
Ô n Æ � Acta Phys. Sin. Vol. 61, No. 15 (2012) 154301

ÄÄÄuuu(((ØØØFFFÝÝÝëëë������ÜÜÜ©©©|||©©©)))���{{{999¢¢¢���ïïïÄÄÄ*

.D,† H²ï Ü[R M�

( Ü�ó��ÆD(�Äó§ïÄ¤Ü� 230009 )

( 2011 c 12 � 6 FÂ�; 2012 c 1 � 3 FÂ�?Uv )

æ^×£ÿþ�ª���Ø�Z(|I©)¤���Z�Ü©|�âU^uC|(�Eï. yk��{Ñ
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1 Ú ó

C|(�E (NAH) Eâ´�«�~k��D
(£O!½ Ú(|�ÀzEâ [1−4]. �´, T
Eâ�¦3�E¡þÿþ��(|7L´���
Z� [5], ó§¢SA^¥�(|�Ü©´deZ
�Ø�Z½Ü©�Z�(¤Ë��(|U\
¤. éuù«Ø�Z½Ü©�Z(|� NAH ÿþ,

�±æ^¯ì{ÚÄu×£�ª�õë�pÌÿ
þ{. �´¯ì{I��þ�D(ìÚ¿1ÿþÏ
�, I½�Oó�þ'��, ��¤�p[, Ø|u
3ó§¢SA^¥í2. Ïd�éda(|�Ü·
� NAH ÿþ�{´Äu×£�ª�õë�pÌÿ
þ{. T�{�I�^�
� (X�
�) 3�E¡
þUì�½�^S×£(|=�æ8��Eêâ,

¤ID(ì�, ��¤�$.

æ^×£�ªÿþ���Ø�Z(|, 3?
1 NAH ï�c, IéØ�Z(|?1Ü©|©
). Tg�´ 1989 cd Hald[5] JÑ, ¦/ÏÛÉ�

©)ò×£ÿþ��Ø�Z(|©)¤eZ��
��Z�Ü©|, 2©Oéù
Ü©|? NAH 
ï, ��òï��(|?1U\, ��I��
ï(J, T�{��¡�J�Z{. 1992 c, Hall-

man � [6] JÑæ^ �ZnØ [7] ?1Ü©|©
), T�{éØ�Z½Ü©�Z�(�)�(
|ÑUk�/©)Ñ���Z�Ü©|. 1999 c,

Tomlinson[8] éJ�ZÜ©|©){Ú �ZÜ©
|©){?1
'�, ¿éë�D(ì�À�é©
)(J�K�?1
©Û. 2001 c Nam � [9] JÑ

�«#�Ü©|©)�{, T�{�± �{�
���OÒ´ë�D(ìØ7 u(NC, l
3�½§Ýþ)û
ë�D(ì �À��¯K;

��, ¦�qéT�{�L«/ª?1
#í
�, ¿ÏLü�¢�?1
�y [10]. 2003 c, Kown

� [11] éJ�Z�{?1
U?, ÏLÖ���
|5�Ø��|éJ�Z{�{�K�, l�
�
��|�Ü©|©)�{¶Óc, Lee � [12]

òJ�Z{Ú\�Î¡ NAH ¥, ¿(ÜÖ��
�|��{, U��n��ï(J. 2004 c, Kim
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� [13] JÑ/Ï MUSIC õÇÌ��z�{5�`
À�Ü©|©)�{¥ë�D(ì� �. 2006

c, Lee � [14] éæ�×£ÿþ�ª�, ÿþD(
±9((?�CzéÜ©|©)(J±9æ^
T(J?1 NAH ï�K�?1
©Û. 2008 c,

Kang � [15] òg·A"�{Ú��Ø�{Ú\�
Ü©|©), O�ÑÜ©|���(, ,�ÏL
���¦{ÚÝ
=�¦ÑÜ©|.

