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GA-VMD 5% REHEF|HS A 1 GNSS ARt e MR v

A & wmaE e R
1 K2 REHT TR 5L 2B, P22 RS 126 5, 710064
.

N7 AEHIS % GNSS(global navigation satellite system)ARFRES 8] 741 (F e RS, A SCHR HE — R Bk &3 4%
#35: (genetic algorithm, GA ) F17358 73 #7573 fift (variational mode decomposition, VMD) ¥ B8 J5 7% GA-VMD.
ZOTEE S GA ik VMD S8, SRE5IANZ REHES (multiscale permutation entropy, MPE) 14
N 7S i () T b, B T A TR AR 2 A1 0 B ER 5 15 5 o AR SCIB 15 L1555 R S R 1 e gt s 41
FHE /NP (wavelet denoising, WD)\ &5 50 f## (empirical mode decomposition, EMD) 255725t L,
I3HT GA-VMD [RIFERERCR . SEIRZE RN M T RE 5SS, GA-VMD J7iEAHH T WD EMD J5i%,
fEMELE /> $ T 5.18dB F1 2.91dB, HAHKRE & T 0.05 A1 0.02; X TSN 5, GA-VMD
D B I3 3 T AN S A DA R e 75 (1S 281 XL 3653 5 79.89% 1 84.46%, A F HAm Bl 7 10 LA B4y
BT GA-VMD J7ERESS A7 208> GNSS ARHRIS 7 e, PR LREFE .
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EMD J7iEH IR GG 8] FP 54 5 0 o — R FUIIEE B s BRI AERLZS 40 & (intrinsic mode
functions, IMF), & J& SR FH — i 8 v D0 59 Bk e 75 2 66, DT SEBAE 5 B e o 5 00l S5 BRI
SO AU T EMD J56F GPS RIS (] F S A BRSO . (A& EMD JiVEAFTERLAS TR
B Ui AN B ] RS, PR A AR O 2 B B R R AN

Dragomiretskiy %M H —Ffolr (6145 5 b 1 75 75— /3 B 43 f# - (variational mode
decomposition, VMD), %755 R HIGERRHE, [FN# 4% 1 EMD FTA7/ER) R R, (RS &
BEPETT TR R . Rt VMD #3255 R FEEE 7T, SR8, 19]24 T VMD X}
AT A WU AT P, RS SEIARC AT M BRI O o« SCHR[20, 210K VMD 32 I 31 & R A5
SRR R, S5 R R I IR SO R R UE (S B RS . % F VMD ik
FEALBR G A AR LRI AEP AR, 2RGSO, ARSOKHUZ FH 3] GNSS A bR (] 7 51)
Rt 7o . B VMD s g ERie ey s, FIA VMD 405 5 B f e B s o A
KR RESIN T a « AR EIE2, K Mla FARFERESKT VMD 74 57 A5
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R, ASCHH T —Fhgs At 55 (genetic algorithm, GA) ZH{i1Li) VMD (GA-
VMD) 5% REEHZIHS (multiscale permutation entropy, MPE) (][40 753, FF@id x4 2 A5
S GNSS e [1] AL BRI E] 7 51 PR B 3 AT S AIE T GA-VMID J7 i I AN AT S8k
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LA A B (band-limited intrinsic mode functions, BLIMF ). 7E I, U] ifi g 403
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AICH GA FIF VMD S5t GA FIFEA BRI i B iR R Al “ Getadh”, xof HdhAT
TGRS . TEPATEIEATS B QAR MR, EIRIARFEE . IR s R
HEAT 148 38 XA S S R AR B — AR R, BB Al B O A0 25 0 & B R A R A 128 29,
HI VMD MR JR B a0, EiZ0 AN SHh, B K FIETTH T o o R
(RIS LR 128 00 GA AT LA H A ok AT 7E R A 25 1R N EAT 42 5 A8, ELREIRIIN SR A 2 2
e, WA GA ST K fila XTIk

