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Abstract Considering the filter properties of the long horizontal line array (HLA) to the sound field modes, we

established an adaptive optimal method to design HLA weights, which can change the filter pass band with the frequency.

Using the normal modes theory and combining with the feature of the sound field HLA beam forming, and analyzing the

differences of definition and slope in the LOFAR (Low Frequency Analysis Recording) spectrogram between the single-

hydrophone and the beam former, a frequency adaptive optimal estimate was obtained by solving a quadratic optimization

model with linear equality constraint. The numerical simulation and the experimental data analysis indicated that

we can obtain the beam former signal with the designed optimal array weight which was made up by the Surface-

Reflected Bottom-Reflected modes or Non-Surface-Reflected Bottom-Reflected modes. The slope of striations in the

signal spectrogram fitted well with the theoretical analysis.
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; �ÉÑÉÓÉÔÖÕÉíÉÝ ñ�# �"��$ � K1LÖøÉî�%Öï á �
<1=1>1? þ�& # Ý 91k1: Ñ1@1A1BÉöÉ÷ ûÉýÖþÉÿ �
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÷ ��T Ñ1+�=1XÉÚ�UÉ÷ ��T Ñ1+�= ñ

8 Ñ Á ; ( V . öÉ÷1+�= L � î�WÉù���X�Y � Õ L )øüî 9�: E 7 öü÷	Z �\[�K�+	=	]�Büî 3 '����ÃÌ�CE 7 öÉ÷ÉÝ1+�= I1J ��>ÉÑÉî_^�`���a�bÉÝ�[ K1+=üî G	c Ó	d����
LOFAR

ú�O P ûüýüþüÿ�G�H '�C
� ðÉñÉòÉó Ý ûÉýÉþÉÿ�G1H M f �ÖÕ��Éî�e�f æ PO

6 � O 7 g�h ( i æ�j�k � K�L���l�m ) å m�nÃî� 91:�/�� a /�o öÉ÷Öù���a�YÉøÖî  Ñ1@�A�B�?@ P �� �p ÏÃÐ�+�=ÃÝ�>ÃÑ o ^�` 4�5 å
Þ	q � . î ÍüÎüÏüÐ �\r  �	T Ñ�+	=	s�\	t á] B îvuxw Kxy . SRBR

+x= è N-SRBR
+x=

[14−15],� P
SRBR
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N-SRBR
+�= Þ�q . ñ�| P~}�� Ý�+�=Ãî �

A�BüÝüÏüÐ � Í	z	O	H	a S îD+	=	4 5 '�( ûüý f BÝ þüÿ C à ÝüÑüÓüÔüÕü×üÇ	� Þ Á�' å�� T î *�+ r� +	=üÝ�a	��K���C��üÍ	z	�üÏ	� Á	�	� [16−18] � ;
�ÃÏÃÐ ûÃý�G�H Ý � �ÃÊÃË

[10−13] (
e�AÃï á SRBR

+	=�A�BüÏüÐ��	�����
) è ñ�8�:	�	� ÐÃÊüË [19](

e
ï á N-SRBR

+�=Ãî�� � Í�z��ÃÏ�� Á�� ;ÃÝ�O�H )% j 6�� Þ ����� Ý�������� å
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ú1O P
ûüýüþüÿ�G�H Xüù	� ��9�:	/	� Ý�6  	8	9 �  n ;
� * î¸ï á	I Á	�	� Ý	�	 üî H	¡ � Þüß�9 í g�¢ {@ÉÝ�£�¤����1+�¥Éî�(�¦ 7 � Þ � ù��¨§ª© à ÝÖÚ�1>1?�«1 â1� î/)1* :�k Ñ�@�A1B E 7 öÖ÷ U N��¬ÉÊ  Ý ��T Ñ1+�=�A1B��¢Ú i C� � I�J � Á
'�®�¯Ãè�°�±ÃÁÃê�±�² å
1 ³µ´µ¶µ·µ¸º¹º»½¼º¸º¾½¿ºÀ½Á

