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ïÄ
±ÏÝ/&Òé�¢�é¡ü­XÚ�Å���K�, XÚ¥\\�D(þ� Gauss xD(. ��
&
D'�)ÛL�ª, ÏL©Û&D'­�uyXÚ�3�Å��y�. ê�(J�L²¦5�\5D(rÝé&D
'�K�´ØÓ�, 3 SNR-D ëê²¡þ���³���. 3&D'�X�¢þCz�­�ãþuy, �XÚ�
�é¡5 |r| ��é�½ö¦5�\5D(rÝ' D/α �u 1 �, ëê²¡þ��Å��y�¬��.

'�c: �¢�é¡ü­XÚ, �Å��, ±ÏÝ/&Ò

PACS: 05.40.−a, 02.50.−r

1 Ú ó

C5, <�uy�¢�3uÔnÚ)ÔXÚ¥
¿å�­��^, Ïd�¢�ÅXÚÚåNõÆö
�'5. �
ïÄö�åu�ÄD(é�¢XÚ�
K�, uyD(Ú�¢�(ÜUUCXÚ�ÚO5
� [1−12]. AO´3ØÓ��¢XÚ¥, uy�¢é
�Å��k­�K�. Zhang � [8] uy�¢p��
[y�±9�¢U³�½í?�Å��y�. Jia[9]

$^��¢Cq�{ïÄ
d¦5&ÒN���
¢JwO��.��Å��y�. Jin Ú Hu[10] ï
Ä
�¢V­XÚ��Z��Ú�Å��, ¿uy
���"OÃ¬Or�Å��, 
K�"OÃ¬~
�XÚÑÑ, ¦�Å��y���.

gl�Å��Vg�JÑ±5, V­XÚ��
Å��y���2�ïÄ; �´3ü­XÚ¥, ï
Äöuy��3�Å�� [13−19]. Dykman � [14]

Ú Evstigneev � [15] Äu�5�AnØ�Ä
ü­
XÚ��Å��. Zhou Ú Xu[18] �Ä
±Ï·Ü
&Òéü­XÚ�Å���K�. Guo � [19] ïÄ

d Gauss D(Ú�é¡©�D(�Ó�^�ü
­�¢XÚ��Å��y�.

�Ä�±ÏÝ/&Ò��ÌØ¬Û�u�&
ÒÌ��¹, Ïd�©Ì�ïÄ±ÏÝ/&ÒÚx
D(°Ä��¢�é¡ü­XÚ��Å��y�.
©Û���¢þ!D(rÝ!XÚ�é¡5±9
XÚëêé�Å���K�.

2 �¢�é¡V­XÚ�&D'

�Äd Gauss xD(Ú±ÏÝ/&Ò°Ä
� � ¢ � é ¡ ü ­ X Ú, Ù � . � ± £ ã � X
e Langevin �§:

ẋ = −bx(t− τ)3 + r +x(t)ξ(t)+ η(t)+AG(t), (1)

Ù¥ r L«ü­XÚ��é¡5, τ ´XÚ��¢
þ, b ´XÚëê, ξ(t) Ú η(t) þ� Gauss xD(,
¿�äkXe�ÚO5�:

〈ξ(t)〉 = 〈η(t)〉 = 0,

〈ξ(t)ξ(t′)〉 = 2Dδ(t − t′),

〈η(t)η(t′)〉 = 2αδ(t − t′),

〈ξ(t)η(t′)〉 = 〈η(t)ξ(t′)〉 = 0, (2)

D Ú α ©OL«¦5Ú\5D(rÝ, G(t) ´±Ï
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� T �±ÏÝ/&Ò; A L«±ÏÝ/&Ò��Ì
~ê. G(t) äkXe/ª:

G(T + t) = G(t) =

 1, 0 < t 6 T/2,

−1, T/2 < t 6 T.
(3)

�âþã (1) � (3) ª, �±��ü­XÚ�A
� FPK �§�

∂P (x, t)
∂t

= − ∂

∂x
A(x, τ)P (x, t)

+
∂2

∂x2
B(x, τ)P (x, t), (4)

Ù¥

A(x, τ) = (Dx − bx3 + r + AG(t))C(x, τ),

B(x, τ) = (Dx2 + α)C(x, τ)2,

C(x, τ) = 1 + 3τbx2. (5)

|^ý9CqnØ [20], ÏL¦)�§ (4) ��
��A�·�VÇ�Ý¼ê�

p(x, t) =
N√

B(x, τ)
exp

[ ∫ x A(x′, τ)
B(x′, τ)

dx′
]

=
N√

B(x, τ)

× exp
[ ∫ x −U ′(x) + r + AG(t)

