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Cooperative spectrum sensing detector  
based on generalized eigenvalue 

JIN Ming1, LI You-ming1, GAO Yang2 
(1. College of Information Science and Engineering, Ningbo University, Ningbo 315211, China; 

2. State Key Lab of Integrated Service Networks, Xidian University, Xi’an 710071, China) 

Abstract: The available eigenvalue based cooperative spectrum sensing detectors require that the primary signals among 

sensing nodes were correlated. A maximum generalized eigenvalue based cooperative spectrum sensing detector was 

proposed. The proposed detector exploited the received signals from the previous sensing durations without primary user. 

The maximum generalized eigenvalue between the sample covariance matrices from current and previous sensing dura-

tions was taken as test-statistic to implement spectrum sensing. No prior knowledge of primary signal and noise power 

was needed in the proposed detector. The proposed detector still has high detection performance while the primary signals 

among sensing nodes are uncorrelated, although the available eigenvalue based detectors fail. Finally, the validity of the 

detector is proved by simulations. 
Key words: cognitive radio; cooperative spectrum sensing; sample covariance matrix; generalized eigenvalue 

 

1  �� 

��������	
���������

������	������������ !"

���#$%&'��� ($	��)*+,-

./��012345%645789:;<=>

?@9:ABCD<=�E�FG6�EHIJK

LM%N&'OPQ	��� RST0U>%V

�����2011-07-21y�����2012-08-30 
�����z{|m}�	~����(60772126, 61071119)y���|m}�	~����(Y1110657, Y1091155)y���
|m}�	~	~����(2011A610184)y���������	~����(2010R50009)y���}�����	~�
���(2011B81002) 
Foundation Items: The National Natural Science Foundation of China (60772126, 61071119); The Natural Science Foundation of 
Zhejiang Province(Y1110657, Y1091155); The Natural Science Foundation of Ningbo Municipality (2011A610184); The Scientific 
and Technological Innovations Teams Project of Zhejiang Province (2010R50009); The Scientific and Technological Innovations 
Teams Project of Ningbo (2011B81002) 

doi:10.3969/j.issn.1000-436x.2013.01.012 



�106� �  �  �  � � 34 � 

 

WXY��Z[\]FCC, Federal Communications 

Commission^��_`9�a	bcde�f�g

23hi01	<=�E�jk	lmEnjk	

o3pqr	G>g� 15%~85%+m�Ns�E

Ph0lmrRSt>�uv,sw-Sh0t

>���	U>xyzj{|

[1]
%}~��($�

L�j-fI�3��� 	j�����-fI

�v	./��012345����U>g�

&'	%*��Mitola����	��r��O�

����	��

[2]
% 

�O��;<=>?�<=>?������

���

[3~7]
-��������	� ¡¢+,%

£v	����A¤��}@0�¥1¦§¨©

ª

[8,9]
n«Q©ª(ED, energy detection)[10]

n¬®

¯©ª

[8]
n°I±A²®¯³©ª

[11,12]
´A¤%¥

1¦§¨©ªA¤«µ¶"·¸	¹«�º-6A

¤»�<=>?�¼	½¾�¿%fIÀÁ�Â�

¼	��-£�	�*�}@Ã>¥1¦§©ª%

º-ÄÅÆÇ�����È>I���E�ÉfI

�¤Ê½�Ë���¼G"¥1¦§¨©ªA¤

�¤G>%«Q©ªA¤ÌvÍ�ÎÏ	ÐÑ�º

-6A¤»��ËÒÓÔg��ÒÓjÕ/¹Ö

�%¬®¯©ªA¤×Ø-«µ¶"ÙÚ¹«	

Û©ªA¤�º-�ÜA¤	ÝÞQÙP%�Oß

àáâ	ãä�Zeng´��O°I±A²®¯³	

����A¤

[11,12]
%åæ�°I±A²®¯³	�

���çèéP®¯³©ªA¤(MED, maximum 

eigenvalue detection)[12]
néPéê®¯³©ªA¤

(MMED, maximum minimum eigenvalue detection)[11]

