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ABSTRACT

The models used for ionosphere error correction in positioning using Global Navigation Satellite System (GNSS) are

representatively Klobuchar model and NeQuick model. Although these models can correct the ionosphere error in real time,

the disadvantage is that the accuracy is only 50-60%. In this study, a method for polynomial modeling of Global Ionosphere

Map (GIM) which provides Vertical Total Electron Content (VTEC) in grid type was studied. In consideration of Ionosphere

Pierce Points (IPP) of satellites with a receivable elevation angle of 15 degrees or higher on the Korean Peninsula, the target

area for model generation and provision was selected, and the VTEC at 88 GIM grid points was modeled as a polynomial.

The developed VTEC polynomial model shows a data reduction rate of 72.7% compared to GIM regardless of the number of
visible satellites, and a data reduction rate of more than 90% compared to the Slant Total Electron Content (STEC) polynomial
model when there are more than 10 visible satellites. This VTEC polynomial model has a maximum absolute error of 2.4

Total Electron Content Unit (TECU) and a maximum relative error of 9.9% with the actual GIM. Therefore, it is expected
that the amount of data can be drastically reduced by providing the predicted GIM or real-time grid type VTEC model as the

parameters of the polynomial model.
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2. MATERIAL AND METHOD

GIM2 AF&sh= 7]} Producte]] whe} A 1E tidto R
12417k 78] S 255" AR VIECS A etk & o
Foll A= 1GS FZE GIME AF&5)o] Least Square Estimation
(LSE)Z S3) chab4l mels} sl ekl e o shoic,
H o Lol A AFRE IGS 2= GIME CODE, European Space
Agency (ESA), Universitat Politecnica de Catalunya (UPC), Jet
Propulsion Laboratory (JPL)of|A] 9H= 2]& AFE-E-9] weighed
mean® 2 YHSoiZit} (Villiger & Dach 2017). 2009\ d H&] 2018
W7EA] SR FH = (309~609)0f| A Jason22] 5 VTECH} H]
51932 W] CODE: 117+2.83, ESAL 1.37+2.42, UPCE 0.25+
2.22, JPL-& -1.23+2 .31 Total Electron Content Unit (TECU) x}-0]
£ rolt} (Chen et al. 2020).

2.1 SSR2| STEC 0|2 ClatAl oW

Space State Representation (SSR) % Secure Position
Augmentation for Real-Time Navigation (SPARTN)<¢] High
Precision Atmosphere Correction (HPAC)¥} Quasi-Zenith
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), (2)e} 2t

HPAC STEC,™ = CoM + Cf (0, - ) + CEV Oy - D+ CI (0, - 0) -0 (1)
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Fig. 1. Target area on the Korean peninsula.

Table 1. Network latitude and longitude.

Gl G2 G3 G4
Latitude 35°~47.5° 35°~47.5° 22.5°~35° 22.5°~35°
Longitude  127.5°~145° 110°~127.5° 110°~127.5° 127.5°~145°

Compact SSR STECE™ = CERY + 2 (9, - o) + CI (g~ 1) + I (6, - 0)3g =)
+ (Mo, - ¢)Z + CI (0 = 1)? + 8STEC, 2)

A7 CEV~CEN = A O] A%, dodo 1A ) 917
5, bk kAt sH $1219] 91 molu, okl WAt ki
UESIAE E3h) T oleF oxf B4 BYe FHo RNy
o $1AE Al me okl < B9, A
£ B9 A5 15 FRE 541 ol BEE 40| STECS
A 4 itk S0l ik Sle] whale $14 ¥ STECO]Y]
w 2o (§149) 4)x(A4-2] 4) Yrake] wlelel7 Wasict, whet
A, o] WhAle 7hAISI el 47} Soluk HlolE o] ko] ol
the ghgo] 9lek. 53], Compact SSRY| 79 12742] WSS
of we} STECE A4kl W] =$)aimtet 6 STEC] 3ks)7] o
Boll (NEZL] 2) x S 5) x (A5 4) + (£
§ STEC) 922 flojelz} B asich. webd, o 25 o2t B3
7} SSREA Aol 71 2 ke AHAsA Hek

o T oo rlo
o
[Ragu)

b
195}
H
(el
Q

3!

