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Abstract This paper investigates the most recent status of multi-GNSS, including technical features, types
of ranging signals provided, and satellite constellation. Furthermore, a series of multi-GNSS positioning
experiments in SPP mode were carried out to assess the achievable accuracy and continuity with an
application to various positioning scenarios. A week of GNSS measurements each in 2018 and 2019 was
acquired from the national geographical information institute and processed. The results show that a
single GNSS-based scenario often encounters positioning blockage in the harsh operational environment,
while multi-constellation cases are able to remedy this situation. The accuracy of multi-GNSS with a
combination of GPS and Galileo is superior to that of other GNSS compositions due to the larger SISRE
(Signal In Space Ranging Errors) of GLONASS and Beidou. Due to the different characteristics of GNSS
SISRE, an issue has been raised to optimally integrate satellite measurements to maximize accuracy of

multi-GNSS positioning.
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1. M

GNSS(Global Navigation Satellite Systems)= 9
go] Addhe AA7|oE HSdt] A4 3AH 94
£ AAshe TR sk BAYY V&= n=e
GPS(Global Positioning System)7} 2000t Z5t7t
A F=gkHt ek 91 S971e2 ARRARY 9 wt
2 oofet o] AR YAEHo] 7hsslth

FT GNSSE 4171 Az 7163 &9 s
UgE 4gstel £9] Zs o] o]Fofx| 1L Gitt. o]
2 Q3 GNSSE 52 3850}, 2853 254t 5 9
Z|715F Au|A0] S whet ZdbFo g Fvh F2l ¢
AR Ho| gt 875 FFEAE 5 U= J-S Ve
W Z=ga 9l

GNSS 2973 (service providers)&2 94 &9
71&S o83t 93] 7|5t AH|A ARE FEatast A
ARl 1Edh= EE S AaHE 75 B A
tH1-4]. H FHAEH S=olA Galileo®t BeiDou
A2E 15 gRg 9 9489 A=HAE A&k
olom, uj=tat #Ajol= 719 GPS2F GLONASS AlA&
g9 1E3kE 93] M2 949 st ot A
u)=, Aol AT, T SolA 285h= AlAHE
o] 9] AHIAE AT wet A8 IAE F
Ao ket AARHICRRE XSS HET 5 YA H
o] HAARSH] thE GNSS =980l &5 Qi)

5 GNSS 33 Zdfiof] mat 2%+t 520152 &
X FAEESAoA FHESE GPS, GLONASS, BeiDou
a3 QZSS HolEE st EEEUEAE =
ot1 HoE vlwet 9] AT P st AlaE A
7k wolg FAAG vF QlTHb]. wEtet ddie
(2016)2 5 GNSS &9187E 718 944, Fdk,
PDOP #olA £43 & o5 GNSSE &83 &2
oo TS St A9E5TF Azete] 1wst WUk
ArerATHG). AagTt vE-(2016)2 7 YA~ H
9] A= A HHEo} ALA| 32 AP FTNHEE o8
sto] 2015~202099] &9 B5= ASSHATHT]. thE
B AP ATELS &9 A6 T AYE A5 EAs)
FOou T GNSS E89] FoflAE AsA B3 F8
3 A ER g71e Wev) ok 8yt ofyzl 20184
Galileo®} BeiDou7} B2 9144& WAsto] E9)370]
A gE7] wie] o2 gt s GNSS7H 945
wHslof digh 2o dasitt wehd B e tE
GNSS 75 @7t B4 gt 24l A% 2ARF 59
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by wiglo] =
Positioning) %3

As HH2

1

S 9o S EAHA
TE49 2018H
d 54 grEskeit | of
EI(epoch) FH: A HToA SPP
HALE A-85f TSTolBE AlAY 2ot 94 dA
(cut-off angle)ol et 117F] A2 FE-A 51
A TEL TAFERL} v e AEE T2 HA o o
gt &9 7Fs olZ2A9] vlE AXLE B A&8S B4
stal A3k goFslqitt.

HeloA 29
20199 5L

2. GNSS 7=

ro

5

QA AA Ao AME|AE AlTSR= GNSSol=
GPS, GLONASS, Galileo, BeiDou7} &A43tt}. o] 59
HAT Il 2 914 viR] A% 9 &5 Ao gig) =
AR ZF A|AE IR0 B4, i) $7 5& T

erotict.

