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ABSTRACT

The satellite navigation system was developed for the purpose of calculating the location of local users, starting with the Global
Positioning System (GPS) in the 1980s. Advanced countries in the space industry are operating Global Navigation Satellite
System (GNSS) that covers the entire earth, such as GPS, GLONASS, Galileo, and BeiDou, by establishing satellite navigation
systems for each country. Regional Navigation Satellite Systems (RNSS) such as QZSS and NavIC are also in operation. In the
early 2010s, only GPS and GLONASS could calculate location using a single system for location determination. After 2016, the
EU and China also completed the establishment of GNSS such as Galileo and BeiDou. As a result, satellite navigation users
can benefit from improved availability of GNSS. In addition, before Galileo and BeiDou's Full Operational Capability (FOC)
declaration, they used combined navigation algorithms to calculate the user's location by adding another satellite navigation
system to the GPS satellites. Recently, it may be possible to calculate a user's location for each navigation system using the

resources of a single system. In this paper, we evaluated the performance of single system navigation and combined navigation
solutions of GPS, GLONASS, Galileo, BeiDou and QZSS individual navigation systems using high-performance GNSS receivers.
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Satellite System (QZSS)& & 57|, Q1%<] Navigation Indian
Constellation (NAVIC)L & 77]2] A JATFHA AL & &
SEAL Qitt. o]2igt AT AIAR ] WA} oA GNSS 42417
ARAVEE opeReE HAIAR Y ASE 41 4 9l GNSS
4715 NLste] Fastkar Qlet 2010t 2712 JHEPH Al
AElo @ 03] ZA o] 7535+ GNSSE GPSS} GLONASS7} 92
S} oL} 201614 Galileo A]AEQ] Initial Operational Capability
(I0C) 9 20204 BeiDou A]AEIC] Full Operational Capability
(FOC) A1 o 2 3Aofl+= Galileo, BeiDou T3t 7HHESPHA| AE]
©E o2 Abga} 9122 o] 7FsoiHLt.

Galileo, BeiDou A|AHIo] 2715]7] H7lxE= AEHog
GPS2} GLONASS 23t g 9ol tigh doll =3t=o] 1%
t} (Cai & Gao 2007, Li et al. 2009, Tolman et al. 2010). Galileo,
BeiDou, QZSS AJAHo] FHAITE A|FT o ZH Galileo,
BeiDou, QZSS 4155 0|85t A% g el gt A+t X
PGl o1} Galileo, BeiDou T30 Thet A5 w42 o|F
o] Z] ¢kttt (He et al. 2013, Tegedor et al. 2014, Santerre et
al. 2014). Y|4 % GPS, GLONASS, BeiDou, QZSS E-3FsHH
of St oIt7} A= v} 91 21} GPS, BeiDou, GPS+BeiDou &=
L GPS, GPS+GLONASS+BeiDou+QZSSe] that 29] Aty B

http://www.ipnt.orkr Print ISSN:2288-8187 Online ISSN: 2289-0866



334 JPNT 11(4), 333-339 (2022)

Table 1. GNSS constellation status.

Item GPS GLONASS Galileo BeiDou
Country USA RUSSIA EU CHINA
Year of IOC/FOC 1995 [FOC] 2011 [FOC] 2016 [IOC] 2020 [FOC]
Orbit MEO MEO MEO IGSO/MEO/GEO
Time scale GPST UTC(USNO) UTC(SU) GSTUTC BDTUTC
Circle 11h 58m 11h 16m 14h 04m 12h 50m (MEO)
Incline angle 55 deg. 64.8 deg. 56 deg. -
Coord. system WGS84 PZ90 GTRF CGCS 2000
Frequency (MHz) 3 3 5 4
B1C:1575.42
E1:1575.42
L1:1575.42 G1:1598.0625 ~1609.3125 E52:1176.45 B1:1561.098
G2:1242.9375 B2:1207.14
L2:1227.6 E5b:1207.14
L5:1176.45 ~1251.6875 E5:1191.795 B2a:1176.45
’ ’ G3:1202.025 E(”;'127E; 75 B2b:1207.14
: ' B3:1268.52
Modulation CDMA FDMA/CDMA CDMA CDMA
At 34 9t) (Choi et al. 2013, 2015). %] Galileo, BeiDou o] = x| A HH 24X]7ke] 24 77F Z9F AlARE GPS A
A2 B3 BEOR Y Z9P} bssidoinel Ha% BE  SHE QDRMS)E: 4 <9 m, 43 <15 mo] 3, GLONASSE: 4
Y AIARE AR 9 AJAE 2] otk ] S9 As W <om, $F <9ImE HuEich 228 290 BE A
ol Tt #ajo] Basickn BRI oo B =RolE F  thgh7U7ke] 3% 7I%F 52k ARHE BeiDou FEHE (2DRMS)E
9 AZHTH O] BEH] FRE 441500] GPS, GLONASS, Galileo, 4% < 9'm, 42 < 10 mo|iL 30 Uzke] 24 7|7 Sk A4k
BeiDou, QZSS 7% & A|AHlo] thelshH AsiT ol clokst Galileo &% (2DRMS)= 4% < 75m 423 <15 mE B 1%
GNSS 232 E351 E3tsH A3t & Hrisiict. t} (Galileo OS SDD 2019, GLONASS OS PS 2020, GPS SPS PAR
2021, BeiDou OS PS 2021). & = A& $Jo} 2-e F4] EA1

