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ABSTRACT

GNSS receivers capable of tracking multiple Global Navigation Systems (GNSSs) simultaneously are widely used. In order to

estimate accurate user position and velocity, it is necessary to consider the key elements that contribute to the interoperability

of the different GNSSs. Typical examples are the time system and the coordinate system. Each GNSS is operated based on

its own reference time system depending on when the system was developed and whether the leap seconds are applied.

In addition, each GNSS is designed based on its own coordinate system based on earth model constant values. This paper

addresses the interoperability issues from the viewpoint of Single Point Positioning (SPP) users utilizing multiple GNSS

signals from GPS, GLONASS, BeiDou, and Galileo. Since the broadcast ephemerides of each GNSS are based on their own

time and coordinate systems, the time and the coordinate systems should be unified for any user algorithm. For this purpose,

this paper proposes a method of converting each GNSS coordinate system into the reference coordinate system through

Helmert transformation. The error of the broadcast ephemerides was calculated with the precise ephemerides provided by

the International GNSS Service (IGS). The effectiveness of the proposed multi-GNSS correction and transformation method is

verified using the Multi-GNSS Experiment (MGEX) station data.
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Fig. 1. Multi-GNSS including GPS, GLONASS, BeiDou, and Galileo.
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Table 1. Multi-GNSS precise ephemeris analysis centers and product types.

ID Analysis centers Product types
COD  Center for orbit determination in Europe (CODE) Final
GFZ Deutsches GeoForschungsZentrum Potsdam Rapid

(GFz)

GRG CNES/CLS Final
IAC Information and analysis center (IAC) Final
JAX  Japan aerospace exploration agency (JAXA) Final
SHA Shanghai observatory (SHAO) Rapid

WUM  Wuhan University Final / Rapid /

Ultra rapid

International VLBI Service (IVS), ZL2] 1 International Earth
Rotation and Reference Systems Service (IERS) 50 2 tiit
= FA/71RES QAR E BE5] A4 71 22 AQ]
ITRFE HAA|A Lo (Pearlman et al. 2002, Dow, Neilan, &
Rizos 2009, Schuh & Behrend 2012, Dick & Thaller 2020), <
o]| 5o International Terrestrial Reference Frame (ITRF) 2014
Fdte]] 7]od5}9ith TS GNSS AR A S-S AW 4] | S0k 7t
Zhe] GNSS M2 A2 th2 7% HEAL Aikgel wet o2
Jheisier. 7 GNSSE ) TR A HEAL A2 it
B3 AI5H=7H] et Eolch UAIE, thekeo] AL
A= [TRFE ZE 2 A 2 AM8512] 91 27| 7ke] 53148
ZLAIGE A o} GNSSE ARE-sEar @)tk (Malys et al. 2021).

H =R A A7LH o2 AR 7158 GPS, GLONASS,
BeiDou, 18] 11 Galieo2] 23 A2l World Geodetic System
(WGS) 84, Parametry Zemli (PZ)-90.11, BeiDou Coordinate
System (BDCS), Z1&] 31 Galileo Terrestrial Reference Frame
(GTRF)E E3sh= 47H9] 2324 Abolo] S2Hd& A|Alstaat
S} 3E ATE s Yskol AR A BE L
% A= oz 7UE AEAL TS Folol 1
£ MGEX 71539 4 A= 2 7ike 2 339 7% 24
2 Wttt o714, B FXE Fole] BAH H4l Multi-
GNSS Experiment (MGEX) 7|&2 A = 7|& 234
L IGbl4E && ¢lon ITRF2014 7|do] tidh IGSe] 33
(realization)o]t} (Rebischung et al. 2016, Altamimi et al. 2016,
Griffiths 2019). ZF GNSS7} Al 3sH= W4 flegde AA 7 &
9ol AHEHIE el % Frolch WE ALl oxj7h 23t
ol AT ALgAPH ulA 447 2T 4 Y Fol Yk o
4] GNSS 7| EHTAE Aole] BAE o|E 02 AL
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£ of7] thio] olof thek MM TS 91X TS §
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BeiDou, 18] Galileoo]| tslo] Z7& o2 ALE 7155k vk
H =22 IGS MGEX FTP AlH{ol|l A &5 4~ Qlrt.
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A A= S AREANA Algtict ohpe] 4 713 5 ok
% GNSSel tigh A AE =& Algohe 24 7183 87 Ale
< A A= 2] YPEE Table 1o Yehflom A Ro] 7Hg
418 Fig. 20 JERHSI T} (International GNSS Service 2021a).
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Fig. 2. Multi-GNSS precise orbit product availability according to the
analysis center.
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Fig. 3. Relation between GNSS time systems, UTC, and TAI.

