
�
41 � � 1 � � � � � Vol. 41, No. 1

2016 � 1 � ACTA ACUSTICA Jan., 2016

� 	 
 � �  � � � � � � � � � � � � �
� � � � � � � �  ! ∗

" # $ % &('() †
Rehan Khan

$
( *,+,-,.,/,0,132,4,5,6,7,8,9,:,;,<,=,>?*,+,- 150001)

2015 @ 2 A 1 BDC,E
2015 @ 8 A 11 BDF,GHJILKJMONJPJQJROSJTJUJVJW

(Minimum Mean Square Error, MMSE) XOYJZJ[J\O]J^O_O`JaJbOcJdfeJcJdOgfhJiJjJklOm
(Multiple-input Multiple-output Orthogonal Frequency Division Multiplexing, MIMO-OFDM) nO\Ooqp,rOsOtO\OuvOWOw b SOxOyJzJ{J|O}�~ gJ�J�J�O�J�J�J�J�J�J�J�J�J�O�J� MMSE XOYOZO[J\O]O^O_O`JaJ��tJ�O�J�J�J�JrJsJ\J]J��O�O�O�O�O}��JmJ�JxJ�J�J� �J\J�J �¡J¢J\J�J£J¤J� M \J]J^J_J�JXJYJZJ[J¥J¦ }�§JmJ¨J©JªJ« `JaJ�J� MMSE XOYOZ[ ªO« \O]O^O_O¬O } £J¤O�J®J¯ zO° XJYJZO[J\J]�^J_J`JaObJ±J²J¥O¦J³ zJ´ �JµJ¶ w bJ� SOxJyJz �q·¸�J�º¹O»J¼JrJ½£ � �O¾O¿O£JÀ��J�J� MMSE XOYOZO[ ªO« \O]J^�_J`JaJÁfÂOÃJÄJÅJÆf�J®J¯ SJxJyJzJ}�MJÇJÈJÉ oJs }�ÊJ« \J]J�JËfÌÍOÎO}�ÏOÍOÐOÑOÒ nO�JÓJjJÔ mOÕJ}�~JÖ �JtJ\J×JØO�

PACS ÙÛÚ 43.30, 43.60

An improved decision feedback channel estimation algorithm for

multiple-input multiple-output orthogonal frequency division

multiplexing underwater acoustic communication

QIAO Gang WANG Wei LIU Songzuo Rehan Khan WANG Yue

(Science and Technology on Underwater Acoustic Laboratory, Harbin Engineering University Harbin 150001)

Received Feb. 1, 2015

Revised Aug. 11, 2015

Abstract To overcome the disadvantage of error propagation, an improved decision feedback channel estimation al-

gorithm based on compressed sensing technology is proposed for multiple-input multiple-output orthogonal frequency

division multiplexing communication in low signal-to-noise ratio underwater acoustic environment. The corrected and

the original information are used to contrive the decision feedback channel estimation. And taking advantage of neritic

channel’s sparse characters, the channels can be constructed by matching pursuit ameliorated minimum mean square

error decision feedback channel estimation algorithm without error propagation. Experiment results performed with

numerical simulation and tank-trial data are provided, demonstrating that the proposed algorithm can effectively reduce

the occupancy of pilots, abate the burst noise effect, offer confined error propagation and significantly increase the quality

of the system.
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2.2 �	�	� MMSE L�M�N�O�P�Q�R�S�T�UE T

MMSE
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� � � ��� ± ��� � ���

� S 1 2 " ����� 5 _ ` I�¤�± ��� ��� " ��� *�&
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MMSE
7
8
N
O
�
�
�
��� ±

IC3�. (�/�0 � a�1C%�\Cf��m��, I 7�8�N�O ���
���"� ± !K��, I � ± "�#�E�T 8C� ��� I
0
1C�_ 0 S T�"�#�� � � ± � � � �2��Y ��i�I 0 "
# E
Tm+m, /m0 : I ����������6 ] "m#����mS43 0
5
� 0=� N M �	6 ]
^ � '���� I � I !��F 0�1 �C; I�7 9 ¤C±�I�8�9 D�:C,

[21−22],� a d S
T
\ MP
"�#	� � ��; 7 9 ¤C±�] �C�
<

8�� �
� I	�	; !KQ�R
"
#�� (25)
Ï�Ð I �
� � *

z�{ @
Ω

k,i
STBC, Ψ

M #�<�=�>�? 0 D  +
φ
n  !

