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Upper bound of degrees of freedom in cognitive MIMO 

interference network with user cooperation 
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Abstract: In (K+1)-user cognitive MIMO interference network, conventional algorithms distinguish the interference of 

primary users and secondary users by aligning them to the different interference space, separately. Therefore, it leads to 

the loss of spatial degrees of freedom (DoF). From the perspective of multiplexing the interference space, a new upper 

bound of DoF and its necessary condition was deduced. Furthermore, to verify the rationality and validity of the new up-

per bound, a cooperative joint interference alignment algorithm, in which a joint interference alignment indicator was de-

signed and proposed based on norm theory and Rayleigh-Ritz theorem. The effectiveness of the algorithm was analyzed. 

Theoretical analysis and simulation results show that the new upper bound of DoF breaks upper bound given in the exist-

ing papers, and it can be achieved by the proposed algorithm. 

Key words: cognitive MIMO; user cooperation; interference alignment; degrees of freedom 

 
 

1  �� 

��������	
��
������

����������������� �!"#

$%&�'(��)*+,-./0�123��

45�6�789��:;�����<=
��>

�?@��#$

[1~4]

%AB�C��D�EFGH2

IJ4512�KL9�����M��NOP

[5]

%

'( MIMO QR
 MIMO S�T��UVWXY

Z&[\G�*]^S�_`+,�����&

[�abc�-����]d��e�f�gh'

(��ijk�0l�mn'(MIMO�`o\G

Bp��S�qrstDoF, degrees of freedomu�

��

[6~8]

�vw��xyz{|:}~e����

S� DoF��% 

������*]����������s�

+,��qrse�����%��[8]�����

�5� K �����������
��� DoF

�����2014-06-18������2015-01-22 

��	
�������	
��
�
��2011ZX03003-003-02���������������863������
�


��2012AA01A502�2012AA01A505� 

Foundation Items: The Important National Science and Technology Specific Project (2011ZX03003-003-02); The National High

Technology Research and Development Program of China (863 Program) (2012AA01A502, 2012AA01A505) 

doi:10.11959/j.issn.1000-436x.2015206 

2015206-1 



�154� �  �  �  � � 36� 

 

e���%��[9]��V��'( MIMO ���

���K
����*�qrs`�������

 �M ¡¢���£¤¥¦�§¡9���V*]

