
���������	��

�������
������������� �"!#!#���$�%�'&�!)(*�"+,!
-�.0/21435/2687:981�7:;*<=1?>A@B.B<=CD7E;�<F1HG*IJ7K/JLNM�O M�O -=P=PQ-SR�TULN-4VWG�XZY\[#3]1_^BC]<BG�`�<F98aQ35<F3].�7K.0bced ^H1f<hgf^Bi	7Sg d ^�9 d�j .lk)98<=m�n�35o:<FC�oK<FC5oE^�C5<�6 d 9NOqp�n�7K9	7S<=9	7sr d 981_^BC]<=7 d .H<)o:o d 14mB<F.#g#3].�k_mB<=m07K98i'Te^0i�76	nB7:1Ht
uBvxwZy{z_|_}�~ G*�BGBM*G0��G0�|W�D���Z} L=GB-�GBM*GB�BG0�
��d 6	35oE7)t ced ^H<F987s. d 6$<FC]C d�j 7N/f6 d 6U<F�=7�mB<=9�6�3].�-�.B/���p���G�3�r�g d ^l<�6	6	7K.B/*7K/H��p�� d . ~ O M�O -=P=PQ-*O
LhbJY��Fm"G*�e�W�W��b�`e9 d m�7:9	6	3]7Ki d r�i	3�k).B<FC5i�<F.B/�i	g#i�6	7K1fi:O

<)b�Y�LKm0b'IZ3�6	n j n�35oUn�a�<=C�^�7 d r���/�3]i8oE987E687ET�6	3]1�7Si	g*i�687:1
��� � �����B� �F x� � �Q¡��B� ¢)� �  x� �l£¥¤E�#¡ �¦35i�X*p�§�¨S�e;#mBC]<=3�.DO

© bJY�LKm0b'§�i ��� � ���«ª�¬­¯®�° ¬q±*²  q� �H£ ± � <4i�6U< © C]7AX*p�§³T³i	g*i�687:1´¨���;*m�C5<F3].DOoKb�Y�LKm0b'§�i ��� � ���Z q�µ£�� � <foK<F^Bi8<FC�/*35i	o:9	7:6	7:T\683�147Si�g*i�6	7K1f¨¶��;*m�C]<=3�."O
/BbJY�LKm0b�§�i·i�3]k=.0<FC  q¸º¹�»·��¼E½Q¾:¸ ² ¿ ¹�» m�7:983 d /�3]oN¨�§³rD3µ6'3]iKG j n0<�6
35i�68n�7$C]7:.�k=6	n d r�rº^�.B/�<=1�7K.Q68<FC0m07K9	3 d /À ¨
7Nb�Y�LKm0bs§�iAi	7KÁQ^�7K.BoE7  x� � �'�,¾	Â�Ãx¸EÄ¿ �"» m07K9	3 d /*3]oN¨Å§³r�3µ6A35iKG j nB<F6A3]is68n�7´C]7:.�k=6	n d r'rº^�.B/�<=1�7K.Q68<FCm�7:983 d /HÆ�¨
r8bJY�LKm0b'IZnB<F6�3]i'68n�7�rº^�.B/�<=147:.Q68<=CDm07K9	3 d /lÆ d rqi	7KÁQ^�7:.0oE7  x� � ����¼E½)¾N¸:Ç ÈB�l£JÉ"»"¡Ê¾�Â]Ã"¸:Ç ¿ �"» ¨-)bJY��Fm"G)�e�s�$��b'X*p�§ei	g*i�687:1HG j n d i	7�3]1�mB^�C]i	7s9	7Ni�m d .Bi	7�35i'Ë � � � �Ì£�Í*� �4£J¤:��¡J¢FÍ*� �4£�¢h��¡�Î)Í*� �4£HÎ�� Go d .0i�35i�6Ui d rq6	n�987:7SX*p�§�i�^ © i�g*i�6	7:1fi�Ë Ï � � � GBË

