
���������	��
����������������	����������� �"!#��$&%'��()% !#�'�"!#�	*+���
,"-".�/10325416�798;:	7)< :	:	2>=?417A@CB?- B?- ,1D1D ,;E�FG@C,AHI=?JLKNM"23OQP?05RS="T�RVUW. 2XRV25<?7Y<[Z\ /10325416'417Y7Y]W]	R�8C:	7Y< :	2X]	]W/;]WR1RQ4^/^_ :	:W/1/Q`1UGR1RVa[]�:WRQ05R']�4�25<':GR?-"b�RVP?05P?416'2c:GRd61e?7Y25]	7)0505RQfSR1f[7YU	25030XRQFg4�/^_':G/d<?2323:W/
e�_�.^/14"]�7C]�2>h
i&jlk?m?nNoqpsr&tsu?v ="wS=sB"=?x?=[yz t {}|Y|Yo�u @1=S,?=SB"=SxS=[y
~ PS61O�h[,"-".�/10325416'417)7C]�7Y7)<�7Y2&61057�6']WRV05032X]�:	P?OA2X]�6'234'7)P":	:WR?=C��6 ]�61<�610503P":�.�/10325416'417)7C]	]WR v - B?- ,1D1D ,"-

@^Z�K�xVf#=?b����b�b���Z�M"23`'<SR1R103257)<9��R���/VUN��7Y]�:	7)05OA237Y<�6'OA23<SR125]	P?PS�?7�:
R'Z�K�@Yf[Z���25030X/d.�RV4�236'<���RVUW.161050XRQ�"2X]	4 UW7)7):�:W25R1234�RV25<?7Y<;��/VUN��7Y]�:	7Y03O�/

��� �}�����S� �V�l� �}� ���S�  '� � �l� ��¡£¢���� �¤6'<�J"b��¥F5��/VUN��7Y]�:	7Y03O�/ ¦�T�7YU	P[]�:W7)0571-
§ Z�K�@Yf[Z�¨I<?4'6 ��� �}�}�ª©�«¬®�¯ «l°"± ��� ��¡ ° � ]�:WR § 2325032lJ"b��¥F3��/1U���7C]�:W7)05OA/ ¦�T�7)UWPS]�:W7)0571-
² Z�K�@Yf[Z�¨I<?4'6 ��� �}�}�L���c¡��}� 4�R1PS]	R'RV0523<S7)<��"25]	4�U	7Y7�:	:	2XRV254^R123<S7)<Q��/VUN��7Y]�:	7)05O�/'¦�T�7YU	PS]�:	7Y037'-
�SZ�K�@Yf[Z�¨I<?4'6d]	23`'<SR1R1032 ��³q´�µ��¶�· ¸)³ ± ¹ ´�µ ��R14�]	61050523<?7Y<[¦»º'6']¼61<#=?OA234�/d61<�f[7YU	P[]q��R14�]	61<�½¾f?2c:WP?PS]G¦
7CZ�K�@Yf[Z¨I<?4'6»]�7Y4 .'7)<S]W]	2 �l� �}���L¸	¿5À#³�Á¹ �#µ ��RV4"]	61050325<?7Y<[¦�º'6']�6'<&=VOA254^/;61<Af[7YU	P[]q��R14�]	61<AÂÃf?23:	P?PS]G¦
Ä Z�K�@Yf[Z���254�/A61<�]�7Y4 .'7)<S]W]	23< �l� �}���L¶)·'¸Y³)Å Æ"��¡�Ç#µ#��¸	¿5À#³)Å ¹ �#µ fs7)UWPS]���RV4"]	61<�ÂÈf?23:	P?P[]W¦

,'Z�K�xVf#=Vb����b�b���Z�J"b��¥F5��/VUN��7Y]�:	7Y03O�/?=W��6'<?4�RI25OAf?P?0X]	]	25.^R']�:W7�61<�É � �}�}�Ê¡�Ë"� ��¡�¢)�G�� VË"� �I¡� ^�G�ÍÌ1Ë"� ��¡dÌV�416�6']�:	P?P�416'03OA7Y]�:WRAJ"b��¥F¥6']WR���/1U���7C]�:W7)05OA/']�:G/9É}Î � �}� =[É
±
� �}�}�Ï¡�Ë"� �}���Ð VË"� ��¡Ð¢)�S¡�Ë"� ��¡Ñ �� ��RÉ « � �}�}��Ë"� ��¡£¢�����Ë"� ��¡¤ ^� 4�P?.�RV<�OQP?4�RV2X]�7C]�:W2N-

