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ABSTRACT

Errors included in Global Navigation Satellite System (GNSS) measurements degrade the performance of user position
estimation but can be mitigated by spatial correlation properties. Augmentation systems providing correction data can be
broadly categorized into State Space Representation (SSR) and Observation Space Representation (OSR) methods. The
satellite-based cm-level augmentation service based on the SSR broadcasts correction data via satellite signals, unlike the
traditional Real-Time Kinematic (RTK) and Network RTK methods, which use OSR. To provide a large amount of correction
data via the limited bandwidth of the satellite communication, efficient message structure design considering service area,
correction generation, and broadcast intervals is necessary. For systematic message design, it is necessary to analyze the
influence of error components included in GNSS measurements. In this study, errors in satellite orbits, satellite clocks for GPS,
Galileo, BeiDou, and QZSS satellite constellations ionospheric and tropospheric delays over one year were analyzed, and their
spatial decorrelations and linear modeling characteristics were examined.
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1. INTRODUCTION

Global Navigation Satellite System (GNSS) &7 x]of i
e o xF JEES AR YA £ S A= &
102 o5 tpeFst WY 0 2 AASIAY &7 = B
Eo] oAFL]o] gt} (Park et al. 2006, 2013, Yoon et al. 2016,
2020, Son et al. 2019). o] gt @2} RS 2 FolA] AlF
He BRYRE o AAL 4 lon, I Fejol met 24
State Space Representation (SSR) HFA13} Observation Space
Representation (OSR) Al o 2 UE 4 ¢lt} Network Real-
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Time Kinematic= th3E2{9l OSR HA o] B 7ZFA|AH o]0,
Virtual Reference Station, Master Auxiliary Concept, Fldchen
Korrektur parameter S-o] 9]t} (Park & Kee 2010, Song et al.
2016, Kim et al. 2017). RAFRE &H 2] HEEZ A Fsl=
SSR H}Alo] B ZFA]AEIL Precise Point Positioning (PPP)&}
PPP- Real-Time Kinematic (RTK) 5©] ¢l o, PPP-RTK<2] 7
2 93 A%, 94 A, AEE A, BRE A Se] 03} 4
& Bdgste] Algeich

:

olo} 2& HAH RG] ST e AT telE 5 chop
3 Aok 2751l AulA o], HARR AT 5 Folxl 2
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Fig. 1. Spatial decorrelation errors and linear coefficient.

Fig. 2. Linear modeling residuals and linear coefficient.

T2 Aol FEE7] i ZaHEQ] HA A R AA
7} & F=It} (Kim et al. 2008, Park & Seo 2021, Lee et al. 2023).
A&, dATH BHAAR S theket @ Adat Aok 27
F AR AT Al Qe EYY R A5 AR AFFE B
T BAR R oA oA FYshs UEHAS] F7] & AT
o Qlet. o]}t Zro] B mx]x]9] F3t AA 94 F skl
WED 27] 2L $IAE GNSS ZH X0
A B2 o)l I A 00l He
Ttk GNSS S o] Z3hel ox} HRES ¢ 3
48 BAYS A S A7Ee] A4H 02 AwHT Yo
1 (Klobuchar 1987, Kim & Kim 2014, Landskron & Bohm 2018,
Montenbruck et al. 2018, Wang et al. 2021), & ¢ILof|A]&= tloF
2 GNSS YAdto] HIE 2k AlA] 941, X*Elz 2 75 2
o) Sl B olz1e] ST MARL 03 3 Y 29 S
23 1d $e19] AE dlole] Ao
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2. SPATIAL DECORRELATION AND MODELING
RESIDUAL ERROR ANALYSIS METHOD
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o} 45 B2 ol Aol oJgh HARA o3 BAE Wals)
7] S48l Fig. lof] Uebd Rk o] Y7o 7|eolA] 4AbEsE ©
A AR B4 12T 03 A ghe dBHoE AR
ol W& o] oafSel 4% M AAe] 718718 Akt
A A2 dlole A& 3t 717 59 ALk 2ho] o4
£-9] Root Mean Square (RMS)e} AAizke] XUizk 2712 &
ol ohs) M BE SR oA} AEES 2023 19 12

