
�����������
	�	���
������������������������
	������� ����!�"
�#%$&���������"'%�����������
(������)*���������&�+�������
,.-0/�132�465879-;:<:=1?>A@B-0C3DE1F:<G!HI1F:<JKG=LM-0792INO58DE1P7K7QG6HR-01PL JKG<S
T9UAV�T9TXWZY\[\]<[_^` V�acb�U\d<eFf g=h8dEi;jkg=i l�e `nmpo hqf m WPh8rZeFf eFs�e ` gEtK[ug=sqi g=s8r `vxw s `xy dEz�f mpoq` i?bq{�j�|~} v=v b��q}n�~|~}A[ug=sqi g=s8r `Oy9`n��`�� |~bq�q�pdEh m�`� o g=h `=�Q� �=���x�q}c�E�x�E�_|<�qb~t�d ���Q� �=���x�q}c�E�x�=��}��8b ` zBdEf i �K� d��~f ��� � g=h8d m�m f?b � d<eF�Ff m�`=� z�f mpoq` i?b m g=�Ff hqh `=� zBdEf i oq` r��Me ` rFd � � � ��� t��

�_�B�;�c�_���O�V~s �q� dEh ����`nm g=z � g�r3f eFf g=h o d=r�dEi � ` d � l �0`�` h6r o g<��hBeFg�f h� m � ` d=r ` e oq` � ` �3t�g=�FzBdEh m�` r�gEt9r � `nm eF�pdEi ` rZeFf zBd<eFf g=h � s�e¡f h� � s m�`n� t�� `n¢ s ` h m l\g<� ` �Fi£d �q� f hq¤QzBd�l �0` eF�Fg=s � i ` r3g=z ` b � �Ff hq¤E f hq¤ `n� ¤ `+`�¥¦`nm epr�bM� oq` h§r � `nm eF�pdEi ` rZeFf zBd<eFf g=h�f£r�d �q� i f `n�d<t¨e ` �.r3s �q� dEh �"��`nm g=z � g�r3f eFf g=hRdEh �"��`nm f zBd<eFf g=h � [ o f£r� d � ` � � �Fg � g�r ` r�d�h ` �*r � `nm eF�pdEi ` rZeFf zBd<eFf g=h � �Fg m�`n� sq� `� d=r `n� g=h!r3s �q� dEh �6��`nm g=z � g�r3f eFf g=h6dEh � t�� `n¢ s ` h m l_��dE� �  f hq¤_� o f mpo � `n� s m�` rMe oq` g<� ` �Fi£d �q� f hq¤�t�� `n¢ s ` h m l � �Fg � i ` z �V~f zOsqi£d<eFf g=h�� ` r3sqi epr m g=h�©8�Fzªe oq` f h�e ` � ` rZe¡gEtXe o f£r¡h ` �«dEi  ¤=g=�Ff e o z �
¬0­�®�¯ �c��°B±�²!�O� ® ° ¯

V~s �q� dEh �(��`nm g=z � g�r3f eFf g=h o d=r �0`�` h�s8r `n� r3s m�m�` rFrZt�sqi i l+f hzBdEh~lBr3f ¤=h8dEi¦dEh � f zBdE¤ ` � �Fg m�` rFr3f hq¤Od �q� i f m d<eFf g=h8rQr3s mpo d=rr � `�`nmpo bMf zBdE¤ ` dEh � �~f ��` g m g=z � � ` rFr3f g=hR³ }�´µbO³ v ´ � V~g=z `dEs�e o g=�pr o d�� ` � `nm�` h�eFi l_r o g<��h_e o d<eMr3s �q� dEh ����`nm g=z � g�r3f  eFf g=h m dEh_dEi£r3g �0` d � g<� ` �3t�sqi8eFg~g=i8t�g=�Qr � `nm eF�pdEi ` rZeFf zBd<eFf g=h³ �<´µb\³ �E´ � WPh � dE�3eFf m sqi£dE�nbke oq` � ` �3t�g=�FzBdEh m�` gEtMeF�pd � f eFf g=h8dEir � `nm eF�pdEi ` rZeFf zBd<eFf g=hxz ` e o g � r m dEhxf h m � ` d=r ` � oq` h�d �q� i f `n�eFg�r3f ¤=h8dEi£r¡©8i e ` � `n�(� l.dEh�d �q� �Fg � �Ff£d<e ` ©8i e ` � � dEhq¶.�pd<e oq` �e o dEhxd �q� i f `n� eFgMe oq`�m g=�F� ` r � g=h � f hq¤�t�sqi i � dEh � r3f ¤=h8dEi � [ o f£r� �Fg � ` �3eZl o d=r �0`�` h�e oq` g=� ` eFf m dEi i l `�� � i£dEf h `n� d=rQt�g=i i g<�Mr �
· t�g=��dEhRa wc¸�¹Eº � �Fg m�` rFr�b¡e oq` z�f hqf zOsqz¼»qe o  µg=� ��` �� � `n� f m eFf g=h ` �F�Fg=��gEt�e oq` t�sqi i � dEh �½`��qm�`�`n� r�e oq` dE¤=¤=� `  ¤�d<e ` gEtke oq` z�f hqf zOsqz¾»qe o  µg=� ��` � � � `n� f m eFf g=h ` �F�Fg=�prgEtue oq` r3s �q� dEh � r�b~t�g=�X»6¿ ¹ ³ �<´µb
· e oq` i g m dEiqV�U w rXdEh � t�� `n¢ s ` h m lcr � d m f hq¤Af h m � ` d=r `Q� le oq`c��`nm f zBd<eFf g=h��pd<eFf g6³ �E´ �[ oq` r ` f h�e ` � ` rZeFf hq¤�� ` r3sqi epr o d�� `_�0`�` h ��` z�g=h8rZeF�pd<e `n� t�g=�d � dEhq¶�gEtKf ��` dEi;f h�©8hqf e ` i l!r o dE� � � dEh � � d=rFrQ©8i e ` �pr � V~g=z ``�� � ` �Ff z ` h�epdEi0� ` r3sqi epr o d�� ` r o g<��hBe o d<e�e oq` r ` � ` r3sqi epr m dEhdEi£r3g�d �q� i l�eFg�hqg=h� µf ��` dEi¡©8i e ` � � dEhq¶�r!r3s mpo d=r6z�g � f © `n�À s8d � �pd<eFsq� `  PÁ!f �F�Fg=���Âf i e ` �pr ¸ À Á+�QÃ r º ³ �<´ug=� m g�r3f h ` z�g �  sqi£d<e `n� ©8i e ` � � dEhq¶Ä³ �E´ � YMg<� ` � ` �nb;� oq` h�s8r3f hq¤+r3s mpo hqg=h� f ��` dEi � dEh � � d=rFr½©8i e ` �pr�bke oq` rFdEz `_o dE�Fz�g=hqf m�m g=z � g=h ` h�em dEh�d �q� ` dE�kf hOeZ�Qg m g=h�eFf ¤=sqg=s8rkr3s �q� dEh � rkd<ekeZ�Qg � f ¥¦` � ` h�e

