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ABSTRACT

The Korean Positioning System (KPS), a regional satellite navigation system composed of seven to eight satellites, is susceptible
to a lack of visible satellites in certain environments due to its small constellation size. Furthermore, securing a sufficient
number of ground monitoring stations, which are essential for Precise Orbit Determination (POD) of KPS satellites, over a wide
area on the Korean Peninsula is a significant challenge. This paper explores augmenting the KPS with a Low Earth Orbit (LEO)
satellite constellation to address these limitations. For users, such an augmentation increases the number of visible satellites
and thereby reduces the Dilution of Precision (DOP). For the system, LEO satellites can function as space-based mobile
monitoring stations, effectively expanding the tracking network and improving satellite POD performance. While a larger
LEO constellation yields greater performance benefits, it also incurs higher costs. Therefore, this study addresses the problem
of designing a LEO constellation that minimizes the number of satellites while maximizing performance improvements. We
formulate this as a multi-objective optimization problem with conflicting objectives, seeking Pareto optimal solutions. A
genetic algorithm-based multi-objective optimization approach, which is well-suited for constellation design, is utilized to
find the Pareto front. The results indicate that an efficient Pareto optimal solution for minimizing user DOP can be achieved
with a constellation of approximately 24 LEO satellites. To enhance satellite POD performance, the most efficient design
consists of six LEO satellites. Crucially, we designed an effective six to eight satellite LEO constellation that improves POD
even when ground stations are confined to the domestic region and demonstrate the feasibility of domestic-only KPS ground
infrastructure. The presented methodology can provide valuable guidelines for designing optimal LEO constellations to
augment and enhance the future KPS.
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Starlink, OneWeb, IRIDIUM Z+&- AME At QA8 Haj £
AABIAS 54 0 & 51aL QIAITE, PNT 3-8 Zofoll A% AMEH
11 @)tk Z=hof| A= Centispace, Geespace, SatNetyt ZHe X &
LEO-PNT A|A®] F&5& XY= Qlct. o] oleoe HH=E

2235} PNT 7]& 7o) ksl 218 = 1 Qi) (Eissfeller et
al. 2024). FE2L)/d (CubeSat)a} -2 437 $142] chizF A4t 7]
& AAEe AHo s £515F 92 HRALA 317 TEo By
7153t AR 714 E (Commercial Off-the-Shelf, COTS) H-&o0]
7V AL AR A Aggstel 2 ;A 7o) o]
t}. o]H o] R E M= $d2] EAIAITF (time-to-market)o] T
SES o, HAE $499 AiH o2 -2 WA 0 2 LEO-
PNT A|AE] Ffjdto] 2Z1% 11 Qlt} (Reid et al. 2018, Celikbilek et
al. 2025).
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Zol 7|6F FZo] H3lE= AU thE =9 (Precise Point
Positioning, PPP)o]|A] Bt} A B 5 4E 5251 1}
e FA 02 F14EIIt 7E GNSSTRo.RE 441 Hol
AQET PPP 438 A|7FHE LeGNSSE &3l 4~ &2 &
A ool MixE 79 13 o= BEE & itk ol
TAT GNSSE] 71 2 Tk o 2@ A A Ee] £ 71 27]3) 4]
FEAE 2EA 0 R sfdske AAE & 71Kt (Ge et al.
2024).
- e R ASE P TS AR S7H ThA 94
o 48 geld oz Z7IA P HeAe AhH 0w g
ZZAIZITE ZHA] Q14 9] SV BAH 0 2 Q5] Istket
Z "] & 7l A5}e] Dilution of Precision (DOP) ZF& W
I, o] HEA 912 YL Lo = olojXiTh (Meng et
al.2018).

