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Abstract Under some underwater situations, the multi-source resolving performance of the Minimum Variance Dis-

tortionless Response (MVDR) method could seriously degrade due to the strong and inhomogeneous uncorrelated noise

on the hydrophone array. To mitigate this problem, we propose an Inhomogeneous Diagonal Unloading MVDR (IDU-

MVDR) method, where inhomogeneous diagonal unloading is applied on the covariance matrix before applying the

MVDR method. The diagonal unloading level for each array element is obtained by solving a positive semi-definite

optimization problem, where we maximize the sum of the diagonal unloading levels while constraining the minimum

eigenvalue of the unloaded covariance matrix to be a small positive value. The numerical simulations suggested that the

proposed IDU-MVDR method can remove most of the uncorrelated noise while remaining a small amount of which on

the array elements. In consequence, the IDU-MVDR method provides higher resolution, lower background level, more

distinct peaks and guaranteed robustness compared to the MVDR method. The sea trial results agreed well with the

numerical simulations and proved the vitality of the IDU-MVDR method.
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�f 0 ��� MVDR
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�f 0 oîK� ä T + s t ÊKû¸� 9K� � � DKüK¥ý � û¸� 9

� ��h * � m�� q�r�Ò ü�o ��� MVDR
	�� �çT ë

\�] ��Ê�ûþ� 9�� � s t à u�ÿ *�� ô � Ö ×����M 0�N�O Þý 9���U�V ��Ê�� � o��� MVDR
	��

� ¶�· \ * ç Ô�� ��
	 � ú�u 	���� MVDR
	��

� ����� � �������������� S ã�� &)( ����� À 	� � � D���� X ¼ � ¶�· \ *�� O � ö�Á�Â����éç Ô� ���� 7�X�Y ����� � ö ® � � 	�������� \ *
1 ���! !"!#%$%& MVDR '!(
1.1 )�*�+�,�-�./�0 X © M N ����1 l�0 � 0�N ��2 � d *43æ�5�6 P�Æ � K

© g87�9�V�7�� T�: W�7�8 ��;�<=?> PKÆK�HM 0KNKO �?@Kª 9�� � : WË7K8 �K��AB 9�� � P�Æ ��9�� Ï � 7 :�C�D *�E ? b�c ç � LD � 0�1 @�ª P�Æ o���F � è
X =

K
∑

k=1

a(θs,k) ⊗ sk + N ∈ C
M×L, (1)

G g è
a(θs,k) =

[

1 ei
2πd cos(θs,k)

λ · · · ei(M−1)
2πd cos(θs,k)

λ

]T

∈ CM×1

� 0¸1¸EIHKJ hIL θs,k
�IM k

© P¸Æ �I5I6¸	 JN�1 lË0 Ï � �PO k L i=
√
−1 �PQ ç   i L λ=c/f �6PRPL

c � � C L f � 9ËV L (·)T
�PFËòPSPT

⊗
�PF

Kronecker U T sk ∈C1×L ��M k
© P�Æ � b�c�V 1 L

sk g � N�W sk,l (l=1, · · ·, L) X�Y � Ô � 0 ã[Z�\�]
σ2

s,k ^�_�` A�a�b�T N =[n1, n2, · · ·, nM ]T∈CM×L ]
M×L c @�d�e�f�g�h�L nm ∈C

1×L ] M m i h�jk ^ e�f�l�m V�n L nm o ^ j W nm,l (l=1, · · ·, L)

X�Y�p�q�] 0 rsZ�\�] σ2
n,m ^�_�` A�a�b�t E @�du�v ^�w Z�\ g�h ]�x

R =
XX

H

L
∈ C

M×M , (2)

G o L (·)H y F�z�{�|�S�t E�} l�m u�~�������� L�
L→∞ ^������ L�� x
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R = Rss + Rnn, (3)

Rss =
K
∑

k=1

σ2
s,ka(θs,k)aH(θs,k), (4)

Rnn = diag(σ2
n,1, σ

2
n,2, · · ·, σ2

n,M ), (5)

� o�� Rss � Rnn

a�� y��� �! w Z�\ g�h � e�f
w Z�\ g�h�t�" � (5) #�$�%�& ��'�( w Z�\ g�h o
^ e�f�a*)*+ o }*, �*�*- k t/.�0 ����� �/1 h�jk ^ e?f323435363738 � � � � m1 6= m2, σ2

n,m1
6=

σ2
n,m2

t } 1 h�j k ^ e�f�2�4�7�8 ^�9�:������ ��
(5) ;�<�]�x

Rnn = σ2
nI, (6)