HE] 2023 124 31971A] 1 E9F 55 7HH 0 2 AFEEon,
RMS 72 A 717 52t glojglo] thgt Zhol™, 19 4] Hlo]E]
O] RMS #& AFETo 24 a8y
ZFolAe] gt vl extE BAT 4 Qlok 2Upe A
glole] FollA] 71 & 22 ulshH, 7|AdA ] g 4 Q)
= ZfeAE BT 4 itk

o] =HoAE GNSS9| ZF @2} AlHEo] F7FAtolA] 13} A5
B w2kl 7Pg3itt Fig. 2a9} o] F-Alet g5 Bigko
2 AEE 7|85 FollA 34 713 V1A 718 4
& o] g5t A3 RS ARSIt o] %, AeH Ay mdlat v
2] 7|EaEoAe] 04} 7F 2folE BEE o 9 X2 A o]t
S Xt 9 X152 A5 Bdlo] oo wet FE 7|E=
ol A= 1 3717} 00]4L, Fig. 2bs} o] 7|&=ollA Hold &
Bl o] A& 2% ;:L_ =4 FHE 7S 4 Sk 01%
HIA ] #4931 o] Ay A3t 149 71&7] PEf R
#1350 Fig. 2ce} 2o] & Jé 71 714 Aol sl 7%%%%
7k FE Zoll YIAF 7| & o2 RE 9 7|47
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A H419] 712715 ARSIk BRI E AF T 2Ae
29 2o] 015 e] RMSeh Fhzke] ARl F74A] 7 5ol
ol A sisich

olof e WA oR 2 elelo] 14 AT o, 1)
F A%, 55 A e B2k ol Aol o3k HATA 0
Ay By 54 Btk =N el slgshe
B2 22 2o glol Foldl Aol ¢4 A= o5, A3 A
o, thRE Aee] B gkl o3} A1

3 A3 A4 712718
oRE o} 5 4 2

o]gsto] FAA] @ A 71&719 714
78] 9] 2] Root Sum Square FE 2 R HY5}= v o2 Sk
o5 US Ao R 7|gich

3. COMPUTATION OF MEASUREMENT
ERROR SOURCES

3.1 Satellite Orbit Error

A s ks WS
3 §x1 €] zpo| & Qlsf ggs}t S zjolth YA A% L
Earth Centered Earth Fixed (ECEF) ZtEA oA THH w57
=8 93 fixleh AR 918 x| o] o] RRE Atk o
olom, Eq. (D7} ZTh (Lim et al. 2023).

80 = X38t — Xsg4 1

o]7)A] X3at - wieAle o2 At 94 $ix|o]m, )(7;9,‘,13‘%
HuAleon Akke Sb Stk ECEF A AolA 1al
= A A= @x}+= thA] Radial (R), Along-track (T), Cross-
track (N) WFo 2 ¥Mgslgict. §0& R, T, N WFo 2 e}
7] 9l 7t & whake] the] WlEl S ECEF RF3A| Alolla] A4t

3haL, ol% E3) 314 PP P4 O Eas. (2-5)9 2t
(Montenbruck et al. 2015, Wang et al. 2021).

b= )

ér = éy X &g (3)

ey = ;ﬁ; (4)

5RTN= [ér ér éN]TaECEF (5)

o714 7L 9149 91| WEoIN, 6, &r, &y AZHR, T, N W

ako] Tl We, g ECEF Aol &
H9] &Eoltt. i 87 A uj2
(©)5} o] A¥sigict.

A ] T Al
YA A et Eq.

P=V+a, x7 (6)
o}7]4 Vi ECEF Aol 14 $xol1, §,& AT A4
Ztzolch 242 4 9hd AE eXH= Eq. el Ak 2
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Fig. 3. Antenna phase center and phase center offset.

