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ïá
��óÀ&ÒÉD(N��#.�ü�-1�Å���., æ^�5zCq��{O�
�A�1r
'é¼êÚXÚ�ÑÑ&D', ¿�[?Ø
�A��Å��y�. ïÄ(JL²: duD(N�óÀ&Ò,¦�ü
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1 Ú ó

�Å�� (SR) ïÄCc53Ä�nØ!¢�
ïÄÚA^mu��¡ÑkâÑ�#?Ð [1−14].
2003 Ú 2004 c, Goychuk � [1] Ú Casado-Pasoud
� [2] JÑ�ê��Å SR nØ. 2004 c Santos � [9]

¢�uy SR Ú�Z�� (CR) ���y�. ¥IÆ
ö�©Ù�Ñg£ CR � SR �LÞ [8] ÚD(aA
Ñ$� SR �éX [7] �. Cc5, <�3<N�Æ
¥Xmÿ SR 3 ² [3]!fú [4]!ÚMõU [5]

��¡�A^.
duü�-1�Å��ïÄ3y�-1Ï&

¥äk�¿Â, ÏdØ�ÆöéÙ���¡?1

2�ïÄ. 3�ÄÄ$D(ÚþfD(�'�Ä
:þ, ïÄ
D('érÝÉ&Ò�N� [10] ½&
ÒªÇÉxD( [11] 9ÚD( [12] N��E,�¹
e�ü�-1. Wang � [13] ïÄ
ü���N-
1��Å��. Xu � [14] ïÄ
ü�-13²�Ú
Ä$D(°Äe��Å��. �´3þãJ��ï
Ä¥, -1ì�N�&Òõæ^ëY�±Ï{u&
Ò, 3¢S�1Ï&XÚ¥, -1ìÏ~´�ó
À&ÒN�. ,	3þã� SR ïÄ¥, 	D(Úf
±Ï&Ò�õ±\{/ªÚ\XÚ, é	D(Ú
f±Ï&Ò±¦{/ª?\XÚKïÄ��. Ïd
�©JÑ�ü�-1 SR �.3ü��¡ØÓu±

c��.: Ù�´æ^y�-1Ï&¦^�óÀ&
Ò�O±cæ^�{u&Ò, Ù�´�ÄóÀ&Ò
É�pdxD(�N�. ·�uy, ù��.Ly
Ñü�-1�Å�����#��¡, =óÀ&Ò
±Ï T é&D'�³��`z�A.

2 � .

ÚDÚ SR ïÄØÓ, �©Øæ^{u&ÒÑ
\, ´æ^y�-1Ï&¥I��óÀ&ÒÑ\,
äN�.Xe:

dI

dt
= − 2KI +

2ΓI

1 + βI
+ D +

2I

1 + βI
ξ(t)

+ 2
√

Iη(t) + ς(t)f(t), (1)

Ù¥, I �-11r, K ���Xê, Γ ´OÃXê,
β = A/Γ , A �g�ÚXê. XJ�K���� (=
&Ò�), §Ò´ü�-1OÃD(�. [15]. �Ä
$D( ξ(t) ÚþfD( η(t) �m�3'é [16,17]

〈ξ(t)〉 =〈η(t)〉 = 0,

〈ξ(t)ξ(t′)〉 =Qδ(t − t′),

〈η(t)η(t′)〉 =Dδ(t − t′),

〈ξ(t)η(t′)〉 =〈ξ(t′)η(t)〉

=λ
√

QDδ(t − t′),

(−1 6 λ 6 1),

(2)
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ª¥ Q Ú D ©O�Ä$D(ÚþfD(rÝ, λ

´ïþD(m'é§Ý�ëê. #Ú\�óÀ&
Ò f(t)´²��uóÀ:

f(t) =



B sin2
[
π(t − nT )

2τ

]
,

t ∈ (nT, nT + 2τ)

(n = 0, 1, 2, 3, · · · ),

0, t ∈ (nT + 2τ, (n + 1)T )

(n = 0, 1, 2, 3, · · · ),

(3)

