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1 Ú ó

g Pecora Ú Carroll[1] ÄgJÑ·bÓÚ�Y
¿y²
·b&Ò�±¢yÓÚ±5, ·bÓÚ3
��Ï&�¡�A^É�
�5�õ�'5. �D
Ú\��ª�', ·b��Ï&ò\�L§l�{
�ü$�
Ôn�, ÏJp
Ï&���5 [2].
C 20 c5, �'+�Æö3Äu�N-1ì [3,4]!
íN-1ì [5]!��1n-1ì [6] ±9��N
-1ì�ØÓ«a-1ì�·bÑÑ!·bÓÚ
±9Ï&��¡�ïÄ¥��
¯õâ»5?Ð.
du��N-1ì31�"!1>�"!	15
\�	Ü6ÄeéN´¢y·bÑÑ, ¤±Äu
��N-1ì�·b!·bÓÚ9Ï&É�
<
���	'5 [7−21]. Ù¥, 1�"	n��N-
1ìduäk(��é{ü!´u¢yü�±þ
� Lyapunov �ê��·bÑÑläk'��·
bÑÑ�p���5�`:, Ïd�@�´�Ð�
·bu��� [22]. @Ï�1�"	n��N-
1ì·bXÚ�õ|^ü	n1�"¦u�-1
ì�)·b&Ò, |^15\Eâ¢yÂuüà-
1ì�·bÓÚ, l)NÑÛõu·b1Å¥�

&E [2]. �´, �X<�éò�XÚ©ÛEâ�Ø
äJp, ¦�l��N-1ì·bÑÑ¥¼�Ù	
n�"ò´�m?�XÚ®¤��U [23−25],
ù3�½§Ýþ�·b��Ï&�S�5�5%
�. ïÄ(J®L²: ÏLÀ�Ü·�XÚëê, V
1�"��N-1ìXÚØ�U
éÐ/Ûõ	
n�"ò�A� [15], �Ù·bÑÑ'ü1�"
��N-1ìXÚ�·bÑÑäk�p�'é�
êÚ�°��° [26]. Ïd, XJÄuV1�"��
N-1ì�·bXÚU¢y�Ð�ÓÚ, @o�'
u��ü1�"·bÓÚÏ&XÚó, TXÚ3
Ï&Nþ±9��5�¡Ñò��Jp.

3 �©¥, | ^ � � V 1 � " � � N - 1
ì (TL) ��u�, �Ã�"��Â-1ì (RL)
�ï
��m�V1�"��N-1ìü�ÍÜ
·bÓÚÏ&XÚ, ¿ïÄ
XÚ�	Ü�"A�
�Ûõ�J!XÚ�ÓÚA5±9&E3TXÚ
¥�DÑA5.

2 XÚ�.

ã 1 �Äum�V1�"��N-1ì�ü
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�ÍÜ·bÓÚÏ&XÚ�(�«¿ã. TÏ&X
Ú´d��V1�"���N-1ì±9���
u�à-1ìëê�q�Ã�"��N-1ìü
�ÍÜ�ï¤. u�àd�� TL Úü��"n
�¤, ·�N!u�à��'ó�ëê (Xü�	
n�n�Ú�"rÝ!-1ì� �>6�) �±
¦ÑÑ�·b&ÒUéÐ/Ûõu�XÚ�	n
�"ò�A� [15]. u�àÑÑ�·b&Ò²L1
�lì�Dx��Âà, �©åì©�üå: �å
5\��Â-1ì;,�å^u��Â-1ì�·
bÑÑ�~. �~��&ÒÏL��$ÏÈÅìò
pª¤©ÈK, ����DÑ�&E.

ã 1 Äum�V1�"��N-1ì�ü�ÍÜ·bÓÚÏ
&XÚ�. TL, u�-1ì; RL, �Â-1ì; AL, O�ßº;
BS, ©åì; OI, 1�lì; NDF, ¥5ÈÅì; M, ²¡º; m(t),
\1&Ò; F, $ªÈÅì

3 nØ©Û

£ãü�ÍÜm�V1�"��N-1ì·
bÓÚÏ&XÚ�nØ�.�±^ L-K �Ç�§
?1L� [15]. Ù¥, u�-1ì��Ç�§�

ET(t) =
1
2
(1 − iβT)

[
GT(t) − 1

τp,T

]
ET(t)