£ 71%A0] AR T2y tge] ol we uA
o). Fig. 30 e A3} 2ol AUASLL 4e] A 54
Center of Mass (CoM)<] §X]|& Al-FslaL, B5HE-2 ¢t
L} ¢JAF =41 Antenna Phase Center (APC)2Q] £X]& A

t} $JA4 CoMi} APC x}o]E Phase Center Offset (PCO)ztx
5}, International GNSS Service (IGS)o|4] APCE ANTenna
EXchange HE]| 2 #5352 ch ¢4 CoMoj|A] APCE PCOE
BASH= 32 Eq. (8)ofl RS

>sat >sat BF 7
Tapc = Tcom T RecerBapc (8)

371K Bppes 94 A EA A BHE APCoH, REE,,
= 54 FHEAoIA ECEFR %she 54 fzolch. 7t

FCS“,&E 717 ECEFol|l A 239 $14] APC 1|2} CoM $Jx]o]
T} Ricpre 7517] $lsiAlE 9143 9] 2bH] RS wefsfof 51,
Medium Earth Orbit (MEO) ¢]4d3} Inclined Geosynchronous
orbit (IGSO) 7]22& o 2 Yaw-teering (YS) A4 &S A5}
11 Geostationary Orbit (GEO) €JA1-& Orbit-normal (ON) Z}A|
-2 ARR-SHC} (Strasser et al. 2021). YS 2pA| 2Elo] 749 9
226 doke) A 91115 7 Bart glon, gee] 7}
+ A (eclipse)o] ‘YA sh= Aol dEE 27 ohg

de Hgsing Aol deps g
Jf A& Alo] BRG] EQ0to e 7 A
A BEle ma A]g} Zti 7HEslgion, o] & ols| whye
91 PCO 1A} 0= 2/ 15 emE W] ghecha SelA
(Montenbruck et al. 2018).

A4 AE o2t AlLks sl HHEHIEH 2 IGS Multi-GNSS
Experiment (MGEX)o| 4] A|Z5}= BRDME Al&s}9ia, A
4 A= MGEX 4 AlEfof A% o] 9l 7|38 5 Wuhan
University (WHU)oA] #|-&5}= 5% 7+ Final productE 11
A} b WIS Bo ARSI iR GPSe] Aol
National Geospatial-Intelligence AgencyollA] WA=} 5
A3 APCe]l TRt BUHEH - A|3-517] wfizell =9 PCO B
Aglol Hhe AbgE 4 ek

o =2 T X

3.2 Satellite Clock Error

A AA exte FEEIAR Ol 23HE AlA @&} B Al

http://www.ipnt.or.kr



224 JPNT 13(3), 221-235 (2024)

Z B3l AF&3)E Zh) Clock Receiver INdependent EXchange

(RINEX)Z 4F&3F 31e] 2pol & Al4keict
Clockoppsec (ty) = clock™ ™ (ty) — clock®™ (t;) — u(ty) (9)

o17| A clock™(t)= SPAHA| A 2 AAKSE 24 A|A] ©xfo]x,
clock™"(t,)= Clock RINEXZ A1HE £14d A]ﬁﬂ extolnt. ut)=
B4 7)3ho] Al 35H= Clock RINEX] Z3HE 9437} 13135} 4]
A WA o2 AA 22t A A AT Bert et (Wang
et al. 2021). B AL ML u(t) S T3] Yol YATHE
3 AA eate] e BatE A -8R Foll o] & AAsIICH
HHAIA 8] 73 914 A=t 5Y5HA BRDMES AHE-5H
Clock RINEXE= WHUOJ| A A E5k= 302 742 dlo]el 2 A%
7¥s}o] A5t

[ I

3.3 lonospheric Delay

G32] Center for Orbit Determination in Europeof| 4]+
IONosphere Exchange (IONEX) SEll & Global lonosphere Map
(GIM)L 17} 7H4 0 2 AZsln, GIML Zx} Slej e Batg

A HE2] Vertical Total Electron Content (VTEC) ZF2 Al-&st
o} B4 $14e) 157} &S Eoksks 21H3] lonospheric
Pierce Point (IPP) $]X|o]|A]¢] VTECS GIMoj|A] E7HH-S &3
ARG Floll A4S Fslo] AFH02 Eq. (10)3} 2ol He)
= 21918 A&} (Bang & Lee 2013, Park et al. 2022).

