
Ô n Æ � Acta Phys. Sin. Vol. 61, No. 18 (2012) 180101

???¿¿¿©©©888���ªªªõõõÑÑÑ\\\õõõÑÑÑÑÑÑÃÃÃ���ÏÏÏ&&&
XXXÚÚÚ���ÚÚÚOOO&&&���ïïï���*

°�† Ü�J

( H®e>�Æ>f�Æ�ó§Æ�, H® 210003 )

( 2011 c 11 � 4 FÂ�; 2012 c 3 � 5 FÂ�?Uv )

�é4z©8õÑ\õÑÑXÚ�DÚÚO�.�3XéØÓ4z��þ�õÇCz��ØÜn�¯K, J
Ñ�«õÇÝ
éÙ?1Å�; éæ^ØÓ©8�ª�õÑ\õÑÑXÚ&�ï���n?1©Û, JÑéõÇÝ

Ú�'Ý
?1EÜO���{, ïá
�«·^u?¿©8�ªõÑ\õÑÑXÚ�ÚO&��., T�.U

(��NÑÓ�É�ål©8Ú4z©8K��õÑ\õÑÑXÚ�ÚOA�.

'�c: õÑ\õÑÑXÚ, &��., �'5, ��4z�OÝ

PACS: 01.20.+x, 07.57.−c, 41.20.Jb

1 Ú ó

õÑ\õÑÑ (MIMO) XÚÏLõU�/¤
�õ�f&�?1�©E^, 3ØO\XÚ�°
ÚuxoõÇ��¹e�±��J,XÚ�ªÌ
|^ÇÚ&�Nþ, Ï
��
2��A^ [1−3].

MIMO U�©8�ªÌ��)ål©8!4z©
8Ú�Ý©8. DÚ MIMO XÚ��æ^ål©
8 [4,5] �ª, ù«©8�ª�U¼��p�XÚ5
U, �éU�måk�½��¦, ÏdI����
�m; æ^4z©8 [6,7] �U��±�:{�, Ï
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Ý
A^�·Ü©8�ª�XÚ¥.

Ó��¹ålÚ4zü«©8�ª� MIMO

&�ÚO�.�±÷v����(¹A^, �du
Ó��(�NÑÉål©8K���'XêÚÉ
4z©8K��õÇCzü�ÚOA�éÚO�
.5`��(J, ù�¡�'�ïÄó�¿Øõ.

©z [14] �,JÑ
�«Ó��¹ålÚ4zü
«©8�ª�ÚO MIMO &��., �vkU

·��NÑ4z©8é�'Xê�K�, �Ã{
�NÑål©8æ^��Ó4z��u)Cz�
�5�(J. �
�Öù
Øv, �©ÏL©Ûå
l©8ÚO�.Ú4z©8ÚO�.©O�[Ø
Ó MIMO XÚ&���n, |^�'Ý
 [15] Úõ
ÇÝ
?1EÜO�, ïá
�«U
A^u?¿

U�ê8Ú?¿©8�ª�Ï^ MIMO ÚO&�
�..

2 éDÚ4z©8 MIMO &��.�
U?

3DÂL§¥duÑ�N��^, &Ò�ÌÝ
Ú4z��Ñ¬u)UC, 2dØÓ4z����
ÂU�¤�Â, ù¬���34z©8� MIMO X
Ú��f&�þÑ�3ØÓ�õÇ. éÚO�.?
1ïÄ�, �±^��õÇÝ
5\±£ã.

�Ä��æ^R�ÚY²��4zU��;
. 2 × 2 4z©8 MIMO XÚ, Xã 1(a) ¤«.

Tx
Tx
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ã 1 ØÓ4z©8XÚ�U��� (a) üX4z©8XÚ; (b) üXål©8XÚ; (c) ålÚ4z�­©8XÚ

éuù���XÚ, �±^eª£ã&�Ý
:

H =

 hVV hVH

hHV hHH

 . (1)

3?Ø4z©8��ÿ, ��¦^ XPD 5£
ãux&Ò3DÂL§¥4z���UC§Ý, Ù
½Â�Úux&Ò�Ó4z��þ��ÂõÇ�
Ú�ux&Ò����4z��þ��ÂõÇ�
'. Y²4z��þ� XPD L�ª�

χH = var(hHH)/var(hVH), (2)


R�Y²4z��þ� XPD L�ª�

χV = var(hVV)/var(hHV), (3)

Ù¥ var(h) = E(hh∗) �Tf&��õÇ. ��5
` XPD �ê��±l¢Sÿþ½öÔn&��.