Â	Ã	Ä	Å	Æ	Ç	È	É	Ê	Ë�Ì\ÍÏÎ	Ð	Ñ	Ò	Ó	Ô	Õ	Ö	×
Ç	Ø	Ù	Ú	Û	Ü	È	Ý	Þ	Íàß\á	â	ã�ä	å�æ	Í

(0, zs ) ç Çè Ð	Ñ	é	Ø	Ù	ê
r ë Ý	ì	ê z ç	í	î Ç	Ð	ï p(r, z, ω)ê�ð

p(r, z, ω)=
i√

8πrρ (zs)
e−iπ/4

∞
∑

m=1

ϕm (zs) ϕm(z)
eikrmr

√
krm

,

(1)ñ Ì~Í
ϕm(z), krm ò�ó ê�ô m õ�ö�÷�ø�ù Ò�Ã�Ä�ã

ù�ú�û (1) üþý Ð�ÿ��þß�������á�â�ã�������	�Í�

õ á�â�ã�é���Ü����Ã�Ä�ã ù�ú�������

14
Ò����

15 ��� á�â�ã ò ê�����ðÈ������
–
È�������á�â�ã

(SRBR)
Ò�������á�â�ã

(N-SRBR) ú���� 1 �� Í ñ Ì cseafloor

����! Ð�"

#
1 $&%&'&(&)&*&+&,&-&.&/&0 #
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(
é�Ü�� !�È � ��� ê cseafloor ≈∞), cmax

��Ã���
Û�Ð�"�Í

cmin

��Ã���Ç����Ð�" ú SRBR
á�â�ã�Ã

Ä�ã ù���� "�ì� �! ω/cseafloor < krm < ω/cmax �
cmax < vpm < cseafloor, N-SRBR

á�â�ã�Ã�Ä�ã ù����"	ì" "!
ω/cmax<krm <ω/cmin � cmin<vpm <cmax,

vpm

��ô
m õ á�â�ã�Ç � "�ì úß û (1),
È�É�Ð�ÿ�Ê�ËþÌ$#�%�& õ Ð�'�ê�ð

I(r, ω) =
∑

q

A2
q +

∑

m,l;m6=l

AlAm cos (∆kmlr) , (2)

ñ Ì~Í
m, l ò�ó ��á�â�ã õ�ù Í ∆kml =krm − krl

ê
Ã�Ä�ã ù�(�ú ß û (2) � æ�Ð�'þß���) ò�* 	�ð���)
ò ��+ �á�â�ã,	.-�/�Ø�Ù�Ò�����021�3�Æ�Í�4 �) ò ß�Ü�5�6 ø�ù Ç�7 ��8 Í�/�Ø�Ù�Æ�9 ��:�;�<= Í �	â �">"?"< ="@"A"B Ð"' ��C Ç"���"��� úEDF�Í�Ð�' � Ì�Ç ýHG ��� � ß � � ��5�6�ã � ��I	 ú�J ð

Iml(r, ω) = AlAm cos (∆kmlr) . (3)ß�� �
1
æ	Í é	Ü"K"L	Ç"�"�	Í � ßNM"1	ì Sg(

M
"�ì�O ù ) P�� 1�ì Sp ( � "�ì�O ù ) ü� ã @ Å�Æ

Q�ê�ð
1

β (Sp)
= −dSg

dSp
. (4)

� 2
Ò � 3

ê�R�â�S�ì�Ð�"�T���Ò�U�V�Ð�"�T
� P ñ á�â�ã�M "�ì P�� "�ì�W � � Í � Ì 
 è�X
ü � õ�Y�Z Í\[�]�Þ�^�& õ ��� 500 Hz,

Ð�Ñ ë Ó�ÔÝ�ì�_�ê
10 m úß � 2 � æ�Í � "�ì�Û�Ü 1540 m/s

Ç�+ è �`babc 	 �b�bdbe Í ñbf � `ba � Ü −1,
�b� Ü

1540 m/s
Ç�+ è�g�h >���K ÷�ú � � 3

Ì ��i è �`�a�c 	�����d�e�Íkj f � `�a ê −1 úkl�m�� 1 �æ�Í�é�Ü � 2 �  T ����n�o�Í�á�â�ã Y�Z�� "�ì �!
1540 m/s < vpm < 1580 m/s

Þ�Í�ê
SRBR Y

Z Í Â � "�ì�Û�Ü 1540 m/s
Ç�á�â�ã Y�Z Ìqp�^�� Y�Z m, l, i βml ≈ 1 ( r�� "�ì�Û�Ü 1540 m/s,+ Y�Z * 	�Ç�Ð�ÿ ã @ Å�Æ�Q�ê 1);

� � "�ì� �!
1500 m/s<vpm <1540 m/s

Þ�Í ê
N-SRBR Y�Z Í.p^�� Y�Z m, l

Þ�Í
βml s Å�t�� ú � 3 �� T�� �`�a ê�_�u�v�Í ñ ��i�Y�Z�w ê SRBR Y�Z Í�p�^� Y�Z ñ ã @ Å�Æ�Q βml s ê 1 ú