FIH GA fift VMD ¥, FEFEZ MWD, VIEFEE ST &8
X R 6ANDIR, RSP E N AR Hob S 35 CEREVHN” 1E
AT FE e 3 DG sAE A3, 1 S 55 B8 SCA TG IR B RE R A, AT T S300E L B A8 SR
AMES RARME PR RS o G ROR, 12 ML BT — AR UK . SCHR[33]4R H
T RIS, AR R U R WUE S AR B R E R E M, R, (5 1A
T MK . AR AL IETEN GA MIEREERE, 55 X())()=12,---,N) H A
T

E, =—_§) p;lg p;
N ()
P; =a(j)/;a(j)
A, N ONESREERE, p,2a()) mE—WER, a()) AfES x(]) 4 Hilbert fi# i
JEF I EEES .
1.3 GA-VMD %5& MPE [§IE[R18
Xt VMD 435 5 R 13211024 BLIMF 40, B —Rig bk e 15 IR s
M55 & . MPE £ T-H4 (permutation entropy, PE) F—F Bk 77304, LA HAR
FELEZ AN TR BB HEBIRERS), 1207 VAR IR BT [ P 41 52 2 R B O T LA AR 34, AR SC
51N MPE {F Ry 75 F{5 570 B 10 ) e At
RICH GA I T VMD 2, DUNE SRS E N GA MG R E, 4 5E
HEESH VMD RS HAAIK, o s #REHIK, o ESH#T VMD 7 fif, 153
— Z&%| BLIMF 4> & ; 1154 BLIMF %) &) MPE {8, 4 MPE {E{F A 55 2 8 1 ) e b
HRHE MPE H U3 2y IR0, iR B EMA IR ENES, WEES
rh R A 5 B e GA LA VMD IS 8Os B A4 K T FI=[2,10], a 78 E1=[0,5000],
AR E=20, FEERIE=10, 22 X%=0.9, LRMHE=0.1. GA-VMD %+ MPE B A
R IE 1 FR.
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Fig.1 Noise Reduction Process of GA-VMD Combined with MPE
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Fig.2 Pure Signal (a) and Noisy Signal (b)
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X TZAE S RS A G, FO0E R & B R R AR B A2 an ] 3 . I 3 1]
A1 IEACHEAT B0 18 RN RIA R 1 s R IE M FE , il iz B A G- R R RS A (K,
a) = (64375, WERMSHAEE, HRBENSEXES5EHT VMD 75, LUk R
FERAUR . VMD 23 iR J5 73301 6 4~ BLIMF &1 4 (b) A, MEFRRTPLAEH, K
B F AT LS. Bl 4 (a) RIR EMD 70351 IMF 205, M 2R AHE
51, 5 VMD JTiEMKR, B9 08 FEZE P ERIRES
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Fig.3 Fitness - Iteration Variation Diagram
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Fig.4 EMD (a) and GA-VMD (b) Analog Signal Component Diagram

N T HERRIRLAS 5 e R, REUFEA RN MPE fH, H5F MPE et EiE
FIRBER TS o BRAZEELm | SERRH 7, £id 2 RIRRI s =12, m=6, 7=1. X5
R AT ARSI BUIE, VMR B R MPE {H. 70)it5E IMF 7> &40
BLIMF 7} &[] MPE 45 RU1% 1. & 2 .

