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7UDQVPLWWHU UHGXQGDQF\ LQWURGXFHG XVLQJ ),5 nOWHUEDQN
SUHFRGHUV RmHUV D XQLI\LQJ IUDPHZRUN IRU VLQJOH� DQG
PXOWL�XVHU WUDQVPLVVLRQV� :LWK PLQLPDO UDWH UHGXFWLRQ�
),5 nOWHUEDQN WUDQVPLWWHUV ZLWK WUDLOLQJ ]HURV DOORZ IRU SHU�
IHFW �LQ WKH DEVHQFH RI QRLVH� HTXDOL]DWLRQ RI ),5 FKDQQHOV
ZLWK ),5 ]HUR�IRUFLQJ HTXDOL]HU nOWHUEDQNV� LUUHVSHFWLYH RI
WKH LQSXW FRORU DQG WKH FKDQQHO ]HUR ORFDWLRQV� ([SORLW�
LQJ LQSXW GLYHUVLW\� EOLQG FKDQQHO HVWLPDWRUV� EORFN V\QFKUR�
QL]HUV� DQG GLUHFW VHOI�UHFRYHULQJ HTXDOL]LQJ nOWHUEDQNV DUH
GHULYHG LQ WKLV SDSHU� 7KH UHVXOWLQJ DOJRULWKPV DUH FRP�
SXWDWLRQDOO\ VLPSOH� UHTXLUH VPDOO GDWD VL]HV� FDQ EH LP�
SOHPHQWHG RQOLQH� DQG UHPDLQ FRQVLVWHQW �DIWHU DSSURSULDWH
PRGLnFDWLRQV� HYHQ DW ORZ 615 FRORUHG QRLVH� 6LPXODWLRQV
LOOXVWUDWH DSSOLFDWLRQV WR PXOWL�FDUULHU PRGXODWLRQV WKURXJK
FKDQQHOV ZLWK GHHS IDGHV� DQG VXSHULRU SHUIRUPDQFH UHODWLYH
WR &0$ DQG H[LVWLQJ RXWSXW GLYHUVLW\ WHFKQLTXHV UHO\LQJ RQ
PXOWLSOH DQWHQQDV DQG IUDFWLRQDO VDPSOLQJ�
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5HGXQGDQF\ DW WKH WUDQVPLWWHU EXLOGV LQSXW GLYHUVLW\ LQ GLJ�
LWDO FRPPXQLFDWLRQ V\VWHPV DQG LV ZHOO PRWLYDWHG IRU GH�
VLJQLQJ HUURU FRUUHFWLQJ FRGHV �H�J�� >�@�� %XW UHFHQWO\� LQSXW
GLYHUVLW\ KDV EHHQ H[SORLWHG DOVR IRU ,6, VXSSUHVVLRQ XVLQJ
SUHFRGHUV RSHUDWLQJ LQ WKH FRPSOH[ �DV RSSRVHG WR *DORLV�
nHOG� >�� �@� >�� �� ��@� >��@�� 'LmHUHQW SUHFRGLQJ VFKHPHV DUH
SRVVLEOH� 0XOWLSO\LQJ WKH LQDFFHVVLEOH LQSXW E\ D NQRZQ SH�
ULRGLF VHTXHQFH RmHUV QRQ�UHGXQGDQW SUHFRGLQJ ZLWKRXW GH�
FUHDVLQJ WKH LQIRUPDWLRQ UDWH� DOWKRXJK WKH FRQVWHOODWLRQ
V
PRGXOXV LV DmHFWHG DQG HTXDOL]DWLRQ RI ),5 FKDQQHOV ZLWK
),5 HTXDOL]HUV LV LPSRVVLEOH >�@� 2Q WKH RWKHU KDQG� UHSHDW�
LQJ LQSXW V\PEROV DV LQ >��@� OHDGV WR ),5 HTXDOL]HUV EXW
UHGXFHV LQIRUPDWLRQ UDWH E\ KDOI� &RPELQLQJ GHVLUHG IHD�
WXUHV� nOWHUEDQN SUHFRGHUV DQG EOLQG HTXDOL]HUV ZHUH SUR�
SRVHG LQ >�@� WR PLQLPL]H WKH UDWH UHGXFWLRQ� DQG REYLDWH
FKDQQHO ]HUR UHVWULFWLRQV LPSRVHG E\ VSDWLR�WHPSRUDO RXWSXW
GLYHUVLW\PHWKRGV WKDW UHO\ XSRQ IUDFWLRQDO VDPSOLQJ DQG�RU
PXOWLSOH�DQWHQQD UHFHSWLRQ >��@� >��@� +RZHYHU� LGHQWLnDELO�
LW\ LQ >�@ ZDV HVWDEOLVKHG RQO\ IRU ZKLWH LQSXWV DQG OLQHDU
HTXDWLRQ RU VXEVSDFH DOJRULWKPV ZHUH GHYHORSHG IRU VLP�
SOH SUHFRGHUV �VHH DOVR >�@�� ,Q D GHWHUPLQLVWLF PXOWLUDWH
IUDPHZRUN� nOWHUEDQNV IRU QRQ�EOLQG FKDQQHO HTXDOL]DWLRQ
ZHUH DOVR SURSRVHG LQ >��@ XQGHU UHVWULFWLRQV RQ WKH FKDQQHO
]HURV�
5HGXQGDQW nOWHUEDQN SUHFRGHUV RmHU D XQLI\LQJ GLVFUHWH�

WLPH PRGHO ZKLFK HQFRPSDVVHV D ZLGH UDQJH RI GLJLWDO PRG�
XODWLRQ DQG FRGLQJ VFKHPHV >�@� 7KRVH LQFOXGH� SHULRGLF
DQG OLQH FRGHV� RUWKRJRQDO IUHTXHQF\�GLYLVLRQ PXOWLSOH[LQJ
�2)'0� DQG GLVFUHWH PXOWLWRQH �'07� >�@� IUDFWLRQDO VDP�
SOLQJ >��@� �GH��LQWHUOHDYLQJ� DV ZHOO DV PXOWL�XVHU WUDQV�
PLVVLRQV VXFK DV 7'0$� )'0$� &'0$� DQG WKH PRVW
UHFHQW GLVFUHWH ZDYHOHW PXOWLSOH DFFHVV �':0$� VFKHPHV
>�@� 5HGXQGDQW SUHFRGLQJ EULQJV LQSXW GLYHUVLW\ VLPLODU WR

WKDW DYDLODEOH ZLWK WUDLQLQJ VHTXHQFHV ZKLFK KDYH EHHQ H[�
SORLWHG UHFHQWO\ LQ D VHPL�EOLQG FKDQQHO HVWLPDWLRQ IUDPH�
ZRUN >�@� +RZHYHU� nOWHUEDQN SUHFRGHUV VSUHDG WKH WUDLQLQJ
ELWV DFURVV DOO WKH EORFNV RYHU ZKLFK WKH FKDQQHO PD\ EH
FKDQJLQJ�
0RWLYDWHG E\ WKH JHQHUDOLW\ DQG LPSRUWDQFH RI nOWHUEDQN

SUHFRGHUV� WKLV SDSHU EXLOGV XSRQ >�@ DQG >�@ DQG GHULYHV
EOLQG FKDQQHO HVWLPDWLRQ DQG EORFN V\QFKURQL]DWLRQ DOJR�
ULWKPV� DV ZHOO DV GLUHFW EOLQG ),5 HTXDOL]LQJ nOWHUEDQNV
WKDW DOORZ IRU GHWHUPLQLVWLF DQG �ZKLWH RU FRORUHG� UDQ�
GRP LQSXWV �LPSRUWDQW IRU FRGHG WUDQVPLVVLRQV�� ZLWKRXW
LPSRVLQJ UHVWULFWLRQV RQ FKDQQHO ]HURV �6HFWLRQ ��� *HQHUDO
SUHFRGHUV HTXLSSHG ZLWK WUDLOLQJ ]HURV �7=� RmHU FRPSX�
WDWLRQDOO\ VLPSOH DOJRULWKPV DQG OHDG WR ]HUR�IRUFLQJ �=)�
RU PLQLPXP PHDQ�VTXDUH HUURU �006(� HTXDOL]LQJ nOWHU�
EDQNV WKDW DFFHSW DOVR DGDSWLYH LPSOHPHQWDWLRQV� ([FLWLQJ
RSWLRQV EHFRPH DYDLODEOH IRU EOLQG HTXDOL]DWLRQ LQ 2)'0 ^
D WUDQVPLVVLRQ VWDQGDUG IRU 'LJLWDO $XGLR %URDGFDVWLQJ >�@�
ZKLFK LV NQRZQ WR VXmHU IURP GHHS FKDQQHO IDGHV �VHH DOVR
>�@�� &RQVLVWHQF\ DQDO\VLV DQG PRGLnFDWLRQV QHHGHG DW ORZ
615 HQYLURQPHQWV DUH JLYHQ DOVR LQ 6HFWLRQ � ZKLOH VLPXOD�
WLRQV DQG FRPSDULVRQV ZLWK )6 DQG &0$ DOWHUQDWLYHV DUH
GHVFULEHG LQ 6HFWLRQ ��
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&RQVLGHU WKH GLVFUHWH�WLPH PXOWLUDWH WUDQVPLWWHU PRGHO RI
WKH EDVHEDQG FRPPXQLFDWLRQ V\VWHP LQ )LJ� �� 'RZQVDP�
SOHUV DQG XSVDPSOHUV SHUIRUP EORFNLQJ �L�H�� PXOWLSOH[LQJ�
DQG XQ�EORFNLQJ �GH�PXOWLSOH[LQJ� RSHUDWLRQV� :LWK 3 !
0� WKH UDWLR �3 b0� 3 UHSUHVHQWV WKH DPRXQW RI UHGXQ�
GDQF\ LQWURGXFHG� 7UDQVPLW nOWHUV IIP�Q�J
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PD[LPXP RUGHU 3b�� ZKLOH WKH /WK RUGHU FKDQQHO IK�O�J/O �
FDSWXUHV PXOWLSDWK HmHFWV DQG WLPLQJ DPELJXLWLHV DV GHOD\
IDFWRUV� 7KH LQSXW WR WKH XSVDPSOHU RI WKH PWK EUDQFK LV
VP�Q� � V�Q0 �P�� ,W UHSUHVHQWV WKH P�WK V\PERO LQ WKH
Q�WK EORFN RI 0 V\PEROV� ZKLOH LQ WKH PXOWL�XVHU FDVH LW
VWDQGV IRU WKH PWK XVHU
V ELWV� :LWK WKH LQVHUWLRQ RI 3 b �
]HURV� WKH FRUUHVSRQGLQJ XSVDPSOHU
V RXWSXW LV� XP�Q�  3

