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ABSTRACT

The Moon is increasingly recognized as a strategic waypoint for future Mars and deep space missions and this is driving
demand for reliable Position, Navigation, and Timing (PNT) services. Traditional reliance on the Deep Space Network (DSN)
provides high post-processed accuracy but limited real-time performance and may not scale with rising mission numbers. To

address this, space agencies are exploring Global Navigation Satellite System (GNSS)-based and dedicated lunar navigation

systems. Recent demonstrations, such as the Lunar GNSS Receiver Experiment (LuGRE) mission, have validated GNSS

positioning at the Moon with kilometer-level accuracy. This study extends these efforts by simulating lunar orbit determination
using multi-GNSS constellations. An Extended Kalman Filter (EKF) approach, integrating GNSS observations with orbital
dynamics, is employed. The simulation results show significantly improved position accuracy and underscore EKF’s potential

for future lunar navigation systems.
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. INTRODUCTION

oo mlef] 9ol 3l B} W AlS = BRafe] Z7F A 0 ZH
HERL GO, g5 104KF 4007 o]4Fe] & T Q17 et
it} (ISECG 2024, Kawade & Christodoulopoulou 2024).
FH5] Z715He ARESY a0 BH AU AR
23 AT 915t Zof|A1 9] Position, Navigation, and Timing
2ol $R4E W 27letm Atk WA
2 7bg BEAel A9% W JlERE A4 o
E|Ukele] oFdpak Ea HEo. £ A& sH= Deep Space
Network (DSN)o| 2l & S5l 4+ m 52 $1A] H=
55 7 ALR &HA Qltt (Delépaut et al. 2022). shA|TF
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Fo = A4 F7IoH AR 425 Qe Fiol Wbl 22
Aoz Aelm glom], 4 m4-20) UEE FA 2 s
T Ao R M sh A9 91K oA S km SFEOR
Hoix]A| Hc} (Giordano et al. 2021a, 2021b).
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Fig. 1. GNSS-Lunar satellite relative geometry and visibility.

=
(Giordano et al. 2021b). =3} NASA Artemi 2

2 NASAE HoflA g4} gy AfulA Alg-& AT dazet A
A o] 24} LunaNet& AR5} o] & F5317] 3l =s}ar 9l
t} (srael et al. 2020). 28] 3 t]gfjo]] LunaNeto]] 2FoishA] = o]
2 AUl A A EAE ALolo] 4F5- £ BAs] 9o NASA,
ESA, JAXA F%35}o] LunaNet Interoperability Specification}
Zro] LunaNet A1, Y Au|Aet B ZF-E HYAlske 71&
EA] 23S X451 e} (Giordano et al. 2023, Dafesh et al.
2025).

olg]3t A £of|A] 2025 2 NASAL] Commercial Lunar
Payload Service 213 0] A3}lo 2 FireflyAl2] Blue Ghost
Mission 1 €242 A& = Lunar GNSS Receiver Experiment
(LuGRE) $=A17|7} H| 22 ZofA] X3¢ GPS, Galileo 4155 4~
Alste] 1% 2742 Ad3stlet (ASI 2025). H2kgh ?ﬂc 2
7 Hkalo] A E| A= AUATE YR AT oF L5 km P ER
e 7o 2 3kelo] E|9ith o]+ GPS, Galileo 23 2] & Least
square 7|9 5 95 S ©f 4~ km H1X] 247t EEH
o2 AlEgo]A Aikel Y453kt (Capuano et al. 2016).

2 =wollAl= GPS, Galileo §1/4dw%F aLejgt 7|& At

_] 73

el Bk 0E e 9 A Al 2
Aol T4 BAlel el Al o2 wefaic deln
ONSS ZHAE B33 A A Aok T Apole] W

s 229 2o oxp JRE 911 o]

2% T 29 A

2 43S & 4 9JE Least square 7]5F = =

o
ci1e] 58 23 4 A Gefor 2R AT

ok Extended
Kalman Filter (EKF) ®#}2lo 2 H& Zj, A B o)L A5
t} EKF 7|5t A= Z—é%ﬂ %= km 22701 LuGRE A3} tj

H] 27| g AR g % *‘21‘1}

2. SATELLITE VISIBILITY ASSESSMENT

2.1 Link Budget Calculation

A= 23E 913k A7 GNSS $14 27
A2 Aol $1XI3F ShelA] 7h4] GNSS 9

o_>Z.

o
)

ru‘I m
O|r
Fo

N

)

https://doi.org/10.11003/JPNT.2025.14.3.241

Table 1. Considered constellations and signal types.

