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ABSTRACT

In October 2019, the European Galileo navigation system operates a total of 24 satellites, two of them are in the testing phase.

There are enough satellites in operation to enable precise point positioning (PPP) using Galileo signals. The number of visible

satellites for Galileo in South Korea is investigated. In addition, to assess the latest performance of the Galileo kinematic PPP,

data received at DAE] reference station from October 1 to October 7, 2019, are analyzed. Galileo kinematic PPP presents some

results in two categories, single-frequency PPP (SPPP) and dual-frequency PPP (DPPP). The positioning accuracy for Galileo

kinematic SPPP solutions is less than 1 m root mean square (RMS) in all direction components. The Galileo kinematic DPPP

achieves the positioning accuracy with an RMS value of less than 7 cm in all direction components. The results show that the

latest performance of Galileo kinematic PPP at DAE]J station in South Korea is still relatively poor compared to GPS kinematic

PPP. However, the residuals of Galileo code measurements are smaller than those of GPS code measurements.
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1. INTRODUCTION

Global Navigation Satellite System (GNSS)2] =23
gojol 4417 BEo 2 e AU P12 ARk W F
9] 5t} Precise Point Positioning (PPP)o|t} (Zumberge et al.
1997, Kouba & Héroux 2001). PPP= =48] 1AW 2542 &
o1l AFEEIQ oL}, 2 2o AAIZE Sl o] Zr}ekn
olr}. PPPo]| olfl A= AFeAte] 91X 4B E GNSS 914
A=l YJAAZE Z Bof| o] &3t} (Zumberge et al. 1997, Lou et
al. 2014). International GNSS Service (IGS)E= GNSS{JA <] H
29} YA Tl sk AFEE (Products)S |23k}, &) IGS
ollA] AlFsl= GPS YA A=} AJZHY el gt 2 F4EE2)
AU = 717} root mean square (RMS)Z 2F 2.5 cm®} 75 pico-
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secondso|t} (Dow et al. 2009). IGSE E35F 20134 4€HE] A
AZFO.E GPS SIATIE o S AIZHE A B3] A2k, 914
HE=e oF 5 emo] FU =S 283 Q1AL Y4122 oF 0.3 nano-
seconds?] UL E zH=r} (Hadas & Bosy 2015).
&3] AASH(European Union)o] 7§Eslal Q)= Galileo $14J
FHAAEL 20054 1299 ‘GIOVE-A’gH= 31 Wz A3 9]4
] ¥habE o] 20194 109 AIA - A 247] 9] Galileo <]
Jo] 24 Folm, o]FollA 2719 42 HAE TAC Stk
Galileo $VHPHAIZRIE 5 307]9] $14 WX E SH= 51
Qlal, 2020 0] = £+ -89 AJH] A(Fully Operation Capability)
£ 7|djstx @it} (Pan et al. 2019). Galileo YAISHHA| AE]
< ] Al=Hog dA L] glon, BE 914452 Medium
Earth Orbit© 2 2%t 121 Galileo YAEL 1% ¢k
23,200 kme] AgolA LA, ASHAZE oF SEEE 2
t} (Montenbruck et al. 2017).
2| GalileoE ©]&3F kinematic PPP & A5 245 A
T2 B =@k Katsigianni et al. (2019)& G- of ¢x|5t2 Q)
+ BRUX GNSS 7]&=to|A] =419 Galileo o5t 52t
£ 0]-85}o] kinematic PPP 284 2] & 484519t 158 7

O

>

o=

==

A7 479 o] FFT4o] Galileo HEANRE ML, A5
1

2.5 4=(Float ambiguities)9} 7] 102] A1=2]37F UjoflA] BRUX
o] 5, W-8, Telm E Pl INPUES 24
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Fig. 1. Alocation of DAEJ reference station, which is marked by the red
circle.

