JPNT 10(4), 371-377 (2021)
https://doi.org/10.11003/JPNT.2021.10.4.371

Journal of Positioning,
]I) N T Navigation, and Timing

Preliminary Analysis on the Effects of Tropospheric Delay Models on
Geosynchronous and Inclined Geosynchronous Orbit Satellites

Jinah Lee', Chandeok Park'’, Jung—Min Joo?

'Department of Astronomy, Yonsei University, Seoul 03722, Republic of Korea
KPS Technology Team, Korea Aerospace Research Institute, Daejeon 34133, Republic of Korea

ABSTRACT

This research proposes the best combination of tropospheric delay models for Korean Positioning System (KPS). The overall

results are based on real observation data of Japanese Quasi-Zenith satellite system (QZSS), whose constellation is similar to

the proposed constellation of KPS. The tropospheric delay models are constructed as the combinations of three types of zenith

path delay (ZPD) models and four types of mapping functions (MFs). Two sets of International GNSS Service (IGS) stations

with the same receiver are considered. Comparison of observation residuals reveals that the ZPD models are more influential

to the measurement model rather than MFs, and that the best tropospheric delay model is the combination of GPT3 with 5

degrees grid and Vienna Mapping Function 1 (VMF1). While the bias of observation residual depends on the receivers, it still

remains to be further analyzed.
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1. INTRODUCTION

Sh=5] QAJek AJAE] (Korean Positioning System, KPS)-&
A32F SFANERS 7| 2AE ] ot M F IR, St W
> H AHIAE Al gste AS S22 T
KPSE F3F Z4 9 3 AHIAE AlFst] flsixe &
ATS AT AA]HE (Geosynchronous Orbit, GEO) 2
A% 7]| % (Inclined Geosynchronous Orbit, IGSO) 9]
YA E=ZAA (Precise Orbit Determination, POD)o|
th o] AT FUAELY BE WY TH 249l B
(Measurement Model)-& t}Eth #= 2Eg FLA5hH= |
Z|ARH (Tropospheric Delay Models)&ol] tgt 31444 AL}
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Al & < HF2AQ A GFHAIAE (Regional
Navigation Satellite System, RNSS)© 2= Q] H.o] 2% A A]
AHE) (Quasi-Zenith Satellite System, QZSS)1} ¢1 % ©] Navigation
Indian Constellation (NavIC)o| Q) o nj, ==-o] BeiDou System
(BDS)& AA|FA YAdas] A]AE (Global Navigation System,
GNSS)#} RNSSZ Z+o] ©03al1 9Jt}. QZSS, NavIC, BDS B
RNSS 28 A] $j4d2] Z4F #A (Ground Track)o] 5= £
TollAd AT BES 4 9l GEO/IGSO 9141 Bl it
(Indian Space Research Organization 2017). KPS T3} SHTZof
A 22 47] olafe] SPd S ApA] BES}e] B
2 ABF 4 YES GEO 914 37191 1GSO $14 4712 74T
#2191 (Shin et al. 2019), T2 A2]0 2= R o] Q7SS9 9]
Aol FAo] 71 gAksIe.
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5 JS vrdaliF = AME 34 (Mapping Function, MF) £ U
o] 3} Park et al. (2016)0]l4+= & 2] MFE 443 #
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et al. (2016)3} Qiu et al. (2020) &5 GNSS go]&] & &85t 7}
7+4=%F (Precipitable Water Vapor, PWV) mjel-S Z4 0 2 5131
QI=t), ZPDe]| thoh 241 7 a51A] ¢koreh. Park et al. (2018)cl]
A& GNSS dlofe} H2lg 9igk A2 £ 7H el hRd 2
242 E3lo] o A 2B AXsIgLoL, Satellite-Based
Augmentation System (SBAS)¥} 7} £417] &8-S 7125k &
Tolm PODel: M5 9k 4 lch Aedr 43
= RNSSe] thgt 2412 st ekgket.

