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Abstract: In order to solve the mode-mixing problem of empirical mode decomposition (EMD) and overcome the difficulty of separating
the noise components and signal components, a novel denoising method based on secondary complementary ensemble empirical mode
decomposition (CEEMD) and time domain feature analysis is presented in this paper. In the proposed method, CEEMD is employed to
solve the mode-mixing problem, then the boundary of noise dominant intrinsic mode function (IMF) components and the signal dominant
IMF components is determined based on the time domain feature analysis of IMFs returned by CEEMD, whereby the noise components
and the signal components are distinguished. Secondary CEEMD decomposition is performed on the noise dominant IMF component and
signal dominant IMF component at the boundary to further filter the residual noise while maintain as much useful signal as possible. The
experimental results of denoising the actual airborne platform data with impulse noise interference show that the proposed method can
better suppress the noise interference and significantly improve the signal-to-noise ratio by effectively separating the noise and signal
components.
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Fig. 1  Flow chart of the proposed denoising method
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Table 1 Commonly used time domain feature
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Fig.2 Contaminated signal waveform
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Fig. 3  Background noise waveform
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Fig. 4 Simulated ideal synchronous head waveform

3.1 & —X& CEEMD % f#
EXHE S HE4T CEEMD 43-f#fs), IR CEEMD 43 i i
TR TS NG B MRS A AR UE 22 2 R JBAE S AR MEZ211 0. 4

5%, BB A 2x5 =10 R, ST EMES AT 1
X CEEMD 43f#45 51 i) IMF #4018 5.6 iR,

i 5000}
iz n
-5000 1 . 1 1 1 \ \ , | \
0 100 200 300 400 500 600 700 800 900 1000
- 2000 r
E 0%'?'lll"v"lr"Jl#l]]ll‘lj'[%ll]"l%'%% ]'%é’ll
e R AR RAN ARARRARE A
0 100 200 300 400 500 600 700 800 900 1000
~ 1000
=
— -1000 -
0 100 200 300 400 500 600 700 800 900 1000
1000
o500
= o
S500 b YT, . . . . . : . :
0 100 200 300 400 500 600 700 800 900 1000
iNg=)
S 51 RIMRASENN IMF, ~ IMF,
Fig.5 IMF, ~IMF, from first CEEMD decomposition
L 200
220 ) \) T VNV TPV VY
0 100 200 300 400 500 600 700 800 900 1000
L 200 F
g o0
7200 1 1 1 1 1 1 1 L 1
0 100 200 300 400 500 600 700 800 900 1000
100 1
s of
~ 2100 . . . . . i . . . .
0 100 200 300 400 500 600 700 800 900 1000
oo 8-
z 75 I 1 L 1 L 1 L 1 L 1
0 100 200 300 400 500 600 700 800 900 1000
ERTNS
T Br
& 20k

0 100 200 300 400 500 600 700 800 900 1000
I,

Bl6 551 R EASEIR IMF, ~ IMF,
Fig. 6 IMF, ~IMF, from first CEEMD decomposition

m 5 T L& B, CEEMD 204528 1 IMF, A 5
(&1 3 5 Sl 7S A AU ) B o AT, J2 B2 S R 75 i
FH T2 SR A oy B S T T A SRR AR S 0
Wi 32 PR 7 R i Wi 0 15 5 1) o AR, TR e A 6 v i
FHUNEE K- X 4y e s S IMF 43 8 {5 5 £ 5 IMF
Oy, ELUARHb AR R U BE DR B R K R AR AR
FEWEFS 325 IMF 20 i A5 5 25 IMF 2 1 43 5 B
55 q A IMF Jr BRG] 7 K 3 OR T R kA
(K,/K,,, B KAB ) I, 3EXF 07 1 B4 g 1F e s 5
IMF 531t 5155 35 IMF 53-8 050 5. I8 g St
ZHTHY IMF 43 B AR £ 5 IMF 40 & 8 0 8 g 2 )5
1 IMF 43 E MRS 35 IMF 404,