10, 7, 33 mm<]-& HIth T3k Xia et al. (2019)-& Galileo-only
kinematic PPP2] of|H] AJ5-& A8 AL, HTEA A 5
I} A JE QXL 4 cmoflA] 10 cm7kA] Z2EE 4 9tk
/g‘:'éo t}. o]Q]of| = Pan et al. (2019)-& 117]2] Galileo {JA]
o] 23l A] A 2] FLA o1 TA of| A position dilution of precision
(PDOP)3} 7}A|$)A) 4=(the number of visible satellites)o]] gk
CECERLEY
2 Aol 2T i 141 ol A 2] Galileo kinematic
PPPOl thEt A% A4S BT
Galileo €]Ao]] 5t 7FAA & —,‘.ﬂ_—j'o]-_;_ Gahleo kmematlc PPP
= single-frequency PPP (SPPP)<} dual-frequency PPP (DPPP)
2 Uiro] BAJo] 3=t} Galileo kinematic PPPo| tfgl A%
Z=2© GPS kinematic PPPS} H| W 5to] AT AA S}

2. STRATEGY FOR GALILEO PPP

2 AFolM s I SRtEoA] 419 Galileo R4
kinematic PPP Z9JAl =& BA5]7] 95l DAE] 7|&=o] 3=
R.& 2Tk DAEI 7|239) 31 Fig. 1o 24 flom 1
Al5FiT}. DAE]T 7]&=12 Ad S2]4 GNSS 4417131
NetROT} 7A% 232 okgufel TRM59800.007]- Az|=e] 9]
t}. 18] Trimble NetR9 4~417]+= GPS, GLONASS, Galileo,
BeiDou, QZSS 5 multi-GNSS YAl 415 2] £410] 7155}t
Galileo kinematic SPPPE- sllA]= El1 (157542 MHz) A5 &
A}g-5131, DPPPE 95| Ela} Esa (1176.45 MHz) 20}4-2 AL
Shet.

2.1 Galileo SPPP ZHZ5HH A

o SPPPE $Jgt I L (code)$} RIS} (phase)2] &1
RO 7k7F A1 (1~2)9} 7T} (Odijk et al. 2016).

E=pFtc-dT —c-dtf +dfq, +din, +€F (1)
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E=pftc-dT —c- th+dtrop dipno + 2% - N¥ +f (2)
0%7]*1 P9Jr L% 17k 2Eg) whgate] HEgoln, pr Pt
ol Aglolt} c= o] £ 2 oulslal, dT=

83 dit= 913 AlAleteltt. d,,, 0k =
77y R ek el A xpol AL, 6,9} ¢ = 217 =L b
ato] EASE ougith A= EIFubo] mpxto] il
T}o] B35 4 (Ambiguities)o]t}, 1a]31 Y12} EX GalileodHd
A LRSS ofm]gict,

L
i
ol
i)
_124. N

2.2 Galileo DPPP ZHEHIHAl

Galileo DPPPE 9|3t F =&} HhEuto] yhEHby 28 7kt 4]

(3~4)9} Zth. o]F FU4E o8 A=

oA 7FE 2 o212 AHesl= H e Q%S Ionosphere-

free linear combination (IFLC)S & &3 A] th & A AT 4= Q)
& 2 o] Qlt} (Odijk et al. 2016). A (3~4)= 4] (1~2)Q} FAL

6]-2]‘{'} IFLC7} 45917 W&o dald Adext d,,,)7F A

H=o] gl

Pl =pEf+c-dT —c-dtf +df.o, + ef

- (fff—lfzz) "Pf - (fz fz) Py (3)

r=pF+c-dT —c-dtf +df.,, + 25 Nfp +¢f
_(_ff \.yE E
B (ff—fzz) Li- (fz—fz) L “

o374 P9k [, IFLCY} Heg =7+ ojulala, N, =
IFLC7 289 uhgwte] Bssolt). fe} fi= 717} Elot ESac]
Fjoltt,