% 1 IMF 7= MPE F£1{&
Tab.1 MPE Average Value of IMF

sr&  IMF1 IMF2 IMF3 IMF4 IMF5 [IMF6 IMF7 IMF8 IMF9 IMFI0 IMF11

MPE 0.8916 0.8651 0.8119 0.6788 0.4630 0.2699 0.2076 0.1678 0.1338 0.1162 0.0212

%< 2 BLIMF 4 & MPE ¥1{8
Tab.2 MPE Average Value of BLIMF

e Ul u2 U3 U4 U5 U6

MPE 02950 04328  0.7845  0.7773  0.7744  0.7675
M1 R EIBIE AR, YRR RT 0> B MPE {E 20T 1, MPE Bk 7> B BEN LI 5h
PR, FFEE 4 (@) RRMBIERIA. @% MPE {HXT 0.6 [f] BLIMF 7 & M 7 &
(7], WA SEEG Bk IMFI~IMF4, i H AR ST ERY, WMARRAMERES. HE2 1
%1 U1~U6, MPE HZ¥IHE K, BBl idiis 2, 5 Bk sy o i —%
(¥1. #R4% MPE R brdE, (XLREE UL F1 U2 s, ZBpdtibor&. A Rid =FJ7 5
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Fig.5 Analog Signal and Three Kinds of Noise Reduction Signal
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BRI, I RN SR TR S (o) AR S (d) 3EARLBR T HEAERIGES, 3L EMD
Ji15 GA-VMD J7EREL WD 7 kB ROR 47, XS EEIE 5 () Al (d) AT R, GA-VMD
JiiEAHE EMD J7ik, RE T HEEZAEMES, EMD AR E LA
2.1. 2 (HEIE SHERRITM

N T RS HTRIULE LL =07 0 BAE S I MR R, DA ELAR DG R EURIME e L S 4
PRI =P Va2 R, HREA .

R = cov(x(t). 8(t))/ (. %) G)
SNR =101g(3. (1)’ /- (x() - g0 @)

Horpx(t)  S(t) a2 IR s SRS S, cov(x(t), (1)) 2 x(t) A S(t) /i %,
o, Moy 73Rl X(1) M S(L) fIbRiEZ, n REUEKEE . TSR R R R IG1E 5 A B
ST, 24 ROBURKS, SIS S 56 E Sl & . (F1EEE SNR AL 7 #{4k
{55 AR A B R LB, 2 SNRBCR, B MOR A0S o AT T S = 7 i Fae g 4
R OR R BORE M LE LUE B i AR IE I FERRRSOR, TF RS R 3 Fos.
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Tab.3 Evaluation Index of Denoising Results

PR FE bR WD EMD GA-VMD
R 0.93 0.96 0.98
SNR 8.62 10.89 13.80

Hi R 3 BRI &0, GA-VMD J53%5 WD, EMD JikAfEL, B R 500 Tt
T 0.05. 0.02; {EMELL I3RS T 5.18dB. 2.91dB, 7325 60.11%. 26.67%. TENIEFRS:
REW, 253 GA-VMD J7 kb3 5 M FEMEAE SRS LS, %07 5 ) R R R T HL At 7 o
Jiiks
2.2 KRS
2.2.1 GNSS ##E K st

N IR A SCINVE TSN, SR b3 75 SE0E S UK 1EAT e A 2 R 73 BT o 2 TR
T GNSS FIBARS AR & iR 22 K 2, GNSS AFRI 8] 5 51 (36 [ 3 Bk 18 38 % Lk P23
BT VB 2-5 50830, SR AIRE B2 1K) GNSS T ] ARBRIN 8] 7 #1264 2041, RENS T A7 b it
A SC T v A A R o DRI, SIS 5 X 9 A IGS 3 1999-2020 4F ) GNSS i [1] AL AR
[ 751, Ho ks T b E HE /) GNSS Hdi ™= i ik %5 & (http://www.cgps.ac.cn), IGS ¥k
SR B R L 6.

6 IGS i = RN K2 E
Fig.6 Cumulated Observational Days at IGS Sites
FEXS GNSS T i) A4 BRI (] 7 51 P 2 BT, i B0 HCBEAT AL #RI0L, oy 3 — L4k SRR 3R
(I, 4R AR BRI (] 3 F1A7 7R — 2 R 22, A SCR A DY 432 PR VZ: (Inter Quartile Range, IQR)
AT R ZE R 5 5 BT, TQR 4 31 ) ey JER 36 2 L SCHR[40] o A TR UL %) GNISS ik



