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1 Ú ó

g 1981 c�LJÑ�Å��Vg±5, k'
�Å���nØ�¢�ïÄ®²*Ð�éõ+
� [1]. -1XÚ¥��Å��y�Ó�Úå<�
�4�'5, ù´Ï���&E�1N, -1�±
^531n$��m¥D4&E. 
3ù«&ED
4L§¥, D(´Ø�;��, Ï�=¦´3nØ
þ, -1XÚ¥�D(�´Ã{�Ø�. ÏdXÛ
¦D(�K�~���, $��L5|^D(, Ò
w�é­�. �Å��y��Ñy�`z-1ÑÑ
&D'Jø
nØ�â, <�$��±·�/\
�Ñ\D(rÝ5¼��Z�ÑÑ&D'. ,��
¡, k'-1XÚ�Å���ïÄýó, -13ü
­ó�G�e�¬Ñy�Å��, ùâ»
@Ï'
u�Å���n�7�^� (V­�!±Ï&Ò!
D() ��� [1], ¦<�lnØþ@£��Å��
�)�Ån�U´õ��. õc�ïÄ¥, <�}
Á
éõ�., 3ØÓ�¹e©Û
D(é-1Ñ
Ñ&D'�K�, ��
�
k��(Ø [2−6]. �
·�uy, �8c���ïÄõ´|^�5zCq
�{ [7], 
T�{�3ù��
Û�5: Äk, �5
z=·^uD(rÝ±9&ÒrÝ���u­�

1r��/, éu¦5D(½¦5&Ò, Ï�D(
Ú&Ò�¢SrÝ¬É�1r�K�, ±�uù�
Cq�·^���É��; ,	, �5z´ò]�
1r3(½Ø�1r­½:±���6Ðm�, �
"D(�þfD(�m�3'é�, 1r©Ù¼ê
�4�¬�X'érÝ�ØÓ
Cz, ���(½
Ø�1r­½:ØÓ, Ïd¬��Ðm�Ø�C�.
Äu±þü:, �©Ì�æ^ê��[�{5ïÄ
-1XÚ��Å��y�, Ó���éì, ·��
�Ñ
�5zCq�(J. �©ïÄ��.´ü�
-1���., 
&Òæ^rÝN�&Ò. ïÄu
y, -13K�NCÚ�lK�ü«ó�G�eþ
�±Ñy�Å��y�. 3K�NC�, ÑÑ&D
'¬�XþfD(�O�Ñy��¸�, ù��Å
���ÑyØ�¦D(�m'é, �D(�m�'
é¬?�ÚO�&D'; 3�lK��, �kD(
m�3'é�â¬u)�Å��y�. �©�uy
D(�¬K�ÑÑ&Ò�õÇ.

2 � .

�©ïÄ��.�-1���. [7]:

d
dt

I =2aI − 2AI2 + q + BI cos(ω0 t)
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+ 2Iξ(t) + 2
√

Iη(t), (1)

Ù¥, I �-11r, a �ÀOÃXê, A �g�Ú
Xê, ξ(t) Ú η(t) ©O�"D(ÚþfD(, ùp
b½ ξ(t) Ú η(t) þ�pdxD(, ÙrÝ©O� d

Ú q, éAdA.÷ì�Û)º [8]. ξ(t) Ú η(t) �
ÚO5��

〈ξ(t)〉 = 〈η(t)〉 = 0,

〈ξ(t)ξ(t′)〉 =dδ(t − t′),

〈η(t)η(t′)〉 =qδ(t − t′),

〈ξ(t)η(t′)〉 =2λ
√

dqδ(t − t′).

Ù¥, λ �'érÝ, §������d��]Ø�
ª¦�. 3þ¡��¹¥ −1 6 λ 6 1, ��©=?
ØK'é�¹ (−1 6 λ 6 0), Ï�ïÄ¥·�uy,
éu�©��., �'é�¹e�Ø�-<a,�
�(Ø. 3�§ (1) ¥Ó��Ä
��Ñ\�±Ï
&Ò B cos(ω0t), B �&ÒrÝ, ω0 �&ÒªÇ. ù
�&Ò�Ñ\�ª��þ´é1r�N�, kü«
�ª¢y: �«´�±¦OÃXê¥±ÏCz, ~
X3��N-1ì�Ä$¥\þ±Ï>Ø; ,�«
�U��{´¦�ÑÏf¥±ÏCz, ù�±ÏL
3n¥\\(1¬N½>1¬N5¢y.