L
VP�L�p�Q b L3�� ZKHUH p�Q� GHQRWHV .URQHFNHU
V GHOWD�

:H ZLOO DVVXPH 1\TXLVW VLJQDOLQJ SXOVHV� KHQFH� WKHLU HmHFW
GLVDSSHDUV LQ GLVFUHWH�WLPH DQG WKH WUDQVPLWWHG VHTXHQFH
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7R REWDLQ D EORFN GDWD PRGHO� ZH GHnQH 0 d � YHFWRU
V�Q� � �V��Q0�V��Q0� c c c V0b��Q0��

7 � 3 d � YHFWRUV
[�Q� � �[�Q3 �[�Q3 � �� c c c[�Q3 � 3 b ���7 � IP � 
�IP��� c c c IP�0 b��� c c c ��7 � 3 d0 SUHFRGHU PDWUL[ ) � 
�I� c c c I0b��� DQG 3 d 3 7RHSOLW] ORZHU WULDQJXODU PDWUL[
+� ZLWK nUVW FROXPQ �K��� c c cK�/�� c c c ��

7 � :H DVVXPH�
�D�� &KDQQHO K�O� LV /WK RUGHU ),5 ZLWK K���� K�/�� ��
�D�� )RU D JLYHQ /� WKH SDLU �3�0� LV FKRVHQ WR VDWLVI\
3 ! 0 ! / DQG 3  0 �/�
%DVHG RQ �D��� �D��� WKH UHFHLYHG EORFN GDWD PRGHO LV >�@�
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)XUWKHUPRUH� ZH ZLOO DVVXPH KHUH WKDW�
�D�� 3UHFRGHU nOWHUV KDYH / WUDLOLQJ ]HURV� L�H�� IIP�Q�J

3
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 �� �P � >��0 b �@� DQG DUH OLQHDUO\ LQGHSHQGHQW� L�H��
UDQN�)�  0� ZKLFK JXDUDQWHHV RQH�WR�RQH PDSSLQJ DQG
WKXV UHFRYHU\ RI V�Q� IURP WKH FRGHG V\PEROV X�Q��
�D�� 7KHUH H[LVWV DQ 1 w 3 � VXFK WKDW WKH 0 d1 PDWUL[
6 � �V��� c c c V�1b��� KDV IXOO UDQN0� :LWK ZKLWH LQSXWV�
66+ WHQGV �DV 1 LQFUHDVHV� WR WKH LQSXW FRUUHODWLRQ PDWUL[
5VV� %XW �D�� ZLOO EH VDWLVnHG HYHQ IRU FRORUHG �H�J�� FRGHG�
LQSXWV SURYLGHG WKDW WKHLU VSHFWUD DUH QRQ�]HUR IRU DW OHDVW
0 IUHTXHQFLHV �PRGHV��
:LWK PRGHUDWH RU ODUJH QXPEHU RI nOWHUV 0 LQ WKH SUH�

FRGHU� WKH PD[LPXP OLNHOLKRRG �0/� UHFHLYHU LPSOHPHQWHG
ZLWK 9LWHUEL
V DOJRULWKP KDV SURKLELWLYHO\ ODUJH FRPSOH[LW\
ZKLFK PRWLYDWHV ORRNLQJ IRU OLQHDU �DQG SUHIHUDEO\ ORZ RU�
GHU ),5� HTXDOL]LQJ nOWHUEDQNV� =) VROXWLRQV RmHU �DOPRVW�
SHUIHFW V\PERO UHFRYHU\ LQ �KLJK 615� QRLVH�IUHH HQYLURQ�
PHQWV DQG WKHLU SHUIRUPDQFH LQ WHUPV RI HUURU SUREDELOLW\ LV
HDVLO\ FRPSXWDEOH� 6XpFLHQW FRQGLWLRQV IRU WKHLU H[LVWHQFH
DQG XQLTXHQHVV ZHUH GHULYHG LQ >�@�

7KHRUHP � *LYHQ ) DQG +�� WKHUH H[LVWV XQGHU �D����D��
D ]HUR RUGHU 0 d3 HTXDOL]LQJ nOWHUEDQN VXFK WKDW *[�Q�  
V�Q�� 0LQLPXP QRUP =) nOWHUEDQN LV XQLTXH DQG LV JLYHQ
E\� *]I  �+�)�

\� ZKHUH \ GHQRWHV SVHXGR�LQYHUVH� 


1RWH WKDW 7KP� � SRVHV QR FRQVWUDLQWV RQ WKH FKDQQHO ]H�
URV� ,Q FRQWUDVW� ),5�=) HTXDOL]HUV LQ >��� ��� ��� ��@ GR
QRW H[LVW IRU FHUWDLQ FRQnJXUDWLRQV RI FKDQQHO ]HURV RQ WKH
XQLW FLUFOH� DQG PRUH LPSRUWDQW� SHUIRUPDQFH GHJUDGHV HYHQ
ZKHQ FKDQQHOV KDYH ]HURV FORVH WR WKRVH QRQ�LQYHUWLEOH FRQ�
nJXUDWLRQV� ,I DQ XSSHU ERXQG x/ w / LV RQO\ DYDLODEOH RQ
WKH FKDQQHO RUGHU� 7KP� � KROGV WUXH ZLWK x/ UHSODFLQJ / LQ
�D��� %HFDXVH IRU D n[HG EDQGZLGWK WKH LQIRUPDWLRQ UDWH
GHSHQGV XSRQ WKH UDWLR0 3 � ZH QRWH WKDW XQGHU �D��� WKH
UDWH UHGXFWLRQ FDQ EH PDGH DUELWUDULO\ VPDOO E\ VHOHFWLQJ
0 �DQG WKXV 3 � VXpFLHQWO\ ODUJH�
,Q WKH SUHVHQFH RI QRLVH� D YHFWRU 006( �RU :LHQHU�

HTXDOL]HU FDQ EH GHULYHG E\ PLQLPL]LQJ (IWU>*\�Q�b V�Q�@
>*\�Q� b V�Q�@+J� ,W LV JLYHQ E\ >�@�
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1RWH WKDW ERWK *]I DQG *PPVH UHTXLUH FKDQQHO HVWLPDWHV
ZKLFK ZH GHULYH QH[W EDVHG RQ WKH UHFHLYHG GDWD RQO\�
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%OLQG FKDQQHO HVWLPDWLRQ LV ZHOO PRWLYDWHG IRU ZLUHOHVV HQ�
YLURQPHQWV ZKHUH WKH PXOWLSDWK FKDQQHO FKDQJHV UDSLGO\
DV WKH PRELOH FRPPXQLFDWRUV PRYH� 6HOI�UHFRYHULQJ HTXDO�
L]DWLRQ VFKHPHV DUH WKXV LPSRUWDQW WR DYRLG IUHTXHQW UH�
WUDLQLQJ DQG WKXV LQFUHDVH EDQGZLGWK HpFLHQF\�

���� %OLQG &KDQQHO (VWLPDWLRQ
8QGHU �D��� [�Q�  +�)V�Q�  a+� a)V�Q�� ZKHUH a+� LV
IRUPHG E\ WKH nUVW 0 FROXPQV RI +�� &ROOHFWLQJ 1 GDWD
YHFWRUV I[�Q�J1b�Q � LQ D PDWUL[� ZH DUULYH DW�

;1 � �[��� c c c[�1 b ���  a+� a) 6 � ���
ZKHUH 6 LV GHnQHG DV LQ �D��� %HFDXVH RI �D��� K��� � ��

DQG WKXV UDQN� a+��  0� ZKLFK DORQJ ZLWK �D�� DQG �D��
LPSO\ WKDW UDQN�;1 �  0� 7KHUHIRUH� WKH QXOOLW\ RI WKH
PDWUL[;1;