2.1 GPS

GPSE= 19953 FOC(Full Operational Capability)
o Zgstloy, YA 75t 7ol WX 29 F7}
2200090 29HEE 9A E BAA A g @
t3Kmodernization)& %1 Folt}. 20058 |z &
i3t 914 BLOCK IIR-M ARSE o]F BLOCK IIFet
BLOCK III 9/ 7Wdsto] A=ol visl= & A4
A9l e 734 ALt

GPS Block-1IR-M 949] 39 71Z(legacy)
ASE xJste] L2 kT 5 7hedt M2E
A5 [2CE F7tet A dAFEE < 8doR
=3ie}. 2010958 A= HiAE ARRE Block-1IF=
o]d o] BE 459t M2 L5 FHEuet FEAS
$=0] 7Fsstal dASe] 12do8 A% HUth

o]
AT

CF:

Rzt
F
=
=

2018WRE A% Wix]E A&t Block-1II @2 L1
528 4 it v ¥A WS L1CE $413 8yt o}

Yzt I $£9go] 15deg FrE|glom, f/4d41500A
SA(Selective Availability) 7|62 €43] AA =t
53] GPS @dig}l A4 Al Azl 159} L1Ce B
A2 A58} e 9GS FRTES AAE AR
*-84(inter-operability) 257} &o]3lt}t. Table 12
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Table 1. Type of GPS satellite ranging signals

Carrier phase Frequency (MHz) Code
- C/A
L1 1,575.42 - L1C(on tesd
L2 1,227.60 - 12C
L5 1,176.45 - L5

20184, 20199 ZHH 12 71E A SH E I F
Q1 ths=E Table 201 8oFalct. 2018d 12€ & 341
ol st 94 BLOCK-IIAS TABIAT F=o] vl
sto] Alg 29 Folt. 181 7~8t9] o8] $4S
A &Pt Slo A 7 94 57 307] ol A
< T 4= UH8l. GPSE 2023¥71A] BLOCK-IIIA
10t 28] 20349714 BLOCK IIIF 22tHE HARERS.
24 7|29 9 AT ddhist AR AT
AE oI}l

Table 2. The number of GPS satellites under operation.

The type of satellite
Year
1IA IR IIR-M 1IF 1A total
2018.01 1 12 7 12 0 32
2019.01 1 11 7 12 1(on test) | 31 + 1
2.2 GLONASS
GLONASS+= &AloF S5ollA] 29 9 f-A]-¢es}

= HEAAReH, A8 Aduia|or FueEdtty
ZH4(FDMA: frequency division multiple access)<
Aestal et wEta ZERTTHAHE(CDMA: code
division multiple access) HFHE ARgsH= E
GNSS A|A”T} A58-870] @2 Zo] EXolrth.
2AJok= GLONASS A& H0} drjgt Z2AE
9 BAl Boll 20039 1A @St 94
GLONASS-ME AlZstoirt. ddish 94 27]2dl
GLONASS-MZ 0.1pm $E2.& FH AAE EAfst
I 9loH, & AR WI7kAS 120FE G2 ¥hale] 5%
Sto] SESH. 240 @dish ¢4 GLONASS-K1°l=
0.01pmO & B& JE AA7Z A =t 55137
= Al | RIZHIE L30CE CDMA Hx WAos &
E3ro =24 Bl GNSS 45-294S dHstu oF%

= o
=
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o @A A S A #1/d GLONASS-K2& 531
7129] o] 52 7Fs% CDMA 49 A= 1
S F71e Aol o8 F3l 591 e % &
A LET 28de B Ao # 9lg AoR 7]
et GLOANSS7t $&3he RiSTe} aid ok of
9, 281 o] FxH= Wik F=uks Aesto]
Table 3°f WERHAEH10].

Table 3. Type of GLONASS ranging signals.

Carrier phase Frequency (MHz) Code
G1 1602 + p*<9/16 - L1OF
G2 1246 + pX<7/16 - L20F
G3 1202.025 - L30C

% p= -7 12

GLONASS #1449 di=& 20184, 2019¢ 1€
71%0 8 FR3lo] Table 491 Yedeh iR 14
o ddist 94 GLONASS-Moz HA#+S Ak
2om 20199 Y49 471 20180l vlal 1t E7lste]
% 24718 $-83 St 20209714 GLONASS-M
A 4 371 upR(Ete R 1A Aot {49 wixlE
nHREetar, o] At AthEl 9490 GLONASS-K1,
-K2& #ix|ste] Q19 AluAgt Ago|oH2].