Table 2. Different GNSS coordinate systems.
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Fig. 4. Relation between GNSS time systems in September 2021.

ITRF GPS GLONASS BeiDou Galileo

Coordinate system 1Gb14 WGS 84 PZ-90.11 BDCS (=CGCS2000) GTRF

Semi-major axis 6,378,137 m 6,378,137 m 6,378,136 m 6,378,137 m 6,378,137 m

Earth’s gravitational constant ~ 3.986004418x10" m’/s*  3.986005x10"'m’/s*  3.986004418x10" m’/s’ 3.986004418x10" m’/s’  3.986004418x10" m’/s’

Flattening 1/298.257222101 1/298.257223563 1/298.25784 1/298.257222101 1/298.257222101

Earth’s rotation rate 7.2921150x10°rad/s ~ 7.2921151467x10°rad/s  7.2921150x10° rad/s 7.2921150x10°rad/s ~ 7.2921151467x10° rad/s
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2017).
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Type

Accuracy

Latency

Updates

Sample Interval

Broadcast

orbits

~100 cm

Sat. clocks

~5nsRMS
~2.5ns SDev

real time

daily

Ultra-Rapid (predicted half)

orbits

~5cm

Sat. clocks

~3 ns RMS
~1.5ns SDev

real time

at03,09, 15,21 UTC

15 min

Ultra-Rapid (observed half)

orbits

~3cm

Sat. clocks

~150 ps RMS
~50 ps SDev

3-9hours

at 03,09, 15,21 UTC

15 min

Rapid

orbits

~2.5cm

Sat. & Stn. clocks

~75ps RMS
~25 ps SDev

17 - 41 hours

at17 UTC daily

15 min

5min

Final

orbits

~2.5¢cm

Sat. & Stn. clocks

~75ps RMS

12-18 days

every Thursday

15 min

Sat.: 30s

~20 ps SDev Stn.: 5 min

Fig. 5. Types of precise ephemeris provided by IGS.

2 A0 olg) 71X A= e} E3Ee] glon] 49 A
2 SXT & Sl BAE A 7|E A st 43 $A
Hrolct

G841 7|3H59] AB.E Hgsled Fig. 59} 2ol % Al 74
A Hefjo] Al A= A|F3tc} (International GNSS Service
2021b).

A FE o] gefjoll= Final, Rapid, Ultra-Rapid7} ¢l.om
£3] Ultra-Rapidi= #47 d|o]ele} ol & AAIZE tlo]8 2 EF4
t}. Final Hlo]El= oF 2407} 7|&=9] A BE E45t] A=+
o] 12-18Y o] AQ=HAT 71} =2 F2E 5 B Qlrt Rapid o
olEl= oF 1307 7|&=2] FJEE EAIso] 17-41A17F Fofl AlF
et Ultra-Rapid Hlo]El& oF 907] 7|&=9] B E A5}
3-9AIZE Zoll AlFE= B4 dlojelel o] & 7RO R A SE &
AX7F gloe] SefE AZE T} (Yang et al. 2019).
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£ AFsi, & 714 9] 2fo]& PCO=RAL gt} (Montenbruck,
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IGSo)|4]&= & GNSS Pseudo Random Noise (PRN)o]| 3f]
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Fig. 8. Helmert transformation.
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Table 3. Types and characteristics of data used in the experiment.

Data Provider Station Notes
(center)
Broadcast ephemeris  IGS MGEX FTP KMNM GPS, GLO, BDS
Broadcast ephemeris  IGS MGEX FTP ARHT GAL
Broadcast ephemeris  IGS MGEX FTP DJIG GAL
Broadcast ephemeris  IGS MGEX FTP YEL GAL
Precise ephemeris IGSAC CODE Final data
Antenna calibrations  IGS antenna - ANTEX Version 1.4
working group

Table 4. RMS values of satellite position error for each GNSS.