t�� `n¢ s ` h m f ` r � [ o f£r � �Fg � i ` zÅ� ` t ` �F� `n� eFg_d=r¡Æ?Ç8ÈpÉ�Ê?ËFÌ<ÍkÎ<Ï<È�Ë�ÐÍ ÌFÇ=Ç¦Ñ¨Ò~Ó�g m�m sq�prk� oq` h�e oq`�o dE�Fz�g=hqf m t�� `n¢ s ` h m lcf£r m i g�r ` eFge oq` r3s �q� dEh �c`n� ¤ ` r �kÔ t m g=sq�pr ` bne o f£rÂr � `nm eF�pdEi�g<� ` �Fi£d �q� f hq¤m dEh �0` � ` �FlMeF�Fg=s � i ` r3g=z ` f hcd �q� i f m d<eFf g=h8r�� oq` � ` e oq` h~sqzx �0` �\gEt o dE�Fz�g=hqf m r3f ¤=h8dEi£r�f£r�sqhq¶~hqg<��h � [ oq` zBdEf h m g=h�eF�Ff  � s�eFf g=h�gEtue o f£r � d � ` ��f£rQeFg�rZeFs � l_dxh ` �§r � `nm eF�pdEi ` rZeFf zBd< eFf g=h � �Fg m�`n� sq� `�� d=r `n� g=h�r3s �q� dEh �Ä��`nm g=z � g�r3f eFf g=hÄdEh �t�� `n¢ s ` h m l� µ��dE� � f hq¤.� o f mpo z�f eFf ¤�d<e ` rxe oq` r � `nm eF�pdEi�g<� ` �3 i£d �q� f hq¤ � �Fg � i ` z �V `nm eFf g=h v � � ` r ` h�eprue oq` � �Fg � i ` z"t�g=�FzOsqi£d<eFf g=h�dEh � r `nm eFf g=h�_f£r ��` �=gEe `n� eFg_e oq` � �Fg � g�r `n� z ` e o g ��� e oq`�m g=s � i f hq¤�gEtt�� `n¢ s ` h m l!��dE� � f hq¤�dEh � r3s �q� dEh ����`nm g=z � g�r3f eFf g=h �0` t�g=� `r � `nm eF�pdEi ` rZeFf zBd<eFf g=h � V~f zOsqi£d<eFf g=h�� ` r3sqi epr�dE� ` � � ` r ` h�e `n�f h6r `nm eFf g=h���dEh ��m g=h m i s8r3f g=h8rQdE� ` � ` � g=�3e `n� f h�r `nm eFf g=h6� �
Õ�­(Ö ��°B�x×9ØAÙ�Ú�°B�_ÙR²�×9�¡� ® ° ¯[ oq` g � r ` �F� `n� r3f ¤=h8dEi�f£rÂe oq` r3sqzRgEt~»�r3f h~s8r3g=f � r m g=�F�Fs � e `n�� l�d �q� f eFf � ` � o f e `OÛ dEs8rFr3f£dEh�hqg=f£r `=�
Ü8ÝXÞàßá â ãÂä;å