Table 4. The number of GLONASS satellites under

operation.
The type of satellite
Year

GLONASS -M -K1 -K2 total

2018.01 22 1 0 23
Retired
2019.01 23 1 0 24
2.3 Galileo

Galileo= WIZIOIA Y A2 AR R 5=

oA i ZF<Q1 GNSSeltt. 2005, 2008 ARG
GIOVE-A®}t -B 9148< Bofl 9148415 H4, 94 &4
3 At BA=9] s BF 5 27 |AES APtk
2011~20129 LAt 4719] I0V(In-Orbit Validation)
A4S olgst] 92 2 A7 2H F5S HUeL
o]% 2016W7HA] 18H19] 44 HA=Ael #ix|sted A
HAE AlBol7] AFeIRh 5802 300 8
A=Al wixste] FOCE AT o Aolch3, 11].
Galileo A|A8IE 471A] ¥H&a} E1, E5a, E5b 1
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1 E6Z CDMA ®4)Z B9l HRoto] Z&3let. o5
vksn F E13 ESax= ZFZF GPS L1#t L5, ESbe
GLONASS G3¢} BeiDou B2, 18|11 E6= BeiDou
B3¢} o= IE FROHEE AT E AA5H B Al
AR 22 AS2-849S FEskL 9t} Galileod
53 B2 AR 8] wet tiRt &9 ARIAE
A53tct= A2E Open Service(OS), Commercial
Service(CS), Public Regulated Service(PRS), Safety
of Life(SoL)7} Z1A0]cH12, 13]. Table 5+ Galileo
A/3olA SEche BT Sk d9n} £94159
FHE 99kt Aotk 271402 Galileo B5a} E5b
Hkak= AltBOC(alternative Binary Offset Carrier)
HEHE ARESIo] o]&2 47 52 A AEE B9

B5 FR BEEolEE A5 4 AtHI4L

Table 5. Type of Galileo ranging signals.

2.4 BeiDou

BeiDout F=olA 7 30 SATHAARCR
2012¥ RNSS(Regional Navigation Satellite System)E
7% g= ¥ GNSSZ 22 AHAg AlFsl] At
] 7% 37 Folt}. 0|2 913 BeiDou: 27| T
371A] Aol £1do] Hix|=le] glom, GEO (geostationary
orbit), IGSO(inclined geosynchronous orbit),
MEO(medium earth orbit)7} ZZo|tt. Table 72
BeiDou {4olA $&dl= kel 1 S, o]
TREE F=TE Y3 Aot B1Y Fuke g2
GPS9 11, Galileo®] E13 4¥ HAH, B2, B3
Galileo E5b, E6ZF Z17F & FR5HL Jlo] =2 4
T8E FEsta Qich4l

Table 7. Type of BeiDou ranging signals.

Carrier phase Frequency (MHz) Code

Carrier phase Frequency (MHz) Code(service) Bl 1561.098

El 1575.42 - g Sf]i)v b2 1207.14 L Qand HQ

(0S/CS/Sol) B3 1268.52

ESa 1176.45 - 1 F/NAV (0S)

E5b 1207.140 _(éslgé%om Table 82 BeiDou 9449 ®iX] A&FS 20184,
E5(ESa+Esb) | 1191795 -1 Q and HQ 2019902 Esto] vl Aol 20184 ¢ 3 &

E6 1278.75 - B C/NAV(CS) QF 14tH9] 91/go] AHR Aol F53 B a7t /1o, o]

20184, 201949 1Y 7|&0 & ArAo] six= 94
9] =& Table 60l A5t 271413 GACIA AME-
HAE AHELS @A BF H7|AE =L, IOV OA
9] 3 471 F 3717t AHIAE X&FH o2 At 9
ot FOCE ol &3] 94 HAksta qlol aA
201849 &l 47]7} S71et 22tHE &% FoltH15].
29 321 A9 Hr|1E skl 120 {1492 ST ui
A& Bl FOCO 24 Aol 241 21439 7
2 g dole Al Evlskar ArH1el.

Table 6. The number of Galileo satellites under
operation.
The system phase
Year
GIOVE-A & B 10V FOC total
2018.01 3 15 18
Retired
2019.01 3 19 22
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5 % ti%Eol MEO 91491 A SHIE 4 itk ol
Auls WglE AAAR B4 gt 20208744
ot} $14& 37t ujxIste] ST FOC F5o] 7|ehEict
[17.

Table 8. Status of BeiDou satellite constellation.

Number of satellite
Year
GEO IGSO MEO total
2018.01 6 6 7 19
2019.01 5 7 21 33

2.5 CI= GNSS2| EX

S GNSS &9 30| Alzbde what AujAg A
Fohe A2" 439 FR7F SR olF B9
29) Aol g 59 A% o] ZlgE ol
A|2E] Alo]9] AT 530l gHE AARE it Fig 1
2 7ZF 28] Zukg S EARE Aog GPSQ| Ll
I} L5, GLONASSY G3 18|11 HE Galileo2t
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1561.088 157542 1593 1610 MHz

|:|: GPS |:|: GLONASS -: Galileo -: BeiDou

Fig. 1. GNSS carrier phase frequency band

BeiDou Al5:E€] Fuk4: thefo] SHslo] gt A
Q% 5 08, olF B 2 A2UEL 45284
17} 7RsSi,

o ST 7 A8 AT 2k 9142
7k 37K 914 ¥jA9] A8 =(DOP: Dilution Of
Precision)] FOE olol4 Z9)e] FHEE F7H]
4 & ok B HSY 4 U BEHolH 42 31
2 4159 Aago] the AR EAHNAE &9
23 2239 dole) Furt 7Rsstel 941289 A

