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1�"��N-1ì�)�p�°�·b1Å, A^u1·bÏ&XÚ¥. -1ì�	n�Ý^�·b��Ï
&�N\��. �©¢�ïÄ
1�"·b��N-1ì	n�Ý���£O. ÏLé�n1�"�)�·bªÌ
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1 Ú ó

Cc5, |^·b&Ò�Ø�ýÿ5±9aD
(�A5, �JpÏ&XÚ�S�5, ¦�·b3
��Ï&¥�A^d�É�<�'5. ©z [1] 3
>´¥¢y
·bÓÚ, ·b&Ò3u�à��&
Ò�1N�DÑÚ?È&Ò, 3�ÂàÏL·bÓ
ÚÚ)Nr&ÒJ�Ñ5 [2,3]©��, <�uy>
´�)�·b�°�Ä, éJ��ê GHz, �°X
dÄ�·b&ÒJ±÷v�8&E�p��Nþ
�DÑ. u´<�m©r81=�Äu-1ì�1
·bÏ& [4]. du|^1�"½1>�"éN´/
�)°�p��·b&Ò [5−7], Ïd§��2�A
^�·bÏ&XÚ [8]. 3·b��Ï&¥, -1ì
�SÜëê (XSn(�, ¥%Å�, K�>6�)

²~���ÄÀ��, �´ù
ëêd-1ì)�
�[ÀJ, ��
¦^ö�^����m. �dN
õ©zJÑ^1�"-1ì�	n�Ý5��·
bÏ&XÚ�N\�� [9,10], 'uÙ��5�?Ø
Úu
ïÄöén�J�ÚÛõ�ïÄ,�. éu

{ü�ü�"XÚ, ïÄöuyÏLg�', p&
E±9ýÿØ�©Û��{, éN´lü�"��
N-1ì�)�·b�mS�¥��	n�Ý�
� [11−13], Ù��5��. �
Or·bÏ&XÚ
�S�5, <�q=�&?^V�"�)·b [14]

5Ûõn�. C5, kïÄö@�V�"XÚ�n
�&EE�±|^g�'½p&E��{J�Ñ
5 [15]; ��kïÄö@�: 3ü«A½��"�ª
e, ü��"	n�Ý��¿��"rÝ�Cq�
�Ú	n�Ý¤�ê'��¹e, �±Ûõ	n�
Ý&E [16].

·��cÏó�uy, ü�"��"n���
¬N�·b1�õÇÌ [17]. Ï
íÿÏLªÌ©
Û, Ó��±J�V�"���&E. 3�©¥, Ï
Lé'��N-1ì©O3ü�"�V�"�¹
e�·bªÌã, uy3V�"e��N-1ì�
)�·bªÌ�3aqu�ä�N�, y²V�"
ü	n�Ý¤�ê'Ú��ê'�, ÑUÏLªÌ
��¼�	n�Ý&E. (JL², ª�©Û'�
�©Û��°(Ú(¯, �L²1�"��N-1
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ì�	n�Ý&EJu�Ø.

2 ¢�C�9(J

2.1 ¢¢¢���CCC���

V�"��N-1ì�)�p�·b�¢�
C�Xã 1 ¤«©¢�¥¦^�ÉÇ>&ì�k
�úiï�)����N-1ì (LDM5S752) d
$D(>6
?1°Ä (Newport, MODEL 501), -
1ì� �>6� 33 mA (1.5 �K�>6), ó�
§Ýd§Ý��ì (ILX-Lightwave, LDT-54102) i
�3 20 ◦C. 3dG�e-1ì�ÑÑ1õÇ (P0)

� 1.1 mW, ¥%Å�� 1554 nm, -1ì�µþ�
�ªÇ3 3 GHz NC©1nÍÜì (FC1) ÍÜ'

� 70:30, Ù¥ 70%à�����N-1ì���
à, 30%à���&ÿà. ÍÜì FC2(50:50) òÑ
Ñ1å©¤ü´, �1n��º FM1 Ú FM2 |
¤
��N-1ì�ü�	nl
�¤V�"X
Ú, ��K��1n��º�±éN´òV�"
XÚC�C¤ü�"¢�C�©�N�1nP~
ì (VOA) Ú ���ì (PC) ^5���"£��
N-1ì�1rÚ �G�©1n�lì (OI) ´
��¤ìà¡���é��N-1ì�)K�©
1õÇO (OPM) ^5i��"£��N-1ì�
1rÝ (P1). |^�°� 47 GHz �¯$V>6&
ÿì (u2t, XPDV2020) ò1&Ò=��>&Ò, ¿
^p×£�ÇªÌ¤ (Agilent, N9020A) ?1i�
©Û.