â m g�r ¸?v<æuç â�è ��é â º ��ê Ýpë ¸ } º
� oq` � ` è Þ } ë�ì ì ì ëFí � [ oq` � �Fg � i ` zÅgEt ` rZeFf zBd<eFf hq¤�e oq` t�� `  ¢ s ` h m f ` r ç â t��Fg=zîe oq` g � r ` �F� `n� rFdEz � i ` r Ü8Ý b è Þ } ë�ì ì ì ëFío d=rO� `nm�` f � `n��m g=h8r3f ��` �pd � i ` d<e3e ` h�eFf g=h�f h�e oq` r3f ¤=h8dEi � �FgE m�` rFr3f hq¤�i f e ` �pd<eFsq� ` ¸ r `�` t�g=�_f h8rZepdEh m�` ³ ��´¡dEh � � ` t ` � ` h m�` re oq` � ` f h º � a\r.d m g=h8r `n¢ s ` h m�` bOzBdEh~lIdEi ¤=g=�Ff e o zBr o d�� `�0`�` h�rZeFs � f `n� eFgxr3g=i � ` e o f£rQr � `nm eF�pdEi ` rZeFf zBd<eFf g=h � �Fg � i ` z �[ oq` r ` dEi ¤=g=�Ff e o zBrQf h m i s ��` hqg=hqi f h ` dE��i ` d=rZeMr ¢ s8dE� ` r ¸�ï V º bYMf ¤ o   Ô � ��` �KðXsqi `  µñ(dEi ¶ ` �nb=jXf£rFdE� ` hq¶=g½dEh � Á+òAV~W y z ` e o  g � r_³ ��´ � aMi ¤=g=�Ff e o zBr � d=r `n� g=h(e oq` V~f hq¤=sqi£dE�OóXdEi s `_ô\`  m g=z � g�r3f eFf g=h ¸ V~ó ô º gEtue oq` dEs�eFg m g=�F� ` i£d<eFf g=hBzBd<eF�Ff ��o d�� `�0`nm dEz ` � ` �Fl � g � sqi£dE� �0`nm dEs8r ` gEt�e oq` f � o f ¤ o � ` r3g=i s�eFf g=h� �Fg � ` �3eFf ` r\dEh � e oq` f �\f h8r ` h8r3f eFf �~f eZl�eFg�z�g ��` iÂg=� ��` �Mg<� ` �3 ` rZeFf zBd<eFf g=h � WPh6e o f£r � d � ` �nb8� ` s8r ` e oq`co f ¤ o  µg=� ��` ��ðXsqi `  ñ(dEi ¶ ` � ¸ Y Ô ðAñ º t�� `n¢ s ` h m l ` rZeFf zBd<eFf g=h6z ` e o g � ¸ ³ ��´µb � �}���} º � o f mpo f£rMr3sqz�zBdE�Ff õ `n�_�0` i g<� �· ` rZeFf zBd<e ` e oq` íîö_í dEs�eFg m g=�F� ` i£d<eFf g=hBzBd<eF�Ff � gEt Ü8Ý��` hqgEe `n�ø÷ùAú�b· m g=z � s�e ` e oq` V~ó ô gEt ÷ùAúqb



· r3g=i � ` e oq` �pdEhq¶� ?eF�Fsqh m d<e `n� Y Ô ðAñ r3l�rZe ` z¾gEt `n¢ s8d< eFf g=h8rQf h�e oq` ï V_r ` h8r ` b�� o f mpo l~f ` i � rQe oq`¡` rZeFf zBd<e `n�a w � dE�pdEz ` e ` ��� `nm eFg=� ��` hqgEe `n� ÷� b· ��` e ` �Fz�f h ` e oq` � ` dE¶�r�gEtÂe oq` � r ` s � g�r � `nm eF�Fsqz� ¸������;º Þ ä	 
���
�������	 � b� oq` � ` å ¸��~º f£r½e oq`_` rZeFf zBd<e `n� a w � g=i l~hqg=z�f£dEi ¸��eF�pdEh8rZt�g=�Fz gEtÂe oq` a w � dE�pdEz ` e ` � ` rZeFf zBd<e ` r º �[ug\f i i s8rZeF�pd<e ` e oq` r � `nm eF�pdEi�g<� ` �Fi£d �q� f hq¤ � �Fg � i ` z6b m g=h8r3f ��` �d � sq� ` r3f h~s8r3g=f � dEiAr3f ¤=h8dEi ` z �0`n�q��`n� f h
d �q� f eFf � ` � o f e `Û dEs8rFr3f£dEh�hqg=f£r `=�Ü8ÝXÞ å ä m g�r ¸?v<æuç ä
è ��é ä º ��ê Ýpë ¸?v=º� oq` � ` å ä Þ }=b é ä f£r;sqhqf t�g=�Fz�i l � f£rZeF�Ff � s�e `n� g=h�³ � ë v<æ ³�dEh �e oq` d �q� f eFf � ` hqg=f£r ` �<dE�Ff£dEh m�` f£r���� Þ�� ³ ê � ¸ è º ´ Þ � ì � ¸ e oq`r3f ¤=h8dEiQeFg.hqg=f£r ` �pd<eFf g�f£r�V�U w Þ }n�Ki g=¤ � 
 � !�#" �%$ Þ �'&%( º �[ oq` r3f ¤=h8dEi Ü8Ý f£rM©8i e ` � `n�6� l6dEh��<  mpo dEhqh ` i m g�r3f h ` z�g � s� i£d<e `n� ©8i e ` � � dEhq¶�d=r9f h(³ �E´ � �Âf ¤=sq� ` }¡r o g<�MrXe oq` d�� ` �pdE¤ `n�� r ` s � g�r � `nm eF�pdxd=rFr3g m f£d<e `n� eFgxe oq` ��e o dEh � �<e o r3s �q� dEh � r¸ m g=�F� ` r � g=h � f hq¤QeFgc³ � ì v � ë � ì �q} v �q³FdEh � ³ � ì �q} v � ë � ì �~|E�q³ º b m g=zx � s�e `n� t��Fg=z¾�E�¡Á!g=h�e `Ay dE�Fi g¡�Fsqh8r ¸ e oq` t�� `n¢ s ` h m lOf£r ç ä Þ� ì �q} º � a\r m dEh �0` r `�` h;bkeZ�Qg � f ¥¦` � ` h�e � ` dE¶�rOd �q� ` dE�Of he oq` eZ�Qg m g=h�eFf ¤=sqg=s8rXr3s �q� dEh � r�b �0`nm dEs8r ` e oq` t�� `n¢ s ` h m lxgEte oq` r3f h~s8r3g=f � dEiur3f ¤=h8dEi ç ä Þ � ì �q}½f£r m i g�r ` eFgBe oq` r3s �q� dEh �`n� ¤ `=�

0.26 0.28 0.3
−35

−30

−25

−20

−15

−10

−5

0

5

10

15
5th subband

Normalized Frequency f

S
(e

j ω
)(

dB
)

0.32 0.34 0.36
−35

−30

−25

−20

−15

−10

−5

0

5

10

15
6th subband

Normalized Frequency f

S
(e

j ω
)(

dB
)

�Âf ¤=sq� ` } � aM� ` �pdE¤ ` � r ` s � g�r � `nm eF�pdOd=rFr3g m f£d<e `n� eFgOe oq` ��e odEh � �<e o r3s �q� dEh � r�gEtKdO©8i e ` � `n� � sq� ` r3f h~s8r3g=f � dEi�r3f ¤=h8dEi �
);­ ± ® �Â�O�_ØA�cØ Ú��_Ø+*B²�Ø ¯ �-,/.I�_� Ö½®�¯10

[ o f£rur `nm eFf g=h½rZeFs � f ` rÂd�r3s �q� dEh �½� f£r m � ` e ` t�� `n¢ s ` h m lA��dE� �  f hq¤ ¸ V ô �Âñ º bn� o f mpo dEi i g<�Mr0eFg�z�f eFf ¤�d<e ` e oq` r � `nm eF�pdEiEg<� ` �3 i£d �q� f hq¤ � �Fg � i ` z � s ` eFg+r3s �q� dEh �(��`nm g=z � g�r3f eFf g=h � [ oq`

� �Fg � g�r `n� V ô �Âñ m g=h8r3f£rZeprxf h�©8i e ` �Ff hq¤�e oq` g=�Ff ¤=f h8dEi�r3f ¤E h8dEi ¸ �0` t�g=� ` r3s �q� dEh �6��`nm g=z � g�r3f eFf g=h º � l�d m d=r m d ��` gEt32m dEs8rFdEi¦©8�prZe3 µg=� ��` ��dEi i � d=rFr9©8i e ` �pr���f e o14  ?eF�pdEh8rZt�g=�Fz5 ¸��~º Þ �76 ä98;:} 8;: � 6 ä ì ¸ � º
[ oq`9m g=�F� ` r � g=h � f hq¤�rZeF�Fs m eFsq� ` dEh � f epr `n¢ sqf �<dEi ` h�eur mpoq` zBd<eFf mr3l~z � g=i=dE� `X��` � f m e `n� f h½�Âf ¤=sq� ` r ¸ � ì � º dEh � ¸ � ì : º � V�eF�pdEf ¤ o e3 t�g=�F��dE� �¡m g=z � s�epd<eFf g=h8r;r o g<��e o d<e<5 ¸��~º ` �<dEi s8d<e `n� g=h¡e oq`sqhqf e m f � m i `½m dEh �0` ���Ff e3e ` h=5 ¸�������º Þ �'67�?>�@ � � � bq� oq` � `ACB ¸EDQº Þ D � v dE� m epdEhGF : r3f h D} 8;: m g�r D+H ë ¸ � º
� o f mpo � ` � ` dEi£rMe oq` dEi i � d=rFr½rZeF�Fs m eFsq� ` gEtQe oq` ©8i e ` �I5 ¸��~º �UMgEe ` e o d<eOe oq` � �Fg � g�r `n� V ô �Âñ f£rO� ` �Fl.r3f z�f i£dE�ceFg+e oq`t�� `n¢ s ` h m l���dE� � `n� ï dE¤=s ` �F� ` ©8i e ` � � dEhq¶�r_rZeFs � f `n� f h«³ �<´dEh � r o g<��h�f h��Âf ¤=sq� ` � � YMg<� ` � ` �nbÂg=sq�xd �q� �Fg�d mpo�� g ` rhqgEeM� `n¢ sqf � ` e oq` eFf z ` � ` � ` �prFdEi0g � ` �pd<eFf g=h � Á!g=� ` g<� ` �nb=e oq`m g=h~�=g=i s�eFf g=h���f e o e oq` õ ` �FgE µg=� ��` � ï dE¤=s ` �F� ` ©8i e ` �KJ9L ¸��~ºo d=r �0`�` h+� ` z�g<� `n� t��Fg=zªTX�<dEhq¤ ` i f£rZepdqÃ r\rZeF�Fs m eFsq� ` b0� o f mpodEi i g<�Mr½t�� `n¢ s ` h m l(��dE� � f hq¤+��f e o g=s�e�dEh~l�dEz � i f eFs ��`�� f£rZ eFg=�pr3f g=h � UMgEe ` e o d<eOe oq` � ` �3t `nm ex� `nm g=h8rZeF�Fs m eFf g=h � �Fg � ` �3 eFf ` rkdE� ` hqgEekrFd<eFf£rZ© `n� f hOd � r ` h m�` gEtMJ9L ¸��~º � YMg<� ` � ` �nbnr3s mpo� �Fg � ` �3eFf ` r�dE� ` hqgEe�� `n¢ sqf � `n� t�g=�Mr � `nm eF�pdEi ` rZeFf zBd<eFf g=h �
{Ql ��` hqgEeFf hq¤ N3O ¸��MP : º e oq`Q4  ?eF�pdEh8rZt�g=�FzRgEt0e oq`SR e o dEi i  � d=rFrQ©8i e ` ��g=s � s�enb~e oq` t�g=i i g<��f hq¤x� ` r3sqi e m dEh �0`¡` d=r3f i l�g �  epdEf h `n��� N3O ¸������<P : º ÞUT ¸������;º 5 O ¸������;ºÞUT ¸������;º��'67� O >�@ � � � ë ¸ � º

