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1 Ú ó

�Åê3�AkÛ�ý!�Åï�!S�Ï
&!êi\¶Ú�°@y��¡kX2��A^,

~X GPS XÚ¥� M S� [1] Ú�èÆ¥��
� [2], Ñ��ÅêkX���'X, Ï
I�é�
Åê�)¤�{?1ïÄ.

�â�Åê�)�Ån, ò�Åêu)ì (ran-

dom number generator, RNG) ©�Äu�{���
Åêu)ìÚÄuÔnL§�ý�Åêu)ì. �
XO�ÅÚ�äEâ�uÐ, ��Åêduäk±
Ï5, 3S�5�¡�3XÛ�. ý�Åê´lÔ
n�
¥¼��, äkØ�ýÿ5, Ï
k�p�
S�5. Ï~>´D( [3]!>f��ì�ªÇË
Ä [4]!-1ì�� D( [5] �Ñ�±���
.

�duÉ�M��°���, ¤�)��Åê�Ç
Ï~�kA� Mbps.

ïÄL²��N-1ì31�"!15\½
1>�"�6Äe, ��)ê GHz �°�·b-
1&Ò [6−8]. ,	, du·b-1&Ò�g�'¼
êCqu δ ¼ê, �pdxD(�C, Ïdä�

�� RNG �
�^�. 2007 c, ·�JÑ^·b-
1��Ôn�
�Ep� RNG �;|�Y [9], �
��¤
�Åê�J�9·b-1�
�	n�
A5©Û [10−12]. 2008 c, Uchida ïÄ�||^ü
� 1  �ê=�ì (ADC) ©Olü´Õá�·b
-1&Ò¥J�Ñü��ÅS�, 2ò§�É½,

ÏL¢�¼�
�Ç� 1.7 Gbps ��ÅS� [13].

2009 c, Kanter ïÄ�|¦^ 8   ADC lü´�
·b�
¥J��ÅS�, ²L�©Ú¿G=��
l���Y?n, �U�� 12.5 Gbps Ú 300 Gbps

��ÅS� [14,15]. 2010 c, Uchida ïÄ�|éu
�°Or�·b-1&Òæ^ 8   AD =�, ¿Ï
L^�?1ò´É½Ú¿G=�¼�
 75 Gbps �
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�ÅS� [16]. Óc, ��K|æ^ê��[�{¢
y
�1�Åêu)ì [17]. C5, �
Jp RNG

�­½5, Uchida ïÄ�|æ^1f8¤��N·
b-1ì��Ôn�
±�)p��Åê [18]. 8
c, �Ü©�'©zÑ´ïÄÄu·b-1¢yp
��Åê��), 
'u·b-1�
A5é�Å
S��ÅA5�K�ïÄ�Øõ. 2009 c Uchida

ïÄ�||^	n��N-1ì��·b-1

, ©Û
	n�!5\>6Ú�"rÝ�	Ü
ëêé�ÅS�ÿÁ(J�K� [19], �vk�\
ïÄ-1ìS3�µþ��ªÇé�ÅS�A5
�K�.

�©|^ü´·b-1
�� RNG �Ôn�

, ©Û
·b&Òg�'Xê��ÅS�i§ê
�éX. 3dÄ:þ, ?Ø
��N-1ìµþ�
�ªÇé�ÅS��Ç�K�, ¿�Ñ
¼�p�
þ!p�Ç�ÅS��nØ�â.

2 C���n

| ^ · b - 1 � ) � Å ê � RNG � n X

ã 1 ¤«. ��N-1ì (LDM5S752) ÑÑ�1
ÏL 50:50 �ÍÜì�, 50%�1d1n��º�
"£��N-1ì, ,�Ü©1��ÑÑ. Ù¥|
^ ���ìÚ�N1P~ì©O�� �G�
Ú�"1rÝ. 1�lì��y·b-1�ü�D
Ñ. 1>&ÿì (Thorlabs PDA8GS) òÑÑ�1&
Ò=��>&Ò, ¿�Ø�6©þ, ,�x� 1  
�ê=�ì�­Ø
ÑÑ�ë�>Ø Vref ?1'
�, �)�?��ÅS�, TS���Ç�ûu�
¨ªÇ. �
Uõ�ÅS���ÅA5, ��I�
é§?1�Y?n. �©Ì�ïÄ·b��N-1
ìµþ��ªÇé�ÅS�A5�K�, �
àw
§��m��p'X, Ïdvk?1�Y?n.