B 1ol A= RNSSE £93F KPS2] PODE 9J3t 2
Qo 74 24 FolM RRUAARD 3t E4S 53
t} KPSe] 35914 (Constellation Candidate)a} A §AFS
Q7SS 32 1GS AA| BE21S B§510] GEONGSO el
MY JRUAARDEY 2L A ol s 3744
o] 7PD Rz} 4717 o] MPE EQISHA, S41719] Ajef Hfol
2 Q18 FIIE Akllslr] $J5}e] TIRMBLE AFS] NETRO 422417
9} JAVAD A}e] TRE G3TH DELTA 4:417]2 Al2sl= 2L
TEsle] B4 sstlth BE 2L Sls) 52U A0}
A4 (German Research Centre for Geosciences, GFZ)o]|A]
AZsHe UAEG o2 THT YSYT AA VS Aol
Zka} (Residua) & AU = 0] 7|& 0 2 Akt ZPD Rulo] MF K
o} 25 mele] FURo] o 2 P 7120, & Wake] W
Bias)oll= 417]9] F571 7251 g3kt
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2. TROPOSPHERIC DELAY MODELS

REA AL 4 Alort dabd off i FEe] ZAU 571
of oJsfl Alsrt A== FAFO R, 2-30 m =] SY e
SR A 71T & &) @)t} (Sanz Subirana et al. 2013, Teunissen
& Montenbruck 2017). | FHA AR L AR (Hydrostatic) o
FHA A 58 (Wet) Tl FHA|10 & FLE51H, ZPD2} $14 <]
TE7po] weh sk A S hdsks MFS ol 45}o] Eq. ()3}
Zro] malsic}

T =Mu(el)D,, + Mu(el)D, )

& HRAX, D, 9} D, 747 AZ D 4¢ ZPD
M9} M, = 237 AZX9} 58 MF, el YA 1L
HHH 0 2 AH§5E ZPDe} Mo of

ZPDE: AT NEE 2
5, 537199 9FE W) gl g 2de 235t

Saatamoinen FE o]

s
>
w
3
=
a
I
z
S
2
o
w1
|
i)
2
)
oo
ool
lo o
b
x

https://doi.org/10.11003/JPNT.2021.10.4.371

HAukekz| ol m S AASE 4~ )t} (Saastamoinen 1972, Askne
& Nordius 1987). 7|9t} 25+ F2 A BAS ARSI,
ST A= 714 9] HlolEl & AHgste] AR 57192 74
A @do|u} IERS2003 Conventionol| A | AgF BE-& AL8-SH
2 9Jt} (McCarthy & Petit 2004). 7|3}, &%, $%7]¢F 2% 7
A} BElg AHgolHA 7P B Q] Bdlo] GPT EYS 7l
15} Global Pressure & Temperature 3 (GPT3) o]t} GPT3:= 73
E/E7F ek 5° 7HAR] o8& AMESle] TAksl=t] (Chen
& Herring 1997), ¥ o1 Zo] A= zFz+ GPT3 13} GPT3 52 T
et 2 Aol AE Huthe] New Brunswick thstolA] )
35 GPS o7 21414 25?1 UNB3ImS arste] 2d
< A14313itt (Leandro et al. 2006). 3IE B&A 57142
IERS2003 convention© 2 YehG}L Qo] H Ao & o] &
gredsiodct.

2.2 Mapping Functions

MFE 91 T 0] Q3ae whojal 5 5H4-2 4] Marini (1972)
ollA] AAISE Eq. ()2} o] Ba-delo] d&aien BHT 4 9
5 Baajn, ofe 4

A hokwis 717k 729 -8 MFE 912}

L+a, /{1+b,/(1+c,)}
sin(el) + q, /{sin(el) +b, /(sin(el) + c[)}

m,(el) = )