40.3-101°

I = “F-VTEC (10)
A7|A fi= $143 415.9] Fatgroln, P AMdRpolth VIECE
H7ksks Wb 0 2 [ONEX ZA] BAjol| s [PPe] €]x], A|7F A
TR G LT B UAS ALY A Ak )
ou, B el S BAS B HLF AL

t} (Schaer et al. 1998).

3.4 Troposhperic Delay

S Agele] 4 At AT e
; zrq, fo A BEw Az A
al. 2016, Yun & Park 2024).

T. = Tr,zher,dry (E) + Tr,zder,wet(E) (11)

AN Ty T, s A4

. d,y(E) M, W(E)% 77y Az A3 5& Zl LOﬂ 5H%“5}% *}
4

104 “T I EHOHHE’J A

Resource CanadaoflA] €9J5}= Canadian Spatial Reference

System-Precise Point Positioning Serviceo| A £ H 2] &H&

Z] 93] Neill Mapping Functiong &5}o] AFE5}S T
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Fig. 4. Distribution of stations.

Table 1. Satellite classification.

GNSS  Orbit type Blocks
GPS MEO 2A, 2RA, 2RB
GPS MEO 2RM
GPS MEO 2F
GPS MEO 3A, 3F
Galileo MEO FOC
BeiDou MEO 2M
BeiDou MEO 3M, 3SM
BeiDou IGSO 21
BeiDou IGSO 31, 381
BeiDou GEO 2G
QZSS IGSO 1,21, 2A
QZSS GEO 2G

4. MEASUREMENT ERROR SOURCES
ANALYSIS RESULTS

4.1 Distribution of Stations and Duration

3 AE E AA o}, dEF A, RS Al gkl
o8] Hall 20234 19 195 20231 129 317kA] & 149
711 e elzoglont, 31t oliel slgh vl £ o
A% B9 o3} A2 9] AHEE J1EF uix)
o ol W, A4 Wae® J14 AL APAS
FASIETE 24 2] 9o A AT o=
3o} A] Elevation mask= 25 10°2 “14*}011:]-

e}

4.2 Satellite Orbit Error Results

G4 FE 93 AN ST, AlE SR, A B
o171 8l 1GSeollA] AlFshe Metadatags 3Fals)glon,
IGS Metadatao| A= Z} 9AJ 9] Satellite Vehicle Number ¥
2 3F Yol =3H A& $F 2 At E 5-& Solution
INdependent EXchange 3Jej 2 A|-33stc} (Steigenberger &
Montenbruck 2022). Table 1.2 ¢4 H= 22} E42 ¢l A
S A% S5, AER 253 AL EASKI

Tables 29} 3& Table 16 4] B2+ 723 20239 11 E9lo]
S14 $17] ©xbe] R, T, N uhael thet RMS @ Hghe Leha
T}, Table 29] AT}EHE] GPSE= R, T, N HF5F B=o]|A] Ach



Table 2. RMS values of satellite orbit errors.

GNSS  Orbit type Blocks RMS (m)
R T N
GPS MEO 2A, 2RA, 2RB 0.14 1.10 0.40
GPS MEO 2RM 0.15 1.15 0.41
GPS MEO 2F 0.18 1.06 0.39
GPS MEO 3A, 3F 0.13 1.12 045
Galileo MEO FOC 0.12 026 0.17
BeiDou MEO 2M 1.06 1.48 0.50
BeiDou MEO 3M, 3SM 0.08 0.36 0.33
BeiDou 1IGSO 21 1.71 1.30 0.93
BeiDou IGSO 3L, 381 0.16 0.60 0.57
BeiDou GEO 2G 1.90 9.43 212
QZSS IGSO 1,2I,2A 0.64 053 0.31
QZSS GEO 2G 1.15 2.23 3.90
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Table 3. Maximum values of satellite orbit errors.