(Dx2 + α)(1 + 3τx2)
dx

]
=

N√
B(x, τ)

exp
[
− Ũ(x)

D

]
a, (6)

Ù¥

U ′(x) =
dU

dx
= −Dx + bx3, (7)

Ũ(x) =
D2 + αb

2(3τbα − D)
ln(Dx2 + α)

+

√
D/α[D(r + AG(t))]

3τbα − D

× arctan
(√

D

α
x
)

− D(1 + 3τD)
6τ(3τbα − D)

ln(3τbx2 + 1)

−
√

3τb[D(r + AG(t))]
3τbα − D

× arctan
(√

3τbx
)
, (8)

N �8�z~ê, Ũ(x) �2Â³¼ê.
l�§ (7) Ú (8) �±wÑ, XJ D 6= 0, K�

§ (1) ¥¤«�ü­XÚÒ�±w¤�d�V­X
Ú. Ù¥ U(x) = (1/4)bx4 − (1/2)Dx2 L«(½5
XÚ�³U. d U ′(x) = 0, �±�� x± = ±

√
D/b

Ú x0 = 0. x± Ú x0 ©O´�dV­XÚ�ü�­

½:Ú��Ø­½: (ã 1).

ã 1 ³¼ê U(x) �XØÓ�¦5D(rÝ D Cz�­
� (b = 1)

âf3ü�­½½:¤3�³²�p�[�
�[Ç�

W± =
|U ′′(x0)U ′′(x±)|1/2

2π

× exp
[ Ũ(x±) − Ũ(x0)

D

]
= w0 exp(∓P ∓ QG(t)), (9)

O���

w0 =
D√
2π

exp
[ D2 + αb

2D(3τbα − D)

× ln
(D2

αb
+ 1

)
− 1 + 3τD

6τ(3τbα − D)

× ln(1 + 3τD)
]
,

P =
r

3τbα − D

(√
3τb arctan(

√
3τD

)
−

√
D

α
arctan

( D√
bα

))
,

Q =
A

3τbα − D

(√
3τbarctan(

√
3τD

)
−

√
D

α
arctan

( D√
bα

))
.

�â©z [21,22] ¥��{, �±��'é¼
ê�L�ª:

K(t) = Cδ(t) + B2〈G(t)G(0)〉, (10)

Ù¥

C = S(0) =
1

2w0

(
cosh−3(P + Q)

+ cosh−3(P − Q)
)
,

B2 =
1
4
(
tanh(P + Q) − tanh(P − Q)

)2
,
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〈G(t)G(0)〉 =
4
π2

∞∑
k=0

(2k + 1)−2

× exp[−i(2k + 1)Ωt],

Ω =
2π

T
. (11)

�â'é¼ê�õÇÌ�Ý¼ê S(ω) �m�
'X, S(ω) ��XeL�ª:

S(ω) = C(P,Q) +
8
π

B2(P,Q)

×
∑

k

(2k + 1)−2δ[ω − (2k + 1)Ω].(12)

�âý9CqnØ, &D' (SNR) �L«�

SNR =
8B2(P,Q)
πC(P,Q)

=
8w0Q

2

π cosh(P )
. (13)

Ù¥, w0, P,Q �L�ªX (9) ª¤«.

3 ò´�m±9D(é&D'�K�

ÏL (13) ª¤�Ñ�&D'�L�ª, ·�©
Û��ëêéÐ©^�� x(0) = x+ �XÚ&D
'�K�.

ã 2(a) �Ñ
&D' SNR ��¦5D(r
Ý D �¼ê�XXÚ�é¡5 r Cz�­�. lã
¥�±wÑ&D'�X r �O\´üN~��; 

� r ��½�����, &D'�X D �O\k
´Ñy
4��
�qk��4��, `²d��
�³�Úí?¿�; 
� r ����, &D'­�
�k��4��, �Å��y���. �Ä�XÚ
�é¡5k�K�©, ·���ã 2(b) ù�n�ã
�, é²w�±uyd?&D'�X r �O\´k
O\�~�, ��
�Å��y�. Ó� D é&D
'�K��ã 2(a) ¥(Ø´���.

ã 3 � Ñ 
 3 � ¢ þ τ � Ø Ó � �, & D
' SNR �X¦5D(rÝ D Cz�¼ê. &
D'�X D �O\k~��O\, ­�þk��4
��, Ñy
��³�²�, 
�­�q�X D �
O\2g~�, ­�þk��Ñy¿�¸�� �
�X�¢þ�O\
eüm£, �´�¦5D(r
Ý�����, &D'­��X τ �O\
O\.

