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Abstract: Objectives: Global navigation satellite system (GNSS) interferometric reflectometry (GNSS-IR)
technology, as an emerging approach in near-Earth remote sensing, has become a research hotspot in re-
cent years in the area of soil moisture monitoring owing to its low cost and high precision. Methods: To en-
hance the accuracy of GNSS-IR technology in soil moisture retrieval, GNSS observations from a self-built
station in Lishui District, Nanjing City, China were used. First, feature parameters including multipath co-
herent phase, amplitude, and frequency of signal-to—noise ratio (SNR) observations from GPS, BDS,
GLONASS and Galileo systems were extracted. Then, based on analysis of characteristics of SNR changes
with soil moisture in different systems, frequency bands and orbits, this paper proposed a multi GNSS
—system feature—level data fusion inversion method that accounts for differences of satellite trajectory. Tra-

jectory clustering—based fusion was then performed according to orbital types and frequency bands for the
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observation data from multiple GNSS systems. After determing the weight using entropy method, soil
moisture inversion was carried out. The results of multi—system trajectory fusion inversion were compared
with those traditional average-weight fusion method and the multiple linear regression method. Results:
The soil moisture fusion inversion result of the combination of feature parameters including phase, ampli-
tude, and frequency of SNR is better than the inversion results of a single phase feature parameter and the
combination of two feature parameters including phase and amplitude. Multi—system trajectory fusion
generally improves the inversion performance compared to single system trajectory fusion, with an average
correlation coefficient increasing by 4.0% and root mean square error (RMSE) decreasing by 22.8% to
39.9%. Compared to traditional average-weight fusion method, multiple linear regression method and
weighted fusion method, the multi-system trajectory clustering fusion soil moisture inversion method based
on entropy method reduces RMSE by 34.0%, 25.6% and 29.5%, respectively. Conclusions: The pro-
posed method can provide long—term and accurate soil moisture inversion results.

Key words: GNSS-IR; signal-to—noise ratio; multi—characteristic parameter fusion; soil moisture; trajec-

tory clustering; entropy method
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Table 1  Orbit Parameters of GNSS System
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Table 2 Trajectory Clustering and Fusion for Multiple Types of Feature Parameters in Various GNSS Systems
GNSS LB RMSE/(cm¥cm ) MAE/(cm*cm ™)
B3 ZiC kA HE1 H 2 LA Hi 1 2 AL Hir 1 HE2
GPS 0.623 6 0.8711 0.898 0 0.041 6 0.027 8 0.020 8 0.029 0 0.017 6 0.016 5
BDS 0.891 6 0.904 4 0.929 1 0.026 9 0.023 1 0.020 3 0.020 5 0.016 8 0.016 0
GLONASS 0.773 3 0.857 7 0.952 0 0.034 2 0.027 5 0.016 2 0.026 6 0.021 5 0.012 1
Galileo 0.747 9 0.8317 0.944 5 0.034 7 0.029 1 0.017 4 0.024 5 0.020 4 0.013 2
S H{E 0.759 1 0.866 2 0.930 9 0.034 4 0.026 9 0.018 7 0.025 2 0.0191 0.014 5
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Fig. 9 Trajectory Fusion Inversion Results of Various
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Table 4 Comparison of Inversion Accuracies of Various
GNSS Systems

GNSS &4 MEZEE RMSE/(cm®em ?) MAE/(ecm®cem )

GPS 0.898 0 0.020 8 0.016 3
BDS 0.929 1 0.020 3 0.016 0
GLONASS  0.9520 0.016 2 0.0109
Galileo 0.944 5 0.017 4 0.013 2
-2 0.9309 0.018 7 0.014 0
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Table 5 Comparison of Inversion Accuracies of Different

GNSS System Combination Schemes

JE GNSS4lE MR RMSE; M.AE;

/(em*em™®)  /(em*em™?)
1 G+C 0.930 5 0.016 9 0.0116
2 G+R 0.9531 0.013 7 0.0108
3 R+E 0.953 8 0.013 2 0.0105
4 C+R 0.955 7 0.0139 0.010 6
5 C+E 0.959 2 0.012 2 0.010 2
6 R+E 0.961 3 0.0118 0.009 1
7 G+C+R 0.955 8 0.0130 0.0108
8 G+C+E 0.960 1 0.012 2 0.009 6
9 G+R+E 0.964 4 0.010 8 0.008 9
10 CH+R+E 0.968 9 0.0105 0.008 8
11 G+CH+R+E  0.9692 0.009 3 0.008 1
S E 0.967 4 0.012 5 0.009 9
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Table 6 Comparison of Accuracies of Different Trajecto-

ry Clustering Fusion Methods

VIRES MXFRE RMSE/(cm*em ®*) MAE/(cm®cem ?)

WIRELS 0.9458 0.0141 0.0125
Zon RS 0.953 7 0.0125 0.0117
TRALREE 0.966 0 0.0132 0.0103
RS 0.969 2 0.0093 0.008 1
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