GNSS  Orbit type Blocks MAX (m)
R T N
GPS MEO 2A,2RA,2RB 1.13 7.52 4.60
GPS MEO 2RM 095 943 214
GPS MEO 2F 1.23 779 238
GPS MEO 3A, 3F 081 8.51 232
Galileo MEO FOC 093 1.87 0.97
BeiDou MEO 2M 3.76  9.20 3.38
BeiDou MEO 3M, 3SM 0.71 3.70 2.50
BeiDou IGSO 21 5.22 10.48 7.75
BeiDou IGSO 31, 3SI 098 4.62 3.92
BeiDou GEO 2G 6.17 35.91 16.15
QZSS IGSO 1,2[, 2A 282 283 1.33
QZSS GEO 2G 6.95 14.14 8.41

Fig. 5. Measurement domain satellite orbit errors at SOUL for GPS, BDS, Galileo and QZSS.

Fig. 6. Monthly measurement domain satellite orbit errors at SOUL.

2 123 Zre 7k Aslrof 2 xjolv} gle o
BeiDout= 24|t 2t} 3Af oAl o] AT 7 Ards] A" AL
21013k 4 glek A SR whE polo] A2, E%ﬂo@w of
3 QZSS, BeiDou GEO $JAE2] $JA] 2217} RM I
F£9] A& oln], MEO, IGSO ¢854 H]J]_o]-(})i% o 71 2}
o]7} FE 8] A7 LpeRdT). B3], GEO $1439] 79 Table 3oi|4]
Bl 4 9l AXY T Yol A 24 m 227 03}

7} AgRIeY,
Fig. 5% Table 1o #5735+ 152 A& 7|EFelAel 543
P M A= oA A FollA F7F AFer dRE T
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Table4. Measurement domain satellite orbit errors.

. R(m)

GNSS  Orbittype Blocks RMS MAX
GPS MEO 2A,2RA,2RB  0.20 1.81
GPS MEO 2RM 0.21 1.68
GPS MEO 2F 0.23 1.70
GPS MEO 3A,3F 0.22 1.79
Galileo MEO FOC 0.12 0.88
BeiDou MEO 2M 1.01 3.28
BeiDou MEO 3M, 3SM 0.10 0.99
BeiDou 1GSO 21 1.73 5.39
BeiDou IGSO 31, 381 0.17 1.18
BeiDou GEO 2G 199 5.82
QZSS IGSO 1,2l 2A 0.66 2.75
QZSS GEO 2G 1.24 7.62

HABIG oM, Fig. 62 Fig. 50 EAI3 1828 233 HE 1
ol st 24 ] 39 94 A= 2x}o] U RMS ZHS F
E3h Table 40f BE TLEo) gt 19 50}94 %
XM RMS 9 2|Hizke] A3E Qo5
A A¥Ed 0 2 MEO 9JAl72] £A %] 93] 149_]-1:7].% W3l ¢l
o] Y5 UERIAL Q&S & 4 Qlth Table 42 8E QZSS
GEO, BeiDou 2A|tf] JAJ#9] &£4%] 9 A= ox}= REm
I glow o] && AlQg UMA= 218t} 22 dm
29 o4& 71Xt} Fig. 58 5l MEO£} IGSO thH] GEO
Aol EA A Y 94 94X exprl Hake e Y-S o

http://www.ipnt.or.kr



226 JPNT 13(3), 221-235 (2024)

Fig. 7. Spatial decorrelation errors of satellite orbit errors.

