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Äu��ÈÅnØ, æ^�Z¼ê!õÇ�A¼ê!*Ð©Ù¼ê!Vª¼êo�XÚ¼ê�Å�ØCþ�
�¡/£ã
$ª(|��Z(�. nØ©Û!�ýïÄÚ°Áêâ?nÑ�y
$ª(|�3­½�Z�(�,

�8Id�9C!qdC9��!���$Ä�, �Z¼ê (LOFAR ã) �Z�(���qaV­�; õÇ�A¼
ê�Z�ãL�
{�Å+�ò��©, Ny
ÙªÑA5; *Ð©Ù¼êU�N LOFAR ãþZ�^«��Ç�
�; 
Vª¼êUNy�úÝ��©. ��XÚ¼êþUAOâÑZ�(��,�¡�A�, �kAÚ.
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1 Ú ó

°�Å��­�A:´$ª(|�3­½�
Z�(�, �©��ÌZ�(�ÚëYÌZ�(�.

cö�Z�(�A:ÚA^®3©z [1—3] ¥?
Ø, �©'5�ö. �IÆöJÑ
Å�ØCþ5
£ã� [4], ^��Iþëê�N
3 LOFAR ãþ
ål!ªÇ9Ù�Ç�'X, £ã
(|�ªÑA
5Ú�����Z�(� [4−10].

8c, ^Å�ØCþ β £ãëYÌ(|�Z(
�A5´ISþ61��{. æ^�?nì� LO-

FAR ã, ½¡��Z¼ê, T�{^ P (t, f)(P L«
õÇ½Uþ) £ã(|�Z�(�, |^Å�ØC
þ β £ã P (t, f) ã¥Z�^«��Ç¿��Z�
^«;,�§, âd?1(B&Ò?n, J�8I
$Äëê½�¸&E [9−11].

���/`, �^�CÈÅì½�C!�CÈ
Åì��¡/£ã(|�Z�(�. Ïd, �©Ø
'5�Z¼ê�A5	, �ïÄ
ÄuõÇ�A¼
ê!Vª¼ê!*Ð©Ù¼ê���ÈÅì�Z

�(�. o�XÚ¼ê¥=k��´Õá�, z�
XÚ¼êþU£ã(|Z�(��A5, ���X
Ú¼êþUAOâÑZ�(��,�¡�A�, �
kAÚ.

2 Å�ØCþ

�â{�ÅnØ, &Ò�(r�±L«�

I(r, z, zs, ω) = P (ω) ·
{ N−1∑

m=0

A2
m + 2

N−1∑
m=0

∑
n 6=m

×AmAn ej(ξm−ξn)r

}
, (1)

Ù¥, P (ω) �(
�õÇÌ, �@�3?nªãS
´ëYÚ²"�; Am =

√
2π/(ξmr)ϕm(zs)ϕm(z),

L«1 m �{�Å(Ø�ÌÝ�; ξm �1 m ��
�����, �=���Y²Åê, ϕm(z) �1 m

������¼ê. l (1) ª�±wÑ, (rdüÜ
©|¤, 1���±w�(r��6©þ, ´ål r

ÚªÇ ω ��C¼ê; 1���(r���©þ,

Ny
ØÓ�{�Åm��pZ�, ´/¤ål -
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ªÇ²¡þ²V�mZ�^«��Ï. �{B, �
¡þ��Ä1��, P�

I =
∑
m,n

Amn exp(j∆ξmnr). (2)

3 r-f ²¡þ, e ∆r ¿ r0, ∆ω ¿ ω0, r0 Ú ω0 �
¥%ålÚ¥%ªÇ, K�±@�Z��^«þ
�(rØC (= I(ω, r, z) �ÛÜ4�), KÙ��©
� 0, �±L«�

dI =
∂I

∂ω
dω +

∂I

∂r
dr = 0. (3)

d (2) ª�±��:

∂I

∂r
≈

∑
m,n

Amn exp
(
j∆ξmnr

)
j∆ξmn, (4a)

∂I

∂ω
≈

∑
m,n

Amn exp
(
j∆ξmnr

)
jr

∂∆ξmn

∂ω
. (4b)

