Chinese Physical Society
M!l ﬁ Acta Physica Sinica

. Institute of Physics, CAS

RAEER MEERIERE SR ENRE SHE VK T2

AAFH O ER OESE W

Extractraction of non-stationary harmonic from chaotic background based on synchrosqueezed wavelet
transform

Wang Xiang-Li Wang Bin Wang Wen-Bo Yu Min

5| Fi{Z K Citation: Acta Physica Sinica, 65, 200202 (2016) DOI: 10.7498/aps.65.200202
1E28 1% View online:  http://dx.doi.org/10.7498/aps.65.200202
AP 4R View table of contents: http://wulixb.iphy.ac.cn/CN/Y2016/V65/120

‘fﬁ'{_]' el /\@E']Eﬂﬂjlﬂ

Articles you may be interested in

3T 2 A A Fourier 48 ¥ (145 5 4r B3R BT %
Signal component extraction method based on polynomial chirp Fourier transform
PP 27 4%.2016, 65(8): 080202  http://dx.doi.org/10.7498/aps.65.080202

TR T 3[R0 B e /NB AR e (R AT 5 3R IO 1%
Harmonic signal extraction from chaotic interference based on synchrosqueezed wavelet transform
Yy# 2242015, 64(10): 100201  http://dx.doi.org/10.7498/aps.64.100201

R IRTTA R S BURTE R GE 7y 70 1 )

Bifurcation control of a cubic symmetry discrete chaotic system
YEL % 4.2013, 62(4): 040202  http://dx.doi.org/10.7498/aps.62.040202

3K A Kuramoto-Sivashinsky 75 12 1V # 2L Jc 5.t Galerkin 777%

The element-free Galerkin method based on the shifted basis for solving the Kuramoto- Sivashinsky equa-
tion

PP A H%.2012, 61(23): 230204  http://dx.doi.org/10.7498/aps.61.230204


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.65.200202
http://dx.doi.org/10.7498/aps.65.200202
http://wulixb.iphy.ac.cn/CN/Y2016/V65/I20
http://wulixb.iphy.ac.cn/CN/abstract/abstract67083.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract67083.shtml
http://dx.doi.org/10.7498/aps.65.080202
http://wulixb.iphy.ac.cn/CN/abstract/abstract64050.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract64050.shtml
http://dx.doi.org/10.7498/aps.64.100201
http://wulixb.iphy.ac.cn/CN/abstract/abstract51939.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract51939.shtml
http://dx.doi.org/10.7498/aps.62.040202
http://wulixb.iphy.ac.cn/CN/abstract/abstract51028.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract51028.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract51028.shtml
http://dx.doi.org/10.7498/aps.61.230204

) 32 ¥ ] Acta Phys. Sin. Vol. 65, No. 20 (2016) 200202

A= NMEERIERESHEENEZD
B IE VR R B
ERFAVT TR ExwD wed

1) (U KA, 2SI A b B s s, Bl 430063)
2) (BRI BHE K505 SR 5 TR, ;i 430081)
3) (RBURHOR 2 B2 B, i 430065)
(2016 45 A 26 HUZF; 2016 4 6 A 25 HILH&0H )

BEXSRID B /N AR #e (SST) AESRBURIE T 57 T AR PRI SR S I AL, $ th— R ok i) 5 E R R
SBR[ SST AR~ A B A5 51— BUTVE. SRR AP A B AR 5 /N AR B /N ST X 1A 11 5%
A, fEFAR PRI SST SRR B & M RN ARG 1 1552 38 2RV, PP di /) RE B 5 2 1A DU Al i 0
RImpEEE A Nh S E R E, WTSEIAEF R8BS 5 10 SST HI@ MR, 7 A7 Lorenz IR 5 A1
Dufﬁng/mﬁE%“%TXTTH*ﬁ“E’HH‘%%!L%/&{

