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Abstract

Abstract

As space activities continue to expand from near-Earth orbit to cislunar space
and even farther into deep space, the demand for autonomous navigation without long-
term reliance on ground-based tracking and control is becoming increasingly urgent.
Autonomous navigation also serves as an important backup capability for the existing
Global Navigation Satellite System (GNSS), and is of strategic significance for enhanc-
ing system resilience, improving independent operation in complex environments, and
ensuring the continuity of critical positioning, navigation, and timing (PNT) services.
As GNSS capabilities gradually extend toward deep space, its technological foundation
in inter-satellite links (ISLs), autonomous orbit determination, and time synchronization
provides an important reference for the development of a high-precision and autonomous

PNT architecture for cislunar space.

Focusing on the problem of high-precision orbit determination for autonomous
navigation in cislunar space, this dissertation proceeds from mechanism analysis of
autonomous navigation to model and software development, validation using represen-
tative heterogeneous constellations, and further extension toward engineering applica-
tions. The results provide theoretical support, methodological references, and engineer-
ing insights for the future development of autonomous navigation and spatiotemporal

reference systems in cislunar space.

Starting from the Circular Restricted Three-Body Problem (CR3BP), the dynamical
characteristics of the Distant Retrograde Orbit (DRO) family and its potential application
value in cislunar navigation are first introduced. Based on the inter-satellite ranging
observation equation, the observability difference between autonomous navigation in
near-Earth space and that in cislunar space is then analyzed. The results show that the
asymmetry of the gravitational field in the cislunar three-body environment breaks the
rotational symmetry inherent in conventional two-body dynamics, making it possible

to recover absolute orbital states using only inter-satellite ranging measurements.

To address the difficulty of directly applying conventional precise orbit determina-
tion software developed for near-Earth missions to heterogeneous formations spanning
near-Earth and deep-space regions, a theoretical and software framework for high-
precision orbit determination of spacecraft in cislunar space is established. The spa-
tiotemporal reference systems involved in cislunar navigation and their transformation
relationships are systematically reviewed, and the corresponding dynamical models and
inter-satellite observation models applicable to near-Earth, cislunar, and near-lunar mis-
sions are developed. In addition, the Spacecraft Orbit Determination Analyzer (SODA)

is developed as part of this work, providing the technical basis for subsequent studies of
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autonomous navigation in heterogeneous space networks.

On the basis of the above theoretical and software framework, autonomous naviga-
tion of a cross-regional heterogeneous formation composed of Low Earth Orbit (LEO)
satellites and a DRO spacecraft is investigated, with emphasis on the effects of the up-
link/downlink observation interval and the angle between the orbital plane and the lunar
orbital plane on orbit determination performance. The results indicate that, within the
allowable limits of observation accuracy as well as spacecraft clock and hardware perfor-
mance, moderately relaxing the uplink/downlink observation interval has little impact
on the final orbit determination accuracy and may even improve system observability,
thereby reducing the dependence on strictly synchronized observations and increasing
observation redundancy. In contrast, the orbital configuration has a significant influence
on the normal-direction accuracy of deep-space spacecraft. When the LEO orbit and
the DRO are nearly coplanar, the autonomous orbit determination error of the DRO
spacecraft is about 712 m. After increasing the angle between the LEO orbital plane
and the lunar orbital plane, the DRO orbit determination accuracy improves to 20—40 m,
with a normal-direction error of about 30 m. If the orbital plane of the near-lunar target
spacecraft is approximately perpendicular to the lunar orbital plane, the accuracy can
be further improved to about 10 m, with a normal-direction error of about 8 m. These
results indicate that optimizing the constellation configuration of near-lunar spacecraft

is an effective means of mitigating weak observability in the normal direction.

Furthermore, within a multi-layer heterogeneous GNSS-DRO-LunarSat network,
the influence of cislunar ISLs on the rotational constraint of the GNSS constellation and
on the navigation performance of near-lunar users is investigated. The results show that,
when only GNSS inter-satellite links are used, the absolute orbit determination accuracy
of GNSS satellites is about 120 m. After introducing a DRO node, the accuracy improves
to about 30 m. By further introducing LunarSat and enabling multi-link cooperative
observations, the accuracy is further improved to about 6 m, corresponding to an
improvement of approximately 95% relative to the GNSS-only case. On the other hand,
due to the line-of-sight limitation of onboard antennas, a polar-orbiting LunarSat can
establish links with the DRO spacecraft only near the lunar equatorial plane, resulting
in degraded observation geometry. Consequently, the orbital inclination and argument
of perilune exhibit weak observability. These results suggest that the introduction
of cislunar nodes can not only provide navigation support for deep-space users, but
also enhance the autonomous operational capability of mature near-Earth navigation
constellations. Meanwhile, near-lunar visibility conditions and payload layout remain

important factors affecting orbit determination performance.

In practical engineering applications, however, directly constructing a multi-layer

heterogeneous network such as GNSS—-DRO-LunarSat and achieving fully autonomous

v
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navigation would face considerable challenges in system scheduling and engineering
implementation. LEO satellites are important space-based platforms for scientific mis-
sions and can also serve as dynamic spatiotemporal reference bridges between near-Earth
space and deep space in cislunar navigation architectures, provided that autonomous
orbit determination can be achieved onboard. For this reason, a real-time onboard
autonomous orbit determination method for LEO satellites is further studied to meet
the engineering demand for relaying spatiotemporal information toward cislunar space.
To address limited onboard computational resources, frequent observation updates, and
the coupling between clock offsets and dynamical model errors in real-time scenarios,
an orbit determination strategy suitable for onboard real-time processing is developed
and validated using real GNSS measurements from multiple LEO satellites. The results
show that, with GNSS precise products, the method achieves real-time orbit determi-
nation accuracy better than 5 cm, together with 10 min and 20 min orbit prediction
accuracies better than 10 cm and 20 cm, respectively. When only GNSS broadcast
ephemerides are used, the three-dimensional real-time orbit determination accuracies
of three LEO satellites are 50.65 cm, 34.95 cm, and 34.73 cm, respectively, correspond-

ing to an overall decimeter-level performance.

Finally, a layered spatiotemporal information transfer architecture of GNSS —
LEO — DRO-LunarSat is investigated. The results show that LEO nodes with real-
time autonomous orbit determination capability can serve as bridges between near-Earth
space and cislunar space, reducing the burden on the ground-based deep-space tracking
network while providing continuous and effective navigation support for DRO space-
craft and near-lunar users. In this scenario, meter-level orbit determination accuracy
is achieved for the DRO spacecraft, while decimeter-level accuracy is achieved for
LunarSat. In particular, the normal-direction error of the DRO spacecraft is further re-
duced from about 50 m in the GNSS-DRO-LunarSat autonomous navigation scenario
to about 5.2 m, while the LunarSat orbit accuracy converges to the decimeter level.
These results demonstrate the engineering promise and cost-effectiveness of the layered
architecture, and provide a useful reference for the future development of cislunar PNT

systems.

Key Words: Cislunar navigation, Inter-satellite link, DRO, LiAISON, Real-time orbit

determination
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BIE HFHiL

1.1 MIRBE5EX

LL1 BT A AR EE S X PNTARSSRITE K

# H 7516 (Cislunar Space) s&fg 2 iEk5 H BRG] 73 EVEH B R X35,
HAGHIRRE 1 AT M3 ZE (e 52 ) BREUE DLAM RIS B H i e R A X 8. AF
RN EIE A R S R P R ARk AR ,  Hb H 2 (BN A R 1 80 J1 52 R, 1828
GEWEFEENYRERSAERIEW, BRI A RS, HERWIX KA
152 X 0] BeAFAE R B K UK IR, IR0 T 4ERF A H 3 B8 SR S A s B e
PER B RS AL B SR, HHF3hei (Libration Points) 151G FE 85147 5
i& (Distant Retrograde Orbit, DRO) SERFR#IE, M HMR MR e ST 878
mt,  TEIBWT AR b ) 7S R] 58 38 9 2% 5 B A A A A% 0 T R 1O

R E 1 H BRI T (China Lunar Exploration Program, CLEP) [H20044F
IEARSTIILAR, EE “%8. T, 817 DR NEg, B 7 2SR H i oet. o
H—5. =5 PEENHTR T 4 A s K S A RNUS; ik =5, 5
AR5 SEIL 7 NPT s b O BRE T CE B 5 8RR, TS T H BREFE R
IR =P 20204F, GEER T SAES M sSet, hrEEREEE T ERMA
BRENGE ST X B SRR FIER, NG SRR B E 1 IR SL i) TRE S A 1011,
20244F5 7, RN 5 AT 55 HUAR B B Dh, SEE NI s b ROH BRI SR A IR
o], R E R R E L B R E AR AR B RCR YA HAT, R E
AR A U TR ZB B A% O H A A& 76 H 2R e R 57 [ s A BREHIF S
(International Lunar Research Station, ILRS) &AL, fRIEHL], kL5
FEEPNT HBRm t e . AR RIRIHATER A 3R, FHOKIKERZE; ik /\ 5
NI E R e B R R B E 5 A 2= ¥, TILRS AU A& — AN B — [ SR 4l
Mg —MEA MK NEST . FIHENTERE . HERPuE b & A iR T —
AR R TIE. IMZ Hir. 2200, SIREAES R, XA 2
() PR P 2 B R AERFHR 7 1 BT AR A W =k 225K

7E E bR Z 1, 38 E AT 78 62 i 5T R H BRIR I AN B K. /i ik
1959 % 1 7 2 HASHAER 1 SR BB GBA BRIRI 85, HihE
BREIT AN 29 6000 km. 36 EIFE 1962 4K AR 4 5583 1 8 IR0 5 B
T 1969 4 7 H 20 HEE® 11 S AR XEH. B EHA 80 FAA K
ZiW)E, E7h P HD WEEE L TIERERA TR 290 AR, FEX
BT HBRIRMAEST . 2019 FE5RE EZ M EAURA (NASA) EAT “Bil/Kak
PR (Artemis) THRIARE IR HER. Artemis 1HRIMCER T 55— 26 I HE R B 26
AT RIPAZ OAE T35 “T1 77 (Gateway) =S [E)uh, FELAMAE NEN G H &5
Rl K B kU 5 BRI B S ANE],  Artemis THIGRIE “RTHRSE
w5 “2hz5”7,
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NASA 'E 77 8 15 5 6 ML RIE 7R, Artemis THRISRF 1 I8 BEAK 8t R
WA AR AE A ST, f Mk H B Ik % (CLPS) TiiH, NASA
/NS H TR 2% R PBOEAT 55 58 28 AL E Ak 1 7, 40 Intuitive Machines 5
Firefly Aerospace 6 AH]. Mo, BMAEM RS (HLS) &FRME T, WEE
SpaceX 5/ FKG AR IERE H BREE S5 H 1 P EARUS . X P b A AL AR
W PR T BUM I S 77, (B S 850 A 2518 8 1) AT R & 2 e g K.
ANFIRSS T AR HUR S ET H 23 (8 = B A, R G0 25 T Hu i
RS I ) o0 i e AR e DA g U7

b7 EME, BRNEEE (ESA) 5 HAFEHM BRI R JAXA)
WAEFIAG R . BSA #EH AT “ HY%” (Moonlight) %I B 7218 i —4H 3 A #1E
SR SE, A PRt PR AR H BK PNT IR55USI. JAXA WU 7EFA MR HEidE
LUPEX ¢ [X 7K FE s B4R AT 55 B[R, s 1 %f 3 A =4k 3h J1 % 3 58 MMIKRE &= 7%
FELIE I 7L 5190,

B H BRI X ERM . DRO PUIETE R . DL H ERAS Rk 2 15 AT 25 1 28 XIF
17, A E SN AN E R Z ARG )N %% . IR AN, h R
LRSS FooE. HESMIEMERR E R, SOy iR 2= a8l 4
SR AR A 1 ) R 0 ) 1201

1.1.2  tREg i BNz [ RENITHIEE T
1.1.2.1 Rt ENIEI A E

HE, 585 [ 32 AR Tt Th 0 42 X GH IR ZS LR 28 BEAT K 55 8 L (Precise
Orbit Determination, POD), unF&[E R H T — 1 & B 4d AL 48 — S BX (Uni-
fied S-Band, USB) Ml &+ A, SCHEEINEB 4B LA R K ILL TP (Very Long Base
Interferometry, VLBI) I &7, MMk =5 I 45, MEMBIR T2 S/X B,
1-1JoR 1 3R ELEIR S RIAE 55 A IR 25 ) CDSN A1 VLBI [ CVN 7E 43k
HI o3 A1 k. 38 [ BL A BR AT K J&) (Buropean Space Agency, ESA)N 3= ZEAK 4 %
FURZS M, RIS IEE. WA VLB SEELIR 2511 K 8 N #4E 45 21,
1287 T £ EE 2 M (Deep Space Network, DSN) )4z k74 K. Bl AR KM
L BRERI 5 T R AT 55 W S, SR Al At L I 4% R i 2 s B B 3 5 T
FEPR I -

(D) MRS A 1-1R ] 120 ] DU 2, R 25 ik 4
Mz, R HOR e B U5 T W B IR it . 2 S AR R G 2 0, Hu T
v [ s P RS R PR . W FUERE, 2 Hin T E RESHET, W
A b T 3t 1) 7 5 ISR AR R e i HE LA 2 P A 80 8 1 S I il 4 e sk U7 %
HEME, HEESMERM (CDSN) BARTEEARRT WA LA s, H
A, HAZHB SRR, SRS Hbs g S8 5 ae 1A 3 21 .

(2) W JUT 58550 . H BRAUE Y T B ik Jo v B0 A B3R5 11
Je X o AR T DL gk TR AR a5 ), H e LA 9 S A

2
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Figure 1-1 Map of China’s Deep Space Network and VLBI Network.
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Figure 1-2 Map of DSN (From NASA/Dave Ryan).
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AT, HUHBRBSE K THUIE AR, T B0 TC 2k AR R S A 2 BT
[ IR 20 SR RE e U2 SR PR 1 AEPRAT H T Bl A H BUE LB I PR ek B
WM

(3) JEERE SR AR T R AE5 KWL LN 2.5 75,
I b 2t T o P K A B 5 A R SRS T, A8 A 47 ) o X ORI 25 (14
I R AR LA Y SIS g g 21230 o 56 4 5K g LN (80 7 2 P AR 55, AR
PR s PRI A AL

1.1.2.2 REMITHILFS

AN Fadfsn, REEE SR, Rl 2R A2 AR (Inter-Satellite
Link, ISL) BJP A 300, CROHRS PNT 4K & A e 5

R H T FHEAR SR A8 T 2 A &5 E CndiEeE ., g 5
FREFPEIRES . 76 T 2 52 BR Bl B FR T RIS 00T, PRI 28 AR AT e 4 +¢
FEARMIPNIEAERFRE S, BRAK T R GO0 M i SO 43 261 B Ao 241

T e A R B 2 WX 4, AT DASERLIN AR 55 1 £ b . 7R 2 R AH g 5
T, AT 20N S G IR EE, HART AUE T AR R AT S HUE B
538 5 [R5 10200 G psd sCORIE /D 1 i i R 26 1 o G, By 7 I3 92
pRIPEER e

AR MBS HOR (andb b =5 Ka SEBHERS) 7EHR AL SAG BE I R 204 1 [
Bf, B RS T AR AR e 242, FEHD H A3 [A) 0 SR K, T DAFE SEIR
A R E e SR R, e mRE O i b kAR, fRTAL T ORI B
eIt 7 RAGEL AR U200,

HAr, HEpr EOsE st 72 MR R RENE S AT A -

o [T 2022 4 6 HRSH “Tif” (CAPStone) k4 RS T1E HL#H
18 (Near-rectilinear halo orbit, NRHO), HF|H S FiBE [MEEK, 5 2009 4k &t
B« HBRMCHUENIES”  (Lunar Reconnaissance Orbiter, LRO) #4740 B &, Ak
DISIE 1 H FPUE e ) mT A7 P 20

« %[ LCRNS 5 Gateway it%l: NASA $2HiIH) “ ABRiEfE 4k 5 S %
4:” (Lunar Communications Relay and Navigation Safety, LCRNS) k%5, &7tif
I 6B A A BREE B RSUOA JE 2 H BRI S 4 ik h 4k 5 PNT SCRERT, bAt,
Artemis &5 ) Gateway Z¥[B] 3547 T NRHO #&, BAE O RIET &, B
H I Bl 2% 5 Hh K [R]85 S AR K 14

 RXIM Moonlight 11%ll: Moonlight TR FHEAKIBEES SN TER
JiE o FEUERI 2030 AER S 5 MUIEAT T 0 Z R 45 5UE (Elliptical Lunar Frozen
Orbit ELFO) W1 FMi L2, HNH KA Gt/ 15h/day ISR, H
%0 B bR e R AR HEAL IR R JE PNT RS, ol /b PR 258 568 1 sy () B 422400088, Ry
H ERZ 5 HELE R [R] 2 7% S B9 5 FEA 118281

o HALNSS iH&ll: JAXA #& 7 HER S0 A2 R4 (Lunar Navigation Satel-



FlE i

lite System, LNSS) #48, itX|i@1d 2 R H Bk EiE R E R S A AR, BISZ
P H BRI SRR AR 5 kG [ R AT 55 1020

* GRAIL Tl H ERJE R : S 8 5Lt 3 k2 5 A #TSELR % (Gravity
Recovery and Interior Laboratory, GRAIL) 11:5%, 8zt 9 45 T2 (8] i XX ) Ka 4B
ISL SEHL 1 8 ks BE ARRHEIE M & o AT R B T HERE i i, Hmks
JE B2 BN 45 R M Jm 1 L BRERIN T RI it 1 56 51 i 25 i 501

IS FIR AT DUE Y, A g DL TR U T R AR AL ) R 4 Y 2% 2
AR KA H ERER AT 55 BRI

1.1.3 ISLZEGNSSHHINASET®
1.1.3.1 ISLZEGNSSH IR F

ISL H AR 4|7 LA Ak GNSS MEZE K i . LIIRE BDS-3 R4t i,
H: Ka #HEER 18] 55 238 1 5 4r Z 4 (Time division multiple access, TDMA) 44 1] 52
I 7B A R LT U, 3 BRAES T AR GORT T 3 4 BR 0 A R HOR 124T, [F]
i) HC ks BEIN B AE B /) GNSS $ it 5 Spks FE 0 PNT IR 2% DL SR e B 1874507
0 R A% T RS

(1) X BDS-3 SEHSE IR . EIMEEH AN BDS-3 #24E 1 ks B A AR
T, O PR AR R T Sem. TEAREE R, B IAVFERS I N AN B
ORI AT, BE R EL SR AT T BN SR AR O Y. K ISL 5 L
W B B M BE 2 (RIS B FH 5 BDS-3 A5 % e B nT LRI BDS X 3t sl 23, @k
NAERF P AR SR B PNT RSB, fE6 R r i, WHaR e, FIA 2 )
PEAARE T LR RS 10 ECOM A Y (RS B2 B2 %1+ BDS-3 ) MEO L2, 5]
AN B AIFE B Be A 8 IR R E S KRN RG240, Fealax TH®E T
K- T2 -MERTIH G B 5 H4s 0 & . Sl s ot Eor, SINISL 5, PE2
WOGMIEE (Satellite Laser Ranging, SLR) 5% 22 AR IHE Z /N2 2 2.5 cm, HIET 5
Z4 ECOM #:iA (ECOM1) I RS R 2153 1A R B2, phah, B
TE DR RSEB P WRIE T CEIER . FIF Ka B RLAEKFJ7 [H AL
O ZE, T DN HE B2 1)) PR e 22 S i T2 R TR 25 B2

(2) X BDS-3 Z[A{5 SH5 MRS, BHAIED & 3 £ SH0ZOER. b
EBDS-3 (1) A P B2 TA] O [ 0 B FRURS FE SR T, AR IR RN, B il £ sk (1] 5] 22
FEEE OCHE N 2 B4, B Feda, BhEk5] 77 J, B3] BDS-3 MEO F5 4 AH X}
R ZEAE 38 ) IR 4R IE AT55 0.07 ns, F H A WITIRIE AT A 0.30 ns3, 5]
NEFE AR ISAE IEAL R ), R R)Bh 2 PR 2 1T BRI 2 17%, KiR$eH 172
R TR RGBT, IX X2 TR ) SCHIX IR HEAT 1 — IR SRR 34351,

(3) 1 BDS-3 SEHLH EIB TN T RE. SCOLE M H E S, — 5 nr BLsE
e 1 32 PR R PR 5 ik R T U000 5y () A A, 8w AR RS XK s 5 — T
7E GNSS izfr, HESMAREAFEFRINKEL TR . MEBHNE
R T AR R TR, B AR AR R RS AT B e LS R, WTRME N EE
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MIRGEANTE, BADR PNT AR 55 HOIESENE DL JRE Y IR 3a AT B0, (B ARl 2 ]
BT T, B E PUR IR PUE E 11 28 “BhT” A1) . e b 6 5] 34 B
S0 U 52 (A ZHLVR I 55, BIE S HIE TR 5N A2 R B A e 4 1) PR 1
WAL F 84T 1 8 PLAbhr R 5 HBERSHEHERE (ITRF) fREF—F2450,

1.1.3.2 KR3EGNSSEMEIRE

BDS-3 [} THESEEAE, ISL FEAR 2 FEAIK GNSS o 4 BRAT sl (1R 6t KA %80T
Bo M4 2024 4F 11 7 28 HE DLESHASGE A S KA (b LES
LR G2035F /I KR AKID , KK BDS BIE k& HREIR G 2K, FF GNSS
R 55 X I AE A 22 R 25 571, ISL B ARG AE o R SCHEE T . O 7 SEBKE GNSS
R 55 X SO A 2t ] S (), H SR B (5 5 e, AL 0 A R R R = Ak K
%o

(1) GNSS FE5EERTSH R EEEAM ., Eis TR SA1Z < (International
Committee on Global Navigation Satellite Systems, ICG) & X T Z¥[8] R 4544 (Space
Service Volume, SSV) &, & 7EHEZ) GNSS 1557 3,000 ~ 36,000 km LA_F23[f]
1) E AR DS, SEIg R B, AL TR 3K [ 2P PL1E (Inclined GeoSynchronous
Orbit, IGSO) 1) P EFIFH GNSS 55 5 il SLHUK S #1401, SR, HERER
BIHiERZ 38 FAAH, (55 R E T 7 R LA FRIE Gk ST1 {50 7F fh th
10,000 ~ 60,000 km AL DI 3RAF 5, AH 328 T LA 5 e bR 1), g fr
K EEAUCA B KR M,

OB SRR B T 2025 4E4) LTt H BK GNSS L5858 (LuGRE). %5K
3:#4 9% Blue Ghost % i 2%, 7EFEHLY) 33.8 /52 B H # R HUid f H BRR 1 AR
DIlFRIFERER T GPS Al Galileo {55, T8 1 %215 GNSS BRER iy L 03 P84
RGN, 2R TS 58 Sk 2= 1) JUAT B TR 58 B2 (GDOP),  H B B4l 5 B %
FEU GNSS 5345 5 5ME LA SR H BRER T Al X (1) ks BEAE b o

(2) EETREETT SR gk S i AL i . X A2 LI 73 (B RS FE PNT
M B TR T %6, Bl 338 2% ISL e /TR Al LA, oK B HiEk GNSS
(i = B S & (ITRF/UTC) A% 36 2= BEAN RS PRI SR 7

- %[ Artemis 5 LCRNS. F[ET 2021 FHE 4w H B5RdE 4k 5 S0
£ 4 (Lunar Communications Relay and Navigation System, LCRNS), 5 7EMJZET]
HHEAER H BRSNS TS ] R A . ARHE 2025 FE &AM R (LunaNet H.#4E
FIYEZE 5 ki) (LNIS v5), LCRNS #1 £& (41 NRHO HUiE [ Gateway 75 [A] %) K5 i@
e RBUE R ER I ER GNSS (55, 456 WA X/Ka MBUEERS, K ITRF HE
ZRE it SRS (UTC) B4 32 H BRAR S5 X P71,

— KXY Moonlight 55 Lunar Pathfinder i1%ll. ESA $2H ] Moonlight 11 %IJi#
TR HEREAE S SRS BB (LCNS), 78N HBERE S thr AL AR 55 43,
ZIHRIR 5 3056 & Lunar Pathfinder ¥4 452056131 GNSS #20HL,  7EMAIR A 45
#IE (Elliptical Lunar Frozen Orbit, ELFO) i i3k GPS A1 Galileo 15 5 I E{E
HERBUBEHEATHS S @ YL v 471 . LCNS ZERJ I SCEEAE TR A ISL K ithER =

6
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7 HE SN 8] RUFE SE i Ak o H 3k 225 S 00 H BRINETR], - T A 25 28 e A PR 2%
PG — B SE IR 184,

- HALNSS iHR 558k 5. HA JAXA #2159 H BR G A P E &4t (LNSS)
LT R R NS, DSOSk A i 55 4. LNSS B H R 1H AU
e T X BRI IX 78 SE, FEaRiE T SHhER GNSS M e . @itk GNSS
E5TH SPuER T, LNSS TERENRIES ki, FIH RS0 ISL oA
[f0 5 il 2% A1 U R i 20 K G 3 5 s v A5 5 1441,

- LEO/DRO k77 %, LEO A REMEHICK B Hu I i & 5 B 3515 5 &
GNSS K% Z 435 8. il Ka MBS EOE 2R FER, LEO A2 DR 1 Hb
BRZHAHELE (ITRF) AP tH S (UTC) S 4436 2 A 2 Rl I #E S i .
HR PIE T g AR 0T H 23 (8] B TR) 3 32 S ATEEAT 7 &R 7T, FELLXT DRO-
LEO % BAIEAT THEIE, %4 BN T7 28 v LS A7 T3 H 2 A At A JE BRSIUTE anth H
HHERUE. A L4 SEH0E. 1T ELEHUESHREN E 3 S HAE
FEREIRTE 1| MBS A A, [FINT GNSS 52 JFE A8 3k T 1% 4 DA SC B ks FE 10 B
FRUANBZI o TP 25 X P FH 1 A% 326 2844 W LB ORUR S PR 28 7E B 384T 1Y )
i, LSRR B R R bR e . FREETZ %R, T 2024 SRS T
DRO #iEf) DRO-A B2 5Bk LEO P2, #E4T Ka #iE ISL &, {FH 3
h R8I0 B ik B IA BAL Gr b I & 2 R HURB RS, 38 7% BRI AT 4T
'HE [20] .

