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-HQV %RUQHPDQQ DQG 6PDLQ $PDUL

/DERUDWRU\ IRU /LJKWZDYH (OHFWURQLFV� 0LFURZDYHV 	 &RPPXQLFDWLRQV �//L0L&�
'HSDUWPHQW RI (OHFWULFDO DQG &RPSXWHU (QJLQHHULQJ

8QLYHUVLW\ RI 9LFWRULD� 9LFWRULD %�&� &DQDGD 9�: �3�
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7KH RULJLQDO VHSWXP SRODUL]HU GHVLJQ E\ &KHQ DQG 7VDQGRXODV>�@ KDV IRXQG PDQ\
DSSOLFDWLRQV� H�J� >�@ � >�@� DQG VRPH PRGLILFDWLRQV� H�J� >�@ � >�@� $V LV REYLRXV
IURP WKHVH UHIHUHQFHV� D IDLU DPRXQW RI QXPHULFDO PRGHOOLQJ SURFHGXUHV LV UHTXLUHG
WR UHOLDEO\ HVWLPDWH WKH FRPSRQHQW©V SHUIRUPDQFH ZLWK UHVSHFW WR UHWXUQ ORVV� LVROD�
WLRQ DQG D[LDO UDWLR� &RQVHTXHQWO\� SUHYLRXV GHVLJQ JXLGHOLQHV KDYH EHHQ GHYHORSHG
XQGHU FRQGLWLRQV ZKLFK VLPSOLI\ WKH DQDO\VLV SURFHGXUH� 7KRVH DUH FRQVWDQW KRXV�
LQJ GLPHQVLRQV� D FRQVWDQW WKLFNQHVV RI WKH VHSWXP� DQG WKH QRWLFDEOH DEVHQFH RI
DQ\ PDWFKLQJ HOHPHQWV DW WKH WZR UHFWDQJXODU ZDYHJXLGH LQSXW SRUWV� 2QO\ UHFHQWO\
KDV D YDU\LQJ VHSWXP WKLFNQHVV EHHQ FRQVLGHUHG >�@ LQ RUGHU WR NHHS WKH RYHUDOO
GHVLJQ VKRUW�
,Q SUDFWLFH� KRZHYHU� PDQ\ VHSWXP SRODUL]HU FRPSRQHQWV DUH PDQXIDFWXUHG E\
FDVWLQJ� $ SDUDPHWHU LQKHUHQW WR WKLV SURGXFWLRQ SURFHVV LV WKH GUDIW DQJOH� ZKLFK
OHDGV WR D OLQHDU UHGXFWLRQ RI KRXVLQJ GLPHQVLRQV ZLWK FRPSRQHQW OHQJWK DQG
ZKLFK KDV EHHQ QHJOHFWHG LQ PDQ\ SRODUL]HU GHVLJQV RYHU WKH \HDUV� :LWK �� G%
UHWXUQ�ORVV�LVRODWLRQ DQG ��� G% D[LDO�UDWLR VSHFLILFDWLRQV� KRZHYHU� WKH GUDIW DQJOH
FDQ QR ORQJHU EH QHJOHFWHG� VLQFH D VOLJKW LQFUHDVH LQ� H�J�� VHSWXP WKLFNQHVV FDQ
