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Fig.9 Position-velocity errors of conventional XPNAV for Halo orbit
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Table 5 Position and velocity error results for Halo orbit

R IR XHWlm YWl ZJ7A/m 12 /m
f£5: XPNAV  900.20 748.43 1557.73 2097.40
A S 185.52 308.27 634.25 768.05

gig bR g AT A, FER H HUiE 5 Halo 1B 1
s, BIANHGE RGBS SHUESRT T
SSRGS REfa et
32 WNHUHEREHKAHES

M3/ R LR, 3 M Halo #U3E 3 i K
FEHE R RRT . At — P IRE ShEE, FIA
2 J5UR 4k B R 1 K e R AT BEA SN, 3 1
WHMRG S E %R, P EESHMEG
FiRB,

*6 hHE2HESY
Table 6 Orbital parameters of relay satellite 2

28 ZHUE

LK Hl/km 9750.7
[ 0.7
fifhs () 63.2
b s A () 90

Thaemigrgss (%)
FIE A ()

IR H #U7E F1 Halo FUIE 78 X0 44 S B A S U 67
BT R ZE USSR 2R B 1112 B, BE I
(PRI, A7 B R 22 5 R B U S . A H I
TExs y 5z 77 M IO B R 2 43 5 8 129.124 99.70.
75.62 m, HaloPUBETEx. y5z 7 WAL E R ZE 755N
4432, 76.81. 200.58 m. FAPHLIE IO E L TH TR
Z N 187.23. 236.24 m. B T AL Gk 2 S0,
HATEREE P T 90.11% 88.73%.

g
=
A
K
=
S
L0 500100013002 000 23003000
<
A
K
E
R
L0 350010001300 2000 23003000
£ o
o
i
T
]
_8 1 1 1 1 1 1
3001000 50030002500 F 000
~ 7100s
@ 8t (a) PE iRz
g
@
oK 4
=
,5 0
_ 0 300 "T000 130050002300 3000
7 sl
£
S 4
by
w0
E
R -4 { . . . . . .
0 3001000 13002000 25003000
o10F
£
&S
oK
=z OF
T 0 300000 300500033003 000
7100s
(b) HERE

BT B A PR A R I S A Bl R 2
Fig.11 Position-velocity errors of integrated navigation of

two relay satellites for circumlunar orbit



%4 T, S CHOMETIETRE R ARG Ik R S AU 399

10
15 =~
E .
W10 £
K G|
SE S
8 H%\N% =
0 I T T T T ] J§ r\ L L L 1 1 |
0 500 1000 1500 2 000 2500 3000 0 500 1000 1500 2 000 2500 3000
- 10
80 ;
E o S 0 f\
] B
;E 40 K —10
= 20 =
,5 0 Hz ,B =20
20 -30 1 1 1 1 1 I
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
80 =~ 40
g »
< 60 g 30
e =
K 40 20
e B
5 20 M =z 10 L/—
0 S
P T P FETE TR P P
0 500 1000 1500 2000 2500 3000 -10 0 500 1000 1500 2 000 2500 3000
/100 s 7100 s
(a) MERE (b) HEEIRE

Fl12  Halo Buili X b 4k S 56 T T2 Ao B -3 S R 22

Fig.12  Position-velocity errors of integrated navigation of two relay satellites for Halo orbit

FE_ERXF LR AERE b, AP ANTE 73R IREWSUI & A 13~14 s, SRR, fE3R B
ESHUN G, DRAEE bk EHEX SH BN Halo HUE R, 3 h4kR T RIA B TRz
R . WSEPR RN B RS, WER 3 M4k E S5 2 RlFEKE 89.99 m A192.87 m, B4k RS T
AR 2 AT TR —BUE, WA PUERALZ 180°. A IRkt — 5Tt . SR T T 2R T A 4 4R
BUEM Halo BUEAE 3 th 4k B SHIN ML BIRZSHE R Eor B E ERe s B2 A iR 4 & .