Fig. 8. Linear modeling residual uncertainty of satellite orbit errors.
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SHHAF] oxfet ey Xto] Qxfo] A3 M A& part
per million (ppm) S & TYA3}GIT}. Table 50014 F7F o] 4] <
S H)AREA] 9 x}e] A3 ZHSto] 24|t BeiDou GEO £]4Jo)| A
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Table 5. Linear fitting coefficients for spatial decorrelation errors of satellite
orbit errors.
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Table 6. Linear fitting coefficients for modeling residual uncertainty of
satellite orbit errors.

4, (mm/km)
North-south East-west
RMS MAX RMS MAX

GNSS  Orbit type Blocks

b, (mm/km)
North-south East-west
RMS MAX RMS MAX

GNSS  Orbit type Blocks

GPS MEO 2A,2RA,2RB  0.03  0.31 0.03  0.38
GPS MEO 2RM 0.03 022 003 023
GPS MEO 2F 0.03 030 0.03 0.23
GPS MEO 3A, 3F 0.03 0.21 0.03  0.26
Galileo MEO FOC 0.008 0.05 0.007 0.05
BeiDou MEO 2M 0.04 028 0.03 0.22
BeiDou MEO 3M, 3SM 0.01 0.17  0.01 0.13
BeiDou IGSO 21 0.02 0.17 0.03 0.24
BeiDou IGSO 31, 381 0.01 0.09 0.02 0.12
BeiDou GEO 2G 0.10 054 023 090
QZSS IGSO 1,2I, 2A 0.01 0.04  0.01 0.07
QZSS GEO 2G 0.08 0.17 0.06 037

GPS MEO 2A,2RA,2RB 0.004 0.14 0.005 0.17
GPS MEO 2RM 0.004 0.05 0.006 0.05
GPS MEO 2F 0.004 0.06 0.006 0.09
GPS MEO 3A, 3F 0.005 0.08 0.007 0.05
Galileo MEO FOC 0.001 0.02 0.002 0.03
BeiDou MEO 2M 0.005 0.07 0.008 0.11
BeiDou MEO 3M, 3SM 0.002 0.09 0.003 0.17
BeiDou IGSO 21 0.005 0.05 0.005 0.08
BeiDou IGSO 31, 381 0.003 0.04 0.003 0.03
BeiDou GEO 2G 0.03 0.15 0.02 0.13
QZSS IGSO 1,2I 2A 0.002 0.009 0.001 0.008
QZSS GEO 2G 0.009  0.07 0.02 0.04

Fig. 9. Results of satellite clock errors.

2}7} 0.01~003 ppm $F0.2 Ao] FATS o 4 ek 24
BeiDou GEO & 7 O, A3 A3F A7t RMS 7|12 e vkt
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o E_,] _1—7]- o]7ﬂoﬂ _,]%]- ] Akl /H oz].j]. H—EH;G oz 374] L]—E}
Stk QZSS GEOE IGSO9] H|glo] @ x}2fFo] & Ao 7 3ol

fs

e
7k 0ab8 413 BRYSIIL e Foloxje] A9 HE 94

ol ol 418 23 gho] Table 6ol LeRc 713k o] s, A

o2 ulZs} Lehh wiakile] mE Aol FEejxA]

ok
ST} Tk GEOS] 7% RMS 72 107 ppm 4202 oJe} 914
2110 ppmo]l W]} wlMIslA 2A| LRy,

4.3 Satellite Clock Error Results

Figs. 99} 102 247k $14 A1) @3} 84 AnkE Jefzel 4
H SAA FEE UERH AL glom, Table 7 914 AlA &4
o] RMS I izt Ants 2o el Hojzc} Galileo2} GPS
Block 3A-3F7} 48 AlA| A& =7} 01ns &0 2 7P =& A

& 213 2 9lon], BeiDoue] 7%, 34) MEO 914172 9]

Fig. 10. Monthly satellite clock errors.