þãïÄÌ�´�éÜ©|©)�{±9ë
� �?1ïÄ, Ù�Ó:´þæ^(Ø��ë�
5¢yÜ©|©). ¢Sþ, 3£ã(|&E�ë
ê¥, (ØFÝ (aq�:��) '(Ø�P~�Ý
�¯, XJæ^(ØFÝ��ë�, ÙÉ�Ù¦(
Ú�¸D(�K�'(Ø�, Ïd(ØFÝ'(
Ø�äk`³. �©3yk�Ü©|©)�{ (Ì
�´J�Z{Ú �Z{) �Ä:þ, æ^(ØF
Ýë��O(Øë�, JÑÄu(ØFÝë��Ü
©|©)�{, ¿ÏL�ýÚ¢�u�T�{��
15Ú`�5.

2 � n

Ü©|©)�{´�3Ø�Z(|�(N
CÙ�õ�ë�, ¿3�E¡þæ^�
�×£T
(|, ,�òÿþ��ë�&ÒÚ�E&Ò?1g
ÌÚpÌ, ¿?1(|��mC�O�, l��
���Z�Ü©|��«�{. �Ø�Z(|´
d N �pØ�Z�(�), 3(NCÙ� N

�ë�, �E¡þ�k M �|:. (!ë�Ú|
:�m�'XXã 1 ¤«.

ã 1 (!ë�Ú|:�'X

3Äu(ØFÝë��Ü©|©)�{¥, z
�ë� �þ÷(ÅDÂ��Ù�ü��Ó�(
ØD(ì. �âk��©�n, �ü�D(ì�m
�ål��u�ÿ(ÅÅ��, (|¥,:(DÂ
�� r þ�(ØFÝ�±d(ÅDÂ�� r þT
:ü��:?�(Ø�Cq��

∂pn

∂r
≈ pn1 − pn2

∆r
, (1)

ª¥,
∂pn

∂r
´1 n �ë� ��(ØFÝ, ∆r�ü

D(ì�m�må, pn1 Ú pn2 �1 n �ë� �
þ�ü�D(ìÿþ��(Ø. �©�
Ö��B,

- gn =
∂pn

∂r
.

�¤k�D(ìÑ?1 K gæ�. (ØFÝ
Ú|:(Ø©O^�þL«�

g = [g1, · · · , gn, · · · , gN ]T, (2)

p = [p1, · · · , pm, · · · , pM ]T (3)

ª¥, “T” L«=�. gn Ú pm ©O�¹ K gæ�

gn = [g(1)
n , · · · , g(k)

n , · · · , g(K)
n ], (4)

pm = [p(1)
m , · · · , p(k)

m , · · · , p(K)
m ]. (5)

2.1 ÄÄÄuuuJJJ���ZZZ���ÜÜÜ©©©|||©©©)))���nnn

J�Z{´/ÏÛÉ�©)5O�Ü©|�
�«�{. ÄkO�(ØFÝ�gÌ!|:(Ø�
gÌ9§��m�pÌ, ©OL«�

Sgg =
1
K

K∑
k=1

g(k)(g(k))∗, (6)

Spp =
1
K

K∑
k=1

p(k)(p(k))∗, (7)

Sgp =
1
K

K∑
k=1

g(k)(p(k))∗, (8)

ª¥, “*” L«Eê�Ý=�, k L«1 k gæ�,

g(k) Ú p(k) ´1 k gæ����þ. dã 1 ��,

|:(Ø�±d(ØFÝ�5L«�

p = Hpgg, (9)

ª¥, Hpg ´(ØFÝ�|:(Ø�m�=�Ý
.

