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ABSTRACT

A series of experiments have been carried out by using National Geographic Information Institute(NGII) 's Continuously

Operating Reference Station (CORS) data with various strategies to analyze the impact of multi-GNSS measurements on
baseline processing. The results of baseline processing were compared in terms of ambiguity fixing rate, precision, and
hypothesis tests were conducted to confirm the statistical difference. The combination of multi-GNSS measurements has

helped to improve ambiguity fixing rate, especially under harsh positioning environments. Combination of GPS, Galileo,
BeiDou could get better precision than that of GPS, GLONASS, Galileo, and adding QZSS made the baseline solution's vertical
component more precisely. The hypothesis tests have statistically confirmed that the inclusion of the multi-GNSS in the

baseline processing enables not only to reduce field observation time length but also to enhance the solution's precision.

However, it is of interest to notice that results of the baseline solution are dependent upon the software used. Hence,

comprehensive studies should be performed shortly to derive the best practice to select the appropriate software.
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BeiDou A|AE] YAJHl%] &+& ©o]% Full Operational Capability
(FOO)E 411519 11, 313k Galileo 9]4] 20t oA+ A=
of uix|stgl on, Tk Yol AR P AIAR Quasi
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Table 1. Current status of multi-GNSS constellation and their signals (28" April 2021).

GNSS Number of . Frequency
constellation SViype satellites Signals bands (MHz)
IR 8 L1C/A, L1/L2P(Y)
IIR-M 7 +12C+L1L2M L1(1575.42)
GPS I b s L2 (1227.60)
+ L5(1176.45)
IIIA 4 +L1C
M 21 L10F, L20F, L1SF, L2SF (FDMA) L1 (1602.00)
GLONASS M+ 2 +L30C (CDMA) 1.2 (1246.00)
K 1 +L20C (CDMA) L3 (1202.025)
()% 3 Open Service: E1-B/C, E5a-1/Q, E5b-1/Q El(1575.42)
. : : E5a (1176.45)
Galileo Public regulated service: E1-A, E6-A
FOC 19 Commercial service: E6-B/C E5b (1207.14)
: E6(1278.75)
GEO 7 B1(1561.098)
. Open service: B1-1, B2-1
BeiDou 1GSO 10 . L B2(1207.14)
MEO 7 Authorized service: B1-Q, B2-Q, B3-1/Q B3 (1268.52)
L1-C/A,L1C, L2C, L5 i; E}g;?gé;
QZSS  QZS-1-4 4 L1-SAIF ’
L6 LEX L5(1176.45)
16(1278.75)

$ A% 94o] e MRS 2 27 SO vA4 A7
o] sl 4= Qltha BA éﬁl:]- Msaewe et al. (2017)-& GPS
=1} GLONASS, BeiDoug 7} Z3¥}slo] 2|5 £33}
F GNSS 230 WE VX144 25 &3 59 HUE
gRIsIict 531, $14 7Ishix7t E5%t 7% th% GNS
3} o3Fo] Arb B 15kedc} Yun et al, (2019)2 ThE GNSS 2
5 2k, 914 4 5 Al 41 @l il R, o] So]
Standard Point Positioning (SPP)o]| u]x]= oJgkS HEAd5l1A}
A A (cut-off angle), T} GNSS Ho|g] 23 & 24 &5
2915 Sasigict. 1 A3k WALz Z7lo] wek ol ONSS 23
of oJgt A%/ ol FErR o, GPSe} Galileo Z3Ho] A
St Aol g fEel Ao g L]'E]-‘J'lq- Choi et al. (2019)+= GPS
9} BeiDou £3F &9 418]&& 751 100~300 kme] #H7|
o] t$F Real-Time Kinrmatic (RTK) Z9E £35}0] T A]
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sh= 71ER &l vX= G B4 RS GNSS 54 &
Zdoll th-g517] gk A UiQloflA] 2] oj2f Aot wh
ZhA] 2 QoA FA WA 718 S5 71“0]1“01]*1 =y
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2.1 Current Status of Multi-GNSS Constellation

