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Fig. 1. Detection of weak pulse signal using the strongly coupled Duffing oscillators: (a) Input signal; (b) output signal; (¢) phase

space of oscillator 1 and (d) oscillator 2; (e) time domain diagram of variable 1 and (f) 2.
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Fig. 2. Bifurcation diagram of Duffing oscillator with para-
meter F.
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100 ¥K). AJ W, SNRI S AL A2 1 x 100 rad/s,
XTI A 0.16 MHz, 3X 515 5 RE LM% T FRAR X
N, AH B A L RE S 0 I Ry AR 2
5 x 10 rad/s < w < 9 x 10° rad/s . BI85 SR &R
SARAE I PO AR R EOR, w IIEREE S
PR AU, U7 LA 1 15 R T
2, 1 WEIE e AR 5k 7 . Fi LA, 3K 8l g JR
(B B T SRR AN [R5 5 Y e R D . 7 A

35 T T ——g 1.0
30
10.8
25
m 3
g 20k 10.6
l:é «
wn 15F o4
10+
—o— SNRI 0.2
5F ——7
0 I L L 0
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w/rad-s~—1!

4 SNRIFI r 58K ) A ] w MG FR
Fig. 4. SNRI and r versus the driving force period w .

RN, BEXS (8) AUA R Bk, B w = 5x
109 rad/s SEECNEIER) (K TESRERIUR LIR).

4.3 BER¥K

A REERTE THAAEE S () MHRT 1
FIFE RS BIPRT 2 2. FRIZBR ARSI AL E n]
L, FRA RBOBR, KRR AN S R -
WA RE k= OBF, PR F Z M A AE R A 1E
.40 < k< 1EF, WIRFEFESE TI585,
B K o (55 7ER T 1 P51 Ay 22 AR ME LU A 3
P+ 2 mh, L& TR 2005 A R LT- 4 75 s
B, KRR 24 1 < k< 10 B, R TG IRE R
WA, T 2 I s(t) PR R WEE K, fH
Mt B A 5 2R T 1, I T AR A0, 8 ¥ 38 38 e
Mk > 10 B, fA REUW BT EE. B2 RE
HALZE S WIRE, 7107 <k < 1039 A,
2 4 15 W L B 25 SNRI S I B M L E r7E
100 YR SEgR I ST HEAE 5 Fs.

30 - 1.0
25} g 0.9
L
20k d0.8
m
o
=
E 15- 107
z
0
104 H0.6
5 d0.5
0 1 1 1 0’1
10-1 100 10! 102 108

k

Kl 5 SNRIFr SHEG RECEBICHR
Fig. 5. SNRI and r versus the coupling coefficient k.

44 PHEERE¢

WE R HADSE G VIR, X RGARE 1T
0T, AR IR, FE/NBHIE RET (0 < € < 0.1), &R
BEAHAS 2 PR RE R IR 535 AN [RPIR
AL, 33X AR 2R 80 e 7 A3 o BE T A
{H SNRI 43 BB BE 8K, WIEA ik B h4ERLe
FEUET (0.1 < € < 1), REGRLAE T FABIRGIRE,
ik e RS AR R [R5 5 AR AR RN, e TR A (L EEAR
v, RIS e b st s iy KBELE R (¢ > 1),
RGBS A R G IR, AN EAT Duffing 75
TR RYE, IR ISR, 5 WE 3% SNRI A
JEARRLEE r 5FHJE RELE R R AN 6 FR.
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6 SNRIM r S5HHEREEMRR
Fig. 6. SNRI and r versus the damping coefficient &.

45 HELHK

TR KRR e TR R, i
FOD KBNS i, BRI s,
T A AN | B35 48 KX Duffing 7 FEHEF 13K i
PORESHH AR TR ISR sz . B THRE K
4391 20, 10, 5, 2, 1 ns, WA 5 RAEERXS NN
50, 100, 200, 500, 1000 MHz. 100 ¥ S 6 6 ] 2%
SR SNRI M IEARRLE r SiHE S5 L KW
KR 7 fi7R, SNRI A r 55 THE A K0
G I, X 55 Y 43 #r— 2. rLATE Duffing &
BisF A VR, NS AT RER BN IR AL
K (BERAER).

30 T T T T T 10
25
20 40.9
m
o
=
x 15 ~
Z
n
10 40.8

5L —o— SNRI

—

0.7

0 1 1 1 1 1
22 20 18 16 14 12 10 8 6 4 2 0
HHPK /ns

7 SNRI Ml r SAFRIHEE K KR

Fig. 7. SNRI and r versus different calculation steps.

5 HELBHR
5.1  fAEBRRESH

TE T 2 #845 Duffing & 7B 5 S 800 ¥r
At R, A3 T = ki R S bk e A

K , 3 b4 5% i 45 0 b A 8 T ok
5, WU A RUEBARS. T A RS Duffing
PR FXF = PIRAT 5 AT AS [R5 e L A5 1 R ik
. I,

ot e LT IR B
Tﬁ(ﬂﬂﬂ%% = w x 100% .

R0 B ) B 40 A - i R AR S BRI o K
T 5 AR 2 (F i E S B LR T 7.96 dB).
WEIZHE R T, fEAREE S, HEA
KT 50 BIMER K 2.85 x 106, Bl — 7 SR &
A7 2.85 A RAL AR — R F S 100 A E s
R IR FA R R ARG N T 3%, SEERUE
JIHE FH ok e ARG ) 2 — e m o A 4

FRAEER 4 17 B AT 28 SR, RN ) A SaRARR A fok
M5 I R BN R RTS8, —FheilfE
(TR R S0 4y S 8an 3¢ 2 B ), Hofh 2 400
2 1 PEUME, REVIIREFFERERME.

F 2 BIRRHE R R T SHL
Table 2.  Waveform characteristics and partial os-

cillator parameters.

Jik w7 WG RS BURHIE Duffing#iz 7244
) L FHAFE]0.1 ms w =50 rad/s
Ji s .
B HEAK0.1 ms
S FFHAFE3 ps w=>5x 10% rad/s
!
e BRI s K10 ns
e EFHAFEL.E us w =4 x 108 rad/s
i o WU 551,45 us HE K ns

BEEE R 0.1 B s ) i Ry
WK PS5 R a, W fn A W LIk & A X JH] [-20,
~10] dB, [E]& 1 dB, 100 Y56 ARSI AT
AL an e 3 BT, nT AR, =FhITE
TN HEE 23 13 T AR L E R R T 0.9 B % A {5 Mt 1
PR 51-15, ~12 F1-16 dB.

5.2 fHEEEKRESSHEMIT

SR8 A Duffing 4k T X B AR 5 10 K60 2 3
TR, B TFRIZER s, (1) = 41 — 325 BbRME
5 s(t) TERTEA BRI B ARRIE, B n]iE i
B S, (6) KA HARME S s(t) B BHURHE.
DA =70 962 T 19 ARG I ARE 23 0 388 T A AL ] e K
0.9 I AYH AfEME L (BP-15, ~12, -16 dB) 1 M
DUTTRR, SR FH— B REA T3 43 Sl Ay 11 fok et (16 R 5

080501-7


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. 68, No. 8 (2019)

080501

3 RS Duffing Ik TH:II45 5
Table 3. Detection results of strongly coupled Duffing oscillators.
Jok Al G /dB 20 19 18 17 16 15 14 13 12 11 10
i FrIAE= / % 140 215 41,5 605 780 915 99.0 100 100 100 100
i .
POEAIRNES 088 0.90 092 093 094  0.95 0.96 0.97 0.97 0.98 0.98
e KA / % 05 45 55 100 235 510 67.5 87.5 95.5 100 100
peEist G eul _— "
PARRES 067 071 074 078 081  0.84 0.86 0.88 0.90 0.91 0.92
S— KrIAER / % 375  55.0 730 865 940  99.5 100 100 100 100 100
[
WIEMMLE 085 0.87 088 089 090 0091 0.92 0.92 0.93 0.93 0.93
# 4 PkpESIREMTTER
Table 4.  Estimation results of pulse signals amplitude.
Jik w22y HAEM: L /dB -16 -15 ~14 -13 -12 -11 -10
HHE 0.1125 0.1262 0.1416 0.1589 0.1783 0.2000
- fliiHH — 0.1114 0.1304 0.1375 0.1641 0.1761 0.1943
3
W2/ % — -0.98 3.34 -2.90 3.29 ~1.24 -2.85
MSE/104 — 1.26 1.43 0.75 2.04 1.23 2.49
HHE 0.1589 0.1783 0.2000
T fliiHH — — — — 0.1586 0.1773 0.2032
SE =g eul -
R2Z /% — — — — -0.16 ~0.55 1.62
MSE/104 — — — — 2.79 6.43 5.03
HHE 0.1002 0.1125 0.1262 0.1416 0.1589 0.1783 0.2000
. . fHE 0.1039 0.1180 0.1297 0.1423 0.1595 0.1807 0.1960
i 30r SRk o -
"2 /% 3.74 4.93 2.78 0.52 0.41 1.35 -2.02
MSE/10* 0.29 0.89 0.79 1.60 0.82 1.46 0.71
F 5 PRkMES REMTEE R
Table 5.  Estimation results of pulse signals width.
il iy AL /dB -16 -15 14 13 -12 11 -10
HIAH /s — 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
- it /s 1.0011 0.9988 0.9941 0.9984 0.9972 0.9986
W
w2 /% — 0.11 -0.12 -0.59 -0.16 -0.28 -0.14
MSE/104 — 1.40 1.11 0.57 0.13 0.56 0.45
ECSEAE/ ps — — — — 25 25 25
i fhHE/ ps 25.22 24.79 24.68
AE g Ul -
w2 /% — — — — 0.89 —0.84 -1.27
MSE 15.8 3.8 7.7
ELSEAE/ ps 1.45 1.45 1.45 1.45 1.45 1.45 1.45
e A/ ps 1.38 1.52 1.52 1.47 1.48 1.52 1.46
= Uk e -
2=/ % -5.02 4.99 4.61 1.43 2.37 4.49 0.34
MSE 0.011 0.023 0.017 0.032 0.024 0.003 0.012

FERPAE, AL THE R iR 22 X 1R 22 . ATt
A SEE N 100 M EEAS KR A HEAT I 25, Bl 5 X 55
100 N0 R AR HEAT S BT, Al eSSy T &
4 5, Jorh e — TAVTHE — JUSRHA

H
TiR%E (MSE) N

x 100%, ]

1 N ~ 2
MSE= 5% (s0(t) =5 (1), )

Horpr s, (6) AR I 25 SR 1 PR I B0, s, (6) Ak T
18, N AR

XK R A A O B A T T2 SR 2R B, e R L
IRz b, 58884 Duffing 37X bk il e 0% £
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BRI, R ZEFARTE 5% LI, MSE W45 5L
—HE AR, 1 8. K 9. & 10 43 5k = Fh ik o
BICAEAS A L AG I ] BRA BRI 2 355 0%

NI PR AR RO AT LA Y Mg 3] T
ARG B0, 308 T BRI AR 5 /N, WRAE L bk i 45
WAE BIREAEW I 25 R R R S8 REAE A AR
B IEF K ES; 7 I BRI G PO AE HT S
WP A AR %, (R I B R AR PRty e
ST 43 FEAS T AT WA 5 Ak i ) RUBE AR ¥ 5 R 58
AT IR R 52 RS AR I kb 55, 2
R GEANZ ] U A B .

