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Abstract Ocean ambient noise mainly includes uncorrelated noise and correlated noise, and the uncorrelated noise

only affects the diagonal elements in the covariance matrix. A high array gain beamforming with diagonal reducing

is presented ultilizing this feature. Firstly, the constrained value is selected by some criterions, and the array weight

norm constraint is used to ensure the robustness of this method. Secondly, the diagonal reducing value is calculated

by the newton iteration method. Finally, the covariance matrix which subtracts the diagonal reducing value is used in

the MVDR beamformer. Both the numerical simulations and experimental results show that the proposed method can

increase the array gain and the resolution capacity of multi-target. This method can provide compromise between array

gain and robustness by changing the diagonal reducing value.
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��?��ÌÖ�h�i��ÌÚJ��4
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σ2
un

��p�¸ ÓÆËÆÖ�±�2Æü
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rM1 rM2 · · · rMM − λ




=
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ó ��� (R−λI)−1

��	
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m
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wSMI = as −

M∑

m=1

γm − γmin
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������ë��� 
�� S 5�w
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.�.| j A.z � ó µm = aH

s um
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.�� ����å�ç � x m y _�`�å�ç���~ � ú�û G ó73�4�Tþ ��6.Z [ 8.9�� � :.� þ;Z [ ê�ë�ì�í�î ? !��
����� 1!ò!ì!þ�� � � ü!ý(õ)5 � _�`)b(ù(ú � þ
� � (16) ����x 2 � ù���<�� 0

ó�X�B�þ � ü�ý�õ5 � _�`�
�� j������ ç�þ�� � � � R�S SMI

��

S 5�þ E.F�G � ì�ó�õ�ö�÷��.�.� � ü�ý. L õ�
.��.R.S þ�� � E.F�G � ì�þ2B�÷������� 0 þ E�F�G��ì�ó
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(1)
õ�ö�÷���O�P�<���+�-�ù�ú�û�ü�ý� L þ #�$ &

�.� ��î.�.	 ��� � þ�B � λ = σ2
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��þYù�ú�û�ü�ý
 L '.�.(.+.-�þ;� � î.�.	 & �./�0 þ;� j.  ��êë�ì�í�î�ù.�.¡.w

(2)
õ�ö�÷��.O.P.e.¢ � 
.�.�.ë.� �.E.F�G þ£B�÷�����

λ
� 0 þ E.F�G ��ì�ó£¤��¥�¦�§�¨ ÷�����

0 6 λ < σ2
un,
\

0 6 RNR < 1,©�ª õ!ö!÷ ��O�P�1!î���	 � E�FMG ��~�]�^ ��«��¬ ��ó
���j�®�¯ ��� E�FMG � Z [ � � ��°�±�m Vü � � û��þ ®.¯.².³ 	2´.~�µ�¶�ü�ý�·��Tþ2C.D��

y 15 ¸ µ�¶�¹�h�î�þ&î ¸ ~�º�� 0.75 m,
ñ�� y �q�þTë�»��

−40◦
óTî�h�¼�½ ��¾�¿ V�W �7À�Á����

1000 Hz,
¿�Â �

50 Hz,
Z [ Á����

8000 Hz
ó&ü�ý

©�ª
[800,1200] Hz

��¿ ©�Ã 
�Ä�þ ��� V ü ��� V
W � Ã 
 � � ü!ý � � � �èþ&î ¸ »)Å!ò(ì)Æ # ëì��

0.5 cm2
�.Ç µ.b.�.È L.É þ ����� ©.Ê�Ë�Ì òì.Æ # ë�ì�� 0.005

�.Ç µ.b.�.È L.É þ ©.Ê ú.Í�ò
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ì�Æ # ë!ì � 0.5 rad2

��Ç µ�b���È L�É ó � 6 V
W þ�ü�ý�ï j.�.� ª�� þ���� ®.¯���� � �.��ñ�{�ù� þ�	 § Z.� 0 ç�
����� ? !���µ G <�ó;1���� �C������ �.� ª�� � � ç G <.��þ � @._�� ¦�� þ��}�� ï j ]�^ 200

��
����������µ�b � ����ó
�

1 ������V ü���� −30 dB, RNR
�

0.9
��þ

SMI � DR-SMI

M�M�M�ëM� � �M� å&ç�� ���

10lg‖w‖2 � [�� � � � � ��þ�����þ 10lg‖w‖2 �� [�� � � � �.� $ ÷ k ó [�� � � ú � � ��!�þ DR-

