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� � $ Ä ÿ þ L § X ã 1 ¤ «, (  ± � Ý v

l y = L/2 ?!�$Ä� � y = −L/2 ?, $
Äål� L; �é�, �@�(ØÄ, ¥þ
±�
Ó��Ý v d y = 0 ?��$Ä� y = L ?, =3
�mþ/¤
��¯ûê� 1 �ëY¡
, J[


��»3$Ä��*Ð� L.
éu*ÿ�� t, e(Å´l(¡ S þd1 i

Ò( si(yi, θi) uÑ�, ë�#�d$Ä(nØ
9:(b�^�, KÄ
¥1 m �Yfìÿþ�
�1 i Ò(�(Ø&Ò p

(m)
i (t) �L«�

p
(m)
i (t) =

1
4π

q′
[
t − R

(m)
i (t)/c

]
R

(m)
i (t)

(
1 − M cos θ

(m)
i (t)

)2

=
1
4π

ω0qi e
j

[
ω0t−k0R

(m)
i (t)

]
R

(m)
i (t)

[
1 − M cos θ

(m)
i (t)

]2 , (1)

Ù¥, k0�Åê, qi�1 i Ò(Ë�rÝ. ª¥� R
(m)
i (t) ±9 cos θ

(m)
i (t) �±L«�

R
(m)
i (t) =

M
[
y(t) − yi

]
+

√[
y(t) − yi

]2

+
(
1 − M2

)[
(xs − r0 cos θi)2 +

(
zm − r0 sin θi

)2
]

1 − M2
, (2)

cos θ
(m)
i (t) =

[
y(t) − yi

]
/R

(m)
i (t), (3)

ª¥, (xi, yi, zi) = (xs − r0 cos θi, yi, r0 sin θi)�( ��I, (0, y(t), zm)�1 m Ò
�3 t ��� �

�I, y(t) = vt, zm =

(
− Mz−1

2 + m − 1

)
· ∆z.

?�Ú����&Ò�

v
(m)
xi (t) = p

(m)
i (t) cos θm,i(t) cos φm,i(t) e−ϕ(Rm,i(t)),

v
(m)
yi (t) = p

(m)
i (t) cos θm,i(t) sin φm,i(t) e−ϕ(Rm,i(t)),

v
(m)
zi (t) = p

(m)
i (t) sin θm,i(t) e−ϕ(Rm,i(t)), (4)

Ù¥, θm,i(t), ϕm,i(t) Ú Rm,i(t) ©O�éAu�� t �]�:��!]�� �Ú]�ål, e−ϕ(Rm,i(t))

�]�E{|�. �â�mAÛ'X��

θm,i(t) = tg−1

(
r0 sin θi − zm√

(xs − r0 cos θi)2 + (y(t) − yi)2

)
,

φm,i(t) = tg−1

(
y(t) − yi

xs − r0 cos θi

)
,

Rm,i(t) =
√(

xs − r0 cos θi

)2 +
(
y(t) − yi

)2 +
(
r0 sin θi − zm

)2
.

(5)

- n
(m)
p (t), n

(m)
vx (t), n

(m)
vy (t) ±9 n

(m)
vz (t) ©O

�(Ø9��Ï��D(. 1 m �
��Â�
� Q �(�o(Ø9���L«�

p(m)(t) =
Q∑

i=1

p
(m)
i (t) + n(m)

p (t),

v(m)
x (t) =

Q∑
i=1

v
(m)
xi (t) + n(m)

vx
(t),

v(m)
y (t) =

Q∑
i=1

v
(m)
yi (t) + n(m)

vy
(t),

v(m)
z (t) =

Q∑
i=1

v
(m)
zi (t) + n(m)

vz
(t). (6)

2.2 JJJ[[[


���êêêâââÝÝÝ


���¼¼¼���

d�é$Ä�3�mþ/¤
��¯ûê� 1
�ëY¡
, J[
��»3$Ä��*Ð� L.
éTëY¡
?1�mæ�, ��òêâ©�My

ã, zãêâ�Ý� Ls, KJ[¡
� y ��
�
�ê=�My, n�^�e(�Y²!���$
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Ä�, y �
�må=� ∆y = L/(My − 1). J[
¡
3 z ��±�kR�
ëê, z �
��êE
�Mz , 
�må� ∆z.

� ya Ú za ©O�Y²
 My × 1 � y �
Ú Mz × 1 � z � � I � þ, Ya Ú Za © O
� (My · Mz) × 1 ��J[
� y �Ú z ��I
�þ. Ya Ú Za �1 1 � Mz 1=�¢SR�

� y �Ú z ��I. éu!���$Ä�¹,
1 (n − 1)Mz + 1 � nMz 1=�1 n �J[R�

��I, L«�

Xa|1:Mz = 0Mz ,
...

Xa|(n−1)Mz+1:nMz
= 0Mz ,

...

Xa|(My−1)Mz+1:MyMz
= 0Mz ;

Ya|1:Mz = ya,
...

Ya|(n−1)Mz+1:nMz
= ya − (n − 1) · ∆y,

...

Ya|(My−1)Mz+1:MyMz
= ya − (My − 1) · ∆y;

Za|1:Mz = za,
...

Za|(n−1)Mz+1:nMz
= za,

...

Za|(My−1)Mz+1:MyMz
= za.