P o o] A~ O
£48 =9 4 AUtk

Fig 10141 WreRd 213t 2Fo] th% GNSS 9] &7 of
oA Tt Fukg A9 ASE FAl H5E
g Stk ol AMESs ARdy Ifi XA
(integer ambiguity) 2% & I & A
Ao= 7|HE 18, 191

A FGAEE GNSSE FHOE AAHE &3
GPS, GLONASS ¥ Galileo2t 22| BeiDous RNSS
T5 °o]F GNSSZ A4S JE gFgatal qlo] AA
AR o 371 A= 944 wiAsk it Fig 2+
BeiDou #1/49] A/FHZE Uehd Ao & A 717 A=
9] EAo] & Yelict. F& 60~150° Ato]Q] =z}
ko] HHL IGSO /ol ot AolH, o Hx 3
9 Yo Azl 57]19] GEO YAlo] A5k AL &
AT 4= k. WA AlA Aol 1 HAGE duY
9] #A2 MEO 3l s F/44€ Aol

500

2 5

=

51

=

= O
o=

60 o

41500 180°
49

Fig. 2. Ground tracks of BeiDou Satellites[20].
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SISRE(Signal-In-Space Ranging Errors)= W&

L=gog AKI 9 At SANAY LS F
FHo g Ueilis NHEA DA 234 A4
A=} A4 HE| FFEAEHO R HES AE v
sto] AlxketH, Z+ A|AE]9] SISREE Table 99 Q.9Fst
AcH21]. Galileo®] SISRE:E 9F 15cm 5202 ¥
3 ¥FH GLONASSY] #ho] 71 E7F51311L, BeiDoud]
Al 714 A S04 GEOol wiXE 449 F<S 7
B3 AL & 4 Stk ol FAAEY B4 A4t
oA o]&9] A=E HEs| FA517] oig7] wrolrt
olg Aft: YA AALKHE WSAEEYReR
BAst= SPP &9 2ol AHFHQ FFE vz

Table 9. Summery of GNSS SISRE (unit: cm).

Constellation SISRE SISRE(Orbit)
GPS 39 ~ 53 22 ~ 24
GLONASS 309 51
Galileo 14 ~ 15 14
all 162 66
MEO 86 63
BeiDou
1GSO 100 35
GEO 198 84
3. BRESY 45 A
3.1 Exr 2 Y

gt #A5dlolE Y] g0l EE
FFS BA5kLA} Fig 39 A
St ol 5l FEAE
FEYANA Pk 87 A TEA] 20184, 2019
d 722 19 19004 797179 45 B DA (raw)
H=YolEE HEaH9T, BE GNSS HlojEE =3t
4 9= RINEX 3.02 Hdo=z Hgkslint. 181 Hlo]
B %29 82 %9]7] 93] GFZRNX 1.05 HAHE o]
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g3to] =49 golHE 9 fdz HIstart22].

TEAE Ao RTKLIB AZEYo] H7]7] % &
A2}-& RTKPOSTE AH&3l #EEH&ES] REE &
SFTH23]. 91714 A S-S Table 103} Zo] AlAE)
9] %3l wegt 1172 FE8191 1GS(International
GNSS Services)Q] A28 B7HS Z8310] Lyehgct,
dlojel Hg] Al AAZE &9 S AstA} v o
Fujct A 59Tt o] W AR B4R 5
A AofEo] W2 Als 2 8742 wrgshy] A5 159,
30°, 45°9] 914 AAE 74 485190t

Table 10. Experimental cases of GNSS positioning.

CASE Combination CASE Combination
G GPS only GC GPS + BeiDou
R GLONASS only GRE | GPS, GLONASS & Galileo
E Galileo only GRC | GPS, GLONASS & BeiDou
C BeiDou only GEC GPS, Galileo & BeiDou
21; Ggls; S*féiﬁ:js GREC All GNSS

#EAUSS A5 A0l HolE A9 dxe] g
Lo} A&dS T AHEH ARGSIAITE of7]A &3S
AA om0 sl AX|e7F HEH olEA9 v E, A
Sr= Y FHE} TAIFIEY] o] o] &3 AARRE
RMSE(Root Mean Square Error)& YWERHITEH

To obtain raw observation

8 CORSs from NGII
2018 &2019(01.01 ~ 01.07)

Data conversion by GRFRNX

¥ Raw— RINEX v3.02
v Mergence

daily » week data

Data processing

S/W: RTKPOST
Algorithm: SPP

Considerationsin Positioning

¥ Combination of GNSS data
¥ Changing cut of angle
¥ Positioning in every epoch

Result analysis

Accuracy & Continuity

Fig. 3. A procedure of experimental analysis of
multi-GNSS positioning performance in this
study.