�©é�§ (1) ��[æ^��9�¥©�
{ [7,9], ·��[
 500 �;�, �mÚ� ∆t =
0.001, z�;�À�1r��­½G��� 32000
��m:�Fp�C�, ¿?
¦ÑõÇÌ�Ý,
Ó�éõÇÌ�Ý�Xn²þ, ��²þõÇÌ�
Ý S(ω), dd�±¦Ñ&D'

SNR = 10 lg(S/N), (2)

Ù¥ N �&ÒªÇ?��µD(õÇÌ�Ý,
� S(ω) ¸� (ω0 ?) NC� 100 �:�²þ��,
S �ÑÑ&ÒõÇÌ�Ý, §d S(ω0) �~� N ¦
�.

3 (JÚ?Ø

3.1 333KKK���NNNCCC

� a ���, -13K�NCó�, 8c'u
-1�Å���nØïÄ¿��9ù�«�. �!
ò?Ø-13T«�ó��&D'�"D(�þ
fD(�Cz5Æ.

ã 1 w«
-1ÑÑ&D'�þfD(rÝ q

�Cz­�, �[(Jw«, =¦D(mØ�3'

é (λ = 0), �¬Ñy�Å��y�, =3 q ��
�, ·�O�D(rÝ, &D'´O\�, ¿3��
A½� q �?, &D'�����. ù�y�´±
c�ïÄ¥vkýóL�, 3±ck'ü�-1�
ïÄ¥, "D(�þfD('é´�)�Å��7
Ø���^�. éù�y��?�Ú�©Û�ã 2,
ã 2 ¥Ð«Ñ
�ã 1 �A�ÑÑ&ÒÚ�µD
(�õÇÌ�Ý. AT`²�´, S �­���±
�N&ÒõÇ�Czª³, Ï�&ÒõÇ�±L«
� S · ∆ω · ∆t [10], Ù¥, ∆ω �ªÇ©EÇ, éu�
©À���[ëê, ∆ω = π/16 Hz. lã 2 �±w
�, � λ = 0 �, �XD(rÝ�O\, S Ú N þO
\, N O\AT´¿�¥�¯, 
 S O\¿�XD
(�UþÜ©=z�&Ò�Uþ, ù4·�w�D
(È4��¡, Ó��¦�Å����)¤��U.
Ï� N � S üöO�ª³�3�É, ��&D'
3��·�� q �?��¸�, �Ò´Ñy�Å�
�y�. ã 1 ¥,ü^­��"D(�þfD(�
3K'é��¹, d�, Ø=k�Å��y�u),

� � � � � � � � � � � � � � � � � � � � �� �� �	 �	 		 
	 �	 �
� � 
 � � � 
 � � � 
 � � � �� �� �� ������� ����� !

" # $" # % $ & '" # % $ & ( )
ã 1 3K�NCó��, &D'�þfD(rÝ q �C
z (a = 0.05, A = 1, d = 0.5, B = 20, ω0 = 100π), S�
ã��5zCq(J, 5gN¹ (A4), (A5) ª� � �� � � � � �� � � � � �� � 	 
 � � 	 � � � � � � �� � 	 
� � 	 
� � 	 �� � �� �� � �� � �� � 
�
ã 2 3K�NCó��, S � N �þfD(rÝ q �C
z­� (a = 0.05, A = 1, d = 0.5, B = 20, ω0 = 100π)
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��X'érÝ�\r (|λ| O\), &D'­�
¬�NJ,, �Ò´`K'é¬\�&D'. �?
�Ú�©ÛE�ã 2, D(�m�'é¬��ü�
²w�Cz: ��´ S �Ã'é�k�f�~�,
,��´ N �Ã'é�wÍ~�. �ö´duü
�'éD(�mÜ©-�E¤�, ·�¡��D(
�m�³��A. 'érÝ�� (|λ| O\), ù�³
��A�wÍ, Ó�, éuØÓ�D(rÝ q, D(
�m�³�§Ý´Ø���, ù��3r'é�¹
e (λ = −0.9), N Ø2� q üNO\, 
´¬3�
�Ü·� q �?Ñy��4��. '�å5, 'é
��� N �~� (' S) ��wÍ, Ïdü�Cz
oN�(J´&D''Ã'é��¹��, Ó��
XK'é�\r
O\. r'é (λ = −0.9) �, ³
��A¤��)�Å���Ì�Ï�, &D'�¸
�A�ÒÑy3 N �4�?.