òþ¡üª�\ (3) ª, ��Å�ØCþ�½Â
ª [4−8]:

β =
dω

dr

r

ω
= −∆Spmn

∆Sgmn
, (5)

Ù ¥, ∆Spmn � 1 m � � 1 n � { � Å � ú
Ý (phase slowness, ��Ý��ê) ��©, ∆Sgmn

�1 m ��1 n �{�Å+úÝ (group slowness,

+�Ý��ê) ��©. l (5) ª�±¼�ü«�O
Å�ØCþ β ��{, þª�1���ÒL²ÏL
é r-f ²¡?1ã�?nJ�Z�^«��Ç�
±3��O β �, 
1���ÒL²��±�â°
��¸k��£ÏLï�¼�{�Å�+�ÝÚ
��Ý, l
é β �?1nØý�.

éuÏ~�°�Å�, Å�ØCþ¢Sþ´f
Cz�, Z�^«��Ç����ê!(ÅªÇ!
(
Ú�Âì�Ý!� ��kféX. �õê�
¹e, −3 6 β 6 1 k�©Ù [12]. 
éu,
AÏ
�¹ ('X: �(�¿¡!ò�Ç²��5Cz(
�¿¡), Z�^«��Ç�þãÏ�Ã', ´ØC
�. �âÅ�ØCþnØµe, �±ò°�Å��
�©�üa: �°��X�áu�a, 3Ù¥DÂ
�(Å�$�������, =$����+�Ý
�$, β ≈ −3; 
f°áu,�a, Ù$����k
��, β ≈ 1.

éu r-ω ²¡þ�Z�(�, e�½ªÇ ω0,

K(r���±Ï�ûu���úÝ��©, =�
�üZ��^«�ål ∆r(Y²�Zål) �L«

� [13]

∆r =
2π

km − kn
= 2π

[
ω0(

1
vm

− 1
vn

)
]−1

= 2π[ω0Spmn]−1. (6)

þª��±dü����Z��^�í�, =:

kmr = knr + l2π l = 1, 2, · · · . (7)

Ó�, e�½ål r0, Z����Ñy3ü��Ó
�U\�, X (8) ª¤«:

Tmω = Tnω + l2π l = 1, 2, · · · . (8)

d�, ���^«m�ªÇ� ∆ω �ûu��+ú
Ý��©:

∆ω =
2π

Tm − Tn

= 2π

[
r0

( 1
um

− 1
un

)]−1

= 2π[r0Sgmn]−1. (9)

(9) ª� (6) ª�'U���� (5) ª, ùüª�*
/L²ëYÌZ�(��¼�´��Åê�©�
��ÿþ, U�°.�/(�üÚ°�(�ÛJø
k^�&E.

3 ��ÈÅì

°�&��±w���C!�CÈÅì [14].

�Z(|�Z�(��±^�CÈÅì5£ã, =
Z�(� P (r, f) �±w���CÈÅì�XÚ¼
ê (P L«õÇ½Uþ). �Ä(B¢S¼���
��$Ä(
�Z�(� P (t, f)(½= LOFAR ã),

§�w���ÈÅì�XÚ¼ê.

3.1 ������ÈÈÈÅÅÅììì���XXXÚÚÚ¼¼¼êêê

Äk?Ø��ÈÅì�Vg.

e(|´�Z�, :8I
�!���$Ä,

K7½��	(½5���ÈÅì, §�XÚ¼ê
ko�, «uã 1.

ã 1 ¥ h(τ, t) �&��À-�A¼ê, t ��
m, τ ��ò; H(f, t) �&��ªÇ�A¼ê, f �
*	ªÇ; B(f, ϕ) �&��Vª¼ê, ϕ ¡�ªÇ
*Ð; S(τ, ϕ) �&��*Ð¼ê, £ã3�ò τ Ú
ªÇ*Ð ϕ �þ�éÜ*Ð.

¤ko�XÚ¼êp� Fourier C�. ?Û�
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�Ò�±��(½XÚ�5U, §�©O3,��
¡U��*/£ã&�.

