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Abstract A methodology of separation and reconstruction on holography surface of sound field caused by coherent

sound sources based on spherical wave expansion based near-field acoustic holography is presented. A single layer

microphone array is used to obtain the sound pressure on the measurement plane, the least-square method is applied

to solve the coefficient vectors corresponding to the coherent sound sources. With the coordinates of the measurement

points and the position information of the sound sources, the sound pressure on the measurement points sound source

can be reconstructed, respectively. The methodology is validated and the accuracy of wave separation and sound field

reconstruction is examined numerically in sound field with coherent spherical source and non-spherical source. The

accuracy of reconstruction is also examined in anechoic chamber with two coherent speakers. The results of experiment

show that the accuracy of reconstruction of sound field with spherical sources is higher than that with non-spherical

source.
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j = n2 +n+ l+1, l
�

[−n, n]
kie
-(é
. + � [cA1 , c

B
1 ,

· · ·, cAM , cBM ]T % � + \ � � 7���9 (9) 0 9 (10)
ñ

c
A
ln

0 c
B
ln

a�/ ) ��0 )�1 s�é]\ � �9
(12) 2  ��� 

Pmeas = Ψ
AB

C
AB, (13)

T % ��ø���� + \ �  
C

AB = (ΨAB)+Pmeas, (14)

9 ñi�
(ΨAB)+ %�j�k f�g Ψ

AB
édlim��

C
AB 3
4

[cA1 , c
A
2 , · · ·, c

A
M ]T 0 [cB1 , c

B
2 , · · ·, c

B
M ]T
��5���� ��� 


L ��ê�R 0 w�_���ê�R h W��5 T E ù � � ) � .?/ ë *?+ é?F�ü G?H�N	
U � . @ é?U � µ?� ¶	· @�6 j�+?+ ½?T�7�8	v +
W
9��
:
; G�H���� % ���
<�U ��W 5iT�U�� % �
=�?O�>	��ì?U � Ð	Â?� 6 j�+ +�?A@�B ' T�C	µ �
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2015 �
��� \�� � Ð�Â�� E 2�I���������� ��J ; Î�T�C j
k�+8+ Moptimal,

5 9
(8)
��{ 2 I�ê � \ � Preco
 U � µ Pmeas

é�Ð�Â�� ì���Î�T�� j�k
+�+ Mmax� �8a
M = 1 k�������j�k�+�+ � * ������{ � �

j?k�+?+	h W�é?2?I	Ð�Â?� �	��
 s � ø?� � '	�2 I�Ð�Â�
 j k�+ + ��� é���� (M − ∆
���

)
�

M − ∆
��� @ T�ã�Ð�Â h W�é j�k�+�+ 7���T�C j

k�+�+ Moptimal,



Moptimal h W�é�T�C�1�2�� + \
� � C

AB
optimal

�YT % � ø(ý���� 
 L �(ê�R h W�é�TC�1�2�� + \ � C
A
optimal:

C
A
optimal = [cA1 , c

A
2 , · · · , c

A
Moptimal

]T (15)

� W ø?�?� 
 w	_	��ê?R h W�é	T�C 1?2 � +\ � C
B
optimal:

C
B
optimal = [cB1 , c

B
2 , · · ·, c

B
Moptimal

]T. (16)

5Éê?6 2?I Y ¶ ��d��?9 (9) 0 9 (10)
ø?���

�?��L ��ê?R 0 w	_	��ê?R�ì	N	
?U � . @ é�ê?�$�%��
L ��ê�R�ì�N�
 . @ é�ê���$�%��� 

P
A
reco = Ψ

A
optimalC

A
optimal, (17)

9 ñ`�
Ψ

A
optimal % Ub�bMbNb�b� ,b9 (9) jbk Moptimal

+ ����é�ô�e�f�g��w�_���ê�R�ì�N�
�U � . @ é�ê���$�%��� 
P

B
reco = Ψ

B
optimalC

B
optimal, (18)

9 ñd�
Ψ

B
optimal % U � M N � � , 9 (10) j k

Moptimal +
����é�ô�e�f�g��

ì���� � . / ë * + é ñP� � W ��W�� @ ��<�	� ; Î	!�ê?R�é?M?N [?� ñP�?� ����d���� ;�êR�Î�M(ú � ü(ý ; Î���ì�O�N�U � . W �����
� X �

9	�	� %	�	h ê?R?M?T U � . é�� V ��� Z �	d�e
¶	· @ & ù?T�ê?R?M?T U � . � V é?O N �� �ø => ��<�����O�N�ú�9 0 h W�! + �"�@ ø����89

(17)
7��´L ��ê�R�é�ê�6?2�I �

9?� �	� ù?T	��ì	w	_	#	$���ê��	� � 2?I�L ��êR�é�ê���$�%�����ø]5!9
(18)  ��w�_���ê�R�ì�íJ�ê�6 ñ½é���O��

3 %'&'(')*1+*+,.-+//..0
3.1 1�2�3�4 1

�KJ6567 @ ÿKwK_ êc6 � � 2cI ú � éc;K�� ����ì�� @ + µ�y�z�{�| S�^ 5�7 ��ê 6 ��� É�	�
1 Z nd��ê?R	w	8	! + 0 U � . é	! + S	¿	À� � �E ù���ú �	h �	w	_�ê 6 S�^ � � 0 2?I �8�ë *�+ T�C j�k�+�+ � 7,

2�I�é´L ��ê�R�é�ê�6��
O�d�e��� �

4(a) 0 � 4(b) % N�
�U � . � V ê�Ro	��ì?U � . @ ç�è�é�ê?��å	µ?�?O 0 ê?�	w M?�O�9 �
5(a) 0 � 5(b)

� ¶�· @ �]\¸��æ���"�#�ì�N
�U � . @ ç(è(é(ê��(å�µ 0 ê���w�M���O�9 � 6(a)

0 � 6(b) %�: ù Z ÿ R�S ú � 2�I � é´L ��ê�R�ìU � . @ ç�è�é�ê?��å�µ?� O 0 ê �	w M �?O �A5�
4(a) 0 � 5(a)

ø�ý�¹ D � 5!T´L ��ê�R 
 w�_��ê?R�ç�è	J	w	_�ê?6?� L ��ê R�"	#�ì	N�
 U � .@ ç�è�é�ê?��å	µ	V	Wl»m��ê?R?o	��ç�è�é�ê ��å
µ	V	W	�?��;?P?U?� � T�ë	< 
 ë	=�w	> M N W �� D �?U � µl»lL ��ê R 0 _	`�ê R?S�ã�9�ì '�?U � 0 �	{?���òñ ��N	
 U � . �?��L ��ê Rl»P_`�ê?R?H?��@	A	B E ��L ��ê R h U � . @ U?��éê��(å�µ�$�% » �(ê�R���� C 0�J���� »i� ��J�C(é
C 0�JA2AID�Ï�A� h »�� 5 0 � 6

øÏ�A� L ��êAR

(a) ¦§Ñ§Ò§Ó"$"% (b) ¦§Ñ§­§¯"$"%¤
4 ¥§¦§¨§â§ãFE§ª§«§¬§ÚFGFH§ä§¦§Ñ"$"%
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(a) ¦§Ñ§Ò§Ó"$"% (b) ¦§Ñ§­§¯"$"%¤
5 Û×Ü§¦§¨FE§ª§«§¬§ÚFGFH§ä§¦§Ñ"$"%

(a) ¦§Ñ§Ò§Ó"$"% (b) ¦§Ñ§­§¯"$"%¤
6 ���������������§¦�	�
��§äÕÛ×Ü§¦§¨FE§ª§«§¬§ÚFGFH§ä§¦§Ñ"$"%

ì	N	
?U � . @ é�ê?�	V	W�é?2?I	µ 
 ¶	· µ Ê �wAHA�A589
(8)
øA�Ï{ D ,
� éA2AIÏÐÏÂA� ∆ =

5.18×10−7
� @��(ã(é�Ð�Â ' ú . %�� ��y�z
��{ ñ

Z ����é�ê?6����l»mt 2 "?�8;��?T�ú � é?;��	�� 9�� W ��} f Z C ú ��h ������ê 6���� � s ;� u�é�� � 2�I ��� �
3.2 1�2�3�4 2

y�z�{�|
1
ñ �A5 T Z ù�ê R�é � ^ 
�� ¶ ��òñ Z ù?� .?/ ë�é�ë g . Ê �	w�Ë � E ��ê ��é�?�?2?I	�	������0]�8� S ' ��}lf Z ÿ�ú � é?2