System Signal 1 Signal 2

GPS L1CA L5-1
GLONASS GI1CA G2CA
Galileo E1-B E5a-1
BDS B1I B3I

QZSS L1CA L5-1
IRNSS L5-SPS -

Atk Fig. 13} o] 2o} & Aol <F 400,000 km Eojz] QL
o] A5 GNSS 914 4137} B Zhe kel A] s =,
Main lobeo]| jgsl= 735 A1 S5 tEE 2] tof] 71 x| LA B
main lobe 215} AMtfA 0 2 A 7]7} 2F5} Side lobe &9 A1

7L el =2 & JlHk AlE l Mi 42 AdelA 7t

\l

Al 914 TS 913 link budget 441 0 2 HE] 94 A15.0] Wk
T} o] ZHeH|2 Ailslo] a5 ].1:14 Eq. 1)_\,]- 74t} (Parker et al.
2022).

15 = Pr + Gr(p,0) + G(p,8) — 101og(kTyys) — 201og (%) —-IM (1)
1714 Py, G, (p0), Gy (p.6)= ZH2F GNSS 914 e] 15 &2 A7)
o} 415:9) A|41 e WE]7} GNSS QhellLt 1e)31 4+417] gheft
o} o= Zho] W bElL} o Solc g6k AL W wEl7H
ote|UF 2T 23} o] F &= vkl Zka} Off-boresight angleo]t}.
Off-boresight angle-2 Stel|U7} X gFsl= & HIgko] &3} A]H
W e} o] S ZiEolth. ds GNSS 914 QelLtel 4

7] Qe Afole] Flstatalel Aelsl f Fuha 4150} Wi 7101
olth. kT, = 29 442} system noise temperatureo|™,
system noise temperaturet= Eq. (2)&} Zto] A5 & $Al5H= 9t
gLl el £417] 9] noise temperaturee] gto 2 el
(Popescu 2017, Donaldson et al. 2020).

Tsys = Tane + Tr ()

6171 A LM-& polarization losses, receiver implementation losses

52 Lo,

Link budget A4¥sto] 7hA] $14< Test of 7|slob A
op2Al, 15 A7), el ARAEQ) A4 el Al B o)
A W7k AFh mefsieich. ZIsler Aok e 1157} A7
U 2ol ols) Zeldom AuEAs ehex Beksla, A5 A
7] link budget .2 A4kl A150] Al717} 41717} ZAE 4
Sl A 441 A7 Bekeith 293 4157} Bas] o



Sungik Kim et al, EKF Based Lunar Orbit Determination Using GNSS 243

Fig. 2. GPSBlock IR, [IR-M L1 antenna gain pattern.

Fig. 3. GPSBlock Il L1/L5 antenna gain pattern.

2 aoll oJsh Al 49 o= A7 GNSS S el 5
QrELol T $1A3 9] 441 QHEIUZE A|ashe AfThElel o]

gk QteLt o] S wi'lo] th2 g 94 ApAlof whE QL o] 5
o] 3R link budget A4kl Zefslob gk, mAEhe 2
GNSS $4 AlBERE $17] 25 Sk e AEE
2 235H= 2)4do] thi$} Clock & Ephemeris Data (CED)S 2| A4S}
ZFA AL Qlofof 5k o] 5 H 45 2RE Ay BX slo] &
RS agith B =RollA AlEEleld Al sk o4+

[e)
o =
8 A5 F R Table 13} 2t}
2.2 Signal Strength

P8} G| & Equivalent Isotropic Radiated Power (EIPR)2}
% ol5tH, EIRPi= GNSS 9ol S5 4159 A|7]|et
=l Zkolch. GPS, Galileo, QZSS A2 EIRPQ} T A1
FAH o2 FIsta ok (Marquis & Reigh 2015, Cabinet
Office 2023, Menzione et al. 2024).