�â (6)—(9) ª��|:(ØgÌÚ(ØFÝgÌ
9§��mpÌ�'X�

Spp = HpgSggH
∗
pg, (10)
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ª¥
Hpg = S∗

gpS
−1
gg . (11)

,�é(ØFÝgÌ?1ÛÉ�©), L«Xe:

Sgg = UΛV ∗ = UΛU∗ = ĝĝ∗, (12)

ª ¥, U Ú V © O�A � � þ | ¤ � j Ý 
,

3d U Ú V ��, Λ L«ÛÉ��Ý
, ĝ L
«ØÓu(ØFÝë��Jë�. d (12) ª�
� ĝ = UΛ1/2. |:(ØgÌ Spp ��©)¤e
Z����Z�Ü©|, �©)Ñ�Ü©| P̂ ÷
v P̂ P̂ ∗ = Spp, �â (10), (11) Ú (12) ª�òÜ©
|L«Xe:

P̂ = Hpgĝ = S∗
gpS

−1
gg UΛ1/2 = S∗

gpUΛ−1/2, (13)

ª¥, P̂ �1 n �L«1 n �Ü©|. d 13) ª�
�, Ü©|�dJë��5L«.

2.2 ÄÄÄuuu   ���ZZZ���ÜÜÜ©©©|||©©©)))���nnn

 �Z{´ÏL �Z�nO�Ñ^�Ì
9 �Z¼ê, 2|^^�ÌÚ �Z¼êO
�Ü©|��«�{. ò N �(ØFÝ��Ñ
\, 1 m(m = 1, 2, · · · ,M) � | : ( Ø ��Ñ
Ñ, |¤��õÑ\üÑÑXÚ, =ÿþ��Ñ
\� g

(k)
1 , g

(k)
2 , · · · , g

(k)
N , ÑÑ� p

(k)
m , �
�BO

�, - g
(k)
N+1 = p

(k)
m . Äk, O�Ñù N + 1 �&Ò

�gÌÚpÌ

Sij =
1
K

K∑
k=1

g
(k)
i (g(k)

j )∗, (14)

ª¥, i = 1, 2, · · · , N + 1; j = 1, 2, · · · , N + 1. ,�
|^ (14) ª���gÌÚpÌS�O�^�Ì. =
�Ä�Øc a �(�K��, �â �Z�n�
�^�Ì�S�O�úª

Sij·a! = Sij·(a−1)! − LajSia·(a−1)!, (15)

ª¥

Laj =
Saj·(a−1)!

Saa·(a−1)!
, (16)

(15) Ú (16) ª¥, a = 1, 2, · · · , N ; i, j > a; Sij·a! L
«�Øc a �(�K��1 i �&Ò�1 j �&
Ò�^�Ì; Sij·(a−1)! L«�Øc a−1 �(�K
��1 i �&Ò�1 j �&Ò�^�Ì; Sia·(a−1)!

L«�Øc a−1 �(�K��1 i �&Ò�1 a

�&Ò�^�Ì; Laj L«ªÇ�A¼ê; Saj·(a−1)!

L«�Øc a − 1 �(�K��1 a �&Ò�
1 j �&Ò�^�Ì; Saa·(a−1)! L«�Øc a − 1

�(�K��1 a �&Ò�^�Ì. �â (14),

(15) Ú (16) ªS�O��Øc N − 1 �(�K
��1 N �(ØFÝ�^�Ì SNN ·(N−1)!!1 m

�|:(Ø�^�Ì S(N+1)(N+1)·(N−1)! 9§��
m�^�Ì SN(N+1)·(N−1)!, ¿O� �Z¼ê

γ2
N(N+1)·(N−1)!

=
|SN(N+1)·(N−1)!|2

SNN ·(N−1)!S(N+1)(N+1)·(N−1)!
. (17)

�â �Z¼êÚ^�Ì¦�1 N �Ü©|3�
E¡þ1 m �|:?�(Ø�

p̂mN =(γ2
N(N+1)·(N−1)!

× S(N+1)(N+1)(N−1)!)1/2. (18)

�gH{�E¡þ� M �|:, ��1 N �Ü
© | p̂N = [p̂1N , · · · , p̂mN , · · · , p̂MN ]T. , � �
gò1 n(n = 1, 2, · · · , N − 1) �(ØFÝü3
1 N � �, ò1 m �|:(Øü31 N + 1

� �, �âþã�{O����1 n �Ü©
| p̂n = [p̂1n, · · · , p̂mn, · · · , p̂Mn]T.