GPS9} GLONASSQ] )3}, BeiDoue] FOC 4191, Galileo}
QZSS 5 213 5 GNSS 9] &70] x| &34 WiskaL gt
Table 12 202113 49J 284S 7|20 2 5} t}E GNSS Al 3
& RARH Qo3 Aojtt. GPS+= 3l 9] fl4do] 8= gl
v (NAVCEN 2021), |28 W7t - 8 A5 £% 2 Az ¢
A g 29 A= SFARS T Bk 9Jt) (Grewal et al. 2020).
GLONASS= A|AE] B1o) 3hA| ATiSlE z18)sle] & 2402
ol &8 Fold, AE 9148 A& 28l K AlZ = ¢
A) HRARS A|ZHATE (IAC 2021a). Galileo= 3z) 22theo] ¢JA&
Aol A3 FOCo] vl$ Txsom, Agxio] we} rhergt
AH|AE A 53} (EUSPA 2021). BeiDouty Geostationary orbit
(GEO), Inclined Geosynchronous Orbit (IGSO), Medium Earth
Orbit (MEO)®]| thsf| Z+z} 7of, 10TH, 270H 2 7 w2 Y& &
|5}kl 9lom (IAC 2021b), - FOCE A5t AAAA A

H| A A AELS 94 5] FE519iTh (BEIDOU 2021). QZSS: A
4Te] $he easla glom 7o NS B 94 At
ABARE A &3)aL Qltt (QZSS 2021).

2.2 Multi-GNSS Infrastructure in Korea

oAM= FEX P BAE v ET 871 F717] Tl A]
2057]2:9] GNSS AR TE A2 Qod5lT 9l on 20214 59
A GNSS E3std|o]eJAllE] (http:/gnssdata.orkr)E E3) A
=1 e BSHolE = 120 AE thi o 2 it} Table 204
S 4 gl5e] AATASIIME (NMSO), TS
(NMPNT)& GPSS} GLONASS Ho|e]ut A Zals vha A]2-E
HA, A A AR AT U (KIGAM), =241 (KASD), =+
E XA B ANGIDo| A+ GPS, GLONASSE 3] Galileo d
ol & Al-Fst ok E3], thE GNSS TH=t|o|E]7} Reciever
Independent Exchange format (RINEX) 211 &A1 0 2 2= 11

oH 2 ofs
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Table 2. Summary of types and numbers of receivers of CORS in Korea
(G: GPS, R: GLONASS, E: Galileo).

Institutes Number of station Receiver Available
(available) Type Number  GNSS data
X 30(0) - - Not available
LEICA GR25 1
SEPT POLARX4 9
NMSC 24(22) SEPTSSRC4 ! G R
JPS DELTA 2
Trimble NetR9 8
Trimble NetR8 1
TRIMBLE NETR5 2
TRIMBLE NETR8 1
NMPNT 35(32) GR
TRIMBLE NETR9 28
TRIMBLE 4000SSE 1
SEOUL 5(5) TRIMBLE ALLOY 5 G RE
KSWC 5(0) - - Not available
KIGAM 18(18) SEPT POLARX5 18 G R E
KASI 9(8) TRIMBLE NETR9 8 G RE
LEICA GR10
LEICA GR25 1
NGII 79(77) LEICA GR50 13 G RE
TRIMBLE NETR9 43
TRIMBLE ALLOY 14
TRIMBLE NETR8 2 G,R

Qlo] £=417]7} GPS, GLONASS, Galileo ©]2]9] o8| & HETH
gtz 371A] Al AR o] Tk AT AlF = = SHAI7F et

AAZEo 2 AElulE 470 e A AH o] THsth
GNSS RTK &% 2| 9% 98] FEA PR AT 4S5 8AE
GPS2} GLONASS®] 74kt Virtual Reference Station (VRS)
o] YES]T RTK AMHIAE AT Folch. 2712, FEA2%
B2 A7 GNSS £9] AHIA Tlokal S 53 B8 2S¢
3}l Geo++ A} GNSMART®]| 2]6F FKP (Local Area Correction)
AHAE A AlF FolH, Galileog} BeiDoug X35t tha
GNSS RTK £9] 219 2J5l GNSMART A|AE] ol o= A}
A 10 Fof Ak (NGII 2019).