#
2 x&%zyz{&+&,&-&.z|z}&,z{&*z~&,z{&/&0 #

#
3 xz�z�&+&,&-&.z|z}&,z{&*z~&,z{&/&0 #
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SRBR Y�Z * 	�Ç�Ð�ÿ i ã @ Å�Æ�Q s�� � Ü

1,
�

N-SRBR Y�Z * 	�Ç�Ð�ÿ ñ ã @ Å Æ�Q s Å L ú
2 �������������������������� �!"�#�$�%

é	Ü	Ã	Ä"d"�	Í Ð"& õ Ç	ã�&�'�� ø�ù ê [9−10] :

γT (ω, θd, θS , rc; w) =
∑

m

Am exp (−ikrmrc)γ (ω, kd − kmS ; w) ,
(5)

ñ Ì~ð
γ(ω, kd−kms; w)=

N
∑

n=1

exp[i(k0 sin θd−krm sin θs)dj ]wn

ê)( �xÄ �xãxÇxã)&)' � øxù Í k0 =ω/c0

ê d �xÝxì
é���Ð�"

c0 (
U�* ��+ ^�T��þÌqp�,�Ð�" )

Ç�Ã�Ä�ã
ù Í θd

Ò
θS ò	ó ê"d"� @.-0/�1 Ò # % /�1 P d"�2 dxÇ)3)4xÍ

N
ê d �xÇ �)5 ù Í kd =k0 sin θd, kmS =

krm sin θs, dj = d(j−1)−d(N−1)/2, j =1, 2, · · ·, N , dê���5�×�6�Í
W =[w1, w2, · · ·, wn]T

ê�d���+���5��
- Q ú � ã7&7' � ø�ù Ç987: �9; �9
 � a Ü�Ð�ÿÐ�' ü�<�û ð

|

|γT (ω, θd, θs, rc; W )|2 =

∣

∣

∣

∣

∣

∑

m

Am exp (−ikmrc)γ (ω, kd − kmS ; W )

∣

∣

∣

∣

∣

2

=

∑

m

A2
m |γ (ω, kd − kmS ; W )|2 +

M
∑

m,l;m6=l

AmAl cos (∆kmlrc) γ (ω, kd − kmS ; W ) γ (ω, kd − klS ; W ),

(6)

|=�> Í û (6) ?�@ Â�A�B�����Ç cos C�D�E Í ñ�F ìG�H
γ(ω, kd − kmS ; W )γ(ω, kd − klS ; W )

Ç�I�J ú
Î"��5"�"� �"� Þ	Í r _"u"�"�"�"n"o	ÍLK�I�J

E ê�ð
|

γ (ω, kd−kmS; W ) γ (ω, kd−klS; W )=









sin

(

Nd

2
(k0 sin θd−km sin θs)

)

sin

(

d

2
(k0 sin θd−km sin θs)

)

















sin

(

Nd

2
(k0 sin θd−kl sin θs)

)

sin

(

d

2
(k0 sin θd−kl sin θs)

)









.

(7)

|
� 4 M : B ã7& ç ä�& õ�P (�Ã7N�Õ�Ó�Ô�& õÇ

LOFAR O � é.P ò�	 Í ñ ÌN["]"�"n	ê 51
5"�	Í

×�Ø�ê
2 m, D F�Í���Q�Ç�ã @ Å�Æ�����I�R�S ö �A Í�����T�:�& õ &�UVP 
 H ýqD�W�X�ú

#
4 Y[Z]\]^&*]_]`]a]b]\]^]c]d 90◦ e]f ']g]h]i ( j ) *]k]l]m]n ( o ) p]q]r]s
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J x = k0 sin θd − km sin θs, � , H sin b(x) =

sin(xNd/2)/ sin(xd/2)
ê"7 �"8	ø	ù Í � � 5 �  	úÎ

xNd/2�π
Þ�Í ø�ù ^��Û s�� Î xNd/2 � Û�Í

ø�ù s�� "�������� xd/2≈ π ú Â�� � @ - / - P#�% /�1 � A r θd =θs =θ
Þ�Í i xm =k0−km ú
	

BW1/2

ê
sin b(x) ø�ù����� ì���� ( r 2π/Nd),

Î
xm > BW1/2

Þ�Í g
sin b(x)

