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 W�2 )�=���� C=�������< 

)>.�0� ;�M! :�b/��/def��K� �:�g/\/dg(

��6�� 
I#J%�=)�=��M ��K% >'L#����7 ���M���� O� /�
 �7 ��
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 �D�'�� .!)��
>.�0�I#J% �
 ��K'� f��=)k��D�� �� ��KD% >D'L#����7 ���M

�� C=�� �����
 P$� <� �5L���� N#7 <� �� ��7����!�).&^�(�

I#J%�=)l����$ �� ���M m�D@�� R�D1� n�� �� ��?�� )�=
����'$�).�! (

���*�B <� >�I#J%�=)��K% >'L#����7 ���M ;���#D�-
�3�� ! �?��3 )�=���� >�#�! >7 ��'J= �@#Qi )�=����.B ��7

�����
 .>� ���� ��M� 67���I#J%�=)��K% >'L#����7 ���M ��
�� ���.B �'D�#7 >D� �:#1� ! ��7 I3�� )�=���� <� �����9� ���


�G�� (6��و مهندسي پزشكي:���  E-mail: abolhasan@sina.tums.ac.ir، ايراندانشكده پزشكي دانشگاه علوم پزشكي تهرانگروه فيزيك

��	��� ���� � �	��� ����� ���� �� !"	� �!#�"	�� �$�!"	� � �%���&'����� (&(&)*' ()+,-+



D
ow

nl
oa

de
d 

fr
om

 h
ttp

://
jo

ur
na

ls
.tu

m
s.

ac
.ir

 o
n 

T
ue

sd
ay

, J
an

ua
ry

 1
7,

 2
01

2

�� .
/0 1�� 
% �� ���" 2��3 �%��4� 5	 ���67%	 �4 8�0 9	�:0 ;7#
 "	�4 ���< 9��
%��= ;��� >4	� ?��= 

��	��� ���� � �	��� ����� ���� �� !"	� �!#�"	�� �$�!"	� � �%���&'����� (&(&)*' 

l����$ ���� �=�o N#��� )�=���
 .�� �=���� N�� >�V? <� ����
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�� �� �!�D�T s�D53 >D7 ��DJ�� �����D
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 PD$�% �q� �� "?�� >��� �7 )�'�#$ "��7 "� ����V=)I	D
�.(

)e�(!g(�� N���7��7 ��D�A �#.�D�B f!� "D� <� ���@'D�� �D7 ���D�
	@�#	�;���#� I#J%�=)>D��� �D7 >D� ���K% >'L#����7 ���M
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 ���'�� <� ���@'�� �7ILO88DP ���_V2 P3��Otodynamics 
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��� �������
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 ��'��7 ������� �'��'��� P��� ���� ������)d(ND�� <� ! �
 >#��

��1�� "D?�� >D��� 67�D� �T��G )��7 >��� ;���#� ����� >7 �=
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 ����
����%.)b(O'����.� �>D��� 67�D� "D� �DT��G )��7 �@�'L� )�=

;���#� �#.��B )��7 "?������ ��?! �= .��Z�p� f!� N�� �Q� �=
>�#�7 �7 P�� ��
 "?�� 67�� ���� )�= �D7 �D��B 8D#9:� ! ;�VQ�

67�� ��q� ���� ;���#� �D��!B P��7 �� >�#�7 .ND�� �� >D� �D
!�
 ;���#D� )��D7 "D?�� >D��� 67�D� >D7 ��#D�� )��7 >.�0� )�D=

>'$�% �q� �� "#'���B��� >��� �7 O�� �V'����.� jD��� >D� PD��
Chapa !Rao #�P�� ��
 ����� .���D
 >�#�7 O'����.� N�� ��

 >D7 ;���#D� XD#G <�D$ ! �<��D�� )!� �7 "?�� >��� 67�� 8#9:�
�� /��M >��%��? /��M��#%).b(
>DDMt3 ��DD'7� �� �DD��Q'� �DD	#	@� �DD�A �#.�DD�B <� )�

(Orthogonal  Multiresolution Analysis: OMRA)�D���7
����
.

