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Fig. 1. Comparison of various threshold functions.

224203-2


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 2 3R Acta Phys. Sin. Vol. 72, No. 22 (2023) 224203

2.2 CEEMDAN &%

LIS (EMD) J2& Norden 45 1718 7E[5E
AR ) LAt L 4 A — b AR 0 P T2
V£ AE ARG S M AR k. A T Y EMD
ISR E MRS, Wu #1 Huang!™ X EMD Jr
BT, R TS LB (EEMD).
LRI A5 A [ S5 W (1 15 357 1 M e
BEZAES, ZE 0% EMD 18259 IMF
Sy FBRAGTE AR R 4046 T EMD J5i%
B TR S ()8, R E AL A 3 BRI

CEEMDAN J& Torres %512l 7 EMD F1EEMD
(A _E 4R B —Fh OB (A 5 i .
TR I B B B N 35 N RS B
T EMD fA7Efi RS LU K EEMD f775 5% 4
AR, CEEMDAN &k .

1) BRI 2(t) HIEIRIE S, () &5« IRE
() A | ) SRR 5 2 R I I 7S A3k —
RINFE RS, 2i(t) =2) + oow'(t), i=(1,
2, -, N), oo fRERBER AR IER 2.

2) XHGA~ 2;(¢) 4T EMD 43, 3453 N A
BRSNS —A IMF 43k, #4521 N A4~ IMF
Iy SR, o CEEMDAN 4345 2 il 55—
AARAEREZS PR IMF,. #5778 L F E;[| #R &
EMD 73 Az 55 j 4~ IMF 734, W)

1 & ‘
IMF; = — ; Ey[2(t) + oow'(1)]. (7)

JFUA1E T 2(t) WRSR— DA IEES PR IMF
ﬁ%iﬂ%*’l‘é‘%ﬁ 71 j‘j

r1 = x(t) — IMF;. (8)

3) X i 1 W (¢) 4T EMD S5 2] A

I M ORE A3 A B ) B IS N R NN ) 4y i
L SRR B A S N

zi(t) = re—1 + oh—1 B [w' (1)), 9)

K o1 IR KA IMFy, IS J0 8 75 1 MR (.

zi (1) PUTAIR 1) FEER 2) e, i CEEM-

DANSMEAF R S kAR NEAEES RECIMF ), A1 &

MAREN

N
IMF;, = % > B {ri-a(t)+ok-1 B[ (1))}, (10)

i=1

e =Tk—1 — IMFk. (11)

4) WA i v RSN BOR BN T 2. 45
T B A N EUN T 2, MR EAGRE S 2 () 1Y)
CEEMDAN #4550, 25 rie FARE S EOR T 2,
WG A UR 3) AkSL i, B2 vy, IR AE SN E0)
F 2 Mk, A FRAATE S8 E N kA IMF J3i
M— A

K

2(t) = > IMFg + 1y (12)
k=1

&5 %1t CEEMDAN 43 f# )5, 4 IMF 4> &
FR IR A% e e BIMIRHES, BEBRRRE 1Y IMF 43 i
T INEAG(E T, AT LT | e R 8 R I A
YR PO 3% e A AR SR 2, HAT RN [ ik
N (HJEA 28 IMF 438, JoHR S8 IMF 43 &
FEAT: A &5 A5 5 TR 75 By, B4 & 71 o
IMF 434 78 22 BRI R 1 [F RHB AR FE B S A 35 5
4 JRURS:

2.3 CEEMDAN B & /N BEES L IE
ik

CEEMDAN Fl/|Nipk |50 {8 2 My ok 45 A HAR ik
A5, AHE R — 2 M RNTE, A S A RNy ik A T
AR, J7 AR IR 2 s, B ext R E S
N CEEMDAN 4353k, 158035 T IMF 431,
A IMF i 5 R IR 55 Z R AH DG R 5L, Y
IMF 3 s 5 i 2 i, MG RELSIRAIG. A%
SO TR OE R BUNT 0.3 19 IMF 435, 4 4%
TSRS BA mACHER IMF 2 & fH sym4
JINIBE S RBSORIT b SCT AR (5 PR BCHEA T /0N D8 R 2
Wb BRI J RS IMF 3 b B IS 40
HERBOTE AR