15k~ =s(t) s(t)+n(t) (a)
1.0 I
N\
= 05 ‘
<
+
[ 0
=
—0.5 |
—1.0+
—1.5F
L . 1 . 1 .
& 3+ T —&
8 0.3 C 1— T2 (b)
| 0 Mm
® _03t
L . 1 . 1 .
—1 0 1 2
t/s

K8 MMfEMELL-15 ABRMTMEEYS  (a) A5,
(b) fi 55

Fig. 8. Detection of square wave signal with SNR, of —15 dB:
(a) Input signal; (b) output signal.

s(t)+n(t) (a)

1.5 - = =s(t)

o

0.5

s(t)+n(t)

0
—-0.5

—-1.0

0.3 F &1~ @2 (b)

T1— T2
o

PR IR I | P |
—100 —50 0 50 100 150 200

t/us

B9 MIfEE-12 dB MR EK R (2) ATE S,
(b) i 55

Fig. 9. Detection of double exponential pulse with SNR of
—12 dB: (a)Input signal; (b) output signal.

s(t)+n(t) (a)

15~ " 780

1.0

0.5 |

s(t)+n(t)

0
—0.5 |
—1.0

—1.51

03F L1~ (b)
0 WWW

031

T1—22

—15 —10 -5 0 5 10 15
t/us
Bl 10 KifEMEtk-16 dB M@ S8kl () AR
=5 (b) Wi E S
Fig. 10. Detection of Gaussian derivative pulse with SNR
—16 dB: (a) Input signal; (b) output signal.

5.3 XfLESRIG

T A4S Duffing 4i& 1 F3EFES Duffing
P B S R A A S I B e 75 L. S A
MEE-10, 12, 14 F1-16 dB RIS s T S50k i,
WE 11(a) frs. SCEREE SRR, R 7T i 15 1
FEAG I T TBRFRRE S -16 dB, AL TRl — K,

s(t)n(t) ---- s(¢) (a)

1.5

1.0 Hl

0.5

0

s(t)+n(t)

—-0.5

—1.0

—1.5 I " 1 " 1 L 1 "
05| (b)

0.5 .

T1— T2

0.5 -— (c) —-
0 —J\/.N,‘/\,,\__A/\/,w-,/\/«e

—0.5 —

T1—To

20 —10 o 10 20
t/us
M1l MEERGER OBART: O)BBE
Duffing #& Tl 11 {5 5 (c) ##HA Duffing = F4i il 55
Fig. 11. Contrast experimental results: input signal (a); out-

put signal of weakly coupled Duffing oscillators (b) and
strongly coupled Duffing oscillators (c).
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WE 11(b) FE 11(c) Fiw, (HiEFE A Duffing i
T ik i T R A SR W S SR AT, O B AR E
P —BEE T 558G Duffing IR+

6 % W

ARSCAR W T —Fsi & Duffing ik 1 B3R5
kS IR T ik, gk T SR O T AR
Jkh 55 B — 2L A BRI 1207 E A BETE = I
Mg P S R T Bl Bk o 5 A T, 8 TSR AR
LA R ASCTARRSS BT

1) M FH A W L e 35 MR IE A B8 X o R
Duffing {i 7S 80 7047, S5 REWNALE RS
X kb 5= (5 e L% 45 T ik 20 dB DAL

2) 9 A H Duffing Ik 540 TAE AT HH 25 i 20T
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IRRPSEZS | AT AGHIN T 5 SRR IR K AR

3) T A AN SZ TR )R R BR A, U 35 4K
Sy JEI, B AT ARSI AN R ] ROBE B k55

4) i TIZIT X RGN IR AU, ik
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HUIAREE IR e
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o A IR P oF R AR 1 BE B R AT R ik — 2D
e

S 0k

[1] Kirsteins I P, Mehta S K, Fay J 1997 IEEE International
Conference on Acoustics, Speech, and Signal Processing
Munich, Germany, April 21-24, 1997 p483

[2] Wu X P, Feng H Q, Zhou H Q, Wang T 2001 J. Biomedical.
Eng. 18 60 (in Chinese) [/, Wi, FIMZE, £ 2001
BT RRAEDE 18 60)

[3] QiL, Tao R, Zhou S Y, Wang Y 2004 Sci. China: Ser. F 47
184

[4] Liu F, Xu H F, Tao R 2011 J. Electr. Inf. Technol. 33 1864
(in Chinese) [XI4%, ek, Mgk 2011 T 515 E %W 33
1864]

[5] Wang Y, Zou N, Fu J, Liang G L 2013 J. Electr. Inf.
Technol. 35 1720 (in Chinese) [F§, 485, 37, FE I 2013
LT 515 B4k 35 1720]

[6] Wang L X, Lin X Y, Wu T 2007 Comput. Eng. Appl. 43 239
(in Chinese) [JEILH, MREEN, SR 2007 ML TR 50 H
43 239

[7] Fan G H, Liu S H, Liu W D, Wei M, Hu X F, Zhang Y 2015
Chin. J. Radio. 30 736 (in Chinese) [BEE#E, XA, X1 L7R,

(1]

(12]
(13]

(14]

(15]

[16]

(17]

(18]

(19]

20]

[21]

22]

(23]

(24]

(25]

[26]

(27]

(28]

080501-10

B, BH/NEE, SR 2015 HIERLEAIR 30 736)

SuL Y, Sun H H, Wang J, Yang L M 2017 Acta Phys. Sin.
64 090503 (in Chinese) [FRFz, PhMem, TAS, BHERH 2017
PIF2AA 64 090503]

SuLY,Sun HH, Li C L 2017 Acta Electron. Sin. 45 837 (in
Chinese) [JR3iz, PR, 22206 2017 HF24f 45 837)
Wang Y S, Jiang W Z, Zhao J J, Fan H D 2008 Acta Phys.
Sin. 57 2053 (in Chinese) [T7kZE, ZE30E, BHE%E, ikl
2008 WA 57 2053]

Yao HY, Wang H Y, Zhang Z S, Shen X H 2017 Acta Phys.
Sin. 66 124302 (in Chinese) k¥, TIEHE, TR Z IR, HIBELL
2017 PRI 66 124302]

Jin Y Y 2002 Acta Electron. Sin. 30 79 (in Chinese) (in
Chinese) [4 /i1 2002 HF2£47 30 79]

Wang H W, Cong C 2016 Acta Electron. Sin. 44 1450 (in
Chinese) [TER, M 2016 H 743 44 1450]

Lai Z H, Leng Y G, Sun J Q, Fan S B 2012 Acta Phys. Sin.
61 050503 (in Chinese) [BidiEE, W kKR, FMEAT, TUREDE 2012
PIFLAAR 61 050503]

Fan J, Zhao W L, Wang W Q 2013 Acta Phys. Sin. 62
180502 (in Chinese) [Ju&, WA SCHL, 78 2013 PB4 62
180502]

Wu J P, QuY F, Cheng X Z 2017 Electr. Measur. Technol.
40 143 (in Chinese) [Z4kMY, MARR, F22=2 2017 I HE:
& 40 143)

LiY, Lu P, Yang B J, Zhao X P 2006 Acta Phys. Sin. 55
1672 (in Chinese) [ZXH, B&MG, MR, B 2006 PrH2Ed
55 1672]

Yuan Y, Li Y, Mandic D P, Yang B J 2009 Chin. Phys. B 18
958

Wu Y F, Zhang S P, Sun J W, Rolfe P 2011 Acta Phys. Sin.
60 020511 (in Chinese) [ F W, skt #h4:Hi, Peter Rolfe
2011 P)E2=4 60 020511]

Wu Y F, Zhang S P, Sun J W, Rolfe P, Li Z 2011 Acta Phys.
Sin. 60 100509 (in Chinese) [555Ug, FK{HF, #h 455, Peter
Rolfe, 2% 2011 #yH"#4i 60 100509]

Wu Y F, Huang S P, Jin G B 2013 Acta Phys. Sin. 62 130505
(in Chinese) [5 55U, ®w41F, & EMN 2013 YRIEH 62
130505

Zhang Y, Liu S H, Hu X F, Liu W D, Wei M, Wang L 2015
CN Patent 201510275506.8 (in Chinese) [3K 58, X4, §/h
B, XTUR, B00, £ 2015 EKWLH] 201510275506.8]
Zeng 7, 7, Zhou Y, Hu K 2015 Acta Phys. Sin. 64 070505 (in
Chinese) [f8&5M, A5, YL 2015 PH2EH 64 070505]

Wang X D, Zhao Z H, Yang S P 2016 Noise Vibra. Contrl. 36
174 (in Chinese) [ERER, BEZE, HHE 2016 W Sz
il 36 174]