ã 1 �C&��XÚ¼ê

ã 2 ��xD(���ÈÅXÚ¼ê

éEË�
&Ò3 150 Hz—1 kHz S~´ëY
Ì�ÅD(, ²ýxz������xÚD(. ¤
±, b½
&Ò� σzz(t), σz �
rÝ, z(t) �8�
z���xD(, = z2(t) = 1.

d u 
 & Ò ´ � Å �, � � È Å ì � Ñ
Ñ P (f, t) �

P (f, t) = σ2
zH(f, t)H∗(f, t)

= σ2
z |H(f, t)|2, (10)

Ù¥, σ2
z ��~ê, P (f, t) ¡���Z¼ê.

¤±, �ÅxD(ÏL��ÈÅì, ��^o
�XÚ¼êL«, Xã 2 ¤«. Ù¥, P (f, t) � LO-

FAR ã, �¡��Z¼ê½�Â&ÒõÇÌ�ª©
Ù¼ê, eÑ�~Xê, P (f, t) = |H(f, t)|2; I(τ, t)

¡� “õÇ�A¼ê”, ´�Â&Ò8�z�'¼
ê�ÎÙã, =8�zg�'¼ê��m{§ã;

PB(f, ϕ) ¡� “Vª¼ê”, �Z�(��ªÇ9
ªÇ*Ð�éÜ©Ù¼ê; Ps(τ, ϕ) �&��*Ð
©Ù¼ê, ´'u�ò τ ÚªÇ*Ð ϕ �éÜ©
Ù¼ê.

o�XÚ¼êp� Fourier C�. ~X:

I(τ, t) =
∫

P (f, t) ej2πfτ df, (11)

PB(f, ϕ) =
∫

P (f, t) e−j2πϕtdt, (12)

Ps(τ, ϕ) =
∫

I(τ, t) e−j2πϕtdt. (13)

3.2 LOFAR ããã���ZZZ���^̂̂«««���§§§

e8I�!���$Ä, Ë�°�ëYÌ&Ò,

Ù��Ý� v, �CÏLål� r0, �A�ÏL�
�� t0, ÙÊ,AÛ'X«uã 3.

ã 3 8I$ÄAÛ'Xã

Daì½
�(Æ¥% u�I�:, K8I
$Ä;,�§�

r(t) =
√

v2τ2 + r2
0, τ = t − t0. (14)

éüDaì½Y²
�lÅåÑÑ� LOFAR

©Û, �� P (t, f) ã, ã¥k²w�Z�^«. Ù
Z�^«��Ç df/dτ �

df

dτ
=

df

dr
· dr

dτ
. (15)

d (5) ª��:
df

dr
=

f

r
β, (16)

Ù¥, f �ªÇ, r �ål, β �Å�ØCþ, n�Å
�¥Ù�� 1.

d (14) ª��:

dr

dτ
=

v2τ√
v2τ2 + r2

0

. (17)

ò (16), (17) ª�\ (15) ª, ��:

df

f
=

βv2τ

v2τ2 + r2
0

dτ, (18)

ü>È©, ¿�n�:

f = f0

[
1 +

( v

r0

)2

τ2

]β/2

, (19)
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Ù¥, f0 �Z�^«3�CÏL�� t0 �ªÇ, ¡
�ë�ªÇ. (20) ª=� LOFAR ãþZ�^«�
;,�§, eÏL�ª©Û¼�
 LOFAR ã, K�
ÏLã�?nÃã�O v/r0, β �ëê.

4 �ýïÄ

±eòÏL�ý�Ñ�Z¼ê�o�XÚ¼
ê��*ã�, ©ÛÙA�.

�ý^�: æ^ Pekeris �., °� H = 55 m,

(� c1 = 1500 m/s, �Ý ρ1 = 1000 kg/m3, °.
0�(� c2 = 1610 m/s, Ù�Ý ρ2 = 1900 kg/m3,

°.ÃáÂ. �ÂDaì�Ý: zr = 30 m, �¥þ
Daì. 8I��Ê1, ¯Y�Ý zs = 4 m, Ê1
�Ý v = 10 m/s, �CÏLål r0 = 1100 m, �
CÏL��� 0 ��, P� t0, ½Â�CDaì�
�m�K, ����. ?nªã: 300—1000 Hz. æ
^ KRAKENC ^�é(|ï�.