+
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+
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\LHOGV WKH 3d/PDWUL[ a8ZKRVH FROXPQV VSDQ WKH QXOOVSDFH
1 �;1 �� 6LQFH a)6 LQ ��� LV IXOO UDQN� 5�;1 �  5�+���
ZKHUH 5 VWDQGV IRU UDQJH VSDFH� %XW VLQFH 5�;1� LV RU�
WKRJRQDO WR 1 �;1 �� LW IROORZV WKDW�
a8+ a+�  � � aX+O 7 �K�  �

+
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ZKHUH aXO GHQRWHV WKH OWK FROXPQ RI a8 DQG 7 �K� LV ORZHU
WULDQJXODU 7RHSOLW] ZLWK nUVW FROXPQ �K��� c c cK�/�� c c c ��7 �
%XW YHFWRU PXOWLSOLFDWLRQ ZLWK D 7RHSOLW] PDWUL[ GHQRWHV
FRQYROXWLRQ ZKLFK LV FRPPXWDWLYH DQG WKXV ��� FDQ EH ZULW�
WHQ DV�
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ZKHUH HDFK 8O LV DQ �/���d0 +DQNHO PDWUL[ IRUPHG E\ aXO�
2XU UHVXOW DQG FRUUHVSRQGLQJ DOJRULWKP DUH VXPPDUL]HG LQ
WKH IROORZLQJ�

7KHRUHP � /HW �D����D�� KROG WUXH� 6WDUWLQJ IURP WKH
GDWD PDWUL[ ;1 � OHW XV IRUP WKH �/ � �� d0/ PDWUL[ 8
DV LQ �������� &KDQQHO YHFWRU K FDQ WKHQ EH REWDLQHG DV WKH
XQLTXH �ZLWKLQ D VFDOH� QXOO HLJHQ�YHFWRU RI 8 LQ ���� 


:LWK WKH FKDQQHO PDWUL[ +� DYDLODEOH� ZH FDQ SURFHHG WR
GHWHUPLQH HLWKHU WKH =) HTXDOL]HU nOWHUEDQN IURP 7KP� ��
RU� WKH 006( HTXDOL]HU IURP ���� ,Q IDFW� LW LV SRVVLEOH WR
GHULYH 006( HTXDOL]HUV LQYROYLQJ D GHOD\HG GHFLVLRQ �ZLWK
RU ZLWKRXW IHHGEDFN�� RU� SXUVXH WKH FRPSXWDWLRQDOO\ FRP�
SOH[ EXW RSWLPDO 0/ UHFHLYHU� ,QVWHDG� ZH IRFXV QH[W RQ
GLUHFW EOLQG HTXDOL]HUV WKDW GR QRW HYHQ UHTXLUH FKDQQHO HVWL�
PDWLRQ DV D nUVW VWHS DQG EHLQJ OLQHDU� WKH\ OHQG WKHPVHOYHV
QDWXUDOO\ WR RQOLQH VHOI�UHFRYHULQJ DOJRULWKPV�

���� 'LUHFW %OLQG (TXDOL]DWLRQ

&ROOHFW I[�Q�J1b�
Q �

EORFNV WR IRUP WKH GDWD PDWUL[ ;1 DV
LQ ���� DQG GHnQH b � +b�
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%HFDXVH WKH 3 d 3 PDWUL[ +� LV ORZHU WULDQJXODU 7RHSOLW]�
LW IROORZV HDVLO\ �E\ IRUPLQJ b+�  ,� WKDW WKH LQYHUVH b LV
DOVR ORZHU WULDQJXODU 7RHSOLW]� 7KXV� DOO WKH URZV Io7
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RI b FDQ EH REWDLQHG IURP WKH ODVW URZ o
7

3
� 5HO\LQJ RQ

���� ZH ZLOO VKRZ KRZ o
7
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FDQ EH GHWHUPLQHG XVLQJ RQO\ WKH

UHFHLYHG GDWD PDWUL[ ;1 LQ ����
/HW - GHQRWH D 3 d 3 VKLIW PDWUL[ KDYLQJ DOO RQHV LQ

WKH nUVW VXE�GLDJRQDO DQG DOO RWKHU HQWULHV ]HUR� 8VLQJ -�
WKH URZV RI b FDQ EH VXFFHVVLYHO\ UHODWHG� o
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%XW IRFXVLQJ RQ WKH ODVW / URZV RI ���� LW IROORZV WKDW IRU
L  3�3 b �� � � � � 3 b / � � ZH KDYH o7
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,W FDQ EH VKRZQ WKDW WKH QXOOLW\ y�;1 �  �� WKXV� o
7

