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Abstract: Objectives: It is suggested that the multi-frequency global navigation satellite system (GNSS)
technology powerfully accelerate the development of high—performance location services. However, the in-
formation of multi-frequency and all-system GNSS observations is not fully used in the processing of posi-
tioning parameters. Due to that the fixed combination model used in the traditional GNSS precise point posi-
tioning (PPP) solution, the multi-frequency observations are ignored in the parameters estimation. A

GNSS system-wide and frequency-wide integrated multipath error mitigation and positioning model is
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used to improve the PPP performances. Methods: First, a code multipath error estimation model is de-
signed by the combination of the multi-frequency observations in the stage of observations preprocessing,
where the impacts of observation noise and ionospheric error are eliminated. Second, the multi-frequency
ionosphere—free combination is constructed in each system based on the GNSS observations of whole sys-
tems and all frequencies to fully model the multi-frequency observations of the users received. Third, inte-
grated GNSS multi-system observations, the mathematical model of the whole systems and frequencies
combined positioning solution is constructed. Results: According to the experiments of GNSS static and ki~
nematics observations, it is indicated that GNSS multi-frequency observations can quickly mitigate the
code multipath error, especially in the kinematics conditions, where the advantages of multi-frequency ob-
servations are significantly presented. In the kinematics positioning solutions, compared with traditional
BeiDou—-3 navigation satellite system dual-frequency kinematics PPP, the east, north and up directions can
be improved with 81.3%, 16.7% and 79.0%, respectively, by the GNSS multi-frequency combined strate-
gy. Moreover, the convergence time is significantly shortened. Conclusions: Therefore, it is meaningful to
use the proposed multi-GNSS and multi-frequency PPP solution, which can promote the improvement of
GNSS location services.

Key words: multi-frequency observations; system—-wide and {requency-wide GNSS; positioning model;

code multipath error; ionosphere—free combination
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Table 2 Statistical Results of B1C and B1I Code Multipath Errors Based on Different Combination Schemes/m

RMS /100
€32 C41 €32 c41
1 48 XU 0.343 0.505 13.65 —105.4
B1C EZ R Rsy 0.229 0.367 —4.002 —7.216
EZ 5537 0.229 0.368 4.366 3.054
1% 58 XU 0.309 0.475 —4.975 —64.91
B1I B2 EiRes 0.211 0.231 5.894 —2.429
EZ2 853N 0.207 0.231 —1.051 —2.100
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Fig. 5 Distribution of Code Multipath Errors Series of Different Schemes in Kinematics Experiments
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Table 3 Statistical Results of Code Multipath Errors

Based on Different Kinematics Experiment Schemes/m

gk RMS S {E /101
23 (38 €23 €38
fEGE R 0.425 0.215 24.3 82.8
B1C ZHidlifr 0.228 0.121 10.5 0.130
LA 0.213 0.120 —3.39 —6.51
fEGERU 0.431 0.227 —28.0 267
BII ZMiH+A  0.27 0.159 —5.79 6.48
ZHitt 0.263 0.158 1.56 8.41

22 GNSSEZRLELIMATEMEIEHH

o BETE R SR, 5 r UL A i T Ak B
AT 5T GNSS 2 R 48 4 0 s WL i) 2 156 42 1%
ZEAEIE D7 o RIS, Sk 36 F 22 00000 0 {5 2% 7 4
R R (1 1 AR L DL TG H B 2 A G B Ry Sl
4y 3R] H BDS-3 XA 4 A (BDS-3 3UH IF) |
BDS-3 Z 4 41 & (BDS-3 Z 4l IF) LA & GNSS 4

ARG A0S A (GNSS 200 1F ) b xf He o %, JF
J& PPP & iy Mr. B84 H T CHUL 5
GAMG 3 1) 5% 22 7 51 (2022 4F DOY 253 ) Fl i
B g F (positions dilution of precision,
PDOP)JF 31 . fy H ARG B 5 7 08, 3% 4 v 43 3
T MGEX 5 iGMAS —J# (2022 4£ DOY 253
2 259) e LR B SISt M geit . B8535
145 R 5 A 2O IE B, MR TR
45 BDS-3 MU 22 7 A R, GNSS 4 R 48 4 4fi
S AR TR AT S R s S ARG R 55 A S5 1]
BB . TR 200 Al A & BOR 52 90 1 0
P&, BDS-3 Z Ml 5 1 A7 7E #8430 3 5 1w w1 T
BDS-3 WU 45 5 . Bk b S EB T GNSS £
T 0 A5 B KT R ORG BE  Ar Sh e i) R 3 Bl A
F o PRIE, ARH T 4% e 1 BpU sl BUSH A {7 455 78 1
T LA BN T 1 22 0800I A TS 4 A A2
BEAY

0.6 . 0.6 .
g OM\\/\“I g OW\’\
m m
*82 : -0.6 "
. T 0.6 -
= £ 9
~ z
06 - -0.6 : : .
1 : 1 . : .
= 1 E
5 Ob'-t{jj; — > orc\ /h_,,___:—=1
,1 s 1 " _ 1 1 1
0 720 1 440 2160 2 880 I 720 1 440 2160 2880
Jige 51 Jige 51
(a) DGAR (b) GAMG
06 ! l 06 \¥'—/_—-
= =
= OM S = OM
-0.6 - A -0.6 : -
0.6 . . 0.6 . .
_06 = L 70 6 "
1 . . 1 ’
= =
5 Obej_, £ OW
_ L L L -1 L L L
o 720 1440 2160 2880 0 720 1 440 2160 2 880
el ibazd
(¢) CHU1 (d) SHAI
—BIXUH —B1Z4 —BIEH
Bl 6 [ PR 22 BR AR % 25 Ak F1 )5 22 19 BDS-3 BT B0 v 4% 2% 15 41 (2022 4E DOY 253)