ST 7SR b, SEIRAERER Y, 1% 75ROt A TR

TH SR RDERT RIS S, S — RN EE A SST J5 M b, SR HUERAE L) U7 iR ZZ FIAH < 2R

BT TR B R

KA [F2D 5 I /MR, AR TR, IR A, TR

PACS: 02.30.Nw, 31.70.Hq

15 =

TRIETS Bh 45 SR I+ LA SR 2% T Ak
N —, ZEIRZEHE NG D 2F
MW AR, fEAR 2 TR 8 A R 15 S AR

] 3B s bt Al 3 YRR R 7 R A 2 P G T A
& AT A YRR @ A5 RS S AR E DL, O
HL /i LA 5 RS S AR O], Rk, R
T 5 SR DU i) B 9 L A AR A B AN S
bR X

H A& R 524 B ARE 5 1l i) 7 32
BRI — 8RR R R AR 2 A L
2546 5 B AR AE 5 A R RE sk TR 55— 264
TS 5 N R 7S (5 5, R A 90 AT 5 R TR
HAE S IR EFRME S, T8 774, Leung

DOI: 10.7498/aps.65.200202

AN Huang 7] F R 0 4 A BR 26495 1, 38 3 45 /A

AR ARVE S TRV 5 R IR 5ZAE 5 A AR Al
115 He Al Luo Bl i /5 HTRTE T 5= 5 H bs {5 5 )
AL R ILIR B FIAIE, S B RS S A
Guan %5 ) D) % Li #1 Zhang [10) F) F 6 22 9 48 X6 1R
U FCEEAT BO, I R 2 b g AR H AR S
Ty A7 = 2 1 ) R et i S R v R S S B A
PRI S R, Xu g Ml s AR R
G, i R GUHENAS R RPIRAS HE T 0T P 18 45
SREATRII. 507k BAR TR A ) H bR
155, (B4 7R EE AR R G 34T A0 25 (]
B, AESEPRM AR — B AR, HitEER
K. RF 5 2073k, Huang A1 Xu 12 LA FEDG
A gy 1131 ) VR f A A AR SR /DN I A
SHRTE T 5 1 B bR (S 53T T 08, EREES D

* EFRASRI RS (S 61473213) WiHLE AARRIEES (HHES: 2015CFB424, 2015CFB602) Al 3 T K 2 388 ) Bk

HORWIAL AR SIS T8 S (e S 2015111015-B02) #
T #EVEHE. E-mail: wwb0178@163.com

© 2016 FEYIEF S Chinese Physical Society

5F W R

http: //wulizb.iphy.ac.cn

200202-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.65.200202
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 20 (2016) 200202

NP AR 5 EMD A 456, BRI -S4 A
TR S TR SN IS S A EAE
H A D TR T S 5 A  ATRR P R
A Rl 25 B s 7N 22 # (synchrosqueezed wavelet
transform, SST) MIRIEE S BGE R E 5. %
TS A AT R D7 VAN T L E A VR 2 [, AT DA
AT R SR ORI S i B ARE 5. (HN AR
Bz B, GneT e 4 d /N AN A0 A S
AN, A AFERAS IR SIS 15, EMD [RIFEAELE
ARSI A, T H 6 e A AU, TR 5%
A BRI BE LR B, EMD 7 fif 45 R = % 3
g g (101, ST 17191 3@ o Wk 82/ N R ALAE SN
RI7 I HHE R, B cE TSRS ISR, X
W P B B B, DRI VRIE TS = N A
SRR RS T R R

{HSCHR [14] 52 7E /N R 2t I B it B, R
F 5 — S 2§ [ SST J7 ¥ (single accumulate fre-
quency rang SST, SAFR-SST) fh SR &=+ 11
HARE T, WER HARME 5 R A G I 7] A2 1~
FE AR 5, AT LLIRAS B0 m B R IS B2 (H 2R B
P55 F2 A B I ) AR AL R P R RS 5, T
— ARG BRI T AR AE — 8 AN L, HELLERAS
ke FE A S SR B, AR SR T —Fl
VBRI 5 T AR 5 10 B & N AR 2 Yl SST 4ih
U777 (adaptive accumulate frequency rang SST,
AAFR-SST). fE1ZJ7 i, HERIER G5 5 /MK
RESWEN AR R, #HET TS 25 0
3 AT Y TR A 2 ARG, SR RN
R 22 [N 7 A e A u A b 28
fH. SRIREE KR T PRIk .