AEvk, T RO LR R 25 B S HA R R R TR 2 3 B0 GNSS Bl I 5 7, AT A7 A2
GNSS % #2273 Bt Hermit 46 HFVELE 1T SALRA —BOGIE B, JF HEA —Bulsit,
PRI T ZE BN 18 J B A3 20 1) B 13 44, AR SR 43 BE Hermit = 9K 2 AU B 775
XF -t K] GNSS e [ AR RIS (8] Fp A1 EAT S Ab 42
2.2.2 GNSS HiEREIRALIE

ARSCR A B =R 05 R HE AL B SE NS S AT R, iR TR TS
RS 5 AL B FEIAL, 1007 58 = XS ANk ) GNSS 3 [ AR AR IS [] P 5148 - fie fE 1)
VMD 7MEZHA G . SRS HEHEINE 4 Fin. F, RS 8alaxsei
fE 57T VMD 70, FFEH] MPE BIE %70 5% EMD. GA-VMD J5iA 70 45 211 7 & it
1T . wUR R IR RIS S R EN, RAFERES.

*4 BIGS MiRiiEHES
Tab.4 The Optimal Parameter Combination of Each IGS Station

Mzk BIFS GUAO KUNM LHAS LHAZ SHAO ULAB URUM WUHN

K 4 6 8 5 7 5 7 7 6
a 3602 652 2827 1276 1958 3880 2373 498 3815

2.2.3 GNSS HHEFEIEBRIFM

S5 EESARRE, SLlESERTIER A5 5, BUHAE G A AR OC R B84
PRTE SN 5 B e 2 AP b AN FRIE o ASCREME Y H IR 238 = GNSS  FE[1] AL Bk B[R] 5741
(RIRE RS, SRETE AR (1 S SRS o [RIE, AR SCHEHDK GNSS 3 [ AL bR I 8] 57 51 frg gk
P R TP ANAAG 2 FEAE Sy ST DB B R PR VAR Pl b o GINIS'S I3l T 1) A A e [1] 7 37 (A5 3 2 I,
SCHR[45].

LHTE R AP N Y IR S (white noise, WN)HIAKREE 75 (flicker noise, FN)ZH %,
(R AR (WNHFND & GNSS T [ AA R [ P 471 (10 S e gt 75 AR A 146470 B e AR SR F )
I 7SR S WNHFN, 1 5 R MR A 1 75 10 T2 B T B A 45 5 A PR 5 45 5 11
Ve 7 S8 A if 2 P el

Hill 7 W1, ASCRAR WD JERE 25— 800 e S, FL AR 0l B 0
FER M5 SL, T EMD 1 GA-VMD J5 35 R 58 2 2R e s 0 T IR, = 77748
BER L0k 55, kAR E B 2R VK2 GA-VMD. EMD. WD J7i%, i GA-VMD J7ikfg
W TN RIE 75 PR 25 0~6 mm-a* 25 Y E N . AL 8 AT LA Y, =5 i85 BE A 20k A1 3ok A
ESE, BOR L GA-VMD kR %, EMD J7iEikZ, WD FiESREAHE; HF GA-
VMD J7 iM% T EMD J7 ik R K3 25 595 40%, P28 RN 15.33%. ] I Seill %k
5, GA-VMD J7iE I B AL = Fh 57 T AR Je i R 1
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Fig.7 The Noise of the Original Signal and the Signal Denoised by the Three Methods

B 8 RinES k=M iEREESHEETHEEE

Fig.8 The Velocity Uncertainty of the Original Signal and the Signal Denoised by the Three Methods
3 45iF

AICHH GA X VMD ISt T i, $eih 74 GA-VMD 5 MPE 45 & 1075, i
XA 5 A1 GNSS T [a] AL KR (] 3> 51 (R R o BT, S8IE 1% VA A AT T SE 1, JF S
WD. EMD 477X LT, 45 HH UR 46k

D) BERME S 1R EE R, WD R EMD J73E 53 5l BT A M AN A JEC A B i iod 2 11
[, 1M GA-VMD J5iERERS AT R R R B S 5 o WFIRFS BB, GA-VMD J5
EYIREIRT S AR