3ã 4 ¥·�xÑ
&D' SNR ��\5
D(rÝ α �¼ê�XØÓ�&Ò�Ì A Cz
�­�. &D'­��X α �O\kO\2~�,
3 SNR - α ëê²¡þ*	�
�Å��y�. ¸

�� ��X&Ò�Ì�O\
üNO\.

ã 2 (a) &D' SNR ��¦5D(rÝ D �¼ê
�XXÚ�é¡5 r Cz�­�; (b) &D' SNR �
X¦5D(rÝ D ±9XÚ�é¡5 r Cz�n�­
� (α = 0.7, τ = 0.1, b = 1, A = 0.01)

ã 3 &D' SNR ��¦5D(rÝ D �¼ê�X�
¢þ τ Cz�­� (α = 0.7, r = 0.1, b = 1, A = 0.01)

3ã 5 ¥·�xÑ
&D' SNR ��\5D
(rÝ α �¼ê�XØÓ�XÚëê b Cz�­
�. &D'­��X α �O\�üNCz, ´�ü
�¸­�, ù¿�X�Å��u). � α ����
�, SNR �X b �O\
O\; 
� α �����,
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SNR �X b �O\
~�. &D'­�þ��¸
� ��X b �O\ ��£¿�¸�ÅìO�.

ã 4 &D' SNR ��\5D(rÝ α �¼ê�X
&Ò�Ì A Cz�­� (D = 0.5, r = 0.1, b = 1,
τ = 0.1)

ã 5 &D' SNR ��\5D(rÝ α �¼ê�X
XÚëê b Cz�­� (D = 0.5, r = 0.1, τ = 0.1,
A = 0.01)

ã 6 & D ' SNR � � � ¢ þ τ � ¼ ê � X ¦
5 � \ 5 D ( r Ý ' D/α C z � ­ � (α = 0.2,
D = 0.1(D/α < 1); D = 0.2(D/α = 1); D =

0.3(D/α > 1), r = 0.1, b = 1, A = 0.01)

ã 6 �Ñ
&D' SNR ���¢þ τ �¼ê
�X¦5�\5D(rÝ�'� D/α Cz�­�.
lã¥�±wÑ� D/α > 1 Ú D/α = 1 �, �X τ

�O\, ü^­�Ñk��ü¸, �)
�Å��
y�. D/α > 1 �¸�� �pu D/α = 1 �. 

� D/α < 1 �, &D'­��X τ �O\üNO
\, d��Å��y���.

ã 7 �Ñ�´&D' SNR �X�¢þ τ ÚX
Ú�é¡5 r Cz�n�­�. ��¢þ�ØÓ�
�, &D'­��XXÚ�é¡5O\�¨/­�,
XÚÑy�Å���Ó�¸�� ��X�¢þ
�O\kO\2~�. éw,, � |r| '���, &
D'­��X�¢þ�Cz�)�Å��y�; 

� |r| ��é��, &D'­��X τ �O\üN
O\, ��y���.

ã 7 &D' SNR �X�¢þ τ ±9XÚ�é¡5 r

Cz�n�­� (α=0.7, D =0.5, b=1, A=0.01)

4 ( Ø

�©Ì��Ä
xD(�±ÏÝ/&Òé�
¢�é¡ü­XÚ�Å���K�. 3ý9Cq^
�e, |^&D'nØ��
&D'�L�ª, Ï
L©Û&D'­�uyXe(Ø: SNR-D ­�þ
³����¿�; 
 SNR-α ­�þ�k�Å��
y��), `²¦5�\5D(rÝé&D'�K
�´ØÓ�. � D/α < 1 ±9XÚ�é¡5 |r| �
�é��, SNR-τ ëê²¡þ��Å��y��
�
. Ó� SNR-r ëê²¡þ�*	�
�Å�
�y�. 3�©�ïÄ¥�Ä�´±ÏÝ/&Òé
XÚ�K�, �3ïÄ¥��Ú\Ù¦�&Ò/ª,
'X±Ï{u&Ò. �©�Ì�(Ø´ÏL)Û�
{���, 
ê��{�´�Å��ïÄ�­�å
», ù´·�8�ïÄó��­:.
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Stochastic resonance in a time-delayed asymmetric
mono-stable system modulated by periodic

rectangular signal∗
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Abstract

We investigate the stochastic resonance of the time-delayed mono-stable system modulated by periodic rectangular signal and

Gaussian white noises. The expression of signal-to-noise ratio (SNR) is obtained, and the stochastic resonance phenomenon is found

in this system. The study shows that the effects of multiplicative intensily and white noise intensity on SNR are different. In the

SNR-D plot, the phenomena of resonance and suppression coexist. When the value of the bias of system |r| is bigger or the ratio

of multiplicative intensily to white noise intensity D/α is less than 1, the stochastic resonance phenomenon in the SNR-τ plots

disappears.
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