��

0

2

M d−
¡qrst6�

0

d ¨©8��Yj�

WXª«u�m¬­®
¯°±²�'(����

tICIA, iterative cognitive interference alignmentu³

N�Y�7´µ¶·¸¹ºP
`o»¼%mn�

½��­8��U9��:¾:¤
¿À���

S��Á�
S����IJ�6+ÂÃ*]�8

��U9�������Ä�Å¯¡��S�`

ÆÇÈ������ DoF%��[10]É®�9��

�7Ê8��ËÌ�*]ÍÎ��[9]�­� DoF

`��½��^;�_Ïs� SISO �ÐÑÒÓÔ

Õ�Ye�Ö×ØÒ­®
�����ÙÚUk�

*� DoF `�%AB½��YÛ­® MIMO ÐÑ

�»¼�nÜ;�_�����z{	Ý�ÅÞ�

��ßà
���+,ás% 

â�
ã�'( MIMO S�_�����

DoF?ä#$ÒÓÔÕ%åæ�^8��U9��

ç���S��Ïs�è¼�K:é
 1K + ��

�'( MIMO�����*� DOF`�d6H{

êë�6»¼{ìa-í��[9]�qrs`��Ü

î.í��[10]� SISOÐÑ�MIMO¦��ïtð

¢�ñ 1 ;òó»¼¯Luôm¬�­®¯°õí

8��ËÌ�öR����³N�½³Ne�÷ø

ùªÆúû��S��
Rs�üwxy
89�

��öR����Éý�þÀ
?���\�Ð

Ñ�Ye� Rayleigh-Ritz�è��K®³N��j

÷ø>��±²ä��]÷ø±²�Ù3��qrs

:¤ÙÚ���*Z���6*�V��Å����

����Å¯��S��̂ n�-S�e�fô�¬�

»Rè¼:éU´µ¶·¸¹ºP
��*�qr

s`��Rè��	
�]d³N��.�% 

2  ���� 

â�x¥���ÐÑ� 1K + ��'( MIMO

����( 2K� )ÐÑt�£'(����u��


1 �©%�
�í:é�}~��¯�8����

����6j�1U4�1:¾¤�

0

M U

0

N ¡¢

���D&[÷ø�

0 0

00

N M

C

×∈H (C¨©�ª_)�

8���6���f`Å;&[

0

d �ªü��qr

s�

0

d ôn9����r�Ñ� K�� MIMO �

������6�j�1 kU4�1 k:¾¤�

k

M

U

k

N ¡¢��h�

k

d ¡qrs�����D&[

÷ø� ( 1,2, , )

k k

N M

kk

C k K

×∈ =H � %w��9��

j � 1 l � 4 � 1 k � � � � D � ÷ ø

( )

k l

N M

kl

C k l

×∈ ≠H ¨©�n�í89������

�D�:¾e�

0

0

l

N M

l

C

×∈H U

0

0

l

N M

l

C

×∈H ¨©9

��j�1 l�8��4�1]d8��j�1�

9��4�1 l����D��D����tblock 

fadinguµ��Ü÷ø !"^�-#:$% 

 

� 1  ��MIMO�����	 

x8���j��×�

0

s �6%&'÷øU

4�()÷ø:¾�

0 0

0

M d

C

×∈V �

0 0

0

N d

C

×∈U ô9

�� k�j��×�

1

k

d

k

s C

×∈ ���%&'÷ø

U4�()÷ø:¾�

k k

M d

k

C

×∈V U

k k

N d

k

C

×∈U �

*8���4��×U+ k¡9���4��×

:¾� 

H H H

0 0 00 0 0 0 0 0 0 00 0 0 0 0

1

K

l l l

k

y s s n s z n

=

= + + = + +
∑

U H V U H V U H V

  (1) 

H H H

0 0 0

1,

K

k k kk k k k kl l l k k k

l l k

y s s s n

= ≠

= + + +
∑

U H V U H V U H V  

H

0 00 0 k k k

s z n= + +U H V   (2) 

6��

0

n U

k

n :¾¨©8��U9���Dà�-

#,-.�

H

0 0 0

1

K

l l l

k

z s

=
=

∑

U H V ¨©8��p�9

������

H H

0 0 0

1,

K

k k kl l l k k

l l k

z s s

= ≠
= +

∑

U H V U H V ¨

©9�� kp�6/9��]d8�����%�


+,�����z{���0

0

z U

k

z ¥ 0��z

2015206-2 



� 8� ������	
��
���MIMO����������� �155� 

 

{���¦�1êë 

 

0

0

H

0 0

H

0 0

H

, 1, ,

, 1, ,

, , 1, ,

l

k

k l

l l d d

k k d d

k kl l d d

l K

k K

k l K k l

×

×

×

 = ∀ =


 = ∀ =




= ∀ = ≠




U H V 0

U H V 0

U H V 0

�

�

� �

 (3) 

3  ��������	 

3.1  ��������	
 

�2Uqrstsum-DoFu�'(�����

��'(�� DoF?à��U�¦3�7�è 1Æ

­®'(����� sum-DoF`�% 

�� 1�

��

��

��

��'(������ð��9��

�j4Ä �M 5¢���£¤¥;�8���

�Üh�

0

d ��qrs�������qrs`

��� 

 

0

1

min ,

2

K

i

i

M

d K M d

=

 −
 

 

∑

�  (4) 


��

��

�&�� K �� MIMO ������

sum-DoF`�*]�767 2¡��Y896/�

����Æ:�

[9]

%mnÊ&�MIMO�����

Å�B�'(�����;<
 2��Å����

9��U8��%6�8��=������*]

\æh�����ôn9���>������?

