARMOBESHRETIE, TNO5DOHEEFHREL TWA I EATRENZ10).
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RNG . 5
bl +CMD _ high-gain
———F RS S?%Tgl carrier antenna
St R T -
IE@ ﬁfl\li%\}d patch RS[};I‘ -2
VRAD-1 antennas St
— carrier St EIRIER S-band| rhfigse

X-band | carrier RSAT-1 cal“rier I

do by | dipole | SXWAE o ﬁﬁii

antennas Rstar
RNG
S-band +CMD
pa— VRAD-2
STH PR
RNG @ RNG= g5 &
f——— carrier CMD=a< R E&
X-band ‘ VRAD-2 TLM=7LANJ{E &
an carrier S/X%%;E‘ZJE VStar E

dipole antennas

3 RSAT/VRAD @Bl D15 5 R & X

2.3 VRAD : 8%t VLBI B#EERE

VRAD X v ¥ a » i, Rstar [JHEH SN2 EIIE VRAD-1 & Vstar I SN A BIIF VRAD-2 75, 12 S/X A 04
LIRS 45 (S7,58,88,X2). fHL Rstar D X 41i%f2121E, RSAT D47 =4 N7 7 BHIH X #1575 &L DT
&%, Wb VLBI BUAJE T, MiZEOEEIFE & 4 100 S T BT VLB 8Ll 5 Z &2k D, MAHD M6 % =
EALT A, T, WER (WEOICH) OBEEEREIEOHIE L L2, 1 TRRTIS RV 2TORELZ 720, STHD
¥)TOMHz & 6 MHz B2 398 & XA 112 & 54 /8% VLBI @il & 3 5.

VLBI i) & LT, EKICARAEIFILESE (VERA) ORI - Ak - fHE - LB, RO L - SE&KRE (F
[E), Hobart (ZM), Wetzel (KA ) O&FF%FELTWAH. VRAD IMELTHGR I TH L Z L 0s, HERUO S/NIA
L7z EH OIS, (60 kHz) VLBI /N v 7 =2 ROSHSE L CHUNRICRLH L 72, S - figks /- VLB 7 — 2 1, [
SLRILE D VRAD HHEI % CHHIBAALEE S 1727 SOAC IZREE &1, RSAT 77— & L ICENHHEEICH VLN D,

VRAD /¥y 7 ¥ N v - O A VLBI #1#llid, Lunar Prospector & 3 C 273 b % I\ 272 CRL /& 34 m — GST 1
W38 mAEMTOBMIC X FEIF SN, H TOMMLEPERHED 20 cm 127 5 2 & AVR SN2 (7]

3. BRI R T LDORFE EAREE

3.1 ERIGkRR

RSAT & VRAD OEUBIHEES1L, ATETICIE72 4 way ik & VLBI HE OFEEIZ D 2HE8E% AT 5 & 12, Rstar/ Vstar
MEROI~Y Y FRE - 7LV A M) EEHEL RS, ENBICER I N2 BERELAEICERSINLT ¥ T2
LR SN 5., HEMEIZBWTIE, 4 way ke £ VLBI 5% 4 MAEE#TH L 2 &, HERELIHITAZ &,
BESEIY AT A2 &, BARBERERE#EHICTAII L 2EB LT, BlBEREIEL, ThHkEHO—HIZHH
JE WS A B Al % #5724 72 [4]. Rstar/Vstar & ¥k E OMifE 1213, S/IXWRE S A R—NVT 7T FEHWwAsZ &L, Mk
FIRFHERT > 72 R— 212, RWIRAY (2167 E) 2Ei8 2720 0U0E %475 72, Rstar O3 7 2 #1512
1, A -2 2 ORERARZEMSHFET v 7 FeHnwsZ L, E¥—Ny 7#E u-labSat 7 >~ 7
TR N— AR L LR T v 7 PR RS L.

3.2 NEEE

Rstar/ Vstar |3 selenodesy Bl |12 4#fb L 72/ NG R TH ), BB ORI T 2 L8 - OBz R T L
CBEALD 70, REBILBGIE - WLEEIH A THh R VWA VERTH A, FHEISOSEEE A Y VEIINE, HEBS
L7z 2 X oBRE RSS2 HCTIT) . S SE0BOLBICERT LI LhS, ENF v 2IVEE L
REEART 7ot B HEREREBRT1To C, AY U MAME, SEbEE, SRR SR 8T 2 - & LTKRENORK
#LZAT 2 72[3]. FHEFEIC DWW T, FHHEEORISE T IV % u-Lab Sat O FEICH VT, #LE ETOEREC X EARD
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TR 2 HRE L 72,
Rstar/Vstar ZHOEEHER & LT, FH I, B BEEF@Ho Tk s 7 v 7 FAER.oo s, 5rEERT
Y TF 7IRINT 2LBOBNYTDH 5, BHRTHOTAOEL, ZAEHMUEFTIEERIC X > THARMENTH S 2 & Tk
Lz DT A TIE0RET LI a—F =Y aviE, —a—F—arv AUl VBREIN, o —-F—
gy OHLHRAPRSEOEINE LTS, ZOBEISEFERBICL VBT vy T 7IED 3oflie LTHT =
fsr L7z, COMICEEHEMORUTHEE, RIEE, BEL — MW THHRFOREERE " PR, SINTBY, Dk
12 & o THEEM O Rstar/ Vstar DRIEALZ AT 5. Rstar/ Vstar BE LB K O ERIO121%, KBRS & B ER
WKL BLRBOENDSH D, WETAR—NVT VT HIHTERGEASOEZEINREZN LML, TREF Y VT ST
LT AR TGS, SRS OEBIIMILRSBF ML > THRF Y, N EORKMEIZ13.6° L2, #@ERTEAEEIO
B SE S Wk 2R L 722
RSAT/VRAD Ol 77— % CTld, BEAYE Y L LBEHHMINELEL LTHYAINE I EH,D, b edfiE L TERIE
TLZEPWLEEL L, BHREAE X, Ty T UMY — v ORERIE-> T, ERERCERES N 77007 »
FFE=FIRAT A, INSETANTICEYVBETLEIENTE, OFH (Planet-B) OEIT— 7 » S EMMEAIRE
TWA(S). F72, 7y 7 H AP LICHT 2EBEHE, TS5 7— 7100 L TRAZREPSHEETRETH D Z &5,
BT — 7 2 W THEES LTV 5 (6],
33 iR
kR AR L7224 Y = A@fE L LTIE TDRS OFIAH 5 5%, TDRS JHERF I L TIIFFIELTBY, NPT IR
& TDRS & L —HFEM TOAAE L /2. —Ji SELENE Tl, HE)E - ) L —HE - FfEEE oM BT 2T %
Fe¥, 47 2 A ZEHRO BT IR L CROEERMIR S BR AT O LENH L. M4, 47 =4 TOMIRTIT) 77
BT T 7 ANVEIRT. HHBT v 7)) ¥ 7455 (S3) &, T3 Rstar O N7 7 FHREOHI (£ 30) RIS,
ROTEHED N7 I FHRELBE BB L TS, ZOFHREOHPMZFNSI NG,
WEMOZEHRONV—T NN (E1) &, V—FSINZR/NT -V 352 L LM SER LMEZVW L 2%
LT L7z, o, SPEnT fe BB b, @ EoR/Av— 7 SIN, BERERwn, F> 77724
—CIRAFT 5. Shooftinrsd, W (P) LSS HIERE (2B) VT OMGREER L TRasifh L7z,
D) WEORSMY  FES/IN (BEE IS ENLL)
Suin/ N ="(1-00) Ny Moss /2B, (o> 0 : [AHET—T )
2) BUNEHAASE - M7 GBS - Rk L) s
orr = (c/dmfT) V [2/(SIN)] (f . ZAEREWE, T @ FEoHEH)
RYRECYEE V) AVA LS C N [ E T AR S O
&= (1/dm) (19B,)% [1—2// (S/N)]

