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Abstract: Objectives: it is suggested that the multi-frequency GNSS technologies powerfully accelerate the development
of high-performance location services. However, the information of multi-frequency and all-system GNSS observations is
not fully used in the processing of positioning parameters. Due to that the fixed combination model used in the traditional
GNSS PPP solution, the multi-frequency observations are ignored in the parameters estimation. In this research, A GNSS
system- and frequency-wide integrated multipath mitigation and positioning model is used to improve the PPP
performances. Methods: firstly, a code multipath delay estimation model is designed 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. Secondly, the multi-frequency ionosphere-free combination is constructed in each system
based on the GNSS observations of whole systems and all frequencies to fully model the multi-frequency observations of
the users received. Thirdly, integrated GNSS multi-system observations, the mathematical model of all-system and
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all-frequency combined positioning solution is constructed. Results: according to the experiments of GNSS static and
kinematics observations, it is indicated that: GNSS multi-frequency observations can quickly mitigate the code multipath
delays, especially in the kinematics conditions, where the advantages of multi-frequency observations are significantly
presented. In the kinematics positioning solutions, compared with traditional BDS-3 dual-frequency kinematics PPP, the E,
N and U directions can be improved with 81.3%, 16.7% and 79.0%, respectively, by the GNSS multi-frequency combined
strategy. 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.

Keywords: Multi-frequency observation data; GNSS system- and frequency-wide; Positioning estimation model; Code

multipath delay; lonosphere-free combination
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Tab.1 The coefficients of different frequencies combinations in estimating BDS-3 multipath delays
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Fig.2 The Code Multipath of BDS-3 Observations Based on WUH2 Stations (253, 2022)
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Fig.6 The Distribution of Multipath Delays of Different Kinematics Experiment Schemes
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Tab.3 Results of Multipath Delays of Different Kinematics Experiment Schemes
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o G ZHAG ZHUERL RGO BHAG ZHURIL
RMS c23 0.425 0.228 0.213 0.431 0.27 0.263
(m) C38 0.215 0.121 0.12 0.227 0.159 0.158
PIE c23 243E-15  1.05E-15  -3.39E-16  -2.80E-15  -5.79E-16  1.56E-16
(m) C38 8.28E-15  1.30E-17  -6.51E-16 ~ 2.67E-14  6.48E-16  8.41E-16

BT 1A 2 B AR B S 56 HR T v U A AR SCER HY 1
% PR AL BESRIE XS 2 A S Tk, DRI IR s
B BRI AN [F] 22 B AR A B 5 2 R I 2 A5t B b 28
i, SE—2 e UL B MBS A, 7 AR
it  BIL=Fh 2 IR MBS R (JRIGAAEH . XU
HEMZIAE) NETHE, JT/E BDS-3 BLI A% T
BN SESR AT . N EARU AN T RE s, |7
25 T P MGEX (DGAR. GAMG) A4S iIGMAS
M (CHUL. SHAL sk i i ads e i — K GEARH 253,
2022) HRZETH; H3R 4 A T Ms 67 Ev N,
U J5 A S256 B I (253-259, 2022) A5 E 4t

JH A BDS-3 B HATE A7 SEER R B, GNSS £

(a) DGAR

A4 Bh A D PE 22 B AR ZE A B 5 58, AISRAEME I T4
RO e A 45 5, TRt U B3 HH 1 22 B A b B
T RMAT . 5 DL IR sh & CSRAE ) GNSS Z 45
MEHE R Hml, A ArERAS S5 BDS-3 XU £ 4
(BLI+B31) &L AN [F O FE 2 B AR A0 B J7 58 e o &5
IR BR800 8 fin. WAk, £
BANFIHBKMET, @O 2 BT iz ik
AbFR, R SIS s 7 RSO 1] R Y — e R A
Tty B AR BB B D BE 2 26 4% 1B IR Sk AT
TUERA RS HI 55 . R, A SR H I 2 A4 B I £
FE 2 B4 A B SRS S AT AT |

(b) GAMG
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Fig.7 The Positions Residuals Series of BDS-3 B1l PPP Solutions Based On Different Schemes of Mitigating Code
Multipath Delays (253, 2022)
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Tab.4 Results of BDS-3 B11l PPP Based on Different Schemes On B1l Code Multipath Delays

B1l JR %6 B1I XU B1l £ 4

Wk E(m) N(m) U(m) | E(cm) N(m) U(m) | E(cm) N(m) U(cm)
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
SHA1l 24.540 25.497 24.633 10.804  15.458 10.377 6.572 6.437 6.128
WUH1 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 1511 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

(a) ZMieAubrE

(c) ZIUERAE

(b) feBEXUmAL 2L

(d) ZHm G
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Fig.8 The Positions Residuals of Different Code Multipath Correction Schemes of BDS-3 Dual-frequency (B11+B3I) PPP
Based On Static Station Observations
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Fig.9 The Positions Residuals Series And Its Corresponding PDOP Series Based On Different Schemes
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Tab.5 Results of Positioning and The Its Convergence Time Based on Different Combinations

N - SRS P g S5 i
i blllbr _ _ _
E (cm) N (cm) U (cm) E (min) N (min) U (min)
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 Uil 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 £ i 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 £ 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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A THE RO R T AT R 1) R EL
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Fig.10 The Positions Residuals Series Based on Different BDS-3 Observations Combination Schemes

#* 6 ANFA BDS-3 ZHALE 5 5= Nl E ARG . WIS ) f RT3
Tab.6 Results of Positioning Accuracy and Its Convergence Time and Improvement of Different Combination Schemes of
BDS-3 Multi-frequency Observations

N n e sloks e e BJiF Te)
i Wk ) } )
E (cm) N (cm) U (cm) E (min) N (min) U (min)
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
T2 14.9% 9.2% 68.9% 0.9% 30.2% 16.1%
GAMG 0.733 0.382 0.952 61.214 25.085 27.010
T 6.2% 17.9% 37.0% 56.3% -12.6% -1.9%
BDS-3 &AL IF
BJF1 2.130 2.687 1.284 67.000 44.167 11.667
T 16.1% 7.0% 31.3% -0.75% 61.8% 33.8%
WUH1 1.381 1.579 0.720 60.125 62.381 11.221
RTHR 18.5% 4.9% 46.8% 19.7% 9.9% 28.0%
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Fig.11 The Available Satellites and The PDOP Series Of Kinematics Experiments
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Fig.12 The Positions Residuals of Different GNSS Multi-frequency Combination Schemes
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Tab.7 The Accuracy of Kinematics Experiment and Its Improvements Based on Different Schemes

AR E (m) ) R N (m) PETt = Umm &I

BDS-3 f& Gl i & 0.166 / 0.018 / 0.52 /
GNSS XU & &R 0.101 39.2% 0.012 33.3% 0.104 80.0%
GNSS Z A & &R 0.108 35.0% 0.009 50.0% 0.173 66.7%
GNSS Z Sl 4 & kA iR H 0.031 81.3% 0.015 16.7% 0.109 79.0%
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