Shampine L F, Reichelt M W 1997 SIAM J. Sci. Comput. 18
1

Steven H S (translated by Sun M, Wang X F) 2017 Nonlinear
Dynamics and chaos (Beijing: Mechanical Industry Press)
pp162-163 (in Chinese) [S27% 25 H. HiHLMIR & (Mg, TE/MIL
PE)2017 JE LM 3 01 2 SR (L B0 HUAR Tl R AL )5
162—16371]

Liu H B, Wu D W, Jin W, Wang Y Q 2013 Acta Phys. Sin.
62 050501 (in Chinese) [XUTFE, 48R, &4, FKIK 2013
PRz 62 050501]

Sun K H, Tan G Q, Sheng L Y, Zhang T S 2004 Comput.
Eng. Appl. 35 12 (in Chinese) [#MFIHE, BRIEGR, BAIIT, 5kZ¢
1 2004 ML T AR SR 35 12]


http://dx.doi.org/10.3321/j.issn:1001-5515.2001.01.016
http://dx.doi.org/10.3321/j.issn:1001-5515.2001.01.016
http://dx.doi.org/10.3321/j.issn:1001-5515.2001.01.016
http://dx.doi.org/10.3321/j.issn:1001-5515.2001.01.016
http://dx.doi.org/10.3321/j.issn:1001-5515.2001.01.016
http://dx.doi.org/10.3321/j.issn:1001-5515.2001.01.016
http://dx.doi.org/10.3321/j.issn:1001-5515.2001.01.016
http://dx.doi.org/10.3321/j.issn:1001-5515.2001.01.016
http://dx.doi.org/10.3321/j.issn:1001-5515.2001.01.016
http://dx.doi.org/10.3321/j.issn:1001-5515.2001.01.016
http://dx.doi.org/10.1360/03yb0098
http://dx.doi.org/10.1360/03yb0098
http://dx.doi.org/10.1360/03yb0098
http://dx.doi.org/10.1360/03yb0098
http://dx.doi.org/10.3724/SP.J.1146.2010.01150
http://dx.doi.org/10.3724/SP.J.1146.2010.01150
http://dx.doi.org/10.3724/SP.J.1146.2010.01150
http://dx.doi.org/10.3724/SP.J.1146.2010.01150
http://dx.doi.org/10.3724/SP.J.1146.2010.01150
http://dx.doi.org/10.3724/SP.J.1146.2010.01150
http://dx.doi.org/10.3724/SP.J.1146.2010.01150
http://dx.doi.org/10.3724/SP.J.1146.2010.01150
http://dx.doi.org/10.3724/SP.J.1146.2010.01150
http://dx.doi.org/10.3724/SP.J.1146.2012.01239
http://dx.doi.org/10.3724/SP.J.1146.2012.01239
http://dx.doi.org/10.3724/SP.J.1146.2012.01239
http://dx.doi.org/10.3724/SP.J.1146.2012.01239
http://dx.doi.org/10.3724/SP.J.1146.2012.01239
http://dx.doi.org/10.3724/SP.J.1146.2012.01239
http://dx.doi.org/10.3724/SP.J.1146.2012.01239
http://dx.doi.org/10.3724/SP.J.1146.2012.01239
http://dx.doi.org/10.3724/SP.J.1146.2012.01239
http://dx.doi.org/10.3724/SP.J.1146.2012.01239
http://dx.doi.org/10.3321/j.issn:1002-8331.2007.29.070
http://dx.doi.org/10.3321/j.issn:1002-8331.2007.29.070
http://dx.doi.org/10.3321/j.issn:1002-8331.2007.29.070
http://dx.doi.org/10.3321/j.issn:1002-8331.2007.29.070
http://dx.doi.org/10.3321/j.issn:1002-8331.2007.29.070
http://dx.doi.org/10.3321/j.issn:1002-8331.2007.29.070
http://dx.doi.org/10.3321/j.issn:1002-8331.2007.29.070
http://dx.doi.org/10.3321/j.issn:1002-8331.2007.29.070
http://dx.doi.org/10.3321/j.issn:1002-8331.2007.29.070
http://dx.doi.org/10.13443j.cjors.2014101001
http://dx.doi.org/10.13443j.cjors.2014101001
http://dx.doi.org/10.13443j.cjors.2014101001
http://dx.doi.org/10.13443j.cjors.2014101001
http://dx.doi.org/10.13443j.cjors.2014101001
http://dx.doi.org/10.13443j.cjors.2014101001
http://dx.doi.org/10.13443j.cjors.2014101001
http://dx.doi.org/10.13443j.cjors.2014101001
http://dx.doi.org/10.13443j.cjors.2014101001
http://dx.doi.org/10.7498/aps.66.090503
http://dx.doi.org/10.7498/aps.66.090503
http://dx.doi.org/10.7498/aps.66.090503
http://dx.doi.org/10.7498/aps.66.090503
http://dx.doi.org/10.7498/aps.66.090503
http://dx.doi.org/10.7498/aps.66.090503
http://dx.doi.org/10.7498/aps.66.090503
http://dx.doi.org/10.7498/aps.66.090503
http://dx.doi.org/10.7498/aps.66.090503
http://dx.doi.org/10.3969/j.issn.0372-2112.2017.04.011
http://dx.doi.org/10.3969/j.issn.0372-2112.2017.04.011
http://dx.doi.org/10.3969/j.issn.0372-2112.2017.04.011
http://dx.doi.org/10.3969/j.issn.0372-2112.2017.04.011
http://dx.doi.org/10.3969/j.issn.0372-2112.2017.04.011
http://dx.doi.org/10.3969/j.issn.0372-2112.2017.04.011
http://dx.doi.org/10.3969/j.issn.0372-2112.2017.04.011
http://dx.doi.org/10.3969/j.issn.0372-2112.2017.04.011
http://dx.doi.org/10.3969/j.issn.0372-2112.2017.04.011
http://dx.doi.org/10.3969/j.issn.0372-2112.2017.04.011
http://dx.doi.org/10.7498/aps.57.2053
http://dx.doi.org/10.7498/aps.57.2053
http://dx.doi.org/10.7498/aps.57.2053
http://dx.doi.org/10.7498/aps.57.2053
http://dx.doi.org/10.7498/aps.57.2053
http://dx.doi.org/10.7498/aps.57.2053
http://dx.doi.org/10.7498/aps.57.2053
http://dx.doi.org/10.7498/aps.57.2053
http://dx.doi.org/10.7498/aps.57.2053
http://dx.doi.org/10.7498/aps.57.2053
http://dx.doi.org/10.7498/aps.66.124302
http://dx.doi.org/10.7498/aps.66.124302
http://dx.doi.org/10.7498/aps.66.124302
http://dx.doi.org/10.7498/aps.66.124302
http://dx.doi.org/10.7498/aps.66.124302
http://dx.doi.org/10.7498/aps.66.124302
http://dx.doi.org/10.7498/aps.66.124302
http://dx.doi.org/10.7498/aps.66.124302
http://dx.doi.org/10.7498/aps.66.124302
http://dx.doi.org/10.7498/aps.66.124302
http://www.ejournal.org.cn/CN/abstract/abstract4127.shtml
http://www.ejournal.org.cn/CN/abstract/abstract4127.shtml
http://www.ejournal.org.cn/CN/abstract/abstract4127.shtml
http://www.ejournal.org.cn/CN/abstract/abstract4127.shtml
http://www.ejournal.org.cn/CN/abstract/abstract4127.shtml
http://dx.doi.org/10.3969/j.issn.0372-2112.2016.06.028
http://dx.doi.org/10.3969/j.issn.0372-2112.2016.06.028
http://dx.doi.org/10.3969/j.issn.0372-2112.2016.06.028
http://dx.doi.org/10.3969/j.issn.0372-2112.2016.06.028
http://dx.doi.org/10.3969/j.issn.0372-2112.2016.06.028
http://dx.doi.org/10.3969/j.issn.0372-2112.2016.06.028
http://dx.doi.org/10.3969/j.issn.0372-2112.2016.06.028
http://dx.doi.org/10.3969/j.issn.0372-2112.2016.06.028
http://dx.doi.org/10.3969/j.issn.0372-2112.2016.06.028
http://dx.doi.org/10.3969/j.issn.0372-2112.2016.06.028
http://dx.doi.org/10.7498/aps.61.050503
http://dx.doi.org/10.7498/aps.61.050503
http://dx.doi.org/10.7498/aps.61.050503
http://dx.doi.org/10.7498/aps.61.050503
http://dx.doi.org/10.7498/aps.61.050503
http://dx.doi.org/10.7498/aps.61.050503
http://dx.doi.org/10.7498/aps.61.050503
http://dx.doi.org/10.7498/aps.61.050503
http://dx.doi.org/10.7498/aps.61.050503
http://dx.doi.org/10.7498/aps.62.180502
http://dx.doi.org/10.7498/aps.62.180502
http://dx.doi.org/10.7498/aps.62.180502
http://dx.doi.org/10.7498/aps.62.180502
http://dx.doi.org/10.7498/aps.62.180502
http://dx.doi.org/10.7498/aps.62.180502
http://dx.doi.org/10.7498/aps.62.180502
http://dx.doi.org/10.7498/aps.62.180502
http://dx.doi.org/10.3969/j.issn.1002-7300.2017.03.030
http://dx.doi.org/10.3969/j.issn.1002-7300.2017.03.030
http://dx.doi.org/10.3969/j.issn.1002-7300.2017.03.030
http://dx.doi.org/10.3969/j.issn.1002-7300.2017.03.030
http://dx.doi.org/10.3969/j.issn.1002-7300.2017.03.030
http://dx.doi.org/10.3969/j.issn.1002-7300.2017.03.030
http://dx.doi.org/10.3969/j.issn.1002-7300.2017.03.030
http://dx.doi.org/10.3969/j.issn.1002-7300.2017.03.030
http://dx.doi.org/10.3969/j.issn.1002-7300.2017.03.030
http://dx.doi.org/10.3969/j.issn.1002-7300.2017.03.030
http://dx.doi.org/10.7498/aps.55.1672
http://dx.doi.org/10.7498/aps.55.1672
http://dx.doi.org/10.7498/aps.55.1672
http://dx.doi.org/10.7498/aps.55.1672
http://dx.doi.org/10.7498/aps.55.1672
http://dx.doi.org/10.7498/aps.55.1672
http://dx.doi.org/10.7498/aps.55.1672
http://dx.doi.org/10.7498/aps.55.1672
http://dx.doi.org/10.1088/1674-1056/18/3/020
http://dx.doi.org/10.1088/1674-1056/18/3/020
http://dx.doi.org/10.1088/1674-1056/18/3/020
http://dx.doi.org/10.1088/1674-1056/18/3/020
http://dx.doi.org/10.7498/aps.60.020511
http://dx.doi.org/10.7498/aps.60.020511
http://dx.doi.org/10.7498/aps.60.020511
http://dx.doi.org/10.7498/aps.60.020511
http://dx.doi.org/10.7498/aps.60.020511
http://dx.doi.org/10.7498/aps.60.020511
http://dx.doi.org/10.7498/aps.60.020511
http://dx.doi.org/10.7498/aps.60.020511
http://dx.doi.org/10.7498/aps.60.020511
http://dx.doi.org/10.7498/aps.60.100509
http://dx.doi.org/10.7498/aps.60.100509
http://dx.doi.org/10.7498/aps.60.100509
http://dx.doi.org/10.7498/aps.60.100509
http://dx.doi.org/10.7498/aps.60.100509
http://dx.doi.org/10.7498/aps.60.100509
http://dx.doi.org/10.7498/aps.60.100509
http://dx.doi.org/10.7498/aps.60.100509
http://dx.doi.org/10.7498/aps.60.100509
http://dx.doi.org/10.7498/aps.60.100509