ã 2 �Ñ
|^·b&Ò�)�?��Å
S��L§. 3¢�¥, |^ LeCroy 820Zi-A .
«Åìé·b&Ò?1æ8, ����æ��Ç
� f1 = 40 GHz �lÑ·bS�

X1 = {x0, x1, · · · , xi, · · · , xL−1},

^ã 2(a) ¥��ç:L«. ¿rTS��\ PC Å
¥, ±B?1^�?n.

ã 1 Äu·b-1
� RNG �nµã

Äké�Ý� L �·bS� X1 z� n �:
æ���, �����Ý� M �fS�

Xn ={x0, xn, x2n, · · · , xin, · · · , x(M−1)n}

={y0, y1,y2, · · · , yi, · · · , yM−1},

Ù¥, M = [1 + (L − 1)/n] ��êÜ©. d��Å
S���Ç� fn = f1/n, æ�m�� tn = 1/fn.

� n = 10 �, ¤J��fS� X10 ^ã 2(a) ¥
����L«. 2ò Xn ��z: � yi > Vref �,

zi = 1; � yi 6 Vref �, zi = −1. ���?��Å
S�

Zn = {z0, z1,z2, · · · , zi · · · , zM−1}.

ã 2(b) ´�A��?��ÅS� Z10 �Å/.

ã 2 �?��ÅS���)L§ (a) ·b�Sã; (b) �
?��ÅS�ã
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3 ·bS�g�'Xê��ÅS�i
§ê�'X

3.1 ···bbbSSS���ggg���'''XXXêêê���µµµþþþ������ªªªÇÇÇ
���'''XXX

ã 3 �·b-1
3	n�� 16 m, 5\>
6 I = 30 mA, �"rÝ� 20%�, |^ Agilent

E4407B .ªÌ¤¼��·b&ÒªÌã. ªÌ¸
�¤éA�ªÇ�µþ��ªÇ fr = 3.63 GHz, �
A�µþ��±Ï� tr = 1/fr = 0.275 ns. ã 4 �
T·bS� X1 �8�zg�'¼ê, =g�'X
ê RX1(τ), � | τ |6 1.5 ns �, §´��ÌÝÅì
P~�±Ï5¼ê, ±Ï�µþ��±Ï��.

ã 3 ·b-1&ÒªÌã

ã 4 ·b-1&Òg�'ã

3.2 X1 ���ggg���'''XXXêêê��� Zn ���ggg���'''XXXêêê
���'''XXX

ò X1 �fS� Xn þz��� Zn, §��
g�'Xê RX1(l), RXn(m), RZn(m) �mkX�

��éX. 3¢�¥S� X1 ��Ý L = n × 106,

�Bu©Û�r·bS�À�Ã���²­�Å
S�, =- L → ∞, ���må:Ã'. Ïd�
� X ′

1 = {· · · , x−2, x−1, x0, x1, x2, · · · }, §�g�
'Xê�

RX′
1
(l) =

∞∑
i=−∞

xixi+l

/ ∞∑
i=−∞

x2
i ,

ª¥, l L«�mm�� τ = lt1.

2�S� X ′
n = {· · · , x−2n, x−n, x0, xn, x2n,

· · · , } = {· · · , y−2, y−1, y0, y1, y2, · · · }, §�g�'
Xê�

RX′
n
(m) =

∞∑
k=−∞

ykyk+m/
∞∑

k=−∞

y2
k,

ª¥, m L«�mm�� τ = mtn.