Z [2(t) — 2] [ fimr,, () — fimr, ]

t=1

n

p= :
J > () - f]QJ > (e, (8) = fvir )

t=1 t=1

(13)

2, 2 R a(t) BEEAE, fIMFk M fivr, () A,
DAz g b i 8o 4, F CEEMDAN
6B/ N B 22 e X iz B s A T A B B0IE %
LRI AT, B 3 R TGRS 2.5 m! i,
JEHLEIE A (PMT) K019 1 m i Ak i8 5 i B
P T A5 B HAIE 1. ek R B3 7 B 5 N
IR CAF 5 R E, JEAEK ) S D8 E A

224203-3


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 2 3R Acta Phys. Sin. Vol. 72, No. 22 (2023) 224203

35

25
E”MWHH % WWMWN
£ “V “N“ ‘I \]” MW - £ o) \WM 'W\ P'MI I V\.‘
< —25L J > fimr1 Sfimr1 Sfivr1 <

_3\)0 40 TSO }20 160 200 _3(0 40 80 120 160 200

ime/ms Time/ms
Ut {CEE,)%’;AN }« f5SEH }—» FMf
> fiMFn SiMEm FivEm

& 2

J5 i A

Fig. 2. Method flowchart.
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Fig. 3. Waveform and frequency spectrum of target echo signal: (a) Waveform; (b) frequency spectrum.
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Fig. 4. IMF waveform of target echo signal decomposition.
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Abstract

The echo of underwater lidar often contains a significant quantity of scattering clutters. In order to
effectively suppress this scattering clutter and improve the ranging accuracy of underwater lidar, a novel
denoising method based on complete ensemble empirical mode decomposition with adaptive noise (CEEMDAN)
and wavelet threshold denoising is proposed.

The CEEMDAN-wavelet threshold denoising algorithm uses the correlation coefficient to select intrinsic
mode function (IMF) components obtained from the CEEMDAN decomposition. The IMFs, which are more
closely related to the original signal, are selected. Then, the wavelet thresholding denoising algorithm is applied
to each of the selected IMFs to perform additional denoising. For each IMF component, specific threshold
values are calculated based on their frequency and amplitude characteristics. Subsequently, the wavelet
coefficients of the IMF components are processed by using these threshold values. Finally, the denoised IMF
components are combined and reconstructed to obtain the final denoised signal. Applying the wavelet threshold
denoising algorithm to IMF components can effectively remove noise components that cannot be removed by
traditional CEEMDAN partial reconstruction methods. By using the threshold value calculated based on the
characteristics of each IMF component, the wavelet thresholding denoising process is improved in comparison
with directly using a single threshold value. This approach enhances the algorithm’s adaptability and enables
more effective removal of noise from the signal.

We apply the proposed method to underwater ranging experiments. A 532 nm intensity-modulated
continuous wave laser is used as a light source. Ranging is performed for a target in water with varying
attenuation coefficients. A white polyvinyl chloride (PVC) reflector is used as a target. When the correlation
extreme value is directly used to determine the delay at a distance of 3.75 attenuation length, it results in a
ranging error of 19.2 cm. However, after applying the proposed method, the ranging error is reduced to 6.2 cm,
thus effectively improving the ranging accuracy. These results demonstrate that the method has a significant
denoising effect in underwater lidar system.

Keywords: underwater lidar, empirical mode decomposition, wavelet threshold denoising, correlation

coefficient method

PACS: 42.55.f, 42.62.-b, 42.68.—w DOI: 10.7498 /aps.72.20231035
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