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 � ( | ÿ þ ¥, d u D ( ì �
( 
 ä k � é $ Ä, ÿ þ � � � ( Ø & Ò ¥ �
3 Doppler ª£�A. Xã 1 ¤«, s �(
, ±

�Ý u �!���$Ä, m �D(ì, �c��å
(
ål� r(t), (
$Ä���(Å�D(ì�
DÂ��Y�� θ(t), ål��Ýþ��mCz.

ã 1 �½D(ì�Â$Ä(
(Ñ«¿ã

�(
�ªÇ� f , �(
ª�rÝ� Q(f)
�(
�Ý u = 0, (
·��, KD(ìÿ��(
Ø�UeªO�:

P (f) = Q(f) · gr(f), (1)

ª¥ gr(f) �gd(|¥� Green ¼ê:

gr(f) =
exp(−jkfr)

4πr
, (2)

Ù¥ j �Jêü , kf = 2πf/c �Åê.
� u Ø � " �, ` ² ( 
 � D ( ì � m �

3�é$Ä, K¤ÿ��&Ò¥k Doppler ª£,
Doppler ª£�±L«�

f ′ = f + ∆f = f · [1 + Ma cos θ(t)], (3)

ª¥, f ′ � t ��¤ÿ�&Ò�ªÇ, Ma � Mach
ê, Ma ¸ u/c, c �(�. duD(ì�DÂ��Y
���mu)Cz, ¤±é [t1, t2] �mãS�&Ò,
¤ÿ&Ò�ªÇCz��� f · [1 + Ma cos θ(t1)]
� f · [1 + Ma cos θ(t2)]. éu��$Ä(
©Û&
Òã
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Ñ, ?1&Ò�©Û, ò&Ò�ä�á�&Ò, ?1
ªÇ�©Û�±uyù��á�&Ò�ªÇ*Ñ
Ø²w, ªÇLy��5²£A5, ªÇk¸��
3. �&Ò�©Û�ã�

[
t′1, t

′
2

]
, KTã&Ò�¸

� £ªÇ f̄ �UeªO�:

f̄ = f · [1 + Ma cos θ̄(t′1, t
′
2)], (4)

ª¥, θ̄(t′1, t
′
2) ��ã

[
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′
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éá� Doppler &Ò, �â (1) ª, 3�3�é$Ä
�^�eD(ìÿ��(Ø�±L«�

P (f̄) = P
[
f
(
1 + Ma cos θ̄(t′1, t

′
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= Q
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f
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′
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)]
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[
f
(
1 + Ma cos θ̄(t′1, t

′
2)

)]
. (5)

(5) ª±È©/ªL�:

P (f̄) =
∫

f

Q(f) · gr̄(f) · Tθ̄(f, f̄)df, (6)

ª¥ Tθ̄(f, f̄) �ª£¼ê.

Tθ̄(f, f̄) = δ
[
f̄ − f

(
1 + Ma cos θ̄(t)

)]
, (7)

δ(•) � Dirac ¼ê. ÏL (6) Ú (7) ªÒ�±��á
�&Ò��5 Doppler ª£. �âª£©Û, ?�Ú
ïáåõ�$Ä:(
�ª�(
rÝ��Â:
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��m�3 n �(
�, éu·�(
�±�
�ÏLÅU\���Â:�(Ø:

P (f) =
n∑

i=1

Qi(f) · gri(f). (8)

Ïd, éu n �$Ä(
, é (6) ª�����
(
�)�(Ø©þ?1¥þU\, Ò���Â:
�(Ø:

P (f̄) =
∫

f

n∑
i=1

Qi(f) · gr̄i(f) · Tθ̄i(f, f̄)df, (9)

(9) ª¥, Ø
I�?1 Doppler ª£	, duØÓ
(
��Ý θ̄n �ØÓ, Ùª£þ�ØÓ, (J=é
ü�ªÇ: f̄ �O�¥, �(
�ØÓªÇÑ�U
�)K�, �Ò´`ØÓªÇ¤©mu)
ÍÜ.