(7)

- P ′, V
′(x), V

′(y) Ú V
′(z) ©O� (MyMz)×

Ls�J[¥þ
(Ø9��êâÝ
,

V ′ =


P ′

V
′(x)

V
′(y)

V
′(z)


� (4MyMz) × Ls �J[¥þ
êâÝ
. R̂v =
1
Ls

V ′(V ′)H =� (4MyMz) × (4MyMz)�J[


�æ�êâ���Ý
.

2.3 üüüªªª&&&ÒÒÒJJJ[[[


���ÎÎÎ¡¡¡ààà������{{{

E3(¤3Î¡ S þ?1à�×£, �,�
×£:�I (ŷ, θ̂), K=z����IXe��I
� (xs − cos θ̂, ŷ, sin θ̂),

r̂ = [r̂(1); r̂(2); · · · ; r̂(n); · · · ; r̂(My)],

θ̂ = [θ̂(1); θ̂(2); · · · ; θ̂(n); · · · ; θ̂(My)],

ϕ̂ = [ϕ̂(1); ϕ̂(2); · · · ; ϕ̂(n); · · · ; ϕ̂(My)]

©O�T×£:��ÂÄ
� (MyMz)× 1�à�
ål!� �Ú:��¥þ,

r̂(n) = [r̂(1,n), r̂(2,n), · · · , r̂(m,n), · · · , r̂(Mz,n)]T,

θ̂(n) = [θ̂(1,n), θ̂(2,n), · · · , θ̂(m,n), · · · , θ̂(Mz,n)]T,

ϕ̂(n) = [ϕ̂(1,n), ϕ̂(2,n), · · · , ϕ̂(m,n), · · · , ϕ̂(Mz,n)]T

©O�×£:�1 n �J[R�
� Mz × 1 �
à�ål!� �Ú:��¥þ. Ù¥, r̂(m,n),
θ̂(m,n) Ú ϕ̂(m,n) ©O�×£:�1 (m,n) ÒJ[

� (Xa|(m,n), Ya|(m,n), Za|(m,n)) �ål!� �
Ú:��, �L«�

r̂(m,n) =
√(

xs − cos θ̂ − Xa|(m,n)

)2 +
(
ŷ − Ya|(m,n)

)2 +
(
sin θ̂ − Za|(m,n)

)2
, (8)

θ̂(m,n) = tg−1

(
sin θ̂ − Za|(m,n)√(

xs − cos θ̂ − Xa|(m,n)

)2 +
(
ŷ − Ya|(m,n)

)2

)
, (9)

ϕ̂(m,n) = tg−1
( ŷ − Ya|(m,n)

xs − cos θ̂ − Xa|(m,n)

)
. (10)

×£:�ªÇÃ'�à�ü ¥þ â(x)(θ̂, ϕ̂), â(y)(θ̂, ϕ̂) Ú â(z)(θ̂, ϕ̂) �L«�

â(x)(θ̂, ϕ̂) = cos θ̂ ¯ cos ϕ̂, (11)

â(y)(θ̂, ϕ̂) = cos θ̂ ¯ sin ϕ̂, (12)

â(z)(θ̂, ϕ̂) = sin θ̂. (13)

KT×£:?� (My · Mz) × 1�J[(Ø9��à���¥þ Â(p)(r̂), Â(x)(r̂, θ̂, ϕ̂), Â(y)(r̂, θ̂, ϕ̂)
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Ú Â(z) (r̂, θ̂, ϕ̂) ©O��

Â(p)(r̂) =
[
Â(p)(r̂(1)); Â(p)(r̂(2)); · · · ; Â(p)(r̂(n)); · · · ; Â(p)(r̂(Mx))

]
, (14)

Â(p)(r̂(n)) =
[
e− 2π

λ (r̂(1,n)−r̂(1,1)), · · · , e− 2π
λ (r̂(m,n)−r̂(1,1)), · · · , e− 2π

λ (r̂(Mz,n)−r̂(1,1))
]T

, (15)

D̂(v)(r̂) =
[
D̂(v)(r̂(1)); D̂(v)(r̂(2)); · · · ; D̂(v)(r̂(n)); · · · ; D̂(v)(r̂(My))

]
, (16)

D̂(v)(r̂(n)) =
[
e−ϕ(r̂(1,n)), · · · , e−ϕ(r̂(m,n)), · · · , e−ϕ(r̂(Mz,n))

]T

, (17)

Â(x)(r̂, θ̂, ϕ̂) = â(x)(θ̂, ϕ̂) ¯ D̂(v)(r̂) ¯ Â(r̂), (18)

Â(y)(r̂, θ̂, ϕ̂) = â(y)(θ̂, ϕ̂) ¯ D̂(v)(r̂) ¯ Â(r̂), (19)

Â(z)(r̂, θ̂, ϕ̂) = â(z)(θ̂, ϕ̂) ¯ D̂(v)(r̂) ¯ Â(r̂), (20)

Ù¥, D̂(v)(r̂)� (MyMz)×1�J[
�E{|¥
þ. ?�� (4MyMz)× 1�J[¥þ
à���
¥þ

Â(r̂, θ̂, ϕ̂) =


Â(p)(r̂)

Â(x)(r̂, θ̂, ϕ̂)

Â(y)(r̂, θ̂, ϕ̂)

Â(z)(r̂, θ̂, ϕ̂)

 . (21)

K Ä u Bartlett ? n ì � Î ¡ à � �
{ (MCBFB) �mÌ���

PMCBFB(r̂, θ̂, ϕ̂)

=
(
Â(r̂, θ̂, ϕ̂)

)H
R̂v

(
Â(r̂, θ̂, ϕ̂)

)
. (22)

2.4 °°°���&&&ÒÒÒJJJ[[[


���ÎÎÎ¡¡¡ààà������{{{

Ye8I�Ë�D(düª�Ì&Ò�°
�ëYÌ&Ò|¤, éuüª�Ì&Ò���|
^ 2.3 !¥�à�úª?1½ , éu°�ëY
Ì&Ò, XJE|^ü�ªÇ?1à�K¬�)²
w�à���9Z6, îK�½ �J.