] _ 10
g2 78
W g
) £ s
opt 4 f
T KOS E
=
1 =
g, S
-2 zh
0 500 1000 1500 2 000 2 500 3000 0 500 1000 1500 2 000 2 500 3000
~ 10
2 T
e £
" W ®
ot 1
= ! K4
L ¥
Pingd
o Py e\ e M 0k : : . : - .
0 500 1 000 1500 2 000 2500 3000 0 500 1000 1500 2 000 2 500 3000
g > :; 10
£ g .
oK N
Ny
71 ] ’R 2 w
1
) N 0 b 1 1 1 1 1
0 500 1 000 1500 2 000 2500 3000 0 500 1 000 1500 2 000 2 500 3000
#100 s /100 s
(a) (LB RE (b) HPFIRZE

K13 H A H0E 3 gk RIS SR E - R

Fig.13  Position-velocity errors of navigation of three relay satellites for circumlunar orbit



400 LR 2R (HhdEs0) 2025 4%
15 F 10
g 10 o8
s £ 6
= w4
= 0 -VJ oK 2F
5 iy = ob
_1o & L L L L L L 5 ) IL L L L I I I
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
. @ ~ 40 F
ﬁ 40 b 30 §
K 20 ﬂi 20 f
T ofF w10 1
B oo E )
—40k 15710 WMM
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
sE = 10 ]
—\é 0F ; 5
m44 £
oK bl 0k
E -10 f X
] i E
NS = -5
-20 i 1 1 1 1 1 1 T | ST PRI PRI EEEY FE TR P PR
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
#100's 1100 s
(a) PrEiR%E (b) HAFIRZE

14  Halo #UiE 3 4k 2 Tl TR A7 B - 1R %2

Fig.14 Position-velocity errors of navigation of three relay satellites for Halo orbit

4 Fft S i 7 92 AE A B RN T B AR 2 5 T X BL 45
RUnE 15 FE 16 Frox, ] 4 B ST v A B AE
FEGZEBI TS, WPk BBG SH. 3R E S
RUFIA% 48 XPNAV W SR B2 AR 2, 35) e 78 5000 B [8] 9
W RZERBIERECE A (HphdkBEE SHT
VR A RS . [FIIRE, P RR R A S T VR
SKJE R ZE AN/, AE R ZE USRS R U B R
NFA G XPNAV J73, PRI R R ZfR e s
RF G, RHAEWSNBE, e SN IEE

— G

— RS AL
— WP RS SAL
— 34k S

20

A7 8 5% 2 /km
=

800 850

W MUA VLN

2000 2500

/100 s
(a) frER%E

fr B SRR T B T g T . I
bh, 3 kR A S AERAER L — DRI, A
SRT “HIME T h 4k EACR S EE AL, H AR
PENTIEAT Y AR I AE, AT 3 B0 1~2 b 4%
BRBA AT L. Bl gl 87 2E T
SRR R BE DN BRI, R T BB S W A, A
TRE kol B 5 B R S S A E e, 5
N T AR B T B A AR T 3 RS BE A AT
FETES

— R BE S
— PR S S
— 3PKE TN

15

HEFIRZE/(mes™)

1 1
2000 2500 3000
/100 s

(b) HLIR%E

15 ¥R HHUIE 4 PR

Fig.15 Comparison of four methods for circumlunar orbit



5 4 1 DR, S “EOME R E B R G S ikt B ECG ST 401
100 - —— SN oo —— R
— AR A ST — kRIS S
— W4k R EA S %0 — Wbk R BA S
80 — 34k R — 34 E TN
~ 021

5 : u

S’m Z 60

i W

i oK

& =

o t}mzyﬁzi
0.0
20 1 ]
2050 2100 2150
0 ‘ 500 1000 1500 2000 2500 3000 0 0 ‘ 500 1000 1500 2000 2500 3000
1100 s /100 s
(a) PEiIRE (b) HPERZE
Bl 16 Halo FLiE 4 % 2% L
Fig.16 Comparison of four methods for Halo orbit
4 B 2 % XM

9 FEAR b 2 TR R 4% 3 F0 Xt 3t T 00 42 0 4K
W, ASCRIR B0 h K ERIRURSR R EE S
X PRkt MBS S, _H T “EN” @S
R RS X STk BRI AU . A AIES
Ho 3 L1 P30 5 Halo $UEREAT 05 5L, %07 AR AL
AN TR FE 7 T M A% 9 XPNAV AF B3, 9
UM Bt TR BRI B KRB, 7 HE 1 i
JIiE A Rk .