�
T$� �@�@)& 6�A ��	
�M6
;���#D� "D� ��D��Q'� �D	#	@� �D�A �#.�D�B "� �� 

1( )f x V −∈�� ���7 >7 ��
 �D��? 6D7��� <� )�� P����
{ }( )ig x��� >��*�.)b!�w(

]�[
1

( ) ( )j
j

f x g x
∞

=
= ∑

���D� ���D5� �7 ;���#� >��*� >�T�� N#.!�( )f x�D7
 )�z$ ��< !� )!�)subspace(���Q'�0V!0W�D� /��M-
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>� ��#%1 0 0V V W− = ⊕!⊕�D� 6DV? �D��V� "� �D
�7 .
�IM�T ���5�0 0( )f x V∈ND
�.!<� �D7 N#VL� "� <� N#��D�

( )f x!0 0( )g x W∈���5� <� >� P�� ���#r�? �( )f x>7
0 ( )f x�� P�� <�O#=� .���D� ���D5� �D7 >D��*� IV� >����

( )f x)!�1V!1W�� /��M��#% .>��� <� )�D��Q'� )�D=
jV!jW�� ��< /��M >7 ����� X��Q� ����.

] [
/ 2

,

/ 2
,

2 (2 )

2 (2 )

j j
j k

j j
j k

x k

x k

ψ ψ

φ φ

− −

− −

= −

= −

>�( )xψ! "D?�� >D��� 67�D� "�( )xφ67�D� "D�
 ��#0� )(scaling function �� �D��B �� �D�< j���
 ! �
�7
�� m�M���).��^b(

]&[
( ) 0 (0) 0

( ) 1 (0) 1

x dx

x dx

ψ

φ

= ⇔ Ψ =

= ⇔ Φ =

∫
∫

!( )ωΨ!( )ωΦ>D���$ I��D9� ZD#��� >7( )xψ
!( )xφ��P�� ��< /��M >7 ;���#� ���5� /[��Q� ! ��
�7:

]([
( / 2)

1 ,

( ) 2 (2 )

( ),

j j j
j k

k

j
k j j k

g x d x k

d f x

ψ

ψ

∞
− −

=−∞

−

= −

=

∑

]e[
( / 2 )

1 ,

( ) 2 (2 )

( ),

j j j
j k

k

j
k j j k

f x c x k

c f x

φ

φ

∞
− −

=−∞

−

= −

=

∑

[�7 /[��Q� �� >�j
kd!j

kc�D5� Z���i ! ��!., .

�� ��3�� 4�i�
�7 .�.��� �� �D� �� �� )�={ }jV�D�A �#.�D�B
�� I#	�� �� �	#	@���=� .�D	#	@� �D�A �#.��B "� >	��� )��7

�
�7 ���S�7 ��< j���
 P�� 
<[ �
�7 ���Q'�:

�^,j kψ!,j kφ<� ZDDD#��� >DDD7 �DDD��Q'� >DDD��� !� �DDD��7 
)�=�z$��<jW!jV��
�7.

 ^
�V� )��7j k≠>:7��j kW W⊥�
�7 ���S�7.
&^!j kW V⊥

�7 ��< j7�!� >7 j���
 N�� >� )�ψ!φ�� ��'����
:

]g[, , ,,j k j m k mφ φ δ=

]\[, ,, 0j k j mφ ψ =

]d[, , , ,, .j k l m j l k mψ ψ δ δ=

>.��Q� >���$ I��9�g�� >*#'� �� ������ 6V? �D=� >D�
 
�V� )��7 �B ���0�ω�7��7 �=�P��).b(

]b[2( 2 ) 1
m

mω π
∞

= −∞
Φ + =∑

�DDDDDDDDDD*�B <���>DDDDDDDDDD�0 1( )x V Vφ −∈ ⊂ !
0 1( )x W Vψ −∈ ⊂ ���� ��
�7 "D� /��DM >7 �� ���B ����

>��� <� �:3 Z#��� )�z$��< �z� )�=1V −P
��).b(

]�w[( ) 2 (2 )k
k

x h x kφ φ
∞

=−∞

= −∑

]��[( ) 2 (2 )k
k

x g x kψ φ
∞

=−∞
= −∑

O���� l����$ �<�T �� !:

]� [( ) ( ) ( )
2 2

( ) ( ) ( )
2 2

H

G

ω ωω

ω ωω

Φ = Φ

Ψ = Φ

)��)�=kh!kg�� /[��Q��w!���>7�Di {���
>��B )�=�'�#$ �Q#7�� )�(Quadrature Mirror Filters: QMF)

�D� |LD�� �D	#	@� ��A �#.��B "� )��7 �� )���� >D� �D���
��
�7 �� ��< s��3:

]�&[2 2( ) ( ) 1H Gω ω+ =

]�([( ) ( ) ( ) ( ) 0H H G Gω ω π ω ω π+ + + + =

( )H ω!( )G ω>���$ I��9�kh!kg�� ! ��
�7
 ��!� �72π�� 4!��'���
�7).b!��(>.�0� N�� �� �kh!kg>7
 /��M��
 X��Q� ��< u�
 >� ����(�� ���!B�7 ������.