φnM�k
n
��"�#� 	>	?

Ψ dA@	B % I� +E< `
0 ωn@ �	C �
+
!KW
%
"
#�	 � � ± >	D
<	E	F
Ω

k,i
STBC,
-�"�#�s

(1)
� ��B s4G	H ¥ E�;

Rk,i = Ω
k,i
STBC

!
(2)
�	>	?

Ψ dAI	J W	H ¥ E�; Rk,i
� � u +I� +

φk,i
n ,
�	K�� t��	C �
+

ωk,i
n

!

sk,i
n = arg max

n=1,2,··· ,Q,n/∈Sn

〈
φk,i

n , Rk,i
n−1

〉

∥∥∥φk,i
n

∥∥∥
2 , (26)

ωk,i
n =

〈
sk,i

n , Rk,i
n−1

〉

∥∥∥sk,i
n

∥∥∥
2 . (27)

(3)
G ����C � + '�L < `

W k,i
n = [W k,i

n−1, ω
k,i
n ]M	N  +

φn

�	>	? d I��	O < `
Sk,i

n = {Sk,i
n−1, s

k,i
n }.

(4)
G � H ¥

Rk,i
n

!
Rk,i

n = Rk,i
n −

(
ωk,i

n

)H
R

k,i
n−1ω

k,i
n . (28)
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STBC

@
#�"�#�7 I E	F � *�z�{E< `

Ω
k,i
MP ? M ��� @�s

Ω
k,i
MP =

L∑

l=1

ω
k,i
l φ

k,i
l = W k,iΨ . (29)

�
(29)W k,i S +�\�+�? Ψ

� Ô�D  + IC��C
] / 04�d	T	

l ∈ Sk,i
I�Å�Æ 	

ω
k,i
l

Ë � .
0( UV +�F

0) W W�%C��, I MMSE
I 7�8�N�O I E�F

X K
Ω

k,i
MMSE′

G � @�s
Ω

k,i
MMSE′ = FRHk,iHk,i

Fp(FpRHk,iHk,i
F ′

p+

σ2(XXH)−1PI)
−1Ω

k,i
MP,

(30)

t d 04EYF x y z {Z� YY[ i I RHk,iHk,i
? 2 �

Ω
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2.3 �	�	� MMSE L�M�N�O�P�Q�R�S�T�U	a	b

W	c	d	eY �
MMSE

I 7 8 N OfEYF X K � ± 0 � a
Ô � % I ��,"� ± H�gmf�[�D�4 3 ��6 ]�^ ��h �� W t� ��i�3 D ¶�¤�j s�f M�"�#	� � � ± M	k F(C)C�C*�V�l�0 t E�F X K I 9�:�4
i"3mË�8�FZ�
±Cu +�mCw�.�nCH�o�0��
pCzm"m#�� � E
F X KZ�
±�� H I i�� ] � ]
^	q � ¢ � Hfr W � MMSE

�
±C� H�i"3�s�]�^ �C� ¢ � pCz�0K�mW ? M
t�@
p



1 � � � Ö�sK��� I ,�h�J�,�h�% 0�A���� 9
T 8�� \	E
7
8
N
O	E	F X K�� ± 99

z ¶�� E�F X K I ¢ � Y�[�� � ���K m����	�\�
� N O
] ^ � H��À M��"�#�� � � ± T�2�3 Ã�� +
, / E
F��=K
E�� 0�� �����K�mW
\
]m��U
E
F�����

[23]
Ö����� � X ]�D d����� ¥����� *�� �!�"�# ��$ ��� X M�N�%�&�' "�# ��� p�(��)�*�+
�
MMSE


 ��,�- X K�.�/�0�1�2 ��3�4��5 W +�6
MMSE


 ��,�- E	F X K��87�� ��9�:�;<�=�>�?�@�A ]�B ��C�9�D�EGF�H ��I�J�K�L�M�NO�P�Q
L′, R�S 7�T 9�: !�O�I�J�U C�V�W�X�; <

(L − L′)!
O�Y�Z�Q

J �\[ +�]�^ 9�_G`�C�9�D L�a
; < o(4J(L − L′)!)

