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1 Ú ó

@�Ã� (>) �ä´�«�Ua��Ï&X
Ú, g^r�±3ØZ6Ì^ró��cJe, ¢
yªÌ]
�Ä���Úg·A©� [1]. ��ª
©E^ (OFDM) ´�«õ1Å¿1�Ã�DÑE
â, �±(¹©�f1Å, k|u¢y�ëYªÌ
�k�|^, �~·Ü@�Ã��ä¥�]
D
Ñ [2]. XÛé@�õ^r OFDM XÚ¥�e1]

?1g·A©�, ±JpªÌ|^Ç, Úå
I
S	ïÄö�ÊH'5. �âØÓ�`zOK [3],
@� OFDM ]
©��±©�üa: �«��Ç
g·A (RA), =3�½�ØèÇ95U��e, N
�õÇ©�, ¦XÚDÑ�Ç��z; ,�«�{
þg·A (MA), =3�½�DÑ�ÇÚØèÇ�
�e, N���f1Å�©��ª, ¦XÚu�õ
Ç��z. �éØÓ�`zOK, ïÄöJÑ
Ø
Ó�)û�{, X©z [4—6] ïÄ
 RA OKe
�)û�Y, ©z [7—10] ïÄ
 MA OKe�)
û�Y. du MA `zOK�·Ü¢��Ö�D
Ñ [3], �©ïÄ MA OKef1Å�`z©�. @
�Ã��ä¥�f1Å©�´����5`z¯

K, ¦��`)´�(½5¯K [3,5]. DÚ�êÆ`
z�{½�8�{O�E,ÝÚ¦)JÝÑ�p.
NõÆöJÑ
ØÓ�g`f1Å©��{, ¼�

��`�{�C�5U, E,Ý��ü$ [5,7,10].
®²y², )Ôéu��U�{�~·Ü¦)@�
Ã��ä¥���5`z¯K [11,12]. ©z [10] J
Ñ
 MA OKeÄu¢D�{�f1Å©��{,
��
�Ð�¦)�J, �¿��Ñ¢D�{´�
\ÛÜ�`�":, ¿�vk�Ä@�^réÌ^
r�Z6, ¦)�JÚ¢^5�k�?�Ú`z.
Äud, �©|^�¼�{p��Ï`Uå, 3Ì
^r��É�Z6e, JÑ�«Äu�¼`z�f
1Å`z©��{. �ý¢�L², ��{�±¼
����ou�õÇ, ¿�Âñ�Ý�¯.

2 @� OFDM f1Å]
©��.

@� OFDM �ä¥, �a��¬uÿ��^�
�sªÌ�, òÓ�¼�¤k@�^r (g^r) 3
�^ªÌþ�&�PáA59��õÇCX��
S�Ç�^r&E, ,�¢�/3õ�@�^r¥
�¤õÇÚf1Å�©�. 3ªÇÀJ5Pá&�
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¥, ØÓ�f&�É�ØÓ�Pá
äkØÓ�D
ÑUå, 3õ^rXÚ¥, ,�^rØ·^�f&
�éuÙ¦^r�U´^�éÐ�f&� [3,5]. Ï
d, ��â&�Pá&E¿©|^&�^��Ð�
f1Å, ±Ün|^]
, ¼��p�ªÌ�Ç. �

ØZ6Ç�^r��~ó�, @�^r�õÇ©
�ØU�LõÇþ� [7,8].