Table 1.2 Galileo PPPE ¢]3} 3= ndl v} vpHof 5t 3
25 Uepd Zolth PPP A & =2 A+ d (Korea
Astronomy and Space Science Institute, KAST)o|A] 7}sk
Multi-GNSS Analysis SoftwareE A}g-3tc}. Galileo SPPP Z}&
Azoll Al A2l A oA AHgAke) $17] Aahee] 2 o
e 2o B Aol Aol AAexE w9
IGSo]|A] A|5-5H= Global Ionosphere Maps2] vertical TECZFS
o]ggtt. ¥hiof DPPP 2k5 A 2fofl A= IFLCE A &-5) de|H
AA0 S A ATIE PPPollA| 71 Si4lo] H &= f14d9] A=
ot NZHY B, 83 28] A A 4>(Earth rotation parameters,
ERP)E= =Y 21L& 934 (GeoForschungs Zentrum, GFZ)
oAl Z2AT} HERASES AFR3IT} E3kGalileo YA T} 2
712] A=Al (phase center offset, PCO)¥} ¢4 NH%
3}(phase center variation):= igsl4.atx T oA A|ZLs}= 7F
S 435k} 181 phase wind-upe] gk & Wu et al.
(1993)0] AIAIGE HPHS AMERITE AT, Shof Telw 3 2
o] ¢J5F §3}= International Earth Rotation Service (IERS)
conventions 201004 W5l P& A 23t} PPPoA]:
&) Zenith Wet Delay (ZWD)E ¢4 A4 st=t], & 215
Aol A= ZWD 45 $13F Adet4~(Mapping Function) &

o)



Table 1. Strategy for Galileo kinematic PPP.
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Item Models / Methods
Software Multi-GNSS Analysis Software developed by KASI
Observations Un-differenced ionospheric free linear combination (IFLC)
Signals Galileo E1 (SPPP) and E1/E5a (DPPP)
Elevation cutoff 7°
Sampling rate 30sec
Satellite orbit and clock, ERP parameters ~ GeoForschungs Zentrum products
Satellite phase center offset (PCO) igsl4.atx
Satellite differential code biases (DCB) CODE monthly products
Receiver PCO/phase center variation igsl4.atx
Phase wind-up Wau etal. (1993)
Solid tide, ocean tide, pole tide IERS conventions 2010

Receiver clock Estimated by Gauss-Markov process
Ionosphere Estimated by GIM or eliminated by IFLC
Troposphere ZWD estimation with gradients
Mapping function GMF/GPT2

Ambiguity Float solutions

Estimator Extended Kalman filter

Number of visible Galileo satellites

101 10/2 10/3 10/4 10/ 10/6 10/7
2019

Fig. 2. The number of visible Galileo satellites at DAEJ from October 1 to
October 7,2019.

Global Mapping Function (GMF)& AF&-glc) &5 o H& o}
ZAo] B QgE &% (temperature in Celsius)@} 92 (Pressure in
hPa) ZH-& Global Pressure and Temperature 2 (GPT2) 2@l &
HE Qi) 12| 3 Saastamoinen HE-S 2 -2-5)4] 1:H =2 7
29 g AAI FLC7F A9 dhaato] tist Ba4t
Z**(Integer)ﬂ- obid A 4=(Float) gfo] AgHc}. 183 AR}
9 Hi] N7 AA AL, RS 4 % 2E *JEH‘{—’F—% 74517
Q5 B H © 2 Extended Kalman filte
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%
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O
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3. RESULTS AND ANAYSIS

Galileo kinematic PPPo]| T3 A5 541 % #shl 20194 104 1
Q2 E] 109 7U7HA] DAE] 7|20 4 4419 2422 2261
o} 2ElT 9141w B Al W4 %% o 302 702
WA =S sl

Fig. 2= 20194 109 19 5E] 109 72747 DAEJ 7]&20]A]
2219 Galileo?] 7FA] A0 HI5LE Hol3a ik Galileo
AN B F9IE0] 91354 I DAE] 71 ER0A 24 37]
oAl Zth 971712 BEEE A& & 4 qloh 123 Galileod]
TIN A 47 WAH o g2 oF 67] o]7] wjie] PPP 2tE 27}

12 T

10

Number of visible GPS satellites

101 10/2 10/3 10/4 10/5 10/6 1047
2019

Fig. 3. The number of visible GPS satellites at DAEJ from October 1 to
October 7,2019.

