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Fig. 1. VMD decomposition process.
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Fig. 2. Laser underwater detection optical system.
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Fig. 3. Spectral energy distribution corresponding to the waveform of mirror target echo signal and the processing results of VMD-
ICA method: (a), (b) The reference signal and the corresponding FFT spectrum; (c), (d) mirror target echo and the corresponding
FFT spectrum at 1.5 m; (e)—(1) spectra of IMFs of VMD and the corresponding inverse Fourier transform in time domain; (m),

(n) the result of ICA (target echo) and the corresponding FFT spectrum.
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ging results.

094203-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 12 Z R Acta Phys. Sin. Vol.

73, No. 9 (2024) 094203

APD RIS, JH145 2R 500 MHz T, Hix
TEHRINE 5 R O A>3 Ja A< B I EKS 0 R 34 O
MR (RMS) Sfeffiy it n] A532M B iR 7E 9 A K 8
NINEEAE /N T 5 cm.

4 % #

AR —REET VMD 5 ICA M45 &k
TE T AT XK N OGRS g A 2R
AR () A, % iz L VMDD K — 4 [l 5 5
3 il Sy 2 2 g JE G 238 15 IR HE 371 178 AL AR 2
5%, SRJ5, B X BB AE 5 VE D ICA /4 0L
Wi, A ICA J5 R Mgt i AR 5 3
FRIETE A 7501, MO A s i S /K M b () 55 H
B 0, KRB i HL A . 2S00 A, % (5
SACHEITETE 532 nm VBRSO I 2.3 W
P, ) S BT 9 AN FE U BE P H B ) o A £
HEARE R 16 cm $27HE 5 cm LI,

S 30k

[1] Liang J, Peng S P, Zheng J 2014 Comput. Eng. Appl. 50 7 (in
Chinese) [, I8, A5 2014 HAHL TSR 50 7]

[2] Battista B M, Knapp C C, McGee T, Goebel V 2007
Geophysics 72 29

[3] Jia R S, Zhao T P, Sun H H 2015 Chin. J. Geophys. 58 1013
(in Chinese) [B%i4:, EAIRIME, PRELHE 2015 HuERYI B~ 58
1013]

[4] LiY, Peng J L, Ma H T 2013 Chin. J. Geophys. 56 626 (in
Chinese) [Z ], ZIE, g 2013 HIRYHHR 56 626]

[6] Huang N E, Shen Z, Long S R, Wu M L, Shi H H, Zheng Q

094203-5

N, Yen N C, Tung C C, Liu H H 1998 Roy. Soc. A-Math.
Phy. 454 903

Zheng Z G, Liu L H 2010 Empirical Modal Analysis and
Wavelet Analysis and their Applications (Beijing: Meteorolog-
ical Publishing House) p83 (in Chinese) A6, XIFIZT 2010
ZIRS S/ NI AT KON (At g ) £ 83 Bt

Hu A J, Sun J J, Xiang L 2011 Vib. Test. Diag. 31 429 (in
Chinese) [H1Z2Z, IMIAL, ¥ 2011 kg, WX H2HT 31 429]
Dragomiretskiy K, Zosso D 2014 IEEE Trans. Signal Process.
62 531

Dey P, Satija U, Ramkumar B 2015 Annual IEEE India
Conference (INDICON) New Delhi, India, December 17-20,
2015 pl

Gao Y F, Zhu Y L, Yan H 2016 Trans. China Electrotech.
Soc. 31 24 (in Chinese) [FiHfiF, AACH, E404 2016 A T4
AR 31 24]

Ma Z Q, Li Y C, Liu Z 2016 Vib. Shock 35 134 (in Chinese)
[Chgi, 2=, XIBC 2016 HRah5 ohidi 35 134]

Xie P, Yang F M, Li X X 2016 Acta Phys. Sin. 65 118701 (in
Chinese) [, %754, ZERK 2016 PIEEA4f 65 118701)
Tang G J, Wang X L 2015 J. Xi'an Jiaotong Univ. 49 73 (in
Chinese) [H53E, Elhede 2015 PH2E55 KaF2E4it 49 73]
Comon P 1994 Signal Process. 36 287

Laubach M, Shuler M, Nicolelis M A L 1999 Nicolelis
Neurosci. Meth. 94 141

Bell A J, Sejnowski T J 1995 Neurosci. Methods 7 1129
Hyvarnen A, Oja E 2000 Neural Networks 13 411