� o�� σ2
n ] 1 h�j k ^ e�f�2�4 � I ]�=�> g�h�t

1.2 MVDR ?�@
MVDR Z�A�B�C�D�E�F�G�H�I�J�K�L � $�J�K

L o ^ L3M3N � 6O8 Z3> k ^ �P� �	QOR �S�P� a��t	T DOEONVUXWOYOZ�ZO> (Direction Of Interest,

DOI) (�� MVDR D�E�[ R�\ ^�]�^ U ) ]�x
wMVDR(θDOI) =

R
−1

a(θDOI)

aH(θDOI)R−1a(θDOI)
, (7)

_ " D�E�F�G�H�I ^ J�K�L�]�x
P (θ) = w

H
MVDR(θ)RwMVDR(θ) =

1

aH(θ)R−1a(θ)
.

(8)

�3D3E3[ R3` �a�b� aO� ZOA � D u [ R3\ ^Oc3deOfOgOhOiOj � �S�P� aO� ZOA ^ aO� hOi ` t	k
MVDR D�E�[ R�\�l ��m j ^�c�d e�f�g�h � ���� a�� o MVDR Z�A�n l ��m `�^ a�� h t
2.1 oqpqrqsqtvuxw MVDR yqz
2.1 {�|�}�~���� MVDR ?�@������������
�O�O�O� 1 h�j � 7O��e�fO2O4O7 � ��� t	�� l�m u�~�������� � � R ��� 9�� a�� � � x

R = UΓU
H =

M
∑

m=1

γmumu
H
m, (9)

� o x
U =[u1, u2, · · ·, uM ], Γ =diag(γ1, γ2, · · ·, γM ),

γ1 > · · · > γK ]V� K i  V! 7 � � ^V9V� q �
γK+1 > · · ·> γM ]3�3� 73�?e?f37 � � ^393� q �
um ]�� γm

7 � � ^�9�� U )�t _ x

R
−1 = UΓ

−1
U

H =

M
∑

m=1

1

γm

umu
H
m =

1

γmin

(

I −
M
∑

m=1

γm − γmin

γm

umu
H
m

)

,

(10)

� o�� γmin � ��� 9�� q � � γmin=γM

t
� �

(10) ��� � (7), ����� a�� k ^ � ) I�x
wMVDR(θDOI) = a(θDOI)−

M
∑

m=1

γm − γmin

γm

umu
H
ma(θDOI).

(11)

� ]�^ U ) � � ^ D�E ��� ]�x
BMVDR(θDOI, θ) = w

H
MVDR(θDOI)a(θ) =

a
H(θDOI)a(θ)−

K
∑

m=1

γm − γmin

γm

a
H(θDOI)umu

H
ma(θ)−

M
∑

m=K+1

γm − γmin

γm

a
H(θDOI)umu

H
ma(θ) =

B0(θDOI, θ) −
K
∑

m=1

γm − γmin

γm

ρmBeig,m(θ)−

M
∑

m=K+1

γm − γmin

γm

ρmBeig,m(θ), (12)

� o�� B0(θDOI, θ)=a
H(θDOI)a(θ) ]*�*�*D*E �*� �

ρm =a
H(θDOI)um

y��
a

H(θDOI) � um � K ^ 7��  � Beig,m(θ)=u
H
ma(θ) ]*¡ m i 9*� D*E � � $ 9

� U ) um ] ]�^ U ) ^ D�E ��� tT D*E*N¢U8Z¢U 6*8 �  *!*£ D�Z¢U � � θDOI 6=
θs,k (k=1, 2, · · ·, K) (�� K i  �! #�¤�] c�d t�" �
γK+1 = · · ·=γM ,

�
(12) o ¡ 3 i�� !�¥�¦ e�f 9��D�E ^�§�¨ ] 0,

_��
(12) #�©�ª�]�x

BMVDR(θDOI, θ) = B0(θDOI, θ) − BI(θ) =

B0(θDOI, θ) −
K
∑

m=1

αmBeig,m(θ),
(13)

�
MVDR D*E �*� � � �*�*D*E �*� *« c*d*9*�D�E ^�]�^ ��� ]�^�¬ u ]�x

αm =

(

1 − γmin

γm

)

ρm. (14)

" �
K i c�d�9�� q�� � ^�9�� U )� R ^3®J*K*� � c*d Z¢U k h n*¯ [¢U )* R ^*® J*K � �

span{u1, · · ·, uK} = span{a(θs,1), · · ·, a(θs,K)}, BI(θ)� } c°d Z±U {θs,1, · · ·, θs,K}
k [ R MPq � 7 �°²