Stals RMS 7] 2 ns o]/d9] A4 A2k 5 7k ™ thE GNSS
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91 912 2.2kek FAISHA Fig, 9ol Al 21
A S Xl A TR FAFS 7Hx] 3 Qlek E3F GPS Block 2F9]|
+ Cesium, Rubidium 27}4] & QJZ}A] A7}t ﬂgu:], o] & A
Alell tieh AikE Fig. 1lof] 12T e =

Cesium 2} A A7} Rubidium 2} A] A E‘_l:]- ok Aol £4

_I_:
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Table7. Satellite clock errors. Table8. Slantionospheric delay results at CHJU for L1 frequency.
R Clock error (ns) Slant ionospheric
GNSS Orbit type Blocks TRMS  MAX Flevation angle (degree) delay (m)
GPS MEO 2A, 2RA, 2RB 1.10 9.41 RMS  MAX
GPS MEO 2RM 1.57 12.77 overall 9.92 62.08
GPS MEO 2F 1.90 22.90 10-20 16.31  62.08
GPS MEO 3A, 3F 0.59 6.65 20-30 11.52  49.94
Galileo MEO FOC 0.46 4.54 30-40 8.85 38.14
BeiDou MEO 2M 2.82 19.06 40-50 7.25 29.17
BeiDou MEO 3M, 3SM 1.44 12.39 50-60 6.75 24.60
BeiDou IGSO 21 2.26 15.96 60-70 5.53 20.47
BeiDou IGSO 31, 381 2.19 11.08 70-80 5.58 17.46
BeiDou GEO 2G 3.02 19.45 80-90 5.04 16.33
QZSS 1IGSO 1, 2L, 2A 1.24 6.00
QZSS GEO 2G 1.91 9.78

Fig. 11. Satellite clock errors for different clock type of GPS block 2F.

Fig. 12. Slantionospheric delay at CHJU for L1 frequency.

Fig. 13. Spatial decorrelation errors of slant ionospheric delay.
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Fig. 14. Linear modeling residual uncertainty of slant ionospheric delay.

Table 9. Linear fitting coefficients for spatial decorrelation errors of slant
ionospheric delay.

a, (mm/km)
Elevation angle (degree) North-south ~ East-west
RMS MAX RMS MAX

overall 2,70 25.24 130 11.92
10-20 3.79 25.24 2.16 11.92
20-30 3.31 20.57 153 09.11
30-40 2.73 15.15 1.09 6.27
40-50 226 13.18 0.72 4.73
50-60 1.91 10.81 0.63 3.61
60-70 1.60 10.46 0.51 2.78
70-80 1.82 10.06 0.46 2.21
80-90 1.51 9.70 0.43 1.91

Table 10. Linear fitting coefficients for modeling residual uncertainty of
slant ionospheric delay.

b, (mm/km)
Elevation angle (degree) ~North-south ~ East-west
RMS MAX RMS MAX

overall 0.63 5.68 0.52 4.73
10-20 0.67 5.68 0.78 4.73
20-30 0.65 4.42 0.67 3.74
30-40 0.62 3.59 0.53 3.04
40-50 0.66 3.52 041 247
50-60 055 298 035 234
60-70 057 2,59 0.27 213
70-80 0.61 247 031 218
80-90 043 1.68 0.27 1.75

PP AgolAle] HelF 44 o] WElE IR SAIG
ofm, 1L Apgrell A 71zkell ek RMS gt 2ehghe 7]
slict. AT Ul TSI S o) A AL RMS 712 oF 10
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o] offo] glof RMS 712 oF 6 m, ZIth 24 me 7o} ¥
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Fig. 15. Vertical ionospheric delay at CHJU for L1 frequency.

Fig. 16. Spatial decorrelation errors of vertical ionospheric delay.

Fig. 17. Linear modeling residual uncertainty of vertical ionospheric delay.
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Table 11 . Linear fitting coefficients for spatial decorrelation errors of
vertical ionospheric delay.

a, (mm/km)
Elevation angle (degree) North-south ~ East-west
RMS MAX RMS MAX
overall 1.80 10.92 0.45 3.98

Table 12. Linear fitting coefficients for modeling residual uncertainty of
vertical ionospheric delay.

b, (mm/km)
Elevation angle (degree) North-south ~ East-west
RMS MAX RMS MAX
overall 042 254 032 237

Fig. 18. Spatial decorrelation errors of slant ionospheric delay for specific durations.