http://dx.doi.org/10.7498/aps.62.130505
http://dx.doi.org/10.7498/aps.62.130505
http://dx.doi.org/10.7498/aps.62.130505
http://dx.doi.org/10.7498/aps.62.130505
http://dx.doi.org/10.7498/aps.62.130505
http://dx.doi.org/10.7498/aps.62.130505
http://dx.doi.org/10.7498/aps.62.130505
http://dx.doi.org/10.7498/aps.62.130505
http://dx.doi.org/10.7498/aps.62.130505
http://dx.doi.org/10.7498/aps.64.070505
http://dx.doi.org/10.7498/aps.64.070505
http://dx.doi.org/10.7498/aps.64.070505
http://dx.doi.org/10.7498/aps.64.070505
http://dx.doi.org/10.7498/aps.64.070505
http://dx.doi.org/10.7498/aps.64.070505
http://dx.doi.org/10.7498/aps.64.070505
http://dx.doi.org/10.7498/aps.64.070505
http://dx.doi.org/10.7498/aps.64.070505
http://dx.doi.org/10.7498/aps.64.070505
http://dx.doi.org/10.3969/j.issn.1006-1335.2016.03.036
http://dx.doi.org/10.3969/j.issn.1006-1335.2016.03.036
http://dx.doi.org/10.3969/j.issn.1006-1335.2016.03.036
http://dx.doi.org/10.3969/j.issn.1006-1335.2016.03.036
http://dx.doi.org/10.3969/j.issn.1006-1335.2016.03.036
http://dx.doi.org/10.3969/j.issn.1006-1335.2016.03.036
http://dx.doi.org/10.3969/j.issn.1006-1335.2016.03.036
http://dx.doi.org/10.3969/j.issn.1006-1335.2016.03.036
http://dx.doi.org/10.3969/j.issn.1006-1335.2016.03.036
http://dx.doi.org/10.3969/j.issn.1006-1335.2016.03.036
http://dx.doi.org/10.1137/S1064827594276424
http://dx.doi.org/10.1137/S1064827594276424
http://dx.doi.org/10.1137/S1064827594276424
http://dx.doi.org/10.1137/S1064827594276424
http://dx.doi.org/10.7498/aps.62.050501
http://dx.doi.org/10.7498/aps.62.050501
http://dx.doi.org/10.7498/aps.62.050501
http://dx.doi.org/10.7498/aps.62.050501
http://dx.doi.org/10.7498/aps.62.050501
http://dx.doi.org/10.7498/aps.62.050501
http://dx.doi.org/10.7498/aps.62.050501
http://dx.doi.org/10.7498/aps.62.050501
http://dx.doi.org/10.7498/aps.62.050501
http://dx.doi.org/10.3321/j.issn:1002-8331.2004.35.005
http://dx.doi.org/10.3321/j.issn:1002-8331.2004.35.005
http://dx.doi.org/10.3321/j.issn:1002-8331.2004.35.005
http://dx.doi.org/10.3321/j.issn:1002-8331.2004.35.005
http://dx.doi.org/10.3321/j.issn:1002-8331.2004.35.005
http://dx.doi.org/10.3321/j.issn:1002-8331.2004.35.005
http://dx.doi.org/10.3321/j.issn:1002-8331.2004.35.005
http://dx.doi.org/10.3321/j.issn:1002-8331.2004.35.005
http://dx.doi.org/10.3321/j.issn:1002-8331.2004.35.005
http://dx.doi.org/10.3321/j.issn:1002-8331.2004.35.005
http://dx.doi.org/10.3321/j.issn:1001-5515.2001.01.016
http://dx.doi.org/10.3321/j.issn:1001-5515.2001.01.016
http://dx.doi.org/10.3321/j.issn:1001-5515.2001.01.016
http://dx.doi.org/10.3321/j.issn:1001-5515.2001.01.016
http://dx.doi.org/10.3321/j.issn:1001-5515.2001.01.016
http://dx.doi.org/10.3321/j.issn:1001-5515.2001.01.016
http://dx.doi.org/10.3321/j.issn:1001-5515.2001.01.016
http://dx.doi.org/10.3321/j.issn:1001-5515.2001.01.016
http://dx.doi.org/10.3321/j.issn:1001-5515.2001.01.016
http://dx.doi.org/10.3321/j.issn:1001-5515.2001.01.016
http://dx.doi.org/10.1360/03yb0098
http://dx.doi.org/10.1360/03yb0098
http://dx.doi.org/10.1360/03yb0098
http://dx.doi.org/10.1360/03yb0098
http://dx.doi.org/10.3724/SP.J.1146.2010.01150
http://dx.doi.org/10.3724/SP.J.1146.2010.01150
http://dx.doi.org/10.3724/SP.J.1146.2010.01150
http://dx.doi.org/10.3724/SP.J.1146.2010.01150
http://dx.doi.org/10.3724/SP.J.1146.2010.01150
http://dx.doi.org/10.3724/SP.J.1146.2010.01150
http://dx.doi.org/10.3724/SP.J.1146.2010.01150
http://dx.doi.org/10.3724/SP.J.1146.2010.01150
http://dx.doi.org/10.3724/SP.J.1146.2010.01150
http://dx.doi.org/10.3724/SP.J.1146.2012.01239
http://dx.doi.org/10.3724/SP.J.1146.2012.01239
http://dx.doi.org/10.3724/SP.J.1146.2012.01239
http://dx.doi.org/10.3724/SP.J.1146.2012.01239
http://dx.doi.org/10.3724/SP.J.1146.2012.01239
http://dx.doi.org/10.3724/SP.J.1146.2012.01239
http://dx.doi.org/10.3724/SP.J.1146.2012.01239
http://dx.doi.org/10.3724/SP.J.1146.2012.01239
http://dx.doi.org/10.3724/SP.J.1146.2012.01239
http://dx.doi.org/10.3724/SP.J.1146.2012.01239
http://dx.doi.org/10.3321/j.issn:1002-8331.2007.29.070
http://dx.doi.org/10.3321/j.issn:1002-8331.2007.29.070
http://dx.doi.org/10.3321/j.issn:1002-8331.2007.29.070
http://dx.doi.org/10.3321/j.issn:1002-8331.2007.29.070
http://dx.doi.org/10.3321/j.issn:1002-8331.2007.29.070
http://dx.doi.org/10.3321/j.issn:1002-8331.2007.29.070
http://dx.doi.org/10.3321/j.issn:1002-8331.2007.29.070
http://dx.doi.org/10.3321/j.issn:1002-8331.2007.29.070
http://dx.doi.org/10.3321/j.issn:1002-8331.2007.29.070
http://dx.doi.org/10.13443j.cjors.2014101001
http://dx.doi.org/10.13443j.cjors.2014101001
http://dx.doi.org/10.13443j.cjors.2014101001
http://dx.doi.org/10.13443j.cjors.2014101001
http://dx.doi.org/10.13443j.cjors.2014101001
http://dx.doi.org/10.13443j.cjors.2014101001
http://dx.doi.org/10.13443j.cjors.2014101001
http://dx.doi.org/10.13443j.cjors.2014101001
http://dx.doi.org/10.13443j.cjors.2014101001
http://dx.doi.org/10.7498/aps.66.090503
http://dx.doi.org/10.7498/aps.66.090503
http://dx.doi.org/10.7498/aps.66.090503
http://dx.doi.org/10.7498/aps.66.090503
http://dx.doi.org/10.7498/aps.66.090503
http://dx.doi.org/10.7498/aps.66.090503
http://dx.doi.org/10.7498/aps.66.090503
http://dx.doi.org/10.7498/aps.66.090503
http://dx.doi.org/10.7498/aps.66.090503
http://dx.doi.org/10.3969/j.issn.0372-2112.2017.04.011
http://dx.doi.org/10.3969/j.issn.0372-2112.2017.04.011
http://dx.doi.org/10.3969/j.issn.0372-2112.2017.04.011
http://dx.doi.org/10.3969/j.issn.0372-2112.2017.04.011
http://dx.doi.org/10.3969/j.issn.0372-2112.2017.04.011
http://dx.doi.org/10.3969/j.issn.0372-2112.2017.04.011
http://dx.doi.org/10.3969/j.issn.0372-2112.2017.04.011
http://dx.doi.org/10.3969/j.issn.0372-2112.2017.04.011
http://dx.doi.org/10.3969/j.issn.0372-2112.2017.04.011
http://dx.doi.org/10.3969/j.issn.0372-2112.2017.04.011
http://dx.doi.org/10.7498/aps.57.2053
http://dx.doi.org/10.7498/aps.57.2053
http://dx.doi.org/10.7498/aps.57.2053
http://dx.doi.org/10.7498/aps.57.2053
http://dx.doi.org/10.7498/aps.57.2053
http://dx.doi.org/10.7498/aps.57.2053
http://dx.doi.org/10.7498/aps.57.2053
http://dx.doi.org/10.7498/aps.57.2053
http://dx.doi.org/10.7498/aps.57.2053
http://dx.doi.org/10.7498/aps.57.2053
http://dx.doi.org/10.7498/aps.66.124302
http://dx.doi.org/10.7498/aps.66.124302
http://dx.doi.org/10.7498/aps.66.124302
http://dx.doi.org/10.7498/aps.66.124302
http://dx.doi.org/10.7498/aps.66.124302
http://dx.doi.org/10.7498/aps.66.124302
http://dx.doi.org/10.7498/aps.66.124302
http://dx.doi.org/10.7498/aps.66.124302
http://dx.doi.org/10.7498/aps.66.124302
http://dx.doi.org/10.7498/aps.66.124302
http://www.ejournal.org.cn/CN/abstract/abstract4127.shtml
http://www.ejournal.org.cn/CN/abstract/abstract4127.shtml
http://www.ejournal.org.cn/CN/abstract/abstract4127.shtml
http://www.ejournal.org.cn/CN/abstract/abstract4127.shtml
http://www.ejournal.org.cn/CN/abstract/abstract4127.shtml
http://dx.doi.org/10.3969/j.issn.0372-2112.2016.06.028
http://dx.doi.org/10.3969/j.issn.0372-2112.2016.06.028
http://dx.doi.org/10.3969/j.issn.0372-2112.2016.06.028
http://dx.doi.org/10.3969/j.issn.0372-2112.2016.06.028
http://dx.doi.org/10.3969/j.issn.0372-2112.2016.06.028
http://dx.doi.org/10.3969/j.issn.0372-2112.2016.06.028
http://dx.doi.org/10.3969/j.issn.0372-2112.2016.06.028
http://dx.doi.org/10.3969/j.issn.0372-2112.2016.06.028
http://dx.doi.org/10.3969/j.issn.0372-2112.2016.06.028
http://dx.doi.org/10.3969/j.issn.0372-2112.2016.06.028
http://dx.doi.org/10.7498/aps.61.050503
http://dx.doi.org/10.7498/aps.61.050503
http://dx.doi.org/10.7498/aps.61.050503
http://dx.doi.org/10.7498/aps.61.050503
http://dx.doi.org/10.7498/aps.61.050503
http://dx.doi.org/10.7498/aps.61.050503
http://dx.doi.org/10.7498/aps.61.050503
http://dx.doi.org/10.7498/aps.61.050503
http://dx.doi.org/10.7498/aps.61.050503
http://dx.doi.org/10.7498/aps.62.180502
http://dx.doi.org/10.7498/aps.62.180502
http://dx.doi.org/10.7498/aps.62.180502
http://dx.doi.org/10.7498/aps.62.180502
http://dx.doi.org/10.7498/aps.62.180502
http://dx.doi.org/10.7498/aps.62.180502
http://dx.doi.org/10.7498/aps.62.180502