2) W THONE RSB, e 75 N R AN 58 B2 A G B2 8 b oxeh = 77 925 ) e e
MORBAT VAR SREW], WD JiEaEL R —#70 FHB S, 10 EMD Al GA-VMD J57£5)



AETE AR MR ;. GA-VMD J7 & REHS R U 5 B A 0~6 mmea®® YA 0 Tl A
HiERE, GA-VMD J5 A% T WD M EMD 759 (-1 2938 55 R 70 55109 69%A1 15.33%. 4ty
VR RFR AT AT, GA-VMD J7VEREME 3RS SE IR AT SE (5 5, 76 =Rl B 7 v bR e R 1Y -

HAT, AR T GA X VMD IS BURALBOR, H R 5 F b 28 e S0 4T LA,
WEARZ MRALSTIRAE VMD ZHUE RN RS 5L, 355 GNSS AAHRIN P RIRS L,
A R
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A Denoising Method for GNSS Time Series Based on GA-

VMD and Multi-Scale Permutation Entropy

CHEN Xiang' YANG Zhigiang' TIAN Zhen' YANG Bing' LIANG Pei'

1 School of Geological Engineering and Surveying, Chang’an University, 126 Yanta Road, Xi’an 710064, China
Abstract: Objectives: Global navigation satellite system (GNSS) coordinate time series provide
important data support for the study of crustal movement and deformation, and plate tectonics. Due
to the noise caused by various external factors, the GNSS coordinate time series cannot reflect the
real motion information of the station well. To effectively reduce the noise in the GNSS time series,
we adopted a noise-reduction method, GA-VMD, combining genetic algorithm (GA) and variational
mode decomposition (VMD). Methods: Firstly, the genetic algorithm was used to optimize VMD
parameters, and the envelope entropy of the input signal was used as the fitness function of the
genetic algorithm to find the optimal VMD parameter combination suitable for the signal. According
to the optimized parameters, the signal was decomposed by VMD to obtain A series of modal
components. Then we calculated the multi-scale permutation entropy (MPE) of each component and
then regarded the MPE as the criterion of the noise component. Finally, according to the MPE, the
noise components were identified and removed, and the remaining components were reconstructed
to obtain the noise-reduced signal. In this paper, the noise reduction effect of GA-VMD was
analyzed through the example of noise reduction of analog signal and observation data, and
compared with wavelet denoising (WD) and empirical mode decomposition (EMD) methods.
Results: The results show that: (1) the noise reduction results from the analog signals show that
WD and EMD have the incomplete and excessive troubles on the noise reduction, respectively.
However, GA-VMD can effectively eliminate noise and retain effective signals. From the evaluation
index, compared with WD and EMD, the signal-to-noise ratio were increased by 5.18dB and 2.91dB,
the correlation coefficient by 0.05 and 0.02, respectively, when using GA-VMD. (2) For the complex
observation, we used the noise and velocity uncertainty as accuracy indicators to evaluate the noise
reduction effects of the three methods. The results show that WD can only extract a part of the white
noise, while EMD and GA-VMD can completely remove the white noise. GA-VMD can reduce the
flicker noise to the range of 0 to 6 mm-a™>*. For the velocity uncertainty, the average gain rates of
GA-VMD relative to the WD and EMD is 69% and 15.33%, respectively. GA-VMD has an average
correction rate of 79.89% and 84.46% for the velocity uncertainty and flicker noise of GNSS



coordinate time series. Conclusion: Therefore, GA-VMD is the most effective one among the three
noise reduction methods, which can effectively reduce the noise in the GNSS time series and
improve its accuracy. However, in this paper, we only discussed the effect of GA on VMD parameter
optimization without comparing it with other method. Hence, it will be the key for studying the
advantages and shortcomings of those optimization algorithms in the selection of VMD, and
improving the accuracy on the GNSS time series in the future.

Key words: genetic algorithm; variational mode decomposition; multi-scale permutation
entropy; global navigation satellite system; coordinate time series; denoising
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