3 ê��ý

Xã 2 ¤«, 3(¡ (z = 0) þÙ�ü�Ø
�Z�óÄ¥(. (0���Ý� 1.21 kg/m3, (
�� 340 m/s. �E¡� � zh = 0.10 m, �E¡�
��� 1 m × 1 m, �E¡þy© 21 × 21 �|:.

z�(NC�ë� �þ÷ z �Ù�ü�ë�
D(ì, üD(ìål� 0.012 m, üD(ìë��
¥:å(¡ zr = 0.05 m. �ý¥óÄ¥��Äª
Ç� 100—2000 Hz. �ýL§¥, O\ 20 dB �x
D(, �[ý¢�¸. �é�ý���êâ, ©Oæ
^J�Z{Ú �Z{��Ü©|©)�{, òÄ
u(ØFÝë�©)�Ü©|(J�Äu(Øë
�©)�Ü©|(J?1é'. ½ÂÜ©|(ØÌ
��Ø��

Err =
‖e − ē‖
‖ē‖

× 100%, (19)

ª¥, ē�nØ�, e�O��, ‖ • ‖ L« 2 �ê.

ã 3 Úã 4 ©O�æ^J�Z{Ú �Z{
Äu(Øë�ÚÄu(ØFÝë�©)�Ü©|
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ã 2 �ý�n«¿ã

ã 3 Äu(ØÚ(ØFÝë��J�Z{©)�Ü©|
(ØÌ�Ø� (a) Ü©| 1 (J; (b) Ü©| 2 (J

�(ØÌ�Ø�'�. dã 3 Úã 4 ��, Äu(
ØFÝë��©)(JØ���uÄu(Øë�
�©)(JØ�. 3J�Z{¥, Äu(Øë��
©)(JØ����,� 7%� 47%, �©)(JØ

½, Äu(ØFÝë��©)(JØ� �é�
�,� 10%� 23%, °Ý�p, �½. 3 �Z{
¥, Äu(ØFÝë��©)(JØ�3 2%�m,

Äu(Øë��©)(JØ�� 5%� 10%, `²
 �Z{�½, (J'J�Z{°(.

ã 4 Äu(ØÚ(ØFÝë�� �Z{©)�Ü©|
(ØÌ�Ø� (a) Ü©| 1 (J; (b) Ü©| 2 (J

�
 � Ð / ' � Ä u ( Ø ë � Ú Ä u (
ØFÝë��Ü©|©)�{ �`�, �©�
Ñ 1000 Hz �ÿþ¡¥m�1�(J'�. Xã 5

Úã 6 ¤«, Äu(ØFÝë��©)(J'Äu
(Øë��©)(J�°(. éuJ�Z{, Äu
(ØFÝë��©)(J¥, ©lÑ�Ì�(|Ú
nØ�¬ÜÝ�Ð, �,3,�( �þEk�
��ÅÄ, �oNØ���, Äu(Øë��©
)(J¥, Ì�(|ÚnØ�¬Ü��, �3,�
( �þk���¸�, Ø���. éu �Z
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{, Äu(ØFÝë��©)(JÚnØ�A��
�ÎÜ, °Ý�p, Äu(Øë��©)(J¥,

Ì�(|��±©lÑ5, �3,�( �?¬
ÑyÌ�ÅÄ, �nØ�ØUéÐÎÜ.