1c45�D%vw�z{:�]¦ 2@::A�

��qrs�1% 

1) �í6B¯¡9��Ê¯¡8��ç�;�

'(���qrs�1

[11]

� 

( ) ( ){ }
0 0 0 0 0

min , ,max , ,max ,

i i i i i

d d M d N d M d N d+ + +�

( ) ( ){ }
0 0

           =min max , ,max ,

i i

M d N d  (5) 

vw�

0 0

min{( ) , ( ) }

i i i

d M d N d

+ +− −� �6� ( )a

+
¨

© max( ,0)a %*ð�� ��£¤¥��

i i

M N M= =  ( 1,2, ,i K= � );� 

 

0

1

( )

K

i

i

d K M d

+

=

−
∑

�  (6) 

2) 6B 2¡9��>��qrs�1�Å¯�

�¦ 2¡���qrs�1

[11]

� 

( ) ( ){ }min , ,max , ,max ,

i j i j i j i j j i

d d M M N N M N M N+ + +�

  (7) 

ð ��£¤¥��

i i

M N M= =  ( 1,2, ,i K= � );� 

 , {1,2, , }

i j

d d M i j K i j+ ∀ ∈ ≠�� � � � (8) 

C3(8)���î3Ã@àDÆ�    

 

1 1,

( ) ( 1)

K K

i j

i j j i

d d K K M

= = ≠

+ −
∑ ∑

�  (9) 

r iU j�6B�� 

 

1

2

K

i

i

KM

d

=
∑

�  (10) 

ER3(6)U3(10)�*]��'(����

sum-DoF`�  

 

0

1

min ,

2

K

i

i

M

d K M d

=

 −
 

 

∑

�  (11) 

�� 1�

��

��

��

�ð 1M = ��'(���� �F¢�
� SISO GH;����� sum-DoF `�I��

0

1

1

min( ,1 )

2

K

i

i

d K d

=

−
∑

� �Ê��[10]��è 1�»

¼¯L�Jì'( SISO ����*'�B'(�

����¯¡µK% 

�� 2�

��

���[9]���'(���� sum-DoF

`�� 

 

0

1

( )

2

K

i

i

K M d

d

+

=

−
∑

�  (12) 

�è 1 
�� sum-DoF `�ìa-í��[9]

�`��µ¾Bð

0

2

M

d > ;�B6� 2 L>V%

MBv�â���8����S��N¯Þ�-


'(�����S���e�f�^n�OÍÎ�

�[9]�­� sum-DoF`�% 

3.2  ������	
��
� 

{h����� sum-DoF���è 1`����

�¯P

i

d �h

0

1

min ,

2

K

i

i

M

d K M d

=

 = −
 

 

∑

�Qz{

��r3t3u�1êë�����ÙRP�A�

�ÙR�¿À�S�ª{�íÙR�¡ª%ð��

 �Tî� DoF :¤ÙÚ;�U�eí DoF e�

����vw:¤ÙÚV*�WXTî�:¤DoF%

¦3�7�è 2­®�����£¤¥¦�qrs

`�*��H{êë% 

�� 2��

����

��ð��89���j4Ä �M 5

¢���£¤¥Ü ( 1,2, , )

k

d d k K= = � ;�'(�

���� sum-DoF*��è 1`��H{êë� 

2

0

( 1)

4

2( 1)

K Fd

F F

K

d

K

++ +

+
�  

2015206-3 



�156� �  �  �  � � 36� 

 

6��

0

2( )F M d= − % 

����

��

�'(����� sum-DoF{���è 1

`��z{��r3t3u�1êë�����Ù

RP�A��

v e

N N� %�í 1K + ���'(��

��ÐÑ�ÙR�¡ªÊ��[9]¯L�� 

 

