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ABSTRACT

Global navigation satellite system (GNSS) provides position, velocity, and timing information globally, but single-frequency

receivers are limited by errors such as satellite orbit, clock, and especially ionospheric delay. While satellite-based

augmentation system (SBAS) improves accuracy by supplying orbit, clock, and ionospheric corrections, realistic simulation

tools are required to effectively develop and validate such systems. This study presents a MATLAB-based simulator that

generates GNSS observations, computes corrections via precise orbit determination using extended Kalman filtering (EKF),

and constructs grid-based ionospheric maps from dual-frequency measurements. The simulator, focused on positioning

accuracy rather than integrity, is evaluated using a virtual quasi-zenith satellite system (QZSS) constellation with global

positioning system (GPS) under intense ionospheric conditions in Japan. The performance of the simulator was analyzed

at the MIZU ground station and further assessed across 36 virtual stations to demonstrate the spatial effectiveness of the

correction information.
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1. ME

AR YJAHHA|AE (Global Navigation Satellite System,
GNSS)9] S8 = /39 A= E AJA Q4L 7ol &
SHAlS Aol 23] Alghe] =], HE ] RYY R E A3 o]

Fupiost SHASE o83k T QIEY 2 Jlet B4
wkS o] 85k HYl o 2 L&, Satellite-Based Augmentation

System (SBAS)= A 1A R AIEYAS ©]85}a1, International
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Satellite System (KASS) 5-°] -29 Zo]t} (SBAS IWG 2021, Ahn
2023, EGNOS User Support 2025, FAA 2025, NEC 2025). SBAS
BAPR Joe = AEexte] F¢ 24 cm £E0 2 vkdat
AHEAFE $15H RTSE] 4 ATEJulEle] Hlshas v ABheg 7}
2ct.

2] YAISHHAIAE] (Regional Navigation Satellite System,
RNSS) E4% AukE AH|A517] f5te] A THF7]HE
2]4 (Geo-Synchronous Orbit, GSO)o|L} 2] 714 x| H =2 A]
(Geostationary Orbit, GEO)S Al&5h= FHA|AE 0 2 JE 9]
Quasi-Zenith Satellite System (QZSS)L} ¢1 % 9] Navigation with
Indian Constellation (NavIC) o] gt} QZSS+= 47]9] Inclined
GSO (IGSO) €143} 37]9] GEO ¢l4o g TAw =g, 20253
84 Al 57] fdo] Y=L Jlom, 2026712 $14] wiX]&
US55 AL FEE 31 QU IGSO Y& o] 851H =2 73
o g Alshe QAA Y 4157 S71sle], 7RAlAd o] gt
= B4 AYeA ] FHAATE BY & Uthe FHol 9l

>

i

o, RNSS= GNSS o]4} T4 A] thAl] g o & AHg 7153t
U2 MSASE QZSSoll S&sl7] 3t A& bt Qledl, &
2 QZS-3 91/d& o]-gsto] MSAS BAARE F4l5kaL glor
k2 27]19] QZSS Q1/dellA MSAS B RS $4I1S AEolct
(Sakai 2018, Saito 2019). MSASE= U E Yjof] &Jx]5t A|gHE A]
= el Uhe 279 e & QIFh =2 AES Ad a7 QI
3 WAASo]| vIsiA= BEHE F5
T g 9 A ol Z1edskar Qltt (Jeong & Kim 2008).
MSAS 415 &= FHolME fAlo] 7HestE R U Ataksel
o3l MSAS B 5o Y& fFoflAle] A5 LD follxe] A
Sof ot AAF7F £8)=Qct (Jeong & Kim 2009, Lim & Park
2017, Hwang et al. 2021, Kim et al. 2024a). GNSSL} RNSS &&=
AHE Al YIXFE =L GPSofl SBAS A3t Al Yx|A gz of gt
ALAIN= ol B & AIAE ] 0 1F, GNSSLFRNSSE FAlof AF
5] SBAS B B S 28351 A1 27| ook