´%Ns°I®¯³	©ªA¤ë�,ìík	ã

ä�Fî��>?ï��ðÑCñò	<=>?�

¼+míó¹ô�l��©ª¹«õö÷ô%î�

�>?ï��ðÑCñò	<=>?�¼+mj

íól�Ns°I®¯³	©ªA¤øùúû% 

ü�@áãä�ý���,þ°IéP��®

¯³	������A¤(MGED, maximum gener-

alized eigenvalue detection)%��A¤��U>�ª

�Ë�jë�<=>?�¼	�	��
�	Ã

�±A²��î���
�	Ã�±A²��

ÝÞéP��®¯³��&©¾�ÝQ�Ø���

�Ù©¾�ÝQ³���i�	Pê���î�

��
��v�<=>?�¼���Í����

�%�£v°I®¯³	����A¤jk�î�

�>?ï��ðÑá	<=>?�¼íó¹Ù�

�åjíól����	A¤�ØÌvÙ�	��

¹«%é��À³��¾�O��A¤	vû¹% 

2  ���� 

 !��>?ÌvM ì��ðÑ��ª�Ë�

" iì��ðÑ�î���
�Cñò	�¼d#� 

0

1

( ), H
( ) ,  1,  ,  ,  1,  ,  

( ) ( ), H
i

i
i i

n k
x k i M k K

s k n k



= = =
 +


� �  

  (1) 

��� 0H d#�ª�Ë���ðÑCñ�¼�jë

�<=>?�¼	 !$ 1H d#�ª�Ë���ð

ÑCñ�¼�ë�<=>?�¼	 !% ( )ix k d#

" iì��ðÑ�" kìl%Cñò	�¼$ ( )is k

� ( )in k 0&d#" iì��ðÑ�" kìl%Cñ

ò	<=>?�¼�ÒÓ% !ÒÓ ( )in k -'(k

0)	n*³� 0nA²� 2
nσ 	�+,ÒÓ� ( )is k

à�*³� 0nA²� 2
sσ 	{-�+0)% 

ÇM ì��ðÑÃ.	�¼/'0Q1BÄ÷ 

 [ ]T

1( ) ( ),  ,  ( )Mk x k x k=x �  (2) 

���á2

T( )⋅ d#345�%k3}" 

 [ ]T

1( ) ( ),  ,  ( )Mk s k s k=s �  (3) 

 [ ]T

1( ) ( ),  ,  ( )Mk n k n k=n �  (4) 

 !<=>?�¼ ( )ks �ÒÓ ( )kn 6jíó�É 

 T
0 0| H E ( ) ( ) | Hk k =

 

xR x x  

          T 2E ( ) ( ) n Mk k σ = =
 

n n I  (5) 

 T
1 1| H E ( ) ( ) | Hk k =

 

xR x x  

      T TE ( ) ( ) E ( ) ( )k k k k   = +
   

s s n n  

2
n Mσ= +sR I  (6) 

��� MI d#7À�M 	Ï8�� sR d#<=

>?�¼	±A²�% !í9��ðÑá	<

=>?�¼íó�À� ρ�íó�À���ðÑ	
:;n<=>?�¼	<=>?Q@@A§§´

*Bvó�óIíó�À ρ	CDEâ}@FG�
H[19]%ÄÅï��ðÑ´m:	I'J��K�

É sR 	"mLn" nK	MB� 2 | |
s

m nσ ρ − [19]
%f�

H[19]}��î��ðÑ+m	:;�µPl�ρN
;Oê]PQ�<MBá

2 0 2
s s=σ ρ σ �̂��G" sR



� 1 � ������	
����������� �107� 

 

R0�<��SF xR R0�<�% 

TU�	®¯³3�

[13,14,16]
}��î��C

V�<�]SW-;�<MBí�I�<MB�

ê �̂�®¯³0)o�.�$X+�î�	;�

<MBí�I�<MB�P��®¯³�0Y% 

£v	°I®¯³	����A¤]Ä

MMEDnMED^	� ZÆ-���Ù xR 	éP

®¯³�éê®¯³][ÒÓÔg^	²&�©ª

<=>?�¼%îï��ðÑ	<=>?�¼íó

¹ÙPl�Cñ�¼	±A²� xR 	;�<MB

í�I�<MBÙP��l±A²�	®¯³0

)�Ù0Y�ÉéP®¯³�éê®¯³	²&\

ÙP���©ª¹«Ù�%î<=>?�¼íó¹

ô�l� xR CV�<���l®¯³0)!".