GPS Block IIR, IIR-M, [lI= E5| & ulglAlof|A] #| 215183 on,
S 42l TSt QLY o) S Hiel 1S @A) Off-boresight
angle @ <oll AA AlF5tATF BYJAtollA] A|2FeE GPS Block
IF S}zl it ekelt o) S el AR Askel ojole] o
Off-boresight angleo] thallA9t AH-Z=t} (Navigation Center
2022). NASA©J| A= GPS Liof| thgh QFellL} o] 5 oij®d 5 =2
A E9°] Antenna Characterization Experiment (ACE)S ZI18§st
v} 9l om GPS Block IIF JAl#71R] A 4] Off-boresight angle
Fqofl gtk ¢HeLt o] = s PR E AFthct (Donaldson et

I oY

al. 2020). L5 2152} 739 GPS Block 1= L1z} njxbz}x] 2 A
Off-boresight angle &3 3of thal] A X7} Zol=Ele] 9Jon, GPS
Block IIF9] 7 2-ofl= L1 QFeut o] 5 o] AE AALYLE 5
3l &85k 4= 9T} (Delépaut et al. 2020). Figs. 29} 3-& Z+zF GPS
Block IIR, IIR-M L1 ¢tejut o] = s el GPS Block I LI/L5 oF
Bl o] S RS A|7kse oIk,

GPS 914+ P, 4t ACE Z2HEL 2 & 4]
£ 24 Agdold AT AT 2HEL B2 4 ot
(Winternitz et al. 2019, Donaldson et al. 2020, Parker et al.
2022). ¥ =80l GPS LICA 415.0] &8 Zh2 AA| x4 <t
ol A Sk vhdat of S u|2RE AYEE =& A3
AIE 83t (Wang et al. 2018). Wang et al. (2018)2 GPS
Block IIRFE] IIF7}A] LICA A15of thst P, 3 SH3I¥ L
o, 7} GPS M a Haghe AlEaloldol A skt ol
o GPS Block I19] 215 & A|7]= GPS Block IR-M3} £2]
sitha 71 st Ls 415 &3 9] 739 GPS Interface Control
Document (ICD)oJ|A] L5-1 A1) 2| A 441 A|7]E LICA Hr}
GPS Block IIF&= 0.6 dBW =4 18] 12 GPS Block I+ 1.5 dBW
= GABAL 9long s xpoluhE Ykl ahE £ 4As
A7) & AFRSIC} (SAIC 2022).

Galileox Full Operational Capability (FOC) ¥AJw-o tlish
EIRP 91§l 7} 7t 373 S felo] oiall E7hElo] it
(Menzione et al. 2024). Fig. 4= Galileo E17} E5a A150] tjjst
EIRP S{&] AR E A|Z}5)5F Z o]t} TghElL ESa 415.9] EI-B 41
5o} ESa-1 5 %] A5 & Z4zke] HA| 418 &3 Al7]olA 50%
o]l sl g3 Power sharing© 2 Q15 41& &41-S Te{sfjof gict

>
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Fig. 4. Galileo FOC E1/E5a EIRP.

Fig.5. QZSS L1/L5 antenna gain pattern.

Table 2. Signal transmission power per signal.

. Power Powershare . Power  Power share

System Signal 1 (dBW) (dBW) Signal 2 (dBW) (dBW) Note
GPS L1CA 16.53 0 L5-1 18.03 0 GPS Block ITI
GLONASS G1CA 16.53 0 G2CA 18.03 0 GPS Block ITI
Galileo E1-B EIRP 3 E5a-1 EIRP 3 FOC
BDS BI1I 15 0 B3I 15 0 BDS3
QZSS LI1CA 14.1 0 L5-1 15.6 0 -
IRNSS L5-SPS 14.1 0 - - - QZSSL1CA

(Teunissen & Montenbruck 2017).

QZSS+= GPSet fAlslA SHEL o] 5 o AR E s
a1 9Jt} (Cabinet Office 2023). Fig. 5+ QZSS L1¥} L5 Al5¢
et o] 5 siEl-& peRdTE QZSS $14d 9] LICA 415 &9
A|71= QZSS 7]4F Geostationary Earth Orbit (GEO) H& 2
A AlEdold AollA AFEE ghe FR3IITE (Nakajima &
Yamamoto 2024). GPS, Galileo, QZSSE A5t UM A+
of ek EIRP 942 A1 Zallo]d A4 mietoleit 914 A 4t
of w2t GPS, QZSS {Id9] dlo|el& &453ith. GLONASS
o] 94 415 &Y A7|9} QHELY o] 5 Ad K= GPS Block 1T 7
HE 2851913 BDS 94579 415 £ A|7]+= BDS3 Medium
Earth Orbit (MEO) ¢JAle] B3l 415 &3 A7 S dLFog
AL3519th (Wang et al. 2022). BDS 94478 MEO, Inclined
Geosynchronous Orbit IGSO), GEOZ AlEe] Qlem g MEO
L GPS Block III, IGSO9} GEO= QZSS Block 119} Block III ]
4 okt A2 247 Bgslodch mha2ho 2 IRNSSO] 224
7= QZSS LICA9} Selslta 71- 519 om, IRNSSE IGSOS}
GEOZ F-4Jslo] BDSS} nli71A 2 ekelli} o] S Hui QzSS