x[n] y[n]
h

h

h

1

2

3

R'Z�K�@Yf[Z�Ò�7)UWUW6S=�OA230505/Q:GR^.^R1030XRd.16'2c:�UGR�:	4�R125]�:WRQ23OAf?PS05]W]�25.�R1]�:	7Y7)<�ÉsÎ � �}� R1U	.'61<&-
§ Z�KN,Vf[Z�J#R']�4'7�É}Î � �}� -
² Z�KN,Vf[Z�¨I05416�61<�]�_'ÓV:�:W7)7Y<S/ �l� �}�}�ÕÔ^� Ö�¡»¢1Ö� �× -?��254^/d6'<�.�R1]�:	7 ��� �}� ¦
�SZ�K�@Yf[Z�º /VUN��7Y]�:	7)05O�/1/QOA6��?2caS6'25�SR1RV<�]	2c:W7)<&=?7):�:G/A036'e?416�É}Î�]	2523UWU	7):W/'/V<�]	R1U���R'RV<�É

±
u <d��R�É « u <�UW23<?F

<SR1<?4�_':W417Y<?<S/V<Ñ��/1034'7)7Y<&=#��6'03056125<L416'416���/1U���7C]�:W7)05O�/1/ÑOA7)UW4�2c:G/1/V<ÙØÉ � �}� u 030X/?-���23:W/�.16123:�]WRV<S6'R
25OdfSP?05]W]	23.�R1]�:	7Y25]�:WR�É � �}� ��R�ØÉ � �}� ¦

v Z�K�D�F v f#= ,"- \ Ò;Z \ R1]�:WR'R?='61<?4'6;.�/V23:	7�6125417)25<�K>¨�Z.�RV2s.�/1/VUW25<ÚK \ Z®-S¨I234'7YR».�R']�:GRVPS]�ÛQ@)f&='.�/1/VUG/�FG@)f&= 7)2
.^R']�:GRVPS]�:WRdDVf#-"T�7YU	P[]�:W7)057»03_�e�_17C]�:W2N-"Ü�Ý�Þ�ßáà \ /V23:�:W7)23:W/d61<�<?7Y0 ��/S="O�RV4"]�25OA23fS25]�:	7YOA/'/VUG/94'6105OA71-
R'Z�â�254�R�:GR1]	61<�25OAf?P?0X]	]	23.�R']�:W7)7)<Í��RÍ]	25]W/1/1< :	P?056']	23`'<SR1R10325<�416'< .'6105P?P":W236�.�R']�:GR1RA:GR1R���PSPS]�.�R']�:W7)7)<���R

]	25]W/1/1<':WP?056']	23`'<SR1R10325<Íã?6'P?UW237YU�F¥O9P?PS<?<?614"]	7)<�4'7)U	:	6'05R']�4�PSR;:WR1RV��P?PS]�:WR']�6 ]	]WR?-
§ Z�Ò�7Y]	4�25R1U	.'612X]�:GR^.�Rdã���ä�Få]	P?6"�"23<£K���â9=}Od6�.�25<?`�R^.'7)UGRV`'7CZ¼61<�RV25<SRÍ]�:WR § 2523052N=s416 ]�4�R�]�2523<[/�61<Ú:WRVF

4�RV2X]�25<?4�_ :	4'7)< :W/S-
² Z�º'6']�RV<SR1036'`125<?7)<9]	25`1<SR'RV052'6'<94�RV2X]�:GRVUGR���6'2c:W7�:�:WP���R�]�7Y<9<?6'f[7Y2c:W7)<9OQP?P":	:	P?.�RV<d416'OAf[6'<?7)< :	25<���R14 F]	61<»f?23:	P?P[]#6'<;_�032'4^R14"]�2'417)U	:WR'R�<?2523<;fS2c:W4^/�4�P?23<9<S/^_ :�:	7Y7)<?61:�:W6�.^/1032>=)]	23`'<SR1R10325<�<S/^_ :�:W7)2X]�:�_�4"]�7C]	]W/

7)2&:WRVf[RVe :	P�05R']�4'6']�:	P?OA2X]�:GR�KNRV0525R']�25<?`�Z®-
�SZ�M�P?61:	25OA7)<�<S61PS]	PSRV254�R�61<ÐO�/1/VUW23:	7)03:�_ÑR���RV4"]	2N=S��614�R�4�P?05P?P£R1]	417)05.�R1]�:	7Y7)<¤<?6'PS]�:W7Y]W]	R�@YD æ u ]�:GRE1D�æ u 2523<AO�RV4"]	23OA2XRVUW.16 ]�:GR1RV<#- \ /V23:	7 u M�P?6V:W23OA7Y030XR;É � �}�}�ç³��S� è µ�é 61<A03_�e�_17YOAf?2?<?6'PS]�P[RV254^R�4�P?25<É � �}�}�ç³��S�3¢^µ�é u 030X/?-

