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ABSTRACT

Satellite navigation systems, with the exception of the GLObal NAvigation Satellite System (GLONASS), adopt ionosphere

models and provide ionospheric coefficients to single-frequency users via navigation messages to correct ionospheric

delay, the main source of positioning errors. A Global Navigation Satellite System (GNSS) mostly has its own ionospheric
models: the Klobuchar model for Global Positioning System (GPS), the NeQuick-G model for Galileo, and the BeiDou Global
Ionospheric delay correction Model (BDGIM) for BeiDou satellite navigation System (BDS)-3. On the other hand, a Regional
Navigation Satellite System (RNSS) such as the Quasi-Zenith Satellite System (QZSS) and BDS-2 uses the Klobuchar Model
rather than developing a new model. QZSS provides its own coefficients that are customized for its service area while BDS-

2 slightly modifies the Klobuchar model to improve accuracy in the Asia-Pacific region. In addition, BDS broadcasts multiple

ionospheric parameters depending on the satellites, unlike other systems. In this paper, we analyzed the different ionospheric
models of GPS, QZSS, and BDS in Korea. The ionospheric models of QZSS and BDS-2, which are based in Asia, reduced error
by at least 25.6% compared to GPS. However, QZSS was less accurate than GPS during geomagnetic storms or at low latitude.

The accuracy of the models according to the BDS satellite orbit was also analyzed. The BDS-2 ionospheric model showed an

error reduction of more than 5.9% when using GEO coefficients, while in BDS-3, the difference between satellites was within

0.01 m.
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Positioning System (GPS), Galileo, BeiDou Navigation Satellite
System (BDS)-3L& Z}z+ Klobuchar 2@, NeQuick-G 2&,
Ionospheric delay correction Model (BDGIM) o|gh= A|AHE] 31
& 2ulS ALgsic) (European Commission 2016, China Satellite
Navigation Office 2017). KPSe} Z+-& Regional Navigation
Satellite System (RNSS)Q1 QZSS, BDS-2+= AkA| 2@ th4l GPS
9] Klobuchar 2&-& €851t} AMEALE FRITIAIA|A] 271 74
Aadle] HelS B AleE 2Este] MEd Bdof wet oF
50~80%2] Aa]Z XS BAE 4 e} (Klobuchar 1987, Yuan
et al. 2019, Zhao et al. 2020).

Mol melupch @75 W2 % BA Ao) i Aolai,
Klobuchar F&- 87]], NeQuick-G= 37)], BDGIML- 97| 2] A4
7} kTt QZSS+ GPS&}F FU St Klobuchar B8 AME5}HA]
vk Ao 542 mefsle] AlA Aol Bl 2A WS A
48 AFYE QzSSlA AT FelF AdE Qzsse] A
ul A Ao ARE Abg FHs sl ol9) Aol GPse] 1%
AlE 8351t} (Cabinet Office 2021). BDSE 2714 A& &
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W Asioich, BDS-2k 3 W 912 Aolo] S5 44
Klobuchar 2 &-& A}&851ct HHH BDS-3= AAAIE Aoz
ABAE AZFSIHA AR 1Y s BAE 1este] /st
214 B2 BDGIME F2]519it}h BDGIM ] A4 BDS-3

o= H-EEck ¥z BDS-20]4] BDS-329] g GAo| 2
2 BDS-3 242 BDS Klobuchar 2 @1} BDGIM®] A a]& A4
£ E% Hk5lo} (China Satellite Navigation Office 2018, Zhao

et al. 2020). BDSE W A & A7ho) whE R E HaE A4
£ FHHAA R AEstn, GEO f)/de] Hgsh= aiafr]E 7} 1
& HH

Aes B As £ gt A4 FARE 3=
t}. GPS Klobuchar (GPSK), BeiDou Klobuchar (BDSK), Galileo
NeQuick R& ] 4 55 915 9 e 250l whet 2493
7} 488 =9tk (Farah 2020, Tian et al. 2022). BDGIM 22 © 2}
£ GIM 4 Jason-2 3= Vertical Total Electron Content (VTEC)
of] g5l EASE A7 = 3= QJth (Wang et al. 2021). AA|A]
o] B35t 257) international GNSS Monitoring and Assessment
System (IGMAS) TZAofA 2] Aa& 1918 GPSK, BDSK,
BDGIMZE #A35}11, Center of Orbit Determination in Europe
(CODE) Global Ionospheric Map (GIM)2 7|&0 2 R4 Asle
£ v 3 BA%E AT 9191t} (Zhao et al. 2020).

Chh 3 e SRR W o 9AT BEL
& AAAZ W2 AE A oS Hlmslgion, QZSs
Klobuchar (QZSK) E&lof thgl 2412 $3=]2] ohth & =
Zofl At GPS, QZSS, BDSS] A2 ZLdS o] 85}o] Shikee]
A9] Aa]= x91& #4351, International GNSS Service (IGS)
GIME 7|Z27ro 2 Algsle] Ael3 2o o2 AAkslolict
EG HPEE W A1 EE] WE GFE 2SR F7}

= EDSGHS] A9 82l A4E EoHe $4(GEO, 1650,
MEOQ)o]| w2 &5 5

S ot

2. IONOSPHERIC MODELS

2.1 Klobuchar 22

Klobuchar 2&-2 Ha|Zo] 1% 350 kmo]| 1‘]1]5_]' oo
ola}x 713} 221 REl g A& x9S cosine TH42o] A=
2 7]z %@} (Klobuchar 1987). B A7t o] M) ]
2 Z|%FA] (Local Time, LT) 14A]0f] $}4+o] 2]l half-cosine
$2, 4 A7kl AalS A9do] 5 nsE LA stk 7Y gt
Klobuchar B89] 43 1213 211 412 Eq. (07} 2.
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A7IA T, = 72 A3 A, AMPE X%, x= A oJuigt
t}. Cosine EH4-2] 11Z, 7], $hFe L8] A= D A7)
FHUAA R FEE = 87le] S B Aol sl ZA=
t}. GPS F3A|=+ (Master control station)-2- Day Of Year (DOY)
u o Flux 4ol FI07& mefsle] 1% stebn]ei 2 Alaach
(Klobuchar 1987, Farah 2020).