- P ′
band, V

′(x)
band, V

′(y)
band Ú V

′(z)
band ©O�|^J

[
�êâ¼��{��� (MyMz) × T0 �J[
¥þ
(Ø9��êâÝ
. ��z�J[Ï��
Â&Ò�S��Ý� T0, òÙ©� U ã, z�ãS
��Ý� ∆T , éz�ã�Â&Ò² FFT C��,
3&Òª��� fl—fh S�y© K �pØU�
f�, =ª:ê� K, Ó�3z�ª:þk U �ª
�¯û.

Kª�©)�3 fk þ� (MyMz) × U �(Ø
9n���êâÝ
���

P ′(fk|r), V
′(x)(fk|r,θ,ϕ),

V
′(y)(fk|r,θ,ϕ)ÚV

′(z)(fk|r,θ,ϕ).

�ª�� fk þ� (4MyMz) × U ¥þ
ê
âÝ


Xv(fk|r,θ,ϕ) =


P ′(fk|r)

V
′(x)(fk|r,θ,ϕ)

V
′(y)(fk|r,θ,ϕ)

V
′(z)(fk|r,θ,ϕ)

 . (23)

1 k �f��¥þpÌ�ÝÝ
©O�

R(v)(fk) = E
[
Xv(fk)

(
Xv(fk)

)H]
= A

′(v)(fk|r,θ,ϕ)RS(fk)
(
A

′(v)(fk|r,θ,ϕ)
)H + R

(v)
N (fk), (24)

R
(v)
N (fk) =


σ2

p(fk)IMyMz

σ2
x(fk)IMyMz

σ2
y(fk)IMyMz

σ2
z(fk)IMyMz

 . (25)

E3(¤3Î¡ S þ?1à�×£, E�,�×£:�I (ŷ, θ̂), ¿=z����IXe��I
� (xs − cos θ̂, ŷ, sin θ̂), KT×£:��ÂÄ
� (MyMz) × 1�à�ål!� �Ú:��¥þ±9�ª
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ÇÃ'�à�ü ¥þd (8)—(13) ª��.
3 fk þ, �©O��T×£:éA�(ØÚ��à���¥þ, L«�

Â
′(p)(fk|r̂) =

[
Â

′(p)(fk|r̂(1)); Â
′(p)(fk|r̂(2)); · · · ; Â

′(p)(fk|r̂(n)); · · · ; Â
′(p)(fk|r̂(Mx))

]
, (26)

Â
′(p)(fk|r̂(n)) =

[
e−

2πfk
c (r̂(1,n)−r̂(1,1)), · · · , e−

2πfk
c (r̂(m,n)−r̂(1,1)), · · · , e−

2πfk
c (r̂(Mz,n)−r̂(1,1))

]T

, (27)

D̂
′(v)(fk|r̂) =

[
D̂

′(v)(fk|r̂(1)); D̂
′(v)(fk|r̂(2)); · · · ; D̂

′(v)(fk|r̂(n)); · · · ; D̂
′(v)(fk|r̂(My))

]
, (28)

D̂
′(v)(fk|r̂(n)) =

[
e−ϕ(fk|r̂(1,n)), · · · , e−ϕ(fk|r̂(m,n)), · · · , e−ϕ(fk|r̂(Mz,n))

]T

, (29)

Â
′(x)(fk|r̂, θ̂, ϕ̂) = â(x)(θ̂, ϕ̂) ¯ D̂

′(v)(fk|r̂) ¯ Â
′(p)(fk|r̂), (30)

Â
′(y)(fk|r̂, θ̂, ϕ̂) = â(y)(θ̂, ϕ̂) ¯ D̂

′(v)(fk|r̂) ¯ Â
′(p)(fk|r̂), (31)

Â
′(z)(fk|r̂, θ̂, ϕ̂) = â(z)(θ̂, ϕ̂) ¯ D̂

′(v)(fk|r̂) ¯ Â
′(p)(fk|r̂). (32)

KT×£:éA� (4MyMz) × 1�¥þ
à���¥þ�

Â
′(v)(fk|r̂, θ̂, ϕ̂) =


Â

′(p)(fk|r̂)

Â
′(x)(fk|r̂, θ̂, ϕ̂)

Â
′(y)(fk|r̂, θ̂, ϕ̂)

Â
′(z)(fk|r̂, θ̂, ϕ̂)

 . (33)

e¡|^ CSS �Z°��{g� [6−9], òª�SØU�ª:þ�&Ò�mà��ë�ªÇ:, à�
���ü�ªÇ:�êâ���Ý
, 2A^Ä�&Ò?n��{?1¤Iëê��O, í2���A^u
$Ä(Î¡à�½ � CSS-MCBFB �{.