AR T NERZHW R 8279524 SST 4
AFL; 531 ENRE = TR R EARE
5, T HARME T RN B & SRR o A
3, 28 3.2 AR i /D e B iR 2 I S AR U A
AP SE I HRAAE; 5 4 98 A =] 07 5 & s
XF TR T R HEAT SRER o3 dr, JF S5 & ML) SST J7 vk
ATXTEE, e A A

2 FEFHENEE B

B rEES f(H) N
N

N
F) =Y frt) = Ax(t) cos[2mep(t)],

=1 k=1

=

FHH Ak(t) > 0, ¢4.(t) > 0. SST AT LLKE i tth 3 #r
f() & oy BRI, JF B BOE o
fr(t). SST HIFEAE SR 116

E X1 (N 2614 25 8 2L, intrinsic mode
type function, IMT) 1 R & ¥ & K f(t) =
A(t) cos(2me(t)) 2 LR 264

A(t) e CYR)NL>®(R), ¢ € C*(R),

inf¢'(t) >0, sup ¢'(t) < oo,

9" ()] < 719’ (t)],
NIRRT £ (t) N B REE v I SRS R (-
IMT).

EX 2 (AR A SRR K)
W2 5y I R AL f(¢) T LA Ry (1O

sup d)”(t) < o0, |Al(t)|v

teR

N N
FO) =) frlt) = Ax(t) cos(2mer(t)), (1)
k=1 k=1

Hor fi.(t) R BRI B SRR (N N
W, Hisa
Pi(t) > P (1),
|64(t) — B2 (t)| = d(d)_1(t) + 01 (1),  (2)

WFR f(t) A AT 4 B8 FE d 1 -IMT BR 510 30,
Hor d it s . BE 0B dy-IMT 1
FEAWACN A, 4. TESST H, f(t) KIES/INE AT
t—b
W(a,b) = /f(t)a_l/zz/)(a) at,

5 I I A
_ ath(a’vb)
wa,b) = 2in W, (a,b)’
FeTFEG NP AR, TSR] SST 1 B 2h 1.

109 WERH ) € Ayg EFEK
h e Cge H [h(t)dt =1, IBFE—DDEEE Y, K
H Fourier 28 e 0 {ISZHEIX AN [€0 — A, €0 + A] B
A< déy/(1+d). BRELf(t) BIES/NETH G, Xt
N REAW ¢ (a,b) BEAT BUE A v, K5FE N6 B F
YA S Y|

Sha0e) = [ Wiab)
7 A’Y»f(b)
x§h<w—wgﬁhw>a—wam,($

XA, r(b) ={a € RY;|[Wi(a,b)| >~}

200202-2


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 20 (2016) 200202

ghig 20061 e o /N, AL f(t)
e El, Xtk e {1,--- N}, &

fe(b) = lim | R;! S8 (bw)dw |,
o 55%( Y /me—%ww@ 0] w)
(4)
MAFAER — BB C, AT Vo € R, 4
| fi(b) — Ax(b) cos2mey (b)]| < Ce.

SRR =2

Ak (t) cos[2my (t)] + n(t),

(n(t) FoRMEFS), H TRk [17) 7T A, (4) 2RATISR AT
BRI, TR TS 5 T 1 2 00 = A5 5 AT A U I
WFKHRTE TG B S, W H AR S & £ ()
A R R (o

fe(t) = lim R_l/ S8 (t,w)dw
20\ Jiwtan-awi<e

= R;l cf%Wf(a,t)da. (5)

W (a,t)]>,
lw(a,t)— ) (1) <e

3 AT HZENEmMEESSTHIE
T AR 4R B

3.1 BENZRMAREENTEAR
FUF SST MAT RIS 102 4 e (5 5

N
F&) =" frlt) +n(t)

1

B
I

I
WE

Ag(t) cos[2my (t)] + n(t)

By
I
—

IR BES {fu(t),k = 1,--- N}, EAD
AR 1) 3BT f() BATES N AL 2) 18
N FR BRI ~y, ) FH R 5 d K B SR 77 V5
SE & B AS T AR L 2R o) (1) 3) R E BN
ARG E S H e, o aE SR O ¢, (t) A
B, 218 (5) IR BAE 5 fu(t).

