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Abstract: Objectives: To support the long—term autonomous operation of lunar navigation constellation
and meet the positioning, navigation and timing requirements of cislunar space, a hybrid lunar navigation
constellation integrating elliptical lunar frozen orbit (ELFO) and distant retrograde orbit (DRO) satellites is
constructed. Low earth orbit satellites and BeiDou navigation satellite system satellites are employed as
Earth-side space—based reference nodes, and autonomous orbit determination and time synchronization
based on dual one-way inter—satellite ranging are investigated. Methods: On the basis of the extended Kal-
man filter (EKF), robust adaptive Kalman filtering (RAKF) is introduced to suppress observation outliers
and state anomalies by adjusting the observation covariance and predicted—state covariance, respectively. Re-
sults: Simulation results show that, under nominal conditions, the three—dimensional orbit determination

accuracies of the ELFO and DRO satellites are 6.3 m and 14.1 m, respectively, while the corresponding
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time synchronization accuracies are 0.105 ns and 0.118 ns. Under observation anomalies of 5 m, 10 m, and 20
m, RAKF improves the three-dimensional orbit determination accuracy of the ELFO satellites over EKF
by 50.0%, 76.6% , and 84.0% , respectively, while the corresponding time synchronization accuracy is im-
proved by 34.07%, 95.53%, and 98.24% . For the DRO satellite, the orbit determination accuracy is im-
proved by 73.6%, 74.4% , and 76.9%, respectively, and the time synchronization accuracy is improved by
51.29%, 96.46% , and 97.64% . Under the state—anomaly scenario, RAKF improves the three-dimension-
al orbit determination accuracy of the ELFO satellite from 331.5 m to 18.6 m compared with EKF. Conclu-
sions: The results demonstrate that the constructed hybrid constellation can achieve stable autonomous or-
bit determination and sub—nanosecond time synchronization, and that RAKF can effectively improve the au-
tonomous orbit determination and time synchronization performance of lunar navigation constellations under
anomalous conditions.

Key words: lunar navigation constellation; cislunar space; inter—satellite link; autonomous orbit determi-

nation; robust adaptive Kalman filtering; anomaly mitigation

Vi hy 3 4 30 M 2 ] 55 % s 4R 1) o B e
DI, b 2 6] 0 2 28 8o H BRI s R | A
V] 9% VR I K B 2 () S5 il 1% il A A 1) R Bl s
B o I AFE, @V\]%ﬂﬂ?fﬂ{ﬂ'ﬁ%%fﬁﬁﬁ,%
[ H J3 BAl 2R e R S o), RO 2 T Jsp 4 i2F Moon-
light H Bk 5 5 A0 R0, B A BREEM 5 A1 EN
JEEH M 35 SR AT S5 A Ak 8 B A R E A
2004 4F J3 Sl il AR LUK, B o8 L S ik Il =
B s B AR BEE A BRI DT 2h 3% A
AT 55 90 00 1] K 91 5E B BT KRR R iz 1T
T 1% S8 1 1] FRAT: 55 A A 5 000 4 A O X LA
1 2 R R 22 R A K SLis 47 75 5K M = kG
FE vR H FE AT RS 0 T A (R E AL S AR
(positioning, navigation and timing, PNT) & & &
JR HBRS TR A BRI K R 1 SR

SR, B M H 2 (]S A 5 I 4 AR R AT R
TR B8 St B 0 42 0 2 o A A5 43 22 ik (cod e di-
vision multiple access, CDMA ) %5 £ H 45 il 4% 4%
AR RE S $2 5 VR 25 M 4% R G Ml 55 fiE L', s 4y
ATh 52 3] b, T 3 T AL A% A R TR I R 4 R
ERIENRHLY ., FAHE2KRSNTRERS
(global navigation satellite system, GNSS) F i &
TG T IT R S Y 2 A 23 (8] A, Ry B A
T AR AR T ) — R EOR iR AR H 2 MG R
S 3 RS E INCIIUUER =% &1 < B DS S VIR
JUAR i 78 25 PR 2R S ), ACHOME GINSS X LA 25 1
A HERSME K B iR .Jﬂf‘,ill]ﬁ[
o AT D 35K S AU A A KT 45 8 b, T IO 45 ) AR A, 2
Wb H = lﬂﬁ%ﬁHIPNTHﬁ%ﬁﬁ%ﬁ#{J&ﬁ’lﬂé%
[)