¥¼�.

XJò (1) ª¥� hVV 8�z, Ù{f&�õ
Ç��ACz, K�f&�þ�õÇ�



var(hVV) = PVV = 1,

var(hVH) = PVH = PVH/PVV,

var(hHV) = PHV = PHV/PVV,

var(hHH) = PHH = PHH/PVV.

(4)

éu��Ün�4z©8 MIMO ÚO&��
.5`, ¤�)���f&��A�õÇ7LÚþ
ª��.

3DÚ4z©8 MIMO ÚO&��. [10,11]
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¥, ^eª�)&�Ý
:

H =


h

(w)
VV

h
(w)
VH√

XPD

h
(w)
HV√

XPD
h

(w)
HH

 , (5)

Ù¥ XPD = χH = χV, 
 h
(w)
ij (i, j ∈ {V,H}) ´Ñ

lÕáÓ©Ù�Epd�ÅCþ, þ�� 0, ��
� 1. éuù��.5`, �f&�þ�õÇ�

var(h(w)
VV) = 1,

var(h(w)
VH/

√
XPD) = 1/XPD,

var(h(w)
HV/

√
XPD) = 1/XPD,

var(h(w)
HH) = 1,

(6)

Ú (4) ª¤£ã�õÇké²w��O.

3©z [12] ¥�Ñ
 χH Ú χV ´k«O�,

¿�r&�Ý
�O�

H =


h

(w)
VV

h
(w)
VH√
χH

h
(w)
HV√
χV

h
(w)
HH

 , (7)

d��f&�þ�õÇ�

var(h(w)
VV) = 1,

var(h(w)
VH/

√
χH) = PVH/PHH,

var(h(w)
HV/

√
χV) = PHV/PVV,

var(h(w)
HH) = 1,

(8)

E,Ú (4) ªk¤ØÓ, �Ò´`ù��.E,Ã
{�{/�N�f&�þõÇ��O.

y3·�JÑ�«��O(��., ò&�Ý

�O�

H =


h

(w)
VV h

(w)
VH

√
χV − r

rχVχH − χV

h
(w)
HV√
χV

h
(w)
HH

√
χVχH − rχH

rχVχH − χV

 , (9)

Ù¥ r L«�Âà¤�Â�R�4z���oõ
ÇÚY²4z���oõÇ�', =

r =
PVV + PVH

PHH + PHV
, (10)

ù�'��±l�Âà��. d�é (9) ª¤£ã
&�Ý
��f&�õÇ?1O�, (J�

var(h(w)
VV) = 1,

var
(

h
(w)
VH

√
χV − r

rχVχH − χV

)
=

PVH

PVV
,

var

(
h

(w)
HV√
χV

)
=

PVV

PHV
,

var
(

h
(w)
HH

√
χVχH − rχH

rχVχH − χV

)
=

PVV

PHH
,

(11)

�±wÑ�f&�õÇÚ (4) ´���. �Ò´`
ù��.�±�(�NÑ3õ4z MIMO &ÒD
ÂL§¥��4z��þõÇ�Czª³.

�
�B?1£ã, ·�ò4z©8 MIMO &
�ÚO�.�&�Ý
L�ªU��

H = A ¯ Hw (12)

Ù¥

Hw =

 h
(w)
VV h

(w)
VH

h
(w)
HV h

(w)
HH

 ,

¯ L« Hadamard È, 
 A ½Â� MIMO &��õ
ÇÝ
. éu (9) ª¤£ã�&��.5`, ÙõÇ
Ý
�

A =


1

√
χV − r

rχVχH − χV√
1

χV

√
χVχH − rχH

rχVχH − χV

 . (13)

3 #�Ï^ MIMO ÚO&��.

3.1 éééüüü���444zzz©©©888 MIMO &&&������...���
©©©ÛÛÛ

�
ïá��Uk��[ål©8Ú4z©
8Ó��^e� MIMO XÚ�ÚO&��., ·�
lÔn�.XÃ, ©ÛØÓÚO�.éÔn�.¤
ä�ÚO5Æ��[�{.