À� f0�à�ë�ªÇ:, K3×£ � (ŷ, θ̂) �?�(Øà���¥þ Â
′(p)
CSS(f0|r̂) Ún�����

�à���¥þ Â
′(x)
CSS(f0|r̂, θ̂, ϕ̂), Â

′(y)
CSS(f0|r̂, θ̂, ϕ̂) Ú Â

′(z)
CSS(f0|r̂, θ̂, ϕ̂) �L«�

Â
′(p)
CSS(f0|r̂) =

[
Â

′(p)
CSS(f0|r̂(1)); Â

′(p)
CSS(f0|r̂(2)); · · · ; Â

′(p)
CSS(f0|r̂(n)); · · · ; Â

′(p)
CSS(f0|r̂(My))

]
, (34)

Â
′(p)
CSS(f0|r̂(n)) =

[
e−

2πf0
c (r̂(1,n)−r̂(1,1)), · · · , e−

2πf0
c (r̂(m,n)−r̂(1,1)), · · · , e−

2πf0
c (r̂(Mz,n)−r̂(1,1))

]T

, (35)

D̂
′(v)(f0|r̂) =

[
D̂

′(v)(f0|r̂(1)); D̂
′(v)(f0|r̂(2)); · · · ; D̂

′(v)(f0|r̂(n)); · · · ; D̂
′(v)(f0|r̂(My))

]
, (36)

D̂
′(v)(f0|r̂(n)) =

[
e−ϕ(f0|r̂(1,n)), · · · , e−ϕ(f0|r̂(m,n)), · · · , e−ϕ(f0|r̂(Mz,n))

]T

, (37)

Â
′(x)
CSS(f0|r̂, θ̂, ϕ̂) = â(x)(θ̂, ϕ̂) ¯ D̂

′(v)(f0|r̂) ¯ Â
′(p)
CSS(f0|r̂), (38)

Â
′(y)
CSS(f0|r̂, θ̂, ϕ̂) = â(y)(θ̂, ϕ̂) ¯ D̂

′(v)(f0|r̂) ¯ Â
′(p)
CSS(f0|r̂), (39)

Â
′(z)
CSS(f0|r̂, θ̂, ϕ̂) = â(z)(θ̂, ϕ̂) ¯ D̂

′(v)(f0|r̂) ¯ Â
′(p)
CSS(f0|r̂). (40)

Kà�ë�ªÇ f0 þ�¥þ
à���¥þ���

Â
′(v)
CSS(f0|r̂, θ̂, ϕ̂) =


Â

′(p)
CSS(f0|r̂)

Â
′(x)
CSS(f0|r̂, θ̂, ϕ̂)

Â
′(y)
CSS(f0|r̂, θ̂, ϕ̂)

Â
′(z)
CSS(f0|r̂, θ̂, ϕ̂)

 . (41)

|^ (33) ª�� fk þ�(Ø9¥þ
à���¥þ. |^ CSS à�C��{, ©O�� fk þ�(Ø
Ú��à�C�Ý
�

T (p)(fk|r̂)

=diag

[
Â

′(p)
CSS(f0, r̂

(1))

Â′(p)(fk, r̂(1))
· · ·

Â
′(p)
CSS(f0, r̂

(n))

Â′(p)(fk, r̂(n))
· · ·

Â
′(p)
CSS(f0, r̂

(My))

Â′(p)(fk, r̂(My))

]
, (42)
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T (x)(fk|r̂, θ̂, ϕ̂)

=diag

[
Â

′(x)
CSS(f0|r̂(1), θ̂(1), ϕ̂(1))

Â′(x)(fk|r̂(1), θ̂(1), ϕ̂(1))
· · ·

Â
′(x)
CSS(f0|r̂(n), θ̂(n), ϕ̂(n))

Â′(x)(fk|r̂(n), θ̂(n), ϕ̂(n))
· · ·

Â
′(x)
CSS(f0|r̂(My), θ̂(My), ϕ̂(My))

Â′(x)(fk|r̂(My), θ̂(My), ϕ̂(My))

]
, (43)

T (y)(fk|r̂, θ̂, ϕ̂)

=diag

[
Â

′(y)
CSS(f0|r̂(1), θ̂(1), ϕ̂(1))

Â′(y)(fk|r̂(1), θ̂(1), ϕ̂(1))
· · ·

Â
′(y)
CSS(f0|r̂(n), θ̂(n), ϕ̂(n))

Â′(y)(fk|r̂(n), θ̂(n), ϕ̂(n))
· · ·

Â
′(y)
CSS(f0|r̂(My), θ̂(My), ϕ̂(My))

Â′(y)(fk|r̂(My), θ̂(My), ϕ̂(My))

]
, (44)

T (z)(fk|r̂, θ̂, ϕ̂)

=diag

[
Â

′(z)
CSS(f0|r̂(1), θ̂(1), ϕ̂(1))

Â′(z)(fk|r̂(1), θ̂(1), ϕ̂(1))
· · ·

Â
′(z)
CSS(f0|r̂(n), θ̂(n), ϕ̂(n))

Â′(z)(fk|r̂(n), θ̂(n), ϕ̂(n))
· · ·

Â
′(z)
CSS(f0|r̂(My), θ̂(My), ϕ̂(My))