(3) FEGNSSE M b H S 2B qH . B EAZMI 7%, B2 GNSS 2 R R
M H 2], R SRS AR S T2, it ISL SEEL PNT 15 B &
SCER SR SR O o 7R T H 5 A6 1% ELFO < NRHO #1 DRO Z5#UE i K28, ¥
GNSS ] PNT 5540 @ 2t H 23 [0],  DAIRSS AR K m B AR AT S5 1577 58 1)
MAET B ) AT FE A, BDS-3 A Famh 2], B sz thEk 51 7137 & B x5,
T H 2SR 28 40T 51 713 B AR PE B 0 =R R8s e . E = RHEZL N, F
51 7135 W ARG FREAFAE, K EE TSL I BE B a] B4t s RS R m 5, B
LIAISON ‘G Ji 38 (0471

b6 ARt TR K B GNSS # /& 2 4 H =3 [6], BDS-3 £ 2 [ 5% 2%
FEL B 1RO RIS BERRE A S m R BT (] [F] 20 EEARI R, SR
Hh O ZF[A]) PNT ZEmliitide it 7 B 2S% . RRERA R ZE R 7 EEKH
FEE, ER T IR R T, SRR B B 1 R S B A E L
PRt T AR,

1.1.4 HAZEBESFMAZ O

S B LR E E L, H ] 2 E B SRR A G ER e
B 58 BORAE 22 (8] RUBE B (TRl BB A, TR AR /1A B, 255 R gt W LA
PRI 2 BRI 5 gt — S5 U R A T RGVEARAL . gt K w e Pl
W SLAE DL ER Oy oL (SR R Bl A HE SR 2 b, BTE A% 5 UL A 3
5% GCRS JEJT, IHAEULEA 4R & e b BRARBRIE 5] ity KA. KH%E

7
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W DA 38 = AR 5 58 DA & . S K TR SR, i RE KRR 2k 2
LT BB R AR AR R AR 238 775, B AE T 37 5 T Sl JBOK 0 L
2 RS R A i RS8O R, YA B At H B EGE . IR H L
IELL K DRO « Halo. NRHO 8588 = {ABUIERE, MUK A HIE ShAFAIE A RE PR
FRAE O BT 1) 5238 AR R 3, Z0E T OKBH R Z NG —3) 155 5 T el
IR UOS0SH IR b, 5 X 3 VR 7 22 22 g BASE PLFE B8 _E N LL BCRS A% /2
FEHESE, 1A ReTE YR T POD 34+ BL GCRS % 0 JRy B A AR 5

% RGNV NIFIERBEH AR, MRS BB W) ) =@, i
FROBERE A . W7 #2918 DL ST . x T R EHM 5, GCRS 5
R E [ S50, HhEREE D737 A0 o Ath 358 J A8 DL R 3 H 0 4SS Y 2 T R 5 A
BT A R G R E AR TS T -t ) AR AR A, B R LA BT M T A
£ GCRS HEZL N B A BN, 75 B25 JRUR S 9 s A BCRS HEZL N 2 F % 50
JIMIEZR . YeATBAZ IE UL R 5 X 382 [A) B B 1) 8 — I A . SRR, Hi
R ER. HORE RS KMH R R R AAAE & PR R ISR, WRK
PR BN RSB HELL,  WAR MELE AL PR A — S0P AT 2 T 58 Bs X 35
PREEH . HHILAT I, [ ) Hb ) 25 18] Sk P e S, 7R B RR S AE 4 — SRR AR
ZE N [RIINF 3E%% GCRS. LCRS 5 BCRS = JORAFRAAMMABAR , FFix—iA
W, AILAE GCRS/BCRS HEZL R, RHCIET H MK 1 im 2 BT ART
SRR B B AR, FFDUE v e CBE T RS R TG —F &

brsh 1R 5 2% 25 2 2 4h, A 2B ESHRE MO0
7685 XSO0 I T LART 3B Ak S He pir S B AT A AN /2 o AR b =S [A],  JREANAR
s T N B S T 5 A ) 8 PURIRE 2 T I AR T 8 . A e e S Pk =5 B 55 P WL
W)@, AH T2 R S PIE AR R AT W B A B4R . R A Y
BON%EE, JUTER@EENRE SR e R S5+ . ke, B
T Hi-Hb H s B\ RIS B0 S T . MU R BT B AT R, RAERE
W5 LI R Tt AR A NI RBE, S ECAIE 7 1) B ) LART R BT 3 R A

AN ORI R, RTINS B RIE S S . IR
EREEEMERNIERZRCEK T AHERS 2 R, GNSS B A4 2 DL S st
i ) A% 0 A SE IR 5. AR, B & M ) 2 1A) IS 338 A0 B AT 55 R e
MR R A, SR A U AE 22 CxfE DL B B 2R dH S X 34— PNT AR 55 19450 75
Ko TAU JUT4FE K C BB H 2 S AR E ) A 0 R ERZ 7% R (Lunar Celestial Refer-
ence System, LCRS) & H 0rA4#5H} (Lunar Coordinate Time (TCL), X A H EKJ5
22 24 5 A R B E Brds A28 T B BEARUSS25, HFEfR e,
LCRS/TCL = % [m1%5 1) )& H BRJm RIS 25 & “ ey g 307 ), T AN S AR SR
HAE | TR R “ DL s AT 27 W . Xt — AN 75 S [A] i) 78 fn i i
HRBEMII A XIBRSZE SRR S, A R E SO 2 BLSCHE S — 1)
(B [E) 22 PUE RS S0 ik R AR R

MILHY B TFERE JJH K, GNSS iR M — &Y A BRELLIZ 1T HE T
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S, AENTHEJR R MIAELE GNSS HIBAEIL, 18 BRIEIZ L 5 N5 LCRS
TR AMARIE,  JF i X A B % ST S BTE AE B IE AR 1A S
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b H S FEUEEBEIR S TREVE MR E DR 1 2 Ta) v 1) SR B LT 1 e U 7
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R I 205 S

gi b, A =R A XA ISR 2 ERARHE =R K,
5 [X 458 22 2 4 A S8 L AL S8 GCRS 323 (13T 3 J&y # AL 3 5% 15) BCRS 3311
RS A, Agu it miks BOE U XE LB GG S =, A RUETI
WL JUART 3R AL 2 25 4 0, VR R 205K 450 € 1) BE 0 BN S S IURG 1 5%
SO H=, BEE AR SR E AL, TR A GNSS i
S A XA 2T M 1 ZBRE R, SRR A PNT R S800 i
TR R At ) A

1.1.5 LIAISONRIE5DROZE# A B =S HIN

AR E H SR RTAT MM T e 2 20 42 SR EFXUE B 8
A, Ananda SEECFFIAH GPS E[EME L T 341 P2 B F e B EAHESE,
RIS E A e, IS A AR EACBE, 76l i 4% A o] B 8052 PR 2644 T 4ERF
B S8ZEH Y, JUFRIE, Markley FiFH R w080 AT (8] A 0 & 15
BAEFE T PR R R I B E PR, A I A 2 K A 480 BUIE Ak
THH EAEBENHMEPY. )5, Ananda Z57F GPS H &P 7t — P45
B TALI PR AR BT bR AR EE,  ANARORS 122 SO I DA it 50 B 1 A B s s
HELIH, RGEA]RE " A o AR Jig e S AN A R ) @i 560, Psiakiidt — 32 BUR A XS
AL EIME &, RGEo M 1R AR &SI AR 28 B 32 PU0E I E eI AT 1,
FUETE HPE TSN Sy Z) 00T, A& W T I 2 4e 0 HE {5 B 7.
DRI, A2 RN 32 T A% O ) AN A B Al v DU REORS 5 T o A UL
RETSAEFNIE BN ) 2 ) AL N AR BB RS B

LiAISON (Linked Autonomous Interplanetary Satellite Orbit Navigation) 77 7% IE
FEEIX — A 5 N AR, SEM AT SHEAR, HH B EHE =
Wi B2, 2811 IR BIRENE FT BiAE Gt — A4 o] R b i i e R, AT
ARG R T 0 B2 D0 S5 A X WL s T e X IR S Ak THR R RSN . Hill 8 T
AT R UE B E SN RE TR, =5 1B sl AREHEX RS 12515 B
RERE AR RS AT BE LI, A JFEATE ZARNEZE S AR B B R AL v m]
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S8, F ik, LiAISON [ ERR MME FF AN AE T B Hu T2 R 45
IS, BEAE T B i H S [AX R I 24K 5h J1 S IR AR AL T — M S iE A
JRAE— 20 £ S

Flgeix— B4, BN E O 2 K R EE FFE TR RNRAER
i EATC . FHATAE FEEEEF T Halo PliE¥ 5t Hesar %86 LIAISON H T H &
SRR @, HE T H B MBI H L2 (Barth-Moon L2 libration point, EML-2) Halo
HiE LRSS A ERS. SMEZ BPAES I E, 458K, #KHE Halo FLid
XT3 DX LRI L35 DL S AR B) J) 2 AR X Bk, ] 7 S 225 PRt T 00 ks 44 st
(K26 AF R SEBLA B TS B AR A BORE Y. B, B B P 3l S T i e,
Sirbu A Leonardi #E— LA 77 1 3 T B A EERE 00 B T @ PS5 [a][F) 20 ) @, 2558
BN, TEH 3 FTR AR NRHO AR, ) XOCEA R0 PR 5 00 00 0 v s
AT 1 m AP E RS A4 | ns B R] [FEASE, %8 NRHO AR
INEZEE R 4RRE )y, WEAAI GRS PNT B Fia47 755 g3 0, 5t FE
i}, CAPSTONE {T:45 S AH A 2 T RELGHIE A B 7R T NRHO $UE7E H 33
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SR AT RO,
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B SEEEE BT T RS oo Hoh, Wang SR 45 R, 2

10



FlE i
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Halo. NRHO. DRO 5 ELFO HAN2FHEAMBE—PEHT R, mEES
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EHEATHIE R . D, K DRO MM H 23 1A o I AR L, MU S
HFh 1R, 3G 1 XSO I AT AR A 5 I 2 S i 7 32 1) R G 75 K

MWILE WA RE, HhH 2SR B 3 SR E Ol AR AT RIS E K
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Leonardi #f— Ui ] 3 5 NRHO/Halo fii R #s #4288, | FH B2 1a) BE 25 PR 25 R S E
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FUIE PEAR T AR TALI R 5 00 BE R A R AR S, 45 SR s N e 0 ) e
%?i@wﬁsz,mm$f@ﬁzfﬁﬁ¢ﬂiﬁﬂ¢&7¢ﬁﬁwkﬁ
BT AL T R 108, D Hh, [ H ER SR L H 3 32 PNT 2285 F 3
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T F) AR H 2B AR R ks . H E 4L PNT IR Ha V7R, ASCHISE
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R, T CHEF H EMRH A 2 Bl s 40— A B R 25 2 L
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FEMCEERT b, ARSI = 2R R 5 R A U Fe fiff 7t

% —, W5 LEO-DRO 5 X 38 5 #4 2 DA 1) H = T ATHLIE A HL o] 14 24 0
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AP STIEVE N

5, MR H 230) ISL % GNSS 2 JRE B4R e % () $m il /5 F R HAE £ 2 2
SR RN o Bl S98 GNSS B2 JRE7E 42 8] H =5 58 $ P A7 78 I B4 e 6 5 /i,
FJ% GNSS-DRO-LunarSat S 42w BAR RS, 73 Bk b SR 250 s 5| N Hh 2 o s
X 456 72 [a) B ) S AT s e PR RE I G LB, PR L H A 1) 6 0T af b
TR F B S s R

=, #7 LEO TAEE ESEif 3 F @AM A SHH RN . T T
TRl FESR, 04 LEO A FH GNSS Ml szHil 2 b Sk moks B 5 B B
g T BRI E U BRI A, R ERE EFSE “GNSS — LEO —
DRO-LunarSat” [ (5 B 40 ZAE 8 280, Boub R FH U b 5 3295 s AR A2,
¥ GNSS mkE E 25 BB J L a1 A S ml 474, A ki A 2318 45
APNTHE R TTES %
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& 1-3 A ZFEREATEE

Figure 1-3 Cislunar constellation diagram.
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LCRS 1 BCRS T HIB e dE . ML Zh )y B R K A S B S 7 s
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(3) WF9T 7 GNSS-DRO-LunarSat % =2 A 2 LAY, FF 5] N8RS
SR I bR R PR e I AR, WESRTE T GNSS B BEAEAUAKEE B A B T
a5t PR RE, A B A BE IS B 35 58 AR AR e 4% ) AR AL 15 SR i

(4) I F0 7 TH [F) 2 AR S AL BRI & N B T D B e PR, R 2
SEMEHR IGAUE T EOR S 3 R S, R B S R IE R R, B
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%25 DROHEKXRSMRFBEESMIEE

BT a], b H 2 PR SAET B = ah a5, Higs)
Rk X DU 0 i AR B AR B A i St — R AL SRRy, 3t =1k
NI R AA EE TRROME IR A HE, Hd, DRO HUER K
AREVERSS - Xt H AL AR O0EE, oyt A Ta) S S AR 5 B R
KRR PE. 57, T 208 51 75 R ARRE AR A2 8 & B 2
RIS A IX ) 3 L bt AR IAEE, DT A 30 A2 T B i o R 4 2 X A
RSOV RE. Tk, AFEEEMEBEREIVE =1L %, 708 DRO L
EHRHIB) 2 A R, BB R 18 R R B 6 T A s (W) 5 4k ) 4
) B SR AT MEZ R, I 4 LIAISON H £ SE A SR 2

2.1 EBIPRHIM =@ SHill 5 FE
2.1.1 MBS EYIRR

TER B RINAE S i, S 7 58 B g R 28 AT T3 H R 40 LA
KA, IR &I =4k 1) & T 8 1% 071, # R IH— kit H & %5
% (Normalized Earth-Moon Synodic Reference System, NEMSRS) f#i& fi K #3477 & .
ZAL bR R R AT H JF 0 (Earth-Moon Barycenter, EMB), {2 2 507 BTG & 49
KRE, XHHHCEHHBR O 48 7] H BR PO R BRA R &, ZRy b H Bk s M 3 &=
A COEFEERD, YHSEX. ZEEAF R A S 68 R E5BCRSHIH
BRARUWT

ﬁSyn
1
Isyn = LD Ysyn (rBCRS - rEMB,BCRS) (2-1)

Zsyn
Hr, reyny HARENEMSRS )48 Fr; LD H BREEE (Lunar Distance, LD);
I'BCRS N HFRAEBCRS T AL R I'EMB,BCRS JuHh F 5O AEBCRS T AL AR 5 fisyn\
Fsyn M Zsyn 73 A NXYZE B 0] &, B HBIR )BT O AEBCRS T 7 B 43 1) 9 1 A
Ve, HERFULAEBCRS T HIALE 5 e, Al vy, NIXYZHIE R E R EON:

A Irel

Xsyn = T—— (2-2)
" ”rrel”
I XV,
iSyn _ rel rel (2_3)
”rrel X Vrel”
5\’Syn = 2Syn X ﬁSyn (2‘4)

HA, re=rL—rg, Vi =ve— Vgo
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2.1.2  [EIBIPRHME = 1F 0] &

TEV D R T2 X, AR TR SR =N s AT aa A &
5, WRIEFEss) e mmna s Jre R H E iz g) . =7 jn /R
FMURBN 1R T2 NP Bh 1A, 5T = AR SR 1o s fER A
TAERE Y. fE191H20K, BrunsflPoincare; HIUERA T, HARE AR 7> XK oR
(R — M = A [ R AN A SR

9452 2% B = A ) AR R S TR 30 05, AT = A 1) JEEAT T i fk,
15 21 PR P = A o) B —— F G5 I — R AR ) BT & AT T 3 A AN R AR TT 2 A
e WIS KRIERAE B EIZ 3, PR = 4 a) @ X nT 435k [5] 24 FR o)
P = 4& ] @i (Circular Restricted Three-Body Problem, CR3BP) LA Az i[5 714 B il 14 =
A ] /8 (Elliptical Restricted Three-Body Problem, ER3BP). A< == E 4+ X 51 1 BR il
P = A r) REEAT 41

CR3BPH', WM KBTERE (FimiP, M Py SEEATH AL B O 5 & iz
5, HE=K (AP MREMZIE. &idr = [x,y,z]7 NFSAPHX FHA
TR SL 5T O E 0T O e 5 AR bR 22T A AR, WIJH—LCR3BPI Bl /) 22 5 #E 1]
o KoL,

0Q
¢ oy o 002
T ox
LA, 0Q
V42X = —— (2-5)
dy
. 0Q
“T 82
| N S
Q=—-(x"+y)+ + = (2-6)
2 r ry

Her, r = \/(x + 1)+ y? + 2 NPT P EEES; r, = \/(x —1+u) +y2+22
RNF S PHINT TP RIS QANBRERE: uNRERE, S1E

™2 > ms 2-7)

/J_m1+m2

Ho, mMmy 535 RAMWA EREF S, WCR3BPH ME— 77 78 B R 433 24,
Rl Jacobi s #CEK IR A
C =2Q-? (2-8)

:/H\:I:Fl7 v2:x2+y2+z'20
2.1.3 HillF 2 5DRO#iEjE

ECR3BPHY, il a2 SN K TONT 1R E S, ERERY, FrEEZS
w~ 0 KGN, Eelndh H R E L h81/1, HHE &4 A333400:1, K2 5H
TR & AT 10000:1, #F5u ~ 0 B CR3BP $#ff B A A 4 Bl sL &
Xo [AIF, o~ 0K CR3BP JE M 18 1) CR3BP 5 9 i o

16



525 DROWUEKRSHIR A B I FHURHE

Hill /5 F£ R NCR3BPTEu = OF RFIRIE 20, 25 5% 5K (2-5) it A8 46t «

x=1-p+pu'le
y=p"n (2-9)
z=u'¢

IH, Mm, < m i, WEFHIFEL,

E-2m-36 =%
ﬁ+2§'=—}% (2-10)
" !
§+§:_E

He, p=+E+n2+ 2. M, Jacobit HCHI LAASH A
C=3-2°r (2-11)
Hrb, T/ SJacobi i #EEN AR H 4, HFRIEA M.

r:3§2—§2+%— (€ +n*+ ) (2-12)

R HHIT A2 A] AR 58 5 23558 1 (I CR3BPE B R . B B ©& K I
R AEL R Na, o £ gfligik, B 2-12819694-M. Henond& it ) %25 &
WPERE STHIOC R B, AR I I B AT 45 21 4 28 J 14008 AR HillD s #2 HH e w)
1B

DROFIE R NI FE BRI, 208 & — O T e Ry A s, Hs
P, 184777 PiRIP, AT MR, HIEBWERICASE P, s AT IR S
SCHR TR 4 ] 2-1 DA AT N FE R TH AT 2 — RAIORPUE R YIE, Kl 228
7N THillGFEA, IXEEDROENEMSRS | s sh#1 ik .

RTTREE TR TN, ASCAHIEI 7 40DROVIE G R4 AR
D AE NG 22 H DROf R #% FIBEWIE, WK 2-1FTR.

% 2-1 Hill5REPIRHUENAE
Table 2-1 Initial values of f-family orbit for Hill equation

DRO T £ IR HA

DRO-0 4.0 -0.20421 #135d
DRO-1 2.0 -0.32163 #16.0d
DRO-2 1.0 -0.43991 #j9.0d
DRO-3 0.5 -0.53182 #12.0d
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2-1 FBHMEE &,0) FEPrEEN
Figure 2-1 General map of the periodic orbits in the (¢£,T") plane!.

'
N

2-2 HilFFREHAECX EADROMIE
Figure 2-2 DRO orbits corresponding to different values of I" in the Hill equation.
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2.1.4 M9 1EIEDROMEE R

Hill77 722 u — 0 B RE R, R RSy 3 A BiCR3BPH u # 0,
L3R 2-19 FIWIME FECR3BP3) /1% 7 #2 1 HA 56 423l /£ DROIWENLIE B)) 1 £ R IE
1 & 2-38[ Ayix LeDRO¥IE Y18 13 FHCR3BPEN /1% /7 FEA4 J5, ZENEMSRS )
BB, HRINA PG AL E R ERE .

0.2 T T T

—— DRO-0
—— DRO-1

&l 0.1r — pro-2

N —— DRO-3

E 00l ® Moon N »
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Figure 2-3 DRO orbits without differential correction in NEMSRS.
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Figure 2-4 DRO orbits after differential correction in NEMSRS.
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Figure 2-5 Trajectory of corrected DROs. (a) is trajectory in NEMSRS; (b) is Subsatellite
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Figure 2-7 Strength of the asymmetry in cislunar space.
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% 2-2 LEO. MEOFIDROFRAL X1 AIIEXTFRE
Table 2-2 Strength of the asymmetry in LEO, MEQO, and DRO regions

DRO #iERAH dEXMRE

LEO 1.68h  5.47¢ - 06%
MEO 120h  5.00e — 04 %
DRO-0  #13.5d 16.4 %
DRO-1  #96.0d 34.1%
DRO-2  #19.0d 49.3 %
DRO-3 #J12.0d 38.8 %
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WENTSH RN, QIR TSE R, KHANTSE R, A5k
2225 R U RREPUESH 25, AR SO IX AR bR RIEAT /4

3.1.1 MIRER%
3.1.1.1 HEFrXIkSEZR

Y& 1997 5 8 H IAU % 23 fa K=k, H 1998 &£ 1 H 1 Hilg, FH
FrRKEKZ75 & (International Celestial Reference System, ICRS) U H 1984
Ja F# FKS (the Fifth Fundamental Catalogue) 5% %, {E N2 RAKH R R
ORI FA . L EARSZ L Z E Rk BRS % 22 (International Celestial Reference
Frame, ICRF), ICRF 7 [A)f &R &0 A S i — RIS iR 4ERr . H AT
(] ICRF3 B st 0 5 rE IR 20 2 B B W] 1 608 Fid 22 4588 M1, Ho o M sl &
FEEALT 0.1 mast4,

ICRS Al ICRF R 1 25 [0 AA bRl R 7], 78 B A N ik 75 2 SCARAR R
s, AR TAU2000 K2 $ B1.3 LA SRRy dEdit, 52 (T ICRS Ky H
SEP——KPFH &5 0 KBRS % & (Barycentric Celestial Reference System, BCRS) F/l
i REKZSZE R (Geocentric Celestial Reference System, GCRS)PY . Sy it AZKH
EPE A BRARIMATE S, TAU 2024 % H B3R KRS % £ (Lunar Celestial Reference
System, LCRS) [1& AT T #h 787,

3.1.1.2 FRILDKRIKSZHK

YERICRSH)— s, BCRSHIJE s TOKBH R0, ALbrflife M HICRS IR
Fr—2, 10 i a] ) ]ROBE &2 O AL B i (Barycentric Coordinate Time, TCB), 1]
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YE R EEA K H R BN 1% 122 % R, HRPEIAU 2000 B1.35 41, BCRS
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RIANN:

dsgers = Ge.ap(T, X')dX“dXP (3-5)
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IAU2000 B1.33iX 45 H T b0 i BR 2 2% % (Geocentric Terrestrial Reference
System, GTRS)J5E 3. GTRSJFE s FHhty, J&) XTI HEZE T [ 2 [A] AL bR
F, JEHERE M ek, 8 HERE [ 28 5 GCRSHEL . GTRS/ITRS il
A 5 2B HEZE 0 DASEEL 701 ALl i, T o 75 38 ek i 1) RS 1 S o S IR
P EINE

IERS #4E47 (1) [ i ER 2% & (International Terrestrial Reference System, ITRS)
J& GTRS [J—FRseil, HMR 7 —EMae e, sSHE&. RE. 7R
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[ AR AT T 5 o R4 TERS conventions 2010, ITRS i LA FER U 1
SR s A7 T HhERRGHL . AR R E G 20 REE: KEBRACN SioK;
3. JlAl: MIEERHAE ST 1900 -3 /R E SR B TE TN mis 4. I
AR AEGTE R S EARX T 23R IE R 7K P28 3l To ik AR I B A e i

ITRS H) B ARSI 2 [E frih B 2% 22 (International Terrestrial Reference Frame,
ITRF). ITRF Hi VLBI. GNSS. SLR Al T8 25 & % M 8l 1E FJE 28 H 58 7. (Doppler
Orbitography and Radiopositioning Integrated by Satellite, DORIS) DU A Hiu il £:4%
N Al

IERS conventions 2010 *145 i T ITRS 5 GCRS Z [ W Fp 54751k, —Fb
7 LA I O UER 071, ko LR ER 1] J £ (Celestial Intermediate
Origin, CIO) JEEEM ATk . AL EEN U7 O FERER 4, BL CIO
NFEAE R ¥ ] 2 7] TERS conventions 2010

DA mONERHE R 324 5 TAU 1980 FIVU AL #0715 0L, R A X an T

[ITRS] = RPOM - R, (GST) - RBPN - [GCRS] (3-6)

Hrb, [ITRS] NITRS FHJ&LE: [GCRS]NGCRS FH&&E; RPOM NI H

f; RBPN AAFEEMNELRZEN S Z RN R (GST) AHhEk B 5 AU
2000 model), HR,. R,. R ¥IANEHHFE, HiE n:

(10 0
R.(a) = |0 +cosa +sina (3-7)

|0 —sina +cosa]

[+cosa 0 —sina]
R()=| 0 1 0 (3-8)

| +sina 0 +cosaj

[+ cosa +sina O]

R;(a) = |-sina +cosa 0 (3-9)
| O 0 1]
(1) &ZEFHFERBPNITHE AL
RBPN = P(T)N(T) (3-10)

Ht, P(T) = Re(=za)R,(=04)R(={a) NEERIE,  zav 04 M {0 NS E
HH, JHAH P ZSRIERS conventions 2010; N(T) AEZNFEFE, TAU 2000% s
RAETAU 2000AFITAU 2000B 5 FE R, 7350 %F 0.2 mas A1 1.0 mas 7% Fivks i ;
T = (MJD(TT) — MJD(J2000.0))/3652577-71,

(2) HAIR I FEHER, (GST) IR AT

R,(GST) = R,(GAST) (3-11)

Hrf, GAST &K JE V618 A I (Greenwich apparent sidereal time).
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(3) W RPOM M E AR T
RPOM = R, (s")Ry (x,)R,(y,) (3-12)

