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1 Ú ó

�Å��´3��5XÚ!�ÅÑ\Ú&Ò
nö�3e��«�Óy�. �XÚ���5�Ñ
\�&ÒÚD(�m�),«�Ó�, Ñ\D(�
O\, ¬¦ÑÑ�&D'�ÌÝO\, ¢y
D(
Uþ�k^&ÒUþ�=£, ù�y��|^�Å
��nØlD(�µ¥¼��f&ÒJø
�©
k^�Ãã. �´±ý9CqnØ��L��«
CqnØïÄL² [1−6], �k3�ëê (&Ò�ª
Ç!Ì�!D(�rÝÑ��u 1) ^�e, |^�
Å��nØuÿ�f&Òâk²w�`³. ,
3
ó§¢S¥, XÅ��æ, �~��´�
¥$ª
±Ï5&Ò, $�Ly�±Ï5�ÀÂóÀ±9p
g�Å&Ò�AÏ�f&Ò/ª, ¦�uÿ��(
J. ÏdXÛò�Å���nA^u¥$ª&Ò�
uÿ¤��Å��ïÄ�9:, nØ�¢�ïÄ�
®²��
�½�¤J [7−13]. �©JÑ
�«©

ã�5V­��., í�
�.�)Û'X9Ù�
.ÑÑ�&D', y²
�.�éuëYV­�X
Ú�`�5. ÏLê��ýÚM�>´¢�, �y

�{�k�5.

2 ©ã�5�.nØ©Û

2.1 ©©©ããã���555���...

©ã�5�.³¼ê U(x) Xã 1 ¤«, ÙL
�ª�

U(x) =



− c

a − b
(x + a) x < −b

c

b
x −b 6 x < 0

−c

b
x 0 6 x < b

c

a − b
(x − a) b 6 x

, (1)

3·�^�e, XÚäkü��Ó�³²Ú��³
^, ². u x = ±b, ³^pÝ� ∆U = c.
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ã 1 ³¼ê U(x)

2.2 ©©©ããã���555XXXÚÚÚ¦¦¦)))

�âý9CqnØ[3], ©ã�5V­�XÚ
� Kramers <º�Ç R �Lã�

R−1 =
1
D

∫ A

−∞
e−U(x)/D dx

∫ A

−∞
eU(x)/D dx, (2)

ª¥ D �D(rÝ, U(x) �©ã�5XÚ³¼ê.

éu (1) ª¤L«�©ã�5V­�XÚ, �ïá
ÙVÇ�§�

dP−(t)
dt

= −R−P−(t) + R+P+(t),

dP+(t)
dt

= −R+P+(t) + R−P−(t),
(3)

�)��§)�

P−(t) =
1
2
(1 + e−(R−+R+)t),

P+(t) =
1
2
(1 − e−(R−+R+)t).

(4)

���­��, Ak R− = R+ = R, d��§C�

P−(t) =
1
2
(1 + e−2Rt),

P+(t) =
1
2
(1 − e−2Rt).

(5)

KVÇ6�

p−(t) = Ṗ−(t) = −R e−2Rt,

p+(t) = Ṗ+(t) = +R e−2Rt.
(6)

é (5) ª� Fourier C����Ùª�VÇ6�

|p(ω)| = |p−(ω)| + |p+(ω)|

=
2R√

(2R)2 + ω2
,

ϕ(ω) = arctan
( ω

2R

)
.

(7)

2.3 ±±±ÏÏÏ---yyy������AAA���&&&DDD'''

b�D(�µ¥¹k±Ï5&Ò, � H(t) =

A0 cos Ωt, � A0 é��, ÙV­�XÚ��A�L
ã� [14]

〈x(t)〉 = x̄(D) cos(Ωt − ϕ̄), (8)

� (7) ª¥ ω = Ω �,

x̄(D) =
A0

〈
x2

〉
0

D

2R√
(2R)2 + Ω2

,

ϕ̄(D) = arctan
(

Ω

2R

)
.