DOUHDG\ UHVXOW LQ D FRQVLGHUDEOH SHUIRUPDQFH GHJUDGDWLRQ >�@�
7KHUHIRUH� WKLV SDSHU WDNHV WKH FDVWLQJ PDQXIDFWXULQJ SURFHVV IXOO\ LQWR DFFRXQW�
0RUHRYHU� D PDWFKLQJ WUDQVIRUPHUV DUH LQFRUSRUDWHG XQGHU WKH VDPH UHVWULFWLRQV
�)LJ� ���
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7KH PHWKRG RI DQDO\VLV XVHG LV PRGH PDWFKLQJ LQ LWV JHQHUDOL]HG LPSHGDQFH
PDWUL[ IRUP� DQG RSWLPL]DWLRQ LV FDUULHG RXW E\ HYROXWLRQDU\ VWUDWHJLHV� )RU GHWDLOV�
WKH UHDGHU LV UHIHUUHG WR >�@�
$FFRUGLQJ WR )LJ� �� WKH VHSWXP SRODUL]HU LV ILUVW PRGHOOHG E\ DVVXPLQJ D VLQJOH
VWHS SHU LQGLYLGXDO SRODUL]HU VHFWLRQ� 'XH WR WKH GUDIW DQJOH� WKH FURVV�VHFWLRQ DUHDV
GHFUHDVH IURP OHIW WR ULJKW� DQG IRU JLYHQ VHFWLRQ OHQJWKV� WKH KRXVLQJ DQG VHSWXP
GLPHQVLRQV DUH WDNHQ DV WKH DYHUDJH EHWZHHQ WKH ODUJHU DQG VPDOOHU YDOXHV�
)RU JLYHQ DSHUWXUH GLPHQVLRQV DD[ED� PLQLPXP VHSWXP WKLFNQHVV WPLQ�GUDIW DQJOH α
�)LJ� �� DQG QXPEHU RI SRODUL]HU VHFWLRQV� WKH SRODUL]HU �ZLWKRXW WUDQVIRUPHU� LV
RSWLPL]HG ZLWK OHQJWKV O�L� DQG VORW ZLGWKV V�L� DV SDUDPHWHUV� UHVSHFWLQJ WKH VXFFHV�
VLYH FKDQJH RI FURVV�VHFWLRQ GLPHQVLRQV GXULQJ RSWLPL]DWLRQ� :KLOH D�L� E�L�
WKURXJKRXW WKH SRODUL]HU VHFWLRQ� WKHVH TXDQWLWLHV GLIIHU LQ WKH WUDQVIRUPHU VHFWLRQ�
RQFH DQ LQLWLDO WUDQVIRUPHU KDV EHHQ GHVLJQHG >�@ WR PDWFK WKH WZR SRODUL]HU LQSXW
SRUWV WR WKH IHHGLQJ UHFWDQJXODU ZDYHJXLGHV RI DSHUWXUHV DI[EI� 1RWH WKDW WKH GLV�
FRQWLQXLW\� ZKLFK H[LVW DW WKH MXQFWLRQ WR WKH IHHGLQJ ZDYHJXLGHV LV LQFRUSRUDWHG LQ
WKH WUDQVIRUPHU GHVLJQ DQG LQ DOO VXEVHTXHQW DQDO\VHV� 7KH PD[LPXP RYHUDOO