o ok
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Table 3. Antenna gain pattern per signal.

System  Signall ANT  Signal2 ANT Note

GPS L1CA GPSL1 L5-1 GPSL5 GPS BlockIIT
GLONASS GICA GPSL1 G2CA GPSL5 GPSBlockIIl
Galileo El1-B EIRP Eba-1 EIRP FOC

BDSMEO BII GPSL1 B3I GPSL5 GPS BlockIIT
BDSIGSO BII QZSSL1 B3I QZSS L5 QZSS Block IT & ITT
BDSGEO BII QZSSL1 B3I QZSSL5 QZSS Block IT & IIT
QZSS L1CA QZSSL1 L5-1 QZSS L5 QZSS Block IT & ITT
IRNSS L5-SPS QZSSL5 - QZSS Block IT & ITI

Block 112} Block III A B2 7}z}
Tables 22} 30 A 2]5}3ict.

&2

2.3 Satellite Attitude

ndle Udubg o2 Yaw-

o
=

A+ GNSS 9143 9] 9144 #HA|

= =
steering ZFA| 2@ 3} Orbit-normal® 2 E-=ZIt}h (Montenbruck
et al. 2015). Yaw-steering Z}A| B &2 Fig. 63} ZFo] GNSS £

=
B W g SrELUE B4 AT FAL W AR ohe



Fig.6. Yaw-steering attitude model.

Fig. 8. Receiver L1 antenna gain pattern.

Boresight W32 1% 02 87 s}% A4 wlolch. Yaw-
= oo efor AT BldZo] ok
ekt A o] =& & QFEu; Boresight WHFol| ol & gict.
International GNSS Service (IGS)o]|lA Aol 914 =4 =z
Al 255 Qe Boresight W3k, Y& ¢4 B A2 35
Azog 15‘_40}1:]- (Montenbruck et al. 2015). Yaw-steering A}
Al B ¥k 0 2 MEO, 1GS0 $140lA] HAM] Aha] B2
ARy, T ool 71eiA) B4k Ao AL PR 5
H3t V)5S a5k, 2 \_1_01]* + B+ MEO, IGSO ¢4
£ Yaw-steering ZpA| &S |-A$kchar 7151
Orbit-normal Z}A]| 5'_%33 EjQFe] x|} AdHglo] 1GSoflA]
Helohs 9 SAle] AR Y] 94 A=} b4 4
Q1 Al A E o] Ik YNk 2.2 GEO Sh4o] sl A4 &
A& AHESIE R B =R A% GEO $J4d2 orbit-normal Z}A|
nue Aaslolct
970 2|7 GNSS 4158 2HsHs uielol s £4fs)
=7 401]*1 GNSS 415 441 QFEIUE %o"*o]' Z]?‘ FAE
Arake 71ABIC) (Winternitz et al. 2019, al
iordano et al. 2021b). A]7+ GNSS A1 & ]—%/\é% golst
o:@ 97 A e +oHe B o2 QL A AT
A& weks o] 71 Z3lelck. 5% 2|7 GNSS S 2
o] & 2JAJo] 31 oo 2 AAgks Sasiriy ok sl =
712 2 B} Ak 2P B 71 s Ao o]
9]
E

_l

N
O
_\.,O
Q

01 omn q
739 GNSS QU7 B4 A+ F4S Fole A2 Algtol
& 4 9ok £ =FollA= A GNSS 7RAAG Ehe el T 914
2 Au| A Al Felabe F7HA £HE aEsthe], A7 GNSS 94
9] Yaw-steering ZpA| 2 &3} FARE ZRA] BElS 7 olslo] A&
o] o]l 285131t Fig. 604 A7 9143 2] Yaw-steering A}A]|
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Fig. 7. GNSS-like yaw-steering attitude model.