+κ1,T/τL,TET(t − τ1,T) e iωTτ1,T

+κ2,T/τL,TET(t − τ2,T) e iωTτ2,T

+FT(t), (1)

NT = JTNT(t)/τN,T − GT(t)
∣∣ET(t)

∣∣2; (2)

�Â-1ì��Ç�§�

ER(t) =
1
2
(1 − iβR)

[
GR(t) − 1

τp,R

]
ER(t)

+κinj/τL,RET(t − τinj) e i[ωTτinj−(ωR−ωT)t]

+FR(t), (3)

NR = JR − NR(t)/τN,R − GR(t)
∣∣ER(t)

∣∣2; (4)

ª¥, eI R Ú T ©OL« RL Ú TL, eI 1, 2
©O�L�"n 1 Ú�"n 2; E �úC|�Ì,
N �k«S²þ16fê, τp Ú τN �1fÆ·
Ú16fÆ·, β ��°OrÏf, τL �13Sn
� ��m, κinj �XÚÍÜÇ, τinj �ÍÜ�m,
κ1,T Ú κ2,T ©O� TL ��"n 1 Ún 2 ��"
rÝ, τ1,T Ú τ2,T ©O� TL ��"n 1 Ún 2 �
	n�"ò�, ωR Ú ωT ©O� RL Ú TL �ªÇ.
F (t) =

√
2αNξ, Ù¥ ξ � Gauss xD(, α�gu

Ë�Ç. G(t) = g[N(t) − N0]/[1 + ε|E(t)|2]�OÃ
Xê, Ù¥ g ��©OÃXê, N0 �ß²16f
ê, ε�OÃ�ÚXê. $^ 4 � Runge-Kutta {é
�§|¦), Ù¥ TL �ëþ��� τP = 4.2 ps,
τN = 1.6 ns, τL = 8.5 ps, β = 4, ωT = 1.216 × 1015

rad/s, g = 2×104 s−1, N0 = 1.25×108, ε = 1×10−7,
α = 1.5 × 10−5, JT � 1.6 �K�>6; RL �ë
þ��� τP = 4.2 ps, τN = 1.6 ns, τL = 8.5 ps,
β = 4, ωR = 1.216 × 1015 rad/s, g = 2 × 104 s−1,
N0 = 1.25 × 108, ε = 1 × 10−7, α = 1.5 × 10−5, JR

� 1. 05 �K�>6©
~^u©Û1�"·bXÚò´�mA��

�{kg�'¼ê!W¿Ïf©Û!p&E!Û
Ü�5�.� [13]. �©ÏL·b�mS��g�
'¼êÌ5©Û	n�"ò�&E, g�'¼ê�
½Â�

Cs(∆ts) =
〈[I(t + ∆ts) − I(t)][I(t) − 〈I(t)〉]〉

[〈I(t) − 〈I(t)〉〉2〈I(t + ∆ts) − I(t)〉2]1/2
, (5)

ª¥ I(t) �L·bÑÑ�mS�, ∆ts �L£Ä�m, 〈·〉 L«é�m�²þ.
u�-1ì TL ��Â-1ì RL �ÓÚ5Udp�'¼êL�, p�'¼ê�½Â�

C(∆t) =
〈[IT(t + ∆t) − IT(t)][IR(t) − 〈IR(t)〉]〉

[〈IT(t) − 〈IT(t)〉〉2〈IR(t + ∆t) − IR(t)〉2]1/2
, (6)
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Ù¥ IT(t) Ú IR(t) ©OL« TL Ú RL �·bÑÑ
�mS�, ∆t �L�m £, 〈 〉 L«é�m�²
þ.

4 (J�?Ø

� TL �ü	n�"rÝ� κ1,T = κ2,T =
0.045!�"�m©O� τ1,T = 3.427 ns Ú τ2,T =
3.335 ns �, ã 2 �Ñ
 TL ·bÑÑ�õÇÌ (a)
±9g�'¼ê (b). d�, lõÇÌÚg�'¼ê
�¥Ã{¼� TL �	nò��"A�, = TL �
ò�A��éÐ/Ûõ.