@



w�Z�K v f#=S,"- \ Ò;Z \ R1]�:WR'RQOQP?P":GRVOA23050XRQ.�25U	4�4'7)25030X/Q]	7)PSUWR'R^. 2525<Í4�_"]�_�O9_�4"]	2325<&-
R'Z���23:W/d:GRVUW416123:�:GR^.�R�:¼:	7)UWOA2c:�R1<SRV0561`'23<?7Y<&="�"2X]�4�UW7)7�:	:	2"��RA�"25`123:WR'RV0523<S7)<�]�25`1<SR'RV052X¦
§ Z���23:W/Ae�_1Ó1:�_'/961<�]�25`1<[R1RV0525<Í4�/1]	2c:	:	7Y037YOd2X]	7Y]�:W/A�"25`123:WR1R1032X]	7Y]�:	2 ¦

B'Z�K�xVf#=?b����b�b��l��R�,"- \ Ò;Z¼J"b��¥F5��/VUN��7Y]�:	7)05O�/d61<�OA/'/VUW2c:W7)03:�_�23OAf?PS05]W]�25.�R1]�:	7Y7)<�R^.�P?030XR
É � �}�}�ç³�¡��S� � µ é�� � �}�S¡ ³�¡��S� � µ é ¯ Î � � ��¡£¢��

R'Z�KN,Vf[Z�JlR1]	417¼��RAf?2523UWUW/d25OAf?P?0X]	]	23.�R']�:W7)7)<�R1U	.'6V:Y="4�P?< �Ú�ç¡� "�5� Ì =^��RAeSRVeSOd61:�:W7)0579]�2505OA/1O�/1/VUG/V23F
]	7Y]�:	2#R1U	.'6V: �����S�5�3¢C� -

§ Z�KN,Vf[Z���254�/A61<Q��/VUN��7Y]�:	7)05O�/V<�:WR'R���P?PS]	.�R1]�:	7�� ³	��
�&µ ¦
² Z�K�@Yf[Z ~ RVeSOd61:�:W7)057�� � ³	� 
� µ �'.�/V0525030X/ �S�3� Ç -S¨I<?416���/1U���7C]�:W7)05O�/»:�_�_�f?f?2X/QR10325fS/1/']�:WÓd8�_�0523f[/1/1]�:	ÓA84�RV2X]�:GRV<?f[/1/1]�:	Ó�894�RV2X]�:GRV<?7C]�:W6 ¦
�SZ�K�@Yf[Z¼�]	2c:G/���/VUN��7Y]�:	7Y03O�/1/Q.�R1]�:WR'R^.^Rd�"2��s7YU	7Y<S]W]�25_�e':G/V05Ó ��� �}� u <Q��R ��� �}� u <�R^. PS030XR?-

x Z�K�xVf#=Sb����b�b�����R�,?- \ Ò;Z�b#P?<S<?7�:GR1RV<d��RV:	4�P?.�R�FåRV254�RV25<?7)<�]�25`1<[R1RV052 �l³�´�µ =1��614�RA416�6']�:	PSP�<S7)0 ��/1]�:W/d4161F
]�25<?254161OAfs61<?7Y< :	2X]�:GR?=^��R�]	7)<�ã?6'P?U	257)U	F¥O9P?P?<S<?7�:	:	P�]�fs7)4 :	UW2�� � ³���� µ � =���6'4�RA61<�4�P?.�R�:�:WP�RV0505RA6'037Y.^R']	]WR4 PS.^R']	]WR?- Ò�6'U	4'7)25<�]�25`1<SR'RV05234'61OAfs61<?7Y<':	:	2[61<�@Yw94 ~�� -"¨I057�:W7�:WR'RV<&= 7�:	:W/Q.�RV25e?7)25< Ä 61UWO�R1RV:	256;61<�<S610505RS-

5 10 15 20 kHz0

|X(jw)|

R'Z�K�@Yf[Z�¨I<?4'6d]	23`'<SR1R1032 ��³q´�µ ��R14�]	61050523<?7Y<[¦»º'6']�6'<&="OA234�/A61<�]	7)<�f[7YU	PS]�:WR'R���P?P[]W¦
§ Z�K�@Yf[Z���254�/A61<�f?237Y<?25<�<[/^_':	:	7Y7)<?61:�:	61:WR'R���P?PS]Y=C��610505Rd7Y2�:WR1fSRVeS�?P�0XR1]	416 ]�:WP?OA25]�:WR�K�R1032XR1]	23<S` Z�¦
² Z�K v f[Z¼�gUG/1]�:W/A�"25`123:WR'RV0525]�:WRd]�6�.'7)0503P[]�:GR9.�RVU	:	7Y<�<[/^_':	:	7Y25]�:	7):W/1/1<�]	23`'<SR1R1032XR �l³q´�µ :WR1RV��P?PS�"7Y030XR

