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Fig. 1. Chaotic signal and the mixed signal: (a) Duff-
ing chaos interference signal; (b) the mixed signal of

chaotic signal and harmonic signal.
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Fig. 2. The harmonic extraction results of the frequency distribution (0.3, 0.5): (a) the extracting results of
sin(0.3t) by EMD; (b) the extracting results of sin(0.3t) by SST; (c) the extracting results of sin(0.5¢) by EMD; (d)

the extracting results of sin(0.3t) by SST.
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Table 1. The correlation coefficients of the extracted harmonic and original harmonic.
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(0.3, 0.4) 0.7286 0.3211 0.8115 0.7835
(0.3, 0.5) 0.9316 0.9380 0.9611 0.9448
(0.3, 0.6) 0.9715 0.9537 0.9765 0.9638
(0.3, 0.7) 0.9862 0.9652 0.9891 0.9835
(0.3, 0.8) 0.9952 0.9850 0.9950 0.9879
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AP

Mwy = 0.3, we = 0.4, 0.6, 0.7, 0.8, PiFpT7
IR I 5 JE B A 5 AR R B R 1
B T IR I U ] 1R AR ] e ok
BRI, EMD J732 B $2 BURT I 345 5 1O RCR
Ky, T LLAE H, EMD J7 ik 1 5 BRI 52 1
(] ¥ 4502 18] B e M 2K SST 7 ik SR I i I 5
I I A 5 TR AR 5% 2 Kt 5 3 1 9 1) A3 [R) g

(I3 KA B hn, (RS ARORE AR iR AN K, Wi
SST J5 i S IRl 15 5% v (R ST, B2 5 (B A
[l BE M AN K, A B & B, P g I
(1) F 315 (R RR ASC /NI, SSTT 7 v SR B ) A4 3 R AR
T EMD J7iE; 24 A B8] 50 ) B BRI
SST J5i%5 EMD Jr ik R BUSCR AN 2.

4.2 HEXK2: SRRAERPIERES
HYHEEY

WIRHE T TR EBRAEST Ngl) = f(t) +
e(t) + n(t), Hrre(t) g ) Duffing RBHE 5,
f(t) =Aqsin(wit) + Agsin(wet) AWEEAS 5, HH
Al = Ay = 1.0, w; = 0.3, wo = 0.5, n(t) R
HrE e s, O 7B SRR T ERE S
FEEL 2 M, € W 7K P (noise level, NL) A:
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NL = ‘O’__ X 100%, 1 o, 26775 W 75 () B b 5 - - - - —

%, o RIS () ML, SRPIRET  Z o

Y5 S AERAE T DR RFANAR, e 18 8 vy J07 9 e 7

SR, ISP TTVE RS SRR, # 3 (a), “50 2000 4000 6000 8000 10000 12000

(b) %t T IRIEA 5 () MK NI = 40% . )

REE T g(t) ML K. (b)
53 BRI EMD 781 SST 59 M g(t) itk i7 2 of

R I, P 4 45 Y7 PR 5 ik Al ECPR) 1 I

ATLAE ) fER S IR R, SST 7774 [’ 4 (b) AT (d)) 1% 2000 4000 60;(20 8000 10000 12000

HRESTT LB S AR 5, S it e 3 BITIFESMEERAES  (a) Duffing BT

JRVEIAE S AL, B T A, HARE R R AT
HFFA. T EMD[E 4 (a) 1 ()] J7ikm B 45 5 %
g s S I K, ) O 5 R B S S A B
BUK.

155; (b) NL = 40% I HI& MR &S

Fig. 3. The chaotic interference signal and the mixed
signal contained noise: (a) Duffing chaotic interference
signal; (b) the mixed signal with NL = 40% noise.

— RIGRIENEES - - — EMDIRIGEM — FURIEAE S — — — SST {2Hukd
1.0 T T T T T
(b)
0.5 ]
= 2 .
= E
—0.5F —0.5
~10t 1.0 . . s
2000 4000 6000 8000 10000 2000 4000 6000 8000 10000
n n
— FIRENEES - - — EMDIZIGEIE — BRI - — — SST {2HUkMk
T T T T T 1.0 T T T
1 (c) d
1.0} )
1t / 0.5
\
0.5 \ \
@ 1 ' i @ 0
g 0 A I, = I
—0.5 ] ! —
0.5 i\, \ 0.5
-1.0 Y \
1 1 1 1 1 _10 1 1 1 1
2000 4000 6000 8000 10000 2000 4000 6000 8000 10000

n

B4 NL = 40% W85 5 32
EMD #2I45 8; (d) sin(0.5t) B SST R4 R

(a) sin(0.3t) 1 EMD #2453 (b) sin(0.3t) [ SST 2 HR 4%

n

; (c) sin(0.5t) 1

Fig. 4. The harmonic extraction results of the NL = 40%: (a) the extracting results of sin(0.3t) by EMD; (b) the
extracting results of sin(0.3t) by SST; (c) the extracting results of sin(0.5t) by EMD; (d) the extracting results of
sin(0.3t) by SST.