Bdo] e, Y TA X Fo| + 3R] YZ HHE 7S 0= H
ol A= WFFo 2 oA He= AL I 4t ol &
‘gollA] Ztste] BeF thal A7 ket 9143 49] YEo] 2
o] H £ 5 S} Yaw-steering ZbA| & A 2J5191 31 Egs. (3-5)
o} At}
7

By = — = 3
€z |?| ( )
éy — éSat—»Earth Xi (4)

€sat—Earth X T'|
ey = 8y X &y (5)
o171 = gell et & 9] Al MEjo| AL é,pppuis E A
oA 2| Lzo] ko) wlElE ojm|stch. Fig. 78 o 9l o] o 5
A7 914 AAE Ao L}EME} olegt At B
I = g $1449] A GNSS 41 Srellub= 914 BAle] +X
& Boresight W0 = Hatelo] glrky gsigich. 41 o
U= 2x2 Microstrip patch antenna arrayS AFE-$Hcha 714

59l o, Fig. 82 L1 A15.9] 4
Zoltt,

AL QL o1 TR g AlZtaKe

2.4 Data Demodulation

GNSS 4 1158 ZHA 2 285 il A 4158
ST 10 e 9131 2 S AAC ISk HBE 23 gl
of gkt Fig. 9= & $14do] A GNSS ] 415 2NE 245
2 Q1 3PS 7HFS1A LWL GNSS WH5w} A1 5ol 914
o 1A R} AA 03} e} 2ol ol HEA] Bag A
o} huhtat o] el WHEA] BRI QAT Ego] o
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Fig. 9. Acquisition of signals and CED demodulation.

Table4. Robustness of each navigation message.

System Ephemeris Required C/NO(dB-Hz) Note Ephemeris Required C/NO(dB-Hz) Note

GPS LNAV 24.9
GLONASS NAV 26.36
Galileo INAV 274
BDS D1 24.7
QZSS LNAV 24.9
IRNSS SPS 21.1

CNAV 23.6 -
FNAV 20.6 -
D2 34.7 -

GPS CNAV 23.6 GPS

© FE7F Y tAA] P2 A b= Qlot A &y
AAE 44151 o= GPS LICAS|A] A 251 LNAVS] 7%

sperer Aol Basich, el
3171 18 AA by WS BE 0e Bat 6
A1) 9]

12.5%0] Wasin], chre] s A 2|7 A ol )
B R ol B CED
RS 2415

B 5 #AIAZE CED Y5 ﬁgi_
Z271E 7}x] 2 WF4-E} (Kim et al. 2024a).
Aol FHE GNSS 417171 A 4 = A7t
S g5 A4 %i Zolle B2 & Bl vk
of A& gl T HIAIAE %PD} Ex 3bgollA] CEDo]| &
° CED&= $1%] A4 o] A

E = s} Z CED error rate
Y HlA]z]e] CEDE HRoh=
41 H)715 BEs 4= 9tk (Anghileri et al.
2013, Noh et al. 2022 Dafesh et al. 2025). CED error rate& CED
2 415k 59k CED HlojElolA @57} uhyst 852 ojujs
w, o] 2hgo] YA 5 o5t HE 44 A7 E B HIAIA] 4
Mg 915 A A A7 ARSI T ohA] AWt HPS&} z
CED do|el= 714 0 2 §HE vEw, 3Py HA1A] &
2 5K wlolEl do|7t QAT HIAA] FREE g4 “4—

15 7K Q1AL Hlo[Bl & fAlshe dlofl dee A2 Az

I Jlﬂ

[e]
:l:‘

ol

oZi o o o
N
-
i

0:
rE

>
[o

T X 1
|

AR A QL o B2 ABe oMol CED glole]
S 4A15H=E] Bk 4 Ak B3k £4j0] Basik Noh

et al. (2022)& Anghileri et al. (2013)9] AL Zra1sle] FQ
GNSS @A+ 4159 g1 WA= CED error rateo] w2 %]
A AT A 712 F A 441 A)7HE ZH2E Robustnesse} Time—
to-first-fix-data (TTFFD) X| &2 E-AI5}9I Tt} Tables 42} 50 A]
Eo]delA] 7EA] 18 TE S el A8 Y HAlA SR
A A A7 D FA 4 A7 sk