��� � ¢C 1�1�'� ~�� - ~ R1e?OA6V:	:	7)057�<S/^_ :�:W7)2X]�:W7�:�_�<Ñ]�25`1<SR'RV0523< �l� �}� ]	f[7Y4 :	UW2�� � ³	��
�}µ �s:WR'R���P?PS4�]	25030XR
�?�5�5� �'�1�1� ~�� -

�SZ�K�@Yf[ZgM�6�.'7)0503PS4�]	7)<A4�RV<S<SRV03:WR�4�2523<?<S6']�:WR^.�R�4�RV2X]�:GR�61<  1�1�1�S�3�5� �'�V�'� ~�� -'Ò�7YU	UW6�fSRVUW25030XR�.�23UW4�417)7Y030X/<S/^_ :�:W7)2X]�:�_�4"]	7)<���/1034'7)2X]�7C]�:G/�:W230XRV< :W7)7Y]�:WR9��R�416'U	4'7YR�:GR1RV��P?25]	7)<�4'61OAfs61<?7Y<':W23<£K�@Yw�4 ~�� Z�.�RV254 P?F
:	PS4�]	7Y]�:WRS-

y1Z�K�xVf#=?b����b�b��l��R�,"- \ Ò;Z��! o	"}|Cr&t#"}|Yrso	$Ct#$)|Co&%CrSpsr(' |  o*)�j
y�â�Z�J"b��¥F3��/1U���7C]�:W7)05OA/Q61<�O�/1/1U	23:	7Y0c:�_Í�?2+�}7)UW7)<S]W]	23_�e :W/103Ó'030X/

��� �}�}� �?� ���l� �}�����?� ���l� �Í¡ ¢)�
R'Z�K�@Yf[Z¼Tg2523UWUG/dJ"b��¥Få]	P?6V:W23OA7)<�0561e?4'614�R1R^.�256S-
§ Z�K�@Yf[Zgº /VUN��7Y]�:	7Y03O�/�0XR1]	417Y7�417Y]	4�25R1U	.'6'RI4�RVeS�"7C]�:GR».�2325OA7)2X]�25OAO�/1]�:W/»<S/^_ :	:	7)7C]�:G/?-"¨I<?416���/1U���7C]�:W7)03F

O�/d:�_�_ fSf?25/AR10325fS/1/']�:WÓA8Q_�0523fS/'/1]�:	Ó�894^R125]�:WR1<?fS/'/1]�:	Ó�8;4�R125]�:WR1<?7Y]�:	6�¦
² Z�KN,Vf[ZIÒ�6'U	.�R1R���6'4�RV25<?7)<�.�2523.'794�RV4"]	23<S417)U	:WR125]	7)050XRA. 2525.17)7Y030X/?-}Ò�25U���6'2c:GR��"2��s7YU	7Y<S]	]	25_ e :G/V05Ó�P?PS�"7C]�F:WR'RV<Q��RA7Y]	2c:G/dOd6"�"23aS6'25�"PS<Q��/1U���7C]�:W7)05O�/V<�:WR1RV��P?PS]	.�R1]�:	7�� ³	��
�&µ ¦
�SZ�KN,Vf[Z ~ R1e?OA6V:	:	7)057»OA6"�"2ca[6123:	P,� � ³	��
��µ �".�/10325030X/ �?�5� Ç -}¨I<?416���/VUN��7Y]�:	7Y03O�/Q:�_�_�f?f?2X/dR10325fS/'/1]�:	Ó�8

_�0325fS/'/1]�:	Ó�8Q4^R125]�:WR1<?fS/'/1]�:	ÓA894�RV2X]�:WRV<S7Y]�:	6 ¦
y.-�Z�Ò�23UN��6123:WR�4'7).�/1/1<�4�P?UG]	]	23<Úf[7YU	PS]�:	7Y7)0505R�7Y]W]	7)7;:GR1RV��P?PS]W]�7Y037Y4':W2325.�25]	2X]�:G/�J"b��¥F¥]	P?61:	25Od2X]�:WR»��R�]	P?6"�?R�:WP?4 F]�7C]�:GR?-?�]W]	7)7)<�O�RV4"]	23OA25f?23:	P?PS]�4�RV4"]�2l]�25.�PSRAU	25.�23.�/10325030X/d4�RV4"]�20/S]	7)05.17Y<':G/^.�25/d4�P?.�25RA.'612&fS2325U�:G/1/���6'P?4 F

416�61<&-

,


