1% 3 T E AL B Vol. 11 No. 3
2024 4E 5 H Navigation Positioning and Timing May 2024

doi:10. 19306/j. enki. 2095-8110. 2024. 03. 003

ATk Fin 2 BEHIE R Bk GNSS 7T WP IT S
SR A L E AN S R

(1. FgwEREGER %[3)1: 1 2013065
2. [RIGF K2 22 5 B B2F e . B 200092)

 EHMAEARKRETANANAFOFR,AARKRRARES G LA E L, KR GHEA
MR B A EM, LRV AR AR, ARG EWNHEMEARFME B, FELFIAKRST
ﬁiiﬂi%i&ﬁ«GNSSé@kﬁ?ﬁiﬁﬁfﬂ*tﬁé‘% HFAE AR FALE M P T2 K GNSS /2
SR AR B AT E B A HA 4 HiE (ELFO) 38 3 & % #ii (NRHO) AT B 7 $iE (PCO) Fo
A& A B ALE (LLO)4 Fh#hid :ﬁéﬂﬁﬁ BATREF @BA S5 AT GNSS Z 2145, 51K
P FMKREEABRCFH AL ﬁ‘%ﬂr{éT A A RF $iE T 23 GNSS 9T Lk, # R KW,
NRHO #2 ELFO 3+ GNSS 2 J# A 423 64 TR . % 5 T LA A b sb ik 99. 57 % 4R T 4 K 3
ST NG AT EK GNSSEF A TEIARFAE EHE T E 6 Hid o st 44 B, 1%
IEHUIE 8 F AT AR

KBR AN AR EMITE RS LM %

FESES.V11;V476.3; TNI67. 1 XEAARER A XEHS :2095-8110(2024)03-0025-11

Earth GNSS visibility assessment for lunar
navigation constellation orbits

ZHANG Yun', XU Lei' .« YANG Shuhu', HONG Zhonghua' ., TONG Xiaohua®

(1. College of Information Science. Shanghai Ocean University, Shanghai 201306, China;
2. College of Surveying and Geo-Informatics, Tongji University, Shanghai 200092, China)

Abstract: As the era of lunar exploration dawns anew, to ensure real-time, high-precision positio-
ning for future lunar missions. significantly enhance the autonomy of lunar spacecraft and reduce
their dependence on Earth-based stations, it is particularly important to select suitable orbits for
constructing a lunar navigation constellation and achieve synchronization of communication links
between the lunar navigation constellation and the Earth’s GNSS. To assess the performance of
satellites receiving GNSS signals in lunar navigation constellation orbits, simulations of four types
of orbits—elliptical lunar frozen orbit (ELFO), near-rectilinear halo orbit (NRHO), prograde cir-
cular orbit (PCO) and low lunar orbit (LLO)—are conducted. Along with simulations of GNSS
satellite signals based on antenna pattern metrics,the visibility of GNSS by satellites in these four
types of orbits is evaluated based on simulation results such as main and side lobe beam width and
signal-to-noise ratio. Results show that NRHO and ELFO orbits provide better visibility of the

GNSS constellation, with the highest visibility time proportion reaching 99.57% . This ensures
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stable reception of GNSS signals for the majority of the time, facilitating the correction of orbit

and clock of lunar navigation constellation satellites and guaranteeing positioning performance of

the orbit.

Key words: Lunar navigation; Global navigation satellite system (GNSS); Visibility; Signal-to-