Noh et al. (2022)2] ¢1FoA] B %] .%
QZSS Y3 Al of Al GLONASSS] ¢ 24 441 4s

_EL

N
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Table 5. TTFFD of each navigation message.
System Ephemeris TTFFD(s) Note Ephemeris TTFFD (s) Note

GPS LNAV 35.5 - CNAV 29.6 -
GLONASS NAV 30 - - - -
Galileo INAV 31.6 - ENAV 59.4 -
BDS D1 35.5 - D2 35.5 -
QZSS LNAV 35.5 GPS CNAV 29.6 GPS
IRNSS SPS 59.2 - - - -

A|7]1& Dafesh et al. (2025)0)|4] s HIAX] @ A5 A 114
of| A AFESE 4241 © 2 HLE] Bit Error Rate (BER)-S A4S o1,
TTFFD+ GLONASS NAV H|A]x]2] CED ZAo]le} Zcha 714 st
93t} QZSSe] LICA LNAV, L5-1 CNAVE 2o} 3Ie]|7} GPSS}
SakslE 2 GPSeF 7ty 75Tt npx|eke 2 BDSE BlIgk
B3I A1 50| 4] DI, D2 314 WlA|A] 2 A25}=5] MEO, IGSO 2]
A2 D1 31 wlA] RS 8145, GEO $J4-¢ D2 & w|z] x| &
A2t} (CSNO 2019). BDS GEO £J41¢] D2 A4 £ 5= 500
bpsZ 50 bps?l D1 B} 108 w2 &£ 52 AlFZEch A4 &5
7} t] mhE D20]| th3llA]+= Noh et al. (2022)of|A4] EA1$F D1 2|4
4 A7) datellA] A £ 5 S71ell W BER 571 93 Bt
oo]-oq AFSEAT} (Anghileri et al. 2013). D13} D22] CED +%
o} Wk Z7)= 9A}slmE DI TTFFD ZaHE D2of] SUsH &
gaj5ict. AlBeol ol A 74| $14& Bekslr] $ia) 441
B7h4417] Mk 241 A7) Bk o, Falel] §ag Y
AA7H Gl BRIRIeh £41717L 158 FEsldoL 1
by AR} Gl 79 o) e 715 Bl CED Bz
TS THste] 2$2 o2 TS ARt CED & 7}
& A" A3 MI7I7E FAE R Qe A4S 7} Al e B
A 2] 2] RobustnessE THEsH= 24 441 A7| B}t A &
© 220] AIHo)lA 44 02 TTFFD A7 59t $45=7)
glRlIgheh ThA] WaliA] & A A] 9] RobustnessE WEah=
A Al A|71014e] 415 Al717F TTFFD 59 S A=W alg 41

o 2 o>

o]F

mlm £



Fig. 10. Modeled ephemeris errors of GPS Block |I.

S G RS 241 RO I T 052 T F
W EAIA S 8 T B Al A7t 4417 miZhE sk
gk rhel Sl A15E $4I5H SIS T Sl o2 Btk

3. MEASUREMENT ERROR MODELING

3.1 Satellite CED Error

ZHA 91 doll izt £78 2] Aol ele @4} &2 GNSS
/o] HEAEY T= CED oxf, A3 A, AREAL AlA] &
2} 223 S| Zgolnh. o] FollA] GNSS £ 9] B =
QA= AA AR o g A5 91 1A F AlA HEe
YAEHoZ 3 914 912 E AA AR 025 7] T4
FEHE B sto] ARSI Eq. (602 WS 94 91X
ot} YA AJA o215 rHllgstr] ¢Jsl Curve fittingo]] AFE-
=] F7] gF4olt} (Long & Stacey 2025).
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3.2 lonospheric Error
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Fig. 11. Relative electron density from modified Chapman profile.
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Fig. 12. lonospheric delay calculation result.

$ 72 FF54e] itk webd, # AToAE A 2%
A= o2 7 27 GNSS $14 1x/ok 248 & 91k
2R A7 IE 500 km ol Fi& FHsHe 415
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3.3 User Clock Error

AREA} AA] QX = 22} HY A el o) AlA] @xfe] Y
EA S 915l EE Eq. (7) P2 2@ Hs19itt (Long & Stacey
2025).

