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ABSTRACT

Growing interest in space exploration in recent years has led to active research on lunar missions as the first step toward
deep space exploration. Lunar exploration requires a variety of enabling technologies, among which establishing a reliable
Position, Navigation and Timing (PNT) system on the Moon has gained increasing attention. Lunar missions traditionally
have relied on one-to-one tracking from Earth-based ground stations. However, with the rapidly increasing number of lunar
exploration missions, deep space communication networks such as the Deep Space Network (DSN) have become saturated.
As an alternative, the use of Earth-based Global Navigation Satellite System (GNSS) signals, which are capable of supporting
an unlimited number of users, has been proposed for lunar navigation, and extensive research efforts are currently in progress.
In this study, the availability of Earth GNSS signals in a Elliptical Lunar Frozen Orbit (ELFO) around the Moon was analyzed
through simulation and virtual measurements were generated based on the analysis results. The simulation results show
that signal availability in the lunar ELFO environment is limited, with most observable signals originating from the side
lobes of GNSS satellites. Simple Least Squares-based positioning approaches consequently exhibit performance limitations.
These results indicate the necessity of developing more advanced filtering-based navigation methods suitable for the lunar
environment.
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Fig. 1. Number of lunar exploration missions by decade.

Fig. 2. Lunar orbital navigation satellite constellation.

Fig. 3. LUGRE mission blue ghost lander.
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Fig. 4. Overall flowchart of the GNSS-based lunar navigation simulation.
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Table 1. Overview of input data and processing workflow for generating GNSS satellite ephemerides.

Reference Constel- Almanacdata Almanac file Number of Orbit propagator Ephemeris
time lation provider format simulated satellites propag resolution
2025/11/11  OFS CAO Yuma 32 GMAT propagator .
00:00 Galileo GSC XML 25 (Runge-Kutta 4th) 1 min
: QzSs CAO Yuma 5 8

Table 2. Overview of initial conditions and processing procedures for lunar satellite ephemeris generation.

Reference . Lunar gravi Third-bod Solar radiation . Ephemeris
time Orbital parameters field l?lf:)de:y perturbatiofls pressure Orbit propagator rgsolution
a 6211.4 km
e 0.67
203(;) é:%t/OI ;) 5050 (155;655) Earth, Sun Spherical glhéﬁ;er—) Ir((:lli:lagiﬁ; 1 min
w 90°
v 0°

Fig. 5. Flowchart of the visibility analysis simulation.
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Fig. 6. Off-boresight angle (6) and azimuth angle (¢).

Fig. 7. Galileo reference antenna pattern (GRAP).
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Table 3. Antenna pattern data used in the simulation.

Constellation Data source Data provider
Block IIR Lockheed Martin
BlockIIRM  Lockheed Martin
GPS BlockIIF  Boeing / ACE project NAVCEN
Block IIT Lockheed Martin
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Table4. Simulation Cases for visibility analysis.

Table 5. Parameters used in the link budget model.

No. Receiver operational mode Antenna pointing condition Symbol Description Value
*  (Tracking only / Demodulation) (Earth-pointing/ Yaw-steering) d Satellite to receiver distance
Case 1 Tracking only Earth-pointing A Carrier frequency
Case 2 Tracking only Yaw-steering L,, Polarization loss 3dB
Case 3 Demodulation Earth-pointing Boltzmann constant 1.380649x10™J/K
Case 4 Demodulation Yaw-steering T,,  System noise temperature 295K
R, Receiver implementation loss 0.9dB
Table 6. Transmit power levels by signal type [dBW].
Constellation L1/E1 L5/E5 Remarks
Block IIR 14.01 BlockIIR L5 not available
GPS BlockIIRM 16.53 Block IIRM L5 not available
Block ITF 15.39 Block IIF 18.39
Block ITT 16.53 Block IIT 19.53
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Table 7. Demodulation parameters.