SMI
ë����

SMI
ë�� �

10lg‖w‖2 0 þ E�F�G ì�þ B
�� [�� � � � �.��þ�"���ì.º�#�$�÷ k ó�% L ¦&�1 ['� � �)( � 0 �'*'+ � þ-, �(ê!ë(ì!í(î ? !ò!ì ¿�¥ ��E�F,G �'.'/ � �!÷ k þ�021 � ( � �E�F�G ó

3
1 10lg‖w‖2 4656768:9<;6=6>

( ?6@6A6B6C 2 D6E ;6F68 )

�
2 ����� Z [ � � � 1024

�!þ
RNR

�
0.9��þ

SMI � DR-SMI

������ë�� � ����å�ç����

�
10lg‖w‖2 � ±�m V ü�� � � ��ó # � �7����s �

�� ±.m V ü � � �.��þ � ��ë.� �.E.F�G ï � ì�þB � ��G�H�I � ��J�ó � ��².³�� þ DR-SMI
ë.� �

E�F�G�K�L �
SMI

ë�� ��E�F�G ì�þ�" j �76�÷����þ�ú � 6 � � �.V ü �Tþ�õ V.W ��Ç�M�N Ì � 0 ó,   þ SMI
ë���é

DR-SMI
ë���þ&ï�O���6�P�¢ Vü�� ��* ��ó

3
2 10lg‖w‖2 46Q6R6S6T:U<;6=6>

©.ª õ 
.�.� Ë � L.N��.� � �.��þ �.� ��V þ1.Z [ � �W( � 0 þ;±.m V ü �XP.¢.��þ E.F�G ñ�%(�� 0�Y�þ   �.<.� ©.ª õ�ö�÷��.O.P�þ�Z�[�* L EF,G B'0'1 E�F,G 1�{'	 ¨ � �]\'^oþ & ��� �!î�.	 ��� � ó ��� y 3�_ ¦&� ÷�� � �.^ G � 3�`�ë��þ �
3(a) ����� Z [ ��� 4096, V ü���� −30 dB�!þ

DR-SMI
��E�F)G � RNR

� � �!þ �' RNR� ���!þ E�F)G #'$ � ì!ó � 3(b) ����� DR-SMI� î���	 � RNR
� � ��þ �� RNR

� ����þ&î��
	�a�#�$ ��0 þ �� RNR

��b�c � 0 þ E�F�G�� ªÌ�d ��ä�J�î.�.	�÷ k ó�õ�ö�÷��.O�P.3�`�e.��þ;�f ã � 10lg‖w‖2 6−10 dB,
\�õ E.F�G�� :.� ó � �1'g (�E�F,G :�� �'h ���'i �)/�0 � î)��	(þ #�

3(a)
�kj � 10lg‖w‖2 =−10 dB

��þ
RNR

�
0.75,\ � �

A l þ����nåoç'� �'� .'/ � 1.4 dB;
1  

RNR
��*�+ � þ # � 3(b)

���.� �.�./.0 � î.�.	�
16 dB,

\ � �
B l þ�� SMI

ë�� � � ��m 4 dB,

� � b'c � 0 RNR,
� 6 E�FMG � � ì!þ&î���	�|

� � ì�ó

3
3(a) n6o6p 4 RNR ;6=6>

3
3(b) q6r6s 4 RNR ;6=6>

3 ×¨Øutuvuwyxyz
{�a��7� f ã ��| : þ~}�� ζ0

ó | : � ã � ���� ,���ñ�û�þ � ».Å�ò�ì�þ ©�Ê ò�ì�þ�Z [ ê�ë�ìí�î � 8.9��.�.°.±.m V ü � � þ�	 §.�.� C.D�"��,���þ���� � O � | : b�þ �����.���.�.��� | : b� ������Y
[23]
ó�1���]�^�õ�ö�÷�����þ�!�"�ò�ì��

� Ì'� �
Tse, � Tse > ζ0,

¦]�
SMI


�����!ë��
�.E.F�G P�ì�þ�	 § ].^�õ�ö.���

[13,15], � �.
.�.��ë.� �.E.F�G þ � ��ù.C.D   � *�+ w � Tse < ζ0,

  �.�.���.��õ�ö�÷��.O.P�þ�Z�[.* L E.F�G þ � �î���	�ó ��� ��� m � SMI

������ë���	

min
w

wHRw, s.t. wHas = 1, wHw = ζ0, (17)
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���
Lagrange � ����þ���	