Hyvarnen A, Oja E 1997 Neural Comput. 9 1483

Vrabie V D, Mars I J, Lacoume J L 2004 Signal Process. 84
645

Nian R, Liu F, Bo B 2013 Sensors 13 9104

Illig D W, Jemison W D, Mullen L J 2016 Appl. Opt. 55 C25
Prasad R, Deo C R, Li Y 2018 Geoderma 330 136

Colominas M A, Schlotthauer G, Torres M E 2014 Biomed.
Signal Proces. 14 19

YuY, D J Yu, Cheng J S 2006 Sound Vib. 294 269

Kim D, Kim S K 2012 Behev. Res. Methods 44 1239

Li K, Yang S H, Liao Y Q, Lin X T, Wang X, Zhang J Y, Li
7 2020 IEEE Photonics J. 12 1503811


https://doi.org/10.3778/j.issn.1002-8331.1309-0429
https://doi.org/10.3778/j.issn.1002-8331.1309-0429
https://doi.org/10.3778/j.issn.1002-8331.1309-0429
https://doi.org/10.3778/j.issn.1002-8331.1309-0429
https://doi.org/10.3778/j.issn.1002-8331.1309-0429
https://doi.org/10.3778/j.issn.1002-8331.1309-0429
https://doi.org/10.3778/j.issn.1002-8331.1309-0429
https://doi.org/10.3778/j.issn.1002-8331.1309-0429
https://doi.org/10.3778/j.issn.1002-8331.1309-0429
https://doi.org/10.3778/j.issn.1002-8331.1309-0429
https://doi.org/10.3778/j.issn.1002-8331.1309-0429
https://doi.org/10.3778/j.issn.1002-8331.1309-0429
https://doi.org/10.3778/j.issn.1002-8331.1309-0429
https://doi.org/10.3778/j.issn.1002-8331.1309-0429
https://doi.org/10.3778/j.issn.1002-8331.1309-0429
https://doi.org/10.1190/1.2437700
https://doi.org/10.1190/1.2437700
https://doi.org/10.1190/1.2437700
https://doi.org/10.1190/1.2437700
https://doi.org/10.1190/1.2437700
https://doi.org/10.1190/1.2437700
https://doi.org/10.6038/cjg20150326
https://doi.org/10.6038/cjg20150326
https://doi.org/10.6038/cjg20150326
https://doi.org/10.6038/cjg20150326
https://doi.org/10.6038/cjg20150326
https://doi.org/10.6038/cjg20150326
https://doi.org/10.6038/cjg20150326
https://doi.org/10.6038/cjg20150326
https://doi.org/10.6038/cjg20150326
https://doi.org/10.6038/cjg20150326
https://doi.org/10.6038/cjg20150326
https://doi.org/10.6038/cjg20150326
https://doi.org/10.6038/cjg20150326
https://doi.org/10.6038/cjg20130226
https://doi.org/10.6038/cjg20130226
https://doi.org/10.6038/cjg20130226
https://doi.org/10.6038/cjg20130226
https://doi.org/10.6038/cjg20130226
https://doi.org/10.6038/cjg20130226
https://doi.org/10.6038/cjg20130226
https://doi.org/10.6038/cjg20130226
https://doi.org/10.6038/cjg20130226
https://doi.org/10.6038/cjg20130226
https://doi.org/10.6038/cjg20130226
https://doi.org/10.6038/cjg20130226
https://doi.org/10.6038/cjg20130226
https://doi.org/10.6038/cjg20130226
https://doi.org/10.6038/cjg20130226
https://doi.org/10.1098/rspa.1998.0193
https://doi.org/10.1098/rspa.1998.0193
https://doi.org/10.1098/rspa.1998.0193
https://doi.org/10.1098/rspa.1998.0193
https://doi.org/10.1098/rspa.1998.0193
https://doi.org/10.1098/rspa.1998.0193
https://doi.org/10.1098/rspa.1998.0193
https://doi.org/10.1098/rspa.1998.0193
https://doi.org/10.1098/rspa.1998.0193
https://doi.org/10.1098/rspa.1998.0193
https://doi.org/10.3969/j.issn.1004-6801.2011.04.006
https://doi.org/10.3969/j.issn.1004-6801.2011.04.006
https://doi.org/10.3969/j.issn.1004-6801.2011.04.006
https://doi.org/10.3969/j.issn.1004-6801.2011.04.006
https://doi.org/10.3969/j.issn.1004-6801.2011.04.006
https://doi.org/10.3969/j.issn.1004-6801.2011.04.006
https://doi.org/10.3969/j.issn.1004-6801.2011.04.006
https://doi.org/10.3969/j.issn.1004-6801.2011.04.006
https://doi.org/10.3969/j.issn.1004-6801.2011.04.006
https://doi.org/10.3969/j.issn.1004-6801.2011.04.006
https://doi.org/10.3969/j.issn.1004-6801.2011.04.006
https://doi.org/10.3969/j.issn.1004-6801.2011.04.006
https://doi.org/10.3969/j.issn.1004-6801.2011.04.006
https://doi.org/10.3969/j.issn.1004-6801.2011.04.006
https://doi.org/10.3969/j.issn.1004-6801.2011.04.006
https://doi.org/10.3969/j.issn.1004-6801.2011.04.006