£ T 7 2 (TR 80 ekl P 3 A3 D5 5K
T, hRERNBEMMEMBZR, MEUEEERE
FERIAE S5 oK o XU Rkt 2 AU 9T % RS2
BB, RN, PRZEPIE TS 2K R AMIL R A3 52
AV FHUEE . £ “H7 T a2 HEA IRE
OUN, ARk RS R REA S, MRS SR
Gis T BEH Ja SRS Ak B EE AR A TR, @
FlARGUR A N F ' 2RI, g4k 2
HeE R B S TE, M R i 2 AR AE
S5 FNE R

NIRRT “CESHFT RS Kt R EE S HUR
BE, RKIFRIMIATT AR AMERE: — R mke T
FUMLIAE BARBORE L, dnbk o I ARG THRE R, R
AL SHIDEB L, RTHSHR G AR BEAERE T
BrerE; ZRBIURERN, A5 S ESRHEEATIER
SRR AT RA . SRR A A R TR S
SEREVV L TAT I BORSCHE, Rp ) 18 A 55 48 5 D939
BNIRI )y 2 SR 2 Ry T A 4% SRR

(1]

[2]

[31]

[4]

[5]

o]

[7]

[8]

[91]

AR EADNL. A2 IR R 5 RS ). TR, 2022,
43(6):705-712.

BAO W M, WANG X W. Some thoughts about cislunar exploration
and exploitation[J]. Journal of Astronautics,2022,43(6):705-712.

i el b, JF T . AN 38 S G R K R 30 o ) 4 R 5 BB [ Bt
M FBGHFT]. B PR ,2024(2) :26-31.

ZHANG Y Y, XING L. The race for cis-lunar dominance: a study of
the Artemis accords and contemporary space policy dynamics[J].
Space International ,2024(2) :26-31.

AT, X4k E, R AR AR P ER A TR ] R SR AR (h
YL ,2019,6(5):405-416.

WU W R,LIUJ Z, TANG Y H, et al. China lunar exploration project
[J]. Journal of Deep Space Exploration,2019,6(5) :405-416.
AR, w4550, 45 ] A (TR 28 B T SATROR R
FOHERE[)]. oLk A ,2025,55(2):317-322.

CONG D W,WU F M, LI C H,etal. Autonomous navigation tech-
nology and research advances of cislunar space spacecraft[J]. Radio
Engineering,2025,55(2):317-322.

F . A A REE S S AR S R R RV TR A L
Fi#,2024,33(3):88-94.

WANG S. Research on development of foreign cislunar space com-
munications and navigation service system[J]. Spacecraft Engineer-
ing,2024,33(3):88-94.

NOREEN G K. An integrated mobile satellite broadcast, paging,
communications and navigation system[J]. IEEE Transactions on
Broadcasting, 1990,36(4) :270-274.

YANG Y, GAO W, GUO S, et al. Introduction to BeiDou-3 naviga-
tion satellite system[J] Navigation,2019,66:7-18.

CUI'J X,SHI H L, HEN J B, PEI J. The transmission link of CAPS
navigation and communication system[J]. Science in China, 2009, 52
(3):402-411.

WA, A, EREM, . PEES M EOR R IAERA &
T4 S FH [0 3R 2 R 24 (9500, 2021, 8(2) £ 154-162.

XIE HR,ZHAN Y F, WANG X W, et al. Communication-navigation

integration technology and its application in lunar exploration[J].



402

R

e (P30

2025 4F

[10]

(1]

[12]

[13]

[14]

[15]

[1e]

[17]

(18]

[19]

[20]

(21]

[22]

(23]

[24]

Journal of Deep Space Exploration,2021,8(2):154-162.
Bl e, A0, AR AR 22 A IR 45 rh 4k AT iy Ul B B
503 B [I]. RS BRI AR (P 9500, 2019, 6(3) 1 247-253.

DUAN J F, CHEN M, ZHANG Y, et al. Orbit determination and
analysis of Chang’ E-4 relay satellite on mission orbit[J]. Journal of
Deep Space Exploration,2019,6(3):247-253.

A%, 0 55, BRI, 45 . CE-4 b4k TR AE Ar LB 4k f¢ 5 3) B g i
HIPA T IVA D] THUFR2020,41(4):389-397.

MA C L, LIU Y, CHEN M, et al. A combined control method of
Chang’ e-4 relay satellite” s mission orbit-keeping maneuver and mo-
mentum wheel unloading[J]. Journal of Astronautics, 2020, 41(4) :
389-397.