Demodulation threshold Demodulation duration

Message [dB-Hz] [sec]
GPS LNAV 26.5 48
GPS CNAV 26.1 24
Galileo I/NAV 27.7 30
Galileo F/NAV 20.7 50
QZSS LNAV 26.5 30
QZSS CNAV 24.5 60
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Fig. 8. Flowchart of the measurements generation simulation.
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Table 8. g-parameters defining the Hadamard variance of the rubidium
atomic clock.

Clock model q q, qs
RAFS 3.70e—24 1.87e—33 7.56e—59

BEsigch

2 Tefsle] o] 2 SotH o 1
Moz Agelt oAe 54 Eq,

A4k GNSSoll 4] Lk
(6)7} o] T 4 9lck,

P = pi +c(dt, —dt*) + TS + I§ + M; + €gper, (6)

o7]A At se 9IS, SEAE 2 41715 2ujsict o]
A3} 417] Atol o] AA| 715ksr A (ppoll ThFst 9.2} A
ol tializl e 2 ST 4= ok o MiTOﬂL A7) AA|
22} (dt), 173 A1A 221 (dF), HFd A 221H(T), A5 A
A & (), Helu A o2 (M) 18] $2417] 4 2 (el
ZAtct o] $t o3} AR WY Rl mhel A RA 7]
gt o4}, A5 Hut 3Pyl s o), TE|al 42415
A 711k exl2 TR

A RONA 715 22k $14 AlAl 24F (dr)elT.
AlA 9] St ofg] 23l o3| WEst, o] %%
ZHe AR AAH0) T AR e g Balslod
t} o] A E AlA o4 Y EE|ZES WAy
43) 2lYs5}7] 93l Hadamard #4He AFE519] o0, 5]
Abg A5 g-ahElulE S 7)o 2 AJA 3 L 7ol wh
LAHE RSt (Long 2024). Y40l HAlE AlAIE F4
2L AAR 7T 7S, W S B3-S vUehdE g-TEle]
E] Table 8of] AlA]=]|o] 9l om, Egs. (7, 8)= &3l AlA 24} &
© 2 Jkgsisict

OI

Pt
» Ho
ox.

30 o

n]o ru
5
ofl o >
2

2 oot Afe

deG+ D) [ ap ATAGO) e
dt.(i+1)|= 0 1 AZT dt. ()| + Q fz] (7
di.(i+ 1] |, dt,.(0) €3

[ ar AT® AT AT?2  AT* AT
| % +qu+q3% qu+Q3?

Q3_|
6
AT? AT* AT3 AT?
QQ" =c? Gt CIzAT‘HhT G (8)
AT3 AT?
[ &= q3AT

A7|M AT= *174] LaE 14.5_5]_'5 A AE, o2 BE5S, e
Hato] 0, &
A et lJr’H ofl A HW OP— X
(Ts) 1104 L2P7h A, GNSS 944 % ﬁﬂ% g A=EG
A 52 Azel $Ash] digel & IXe
_l GNSS Als7} A+ 71 & 44—0]-}] oroo g o]zt aNE
A 4= et (Delépaut et al. 2024). 4] ‘?_PEﬂL} AHHA F
of 47 o] o] A5 52 AT ti7] H WSS T sk
gl o] % ti71E mig- 2A T Hol A L& IA T
7Rt o23h Az e Al AR EE 71E B BER A
Ashz ol AL o8&, of Algdloldel e S kel

https://doi.org/10.11003/JPNT.2026.15.1.75

Table 9. Key parameters and variables used for modeling receiver thermal
noise.

Symbol Description Value
c Speed of light [km/s] 299792.458
T, Chip period [s] %
B,  Loop noise bandwidth [Hz] 0.5
C

N Carrier to noise ratio [Hz]

0

T Predetection integration time [s] 0.02

D Early-to-late correlator spacing [Chips] 0.3
R.,, o ) 1.023
R, Chipping rate [MChips/s] 10.023
Bun . i . 24.552
By Double-sided front-end bandwidth [MHz] 20.46
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Fig. 9. Curve fitting results of GPS PRN 01 orbit and clock errors.