��ÉéP®¯³�éê®¯³	²&\\ê��

�G©ª¹«÷ô%îï��ðÑáCñ	<=>

?�¼6jíól� sR 	;��<MBù� 0�F 

 2
s Mσ=sR I  (7) 

�l xR 	éP®¯³�éê®¯³í´�F<

=>?�¼±A²��ÒÓ±A²�Ìví

]	®¯�É£v	°I®¯³	����A¤W

\úû% 

ü�Nìãä�ý���,þU>jë�<=

>?	�	��
��	�¼�Í�����% 

!�	jë�<=>?	��
�	�¼�]6�

¼S}@��ó^��!_Cñ`��a���Ã

.��!_	ÒÓ�¶"^ 

 [ ]T

1( ) ( ) ( ),  ,  ( )Ml l w l w l= =y w �  (8) 

��� ( )iw l � 1,  , i M= � � 1,  ,  l L= � d#�	j

ë�<=>?	��
��Ã.	ÒÓ�¼%fI

î ( )kx � ( )ly �H	��
�íîbV	xy÷�

«µc� ( )kx � ( )ly �	ÒÓÔg,�%�@ !

ÒÓ ( )iw l -'(k0)	*³� 0nA²�
2 2
w nσ σ= 	�+,ÒÓ% 

�de MGED ������Þ¤+��½Î

�de,÷Ä:Ã.jë�<=>?	ÒÓ%î�

�>?!_fg4l��lfIj�Ë�`�hD

	Ã.�¼�viv<=>?�¼�Éw«Ã>ó

^�a`�hLÒÓÃ�	A¤$j�,Elm

��ÄÅvkì��
�jë�<=>?�¼�É

}@Ã>Ns��
�	Ã��¼��ÒÓÃ�%

GlòÍm����fI��lm	no�!_	

p=´FÀ\qrs!�N\G"ÒÓ	LMt�

qrs!��@�î���
�hL����l�

uQÃ>éV	kì�<=>?�¼	��
�

�¼�vwÒÓÃ�% 

C÷�x�ý���	U>B(2)�B(8)�	

�¼hL������	A¤% 

3  MGED ��������	
��� 

3.1  MGED ������� 
�I ( )ly � 1,  ,  l L= � � ( )kx � 1,  ,  k K= � �

( )ly �wvÒÓ�� ( )kx �v}«wvÒÓ�Sv

}«�ÒÓ+yë�<=>?�¼%fI ( )ly �

( )kx �	ÒÓÔgí´��@,þJC	Æ¤-�

Ùz{	Ôg�Õ/ ( )kx �-|ë�<=>?�

¼�F 

1

0

T H

1
1 1

T
H

1

1
trace( ( ) ( )) ˆtrace( )

    
ˆ1 trace( )trace( ( ) ( ))

K

k
L

l

k k
K

T
l l

L

λ=

=

>
= =

<

∑

∑

x

y

x x
R

Ry y
 (9) 

��� trace( )⋅ d#�	}� ˆ
xR � ˆ

yR 0&d#

( )kx � ( )ly 	Ã�±A²�� 1λ d#��i�%
B(9)~�	��A¤��� ZÆ-U>OÒÓÔ
gj!	)É%î ( )kx � ( )ly �H	��
�íî

bV	xy÷�«µc� ( )kx � ( )ly �	ÒÓÔg

,�% 
� 0H  !	xy÷ 

 
2
n

1 2
w

ˆ
1

ˆ
T = ≈σ

σ
 (10) 

���

2
nσ̂ � 2

wσ̂ 0&d# ( )kx � ( )ly 	�ÝÔg% 

�� 1H  !	xy÷ 

 
2
s

1 2
w

ˆ ˆtrace( )
ˆ ˆtrace( )

T
σ

σ
+

= =x

y

R

R
 

      
2
n

2
n

ˆ/ 1
ˆ/

σ
σ

+= 2
sˆ /σ≈ 2

nˆ 1σ +  (11) 

���

2
sσ̂ d#<=>?�¼	�ÝÔg%@á0�d

e�î���
�	�Ò��P�B(10)�B(11)�	

�ÝQ³	²&�P�h�«µ¶"�Ú	��¹«%

SW-����¼	�Ò�«µs���¹«% 

fIë��ì��ðÑ�f�K�¼H33�

[15]

}��}@���=�����Ò�%��«µ>

P 1T �jë�<=>?���ë�<=>?��

2
nσ̂

2
sσ̂

2
wσ̂



�108� �  �  �  � � 34 � 

 

÷	²&�h�«µ����¹«%°I@á	0

������B(9)�	©ªA¤��ý�	MGED

��A¤Ä÷ 

 