532 714 oA B GNSS Br&TolE Zeto]

= [
AE Y B4 Holl T AF HAE Fig. 1o HERi]

A& W45HE ONSS A2 2148 AFalT FEA
SR elo 2 RE] olof tigh ulolue] WA PEuolE HE F
GPS, GLONASS, Galileo2} tJ & BeiDouo} QZSS H|o|E| & =
S5HE 5 RINEX 3.02 #3022 wiglsioict. BEdo|ef 2020
69 1958 72710 9] A5 Ragoln, 7w & 302 74
©2 24117k A5 lolejo]ct.

127 A THEAE o83l Fig. 29F Zro] 71417 oF 26 ~ 41 km

|®GNSSMrusurcmrnls E#@ Baseline Processing Eﬁ>@ Result Analysis

Baseline Processing Software's

GNSS Measurements Acquisition Estimated Solution

* From 12 NGII operated CORSs
* Week: (01/06/2020 ~ 07/06/2020)
+ Sampling Interval: 30 second

<t <L <r

(GNSS Measurements Conversion

+ S/W-1:GrafNet v8.70
* S/W-2: Trimble Business Centre v 5.0

« Ambiguity-fixed Solution

* 3 Dimensional ECEF Coordinates

Processing Strategy Statistical analysis Strategy

/W : Trimble Converter
* RAWData to RINEX v 3.02

{ ¥ Multi GNSS Combination Cases |
(G, GRE, GEC, GECJ) |

| * S/W:MATLAB H
{+ Computation of Coordinate |
E difference

{} {7 Sateitc Blevation Cutoft angle |
; |

i Benign environment : 15° i = Precision analysis
RINEX Data Subdivision i Harsh environment :30° ! i * Fixed solution availability

* S/W:RTKCONY v2.42 P ) P )
. ink { ¥ Observation Session Duration | 1= Statistical Test |
1 (8hr, 6hr, dhr, 2D, 1hr, & 0.5 br.) | | - (Two-tailed Chisquared Test) !

durations

Fig. 1. Overview of experimental procedure including data acquisition,
conversion, processing, and result analysis of multi-GNSS measurements.
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Fig. 2. Seven baselines formed for multi-GNSS measurements processing.

Table 3. Processing conditions of multi-GNSS measurements.

Condition Description
Number ofse'zssmns 3 sessions / day 7days =21 sessions
per baseline
Baselines CHLW-CHUL, GANH-PAJU, SOUL-DOND, DANJ-

SEOS, INCH-SUWN, SOUL-YANP, WNJU-YANP
Combinationsof ~ G: GPS-only
multi-GNSS GRE: GPS + GLONASS + Galileo
GEC: GPS + Galileo + BeiDou
GECJ: GPS + Galileo + BeiDou + QZSS
Observation time  8-hr, 6-hr, 4-hr, 2-hr, 1-hr,0.5-hr
Cut-off angle 15°and 30 °

o] 77} 714 Hejsien, 71412 Al T GNSS dlole =3t
o] HlAE ake HAe}aAl Table 30 RoFE ule} 7o) the