Niell Mapping Function (NMF)% Niell (1996)o|A] A|A]sH=
BHE Sykato] fJx|gk 2674¢] 2hr] @ &t (Radiosonde) 7
AlFollA A 1dx] 714 HlolEl & 7|Hho 8 Aleg 233
t} 9%, ZFA)=- 3%, Day of Year (DoY)E 7|&0 82 7AX O
FHARAE ST MFE] A48 A4 4 St Vienna Mapping
Function (VMF)&= A x|12 Az} 212 (Grid data)Q] ECMWF
ERA40& Ray-Tracingsh= B4 082 AX diFHAAE AT
MF2] A4 bo} ¢& AASIT} (Boehm & Schuh 2003, Boehm
Werl, & Schuh 2006). VMF1-& VMF2] 7§41 REl 2] 7
A W 75 4T Ao, Alg b8} ce APH O A
2 5AlS o] gslo] ALKkt VMF3L VMFLY] $4 malolr),
VMF1} a7 2 & Al b} o5 482 8 A4t General
Mapping Function (GMF)+= VMF1o] A7 AEAE 185t &L
a2 I 9 DoYol ¢&s= A3 Zdolt} (Boehm et al.
2006). GMF&= NMFe} vl gk wff A7F @ Fof =24 ko] &
3 gro] hom, $IE, A, T, DoY 2 A4S ATt

1 o] ZojAl= NMF, VMFL, VMF3, GMF2] 47}%] ZEl& AL&
S ERETERE S

Tol
2
He

3. SIMULATION SET-UP

3.1 Measurement Model

AR BEAE ol g3le] 5
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517] ols T= BES LAIEMIT TS glojEl L1 (1575.42
MHz) / L2 (1227.60 MHz) 345 2851, ZFA| ol 4] A5}
= FAI7NoA] ZF Fatae] I (Code) W WHGTHRIAY (Carrier
Phase) 3+Zo0] 7}55}0] I & 9JAbA 2] (Pseudo-Range)$} Wi
T4t oJatA o] FEf R WS T|olelE SRt 7 gt
T oAAE BEH olE= Eq. (33} Zro] §Ad3} A= Aol
o] AlgAupA] 7l 7 2 A7} (Light Path Time, p/c), YA}
A= AlA] 7ke] ATAA| 2.2} (Relative Clock Bias, ¢5t, —cot),
ASAA LA (), HFHEA AL (7), $1499] 5ol W AF
24 2% (Ao A3 R BT A e FE
QAMAE, = 715 AlZHAOl TSt Al A4, ofe ) i ok $]
AL = 2 A= Ao 4 Al T g e 2 HERE 9

=il
R=p+(cOt,—cSt)+1+T+A, +¢ (3

7|518+4 A 2] (Geometric Range)$l p= AUHE ol A] A
Fohs Y9 $19t SR AHgsle] HRAIAE 510
A 4 o, AEA B4 A2 Shapiro ASAT TS
AHES}O] Eq. (4)} o] AlArgict.

U +r,+p
A =210 sat rev
' cz ( :at + rrcv p) (4)

A SAD 2z Fuba-o] Aol whlelsh=d], ©1E 1 }14
(Et 99.9%) 0.2 A7AsE7] $1l LUL2 o] FFa}4z 74
2]3 A7 (Ionosphere-Free) Z3rS ARSI} L1 Fub ( fl) 4
T oA e BEFG R, L2 504 (£)0] ZE xlAe] B
S R A olstH, W SAIAzg e A2 = Eq. ()
o} o] Uerd 4 ik,

_L4

R-—L" r-—L g
A S A

®)

Al (3)oll A A&t BA 9of IGSol|A] v &£5}= Difference
Code Bias (DCB), Phase Center Offset (PCO), Timing Group
Delay (TGD)E ¥tedsiglon], FUAIA Y & AHgsto] 4:417] A
Aexs BT