ã 5 Äu(ØÚ(ØFÝë��J�Z{©)�Ü©|
(ØÌ� (a) Ü©| 1 (J; (b) Ü©| 2 (J

d u 3 Ü © | © ) ¢ � L § ¥, ë � � 
� À � é © ) ( J ° Ý k � ½ � K �. e ¡ ò
Czë�� �±éü«�{?1'�. 31
��(NC«� {−0.35 m 6 x 6 −0.15 m,

−0.35m 6 y 6 0.35 m} Ú 1 � � (  N C «
� {0.15m 6 x 6 0.35 m, −0.35 m 6 y 6 0.35 m}
À� 16 | �, ^u(ØFÝÿþ�ü�D(ì
�¥:å(¡ zr = 0.05 m, äN�IXL 1 ¤
«. ã 7 Úã 8 ©O� 1000 Hz �Äu(Øë�Ú
(ØFÝë��J�Z{Ú �Z{©)�Ü©

|(ØÌ�Ø�(J. dã��, ÃØë�3=�
 �, ��3Ó�^�e, Äu(ØFÝë�©)
�Ü©|(JØ�þ�uÄu(Øë�¼��(
J, � �Z{©)�Ü©|(JØ��uJ�Z
{©)(J.

ã 6 Äu(ØÚ(ØFÝë�� �Z{©)�Ü©|
(ØÌ� (a) Ü©| 1 (J; (b) Ü©| 2 (J

d	,�
ïÄ3(ØFÝÿþ�üD(ì¶
���Czé©)�Ü©|(JØ��K�, e¡
�Ñ
 1000 Hz �üD(ì�¶�� z ¶Y� θ C
zéÄu(ØFÝë��Ü©|©)�{�K�,

Xã 9 ¤«. lã¥��, düD(ì¶���C
zÚå�Ø�� θ ��O�O�, �´� θ ��
u 45◦ �, düD(ì¶���CzÚå�Ø��
u 3%, TØ����uæ^(ØFÝë�`uÄ
u(Øë��Ø�. Ï d3¢ Só§ A^ ¥, ��
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L 1 ë�� �

SÒ 1 2 3 4 5 6 7 8

ë� 1 �
x/m −0.30 −0.30 −0.35 −0.30 −0.25 −0.20 −0.35 −0.35

y/m 0.20 0.10 0.10 0.20 0.10 0.05 −0.30 0

ë� 2 �
x/m 0.20 0.20 0.30 0.30 0.30 0.30 0.25 0.35

y/m 0.10 −0.15 0.20 −0.15 0.15 0.20 −0.15 −0.10

L 1 Y

SÒ 9 10 11 12 13 14 15 16

ë� 1 �
x/m −0.35 −0.35 −0.35 −0.30 −0.30 −0.25 −0.20 −0.35

y/m 0 0.10 0 0.25 0.25 −0.05 0.05 0

ë� 2 �
x/m 0.20 0.20 0.30 0.25 0.15 0.35 0.25 0.30

y/m −0.15 0.15 −0.05 −0.15 0.10 0.05 −0.15 −0.15

ã 7 Äu(Øë�Ú(ØFÝë��J�Z{©)�Ü
©|(ØÌ�Ø� (a) Ü©| 1 (J; (b) Ü©| 2 (J

ã 8 Äu(Øë�Ú(ØFÝë�� �Z{©)�Ü
©|(ØÌ�Ø� (a) Ü©| 1 (J; (b) Ü©| 2 (J
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ü D ( ì ¥ � ¶ � � � � ( D Â � � Y � �
u 45◦, =üD(ì¥�¶���¦�UR�u
¡, düD(ì¶���CzÚå�Ø�é�,

Ø¬éÜ©|(J�)��K�.

ã 9 Äu(ØFÝë��Ü©|©)�{¼��(ØÌ
�Ø��(ØFÝÿþüD(ì�¶�� z ¶Y� θ �
'Xã

þã(J��¡`²
Äu(ØFÝë��
Ü©|©)�{��15, Ó��`²
3Ó�^
�e, Äu(ØFÝë���{�`uÄu(Øë
���{. d	, (J�L²ÃØ´Äu(ØFÝ
ë��´Äu(Øë�, æ^ �Z{U¼�'J
�Z{�`�(J; Äu(ØFÝë���{3¢
Sÿþ�üD(ì�¶���A¦�U�¡�
±R�.

