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,Q� WKLV� WXWRULDO�� ZH� WDNH� D� IUHVK� ORRN� DW� WKH� SUREOHPV� SRVHG� E\� GHHS
VXEPLFURQ� �'60�� JHRPHWULHV� DQG� UH�RSHQ� WKH� LQYHVWLJDWLRQ� LQWR� KRZ
'60�HIIHFWV�DUH�PRVW� OLNHO\� JRLQJ� WR�DIIHFW� IXWXUH�GHVLJQ�PHWKRGRORJLHV�
:H� GHVFULEH� D� FRPSUHKHQVLYH� DSSURDFK� WR� DFFXUDWHO\� FKDUDFWHUL]LQJ� WKH
GHYLFH� DQG� LQWHUFRQQHFW� FKDUDFWHULVWLFV� RI� SUHVHQW� DQG� IXWXUH� SURFHVV
JHQHUDWLRQV�� 7KLV� DSSURDFK� UHVXOWV� LQ� WKH� JHQHUDWLRQ� RI� D� UHSUHVHQWDWLYH
VWUDZPDQ�WHFKQRORJ\� WKDW� LV�XVHG� LQ�FRQMXQFWLRQ�ZLWK�DQDO\WLFDO�PRGHOV�
VLPXODWLRQ�WRROV��DQG�HPSLULFDO�GHVLJQ�GDWD�WR�REWDLQ�D�UHDOLVWLF�SLFWXUH�RI
WKH� IXWXUH� RI� FLUFXLW� GHVLJQ�� � :H� WKHQ� SURFHHG� WR� TXDQWLI\� WKH� SUHFLVH
LPSDFW�RI�LQWHUFRQQHFW��LQFOXGLQJ�GHOD\�GHJUDGDWLRQ�GXH�WR�QRLVH��RQ�KLJK�
SHUIRUPDQFH�$6,&�GHVLJQV��+DYLQJ�GHWHUPLQHG�WKH�UROH�RI�LQWHUFRQQHFW�LQ
SHUIRUPDQFH��ZH�WKHQ�UHFRQVLGHU�WKH�LPSDFW�RI� IXWXUH�SURFHVVHV�RQ�$6,&
GHVLJQ�PHWKRGRORJ\�

.H\ZRUGV
,QWHUFRQQHFW� PRGHOLQJ�� JDWH� GHOD\�� &026� VFDOLQJ�� VLJQDO
LQWHJULW\��SRZHU�GLVVLSDWLRQ��$6,&��ZLUHOHQJWK

�� ,QWURGXFWLRQ
���7KH� PDJQLWXGH� RI� WKH� GLIILFXOWLHV� DVVRFLDWHG� ZLWK� WKH� SOXQJH� RI
FLUFXLW� GHVLJQ� LQWR� GHHS� VXEPLFURQ� �'60�� SURFHVV� JHRPHWULHV� KDV
EHHQ� WKH� VRXUFH� RI�PXFK� VSHFXODWLRQ�� �2QH� SDUWLFXODUO\� VLJQLILFDQW
LPSDFW� KDV� EHHQ� WKH� ULVH� LQ� WKH� SRUWLRQ� RI� FULWLFDO� SDWK� GHOD\
DWWULEXWDEOH�WR�LQWHUFRQQHFW���$�QXPEHU�RI�LQGHSHQGHQW�VRXUFHV�KDYH
PDGH�IRUHFDVWV�WKDW�LQ�'60�JHRPHWULHV�����RU�PRUH�RI�WKH�GHOD\�RI
FULWLFDO�SDWKV�ZLOO�EH�GLUHFWO\�OLQNHG�WR�LQWHUFRQQHFW�>�@���7KLV�IRUHFDVW
KDV� EHHQ� IXUWKHU� VXSSRUWHG� E\� WKH� EURDG� LQGXVWULDO� H[SHULHQFH� RI
VLJQLILFDQW� SUREOHPV� LQ� REWDLQLQJ� WLPLQJ� FORVXUH� LQ� FXUUHQW� KLJK�
SHUIRUPDQFH� LQWHJUDWHG� FLUFXLW� �,&�� GHVLJQV�� � %DVHG� RQ� WKH� SUHVHQW
GLIILFXOWLHV�LQ�,&�GHVLJQ�PHWKRGRORJLHV�DQG�SUHGLFWLRQV�RI�LQFUHDVLQJ
PLJUDWLRQ�RI�GHOD\�WR�LQWHUFRQQHFW��WKHUH�LV�D�VHQVH�LQ�ERWK�LQGXVWU\
DQG� DFDGHPLD� WKDW� FXUUHQW� V\QWKHVLV� DQG� SK\VLFDO� GHVLJQ
PHWKRGRORJLHV� UHTXLUH� D� VLJQLILFDQW� RYHUKDXO�� � ,Q� WKLV� VFHQDULR�
WUDGLWLRQDO� GHVLJQ� IORZV� ZLOO� QR� ORQJHU� EH� YLDEOH� IRU� DQ\� VL]H� RI
PRGXOH��RU�EORFN�RI�JDWHV�
���'HHS�VXEPLFURQ�HIIHFWV��SDUWLFXODUO\� LQWHUFRQQHFW��KDYH�WKXV�EHHQ
ELOOHG�DV�SRWHQWLDO�VKRZVWRSSHUV�WR�WKH�FRQWLQXDWLRQ�RI�0RRUH·V�ODZ�
$PRQJ�WKH�HIIHFWV�WKDW�DUH�FRPPRQO\�PHQWLRQHG�DUH�ULVLQJ�5&�GHOD\
RI�RQ�FKLS�ZLULQJ�� QRLVH� FRQVLGHUDWLRQV� VXFK� DV� FURVVWDON� DQG� GHOD\
XQSUHGLFWDELOLW\�� UHOLDELOLW\� FRQFHUQV� GXH� WR� ULVLQJ� FXUUHQW� GHQVLWLHV
DQG�R[LGH�HOHFWULF�ILHOGV��DQG�LQFUHDVLQJ�SRZHU�GLVVLSDWLRQ���(DFK�RI
WKHVH� LVVXHV� KDV� XQGHUO\LQJ� SK\VLFDO� H[SODQDWLRQV� WKDW� VKHG� LQVLJKW
LQWR�LWV�SRWHQWLDO�LPSDFW�DV�&026�SURFHVVHV�FRQWLQXH�WR�VFDOH�� �:H
DGGUHVV�WKHVH�LVVXHV�DQG�RWKHUV�LQ�VHFWLRQ���
���2XU�JRDO�LQ�WKLV�SDSHU�LV�WR�JHW�WR�WKH�ERWWRP�RI�GHHS�VXEPLFURQ
HIIHFWV� DQG�PDNH� DQ�REMHFWLYH� MXGJHPHQW�RI� KRZ� WKH\� DUH� OLNHO\� WR

LPSDFW� IXWXUH� GHVLJQ�PHWKRGRORJLHV�� �:H� ZLOO� SUHVHQW� D� VWUDZPDQ
YLHZ�RI� IXWXUH� WHFKQRORJLHV� WKDW� JLYH�ZKDW� ZH� EHOLHYH� LV� D� UHDOLVWLF
DQG� VXEVWDQWLDWHG� SURMHFWLRQ� RI� WKH� LPSDFW� RI�'60� RQ� ,&� GHVLJQ�
7R�DFKLHYH�WKLV�ZH�XVH�VLPXODWLRQ�WRROV�DV�ZHOO�DV�DQDO\WLFDO�PRGHOV�
LQ� FRPELQDWLRQ�ZLWK� DFWXDO� GHVLJQ�GDWD�� WR� REWDLQ� D� FRPSUHKHQVLYH
YLHZ� RI� WKH� IXWXUH� RI� FLUFXLW� GHVLJQ�� � :H� WKHQ� DLP� WR� GUDZ
FRQFOXVLRQV�WKDW�DVVHVV�WKH�DELOLW\�RI�FXUUHQW�&$'�IORZV�WR�VXUYLYH�LQ
WKH�OLJKW�RI�'60�HIIHFWV�

�� &XUUHQW�0HWKRGRORJ\
��� 7UDGLWLRQDO�$6,&�IORZ
���)LJXUH���JLYHV�WKH�LPSOHPHQWDWLRQ�SRUWLRQ�RI�D�GHVLJQ�IORZ�XVHG�LQ
WUDGLWLRQDO� DSSOLFDWLRQ�VSHFLILF� LQWHJUDWHG� FLUFXLW� �$6,&�� GHVLJQV�� ,Q
WKLV�IORZ��WKH�GHVLJQ�LV�GHVFULEHG�LQ�D�KDUGZDUH�GHVFULSWLRQ�ODQJXDJH
�+'/�� VXFK� DV� 9+'/� RU� 9HULORJ�� � 7KH� WHFKQRORJ\� OLEUDU\� LV� WKH
GDWDEDVH� FRQWDLQLQJ� WKH� GDWD� WKDW�PRGHOV� WKH� SUH�GHVLJQHG� FHOOV� LQ
WKH� XQGHUO\LQJ� SURFHVV� WHFKQRORJ\� IRU� WKH� ORJLF� V\QWKHVLV� DQG
SK\VLFDO� GHVLJQ� WRROV�� �8VHU� FRQVWUDLQWV� DUH� WKH�PHFKDQLVP� E\�ZKLFK
WKH�XVHU�FRQYH\V�FRQVWUDLQWV�UHJDUGLQJ�WKH�VSHHG��DUHD��DQG�SRZHU�RI
WKH�GHVLJQ���/RJLF�V\QWKHVLV� WUDQVIRUPV�WKH�+'/�GHVFULSWLRQ� LQWR�D
JUDSK�LQ�ZKLFK�HDFK�YHUWH[�UHSUHVHQWV�D�FHOO�LQ�WKH�WHFKQRORJ\�OLEUDU\�
DQG�HDFK�HGJH�UHSUHVHQWV�D�ZLUHG�FRQQHFWLRQ�EHWZHHQ�WKH�FHOOV���7KLV
JUDSK� LV� FDOOHG� D� QHWOLVW�� � /RJLF� V\QWKHVLV� RSWLPL]HV� WKH� FLUFXLW
DFFRUGLQJ�WR�XVHU�FRQVWUDLQWV�DQG�HQVXUHV� WKDW�GHVLJQ�UXOHV�DUH�PHW�
$�VXUYH\�RI�ORJLF�V\QWKHVLV�FDQ�EH�IRXQG�LQ�>�@�

���3K\VLFDO� GHVLJQ� LV� WKH� SURFHVV� E\� ZKLFK� WKH� V\QWKHVL]HG� QHWOLVW� LV
WUDQVIRUPHG� LQWR� D� PDVN�� ZKLFK� LV� XVHG� WR� IDEULFDWH� D� WKUHH�
GLPHQVLRQDO� LQWHJUDWHG� FLUFXLW�� � ,QIRUPDWLRQ� FRQWDLQHG� LQ� WKH
WHFKQRORJ\�OLEUDU\�DQG�XVHU�FRQVWUDLQWV�HQVXUHV�WKDW�WKH�RXWSXW�RI�SK\VLFDO
GHVLJQ� FDQ� EH� IDEULFDWHG� LQ� WKH� GHVLJQDWHG� VHPLFRQGXFWRU� SURFHVV�
8VHU� FRQVWUDLQWV� UHVWULFW� WKH� ORFDWLRQ� RI� SDGV� RU� VLJQDOV�� WKH� DUHD
UHVRXUFHV� DYDLODEOH� IRU� LPSOHPHQWDWLRQ� DQG� WKH� WLPLQJ� EHKDYLRU�
7\SLFDO�VWHSV�LQ�WKLV�FDWHJRU\�DUH�FHOO�SODFHPHQW��JOREDO�DQG�GHWDLOHG
URXWLQJ��VL]LQJ�DQG�FORFN�SRZHU�GLVWULEXWLRQ���$Q�H[FHOOHQW�UHIHUHQFH
IRU� WKHVH� SK\VLFDO� GHVLJQ� RSHUDWLRQV� LV� >�@�� � ,Q� WKH� $6,&� IORZ
GHVFULEHG�LQ�ILJXUH����WKH�ILUVW�KDOI�RI�WKH�IORZ�LV�WKH�UHVSRQVLELOLW\�RI
WKH� GHVLJQ� FHQWHU�ZKLOH� WKH� VHFRQG� KDOI� LV� WKH� UHVSRQVLELOLW\� RI� WKH
$6,&�RU�VHPLFRQGXFWRU�YHQGRU�

)LJXUH�����7UDGLWLRQDO�$6,&�GHVLJQ�IORZ
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��� 3UREOHPV�ZLWK�FXUUHQW�IORZ
���/HW�XV�QRZ�DQWLFLSDWH�WKH�HIIHFW�RI�GHHS�VXEPLFURQ�WHFKQRORJ\�RQ
WKH� WRROV� DQG� IORZV�� � 7KH� GHVLJQ� IORZ� LQ� ILJXUH� �� FRQWDLQV� D
VHSDUDWLRQ�EHWZHHQ� WKH� ORJLF� V\QWKHVLV� VWHS� DQG� WKH�SK\VLFDO� GHVLJQ
VWHS�� � )RU� GHVLJQV�ZLWK� DJJUHVVLYH� SHUIRUPDQFH� JRDOV��ZH� ILQG� WKDW
VHYHUDO�LWHUDWLRQV�EHWZHHQ�V\QWKHVLV�DQG�SK\VLFDO�GHVLJQ�DUH�UHTXLUHG
WR�FRQYHUJH�WR�D�GHVLUHG�LPSOHPHQWDWLRQ���$V�D�UHVXOW��GHVLJQ�WHDPV
KDYH�EHJXQ�WR�EULQJ�PRUH�RI�WKH�EDFNHQG�GHVLJQ�IORZ�LQ�KRXVH�DQG
WKH� KDQGRII� WR� WKH� VHPLFRQGXFWRU�YHQGRU� RFFXUV� RQO\� DW� WKH� HQG�
7KLV�DSSURDFK�LV�VKRZQ�LQ�ILJXUH���DQG�LV�NQRZQ�DV�WKH�FXVWRPHU�RZQHG
WRROLQJ��&27��DSSURDFK���1RWH�WKDW�WKH�GLIIHUHQFHV�EHWZHHQ�WKH�IORZ
LQ� ILJXUH� �� DQG� WKDW� RI� ILJXUH� �� DUH� PRUH� RUJDQL]DWLRQDO� WKDQ
WHFKQLFDO�

����� 3UREOHPV�ZLWK�ORJLF�V\QWKHVLV
���'XULQJ�V\QWKHVLV�WKH�FDSDFLWDQFHV�DQG�GHOD\V�DVVRFLDWHG�ZLWK�ILQDO
ZLULQJ� DUH� XQNQRZQ�� � 0RGHOV� RI� LQWHUFRQQHFW�� NQRZQ� DV� ZLUH�ORDG
PRGHOV�� DWWHPSW� WR� SUHGLFW� WKH� DPRXQW� RI� FDSDFLWDQFH� LQ� D� ZLUH� E\
UHGXFLQJ�LW�WR�D�IXQFWLRQ�RI�IDQRXW�DQG�EORFN�VL]H���,Q�WKLV�DSSURDFK�D
VLQJOH�FDSDFLWDQFH�YDOXH�LV�XVHG�IRU�DOO�QHWV�LQ�D�EORFN�ZLWK�WKH�VDPH
IDQRXW�� �2EYLRXVO\�� WKH� FDSDFLWDQFH� YDOXHV� IRU� QHWV� LQ� D� EORFN� ZLOO
YDU\�DQG�VR�WKH�ZLUH�ORDG�PRGHO�LV�QHFHVVDULO\�RQO\�DQ�DSSUR[LPDWLRQ
RI�WKH�DFWXDO�IXWXUH�FDSDFLWDQFH���:KHQ�ZLUH�GHOD\�FRQVWLWXWHV�D�VPDOO
SHUFHQWDJH� RI� WKH� WRWDO� FULWLFDO� SDWK� GHOD\�� HUURUV� LQ� FDSDFLWDQFH
HVWLPDWLRQ�KDYH�OLWWOH� LPSDFW�� �+RZHYHU�� LI�WKH�FDSDFLWDQFH�YDOXHV� LQ
ZLUHV�LQFUHDVH�WKHQ�ZLUH�ORDG�PRGHOV�EHFRPH�LQFUHDVLQJO\�LQDFFXUDWH�
)RU�WKLV�UHDVRQ��SUHFLVHO\�FDOLEUDWLQJ�WKH�LQFUHDVH�LQ�ZLUH�FDSDFLWDQFH
LQ�IXWXUH�SURFHVVHV�LV�RQH�RI�WKH�SULPDU\�DLPV�RI�WKLV�VWXG\�

����� 3UREOHPV�ZLWK�SK\VLFDO�GHVLJQ
���3ODFHPHQW�DQG�URXWLQJ�WRROV�WHQG�WR�XVH�SULPLWLYH�PRGHOV�RI�FLUFXLW
GHOD\�� � 2IWHQ� WKH� WLPLQJ� FRQVWUDLQWV� LQKHUHQW� LQ� WKH� V\QWKHVL]HG
QHWOLVW�DUH�WUDQVODWHG�LQWR�D�VLQJOH�VWDWLF�QHW�SULRULWL]DWLRQ���3ODFH�DQG
URXWH�WRROV�DWWHPSW�WR�KRQRU�WKLV�SULRULWL]DWLRQ�VFKHPH��EXW�EHFDXVH
WKH\�KDYH�RQO\�D�SULPLWLYH�LQWHUQDO�PRGHO�RI�FULWLFDO�SDWK�GHOD\��WKH\
FDQQRW� EH� VXUH� WKDW� WKH\� KDYH� LQ� IDFW� REH\HG� WKH� LQLWLDO� WLPLQJ
FRQVWUDLQWV�� � $V� GHOD\�PLJUDWHV� WR� LQWHUFRQQHFW�� WKH� SRVVLELOLW\� WKDW
H[FHVV�FDSDFLWDQFH�LQ�URXWLQJ�YLRODWHV�D�WLPLQJ�FRQVWUDLQW�LQFUHDVHV��,I
FDSDFLWDQFH�LV�LQFUHDVHG�GXH�WR�FURVV�FRXSOHG�FDSDFLWDQFHV�LQ�URXWLQJ�
WKLV�LV�RQO\�OLNHO\�WR�EH�GLVFRYHUHG�DIWHU�WKH�ILQDO�OD\RXW�LV�H[WUDFWHG�

����� 3UREOHPV�ZLWK�WKH�GHVLJQ�IORZ
���3UREOHPV� ZLWK� WKH� GHVLJQ� IORZV� LQ� ILJXUHV� �� DQG� �� ZLOO� EH
XQGHUVWRRG�E\�VWHSSLQJ�WKURXJK�WKH�IORZ�� �,QLWLDOO\� WKH�QHWOLVW� IURP
V\QWKHVLV�LV�RSWLPL]HG�E\�ORJLF�RSWLPL]DWLRQ�XVLQJ�D�ZLUH�ORDG�PRGHO
DV�GHVFULEHG�DERYH���7KH�UHVXOWLQJ�QHWOLVW� LV�SDVVHG�RQ�WR�SODFHPHQW
DQG�URXWLQJ�WRROV���3ODFH�DQG�URXWH�ZLOO�DWWHPSW�WR�UHDOL]H�WKH�GHOD\

)LJXUH�����7RGD\·V�KLJK�SHUIRUPDQFH�ORJLFDO�SK\VLFDO�IORZ

FRQVWUDLQWV� LQ� WKH� QHWOLVW�� EXW� LI� WKH� WLPLQJ� FRQVWUDLQWV� DUH� YLRODWHG
GXULQJ�SODFH�DQG�URXWH�LW�LV�XQOLNHO\�WR�EH�GLVFRYHUHG�XQWLO�H[WUDFWLRQ
LV� SHUIRUPHG�� QHZ�5&·V� DUH� H[WUDFWHG�� GHOD\�PRGHOV� DUH� JHQHUDWHG�
DQG�DQ�DFFXUDWH�WLPLQJ�DQDO\VLV�LV�SHUIRUPHG���7KHQ�WKH�V\QWKHVL]HG
QHWOLVW� FDQ� EH� EDFN�DQQRWDWHG�ZLWK�PRUH� DFFXUDWH� FDSDFLWDQFHV� DQG
UHWXUQHG�IRU�DQRWKHU�URXQG�RI�ORJLF�RSWLPL]DWLRQ���8QIRUWXQDWHO\�� LI
WKH� RULJLQDO� FDSDFLWDQFH� HVWLPDWHV� RI� ORJLF� RSWLPL]DWLRQ� ZHUH� YHU\
LQDFFXUDWH�� WKHQ� ORJLF� RSWLPL]DWLRQ�� ODFNLQJ� JRRG� LQFUHPHQWDO
RSWLPL]DWLRQ�FDSDELOLW\�� LV� OLNHO\� WR�SURGXFH�D�QHWOLVW� WKDW�EHDUV� OLWWOH
UHVHPEODQFH� WR� WKH� RULJLQDO� QHWOLVW�� 3ODFHPHQW�� DOVR� RSHUDWLQJ� ZLWK
OLPLWHG� LQFUHPHQWDO� FDSDELOLW\�� ZLOO� WKHQ� SURGXFH� D� QHZ� SODFHPHQW
ZKLOH� URXWLQJ� SURGXFHV� D� QHZ� VHW� RI� URXWHV� DQG� FDSDFLWDQFHV�
7KHUHIRUH� WKH� FKDQFHV� WKDW� WKH� GHVLJQ� SURGXFHG� E\� WKH� VHFRQG
LWHUDWLRQ�WKURXJK�WKH�IORZ�UHDOL]HV�WKH�WLPLQJ�FRQVWUDLQWV�PD\�QRW�EH
DQ\�EHWWHU�WKDW�WKH�ILUVW�

���*HQHUDOO\�VSHDNLQJ��ORJLF�RSWLPL]DWLRQ��SODFHPHQW��DQG�URXWLQJ�DUH
HDFK�LQKHUHQWO\�VHQVLWLYH�WR�FKDQJHV�LQ�WKH�LQSXW�SDUDPHWHUV��0RGHVW
FKDQJHV� LQ� LQSXW� SDUDPHWHUV� �H�J�� ZLUH� FDSDFLWDQFHV� RU� JDWHV� LQ� WKH
QHWOLVW�� FDQ� FDXVH� VLJQLILFDQW� FKDQJHV� LQ� WKH� RXWSXW�� 7ZR� HVSHFLDOO\
LPSRUWDQW� LVVXHV� WR� FDOLEUDWH� LQ� IXWXUH� SURFHVVHV� LV� WKH� DPRXQW� RI
ZLULQJ� FDSDFLWDQFH� DQG� WKH� SUHYDOHQFH� RI� GHOD\� GHJUDGDWLRQ� GXH� WR
QRLVH��7KHUHIRUH��WKH�IRFXV�RI�WKLV�SDSHU�LV�WR�ILUVW�DFFXUDWHO\�PRGHO
IXWXUH� SURFHVVHV�� WKHQ� HYDOXDWH� WKH� LPSDFW� RI� IXWXUH� SURFHVVHV� RQ
GHVLJQ� FKDUDFWHULVWLFV� VXFK� DV� QRLVH� DQG� LQWHUFRQQHFW� GHOD\�� DQG
ILQDOO\� HYDOXDWH� WKH� LPSDFW�RI� WKHVH� FKDUDFWHULVWLFV� RQ� IXWXUH� GHVLJQ
PHWKRGRORJLHV�

�� 2XU�DSSURDFK
���$�SDUWLFXODU�JRDO�RI�WKLV�SDSHU�LV�WR�GHWHUPLQH�WKH�VL]H�RI�D�PRGXOH
ZKLFK�FDQ�VWLOO�EH�UHOLDEO\�GHVLJQHG�LQ�WKH�PHWKRGRORJ\�RI�ILJXUHV��
DQG���ZLWKRXW�VLJQLILFDQW�DWWHQWLRQ�WR�'60�HIIHFWV���)LJXUH���VKRZV
WKH� DSSURDFK� HPSOR\HG� LQ� WKLV� SDSHU�� � 7R� EHJLQ�� ZH� GHYHORS� D
VWUDZPDQ� WHFKQRORJ\� ILOH� WKDW� FRPSOHWHO\� GHVFULEHV� IXWXUH� SURFHVV
JHQHUDWLRQV� IRU� ERWK� GHYLFH� DQG� LQWHUFRQQHFW� FKDUDFWHULVWLFV�� � 7R
VXSSOHPHQW�WKLV�SURFHVV�GDWD��ZH�KDYH�REWDLQHG�GHVLJQ�GDWD�IURP�DQ
$6,&� YHQGRU� IRU� FXUUHQW� ����� µP� GHVLJQV�� � )URP� WKLV� GDWD�� ZH
H[WUDFW� LPSRUWDQW�GHVLJQ�FKDUDFWHULVWLFV�VXFK�DV�DYHUDJH�ZLUHOHQJWKV�
DYHUDJH�IDQ�RXWV��HWF�� �&RPELQLQJ�WKLV�HPSLULFDO�GDWD�ZLWK�DQDO\WLFDO
PRGHOV��ZH�SURSRVH�D�´VKULQNµ�SURFHVV�GRZQ�WR������µP�
���7R�IDFLOLWDWH�RXU�DQDO\VLV��ZH�GHYHORS�PRGHOV�RI�IXWXUH�GHVLJQV��DW
YDU\LQJ� GHJUHHV� RI� DFFXUDF\�� WKDW� DOORZ� XV� WR� GHWHUPLQH� WKH
SHUIRUPDQFH� RI� IXWXUH� $6,&·V�� � 7KHVH� PRGHOV� HPSKDVL]H� WKH
LPSRUWDQW�LVVXHV�RI�GHOD\��QRLVH��DQG�SRZHU��%HIRUH�LQWURGXFLQJ�RXU
VWUDZPDQ� WHFKQRORJ\� ZH� ZLOO� ILUVW� JLYH� D� KLJK�OHYHO� RYHUYLHZ� RI
GHYLFH�DQG�LQWHUFRQQHFW�LVVXHV�LQ�GHHS�VXEPLFURQ�

)LJXUH����2YHUYLHZ�RI�RXU�DQDO\VLV�PHWKRGRORJ\
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�� 'HYLFH�DQG�,QWHUFRQQHFW�LQ�'60
���,Q� WKLV� VHFWLRQ��ZH� WDNH� DQ� H[WHQVLYH� ORRN� DW� WKH�PRVW� VLJQLILFDQW
FLUFXLW�OHYHO� LVVXHV� DULVLQJ� IURP� WKH� VFDOLQJ� RI� &026� EH\RQG� WKH
�����µP�IHDWXUH�VL]H�

��� 026)(7·V
����� 9ROWDJH�VFDOLQJ
���:KLOH���YROW�SRZHU�VXSSOLHV�ZHUH�SUHYDOHQW� DW� IHDWXUH� VL]HV�!����
µP��'60�SURFHVVHV�DUH� VHHLQJ�D�FRQWLQXDO� GURS� LQ�9''�� �2QH�NH\
UHDVRQ� IRU� UHGXFLQJ� YROWDJHV� LQ� VFDOHG� &026� GHYLFHV� LV� WKDW� RI
UHOLDELOLW\�� �)RU�LQVWDQFH��JDWH�R[LGHV�WHQG�WR�EUHDN�GRZQ�LI�H[SRVHG
WR� HOHFWULF� ILHOGV� LQ� H[FHVV� RI� �� WR� �� 09�FP� >�@�� � 6LQFH� R[LGH
WKLFNQHVV� �7R[�� LV� EHLQJ� VFDOHG� WR� LQFUHDVH� FXUUHQW� GULYH�� WKH
PD[LPXP� YROWDJH� RQ� WKH� JDWH� �9''�� PXVW� DOVR� EH� VFDOHG� WR� NHHS
HOHFWULF�ILHOGV�ZLWKLQ�UHDVRQ���$QRWKHU�IRUP�RI�GHYLFH�UHOLDELOLW\�WKDW
PXVW�EH�FRQVLGHUHG�LV�WKH�HIIHFW�RI�KRW�HOHFWURQV���:KHQ�WKH�HOHFWULF
ILHOG� LQ� WKH� FKDQQHO� LV� WRR� KLJK� QHDU� WKH� GUDLQ�� HOHFWURQV�PD\� JDLQ
HQRXJK� HQHUJ\� WR� LQMHFW� WKHPVHOYHV� LQWR� WKH� JDWH� R[LGH�� � 7KLV
DFFXPXODWLRQ�RI�FKDUJH�LQ�WKH�R[LGH�UHVXOWV�LQ�VKLIWV�LQ�9W�DQG�KHQFH�
FKDQJHV�LQ�WKH�GHYLFH·V�,�9�FKDUDFWHULVWLFV�� �%\�UHGXFLQJ�WKH�YROWDJH
VXSSO\�� ERWK� WKH� FKDQQHO� DQG� JDWH� HOHFWULF� ILHOGV� ZLOO� EH
SURSRUWLRQDWHO\�UHGXFHG�IRU�LPSURYHG�UHOLDELOLW\�
���7KH� LPSDFW� RI� UHGXFHG� VXSSO\� YROWDJHV� RQ� SRZHU� LV� DQRWKHU
LPSRUWDQW� UHDVRQ�ZK\�9''� YDOXHV� DUH�GHFUHDVLQJ�� �'\QDPLF�SRZHU
FRQVXPSWLRQ�LV�GHILQHG�E\�3G\Q� �α&9''

�I��ZKHUH�α� LV�D�VZLWFKLQJ
DFWLYLW\� UDWLR��&� LV� WKH� VZLWFKHG� FDSDFLWDQFH�� DQG� I� LV� WKH� RSHUDWLQJ
IUHTXHQF\���7KH�TXDGUDWLF�GHSHQGHQF\�RQ�VXSSO\�YROWDJH�PDNHV�WKH
UHGXFWLRQ�RI�9''�D�SULPDU\�JRDO�LQ�SRZHU�PLQLPL]DWLRQ���7KLV�LVVXH
ZLOO�EH�GLVFXVVHG�PRUH�LQ�WKH�DQDO\VLV�VHFWLRQ�

����� 'ULYH�FXUUHQW
���&ODVVLFDO�ORQJ�FKDQQHO�026�WKHRU\�VWDWHV�WKDW�GHYLFH�FXUUHQW�LQ�WKH
VDWXUDWLRQ�PRGH�RI�RSHUDWLRQ� LV� SURSRUWLRQDO� WR� WKH� VTXDUH� RI� JDWH
GULYH� �9''�²�9W�� DQG� LQYHUVHO\�SURSRUWLRQDO� WR� FKDQQHO� OHQJWK�� �$W
XOWUD�VKRUW� FKDQQHO� OHQJWKV� PRVW� FDUULHUV� WUDYHO� DW� D� PD[LPXP
VDWXUDWHG� YHORFLW\�� YVDW�� WKURXJKRXW� WKH� FKDQQHO�� ZKLFK� QHDUO\
HOLPLQDWHV�WKH�LPSDFW�RI�FKDQQHO�OHQJWK�RQ�FXUUHQW���$�QHZ�DQG�PRUH
DFFXUDWH�H[SUHVVLRQ�IRU�WKLV� OLPLWLQJ�FDVH�LV�DV�IROORZV� >�@��,GVDW� �:
YVDW�&R[� �9''� ²�9W��� � )URP� WKLV� H[SUHVVLRQ�ZH� FDQ� VHH� WKH� FKDQQHO
OHQJWK� LQGHSHQGHQFH� DV� ZHOO� DV� WKH�PRYH� IURP� TXDGUDWLF� WR� OLQHDU
GHSHQGHQFH� RQ� JDWH� GULYH�� � 6LQFH� YVDW� LV� D� PDWHULDO� FRQVWDQW
�DSSUR[LPDWHO\� �×���� FP�V� IRU� HOHFWURQV�� ���×���� FP�V� IRU� KROHV��
ZH�ILQG�WKDW�,GVDW��QRUPDOL]HG�WR�GHYLFH�ZLGWK��ZLOO�YDU\�ZLWK��9''�²
9W����7R[���:LWK�9W�IL[HG�DW�9''����QHFHVVDU\�WR�PDLQWDLQ�VXIILFLHQW
JDWH� GULYH��� ZH� REWDLQ� ,GVDW� ∝� 9''� �� 7R[�� � 6LQFH� ERWK� RI� WKHVH
SDUDPHWHUV� DUH� GHFUHDVLQJ�� '60� 026)(7·V� DUH� QRW� H[SHFWHG� WR
SURYLGH� HQKDQFHG�GULYH� FXUUHQW�SHU�XQLW�ZLGWK�� �7KLV�PDUNV� D�QHZ
UHJLPH� IRU� VFDOHG�&026�GHYLFHV�� VLQFH�XS� WR� WKH� �����µP�SURFHVV
JHQHUDWLRQ� DGGLWLRQDO� FXUUHQW�GULYH�ZDV�REWDLQHG�ZLWK� HDFK�SURFHVV
VKULQN���'DWD�WDNHQ�IURP�SXEOLVKHG�UHSRUWV�FRQILUPV�WKLV�DQDO\VLV�RI
VDWXUDWLRQ�FXUUHQW�LQ�'60�&026�GHYLFHV�>���@���2XU�RZQ�VXUYH\�RI
��� UHSRUWHG� WHFKQRORJLHV� VKRZV� ERWK� Q�� DQG� S�FKDQQHO� GHYLFHV� WR
DFKLHYH� QHJOLJLEOH� LQFUHDVHV� LQ� GULYH� FXUUHQW� IURP� ����� WR� �����µP
/GUDZQ�

��� ,QWHUFRQQHFW
���'HHS�VXEPLFURQ�LQWHUFRQQHFW�HIIHFWV�SUHVHQW�D�YDULHW\�RI�SUREOHPV
WR� SURFHVV� HQJLQHHUV�� FLUFXLW� GHVLJQHUV�� DQG� &$'� WRRO� GHYHORSHUV�
7KLV�VHFWLRQ�SUHVHQWV�DQ�RYHUYLHZ�RI�WKHVH�HIIHFWV�

����� 5&�GHOD\
���7KH�PRVW� FRPPRQO\� FLWHG�'60� LQWHUFRQQHFW�SUREOHP� LV� WKDW� RI
ULVLQJ�5&�ZLUH�GHOD\V���)RU�LQVWDQFH��WKH�5&�GHOD\�RI�D���PP�PHWDO��
OLQH�LQ�����µP�WHFKQRORJLHV�ZDV����SV�ZKLOH�LQ�����µP�WHFKQRORJ\�LW
LV�����SV��ZLWKRXW�QHZ�PDWHULDOV����,W�FDQ�EH�FOHDUO\�VHHQ�WKDW�ZLULQJ