� oq` � ` T ¸��~º ��` hqgEe ` rOe oq`14  ?eF�pdEh8rZt�g=�Fz gEtMe oq` f h � s�e_r `  ¢ s ` h m�`WV Ý b èKX�Y � a\rxd m g=h8r `n¢ s ` h m�` bÂt�g=��d � sq� `_o dE�3 z�g=hqf m r3f ¤=h8dEi Ü8Ý_Þ å ä m g�r ¸?v<æuç ä
è �Ié ä º b9e oq` g=s�e � s�e�gEte oq`+R e o dEi i � d=rFrQ©8i e ` � `�� � � ` rFr ` r�d=r �Z O ¸ è P : º Þ å ä m g�r ¸?v<æuç ä

è ��é ä 8 R ACB ¸ED ä º3º ¸ � º� oq` � ` D ä Þ v<æuç ä � [ o f£r `�� � � ` rFr3f g=h¡t�g=� Z O ¸ è P : º f£r m i ` dE�Fi l� ` �Ff g � f m ��f e o � ` r � `nm e½eFg R bÂ��f e o � ` �Ff g � �#[>�@ � � ! � ��y g=h� r `n¢ s ` h�eFi l=b Z O ¸ è P : º d � z�f eprxe oq` t�g=i i g<��f hq¤ � f£r m � ` e `  ?eFf z `�qg=sq�Ff ` � ¸ ô [��KV º r ` �Ff ` rQ� ` � � ` r ` h�epd<eFf g=h
Z O ¸ è P : º Þ]\_^áO ã 6 ^a` O � �

O >�@ � � ! � ë ¸ | º
� oq` � ` e oq`Oô �k[MV m g `�b�m f ` h�eprMdE� `cm i ` dE�Fi l ��` ©8h `n� d=r�t�g=i  i g<�Mr

` O Þdce f 
 !� � � � �#['g ! Ý \_h ! � R Þ }
 !� �'67� � �#['g ! Ý \_h ! � R Þ 8 }� ` i£r `WPhxgEe oq` �K�Qg=� � r�bne oq` t�� `n¢ s ` h m l�  � g=zBdEf hO� ` � � ` r ` h�epd<eFf g=hcgEtZ O ¸ è P : º b R XiY b m g=h8r3f£rZeprkgEt0eZ�Qg m g=z � i `�� r3f h~s8r3g=f � rk��f e o



t�� `n¢ s ` h m f ` r \ 6 >�@ � � ! ��#[ � [ o f£rKdEh8dEi l�r3f£rÂr o g<�Mr;e o d<eke oq` ©8i e ` �3 � dEhq¶6rZeF�Fs m eFsq� `c��` � f m e `n� f h+�Âf ¤=sq� ` � ¸ � º m dEh �0` s8r `n� d=rd ô �Âñ"bq� o f mpo ��dE� � r ` d mpo t�� `n¢ s ` h m l ç ä eFg >�@ � � ! ��#[ � [ oq`m g=�F� ` r � g=h � f hq¤Bt�� `n¢ s ` h m l6��dE� � f hq¤ ��` � ` h � rAg=h � dE�pdEz `  e ` � : b¦d=r ��` � f m e `n� f h��Âf ¤=sq� ` � � �Âf ¤=sq� ` v r o g<�Mr�e oq` ��e odEh � �<e o r3s �q� dEh � r � `nm eF�pd�t�g=�\e o � `�`B� f ¥¦` � ` h�eAt�� `n¢ s ` h m l��dE� � f hq¤�r ¸ f � `=� e o � `�`6� f ¥¦` � ` h�e��<dEi s ` rxgEt � dE�pdEz ` e ` � : º �a\r m dEh �0` r `�` h;b¦e oq` r � `nm eF�pdEikg<� ` �Fi£d �q� f hq¤ � �Fg � i ` z � f£rZ d �q� ` dE�pr�t�g=�¡dEh�d �q� �Fg � �Ff£d<e ` �<dEi s ` gEt : � Á!g=� ` � � `nm f£r ` i l=bg=h ` � ` dE¶�d �q� ` dE�prxf h�e oq` �<e o r3s �q� dEh � t�g=� : Þ �(dEh �� f£rFd �q� ` dE�pr9t�g=� : Þ 8 � ì ���E�xdEh � : Þ 8 � ì }n�=� �
V~s �q� dEh ����`nm g=z � g�r3f eFf g=hÄf h�eF�Fg � s m�` rBdEi f£d=r3f hq¤(r3f ��`!` t¨ t `nm epr¡f h+e oq` h ` f ¤ o~� g=� o g~g � gEtXe oq`Bm s�e3 µg ¥ t�� `n¢ s ` h m f ` rAgEt` d mpo ©8i e ` � � [ oq` h;b<e oq` � dE�pdEz ` e ` � : gEt8e oq` ��dE� � f hq¤\©8i e ` �pr5 ¸��~º o d=rkeFg �0` � ` i i   mpo g�r ` h � t�g=� `�� dEz � i ` b=f t : Þ 8 � ì }n�=�m dEs8r ` rXd � ` dE¶ceFg � f£rFd �q� ` dE�Kf h�e oq` �<e o r3s �q� dEh � bEe oq` � ` f£rrZeFf i i;d�r � sq�Ff g=s8r � ` dE¶�f h�e oq` �Ee o r3s �q� dEh ��� [ o s8r�b�f eMf£r�gEt¤=� ` d<eQf z � g=�3epdEh m�` eFg�d ��� s8rZe�t�� `n¢ s ` h m lB��dE� � f hq¤Of h�g=� ��` �e o d<e ` d mpo t�� `n¢ s ` h m l � f h�f£rX��dE� � `n��� s8rZeQf hBe oq` z�f �q� i ` gEtf epr m g=�F� ` r � g=h � f hq¤Ot�� `n¢ s ` h m lBf h�e ` �F�<dEi � ï ` eMs8r � f �~f ��` e oq`t�� `n¢ s ` h m l+f h�e ` �F�<dEiM³ � ë � ì �q³0f h�eFg�� `n¢ s8dEiKr3s �q� dEh � rcdEh �hqgEe ` ç � Þ ¸ � 8 } º L	� 
� b � Þ } ë�ì ì ì � e oq`Bm s�e3 µg ¥ t�� `n¢ s ` h� m f ` r � [ oq` dEi ¤=g=�Ff e o zøs8r `n� eFg_� `n� s m�` e o f£rAdEi f£d=r3f hq¤ `�¥¦`nm em dEh �0` r3sqz�zBdE�Ff õ `n� d=rQt�g=i i g<�Mr �t�g=� � Þ }AeFg��t�g=� ç Þ ç � eFg ç � \ ä}M k��dE� � f hq¤ � dE�pdEz ` e ` � : r ` i `nm eFf g=h � ��dE� � t�� `  ¢ s ` h m l ç eFg ç � O Þ g ��
 ! 6�g �� s8r3f hq¤ �: ¸?ç�º Þ }m g�r ¸?v<æuç�º � ��� � � �#['g ���� � � [ � gC6�g ��� ��� ¸ � º