2 AollAli= GNSSLERNSS FA] AH Al H A AIE/A]
AW ALE BAYEE 8T A9 AAEE PP
A 28I S/W AlgElold 7T & o] &sto] EA5iTh GPset
QZSS L1 @50t A EoX AT 4S5 AHgsHe A7HE $417]
2 gsta, A AET BEARE

ol

S A8sto] AANGRE A
AHRE ASsKth BEP R 944 A=23 25 E HES
A +4 Bas S0l skl on], e BAYE] s
MSAS BAG R} HnE Fl FARE ds& HER =S 24
ShIct. =R A4 GPS 91/d A=t M S T HlolHE &8
stof QXA Fete S FATe =M 7Hs T A Aol 24
SI=5 SIGit oyt & Ae HPF R o3t YxHete &
g BE SHH R A6 o, SBASOIA Al gE = 24
7152 kA kAL, QZSS+ A vl SAIY S Hekstod
AlEE ol AIEE AE5H: o213k SHollA AlEeol8E
83l §217F obd s & 7H] ARl ARt A gAREA
Al A= AXG =S vhetd 4 Qlom, A FFAlS s xlel
o2 HYPE de Wst &
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Fig. 1. Block diagram of the correction performance analysis simulator.
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MATLAB 7[9te] Alg8|olel= 37 RER FAEET, o=
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AR ARE U () A7} 92 2Y =B}, ZE oA
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A siggond, adolel olelo] FIAIAE AAsle] 91312
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?)E Fs ot 24 LES AFE 519 0, SBAS AR A4
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A8} RIS 2451 ek,
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Fig. 2. Ground tracks of simulated 7 QZSS satellite orbits on August 7,
2024.
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Table 1. Data source and simulation parameters.

Item Truth Nominal
Date 2024. 08. 04 ~ 2024. 08. 10 -
Timestep 30 seconds -
Satellite orbit IGS final (GPS), Simulated truth orbit (QZSS) Broadcast (GPS), Simulated nominal orbit (QZSS), Orbit correction

Satellite clock offset  IGS final (GPS), Simulated truth clock (QZSS)
Receiver clock offset  IGS clock estimation

Tonosphericdelay ~ IGS global ionosphere map

Tropospheric delay Modified Hopfield model (with meteorological data)
Satellite DCB IGS GIM/GPS TGD

Receiver DCB IGS GIM

Satellite ANT offset  IGS ANTEX

Maskangle 10°

Pseudorangenoise  0.3m

Broadcast (GPS), Simulated nominal clock (QZSS), Clock correction
(estimate)

Klobuchar model

MOPS

GPSTGD

IGS ANTEX

Input
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Fig. 3. Block diagram of the orbit determination filter.
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Fig. 4. Simulated pseudoranges of GPS and QZSS satellites on August 7,
2024.
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Fig. 6. Pseudorange simulation errors for GPS satellites on August 7, 2024.

Fig. 7. Skyplot of pseudorange error STD on August 7, 2024.

Fig. 8. Location of ground stations for orbit determination.
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Fig. 9. Orbit and clock corrections for GPS PRN 07 on August 7, 2024.

Fig. 10. PRE RMS of GPS satellites estimated by orbit determination on
August 7,2024.
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Fig. 11. Locations of ground stations used for ionospheric delay
estimation.

Fig. 12. lonospheric delay correction on August 7, 2024.

Fig. 13. lonospheric delay correction on March 20, 2024.
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Fig. 14. lonospheric delay applied to QZS-2 from IGS GIM and simulated
corrections from August 4 to August 10 in 2024.

Fig. 15. Horizontal positioning errors for different systems and application
of corrections from August 4 to August 10 in 2024.