A A= A3 (Precise Orbit Determination, POD) A5 7+
8 7% $14L 9ol w 9l o] 7015 (moving tracking
station)'© 2] 2 483 4 9Ick, AL AHEE A4b
o) DA E ZAIFOIA L TEo] BrlsT Tl Zhz el $7o]
M #4102 ONSS $S FH2t olA] S E BE gl
Bl A4 718 05 ol e 2= #jds)r] ol 7|51
FUBAE slAsEaL, GNSS $149] s 2% B o] 7154
(observability)2 5l7|ZH 0 2 =01t} Aald o 2 GNSS ¢4 9]
AEE oL HUsH] 2AT 4 97 =} (Akiyama et al. 2023,
Ge et al. 2024).
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| & &35} (Pareto optimization) &40l siF$Hc} (Guan et
al. 2020, Celikbilek et al. 2025).
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E XM (Pareto Front)2t 2E3H (Knee Point)

% 2% H45) 2 shg B Sl @

v (Pareto dominance)z}= 7ido] AFR-H
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2 5 xol uls] B2 BAURoA 450l BAL o Saatu
A, SAl0] 2128 shite] A aRoAE Aol Wals] o ¢
23k, “x,0] x,2 Aufsicela Wik} ek ojd JE EX
3 x' & AulistA] L3, xS s = 2]&s) (Pareto optimal
solution) T+ H]ZJulja}] (non-dominated solution)g}? H-Ec}.

olelat SHHE HAHES BHGS 1ol TAIF AL 7
Y& M4 (Pareto front)ol2bal Fict. T E HAL 007 F
AelA 24 7Psr 214] 4%

o] At Gl BLE SE

= gL
Ao, SR A5 SRiw sk A o
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=
€ 5a130] sgigo] F243) Lisholie A28 Slolie} Custe
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annealing) =-2] HFHE0|
2022). o]% GAE 213
AOH E¢iHol,

Zol 7|Hio]t} (Celikbilek et al.
DECERRE SRS DELS
A A9E Eol HH3) 74
o e B rmelZelc olE BERAYS AAsE By
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Fig. 2. 2D Pareto front (PDOP).

Table 1. Constellation design: PDOP.

Num of Height Numof Numof Inclination
sats PDOP (klfl) plane Sat/Plane (deg) Type

22 1.70 1396 2 11 63.36 WalkerDelta
23 178 987 1 1 59.05 WalkerDelta

1167 2 11 56.72 WalkerDelta
24 1.65 1414 2 12 60.60 WalkerDelta
95 167 1348 2 12 60.39  WalkerDelta

938 1 1 58.38 WalkerDelta
26 1.61 1469 2 13 60.33 WalkerDelta
48 1.38 1444 4 12 62.38 WalkerDelta
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Fig. 3. Changes in KPS/LEO PDOP in Seoul. PDOP calculated every minute.

Fig. 4. Power spectral density of KPS/LEO PDOP in Seoul.

Fig. 5. Ground monitoring station locations used for simulation.
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Table 2. POD RSS(P) with ground stations only.

Number of ground station 4 5 11
RSS P (m) 389 287 175
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Fig. 6. 3D Pareto front (POD: 5 ground station).

Fig.7. 2D Pareto front (POD: 5 ground station).
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Table 3. Constellation design: POD RSS(P) (5 ground stations).
Num of RSSP Height Numof Numof Inclination

sats (m) (km) plane Sat/Plane (deg) Type
6 0.99 1479 3 2 69.97 WalkerDelta
” 0.94 1261 1 1 75.92 WalkerDelta
1453 3 2 64.56 WalkerDelta
8 0.88 1487 4 2 63.70 WalkerDelta
24 0.54 1446 4 6 64.20 WalkerDelta

Table4. Orbital parameters for 6 satellites: POD RSS (5 ground station).
SatID a(km) e i(deg) Q(deg) w(deg) v(deg)

1 7857 0 70 0 0 0
2 7857 0 70 0 0 180
3 7857 0 70 120 0 60
4 7857 0 70 120 0 240
5 7857 0 70 240 0 120
6 7857 0 70 240 0 300
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Fig. 8. 2D Pareto front (POD: 1 domestic ground station).

Table 5. Constellation design: POD RSS(P) (1 domestic ground station).

Num of RSSP Height Numof Numof Inclination

sats (m) (km) plane Sat/Plane (deg) Type
6 1.08 1449 3 2 63.03 WalkerDelta
7 Lol 1355 1 1 60.58 WalkerDelta
: 1436 3 2 58.19 WalkerDelta
8 0.94 1458 4 2 61.34 WalkerDelta
9 0.89 1456 3 3 64.40 WalkerDelta
10 0.85 1356 1 1 55.27 WalkerDelta
' 1414 3 3 63.10 WalkerDelta
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