�©ïÄ3XÚ�ªÌ|^���`�cJ
e, @� OFDM XÚ¥e1ó´�f1Å©��
{. ��ÄÕÑÖ��Ì^rÚ M �@�^r,
Ç�^rÚ@�^r¦^���ªã, @�^r¦
^ OFDM DÑEâ, �k N �f1Å. ·��)û
�¯K´3÷v^r�Ç�¦ÚØèÇ�¦��
¹e, XÛ�^r©�f1Å, ±��XÚou�
õÇ��z�`z8I. äNï�Xe.

b � & � � O � ¤ �, õ ^ r OFDM X Ú
k M �@�^r, N ��s�f1Å. �½z
� OFDM ÎÒÏm^r m (m = 1, 2, · · · ,M) �
u��'Aê� Rm, 1 m �^r©��1 n

(n = 1, 2, · · · , N) �f1Å¼��'Aê� bm,n

(bm,n ∈ [0, L]), L �z�f1Å#NDÑ���'
Aê; λm,n L«1 m �^r´ÄÓ^1 n �f1
Å, bm,n û½
z�1ÅzgDÑ�g·AN��
ª, Kk

Rm =
N∑

n=1

λm,nbm,n,

¿�
M∑

m=1

λm,n = 1.

1 n �f1ÅéA1 m �^r�]�&�OÃ
� g2

m,n, Pm(bm,n) L«1 m �^r3÷vØè
Ç pe ��¹e31 n �f1ÅþDÑ (���Â)
bm,n bit ¤I���õÇ, Kk [4−6]

Pm(bm,n) = (D0/3)[Q−1(pe/4)]2(2bm,n − 1),

Ù¥, D0 L«é¤k^rÚf1ÅÑ�Ó�D(
ªÌ�ÝõÇ (~ê); Q L«N��ª�g·A�
�ÌÝN� (QAM), K¤k^r¤I�o�u�õ
Ç�

Pt =
N∑

n=1

M∑
m=1

Pm(bm,n)
g2

m,n

. (1)

du�©�`z8I���zou�õÇ, Ïd,
�©�¦)8I=��¦ (1) ª����.

�å^��

Rm =
N∑

n=1

λm,nbm,n, (1a)

M∑
m=1

λm,n = 1, λm,n =

0 bm,n = 0

1 bm,n 6= 0
, (1b)

pe 6 pt, (1c)

Ù¥, �å^� (1a) L«7L÷v m �^r¤I
�o�Ç Rm �¦; �å^� (1b) L«��f1Å
�U���^rÓ^; �å^� (1c) L«ØèÇ pe

7LØ�uØèÇ��� pt. Ó�, �Äg^ré
Ì^r�Z6, 7L÷v�å^�

N∑
n=1

Pm(bm,n)
g2

m,n

6 Ps, (1d)

Ù¥, Ps �^r�DÑõÇ���.
dd��, �©ïÄ�]
©�¯K´���

å`z¯K. Ïd, 3Ä�&�ëê�½��¹e,
�©¯K=��: 3÷vþã�å^��cJe,
¦)^réA�f1Å©��Y bm,n(bm,n û½

 λm,n), ¦�ou�õÇ��.

3 �{'�Eâ�¢y

3.1 ���¼¼¼������`̀̀zzz���{{{

<ó�¼XÚ´�«Ééuu)Ô�¼XÚ
��U`z�{. ��ÀJ�{´<ó�¼XÚ
�Ì��{��, ®3Ï&õ^ruÿ [13]!�ä
|Â´d [14]!ªÌ©� [15] �ó§`z+���
2�A^. Äud, �©�O
�«Äu�¼��
`z�f1Å©��Y. ��{¥, ¦^Ý
?1
|N?è, ��|N=��«�U�f1Å©�
�Y bm,n (ÿÀ)), ,�ÏL'~��!�ÚÝµ
d!­|!CÉ!��ÀJéÿÀ)?1?z, �
�{÷v(å^�� (�©�����?z�ê),
�ÚÝ�p�|N=��ª�f1Å©��Y. �
å^��±3�{¦)L§¥ÏLé)�?�?
1?n.