1

0

H
T

2 MGEDT

H

ˆ
max     

ˆ
T λ

  >
=  

  <
 

x

v
y

v R v

v R v
 (12) 

��� MGED λ d#MGEDÞ¤	��i��vd#

�=0Q%f�U�3�

[16]
}@"ò 

 
T

2 maxT

ˆ
max

ˆ
T λ

 

=   =
 

 

x

v
y

v R v

v R v
 (13) 

��� maxλ d#

ˆ
xR � ˆ

yR 	éP��®¯³�F�

� 1
ˆ

xR v max 1
ˆλ= yR v � 1v d#éP��®¯³�È	

��®¯0Q%Nr�fIw��	,ìéP��

®¯³�*�}@U>ÌvÙ�ÝÞ��=	�®

¯³ÝÞA¤]�Ä�¤

[16]
n�U��v¤

[20]
���

�=¤

[21]
´ �̂*���A¤ÌvÙ¸	Íl¹% 

TU@á0����~� MGED �����

�A¤	Ì���Ä÷]Nr !î���
�+

�9V	kì��
��vjë�<=>?�¼

	��
� %̂ 

�� 1  ÝÞî���
��¼	Ã�±A²

�

ˆ
xR % 

�� 2  ÝÞ�	jë�<=>?��
��

¼	Ã�±A²�

ˆ
yR % 

�� 3  ÝÞ ˆ
xR � ˆ

yR 	éP��®¯³ maxλ % 

�� 4  �Ù maxλ ���i� MGED λ �� maxλ >  

MGEDλ �É��î���
�ë�<=>?�¼$

|É��î���
�jë�<=>?�¼%��

i� MGED λ 	!/A¤�÷,êð~�% 

3.2  MGED ������	 

��
��������������c��

���g] fP ^	��i�	¶�åó �%¶�

��i�	A¤v 2þ%��,þA¤-Ã>�÷

ÝÞ4À³��¤�º-îÍm��	FÀ]�Ä

��ðÑÀnÃ�ÑÀ´^s!l�»� ¡hL

ÝÞ4À³����¡	��i�%fI�÷ÝÞ

4À³��A¤¶���i�	ÝÞQP�*�¶

������i�	3�d¢B]SW-"£þ�

�i�¶�A¤^åó �%ýêðU>�4�

3�n�MGED����A¤	��i�d¢B% 

� 0H  !��÷� ( )kx jë�<=>?�¼�É

1
( )k

K
x à�¤*³nA²�

2
n

MK

σ
I 	M 7�+0

)%*���4�

T

1

1 1ˆ ( ) ( )
K

k

k k
K K=

  =
  

  

∑xR x x

à�Ä÷	M 7Wishart0)[18]
�F 

 
2
nˆ ,M MW K

K

σ 

 

 

xR I∼  (14) 

��� ( ),MW ⋅ ⋅ d#7À�M 	Wishart0)% 

k3�

ˆ
yR Sà�Wishart0)�v 

 
2 2
w nˆ , ,M M M MW L W L

L L

σ σ   

=
   

  

yR I I∼  (15) 

¥U Johnstone ��

[17]
���

ˆ
xR � ˆ

yR 	éP�

�®¯³ maxλ ��Ä÷	0)  

 
max

1

lb
K

L
  −
 

 

∼

λ µ

σ
TW  (16) 

��� 1TW d# Tracy-Widom " 10)���� 

 2lb tan
2

+
 =
 

 

ϕ γµ  (17) 

( ) ( ) ( ) ( )

1/ 3

2 2

16

1 sin sin sinK L
σ

ϕ γ ϕ γ

 

 =
 + − +
 

 (18) 

 2 0.5
sin

2 1

M

K L

γ −
  =
  + −
 

 (19) 

 2 0.5
sin

2 1

L

K L

ϕ −
  =
  + −
 

 (20) 

��ÎÏ	n��B(17)�B(18)�	 µ�σ }
@Eâ' 

 ( )12lb z=µ  (21) 

 
( )

1/ 3

2

2 3

16

3 1K z z
σ

 

 =
 −
 

 (22) 

��� 

( )( ) ( )( )
( )( ) ( )( )1

0.5 3 0.5 0.5 2 0.5

3 0.5 2 0.5 0.5 0.5

K K M M K
z

K M K K M

− − − + − −
=

− − − − − −
  (23) 

 
2

1
2 2

1

4
1

z
z

z

 