7hsslthe A& & o= Stk sEANE SR A oA = 7HA] 1
7} 371742 AsE] wiigell Y12 A ol EA7F AT 4~ Qlrt

Fig. 3-& 20199 10 145 E 10 79712 GPSQ] U4 7}A]
91 o] Wahs HojF 3 Ik GPS S14JA1 S E DAE 7|53
ofl Al & 67]0llA Hdf 117]74A] 3H50] =Stk GPSE] 7RA] ¢
3 E B o 871017] whioll, PRI PPP A5 A 27} 7t
shc}. 123 GPS 7HA] 1 o] st el e Galileohs
gel e gARke o 4 9o

g 28] 7]7HE0F DAE] 7]5;«:»1]*1 GPS¢} Galileoo]

TR 94 4k oF 27]9] fol7} QLiL, GPS $141e] 1157} o B
o] T3o] k.

3.1 Galileo Kinematic SPPP dS&2XM

Fig. 4= Galileo kinematic SPPP2} GPS kinematic SPPPo]| 2]
’3H A4 12| exke] AAL-E Bolal ik 2k 7|7¢

© 201949 109 12 5E] 109 771201, 30% 7HH o2 9%
£ AAKUt} 18] 21 Galileo kinematic SPPPoﬂ st ASA=S
3]l DAE] 7| &=-2] AU X]+= 1GSe] Software INdependent
Exchange (igsl9P2073x.snx) oA #|Fsl= AS 24k
(True value)o]g} 714 513iTt. SPPPo|| theh A o x= =}

http://www.ipnt.or.kr



18 JPNT 9(1), 15-21 (2020)

———Galile E1 PPP === GPS L1 PPP |

I H P I !
1011 10/2 10/3 10/4 10/5 10/6 10/7
2019

Fig. 4. Time series in the positioning error for the Galileo E1 PPP and GPS
L1 PPP during a period from October 1 to October 7, 2019. The blue dotted
line and the red solid line represent the positioning error by the Galileo E1
PPP and the GPS L1 PPP, respectively.
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Fig. 5. Comparison of the position RMS errors between Galileo E1 PPP
and GPS L1 PPP.The green and yellow bars denote the position errors for
Galileo E1 PPP and GPS L1 PPP, respectively.

T4 Aol 4] AE(East, North, and Up)2 E&35l0] AAE
shodct. Fig. 404 wheba 4417} wrh AL 247} Galileo
kinematic SPPP2} GPS kinematic SPPP2] ¢]2]| 0 2}=
Galileo SPPP %52 Wl 77k Aljslanis 7 48 037}
3 m o]jellA] o] =3It Fig. 201449 Galileo®] 7}A] 4
3 7} 3712 B Al oA f1X a7t &3 S A5k S

71E Ae & e7E Atk AL o] RAE ol ol A Al
Ax 27t F745E Ao g Uelgth o] 4L Galileoo] 71A] 9]
4 47} 471} sheehe Sg9el e el Tpgeld AA e
2kx12] (post-residuals) 7]&-& ZalaliA] Lehd fAtolch 271
Z 0 & Galileo SPPPO] Al5-7 =S 93] GPS SPPPe} HI W & 5}
Qith. Fig. 40] Hoix]&= ZAXZ GPS SPPP+= A8 48] 7|7Hs
oF ok A0l A58 Hola Qit) A9} FEHISF AR
942 024 B 2 m ool ZA o] Hgln, T A
X7 A Aol Hls) AR A 02 P Hl FuE Wal
o} 783 DEYE AR 109 199 SPAHE Asta 2
2 m ofujoll A A7 o] Hich

Fig. 5% Galileo SPPP2} GPS SPPPo]| o]af] AF&E 2=

£ Z+ Ry vz 2 Jehd Aol ZF A B 9]
| THSF RMSZFE 95% A1 2]53t7H Confidence level)2 112a}o]

=2,
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Fig. 6. Time series in the positioning error for the Galileo E1/E5a PPP and
GPS L1/L2 PPP during a period from October 1 to October 7,2019.The blue
dotted line and the red solid line represent the positioning error by the
Galileo E1/E5a PPP and the GPS L1/L.2 PPP, respectively.