0

1 1 1,

2

K K K

e k k l

k k l l k

N d d d d

= = = ≠

= +
∑ ∑ ∑

 (13) 

rí}~8��*]�ÊËÌ����*]Y

Z8����j÷ø�vw?[��[9]�¿ÀS�

�ª«ßà�    

( ) ( )
0 0 0 0

1

2 2

K

v k k k k

k

N d M N d d M N d

=

= + − + + −
∑

 (14) 

ð������89���j4Ä �M 5

¢���£¤¥Ü ( 1,2, , )

k

d d k K= = � ;�*w;

0 0k k

M M N N M= = = = �\ü

v e

N N� � 

2

0 0

0

2( ) 2( )

( ) 0

1 ( 1)

M d M d

f d d d d

K K K

− −
− −

+ +
� �  (15) 

] ( ) 0f d = �*5ü¯ ò9ÙR�:5^3� 

 

2

0

2

0

1

2

( 1)

4

2( 1)

( 1)

4

2( 1)

K Fd

F F

K

K

K Fd

F F

K

K

d

d

 ++ +




+




+
 − +


 +
=



=�

�

 (16) 

6��

0

2( )F M d= − %ríqrs_`
����

� � � ß a � v w 0F� Ü 0d�

 [8]

� *

2 1

0d d

� �

� � %  

( )f d ¨©äíS� d �¯êÓbc`�de

��6��í 0�@:�

2 1

dd d

� �

� � �n 0d� �

*qrs`��*�êë� 

 

2

0

( 1)

4

0

2( 1)

K Fd

F F

K

d

K

++ +

+
� �  (17) 

4  ��������	
 

4.1  ���� 

rí���������`�Í®\G�fg

Æh��ÔÕiã

[7,12,13]

�Ajd'(�����

���k%��[13]��MIMO�����®
¯

°lm�n� IA³Nto� AM-IAu�½³Nvp

{:Çã=�âc CSI np�ïqär%â��

AM-IA ³Nst�5�'( MIMO GH��Å;

}~�8����M¯uv��wN AM-IA ³N

�«ý�1��7xà8���?ä���xy


¯¡k�öR����Éý 

 

2

H

1 1,

2

H

0 0 0 0

1

2

H

0 0 0 0

1

K K

kl l k k kl l

F

k l l k

K

l l l l

F

k

K

k k k k

F

l

Q

= = ≠

=

=

= − +

− +

−

∑ ∑

∑

∑

H V C C H V

H V C C H V

H V C C H V

 

(18)

 

6��

F

¨©:÷øùªô

k k

⊥=C U ¨©

k

U 	l

yS�����WS�%½Éý�7+z���×S

�Ê4�4%x���WS�>�÷ø{|�}Ù

UÆ~oòó>��
RRs%Ê��[13]���2

�����Éý�Å�3t18uöR�è
V°�Å

�Ñ����6�+ 10¨�
9������+ 2

0¨�
9���8������+ 30¨�
8�

��9�����% 

�7�n�öR��Éý*]V*�c��

V����×�Y�6���4�4%x�Å¯�

���WS�`%��¯����x

k

V �

k

C Tr

¯Pý�	lõ���*'(MIMO���D�ö

R����#$*~o� 

 

H

H

      min   { , }

 ( 0,1,2, , )

s.t 

 ( 0,1,2, , )

l k

l l

k k

Q

l K

k K

 = =




= =




V C

V V I

C C I

�

�

 (19) 

`o#$z{Å;\��PS��* ñlm

±²�stà]:A% 

1) ���9���%&'÷ø

l

V U

0

V �*#

$��� 

2

H

1 1,

2

H

0 0 0 0

1

2 2

H H

0 0

1 1,

2 2

H H

0 0

1,

min

max  ( )

max  ,

H

k k

H

k k

H

k k

K K

kl l k k kl l

F

I

k l l k

K

k k k k

F

k

K K

k k kl l k k k

F F

I

k l l k

K

k k kl l k k k

F F

I

l l k

a

k

= = = ≠

=

= = = ≠

= = ≠

− +

− +

⇔ +

⇔ + ∀

∑ ∑

∑

∑ ∑

∑

C C

C C

C C

H V C C H V

H V C C H V

C C H V C C H V

C C H V C C H V

 