v  \��dE� � f hq¤�g � ` �pd<eFf g=h � d �q� i l!e oq` r ` ecgEtQ©8i  e ` �pr 5 ¸��~º eFgce oq` g=�Ff ¤=f h8dEi � �Fg m�` rFr Ü8Ý eFgO¤ ` e�d��dE� � `n� r3f ¤=h8dEi Z r3gxe o d<e �� ú�� ¸�� �#�#['g º Þ ��� ¸�� �#�#['g ��� º ¸ � º�� ¦V~s �q� dEh �c��`nm g=z � g�r3f eFf g=h � s8r ` e oq`�� e o ©8i e ` �gEtKe oq`xmpo g�r ` h6©8i e ` � � dEhq¶ ¸ oq` � `Om g�r3f h ` z�g � s� i£d<e `n� ©8i e ` �pr�b8r `�` ³ �E´ º g=h�e oq` ��dE� � `n� r3f ¤=h8dEi ZeFgB¤ ` eMdO©8i e ` � `n� dEh ����`nm f zBd<e `n� � ` �pr3f g=h V � ��� ¦V � `nm eF�pdEi ` rZeFf zBd<eFf g=h � � ` �3t�g=�Fz�e oq` Y Ô ðAñz ` e o g ����` r m �Ff �0`n� f h�r `nm eFf g=h v g=h.e o f£rOr3s �  � dEh � r3f ¤=h8dEi0eFg ` rZeFf zBd<e ` sqhqf ¢ s ` i l��� ¸�� �#�#['g ��� º Þ � � ��� � ¸�� �#�#[ � g ��� º ë ¸ }n� º
` h � t�g=� �` h � t�g=� �

Wµe\r o g=sqi ���0` hqgEe `n� e o d<e\T ¢0� ¸ }n� º f£r�� ` �Ff © `n� e oq` g=� ` eFf  m dEi i l�t�g=�Qf ��` dEi¦f h�©8hqf e ` i l_r o dE� � � dEh � � d=rFrX©8i e ` �pr � {Qs�enbqd=r

e oq` t�� `n¢ s ` h m l�sqh ��` ��f h�e ` � ` rZenb ç � O b�i f ` r9f h�e oq` z�f �q� i ` gEte oq` � Ý� r3s �q� dEh � b8e oq` dEz � i f eFs ��` gEt9dEi iugEe oq` �\©8i e ` �pr m dEh�0` d=rFr3sqz `n� eFg �0` h ` ¤=i f ¤=f � i `=� [ o f£r ` h8r3sq� ` r�e oq` �<dEi f � f eZlgEtÂe o f£r `n¢ s8d<eFf g=h �

0.26 0.28 0.3
−35

−30

−25

−20

−15

−10

−5

0

5

10

15
5th subband

Normalized Frequency f
S

(e
j ω

)(
dB

)

b=−0.183
b=0     
b=−0.094

0.32 0.34 0.36
−35

−30

−25

−20

−15

−10

−5

0

5

10

15
6th subband

Normalized Frequency f

S
(e

j ω
)(

dB
)

b=−0.183
b=0     
b=−0.094

�Âf ¤=sq� ` v � aM� ` �pdE¤ ` � r ` s � g�r � `nm eF�pdOd=rFr3g m f£d<e `n� eFgce oq` ��e odEh � �<e o r3s �q� dEh � r�s8r3f hq¤xt�� `n¢ s ` h m l���dE� � f hq¤ �
!u­ � ® ÙR²�×9�¡� ® ° ¯ �_Ø½�;²�×¦�x��� ¯ ±Ö ØA�_Ú�°B�_ÙR� ¯ �OØ½�Ä°BÚ«�#"!Ø ÙRØA�#"�°B±