L (w, λ, υ) = wHRw + λ
(
ζ0 − wHw

)
+

υ
(
wHas − 1

)
+ υ∗

(
aH

s w − 1
)
,

(18)

���
λ
é

υ j 3�b Lagrange ��� þ λ > 0
óèô 
 �

õ
wH
¨ ä�þ�B���ä����

0,
ñ�	

w = −υ̂
(
R − λ̂I

)
−1

as, (19)� 6�
�����!ë�� ����« j���V�W @ / ¯ � ± � þñ
aH

s w = 1,
{���ñ�	

υ̂ = −

[
aH

s

(
R − λ̂I

)
−1

as

]
−1

, (20)

ô 
 � � ����l�m � � (19)
��þ ��� 	

w =

(
R − λ̂I

)
−1

as

aH
s

(
R − λ̂I

)
−1

as

, (21)


 � � �.� ¦&� þ ©.ª õ
Tse

� m ��þ �.� � �.��åç���6!õ!ö!÷ ��
����)!ë)� � �)�æåoç(ó&÷ � 
� � i ����� ©�ª ¨ a�� ��ë � ��� 	

‖w‖2 =
aH

s

(
R − λ̂I

)
−2

as

[
aH

s

(
R − λ̂I

)
−1

as

]2 = ζ0. (22)

ô.Z [ ê�ë�ì�í�î
R
].^._.` L.a þ � � (13),��	

z = UHas =
[

z1 z2 · · · zM

]T
. (23)ÿ����

(14) 	 � (22)
é��

(23),
��	

f (λ) =

M∑

m=1

|zm|
2

(γm − λ)
2

[
M∑

m=1

|zm|
2

γm − λ

]2 − ζ0, (24)

ñ
f(λ̂) = 0

ó
Tian[14] ����
� 1 � � f(−λ) j �

y������ ÷ � ��þ H f(λ) j � y������ � � ��þ �
3(a) # ��b���� 
�¦]� � " � l ó�,   õ ¨ a � �
f(λ) = 0

� a ��þ �.Z.�������.l.�.].^��.b.!."�ó��
 { � þn�.� �.� �.b.!."�÷����� � r�� �.� 	
(1)
{�a�� V Tse

� | : � û��þ � Tse > ζ0,
ù

<�]�^�õ�ö�÷���� « ó � Tse < ζ0,
Y�����]�^�õ�ö

÷���� « w
(2)
õ,Z [ ê ë ì í î

R
],^,_,` L,a þ ��

(13);

(3)
����������l�ë���þX��� � O ����K b�þ ¨

a � (24);

(4)
ô ¨ a�� ¥ � λ̂

b�l�m � � (21)
�oþ �������å�ç�ó

4 �������
®.¯.².³ � 2.3 �.®.¯.².³ � [ þ;�.� � � y �q!þ&ë�» �

−30◦,
ã�Å

ζ0 = 0.8
ó V ü � � −10 dB�

SMI, DR-SMI
ë�� ��� � ë�»�� � � 4

{ } þ
�

4(a) ����� Z [ � � 4096
� � ë�»��!þ �

4(b)� Z [ ���
16384

ó # � ���.�.s � þ6O � � �.�.Z[ ��þ E.F�G �.��þ;Y.1.�.��åTç���� m � ��h �.�
i�� � ÷�����.� 0 þ;\�÷�ø � ü�ý�� � þÉî.��	.�
0 þ � � q L�� <� �����ó

3
4(a) 56768 D 4096, RNR=0.7

3
4(b) 56768 D 16384, RNR=0.86

V ü���� −15 dB
�

SMI, DR-SMI
ë�� ��� �ë.»�� � � 5

{ } þ �
5(a) �.�.� Z [ ��� 4096

�
� ë�»���þ �

5(b)
� Z [ ���

16384
ó&÷����� �

V ü���� −10 dB
� � ì�ù � þ � ,�1�6 �

2, ��Vü��7¢�6�!���b���þ E�F�G � SNR
� � ��P k ó

3
5(a) 56768 D 4096, RNR=0.73

3
5(b) 56768 D 16384, RNR=0.9� � õ � � �(ë)� � � � q L"� G <(þ&õ"! �� ®.¯ ���þ � ? ! � �.� y�V.W ë.» θ̂1, θ̂2

g ( 	
∣∣∣θ̂1 − θ1

∣∣∣+
∣∣∣θ̂2 − θ2

∣∣∣ <
∣∣∣θ̂1 − θ̂2

∣∣∣ , (25)
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θ1

é
θ2

� ¯ 3 � V�W ë�»�þ Y����   ����� V�W < A > L�� þ �� L���� � p0 � A > L�� �����¤������� ��� L ��ó�
6 ��� � V�W ë�»!ö Ì ~�� � 10◦, RNR