=AM diEolt

HeE HAHE HASS 95| MSAS M2 ngﬁgsa}_oq o
A2 535131t} Lee & Park (2025)2 2024\ 3¢ 204, [40°,
130712 3233F ol x| oA IGS GIMT} MSASE H| 23} SBAS
S B EE vlatstglon, 1 A3k MSASS] 2|5 B
%J = 1GS GIM thjB] °F 2 m o[5}e] Zpo] & Hebih. 2 Ao
Me diolA 7 7712 [40°, 130°7] A1 & dide = SdT
SFo] HalE BYYHE gus)y] Y8) ol FFutS B A
A3 A] 45 cme] ko] 22 M gsl9irt Fig 138 20244 3¢ 20
] IGS GIM¥} A& HAHHE Lehfu], IGS GIMke] A
Q1 Zpo] g2 A MSASe} FALSHA T

202411 89 4R 109712 FEQAbAE] A W A&
Aof| AFE A= BAFAEE v w5}tk QZS-22] 72 IGS
GIM} AlEd|o] A B K o] 2fo| 7}k 2] 74A oAl X 4.3 m
742 271 00, RMSE 0.7 mgith. A GPS & QZSS 4]
o3t 2po]o] RMSE 2.5 m2 VERG S, A ALz & u]2o] Ab
o2 F GPS §14dollA] 2tol7t o AA| F22518Ih Fig. 14+=
QzS-20]| A48 M= 291 BAgho] AI7F¥slE Uehdch

5. A|IE#I0|M ZHu}

20244 8¢ 4% (DOY 217)5E] 89 102 (DOY 223)7h4] Y=
AT, Y MIZU A4F5e] GRlolA Aol e 4asiaic.
RAHR AL ojio] WE PAHLEES Hrleigon, GPse}

http://www.ipnt.or.kr



272 JPNT 14(3), 265-274 (2025)

Fig. 16. Vertical positioning errors for different systems and application of
corrections from August 4 to August 10 in 2024.

Fig. 17. Horizontal positioning error RMS in Japan by correction
application on August 7, 2024 (a) without correction, (b) with correction.

A Z& B9 om, GPSEF QZSSE 3t &4 A] 1.9 mol|A]
10 m& ZkAste] GPS @5 & tiH] &2 455 FEsIch
GPSE W2 ZAtzto g Qs Me|d BEPH ] a7t 714,

Fig. 162 A28 ¢-80] e AFA7re] $7912] 23} RMS
2 UehiIch GPS B 98¢ W2igh 79 BAYYR 014 A
+2191%) 2217} 3.8 me, 14 m&
231930k QZSSTE AT ¢ 47 mollA] 15 mE &ojS9i o]
GPSS}QZSSE B8 ¢-43 4 ¢ 36 mojlA] L1 m2 7hasto] 7}
@ £ 025 HIITh GPSE W AlzE T5 vl go]
Eol el wyY el gaph Aujgolgion), Qzssk AE
2 A BAHEGORE Aol Yol HelE HAHRE

= o

A A4S o 271AQl o] Liekit.

e

5.2 03 718 XIE= 718 45 24

QB APbeate] B R ATk YHOR R4S
SJslod, Y% 30°~40°, 7= 130°~140° 2] H¢] o]l 2° 1A o=
3 367M0) AR S e, alg Aol 74 A4S 74
aigick. oleigh e Ar 2
o3
]

A BEE TR Zeln

i..

https://doi.org/10.11003/JPNT.2025.14.3.265

H517] 913k 7]uto] Hek.
Fig. 172 20244 89 79 5}& S0t GPSe} QZSSE EA]o] &
8% o MR 8 ofRo W £ RMS B2Z
Hgk Afolth, MAHRE HgaHA e A%, A Ao
o Hel Ae] JFos 2xvh e 36 mrx] FA 27}
slick vh, BAARE Agslw A Aol 2At 3A &
of A9I% A% 2] Aol @2} 18 m, A A Fikol 12 mE 7k
4519t o] Wel% Aol F7H4 WAE Pejsla, Q¥
Aol QPR 4 YNHEES Sush o Tlolge
k. TRk QukH el SBAS AH|2 93o) 7hA] ATl A 17
2 A AT AgAR] ABE o] Aol wlek ulAkEE 037k

ox

7] hkek. o £ AT HMelF BAHE LS U3 U

£ 1370 1GS AAFZE AHE31917] whEol, AbgRte} KA K

R A 2k B7HA ol Ao] AthE o2 Aot SBAS AR A] T
[e]