AT, Fig. 504 =0 Qi &
B 5 o HksE A5 0] RMSZES 72} 0,70, 0.39, 0.93 molt}, 1
T GPS SPPPA= :-2h4) B2 F7|E|o] QLT 7t AJE4 RMS
@ 247} 036, 029, 046 m= AEEIgIck 91o] Aske e
SPPP2] Z2]A]=5 GPS7} Galileoo]| H]sl| 43F AS <&
t}. o] A& GPSe| Hat 7HA] 13 7t Galﬂeooﬂ H| 3l A eH

2 57 2ol S$4d50l TS FUE 4 Aok T3 GFZe|
A AHEE} GPS $143} Galileo $14e] AR} S14AIzHe] H
£ AJol7} Zopsol e & 4 9lth,
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3.2 Galileo Kinematic DPPP 858

Galileo kinematic DPPP2] Z2]4% BALS 2]5) 20191—4 10
4 1Y95E 109 74712 DAEJ 7|&=ollA 418 HEAE
2251t Fig. 62 Z1Z} Galileo2} GPS9] kinematic DPPP%
o] 83k 77 e] YA QAE AlAIE & UERH Z o]t Fig. 60114
A Ho 2 T7]|E AL Galileo YA]-S ©]8-35) kinematic
DPPP2] ¢]x] @ x}o]al, &M A48 GPSE o]&3) kinematic
DPPP ATto|t}. Fig. 604 £ 2 9)S0] GPS DPPPL 2}& %]
2] 71752t P AAF BE AHESIT) B Galileo DPPP
= 45 SZA-EANA &1 FEA fIX 2 S Ao
2 Uetth o]k YR exke] S7He 7HA] 94 471 37141
Tk g eksiA A5 gkt TR 109 79 o] S A1 of 1A
g 71 471 Aol = EF5EAL YR &7t A7) S7FeE AL
Fig. 49} FUsHA S 9430l & XAFE A8l xkg 2 ol 4] v
A=) 7] ol o Ant2 e S Uo 4 GPS DPPP7}L
Galileo PPPo] B3] Athe o2 29150l QP AL &

% gje.

Fig. 7-& Galileo kinematic DPPP2} GPS kinematic PPPo]| 2]
3l AFEE ¢]%] 2 x}2] RMSZFS HoiF 11 ¢Jth RMSZHE SPPP
9} B 95% A= Yol A Al =3t Galileo DPPP

T2 GE prEpsk AR o] RMSZFo] ZHE 346, 2.04, 6.08
AFZE ST o] AL T THEE oA Galileo HEAIEE
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Fig. 7. Comparison of the position RMS errors between Galileo E1/E5a PPP
and GPS L1/L2 PPP. The green and yellow bars denote the position errors
for Galileo E1/E5a PPP and GPS L1/L2 PPP, respectively.

Zrol AFE= et YA Aol thigh RMSZEO] Bl E FoliAl
GPS DPPP7} Galileo DPPPo] H|5} Z9J4%50] ojds] ©43t
Ao Uepgtt

3.3 Galileo Kinematic DPPP2| Ztx}(residuals) 241

Galileo 9J4d4lse] gt E2t5 FE& 4517 H9]
2019\ 109 19 DAEJ 7| &0l 4ld W59 codes}
phase?] ZFx}2 AlAks}ITt Fig. 8a9) 8b= 747+ GPS9} Galileo
A9 Fre} vhEate] XIS AAIE R UERd Aolct. GPS
A 9] code®} phase ZExfe] thsk RMS:= zHzE 1124 m&} 0.007
mZ A2t & GPS phase ZHzl= code ZFx}e} 100u) o)
Ao} zfo]7} wAlsk= A o 4 Stk Fig. 8bi= Galileo $141)
code®} phase ZFx}o]l gl RMSZFo] ZH2E 0.664 me} 0.007 m
AE Bolil ot 5T A2 Galileo $1/3 2] code Zhx}e]]
oigk RMSZte] GPSe} Hlaslo] Az o g & Zjolg Holil
Qth= ZAoltt. ghde] Galileoot GPS $]/d9] phase ZFx}oll th
TF RMSZE2 B 0.007 mE Lt o|FA F 149 1l
phase ZFx}o] RMSZEo] HU3H A2 Pan et al. (2019)0] A|A|gH
Azbel T AT} G4 A5 coded} phases] FUE
£ AHgxte] YR ez et AE o] 917] wiEel 2 Galileo
A AELO] QHATE A A AH|AZE AR T SHREE oA &
Galileo®] PPP AJ5-0] GPS PPPS} S-AFSIAL} 1 o]Ato] & A
© 2 FeEt