O�b : ^ 9�c o(2J(L − L′)!)
O

< : ^ 9�_ <�d�=�e�f�g�I�h�i�j�k�l�m Enpo�q�r�e�f�I�J�g�s�t�u 6 L�v�w ��x�y�z< _�{ %�|�} OFDM ~�����������������_������1���( >�?�@�A 9�: ������h�P C�9�������3�_G������ h�i�t�u�!�� ��������������EG� � q�r�ef�g�I�� |�} �������p��x�y v�w�I�# 4�D g�s 6� _ %���� ��������� g } g�I�h�i��� �¡�¢ ��£
�¤¥E )* _¦� gI�hi�§�¨ 3�4�©ª�_¦«���¬ >?�@�A 9�:��®���¯�°�± f�²�³ _G´ !�µ�� � ��(e�f�g�I ��¶�D�E!�·�¸�¹ _ 7�T � MMSE º�» ,�- I�J�¼�½ 9
:¾¿ÀÁ QÂg }ÃÄ ¯°¾ÅÆ± f (

ÃÇ Âb
3± fÈÊÉ ), ËÌ hi / ®34 ( ¾4�ÍÎ gIhi ��Ï��� ), ¿ 12ÐÑ gIhi ÆÒ � 3 ( Ó
Ï���Ô�Õ�Æ�4�Ö ) E
3 ×ÙØÙÚÙÛÙÜÞÝÞßáàÞâ
3.1 ã�ä�å�æ�ç�è�é�ê�ë
Qìí 7T Æ MMSE

IJ º» ,- U C9:Æ
¾�î�3�c�¾�ï�3�_ ��ð�g } Matlab ñ k�� 9�: T î=�ò�ó�ô�õ�ö�÷ EGø 2 ù�ú =�npû�I�J�ö�÷ ñ k�ü� Æ q�r�I�J�ý�þ (�ÿ���� E�������4 . I � II �	ue $ 10 m c 15 m 
_��� e�� . I � II ��� 	u�e $ 15 m c 21 m 
�E������������� e � +��
3450 m, � ¼r�� 55 m E�� 1 ùú = MIMO-OFDMgGI�h�i�ö�÷���� Æ Ã�Ç�� P Eh�i���� Æ������ ü � x���� [15,17], � O £��Y�Z �� �! OFDM

"�# Æ�"�#�¾�$ I�% D !�& E'�
��(�� ����K�L & ì�¸�) ��* [24] E
ø 3 ù�ú = ø 2

� Æ I�J 3 + � MP 9�: >�?
ú�Æ I�J�,�- E/. 6 ��� I�J c >�? ú�Æ I�J0,�-
¾G¿���1�_ MP 9�: u 43 ms

v�w ����2p_ I�J Ã

Ç �� Æ�3�4c vw�5 4 6 Q ���Æ U C�E � 43 msv�w ¿�6�Æ ����n�o ¬�7 MP 9�: v�w�U C�4�Ö�Æ
®�8 ��9 : d�: _GÀ�;�<�± f 
�=�E�>�? MP 9�:9 :�@�A�Æ ����Â ��� 43 ms

v�w 2p¾�@�A�Æ ���
Æ�3�4�c v�w / !���B�C Æ d Ç � ) E

D
1 MIMO-OFDM EGFGHGIGJGK

JGK LGM JGK LGM
FFT NGO 8192 PGQGRGS STBC&CC

TGUGV
(kHz) 48 PGQGW V 0.5

J 1025 K × I 2 × 2

XGYGZG[
(kHz) 6–12 \G]G^GN (ms) 171

_G`GaGbGc
(Hz) 5.86 dGeGfGg (ms) 43

h
2 iGj YGkGlGmGnGo

h
3 iGj YGkGlGmGnGoGpGq

ø 4 ùú = Õ i MP � MMSE
IJU C�r:_

MMSE º » , - I J U C/r : ¿/s 7 T Æ MMSE

º�» ,�- I�J�U C�r�: u ø 2 Æ I�J�t�k $�Æ ö�÷
3�4u. 6 E MP 9�: ����v�w�x�y _ x�y�z���)�Q
25% E MMSE � MMSE ºG» ,�- 9�: ����{�w�xy _ x�y�z���)�Q 25%,

7�T Æ MMSE º�» ,�- IJ�U C�9�:�| ,�: � MMSE 9�: +  _8´ u % ��|}�! ! "�# 2�~�° x�y�z���)�Q 25%
v�w�x�y����

{�w�x�y _ )�* %���� x�y�z���)���Q 6.25% E
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h
4 4 ����� YGkGpGq�����	�
���u���v���I�J _G± f 3�¶ Q Ñ�� < 3�± f0t�k

$�_ MMSE º�» ,�- I�J�U C�9�: u Ñ I ± . t�k
$�� MMSE 9�:�3�4 + ö _ ´ u � I ± . t�k $ no % t�u Ï���Ô�Õ�Æ�����_G3�4 6 %�� 3 ��9�: 5Ç C E u Ñ I ±�����_ MP 9�: t�u . 6 � 1 Æ�Ï��
��_ u 4 �9: � 34 K�C _ > ÂÊn ��� Æ ö�÷IJ�t�u�L x�� v�w�� ��� _ )�* V Ç , ���0� =�Æ
£���r�����4�� í ¾�ï e�f�g�I Æ�"�1�E7T Æ MMSE º» ,- IJU C9: u � I ±
. t�k $�3�4� o %�� 3 ��r���_ u Ñ I ±u. t�k
$�_G3�4�� MMSE 9�:�� MMSE º�» ,�- 9�:�!"$#�& _&% % x�y�z���)LL � o�'$($) �9�:_ )* %���*�� u ¾�+ � Í�+�,�- / ®�Æ e�f�g�I�.�/0 ÿ � E
ø 5 ù�ú =�u Ñ�� < 3�± f ��1 0�2�3�4 ��OP$5 7T Æ MMSE º»$6$7 IJU C9:34Æ �8 E ¾¿$9�7$: 0 4 �OP Æ; < _ hi 34Æ�Ò �

3 ' 5 E���ø � ¾�¿�9�ú�_ 7�T Æ MMSE º�»�6�7I�J�U C�9�: 4 � 2
O Æ i C�3�4 .<; 4 � 1

O Æ

h
5 =�>�?�@�AGK 	�
���

3�4�� ¼�B 0.4 dB Æ I ± . Ð�5 _ ´ 4 � 5
O Æ ,- � 4 � 2

O$C . 6 _¦34$! "$#�& EED�F_ ¾¿�ÁQ 7T Æ MMSE º»$6$7 IJU C9: ��� 2
O 4

� 6�7�G � ¾�¿�� í�h�i Æ�Ò � 3�Eu�e�f�I�J ��1 0 _ n o î�H0� r�I�ü�J�K �8 _ v � �ú�1$L��± f Æ$M$N_&O d � 8 =e�fgI Æ g�I ¶�D�EQP 5�'�( M�N�_Gø 6 ù�ú = MMSE

9�:�� MMSE º�»�6�7�9�:�¿�s 7�T Æ MMSE º
»�6�7 I�J�U C�9�:�¬�L���± f � 8 Æ�3�4���R�E��ð�� L���± f�����S�T :�Ò � ��U �0� : � _Q;V ü ��W�� Q [25]:

N ′ = Aα,β
sin (α (V ∗ − Bα,β))

(cos (V ∗))
1/α

(
cos (V ∗ − α (V ∗ − Bα,β))

U∗

)(1−α)/α

,

(31)

; �<X
Bα,β = −

arctan
(
β tan

πα

2

)

α
, (32)

Aα,β =

[
1 +

(
β tan

πα

2

)2
]1/2α

. (33)

V ∗
Â¼$Y �$U u �$Z (−π/2, π/2) Æ$:$[ � DE

U∗
Â�¼ 4 Q 1 Æ�\ P ��U�:�[ � D�_Q% V ∗ � U∗C�]�^�_ E ö�÷ " ì��pI ±u. a�Q 8 dB, α = 1.92,

β = 0, MMSE 9�:�c MMSE º�»�6�7 9�:�Æ x�yz���)�Q
14.3%,

7�T Æ MMSE º�»�6�7 I�J�U C
9�: x�y�z���)�Q 3.57% E

h
6 `�a�b��Ge�c�d ����	�
���

��ø 4
� Æ ,�- ¾�¿�9�7�_ u 8 dB

Ñ�� < 3�±f Æ � 8 0 _ 3 �9:Æ34��$e #�& E ´ u$B L��
± f Æ���1 0 _gf�h�ø 6

� Æ ö�÷�,�- _ MMSE Æ
3�4�� 1 2�i ; � ) ��º�»�6�7 9�:�E�> v D Q ;B 6�j Æ�L���± f � 8 7 x�y���u Æ g�I�v�k�v _
O d � 8 =�x�y�5�I�J Æ U C�����3�_ 3 v ;���l