Table 10. Coefficients of harmonic fitting for GPS PRN 01 orbit [m] and clock
errors [s].

A0 A AR AB) AW A(B)  A(B)
037 -157 038 013 002 036 -0.18
e, -022 067 -18 -012 036 -0.03 -0.48

004 -007 012 -1.87 016 036 -0.15
-3.76e-11 -195e-11 7.60e-10 -224e9 1.96e-9 -148e-10 1.79e-10
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Fig. 10. Number of visible satellites over time in Case 1.
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Fig. 11. Number of visible satellites in the L1/E1 band over time in Case 1.

Fig. 12. Number of visible satellites in the L5/E5 band over time in Case 1.
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Fig. 13. GPS SVN 62 L1 band antenna gain pattern.

Fig. 14. GPS SVN 62 L5 band antenna gain pattern.
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Fig. 15. Number of visible satellites in the L1/E1 band & distance between
the Moon and the Earth.

Fig. 16. Number of visible satellites over time in Case 3.
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Fig. 17. Number of visible satellites over time in Case 2.

Fig. 18. Number of visible satellites & Earth direction angle.

Table 11. Average number of visible satellites over 14 days in ELFO orbit.

GPS Galileo QZSS All constellations
L1 L5 E1l E5 L1 L5 L1/E1 L5/E5
Casel 6.05 539 218 2.04 055 0.72 8.77 8.16
Case2 137 157 044 054 0.06 0.19 1.86 2.30
Case3 157 277 056 139 0.24 0.46 2.37 4.61
Case4 032 056 0.05 0.26 0.01 0.04 0.39 0.86
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Fig. 19. Carrier-to-noise ratio of the GPS L1 signal.

Table 12. GNSS signal availability over 14 days in ELFO orbit [%].

GPS Galileo QZSS All constellations
L1 L5 El E5 L1 L5 L1/E1 L5/E5
Casel 88.62 87.53 15.30 12.43 0.99 3.12 95.07 95.71
Case2 18.02 19.36 2.45 1.71 0 0.13 21.06 25.01
Case3 4.16 2894 0.22 4.95 0 0.52 21.53 72.00
Case4 0.16 2.00 0 0.20 0 0 1.24 7.79
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Fig. 20. Distribution of the carrier-to-noise ratio of received GNSS signals.

Fig. 21. Distribution of off-boresight angles of received GNSS signals.
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Table 13. Main lobe/side lobe boundary angle [degree] and side lobe
signal ratio [%).

L1/E1 L5/E5
Constellation Boundary  Sidelobe  Boundary  Sidelobe
angle ratio angle ratio
GPS 23.5 87.76 24 90.40
Galileo 20.5 82.65 23.5 69.31
QZSS 22 61.06 24 57.55
Total 84.83 76.45

Table 14. Positioning errors [km] and PDOP for each case.

No. Max RMS 95% Min Mean PDOP
Casel 147.88 10.32 20.37 0.018 508.33

Case2 448.79 2254 2532 0.0059 1120.94

Case3 694.10 25.83 41.03 0.011 1843.20

Case4 358.37 33.48 66.47 0.025 2887.99
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Fig.22. PDOP over time in Case 1.

Fig. 23. Three-dimensional positioning error over time in Case 1.
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Table 15. Contribution of the QZSS constellation to navigation performance by case.

Mean visible Signal availability 3D RMS position
No. satellite number [%] Mean PDOP error [km]
: With  Without With Without With Without With  Without

QZSS QZSS QZSS QZSS QZSS QZSS Q7SS QZSS
Casel 1231 11.42 96.80 96.76 508.33  556.75 10.32 1091
Case 2 3.20 2.98 28.50 27.68 1120.94 1080.98 22.54 19.67
Case 3 5.50 4.99 83.83 79.13 1843.20 2096.53  25.83 26.35
Case 4 1.03 0.98 11.95 11.00 2887.99 2894.19 33.48 33.14
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