1 �Kec��� ³ D! ' �!" �cGcHK�c6 W ù éKyKz{�|��
ì s�x � � ñ � Z C D ú ��#�$ %���h�%�& t'�( ( � ^ ê?R?� Z ý�L ��ê?R���ù�)�*�ú \,+�-T?U � . (�)�*?�?���?6����òñP��. Rl»Pt?��/?���ù�" ��(�)�(�0�1�)�* 2�2�3�4�5 � n ����� 7

Z n��76���{ W �7)8*���(�������� 0.05 m,
)�*��

���
0.05 m/s,

)�*���(�����M�T
(0.08 m,0,0) � �

0�1�)�* 2�2�3�4�5 ( %�& � 0.2 m×0.15 m, 9�:» �
0.3, ; ��� � � 2.06×1011 Pa, 5�< 0.001 m,

4�5 �	�?� 7850 kg/m3,
(�) � 20 N,

(�)?�?�?�
% (0.04 m,0.035 m,0.5 m), 5 M T z = 0.5 m � �)�*?� 0 4�5 (�(�)?
	� � � 1 kHz

�8U � . É �
0.2 m×0.2 m

(�= _	� . �8	 @	� O 6×6
� U?�?�

>�? � � �
1.29 kg/m3,

.�6�>�?A@B(�C�D � �
�

340 m/s
�8U � . (?M?N 0 U � . @ (?U?� �	�


2.1 X w�� ��� ��E T � 
 5�F o�. 6�( ��G *
+ @m� W�H 6 Y ;�I�JK@P�?M N�L�M�N 5�O�P * 5Q�R ��S µ�(�T	� H8U�V�W�X G�Y�Z�(K@,[�\�]�^
(0,0,0.5875 m) _`5 6�a�b�c�d�e�f�g�h�(�.�ikj Ra-

lyiegh l�m�n�o�p�q�_r E�s�t�u�v W�w�x�y�z�{�|�m�}�~�����H�X GY�Z�����������Z��
11, ������� ] y�����y�z�m���������8�

8(a)
^�a�b�c�d�e�f � ] y���y i �

����~�����������y������������������ vK� ����
8(b)

��a�b�c�d�e�f � ] y���y i ������~�� c
������y���������������w�� vk� � _ j7� 8(a)  �V
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��� H��	� c�d�e�
�����
���������� w v��	���������� v � ] y�� g�h ��y�z	��������������� � �] y��! !" c!#�g�h �!$�S�y i ��� � 2.27 Pa, �
y������% %" c%#�g�h �%$�S�y i ��� � 3.64 Pa,& �!� X�~ �!�!� ����������y i ���! c�d�e�f
��m �	'	(	)�h �	*	+	, _ j � 8(a) - � ] y����
����~�������� vK� )%. � " c%#�L � ] y������
� � ������/ *�� " c�#�L ��$�S�/	0 � 0.23 Pa,

�

1
7 24345464748494:4;4<4=4>4? 1

(a) 34@4A4BDCFE

(b) 34@4:4<DCFE1
8 G4H4748494IDJFK4345434@4L4M4B464N474BDCFE

^ ��y������������!O�� ] y����������!$�S%/!0�
1.37 Pa,

�!�!*!P � ] y��!Q!R��!�!� � & ���
�SO!�!�!�!�!y i �!�!m �STSUSV s TSW!�YXSZ�

8(b)
)	. � ��y���y�z	[	\�O���w���m �	�	�	��	]	^ �_� �8v � � 8(b) - y i w�����������~��

��� � )%. ������w v%P �����%`%/%a � " c%# �
$�S	/	0 � 0.12 rad, b	c	" c	#�L ��y����������
w��	O��������	$�S	/	0�� � 1.33 rad, �	d �	�	*P � ] y���Q�R�������_ j f�e m�f� �g � s�t�u�v
� ] y��! c�d�e�f ��y�z�m � � .%h ��� �ji!kl