3.2 IGS Stations

QZSS& vl A o] &9J=7] AJ2FgE RNSSZA] 2|4l 4
7|29k #5o] 7Hssitt. GPSU GLONASSe] B3l gHE 7hs
1%%}0] At o g2 2 on 2021 99 7]&0 2 160070 2]
Aol A QZSS &S A 5haL Qltt. §5] GEO 91431
J04% A= 2ol 21 7%]“ st A9 ¢l7] whiel 1IGSO
Q174 (01, 702, J03) Bt} T 715 RAl =] B F2& W elel A
Al x| ghct.
B 04:,Lo1]/k1h 2019 19 19 QZSSE &35} 110037} 7HA| =
o] T+ dlolE] FollA, AAIFHA U ZPD HRE AF3}A]

ri’ﬂ 2

(4.
o

Latitude (deg)
o

be ]
= N @ TRIMBLE
’ & | AJAVAD
0 50 100 150 200 250 300

Longitude (deg)
Fig. 1. Distribution of IGS stations (1st. Jan. 2019).

% | £ %= ZAFE AT & 3970 A=
o] TZTolElE SRt o] FollA] 42417] xfo] wfifol WY
she Ak aiks HiAIsH ] fial, GEOT]HO 1078 TE3E 74A]
=2 71 ake 7kA| 2o A2l 42417191 NETRY (TRIMBLE
ALl 4=4171)¢} TRE G3TH DELTA (JAVAD ALl 4A17)E Ab
25h= 7R =S AAskoith NETRO (TRIMBLE AFe] 4=417])
& A= AL 167]) (AIRA, AUCK, CASI, CCJ2, DUND,
FTNA, JFNG, KARR, KIR8, KZN2, PNGM, REUN, SOLO, STK2,
UCAL, XMIS)o|H, J07& =35t 127] A & 87 7FA]=ko]
sl 441712 A}&35c}. TRE G3TH DELTA (JAVAD ARS] 4241
INE AMESHE=s AL £ 57 (MIZU, MCM4, KOKV, GUAM,
FAIR)o]H, 27]2] ZFAl=to] 1075 & 4 Qlrt Fig. 1> AHESH
Ao 25 Yepli e, 93t A2H 715 247 NETR9
(TRIMBLE A}¢] 4=417])2} TRE G3TH DELTA (JAVAD A}e] 4241
INE $41712 AMSShHE A& LRI
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4. RESULTS AND ANALYSIS

GFZof|A w5l FUAIEH S AFE5ho] g TEX] )
A BEAE vlasto] RARE ] 5 ':"513}9&‘4- 2019
W 1Y 19 9] 244]7F glolE]E AFgslgdon ]
2915 ZHA| 2 ZollA] 713 wo] ALl 4&71 255 A%
stof Zkzko] & HUlES A 853l

3 4

4.1 Receiver1: NETR9 (TRIMBLE)

Figs. 29} 3& NETRY (TRIMBLE) $:417]& A5l 1674 7¢
A=) QZSS A BEAet CFZ A= e g TR &
2] Atole] ZxFE yepdct. Fig. 204 bz V1S P, 2t
< AL 2EHEAY] ¥, 8 715 AludEdak (Root Mean
Square, RMS) €] 915 LRt th2he 7]5.0] Reke A
FA, 7159 M MFE FHEshetl AHEsIgith e 914l
I'm o]eke] | 7HAHA BEHBAC} AlgT B ool FAlsH
T} Fig. 32 Fig. 29| o ZR}E v wsh ez 2 4], zkzke] 1
Az o] Fhell Qle HtAE 54 ZPD Bd AiE Sieh Zlo]
t}. GEO/GSO ¢4 2% ZPD melo] MFET} zixjof| ©] 2 o
S H|H = AL 201E 4 9lr} IGSO 914141 101, J02, J03 ¢

F
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JO1 : Pseudorange Residuals

SEEILIRIEILS
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IERS2003 gpt3 1 fast gpt3 5 fast

JO2 : Pseudorange Residuals

>

S SR2RERERELS
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S EESESERETES

TIERS2003 gpt3 1 fast gpt3 5 fast

JO7 : Pseudorange Residuals

5

SI2SREEILS

-5
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mean lo RMS
AB@OGMF ABOVMF1 AOOVMF3 AFIGONMF