²
� � � �Å£�Í*� � �*¡Ê¢=Í*� ��£Ð¤:�B£ÑÍ*� �H£¦¢h� <F.0/Ë ¬ � � � ��Í*� �H£¥¤E�#¡ÊÍ*� �l£¦¢h� G�i�7K7�6	n�7SmB3]oE6	^�987 © 7KC d�j O

x[n] y[n]
h

h

h

1

2

3

<)b�Y�LKm0b'��;*m�C5<F3].DG�n d�j 6	n�7S3]14m�^�C5i�7S987Ki	m d .Bi	7�Ë Ï � � � oK<F. © 7A/*7K9	3]a=7N/�O
© bJY\-Fm0b�V d 14m�^�6	7_Ë Ï � � � O
oKb�Y\-Fm0b�p�n�7S3].�m�^*6�35i  x� � ���ÅÒN� Ós£S¤)Ó�¢#Ô O�IZnB<F6�3]i'68n�7 d ^�6	m�^*6 ��� � � ¨
/BbJY�LKm0bsp�n�7fi�g*i�6	7K1Õ3]is1 d /*3µ@07K/Ji d 6	nB<F6�6	n�7 © C d oU��Ë Ï 3]i�1 d a)7K/H6 d © 7f<�rÖ687:9AË

²
<=.B/�Ë ¬ Y\Ë

²<F.0/�Ë ¬ mB<F9U<FC]C]7:C�GB68n�7:.ÑË Ï 3�.�oK<=i8o:<)/*7NbEOWp�n�7�1 d /*3�@B7N/�i�g*i�6	7K1?n0<=iW3�14m�^�C5i	7_987Ki	m d .Bi�7H×Ë � � � OIZnB<F6$o:<F. © 7Ai	<=3]/�< © d ^*6�3]14m�^�C5i�7S987Ki	m d .Bi	7Ki�Ë � � � <=.B/ ×Ë � � � ¨
~ bJY�P�T ~ m"G*-�O�ØWÙAb'��.0i j 7:9NG*3µrq6	nB7�i�68<F6	7K1�7K.Q6�3]i'689	^�7fY\p�b d 9�r�<FC5i	74Y\Ú�b¯O�V d 9	987KoE6�<=.Bi j 7:9$Û�LKmDG j 9 d .�kT8LKmDG*. d <F.Bi j 7:9�PFmDO���;*m�C5<F3]. © 983�7:ÜBg teÝ z_z´Þ p�n�7K9	7S<=9	7sr d ^B9�i�6U<�6	7K147:.Q68iKG*1f<�;lm d 3].Q68i ~ O

<)bHV d .#a d C]^*6	3 d . d rB3].�m�^*6
i	3]k=.B<=C#<=.B/�3�14m�^�C5i	7'987Ki	m d .Bi	7·3].�6	3]1�7:T³/ d 1f<F3].�o d 989	7Ni�m d .0/�i�68n�7�m�9 d /*T^BoE6 d rqrº9	7NÁ)^B7:.Bo:g´9	7Ni�m d .0i�7�<F.B/HÚ d ^�983�7K9�T�6	9U<F.0i�r d 9	1 d r�3�.Bm�^*6$i	3�k).B<FC�O
© b��xa=7:9U<Fk)3�.BkÊÚq§�ßà@BC�6	7K9¦Y����_G�1 d a#3].�kÐ<ha)7:9U<Fk)7Nb�35i�<=C j <hg*ili�68< © C]7=G © 7KoK<F^Bi	7J3µ6¶o d .)6U<F3].Bi�<rº7:7N/ © <)oU�´C d#d mDO
oKb2§³rA68n�7¦<F.B<=C d kÊi�3]k=.0<FCs3]i © <F.0/�C]3�143�6	7K/DGs<=.B/�3�rA6	nB7�m�7:983 d /áC�7K.�kF68n d r�Á)^B3]oU�)7Ki�6�oUnB<=.�k=3].�ko d 14m d .�7:.Q6e35i d a=7K9x6 j'd 6	3]147Ki�C d .�kS<)i�6	n�7�i8<F14m�C]3].�k�m07K9	3 d /�GF68n�7:987 j 3�C]C�. d 6 © 7�<=.#g_<FC]3]<)i�3].�k0O
/Bb�p�n�7�9	35i�7�683�147 d r�6	nB7S@BC�6	7:9s35i$/*7:@B.�7K/¶6 d © 7A683�147A3].Q6	7:98a�<FC�G j nB7:.¶^�.�3�6si�6	7Km�987Ki	m d .Bi�7S9835i�7Nirº9 d 1%LNPQâá6 d R)PQâ d r03µ6Ui�14<F;*3�1�^�1{a�<FC]^�7=O�[Q6U<�6	7K147:.Q6 } p�n�7'@BCµ687:9
Ë � � ���Å¸��B� ãQ»�ä nB<=i�i	n d 9	6	7K9983]i	7s6	3]1�7�68nB<F.�Ë � � ���Å¸��B��¤h»�ä O