Äk�Ä��{ü��Àå (NLOS) ål©
8 MIMO Ôn&��., ÙU���Xã 1(b) ¤
«. ù�XÚ�&��þ�L�ª�±�¤

hnm =
L∑

l=1

gl exp
[
−j2π(|rml| + |rln|)

λ

]
, (14)

Ù¥ m = 1, 2, · · · , nt, n = 1, 2, · · · , nr, L �Ñ�
Noê, gl �²L1 l �Ñ�N���Ñ, rml �
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1 m �uxU��1 l �Ñ�N��þ, rln �1 l

�Ñ�N�1 n ��ÂU���þ.

��ï�nØ@��Ñ�N�m�pÕá, ¿
ò gl b��ÕáÓ©Ù��ÅCþ. d� (14) ª
¤£ã��f&�äk�Ó�ÚO5Æ, §��
m��O==3uØÓU� ��5�� �, ù
���O�±Ny3f&��m��'5þ. hnm

Ú hqp �m��'5�±�¤

ρnm,qp =
E(hnmh∗

qp)√
E(hnmh∗

nm)E(hqph∗
qp)

. (15)

��^�'Ý
 [15] V)��&�Ý
��'
A�, Ù���üXål©8�&�Ý
����
m��'5. d��'Ý
�±�¤

R = E[vec(H)vec(H)T], (16)

Ù¥ H �üXål©8��&�Ý
.

Ù g · � � Ä � � { ü � NLOS 4 z ©
8 MIMO Ôn&��., Ù&��þL�ª�

hji =
L∑

l=1

glα
(l)
ji exp

[
−j2π(|ril| + |rlj |)

λ

]
, (17)

Ù¥ i, j ∈ {V,H}, α
(l)
ji ´1 l �Ñ�N�Ñ�X

ê, ril ´l4z��� i �uxU��1 l �Ñ�
N��þ, rlj ´l1 l �Ñ�N�4z��� j �
�ÂU���þ.

Ï�üX4z©8�U� �­Ü, ØÓf&
��� vkØÓ, l (17) ª�±wÑd�f&�
�m�«O´dØÓ�Ñ�Xê¤Úå�. éua
|&�5`, Ñ�Xê�m�±À��pÕá [16],

d��f&��mpØ�', ==�3õÇþ��
O, ��^ XPD 5£ã, ~X

χi =
E(hiih

∗
ii)

E(hjih∗
ji)

=

L∑
l=1

E[(α(l)
ii )2]

L∑
l=1

E[(α(l)
ji )2]

. (18)

lc¡1�!�©Û�±wÑ, =k XPD Ã
{���NØÓ4z��þ�õÇCz, U^ (12)

ª¤½Â�õÇÝ
�±�O(/?1£ã.

3.2 ???¿¿¿©©©888 MIMO XXXÚÚÚ���&&&���ïïï���

éuXã 1(c) ¤«�Ó�ä�ü«©8�ª
� MIMO XÚ5`, NLOS �¹e�&��þ�±

£ã�

hnmji =
L∑

l=1

glα
(l)
ji

× exp
[
−j2π(|rml| + |rln|)

λ

]
. (19)

ØÓ�f&��mÓ��3X� ÚÑ�X
ê�5�«O. ����U
l÷*þ�(�[þ
ª�ÚO�., É� ÚÑ�Xê�ÔnëêK�
�f&��þ�ÚOA�7LUlÚO�.¥(
�/�NÑ5.

3©z [14] ¥Jø
�«Ó��Äål©8
Ú4z©8� 2 × 2 MIMO ÚO�Å&��., Ù
L�ª�

Hx = A ¯ H̃ =

 aVV aVH

aHV aHH

 ¯ H̃, (20)

Ù¥ A Ú4z©8 MIMO XÚ�õÇÝ
�Ó,


 H̃ �É�ål©8K�!��mä��½�'
5�Ý
, ½Â�

vec(H̃) = R1/2vec(Hw), (21)

Ù¥ R L«==�3ål©8���'Ý
.