Â′(z)(fk|r̂(My), θ̂(My), ϕ̂(My))

]
. (45)

du â(x)(θ̂, ϕ̂), â(y)(θ̂, ϕ̂) Ú â(z)(θ̂, ϕ̂) �×£:éA��ªÇÃ'�à�ü ¥þ, K T (x), T (y)

Ú T (z) � (θ̂, ϕ̂)Ã', 3ªÇ fk þ�¥þ
à�C�Ý
���Xe©¬Ý
�/ª:

T (v)(fk|r̂) =


T (p)(fk|r̂)

T (x)(fk|r̂)

T (y)(fk|r̂)

T (z)(fk|r̂)

 . (46)

R(v)(fk) ©O�1 k �f��(ØpÌ�Ý
Ý
9¥þpÌ�ÝÝ
, |^±þ���ªÇ fk

þ�à�C�Ý
, ���×£ � r̂ ?ªÇ fk

þà�C������Ý
 R
(v)
focus(fk|r̂, θ̂, ϕ̂).

R
(v)
focus(fk|r̂, θ̂, ϕ̂) =T (v)(fk|r̂, θ̂, ϕ̂)R(v)(fk)

×
(
T (v)(fk|r̂, θ̂, ϕ̂)

)H
. (47)

þª°�à��¿Â�n)�, éd×£ 
� r̂ û½�°�&Ò¥���Ä�?1� ?�,
¿Ú��à�ª:þ, ÏdÄuù«� ?��à
�������Ý
´�±\\�.

òo� K �ª�� R
(v)
focus(fk|r̂, θ̂, ϕ̂) ?1

\\���°�à����Ý
 R
(v)
focus(r̂, θ̂, ϕ̂),

��

R
(v)
focus(r̂, θ̂, ϕ̂) =

1
K

h∑
k=l

R
(v)
focus(fk|r̂, θ̂, ϕ̂). (48)

3 × £ : (ŷ, θ̂) ?, � � � CSS-MCBFB
�mÌ

P
′(v)
CSS−MCBFB(r̂, θ̂, ϕ̂)

=
(
Â

′(v)
CSS(f0|r̂, θ̂, ϕ̂)

)H
R

(v)
focus(r̂, θ̂, ϕ̂)

×
(
Â

′(v)
CSS(f0|r̂, θ̂, ϕ̂)

)
. (49)

3 Î¡à�½ °Ý©Û

� Ä Mz = 9 � þ ! R � ¥ þ 
, 
 � m
å ∆z = 0.75 m, Ä
ºÝ D = 6 m, ¥%
�¤
3 ����I�:. ü(ªÇ� f = 250 Hz,
æ�Ç fs = 32.768 kHz, �Y¥(� 1500 m/s. ±
eÏLê��ýé�©ïÄ�{�½ °Ý?
1©Û.

�ý 1 ?Ø!���$Ä^�e, &D'é½
 °Ý�K�.

�ý¥ý�J[
�må� ∆y = 1.5 m, $
Ä�Ý� 0.35 m/s, ?nêâo��� 38.6 s �,
J[�»ºÝ��� 12m. �ý¥é©ãêâ
c 0.016 s(� 512 �¯û) ?1?n. �.�Î�»
� 6 m, Ä
ålÎ¡¥%�ål� xs = 8 m, ý
�(�I (y, θ) = (−5.5 m, 30◦). &D'd 0 dB
� 20 dB Cz, �?1 100 g Monte-Carlo Á�, ?
ØØÓ&D'e�½ °Ý (L 1).

�ý 2 ?Ø$Ä�Ýé½ °Ý�K�.
&D'� 15 dB, Ù{&Ò?nëêØC. �?

1 100 g Monte-Carlo Á�, ©ÛØÓ$Ä�Ý^
�e�½ °Ý (L 2).

�ý 3 ?Ø�!�$Äé½ °Ý�K�.
&D'� 15 dB, $Ä�Ý� 0.35 m/s, Ù{&
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Ò?nëêØC. �?1 100 g Monte-Carlo Á�,
©Û�3 1%, 5%Ú 10%$Ä�ÝØ�e�½ 
°Ý (L 3).

�ý 4 ?Ø�3$Ä��é½ °Ý�K�.
&D'� 15 dB, $Ä�Ý� 0.35 m/s, Ù{&

Ò?nëêØC. �?1 100 g Monte-Carlo Á�,

©Û�3$Ä��é½ °Ý�K� (L 4).
�ý 5 ?ØÌÝØ��5é½ °Ý�K�.
&D'� 15 dB, $Ä�Ý� 0.35 m/s, Ù{

& Ò ? n ë ê Ø C. � ? 1 100 g Monte-Carlo
Á �, ©Û� 3 $ Ä � � é ½ ° Ý � L 5
K�.