^ s�� ��Í g ��� ê�ô
m õ�Y�Z é�����&�I�	�& õ�� ����� ú

#
5 sin b(x) ������� #

ò7	 û (6)
Ò û (7) � æ�Í�p7, � õ�Y�Z m, l����I�	�Ç���� F s ß sin b(xm)

Ò
sin b(xl) ;�� L	Í �

xm =(k0−km) sin θ
Ò

xl =(k0−kl) sin θ � ò	ó
P ñ Y�Z Ã�Ä�ã ù Ò�d���ã ù k0 (�i W (θd = θs =

θ) ú�� xm >BW1/2

Þ	Í h å
xl

ê�� s Í sin b(xm)
Ò

sin b(xl)
Ç ;�� s w � � ��Í
��Þ i m õ�Y�Z é�Ðÿ Ç � � ������ú >�â ��_�u�����Ç�d���ã7&�I 	T�:�& õ�P (�Ã7N�Õ7T�:�& õ ��� l�� Å � A Ç� 

C Í ? ��d���ã�&�I�	 � é Y�Z�!�"�# ã�Ç� C�ú��$�Í
sin b(x)

Ç ���� ì�ê 4π/Nd,
> üþý d��Ç�%�ì

(Nd) P����� ì�	��VP~Í l�m sin b(x)
Ç

& ã�&�'���K ÷�+�'�û (7)
Ç�I�J�K è Í � > Í�/�(d���%�ì�Ç � ��Í�d���ã9&�I 	9T�:�& õ*)*+�, ;: Y�Z�-�. K ÷�úÂ � 2 �  T �	Ê	Ë�Ì\Í � 6

Ò � 7 ò	ó M : Bd"�	Ý	ì
10 m ë # %	Ñ	Ý	ì 10 m ë Ø	Ù�/	× 3000∼

5000 m ë ò9	 ���*/�×�ê 300 ∼ 600 Hz
Ò

1000 ∼
1400 Hz,

d���%�ì ò�ó ^ 300 m
Ò

100 m
Þ�Í
0�1

_�u���� ç ä�2 
 Ç LOFAR O ��P (�Ã7N�Õ�Ó�Ô& õ LOFAR O � T�:�é P l�3�ú � > /�(�d��*%ì�Ç � ��Ò�����Ç W9X Ízd��9T�:��2� P (�Ã N�Õ

(a) k]l]m]n (b) 100 m 4]`�5�6�7�8�9 (c) 300 m 4]`�5�6�7�8�9#
6 :�;]d 300∼600 Hz e LOFAR < #�=?>

(a) k]l]m]n]p]q (b) 100 m 4]`�5�6�7�8�9 (c) 300 m 4]`�5�6�7�8�9#
7 :�;]d 1000∼1400 Hz e LOFAR < #�=?>
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T�:���� (���)�+ Æ�Û ú > �7ß Ü�Î�d���ê 100 mÞ�Í

sin b(x) ø�ù����� ì � ê 0.12,
� Y�Z Ã�Ä�ã

ù s /�×�%�ì�ê 0.106 (
é�������ê

500 Hz), ����ì������	Û") ò Ð	ÿ Y"Z � Î"d"��%	ì	ê 300 m
Þ	Í

sin b(x) ø�ù����� ì � ê 0.04,
Ú���Ü

0.106, ���
 ì�����������) ò Ð�ÿ Y�Z Í r � i � � Y�Z é����ã�&�T�:�& õ ����B	��1 ú��$�Í�Ð�ÿ Y�Z Ã�Ä�ã ù s /�×�/���� � � �
� ��Í�
�Â  L���%���n�o�Í sin b(x) ø�ù����� ìÅ"/"�"� �"3	Æ	Í C �	Í�Î"�"�"!��	Û		Ð�ÿ�& õ"Y
Z� ì�Û�Ü�� ��ã7&7' � ø�ù*���* ì�Þ�Í�ã9&�I	7T�:�& õ ��� P (�Ã7N�Õ7T�:���� � :�; (�� Íj����	��Û ë >�? (	� ��Û ú� C �9� Í�Î�d���!��*% ��ç ä�Ç�& õ ��e�!� X Þ�Í S�Ü�_�u�����Ç�� ��ã7&�I 	�& õ ��� P(	Ã�N	Õ�T":"�"��� @ Â (��	úED F	Í�Î	��1	Ã�Ä"d��T":"& õ�!�" # %"L 1 ë È ����Ð�� ù ����Þ	ÍE>? (�� Ç @ Â��������9'���� l�3 Í�K ó ��ê*2 

