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)�<�� )�WVXFK *O:N!#��$�69$@(+*OH0$%6#$@1�Y'&*-�#�#7 $46Z(9� ~ *0��B��9� 3�T ~"8i~ 3�15. ~ �#� '�7 !#$46 �������������������������������������������2$9$
)�<�� $�WVXFK�*O:"!9��$ 6#$2(+*OH0$469$@1 Y'&*-�#�97G$%6/(#� ~ *0��� ~ � � � 3�$ ~ 6 ~ 1 ~ .�!9�GH-$ '�7 !#$46�&��G!9� � % (+*5$
� (+� $435!9� � 8 � � � 3�$ ~ 6~ 1 ~ .�!9� H0$&'�7G!9$46�&�� !#� $ % (+*5$
� (+� $435!9�������������������������������������������������������������������������2$ .
$�< � " *03�7 � 3�$ ~ 6 � 35!#$46 : $469$43�(+$'( ~ 3�(+$47 7 ~ !#� *-3 ���������������������������������������������������������������������2$ �$�<�� X5� 3�$�& ~ H0$�(+*0696#B�.�!9$@1 8V� (9� ~ *0!9�S(M3�*-� �#$"15$469�GH-$@1 : 6#*-, !9��$�� *-6#$43
	�� � �#!9$4, ������������������������������� .9%$�<�� WVXFK � � ~ � � *O&�. ~ �#� '�7 !9$46#$@1 �#� T03 ~ 7�� �! � � 8 � � ~ 3�1C. ~ �9�&'�7 !#$%6#$@1 �9� T03 ~ 7����# � ��������������������������� .9%$�< ) [MH0$46 ~ T0$�,'B�!9B ~ 7�� 35: *-6#, ~ !#� *03 ��� 
 � ����������������������������������������������������������������������� .p�$�<�$ WVXFK � � ~ � KM*O&�3�� ~ ,/.�7 $@1I�9�GT-3 ~ 7�� �! �� � � 8 � KM*O&�3�� ~ ,/.�7 $@1I�9�GT-3 ~ 7�� �# �� � ����������������������������� . �$�< . � 35!#$%6#.�*07 ~ !9�G*-3 ~ 3�1 8x~ 3�1C. ~ �9� '�7 !#$469�G3FT ������������������������������������������������������������������� . �$�< � PN696#*-6��#� T03 ~ 7���� �! �� � * :Q!9��$"7 � 3�$ ~ 6 ~ 1 ~ .�!9�GH-$����#Y '�7 !#$%6 ������������������������������������������������� . �$�< 0 � �G3F$ ~ 6 '�7 !9$46#� 3�T1������������������������������������������������������������������������������������������� . )$�< � � 3�.FB�! ~ 3�1�*-B�!#.�BF!ZX "ZY � 3 1 � &�� !#� ~ 3�$4, 8 $21�15� 3�T'15� ,/$43��9� *03'*O:C������������������������������������� . )$�< � % � 3�.FB�! ~ 3�1�*-B�!#.�BF!ZX "ZY � 3 1 � &�� !#� ~ 3�$4, 8 $21�15� 3�T'15� ,/$43��9� *03'*O:C������������������������������������� . $$�< �J� � 3�.FB�! ~ 3�1�*-B�!#.�BF!ZX "ZY � 3 1 � &�� !#� ~ 3�$4, 8 $21�15� 3�T'15� ,/$43��9� *03'*O: ) ����������������������������������� . $$�< � ��� 3�.FB�! ~ 3�1�*-B�!#.�BF!ZX "ZY � 3 1 � &�� !#� ~ 3�$4, 8 $21�15� 3�T'15� ,/$43��9� *03'*O:C$������������������������������������ .9.$�< � ��WVXFK ��\>*0696#B�.F!#$@1 3 ~ 6#69*O& 8x~ 3�1/�9� T03 ~ 7�* :R� 35!#$%6#$4�9!Z� 3 (9� ~ *0!#� (M3�*-�G�9$<������������������������������������� .9.$�< � )�� 3�.FB�! ~ 3�1�*-B�!#.�BF!ZX "ZY � 3 1 � : *06Z1C��
 $469$435! ���#Y '�7G!9$46�7 $43�T-� !9� ����������������������������������������� .��$�< � $�" *03�7 � 3�$ ~ 6 � 35!#$46 : $469$43�(+$'( ~ 3�(+$47 7 ~ !#� *-3/B��9�G3FT ~ �0B ~ 35!#� �#$%62������������������������������������������������� .90$�< � . WVXFK ��X5� 3�$�& ~ H0$Z� 3 (9� ~ *-!#� (M3�*0� �9$:����������������������������������������������������������������������� .��$�< �F� ��� ,/$��9$46#� $4�
�VX5� T03 ~ 7����# �� � ~ 3�1 �-B ~ 35!9�G�9$@1��#� T03 ~ 7 � 1C*0!#!9$@1 � ��� �! �� � ����������������������������������� .��$�< � 0 WVXFK � � ~ � X5� T03 ~ 7�� �! �� � � 8 � 
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. < � X5*-B�3�1I& ~ H0$4� : 69*0, *0B�!>*O:�.F� ~ �9$Z*0.�$46 ~ !#� 3�T ~ (E*0B��9!#� (��9*0B�6+(+$4� � ~ � � *O&A: 6#$ �-B�$%3�( � { T07 * 8i~ 7�15$%�#!#69B�(+!9�GH-$

� 35!#$46 : $469$43�(+$ � 8 � ] � T0�': 6#$ �-B�$43�( �e{ 7 *C( ~ 7 � �#$@1�15$4�#!96#B�(E!#� H0$ � K � ~ 3�1/(+*-3��#!96#B�(+!9� H0$ � \ � � 35!#$46 : $46#$%3�(+$2����� 09%
. <�� [�(+!#� H0$�3�*-� �#$�� � �#!9$4,�B��9�G3FT": $%$@1 8x~ (#? (+*-35!#6#*-7 ������������������������������������������������������������� 0p�
. <�� [�(+!#� H0$�3�*-� �#$�� � �#!9$4,�B��9�G3FT": $%$@1-: *-6#& ~ 6=1 (+*-35!#6#*-7 ��������������������������������������������������������� 0p�
. < ) �F$4$@1-: *06#& ~ 6+1 (+*035!#69*07 � 3 ~ 1CB�(+! ��������������������������������������������������������������������������� 0 �
. <�$ � 7 *C(9?/15� ~ T06 ~ , *O:Q!9��$�[�"M\�� � �#!9$4, &��G!9� (+*-35H0$435!#� *-3 ~ 7 ~ 1 ~ .�!9� H0$ ���#Y�'�7G!9$46 ~ 3�1I: $4$21 8x~ (9? ( ~ 3�(E$47 7 ~ !#� *03 0 �
. < . KM$469�GH ~ !#� *03�*O: !#��$ '�7 !9$46#$@1 { D � | X ~ 7 T0*069� !#��, � � ~ � 3�*0� �9$Z( ~ 3�(E$47 7G$%6�� � 8 � (+*0, 8 �G3F�G3FT�!#6 ~ 3�� : $46N: B�3�(+!#� *03F���
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. < 0 � � 7 !#$469$@1 { D Y � X���� % '�7 !#$46�(+*5$
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% � $ �# �$ � �%� & �" � � $� & �" � �' ($�) �+* �! � �' �$ �-, % ���. ($+/ � % ���0 �$+1 �+2 �! � � % ��� � �# � �'�9���! � � % �� ~ � $ � 3 � � 8 � " | X�P43I1 � ��������������������������������������������������������������������������������� 0��

H5� � �



��� ��� ����� � ����	 ���
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. < �J� \>*-3��#!96 ~ � 3�$21�'�7 !9$46#$@1 { D Y � X�� � % '�7 !9$46 (+*5$
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. < � � | *�15� '�$21
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� (+� $435!#���
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. < � $ � 7 *C(9? 15� ~ T06 ~ , *O:N!#��$�[�"Z\ � � �9!#$4,�B��9$@1�� 3 �9� ,'B�7 ~ !#� *-3�� ����������������������������������������������� � �
. < � . � 7 *C(9? 15� ~ T06 ~ , *O:N[�"M\ � � �#!9$4, : *06Z15$469� H ~ !#� *-3/*O:N!#��$I(+*0, 8 � 3�$21'(+*035!#69*07 7 $46:��������������������������� � )
. < �F� " | X�P � 3 1 � : *06�� 15��
 $46#$%3 !/(E*035!#69*07 7 $46#��� � �# � � ) � �! , � � � � , � �# , � � � � � �-� � � � � % �� � �" � � $� � �! � � % ��$ �# �$ � ��� & � $� & � � �%* �" � � � �+2 �! � � % �+� � �# � � � ���# � � % ��� � �&. ���9�
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. < � 0 " | X�P � 3 1 � : *06�� 15��
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. < �F� [�!9!#6 ~ (+!#*-6�*O:V!#�F$L! &>*/15� ,/$%3��#� *03 ~ 7��9!#*�(9� ~ �9!#� (�3�*-3�7 �G3F$ ~ 6�1 � 3 ~ ,�� ( ~ 7�!#� ,/$��9$46#� $4� ����������������������� �&% %
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[ 15��
 $46#$435!
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� !�B��9$4� '�7 !#$46 8x~ 3�?5��� ~ �-B ~ 35!9�G�9$46 ~ 3�1 ~ 3F*03�7 � 3�$ ~ 6�,/*�15$47 <NX5� ,'B�7 ~ !#� *-3��V�#�F*O& !9� ~ !�!9��$ �-B ~ 35!9�G�9$46��#B�(4(+$4�9� : B�7 7 � , ~ �#?5�
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(+*-3 !96#*-7G7 $46'� ~ �'!#*�,�*�15$47�!#�F$ � 35H0$%6#�#$ *O:L!9��$ 7 *0B�15�#.�$ ~ ?-$46@< ����� �'7 *0B�15�9.�$ ~ ?0$%6', ~Q��8 $ 3F*03�,��G3F�G,IB�, .�� ~ �9$ ~ 3�1��
!#�F$46#$+: *06#$ �Q( ~ B��#$%�".�6#* 8 7 $4,/� : *06 ~ 7G� 3�$ ~ 6L(E*035!#69*07 7 $46@<��Q*�*OH0$46+(+*0,�$"!#�F�G�M.�6#* 8 7 $4, ~ (+*0, 8 �G3F$@1 7 � 3�$ ~ 6 ~ 3�1 3�*03�7 � 3�$ ~ 6
(+*-3 !96#*-7G7 $46��G�I15$4H5� �#$@1 ~ 3�1�� ,/.F7G$%,/$435!#$21 � 3 !9* ~ 3�[�"M\ �=(9��$4,�$0< � !"� �"�#�F*O&�3	!#� ~ !"!9��$'!#6 ~ 15� !#� *-3 ~ 7 '�7G!9$46#$21 { D � | X
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H0$%6#� '�$@1I� 3 ~ H ~ 69� $4! � *O: 15��
 $469$435!V�#� ,'B�7 ~ !#� *03��2<�����$Z(+*0, 8 �G3F$@1M7G� 3�$ ~ 6 ~ 3�1�3�*-3�7 �G3F$ ~ 6V(+*-3 !96#*-7G7 $46N�9��*O&�� ~ T-6#$ ~ !V� 3�(+69$ ~ �9$
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KM��
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15$4!9$46#,�� 3�� �#!#� (O< ����69$4$L15��
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: ;=<?>A@CBDBD@FE GDH=IKJLEM@.NO;QPSR=JT<VUTWX<ZYQPF[\GDH=<]P^JL_`R=GaNbPFBMWTGDIcHQPFBdReUT@=NZ<bWOWTGDH=IfR=UO@Cg=BD<b[*hiE ;=GaNO;jNVPFH0gk<mln<bWoNZUOGDgQ<plqPFWr>A@CBDBD@FE Wps
t HQPSUTUO@FE gQPFHQluWTGDICHkPFBd@S>vGwH`JO<bUT<bWOJxGDWxNy@CUTUOz=R=JO<pl{g|_*E Gal`<bgQPSHQlfHe@CGDWT<Cs}: ;eGwWrGwWXP}WZNZ<bHQPSUTGD@~E ;eG�NO;fGDW�<bHkNZ@Cz=H`JO<bUT<pl{GDH
H`z=[K<VUT@CzeW�WOGDICHQPSBdR=UT@=NZ<VWTWTGDH=I0PSR=R=BDGaNbPFJOGD@CH=W�sK�`Rk<b<pNO;0@cH0P}JT<bBD<bRe;=@CH=<\BDGwHe<x@cUxP}R=;QPSWT<\WT;=G�>AJ��c<b_{���d�=����[\@=l`z=BaPFJOGw@cH
WoNO;=<V[K<�GDH~P\NZ@C[\[Xz=H=GaNbPFJOGD@CHKPFReR=BDG�NVPFJTGD@cH�PSUT<�JL_`R=GaNbPFB�<ZYQPF[KReBw<VW E ;=GaNT;^WTz`��<bU�GDH�JO;=<xReUT<bWO<bHQNZ<X@S>�g=UT@`PCl`gkPFHQl}He@CGDWT<Cs
t H^<ZYQPF[KReBw<�@F>dJT;eGwW WZNZ<bHQPSUTGD@KGDW�WT;=@FE H}GDH��iGDIcz=UT<��ksD�vE ;=GaNO;�WO;=@FE W�P�WO�C<bJZNT;^@F>dRQ@FEM<bU�WTRk<pNZJTUZPFB�ln<bH=WTGDJL_^���d�=����@F>�P
HQPSUTUT@FE gkPFHQl\WTGDIcHQPFB�@S>'GDH`JT<bUO<bWTJ�hQNZ@cUTUTzeR=JT<pl^g`_Xg=UT@`PCl`gkPFHQl\H=@cGwWO<�@CU GDH`JT<bU�>A<bUT<VHQNZ<Cs
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�iGDIcz=UT<��QsD�c�'��YQPS[KR=BD< >�@CU P�WTRk<pNZJTUOz=["� H=@CGDWO<���WTGDICHkPFB�@F>�GDH|JO<bUT<VWTJp�

� GDJT;*H=@ �?¡Q¢V£A¤F¢b£ �|He@FE Bw<�l`IC<KPSgQ@cz=J�JT;=<\GwH`JO<bUL>A<VUT<bHQNy<m@cU�H=@cGwWO<xGDJ�GDW�zeWTzQPSBwBD_~PSWTWOz=[K<pl^JT@^gQ<KP}WOJT@=NO;QPFWOJTGaN�R=UO@nNy<bWTW�s
¥ @CH`¦c<bH`JTGD@CHQPSBQBDGDH=<pPSU�§QBDJT<VUTGDH=I�JT<pNO;=H=Ga¨cz=<bW�PFUO<vJT;e<bH}z=WT<pl\E ;=GaNO;K<yYnReBw@cGDJdJT;=<�GDHQNZ@c;=<bUO<bHQNZ<�@S>'JO;=<vGDH`JT<bU�>A<bUO<bHQNZ<�@cU WTRk<pNO©
JTUZPFB R=UO@CRk<bUTJOGD<bWXGDH0JT;e<K>�UT<p¨cz=<bHkNZ_jl`@c[mPSGwH�s�ªvHe<�lnGwWZPCl`¦CPSH`JoPFIc<KE GDJT;fJO;=<bWO<~NZ@CH`¦c<bH`JTGD@CHQPSB�JO<pNO;=H=Ga¨cz=<bWXGDW�JT;QPSJKP�>AJO<bU
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§QBDJT<VUTGDH=IQhSJT;=<�gQPFHQlr@F>iGDH`JT<VUT<bWOJdGDWdWTJOGwBDBQNy@CUTUOz=R=JO<plXg`_�JT;=< H=@cGDWT<Cs�5�GDH=<pPSUd[K<VJT;=@=l`WdNbPSH=H=@CJ UT<bBaPFJO< <bH=<bUOIC_�>AUO@C[ @CH=< gQPSHQl
JT@XPFHe@CJT;e<bUps�6LH\@CJT;e<bU�EM@CUZl`Wph`JO;=<v<VH=<bUTIc_K@S>iJT;=<�H=@cGwWO<v@cz=JTWOG�ln<vJT;e<vgQPSHQlX@S>iGwH`JO<bUT<bWOJ�NbPSH=H=@cJ�gk<v<ZY=R=BD@cGwJO<plXJO@�<bWOJTGD[mPSJT<
JT;e<�H=@CGDWO<mGDH=WOGal`<KJO;=<�gQPSHQl{@F>�GDH`JT<VUT<bWOJps : ;e<bUT<Z>�@CUT<*JT;e<�PcNO;=GD<b¦CPFg=BD<}WTGDIcHQPFB JO@~H=@cGDWT<*���87:9v��GD[KReUT@F¦C<V[K<bH`Jph�I|PSGDH=<pl
g`_�JT;e<XBwGDH=<�PFU�JT<pNO;=HeG�¨cz=<VWph�E GwBDB�gk<X@CH=BD_�WOz=g`©L@CR=JOGw[}PFBLs:6�> JO;=<XH=@CGDWO<XGwW�R=zeUT<bBD_�WOJT@=NO;QPFWOJTGaN�<Cs IQs�GDHQl`<bRk<bHQln<bH`JxGal`<bH`JOG�No©
PFBDBD_�lnGwWOJTUOGwgez=JT<pl]�AGLs G�s l�s �VhbJT;e<bH�JT;e<bUT< E GDBDBFgQ<MH=@�@CJT;e<bU�§QBDJO<bUTGDH=I�JT<pNO;=H=Ga¨cz=<bW�JO@�NZ@c[XgQPFJ�JO;=<dH=@cGwWO<�GDH�JT;e<�gQPSHQl�@S>nGDH`JT<VUT<bWOJps
; @FEM<b¦c<bUphcJT@=l=P�_�GDJ'GDWd�`H=@FE H�JT;kPFJd[}PFH`_�@F>iJT;e<bWT<�H=@CGDWT< ReUT@=NZ<bWOWT<bW�PFUTGDWO<M>AUT@c[ H=@cH=BDGwHe<pPFUdl`_`HQPS[KGaNbPFB`WO_|WOJT<b[\Wps ¥ ;QPF@cJTGaN
JTGD[\<�WO<bUTGD<bW PFUO<�P�JL_`R=GaNbPSB=<ZYQPF[\R=BD<�@S> PSRQ<bUOGD@nlnG�NMJOGD[K<MWT<bUOGw<VW�E ;=GaNO;KPFReRQ<pPSU�JO@�gk<�P�WTJO@nNO;QPSWTJOG�N�R=UT@=NZ<VWTW E ;=<bH}PFHQPSBD_|WO<pl
E GDJT;}WT<�NZ@CHQl�@CUoln<bU WTJZPFJTGDWOJTGaNZW���WT<b< ¥ ;QPFR=JO<bU=<c�bs
��<bJT<VUT[KGDH=GDWOJTGaNXH=@cH=BDGDH=<pPFUrgQ<b;kP�¦|GD@cz=U]NVPFH PFUOGwWO<\>AUT@c[ PSBDB��`GDHQl`WX@S>�l`G�� <bUO<bH`JKR=;`_`WTGaNbPSB�WO_`WTJT<V[KWps ��BD<pNZJOUT@cH=GaNmNyGwUZNZz=GDJTW
� ¥ ;`zQPe� WiNZGDUoNZz=GDJZ�?>D�,@,AThZ[K<pNO;QPSH=GaNbPFBFWO_`WTJT<V[KWd��<bH=IcGwHe<dH=@CGDWO<p�(>D��BCAThbWT<�PvNZBDz=JOJT<bUM��Dkz=Gal`Wo�E>w��¬,AC@cU'PF[XgeGw<VH|Jk@=NZ<pPSHGFCH=@cGDWT<�FG>D�b�HA
PFUO<X�`H=@FE HfJT@�<yYn;eGwgeGwJ�NO;QPS@CJTGaN�gk<b;QP�¦`GD@Cz=U�sI7�@CH=BDGDH=<pPSU�R=UO@nNy<bWTWO<bWKPFUO<KE Gal`<bWOR=UT<pPclfGDH*HQPFJOz=UT<Cs��e@CUrJT;=GDW�UO<pPFWO@CHfGDJ�GDW
GD[KRk@CUOJoPFH`J�JT@�PFWT��E ;=<bJO;=<bU JO;=<vH=@cGDWT<vReUT@=NZ<bWOW WT;=@cz=Bal�gQ<�[K@=l`<bBDBD<pl�PFW P�WTJO@nNO;QPSWTJOG�N�@cU�P�H=@cH=BDGwHe<pPFU�ln<bJT<bUO[KGDH=GDWTJOGaNMR=UT@S©
NZ<bWOWpsE6�>iJT;=<�H=@CGDWT<�GDWd[K@=l`<bBDBD<pl�PFWMH=@CHeBwGDH=<�PFU�l`<VJT<bUO[KGDH=GDWTJOG�NMJO;=<bH\H=@CH=BDGDH=<pPSUd[K<VJT;=@=l`WdE ;eG�NO;Kl`<VRQ<bHklK@cHXJT;=<�NZ@C;e<bUT<bHkNZ<
PFUO<x[\@CUO<�WOz=GDJoPSg=BD<�JT@}NbPFHQNy<bBdH=@cH=BDGwHe<pPFU�GwH`JO<bUL>A<VUT<bHQNy<CsG6LH�@cJT;=<VU�EM@CUZl`WphkH=@cH=BDGDH=<pPFU�[K@=l`<bBDW [}P�_XgQ<�z=WT<�l�JO@K<bWOJTGD[mPSJT<
JT;e<�He@CGDWT<�GwH\JT;=<�gQPSHQlX@S>iGDH|JO<bUT<VWTJps : ;=<bUO<Z>A@CUO<ChQPSHKGD[KReUT@F¦C<V[K<bH`J�GDHXRQ<bU�>A@CUO[mPSHQNZ<�GDHXJT;=<��87:9 [}P�_�gQ<�Rk@CWOWTGDg=BD<vE ;=<VH
H=@cH=BDGwHe<pPFU §QBDJT<bUOGDH=IXJT<pNO;=HeG�¨cz=<VW�PFUO<�PFR=R=BDGD<pl�s
6LH�BDGDH=<pPSUvWTGDIcHQPFB�R=UT@=NZ<bWOWTGDH=I}JT;e<x[\@CWTJMWTJOUoPSGwIc;`JL>A@cUTE PFUol�JT<pNO;=H=Ga¨cz=<�JT@}NbPFHQNy<bB�H=@CGDWT<r>AUO@C[ JT;=<XNZ@CUOUTz=ReJT<pl^WTGDICHkPFBi@S>dGwHn©
JT<VUT<bWOJph=GDWMJT@�WOz=g=JOUoPCNyJ JT;=<�[K@=l`<VBwBD<plrH=@cGwWO< >AUO@C[!JT;e<�NZ@cUTUTzeR=JT<pl\WOGwIcHQPFBk@F>iGDH`JT<VUT<bWOJps?;�@FE�<V¦C<bU�h`G >iJO;=<vHe@CGDWT<�GwW H=@CH=BDGDH=<pPSU
JT;e<�JO<pNO;=H=Ga¨cz=<v@S>'WOz=g=JTUZPCNZJOGDH=IxJO;=<�H=@CGDWO< >AUO@C[!JT;=<�NZ@CUOUTz=ReJT<pl}WOGDICHQPSBQ@S>iGwH`JO<bUT<bWOJvl`@`<bW H=@cJ�EM@CUO� s ¥ @CHeWTGal`<bUMJT;=<�>A@cBDBw@FEM©
GDH=I�<ZYQPF[KReBw<�WT;=@FE H}GDHm��GDICzeUT<��QsJ<=s���GDUTWTJOBD_|h=l`<y§QH=<

K ��L��NM H=@cGwWO<���NO;QPF@cJTGaN�R=UT@=NZ<VWTWo�
% ��L��NM WTGDIcHQPFB�@S>'GDH`JT<bUO<bWTJ
O �PL��QM @CgeWT<bUO¦C<pl}WOGDICHQPSB

: ;=<�JT<VUT[KW GDH\JT;=<xNO;QPS@CJOG�N�R=UO@=NZ<bWTW�PFUO<�UT<bBaPSJT<pl\g`_KJO;=<�GwJO<bUoPSJTGD¦C<�[}PFR
K ��Lx�q�p�NR S�� K ��L��T� ���QsD�p�

PFHklKWOGDHQNZ<GS�[XzeWTJMgQ<�H=@cH=BDGwHe<pPFU JO@xIc<bH=<bUZPFJT<XNO;QPF@cWph`GDH}IC<bHe<bUoPSB
S�� K ��L��i� % ��L��T�UTR S�� K ��L��T���VS � % ��L��T� ���QsJ<C�

JT;e<bH�JT;e<�UO<bWTGal`zkPFBiReUT<pl`GaNZJOGD@CH}<bUTUO@CU�E GwBDBkgQ<
W ��L��NR K �PL���� % �PL���MXS,Y�Z�[ \�]_^C� K ��L`M ����� % �PL�M �p�T�
W ��L��NR S � K �PL�M �p�O��� % ��L���MaS Y,Z�[ \�]�^ � K �PLbMj����� % ��L`M ���T� ���Qs «C�
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��GwIcz=UT<��ks <e��7�@CH=BDGDH=<pPSU�WOGDICHQPSB�R=UT<plnG�NyJTGD@CH

: ;=<�ReUT<pl`GaNZJO@CU�E GDBDB�@CH=BD_mNVPFHQNZ<VB'JO;=<XNT;kPF@CJOGaNvHe@CGDWT<�<y� <pNyJTGD¦C<bBD_`hkE ;=<bH�JO;=<xWOGDICHQPSB�@F>dGDH|JO<bUT<VWTJ % �PL�� GDW�¦C<bUO_mWO[mPSBwB�NZ@c[X©
RQPSUT<pl}JO@XJT;=<rH=@CGDWT< K �PL��Vs t [K@=l`G�§ NVPFJTGD@cHXJT@mNyGwUZNZz=[X¦c<bH`J�JO;=GDWvUT<VWTJTUOGaNZJTGD@CH^E�@cz=BalXgk<�JT@�>A<V<pl`gQPcNT�}JO;=<xl`<bBaP�_c<pl\WTGDICHQPSB
$% �PL�M �p�MJO@KJO;=<�H=@cH=BDGwHe<pPFUM§QBDJO<bUps : ;eGwW @cH�JT;e<�@CJO;=<bUv;kPFHQl�NVPFz=WO<bW�JT;=<�>�<b<pl`gQPcNO�mJO@Kgk<�z=H=WOJoPSg=BD<xl`z=<�JO@KJO;=<xNO;QPF@cJTGaN
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R=UO@nNy<bWTW�h PSW RQ@cGDH|JO<pl\@Cz=J GDH > �HATs
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NZ<bWOWTGDH=I*�����=� � PFHQl}<VBw<�NZJTUO@CH=GaNZW�sv: ;=GDW JO<pNO;=H=Ga¨cz=<x;kPFW gk<b<bH*WTzQNbNy<bWTW�>Az=BDBD_~PFR=ReBwGD<pl\JO@X[mPFH`_KPSUT<pPSWphkGDHQNZBDzQl`GDH=IX;=<�PFJTGDH=Ikh
¦C<VH|JOGDB�PSJTGDH=I}PFHQl*PFGDU�NZ@CHkl`GDJTGD@CH=GDH=I^�P; J tv¥ �rWT_`WTJO<b[KW`>D�p«dc,AThk<ZY=;QPFz=WOJxPFHkl*[K@CJO@CU�H=@CGDWT<�>D�b�&�,AThk;=<pPClnWT<bJOWI>D�b�k��A�PFHkl�GDH
RQPSWTWT<VH=IC<bU�NbPSg=GDH=W GDH�PF<bUO@CR=BaPFHe<bW >D�b��<,ATs t 7 ¥ heGDHmIc<bH=<bUZPFBLh=GDW gQPSWT<pl�@CH}JT;=<rR=UTGDHQNZGDR=BD<�@F>dJO;=<xl`<bWOJTUOzQNZJTGD¦c<xGDH`JT<bU�>A<bUO<bHQNZ<
gk<bJLE�<V<bH P�R=UOGD[mPFUO_�H=@cGwWO<}WT@CzeUoNZ<�PFHkl0P}WO<pNZ@CHkl=PFUO_0WT@cz=UoNy<ChME ;=@CWO<�PcNZ@CzeWTJTGaN?@Cz=JOR=z=JXGDW�IC@F¦c<bUTHe<pl{g|_0P^NZ@CH`JTUO@CBDBD<bUps
t 7 ¥ GDW PFH}GDH`JT<bBDBDGDIC<bH`Jd[\<bJT;=@=l?E ;=GaNT;\<ZY=R=BD@CGDJTW JO;=<�BD@CH=I�E P�¦c<bBD<bH=IcJT;=WM@F>�Bw@FE7>AUT<p¨cz=<VHQNZ_�PCNZ@cz=WTJOGaNvHe@CGDWT<Cs ��WTGDH=I�RQPFWOWL©
GD¦C<�WO@Cz=Hkl�PFg=WO@CUOgQ<bUOW�JT@KWOz=R=R=UO<bWTWrBw@FEq>AUO<p¨cz=<bHQNZGD<bW�GDWvHe@CJv¦c<bUT_}z=WO<Z>Az=BLhegQ<pNVPFz=WO<XJT;=<�E P�¦c<bBD<bH=IcJT;}@F>�PXWO@Cz=Hkl}E P�¦c<�@F>
>AUO<p¨cz=<bHQNZ_*��� �=; �Chc>A@cUd<ZYQPF[\R=BD<ChFE GDBDB=;QP�¦C<vPrE P�¦C<bBD<bH=IcJT;X@S>'PFgk@Cz=J�«es ��[\<bJT<VUTWMGwHKPSGDUdz=HQl`<VU�H=@cUT[}PFBQNZ@cHQl`GDJTGD@cH=Wps�: ;=GDW
[K<�PFH=WMJT;QPSJ RQPFWOWTGD¦C<�WO@CBDz=JTGD@cH=WM>A@CUMBD@FE >AUO<p¨cz=<bHQNZGD<bW�PSUT<�<ZY=RQ<VH=WTGD¦C<rGwH\JT<bUO[KW @S>'EM<bGDIC;`JvPFHQl?g=z=BD��s
: ;=<�gkPFWTGaN�Gal`<�P�@F>�PCNZJOGD¦C<�H=@cGDWT<xNZ@cH`JTUT@cBiGDWvJO@XIC<bHe<bUoPSJT<�WT@CzeHQl\§Q<bBal`W�E ;=GaNO;~PCNZJ�PFWvl`<VWTJTUOzQNZJOGw¦c<XGDH|JO<bUL>�<bUT<bHkNZ<xgk<bJLEM<b<bH
JT;e<v@CUOGDICGDHQPFBk��R=UTGD[mPSUT_=��WO@Cz=Hkl�WT@CzeUoNZ<�PFHklXPvWO<pNZ@cHQlXWO@Cz=HQl?WT@cz=UoNZ<cs�: ;=<�PcNZ@Cz=WOJTGaNM@CzeJTR=z=J @F>iJT;e< WT<pNZ@cHQlXWO@Cz=HklXWT@cz=UoNy<
NbPSH�gQ<�NZ@CH`JTUO@CBDBD<pl�s : ;=<�WT<�NZ@CHQl^WT@cz=HQl\WT@cz=UoNy<Chk>A@cU <ZYQPF[KReBw<ch=P�Bw@czQl`WORQ<pPS�C<bU�;QPFW�JT@XR=UO@=l`zQNZ<XPFH�PCNy@Cz=WOJTGaN�E P�¦C<�JT;QPSJ
GDW <ZYQPCNZJOBD_K@CzeJ @F>'Re;QPFWO<�E GDJO;mJO;=<�PCNZ@cz=WTJOGaN�E P�¦c<vR=UO@=l`zQNZ<pl�g|_\JT;=<rR=UTGD[mPSUT_�WT@cz=UoNZ<cs
:�@XGDBwBDz=WOJTUZPFJT<rJT;=<�Re;|_`WOG�NVPFBiBDGD[KGDJZPFJTGD@cH3>w�V�|«CAi@F>d@CH=BD_\gQ<bGDH=I}PFg=BD<�JT@}PCNZJOGD¦C<bBD_mNy@CH`JTUO@CB�BD@FE >AUO<p¨cz=<bHQNy_�H=@CGDWO<X�������8; �p�
NZ@cH=WTGal`<bU�JT;=<�>A@cBDBw@FE GDH=I�<ZYQPS[KR=BD<vWO;=@FE HKGDH���GDICz=UO<=@=sD�S��PC�MPFHkl���gQ�bs�: EM@�Bw@czQl`WORQ<pPS�C<bUOWvUO<bR=UT<VWT<bH`JT<�l*g|_KP�WZ¨czQPFUO<�PSHQl
P}NZUT@cWTW�WO<bHQl*@cz=J�JT;=<�WoPS[K<�WT@CzeHQl�E P�¦C<VWph�g=zeJ�GDHfPFH`JTGDR=;kPFWT<csG6LHf�iGDIcz=UT< @esw�S��Pc� JT;e<xWO@Cz=HQl^§k<bBal`W�IC<bH=<VUoPFJO<pl*g`_�JT;e<
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t NVNZ@CUZl`GDH=IXJT@3>D�b�`«,A�JT;=<VUT<xPSUT<�JO;=UT<b<�l`G�� <bUO<bH`J�PcNZ@Cz=WOJTGaN�@Cg �Z<�NZJTGD¦C<VWvJT@KPcNO;=GD<b¦C<�l`<bWOJTUOzQNZJTGD¦c<�GDH|JO<bUL>�<bUT<bHkNZ<Cs
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� �vzeGw<VJ �b@CH=<�© NyUT<pPSJTGDH=ImP�¨cz=GD<bJ BDGD[KGDJT<pl�WORQPFJOGaPFB��b@cH=<�PFUT@cz=HQl}P�WTGDH=IcBD<v[KGaNZUO@CR=;e@CH=<
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� �=<b<�lc>A@CUOE PSUol
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¬e�



����������	����`��� � �8� � � 	,�,��� ��� � !�	�� ��� "�	`� � ����� � �
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GDW�ICGD¦C<bHXPFW JT;=< JOUoPFHeWL>A<bU >Az=HQNZJOGD@CH � ] � �p�Vs�: ;=< PCNZ@cz=WTJOG�N >�<b<pl`gQPcNO��>AUO@C[ JT;=< BD@Czkl`WTRk<pPF�c<bUdJO@�JO;=<vl`<bJO<pNZJOGw@cHK[\G�NyUT@CRe;=@CH=<
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>Az=HkNZJTGD@CH � � � , � �`]V� , � JO;=<�WOJoPFHkl=PFUZl35%*��}PSBwIc@CUOGwJO;=[ NbPSH=H=@cJ gQ<xPSR=R=BDGD<pl\JT@XJO;=GDW WoNO;=<b[\<CsM: ;=<�§QBDJT<bUO<plc©�Y 5 *��X>D�p«c¬,A
PFBDIc@CUTGDJO;=[!GwW E Gal`<VBw_XzeWT<pl}PFHklKUO<p¨cz=GDUT<bW�P�JOUoPSH=WL>A<VU >Az=HkNZJTGD@CH\[K@=l`<bB $� � � , � $�`]�� , �Vs�6LJ ;QPFWMgQ<V<bH�WT;e@FE HmJO@XgQ<�PrUT@cg=z=WTJPFHklXUT<VBwGaPSg=BD<�PFBDIc@CUTGDJO;=[ >A@CUMBDGwHe<pPFU t 7 ¥ WO_|WOJT<b[\W�GDH >w�,@.B��Q��@.cCATsi: ;=<�PSBwIc@CUOGwJO;=[ E PFWM§kUTWTJ ReUT@CRk@CWO<pl\g`_ *}@CUOI|PFHX>D��� �,A
GDH���cc¬��=s � Gal`UT@FE � � *�
�� >D� �=��AkGw[\R=BD<b[X<bH`JT<�l�GDJdGDH]P�>�<b<plc>A@cUTE PFUZlXNZ@CH`JTUO@CBkWoNO;=<b[\<vPFHQl 	 z=UOIC<bWOW=>D���d<,AQGDHXP t 7 ¥ WT_`JT<b[*h
gk@CJT;}GDH~�,cC¬e�Cs t §QBDJT<bUO<plc©�Y�BD<pPSWTJ [\<pPFH?>A@Cz=UOJT;�PFBDIc@CUTGDJO;=[!E PSW R=UT@cRQ@cWT<pl\GDHX>w� �C«CA�s
: ;=<xNy@CH`JTUO@CBDBD<bU ��� , � ;kPFWvJO@X[K@=l`<bB�JO;=<�JTUoPSH=WL>�<bU >AzeHQNZJTGD@cH ��� , � � � ��� � , �bs : ;=<r<bUTUO@CUvRkPFJT;^JTUoPSH=WL>�<bU�>Az=HQNZJOGD@CH � ] � , �
l`@`<bWdHe@CJ�P � <pNyJ�JO;=< [K@=l`<bB ��� , ��GDJTWO<bB�>ohcg=z=JdGDJdl`@`<bW�l`<VWTJoPSg=GDBDGwWO< JT;=<�PCl=PSR=JTGD@cH�R=UT@=NZ<VWTW @F>�JT;e<�5%*��XPSBwIc@CUOGwJO;=[~sk: ;=<VUT<Z©
>A@cUT<CheGwJ GDW H=<�NZ<bWTWZPFUO_�JT@\g=z=GDBalXGDH�PFH�PCl=lnGwJOGD@CHQPSBQ[\@nln<bB�@F>dJT;e<�JTUZPFH=W�>A<bU >�z=HQNZJOGw@cH � � � , � �`]V� , � >A@CU JO;=<xPSBwIc@CUOGwJO;=[�GDH`JT@
JT;e<vGDH=R=z=J RQPFJO; K �PL��bs�: ;=<�l`<bUTGD¦CPSJTGD@CHX@S>iJT;=<�§QBDJT<bUO<plc©�YmPFBDIC@cUTGDJT;=[ GDWdWT;=@FE H\GDHK�iGDIcz=UT<bW1@=sJ@n��PC��JO@K�LNb�bsd�`;eG >�JTGDH=I �`]V� , �
gQPcNT�^@F¦C<bU�JO;=<XWTze[K[mPSJTGD@CH\RQ@cGDH|J�UO<bWTz=BDJOWxGDHf�iGDIcz=UT<`@=sJ@`��gQ�bs t WTz=[\GwHeIKJT;kPFJ�JT;=<}NZ@CH`JOUT@CBDBD<bU ��� , ��GDW�BwGDH=<�PFU�PFHQl^JT;e<
PClePFR=JOGw@cHxReUT@=NZ<bWOW GwW WTBD@FE >w� �F�HA�h�GDJdGDWdRk@CWOWTGDg=BD< JT@�WO;=G�>AJ � � � , � �`] � , � @F¦C<bUdJO;=<�Ny@CH`JTUO@CBDBD<bU ��� , �bs(7�@FEjGDJ�NVPFHXgk<vWT<V<bHKGDH��GDICz=UO<�@=sJ@`�LNb�bhFJO;QPFJMPFHXPCl=l`GDJOGw@cHQPFB`[\@nln<bB`@F> � � � , � � ] � , ��GDW�H=<pNZ<bWOWoPSUT_KJO@�§QBDJT<VUdJT;=< GDH=Rez=J K �PL��bhSgQ<Z>�@CUT<�GDJ'GDW�R=UO@nNy<bWTWO<plg`_KJO;=<G5%*��}PFBDIc@CUTGDJO;=[~hF;e<bHQNZ<�JO;=<�HQPS[K<�� §QBDJT<VUT<plc©�Yi� 5 *��}PFBDIC@cUTGDJT;=[*s

¬S�



����������	����`��� � �8� � � 	,�,��� ��� � !�	�� ��� "�	`� � ����� � �

Ha H e

H eHa

H eHa

+
-

x(n)
P

y(n)
W

Ha

H e
e(n)

+
-

y(n)
W

e(n)x(n)

+
-

e(n)x(n)

y(n)
W

Algorithm

eP H

eP H

(a)

(b)

(c)

acoustic path

electrical paths

��GDICz=UO< @es @e���v<VUTGD¦CPFJOGw@cH�@F>MJT;=<r§QBDJT<bUO<plc©�Ya5 *��*PFBDIC@cUTGDJT;=[2���LPC��H=@CGDWO<]NbPSHQNZ<bBDBD<bU��d��gQ��NZ@C[Xg=GDH=GDH=IXJOUoPSH=WL>A<VUv>�z=HQNZJOGw@cH=W��
��Nb��PCl=PSR=JTGD¦C<�WTJOUTzQNZJOz=UT<

t WOWTz=[\GDH=IxJO;QPFJ JO;=<�>A<b<plngQPCNO�}RQPFJO; ��;QPSW gQ<b<VH�<Z��<pNZJTGD¦c<bBD_�NVPFHQNZ<VBwBD<pl h=JT;e<�WOGDICHQPSB W ��L�� NbPFH}gk<�<ZY=R=UT<VWTWT<�l~PSW
W ��L��NR �(]��� � � K �PL���M�� � �����
	
� K �PL��O��" ��@=sD�p�

¬dB



����������	����`��� � �8� � � 	,�,��� ��� � !�	�� ��� "�	`� � ����� � �

E ;=<bUO<
�Xl`<bHe@CJT<VW�NZ@cH|¦c@CBDz=JOGw@cHis t WTWTze[KGDH=I�JT;QPSJ�� � �`]vNbPSHmgk<�UT<bReUT<bWO<bH`JT<pl*g`_mP���6 9q§QBDJT<bU @S>'@cUol`<bU��
� R > 
 � �c�%$ 
 �Z�p�%$'&'&(& $ 
 ���Q�PA * ��@=sJ<C�

PFHklKJO;=<�NZ@CH`JOUT@CBDBD<bU�� PFWvPSH=@CJO;=<bUv��6 9q§QBDJT<bU @S>'JO;=<�@CUZl`<bU��
� 	 R >�� 	 � �c�%$�� 	 �o�p� $(&'&'& $�� 	 ���F�
A * ��@=s «C�

E ;=<bUO<�JT;e<�WTz=geWoNZUOGwReJ=L�l`<VH=@CJO<bW�JT;=<�JTGD[\<�PFJME ;=GaNO;}JT;=<xNy@|<#�mNZGD<bH`JTW�PSUT<�z=R�l=PFJO<pl�heJT;=<bHu�P@=sD���d[}P�_xgk<�UT<bE UOGwJOJT<bH*PFW
W ��L��NR � ��L���M 	�

. �	�
��
Z �	� 
 ��
S��� 	 � . ��
A� K ��L�M�
 M�
�� ��@=s �|�

E ;=<bUO< � �PL���R � ] ��� � � K �PL��T�Vs�: ;=<�E�<VGwIc;`JTW  �� 	�"�PFUO<�z=R�l=PFJO<pl\g|_\JT;=<�§QBDJT<bUO<plc©�Y 5%*^�mPSBDIC@CUOGDJT;=[
� 	 ��� ��
A�NR � 	 ��
��i� <�- W �PL�� 	�

. �	�
$
 ��
C� K �PLbM�
=M�
A� ��@=sJBC�

PFWOWTz=[\GDH=I}JT;QPSJ�� 	 � . ��
A����� 	 ��
A�rJT;e<mPFBDIc@CUTGDJO;=[9E GDBwBMNZ@CH`¦C<VUTIC<\GDHfJT;=<\Bw<�PFWTJr[K<pPSH~WZ¨CzkPFUT<\WT<bHeWT<Csf�e@CU�JO;=GDW�UT<pPSWT@cH
JT;e<bUT<XGDWvHe@mgk<bH=<y§QJ�JT@}z=WT<r>�PSWTJ�BD<pPFWOJvWo¨czQPSUT<bWrWoNO;=<b[\<bWph�GLs <Cs�UT<pNyz=UTWOGw¦c<XBD<pPFWOJ�WZ¨czQPFUO<bWX�P9:5i�=� >D���.Behb���d@,ATh`gk<pNbPFzeWT<XJT;e<
EM<bGDIC;`JTW! �� 	 "KNO;QPFHeIC<XWTGDIcH=G�§ NbPFH`JOBw_\>AUO@C[ @CH=<�GDJT<bUZPFJTGD@cH~WOJT<bR{JT@}JT;=<XHe<ZY=J�@cH=<CsX: ;e<XUT<bWOz=BDJTW�@S> JO;=<�§QBDJT<bUO<plc©�Ya5 *��
PFHklI9:5i�\PFUT<�l`GDWOR=BaP�_C<pl\GDHm��GDICz=UO<bW�@=s ��PFHQl�@es ¬ehCUO<bWTRk<pNZJOGD¦C<bBD_`s

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

0 50 100 150 200 250 300 350 400

am
pl

itu
de

Iteration number n

-16

-14

-12

-10

-8

-6

-4

-2

0

2

0 50 100 150 200 250 300 350 400

N
M

S
E

 / 
dB

Iteration number n

(a) (b)

��GDICz=UO< @es �e���iGDBDJT<VUT<plc©�Y 5 *���h < ��§QBDJT<VU�Ny@|<#�mNZGD<bH`JTWph -XR � & �=�Ch+<.B\<bH=WO<b[Xg=BD<bW�h K �PL���� �*� � $p� & �c�bh � � � , ��R $� � � , ��R� &JB � , ��� h � ] � , �(R $� ] � , ��R , ��� h ��� , �(R , � ��M�� & « , � � � � &J< , ��� h �]� , �ER �eh �=�F��L��(R �.<`��L��?R �}�M��Pc�
<F�AHQ���AgQ�17 *��=� ��l 	

: ;=<�WOGDICHQPSB W �PL���GDW WT;=@FE H�GDH~��GDICzeUT< @es �n��Pc� PFHQl}JO;=< 7 *��=�qGwH�l 	qGDH~��GDICz=UO< @=s �`��gQ�bsM: ;=<XPClePFR=JOGw¦c<�� 6 9 §QBDJT<bU�E PSW
JTUZPFGDH=<pl�g|_}JO;=<�§QBDJT<VUT<plc©�Y 5%*��^PFBDIC@cUTGDJT;=[*s�: ;=<�JTUoPSH=WL>�<bU >AzeHQNZJTGD@cH�@F> � � GwW�[mP YnGD[�z=[!R=;QPSWT<xPSHQl �`]�GDW�PXl`<bBaP�_\@F>
cXWZPF[\R=BD<bWps�: ;=GDWvWO<bJTz=RfGDW�H=@CJ�EM<bBDBiWTzeGwJO<pl�>A@CU�PKBDGDH=<pPSU���6 9 Ny@CH`JTUO@CBDBD<bUps ¥ @C[\RQPFUOGwHeIXJT;=<�UT<bWOz=BDJTW�PCNO;=GD<b¦c<pl^E GwJO;�JT;e<
§QBDJT<VUT<plc©�YI9�5��xPSBDIC@CUOGDJT;=[ GwHX��GDICz=UO<bW @es ¬`��Pc��PFHQl\��gQ��WT;e@FE WdJT;QPSJdJT;e<v<bUOUT@CUMWTGDIcHQPFB W �PL�� UT<�PCNO;=<bWMRQ<�PF�`W PSBD[K@CWOJi��JOGD[K<bW
g=GDICIc<bU JT;kPFH}JT;=<�<bUOUT@cUvWTGDIcHQPFB�E GDJT;e@Cz=J NZ@CH`JOUT@CB�l`z=UOGwHeIxJOUoPFGDH=GDH=Iks

¬d@



����������	����`��� � �8� � � 	,�,��� ��� � !�	�� ��� "�	`� � ����� � �

-8

-6

-4

-2

0

2

4

6

0 50 100 150 200 250 300 350 400

am
pl

itu
de

Iteration number n

-15

-10

-5

0

5

10

15

0 50 100 150 200 250 300 350 400

N
M

S
E

 / 
dB

Iteration number n

(a) (b)

��GDICz=UO< @es ¬e���iGDBDJT<VUT<plc©�YV9�5���h�<��\§kBwJO<bUxNZ@`<��mNyGw<VH|JOWph D R � & �=h <dBK<VH=WT<b[XgeBw<VWph K �PL�� � �.� � $�� & �c�bh � � � , �GR $� � � , �GR� &JB � , ��� h � ] � , �(R $� ] � , ��R , ��� h ��� , �(R , � ��M�� & « , � � � � &J< , ��� h �]� , �ER �eh �=�F��L��(R �.<`��L��?R �}�M��Pc�
<F�AHQ���AgQ�17 *��=� ��l 	