(9) ª�n�G�e�ëYªÌ�á�ÅU
\'X, �
¢yê�O�, �I�éd?1l
Ñz. Äk, Iò
rªÌ��Â:(ØªÌl
Ñz, éu(
ªÇ f ��Â: Doppler ªÇ f̄

�lÑz, �±©OlÑ, �
O�Ú`²��

B, �Ú��lÑz���m�, K�öÑlÑz
� (f1, f2, · · · , fK)T, K1 n �(
�
rÌ�þ
�

Qn =
[
Qn(f1), Qn(f2), · · · , Qn(fK)

]T; (10)

1 m �D(ì�(ØÌ�þ�

Pm =
[
Pm(f1), Pm(f2), · · · , Pm(fK)

]T
. (11)

ª£È©� Tθ̄n(f, f̄)df KlÑzCq�ª£
Ý
 Tmn, Ù1 k1 1 k2 �������

Tmn(k1, k2) =


1 −∆f/2 < fk2 − fk1

×(1 + Ma cos θmn) 6 ∆f/2

0 Ù¦
(12)

=éu k1 1, �ªÇ��C fk1(1+Ma cos θmn) �
���� 1, Ù¦�". Green ¼ê� gmn(f) lÑ
z� Green ¼ê
:

Gmn = diag[gmn(f1), gmn(f2), · · · , gmn(fK)],
(13)

ª¥ diag(•) �d�é����L«�é�
, 1 k

�é�����

gmn(fk) =
exp(−j2πfkrmn/c)

4πrmn
. (14)

nÜþã�ª, Ò�±��1 m �D(ì�(
Ø�

Pm =
K∑

k=1

N∑
n=1

Qn · Gmn · Tmn. (15)

ò¤k M �D(ì�(ØÌO�ªÜ¿, ¿
U��Ý
/ª, Ò�ª��
lÑz�$ÄÅU
\�§:

P = H · Q, (16)

Ù¥ P ��D(ì�ªÇ�á�(Ø��þ, �
Ý� M × K:

P =

 P1(f1), P1(f2), · · · , P1(fK), P2(f1), P2(f2), · · · , P2(fK), · · · ,

PM (f1), PM (f2), · · · , PM (fK).

T

(17)

Q ��:(
�ªÇ�á�
r��þ, �Ý� N × K:

Q =

 Q1(f1), Q1(f2), · · · , Q1(fK), Q2(f1), Q2(f2), · · · , Q2(fK), · · · ,

QN (f1), QN (f2), · · · , QN (fK).

T

(18)
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H �k M ×K 1 N ×K ��D4¼êÝ
:

H =


G11T11 G12T12 · · ·

G21T21 G22T22

. . .

· · · GMNTMN

 . (19)

l (10) � (19) ª¥w� Green ¼ê
 Gmn �
é�
, =�ªÇ´Õá�, �duª£Ý
 Tmn

��^, ¦��¦��D4¼ê�ªÇÍÜ�.
e'%ªã�

[
fL, fH

]
�(Ø©Ù�¹, KªÇ

3
[
fmin, fmax

]
��S�(
Ñ¬éÙu)K�.

fmin = min{fL(1 + Ma cos θmn)|m = 1, · · · ,M

n = 1, · · · , N}, (20)

fmax = max{fH(1 + Ma cos θmn)|m = 1, · · · ,M

n = 1, · · · , N}, (21)

Kâd�±�½O�ª���, �±w�A^á�
$ÄÅU\�{?1©Û�, �½�©Ûª°��
u&Ò�©ª��°Ý.

�â (16) ªïá�lÑªÌ�á�ÅU\'
X, 3®�(
 �ÚrÝ�, Ò�±O�Ñ?¿
 ��ª�(Ø. e®�(
 �Ú�Â:(Ø�,
K3D(ì�ê8�uÕá(
êþ��¹eÒ
�±ÏL)ÅU\�§|�¦(
�rÝ.

3 ÄuÅU\�§�$Ä(
(|­ï

3.1 ÄÄÄuuuÅÅÅååå///¤¤¤���(((


ýýý���

Äké(
¡¥Ì�(
:��U �Äu
Åå/¤�{?1ý�. ò(
¡¥�:Ñb½�
(
, ÏLé�:�(
rÝ�ý�, l¥À�r
Ý����
 ���Ì�(
, �?�ÚÏLÅ
U\�§|�)ù
(
Jø�â. (
ý��(
J¬��K�Ä�ÅU\���£O(J, ý£O
� ��O, Ä�ÅU\��ª£O(J��Ð.

