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Abstract: Objectives: In order to effectively filter out complex noise components in GNSS coordinate time
series and extract effective signals, we construct a denoising method based on parameter—optimized varia-
tional modal decomposition (VMD). Methods: First, the combination of permutation entropy and mutual
information is used as fitness function, and the optimal parameter combination of the mode decomposition
number K and the quadratic penalty factor @ of VMD is obtained by using grey wolf optimization algorithm
(GWO). Then the GNSS coordinate time series is decomposed into K eigen mode function components by
VMD. Finally, the sample entropy is used to determine the effective modal component, which is recon-
structed as an effective signal, so as to realize the effective separation of signal and noise. The GWO-VMD

method is compared and analyzed with the empirical mode decomposition (EMD), wavelet denoising (WD)
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and IVMD methods by using the simulated signal and the measured data from 20 reference stations of the
crustal movement observation network of China for experiments. Results: The simulated signal experi-
ments show that the three denoising evaluation indexes of root mean square error, correlation coefficient and
signal-to—noise ratio of GWO-VMD denoising signal are better than EMD, WD and IVMD methods. The
experiments on the measured data show that the GWO-VMD method can reduce the amplitude of noise sig-
nificantly. In terms of the velocity uncertainty of the reference station, the overall GWO-VMD method re-
duces the velocity uncertainty better than the EMD, WD and IVMD methods. Conclusions: The GWO-
VMD method can more effectively remove the noise from GNSS coordinate time series and better pre-
serve the original characteristics of the signal, which can provide reliable data for subsequent analysis and
processing.

Key words: GNSS coordinate time series; VMD; GWO; permutation entropy; mutual information; sam-

ple entropy; signal denoising
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Wi M 7 7 RMSE/mm % &% SNR/dB
GRS 2.06 0.895 1 12.78
EMD 1.31 0.953 8 16.80
WD 0.48 0.993 6 25.39
IVMD 0.50 0.992 5 24.99
GWO-VMD 0.42 0.994 8 26.53
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Fig.7 Missing Data from 20 Reference Stations

B8 204Nk ufidh E N U J7 1) (1 B {2 4K
Fig. 8 Optimal Parameters of 20 Reference Stations in
Directions E, N and U

7 PERE L B 9 5 EMD . WD . IVMD #l GWO-
VMD 4 B 77 2 X6 25 e 345 I 5040 36 A7 I Mg 1) 28 2R
Bl o AT LLE 4 7 ik 3 R A 4y Hh 2 R 45 4L
Pt by AR AR AL B MRS S A U ) R I
B0 R A M AR AR A E A 3 R T, GWO-
VMD [ M2 A5 5 1 il 42 8 6, 38 B H B
R T AR i At 3 R O 9 B R R A ST
£ BB 43w ARUMR S G HAE EMD J7 B 1 B R A
SRR

AN ) f W 7 A 7R (IR 8 S 35 o S A o R R
ANH AE BE A AR AE 22 5, PRI AR SOk i WN -
FN.WN+RWN,WN-+FN+RWN il WN+PL
4 Fofr Mg 7 R (Horb , WIN O (R 7 FN g IR R
MR RWN Sy Bl WL A MR S, PL A RE AR 7S ),
K I Hector 35 A4 (4 A KAUSA Ak 13k 2047 43 #7 , 3
o UL £ 2 DU S 45 v S E N U i
1Y) o DA MR 75 R | AR A 3 i A S P TR P A 7Y
T I T T M R R R R RO R R 4 SR
Fd~6 L 10~



hujzy
N

549 B5 10

BRSE 45« ZRUAL A IX WA 3 i () GNSS Ae b I [1] 7 1) [ Wi i

1863

oo

|
[oe]

HRE/mm
(=)
?ﬁj

~J

HRlE/mm
=S

-7

E24 U
g
S . ‘ ‘ ‘ ‘
2009 2011 2013 2015 2017 2019
Ay
N iy EMD WD —— IVMD —— GWO-VMD

B9 BIES 3 AL b i (8] )5 51 4 i J5 325 B4 e I 28
Fig.9 Denoising Effect of 4 Methods for BJFS Station

Coordinate Time Series

FA4H 20N FEHERE E N LU Zr 2 09 & i e s
FERL 40T B0, E 8 Ak b i 18] 80 16 B AR
M P L A WN+HEN+RWN K 3, N 44 L

WN+FENF#l WN+FN+RWN 3k 3, i U 4 & L)
WN+FEN 3.