ã 2 TL �õÇÌ (a) Úg�'¼ê (b)

TL ÑÑ�·b&ÒÏLü�ÍÜ?\��Â
-1ì, �ÍÜXêÚÍÜ�m©O� κinj = 0.45
Ú τinj = 1.0 ns �, ã 3 �Ñ
 TL, RL ÑÑ�·
b�mS� (ã 3(a))!g�'� (ã 3(b)) ±9u
�Ú�Â-1ì�p�'� (c). lã¥�±w
Ñ, u�Ú�Â-1ì�·bÑÑÑUéÐ/Ûõ
	n�"ò�A�, Ó�u�Ú�Â-1ì�p�
'Xê�����
 0.96, `²TXÚU¢yéÐ
�·bÓÚ.,	, RL �'u TL �¢�ÓÚ�m
� 1.0 ns, fÐ�uÍÜ�m, ÏdTXÚ�r5\
£½·bÓÚ [27].

ã 3 RL � TL ·bÑÑ��mS� (a) Úg�'¼
ê (b), ±9 RL � TL �p�'¼ê (c)

ã 4 κinj = 0.45 �, TL � RL �p�'Xê�ªÇ�
��Cz

ã 4 �Ñ
 RL � TL ·bÑÑ�p�'Xê
�ªÇ�� (ωR−ωT)/2π �Cz'X. �,3��
þ�� 20 GHz �p�'XêÑy
��4��,
� d� XÚ �ÓÚ XêE,�u 0.9. lTã�w
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ã 5 \1��Å�Å&Ò (a) �)N&Ò (b), TL Ú RL �õ
ÇÌ (c), (d) ±9)N&ÒéA�úã (e)

Ñ, ªÇ��3 −25 GHz � 50 GHz ù�����
S, XÚþU¢y�ÐÓÚ, ÏdTXÚéu��
�Â-1ì�ªÇ��äk�Ð�N=5.

ã 5 �Ñ
 500 Mbits/s ��Å�Å&Ò, X
ã 5 (a) ¤«. ÏLXã 1 ¤«�N\·bN��
ª\1�·b1Å�, 3�Âà)N���&ÒX
ã 5 (b); RL Ú TL éA�õÇÌ (c), (d) ±9)N
&ÒéA�úã, Xã 5 (e) ¤«. O�¥¤^�
XÚëê�ã 3 ¤^�ëê�Ó. (Üã 5 (a), (b)
Ú (d), �±wÑ3u�à¤\1��Å�Å&Ò,
3�ÂàÏL$ÏÈÅìU
éÐ/)N. Ó�,
ã 5 (c) Ú (d) �w«: ¤\1��Å�Å&Ò�±
éÐ/Ûõ3·b1Å¥.

5 ( Ø

JÑ
��Äum�V1�"��N-1ì
�ü�ÍÜ·bÓÚÏ&XÚ, ¿|^�A��
Ç�§�., é·bu�u��·b1Åé	
n�"ò�A��Ûõ�J±9XÚ�Ï&5U
�mÐ
�'�ýïÄ. ïÄL², 3r5\£½
�^�e, TXÚU
¢y�ÐÓÚ; XÚ�ÓÚ
5Uéu�Ú�Â-1ì�m�ªÇ��äké
Ð�N=5, 35\rÝ κinj = 0.45 �, TXÚ3
ªÇ��� −25 GHz � 50 GHz ù���Sþ�
¼�pu 0.9 �·bÓÚXê; 3·b1Å¥\1
� 500 Mbits/s ��Å&Ò3XÚDÑL§¥U�
�
éÐ�Ûõ, Ó�3�Âà���Ð/¢y)
N.
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Unidirectional open-loop chaotic synchronization
communication based on a semiconductor laser with
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Abstract
Using a semiconductor laser with double optical feedback as a chaos transmitter, a unidirectional chaotic synchronization commu-

nication system is constructed, and the performances of such a system are investigated numerically. The results show that by selecting
reasonable parameters, the time delay behaviour of chaotic carrier generated by the semiconductor laser with double optical feedback
can be suppressed efficiently; through the strong injection from transmitter to receiver, the perfect synchronization between transmitter
and receiver can be realized, and the synchronization quality has a high tolerance to frequency detuning between transmitted laser and
received laser; under the additive chaos modulation encryption scheme, the 500 Mbits/s encoded message can be hidden efficiently in
the chaotic carrier and successfully extracted at the receiver.

Keywords: semiconductor laser, unidirectional coupling, chaotic communication
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