Hrh, x, My, BIAWMBE S, wrdEd s e 5 7% 2 4(Earth Orientation Param-
eter, EOP) [ H o i /5 21; s JysthER A7 [A] 2= 5 (Terrestrial Intermediate Origin,
TIO), 'E & MM W& I BUER 7ok, PRI oyk ik,  dlad Wl A& B A7
FERFH 204 47 mas WAKIIER, W H Tt 5

s = (=47 x 107%) x (MJD(TT) — MJD(J2000.0))/36525 (3-13)

3.1.1.5 BIkXIKBER

HAl, TAUMZ H T HERKRERZ 2 & (Lunar Celestial Reference System, LCRS)
f5E X, B LCRS JE fif T HERF L, AehrdhdE a5 ICRS fRiF—2, WA 5]
BN H GALFRES (Lunar Coordinate Time, TCL). fH A2y H BARSZHL, KH Y
BCRS 1 GCRS Z[AJ ek % . (HAZ M BCRS Ml GCRS KJEZMIEX, Sl
LCRS (T = TCL, X) WG T MK E Gy peyr T ATH B

2W 2W _
Gmoo = -1+ czM = +0(c”)
4 i -5
GM’(),' = _§WM + O(C ) (3—14)

2Wum
GM,J—511(1+ )+0( )

Forbt, BRI Wy = Uy + Usiexr HAERSIITH Uy RUKBI 510 KA1 95
Uwiext L5 RIS WY, = Ul + Uy xre BRAGI (3-14), LCRSH LT ds] o
DEeT

dst s = Gy (T, X)dXHdXY (3-15)

3.1.1.6 BEMFRHR

H 57 F I H B AL b R ELFE Rl AL AR R (Principal Axes, PAs) A1 HBk/ -5
Mrts & (Mean-Earth/mean-Rotation frame, MER), i3 & H T H 1H S5t 2807 B 4
A Sy BN, e BT A s 5 B0, PASH 5 ) B H GRAIL
(the Gravity Recovery and Interior Laboratory) MLl # 4, H S5MERZ [f] )4 # o
REDIRRAAI, WIDE440E JJi o g U6 R a0 B,

ryer = R, (=0.2785”)R, (~78.6944 ") R, (—67.8526 ) pas pE440 (3-16)
PAs I [ & (rpas) 5 ICRF3 A5 (ricrps) £ 0] )G 30 5¢ R it W s /A 257,
HEEH IR

ricres = R (=¢,) R (=6,) R, (=1, Tpas (3-17)
Hr, ¢, 60,8y, 38 AEREE) M, " WNDERFAE D 3.
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3.1.1.7 DEIELIRR

TEPIEALFR R XFFRTN (Radial, Tangent, and Normal) 2445 &, HJF SALF
RUR A0y, RENFE A O KRR, HITMFRPUE R NS TR AR EUIE
B MR T M IEAS, HoOFmFoNEE LR ; THENMSARMES TR, Hy
PR AEIET) M . RTNASFR 225 H TR S B bR 50T R 48 2 RIAH BALE R R
1o H PR EE RERALAR 2R N UL B Aoy, MURARAE R ERAANS 2T (1A B 243 )
et U Viers T EHARAEXS TR S FERTNARFR 2 F A7 B RN

IrTN = yT (robj - l'ref) (3'18)

HAr, reen HESARXS THURSAERTNALSR R THIGLE s R §r M 2n 70 90 XY ZH
WK, §H:

—Iref

XR = (3-19)
| e |
A Fref X Vief
g = e el (3-20)
N It X Ve
yT = 2N X ﬁR (3-21)

3.1.1.8 DEEFLLFRFR

PR EBEARFR & (Satellite Body-fixed System, SBS) 7 ] T-#iid P2 # i 5 7
BIUOZ A EALE KRR, AR R E FAG—, =R ST B A2
iy, XEPPAT T LE AT M, ZHdR RO RAEFG, YR SZA R X A 24
FHRo WK 3-13Swarm T2 A [F B AL br s & B

Primary GPS amtem:jﬂ

Center of mass  Laser retroreflector

Z (nadir)

3-1 SwarmI ESBST~EE

Figure 3-1 Diagram of Swarm Satellite Body-Fixed Reference Frame

7E: BXE htips:/earth.esa.int/eogateway/missions/swarm
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3.1.1.9 AERXKEERZEHIEER

(1) GCRS5BCRSZ [A] )4 #1

IAU B1.3 Yl AR#E GCRS Fl BCRS FERLE T WAL bR F2 2 1] [ ) 2 B 6 5
RO0, R HATHE LA TT A1 TDB R it K283 7125 7 R E N I -T5 i a] 5
%, WishiE TCG/TCB A TT/TDB Z IR R, &FFA /AT, 7153%] GCRS
(T = TT, X) 1 BCRS (¢ = TDB, x) [{JABFRIE# K £ (821,

1EAE#: (BCRS — GCRS):

Xt = 1+Lc+C_22UB

B+#E

W25 (GCRS — BCRS):

l—LC—c_ZZUB

B#E

1
IetpB + 2_c2(VE - 1g,7pB) VE + O(107% m) (3-22)

IE,TDB =

1
XTT - ?(VE . XTT)VE + 0(10_6 m) (3-23)

Hrpr:
— 1B = X(1) — Xg(7) /2 HARTE BCRS T AHXS T Hh3k i O A7 B 2R 5
- Xrr 72 HARTE GCRS FHIN B R & ;
— xg Ml vg S HBERJGTOAE BCRS T R B A B2 2K B
— Ypse Us REFRIERIPNITA KB 2R RARAEHER B0 AR ) 51 138 22 70
- WHGEXN: Le = 1 - 25 L = 1 - §g5 = 1550519768 x 10°%;

Lo = 1 - {iegy = 6.969290134 x 10710,

IR AR, K (3-22) fUEM TS, TS pm ZEHoRs 2,
(RIS, R e e o sUPT i x 3 (3-22) BEAT P49 51

B 3-20oR 1, HuERZEA) H AR 7E 21T GCRS-BCRSAL bR R Fe i B b, A LE

EATRE, AR RN AR AR AR E IR AL . B 3-27] AR 2, = ]

SHAO 1bfEuh LEOT2 2-500 km MEOTB£-21500 km

N4

X
v
zZ

- S —
— — ——

e
wn

EEESE/m
(=]

e
n

EOEBEEIH 20205E7H  20215F18  20205F1B 20205672 20215F1B 2020818 20208278 2021518
3-2 Atz REELIE S A LAY GCRS-BCRS TR AX IRIEEE
Figure 3-2 Relativistic Corrections in GCRS-BCRS Transformation vs. Orbital Altitude

H R 7E3E T GCRS-BCRSALARFE LI, FHEL B4 TA5, B ARGHE 208 7= A 1 AL b
BIERERNZ NEKRE KB, BAE HREEE Sk, &I sy K.
e E H AT NI o= 6] H bR 1 8 POk B PTIA =K B K 2, DR il
ZF[A/GCRS5BCRS X [A] I A- AR 4, 202 FR AT 350N
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(2) LCRS5BCRS 2 [a] ) 4

MARLCRSFEM——3L (3-14), w5 H LT X (3-22) 5LCRSAH K 1) 73 (8] %
KR HEE|H ATTAUSR B B A X AL TTTH H BB 18] (Lunar Time, TL)
AT E CRISEIL, A2 M Turyshev 55 821 fllFienga S5 USIFIHESE, 437)45 HULCRS
(T = TCL,X) A1 LCRS (T = TL,X) 5 BCRS (¢t = TDB, x) 2 [a] (] 24 b 5 4 5%
Y

1EA5#: (BCRS — LCRS):

1
rvos + = (Vv - Ivp) Vv + O(1077m) - (3-24)

XTCL: (1+LB+C_ZZUB 2c2

B+M

1
XTL = (1 + LB — LL + C_2 Z UB I'v,TDB + Z_C‘Z(VM . rM,TDB)VM + 0(10_7 rn) (3-25)

B+M

W45 (LCRS — BCRS):

I'\M,TDB = (1 —Lg—c? Z Us

B+M

1
XrcL — 2—c2(VM - XreL)vm + O(1077m)  (3-26)

1
I'M, TDB = (1 — LB + LL - C_2 Z UB XTL - E(VM . XTL)VM + 0(10_7 m) (3-27)

B+M

He,
— ryvmos = X(¢) — xu(t) A2 HFRFE BCRS FAHXS T HEBR O 47 B R &=
- Xy Al X A& HERS37E LCRS (T = TCL, X) #ILCRS (T =TL, X) R
AL B R
— xy M vy & H BRF COFE BCRS K A7 B A0 T o &
— Ypem Us 2B H ERONTA KBH R RARAE H BI04 5] 7135 2 A
- WHCESUCN: Ly =1- {555 Le & X L.
KT Lo, Ly tHAS HAHMNFRIE:
d(TL)
d(TCL)

L=
3-28
z% l% (1 + %JzM) + %Ri,,aﬁw] = 3.1405877 x 107" o
Hr, GMy = 4902.800118 km’s=2 ADE440 ) H ER b0 Bl 1 H#, Ry =
1737.1513km A HEKFIA2E, Sy = 2.033 x 1074 4 HERIIUE /13 R4,
wy = 2.6616996 x 107°s7!. FFEIRHIZE, AFFRADEE I FE 1A it
HAARNN Ly BUARAFE—E N E R

AR, A &S H Bk2S [AILCRS-BCRSA: i FR A X 848 IE R 04T T &M 5
Bro B 3-3/R T AFRPUE & HER LR 7ELCRS-BCRSA: i HH A X BB IE & .
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BEKTIE-50 km BEKTZE-5000 km DROTE-16000 km

—_

X
—Y
—Z

e
wn

IEEIEE/m
(=]

I
wn

zoiéﬂzlﬁ 20206E7H  20214E18  20205E18  20205E7H  20214E18  20208E18 2020878 2021418

3-3 iIEAZEHFEHIESE T LE LCRS-BCRS THMAXISEIES
Figure 3-3 Relativistic Corrections in LCRS-BCRS Transformation vs. Orbital Altitude

MEl 3-3 Al LUE 2, 35 H 7718 H AR E#E1T LCRS-BCRS B FRfE#eiy, AHEL T
BHEPR, WA RN = A AR B IE R UMK B 50 K. BEE H AR IR
W e Bk, BIEREBEAIE R, (HEMERXN T T H =43 )17 5T 1)
DRO i (BiEAZ 6 X)), HEIEEEEBIAE 0.5m Lt

ST H A ] S ALK A8 10 PURS B iR AR K B 2R E R, HHABKEER
A P A A P vk - A T AL M R (1) A FE I s kvt DRI R AR RS B W SR AN
RS OUT, AT Z20E S AR RN . SR F AL AR R PR

(3) LCRS 5 GCRS [a] 4% e

TEABRTE B SHESE T, LCRSEHGCRSH:E XK T H0 RAA R R 5%
Z(Local Reference System), [MBCRSII & #iid KIH RBEARD) 1M ERE =5
2% Z(Global Reference System). A | fRiEALPRFE I A8 5 —8tE, Rl R
[B) PG N B L2304 T, B ABCRSAE A L IE S % R, SRWKE 3-4fR
(120 Bt 47 831,

|BCRS (£BFK) |

|LCRS (B#FR1) | |Gers (BEBE2) |

3-4 REFBHRZERE R

Figure 3-4 Transformation between different local reference systems

KHE 3-4FR “ RS- R-FRE87 FH R, — 5 T Re 98 A A [F R
ZHREE e ST, S — 07 AR T 7E AR N B A o A s Ah =
SEIUARHEALFE - 2 1
3.1.2 BHE &S
3.1.2.1 (B2

DA BR AR X T8 2 1) B 8% R 8 FEHE R ) (8] R 4002 v E 2 ) (Sidereal Time,
ST) . 182 HMZHD S 702 FasdE 84 1 e R st a) 8] bg . B Tk
FEEBEAYAN %, FbSAMNMEEH BB AEAM N ZEE. L, %

38



3E A S RINURA R EE PR S S

& AR S R R O BAR R R, RZONFHEER . 2K ANSHE A,
TIFRNAPHES o T, 1925 4, @57 7 TR SCRIA R B B0 E BRE ]
B, A& AR JE VA ARUET ] (GMT) A AL (Universal Time, UT).

3.1.2.2 iFAY

S (Universal Time, UT) 52 LAER B Feia sy bt (I (8] #2481t
ERAFRI AN, UT RIS TR EERUIR, UT B BRI EAEFR UTO. 4%+ UT
SINRA LTS8 UTL, R8T S Ul v 13 8] UT2. fERE % E L
H, UT1 2T &I ] R G5 M ERAR 2R 8] R 4t o

3.1.2.3 EPrETFES

Fr Ji 1B (International Atomic Time, TAI) & HH 22 [ By % &4 /5 (Interna-
tional Bureau of Weights and Measures, BIPM) R #f& 4= tH 550 H A~ 3= EE W TR AR 1
AR TR ARS SO RN, B RIRHOKER fE, @l HEEG AT E
BRIl R, TATOA NS RHUKAET 35100 SHiER A 0 i 2 00k
FIBT A RBE . TAT BIADK 8 ORHE (133) T JE 25 0 P AN HE A 40 45 1 Re A5 (R BRI
IR 9192631770 U228 [ I [R]——R[) [ s B 437 i) (Le Systeme International
d’Unités, SI).

3.1.2.4 1A RE

UTLA] PA BRI ER SRR 1) B 3 M 5, (H R T HbER AR AF AR S e A fh, HL
S PEVE A S ER M B HT A2, R | T R A A K YA 1R (Y 3
UTUAHXS TTAI 2 5 2840 R A, BIUTRVENE A BR ks B I (R R v [
br EABERTAISUTIZ MR E KRG WZE, 51N T SR (Coordinated
Universal Time, UTC) R¥MHTAIMUT1. UTCHAP K HHTATRE, @i EHP 17
AMUTCHUTIHRFF — 8. (5l TUTCHE 8 BRI 18] Br 22 7™ A I 8] 5 4503 (1 A
BELE, IO TN [ AR S R e 1 AR, SRS, —RARRVFN.
Pt LA H T b IR AR AR ARG UTCEERD 74,

3.1.2.5 GNSSHt

GNSS i (GNSS Time, GNSST) /& GNSS 1 il & sifg it 1] [7] 25 A 2 0 & (1)
B, HIETFE TR RIR M ZI R, 8 B GNSS B #E 1 #h Bl i R eh 4 Fr .
5T GPS i &, HEEFEUEN GPST; Xt BDS 15, HA[AZE#E N BDT. ANFH
GNSS Z 4t i) [A] LML an e 3-1 7 184801

3.1.2.6 ARERAT

20 e 60 AN, HIT UT fFAEMIER B A SR IR, AT i S
A2 FLESL 0 il I RLR A I 24 5 AUl € 5 R AR Is 2P IRES o Fili o i 1)
BRI A W = LA SCHXE RN HT, P 284 TDB Al ek
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= 3-1 EFAMGNSSHERER

Table 3-1 Basic information on commonly used GNSSTs

GNSS%#%  GNSSHf 5TAIBEAP R 22
GPS GPST TAI - GPST = 195
BDS BDT TAI - BDT = 335
Galileo GST TAI - GST = 195

GLONASST = UTC(SU) + 3 h;
TAI — GLONASST = LeapSec —3h

GLONASS GLONASST

J120} (Terrestrial Dynamic Time, TDT) Fi#4t. HZ2 20 thad 90 44X, TIAU L
VE/NARTE T SCHIAHE IR ) TCB A1 TCG M-S LA 4L TDB A1 TDT £ 4
RBP4 5 IS 18] 51 4, (B PREE © TDB A TDT, JfoK TDT 2N
TT (Terrestrial Time) - H BT & #i1f1 JPL DE 25| & Ji/5%Kk L, TDB {E A [a] 5|
SIS HET, M R R B E) e AR TT. TL. TDB.
TCG. TCLHTCB.

SR, A 19774 1A 1 F O 04 08 (TAD, TT P45 T 1977 4 1
A1 O 045 32,1848, TT AT A 5 B RUE B/ B (A (145 . TT 9
WERSC Il TAL, H5 TAI e &1 U7,

TT = TAI +32.184 s (3-29)

o FBRIF (TL): R IAU %A IEXUE X TL, HZ] TT #)E Lul, #
TL & SONF- 3 Z 30 67 T H BRI e 7K A DU I 25 Ji7 B (4] ~F- 350 5 28 (1) INF 1] . TL
W AT FAOR O 3 R AN IE B 7 FE A TR) AR 182

o T JI%EN (TDB): FF KPH RO iR Mz sh 7 FE I ) 5 AR &, @
oI NZEME R BRI K, R STTAEK P E R LR 8, —FH AT
TE J I 22 7 1501,

o MLy ALBRS (TCG): 3T SI #0H) GCRS A4 bR . #4E TAU 2006 B3 Hi¥,
TCG 5 TT 2 [HfUH LM R, Alfd i B,

TT = TCG — Lg X (JDrcg — To) x 86400 s (3-30)

Hr, T, = 2443144.5003725.
o J.UARKRIE (TCL): 3£T SI #21) LCRS A#rif. TL 5 TCL 2 [ E
gk, WIERK (3-28), ARG B,

TL = TCL — Ly x (JDrc — Tg) X 86400 (3-31)

Hrr, 75 =2443144.5003725.
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o JFULMALARES (TCB): BCRS HALFRET, FHE KT8 5 TCG
A TT MHEER . M4 TAU 2006 B3 i, TCB 5 TDB Z [tV LM% &, W
R 4 R O,

TDB = TCB — Ly X (JD1cg — to) % 86400s + TDB, (3-32)
Horr, t, =2443144.5003725, TDBy = —6.55 x 1077 s,

3.1.2.7 BB/ [RBT

EARWCH, AHiEf(Local Time), #J¥E XN N JEE (Proper Time), & X
NI TR s B T 0 3 — [R] 32 By i ER AR S A BT e S RIS TR, BLRE R A 2= (R R
o B R A AT I SR I T

Jir B A2 [ I T), Ly Tl 2 Y B R ) B o . AR S Bs TR R A
T I B S B 0T BRI R &, 38 2 [RIA7AE R B A i 22 AV AL 5 RS 12 22
FH AN [F) 18 £ B Bh (RS 46 ) o I8 R L 1, BRI AN [] 4 4% 2 [8) 75 2 ot 6 [
7] 25 48— 2 AH [ ) [R] R4t BT

Fenldh, 3277 SCAHXT RN g2, b T AN [RE Bk A& B a1 773w i il
¥, HJRE AT AL BRES (Coordinate Time, UITDB. TTE{TL)FIEIE R EF
I, FEERE PSS A, IR TN 5 AR BRI ] ) A s A

3.1.2.8 BIBRZ 2 [BHIEL
A SCER N B 28] ST KBRS i (8] R AT T RgE, W
B 3-5fR~. K 3-5 &R R G R A AR

(%) (C))

TCL TCB TCG
L |- [ TCB | [T
@ o @ M
\.
~N
(8) ; 6) +32.184 s + Leap seconds
TL }: ------- :| TDB }e ------- :I T | TAI UTC
10 / N
(12) (10) 9) 1195 433s +H19s -3h
(11)

Proper time ‘ GPST ‘ | BDT | GST GLONASST

3-5 T REIRfE RS2 8)aY5E %k

Figure 3-5 Transformation between different time systems

(1) TTHTCGZ M, 2% (3-30).
(2) TDBETCBZ [Alff1#5#, 2%\ (3-32).
(3) TLHTCLZ A4, 2% (3-31).
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(4) TCG5TCB X [a] i%E #r
HEHEIAU 2000 i B1.3, TCGS5TCBX ) ()64 )y DU 4kt 25 A8 3, H K IA
3o B0l

1 "1
Trcg — trep = —— [/ (—vfE + Z Us
¢ |Jy |2

dr + VEFETCB| T 0(0_4) (3-33)

B+E
EE
1|71, 4
tTCB_TTCG:_Z / EVE'FZUB dT+VE'XTCG +O(C ) (3—34)
¢ To B#E
Hr,

— rgres = X(1) — Xg(t) /& HARIE BCRS FAHNS FHBR B0 67 B % &

- Xreg 7= HFRE GCRS FHIN B R &,

— xg Al vg EHER G0 FE BCRS R HO A B RT3 o s

— Y Up EBRHBIRINT A K FH 2 R ARLE IR B0 AL 1 51 735 22

— 1o N19774E1 H1HO043:0%> (TAD, BT, = 2443144.5003725

(5) TCL5TCB 2 [8] % #e

HET, IAUM RS H BRI TCL S TCB R #2550, HARIELCRS ¥
M, SETCGHTCBZIA LN, 4 HHTCLSTCBZ[A] B0k 2 1555

1 ITCB 1 5
—frep = —— v+ Y U
TrcL — f1cB 2 [ /to (2VM Z B

B+M

+0(c™)  (3-39)

dr + YMm  Tm,TCB

EIQ
=

1
2

ttcg — TreL = " dT + vy - Xper | +O(c™) (3-36)

/TTCL 1 s . Z U
no 2"

B+M

Hr,

- ryres = X(7) — Xy (7) #& HARTE BCRS FAHNF H BRFO AL B K&

- XroL & HFRE LCRS NN B R &

— xyv M vy A2 H BRI OFE BCRS N B4 B A 2K B

— Ypem Us B HERSNTA KBH R RARAE H ERFT0 AR 51 7138 2 Fil

(6) TTS5TDB [ 4% 4k

TTSTDBZ 856 R IiE E L, HEHITREN LiEE TT « TCG
TCB < TDB X £ #s 4%, EITDB — TT = (TDB — TCB) + (TCB - TCG) +
(TCG - TT), #Emif3E]|E2,

ttos — Itr =TDBg — L X (JDTT - T()) X 86400+

Trr 1
—vi+ >y U
-/To (ZVE Z B

B#E

| (3-37)
— dT +vg - Xor +O(C_4)
C
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RTEVHEL, TAUTE L R AT IFISOFA (the Standards of Fundamental Astronomy
Service) B E AT, $RAE 7 RBUENTRE, FRIA ATy 20N,

ttog — Trr = TDBg + P(Trr) — P(T)) + % (ve - Xrr) + O(c™) (3-38)
Hrh, P(BAZE 2. HET SOFA H, M EES T 787 B &%, AL
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Figure 3-9 Inter-satellite one-way ranging mode
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Figure 3-10 Inter-satellite dual one-way ranging mode
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Table 3-2 Stability index of the hydrogen atomic clock on Beidou navigation satellites!

Noise Type Coeff. Symbol Value
White Freq. Mod. (WFM) 90 1.5881 x 107
Random Walk Freq. Mod. (RWFM) q-» 1.332x 1073
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Figure 3-11 Inter-satellite dual one-way ranging error caused by physical clock offset
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Table 3-3 Information of DROs and LEOs

Satellite Orbital period

Sentinel-1A 1.65 hours
Sentinel-3B 1.68 hours
SWARM-B 1.58 hours

DRO-0 3.5 days
DRO-1 6.0 days
DRO-2 9.0 days
DRO-3 12.0 days

ME 3-12F AT LUE B, BEE 1 — 6, FIARE K, DROMAEN &N 2 EHH
M < Ins BHHEINZE < 20ns. 1ZEJEXTDOWRIM & A0 ZAR, U AU7E W NAE H
XZTUFATZIE. [FR, LEOILA KA XHE B0 Z X DOWRK 51 EEDRO . A (1]
WOARE. B 6 — o ARG R, ZOUEA M 5ns IBWIHEME 60ns, Kt
DA ZAE LB X2 A TAB AE

52



3E A S RINURA R EE PR S S

[—DRO-0 —DRO-1 —DRO-2 DRO-3] [—Sentinel-IA —— Sentinel-3B —— SWARM-B
1 .
t3-t; = 1 sec
0 Fypd¥ny, AR 2 [
PPV NPV NG s
™
SF ty-t, = 5 sec
2 0 ooy, AP AL 2
s 5 L Mo s NA\MM/ v ""\m,\,whcﬁ =
Z 10 : P
g ts-t, = 10 sec g
< 0 ﬁVw")\ AR A <
) PN AL
oL e N’\« 7 Ny o
20 T . - . . 60 m——
ts-t, = 20 sec 30 Ny
0 ﬁﬁﬂ.—x AL N 0
)¢ Vi SALIVN AAEPRS 1 R
N L ‘*’\L‘.‘\,.},M\"f J\l‘l\ '/{*l ,\\\'%M,;,M"/l“ | 28 ‘ : il : ‘
0 20 40 60 80 100 0 20 40 60 80 100
Time (days) Time (days)
(a) (b)
[E 3-12 DROFMLEOIL ZHXLHESRFH. (a) ADRODEMEFILHZE; (b)HLEOT
EEXILHE

Figure 3-12 General relativistic clock correction for DRO and LEO satellites. (a) is

correction for DRO satellites; (b) is correction for LEO satellites
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2 1 (3-66)
E(ARIZ + AR34) + 5(612 + €34)

(3-65)

p12(to) = p3a(to)

> =Atg(to) — Ata(to) + = [(Dr“v + D) — (D + DY +
c

Z(ARIZ - AR3y) + Z(Elz - €34)
(3-67)
1 (3-66) FIz (3-67) RIYBDS-348 FH i Kaik B/ B A2 8] X m) ML 4 o
EFERERAZ, dopn M dpsy AT PR FERPUE R TRE Z 005, L5
JE e T TR P e ORGSR . AR Tang S5 PRI 5T R B,
HRTBDS-3 LA Wik iR Z24) 0.1 mm/s. TR HEEENT 1E - 13, £
FAIE R 3s ISR R, IR IAARZ/NT 03 mm, /N T EsiRE
Fph Z MR ZE

3.2.4 EEHGNSSHM{E

HAl, ELEOILE LHEHUE HGNSSIRYHL, I H TR 2 HGNSS LI %
Pt AT AR B2t ik, X T RLEO T 2 #5 3 B BGNSSHE it Lrev,
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HHEU Rk B T ESTEj 25 K IGNSSIE 5, 13 2 1) b 2 0 28 i AH A7 Ul £
I P os R P7:

{ P\ = Pley + COlyey = €Oy + 6ion  + 6Pret + 6Ppcoy + 5P%y ; + Ep
LS

rcv,j

= Py +COLpey, — €Oty — OPjon,j + OPrel + 0P pco,j + 510;,604 + /1ij +ep

(3-68)
Horpr, s FULE o AU ev BESCBI 1 Dy BEANSBAR AL I s 3
NLEOLE R 5 TESZ AW JUMEEE; o, F o1g 5370 B BELAN LA S #h
725 Opion.; RERBJZIEIR; Spye KT SARBIEIBKIE; Sppeo.; M 605, ; 737
JNLEO T 2 1 T A S R ZeAH A7 H1 .0 (Phase Center Offset, PCO)E1E; A, 2K
NS REBBARCIEI L (AL cycle)s ep A e 3 TR P AT SBEAR L UL
gk 7
HAL B8 2 AE IR AEGNSSHUIIE AP A — T 32 BHR 22 0. AV B L 2 B IR o 2
B GNSSHLI B KI5, 38 5 X XUAMGNSS ML EHs % FH ¥ B 2 )2 (Tonosphere-
Free, INH &, 8 A G IIME FT CATHBR B ESJZ — B BB . TFZH & P B A1 2800
FEAEWLIE AT LR IR 181

ps £Z_ps __Ji

rIF — f_2_if_2 i T f?_jf_z P
o e (3-69)

LS — i .Ls - i LS.

r,IF flz_flz r,i flz_flz r,J

S, P RULS e A BUSTE BRI BAR COE: f; B f, 45 B SR
EAa i

33 RBEEHIBL S
331 DEHEHHY

fEd A, BUREHEIE S I fE & 52 2 2 A E 7T R052 . H R BkAA
PRA N RIS SN TR AT A BN B0 T R -

Ir= i:TB + i:NB + i;NS + i:TD + i:RL + i;SR + i;DG + .l;TH (3—70)

\
/]
+

o« v PRI 22 ARG T AR T A O RARAIAL B 3 AN I8 R R

o Frp A& HDRRT RG] 715 IR ;

* ixp AENIRT] FI55 51 I

o ins A& RRARERIE 5] J1 3880 51 ik ;

o Frp A& O R B3N 51 AN ;

o ire AR RN AT R AE B 15

* isr AR PHG T 51 RN E R

* ipg AAMEREE RS HIRAS I A SR IS, X T Bk A E
IR 5, 1ZTUN0;
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o Py AVERTENUR A BRI A ) 51 & rynid 5 .