3.2 Zit ¥ 24
3.2.1 7= ¢
Fig 4= 20199 #5717 &% =4 714014 53]

3 2 A28 8 9

gl

49| 4
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BA 74 7Hse 49 = GPSY A§- 4~1071,
GLONASS 3~87], Galileo®} BeiDou Z+Z} 2~87],
6~137]t}. GPSY] A% 79 AH] 48S +Fst
Aol Al F3 75 94 £7F GLONASSe] B3 A4t
Hog we AL & 4 ok I8 4 & 3
Galileod] A% 4 94 &7 7Pt B A0 & Yet
wom, BeiDou?| %% -2zt S=toll 138l Slo]
GEOS} IGSO 94& 4 & 7] Wil a4 +=
Yol BFsta 7P we Q4o ary AEE 5
o % 9Tk BE GNSSE T FHsks A9 21~35

M) gezfe FAo] A2E

Fig. 4. Skypolts of GNSS satellites at SUWN station
in 2019
(a) GPS (b) GLONASS (c) Galileo (d) BeiDou.

Fig 5= 20199 9 #AFA(SUWN)OIA =53 H|
O[E1E olg3to] 7t PJAIAT T S9] Al HAEA
of Ak&d 914 g AAR BE EAIRE ZlolH, ol
HH Table 112 v oflZ3ubc} 29k 9149 7i+E
715 Waoto] Uebd Zlolet. AR 15004 Y314
Aol Wast Ha 94 4 gt JBssl oy dAzt
< EolHA 24 4 7 F439] shEehe Jes Y
ERtTh S90l 753 A4 = A58 AER] 3
Fe 1A, ol 94 T AAE =] EA
45°0 4 B H3ko] A F7ske Ae® Rl 4
Ak,
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Cut of Angle : 15°

GPS

GLONASS Galieo

Cut of Angle : 20°

—=—GPS —— GLONASS Galieo —— BelDou

Cut of Angle : 45°

—GP§ —— GLONASS Galieo —— BeiDou

S SRS BERETEY. EERNTR . WU, T ST TR AT

oo o2 0103 o014

Date

01/05 01/06 o107

Fig. 5. The time series of the number of satellite
used in positioning at SUWN in 2019.

Table 11. The weighted average of the satellite
number in the measurements.

Mask GPS GLONASS Galileo BeiDou
angle | 2018 | 2019 | 2018 | 2019 | 2018 | 2019 | 2018 | 2019
15° | 7.82 | 7.71 | 596 | 5.80 | 401 | 473 | 8.66 | 9.66
30° | 5.26 | 5.18 | 401 | 3.90 | 2.70 | 3.26 | 691 | 7.72
45° | 332 | 323 | 241 | 234 | 1.71 | 2.04 | 349 | 416
322 &9 ¢844

Fig 62 7k A% Baejo|est A8t 490] 29

=:| 5

St Zlo]™, Table 12
£ 1 BAE a9kl Aotk EAkz 15°9] g5t &
9] 3o GPSY} BeiDou: 100%, GLONASSE
93~94%°] A&HAHE FHI £ AUk GPSY
GLONASSE FOCo]il BeiDou:x GEO2} 1GSO9]
FoZ olo} Z2 ATE AL & S A= AsH
A 7559 Galileo?] 39 Aol Aoz
%o} 20199 =9 A&/do] AZ FHH FoF ALt
E|glom, o= FOC 55 8l #529] 9S vixl &
o]7] RO R FF t& Eobd Ao AfHct At
Z+& £0lE 49 A&/go] HAFHoE tE s
U GPS®} BeiDouw A2 =2 A4S AT
4 9lew, I olgE GPSE dHlgy =l
BeiDout IGSO HAHo2HE Hojgg HET 4= 3
7] W&ot} ATk olE JA] ALAo] 20 ~ 34%ll
E}o}7| ol AT &9 -§-8-ofol AL AH]
2 AFL E7Fsst

.
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Cut of angle : 15° I zois 201

i

Cut of angle : 30°

[ | _I_\I

Cut of angle : 45°

1
1

_

GPS

|

BeiDou

GLONASS Galileo
GNSS constellations

Fig. 6. Continuity of standalone GNSS positioning.

Table 12. Continuity of standalone GNSS positioning.