2 FA R DT JE A B
5 / +3 ¢ :90Hz(max)
3
g 1s
3]
.LG b /< N
§ N
(@) sweep of 100Hz/s
' . 447 £ /Rstarfi] D
sl\:"iill)z;)s K77 R
Rstar 0T & 4t 25kHz(max)
+3 0 :42Hz(max)
V/
time
G < >
2way 2 4way FHHE

B4 RSATICL 247 AHHALERTO R TI KRBT 7 7 4 VOiEEK
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FHBH AR S HEORSER SRR TR, EROZEHROBMMEN LB~ — Y » o2 LTI saiE
a:Tﬁ 6:&#", JHE DB R L7, BHBEIZ W T 228 Tl - e BY Rar L MERE L 72, $72, &AH
JEARERIE LRI DTS, EMA 5B SN AHIZHT AT -V v EALTWwAI LR L, Zofl (&) &,
e @MEfﬁ@m&(JHm KIfFFes) POERENE F7IEE2S, 47 o AMHLERICE T 2 M EE S 1,
ZOITESENTH B T & wiERR L /21,

4. £ &£ O

SELENE Tl, EfTE L 25O/ B E Retar/ Vstar IZHF SN A, ) L—BEdikeE (RSAT) (2L 447214 F7F5F
W&, A VLBL A 28 (VRAD) 12 X 5 & Bkt VLB @il o, HENSOSHE» /2 —Nkh<y €
TEITH. IO, mERCHL /XTA@)rén:;w I, Iy a v omTRERL.
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Orbit determination of earth orbiter using 4-way tracking data and applica-

tion to lunar orbiter

By

Mina OGAWA*', Sho TANIGUCHT*', Yasunori IWANA*' Masatoshi SAITOH*!,
Seiji KATAGIRI*?, Chiaki AOSHIMA*?, Hisaya KOINUMA*?
and SELENE RSAT/VRAD team

Abstract: The Japan Aerospace Exploration Agency (JAXA ) has been studying the feasibility of orbit deter-
mination technology with satellite-to-satellite (4-way) tracking data using the DRTS which was launched in
2002. The orbit determination was performed in batch processing mode, and showed that the accuracy level is
equivalent to the results by tracking data from ground network stations.

This paper presents the overview of JAXA's experiments on orbit determination using 4-way tracking data of
the DRTS user satellites such as the ADEOS-II and the ALOS. The application of this technologies to the
SELENE orbiting the moon is also presented.

Keywords: Satellite-to-satellite tracking data, 4-way tracking data, orbit determination, DRTS, ADEOS-II,
AILLOS, SELENE
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T, AR 2/ HEERETCAREND d-way Fy 75 2B T L5 W TH L. d-way Ny TIH
SELENE BLERGE « FHAEEIZT 2 5 FEHEIZOWTHIEMNT 5.

. & U &

FEMZENITREEN UAXA) 13, 1094 SFI2H R AL Vi [ & < 6% (Engincering Test Satellite -VL: ETS-VI) %47 I

* 1 Consolidated Space Tracking and Data Acquisition Department, Office of Space Flight and Operation/JAXA
* 2 FUJITSU LIMITED
% 3 Daiko Denshi Tsushin, Ltd.

This document is provided by JAXA.



92

WSk, BEMBEHN LY T2-00FEBLIT->Twd, BEHEMoPIE, BEMBIT 5% A/ 8E e
FiibgEnTnb,

2006 FHAEIE, 200249 HIZHT L7 — & chifikdiafidg 2 [ 272 F ] (Datarelay test satellite: DRTS) % 7= EfEEER %
fioTwad, KL T, DRTS DL—HERBETEERO L KR EBAT 5.

2007 F AT BIF e A R E A (SELenological and ENgineering Explorer : SELENE) Cld, A #ER¥ 2/ 2 [) L
—HRE] HOT, HOBHEO dway Fv 772 MR THO THET LB TH 5. 4—way Ky 753 AENEEFLONE
CHOONRLFETH L0, PUBREIZHEN L2H 1218 5415 SELENE $LUBRE - THEEM EADOFS IOV THH
Nt 5.

2. HWIXFAREED 4-way BLERE

7] A~

RETIE, SHEEEGH CHREMBELED dway BUF 7 — ¥ 2 IS L, SLERECRT2EMEHENT 5.