http://dx.doi.org/10.7498/aps.62.180502
http://dx.doi.org/10.3969/j.issn.1002-7300.2017.03.030
http://dx.doi.org/10.3969/j.issn.1002-7300.2017.03.030
http://dx.doi.org/10.3969/j.issn.1002-7300.2017.03.030
http://dx.doi.org/10.3969/j.issn.1002-7300.2017.03.030
http://dx.doi.org/10.3969/j.issn.1002-7300.2017.03.030
http://dx.doi.org/10.3969/j.issn.1002-7300.2017.03.030
http://dx.doi.org/10.3969/j.issn.1002-7300.2017.03.030
http://dx.doi.org/10.3969/j.issn.1002-7300.2017.03.030
http://dx.doi.org/10.3969/j.issn.1002-7300.2017.03.030
http://dx.doi.org/10.3969/j.issn.1002-7300.2017.03.030
http://dx.doi.org/10.7498/aps.55.1672
http://dx.doi.org/10.7498/aps.55.1672
http://dx.doi.org/10.7498/aps.55.1672
http://dx.doi.org/10.7498/aps.55.1672
http://dx.doi.org/10.7498/aps.55.1672
http://dx.doi.org/10.7498/aps.55.1672
http://dx.doi.org/10.7498/aps.55.1672
http://dx.doi.org/10.7498/aps.55.1672
http://dx.doi.org/10.1088/1674-1056/18/3/020
http://dx.doi.org/10.1088/1674-1056/18/3/020
http://dx.doi.org/10.1088/1674-1056/18/3/020
http://dx.doi.org/10.1088/1674-1056/18/3/020
http://dx.doi.org/10.7498/aps.60.020511
http://dx.doi.org/10.7498/aps.60.020511
http://dx.doi.org/10.7498/aps.60.020511
http://dx.doi.org/10.7498/aps.60.020511
http://dx.doi.org/10.7498/aps.60.020511
http://dx.doi.org/10.7498/aps.60.020511
http://dx.doi.org/10.7498/aps.60.020511
http://dx.doi.org/10.7498/aps.60.020511
http://dx.doi.org/10.7498/aps.60.020511
http://dx.doi.org/10.7498/aps.60.100509
http://dx.doi.org/10.7498/aps.60.100509
http://dx.doi.org/10.7498/aps.60.100509
http://dx.doi.org/10.7498/aps.60.100509
http://dx.doi.org/10.7498/aps.60.100509
http://dx.doi.org/10.7498/aps.60.100509
http://dx.doi.org/10.7498/aps.60.100509
http://dx.doi.org/10.7498/aps.60.100509
http://dx.doi.org/10.7498/aps.60.100509
http://dx.doi.org/10.7498/aps.60.100509
http://dx.doi.org/10.7498/aps.62.130505
http://dx.doi.org/10.7498/aps.62.130505
http://dx.doi.org/10.7498/aps.62.130505
http://dx.doi.org/10.7498/aps.62.130505
http://dx.doi.org/10.7498/aps.62.130505
http://dx.doi.org/10.7498/aps.62.130505
http://dx.doi.org/10.7498/aps.62.130505
http://dx.doi.org/10.7498/aps.62.130505
http://dx.doi.org/10.7498/aps.62.130505
http://dx.doi.org/10.7498/aps.64.070505
http://dx.doi.org/10.7498/aps.64.070505
http://dx.doi.org/10.7498/aps.64.070505
http://dx.doi.org/10.7498/aps.64.070505
http://dx.doi.org/10.7498/aps.64.070505
http://dx.doi.org/10.7498/aps.64.070505
http://dx.doi.org/10.7498/aps.64.070505
http://dx.doi.org/10.7498/aps.64.070505
http://dx.doi.org/10.7498/aps.64.070505
http://dx.doi.org/10.7498/aps.64.070505
http://dx.doi.org/10.3969/j.issn.1006-1335.2016.03.036
http://dx.doi.org/10.3969/j.issn.1006-1335.2016.03.036
http://dx.doi.org/10.3969/j.issn.1006-1335.2016.03.036
http://dx.doi.org/10.3969/j.issn.1006-1335.2016.03.036
http://dx.doi.org/10.3969/j.issn.1006-1335.2016.03.036
http://dx.doi.org/10.3969/j.issn.1006-1335.2016.03.036
http://dx.doi.org/10.3969/j.issn.1006-1335.2016.03.036
http://dx.doi.org/10.3969/j.issn.1006-1335.2016.03.036
http://dx.doi.org/10.3969/j.issn.1006-1335.2016.03.036
http://dx.doi.org/10.3969/j.issn.1006-1335.2016.03.036
http://dx.doi.org/10.1137/S1064827594276424
http://dx.doi.org/10.1137/S1064827594276424
http://dx.doi.org/10.1137/S1064827594276424
http://dx.doi.org/10.1137/S1064827594276424
http://dx.doi.org/10.7498/aps.62.050501
http://dx.doi.org/10.7498/aps.62.050501
http://dx.doi.org/10.7498/aps.62.050501
http://dx.doi.org/10.7498/aps.62.050501
http://dx.doi.org/10.7498/aps.62.050501
http://dx.doi.org/10.7498/aps.62.050501
http://dx.doi.org/10.7498/aps.62.050501
http://dx.doi.org/10.7498/aps.62.050501
http://dx.doi.org/10.7498/aps.62.050501
http://dx.doi.org/10.3321/j.issn:1002-8331.2004.35.005
http://dx.doi.org/10.3321/j.issn:1002-8331.2004.35.005
http://dx.doi.org/10.3321/j.issn:1002-8331.2004.35.005
http://dx.doi.org/10.3321/j.issn:1002-8331.2004.35.005
http://dx.doi.org/10.3321/j.issn:1002-8331.2004.35.005
http://dx.doi.org/10.3321/j.issn:1002-8331.2004.35.005
http://dx.doi.org/10.3321/j.issn:1002-8331.2004.35.005
http://dx.doi.org/10.3321/j.issn:1002-8331.2004.35.005
http://dx.doi.org/10.3321/j.issn:1002-8331.2004.35.005
http://dx.doi.org/10.3321/j.issn:1002-8331.2004.35.005
http://dx.doi.org/10.3321/j.issn:1001-5515.2001.01.016
http://dx.doi.org/10.3321/j.issn:1001-5515.2001.01.016
http://dx.doi.org/10.3321/j.issn:1001-5515.2001.01.016
http://dx.doi.org/10.3321/j.issn:1001-5515.2001.01.016
http://dx.doi.org/10.3321/j.issn:1001-5515.2001.01.016
http://dx.doi.org/10.3321/j.issn:1001-5515.2001.01.016
http://dx.doi.org/10.3321/j.issn:1001-5515.2001.01.016
http://dx.doi.org/10.3321/j.issn:1001-5515.2001.01.016
http://dx.doi.org/10.3321/j.issn:1001-5515.2001.01.016
http://dx.doi.org/10.3321/j.issn:1001-5515.2001.01.016
http://dx.doi.org/10.1360/03yb0098
http://dx.doi.org/10.1360/03yb0098
http://dx.doi.org/10.1360/03yb0098
http://dx.doi.org/10.1360/03yb0098
http://dx.doi.org/10.3724/SP.J.1146.2010.01150
http://dx.doi.org/10.3724/SP.J.1146.2010.01150
http://dx.doi.org/10.3724/SP.J.1146.2010.01150
http://dx.doi.org/10.3724/SP.J.1146.2010.01150
http://dx.doi.org/10.3724/SP.J.1146.2010.01150
http://dx.doi.org/10.3724/SP.J.1146.2010.01150
http://dx.doi.org/10.3724/SP.J.1146.2010.01150
http://dx.doi.org/10.3724/SP.J.1146.2010.01150
http://dx.doi.org/10.3724/SP.J.1146.2010.01150
http://dx.doi.org/10.3724/SP.J.1146.2012.01239
http://dx.doi.org/10.3724/SP.J.1146.2012.01239
http://dx.doi.org/10.3724/SP.J.1146.2012.01239
http://dx.doi.org/10.3724/SP.J.1146.2012.01239
http://dx.doi.org/10.3724/SP.J.1146.2012.01239
http://dx.doi.org/10.3724/SP.J.1146.2012.01239
http://dx.doi.org/10.3724/SP.J.1146.2012.01239
http://dx.doi.org/10.3724/SP.J.1146.2012.01239
http://dx.doi.org/10.3724/SP.J.1146.2012.01239
http://dx.doi.org/10.3724/SP.J.1146.2012.01239
http://dx.doi.org/10.3321/j.issn:1002-8331.2007.29.070
http://dx.doi.org/10.3321/j.issn:1002-8331.2007.29.070
http://dx.doi.org/10.3321/j.issn:1002-8331.2007.29.070
http://dx.doi.org/10.3321/j.issn:1002-8331.2007.29.070
http://dx.doi.org/10.3321/j.issn:1002-8331.2007.29.070
http://dx.doi.org/10.3321/j.issn:1002-8331.2007.29.070
http://dx.doi.org/10.3321/j.issn:1002-8331.2007.29.070
http://dx.doi.org/10.3321/j.issn:1002-8331.2007.29.070
http://dx.doi.org/10.3321/j.issn:1002-8331.2007.29.070
http://dx.doi.org/10.13443j.cjors.2014101001
http://dx.doi.org/10.13443j.cjors.2014101001
http://dx.doi.org/10.13443j.cjors.2014101001
http://dx.doi.org/10.13443j.cjors.2014101001
http://dx.doi.org/10.3321/j.issn:1001-5515.2001.01.016
http://dx.doi.org/10.3321/j.issn:1001-5515.2001.01.016
http://dx.doi.org/10.3321/j.issn:1001-5515.2001.01.016
http://dx.doi.org/10.3321/j.issn:1001-5515.2001.01.016
http://dx.doi.org/10.3321/j.issn:1001-5515.2001.01.016
http://dx.doi.org/10.3321/j.issn:1001-5515.2001.01.016
http://dx.doi.org/10.3321/j.issn:1001-5515.2001.01.016
http://dx.doi.org/10.3321/j.issn:1001-5515.2001.01.016
http://dx.doi.org/10.3321/j.issn:1001-5515.2001.01.016
http://dx.doi.org/10.3321/j.issn:1001-5515.2001.01.016
http://dx.doi.org/10.1360/03yb0098
http://dx.doi.org/10.1360/03yb0098
http://dx.doi.org/10.1360/03yb0098
http://dx.doi.org/10.1360/03yb0098
http://dx.doi.org/10.3724/SP.J.1146.2010.01150
http://dx.doi.org/10.3724/SP.J.1146.2010.01150
http://dx.doi.org/10.3724/SP.J.1146.2010.01150
http://dx.doi.org/10.3724/SP.J.1146.2010.01150
http://dx.doi.org/10.3724/SP.J.1146.2010.01150
http://dx.doi.org/10.3724/SP.J.1146.2010.01150
http://dx.doi.org/10.3724/SP.J.1146.2010.01150
http://dx.doi.org/10.3724/SP.J.1146.2010.01150
http://dx.doi.org/10.3724/SP.J.1146.2010.01150
http://dx.doi.org/10.3724/SP.J.1146.2012.01239
http://dx.doi.org/10.3724/SP.J.1146.2012.01239
http://dx.doi.org/10.3724/SP.J.1146.2012.01239
http://dx.doi.org/10.3724/SP.J.1146.2012.01239
http://dx.doi.org/10.3724/SP.J.1146.2012.01239
http://dx.doi.org/10.3724/SP.J.1146.2012.01239
http://dx.doi.org/10.3724/SP.J.1146.2012.01239
http://dx.doi.org/10.3724/SP.J.1146.2012.01239
http://dx.doi.org/10.3724/SP.J.1146.2012.01239