L 1 &D'é½ °Ý�K�©Û

&D' /dB  � �� þ��Ø�

0
y/m 0.0136 1.7328 × 10−4 0.0189

θ/(◦) 0.5017 0.2559 0.7125

5
y/m 0.0050 1.8113 × 10−5 0.0065

θ/(◦) 0.1540 0.0240 0.2185

10
y/m 0.0033 1.4674 × 10−6 0.0035

θ/(◦) 0.0470 0.0023 0.0669

15
y/m 0.0032 1.3796 × 10−7 0.0032

θ/(◦) 0.0116 1.3608 × 10−4 0.0164

20
y/m 0.0031 1.5679 × 10−8 0.0031

θ/(◦) 0.0047 1.7959 × 10−8 0.0063

L 2 $Ä�Ýé½ °Ý�K�©Û

$Ä�Ý V/(m/s)  � �� þ��Ø�

0.35
y/m 0.0032 1.3796 × 10−7 0.0032

θ/(◦) 0.0116 1.3608 × 10−4 0.0164

0.5
y/m 0.0045 1.5440 × 10−7 0.0045

θ/(◦) 0.0118 1.2114 × 10−4 0.0162

1
y/m 0.0090 1.7236 × 10−7 0.0090

θ/(◦) 0.0117 1.2927 × 10−4 0.0163

1.5
y/m 0.0135 1.9347 × 10−7 0.0135

θ/(◦) 0.0163 1.8333 × 10−4 0.0212

2
y/m 0.0181 2.7235 × 10−7 0.0181

θ/(◦) 0.0154 1.6446 × 10−4 0.0200

3
y/m 0.0270 1.2204 × 10−7 0.0270

θ/(◦) 0.0223 1.6095 × 10−4 0.0257
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L 3 �!�$Äé½ °Ý�K�©Û

$Ä�ÝØ� /%  � �� þ��Ø�

1
y/m 0.0138 1.7551 × 10−4 0.0191

θ/(◦) 0.1773 0.0321 0.2521

5
y/m 0.0678 0.0047 0.0962

θ/(◦) 0.7316 0.5458 1.0397

10
y/m 0.1208 0.0148 0.1714

θ/(◦) 2.2218 4.9084 3.1376

L 4 �3$Ä��é½ °Ý�K�©Û

�� /(◦)  � �� þ��Ø�

0.5
y/m 0.025 2.0245 × 10−7 0.025

θ/(◦) 0.4429 2.4004 × 10−4 0.4431

1
y/m 0.0476 2.8122 × 10−7 0.0476

θ/(◦) 0.8787 2.6535 × 10−4 0.8789

2
y/m 0.0955 3.3673 × 10−7 0.0955

θ/(◦) 1.7073 2.0016 × 10−4 1.7073

5
y/m 0.2583 2.6286 × 10−7 0.2583

θ/(◦) 3.8938 1.7506 × 10−4 3.8938

L 5 ÌÝØ��5é½ °Ý�K�©Û

�� /%  � �� þ��Ø�

1
y/m 0.0037 6.0245 × 10−7 0.0038

θ/(◦) 0.0416 0.0017 0.0590

2
y/m 0.0035 8.5714 × 10−7 0.0036

θ/(◦) 0.0584 0.0034 0.0825

5
y/m 0.0037 2.3265 × 10−6 0.0040

θ/(◦) 0.1538 0.0241 0.2185

10
y/m 0.0047 8.1649 × 10−6 0.0055

θ/(◦) 0.2775 0.0786 0.3944

20
y/m 0.0065 3.3504 × 10−5 0.0087

θ/(◦) 0.5615 0.3213 0.7979
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é ± þ K � ½ ° Ý � Ï � ? 1 n Ü ©
Û��:

1) ±þnÜ?Ø
õ«Ø�Ï�é±�m� θ

±9÷1��� y ü�ºÝþ�½ °Ý. ±�
m� θ �½ °ÝdÄ
ý¢ºÝû½, ÷1��
� y �½ °ÝdJ[Ä
ºÝû½, T�ýëê
e y �½ °Ý`u±�m� θ �½ °Ý, ùÌ
�´d$ÄÚåJ[ºÝ*Ð¤�, `²æ^$Ä
ÿÁ�ªØ=UJpÿÁ�Ç, Ó���±Jp÷
1��� y �½ °Ý.

2) d & D ' é ½ ° Ý � K � ©Û� �,
3 15 dB &D'^�e, y Ú θ �½ °Ý©O
�� 0.0032 m Ú 0.0164◦, du��ÿÁ^�Ä

þ���C(L¡, Ïd�÷v�p�&D'^
�, l����p�½ °Ý.

3) d$Ä�Ýé½ °Ý�K�©Û��, $
Ä�Ý�p, ½ Ø���, ùÌ�´du$ÄÚ
å�õÊV�AK�, ¦à��{�)ªÇ��¤
�. �3$�^�e, à��{E�¼��p�½
 °Ý, ��$Ä�Ýé½ °Ý�)îK��,
Iæ�õÊVÖ�Ãã [2], ³�ªÇ���K�.

4) � ! � $ Ä ! � 3 $ Ä � � ± 9 � 3
Ì Ý Ø � � 5Ø� ´ n a Ê H � 3 �Ø� /
ª, ±$Ä�Ý 0.35 m/s �~, 3�3 5%�ÝØ
� (0.35±0.0175 m/s) ^�e, y Ú θ �½ Ø�©
O� 0.0962 m Ú 1.0397◦; 3�Ä
�3 2◦ $Ä
���^�e, y Ú θ �½ Ø�©O� 0.0955 m
Ú 1.7073◦; �3 5%ÌÝØ��5Ø��^�e,
y Ú θ �½ Ø�©O� 0.0040 m Ú 0.2185◦. c
ü«Ø�é½ °Ý�K���u1n«, ©Û
cü«Ø�é½ °Ý�K�uà���¥þ
��, I�æ�Ãã?1Ö�Ú?�, �{�ë
�©z [5].

