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Abstract The need for reducing the computational complexity and improving the precision of feature extracting of

the Cyclic Spectral Density (CSD), the CSD gathering slice method was proposed, that is the peak frequencies of Cyclic

Autocorrelation Function(CAF) slice are chosen as cyclic frequency to calculate a set of CSD slices and the feature

frequencies of sound field signal are extracted by the CSD gathering slices. And the CSD, instead of the power spectrum

of sound signal is adopted as reconstructed physical quantity in the planar near-field acoustic holography. The experiment

results illustrate that modulation characteristics of cyclostationary sound field can be directly extracted and noise source

can be exactly localized.
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(NAH: Near-field Acoustic Hologra-
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6 �� ���!�" ÝÚÞ ²Ú³ ´ÚµÚ¶ (CYNAH:

Cyclostationary Near-field Acoustic Holography) ½#�$ ÐÒÙ�!�"�%�&�'�(�)�*���%�&�'�+ Ü ´É³ ½�,-�. ß ���
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1 ACBCDCECFHGHIKJHLKMHN
!<" Ý¹Þ<	¹æ �<8 x(t) ½ è¹ñ � �6�6O ¬ Ü ­

Rx(t, τ) = E{x(t + τ/2)x∗(t − τ/2)}, (1)

Ñ Ö τ
ÜÉè�

P
Q Ð èÉñ � �
�
O ¬É·
R è�

9Éè
�P�Q®Ü®ñ�. ½�*�S O ¬ ßUT®À x(t) Ó è�
®ñ�. B

½®ð®� Ü T0, R T0

Ü ð®��/��®Ð Ñ�/���V�W�!�"�XY®ó ÐÒâ®Ñ�)�R Fourier Z®¬�[�\®­
Rx(t, τ) =

∑

α

Rα
x (τ)ej2παt, (2)

Ñ Ö α = m/T0, ] Ü !�"����®Ð Ñ Fourier ^®¬ Ü ­
Rα

x (τ) = 〈x(t + τ/2)x∗(t − τ/2)e−j2παt〉t, (3)

Ñ Ö Ð 〈·〉t _6` è<
¹Ý6a<26b ß â6c6d¹½<!�" Ý®Þ �
8�e�/�0�f®â�]�g®ÐÒÑ�h�g Ü ­
Rα

x (kTs)=
〈

x(nTs+kTs)x
∗(nTs)e

−j2παnTs

〉

t
e−jπαkTs .

(4)� â<S6g (3), g (4) T<�¹¸6i6j6k<"6l¹Ð Ñ Ö PQ
τ = kTs

ß P6�¹Ë¹Ì _ ì Ð !<"<%�&<' 9 !�"m� ��
O ¬ÉÓ�!�"����
� BÚë » � ?É½�!�"����
�ÚÐÒô
õ �
� !�"�����P
� è
PÉÜ
n ½�!�"�� �
��O ¬
o
� ß ��� ��� !�"�������?®Ð 4 g (4)

;�2 ��� ò À
!�"�����X®½ Rα

x (kTs), I�0�!�"�A�pmqsr�t � ^®Ð
â Rα

x (τ) ½ è<
6P6Q<. τ )<R Fourier
ñ6. Ð �<!<"

%�&�' Ü ­
Sα

x (f) =

∫

∞

−∞

Rα
x (τ)e−j2πfτdτ. (5)

�vu S 4 6�. ��8�9�: ;�2 ÐÒõ K�3�w�x n ∗ ky6z<369 ¸ y Fourier
ñ6. � û<�<� ò À !<"<�<�<X

½<!<"<%<&<'6�6�¹Ð Ù<@<A ;<26{®÷¹Ü *�A ;�2 Ð î
= ;<2<. Ê¹Ê6| 3 ß ? è Ð P��<�����6���6�®Ð � û
»�0Òâ ó ½�G�( α