2.1 DRTSIZ& 3 d-way BUERE

FHHL N FEB I JAXA) 1%, 20024 9RICH-T AT v b2 FHWTF— ¥ il e [277F ] (Datarelay
test satellite: DRTS) & ¥ LAF72. DRTS @ 3 v ¥ 3 ¥, 1994 53 LT odariagas vill [ 2 {65 (ETS-VD), 1997
EFT BT OME BORBET R 21713 L) (Communication and Broadcasting Engineering Test Satellite : COMETS) D% 7
ERT, WAEBBERENAEYTAIETHE.

DRTS A=A v P77 —2 (LLT [DRTSSN]) 1&, DRTSB L U7 ¢ — % U/7hkt”%&rm1/7—M®m&H
(PGT) EILIKEIH L > ¥ —NOMIIE (HGT) TH S TvwAh, DRTS SN I, DRTS#HHOEEMBT— 5 & LT
”VF&meVV-vaﬁ(F777%ﬁ%0,@LLsﬂ/kbioKn/bmummeFvi?&ﬂ%ﬁé:
EDNTE L, WRSNIBHT—41E, WETH LY 4 —NOMENER S AT LN, R 7V 8 14 AME%, 5D
WHESARTRIZT 7 A MRk S D,

DRTS D= HHED S &, BUEE TILBIFT — ¥ 2 UG L 221, BURBIEHE (480 2% ) (Advanced Earth
Observing Satellite IT : ADEOS-1I), JW# R MmEERmE (250 ] ( Optical Inter-orbit Communications Engineering Test Satel-
lite: OICETS), Feisiflilll4Ealid s [75v 25 | (Advanced Land Observing Satellite : ALOS) D 3# S TH 5. HuE g £,
R 7 IHERELDS /Ny Fdway LY - Fy 79 (LT [dway BEr7— 4 1) 25wshTws.

22 BLERE - FHEEOBREREM

DRTS DE T, § b bRl h2F % 12— WREAAWET 5 BT S N7 d-way BT — 7 13H £ D @ icH S Lk
WEFHIN oD, B DRTS T HE TH D ADEOS-II (BIERH 803 km) 7 —F 2 VT, d-way 7T — 7 I
B E T - TSI R A B AN,

I, PLBEULERSIE L MR T 7001, 2004 FE 714 H~7H O ADEOS-II d-way 3887 —% (1 H8/%A) %, -
ik }E?I‘”Tf, 4‘nﬁi,t?“?*7"ﬂ%‘h 104 &O«LJJ\T’_‘.U L, SHED 7~ 4% 7 — 7 CHERE AT, HEEPE L DB LT > 72,
HPHRELC oW T, PLBdefEd SHEZE CHERE L, BUEHE L T2 2 8LV Miz{rz o7,
FHEALE 2, AMMSH}&IH&G%R%JU&FG%R@T ¥ & CER RIS E Y AT 4 (GUTS) (1128
W L7 ADEOS-TTAESWLE % - L7z, HE0 ADEOS-II BB DM EMZETZ 0 ecm LT TH - 72
(DAL z%zt-'}mﬁ*a‘o SO HFHEE LR LIIRT. FEAY, REMNITED dway BET— ¥ 2R L2860 —FE LT
ZEDHRET &

#1 RERE - FHEEOMERTE
(ADEOS-11 T34, Fli: 21 v)

e NriEREFE(m)
d-way 7HR O R g
ARiE 2 140 LAF | 850 LA
PR 50 BT | 120 B
iz F2 60LLT | BOKT
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23 T84TV REHERTE - FH

ALOS (REZ#3692km) T, I v ¥ ary7— S OERICHEMBEZEFWIZHMAL TEY, PulRE UMY 560k
T=¥ b T TI doway BT — ¥ A L o T %, MERERAI L > ¥ *ﬁ‘b@)?ﬁ}ﬂﬁﬂ?)’ LT, T#L:ETHEE T W12 1 km
B TR T2 5RPH 279, dway BB 7~ 712 X 280ERZEEMRBANIS, SUETHEEOER L1772,

ALOS @?JJ“J RERETEREELIE I B W, R OB T — 7 L LT, TRO 71 =51 v 7 BlAELETII3IHET D,
d-way BEF 77— % 2 1 BHH72 D 8/232LLE, M ER»SEHEENRIT L lway & D WL 2-way BHF 7 — 5 22 F v Ofy, *
VI, vANRETA/T4L~8/5A I HIE L7,

PGT 7 —A I PGT #7414 —% ) > rie LTS LEM (2006.3.29 0:00-2006.4.1 0:00 UTC)
HGT 7 —2 . HGT % 7 4 — ¥V 7F& L TRE L -HE (2006.4.4 0:00-2006.4.7 0:00 UTC)
PGT+HGT # — A | PGT & HGT # M A{# M L 228 (2006.4.7 0:00-2006.4.10 0:00 UTC)

PGT 7 — A%, 3A3LHMEUTEIZDRIS DA =L T o0 —54 ¥ 7VW5E4EL, LB dway BIF 7 — & 25808 B
EWRTE R, o, ZOHMO L/ 2-way BIF7— 7 LT nwZ &ph, EHO7— 7 HIEIIMY — 2 &
T#H@;

FRENDT — 2120 T, HEMBEMNO 4d-way BEF T — 5 D, 1/2-way BI 7T — ¥ DA, d-way 7 — 5 + 1/2-
way BHF T, AT HM (F—%7—2) 1H, 150, 28, 3HOY 7 r—A%iE L THT 24T 072,

HI RN B I B B EAN—A T4 TH D 1/ 2-way BT — 7 3 H G2 #H L BE e il & SEli kg & L
T, ALOS BB ZEH & KAHEMIERE p) &€ LSl EMO I e AT e R 2K 21T, PGT 7T — A/ 7%

T2 1HTIE, p ESIURET, MEZE (AR) 2400miib 2> TBHYIERETE TV Ry, FRESO T — AT
g, 7= 97— 0DELBoTOLTLOARIVNIE L HS>TBEST, WINL ARV m~40m U T TH A,

KT, ALOS #5402 B GPSR 7 — % R UMb GPSR 7— 7 # FI\WV T GUTS 12 & O B L 7259 & drflidlt & LT
o=/ T o — A COWYETFIRIEIE DI & 4T - 72, FHIx S O GUTS BB L O M EHERLIL5 ~85em T %Zﬁ
1/2-way BEF T — 4 2 LTS, =4 7—2310H, 15 ADEAEIE, SHTARD lkm a2 AT —AWH LD
Mhdos, BIEE IR,