3
�DQG

KHQFH b� FDQ EH GHWHUPLQHG IURP ���� ,Q VXPPDU\�

7KHRUHP � /HW �D����D�� KROG WUXH� 7KHQ� y�;1 �  ��
DQG o

7
3 FDQ EH LGHQWLnHG IURP ��� DV WKH XQLTXH �ZLWKLQ D

VFDODU DPELJXLW\� QXOO HLJHQ�YHFWRU RI ;1;
+
1 � :LWK o73 DV

WKH 3 WK URZ� WKH ORZHU WULDQJXODU 7RHSOLW] PDWUL[ b FDQ EH
EXLOW DQG XVHG LQ 7KP� � WR REWDLQ *]I GLUHFWO\� 


7KH HTXDOL]HU LPSOLHG E\ 7KP� � QHLWKHU LQYRNHV DQ\ UH�
VWULFWLRQV RQ WKH FKDQQHO ]HURV QRU LW UHOLHV RQ DQ\ VWDWLVWLFDO
LQSXW DVVXPSWLRQV �H�J�� ZKLWHQHVV DV LQ >�@�� ,W WKXV UHFRY�
HUV WKH LQSXW H[DFWO\ LQ WKH DEVHQFH RI QRLVH� %HFDXVH RQO\
1 w 3 GDWD EORFNV DUH UHTXLUHG LQ ;1 � DQG HDFK [�Q� LV
3 d �� WKH PLQLPXP QXPEHU RI V\PEROV UHTXLUHG LV 3 ��
5HPDUN� :LWK IP�Q�  H[S�M�{PQ 0�� WKH nOWHUEDQN
SUHFRGHU RI )LJ� �� UHGXFHV WR WKH GLJLWDO 2)'0 WUDQVPLW�
WHU >�@� 8QGHU �D��� WKH WUDLOLQJ ]HURV 7=�2)'0 �GHWDLOHG
LQ >�@� FDQ EH HTXDOL]HG EOLQGO\ HYHQ ZKHQ K�Q� KDV XQLW
FLUFOH ]HURV ORFDWHG DW �{P 0 ^ D FDVH ZKHUH GHHS IDGHV
GHWHULRUDWH SHUIRUPDQFH RI FRQYHQWLRQDO 2)'0 �VHH DOVR
>�@��



���� 'LUHFW %OLQG 6\QFKURQL]DWLRQ
(T� ��� DVVXPHV WKDW EORFN V\QFKURQL]DWLRQ KDV EHHQ DF�
FRPSOLVKHG� $OWKRXJK WHFKQLTXHV UHO\LQJ RQ WUDLQLQJ GDWD
DUH DYDLODEOH� LW LV SRVVLEOH WR DFKLHYH EORFN V\QFKURQL]DWLRQ
EOLQGO\ ^ D WDVN FRPSOHPHQWLQJ RXU EOLQG HTXDOL]HU QLFHO\
�VHH DOVR >��@ IRU D VWDWLVWLFDO PHWKRG�� $ GHWHUPLQLVWLF EOLQG
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([DPSOH � �%OLQG 6\QFKURQL]DWLRQ�� :H LPSOHPHQWHG WKH
V\VWHP LQ )LJ� � ZLWK �3�0�/�  ���� ��� �� DQG FKDQQHO

ZLWK ]HURV DW� ���� M�bM �615  ��G%�� 0DWUL[ <
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1  ��� ZDV IRUPHG DV LQ ����� FROOHFWLQJ LQ D PDWUL[ <�G�

WKH YHFWRUV \�G��Q�  �\�Q3 �G�� c c c � \�Q3 �G�3 b��� IRU
GLmHUHQW GHOD\V G � >�� �@� DQG WKH PLQLPXP HLJHQYDOXH RI
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1
<
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ZDV HYDOXDWHG DFFRUGLQJ WR ���� IRU HDFK G DQG
SORWWHG LQ )LJ� � �VDPSOH PHDQ ZLWK VROLG DQG VW� GHYLDWLRQ
ERXQGV ZLWK GDVKHG FRPSXWHG EDVHG RQ ��� 0RQWH &DUOR
UXQV�� 7KH WUXH GHOD\ ZDV W�  � DQG WKH FXUYHV LQ )LJ� �
LQGLFDWH FOHDUO\ D PLQLPXP DW G  �� LOOXVWUDWLQJ WKDW LW LV
SRVVLEOH WR HVWLPDWH WKH FRUUHFW WLPH RmVHW DV LQ �����
([DPSOH � �%OLQG &KDQQHO (VWLPDWLRQ YV >��@�� )LJ� � VKRZV
WKH URRW�PHDQ VTXDUH HUURU �506(� RI WKH EOLQG FKDQQHO
HVWLPDWH RI RXU DSSURDFK �VROLG OLQH� DQG WKH GHWHUPLQLVWLF
DSSURDFK LQ >��@ �GDVKHG OLQH�� EDVHG RQ WKH FKDQQHO VLPX�
ODWHG LQ >��� 7DEOH ,,@� )RU ERWK FDVHV ��� GDWD VDPSOHV ZHUH
XVHG IRU EOLQG FKDQQHO HVWLPDWLRQ� 7KH DGYDQWDJH RI WKLV SD�
SHU
V DSSURDFK LV HYLGHQW� DOWKRXJK ZH XVHG RQO\ RQH RI WKH
IRXU FKDQQHOV XVHG LQ >��@� 7KLV LOOXVWUDWHV WKDW LQWURGXFLQJ