T R
S5 U v o3 S ol UEhA] of2 Ao ®

o

3 Aol A GPSe} QZSS B3 28 $H0lA
oE] 42| GNSS ©]x}7]2]s} MSAS $22] A=
BARE AT 4 ol AEH oIS Akt A
£ 16S AR, 168 W% A% 5 718aH 4
fato] A7 BAT} fARE 20E TR On
FE &8 AR QoM RAR RO FIlE
Asloleh. B R A4 A

>
2

¥
o)

E r_l
OINI _‘l |
o &

il
i)

oJ&

2
)
2o

o
il
ol 1,
ol
-
i}

%,
oft

4
M zo
wa 1

>

rlo
N,
v
2]
os!
>
w2
M 1o pp
gl J
12 M iR
N
o
N

ul _1), ﬂl[o

—_

T
I,
I
[l
>
i
ol
9
o we,
ro
£
Hu
ox
ofr
Sha
»
=
)
o
olr
ol
2
b
-

O =] LY
24e sl 4%

o AE, A= L AlA 2FA
Zrzt AR glole] B 7|& A

1__

o
ki
o

Ly
M P N N ok

Bl oX

2 lo

>
- Q
o]
B
o]
N
[92]
1 o
L3
N
N

o
ro
i
32
o
g

N Jk%

ol
-

o ox

ol
-

AAEE ET L8 A WAL 9207
S} Uhebedeh, B3 Q3 Aol iAo 3
dlolie S5 Ao PR 7ol =S Brhsha, Au]
of ALl 53 ST A% WalE Helsklck
T RNSS 4 4] SBAS BAH R A% 24L Slak A8

Ry
ol
M
ox
HA

of mn ol i I

us)
e [» w or

¢

(o3
i

ACKNOWLEDGMENTS

re
ra

TE FERER/IETEN| ST Aoz

o (A5 RS-2022-00207459).

>
0%k
i
32



Yongrae Kim et al,  Simulation of RNSS Orbit, Clock, and lonospheric Corrections 273

AUTHOR CONTRIBUTIONS

Conceptualization, J.K.; formal analysis, Y.K. and J.K,;
data curation, Y.K.; writing—original draft preparation, Y.K.;
writing—review and editing, J.K.; project administration,
J.K,, H.K,; funding acquisition, H.K.

CONFLICTS OF INTEREST

The authors declare no conflict of interest.

REFERENCES

Ahn, J. 2023, KPS & KASS Status Update, United Nations/Finland
Workshop on the Applications of Global Navigation Satellite
Systems, Helsinki, Finland, 23-26 October 2023.

EGNOS User Support, EGNOS SYSTEM [Internet], cited 2025
July 25, available from: https://egnos-user-support.essp-
sas.eu/egnos-system

FAA, Global SBAS Status [Internet], cited 2025 July 25,
available from: https://www.faa.gov/ato/navigation-
programs/global-sbas-status

Han, J. 2004, A Study on Ionospheric Corrections for Accuracy
Improvement of Stand-alone GPS, Master’s Thesis, Inha
University.

Hwang, N. E., Lee, J. H., & Kim, I. K. 2021, Examination
of Availability on QZSS SLAS in Korea, Institute of
Control, Robotics and Systems, 27, 168-175. https://doi.
org/10.5302/J.1CR0OS.2021.20.0163

Jeong, M. S. & Kim, J. 2008, Analysis of MSAS Ionosphere
Correction Messages and the Effect of Equatorial
Anomaly, Journal of the Korean Society for Aviation and
Aeronautics, 16, 12-20.