Satellite position error (m)

PCO uncorrected PCO corrected
Radial Along-track Cross-track | Radial Along-track Cross-track
GPS 1.22 0.78 0.17 0.08 0.78 0.05
GLONASS  2.03 1.00 0.37 0.40 0.99 0.09
BeiDou 1.16 0.22 0.22 0.58 0.22 0.17
Galileo 0.84 0.05 0.10 0.10 0.05 0.07
Total 1.33 0.61 0.23 0.38 0.61 0.11

Table 5. Position error after PCO correction and clock offsets of GPS satellites.

Along-track Cross-track

Satellite  Radial (m) (m) (m) Clock (ns) Block
GO1 0.00 -0.07 0.01 -1.36 IIF
GO02 0.11 -0.96 0.03 -0.32 IIR-B
GO03 0.04 -0.67 0.07 -1.85 IIF
G04 0.07 0.99 -0.05 1.34 IITA
GO05 0.09 -0.98 0.00 -0.60 IIR-M
GO06 0.05 -0.91 0.10 -1.81 IIF
G07 0.01 0.11 0.07 -0.98 IIR-M
GO08 -0.03 1.12 0.02 -3.10 IIF
G09 0.01 0.53 -0.01 -0.49 IIF
Gl10 -0.06 1.24 0.02 -0.63 IIF
Gl12 0.03 0.17 -0.01 -1.25 IIR-M
Gl13 0.08 -0.37 0.01 -0.06 IIR-A
Gl4 0.10 1.09 -0.11 1.47 IITA
Gl15 0.13 -1.18 -0.04 -1.14 IIR-M
Gl6 -0.05 1.19 -0.01 -1.08 IIR-A
G17 0.14 -1.53 0.05 0.78 IIR-M
Gl18 0.16 0.09 -0.01 1.42 IITA
G19 0.02 -0.26 -0.05 -0.87 IIR-B
G20 0.06 -0.12 0.05 -0.81 IIR-A
G21 0.01 -0.19 0.03 -0.48 IIR-A
G22 0.01 -0.30 0.01 -0.23 IIR-B
G23 0.19 0.08 -0.01 1.78 IITA
G24 -0.03 0.66 -0.02 -3.56 IIF
G25 0.02 -0.72 -0.07 -1.47 IIF
G26 -0.07 0.91 -0.08 -0.74 IIF
G27 0.02 0.01 0.01 -1.18 IIF
G29 0.13 -1.24 0.02 0.80 IIR-M
G30 0.02 -0.43 -0.02 -1.78 IIF
G31 0.05 -0.72 0.10 -2.19 IIR-M
G32 -0.04 0.58 0.00 -1.27 IIF
RMS 0.08 0.78 0.05 1.45 -

o] Analysis Center (AC) = 5}L}Ql CODEO]|A] A3 Final &
glo] glo|E| 2 A}gsld o PCO BA S $J5llA] IGS antenna
working groupol|A] | gsH= 14 H7A 2] ANTEX H|o|E| & A&
shct.

W2y 7+ Q) toll thote] W E_Eﬂ = 7INre 2 o A
£ AFEs}a, PCO BA A39] 4 z J
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Fig.9. GPS satellites position error before and after PCO correction.
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Fig. 10. GLONASS satellites position error before and after PCO correction.
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Fig. 11. BeiDou satellites position error before and after PCO correction.
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Fig. 12. Galileo satellites position error before and after PCO correction.
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Table 6. Position error after PCO correction and clock offsets of GLONASS
satellites.