H H H H H

0 0 0 0

1,

max ,

H

k k

K

k kl l l kl k k k

I

l l k

trace k

= = ≠

 

 

 ⇔ + ∀
 

 

 

 

 

∑

C C

C H VV H H VV H C

 

6�� ( )trace A ¨©÷øA���a����ª�*

9�� k4���WS�

k

C r3(20)­® 

2015206-4 



� 8� ������	
��
���MIMO����������� �157� 

 

 

� �

� �

H H H H

0 0 0 0

1,

arg max

,

H

k k

k

I

K

H

k k

kl l l kl k k

l l k

trace

k

=

= ≠

=

 

 

 + ∀
 

 

 

 

 

∑

C C

C

C H VV H H V V H C

 

  (20) 

r Rayleigh-Ritz �è

[14]

*(�3(20)B¯¡ï

2µ��#$��\

k

C Br

k

C

Q �

k k

N d− ¡��µ

�����µ�c����% 

 ( )H H H H

0 0 0 0

1,

K

k

kl l l kl k k

l l k= ≠

= +
∑

C

Q H VV H H V V H  (21) 

Åè��\

0

C r

H H

1

K

kl l l kl

l=∑

H VV H �

0

N d− ¡

��µ�����µ�c���% 

2) ���9�����WS�÷ø

k

C U

0

C �

e�¦ý kU l��£��*� 

 

2

H

1 1,

2

H

0 0 0 0

1

H H H

1,

H H

0 0 0 0

min

min  trace{ ( ( )

( ) ) } ,

H

l l

H

l l

K K

kl l k k kl l

F

l k k l

K

l l l l

F

l

K

l kl k k kl

k k l

l l l

a

l

= = = ≠

=

= = ≠

− +

− +

⇔ − +

− ∀

∑ ∑

∑

∑

V V I

V V I

H V C C H V

H V C C H V

V H I C C H

H I C C H V

 

*9�� l�j�1%&'

l

V r

l

V

Q �

l

d ¡�nµ

�����µ�c���% 

H H H H

0 0 0 0

1,

( ) ( )

K

l

kl k k kl l l

k k l= ≠

 = − + −
 

∑

V

Q H I C C H H I C C H  

  (22) 

Å è � 8 � � � j � 1 % & '

0

V r

H H

0 0

1

( )

K

k k k k

k=
−

∑

H I C C H �

0

d ¡�nµ�����

µ�c���% 

E`�o�ËÌöR����tCJIA, coop-

erative joint interference alignmentu³N�õâ³N

XR��³N 1�©% 

�� 1  CJIA³NXR 

step1  ���%x¥89��j�1%&'÷

ø

1 2

(0) [ , , , ], 0,1, ,

k

l d

e e e l K= =V � � ô 

step2  r3t21u:A89��4�4���

WS� ( ), 0,1, ,

k

n k K=C � U

0

( )nC ô 

step3  r3t22u:A89��j�%&'÷

ø ( ), 0,1, ,

l

n l K=V � U

0

( )nV ô 

step4  r3t23uy³®�������ËÙ

u÷ø ( ), 0,1, ,

k

n k K=Q � �� ( )

k k

trace Γ<φ � k∀

T�À�

max

n N> �*³N»1ô�*�� step2% 

6�

i

e ¨©F��c�� n¨©+ n9±²�

max

N �%x���±²9ª�

k

Γ �%x����

��ríð

2

k k

Γ σ<< t-.Ùuu;�?�í-.

n��r����KL�8t�9u������

*]89

[4]

�vwâ�x¥

2

0.001

k k

Γ σ= %�x�

� l�j��f�

l

p �*+ k¡�����ËÙu

÷ø ( )

k

nφ �y³�¦ 

 