BMVDR(θDOI, θ)
� } c*d Z¢U k [ R*³*´ tµ" � (14)
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#�� � ³*´ ^���� � γm/γmin R��	� t k '*� MVDR

D3E3[ R3\ ^3c3d e3f3g3h�
 c3d e?f � (Interfer-

ence to Noise Ratio, INR) ^��*]��� j t � � � a*�o���� � � � £ D�p*¤�] ���  *! t _ } � � � a*�
o�� MVDR Z�A ^ a�� h�
  e � (Signal to Noise

Ratio, SNR) ^���]��� j t} 1 h?j k � 73�?e?f323436O7 � ^?�?��� �
γK+1 6= · · · 6= γM , '3( � (12) o e?f 93� D3E � �
MVDR D�E ����� R�� � t°" � e�f�a�) � � � ^
9�� D�E � 
���� ) � MVDR D�E ��������� � ��������  �g ��� e�f 9�� q ^ a���� � γK+1/γMi� � MVDR D�E ����� � � ^ � � i� [19],

���
� a�� ^  �g n i \ t" �

(5) #�� � � 7*��e�f�a*)*+ o } w Z�\ gh ^ , �*�*- k t _�! v�" ��# ^ a�$ � } 1 h�j k
^ � 7O��e�fOm j ��� 2O4O6°.&% (O� #OBOCO��p
3�3�33��'�( 1 h?j k ^  &) a�e?f � 3�&* 1h?j k�+�,.- . ) a32343m � � .&% ^ e?f �	'3(
MVDR Z�A ^ a�� h�/ ` �  �g 6 � e�f 9�� D�E
^ � � � 8 ( J*K*L ^�0�1�2 k�e�f�3 e*f �4�5 �6 ��� L�M�7 ]98;: t
2.2 {�|�}�~���� MVDR ?�@�<�=�>��������? k �µ1 h�j k�,	- ^ e�f*2*4 i � � MVDR

Z*A ^ a*� h*i ` � J*K*L ^�0�1�2 i 5 � 6 � � LM i 8@: t�A �*�/1 h�j k�,	- ^ e�f*2�4*8 (�� �
MVDR Z3A ^�B�C   t �a�b� a3� o MVDR Z3A
^�B�C   # " D*E*F*G*N¢U 6*8 Z*> ( MVDR D*E
[ R�\ ^�D W � Tse G�E [20],

��F�G ]�x
Tse = ||wMVDR||2, (15)

Tse

i � � B�C  *i ` � MVDR Z*A�H�I h n*¯ [�J
\ ^ g*h*i*j t/� F ��p*
*�*�*���* � 1 h�j k�,- ^ e�f*2*4*7 � � � σ2

n-res-IDU,m = σ2
n-res-IDU (m =

1, 2, · · ·, M),
_ ���* ^�w Z�\ g�h # y�� ]�x
RIDU = Rss + σ2

n-res-IDUI, (16)

_�K
D�� Tse ]�x

Tse = w
H
MVDRwMVDR =

a
H(Rss + σ2

n-res-IDUI)−2
a

[aH(Rss + σ2
n-res-IDUI)−1a]2

. (17)

# $ML 8 [21], Tse � σ2
n-res-IDU ^ =MN MO u t

σ2
n-res-IDU

i& � Tse

i � � B&C  Oi ` t	k 'O�	1h�j k�,9- ^ e�f�2�4�6 #�C�� � $ , L MVDR Z
A ^�B�C   t

2.3 {�P�Q���R�S�T MVDR ?�@! v
2.1 � 2.2 ��# ^ a�$ � B�C���p�
������&'&(&U&VO� 7O��e�f # / ` MVDR ZOA ^ aO�h r 4�5 J*K*L ^�0�1�2 � A 1 h�j k�W�X�,	- . F2*4 ^ e�f $ , L B�C   t/k '*� "�Y / &��  < 1h?j k ^ 3� ) �3�3� 8 (�Z EO3�&* ^�w Z?\ gh ^ �3� 93� q?] . i m � ^ � q � ��*&[ � O�

* ^�w Z�\ g�h�\�] MVDR Z�A t_^�� 1 h�j k 
� ) dIDU,m ^�`�a # y*� ]*$ ��b � F�c < `�a x
max

M
∑

m=1

dIDU,m,

s.t. R−diag(dIDU,1, dIDU,2, · · ·, dIDU,M )−δI >0,

δ = ε min
m

{rmm} ,

(18)