(9)

���A�Ì��6uD(Cz. &Ò�õÇÌ�
±dg�'¼ê� Fourier C���, =

S(ω) =
∫ +∞

−∞
〈x(t)x(t + τ)〉 e−jωτ dτ. (10)

ÑÑD(�\±Ï&Ò��õÇÌ��� [14]

S0
N (ω) = 4R

〈
x2

〉
0
/(4R2 + ω2). (11)

\\±Ï&Ò��õÇÌ�

S(ω) =(π/2)x̄2(D) [δ(ω − Ω) + δ(ω + Ω)]

+ SN (ω), (12)

ùp SN (ω) = S0
N (ω) + 0(A2

0), K&D' SNR �

SNR =
2

[∫ ∞

0

S(ω)dω

]
SN (Ω)

= π(A0xm/D)2R. (13)

éu©ã�5V­�XÚ�¦� xm = b, �d (2)

ª�¦�

R =
c2

(a − b)b
e−

c
D . (14)

�\ (13) ª, ��&D'

SNR =
πbA2

0c
2 e−c/D

D2(a − b)
. (15)

òTXÚ&D'�ëYV­��.&D'?1'
�, ©z [3] �ÑëYV­��.&D'�

SNR =
√

2µ2A2
0 e−µ2/4D

4D2
, (16)

Ù¥, µ �XÚëê. ®�V­XÚ�³^pÝ
� ∆U = µ2/4, ². u x = ±√

µ, - µ=1, À�
©ã�5XÚ�ëê b = 1, a = 2, c = 0.25, ¦©
ã�5XÚ�³^pÝÚ³²�I�V­XÚ�
Ó, 3Ñ\&ÒÚD(���Ó�^�e, O�ü
XÚ SNR �D(rÝ D l 0 ÅÚO�� 2 �Cz
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�¹. (JXã 2 ¤«. dã 2 ��, �XD(�O
r, üXÚ� SNR ×�O���¸�, ��Ñye
ü, �XD(�?�ÚOr
P~ªu". �´, ©
ã�5XÚ� SNR 3D(rÝ D d���CzL
§¥©ª�uV­XÚ, ��3���(�ëêÚ
�Ó�D(^�e, ©ã�5�.�±¼��p�
ÑÑ&D'.

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


ã 2 ©ã�5�.�ëYV­��. D l 0 Cz� 2

�ÑÑ&D''�

3 ©ã�5�.ê��ý

�
�yþã(J, éüXÚ?1ê��ý.

��ÿþ�¹D(�f±Ï5&Ò� S(t), �â (1)

ª, XÚ�.��¤Xe/ª:

ẋ(t) = − dU(x)
dx

+ S(t)

=



c

a − b
+ S(t) x < −b

−c

b
+ S(t) −b 6 x < 0

c

b
+ S(t) 0 6 x < b

− c

a − b
+ S(t) b 6 x

, (17)

ª¥ S(t) = H(t) + η(t), � H(t) = A0 cos(2πft),

η(t) � " þ � � p d x D (, Ù g � ' ¼
ê E[η(t)η(t + τ)] = 2Dδ(t − τ), D �D(rÝ,

τ �ò´�m, f �Ñ\&ÒªÇ, A0 �Ñ\&Ò
Ì�. é (17) ªæ^ 4 � Runge-Kutta �{�ý. é
'©ã�5XÚÚëYV­XÚ�Å��1�.

ã 3 ´ Ñ \ & Ò ª Ç f = 0.01, æ � ª
Ç fs = 10, A0 = 0.3, D = 10, V­XÚ�©ã
�5XÚ��ÑÑé'. lã 3 �±wÑ, ©ã�
5XÚÑÑ�Ì²wpuV­XÚ, �D(²w~

f. �ý(J`², 3�Ó^�e, ©ã�5XÚJ
��f&Ò��J`uëYV­XÚ.