2
0t (tis1) 1 AT ﬂ 8t (ty) &
5t (tresn) | = 2 |8te) |+ L (7)
. 0 1 AT||, A
§t(tk+1) 0 0 1 6t(tk) 3

037141 8¢, 8t, 8ti= AlAl @2} AlAl exbe] Wigke aE|a AA &
2} 714 oIk, AT AIZE 244 ol A4 93} Alel HElE 7
Aoz 23} WA FelE PAH 0, WY EH BE AT P
EE T2 WY HLE o]Foj HE [g ¢, £]"9} process
noise LEAF 32 paHE oA} Lo il Y prf s
of, P YE & Eq. (8)2} Zo] Cholesky #3li5t0] i 2= A4tz
sj o[t} (Bhattarai 2015, Long & Stacey 2025).
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4714 g2 AlA 22}9] process noise #AM] HSHE, g,+= AlA|

22} #1518 process noise ¥-4F2] HISHE 12|11 g &= AlA] 24}
7145 process noise 24Fe] Higlg-olth A THE AJA2] Y
EA] ZofA] frequency white noise, frequency random walk 1
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Fig. 13. Result of rubidium atomic clock error modeling.
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3.4 Measurement Noise Error

ZHA] $1dell et £ 2] B/ FiollAl ox kA" &4 O
o3 ojAlAle) Wske & £Ze 2472 wesi o
Al 259 43 FeL AL E4A Bz g
Delay Lock Loop (DLL) thermal noise jitter2 E@& st} DLL
thermal noise jitter ER & <& TZ2H3} A HFEIE uf2= 3}
L85 A x]of L3S} GPS LICAS} Z+o] Binary Phase-Shift
Keying (BPSK) &£x WAl& AMEshe S X & Eq. (9)¢F 2ol
2d8sk 4~ 9it} (Kaplan & Hegarty 2017).



Table 6. Receiver parameters.

Parameter Value
l;‘ 0.5Hz
D 0.02s
0.3 chips

Bon 512276 MHzZ
fls 2.10.23 MHz

5 T B"(1 +BfeT“(D 1)2)1+ N LT
ouesk =\ T || =t —— (D -7 |5 - (9
4 2£ B)‘eTc -1 BfeTc TNE( _ ) Bfe B/e ( )
0

BPSK H}Al o]<2lof| Binary Offset Carrier (BOC), Composite
Binary Offset Carrier (CBOC) A& AFES= 23 X 9] &
2dle g = BOC thermal noise jitterE AF&-gHc} (Julien et al.
2010, Jin et al. 2012, Teunissen & Montenbruck 2017). BOC2]
thermal noise jitter= Eq. 10)a} -t}

B L] (o
OprLBoC(n,m) = C* T, —nCD 1+ -
2(455- 1) TN,

nsto s EEY X AYANNE FHH e Y
Frequency Lock Loop (FLL) thermal noise jitterE AF2-5}33

i, Eq. ()3} Zc} (Kaplan & Hegarty 2017).

o3 7] 4 B, & Loop noise bandwidth, N%E Hz @92 FIAE =
A x] o] 2-&H|, T= predetection integration time, D= early-
to-late correlator spacing, A, Wkga} o2+ Z o], B.i= double-
sided front-end bandwidth, T.+= chip period, R = chipping rate
AL o= o] SEolth & =79 AlgdoldolA] AT
o 9]A41 0] GNSS £2417]%= WeakHEO 18] 3 LuGRE 4:417] 1}
el & X591 0 u, Table 69] & 2]5}%3 ) (Capuano et al.
2016, Parker et al. 2022). & =Foj|A] L59} Z+o] Data 4151 1
o} Pilot 41391 QF B+ AlFohs A5 tsirle [ 430t
ARG} 7145193 o) Pilot Al AFg-of w2 predilection

integration time Z7}= L& ¢l o] Table 604 AAISH 3 25
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Fig. 14. Satellite visibility and GDOP variation during Lunar transfer.
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Fig. 15. GNSS constellation in simulation.
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1714 de} di= 77t GNSS 947} T 914 Afole] Fjsketd 7
2o} A] o] Wk olm, oreh or, = k7 GNSS 914 AA| 23
o} & 914 A7) @foleh sV Al 1, fi 717 T 94T AFESE &

https://doi.org/10.11003/JPNT.2025.14.3.241

24 AlEgleldolME

o} thalel AbE GNSS H A H‘lsz} FABS

g7l HEj2e EFsicty gdE s 24 %)= measurement

update TPgel A Alelsla BEWLT 2k o] 5L AL

Measurement update I} oA Zqt o] & A4l Alel WE] )

o|£ m#x LAY Qulo|E Y] 3L Eqgs. (18-20)3
2},

K, =P;HT(HP;HT + R)™! (18)