ã 4 �ý���o�XÚ¼ê (a) �Z¼ê; (b) *Ð©Ù¼ê; (c) õÇ�A¼ê; (d) � (c) ã���; (e) Vª¼ê; (f) Vª¼
ê 2
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8Id�9C, U
qdC9�Ê1, �ý�
��o�XÚ¼êXã 4 ¤«. Ù¥, ã 4(a) �
�Z¼ê (= LOFAR ã), ã 4(b) �*Ð©Ù¼ê,

ã 4(c) �õÇ�A¼ê, ã 4(d) �õÇ�A¼êã
3 0 �ò?�"��ÛÜ��, ã 4(e) �Vª¼ê,

ã 4(f) �8I3��ål?Ê1 (vk�CÏLå
l) ��Vª¼ê.

ã 4(a) þ�J��� f0 = 303 Hz, 396 Hz,

β = 1 �^ (20) ªý��ü^Z�^«, �±w
ÑnØý�Ú�ý�Z�^«­Ü��Ð, �y

Z�^«(¢´d (20) ª(½�. Ïd, e¼�

 LOFAR ã, �±ÏLã�?nÃã�O8I$
Äëê9Å�ØCþ.

* Ð © Ù ¼ ê � N 
 Z � ^ « � � Ç, d
ã 4(b) ��, eV­��|3K�m¶��Ç�
K, �A*Ð©Ù¼êãþ�^«©Ù3�!o�
�, K,�ý��Ç�½��, �A*Ð©Ù¼ê
ãþ�^«©Ù3�!n��. 8I3Cål?�
�)�Z�^«��Ç�, 3*Ð©Ù¼êãþ�
^«�Cª£¶, 
3�ål�Z�^«��Ç�,

3*Ð©Ù¼êãþ�^«�C�ò¶. lãþ�
�±wÑ, *Ð©Ù¼êãþ�^«Ø==��^
��, 
´3,�Ý��S¤�¡, ù��*/`
²
Å�ØCþØ´,�½�, 
´k�½©Ù.

lã 4(c) Ú (d) �õÇ�A¼êã�±wÑ,

éu,ÒZ�^«, 3 0 ����ò��, 
3ü
à��ò�, ¥ “�<” G, 
 “�<” 	��Z�^
«Ø��, ¥�� “x” /��«. ©Û�ÏXe: é
u LOFAR ãþ�ü^Z�^«, ��l 0 ��, ª
Ç���, Xã 5 ¤«, =ª� B ��, K�ò�
�, ÏdÑy
 “�<G” ^«, 
Ó�Z�^«�
X�l 0 ��Øä©�, C��5��8, ù�3
õÇ�A¼êãþÑy
����^«, T^«L
y
Z�^«�©�y�. d (9) ª��, õÇ�A
¼ê,�²1��ò¶��¡�N3TålþØ
Ó�{�Åm�+�ò��© (½+úÝ��©),

�±wÑål��, ��{�Å����©Ñ, N
y
{�Å�ªÑA5.

lã 4(e) �Vª¼ê��, ÙZ�^«�\
�E,, �'
ó, vk�CÏLål�Vª¼
ê (ã 4(f)) þ�Z�^«��é{ü, Ù©Ù��
ål?�õÇ�A¼ê�_��^= 90◦ aq, �
±��õÇ�A¼ê�q�©Û. d (6) ª��, V

ª¼ê,�²1�ª£¶��¡�N3TªÇþ
ØÓ�{�Åm�Åê�© (½�úÝ��©).

±þ=�^o�XÚ¼ê£ã�Z�(��
A:, Äu��ÈÅì�&Ò?nEâk­��
A^cµ. Äu�Z¼ê P (f, t) �^u�OÅ�
ØCþ β ¿^u�Äÿå [11,15,16], duØCþ β

�3�J�
Ø7ýk���¸�°[�£, Ï

ÄudaZ�(��8Iëê�OEâÚ�Ä
ÿåEâ´­è�, ÉY©^�Cz�K�� [16].