: ;=<�§kBwJO<bUT<�lc©AY 9:5i�}PFBDIC@cUTGDJT;e[ l`@`<bWvHe@CJvPCNO;=GD<b¦c<�>�PSWTJT<VU�NZ@cH|¦c<bUTIc<bHQNZ<�JT;kPFH�JO;=<�§QBDJT<VUT<plc©�Y 5%*��^PFBDIC@cUTGDJT;=[*s 6LH}@cUol`<bU
JT@\<ZY=R=BD@CGDJM>�PSWTJ���GDH�Ny@CH`¦C<bUOIC<bHkNZ<p��BD<pPSWTJvWZ¨czQPFUO<bW�PFBDIC@cUTGDJT;=[\W�@cJT;=<VU�NZ@cH|JOUT@cB'WZNO;=<b[K<VWv;QP�¦c<�JT@Xgk<xzeWT<pl�s�: ;=<bWO<xE GDBDB�gk<
l`GDWoNyz=WTWO<pl�GDH\JT;=<�H=<ZY=J�WT<pNZJOGD@CHis

��������� � �#�!��� ��������� � � �
����� � ������� � ��� 
�� ��� � ���
6LHX>D�����CA P�WO@F©TNbPFBDBD<pl}NZ@cH=WTJOUoPFGDH=<�lX§kBwJO<bUT<�lc©AY 5 *��}PFBDIC@cUTGDJT;=[!;QPSW gQ<V<bH~l`<b¦`GDWT<�l�sd: ;=<�PFz=JO;=@CUOWvl`<Z§QH=<�l�PFH=@cJT;=<VUvWT<VJ @F>
UT<VWTGal`zQPSBwW

� ��L��NR $� �PL�� M 	�
. �	�

��
Z �	� $
 ��
S��� 	 ��
�� K �PL�M 
=M�
A� ��@=sJ@C�

E ;=GaNO;XWTGD[KGDBaPFU�JT@\�P@es �`��g=z=J E GwJO;=@CzeJ�JO;=<vWOz=g=WoNyUTGDR=J:M 
XPFJdJO;=<vEM<bGDIC;`JTW� �� 	�"`si: ;=<�E�<VGwIc;`JTW  � 		"�PFUO<vz=R�l=PSJT<pl?g|_�JT;e<
NZ@cH=WTJOUoPFGDH=<�l\§QBDJT<bUO<plc©�Y 5 *��}PFBDIC@cUTGDJT;=[

� 	 ��� ��
A�NR � 	 ��
��i� <�- � �PL�� 	�
. �	�

$
 ��
C� K �PLbM�
=M�
A� ��@=s �C�
: ;=<�UO<bWTGal`zkPFB � GwW Ic<bH=<bUZPFJO<pl�g`_\z=WTGDH=IX@cH=BD_XJT;=<�BaPSJT<bWOJvEM<bGDIC;`JTW  � 	 "`sd: ;=GDW [}PF�C<VW�JO;=<�EM<bGDIC;`JTW *�¡Q¢b£A¤S¢b£ WOJoPSJTGD@CHQPSUT_`s
: ;=< g=BD@=NO�xl`GaPFIcUoPS[�GwW WT;=@FE H�GDH]��GDICz=UO<�@=sJc=s 6LJ'GDW�¨cz=GDJO< NZBD<pPSUdJT;kPFJdJO;=GDW'WZNO;=<b[K< GDW�UoPSJT;=<VU NZ@c[KR=zeJoPFJOGD@CHQPSBwBD_ <ZY=Rk<bH=WOGw¦c<Cs
: ;=UO<b<�[K@=l`<VBwW >A@cU $� � $� ] PFHQl^���M� �p�MNZ@CH`JOUT@CBDBD<bUOW �4;QP�¦c<�JT@Xgk<�GD[\R=BD<b[K<bH`JO<pl�s

¬ �



����������	����`��� � �8� � � 	,�,��� ��� � !�	�� ��� "�	`� � ����� � �

HHa e

HHa e +

HHa e

+

d(n)
^

x(n)
+

-

d(n)
P He

acoustic path

Σ

h(0) h(1) h(q)

z z z-q -1 -1

Σ

w (0) w (1) w (p)

z z z-1 -1

Σ

w (0) w (1) w (p)

0

y(n)
W

electrical paths

e(n)

-

ε (n)Least squares
algorithm

copy weights {   }

n n n

n n n

w n

^ ^ ^

��GDICz=UO< @esJc=��	dBD@=NO�ml`GaPFIcUoPS[ @S>dJT;=<X� NZ@CHeWTJTUZPFGDH=<plm§QBDJT<bUO<plc©�Y �+5%*��\PFBDIC@cUTGDJT;e[

: ;=<MWoPS[K<dWO<bJTz=RKPSW�GwH�JT;e<�R=UO<b¦`GD@Cz=WdWOGD[Xz=BaPFJTGD@cHvE PFW'PSI|PSGwHrz=WT<pl�JO@�NZ@C[\RQPFUO<�NZ@CH`¦c<bUTIc<bHQNZ< WORQ<b<�lX@F>kJT;=<�5 *��xPSHQlG9:5i�
PFBDIc@CUTGDJO;=[KW�sd: ;=<�WO<bJTzeR~GDWvUZPFJO;=<bU�GDBwB�©TNZ@CHkl`GDJTGD@CH=<�l�>A@cU�PXBDGDH=<pPSUvNZ@CH`JOUT@CBDBD<bU�PFHQl�hkJO;=<bUT<y>A@CUO<Ch�JT;e<xNZ@CHeWTJTUZPFGDH=<pl�§QBDJT<VUT<plc©�Y
5%*^�fGDH0��GwIcz=UT<�@=sD����@CH=BD_fNZ@CH`¦C<VUTIC<VWX[mPFUOICGDHQPSBwBD_\>�PSWTJT<VUxJO;QPFH{JT;=<\§QBDJT<VUT<plc©�YV5%*^�0PFBDIc@CUTGDJO;=[2GwH0��GDICzeUT<I@es �=s�: ;e<
7�*^�=� l`@`<bWvH=@cJ @CWZNZGDBwBaPSJT<�PSW [XzQNO;KGDHm��GDICzeUT<G@=sD���n�AgQ�MPFW GDH���GDICz=UO< @es �=s
: ;=< NZ@CHeWTJTUZPFGDH=<pl�§QBDJT<VUT<plc©�Y 9:5i��PFBDIC@cUTGDJT;=[qGwH��iGDIcz=UT<1@=sD�C��WO;=@FE W�IC@`@=l�NZ@cH|¦c<bUTIc<bHQNZ< WORQ<V<plXPFHQlrH=@�;=GDIC;�Rk<pPF�`Wdl`z=UOGDH=I
JTUZPFGDH=GDH=I�GDHKJT;e<�<bUTUO@CU�WTGDICHQPSB�<F�AHk� NZ@C[\RQPFUO<plXJO@K�iGDIcz=UT<G@=s ¬es

¬c¬



����������	����`��� � �8� � � 	,�,��� ��� � !�	�� ��� "�	`� � ����� � �

-14

-12

-10

-8

-6

-4

-2

0

2

0 50 100 150 200 250 300 350 400

N
M

S
E

 / 
dB

Iteration number n

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

0 50 100 150 200 250 300 350 400

am
pl

itu
de

Iteration number n

(a) (b)

��GDICz=UO< @esw� �=� ¥ @CHeWTJTUZPFGDH=<pl�§QBDJT<VUT<plc©�Y 5%*�� hC< � §QBDJT<bU�NZ@`<��mNZGD<bH`JTW�hE-�R � & �=�Ch,<.B�<bH=WT<V[Xg=BD<bWph K �PL�� � �.� � $�� & �c�bh � � � , �(R$� � � , �(R � &JBQ� , ��� h
� ] � , �(R $� ] � , �(R , � � h ��� , ��R , � � M�� & « , � � � � &J< , ��� h ��� , ��R �eh �=�S�PL��(R �.<`��L��?R�}�M��Pc�M<F�AHk���AgQ�17 *��=� ��l 	

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

0 50 100 150 200 250 300 350 400

am
pl

itu
de

Iteration number n

-20

-15

-10

-5

0

5

10

0 50 100 150 200 250 300 350 400

N
M

S
E

 / 
dB

Iteration number n

(a) (b)

��GDICz=UO< @esw�c�C� ¥ @CHeWTJTUZPFGDH=<pl]§QBDJT<bUO<plc©�Y 9:5i��h�<���§kBwJO<bU NZ@`<��mNZGD<bH`JTW�hHD3R � & �=h�<.B�<bH=WT<V[Xg=BD<bWph K �PL�� � �*� � $p� & �c�bh � � � , �(R$� � � , � R � &JB�� , ��� h �`]V� , �`R $�`]V� , � R , ��� h ��� , � R , � � M � & « , � � � � &J< , ��� h ��� , � R �=h �e�F�PL��`R
�.<n�PL��(R �}�M��Pc�M<F�AHk���AgQ�17 *��=� ��l 	

: ;=<\[K@CWOJ�E G�ln<bBD_�z=WT<�ljNy@CH`JTUO@CBdWZNT;e<b[K< >w� �C¬ehb���dc,Ad>A@cU�[K@cUT<�WT@cR=;=GDWTJOG�NVPFJT<�lfBD<pPFWOJ�Wo¨czQPSUT<bWXPFBDIc@CUTGDJO;=[KW�h�UoPSJT;=<bU�JT;kPFH
z=WOGwHeImJO;=<X§kBwJO<bUT<�lc©AY 5%*^��GDW�WO;=@FE HfGDH.��GDICz=UO< @esD��<=s t >LPFWTJ 9�5i�*PFBDIc@CUTGDJO;=[ >D�p¬��CA�PFHQl 6 6 9!NZ@cH|JOUT@cBwBD<bUOW�;QP�¦c<XgQ<b<VH
GD[KR=BD<b[\<bH`JT<pl�GDH\JT;=GDW WoNO;=<V[K<`>D�p¬=� �Q�p¬S�*ATs
t I`PFGDHih=PSW GwH\JT;=<�NZ@cH=WTJOUoPSGwHe<pl}¦C<VUTWTGD@cHihQPr[K@=l`G�§Q<pl?UT<bWOGal`zQPFB�GDW l`<y§QH=<pl

W 	 �PL�� R $� �PL���M 	�
. �	�

��
Z �	� $
 ��
C� � 	 ��
�� K �PLbM 
:M�
�� ��@=s ¬C�

: ;=<�EM<bGDIC;`JTW  � 	 "xPSUT<�z=R�l=PFJO<pl}g`_XJT;e<�[K@=l`G�§Q<plr§kBwJO<bUT<�lc©AY 5 *��}PFBDIC@cUTGDJT;=[
� 	 ��� ��
A�NR � 	 ��
��i� <�- W 	a��L�� 	�

. �	�
$
 ��
S� K ��L�M�
�M 
A� ��@=sJcC�

¬dc



����������	����`��� � �8� � � 	,�,��� ��� � !�	�� ��� "�	`� � ����� � �

HHa e HHa e

HHa e

x(n)
+

-

y(n)

P He

e(n)

electrical paths

acoustic path

W

d(n)

+

+W

copy weights

d(n)
^

e’(n)

y’(n)
-

x’(n)
Least squares

algorithm

��GDICzeUT<G@=sD��<e�%*}@=l`G�§Q<pl?§QBDJO<bUT<pl|©AY�WoNO;=<V[K<�E GDJT;�PFH}PCl=l`GDJOGw@cHQPFB�� WT<pNy@CHQl=PSUT_}RQPSJT;i� $� � � , � $� ] � , �vPSHQlKNy@CH`JTUO@CBDBD<bU��
: ;=<�WoPS[K<�WT<bJOz=R*>A@cUvJT;e<�WTGD[Xz=BaPFJOGD@CH=W PFW�GDH�JT;e<�R=UT<V¦|GD@cz=W�@CH=<bW�E PFW�z=WT<pl s�: ;=<x[\@=l`G�§Q<pl?§QBDJT<bUO<plc©�Y 5%*^��PFBDIC@cUTGDJT;e[
GDHm��GDICz=UO<G@=sD�p«r;QPFW WOGD[KGDBaPFUdNZ@CH`¦c<bUTIc<bHQNZ<�gQ<V;QP�¦`Gw@cz=UvPFW JO;=<�NZ@CHeWTJTUZPFGDH=<plm§QBDJT<bUO<plc©�Y 5%*^�KGDH���GDICz=UO< @esD���=s

c �



����������	����`��� � �8� � � 	,�,��� ��� � !�	�� ��� "�	`� � ����� � �

-16

-14

-12

-10

-8

-6

-4

-2

0

2

0 50 100 150 200 250 300 350 400

N
M

S
E

 / 
dB

Iteration number n

-2.5

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

0 50 100 150 200 250 300 350 400

am
pl

itu
de

Iteration number n

(a) (b)

��GDICz=UO< @esw��«=��*}@=l`G�§Q<plm§QBDJT<bUO<plc©�Y 5%*�� h < �r§QBDJT<bU�NZ@`<��mNyGw<VH|JOWph�-XR � & �=�Ch8<dBX<bHeWT<b[Xg=BD<bW�h K ��L�� � �*� � $�� & �C�Vh � � � , �1R$� � � , � R � &JB�� , ��� h � ] � , �`R $� ] � , � R , ��� h ��� , � R , � � M � & « , � � � � &J< , ��� h ��� , � R �=h �e�F�PL��`R
�.<n�PL��(R �}�M��Pc�M<F�AHk���AgQ�17 *��=� ��l 	

: ;=< [\@nlnG §k<pl�§kBwJO<bUT<�lc©AY 9�5��xPSBDIC@CUOGDJT;=[ GwHX��GDICz=UO<�@=sD�b��WT;=@FE WMJT;=< WZPF[\<�UZPFJT< @S>'NZ@CH`¦c<bUTIc<bHQNZ<�PFWdGDHX�iGDIcz=UT<�@esw�c�Cs�: ;e<
7�*^�=�{GwH���GDICz=UO<G@=sD�b�e�AgQ�Ml`z=UOGwHeIxJOUoPFGDH=GDH=I�GDW H=@CJvPSW ;=GDIC;}PFW GDHm��GDICz=UO<G@=sD�C�S�AgQ�Vs
6LH �`<�NZJTGD@CH @=s «es <eh P0NZ@cH|JOUT@cB�WZNO;=<b[K<^E GwJO; @CHeBw_ @cH=<~PClel`GDJTGD@CHQPSBv[\@nln<bB � $� � $�`] � ��� z=WTGDH=I Pfg=BD@=NO�jBD<pPSWTJ}Wo¨czQPSUT<bWPFBDIc@CUTGDJO;=[!GwW ReUT<bWO<bH`JT<pl�s

-16

-14

-12

-10

-8

-6

-4

-2

0

2

0 50 100 150 200 250 300 350 400

N
M

S
E

 / 
dB

Iteration number n

-2.5

-2

-1.5

-1

-0.5

0

0.5

1

1.5

0 50 100 150 200 250 300 350 400

am
pl

itu
de

Iteration number n

(a) (b)

��GDICz=UO< @esw�V�Q��*}@=l`G�§Q<pl^§kBwJO<bUT<�lc©AY 9�5���h�<��?§QBDJT<VUxNZ@`<��mNZGD<bH`JTW�h D R9� & �eh <.B\<bHeWT<b[Xg=BD<bW�h K �PL���� �.� � $�� & �c�bh�� � � , �GR$� � � , � R � &JB�� , ��� h �`]V� , �`R $�`]V� , � R , ��� h ��� , � R , � � M � & « , � � � � &J< , ��� h ��� , � R �=h �e�F�PL��`R
�.<n�PL��(R �}�M��Pc�M<F�AHk���AgQ�17 *��=� ��l 	

ce�



����������	����`��� � �8� � � 	,�,��� ��� � !�	�� ��� "�	`� � ����� � �

D2% � ) /9) ��8 ) ��� - � 57+*8�� � ) / 8��
� � /9)9+*-0/ ��8 ) � � 365 +

�������	� � ��� �!��� �"� ���	���
: ;=<bUO< PSUT<MWT<b¦c<bUoPSB`WTGDJTzQPSJTGD@CHeWiE ;=<bUO< P�H=@CHeBwGDH=<�PFUiNZ@cH|JOUT@cBwBD<bU�[mP�_�RQ<bU�>A@CUO[�gQ<VJTJT<VU'JO;QPFH�NZ@CH`¦C<VH|JOGD@CHQPSBCBDGDH=<pPFU�JT<pNO;=HeG�¨cz=<VWps
��GDUTWTJ�@S> PFBDBiJO;=<XNZ@C[\RQ@cH=<bH`JTW�@F>�JO;=< t 7 ¥ WO_|WOJT<b[ [KGDIC;`J <ZY=;=GDg=GDJ�H=@CH=BDGDH=<pPSUTGDJTGD<bW�JT;=<V[KWT<VBw¦c<bWps�: ;=<�BD@CzQl`WORQ<�PF�C<VUphk>A@cU
GDH=WTJZPFHQNy<ChdNbPFH*<ZYQNZGDJT<\H=@CJ�@cH=BD_�JT;=<�>�UT<p¨cz=<bHkNZ_f@F> GDH|JO<bUT<VWTJ�g=z=JxPSBwWO@}GwJOW�PFWTWO@=NZGaPFJT<�lf;QPSUT[K@cH=GaNZW >D��¬.B,ATs�: ;=GDW�WoNZ<VHQPFUOGw@
;QPSW�gk<b<bHfGDH`¦C<VWTJTGDI`PFJT<�l�g`_~�`H`_=l`<bU � � *�
�� GDH >w��¬.@CA PFHkl�g`_��0PSH=ICBD<bU � � *�
�� GDH > �dc,ATs 6LH >w��¬.@CA P?H=<bz=UZPFBMH=<bJLEM@CUO��E PSW
GD[KR=BD<b[\<bH`JT<pl�PSW P�NZ@cH`JTUT@cBDBw<VU�PFHQl�P�WT<pNy@CHQl�@cH=<M>A@CU�[\@nln<bBDBwGDH=I JO;=<vNbPSHQNZ<bBDBaPFJOGw@cH�RQPSJT;XJTUZPFH=W�>A<bU�>�z=HQNZJOGw@cHis�: ;=< PSz=JT;e@CUTW
GDHX> �dc,A�z=WT<�l�P�RQ@cBD_|He@C[KGaPSB`§QBDJT<bUvPSHQl}P�H=<bz=UZPFB�H=<bJLEM@CUT��heE ;=GaNT;}EM<bUT<rJTUoPSGDH=<pl\g`_KIC<VH=<bJTGaN�PSBDIC@CUOGDJT;=[\Wps�6LHX>D�p¬ �,AiPXl`_c©
HQPS[KGaNdUO<pNZz=UOUT<bH`J�H=<bz=UZPFB�H=<bJLEM@CUO�XE PSWdz=WO<pl}PFW P�NZ@CH`JOUT@CBDBD<bUMJT@�[\@=l`<bB=JO;=<�PFH`JTGDR=;QPSWT< H=@cGDWT<�PSHQlXJO@xNZ@c[XgQPFJ�JT;e<�<y� <pNyJTW
@F>MJT;=<�>�<b<pl`gQPcNO��RQPFJO;ihkWTGD[Xz=BDJoPSH=<b@cz=WTBD_`s t He<bz=UoPSBdH=<bJLEM@CUO�}E PSWvGD[KR=BD<b[\<bH`JT<pl?GDH >D��c,AiJO@KUO<pl`zQNZ<XJO;=< t 7 ¥ WO_`WTJT<V[~� W
R=;`_`WTGaNbPSB=WTG �b<�GwHKP�l`zkNZJps�: ;=<�H=@CGDWO<M>AUT@c[ JT;e< >�PSHxGDHXJT;e<vl`zQNZJME PSWdWT;e@FE HXJT@�gQ<�NO;QPF@cJTGaN PFHQl�JO;=<bUO<Z>A@CUO<vGDJdE PFWdRk@CWOWTGDg=BD<
JT@\R=UT<�l`GaNZJ�JT;e<]NO;QPS@CJTGaN�He@CGDWT<�GDH�JO;=<�WT;=@cUTJ�JT<bUO[~s:6L[KR=zeBwWOGD¦C<�H=@CGDWO<x[\@nln<bBDBw<�lXg`_~PFH*PFBDR=;QP�WOJoPFgeBw<�R=UO@nNy<bWTW >D��¬C¬,A�E PSW
NZ@cH=WTGal`<bUO<pl�PSW JT;=<�ReUTGD[mPSUT_�H=@CGDWT<�WO@Cz=UZNZ<�GDHX>w��¬.cCA�s
t H0PSBDJT<bUOHQPFJOGw¦c<X[K@cJTGD¦CPFJOGw@cH\>A@CU�JT;e<Kz=WO<K@F>vP}H=@cH=BDGDH=<pPFU�NZ@cH`JTUT@cBDBw<VU�GDW�R=UT@F¦`Gal`<pl*E ;e<bH0JO;=<XJTUZPFH=W�>A<bUr>Az=HQNZJOGD@CH � � � , �GDW�H=@cH=[KGDH=GD[�z=[ Re;QPFWO<3>w�,@.BCA�s?: ;=<K��6 9�NZ@CH`JOUT@CBDBD<bU ��GDH0��GDICz=UO< @=sJB\;QPFW�JO@�Gal`<bH`JTG�>A_^JT;=<}NbPFWZNbPCl`<�lfWT_`WOJT<b[\W ��� , �
PFHkl � ���� � , �bs 	 @CJT;*WT_`WOJT<b[\W�PSUT<XPFWOWTz=[\<pl�JO@Kgk<XBDGwHe<pPFU�s 6�> � � � , ��GDWv[KGDH=GD[Xz=[!R=;kPFWT<XGDJOW�GDH`¦C<VUTWT<�>D��c �,A'GDW�P\WTJZPFg=BD<
6 6 9 §QBDJT<bU�s}:'@*PFR=R=UO@�Y=Gw[}PFJO<xPFHX6 6 9 §QBDJT<bUXP\;=GDIC;f@cUol`<bUX��6 9 §QBDJT<VU�[mP�_�gk<mln<bWTGDICHe<pl�s�6LHfJT;e<mNbPSWT<}JT;QPSJ � � � , �rGDWH=@cH=[KGDH=GD[�z=[ Re;QPFWO< >D�,@.B,ATh�JT;e<�GDH`¦C<VUTWT<�l`<b[}PFHQl`WMP�H=@CHn©�NbPSz=WoPSBQBDGDH=<pPSU?6 6 9{§QBDJT<VUps(7 @cH`©TNbPFz=WZPFBe§QBDJT<bUOWvPFUO<vH=@cJdR=;`_`WTGaNbPFB
UT<�PFBDGDWoPFgeBw<ch�PFHklfJT;e<bUT<Z>�@CUT<chvPFUO<m@cH=BD_fRQ@`@cUTBD_0PFR=ReUT@�Y=GD[mPFJO<pl^g|_ ��6 9!§QBDJO<bUTW�sV;�@FE�<b¦c<bUphMG�>�JO;=<}GDH=R=z=J�WTGDICHkPFB K > L A GDW
WTJO@=NT;kPFWTJOGaN�H=@CHn© ��PSz=WTWOGaPFH >D� �=��Ai@cU H=@CHeBwGDH=<�PFU l`<bJT<VUT[KGDH=GDWOJTGaN >D��A'PrH=@cH=BDGwHe<pPFU GDH`¦C<bUOWT<�JO@xJO;=<�JOUoPFHeWL>A<bU�>Az=HQNyJTGD@CH � � � , �<ZY=GDWTJOWxPFHQl^[mP�_}R=UO@=l`zQNZ<KPSH~GD[KReUT@F¦C<V[K<bH`J GDH.NVPFHQNZ<VBwBaPSJTGD@CH*RQ<VUL>A@cUT[mPSHQNZ<Cs�: ;=GDW�WoNy<bHQPFUOGD@�GDW�JO;=<X[mPSGDH}>A@=NZz=W�@F> JT;e<
>A@cBwBD@FE GDH=I�WT<�NZJTGD@CHeW�PFHklKE GDBDBkgQ<xln<bWoNZUOGDgQ<pl^GDHml`<VJoPFGDBLs
¥ @CHeWTJTUOzQNZJOGwHeI0P�H=@cH=BDGDH=<pPFU�GDH`¦C<bUOWT<\§QBDJT<bUXJO@.P*BDGDH=<pPSU�§kBwJO<bU�JT@0NbPSHQNZ<bB�H=@CH=BDGDH=<pPSU]ln<bJT<bUO[KGDH=GDWTJOGaNXH=@cGwWO<K;QPSWXgQ<V<bH GwHn©
¦C<VWTJTGDI`PFJT<�l GDH >D��ATs ��GDHQl`GDH=I PFH GDH`¦C<VUTWT<*E GDJT; He@CH`© ��PFzeWTWTGaPSHjWOJT@=NO;QPFWOJTGaN*GDH=R=z=J\GDWmPFBDWO@0<bHQNy@Cz=H`JT<VUT<pl GDH H`z=[\<bUT@cz=W
NO;QPFHeH=<bBi<�¨CzkPFBDGDWoPFJOGD@CHKReUT@CgeBw<V[KWph ����� � GDH >D� �=��ATs
: ;=<fBD@FEM©�>AUT<p¨cz=<VHQNZ_ H=@cGDWT<*GwH JT;e<0l`zQNZJ�GDW}z=WOzQPFBDBD_ PFWTWOz=[K<�l JO@jgk<fg=UO@|PClngQPFHQlqUoPSHQl`@c[4H=@cGwWO<~@cU}RQ<bUOGD@nlnG�N*JO@CHQPSB
H=@cGwWO< >D�b�`«,ATs ;�@FE�<V¦C<bU�hdJT@=l=P�_*GDJxGDW��`H=@FE HfJT;QPSJx[}PFH`_*@F>vJT;e<bWT<}H=@cGwWO<}R=UT@=NZ<bWOWT<bW}PFUOGwWO<\>AUT@c[ He@CH=BDGDH=<pPSUxl`_`HQPF[\GaNbPFB
WT_`WOJT<b[\Wps ¥ ;kPF@CJOGaN�JTGD[K<�WT<bUOGD<bW]PSUT<}P}JL_`R=GaNbPFBM<ZYQPF[\R=BD<x@S>�PSRQ<bUOGD@nlnG�N?JTGD[K<�WT<VUTGD<bWXE ;=GaNO;0PFR=Rk<pPSUxJO@�gQ<}P}WTJO@=NT;kPFWTJOGaN
R=UO@nNy<bWTWME ;=<bH}PFHQPSBw_`WO<pl�E GDJO;xWO<pNZ@CHklX@CUZl`<bUMWTJZPFJTGDWOJTGaNZW ��WT<b< ¥ ;QPFR=JO<bU?<c�bs��v<VJT<bUO[KGDH=GDWTJOG�N H=@cH=BDGwHe<pPFU�gk<b;QP�¦`GD@Cz=U�NVPFHKPFUOGDWT<
>AUO@C[ PSBwB��`GDHQl`W @S�~l`G�� <bUO<bH`JvR=;`_`WTGaNbPSBiWO_|WOJT<b[\WvPFWvl`<VWoNZUOGwgk<pl}GDH ¥ ;QPSR=JT<bU �ks
: ;=<^§QBDJT<bUO<plc©�Y 5 *�� PSBwIc@CUOGwJO;=[6GwW}GD[KReBwGaNZGDJOBw_*BDGDH=<pPFU�PSHQl ;=<bHkNZ<0NbPFHeH=@CJ}gk<f<pPFWOGwBD_ PFReR=BDGw<�l JT@ JTUZPFGDH PuH=@CH=BDGDH=<pPSU
NZ@cH|JOUT@cBwBD<bU�s�: ;=<VUT<Z>A@cUT<\@CJT;e<bUxWZNO;=<b[K<VWx;QP�¦c<KJO@�gQ<\z=WT<�l0PFHklf@CHe<X@F>vJT;e<b["GDW�R=UO<bWT<bH`JO<pl GDH0�`<pNZJOGD@CH @=s «es <esm�n<pNZJTGD@cH
@=s «es «�l`<bWZNZUTGDgk<bW�;=@FE P?H=@CHeBwGDH=<�PFU GDH`¦C<bUOWT<�JT@mP�He@CH=[\GwHeGw[�z=[!R=;QPSWT<�BDGwHe<pPFUM§QBDJO<bU�[mP�_X<ZY=GDWTJ�PFHQl�ln<bUTGD¦C<VW�P�[}PFJO;=<b[X©