https://doi.org/10.3969/j.issn.1004-6801.2011.04.006
https://doi.org/10.1109/TSP.2013.2288675
https://doi.org/10.1109/TSP.2013.2288675
https://doi.org/10.1109/TSP.2013.2288675
https://doi.org/10.1109/TSP.2013.2288675
https://doi.org/10.1109/TSP.2013.2288675
https://doi.org/10.1109/TSP.2013.2288675
https://ieeexplore.ieee.org/document/7443723
https://ieeexplore.ieee.org/document/7443723
https://ieeexplore.ieee.org/document/7443723
https://ieeexplore.ieee.org/document/7443723
https://ieeexplore.ieee.org/document/7443723
https://ieeexplore.ieee.org/document/7443723
https://ieeexplore.ieee.org/document/7443723
https://ieeexplore.ieee.org/document/7443723
https://ieeexplore.ieee.org/document/7443723
https://doi.org/10.3969/j.issn.1000-6753.2016.01.003
https://doi.org/10.3969/j.issn.1000-6753.2016.01.003
https://doi.org/10.3969/j.issn.1000-6753.2016.01.003
https://doi.org/10.3969/j.issn.1000-6753.2016.01.003
https://doi.org/10.3969/j.issn.1000-6753.2016.01.003
https://doi.org/10.3969/j.issn.1000-6753.2016.01.003
https://doi.org/10.3969/j.issn.1000-6753.2016.01.003
https://doi.org/10.3969/j.issn.1000-6753.2016.01.003
https://doi.org/10.3969/j.issn.1000-6753.2016.01.003
https://doi.org/10.3969/j.issn.1000-6753.2016.01.003
https://doi.org/10.3969/j.issn.1000-6753.2016.01.003
https://doi.org/10.3969/j.issn.1000-6753.2016.01.003
https://doi.org/10.3969/j.issn.1000-6753.2016.01.003
https://doi.org/10.3969/j.issn.1000-6753.2016.01.003
https://doi.org/10.3969/j.issn.1000-6753.2016.01.003
https://doi.org/10.3969/j.issn.1000-6753.2016.01.003
https://doi.org/10.3969/j.issn.1000-6753.2016.01.003
https://doi.org/10.13465/j.cnki.jvs.2016.13.022
https://doi.org/10.13465/j.cnki.jvs.2016.13.022
https://doi.org/10.13465/j.cnki.jvs.2016.13.022
https://doi.org/10.13465/j.cnki.jvs.2016.13.022
https://doi.org/10.13465/j.cnki.jvs.2016.13.022
https://doi.org/10.13465/j.cnki.jvs.2016.13.022
https://doi.org/10.13465/j.cnki.jvs.2016.13.022
https://doi.org/10.13465/j.cnki.jvs.2016.13.022
https://doi.org/10.13465/j.cnki.jvs.2016.13.022
https://doi.org/10.13465/j.cnki.jvs.2016.13.022
https://doi.org/10.13465/j.cnki.jvs.2016.13.022
https://doi.org/10.13465/j.cnki.jvs.2016.13.022
https://doi.org/10.13465/j.cnki.jvs.2016.13.022
https://doi.org/10.13465/j.cnki.jvs.2016.13.022
https://doi.org/10.13465/j.cnki.jvs.2016.13.022
https://doi.org/10.7498/aps.65.118701
https://doi.org/10.7498/aps.65.118701
https://doi.org/10.7498/aps.65.118701
https://doi.org/10.7498/aps.65.118701
https://doi.org/10.7498/aps.65.118701
https://doi.org/10.7498/aps.65.118701
https://doi.org/10.7498/aps.65.118701
https://doi.org/10.7498/aps.65.118701
https://doi.org/10.7498/aps.65.118701
https://doi.org/10.7498/aps.65.118701
https://doi.org/10.7498/aps.65.118701
https://doi.org/10.7498/aps.65.118701
https://doi.org/10.7498/aps.65.118701
https://doi.org/10.7498/aps.65.118701
https://doi.org/10.7498/aps.65.118701
https://doi.org/10.7652/xjtuxb201504012
https://doi.org/10.7652/xjtuxb201504012
https://doi.org/10.7652/xjtuxb201504012
https://doi.org/10.7652/xjtuxb201504012
https://doi.org/10.7652/xjtuxb201504012
https://doi.org/10.7652/xjtuxb201504012
https://doi.org/10.7652/xjtuxb201504012
https://doi.org/10.7652/xjtuxb201504012
https://doi.org/10.7652/xjtuxb201504012
https://doi.org/10.7652/xjtuxb201504012
https://doi.org/10.7652/xjtuxb201504012
https://doi.org/10.7652/xjtuxb201504012
https://doi.org/10.7652/xjtuxb201504012
https://doi.org/10.7652/xjtuxb201504012
https://doi.org/10.7652/xjtuxb201504012
https://doi.org/10.1016/0165-1684(94)90029-9
https://doi.org/10.1016/0165-1684(94)90029-9
https://doi.org/10.1016/0165-1684(94)90029-9
https://doi.org/10.1016/0165-1684(94)90029-9
https://doi.org/10.1016/0165-1684(94)90029-9
https://doi.org/10.1016/0165-1684(94)90029-9