Ù¥, B ´óÀ&Ò��Ì, T ´óÀ&Ò�±Ï,
2τ ´óÀ&Ò±Y��m. f(t) �pdxD( ς(t)
¤N�, ÙÚO5��

〈ς(t)〉 = 0,

〈ς(t)ς(t′)〉 = Lδ(t − t′),

〈ς(t)ξ(t′)〉 = 〈ς(t)η(t′)〉 = 0,

(4)

Ù¥ L �pdxD(rÝ. du�5CqkXO�
Cq¤Øäk�`:, =é&ÒÚD(vkLõ�
�¦, ¤±�©æ^ù�Cq�{?n (1)ª, ±B
¦�1r'é¼êÚÑÑ&D'. e¡ò¬w�,
duóÀ&Ò f(t)É�D( ς(t) �N�,¦�ÑÑ
&D' R �óÀ&Ò±Ï T �Cz�Ñy#.
�4�zy�.

3 1r'é¼êÚ&D'

Äkò (1) ª3(½Ø½�1r I0 NC�5
z, =-

I = I0 + ε(t), (5)

Ù¥, I0 = (Γ − K)/(βK), ε(t) ��6�. ò (5)ª
�\ (1)ª, Ñ� ε(t) �pg�, ���5z�1r
üz�§ [15]

ε̇(t) = − γε(t) +
2I0

1 + βI0
ξ(t) + 2

√
I0η(t)

+ D + ς(t)f(t), (6)

ª¥ γ = 2K(Γ − K)/Γ .
1r'é¼ê c(t) ½Â� lim

t′→∞
〈I(t′)I(t′ + t)〉,



〈I(t′)I(t + t′)〉 =I2
0 + I0〈ε(t′)〉 + I0〈ε(t + t′)〉

+ 〈ε(t′)ε(t + t′)〉, (7)

��, �
¦ c(t), Ld (6) ª)Ñ ε(t). � t′ = 0
�, ε(0) = 0, K

ε(t′) = e−γ
∫ t′
0 dx′′

∫ t′

0

[
2I0

1 + βI0
ξ(x) + 2

√
I0η(x)

+ D + ς(x)f(x)
]

eγ
∫ x
0 dx′

dx. (8)

d D( ξ(t), η(t) Ú ς(t) � Ú O 5 � �, ε(t′)
Ú ε(t′ + t) �²þ�3 t′ → ∞�´�~êDI0/γ,
� (7)ªcn��Fp�C��

(I2
0 + 2DI0/γ)2πδ(ω), (9)

ω �ªÇ. l (9) ª���, §�éÑÑ&Òo
õ Ç ÚÑÑ D(² þ õ Ç � � z þ � Ø � �
\. ù´Ï�IO�&D'½Â�ÑÑ&Òo
õÇ PS(PS =

∫ ∞

0+
S1(ω)dω, S1(ω) �ÑÑ&Òõ

ÇÌ) �ÑÑD(3óÀ&ÒªÇ ω = 2π/T ?�
²þõÇ�', w, (9)ªé PS Ø�)�z, é
D(²þõÇKduóÀ&ÒüØ"ª, ��Ø�
)�z. Ïd·��±���Ñ

c(t) = lim
t′→∞

〈
I(t′)I(t′ + t)〉 = lim

t′→∞
〈ε(t′)ε(t′ + t)

〉
= lim

t′→∞

〈(
e−γt′

∫ t′

0

[
2I0

1 + βI0
ξ(x)

+ 2
√

I0η(x) + D + ς(x)f(x)
]

eγxdx

× e−γ(t′+t)

∫ t+t′

0

[
2I0

1 + βI0
ξ(x1)

+ 2
√

I0η(x1)

+ D + ς(x1)f(x1)
]

ex1 dx1

)〉
. (10)

(10)ªÐm��k 16 �, �â ξ(t), η(t) Ú ς(t) �
ÚO5�, �k 6 �Ø�", P�

c(t) = lim
t′→∞

6∑
i=1

c̄i

= lim
t′→∞

〈ε(t′)ε(t′ + t)〉1

+ lim
t′→∞

〈ε(t′)ε(t′ + t)〉2, (11)

Ù¥, 〈ε(t′)ε(t′ + t)〉1 Ú 〈ε(t′)ε(t′ + t)〉2 ©O�Ñ
Ñ&ÒÚÑÑD(Ü©. 