http://dx.doi.org/10.3724/SP.J.1146.2012.01239
http://dx.doi.org/10.3321/j.issn:1002-8331.2007.29.070
http://dx.doi.org/10.3321/j.issn:1002-8331.2007.29.070
http://dx.doi.org/10.3321/j.issn:1002-8331.2007.29.070
http://dx.doi.org/10.3321/j.issn:1002-8331.2007.29.070
http://dx.doi.org/10.3321/j.issn:1002-8331.2007.29.070
http://dx.doi.org/10.3321/j.issn:1002-8331.2007.29.070
http://dx.doi.org/10.3321/j.issn:1002-8331.2007.29.070
http://dx.doi.org/10.3321/j.issn:1002-8331.2007.29.070
http://dx.doi.org/10.3321/j.issn:1002-8331.2007.29.070
http://dx.doi.org/10.13443j.cjors.2014101001
http://dx.doi.org/10.13443j.cjors.2014101001
http://dx.doi.org/10.13443j.cjors.2014101001
http://dx.doi.org/10.13443j.cjors.2014101001
http://dx.doi.org/10.13443j.cjors.2014101001
http://dx.doi.org/10.13443j.cjors.2014101001
http://dx.doi.org/10.13443j.cjors.2014101001
http://dx.doi.org/10.13443j.cjors.2014101001
http://dx.doi.org/10.13443j.cjors.2014101001
http://dx.doi.org/10.7498/aps.66.090503
http://dx.doi.org/10.7498/aps.66.090503
http://dx.doi.org/10.7498/aps.66.090503
http://dx.doi.org/10.7498/aps.66.090503
http://dx.doi.org/10.7498/aps.66.090503
http://dx.doi.org/10.7498/aps.66.090503
http://dx.doi.org/10.7498/aps.66.090503
http://dx.doi.org/10.7498/aps.66.090503
http://dx.doi.org/10.7498/aps.66.090503
http://dx.doi.org/10.3969/j.issn.0372-2112.2017.04.011
http://dx.doi.org/10.3969/j.issn.0372-2112.2017.04.011
http://dx.doi.org/10.3969/j.issn.0372-2112.2017.04.011
http://dx.doi.org/10.3969/j.issn.0372-2112.2017.04.011
http://dx.doi.org/10.3969/j.issn.0372-2112.2017.04.011
http://dx.doi.org/10.3969/j.issn.0372-2112.2017.04.011
http://dx.doi.org/10.3969/j.issn.0372-2112.2017.04.011
http://dx.doi.org/10.3969/j.issn.0372-2112.2017.04.011
http://dx.doi.org/10.3969/j.issn.0372-2112.2017.04.011
http://dx.doi.org/10.3969/j.issn.0372-2112.2017.04.011
http://dx.doi.org/10.7498/aps.57.2053
http://dx.doi.org/10.7498/aps.57.2053
http://dx.doi.org/10.7498/aps.57.2053
http://dx.doi.org/10.7498/aps.57.2053
http://dx.doi.org/10.7498/aps.57.2053
http://dx.doi.org/10.7498/aps.57.2053
http://dx.doi.org/10.7498/aps.57.2053
http://dx.doi.org/10.7498/aps.57.2053
http://dx.doi.org/10.7498/aps.57.2053
http://dx.doi.org/10.7498/aps.57.2053
http://dx.doi.org/10.7498/aps.66.124302
http://dx.doi.org/10.7498/aps.66.124302
http://dx.doi.org/10.7498/aps.66.124302
http://dx.doi.org/10.7498/aps.66.124302
http://dx.doi.org/10.7498/aps.66.124302
http://dx.doi.org/10.7498/aps.66.124302
http://dx.doi.org/10.7498/aps.66.124302
http://dx.doi.org/10.7498/aps.66.124302
http://dx.doi.org/10.7498/aps.66.124302
http://dx.doi.org/10.7498/aps.66.124302
http://www.ejournal.org.cn/CN/abstract/abstract4127.shtml
http://www.ejournal.org.cn/CN/abstract/abstract4127.shtml
http://www.ejournal.org.cn/CN/abstract/abstract4127.shtml
http://www.ejournal.org.cn/CN/abstract/abstract4127.shtml
http://www.ejournal.org.cn/CN/abstract/abstract4127.shtml
http://dx.doi.org/10.3969/j.issn.0372-2112.2016.06.028
http://dx.doi.org/10.3969/j.issn.0372-2112.2016.06.028
http://dx.doi.org/10.3969/j.issn.0372-2112.2016.06.028
http://dx.doi.org/10.3969/j.issn.0372-2112.2016.06.028
http://dx.doi.org/10.3969/j.issn.0372-2112.2016.06.028
http://dx.doi.org/10.3969/j.issn.0372-2112.2016.06.028
http://dx.doi.org/10.3969/j.issn.0372-2112.2016.06.028
http://dx.doi.org/10.3969/j.issn.0372-2112.2016.06.028
http://dx.doi.org/10.3969/j.issn.0372-2112.2016.06.028
http://dx.doi.org/10.3969/j.issn.0372-2112.2016.06.028
http://dx.doi.org/10.7498/aps.61.050503
http://dx.doi.org/10.7498/aps.61.050503
http://dx.doi.org/10.7498/aps.61.050503
http://dx.doi.org/10.7498/aps.61.050503
http://dx.doi.org/10.7498/aps.61.050503
http://dx.doi.org/10.7498/aps.61.050503
http://dx.doi.org/10.7498/aps.61.050503
http://dx.doi.org/10.7498/aps.61.050503
http://dx.doi.org/10.7498/aps.61.050503
http://dx.doi.org/10.7498/aps.62.180502
http://dx.doi.org/10.7498/aps.62.180502
http://dx.doi.org/10.7498/aps.62.180502
http://dx.doi.org/10.7498/aps.62.180502
http://dx.doi.org/10.7498/aps.62.180502
http://dx.doi.org/10.7498/aps.62.180502
http://dx.doi.org/10.7498/aps.62.180502
http://dx.doi.org/10.7498/aps.62.180502
http://dx.doi.org/10.3969/j.issn.1002-7300.2017.03.030
http://dx.doi.org/10.3969/j.issn.1002-7300.2017.03.030
http://dx.doi.org/10.3969/j.issn.1002-7300.2017.03.030
http://dx.doi.org/10.3969/j.issn.1002-7300.2017.03.030
http://dx.doi.org/10.3969/j.issn.1002-7300.2017.03.030
http://dx.doi.org/10.3969/j.issn.1002-7300.2017.03.030
http://dx.doi.org/10.3969/j.issn.1002-7300.2017.03.030
http://dx.doi.org/10.3969/j.issn.1002-7300.2017.03.030
http://dx.doi.org/10.3969/j.issn.1002-7300.2017.03.030
http://dx.doi.org/10.3969/j.issn.1002-7300.2017.03.030
http://dx.doi.org/10.7498/aps.55.1672
http://dx.doi.org/10.7498/aps.55.1672
http://dx.doi.org/10.7498/aps.55.1672
http://dx.doi.org/10.7498/aps.55.1672
http://dx.doi.org/10.7498/aps.55.1672
http://dx.doi.org/10.7498/aps.55.1672
http://dx.doi.org/10.7498/aps.55.1672
http://dx.doi.org/10.7498/aps.55.1672
http://dx.doi.org/10.1088/1674-1056/18/3/020
http://dx.doi.org/10.1088/1674-1056/18/3/020
http://dx.doi.org/10.1088/1674-1056/18/3/020
http://dx.doi.org/10.1088/1674-1056/18/3/020
http://dx.doi.org/10.7498/aps.60.020511
http://dx.doi.org/10.7498/aps.60.020511
http://dx.doi.org/10.7498/aps.60.020511
http://dx.doi.org/10.7498/aps.60.020511
http://dx.doi.org/10.7498/aps.60.020511
http://dx.doi.org/10.7498/aps.60.020511
http://dx.doi.org/10.7498/aps.60.020511
http://dx.doi.org/10.7498/aps.60.020511
http://dx.doi.org/10.7498/aps.60.020511
http://dx.doi.org/10.7498/aps.60.100509
http://dx.doi.org/10.7498/aps.60.100509
http://dx.doi.org/10.7498/aps.60.100509
http://dx.doi.org/10.7498/aps.60.100509
http://dx.doi.org/10.7498/aps.60.100509
http://dx.doi.org/10.7498/aps.60.100509
http://dx.doi.org/10.7498/aps.60.100509
http://dx.doi.org/10.7498/aps.60.100509
http://dx.doi.org/10.7498/aps.60.100509
http://dx.doi.org/10.7498/aps.60.100509
http://dx.doi.org/10.7498/aps.62.130505
http://dx.doi.org/10.7498/aps.62.130505
http://dx.doi.org/10.7498/aps.62.130505
http://dx.doi.org/10.7498/aps.62.130505
http://dx.doi.org/10.7498/aps.62.130505
http://dx.doi.org/10.7498/aps.62.130505
http://dx.doi.org/10.7498/aps.62.130505
http://dx.doi.org/10.7498/aps.62.130505
http://dx.doi.org/10.7498/aps.62.130505
http://dx.doi.org/10.7498/aps.64.070505
http://dx.doi.org/10.7498/aps.64.070505
http://dx.doi.org/10.7498/aps.64.070505
http://dx.doi.org/10.7498/aps.64.070505
http://dx.doi.org/10.7498/aps.64.070505
http://dx.doi.org/10.7498/aps.64.070505
http://dx.doi.org/10.7498/aps.64.070505
http://dx.doi.org/10.7498/aps.64.070505
http://dx.doi.org/10.7498/aps.64.070505
http://dx.doi.org/10.7498/aps.64.070505
http://dx.doi.org/10.3969/j.issn.1006-1335.2016.03.036
http://dx.doi.org/10.3969/j.issn.1006-1335.2016.03.036
http://dx.doi.org/10.3969/j.issn.1006-1335.2016.03.036
http://dx.doi.org/10.3969/j.issn.1006-1335.2016.03.036
http://dx.doi.org/10.3969/j.issn.1006-1335.2016.03.036
http://dx.doi.org/10.3969/j.issn.1006-1335.2016.03.036
http://dx.doi.org/10.3969/j.issn.1006-1335.2016.03.036
http://dx.doi.org/10.3969/j.issn.1006-1335.2016.03.036
http://dx.doi.org/10.3969/j.issn.1006-1335.2016.03.036
http://dx.doi.org/10.3969/j.issn.1006-1335.2016.03.036
http://dx.doi.org/10.1137/S1064827594276424
http://dx.doi.org/10.1137/S1064827594276424
http://dx.doi.org/10.1137/S1064827594276424
http://dx.doi.org/10.1137/S1064827594276424
http://dx.doi.org/10.7498/aps.62.050501
http://dx.doi.org/10.7498/aps.62.050501
http://dx.doi.org/10.7498/aps.62.050501
http://dx.doi.org/10.7498/aps.62.050501
http://dx.doi.org/10.7498/aps.62.050501
http://dx.doi.org/10.7498/aps.62.050501
http://dx.doi.org/10.7498/aps.62.050501
http://dx.doi.org/10.7498/aps.62.050501
http://dx.doi.org/10.7498/aps.62.050501
http://dx.doi.org/10.3321/j.issn:1002-8331.2004.35.005
http://dx.doi.org/10.3321/j.issn:1002-8331.2004.35.005
http://dx.doi.org/10.3321/j.issn:1002-8331.2004.35.005
http://dx.doi.org/10.3321/j.issn:1002-8331.2004.35.005
http://dx.doi.org/10.3321/j.issn:1002-8331.2004.35.005
http://dx.doi.org/10.3321/j.issn:1002-8331.2004.35.005
http://dx.doi.org/10.3321/j.issn:1002-8331.2004.35.005
http://dx.doi.org/10.3321/j.issn:1002-8331.2004.35.005
http://dx.doi.org/10.3321/j.issn:1002-8331.2004.35.005
http://dx.doi.org/10.3321/j.issn:1002-8331.2004.35.005
http://dx.doi.org/10.13443j.cjors.2014101001
http://dx.doi.org/10.13443j.cjors.2014101001
http://dx.doi.org/10.13443j.cjors.2014101001
http://dx.doi.org/10.13443j.cjors.2014101001
http://dx.doi.org/10.13443j.cjors.2014101001
http://dx.doi.org/10.7498/aps.66.090503
http://dx.doi.org/10.7498/aps.66.090503
http://dx.doi.org/10.7498/aps.66.090503
http://dx.doi.org/10.7498/aps.66.090503
http://dx.doi.org/10.7498/aps.66.090503
http://dx.doi.org/10.7498/aps.66.090503
http://dx.doi.org/10.7498/aps.66.090503
http://dx.doi.org/10.7498/aps.66.090503
http://dx.doi.org/10.7498/aps.66.090503
http://dx.doi.org/10.3969/j.issn.0372-2112.2017.04.011
http://dx.doi.org/10.3969/j.issn.0372-2112.2017.04.011
http://dx.doi.org/10.3969/j.issn.0372-2112.2017.04.011
http://dx.doi.org/10.3969/j.issn.0372-2112.2017.04.011
http://dx.doi.org/10.3969/j.issn.0372-2112.2017.04.011
http://dx.doi.org/10.3969/j.issn.0372-2112.2017.04.011
http://dx.doi.org/10.3969/j.issn.0372-2112.2017.04.011
http://dx.doi.org/10.3969/j.issn.0372-2112.2017.04.011
http://dx.doi.org/10.3969/j.issn.0372-2112.2017.04.011
http://dx.doi.org/10.3969/j.issn.0372-2112.2017.04.011
http://dx.doi.org/10.7498/aps.57.2053
http://dx.doi.org/10.7498/aps.57.2053
http://dx.doi.org/10.7498/aps.57.2053
http://dx.doi.org/10.7498/aps.57.2053
http://dx.doi.org/10.7498/aps.57.2053
http://dx.doi.org/10.7498/aps.57.2053
http://dx.doi.org/10.7498/aps.57.2053
http://dx.doi.org/10.7498/aps.57.2053
http://dx.doi.org/10.7498/aps.57.2053
http://dx.doi.org/10.7498/aps.57.2053
http://dx.doi.org/10.7498/aps.66.124302
http://dx.doi.org/10.7498/aps.66.124302
http://dx.doi.org/10.7498/aps.66.124302
http://dx.doi.org/10.7498/aps.66.124302
http://dx.doi.org/10.7498/aps.66.124302
http://dx.doi.org/10.7498/aps.66.124302
http://dx.doi.org/10.7498/aps.66.124302
http://dx.doi.org/10.7498/aps.66.124302
http://dx.doi.org/10.7498/aps.66.124302
http://dx.doi.org/10.7498/aps.66.124302
http://www.ejournal.org.cn/CN/abstract/abstract4127.shtml
http://www.ejournal.org.cn/CN/abstract/abstract4127.shtml
http://www.ejournal.org.cn/CN/abstract/abstract4127.shtml
http://www.ejournal.org.cn/CN/abstract/abstract4127.shtml
http://www.ejournal.org.cn/CN/abstract/abstract4127.shtml
http://dx.doi.org/10.3969/j.issn.0372-2112.2016.06.028
http://dx.doi.org/10.3969/j.issn.0372-2112.2016.06.028
http://dx.doi.org/10.3969/j.issn.0372-2112.2016.06.028
http://dx.doi.org/10.3969/j.issn.0372-2112.2016.06.028
http://dx.doi.org/10.3969/j.issn.0372-2112.2016.06.028
http://dx.doi.org/10.3969/j.issn.0372-2112.2016.06.028
http://dx.doi.org/10.3969/j.issn.0372-2112.2016.06.028
http://dx.doi.org/10.3969/j.issn.0372-2112.2016.06.028
http://dx.doi.org/10.3969/j.issn.0372-2112.2016.06.028
http://dx.doi.org/10.3969/j.issn.0372-2112.2016.06.028
http://dx.doi.org/10.7498/aps.61.050503
http://dx.doi.org/10.7498/aps.61.050503
http://dx.doi.org/10.7498/aps.61.050503
http://dx.doi.org/10.7498/aps.61.050503
http://dx.doi.org/10.7498/aps.61.050503
http://dx.doi.org/10.7498/aps.61.050503
http://dx.doi.org/10.7498/aps.61.050503
http://dx.doi.org/10.7498/aps.61.050503
http://dx.doi.org/10.7498/aps.61.050503
http://dx.doi.org/10.7498/aps.62.180502
http://dx.doi.org/10.7498/aps.62.180502
http://dx.doi.org/10.7498/aps.62.180502
http://dx.doi.org/10.7498/aps.62.180502
http://dx.doi.org/10.7498/aps.62.180502
http://dx.doi.org/10.7498/aps.62.180502
http://dx.doi.org/10.7498/aps.62.180502
http://dx.doi.org/10.7498/aps.62.180502
http://dx.doi.org/10.3969/j.issn.1002-7300.2017.03.030
http://dx.doi.org/10.3969/j.issn.1002-7300.2017.03.030
http://dx.doi.org/10.3969/j.issn.1002-7300.2017.03.030
http://dx.doi.org/10.3969/j.issn.1002-7300.2017.03.030
http://dx.doi.org/10.3969/j.issn.1002-7300.2017.03.030
http://dx.doi.org/10.3969/j.issn.1002-7300.2017.03.030
http://dx.doi.org/10.3969/j.issn.1002-7300.2017.03.030
http://dx.doi.org/10.3969/j.issn.1002-7300.2017.03.030
http://dx.doi.org/10.3969/j.issn.1002-7300.2017.03.030
http://dx.doi.org/10.3969/j.issn.1002-7300.2017.03.030
http://dx.doi.org/10.7498/aps.55.1672
http://dx.doi.org/10.7498/aps.55.1672
http://dx.doi.org/10.7498/aps.55.1672
http://dx.doi.org/10.7498/aps.55.1672
http://dx.doi.org/10.7498/aps.55.1672
http://dx.doi.org/10.7498/aps.55.1672
http://dx.doi.org/10.7498/aps.55.1672
http://dx.doi.org/10.7498/aps.55.1672
http://dx.doi.org/10.1088/1674-1056/18/3/020
http://dx.doi.org/10.1088/1674-1056/18/3/020
http://dx.doi.org/10.1088/1674-1056/18/3/020
http://dx.doi.org/10.1088/1674-1056/18/3/020
http://dx.doi.org/10.7498/aps.60.020511
http://dx.doi.org/10.7498/aps.60.020511
http://dx.doi.org/10.7498/aps.60.020511
http://dx.doi.org/10.7498/aps.60.020511
http://dx.doi.org/10.7498/aps.60.020511
http://dx.doi.org/10.7498/aps.60.020511
http://dx.doi.org/10.7498/aps.60.020511
http://dx.doi.org/10.7498/aps.60.020511
http://dx.doi.org/10.7498/aps.60.020511
http://dx.doi.org/10.7498/aps.60.100509
http://dx.doi.org/10.7498/aps.60.100509
http://dx.doi.org/10.7498/aps.60.100509
http://dx.doi.org/10.7498/aps.60.100509
http://dx.doi.org/10.7498/aps.60.100509
http://dx.doi.org/10.7498/aps.60.100509
http://dx.doi.org/10.7498/aps.60.100509
http://dx.doi.org/10.7498/aps.60.100509
http://dx.doi.org/10.7498/aps.60.100509
http://dx.doi.org/10.7498/aps.60.100509
http://dx.doi.org/10.7498/aps.62.130505
http://dx.doi.org/10.7498/aps.62.130505
http://dx.doi.org/10.7498/aps.62.130505
http://dx.doi.org/10.7498/aps.62.130505
http://dx.doi.org/10.7498/aps.62.130505
http://dx.doi.org/10.7498/aps.62.130505
http://dx.doi.org/10.7498/aps.62.130505
http://dx.doi.org/10.7498/aps.62.130505
http://dx.doi.org/10.7498/aps.62.130505
http://dx.doi.org/10.7498/aps.64.070505
http://dx.doi.org/10.7498/aps.64.070505
http://dx.doi.org/10.7498/aps.64.070505
http://dx.doi.org/10.7498/aps.64.070505
http://dx.doi.org/10.7498/aps.64.070505
http://dx.doi.org/10.7498/aps.64.070505
http://dx.doi.org/10.7498/aps.64.070505
http://dx.doi.org/10.7498/aps.64.070505
http://dx.doi.org/10.7498/aps.64.070505
http://dx.doi.org/10.7498/aps.64.070505
http://dx.doi.org/10.3969/j.issn.1006-1335.2016.03.036
http://dx.doi.org/10.3969/j.issn.1006-1335.2016.03.036
http://dx.doi.org/10.3969/j.issn.1006-1335.2016.03.036
http://dx.doi.org/10.3969/j.issn.1006-1335.2016.03.036
http://dx.doi.org/10.3969/j.issn.1006-1335.2016.03.036
http://dx.doi.org/10.3969/j.issn.1006-1335.2016.03.036
http://dx.doi.org/10.3969/j.issn.1006-1335.2016.03.036
http://dx.doi.org/10.3969/j.issn.1006-1335.2016.03.036
http://dx.doi.org/10.3969/j.issn.1006-1335.2016.03.036
http://dx.doi.org/10.3969/j.issn.1006-1335.2016.03.036
http://dx.doi.org/10.1137/S1064827594276424
http://dx.doi.org/10.1137/S1064827594276424
http://dx.doi.org/10.1137/S1064827594276424
http://dx.doi.org/10.1137/S1064827594276424
http://dx.doi.org/10.7498/aps.62.050501
http://dx.doi.org/10.7498/aps.62.050501
http://dx.doi.org/10.7498/aps.62.050501
http://dx.doi.org/10.7498/aps.62.050501
http://dx.doi.org/10.7498/aps.62.050501
http://dx.doi.org/10.7498/aps.62.050501
http://dx.doi.org/10.7498/aps.62.050501
http://dx.doi.org/10.7498/aps.62.050501
http://dx.doi.org/10.7498/aps.62.050501
http://dx.doi.org/10.3321/j.issn:1002-8331.2004.35.005
http://dx.doi.org/10.3321/j.issn:1002-8331.2004.35.005
http://dx.doi.org/10.3321/j.issn:1002-8331.2004.35.005
http://dx.doi.org/10.3321/j.issn:1002-8331.2004.35.005
http://dx.doi.org/10.3321/j.issn:1002-8331.2004.35.005
http://dx.doi.org/10.3321/j.issn:1002-8331.2004.35.005
http://dx.doi.org/10.3321/j.issn:1002-8331.2004.35.005
http://dx.doi.org/10.3321/j.issn:1002-8331.2004.35.005
http://dx.doi.org/10.3321/j.issn:1002-8331.2004.35.005
http://dx.doi.org/10.3321/j.issn:1002-8331.2004.35.005
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. 68, No. 8 (2019) 080501