4 òã�.Y³Á�ïÄ

�
�y�©JÑ�{��15, uY³¥m
Ð
òã�.Á�. ��M�XÚ�)-�Å9�
�C�!òã(��ÄÿþXÚ±9Ye¥þ

(Ë�ÿþXÚ. Ù¥, �ÄÿþXÚ�)\�Ý
O!>Ö��ì!êâæ8ì� (�uòãSÜ).
(Ë�ÿþXÚ�)¥þ
!c���ì!&Ò
DÑ>C!&ÒNnì!ÈÅ��ì!êâæ8
ìÚO�Åêâ�;�©Û?nXÚ (�uWþ).
�ÄÿþXÚ�(Ë�ÿþXÚÓ�Äó�.

òã�.dY³W>�ò�ÅVÚ3Y³¥
?1 E$Ä, ¿��òã�.��!���$Ä,
Á�¥$Ä�Ý�� 0.35 m/s. �
BuéD(
�½ °Ý?1©Û, 3�.	L¡¥%.Ü\C
IO(, u� 4kHz ªÇ�üª&Ò, òÙ½ (
J��ë�, =�¼�òãþ�D(�éuTI
O(� �.

¥þ
��uY³¥%, 
��ê� 10 �, 

�må� 0.75 m, Ä
�»� 6.75 m, Ä
¥%\
Y�Ý�� 9 m. Y²¥þ
Úòã �'XX
ã 2¤«.

��L�îé¡üý� 40 s �Ë�D(êâ
?1©Û. z� 0.5 s |^à��{éIO(uÑ
� 4kHz üª&Ò?1½ , ��$Ä(½ ;
,Xã 3 ¤«, d$Ä;,�±��òã�$Ä�
Ý�� 0.35 m/s, �Á����ÎÜ.

ã 2 Y²¥þ
Úòã �'X«¿ã

ã 3 $Ä;,
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|^òã�.	L¡�e�SC� 4 kHz I
O(, ��òãÏL¥þ
�ý¢��, ¿À�
IO(� ���:ïá�IX¿À�·��

×£��. duÎN�Äêâ±9	ÜË�D(þ
�°�&Ò, Ïdl 200 Hz � 5 kHz z� 1/3oct �
Ñà�½ ?n(J, Xã 4 ¤«.
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ã 4 $Ä(Î¡à�½ (J (a) 200 Hz; (b) 250 Hz; (c) 315 Hz; (d) 400 Hz; (e) 500 Hz; (f) 630 Hz; (g) 800 Hz; (h) 1 kHz; (i)
1.25 kHz; (j) 1.6 kHz; (k) 2 kHz; (l) 2.5 kHz; (m) 3.15 kHz; (n) 4 kHz; (o) 5 kHz

éòã�.SÜØÓ �Ù���Äÿ:æ
8�\�Ý&Ò?1õÇÌ©Û, �ÑØÓÿ:3
�Ó�mãS, ØÓ©ÛªÇe�õÇÌ�O(J,

^u�D(½ £O(J?1�p�y. L 6 ¥
ïá�$Ä(½ XÚ�Ó��IX, ¿�«Ñ
�ÿ: �?�õÇÌO�(J.

L 6 �Äÿ:õÇÌO�(J (ü : dB)
(a) 250 Hz ¥%ªÇ 1/3 oct ª�Uþ

PPPPPPPPθ/(◦)

y/m
−5.2 —−4.7 −4.7 —−4.2 −4.2 —−3.7 −3.7 —−3.2 −3.2 —−2.7 −1.2 —−0.6 −0.6 —−0 3 — 3.6 6 — 6.6

90 79.35 81.91 76.38 77.96 86.29 95.49

45 82.01 85.58 86.46 88.47 94.56

0 78.51 79.58 81.66 89.53 72.70

-45 78.59 86.51 86.63 89.29 107.07

-90 79.56 81.11 82.88 91.04 103.48

(b) 500 Hz ¥%ªÇ 1/3 oct ª�Uþ
PPPPPPPPθ/(◦)

y/m
−5.2 —−4.7 −4.7 —−4.2 −4.2 —−3.7 −3.7 —−3.2 −3.2 —−2.7 −1.2 —−0.6 −0.6 — 0 3 — 3.6 6 — 6.6

90 89.22 91.43 85.01 91.35 94.85 100.20

45 88.20 86.70 88.74 93.10 102.30

0 85.18 89.72 82.04 95.86 83.36

−45 86.39 86.30 90.02 94.44 111.73

−90 88.02 87.60 88.93 94.70 104.72
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(c) 1 kHz ¥%ªÇ 1/3 oct ª�Uþ
PPPPPPPPθ/(◦)

y/m
−5.2 —−4.7 −4.7 —−4.2 −4.2 —−3.7 −3.7 —−3.2 −3.2 —−2.7 −1.2 —−0.6 −0.6 — 0 3 — 3.6 6 — 6.6