Fig. 6 Position Residuals of BDS=3 B1I PPP Solutions Based on Different Schemes of Code Multipath Errors
(DOY 253, 2022)

2205 £ 2T S o AR D 1 e 4R T, R
PR Z MG BN EMAS . HrIr A
SCHRE B 3 T GNSS 4 &R G4 0 I Y 2 A7
B g — 25 LA BDS-3 Z 4T B4 & (BDS-3 £
W IF) 5 BDS-3 24 i L 41 A (BDS-3 fe i IF )
ST R o el A R BT AR X (8) HEAT
fi# 5 o 9 w4y g T 4 A4 s (BIFT,
WUHI1.DGAR fil GAMG) ARl 5 % F i — KA

EHREIT A, 3 6 th 5 T RN 7 T AS [
3 1 — 8 (2022 4E DOY 253—259) 5 o7 K i e H
s W STIES v P B o -7/ S5 el LY o
sl WL SR as R A 22 U Bl B G, 3% 5 Hp B 43 T 3
WS I3 . B9 53R 5P LI 45 R R LR
H BDS-3 Z 4 WL 54 45 f A0 40 & K g, E N U
Dy 1) 5 A A BE A AT 4 B4R T 6.2%0.4.9% .
31.3% , ELAF N Wi S5t 1a] FE A 528 T 46 %



%550 &5 7 W] AR —Fh LT GNSS 4 2 G2 a4 5 UL Y 22 6 A2 46 1 S o o7 A TR 1299

F4 TESHEEIRELAEFRT BDS-3 B PPP EMFEE ST /cm
Table 4 Accuracy of BDS-3 B11 PPP Based on Different Schemes on B11 Code Multipath Errors/cm

BILJEHH B1I X4 B1I £
st E N U E N U E N U
CHU1 26.662 13.271 11.426 3.865 3.422 3.505 3.037 3.250 3.239
KUN1 11.565 20.118 29.159 7.644 14.510 22.454 7.746 11.671 18.108
SHA1 24.540 25.497 24.633 10.804 15.458 10.377 6.572 6.437 6.128
WUHI1 19.819 20.851 6.343 14.343 16.838 3.265 4.683 7.713 2.797
DGAR 19.941 7.501 44.810 1.511 2.067 6.398 1.218 2.260 8.353
GAMG 13.702 7.392 32.497 2.744 1.085 8.341 2.092 1.047 3.423
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Table 5 Results of Positioning and Its Convergence Time Based on Different Frequencies Combinations

WSR2 /em WSk ] /min
T A Wl
E N U E N U
DGAR 1.029 0.778 4.228 78.071 18.357 43.643
GAMG 0.628 0.982 1.180 145.500 26.643 27.857
BDS-3 XU IF
CHU1 2.096 1.461 2.582 55.600 38.100 34.600
WUH1 2.123 2.253 1.538 89.000 66.833 17.417
DGAR 0.900 0.747 4.370 73.857 19.357 39.929
GAMG 0.781 0.465 1.511 140.214 22.286 26.500
BDS-3 Z 4 IF
CHU1 1.878 1.897 2.853 53.700 39.000 26.900
WUH1 1.695 1.660 1.353 74.917 69.250 15.583
DGAR 0.772 0.586 2.197 72.071 13.143 34.357
GAMG 0.448 0.330 1.250 52.214 24.071 26.714
GNSS ZH IF
CHU1 1.418 1.420 1.264 44.500 34.600 23.200
WUH1 1.355 1.579 1.248 43.333 58.833 12.917
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Fig.9 Position Residuals Series Based on Different BDS-3 Observations Combination Schemes
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Table 6  Positions Accuracy and Convergence Time of Different Combination Schemes of
BDS-3 Multi-frequency Observations
n - W SORE I /em W S 1] /min
B Al il
E N U E N U
DGAR 0.900 0.747 4.370 73.857 19.357 39.929
GAMG 0.781 0.465 1.511 140.214 22.286 26.500
BDS-3 £ i IF
BJF1 2.538 2.889 1.868 66.500 115.500 17.625
WUH1 1.695 1.660 1.353 74.917 69.250 15.583
DGAR 0.766 0.678 1.360 73.202 13.508 33.500
GAMG 0.733 0.382 0.952 61.214 25.085 27.010
BDS-3 £ IF
BJF1 2.130 2.687 1.284 67.000 44.167 11.667

WUH1 1.381 1.579 0.720 60.125 62.381 11.221
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Fig. 11 Positions Residuals of Different GNSS Multi—frequency Combination Kinematics Positioning Schemes
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Table 7 Accuracy of Kinematics Experiment and Its

Improvements Based on Different Schemes

. =7t =7t I

21 A AR E/m N/m U/m
/% /% /%

B1C+B2a 0.166 0.018 0.520
GNSSAU#H  0.101  39.2  0.012  33.3  0.104  80.0
GNSSZ#i  0.108 350 0.009 50.0 0.173  66.7
GNSS#Hf  0.031 81.3 0.015 16.7 0.109 79.0

3 & i

TE 200 2 85 GNSS 4 & 4t 4 0 6] 45 i 55
AT 5T, R BUIAE 2 A IR 55 1 rE 4 T
PRALH R AR . S B GNSS 550U I {5 B Y 78
SRR AR SO T —FP BT GNSS 4 R 48 40
SOOI ) 22 6 A% 15 2508 1 K v A A0 B3 o) 4
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