B ) i 5 Ry g ST b 3R R AR AR I T
E WL B . HILLYOH i LIAISON i 4%,

3 L 6 AR T B O N RN ke ) = AR ] T
() A X6 Bk Bl 7 5 R e A RE X O8I0 4, 5 X6 A K 2
ECPOR NN DR EEE EAT I SN IR o SR (B i
Halo BB At K& 09 H £ 300 M5, AHOCHE 508
LiATSON ¥ & 2 A [A] I i Halo i3 A1 iz B 5 3
17 ¥l i (distant retrograde orbit, DRO) 5§ 17
S B A AE AN G H PR — B ) 2 L P TR
LR R, g AR N B 0 B A A
T % (low earth orbit, LEO) .DRO 13T [# H £k
BB Z ) Y B ) B B I 2%, JTE S T A X 18 0N
X 1l F 73 A1 I 55 B R] i 230 A 52 M) 5 B 55 A
— % DRO 5 #b F - 2l 3 Bz 0 R 8 8 A 58—
S T 5 T 245, 43 BT T B A 0 T X E B fE T
Eﬁléfﬁﬁﬁ RS R B AN TR B i K s 2 1A

23 [B] JUAR] 22 S S AR X5 FR 8l ) 2 e e RE 68 Oy A2
IEﬂUr!'thEH F TR A X T (A A R AR Y AR S
41

TE H 3 80 5 5 5 ] [R5 BT 7 T 9 A
SV YRFSE T B DRO | i IR 38 (highly ellipti-
cal orbit, HEO) fl LEO T8 &2 241 i 1) 2 %38 &L %
45 R R W HEO #1 DRO TLAL 9 5 UK B2 43 591 29
30 m A 50 m, W] AR BE AT 10 ns.
WANG %5k — 258 5 a4 % 5 b 2 TR AL
% 4t (BeiDou navigation satellite system, BDS) #f
i W ] BkCS A E B A o 5 A ][R
A ) A [ ) 2K 7 45 38 (elliptical lunar fro-
zen orbit, ELFO) T & & HUKE FE I 225 5 m, B [A]
WD HE UL T 10 ns. BEAh, o BV R) 2 5 15 2% b ]
23 [ DRO #R e K HE [ 3 PNT JFJR T ARG W5
fi J7, O A TAE4 H i LEO Al DRO T & 41 1 11
M 23 ] KB [ 3 PNT S84, Sy ) FH b 3K A g <
) K R R A R A e it B S S R



2058 B K A (R D

2026 410 H

TR RS R, SKE A B T L
il LIAISON A £ i & 4 & &8 2 LEO . MEO,
Halo,DRO .HEO K& ¥ H #Li8 %% Z %1 i th 7] &
L, I F Bl B R 2 R R R A 5 (R
REBA T SR, O A R G0 538 5 1m0 e A
PR 24 780 B A IR K5t 1 00 1 A, 0 T [ s S G
A5 AEX PR Bl 7 2 29 5 LA K b BR AN 35 A R A
25 FEAERY 2 )2 b T 25 [ R e, 3L A EH0E
SE 5 5[] [7) 25 PR ReATY A i — 2D WF 5 5 1] o
TSR, CAMR FEE D TIERS)
T35 AR N TE O 25 R B A S AT RE
TP A i T B ge A B R
Wy of — 20 . A R B T RE A7 B A RS
TR HE LB R 2505 Y Bl Ok B R Y
M), 57 52 o 12 I s 25 B R AL ASE Y 5 5 otk [] s, T2
B8 7T B8 52 B R AL Bl AR % Bl ) A8 Ak s B
012 2800 L A DR 2R S ) A HR S 0 AR A 5
SAEHAREZ M AN 2E . MR R EAEH T
3k B A AL S AN R TR < UL S o B e )
SR LTS GRS AR 0 8l ) 2 o W ek
IRy RS T g 2=, I T B B B[] 1 7 i R g% 22
T G2 A R I R 22 B, U T LA RS
5o 22 R ARG, 50 0 18 T R i o

BDS/LEO
TR

T 0 AR A S 1) AN [ AR S 40 A% 0, DA ) B
S T BOE 0 A ) R DM AR . R b2
il T B R 08 L S U8 U DA SR 2% P B
W5 %0 2 %5 7 ¥k B 7F GNSS Sl FAT K 28 1 B
AT B T T X ELFO/DRO R
G R0 R B TE 2 08 B REE R R R
RO S8 55 80 ) 2 S E 4 b X B IE o
S RIS 8] [7] 25 14 8 52 ) 1) 0F 52 A7 A 6 A B