[e)
GNSS 23 W& HIRS) BEARE WAL, ALEYo] 50| &

A& aEfsigich WA, TEA7k]| ©E ok GNSS Holg &
ot B T4 918l 24417 HlolB1 & 8AI7E, 6417, 44I7E, 24]
2 WNZE, 0.5A12Fe] EFe g A5Gt o] w, 6714 & Lt
H TEA7E] 2A1L 04:00:00, 12:00:00, 20:00:002 EU3} 7+
735l disfl widd 3Ald e ® HY s U EE AL skat 516l
o} &3k, 71K A Fofl& GPS Hlold @& 27 2% th5 GNSS
23} GRE (GPS + GLOANSS + Galileo), GEC (GPS + Galileo +

http://www.ipnt.or.kr
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Table 4. Test statistics of SW-1 processed results for cut-off angle 15°.

SHlolE] A2 o] & 5 A4 A RS

https://doi.org/10.11003/JPNT.2021.10.2.103

Obs. time Baseline Horizontal Vertical
G GRE GEC GECJ G GRE GEC GECJ
CHLW-CHUL 13.54 13.58 11.23 20.4 16.72 18.7
GANH-PAJU 17.42 15.11 15.82 12.65 12.79 11.58
SOUL-DOND 13.15 15.08 12.16 18.82 20.03 19.6
8hr. DAN]J-SEOS Reference 11.91 14.57 14.64 Reference 15.29 13.97 15.87
INCH-SUWN 7.71 5.59 4.99 20.4 18.31 18.52
SOUL-YANP 14.01 11.12 9.5 27.21 21.97 26.01
WNJU-YANP 11.25 10.79 11.17 22.35 20.79 18.24
CHLW-CHUL 26.59 14.56 14.51 13.72 23.06 22.94 19.09 22.8
GANH-PAJU 29.24 20.82 18.2 20.56 14.49 15.99 11.68 10.87
SOUL-DOND 27.73 19.4 20.83 18.88 22.19 20.24 18.52 19.3
6 hr. DANJ-SEOS 19.27 15.23 18.15 23.32 20.56 19.41 14.7 16.06
INCH-SUWN 25.68 9.85 6.84 6.84 31.79 23.43 23.7 22.54
SOUL-YANP 17.33 17.1 11.77 10.52 34.65 29.45 25.38 24.66
WNJU-YANP 22.1 14.14 10.45 8.98 36.06 21.88 23.82 22.74
CHLW-CHUL 27.06 18.5 21.99 17.85 38.33 38.1 25.41 28.62
GANH-PAJU 45.08 26.78 28.65 28.6 19.24 17.08 14.29 13.23
SOUL-DOND 40.37 24.47 20.09 19.14 23.43 21.06 16.07 16.38
4hr. DAN]J-SEOS 23.87 16.83 20.19 19.51 23.14 21.57 18.92 17.06
INCH-SUWN 12.89 15.49 9.6 10.11 35.5 29.63 28.62 29.46
SOUL-YANP 20.17 14.72 17.39 14.65 38.65 35.39 27.3 27.48
WNJU-YANP 21.14 20.52 10.08 12.52 68.94 29.7 28.98 25.89
CHLW-CHUL 53.97 47.35 23.21 21.94 57.17 48.83 43.91 47.29
GANH-PAJU 113.7 42 41.02 44.4 29.07 17.7 20.22 17.89
SOUL-DOND 7191 52.19 32.61 29.01 16.99 15.34 13.59 13.46
2 hr. DANJ-SEOS 30.6 37.02 16.53 23.54 34.05 29.41 24.25 23.03
INCH-SUWN 16.6 16.25 9.77 10.25 45.53 377 31.51 34
SOUL-YANP 26.1 20.73 16.06 15.91 4443 43.62 3443 34.82
WNJU-YANP 31.92 54.77 14.85 15.39 31.14 26.84 29.65 29.43
CHLW-CHUL 378.36 81.17 105.24 113.46 119.52 73.6 64.96 72,94
GANH-PAJU 960.86 779.97 260.87 238 63.73 61.08 3293 29.82
SOUL-DOND 145.66 123.86 93.53 92.35 34.06 24.83 21.99 23.57
1hr. DAN]J-SEOS 171.68 149.21 193.46 139.45 37.88 41.36 48.52 45.29
INCH-SUWN 178.55 80.52 123.69 137.07 97.57 81.69 81.62 68.71