Äk�é(
¡?1lÑz, ò(
¡�²¡
lÑz��X���:, ù
��:=´(
:
��À �. Xã 2 ¤«, D(ì¤3�m�·�
��/�IX, �(
$Ä�´$Ä�IX, (

¡ Θ 3$Ä�IXS, lÑz� MΓ × NΓ ���
:(
 Γ̃ :

Γ̃ =
{

Γ̃mn|m = 1, 2, · · · ,MΓ , n = 1, 2, · · · , NΓ },
(22)

Ù¥1 m 11 n ��(
: Γ̃mn 3$Ä�IX¥
��I� 

xmn

ymn

zmn

 =


m∆x

0

n∆z

 , (23)

∆x � ∆z ©O�lÑzÚî�Úp���må,
3?¿�� t, (xmn, ymn, zmn) ¤éA��/�I
�

[
Xmn(t), Ymn(t), Zmn(t)

]
, Ï
Ù�D(ì mi

�¢�ål�

rimn(t) =
√[

Xmn(t) − X̂i

]2 +
[
Ymn(t) − Ŷi

]2 +
[
Zmn(t) − Ẑi

]2
, (24)

Ù¥, (X̂i, Ŷi, Ẑi) �D(ì mi ��/�I.

ã 2 (
rÝý�«¿ã

�é(
¡¥�?¿:, �âÅå/¤�{¥
� “ò� - U\” �n, |^O�:�D(ì�ål

ÚD(ìæ8�(Ø&ÒéT:�rÝ?1�O:

q̃mn(t) =
NM∑
i=1

wi · pi

[
t +

rimn(t)
c

]
· rimn(t), (25)

ª¥ q̃mn(t) �(
: Γ̃mn ��O��
r, pi(t)
�D(ì mi æ8���(Ø&Ò, NM �
�¥
�D(ì�ê, wi �U\�­Xê, � wi = 1/NM .
�����O
r�, �±ÏL¯� Fourier C�
�Ñ3©Û�ã [tS, tE] S�ª�
r�O�:

Q̃mn(f) = FFT
t∈[tS ,tE]

[
q̃mn

(
t
)]

, (26)

?
�±��3�½©ÛªãS�
rk��:

|Q̃mn| =

√∫ fH

fL

|Q̃mn(f)|2df. (27)
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�dÒ��
�½©Û�ãÚªãS�(

¡�ý�
r©Ù�¹, ã 3 ¤«�(
¡ý�(

rÝn�(mã.

Xã 3 çÚIP:¤«, ò(
¡ý�(
r
Ý©Ù¥���4�:À�Ñ5, ��ý�(
:.
ý�(
:�£O^��T:�O
rÌ�3�
�:¥��, Xeª¤«:

|Q̃m̄n̄| = max{|Q̃mn||m̄ − 1 6 m 6 m̄ + 1,

n̄ − 1 6 n 6 n̄ + 1}. (28)

� � y (28) ª 3 ( 
 ¡ > � ? k ¿ Â,
3 m = 0 ½ MΓ +1, ½ n = 0 ½ NΓ +1 �,
- (28) ª¥ |Q̃mn| ���". ò÷vþã^�
�¸�:SÒU�O
rÌ�l���ü��:
(m1, n1), (m2, n2), · · · , (mN̂ , nN̂ ), � N̂ �¸�:,
���(
:ê��� NL �, K-

N = min{N̂ ,NL}, (29)

ª¥��(
:ê�� NL �¯k�½�(
ê�
�, ��y3�Y�ÅU\O�¥�§|k��),
�¦ N 6 M , M �D(ì
�¥D(ì�ê8. N

�(
: �éA�(
d Γ L«:

Γ = {Γi|i = 1, 2, · · · , N}. (30)

ã 3 (
¡ý�(
rÝ©Ù

ã 4 $Ä(
(|­ï©Û«¿ã

3.2 ÄÄÄuuuÅÅÅUUU\\\���§§§���$$$ÄÄÄ(((


(((|||­­­ïïï

Äu(
ý�(JÚá�ÅU\�§, Ò�±
ÏLÅU\�§�¦)?1(
rÝ�O�, ­ï
$Ä(
(|. ã 4 ¤«�$Ä(
(|­ï©Û
«¿ã. (
¡ Θ  u²¡ z = 0 S, ÿþ¡ A �
Ù²1 u²¡ z = d ?, z > 0 ¤(½���m

S�Ã(
gd(|, (
¡ Θ ±�Ý u ÷ x ¶
!�$Ä.