HRIEFE 1 e B 28 2033 A 28 — Yk CEEMD



226 - S 1[I I IV = 3

8375

O RIG A5 IMF J3 5 9 0 52 DR 7 an 1 7 s, DA v g 2R
JEE PR H B e R Bk 7 BT X L B B Bk g = 1, IR B
IMF, fER MBS 32 IMF 438 F IMF, ~ IMF, H R{55
F 5 IMF 435, 53X SHTHDG IMF, 435 F075 S0 75 (1%
FRIE T AV A o 3 R R X 20 05 g = 1 AR W
M o IMF, 5155 £ %05 IMF, 438175 —
K CEEMD Z3fiff | {115 75 E— 2 DR R M A5 %) [ s, AT g

M EAMES.
25
20
15t
¥
=
il
£ 10}
5 L
O 1 1 1 1 A 1
i 2 3 4 5 6 7

IMFR-3

7 IMF, ~IMF, A0S A 728t th 28
Fig. 7 Kurtosis factor curve of IMF, ~IMF,

3.2 IR CEEMD &
K45 — Yk CEEMD 43 fif# 18 3] #9174 3 5 IMF 434t
IMF, 4745 ZC CEEMD 23 fi#453 SIRIRT 5 B IMF ST

8}3}"‘5—\‘0
g
i 2008P n s L e " | PR
-2 000 i e e e
< 0 100 200 300 400 500 600 700 800 900 1000
:200§
Z 2000605200 300 400 500 600 700 800 900 1000
5 20 p
E _20E f 1 il LA P " !
= 0 100 200 300 400 500 600 700 800 900 1000
5 100
2 _108 1 L L L L 1 1 1 1 L
0 100 200 300 400 500 600 700 800 900 1000
_— [inp:
g 8 e i A s VAR VA W
= 0 100 200 300 400 500 600 700 800 900 1000
)
i
0 100 200 300 400 500 600 700 800 900 1000

iNg=)
&8 IMF, %5 YK CEEMD #1531 IMF, | ~IMF, |
Fig. 8 IMF, , ~IMF, ; from secondary CEEMD

decomposition of IMF,

XF IMF, #4745 — ¥k CEEMD 43 fif# J5 4 43 i (0 04 J3
PRF- G0 P 9 T/, ML o e g PR35 R o 72 o

FIEXT R ECR g=4. BIIL K IMF, | ~IMF, |, fE R
FFIMF 40, K IMF,  ~ IMF,, /£ 8 {5 5 3 5 IMF
ﬁ%o

U BEBHF

IMFR

9 IMF,  ~IMF, , (0 B 725 1k i 25
Fig. 9 Kurtosis factor curve of IMF, | ~IMF, ,

X 1 RS RIS 5 S IMF 435 IMF, 3577
55 YK CEEMD 43 f#, 43 J5 O HT 3 By IMF £ 4 & 10
R,
gp 1000

Pl 0
1% -1 000 |

0 100 200 300 400 500 600 700 800 900 1000
- 500

B _AMA A ﬂl‘AAn.nl ‘nﬂnmn‘
=St A L [ I U

500 600 700 800 900 1000

0 100 200 300 400
1000 F
s 0
B 0 S A I AL O AR A M
0 100 200 300 400 500 600 700 800 900 1000
400}
=200

£ ol W
=200 [

0 100 200 300 400 500 600 700 800 900 1000
g2

& 10 IMF, % —ik CEEMD 4 f#55 IMF, | ~ IMF, |
Fig. 10 IMF, , ~IMF, ; from secondary
CEEMD decomposition of IMF,

XJIMF, #4745 ¥k CEEMD 43t J5 4% 43 1 1t I
PRIFAn i 10 Jir7s . pln Pl 1L g R i R R e K A2 it
FEXS BB RCR g =1, K B IMF, | fED5E S 25 IMF
GriE B IMF, , ~IMF, , fE 055 32 IMF 406,