B = X + K (2 — h(RD)) (19)

Py = Py — K HP; (20)

5. SIMULATION SETUP

Fig. 15 A1 E@ol el A I A BAalat s 24 S et &
2] Yol Z-g3F A7 GNSS AT T4 Lehdch 947
£ GPS, GLONASS, Galileo, BDS, QZSS, IRNSS & 672 A=
o] Qlon A% ut2tu]e]E International Committee on GNSS
(ICG) booklete] Z]zH=o] Q&= $1d7E A= FHetulelE
%3519 tH(United Nations Office for Outer Space Affairs 2021).
% A 34E 123701, HAITER GPS 277l, GLONASS 2471,
Galileo 247)], BDS 307, QZSS 771, IRNSS 17| & A =T},
A R Fig. 162 Algg|o]doflA] AH&Ate]| sidsles &
8o FUHA A WS ‘%EJrLHE‘r Fig 162] 1%-2 Elliptical
Lunar Frozen Orbit (ELFO), @ 222 Near Rectilinear Halo
Orbit (NRHO)Z & A& Z%F % o]AlE&S 7}A T} ELFO:
JAXACIA AA|Z AEEQ LNSS $pdze] $1 A% setn)
B = shUE 2FX519 o1, NRHO= Lunar gateway2] 5 ]
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Fig. 16. Lunar satellite in ELFO (left) and in NRHO (right).

Table7. Dynamic model.

Parameter True trajectory Prediction
I . . 10Degree 10 Order 4 Degree 4 Order
Gravitational potential LP165P LP165P
Third body attraction ~ Sun, Earth, Jupiter, Mars, Venus Sun, Earth
Solar radiation pressure Yes Yes
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6. SIMULATION RESULTS

6.1 Satellite Visibility Results

T4 Figs. 1722} 18> Z82F NRHO® A 30 Al&dlo]4A 7|3 &
oF H“‘—r“ﬂi A% F7E B 7 et AA| 913wl o
P 714 9JASE Lehdc) ullz}| 2 Figs. 199F 202 7+

= 7&“—]‘5 ELFOO]| thsl] =AIEE ZAoltt Algdo]4d 2} NRHO
oM e] Hat 7HA] 914 - 64012 YERF e, ELFOo A=
3596702 LFERLE, NRHOZ} ELFOS|| H]3ilA] 2k 2.80571(2F 78%)
o W2 7HA] 445 7tk thA] Well, NRHO+= ELFO tiH]
GNSS 914 ZFAl/de] oF 1788 A AiE Wehdt o]=%h

olfE AT FAIA & 4 90w Fig. 16914 ELFOE 23]
Sla10k BAIGlo] AEHo T B AN YAk DT BT

Fig. 17. Satellite visibility from NRHO for each GNSS constellation.

Fig. 18. Mean satellite visibility from NRHO.
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Fig. 19. Mean satellite visibility from ELFO.

Fig. 20. Mean satellite visibility from ELFO.

Fig. 21. Position and velocity errors (left) and clock errors (right) of NRHO.

Fig. 22. Position and velocity errors (left) and clock errors (right) of ELFO.
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6.2 Orbit Determination Results
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Fig. 23. Zoomed-in view of position and velocity errors of ELFO.

Table 8. Simulation results in RMS.

Orbit Position (m) Velocity (mm/s) Radial (m) Along-track (m) Cross-track (m) L1CA clock (ns)

NRHO 1822 0.52 11.90 12.33 6.19 2243

ELFO 27.99 4.35 13.53 13.24 20.62 7.09
o]Alo] ZF &= A& of|A] Root Mean Square (RMS) ZFS AlAF A A vFsE Along-track-2 €4 Z13Y ®SE Cross-track-2 )
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Fig. 24. Position and velocity errors (left) and clock errors (right) of NRHO with GPS and Galileo.

Fig. 25. Position and velocity errors (left) and clock errors (right) of ELFO with GPS and Galileo.

Fig. 26. Zoomed-in view of position and velocity errors of ELFO with GPS and Galileo.

7. CONCLUSIONS
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