2.2 VTEC ChetAl odio] [jakoial EEQA

VIEC thg4] melo] 414 2 Al 7ol Fig. 19} ek, 2022
W49 209 AF 970 AR WS LG, B4k, e, 2, 27,
A%, A%, 271, vlehE)o] 24417 GPS BEA S o] g3le] 914
o IPPE A4sIA T, Qere o el ALEs aA 2
T7ho] 159918 Taisle] AT 110°~145°, S| 22.5°~47.5"2 thA}
T2 Ageigic. 1) LA A e SlE W ), A
& 87, % 887H) GIM At 4, Wxh) MRS IE 7 A A
ARETE A2 A40) 9128 Lebdic. At o] mlolA

AT L 470 YESIT (GIGAZ Belun], THEE g
Q1% 357, A 1275)9] sheb] He 7| E 02 S el
oh AA Mg el YEglaz BeRtonn 24 e
SAY 4 9T, YELT E AEHE DUk PEo ok Por
Fomn N1Ezel e JuE Y 4 gk 2 A7 e Be
Aol We 9% WO R AK, FE ARelA e A



Jae-Young Park et al, Development of Korean VTEC Polynomial Model 299

Table 2. Amount of data according to visible satellites.

Number Amount of data
of GIM Compact SSR STEC polynomialmodel HPAC STEC polynomial model = VTEC polynomial model
satellites (grid point) (Networks)x(sats)x(parameters) (Networks)x(sats)x(parameters) (Networks)x(parameters)
10 88 4x10x6 4x10x4 4x6
20 88 4x20x6 4x20x4 4x6
30 88 4x30x6 4x30x4 4x6
40 88 4x40x6 4x40x4 4x6

Table 3. Maximum and minimum TEC during the test period.
Year (DOY) Mean sunspot number MeanF10.7 MaxVTEC MinVTEC

2015 (268-274) 1353 1247 72.4 6.9
2017 (001~007) 11.7 72.6 34.1 28
FOE a~h2 TSI (AR FHsIGIH 228 UERA

o] 9 éE % Table 137} 2t

2.3 Main Concept and Suggested Formula

£ Aol AP VIEC Tk B Eq, (3) 3 2ok

VTEC, = Coo + Co1,k(¢0 =)+ Coxg =D +Cyy k( -$)h-N
+ Coz,k(% - 4))2 + Cao,e (Ao — 1)? 3)
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Qlth (Misra & Enge 2011). whapA], 7iisl 2l E3) [PPof|A]
9] VTECE AFE31aL AVIE4E F5H STECE A4S 71
Aol BAIGlo] MELZL] (4)x (A2 42(6)) FHE2] 17
20 glo]g] oFo] 7}—0}1‘4— Compact SSR 2! SPARTN-S SHtE
£ o2 MUAE SHA] ¥a1, GIME HATE iAo' A
HlASIEE ’EPHPE% o= A Hlole &F vt &
7Fssieh s o] 58 AT Al A3 BEti|EE HolE
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Bdlo] glo]g] ¢k Table 29} 2t}

40719) 7EA 9140l & A GIM2 88719 HlolH,
Compact SSR STEC t}shl mele 9607]2] wo]&], HPAC
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7h€] dlolel & 71Xt o] wff, VTEC thad4s] BHlE GIMa} H] L
ko] 72.7%2] Hlo|e] Z+A &, HPAC STEC t}af4] 2 ey} v w5}
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ot Hlm e 7EA Al 9] 47} Sold 48 folg] A go
Z=7}51, Compact SSR¥}F B 251932 wff 7FA| YAl o] 4271 107}
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2.4 Selection of Test Date Considering Solar Activity
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2.5 Least Square Estimation
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Fig. 2. Center and edge points used for time series analysis.

Table4. Center and edge point information of each network.