OHQJWK /PD[ LV JLYHQ E\ VSHFLI\LQJ WKH DQWHQQD SRUW DD[ED DQG IHHGLQJ ZDYHJXLGH
DI[EI FURVV�VHFWLRQV VLQFH

���

+RZHYHU� VLQFH DSSUR[LPDWHO\ D TXDUWHU�ZDYHOHQJWK VHFWLRQ LV QHHGHG IRU DW OHDVW D
VLQJOH WUDQVIRUPHU VHFWLRQ� WKH PD[LPXP DOORZDEOH OHQJWK IRU WKH SXUH SRODUL]HU
KDV WR EH UHGXFHG DFFRUGLQJO\�
2QFH WKLV GHVLJQ KDV EHHQ FRPSOHWHG� L�H� D GHVLJQ ZLWK WKH PLQLPXP DPRXQW RI
VWDLUFDVLQJ KDV EHHQ UHDFKHG �D ILYH�VHFWLRQ GHVLJQ IRU WKH H[DPSOH LQ )LJ���� WKH
LQGLYLGXDO VHFWLRQV DUH IXUWKHU VXEGLYLGHG� VXFK WKDW� H�J� LQ )LJ� ��

���

LQ RUGHU WR FKHFN WKH FRQYHUJHQFH ZLWK UHVSHFW WR WKH FRQWLQXRXVO\ YDU\LQJ GLPHQ�
VLRQV RZLQJ WR WKH GUDIW DQJOH� $W WKLV SRLQW� LW LV H[SHFWHG WKDW WKH SHUIRUPDQFH
VOLJKWO\ GHFUHDVHV� DV FHUWDLQ GLVFRQWLQXLWLHV� ZKLFK ZHUH SUHYLRXVO\ �LQ WKH RSWLPL�
]DWLRQ SURFHVV� XVHG WR FRPSHQVDWH IRU XQZDQWHG KLJKHU�RUGHU PRGH HIIHFWV� DUH
QRZ GLVDSSHDULQJ� �,W LV ZHOO NQRZQ� H�J� >��@� WKDW� ZLWKLQ D FHUWDLQ IUHTXHQF\
UDQJH� D ZHOO�GHVLJQHG VWHSSHG DSSURDFK FDQ RXWSHUIRUP FRQWLQXRXV WDSHUV��
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:H UHIUDLQ IURP SUHVHQWLQJ YDOLGDWLRQ RI WKH VRIWZDUH FRGH� DV WKLV KDV EHHQ GHP�
RQVWUDWHG EHIRUH� H�J� >�@ � >��@� ,QVWHDG� ZH IRFXV RQ DQ H[DPSOH VKRZLQJ WKH GLI�
IHUHQW VWDJHV RI WKH GHVLJQ�
/HW XV DVVXPH WKDW �� G% UHWXUQ ORVV � LVRODWLRQ DQG ��� G% D[LDO UDWLR DUH VSHFLILHG
IRU D ILYH�SHUFHQW EDQGZLGWK FHQWHUHG DW ����� *+] XQGHU WKH UHVWULFWLRQ RI D RQH�
GHJUHH GUDIW DQJOH DQG D ��� PP PLQLPXP VHSWXP ZLGWK� 6LQFH WKH SRODUL]HU PXVW
RSHUDWH EHWZHHQ 7(��� DQG 7(���PRGH FXWRII� WKH DQWHQQD SRUW FURVV�VHFWLRQ LV
FKRVHQ DV �� PP [ �� PP� 7KH FXWRII IUHTXHQF\ RI WKH IHHGLQJ ZDYHJXLGHV FDQ
RQO\ EH VOLJKWO\ KLJKHU IRU GLVSHUVLRQ UHDVRQV �H�J� DI � PP�� DQG UHGXFHG�KHLJKW
ZDYHJXLGHV DUH DVVXPHG �H�J� EI ���� PP�� *LYHQ WKH PD[LPXP OHQJWK DFFRUGLQJ
WR ��� DQG DVVXPLQJ WKDW D VLQJOH TXDUWHU�ZDYHOHQJWK WUDQVIRUPHU VHFWLRQ ZLOO EH
VXIILFLHQW� WKH PD[LPXP QXPEHU RI SRODUL]HU �ULGJH ZDYHJXLGH� VHFWLRQ LV VHW WR
WKUHH� $IWHU VFDOLQJ LQLWLDO SDUDPHWHUV IURP >�@� RSWLPL]DWLRQ� WKH LQFRUSRUDWLRQ RI D