noise ratio

0 3l

ARG ICE 1T 2 AR, — R AERENH
PRz — . H R Y MR A i , I AT 2 4t 78 2 1 K B
AE & HLOG IR, SCALAE AT RE 5 A #5 K M TT R K A B3
TR R DX AR MBI L T P ) o S T T 1) b AR AR
KA By P 2Rk bR . ARk AT H
SRR AR 1Y AN W 0, 5 [ [ 800 235 K J=) (Natio-
nal Aeronautics and Space Administration, NASA) i}
KRB A SN R H BRI H brof g sr H Bk e
Gateway , 4 7E ] 5K & Fil 52 L I N 26771
FRLFBIE 5 42 S HRE, Ry oK o B IR 25 R R B Sk
i, A, B BT K JR) (European Space Agency
ESA) B K 4 J5 ) 45 Fifi #% (European Large Logi-
stics Lander, EL3)™ , E[J i %3 [6] iff 57 41 4 (Indian Sp-
ace Research Organisation, ISRO) ) Chandrayaan 1
i, H E A T2 (China’s Lunar Exploration Project,
CLEP) fM&Z B It K )= 19 Luna-Glob 4 45 4 , [H]
BIVFZAVE S in AT X 5w -, 78 B R
RS TR 55 v o S 00 R S VTS 98 0 O HE 1Y Pk R 2
—, RS T 2 R4 (global navigation satellite
system, GNSS) 78 B4t 2 B g 25 it K L 2838 S0t
Hiy SR 225 A= ARL A W 9T A5 O TH k5 B AR
FH s R N2 B AR I R 25 A7 25l ok TR B AE A
HAF S AR ot vl v 2130 3LiE (low Earth orbit,
LEO) . i 7E H & JE Mo 5k 118 (medium Earth orbit,
MEO) L) 1%y 52 38 D) 75 245 591 1 1 4 42 L A ol
Hfs S B R, #)Z 2 R (magnetospheric mul-
tiscale, MMS) 4 453 1 5 it 2 i #% Navigator IR FT
W T 4Bk E 7 & 5t (global positioning system, GPS) {5
S dc v 8 e FE Y JE it S 20 S (03 ) T 2016 AR A
2019 4FA/EB I 70 000 km 1 187 200 km b)), 5%
TCIRF) 2y 4 ) B 0 — 2 RS T 178 H BRI
GNSS {55l fEM:.

AR L FE R L & H BRGE R GNSS 7
SR ST Ok B 22, 25 R OG5 1) GNSS #2 T HL B 42
. Moreau 87 Bt T K 25 F1 5 A [ HL3E Chighly

if

N /APAN
=

elliptical orbit, HEO) " #7E 1 5515 =5 M 4R WAL L
A TAERE GPS TR 40~50 /> Bk 2 428 41 14 42 i
PLERER 28~35 dB » Hz Z [ A 485 GPS 5% . 2012
4, Capuano 5§ " T idE T H BRI B HUE (me-
dium Earth transfer orbit, MTO) ¥ 15 dB « Hz i} £
I TBR B i R L. Dovis 251 BTG H i
T 45 0L, PTH 3Kk 5~8 dB « Hz B {55 . Im-
presario 5 3 B T A B TR S T R 4t (Galileo
satellite navigation system, Galileo) {5 5 7E#b H 25 [6] 1
A BRENGE AT R IF HLAT WL RO T 4 W b
IFE] . Winternitz 250 36 F 28 5 86 3F 19 MMS GPS,
JEHGIT H 2k 8138 (near-rectilinear halo orbit, NRHO) ,
fe 3 £ R 2N Gl i S, AT DASE B A SR Y S
L. Delépaut 5% Rl GNSS Kk 1% fii #5530 % K ok
1) H BRAT: 55 #1138 2 00 GNSS {55 1915 5 #: 47 1 4
Bro MR 8T T TR 5 A ©AT 4%
BURAE GNSS F A5 M5 5 T 090 7 M fig ,
4l 2 L HEREHUE , K3 GEO,GTO, HEO Flith
A HIETE 2 GNSS T M55 5 5 L H I 0L T fg
SEPLS AL B AR5 . Bhanidipati 281 25 A 1] 8P H
Bk GPS {55 F I 77 08 2%, & 9L R 76 ) 3R %L3E (1
TR BN RST B AR FERY /DAL B, TR
ENLPERE DT 5 1% G Bk GPS W56, Stallo %1 T
2023 A4 T UIE A I )[R D B E S T T HEAT
TR RIS DL KA BT 2 BT 5 1 e e 2 T A
SR R B AR /R SRS ROER H TR
TE FNES B, ST BKH P R B A
ARSI R TE S GNSS @ {5 7, LA
FEMBFF R T R % & GPS, 0 % & 3 K ok A28
FH R T 12 5 5K, 4T Al R [7] 5 0 2L &R 4,
ZEA M HIAN R GNSS 125 Fh AL 3 8 oy H BRIR & 42
AL o4 TR R R ARG S S AR, AR T RS A
ARG, JAT Y TAESR I T &M A 5
TS T %8, SR T Bl A T ) /5 AL e 1 18 4n NRHO
) & B, e ST LA Y R R B O R, A&
T HHEISCT H BT 00 F 48 09 0 58 3R 8 PR AG R ok
H ORS00 2L P AE B2 Bk GNSS (55 1 T AL



5% 3

I BRI AR BUOE Y M Bk GINSS AT UL M T A 27

TECO R B A E B AT AT M 3 IR SR H BR AR S
A RE A A W By 4 FhBUE AT 0 AT AR A
BR#LH (low lunar orbit, LLO), NRHO, i f7 & J&
38 (prograde circular orbit, PCO) M #f [& £ A Bk
A5 HLIE Celliptical lunar frozen orbit, ELFO), 7E
BT 3 2 1 R AR Rl B o e i AR b Y AR R S A
BRINIE AT 2 I R ) — AN REE 1Y S8 1 BRIz 17 T
T BE B PR LLOY™ , Hom BEAIR T AL Ge iy 7 Bk
BUIE TR A E R Y R B8 A SR BEAE s B M
TR 4 WS B ST A A5 T 35k S5 U0 BEE A A R v R T LA
B O R T AL S AUE R R R
AT HERR M. PCO o i IRAT 77 1n] Jie % HL w
Tt A 1Y) 25 b DR /0N 14 150 0 3 A5 20 T AN 7 AR D 1Y
EIENY I DL RDE i LR FELE )
AR 0 3 B O R AIE L B AR LR 27 7E PCO LYz
fy ARXT AT 5 AT B fi A5 A 3t 5 T & Ak AT
B, R KBEAR T iR 25, ELFO 248 —Fh B A7 1 157 %
AR H BRURSE B0 B A L 1H E 1Y 550 R FL
P E B R O ) CEXT SO . VR G BUE
S8 3 oy B g | e A s 5 i, £ B0 AT B T BROE
ARASHLIN 52 ) (4 47 Sy X IR & B, VR 25 A
T RME X E , R E B e ok 4E R
BB E . EURESPUE L, TR 8 g 5 R
AL 1 Bt R R DG A, T R X 1 R A 3 T A (R 4 AH
XiF [ 58 M . Grebow'*! il I 28 LI [ 52 KR = {4
[A] /3 Ccircular restricted three-body problem, CR3BP)
HENT TR IMATZ B T 5 R R A R 5 AP
ks B H 2D NRHO J& T =K R4 L1/1.2 itk
BT ] L A 2 T R L 5 /N AR R Y /N S A
AN R R AR R ST Y = A SR R LA Y
A, X H Farquhar® #2 ), NRHO & T &8 %,
i B RS E MR AR R E G e e L . L1 R
L2 BiA% B H s 45 B A X5 b NRHO, %4> 5 B
AR NRHO 3¢ T 3 5 BI038E 7 1 2 548 3 FR i
NRHO 45 g 2 H R &R 43 i 6] I A 2 4 H - i
WL HENTRRBL 53 R 58 R4 A SR ke ok, il 75
HUIE LY DR Z B B H BRA 51 A a4,
B/ 2 45 0 3 T O AR LR ROk H BRIR R
5 A EZ —.

K R 28 M 52 36 Cantenna characterization
experiment, ACE) iy K23 £ J5 [ (81X GNSS % 4
K& AT B ARG U AL & IF 456 TR Z 80
A FpELIE TR R A R GNSS TR /Y 3 ¢ fi 5%

M55 R GNSS LR T WL LUK AT UL i £
PE AR R 23 AT 55 v Bk 3 i B2 e 1) N7 DA B
T GNSS KIE TR BUE F g 2%
1 DEHEMHEEIT
1.1 GNSSHESH

ST A S5 I 55 0 T o 9
ZHO GPS, b 3} LA Rl & 48 (BeiDou naviga-
tion satellite system, BDS) } Galileo & Ji& i 17 {j
HL R 27 96 B GPS. 24 i 3 B I Galileo
A% 32 903 Bl IE i B 7 BhGE T BDS, 07 BT B
B[] 4 2025/11/09 00:00:00 UTC,
1.2 AXKESMEEHESH

S A R CHk[12,20,26 ], LLO,PCO,ELFO Y
PUEZHER T LUHIT &% 8 BE N S 8080 BLUE TT
IREF R[S 2025/11/09 00:00:00 UTC, 3 1 K #L
EZH BN A B B A EE T BRI AR bR AR
ik BRI A1 e 5% 1R B K BR 2 % HE 42 (international ce-
lestial reference frame,ICRF)#§ % .