H H

1,

( ) ( ) ( )

K

k l kl l l kl

l l k

n p n n

= ≠

=
∑

φ H V V H  (23) 

4.2  ������� 

�	 3�

��

��

��

�ð��¯P��H{�êë� DoF:

¤ÙÚ�6 sum-DoF�� DoF`�;�e� CJIA

³N*]��½:¤ÙÚ?��%&'÷ø

*

l

V U

�¤()÷ø

*

k

C �ÜÊ������x¥�ä% 


�  åæ��í6B­���� (0) ( 0,

l

l =V  

1, , )K� �:é³N�����% 

�í+n9±²�ð����9���%&'÷

ø ( )

l

nV ;�rí ( 1)

k

n +C B3(19)ñ�n�;���

��S�÷ø�* { ( ), ( 1)}

l k

Q n n +V C � { ( ),

l

Q nV  

( )}

k

nC ôÅè�ð�� ( 1)

k

n +C ;� ( 1)

l

n +V B3(19)

ñ�n�;���%&'÷ø�* { ( 1),

l

Q n +V  

( 1)} { ( ), ( 1)}

k l k

n Q n n+ +C V C� %vw� { ( 1),

l

Q n +V  

( 1)} { ( ), ( )}

k l k

n Q n n+C V C� ��«ý�ª� { ( ),

l

Q nV  

( )}

k

nC �±²9ªBFY¦ �%w� { ( ),

l

Q nV  

( )}

k

nC ¨©�����S�
Rs�6ñ�>¡��

ª� { ( ), ( )}

l k

Q n nV C �F¦�%vw�³NHm��% 

m¬�¢m³N���A*����£@�\

��vwz{N¯Þ:é³N�Ã£����ð�

�qrs`�H{�êë;�w;r3(3)�1êë

�����ÙRP�A�� CJIA ³N���\�

* *

,

l k

V C h«ý�ª { , }

l k

Q V C ��¤n�ôrí

{ , }

l k

Q V C B*¥�ª�6¤�ãH�B¦ã���

ª�¤�ã�§K� 0 �vw�3(24)U3(25)�À 

H * H H * H *

0 0 0 0

1,

{ , }

2 ( ) ( ) 0, 

l k

l

K

kl k k kl l l l

k k l

Q

V

= ≠

∂
∂

 

= − + − =
 

 

∑

V C

V

H I C C H H I C C H

   

1, ,l K= �   (24) 

H * *H *

0 0 0

1

0

{ , }

2 ( ) 0

K

l k

k k k k

k

Q

V

=

∂
 = − =
 ∂
 

∑

V C

H I C C H

V

 (25) 

2015206-5 



�158� �  �  �  � � 36� 

 

�6²53t18u�

* *

{ , } 0

l k

Q =V C ��½:¤

ÙÚB*ZÙÚ�

*

l

V �

*

k

C :¾�ÙÚ+,���

%&'÷øU�¤()÷ø% 

5  ������� 

�ºP��*�qrs`��Rè�U	


��,NZy³1¸¹%�� ��£¢�¤¥�

�
Ù�:éÜ��¯���6B­�����j

¢�ª��¨x 10

k k

M N= = %���ç� Kê9

��©��§ê©� �

k

d ¡WXô}~Å¯;ú

Å¯�ª`��¯�8��45�6�j¢�ªT

�10� �

0

d ¡WX&[ªü% 


 2­®
ð4��-[� 10 dB�9��ª

3K = �j��×:¾ � BPSK�QPSKY�;�

â���CJIA³NU��[9]�� ICIA³N���

���[«�%ð����qrs sum-DoFÛ¬7

��[9]�`�;�CJIA³NU ICIA³NÄ���

�����t�
 2(a)U
 2(b)�©u�6���f

T�­±²9ª�ßàn®¯¦ ��°pMatlab

¸¹±ë�.²s���n°³¦ ôð sum-DoF

¬7��[9]�`��AÛ¬7â��è 1�`�;