Fig. 19. Linear modeling residual uncertainty of slant ionospheric delay for specific durations.
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Fig. 20. Spatial decorrelation errors of slant ionospheric delay for daytime and nighttime.

Fig. 21. Linear modeling residual uncertainty of slant ionospheric delay for daytime and nighttime.

Table 13. Linear fitting coefficients for spatial decorrelation errors of slant ~ Table 14 . Linear fitting coefficients for modeling residual uncertainty of

ionospheric delay for specific durations. slant ionospheric delay for specific durations.
a, (mm/km) b, (mm/km)

Duration North-south East-west Duration North-south East-west
RMS MAX RMS MAX RMS MAX RMS MAX
Feb-Apr 3.38 25.24 1.58 11.86 Feb-Apr 0.81 4.84 0.63 4.73
Jun-Aug 2.08 1460 1.14 7.74 Jun-Aug 0.37 2.99 0.43 3.04
Daytime 3.46 25.24 1.47 11.92 Daytime 0.79 5.68 0.66 4.73
Nighttime 1.61 20.95 0.88 9.26 Nighttime  0.43 4.80 0.31 4.03

Fig. 22. Zenith tropospheric wet delay at SOUL.

Fig. 23. Slant tropospheric wet delay at SOUL.
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Fig. 24. Spatial decorrelation errors of tropospheric wet delay.

Fig. 25. Linear modeling residual uncertainty of tropospheric wet delay.

Table 15. Tropospheric wet delay results at SOUL.

Tropospheric wet delay (m)

Elevation angle (degree) RMS

Zenith 0.17 0.46

10-20 0.68 2.51

20-30 0.40 1.29

30-40 0.29 0.90

40-50 0.24 0.69

50-60 0.20 0.58

60-70 0.18 0.52

70-80 0.17 0.47

80-90 0.17 0.46
3 S8 A S8 A AAE T EE 742 2AIRE Ao
o} IS E8 S8 A¢dol 7, 8ol Ao 2 32 7t
A, AR Folbes PE =T = Qe Table 15= HiR7
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TS o, Tables 163} 17¢ 155 -6 X120 ik 7]
HAZ w B7rold oxbel BRI zho] oxpel 4% A
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Table 16 . Linear fitting coefficients for spatial decorrelation errors of
tropospheric wet delay.

a, (mm/km)
Elevation angle (degree) North-south  East-west
RMS MAX RMS MAX

Zenith 0.15 0.74 0.12 0.74
10-20 0.65 4.49 0.56 4.44
20-30 0.37 220 0.30 2.25
30-40 0.27 1.49 0.21 151
40-50 0.21 1.12 0.17 1.14
50-60 0.19 0.97 0.14 0.97
60-70 0.17 0.84 0.13 0.83
70-80 0.16 0.78 0.12 0.76
80-90 0.15 0.73 0.12 0.73

A4S EAIFICE. Tables l63} 17014 55 &g A1 A 73
ol THs 0.1 ppme] Z-& x}40] Bk o] Zo] ofak HARHY o3}
2 BET Fo] oxje] 4% A3 AL S A m, oo} ol
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¥ 5] Habh A4 4SS 1T 4 et



Table 17. Linear fitting coefficients for modeling residual uncertainty of

tropospheric wet delay.

b,(mm/km)
Elevation angle (degree) North-south  East-west
RMS MAX RMS MAX

Zenith 0.17 097 0.17 1.05
10-20 0.66 5.10 0.70 5.54
20-30 0.40 2.62 042 2.93
30-40 029 1.84 030 2.01
40-50 0.24 142 024 1.58
50-60 020 1.23 0.21 134
60-70 0.18 1.09 0.19 1.18
70-80 0.17 099 0.18 1.09
80-90 0.17 095 0.17 0.99

5. CONCLUSIONS
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