ã 1 ¢�C�ã (SL, ��N-1ì; PC,  ���ì; F, 1nÍÜì; VOA, �N�1nP~ì; FM, 1n��º; OI, 1n�
lì; OPM, 1õÇO; PD, 1>&ÿì)

� B u Q ã, 	 Ü � " n � Ú � " r Ý ©
OP� L1,2 Ú FPR1,2, Ù¥eI©OL«��
º FM1 Ú FM2 /¤�1�". �"rÝ FPR ½
Â� 10 log(P1/P0), Ù¥ P1 � P0 ©O��"1õ
Ç�-1ìÑÑõÇ. Ï~n�� L �1�"ò
puªÇ� f = c/2nL 	n��, Ù¥ c �1�,

n = 1.5 �1nò�Ç. Ïd, e�ÏLªÌ©ÛJ
�	n�Ý&E, ªÌ©Û¤�©EÇ�° (RBW)

A��u	n��ªÇ. 3�©¢�¥, RBW ��
� 1 kHz.

2.2 ¢¢¢���(((JJJ

3 ¢ � ¥, Ä k ï Ä 
 ü � " � � /, X
ã 2 ¤ «, � � 	 n � � 7.300 m, � " r
Ý FPR = −13 dB. |^ªÌ¤l 0—8 GHz ªÇ
��*	, Xã 2 ¥��ã, uy·b�ªÌ'�
1w²", 	n��ªÇØN´¼�. �´3-1

ì�µþ��ªÇNC, ·bÑÑ�ªÌ¬k²w
�2Ä. éµþ��ªÇNC�ªÌ?1ÛÜ��
*	. uy·bªÌ�aqu�u�±Ï&Ò¤
N�, �u±ÏTÐ�u-1ì�	n��ªÇ f .

Ïd, �â��ªÇ�	n�Ým�'X, =�¼
��"	n��Ý.

ã 2 ü�"ªÌã L = 7.300 m, �"rÝ FPR = −13 dB
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w,, T�{J�1�"·b��N-1ì	
n�Ý�Ø�Ì��ûuªÌÿþ�©EÇ�°,

= ∆L =
2nL2

c
RBW. Ï� RBW = 1 kHz, �ã 2

¥����ªÇ f � 13.698 MHz, ¤±	n�Ý�
ÿþ(J� L = (7.3003± 0.0005) m. dd��, Ï
L·bªÌ���ªÇ�±O(/J�Ñü�"
�	n�Ý&E.

ã 3 V�"ªÌã L1 = L2 = 7.300 m, �"r
Ý FPR1 + FPR2 = −13 dB

?
|^ªÌ{ïÄ
V�"��/. �
�V�"XÚü	n�Ý��þ� 7.300 m, ü
�"rÝCq��¿� FPR1 � FPR2 �Ú�
u −13 dB. äm?¿��1n��º�òV�
"XÚC�C¤ü�"¢�C�, XÓþãü�
"��{, |^ªÌ¤©Oÿ�ün���ªÇ
� 13.698 MHz Ú 13.697 MHz, �A�	n�Ý
� 7.3003 m Ú 7.3008 m, 3ÿþØ���S, ün
�Ý�@�´���. lã 3 �n�V�"�·b
ªÌã¥uy: 	n�"�)���¸3ªÌãþ
�m�þ!©Ù, �ã 2 ü�"�ªÌã�q; �
�ÙØÓ�?3u, V�"�·bªÌã¥�3²
w�aqu�ä�N�. Ïd, �ü	n�Ý��
�, l�3�äN��·bªÌã¥, ÏL	n�
�ªÇ=�(½���ü	n�Ý. lã 3 ¥��,

	n��ªÇ f1 = f2 = 13.698 MHz, ü�"	n
�Ý�ÿþ(J� L1 = L2 = (7.3003±0.0005) m.


d�/�´©z [16] ¥¤^��©Û{ØU£
O�, �U��Ï´du·b�aD(A5, ØU
��l�SþNy�"n���, 
�UÏL�

�{ (Xg�'!p&E) éÙ?1©Û?n��,

�3ù
�{¥k�UÉD(K�òn�&EÛ
õå5.

ã 4 ´ V � " ü 	 n � Ý � � ê ' � �
ª Ì ã, ¢ � ¥ L1(7.300 m):L2(14.600 m) =

1:2. ã 4(a) � ü 	 n � " r Ý C q � �
� (FPR1 ≈ FPR2 ≈ −13 dB) �ªÌã, 3ã 4(a)

ªÌãþE,�±w�V�"�)�ªÌ�ä,

ã 4 V�"ªÌã L1 = 7.300 m, L2 = 14.600 m

(a) FPR1 ≈ FPR2 ≈ −13 dB; (b) FPR1 = −13 dB,

FPR2 = −17 dB

Ù¥�ä�ªÌ�ÝÚ�ä�m�ªÇm�Ñ
´	n�"��ªÇ��ê�, �ê=�äp�
�¸�m�m�ê. 3ªÌ�äSuykp$�
m���¸, Xã¥I5��üp$��¸�m
�ªÇm�� f2, ü���p��¸�m�ªÇ
m�� f1. ��"rÝØ�� (FPR1 = −13 dB,

FPR2 = −17 dB) Xã 4(b) ¤«, ��"rÝC
q����', l�\ã¥uy�"rÝØ��
ªÌÅÄÌÝ��; 
l���ªÌ¥uy3ª
Ì�äSvkp$�m©Ù���¸, �ka
qu	n�Ý���¹e���¸©Ù, ü��
¸�m�ªÇm��u�"rÝ���"	n
�)���ªÇ, 3�¢�¥� f1. �*	üª
Ì�ä�m�LÞã �, ¬uy���~k�
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�y�, Ò´����¸¬C°
�u)©�,