24 BEmRLELAR[ITT

DRTS 4d-way JB#R 7 — & & 72Ul id, ALOS THIEEMWIZITHhI TV EA, JHEmM OB bk Twab. Filz
I3, DRTSDAR A =7 v a—74 712 B MHE% EE L TDRTS BROWUEREBE LW L35, d-way BEF7—
FIIA L TENHBED L OHRBILITHILE 21T, w72k ), dway B — 712 & BH5ERE - FIORE AT
LB Db o TEY, EEHANORMAGT CHFMHT 2R L Tvs, 72, 74 —=5 )y 7RETL Y VI
AT AW LURRUENE L, B4 T ADRATEL T T b,

F2 Ty T L MEPERE (214 D)

Difference in position{m)

Data type Data Span(day) | PGT HGT PGT+HGT

3.0 - - -
12-way 2.0 10 6 11

1.5 16 2

1.0 16 9

3.0 8 38 20

2.0 22 32 26
4-way 15 26 33 49

1.0 417 21 37

30 7 23 11
4-way +1/2-way 20 S 21 13

1.5 6 24 17

1.0 10 16 20

This document is provided by JAXA.



94

—o— 1/2way 3.0daysArc ——1/2way + 4way 3.0daysArc A 1/2way + 4way 2.0daysArc
1/2way + 4way 1.5daysArc —¥— 1/2way + 4way 1.0dayArc
1000 ————
800 i __;_;»': e S —
E ¥
3
g
3 600 r
(&)
©
C
Rl
8
g 400
o
]
]
200

2006/4/1 0:00 2006/4/2 0:00 2006/4/3 0:00 2006/4/4 0:00 2006/4/5 0:00
DATE/TIME(UTC)

11 ALOS #iLiE FHAEE (PGT 4-way ;87— & TOHI. CH21L D)

3. BRAEBE#FENDICH

2007 AEJEFT AT o A BRI 2 (SELenological and ENgineering Explorer : SELENE) Tl&, Hx#EET5/hiE [ L
—faR] BT, AOEMD dway Ny 7T 2R CWOCIIET 55T H 5(3). KETIE, ZD4d-way Fv 77D
EUE - FHEREN EAOFGIZOWTHENT 5.

3.1 BOERTO4way Ky 7553

SELENE & Wl1E, H D& 100 km X 2400 km OFEHIIE, BUEMGERFA 90 BED ) L —#REHT, SEEHK 100 km O
EE DT 5 ENEE (EH2) PAOBRMZEHETO dway Fy 77 2METLFETH D, d-way By 7TITFHIDOA 2
—VM%M212RY. SELENE ®dway Fv 75133 v aryF—s01HE LT, ARNBEFNVOERIMINE PE
Th5b.

3.2 SELENE BE#EDHERE « FHIBENDES

RENHHEICHCBI2E1 7 A, 25 AL vo LB EMB O 4-way ¥y 77U ETHHHY, 1 HIEED 4-way F
v 7ICh, MBRECHANT 2 EIETES. dway By 7I 20T UE, HIKEDRDS 2-way Fv 77 2 ST 5
DEGRLRLZBMFMOER LML I EHNTELDOT, HBERTE - FHBENH LT L TFHRENS,

9", SELENEJHE# D 2006 /8 /1~ 15 LRy 7 0% ke L, AOERMOFNEE 2-way v 77 2z 75
EHEEFHLC, BLUBIEET ) BEOBE 2 LG ERITIc X VR, 1HICBIST 2 2-way Fv 7 71%, EEHR L F%
DONFH (3752) FTEL, WUBREDT—F 7 -2 ED 6B & L7z, KIS, EEICRIRL - 8/3,8/7,8/8,8/14 12D\
T, 2-way My 7IFHIE B2 5 2 VMO AD ) L —#EKEH 4way Fv 77 2 HBFTEHIL, 2-way Fv 77, 4-
way N 77 & W T RIER L ) L — R OBuE % MRS L7256 O DSE g & L B0diric & ) ko7 BuEdee
BE DGV T RS MR ORAR Y (L& 10°km, L 1 km/s), FR/ST 2 — 213, HEIHRERE (LP 100 T 0#tAEL5 #7040
RA0MLET, HMBHY), KBEFERHE ST A—F38EE (20%), Ly I L= 4T A 2-way Fv 77 lem/s, 4-way
Ny 72 5mm/s) THAb.

S50, [JBoNARSHATI A 3 HMERE L2 EEZ K3 ICRYT., 77— A%1&, MM ADD HIZ 2-way K v 77 % ffio T
JE Ol 2 OB E 21T 2725 DIE MMDD-2 way, 4-way v 77 20t L 2 EHEZ1T-72H O MMDD-4 way & L
THb. o LEIGHN, TEROFMMNIEREE BT & A — IR0 24 AE (), #HIfERZE (km) T
H5b.
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AOFEMD 2-way v 75 DA THERE 2T HEITIT, ﬂLﬁ%~%ﬁﬁﬁ#ﬂLE@ﬁ WCRELKELTVS
d-way Ny 772 0HT 5 L, 0807-4 way 7 — ALALCUE, BLEEOMAEIZ L 53 3 HBEHERED0.5km LT »fﬁof
w5,

0807-4 way 7 — A Tld d-way T — ¥ 2525 Lo e \va72, 2EEHEELZIT )LV L —OWENRE ST, dway Fv 7
TOMEDPBNGZNWE ) THDH., 22C, EERABLEAKICTHEOT -4 7—27T) L —HEAOPEREZITV, €O
FERLGHEZR T A= L LTHANHEDOADYBERELIT o LIGEOREL ROz (I — A 0807-4 wayM). € D
B, o — A LR, SAMGETD 05km LT ORETHBFHEREOHEI KO ONL Z &avbiro Tz,

K2 HOFEMMTOd-way v 77 FH
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4. £ &£ 8

JAXA L, DRTSHHD 4-way BEHF7— % 2 T, ERBERO L -FHEEOPETEEELT> T 5. 4-way BT
=¥ & AVIUERT - TR, LRSI L 7 1/ 2-way B 7 — 2 WG ELRAETH L Z L DPWHRET
ETHEY, ALOS ClEsEHicfftL T3

HM%LT@¢WWLWf~9@iﬁ% YHRELN T WA Wz, SELENE DREEIfE, UL —fEHEE{RE LT

EWSBEN E T o720 LR ) Odway Ky 797 — 77200 Th, BRFEOPGEIE - PHAEE R LICIE
ﬁwf%% EWFETES.