T�.��n´-®²ä��½�'5�&
�Ý
��2ä�ØÓ�õÇ. �	T�.¤�)
&�Ý
��'5, �±wÑ Hx Ý
¥ü���
��'5Ú H̃ Ý
�A ��ü����m��
'5���Ó, �Ò´`4z©8��vkK��
f&�m��'5, ù´ØÜn�. ��5`, 4z
���p���ÂuU�¤�¤�f&��m�
'5�Cu" [17], 
þã�.Ã{Nyù�:.

,	, T�.3�Äål©8��ÿ, ==
�Ä
¤kU�æ^R�4z����¹. l©
z [12] �¢ÿ(J Fig.5 ¥�±wÑ, U�þæ^
R�4z���'XêÚU�þæ^Y²4z�
��'Xê´k«O�. �
£ã�¤kU�Ñæ
^,�4z����¹, ·�ëì (19) ªé (14) ª
\±UÄ, �U� m Ú n �4z��þ� i �, ò
f&��A½Â�

hnm =
L∑

l=1

glα
(l)
ii exp

[
−j2π(|rml| + |rln|)

λ

]
. (22)

�â (15) ª, f&� hnm Ú hqp �m��'X
ê�±�¤
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ρnm,qp =

L∑
l=1

(α(l)
ii )2 exp(−j2π

|rml| + |rln| − |rpl| − |rlq|
λ

)
L∑

l=1

(α(l)
ii )2

. (23)

lþª�±wÑ, �ål©8�U�4z�
�Ú�u)Cz��ÿ, �,U�måØC, �
d u Ñ � X ê Ø Ó, f & � m � � ' 5 � � U
u ) U C. ù � : ¿ Ø U 3 L � � � . ¥ N y
Ñ5.

� 
 ' L � � � . � Ü n / � [ ? ¿ ©
8 MIMO XÚ�&�Ý
, ·�I��ÄXÛ
�(A^�'Ý
 R ÚõÇÝ
 A 5�)�Å&
�Ý
. ·�òé?¿©8 MIMO XÚ�&�ï�
©�A�Ú½, ÄkéÂu&Ò3�4z��þÝ
K���©þ¤�¤�f&�?1�[, ±U�m
Ó��3Xål©8Ú4z©8� nt × nr MIMO

XÚ�~, k�Å�)�1Ý
, ¤kÝ
���
Ñ´þ�� 0!��� 1 �ÕáÓ©Ù�Epd�
ÅCþ, =

H
(w)
ji =



h
(w)
11ji h

(w)
12ji · · · h

(w)
1ntji

h
(w)
21ji h

(w)
22ji · · · h

(w)
2ntji

...
...

. . .
...

h
(w)
nr1ji h

(w)
nr2ji · · · h

(w)
nrntji


, (24)

Ù¥ i, j ∈ {V ,H}, =o�o�Ý
. ùo�Ý

�¤k��Ñ´pØ�'�.

� â c ¡ � © Û, � i = j � � ÿ, hnmji

Ú hqpji �mA��3Xål©8�5��'5,


 i Ú j �p����ÿ, §��m��'5�±
w¤ 0. �
3�Å�)�f&��mïáù��
�'A�, ^eª?1O�:



vec(H̃VV) = R1/2vec(H(w)
VV ),

vec(H̃HH) = R1/2vec(H(w)
HH ),

H̃VH = H
(w)
VH ,

H̃HV = H
(w)
HV ,

(25)

�±��

H̃ji =



h̃11ji h̃12ji · · · h̃1ntji

h̃21ji h̃22ji · · · h̃2ntji

...
...

. . .
...

h̃nr1ji h̃nr2ji · · · h̃nrntji


. (26)

òþ¡�o�Ý
����âU��?Ò­
#?ü¤ nt × nr �#Ý
, �±��

H̃nm =

 h̃nmVV h̃nmVH

h̃nmHV h̃nmHH

 , (27)

Ù¥ m = 1, 2, · · · , nt, n = 1, 2, · · · , nr. du©8
U��m�ål�éÂuàmå�±�Ñ, �±C
q@�3?¿ ��ÂuU�mDÑ�&Òä�
�Ó� XPD �õÇA�, �Ò´`õÇÝ
 A Ú
äNU� �!4z��Ã', 
==ÚÂuà 
��Ñ�NA5��¸Ï�k'. ÏdÓ��õÇ
Ý
 A �±A^�ØÓ�ÂuU�þ, �Ò´é?
¿ m Ú n, �±A^eª

H(x)
nm = A ¯ H̃nm, (28)