9
f , ü®ý�#�$ ß

2 ACBC}C~C�H�H�K�H�H�K�H�K�
� � / 0�� S�* A Fourier

ñ�.52 3 ½ Ý�/
NAH

Â¹Ã Ð µ¹¶ / ½ ´6� ¬6� 4��6�<3 o<� ß â<S ÝÞ ´¹³ Ð Ñ ´¹³ , -<. · ´ �<8¹½<�<%6<�*<�<%�� â
S�!�" ÝÉÞ ´É³ Ð&��/�0 ´
� ½�!�"�%�&�'�+ Ü ,-�. Ð 4 S�!�"�%�&�'®· f

9
α ������� À ½®ÐÒÑ

Ó
� ùÉó � B
� *���%�&�'É» E ú�?ÉÐU�
�ÚÓ�, -2�3 B » E�� ) ß
!�"�%�&�'���*���%�&�' ��u Ð ë » è�P ½��

� ó Ð&����8 v(t) = x(t − τ0)(τ0

Ü
�
�Éè�

P
Q
),

Ñ Ö x(t)
Ü���� ��8®Ð v(t)

Ü�P®è ?®½ ��� ��8®Ð
�®Ñ�!�"�%�&�' Ü ­

Sα
v (f) = Sα

x (f)e−j2πατ0 . (6)

��� ��8 x(t) � µÚ¶ /�6 Ï���8 z(t) � 
ÚÜ
¸ è ú ñ ^
8ÉÐ&� µÉ¶ /�6 Ï���8Éû _
` Ü z(t) =
∫

∞

−∞
g(τ)x(t − τ)dτ ,

4 !�"�%�&�'®½���� ó �®»®­
Sα

z (f) = Sα
zx(f)Sα

xz(f)/Sα
x (f), (7)

Ñ Ö Ð Sα
zx(f)

9
Sα

xz(f)
Ü

x(t)
9

z(t) ½®¸®â�!�"� %�&�' ß4 S<!<"<%<&<'6�¹»6� 
 � Á � ^¹Ð � Á � ^ 4
!<" � %<&<'6o<� ß P6� �6�<3 o<�¹½ µ¹¶ / ´6� 9�6� ´6� Ð å¹÷¹Ü !<"<%<&<'<? 4 g (6) � � �6� �
[ Ö ½ è6P6 6¡ � 4 !<"<%<&<'¹½6��� ó �®û6¢®Ð£�
â µÉ¶ /�6 Ï ´
� � �
� ´
� ½É¸Éâ
� � � è�P
 ¡ ½ � !<"<%<&<'6)<R6¤ y � 
¹ñ6. Ð I�06g (7) ¥
�<�<�<, -6/ ´6� ½<!<"<%<&<' Ô6¦¹ß ¤ y � 
¹ñ6.
½ M<N , - �<� Ü fxz = f −α/2

9
fzx = f +α/2

ß

3 §C¨C©Cª
3.1 «�¬�­�®

M6¯ Ó6� 
 � Ê¹½6°6± Ö�² �¹Ð P6�´³�µ6¶6·¹¸¸
¹
º ��8ÉÐ Ô
� :��
¤
i �
» Ü 14 cm ½
¼
½ÉÐ¹�º ��8 Ü ­
x(t) = sin(2πf1t)[1 + 0.9 sin(2πf2t)], (8)

g Ö Ð&¾������ f1 = 400 Hz,
¹�º ��� f2 = 32 Hz,

Ó » c�¼�½ _ / 4 cm
ø Ð /�0 SW-MPA416 ¿ ´�À

P6� �6�<3<6<. �<� µ¹¶ / ´6�¹ß£Á ¯ Ö Ð /<���<�Ü
4096 Hz, /�� è�
ÚÜ 10 s

ßÒµÚ¶ / ½ÚÊ 3ÚÜ ­
60 cm(x Â Ð£Ã6Ä Ý<K Â )×50 cm(y Â Ð£Ã6Å<9 K Â ),6<.´Æ�Ç Ï¹¬ Ü 13(x Â )×11(y Â ), ¤6i K Â B ½ 6
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ß 4 S�¤�¼�½�¶�·®½®· �

# ´¹³ Ð E R�� x ¸6i �6� ¿ ´6À Ð �6� ¿ ´6À�� À
Ó�¤�¼�½ Ö 
 ß

P�� ��� ¿ ´�À 6 �Ú½�¼�½���8ÚÐ Ü���� ½�!
" ÝÉÞ ��8 ß
	�� âÉÑ
)�R PÉèÚÜ
n ½�!�" � �
�
��
 Ô®Õ Ð
� � 1

E ` ß4 �
1
E ` Ð
G�� α

Ü
0 Hz, 32 Hz, 768 Hz,

800 Hz, 832 Hz + Ü6�6� !<"<�<�6�¹Ð =�? Ô���� !
"�%�&�'
���ÉÐÒÑ����
��XÉ½
�
�
��� ����� 2

ß
�

3
Ü 4 ��� ��8�9�: ;�2 ½�!�"�%�&�'���� �®ß

�
1 ������������� (τ = 0)

�
2 ���� �!�"�#�$�%�& �

�
3 ���� �!�" �

� � 3
E ` Ð !�"�%�&�'�'�(�)�*�+���,�- (α,

f) .�/�0�1�2�3�4�5�*�6
+�7�8�,�-�9�0�'�:�;�<=?> 7�8A@CB�D�E�F ²�G B�H�6JI�+�7�8�,�-�K�:
;�6
+�L�7�8�,�-�K�;�1�M�6
N 3

> N 2 O�P�'�QR�S ²�G B�H�TVUXW�Y�Z�[�\�6]��^�_�`�7�8�a�b�cd�e�f ��g�6
h�Y�Z�i�j�k�l�+�L�7�8�,�-�K�'�a
B�D�m�n�T

U?7�8�a�b�c d�e�f ��N�o�p�Y�q�6
r α = 0s 6]7�8�a�b�c�h�t�1�u�v�w�'�x�-�a�b�c�6]y�z�,
- 32 Hz {�Z�|�}�,�- 400 Hz '�~�,���\���'���r
α = 32 Hz

s 6Vy�z�,�- > |�}�,�-�\�����������6
+�a�,�-�9�0�{�|�}�,�- >�� o���2���y�z�,�-�'>�� 4���\����Cr α = 768 Hz

>
832 Hz

s 6C+�a�,
-�9�0�I�\�� � o���2���y�z�,�-��
r α = 800 Hzs 6
y�z�,�-�������'�o���\���u�T

1�u��?��Z�x�-�a�b�c > 7�8�a�b�c��������
'���H�6���� α = 0 Hz

>
800 Hz o������ NAH �

��6CN 4 1 α = 0, f = 32 Hz
s 6C����/�0�x�-�a�b

c�o���6
N 5 1 α = 0, f = 432 Hz
s 6
����/�0�x

-�a�b�c�o���T]+���� s 6]1���������n�g� X'�¡�¢£ ��>�¤�¥ £ � 6]¦ G R�§ l�F�¨�����K�©�6]ª�«�+§ l�¬�­�® =?¯ M�4�t�°�±���6J4�t�²�k�³ § l�¬
­�'�´�µ�¬�­�6¶H s +�}�F�*�·�_�`�¸�`�' K ¹�º» }�¼�6
½�¾�,�- Kc ª�« L ¿�À�g�Á�Â�T

�
4 Ã�Ä�Å�Æ�Ç�È� �!�"�É�Ê (α = 0 Hz, f = 32 Hz)

�
5 Ã�Ä�Å�Æ�Ç�È� �!�"�É�Ê (α = 0 Hz, f = 432 Hz)
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 ^�I���x�-�a���o�p�6 G R /�0�+�y���,�-
K�h�Â�������	���o�� (