c̄1 =e−γt′ e−γ(t′+t)

∫ t′

0

D eγxdx

×
∫ t′+t

0

D eγx1 dx1, (12)

c̄2 =e−γt′ e−γ(t′+t)

∫ t′

0

2I0

1 + βI0
eγxdx

×
∫ t′+t

0

2I0

1 + βI0
〈ξ(x)ξ(x1)〉 eγx1 dx1, (13)

c̄3 =e−γt′ e−γ(t′+t)

∫ t′

0

2
√

I0 eγxdx
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×
∫ t′+t

0

2
√

I0〈η(x)η(x1)〉 eγx1 dx1, (14)

c̄4 =e−γt′ e−γ(t′+t)

∫ t′

0

f(x) eγxdx

×
∫ t′+t

0

f(x1)〈ς(x)ς(x1)〉 eγx1 dx1, (15)

c̄5 =e−γt′ e−γ(t′+t)

∫ t′

0

2I0

1 + βI0
eγxdx

×
∫ t′+t

0

2
√

I0〈ξ(x)η(x1)〉 eγx1 dx1, (16)

c̄6 =e−γt′ e−γ(t′+t)

∫ t′

0

2
√

I0 eγxdx

×
∫ t′+t

0

2I0

1 + βI0
〈η(x)ξ(x1)〉 eγx1 dx1. (17)

e¡©O¦ 〈ε(t′)ε(t′ + t)〉1 Ú 〈ε(t′)ε(t′ + t)〉2
9�A�õÇÌ S1(ω) Ú S2(ω),

〈ε(t′)ε(t′ + t)〉1 = c̄4

=e−γ(2t′+t)LB2

∫ t′

0

sin4
(
π(x − nT )

2τ

)
× e2γxdx. (18)

�¤È©¿éz�±Ï²þ, - t′ → ∞ �?1F
p�C�, ���ÑÑ&ÒõÇÌ S1(ω) �

S1(ω) =
∫ ∞

−∞
lim

t′→∞
〈ε(t′)ε(t′ + t)〉1 e iωtdt

=
∫ ∞

−∞
M e−γt e iωtdt

=M
2γ

γ2 + ω2
, (19)

Ù¥,

M =
LB2

T
( e4γτ − 1)

[
3

16γ
− γ

4γ2 + π2/τ2

+
γ

8(4γ2 + 4π2/τ2)

]
.

ÑÑ&ÒoõÇ�

Ps =
∫ ∞

0

S1(ω)dω = Mπ. (20)

d (12)—(14) 9 (16), (17) �ª, ØJO�ÑÑÑD
(õÇÌ

S2(ω) =
∫ ∞

−∞
lim

t′→∞
〈ε(t′)ε(t′ + t)〉2 e iωtdt

=
∫ ∞

−∞
N e−γt e iωtdt

=N
2γ

γ2 + ω2
, (21)

Ù¥

N =
DI0

γ
+

λ
√

QDI
3/2
0

2γ(1 + βI0)
+

QI2
0

γ(1 + βI0)2
.

ÑÑD(3óÀ&ÒªÇ� 2π/T ��²þõÇ
�

S2

(
ω =

2π
T

)
= N

2γ

γ2 +
(
2π/T

)2 , (22)

��, d (20) Ú (22)ª�&D'

R =
Ps

S2

(
ω =

2π
T

)
=

Mπ
(
γ2 +

(2π
T

)2)
2Nγ

. (23)

4 (JÚ?Ø

3�5Cqe, �©�.w«ü«a.� SR:
�«´&D' R �D(rÝ Q ½ D �Cz�Ñ
y4��, ù´DÚ� SR; ,�«´�©�.Ak
�, &D' R �óÀ&Ò±Ï T �Cz�kü
�4�, ��4��Ú��4��, §´2Â¿Â
e� SR.

1) R-Q �, ©O^óÀ&Ò�Ó�' 2τ/T

ÚD(�'é§Ý λ �ëê, � R-Q �Xã 1
¤«. ã 1(a) w«, R-Q �k4��. � 2τ/T Å
ì~�, ¸C$,  �ØC. ã 1(b) K¥yØÓ�A
:: � λ d −1 ÅìO�� +1�, �4�� �
�£, ¸peü, ��¸����, �üNeü.