4 ¢��y

¢ � ´ 3 � ¸ � � � m ? 1, ¢ � ÿ þ C
� X ã 10 ¤ «. ¤ ^ ( �ü � Ñ ª A 5 Ø
� � � Ñ �, ü � Ñ � � � � ¥ % � © O
� (−0.25, 0, 0) m Ú (0.25, 0, 0) m, ÏLü�Õá
� (  & Ò ° Ä, (  & Ò�x D (, ü ( 
� � � � Å C z. ë � D ( ì � 4 �,  �
©O� (−0.25, 0, 0.044) m Ú (−0.25, 0, 0.056) m,

(0.25, 0, 0.044) m Ú (0.25, 0, 0.056) m. �Eÿþ
¡ u zh = 0.10 m ?, � E ÿ þ ¡ � � �
� 1m × 1 m, �E¡þy© 21 × 21 �|:. &
ÒdõÏ��&Òæ8ì� 42 �D(ì|¤�

�9ë�D(ìæ8¼�. ^×£ÿþ��ªæ8
(|&E, æ�ªÇ� 10 kHz, ?1 50 gæ�.

ã 11 Úã 12 ©O�æ^J�Z{Ú �Z
{Äu(Øë�ÚÄu( ØFÝ ë�© )� Ü©

ã 10 ¢�ÿþC�ã

ã 11 Äu(ØÚ(ØFÝë��J�Z{©)�Ü©|(ØÌ�Ø� (a) Ü©| 1 (J; (b) Ü©| 2 (J
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ã 12 Äu(ØÚ(ØFÝë�� �Z{©)�Ü©|(ØÌ�Ø� (a) Ü©| 1 (J; (b) Ü©| 2 (J

ã 13 Äu(ØÚ(ØFÝë��J�Z{©)�Ü©|(ØÌ� (a) Ü©| 1 (J; (b) Ü©| 2 (J

ã 14 Äu(ØÚ(ØFÝë�� �Z{©)�Ü©|(ØÌ� (a) Ü©| 1 (J; (b) Ü©| 2 (J
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|�(ØÌ�Ø�'�. �þ!�ý©Û(J�Ó,

ÃØæ^=«Ü©|©)�{, Äu(ØFÝë�
�©)(JØ�þ�uÄu(Øë��©)(J
Ø�; æ^ �Z{©)�\è, U¼�'J�
Z{�`�(J. ã 13 Úã 14� 1000 Hz �ÿþ
¡¥m�1�Ü©|©)(J'�, ?�Ú�y

þã(Ø.

5 ( Ø

JÑ±(ØFÝ��ë�, ¿ïá�«Äu(
ØFÝë��Ü©|©)�{. du(ØFÝ'(
Ø�P~�Ý�¯, É�Ù¦(Ú�¸D(�K

�'(Ø�, ¤±±(ØFÝ�ë�3©)���
Z�Ü©|L§¥'±(Ø�ë��äk`³. Ï
Lê��ýÚ¢��yL²: 3Ó�^�e, Äu
(ØFÝë��©)(J'Äu(Øë��©)
(J��CnØ� (½ÿþ�), Ø���, °Ý�
p; Ó�ÃØ´æ^(ØFÝë��´æ^(Øë
�,  �Z{'J�Z{�\½, ©)�(J°
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Abstract

The incoherent sound field obtained by scanning measurement cannot be used directly for nearfield acoustic holography to recon-

struct the sound field. And therefore, the incoherent sound field needs to be decomposed into fully coherent partial fields. In previous

methods, the pressure is used as reference to obtain the partial fields. In this paper, the pressure gradient is used as the reference for

the partial field decomposition. Because the pressure gradient decays faster than the pressure, the interaction of the pressure gradient

between the incoherent sources is weaker than that of the pressure, which may improve the effect of the partial field decomposition. A

numerical simulation and an experiment are conducted to test the feasibility of the method. And it is shown that the partial field de-

composition method based on pressure gradient reference is robust and the decomposed results are better than those based on pressure

references.
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