ù���� H
(x)
nm �±£ãl1 m �uxU��

1 n ��ÂU��m, &Ò3ØÓ4z��þ�õ
ÇCz. ¿�é H

(x)
nm Ú H

(x)
qp 5`, �'5É�å

lK��f&��þ h̃
(x)
nmji Ú h̃

(x)
qpji �m�ä��

A��'5. �Ò´`, h̃
(x)
nmji �±�(L«4z�

�� i �1 m �uxU��4z��� j �1 n

��ÂU��m�&��þ, 2ÏL�ÝN�Ò�
±��?¿4z��þ�&��þ, l
�¤é?
¿©8 MIMO XÚ� NLOS &�ï�.

éuÀå (LOS) �.5`, XJéÂuU�þ
R�4z��f&�Àå©þ?1õÇ8�z, K
ÂuU�?¿4z��f&� LOS ©þ{üÔn
L�ª�±�¤

hnm = exp
(
−j2π|rmn|

λ

)
cos(αtm − αrn), (29)

Ù¥ |rmn| L«1 m �uxU��1 n ��ÂU
��m�ål, cos(αtm−αrn) L«l4z�� αtm
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�4z�� αrn �ÝK. Ï� LOS ©þ¿vkÉ
�Ñ�N�K�, f&�Àå©þØ�3�ÅCz,

ÚO�.��±��ÏLþª¼�f&�� LOS

©þ. ¤±��?¿©8 MIMO XÚ� LOS �.
�±�¤

H =

√
1

K + 1
HNLOS +

√
K

K + 1
HLOS, (30)

Ù¥ HNLOS �l�©¥# NLOS &��.��
�£ã NLOS ©þ�Ý
, HLOS �ÏL (30) ª
���£ã LOS ©þ�Ý
, K �£ã LOS ©þ
Ú NLOS ©þ�mõÇ�O�4dÏf.

4 �ý�y

�
�y�©¤JÑÚO�.��(5Úk
�5, ·�æ^
©z [12] ¥¢Sÿþ¤���'
5Ú XPD �êâ��7��®�ëê, Äuù

ëê¦^ÚO�.�Å�)&�Ý
, Ò�±��
�«�¹e�XÚNþ.

� u x & Ò ª Ç � 2.4 GHz, Â u U � æ
^ 2 × 2 ©8�, ©z [12] ¥²¢Sÿþ¤��
ÚOëêXL 1 ÚL 2 ¤«.

L 1 �U�æ^ 2 × 2 ål©8�, ØÓU�
måef&�m�'5���, Ù¥ D �ü�©8
U��må.

L 1 ØÓU�må�¹ef&�m�'5��� (NLOS)

U�må D ρhh ρvv

λ/2 0.28 0.22

λ 0.19 0.04

2λ 0.04 0.01

L 2 ØÓ4z��þ� XPD ÚõÇ��� (NLOS)

XPD ½8�zõÇ ��

χV 8.58 dB

χH 8.29 dB

PVV 0 dB

PHH −2.2 dB

L 2 �ØÓ4z��þ� XPD ÚõÇ��
�, Ù¥ XV Ú XH ©O�R�ÚY²4z��þ
� XPD, PVV Ú PHH �f&� hVV Ú hHH �8�
zõÇ.

du�©JÑ�?¿©8 MIMO &�ÚO�
.ÚDÚÚO�.�«OÌ�3ué NLOS �¹
�ï�, ·�Äk�Ä3 NLOS �¹e?1�ý
�y. ±L 1 ÚL 2 �ëê�Ä:, -©z [14] ¥
�DÚ�.Ú�©JÑ�#�.éã 1 ¤«�n
«©8�ª (��4z©8!ål©8!ålÚ
4z·Ü©8) ©O?1�[, ¦^�AkÛ�{
�éz«©8�ª3ØÓU�må�¹e©O�
) 10000 �&�Ý
��Å��, dù
��¤O
�Ñ�&�Nþ\È©Ù¼ê (CDF) ­�Xã 2

Úã 3 ¤«.

ã 2 NLOS �¹eØÓ©8�ª�XÚNþ CDF ­
� (#&��.)

ã 3 NLOS �¹eØÓ©8�ª�XÚNþ CDF ­
� (DÚ&��.)