Z2 % X ®
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Orbit Determination of Lunar Orbiter SMART-1 by using DORR and Doppler

By
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URUMQI Astronomical Observatory** and Mizusawa VERA Observatory*’

Abstract: In order to estimate the lunar gravity field accurately than previous result for more than one order
of magnitude, the precise orbit determination {OD) by combining the Doppler and VLBI will be carried out
in RSAT and VRAD mission in SELENE. In order to reveal the contribution of VLBI for OD, the VLBI obser-
vations of ESA’s lunar orbiter SMART-1 were carried out. The OD was carried out by using Doppler, DOR
(Differential One way Range ), and its combination. As a result of the overlap analysis, it was shown that the
error of the along- and cross-track components of the orbit elements were appreciably reduced by combining
the Doppler and DOR. Though the baseline and observation period of VLBI observation were insufficiency,
the result represents a contribution of VLBI for OD.

Keywords: Orbit determination, Doppler, VLBI, DOR, VRAD, RSAT, SELENE, Moon
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Orbit determination with A VLBI —Current Status—
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Mamoru SEKIDO*', Ryuichi ICHIKAWA*', Makoto YOSHIKAWA*?, Nanako MOCHIZUKI*,
Yasuhiro MURATA*2, Takaji KATO*?, Tsutomu ICHIKAWA*2, Hiroshi TAKEUCHI*?
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Abstract: For the purpose to improve the orbit determination in Japanse space mission, AVLBI observations
have been conducted for NOZOMI and HAYABUSA missions. Although, AVLBI observation data has not
achieved enough contribution to improvement of orbit determination. One of the reasons is low precision of
group delay observable due to the lack of singal bandwidth from spacecraft. The alternative observable phase
delay has potential to measure the geometrical delay with higher precision than group delay. Though, integer
number of phase ampbiguity is a problem to use phase delay. In Nov. 2005, HAYABUSA has made touch
down aproach to asteroid Itokawa, whose orbit has been given in good precision by measurement of other tech-
niques. In this occasion, we could use phase delay observable by avoiding the probrem of phase ambiguity.
And the precision of AVLBI obseration with phase delay has been tested.

Keywords: Spacecraft Navigation, Very Long Baseline Interferometry
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B Y, RMEROFHEEZFHINT 5 2 EEEEC RS L) MBS (1], €2 C, R&RR &AM ZEHIREE o
HBEEMRERTWHED (VLB 0OBEHZHAEHLESL I LI VIEFTHERROMEFEORE LM ESELI LN TES
(e.g. [2][3]). JPL/NASA I3 Z O#EIHIFLAMT % Delta Di.erential Oneway Range (DDOR) & KUY, KEFEEELZ ETHAL TE
WELZZREE R OPER AL, RERA~OEMZ EIHEALTBY, 203y a v OEIYITE > THEFIZEERE
MeEho>TETWES,

2. ChETORR

AT HARIZ BT HH VLBI &2 ) AN 7RIV EOPLEJZ B OMELIZINT T, KERERE NOZOMI /&2 7
7#% HAYABUSA (K1) 2% —% v b & L7z VLBIER%ZIT>T& 7 ([4] [5] [6]). L2 L, BakroBiEnL I 5
VLBI il & & R & RROPEHIZ & o THUEREHEOM EICEF TES TWAEVODPHIRTH L. TAERD 1 21E, VLBI
CTatll 4 2RI OFHIEE KW ETh L, ZNIIRAEOESHEIEI KN Z LIZRER T 4. JPL/NASA 258+
MHz OFFIFICT VT = 2 W TR EREZ R L - FHBEEZE > T 52%8], HADOFI I v ¥ a » TIIMIT VLBI D72
DOEFEMELTBSY, #HId HAYABUSA DL > VEESTIMHz BETH A, [ 212 HAYABUSA OEITH S
BEREOFHIASE L WIRIEOMERE, LYy VES, TLAMNIEFE I —FOEEIIODVWTRLTWA, T/, K21
¥, HAYABUSA #8Blll L CHONAETO AR PV EZRICH ST 2 EMBEREE GBRIEOMER) 2V VES, 7
LA NYUES, IPLAEMT A DDOR DfES, ZNEFRICOVTRLTWVS, CH6DEPShhb &I, BEREDE
WA BT OB L o TRE ALY, WHIRDOILNES 3 EBIESHAROIEIE < 20, BIEFHAASE AN ¢
%. Ul VLBI BlllI2 BV T, 2 T —4 04513 300 MHz FEEE O A &b 008 % 1 o TR %47 720, BIEFHI O 4 1
PR aIZb#ET S (K2). HAYABUSA [2BW I, FHE L CREEFBIEDIAWES 2 ERT A I3 TE %L
ThH, MELSIEWVIRO VT = E5 %%, EEMTIYEL TERETSHZ LT, JPL X HAYABUSA @ DDOR #f
WMEAT57225, ARICBWTIZZD L ) REGERENIZHED Z L 1F, 512 HAYABUSA OERS 2 ) 7 4 AV GBHEIC B
WTIRKREHE LW EE o Twa, BIEFHIASEIIE 5 MF I (SNR) IS KGET 2720, MHBELBRIZ 2 4 X5
ZhR QI ZATH) ZE TSNROWHEDWRETH Y, ZETLETORRIIT Do T D34 1213 Matched Filter 12 &
DSNR %[ ESE2IENTEL, ZOL) ML ABREILTTO T LESDH 5.