=
 +
 

 (24) 



� 1 � ������	
����������� �109� 

 

( )( )( )( )
( )3 2

3 0.5 2 0.5 0.5 0.5
4

3 1

K M K K M
z

K

− − − − −
=

−
  (25) 

�~/���g fP 	xy÷�É��i�	d

¢BÄ÷ 

 ( )1
1 f1

MGED 2 F PL

K
µ σλ

−+ −=  (26) 

��� 1 ( )F ⋅ d# Tracy-Widom " 1 0)	¦§0

)¨À�

1
1 ( )F − ⋅ � 1 ( )F ⋅ 	X¨À%fB(26)}��

�i��ÒÓÔg�ó��@6A¤�ÒÓjÕ/

¹-©% 

�k�	FÀ!4÷�MMEDÞ¤	��i�

�

[11] 

( )
( )

( )
( )

( )
2 2/3

1
MMED 1 f2 1/ 6

1 1
K M K M

F P
KMK M

λ

−

−

 − +
 = + −
 

 +
 

 

  (27) 

4  ������� 

ýðÃ> 2 000ª«®¬����ÙMGEG

Þ¤nMMEDÞ¤� EDÞ¤	��¹«% !�

�ðÑÀ� 4M = %jú,®¹�Nr ! 4ì�

�ðÑ´m:oI'J��K% 

¯½0���ðÑCñ	<=>?�¼+m

Ìvjk	íó¹l�3 þÞ¤	 ROC(receiver 

operating characteristics)¹«°��F©ª�g��

��g!±	ó�°�%��FÀ!4�Ò��

5− dBnÃ�ÑÀ 100K = %���MGEDÞ¤Ã>

	�	jë�<=>?��
�	Ã�ÑÀ�

200L = ]F»� 2ìjë�<=>?	��
� %̂

² 1�#� 3þÞ¤	 ROC¹«°�%ED-0dBn

ED-1dB � ED-2dB 0&d#ÒÓjÕ/¹� 0dB

]FivÒÓjÕ/¹ n̂1dB � 2dB 	«Q©ª
¤	 ROC °�� ρd#í9��ðÑ+m<=>
?�¼	íó�À%f² 1}@"ò���ðÑm

<=>?�¼	íó¹�«Q©ª¤iv³´��

ÒÓjÕ/¹�«Q©ª¤vÙP	³´%Glò

Ím�ÒÓjÕ/¹µ-ë�	��@Ím�«Q

©ª¤�¤¢ò°� ED-0dB�#	¹«%¶y�

²�}@"ò���ðÑm<=>?�¼íó¹	

÷ô�� MMED A¤vÙP	³´%Ø��FG

��ðÑm<=>?�¼jíó�ý�	 MGED

A¤�ØÌvÙ�	©ª¹«%¶y���ï��

ðÑ<=>?�¼íó¹	���MGEDA¤	�

�¹«h,���%N-fIî<=>?�¼íó

l����U�	A¤h,���O©¾�ÝQ	

�Ò�%÷�s! MGED Þ¤Ã>	�	�<=

>?��
�	Ã�ÑÀ� L=100�����FÀ

c�j!�3þÞ¤	 ROC¹«°�Ä² 2�#�

}@"��² 1ík	·�% 

 
� 1  ������ 3 �	
� ROC ��L=200 

 
� 2  ������ 3 �	
� ROC ��L=100 

² 3 �² 4 0&d# 200L = � 100L = xy

÷�ï��ðÑ+m<=>?�¼Ìvjkíó

¹l 3 þA¤©ª�g��Ò�!±	°�%f

² 3 �² 4 }@¸��jë�ÒÓjÕ/¹l�3

þ©ªA¤� EDÞ¤ÌvéÚ¹«�MGEDA¤

ª+�MMEDA¤é²%Ø�îë�ÒÓjÕ/¹

l�ED A¤	��¹«õö÷ô%îë�ÒÓj

Õ/¹¹��ðÑm<=>?�¼ÌvÙ�	í



�110� �  �  �  � � 34 � 

 