�
0.83

��þ
p0 � ±.m V ü � � � ��þ � [ ±.m V ü �Tþ

DR-SMI
�

SMI
ñ���� �

p0

ó �
7 ������V ü����

−15 dB,
ë.»�ö Ì ~	���

10◦
��þ

DR-SMI
ë.� �

p0

� RNR
� � ��þ p0

a j.�� RNR
� � 0.$ � 0 þ

� RNR
& � ! � /�
 b��!þ p0

& ��/�0 b!þ   �, � E�F,G � ª�Ì'd �!þ&ä'J�
)���)!ë)� G < �e�þ
p0

|�ú.5 � � e�ó � 8 �.�.�.V ü � � −15 dB,

RNR
�

0.83
�!þ

p0 � ö Ì ~�� � � �!þ � �!ö Ì~���þ
DR-SMI

ë����
SMI

ë���ñ���� �
p0

ó

3
6 ������ 46Q6R6S6T:U<;6=6>

3
7 DR-SMI �� ; ������ 4 RNR ;6=6>

3
8 ������ 4����6;6=6>

5 ���uv���� �
�) õ ������ )Z�! �  2� � �)])^"� « þ���1	".".� � ñ	# G óWî ¸ ��� 16, $	% � 1.5 m

�
&(' î!ó�Z [ Á � �

25 kHz,
¹ G � Á V�W ¿�Â �

700∼1500 Hz
ó ��g ( ê�ë�ì�í�î ¨ ¡�)."�þ ? !�ê

ë�ì�í�î������
2 s
� ����ó L ��Z�� SMI

é
DR-

SMI
".�.].^�� « þ �.� � ë.».�.~	* � � (Bearing

time record, BTR) � � 9, +	, õ � � » j dB
ó �

10

j ��� 10 s
� � ë�»���ó

3
9 -. 8/ BTR

3
((a) SMI; (b) DR-SMI)

3
10 �01!." �.� RNR

�
0.894

ó �.��� } þ
DR-SMI

�
SMI

ñ	�.¢ �	2	3 ó ©.ª	4	5 ë.�.!.".± �.V ü � 	
x 1

r��.� � 1 V.W � ���	6	7 SMI
é

DR-SMI, i
�.V.W ± � <�ç Ps

� ü�ý.± � <�ç Pn

� ¤�é.w x 2r�þ���� � 1 V.W ��� ��h �	6	8�ü�ý�����þ���� x
1
r �.� � �.b�åTç � RNR,

!."�ü�ý.± � <�ç.w x
3
r�þ�!�"�± ��V ü�� SNRo, � % 1

ó
9

1 Q:6S6T:U
�� Ps (dB) Pn (dB) SNRo (dB)

SMI −23.3724 −14.8413 −8.5311

DR-SMI −23.6653 −18.7290 −4.9363
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# % 1
� ��������s � þ�1�±�m V ü � � [ �h ��� þ DR-SMI

� ± ��V ü�� � � ��m 3.6 dB,
\

î���	�� 0 ó
6 ���

1���ý�î�h V�W � « ��þ MVDR

������ë��

� � j 5.� /���� � ó 3.4 �  �	�ü�ý�
���ù�ú�û �� ü�ý�é�ú�û � ü�ý. L ó � ü�ý���� R.S ê�ë�ì�íî � õ�ö ¸ ��þ � � �.�.� ����I.6�õ�ö�÷��.O.P �E�F ����	
MVDR
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Tse

( � k þ�H��.�.�.��åTç���� m ��þ 0�1 E.FG 1.� f �.� � �&\�^Tþ ©.ª O � � õ�ö�÷���þ i��
/.0 � î.�.	.w (4)

�.�.�.��åTç���� m ��ë.����þ<.� ©.ª �.b.!."�þ i�� ÷����� �.? !�b�ó ©�ª ®
¯ é.3������� « þ�õ �X�1 � õ�ö&÷��.O.P � O.�G � ñ�# G ó