SOUL-YANP 96.66 54.52 40.66 53.89 104.08 56.99 50.27 26.84
WNJU-YANP 156.58 171.74 112.11 101.62 62.51 49.05 38.83 34.55
CHLW-CHUL 232.62 167.62 143.32 146.7 90.53 69.42 74.01 77.99
GANH-PAJU 945.48 569.01 389.3 433.41 47.51 57.6 53.38 48.6
SOUL-DOND 137.02 168.17 90.93 103.61 31.93 24.43 23.58 25.06
0.5 hr. DANJ-SEOS 183.58 159.03 149.34 140.18 67.67 49.31 54.11 44.14
INCH-SUWN 248.61 131.66 97.07 124.22 110.8 157.31 120.76 92.82
SOUL-YANP 172.28 389.18 46.16 65.03 161.56 153.04 59.55 73.96
WNJU-YANP 202.66 177.13 146.18 142.52 93.86 82.98 63.73 65.45
BelDou) GECJ (GEC + QZSS)& A 835191, %35 - Bkl 3 3, Aol AU E HrHs el 2 7149 mxH 4 ®
FAOIN Y 9] ARS BOSluAl BALS 159 302 T FEAES ALK 7] e 2700 oig nlAd T
2741 ARSIk At e 2, o]F 276 gk wEHolE A ol AU & Xjo|7t SAK o & [Fojulgh] &5k Y5l 7Hd
2101 SW-ISFSW-22 TR /1) LSRRI GBI X AR NS BUAL J1Z0] HE Babk vl el
Eglo] Zpolofl oI3k = LA T GNSS ZF 47 A1 ISk sholAl#(Chi-square)& 2§30 m, 717714
oF TE A 6744 7ol O3 24744 AP BB FASEL, I 7S Eq. (03 o] 22} A& wla thAe] R4t
of7lel Aatztat AxELQoE Felal Zt 20U M-S 7HA = 7 AR Aok YTE F oGt Eq. Q= AP AT
7 4ol M gslel & 141128) BTl AL B3], 2 A H15E Skl et FE ] shelch (Kim et al
2 AollA Aolgh 714 1 o7t 26 ~ 41 kmol| Hoh= 571 2009)
oz HF MY 2ol TS AFAT BEdolH
= /\]-.Q_%H.Qoﬂ = =5} 3 g7} o)}, {HO: o2 = §? )
- H,: 0% # S?
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4. RESULTS AND DISCUSSIONS

4.1 Benign Operational Environment
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Fig. 4. The standard deviation with respect to multi-GNSS combination for
cut-offangle 15°.
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% GNSSE 233 Aol TEAZF 6 ~ 8A7kIA AR
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Table 5. Rate of ambiguity-fixed solutions for cut-off angle 30° (unit: %).

Obs. time SW-1 SW-2
(hours) G GRE GEC GEC] G GRE GEC GEC]
8 90.18 100.0 100.0 100.0 99.32 100.0 100.0 100.0
89.80 100.0 100.0 100.0 100.0 100.0 100.0 100.0
88.00 100.0 100.0 100.0 100.0 100.0 100.0 100.0
80.95 100.0 100.0 100.0 100.0 100.0 100.0 100.0
83.20 100.0 100.00 100.0 100.0 100.0 100.0 100.0
0.5 81.63 9524 96.60 97.96 9456 9796 99.32 99.32
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Fig. 5. The standard deviation with respect to observation time for cut-off
angle 30°.
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Fig. 7. Coordinate difference of each baseline processed with SW-1, 4
hours data, and cut-off angle 30°.
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