S LEO P2, & (3-70)M1E GCRS HHifiid; xfFHARIAE, X 3-70)M
£ LCRS Hi#ik; xFT-Ho H (A ) HABRTUR 2%, 2N (3-70) M 7E BCRS THiiA.
PLUR G20 Bl B g AT VRN 4

(1) s RARR .51 )

XFHGB RS, HZRMEEEH R A THO KM, HAh R4
Mal e RSN ST USSR, X iEth s iR sy, o RENERHER, X
T A BRSO RN H B3R MR A1 sE — e A A 5l Ji e,
R R 28 BT 52 A O AR 51 3 INs B
G M
T

Frg = (r) (3-71)
H, GMe N ORARIIE] fH$

(2) Ni&5| 1850

B O RAR DA AR TRAR =2 B 5] 77, FRANGRTESN . 5 T i 23 (Al R
#x, OKBAFIH S2RI51 18K, AlE O R /51 111076 NIREEE T A
/T
(3-72)

A r
i‘NB:—ZGMB[ e
22 7B AP ™ Tieacl

Hrb, Ap AAURESAR T REBIIMLE IR rpe AREBHINS T AL RAR KL
B,

(3) FLRIKARERIE S| 1553

WH, ORI AR R, A A5, BIASRE
ARG T T RAER O REIIR G R E DA AL SINREEE, SIS
HUBAT IR . SR O RAR ] T3] DAEERIE R BRI R U7,

GM
U=—
r

n

i Z (g)n P (5in @) [Cpp cOS(mA) + S,y sin(m)] (3-73)
n=0

m=0

Hrt, Cum M S, RE—AIAEERIE S| J13718 REL RAL O R A% 43 1) 5 = 70
A, HIEAST AR I A A, B RS 51 1 KRBT NG T
ARG Py NEERREEZ I o MRS A ANIRESNEA
JZ; R N LRESHMERN T IRE 12

PR, Hn =00, RERPOREFRII; Hn > 1R, FRAEEIES]
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TIo Py HIIEHEA IR -

mea=J@”+”@”‘UMEAMW%

(n+m)(n—m)

\/(2n+1)(n—1+m)(n—1—m) _

- rmy—my e 7

(n>20<m<n-1)

_ 2n+1

po,o(u) :1,151,0(”) = \/guapl,l(u) = V3V1 -2
HC RARRE R &8 AR BRI 51 5 Inid B v R AE 9 s Bk B2, BRI
i;NS = RTZCVU(n > 1) (3-75)

Hrp, VU A% U X AAFR B EE s Ryae ARG R AR [T B AR AR R 2R
BRALFR 2 I e HE P

(4) Hb RAET Y 1530

H AR RARIFEAE R NIA, 52 B RS = AR5 J1fsem, 2513 LA
PRAR R 520 A7 (1) JE AR T AR o X R AR 5 S 1) B 20 248 4wl e o 5wt R AR 51
R EOE REGEATIEIE, MERNAEEOE S s —8 S 5. DhER
B, DA 45 B HbBR A . R AR Bk R BB IE A .

FRYEIERS conventions 2010, HuEK[E AWM 755 11U, 55—, (HH 550
IR A5 A BRRORBH B 51 AL, [ A o MR 51 134 3R RE B
T — B IE A HON:

V1 —u? - Pn—l,n—l(u)a (l’l 2 2)

AC,,, — iAS,m =

knm 3 GM] RE n+l _ -
ZEV B, (sin®;)e” ™ 3-76

¥y
HA, kpm RS n Brm KB k B1IR8G Ry NHUBRIRE AR, GMp JHIERT] )
WG GM; NKFHG =35 ARG = 28951 THEG r; KIS H BRI OER
O, JRIG A BRMMOLEE: A, AR A RIS, P, JG & 8k
Z IR
00, THRERM B IE. Bl RETIIR AN E AN

ACw= ) |(AoH[5kK) cos 6y — (Aot ok} ) siney ] (3-77)
£(2.,0)
Ao = iASom = ) (AnbksH) €, (m = 1,2) (3-78)
f(2.m)

Heb, 0 = m(0, + 1), 0, NIEIRIEIET1H B s (Aonék]’S) Al (AOHf(Sk})
YW J\IERS conventions 2010%¢6-5bH 3R HL; (A,,6k sH) 7] MIERS conventions
201076-5af13£6-5cH 3R
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L5 I ER [ A AL, 2t TR g Sk s ) S TS X R 51 A3 B AR
B IR, H BBl 280 H LR AT

[ACy — iAS,0] (t)—ZZ( b F 157 ) €10 (3-79)

o AP H I R BT EIERS conventions 201077 A AU SO R 3RS .

R 47 ] A B ) R B o AR AR 7 A T b R AR AR 1T 3 R
O N . XA O I E T g, o AR Bk AL, R A AR ;
Ve T e 2 A0 2L A~ B, 3 i (R s v o 1 o = A K AR AR . R
JEIERS conventions 2010, [ HUEK 5| 77373 RIS IE TR R A:

AC>; = —1.333 x 10 %(m; + 0.0115m
{ A (m ) 550,

AS> = —1.333 x 107°(m, — 0.0115m,)

Hb, my=x,-%,, my=y,—3p: x, My, IRFEZE, 7] HEKEHESE0+
KA x, My, NFIIREZSE, RAEIERS Conventions 2010 (Version 1.3.0), -V
YW S HAT 5 AR (AL ZMF):

%, = 55.0+ 1.677 x (MJDyr, — 51544.0)/365.25 s
$, = 320.5 +3.460 X (MJDyr; — 51544.0)/365.25
WEFEAR N HhBR 5] J137 BRI R BB IE W] Ros N
ACy = =2.1778 x 1071°(m, — 0.01724m
_21 ( 1 2) (3-82)
ASy; = —1.7232 x 10~°(m, — 0.03365m,)

(5) T SRR RN

j(bf"iiﬁileiAﬁﬁﬂlEl@Hﬂ“ SRR o DA A IR S TR RN TR A
BRI, 8RR ARSI kAL B . #E BCRS &, AKRH S HAt K RH
%%ﬁiﬁﬁn%%ﬁﬂiE‘JE&F@%%}JJJD%EﬂLJ?%/%%J”‘”:

rRL_ZGMrs,{ 2(,8+y)ZGMk 25212GM,<+

sJ ¢ k#j Fik
2
o (22
EN L2071 R B
2c2[ Tsj 202 S (3-83)
1 GM;

ED IR —L {ry; [+ 29)v, = (1 +29)v;]} v+
J sJ
3+4’)/ GM]aJ

2 .
2c — Ty
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Horp, gy AR SE (BT X IR TN s GM; F1 GMy 7 NAT
BT RG] JTEEG vy £BCRS MHIKRAS s fRATE I EME, ry e
B vy BN R 28 s 547 2 jTEBCRS FIEE; a, NATE j fEBCRSF
IR BE s rop~ e 23 ARG B IAT B 2 ) ()R S
FRHEIERS conventions 2010, % XfGCRS R i A%y, 5 A4-dita sl hns 5 &
R A 177991,
Fpp = %{[2(3"'7)% —yv-yv

3
(1 +)/)% ﬁ(rxv)(v-J) + (vxJ)

{(1 +2y) [R x (_(C;ZA;‘ER)] xv}

Hr, GMg B GMg 5 5 HWERFIRBH I 5] JE5G © A v 205 9 iR S A% T
HERI A B AR Z &, roa2 v K ROSHUERFT T ORBHAI A B &, HAE
KNR; J NHERAZIE, H|J =29.8x108m?-s7!,

(6) KBHIE L)

K PH G 35 3 2 R 24 52 2K FH G RS e, H SR TR I Bl I 3 1T 7=
RSN ). KGR IEs SRS U8, Rins et e, KEH
ERATIE . WU AR S BE (R AE X7 R TR 2% T B EL SRR A 0. X LA
GEA IR A R A R A A A g alh B, AR R E SR NAS RIE M
THEAWUR A PR BE G R TR 3. fit R 248 3410 76 I K BH O e 4830 0 v B A

‘F [100,101] ,

r+2(1+y)(r- v)v} +

+ (3-84)

()] 2
fSR,i = ——": AL‘ COS 0,‘ . (ai + 5,')9@ + (K(),’,' + 6,-)§en,,~ + 2,0, CcOS Qi c € (3-85)
C

Hrp, @ = 1,367W/m? - (1AU?/r2) JKFHITENT R #00 E R HE R ro Jfi
KA E KA JUTHEE; 1AU = 149597870700.0 m 914K 3L HiAi (astronomical
unit); eo NNUREIRIUKBHM T M & A, ARG e, A IGH
WL 6; = arccos(ele, ;) > 0:  aiv 6; M p; 70 A VSR TCHIRI . 8 S5 AT
B RS, B Ra + 6 + pi = 15« ARFEEEEINTF (K, «=18H
BEARME; =0 K RHEE) . WFLRESERDCESS @+ EA XN

) C
Fsp =7 ) forg (3-86)

Hrf, Cr NEENIKHDCEREG m ARSI E: np N DLETTCE: v A
AT, His

0, AbF e
y = (3-87)
1, b T 5241

o, GNSSTEMEF A HEMA AR, Hal, GNSSTAE KFHE
SR AR E ] 43y =25 002,
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1) BT EEYMESHS LG EL WY BEEL, A3 ROCK B LI L4 it
K] T10~ T20 Al T30 FE7 2%,

2) AR RE I T S SRR, I ECOM AL 4%

3) M + BRI G IR, AE JPL BAYSE,
HA1, ECOM(Extended CODE Orbit Mode)# 84 5 FH % e Xt &t . B v,
ECOMBERY {1 523 3 i 1031,

( ap(u)
s = v - (ep,ey,ep) - | ay(u) (3-88)
ag(u)
Hr, ep. ey Nleg NRER Ry AME, HAKWERRN:
ep =eq
ey =€y X €gy (3-89)
eg =ep X ey

Horr, ey JYHBERSR R LT R A B
ap(u)~ ay(u) Al ag(u) N PEERE R TG o N EEEREK
ARBR AR T AR TS R S A

ap =Do+ D.cosu + Dy sinu+

3
Z {Dzi,c cos(2iu) + Dy; s sin(2iu)}

i=1

(3-90)

ay =Yy +Y.cosu + Y, sinu

ag =By + B.cosu + Bgsinu
HH, Do Yo M1 Do NFERIEEINEN 1% 55 Doien Daigs Den Dgy Yoo
Yo« B. M By NRFREEIAD R4 X (3-90)H, 4DJ7 [ AR B 19T & SH I,
B NZ2 BLECOMY S35 ;. 4D J7 M AY J7 A PR BE £ iy, REYECOMS
SHEL; DUy ) A IR B 4B Y7 AN AR B B, A $ EECOM
A (DABIH G ) UDJ7 ) A IR B 2228 Y7 AN OR B 5 By, 3k
JEECOM #:7 (D2B1HA)

(7) R=PBHAI

XFLEOT A, HRATHIERAL, HitazihikemZ2 KRR 1. @
WRAMAEERR K, SEFEPWLEOT 2N A, SHLEO L EiERE
o AR, HTHESERIBHEL, AR (WJacchia FRAIBAL,
MSISE R ADTM RFIBAEE) IR ME TR AERIA RS M
WG R XM T LS55 2% () TR vl [FIAER H 5 a4 A 2 v 5
RGBSR 2E T8 TR KA I88h. BRI 55h 7

A RN QR O,
1 C,

ny
fpg = _Ep V.V, ; A;cosb; (3-91)

m
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Hrh, p ARAERE, WTHRAERIE: C NEENP KRB RE: m
NRURAEE: ny ATEREICE: V, NEEMXTRAWEshEE, HEK
N Ve A ABES oA 6, A PES i mocHiAES V, BkMA
(0<0,<7/2)s
(8) &% JIHR Y
WiRARIE SRR 2 GO AR R 2 4%, LI JI A TE vk 56 4 HE A Hh 3k i
REFEEN . Fik, b E AN~ SR8 SHRIERE PR EXER
FE B AL FIEE SN 1 0I5, FRONETREN 1. SRR 7118 AR UIE AL bR R
TR, RRN:
agr
an

HH, ag~ ar M ay BH0RNERL ERFYIRSTESN T aroes arc M agrs
ﬁ] %Uﬁﬁéﬁ?)‘%ﬁ]ﬁ%i&, aro~ ar,c %n ar.s %%U?‘ytﬂ ﬁ%ﬁ]ﬁ%i&y ano~ an,c
May s 7R EINTEEN IR EG u INTURIAE .

332 BEMRSI|EFES KSG &

KA E B AARST 715 ARORSF 7709 W % o7y 75 REAIEL 1] RS LK 2 G
PUBHE STk A Lo FEH I T RER AR R, AR AT DLIRTS EbT 8, {H
A SR A A R AR BRI & I BOE ) 15205k, — BCR B, Xt
W R BB SRR R . AESEPR TR, BUER 2 88 R A i Lo xt
THEREEE . 18R LR B 11543 508 N AR I 27 6 B

3321 BIEENFERSROFNIIENS

ERXPT b (] S R SEAN RS I, o U R N AR AN R
RN, XERN LS 200 (RS s 28t T S HE G .

FODTE A — AT R S ar i Z 5 PEDIRAS, B mr#b S 2 — M ZPR S
PIEERR 3 5k, RfR MG D SORESE, S, 55 3, LFHIMI
WAk e, H 2 Tseii A K, &R A RPUE B RIS TR R, R
BRNBONTZ M. mEEss (an)\B Runge-Kutta) HIiFHEERK, f—52
T2 OO E IR (FE30D, X T ERENER CnmprihekE Sy, KA
J1 RPBEEES R, £ REWINTHENLSA TR ], 7R T IR Kk iR AN B
KH

Adams Bashforth Moulton (ABM) R 73282 — KL Z B a0k, BT
2% DV RYEWs, 0 H Adams - Bashforth Tiifi#s (Predictor) FI Adams -
Moulton 2 IE#F (Corrector) ZHi%, @IL45A 7 LR ZIFPIRESME OniEE N+
G2 W, SR — B ZPIRA IS HE, F T R R PUE AR 55 1),
Cowell 77242 1 Cowell 5 Grommelin fEHHT RARE THE R SRR, 7TLAERE

agro+ arccosu+agssinu

Arin = aro+arccosu +ars sin u (3-92)

ano+ayccosu+ay.ssinu
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THE B oy TR WA )@, AH R SR T AR BR B B BE T, 1% TR TR
FERGERTTE, FlliEe a8 R MEE TR, HARE i HoR AL
e NiGEHhIK TEPUE RS, HTH A Es 5 HEED, A& EEEH
Cowell 7731, Rl HAE Eks B DREPUE T H, WS Adams Fil Cowell 7512
HATEER 7, B Adams - Cowell #1425 . Adams - Cowell FR 7 #% 38 & Lb HL 40
Adams J7 £ IE A TR KINE F0E 1155 1057,

AEH KSG  (Krogh-Shampine-Gordon) /7154 K J& B2 % & AT 55 B %L
EAR S 281061, KSG T7iEAE Ntk 4t 2 1%k —— Adams-Cowell 7771 MG 7715,
N QS N R s S O (1 = TGO i i A ST
N E =N fﬂ£ﬁ)|£&‘l¢ KSG ﬁ/fﬁ%ﬁﬁk_ﬁiﬁtt Adams-Cowell /7 VA /)
T251/3, HHENAAEAR 2B HE SR BN, R, Ha -
1 (Predictor Evaluate Corrector Evaluate, PECE) ZE#Jffi{# | &:3E4T — DAY
A 2 A RE, R AR/ N PUE * R R E A . X AR S A
KSG 75 TR VR A R AR sL T, 18 ST iIs AT fadd it .

3.32.2 KSG FZEitEAR

PURAIIHE R HZG H & B sE 22K KSG J7 VI i 100

HEMRBYPEIZZ I EMY T X = FX, X, 1), BE4FLT 1, B
Zl, WEMERN X, X,, BOBKA b, WAEFCSESF TEE AN TGrng
FEEEFI) F Fosry oo Frg o R 1, B2 EBRAT

(1) KSGTfhiA:

k-1
=X, + X, +h22a

j=0

(3-93)
n+1_ +hZIBJ+l n—j»

F = F()(n+1’ . n+1° "+1)

Hr, o M pr BONREE BB, ATHETHEAA T ENLA . HHR A

XP

n+l

Fn—j,

Jj+l

T
ay,, = (1) Z( )aj,
) f’“ [1=0.1,... . k—1. (3-94)
ﬁl+1 _( 1) Z ( )
j=l+1

\
/|
+

1
a) = —, = 1,
{ 2 g (3-95)
aj=gjs» PBi=gi1, J=23,...,k+1.
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I g1y AT A 5

1
=~ j=l2. L kt2,
J! | (3-96)
8ij=8i-1j— T / [8i-Li+t i=2,3,...,k+1, j=12,...,k+3—-i.
l—

gl,j

(2) KSGIIE 7

X =X+ Raga (FP - d),
X1 =X+ hB (FP | —d), (3-97)
Foi = F(Xoi1, X1, tn+1)-

Horb, d AL R A

k-1
d= 77+1Fn—l’
= (3-98)

k
-1 I=0,1,..., k-1
) =0

*
Yi+1

FESERILIED 5, BT (Xosr, Xowr) RS AR, F0K B AT
LRAE, SERCIRSEIFEN T — DR IEA

333 BETEMAE

FUAT, R 2 b e P 0 A0 35 2 T e/ 3 S B Y 3t AL B i L 7 VR A A
TUE B IR A S RE BT

3.3.3.1 HAEBHR/NNREH

A X = (r,b,p) WK B HOIRAS 77 FE e HAME 4 T R A
o fe o oonT
{X = (F, 1, p) (3-99)
Xll‘o = XO
Hre, X ARERE, X WREFEA—MEESE: v e 25K E
MEE R, p AMFhsh hES s, WKAMHE R KHGERHMZL
B RBEE
G ENIE IO SRR E X, WHER TG ¢ KIS IR & X wlid
SR (3-99) FHATEEMRSER. S X =F(X, 1), MR (3-99) ESZRE X T
HEATERME R IR 15

. 0

. F
X =X+ — |x- (X = X" (3-100)

oX
LA=Ex, x=X-X*, MR (3-100) 7T ERN:
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X = Ax (3-101)

2 (3-101) BIfEF N

X = ‘P(I, Io)Xo (3-102)

Hrf, W(1,10) WIREHERIELE; xo MR CRERERBIEE. REHEBE
K P (2, 10) PIOEILNT DL %5l 03 5 REAMEL ) @A T SR AR A5 2

{Hnm):Aarﬂum) 3103)
‘P(IOa tO) = I
FAETI I t; AFAEEAEAR S (R 75 F -

yi = Hix; + &; (3-104)

Hdr, g NWIME y; OISy, BIW 7 ZHFENDs H; = 0y;/ox; NI
T REX 2T e RS B IE R MR FHERE . 45630 (3-102)F15K (3-104), MR ¥
INTIRIFEER, WIGE DT JCIRASE IE EX HIVE AR B N

“Ptl‘,t THTPlHlT ti,t = ~\Pti,t THTPl i
{(2, (11,10) "HIPH¥ (11, 10)) Xo = 5 ¥ (11, 10) "HIP, - y (3-105)

— ~2n-1
Pi = O-ODi

Hob, P NWIALRE, oy NN IRZE . X (3-105)iF47 R g Bl v 153
ik JE P UERIE Xy = X5 + Xo.

3.3.3.2 SEEHESHEH

BT TR FEH R TR E T HEE. KINBWEUER . 10
X T SERTEUE 7R URAE S, WA BR H e/ SRt Ab 3 e B, 1 Mz Al
PSR E BT . BHRT, TR S Se ] R R R AR 4%
g/ N O I A 5 R4S 2 €Y (Square Root Information Filter, SRIF) SZ |
JEOK 2% % 248 GNSS TR SEhf w#h; Li ZUSIEFER A SRIF 528 7 LEO TP A2
T3 GNSS [ K =S e ¥ Zhong ZE VR Y R /R 2 HEW Ll T
GRACE-FO T 2 ZmPAJE T 5 2 GNSS 75 22 [A] BE L1 1 ) JE K 2 i ks P e L

EFBEIRHME, LRIEREIIEZET “EIon” BEAEN, K
BB 28 2k R VR0 88, T RKE-7(8). BB VERH 43 S 7 WY 75 35
SERPIREM TR N OE R0, (H3 B 5 A IR UK B (8] 08 Tk 25 5, A
WERU A — 7 2 Rie HE RO T S Bus BRI, A —r i T bk
FLoy 28 A R AR T IR 22 B PO B AN, TR KA (Rl Tl h & 5 S UK B L IE K HL.
MBS AAETEER, BEKIMBETHR T HEEamEEE /N, H
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2 BRI 4 v L AR A A 7 2 10 A8 1) B B S e, X A IS L0 80 (]
AT “IZPIo0” il SR

T REER R IR AR s AL, TR SE I ARG B S LI (7] IR SHe ot v R R L
PR, ASCAE 7 B IS N B & EE BT, SO MR R B R
TSR B AR, (HIH AT DL s I R OR KR IKBIE TR o 2 A Tk
Bt EPUIERR > AR b Al DU 2 VAR IR a8, DASCBILI SR 26 TR 1 ks
MRS R T . R TE LS 6%,

34 MRBEMNSTIHERENA

YT, Ebr EOA 2 XK TR R B e U, B R A E T
T A (A BN . ACEE M B A FEMITHIGAMIT/GLOBK..  CSRFJUTOPIA .
i HAA /K JE K2 Bernese GPS Software. 18 [EIGFZEPOS. BRIk F7 KA
KZIGROOPS. ESAMINAPOS. K FI IV 5T L J& IGINAN, - DL [H 4 i
DUKF WK FIPANDARR 55, SR1, Sicih TR, RSHUREE B A N EE
B, AHXTIR RN NS S R 5 0k DA G T I A B 22 SR H s 55
FRAE, IXXPREZE PURRIRH TSP S HORZE K

DK 3 SR o A A I HAR A R, HORBORALM (WJPL. GSFC.
ESA. CNES%) CUAHAkHIG] 1 & H R 2S8R0 i/, a0 4 FIGEODYN.
AR, AR E RTINS R ZES KR, iR AT Esl O, KBOK
PR BRI EFRAWALE T HSES TR, ol 7R HUR S E UK
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REMAHRM RGO EA&— @B, BEHIGEZ /R &0 RAEFEIF K
AR, IS4 S EM A S s S AR N R AT S e ], EAES
TR INE AR ZER e AR, ) R BElY, MEUUEAT 00t £
AR Fortran 15 5K, AR TARKEFIRA XL, %EGNSSE A1)
B F AR PP A, Al b ) SE BT M TR 5 TR A K A 2 TR B A R
AEBE,  RROARE 8 U T T R . 2 38 A% G SRR AT e A iU
AL TR BRI 2] 5 MuE A, B8 5 52 BR T 177 50 A6 1 o 2 v DA SR A

BT, EEERNEESSE, ERSWEEIA R RH R E, BE
WK T CIET (COIRUE) MR #%5E H 0 MK {1 (Spacecraft Orbit Determination An-
alyzer, SODA). ZH A L3N 1% Giih UL L, R A #GNSS. SLR. Hi
F/RFEM A M/ RIENEE . VLBISE 2 Y500 4 0 ab B, sEBL T X th =
(AR A KPH ZR/MT 2 Rt H 2 [RITR 2858 B AR RS % 2 8. IeAh, Tk
RAR SN2 o AE BN S B b PR R B GNS S 1) 75 5K, HIBAfESODAR: M 4 @ 15K
I IESE T RE, HARBORG T G 2L & TR
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i 25 {5 B AL BEA UL SODA R JZ A% 0 LA, DAThRE R BUE M Uk .
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2 ZH R T INIER . EETTIES NP B, AR HIEN S RS
XTI (R R A, KR GCRS T #EAT AL IIAE A 5 AL B AR SR s o oAb
RARFR A, WA Y R 2 H A O RARX R RIRS % R b, ZEAER
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AR ROR
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R AIE A A DL R 3 0 A AR ok s 4 R R o A R 25 e BhLRE T, AR
SAER TLEO L 2. HER T2 e A L2 fiHalo#LiE FICEST L K 28 1E N €
HHER, 2R E AR BEATHRE % 2 5

3.42.1 ETFEHGNSSHISentinel-6 MFTE 25 EH

Sentinel-6 Michael Freilich ({&##X Sentinel-6 MF, J5 3 #K S6MF ) T2 &£ X
MURHLA G NASA. ESA F1 CNES S EW A& ElE T2, AT Ril4
BRIEVFEUI0, S6MF T 2020 4 11 H 21 HAS, HPUEEE N 1336km, HiE i
i 66deg, S6MF TR WK i, 52 AR KR8 RTS8, ZIE5HE
FREL I A Bk -~F i EF, KA BT RATUHRTT AL, IR AL 2 2
/2030 4, AL 40 FHEECPE EAE S, DUERFERAE . fEAE T
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Figure 3-13 Workflow of Precise Orbit Determination and Observation Simulation Module
in SODA
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3-14 SOMFIEREE
Figure 3-14 Sentinel-6 Michael Freilich

7E: BNBhttps:

//www.esa.int/Applications/Observing_the_Earth/Copernicus/Sentinel-6

A 17202541 H2H 2202541 5 16 H H 115K 1) 2 2 GNSS UL I £ 4
XTSOMFREAT G B 2 B, A% e B A F AR DL S RN 3R 3-4 77

EPTERJE, BITSLREAZ UL LB B LS F B E e E. EHEha
tbrf, DACNESHELI K % & 1 (Precise Orbit Ephemeris-F, ftp: //ftp.ids-doris.
org/pub/ids/data/POD_configuration_POEF.pdf){F NS 3. SLREMWE b
PSR ME A0 3-5H 7R
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AT DL MOk 25 2 B 45 RAS T . [ 3-15f@7R 1 S6MF LR K35 e s R 5255
EERTNAIZD T [ UG 2 2. I 3-15T 41, AURKEE Cg R 55 EHiE
ZEZERRT3em, ERFZERRD, BT 1cm.
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WA RS 2 2 U 45 ARG S . ] 3-16/8 7~ T SOMF T2 A % i 45 R [ SLRAS %
W7, MK 3-16 %1, SLREKZFHRMS H3.62cm, H.4GKE /5% 24 h T-0fft
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% 3-4 SOMFHE 5 E IR B F1S B AR E IR

Table 3-4 models and the parameter estimation strategy in POD for SOMF
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SR T B/ It b HE
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Eapy: St EIGEN_GL04C  (140x140)[''";  N-body gravity:
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% 3-5 SOMFHISLREIEALIE 10 R ITE R
Table 3-5 models in SGMF SLR observation processing

;e A & iR

T35 A 5 Hh 522 3 SLRF2020

035 ] 7 R AR ) 5 T IERS2010

D0 3 9 5L FES2020

KA eIE Mendes-Pavlist&i %Y
AEXT 18 50N 24 I IERS2010
BubmEM 30 deg

e
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(Average RMS: 0.0280 m|
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g 005

& 0.00]
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= 0.00]
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3-15 S6MFIEREENERSSEHEARTNMIDA EHMEER
Figure 3-15 Orbital difference between SGMF POD results and reference orbit in RTN and
3D directions
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3-16 S6MFIZESLRIZIAE
Figure 3-16 Residuals of SLR validation
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3-17 LROEREFHENETREE
Figure 3-17 Schematic illustration of the LRO-LR system, with the Earth-based ground
station sending a laser uplink to LRO

FAFEI PR A DL e AR A ERE N2 . AU NASA AT EHHE RS (https:
//pds-geosciences.wustl.edu) $KHL T 2011 & 4 H 23 HE 2011 £ 4 H 30
H3Lit 8 REEE, X% 4 M F LRO /145 SM-08 BB, K H =4 SLR Il
Ul K 3-6J@7N 1 AR SCAERE % 8 UM RME H LI E M Ol RIS, ARS8 %
ITEBIE RS T NASA KATH LRO MEHE, CHNZPIEESINBEE
N1 ~2m, 8RR FZREENIEE v S H 5, DI e e R .