 N 4), ��+�������+�'�~
,���0�\���u�´���'�	���o�� (


 N 5) T
N 6 {��
� α = 800 Hz,f = 32 Hz

s 6�������/�'�7�8�a�b
c�o���6
Y�������	��� �!�'�y���t�o��#" O�'�o
��\���u�6%$�{�Z�x�-�a'&�1�����l�' NAH (')'*
Â�����'�T

+
6 ,%-%.�Å%/%0%1%2%3%4�É�Ê (α = 800 Hz, f = 32 Hz)

+�����5�6   6
ª�«�7�8�v�	�¼ § Â�'�Q�9��
��7�8 @VB�D f�: (τ = 0) o�p�6V��:�;�;�7�8�,�-< 6�=�>�?�`�7�8�a�b�c d�e�f�: o�p�@�A�����7
8�,�-�T]7�8�a�b�c�B �X³�x�-�a�b�c�6CB'D'E�7�8
.�F�Q�9�o�l > .�F�Q�9�o�l�6 α = 0

s 6
7�8�.
F�	�� '���� G R ����h�t�u�.�F�	�� '���� G R
����T
3.2 G�H�I�J�K

5L6 ' ¦LM 1 CZ–20–C N ¹LOLP 6��LQLRS P 'UTUV 1 2990 r/min, OUWUP ¿ 9 'UTUV 1
1000 r/min TX5'6 s 6V1�u'Y'�'Z�/'��[�6C+�¹�O'P
''\�/']'^�u'_'`�T § lLacb'd�F�1 27(x e )× 24(y

e ), f�g�hie?0�' § l�d���º�'�º�j�k�1 8 cm,
G

R /�j���¹�O�P�±�l���/�j���1 10 cm, 7�8�v�	�¼mcn +�¹�O�P�o�p�h�6
_�q�,�-�1 2048 Hz, _�q s
º�1 10 s T

¦�7�8�v�	�¼ § Â�r�¹�O�P�	�O�Q�9�����s s
1�M�r�7�8 @VB�D�o�p�6���N 7 T

U 7�8 @ B�D�r�t�y�!�u�o�p�6
y���,�-�v��
��,�t�o�\���+�7�8�,�-�9�r�w�,�x�6
+�y�,�x�z
{ � �'r�|�}�,�-�Z'v�y'��,�-�r�~���t�o�T 17 Hz

{�¹�O�P�0�O�{�P�r�T�,�6|O�{�P�{�¹�O�P�r�}�~� ��6 S {'�'�'['	'��r�}'~�y���t�o�T���W�6 ª�«
N 7, � ��; ; 7 8 , - 1 0 Hz, 17 Hz, 68 Hz, 219 Hz,

407 Hz, 507 Hz, 729 Hz, N 8 1���7�8�a�b�c d�e�f: N�T
UXN 8 Y�q�6 α = 0 {'7'8�Q'9'r�x�-�a�b�c�6

r α :'�'��; s 6 + f 9�0�o���\���u 25 Hz, 17 Hz,

60 Hz, 237 Hz, 204 Hz, 93 Hz r�,�-�t�o�6�$���,�-
r�~���0�k�\���u 17 Hz r�t�o�6���  25 Hz ¦�

Q�R S P�r � o���2���T�,�6�����,�-�t�o�{�U�O
{�P���&�������r�T

+
7 0%1����%�%�%� (τ = 0)

+
8 �%�%�%�%�%�%�%0%1%2%3%4%�%�%�%� +

+�����p�������5�6� �¡�¦�����¢�c�r�£�¤�T
Z�7�8�a�b�c�&�1�����l�6�E�f�¥�¹�º�¦�§�6�z��
��,�-�E�f�g�6
:�¨�¥�����r�©�y�,�- f + α/2 =