� � � �
1 Wax M, Kailath T. Detection of signals by information the-

oretic criteria. IEEE Transactions on Acoustics, Speech

and Signal Processing, 1985; 33(2): 387—392

2 Wang Yong, Yang Yixin, Ma Yuanliang et al. Broadband

pattern synthesis for circular sensor arrays. The Journal of

the Acoustical Society of America, 2014; 136(2): EL153—

EL158
3 Dougherty R P. Advanced time-domain beamforming tech-

niques. In: Proc. 10th AIAA/CEAS Aeroacoustics Con-

ference, Manchester, 2004: 1—11

4 Dougherty R P. Beamforming in acoustic testing. Berlin:

2002: 83—86
5 Horne W, James Kevin. Concepts for reducing the self-

noise of in-flow acoustic sensors and arrays. In Proc. 5th

AIAA/CEAS Aeroacoustics Conference and Exhibit, 1999:

108—118

6 Hutcheson Florence, Brooks Thomas. Effects of angle of

attack and velocity on trailing edge noise. In Proc. 42nd

AIAA Aerospace Sciences Meeting and Exhibit, 2004: 39—

66

7 �������������������������� ��!�" ;�#�$ q�% smi-Mvdr & �
1�'�(�)�*��,+�-�.�/�0�1�2�)�*�� 2014; 36(12): 2381—2387

8 �������3�����34�5�6��7� #7$ q7% S78797:  �7!�" )7*7�3;<7= .7/7>7?7?7@7� 2014; 35(11): 1328—1331

9 A�B�C��ED�F�G��EH�I�J7�EK7L�& �7M�N7O L ; n6oQPSR7T�K7LU �7� $ ?7?7@7� 2013; 38(3): 258—264

10 V�W��YX s�Z��Y[�\ 9�]�^�_ q n o7` r6s�K7L U � ;7a�b�c7de7f > ��7g7h7� $ ?7?7@7� 2012; 37(3): 308—318

11 i�j��Yk�l�m��Y����n�o�p ��q�r q7s�t ;�u7v L7w�x7yzPSR7T
K7L U �7� $ ?7?7@7� 2015; 40(1): 104—109

12 {�|�}��3~�B����3�����7�3�7�7Z ; K7L U ���7�7j�w7��7�31
270 S7� ?7@7� 2014; 36(12): 2882—2888

13 Cox H, Zeskind R M, Owen M M. Robust adaptive beam-

forming. IEEE Transactions on Acoustics, Speech and Sig-

nal Processing, 1987; 35(10): 1365—1376

14 Tian Zhi, Bell K L, Van Trees H L. A recursive least squares

implementation for lcmp beamforming under quadratic

constraint. IEEE Transactions on Signal Processing, 2001;

49(6): 1138—1145

15 Carlson B D. Covariance matrix estimation errors and di-

agonal loading in adaptive arrays. IEEE Transactions on

Aerospace and Electronic Systems, 1988; 24(4): 397—401

16 �������ED��z�S�E���������7�7� U7�7� q7� F7� p ;7�7��� q
% f > K7L U ���7� $ ?7?7@7� 2005; 30(3): 264—269

17 ��������D�B�����w���K�L U � � ;�� (�0� �¡�� $ ?�?�@��
2008; 33(4): 316—326

18 ��������D��¢�£��¤�¥�J�������� -�¦�w�� T�$�§ 8�¨�a�© �
�7� $ ?7)7*7� 2003; 22(1): 30—32+64

19 ª�T�«�� -�¦ T�$�§6;�¬ &�7®�¯ 8 � $ ?7?�@7� 1986; 11(1):

20—29

20 °�± � �E²�³�´��Eµ�l�¶7��� - ] T7$6; & � 7®70�· d � � p:7¸ � $ ?7?7@7� 1992; 17(4): 270—277

21 Van Trees H L. Optimum array processing: Part Iv of de-

tection, estimation, and modulation theory. New York:

Wiley, 2002: 66—70

22 Cox H. Resolving power and sensitivity to mismatch of

optimum array processors. The Journal of the Acoustical

Society of America, 1973; 54(3): 771—785

23 ¹�º�»�¼EX s�Z�¼E���������7½7t��6q7K�L f >6;7¾��7N i 87O
L7¿7À ;7Á7Â7Ã7Ä ��Å7Æ7)7*7� 2007; 15(2): 31—33