� o >0 y�� g�h b � F � rmm
y�� w Z�\ g�h R

o ¡ m i�����- j�d � ε e F ���* w Z�\ g�h �� 93� q δ ^  � t � b � F�c < `�a � . i.f c< `�a � #*B*C*��g ^ f c <�h l�i��kj CVX[22] �^���t ���* ^�w Z�\ g�h ]�x
RIDU = R − diag(dIDU,1, dIDU,2, · · ·, dIDU,M ). (19)

} l�m u�~�������� ^������ � O�&* w Z�\g�h ^�9�� q 4�l a�b � � ]�x
M
{

σ2
s,k

}

1
+ δ, · · ·, M

{

σ2
s,k

}

K
+ δ, · · ·, δ, (20)

� o�� {·}i
y*� +�m o ¡ i

 ^ u t _ *��* w Z�\g�h ]�x
RIDU = Rss + δI, (21)� ���* 1 h�j k�,9-;n 2�4 ] δ ^ e�f�t" �

(21) #�� � T δ<min
m

{σ2
n,m} (�� ������)

{dIDU,m} p�] � u � 1 h�j k ^ � 7���e�f I�on ��p ^ '�( t �
δ = ε min

m
{rmm} = ε

(

K
∑

k=1

σ2
s,k + min

m

{

σ2
n,m

}

)

��� δ<min
m

{σ2
n,m}

� x
min

m

{

σ2
n,m

}

>
ε

1 − ε

K
∑

k

σ2
s,k. (22)

7�q ² � T δ>max
m

{σ2
n,m} (*� �*�**� ) {dIDU,m}

p�]�r u �	1 h�j k ^ � 7���e�f�q �� j�n t �

δ = ε

(

K
∑

k=1

σ2
s,k + min

m

{

σ2
n,m

}

)
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��� δ>max
m

{σ2
n,m}

� x
max

m

{

σ2
n,m

}

< ε

(

K
∑

k=1

σ2
s,k + min

m

{

σ2
n,m

}

)

. (23)

� m �
(23) � min

m
{σ2

n,m}6max
m

{σ2
n,m}

� x
max

m

{

σ2
n,m

}

<
ε

1 − ε

K
∑

k=1

σ2
s,k . (24)

'��3� T min
m

{σ2
n,m} < δ < max

m
{σ2

n,m}, �3�3
� ) {dIDU,m} o�� � � u � r u � ������h�j k ^� 73�?e?f  6 n � �� � h?j k ^ � 73��e�f �j�n t
� m

2.2 � � #�� � T�e�f�m j � MVDR Z�A
^&B&C  &W �
	O) (O� �
� A \&] O�
�  T�e�fm 6 � MVDR Z�A ^�B�C   6� (�� ��� A } ) a��� ) h?j k \�] ] � � � ��� A \&] O� ^
� /
� , L MVDR Z�A ^�B�C   t "�Y o�� + ��� e�fm j r  e � m 5�^
� 1 � k '
�
� ? O� `&a �� ] � `�a 6�������t�" k Y a�$ #�� � \�] �� ^��� "

ε e F � 3��* 1 h?j k ^�� 	?e?f3234 ]
δ=ε(

∑K

k=1 σ2
s,k +min

m
{σ2

n,m})
t

2.1 # � 2.2 # ^ a�$y 8 � � 	�e�f�2�4 i� � MVDR Z�A ^�B�C  �i� � H�I h n*¯ [�J�\ ^ g*h*i*j � A ��� � a��  g*i \ t � F ε
\�� � }�� o MVDR Z*A ^�B�C  

� � � � a*�  *g t/k '*� T�h n*¯ [�J�\ m  (*����� m  ^ ε $ , L B�C   �"! _ # �� m � ^
ε $*H*I m � ^ � � � a*�  *g t$#*k ] � 	�e�f*24 � min

m
{σ2

n,m} R��.� � } h n3¯ [�J?\ . F ^?�
��� � e�f*m 6 (*� ���� m  ^ ε $ , L B�C   �e?f3m j (3� # �� m � ^ ε $3H3I�7 � ^ �a�b�a*�  *g t "�Y�% & ε ^�&�'�( q�)+*8] 0.01∼0.1

t
[ � � �  � * ^ w-, \ g h RIDU . �

MVDR D�E�F�G�U ) x
wIDU-MVDR(θ) =

R
−1
IDUa(θ)

aH(θ)R−1
IDUa(θ)

. (25)

B�C�D�E�F�G�I�o�J�K�L�]�x
PIDU−MVDR(θ) =

w
H
IDU−MVDR(θ)RIDUwIDU−MVDR(θ) =

1

aH(θ)R−1
IDUa(θ)

.