t�
 2(c)U
 2(d)�©u�ICIA ³N�N�.´

����������	
Ü�µ� 3.7

2

k

σ ¶·t6

�

2

k

σ ��� k¸-.Ùuu�� ICIA³N�.%n

w;â� CJIA ³N���f¹��­±²9ª�

ßàn®¯¦ �Ü�±²9ª� 300;����

f��

4

10

−
ª�º]¦���

2

k k

Γ σ<< ��*]8

9v�����D������Jì
 CJIA ³N

��.�%w���Å�Y�Ù32»¼³N��

�®½�Aõâ�»¼³N�°���²s%�


Ù�:é�¬¾¸¹�j��×T �QPSKY�% 

�
Ù�s�¿À��]d�*�qrsà

]:é��2��vWS�

[9] 

 

1

1

( )

tr{ }

i

d

K

i k

i

k

k

λ
=

=

= ∑

∑

Q

I

Q

 (26) 

        

(a)

0

2, 3 (BPSK)

k

d d= =                                     (b) 

0

2, 3 (QPSK)

k

d d= =  

        

(c)

0

2, 4 (BPSK)

k

d d= =                                       (d) 

0

2, 4 (QPSK)

k

d d= =  

� 2  �������	
��
� 

2015206-6 



� 8� ��������������MIMO��� !"#$%&' (159( 

 

6�� ( )

i k

λ Q ¨©

k

Q �+ i�µ��%��vWS

�¨©
���4��×S����[K�ð6�

0 ;�Jì½����ÙÚ*+,����*]ñ

���� DoF�% 


 3­®
�Å��¤¥¦�*�qrs:é�6

�
 3(a)U
 3(b):¾��í

0

/ 2d M< U

0

/ 2d M>  

 

(a)

0

2, 4K d= =  

 

(b)

0

2, 6K d= =  

 

(c) 

0

3, 4K d= =  

� 3  )*+,-./01!"#23 

����w;â� CJIA ³Nð sum-DoF :¾*�

10

2

KM = �

0

( ) 8K M d− = �Ê�è 1�Pì�`�

»¼¯L�{-í ICIA³N sum-DoF�

0

( )

2

K M d−
ô

mn��­��ª�ßà��
 3(c)�©�sum-DoF

����è 1�qrs`��MBríÙRP�*A

�����í CJIA³Nð sum-DoF��13��vW

�í 0���>�����Ü�N89ôn��³N�

sum-DoF�� 10;h®,����% 


 4­®
��Å���¢�ª��¦�â�

CJIA³NU�� ICIA³N*�DoF�y³1¸¹

»Á�YÊ�è 1Â4y³���è¼`�NZ�

[%+º»ÁN¯ÞºP

 3���»¼�CJIA

³N*�� sum-DoF{-í ICIA³N�ÜÊ�è

1�Pì�`�»¼¯L% 

 

� 4  ��MIMO+,01 DoF23(

0

2, 3k d= = ) 


 5 ­®
�

0

4, 2k d= = ;'(�����

����%�7¸¹*(��78����Ê�CJIA 

 

� 5  ��MIMO��� 4523 

2015206-7 



(160( 6  7  8  9 � 36: 

 

³N�9�����ìa-í ICIA ³N�ABz

{8��ÃÄ¯�������mnM@:��?

�í������ n�Ån�vwB���% 

6  ��� 

â��� 1K + ��'( MIMO ������

7��8����S���K
k�*�qrs`

�d6H{êë�6»¼{ìa-í��[9]�qr

s`�%Å;��®
¯°ËÌöR����³N

ÆºP³N�Rè�U�.�%¸¹»Á¨ì�k

�qrs`�ÍÎ
��[9]�­`��Ü*�7�

� CJIA ³N��%AB�z{8���Ê�Y]

k�8�����ÃÄ�²ÆFñ
����Z

�������Çs�-% 

����� 

[1] JUNG B C, SHIN W Y. Opportunistic interference alignment for 

interference limited cellular TDD uplink[J]. IEEE Communication 

Letters, 2011, 15(2): 148-150. 