UHGXQGDQF\ DW WKH WUDQVPLWWHU LPSURYHV SHUIRUPDQFH� UHOD�
WLYH WR PHWKRGV WKDW UHO\ RQ RXWSXW UHGXQGDQF\� ZKLOH DW
WKH VDPH WLPH UHFHLYHU FRPSOH[LW\ LV UHGXFHG�
([DPSOH � �'LUHFW %OLQG (TXDOL]HU ^ &0$ FRPSDULVRQ�� :H
VLPXODWHG 1  �� EORFNV RI ��36. V\PEROV� HDFK EORFN
ZLWK 3  �� �0  �� LQIRUPDWLRQ V\PEROV DQG /  �
7=V�� 7KH �UG�RUGHU FKDQQHO KDG ]HURV DW� ���� M�bM� DQG
WKH 615 DW WKH UHFHLYHU ZDV n[HG DW �� G%� :LWK WKLV UHO�
DWLYHO\ ORZ�615� ZH LPSOHPHQWHG WKH GHWHUPLQLVWLF GLUHFW
HTXDOL]HU DSSURDFK VXPPDUL]HG LQ 7KP� �� XVLQJ WKH PLQ�
LPDO QXPEHU RI VDPSOHV 3 �  ���� 7R FRPSDUH ZLWK &RQ�
VWDQW 0RGXOXV $OJRULWKP �&0$�� )LJ� � VKRZV WKH VFDW�
WHULQJ GLDJUDP REWDLQHG LQ WKH IROORZLQJ FDVHV� �D�ZLWKRXW
HTXDOL]DWLRQ� �E�ZLWK WKH =) HTXDOL]HU RI 7KP��� �F�ZLWK
WKH 006( HTXDOL]HU RI ���� DQG �G�ZLWK WKH &0$� )RU WKH
&0$� ZH XVHG D ���WDS HTXDOL]HU DQG WKH DGDSWDWLRQ UXOH
KDV UXQ RYHU 1  ��� ��� VDPSOHV DW 615  ��

5()(5(1&(6

>�@ 6� %HQHGHWWR� (� %LJOLHUL DQG 9� &DVWHOODQL� 'LJLWDO
7UDQVPLVVLRQ 7KHRU\� 3UHQWLFH�+DOO ,QF�� �����

>�@ /� -� &LPLQL� ?$QDO\VLV DQG VLPXODWLRQ RI D GLJLWDO PR�
ELOH FKDQQHO XVLQJ RUWKRJRQDO IUHTXHQF\ GLYLVLRQ PXOWL�
SOH DFFHVV�� ,((( 7UDQV� RQ &RP�� SS� �������� �����

>�@ 0� GH &RXUYLOOH� 3� 'XKDPHO� 3� 0DGHF� DQG -� 3DOLFRW�
?$ OHDVW PHDQ�VTXDUHV EOLQG HTXDOL]DWLRQ WHFKQLTXH IRU
2)'0 V\VWHPV�� $QQDO� GHV 7HOHFRP�� SS� ����� �����

>�@ *� %� *LDQQDNLV� ?)LOWHUEDQNV IRU EOLQG FKDQQHO LGHQ�
WLnFDWLRQ DQG HTXDOL]DWLRQ�� ,((( 6LJQDO 3URFHVVLQJ
/HWWHUV� SS� �������� -XQH �����

>�@ $� *RURNKRY DQG 3� /RXEDWRQ� ?6HPL�EOLQG VHFRQG�
RUGHU LGHQWLnFDWLRQ RI FRQYROXWLYH FKDQQHOV�� 3URF� RI
,QWO� &RQI� RQ $663� YRO� 9� 0XQLFK� *HUPDQ\� �����

>�@ 6� '� +DOIRUG DQG *� %� *LDQQDNLV� ?%OLQG (TXDOL]DWLRQ
RI 7'0$ :LUHOHVV &KDQQHOV ([SORLWLQJ *XDUG 7LPH
,QGXFHG &\FORVWDWLRQDULW\�� 3URF� RI �VW ,((( 6LJQDO
3URF� :UNVS� RQ :LUHOHVV &RP�� SS� �������� 3DULV�
)UDQFH� $SULO ������ �����

>�@ 6� '� 6DQGEHUJ DQG 0�$�7]DQQHV� ?2YHUODSSHG GLV�
FUHWH PXOWLWRQH PRGXODWLRQ IRU KLJK VSHHG FRSSHU ZLUH
FRPPXQLFDWLRQV� ,((( -� RQ 6HO� $UHDV LQ &RP�� SS�
���������� �����

>�@ $� 6FDJOLRQH� *� %� *LDQQDNLV� DQG 6� %DUEDURVVD� ?5H�
GXQGDQW )LOWHUEDQN 3UHFRGHUV DQG (TXDOL]HUV� 3DUWV ,
DQG ,,�� ,((( 7UDQV� RQ 6LJQDO 3URFHVVLQJ� ���� �VXE�
PLWWHG�� VHH DOVR 3URF� RI ��WK $QQXDO $OOHUWRQ &RQI��
0RQWLFHOOR� ,/� 6HSW� �����

>�@ (� 6HUSHGLQ DQG *� %� *LDQQDNLV� ?%OLQG FKDQQHO LGHQ�
WLnFDWLRQ DQG HTXDOL]DWLRQ ZLWK PRGXODWLRQ LQGXFHG
F\FORVWDWLRQDULW\�� 3URF� &,66� SS� �������� YRO� �� %DO�
WLPRUH 0'� 0DUFK �����

>��@ 0� .� 7VDWVDQLV DQG *� %� *LDQQDNLV� ?7UDQVPLWWHU
,QGXFHG &\FORVWDWLRQDULW\ IRU %OLQG &KDQQHO (TXDO�
L]DWLRQ�� ,((( 7UDQVDFWLRQV RQ 6LJQDO 3URFHVVLQJ� SS�
���������� -XO\ �����

>��@ /� 7RQJ� *� ;X� 7� .DLODWK� ?%OLQG LGHQWLnFDWLRQ DQG
HTXDOL]DWLRQ EDVHG RQ VHFRQG RUGHU VWDWLVWLFV� $ WLPH
GRPDLQ DSSURDFK�� ,((( 7UDQV� RQ ,7� SS���������
�����

>��@ ;��*� ;LD� ?1HZ SUHFRGLQJ IRU ,6, FDQFHOODWLRQ XV�
LQJ QRQPD[LPDOO\ GHFLPDWHG PXOWLUDWH nOWHUEDQNV ZLWK
LGHDO ),5 HTXDOL]HUV�� ,((( 7UDQV� RQ 63� SS� �����
����� 2FW� �����

>��@ *� ;X� +� /LX� /�7RQJ� 7� .DLODWK� ?$ /HDVW�6TXDUH
$SSURDFK WR %OLQG &KDQQHO ,GHQWLnFDWLRQ�� ,(((
7UDQV� RQ 63� SS����������� 'HF� �����

8 7
9 6

8 7
9 68 7
9 6

8 7
9 68 7
9 6

8 7
9 6

�
�

� �

�

�

�

�

�










 �

�

V�Q�

]

]
�

�

�

]
0

�

�

�

0

0

3

3

�

�

�

3

I��Q�

I��Q�

�

�

�

I0b��Q�
]b�

�

�

�
�

�

�

]b�

X�Q�

%ORFN &RGLQJ 8QEORFN

)LJXUH �� 5HGXQGDQW )LOWHUEDQN 3UHFRGHU

0 1 2 3 4 5 6 7 8
0

2

4

6

8

10

12

time offset

av
. e

ig
en

va
lu

e

)LJXUH �� %OLQG 6\QFKURQL]DWLRQ YLD �����

10 15 20 25 30 35 40
10

−3

10
−2

10
−1

10
0

SNR (dB)

R
M

S
E

)LJXUH �� 5RRW�PHDQ VTXDUH HUURU RI WKH EOLQG HVWLPDWLRQ�
�D� �E�

-5 -4 -3 -2 -1 0 1 2 3 4 5
-6

-4

-2

0

2

4

6
non equalized signal

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

-1

-0.5

0

0.5

1

1.5
equalized signal (ZF)

�F� �G�

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

-1

-0.5

0

0.5

1

1.5
equalized signal (mmse)

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

-1

-0.5

0

0.5

1

1.5

)LJXUH �� �D�EHIRUH HTXDOL]DWLRQ� �E�DIWHU GLUHFW =) HTXDO�
L]DWLRQ� �E�006(� 615  ��G%� �F�&0$� 615  ��


