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Fig. 1 Schematic diagram of the systems' overall architecture
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Table 1 Composition and functions of the LCNS system
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Fig. 2 Schematic diagram of circular lunar orbit constellation



54 -1

gl & AEGES ST AR BT SR G € U

359

I RG] VR 25 08 AL 52 3 BR3 = AR 51 i Bah st
Wi, AT ) RS R DR AR B (X2 FR A [
B HEHIT, PUERESEN, $ka kA
B, HITUW A b T AR B, — Bt e s
2 R e B A BRI ORI R 5 08
ks FOE SR AN SRS, I ] R RE AR A ORIFAE ] BRI
X B2, HER A EEEE, )y A BRI R
BRI TR R 2R ) ILSRBE; 1Mo 34 H R [ R 45 LIE 2
NFERE, BEARATEEPUELERF, &y B IX 3 Ht ik
5 I mEHUERTY,

B 2 o BRI AR X, AR IR A [ P S A
VT ORI GRS IE 2, R O R PE DR
oy i T3 UE R B, Horp N BUE I 6T 00,
T A RRIRIEX I MG TP KA [ 45
PUOBETE, AR 55 0 BRE R X, O A BRI
ARSI MR, 2R EEWE 3 PR,

Freeze

I3 DR 0 45 L0 e PR 7
Fig.3 Highly elliptical frozen orbit constellation diagram

T H 28 % L iE (Near-Rectilinear Halo Orbit,
NRHO) J&—FhhiT-H 5 2 (B ey, s riud
2 FhE R OB R YIE GEFR—%EZ) . NRHO
J& T 1A 2 (A BA H A SR YU e — 3y, hdid
BUNRIHESE AT HOESERE . A, NRHO BT
BRANEAEESYS, RIEAME B R gk .

N 43 BT AS [F) AL S8 BURS BE 20, LA NRHO
PREBRKMREGEE TR, 4% NRHO &£ B,
[F)FETE OR B F T A 380 7 (IS D0 R, B BRFg A%
IR PR AR %5, B s e B 4 s

K4 NRHO $Uit A2 7R B 18
Fig. 4 Schematic diagram of NRHO constellation

NJEZRRIBIEE  UIEIRA R R A B 2 DR R
SEPURGE M52, FE3A A RIS 1 R 6l B 40 e 1 PR
SEFPUIE DO AN R B2 e, FL R 3 ) [ B 22 e 73
AR ST SEPL A T A iy A X A, M Rl R 45 B0E
SR R AR T R A X Ak, NRHO BUE A2 38 U AT
IS a5 B AE AR X B2 XA R 2 PR R AT S R T
R, NS YRR A IR R IR AL S .

A% SN S5 B2 B FA) AN R BUASE 348 BGE 20 BEAT
B, HrpIA A R UE DEER 7 3BEE CFCh A
SCHR), O H KMAR VR 45908 B AEIER 1 18 (3L
T Freeze £75), T HLFEPIE L EN1IH (L
HINRHO %7R), # LEMPIENI IS HANR 2 PR,
FALEAS ML E LS.

x2 ERMARIMATESH (B ORER)
Table 2 Selected orbital slot parameters

(Moon-centered inertial frame)

PAE S A Bl /km fiff/ (7) (TIRES
SC1 32374 55.0 0
SC2 32374 0 0
SC3 32374 60.0 0

Freeze 1 87374 529 0.629 5
NRHO 1 47 607.8 108.1 0.960 7
s Moon
—— NRHO 1
—SC1
SC2
—SC3
0 J — Freeze 1
-0.5
-1 4
E-154
S 2
N
-2.5
-3 4
-3.5

5 AREEHE IR EE

Fig. 5 Schematic diagram of Lunar satellite orbit distribution
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Table 6 Orbit determination results from

Lunar-based stations
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rl/km, v/ (km-s™) rz/km, vyl (km-s™)
—— [0.000 937 4 0.004 676 —-0.001 757], [0.000 960 5 0.004 463 0.001 569],
’ [2.22x107 1.027x107° 9.718%107%] [5.058%107% —2.734x107" 2.004x10°%]
5C1, SC3] [-0.000 880 1 —0.006 466 0.002 181], [-0.001 269 -0.005 543 —0.003 774],
’ [-2.559x1077 -1.477x10° -5.065%107%] [5.766x107* —1.011x107° 2.597x10°%]
5C2, SC3] [-0.001 447 —-0.005 601 —0.002 933], [-0.001 619 -0.005 893 —0.004 173],
T [-3.074x107 8.055x107° —2.689x107] [1.875x107 —1.098x107° 2.839x107]
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Table 8 Integrated orbit determination using ground observations and inter-satellite measurements of Cons 2

FEPAE
TAEXT S [E) E RAE A AR
r/km, v/ (km-s™) ry/km, v,/ (km-s™)
5C1, SC2] [-0.000 435 -0.003 336 0.001 292], [0.000 623 6 -0.002 705 -0.001 448],
T [-9.937x107 -7.6x107 -7.445%x107%] [-1.387x107 1.933x10°* -1.317x107]
5C1, NREO 1] [-0.000 362 -0.002 69 0.001 014], [0.000211 1 -4.781x107° 0.003 488],
’ [-8.874x10™® —-6.106x107" -5.292x107*] [-1.817x1077 —1.447x107° 8.26x107]
[3.606e-5 —0.000 469 9 0.000 309 7], [-0.000 168 3 -0.000 5399 —4.093x107],

[SC2, NRHO 1]

[1.643%1077 1.668x1077 —1.895%107%] [5.603x107% 3.322x1077 -6.405%107%]
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Table 9 Integrated orbit determination using ground observations and inter-satellite measurements of Cons 3

=y L\ aj—{;;
T 2 B R 454 EAE
ri/km, v/ (km-s™) r/km, v,/ (km-s™)
51, SC2] ol [0.000 937 4 0.004 676 —0.001 757], [0.000 960 5 0.004 463 0.001 5691,
’ [2.22x107" 1.027%107° 9.718x107%] [5.058x10% —2.734x1077 2.004x107%]
SC1, F 1 al [-0.001 32 -0.007 287 0.002 979], [-0.001 339 -0.007 145 0.002 706],
- N reeze
[-3.535%x1077 =2.232x107° -1.432x107] [-2.53%107 -1.947x10"° 4.337x107]
5C2, F 1 ol [0.001 192 0.004 289 0.002 352], [0.001 062 0.006 627 —-0.003 18],
N reeze
[1.938x107 -7.427x107 1.95%107] [2.613x107 1.625%107° -3.201x107]

M BB RATLLE H, 51 R [ AE B
Jei o AR A ARG 5 b 356 00 00 3 00 22 50 ) B B,
TIXINEEBENMTE, HERERS TH1~21
HER, ZHEYPRESKT1I0mER. EE1Y,
S FANE PR RS R, 3RS TR E
WEFEHI, 3o XA ak 73 K, YR Z ik K2
B2, T SCL, 5| A SC2 & a1 FE(E BB E
SEBLE, 8 PURE E E E T SC1 ORI NRHO1 1) T2 4
A, KR T EPOE P REYUE KRB, PRI
I JUAT E AR F SC1 AINRHO1. {HZXF SC2, XA
SIS . JERZ SC1 5 NRHO1 $UiE V- 1 3¢ /1
FEOK, T SC2 5 NRHO1 $ui 1 J& M e/, 24 4% 51K
BORFEA I, FOI U 25 40 5 SO E Uk FE B
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Table 10 Integrated orbit determination using lunar observations and inter-satellite measurements of Cons 1

- TEPNE
TR B A B =
r/km, v/ (km-s™) ry/km, v,/ (km-s™)

[SC1, SC2] " [0.000 132 1 0.000 4849 5.493x107°], [0.000 359 7 -7.434x107° 9.805%107°],
’ [5.868x10° —1.989x1077 2.376x10%] [1.491x107 1.836x10™ 2.833x107%]
SC1L S| ol [-0.000 128 8 —0.000 1459 0.000 101 7], [-0.000 573 8 -9.808%10° 0.000 106 3],
T [-6.839x10™ 2.188x1077 —6.024x107%] [1.89x107 -6.318x107° 9.007x107°]
— " [0.000 266 3 —0.000 231 3 0.000 516 6], [0.000 1321 —0.000327 7 —0.000 498 6],
’ [-7.818%x10"° 1.018x107 -1.649%x107] [1.662x107 -5.33x107° —3.288x107"]
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Table 11 Integrated orbit determination using lunar observations and inter-satellite measurements of Cons 2

FEPURG L

r/km, v/ (km-s™)

TEXT SR R A A 5k "
r/km, v/ (km-s™)
5C1, SC2] a1 [-5.967x107 —0.000 424 3 0.000 116 2],
’ [-1.818x10™ 2.592x1077 -6.865%107%]
SC1, NRHOL] - [0.000 279 -0.000 444 8 —0.000 287 4]
’ [5.026x107° 1.901x10™ 1.536x107]
[SC2, NRHOL] ol [0.000 163 3 0.000 188 4 0.000 133 9],
’ [-7.986x107° -1.876x10"° -6.471x107°]

[-0.000 403 8 0.0004169 -3.881x107],
[-2.73%107 =7.187x107% 4.534x10™]
[0.000 126 7 —0.000 100 6 0.000 309 9],

[1.802x107% -5.973x107% 2.741x107%]
[0.000 2415 4.768x107° —0.000 150 2],

[7.796x107° 3.113x10™ -5.031x107%]
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Table 12 Integrated orbit determination using lunar observations and inter-satellite measurements of Cons 3

T S o B 4 AL
r/km, v/ (km-s™) rfkm, v,/ (km-s™)

5C1, SC2] " [0.000 1321 0.000 4849 5.493x107°], [0.000359 7 -7.434x107° 9.805x107%],
[5.868x10° -1.989x107 2.376x107%] [1.491x107 1.836x10™ 2.833x107%

SC 1. Freese 1] oal [-0.000 106 7 0.000 3355 1.699x107], [-4.201x107° 0.000 826 4 0.000 145 5],
[-1.732x107 2.388x107° -4.258%x107%] [-3.044x107° 1.083x107" -1.04x107¥]

[SC 2, Froeze 2] al [8.476x107° 0.000 929 3 0.000 509 1], [0.000 276 1 -0.000 541 1 -0.000 42],
[-1.713%107 —4.121x10" 2.923x107] [1.089x1077 2.2x107-9.765%107%]
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Table 13 Integrated orbit determination using ground-lunar observations and inter-satellite measurements of Cons 1

Tt 2 B SRR 1A EAVE
r/km, v/ (km-s™) r/km, v,/ (km-s™)
[SC1, SC2] " [7.561x107° 9.752x107> 0.000 107 9], [-3.237x107° 0.000 2753 7.008x107],
' [1.932x107% 5.436x107° -5.128%107%] [-4.302x107% -2.586x107% 4.232x107%]
EC1, 5C3) ol [-2.687x107° 0.000 457 -0.000 129 4], [-8.251x10° 0.000416 7 0.000 219 3],
’ [1.633x10 1.119x107 5.501x107° [1.449x107 9.337x107% -1.565%107"]
[SC2. SC3] " [-7.277x107° -3.665x107 -3.475x107], [-5.513x107° -1.733x10 5.412x107],
T [1.68x107% 1.437x107° 1.74x107%] [-1.716x107 —1.671x107° 1.484x107%]
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Table 14 Integrated orbit determination using ground-lunar observations and inter-satellite measurements of Cons 2

S L U B AR
r/km, v/ (km-s™) r,/km, v,/ (km-s™)
[SC1. SC2] a1 [2.696x10™ -0.000 166 4 5.179x107], [1.367x107 -0.000 1247 6.381x107],
[2.344x107° —6.78x107° 1.364x107%] [-1.479%x107° 2.804x107 -7.186x107*
[SC1, NRHO 1] sal [-0.000 239 6 9.375x10™ 0.000 256 1], [-0.000 126 6 -0.000 1818 -9.51x107°],
’ [-4.631x10™ -2.097x107* -1.04x107"] [1.642x107* 9.054x10™® 7.907x107'%]
. [-8.372x107° 4.85x107 -6.143x107], [-7.116x107° 2.434x107° 4.024x107°],
[SC2. NRHO2] 241 [-8.093x107° -2.689x10™® —1.39x107%] [-1.052x10° -7.063x10™° 4.499x107%]

x15 EREIME-AE-ZEENEENER

Table 15 Integrated orbit determination using ground-lunar observations and inter-satellite measurements of Cons 3

EHURE R
TR LB R 8 R
rl/km, v,/ (km-s™) rz/km, v,/ (km-s™)
5C1, SC2] ol [7.561x10° 9.752x10™ 0.0001079], [-3.237x10 0.0002753 7.008x107°],
’ [1.932x10° 5.436x107° -5.128x107] [-4.302x107 -2.586x107° 4.232x107%]
5C1, F 1 ol [4.35%107 0.000 7112 -0.000311 1], [-0.000 1149 -0.000 643 9 0.0001341],
h , lIreeze
[1.022x107% 7.905%107° 4.664x107%] [2.55%107 1.902x1077 -4.017x107%]
5C2, F 2 ol [-0.000 128 8 —0.000 608 3 -0.0002117],  [-0.000 107 7 -0.000 821 1 0.000 283 2],
> N reeze
[-6.458%10° 3.195x10°® -3.058%x107] [-2.796x107 -1.998x1077 3.733x%107%]
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Research on Integrated Lunar Communication and Navigation
Architecture and Joint Orbit Determination Methodology

CAO Kai '*, WEI Donghua'?, LI Haiyang'?, CAI Han’, LIANG Zongchuang'?, XIANG Kaiheng'?

(1. Deep Space Exploration Laboratory, Hefei 230088, China; 2. National Key Laboratory of Deep Space Exploration, Hefei 230000, China;
3. School of Aerospace Engineering, Beijing Institute of Technology, Beijing 100081, China)

Abstract: To address key technical challenges of constellation design and high-precision orbit determination for the Lunar
Communication and Navigation System (LCNS) an integrated orbit determination architecture which leverages multi-type or-
bital constellations and multi-source tracking resources from Earth, the Moon, and space was proposed. A hybrid constellation,
comprising low lunar circular orbits, frozen elliptical orbits, and near-rectilinear Halo orbits, was designed based on lunar orbital
dynamics to enhance coverage across global lunar surface and critical regions. For orbit determination, five observation modes
were systematically compared and analyzed: Earth-based only, Moon-based only, Earth-based with inter-satellite , Moon-based
with inter-satellite, and Earth-Moon-space joint modes. Their respective orbit determination accuracies were quantitatively
evaluated. Simulation results demonstrate that the Earth-Moon-space joint mode substantially outperformed conventional ap-
proaches, improving accuracy from the meter level(in Earth-based only mode)to the centimeter level, thereby greatly enhancing
navigation and positioning reliability for polar and far-side lunar missions. These findings provide theoretical support and engi-
neering guidance for top-level constellation design, multi-mode orbit determination strategies, and the optimization of allocation
resources allocation in future LCNS development.

Keywords: Lunar Communication and Navigation System; constellation design; Earth-Lunar-Space joint orbit determina-
tion; lunar ground station;accuracy evaluation

Highlights:

e A hybrid constellation model incorporating three types of lunar orbits (circular/frozen/NRHO) was systematically de-

veloped, offering valuable reference for lunar navigation constellation design.

e A novel integrated orbit determination scheme was proposed, combining lunar surface base station observations with

inter-satellite ranging technology , eliminating reliance on Earth-based deep space networks.

e Demonstrated centimeter-level accuracy via quantitative comparison of five observation modes, providing critical refer-

ence for future constellation configuration optimization, lunar surface base station deployment and tracking resource al-

location.
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