Gl G2 G3 G4
Center point (D,c) (08)] (Hp (Hc)
Edge point (Bb) (B8 (] Ub)

3. RESULTS
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Fig. 3. Absolute error greater than 2 TECU during whole test period.

https://doi.org/10.11003/JPNT.2022.11.4.297

A

Year:15 DOY 272
15 Hour(KST)

TECU
10

_,d
Nofr

2

e}

N

0

3.1 Spatial Analysis During Period of High Solar
Activity

£

=
it
off
of
s
fopa)

2 7|17t & A X7t 2 TECU o4 yet
U= A1l 20154 27290 1549} 20159 274 154]¢] contour
plot& Fig, 33} 7t} did 7]7F 2o Ao ex}= 2.4 TECU®|H,
2 TECUZ} W= Al-o] & ® Qitk ZF 13 9] (€2 1GS 2%
GIM, VTEC t}gh4] Bl 2 ALksE GIMo|H, o}i &2 25 GIM
It A4S GIME] Hrf e 2} W A 215 UERilT 718 o2
A ex}+= 0.5 TECU 7H49] 54, i o xH= 2% 7H4 9] 5
IS FHASINACH

WP AP 0 2 33k A1H S o) A exE Uil
AZA 02 G4 Y EL|F 9 7PgAta|d ol A 2o &7} Vel
o} o] Aol 2|t Al @xk= Z2F 5.82%, 5.38%c]ct. ol A
o7} AR AJH 2 ISA| 2 o] 232] x|9& Wy} 71 2
Ao, Y EQ A o] 7PAte] Hol M oxE Hols A& B
o A viglrt & off 7PgAte] BollA o] tha Bk
s Bt

AA| 717 F A7t 7P =9kE 2017 0024 194] €]
contour plot2 Fig. 49} 7t} FAIE 2o Ao x}= 0.68
TECU, 2] A 2x}l+= 9.89 %= GIM2] VTEC Zfo] 27| &
of 22 HAdf| 2ol s =2 At X7 Yebdtt. o] = At
il BAIGo] A XL 2 4 S-S TRt whabA, =
Fa-sFol W2 7zl o Foex} 2.4 TECU, AA|717F 5
o} X} 9.89 BE =2 PSR 23S Bt 7|17

o deff o2t 9l At @A} Table 59} 2t

estimate TECU

114°] L e
WETTTR0E s 13E | ABE



Jae-Young Park et al, Development of Korean VTEC Polynomial Model 301

Year:15 DOY :274
15 Hour(KST)
GIM TECU

estimate TECU

0

120 i26°E  132E | 198E
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Fig. 4. Maximum relative error (9.89%) during whole test period.

Table 5. Maximum error at all grid points by date.

Max error Dayl Day2 Day3  Day4 Day5 Day6 Day7

High solar activity Absolutfe error (TECU) 1.55 1.02 1.26 1.46 2.09 1.25 237
Relative error (%) 7.09 6.42 5.30 4.34 5.82 4.88 5.38

Low solar activity Absolut.e error (TECU)  0.98 0.68 0.48 0.54 0.61 0.51 0.59
Relative error (%) 7.57 9.89 6.58 4.30 4.79 4.20 5.29
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Fig.5. Center and edge point time series analysis in (a) High solar activity period, (b) Low solar activity period.
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Fig. 6. Validation of network stability through Confidence intervals for periods of (a) High solar activity, (b) Low solar activity.
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3.2 Time Series Analysis 3.2.3 Frequency analysis of absolute error
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P02 YA RE AREOIM exbe] Aighe Wz % Qlgich £ 7IZh 59t 2] Ao e} 2.37 TECU, Hof Ao
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Bk FEro] A2 7kl 4719 Y E9]A BF 1 TECU o] 2o e xp7H AR 2782 G3, G4 Y EQ1F.9] 7PAte] A
BEREE @@5% wolch eiof BEol ghe IZiole  olu] sl Aol IPP7} iAlsHe e Ezto] e Al
Gl, G2 Wl ETe] ¢ 2 TECU ofufe] 3 ; Fog moln ook Als W AR A 57 A1EZHE Hgsle] oAl FE
G3, G4 IES1=19] %93 TECU ofufe] 28 RHES Holch,  Fojop ghel, tebdl, 9 AAIZH A §o) e Predicted GIM
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