X Ç,#.% /71 ò���� Ò�& õ���� ���1�%�d���Þ �Q�Î
#�%	����Ð�& õ ��e � Û�Þ�Í�>�?	��'	��Û ú
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W : ��?����,	.� ��Ç��������&�� / 2 Í�U�;�áâ�ã Y�Z ò Ù�Í
2 
��	'�Y�Z ����I�	���� l���ú
3 (*),+.-*/��1032����14153617
8 é�_�u�����Ç�d�� @ Â�Ç C9� Å�!�Í�o ��9å ��?�:�Ç�����&�� / 2 ú ��1�d���é�Ü Y�Z Ç -

. K 8 Í
2�^ ��; Ç Y�Z I 	�Ð�ÿ ( ��< ß SRBR

Y"Z"��< ß N-SRBR Y"Z ) ú ê�=	Ü ��> > ����?	Í@�A � � � ç ä7��?�ä�B�ê�C�× # ã�Í 	 ñ ã9&7'��ê
H(k), k

ê�����ã ù�úé�Ü9(���Ä ��ã�Í�ã9& ç ä�Ç #ªÇ�ê*2�^�R �/ - Ç�& õ ��D7J ñ�E9/ - Ç�& õ Í C ��ä�F�Ç #ã�Õ
H(k)

��ã ù k
C�×�Ç���	G	H

( � k = θ
ê�4

ì	C�×�Þ
) ú F���Í�Î	��1���� ç ä	I	J�ã @ Å�Æ���	Þ	Í ñ ä�F	Ç # ã	Õ H(k)

$ # �"W	Ü k
C	×	Ç �

�G�H7' ��Í�> � C ê���� Y�û � ß Å�K Y�Z Ç �L ����A�B�Ç�Í ;	M ��L	NPO~Ç k s ( Y�Z NPO ) ú
C ��Í ��+ ���	&	�������	Q�Q�ÍR # ã�Õ H(k)

Ç
��S���� ��; Ç Y"Z Í � #�T ñ�E Y"Z	ú � ê�I	J�ß
SRBR Y"Z �"�"I 		Ç	ã @ Å	Æ"�"�	Í � &��"� �"�Q�Q		S�� # ã�Õ� �!�ð
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0, k<

(

ω

cseafloor

)

sin θs = k U ,

1,

(

ω

cseafloor

)

sin θs 6k6

(

ω

cmax

)

sin θs,

0, k>

(

ω

cmax

)

sin θs = k V ,

(8)ñ Ì
cseafloor, cmax W ä�,	X �	Y � ����úß û (5), � æ�ð

γ (ω, ∆k; w) =

N
∑

j=1

exp (−i∆kdj) wj =

N
∑

j=1

wj cos (∆kdj) ,

(9)

ñ Ì
∆k=kd −kmS ú ��3 Nd→∞, � &��  L	Ç"�Q�Q
w
 û (9) Z ` ä	F	S�� # ã�Õ û (8),


��þß
Ü"d"��%	ì	Ç i�["8 Í ��+ Â�%	ì ��L	Ç�\	]"o�Í @Â�( � � -�. �"�� 
	û (9)

Ç�T": l�3"P	û (8)
Ç

^ ( "�	Ç�_�`	Í r�-�. "�"�"�	Ía"d"��ã�&�' ��� Z `	b I	c úê B�d�e�/ =	Í l"m	ù�f�# ã	Õ	ä	å	Í -�.	g	ù5"d"�	Í�Ð	ÿþÌih	ê�Ìih"��5	é �	Ç 1�j ÍE��5 ��Y
��� ê � ×�6�Í�×�Ø�ê d,

����W�Ü���5þÌ�h���é	k
Ç�Í g û (9)

Ì~Ç�5�6 ø�ù Ç�7 � ê l=2π/d ú ! �l Í �	û (8)
�	Ä�m	Æ�n	Í�9	ê + 0

è ê�Ìih	Ç b I
ø�ù Í

g(x) =















1, −B

2
<x<

B

2
,

0, − l

2
6x6−B

2
� B

2
6x6

l

2
,

(10)

ñ Ì
B=(ω sin θs/cmax) − (ω sin θs/cseafloor) úg C7� �� Z `�b I�c�_�` ��ü  ê � o���9_	`�ð

min
W,λ

F (λ, W ) =

∫ l/2

−l/2

[

N
∑

i=1

wi cos(xdi) − g(x)

]2

dx,

s.t. 1TW = 1.