3.2 ���{{{'''���EEEâââ

3.2.1 ?è�ª
?èò|NL«�¦)(J?1N�, ´�

¼�{¦)¯K�'�Ú½. du�©8�´¦
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�©��Y bm,n, �
L«�*, æ^ M × N �
Ý
?èL«, Ù¥Ý
�1L«^r m (m =
1, 2, · · · ,M), �L«f1Å n (n = 1, 2, · · · , N), =

B =


b1,1 b1,2 · · · b1,N−1 b1,N

b2,1 b2,2 · · · b2,N−1 b2,N

· · ·

bM,1 bM,2 · · · bM,N−1 bM,N

 ,

Ù¥, bm,n ∈ [0, L]. �â�å^� (1b) ��, ��
f1Å�U���^rÓ^, Ly3?èÝ
¥,
K�Ý
�z��Uk���"��. ²L?è�,
��|N�L�«f1Å©��Y.

3.2.2 |N«+Ð©z
�¼���{7Lk��Ð©«+±B?z.

�
(�|N�)��Å5¿H{¤k|N�
m, �©Ð©|N«+��)¦^ logistic N�:
xn+1 = µxn(1 − xn), Ù¥, n = 1, 2, · · · , N , µ = 4
(d�XÚ?u��·bG�, ÙG��m� (0,
1)[10]). �Å�)1��|N, ,�Uì logistic N
��g)¤5�� N �|N«+.

d	, �©3|N«+�Ð©zL§¥, �Ä

�å^�Úk��£, é«+?1ý?n. du
`z8I�3÷v^r�Ç�cJe?1 (�å^
� (1a)) , Ïd, z�^r m ���f1ÅêAT÷
v bm = bRm/Lc(b c L«�e��), KXÚ¤I

���of1Åê N ′ =
M∑

m=1
bm, ¿k N ′ < N . ä

NÐ©zL§Xe: éz�^r m �Å©� bm �
1Å, �e�f1Å (N − N ′) 3^rm�Å©�,
¿�yz��k������". Ó�, ?1Z6
�å^� (1d) �?n, ÷v�å^��|N¤�ÿ
À|N. �d, 3ØèÇ�¦�½��¹e, ¯K=
��Ã�å`z¯K. Uì«+5�, ­E?1±
þL§, ��Ð©�|N«+ (Ð©ÿÀf1Å©
��Y).

3.2.3 �ÚÝ¼ê
�ÚÝ¼ê^5ÝþÿÀ) (|N) �Ð�. d

u�©�`z8I���zou�õÇ, Ïd, �
�ò (1) ª���ÚÝ¼ê. �ÚÝ¼ê���, `
²|N�`D.

3.3 ÄÄÄuuu���¼¼¼`̀̀zzz������{{{¢¢¢yyyLLL§§§

Ú½ 1 Ð©z

�?z�ê t � 0, Uìþ¡��{Ð©z«
+ A, 5�� k. KÐ©z«+P�

A(t) = {A1(t), A2(t), · · · , Ak(t)},

Ù¥, z�� Ai(t)(1 < i < k) éAu�«�U�
f1Å©��Y B. Ó���PÁ«+ M(t), 5�
� s (s = k · d%), Ù¥ d ���ê, d% L«À��
z©'. M(t) Ð©�, l A(k) ¥�ÅÀ�, K

M(t) = {M1(t),M2(t), · · · ,Ms(t)}.

Ú½ 2 �ÚÝµd
�â (1) ªé|N«+ A(t) ?1�ÚÝµd,

O�z�|N��ÚÝ f(Ai(t)). (1) ª���, L
«�ÚÝ�p. ò|NUì�ÚÝ�,Sü�, À
Jc s �|N�#PÁ«+ M(t).

Ú½ 3 ª�^��ä
XJ����?zgê tmax, �{ª�, òP

Á«+ M(t) ¥����ÚÝ����|N?1
N� (�?è�ª), =��
�Z�f1Å©��
Y; ÄK, =Ú½ 4.

Ú½ 4 ��*O Tc

é ù s � | N ? 1 � � ö � Tc, / ¤ «
+ B(t). ��ö� Tc ½Â�

B(t) =Tc(M(t))

=[Tc(M1(t)),Tc(M2(t)), · · · ,Tc(Ms(t))].