&D'�"D(rÝ d �Cz�¹KÑkØ
Ó. lã 3 �±w�, �kD(�m�3'é�, â
k�Å��u), Ø�3'é�, vk�Å��u
). Ó�, �XK'é�\r (|λ| O\) &D'O\.������ ���	
� � 
 �� 
 � � � �� 
 � � � �� � � � � � � � � � � � � � � � � �� �� �� �� �� � � �  ! � � " � � !#$� %� &% �% # '(

ã 3 3K�NCó��, &D'�"D(rÝ d �Cz
­� (a = 0.05, A = 1, q = 0.5, B = 20, ω0 = 100π), S
�ã��5zCq(J, 5gN¹ (A4), (A5) ª

�
é'å�, 3ã 1 Úã 3 �S�ã¥xÑ

Ó�ëêe�5zCq�(J (�âN¹ (A4),
(A5) ª), é²w, �5zCq�(JØU-<÷¿.
Äk, ã 1 Úã 3 þw«, l½þ��Ý5w, �5
zCqØ�é�, ~X, 3ã 3 ¥, λ = −0.9 �, &
D'¸� ���[(J����þ?; Ùg, U
ì�5zCq�ýó, 3D(Ã'é�¹e´Ø
¬u)�Å���, 3ù�:þ�5zCql½5
þ�´�}� (ã 1). ùÑ`², �5zCq3C
K��´���. ÄÙ�Ï, ´Ï�d�­�1r

��, �d�', D(rÝ±9&ÒrÝ¿ØU@
�´�þ.

3.2 ���lllKKK���

� a ���, -1�lK�ó�. Ï�3D(
rÝ���, T«��-1�§�±��5zCq,
Ïd8c'u-1XÚ�Å���ïÄ8¥uù
�«�. �=B´ù�«�, �[ïÄE�±Ð«
Ñ�
�5zCq¤ØUýó�(J.

dã 4 Úã 5 ��, 3�lK��, &D'�
"D(ÚþfD(�Cz¥y�q�5�: �D(
�mvk'é�, &D'�D(rÝ�O�üN~
�, vk�Å��y�u), 
�D(�m�3'
é�, &D'¬�XD(rÝ�O�kO��~�,
Ñy�Å��y�, ¿�&D'¸��pÝ�X'
érÝ�O� (|λ| O\) 
Op.������ � � �� � 	 � 
 �� � � � 
 
� � �� � 	 � 
 �� � � � 
 
� � � � � � � � � � � � � � � � � � � � �� �� �� �� �� �

�
ã 4 �lK�ó��, &D'�þfD(rÝ q �Cz
­� (a = 5, A = 1, d = 0.5, B = 20, ω0 = 100π), Ù¥
�5zCq(J5gN¹ (A4), (A5) ª������ � � �� � 	 � 
 �� � � � 
 
� � �� � 	 � 
 �� � � � 
 
� � � � � � � � � � � � � � � � � �� �� �� �� �� �� �� �

�
ã 5 �lK�ó��, &D'�"D(rÝ d �Cz­
� (a = 5, A = 1, q = 0.5, B = 20, ω0 = 100π), Ù¥�
5zCq(J5gN¹ (A4), (A5) ª
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Ó�, lã 4 Úã 5 ��wÑ, 3½5þ, �5
zCq��[(J�±���Ó�(Ø, ¿��
D(rÝ���, �5zCq�(J3½þþ�
��[(JÎÜ��Ð, ��þfD(rÝ q �
� (ã 4) Ú'é�r� (ã 4, ã 5), &D'²w 
l�[(J. �\�©Ûw«Ñ�[(J��5z
Cq���ØÓ. ±þfD(�~, �þfD(C
z�, S � N �Cz�¹w«uã 6, �±wÑ, Ø
+D(mkÃ'é, �XþfD(rÝ�O� S Ñ
´O��, 
Uì�5zCqnØ, D(rÝéÑ
ÑõÇ´vkK�� (�N¹ (A3)).

,	, lã 6 ¥·��uy, �CK��¹Ø
Ó, D('érÝ�O� (|λ| O\) ¬�� S �O
�, Ó� N �X'érÝ�O�äk�²w�~
�, üö�Ó��3'é\r�&D'O�.

"D(Cz�, S Ú N �Cz��¹�ã 6 a
q, 3dØ�ã. � � �� � � � � �� � � � � �

�	

� � �
 � �� � �� � � �� � � �� � � � � �� � � � � � � � � �� � �� � � � � � � �

ã 6 �lK�ó��, S � N �þfD(rÝ q �Cz
­� (a = 5, A = 1, d = 0.5, B = 20, ω0 = 100π)

4 ( Ø

�©ïÄ
1r�±Ï&ÒN��-1XÚ,
ïÄL²:

1) 3K�NC, =B"D(�þfD(Ã'é,
&D'�þfD(rÝ�O��¬Ñy�Å��
y�, �üD(�m�'é¬��&D'�O�;
Ø+D(mkÃ'é, þfD(rÝO��, ÑÑ
&ÒõÇþO�;