Fig. 2. Residuals of measurement models with respect to tropospheric
delay models (Receiver 1).
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J02 : Maximum of Mean Pseudorange Residuals
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JO7 : Maximum of Mean Pseudorange Residuals
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c
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= A,
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Fig. 3. Mean residuals of measurement models with respect to tropospheric
delay models (Receiver 1).
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JO1 : Pseudorange Residuals

5
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TIERS2003 gpt3 1 fast gpt3 5 fast

JO3 : Pseudorange Residuals

TIERS2003 gpt3 1 fast gpt3 5 fast

JO7 : Pseudorange Residuals
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b o bbown

€

bobbonwn

5
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8 %
mean lo RMS
ABROGMF ABOVMF1 AOOVME3 AFIGONMF

Fig. 4. Residuals of measurement models with respect to tropospheric
delay models (Receiver 2).
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4.2 Receiver2: TRE G3TH DELTA (JAVAD)

Figs. 49} 5= TRE G3TH DELTA (JAVAD) 4:417]& A}&-5}
£ AIEe] QZSS AA| BEA| 9 GFZ A= o2 BA}
St #E3] Atolo] ZEAE UEPAT Fig. 4= ZHzko] thRd Bd
& AE&WE o] x| Hat, 2L AlFEAaS FA
Sk ZAolch. 2R 3 ¥ wokol 7|5 7bzk R FEALe} Al g
Pakel HE vetdin, & o, A, A 7lse Zbzt
IERS2003, GPT3_1, GPT3 5% ZPD& A3l wjo] Ale o

u]sich MF&= ZPD 7|50 Ao g JLEGIS] o ni ReceiverlS A}
|3 At FYUsHA ZPD Edlo] MF Ko} 2kxje]| o] & kS
] x]&= AL sRelsk 4 gich IGSO £JAlel 101, J02, J03 ¢4
GPT3 1 i GPT3 52 Al2s}o] ZPDE wAt A} 714
2 A5 Holglon| MF AJ5 W& 15l gt HrAE
HEH VMFIZL 7P £2 A5E Bose A A

GEO $J41¢l J079] 749 IERS20037} NMF<

(29} OOI
rlo mr

N
2~

f
N

N

g

o

o

1w ==

T



Jinah Lee et al, Analysis on Tropospheric Delay Models for GEO/IGSO Satellites 375

JO1: Maximum of Mean Pseudorange Residuals

1548 0 0 © N
E -
§1.535 .50 o , &
= 153 A A A A
1.525
IERS2003 gpt3 1 fast gpt3 5 fast
J02 : Maximum of Mean Pseudorange Residuals
e 6 0 o
E . :
c 31 |4 ser
g > A A A A A
= A A
3.09
IERS2003 gpt3 1 fast gpt3 5 fast
J03 : Maximum of Mean Pseudorange Residuals
3.385b P
0o O 0O <
E 338
& 0
23375 " ooao®
A Al
3.37 A L4
IERS2003 gpt3 1 fast gpt3 5 fast
5 05107 : Maximum of Mean Pseudorange Residuals
: A
A
£ o ° A X
. )
g 2 of e 0 e ST A
=
® 000

IERS2003 gpt3 1 fast gpt3 5 fast

ABOGMF ABOVMFI AOOVMF3 ALEIGONMF
Fig. 5. Mean residuals of measurement model with respect to tropospheric

delay models (Receiver 2).

Table 1. Bias and best tropospheric delay models with NETR9 (TRIMBLE)
and TRE G3TH DELTA (JAVAD) receivers.