90 86.57 85.44 90.02 91.03 90.58 102.18

45 88.36 87.39 86.49 94.54 103.03

0 86.28 85.92 85.76 94.03 86.96

−45 88.30 86.54 90.80 96.77 115.68

−90 89.37 87.54 96.89 98.72 108.04

(d) 2 kHz ¥%ªÇ 1/3 oct ª�Uþ
PPPPPPPPθ/(◦)

y/m
−5.2 —−4.7 −4.7 —−4.2 −4.2 —−3.7 −3.7 —−3.2 −3.2 —−2.7 −1.2 —−0.6 −0.6—0 3 — 3.6 6 — 6.6

90 81.27 81.54 82.54 84.89 86.00 97.34

45 81.36 82.84 82.37 89.34 99.71

0 80.53 80.64 81.70 87.80 80.53

−45 81.93 81.63 85.03 94.96 108.61

−90 80.50 79.68 91.78 90.14 103.88

(e) 20 Hz—5 kHz ª�oUþ
PPPPPPPPθ/(◦)

y/m
−5.2 —−4.7 −4.7 —−4.2 −4.2 —−3.7 −3.7 —−3.2 −3.2 —−2.7 −1.2 —−0.6 −0.6 — 0 3 — 3.6 6 — 6.6

90 102.44 99.91 102.79 102.35 103.46 115.25

45 101.11 99.52 99.67 104.70 116.44

0 99.83 102.50 101.41 105.08 106.40

−45 98.71 99.50 101.56 105.55 126.95

−90 101.83 100.77 105.15 106.04 119.55

nÜD(Î¡à�½ (J±9�Äÿ:
UþÚO(J��:

1) dL 6 ØÓªãS��Äÿ:õÇÌO�
(J��, -�Åó��Ì�Uþ8¥3÷1��
� 3—3.6 m, ±��Ý −45◦ �m, duÿ:Ù��
�DÕ, Ã{[��AUþ©Ù�¹, �Ä���
«ÑÌ�Uþ�©Ù«�.

2) é Î ¡ à � ½ ( J ? 1 ©Û� �, Ø
Ó 1/3 oct ª�S�½ (Jþ©Ù3 2 m � 4 m
�m, Uþ©Ù��8¥, ���N�ÄUþ©Ù

5Æ9��Ù� �k�&EÎÜ�Ð.

3) �XªÇ�O\, òã�-u����õ,
Uþ©Ù��÷òN���üà*�, Uþ©Ù�
�k�½�*�, �m©ÙA���E,.

4) nÜ±þ©Û��, 3�u 500 Hz �$ª
ã, ½ £O(JÌ��N�r( �; �©Û
ªÇ�u 500 Hz �, duà�©Eå�Jp, U

��[���NÑÌ�(�Uþ©Ù�¹. ÿÁ
êâ©Û(J`²�©ïÄ�{Ø=Uý¢�N
( �&E, �UÏLØÓª�à��mÌÑ
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Ñ��é���N(Uþ©Ù��é��, äk
ûÐ�½ �J.

5 ( Ø

�©JÑ
�«Äu¥þ
�$Ä(Î¡
à�½ �{. T�{Äu�ÄÜ¤�»�n, æ
^¥þ
ÿÁÃã, 3JpÿÁ�Ç�Ó�, Jp
D(½ °Ý.©¥©O�éüª�Ì&ÒÚ°
�ëYÌ&Ò, ïÄ
·^uü«&Ò/ª�à�
½ �{, ¿ÏL�ý9òã�.Á�ïÄéT�
{�ó§¢^5Jø
| . Ì�ïÄSN9(J
�):

1. ¿©�ÄD(��m©ÙA:, ïá$Ä
(¥þ
C|Î¡à�ÿþ�., ©OïÄ
·
^uüª�Ì&ÒÚ°�ëYÌ&Ò�¥þ
Î
¡à�½ �{.

2. JÑ
KÜ CSS �Z°��{g�9Î

¡à�½ �{�°�$Ä(Î¡à�½ 
�{ (CSS-MCBFB), T�{òª�SØU�ª
:þ�&Ò�mÏLà�C�à��ë�ªÇ
:, à����ü�ªÇ:�êâ���Ý
,
2A^Ä�&Ò?n��{?1¤Iëê��
O, T�{�����Z°�?n�{äk$�
þ�!O�°Ýp, ���?n�Z°�&Ò�
`:.

3. 3�ýïÄ¥, nÜ�Ä
&D'!$Ä�
Ý!$Ä�ÝØ�!$Ä��±9ÌÝØ��5
�Ï�é½ °Ý�K�, ¿�Ñ
�òã�.Á
�ëê���C^�e�½ °Ý,�Á�(J�
©ÛJøkå�|±Úë�.

4. ÏLòã�.Á�, nÜ|^IO(
½ (J!�NL¡�Äÿ:õÇÌ©Û(J
±9-�Å-ye�D(Î¡à�½ (J,
é 200 Hz—5 kHz ��S�Ë�D(�m©ÙA�
?1
©Û, 8B
D(©Ù�A�5Æ.
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Abstract
Based on the passive synthetic aperture principle, a new cylindrical focused beamforming localization method of moving sound

sources based on vector sensor array suited for both narrowband and broadband signal is proposed in this paper. By establishing the
measurement model of moving sound sources, calculating the localization accuracy versus error, and analyzing the experimental results
of cabin model, the performance of this new method can be verified. A comparison between the focused beamforming localization
results and the shell vibration measurement results proveds that the proposed method not only can obtain the localization results, but
also can reflect the relative contribution of each coherent source.
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