180101-6
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©z [12] ¥�¢ÿ(J Fig.8 w«, 3 NLOS

�¹e, ·Ü©8Ú4z©8�5U�C, �²
w$uål©8�5U, ù�(ØÚã 2 ¥#
&��.�(Ø´�Î�. 3 NLOS �¹e, ¤
kU�þ�R�4z�ål©8�5U²wp
uÙ¦©8�ª, ù´Ï�Ù¦©8�ª¥Ø
Ó4z���&Ò3DÂL§¥äkØÓ��
Ñ. l¢ÿ(JÚã 2 ¥��±wÑ, ål©8
�5U�U�måO\k²w�J,���(
Ø, ù ´ Ï � f & � m � � ' 5 ¬ � X U � m
åO\
~�. Ó���±wÑ·Ü©8�5
U Ú U � m å v k ² w � ' X, � ü X 4 z ©
8 (�±w�U��:�·Ü©8) �5U��
��Ó, ù´Ï�3 NLOS �¹e, ��4z©
8®²òf&�m��'5ü�4�, d�O\
U�må�Ã{2ÏLUC�'55K�XÚ
Nþ.


ã 3 ¥DÚ�.¤�[�ål©85U²
w$u4z©8Ú·Ü©8�5U, ù´ØÜn
�. Äu (22) ª�©Û��, ù´Ï�DÚ�ÚO
�.3éf&�m�'5�?nþ�3XØÜn
�?.

�e5·��é LOS ��¹, é�©JÑ�#
&��.?1�y. du©z [12] ¥¿vk�Ñ�
[�4dÏf��, ·�3�ý¢�¥ò4dÏf
�� K = 100, ���(ØXã 4 ¤«.

lã 4 �±wÑ, 3 LOS �¹e, 4z©8Ú
·Ü©8�5U�éã 2 5`²w/�C
ål
©8�5U, ù´Ï�éål©85`�f&�
� LOS ©þ�m´���'�, 
4z©8=¦
3 LOS �¹e��±k�/òØÓ�f&�«©
m. duvk¦^Ú¢ÿ¥���Ó�4dÏf,

�ý(JÚ¢ÿ(Jk�½ �, ��«©85U
�U�måCz�ª³, ±9�«©8�m�5U
�O, Ú©z [12] ¥ LOS �¹e�¢ÿ(J Fig.7

E,´�Î�.

ã 4 LOS �¹eØÓ©8�ª�XÚNþ CDF ­� (#
&��.)

5 ( Ø

3�©¥, ·�éDÚ�4z©8 MIMO ÚO
&��.�ï��{?1
U?, U?��õÇÝ

U
éØÓ4z��þ� XPD �õÇA�?1
�[, l
�Ð/�N&Ò3DÂL§¥��4z
��þ�õÇCzª³. ÏL©Ûü�©8�V­
©8�ÉÓ, ·�qéU?��õÇÝ
±9�'
Ý
?1EÜ?n, ïáå�«#�Ï^ MIMO Ú
O&��., 3�½§Ýþ�±�ÖIS	3õ©
8�ª MIMO XÚ�¡ïÄ�Øv.

éuÔn�.5`, ^>^Ñ�O��{éz
gÑ�L§?1O�I�Ó^��õ��m; 
Ú
O�.3®�7�&�ëê�cJe, �±^��
{ü��Å�{���)¤I� MIMO &�Ý
.

��U
3,
�¹e���OÔn�.�ÚO
�.7,k�½�¢^¿Â, 
�éu�±A^3
?¿©8 MIMO XÚþ�Ï^�.5`, Ø=·^
���2�, ��±kÙ¦��
(¹A^, 'X
ïÄ3�½�¸eXÛÀJU��©8�ª±�
��Z�XÚ5U��.
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Abstract

A new form of power matrix is proposed to correct the unreasonable points in traditional statistical multi-input multi-output

(MIMO) channel model which mishandles different power variations in different polarization direction. Based on the analysis of

modeling theory of different diversities, a composite calculation method of power matrix and covariance matrix is proposed to build

a general-purpose statistical channel model which exactly represents statistical characteristics under the effects of space-diversity and

polarization-diversity, and thus can be applied to arbitrary diversity MIMO systems.

Keywords: multi-input multi-output, channel model, correlation coefficient, cross polarization discrimination
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