Along-track Cross-track

Satellite  Radial (m) Clock (ns) Block

(m) (m)
RO1 0.28 -0.14 -0.22 -1.64 M
RO2 0.36 0.38 0.08 3.82 M
RO3 0.54 0.33 -0.07 20.13 M
RO4 0.45 0.17 0.00 19.09 M
RO5 0.42 0.56 -0.12 10.06 M
RO7 0.59 1.25 -0.06 14.75 M
RO8 0.36 -1.67 0.00 23.62 M
R09 0.48 -0.03 0.04 21.54 K1
R12 0.39 -0.58 0.13 5.25 M
R13 0.38 -1.65 -0.02 9.37 M
R14 0.45 0.30 0.02 1.68 M
R15 0.38 -0.26 -0.01 11.77 M
R16 037 1.81 -0.03 8.65 M
R17 035 -0.81 -0.02 14.83 M
R18 0.44 1.05 0.01 1.08 M
R19 0.41 -1.09 -0.12 10.34 M
R20 -0.04 -0.20 -0.20 9.82 M
R21 034 -0.08 -0.09 13.73 M
R22 037 2.19 0.01 6.72 M
R24 0.40 -0.57 0.03 7.71 M
RMS 0.40 0.99 0.09 12.60 -

Table 7. Position error after PCO correction and clock offsets of BeiDou satellites.

Along-track Cross-track

Satellite  Radial (m) Clock (ns) Block

(m) (m)

Co6 -1.05 0.22 -0.04 92.20 2GIGSO
Co7 -0.72 0.00 0.47 11474  2GIGSO
Cos -1.01 0.37 -0.74 10413  2GIGSO
Co9 -1.15 0.21 -0.09 89.34 2GIGSO
c10 121 0.03 0.37 87.11 2GIGSO
Cl1 0.92 0.40 0.00 82.46 2GMEO
c12 1.21 0.89 0.03 80.04 2G MEO
Cl4 1.46 0.38 0.24 91.37 2G MEO
Cl6 -0.61 0.19 -0.05 64.24 2GIGSO
c19 0.22 0.18 -0.06 94.61 3G MEO
C20 0.22 0.17 -0.01 12620  3GMEO
c21 0.23 0.11 -0.02 10640  3GMEO
c22 0.19 0.15 -0.05 11040  3GMEO
c23 0.21 -0.10 -0.03 13402  3GMEO
Cc24 0.18 -0.05 0.01 83.74 3G MEO
C25 -0.02 -0.03 0.00 61.74 3GMEO
C26 0.00 -0.16 -0.02 49.41 3G MEO
c27 0.00 -0.06 0.03 54.22 3GMEO
c28 -0.04 0.09 0.00 50.72 3G MEO
C29 -0.01 0.00 0.03 62.42 3GMEO
C30 0.00 -0.06 0.04 35.57 3G MEO
C32 0.22 0.15 0.04 36.41 3GMEO
C33 0.23 0.20 0.05 6239  3GMEO
C34 0.00 -0.01 -0.05 42.38 3G MEO
C35 -0.01 0.06 -0.02 52.44 3G MEO
C36 0.35 -0.07 -0.06 5.97 3G MEO
C37 0.37 -0.13 -0.05 2243 3G MEO
C38 0.32 0.12 -0.07 73.69 3GIGSO
C39 0.30 -0.08 0.03 74.03 3GIGSO
C40 0.43 0.05 0.03 55.38 3GIGSO
ca1 0.65 0.19 0.04 6,57 3G MEO
ca2 0.63 0.16 0.02 3292 3GMEO
c43 -0.05 0.17 -0.04 50.37 3G MEO
ca4 -0.01 0.00 -0.06 55.75 3G MEO
c45 0.25 -0.09 -0.11 1495  3GMEO
C46 0.27 -0.06 -0.14 -6.01 3G MEO
RMS 0.58 0.22 0.17 73.67 -

ANTEX dlo]5i2 E5lo] 4 Aol 14 7128 e 24
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Table 8. Position error after PCO correction and clock offsets of Galileo satellites.