Äu(
ý�¼�
 N �ý�(
:, ÿ
þ ¡ A S Ù � M � D ( ì ÿ þ ( Ø, � �
y M > N . � rni � tk ��:ý�(
 Γn �
D(ì mi mDÂål, θni �DÂ���$Ä��
Y�, Kk:

rni =
Ma(xi − xn) +

√
(xi − xn)2 + (1 − M2

a )
(
(yi − yn)2 + (zi − zn)2

)
1 − M2

a

, (31)
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cos θni =
(
xi − xn

)
/rni, (32)

ª¥ (xi, yi zi) �D(ì mi  ��I, (xn, yn zn)
�(
 Γn 3 tk ��� ��I, Ma � Mach ê.

D(ì mi ÿ����(Ø&Ò� pi(t), ��
á��Ý ∆t, ò± tk �¥%����� ∆t ��
ã(Ø&Ò?1 Fourier C�, ��á��Âª�
(Ø:

Pi

(
f̄
)

= FFT
[
pi(t)|tk

−∆t/2 6 t 6 tk + ∆t/2
]
. (33)

�é8Iªã [fL, fH], U (20) Ú (21) ªO��Ñ
©Ûªã [fmin, fmax] ¿lÑz, l (33) ª���
(ØªÌ¥��A�lÑzªÇ:Ò��
 (16)
ª¥� P �, ò rni � θni �\ (12) � (19) ª�
� H �, K��
^u¦)
r Q ��½�§|.
�)ûT�½�§|¦)L§¥�Ø·½5¯K,
?1�Kz?n, �Kz?nÏL SVD ©)ÈØ
�ÛÉ��6ÄK�, Jp¦)�·A5, �Kz
ëê¦^ GCV �{?1ÀJ, O�úªXe:

V (α) =

∥∥∥(
HHH + αI

)−1
P

∥∥∥
tr

[(
HHH + αI

)−1
] , (34)

ª¥ I �ü Ý
, HH �D4¼êÝ
 H ��
Ý=�Ý
, α ��Kzëê, V (α) �Ù GCV �.
-

V (α̃) = min V (α), (35)

K���`�Kzëê α̃, (16) ª��Kz)�

Q̃ = (HHH + α̃I)−1H · P . (36)

­ï¡(Ø©Ù¯K´ÏL(
¡¥�:(
�
 �ÚrÝ, O�­ï¡¥�:�(Ø, du(

¡�­ï¡�±�é·�'X, ÏL�Kz¦)�
��(
:�rÝ�, Ò�±UÅU\�n��­
ï¡S?¿�:�(Ø�:

P̃ (f) =
N∑
n

exp
(
− jkfrn

)
4πrn

Q̃n(f), (37)

ª¥ Q̃n(f) � Γn �ª�
r. ��(ØªÌ, Ò�
±?�Ú��k�(Ø�:

p e =

√∫ fH

fL

|P̃ (f)|2df. (38)

éu­ï¡S�:­EþãO�L§, Ò��

­ï¡�(Ø©Ù. �¤���­ï¡�(
¡
�åléC�, K�±ò­ï¡�(Ø©ÙCq�
$ÄÔN�L¡(|©Ù, 9Ï�ä$ÄÔNþÌ
�(
� �.