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

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

ã 3 f = 0.01, æ�ªÇ fs = 10, A0 = 0.3, D = 10 �,

V­XÚ�©ã�5XÚ��ÑÑ (a) V­XÚ; (b) ©
ã�5XÚ

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

ã 4 A0 = 0.4, D l 0.4 Cz� 30, üXÚÑÑ SNR

� D �Cz

�
?�Ú�yã 2 �nØ&D'­�, ^ê
��{O�, éüXÚ�&D'?1é'. ã 4 ´
3üXÚ(�ëê�Ñ\&Ò�Ó^�e, D(r
Ý D l 0.4 Cz� 30, ÏLê��{O�Ñ�ÑÑ
&D'Cz­�. *	ã 4 �±uy, ÑÑ&Ò&
D'�XD(rÝ�CzÑ¬k��¸�, XÚ�
ÑÑ¬�XD(��ú\r, 3,�������
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r�ÑÑG�, ¿�XD(�LÝ\r, XÚÑÑ
Cf. ê�O�(J�ã 2 nØ(J3Cz/�Ú
ª³þ��, �Ó�¥yÑ©ã�5�.�ÑÑ&
D'puëYV­��.�ÑÑ&D'�A:.

4 ©ã�5�Å���.�>´�n
��f&Òuÿ¢�

4.1 >>>´́́���nnn

�â (17) ª�±òXÚL«¤ã 5 ¤«��
"(�. T�"XÚd'~��!¦Ú!È©±9
ÀJ�o�Ì�Ü©|¤. ã 5 ¤«��"��X
Ú¥�ÀJì�±ÏL'�ì�¤, Ù¦Ü©�±
ÏL$���ì!È©ì!>{!>N��ì�
|¤. dd, �±��XÚ�M�>´ [15].��−�� �� � �− � � � �� � � � �� � �	 � � ��� � � 
� ��
 � � 
�

′


� ��
ã 5 ©ã�5�.�XÚµã

4.2 ���\\\DDD(((���XXXÚÚÚÑÑÑÑÑÑ

N!>´¦� a = 2, b = 1, c = 0.5, ��
Xê K = 10. Ø\\?ÛD(, �XÚÑ\ªÇ
� f = 1 Hz, Ì� A0 d 0.05 V ÅÚO�� 0.15 V

��u&Ò, *	XÚÑÑÅ/. �&ÒÑ\��
�, XÚ�3ü�³²¥�����, Ø�)�[,

ã 6(a) � A0 = 0.05 V ��Ly, d�XÚ�ÑÑ
3��³².Ü 1.00 V NC; �X&ÒÑ\�Øä
O\, � A0 O�� 0.15 V �, ÑÑ&Òu)
�
[, 3ü�³²�m�=, ÑÑ²w��, Xã 6(b)

¤«.

4.3 ØØØÓÓÓrrrÝÝÝDDD(((���^̂̂eee���XXXÚÚÚÑÑÑÑÑÑ

3 � Ó � X Ú ë ê ^ � e, � X Ú Ñ \ ª
Ç f = 1 Hz, Ì� A0 = 0.15 V ��u&Ò, Å

ÚO\D( η(t) �rÝ D, *	XÚÑÑ. 3�½
�D(rÝ��S, XÚÑ�±k�J�Ñìv3
D(¥�&Ò, �XD(rÝO\, XÚÑÑ�Ì
Øä\�, ¿Åì��éÐ�ÑÑ&D'. ��D
(rÝUYO�, ÑÑ&D'��eü, ÑÑ&Ò
�
�D(¤ùX. ã 7(a), (c) ©O�Ñ
D(r
Ý� 0.15 Ú 0.85 V �XÚ�Ñ\��ã, éA�
ÑÑ©OXã 7(b) Ú (d) ¤«.

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

�� � 	 


 � �


 � �
ã 6 ØÓÑ\&ÒÌ���ÑÑ­� (�\D
() (a) A0 = 0.05 V; (b) A0 = 0.15 V

4.4 ;;;...±±±ÏÏÏ555���fff&&&ÒÒÒuuuÿÿÿ¢¢¢���

�Ä�3ó§¢S, X=ÄÅ��æ¥, �~
��´�
¥$ª��u±Ï5&Ò, ?�ÚÀ�

A«;.�±Ï5�f&Ò?1
uÿ¢�.