(26)

/ ]+0 � �"1 1
% & n "	Y / & ^ � p¢
¢��OO� MVDR (Inhomogeneous Diagonal Unloading

MVDR, IDU-MVDR) , A ^�2 � ¯ � 1 t

3
1 IDU-MVDR 4656768696: 3

3 ;=<=>=?=@BABC
" #OBOC u q
D � ' L IDU-MVDR , A ^ �p   t D � o�E d�h p�] 20

j p�
�F�- h � h�j KG
d=λ/2

tO" � 1 h�j k ^ e�f�2�4�5�6�7�8 � �� ¡ k i���H  �! � F�G�I p�J��  e � ]�x
SNRave = 10 lg

σ2
s,k

σ2
n,m

= 10 lg
σ2

s,k

1

M

M
∑

m=1

σ2
n,m

. (27)

3.1 K�L�M�N�O�?�P�Q�R IDU-MVDR ?�@��
>�S
" ��# ����������? w�, \UT;� � � L→∞ ^

��� � � � w�, \ g�h p�[ � � (3)—
�

(5) F E m
R I�o � $ ' L IDU-MVDR , A ^ ��?  �g t� �

3 i*� 7*�  *! ^ £ D , U a*� ] {θs,k}=

{60◦, 90◦, 94◦},
2�4�a�� ] {σ2

s,k}= {1, 10, 10}, 1 hj k ^ JO� e�fO2O4�aO� ] {σ2
n,m} = {120, 124, 76,

117, 114, 65, 61, 99, 145, 83, 108 ,72, 124, 74, 100, 118,

134, 111, 88, 67}, � σ2
n,m =100

t _ � � 3 i��UH ! WV � I pWJ �  e � a � ] {SNRave} =

{−20 dB,−10 dB,−10 dB}
t j � 9�:�X98 � � Y o,�Y $ k D ��Z�u 6 � t�*� � $�p*
*�*�**� [10−11]

/ ]*� ��� D � a
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$ �?p3
3�3�33�3�3� 73��e�f ^ eOf3gOh t p3
�*�**� } 1 h�j k ^ *� ) r *��* 1 h�j k ^��	�e�f j � � *��* ^�w�, \ g�h�a*� $ dHDU,m r
σ2

n-res-HDU,m � RHDU
y*� t ] , L � m ^ 7 ��� I �� p3
 � �3�3�33��* w�, \ g?h ^ �3� 93� q 78�t ( ε=0.05, 1 2(a) ��1 2(b)

a�� % & n p�
 �
�?p3
3�3�33� o 1 h?j k ^ 3� )�� 3� � * 1h�j k ^ e�f�2�4 � 1 2(c) � � n �� � * w�, \g�h ^�9�� q a�b�t

(a) σ2
n,m � dHDU,m � σ2

n-res-HDU,m

(b) σ
2
n,m � dIDU,m � σ

2

n-res-IDU,m

(c) R � RHDU � RIDU �	�	
	�	�	3
2 �	� �	� �	�	�	�	�	�	�	�	���	�	�	� �	�	��	 	!	" 3 �	# 4	$	%	� �	�	
	� !	" 3

� ��1 2(a) �+1 2(b) #¢$¢%¢& � 1 h j k ^
dHDU,m &(' � � dIDU,m; p�
��������* 1 h�j k
^ σ2

n-res-HDU,m

m j � U�V m  � ��p*
*�*��*��*
1 h�j k ^ σ2

n-res-IDU,m

m 6 �  � .�%�t	k '�� }
1 h�j k � 7*��e�f*2*4*6*.�% ^������ � ��p*
*�*#�)�(�7 � e�f�a*) �/l � 7 j ^ e�f e�f*g�h t
1 2(c) o�� RHDU � RIDU ^*9*� q�p*� � R ^*9*�q ��� �3� 93� q?p?] γmin = ε min

m
{rmm}= 4.1; p


**��* 1 h�j k σ2
n-res-HDU,m

m j � U�V m  �	*%
RHDU ^�� M −K − 1 i e�f 9�� q m  � ( q6 ���  ��p*
**��* 1 h�j k ^ σ2

n-res-HDU,m

m 6
�  � .�% � k ' RIDU ^�� M − K − 1 i e�f 9
� q m � ��� ( q������ 9�� q 7 � t
1 3 � m n CBF r MVDR r p 
 � � *� MVDR