https://doi.org/10.1016/0165-1684(94)90029-9
https://doi.org/10.1016/S0165-0270(99)00131-4
https://doi.org/10.1016/S0165-0270(99)00131-4
https://doi.org/10.1016/S0165-0270(99)00131-4
https://doi.org/10.1016/S0165-0270(99)00131-4
https://doi.org/10.1016/S0165-0270(99)00131-4
https://doi.org/10.1016/S0165-0270(99)00131-4
https://doi.org/10.1016/S0165-0270(99)00131-4
https://doi.org/10.1016/S0165-0270(99)00131-4
https://doi.org/10.1162/neco.1995.7.6.1129
https://doi.org/10.1162/neco.1995.7.6.1129
https://doi.org/10.1162/neco.1995.7.6.1129
https://doi.org/10.1162/neco.1995.7.6.1129
https://doi.org/10.1162/neco.1995.7.6.1129
https://doi.org/10.1162/neco.1995.7.6.1129
https://doi.org/10.1162/neco.1995.7.6.1129
https://doi.org/10.1016/S0893-6080(00)00026-5
https://doi.org/10.1016/S0893-6080(00)00026-5
https://doi.org/10.1016/S0893-6080(00)00026-5
https://doi.org/10.1016/S0893-6080(00)00026-5
https://doi.org/10.1016/S0893-6080(00)00026-5
https://doi.org/10.1016/S0893-6080(00)00026-5
https://doi.org/10.1016/S0893-6080(00)00026-5
https://doi.org/10.1162/neco.1997.9.7.1483
https://doi.org/10.1162/neco.1997.9.7.1483
https://doi.org/10.1162/neco.1997.9.7.1483
https://doi.org/10.1162/neco.1997.9.7.1483
https://doi.org/10.1162/neco.1997.9.7.1483
https://doi.org/10.1162/neco.1997.9.7.1483
https://doi.org/10.1162/neco.1997.9.7.1483
https://doi.org/10.1016/j.sigpro.2003.12.007
https://doi.org/10.1016/j.sigpro.2003.12.007
https://doi.org/10.1016/j.sigpro.2003.12.007
https://doi.org/10.1016/j.sigpro.2003.12.007
https://doi.org/10.1016/j.sigpro.2003.12.007
https://doi.org/10.1016/j.sigpro.2003.12.007
https://doi.org/10.3390/s130709104
https://doi.org/10.3390/s130709104
https://doi.org/10.3390/s130709104
https://doi.org/10.3390/s130709104
https://doi.org/10.3390/s130709104
https://doi.org/10.3390/s130709104
https://doi.org/10.3390/s130709104
https://doi.org/10.1364/AO.55.000C25
https://doi.org/10.1364/AO.55.000C25
https://doi.org/10.1364/AO.55.000C25
https://doi.org/10.1364/AO.55.000C25
https://doi.org/10.1364/AO.55.000C25
https://doi.org/10.1364/AO.55.000C25
https://doi.org/10.1364/AO.55.000C25
https://doi.org/10.1016/j.geoderma.2018.05.035
https://doi.org/10.1016/j.geoderma.2018.05.035
https://doi.org/10.1016/j.geoderma.2018.05.035
https://doi.org/10.1016/j.geoderma.2018.05.035
https://doi.org/10.1016/j.geoderma.2018.05.035
https://doi.org/10.1016/j.geoderma.2018.05.035
https://doi.org/10.1016/j.geoderma.2018.05.035
https://doi.org/10.1016/j.bspc.2014.06.009
https://doi.org/10.1016/j.bspc.2014.06.009
https://doi.org/10.1016/j.bspc.2014.06.009
https://doi.org/10.1016/j.bspc.2014.06.009
https://doi.org/10.1016/j.bspc.2014.06.009
https://doi.org/10.1016/j.bspc.2014.06.009
https://doi.org/10.1016/j.bspc.2014.06.009
https://doi.org/10.1016/j.bspc.2014.06.009
https://doi.org/10.1016/j.jsv.2005.11.002
https://doi.org/10.1016/j.jsv.2005.11.002
https://doi.org/10.1016/j.jsv.2005.11.002
https://doi.org/10.1016/j.jsv.2005.11.002
https://doi.org/10.1016/j.jsv.2005.11.002
https://doi.org/10.1016/j.jsv.2005.11.002
https://doi.org/10.1016/j.jsv.2005.11.002
https://doi.org/10.3758/s13428-012-0193-1
https://doi.org/10.3758/s13428-012-0193-1
https://doi.org/10.3758/s13428-012-0193-1
https://doi.org/10.3758/s13428-012-0193-1
https://doi.org/10.3758/s13428-012-0193-1
https://doi.org/10.3758/s13428-012-0193-1
https://doi.org/10.3758/s13428-012-0193-1
https://doi.org/10.1109/JPHOT.2020.3024106
https://doi.org/10.1109/JPHOT.2020.3024106
https://doi.org/10.1109/JPHOT.2020.3024106
https://doi.org/10.1109/JPHOT.2020.3024106
https://doi.org/10.1109/JPHOT.2020.3024106
https://doi.org/10.1109/JPHOT.2020.3024106
https://doi.org/10.1109/JPHOT.2020.3024106
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 73, No. 9 (2024) 094203