VLQJOH WUDQVIRUPHU VHFWLRQ DQG LWV PDWFKLQJ WR WKH SRODUL]HU SRUWV XQGHU GUDIW�DQJOH
FRQVLGHUDWLRQ� D WKUHH�VWHS VHSWXP SRODUL]HU VDWLVI\LQJ WKH VSHFLILFDWLRQV LV
REWDLQHG� +RZHYHU� WKLV LV VWLOO D GHVLJQ FRQVLVWLQJ RI ILYHKRPRQHJHRXV FURVV�VHF�
WLRQV �F�I� )LJ����
)LJV� � ILQDOO\ GHPRQVWUDWH WKH LQIOXHQFH RI EHWWHU VWDLUFDVH DSSUR[LPDWLRQV �QLQH
DQG �� VWHSV� DFFRUGLQJ WR )LJ� �� RI WKH GUDIW DQJOH RQ WKH SRODUL]HU SHUIRUPDQFH� ,W
LV REVHUYHG WKDW WKH UHWXUQ ORVV LV UHGXFHG EXW DOVR EURDGHQHG� ,VRODWLRQ DQG D[LDO
UDWLR YDU\ VOLJKWO\ DFFRUGLQJ WR WKH LQWHUDFWLRQV RI WKH GLIIHUHQW GLVFRQWLQXLWLHV
LQYROYHG LQ ILQHU VWDLUFDVLQJ� +RZHYHU� HYHQ ZLWK WKH ���VWHS DSSUR[LPDWLRQ� WKH
SHUIRUPDQFH LV ZHOO ZLWKLQ VSHFLILFDWLRQ� 7KH ILQDO SRODUL]HU GLPHQVLRQV DUH JLYHQ
LQ 7DEOH ,� 6LQFH DOO SUHVXPDEO\ KRUL]RQWDO OLQHV LQ )LJ� � UXQ DW WKH VDPH RQH�
GHJUHH DQJOH� RWKHU GLPHQVLRQV FDQ EH FDOFXODWHG LPPHGLDWHO\� 1RWH WKDW WKH YDOXHV
JLYHQ LQ 7DEOH , DUH WKRVH DW WKH FHQWHUV RI WKH LQGLYLGXDO VHFWLRQV DQG WKDW D KRXV�
LQJ VWHS IRU WKH WUDQVIRUPHU LV RQO\ UHTXLUHG LQ WKH D�GLPHQVLRQ� L�H� LV RQO\ YLVLEOH
LQ WKH WRS YLHZ� ZKHUHDV KRXVLQJ OLQHV LQ WKH VLGH YLHZ FRQWLQXH� )LQDOO\� RQFH DOO
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GLPHQVLRQV DUH UHFDOFXODWHG IURP 7DEOH , DQG )LJ� �� WKHUH ZLOO VWLOO EH D GLVFRQWLQX�
LW\ OHIW EHWZHHQ WKH SRODUL]HU LQSXW FURVV�VHFWLRQV DQG WKRVH RI WKH IHHGLQJ
ZDYHJXLGHV� 1RWH WKDW WKLV GLVFRQWLQXLW\ LV SDUW RI WKH GHVLJQ� DV LW KDV EHHQ FRQVLG�
HUHG LQ WKH GHVLJQ DQG DQDO\VLV SURFHVV�
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$ GHVLJQ VWUDWHJ\ IRU VHSWXP SRODUL]HUV WR EH IDEULFDWHG E\ FDVWLQJ LV SUHVHQWHG� $
PRGH�PDWFKLQJ DQDO\VLV DQG HYROXWLRQ�EDVHG RSWLPL]DWLRQ LV XVHG WR RSWLPL]H WKH
FRPSRQHQW DQG PDWFKLQJ WUDQVIRUPHUV� ZKLFK DUH ILUVW URXJKO\ VWHSSHG WR UHSUHVHQW
WKH GUDIW DQJOH� 7KH LQIOXHQFH RI IXUWKHU VWDLUFDVLQJ LV VKRZQ WR EH PLQRU� VR WKDW WKH
FRPSRQHQW SHUIRUPV DFFRUGLQJ WR VSHFLILFDWLRQV� $ �� *+] GHVLJQ H[DPSOH ZLWK
UHDG\�WR�EXLOW GLPHQVLRQV LV SUHVHQWHG�

5()(5(1&(6

>�@ 0�+� &KHQ DQG *�1� 7VDQGRXODV� �$ ZLGH�EDQG VTXDUH�ZDYHJXLGH DUUD\ SR�
ODUL]HU�� ,((( 7UDQV� $QWHQQDV 3URSDJDW�� 9RO� $3���� SS� �������� 0D\
�����

>�@ +�(� 6FKUDQN� �3RODUL]DWLRQ PHDVXUHPHQWV XVLQJ WKH VHSWXP SRODUL]HU�� LQ
���� ,((( $3�6 ,QW� 6\PS� 'LJ�� SS� ��������

>�@ 7� (JH DQG 3� 0F$QGUHZ� �$QDO\VLV RI VWHSSHG VHSWXP SRODULVHUV�� (OHFWURQ�
LFV /HWW�� 9RO� ��� SS� ���������� 1RY� �����

>�@ -� (VWHEDQ DQG -�0� 5HEROODU� �)LHOG WKHRU\ &$' RI VHSWXP 207�SRODUL]HUV��
LQ ���� ,((( $3�6 ,QW� 6\PS� 'LJ�� SS� ����������

>�@ 1�&� $OEHUWVHQ DQG 3� 6NRY�0DGVHQ� �$ FRPSDFW VHSWXP SRODUL]HU�� ,(((
7UDQV� 0LFURZDYH 7KHRU\ 7HFK�� 9RO� 077���� SS� �������� $XJ� �����

>�@ 5� %HKH DQG 3� %UDFKDW� �&RPSDFW GXSOH[HU�SRODUL]HU ZLWK VHPLFLUFXODU
ZDYHJXLGH�� ,((( 7UDQV� $QWHQQDV 3URSDJDW�� 9RO� ��� SS� ���������� $XJ�
�����

>�@ 5� ,KPHOV� 8� 3DS]LQHU DQG )� $UQGW� �)LHOG WKHRU\ GHVLJQ RI D FRUUXJDWHG VHS�
WXP 207�� LQ ���� ,((( 077�6 ,QW� 0LFURZDYH 6\PS� 'LJ�� SS� ��������

>�@ -� %RUQHPDQQ DQG 9�$� /DED\� �5LGJH ZDYHJXLGH SRODUL]HU ZLWK ILQLWH DQG
VWHSSHG�WKLFNQHVV VHSWXP�� ,((( 7UDQV� 0LFURZDYH 7KHRU\ 7HFK�� 9RO� ���
SS� ���������� $XJ� �����

>�@ -� 8KHU� -� %RUQHPDQQ DQG 8� 5RVHQEHUJ�:DYHJXLGH &RPSRQHQWV IRU $QWHQ�
QD )HHG 6\VWHPV� 7KHRU\ DQG &$'� $UWHFK +RXVH ,QF�� 1RUZRRG �����

>��@ -� %RUQHPDQQ DQG )� $UQGW� �2SWLPXP ILHOG WKHRU\ GHVLJQ RI VWHSSHG (�SODQH
ILQQHG ZDYHJXLGH WUDQVIRUPHUV RI GLIIHUHQW LQQHU FURVV�VHFWLRQV�� LQ ����
,((( 077�6 ,QW� 0LFURZDYH 6\PS� 'LJ�� SS� ����������



)LJ� � 6HSWXP SRODUL]HU ZLWK ZDYHJXLGH WUDQV�
IRUPHU IRU SURGXFWLRQ E\ FDVWLQJ� 1RWH
WKDW DOO �SUHVXPDEO\ KRUL]RQWDO� OLQHV UXQ
XQGHU WKH VDPH GUDIW DQJOH�

)LJ� � 6LGH YLHZ DQG WRS YLHZ RI SRODUL]HU ZLWK
LQLWLDO VWDLUFDVH DSSUR[LPDWLRQ RI RQH VWHS
SHU LQGLYLGXDO ZDYHJXLGH VHFWLRQ�

)LJ� � 6XEGLYLVLRQ RI LQGLYLGXDO VHFWLRQV WR
DSSUR[LPDWH GUDIW DQJOH�

)LJ� � ,QIOXHQFH RI VWDLUFDVLQJ RQ UHWXUQ ORVV
�WRS�� LVRODWLRQ �PLGGOH� DQG D[LDO UDWLR
�ERWWRP��
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