äN���{�: b�ÀÑ� s �|NU�Ú
Ý�,SüS� M1(t),M2(t), · · · ,Ms(t), Ké1 i

�|N Mi(t) (1 6 i 6 s) � qi ���)�|Nê
8�

qi(t) = Int
(

nt ×
f(Mi(t))

s∑
j=1

f(Mj(t))

)
.

Ù¥, Int(∗) L«�þ��, nt(nt > s) L«���
�ëê, f(∗) �L�ÚÝ¼ê�O�. �©Uì�
ÚÝ���?1��, �y
`D|Nk�õ�Å
¬?z�e��. 1 t ����)�|N«+o�
ê�

Q = N(t) =
s∑

i=1

qi(t).

Ú½ 5 ��­| Tr

�¼­|ö�k|u�±|Nõ�5, Ïé�
`), ¿JpÂñ�Ý [7]. �©Ú\­|�f, �ì
VÇ pc éØÓ|N�ü�?1��­|, )¤#
�|N C(t).
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Ú½ 6 ��CÉ Tm

�âVÇ pm é����«+ C(t) ?1CÉ
ö� Tm, ��|N«+ D(t). ½Â�

D(t) = T c
m(C(t)).

du��{æ^Ý
?è, �©�O�CÉ�ª�,
é,�|N�CÉVÇ pm ÀJ,�þ�ü��
�, ��Ù3Ý
� �. ù���`³3u, CÉ
�|NE´�1), {z
¦)L§.

éuCÉVÇ, �©�O
�«g·AN��
{ pm = pm ×

(
1− t

tmax

)
. Ù¥, t L«�c?z�

ê, tmax ���?z�ê.
CÉ��«+�

D(t) = {D1(t), D2(t), · · · , DQ(t)}.

Ú½ 7 ��ÀJ Ts

½Â A(t+1) = Ts(D(t)∪A(t)). äN�{�,
O� D(t) ¥�|N�ÚÝ, ¿� A(t) �å, ÀJ k

��ÚÝp�|N|¤e��«+ A(t + 1); ¿À
Jc s ��ÚÝp�|N�#PÁ«+ M(t + 1);
- t = t + 1; =Ú½ 3.

4 �ý¢�(J

4.1 ¢¢¢������¸̧̧ÚÚÚëëëêêê������

b�XÚ���ÄÕÑÖ��Ì^rÚ M

� @ � ^ r, � Ä e 1 ó ´ � ] 
 © �, X Ú
�ªÇÀJ5Pá&�. &�¥ü>õÇÌ�
Ý D0 = 1, XÚ&�OÃ gm,n = 1, Ôn�æ
^g·A 64QAM N��ª, f1Å� N = 32,
��DÑ'Aê Rm = 1024 bit, z�^r3�
� OFDM ÎÒ¥�DÑ�'Aê L ��� 20 bit.
�
¿©�y�{5U, � pe 6 pt = 10−5 − 10−1,
Ps = 0.5—1.5 W, g^rê� M = 2—12, ¢��
¸� Windows XP XÚ, æ^ MATLAB ?§¢y.

ÏL�E¢�, �¼���{�ëê���,
��?z�ê tmax = 200; «+5� k = 30, |N
?è�Ý�uf1Å��ê (N = 32), PÁü�
5� s = 0.3 × k; ����ëê nt = 20, ­|V
Ç pc = 0.01, CÉVÇ pm = 0.2.

4.2 ¢¢¢���(((JJJ999©©©ÛÛÛ???ØØØ

�
�y�{5U, 3�Ó�ëê��e, ò
�{$1 100 g, �²þ�, ¿� MA OKeæ^
¢D`z��L5©z [10] ?1é'.

du��{�Ä
g^réÌ^r�Z6, =
DÑõÇ��, Ïd, Äk�y
ØÓ Ps e�{�
$15U. Ù¥, ØèÇ pe = 10−3, ^rê M = 6.
(JXã 1 ¤«.

lã 1 �±wÑ, �XÌ^r��ÉZ6õÇ
�O�, XÚo�u�õÇ�3O�. ù´Ï�, Ì
^r��ÉZ6õÇ��, #N�g^rDÑõÇ
¬k¤O\, Ïd, XÚo�u�õÇO�, nØ©
Û�¢�(J��.