WPh�g=� ��` �XeFg o f ¤ o i f ¤ o eQe oq` � ` �3t�g=�FzBdEh m�` r9gEt;e oq` � �Fg � g�r `n�z ` e o g � V ô �Âñ"b�e oq` � g<� ` �ÂgEtqe oq` i f h ` dE� � � `n� f m eFf g=h ` �F�Fg=�¸�ï j9T º f£r m g=z � s�e `n� d=r½d6t�sqh m eFf g=h�gEtQe oq` dEh8dEi l�r `n� t�� `  ¢ s ` h m l � ï ` e¡s8r m g=h8r3f ��` �\e oq` r3f ¤=h8dEi ��` ©8h `n� f h�T ¢0� ¸?v=º �ô f ¥¦` � ` h�eMr3f zOsqi£d<eFf g=h8r9��f i i �0`¡m dE�F�Ff `n� g=h_��f e o dchqg=�FzBdEi  f õ `n� t�� `n¢ s ` h m l ç ä �<dE�Fl~f hq¤ �0` eZ� `�` hB�¡dEh � � ì � � ò\r3f hq¤¡e oq``�� d m e\dEs�eFg m g=�F� ` i£d<eFf g=h�gEtue oq` r3f ¤=h8dEi �
$ ú ¸�%8º Þ å ä �v m g�r ¸?v<æuç ä %8º � � �	& ¸�%8º ë ¸ }=} ºrZeF�pdEf ¤ o e3t�g=�F��dE� �xm g=z � s�epd<eFf g=h8r9i ` d � eFgce oq`A`�� � � ` rFr3f g=h�gEte oq` ï j9T � g<� ` � � �
 d=r�dOt�sqh m eFf g=h6gEtÂe oq` t�� `n¢ s ` h m l ç ä �� �
 ¸?ç ä º Þ å ä �v ' 8 v)( m g�r+* ¸?v<æuç ä º � ( m g�r �=¸?v<æuç ä º �-,. 8 `0/)1 � ¸?v<æuç ä º 2¸ } v=º� oq` � ` ( Þ v V�U w 6 ä b , Þ v V�U w 6 ä � ��V�U w 6 � � V�U w 643 b .6Þ¸ } � V�U w 6 ä º �cdEh � V�U w Þ 
 ! ��#" � �ñ oq` h�a w ` rZeFf zBd<eFf g=h(f£r � � `nm�`n��`n��� l.r3s �q� dEh �(��`nm g=zx � g�r3f eFf g=h;b;e oq`�`�� � � ` rFr3f g=h�gEtQe oq` ï j9T
f£r¡e oq` rFdEz ` d=r½f hT ¢0� ¸ } v=º � ` � i£d m f hq¤ ç ä � l5� ç ä dEh � V�U w � l6�"V�U w ��Âf ¤=sq� ` � � � ` r ` h�eprXe oq`A` �=g=i s�eFf g=h_gEt;e o f£r ï j9T � g<� ` �Q� ` �3 r3s8rAe oq` t�� `n¢ s ` h m l!sqh ��` �½f h�e ` � ` rZe ç ä � {QgEe o�`�� � ` �Ff z ` h� epdEi�dEh � e oq` g=� ` eFf m dEi¦� ` r3sqi eprQr o g<��e o d<enb~f h_e o f£r � dE�3eFf m sqi£dE�m d=r ` gEt¡dEhÄa wc¸?v=º bQr3s �q� dEh �Ä��`nm g=z � g�r3f eFf g=h m i ` dE�Fi l�� `  � s m�` rMe oq` ï j9T � g<� ` � � s�e¡r3f ��`O`�¥¦`nm epr ¸ f h+e oq` r3s �q� dEh �



`n� ¤ ` r º dE� ` � �Fg � g=�3eFf g=h8dEi i l � f ¤=¤ ` � � [ oq` zBdEf h6f h�e ` � ` rZe\gEte oq` � �Fg � g�r `n� V ô �Âñ z ` e o g � f£r¡eFg � �Ff hq¤ � d m ¶ ` rZeFf zBd< eFf g=h+gEt ` d mpo t�� `n¢ s ` h m l m g=z � g=h ` h�e¡f h!e oq` z�f �q� i ` gEtXf eprm g=�F� ` r � g=h � f hq¤½r3s �q� dEh ��� WPh�e o f£r m d=r ` bEe oq` ï j9T � g<� ` �Xf£rm g=h8rZepdEh�eMdEh �_`n¢ s8dEi¦eFg �� �
 Þ å ä �v V�U w 6 ä� � B ¸?v � ��V�U w 6 ä� � B � V�U w 6 �� � B º¸ } � V�U w 6 ä� � B º � ë ¸ }n� º
��f e o V�U w � � B Þ �"V�U w Þ � 
 � !�#" � � �Âf ¤=sq� ` |+r o g<�¾e oq`  g=� ` eFf m dEiMdEh ��`�� � ` �Ff z ` h�epdEi ï j9T � g<� ` �Bs8r3f hq¤�d � f£d=r `n�` rZeFf zBd<eFg=��gEtue oq` dEs�eFg m g=�F� ` i£d<eFf g=h �

��­ ��° ¯ �O×9²!� ® ° ¯
WPh§e o f£r � d � ` �nb\� ` � � ` r ` h�e `n� d�h ` �*z ` e o g � b½V ô �Âñ"bdEh � � ` rZeFs � f `n� f epr � ` �3t�g=�FzBdEh m�` r\t�g=�c� `n� s m f hq¤!dEi f£d=r3f hq¤`�¥¦`nm eprcf h(e oq` h ` f ¤ o~� g=� o g~g � gEtQe oq` ©8i e ` �nÃ r¡t��Fg=h�eFf ` �½t�� `  ¢ s ` h m f ` rcdEh � g � epdEf h `n� r3g=z ` ¤�dEf h(g=h(i f h ` dE� � � `n� f m eFf g=h` �F�Fg=� m �Ff e ` �Ff g=h � UMg<��d � d�l�r�bue o f£r�dEi ¤=g=�Ff e o z*f£rOg=hqi l�d �  � i f m d � i ` eFg�r3i g<��i lxeFf z `  µ�<dE�Fl~f hq¤xr3f ¤=h8dEi � s�e�t�s�eFsq� ` �Qg=�F¶�rzBd�l�i ` d � eFg<��dE� � r9dEh_d � d � eFf � ` dEi ¤=g=�Ff e o z6b~d �q� i f m d � i ` eFghqg=h� PrZepd<eFf g=h8dE�FlBr3f ¤=h8dEi£r �

�������
	��
���
��
����
� �������������������� "!�#%$'&(&*),+%-/. 01)(2431576"-,. +82,�:9;�, =<*�,>�?A@�BDC7E'F�G H4I:JLK"!

�"M,MON��
� P(�/BQ�SR
JLK* *T���UO>��WVD�X@��XR
K7ULY4!QZ%375"[\6,]�^"$�),+'[A. _"),[A. 6,+`),+%-ba7. 2,+%),c

576,0
d%]=3"a7a7. 6,+'�:9;�, =<*�,>�?A@�BDC7E�F�G H4I:JLK"!e�"M,M,P8�
� f(��g%�DVhUO�iUO>�������BQ��jSJ"UOK*G k�UO>e!�l*B
>'UOG Y8 *m  b�On�G m >�J"UOKbo�K*JL��m p�q

<*m �,>e!�pL����m >�r�!'UO>��� *o%JLp�<*K7UOGeJL =<*m k�U(<*m �,>�n K*�,ks *H�t�t'UO>��� "! u�v=wxwxw
y ]=),+'aLz�v7+({Lz y�| 376,]�},!�~4�,GA��N4P8!'o�oe�e�,�"�,�"�%�,�(�O�8!e�,H�G Yb�"M,M,�8�

� NO�/BQ����FOUOpLJL>�F,�/UO>���jS��jS�8�;UOm �8Y�UO>'U(<*T'UO>e!;l�g�m >�H� *�,m �'UOG�n K*JL��H�JL>�p�Y
JL =<*m k�U(<*m �,>�H� *m >�rD�'G <*JLK;t'UO>�F� "! uQm >��:]=6"5Oz�v=wxwxw�vO����#'#��:���8�4�,�,!
?\g8UOG <
�XUOF,JQ�;m <\Y4!%��<7UOT%C7!'o�oe�'�,P,�"�8�,P,�8!e@�ULY/P,�,�8�,�

� �(�/jS�hg4<*�,m p"U�UO>��iVD��@��, *JL "!Dv7+'[A]=6"-,$�5"[A. 6,+�[\6`aAd8375"[A]=),c�),+%),c },a7. a7�
� >�r,G J�I:�����b�;G m �� ��
��E'jxK*JL>4<*m pLJ�q��
UOG GA!��"M,M4���

� �(��RQ� � ~,UO>�r,JLG m  =<7U`UO>���g%�
�:UL~,UOG m JLK*J,!�l*�'K*JL��H�JL>�p�Y�qAI�UOK*o%JL�i�'G <*JLK
t'UO>�F� DUO>���I�UL~4JLG J�<
<*K7UO>� =n �,K*k� "E;U1��m  *pLK*J�<*J�qA<*m k�JQUOo�o�K*�4UOp7T�~8m U
�XUOr,H�JLK*K*JxJ��8o'UO>� *m �,>e! uDv=wxwxw y ]=),+'aLz8#%. 2,+%),c,�:]=6"573"a7a7. +82,!O~4�,GA�LN4�8!
o�oe�%P,�,f,�"�8P,�,�,�8!e 
p�<"���"M,M,�8�

�Âf ¤=sq� ` � � �Âf i e ` � m d=r m d ��` t�g=�Qt�� `n¢ s ` h m lB��dE� � f hq¤ ¸ d º dEh �f eprMr3l~z � g=i f m � ` � � ` r ` h�epd<eFf g=h ¸ � º �

�Âf ¤=sq� ` � � �q� `n¢ s ` h m l���dE� � `n� ï dE¤=s ` �F� ` ©8i e ` � � dEhq¶ �

0 0.5 1 1.5 2 2.5 3
0

0.5

1

1.5

2

2.5

3

ω
0

θ b(ω
0)

b=0.9

b=-0.9

�Âf ¤=sq� ` � � ñ(dE� � `n� t�� `n¢ s ` h m lx� ` �pr3s8rke oq` g=�Ff ¤=f h8dEi�g=h ` t�g=�� f ¥¦` � ` h�eM�<dEi s ` r�gEt � dE�pdEz ` e ` � : �

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Fullband and 8 subbands decomposition
without frequency warping.
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8 subbands decomposition
with frequency warping (SDFW).
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