�*1�o�p�qsr ;�ù 2 Í � , H ����Ç�é�k 8 Ò��5 1	j Ç�é	k 8 Í C�� ��9	_	` �	t Ü�ð
min
W,λ

F (λ, W )=

∫ l/2

−l/2

[

N
∑

i=1

wi cos(xdi)−g(x)

]2

dx+2λ
(

1TW−1
)

=

WTAW − 2WTc+2λ
(

WTa−1
)

+2B,

(11)ñ Ì~ð
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W =
(

w1 w2 · · · w(N+1)/2

)T
, di =

(

i − N + 1

2

)

d, i = 1, 2, · · ·, N − 1

2
,

c =

(

4 sin (Bd1/2)

d1

4 sin (Bd2/2)

d2
· · · 4 sin

(

Bd(N−1)/2/2
)

d(N−1)/2
B

)T

,

A = diag









4 cos

(

ld1

2

)

sin

(

ld1

2

)

d1
+ 2l · · ·

4 cos

(

ld(N−1)/2

2

)

sin

(

ld(N−1)/2

2

)

d(N−1)/2
+ 2l l









,

a = (2 2 · · · 2 1)T.

B�Ö 
 ����Ç���	�	��ê�ð
W = A−1

[

c +
1 − aTA−1c

aTA−1a
· a
]

. (12)

ß\Ü
k V Ò k Ubw"P �"� f i W	Í C �	é	Ü	Å	KÇ�����Í%S7� # ã�Õ�Ç7Ì h�����Ò7��S  ì w � ÅK�Í ß û (12)
� � Ç����	��/����
	�����Ç�3�Æ úo � + �"� f ò	ó ê 500 Hz, 1000 Hz, 201

5	Ã	Ä"�
� ë ��5�×�Ø 1.5 m

ê�� !�" [�]�ÍàÐ�"�T�� ��� 2

�  Í � 8
ê"["] l�3	ú =�> Í "�"����Ç"����ã�&/�("�"�	Ç � �	Í ñ ��S  S � ��Í �"_�u"�"��Ç"���ã7&  S�Å�/�����Æ�9 � � &�������ã7&9T�: Pb I	c�éVP � æ�Í�/�(���� � ��Í û (9)

���	� Z `ä	F # ã�Õ ú
4 ������	
4.1 
�����

o ��é C7� ã @�� Æ�����d�� ò7	 !�"�ù s []����	Í - ^��������	È	Ð ""T � ��� 2 �  Í È ��	C�×�Ê�Ë�Í�Ð�"�ê
1580 m/s, � ì 1.76 g/cm3, ���� ù ê 0.5 dB/λ ú ��5� ù ê 201,

×�Ø�ê
1.5 m,#�%�Ý�ì

12 m, ��� d�������Ü�Ý�ì 12 m ç�� #�%
� é�d���Ø�Ù���9	NPO~ê 3000∼5000 m ú

� 9(a)
ê ( � N � ! "$# % LOFAR O & �

& 9(b) '�(�)�* S ' ω/1540∼ω/1500
��+�,�-�.

#�(�/�0�1�3 � & 9(c) '�* S ' ω/1580 ∼ ω/1540��+�,�-�. #�(�/�0�1�3 � & 9(d) '�2�3 -�.�4��5�6 ( &�7�8�T�9 1�3�:<;>=�?�&�@�A�B�C��D*�E +,�-�.�F (�@�G�C�H 5 (�IKJ #K%K��LKMKF (K:ONP � ��Q�R ��L�M�S�8�#�% LOFAR T�&VU>W�X�1�YZ�[ N�\�]�^�:_a` & 9 b$cadaCa�Oeafag �aha9 WaXai
N-SRBR

L�M�7�8 W�X�1�YV;>= !�j�kmlVn>o�p�q�r
Uts�u�v�w�x L�M ' N-SRBR

L�M�y�z�{ R L�M�k
i�G�|�}�~��Oe�f�g ��h�9 W�X�i SRBR

L�M�7�8
W�X�1�Y�]�^�=�� k W�X��V�>} z�k��Vn e�f�g ��h9 W�X�����b�� SRBR

L�M�y�z�� R L�M �Oe�f�g��h�9 W�X�i�2�3 -�. v�����(�I 7�8�h�9 WKX�1
Y�]�^ Q�� ;�= n N kO�K�����K���K5�� WK���K/
0�����W���� kO5�6�h�9K��#K%KL�MK���K�KF (Kv
1�� kO  _ L�M�¡�F�¢ :£�¤�¥�¦K§�¨�©�ª�«�¬ q�r � ©�¯®�° W�X�v±�²�³ � . u ³ kD´�µ�¶�·�¸�q�r � k H 5�5�¹ _�º¶�· 2�3 -�. � +�,�-�.�»�¼ ��½ k ;>=�¾�(�I�J h9�#�% v LOFAR T�&�v�1���:�& 10 ¿ 9�� e�f�gÀ�Á 2�3 -�. � +�,�-�. (