HAREI N % i o 72 Bt as v 2 & b, JPL/NASA @ DDOR Rl A L CAFI 2 i CTdh A, VLBl DAFLIHAE 6013 c &
e, BERMHEL LT 6920@-

B

EVI) BRI D Y, [A—DRILHE St ThNE, HEMEIEWVIT ) 25AKEENE < &5, JPL/NASATIE, A7) 74
VEZTOT= VAN, T=AFTVTOFRFELYET, ARLAYOT ) v FIZHDLEFHREEROL Y bT -2
(DSN) % f#i> T DDOR DMl %47 > CTHB Y, HEHEE 1L 8000 km ~ 12000 km DI % Hi> T d, —Jif A4 EHAREHNO
VLBI BT FEREBI 115500 & #EHA, NICT D 34m 7 ¥ 7 )%, JAXA/ISAS DM, WZilioT v 7 > PAMZERL K SLEKR
20m )&, ELHEREOD IE32m, KB 10 mFTRMEO VLBIEHll 217> T& 7. 209 bigd EVWKIR—-ZEOER
T 1300 km TdH Y, JPL/NASAIZHARD E#—Hi/hSWAhy v =2 Thb.

MR BT 2 AR EZ GRS 2 ECHRILEmoBEN LIEEETH S, VLBI CHELNLBINE ICITHELEEDIINITT
)Y U (MAEIEE) 25 5. MAREIERIIEED 2 O0EMBAFLET A MAHETH Y, FHREIEEICIETEHVE
MEFHIFEEE SRR C & 5. (HEBIERE OB, HREOBEEEOMHRNE DD, BEEOMMELPHLSNZWE

K1 HAEDOKEFEREENOZOMI (&) L/NaEIEAE HAYABUSA (£7) (cJAXA/ISAS)
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BREAT o727 Z—H DT — ¥ I2DWTRT., — RIS
I3 SNR &EB/REFIEIRIC LT 2@ e Mo TBY, BoNnT
WAHTF— 7 FZ NI TV B,
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A [k L TR IEE AR C & 23S as5 i 7.

3. 2005F 11 B, A bATANDE Y F L) BED VLBIEH

2005 EE D% ) IZ, HAYABUSA [3/NREA M AT DBEBEICHFEL, LLAKEBA ATy v F ¥y efiolz. A
FA TR L — FERIR GBI & o TP km BIEORE TROLNTNT, 204 bA7IZHERD> S /TR —
DI HAYABUSA DSHEAE T 5 Z & 127 572, VLBl D& HGEAKIRE 1122 < A FlfEoliid, &b v 1300 km DK
IR= B LA2E LTE6IVRM (2AUBENZA N7 73R T8km), BEE—2 XD 50 km #EHTIE, 150 3 1)
B (4 M A 7EET200km) HY, BEEFTUFEETHNE, FUELERICH L L EREOAREMEDHFIN I
HAYABUSA D fEICWD &2k b, 2F ), REWMZ 0& L THBEEZHiHT 2R/ TEL LM TCEL. I
FCREBIESOREALDZD, M VLBLICX 2 KA, 70y 7 % EOFEFIRILORAEDOHIERE 2 fHliT 5 2 L A7 C
Ehro 2, TOBINTIE, BALEFHIAEE O WA AR ER A FIH L CH VLB O IERE 25/ ti§ 5 2 & 25T
&5,

XS VLBI 1, BUNx R OBUN & Z0mE0FEBWIFE (7 =—H) 238HICE L, AHEBERE 4> T VLBI D
BN IR T 2 K% - g - HAERIORBHRELRE, YATYT 4 v 7 RIEBERBEFWHIEL C, PukEIcnE
AT ERRIER 2L L (R 2ODOFETH L, SHEBRFE L LCE, RERLEOEES 5 E CBAMD b 02l
) WLEEHBH Y, VLBI B TEHI S 72 [EFEREREIZ R (ICRF) ORERLCHVONE, ¥ =7 v bOTRIKE BB
BCIEBINALLVREL10, RETTOEFRRED o2 <ML TREV., REABEEOMAKEEL T LL
v Y T EM ST, TOL) REEICOVWTHHIEZT %) A5, M VLBIIC L 2HMIEROBREOKE S LER
BT A2 L, BBEOM LICE s THEETH S,

20054E 11 H4 HH 5 25 H, HAYABUSA DA M A TAND 5 v F 57 » ORIz b TF7 - 72 VLBI #8UIC1E, HOARE
AN O RN ZEREBI D7 7112 & ) JAXA/ISAS, NICT D137, [EL-HBRE, EKLEKIRD, O~<X6250 VLBIEFA S
muizz, BECSL7e7 7 iR R4IORT. £/, R LICBUINCHERE LS HERE, HAYABUSA 705 O f#iHE,
X VLB O A A v 7> ZEM, BlllRE&% &% FLOTURLTWS, SEERFIL, 1352-104 % BT, BRI E
AHREBIEHI S N T 5 EERIREER (ICRF) OF 707 Q10 5EATWS, ICREOA YU ZICL 5L, SHREREO
M RZEIE Z N F11430-178 (4 mas), 1443-162 (0.5 mas), 1514-241 (0.3 mas), 1504-166 (0.3 mas) T&H 5. 4T EME
BWRE RN T24EOHEMICADIFLZ ENTE, MxVLBI & L TIEEEN I WEEETH -7, —/HTIDLED
HAYABUSA-ITOKAWA {3k & L CTIZIT KBGO S MICH D, KBEE OB /NS v (458) FAMTBINAT2 ) 2 &
Ko7z, KBEOEBETIEII0FOREMEDOAE —HIC X 2 EIE - BEOEIT 2 EORELZZIT 5720, @FEOHM -
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Orbit determination with AVLBI — Future Plans —
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Yasuhiro MURATA*', Nanako MOCHBIDUKI*', Ryuichi ICHIK AWA*2,
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Abstract: A differential VLBI technology for deep space navigation (Delta-DOR) has been developed in
recent years among major Japanese VLBI agencies such as JAXA, NICT, GSI and NAOJ. This technology is
also being developed at ESA and China independently of NASA’s original system. In order to promote the data
exchanges between different agencies, standard processes and message formats for use in the Delta-DOR
techniques are proposed in the CCSDS (The Consultative Commiittee for Space Data Systems ). We introduce
the main features of this standard, and discuss about the future development plans for upcoming Japanese

deep space missions.