Jeong, M. S. & Kim, J. 2009, Analysis of MSAS Correction
Information and Performance in Korea, Journal of the
Korean Society for Aeronautical & Space Sciences, 37,
372-382. https://doi.org/10.5139/JKSAS.2009.37.4.372

Kenji, N. 2023, QZSS System and Service Updates, in 2023
ICG Annual Meeting, Madrid, Spain, 15-20 Oct 2023.
https://www.unoosa.org/documents/pdf/icg/2023/
ICG-17/icgl7.01.06.pdf

Kim, B., Kim, J,, By, S., & Lee, C. 2022, Performance Analysis
of GPS and QZSS Orbit Determination using Pseudo
Ranges and Precise Dynamic Model, Journal of Advanced
Navigation Technology, 26, 404-411. https://doi.
org/10.12673/jant.2022.26.6.404

Kim, I.K,, Lee, J. H., Choi, Y. S., & Seo, H. S. 2024a, Comparative
Analysis of Correction Information Between KASS

and MSAS Services, In Proceedings of the 2024 IPNT
Conference, Jeju, Korea, 6-8 Nov 2024. https://ipnt.
or.kr/2024proc/85

Kim, J., Kim, Y., & Kim, J. 2024b, Technology Trends of Satellite
Based Augmentation Systems, Journal of Positioning,
Navigation, and Timing, 13, 25-34. https://doi.
org/10.11003/JPNT.2024.13.1.25

Lee, H. S. & Park, K. D. 2025, Performance Analysis of GIM and
SBAS Ionosphere Modeling for GPS Positioning in the Korean
Peninsula, Journal of Positioning, Navigation, and Timing, 14,
91-99. https://doi.org/10.11003/JPNT.2025.14.1.91

Lim, C. S. & Park, B. W. 2017, Comparative Analysis of
Performance for DGPS and SBAS in Korea Region,
Journal of Advanced Navigation Technology, 21, 279-
286. https://doi.org/10.12673/jant.2017.21.3.279

NEC, MSAS: Michibiki-Satellite-based Augmentation System
[Internet], cited 2025 July 25, available from: https://www.
nec.com/en/global/solutions/cns-atm/navigation/msas.
html

Park, J. P. & Suk, J. 2014, A Study on Navigation Performance
Analysis Technique of Pseudolite Navigation Systems, Journal
of the Korean Society for Aeronautical & Space Sciences, 42,
947-957. http://dx.doi.org/10.5139/JKSAS.2014.42.11.947

Saito, S. 2019, GBAS/SBAS Implementation Perspective - Japan,
in GBAS/SBAS International Workshop, Seoul, Korea, 3-5
June 2019.

Sakai, T. 2018, The IGSO SBAS: DFMC Seamless and Robust
Navigation, in 2018 ICG Annual Meeting, Xi'an, China,
5-9 Nov 2018. https://www.unoosa.org/documents/
pdf/icg/2018/icg13/wgb/wgb_23.pdf

SBAS IWG 2021, Global SBAS Status, Satellite Based
Augmentation System, SBAS Interoperability Working
Group

Yongrae Kim received the B.S. and M.S.
degrees from the Department of Aerospace
and Mechanical Engineering, Korea Aerospace
University, Korea, in 2023 and 2025, respec-
tively. He is currently pursuing the Ph.D.
degree at Korea Aerospace University. His
research interests include GNSS applications
and navigation.

Heeseob Kim is a principal researcher in the
satellite application research team at Korea
Aerospace Research Institute (KARI). He
received Ph.D. in aerospace engineering
from Seoul National University in 2000. He
contributed to KOMPSAT development,

http://www.ipnt.or.kr



274 JPNT 14(3), 265-274 (2025)

operation and applications for 25 years. His recent research
topics are GNSS applications and artificial intelligence.

Jeongrae Kim is a professor in the Depart-
ment of Aeronautical and Astronautical
Engineering at Korea Aerospace University,
Korea. He received his Ph.D. in Aerospace
Engineering from the University of Texas at
Austin in 2000. His research interest includes
satellite instrument simulations, orbit deter-
mination, GNSS ionosphere, SBAS, and GNSS applications.

https://doi.org/10.11003/JPNT.2025.14.3.265