F1 AKSMEEYEFLZHHESH
Tab. 1 Kepler orbit parameters of lunar

navigation constellation orbit

Put aEda JhRE HiE

o . X B
e FOBE/kmo fRGE R/ R/ Rz fal/
Py

) ) @) )
ELFO 9750.5 0.6 63.5 90 0 0
LLO  1837.4 0.0 28.5 0 0 0
PCO  3000.0 0.0 75.0 0 90 0

L ph b b
0+~ TN
AT
-50004" A LT
£
= .
F 100004
~150004F
o T2 5000
4000 =0
0 5 =
-5 000 ;ﬁ&\\‘

—4.000
Yy, ~8000

1 ARt s R B ELFO,PCO,LLO
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Fig. 2 NRHO in the moon-centered Earth-moon rotating frame and in the lunar inertial coordinate system
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on lunar navigation satellite
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a single GPS received by lunar navigation satellites
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Fig. 7 Carrier-to-noise ratio of a single GPS signal received

by a lunar navigation satellite (main and sidelobe signals)
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Fig. 8 Carrior-to-noise ratio of the main lobe of GPS,

BDS and Galileo signals received by lunar navigation satellites
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Fig. 9 Number of visible satellites for lunar navigation

satellite based on the main lobe signal of GPS, BDS and Galileo
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BDS(32) 1. 05 1. 34 1. 06 0. 41
Galileo(24) 0.00 0. 00 0.00 0. 00

& 10 A GPS, BDS, Galileo 25 ¢ {5 5 J5 H Bk

S TR AT S T R 2 L 1A 11 Dy g A
RS SHME LR (15 dB » H /5359 n] I TR %L,
X E 8 FE 10 AT, A S IEE S 5 A Bk

At DA R B ARG S B REE K, X T
B GNSS TEES,LLO TABEKRANESEUKIH
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Fig. 10 Carrior-to-noise ratio of GPS, BDS and

Galileo signals received by lunar navigation satellites

(main lobe and side lobes signals)
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Tab. 6 Proportion of time with visible GPS/BDS/Galileo

satellites (no less than 4) (main and side lobe signals)

%

ELFO NRHO PCO LLO

GPS(27) 96.72 98.08 92.72 59. 31
BDS(32) 97. 04 99. 57 95. 74 61. 88
Galileo(24) 98. 48 99. 21 95.18 61.11

®7 ARSMEEHIEI GPS/BDS/Galileo 7 I T2 #
NF 4 FHRRKEEFHE(EFRES)
Tab.7 Longest continuous duration with fewer than four

visible satellites for GPS/BDS/Galileo for lunar navigation

constellation orbit (main and side lobe signals) S
ELFO NRHO PCO LLO

GPS(27) 4 260 1140 2 880 3 600
BDS(32) 4 080 1020 2 760 3 000
Galileo(24) 4 260 720 2 880 2 940

ZM ARG HATIR G E AL, 75 Z AT R G
[f] g 22 (inter-system bias, ISB), Z B £ £ 3 f &
JOUZRGE » JLARY 5 AL A ST 5 e /b TL R HSCR 6
8 Jy GNSS R A2 9 A9 AT W TR KR T 6 i ]
I CEFSMES) . % 9 GNSSIR G B LT
BEUNT 6 WY S K EZE TR (E S5 S5 .
K8 GNSSREEEWAIEH(AFET 6 FOM
8 5 b (EFWES)
Tab. 8 Proportion of time with visible GNSS satellites
(no less than 6) in the GNSS hybrid constellation

(main and side lobe signals) %

ELFO NRHO PCO LLO

GPS+BDS+ Galileo 98. 97 100. 00 96. 10 62.65

®9 AKESMEEHEIN GNSSREEENAIIEH
INF 6 MR KELEMBE(EEFHES)
Tab. 9 Longest continuous time with fewer than six visible

satellites in the GNSS hybrid constellation for lunar navigation

constellation orbit (main and side lobe signals) S
ELFO NRHO PCO LLO
GPS+ BDS+ Galileo 3 600 0 2 700 2 700

B GNSS VR A 5L TR BB, 108 43 A o
A WX R 6 538 8 nl LA B AR F B GPS/
BDS/ Galileo, GNSS i £ A2 ff £5 T8 204N 12 D g B
A7 B B 1) G REAEG  % NRHO B 24 Bisf ] Be ] Il
X 7 53 9.1 GNSS IR A BB BT il i
0] LT REUINT 6 B AR S ] i R A PR A
Sy FIH GNSS R A R4, e it — 42 T+ GNSS 55
Xt A BR S TR A AT,

3 REERE
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FERS 3HE T A BRSA TE2 2200 GNSS 5 5 Bl 171
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