F 5 NBEMEFTE EON U J7 ) 78 35 20 R
RUF M S PRI . R 5P, £ E N UJF
[, 4 EMD . WD . IVMD #1 GWO-VMD J7 % [%
WS, 1 MR B o8 A B B LA €8 IR R Y ST 2 R R
K AE W/, H GWO-VMD J7 32 B e 5 A7 (7 1
DR SRk e W N R = W RS iy 7 N O N (T
GWO-VMD J5 3545 T8 r ny Bk R . 9K,
FEFE 5 R AR AL ) RWN X R JS FN A i
MR A7 AEAR KB S ), > R P A S WN+FN B
Fif e 5 BN ) R I R 9 /N L JE 325 58 4 S B
2 M 7 B R O WN+FN-+RWN B, B M 5 FN
(IR MR A O 3 A3 — 3052 19 5L PR T R 2 g M f
B B M P R R A e R LA S WN+HFN
AREF L WNA+FN R SR i [ (5 5 o A i s
mF,f#15 RWN #4748} N,

F4 200MEEFENUSENREREFER
Tab.4 The Optimal Noise Model for E, N, U Components of 20 Reference Stations

. i DA MR A A ) T L M 7 A A
ik ik
E N E N U
BJFS WN+FN-+RWN WN+FN+RWN WN+FN SUIY WN+FN+RWN WN+FN+RWN WN+FN
BISH WN+FN-+RWN WN-+FN WN-+PL  TAIN WN-+FN WN-+FN WN-+PL
CHUN WN-+FN-+RWN WN-+FN WN-+FN URUM WN+FN+RWN WN+FN+RWN WN+FN
DLHA WN-+FN+RWN WN+FN+RWN WN+FN WUHN WN+FN-+RWN WN-+FN WN+FN+RWN
GUAN  WN-+FN-+RWN WN+FN WN-+FN WUSH WN-+FN WN-+FN WN+FN
HRBN WN-+FN+RWN WN+FN WN+FN XIAG WN-+PL WN-+PL WN-+FN
JIXN WN+FN+RWN WN+FN+RWN WN+FN XIAM WN+FN+RWN WN+FN+RWN WN-+FN
KMIN  WN+FN+RWN WN+FN+RWN WN+FN XNIN  WN+FN+RWN WN+FN+RWN WN-+FN
LUZH WN-+FN+RWN WN+FN WN+FN  YANC WN+FN WN+FN WN+FN
QION WN-+FN WN-+FN WN-+FN ZHNZ WN-+FN-+RWN WN-+FN WN-+FN
®5 EWNNUFEFERFERETHRERIBYE
Tab.5 The Mean Value of Noise Amplitude Under the Main Noise Models in E, N and U Directions
" st P 31 M 47 1
75 Ie] M58 i 462 711 JE IR R AR
EMD WD IVMD GWO-VMD
E WN+FN-+RWN  0.76+3.464+2.72 0.00+0.00+2.78 0.004+0.00+1.78  0.00 +0.00+1.40  0.00+0.00+0.82
N WN-+FN 0.7243.70 0.00+1.23 0.00+1.01 0.004+0.93 0.00+0.68
WN+FN+RWN  0.67+3.04+3.08 0.004+0.00+3.91 0.0040.00+2.18 0.004+0.00+1.53 0.00+0.00+1.20
U WN+FN 2.62+14.10 0.00+4.11 0.00+2.88 0.00+2.98 0.00+2.21
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Tab.6 Average Correction Rate of Velocity Uncertainty
of 20 Reference Stations/ %
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Fig. 10 Velocity Uncertainty of the Reference Station
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