Along-track Cross-track

Satellite ~ Radial (m) Clock (ns) Block

(m) (m)

E02 -0.11 0.02 -0.02 -6.10 FOC
E03 -0.09 -0.02 0.03 -5.46 FOC
E04 -0.11 0.05 0.07 -5.69 FOC
E05 -0.12 -0.05 0.10 -5.43 FOC
E07 -0.04 0.00 0.06 -5.39 FOC
E08 -0.09 -0.04 0.08 -5.90 FOC
E09 -0.08 0.08 0.08 -5.59 FOC
Ell 0.01 -0.06 0.10 -5.83 10V
E12 -0.06 0.01 0.13 -6.04 10V
E13 -0.17 0.00 0.05 -5.84 FOC
El5 -0.09 -0.04 0.05 -5.42 FOC
E19 0.01 0.07 0.12 -5.50 10V
E21 -0.19 0.00 -0.06 -5.66 FOC
E24 -0.08 -0.01 -0.02 -6.12 FOC
E25 -0.12 -0.07 -0.04 -5.61 FOC
E26 -0.11 -0.06 0.06 -5.46 FOC
E27 -0.09 -0.01 -0.01 -5.59 FOC
E30 -0.07 0.03 -0.05 -5.85 FOC
E31 -0.11 -0.03 -0.07 -5.59 FOC
E33 -0.09 -0.09 0.05 -5.73 FOC
E36 -0.09 -0.03 0.04 -5.28 FOC
RMS 0.10 0.05 0.07 5.68 -

ol ol W AFEE WS AR 94 91X oxpt vk oz
Zhasts 22 BRI 4 9lek 7 ST 914 913 RMS 93}
£ RAC #}32A o] tis}o] Table 4of] LrER ST

PCO B3 A3} GPSe] 7% YAl 91%] RMS @ x}7} Radial,
Along-track, 712] 31 Cross-track B}kl tiis}e] 1.22 m, 0.78 m,
0.17 mofl4] 0.08 m, 078 m, 0.05 m& Z+As}Ich GLONASSE=
2.03 m, 1.00 m, 0.37 moflA] 0.40 m, 0.99 m, 0.09 m=Z 7}4A5}3 S
1 BeiDous 1.16 m, 0.22 m, 0.22 moj|A4] 0.58 m, 0.22 m, 0.17 m&
ZF 45193t} Galileo: 0.84 m, 0.05 m, 0.10 mof|A] 0.10 m, 0.05 m,
007 m2 ZAsigon] Ay QTS Z3FshH 133 m, 0.61 m,
0.23 mojl4] 0.38 m, 0.61 m, 0.11 m& 7-AsITh ©]o] RMS 92}
AFE 2 Blo] BaA) 7ke] okt Helmert i8S 4H5-2
SlsA s PCO A o] B4 & o 4 QIek PCO A Fof 2
£ $J420] 7k PRNe| thak RAC RMS .39} w4 Al=edat 4
U A= o] S AA 23 oA 2 94 9] EAE Tables 5-8

ofl g 25t

3.2 Helmert B2 7|8 A3

9P PCO HAS Folo] A Aeat e A= 94
PEAE FYskTh PCOZH BAE B A WS A=

Y& ZEslo] ZF GNSS A £ IGbl4E $H¥5}= Helmert U
NHE AFESITE wiZisiS 4} 2k igtell= Bl 3
et SA]ao| 4] MATLABS 7REO.2 FRdste] g 52
Geodetic Transformations ToolboxE &-85}93th (Wasmeier
2018). GNSS &3z A o] that Helmert wi7ied 4=} 77} of7isd4
9] Root-Sum-Square (RSS)E Table 9of eIt RSS+= %}
x WS o7 RS E s s o ol ARE, £33
2 wiZfAS7E om G R ZALSlE o] AL 2T 9 S
6,371 kmz}al € of =3]d o7 42] 1 mase 3.09 cmz, =21
ufj7jRdZ4=2] 1 part per billion in scale (ppb)+= 0.64 cm=Z LA}S}H

K
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Table 9. Helmert parameters and their RSS value of each GNSS against
IGb14.

AX AY AZ RX RY RZ Scale RSS?
(cm) (cm) (cm) (mas) (mas) (mas) (ppb) (cm)
GPS 142 006 225 041 010 -099 -163 439
GLONASS -045 -201 -345 -020 -1.03 -070 -1515 11.20
BeiDou  11.05 2022 -191 017 -056 3.02 -1.66 25.01
Galileo 329 -094 -1.09 016 022 -007 304 417

GNSS

GNSS TRFs and 1Gb14

1 - 1
Y (m) 15 15 X (m)

GPS =#4-GLO -#~BDS GAL

Fig. 13. GNSS Terrestrial Reference Frames (TRFs) and IGb14.