� l = n �, ¿|^ X1 �²­5, ��

RX′
1
(n) =

∞∑
i=−∞

xixi+n

∞∑
i=−∞

x2
i

=

∞∑
k=−∞

n−1∑
j=0

xkn+jxkn+n+j

∞∑
k=−∞

n−1∑
j=0

x2
kn+j

=
n

∞∑
k=−∞

xknxkn+n

n
∞∑

k=−∞
x2

kn

=

∞∑
k=−∞

ykyk+1

∞∑
k=−∞

y2
k

=RX′
n
(1).

ò X ′
n þz������ “+1” Ú “−1” ��

?�S� Z ′
n = {· · · , z−2, z−1, z0, z1, z2, · · · }, §�

g�'Xê�

RZ′
n
(m) =

∞∑
k=−∞

zkzk+m/

∞∑
k=−∞

z2
k.

duþzØ�, ¦� RX′
n
(1) ≈ RZ′

n
(1), l


�� RX′
1
(n) ≈ RZ′

n
(1). k���S� X1 �À

� X ′
1 ������m, X ′

1 �êiA�¬Cq/�
N3 X1 ¥, �k

RX1(n) ≈ RZn(1). (1)

ã 5 �Ñ
·bS�ÚØÓæ��Çe�Å
S��g�'Xê, Ù¥^ç:L«·bS� X1

�g�'Xê RX1(l). ã 5(a), (b), (c), (d) ©O�Ñ

 n = 5, 11, 17, 20 � Zn �g�'Xê RZn(m),

¤éA�æ��Ç©O� fn = 8, 3.66, 2.35, 2 GHz.

ã¥^��L« RZn(1) ��, �±uy¢�(J
�nØí�´�ÎÜ�.
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ã 5 ·bS�9ØÓæ��Ç��?�S��g�'ã (a) f5 = 8 GHz; (b) f11 = 3.66 GHz; (c) f17 = 2.35 GHz; (d) f20 = 2 GHz

3.3 Zn ���ggg���'''XXXêêê���iii§§§êêê���'''XXX

éu�Ý� M �S� Zn, ½Â§�g�'
Xê�

RZn
(m) =

1
M − m

M−m−1∑
i=0

zi · zi+m. (2)

½Â§�i§ê Vn �

Vn = 1 +
M−2∑
i=0

u(i),

Ù¥ u(i) L«´ÄkaC. � zi = zi+1 �, ÃaC,

u(i) = 0; � zi 6= zi+1 �, kaC, u(i) = 1.

� (2) ª¥ m = 1 �, ��

RZn(1) =
1

M − 1

M−2∑
i=0

zi · zi+1

=
1

M − 1

M−2∑
i=0

[1 − 2u(i)]

=
1

M − 1

[
M − 1 − 2

M−2∑
i=0

u(i)
]

=[M − 1 − 2(Vn − 1)]/(M − 1)

=(M + 1 − 2Vn)/(M − 1). (3)

�â NIST SP800-22 �ÅêÿÁIO [20], í
�S��Ý� M = 1 Mbit, n��i§ê� Vn =

M/2 = 5 × 105, ¤#N� � |Vn − M/2| 6 1288.

�\ (3) ª, ��

|RZn(1)| 6 0.002576.

3.4 X1 ��� ggg ��� ''' XXX êêê ��� Zn ��� iii §§§ êêê
���'''XXX

d (1) Ú (3) ª�� X1 �g�'Xê� Zn �
i§ê�'X

RX1(n) ≈ (M + 1 − 2Vn)/(M − 1).

� M À 1 �,

RX1(n) ≈ (M − 2Vn)/M.

��·bS� X1 �g�'Xê RX1(n) ��Å
S� Zn � i § ê Vn k ', � Vn → M/2 �,

RX1(n) → 0. 
 RX1(n) �±Ï�uµþ��±
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Ï, Ïd�ÅS��i§ê7,¬É�µþ��ª
Ç�K�.