[2] ABDELHAMID B, ELSABROUTY M, ALGHONIEMY M, et al. 

Cooperative and non-cooperative multi-secondary users cognitive ra-

dio system with channel uncertainty[A]. 2012 IEEE 23rd International 

Symposium on Personal Indoor and Mobile Radio Communications 

(PIMRC)[C]. Sydney, 2012. 1582-1587. 

[3] HAYKIN S. Cognitive radio: brain-empowered wireless communica-

tions[J]. IEEE Journal of Selected Areas on Communications, 2005, 

23(2):201-202. 

[4] ZHANG R, LIANG Y C. Exploiting multi-antennas for opportunistic 

spectrum sharing in cognitive radio networks[J]. IEEE Journal of Se-

lected Topics in Signal Processing, 2008, 2(1): 88-102. 

[5] ;<, =>?, @A. ��B�C� ��D2E��FGHIJ

K[J]. CLM7N89, 2011, 33(5): 1172-1177. 

LI Z, ZHAO L J, LIU Q. Space division multiplexing based opportun-

istic spectrum access in cognitive radio network[J]. Journal of Elec-

tronics & Information Technology, 2011, 33(5): 1172-1177.  

[6] PERLAZA S M, FAWAZ N, LASAULCE S, et al. From spectrum 

pooling to space pooling: opportunistic interference alignment in 

MIMO cognitive networks[J]. IEEE Transaction on Signal Processing, 

2010, 58(7):3728-3741. 

[7] OP, QRS. ��B�C� T��UV!WX���YZ[

F\]^[J]. 6789, 2014, 35(4): 25-34. 

DONG H, SONG R F. Investigation of traffic adaptation based inter-

ference alignment for cognitive radio networks[J]. Journal on Com-

munication, 2014, 35(4): 25-34. 

[8] CADAMBE V R, JAFAR S A. Interference alignment and degrees of 

freedom of the K-user interference channel[J]. IEEE Transactions on 

Information Theory, 2008, 54(8): 3425-3441. 

[9] AMIR M, EL-KEYI A, NAFIE M. Constrained interference alignment 

and the spatial degrees of freedom of MIMO cognitive networks[J]. 

IEEE Transactions on Information Theory, 2011, 57(5): 2994-3004. 

[10] CHEN G, XIANG Z, XU C, et al. On Degrees of freedom of 

cognitive networks with user cooperation[J]. Wireless Communica-

tions Letters, IEEE, 2012, 1(6): 617-620. 

[11] JAFAR S A, FAKHEREDDIN M J. Degrees of freedom for the MIMO 

interference channel[J]. IEEE Transactions on Information Theory, 

2007, 53(7): 2637-2642. 

[12] GOMADAM K, CADAMBE V R, JAFAR S A. A distributed numeri-

cal approach to interference alignment and applications to wireless in-

terference networks[J]. IEEE Transactions on Information Theory, 

2011, 57(6): 3309-3322 

[13] PETERS S W, HEATH R W. Interference alignment via alternating 

minimization[A]. IEEE International Conference on Acoustics, Speech 

and Signal Processing[C]. Taipei, 2009. 2445-2448. 

[14] _`1 . ab23MX� [M]. cd�efg8hij , 2004. 

528-548. 

ZHANG X D. Matrix Analysis and Applications[M]. Beijing: 

Tsinghua Press, 2004.528-548. 

 

����� 

 

 

 

 

 

 

 

����1987-��������	�


��
��������������

��MIMO���
 !"��#$%&

' ()*+,-./012 

	
��1984-��3�4567	�

���
��
�����89���

����� MIMO 
:;<+��=>

?@2 

�
�1984-����ABCD	�


��
�������� E<��9�

�������FG�
HI2 

����1961-����JKLM	�


��
�����NO ���P9��

���������
+QR
�012 

2015206-8 