ZHANG L H, XIONG L, SUN J, et al. System design and validation
of Queqiao-2 lunar relay communication satellite[J]. Chinese Space
Science and Technology,2024,44(5):23-39.

SHEIKH S I. The use of variable celestial X-ray Sources for space-
craft navigation[D]. Maryland : University of Maryland,2005.

DS . X 28 ik R S R 0 S 5 7 M. B e o SR R
#,2009.

E W PR 3G AL SR B HOR [T, T4k, 2007, (12)
2347-2353.

WANG A G. Modern celestial navigation and the key techniques[J].
Acta Electronica Sinica,2007,35(12):2347-2353.

A, E A, b, X BRI R S B TSR ]
42,2023,44(3) : 527451.

ZHENG W, WANG Y S, JIANG K, et al. Overview of X-ray pulsar-
based navigation methods[J]. Acta Aeronautica et Astronautica Si-
nica,2023,44(3):527451.

WOOD K S. Navigation studies utilizing the NRL-801 experiment
and the ARGOS satellite[C]//Proceedings of Optical Engineering and
Photonics in Aerospace Sensing. Orlando: ATAA,1993.

REYL, BRI , 2 0E T, 45 L SR T 4 QLEKF iy B2/ 22 18] 5 1) 21
B PR, A 247, 2023,44(3) : 193-205.

XIONG K, WEI C L, LI L S, et al. Pulsar/inter-satellite LOS inte-
grated navigation based on augmented QLEKF[J]. Acta Aeronautica
et Astronautica Sinica,2023,44(3):526232.

SONG S B, XU L P,ZHANG H, et al. Novel X-ray communication
based XNAV augmentation method using X-ray detectors[J]. Sen-
sors,2015,15(9):22325-22342.

ZHANG L, FANG H Y, BAO W M, et al. Enhanced X-ray pulsar
navigation based on ranging information of a satellite[J]. Aircraft En-
gineering and Aerospace Technology,2022,94(10): 1872-1882.
ZHOU Y, WU P, LI X. Adaptive navigation algorithm under abnor-
mal measurements in libration-point mission[J]. IEEE Transactions
on Aerospace and Electronic Systems,2017,54(1) :246-256.

B TR A T F R B R SR USA BT JE[D). MRS«
I AR E Tl K5, 2021

WANG P. Research on autonomous celestial navigation algorithm for

lunar probe’s Earth-Moon transfer segment[D]. Harbin : Harbin Insti-
tute of Technology,2021.

LIU J K, WANG W B,ZHANG H, et al. Autonomous orbit determi-
nation and timekeeping in lunar distant retrograde orbits by observ-
ing X-ray pulsars[J]. Navigation,2021,68(4):687-708.
K DU s g s 1A] fR N  BR R T
7L [D]. Kb [H B RHE K ,2019.

GAO Y F. Study on transfer trajectories of manned lunar exploration

I8 I

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

with LEO space station and lunar orbital station as spaceport[D].
Changsha-National University of Defense Technology,2021.

PR, 2R, K A AR LN ) s B0 B 32 S AU R[] IR
TR AR (R 30,2023, 1002) : 109-116.
LIANG F, WANG Y D, ZHENG W. Autonomous navigation method
of spacecraft in libration point orbit based on space objects observa-
tions[J]. Journal of Deep Space Exploration,2023,10(2):109-116.
AR, E B T BRER D & PUIE 72 (M. A8 5 BT b R
2006.
ez AU P AL A5 L RRSE Bk GNSS IERIBILIR 73 #r 734
TR AL J&Eﬂ‘,2024,11(3>:1-15.
ZHANG Y, QIAN J Y, HONG Z H, et al. Review of lunar GNSS
planning in Europe and America[J]. Navigation Positioning and Tim-
ing,2024,11(3):1-15.
R T A, A A
F2H1F,2025,12(1):1-13.
XUZY,GUDF,DU L,et al. A review of cislunar space navigation

M SRR LRIRT]. FHUE LS

technology[J]. Navigation Positioning and Timing, 2025, 12 (1) :
1-13.

IS BT 8 A B RS L T R TR B SN
[9]. TR, 2012,33(7) : 896-902.

LIM D,JING W X, HUANG X Y. Autonomous navigation for lunar
satellite with lunar oblateness correction[J]. Journal of Astronautics,
2012,33(7):896-902.