Gy B AF T { fr(t)} IR B & 5 /N I BIE 2
By Je B A B S B e BV OG, /N BB
2 B0 A% SCHR [17) i T AT EUE, v =
1.4826+/2Tog N - MAD(|Wy|,,) (N £nfa5KE,

MAD(|Wy|y, ) o fe /D RO JZ= /N R B A,
A AHASHER I R AR . R B A e i BBl S 40 e il
HUAE 1 4 38 1 7535, B STk R OE AR 4
e — ARVEE N TR E e, I — =
fr(t) TEEUES & ZREUH FI{A.

B — 2 3 [ (1 7 R AE i U Vs )T
FIE I, AT DU B0 1) ROR,, AR AE S IUR
ST RIS AE S, S AR KR ZE.
DR g JE~F- A 18 A 5 1A ik I 430 % B I 1) B2 4K, 90
A5 T 1) B 003 [A) o B o3 B A 5 A B i A0 s 5 R
FEAE 72, I SST M4 845 T I, Ui R
2% e B I /N, WA B 76 878 56 7 B AE 5 1/
WRECH (A0 1 (b) FroR), S EUHRIUE 5 A 58 #;
IR IEE S8 e BUEE KR, 2 5] N 2 g
PR, HESBU G SN RBGE B L E S
(W1 (c) o), [RIFERE IR 43 5 A5 = 1R SR IBORS B2
PRl b, AR SO A Bl o oy B AE T /N R e S A
O 2R o) (¢) B IE L E BN EE [ e, (1),
845 e (¢) BELLRUF AT & fio(t) HO/NBR BT (A0
Bl 1(d) Fiow), $madE-FAais ik 7 2 5 BORs B

P e SST A2 45 v A FH 1) /0N g R B o (),
8 LI A5 e Ry 0 (&) B (6)INA — M IEE &y, B
&pzwqum@Lﬁ¢Qsz%@mﬁKw—
Ay + Aé], A > 0. XT{55 s(t) = Acos(2ngt),
FE B INB AN

Ws(a,t) = /s(z)a_l/sz(H) dx.

a

HR#E Plancherel & 2, 0] %0
1 - .
Walart) = 5o [ S(€)at0(ag) ea

_ gam / [6(€ + 2m6) + 6(¢ — 2mg)]

x (a€) e dé

A - .
— §a1/2w(a2n¢)612ﬂ¢t

= %Aeizwtm. (6)

AT IRIETE 5T % 2 B 55

N
F@&) =" fult) +n(t)

1

B
I

I
WE

Apg(t) cos[2mey (t)] + n(t),

£y
I
—

200202-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 20 (2016) 200202

MR (6) 3, ATENHIES N AR H TS Ny

Wf(aat) = Z Wi, (a,t)+Wy(a,t)
k=1
K
~ Z gA

HIEF U(€) FEEH

t) 21K (ﬂm + Wy, (CL, t)’

d\

PHIXTEA (€

a

_A)£EP+A]7 E—

s &

Wi, (a,t) =

L, &S fr(t) FNBRE WS, (a,t) # O,
NI R a W 2

fw — A < ag)(t)

Ap(t) 2 O0 (agy (1)),

g ElI/ +A7
RfI

0 [&-A §w+A]

o) o @)

TEESL /NP AR 55 BRI AR 5 RO B A LA
TNXT R A

S 1

Ts a(t)

Ts R~ K AE T B, Bt 540 & & 10 4 2R X ]
w : lolat) — 90| < <0)), U EE E fi
) EEA NP, FM T IFHREEN R X
{a : amin < a < amax}-  H(6) A (7) AT H1,

m%ﬁﬁﬁaﬁaﬁaeF%‘Aﬁ%+Ayﬁﬁ
o) oD
AT LI 3 £, 0N R, (1) RAEA (5) Ko,
AT ER S 3 T PR R 25 5
AR

i - | a3

{a:| W (a,t)| >,
(Eg —A)/ ¢} () <a<(Eg+A)/d) (1)}

w(a,t) =

x W¢(a,t)da.