Anti-scattering signal processing method of
VMD-ICA based underwater lidar”

Li Chao-Feng"?  Wang Zhen?  Liu Xin-Yu?!
Yang Su-Hui " Xu Zhen? Fan Chao-Yang?!

1) (School of Optics Photonics, Beijing Institute of Technology, Beijing 100081, China)
2) (34th Research Institute of China Electronics Technology Corporation, Guilin 541000, China)

( Received 20 December 2023; revised manuscript received 21 February 2024 )

Abstract

This paper proposes an underwater signal processing method based on the combination of variational mode
decomposition (VMD) and independent component analysis (ICA). In this method, the VMD is used to
decompose a set of echo signals into groups of eigenmodal signals arranged according to the order of their
frequencies. These modal signals are then used as an observation matrix for ICA to ensure the integrity of the
separated target echo signals. In this method, the correlation between the decomposed modal signals and the
original signal is used to select the signals which are used as input matrix rows for ICA. The signal-to-clutter
ratio is used to determine the number of decomposed layers. The ICA is used to separate the scattering and
target echoes, so as to recover the weak target echoes in the strongly scattered water and greatly improve the
ranging accuracy. A 532 nm intensity-modulated continuous wave (CW) laser is used in the underwater ranging
experiments. The attenuation coefficient of the water is changed by adding Mg(OH),, ranging experiments are
carried out at different attenuation lengths. The experimental results show that the signal processing method
can be used to successfully measure the target within 9 AL (attenuation length) when the laser output power is
2.3 W, and the ranging accuracy is improved from 16 cm to less than 5 cm by using the algorithm. The
proposed method can be applied to underwater lidar application in turbid water and long distance ranging

underwater where the scattering dominates the echoes.
Keywords: variational mode decomposition, independent element analysis, spectral feedback
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