GHOD\� LV� FDSDEOH� RI� FRQVXPLQJ� WKH�PDMRULW\� RI� WKH� VKULQNLQJ� FORFN
F\FOH�WLPH�LQ�'60�GHVLJQV���:H�QRZ�ORRN�DW�WKH�UHDVRQV�EHKLQG�WKH
UDSLG� LQFUHDVH� LQ� 5&� GHOD\� DQG� SRVVLEOH� PHWKRGV� RI� VORZLQJ� WKLV
WUHQG�
���,QFUHDVLQJ� OLQH�UHVLVWDQFH� LV� WKH�PDLQ� UHDVRQ�EHKLQG� WKH� LQFUHDVHG
ZLULQJ� GHOD\� LQ� '60�� � 5HVLVWDQFH� LV� LQYHUVHO\� SURSRUWLRQDO� WR� WKH
FURVV�VHFWLRQDO� DUHD�RI� WKH�ZLUH�� �'XH� WR� WKH� ULVLQJ�QHHG� IRU�KLJKHU
GHQVLWLHV� RQ�FKLS�� ZLULQJ� SLWFKHV� DUH� GURSSLQJ� UDSLGO\� DW� DERXW� WKH
VDPH� UDWH� DV� JDWH� OHQJWK�� � ,Q� DQ� HIIRUW� WR� NHHS� UHVLVWDQFH� IURP
LQFUHDVLQJ�WRR�TXLFNO\��PDQ\�SURFHVVHV�DUH�VFDOLQJ� OLQH� WKLFNQHVV� �RU
KHLJKW�� DW� D� VORZHU� UDWH��ZKLFK� UHVXOWV� LQ� WDOOHU�� WKLQQHU�ZLUHV�� � )RU
LQVWDQFH��>�@�SUHGLFWV�DQ�LQFUHDVH�LQ�ZLULQJ�DVSHFW�UDWLR��$5� �KHLJKW�
ZLGWK��IURP�����DW������µP�WR�����DW������µP�
���%HVLGHV�WKH�XVH�RI�KLJK�$5�OLQHV�� WKH�RWKHU�DSSURDFK�WR�UHGXFLQJ
UHVLVWDQFH� LV� WKH�XVH�RI�EHWWHU� FRQGXFWRUV� IRU�RQ�FKLS� LQWHUFRQQHFW�
8QWLO� UHFHQWO\�� DOXPLQXP� ZLUHV� ZHUH� XVHG� H[FOXVLYHO\� LQ� EDFN�HQG
SURFHVVHV�� � 5HFHQW� OLWHUDWXUH� >���@� KDV� GHPRQVWUDWHG� WKH� XVH� RI
FRSSHU� LQ� VXE������ µP� SURFHVVHV�� � 7KH� UHVLVWLYLW\� RI� FRSSHU
LQWHUFRQQHFW�LV�DSSUR[LPDWHO\�����VPDOOHU� WKDQ�WKDW�REWDLQHG�XVLQJ
DOXPLQXP� ZLULQJ� ����� µΩ�FP� YV�� ���� µΩ�FP��� � $QRWKHU� NH\
DGYDQWDJH� JDLQHG� WKURXJK� WKH� XVH� RI� FRSSHU� ZLULQJ� LV� LQFUHDVHG
UHVLVWDQFH�WR�HOHFWURPLJUDWLRQ��(0��HIIHFWV���(OHFWURPLJUDWLRQ�RFFXUV
LQ�PHWDOV�ZKHQ� D� ODUJH� FXUUHQW� GHQVLW\� LV� EHLQJ� GULYHQ� WKURXJK� WKH
OLQH�� �0HWDO� LRQV� DUH� SK\VLFDOO\�PRYHG� GRZQ� WKH�ZLUH� E\� WKH� ODUJH
FXUUHQW��UHVXOWLQJ�LQ�RSHQV�LQ�WKH�OLQH�RU�VKRUWV�WR�QHLJKERULQJ�ZLUHV�
,W� KDV� EHHQ� VKRZQ� WKDW� VFDOLQJ� DOXPLQXP� ZLUHV� WR� WKH� ����� µP
JHQHUDWLRQ�DQG�EH\RQG�ZLOO� FDXVH� VHYHUH� UHVWULFWLRQV� LQ� URXWLQJ�GXH
WR�(0�>�@���&RSSHU��KRZHYHU��KDV�D�PXFK�ORZHU�VXVFHSWLELOLW\�WR�LRQ
WUDQVSRUW�IURP�(0�VLQFH�LW� LV�D�KHDYLHU�PHWDO�� �5HVXOWV�KDYH�VKRZQ
FRSSHU� WR� KDYH� DQ� (0� OLIHWLPH� WKDW� LV� ���� WLPHV� ORQJHU� WKDQ
DOXPLQXP�ZLULQJ�DW�WKH�VDPH�FXUUHQW�GHQVLW\�>�@�
���:LULQJ�FDSDFLWDQFH�LV�DOVR�LQFUHDVLQJ�LQ�VFDOHG�SURFHVVHV�GXH�WR�WKH
KLJKHU�GHQVLWLHV�QHHGHG�WR�URXWH�PRGHUQ�FKLSV���)RU�LQVWDQFH��OLQH�WR�
OLQH� VSDFLQJ�DQG� LQVXODWRU� WKLFNQHVV� DUH�ERWK� VKULQNLQJ�� UHVXOWLQJ� LQ
DQ� RYHUDOO� LQFUHDVH� LQ� OLQH� FDSDFLWDQFH� �WKLV� LV� WUXH� GHVSLWH� VPDOOHU
OLQHZLGWKV����6LQFH�WKH�UHGXFWLRQ�RI�SDFNLQJ�GHQVLW\�LV�QRW�DQ�RSWLRQ
LQ�'60�� WKH�RQO\�ZD\�RI� UHGXFLQJ�ZLULQJ�FDSDFLWDQFH� LV� E\�XVLQJ� D
ORZ�N�GLHOHFWULF� LQVWHDG�RI�6L2��� �6L2��KDV�PDQ\�QDWXUDO� DGYDQWDJHV
WKDW� KDYH� PDGH� LW� WKH� GLHOHFWULF� RI� FKRLFH� LQ� PLFURHOHFWURQLFV�
+RZHYHU�� LWV� UHODWLYH� GLHOHFWULF� FRQVWDQW� RI� �������� OHDYHV� URRP� IRU
LPSURYHPHQW� E\� XVLQJ� DGYDQFHG� PDWHULDOV� VXFK� DV� SRO\LPLGHV�
6LJQLILFDQW� UHVHDUFK� LV� RQJRLQJ� LQ� WKH� DUHD� RI� ORZ�N� SURFHVV
LQWHJUDWLRQ� DV� SUHOLPLQDU\� ZRUN� KDV� VXJJHVWHG� WKDW� JDWH� GHOD\� DQG
SRZHU� FDQ�EH� UHGXFHG�E\�����DQG� ���� UHVSHFWLYHO\� LQ� D� �����µP
SURFHVV� ZLWK� ε ���� >��@�� � 7KH� XOWLPDWH� JRDO� LQ� ORZ�N� GLHOHFWULF
SURFHVV� LQWHJUDWLRQ� LV� WKH� XVH� RI� [HURJHOV��ZKLFK� DUH� KLJKO\� SRURXV
PDWHULDOV�ZLWK�GLHOHFWULF�FRQVWDQWV�DSSURDFKLQJ�WKDW�RI�DLU��ε ��>��@�
����� 1RLVH
���$V�PHQWLRQHG�DERYH��RQH�RI�WKH�PHWKRGV�WR�UHGXFH�UHVLVWDQFH�KDV
EHHQ�WR�VORZO\�VFDOH� OLQH� WKLFNQHVV�� UHVXOWLQJ� LQ� WDOOHU�� WKLQQHU�ZLUHV�
7KHVH� KLJK� DVSHFW� UDWLR� OLQHV� KDYH� D� GHWULPHQWDO� VLGH� HIIHFW� LQ� WKDW
WKH\�UHVXOW�LQ�D�ODUJH�DPRXQW�RI�FRXSOLQJ�FDSDFLWDQFH���:LWK�DQ�$5�!
��� OLQHV� WHQG�WR�KDYH�PRUH�SDUDOOHO�SODWH�FDSDFLWDQFH� WR�QHLJKERULQJ
ZLUHV�WKDQ�WR�XSSHU�DQG�ORZHU�ZLULQJ�OD\HUV��ZKLFK�HIIHFWLYHO\�VHUYH
DV� JURXQG� SODQHV�� � ,Q� DGGLWLRQ�� VSDFLQJ� EHWZHHQ�ZLUHV� LV� VKULQNLQJ
TXLFNO\� LQ� DQ� DWWHPSW� WR� PDLQWDLQ� KLJK� SDFNLQJ� GHQVLWLHV�� IXUWKHU
LQFUHDVLQJ� FRXSOLQJ� FDSDFLWDQFH�� � $V� HYLGHQFH�� OLQH�WR�OLQH
FDSDFLWDQFH�EHWZHHQ�ZLUHV�RQ�WKH�VDPH�OHYHO�FDQ�EH�VHHQ�WR�PDNH�XS
RYHU�����RI�WKH�WRWDO�ZLULQJ�FDSDFLWDQFH�DW�ORZHU�OHYHOV�HYHQ�DW�����
µP�SURFHVVHV�>��@�
���7KH�LPSDFW�RI�WKLV�ULVH�LQ�FRXSOLQJ�FDSDFLWDQFH�FDQ�EH�VHHQ�LQ�WKH
IRUP�RI�QRLVH�� �,Q�WKLV�SDSHU��ZH�ZLOO�GLVFXVV� WZR�GLVWLQFW�IRUPV�RI
QRLVH� LQ� UHJDUG� WR� '60� LQWHUFRQQHFW�� � 7KH� ILUVW� LV� GHOD\
GHWHULRUDWLRQ��ZKLFK�UHIHUV�WR�WKH�IDFW�WKDW�WRWDO�FDSDFLWDQFH�VHHQ�E\�D



JDWH� LV� QR� ORQJHU� D� FRQVWDQW� YDOXH� >�����@�� � 'XH� WR� WKH� ULVLQJ
FRQWULEXWLRQ� RI� FRXSOLQJ� FDSDFLWDQFH� WR� WRWDO� ORDG� FDSDFLWDQFH�� WKH
0LOOHU�HIIHFW�FDQ�KDYH�D�ODUJH�LPSDFW�RQ�DFWXDO�GHOD\�WLPHV�RQ�D�FKLS�
7KH�0LOOHU�HIIHFW�VWDWHV� WKDW�ZKHQ�ERWK�WHUPLQDOV�RI�D�FDSDFLWRU�DUH
VZLWFKHG� VLPXOWDQHRXVO\�� WKH� HIIHFWLYH� FDSDFLWDQFH� EHWZHHQ� WKH
WHUPLQDOV� LV�PRGLILHG���)RU�LQVWDQFH�� LI�D�ZLUH�$�VZLWFKHV�IURP���WR
9''�ZKLOH�DQ�DGMDFHQW�ZLUH�%�VZLWFKHV�IURP�9''�WR����WKH�HIIHFWLYH
YROWDJH� VZLQJ� EHWZHHQ� WKH� �� WHUPLQDOV� LV� DFWXDOO\� �9''�� � 6LQFH
4 &9�� WKH� FKDUJH� QHHGHG� WR� VZLWFK� ZLUH� $� LV� QRZ� GRXEOHG� ZLWK
UHVSHFW�WR�WKH�FDVH�ZKHUH�ZLUH�%�LV�VWDWLF���$OWHUQDWLYHO\��WKLV� LV�VHHQ
DV�D�GRXEOLQJ�RI�WKH�´HIIHFWLYHµ�FDSDFLWDQFH���&OHDUO\�WKH�LQFUHDVH�LQ
FRXSOLQJ� FDSDFLWDQFH� LV� D� SRWHQWLDO� WLPLQJ� KD]DUG� LQ� WKDW� GHOD\
EHFRPHV� D� IXQFWLRQ� RI� QHLJKERULQJ� VLJQDO� DFWLYLW\�� PDNLQJ� VWDWLF
WLPLQJ�DQDO\VLV�GLIILFXOW�
���7KH� VHFRQG� IRUP� RI� QRLVH� ZH� GLVFXVV� LQ� WKLV� SDSHU� LV� WKDW� RI
FURVVWDON�RU�VLJQDO�LQWHJULW\�>��@���,Q�WKLV�VFHQDULR��D�VWDWLF�ZLUH��FDOOHG
WKH�YLFWLP�� LV� SHUWXUEHG�E\� VZLWFKLQJ� DFWLYLW\� RQ� QHLJKERULQJ�ZLUHV
�DJJUHVVRUV��� � ,Q� WKH� ZRUVW�FDVH�� �� DJJUHVVRUV� VZLWFK� LQ� WKH� VDPH
GLUHFWLRQ�VLPXOWDQHRXVO\�� OHDGLQJ�WR�DQ�XQGHVLUDEOH�YROWDJH�VSLNH�RQ
WKH� YLFWLP� OLQH� GXH� WR� FDSDFLWLYH� FRXSOLQJ�� � 7KLV� VRUW� RI� QRLVH� FDQ
FDXVH� IDOVH� VZLWFKLQJ� �HVSHFLDOO\� LQ� G\QDPLF� FLUFXLWV�� RU� YROWDJH
RYHUVKRRW� HIIHFWV�� ZKLFK� PD\� OHDG� WR� HQKDQFHG� GHYLFH� VWUHVV� RU
IRUZDUG�ELDVLQJ�RI�S�Q�MXQFWLRQV���&URVVWDON�LV�KLJKO\�VHQVLWLYH�WR�WKH
UDWLR� RI� FRXSOLQJ� FDSDFLWDQFH� WR� WRWDO� FDSDFLWDQFH�� LPSO\LQJ� WKDW
VLJQDO�LQWHJULW\�ZLOO�EHFRPH�D�ODUJHU�LVVXH�DV�LQWHUFRQQHFW�GLPHQVLRQV
FRQWLQXH�WR�VFDOH�

�� 6WUDZPDQ�7HFKQRORJ\
���$LPLQJ�WR�TXDQWLI\�WKH�FRQFHUQV�UDLVHG�LQ�WKH�SUHYLRXV�VHFWLRQ��ZH
QRZ� SUHVHQW� VXEVWDQWLDWHG� SURMHFWLRQV� RI� '60� WHFKQRORJ\
SDUDPHWHUV�DW�ERWK�WKH�GHYLFH�DQG�LQWHUFRQQHFW�OHYHO�� �&DUH�LV�WDNHQ
WR�H[SODLQ�DQG� MXVWLI\� WKHVH� FKRLFHV�� DQG� FRPSDULVRQV� DUH�GUDZQ� WR
SUHGLFWLRQV�LQ�>�@�
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7DEOH����3URMHFWHG�026)(7�FKDUDFWHULVWLFV�LQ�'60

���7DEOH� �� SUHVHQWV� WKH� PRVW� LPSRUWDQW� IHDWXUHV� RI� RXU� VWUDZPDQ
WHFKQRORJ\� IRU� '60� &026� GHYLFHV�� � 2XU� JDWH� R[LGH� WKLFNQHVV
SURMHFWLRQV� DUH� JHQHUDOO\� KLJKHU� WKDQ� WKRVH� IRXQG� LQ� >�@�� � 'XH� WR
R[LGH� UHOLDELOLW\� UHTXLUHPHQWV�� RQH� VKRXOG� NHHS� WKH� HOHFWULF� ILHOG� LQ
WKH�R[LGH�EHORZ�����09�FP�>�@���7KH�DJJUHVVLYH�QXPEHUV�IRXQG�LQ
WKH� URDGPDS� H[FHHG� WKLV� EHQFKPDUN�� HVSHFLDOO\� DW� ����� µP� DQG
EH\RQG���,Q�DGGLWLRQ��R[LGHV�WKLQQHU�WKDQ����c�UDLVH�VHULRXV�FRQFHUQV
DERXW�OHDNDJH�GXH�WR�GLUHFW�WXQQHOLQJ�WKURXJK�VXFK�DQ�H[WUHPHO\�WKLQ
OD\HU� >��@�� � 7KHVH� FRQFHUQV� DUH� QRW� OLNHO\� WR� EH� UHVROYHG� E\� WKH
���������µP�JHQHUDWLRQV�DV�DQWLFLSDWHG�LQ�>�@���7KHUHIRUH��ZH�SUHGLFW
R[LGHV� WKDW� DUH� IUHH� IURP� WXQQHOLQJ� SUREOHPV� XQWLO� WKH� ����� µP
WHFKQRORJ\� QRGH�� � )LQDOO\�� 7R[� YDOXHV� EHORZ� ��� c� DUH� H[WUHPHO\
RSWLPLVWLF��WKLV�WKLFNQHVV�UHSUHVHQWV�RQO\�D�IHZ�DWRPLF�OD\HUV�RI�6L2��
:H�SUHGLFW�R[LGHV�WR�´ERWWRP�RXWµ�DURXQG�������c�GXH�WR� OHDNDJH
DQG�IDEULFDWLRQ�LVVXHV�

���5HJDUGLQJ� YROWDJH� VFDOLQJ�� ZH� VHOHFW� WKH� KLJK�SHUIRUPDQFH� 9''