2) 3K�NC, �"D(�þfD(Ã'é�,
&D'�X"D(rÝO�Ø¬Ñy�Å��y
�; �üD(�m�3'é�, &D'�"D(�
O�¬Ñy�Å��y�;

3) �lK��¹, �"D(�þfD(Ã'é
�, "D(�þfD(rÝO�þ¬��ÑÑ&Ò
õÇO�, �þØ¬Ñy�Å��y�; �k�ü
D(�m�3'é�, âk�Å��y�u);

4) 3K�NC, ê��[�(JÚ�5zCq
¤�(JÃØl½þþ�´½5þÑéØ��, L
²3CK���5zCqØ2k�; 3�lK��,
XJD('�f, ½öüD(�m�'érÝ'�
�, Kê��[�(JÚ�5zCq¤�(Jé�
C, �±�p<y, ÄK ���.

Ó�·�uy, 3�©ïÄ�XÚ¥, ü«Ï
�����Å���Ñy: �«´�D(Or�,
&ÒõÇO�; ,�«´�D(�3'é�, D(
m�³��A¬~��µD(�õÇ, ù«³��
AÏ~¬��3Ü·�D(rÝ?�µD(�õ
ÇÌ�ÝÑy��4��. �©¤uy��Å��
y�þ��Xþ¡ùü«Ï�, ½Ó�Ñy, ½Ù
¥��å�^. ,	, �©�ïÄé�´ü­XÚ,
¤uy�3D(�mvk'é��¹e��Å�
�y�, AT´ü­XÚ�Å���q��#�a
.. Ï�l³|�/ª5w, §´Øé¡�ü­³
|, Ó�3�à (I = 0) ´k>.�, léD(��
6'X�¡5w, §Ø�¦D(�mäk�p'é,
l&Ò�Ý5w, ·�ïÄ�´¦5&Ò, ùA�
¡�®k�k'ïÄÑØ���Ó [3,11−13], ÙS
3Ånk7��?�Ú��\ïÄ.

N¹ A

�
Bu`²�©�(J��5z(J��Ó�ØÓ
�?, 3�©�k'ã/¥·���Ñ
�5zCq(J,

k'úª{�`²Xe.

-

I = I0 + δI, (A1)

Ù¥ I0 = a/A �­�1r, �D(rÝ±9&ÒrÝ��
�u­�1r�, �±@� I0 À δI , d�ò (A1) �\�
§ (1), ¿=�3� δI ����, �±���5z���§:

d
dt
δI = − 2aδI + q + BI0 cos(ω0t)

+ 2I0ξ(t) + 2
√

I0η(t), (A2)
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)þ¡�§, ¿�Ä (A1) ª, �±��1r�õÇÌ�Ý¼
ê [14]

SL(ω) =
B2I2

0

2(ω2 + 4a2)
δ(ω − Ω)

+
4d · I2

0 + 8λ
√

d · qI3/2
0 + 4q · I0

ω2 + 4a2
, (A3)

Ù¥, B2I2
0

2(ω2 + 4a2)
�&ÒõÇ, §�D(�A5 (rÝ!

'érÝ) Ã', ù´�5XÚ�A:, §`²D(�&Ò
vkÍÜ, (A3) ªm>����L«D(õÇ. ?�Ú�±

��&D'

R = 10 lg
B2I2

0

8d · I2
0 + 16λ

√
d · qI3/2

0 + 8q · I0

, (A4)

duùpæ^�´&Ò�oõÇ, Ïd R � SNR ØÓ [8],

§����'X�

SNR = R − 10 lg ∆ω, (A5)

Ù ¥, ∆ω � ª Ç © E Ç, é u � © À � � � [ ë ê,

∆ω = π/16 Hz.
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Simulation study on the stochastic resonance of
single-mode laser system
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Abstract

Single-mode laser systems with modulated signals are studied by the method of numerical simulation. The signal-to-noise ratio,

the output signal power, and the background noise power are analyzed near and far from the threshold. It is found that when the laser

works near the threshold, the signal-to-noise ratio is present and the behavior of stochastic resonance takes place as the quantum noise

increases, no matter whether the quantum noise is correlated with the pump noise . The correlation between the two noises, however,

will increase the signal-to-noise ratio. And when the laser works far from the threshold, only when the two noises are correlated can

the behavior of stochastic resonance appear. It is also found that the output signal power can be influenced by the noises. What is more,

the simulation results are compared with those obtained by the method of linear approximation.

Keywords: stochastic resonance, signal-to-noise ratio, output signal power, background noise power
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