Receiver 1 2

Jo1 0.9827 -1.5338

Bias (m) J02 -0.2693 -3.1031
Jo3 -0.6583 -3.3768

J07 0.9776 -1.9847
IERS2003 GPT3_5

Mean+STD VMF3 VMF1
Best IERS2003  GPT3_5

combinations Mean+RMS VMF3 VMF1
GPT3 5 GPT3 5

Mean

VMF1 VMF1

MF2 AR50 o) 27} 7P st
Table 16 5 4-417]9] A4 BE215 443 A7} 2okw)
o] Qlt}h. 4A17] 13} 2= zkzF NETR9 (TRIMBLE)2} TRE G3TH
DELTA (JAVAD) 441712 ofujgich, 742 o] me 2.5 %
SIAAL, 7] BAAE V1€ R TP £2 ANE BoiFe
< Best Combinationso]] A 2]5}93th. Mean+STD+ &3}
AZFR 68.2% WY Uoll == 4] 5 ddigte] 7Fd &
Mean+RMS+ B} Al 5 H 75082 59| tlolE
ok H91E 9s o g W9l o Aozl 41 &,
Fe 71 E 02 AV RS o] Aol
of| whe} T& XEx}e] ol 4] 2po] 7} WY
dl, ol AR Atolrt 3 WY
Basieh A holt B4 7123
é o]

) z23o] Zjol7h WA, QA

o

0
to N pw
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L TSI=C

:
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£
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F
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]’l____

N
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OfN
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2
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r_u.

0
rr

it
+
5
+
3.
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Maximum of Mean ZPD Error

NETR9

J01 102 103 104

Maximum of Mean ZPD Error

TRE G3TH DELTA

Jo1 02303 o4
®01ERS2003 M9 gpt3_1_fast AL gpt3 5 fast

Fig.6. Mean ZPD errors (top: Receiver 1, bottom: Receiver 2).

2 ZPD+ GPT3_5, MF= VMFIS AFESIS ] 718 £ AE
HojZolth MFe] 749 Park et al. (2016)7} Qiu et al. (2020)<]
Aol Y5 VMFI7E 2|3 9] A58 Ho 8]t

4.3 ZPD Analysis

AHe 5 ATH ZPDO} MFS) R4S BF Tolet 4 9)

AR e glott & mule] BAE AMgslol chRd Ao
sk917] whol the B3 2ee] 2 AH(PCV(Phase
Center Variations), 4=417] 2] 22} 5)& oI5 &= Zxpr} #H
IS 4 Ak 1GSOA] MlEaHs ZPD Hlolel g ke s B
gajo] ZpD UL BAS Sadslo] Fig 63} 2ol A sioint,
Fig. 62] AFch 7832 = TRIMBLEAFS] NETR9 4=417] (Receiver
) A2, 515k 282 JAVAD AFe] TRE G3TH DELTA 2241
7] (Receiver 2) ZTH2 LheR Zolch. €, ALz, A7) 75
L 7}7} [ERS2003, GPT3 1, GPT3 52 243} A7l2 oju]sn],
QZSS Vol me} Arg latod 3 wol Liepick T 441
79| A3} BE om 47e] Hapo] Exfstud, 9140l nle} ZPD ©
2} A7} 2po]7} 9lgith. TRE G3TH DELTA 4:417]2 A}&S
o] 10791/l 487t 95 AlejstH GPT3_13} GPT3_57} 7}
A 4o 0 2}2 HojZglom NETRY 4:417]%= GPT3 10|, TRE
G3TH DELTA 4:417]= GPT3 57} 71 285} ZPD melo]gitt.

ta
i)
o
=)
2

;O

rok

5. CONCLUSIONS

RNSSE= 2|4} o] £ A|FoA] mRE 4 Q=S GEO/
IGSO 2e T S-S Bestuz, Fuu=agel 84
kel B3 BUe HHaP} ONSse] S S Aol

@ 4 ik £ Aol KPse] 33 sk GARE AER P
o] £9FQ QZSS B UAl BHAE TEslo], B2
BYS TS RN AR st 37hK9) ZPD 2
W} 4717 0] MFE E8510] GFZoA A gate AgAlEe o
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