cd<



����������	����`��� � �8� � � 	,�,��� ��� � !�	�� ��� "�	`� � ����� � �

PFJOGaNbPFBk<ZY=R=UT<VWTWTGD@cHK>�@CUMJT;=<�NZ@CH`JTUO@CBDBD<bUps�6LH}�`<pNZJOGD@CHI@es «=s ��¦CPFUTGD@cz=WdWTGD[Xz=BaPSJTGD@CH=W�PFHQl?UT<bWOz=BDJTWvPSUT<vReUT<bWO<bH`JT<pl�s �`<�NZJTGD@CH3@es «esJB
l`GDWoNyz=WTWO<bW�JT;=<�UT<VWTz=BDJTW�@Cg=JZPFGDH=<pl\g`_KJO;=<�WTGD[Xz=BaPFJOGD@CH=W�s

��������� � �����
�
��� � ��������� � ��� � � � � �
��� � � � �	��� �
6LJ�GDW�NZBD<pPSUv>�UT@C[9JO;=<�WTGD[KR=BD<�g=BD@=NO��WT;=G�>AJOGDH=IXR=UT@=NZ<�l`z=UT<\GDH~�`<pNZJOGD@CHX@=sJ<=sJ<�JT;kPFJ�JT;=<r§QBDJT<VUT<plc©�Y~WZNT;e<b[K<�GDW�He@CJv¦CPSBDG�l?>A@cU
P\H=@CHeBwGDH=<�PFU�NZ@CH`JOUT@CBDBD<bU�sX:�@�NyGwUZNZz=[X¦c<bH`J�JO;=GDW�UT<bWOJTUTGaNZJOGD@CHfJT;e< t 7 ¥ WO_|WOJT<b[ E PSW�UO<pNZ@cH`§QICzeUT<pluJT@�PFBDBD@FE P\H=@CH=BDGDH=<pPSU
NZ@cH|JOUT@cBwBD<bU�s�: ;=<�g=BD@=NT�}l`GaPFIcUoPF[!GDW WT;e@FE HmGDH���GDICz=UO< @esD��B=s

x(n)
+

-

y(n)

+
x(n-m)

d(n)

y(n-m)
d’(n-m)

Least Squares
algorithm

e’(n-m)

-1

Controller

copy weights

e(n)

-m
z

-m
z

acoustic path

electrical paths

P
-1

aH
^

( H
^

e)

H HHa a e

��GDICz=UO<G@=sD��Be� 	dBD@=NO�ml`GaPSICUoPS[�@F>�JT;=< t 7 ¥ WT_`WOJT<b[ z=WT<�l}GDHmWOGD[Xz=BaPFJTGD@cH=W

: ;=GDWdNZ@CH`JOUT@CBeWoNO;=<b[\<vl`@`<bWdH=@cJ'He<b<plKPSW�[mPFH`_�[K@=l`<VBwW�PFW�JT;e<vNZ@CH=WOJTUZPFGDH=<pl�@cUdJT;=< [\@=l`G�§Q<pl�NZ@cH`JTUT@cB=WoNO;=<V[K<bWdReUT<bWO<bH`JT<pl
GDH��`<pNZJOGw@cH @esJ<=s «=s : ;=<�WoNO;=<V[K<�z=WO<bW�@CH=<�PCl=l`GDJOGw@cHQPFB�[\@=l`<bB�� $� � $� ] � ��� JO@X<bWTJOGD[mPFJO<xPXl`<bBaP�_c<pl�l`<bWOGDUT<pl^WTGDICHkPFBLsd: EM@WTGD[\GwBaPSU PSR=R=UO@|PCNO;=<VW >D�b�`«,A�E�<bUO<�R=UO@CRk@CWT<�l}g`_X�0PFUTHkPF�CP � � *�
�� >D��ce��A�GwH*��cc¬F�XPFHQl\g`_m��@`@CBD< ���+*�
�� >D��c.<CAiGDH~��cc¬F�ks
:�@X<bWTJOGD[mPFJO<�JT;=<XPCNZJOzQPFB�<bUTUO@CU�WTGDIcHQPFB W ��L�� GDJvGDW H=<pNy<bWTWZPFUT_*JT@\g=z=GDBal\JT;=<�JOUoPSH=WL>A<VUv>�z=HQNZJOGw@cHf� $� � � , � $�`]�� , �O� ��� GDH`JT@XJT;e<<bUOUT@CU�RQPFJO;is�: ;=<�GDH`¦C<VUTWT<�@S> � � � , � �`]�� , ��GwWM[K@=l`<VBwBD<pl?@F�k©�BDGDH=<Ch`zeWTGDH=IX@CHeBw_XJO;=<�BD@CzQl`WORQ<�PF�C<VU�PFWvP�E ;eGwJO<�H=@CGDWT<�WO@Cz=UZNZ<Cs�e@CUTJOz=HQPSJT<bBD_�GDJ�GDW�Rk@CWOWTGDg=BD<�JT@}z=WT<KPSH~GDH`¦C<VUTWT<X[\@=l`<bBDBDGwHeIKl`<bBaP�_ , ��� JT@}<bWOJTGD[mPSJT<�JO;=<XGDH`¦C<bUOWT<X[K@cUT<xPcNbNZz=UZPFJO<bBD_|sX:�@
NZ@c[KRk<bH=WoPSJT<�>A@cU�JT;=<XGDH`¦C<bUOWT<X[\@nln<bBDBwGDH=IXl`<bBaP�_�JO;=<XWTGDIcHQPFBDW K ��L���PFHQl O �PL���PSUT<Kl`<bBaP�_c<pl�g`_�JO;=<XWoPS[K<XPF[\@Cz=H`Jps�: ;e<
WTGDIcHQPFBDW O ��L3M��K��PSHQl W 	 �PL M��\��PFUO<xWOz=[K[\<pl}JT@\>A@cUT[ JT;=<Kl`<VWTGDUT<pluWTGDICHkPFB � 	 ��L�M��\�bsX: ;e<Kl`<bBaP�_C<pl*GDH=Rez=J�WTGDICHQPSB
K �PLbM��\� PFHQl\JO;=<�l`<bBaP�_C<pl}l`<VWTGDUT<pl�WTGDICHQPSB � 	 �PLbM��K� PSUT<�WOz=R=R=BDGD<pl\JT@XP�BD<pPFWOJ Wo¨czQPFUO<bW�PSBDIC@CUOGDJT;=[*s
t He@CJT;e<bU�Pcl`¦CPFH`JoPSIC<�GwH\z=WTGDH=IXJO;=GDW WoNO;=<b[\<Ch=GDW JO;QPFJ [\@CUT<�WT@cR=;=GDWTJOG�NVPFJT<�lKBD<pPSWTJ�Wo¨czQPFUO<bW�PSBDIC@CUOGDJT;=[\W�� � � � � ; @cz=WT<V;=@CBal`<bU
JTUZPFH=W�>A@CUO[mPSJTGD@CH=W�>w�,cC«CA���WT<b< t R=Rk<bHQl`G�Y t ��@CUXWOGwHeICz=BaPFU�¦CPFBDz=<}l`<pNZ@c[KRk@CWOGwJOGD@CH ��� J�����>D��<��CAA��NbPFH gk<�GD[KR=BD<b[X<VH|JO<pl�h
E ;=GaNO;�PFUT<�<bWORQ<�NZGaPFBDBD_Kz=WO<Z>Az=B >A@CU JOUoPFGDH=GDH=IXPrH=@CH=BDGDH=<pPSU Ny@CH`JTUO@CBDBD<bU E GDJT;�PxNy@CBD@Cz=UO<pl}GDH=R=zeJ K �PL��Vs

cc«



����������	����`��� � �8� � � 	,�,��� ��� � !�	�� ��� "�	`� � ����� � �

t He@CJT;e<bU�RQ@cWTWTGDg=BD<�He@CH=BDGDH=<pPSU�NZ@cH|JOUT@cB'WZNO;=<b[K<rE�@cz=Bal}gQ<rJT@}z=WT<XP�H=@cH=BDGwHe<pPFU�NZ@CH`JTUO@CBDBD<bUvE ;eG�NO;~Ny@CH=WOGwWOJTW�@F>MJLE�@\RQPFUOJTWps
: ;=<�§QUTWOJ�RQPSUTJdgk<bGDH=IxP�H=@CH=BDGDH=<pPSUd<ZY=RQPSH=WTGD@CH�>�UT@C[ JT;=<�GDH=R=z=Jd¦c<pNZJO@CU ��� PFHQl�JO;=<vWO<pNZ@cHQl\RQPFUOJ�P�WT<VJ�@S>iBwGDH=<�PFU�E�<VGwIc;`JTWps
7�9 	���H=<bJLEM@CUO�|WKPSHQl J��.§QBDJT<bUX;QP�¦c<}JT;QPSJX�|GDHQlu@F>�WTJTUOzQNZJOz=UT<Cs : ;=<VHjGDJ�E�@cz=Balfgk<}RQ@cWTWTGDg=BD<}JT@fWO;=G�>AJ � � � , � � ] � , ��AGLs <Cs GwH���GDICz=UO<G@=sJ@`��gQ�T�M@cH=BD_K@F¦C<VU JT;=<�WO<pNZ@cHQl�BDGDH=<pPSU�RkPFUTJ�@F>dJT;e<xNZ@CH`JOUT@CBDBD<bU���� , �bsM: ;=GDW R=UO@=NZ<pl`z=UO<xEM@CzeB�l\BD<pPclKJO@KP
H=@cH=BDGwHe<pPFU §QBDJT<bUO<plc©�Y�WoNO;=<b[\<Csd: ;=<�H=@cH=BDGDH=<pPFUvNy@CH`JTUO@CBiWZNO;=<b[K<�[\<bH`JTGD@CH=<�lKPFgk@F¦C<�GDHKJO;=GDWvWO<pNZJTGD@cH�PSR=Rk<pPFUOWvJT@Xgk<�[\@CUT<
WT@cR=;=GDWTJOGaNbPFJO<pl�PFHkl�h`JT;=<VUT<Z>A@cUT<ChkE PFWMz=WT<�l}GDHmJO;=<�WTGD[Xz=BaPFJOGD@CH=W�s

��������� � � ��� �	� � � � ��� ��� � ����� � �
����� � �
����� � ����� � � ���
�
����� ����� � � �!� � �

�	� �

6�>�JT;=< NZ@CH`JOUT@CBDBD<bUdGDW�JT@�[K@=l`<bB ��� , � � ���� � , ��E ;e<bHxJO;=<vPCNyJTzQPSJT@CU JTUoPSH=WL>�<bU�>Az=HkNZJTGD@CH � � � , ��GDW�H=@CHe[KGDH=GD[xze[ R=;QPSWT< >D�,@.B,ATh
P�NbPFz=WZPFB�BwGDH=<�PFU NZ@CH`JTUO@CBDBD<bU E GDBDBQgk<�WTzegm@cR=JTGD[Xz=[ WTGDHQNZ<rGwJ NbPSH=H=@CJ�h`g`_ml`<Z§kH=GDJTGD@CHih=NO;QPSUoPcNZJT<bUOGDWT<�JO;=<xPFH`JOG�NVPFz=WZPFB�RQPSUTJM@F>
� ���� � , �bs\: ;=<Kl`<bUOGw¦CPSJTGD@CH^@F> <ZY=R=UT<bWOWTGD@CHeW�>A@cU�JT;=<KNZ@c[Xg=GDH=<pl�Ny@CH`JTUO@CBDBD<bUxPFWOWTz=[\<bW�JT;QPSJ�JT;e<�>A<b<pl`gkPCNO�~RkPFJT; ��� , ��;QPSW
gk<b<bH}<Z��<pNZJTGD¦c<bBD_mNbPSHQNZ<bBDBD<pl\g`_ $��� , � $� � � , �Vs�: ;=GDW��`GDHQl?@F>i<bBDGD[KGDHQPSJTGD@CH�@S>'JO;=< >A<V<pl`gQPcNT�\RQPFJO;K;QPSW�gk<b<bH^UT<bRk@CUOJT<pl\JT@�gk<¦C<VUT_�WOzQNbNZ<bWOWL>AzeB�GDH >D�p¬ �,ATs : ;=<�UT<VWTz=BDJTGDH=I}g=BD@=NO��l`GaPFICUZPF[ GDW�WO;=@FE H�GDH~��GDICz=UO< @esD��@=s�: ;=<�JTUZPFH=W�>A<bU�>Az=HQNyJTGD@CH � � � , ��GDW

x(n)
P

e(n)
H

-
H~ z

d(n)
a e

y(n)

d(n)~

Ha
k

+

W

��GDICz=UO< @esD��@=��	 Bw@=NO�Kl`GaPFIcUoPS[�@F> t 7 ¥ WT_`WOJT<b[ >A@cUvl`<bUOGw¦CPSJTGD@CH\@F>�JT;=<�NZ@c[Xg=GDH=<plKNy@CH`JTUO@CBDBD<bU
PFWOWTz=[\<pl}JO@XgQ<�H=@CHe[KGDH=GD[xze[ Re;QPFWO<�E GDJT;~P�H=@cHQNbPSz=WoPSB'GDH`¦C<VUTWT< � ���� � , �bs��v<y§QH=<��� � � , �vPSW�P\NbPFz=WZPFBdPFReR=UT@�Y=GD[mPSJTGD@CHJT@XJO;=<�GDH|¦c<bUTWO<�@F> � � � , �MWTzQNO;�JO;QPFJ

� � � , � �� � � , � &R , �
�

�P@esw� �C�
E ;=<bUO< �fGDW]PSH0GDH`JT<bIc<bUps{: ;=<}¨CzkPFBDGDJL_~@S>�PFR=R=UO@�Y=Gw[}PFJOGw@cH~GD[\R=UT@F¦c<bW�PFWXJT;e<KBaPFI �{GDW�GwHkNZUT<pPSWT<pl s0: ;`z=W�JT;=<}JOUoPFHeWL>A<bU
>Az=HkNZJTGD@CH � ���� � , � NbPFH}gk<xPFReR=UT@�Y=GD[mPSJT<plXPSW

� ���� � , � &R ,
�
�� � � , � �P@esw�c�p�

: ;=<�>AzeHQNZJTGD@cH�@F> JT;=<KNy@CH`JTUO@CBDBD<bU ��GDH~��GDICz=UO< @=sD��@?GwW�JO@mReUT@=l`zQNZ<KP\�c©LWTJT<VR0PF;=<pPcl�ReUT<pl`GaNZJOGD@CH*@F> JT;=<�@Cz=JOR=z=J�@S>�JT;e<
NbPSz=WoPSBiBDGDH=<pPFUMWT_`WOJT<b[ ��� , � �� � � , � gkPFWT<�lK@cH}JT;=<�GDH=R=z=J ¦c<pNZJO@CU ��� �PL��Vsd: ;`z=W

� ��L�� R �� �PL����e�(R S � � � ��L��T� �P@esw�,<C�

cS�



����������	����`��� � �8� � � 	,�,��� ��� � !�	�� ��� "�	`� � ����� � �

E GDJT;
��� ��L�� R � K �PL�� $ K �PL M ���%$'&(&'& $ K ��L`M)�!� ����� *

E ;=<bUO< S � � ��GDWvWO@C[K<�WZNbPFBaPFU�>Az=HQNyJTGD@CHihkRk@CWOWTGDg=BD_}H=@CH=BDGDH=<pPSUphe@F>�JO;=<�¦C<�NZJT@cU � � ��L��bs ��GD¦C<bH � � �PL��VhQJO;=<�[KGDH=GD[xze[ [\<pPFH
Wo¨czQPSUT<�<VUTUT@cU�� * *^�=�d� <VWTJTGD[}PFJT<�@F> � �PL�� GDW @Cg=JZPFGDH=<pl\g`_XJT;=<�NZ@CHQlnGwJOGD@CHQPSBQ<ZY=Rk<pNZJZPFJTGD@cH >D��cF�HAThC@cU 	MP�_C<bWOGaPFH}<bWTJOGD[mPFJO<X�

$� �PL�� R �`> � �PL���� � � �PL��PA �P@esw��«C�
t WOWTz=[\GDH=I�JT;kPFJ JT;e<�JOUoPSH=WL>A<VUM>Az=HQNZJOGD@CH �]� , � �� � � , � NbPSH}gQ<�PFReR=UT@�Y=GD[mPSJT<plrg`_KPX� 6 9j§QBDJT<bU JO;=<�l`<bWTGDUO<pl}WTGDIcHQPFBkGDW�IcGw¦c<bHg`_

� ��L�� R
������
Z �	� 
 Z K ��Lx� � M 
A� �P@esw�V�|�

E ;=<bUO<! 
 Z "�PFUO<vJT;e<�Ny@|<#�mNZGD<bH`JTW @F>�JT;=<�NbPFzeWoPFB�JOUoPSH=WL>A<VUM>Az=HQNZJOGD@CH �]� , � �� � � , �Vs��d¨czQPSJTGD@CH}��@=sD�b�`�dNbPFH}gk<vWOR=BDGwJMGDH`JT@�JLEM@RQPSUTJTWvPSW
� ��L�� R � � ��L��i� � � ��L��

R

� ����
Z �	� 
 Z K �PL�� �GM 
���� ������

Z � � 
 Z K �PL���� M�
A� �P@esw�,BC�
: ;`z=W��P@esD�p«C�MNbPSHmgk<�UO<bE UTGDJTJO<bH~PSW

$� �PL�� R �`> � � ��L���� � � ��L���� � � ��L��
A
R �`> � � ��L���� ��� ��L��
An���`> � � ��L���� ��� ��L��
A �P@esw�,@C�

: ;=<�WT<�NZ@CHQl�RQPFUOJ @F> �P@esw�,@C� GDW P�BDGDH=<pPSU�WO_|WOJT<b[9Gal`<VH|JOG�§ NbPFJOGD@CHKReUT@CgeBw<V[
$� � �PL��NR � � ������

Z � � 
 Z K �PL���� M 
A��� � � � �P@esw� �C�
: ;=<�@CReJTGD[Xz=[!WT@cBwzeJTGD@CH\E�@cz=BalXgk<

� � �PL��NR
������
Z � � 
 Z K �PL�� �GM�
A�

R
������� ��
. �	� 
 . �

�
K �PLbM�
C�

R
������� ��
. �	��� . K

��L`M 
S� �P@esw��¬C�
; <VHQNZ<ChkE GDJT;=@cz=JMBw@cWTW @S> Ic<bH=<bUZPFBDGDJL_

� � �PL��NR � * ��� �PL�� �P@esw�,cC�

cdB



����������	����`��� � �8� � � 	,�,��� ��� � !�	�� ��� "�	`� � ����� � �

E ;=<bUO<
� * R >

� � $'&(&'&�$ � ����� A: ;=<�§QUOWTJvRkPFUTJ @S>���@=sD��@c�dUO<p¨cz=GDUT<bW�[Xz=BDJTG�©�WOJT<bR\R=UT<�l`GaNZJTGD@CH�s
$� � �PL��NR �`> � � ��L���� ��� �PL��PA

R � �
� ����
Z �	� 
 Z K ��Lx� � M�
���� � � �PL�� �

R

� ����
Z �	� 
 Z��`> K ��Lx� � M�
���� � � �PL��PA �P@es < �C�

: ;`z=W $� � �PL��MGDW P�BDGDH=<pPSU Ny@C[Xg=GDHQPSJTGD@CH�@F>�[Xz=BDJTG�©�WOJT<bRXReUT<pl`GaNZJO@CUOWv@F>�JT;=<�GDH=R=zeJ�WOGwIcHQPFB K �PL��Vs�6LJ�GDW z=WOzQPFBDBD_�H=@CJ H=<�NZ<bWTWZPFUO_JT@^<b[XgQ<�l ��� �PL���GDH`JT@�PFWr[mPFH`_�PFW!��l`GD[\<bH=WTGD@cH=W�WT@}>A@cU�[K@=l`<bBDBDGDH=IQhkP}WT[}PFBDBD<bU�l`GD[\<bH=WTGD@cH � � �6[}P�_}gQ<X[\@CUT<
PFReR=UT@cR=UTGaPFJO<Cs