]�e[
1

1( 1) ( ) ( )k i
k kg h G e Hωω ω π+ −

−= − ⇔ = +
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��	��� ���� � �	��� ����� ���� �� !"	� �!#�"	�� �$�!"	� � �%���&'����� (&(&)*' 

���N� -.�� ��
� +�
& J
%$�" U�"�H 
�7 }�$ >	��� ���� 8#9:� )�'�#$ "��7 "� <� ���@'�� �7

 �D� IDV� "D?�� I��D9� "� ���� �7 >� ��
 "D?�� ��D��
 ! PD�� ��D
 �DT��G �Dq� ���� ;���#� )��7 >G�7�� /�D#r�?
�� �P����� �� ���0� N��'�#7 )�'�#$ "��7 <� �?!�3 >.��Q� ����

 >.��Q� �� >� ;���#� /�#r�? )��7 �� ���5�("D� ! P�� ���B
 ;��D���� >D:7�� <� ���@'D�� �D7 PD�� ��3�� 4�iParseval’s 

identity P
�� ��< /��M >7 l����$ �<�T ��:

]�g[, ,( ), ( ), (2 )j j
k j k j kd f x Fψ ω ω= = Ψ

>�, (2 )j
j k ωΨ>���$ I��9�, ( )j k xψP�� .)-�D��

j
kd��#0� ��0j;�0'�� !0k�
�7 �� ��< /��M >7:

]�\[0 0

0 0 0

22

,( ), (2 )j j
k j kd F ω ω= Ψ

��� ;�V�� �7 >D.��Q� P��� U�G �7 �����
 D �
�� )!�J
�\ P
�� O#=��3:

]�d[0

0 0

2

,( ), (2 ) ( ), ( ) (j
j k j k j kF F Fω ω ω ω ω ωΨ ≤ Ψ Ψ

0 0

0 0 0 0, ,(2 ), (2 )j j
j k j kω ωΨ Ψ

�� ��#� )�7��7 P.�T �'S! [�7 )!�J���>� ���:

]�b[0

0 0,( ) (2 )j
j kF Kω ω= Ψ

N���7��70

0

2j
kd�D0� N��'D�#7 �'S! XD#G >D� ���� �� ��

�J����$ 
0 0, ( )j k xψ�J����$ X#G �7 89:�� ( )f x�
�7.)b(

>.��Q� >7 >?�� �7�b��D
 �Q� �0#9:� O'����.� N�� �� �
;���#D� �J����$ X#G �7 "?�� >��� 67�� �J����$ X#G �P��

7 8#9:� N�� ! ��
 ���� 8#9:� �q� ���� j���D
 N'$�% �q� �� �
��D#% /��M ���Q'� �	#	@� ��A �#.��B .PD���� �D7 �D��Q� u�D


 >.��Q�b)������ 6V? (��
 �� ;�V�� X#G �<���� )!� j0$).b(
>D��� 67�D� XD#G O#0'DJ� 8#9:� /t	�� <� ���� �	�

 �D�A �#.�D�B j���D
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Abstract 
Background and Aim: Matching a mother wavelet to class of signals can be of interest in signal 
analysis and denoising based on wavelet multiresolution analysis and decomposition. As transient 
evoked otoacoustic emissions (TEOAES) are contaminated with noise, the aim of this work was to 
provide a quantitative approach to the problem of matching a mother wavelet to TEOAE signals by 
using tuning curves and to use it for analysis and denoising TEOAE signals. Approximated mother 
wavelet for TEOAE signals was calculated using an algorithm for designing wavelet to match a 
specified signal. 
Materials and Methods: In this paper a tuning curve has used as a template for designing a mother 
wavelet that has maximum matching to the tuning curve. The mother wavelet matching was performed 
on tuning curves spectrum magnitude and phase independent of one another. The scaling function was 
calculated from the matched mother wavelet and by using these functions, lowpass and highpass filters 
were designed for a filter bank and otoacoustic emissions signal analysis and synthesis. After signal 
analyzing, denoising was performed by time windowing the signal time-frequency component. 
Results: Aanalysis indicated more signal reconstruction improvement in comparison with coiflets 
mother wavelet and by using the purposed denoising algorithm it is possible to enhance signal to noise 
ratio up to dB. 
Conclusion: The wavelet generated from this algorithm was remarkably similar to the biorthogonal 
wavelets. Therefore, by matching a biorthogonal wavelet to the tuning curve and using wavelet packet 
analysis, a high resolution time-frequency analysis for the otoacoustic emission signals is possible. 
Keywords: transient evoked otoacoustic emissions, tuning curves, matching mother wavelets, 
multiresolution analysis, time windowing, denoising. 