Detection and parameter estimation of weak pulse signal
based on strongly coupled Duffing oscillators”

Cao Bao-Feng! Li Peng! Li Xiao-Qiang! Zhang Xue-Qin? Ning Wang-Shi
Liang Rui? LiXin? Hu Miao? Zheng YiV?

1) (State Key Laboratory of Nuclear and Biochemical Calamity Protection for Civilian, Research
Institute of Chemical Defense, Beijing 102205, China)

2) (School of Communication Engineering, Hangzhou University of Electronic Science and Technology, Hangzhou 310018, China)
( Received 16 October 2018; revised manuscript received 1 February 2019 )

Abstract

Pulse signal detection is widely used in nuclear explosion electromagnetic pulse detection, lightning signal
detection, power system partial discharge detection, electrostatic discharge detection, and other fields. The
signal strength becomes weak with the increase of the detection distance and may be submerged in strong
Gaussian noise for remote detection. Therefore, the detection and recovery of the weak signals, especially the
weak pulse signals, have important applications in signal processing area. Some methods have been reported to
detect and estimate weak pulse signals in strong background noise. Coupled Duffing oscillators are usually used
in processing periodic signals, though it is still in an exploration stage for aperiodic transient signals. There
remain some problems to be solved, for example, the system performance depends on some initial values, results
are valid only for the period-doubling bifurcation state, the waveform time domain information cannot be
accurately estimated, etc. In this paper, we explain the reasons why there exist these inherent defects in the
current weakly coupled Duffing oscillators. In order to solve the above-mentioned problems, a new signal
detection and recovery model is constructed, which is characterized by coupling the restoring force and damping
force of the two oscillators simultaneously. A large coupling coefficient is applied to the two Duffing oscillators,
and a generalized “in-well out-of-synchronization” phenomenon arises between the oscillators which conduces to
detecting and recovering the weak pulse signals, and also overcoming the defects mentioned above. Using the
metrics of signal-to-noise ratio improvement (SNRI) and waveform similarity, the effects of amplitude and
period of periodic driving force, coupling coefficient, step size and damping coefficient on signal detection and
waveform recovery are studied. Finally, experiments are performed to detect and recover the following three
kinds of pulses: square wave pulses, double exponential pulses, and Gaussian derivative pulses. The input SNR
thresholds of these three waveforms are —15, —12, and —16 dB, respectively, under the detection probabilities
and waveform similarity all being greater than 0.9 simultaneously. The maximum error of the pulse amplitude
and pulse width are both less than 5% of their corresponding true values. In summary, the strongly coupled
Dulffing system has advantages of being able to operate in any phase-space state and being no longer limited by
the initial values. Especially, the time domain waveform of weak pulse signals can be well recovered in the low

SNR case, and the error and the minimum mean square error are both very low.
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