$� � �PL��NR

� ����
Z �	� 
 Z �`> K ��Lx� � M�
���� � � �PL��
A �P@es <e�p�

: ;=< @cR=JTGD[mPSBCR=UO<pl`GaNZJOGw@cH �b> K �PLM� � M 
���� � � �PL��
Ak[mP�_�gQ<vPSR=R=UO@�YnGD[}PFJT<�lvGDH�R=UoPcNZJTGaNZ<�E GDJT;�[mPFH`_�>A<b<�lc>A@CUOE PSUolrH=<bJLEM@CUO�|W<Cs IQs�[Xz=BDJTGDBaPb_c<bU�Rk<bUZNZ<bR=JOUT@CHeWX� *35��d�bhkUZPCl`GaPFB�gQPFWOGDW >Az=HkNZJTGD@CHeW��P9 	M����@CU Jd@cBwJO<bUTUZPXWO<bUTGD<bW�� J��=�bs�;�<bUT<Ch @CH=BD_KJO;=<�B�PSJTJO<bU
JLEM@xE GDBDB�gQ<�NZ@cH=WTGal`<VUT<pl�hkgk<pNbPSz=WT<�@F>�JT;=<bGDU <pPSWT<�@S>'JOUoPFGDH=GDH=Iks�: ;`z=Wph K �PL�� �GM�
A��NbPFH}gk<�PFR=R=UO@�Y=Gw[}PFJO<pl�g`_

�`> K ��L�� �GM 
���� ��� ��L��
A $R
��

. � �
-�Z . � . � ��� ��L��T� �P@es <d<C�

E ;=<bUO< �{GDWvJO;=<�H`z=[Xgk<bU @F>�JT;=<�H=@cH=BDGwHe<pPFUM�C<bUOH=<bBDW! �� . "xPFHkl}BDGwHe<pPFU EM<bGDIC;`JTW  -�Z . "`sM: ;=<bUT<y>A@CUO<xPFH�<VWTJTGD[}PFJT<�@S> � � ��L��EM@Cz=BalX;kP�¦C<�JT;=<�>A@cUT[
$� � �PL��NR

� ����
Z �	� 
 Z

��
. � �

- Z . � . � � � �PL��O� �P@es <c«C�
*}<bUOICGDH=IXJO;=<�JLE�@XBDGDH=<pPSU�BaP�_C<VUTW  
 Z "xPSHQl  -�Z . "�JO@CIC<VJT;=<bU�hkJT;=GDW gk<pNZ@C[\<bW

$� � �PL��NR
��

. � �
� . � . � ��� �PL��O� �P@es <S�|�

: ;=GDWdUO<b[K@F¦c<bW�PFH`_�UT<p¨cz=GDUO<b[K<bH`JdJO@�Gal`<bH`JTG�>A_�JT;e<vEM<bGDIC;`JTW  
 Z "�PSHQl  - Z . "vWT<VRQPFUZPFJT<VBw_`s�: ;=GDW�PSBwWO@�UT<b[\@F¦C<bW�PSH`_xUO<p¨cz=GDUT<Z©[K<VH|J >A@cU <ZY=R=BDG�NyGwJM�`H=@FE BD<pl`Ic<�@S>dJT;=<�BaPFI ��s���GDHQPSBwBD_`hCPFH}<bWOJTGD[mPSJT< O ��L�� @S> � �PL�� NbPSH}gQ<�>�@Cz=HQl\g`_KWOz=g=WOJTGDJTz=JOGDH=I}�P@esw�,cC�
PFHkl���@=sJ<F�`�dGDH^�P@=sD�,@C�

O �PL�� R
��

. � �
� . � . � ��� ��L��T�i� � * � � �PL�� �P@es <dBC�

t W GDHX>Jc.cCA JO;=GDWvNbPFH�PFBDWO@xgk<�E UTGDJOJT<bH�PFWvP�¦c<pNZJO@CUvGDH=He<bU R=UT@=l`zkNZJ
O �PL�� R � *�� �PL�� �P@es <d@C�

cd@



����������	����`��� � �8� � � 	,�,��� ��� � !�	�� ��� "�	`� � ����� � �

E ;=<bUO<
� * ��L��NR �

� � $ � � $(&'&(&�$ � � $ K �PL��%$ K �PL M �p�%$'&'&(&�$ K ��L M�� � �����
� * R � � � $ � � $'&'&(& $ � � $ � � $ � � $(&'&'& $ � ����� ��e@CU�JT;=GDWXBDGDH=<pPFU�©�GDH`©LJT;e<Z©�RkPFUoPS[K<bJO<bU�H=@CH=BDGDH=<pPSU]PSUoNO;=GDJT<�NZJTz=UO<Ch�JT;=<}EM<bGDIC;`Jx¦c<pNZJO@CU �	NbPSHjgk<}<bWTJOGD[mPFJO<pl{z=WTGDH=IfP*BD<pPFWOJ

Wo¨czQPSUT<bW�PSBwIc@CUOGwJO;=[~s 7�@0<ZY=R=BDGaNZGDJK�`H=@FE BD<pl`Ic<�@F>�JT;=<*BaPFIfJT<VUT[ �7GwW\UT<p¨cz=GDUO<pl GDH ��@=sJ<.Bc�bs :�@f<b¦CPFBDzQPSJT<�JO;=<~BDGDH=<pPSU
NZ@c[Xg=GDHQPFJOGw@cH�@F>�JT;=< H=@cH=BDGDH=<pPFUdPSHQl�BDGwHe<pPFU�RQPSUTJTW GwH\�P@esJ<.BC��P�¦CPFUOGD<bJL_x@S> lnG ��<bUO<bH`J�NZ@CH`JOUT@CBDBD<bUOW�PFUO<vNZ@CH=WOGal`<bUT<�lXGDH]�n<pNZJTGD@cH
@=s «es �ks
	MPFWT<�l @CHq�P@=sJ<dBC�rGwJ�GDWXRQ@cWTWOGwgeBw<}JO@~GDH`>A<VUX;=@FE�JT;e<mHkPFJTzeUT<�@S>�JT;e<�Ny@CH`JTUO@CBDBD<bUXE GDBwBMgk<�P � <�NZJT<plqg`_fJT;=<}GDH=R=zeJXWTGDICHQPSB
NO;QPFUZPCNZJO<bUTGDWOJTGaNZWfPFHQl JO;=<*R=;QPFWO<fUT<bWORQ@cH=WT<{@F>xJO;=<fPCNZJOzQPFJO@CU}JTUZPFH=W�>A<bU}>AzeHQNZJTGD@cH � � � , �bs 6LH RQPSUTJTGaNZzeB�PSUph G�> � � � , �\GDW[KGDH=GD[�z=[!R=;QPSWT<Ch�H=@KBaPSI �}GDW�UT<p¨cz=GDUO<plfPFHQl�JT;=<�GDH|¦c<bUTWO<XGDWvR=z=UO<bBD_~NbPSz=WoPSB�sG;�<bHQNZ<}PXR=UO<pl`GaNZJOGw¦c<]Ny@C[KRk@CHe<bH`JvWTzkNT;0PSW
�P@esJ<.<C� GDWiH=@cJ'UO<p¨cz=GDUT<plXPSHQl���@=sJ<.Bc��UT<�l`zQNZ<bWMJT@�JT;=<vNy@CH`¦C<bH`JOGw@cHQPFBcBDGwHe<pPFUdNZ@cH|JOUT@cBwBD<bU1>D��< �=hL�,c.B,ALs86�>�JT;=<MJTUZPFH=W�>A<bU�>�z=HQNZJOGw@cH�GDW
H=@cH=[KGDH=GD[�z=[ R=;QPSWT< JO;=UT<b<�NZ@CHkl`GDJTGD@CH=WdNbPSHXgQ< Gal`<VH|JOG�§Q<pl�hFE ;eG�NO;KPSUT< l`<bRk<bHQl`<bH`J @cHxJO;=< HQPFJOz=UT< @S> JO;=< GDH=R=z=J�WO<p¨cz=<bHQNZ<c�

� K ��L��dGDW GDHQl`<bRk<bHQln<bH`JTBD_KGal`<bH`JOG�NVPFBDBD_]l`GDWOJTUTGDg=zeJT<pl^�AGLs GLs l�s ��©dH=@xReUT<pl`GaNZJOGD@CH}GDW�Rk@CWOWTGDg=BD<�PFHQl?;=<bHQNZ<rRQ@`@CU UO<bWTzeBwJOWvPFUO<
JT@Xgk<�<yYnRk<pNZJO<pl�s

� K ��L��MGwW�NZ@CUOUT<bBaPSJT<pl^GDHmJOGD[K<�PSHQl ��PSz=WTWOGaPFH}GDHmE ;eG�NO;~NVPFWT<?�P@=sJ<d<C�MUT<�l`zQNZ<bWrJT@KPXBDGDH=<pPSU R=UT<�l`GaNZJT@cU�PFHkl}JT;=<rE ;=@CBD<
NZ@CH`JTUO@CBDBD<bU @F>M�P@es <dBC� GDW BwGDH=<�PFUps

� K ��L��MGwWMH=@cH`© �rPFz=WOWTGaPFH�PFHklXH=@cH`©�GLs GLs l�sDhFGDHmE ;eG�NO;�NbPSWT<X��@=sJ<.Bc�d[}P�_xR=UO@=l`zQNZ<�gk<bJOJT<bU�UT<bWOz=BDJTWvJO;QPFH�P�R=zeUT<bBD_KBDGDH=<pPSU
NZ@CH`JTUO@CBDBD<bUps

: ;=<�BDGwHe<pPFU WO_|WOJT<b[ Gal`<bH`JTG�§ NbPSJTGD@CH}RQPSUTJ�GDH*�P@=sJ<dBC�MUT<�¨CzeGwUO<bWxPSH�GDH=R=z=J�WTGDICHQPSB � � �PL���E ;=GaNO;�GDWvg=UO@|PClngQPFHQl s t W�BD@CH=IKPSWJT;e<�He@CGDWT<�<ZYQNZGDJT<bWvPSBwBkJT;e<v>�UT<p¨cz=<bHkNZGD<bW H=<pNZ<VWTWoPSUT_}JT@�Gal`<bH`JTG�>A_�JT;e<�BDGDH=<pPSU�WO_`WTJT<V[~hcJT;=<�BDGDH=<pPFU RQPFUOJvl`@`<bW�He@CJMUT<p¨cz=GDUT<�PSH|_
PFWOWTz=[\R=JTGD@cH=W PSgQ@cz=J JT;e<�lnGwWOJTUOGwgez=JTGD@CH}@cU�H=@cH=BDGDH=<pPFUvln<bJT<bUO[KGDH=GDWTJOGaNvNO;QPFUZPCNZJO<bUTGDWOJTGaNZW�GDHKJT;e<�GDH=R=z=JMWTGDICHkPFB � � �PL��Vs: ;=<�He@CH=BDGDH=<pPSUvR=UO<pl`GaNZJTGD@cH�RQPFUOJphkJT;e@Cz=Ic;ihkUT<p¨cz=GDUT<VW�JO;QPFJ�JT;=<VUT<�GwW�WT@c[K<�H=@CHeBwGDH=<�PFUv[}PFR=ReGwHeI�gQ<VJLE�<b<VH0PCl��bPcNZ<bH`JvGDH=Rez=J
WoPS[KR=BD<bW�s 6�>�JT;e<mHe@CGDWT<}GDWxHe@CH=BDGDH=<pPSU]PSHQl0l`<VJT<bUO[KGDH=GDWTJOG�NSh�G�s <Cs{P~NO;QPS@CJTGaN\JTGD[\<XWT<bUOGw<VWphMGDJxGDW�RQ@cWTWTGDg=BD<}JT@*R=UO<pl`GaNZJXJT;e<
H=@cGwWO<}GwH{JT;=<}WO;=@CUOJXJT<bUO[ >D�#A�s t WXJT;e<K>�z=HQNZJOGw@cH S GDH K �PL}� �=�`R S�� � � �PL��T��GDW�IC<bHe<bUoPSBwBD_fH=@cH=BDGDH=<pPFU�JT@fIc<bH=<bUZPFJO<NO;QPF@cWph�GDJ�GwW�H=<pNZ<VWTWoPSUT_*JT@}z=WO<]P?H=@CH=BDGDH=<pPSUv[\@nln<bB�>A@cUvJO;=<x�c©LWTJO<bR~ReUT<pl`GaNZJOGD@CH*JoPFWO��s ¥ ;QPF@cJTGaN�JTGD[\<�WO<bUTGD<bWrE ;=GaNT;fPFUOGDWT<
>AUO@C[9l`_`HQPF[\G�NVPFBkWT_`WTJO<b[KW�PFUT<�NZBD<pPFUOBw_\H=@CHn© ��PSz=WTWOGaPFH}g=z=J�PFUT<�PFBDWT@Xl`<bJO<bUT[\GwHeGwWOJTGaNFs�6LJvGDW Rk@CWOWTGDg=BD<�JT@X<V[XgQ<pl\JO;=<�§kH=GDJT<
l`GD[K<VH=WTGD@CHkPFB=[}PFH=G�>A@cBwl � @F>iJO;=<�l`_`HQPS[KGaNbPSB=WT_`WTJO<b[ E GwJO;XJT;=<�[\<bJT;=@=l`W @F>'l`<bBaP�_`W >w�#ATs t W JO;=<vWO_|WOJT<b[ <b¦c@CBD¦C<bWMJT;eUT@CzeIC;
JTGD[\< JT;=<�[K<pPSWTz=UO<plX¦CPSBwze<bW�@S>iJT;=<�JOGw[\< WT<bUOGD<bW GDHKJT;e<vJoPSR=Rk<pl}l`<bBaP�_xBDGDH=<�l`<bWoNyUTGDgQ<�P�JTUZP��Z<pNZJO@CUO_mGDHKPSHK<b[Xgk<pl=l`<�lXWTJZPFJO<
WTRkPCNZ<Cs�: ;eGwW�<b[Xgk<pl=l`<pl*PFJOJTUZPCNZJO@CU�l`@`<bW�H=@CJ�@=NbNZz=R`_�JO;=<xE ;e@CBD<�WTJZPFJO<xWORQPCNZ<ch�GDH�WTJOUT@CHeImNZ@cH|JOUoPSWTJ�JT@\WT@C[\<�WTJO@=NT;kPFWTJOGaN
R=UO@nNy<bWTWO<bWph�E ;eG�NO;\§QBDB�@CzeJ [K@CUO< @CU BD<bWOWvJT;e<�E ;e@CBD<�WTJoPSJT<�WORQPCNy<Cs

c �



����������	����`��� � �8� � � 	,�,��� ��� � !�	�� ��� "�	`� � ����� � �

������� � 
��
�����	�����	����������� � ���!�"�#�$�

6LH JT;=<\>A@cBDBw@FE GDH=I}WOGw[XzeB�PSJTGD@CHeW�JO;=<�PCNZ@cz=WTJOGaNX>�<b<pl`gQPcNO�jRkPFJT; ��� , ��GDH0JT;e<�lnzQNZJXGDWXH=<bIcBw<�NZJT<plj>A@CU�JT;=<}JLEM@�>�@CBDBD@FE GwHeI
UT<�PFWT@cH=Wps ��GDUTWOJTBD_}GwJMGDW�PSWTWTze[K<pl\JT;kPFJ JT;e<�@F�k©�BDGDH=<�[K@=l`<VBwBD<pl]§QBDJT<bU $�]� , � $� � � , �M<bBDGw[\GDHQPFJO<bW�JO;=<�>A<V<pl`gQPcNT��PSHQl\WT<pNZ@cHQl`BD_JT;kPFJvzeH=G�©�l`GDUO<pNZJTGD@cHQPFB�[\G�NyUT@CRe;=@CH=<VWvPFUT<rz=WT<pl s�: ;e<�H=@CGDWO<xNbPFzeWT<pl^g`_KJTzeUTg=z=BD<bHkNZ<xGDH}JT;e<xl`zQNZJ�@CH}JT;e<�[KGaNZUO@CR=;=@cH=<bW�h=GDW
PFWOWTz=[\<pl\JT@�gQ< �b<bUT@ksd: ;=<�UO<bWTz=BDJOGwHeIXg=BD@nNO�}l`GaPFICUZPF[!GDW WT;=@FE H}GDHm��GDICzeUT<G@=sD��Bes
:�@ �ZzeWTJTG�>A_^JT;=<�H=<pNZ<VWTWTGDJL_f@S> GD[KReBw<V[X<bH`JTGDH=IXPmNy@C[Xg=GDH=<pl�BwGDH=<�PFU�PFHQl^H=@cH=BDGwHe<pPFU�NZ@CH`JTUO@CBDBD<bU�JT;=<�>�@CBDBD@FE GwHeIxWOGw[XzeB�PSJTGD@CHeW
EM<bUT<xNVPFUTUOGD<pl\@Cz=J�s�: ;=<�R=UTGD[mPSUT_�H=@CGDWO<�WO@Cz=UZNZ<�E PFW [\@nln<bBDBw<�l�g|_\JT;=<G5 @CICGDWOJTGaN�[mPFR�s�: ;=<�JTGD[K<�WT<bUOGD<bW K �PL�� IC<bHe<bUoPSJT<pl
g`_}JT;=< 5 @CICGDWOJTGaN�[mPSR}GwW�l`<bBDJoP}NZ@cUTUO<bBaPFJT<�l >w�,c.@CA�s�: ;=<]PcNZJTzkPFJT@cU � � � , ��E PFW�NO;=@CWO<bH*JT@}gQ<�[mP Y=Gw[�z=[!R=;QPSWT<KPSHQl}JT;e<
@CJO;=<bU JOUoPFHeWL>A<bUM>�z=HQNZJOGw@cH=W ;QPclXz=H=GDJ I`PFGDHis�: ;=<G7 *��=�{GDHml 	 NVPFH}gQ<�WO<b<bH�GDHm��GDICzeUT<=@esD���=s�: ;=<�BDGDH=<pPFU ��6 9 Ny@CH`JTUO@CBDBD<bU
E GDJT;0� �XJZPFR=W�GwW�H=@cJ�PSg=BD<�JT@}PFJTJO<bH`zQPFJO<xJO;=<�H=@CGDWT<csv: ;=<�H=@cH=BDGwHe<pPFU�NZ@CH`JTUO@CBDBD<bUph�P Jd@CBDJT<VUTUoP]§QBDJT<bU�E GDJT;*¨CzkPCl`UZPFJTGaN�PSHQl
NZz=geG�N�JT<bUO[KW�h=PCNO;=GD<b¦C<VW WTBDGDIC;`JTBD_�gk<bJTJO<bUvRk<bU�>A@CUO[mPFHkNZ<vJO;QPFH\JT;=<�NZ@C[Xg=GDH=<�l�BwGDH=<�PFU�PSHQlXH=@cH=BDGDH=<pPFU NZ@cH|JOUT@cBwBD<bU�si: ;e<�WO<bJTzeR
@F>iJO;=<�JT;=GDWMWTGD[Xz=BaPFJOGD@CH�R=UO@F¦`G�ln<bW PrR=z=UO<bBD_XH=@CHeBwGDH=<�PFUdJZPFWT�?>A@CU JT;=<�NZ@cH|JOUT@cBwBD<bU PFHkl�hCJO;=<bUO<Z>A@CUO<Ch=GDJMGDW�H=@cJ�WOz=UTReUTGDWTGDH=I�JT;QPSJ
JT;e<�He@CH=BDGDH=<pPSUvNZ@CH`JTUO@CBDBD<bUvPCNO;=GD<b¦c<bW JT;e<�gQ<VWTJvUO<bWTzeBwJOWps

-7

-6

-5

-4

-3

-2

-1

0

1

2

100 150 200 250 300 350 400 450 500

N
M

S
E

 / 
dB

samples n

nonlinear W
nonlinear & linear W

linear W

��GDICz=UO< @esw� �=��7�*^�=�!GDH l 	 >A@CUK«{l`G�� <VUT<bH`J�NZ@CH`JOUT@CBDBD<bUOW~� K ��L���R"� K ��L3M!�p�y�o� M K ��L M ���T�bh � R"«eh�� R ���eh
� � � , �1R $� � � , �1R � & B � , ��� h �`] R $�`] R��ch �]� , �:R��ch �]� , �1R �eh �e�F��L���R �.<n�PL��1R �=h � R ��@eh «d<
JoPSR=WM>A@cU � $� � $�`] � ���

: ;=<�H=<ZY=J�WTGD[Xz=BaPFJOGD@CHKGDW�PXRez=UT<bBD_�BDGDH=<pPSU�JoPFWO�}>A@cUvJT;e<]NZ@cH`JTUT@cBDBw<VUps�: ;e<xWZPF[K<rJT;=UO<b<KNZ@CH`JOUT@CBDBD<bUOW�EM<bUO<Xz=WT<pl hig=zeJ�JO;=GDW
JTGD[\< � � � , �MGDW [\GwHeGw[�z=[ R=;QPFWO<Cs�: ;=< 7 *��=�{GDH�l 	 NbPSHmgk<�WT<b<VH~GDHm��GDICzeUT<G@=sD�p¬es

cc¬



����������	����`��� � �8� � � 	,�,��� ��� � !�	�� ��� "�	`� � ����� � �

-65

-60

-55

-50

-45

-40

-35

-30

-25

-20

-15

100 150 200 250 300 350 400

N
M

S
E

 / 
dB

samples n

nonlinear W
nonlinear & linear W

linear W

��GDICz=UO< @esw��¬=��7�*^�=�!GDH l 	 >A@CUK«{l`G�� <VUT<bH`J�NZ@CH`JOUT@CBDBD<bUOW~� K ��L���R"� K ��L3M!�p�y�o� M K ��L M ���T�bh � R"«eh�� R ���eh
� � � , �1R $� � � , �1R �M� � &JB , ��� h � ] R $� ] R �Ch ��� , �1R �Ch ��� , �1R �=h �=�S�PL���R �.<n�PL���R �eh � R �eh «d<
JoPSR=WM>A@cU � $� � $� ] � ���

: ;=<�BDGDH=<pPSUv��6 9�NZ@CH`JTUO@CBDBD<bUvPFHklKJO;=<xNZ@c[Xg=GDH=<pl?@CH=<xPcNO;=GD<b¦C<�JO;=<�gQ<VWTJ�UT<bWOz=BDJps �eUT@C[ JT;e@CWT<rJLE�@XWOGw[XzeB�PSJTGD@CHeWdGDJvNbPFH}gk<
WT<V<bH�JT;kPFJ JT;e<xNZ@C[XgeGwHe<pl�BDGwHe<pPFUvPSHQlXH=@cH=BDGDH=<pPFUvNy@CH`JTUO@CBDBD<bU GDW�WOz=GDJoPFgeBw<�>A@cUvP�geUT@|Pcl\UoPFHeIC<�@F>dNZ@CH`JTUO@CB�R=UT@cg=BD<b[KW�s
: ;=<\H=<ZY=JXWTGD[Xz=BaPFJOGD@CH=W�E�<bUO<�NbPFUOUTGD<pl{@Cz=J�JT@fNZ@c[KRQPSUT<Kl`G���<bUT<bH`JKNZ@cH`JTUT@cBDBw<VUTWXE GDJT;0l`G���<bUT<VH|JXReUTGD[mPSUT_�H=@cGDWT<}WT@cz=UoNZ<VWps
�`<b¦c<bH~l`G���<bUT<VH|J GDH=Rez=J H=@CGDWO<�WOGDICHQPSBwW K �PL��ME GDJT; �b<bUO@X[K<pPSHmPSHQl\¦CPFUTGaPSHQNZ< ���

�

R � & ��PSUT<�z=WO<plf�
� � ;=GDJT< ��PFz=WOWTGaPFH}H=@cGDWT<
� � ;=GDJT<�z=H=G�>A@CUO[�H=@cGwWO<
� ¥ @CBD@Cz=UO<pl �rPFz=WOWTGaPFH}H=@cGwWO<
� 5�@CIcGDWTJTGaN�NT;kPF@CJOGaNvHe@CGDWT<`>Jc.cCA
� 5�@CUO<bH1�xNO;QPS@CJOG�N�H=@CGDWO< >JcCA
� �vz �KH=I]NO;QPS@CJOG�N�H=@cGDWT<`> ¬,A
� �`JT@=NO;QPFWOJTGaN�H=@CHeBwGDH=<�PFU H=@cGwWO<��AHQPS[K<pl^� 7�@CH=BDGDH=<pPSUp�cGDHKJT;e<�JoPSg=BD<bWo�

: ;=<~Ny@CBD@Cz=UO<pl ��PSz=WTWOGaPFH H=@CGDWO<mGDW\JT;=<�E ;eGwJO< ��PSz=WTWOG�PSH0H=@cGDWT<}§QBDJO<bUT<plqg`_jPX<SHQl{@CUoln<bU}Bw@FE RkPFWTW`6 6 9 §QBDJT<bU\E GDJT; P
H=@cUT[mPSBDGwWO<pl�NZzeJL©L@F�f>AUO<p¨cz=<bHQNZ_f@S> � & �dB=s�: ;e<KNZ@CBD@CzeUT<pl ��PSz=WTWOGaPFH�H=@cGDWT<XGDW�H=@CUO[mPFBDGDWT<�l}JT@};QP�¦c< �b<VUT@�[\<pPFH~PSHQl^z=H=GDJ

cdc



����������	����`��� � �8� � � 	,�,��� ��� � !�	�� ��� "�	`� � ����� � �

¦CPFUOGaPFHQNZ<cs
: ;=<�WTJO@=NT;kPFWTJOGaN�H=@CHeBwGDH=<�PFUvl`_`HQPS[KGaNMR=UT@=NZ<VWTWvGDW IcGw¦c<bH�PFW

K ��L�� R > � & ¬ M"� &JB�<yYnR � M�� K �PLbM �p�T� � �
A K �PLbM �p��M
> � & «M� � &Jc�<yYnR � M�� K �PLbM �p�T� � �
A K �PLbM <C���
� &D��WOGDHQ� 
 K ��L`M ���T��� �`��L�� �P@es < �C�

� ;=<VUT< �`��L��MGwW E ;eGwJO< ��PSz=WTWOGaPFHKReUT@=NZ<bWOWvE GDJT;)�b<bUT@X[\<pPFH}PFHQl\P�¦CPSUTGaPFHkNZ<v@S> �=s �e�Cs�: ;=<�WOJT@=NO;QPFWOJTGaN�H=@cH=BDGwHe<pPFUdHe@CGDWT<�GDW
H=@cUT[mPSBDGwWO<pl�JT@X;kP�¦C<��b<bUO@X[K<pPSHmPFHklKzeH=GDJ�¦CPSUTGaPFHQNy<Cs�: ;=<�JLEM@]lnGw[\<bH=WOGw@cHQPFB�PFJOJTUZPCNZJO@CU GDW WT;=@FE H}GDHm��GDICzeUT<G@=sD��ces

-2.5

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

-2 -1.5 -1 -0.5 0 0.5 1 1.5

x(
n)

x(n-1)

�iGDIcz=UT< @=sD��ce� t JOJTUoPcNZJT@cUv@S>'JT;e<�JLE�@Xl`GD[K<VH=WTGD@CHkPFBkWTJT@=NO;QPSWTJTGaN�He@CH=BDGDH=<pPSU l`_`HQPS[KGaNbPSB=JTGD[K<�WT<bUOGD<bW

�e@CU NZ@C[\RQPFUOGwWO@CH\GwH\RQ<VUL>A@cUT[mPSHQNZ<�§Q¦c<�lnG ��<bUO<bH`J�NZ@cH|JOUT@cBwBD<bUOW E�<VUT<�GDH`¦C<bWOJTGDI|PSJT<pl s

� 5�GDH=<pPSUv� 6 97§QBDJT<VU E GwJO; � R ���XNZ@`<��mNyGw<VH|JOW
� Jd@CBDJT<VUTUoP?��¨czQPcl`UoPSJTGaNFhkNZz=g=GaNb� §QBDJO<bU
� 7�9 	M�fHe<bJLE�@cUT�^�
� � � � Z � \�Z�� R «C«�� $ � � � ^�] 	�� R ��B.c $ ����� Y�Y,Z 	

�
R �,<.@ $ � � � 	�[ Z 	&] � ^ R �=���

� ¥ @C[Xg=GDH=<pl�BDGDH=<pPSUv� � R � �C�MPFHQl)Jd@cBDJT<bUOUoP\��¨czQPcl`UoPSJTGaNFh=NZzeg=GaNb�M§QBDJO<bU
� ¥ @C[Xg=GDH=<pl�BDGDH=<pPSUv� � R � �C�MPFHQl�7:9 	M�fH=<bJLEM@CUO��� � � � � Z � \4Z	� R «c«�� $�� � � ^�] 	�� R �,B.c $��
��� Y,Y,Z 	

�
R���<d@ $� � � 	&[ Z 	&] � ^�R �=�p�

: ;=<�:dPFg=BD<bW1@=sD�M©?@esw� ��R=UO<bWT<bH`J JO;=<�WTGD[Xz=BaPFJOGw@cHxUO<bWTzeBwJOW E GDJT;mlnG ��<bUO<bH`J GwHeR=z=JMWTGDICHQPSBDW K �PL��MPFHQl\PCNZJOzQPFJO@CUOW�� � � , �bs�: ;e<GDH=R=z=J�¦c<pNZJT@cU � � >JL Ad;QPSW�P}l`GD[K<bHeWTGD@CH}@F> � R ���XGDH�:dPSg=BD< @=sD�Cs 6LH^: PSg=BD<bWG@=sJ<r©=@=sJB?JT;=<Xl`GD[K<bHeWTGD@CH ��GDW�«mPSHQl}GDH
� ���



����������	����`��� � �8� � � 	,�,��� ��� � !�	�� ��� "�	`� � ����� � �

:dPFg=BD<bW�@esJ@�©_@esD���!� GDW1B=s�: ;=<�[mPSGDHKPCNZ@cz=WTJOG�N�R=BaPSH|J �]� , � GDWvPr>A@CzeUTJT;n©�@cUol`<bUv��6 9q§QBDJO<bUG>D�����CAT�
��� , � R , � � M"� & « , � � � � &J< , � �

: ;=<�NZ@CH`JTUO@CBDBD<bU ��� , �Ml`@`<bWMH=@CJ l`<bRk<bHQl\@cHXJT;=<�<bUOUT@CUMRQPSJT;KJOUoPSH=WL>A<VUM>Az=HQNZJOGD@CH �`]�� , �bs�: ;e<bUT<Z>�@CUT<ch`@CH=BD_�@CH=<�<bUTUO@CU RQPSJT;
�`]V� , � GDW�zeWT<pl��

�`]b� , �NR , � � �P@es <c¬C�
: ;=UO<b<xPCNyJTzQPSJT@CUOW�� � � , �dE GDJT;�l`G���<bUT<VH|J Re;QPFWO<�NO;QPSUoPcNZJT<bUOGDWTJTGaNZW�EM<bUT<�NO;=@cWT<bH�JO@xJO<bWTJ�JT;=<�JO;=<b@CUO_KGDHm�n<pNZJTGD@cH @es «=s «=s�: ;e<[mP Y=Gw[�z=[ R=;QPFWO<�JTUoPSH=WL>�<bU >AzeHQNZJTGD@cHm@S>	� � � � , ���

� � � � , �NR � &JB�� , ��� �P@es <dcC�
: ;=<�[KGDH=GD[�z=[ Re;QPFWO<�JTUZPFH=W�>A<bUM>Az=HkNZJTGD@CH}@S>	� � � � , �r�

� � � � , �NR � & ��� � &JB , ��� �P@es « �C�
: ;=<�H=@cH=[KGDH=GD[�z=[ R=;kPFWT<�JOUoPFHeWL>A<bU�>Az=HQNyJTGD@CH}@F> � � � � , ���

� � � � , �NR � & ���q� &JB , ��� M , � � �P@es «e�p�
: ;=<�GDH`¦C<bUOWT<bW�@F> PSBDB NZ@c[Xg=GDHQPFJOGD@CH=Wd@S>	� � � , � �`]�� , � PFUO<�<bWTJOGw[}PFJO<plXg`_X<ZYQNZGDJTGDH=IXE ;eGwJO<vH=@cGDWT<�JT;=UO@Cz=Ic; � � � , � �`] � , � PSHQlJTUZPFGDH=GDH=I}PFH~Pcl=PFR=JOGD¦C<x«d<FHQl}@cUol`<VU���6 9�§QBDJT<VUps�: ;=<�GDH|¦c<bUTWO<x[\@=l`<bBDBDGwHeI]l`<VB�P�_ , � � GDW � R �,@�>A@cU � � � � , � �`]�� , ��PSHQl
� � � � , � � ] � , � PFHQl � R B�>�@CU�� � � � , � � ] � , �bs: ;=<}BD<pPFWOJKWZ¨CzkPFUT<VWmPFBDIc@CUTGDJO;=[2GwWKP*geBw@=NO�0BD<pPSWTJXWZ¨CzkPFUT<VWmPFBDIc@CUTGDJO;=[2z=WTGDH=IfJO;=< ; @cz=WT<V;=@CBal`<bU\JTUZPFH=W�>A@CUO[mPFJOGD@CHisf: ;e<
H=@cUT[mPSBDGwWO<pl�[K<�PFHKWZ¨czQPFUO<�<bUTUO@CU���7�*��=� � GDWvNZ@C[\R=z=JO<pl�h=P�>�JT<bUvNZ@cH`¦C<bUOIC<bHQNy<Ch�PFWM>A@cBwBD@FE Wv�

7�*��=� R ��� Bw@cI � � � � �]� �
� � l 	

E ;=<bUO< ���] GDWMJT;=<�¦CPSUTGaPFHkNZ<`>w�,c��CA @S> W �PL�� PFHkl ���� GwW JO;=<�¦CPFUOG�PSHQNZ<�@F> � �PL��bs
6LH}JT;=<�WTGD[Xz=BaPSJTGD@CH�E ;=<bUO<xJO;=<�GDH=R=z=J WOGDICHQPSB K �PL��MGDW E ;=GDJT< �rPFz=WOWTGaPFHih`E ;eGwJO<�z=H=G�>A@cUT[�@cU�NZ@cBD@Cz=UO<pl ��PSz=WTWOG�PSHmP?R=z=UT<VBw_
BDGDH=<pPFUXNZ@cH|JOUT@cBwBD<bUKPcNO;=GD<b¦C<bWXJO;=<}gQ<VWTJKUO<bWTzeBwJ�s : ;=<}UT<bWOz=BDJTW}PFUT<}R=UO@F¦`G�ln<plfGDH0:dPSg=BD<I@=sD�csf: ;=<}UT<bWOz=BDJTW?>A@CU�JT;=<^E ;=GDJT<
H=@cGwWO<}R=UT@=NZ<bWOWT<bW�PSUT<}R=UT@F¦`Gal`<pl{PFWKP^gQPFWOGDW�>A@CUXNZ@C[\RQPFUOGDWT@CHfWOGDHQNZ<}H=@*BwGDH=<�PFUX@CU�H=@cH=BDGwHe<pPFU�R=UT<�l`GaNZJTGD¦C<�NZ@c[KRk@CH=<VH|J�GDW
Rk@CWTWOGDg=BD<Csv�q;=<bH~NZ@cBD@Cz=UO<pl �rPFz=WOWTGaPFH}H=@cGwWO<�GDWvz=WO<pl^BwGDH=<�PFUvReUT<pl`GaNZJOGD@CH�GD[KReUT@F¦C<VW JT;=<�RQ<VUL>A@cUT[mPSHQNZ<�>�@CU JT;e<x[}P�Y=GD[xz=[
R=;QPSWT<xPcNZJTzkPFJT@cU � � � � , � PSHQl\H=@CHe[KGDH=GD[xze[ R=;QPSWT<xPcNZJTzkPFJT@cU � � � � , �VsM: ;=<�UT<bWOz=BDJTW�>A@CU�� � � � , �ME GwJO;�PXNZ@CBD@CzeUT<pl}GDH=Rez=Jl`<b[\@CH=WOJTUZPFJT<VW�P�[mPSUT�c<plXGD[KReUT@F¦C<V[K<bH`J�GDHmRk<bU�>A@CUO[mPFHkNZ<Cs t JM§QUTWOJvWOGwIc;`Jph=JO;=GDW [mP�_XPFR=Rk<pPSUvWTzeUTR=UOGwWOGDH=IQsM: ;=<xPcNZJTzkPFJT@cU
GDW [KGDH=GD[�z=[�R=;QPSWT<�PFHQl\JO;|zeW H=@xReUT<pl`GaNZJOGD¦C<�NZ@C[\RQ@cH=<bH`JMGwW UO<p¨cz=GDUT<pl s?; @FEM<b¦c<bU JT;=GDW GDWMH=@CJvPrWTJOUoPFGDIc;|J�>A@CUOE PSUol?WT_`WTJO<b[
Gal`<bH`JTG�§ NVPFJTGD@cH�JoPSWT��si: ;e< PcNT;eGw<V¦CPFg=BD<?7 *��=�^GwW�l`<bRk<bHQl`<VH|J @CH�gk@CJO;xJO;=<�WORQ<�NZJTUOz=[!@F>QJO;=<�GDH=Rez=JiWOGwIcHQPFB=PSHQl�JT;e<�JOUoPFHeWL>A<bU
>Az=HkNZJTGD@CHX@S>'JO;=<�PcNZJTzQPSJT@cUps�: ;=<bUO<Z>A@cUT<�JT;=<VUT<�GDWdH=@�UT<pPSWT@CH\JT@�<ZY=RQ<�NZJ JT;=<�<bBD<b[K<VH|JOW�@S>'NZ@CBDz=[\Hx�rGwH\:dPFg=BD<�@=sD�MJT@�gk<vJT;e<
WoPS[K<�PFW GDHKJO;=<xNZ@cBwze[KH=W1<xPSHQl}«=s
6LHK:dPSg=BD<�@=sJ<�JT;=<�EM<bGDIC;`JTWdGDHXJO;=<�H=@CH=BDGDH=<pPSUdRQPSUTJM@F>iJT;e<�Jd@cBwJO<bUTUZP�§kBwJO<bU NZ@CH`¦C<VUTIC<�JT@	�b<bUO@]PSHQlXJO;=<bUT<y>A@CUO<�JO;=<�Ny@C[Xg=GDH=<pl
NZ@cH|JOUT@cBwBD<bUvPSR=R=UO@�YnGD[}PFJT<VW P?BwGDH=<�PFU [K@=l`<VB�s�: ;e<'Jd@CBDJO<bUTUZPr§QBDJT<bU�z=WT<pl^;=<bUO<�E GDJT;}@CHeBw_\JT;=<�¨CzkPCl`UZPFJTGaN�PSHQl}NZz=g=GaN�JO<bUT[\W

� �=�



����������	����`��� � �8� � � 	,�,��� ��� � !�	�� ��� "�	`� � ����� � �

GDW�GwHe;=<bUT<VH|JOBD_mHe@CH=BDGDH=<pPSU�PSHQl}GDW�H=@CJ�WTz=GDJO<pl�JO@}R=UT@=l`zQNy<KPXBDGDH=<pPFU�[\@nln<bBLs16LJ�;QPFW�h�JT;=<VUT<Z>A@cUT<Ch�JT;e<xEM@CUOWTJ�RQ<VUL>A@cUT[mPSHQNZ<Ch
PFW�WT;=@FE H*GDH�:dPFg=BD<G@=s �ks : ;=<`7�9 	M� H=<VJLE�@cUT�}gQ<VH=<Z§QJOW�WTJOUT@CHeICBD_}@F>�;QP�¦`GDH=IKPSH~PCl=lnGwJOGD@CHQPSBiBDGDH=<pPFU RkPFUTJ�GDH�:dPFgeBw<G@es «eh
NZ@c[KRQPSUT<pl?JT@XJT;e<�UO<bWTzeBwJOWvGDHK:dPSg=BD<=@=sJBes'�eUT@c[�JT;=<VWT<�UO<bWTz=BDJOWvGDJ NVPFH}gQ<�WO<b<bH�JO;QPFJ�h`G >�JT;=<�H=@cGDWT< K ��L��MGDW PSHmGDGal�R=UO@nNy<bWTW�h
H=@�[}PFJOJT<bUdE ;kPFJd�`GDHQl�@F>'lnGwWOJTUOGwgez=JTGD@CHXGDJd;kPFWphc@CUMG�> JO;=<vHe@CGDWT< K ��L���GDW�PxNy@CBD@Cz=UO<pl�BDGDH=<pPFU R=UT@=NZ<bWOWpheJT;=<bUO<�PFUT<�H=@�gk<bH=<Z§kJTW
GDHKz=WOGDH=IKP�H=@CHeBwGDH=<�PFU NZ@CH`JTUO@CBDBD<bUvPFJvPSBDB�s
: ;=<�WOGDJTzQPSJTGD@CH�NO;QPFHeIC<bW�l`UZPF[mPSJTGaNbPSBwBD_�E ;=<bH�JO;=<�GDH=R=zeJvWTGDIcHQPFB K �PL���GwW�H=@CHn© ��PSz=WTWOGaPFH�PFHQl}l`<VJT<bUO[KGDH=GDWTJOG�NSs 	 @CJO;~NZ@c[X©
g=GDH=<pluBDGwHe<pPFUxPSHQl*H=@cH=BDGwHe<pPFUxNy@CH`JTUO@CBDBD<bUTW�GDHf: PSg=BD<bW @es c^PFHQlX@esw� ��PCNO;=GD<b¦c<X>�PSU�gk<bJTJO<bUXRQ<VUL>A@cUT[mPSHQNZ<bW�GDH0NZ@CH �Zz=HQNZJOGD@CH
E GDJT;\JT;=<�[mP Y=Gw[�z=[�R=;kPFWT<�PcNZJTzQPSJT@cU � � � � , � PSHQlXJO;=<�H=@CHe[KGDH=GD[xze[�R=;QPFWO<�PCNZJOzQPFJO@CU�� � � � , � NZ@C[\RQPFUO<pl�JT@�JT;e<�BDGDH=<pPSUNZ@cH|JOUT@cBwBD<bU�GDH�: PSg=BD< @esJ@=s�: ;=< UO<bWTzeBwJOWd>�@CU�JT;=< GDH=Rez=J�WTGDICHQPSB`IC<bH=<VUoPFJO<plXg`_�JO;=<v��z �KH=I�<p¨czQPSJTGD@CHXPFUO< GwHeGwJOGaPFBDBD_vWTzeUTR=UOGwWOGDH=I
<bWORQ<pNyG�PSBDBw_rE GwJO;xUO<bWTRk<pNZJ JO@�JT;=< [\GwHeGw[�z=[ Re;QPFWO<vPCNZJOzQPFJO@CU � � � � , �Vs�;�@FE�<V¦C<bUdJO;=<vPFUZNO;=GDJT<pNZJOz=UT<�@F>��P@es <dBC� @CH=BD_�R=UO@F¦`G�ln<bWPK��6 9 PFR=R=UO@�Y=Gw[}PFJOGw@cHKJO@ � ���� � � , �bs�: ;=<XPCl=lnGwJOGD@CHQPSBiJT<VUT[KW�NZ@CzeB�l�gQ<�R=UT@F¦`Gal`<pl^JT;eUT@CzeIC;�gQPcNO�|E PFUZl}R=UO<pl`GaNZJTGD@cH~z=WOGDH=IJT;e<x<b[Xgk<pl=lnGwHeIX¦C<pNZJO@CU � � ��L��bs�: ;=<XPFUoNO;=GDJO<pNZJTzeUT<XGDW1DQ<yYnGDg=BD<�<VH=@Cz=Ic;�JT@\R=UT@F¦`Gal`<�JO;=GDWvR=UO<pl`GaNZJOGw@cH�GD[KR=BDGaNZGDJTBD_�E GDJT;=@cz=JGDH`JT<bU�>A<bUT<VHQNZ<r>AUT@c[�JT;=<rz=WT<bU�s

���������/���C� � 	����	�(�

 ���
��� � ������� �$�8����# ��� � #  �#��/�

��� , � �	��! >#" :%$ ��& , 5 ?%? 5 ? ? 5 A�=
� �(' � �	��! ?)"&>%$ >#" : � & , 5 A(? 5�A/? 5,9
A

� �(* � �	��! ?�" >%$4?�" : � & ,,+ � & ' 5 ? 6 5 ?!6 5 A�:
:dPFg=BD<=@esD�C��7�*��=�{GDH �CB zeWTGDH=IXP�BwGDH=<�PFU NZ@CH`JTUO@CBDBD<bUvPFHklKWOJT@=NO;QPFWOJTGaN�H=@cGDWT<�>A@CU K �PL��

���������/���C� � 	����	�/��-/.0�21��1��� �3�

 � � ������� �$�8����# ��� � #  �#��/�

� � , � �	��! >#" :%$ � & , 5 ? >�7&; 5 ? ?%7 > 5 A�=
���(' � �	��! ?)"&>%$ >#" : ��& , 5 A(? 5�A/? 5,9
A

�4�(* � �	��! ?�" >%$4?�" : ��& , + ��& ' 5 ?%? 7&; 5 ?!6 5 A�:
:dPFg=BD<=@esJ<=�(7�*^�=�{GwH �CB zeWTGDH=IKPXNZ@c[Xg=GDH=<pl�BDGDH=<pPFUvPSHQlXHe@CH=BDGDH=<pPSUvNZ@CH`JTUO@CBDBD<bU PFHQl\WTJO@=NT;kPFWTJOGaN�H=@CGDWO<v>�@CU K �PL��

���������/���C� � 	����	�(��- ����576

 � � ������� �$�8����# ��� � #  �#��/�

��� , � �	��! >#" :%$ ��& , 5 ? >�7&: 5 ?!>87 ; 5 A�=
���(' � �	��! ?)"&>%$ >#" : � & , 5 A�>�7�8 5�A >87 ; 5,9
A

� �(* � �	��! ?�" >%$4?�" : � & ,,+ � & ' 5 ?%? 7&< 5 ? ?%7 ; 5 A�:
:dPFg=BD<=@es «=�(7�*^�=�{GwH �CB zeWTGDH=IKPXNZ@c[Xg=GDH=<pl�BDGDH=<pPFUvPSHQlXHe@CH=BDGDH=<pPSUvNZ@CH`JTUO@CBDBD<bU PFHQl\WTJO@=NT;kPFWTJOGaN�H=@CGDWO<v>�@CU K �PL��

� �.<



����������	����`��� � �8� � � 	,�,��� ��� � !�	�� ��� "�	`� � ����� � �

���������/���C� . �21��1��� ���

 � � ������� �$�8����# ��� � #  �#��/�

��� , � �	��! >#" :%$ ��& , 5*=�7&9 5*<�7&6 5 A(7 :
� �(' � �	��! ?)"&>%$ >#" : � & , 5 ? 7&: 5*6�7&> 5 A(7 9

�4�(* � �	��! ?�" >%$4?�" : ��& , + ��& ' 5�A/7&: 5*<�7&: 5 A
:dPFgeBw< @=s �Q��7�*^�=� GDH �CB z=WTGDH=IKPrH=@cH=BDGwHe<pPFUvNZ@cH`JTUT@cBDBw<VUvPFHQl?WTJT@=NO;QPSWTJTGaN�He@CGDWT<�>A@cU K ��L��

���������/���C� ����576

 � � ������� �$�8����# ��� � #  �#��/�

��� , � �	��! >#" :%$ ��& , 5�8�7&9 5�8�7�8 5,=%6
���(' � �	��! ?)"&>%$ >#" : ��& , 5 ? 7&; 5*6�7&> 5,=%=

�4�(* � �	��! ?�" >%$4?�" : � & , + � & ' 5�8�7&9 5�8�7&9 5 ? 9�7&6
:dPFgeBw< @=sJB=��7�*^�=� GDH �CB z=WTGDH=IKPrH=@cH=BDGwHe<pPFUvNZ@cH`JTUT@cBDBw<VUvPFHQl?WTJT@=NO;QPSWTJTGaN�He@CGDWT<�>A@cU K ��L��

���������(� �C� � 	����	�(�

 � �
��� � # �
� �*0���� � # �*'1��� �%��� �/� "�# �8 &���/' � �

� � , � �	��! >	"&:%$ � & , 5 ? >87 8 5,=
A/7&< 5,9%> 5*6 :87 =
�4�(' � �	��! ?�" >%$ >#" : ��& , 5 A(? 5,<
A/7�8 5,;%;87 9 5*: :87 =

���(* � �	��! ?�" > $4?)"&: ��& , + ��& ' 5 ? 6 5,=%:�7&< 5,<%<87 < 5*6 <87 =
:dPSg=BD< @esJ@=��7�*��=�{GDH �CB z=WOGwHeIKP�BwGDH=<�PFU NZ@CH`JTUO@CBDBD<bUvPFHklKHe@CH=BDGDH=<pPSU�H=@cGDWT<�>A@CU K �PL��

���������(� �C� . �21��1��� ���

 � � # �
� �*0���� � # �*'1��� �%��� �/� "�# �8 &���/' � �

��� , � �	��! >	"&:%$ ��& , 5 ? <87 8 5,6%<�7&6 5,6%=87 : 5 ? A(7 6
�4�(' � �	��! ?�" >%$ >#" : � & , 5 ? >87 8 5,6%9�7&; 5,6%=87 9 5 ?!=87 ;

� �(* � �	��! ?�" > $4?)"&: � & ,,+ � & ' 5 ? 9 5,68? 7�8 5,6%>87 = 5 ?!=87 8
:dPFgeBw< @=s �=��7�*^�=� GDH �CB z=WTGDH=IKPrH=@cH=BDGwHe<pPFU NZ@CH`JOUT@CBDBD<bUvPSHQl\H=@CH=BDGDH=<pPSU�He@CGDWT<�>A@cU K ��L��

���������(� �C� ����576

 � � # �
� �*0���� � # �*'1��� �%��� �/� "�# �8 &���/' � �

� � , � �	��! >	"&:%$ � & , 5,6�887 A 5,:%: 5 8%<87 6 5*6)887 6
� �(' � �	��! ?�" >%$ >#" : � & , 5 ? >87 = 5,:�8 5,;8? 5*6 987 A

���(* � �	��! ?�" > $4?)"&: ��& , + ��& ' 5,6%687 9 5 A�=�7&= 5,:%;87 8 5*6)887 :
:dPFgeBw< @=s ¬=��7�*^�=� GDH �CB z=WTGDH=IKPrH=@cH=BDGwHe<pPFU NZ@CH`JOUT@CBDBD<bUvPSHQl\H=@CH=BDGDH=<pPSU�He@CGDWT<�>A@cU K ��L��

� �C«



����������	����`��� � �8� � � 	,�,��� ��� � !�	�� ��� "�	`� � ����� � �

���������(� �C� � 	����	�/��-/.0�21��1��� �3�

 � �
��� � # �
� �*0���� � # �*'1��� �%��� �/� "�# �8 &���/' � �

��� , � �	��! >	"&:%$ ��& , 5 ? <87 8 5,:%>�7&: 5,;8? 5*6)887 9
� �(' � �	��! ?�" >%$ >#" : � & , 5 A(? 5,<%:�7@? 5 ? >%: 5*: :87 =

���(* � �	��! ?�" > $4?)"&: ��& , + ��& ' 5 ? 987 ; 5,:%>�7&: 5,9%687 8 5*6 ;87 9
:dPFg=BD<=@esJc=��7�*��=�7GwH �CB zeWTGDH=IKP�NZ@C[Xg=GDH=<�lXBDGDH=<pPFU PFHklKHe@CH=BDGDH=<pPSU NZ@cH`JTUT@cBDBw<VUvPFHQl\H=@cH=BDGwHe<pPFUMH=@CGDWO<v>�@CU K �PL��

���������(� �C� � 	����	�(��- ����576

 � �
��� � # �
� �*0���� � # �*'1��� �%��� �/� "�# �8 &���/' � �

��� , � �	��! >	"&:%$ ��& , 5,6�887 : 5,:%:�7�8 5 8%; 5*6)887 ;
� �(' � �	��! ?�" >%$ >#" : � & , 5 A�>87 : 5,<%:�7&< 5 ? >%:�7&6 5*: :87 =

� �(* � �	��! ?�" > $4?)"&: � & ,,+ � & ' 5,6%;87 < 5,:%=�7&: 5,9%: 5*6 ;87 9
:dPFg=BD<=@esD���=��7�*^�=�{GwH �CB zeWTGDH=IKPXNZ@c[Xg=GDH=<pl�BDGDH=<pPFUvPSHQlXHe@CH=BDGDH=<pPSUvNZ@CH`JTUO@CBDBD<bUvPFHklXH=@cH=BDGwHe<pPFU H=@cGDWT<�>A@CU K �PL��

��������� � �	� ����� � �	� �
: ;=GDWXWT<�NZJTGD@CH GDWXP*[K@CUO<ml`<VJoPFGDBD<pl{PFHQPSBw_`WOGwW�@F>�JT;=<}UO<bWTz=BDJOWX>AUO@C["JO;=<}GwHeR=z=JXWTGDIcHQPFB K ��L���IC<bHe<bUoPSJT<pl g`_fJO;=<~��z �KH=I
<p¨czQPSJTGD@CHis^: ;=<mNy@CH`JTUO@CBDBD<bU � ;QPFW�JT@�[\@=l`<bB ��� , � � � � , � ��� s t WTWTze[KGDH=I�JO;QPFJ�JT;=<}NZ@CH`JOUT@CBDBD<bU�;QPFWrH=@.lnG+�mNyz=BDJTGD<bW�GDH[K@=l`<VBwBDGDH=I ��� , �MJT;e<�<VUTUT@cUvWOGwIcHQPFBiNVPFH}gQ<�l`<bUTGD¦c<pl?>AUT@c[�JT;=<�>A@CBDBD@FE GDH=I�g=BD@nNO�}l`GaPFICUZPF[!GDHm��GDICz=UO<G@=sJ<��es

x(n)

-

y(n)

+P

P HH aa

W

e(n)

-1

1   -   H  Ha a
-1x(n) e(n)

��GDICz=UO< @es < �=�k: ;=<�GwH DQz=<bHQNy<�@S>iJT;=<�GDH=R=z=JdWOGDICHQPSB K �PL��Vh|NZ@cH`JTUT@cBDBw<VU � � � , � ��� PSHQl�JT;=<�HQPFJOz=UT<�@S>iJT;=<�PCNZJOzQPFJO@CU�� � � , � @CHJT;e<�<bUTUO@CU WOGwIcHQPFB W �PL��

: ;=<��d�=��@F>�JT;=<�<VUTUT@cUvWOGwIcHQPFBiNVPFH}gQ<�<ZY=R=UO<bWTWO<pl*PFW
� ] ]�� , �NR �=��M � � � , � ��� � � � , �����=��M � � � , ��� � ��� � � � , ��� ��� � � �

� , � �P@es «d<C�
� �F�



����������	����`��� � �8� � � 	,�,��� ��� � !�	�� ��� "�	`� � ����� � �

; <VHQNZ<�JO;=<�<bUOUT@CU�PCNO;=GD<b¦c<pl\E GwBDB�gk<�l`<bRk<bHQl`<bH`J�@CH}JO;=<�WTRk<pNZJTUZPFBdNO;QPFUZPCNZJO<bUTGDWOJTGaNZW�@F> K ��L��bh=JO;=<�HQPFJOz=UT<r@F>	� � � , � PSHQl\GwJOWPFReR=UT@�Y=GD[mPSJT< GDH`¦C<bUOWT<Cs
: ;=< WOGw[XzeB�PSJTGD@CHeW�>A@cU'JO;=<���z �KHeI�<�¨CzkPFJTGD@cHKPFHQlrJT;=< 5�@cICGDWTJOG�N [mPSR]PSWdH=@cGwWO< WT@cz=UoNZ<�E�<VUT<v<yYePS[KGDH=<plr[K@cUT< NZBD@CWO<bBD_|s�: ;e<
7�*^�=�{GwH�l 	j>A@CU JO;=<��vz �KH=IxHe@CGDWT<�NbPSHmgk<�WO<b<bH�GDHm��GDICzeUT<G@=sJ<=�cs

-110

-100

-90

-80

-70

-60

-50

-40

-30

-20

-10

300 350 400 450 500 550 600 650 700 750 800

N
M

S
E

 / 
dB

samples n

nonlinear W
nonlinear & linear W

linear W

��GDICz=UO< @es <e�C����z �KH=I�He@CGDWT<�>A@cU K �PL��bh �UR Beh � R Beh � � � , � R2� � � &JB , ��� h �`]�� , � R , ��� h � R B=hd«d<\JoPFReW�>A@cU
� $� � $�`] � ���

� WOGDH=I�PMBD@FE*@CUoln<bU'��6 90Ny@CH`JTUO@CBDBD<bUiWO;=@FE WiJO;=<d[mP �Z@CUkGD[KR=UO@F¦C<b[\<bH`J=@F>QJO;=<�NZ@c[Xg=GDH=<pl�NZ@CH`JTUO@CBDBD<bUi@F¦c<bUiJO;=<���6 90Ny@CH`JTUO@CBDBD<bU
GDHfJT;=<�7�*��e� si�q;=<bHfz=WOGwHeI�JT;=<�5�@cICGDWTJOG�N�He@CGDWT<\WT@CzeUoNZ<?>A@CU K �PL���GwH0��GDICzeUT< @=sJ<d<KJO;=<m��6 9�Ny@CH`JTUO@CBDBD<bUxReUT@=l`zQNZ<VWph�PSW
<ZY=Rk<pNZJT<�l�hkJT;=<�gk<bWOJvUT<VWTz=BDJvGDH\JT;=GDW BDGDH=<pPFU NZ@cH|JOUT@cBiR=UO@Cg=BD<b[*s

� �.B



����������	����`��� � �8� � � 	,�,��� ��� � !�	�� ��� "�	`� � ����� � �

-32

-31.5

-31

-30.5

-30

-29.5

-29

-28.5

-28

-27.5

500 550 600 650 700 750 800 850 900 950 1000

N
M

S
E

 / 
dB

samples n

nonlinear W
nonlinear & linear W

linear W

��GDICz=UO< @es <d<=��5�@cICGDWTJOGaNXH=@cGwWO<X>A@cU K �PL��Vh�� R B=h � R Beh � � � , �`R"�v� � &JB , ��� h �`] , R , � � h � R Behd«.<^JoPFReW�>A@cU
� $� � $� ] � ���

: ;=<�UT<VWTz=BDJTW�>AUT@c[!JT;=<���z �KH=I�<p¨czQPFJOGD@CHKgk<pNZ@c[K<�NZBD<pPFU E ;=<VHmJO;=<�R=UT<�l`GaNZJoPSg=GDBwGDJL_X@S>'JT;e<�NO;QPS@CJOG�N�JOGw[\< WT<bUOGD<bWvGDWMGwH`¦c<bWTJ�©
GDI|PSJT<pl�sd��GDICzeUT<=@esJ<C«�l`<V[K@CHeWTJTUZPFJO<bW JT;=<�[?©�WOJT<bR\R=UT<plnG�NyJoPFgeGwBDGDJL_X@F>iJO;=<���z �KH=IQh85 @CUO<bH1��PFHQl�5�@cICGDWTJOG�N�JTGD[K< WO<bUTGD<bW�z=WT<�l
GDH}JT;=<�WOGD[Xz=BaPFJTGD@cH=Wps�: ;=<�R=UO<pl`GaNZJZPFg=GDBDGDJL_X@F>dJT;=<��vz �KH=IXJTGD[K<�WT<bUOGD<bW�GwW <yYnJOUT<b[\<bBD_KIc@|@=l}PFHkl�h=JO;=<bUT<y>A@CUO<Chk<ZY=R=BaPFGDH=W JT;e<
UT<VWTz=BDJTW�@Cg=JZPFGDH=<pl?>AUO@C[�ReUT<b¦`GD@Cz=W�WTGD[Xz=BaPFJOGD@CH=W�s t ;=GDIC;\@CUoln<bU���6 97§QBDJT<bU�E GwBDB�PFBDWT@XReUT@=l`zQNZ<rIC@`@=lKUO<bWTzeBwJOWphkPFWvGDJMGDWvPFg=BD<
JT@XPFReR=UT@�Y=GD[mPSJT<vPFH�6 6 97§QBDJT<bU gk<bJOJT<bU�s ;�@FE�<V¦C<bU�h`JT;=<�l`<bBaP�_KNbPSz=WT<�l}g`_XJT;=<�;=GDIC;n©�@cUol`<bUv��6 97§QBDJT<bU [}P�_�Rk@CWT<�NbPFz=WZPFBDGDJL_
R=UO@Cg=BD<b[\Wps

� �.@



����������	����`��� � �8� � � 	,�,��� ��� � !�	�� ��� "�	`� � ����� � �

-120

-100

-80

-60

-40

-20

0

0 2 4 6 8 10

N
M

S
E

 / 
dB

m-steps forward prediction

Logistic
Lorenz
Duffing

��GDICz=UO< @esJ<C«=��: ;=<�[X©LWTJO<bR}R=UT<�l`GaNZJoPSg=GDBwGDJL_X@S> NO;QPF@cJTGaN�JTGD[K< WO<bUTGD<bW�E GDJT;e@Cz=J >A<b<plngQPCNO�

D2%=$ � ��� ��+���- �63 
 
 ��-"!

: ;=GDW�NO;QPFR=JO<bU�I`P�¦C<XPFH*GwH`JOUT@=l`zQNZJOGD@CH*JT@ t 7 ¥ s�: E�@�l`G���<bUT<VH|J�NZ@CH`JTUO@CBdWZNO;=<b[K<VWph�JT;=<�>A<V<pl`gQPcNT�fPFHkl�JO;=<�>A<b<pl|>A@CUOE PSUol
NZ@cH|JOUT@cB PSR=R=UO@|PCNO;*E�<VUT<�R=UT<bWO<bH`JT<pl sx: ;e<]NZzeUTUT<VH|JrWTJoPSJT<�@F>�JO;=<XPFUTJ�@S> t 7 ¥ WT_`WOJT<b[\WvGDH~l`zQNyJTW�E PFW�@Cz=JOBwGDH=<�l�s���G ��<bU�©
<bH`JXNZ@CH`JTUO@CBMWoNO;=<b[\<bWph WTzQNO; PFW�JT;=<}NZ@CH=WOJTUZPFGDH=<pl{PFHQl*JO;=<}[K@=l`G�§Q<pl�§QBDJT<bUO<plc©�YjPFBDIC@cUTGDJT;e[KWvE GDJO;fJT;=<�5%*��{PFHQlX9:5i�
PFBDIc@CUTGDJO;=[KWdEM<bUO<�WOGD[Xz=BaPFJT<�l�s
t NZ@C[Xg=GDH=<�l�BDGDH=<pPSU�PFHQl�He@CH=BDGDH=<pPSUd[K@=l`<bBeGwW R=UT@cRQ@cWT<pl?>A@cUdz=WT<�GDHKP�>A<b<pl|>A@CUOE PSUol t 7 ¥ WO_`WTJT<V[�GDHKP�l`zQNZJ�s(6LJd;kPFWMgQ<b<VH
WT;e@FE HKJT;kPFJMGwJMGDW�He@CJMRQ@cWTWTGDg=BD<�JT@�z=WT<�JT;e< §QBDJT<VUT<plc©�Y 5 *��KPSBDIC@CUOGDJT;=[!E GDJT;KPrH=@CHeBwGDH=<�PFU�NZ@cH`JTUT@cBDBw<VUph=PFHklXJT;e<bUT<Z>�@CUT<ch=JT;e<
t 7 ¥ WZNT;e<b[K<�E PSW�UT<pl`<VWTGDICH=<�l�s t [}PFJO;=<b[mPSJTGaNbPSB�<ZY=R=UT<bWOWTGD@CHf;kPFW�gQ<V<bH0l`<bUOGw¦c<pl�>A@CU�JT;=<KNZ@cH`JTUT@cBDBw<VU�PSHQl}WOGw[XzeB�PSJTGD@CHeW
;QP�¦c<�¦C<bUOG�§Q<pl^JT;=<�JT;=<V@CUT_`s 6�>�JO;=<xGDH=Rez=JvWOGwIcHQPFB K �PL���GwW�H=@CHeBwGDH=<�PFU�PSHQl�l`<VJT<bUO[KGDH=GDWTJOG�NShQJO;=<�H=@CH=BDGDH=<pPSU §QBDJO<bUTW�<bWOJTGD[mPSJT<
��� , � � ���� � , � [\@CUO<�PCNVNZz=UoPSJT<bBD_\JT;QPSHmJO;=<�JOUoPClnGwJOGD@CHQPSBQBDGDH=<pPSUM§QBDJT<bU�s�: ;=GDW <bWTRk<pNZGaPFBDBD_KJO;=<xNbPSWT<�E ;e<bH � � � , �MGDW H=@cH=[KGDH`©GD[Xz=[ @cU [mP YnGD[�z=[�R=;QPSWT<Cs t ¦CPFUOGw<VJL_X@F>'WOGD[Xz=BaPFJTGD@cHxUO<bWTz=BDJOWvE GDJT;}l`G�� <bUO<bH`Jv[\@nln<bBDW�>A@CU�� � � , � PFHQl �`]V� , � PFHQl\H=@cGDWT<WTGDIcHQPFBDW�;QP�¦c<XgQ<V<bH R=UT<bWO<bH`JT<pl PSHQl0NZ@cH`§QUO[ JO;=<}[mPSJT;=<b[}PFJOG�NVPFB'ln<bUTGD¦CPFJOGD@CH=W�@S>vJT;=<}NZ@C[XgeGwHe<pl�BDGDH=<pPSUxPFHkl*H=@CH=BDGDH=<pPSU
NZ@cH|JOUT@cBwBD<bU�s