QZSS T3} Klobuchar # @& ARGSIATH A1 A3
B A$E AlFshs GPseh= th2A AulA A7 Aol A3
SF QZSSHEe] 2} BA A5 A|-5-5tc} (Cabinet Office 2021).
QZSS+= Y+ A AYQ] Japan-area®} ofAJOF-EfH S 78]
Sz Wide-area® A{H|A Qg Fisid, M5 B4 ALE
ABA 2| QGof what 27FR| 2 ehgsiet. oo, e A4 At
AH|A 2L Hlojd HQJof| A AR E7)sl] (Cabinet Office
2021), 0|9 Z|el A= GPSe| ¥k B A& ARt

o)

2.2 BeiDou Klobuchar 2

BDSE= HRHE = Aol AgsI=E 7]& Klobuchar &
S oFE % BEE o] F AMESIH S Y oRAJo-EE Y
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o} 24171} ¢glo| E ok (Liu et al. 2022). Egs. (3-4)E5E|
BDSK+ @i, 549119 Ae) 3 AAS i Feiz2 F3sh=
A A% 4 Ak
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Fig. 1. Service coverages of QZSS and BDS-2.

2.3 BDGIM

BDGIM2 BDS-39] AAA AH|AE {5t EYE HAA
Ae)5 Egolct. Klobuchar &3} o] Ae|S5-E gF F02
7%k 229 melo]ni, 2|0 L 400 kme] 32} 7}
Aok #2347 (Spherical harmonic expansion)o]|
719ksto] Gl om A4k &S E{slo] X4 (degree)E
A5}t (Yang et al. 2020, Wang et al. 2021). BDGIM-& 4=2]
AgS AAS AR |5 gtatr|e| 25E Al4bE =
Estimation parte} 73382 a2 HE] AAL= = Prediction part
o] sto @ TSI} (Wang et al. 2021). BDGIM-S BDS-3 ¢4
o= ool AeE TetelEg Whsie, WS dY HotE
S $15ke] 1774e] U Tietolel 2 FHRIch BDS-3 AREA:

Eq. 9)F olgsle] ME S A& A 4= ok
Tiono = Zi=o ®iA; + X724 B;B; (5)

AZNA T, 4 S AY, e W

i

ofy
2]
ich
ol
T
ox,
iy
N

B, A, B+ B3 2452 t3gh4A] (Normalized Legendre
polynomial)o|t}.

3. DATA SETS

IGS, China Satellite Navigation Office-Test and Assessment
Research Center (CSNO-TARC)2] BRoadCast ephemeris
(BRDC) 7} ] Headerel| 23 M]3 B wjetulel g o]
gato] AeF AA F4E& +Hsklch 2023 19 7]F, 1GS
BRDCE H|E3F (MGEX) Tdoll+= BDGIMS] A 2|5 A7t 2
=] A] oot BDGIM®] F 2|3 Al CSNO-TARC Hlo]E &,
2] 2e2 IGS BRDC 0|8 & ]85tk

BDS+= & A& 2] g 914 B A7kl mE A
2% A5 B PHoAIA Headerol o] H4ich RINEX
3.04= BDS A 2]= n}eba] el o] £44-912 GEO, IGSO, MEO £
A o2 H3et (IGS 2018). £ o1 7o)l 4= BDSK, BDGIM 4]
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Fig. 2. F10.7 and maximum Kp index during the selected periods in 2019
and 2022.
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Fig. 3. Regional VTEC maps from different ionospheric models near Korean peninsula on December 20 2022 at 2:00 UT.
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Fig. 4. lonospheric delay and errors on December 21, 2022.

4. RESULTS AND DISCUSSION

GPS, QZSS, BDS9| 3 2|1 BY A5 E4L sl &
2 AelF ANz AL, IGS GIME Hgho 2 7gste] o
2= AAFsIIt) IGSE 87¢] £ & ¢l Tonospheric Associate
Analysis Centers (IAACs)ol|A ZHZF AF&ESE A& A =5
Ionospheric Associate Combination Center JACC)of|A] 7}
A% A g3le] 2 ALF ALS AU B AT I
Zro 2 A5k Final TEC grid: 2-8 TECUS] Astw 2 71X
(IGS 2023). T}gt, Az} 7|uto 2 249 gholl = Averaging effect
7h o] glo] AGH AYF AP 5L et A5 24
ol 27} & 702 Tk,

Fig. 3.2 2022\ 129 20 24]¢] REl¥ VTECS 97 Tof wh
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Table 1. RMS errors of the ionospheric models relative to IGS GIM for 3
periods (unit: m).

Solar activity Model
GPSK QZSK BDSK BDGIM
High 1.17 0.87 0.36 0.33
Low 0.87 0.07 0.47 0.18

Disturbed 1.03 2.47 0.64 0.38
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5. CONCLUSIONS
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