L



�#bJY ~ m"GB-�.B/H��p��·b��$.Bi j 7K9 j 3µ68nH<�rº7 j i	7:.Q6	7K.BoE7Ni:O
<)b2IZnB<F6$/ d 6	7:981fi�<F.0<FC d k0Y�^�7NbEG*/*3]i8oE987E687S<F.B/�/*3]k=3�68<FCxi�3]k=.B<=C 1�7N<F.0¨
© blIZn#g235i�3µ6�^0i�7:rº^�C�6 d mB9 d oE7Ni	i�i	3�k).B<FCD/�3�k)3µ6U<FC]C�g�¨

M)bJY��Fm"G*�e�W�W� <F.B/H-�.B/H��p��'b�X*p�§'i	g*i�687:1%35i�/*7E@0.�7K/ j 3�6	nH3�14m�^BC]i	7S9	7Ni�m d .0i�7
Ë � � � � ¸�£��B� � » ä�� � � �B£ ¸�£��B� � » ä ° Ï � � ��£¥¤E�

<)b�Y\-Fm0bSV'<FC5oE^�C5<�687�<=.B/�/�98< j 68n�74a�<FC]^�7Ki d r'3�14m�^BC]i	749	7Ni�m d .Bi	7=G j n�7K. �Ð��£$¢���� Î G�<F.0/�i	�=7:68oUn6	nB7Sah<=C�^B7Ki�<FmBm�9 d ;*3]1f<�6	7KC�g j nB7:. �¶���B�]��¤N� O
© bJY\-Fm0b'IZnB<F6�3]i'68n�7�rº9	7NÁQ^�7:.Bo:g´987Ki	m d .Bi�7�� ¸	��

� » d rx68n�7Ai�g*i�6	7K1f¨
oKb�Y�LKm0be[#�)7E6UoUn�� � ¸���

�D» ��3�.f9U<F.�k)7 �B��� É O�§�i�6	nB7�i�g*i�6	7:1 d r�6�g#m07�C d�j mB<=i8i
>$n�3]k=n�mB<)i	i
> © <F.B/*m0<=i8i> © <F.0/�i�6 d m0¨
/BbJY�LKm0b�V'<FC5oE^BC]<F6	7s6	n�7Ao d 989	7Ni�m d .0/*3�.Bk�/*3���7K9	7K.BoE7S7NÁQ^B<�683 d .l^Bi	3].�k  x� � � <F.B/ ��� � � O

�QbJY��Fm"Gq�
�W�$� <F.B/�-F.B/���p��'bAXD7:6�^Bi��#. d�j <�o d .Q6	3].Q^ d ^Bi�T\683�147´i	3�k).B<FC  x¸�¹�» G j n�35oUn�o d .Bi	3]i�68i d rr d ^�9$o d i	3�.B7Ao d 14m d .�7K.Q68iKGB<F.B/H3�68iWÚ d ^�9	3]7:9�i	m�7Ko¯689	^B1�� � ¸����·» � G j n�3]oUnH35i$/*7Km�35o¯6	7N/H3�.H68n�7Am�35o¯68^�987© 7KC d�j O�p�nB72n�3]k=n�7Ni�6�i�3]k=.B<=C·o d 14m d .�7:.Q6_35ilL:�������)O�X"7E6_^Bi�<=i8i	^�147f6	nB<F6�m�n0<=i	7235i_P¶r d 9_7N<=oUno d 14m d .�7K.Q6KO

5 10 15 20 kHz0

|X(jw)|

<)b�Y�LKm0b'§�i'6	nB7Ai�3]k=.B<=C  x¸�¹�» m07K9	3 d /*35oK¨�§³r�3µ6�35i:G j nB<�6�35i'6	n�7�rº^B.B/�<F147K.)6U<FC rº987KÁQ^�7K.BoEg d r"68nB<�6¯¨
© bJY�LKm0b'IZnB<F6�3]i'68n�7Ai�1f<=C�C]7Ki�6�i	<=1�mBC�3].�k�rº9	7NÁQ^�7:.Bo:g=G j nB7:987s. d <=C�35<=i	3].�k�7:;*3]i�68iU¨
oKb�Y ~ m0b'§ . d 9U/*7:9'6 d ^0i�7A<4/*3]k=3�68<=CD<Fm�m�C]35o:<�683 d .268n�7Ai	3�k).B<FC  q¸º¹�» 35i�i	<=14m�C�7N/ j 3�6	n