& 3-6 SLRMuE KR EMMBERER

Table 3-6 SLR stations and their observation information

Muk &R (RS IR E BHECE HIEE
GO1L(7125) Greenbelt, Maryland, USA AETE 3567
YARL(7090) Yarragadee, Australia EFE 2936
MONL(7110) Monument Peak, California, USA #1574 4156

K 3TN T AR SCAEE ST LROZEAT A 5 8 PN A FH B A5 3 15 25 40 Ak P 2R
T B EOG I IR PR, ERE B RPN RE T, A0 B S B AT Al T
ER T AR T RREEOCNEE, M ZSHSHIESE. Wk 2% H
BN, FREBIARICGEI RSB, U2, A e P F2
W DN EYME AN BRI T — B R AW, [N BEMZE. 21555
T ARE TANE ., 7 T2 24T, LROW B0l B /E AR ST ] B IE
ek H & SR RS, 25 R B AR SCER AR I BE A i 2 /EBCRS 5 Rl b v] 4 A
X G-42)f N TET SCHXHE R BMEIEDL, ol Rt 2 TUR N Eeh 2, it fhih
PR BRI AN B EER AL

TERPRALEE A, A SORE I E i 3 N SAS e URBC I TR 2 2 L, AR,
S48/, B 2 A7 AE24/ N B S . ] 3-18F158 3-8J@ 7 1 IX5NE Ll
B 5 &G 3D RINJT [A) i ELE 45 5

FH ] 3-18F1 3-81I &1, AUE A M EEAE20 ~ 40m, HARTT A 5E ks
FEfrmr, WikioyKY, X5LROYE S ERAG, 2 HEKGI IL R B, R
EHE 7 17 SLROZ M B AT B %o TET 5 M FINTT MR BE e 22, £ B S50
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% 3-7 LROWBEZE TR SRR E R
Table 3-7 models and the parameter estimation strategy in POD for LRO

iE R & R

M & LM (E AR R

D3 AL b7 5 Hh 5212 5) SLRF2020
D03 5] ) AR R 9 IERS2010
0035 ¥ 5 FES2020
KA MIE Mendes-Pavlist& %4
A O IR IERS2010

O V8 RO I 4 I BB HER. ARENUKEA S )15 AL T2 53 L 15

Al

BubmEA 30deg

T LU 5 30 JE ISR

SR /N et b

B IFER

Bk E S EOP IERS Bulletin A

5 1R GRGMO900C (250x250); N-7A$£5): DE440
T SCAHXT IR 20N IERS2010!""!

NP A BRASAY

LI AR 2 FE) ) R 1) ) TE 5% AR 34X TR B
Ao 25 KSGHH /3 1100]

MorPK 155

S AT

HIESH T4 D eI B R

PEMZE T REIRBL B 22 . B A
KBAGHE R 5 BIRBAG T —A

Loy 1BE Y TERBU T —4

Mk R G % BB —4

E PR 48 hours

# 3-8 LROBEEHMLERAERTNAZDS BMIRES T
Table 3-8 Statistics of orbital difference between LRO POD results and reference orbit in
RTN and 3D directions

JME%  3D-RMS(m) R-RMS(m) T-RMS(m) N-RMS(m)

B 1 19.25 5.10 17.74 5.45
B2 23.78 2.53 18.78 14.36
JREL3 17.99 5.37 12.03 12.24
B4 26.40 6.25 13.57 21.76
IS 34.19 3.60 8.94 32.80
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— Arcl — Arc 3 — Arc 4 — Arc5
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3-18 LROBEENESRESSEHMEBEAERTINMIDS EHHIEER
Figure 3-18 Orbital difference between LRO POD results and reference orbit in RTN and
3D directions
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ZREAT T M, GnEl 3-1907 .
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Figure 3-19 Residuals of each SLR station in LRO POD
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K A A I L2 P aha, X RATLAON 40 R, NJESE “ESHE T ik
TEMR 7SSt ER g,

CE-5T1 MHUEMERGCRM T S FBJCLL Ml EE . AT VLBI B A ]
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L@ 25 KORHHEESE (F'5: 4 U7, VLBI RS0 UGE S IR EER 7]
WHL) 4 DA, AR = RAEABATIRERES. BT Halo BUER A MK,
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2 ARG — AR IR & 4 /N 2 A5 0T,

R AT BN E NSRS B B PR, A SCERCT 20144511 H28H &
20144125 10H A1 20144E 12 H 11 H & 20144 12 7 24 H /AN TR B 3525 K 3
XURE I FE AN VLB B ZEXLIAEL, 734> JRBOACE-STUIR S M AT RS 25 8 . I
By M HEAE B3R 3-9FR. K% @ $h 40 8 5 2 B0 B SR g R
3-10F7 .

#* 39 CE-STUHEEEMIMBREKRER
Table 3-9 Basic Information of arcs in POD for CE-5T1

EZ YRR E) £ERATE) BEAR 2504

JRER1 20144E11H28H  20144E12H7H  XUFEMIEE . WFEE 1. 2. 3. 4. 14
PREZR2  20144E12H1H  20144E12H10H  XUFEMIFE . IFEE 1. 2. 3. 4. 7. 14
IREL3 20144E12H11H 20144E12A20H  XUFEMEE. BPZE 1. 2. 3. 4. 7. 13, 14
JREX4 20144E12H14H 20144E12H24H  XUFEMIEE. BHZE 1. 2. 3. 4. 6. 7. 14

Z e FIA B R E OB, JB S IR L K B3 S B4 [Al f7 7
(A, HBDAMBEIE LR 5. Rk, AR AR SE IR % 2 0 1 DL
S INB LE B M T BOR A UOE BURE FE AT VE A ] 3-20F13 3-11/E7R T &R
B 5% 2 I Ge it 1 . [ 3218158 3-12)80R T B &I B LU 45 RN Ge i1
o

MR ] 3-20F0136 3-11, ARUEEMNFERZE N KR . fEIBOAIINE2, VLB
ZF2ns, HBEI0AATOME; JBBMITEA4RI VLB Z M X B2, 9RB34E
ZMM T 4ns, INEANHTCE-5TIRSAAE20144:12 H20H  CHRDOY 354) f£
FER/PIENLS), R H VLB ZNIL T 7Tns, HDOY 3542 J5 HIVLBIFL %
ETERBN B 1R 22 -

FRYEE 321813 3-12, SNBSS IRBR2H T @ Pl BR K,  [F 78 3 ) i
REEARENS, FILESINEMPE RER DN, RT60K. MEIIE3FI5K
B4, WNZRHENshHImN, ESMENHIEIRERK, NEKER.

75



b = T 2 ) B 3 R U At E T T

76

% 3-10 CE-STIE3ZEHIRBI S B E R

Table 3-10 models and the parameter estimation strategy in POD for CE-5T1

e A & f#HiR

Sk &M MME AR RS

D3t AL A7 5 Hh 5212 5)) SLRF2020

035 ] 7 R AR 5 T TERS2010

035 ¥ 5 FES2020

FEXT 18 2850 4 I IERS2010

FE X R B 45 1 FEHIR. ABR. AREMKIHG] JJH DL TR HEIR
A

WL E B IR & IE Saastamoinen 1% %4

Bk A 10 deg

7 LU ) B30 JE SR

ZHUNT Tk /N et b 3

Eubalca kil

Bk B S EOP IERS Bulletin A

a7 Lt GRGMY00C (50x50); N-4:453)]: DE440

7 ST IR N IERS201077)

yNEDAES BRAEA

o35 KSGHA 472§ 1100]

oK 60 s

ST

MBS A THRIT46 P 70 A

YNUEPIAEEY d BEIBLAL T —A

Mk RGi % BIRBAN T T R 2S5k I BE R G %

# 3-11 CESTHREENESIMERZES T
Table 3-11 Statistics of residuals for each arc in CEST POD

SNEE  WAZMIERMS FHERMS

B 2.11m 1.63ns
JRER2 2.22m 1.18ns
L3 4.13m 3.84ns
B4 5.73m 7.26ns

* 312 CE-STUREENERIMERIRES T
Table 3-12 Statistics of overlapping difference for CE-5T1 POD

EENK 3D-RMS(m) R-RMS(m) T-RMS(m) N-RMS(m)
P & JREL2 55.04 13.24 28.18 45.39
B3 & B4 687.20 159.15 398.62 536.67
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Figure 3-20 Residuals of different arcs in CE-5T1 POD. (a) is residual of arc 1; (b) is
residual of arc 2; (¢) is residual of arc 3; (d) is residual of arc 4
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Figure 3-21 Overlapping difference in CE-5T1 POD. (a) is overlapping between arc 1 and

arc 2; (b) is overlapping between arc 3 and arc 4
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Figure 4-1 LEO-DRO constellation diagram.
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Simulation for OWR
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Generating DOWR
observations

l

Autonomous orbit
determination for LEO-DRO
constellation

l

Accuracy analyze of orbit
determination

4-2 LEO-DRO#%ABF EHHERIE

Figure 4-2 LEO-DRO constellation autonomous orbit determination simulation process.
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4-3 LEOREHERT
Figure 4-3 LEO satellites orbit distribution.

#* 41 BEDROMEBMNEREVME ($4I: km 5 km/s)
Table 4-1 Initial position and velocity of DROs (unit: km or km/s)

DRO X Y Z Vx Vy Vz

DRO-0 -18900.960 -1.720 1875.502 0.0178280 0.4575956 0.1895429
DRO-1 -29768.918 -2.708 2953.906 0.0143245 0.3721242 0.1541565
DRO-2 -40716.531 -3.705 4040.215 0.0125884 0.3297702 0.1366215
DRO-3 -49223.375 -4.479 4884.331 0.0118551 0.3118817 0.1292154

*4-2 WNEHEFHSHIRE

Table 4-2 Settings in observation simulation

mE HA & H#HiR

Bk S EOP IERS Bulletin A
AMRBESH DE440 811

LEOKE %4 TU Graz KA (¥ % HLiE 1)

iR Ao 22 A R SUH X IAE IE T
Elapy &t DRO: GRGM900C (100x100) 1
N5 7 DE440 81

I hopia IERS2010!7"!

KA E Cannon-ball###Y

SN AR R e A A ) TESZ AR T2 TR 2L
s KSGHA 472§ 1106

bk 60 sec

RE-HEA 30 degree

NLMME KA R 120 sec

LN e 7 OWR: 1 m

A7 FLI (8] 202051 H
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FE SRR 2, DR b T A P JBE DK 20 5 BT = AR D B AN 2 5 T B 44 1) 58 UK
FEKF

fEfi 5+, LEO P EA DRO P A M REB W N EHEATE mB A, HK
LA OE TEGES. LEO RERA RN, HREKARERN 30
f%; DRO REUHAMGHERIER, R0k M AeE s AT 2= 8. 24 LEO -
DRO K& 5 R 3 51 R e T ]I, R BERE nTE

RiE BRI E, RN H R, A5 7 LEO X 4 $il DRO
BEAE 2020 4 1 H O W rT LS B 5346, WK 4-4Fr. RIEE 4-4, P850
LEO P EREXT % DRO P ESLI 4 ~ 6 KEESMM, HiT LEO PEHEH
IS AT T4 ER, & LEO RESZHLNT DRO HIH: /70 . A SCHR$E % LEO LA )
HEAEWE ], R4y T 6 AMESIE (IRNEEEEMINK), A IIBRIK A
4 ~ 5 RAGE, ZENIMEIEARFIRH (Day Of Year, DOY) UL Z 5] LEO
EIFHINE 43078

ARC-1 ARC-2 ARC-3 ARC-4 ARC-5 ARC-6

]
: — DRO-0

WWM -

DRO-3

6 11 16 21 26 31
Time (DOY)

4-4 ZLEOTEXDROTIERIATHATE
Figure 4-4 Visibility analyze between DRO Satellites and LEO satellites.

#4-3 SEMIMNEIARZ
Table 4-3 Table of start and end Times for each POD arcs

ArcNo. LEO FH#EEZI (DOY) ZREZ (DOY)

1 SEIA 002.0 006.0
2 SE3B 006.0 011.0
3 SWMB 011.0 016.0
4 SE1A 016.0 020.0
5 SE3B 020.0 024.0
6 SWMB 024.0 028.0

AT R AT I TR (] BB AT R B E e EE RS, EHA AR
DOWR MMME R, ASCIREL 7 AR K At (U350 sec. Ssec. 10secF120sec), LA
BEATXTEL T . 3 4-4J80R TEARFE At T ESFE R & INBOW I E S % (LEO
WA DRO P EREEIL ) . MRIER 44, FIHGANINBAIRINZ 1600 %%
ML E G, ~F¥5 KA DRO LR #3RkAS 400 2508 EH -
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*4-4 BEHIMERIME

Table 4-4 Table of number of observation for each POD arcs

ArcNo. LEO dr=0sec dr=5sec dr=10sec dr =20sec

1 SEIA 1509 1502 1499 1488
2 SE3B 1662 1662 1657 1653
3 SWMB 1692 1684 1673 1659
4 SE1A 1561 1550 1544 1538
5 SE3B 1643 1627 1624 1616
6 SWMB 1276 1270 1258 1242

2 FE 3 H H 2% FE G H o 8 B0 R 7K P R38R s B R AR TR R A
LI 751 moe SREER % B N120 sec.

4.1.1.4 BETEMREE

B I EOSI B s> S R T R R S, fEE L, BT DRO TLE A%
MBS 53551 LEO LR ¥ 2[RI il 52 .

RIEER 4-3, AREPOIRNEAMH TAFK LEO TEAT B EH, FHik&
LEO P2 (3 12545 B DAL [a] b iigEsk. %R R GNSS HoARm iz
MEAL, FEXTREANIREBCEEAT B e #UAT, 4 LEO T2 K E H GNSS Ml LA
J GNSS J #5273, Mm3RE LEO T EMPUEYIME. £HEEH
BB, {3 fF A DOWR WMAE -

i T % LEO B, DRO 30772545 50T SEHLA 9B ] 1 B i) 3% 45
P, {HH T DRO D EHEFMRK CRTE 430 &I, RIS E4F
WEMERE, MUEHT =Nl s, B A e B AR
N —EPIRB R4 W, PUHERET Z AR R, $#2EDROTAW
E NG E

SN 1SR BTT, RS LRSS, w68 H A BRI I3k
HH BRI B A5 5, UL DE430 5 DE440 A, PE RS A B & 25 850
KERGU, %72 F X AT A FIE Bz, R R R ] e fF & TR SRR,
ASCAEF JPL DE430 A2 I S H BRAE D7 Z 0 B F e sem . hEkIERR
51 71K EIGEN_GL04C #i%!, #WiE 120x120 Br. HERIEBRIE E /135K F
GRGM900C 158, kK 2 50x50 o

AT, BT REINB D, AT k3l 1At T2 54,
LEO T2 XS A BH e B AR/ I ] T Macro-box #5784, A 3 &
LEO T EYJE REE N E BT 14y, KA N AR5 24 DA 14,
LIS A 24 /Nl 1 41; DRO PEFUEFMIE K, HAKHEREEA
EPIREBAL 1T 1A, SIS HE A E POl BAlth 1 . HAhZ) =B DL K&
ZHULTTRIE B T3 4-5,
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% 4-5 LEO-DROFEE AR AN S B MR B oRhE
Table 4-5 models and the parameter estimation strategy in POD for LEO-DRO constellation

= R & iR

FUILERE il
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IR
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412 TFUMERDH
4.12.1 DROILESLEODEFEMER O
4-5FE 7R T %DROT 2 A B NA7 WU [a] [ 58 At R E 28R E .

M -5l 501, 2518 HERE I HRRZ )5, ASF L AT I 5 A T~ DOWR
AIE (€ SUPEREAH =, SIRESCELIE T 50 KIEPUNEE -

100 T T T T T T 100
sec C C C

0 - 5 . 10 20 0s . 5 . 10 20
75¢ 1 75t
£ £
g g
z 501 z 50
o [a)
™ 25t 1 ™ 25} L & B
0 Arcl Arc2 Arc3 Arc4 Arc5 Arcb6 0 Arcl Arc2 Arc3 Arc4 Arc5 Arc6
(a) (b)
100 T T T T T 100 T T T T T "
0 sec B 5 sec I 10 sec 20 sec 0 sec B 5 sec I 10 sec 20 sec
75¢ 1 75t
£ £
s g
z 501 l 1 z 50 I .
. I - |
™ sl n - I | | 1 ™ 551 I || k- |
0 Arcl Arc2 Arc3 Arc4 Arc5 Arc6 0 Arcl Arc2 Arc3 Arc4 Arc5 Arc6

(c) (d)
4-5 ZBDROAAMNELTITHNES EERTHEMNEE. (a) IDRO-0EIHNIERE ;
(b) ADRO-1EHFEE ; ()ADRO-2EHNIEE ; (d)ADRO-3EHIEE
Figure 4-5 Autonomous orbit determination accuracy of DROs under different

uplink-downlink observation intervals. (a) is accuracy of DRO-0; (b) is accuracy of
DRO-1; (¢) is accuracy of DRO-2; (d) is accuracy of DRO-3

F 464511 T At = 5sec I, % DRO PEFEFE[A (Radial, R). YA
(Tangential, T) %[ (Normal, N) HIHUEREE .

MR 4-67 51, 4 At = Ssec B, F5 DRO PRI HRE MR T 50 K, &
HBE A i S 1) DRO-0, HoE Bk EEAL T 20 K. [FIKS, B3 DRO 1847 )4
R, BT PSR aSAREMK, HFrA DRO TERPUIE R ZE FHE
HFRIE N R —JH, XREEPINKERA K. ACERT KN T
DRO-1. DRO-2 #l DRO-3 TR WHIE AR, T30 7 H Pk R IE & i
KM PR, HESHUE N T RiREE R, XFEMBIREER GEO L2 EH
HAELE 12,

F—J7H, X3z LEO-DRO MMl JLF[ 5200 . H T DRO PEFIEN T-ik
FIE A, [FB LEO-DRO #2777 J LTS5 B IE AT, 45 WLMIME G FUTE A2
WAEUE, Wk 4-679 DRO-0 &, BAREHINK KT 1ZETEMPUER I, H
FH 0 LT s, N 5 R B R 2 (£ 810-20m) AHEE R J7RA1 T J5
M B RZE CREEZRRE) FARE.
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#*4-6 At =5sec B, EDROEEZERTINAGE THENEE (B4I: m)
Table 4-6 Autonomous orbit determination accuracy of all DROs in RTN-directions when
At = 5sec (Unit: m)

DRO-0 DRO-1 DRO-2 DRO-3
ARC

AR AT AN 3D AR AT AN 3D AR AT AN 3D AR AT AN 3D

0.33 0.57 10.20 10.22 0.48 0.81 24.76 24.78 1.19 3.29 823 894 3457 27.82 22.36 49.69
0.32 0.70 11.02 11.05 0.43 0.87 3.83 395 4.80 1.55 45.69 4597 3.47 10.69 15.06 18.79
0.64 1.38 17.50 17.57 0.23 0.27 14.23 14.23 0.92 1.10 42.36 42.38 10.94 13.59 42.71 46.14
1.09 0.95 21.12 21.17 0.71 0.49 27.20 27.21 498 3.16 24.08 24.79 820 4.78 21.07 23.10
0.17 0.34 14.82 14.82 1.18 0.83 20.70 20.75 0.89 0.99 21.63 21.67 3.31 3.47 24.15 24.63
0.32 0.81 10.87 10.90 2.18 1.48 16.41 16.62 4.24 8.67 15.14 17.95 10.17 12.24 28.98 33.06

(o) R \S T

FILULDROT A, LEOT EfF NihIR PR, HAWHBIHIES) J%LAH, [FH
W7 H Y, LEOTEWMAEH 7T #F 2w Re 7 2 7 Z1E k5
20, RIKLEO P2 e SRS R s oKk g, WKl 4-6/7 .

RS LEOE LA R, £ 47TBR TAF Ar AR, #LEOTLA
ERTN=AN TR PR E. WK 470 LLE S|, LEO P AEHUEIRZE B
ATHE T J7m, X5 @A TS ) R B AR B A 6. 7E3L
N RS i, YN oKk

10

0 sec B 5 sec N 10 sec 20 sec
8 F

T I Wl
A m

0

3D-RMS/m

Arcl Arc2 Arc3 Arc4 Arc5 Arcé6

& 4-6 LEOLZZEARE ETTVNETEERE TEMRBEE
Figure 4-6 Autonomous orbit determination accuracy for all LEO satellites under different

uplink-downlink observation intervals.
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Cond.. = Cond — min(Cond)

"™ max(Cond) — min(Cond)

Hr, Cond A2k Condyomm AH— A5 E. NITE ST, A STREEAN EHL
SNBr Al TV —A4, B 47/ T AN BTN AT I (Rl Rl Rs AT R B s A4 )
— A BRI MLEO T2 25 9B 11340 52 BURG S
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® 47 EAR ETITRNEEERT, ZIMERLEORZARINGENENEE (B41: m)

Table 4-7 Autonomous orbit determination accuracy of LEO Satellites in RTN-directions

under different uplink-downlink observation intervals (Unit: m)

Radial Tangential Normal
ARC

Osec S5sec 10sec 20sec Osec Ssec 10sec 20sec Osec S5sec 10sec 20 sec

1 0.89 058 038 052 217 132 105 114 05 02 054 0283

1.5 262 1.15 226 355 644 311 539 035 051 042 0.62
0.19 054 053 029 083 198 196 154 043 046 062 057
044 063 039 038 144 178 09 141 082 095 096 055
204 243 091 1.5 476 577 222 375 069 085 047 0.3
227 191 1.84 247 539 465 45 591 038 033 043 048

AN R W

—e— Arcl —e— Arc 3 ®— Arc5 —e— Arc 6
Arc 2 —e— Arc 4
1e8
4= .
- ® ® ® —
S 2+& & 3 2
S L 2 2 — 8

0 éec 5 éec 10 éec 20 sec
dT

E 47 ZEHIMERMFEE. FA—LFEHE
Figure 4-7 Normalized and unnormalized condition numbers for each orbite determination

arc.
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M 47011, 25 IRBEAS A B AT W ] E] B AT 1 AR = g — 3%
HEEATHEK, H—X 0= THE R NG, Ui R 500 R
HAT K 5 .