¶�·
SRBR

L�M
) ¾ ®�°

W�X�i�(�Â�b�Ã�Ä�' 1
4���Å W�X (

��Å &VU>Æ�Ç�G
H ) vÈ;t= k 1�� �ÈntÉ H 5�+�,�-�.�F (�/�0�Ê k

Ë
8 ÌÎÍÎÏÎÐÎÑÎÒÎÓÎÔÖÕØ×
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5�6�h�9 v #�% ®�° WKX�������� ³�	�
���� Á W
X�1�Y 	�
��� k i�(�Â�b�Ã�Ä�' 1

4���Å W�X����	�� v�}�� ³ :
4.2 �����������

A�� o���o�� 2011 � 11 �������� �!�"�#�'$ kO��%�& v ��'�(K#K%K�K� )�)�#�* _K` :+"�#

UOf-,¯H 5 ? 5¯¹ !-.-/1012¯& 11 3-4 kO5¯�-5
170 m,

5K¹�6�7 ' 5 m (
���Ko�8 v�9�: kO5�; �

�� �Ã�< k )�)�/�0 4K���K��=�> ),
o�� ©�ª�«�¬

2�& 3 3�4 k>5�6�?�@ ' 93 m : & 5
_�A )�) ���

/�0 kCBED ��!�F�G�1���2�& 12 3�4�:O& 13 ' �'H( )H) 5�6 /�0�1�� k & 13(a) '�2�3 -�.�5�6 (
I h�9 LOFAR T�& k & 13(b) ' +�,�-�.�5�6 (�I

(a) IKJKLKMKNKO (b) PKQKNKO (N-SRBR)

(c) PKQKNKO (SRBR) (d) PKQKNKO ( RKSÎÏÎÐ )Ë
9 IKJKLKMKNKOKTKUKPKVÎÑKNKO LOFAR W ËKX Õ

(a) YKZK[K\ (b) IKJKLKMKNKO
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(c) PKQKNKO ( RKSÎÏÎÐ ) (d) PKQKNKO ( ����������ÎÏÎÐ )Ë
10 �����KYKZK[K\��KUKPKVÎÑ�������� X Õ

Ë
11 PKQ�������� Ë

12  �!#"%$�&���'��ÎÓÎÔ

(a) RKSÎÏÎÐ (b) SRBR (c) IKJKLKMË
13 PKQ�(�)ÎÓÎÔ X Õ Ë



266
© � � �

2017 �

h�9
(
¶H&

SRBR
L�M

) LOFAR T�& k & 13(c) ' 56 U 6 f�g À���� #�% LOFAR T�&�:_�` & 13 U>?���& ®�° W�X�@�� k 3 ¼���� ��v
LOFAR T�� ®�° W�X�����]�^�b�� k<���È�t��o��q�r ©�ª j �
	�2�3 ¨ k ©� LKM �   _ 	 SRBRL�M�k ¾
��Â�bKÃ�Ä 5 	 1 :� � [ W�X�v ��� @�
��� Z�[
� �� �v�]K^ k��
���
�K5K6 �KI h�9
(
¶�&

SRBR
L�M

) v LOFAR T�� ®�° W�X 	�
��� Á n N�: o "��H)���� lVn�� U�� 9 v�������G �©� L�M������ �� �v F � k * n�¸ �
� � @ � ��� v�:
5 !#"[ � �KH�$�% U'&K��(�)KWK�K� k*�+ _K` �,.- � $./ lan k /.0 �.� v.$.1.� I h 9 (.)
LOFAR T�� ®�° W�X���Y�b Q � e�f�g À h�9 v�W
X k ¾�$�1���I�2�3 h�9 (�) LOFAR T��VU>W�X�4��  _ L�M�S 3�:5
6 � ��H
$Kv �K¼�F �
7 ³ k[ *
+
� ¿ 9�� � ¼ ��� � 	 Å v �
�
�
� F�G��
� k ¸�������8 � Á ��� v�:95�6 ¸���� @�:�$�1��
I�: Å
; ��s
< �
�
=Kj
> 2�? k@�A :
�KI h�9
(
)
4 ��¶�· v L�M�S 3 k GKC ©KCB > � LKM�F
��D * : ,�- �H"H#��H)H#H* _�` NH4 k�¸ ��� � � �E @ � v�: ¸ ����v � ��F Å 6�G�H k���� 5�6 © ®�° W�X ��� v�f�� BED  �! ÁI ©
J � z�K �L�M�N J�O � � u�v *�+�P�Q :
6 R#S
U �
T �
U�©�� 3
V
W ©
X � ��G�#�Y S�Z G[ � � � U 3
\�v o
� "�# k�] ��^ � - GK@
_ v