Mask Continuity(%)
Year angle G R E C
15°° 100 94 48 100
2018 30° 96 33 10 100
45° 29 1 1 33
15° 100 93 69 100
2019 30° 93 36 24 100
45° 20 2 3 34

Fig 79t Table 132 9AIAH ASTolE 2%
A9l A&AE AA T e B2 RSt YERd
olt}. ®EHolH 9 xeh& Bl AA 45°9 EFS
29 AN E 22 AE5ES dHT £ AU B9,
BeiDou #ZHoE 23 52 37) o|4d9] AlAH =
tlolElE & oke - HRE9] olZxIoA AXE 2
A% £ UGtk wEbA] EHALE o] 415.9] AH|Eo]
2 A HojA] AR =2 A&AS ] s
Al 370 ol AlARl BSTolEE 2 dlofel &
5], BeiDou H|oJEIE EF3ljoF & o]},

P

Cut of angle : 15° I z01s [ 2019

NI
NI
T

Cut of angle : 45°
GR GE GC GRE GRC GEC GREC
Combination of GNSS constellations

=

Fig. 7. Continuity of multi-GNSS positioning.
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Table 13. Continuity of multi-GNSS positioning.

v Mask Continuability(%)
ear
& angle GR GE GC | GRE | GRC | GEC | GREC
15° 100 100 | 100 | 100 | 100 | 100 100
2018 30° 100 100 | 100 | 100 | 100 | 100 100
45° 81 60 95 90 100 99 100
15° 100 | 100 | 100 | 100 | 100 | 100 100
2019 | 30° 100 | 100 | 100 | 100 | 100 | 100 100
45° 81 67 96 92 100 99 100
3.23 &9 Hex
Fig 82 2019¢ SUWN ¥4 dlolH A& 53
F% F-5 99 2 JRI 1A ZolE yE

W Aolth. 5-A @ golHg ATE olgh Zo] mAlH
7o}o] Ajolg AHEEQLT o] ZHE| RMSES Atalo]
29 HYES Wie

GPS
g* ‘
£ 0
£ I
5
GLONASS
E 20 | J l | 1 ‘
2 0 prete A e A e b iy
5 <20 ! |
Galileo
E 10 |
£ 0 R w]L e e bl o e ﬁu—puk*
510 |
BeiDou
E 10
5 10
0101 01/02 01/03 01/04 01/05 01/06 07
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estimated and published coordinates in
N-S component at SUWN in 2019.

Fig 99} 102 8711 41854 20199 WSHolH 9
Ao e A" E dEEY S EAR A
o8 e 9, A AU Aot 20184
591 e 20199 ARk frARE FF2 HaL 9lof
2 =RollAs 9E0R theA] oolth. GPS9F Galileo
Hlol8 o1& Al Atid oz 59 Herrt #9koH, o
£ A AFe 2 Al2E SISRES] AHAQ1 G 9f
g Aoy, T AAE wUE S1/uA
] 7157t WorA|7] wiizol SISRES] JFol H% A
A Aoz yepgth

669

Cut of angle : 15°
Elcrs Bl cLonAss [ Galles [ BeiDou

Cut of angle : 30°
Cut of angle : 45°

Ll alal gl alalalal

BONH CHUL DANJ HCHN SEOS SOUL SUWN WuLJ
Stations

unit: m
=]

o

Fig. 9. Horizontal accuracies of standalone GNSS
positioning in 2019.
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Table 14. The averaged accuracy of the single GNSS positioning.

Mask GPS GLONASS Galileo BeiDou
Component

angel 2018 2019 2018 2019 2018 2019 2018 2019
15° 1.11 1.07 3.73 3.96 1.47 1.38 3.85 3.38
Horizontal 30° 2.14 2.09 9.95 10.91 1.30 1.14 5.09 4.81
45° 2.90 2.66 5.50 8.15 0.74 0.90 11.79 13.05
15° 3.42 3.49 10.12 11.19 4.42 4.15 10.79 8.32
Vertical 30° 423 4.42 28.34 30.83 4.42 4.01 16.61 15.00
45° 8.66 7.66 46.75 45.71 3.18 4.64 25.34 26.20
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Table 15. The averaged accuracy of the combined GNSS positioning.

Mask GR GE GRE GRC GEC GREC
Component | |

angle 2018 2019 2018 2019 2018 2019 | 2018 | 2019 | 2018 | 2019 | 2018 | 2019 | 2018 | 2019

15° 1.15 1.10 0.98 0.89 1.19

1.21 1.03 | 095 | 1.08 | 1.11 | 1.05 | 1.08 | 0.99 | 1.00

Horizontal 30° 1.92 2.37 1.71 1.59 2.24

1.90 152 | 135 | 1.79 | 1.61 | 1.80 | 1.59 | 1.55 | 1.41

45° 4431 20.65 27.68 8.80 13.19 16.69 |15.73 | 14.19 | 7.44 | 951 | 10.06 | 21.82 | 5.73 | 6.11
15° 3.55 3.61 3.43 3.46 5.03 4.33 352 | 354 | 479 | 4.28 | 4.83 | 4.24 | 4.65 | 4.15
Vertical 30° 4.39 5.14 4.05 3.71 6.88 5.87 385 | 382 | 6.10 | 520 | 6.23 | 5.12 | 5.71 | 4.75
45° 77.61 56.14 59.13 22.77 38.39 28.28 |67.96 |34.22 | 26.15 | 21.96 | 25.90 | 22.89 | 17.23 | 14.99
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combined GNSS positioning.