��� � ¤N¢F�)�=� ���)OÌ[#�)7E6UoUnÐ68n�7�i	m07No¯689	^�1�� � ¸���

��» � d rW68n�7�i8<F14m�C]7K/ i	3�k).B<FC  q� � � 3�. 9U<F.�k)7
���]�]�  )�=�=� ���)O

/BbJY�LKm0b�p�n�7S3].Q6	7:987Ki�6	3].�k © <=.B/lr d 9�6	nB7A<Fm�m�C]35o:<�683 d .l35i ¢)�F�=�B���]� �=�F�)� ���)Oe��;*m�C5<F3]. © 9	3]7EÜ0g j 3µ68n¶<o d ^�m�C]7 d r"i	7:.Q687:.Bo:7Ki�68n�7Wi	3µ68^B<�683 d .´<�rÖ687:9·i8<F14m�C]3].�k_<F.0/�6	n�7W3�.*Ü0^�7:.Bo:7 d r�68n�7$nB3�k)n*T\rº987KÁQ^�7K.BoEgY�LK�4�!�"�Nb�o d 14m d .�7:.Q6NO
�=bJY��Fm"G*�e�W�W� <F.B/H-�.B/H��p��'b$#&%�')(�*,+.-/%!0�+.1)%32´Ý�-42&576

���sb�X*p�§·i	g#i�6	7K1%35i�/*7E@0.�7K/ j 3�6	n¶/*3���7K9	7K.BoE7�7KÁQ^B<F6	3 d .
��� � � �á��� �� x� � �#¡Ê��� �� x� �2£ ¤:�

<)b�Y�LKm0b$8W98< j 6	n�7 © C d oU�2/*35<Fk)98<=1 d rqX*p�§�i	g#i�6	7K1HO
© bJY�LKm0bDp�nB7·i	g#i�6	7K1Åo d 14m�^�6	7Ki"6	nB7
147K<=. d r*6 j'd C5<�6	7Ni�6qi	<=1�mBC�7Ni:Ox§�iD68n�7·i	g*i�687:1 d r*6�g#m�7
C d�j mB<=i8i>_n�3]k=n�mB<)i	i$> © <=.B/�i�6 d m¶> © <=.B/*mB<)i	iU¨
oKb�Y\-Fm0b�ß�7Km�C]<)oE7'7K<)oUn�/*7KC]<hg j 3�6	nf<s/ d ^ © C�7�/*7KC]<hg)OxIJ983µ687�/ d�j .�<W1 d /�3µ@B7N/4/*39� 7:987:.0oE7�7KÁQ^B<F6	3 d .<F.0/2rº987KÁQ^�7K.BoEg29	7Ni�m d .Bi	7:� ¸���

�D» ¨
/BbJY\-Fm0be[#�)7E6UoUn46	n�7�1 d /*3�@B7K/;� � ¸	�<

�D» ��3].´98<=.�k=7 �B��� É O�§�i�6	nB7�1 d /�3µ@B7N/fi�g*i�6	7K1 d r�6�g#m�7�C d�j mB<=i8i>_n�3]k=n�mB<)i	i$> © <=.B/�i�6 d m¶> © <=.B/*mB<)i	iU¨

�>=�blI�983µ687�/ d�j .�<=.�7Ni	i8<hg d r0rº9	7NÁQ^�7:.Bo:gQT³i	7:C]7KoE6	3]a=7�X*p�§³T\@BC�6	7K98i�<=.B/_@BCµ687:983�.Bk d ._68n�7 © <)i�35i d r�6	n�7�o d ^�9Ui�7)Op�n�7_1f<�;*3]1_^�1ÕC]7:.BkF6	n d r�68n�7�7Ni	i8<hg�3]iW6 j'd mB<=k=7Ki j 3µ68n�C]3].�7�i	mB<)oE7 d re6 j·d4? 3�C]C]^Bi�6898<F6	3 d .BiWo:<=. © 7/*98< j .26 d o:C]<=9	3�rºg46	n�7�687E;#6KO

-