(8), �����	m�y i	n 0 � 13.8% _
3.3 o	p	q	r	s	t� { T!u!v!w U e w�x�y�z�m�}!O���� t�u �
��x�y �  s�z�{ y�a P 18 dB � a�| y�}�~ ����h
� v	�	� _ � v U���q��	�	�	�	�	� � 64 �	�	$ e���

( ��� �WA-1536-W-017), W ������� � 0.21 m×

0.21 m, �!��m � 8×8 � c!#�� 1/4 � �!� y!� 64���
1/2 � �	� y	� 1

���
PULSE Lan- XI 16

Z k
�	�	�	�����	�	�	�	���

7 cm �	��y	���	��_7� v
-����%��y%� �%  z f%¡ �%¢�� g%£ �Y¤%¥ �%�%��	¦¨§ª©	«

B&K ¬	­�_
� v%® �%¯ � j P a%| y%}%°²±��%� �%* �%³

y � c!´!µ!¶ �!· �!¸!]%^ y��%O!$ e �%� ��w v
��¹�_º��» �  �°�± f�¼ ¹ h�½	¾ $�¿��	À�Á � � �� � y!� �!� ~�y����²ÂÄÃ V!Å �YÆ  !Á ��f!Ç�fÈ!É »!Ê!Ë!Á �!Ì�e!Í%Î ��y!Ï%Ð�_YÑ�m%Ò%Ó��%�
yY� ¼ ¹	 	$ e �	� ���	Ô �YÕ ��y	� A Ö � � ]
y�� ��Õ ��y	� B Ö � { y���_ r ��y	� A � �	�
- [	×  (0,0,0) Ø	Ù � �Y� e O xOy $ e $�| � �� �!Ú!ÛÜ- [  (0,0,0.01 m)

× Ø!Ù � ��y!� B ��!� - [ � P (0,0,0.5 m)
× Ø!Ù�_YÝ!�!Þ!ß�� ^ �c�d�e�f �!à�y i ~�� ] y��!Q!R!á! !¯���y i!â

 !ã! �� ½ ¯!ä c�d � �!»�w��!å d!æ%â �%¯!ä%�c m�y i �����!ç!b�w%è �Y� á% !é ½!ê%ë g���w
�!0 �Yì � ] y��! c�d�e�f y i!^%í �������%O
� ] y���y i!^!í ��� c �!á! !é ½!ê!ë g���w��
0�_ïî�ð �  �y�zñ- ¼ ¹ ½	� 1/2 � ��� y�� � ��»ò!ó â �!¯!ä �!�!ô!õ ��w��%ö + _ a%| y%}Ü~,�
� v�� ¹	÷ � 9 �Yø�_ù k ��� ¯ �ûú�Õ ������y���ü � �ûÆ j PULSE�!�!ý!� �!�!þ!ÿ!� � 1 kHz � ó���� � � Ñ jÄùk �	�	�	�	�	� � � 10 s _Yb�� Õ	{ y������ �  
w���å ù�æ���� y i � � 10 s, Ö � � ] y�������yi ��������_ù k × �%¯ �Yú ��� X%Z ¯�	 ù k ^�
 �²���
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���	� b���� v �	x ù k r �	å�� � y	��	�
 u [14]

� p c�d8e�f �%m�y i _ j P m � t�u r � V P
�e������Sù �S[S\��SÙ c!d!e �!y!zAm � ��� O� � 12 ��������w�� � j � � 12  Yg ��� c�d�e ���c v��!* ���!¯ �Yì � y%� �%��� ] q ��c v��
¯!������ �!�� � y!� ×  ��c v��
" Ô � ÷
# �
Ê	a c�d�e � �	�  	»�$�%�����&�'�_�ð "	� j 2.2( g c!# ���!Ë�)!Ã h � e���� � � * �����!ù �� ��� c�#�^ ��x�����������* w _���» �,+�- ��.
» f �Y� ]�^ î�/ �  �o u ��� ý�0�ù k ��1�2�¯ �3�4 � y!� �!� " Ô c!# �Yì 3 � 2 | 2

� ��5 r
� �	� ~_Ô�� 6×6 � c	# _

1
9 N7678797:4= 1�!h�; P �!X!Ì�< �!� Ì�e ��� ��� O�� c �

��0 ��� ÷ � 10 ��ø �ïÕ 36 � c�#�=�>�? � � c�de�f
(−0.075 m,−0.075 m,0.01 m)