S
S /Hz

160 |5

200
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0

18] /s il /s

80 80

120 120

W /Hz

160

200
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0

BifiE] /s B /s

K1 (MTER) SST RIREERER, f(t) = f1(t) + f2(t) + v(t), v(t) F7x Duffing BILE S, f1(t) =
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Fig. 1. (color online) Cumulative frequency range of SST in extracting component, f(¢) = f1(¢)+ f2(¢t)+v(t),
v(t) denotes chaotic signal and f1(¢) = cos(2m x 150t), f2(t) = cos[27T x 90¢ 4 21 cos(3m X t)]: (a) Continuous
wavelet transform time frequency diagram of f(t); (b) single cumulative frequency range when ¢ is smaller;
(c) single cumulative frequency range when ¢ is bigger; (d) adaptive cumulative frequency range, where
€1(t), e2(t) respectively denotes the cumulative frequency range of f1(t), f2(t), and ¢, (t), ¢'5(t) respectively
denotes the center frequency of fi(t), fa(t).
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Table 1. Extraction of non-stationary harmonic in Lorenz chaotic background.
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SAFR-SST £ MSE AAFR-SST £ MSE

Wk 75 5 /N L
fi f2 f f2 fi P fi f2
40% 0.9147 0.9265 0.9891 0.9927 0.3203 0.2295 0.1190 0.0913
60% 0.9105 0.9202 0.9889 0.9922 0.3811 0.2302 0.1184 0.0945
80% 0.9087 0.9156 0.9873 0.9907 0.4103 0.2486 0.1233 0.1088
100% 0.9024 0.9104 0.9869 0.9896 0.4430 0.2601 0.1276 0.1091
120% 0.8922 0.9036 0.9651 0.9788 0.4766 0.2852 0.1483 0.1285
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BifiE] /s

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
i) /s
(C) 10 T T T T T T T T T
0.5 n
g 0
E@
-0.5 H
~1.0 1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
BifiE] /s
1.0

(d)

E_;é 0

L HH\
—10, 0|.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
i) /s

B2 (MTEME) NL = 60% B Lorenz IRV 5t T AE-FA 8 7> BRI (a) sin[2m x (138t +63 sin(3m x t))]
SAFR-SST #2HL; (b) sin[2m x (138t + 63 sin(3m x t))] 1 AAFR-SST #2HY; (c) sin[2m x (231t + 90 sin(31 X t))]
FJ SAFR-SST #2H¢; (d) sin[2m x (231¢ + 90sin(31 x t))] B AAFR-SST #£HL

Fig. 2. (color online) when NL = 60%, non-statinoary harmonic extraction in Lorenz chaotic background:
(a) Extraction of sin[21 X (138t463 sin(3mxt))] by SAFR-SST; (b) extraction of sin[2m x (138t+63 sin(3m xt))]
by AAFR-SST; (c) extraction of sin[2m X (231¢ + 90sin(37 X t))] by SAFR-SST; (d) extraction of sin[2m X

(231t + 90 sin(3w x t))] by AAFR-SST.

W fe, ko = 1,2} FIEBE { i kb = 1,2} B
MOEEEEATT &, TR IE S M AR
S, AAFR-SST AT B U o) i (it be 3 oy
BIRME /D, 55 SAFR-SST ML, IRl REEE
.

T TR LU th, Bl A e o B 3, 7 el
Ji AR, SRS BE A TR B, (E B AR B
AR, %W SAFR-SST F1 AAFR-SST X It 5 #f5 B,
AEAF SN, (EXTAF SR S, AAFR-
SST (113 P2 HORS FE UG 24 155 T SAFR-SST: ¥75 1%
# MSE ¥/ T £10.0757, #1595 R % Corr )

Pem 7 410.2116.