ã 2 ��X?z�êCz, ü«�{���
ou�õÇ�é'. Ù¥, ^rê M = 6, Øè
Ç pe = 10−3, Ps = 1.0 W. lã 2 ¥�±wÑ, 3
S�gê�Ó��¹e, �©�{¤I�oDÑ
õÇ²w�u©z [10], `²�©�{�±���
`�f1Å©��Y. Ó�, �±wÑ, �©�{3
� 140 �m©Âñ, 
©z [10] 3� 180 �m©Â
ñ, `²�©�{Âñ�¯, !�
$1�m, ùÌ
�Ï��©�{�O��«�fk�\¯
Âñ
�Ý. Ïd, �©�{äk�½�`�5.

0.5 0.7 0.9 1.1 1.3 1.5

20

22

24

26

28

30

Ps

P
t

ã 1 ØÓ Ps �XÚ�ou�õÇ

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

ã 2 ?z�ê�u�õÇ�'X
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ã 3 �y
ØÓ^rêe, XÚou�õÇ�
Cz�¹, Ù¥ pe = 10−3, Ps = 1.0 W. lã 3 ¥�
±wÑ, �X^rê�O�, ü«�{�ou�õ
ÇÑ3O\, ù�nØ�Î. �^rê���, ü«
�{5U��. �X^rê�O�, ��{5U²
w`u©z [10]. ÙÌ��Ï3u, �©�{�â
¯K�O
�«k���¼�f, Or
�{�Ï
`Uå, 3^rêOõ�, LyÑ
�r�`�5.

� � � � � �� �� �� �� �� �� �
�	 � �

ã 3 ^rê�ou�õÇ�'X

ã 4 �XÚ^rê M = 6 �, 3ØÓ�Øè
Ç pt e (Z6õÇ Ps = 1.0 W), �'�{�Øè
Ç�&D'�'X­�. lã 4 ¥�±wÑ, 3Ø
èÇ�Ó��¹e, �©�{'©z [10] ¤���
&D'��� 2 dB, `²I��ou�õÇ��.

Ó��XéØèÇ�¦�Åìü$, ü«�{¤I
DÑõÇ����ÅìO�, ?�Ú�y
�{�
k�5.

� � � � � � � � �� � � �� � � �� � � 	� � � 
� � � �� 
 � �
ã 4 &D'�ØèÇ�'X

5 ( Ø

�©JÑ
�«Äu·b�¼`z�õ^r
@� OFDM f1Å]
©��Y. �{�Ä
Ì^
r��É�Z6õÇ��. ¢�(JL², ��{
~�
��XÚ¤I�u�õÇ, Ó�Âñ�Ý�
¯, �·Ü@�Ã��ä¥f1Å]
©��`z.
e�Ú�ïÄó�´(Ü¢S�@�XÚ, X@�
g|��ä�, ?�Ú�õ�{.
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Chaotic immune optimization based resource
allocation in cognitive radio network∗

Chai Zheng-Yi† Zheng Li-Ping Zhu Si-Feng

( School of Information Science and Engineering, Henan University of Technology, Zhengzhou 450001, China )

( Received 21 September 2011; revised manuscript received 26 October 2011 )

Abstract

In order to optimize the multi-user subcarrier allocation of cognitive wireless network, it is converted into a constraint optimization

problem. A chaotic immune optimization algorithm is proposed to solve it. The key techniques and implementation processes are given.

The operators, such as coding, clonal, crossover, and mutation, are designed. The experimental results show that in conditions of user

rate, the bit error rate and inference constraints, the algorithm minimizes the total transmit power and converges rapidly. It can obtain

the better allocation scheme and improve the utilization efficiency of high frequency spectrum.

Keywords: immune optimization, cognitive radio network, resource allocation, chaotic
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