(Homogeneous Diagonal Unloading MVDR, HDU-

MVDR) � IDU-MVDR , A�H�I ^ J�K�L � D�E�FG ^ � � K(+�] 1◦
t #�$�%�& � MVDR � CBF ^J*K*L�, a*7�- �/. g R 2�a*� £10 90◦ � 94◦ ^ �� � � 0�1�2 m ` � 60◦ , U k ^ 6 � � L*M�, a�6

8 : t32 � k ] 3 i �b� ^ h?j J3�  e � p m 5
� h�j�e�f�2�4 U�V m  �4* % MVDR ^  �g(5(6
��4 t 7 ��� � � HDU-MVDR � IDU-MVDR ^  g p c�� MVDR

t;A ��� " � ��p�
�������()�(n 7 � e�f�a�) � IDU-MVDR ^ J�K�L�7 5 � 60◦

, U k ^ 6 �b� L3M�7 ].8 : � ��7 7 �S�P� K ^
³�´ 8;: 7 � � a�� h 7 ` t

3
3 CBF � MVDR � HDU-MVDR � IDU-MVDR 8	9	:
] n a�$ ε � IDU-MVDR

 *g ^ � � � 1 4(a)

�
1 4(b)
aO� % & n ε ( 0.1, 0.05, 0.01 ( IDU-

MVDR ^ J�K�L � D�E�N�U 6�8 , U ( ^�D W � t" 1 4(a) #�$�%�& � D � o ε ( 0.1, 0.05, 0.01

( IDU-MVDR p3# a3� £;0 90◦ � 94◦ ^ �b� �A ��7 �b� K3J3K3L ^ ³3´ ��� 
�< ε ^ 3� 3]
� � X 8 IDU-MVDR ^ aO� h&
=< ε ^ O� &�
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j t 8 (�� IDU-MVDR J�K�L ^�0�1�2 
(< ε ^ �  4 5 � a � ] −3.9 dB, −6.9 dB, −13.9 dB, 60◦ ,U k 6 ��� ^ L�M�7 ]98;: t°" 1 4(b) #�$�%�& �} �b� , >�� � Tse 8 :

�<

ε ^ 3� ��3] � X
8 ε ^�( q i � IDU-MVDR ^�B�C  3i \ t	T��� � � , > ( Tse

m � �k����� 6 � ε ( q ^ � � t

(a) IDU-MVDR 8	9	:

(b) ����	
3

4 IDU-MVDR 8	9	: � ����	�
 ε
!	" 3

! v $ k a&$ � \
� � � o�� � aO� h ^� ^m ` ��� h n*¯ [�J�\ m � � � T � ( m � ^ ε $*H
I � ^ ����� a��  �g � ! _ � T � ( m  ^ ε, $� ,

B�C
  t

3.2 K�L�K���O�?�P�Q�R IDU-MVDR ?�@��
>�S
} \�� � � o ��? w�, \ g?h � � AOH3I ^ �� � � (2) � � ^�����w�,�� g�h ��� t } 2�� ���

� � " � l�m u � � ������� G � 1������ 5*6�7*����� �W l �3. F � 7O�   � � �� w
,���! � 6" � .�# ��� � t� � 1������ ���� �$ ����� G � 536°73� �%�&(' �� � _ %�F�)�*�+ L, ��� m1 � m2 (m1 6=
m2) � ���� 7��  �$ [23]:

Γm1m2 =
E(|rnn,m1m2 |2)

E(rnn,m1m1)E(rnn,m2m2)
=

1

L
, (28)

�-, � E(·) . � ��/ � rnn,m1m2 . � �� �0 ,���!
� Rnn

, ¡ m1 ��¡ m2 1�� � � d � E(rnn,m1m1)

� E(rnn,m2m2) 2 � ��3 ��� m1 � m2 � ���� 24
σ2

n,m1 � σ2
n,m2 4

" �
(28) #�� � )�*�+ i�5 � 7

����� ���� 73�  3iOj � �� �0 ,���! � ,6� �����- � d n i� 4" ¡ 2 #*#�� � IDU-MVDR , A ��7*1���������� Q � 6O73� �98 �� �0 ,���! �O� .�# �O�
� � � /�:�; * / & � 4 k '*� � � ��� 0 ,���! ���� ��? 0 ,���! � � * %O. F ��<�= ��> � � ��

IDU-MVDR , A �� �g 4? F�)�*�+ � [ � ��� 0 ,���! � 6�@ 1 2 —

1 4
,6� D � � #3I�o ` - � ��A � X.8 7 � � �

�
0 ,���! ��( IDU-MVDR

W #�H�I c 3 CBF B
MVDR � HDU-MVDR

� ����� 2 �  �g �;� ε C
HDU-MVDR

 *g�� � � ��D 6 � 4 : Y <�6 2 $ )*�+ C IDU-MVDR , A  �g�� � � 4E�F*�*�
3.2 ��# ,G� D ����H 4 ,�Y 1�I D �Z�+ 6 � � 2 ��J�� 2×104 B 2×103 � 2×102

# )
* � � 0 ,���! � R 4 ( ε=0.05, C R ����K�L�M
C�N�O�P 4

)�*�+
L ( 6�8�Q (�1������ � O�P )

dIDU,m B � 	 �� 2�4 σ2
n-res-IDU,m � O�P�* 0 ,��

! � RIDU

� 9�� Q 2�R�2 � j�1 5(a) B 1 5(b) �
1 5(c) � � 4 1 , 8 � % & n L=∞, 8 ��? 0 ,��
T;��S�T :�� � ����A�/ $ C � 4" 1 5(a) #¢$¢%¢& � L

i(U � dIDU,m � �	?
� �+�(A � � � i	 4 7+1 5(b)

, � O(P	* 1(�
�V� � σ2

n-res-IDU,m


 <
T O U  �±] �9�V� K

σ2
n-res-IDU,m

� .9%   8 ( � � 4 1 5(c)
, � T (6�8-Q (�� RIDU

�-W-U 9�� Q L $ 4.1 4
A ���
 <

T O U � �( 7¢�   � j � O(P	* 1(�(�(��
σ2

n-res-IDU,m ��] � .9%   O 6 �3* % RIDU

�
� M −K +1

# �X 9 � Q γK+1, · · ·, γM−1 �
 ��( 9¢� Q 2 �	� � γK+1/γM �

j
4

[ � O-P9* �-0 ,-�-! � RIDU ���-Y[Z]\
2_^_` 1 6(a) a 1 6(b) 2_b %_c n L ( 2×104,

2×103, 2×102 d ` IDU-MVDR
��e�f�g a�h�i�j(kl�m , k d � D�n�o 4p 1 6(a) q�r�s c ` L t 2×104 a 2×103 d

u 0 90◦ a 94◦
� Zv\�L�q�w�2�^�`yx�z L=2×104

d 7 Z{\ f���|�}�~�� `9� L = 2×102 d������ Z
\���w�����2�^ 4 r ���

A���� `9����� �� ������ Bv������� Q 2���� o γK+1/γM

��������� `
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IDU-MVDR

� 2�^������ L
� O U�� O�� 4
	�� `��� L O U `������� � ����������� ��� B����f�� ��� ����� ��� ` IDU-MVDR

e�f�g��������
����������� �����

(a)  "!"# dIDU,m

(b) $"%"&"'"(") σ2

n-res-IDU,m

(c)  "!"*"+","-"."/ RIDU 0"1"2"3"4"56
5 78/898:8;8<8=8 8!8#8>?$8%8&8'"(8)"@" 8!
*"+","-"."/ 1"2"3"4"5"A"B"C"D"E"F 6GIHIJIKILIMIN �IOIPIQIR KILIMIN �(` LSUT `�� � �U�U� S � `��UV � � ` Tse W SU�U�YXZ

6(b), �[� L \ T ` Tse ][^ �[� ``_ � IDU-MVDR��a�b ��c M `�d�e���f�g�h�i M ��j ��\�� �k�l r�� ��m `on�p�q�\�r�s�t�u IDU-MVDR

�wvyx{zw|w} � j p�~w� hw�w��� o ���w�w���w������ GI� `������������ m������ ��� r�n�p�q��
��� |�}���x�z������Y� �I������ �¡ � �£¢�¤ ��¥¦�§�¨�© R ��ª�� �«�¬�® � ¥o��¯�° IDU-MVDR� ¡�� � ��±�² L> 30 M

� ��³�¥ ¦�´�µ�¶�·�� ¬
® � ¥ �w¸U¹���� HwG nwpwq�r�ºw» ~w¼��wv½x{z|�} ��m �

(a) IDU-MVDR ¾"¿"À

(b) Á"Â"Ã6
6 IDU-MVDR ¾"¿"À"@"Á"Â"Ã A"B"C"D"E"F 6

4 ÄÆÅÆÇÆÈÆÉËÊËÈÍÌ§�Î�Ï G�Ð � ��¤ q l�¤ ° IDU-MVDR
L�Ñ

� ¡�� � �Ò��¤ ~ 2014 � ¦�Ó�Ô�Õ Ð�Ö�Ð�×�Ø�Ù ���¤ �Ú�Û�Ü�Ý�Þ�ß�à ��r ��á 5 kn
��â

o�ã Ù ¥äwå ÚwÛ �wæw� ßwà � �èçwé ��ê�� �w� ���w���á
1.5 m, ������ � q l H�J�ë ��ì�� 12 kHz