3.3 ESEM

Fr AN B — K CEEMD 4345 51 (e 75 £ 5 IMF

SRS MG ES IMF I T S SR, W20
eI SE W



53 JET UK CEEMD 5 I S AE B 1Y) 25 18 05 v - 227 -
18 ¢ — RBERES
--------------- —WCEEMD4HE %8
6000 F - - - - ZIRCEEMDZ} i 21
4000 |
N-
® 2000 |
=
= o ‘
B of
2000 .
4000 i i
IMFH ¥ : i
, 6000 b+ i---F - BT —=y
11 IMF, | ~IMF, ; AR A28t il 22 0 100 200 300 400 500 600 700 800 900 1000

Fig. 11 Kurtosis factor curve of IMF, | ~IMF, ;

y(1) = ZZIMFL- (4)

ASCR R CEEMD 4 ifa {55 £ 5 IMF 4y it
TBMER , KW EES AR .

y,(t) = iIMFL. + i]MFlJ + i[MF“, (5)

Bl A 55—k CEEMD 4 fif 2 W A1 — %
CEEMD 73 fiff 21 5 A3 1 (19 5 5 B 380 JE % e il 12 o
N, HIE 12 750, BT CEEMD #8475 ik T A IR B )
B, H LT BERRAE 4387 0] LA 21X 43 CEEMD 43 il 1)
M S IMF A5 £ 5 IMF 4308 1 g R 0
Sy TR A CEEMD J % 25 M5 45 21 (19 15 5 b o
i M R (A 3 T A bk R PR 5 o
R8T ASAE, BB, anlE 12 Rk
KEPIE 7, 1T K CEEMD J fi# 25 W X 55 — WK
CEEMD Z3f# s S s Ak e s = 2 IMF 4y 8 5155 £ %
Sy T Ik — 2 4 fif 5 W Ay R UEBR, 5 — K CEEMD
OYFRRMEAR L, WK CEEMD 43 fift 25 W J5 o o5 M 75 1) g
A5 30—, B =K CEEMD 43 fiff 2 1 BE % 4 %L
I BR— R CEEMD 4 25 Wt 5 B i A7 78 19 20 B4R
Vio XTE 12 1 2K CEEMD 530 LW A3 IHAETE /g 2
T | HOF U 5 R IR AR A e A S S, AT i
Xof QW A AT T A 7 A A U IX St A7 R 4 Ak 3L
14 I U (14 U (PR 40 B3 5 1 - B0 (i, 06 {1 P 4 = 75 1)
BB 5 AR S S I B X I 13 B, iR 13
AT, 225 K CEEMD 43 fiff 25 e Ak 35 19 15 5 4 k0
B T RIG TR P AELE R vl s
3.4 (ERRLEBUEEM

TR Mt R {55 ) o3 5 e s ) S5 1) EU Al — B
301 (dB) Fow, HoE WA= (6) s,

P
SNR = 10lg|— 6
JP) (6)

g2
B 12—k K CEEMD )i By s
Fig. 12 The denoised results by first and secondary CEEMD

& 00 —— RS
-~ B MR
4000
2000
-2 000
-4 000
-6 000

0 100 200 300 400 500 600 700 800 900 1000
5

K13 WEE AR IR 005 5 15 R & AR 5 O X T
Fig. 13 Comparison of the denoised signal after peak

compression and the original contaminated signal

Hrp, PP, il A MG S S s, XFF
SERRIEIR S MEE S, BTG H v ) B 5 S
P E, RIS b ek HHER I (6) T {5 g
oo A T VA B 25 My X S B et 2 M I 3R A 14 i I
e sess SR IR 2 B 5 MR A5 5 40U 07 L A O a3 L I
HIE (R, AN 4 pros iy AR s S e A H
7 B 5B 3 FTR BT SR AR AR AT AL
MRS, SRS N TR A K CEEMD 2508 07 vk
XPRALL 5 W A5 5 A6 AT 2 M b B 2 Wi S A5 e B
A G S AT e E 14 i, A BREE R 518 13 iR
PR S B WA 5 R BREE SRARARL . fh Tz s B b g 2
A G5 B A, R nT LR AR X (6) T Z e iy
JEHIEME L AL RN 2 s, K 14 5% 20
I, 45 Ik CEEMD &M Ab B S 015 5 38 5 BLAR (5
S AW A, X T LA E R E T
13.17 dB,