G
`
D * ��) k � J i
a���"�#Kv
b�c Q
d � � �
v�e�f l 4�g�h�:

i j k l
1 D’Spain G L, Kuperman W A. Application of waveguide

invariants to analysis of spectrograms from shallow water

environments that vary in range and azimuth. The Jour-

nal of the Acoustical Society of America, 1999; 106(5):

2454—2468

2 Thode A M. Source ranging with minimal environmental

information using a virtual receiver and waveguide invari-

ant theory. The Journal of the Acoustical Society of Amer-

ica, 2000; 108(4): 1582—1594

3 Goldhahn R, Hickman G, Krolic J. Waveguide invariant

broadband target detection and reverberation estimation.

The Journal of the Acoustical Society of America, 2008;

124(5): 2841—2851

4 Tao H, Krolik J L. Waveguide invariant focusing for broad-

band beamforming in an oceanic waveguide. The Journal

of the Acoustical Society of America, 2008; 123(3): 1338—

1346
5 Cockrell K L, Schmidt H. Robust passive range estimation

using the waveguide invariant. The Journal of the Acous-

tical Society of America, 2010; 127(5): 2780—2789

6 LI Qihu. A new method of passive ranging for underwater

target: distance information extraction based on waveg-

uide invariant. Chinese Journal of Acoustics, 2015; 34(2):

97—106
7 QI Yubo, ZHOU Shihong, REN Yun et al. Passive source

range estimation with a single receiver in shallow water.

Chinese Journal of Acoustics, 2015; 34(1): 1—14

8 Tao H, Hickman G, Krolik J, Kemp M. Single hydrophone

passive localization of transiting acoustic sources. IEEE

Oceans Eur. Aberdeen, Scotland, 2007: 18—21

9 Yang T C. Beam intensity striations and applications. The

Journal of the Acoustical Society of America, 2003; 113(3):

1342—1352

10 monopoqsrotouov Yowyx Jozo{o|o}o~KTo���o�y�o�y�oqs�o�y��y�y�y�y�
2013: 46—55

11 YU Yun, HUI Junying. Passive ranging based on acoustic

field interference structure using double arrays (elements).

Chinese Journal of Acoustics, 2012; 30(3): 262—274

12 � , �y�y� ���y�y�y� �y� ����� �yq�rytÎÑy�ÎÌy�yvyx#"%$� |o�o� ' � �o{o|o~o�yq Y �y�o�y� 2011; 36(3): 258—264

13 Turgut A, Orr M, Rouseff D. Broadband source localization

using horizontal-beam acoustic intensity striations. The

Journal of the Acoustical Society of America, 2010; 127(1):

73—83
14 Jensen F B, Kuperman W A, Porter M B, Schmidt H. Com-

putational Ocean Acoustics. AIP Press/Springer, New

York, 2000: 16—17

15 Cockrell K L, Schmidt H. A modal Wentzel-Kramers-

Brillouin approach to calculating the waveguide invariant

for non-ideal waveguides. The Journal of the Acoustical

Society of America, 2011; 130(1): 72—83

16 Heaney K D. Rapid geoacoustic characterization: ap-

plied to range-dependent environments. IEEE Journal of

Oceanic Engineering, 2004; 29(1): 43—50

17 Heaney K D. Rapid geoacoustic characterization using a

surface ship of opportunity. IEEE Journal of Oceanic En-

gineering, 2004; 29(1): 88—99

18 Heaney K D, Sternlicht D D, Teranishi A M, Castile B.

Active rapid geoacoustic characterization using a seismic

survey source. IEEE Journal of Oceanic Engineering,

2004; 29(1):100—109

19 � Í �o�¡ o¢o£o�¡¤o¥§¦©¨ q«ªo¬yKJo®KUKQ Py¯y° Xy±o² wy�
�y³y´yxyµy¶yq¸·�) �y�y� 2010; 59(5): 3294—3301