2) R-D �Ú R-Q �½5þ��aq, �
áuDÚ SR. Xã 2 ¤«.

3) R-T �, ©O± 2τ/T Ú λ �ëê, ±Ñ�
&D' R �&Ò±Ï T Cz� R-T �Xã 3 ¤
«. ã 3(a) w«, 3Ó�' 2τ/T �½��¹e, U
C&Ò±Ï T , K R �X T �O�k²{�4�,
2Ñy�4�. UCÓ�' 2τ/T ���, K4�
���Ý!��¸�pÝ±94�� �þu)
Cz. äN�: � 2τ/T ��l 1 m©~�, �� 1,
0.8, 0.6, 0.4, 0.2, K¸Ú�� �þ�m£, �¸C
$, �Cf. ù´#.� SR, =ÏLUCóÀ&Ò
±Ï T 5��³�½`z&D'�8�.

ã 3(b)´±D('é§Ý λ �ëê� R-T 
�. �wÑ R-T �3 λ ����� [−1, 1] þ?
u³����¿��G�. �X T �O�, k¥y
4��Ñy4��. UCëê λ, d −1 O� +1, 
�Åìeü, �4� �ØC.
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ã 1 D = 1.5, B = 1, T = 1, L = 1, r = 1.2, I0 = 0.1, β = 0.1 �, &D' R �Ä$D(rÝ Q �Cz�
(a) 2τ/T = 0.3, 0.24, 0.18, 0.12, 0.06, λ = −1; (b) λ = −1, −0.7, −0.4, 0, 1, 2τ/T = 0.3

ã 2 D = 1.5, B = 1, T = 1, L = 1, r = 1.2, I0 = 2, β = 0.1�, &D' R �þfD(rÝ D �Cz� (a) 2τ/T = 1,
0.9, 0.8, 0.7, 0.6, λ = −1; (b) λ = −1, −0.7, −0.4, 0, 1, 2τ/T = 0.3

ã 3 Q = 2, D = 1.5, B = 1, L = 1, r = 1.2, I0 = 2, β = 0.1�, &D' R �óÀ&Ò±Ï T �Cz� (a) 2τ/T = 1,
0.8, 0.6, 0.4, 0.2, λ = −1; (b) λ = −1, −0.5, 0, 0.5, 1, 2τ/T = 0.8

5 ( Ø

lþ¡�?Ø��, Ä$D(�þfD(m�
'érÝ λ ´��~��ëê, §��Kû½


 R-Q(½ R-D) �´ÄÑy SR y�. =3K λ

�ýé����&D' R Ñy4��, �XK λ

ýé�C�, ±9 λ ���, ��¸��, �üN
Cz. óÀ&Ò�Ó�' 2τ/T �±Or SR y�.
R-Q(½ R-D) ����¸�XÓ�' 2τ/T �O
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\, pÝO\, � �ØC. R-T ��X&Ò±
Ï T �O�Ñyk³�����#A5. ��¸

�pÝ�d λ ½ 2τ/T 5��. ¸Ú�� ��û
u 2τ/T ���, �ØÉ λ �K�.
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Stochastic resonance for pulse signal modulated by
noise in a single-mode laser system∗
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Abstract
A new model of stochastic resonance, in which the pulse signal is modulated by noise, is established for a single-mode laser

system. The corresponding intensity correlation function and the output signal-to-noise ratio of the system are calculated in the linear
approximation. The phenomena of stochastic resonance are thoroughly discussed. Results reveal that due to the pulse signal modulated
by noise, the single-mode laser exhibits a novel stochastic resonance phenomenon, that is, the optimization or the restraint of output
signal-to-noise ratio can be controlled by the adjustment of the pulse signal period T .

Keywords: stochastic resonance, single mode laser, pulse signal, modulated by noise

PACS: 05.40.Ca, 42.60.Mi

* Project supported by the National Natural Science Foundation of China (Grant No. 61103248).

† E-mail: Yuanxh@mail.hust.edu.cn

110501-5