× � c!#�@���A
1 � c�# � b � j�æ q f�=�>�? � � � ù�B�C q�D�E� �  	g�� P (0.075 m,0.075 m,0.01 m)

× � � y	�^�A
36 � c	# _ �	h Ê	a�������F�� â #	Ã	y v �

� ��� � ]	^ � n�o���FÜ- r � h L GIH ó�J ,�tu
[15] _

1
10 K7L477M7N7O497P7Q4I7R7S7:4>4? 1 ( T497U 1 )

 �y�z���V ��F�- �ïi�k 2.2
( - ��W�� �YX Ã� ���!ù����������!ù��

16, {�|������ ] y��!Q
R� c�d�e�f�g8h ��y i _ � 11(a)

^�a�b�c�d�e�f

� ] y���y i ������~�����������y������������
����� vk� ��� � 11(b)

��a�b�c�d�e�f � ] y���yi ������~�� c ������y���������������w�� vK�� _ j � 11(a)  	» �	��� � ù�c	#	× � ] y������
�%O������
Z � ½%W ��5 �%Ë ù�c%# �8���%/%0�wv���*�� j c�#  �$ e ��� f ��m �  	g �,��[ m c# ��� � -� ����\�] ����¹ � ��¯�  )�. ��y����
������y i � ��¤ - ������m d ����^���a �_��` ��	� � × �	¹���y � x�a . ��b mñ�_��_  � 11(b)

- � n�o ���!Ì �K� ] y���������w��dc%��� B [
\�w���- m ����õ � � O�� c ��e�� ½ Ã�� n 0 ���^Kj P ��y������![!\���w���m � cgf �Ä� m
h &
á! c�d!n 0 � r p�w��������
i�' �!*%P �����
����_ j l (8)  �»�n�o � m�y i ��¿�j���� n 0 �
7.19% _

(a) 34@4A4BDCFE

(b) 34@4:4<DCFE1
11 G4H4748494IDJFK4345434@4L4M4B464N474BDCFE�!h { ½!u ` � � -Ä��$ t�u  �w�x�y�z { yk�l ��Fñ- � í �	x � � 1�2 � 10 - A	½ � f � 6

� c�# �nm ��â � c�#Y× � ] � ����������~������
»�����y������������ � ÷ Ì 1 ��ø�_  �» ��� ���
�	O�� c �	ã�o ��p ��q - _
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1 77M����434@4;DC ( �4<�� Pa)

��� JFK43454L4M4B JFK4345���	4B 8794N474B
1 −0.116+0.124i −0.094+0.090i −0.019+0.063i

2 −0.102+0.127i −0.103+0.109i −0.023+0.075i

3 −0.090+0.116i −0.112+0.125i −0.026+0.087i

4 −0.088+0.112i −0.112+0.123i −0.024+0.083i

5 −0.090+0.100i −0.100+0.099i −0.016+0.060i

6 −0.075+0.086i −0.084+0.079i −0.004+0.032i

» f n�o ���%Ì � � � ��y����%¹ c�g���w�x
y�z
m�}!O���� t�u ã�o%�!x������ ] y��! �y�z
~,�%Q%R�y i m � �  %��j�� v -��%� �
p �
# í
ã�
 � $�� h y a�b t�u  !Ù�z�y���
!Ò�~�y�z ab ��� t e �	ã�
�_
4 ���

�!h �!x���� c�d�e �!Ô�w�x�y��! c�d�e�f
��y i!^!í �8s � �!� ���%h!V P�� e
���
�%ù [
\��!Ù t�u ��w�x�y�z���� �!� �Yì  . �!Ù�z�ya�b ����� V!Å�f � $ �!h!V P y����!¹ � b ��w
x�y�z���� t�u _j���� o���m%f� %g �8v%P � Q�y���� t�u ã
o ® X ����� � w�x�y�z -�� � � y��! c�d�e�f
��y i%^%í � ��� n 0%Ú��� %»��%`�_ � ^ �
.�q
��������y�z �Ä� � Q ��� � Õ � ] y���~�w�x {
y���m!Ò� �! �!� � y���~�Z ��" � � y�� � � ]
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