Keywords: Spacecraft Navigation, Very Long Baseline Interferometry
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\3"C, Viking %° Pioneerl2 %, Voyagerl &, 2% % fi\v>"C 100 7 / radian #2045 B CHEAH% @ angular position Z 3K % H(C
B L Twb, 20, Y A7 ADMLIZED 1990 £/ Magellan TlE 5 7/ radian, L4 Mars Exploration Rovers <
Mars Reconnaissance Orbiter Tl&, 27/ radian (=1 AU T, 300 m DFEEEICHY) & W) BV TO angular position
ENTRENC 2> TETWA, JPLEAHCS, 1. ESA 25 NASA &I IZ, MED Delta-DOR ¥ A7 A%ZfZESD. 2.
E DA B T VLBLIC & 2RI & E 2 5HE . Evo B &2 5.

2. Range & Doppler #lEIZE & VLBI #AIE

[ 1 14 Doppler BN & 0 FFRD Angular position # P § 5 FEZHEAMICK L2 b D21 TH S, HBREL LRI L
DO DOFAEEDZEALIZ L > TR ZS 2L TW ARG EIZ, MEEIEICL > TEL D IEEERSPEL > T,
C DIEZWE DOV ZMES 5 FIC L) RIEO TR WETE, ?)Erhm%:«ﬁl ETHHEICL Y ARG (& B -HhER B i o
Wil rs & OFE) ZMETE 2. RIEDTHRME O BT ET B0 (3L A EOREREEEDIZY), BALE (s) D
FEDS, REGRENTHEE 2 EARTHEIHHECE S, M2 s D E LT 2em #IE L B OFRER G DREET R L
72bDTHDL., ZDO—FTVLBIERLE % V5 L RIARD Angular position & EIETIEIZ L D IET 5P/ TS5, K3

IIEEHE —F ¥ »XJ (NASA DSN) MU BV CHMRBRAEN 2 em LARE L 72K VLBI 2 & 5 7R#E I 5E 27 % Doppler
EREEL 72 D% IRY. Delta-DOR DJEHBI & LT, SRRZAEHN IV — > R E =, 17U$¥/%V_@l7
07 L —XS2FHT AT A M BEEES BIZIEKETCZTOX Y 75 v — 2 EET 2635 Km BE O ENEE
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1 Doppler i & % Angular position A1l O#3CE (23 3wk [2])
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WEE) EDEIF 5N A, $£7-DDOR L, EJE L ICRF & O alignment # 5Tl T2 HENSTE S, ME—DOFMFETHA.
NASA (3B ICREDERIHEIZA S 7201 DDOR Bl 1T-oCTETH Y, £EL KR TS )/ radian IEEDHE D align-
ment ZERK L TV 5, F72HARDE @@11_9:?&]\ ANz EDR VKR, 257/ radian F2E O alignment 55 L 22 E A%
SNTW2W, JAXA & ESA 23 3L[E T 2013 4124 B 113552 Dk 2 & [0 #2455 BepiColombo T & DDOR EERF 7 S T
BY, alignment FFEOM LIRSS, ({HL, KEO MESSENGER #4175 BepiColombo & 1) Jg 12 A2 E BI#LE 12 A
LFETH5.)

3. MELREY AT LDER

DDOR (2B THIFRM 2 AAHHIE %« EHT 5 720121, RIPELSOEEMD/NS VB Y 2 -2 HvbFH RO 5N
5. (ERO S MHz BE DI TIE, RIMEDOITE RELW) ICBBREE LD ) 57 2 —FIFET b iEE! iffnﬁ&)ﬂfﬁ

VB BB L 72 2 GspsA/D Y 7T ORURIC K, FEBEGEE T IR S = — Y hSAEAET B TR ATRIRI I K1)
T2 (K4). B2 = —FBMEICIE, 2100 MHz, 1-2bit TH > 7V T 20124 L, RIAED BRI liA/Dfé«‘?X
FPGA ([X5) |2 Digital baseband converter Z#§Jf L, ¥ MHz, 8bit DEZZ WL THINT 5. RAKE 7 = =V TlrX
(EMENRE Rk 57, KFPGAHTT Y ¥ WINIC AGC &3 32 & ), BRI Rl 2 5248 247 5 Hpsr
BB 5.
1. FEF -8V 27 LHBAERS (CCSDS) 51 1%k
BIfE, NASA, ESA, JAXA [T, CCSDS (2351} % Delta-DOR OREMEBIHL (Fedk/¥T A — % ik 7 + =~ v b raw data )

T Y A DEEIRIES) ORIEISEATWD, DORJﬂtone{:n;J: LCHBINLETOREKL R LIRS, BHERBKIC

FEE34m — /N Im SR FEE34m — D<[E32m £y
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B4 AL v T » 7HEf & SRRIRFAREE & ORIR
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F#1 CCSDS (401256 B) {2313 5 Delta-DOR tone DHE  H#3CHk [3]

Frequency # of DOR | DOR tone Frequencies Bandwidth
Band tones

2GHz 3 4 MHz 8MHz
8GHz 5 4MHz and 20 MHz 40MHz

32 & 37|17 4MHz,20MHz,and 152MHz,
GHz 76MHz (or 160MHz) (or 320MHz)

JER e EQ ) ISR AME - Af < 4.0X107(-10) at 2GHz, Aff < 1.0X107(-10) at 8GHz,
Aff<0.3X10M-10) at 32,37GHz

HEYL L 728 2 45T Delta-DOR tone ZE iR 2 st ¢ 0, 2010 44T 5 EIFFE 0 & BIFEA4E Planet-C % BepiColombo ™~
DIEHOT R HET LTwa. B Mﬁxﬁﬁﬁﬁ@ Delta-DOR E DI etk % EiL T 2 7212, BIEESAJAXAMD 7)) »
VFAMPRIME N TS, ZD7d 0B L 7 B BSA @ VSR format & JAXA @ K 5 format % MarkV %3l % A L THAf9
% translator DYER AT, HEH 5N T W5, DDOREEXREMIL, 4B KaErERICHE D RIAATH A, Kair O IZ
&0 L. EHERE DR, 2.0 IRA AR T ZIRIEPE S RAEATI L. 30 BIMERESX LY a8 b (FHGo1D
KES) THY, IVFHILs == L OROHIM fJ BRI AT e, BB ORI ETLD N Lo RS 5.
FO—I7C, BREEDPL, REOREEZZTLTVEVIRINbH L. JAXA DRYIKELT > 7+ @ Ka izl 2w
THAMF LD TV,

2 E X M

[1] T. Martin-Mur, P. Antreasian, J.Border, e al.,” Use of Very Long Baseline Interferometric Data for Spacecraft Navigation”, ISTS
2006-d-50, 2006

[2] C.L.Thornton,J. S. Border, “Radiometric Tracking Techniques for Deep-Space Navigation”, p 14, 2000

[3] CCSDS,*Radio Frequency and Modulation Systems—Part 1: Earth Stations and Spacecraft. Blue Book, Issue 17..," p 2. 5.6 B-1, 2006
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Diverse Expansion of Electric Propulsion

By
Hitoshi KUNINAKA *!