EEXF BRI, AR SCIF R LT TAE: (1) Mg 2
i ELFO.DRO J Bk & it T &2 J #b Bkl LEO/
BDS 2% 47 41 £ T8 B R B B B b 5
VA EIVAIUE: B ERS DA N )N S R D g e
0 SRR O A TR 5 (2) 7F Gt — 8 P AHE SRR AT A Bk
ST TR W BLEE A IR AS R IR R AT
ELFO 1 DRO 13 2 i) Bl 18 o 7 5 15 18] ) 25 g
(3)# ¥t 22 B & W R /K 2 U8 P (robust adaptive
Kalman filtering, RAKF ) J5 ik 51 A L ik A 25k 3 it
BRI A LS I ] R R A T R S R R
IR 2 8 U (extended Kalman filter, EKF ) 78 WL il 55
WM TRRERE TSR, o 5% E R
X LT i 5 ) ) 2B 0 B e KBt 25 IR N
PR R = S . B 125 T A SCR AR H H
25 [6] Z2 0138 2 1) B 3 LR A

-=="BDS/LEO-ELFO## ----BDS/LEO-DRO%
Fl1 A %51 PNT R4 GRS
Fig. 1 Overall Architecture of the Earth—Moon Integrated PNT System

1 ASMEEMBESHEREHEE

1.1 ELFO 5 DRO #i& 4514

ELFO J&if o & BT & 0 % i 1 F13 H
SR AR A T 2 80, S U AR RCZE A Bk A K
JE 51 I 8% 8 PR 5 K A X R 1 — 28 [
W, RS R E R s /N T A A B R LA TR
RN | iR B 4E R 750K . ELFO
(4 31 7 2 1580 ) 0 SR T 2 L Sk 15] .

ELFO #UIE (1) — A~ 5 R U 7E T HX H Bk X
B BRI XRS5 e 1. 30 H 50 A B 90 R,

e A AT A BRI 7S BERE S H BR A X ek 2
HER A BF [ 199 3% 25 L 45 1F o PRI, ELF O $lLil 7
TET i) ) 3G DX, AR S 2 e R DX 3 ) S 5 O DA 55
A R AR, DA MR ELFO R0 R
W E LR 0.6~0.7 Z [ S5 42Kl 5 o R
AR R IFLEA 7 IR GE R e R 5 Xl w5 M BE
ARSCHEMUR %8 0.7 (5 B 8 190.3 km (1) ELFO
PUBE RIS WA BT H s 3 E R 907,
DATH A2 H BRI X B S oK . B 245 T ELFO
HUIE 23 A 1

H5ELFO AR ,DRO HA B M1 A = 1&3h



% 51 &5 10

TR RN A - T BRA0 22 JE BE 22 1 O 7 29 T S 5 I ][] 2 2059

T35 AL 38 H A 8RS R = A 8] L (circular

restricted three-body problem, CRTBP) #E 42 i
FiHik . CRTBP {15 Hh Bk F1 3 BRS¢ 3 [m] 50
[ J& iz 21y , T 5% 5T et vl 22 W B i K 4 76 1 3 R
el I ILFAER T Mg s, MHCs) )2 05 B &
H—A6 77 57T 2 0 SCHR[19 ] .

K2 ELFO $ui = ] #
Fig. 2 Spatial Configuration of the ELFO Orbit
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Fig. 3 Spatial Structure of the DRO Orbital Cluster
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Fig. 5 Inter-Satellite Link Visibility of the DRO Satellite
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Table 7 Time Synchronization Performance of
ELFO Satellites

oy oy i Y
ES ik Hr s /(10 *ns=s ') /(10 "ns+s %)
EKF 3.596 0.312 0.752
1 RAKF 2.371 0.271 0.634
T/ % 34.07 13.14 15.7
EKF 7.210 0.590 1.246
2 RAKF 0.322 0.189 0.650
BIHR/Y 95.53 67.97 47.8
EKF 14.524 1.210 2.393
3 RAKF 0.256 0.158 0.547
HIR/Y 98.24 86.94 77.1
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Table 8 Time Synchronization Performance of
DRO Satellites

VES Bk B 2% /ns o i
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