�o¨
�í�ß�à � � 20 î������ 840 s

� Ú�Û q l Ø�Ù�ï
Q � ï Q ë�ð ±�²�� �I��ñ ª ¥ ��ò�ë ��� 1000 Hz,ó�ô � 50 Hz

��õ ó � � Ð�ö � â c≈ 1500 m/s,
ï

Q ë�ð«÷ ��� ��ø�á � ~ ��æ�ù�ú ¥�û d≈λ
�

Ï G�ü
500 ∼ 510 s

Ú�Û q l�ý�þ K�L�M�N �
R
��|�ÿ í

R
��� ì�������ì�� í�� \ Þ ¥ � ¯��

\ Þ��wKwLwMwN � �w��T ����	 � � � ��ì
� í
�
\ ÞI� ¥ t ε=0.01

��|�ÿ r rHDU,mm � rIDU,mm _
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� ì�������ì�� í�� \ Þ���K�L�M�N � � ü m î í��� �� �¥ Z 7(a) � Z 7(b)
|�ÿ�	�
�� ì�������ì

� í�� \ Þ � w�w�w� � \ Þ ¹� \ Þ����KwLwMN � ��� í���� �� �¥ Z 7(c)
í � � \ Þ�����K�LM�N � � ����	 |����

(a) rmm > dHDU,m @ rHDU,mm

(b) rmm > dIDU,m @ rIDU,mm

(c) R > RHDU @ RIDU 0"1"2"36
7 <"="@";"<"=����" "!��"*�� +","-"."/��
���"9�� E"F 6 @"+","-"."/ 1"2"3"E"F 6p Z

7(a) � Z 7(b) q�r�s 
 ¥�\ Þ�wü 2 îí��� �w  ��� ñ � ¥���V�� �  í
��� ��  �wTñ�wuw¥ �_� ü 2 îw�w�w� � ��� ��� ñ � ¥�V��
�w�w� � ������� � í �wu � pè~ ì
� í�� \ Þ �

w�w�w�w\ Þ ¹ �� ¥�\ Þ��wü 2 îw�w�w� � ��� ¡�»���¡�� ��!�"���� ��ì
� í
� \ Þ ¦ í�ü 2

îw�w� ØwÙ ��~w�#$�� \ Þ ¥�\ Þ
�% ���w� �
��� |�¹ w ¡���&���¥� í
��� ��  ��� \�� � pZ

7(c) q�r�s 
 ¥Ò\ Þ�� R
� ��������	�ñ � ¥Ò\Þ��

RHDU � RIDU

� ��������	w\ T ¥ � �wT �
��	wìw� γmin = ε min

m
{rmm} = 5.05×10−5

� x�zw¥p�~ ��ì � í � \ Þ &'� ��~�v ��� |�¹ ¥ RIDU
�

� RHDU ( ¡ ~wT�� ����	 � rw� �wm _ � ¥ �wì
� í�� \ Þ ñwì�� í�� \ Þ ~ ¡w�)*� � ��w�
� � ��� �Z

8
	
�wÏ G

500s ∼ 510s
ÚwÛ q l ºw» �

CBF
�

MVDR
�

HDU-MVDR � IDU-MVDR +'�',- �'.�� p�~ ï Q ë�ð � d>λ/2,
- �'. � s 
'/'01 ¥ � � 1 L�2 θML �

0 1 L�2
θGL 3�4 cos θGL =

cos θML±k(λ/d) (k=1, 2, · · · )
� ��5�¥ Z 8

�
79◦ �

144◦ 6�� �'.'7���� � í � ~ � � x�z ¥ V � ��î��� 1 � 	 ��î�� 0 1 ¥ � 144◦ 6�� �'.'7 � ~'8 �'9: L�; ��< ô �
89◦ � 172◦ 6�� ��.�7 W z X 5 �í � 4 = LwÑ � - �. q�r�s 
 ¥ MVDR � CBF� - �'.'>�| �'? ¥ .�7 ñ ô ������� ñ � ¥ �(� 

����������ñ � ¥Òt�u MVDR � j�@ ��A�B � � �
� � HDU-MVDR � IDU-MVDR ( ¡ ~��CD��.'7 � ~�ª�������� ¥ � � 
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