1 � � � K�X 7�T Æ�x���°�x���ú�¥�� y ��A ��e�f�g�I º�»�6�7 I�J�U C�9�: 101

º�»�6�7 9�: I�J�U C�Ï C [��	�0A�4�Ö�_QD�F 5
; ��¼�½ Æ § | I�
 ��� = O d Æ�3�4�Ë�Ì�E

MMSE º�»�6�7�9�: u L���± f ��1 0 _ #��B Z�' 4���� A�I�J Æ �� _���� MMSE 9�:�Æ 2� _ ´$; tu 6 Q O d ÆÏ�ÔÕ����E i ø 6
� �

� _ u 3 # |Æ P h � _�� Â ú�1 v�� 6�� Æ OFDM� 
 _&;ú��Æ¾43���� Ñ _ > Â�n�o ;� #�v��
9�: 9 :���A I�J ��� ��Ï�����Æ ,�- E7T Æ MMSE º»$6$7 IJU C9: n�o����=�>�?�@�A Æ�r�: U C I�J�C ]	� � _"!�9�: #�VÇ	$	% Æ L x P�y � I�J�U C I�% ¥���`�¾�_ D�FB�& Æ�'�8 = MMSE º»$6$7�(�) �tu ÆÏ�Ô
Õ�����E<D�F�_+* T Æ MMSE º�»�6�7 I�J�U C�(
)�Æ	,	-�«��	.�; u Ñ��	/ ,�± f ��1 0 Æ ,	- B��0 � _G´�1���-���� í�h�i Æ�Ò ��2 <�E
ø 7 ù�ú 3 2011 � 4 5 6 g�I 7�ì " 8�Æ 9

�� ��Æ MISO
e�f�I�J�v���ý�þ 8 ÿ�: �

(
I�J :

�0� : v�k Z ; 2 ¼�Y ), �0�0� - <0�0�0 e0� <

(a) =?>G^?@ YGk I

(b) =?>G^?@ YGk II
h

7 =?>?A?B?C���� YGkGlGmGnGo

e � ��D a 2.06 km, FH MISO-OFDM
efgI�E

STBC £�� Y�Z 1 O�g } ø 7
� Æ I�J : � _G` ö÷�v Á Q ø 7

��I�J ¿�1 O STBC £�� Y�Z�Q Z�;�� _ OFDM
� 
 2 I�J�,�: Ò � E ö�÷�����{�wx�y�, � v�w�x�y r���_ v�w0x0y < Q���v F	G0xy¼$Y �$U u ��! OFDM

� 
Ê� _ x�y Z�; Q 10 H
ø 8 ùú�3 3 #�IP h�� 	���� MMSE º»$6

7J( )0s�; * T ( )�Æ�Ï�� )�5 .KH g } L M ø 8

¾�¿���1�_ } 4 !�s } 8 ! v Z k Æ�(���N�Ï�� )
�PO B Ñ _�> Â�npo 
 o ! v Z k Æ )	I Q�J � 	
��;�� #�v���Q�J�C�	 . L�� ��� Æ	H ) � MMSE

º�»�6�7 Q�J�U	R (	) 5�B�#�� Æ Q�J �	S	-�Ö�_)	T�C .	* T Æ	(	)�; 5	Q	U Æ	�	S	V Z �PO W oX * T Æ MMSE º�»�6�7 Q�U�U�R (�)�H8`�Y Q�U
� ü�#���Z�Z�' Æ �� _�* T Æ MMSE º�»�6�7 QU�U	R (	)�ú	�	. Ñ Æ v�k ! " 2 � 5 0 #�v�k Æg	Q	&�- ����� 8 _�> v D Q * T Æ (	) #�V Ç �í�B�#���P	[ Æ	\�h�¥���`�¾�"�1 5	Q	U Æ B &	]^ _ � MMSE º�»�6�7 Q�U�_�R (�)�«���� ��` Æ
��S�7�3 Q�U$�� _ ´$; Q�U�_�R �a�b�c�d Ï�� )
. Ñ Æ v�k�5 ; ¹ N v Z k Æ g�Q�&�- � 8 �+O�H
ø 6 c�ø 8 Æ ö�÷ " ì Æ ,�- � 2.3 e�Æ�=	f