671

A ol ol T O

Cut of angle : 30°

Cut of angle : 45°

unit: m

unit: m

GR GE GC GRE GRC GEC  GREC
Combination of GNSS constellations

Fig. 16. Vertical averaged accuracy of the
combined GNSS positioning.

4. Z2E

5 GNSS &9 &40l SPP Aol vX= FF=
4517 s HEAZPEY 87l A ASAHolHE
H5ot AAA T PAIAE TEHolE g wet
AR S F5oto] SAAES FsIgion, 1 A3t
£ oha3 o] 898 4= Qi

AAE AG2AL 23 QA AE Y 52 A AR
1 glom 7 AIA”IS] A5 58NS I3 o] X
U AL mefet = Q9th ol B9 e REH,
A8 4 8 T 5 59 459 7Iedd =
= 71 5= AR

= A, A&l Qs AFAE HSo] oL B¢ &
19 EddLol SRt FARE 4590014 &g
GPS2t BeiDou Hlo[HE T=0 2 AR 5h= 3¢ 44
20~30% 1813l 35%0l Edotct. E3F Glonasset
Galileo &5 59 A A&AL 1~3% 50|92, o]
3t EAl= T=dolge] 2oz FET & Tt

d

-~



AR &85 =5 4] 41208 A8E, 2019

BeiDou 22 A] 7]} o]Ako] A|AH] glolg] %3S
A& 90% ooz AT 4 AL
Z’\H GPS®} Galileo®] 947E & AJA| 227} €
Al A"o] v FEote] w2 FEEY 97t 7Fs5H
o —:H%Wéol Eoldol wtet f14duiAle] 7= st
oz 7+ A|AH 94810 3lo] ko] Be AFon
HAVZE 45° olAol A= BeiDou?] GEO 91430 &9ol
A A9]=lo] BeiDous EjHet AYFE0] Hrr}
= A% Bk

2 A2 Oge A4 &9 ¢
FEEAUSS 7S %‘
£ Apgolut iﬂ}_%
dE=E 55 =& 5

Higo R ix|e}l ol
GNSS #=tolg
LA &= Qi ARS T

T 2=

3],
H

o}m Jlm

By,

E3IAT. SHAIRE Ao Ab
23} glojE ZLEX|ZAHH oA £884= AFAT=A

oA HET Ao= Z98o] FFskaL 14
o} QLS ARgSte] HlolElE FH55IY
Aol AntEE] HAlE GNSS 417
9} At Aol 4= 3t of=et A
8 & A7HE FAVIE o187t éﬂ
Hoh ddz]l S9 29E FH5T U8
At E.

References

[1] National Coordination Office(NCO), Modernization,
National Coordination Office, Available From:
https://www.gps.gov/systems/gps/modernization

(accessed Jan. 31. 2019)

[2] Information and Analysis Center(IAC), GLONASS
Status, Information and Analysis Center, Available
From: https://www.glonass-iac.ru/en/guide/index.php

(accessed Jan. 31. 2019)

[3] European GNSS Service Centre(EGSC), Program,
European GNSS Service Centre,
https://www.gsc-europa.eu/galileo-gsc-overview/prog

ramme (accessed Jan, 30. 2019)

[4] Information and Analysis Center(IAC), BeiDou,
Information and Analysis Center, Available From:
https://www.glonass-iac.ru/en/guide/beidou.php

(accessed Jan. 31. 2019)

B. K. Choi, C. H. Cho, J. H. Cho, S. J. Lee, “Multi-GNSS
Standard Point Positioning using GPS, GLONASS,
BeiDou and QZSS Measurements Recorded at MKPO

(5]

672

[10]

[11]

[12]

[13]

(14]

[15]

[16]

Reference e Station in South Korea", Jjournal of
Positioning, Navigation, and Timing, Vol4, No.4,
pp.205-211, 2015.

DOL: https://doi.org/10.11003/JPNT.2015.4.4.205

J. Q. Park, D. Y. Um, “Analysis of Positioning
Performance According to the Condition of
Multi-constellation GNSS', Journal of the Korea
Academia-Industrial ~cooperation Society, Vol.17,
No.4, pp.567-572, 2016.

DOL: https://doi.org/10.5762/KAIS.2016.17.4.567

H. J. Seok, B. W. Park, “Annual Prediction of
Multi-GNSS  Navigation Performance in Urban
Canyon”, Journal of the Korean Society of Surveying,
Geodesy, Photogrammetry, and Cartography, Vol.34,
No.1, pp.71-78, 2016.