4. CONCLUSIONS

o A= SHEE Yof|A] Galileo kinematic PPP2] A%

A517] 9]l DAE] 7] Z23kof| 4] 2019 104 122 104 7

A7}x] PEE A2 E st WA Galileo} GPSoll thgk
3

74 914 42] WalE 2SIk Galileo $14.& THIEE o]
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Fig. 8. The code and phase residuals at DAEJ station on October 1,2019: (a)
GPS, (b) Galileo.

o

XI5k Q= DAE] 7|20l A Hit oF 67]9] $Ad4S7) 4
Alo] B3, ERAIM L 2|4 37]9] 9|45 7} 4410] HTh,

Galileo PPPo]| T3t A}5-& SPPPQ} DPPPE Lo EAJo]
2305 9it} 18] Galileo PPPo]| st B A2 93l GPS
SPPP} DPPPE E-AJo]| 4235]9ith. Galileo kinematic SPPP&=
95% A1 7F ol A x| o xfell thigh A& RMSZhe] B
1m o2 AF&E]91 11, GPS kinematic SPPP= HE= HIGEO] A]
£ 9x}50] 0.5 m o] RMS L& Holct. o]=|gt Aut2 FE]
Galileo SPPP2] Z2JA1=0] GPS SPPPo] B]3}| o] 3] Hojx=
AE& Y 4k

Galileo kinematic DPPPE L& HIgEA Hoj| 4] 9]2] @ 2}of| Tf
Sk RMSZEo] 7 cm o2 FUsHA 4FE=Sich 183 GPSe
BE AE o] RMSZFo] ZFz} 1.23, 1.34, 3.22 cmZ Galileoo]] H]Sl
deol 4Tt AR YERT

SHILE YjoflA] Galileo Al E 0]&5}= 7 9o kinematic
SPPP2} DPPP 2}8 4 8|7} 7Fsslal, E477He Alelsha oHy
2ol YAAHHE A5 4= qlok 2yt oA 35| GPS kinematic

PPPof| H|s} 9452 Hoix& BdE EUd oA
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Galileo 7}A] 914 %7} GPSol| H]3} 22517 tjFo 2 BAw
t}. 231}, GPS29} Galileo 9141 2] codeo] thist Zl-x]-% B35
A= GalileoZ} GPSOﬂ H|sl| 2F7] wfj&eof, 3FS Galileo2] ¢+
129 TAlIAE 295 Aol X3k gl FkEelAE
Galileo PPP2] Z9]4%50] GPSe} GAISIALE 1 o]Ate] & A
© 2 e

ACKNOWLEDGMENTS

This study was supported by the 2020 Primary Project of
the Korea Astronomy and Space Science Institute (Project:
Development of GNSS based Terrestrial Reference Frame).

AUTHOR CONTRIBUTIONS

Methodology, B.K. Choi, and K.M. Roh; software, B.K.
Choi; formal analysis, B.K. Choi, and S.M. Yoo; investigation,
S.M. Yoo, K.M. Roh, P.H. Park, and J.U. Park.

CONFLICTS OF INTEREST

The authors declare no conflict of interest.

REFERENCES

Choi, B. K., Cho, C. H., & Lee, S. J. 2017, Multi-GNSS
Kinematic Precise Point Positioning: Some Results in
South Korea, JPNT, 6, 35-41. https://doi.org/10.11003/
JPNT.2017.6.1.35

Dow, J. M., Neilan, R. E., & Rizos, C. 2009, The International
GNSS Service in a changing landscape of Global
Navigation Satellite Systems, J. Geod. 83, 191-198.
https://doi.org/10.1007/s00190-008-0300-3

Hadas, T. & Bosy, J. 2015, IGS RTS precise orbits and clocks
verification and quality degradation over time, GPS
Solut., 19, 93-105. https://doi.org/10.1007/s10291-014-
0369-5