sk

2> 9t} (Malys et al. 2021).
RSS AF= A3} Galileoe] GTRF7} IGbl4¢} 417 cmZ 71 &
Sk 7o 2 LERF o] GPSe] WGS 847} 4.39 cm, GLONASS
PZ-90.110] 11.20 cm, 12} 37 BeiDou<2] BDCS7} 25.01 cmZ F
151t

7} GNSS9| Helmert j7# 45 o] &ste] 71& A2
1Gbl4e} 7+ GNSSe] 2Ale] TAIE Fig. 130f Lefujoiey. 417
B2 o 1R 4 gl 22 Zol A9k, 7HAEE $15)e]
53| o4} S35 w7 4ol & 3x1079] LA A S

slo] EAIsoc

o mx

]
o

3.3 MGEX 7IE= 21%| 2%} 4™

7+ GNSSO| 22 A|S IGbl4E EYso] MGEX 7|&=ko] tf
gk thF GNSS B3t &9 $1A] A5 AFEsIQict 2fa3A A
Zholl= FA] AFEE 7+ GNSS2] Helmert ni7isA47} 2H8-5 9]
T} GNSS = d|o]El= IGS MGEX FTP AH{oflA] A3 5=
MGEX TWTF 7]%39] 24417k GPS, GLONASS, BeiDou, 12
i1 Galileo2] RINEX tfjo]E] & 285131t S34Ql ZAut #A4&
$5te] SPPoflA] 71 & S X oxF A% MElS A A5
AAsIICE MElS A 24k A|AE LI} L2 b4 o)A
2] £4 ]9 “iono-free” Ay =3} 7|Ho] &L=t LI ot
o} L2 Fupgeo] oalAE] S XS AF 233t “iono-free” 2]
AR SR pf = Al (5)e} o] A 4 Qlt} (Su, Jin,
& Hoque 2019).

%
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Fig. 14. Flowchart of the SPP algorithm with Helmert transformation.
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Fig. 16. Positioning error of the MGEX station with respect to the North,
East, and down (NED) direction.

Table 10. Positioning error of MGEX station.

Broadcast Ephemeris Helmert transformed
RMSE(m)  North 1.44 1.44
East 0.79 0.79
Down 3.98 3.98
3D 4.31 4.30
50% (m) CEP 1.38 1.37
SEP 3.46 3.44

Table 11. Satellite position RMSE improvements and SISRE.

Improvement in sat. position RMSE (m) SISRE (m)
GPS 0.11 0.05
GLONASS 0.43 0.41
BeiDou 0.62 0.13
Galileo 0.08 0.07
Total 0.38 0.22

Square Error (RMSE), Circular Error Probable (CEP), 71231
Spherical Error Probable (SEP)o] tis}o] Table 100]] L}l Th.

Z_r] 7&_],]. = :y_a] o]-aH H]—%}:oﬂ EH%]- RMSE 7Lo] H]—zx\_
HA==s 28319 Oﬂi wfje} Helmert 813+ 7]\ -& A 83519&
& Zpolg Holx] ok¢rom 3D RMSE Zko] 0.01 m A5kt
CEP$} SEP 3} 2 x}o]2 Ro|z] 9kgkon] CEPS} SEP7} zkz}
0.01m, 0.02 m 7Z+45}ich

Table 113} ZFo] Helmert Big} 7| o] A2 x]o] B = Q4]
off thet 9148 $1x] RMSEZ} 0.38 m 7R =Gl ot AAl|l $14] 3=
% 73} 3D RMSE gfo] 0.01 m ZFASIGITE L o] fi= AMEAR]
21z @2}el User Navigation Error (UNE)+= A1 (6)3} Zro] A4t
=]7] wj&Eo]t} (Warren & Raquet 2002, Cohenour & van Graas
2011).

!;

o
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61714 Geometric Dilution of Precision (GDOP)+= $A] Hlj=]]]
ol 91X FHE, SISRE:= 914 $1x] & AlAlof| 2J3k @4}, 1]
1 User Equivalent Range Error (UERE)= A 2|2 2|91 @4},
RU AR o3, $417] B2 G, 1w oE AR oA 5
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