DOWRN T A B3 T AR () B3RS BE R =2 7 AR Z I R AR AR SR A . ] 4-
8Hix, LEO BET 7 WZIKHES, DROEET o M ZI#i; DROLEZ
AT JET 1= o+ At NZIRSME S, LEOTET vy B %IR35 Ar 3
A Ar, WIDROTET o BZIKH{ES, LEOTFET «o B ZI#LE. HT
-1 >1u-1, Ht' -1 > -1, Hit A" FLEO/DROF] “ K ¥k 3%
47 M At TR PR B AT TR TR]RE T ) DOWR f8 7B £
LEO/DRO HJHEZRAF S, dBEmdEm 1IN ER 588 J LA .

4-8 AR ETITHNETE B S B ALEO/DRO XL §-FWE SR E T
Figure 4-8 Transmission and reception position changes of LEO/DRO satellite caused by

different uplink-downlink observation intervals.
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*4-8 BDEMRF[HERR

Table 4-8 Table of orbit information for each satellites/spacecrafts.

DEMRF MESE HEASHEEXA

LEO1 2000 km O degree
LEO2 2000 km 45 degree
LEO3 2000 km 90 degree
DRO-0 #716380 km 0 degree
LunarSat #]16380km 90 degree
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LunarSat

‘Mc;on

(a) (b)
49 FEDEMRFEZETLRETHSHIER. (@AEFLEODEEEH=ER S
WIEN; (b)IDRO-0FLunarSatiy 5% 1H5 5
Figure 4-9 Distribution of different satellites/spacecraft relative to their respective central

bodies. (a) Distribution of LEO satellites within near-Earth space; (b) Distribution of
DRO-0 and LunarSat.
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fii &, LEO. DROAFILunarSatf) K £& 4K IH a4k 0 R HE AR s B 8, HOK
LA FOS PEMOES. LEORLRMHRITER, K&k A% E N0,
DROAILunarSat K 28 46 & Bl i3k . 4LEO-DROELLEO-LunarSat?k & 5 K48 ¥
HIERT I E R, YONBER @, fEIZIE T, #LEOT.EXDROF LunarSatft)
AT A 8] 4347 a0 B 4-10F7 .
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4-10 FLEOI Z%IDROFLunarSat#) ] ¥t [8]
Figure 4-10 Visibility analyze between LEO and DRO/LunarSat.

& 4-107] %1, BT DRO Al LunarSat K ZR UG &M vEHEBR, Kt T2 al41
TEOLEZER T LEO LA, LEOI HTHUE AL T3 HIETH, Kt H X DRO M
LunarSat [ 7] #L5 [8] Z tk LEO2 A1 LEO3 H K, {HiFihEk 12 WS sdiEm A
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*4-9 JNEHEFHSHIRE

Table 4-9 Settings in observation simulation

S| BE & ik
HER B 25 EOP IERS Bulletin A
HERB S DE440

51 13

LEO: EIGEN_GL04C!"!! (150x150); DRO & LunarSat:
GRGM900C 2% (100x100)

N&35] 7 DE440 811
3R ] IERS201017
b FES2004'31, 30x30
e IERS2010177)
I~ SRR 18 IERS2010177
KA E Cannon-ball#% %Y
KA NRLMSIS-00!"14]
LI TN AN FE) ) A 1) ) TE 5% A 4R 3% TR AR 2
Ao 25 KSGHA -4 1100]
BaPK LEO: 15 sec; DRO & LunarSat: 60 sec
REEHEA 30 degree
MIME R 120 sec
LI g 75 OWR: I m
F1 LunarSat AN A] #8 H 1 O
100 ; . . .
g 80f T—r [ V1
8 60}
E 40+ —— LEO-1  {
? LEO-2
< 20 ‘_'_,_,_.——'”_'_'_—'_“_/’ — LEO-3 A
—— LunarSat
0 : 11 16 21 26 31

DOY

4-11 FDEMRBF[HIEE S BRI R HRERTEEKL

Figure 4-11 Variation of the angle between orbital plane of each satellite/spacecraft and the

moon’s orbital plane.

MRIEE 4-11, ALRIE 2 HUHE LEO1 Ul 5 A IEH J& /A L9/ (< 10degree)
PUE EXT LEsZ38 /0 H ), AFT{UEEL T DOY2 ~ DOYS 3 3 K e Pl Bk AT 2
BT R 4108811 1A [RIEE S 0B 2 &

RIER 4-10, {EACHEE R E KM, LEO1 YUl [ R AE»,
R SR S $ i £ (> 350 %), LEO2 # LEO3 NIAHXTH /> (4 260 ~ 280

%)
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= 4-10 A[E)5ERE BN B

Table 4-10 Number of observation in different scheme.

DEMmXRF[ DE/MKRIF2 VUK

LEO1 DRO-0 351
LEO1 LunarSat 360
LEO2 DRO-0 265
LEO2 LunarSat 275
LEO3 DRO-0 265
LEO3 LunarSat 270

4223 BEEHHRE

RGP, AIER T 5 L FE SR, (HESEERLR
b, BT IIEM TR R DR ELEO E R BRI, Rk 4 & 4T LEO LA E L
FERE, (T AL EFRMEZN 100m. EEFRAEZEN 0.1m/s MYIE, FHCAAER
eI 2R . ST DRO A LunarSat W45 & 2410 JL+ K E 2 EOoK I A iR 28 ¢ 3L
FEEE, (EHAIEFRHEZEN 5000m. AR HEZ A Sm/s BAME, FELAAE N5
LR HAh S HIME S HAREZ WK 4-11.

% 4-11 LEO-DRO/LunarSatfE % EHNSHAER HiTEE
Table 4-11 Initial values and standard deviations of the precise orbit determination
parameters for LEO-DRO/LunarSat

Y| RE & ik

SHEERWAR

HIESH LEO: frEAMR#EZ: 100m, HERAEZ: 0.1m;
DRO/LunarSat: {7 BFr7EZ: 5000m, 3 EFARHEZE:
Sm

KFHYEE &5 VIEEME: 2; terfEE: 2

KAMARE WIGEME: 2; hrdEZ: 2

LI I WIUEME: Om/s®; WifEZE: le — 8m/s?

423 TEWNERST

% 4-1241F 7 % LEO P E7E 5 DRO-0 8¢ LunarSat 25 () @ HUSE . 7]
DUEE], BT EER, LIRARET, % LEO DEMEHIEER 10 ~
30m. /A LEO 5 DRO-0 if/2 LunarSat #H/T84%, H 3D @M ZERAK, (HA]
I EAS], %4 LEO 5 X EEH T LEO LEYIEREBK, 2Bk KL
AL

DRO-0F1LunarSatf?) & FUAE FE 2 AT i E . B 4-12. B 4-13F1 1] 4-
1443 7 @7 1 DRO-OAILunarSatft: -5 A [ #UIE [ FLEO# 4 e Uk L. A

93



b = T 2 ) B 3 R U At E T T

#*4-12 FLEOLEAERTINS R THEHNHEE (RA: m)
Table 4-12 Autonomous orbit determination accuracy of all LEOs in RTN-directions (Unit:

m)

LEO-DRO-0 LEO-LunarSat

LEO

AR AT AN 3D AR AT AN 3D

LEO1 4.72 10.77 13.61 17.99 293 7.25 16.70 18.44
LEO2 199 5.07 1035 11.70 4.02 14.32 17.27 22.80
LEO3 0.61 844 1942 21.18 3.62 990 535 11.82

4129 AT DAE B, 4 EUE 47 T B E T FILEO1 5 DRO-0&Z £ 1), DRO-
O H UG EE NT12oK, H g KR Z L SEENT F; W R 4EDRO-
OFF1 L3 Th0 2R 47 A R A L 2 B T (1 T8 10 43 B LunarSat3F S LEO1 485, ) ] AR K F%
K ZiRZE, M EHREEL10K, NATREMIRELSK, X555 2:m iy

WHESLAI R,

1100
[Average RMS: 712.1591'm]
E E
1 5504 v 10 -
= =
o o
0 | ! | 0 | ! | ! ! | !
1100 20
(verage s 02138 ) [rveroge w75 G 9958 m)
c 550 4 £ 10 -
< 0 g 97
© 550 T _10
—-1100 T T -20
1100 20
[Averege s 075 ) [rwerage s 42180 )
5504 10
—550 4 —-101
—-1100 -20
1100 20
Average RMS: 712.1572 m|
550 4 10
£ £
= 01 = 9
T 5501 T _101
-1100 ; . ; -20 | ! ! ! | | !
0 20 40 60 0 10 20 30 40 50 60 70
hour hour
(a) (b)

4-12 LEO1-DRO-0/LunarSat T, DRO-0/LunarSatE3fEE . (a)yDRO-0BIEHIEE ;
(b)LunarSati) EHIEE
Figure 4-12 POD accuracy of DRO-0/LunarSat under LEO1-DRO-0/LunarSat. (a)
Accuracy of DRO-0; (b) Accuracy of LunarSat.

“iAE 4120 B 41381 4-1400 %0, JEIE IR LEO #UE 5 HIE T J< A ,
A L4 DRO-0 [ @ #UkE E, (M 700 miR i £20 ~ 40m, X IF il i %
Iﬁoﬁﬁﬁu%ﬁﬁ@®$£ﬁ,%%T%Wﬁﬁ$mmﬁwmﬁ%ﬁmiﬁ
FEEE, #EMidEs 7 DRO-0 #UBEASE, (H2%RT LEO Pul R, ZA5EH

94



4% LEO-DROAIF H X ST

Average RMS: 35.6063 m Average RMS: 27.9215 m

£ E
& 30 & 25
s s
o o
0 0
60 50
e 3 e 2
S o > o—
T _30 T 25
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301 25 1
-30 —251
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4-13 LEO2-DRO-0/LunarSatT~, DRO-0/LunarSatE##EE. (a) ADRO-0BEERBE;
(b)ALunarSatf) EHIEE
Figure 4-13 POD accuracy of DRO-0/LunarSat under LEO2-DRO-0/LunarSat. (a)
Accuracy of DRO-0; (b) Accuracy of LunarSat.
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4-14 LEO3-DRO-0/LunarSatT~, DRO-0/LunarSatE#fEE . (a) ADRO-0AEMIEE ;
(b)9LunarSatH)ENIEE
Figure 4-14 POD accuracy of DRO-0/LunarSat under LEO3-DRO-0/LunarSat. (a)
Accuracy of DRO-0; (b) Accuracy of LunarSat.
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VAR EN

I SLEO L&, DRO-OMHUIE REEHE K, B HIE S HiE mHE H,
ALK 2 8 BIURS P P2 AR T R 2 104 . fEE 4-120 B 4-13F0 ] 4-14H, M
ELDRO-0, LunarSatf#UETH 5 FHE M EE, RN HAEESE S e s g, 1
K IR T F BEARBLE YA M. W7 SLEO1EAT @ 4ER, LunarSatH LkDRO-
1] B A5 2198 Yo ) L8 ¥ 42 T SLEO2@ %5}, LunarSatf EEDRO-17] B 5
2921 G ENIERE BEFE T SLEO-3@HEI A BNAF 2937 Qo[ FIE RS BEHE Tt -

st LR ELER, WAEILLTR48: E5, 34 LEO 5 DRO AT /™% 3t
[HAZES (41 LEO1-DRO-0), RGieHBliER =, DROFUIEN T MR Z KB
BHKES; HIK, BPECRAREMA ) LEO3 ST WM, B FLEOIE R EAH
b H BE RSt /N, DROMITE HR ZE B E 26 m, (HAHETRIT AT M 474k
T CgFRORI T RES

T, 4iE H BbrfiioR s B 5 B & RBURRHER (40 LunarSat¥/UE [
SHEmEE), BBk LR LEOT ST, e Fuks & s s It
FRFKT. IXULHT, Mo H 2] A BE RS R A LT 3, 6k A BR g K 36 {6
A 176 LU X R 3K g 1) T {05 A R R UK

BRI, G S B b (LEO/MEO) i £ 2K £ R DRO#LIE )32 [ A
FE AR . EESLBH H 2 [ ) g FE e %t 5 £ S0, w5 B H BRim 51 N =
H#IE (ALunarSat), 1M~ DRO £244t 7 fh 5 7] (5 ) L] R85 .

43 KREBING

A#mHRT SODA #fF:, ¥ T LEO - DRO £ R H XS EH T &, R4 n
AT W00 ] 1) B 5 2 )AL B0 [ = 5 U1 BE T 52

(1) XA LN AT S (E] (A1 Bg A R ROXCRFEIEE B 3 e P et AT 7105
Pl . SREW, M ETATWMEEEREH 0 s %S 20 s B, LEO LR =4
E PG AN L) 5.3%. [AlF, &DROTLEEARIR At 264 Rl eI T 50
m (K EEPRERE . XU, FEMTR 2SI ke e M 5 R B8 1T 2 SR K 461
N, & YTE BN AT I 1 TR B AN 2 B PR R U )T B T GE R
G0 A WL B M R G U AR

(2) EFxtHs H 2506 E X ST #9 DRO 2 55 00 R, A B A ERIS A BT
SHUED AN Z 0 HIE LR AT T 8. 45K, LEO #uiE REEAXT
FHUH B RE /N, & 53 DRO FUBE R LR A R MARA R . BRI S,
X1 GEONGSO L&, VEMBURIE |21/ D ey SRAEELL 0.11, XS T-$UiE &
400-2000 km [¥) LEO P2, Z(HIV A 0.01-0.02 &2 . REHE LEO TS
EREFTH AR LA T, (X DRO #UIEZ: A 1) J U A AR IH 458, (R X
DU 453 v ) s it Re o 3 — 2B a0 iR B, AHRCT TR B0 Hb o A R 28 A 2,
BRI AR 2% AL R R T AE D035 2R 480k m) Al W A 7 TR O . X N R
SR BRI 2 ER. SRR SRS SRR E T .
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$55 i A =SEISLYTGNSSE FE 8 = Hedt a9 $E

JRE B ATISLAEBDS-3 i L& A M A, JF HAEBDS-31 A BR AR 55 1 o5 95
HEHAL, (HEETISLIE FE H S0 B RE BRI RS /e % in] JATY AR v AR At e
SRR R I BB A 1 58 4 H = S HUME DAt . e B B R BN 28 23 pr i =
G5 1 —— W 77 R A8 m ARG B 2R B A

WEE2FE A TR B, TS (A 5] 13y I B IR RR P, 3X T Hb 7S ]
ISL H = 3o B2 s g AT RS i m e ok 1 BBk . 20 22 e v (1) 350 2 TR
ARE A A (], DUAG B AR e i B T TN ) e R . 54N, Psiaki U224
7 R AR A B S SR A T SR BT FEAB IR RO R AR G| T R
JrvE, RN B E N T H BRFAEE . Parker A1 Anderson!'237E H ER Halo %L
RS GEO PREZ AL | LIAISON Sk, 17Eas RE, UK
FF G 0 50 R R B 7 TR A A A B R . Zhang A Xu PR T
— B A BRER 5, R S R06 B H a5 ST TR 2 1] ) A D)) PR A
IOUE T HLA L1, L2+ L4 A1 LS PUE B RS itERe . Huang % A\ 237E BCRS #E
ZETR R RS ISL ##E oh 4 A 25 1a b i) L1, L2, L4, L5/ . DRO LA Kz MEO i K 2%
BT TR R, AR FFARXT S B R AR RS () VR RE R T AT o

£ 2024 11 H 28 H, THEESNASGEH I ASAEFALABFHLE
S EESNMASG TREER = TRFERIRS, kA4 G TR TR 520354F
R JEFIRDDY . BAEREmRIL S} =5 Racfamig T 2&al b, RENGERHEATEL
B Dhae oK. RS EMRH N —ARAEF RS, 1HRIFE 2035 fFE R RS
Wo RIS} RGO B R B IR P &, ARSI SRR AT
FHABRMEWARER . BEILFRAZRDY 2] 26, KRKkET LEO. MEO.
GEO H- i A i K2 TE R A 2R CniE 5-1FT7) KR &= BDS HES
SINEoLET

YT ET BDS B A eRE Rk DL RSk B = BRI FR SR, AR RN
i H B SHRF R AT . S uCk H TR FIN ISL M4, FF7EH
BRI 13BN 15 LI A B R SR A 7 ) R . %07 S R A A R
T TR R R M, MO A R B SR R BERIE RS IR

5-1 LEO-DRO%\REE
Figure 5-1 LEO-DRO constellation diagram.
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5.1 GNSS-DRO-LunarSat!wPAREFEHIEE

WHTHTiA, DROYUES T HERARFI, AT, Hisghal), BfA
BB RSE M, DLROG R A A Bk R 4F BB 568 /7, DR FE9R 28 b ) 2 ) %
W B AERAS A MTE IR P& 5 A ) RN R, AR
Kkt H BN RS HEARIE. (2, fEH4mPOERY, £5 LEO PLE#
17 ISL HEFMi, BT DRO fiR&FHIEMRAEHERMES, FitZihH
FEESRZM, DRO Fi RS fEPUE L M < A B REE R ZE . NERIXA A &,
4T DRO PUIE T e 90 degree, (1 H 5 HE M EE, 5 170 #E R,
B —Fh AR S L. AHEEHER, DRO #IEF AR HER, AR 4210,
SRR B R UL A L A, MR BTN DRO fi R SR sR A
TRV NIBE S M AR . AT 3E T GNSS-DRO-LunarSat 4B, 4 78 1% & FE#)
RIXT GNSS 2 Ji BT 4% A d ROR,  [RIB tERS 7E 3% 5 F DRO fiji K 2% Al
LunarSat ] 5 3 & fL PR .

AT [FRERE T SODA R 34T T 1120k /) GNSS-DRO-LunarSat 2 A FH =
EPEE, WA S AL F2020 4 06 H 05 H OB 043 0 (UTC)

511 fERERT

A B FEEE I S2F R AR AT . RIJEIE T3 1 S aE Ry IRl AR
J% GNSS T2 A . DRO fji K #$F1 LunarSat (RS2 2 5, #EimA sk ISL Wl{E; 48
Ja A 1Z W E 5T GNSS-DRO-LunarSat 2 A 1EAS [5] 20 B35 0k T 3047 B 3 E H;
5 JE X s AT T

Generation of GNSS, DRO,
and LunarSat ephemeris.

!

Simulation for inter-satellite
link observations

!

Autonomous orbit
determination for GNSS-
DRO-LunarSat constellation

!

Accuracy analyze of orbit
determination

[ 5-2 GNSS-DRO-LunarSat#&B\ B+ E A EFKTE
Figure 5-2 GNSS-DRO-LunarSat constellation autonomous orbit determination simulation

process.

512 E2ESIMMEHREIRE

(1) PFEKE: 2020 506 H 05 H O 04 0 # (UTC) 2020 4E 10 A 03
HOoB 04 0% (UTC), 3120 K.
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(2) BFEE: ARUFFENHH S E RS g A = Z 2 . 55—
2 N4 GNSS ) Walker £ B, H 24 i MEO P EMK, 24T 3 MhET
M, H PRN 457G N GOl £ G24. %5 )25 DRO 2, H 3 FH¥EnAi
T2 2% BB A RA 21 DRO-1 PUBE MR ZR 4R, H PRN 45 uflN
G25 & G27, 7iltn4 N DRO-a. DRO-b fil DRO-c. = JZ I #B& 76 H BRI
1) 3 Wit LA, PRN %5 735108 G28. G29 F1 G30, w44 LunarSat-a.
LunarSat-b A1 LunarSat-c. 7 Ui, ZgmP\ 7 I JEE 3 —45 e i BE e AF

, BRI RN T ARSRA K 2 B B R AR . R S-15H T 24
%ﬁ GNSS EEE’J?JUE%%M:. B, 3 527 T 3MDROMI K 2:7E£2020 4E 06 A 05
HOK 0708 (UTC) MM EAEE(EE, * 5-3%1H 1% LunarSat #LIEZ
s B, B NGNSS. DROMILunarSatf] & g RR = K.

F 5-1 GNSSEEHIESHIER
Table 5-1 Orbital information of GNSS constellation

Plane number Semi-major axis Orbital Period Eccentricity Inclination Node PRN

1 120°  1-8
2 27900.0 km 12.88 h 0.000001 55° 240°  9-16
3 0° 1724

#< 5-2 DRO-a. DRO-b 71 DRO-c OB BEAREHE (B£4I: km 3K km/s)
Table 5-2 Initial position of DRO satellites (unit: km)

DRO X Y V4 Vx Vy Vz

DRO-a 11968.579 22716.164  8696.653  0.4128244 -0.1440260 -0.1042148
DRO-b 15941.062 -20748.830 -10642.070 -0.3378426 -0.1935199 -0.0503999
DRO-c -28093.378 -2316.065  1811.909 -0.0238263 0.4024777 0.1777717

%% 5-3 LunarSatZEHESHER

Table 5-3 Orbital information of LunarSat constellation

Satellite  Semi-major axis Orbital Period Eccentricity Inclination Node PRN

LunarSat-a 0° 28
LunarSat-b 3474.8 km 5.0h 0.3 95° 120° 29
LunarSat-c 240° 30

(3) @B A 24 i GNSS PR 1 ISL, HAREin & 5-4afi
7~ BDS B ISL & (KHLL G12 TE KD . &5 GNSS A 5 HF#HEE
TR AR AR T2, DA SRRV P B AT A A7 AL R B % . 4T DRO 2
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(a) (b) (c)

53 FEIZEMRB[EZTBHRLRETHIHIER. (@B GNSSEEEAM=TEN S
#1E5R; (b)IDRO-a, DRO-bFIDRO-cHISF1EM; (c)LunarSat-a,
LunarSat-bf1LunarSat-cH) 9 %155 ;
Figure 5-3 Distribution of different satellites/spacecraft relative to their respective central
bodies. (a) Distribution of GNSS satellites within near-Earth space; (b) Distribution of
DRO-a, DRO-b, and DRO-c; (¢) Distribution of LunarSat-a, LunarSat-b, and
LunarSat-c.

i) A1 LunarSat 22 [a] 0 5 J5 fiii K 28 457 ISL, W&l 5-5~. % EF] DRO fi K #%
55 LunarSat g0 H EK, il /2 82 7 A2 (B30 A B B A 0 00 ) 8 ) I 2SR, DA AR
E=)Z R A RE R AT RE 2 FIEE S ISL, ACHIE: GNSS A5 DRO 2 [A] L)
J DRO 5 LunarSat 2 [f], @ H T2 T R &SR myEEpn, Binrg
SEBERE ORSCB BT A PR MR 8% R 2181 A [ HE R R AT, R R4 A
N 45degree, HRZMALHOE BEMIRAEFLESE. GNSS LA LunarSat
3t H ISL RETRRRA S5hORIEE PR ERET H—: 51 DROA
WE ISL K&k, HP—NMRESHEREMREWAERET W—8, H—"1N
S5 ARE AR BN ERETT AR, WA 5-4bf1E 5-4cfin. fFEHERT,
GNSS T2 Z [H ) ISL MR H— R [AEE, RFERN 300sec, MEHFF
JEWEN 1em; GNSS TA 5 DRO 2 [A] 1) ISL WL 2R AL XA FE A [alilEE (-
AT WD )] B A Ssec), RAEF A 300sec, MEMEREN Im; DRO Z
[B) FR) TSI UL 2 70 Sy X PR 2 PRI EE. (b A7 O 1] (] B A Osec ), SKREZR Ny
300sec, WIFEAEE W EN 3cm; DRO 5 LunarSat 22 [A] ) ISL WIS 7 R XA
BRPEE CE AT [a] TR 55 S5sec), KFEZEKN 300sec, MEFSEEREN
10cm; LunarSat Z [A] 1] ISL A28 A A 0 s B2 (Al EE - C bR A7 00 s (] &)
B~ Osec), SKFEFEA 300sec, MEAEEREN 3cm.
(4) iEBMRE: 07T R RS HON R B IR 5-4F7R.

513 BEEHEE

() MKEHESRNE: ZERHETE GNSS @ FikKH 1 ~ 3 K
JEL, ASCK e BUuRKY B4R, VAN Z I NEE, s LA AR., BT
A URAT B A H )2 1R 7T GNSS-DRO-LunarSatZ AR 5 [ 3 & B GNSS 2
A A e % Rk 25 R, A A DROML K #% Al LunarSat ) F £ @ $LERE, A SCHRE
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5-4 GNSS-DRO-LunarSatZE [B)# K ~EE. (a)98GNSSTEZ BHEEAR;
(b)3GNSSTLE SDROZ [B]HIEH# I ; (¢)ADROSLunarSatZ [BHIEH#F R ;
Figure 5-4 Diagram of GNSS-DRO-LunarSat ISL. (a) ISL of GNSS satellites; (b) ISL
between GNSS satellites and DRO; (c¢) ISL between DRO and LunarSat.

D
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P ~
N
,’ PARN S
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’, // N ‘\ Plane A Plane B Plane C Plane A
/ AN 1 ! ! 1 !
: ,I \\ 1 H H H |
_ ; 1 1 1
DRO-c| , *y ! DRO-b ! { / !
D‘q( % - ‘Dﬂ“‘“—%ﬁz\: Mif’ﬁ% o
\\ """"" / LunarSat-a "' LunarSat-b | LunarSat-c { LunarSat-a !
’ i 1 ! 1
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(a) (b)

5-5 DROSLunarSatf) £ 85/ ~EE . (a) ADROMKFZZ EIHIETEFN;
(b)ALunarSatx [B]RIZ TN
Figure 5-5 Diagram of DROs and LunarSats ISL. (a) ISL of DROs; (b) ISL of LunarSats.
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*5-4 WNEHEFHSHIRE

Table 5-4 Settings in observation simulation

=] HA & f#HiR

sk B S EOP IERS Bulletin A

HIRBHZH DE440

a7t GNSS: EIGEN_GL04C (80x80)!!!l; DRO & LunarSat:
GRGMO900C (150x150) 120!

N&3| 7y DE440 81

b 35 [ A IERS2010[77

1) FES2004 31, 50x50

A IERS2010[77

ISR I IERS2010!")

KEHAE GNSS: ECOM5#i%; DRO & LunarSat: Cannon-ballf
#1

2Ly 1BE Y AN ) [ R ) ) 1E 5Z AR 52 T R 2

o35 KSGAH /3 4 1100]

oK GNSS & DRO: 60 sec; LunarSat: 30 sec

REHEA Y)W BN 45 degree

S e 75 GNSS-GNSS: 0.01 m; GNSS-DRO: 1.0m; DRO-DRO:

0.03m; DRO-LunarSat: 0.1m; LunarSat-LunarSat:
0.03m




55 M T IAISLATGNSS A i H I HEss i)

AFEPHRSHERE T =/ NER R, WRTR. B35 8 UEHGNSS
AISLEHT H E e, CUB/RE F 8P GNSSE i 1 B AR e v 5 =A%
FORAESE — N3RS E N 7 GNSS-DROZ 8] FISL, LA 58 i i3 s ITDRO
RAFRE N HIGNSS 2 BE AR e, FFXT LA RTS8 = AN 2 7E
B A FEIEAE B NLunarSat, 2 H 52 IN5RDROMT K 88 PLIE 7 A 1 24
W, DA DROMTAZS I B HURS FE

*55 (FERRE

Table 5-5 Simulation Scenario Setup

& iR

S {VGNSS P EMISLE 5 A ¥ 841

SD {YGNSS &£ . DROT EMGNSS-DROIISLS: 5 H ¥ S
SDL Fii GNSS-DRO-LunarSatf¥ISLZ: 5 A ¥ St

(2) HIEEPHNG: AR E I E YU RS L0 5K Wk 5-6

Dl

ARG B 8 E T I TR AL AN B T vk, BT TR AR 4 A
o EFNNFHRITH, AR ZA R RIE 5wz, WE O RIEIERR
T 51 18 BN T I IAE 7 FCR AR 2, R AT 2 B iR A 7 DE431 DAL
HERFIRIR Z . AESEET 5, FrE TEMUR B T AT HIME T e g
%, GNSS PR ECOM-5 KPHYGEBR 2402 5 24 /M fkvH—41, DRO #
LunarSat {1065 REN R A 4 RAGTH—4. BE— @ BoRBsL, HAbsE—4ai
SR AT E AR/ RS PUEYIES R A T E— B e g f. £—E
SIVBL O BE WIE F RS S o @ I A A B AR FE BN LR 25 3. J8%, GNSS
IR IR ZE N K E KL, T GNSS PERMAA B HiR%E N 50m, HEEH
w724 0.05m/s; DRO i RESHIEHFEEIEE N L2 EKEL, BRI
BHiIRZEN 5000m, HEHIRZN 5m/s; LunarSat fF 2 H EREGT, 18 U
BENAKRE R LA KES, B InrIA B iR 2 8200 m, 3 % ZE80.2 m/s,
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%% 5-6 GNSS-DRO-LunarSati5 2 E#ER S M E KA

Table 5-6 models and the parameter estimation strategy in POD for GNSS-DRO-LunarSat

constellation
e R & fEid
WMME R R
TDEREES EE 3
R R XL Ak 3 HRYE3 o J5 U 5B
SRSk /N TRt AL FE
N HFRE
HER A S5 EOP IERS Bulletin A
HERA S DE421

31 1R

GNSS: EIGEN_GLO04C (50x50)'"l; DRO & LunarSat:
GRGM900C (120x120)120

NG ) DE431 57

iy R ] A ] IERS2010!77

piaat] FES2004 31, 10x10

e IERS2010[77

I hop7a IERS2010177

KA E GNSS: ECOM-5#:%4: DRO & LunarSat: Cannon-ballf&
it

2y 1bE e DRO & LunarSat: {7 J& 1] [a) A1y 8] ) 1E 5% A1 42 5% T01

o 4% KSGHA )5 1106)

Bk GNSS & LunarSat: 30 sec; DRO: 60 sec

ST

HIESH VR4 i oo B A

YNLEPINEE GNSS: f24/MiffliH12HECOM-55%; DRO & Lu-
narSat: FF4RAL 14

2556 053 JEF DRO & LunarSat: 4 KAkt 140

SHKWAR

HIESH GNSS: frEir#EZ: 9E + 9m, HEIRHEZE: 9E +
9m/s; DRO & LunarSat: {7 EirifEZ%: S5E +3m, i
FERRAEZ: S5m/s

YNUEPINEEid GNSS: #JUHfH: Onm/s*, F5ifEZ: 1nm/s*; DRO &
LunarSat: #JiGMH: 1, briEZE: 10

LI I WIUEME: Om/s?; AaEZE: 1E—Tm/s?
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52 JUMAE#ES

A FH A SLIREN1942575 56 WL 4, Horp PR GNSS 12 #i i A 22 v 1
HIHEF, DL GNSS-GNSS I ISL #idfi i %, 2915 S50 dE 2 185.40 %o;  [RIFFEE AT
21, DRO-DRO # LunarSat-LunarSat [1J ISL (4f 5 L tHAR X = (£910.00 %) .
H R H3576284%% GNSS-DRO 1) ISL #i#w, o5 25 194.60 %, EH25367%
DRO-LunarSat [ ISL $0#, & /S8EHE1.30%. 40K 5-7,

%< 5-7 GNSS-DRO-LunarSatZ&AISLILUME L
Table 5-7 Overview of GNSS-DRO-LunarSat constellation ISL observations

RIS PUNIE £ 0eE S Bt

GNSS-GNSS 1658928 1.0cm 85.40 %
GNSS-DRO 76284 100.0cm 3.93%
DRO-DRO 95432 3.0cm 4.91 %
DRO-LunarSat 25367 10.0cm 1.30 %
LunarSat-LunarSat 86564 3.0cm 4.46 %
it 1942575 — 100 %

53 TEHERDHH

AT N EFTR ZE . GNSS 2 BB AR g 7 i f . DRO B ¥ B 32 1 A
LunarSat & HURE BEVUAN /1 B e L as ST 0t o

531 EMXRES

* 5-84t1t 1 % FISLMIMGRZE . MK 5-8nl 41, 7E%3%5 ~, GNSST
A 2 [8]. DROJLA #% 2 8] FlLunarSat.2 [8] (IISLAL I 7% ZZRMS 5 415 31+ % B 1 W
DN P AT, HGBCRIE WA, 1508 9 DA 5 2 2 430 2 TR] RO AR R A7 B DG R
BONFEE . B )Z Z 2 18] E iGNSS-DROAIDRO-LunarSat ] ¥ il 7% ZZ RMSH Et
ERER KRN ZESS, HIEBAEERE R RERIWE, X—HHS
X E B A 2 A5 2 R S OB b 0%, T, 5 TP EM
R LT 8 NG FEA R

WRIE S sk 2SO, SRS, KRENNTEREAHE, KkE
RMS 5 TR W8I e 75 1555

5.3.2 GNSSZE EEERLER HHIFIZIR 71

MIMMEIRZ G 7R, GNSSTLE Z [ IISLAE A Kz b iR ZRMS £
FAUCNZKYL, R E TP N GNSS LR Z A AR A7 B R viEmfflivh. H
RITENSE R G APE (PUERME BATHE, BRI S0 7R THE
e RZESR . B 5-6fom T =MAE Bt T A GNSS L 11 14 58 Bk i
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*5-8 BIRTEEEBRAMKRES LS

Table 5-8 Statistical summary of ISL observation residuals in different scenarios

Link Type Scenario Avg RMS (cm) Avg Mean (cm) Total Obs

S 1.273 -0.009 1,631,148
GNSS-GNSS SD 1.278 -0.009 1,644,988

SDL 1.305 -0.047 1,644,997

SD 125.590 2.859 61,127
GNSS-DRO

SDL 160.371 16.511 76,009

SD 3.942 0.340 94,374
DRO-DRO

SDL 3.156 -0.033 94,940
DRO-LunarSat SDL 42.263 2.764 24,791
LunarSat-LunarSat SDL 3.113 0.007 83,372

ATLLE R, 7R F GNSS-GNSSISLIE I £ 4 24T e #Lit, GNSS T2 4t
SEPFEEY) 120m; A JIDROMI R %42 5 @85, GNSS EAEREHMASEHRIA 2
2 30m, IRFBEEIR 75 %; A AR FE T H % T A2 LunarSat%
L8, GNSS TR I8P BRI 2 P38 2) 6 m, FHLLLA INDROMT K #%
% 5 @R THIRE A 80 %, FHEL{NGNSS 2S5 @R THE A 95%. X i
B, Wi H 2 R4 2 5GNSS B 8B M, wtH kA5 & H/N T 5 % %L
P, A KIEEHETHGNSS L2 I HU & .

RiE— oM, ASCIREL T G02. GI2RIG22=GNSS P EME N M %t %,
X TE A I 40 8 RS FE IR AT 70 Ar, DAAR G HL H 23 (ALK 48 ATGNSS & i 5 3 7
Ff BRI RS . B 5-7TR T IX =F DEEPUEANR R T &I yuE iRz, [
i 5-9X% %R ZE AT T gt IR 5-7A% 5-9, FGNSSTEEEARFET =T
HIER PRSI T 2cm, HAR S M BR E 2 RO ZKRE R 2K,
T EFUIE V) 1) RN [ A P WA X 3 22« 7R GNSS TR 2 (R R BERT, B 1) 1a) Al
ERRZEBIRT 80m, #HENnth A EfT RS 588, Wl KiE$EFGNSS 2
JAE R D) (R AVIE Y R BB RS B, WISDg s N, BB V) e A2k ARG AT AR T
30m, HABIEY) AR EIR TS 68 %, HUEEERFEERTTE D 71%; SDLY
SN, PUBETImANERRE R PR A 2T 10m, NIAHLESDY 5, PiEl)
A FERR T /0 71 %, BUIEVEIFEFERR 2D 76 %o IXFRE, ANBTETHI 5
N, FETISLI A FAseAEm S PusE R AT A5 0h, X558 25 pg B
e T 45 FAHAT

GiEE 2;9’]@ LHER, ASORK MEUERRER) A E G022, G12H1G22 =
WTREMEYPREE, B 5-8R TIX = LEMPUEM M. FE 8 IRE L IEH
RAEFE R A RRED & NRE, R 5-100%N%iR2ZH#HT T
Giit. RIEE 5-8M13% 5-10, #FIUGNSSTEZ #7828, s RPHBl T
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Figure 5-6 GNSS satellite orbit determination accuracy in different scenarios.

I Scenario S [ Scenario SD I Scenario SDL

122.49

122.46

122.49

122.53

122.49

122.46

122.49

122.53

123.70

123.71

123.74

123.74

123.70

123.71

123.75

123.74

120.22

120.20

120.19

120.21

120.22

120.20

120.19

120.21

3D-RMS (m)

5-6 GNSSDEAMNEAR THENHEE

150

107



b = T 2 ) B 3 R U At E T T

0.10 200 300
e S l B _ -
0.05 s SD 100 4 e - 150
E o SDL E [ s I R £
% 0.00 B ofmmre m T e 2 o
o~ o - - T - o
3 3 - -
-0.05 -1001 ¢ SD -150
‘ r s SDL
-0.10 ‘ ‘ i i ; -200 ‘ ‘ | i ! -300
150 175 200 225 250 275 300 150 175 200 225 250 275 300 150
DOY DOY
(a) (b)
0.10 200 1 = 300
e S
+ SD I R N
. 005 g 004 == =77 = g 0
—~ + SDL —~ ) —— T - T == ~
% 0.00 %ﬂw% = Y = T 3 0
] g s S T o]
© _0.05 —100f « sD © _150
s SDL
-0.10 | ‘ ‘ ‘ ; 200 ] ‘ ‘ ‘ ‘ -300
150 175 200 225 250 275 300 150 175 200 225 250 275 300 150
DOY DOY
(d) (e)
0.10 200 - 300
e S -
0.05{ ¢ SD 100 - —a = 150
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B 57 G02. GR2MGRENEHR THEIIEE. (a)~(0)NGO2HEHIEE;
(A~OACL2HEIEE; (2)~()AGL2HEMREE
Figure 5-7 Orbit determination accuracy in different scenarios for G02, G12, and G22.
(a)~(c) are accuracies of G02; (d)~(f) are accuracies of G12; (g)~(i) are accuracies of
G22.

R*59 G02. GR2AIGREREAR THENEE ST
Table 5-9 Statistical of Orbit determination accuracy in different scenarios for G02, G12,
and G22.

PRN Scenario R-RMS (m) T-RMS (m) N-RMS (m)

S 0.011 86.961 86.223
G02 SD 0.011 21.671 21.600
SDL 0.011 5.049 3.305
S 0.003 90.371 84.524
G12 SD 0.003 29.034 16.708
SDL 0.004 3.729 4.090
S 0.007 80.312 89.427
G22 SD 0.007 9.790 25.525
SDL 0.007 2.863 4.424
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Figure 5-8 The orbital elements estimation error(for only inclination angle, right ascension
of ascending node, and the sum of the argument of perigee and mean anomaly) of G02,
G12, and G22. (a)~(c) are accuracies of G02; (d)~(f) are accuracies of G12; (g)~(i) are
accuracies of G22.

Wt — P Hh, ARSCRI, AL i AR 2R TR S5 DROMUR 4
HE, GNSSE &I PUIE S HUS T Bk v] DLk — D4, M4 Kl 5-8F13% 5-10,
7ESDLIZ 5, GNSS T A HUIE M/ MRMS AL T 0.05 arcsec, AHHLSDIZHokE &
T2 =R 85%; Tl AT M FE+F T A A FIRMSARL T 0.05 arcsec, #HESDY
%‘ifgi‘%ﬂ‘ﬁﬁTiﬁ 87 %; FHAZ L ARELIRMS LT 0.04 arcsec, #HELSDz 5

FERER T 2 5 Al iE 86 %, AHLLINGNSS T 2 R a8E, KR T2/ 96 %.

%% [& F|LunarSat % A BE @ IS ISL S5 GNSS PR % H;, 4545 23 A1 43

4518, W15 H B2 LunarSat /5 7 DROFIE G E, M AGNSS AR T
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& 5-10 G02. GI2RMGRL2EARREHR THHEBERSHIEE ST
Table 5-10 Statistical of the orbital elements estimation error(for only inclination angle,
right ascension of ascending node, and the sum of the argument of perigee and mean
anomaly) of G02, G12, and G22.

PRN Scenario Inc (arcsec) Node (arcsec) perigee+M (arcsec)

S 0.161 1.083 0.252
G02 SD 0.176 0.172 0.248
SDL 0.028 0.024 0.049
S 0.133 1.067 0.276
G12 SD 0.147 0.116 0.275
SDL 0.040 0.019 0.035
S 0.244 1.102 0.118
G22 SD 0.236 0.152 0.156
SDL 0.035 0.037 0.042

EAER R T R S], BEFORIEE SRS T GNSS T2 e U
5.3.3 DRO#EREERHADT

Kl 5-9f /R T % DRO i K #4E SD #1 SDL 5t FHIE SN E, £ 5-1100%}
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MR EPNREENAKREL, MBS ARy, BHiREFE
S ATERE LA, BB AR R R D] RS BE 35 4 K 2 oK

SD 5t I, DRO fii K& UG R 2, 1Bl 2 a2y 5 4 2
W R I F T8 —J7H, SZRT 2 U8, 3 DL P i a7 B
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Figure 5-9 Orbit determination accuracy in different scenarios for DROs. (a)~(c) are
accuracies of DRO-a; (d)~(f) are accuracies of DRO-b; (g)~(i) are accuracies of DRO-c.

= 5-11 ZEDROERIGETHENBEE ST

Table 5-11 Statistical of Orbit determination accuracy in different scenarios for DROs.

PRN Scenario R-RMS (m) T-RMS (m) N-RMS (m)

SD 0.806 0.882 532.936
DRO-a

SDL 0.128 0.292 46.233

SD 0.690 0.979 512.197
DRO-b

SDL 0.101 0.320 49.320

SD 0.753 1.108 580.879
DRO-c

SDL 0.079 0.287 50.629
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Figure 5-10 Orbit determination accuracy for LunarSats. (a)~(c) are accuracies of
LunarSat-a; (d)~(f) are accuracies of LunarSat-b; (g)~(i) are accuracies of LunarSat-c.

% 5-12 ZLunarSatfEHEES T

Table 5-12 Statistical of Orbit determination accuracy for LunarSats.

PRN Scenario R-RMS (m) T-RMS (m) N-RMS (m)
LunarSat-a SDL 0.023 6.093 4.299
LunarSat-b SDL 0.028 6.446 4.049
LunarSat-c  SDL 0.026 4.829 5.167

Ul 5-10f15% 5-12F7~, fE SDL ¥%35¢ F, =4l LunarSat 1) & PG 2RI H
R — M 15355 T LunarSat 2 [A) (1) JBE K ZORE B ISL ,  HAPUEAR R B e
RMS %] 2 ~3cm. A1, FEREHNZIHEINES, £HTUIR (RMS 2
5~6m) FfliEFE (RMS 24 ~5m), fEEAiocd, T A N J5 A FIBER R Z ]
B JUREZR 2K,
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NITRES T, AR THTSCH GNSS PEPUERZEM 7%, 4 Lu-
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Table 5-13 Statistical of the orbital elements estimation error(for only inclination angle,
right ascension of ascending node, argument of perigee, and mean anomaly) of

LunarSats.
PRN Inc (arcsec) Node (arcsec) Perigee (arcsec) M (arcsec)
LunarSat-a 0.306 0.061 0.363 0.001
LunarSat-b 0.268 0.115 0.353 0.001
LunarSat-c 0.356 0.117 0.262 0.001
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oS #E (Perigee) 1) RMS R AR E, KT 0.25 arcsec.
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< T EEEX I

LunarSat

5-11 DRO-LunarSatiZ{& =&
Figure 5-11 Diagram of DRO-LunarSat ISL.
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Figure 5-12 The orbit determination accuracy of LunarSats varies with the Z-axis
coordinate.(a)~(c) are accuracies of LunarSat-a; (d)~(f) are accuracies of LunarSat-b;

(g)~(i) are accuracies of LunarSat-c.

£i BT, LunarSat FrRILH V) A Sk R BCKG0R 2, JFARE T3 /5%

115



b = T 2 ) B 3 R U At E T T

M T R ERBEAH A 2 SRR 122 (WL LT, 3 Bk B R E G
v node 5 w) WIS, BIfEHLL, 15T LunarSat H 578 HERIEXFRG] 7145
a5 7152298, 2L 3D-RMS {5BERGETE 6 ~ Tm /KF, 3] GNSS 2 )8
B AR T e St 1 R S ) = T i [T 1 P

5.3.5 GNSS-DRO-LunarSatZ2[BB X ESHEEa 0

W RIS B4, AT % GNSS - DRO - LunarSat 3Xfft “P5 X1, 544,
ZE%” R HESMASMIBITIGE TR RIT 78R 0.

B, SINERAE T s A R R ] E 3 T GNSS B IR e 31
Wio A ELERFUE, AUEEUTHLZS (A1) GNSS 2 181 5E B 0t o T 22 s R 4
(IR o T 23 (A 4481 (¥) DRO 5 LunarSat, 4 G H 4815 5 A 5k 5|
19455, B GNSS FERIZ4X @ HUE T KLY (S5 ##ARMT
10m (SDL 350, LI T Sk BRI R 4aX) 2 1l

HR, FIMEGE ) 5] N AT A RN R R B . DRO EARREE A
GNSS A Ji 4 2% [ 4 [ /F A, (2 THPUERE AiEW, £1CH GNSS 5
DRO M SD 75 ~, H GG L E LR sgar i m @, EirEmT
500m. A&#L LunarSat IO, JEikESELIE AL LA DRO $e 4t 1 5 5% 1)
VRIMZIH; RIS, 250 LunarSat 7EAN [FJHUIE X3 A T 58 20 50 00 I RAE AR
FEML 71, f£DRO FOWI SO L EEF T H 7w, AWK DRO 113
WZEEAE T 90% A b, dE—DRRLE 1 H 25 (A SRR

B, U2 s mm i A a3 2 | £ S ERe M EE R R TR,
B {5 FH 7 3 50 LunarSat J 8% [ 1) = 4E 2 3R 1, X R A) 4 B R 45 (R0
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Figure 6-1 LEO-DRO-LunarSat constellation diagram.
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a = (6-13)
c/|Ax|, |Ax|=>c
Hrp, c WA FE, RIBLKEFIUEN 1.5 ~ 2.004, Ax Rt 56K HE
ZINA—WAE, HINEEMERE pos, = [X,Y, Z]" i, HEREAN:

| Apos;Apos;
= \ir(eovetpos) o
Hrh, Aposy KWt R BN E 5B BRI ZR: covi(pos) XanWIah
AL B I T Z5EFE s tr(covy (pos)) ARERIZFE PRI .

23 (6-12) IR RRAISUG, HS B AT IFEA Ze ~ N(Zi +
2N 03), HBEMTHE T R RR .

Ni2i = Wy (6-15)
ZARW A SR
Rton . Mo Basnic | _ | Wi (6-16)
Nk,cov Nk,”dyn Zydyn,k Wi ndyn

6.2.2.2 BIEIEH

AT SHTILEL &+ 1, ATSRAES (3-99) MBI R AT A8 S A7
T TR IR B M Zin = 2L, 0 2L ] - W,

BBIBIER Lt ayn FPRSTHRITREATHRHE 20 (3-102) B o4:
ik+1,dyn = T(k + 1’ k)ik,dyn tw, w~ N(O’ Qw) (6'17)

He, o BRIEES; Q, N o M EMEE. 5% Ge ZU42 ik, Ik
3 (6-17) A BRII T FE, 530 (6-16) BB M4 =Rk e

1Qk,dyn + TTQ;\;“P _‘I’TQ;\} 1Qk,cov 2k,dyn Wk,dyn
-Q,'¥ Q' 0 Zii1,dyn 0 (6-18)
Nl,cov 0 1Qk,ndyn ik+1,ndyn {)\Vk,ndyn
FET a8k, ARSCR Ry
Nl] NlZ N13 2k,dyn Wk,dyn
Noit N 0 || Zisi,ayn | = 0 (6-19)
N3i 0 N33 |Zisindayn Wi ndyn
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KR ES Zierayn M Zietnayn BRI, T Ziayn WA A AT 25 AL 48]
S8, KMYE Ge U ITTE, WE Liayn S5, RIS R HTINEAS 52 50
SeUiE T

No, - N21N1_11N12 —Nleflle

_ P
zk+1,dyn‘ _ [ —N21N11Wk,dyn ]

—N31N1_11N12 N3 - N31N1_11N13 Zii1,ndyn Wi, ndyn — N31N1_11{’\Vk,dyn
(6-20)
6.2.2.3 EEIBHIIEL
WML k= 0N, BUE RSN 2y = (20, 21, | R
2 = |5, 27, ] WELFXR.
Zo+io=Zo+e, &, ~N(0,Dy) (6-21)

Hrh, Zo BRVIIGHIEREME; e, B G Zo HIRKRERER; Dy N Z) KI5
fw}ﬁﬁﬁﬁﬁio M UG S 6L TR ] 5N

D;'2,=0 (6-22)

Je B2 1) Pt A 0 SRR R I T BT 22 ) T e S i U R AT

6.3 TEINCRTEHN KA

T B HE N B DB SE, AR SCAERTIA SODA BT At -, ¥R
Y SER T ReE . B ATZ I RS [FIN SCRE LEO 1A 1Y) 2 5 K 55 2 Bl
SRR % E L. H RTPOD TAERAZWE 6-2F17R .

E I: Import data & i II: Time Update III: Measurement Update

' Preprocess i

E ‘ GNSS Obe. ‘ . ‘ Preprocessing NEQ | ‘ Set adaptiv«z coefficient

i l !

i ‘ BRDC/SP3/CLK ‘ | ‘ Orbital integral | ‘ Stack NEQ e}ioch by epoch ‘
i ‘ EQOP par. ‘ . : ‘ Solve NEQ ‘
E | ‘ Update for NEQ |

i ‘ Historic NEQ ‘ i l

' | Elimination of

i ‘ Other data ‘ | inactive par.

& 6-2 SODAKKHHIRTPODALIERIZE (HA o, FREE 1 RIER P VUER B FIR
#= UWE)
Figure 6-2 The POD procedure of SODA, where o; denotes the Unit Weight Error (UWE) of

observations in ™ iteration.

W 6-207~, ZRTPODAE S &S MIBLSQIEML. [AIN, HhF-ASCAESL
ReEE R LT P SO AERE S A T BRI CRULT Zhao S5 (1077
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%), PRUERUR S PUN 7 25 8 THRIEIR . S0k, AT E L RE s
AT ANEShE HHIBLSQ, ARER 17—l bRk i b B S0

N THER EHRRCR 5B FhoRa € V2 e S iR lT, A ORI B
FEN: A 30 min (95 SERLI AR & CEAT B, IR ACVF Smin (R STTHRE
Bo Rk, WERPUIE 5 EL S min (8] A IITEIR S KA. T BEWBIE, XL
SR E ATRAE A [F 1 2 BT LR RE S FARAE 55 # oR AT R

K 6-3 B fE 71 1 12 SIS AL B SR o (RSB IR 5 SIBE EE  Fo

TO T1 T2 T3 T4 T5 T6 T7
Hl Prediction Arc
Arc 11 - T3 User Arc
- ——
e ——
- —

& 6-3 SEEHLIERPEYITEIEIR SR BT

Figure 6-3 The calculation delay and arc updating of real-time processing.

i JE SR IR PR A S, FERRES G e PUER S e GRS TR B E Uit G
JITCN to, EMEERTTTC N 1., H 1, = 1o+ 30min), ST & i & g
1T B E L

o EHINBL (Pod Arc, EIFREMAERS): H T 487 AN PUER w, i
B XA A [to, te] o

o THHINBL (Prediction Arc, &Ry : SEMERE, HEITI%B0
A2 ) SEBE TR VTE ST 41 . R e s SR o Faa e 5, BIIX AN (1,1, +
Torea] (A Treq TR

o AP ilB (User Arc, EIHHEEHERS ) kR B S5 80 T Kl
FEM) Smin ZEIR )5, SEPRPEHEZS F P B A SR . ARG HKE R T
A 20 min, S NI TE] X A (£, + 5 min, £, + 25 min] .

HUERT L, EPIRB R % (2,0 5 IRBGRIER %] (¢, + Smin) 2 [H
A 22, BARER T RAEMTHE LR,

6.4 LEOSERIEMIBE D
6.4.1 JUMEHE. HE 5 EH RS

AFi %L T Sentinel-6 Michael Freilich (S6MF). Sentinel-3B (SE3B) £l Swarm-
A (SWMA) =i T & %-48/INF 1) 2 % GPS Wl B8 S AR ADL STy fb FR 7 B o 3% =15
TEIBITE=AIMA I HUIE 5 F——1336 km. 814.5 km Fl 462 km, X{H{5AC
BEWE S — A EE SRS T, AT PEAL A [F PUIE M X RTPOD A HUiE i M4 BE I
SN X e TR 1 BARME BE WK 6-1.
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#* 6-1 LEOLERHEHGPSYNERELRER
Table 6-1 Information of LEO satellites and their onboard GPS observations.