Katsigianni, G., Perosanz, F, Loyer, S., & Gupta, M. 2019,
Galileo millimeter-level kinematic precise point
positioning with ambiguity resolution, EPS, 71, 76.
https://doi.org/10.1186/s40623-019-1055-1

Kouba, J., & Héroux, P. 2001, Precise point positioning using
IGS orbit and clock products, GPS Solut., 5, 12-28.
https://doi.org/10.1007/PL00012883

Lou, Y., Zhang, W., Wang, C., Yao, X., Shi, C., et al. 2014, The
impact of orbital errors on the estimation of satellite

https://doi.org/10.11003/JPNT.2020.9.1.15

clock errors and PPP, ASR, 54, 1571-1580. https://doi.
0rg/10.1016/j.as1.2014.06.012

Montenbruck, O., Steigenberger, P., Prange, L., Deng, Z.,
Zhao, Q., et al. 2017, The multi-GNSS experiment
(MGEX) of the international GNSS service (IGS)-
achievements, prospects and challenges, ASR, 59, 1671-
1697. https://doi.org/10.1016/j.asr.2017.01.011

0dijk, D., Zhang, B., Khodabandeh, A., Odolinski, R.,
& Teunissen, P. J. G. 2016, On the estimability of
parameters in undifferenced, uncombined GNSS
network and PPP-RTK user models by means of
S-system theory, J. Geod., 90, 15-44. https://doi.
0rg/10.1007/s00190-015-0854-9

Pan, L., Zhang, X., Li, X,, Li, X, Ly, C,, et al. 2019, Satellite
availability and point positioning accuracy evaluation
on a global scale for integration of GPS, GLONASS,
BDS and Galileo, ASR, 63, 2696-2710. https://doi.
org/10.1016/j.as1.2017.07.029

Wu, J., Wu, S., Hajj, G., Bertiger, W., & Lichten, S. 1993,
Effects of antenna orientation on GPS carrier phase,
Manuscripta Geodaetica, 18, 91-98.

Xia, E, Ye, S, Xia, P,, Zhao, L., Jiang, N., et al. 2019, Assessing
the latest performance of Galileo-only PPP and the
contribution of Galileo to Multi-GNSS PPP, ASR, 63,
2784-2795. https://doi.org/10.1016/j.asr.2018.06.008

Zumberge, J. E, Heflin, M. B., Jefferson, D. C., Watkins, M
M., & Webb, E H. 1997, Precise point positioning for
the efficient and robust analysis of GPS data from large
networks, JGR-Solid Earth, 102, 5005-5017. https://doi.
0rg/10.1029/96JB03860

Byung-Kyu Choi received his Ph.D. degree
in Electronics in Chungnam National
University in 2009. He has been working at
the Korea Astronomy and Space Science
Institute since 2004. His research interests
include multi-GNSS PPP, PPP-RTK, and
GNSS TEC & DCB analysis.

Sung-Moon Yoo received a Ph.D. degree in
Astrodynamics from Yonsei University in
2009. Since 2009, he has been with the
Korea Astronomy and Space Science

- Institute. His current research interests

y

o
'?. include orbit determination of GNSS
2 satellites and Terrestrial Reference Frame.



Kyoung-Min Roh received his PhD in
astronomy and space sciences from Yonsei
University, Rep. of Korea, in 2006. From
2007 to 2008, he worked as a postdoctoral
researcher at German Research Center for
Geosciences. Since 2008, he has been with
Korea Astronomy and Space Science

Institute as a research staff. His research interests include
satellite GNSS data processing, high precision orbit
determination, and their applications to space geodesy.

Pilho Park received his Ph.D. degree in
Astromy & Space Science in Yonsei
University in 2002. He has been working at
the Korea Astronomy and Space Science
Institute since 1986. His research interests
include Space Geodesy based on GNSS.

Jong-Uk Park received his Ph.D. degree in
Space Science in Yonsei University in 1999.
He has been working at the Korea Astro-
nomy and Space Science Institute since
1993. His research interests include multi-
GNSS system, precise data processing and
applications of GNSS in land and space.

Byung-Kyu Choi et al, Galileo kinematic PPP in South Korea 21

http://www.ipnt.or.kr