L 1 n«ØÓ­ï�{­ï(J�½þé'!��³�'é'(J

�{ ­ï(Ø�°Ý ��³�'/dB

(
 1 (
 2

Åå/¤ — — 0.5

(�E 0.2% 0.4% 0.4

Ä�ÅU\ 1.7% 0.8% 6.8

4 �[¢��y

�é�{�k�59Ùé��ÚJb(
�
³��J?1�y, �O�ý¢�Xe: �OJ[
D(ì 16 �, ÷ X Ú Y ���Ù� 8 �D(ì,
D(ì �þÙ, Ù3ÿþ¡S� �Xã 5(b) ¤
«, 3�i¥%Ù���ë�D(ì, ^u�Y©
Û'�. (
3ålD(ì
�²¡ 2.0 m �²
¡S± v = 30.0 m/s(108.0 km/h) ��Ý÷ X �
��!���$Ä. ��ü� 1000 Hz ��Z(

ã 5 �ýO�^� (a) (
 �; (b) D(ì �


, Xã 5(a) ¤«, Ù3(
¡þ� ��I©O
� (−0.5 m, −0.5 m) � (0.5 m, 0.5 m). ­ï(
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¡c 0.1 m ål�m�(|, ­ï¡pÝÚ�Ýþ
� 4.0 m.

Äu$Ä(
Ä�ÅU\{�O�(JX
ã 6(c) ¤«, �±w���{�±k�£OÑp�
$Ä�(
, (
£O �'�O(. ã 6(a), 6(b)
¤«�|^Åå/¤�{Ú�E�{���Ó�

 ��­ï¡(Ø, �±w�ù
�{¤­ï�(
|3ý¢(
?(¢©O��ü�(Ø¸�:, �
3­ï(J¥du���AÑy
²w�Jb(

, ¬K�ý¢(
�£O. |^n«�{¤­ï
�(
(Jé'XL 1 ¤«.

ã 6 ­ï¡(ØO�(J (a) Åå/¤{; (b) (�E{; (c) Ä�ÅU\{

l�[�ýO�(J�±wÑ, n«�{þU
O(¢y$Ä(
�½ , Ù¥�EÚÄ�ÅU
\�{�±k�¢y$Ä(
�½þÿþ, 
�­
ï�(
°Ý�p, Ø�3 2%�S. ��E�{�
Åå/¤�{����A'�²w, ��³�'�
k 0.5 Ú 0.4 dB, k²w�Jb(
�AÑy, 
Ä
�ÅU\�{¥��³�'��
 6.8 dB, ���
�
²w�³�, Jb(
y���
. ¢�(J
L²3D(ì
��/ª9D(ìê8þvkO
\�^�e, �Åå/¤�{Ú�E�{�', Ä

�ÅU\�{3£O$Ä(
�����AÚJ
b(
y���
²w�Uõ.

5 ¢�¢��y

�é$Ä(
Ä�ÅU\�{?1¢S�y,
�O
¢�Á�. ¢�¥(
¡!ÿþ¡9­ï¡
� �X«¿ã 7 ¤«. Ù¥(
¡�ð�ýL¡
¤3²¡, �Y²/¡R�; ÿþ¡�D(ì¤3
²¡, �½u/¡, å(
¡å l d1 = 3.7 m; ­ ï
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¡�(
¡²1¿��$Ä, �öål d3 = 0.1 m,
­ï¡pÝ h = 3.1 m, �Ý l = 3.9 m. Á��, ð
�± 20 km/h ��l 32 ´�iD(ì
�cÏL,
D(ìm�l 8 cm—16 cm, |^ü�p���Å
|¤V8ÀúÿþXÚ¢y$Äð��gÄ½ 
¿¢y�Àª&Ò���ÚKÜ. 3�I?S�ü
�®��Ñ�uÑ 1000 Hz �üª(, ¢�ÿþX
Ú9Ñ��SCãXã 8 Úã 9 ¤«.

ã 7 ¢�¢� �'Xã

ã 8 ¢�ÿþÁ���

ã 9 Á��ý9Ñ��½ �

|^ÿþXÚé®��$ÄÑ�?1½ £
O, ©Û8IªÇ� 980—1020 Hz. ã 10 ¤«�)

¤�$Ä(
(|Ä�Àª¥��vã�.

ã 10 $ÄÑ�£O(Jã (a) Ä�ÅU\{£O(J;
(b) Åå/¤{£O(J; (c) (�E{£O(J

ã 10(a) �|^Ä�ÅU\£OÑ��(J,
ã 10(b) Ú (c) ©O�Åå/¤Ú(�E�£O(
J. lã¥�±wÑ|^Ä�ÅU\�{¤£O
�ü�$Ä(
 �'�O(, 
��±w��
Åå/¤�{Ú(�E�{�£O(J�', ­ï
(J¥����A��
²w�³�, (
�©E
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Ç�p, (
£O�J�Ð. `²|^Ä�ÅU\
�{?1$Ä(
£O��±¼��Ð�(|£
O�J.