2 AN[EIME P RTINS I AR R AR A

Table 2. The correlation coefficients of the extracted harmonic and original harmonic with different noise

intensity.

EMD # i £ BUAH G 5 44 (Corr) SST ¥k FEHUAH O 74 (Corr)
7K/ NL% WHES 1 WSS 2 WEES1 WHES 2

40 0.8541 0.7350 0.9323 0.9383

60 0.8350 0.6867 0.9321 0.9381

80 0.6367 0.6418 0.9318 0.9375

100 0.6048 0.5597 0.9316 0.9376

120 0.5173 0.4925 0.9112 0.9250
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55 RS AR ¢ R BT DUR B, Bl 1 7 /KT ) 4
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Ik 75 7K P 7E 120% LA P B AH 56 REUH ZE A K, 15aT
PAFEAF SRR, 25 A B A FIER 2 ) sE g 45
BT, SST ik B A BUF My A ae ), f£— &
(%)t P 5 PS5 AT, AT T RS v P 1 R A DU

5 %
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Abstract

Extracting the harmonic signal from the chaotic interference background is very important for theory and practical
application. The wavelet transform and empirical mode decomposition (EMD) have been widely applied to harmonic
extraction from chaotic interference, but because the wavelet and EMD both present the mode mixing and are sensitive
to noise, the harmonic signal often cannot be precisely separated out. The synchrosqueezing wavelet transform (SST)
is based on the continuous wavelet transform, through compressing the time-frequency map of wavelet transform in
the frequency domain, the highly accurate time-frequency curve is obtained. The time-frequency curve of SST which
does not exist between cross terms, can better improve the mode mixing. The SST has also good robustness against
noise. When the signal is a mixed strong noise, the SST can still obtain the clear time-frequency curve and approximate
invariant decomposition results. In this paper, the SST is applied to the multiple harmonic signal extraction from chaotic
interference background, and a new harmonic extracting method is proposed based on the SST. First, the signal obtained
by mixing chaotic and harmonic signals is decomposed into intrinsic mode type function (IMTF) by the SST. Then using
the Hilbert transform the frequency of each IMTF is analyzed, and the harmonic signals are separated from the mixed
signal. Selecting the Duffing signal as the chaotic interference signal, the extracting ability of the proposed method
for multiple harmonic signals is analyzed. The different harmonic extraction experiments are conducted by using the
proposed SST method for different frequency intervals and different noise intensity multiple harmonic signals. And the
experimental results are compared with those from the classical EMD method. When the chaotic interference signal
is not contained by noise, the harmonic signal extraction effect is seriously affected by the frequency interval between
harmonic signals. If the harmonic frequency interval between harmonic signals is relatively narrow, each harmonic signal
cannot be accurately extracted by the EMD method. However, the harmonic extraction precision of SST method is not
seriously influenced by the change of harmonic frequency interval, and when the frequency interval between harmonic
signals is small the SST method can still accurately extract each harmonic signal from chaotic interference. When the

noise contains a chaotic interference signal, the harmonic extraction effect of EMD method significantly decreases with

* Project supported by the National Natural Science Foundation of China (Grant No. 11201354), Foundation of State Key
Laboratory of Satellite Ocean Environment Dynamics, China (Grant No. SOED1405), the Foundation of Hubei Province
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noise intensity increasing. When the noise level reaches 80%, the extracted harmonic signal from the EMD method
is seriously distorted, the correlation coefficient of the extracted harmonic signal with original harmonic signal is only
about 0.6. With the increase of noise intensity, the harmonic extraction effect of SST method has also a declining trend.
But as the noise intensity is within 120%, the harmonic extraction effect of SST method does not greatly change and the
extracted harmonic signal precision is still higher, which shows that the harmonic extraction method based on the SST
has good robustness against noise. The comprehensive experimental results show that the proposed SST method has
high extracting precision for multiple harmonic signals of different frequency intervals, and the SST method has better
robustness against Gauss white noise. The extracted results of harmonic signal are better than those from the classical

empirical mode decomposition method.

Keywords: synchrosqueezed wavelet transform, chaotic interference, extraction of harmonics
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