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jklmnjom
pq rstu vwvxyz {x |xyt}x| w ~xqxyw�tux| u���wq| �wux|u�w�x| wvxyr�yx ����� �xw���y�xyz x�x�v�wyt�� ��y rsx~xqxyw�tux| ut|x���x �wq�x��xy ������ �stu ury��r�yx tu
�ux��� ��y �y�w|�wq| �xw���y�tq~ {sxyx qxwy���qurwqruvwrtw� yxu���rt�q �}xy w {t|x ywq~x �� �yx��xq�txu tu|xutyx|� �sx ~xqxyw�tux| ��� �xw���y�xy |x���v�uxu
�y�w|�wq| ut~qw� tqr� u���wq|uz {st�s wyx ~y��vx| tqr���rw}x tqrxy}w�u� �� |yw{tq~ tqv�ru �y�� uxqu�yu {trs
w {t|xy wvxyr�yx ��y ��{xy ��rw}x �wq|uz wq ��rw}x�tq}wytwqr yxu���rt�q tu w�stx}x|� �x |x��qurywrx rswrrsx ��� �vxywrxu {x�� w�y�uu ��rw}x ���q|wytxu wq| w|�|trt�qw��� �wq �xqx�r �y�� wq tq�yxwux vxy��y�wq�x wq|yx|��x| ���v�x�tr� {sxq ���vwyx| r� ut�t�wy u���wq|wq| �����wq| |��wtq �xw���y�tq~ ury��r�yxu�
� ��mn���om���
�y�w|�wq| �xw���y�tq~ �utq~ w �tqxwy �qt��y���uvw�x| wyyw� yxu��ru tq w �yx��xq�� |xvxq|xqr uvwrtw�
yxu���rt�qz utq�x rsx �wrxy tu vy�v�yrt�qw��� yx�wrx| r�
��rs rsx wyyw��u wvxyr�yx wq| rsx �yx��xq�� �� rsx rwy�~xr ut~qw�� �xq�x ��y wq wyyw� {trs ��x| wvxyr�yxz rsxuvwrtw� yxu���rt�q |x�yxwuxu {trs �yx��xq��� pq �y|xy r��t�tr rsx }wytwrt�q tq uvwrtw� yxu���rt�qz yx����xq|w�rt�qu sw}x �xxq �w|x r� �t�tr rsx vy��xuutq~ �� ut~qw�ur� wq ��rw}x ���� �� �}xy���x rsx ��rw}x �wyytxyz rsx
�ux| �� �qx��w��� uvw�x| uxqu�y wyyw�u � z ¡�z t�v�x��xqrwrt�q �� swy��qt� qxurtq~ ury��r�yx �¢z £� wq| w
rx�sqt��x �wux| �q wvvy��t�wrtq~ rsx t|xw� ��qrtq���uwvxyr�yx �¤� sw}x �xxq u�~~xurx|��wux| �q w swy��qt�w��� qxurx| wyyw� {trs w u�w�tq~ tqwvxyr�yx ��y |t¥xyxqr ��rw}x �yx��xq�� tqrxy}w�u �¢z £z ¦�zrstu vwvxy |tu��uuxu w ~xqxyt� w|wvrt}x u���wq| �wux|
�y�w|�wq| �xw���y�xy sw}tq~ u�w�x| wvxyr�yx� §x����v�utq~ �y�w|�wq| uxqu�y ut~qw�u tqr� |x�t�wrx| �yx���xq�� �wq|u � ü���wq|u©� tu w|}wqrw~x��u tq rxy�u ��yx|��tq~ rsx ���v�rwrt�qw� ���v�x�tr� wq| w||trt�qw���tq�yxwutq~ rsx ��q}xy~xq�x uvxx| �� ª«��r�vx w|wvrt}x�xw���y�tq~ w�~�ytrs�u �¬�� ­�yrsxyz tq rstu vwvxy {x
|tu��uu s�{ rsx u���wq| wvvy�w�s �wq �x x�v��trx| r�
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��y� ��rw}x ~y��vu �� u���wq|uz {st�s |yw{ rsxty tq�v�ru �y�� uxqu�y uxru �� |t¥xyxqr uvw�tq~ wq| wvxyr�yxwu w ~xqxyw�tuwrt�q �� �¢z É��
pq rsx �����{tq~z {x yx}tx{ rsx u���wq| �wux| �y�w|��wq| �xw���y�tq~ wvvy�w�s tq �x��  � �x�� ¡ tq�ry�|��xu rsx vy�v�ux| u���wq| u�w�x| wvxyr�yx �xw����y�xy {st�s {t�� �x ut���wrx| wq| ���vwyx| r� urwq�|wy| u�sx�xu tq �x�� £� ��q���ut�qu wyx |yw{q tq �x�� ¤�pq ��y q�rwrt�qz {x �ux ��{xy�wux wq| �vvxy�wux ���|��w�x �swyw�rxyu r� |xq�rx }x�r�y wq| �wryt� ��wqrtrtxuzyxuvx�rt}x���

Ê l�kkj�� kjlË� kËjÌÍ�nÌ��Î
ÊÏ� ÐoÌÑ kÒÓÔÕÖÔ×Õ kØÔÙÚÓÒÙÛ×Ü
Ý�x�v�wyt�� ��y w �y�w|�wq| �xw���y�xyz {x sxyx
�rt�tux w �tqxwy�� ��qurywtqx| �tqt��� }wytwq�x
�ª�«Þ� wvvy�w�s ��ß�z {st�s �wq �x xà�txqr�� t��v�x�xqrx| �� �xwqu �� w ~xqxyw�tux| ut|x���x �wq�x��xy����� ����� �sx ª�«Þ vy���x� ��y �vrt�tutq~ wyyw�
{xt~sru �wq �x ��y���wrx| wu á â wy~�tqã áänååáu��æx�r r� oäá â Ú z {sxyx á ��qrwtqu rsx ��rxy ���xà�txqru wq| nåå tu rsx ��}wytwq�x �wryt� �� rsx ���uxy}x| wyyw� |wrw� �sx ��qurywtqr �wryt� o wq| rsx
��qurywtqtq~ }x�r�y Ú t�v�ux �tqxwy ��qurywtqruz u��s wursx vyxuxy}wrt�q �� w ut~qw� �� tqrxyxur t�vtq~tq~ �qr�
rsx wyyw� �y�� w uvx�t�� |tyx�rt�q �� wyyt}w� �§ç���
�sx ��� vxy��y�u w vy�æx�rt�q �� rsx |wrw �qr� rsx
�q��qurywtqx| u��uvw�xz {sxyx urwq|wy| �q��qurywtqx|�vrt�tuwrt�q w�~�ytrs�u u��s wu rsx �xwur �xwq u��wyxu�ª«�� �y yx��yut}x �xwur u��wyx �èª�� w�~�ytrs�u �� ��wq �x |xv���x|�
ÊÏÊ léÖÖÔ×Õ �ØêÓÙëÓìÛíÛÓ×
����wq| �wux| �xw���y�tq~ yx��tyxu ��rxy �wqîu r� |x����v�ux rsx �y�w|�wq| uxqu�y ut~qw�u �� �xwqu �� wqw���utu ��rxy �wqîu tqr� ï |t¥xyxqr �yx��xq�� �wq|uz {st�s�wq �x �vxywrx| wr wq ð rt�xu ��{xy uw�v�tq~ ywrx |�xr� rsxty yx|��x| �wq|{t|rs� ��{x}xyz ��y �ytrt�w� |x�t��wrt�qz ð â ïz uvx�ryw� w�twutq~ �t�tru rsx vxy��y�wq�x�� wq� vy��xuutq~ tq rsx u���wq| |��wtqz {st�s �wq �x
�trt~wrx| �� rwîtq~ tqrxy�u���wq| ��yyx�wrt�qu x�v�t��tr�� tqr� w����qru {sxq |xut~qtq~ u���wq| �wux| w�~��



synthesis filter bankanalysis filter bank

N

N

N N

N

N

h [n]0

h [n]1

h [n]K-1

g [n]0

g [n]1

g [n]K-1

n]v[n][v

­t~�yx �� ����wq| |x���v�utrt�q �� �xwq �� wqw��utu
wq| u�qrsxutu ��rxy �wqîu�

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
−80

−60

−40

−20

0

normalized frequency Ω/π

20
lo

g 10
|H

k(e
jΩ

)|

­t~�yx  � ­t�rxy �wqî �swyw�rxyturt� ��y ï â �¤ wq|
ð â �¢ �wux| �q w vy�r�r�vx {trs �� â ¢¢¬ ��xà�txqru�

ytrs�u ��¡�� � ut�v�xy wvvy�w�s tu r� �}xyuw�v�x u����wq|uz t�x� |x�t�wrx �� w �w�r�y �� ð � ï ��¢�z {st�s
�wq xà�txqr�� u�vvyxuu w�twutq~ tq u���wq|u wq| vxy�tru���wq|u r� �x vy��xuux| tq|xvxq|xqr�������wq| |x���v�utrt�qu wyx vxy��y�x| �� wqw��utu
��rxy �wqîu u��s wu us�{q tq ­t~� �z ��quturtq~ �� w ux�ytxu �� wqw��utu ��rxyu �� ���z � â ß���ï � �z wq| |x��t�wrt�q �� w �w�r�y ð � ��qrsxutu tu w�stx}x| �� �v�uw�v�tq~ �� w �w�r�y �� ð �����{x| �� wvvy�vytwrx tq�rxyv��wrt�q ��rxyu 	� ���� ­�y �}xyuw�v�x| ��rxy �wqîu�ç�­�u� {trs ð � ïz {st�s wyx ��qut|xyx| sxyxz rsx
��rxyu �� ��� wq| 	� ��� �wq �x xà�txqr�� |xut~qx| wq|
t�v�x�xqrx| �wux| �q rsx ��|��wrt�q �� w utq~�x vy��r�r�vx ��{vwuu ��rxy� pq ��y {�yîz {x x�v��� rsx ~xq�xyw�tux| |tu�yxrx ­��ytxy rywqu��y� ��§­�� ��y ��|���wrt�qz {st�s w|�tru w urywt~sr��y{wy| |xut~q w���y|tq~r� ��¤�� �u wq x�w�v�xz rsx �w~qtr�|x �swyw�rxyturt�u��y 
� ���
� ��� �� ��� �� wq ç�­� {trs ï â �¤ wq|
ð â �¢ �utq~ w ��rxy �xq~rs �� �� â ¢¢¬ ��xà�txqru tu
~t}xq tq ­t~�  � ��rx rswr rsx yxu��rtq~ u���wq| ut~�qw�u wyx ���v�x� }w��x|z wq| rswr ��y yxw� }w��x| wyyw�ut~qw�u rsx us�{q ï�  â ¬ u���wq|u wyx ���v�x� ��q�æ�~wrx }xyut�qu �� rsx yx�wtqtq~ �wq|uz {st�s wyx rsxyx���yx yx|�q|wqr wq| �wq �x ��trrx| �y�� vy��xuutq~�
ÊÏ� léÖÖÔ×Õ kØÔÙÚÓÒÙØÒ
�sx ����î |tw~yw� �� w urwq|wy| u���wq| �xw����y�xy vy��xuutq~ ��x| wvxyr�yx wyyw� |wrw tu us�{q tq­t~� ¡ �¬z �¦�� �sx wqw��utu ç�­�uz �w�x��x| jz |x����v�ux rsx �y�w|�wq| wyyw� ut~qw�u tqr� u���wq|u� �trstq
xw�s u���wq|z wq tq|xvxq|xqr �y�w|�wq| �xw���y�xyzsxyx x�x�v�wyt�� w ���z tu �vxywrx|� �sx �xw���y�xy
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­t~�yx ¢� §tyx�rt}tr� vwrrxyq �� �xw���y�xy {trs ��x|wvxyr�yx�

��rv�ru ��y� rsx �wutu �� w yx��qury��rx| �����wq| �xw����y�xy ��rv�r �� �xwqu �� w u�qrsxutu ç�­� |xq�rx|
wu l�
�sx uvwrtw� yxu���rt�q tu yx�tvy��w��� vy�v�yrt�qw� r�

��rs wvxyr�yx wq| rsx �yx��xq�� �� rsx t�vtq~tq~ {w}x���y�� �u u��sz ��y rsx �xw���y�tq~ ury��r�yx tq ­t~� ¡zv��y yxu���rt�q tu xq���qrxyx| wr rsx ��{xy �yx��xq��txu� �stu x¥x�r tu tq|t�wrx| �� rsx |tyx�rt}tr� vwrrxyq
��������z yx��y|tq~ rsx �xw���y�xy�u ~wtq tq |xvxq�|xq�� �� rsx q�y�w�tux| wq~��wy �yx��xq�� � wq| w §ç�
�z tq ­t~� ¢z {st�s |x��qurywrxu w �xw���y�xy�u ~wtq yx�uv�qux wu w ��q�rt�q �� �yx��xq�� wq| §ç���� �}xy���xrstuz rsx u���wq| �wux| u�w�x| wvxyr�yx �xw���y�xy tutqry�|��x|�
� ÎË�ËnjÐ�lË� l�kkj�� kjlË�

lojÐË� j�Ënm�nË kËjÌÍ�nÌËn
�sx u���wq| �wux| u�w�x| wvxyr�yx ����� wvvy�w�s �uxuw |t¥xyxqr wyyw� wvxyr�yx {trstq xw�s ��rw}xz t�x� vy��~yxuut}x�� ��{xy �yx��xq�� ��rw}xu wyx vy��xuux| �� vy��



~yxuut}x�� {t|xy wyyw�u� pq |�tq~ u�z w ��qurwqr uvwrtw�
yxu���rt�q tu �wtqrwtqx| �y�� ��rw}x r� ��rw}x �¢z É�� �x
����xq�x {trs wq x�w�v�x tq �x�� ¡��z wq| ~xqxyw�tux
rsx ury��r�yx tq �x�� ¡� 
�Ï� Ë�ÔÙë�Ø
�q x�w�v�x �� rsx vy�v�ux| ury��r�yx ��y wq wyyw� �vxy�wrtq~ �}xy w ywq~x �� � â ¡ ��rw}xu �rt�tutq~ � â ¢ uxq�u�yu vxy ��rw}x tu vy�}t|x| tq ­t~� £� �sxux ��rw}xu �wq
�x yxu��}x| �� uv�trrtq~ w �y�w|�wq| ut~qw� tqr� ï â ¬
�qt��y� u���wq|u� §tu�wy|tq~ rsx §� ���v�qxqr tqu���wq| �ßz rsx ��{xur �yx��xq�� ��rw}x tu ��qrwtqx|
tq u���wq| ��z {st�x u���wq|u �  wq| �¡ s��| rsx
ux��q| ��rw}x wq| rsx st~sxur �yx��xq�� ��rw}x uvwqu
u���wq|u �¢ r� �¦� pq �y|xy r� xqswq�x uvwrtw� yxu����rt�qz rsx wyyw� wvxyr�yx tu |����x| {sxq �qx �y�� rsx
st~sxy ��rw}x ~�xu r� rsx qx�r���{xy �qx �É�� pq ­t~� £z
rsx u���wq| ��� �xw���y�xy �� �vxywrxu �q rsx ��{�xur �wq| wq| |yw{u tru tqv�r �y�� rsx �wy~xur wvxyr�yx��sx ��� vy��xuu�yu �  wq| �¡ �vxywrx �q rsx qx�rst~sxy ��rw}xz {trs rsx yx�wtqtq~ ¢ vy��xuu�yu yxuv�q�ut��x ��y rsx st~sxur ��rw}x �wq| ��}xytq~ ¢ u���wq|u��sx wvxyr�yx ut�x ��y rsx rsyxx ��rw}x �wq|u wyx� â ¡�z
� â ¤� wq| � â � � yxuvx�rt}x��z {trs � �xtq~ rsx |tu�rwq�x �xr{xxq w|æw�xqr uxqu�yu uwrtu��tq~ rsx �ytrxytw r�w}�t| uvwrtw� w�twutq~ ��y rsx u�w��xur {w}x�xq~rs��sx �ux �� qxurx| wyyw�u u��s wu us�{q tq ­t~� £ tu
x��q��t�w�z utq�x uxqu�yu �wq �x yx�ux| wq| �x vwyr ��ux}xyw� u���wyyw�uz u��s wu rsx uxqu�y ut~qw�u �	 ���z �
 ���wq| �� ��� tq rsx w��}x x�w�v�xz {st�s yx��tyxu w r�rw��� ��
��� â ¬ qxurx| wyyw� x�x�xqru� p� rsxux uxqu�y
v�utrt�qu {xyx x�ryw�rx| �y�� w �tqxwy �qt��y��� uvw�x|wyyw�z tr {���| ��qrwtq �����
�� â �¡ u��s x�x�xqru
�x��yx rstqqtq~�
�ÏÊ ÎØ×ØÒÔ�ÛìÔíÛÓ×
�u w ~xqxyw�tuwrt�q �� rsx w��}x x�w�v�xz tr �wq �xus�{q rswr rsx uxqu�y ut~qw�u qxx| r� �x |x���v�ux|tqr�

ï â  � � ���
�qt��y� u���wq|u tq �y|xy r� uxr �v w u���wq| �xw����y�xy {st�s �wq yxu��}x � ��rw}xu� ­�yrsxyz rsx ~xqxy�w�tuwrt�qu ��y ��
��� wq| �����
�� �wq �x us�{q r� ��x�

�����
�� â� � ��� � ��� ����� � ��� � � �
wq|

��
��� â ���  � �� � �����|
 �«� � �¡�
{sxyx �! tu rsx "��y �vxywr�y wq| ��|� yxvyxuxqru rsx��|����� �vxywrt�q� �trs � � wq| �¡�z {x �wq |xut~q wq
��� ��y wq� q���xy �� ��rw}xu � wq| uxqu�y x�x�xqru� vxy ��rw}x� ��rx rswr rsx ï urwrx| tq ��� tu rsx
�tqt��� q���xy �� u���wq|u yx��tyx| r� yxu��}x rsx
|xutyx| q���xy �� ��rw}xu# x�v���tq~ wq tqrx~xy ���rt�v�x �� rstu ï tu vxy�tuut��x wq| �w� sw}x w|}wqrw~xu tqrxy�u �� w�~�ytrs�t� ���v�x�tr� wq| ��q}xy~xq�x uvxx|�� wq w|wvrt}x w�~�ytrs��
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� �����wq| ��x| wvxyr�yx �xw���y�xy x�v���tq~ w ���|yt}xq �� w q�y�w�tux| �xwur �xwq u��wyx ��ª«�� w��~�ytrs� yx��tyxu w ���v�rwrt�qw� ���v�x�tr� �� ����

���rtv�� w������wrx �«��� �vxywrt�qu ��y tru ����îtq~
�wryt� wq| ��txu�xqr }x�r�y wq| ¡���¡� ��y tru w|wv�rt}x vwyrz {trs � yxvyxuxqrtq~ rsx rx�v�yw� |t�xqut�q
� t�x� rsx rwv |x�w� �tqx �xq~rs � �� rsx �xw���y�xy��stu w��y�xu r�

'�()*+,- â ����
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