DOL: https://doi.org/10.7848/ksgpc.2016.34.1.71

National Coordination Office(NCO), Space Segment,
National Coordination Office, Available From:
https://www.gps.gov/systems/gps/space (accessed
Jan. 31. 2019)

L. Schaub, “GPS Status & Modernization Progress”,
CGSIC Meeting & ION GNSS+ 2018 Conference, Sep.
2018.

DOI: https://doi.org/10.33012/2018.15841

Information and Analysis Center(IAC), GLONASS
History, Information and Analysis Center, Available
From:
https://www.glonass-iac.ru/en/GLONASS/index.php
(accessed Jan. 26. 2019)

Gunter’s Space Page, Galileo FOC, Gunter's Space
Page, Available From :
https://space.skyrocket.de/doc sdat/galileo-foc.htm
(accessed Jan, 27. 2019)

FEuropean Space Agency(ESA), Galileo Signal Plan,
European Space Agency, Available From :
https://gssc.esa.int/navipedia/index.php/Galileo_Sign
al Plan (accessed Jan, 24. 2019)

European GNSS Service Centre(EGSC), Services,
European GNSS Service Centre, Available From :
https://www.gsc-europa.eu/galileo-gsc-overview/servi
ces (accessed Jan, 30. 2019)

S. H. Jeon, H. M. So, T. J. Lee, G. H. Kim, S. . Jeon,
C. W. Kim, C. D. Kee, S. U. Lee, J. H Kim,
“Development of Galileo E5 Signal Receiving Software
for AItBOC Signal Modulation”, Journal of the Korea
Society for Aeronautical and Space Sciences, Vol.37,
No.9, pp.855-862, 2009.

DOl http://dx.doi.org/10.5139/]KSAS.2009.37.9.855

European GNSS Service Centre(EGSC), Contellation
Information, FEuropean GNSS Service Centre,
https://www.gsc-europa.eu/system-status/Constellatio
n-Information (accessed Jan, 30. 2019)

The European Space Agency(ESA), Electric Thrusters
May steel Galileo in Future, The European Space
Agency, Available From :



(17]

(18]

(19]

[20]

[21]

[22]

(23]

% GNss 758% % REEGEY Aol B A7
http://m.esa.int/Our_Activities/Navigation/Electric_th
rusters may steer Galileo in future (accesed Mar. 15. _ o
2019) 0] & TH(Hungkyu Lee) EsEE

Information and Analysis Center(IAC), BeiDou Status,
Information and Analysis Center, Available From:
https://www.glonass-iac.ru/en/BEIDOU/index.php,
(accessed Jan, 30. 2019)

P. Henkel, C. Giinther, “Reliable Integer Ambiguity
Resolution:  Multi-Frequency Code Carrier Linear
Combinations and Statistical A Priori Knowledge of
Attitude”, Navigation, Vol.59, No.1, pp.61-75, 2012.
DOI: https://doi.org/10.1002/navi.6

B. Li, “Review of triple-frequency GNSS: ambiguity
resolution, benefits and challenges”, The Journal of
Global Positioning Systems, Vol.16, No.l, pp.1-11,
2018.

DOL: https://doi.org/10.1186/s41445-018-0010-y

BeiDou Navigation Satellite System, Ephemeris,
BeiDou Navigation Satellite System,
http://en.beidou.gov.cn/SYSTEMS/Ephemeris/201905

- 20004 29 : BotdakL thet
ERFAIFIAAD

£ 20044 109 1 EF AL

Uz ek &% L FHHR

2B FI A

2004 11€ ~ 20054 2¢ :

FANEAATY HYLT7

Aot ER A5 E- 8Tt

9

Al

i

+ 20059 3¢ ~ @A :

=]

5 g

EAED

GNSS &91/3%, 5457, 3EE #2427

20190527 18299.html (accessed May, 27. 2019)

P. Steigenberger, O. Montenbruck, “Multi-GNSS SISRE
Monitoring - Methodology and Results”, IGS Workship
2017, Jul. 2017.

T. Nischan, ‘GFZRNX-RINEX GNSS Data Conversion
and Manipulation Toolbox (Version 1.05)", GFZ Data
Services, Germany, 2016.

DOI: https://doi.org/10.5880/GFZ.1.1.2016.002

T. Takasu, “RTKLIB : Open Source Program Package
for RTK-GPS”, FOSS4G 2009 Tokyo, Japan, 2009.

M $(Seonghyeon Yun) (=58
- 20174 29 : Yty ERT
BEICE)

20194 29 : Feojsta g
SHFSHEFEEDZE Y, EE
ZAFFTTHBZF AL
20199 3¥ ~ @A : FArhsta
NGNS EHEFEED TS,
EE2AF g3 (@A)

o,

@R
GNSS &9/, 545%, 3030 +X2d3

673

3% B 2O|(Huy Nguyen Dinh) [Eal]

+ 201449 39 : HlEY IFHEEA
At Z4] 9 A=A S
kA

201749 9¥€ ~ &4 : Fddigtw
ASF WS EHEFEED TS,
EERA NG AT (L A)

.

(HAED

GNSS &91/3%, $A5%, GIS



