Chinese Physical Society

YIRS Acta Physica Sinica

€D Institute of Physics, CAS

—ﬁl‘iﬁmﬂﬁiﬂﬁimﬁﬁ%ﬂﬁ Z RSB %
X &FE RieE NER ERE FAN

A quadratic polynomial receiving scheme for sine signals enhanced by stochastic resonance

Liu Guang-Kai  Quan Hou-De  Kang Yan-Mei  Sun Hui-Xian  Cui Pei-Zhang  Han Yue-Ming

5|5 &, Citation: Acta Physica Sinica, 68, 210501 (2019)  DOI: 10.7498/aps.68.20190952
TEZE 2 View online: https://doi.org/10.7498/aps.68.20190952
AN View table of contents: http://wulixb.iphy.ac.cn

BT BB A HAB S EE

Articles you may be interested in

ST A & FE LR BRI Y Kb 2% T 5 15 5 R 5 vk

Adaptive stochastic resonance system in terahertz radar signal detection

PH2A4R. 2018, 67(16): 160502  hitps:/doi.org/10.7498/aps.67.20172367

B R SRR LR

Stochastic resonance in overdamped washboard potential system

YrH2EdR. 2017, 66(12): 120501  https://doi.org/10.7498/aps.66.120501

— i 0 TR AU S A D25 Al U 12
Universal evaluation criteria for code delay estimation error of satellite navigation signals

WIEEAEAR. 2017, 66(12): 129101 https://doi.org/10.7498/aps.66.129101

DRI AR WOR BE TSI TR AT 5

Bottom reverberation for large receiving depth in deep water

WIFEAEA. 2019, 68(13): 134303 https://doi.org/10.7498/aps.68.20181883

— i A PR R DB AR A SR 5 IO TR AR S i e 050k

An approach to selecting the optimal squeezed parameter for generating path entangled microwave signal

WIFIEH. 2017, 66(23): 230302 https://doi.org/10.7498/aps.66.230302

/N SR 2 TC N 45 BE R IR BG83 S A R Ak i F) 52

Effects of hybrid synapses and partial time delay on stochastic resonance in a small-world neuronal network

YIFISE4. 2017, 66(24): 240501  https://doi.org/10.7498/aps.66.240501


http://wlxb.xml-journal.net
https://doi.org/10.7498/aps.68.20190952
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.67.20172367
https://doi.org/10.7498/aps.66.120501
https://doi.org/10.7498/aps.66.129101
https://doi.org/10.7498/aps.68.20181883
https://doi.org/10.7498/aps.66.230302
https://doi.org/10.7498/aps.66.240501

#) 32 % 3R Acta Phys. Sin. Vol. 68, No. 21 (2019) 210501

— M BEH H AR 18 58 IF 5% {5 S HY
RS EW T E

AP A EED

R 2

HEEY EFED wmARY

1) (MiETRRFAFIERXEFE5EFTRE, AKE  050003)
2) (WA REFREF S50, W% 710049)
3) (P E A RMHE 66389 #BBA, AFEHE  050000)

(2019 4E 6 7 19 HUH; 2019 4 8 A 5 HUkEIEUH)

B X R IA AR R SEAY IE 5% TS S 7R AR AR M EL Hb o DL A R) A 4R R — R B AL L R 5 E T2 AR 5
A H2 W . A AT IE 5% M5 S A RE AL IE R MLEE, 51 A I e i 20, 8 IR IR AR e B 50 5 B (Fokker-
Planck Equation, FPE) ¥4t 8 [ 34 Jr fK i, 13 8] FPE (14 2 i 18] 2 5 1 8 0 52 25 it /75 2 Bl AL HE 4R i ok
TR 2 R SR L 3 A o T A R L DG I R O A B B T R I A B s 4 i R
AR, B R E TR RE WIAEE TR SR AU MRS R 45 A <N YCRFERCTE 7 8
REL, AR PO A BR S B O ) R 36 Ay g A A AR A 56 ) A, R AR T AL AR SR E 5 A S e
W2 A O TR R A R R . ELSGIE T BRI 0 IE Mk, R4S B A fe A VT RE AL IR S 00 R R, Y
N =500 B, ZR 2R E(E W EL R F-17 dB BRI RLF 2.2 x 102

KR BEVUILIR, IERR(E 54, RS IR, 18 - e T e, (ks 2R AL

PACS: 05.40.-a, 02.50.-1

1 5 =

1L GE R IA L AF B RIS R G — AR (R R
It (signal to noise ratio, SNR) KT 0 dB B 4 g
A R FN S, anfar R P R GE e iR TR
BRI SNR AU HL RGPS T ATIRE IR W LA, 2455
N 238 A A5 B E N A 2 — . R 8 Bk A
(dual-sequence-frequency-hopping, DSFH) i# {515
AR B B ZE 5 N 20l AE T B, a7 A oo
O 1 1 43 51| 356 455 79 2 O Biti AL P 2] 42 o 1 S A4 48 ip
B, A SEAG (FIE, AR AR R X
{518, F 05 8 3o 4G U T8 7 AR 0 T 4% i )
o.M 5 G sa AR A 2O A5 S R 7 B A o A

* b HARBRE S (HEHES: F2017506006) ¥ BRI,
t BIE1EE. E-mail: dreamer gk@163.com

©2019 HEHEFS Chinese Physical Society

DOI: 10.7498/aps.68.20190952

RRAFZ, DSFH RS540 51 H 215 54X
FAGTT 0 F0 1, HAF DG SRR 4r. XA E B
P e T R BRSO E 5L A5 AT
TE, FEWC T0 0 e Sy ik 32 24 i AR R A o 2,
H— ek AR, VR T (5
KX, ZH T R R 0E (5 52 258 TP Ik et
PN 2l fE. R, —BeR A O, H
AR B O B U T R TR R AR T, R AR
(stochastic resonance, SR) & 4t (1 #1754y A {5 5
EAZ—.

SRAEN—FhARLE Y BN S | M55 | M
5 SR R4t = A VLCHE, WS i it AR etk RGEXE
SRR B R RIS R AR, AT T DA A e s
RUEA E B Benzi 5 B 7EXT HiER oK) 1481k

http://wulixb.iphy.ac.cn

210501-1


http://doi.org/10.7498/aps.68.20190952
mailto:dreamer_gk@163.com
mailto:dreamer_gk@163.com
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 68, No. 21 (2019) 210501

ISR T A SR IHEE, R Z MR Y
L AEY) . H A OIS B EIE -8, s g A
P TA5 5 0 BEAIR T T R s 45 5 A D 42
W m AR PL XFF48 SR ALHS B45 SRl FE 1 ) &,
KA TROH & B S AUN N 51, BIR e 4t it
. ANFUES IR R AS W] A B A U 4 4, XoF it
[R]8, Ka 2 R ITFIESY. Galdi 45 00 7E &y T
PRI, I S R ARG I S B, by 1T
SR My s ARHE W IR L, 25 11 T 301 | ok 2 A A
AT =R g ge it i, WM T SR 515
SRINEEE A 8. Zozor 1 Amblard™ &1 XtHE =
B s 5, 18 T SR RGN AL HL L TT An ]
RrE 5245 5 ()8, JFAE/IME- SR T I 28 ) i
Fik, DL SNR ARG 3] T B e 2t 12,
Chen &5 I3 FEAARHE T 3T SR IS 155 R
()R, 4 T AN [R) VDU TS F8) G 00 ARE 5 R Rl e AR 2
93] 7)7 X SR Uk 454, Wang 55 9 £ % SR B
W TS RE R 25+, UL SNR A F8 R, I
MBIz I (Langevin equation, LE) M F-#
A E AT T RUE)T B Zhang 55 16 78 o g Mt
FEIEOL T W SNR $84r5, 85 SNR B (E #2422
A, ArFr T ERTRRAG Iz SR IR S AR T A
TN TRR 7). Zhang 1 Song!'™ 57 1 {6
XA SR 5 S RZm, 15 7R (RS A5 R U
IJEIRAE = FT AR 2 5 SR A TN SR D 256
AR B A B S B M ), O TR 84 TG
TEBZ A5 5 X PR T A 30 Ge it it iy Hh A 32
FE, BIRARRAE SR Z 48 i Hh Ak 58 %5 B 1 i v -3
B 58 7 # (Fokker-Planck equation, FPE) 5 £ ;
A F FPE HE FRIR A, 15455 Io e &
fiffe 8291 SCRR [20] EHXEIME S48 R NG A A BE 43
Mt 1 FPE R [a] @8, SCHR [21] B2 Meshless J7
2, 158 7 FPE ME A%, (5 B Fr e g e X
AR DR AR i [

EFXTIE 52055 28 SR R e o Je i s ) 22 i
[ R, 38 33 43 B7 IE 52455 79 SR AILEE, (i i RikL
F SR AT HBER SERL, TI AR 2], Kk AR
FPE #Ab R iR KA, 158 FPE 19 & B H] 2
1Y) JR T A 7EAS 2] SR B R A R
Fenilh b, o A e AR DR TC R B AR SCRR A
PRI T R I WSO, iR
M3, 54 “N UCRHEICE 3 SR AR R oo BR
FEBH g R A G Ay LR () = B oA T IR AR 5

[RIAR, 20 T 4O A RIS AR, fon it T
T ERAE.

2 FMALEIR 8 1E 53 EANLE AT
2.1 EZESHIBEY LR IE

SR P REALIE IR 2R G0 nT i R T A =2 T 5 R
P/ STBUY

d .
d—f:ax—b:c‘3+Acos(wot+<,0)+F(t), (1)

Horpa, b AR SEL Acos (wot + ) M55 B I
JEBABR S5 55 D ()& = A, 2 B(D()] =
0, E[I(t)'(t+ s)] = 2Dé(s), B8 DR AMRIE. 18
FHZe M 7 3 BB S B AT RS (1) PR A ]
1oy

(z (1)) =z (D) cos (wot — @), (2)

2

S (D) = oty v
¢ = arctan (;:;)ﬂﬂﬁi%, e = \/aine‘fgb%'—ﬁ%
SE 5 IR Kramers Hbif K.

M T2 8 REAL IR I G KRR ORI 5,
BFEFE L EE R, RS S 10 Rk,
HACR—AE 1 kHz 2247, R MR KRS HIE S,
MG E4E N SR BlE, W20 FH R ARl 14
WO B 35 o0 RE B BE AL LR ML R AL B ) /NS 4L
&5, Ak, 5IALIFIH— AR P e — 2/b/a,
T —at, W (1) Gtk N

i—f =z—2°+ \/gAcos <%t+<p) + 2@—D2bn(t).
3)
HT L AT DL, AT A A A R A e 28 50
wo/a = 2nf, RV AME & 29— RO A 5 7%
MRS, HBERAONFEARA 1/a; Ha LR
I, wo/a WL HEHL/IN. RN, {55 IR S A2 He /0 5X
H Ay = /bfaPA; M aREER . b RGN, AL
ARSI RE R G AR R T # (5. S
I, MR AR Do = /2Db/a? , B2 € f e 5
2ol N AR AR AR T 55
R M Z T (3) #BH—Ik, AL
P BIBENLE R o (1) A — SR REA LA, TI7ESE PR A B
R AT SR B AR R A HUIE A ST
ST, PR B B T AR (3) MEOR R Y B AL AL

210501-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 68, No. 21 (2019)

210501

S I, LR i R 75 V2 B IR BEL
AR AR RE R L. B p (o, ) KL TETZ] ¢ A
TALE o FIMEARE I, HE ki 2 FPER]
Ip (x,1)
ot

. 0 3 b wo
= ax{[zo: +\/$Acos(;t+<p)

p(z,1) }
0% [Db
*mahﬂwﬁ} (4)
FERAIALE TR (4) B R R
VEJT R, HEAARARAE AL, (LR T L E T HA7 4
A 0, BRI, (R R L, TR
S5 (4) HR 1 ST

21 1
pas(x,t) = Z(t) " exp {_a [m‘l — —a?

\/go:A cos (%t + <,0) } , (5)

o Z(6) 5 ¢ AT XM BRI — B
[La* + 1a2 +

T2 a?
p(xatO):{Z/ e Db
x1

Hrp R BN R @y, 2o BAER T — (L3 B, X
TRHAIEAS R 21 = —aa.

M (6) AT RATRE, BRI B 20 9 1E 52455
MTAE SR RGP T ANMER ), 200k 1 )
PR |, ST 7E S BIF A HH BRI B AR
TEMEERS T4 5 DR T mIEMIEBER R, (i
G RT [ UEBEREE, (Hil T SR R Gtk kL
T FRMEFIIE SR AR 5 1 R, ek 1 ik
ME 5 B S BRI ARYE. WIS, o TR 5RA5 5 1 F 4
P, AR 2 IE 52 AR5 RN ], PR i
B 1R/ BN TR]; S Pebf Z0 T IR 52055 1 i 6

a

2.2 SR IESR/FFIRET LR H H R 2 E

T AR B (5) T IE R4S S R
T, {B¢8 ML RERL T IABRAS E AR5 25 10
IR, TR T DB AR 5
S0 PO A A O I s, (e
SIAF I 2 to 2, FLROR T 10 A 2 B ik
8T TS, FLRT- LB 5 B T T
R 6], B BAE BN 3 T oA
BB AORER. B A R S5 O FE 32
B, AT IR 22 o 0L
AR LT SR A HBT T ES I OB

SR RS R 722 1 DN G044 B 0 i
BRI, Hcos (2t + i ) Ab TR AL R0 2k
RS IR L TE M D1, cos (2t + )b
TR I (e 2 SRS A T 16 7 U
Al X PR SAF PRI, 4 A
Al — 5 A I, Tk i ELRCRAAIR, Mgk
S, A o R

-1

2) [e /DL%IACOS (%toJr(p) _|_e,/D“2ba:Acos(“if}to+go):|

—rAcos (Lt + ¢)] dx}

, (6)

\
oA LB, SIA B RAETERS Tk, R
B A5 B IR R, P O ME AR FE R

3 ZREMA TR &
KI8T
H (5 R4 2 R RE A | AL 4548 i T
Ficug iy A, BT AEE) X ik 2
By 30, T I EAR, $2 4 SR RS 5R 1Y
E52055 R W s/ e 1 fs.
WE 1 R, IRA M IEZES45d SR &

3.1

=rg H,
s(t)+n(t) x(t) x(to) 9(wo) A(to)
| SR » () o>
<7rq H,
K1 SR RZGHHIERAE 50 R AL

Fig. 1. Quadratic polynomial receiving structure for sine signals enhanced by SR.
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Fig. 2. Waveform of time and frequency zone of sine wave enhanced by SR (input SNR = —18 dB, the noise intensity 02 = 4, sig-

nal amplitude A = 0.25, parameters of system a = 1 x 10, b = 3.3856 x 10'2): (a) The waveform of input signal in time zone;

(b) the amplitude of input signal in frequency zone; (¢) the waveform of output signal in time zone; (d) the amplitude of output sig-

nal in frequency zone.
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Fig. 3. Probability density function of particles of SR (input SNR = ~14 dB, the noise intensity o2 = 4, signal amplitude A = 0.4,
parameters of system a = 1 x 10%, b = 2.6406 x 10'2): (a) The probability density of particles before SR processed; (b) the prob-

ability density of particles after SR processed; (c) the partial of probability density of particles after SR processed.
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Fig. 4. Output of g (xo) at different N (input SNR = 18 dB, the noise intensity o2 = 4, signal amplitude A = 0.25, parameters
of system a =1 x 10%, b= 3.3856 x 10'2): (a) The waveform of test statistics when N = 1; (b) the waveform of test statistics
when N = 10.
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Fig. 5. Output probability density function of g (zo) at different N (input SNR = 14 dB, the noise intensity o2 = 4, signal amp-
litude A = 0.4, parameters of system a = 1x 10%, b = 2.6406 x 102, g (x) = 2% 4 0.0701z ): (a) The output probability density
when N = 1; (b) the output probability density when N = 10; (c) the output probability density when N = 50; (d) the output prob-

ability density when N = 100.
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Fig. 6. Output bit error ratio of different receiving structure.
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Abstract

Aiming at the reception of the intermediate frequency signal of sine wave of radio and communication
system at extremely low signal-to-noise ratio (SNR), a quadratic polynomial receiving scheme for sine signals
enhanced by stochastic resonance (SR) is proposed. Through analyzing the mechanism of sine signals enhanced
by SR and introducing the decision time, the analytic periodic stable solution with time parameters of the
Fokker-Planck Equation (FPE) is obtained through converting the non-autonomous FPE into an autonomous
equation. Based on the probability density function of the particle of SR output, a quadratic polynomial
receiving scheme is proposed by analyzing the feature of energy detector and matching filter receiver. By
maximizng the deflection coefficient, the binomial coefficients and the test statistic are obtained. For further
reducing the bit error, by combining the thought of “the average of N samples”, a quadratic polynomial
receiving scheme for sine signals enhanced by SR is proposed through the hypothesis under Gaussian
distribution approximation of the law of large N. And the conclusion is obtained as follows. When N is 500 and
the SNR is greater than —17 dB, the bit error rate is less than 2.2 x 102, under the constraint of the
parameters of the optimally matched SR.

Keywords: stochastic resonance, reception of sine signal, quadratic polynomial receiving scheme, Fokker-

Planck equation, deflection coefficient
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