457.5 Hz, ��¦'
�}'ª λ = c/(f +α/2) ≈ 0.7505 m T
Uc«�¬ 7

> «�¬ 8 Y�q�6
B�­ § d�º�j�®�����}�ª
���c
�+ 0.1 ¯�°�6�Y�±�y�����¢�c�T�H s 6 G R /
®�	����
/�j���
���³�����}�ª�r 1/3, Y���W�5�6
 �¡�²�³ § l�¢�c�~�´�Tµ ��Z�v�w�r�x�-�a�&�1�����l�6
��������,
- α = 0 , f = 17 Hz

>
α = 0, f = 204 Hz, ����/

+�¹�O�P�±�l���/�T
 N 9
> N 10 *�P�6 
 ^�¶�·�u�¹�O�P���[�¸

	�r�®�� s ¦�!�6
����{�Z�O�{�P�r�9�, 17 Hz ¹
{�t�y�\���r�����,�- 204 Hz &�1�����,�-�6¶¹�O
P�r�}�~�¸�	���k�+�Q�R S P�r�P�º�K�6�$�q�r GR N�»�^�����u�����5�¼�P�½� �¾�r���[� �!�T

\�/�����o�p�,�- 25 Hz, 17 Hz, 204 Hz
>

93 Hz

+�¦'
'r�7�8�,�-'\'¿ G R ����6 ����/�����+�¹'O
P�±�l���/�T
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+
9 Ç�È%2%3%4�É�Ê (α = 0 Hz, f = 17 Hz)

+
10 Ç�È%2%3%4�É�Ê (α = 0 Hz, f = 204Hz)

+
11 0%1%2%3%4�É�Ê (α = 17 Hz, f = 25 Hz)

+
12 0%1%2%3%4�É�Ê (α = 68 Hz, f = 17 Hz)

+
13 0%1%2%3%4�É�Ê (α = 507 Hz, f = 204 Hz)

+
14 0%1%2%3%4�É�Ê (α = 729 Hz, f = 93 Hz)

U�N 11 � N 14 *�P�6 25 Hz ¦�
�r�Q�R S P
¸�	���}�~�+���P�º�K�6 17 Hz r�O�{�P�9�,�¸�	
��}�~�+�O�{�P� ���6 204 Hz

>
93 Hz r�¸�	���z

}�~�o���+�O�{�P�O�{�¹�W�r�\�� ®	��W���r����
K�TVU G R N�Y�q�6]¹'O'P'r'}'~'��['¸�	'�'A�u'Q
R S P > O�{�P�f�g���[���
�6�����r�O�{�¹�W�r
O�{
�
��O�{�¹�W�r���\��cf
��k�{�}�~���[���T

4 ���
��� »�^��i"?6
_�`�7�8�a�b�c�:���x�-�a�b

c�&�1 NAH r�����l�6XY�±�:�¸
� NAH (�)�*��
u'±�:'r�Q R 6���³�7�8�a�b�c�m�n
����6C?�`�7�8
a�b�c d�e�f�: o�p�6
Y	�	��±�:�7�8�.�F�	�� r
 ���Q R 6���¦'!� �6 m�n�l���6"!�o�» e 7�8�a�b
c > NAH (')'f�#'r�$�%�6'&���u�7�8�.'F�	'���
��	 G R (�)�+��
(�0�r�
�`�T

) * + ,
1 Maynard J D, Williams E G, Lee Y. Near field acoustic

holography I. theory of generalized holography and the

development of NAH. J. Acoust. Soc. Am., 1985; 78(4):



2 � ���������
7�8�a�b�c d�e�f�: o�p�+�����	 G R  cr�
�`���� 169

1395—1413

2 Veronesi W A, Maynard J D. Near-field acoustic hologra-

phy (NAH) II: holographic reconstruction, algorithms and

computer implementation. J. Acoust. Soc. Am., 1987;