SN B PUREZE . DRO TS R HAE 8 H & oh 8530 T 90
] AL R R 22741 2020, 46(5) :883-892.

WU X J,ZENG L C, GONG Y K. DRO computation and its pertur-
bative force in the Earth-Moon system[J]. Journal of Beijing Univer-
sity of Aeronautics and Astronautics,2020,46(5) : 883-892.
SUJY,FANG HY,BAO W M, et al. Fast simulation of X-ray pul-
sar signals at a spacecraft[J]. Acta Astronaut,2020,166:93-103.
AR T X R U I B R R S T T S0 E R (D). V%2 i %
MR R, 2021,

LI C. Ground verification system for range finding and enhanced
navigation based on X-ray source[D]. Xi’ an: Xidian University,
2021.

Jr g, KNI, AN, 55 TR T BB X O LR ik 2 R
FRE BRI SE A TH T VA ], P EL2E4% . 2016,65(11):317-325.

FANG HY,LIU B,LI X P,et al. Time delay estimation method of X-
ray pulsar observed profile based on the optimal frequency band[J].
Acta Physica Sinica,2016,65(11):317-325.

EMADZADEH A A, SPEYER J L. X-ray pulsar-based relative navi-
gation using epoch folding[J]. IEEE Transactions on Aerospace and
Electronic Systems,2011,47(4):2317-2328.

PIETRO G, ANTOINE G, PAOLO Z, et al. Moonlight navigation
service—how to land on peaks of eternal light[C]//Proceedings of
72nd International Astronautical Congress (IAC). Dubai, United
Arab Emirates:[s.n.],2021.

PE& i

B (1974-), 4, Hf%, A S0, EBH R T HES
AR SR B S A S AL, ARSCBIE1EE .

L - PG 22 T RO 2 R R S R S BE (710126)
E-mail : hyfang@xidian.edu.cn



%4 4 T, S CHOMETIETRE R ARG Ik R S AU 403

Research on Integrated Navigation Utilizing Queqiao Communication
Navigation and Remote Sensing Constellation System with Pulsars

FANG Haiyan', LIU Yijun', LI Xiaoping', ZHAO Qutong', ZHANG Li',

HE Xiongwen®>, CHEN Chaoji’, ZHONG Zhaofeng”

(1. School of Aerospace Science and Technology, Xidian University, Xi’an 710126, China;
2. Beijing Institute of Spacecraft System Engineering, Beijing 100094, China)

Abstract: To address issues such as strong dependence on ground-based measurement and control in high-precision naviga-
tion of spacecraft in cislunar space,a high-precision navigation approach integratings X-ray pulsar and Queqiao constellation in-
formation. By coupling the X-ray pulsar observation data with the spacecraft ranging information provided by Queqiao
Communication-Navigation-Remote Sensing constellation and incorporating cislunar orbital dynamics models, a joint naviga-
tion observation model of the Queqiao constellation and pulsars was constructed, and the navigation accuracy of the circumlunar
orbit and the Earth-Moon L1 libration point Halo orbit was analyzed. Simulation results demonstrate that improvements of
90.11% and 88.73% in position accuracy for the two orbits have been achieved with the accuracy increasing from 1.73 km and
2.10 km to 187 m and 236 m compared with traditional X-ray pulsar navigation (XPNAV). The joint navigation method pro-
posed in this paper can significantly enhance the navigation and positioning performance, and provide theoretical reference and
technical support for navigation applications in tasks such as cislunar space resource exploitation.

Keywords: Queqiao Communication-Navigation-Remote Sensing constellation; X-ray pulsar navigation; cislunar space
navigation

Highlights:

e The fusion navigation method combining X-ray pulsar and Queqiao constellation is proposed. The method reduces the
dependence of the Earth-Moon spacecraft on ground measurement and control by coupling the X-ray pulsar observa-
tion data with spacecraft ranging information provided by Queqiao navigation remote constellation.

e A joint observation model integrating multiple pulsars and multiple relay satellites is established to flexibly adapt to dif-
ferent orbital application requirements and improve the stability and accuracy of navigation.

e The impact of different number of relay satellites on navigation accuracy is analyzed. The proposed method achieves
navigation accuracies of 187 m and 236 m in the circumlunar orbit and the Earth-Moon L1 libration point Halo orbit ,
respectively , which are improved by 90.1 % and 88.7 % compared with traditional methods.
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