S6MF SE3B SWMA
L7IRER g 1336 km 814.5 km 462 km
BT A 66 deg 98.65 deg 87.35 deg
R4 H 20204E11H21H 201844 H25H 20134E11H22H

WE54 C1C/C2L/L1C/L2L CIW/C2W/L1C/L2W
XL B 202199 H 1HZ20214F9H3H

N TR ESE R, TEE A RIS T R E S (CODE) 2t
I & K59 GNSS 7= A #& & 5 (BRDC) . XfT S6MF 1 SE3B L&, K
CNES &Mt FI#F 4 POE-F (Precise Orbit Ephemeris-F) #5155 K ZHIEE N
S FWEBATRE FE 1AL T SWMA TA, WME MR R (ESA) HR4LK)
RDPOD 7= i/ N2 5 FE

ZIRTE B ERE, @ EEN IR E R AT E . AR
K H 7 90x908T FEIGEN_GLOACHWBR = Jy gy, FH I8 | A ER# . i
WY (20x208) LA R ER A . KB EAT RS BH 21 I H SR T ESATR L[
fiii K48 Macro-box £ 78 LUK i it i TR R 0 L S8R . & )E, fEPuE )
I RO 1) 9 3 50N A VL TE 52/ R 2 TR 2 0 I B 2 8, DIAME AN
WA BN R 2 . T AU S EAG A R4l oo, Kikred
AR RA T KSG £ 281100, X R T TR AR . £S5
T SRS, BRSO B AT — IR ERL, BN INBAURI FH s 253053 1 00 i £ i -
FERSERE, BRI AN 205 Bh B TR PUE (L P . A SCE BT
K I VEAN BN 1 B T SRR SRS Q3R 6-2FT7

N T RAEEVEM R FIERE, A5 TR O W 6-4 B RN SR AT
&k, FIAH SWMA TA 24 /N (A % GNSS Bl T 7 iHSRERT . 4554
BoR, B EHUNB S KU FRER N 70.49 s (AL EEIE TN D . & 9RE
X N ZE IR IR 0 4 B 6-5 7~ o DA &h JRE 3R W Z SRk i S P R, 7R 5 4
(PSGIE Hof 32 LR A2 T POD SRR FNEILIE TR 280K P2 o0 A, AN — 03k
THEAER.
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*® 62 AXCRANEHNFRE S SRR

Table 6-2 Models and the parameter estimation strategy.

=] A & ik

MR

GNSSHLIE 580 % I~ # R )i | CODER 24 % 77 b

GNSS TLE RKAHL H L Igs14.atx

FHUAE 25 7 BTG L8 2 A

RFER 30s

FSHL R ZAR AL L X EPCO CRATH L rsE)

LEO T B #4% WPV SIEA0

B AR T R LA 7 Y g 1BIE

R 22 5 B3 SR s 3o HEN

TE AL REL sin®(z), z JNGNSS T ) £

SR Tk H 3 R BT I8

B IFIER

Bk B iS4 EOP IERS Bulletin A

IR = 3 EIGEN_GLO04C (90x90)!""l; Nf£3| 7j: DE4211112]

] 4 ] IERS2010!77

piaat] FES2004 31, 20x208

e IERS2010(77

T~ SR 20RE IERS2010177

KEHAE Macro-box & #4 [100]

KA NRLMSIS-00!!14

ZR00 I AAED) A ) 2 B R B0 (Ca, Co) 5 — A AT
(Sa, Sc)

o2 KSGZ A4y #5 1100]

Mo Pk 15s

FESH

HuESH BEANIRBAI A ) 70 (A7 R &

By 2= TAN DI TCHLAR T (M)

B 240 fETFIFH AR G AR

NGEPIAEE 1A

KA &5 14

258 N R BB ALTH14H

SICER B 37 T 5 min

I 30 min

PP TR A i 20 min
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6-4 BARNMKTFEREER (BHFEES: SOC: ZYNQ7045; CPU: ARM Cortex-A9;
F55: 800 MHz; A 7F: 1GB)
Figure 6-4 Embedded platform (Platform info: SOC: ZYNQ7045; CPU: ARM Cortex-A9;
Main frequency: 800 MHz; DDR: 1GB).

80

Time cost (sec)
S
o

o
oA

5 10 15 20 25
Epoch time(hour)
6-5 WARMIRXTEE EENEMINER A EFERTE

Figure 6-5 The time cost of each pod arc on embedded platform for testing.

6.42 TEHMERSHT
6.42.1 ETHEZBERNENEE T

AN R SO UL A o AT R VRN, B S e S RS S E
TEHEAT XS EEA T

K| 6-6J£ 7~ T S6MF. SE3BFISWMA =i T2 755 i Je i ] W T2 5 L& Ar
BREEWEF (PDOP). HT HATAKN D GNSS RGN FHFNME S
Bk, DA SCH SGMF 38 7 LIC/L2L (55 . XA EEREL L2L (55
ff) GPS Block IIR T2 #5I1%:, S5 S6MF H ¥ m W2 E (6.3F/HK) i
f%T SE3B (7.58/7i70) A1 SWMA (7.5455/75) « oAk, (IR BB [a] 7,
SE3B R I & LK PDOP, “F¥JME N 4.831; 1 SWMA Al S6GMF [¢)°F-}3 PDOP
SN 5.509 Al 5.455.
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S6MF . SE3B . SWMA

wn 12
§ L] ... ® o0 C: LN J ﬂ. L]
G * an e
o‘ 6 0@ o o0 ®e o o LR J L] L] ® 9O G ¢ Wmoee o
=
2 Mean=6.333 Mean=7.504 Mean=7.543

0 T T T

50

A, Average=5.455 Average=4.831
o
x 25
~

0 T f :

0 25 50 0 25 50

Time(h)

& 6-6 S6MF. SE3BFISWMA % [ 7t 89 7] Il T2 2 ¥ K PDOPRT[8] 751
Figure 6-6 The number of satellites and PDOP of S6MF, SE3B and SWMA

FEX IR SE Rl 7B 556 AN IRBUNTE S & Lo Uk B e, WLE A 2=
G RINE 6-37n. W LUKEL, B R IF AR f In AL U5 HiR 1%
ZHT 5 mm. REEPIESE DR S o AT —x, HRERZERENE
HHIE 2 30 B N B BUIUE, (B0 7 IS WL 6 IE S AR BRI AT RO
&, ARG AR BOR R LA “ s b7 (RIRIAZ N & D AR (1
PUBBL. ZEICEIGENS, & 6-TRR SN E AR (R) DI (T) A
%A (N ESZEPIEMERFH. R 6-4X R EHAT T HIHLE. HE
VEHIHIE, Dyt il a5 WS S BOW S SR B WL iR, 3 i eh S50 Bk 1
T = /IN 8

% 6-3 S6MF. SE3BHISWMA T ZEEMFEHERMNRMSS T (£L: cm)
Table 6-3 Weighted-RMS of residuals for SOMF, SE3B and SWMA (unit: cm).

S6MF SE3B SWMA
IFfhEEHE  57.63 21.99  23.49
IFAEAIZHE 044 047 045

HE 6-7THIFR 6-47T 51, P PEBSCIL T EKRB I EPFRERE. H, S6MF
(RIHS FE f i, AR AN 3D-RMS 4314 2.14 cm Ml 4.36 cm. 1% L4535 T H
BRMEE EE (RERR T B MR I BRGR =X s ), BAR
FLAE R St GNSS H2UHLER AL T M v o = R UL 4 110, SE3B KBl ),
0 3D K5 EEr RN 2.55 cm F1 4.45 cme MHECZ TR, KRBT 2013 4 (BT
SO6MF t4E) HALF IR RHUE R E ) SWMA, HE YU FE ISR, 12 A1 3D
K&y 9049 3.02 cm AT 5.05 cm.
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—— S6MF — SE3B — SWMA

0.2
0.11
0.0 AN A
-0.1+
-0.2

R(m)

0.2
0.1
0.0
-0.1
-0.2

T(m)

0.2

0.1 1 1 1

0.0 WWWN TR e A AN Ay WFMWW

-0.1 1 7

-0.2
0

N(m)

25 50 0 25 50 0 25 50
Time(h)

6-7 S6MF. SE3BFISWMA T Z2ETCODERZ~mHENER (NERBENEHNNE
S hERSY) 58EHEARE (R). §IE (T) FEE (N) BNREFT
Figure 6-7 The orbital difference between the reference orbit and POD results based on
CODE final products (considering the updating parts only) in radial (R), along-track
(T) and cross-track (N) directions for SOMF, SE3B and SWMA.

% 6-4 S6MF. SE3BMSWMA T EHETCODERE~mNENIRESIT (NFEITBRNERH
W) (BfI: em)
Table 6-4 Statistics of the orbital difference between the reference orbit and POD results
based on CODE final products (considering the updating parts only) for SOMF, SE3B
and SWMA (unit: cm).

PR #AM® W@ R ©N) 3D-RMS
S6MF  -0.07+2.14 -1.4443.62 0.64+1.15  4.36
SE3B  -0.00£2.55 -0.33+3.34 0.19+1.47 445
SWMA 0.11+3.02 0.56£3.70 1.08+1.64  5.05

6.42.2 FFINERABHBETRIREE T

45 A S A L S B B, RS R M IR R SR R, R
PP ST BT HUE TR, FEK LT PBE (User Are, B X A [1,+5 min, £+
25 min]) 76 P (BN SO A % 4 PP o TR, A 0 P B
BRI KRG

S HE5E A W BUR . JE96A3 T 556 M AH P IREL 8NP I A
& 20 4V B I TP S0, 9 T 0L I ARORS F B 1] B, A
AG AT IR SRR TR 1] CRE B — SRR D AT I, I
HAT T 4IRS0, B 6 SUURIAE IR, R T S PR R, T, N Jy
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[7 PR BILIE TR R 22 BE IS TR) (R0 0 B o A T Dl e 3R 6-5IU EE RS 1 Tk AT 250
10 73 BHATES 20 70 IZX PE> S LIS 2 RS BE G i85

—— S6MF —— SE3B —— SWMA

0.70

0.354

000_ .................... |]22222222XXTXTXXXXXXXXX 4
. P T T T TSI SIS IR TS ST FFFTFTTTTITTTTTTITITITIIT

-0.351 R p LI

-0.70 .

R(m)

0.70

0.35 1 ] ] Y
] ] 1 1 1Ll | 111

8(3)(5) ‘ ] TTTTITITITITY| TV 11

-0.70 T . !

T(m)

0.70
0.35 1
0.00 te2se22z2222222222222 lasssnsnsssnssnsnnnse lassassssisssdibidiiitbss

00 1T SSSSSCSCCCCSSSSRR0R00 | oo oo uuueueeeeeses® AAAAAAAAAAS A ALt 44t
-0.35 1
-0.70

N(m)

0 7 14 21 0 7 14 21 0 7 14 21
Time in user arc (minute)

6-8 S6MF. SE3BFISWMATLZMRINE (FFH5561FAFINBEKIE) S5LTHEER
@ (R). ¥l (T) F&mE (N) HNIRE D PhRFELE

Figure 6-8 The minute-wise box-plot of orbital difference between the reference orbit and

orbital prediction (merged by 556 user arcs’ data) in radial (R), along-track (T) and
cross-track (N) directions for S6MF, SE3B and SWMA.

“i4 K 6-8F1FK 6-50 LR, AR EPR EMAFIESE (3)77%3%
5o Bysga, =T R TRCARORS S S POl BT 0 38 2 0 R AN [ R E 1)
. SR, FEEEANS 20 B I, =& I = 4E TR RMS $5RE LR
FFFE 20 cm LN .

SWMA T & YUk B Ak Bz AT T 32 KA H 7 5 7™ B ik h,  Hop
W P S Dk N R . (EF P RB 2R 10 208, H: 3D-RMS A 11.39 cm, %5
RMS HJREAEFFAE 10 cm . H TR 255 20 43%PH), H 3D-RMS ik % i
% 16.80 cm, FERAE WA J) R 2 BRI V)R], H RMS &3] 1 15.23
cm, FENHINHINEELE ML T 60 cm A WEAE i 2 .
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% 6-5 S6MF. SE3BFMSWMA T EMiiRHNEAEE105 #8207 $h BB 2 A0 IR E Gt
(ET556 A Rl RS )
Table 6-5 Statistics of the orbital difference between the reference orbit and orbital
prediction (merged by 556 user arcs’ data) at 10 and 20 minutes for SOMF, SE3B and
SWMA.

TR Jim W BEHRE CPHEEZ S RMS
10min -841cm -0.60+2.47cm 2.54 cm

R
20min -8.15cm  -0.80+2.33cm  2.47 cm
10 min -28.43cm -3.03£5.96cm  6.69 cm
S6MF T
20 min -32.66cm -4.27+7.65cm  8.88 cm
N 10 min  4.60 cm -0.00£1.60cm  1.60 cm
20min  -5.07cm  -043+1.90cm 1.95cm
R 10 min -14.11cm -0.84+3.75cm  3.84 cm
20 min -13.62cm -1.0943.99cm 4.13cm
10 min -34.32cm -2.54+7.72cm  8.12cm
SE3B T
20 min -49.51cm  -4.38+11.06 cm 11.90 cm
N 10 min  6.18 cm 0.05£2.15cm  2.15cm
20 min  -7.09 cm 0.03+2.54 cm 2.54 cm
R 10 min -22.81cm -0.194528 cm  5.29 cm
20 min -38.74cm -0.52+6.24cm  6.26 cm
10 min 38.07cm  0.1249.73 cm 9.74 cm
SWMA T
20min 6090cm -0.50+15.22cm 15.23 cm
N 10min 11.50cm  0.48+2.57 cm 2.61 cm

20min 13.06 cm  -0.16£3.32cm  3.32cm

FHELZ T, S6MF A s iy I W46 & s FE M B vy (B AR BISRIE SN /7%
B, DRIOR LTRGBS el o 2R 18 . TEEEANH PNEE N, S6MF 7E RTN —
AT RELERFL T 10 cm ) RMS 8. BRI PR 2 F P R BC 265 20 20k, 3
3D-RMS {7 9.42 cm,

SE3B [ #A5E S SOMF #H4. AT, T HPUE & ERK, SZHiEkET)
AR BA s sz ma BE N2 2, FEELPUE K HCEE R T SOMF. 7ETIHRk 22
10 Z0%hEf, HH#m RMS 5REIRFFLE 10 cm Y, 3D-RMS 4 9.23 cm; HE
20 S b, HAIR RMS B3 E 11.90 cm, 44 3D-RMS §7 K4 12.85 cm.

T B PN 1 PR BT e 20 BB T 90L& A s it b Ty FH P s )
R, A5 N T2 EH A MEERZ (Orbital User Range Error, OURE) %145
Fr, DAt — I8 E 2 MR 038 7E SE bR F AR S A kB . OURE fTHEA
AN/ (I

OOURE = \/WRO'I% +Wr N (0'% + 0'12\,) (6-23)
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Hr, ogy of Mo 73R UEALRRE . DIRALFE RS THRRZE (RMSE) .
wr A wr y ARG B R PUIE R O E BN A, A Y 13X =i 1
BN R I R BN 6-6HT71

% 6-6 S6MF. SE3BFISWMA L E/KIOURERF A ML &
Table 6-6 Projection factors for SOMF, SE3B and SWMA.

S6MF SE3B SWMA
wr  0.6045 0.5064 0.4170
wr,y 03160 0.3706 0.4122

Kl 6-9f& R | =l T RELESH P NEL N Y OURE B[] /7 41 . W 7, S6MF
I B/ NEFBOURE, 1N 4.69 cme X4 7 R IIAMV AR 25 T H AR ik
FEEE, EREAMREERE; B 6-23) 5, TR EAE, RrREN
OURE HITTRR G4 2% £ AL . 0T PUERKAK ) SE3B, ) ] AV [A] i 2 ) FH
PR BR R E S N, BT SE3B VIR B T B E MR A B, SEIH-PEY
OURE F}H £ 6.59 cm. SWMA [J°F-¥) OURE & Kk, N 8.86cm, XEEZKA
HBARMPUE S EES Ry T N AT RMREJ LT RSREERZ5 T OURE
. BRI E, X=FEEERMEL) R RS, H-FY) OURE f&br
B84 0T 10 em A SRS B S IR 55 1T T

—— S6MF ~—— SE3B  —— SWMA
0.50
0.25 Average=4.69 cm
0.00 -
0.50
g A =6.59
gj 0.25 verage=6.59 cm
=)
o
0.50
0.25 1 Average=8.86 cm
0.00 - !
0 300 600
ARC number

6-9 S6MF. SE3BFISWMAT 2 & H FilEHIOUREREIFFS, EHimEHERTER
F1JOURE
Figure 6-9 The OURE of each user arc for SOMF, SE3B and SWMA, and the number in the
figure represents the average OURE.
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6.4.23 BT #BERNENFEEITME

2 5 H FIBT MRS TS =F, LEO TR Joik st 3R B i £k &
FRE2 RI7= h, RAER I GNSS ) 3% 2 kAT seit e 8. ik, Hi
B VR Al RE R T, A SOAE F  Ab 38 SR AT A A BRIE

K 6-10/7~ 7 = PR AEAE T GNSS [ #8854 K i s2 i g Hlik 2 7
HIor AT IE I . AR Se T2k R e T3 6-79

—— S6MF —— SE3B — SWMA

2
~ 1
E o
S

24

2
— 1
£ o
= |

24

2
—~ 14 1 .
é O-WWWMMW PAMAAAAMAIAMAAA Wwww\wmwww
Z i i

2 : . T

0 25 50 0 25 50 0 25 50
Time(h)

6-10 ETGNSS; BENMNENER ((REFBNEHMWZMSTHIS) 55EHE
ERE (R ¥IE (T) FEmE (N) HiRERS
Figure 6-10 The orbital difference between the reference orbit and POD results based on
BRDC (considering the updating parts only) in radial (R), along-track (T) and
cross-track (N) directions for S6MF, SE3B and SWMA.

7 6-7 ETGNSSI #BERMENRES T (NGB EMEBS) (BAL: cm)
Table 6-7 Statistics of the orbital difference between the reference orbit and POD results
based on BRDC (considering the updating parts only) for S6MF, SE3B and SWMA

(unit: cm).

A #Zr®) PR kR @©N)  3D-RMS
S6MF  -1.51423.28 6.12+40.98 -1.95+18.66  50.65
SE3B  0.15+15.75 13042924 1.80+10.86  34.95
SWMA 0.15+15.10 1.29+29.68 046+£9.89  34.73

HE 6-10F13% 6-7R] LUE H, fE4i #EE DI T, S6MF 1 I PR B
= N EAR, X 5IERET#E ] CODE % 77 Shisf 45 18 8Pk M S5 . S6MEF )
3D-RMS K HZE 50.65 cm, i SE3B Fl SWMA {1 fe 4k 7 7E 34.95 cm Al 34.73 cm.
T2 SOMF 5 i 2% T B I %0 R RIZE T2 SeMF FE 2 & C1C M C2L 15
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SHA, MGG S fE A, WA 72 7 B i R L
iR (Total Group Delay, TGD) Z#{ N H & IE 2SI HE T s S ER, M
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Table 6-8 Settings in observation simulation

i BR & @ik

LEO £iEHLIE 5 45

HUEENERES S 14 EOP IERS Bulletin A

HEREF 4 DE440

Clap L s DRO & LunarSat: GRGM900C (150x150) 120!
Nf&51 7 DE4401811

J7 SRR IERS201007")

pNEp S DRO & LunarSat: Cannon-ball#& %4

2200 I AN & V) 1R A ) ) 1E 52 MR 52 T 5 450
B4 KSGAHH 7> 1100

Ry K DRO: 60 sec; LunarSat: 30 sec

RE-HEA Y)W BN 45 degree

ML Nt LEO-DRO: 1.0m; DRO-DRO: 0.03 m; DRO-LunarSat:

0.1 m; LunarSat-LunarSat: 0.03 m

652 LEOSRIEMBE SHEWME

¥ LEO PEAF NENAREMEZ R, HAFIKBIHET GNSS " ENT
SRR . EHARAAIFERE T, FHER RS ITEN, SEIA PELE
DOY 6. 22 #1123 $4T T HiENLE), SWMB T AEZE DOY 17 1 18 k4T T i
WLBl. ik G BIE LS R I 7 0 3 15 iR ZE e it 45 B, AR SCHE
K FE VPG 5 e S IE A b, B _EIRLED I B B T LA .«

Kl 6-11 F1ZE 6-10 fE7n 7 AR MBI B S % LEO T Bt e b FE S it .
FHEZR AT, =T AR 3D-RMS HIF2ELE 0.48 ~ 0.55m 2 [A], Hr4em. Yl
AL A RMS 23312975 0.2m. 0.4m Al 0.15me X AR +% 2 P i %
PR, ASCIEAM LEO T2 SER m#HURE B AL T 70 KGR, 145 R A Ja 2211
DRO-LunarSat H F EHH [E 2 N E 5, & DRO A1 LunarSat $& {3t B [8] 7175 [8] 3
1
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/N, B BB AR AE RN TR G K T RSk, A, MUJE BRI E PR AN A5 SRR
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% 6-9 DRO-LunarSatf§ % E MR B MS MR E R
Table 6-9 models and the parameter estimation strategy in POD for DRO-LunarSat

constellation
e A & f#HiR
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7 L UL A b WRAE30 S0 51 B
ZHUANT Tk /N et b 3
Eubalca kil
IR E S EOP IERS Bulletin A
HIRBEESH DE421
5| J13 s DRO & LunarSat: GRGM900C (120x120)
NR3| 7y DE431 57
I SRR i IERS2010177
pNLEp S Cannon-ball# %Y
2N X FEAT) TR R 1] ) TE SE R AR SR TR B
o8 KSGHA 42 1100]
AV IZRIS LunarSat: 30 sec; DRO: 60 sec
ST
HIESH AT HI46E P 7oA B A
KBAEHE &5 FEIRBLAL 1
2Ly 1T SEIRBR A TH120
SHEWAR
HIE S PEEFRHEZ: SE+3m, HMIEMRHEZ: Sm/s
NP Y d VIgaiE: 1, beEz: 10
2 yIIbv Y5 WIIEE: 0m/s?; FriEZE: 1E - Tm/s?
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BRI 4 R BREL 1 FUI B PN 5422 A0 B B i S A0 o ) USSR 54423
MG, HP RSN X (DRO-DRO. DRO-LunarSat. LunarSat-
LunarSat) &1t 7 HoA 85.45 %, 1% X 33 LEO-DRO #£#% 5 Lt 14.54 %0.
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6-11 BERXFTELEOD 2L ENEE
Figure 6-11 Real-time orbit determination accuracy for LEOs based on BRDC.

0.00

*6-10 [THEEHXFTRLEON R ENEE ST
Table 6-10 Statistical of real-time orbit determination accuracy for LEOs based on BRDC.

fiX2% 3D-RMS (m) R-RMS (m) T-RMS (m) N-RMS (m)

SEIA 0.554 0.259 0.466 0.151
SE3B 0.488 0.209 0.412 0.157
SWMB 0.502 0.209 0.431 0.149
I I I III
SWMB g ™ gy W gy
[ | (] )
SE3B A gy O g I g ™ g
—— DRO-a
[ | [T —— DRO-b |
SE1A I L ‘ il (] [} o DRO-C
2 6 10 14 18 22 26
Time (DOY)

6-12 ZFLEOI Z X & DROK AT HLATIE]
Figure 6-12 Visibility analyze between LEQ satellites and DROs.

6.5.3 DRO5LunarSatE#HIEE S 4T

12 FiR LEO SEi @ fah AE v C a3l & 24 #E 5] N DRO-LunarSat H £ &
B, 5 6 A~ 4 RMSLINBHATIK IR J5, DRO 5 LunarSat ) # 2¢E H13R
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% 6-11 LEO-DRO-LunarSat4sAISLIMEEL R
Table 6-11 Overview of LEO-DRO-LunarSat constellation ISL observations

PUNIE S RUPIE: MBI Byt
LEO-DRO 7915 100.0cm 14.54 %
DRO-DRO 21743 3.0cm 39.95 %

DRO-LunarSat 5808 10.0cm 10.67 %
LunarSat-LunarSat 18957 3.0cm 34.83 %
B2t 54423 — 100 %

L& 6-13F13 6-12/ 7~ 6-13F13K 6-12J& 7~ T35 DRO Fii K 2% 1) 7€ HLks
&, fERT 24 KR E EZHH, DRO FEZ A IA ) RMS 43 31Z1°4 0.8 cm Al
21cm; HHBIEZ:RIREZE RMS Z1°8 5.2m.

%% 6-12 XDROMWIEIFHEE it
Table 6-12 Statistical of Orbit determination accuracy for DROs.

fiXg% R-RMS (m) T-RMS (m) N-RMS (m)

DRO-a 0.008 0.205 5.225
DRO-b 0.008 0.219 5.287
DRO-c 0.007 0.224 5.281

H2# LunarSat I EHRIUNE 6-14F13% 6-13 17, HAD A [E)FE N T JE
K (4303 ~0.4cm), YIAFERFHRZNTES K (RMS £ 0.3 ~0.8m).
F 45 & 6-14TT LUE H, fE& BN, LunarSat V)R] 59k AR 2 2
B Z BhALBR AR DG 1) o AR

% 6-13 K LunarSattI EHIEE ST

Table 6-13 Statistical of Orbit determination accuracy for LunarSats.

PRN R-RMS (m) T-RMS (m) N-RMS (m)
LunarSat-a 0.004 0.823 0.313
LunarSat-b 0.003 0.594 0.526
LunarSat-c 0.003 0.316 0.657

BN ERRESMING, SRR, AR R

(1) DRO 4 LunarSat F14% 7] % 22 35 PR FFFE N JBOR 2], BEARPIE R Z 1%
HONB AR T 10m. XU BTl LEO &2 R 7E T 1 23 (8] i 82 0, R85k
3T AL B LR, BT 7RG 2 KR e U L.

(2) DRO M FZE R ZEREIEER (£5.2m). K55 43 M550 —5
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Figure 6-13 Orbit determination accuracy for DROs. (a)~(c) are accuracies of DRO-a;
(d)~(f) are accuracies of DRO-b; (g)~(i) are accuracies of DRO-c.
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