81(5): 1307—1322

3 Randall R B, Antoni J, Chobsaard S. Comparison of cy-

clostationary and envelope analysis in the diagnostics of

rolling element bearings. ICASSP, IEEE International

Conference on Acoustics, Speech and Signal Processing –

Proceedings, 2000; 6: 3882—3885

4 Randall R B, Antoni J, Chobsaard S. The relationship

between spectral correlation and envelope analysis in the

diagnostics of bearing faults and other cyclostationary

machine signals. Mechanical Systems and Signal Process-

ing, 2001; 15(5): 945—962

5 Antoniadis I, Glossiotis G. Cyclostationary analysis of

rolling-element bearing vibration signals. Journal of Sound

and Vibration, 2001; 248(5): 829—845

6 ������������� 0 1�	�
���
���
��������������������������
����� 2005; 30(4): 379—384

7 ������������������ �!�"��$#�%�	�Å������ /��%��&�
�'�(�)
II *�+�,�Å�-�	�Å�.�/���#�0%/��1
2���3��4��3�1�3�����3�
2003; 28(1): 45—51

8 �3�3�3�1�3�3�3�15363�1�3
7�3�3�38393:3;3< �3=3�3>3?3�
���1��������� 2007; 32(2): 137—143

@BABCBD

E�FHGHGHIKJ
2010 LHMHNHOHPRQTSRURS

V ¨�	
�
�
��©XW���«XY��XZ�g�6
 \[�	
�
�X]�	
�
�
�X^X_X`XaX]�¦ 2010 ��cXb���³dc 	
�
�
�Xe
r���«�����u�fXfXgXhXiXjXk V ¨XgXh�»�^���\�u�Á�Â�	
�
�
� 2010 ��c
$Xl���«Xm���«�T

^X`X]XnXoXk 2010 �XpX[�	
�Xq
��r�����E�B�rXbXrXk $Xs�dXt�	
�
�
��*Xb���r���«� cE
!�o�rXu
�XkwvXu����Xt�	
��¨�g�oXx�h e\y�E��Xz�r�«X{Xb���T

^|`|]|n|o��w}|~ �w�|�|�	� (|���|����r “ �|�|�	��	|�|�|�|�|�|���� ��|�|��r�� � P�© ”( 	
�
� ��k 2010 �X� 35 ¡X� 3 � 289—297 � ) s�«�v��X�X��r�������&Xk
¦X�X�X�
��	X�X�X�X�X�X����r� �|�|������u|�|��o�p|k
Â|��u�t�p�m�n|���|k
¦|�|�|�|�|�|��  r|�|� �|  r�m�n�»|¡�� "�kw¢ §  
®�5 §  X£ oX¤X¥Xkw¥�©�Z�tX¦�u�5�6�Â���r|§
�|¨ª©X«�qX�|�|��� � rX¬�t�P�©|k�6|­�u�©���»|¡�r�o
�X®X¯���©��X°�5�6X±X­ "�u SPAM �X�X����rX�X��tX��{XsX²�yX³X´Xµ §X¶X·X¸ �X¹Xº�©X®X»�rX¼w��(
)X¯ «X{X½X¾X®
�À¿XÁX®
 XkÃÂ\Ä�o
�
�ÀÅXÆXÇXÈXk ��&X�XÉXÊXËXkÀv�EXÌXÍ�r
��)XÎXÏw°�5�¼XÐXÑXÒ   ¯Ó nXÔXÕXÖX×X×XØ

2010 ÙXÚXÛXlXÜXÝXmX¯
c ÖÞ×Þ×ÞØ e 2010 ÙÞÚÞÛÞlÞÜÞÝÞmÞß 2011 Ù 11 à 19 áâtäãå[ ÖÞ×Þ×ÞæÞçÞèÞéÞê Ù ×ÞëÞæÞì ±ÞíÞmÞk

�XîXï ×XÖX×XðXñXòXó �XôXõXöX÷XøXùXúX÷XûXüXõXýXöX÷XþXÿX¯
ã�� ÖX×X×Xæ�� ÖX×X×XØ���������	Xæ

2011 Ù 11 à 19 á