£ 228 - S 1[I I IV = 3

937

5000

4000 [
3000
2 000
1 000

-1 000
-2 000
-3 000
-4 000

-5 000

0 200 400 600 800 1000
L

K14 MRS RS 5B G S 008X T

Fig. 14  Comparison of signal and ideal useful signal

waveforms before and after denoising

£ 2 )X CEEMD X(IERiFERLLNE

Table 2 The signal-to-noise ratio before and

after CEEMD denoising (dB)
JBART SNR 25 SNR SNR B3
-1.04 12.13 13.17
4 & 8

ASCHE T — PR T K CEEMD 43 5 i SRR AE
SYHT LT 7E v Ik EMD A5 S TR 2 [n) 801 [R] B A4
XEF EEMD 7 fiff $1 0 7 3H 508 TR i b gtk 1
EMD ZMS2 R i AF TR A £ IMF 705 515 %5
EF IMF i APl B iR CEEMD 3 fiff i
B IMF J3 1 1) o SRR AE 22 5 0 Bff o M A5 3252 IMIF 43
555 T IMF 208 0970 50, IF 230 30006 1l 5 R AH 48
P F I 7 S IMF 3 RS 5 325 IMF 20 BT 4
K CEEMD Jp i, g/ 7 B R IR £ % IMF 4 &
AR HA G, E— 2D ugBR 155 £ 5 IMF 70 &
TR IR XL £ S B I R Y 2 e Ak
PRAEIRRW] IZ LW Ty A XS 5 o M A TRk T 25
BrReqgfal s, af DU S0k A S 5, B R4 5 g
PERE,
s%3H
[ 1] EhEER, AEAR. 5T EMD iz & B bLE L84l

BRI 532 (1], ESh IR, 2016, 35(10)
34-37,49.

HAN J Q, SHI X D. Detection method for the
internalstator winding fault in aircraft generator based on
EMD[ J]. Foreign Electronic Measurement Technology,
2016, 35(10) ; 34-37,49.

(2] JAR 28 A5V RS 5 I3 70 5k SO FPGA

(3]

[4]

(5]

[6]

[7]

[8]

(9]

SCHLLT ] HEPRHR L R 724 4l ( A SRR R0 |, 2018,
30(5) :633-641.

ZHOU W, LIANG Q. Real-time spectrum analysis
algorithm for non-stationary signal and its implementation
on FPGA platforms[ J]. Journal of Chongqing University

of Posts and Telecommunications ( Natural Science

Edition) , 2018, 30(5) : 633-641.
NISHAT T R, KIM C H, KIM J M. Bearing fault
classification ensemble mode

using empirical

decomposition and convolutional neural network [ J ].
Electronics, 2021, 10(11) . 1248.
P, TRIB B, %F. 26T CEEMDAN-PE Hy.0 #h
ol 5 FE MR T A IR [0 ], AR A 3R 22 4, 2019,
40(6) :155-161.

GENG D Y, WANG CH X, ZHAO J, et al. Research on
BCG signal de-nosing method based on CEEMDAN and
PE[J]. Chinese Journal of Scientific Instrument, 2019,
40(6) : 155-161.

BRI, 5, 0 o, A5 ST IRAREGAI HIFU [ 38 £
SRR [T]. AT S R 2R, 2020,34(11)
19-25.

YAN SH Q, TANG H, LIU B, et al. Research on HIFU
echo signal denoising based on compressed sensing
technology [ J]. Journal of Electronic Measurement and
Instrumentation, 2020, 34(11) . 19-25.