��R #�& dQD�F�¾�¿�Á	g C . o Õ i Æ�º�»�6�7h(
)�d�*�i�Æ MMSE º�»�6�7 Q�U�_�R (�) u b�c v� Æ e�f�Q�U ��1 � *�ÿ , � W�H

j
8
YGk ^?@?k?l�d ����	�
���

3.2 m�n�å�æ�ç�è�é�ê�ë
g ìí *�iÆ MMSE º»$6$7 Q�U�_�R (�)Æ

¾�ï ,	d 2011 � 12 o	d u	p�T	q	2	Z	r��	Q	U	st iî"3�" ììí H Q�U�s t s���u 4 m, + 6 m, �
��v�-�< I � II � 	�w�x�s 0 1.5 m y 2.5 m 
�d s� < I � II

w"x	s 0
1.5 m y 3 m 
	d����	v	-	<

y s�� < s�z�C � 7.8 m H MIMO-OFDM
s t " ì{ Q�|�}�~���� \ i�� 2

� � H
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9 ����3���	�*�i�
 MMSE ���$6$7 Q�U�_R (	)	8 % 
 4 ������ Q	U�������� H�� x��	st�������� d Q�U���r� �! ��"�#�$ 10 ms, % Q�U �!�&�[�'�( d�) � Q�U�*�+�' g�,�-�.�
3 �/�/0/1/2/3/4 s/5/6/7/8/9/: 4/$/
;=<=> 	=#@?=A=B=C=D=E/F/G=H/I/J/$=
/K/L=.MON

MP E�F�P�Q�R�	�S�T 25%, MMSE y MMSE

�@�@U@VWA@B@C@D@E@F@P@Q@R@	@S@T 14.3% .�XY 
 MMSE �Z�ZUZV=AZBZCZDZEZFZPZQZRZ	ZSZT
3.57% .[ ��X Y 
 MMSE

{ A�\�S�]�^�_ (34) D�E�`
ηMMSE′ =

T

T + TCP
(1 − ηPilot MMSE′)×

ηcc × ηSTBC × logM
2 K × ηOFDM =

171

171 + 43
(1 − 0.0375)×

0.49× 0.5× log4
2 ×2× 1 = 0.754.

(34)

T T OFDM a�b�c�d�e�f�g�h�
���i�j�k�l
TCP T OFDM a�b�e�f�g�h���i�j�k�l ηcc T�m �nZoZn \ZS ( cZdZ0 oZnZpZq AZrZsZRZ	Z
ZtZu ),

ηPilot MMSE′ T�X Y 
 MMSE ����U�VZA�B�C�D�E
F�P�Q�R�	�S�. ηOFDM T OFDM v ��w _�x�y�z�{|�>�}�~ H�� 1 Hz t�u�A�r ( � | ) ��t�� � .��9�: 
�K�L�����l�����A�B�C�D w _ N l MP

A�B�C�D�E�F�� &���� l�����K�L�������
�K����
a��Z. > 	 MMSE ����U�V�A�B�C�D�E�F�G�H�
 ;< K�L�#�� MMSE E�F�l M�����~���� 1���`������8���: 
 s t A�B������ ~ l MMSE ����U�V�A�B
C�D�E�F�� q� �¡ ��¢�A�B�
�� &�£�¤�¥�� ��¦�§�¨
��� 8���: 
�A�©«ª '�¬ l MMSE ����U�V�A�B�C
D�E�F�
� n�®�¯�° ��±�²�0 M E�F�� & 
���³�.> 	�X Y 
 MMSE ����U�V�A�B�C�D�E�F�J�$

�K�L«´¶µ�· x MMSE ����U�V�E�F�
�K�L�l¸���� T�X Y 
 w F � \�¹ � 0�I�º�s�»�x�
�¼��½ �

¾
2 MIMO-OFDM ¿ÁÀÁÂÁÃÁÄÁÅ

ÄÁÅ ÆÁÇ ÄÁÅ ÆÁÇ
FFT ÈÁÉ 8192 ÊÁËÁÌÁÍ STBC&TCMÎÁÏÁÐ

(kHz) 48 ÊÁËÁÑ Ð 1

J 681 K × I 2 × 2ÒÁÓÁÔÁÕ
(kHz) 4 ∼ 8 ÖÁ×ÁØÁÈ (ms) 171ÙÁÚÁÛÁÜÁÝ

(Hz) 5.86 ÞÁßÁàÁá (ms) 43

¾
3 MISO âÁã ÒÁÓ 4 äÁåÁæÁçÁèÁéÁËÁêÁëíìïî

âÁðÁñ I âÁðÁñ II

MP 1.18 ∗ 10−2 1.59 ∗ 10−2

MMSE 1.94 ∗ 10−3 1.51 ∗ 10−2

MMSE ( òÁóÁôÁõ ) 7.44.1 ∗ 10−3 3.72 ∗ 10−2

MMSE ( öÁóÁôÁõ ) 1.09 ∗ 10−2 3.46 ∗ 10−2

÷ÁøÁù
MMSE ( òÁóÁôÁõ ) 2.32 ∗ 10−3 6.48 ∗ 10−3

÷ÁøÁù
MMSE ( öÁóÁôÁõ ) 2.14 ∗ 10−3 5.78 ∗ 10−3

ú
9 âÁû ÓÁüÁýÁþÁÿ������
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éÁË Ð 7.68 ∗ 10−3 éÁË Ð < 10−5 éÁË Ð 5.2 ∗ 10−4 éÁË Ð < 10−5

(a) MP (b) MMSE (c) MMSE ������ (d)
÷ÁøÁù

MMSE ������ú
10 ��� MIMO âÁã ÓÁü åÁæÁçÁèÁÑ��íìïî

��� . � MMSE E�F«ª ' l 1���E�F���
 5�6 I 3
4�
 ;�< G�H�K�L�3���l�����
 5�6 II 
�G ;�< G
H�K�L�l¸X Y 
�����U�V�E�F���·�� MMSE E�F�l
��� ����X Y 
�����U�VZE�F � � ~�� ,�A�B�C�D
 � 
 &�� l! �#�»�x� n ½ � 
 ��� l ��[ X�"�0
��A�#�$�.�

10 ����0 4 ��A�B�C�D�E�F�%�&�1�2�
 5�6
3�4 ;�<(' ��G�H�I�
�K�L�.���&�� ª ����E�F�G
H�
 [�8�9�:�;�< K�L�]�)�* ¦ l X Y 
 MMSE �
��U�V�A�B�C�D�E�F�� & � MMSE E�F�� & ��+�l
´¶µ £ � MP E�F�, MMSE ����U�V�E�F�l �����9�: 
�K��(-(.�a�� §  M ��A�\�S '�M(/ 3 ��E
F � 10% )���
�0�1�l�2�� � 	���Q�t�3�4�5 ° 
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C�D(=(>�l�0���0����(2���?(@�
�����A�
�X Y 

MMSE ����U�V�A�B�C�D�E�F�.�9�A�B�X Y 
�E�F
� M(/ 
��(��A�A�B�C�D�E�F�x(?(@(C(D(
���A�BE(F #�?��(#�©���f(G�� Y(H 0���� ª ' .�K�L(I
´¶l¶x�J�{�K���©���f�G���l¶X Y 
 MMSE ����U
V�A�B�C�D�E�F�x ¬ A�© ª (L���� &�£ � M(/ E
F�l¶x�J�A�©«ª¶f�G N � MMSE E�F�� & 3�� § x
»�x�M�*�©���f�G���l¸X Y 
 MMSE ����U�V�A�B
C�D�E�F�� & ´ µ�·(� ¯(N 
�����U�V=E�F § x�A
B�K�O�»�x���¢�
��L���l¸X Y 
 MMSE ����U�V
A�B�C�D�E�F p�q A�B�K�O�¢�P�Q�R�S � & Q�·�.!
T 9�: 
�K�L�U�V�0�����K���. X Y 
 MMSE ���
U�V�A�B�C�D�E�F(W(	���	(?(@(
���A�B�
(5(X |
��l � \�
�Y�Z�0 ¯�N MMSE ����U�V�A�B�C�D�E
F N »�x�
� n�®�¯ ��� l ?�� � \�
�³ ¬ 0�P�Q
R�	�S�l!2�����A�t�u�3�4�[ ° 
�
�����A�. x�
 T9�: N l���	�X Y 
�����U�VZA�B�C�D�E�F 9 ¦ 0
0.754 bits/s/Hz \�S�
 MIMO-OFDM ]�\���A�.
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