Abstract: The microwave discharge ion engine 110 has long life and high reliability because of electrode-less
plasma generation in both the ion generator and the neutralizer. Four 110 s, each generating a thrust of 8 mN,
propelled Hayabusa explorer to asteroid Itokawa. Electric propulsions including DC arcjets, MPD arcjets, Hall
thrusters as well as ion engines generate jets much faster than those of chemical rockets and make spacecraft
fly by power in deep space so as to reach planets and objects. Diverse space technologies such as the orbit
determination, orbit planning, automation, space communication, space propulsion, and so on, will establish
the new concept and real system on “Deep Space Transportation” between near Earth and deep space pro-

gressing from Space Transportation System between Earth surface and LEO/GEO.
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e b2HGE T, BEEE Skm /s ERTH 72, THNEEIC LA EAMEIZIT, BEEICEDY Z L OIFERES
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* | Professor, Department of Space Transportation Engineering, Institute of Space and Astronautical Science, Japan Aerospace Exploration Agency,
kuninaka@isas.jaxa.jp
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2. [FRISPBRERER

[1ERe RS ] IEEHEAEHIL MUSES-C 710 7 F 4 & L CFHEFIIZEA AT 1995 HEICHFICEF L. A4y Ir
2 X BIEFEHBDHATEHERA A ¥ TN flEEAAEDRE R OBEZE 2 v, 241 THIERD HAKE [
Ehb| KBBLCI YT 7 %R LN 15 ETF2EEMN500ke T, ME2EOKBEIIC L ) HEEEICT2.
6kW DIEEREI VS, BHABDAF V22T D) LRAIFETEEAGERL, 24mNOHENIZTIHHAM  sD
HHE LIV TESL, FHEHOBEZHZK2I12EIT 5.

[FR RS 132003465 H9H, BIEEFTHEMERFASM —VOr y b 5EICTEFHANEHEASNLL b E
U ORHBER T, A4 >0V Y2 KT 2 EFEEBROBEDHE L TITCREBBERO Fy 79 -2 7 M b9k
MTHEZE L (3B, 11150 ZA3BOA T vy Py BIEFICHRSNS &, WEEHEDYX—NEZY
A Y DR O MRAA D A D LR AR, 12B45 501020 U gk e & HIFHICERELTwE, 20 L)%
T =8 P OFAENN FFEHERFEREL L CEHINCERI L, B ERBEE O L v— 2872, KBHEEHRE L THAEED
BRELBHTHOT, EMICHNFET L7010, ATy M) v Bl S e ik L CHEZii s EiiL 7.
ZORETF 24122004 F9 A0S D1 5 ALOEERILEZRT. KEGHEEEOILKISE o THRACHEAB NS kb,
CNIZEDLEGEED ) TN 2 RE I A B FEfE L, 10 2@ 3E7 5 25EIc D B2 7z, HMp 1 HE
MCEDDEHNRALNDLD, THIFEEIE BRI EGLDE A4 0V i biG L, hEkE ol ERRHIC R 2
AF I | BEEL CEREEREY ST —F 035, BEISKRTTLE, REHET 7L TAF VIV 0% H
RIT D=7 Y ADBY IR LERYT. JERE#EEs T 7L TLEY &, [BPRE] ORRETMBHMiD % 25 DTHIE
B IEH BTSN PEPIBAOMR L 2071205, 0L ZHEHEENSPEE)FE/TELI LR, oA
O BRA 4 Y2y Y v OEEN CREEOE S 2R L TWA, 2004 45 2 JH123E H A HEHE0.86 KICHIAL, 2005 4E2 H (2
AL 7 ROCHA A I L C, EE AT T A FHMR & LT ERA IR o P S M 5 O FoE & GER L 7
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Microwave Discharge Ion Engines
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Estimation of Ion Engine Propulsion for Hayabusa

By

Takafumi OHNISHI*!, Takaji KATO*?, Tsutomu [CHIKAWA*2,
Makoto YOSHIKAWA*? and Jun’ichiro KAWAGUCHI*?

Abstract: Hayabusa is a spacecraft to explore the asteroid (25143) Itokawa. The spacecraft was launched on
May 9, 2003 from Uchinoura Space Center using M-V launch vehicle, and arrived at (25143) Itokawa on Sep-
tember 12, 2005. Hayabusa adopts an [on Engine System (IES) for its main propulsion. From the viewpoint

of navigation, an error in acceleration modeling of low thrust has a great influence on accuracy of orbit deter-

mination and prediction.

Keywords: Orbit Determination, lon Propulsion, Deep Space, Hayabusa
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Hayabusa Orbit Design and Orbit Operation

By
Takashi KOMINATO*' and Masatoshi MATSUOKA*!

Abstract: Hayabusa, which is a technology demonstration spacecraft, was cruising interplanetary orbit using
lon engines. In September 2005, Hayabusa succeeded in arriving at the target asteroid Itokawa. The Ton
engines are one-tenth of fuel consumption compared with traditional chemical propulsion, and are able to
operate continuously more than a week. The technology expanded the area of deep space exploration using
Japanese spacecraft, and Hayabusa show that the Ton engine is a key technology for “Top of Science”. The
thrusting time is for a week and is repeated every week. The important resources are not only fuel and electric
power but also time for Hayabusa. In order to increase the operation time, the coasting passes for orbit deter-
mination was expanded from 3 weeks to 6 weeks. This paper describes how the orbit design and orbit opera-
tion carried out the interplanetary cruising orbit using the Ion engines and how we utilize it for future low

thrust mission, showing flight results.

Keywords: Hayabusa, orbit design, orbit operation, low thrust, lon engines
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