� ���



���������
	�� �

�  & � ��� ���+ &

� %'& � � � 8�� �

: ;=<�EM@CUO�KR=UO<bWT<VH|JO<pl^GwH}JO;=GDWvJT;e<bWTGDWvGDW R=UOGD[mPFUOGDBw_XNZ@cHQNZ<bUOH=<pl*E GDJT;}H=@cH=BDGwHe<pPFUMH=@CGDWO<xNbPFHkNZ<bBDBaPFJTGD@cHisd: ;=<rH=@CGDWT<�@cUvGDH`JT<bU�©
>A<bUO<bHQNZ<�NZ@CUOUTz=ReJTGDH=IxP�WTGDIcHQPFB=@S> GDH`JT<VUT<bWOJ�@cU P�WO_|WOJT<b[ GwW�JOUT<pPSJT<pl\PFWdP�H=@cH=BDGwHe<pPFUdPFHklxl`<VJT<bUO[KGDH=GDWTJOG�N R=UO@nNy<bWTWMUoPSJT;=<bUMJT;kPFH
P�WTJO@=NT;kPFWTJOGaN�R=UO@=NZ<bWTW�s�: ;=<bUO<Z>A@CUO<Ch�H=@cH=BDGDH=<pPFUM§kBwJO<bUTGDH=IKPSHQl�NZ@cH`JTUT@cBiJO<pNO;=H=Ga¨cz=<bW�PFUO<xGD[KReBw<V[X<bH`JT<pl?GwH}@cUol`<bU�JO@X<ZY=R=BD@CGDJ
JT;e<vH=@cH=BDGwHe<pPFUdWOJTUOzQNZJTzeUT<�GDHXJT;e<�@cg=WT<VUT¦C<�lXJTGD[\< WT<bUOGw<VWps�ª�g`¦`GD@Cz=WOBw_`hFH=@cH=BDGDH=<pPFU [K@=l`<bBDW�PSUT<vgk<bJOJT<bU WOz=GDJT<pl]>A@CUd[\@=l`<bBDBDGwHeI
@CU ReUT<pl`GaNZJOGDH=IXH=@CHeBwGDH=<�PFU l`<bJT<VUT[KGDH=GDWOJTGaN�JTGD[K< WO<bUTGD<bW�JT;kPFHKBDGDH=<pPSU [K@=l`<bBDW�s
: ;=<}H=@cH=BDGwHe<pPFU�[K@=l`<bBDBDGDH=I�NbPFRkPFg=GDBDGDJL_f@F>�He@CH=BDGDH=<pPSUx[\@nln<bBDWph�WTzkNT; PFW 9 	M� H=<bJLEM@CUO�`WmPFHkl!J��u§QBDJO<bUTW�h�GDWX<ZY=R=BD@cGwJO<pl
GDH�P�¦CPFUTGD<bJL_X@S>�l`G�� <bUO<bH`J §QBDJO<bUvWZNT;e<b[K<bW�sM: ;=<bWT<�§QBDJT<bU�WoNO;=<b[\<bWvUO<pNZ@F¦C<VU�P�HQPSUTUT@FE gkPFHQl\WTGDIcHQPFB�E ;=GaNO;}GDWvNZ@CUOUTz=R=JO<pl^g|_
g=UO@|PClngQPFHQl\H=@cGDWT<Cs ¥ @CH`¦C<bH`JOGw@cHQPFB�BDGDH=<pPSUM§QBDJT<bUOGDH=IXJT<pNO;=HeG�¨cz=<VW�PFUO<�H=@cJvPFg=BD<�JT@XUO<pl`zQNZ<�JT;e<�H=@CGDWO<�GDH}JT;e<�gQPFHkl`E Gal`JT;\@F>
GDH`JT<bUO<bWTJ�sd: ;=<bUO<Z>A@cUT<Ch�PFH\GD[KR=UO@F¦C<b[\<bH`J'GDH\RQ<bU�>A@CUO[mPSHQNZ<�NbPFH}gk<�PCNO;=GD<b¦C<�lKg`_}PFR=R=BD_`GDH=I�H=@cH=BDGDH=<pPFUM[K@=l`<VBwWMJT@�<bWOJTGD[mPSJT<
JT;e<�He@CH=BDGDH=<pPSU l`<VJT<bUO[KGDH=GDWTJOG�N�H=@CGDWO<�GDH\JT;=<�gQPSHQl`E Gal`JT;\@F>�GwH`JO<bUT<bWOJpsE6�>'JT;e<�<VWTJTGD[}PFJT<�lXH=@cH=BDGwHe<pPFU l`<bJO<bUT[\GwHeGwWOJTGaN He@CGDWT<�GDW
WTzeg=JTUZPCNZJO<pl}>�UT@C[ JT;=<�NZ@cUTUTzeR=JT<pl^WTGDIcHQPFBk@F>dGDH`JT<bUO<bWTJ�JT;=<��87:9 E GwBDBkGD[KR=UO@F¦C<Cs
: ;=<}NbPFRQPSg=GDBDGwJL_*@F>vReUT<pl`GaNZJOGDH=I~He@CH=BDGDH=<pPSUxl`<bJO<bUT[\GwHeGwWOJTGaN�JTGD[\<XWT<bUOGw<VWXGwW�<ZY=R=BD@CGDJO<pl*GDH t 7 ¥ s 6LH{JT;=GDWXPFR=ReBwGaNbPSJTGD@CH*JT;e<
NZ@cH|JOUT@cBwBD<bUrGwW�NZ@cH`>AUO@CH`JT<pluE GDJT;*JT;=<XJZPFWT�*@F>v[\@=l`<bBDBDGwHeIKPKReB�PSH`J�PSW�EM<bBDB�PFW�JO;=<XGDH`¦C<bUOWT<KJOUoPSH=WL>A<VU�>AzeHQNZJTGD@cH~@S>�P}BD@czQlc©
WTRk<pPS�C<bU}PFHQl{GDJTW}l`UTGD¦`GDH=I.ln<b¦`G�Ny<Cs : ;=<^Bw@czQl`WORQ<pPS�C<bU\[mP�_*gQ<^H=@CH=[\GDH=[xze[ R=;QPSWT<�E ;eG�NO; [K<�PFH=W�JT;QPSJXJT;=<^GwH`¦c<bUTWO<
GDWxP\H=@CHkNbPFz=WZPFBdJOUoPSH=WL>A<VU�>AzeHQNZJTGD@cHis ¥ @CH`¦c<bH`JTGD@CHQPSB�BwGDH=<�PFU�NZ@CH`JOUT@CBDBD<bUOW�RQ<VUL>A@cUT[2@CH=BD_�WOz=g`©L@CR=JOGD[mPFBDBD_KGDH*JT;=GDW�WZNZ<bHQPSUTGD@Qs
; @FEM<b¦c<bUph�H=@CHeBwGDH=<�PFUv[\@=l`<bBDW�PSUT<KPFgeBw<�JT@}R=UO<pl`GaNZJ�JO;=<XH=@cH=BDGwHe<pPFU�l`<bJO<bUT[\GDH=GDWTJTGaN�He@CGDWT<KPSHQl�h�JO;=<bUT<y>A@CUO<Ch�@F¦C<bUZNZ@C[\<�JT;e<
NbPSz=WoPSBwGDJL_XR=UO@Cg=BD<b[ GDHmPSHm<VBw<VI|PFH`J E P�_|s
6LH ¥ ;QPFR=JO<bUX�xPSH�GDH|JOUT@=l`zQNyJTGD@CH*GDWvICGD¦c<bH�GDH`JT@KJO;=<�E�@cUT��R=UO<bWT<VH|JO<pl*GDH�JT;eGwW�JO;=<bWTGDW�s�: ;=<�[K@cJTGD¦CPFJOGw@cHX>A@cUvJO;=<xUO<bWT<�PFUoNO;
JT@cR=GaN�� ¤�� 
�£�� �A*F¢ � ¤F£
	���� *
��� � 
�
 * �L£A¤�� GDW�B�PSGal}@Cz=J�s�: ;=<]Ny@CH`JTUOGwgez=JTGD@CHeW�@S> JO;=GDW�JT;=<bWOGDWxPFUO<xIcGw¦c<bHfPFHQl*PFH�@F¦c<bUT¦`GD<bE @F>
JT;e<�JO;=<bWOGwW�<bHQl`W�JT;=<�§QUTWOJvNT;kPFR=JO<bUps
: ;=<\gQPFWOG�N\NZ@CHkNZ<bR=JOWK@F>vHe@CH=BDGDH=<pPSUxl`_`HQPF[\GaNZWxPFHklfNT;kPF@CWKPSUT<\R=UT<bWO<bH`JT<pl7GwH ¥ ;kPFR=JO<bU <=s 6LH|¦CPSUTGaPFH`J�[\<pPFWOz=UT<VWxE ;=GaNO;
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NZBaPFWOWTG�>A_~P\H=@cH=BDGDH=<pPFU�l`_`HQPS[KGaNbPSBiWT_`WOJT<b[�PSUT<Kl`GDWZNZz=WTWO<pl�s t HQPSBD_|WOGDW�JT@`@CBDW�>A@cU�ln<bJT<bUO[KGDH=GDH=I}PFH0PFReR=UT@cR=UTGaPFJO<xWZPF[\R=BDGwHeI
UoPSJT<XPFHQl\<b[Xgk<pl=lnGwHeIKl`GD[K<bH=WOGD@CH�PFUO<�GDH|JOUT@=l`zQNy<pl~PSHQl�PSR=R=BDGD<pl\JT@mNO;QPS@CJOG�N�JTGD[K<�WT<VUTGD<bWps t g=UTGD<Z>MUT<b¦`GD<bE�@F¦C<VUv:dPF�c<bHi� W
l`<bBaP�_X<b[Xgk<pl=lnGwHeIxJO;=<b@CUO<b[9GDW R=UT<VWT<bH`JT<�l~PSJ�JO;=<�<bHQl\@S> ¥ ;QPSR=JT<bU <=s
7 @cH=BDGDH=<pPFU�[K@=l`<bBDWvPSUT<�R=UO<bWT<VH|JO<plfGDH ¥ ;QPSR=JT<bU�«esv: ;=<XNO;QPFReJT<bU�>A@=NZz=WO<bW�@CH�JO;=<	J��\§QBDJO<bU�PFHQl39 	��{H=<VJLE�@cUT��s�: ;=<bWO<
�`GDHQl}@F>MH=@CH=BDGDH=<pPSU §QBDJO<bUTWxPSUT< 
 £�� � *S¢x£ � ��� �V£a¢�¡ *S¢ *�� ��� �V¢ 	 PFHQl h�JT;=<VUT<Z>A@cUT<Ch�PFUO<x<�PFWTGD<bU�JO@mJOUoPSGwH^JT;QPSH *35�� He<bJLE�@cUT�`Wps
: ;=<XJO@CRk@CBD@CIc_�PSHQl^GwJOW�JTUoPSGDH=GDH=IK[\<bJT;=@=l`W�@S> JO;=< J���§QBDJT<bU�PFUT<XReUT<bWO<bH`JT<pl�s\: ;=<�@CUZl`GDHQPFUO_�@CU�He@CUT[}PFBDGDWT<pl�9 	�� He<bJL©
EM@CUT�fGDW�z=WTzkPFBDBD_~JOUoPFGDH=<�lfGDH0JLEM@~WOJoPSIC<bW�sf: ;=<\§QUTWOJxWOJoPSIC<}GDW]PSH0z=H=WOz=Rk<bUT¦`GDWT<pl7Bw<�PFUTHeGwHeI~PFBDIC@cUTGDJT;e[9>A@cUxRk@CWOGwJOGD@CH=GDH=I
JT;e<K�C<VUTH=<bBDWKPSHQlf<bWOJTGD[mPSJTGDH=I}JT;e<bGDUxgQPSHQl`E Gal`JO;=Wps^: ;=<}WT<pNZ@cHQlfWOJoPSIC<}GDWxP�WOz=Rk<bUT¦`GDWT<pl{BD<pPSUTH=GDH=I�[\<bJT;e@nl*E ;eG�NO;{z=WT<bW
P�l`<VWTGDUT<pl{WOGwIcHQPFBMJT@*JTUZPFGDHfJT;e<KBDGDH=<pPFU�EM<bGDIC;`JTW�GDH{JT;=<\Bw<�PFWTJ�Wo¨czQPSUT<}WT<VH=WT<Cs{�vG���<bUT<VH|J�z=H=WOz=Rk<bUT¦`GDWT<pl7Bw<�PFUTHeGwHeI�[K<bJO;`©
@=l`WvPFUO<�l`GDWoNZz=WOWT<pl*PFHklKJO;=<bGDUvPFReR=BDG�NVPFg=GDBDGDJL_xJO@x<bWOJTGD[mPSJTGD@CH\R=UT@cg=BD<b[KW GwH};=GDIc;=<bUvl`GD[K<VH=WTGD@CHeWps t H�PCl=PSR=JTGD¦c<vg=BD@=NO�KBD<pPFWOJ
Wo¨czQPSUT<bWMPFBDIC@cUTGDJT;=[qz=WTGDH=I�JT;=<1; @cz=WT<b;e@CBal`<bUdJOUoPSH=WL>A@cUT[}PFJTGD@cH��AWO<b< t ReRQ<bHkl`G�Y t � GwW�z=WO<pl�>A@CU�JTUoPSGDH=GDH=I JT;=<MBDGDH=<pPFU�E�<VGwIc;`JTWps
t H GDH`¦C<bWOJTGDI|PSJTGD@CHfGDH`JT@�	dUO@|@c[K;=<�PCl�� Wr§QBDJT<bUX[\<bJT;=@=l*GDWKNbPSUTUTGD<pl{@cz=JxGDH ¥ ;QPFR=JO<bUX�Qs{: ;=<\§QBDJT<VUX[K<bJO;=@=l*UT<pNZ@F¦c<bUTW}P
HQPSUTUT@FE gkPFHQl^WTGDICHkPFB�>�UT@C[9geUT@|Pcl`gQPSHQl�He@CGDWT<Csr: ;=<r§QBDJT<bU�[\<bJT;e@nl�E�@cUT�`WvEM<bBDBLhiPFW�BD@CH=IKPSW�JT;=<K��6 9 §kBwJO<bU�NbPFHkNZ<bBDW�JT;e<
WTGDIcHQPFB�@S>'GDH`JT<bUO<bWTJ�NZ@C[\R=BD<bJT<bBD_`s 6�>�GDJvl`@`<bW H=@CJ�h=JO;=<�WTGDICHQPSB�@F>�GwH`JO<bUT<bWOJvE GDBDB�gQ<�[\@nln<bBDBw<�lXg`_XJT;=<rH=@CH=BDGDH=<pPSU�[\@=l`<bB�PFHQl�h
;=<bHkNZ<Ch=l`<pNyUT<pPSWT<�JO;=<vRk<bUL>�@CUT[}PFHQNy<Cs t H=@CJO;=<bUMGDH|JO<bUT<VWTJTGDH=Ir>�PcNZJdGDWdJT;kPFJdBDGDH=<pPSU�§QBDJT<bUOGDH=I�JT<�NT;eH=Ga¨Cze<bW�E ;e<bHmPSR=R=BDGD<pl�JO@�JT;e<
WoPS[K< <ZY=Rk<bUTGD[\<bH`JTW PFHQl?JT;=<�WoPS[K< UO<bWTJOUTGaNZJTGD¦c<�PSWTWOz=[KR=JOGD@CH=WdRk<bU�>A@CUO[ PFBD[K@cWTJdPFWMIC@`@=lX@cU�<V¦C<bH\gQ<bJOJT<bU�PFW 	dUO@`@C[K;e<pPCl�� W
§QBDJT<VU�[\<bJT;e@nl s16LJ�GwW�>Az=UOJT;=<bU�WO;=@FE H�JT;kPFJ�;=GDIC;`©L@CUZl`<bU�� 6 9 §QBDJT<bU�E ;=GaNO;~PSUT<xPSg=BD<�JT@�PFJOJT<bH`zQPSJT<�JT;=<�WTGDIcHQPFB�@F>�GDH`JT<bUO<bWTJ
NZ@cH=WTGal`<bUZPFg=BD_Kl`GDWOJT@CUOJ JT;=<�WOJTUTzkNZJTz=UO<�@F>�JT;=<�BD@FE l`GD[\<bH=WTGD@cHQPFB=He@CGDWT<�WT@�[XzQNO;KJT;kPFJMJT;=<�H=@cH=BDGwHe<pPFUM[K@=l`<bBeGwW He@CJ PFg=BD<vJO@
UT<�NZ@CH=WOJTUOzQNZJ�JT;=<rH=@CH=BDGDH=<pPSU ln<bJT<bUO[KGDH=GDWTJOGaN H=@cGwWO<Cs
:�@�@F¦C<VUoNZ@c[K<XJT;e<mUO<bWTJOUTGaNZJOGw@cH=WXGDH 	 UT@`@C[\;=<pPcl�� W�§QBDJT<bU�[K<VJT;=@=lfPFHklfJT@*GDH`¦C<bWOJTGDI|PSJT<KGDH`JT@*P�[\@CUT<XIc<bH=<bUZPFBvPSR=R=UT@`PCNO;
P�¦CPFUOGD<bJL_X@F>�§QBDJT<bU [\<bJT;=@=l`WvPSUT<�l`<b¦`GDWT<�l}GDH ¥ ;QPSR=JT<bU B=s�: ;=<�WO@F©TNbPFBDBD<plXHe<bE §kBwJO<bUv[\<bJT;e@nl\NZ@C[XgeGwHe<bW�WOJoPSHQl=PFUZl\WTGDICHQPSB
R=UO@nNy<bWTWOGwHeIKJT<�NT;eH=Ga¨Cze<bW�JT@�>A@cUT[ P�BD<bWOWvUT<VWTJTUOGaNZJTGD¦C<�§QBDJT<bU�WoNO;=<b[\<v>�@CUvNbPSHQNZ<bBDBDGDH=IxgeUT@|Pcl`gQPSHQl\H=@CGDWT<csd: ;=<�JOUTGaNO�`_KRQPSUTJ GDW
JT@Xl`<bUOGD¦C<�PrUT<y>A<bUT<VHQNZ<xPSHQlKl`<VWTGDUT<pl\WOGwIcHQPFBe>AUO@C[!JT;=<�NZ@cUTUOz=R=JT<�lKJOGD[K< WT<VUTGD<bW E ;=GaNO;mPSUT<vHe@CJ NZ@CUOUT<bBaPFJO<pl\E GDJT;K<�PCNO;K@cJT;=<bU
>AUO@C[ JT;=<�WTGDICHkPFBi@S>�GDH`JT<bUO<bWTJ�� W�Rk@CGDH`J @F>�¦`GD<bE�sv��GDBDJT<bUOgQPFHe�|W�NbPSR=JTzeUT<�JT;=<�[\@CWOJ Gw[\RQ@cUTJZPFH`J WTGDICHkPFB'Ny@C[KRk@CHe<bH`JTWM>A@cUvJT;e<
JLEM@XWTGDICHQPSBDWps�: ;=<�WoPS[KR=BDGDH=I�UoPSJT<�GDW JO;=<bH�l`UT@cR=Rk<pl}JT@XUO<Z©L<b[XgQ<�lKJO;=<�H=@cH=BDGDH=<pPFU l`<bJO<bUT[\GDH=GDWTJTGaN�JTGD[\<vWT<VUTGD<bW�PSHQl\GDJ PSBwWO@
[mPS�C<bW JO;=<�WZNT;e<b[K<�[\@CUO<�NZ@c[KR=z=JZPFJOGw@cHQPFB�<#�mNZGD<bH`Jps t H~Pcl=PFReJTGD¦C<�BDGDH=<pPFU�§QBDJT<bU�NbPFHkNZ<bBDWvJO;=<xUO<b[mPSGDH=GDH=I�BDGDH=<pPFU�NZ@CUOUT<bBaP ©
JTGD@cH�gQ<VJLE�<b<VH0JT;e<XJLE�@\WTGDICHQPSBDW�PSHQl}JO;=<XH=@CHeBwGDH=<�PFUv[\@=l`<bB�GDW�JO;=<bHfJOUoPFGDH=<�l�JO@m<VWTJTGD[}PFJT<rJT;=<XH=@cH=BDGDH=<pPFU�l`<bJO<bUT[\GwHeGwWOJTGaN
H=@cGwWO<Cs��`GD[Xz=BaPFJOGD@CH}UT<bWOz=BDJTW�@F¦C<bU�P}UoPSH=IC<X@S>vGwHeR=z=Jx�87:9!E GDJT;fl`G�� <VUT<bH`J�§QBDJT<VU�JT<pNO;=HeG�¨cz=<VW]PSUT<KReUT<bWO<bH`JT<pl�s*: ;=<XHe<bE
§QBDJT<VUv[K<VJT;=@=lXGD[\R=UT@F¦c<bW�JO;=<�Rk<bUL>�@CUT[}PFHQNy<�@F>�JT;=<x� 7�9�NZ@c[KRQPSUT<pl\JT@XBDGDH=<pPSUM§QBDJT<bUOGDH=IXJT<pNO;=HeG�¨cz=<VW�PSHQl\@F¦C<bUZNZ@C[\<bW JT;e<
UT<VWTJTUOGaNZJTGD@CH^@F> 	 UT@`@c[K;=<pPcl�� Wd§kBwJO<bU [K<VJT;=@=l�s
t He@CJT;e<bUM§QBDJT<bUM[K<VJT;=@=l�<ZY=R=BD@CGDJOWdJT;=<�>�PCNyJ�JO;QPFJ P�;=GDIC;n©�@cUol`<bU ��6 9{§QBDJT<VUvNbPFH\gQ<�[K@=l`<bBDBD<plrg|_KNVPFWoNVPCl`<pl\BD@FEM©L@CUoln<bU���6 9
§QBDJT<VUTWps�: ;=<xPcl`¦CPFH`JZPFIC<�GDW JT;kPFJvBD@FEM©L@CUZl`<bU���6 9q§QBDJO<bUTW�l`@XH=@cJ�l`GDWOJTz=UOg�JT;=<�WTJOUTzQNyJTz=UO<x@S>�JT;=<rH=@CH=BDGDH=<pPSUvl`<bJO<bUT[\GwHeGwWOJTGaN
R=UO@nNy<bWTW�JT@`@�[XzQNO;is 6LJ�GDW�<pPFWOGw<VU�>A@cU�JT;=<XH=@cH=BDGDH=<pPFU�[\@nln<bBDWvJT@^z=HQl`@}JT;e<Kl`GDWTJT@cUTWOGw@cH=WxNbPSz=WT<�lfg`_�JT;e<XBw@FEM©L@CUZl`<bU���6 9
§QBDJT<VUTWps ;�@FE�<V¦C<bU�hdJT;e<mHe@CH=BDGDH=<pPSUx[\@nln<bBDW�R=UT@=l`zkNZ<bWK@cH=BD_0PFH{<bWTJOGw[}PFJO<K@F>�JT;=<}JOUTz=<}H=@cH=BDGwHe<pPFUXl`<bJO<bUT[\GwHeGwWOJTGaNXHe@CGDWT<Cs
: ;=<bUO<Z>A@cUT<ChMJT;e<mRk<bU�>A@CUO[mPFHkNZ<ml`UO@CR=Wr>AUO@C[2@CH=<�NbPSWoNbPcl`<*����6 9 §QBDJT<bUXPFHQluH=@CHeBwGDH=<�PFU�[K@=l`<bBa��JT@*JT;=<}@cJT;=<bUKPSHQlf@cH=BD_
Rk<bUL>A@cUT[\W�WOz=g`©L@CR=JOGw[}PFBDBD_�@F¦C<VUoPFBDB�E ;=<VH~NZ@C[\RQPFUO<plXJO@xBDGDH=<pPSUM§QBDJT<bUOGDH=IXJT<pNO;=HeG�¨cz=<VWps
: ;=<�He<ZY=JX§QBDJT<VUX[K<bJO;=@=l0@F¦c<bUoNy@C[K<VWXJT;=<�ReUT@CgeBw<V[�@S>rln<bUTGD¦`GDH=I.PuUT<Z>�<bUT<bHkNZ<~WOGDICHQPSBvE GDJT;=@cz=JXJT;e<�WTGDICHkPFB @F>�GDH`JT<bUO<bWTJ
R=UO<bWT<bH`J GDHKP�l`G�� <bUO<bH`J�E P�_`s 6LJdzeWT<bWvP�¨czQPFH`JTGDWO<bU�E ;eG�NO;XR=UO@=l`zQNZ<bW �yz=WTJM<bH=@cz=IC;}¨CzkPFH`JTGDWoPSJTGD@CH�H=@cGwWO<vJO@�[mPSWT��JT;=<�WTGDICHQPSB
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@F>�GDH|JO<bUT<VWTJ GDHKJO;=<vUO<Z>A<bUO<bHQNZ<�WTGDICHkPFBLs'�nGw[XzeB�PSJTGD@CHeWiWT;e@FE JT;QPSJ JT;=<�H=@CHeBwGDH=<�PFUM[K@=l`<bBkGDW�H=@cJ PSg=BD<vJO@]l`<VJT<pNZJ�JT;=<�WTGDICHkPFBk@F>
GDH`JT<bUO<bWTJ�PFHkl�h=JO;=<bUT<y>A@CUO<Ch�@CHeBw_\<bWTJOGD[mPFJO<bWvJO;=<�H=@cH=BDGDH=<pPFU�l`<bJO<bUT[\GwHeGwWOJTGaN�H=@CGDWO<Cs�; @FEM<b¦c<bUphkJT;e<xPCl=lnGwJOGD@CHQPSBi¨CzkPFH`JTGDWoPSJTGD@CH
H=@cGwWO<vg=BDz=UOUTW JO;=<vWOJTUTzkNZJTz=UO<x@S>iJT;=<�H=@cH=BDGDH=<pPFUMl`<bJT<VUT[KGDH=GDWOJTGaN H=@cGDWT<�PSHQlXJO;=<�H=@CHeBwGDH=<�PFUd[\@nln<bBDW�NbPFzeWT<�P�IcUT<pPSJT<bU <VWTJTGD[}P�©
JTGD@cHK<bUOUT@CU�sM: ;=GDW ICUT<�PFJT<VUv<bWOJTGD[mPSJTGD@CHX<bUOUT@cUv<Z��<pNZJOW�JO;=<�@cz=JTR=zeJv�87�9�PSHQl\GwH�NZ@c[KRQPSUTGDWT@cHXE GDJT;}BDGwHe<pPFUMJT<pNO;=HeG�¨cz=<VW�JO;=GDW
§QBDJT<VU [K<bJO;=@=lX@CHeBw_XRk<bU�>A@CUO[KW WTzeg`©�@cR=JTGD[}PFBDBD_|s
: ;=<�R=UT@cg=BD<b[9@F>M;QP�¦`GwHeIKJT;e<xWOGwIcHQPFB�@S>�GDH|JO<bUT<VWTJ�R=UO<bWT<VH|JrGwH^JT;=<XUO<Z>A<bUO<bHQNZ<\WTGDICHQPSBiGDW�UT<plnzQNZ<pl*E ;=<VH~JO;=<KPF[\R=BDGwJOzQl`<�@F>
JT;e<xWOGwIcHQPFB�@F>dGDH`JT<bUO<bWTJ�GDW�WTGDICH=G�§ NVPFH`JTBD_KWO[mPSBwBD<bUMJT;kPFH�JO;=<xHe@CH=BDGDH=<pPSUvl`<bJT<VUT[KGDH=GDWOJTGaN�H=@cGwWO<Cs:6LH�JT;=GDW�NbPFWO<x@cH=BD_mJLEM@K��6 9
§QBDJT<VUTW�PSUT<�H=<pNy<bWTWZPFUT_^JT@XR=UO@F¦|Gal`<�JO;=<�l`<bWTGDUO<pl�PFHklKUO<Z>A<bUO<bHQNZ<XWOGDICHQPSBk>A@CUMJT;=<rH=@CH=BDGDH=<pPSU�[\@=l`<bBLs ¥ @c[KRQPSUT<pl?E GDJT;KBDGDH=<pPSU
JT<�NT;eH=Ga¨Cze<bWvJO;=GDWM§QBDJT<bU [\<bJT;=@=l?GwW WOz=Rk<bUTGD@CU�s
t 7 ¥ GDH ¥ ;QPFReJT<bU�@fGDWKJO;=<�@CJO;=<bU�PFReR=BDG�NVPFJTGD@cHihdE ;=<VUT<*JT;=<fPFWOWTz=[\R=JTGD@CH GDWXJoPS�C<bH JT;kPFJKJO;=<�H=@cGDWT<�Ic<bH=<bUZPFJT<�l g`_ P
>�PSHX@CUd<bHeICGDH=<�NVPFHXgk<v[K@=l`<VBwBD<plrg`_KP�H=@cH=BDGwHe<pPFU�ln<bJT<bUO[KGDH=GDWTJOGaNdR=UO@=NZ<bWTW�s t HXGDH`JTUT@=l`zkNZJTGD@CHXGDH`JT@rJT;=<�R=UTGDHQNZGDR=BD<bWM@F> t 7 ¥
PFHkl}GDJTW�R=;`_`WTGaNbPFB�BDGD[KGDJoPSJTGD@FH=W PFUO<xR=UO<bWT<VH|JO<pl�s t gQPCNO�`ICUO@Cz=Hkl}WT<pNyJTGD@CH*@Cz=JOBDGwHe<bW�JT;=<XNZz=UOUT<bH`J�WOJoPFJO<Z©L@F>a©LJT;=<y©�PSUTJ�@F> t 7 ¥
GDHKl`zQNZJOWps : ;=<v[\@CWTJ RQ@cR=z=BaPFU t 7 ¥ WoNO;=<b[\< >A@cU�>A<b<�lc>A@CUOE PSUol\NZ@CH`JTUO@CB�GDWMJT;=<�� 
 � �b¢ ������� 5 *��KPSBDIC@CUOGDJT;=[*s 6LJOWvl`<bUOGw¦CPSJTGD@CH
GDW R=UT<VWT<bH`JT<�lfPFHQl\JT;e<xH=<V<pl\>A@cUvPFH~PSBwJO<bUTHkPFJTGD¦c<�Ny@CH`JTUO@CBiWZNO;=<b[K<�>A@CU JO;=<�GD[KR=BD<b[\<bH`JoPSJTGD@CH�@F>�P�H=@cH=BDGwHe<pPFUvNZ@cH`JTUT@cBDBw<VUvGDW
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