ã 11 $Äð��	D(£O(Jã (a) uÄÅD(£O
(J; (b) üíD(£O(J

3¢�||^d 30 �D(ì|¤�
�X
Úé�ý$Äð��Ë�D(?1ÿþ, ¢�¥
ÿþ¡�(
¡ål d1 = 3.3 m; ­ï¡�(

¡ål d3 = 0.1 m, ­ï¡pÝ h = 2.3 m, �
Ý l = 2.9 m. ã 11 ¤«�|^�XÚ¤ÿþ�ý
± 65 km/h �Ý$Ä�ð���	D(Ë��Àz
(J.

T¢�¥, ¢��ý�uÄÅ�ohoÀ§,
c�Ù�, ¢��uÄÅ=�� 3000 r/min, 3T
=�ó��, uÄÅ9üí3 300—400 Hz ªãk
²wD(�3. 3Ø�Ä/¡��K��^�e,
ã 11 ¤«�|^Ä�ÅU\�{¤­ï��L¡
D(, lã¥�±w�3cÓíNC±9üí+Ñ
�NC�3²w�D(, �Ä��$ÄG�eÓ�
D(�ªÇõ� 800 Hz ±þ�ªã, (ÜD(

� �ÚªãnÜ�ä©Û@�, ã 11(a) ¥�D
(
�uÄÅD(, ã 11(b) �üíD(. ¢�(J
L²��{�±k�/^u¢Sð�3$ÄG�
e��	D(ÿþ£O. nÜ¢��1(
ÿþ¢
�±9�	¢S1¨D(�£O¢�, y²��{
3¢Só¹eU
'�O(/é$Ä(
?1£
O. ¢�(Jy²
T�{�¢^5!k�5Ú�
(5.

6 ( Ø

�Uõ$Ä(
£O¥�(
���A9J
b(
¯K, �©ïá
�«�±^u$Ä(
£
O�Ä�ÅU\�{, òÅU\�{l·�(
ÿ
þ+�ÿÐ�
$Ä(
�£O¥. �[�ý¢�
±9�1(
Á�L², Äu��{�±'�O(
/­ïÑ$Ä(
, �DÚ�Åå/¤�{Ú�E
�{�', ��{3£O$Ä(
�����AÚ
Jb(
y���
²w�Uõ. ¢��	D(ÿ
þÁ�L², Äu��{¤mu�ÿþXÚ�±k
�£OÑð��uÄÅD(±9üíD(, (
£
O� �'�O(, £O�J�Ð, ���A��

²w�³�. ¢�(Jy²
��{�¢^5!
k�5, L²��{�±k�/A^uð��E,
$ÄÅ���	D(ÿþ£O, �T�{�¢Só
§A^Jø
�â. �©JÑ�Ä�ÅU\�{ò
ÅU\�{�·^��*Ð�$Ä(
, �Y�I
�?�Úé�{¥­ï(J�(
ý��J�°
�5�­½5±9/¡���K��¯K?1�
\ïÄ, ±?�ÚJpT�{�5UÚ·^��.
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Dynamic wave superposition method for moving
sound sources∗

Yang Dian-Ge† Li Bing Wang Zi-Teng Lian Xiao-Min‡

( Department of Automotive Engineering, State Key Laboratory of Automotive Safety and Energy, Tsinghua University, Beijing 100084, China )
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Abstract
In order to improve the identification of moving sound sources and solve the ghost source problem, the short-time wave super-

position relation for moving sound source is established according to the Doppler frequency shift in short time, the equivalent sound
source is pre-estimated by beam-forming, based on the pre-estimation result, the wave superposition equation is developed and the
sound source is calculated by solving the equation. Then the dynamic wave superposition method for moving sound source is obtained.
This method extends the wave superposition method to the case of the moving sound sources and solves the ghost source problem in
moving sound source identification without adding extra microphones or changing the layout of microphone array. This method is used
in the experiment to measure the moving sound sources, and satisfactory results prove the effectiveness of the method.

Keywords: wave superposition, moving sound source, Doppler effect, beam-forming
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