ó¹l�MGEDA¤¹«éÚ�MMEDA¤ª+%

Ø�f² 4}@¸ò�î��ðÑm<=>?�¼

jíól�MMED A¤Wúû�SW-� MMED

����ðÑm<=>?�¼Ìvíó¹% 

 
� 3  �������������������L=200 

 
� 4  �������������������L=100 

�@á	À³��}@"��ý���	

MGED©ªA¤�ÒÓjÕ/¹-©�¹���ð

Ñm<=>?�¼	íó¹iv��% 

5  ��� 

U>�	�<=>?��
��î���


�	Ã�±A²�	éP��®¯³�@éP�

�®¯³��©¾�ÝQ�ý���O,þ¡	�

�����A¤%Ø�U>�4�3�~�O�

�i�	^Bd¢B%f��i�	d¢B}@�

Ë��A¤�ÒÓjÕ/¹-©%é���·Åd

e�FG���ðÑm<=>?�¼jíól��

�A¤�ØÌvÙ�	��¹«% 

����� 

[1] FCC. Spectrum Policy Task Force Report, E.D.N. 02-135[R]. Wash-

ington DC, 2002. 

[2] MITOLA J. Cognitive Radio: An Integrated Agent Architecture for 

Software Defined Radio[D]. Stockholm: Royal Institute Technology 

(KTH), 2000. 

[3] YOU C, KWON H, HEO J. Cooperative TV spectrum sensing in 

cognitive radio for Wi-Fi networks[J]. IEEE Transactions on Con-

sumer Electronics, 2011, 57(1): 62-67. 

[4] YIN S, CHEN D, ZHANG Q, et al. Prediction-based throughput 

optimization for dynamic spectrum access[J]. IEEE Transactions on 

Vehicular Technology, 2011, 60(3): 1284-1289. 

[5] CHEN Y, WANG C, ZHAO B. Performance comparison of fea-

ture-based detectors for spectrum sensing in the presence of primary 

user traffic[J]. IEEE Signal Processing Letters, 2011, 18(5): 291-294. 

[6] BOKHARAIEE S, NGUYEN H H, SHWEDYK E. Blind spectrum 

sensing for OFDM-based cognitive radio systems[J]. IEEE Transac-

tions on Vehicular Technology, 2011, 60(3):858-871. 

[7] LEE W, CHO D H. Enhanced spectrum sensing scheme in cognitive 

radio systems with MIMO antennae[J]. IEEE Transactions on Vehicu-

lar Technology, 2011, 60(3):1072-1085. 

[8] CABRIC D, MISHRA M, BRODERSEN R W. Implementation issues 

in spectrum sensing for cognitive radios[A]. Proceedings of 36th Asi-

lomar Conference on Signals, Systems and Computers[C]. California, 

USA, 2004.772-776. 

[9] SAHAI A, HOVEN N, TANDRA R. Some fundamental limits on 

cognitive radio[A].  Proceedings of 42nd Allerton Conference on 

Communication, Control and Computing[C]. Chicago, USA, 2004. 

[10] YUCEK T, ARSLAN H. A survey of spectrum sensing algorithms for 

cognitive radio applications[J]. IEEE Communications Surveys & Tu-

torials, 2009, 11(1): 116-130. 

[11] ZENG Y, LIANG Y C. Covariance based signal detections for cogni-

tive radio[J]. IEEE Trans Commun, 2009, 57(6):1784-1793. 

[12] ZENG Y, KOH C L, LIANG Y C. Maximum eigenvalue detection: theory 

and application[A]. Proc IEEE ICC[C].Beijing, China, 2008. 4160-4164. 

[13] RAHMAN N A. A Course in Theoretical Statistics[M]. London: 

Charles Griffin and Company, 1968. 

[14] ROSENBERG L. Nonnormality of linear combination of normally 

Distributed Random Variables[J]. Am Math, 1965. 72(10):888-890. 

[15] HARRY L V T. Detection, Estimation, and Modulation Theory, Part IV, 

Optimum Array Processing[M]. New Jersey, Wiley, 2002. 

[16] GOLUB G H, Loan C F V. Matrix Computations[M]. London: the 

Johns Hopkins University Press, 1996. 

[17] JOHNSTONE I M. On the distribution of the largest eigenvalue in 

principal components analysis[J]. The Annals of Statistics. 2001, 

29(2):295-327. 

[18] SEBER G A F. A Matrix Handbook for Statisticians[M]. New Jersey: 

Wiley, 2008. 

[19] DURGIN G D, RAPPAPORT T S. Effects of multipath angular spread 

on the spatial cross-correlation of received voltage envelopes[A]. Pro-

ceedings of IEEE 49th Conference on Vehicular Technology[C]. 

Houston, USA, 1999.996-1000. 

���� 120 �� 