4 µ þ � � ª Ç é � Å S � � Ç
�K�

ã 6 �-1ì3ØÓ5\>6 I �·b&Ò
�ªÌ. �5\>6 I � 26 mA, 28 mA Ú 30 mA

�, ¤éA�µþ��ªÇ fr ©O� 2.35 GHz,

3.07 GHz Ú 3.63 GHz. ã 7 �Ñ
3þã 3 «
ØÓ5\>6e, �ÅS��i§ê Vn � fr/fn

Cz��¹. � fr/fn = 0.75, 1.25, 1.75, 2.25 �,

Vn é�C M/2, ÷v NIST �ÅêÿÁIO��
¦ |Vn − M/2| 6 1288; � fr/fn = 0.5, 1, 1.5, 2 �,

Vn �l M/2, ØU÷vÿÁIO.

ã 6 ØÓ5\>6�·b&Ò�ªÌ

ã 7 ØÓ fr/fn ��ÅS��i§ê

µ þ � � ªÇ´ d � � n S 1 f � Ý �

C z ¯úû ½ �. 1 f � Ý � C z þ ∆S(t)

� ∆S(t) ∝ exp(jωrt − t/Td) = λ(t) exp(jωrt).

ª¥, ωr ´µþ���ªÇ, λ(t) = exp(−t/Td)

� P ~ Ï f [21]. 1 f � Ý � C z � ª N y �
��N-1ìÑÑ�·b-1&Ò¥, �Xc
¡ ã 4 ¤ «. ² L O � � � · b & Ò � g �
'Xê� R(τ) = γ(τ) cos(ωrτ), τ �ò´�m.

� ωrτ = (k + 1/2)π �, R(τ) = 0; � ωrτ = kπ �,

R(τ) = γ(τ), ��4�. � τ = 1/fn, ���

R(τ) =

 0, fr/fn = (2k + 1)/4,

γ(τ), fr/fn = k/2,

Ù¥, k ��K�ê.

��ÅS��æ��Ç� fn = 4fr/(2k + 1)

�, ·b&Òg�'Xê� 0, d�i§ê Vn ÷
v |Vn − M/2| 6 1288; � fn = 2fr/k �, ·b&Ò
g�'Xê��4�, d�i§ê ln���§
Ý��. ã 7 ¥ Vn � fr/fn Cz�y�y¢
ù
�(Ø. éu fn = 4fr/(2k + 1) ��¹, � k = 0

�, fn = 4fr, dã 6 ��, d�·b&Ò�Uþ
®²é�, J±�y�ÅS���þ, Ïd��
T�¹; � k = 1, 2, 3, · · · �, �X k �O�, æ
��Ç fn Øäü$. ¤±3÷v�ÅS�i§
ê |Vn − M/2| 6 1288 �^�e, � k = 1 �, �¼
��ÅS����æ��Ç fn = 4fr/3.

5 ( Ø

� © | ^ 1 � " � � N - 1 ì Ñ Ñ � ·
b-1&Ò���Åêu)ì�Ôn�
, ©
Û
� � N - 1 ì µ þ � � ªÇ fr é � Å S
��Ç fn � K �. í � Ñ
· b S�� g �
' X ê RX1(n) � � Å S�i § ê Vn � ' X
ª RX1(n) ≈ (M − 2Vn)/M . 3dÄ:þ, ?�
Ú?Ø
 fr/fn �ØÓ��, �ÅS�i§ê�C
z�¹. � fn = 4fr/(2k + 1) �, S�i§êN´
÷v NIST �Åêi§ÿÁ��¦. ���Ñ
�
ÅS����æ��Ç� fn = 4fr/3. ù�|^·
b��N-1ì�)p�þ!p�Ç��ÅêJ
ø
nØ�â.
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Abstract

In this paper, chaotic light generated by semiconductor laser with optical feedback is employed as physical entropy source to

generate high-speed random sequence. The relationship between autocorrelation coefficient of chaotic signal and run number of random

sequence is analyzed. Based on the analysis, the changes of random sequence run number are further investigated at different ratios

between laser relaxation oscillation frequency fr and random sequence generation rate fn. The results show that random sequence run

can easily meet the requirement for run test of NIST SP800-22 when the ratio between fr and fn satisfies the equation of fr/fn =

(2k + 1)/4. When k in the equation is equal to 1, the maximal rate fn = 4fr/3 of random sequence is obtained.

Keywords: chaos light, random number generator, relaxation oscillation frequency, random sequence’s runs
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