Hlu

GPS+= GLONASS+ 37l (GPS ICD 2000, GLONASS ICD
2008), Galileox= 57| (Galileo ICD 2021), BeiDou+= 47} (BeiDou
ICD 2013)9] k4> YHE R FHAISE $EFI} Table 10] 7]
23} H}9} Z+o] GPS, GLONASS, Galileo ©]43-¢- Medium Earth
Orbit (MEO)o]] B x]=]¢] Q111 BeiDou 72 7 2-ofl&= MEO®]| 27
7], Geostationary (GEO)®]| 87], Inclined Geosynchronous Orbit
(IGSO)of| 10717} Hi| = o] g3 lch Table 19 W82 z+
QAISHH A AEI O] FA] YIAlo|E (GPS GOV 2022, European
GNSS Service Centre 2022, Test and Assessment Research
Center of China Satellite Navigation Office 2022, Application
Consumer Center GLONASS 2022) 2 ICD &xjof Z7l=o] 91
1=

Santerre et al. (2014)of] w2 Z+ GNSS FHA|AH 9] 7}
5% o2 AFEEE AR E FaAolth W A
2L 3712 ohE T A2 F¥E 2|4 International Terrestrial
Reference Framex}o] @ x}= 4= AE|n|g] oJjo|t}. GPS B4
A=Y Aot = 1 mET 945ttk 42A it GLONASS
WE A= QPR sub-meter = FSEE VI AR
et BeiDou A]ARI O] HIE A= 8 ek = GEO 9
ARk MEO $MelA B 94318 Helxelrka F&sigick
7} GNSS £AFHE A Ase] Qula Gotzof thajo] 34
42l 914 B 5 H1AE HESRL gk o]F B
o5 GPSe] A AT B 91X e EHS ALgAt 27
& Zs YA A tisl) AolEt) AulA BE

T35}

a9
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GNSS $199] 912 % o2k, $:417] A1 2}, A28 7 Y
F7sto] AlLtelr] flste] Eq. ()&} 2ol 7] X4 25
AR5} (Tarrio et al. 2011).

KeX
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X =H"WH) *H"Wv (4)

B Aol B B 91X A% BhE 915t
o] I3 0.2 20224 9% 62 UTC 134] 505-HE] 2022 9%
791 134] SOE7HA] 24412k 59k A8 449519t 13 AHelA
L GNSS QHeflLbe] $17]e] 7% 9% Hito] 71eiH GLONASS
o] 24914 47} ok YA AE] Hlste] FE51A) Q] o

Fig. 1. GNSS receiver (Novatel OEM-7700) & antenna (Trimble Zephyr 3).

Table 2. GNSS single point positioning & combined positioning accuracy
(09-06-2022).

Avg. Horizontal Vertical Horizontal Vertical

Positioning solution SVs (CEP) (PE) (2DRMS) (2DRMS)

GPS 7.7 0.935 1.226 2.243 3.660
GLONASS - - - - -

Galileo 5.6 0.830 1.057 2.491 4.310
BeiDou 13.83  1.038 1.444 2.068 3.604
GPS+GLONASS 12.1 1.578 1.707 3.788 5.095
GPS+Galileo 13.2 0.830 1.057 1.992 3.154
GPS+BeiDou 21.5 0.779 1.018 1.869 3.040

GPS+GLONASS+Galileo  17.4 1.114 1.305 2,673 3.895
GPS+GLONASS+BeiDou  25.7 0.992 1.115 2.380 3.327
GPS+Galileo+BeiDou 27.0 0.783 0.877 1.879 2,619
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Fig. 5. Positioning accuracy (dual combined solution).