CHENG Y, WANG Z W, CHEN B Y, et al. An
improved complementary ensemble empirical mode
decomposition with adaptive noise and its application to
rolling element bearing fault diagnosis [ J ]. ISA
Transactions, 2019, 91. 218-234.

sk, d v LY Gk R, 4F. BT CEEMDAN 1 HHT
BRI A I 5 e [ ], B F I B R, 2020, 43 (6) .
83-87.

ZHANG H, MENG K Q L, ZHANG ZH Q, et al.
Harmonic detection method based on CEEMDAN and
HHT[J]. Electronic Measurement Technology, 2020,
43(6) . 83-87.

WU Z H, HANG N E. Ensemble empirical mode
decomposition; A noise assisted data analysis method [ J ].
Advances in Adaptive Data Analysis, 2009, 1. 1-41.
553, MG, 5k TR, BTl EMD 5 SOM i 28 o 4%
9 A LRSI HLAL S RS Wi 5E [ )] [ Ah e I
7K ,2020,39(8) :5-10.

FAN Y, WANG P, ZHANG Y CH. Research on
automaton driving mechanism fault diagnosis based on
improved EMD and SOM neural network [ J]. Foreign
Electronic Measurement Technology, 2020, 39 (8):
5-10.



53 3

[10]

[11]

(12]

[13]

[14]

PENG K C, CAO X Q, LIU B N, et al. Ensemble
empirical mode decomposition with adaptive noise with
convolution based gated recurrent neural network: A new
deep learning model for South Asian high intensity
forecasting[ J . Symmetry, 2021, 13(6): 931.

CHUI K T, GUPTA B B, LIU R A W, et al. Handling
data heterogeneity in electricity load disaggregation via
optimized ensemble mode

complete empirical

decomposition and wavelet transform [ J ].
Sensors, 2021, 21(9) . 3133.

FERREE, F R, XUIE 55 . ik 6 13 CEEMD J5 35 75
OHE S EBR PR ALY ], B IS A A A,
2020,34(4) :50-57.

FU L J, WANG F S, LIU ZH N. Application of
improved adaptive CEEMD method in denoising of ECG

packet

signals [ J]. Journal of Electronic Measurement and
Instrumentation, 2020, 34(4) . 50-57.

YEH J R, SHIEH J S, HUANG N E. Complementary
ensemble empirical mode decomposition: A novel noise
enhanced data analysis method [ J ]. Advances in
Adaptive Data Analysis, 2010, 2(2): 135-156.

HU M F, ZHANG S Q, DONG W, et al. Adaptive
denoising  algorithm  using peak  statistics-based
thresholding and novel adaptive complementary ensemble
empirical mode decomposition[ J]. Information Sciences,

2021, 563: 269-289.

HT TR CEEMD 5 SRR AR S3 47 1) 25 W8 0 - 229 -
[15] XIX G, ZHANG Y, ZHAO Y B, et al. Denoising of
surface  electromyogram  based on  complementary

ensemble empirical mode decomposition and improved
interval thresholding [ J ]. The Review of Scientific
Instruments, 2019, 90(3) : 035003.
EEE T
FBfi, 2021 4 T ARACHL Ty R AR 132
rEr, Bk PG R A R A F AR

iy ETETT 0 R AR T AL B SRS A

- E-mail ; 1804485546@ qq. com
Zhou Hang received his B. Sc. degree
from Northeast Electric Power University in
2021. Now he is a M. Sc.

University. His main research interests include signal processing

candidate in Southwest Jiaotong

and fault detection.

BRI G5 FE# ), 2003 45 T 74 3 223
R AT LA, 2010 4F T 74 R 3838 K
SFARAH I 2 0, B VU g A 3E R 2 I B
B, FEWGETT 1 A (E T A B A RS R
REAN 45
E-mail ; lin_langai@ 163. com

Lin Chuan ( Corresponding author ) received his B. Sc.
degree from Southwest Jiaotong University in 2003 and Ph. D.
degree from Southwest Jiaotong University in 2010, respectively.
Now he is an associated professor in Southwest Jiaotong
University. His main research interests include signal processing,

electromagnetic imaging and intelligent detection.