Ñ\±Ï�Å&ÒêÆL�ª�

H(t) =

A0 0 < t < T

−A0 T < t < 2T
, (18)

Ñ\�é¡n�Å&ÒêÆL�ª�

H(t) =

A0t/T 0 < t < T

A0t/T − 2A0 T < t < 2T
. (19)
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(18), (19) ª¥, T �L&Ò±Ï, A0 �&ÒÌ�. ¢
��ü«&Ò�ªÇþ� 1 Hz. �ÅÑ\&ÒÌÝ
� 0.15 V, D(rÝ� 0.2 V ��¢�(JXã 8(a)

Ú (b) ¤«. ã 8(a) ´>´��Ñ\&Ò, ã 8(b)

´>´��ÑÑ&Ò. Ó�, �é¡n�Å&Ò¢
�(J©OXã 8(c) Ú (d) ¤«. ã 8(c) ´Ñ\&
ÒÌ�� 0.1 V, �é¡n�Å·ÜD(��Ñ\Å
/, ã 8(d) ´T&Ò²LXÚ��ÑÑÅ/.

� � ��� �� � � �
� � ��� �� � � �

� � � �	 
�

� � � �	 
�


� � � �	 
�

� � � �� ��
 
 � �


 � �

 � �


 � �
ã 7 ØÓD(rÝ��Ñ\ÑÑ­� (a) D = 0.15 ��Ñ\Å/; (b) D = 0.15 ��ÑÑÅ/; (c)D = 0.85 ��
Ñ\Å/; (d)D = 0.85 ��ÑÑÅ/

� � ��� �� � � �
� � ��� �� � � �

� � � �	 
�
 	 
�

	 
�
	 
�


� � � �
� � � � � � � �

� � 
 � � 

� � 
 � � 


ã 8 �Å&ÒÚ�é¡n�Å�Ñ\ÑÑ­�, D = 0.2 V (a) A0 = 0.15 V ��Å·ÜD(��Ñ\Å/; (b) �Å
²LXÚ��ÑÑÅ/; (c) A0 = 0.1 V, �é¡n�Å·ÜD(��Ñ\Å/; (d) n�Å²LXÚ��ÑÑÅ/
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*	ã 8 ØJuy, Ñ\&Ò·\D(�, Å
/J±E@, Ñ\�©ã�5�.�M�>´�,

ÑÑÄ��±¡E�&Ò��©±Ï�Å/, &Ò
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ëê\±Uõ.

5 ( Ø

é©ã�5V­��.?1
êÆï�!)
Û©Û9�.ÑÑ&D'�¦), y²
�.�é
uëYV­��.k�Ð�ÑÑ&D'. ÏLê�
O��{, �	�Ó^�eT�.�ëYV­��
.3rD(�µeJ��f±Ï&Ò��J±9
&D', ?�Ú�y
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Theory and experiment research on a
Piecewise-linear model based on stochastic resonance∗
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Abstract

We propose a new piecewise-linear model. The principle of stochastic resonance in the new piecewise-linear model is introduced,

and the formula of the signal-to-noise ratio (SNR) is deduced. It is proved that stochastic resonance characteristics can be utilized to

realize the conversion of noise energy into periodic signal energy. The results clearly show the enhancement of the SNR of the output

signal. The model characteristic that the weak periodic signal can be detected from noise background is investigated by the numerical

simulation. The stochastic resonance system based on the model is built by using a circuit. The behaviors of stochastic resonance

are studied when the circuit is driven by noise and period signal. The simulation and experimental results show that the model can

effectively detect weak periodic signal, and enhance the SNR prominently.

Keywords: stochastic resonance, piecewise-linear model, circuit, detection of weak signal
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