4.2 Duffing’BEERTIEFRIEKES
HI$ZEX

K H Duffing R 2 i % Fir $& 7 i 347477 L 5K

507, Duffing R4 RN
&+ c& — wix + dx® = P cos(wt),

Hofr fo NRGEE AT BIAR, c NRGE, dAAE
LAES AL, P AT w 73 35 D Al e EL AT A1 50 A5
X, Duffing RA S WM HNce = 0.05, w2 = 0.2,
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d =1, P = 275, RZAYIIHHE2(0)

= 1.

R

VY fr Runge-Kutta 77 ¥ 3k Duffing & 4t 77 12 ({8

fi, KFEIAIRE At = 1/400, 3K HL 24000 AN TRk 14,

TR B 5 2048 > fUPE S ge 4. R~ RO B fE
2

BHCAY fu(t) =[1 + 0.5 cos(t)] cos(4mt) + [1 +

k=1

0.5 cos(2.5t)] cos[2m (5t + 2¢13)], 43 B B Mk 7 K
NL = 40%, 60%, 80%, 100%, 120%, @it SAFR-
SST Al AAFR-SST M Duffing J&7 15 5t HH R BGE I
55, B3 & NL = 60% i i Fl 7 v AT s B 3R
FRBIAE T; R 2 A AR RS AP, BRI V5 B
SRR I R34 77 15 2 RAH 26 R 30

(a) . "0l
1k -
mo NAAL AN .
B y A v Y \
—1} y Y
v v ¥ U
) 3 1 5 6 7 8
W] /s
2
(b)
1 1
i A
B TYATY
—1F 4
—2 1 1 1 1 1
2 3 4 5 6 7 8
1] /s
2
(c)
10 A f l | AR |
] i AAALA '
g 0 l A }‘
—1 \ ,i v ’II
{ { \
) 1 1 1 1 1
2 3 4 5 6 7 8
1) /s
2
(d)
1.
%( 0
-1
) 1 1 1 1 1
2 3 4 5 6 7 8
W] /s

3 (MTI#f) NL = 60% I Duffing i1 5% FEFROIEE S 20 (a) (1+0.5cos(t)) cos(4m x t) ) SAFR-SST
$EHL; (b) (1 +0.5cos(t)) cos(4m x t) i1 AAFR-SST #2H%; (c) [1 4 0.5 cos(2.5t)] cos(2m x (5t + 2t1-3)) ff) SAFR-SST #2
H; (d) [1 4 0.5cos(2.5t)] cos(2m x (5t + 2t1-3)) [f] AAFR-SST $£HX

Fig. 3. (color online) when NL = 60%, non-statinoary harmonic extraction in Duffing chaotic background: (a) Ex-
traction of (1 + 0.5 cos(t)) cos(4mt) by SAFR-SST; (b) extraction of (1 + 0.5 cos(t)) cos(4nt) by AAFR-SST; (c) ex-
traction of (1 + 0.5 cos(t)) cos(4mt) by SAFR-SST; (d) extraction of (1 4 0.5cos(t)) cos(4mt) by AAFR-SST.

#* 2 Duffing

EIN=N
H 2

TR RS BRI

Table 2. Extraction of non-stationary harmonic inDuffing chaotic background.

I PR BRAE (NL)