Table 3. GNSS single point positioning accuracy (11-11-2022 ~ 11-13-2022).

System  Avg.SVs Horizontal (CEP) Vertical (PE) Horizontal 2DRMS) Vertical (2DRMS)

Avg.GDOP  Availability (%)

GPS 7.76 1.287 1.319
GLONASS  5.77 4.766 7.391
Galileo 6.66 1.722 2,570
BeiDou 14.70 1.329 2.605

3.090 3.938 2.624 100.0
11.439 22.063 3.953 68.9
4.132 7.672 2.907 91.3
3.190 7.776 1.84 100.0

Zkzko] z3to 2 AFEF} ©]2] 92} (2DRMS)E GPS+GLONASS
43 3788 m 4=2] 5095 m, GPS+Galileo =35 1.992 m 43 3154
m, GPS+BeiDou 4~ 1.869 m 432! 3,040 mZ ArZE]giTh

22k AlFE 39 (T2AIZDZE A XISl AL, Fig. 25 7 Sl ey
off AFEE $14 # & HolFu, Fig. 32 22| AR @
© & ALk AMGAE $12] @2HE UERATE Fig. 3oflA] A A
A GPS W50 2 A4k AFEA 91X e 3ol FHA HA e
GLONASS, ®7HH a8 Galileo, 84 G 2418 BeiDou

917 9218 Lehiitt.
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Table 33} Zro] /L]/\Eﬂ_gq Hkh:l]— o]_g_ 1ol AAF=E GPS
©]%] 9.2} (2DRMS)= 42 3090 m 2:%] 3938 m, GLONASS 2
11439 m 23] 22,063 M2 AFSE|Q) 7 7194 T3} 689%2 4
el FPAI 2R SollA 71 Bkeh Galileo 171 @K 44
4132 m %% 7,672 m, BeiDou 3 3190 m 23] 7776 m& AH
=|9itt. Galileo, BeiDou THEa1 o] 742 12} A3 ZAulo] H]a|
$2) W A 2R 57h s13, 13 Aol Hlole] Al
B2 498+ GLONASSE QFEL} 2]2]2 GNSS A1 52 2415
7] golg 0.2 o WSO BT} 7184 W HIE A5
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Fig. 7. Positioning accuracy (triple combined solution).

Table4. Dual-GNSS combined positioning accuracy (11-11-2022 ~ 11-13-2022).

System Avg.SVs Horizontal (CEP)  Vertical (PE) Horizontal 2DRMS) Vertical 2DRMS)  Avg. GDOP  Availability (%)
GPS+GLONASS 12.370 1.667 1.950 4.000 5.821 1.987 100.0
GPS+Galileo 13.433 1.266 1.261 3.038 3.764 1.886 100.0
GPS+BeiDou 21.223 0.927 1.385 2.224 4.133 1.512 100.0
GPS+QZSS 11.162 1.086 1.409 2.607 4.207 2.119 100.0

Table 5. Triple-GNSS combined positioning accuracy (11-11-2022 ~ 11-13-2022).

System Avg.SVs Horizontal (CEP)  Vertical (PE)  Horizontal (2DRMS)  Vertical (2DRMS) Avg.GDOP  Availability( %)
GPS+GLONASS+Galileo 18.042 1.427 1.619 3.424 4.833 1.027 100.0
GPS+GLONASS+BeiDou  25.832 1.195 1.591 2.869 4.749 0.928 100.0
GPS+ Galileo+BeiDou 26.895 1.085 1.377 2.603 4.110 1.241 100.0

o] Woizir}, o}2}7kx] FUlelAl GLONASS B4 o] 4 Table 49} o] ZbE 0 2 Tel byl A ARIS o] 83k 91714
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of AFgA} YR 27} ST AU ] ARALNE 3T 5 9 K o] Geometric Dilution of Precision (GDOP) E38} Wolx]=
§ 3% T BUNAG BIAS YA B3 PUAT AT E LA

Y 4 ST AR SR QRS AN 4 Gl 483 W
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GNSS $}/d<to] 23He dual-GNSS 1] FEE o] HA 3t
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