3*Ð¼ê Ps(τ, ϕ) ãþ�Z�^«´��, Ù�
Ç=�N
 β �, ¤±3Tãþ^ Hough C�J
� β ���k| [17]. õÇ�A¼ê I(τ, t) ÚVª
¼ê PB(f, ϕ) ´+�ò�©Ú��Åê�©��
�ÿþ, U�°.�/(�üÚ°�(�ÛJøk
^�&E. Ïd, o�XÚ¼ê�kAÚ, ����
�\�ïÄ.

ã 5 LOFAR ãþüZ�^«�ª���m�Cz

5 °Áêâ©Û

�
�y$ª(|��ZA5Ú�ý(J�
©Û��(5, ?1
°Áêâ�©Û. Á�°«
�°.�²", �Ý� 50 {�, (�� 1510 m/s; æ
^ 48 ��þ!��
�Â, Ù
�Ý� 30 m; 8I
�é��Â
d�9CqdC9����Ê1, �
Ý�� 4 m.

é�lÅåÑÑ�á� Fourier C�, �� LO-

FAR ã, =�Z¼êãXã 6(a) ¤«. lãþ�±
w�²w�Z�y�, ¿�Z�^«��qaV­
�, ��ý¬Ü, �´^«vk�ý��8, �ÖÑ
�CÏL���� 302 s. ã 6 Ù{fã�¹ÂÓ
ã 4, °Áêâ?n�(J��ý��q. 3ã 6(d)
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þvk²w “x” /^«, Ï� 100 s �c�&D'�
$, ¤± 0 � 100 s �Z�^«©�y�Ø²w, 


c[*	�±uy, Ù¢3 100 s � 230 s �mÑy
� “�<” G^«����^«, ��ý(J��.

ã 6 °Á���o�XÚ¼ê (a) �Z¼ê; (b) *Ð©Ù¼ê; (c) õÇ�A¼ê; (d) � (c) ã���; (e) Vª¼ê; (f) � (e)

ã���

6 ( Ø

�©l��ÈÅnØ�À��XÚ/£ã

(|��Z5. 3nØ©ÛÚ�ýïÄ�Ä:þ,

?1
°Áêâ�?n, ¿©�y
°�Å�¥,

$ª(|(¢��úCz�­½��Z&�. �Z
¼ê!õÇ�A¼ê!Vª¼ê!*Ð©Ù¼ê

���ÈÅì�o�XÚ¼ê¥=k��´Õá
�, �k�gÕA�Z�(�, UAOâÑ/Z�
(��,�¡�A�, �kAÚ. ÏLã�?nÃ
ã, |^Z�ãU�O8I�$ÄëêÚ�¸&E;

ëYÌZ�(��¼��´�úÝÚ+úÝ��
�ÿþ, U�°.�/(�üÚ°�(�ÛJøk
^�&E. XÛ�÷Z�(��ó§A^d�, ò
´8�ó��­:��.
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Researches on the interference structure in
low-frequency acoustic field based on space-time

filter theory∗

Yu Yun1)2)† Hui Jun-Ying2) Chen Yang2) Hui Juan2) Yin Jing-Wei2)

1) ( Naral Academy of Armament, Beijing 100161, China )

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

( Received 26 October 2010; revised manuscript received 19 May 2011 )

Abstract

Compared with the waveguide invariant, the interference structures in low-frequency acoustic field are more comprehensively

described by four system functions: coherent function, power response function, spread function and dual-frequency function, from

space-time filter theory. A stable interference structure in the low-frequency acoustic field is testified based on theoretical analysis,

simulation and sea trial data processing. When the target moves in a uniform rectilinear motion from far to near then from near to

far, the interference structure of coherent function (LOFARgram) appears to be a family of quasi hyperbolas; the interference structure

obtained by power response function represents the group delay difference and the dispersive characteristic of the normal mode; and

the phase slowness difference can be exhibited by dual-frequency function. Each system function owns special characteristics, which

can give prominence to certain features of the interference structure.

Keywords: interference structure, space-time filter, waveguide invariant, low-frequency acoustic field
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