Xã 4(b) ¥�IP¤«3LÞ?ü©����
¸�m�ªÌm��ü�"	n��ªÇ�²
þ�, = (f1 + f2)/2. lã 4 ¥��	n��ª
Ç f1 = 13.698 MHz, f2 = 6.849 MHz, l
��
n�&E L1 = 7.3003 m, L2 = 14.6006 m, �A
�ÿþØ�� ∆L1 = 0.0005 m, ∆L2 = 0.002 m,

Ùÿþ(J=� L1 = (7.3003 ± 0.0005) m, L2 =

(14.601 ± 0.002) m. Ïd��"	n�Ý¤�ê'
�ÃØ�"rÝ���´Ø�Ñ�±lªÌ�ä
¥O�Ñ��N-1ì��"	n�Ý, 
Ø�©
z [16] ¥¤@��d«�¹en�&E�Ûõ.

ã 5 V�"ªÌã L1 = 7.300 m, L2 = 9.300 m

(a) FPR1 ≈ FPR2 ≈ −13 dB; (b) FPR1 = −13 dB,

FPR2 = −11 dB

ã 5 � � " 	 n � Ý � � ê ' � ¹ e �
ª Ì ã, ü 	 n � Ý © O � L1 = 7.300 m,

L2 = 9.300 m. � ü 	 n � " r Ý C q � �
� (FPR1 ≈ FPR2 ≈ −13 dB), Xã 5(a) ¤«, E
,éªÌ�ÛÜ��ã?1©Û, uyd�/�ª

Ì�ä'	n�Ý¤�ê��ªÌ�ä�, ªÌ
�äS���¸m��ü�"��ªÇ�²þ�
= (f1 + f2)/2, ù�©z [14] �¢�(J��. 
ü
���ªÌ�äS�p��¸�m�ªÇm��
	n��ªÇ f1 ½ f2 ��ê�, �ê�u��¸
�m�m�ê, �¢�¥m�ê� 4, Ù¥3�äL
Þ?¬Ñy��¸�©�O���������
¸Xã 5(a) ¥�I5¤«. �ü	n�"rÝØ�
� (FPR1 = −13 dB, FPR2 = −11 dB), Xã 5(b)

¤«, l¥�±uyªÌ�äS��¸�m�ªÇ
m���"rÝr��"n�)���ªÇ, �¢
�¥=��ªÇ f2, Ó�3���ä�m�LÞ
?�uy3LÞ«NCü���m�ªÇm��
ü�"��ªÇ�þ�= (f1 + f2)/2. lã¥��
	n��ªÇ f1 = 13.698 MHz, f2 = 10.752 MHz,

KÙ	n�Ý� L1 = 7.3003 m, L2 = 9.3005 m,

�A�ÿþØ�©O ∆L1 = 0.0005 m, ∆L2 =

0.0008 m, =ÿþ(J� L1 = (7.3003 ± 0.0005) m,

L2 = (9.3005 ± 0.0008) m. ¤±�n����ê'
�E,�±|^ªÌ¤òü	n�ÝJ�Ñ5.

3 ( Ø

�©l¢��¡é�nV�"�)�·bª
Ì?1
[��©Û, ¢�(JL²V�"¬é·
b�ªÌ?1N�l
�)ªÌ�ä. 3ü	n�
"rÝCq���¹e, ü	n�Ý¤�ê'�ü
	nò´�mÑ�±lªÌ�äS��¸©Ù�
äÑ5, Ù¥�n�)���ªÇU�ê'©Ù3
án�)���ªÇS; ü	n�Ý'���ê�
ªÌ�äS��¸�m�m��ü�"��ªÇ
�²þ�, ��ªÌ�ä�m�ªÇm��,��
	n��ªÇ��ê�. 3ü	n�"rÝØ��
¹e, ªÌ�äS���¸�m�m��u�"r
Ýr�	n�)���ªÇ, 3ªÌ�äLÞ?�
ü��¸�m�m��ü�"��ªÇ�²þ�.

¤±�©l¢�þy²
�nV�"�	n�Ý
&E´Ø��Ø�. �©�ó�éïÄ��N-1
ì�V�"·bÄ�A5±9·b��Ï&�S
�5´kÃ�.
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Extracting the external-cavity key of a chaotic
semiconductor laser with double optical

feedback by spectrum analyzer∗
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Abstract

Optical-feedback laser diode has been widely applied in chaotic optical communication, because it can simply generate wideband

and high-dimension chaos and its external-cavity length is often regarded as an additional key. In this paper, it is experimentally

demonstrated that the time delay signature of a chaotic laser diode with optical feedback can be identificated. Through locally enlarging

the power spectrum of chaotic light and observing its fine structure, the external-cavity key can be directly extracted by the spectrum

analyzer, regardless of the laser diode with single or dual optical feedback of a different external cavity length ratio.

Keywords: chaos, double feedback, external-cavity length, semiconductor lasers,
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