SAFR-SST #2H( Corr

AAFR-SST #2H( Corr SAFR-SST £ MSE AAFR-SST £l MSE

fi f2 f1 f2 f1 f2 fi f2
40% 0.9180 0.9101 0.9928 0.9784 0.2141 0.2621 0.0849 0.1265
60% 0.9113 0.9094 0.9844 0.9642 0.2389 0.2884 0.1262 0.1301
80% 0.9092 0.9015 0.9812 0.9669 0.2679 0.3083 0.1368 0.1479
100% 0.9031 0.8997 0.9798 0.9618 0.2895 0.3378 0.1416 0.1569
120% 0.8925 0.8974 0.9713 0.9602 0.3302 0.3774 0.1702 0.1618
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fo BREAH2R 22 16 () B 55 1R W48 K, SAFR-SST Jy
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AN AR e BT T A BN R G, R AR HL
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2 AN, TE R AR RIGE W {fi, b = 1,2} 58
WA fr, b = 1,2} Z AR AR S, BTR
BT MRS 52, AAFR-SST HEHGE I 118
1B 5 IR U R B 2 IR A7 — s I 2 0, (H A
AR ZER/N. T2 T LU Y, TEAS [F) (1) M 7 /K~
™, AAFR-SST (118 % 42 BORS FE & 2 AL T- SAFR-
SST, ¥J77 17 2 MSE “F3J /) 1 £10.1532, fHK R
% Corr ¥4 1 £90.0689.
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Abstract

The signal detection in chaotic background has gradually become one of the research focuses in recent years.
Previous research showed that the measured signals were often unavoidable to be contaminated by the chaotic noise,
such as the radar signal detection from sea clutter wave, signal source extraction from chaotic secure communication and
ECG/EEG abnormal signal detection, etc. At present, there are two methods to detect the target signal from the chaotic
background. One is to detect the target signals by using the difference in geometric structure between the chaotic signal
and the target signal, and the other is to regard the chaotic signal as the noise, and the target signal is extracted from the
chaotic background by the time frequency analysis method, such as wavelet transform and empirical mode decomposition.
The first kind of method can detect the target signal well, but it needs to characterize the chaotic system and reconstruct
the phase space, which is difficult in the practical applications. The second kind of method does not need to reconstruct
the chaotic phase space and can effectively extract the target signal from the chaotic background. However, the wavelet
transform lacks adaption and how to select the optimal wavelet basis and decomposition layers is a difficult problem. In
the empirical mode decomposition there exists the mode mixing that is very sensitive to the noise. The synchrosqueezed
wavelet transform (SST) effectively improves the mixing of mode by compressing the continuous wavelet coefficients in
the frequency direction, but also it has good robustness to noise. Therefore, the SST can extract the harmonic signal
well from the chaotic background. In the present algorithm of abstracting harmonic signal from chaotic background
by SST, the harmonic signals are extracted by using single accumulation frequency range SST (SAFR-SST) based on
wavelet ridge detection. If the target signal is stable harmonic signal, whose frequency does not change with time, the
SAFR-SST method can have a high abstraction precision. But if the target signal is the non-stable harmonic signal whose
frequency changes with time, the SAFR-SST method is not enough nor can obtain high abstraction precision. In order
to overcome the shortcomings of the SST in extracting the non-stationary harmonic signal from the chaotic background,
an improved SST extracting method is proposed which is based on the adaptive optimal cumulative frequency range.
Firstly, the formulas of calculating the adaptive cumulative frequency range in SST extraction are deduced according
to the relationship between the wavelet coefficient of non-stationary harmonic and the interval of supporting wavelet
bases. Then, the optimal values of the parameters in the adaptive cumulative frequency range formula are calculated

by the minimum energy error criterion according to the integrity and orthogonality of the intrinsic mode types function.

* Project supported by the National Natural Science Fund of China (Grant No. 61473213), the Natural Science Foundation of
Hubei Province, China (Grant Nos. 2015CFB424, 2015CFB602), and the Hubei Key Laboratory of Transportation Internet
of Things Foundation, China (Grant No. 2015I11015-B02).
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Finally, the SST adaptive extraction of the non-stationary harmonic signal is realized according to the SST inverse
transform. In experiment, the different types of non-stationary harmonics are extracted from the Lorenz and Duffing
chaotic background. The experimental results show that the proposed method can effectively extract the non-stationary
harmonic from the noisy chaotic background. Compared with the classical SST method with single cumulative frequency
range, the proposed method has good performance in both mean square error and correlation coefficient. And when the
chaotic background contains different-intenity Gauss white noises, the proposed method can also effectively abstract the

non-stationary harmonic from the chaos and noise interference. So, the proposed method has a good practice value.

Keywords: synchrosqueezed wavelet transform, non-stationary harmonic, extraction of harmonic, chaos
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