YDOXHV�IURP�>�@��UDWKHU�WKDQ�WKH�ORZ�SRZHU�VFHQDULR���$OVR��9W� LV�VHW
DW� 9''��� WR� SURYLGH� VXIILFLHQW� FXUUHQW� GULYH� WR� NHHS� SHUIRUPDQFH
FOLPELQJ� >�@�� � %H\RQG� ���� µP�� VXFK� VPDOO� 9W·V� PD\� \LHOG� KLJK
DPRXQWV�RI�OHDNDJH�FXUUHQW���,Q�WKLV�FDVH��VHYHUDO�DSSURDFKHV�PD\�EH
WDNHQ�� � $� GXDO�9W� SURFHVV� XWLOL]HV� WZR� GLIIHUHQW� WKUHVKROG� YROWDJHV
ZLWKLQ� WKH� VDPH� GHVLJQ�� � /RZ�9W� GHYLFHV� DUH� XVHG� ZKHUH� VSHHG� LV
HVVHQWLDO� ZKLOH� WKH� EXON� RI� GHYLFHV� �H�J�� ����� KDYH� D� KLJKHU� 9W� WR
NHHS�RYHUDOO�OHDNDJH�FXUUHQW�VPDOO�>��@���$�VHFRQG�DSSURDFK�ZRXOG�EH
WR�XVH�FLUFXLW� WHFKQLTXHV� WR�UDLVH� WKH�9W� LQ� LGOH�FLUFXLW�EORFNV�� �7KLV
DSSURDFK� LV� VLPLODU� WR� VWDQGE\� RU� VOHHS� PRGHV� LQ� FXUUHQW
PLFURSURFHVVRUV�ZKHUH�WKH�FORFN�LV�GLVDEOHG�LQ�ORZ�DFWLYLW\�UHJLRQV�LQ
RUGHU�WR�UHGXFH�G\QDPLF�SRZHU�FRQVXPSWLRQ�>��@�� �+RZHYHU��VOHHS
PRGHV�GR�QRW�HOLPLQDWH�VWDWLF�SRZHU�DQG�IXUWKHU�ZRUN�ZLOO�EH�QHHGHG
LQ�WKLV�DUHD�

���)LQDOO\�� HIIHFWLYH� JDWH� OHQJWK� LV� H[WUDSRODWHG� IURP� FXUUHQW� WUHQGV
DQG� DOVR� EDVHG� RQ� SXEOLVKHG� UHSRUWV� RI�'60� GHYLFHV�� � $V� FDQ� EH
VHHQ�IURP�WKH�WDEOH��FKDQQHO�RYHUODS�OHQJWK�∆/�� �/GUDZQ�²�/HII��DQG
7R[� DUH� VFDOLQJ� VLPLODUO\� VR� WKDW�RYHUODS� FDSDFLWDQFH�ZLOO� EH� URXJKO\
FRQVWDQW� ZLWK� VFDOLQJ�� � )URP� EDVHOLQH� ����� µP� SURFHVVHV�� ZH
H[WUDSRODWH� WKH� GHYLFH� FDSDFLWDQFH� SDUDPHWHUV� EDVHG� RQ� SK\VLFDO
UHODWLRQVKLSV�� VXFK� DV� &MXQFWLRQ� ∝� �1VXE�ó�� � &RPELQHG� ZLWK� WKH
FKDUDFWHULVWLFV� GHVFULEHG� LQ� WDEOH� ��� %6,0�� PRGHOV� KDYH� EHHQ
GHYHORSHG�WR�PRGHO�'60�GHYLFHV�>��@���'HIDXOW�SDUDPHWHUV�DUH�XVHG
H[FHSW�IRU�7R[��9W��PRELOLW\��DQG�FDSDFLWDQFHV�� �5HVXOWLQJ�,�9�FXUYHV
\LHOG�JRRG�ILW� �ZLWKLQ�����LQ� OLQHDU�UHJLRQ������LQ�VDWXUDWLRQ��ZLWK
PHDVXUHG� UHVXOWV� IURP� ����� µP� GHYLFHV� �7R[�  � ��� c��� � 6LPXODWHG
YDOXHV�RI�,GVDW�IRU������WR�����µP�SURFHVVHV�VKRZ�H[FHOOHQW�FRUUHODWLRQ
ZLWK�SXEOLVKHG�GDWD�

��� ,QWHUFRQQHFW�URDGPDS

3URFHVV
�µP�

���� ���� ���� ��� ���� ����

7KLFNQHVV
�µP�

��� ���� ���� ���� ��� ����

:LGWK��
6SDFH��µP�

��� ���� ���� ���� ��� ����

6KHHW
5HVLVWDQFH
�Ω� �

����� ����� ����� ����� ���� ����

7LQV��µP� ���� ��� ���� ���� ���� ����

'LHOHFWULF
&RQVWDQW

��� ��� ��� ��� ��� ���

7DEOH����,QWHUFRQQHFW�FKDUDFWHULVWLFV�IRU�PHWDOV���DQG��

7KLFNQHVV
�µP�

:LGWK�6SDFH
�µP�

6KHHW�5HVLVWDQFH
�Ω� �

7LQV

�µP�

��� ��� ����� ���

7DEOH����7RS�PHWDO�OD\HU�SDUDPHWHUV�IRU�DOO�JHQHUDWLRQV

���7DEOHV� �� DQG� �� KLJKOLJKW� NH\� SDUDPHWHUV� IURP� RXU� LQWHUFRQQHFW
URDGPDS�� � 7DEOH� �� SUHVHQWV� GLPHQVLRQV� IRU� WKH� ORZHU� �� OHYHOV� RI
PHWDO� IRU� HDFK� SURFHVV�� � 2XU� LQWHUFRQQHFW� KLHUDUFK\� FRQVLVWV� RI
VHYHUDO�SDLUV�RI�LGHQWLFDO�PHWDO�OD\HUV�WKDW�IDOO�XQGHU�WKH�FDWHJRULHV�RI
ORFDO�� LQWHUPHGLDWH�� DQG�JOREDO�ZLULQJ�� �7KH�QXPEHU�RI�PHWDO� OD\HUV
LQFUHDVHV� IURP� �� DW� ����� µP� WR� �� DW� ����� µP� IRU� HQKDQFHG
FRQQHFWLYLW\�� �7KH� ILUVW� WZR� OHYHOV�RI�PHWDO� DUH�XVHG� H[FOXVLYHO\� IRU
URXWLQJ�ORFDO�VLJQDOV�EHWZHHQ�JDWHV�ZLWKLQ�D�ODUJHU�EORFN�RI�JDWHV��H�J�
��.��� � ,Q� WKHVH� LQVWDQFHV�� WKH�ZLUHOHQJWK� LV� W\SLFDOO\� VKRUW� DQG� WKH
ILUVW� FRQFHUQ� LV� WKDW� RI� ZLULQJ� GHQVLW\�� � 7KHUHIRUH�� ZH� SUHGLFW� D



FRQWLQXLQJ� GURS� LQ� ORZHU�OHYHO� ZLULQJ� SLWFK�� � 7KLV� ZLOO� QRW� RQO\
SURYLGH� DGGLWLRQDO� ORFDO� URXWLQJ� FDSDELOLW\� EXW� ZLOO� DOVR� DOORZ� IRU
VPDOOHU�VWDQGDUG�FHOO�VL]HV�DV�>�����@�KDYH�VKRZQ�FHOO�VL]H�WR�EH�VHW�E\
FRQWDFWHG�ZLULQJ�SLWFK�
���7KH� VHFRQG� FRQFHUQ� DW� WKLV� OHYHO� LV� QRLVH�� �'XH� WR� WKH� VKULQNLQJ
SLWFKHV�� ODUJHU� FRXSOLQJ� FDSDFLWDQFHV� OHDG� WR� HQKDQFHG� QRLVH�� � ,Q
RUGHU� WR� OLPLW�QRLVH��ZH�UHFRPPHQG� WKH�XVH�RI�´IODWµ�ZLULQJ�ZKHUH
WKH�DVSHFW�UDWLR�LV�FDSSHG�DW���>��@���&RPSDUHG�WR�SUHGLFWLRQV�LQ�>�@�
DQ�$5�RI���ZLOO�\LHOG�����VPDOOHU� FRXSOLQJ�FDSDFLWDQFH�DW������µP
WKDQ�$5� �������7KH�XVH�RI�WKLQQHU�ZLUHV�LQ�WKH�´IODWµ�DSSURDFK�FDQ
EH�VHHQ�DV�D�WUDGHRII�EHWZHHQ�QRLVH�DQG�UHVLVWDQFH��ZKHUH�WKH�ORZHU
UHVLVWLYLW\� RI� FRSSHU� LV� WDNHQ� DGYDQWDJH� RI� LQ� RUGHU� WR� OLPLW
FDSDFLWDQFHV�� �7KLV�DSSURDFK�KDV�EHHQ�XVHG� LQ�HDUO\�FRSSHU�GHVLJQV
WR�OLPLW�FDSDFLWDQFH�DQG�LV�HVSHFLDOO\�EHQHILFLDO�DW�ORZHU�OHYHOV�ZKHUH
GHYLFH�UHVLVWDQFH�WHQGV�WR�EH�PXFK�ODUJHU�WKDQ�ZLUH�UHVLVWDQFH��GXH�WR
VKRUW�ZLUHOHQJWKV��>��@���$Q�DGGLWLRQDO�SRLQW�LQ�QRLVH�UHGXFWLRQ�LV�WKH
VFDOLQJ� RI� LQVXODWRU� WKLFNQHVV�� 7LQV�� � ,Q� RUGHU� WR� SUHYHQW� FRXSOLQJ
FDSDFLWDQFH� IURP� EHFRPLQJ� DQ� HYHQ� ODUJHU� SRUWLRQ� RI� WRWDO� ZLULQJ
FDSDFLWDQFH�7LQV�QHHGV�WR�EH�VFDOHG�DSSURSULDWHO\���$OVR��E\�UHGXFLQJ
7LQV� YLDV� ZLWK� UHDVRQDEOH� $5·V� FDQ� EH� XVHG�� DOORZLQJ� IRU� HDVLHU
IDEULFDWLRQ�DQG�ORZHU�UHVLVWDQFH�

���&RSSHU� LV� XVHG� IRU� DOO� VKHHW� UHVLVWDQFH� FDOFXODWLRQV�� ZLWK� D
UHVLVWDQFH�RI�����µΩ�FP�� �7KH�UHGXFWLRQ�RI�GLHOHFWULF�FRQVWDQW�ZLWK
VFDOLQJ�UHIOHFWV�WKH�VLJQLILFDQW�ZRUN�EHLQJ�GRQH�RQ�ORZ�N�PDWHULDOV�WR
UHSODFH� 6L2�� DV� WKH� LQVXODWRU� RI� FKRLFH� LQ� 8/6,� >��@�� � 7KH
LPSOHPHQWDWLRQ� RI� ORZ�N� GLHOHFWULFV� LQWR� SURFHVVHV� UHSUHVHQWV� D
VLJQLILFDQW�VWHS�LQ�UHDOL]LQJ�YHU\�KLJK�SHUIRUPDQFH�GHVLJQV�� �6PDOOHU
LQWHUFRQQHFW�FDSDFLWDQFHV�UHVXOW�LQ�ORZHU�SRZHU�GLVVLSDWLRQ�DV�ZHOO�DV
VPDOOHU� GHOD\� WLPHV�� PDNLQJ� ORZ�N� GLHOHFWULFV� D� PRUH� EHQHILFLDO
SURFHVV� DGYDQFH� WKDQ� FRSSHU� ZLULQJ�� � 2XU� SURMHFWLRQV� IRU� ORZ�N
GLHOHFWULFV� DUH� IDLUO\� FRQVHUYDWLYH� LQ� FRPSDULVRQ� WR� >�@�� HVSHFLDOO\
EH\RQG������µP�

���7DEOH� �� VKRZV� SURMHFWLRQV� IRU� JOREDO� LQWHUFRQQHFW� WKURXJKRXW
VFDOLQJ���,Q�FRQWUDVW�WR�ORZHU�OHYHO�PHWDOV��ZKHUH�DYHUDJH�ZLUHOHQJWKV
VFDOH� GRZQ� GXH� WR� VKULQNLQJ� JDWH� VL]HV�� JOREDO� ZLUHV� PXVW� DFWXDOO\
EHFRPH� ORQJHU�� � )RU� WKLV� UHDVRQ�� ZH� VHOHFW� D� ODUJH� FURVV�VHFWLRQ
JOREDO�ZLUH� WKDW�PDLQWDLQV�D�FRQVWDQW� UHVLVWDQFH�RI����Ω�FP�� �7KLV
ORZ�UHVLVWDQFH�YDOXH�ZLOO�DOORZ�IRU�XQDWWHQXDWHG�GLVWULEXWLRQ�RI�SRZHU
JULGV��FORFNV��JOREDO�EXVVHV�� DQG�RWKHU� LPSRUWDQW� VLJQDOV�RQ� WKH� WRS
OD\HUV� RI�PHWDO�� � 7KH� DSSURDFK� IROORZV� WKH� FRQFHSW� RI� ´IDWµ� ZLUHV
VXJJHVWHG� LQ� >��@�� �7UDQVPLVVLRQ� OLQH� FKDUDFWHULVWLFV�ZLOO� QHHG� WR�EH
ZHOO�PRGHOHG� DQG� FRQWUROOHG� LQ� WKLV� VFKHPH�� DV� WLPH�RI�IOLJKW� GHOD\
ZLOO�EH�DQ�LPSRUWDQW�LVVXH�>��@�

���,QWHUPHGLDWH�PHWDO� OD\HUV� QRW� LQFOXGHG� LQ� WDEOHV� �� DQG� �� SURYLGH
LQWHU�PRGXODU� URXWLQJ� DQG� RIIHU� PLQLPXP� SLWFKHV� DQG� WKLFNQHVVHV
EHWZHHQ� WKRVH� SUHYLRXVO\� SUHVHQWHG�� � )RU� LQVWDQFH��PHWDOV� �� DQG� �
KDYH�D�PLQLPXP�SLWFK�WKDW�LV�DSSUR[LPDWHO\�GRXEOH�WKDW�RI�PHWDOV��
DQG���

�� 'HVLJQ�'DWD
���7R� VXSSOHPHQW� WKH� DQDO\WLFDO� PRGHOV� DQG� VLPXODWLRQ� WRROV� WR� EH
XVHG� LQ� WKH� DQDO\VLV� VHFWLRQ��ZH�REWDLQHG�GHWDLOHG�GHVLJQ�GDWD� IURP
PRGHUQ� $6,&·V�� � (PSLULFDO� GHVLJQ� GDWD� ZDV� FRPSLOHG� IRU� WKLUWHHQ
����� µP� $6,&� GHVLJQV� IURP� 6\PELRV� &RUSRUDWLRQ�� $YHUDJH
ZLUHOHQJWKV�LQ�WKH�GHVLJQV�YDU\�VRPHZKDW�EXW�WHQG�WR�EH�LQ�WKH�UDQJH
RI�����WR�����µP���$YHUDJH�IDQ�RXW�LV�FRQVLVWHQWO\�EHWZHHQ�����DQG
����'HVLJQV�UHJXODUO\�LQFRUSRUDWHG�ODUJH�PDFUR�EORFNV�LQ�DGGLWLRQ�WR
VWDQGDUG� FHOOV�� � 7KH� SHUFHQWDJH� RI� VWDQGDUG�FHOO� ORJLF� DUHD� WR� WRWDO
FKLS�DUHD�UDQJHG�IURP��������EXW�ORJLF�DUHD�W\SLFDOO\�HQFRPSDVVHG
DERXW� ���� RI� WKH� FKLS�� � 'DWD� ZDV� DOVR� REWDLQHG� VKRZLQJ� DYHUDJH
ZLUHOHQJWK� IRU� HDFK� IDQ�RXW� LQ� HDFK� GHVLJQ�� � 7KLV� GDWD� LV� XVHG� LQ
VHFWLRQ���WR�FUHDWH�D�FULWLFDO�SDWK�PRGHO�IRU�IXWXUH�$6,&·V�

�� $QDO\VLV
���,Q� WKLV� VHFWLRQ�� ZH� GHYHORS� PRGHOV� IRU� YDULRXV� SHUIRUPDQFH
PHWULFV� �GHOD\�� QRLVH�� SRZHU�� DQG� DSSO\� WKHP� WR� '60� $6,&·V� WR
GHWHUPLQH�WKH�VL]H�RI�D�PRGXOH�ZKLFK�FDQ�EH�GHVLJQHG�XVLQJ�WKH�IORZ
LQ�ILJXUHV���DQG���

��� 'HOD\
����� 'HILQLQJ�JDWH�LQWHUFRQQHFW�GHOD\
���2QH� RI� WKH� SULPDU\� JRDOV� LQ� RXU� DQDO\VLV� RI� '60� WUHQGV� LV� WR
GHWHUPLQH� WKH� LPSDFW� RI� LQWHUFRQQHFW� LQ� ���� µP� WHFKQRORJ\�� � 7R
DVVLVW� LQ�GRLQJ�WKLV��ZH�SURSRVH�D�ZHOO�GHILQHG�PHWKRG�RI�DVVHVVLQJ
JDWH�GHOD\�YV��LQWHUFRQQHFW�GHOD\���7\SLFDOO\�IRU�D�JLYHQ�SURFHVV��JDWH
GHOD\��WJDWH��LV�GHWHUPLQHG�XVLQJ�DQ�XQORDGHG��)2� ����QR�VLJQLILFDQW
ZLULQJ�ORDG��ULQJ�RVFLOODWRU�PDGH�XS�RI�LQYHUWHUV�� �7KLV� LV�DQ�HOHJDQW
ZD\� WR� GHWHUPLQH� WJDWH� DV� LW� LV� LQGHSHQGHQW� RI� GHYLFH� VL]LQJ� VLQFH
LQFUHDVLQJ� GHYLFH� ZLGWK� FRQWULEXWHV� HTXDOO\� WR� ODUJHU� GULYH� FXUUHQW
DQG�ORDG�FDSDFLWDQFH�

���:H� SURSRVH� D�PRGLILHG� YHUVLRQ� RI� WKH� ULQJ� RVFLOODWRU� FRQFHSW� WR
GHWHUPLQH�JDWH�DQG� LQWHUFRQQHFW�GHOD\�� �)LUVW����LQSXW�1$1'�JDWHV
UHSODFH�LQYHUWHUV�VLQFH�WKH\�EHWWHU�UHSUHVHQW�RQ�FKLS�ORJLF�JDWHV���2QH
RI� WKH� LQSXWV� LQ� WKHVH� JDWHV� LV� WLHG� WR�9''�� UHVXOWLQJ� LQ�ZRUVW�FDVH
ORZ�WR�KLJK�GHOD\V���1H[W��WKH�IDQ�RXW�RI�WKH�JDWHV�LV�YDULHG�IURP���WR
���IDQ�RXWV�JUHDWHU�WKDQ���DUH�QRW�RI�SUDFWLFDO�LQWHUHVW����$W�WKLV�SRLQW�
JDWH�GHOD\�LV�IRXQG�IRU�HDFK�IDQ�RXW�LQGLYLGXDOO\���)LQDOO\��PLQLPXP�
SLWFK� LQWHUFRQQHFW� RI� OHQJWK� /DYJ� LV� DGGHG� EHWZHHQ� HDFK� VWDJH�
$YHUDJH�ZLUHOHQJWK�LV�D�IXQFWLRQ�RI�IDQ�RXW�DQG�LV�YDULHG�DFFRUGLQJO\�
XVLQJ� HPSLULFDO� GHVLJQ� GDWD� DV� D� UHIHUHQFH�� � $W� WKLV� SRLQW�� D� VWDJH
GHOD\� �WVWDJH�� LV� IRXQG� IRU� D� JLYHQ� WHFKQRORJ\� ZLWK� IDQ�RXW� UDQJLQJ
IURP��� WR� ��� � ,QWHUFRQQHFW� GHOD\�� WZLUH�� LV� GHILQHG� DV� WKH� GLIIHUHQFH
EHWZHHQ�WKH�VWDJH�GHOD\�DQG�LQWULQVLF�JDWH�GHOD\���7KH�EDVLF�DSSURDFK
LV�VKRZQ�VFKHPDWLFDOO\�LQ�ILJXUH���

���6L]LQJ� RI� JDWHV� ZLWK� LQWHUFRQQHFW� ORDGLQJ� EHFRPHV� QRQ�WULYLDO� DV
H[WUHPHO\� ODUJH� GHYLFHV� FRXOG� EH� XVHG� WR� PDNH� WZLUH� QHJOLJLEOH�
/LNHZLVH�� WKH�XVH�RI�PLQLPXP�VL]HG�JDWHV�ZRXOG�\LHOG�D�PLVOHDGLQJ
GHSLFWLRQ� RI� LQWHUFRQQHFW� GHOD\�� � 6LQFH� WKLV� LV� QRW� SUDFWLFDO� GXH� WR
DUHD� DQG� SRZHU� FRQVLGHUDWLRQV�� ZH� GHILQH� DQ� RSWLPDO� GULYHU� VL]H�
7KH�RSWLPDO�VL]H�LV�GHILQHG�E\�D�:�/�UDWLR�VXFK�WKDW�DQ�LQFUHDVH�LQ
:�/�RI� ��GRHV�QRW� \LHOG� D� ���GURS� LQ� VWDJH�GHOD\�� �7KLV� FULWHULRQ
ZDV� FKRVHQ� WR�PRVW� FORVHO\� DSSUR[LPDWH� WKH� NQHH� RI� WKH� GHOD\� YV�
GHYLFH�VL]LQJ�SORW�REWDLQHG�ZKHQ�VZHHSLQJ�:�/�

����� $QDO\WLFDO�DSSURDFK
���,Q�WKLV�VHFWLRQ��ZH�GLVFXVV�WKH�ILUVW�RI�WZR�GLIIHUHQW�DSSURDFKHV�WR
WKH� GHOD\� DQDO\VLV�� � $� ILUVW�RUGHU� DQDO\WLFDO� PRGHO� LV� SUHVHQWHG� WR
REVHUYH� JHQHUDO� GHOD\� WUHQGV� LQ� IXWXUH� $6,&·V�� � $� IXOO�VFDOH
VLPXODWLRQ� DSSURDFK� WKDW� HPSOR\V� DFFXUDWH� GHYLFH� PRGHOV� DQG
GLVWULEXWHG�LQWHUFRQQHFW�HIIHFWV�LV�GHVFULEHG�LQ�WKH�IROORZLQJ�VHFWLRQ�

���7R� WKH� ILUVW�RUGHU�� GHOD\� RI� D�026)(7� LV� JRYHUQHG� E\� D� VLPSOH
UHODWLRQVKLS�EHWZHHQ�FDSDFLWDQFH��YROWDJH��DQG�FXUUHQW��7G� �&9��,�
7R� VWXG\� WKH� VFDOLQJ� RI� GHOD\� WKURXJK� SURFHVV� JHQHUDWLRQV�� ZH
HPSOR\� WKLV� H[SUHVVLRQ�E\�DSSUR[LPDWLQJ� WKH� WUHQGV�RI� HDFK�RI� WKH
YDULDEOHV� LQYROYHG�� � 6HYHUDO� DSSUR[LPDWLRQV� DUH� PDGH� DQG� ZLOO� EH
GLVFXVVHG�LQ�WXUQ�

)LJXUH����'HWHUPLQDWLRQ�RI�JDWH�LQWHUFRQQHFW�GHOD\�LQYROYHV���
LQSXW�1$1'�ULQJ�RVFLOODWRUV�DQG�DYHUDJH�ZLUHOHQJWKV

5LQW���&LQW



���2XU�JRDO�LV�WR�GHWHUPLQH�WKH�PD[LPXP�VL]H�RI�D�EORFN�WKDW�FRXOG
EH�UHOLDEO\�GHVLJQHG�XVLQJ�FXUUHQW�GHVLJQ�IORZV�ZLWKRXW�HQFRXQWHULQJ
VLJQLILFDQW�'60�HIIHFWV���$IWHU�H[SHULPHQWDWLRQ�ZH�DUULYH�DW�D�EORFN
VL]H�RI�DSSUR[LPDWHO\��������JDWHV�DOWKRXJK�RWKHU�EORFN�VL]HV�ZLOO�EH
GLVFXVVHG���,Q�D�EORFN�RI�WKLV�VL]H��ZLUHOHQJWKV�DUH�W\SLFDOO\�VPDOO�DQG
OLQH� UHVLVWDQFH� LV� PXFK� OHVV� WKDQ� WKH� HIIHFWLYH� UHVLVWDQFH� RI� WKH
026)(7� GULYHUV�� � 7KHUHIRUH�� ZH� LJQRUH� WKH� LPSDFW� RI� ZLUH
UHVLVWDQFH� LQ� WKHVH� FDOFXODWLRQV�� � :H� FRQVLGHU� D� VLQJOH� JDWH� ZLWK� D
IL[HG� IDQ�RXW� LQ���SURFHVVHV��ZLWK�D� VFDOLQJ� IDFWRU�RI� 6�� �%\� VFDOLQJ
ERWK�FKDQQHO�OHQJWK�DQG�ZLGWK�E\�6��ZH�JHW�D�TXDGUDWLF�UHGXFWLRQ�LQ
PRGXOH�DUHD�DVVXPLQJ�WKDW�ZLULQJ�SLWFK�LV�DOVR�UHGXFHG�E\�6�>�����@�
:H�DVVXPH�WKDW�DYHUDJH�ZLUHOHQJWK�LV�D�IL[HG�IUDFWLRQ�RI�WKH�PRGXOH
VLGH�OHQJWK�VR�WKDW�/DYJ�VFDOHV�E\�6���6LQFH�,GVDW�LV�UHODWLYHO\�FRQVWDQW�LQ
'60� SURFHVVHV�� D� UHGXFWLRQ� LQ� FKDQQHO� ZLGWK� RI� 6� UHVXOWV� LQ� D
SURSRUWLRQDO�UHGXFWLRQ�LQ�,GVDW�

���9ROWDJH�VZLQJ��DV�GLVFXVVHG�DERYH�� LV�DOVR�VKULQNLQJ�GXH�WR�SRZHU
DQG�UHOLDELOLW\�FRQFHUQV���)URP�WDEOH����ZH�HVWLPDWH�WKH�VFDOLQJ�IDFWRU
IRU� 9''� DV� ������ � )LQDOO\�� ZH� DVVXPH� WKDW� WKH� ORDG� FDSDFLWDQFH� LV
PDGH� XS� RI� WZR� FRPSRQHQWV�� LQWHUFRQQHFW� DQG� IDQ�RXW� JDWH
FDSDFLWDQFH���,QWHUFRQQHFW�FDSDFLWDQFH��&ZLUH��LV�IRXQG�E\�PXOWLSO\LQJ
WKH�DYHUDJH�ZLUHOHQJWK�E\�WKH�FDSDFLWDQFH�SHU�XQLW�OHQJWK���)URP���'
VLPXODWLRQV� WKDW� LQFRUSRUDWH� ORZ�N�GLHOHFWULFV� �WDEOH� ����ZH� ILQG� WKH
FDSDFLWDQFH� SHU� XQLW� OHQJWK� WR� EH� GURSSLQJ� E\� DERXW� ���� SHU
JHQHUDWLRQ��RU�D�VFDOLQJ�IDFWRU�RI������>��@���*DWH�FDSDFLWDQFH�FDQ�EH
HYDOXDWHG�E\�HVWLPDWLQJ�WKDW�7R[�LV�VKULQNLQJ�E\����;�SHU�JHQHUDWLRQ
�IURP�WDEOH������:H�VHW�LQWHUFRQQHFW�FDSDFLWDQFH�WR�EH�WZLFH�DV�ODUJH
DV� WKH� IDQ�RXW� FDSDFLWDQFH� EDVHG� RQ� �����µP� FDOFXODWLRQV� �)2 ���
1RWH�WKDW�ZH�DUH�QHJOHFWLQJ�GHYLFH�MXQFWLRQ�DQG�RYHUODS�FDSDFLWDQFHV
LQ�WKLV�DQDO\VLV�

���1RUPDOL]LQJ� &9��,� WR� �� IRU� WKH� RULJLQDO� SURFHVV�� WKH� VKUXQNHQ
SURFHVV�\LHOGV�D�&9��,�YDOXH�RI��������7KLV�UHSUHVHQWV�D�VWDJH�GHOD\
LPSURYHPHQW�RI� ���� IURP�RQH� JHQHUDWLRQ� WR� WKH� QH[W� GHVSLWH� WKH
VPDOOHU�FXUUHQW�GULYH���7UDQVODWLQJ�WR�FORFN�IUHTXHQFLHV��WKHVH�UHVXOWV
SUHGLFW� D� ���� LQFUHDVH� IRU� D� JHQHULF� SURFHVV� VKULQN�� � 7KLV� DQDO\VLV
EULQJV� XS� VHYHUDO� LPSRUWDQW� SRLQWV�� � )LUVW�� LW� VHHPV� SRVVLEOH� WR
PDLQWDLQ�ULVLQJ�SHUIRUPDQFH�OHYHOV�ZKLOH�VFDOLQJ�FKDQQHO�ZLGWKV�HYHQ
LQ� WKH� HUD� RI� YHORFLW\� VDWXUDWLRQ�� � 6HFRQG�� WKH� YROWDJH� DQG� FXUUHQW
FRPSRQHQWV�RI�&9��,�FDQFHO�HDFK�RWKHU�WR�VRPH�H[WHQW��OHDYLQJ�WKH
EXON� RI� WKH� GHOD\� LPSURYHPHQW� WR� UHGXFWLRQ� RI� ORDG� FDSDFLWDQFH�
7KLV�LV�LPSRUWDQW�EHFDXVH�LW�KLJKOLJKWV�WKH�PRVW�YLWDO�LVVXHV�LQ�'60�
,Q�RUGHU�WR�NHHS�RQ�SDFH�ZLWK�SHUIRUPDQFH�SURMHFWLRQV��ZLUHOHQJWKV
QHHG� WR� EH� UHGXFHG�� ORZ�N� GLHOHFWULFV� QHHG� WR� EH� LQWURGXFHG�� DQG
GHYLFH� FDSDFLWDQFHV� QHHG� WR� GURS�� � 7KHVH� DUH� DPRQJ� WKH� PRVW
LPSRUWDQW�IDFWRUV�FRQWULEXWLQJ�WR�IDVWHU�GHVLJQV�

���7DEOH��� VKRZV�GHWDLOHG� UHVXOWV� IURP�WKLV� ILUVW�RUGHU�DQDO\VLV�XVLQJ
DFWXDO�VFDOLQJ�QXPEHUV�WDNHQ�IURP�RXU�VWUDZPDQ�WHFKQRORJ\�� �*DWH
FDSDFLWDQFH� LV�GHWHUPLQHG�XVLQJ�:�/� ����DQG�D�IDQ�RXW�RI���� �$V
PHQWLRQHG� LQ� WKH� SUHYLRXV� GLVFXVVLRQ�� WKH� VKDUS� GHFUHDVH� LQ� ORDG
FDSDFLWDQFH��&JDWH���&ZLUH��FRPSHQVDWHV�IRU�D�VORZ�ULVH�LQ�9''�,GVDW�WR
\LHOG� RYHUDOO� VSHHG� LPSURYHPHQWV�� � $� FRPSDULVRQ� LV� PDGH� WR� JDWH
GHOD\�SUHGLFWLRQV�LQ�>��@��ZKLFK�XVHV���LQSXW�1$1'·V�DQG�VHYHUDO
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�µP�
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)2 �
&ZLUH 9''�,GVDW )UHTXHQF\ >��@
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7DEOH����)LUVW�RUGHU�DQDO\VLV�UHVXOWV�IRU�GHOD\�VFDOLQJ��������µP
YDOXH�LQ�����LV�DGMXVWHG�WR�PDWFK�9''�ZLWK�>��@�

HPSLULFDO� IDFWRUV� WR� DFFRXQW� IRU� GHYLFH� UHVLVWDQFH� DQG� WKH� XVH� RI
G\QDPLF� ORJLF�� � 2XU� VLPSOH� DQDO\VLV� JLYHV� YHU\� VLPLODU� UHVXOWV
UHJDUGLQJ�WKH�VFDOLQJ�WUHQGV�RI�JDWH�GHOD\�LQ�'60�

����� 6LPXODWLRQ�DSSURDFK
���7KH� SUHYLRXV� DSSURDFK� LV� XVHIXO� LQ� GHWHUPLQLQJ� WUHQGV� DQG
LPSRUWDQW� SDUDPHWHUV� LQ� GHOD\� VFDOLQJ�� � +RZHYHU�� LW� PDNHV� VHYHUDO
DVVXPSWLRQV� WKDW� ZH� ZLOO� QRZ� UHPRYH�� � )RU� H[DPSOH�� WKH� DQDO\VLV
LJQRUHG� WKH� LPSDFW� RI� JOREDO� ZLUHV� LQ� FORFN� F\FOH� GHWHUPLQDWLRQ�
6LQFH�GHVLJQV�DUH� JHWWLQJ� ODUJHU�� JOREDO�ZLUHV�EHFRPH� ORQJHU��ZKLFK
PHDQV�WKDW�WKH\�ZLOO�QHFHVVDULO\�WDNH�XS�DQ�LQFUHDVLQJ�SRUWLRQ�RI�WKH
FORFN� F\FOH�� � ,Q� DGGLWLRQ�� ZLULQJ� UHVLVWDQFH�ZDV� LJQRUHG� GXH� WR� WKH
DVVXPSWLRQ� WKDW� GHYLFH� UHVLVWDQFH� GRPLQDWHG�� � $OVR�� RQO\� WKH� JDWH
R[LGH�FRPSRQHQW�RI�GHYLFH�FDSDFLWDQFH�ZDV�WUHDWHG���,Q�WKLV�VHFWLRQ�
ZH� ZLOO� ORRN� PRUH� FORVHO\� DW� WKH� IDFWRUV� LQYROYHG� LQ� GHWHUPLQLQJ
$6,&�SHUIRUPDQFH�XVLQJ�VLPXODWLRQ�WRROV�

���:H�EHJLQ�E\�FKDUDFWHUL]LQJ�D�VPDOO�$6,&� OLEUDU\�IRU�HDFK�SURFHVV
������ WKURXJK�����µP��FRQVLVWLQJ�RI� ��LQSXW�1$1'·V�ZLWK� YDU\LQJ
IDQ�RXWV�� �$V�PHQWLRQHG� HDUOLHU�� %6,0��GHYLFH�PRGHOV� DUH� XVHG� LQ
VLPXODWLRQV�� � $FFRUGLQJ� WR� WKH� SURFHGXUH� RXWOLQHG� LQ� ������ ZH
GHWHUPLQH�WJDWH��RSWLPDO�GHYLFH�VL]LQJ��:Q :S� LQ���LQSXW�1$1'·V��
DQG� WZLUH�� � $IWHU� ILQGLQJ� RSWLPDO� GHYLFH� VL]HV� DW� WKH� ����� µP
JHQHUDWLRQ�� ZH� XVH� WKLV�:�/� UDWLR� IRU� DOO� VXEVHTXHQW� SURFHVVHV� WR
DOORZ�IRU�EHWWHU�FRPSDULVRQV�

���)LJXUH���VKRZV�SORWV�UHVXOWLQJ�IURP�GHYLFH�VL]LQJ�RSWLPL]DWLRQ�IRU
�����DQG�����µP�ZLWK�D�IDQ�RXW�RI���� �,W�FDQ�EH�VHHQ�WKDW�ZKLOH� WKH
JDWH� GHOD\� LV� FRQVWDQW� WKURXJKRXW�� WKH� WRWDO� VWDJH� GHOD\� GHFUHDVHV
DSSUHFLDEO\�ZKHQ�LQFUHDVLQJ�GHYLFH�VL]HV���,Q�WKH�OLPLW��LQILQLWHO\�ODUJH
GHYLFHV�ZLOO�QRW�HYHQ�QRWLFH� WKH�SUHVHQFH�RI� D� UHODWLYHO\� VKRUW�ZLUH�
\LHOGLQJ� D� VWDJH� GHOD\� HVVHQWLDOO\� HTXDO� WR� WJDWH�� � :H� ILQG� WKDW� WKH
RSWLPDO�GHYLFH�VL]H�LV�DURXQG�:�/� ������$W�WKLV�VL]H�� LQWHUFRQQHFW
UHSUHVHQWV� ��� DQG� ���� RI� WKH� WRWDO� GHOD\� DW� ����� DQG� ���� µP
UHVSHFWLYHO\���7KH�IDFW�WKDW�LQWHUFRQQHFW�GHOD\�LV�DFWXDOO\�GHFUHDVLQJ�LV
VRPHZKDW� VXUSULVLQJ�� � 7KH� SULPDU\� UHDVRQV� EHKLQG� WKLV� FRQFOXVLRQ
DUH�WKH�SUHVHQFH�RI�VKRUWHU�DYHUDJH�ZLUHV�DQG�QHZ�PDWHULDOV�

��D�

�E�

)LJXUH� ��� �D��'HYLFH� VL]H� GHWHUPLQDWLRQ� IRU� �����µP��)2� � �
�E��6DPH�SORW�IRU�����µP�LOOXVWUDWHV�GURS�LQ�LQWHUFRQQHFW�GHOD\

10 20 30 40
0

20

40

60

80

100

120

140

160

180

0

20

40

60

80

100

120

140

160

180

Wn,p = 2.5 µm

0.25 µm, L=230 µm, FO=2

 Stage
 Gate
 Wire

D
el

ay
 (

p
s)

Device Size ( * Lmin)

10 20 30 40
0

10

20

30

40

50

60

70

0

10

20

30

40

50

60

70

0.1 µm, L = 80 µm, FO = 2

D
el

ay
 (

ps
)

Wn,p = 1 µm
Device Size (* Lmin)

 Stage
 Gate
 Wire



���3UHYLRXV�VWXGLHV�UHSRUWLQJ�ULVHV�LQ�LQWHUFRQQHFW�GHOD\�KDYH�WHQGHG
WR�IRFXV�RQ�D�IL[HG�OLQH�OHQJWK���'XH�WR�VKULQNLQJ�JDWH�SLWFKHV��ORFDO
ZLUHOHQJWKV� DUH� H[SHFWHG� WR� VKULQN� ZLWK� SURFHVV� VFDOLQJ�� � $V
GHPRQVWUDWHG� LQ� WDEOH� �� ZH� IRUHFDVW� D� GHFUHDVH� LQ� DYHUDJH� ZLULQJ
FDSDFLWDQFH�E\�D� IDFWRU�RI���� IURP������ WR������µP�GXH� WR� VKRUWHU
OLQHV�DQG�ORZ�N�GLHOHFWULFV���7KLV�SRLQW�XQGHUOLHV�RXU�FRQFOXVLRQ�WKDW
LQWHUFRQQHFW� GHOD\� ZLOO� QRW� GRPLQDWH� ZLWKLQ� ��.� JDWH� PRGXOHV� RI
IXWXUH�GHVLJQV�

���+RZHYHU�� WKH� VFDOLQJ� GRZQ� RI� ZLUHOHQJWK� GRHV� QRW� KROG� DW� WKH
JOREDO�OHYHO���,Q�FRQWUDVW��WKHVH�VLJQDOV�PXVW�QHFHVVDULO\�JHW�ORQJHU�LQ
RUGHU� WR� HQVXUH� FRQQHFWLYLW\� LQ� ODUJHU� FKLSV�� � 'XH� WR� WKH� XVH� RI
IXQFWLRQDO� FOXVWHULQJ� �NHHSLQJ� PRGXOHV� WKDW� QHHG� WR� FRPPXQLFDWH
RIWHQ�QHDU�RQH�DQRWKHU���H[WUHPHO\�ORQJ�JOREDO�ZLUHV��/�≥�FKLS�HGJH
OHQJWK��FDQ�EH�PLQLPL]HG�DQG�H[FOXGHG�IURP�FULWLFDO�SDWKV�� �5HFHQW
VWXG\�KDV�VXJJHVWHG�WKDW�W\SLFDO�JOREDO�ZLUHV�PLJKW�EH�FORVHU�WR�KDOI
WKH� FKLS� HGJH� OHQJWK� >��@�� �:H� XVH� WKLV� DV� DQ� DSSUR[LPDWH� VWDUWLQJ
SRLQW�IRU�D�JOREDO�ZLUH�LQ������µP��/� ���FP��DQG�VFDOH�LW�XS�E\����
IRU�HDFK�SURFHVV�VKULQN���6LPXODWLRQ�UHVXOWV�VKRZ�WKDW�DW�D�FRQVWDQW
EXIIHU� ZLGWK� �IL[HG� ,GVDW��� GHOD\� GHFUHDVHV� IURP� SURFHVV� WR� SURFHVV
PDLQO\�GXH� WR� WKH� GURS� LQ� YROWDJH� VZLQJ�� � /RZ�N� GLHOHFWULFV� FDQFHO
RXW� WKH� ���� H[SHFWHG� LQFUHDVH� LQ� ZLUHOHQJWK� VR� WKDW� GHOD\� YDULHV
URXJKO\�ZLWK�9''�DFFRUGLQJ�WR�&9��,�

���$� FRPSDULVRQ� EHWZHHQ� WKH� DSSURDFKHV� LQ� ������ DQG� ������ LV
GHIHUUHG�XQWLO� WKH� LPSDFW�RI�QRLVH�RQ�GHOD\� FDQ�EH� FRQVLGHUHG��:H
ZLOO� DOVR� H[WHQG� RXU�PRGHO� IURP� WKH� GHOD\� RI� D� VLQJOH� VWDJH� WR� WKH
GHOD\�RI�DQ�HQWLUH�FULWLFDO�SDWK�

��� 1RLVH
���7KH� LPSDFW� RI� QRLVH� RQ� V\VWHP� SHUIRUPDQFH� ZDV� GHVFULEHG� LQ
VHFWLRQ�������� �,Q� WKLV�SDUW�RI� WKH�DQDO\VLV��ZH�PRGLI\� WKH� UHVXOWV�RI
VHFWLRQ������� WR� LQFOXGH� GHOD\� GHWHULRUDWLRQ� HIIHFWV� DQG� DOVR� GLVFXVV
WKH�LPSDFW�RI�FURVVWDON�QRLVH�RQ�'60�GHVLJQV���7KH�JHQHUDO�UHVXOW�RI
GHOD\�GHWHULRUDWLRQ� LV� LQFUHDVHG� VWDJH� GHOD\V� GXH� WR� KLJKHU� HIIHFWLYH
FDSDFLWDQFH�DQG�ODUJHU�SRZHU�GLVVLSDWLRQ�GXH�WR�ELJJHU�GULYHUV���$OVR�
WKH� SRUWLRQ� RI� WRWDO� GHOD\� DWWULEXWDEOH� WR� LQWHUFRQQHFW� LV� LQFUHDVHG�
6LJQDO�LQWHJULW\�LV�YLHZHG�DV�D�UHOLDELOLW\�SUREOHP���,W�SODFHV�OLPLWDWLRQV
RQ� WKH� URXWDELOLW\� RI� VLJQDOV� RQ� ORZHU�OHYHO��PLQLPXP�SLWFK�ZLULQJ�
,QFUHDVLQJ� ZLULQJ� SLWFK� WR� DFFRPPRGDWH� FURVVWDON� UHGXFHV� OD\RXW
GHQVLWLHV��ZKLFK�FDQ�EH�D�SUREOHP�LQ�ZLUH�OLPLWHG�GHVLJQV�

����� &ULWLFDO�SDWK
���:H�EHJLQ�E\�FUHDWLQJ�D�JHQHULF�FULWLFDO�SDWK�PRGHO� WKDW�ZLOO� DOORZ
XV�WR�WUDFN�$6,&�FORFN�IUHTXHQFLHV�WKURXJK�VFDOLQJ���)URP�HPSLULFDO
GHVLJQ� GDWD�� ZH� KDYH� GHWHUPLQHG� WKDW� LQ� ����� µP�$6,&� GHVLJQV� D
FULWLFDO�SDWK�W\SLFDOO\�FRQVLVWV�RI�DERXW����VWDJHV���:KLOH�ZH�XVH�D���
LQSXW�1$1'�DV�WKH�JDWH�W\SH�IRU�HDFK�VWDJH��ZH�DOORZ�IRU�GLIIHUHQW
IDQ�RXW�FRQGLWLRQV��ZKLFK�DUH�GHWHUPLQHG�IURP�IDQ�RXW�GLVWULEXWLRQV
RI�WKH�GHVLJQ�GDWD���2XU�PRGHO�LV�EURNHQ�GRZQ�LQWR�EORFNV�RI���������
DQG���VWDJHV�ZLWK�IDQ�RXWV�RI����������DQG���UHVSHFWLYHO\���,Q�DGGLWLRQ�
ZH� LQFOXGH� D� JOREDO� ZLUH� URXWHG� RQ� WKH� WRS� PHWDO� OD\HU�� ZKLFK� LV
EXIIHUHG� WR� UHGXFH� GHOD\�� � 'HOD\� GHWHULRUDWLRQ� HIIHFWV� DUH� QRW
FRQVLGHUHG� RQ� WKH� JOREDO� ZLUH� DQG� D� IL[HG� EXIIHU� VL]H� LV� DVVXPHG
WKURXJKRXW�VFDOLQJ���)LQDOO\������WLPLQJ�RYHUKHDG�LV�DOORWWHG�IRU�WKH
FULWLFDO� SDWK� GXH� WR� FORFN� VNHZ�� SURFHVV� YDULDWLRQ� �ERWK� GHYLFH� DQG
LQWHUFRQQHFW��� DQG� RWKHU� SKHQRPHQRQ�� � 7KLV�PRGHOHG� FULWLFDO� SDWK
FORVHO\�UHIOHFWV�WKH�FKDUDFWHULVWLFV�RI�D�W\SLFDO�SDWK�LQ�D�GHVLJQ�

����� 5HVXOWV
���7KH� QRLVH� DQDO\VLV� XVHV� ZRUVW�FDVH� QHLJKERULQJ� ZLUH� VZLWFKLQJ
DFWLYLW\�WR�GHWHUPLQH�QHZ�GHOD\�YDOXHV���7KH�ZRUVW�FDVH�RFFXUV�ZKHQ
WZR�DGMDFHQW�ZLUHV�VLPXOWDQHRXVO\�VZLWFK�LQ�WKH�RSSRVLWH�GLUHFWLRQ�DV
WKH�YLFWLP�OLQH���6LQFH�WKHUH�LV�QR�ZLULQJ�FRPSRQHQW�WR�WJDWH��WKH�LQ�

)LJXUH����(YROXWLRQ�RI�VWDJH�GHOD\�UHODWLYH�WR�D�IL[HG�JDWH�GHOD\
ZLWK�DQG�ZLWKRXW�QRLVH�FRQVLGHUDWLRQV

WULQVLF�JDWH�GHOD\�ZLOO�UHPDLQ�WKH�VDPH���+RZHYHU��DV�DQWLFLSDWHG�WKH
ODUJHU�HIIHFWLYH� LQWHUFRQQHFW�FDSDFLWDQFH�GXH� WR�0LOOHU� HIIHFW� UHVXOWV
LQ�ODUJHU�WZLUH�YDOXHV��5HVXOWV�DUH�VKRZQ�LQ�ILJXUH����ZKLFK� LOOXVWUDWHV
WKH� UHODWLRQVKLS� EHWZHHQ� JDWH� GHOD\� DQG� VWDJH� GHOD\� IRU� YDULRXV
SURFHVVHV�� �&OHDUO\� WKH�SUHVHQFH�RI�GHOD\�GHWHULRUDWLRQ� LQFUHDVHV� WKH
SRUWLRQ�RI�WRWDO�GHOD\�DWWULEXWDEOH�WR�LQWHUFRQQHFW���+RZHYHU��ZH�VWLOO
IRUHVHH�D�GURS�LQ�WKH�UDWLR�RI�LQWHUFRQQHFW�GHOD\� WR�WRWDO�GHOD\�HYHQ
FRQVLGHULQJ�QRLVH�HIIHFWV���)RU�H[DPSOH��FRQVLGHULQJ�QRLVH�HIIHFWV�WZLUH
FRPSULVHV�����RI�WKH�WRWDO�GHOD\�DW������µP�EXW�RQO\�����DW�����µP�
7KHVH�YDOXHV�DUH�IDU�IURP�WKH�����IRUHFDVWV�FRPPRQO\�UHSRUWHG�DQG
UHIOHFW�WKH�LPSDFW�RI�VKULQNLQJ�DYHUDJH�ZLUHOHQJWKV�RQ�D�FKLS�

���,Q� JHQHUDO�� GHOD\� GHWHULRUDWLRQ� \LHOGV� DSSUR[LPDWHO\� DQ� ���
LQFUHDVH� LQ� WZLUH�� � 7KLV� QXPEHU� FRUUHVSRQGV� YHU\� FORVHO\� ZLWK� WKH
FRQWULEXWLRQ�RI�FRXSOLQJ�FDSDFLWDQFH�WR�WRWDO�OLQH�FDSDFLWDQFH��ZKLFK
LV� DERXW� ���� WKURXJKRXW� VFDOLQJ�� � 7R� FRPSHQVDWH� IRU� WKH� ODUJHU
HIIHFWLYH� FDSDFLWDQFH� WKH� RSWLPDO� GULYHU� VL]H� LV� LQFUHDVHG�� � 7KHVH
ODUJHU� GHYLFHV� FRQWULEXWH� WR� HQKDQFHG� SRZHU� GLVVLSDWLRQ� DQG� PD\
DOVR� UHGXFH� OD\RXW�GHQVLW\� LI�GULYHUV� DUH�PDGH� ODUJH� HQRXJK�� �)RU� D
IL[HG�RSWLPDO�GHYLFH�VL]H�RI�:�/� �����ZH�LQFRUSRUDWH�WKH�QHZ�GHOD\
QXPEHUV� LQWR� WKH� FULWLFDO� SDWK�PRGHO� WR� GHWHUPLQH� H[SHFWHG� $6,&
FORFN� IUHTXHQFLHV� LQ� '60�� � *OREDO� ZLUH� GHOD\� LV� WDNHQ� IURP
VLPXODWLRQV�ZLWK�D���VWDJH�EXIIHULQJ�V\VWHP�DQG�D�IL[HG�VWDJH�ZLGWK
RI�����µP���5HVXOWV�DUH�SUHVHQWHG�LQ�WDEOH���DQG�GHPRQVWUDWH�VLPLODU
WUHQGV� DV� >�@�ZLWK� D� ��������0+]�SHUIRUPDQFH� LQFUHDVH�� � ,VRODWLQJ
WKH� ORJLF� GHOD\� FRPSRQHQW� RI� WKH� FULWLFDO� SDWK�� ZH� FRPSDUH� LWV
HYROXWLRQ�QRUPDOL]HG�WR������µP�ZLWK�UHVXOWV�IURP�WDEOH�����:H�ILQG
WKDW� WKH� LQYHUVH� RI� ORJLF� GHOD\� VFDOHV� DV� ����� ������ DQG� ����� KHUH
FRPSDUHG� WR� WKH� DQDO\WLFDO� UHVXOWV� RI� ������ ������ DQG� ������ � 7KH
GLVFUHSDQFLHV�DUH�GXH�PDLQO\�WR�WKH�LQFOXVLRQ�RI�MXQFWLRQ�DQG�RYHUODS
FDSDFLWDQFHV�DV�ZHOO�DV�GHOD\�GHWHULRUDWLRQ�HIIHFWV�� �1RQHWKHOHVV�� WKH
ILUVW�RUGHU�DQDO\VLV�RI�VHFWLRQ�������\LHOGV�TXDOLWDWLYHO\�FRUUHFW�UHVXOWV
WKDW� DUH� ZLWKLQ� ��� WR� ���� RI� WKH� PRUH� ULJRURXV� DSSURDFK� RI� WKLV
VHFWLRQ�
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7DEOH� ��� $6,&� SHUIRUPDQFH� SUHGLFWLRQV� LQFOXGLQJ� GHOD\
GHWHULRUDWLRQ�HIIHFWV
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2-input NAND, FO = 2, W/L = 23
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����� &URVVWDON
���&URVVWDON�QRLVH�� RU� VLJQDO� LQWHJULW\�� FDQ�EH� FRQVLGHUHG� D� UHOLDELOLW\
LVVXH�� �3UREOHPV� WKDW�FDQ�EH�FDXVHG�E\� FURVVWDON� LQFOXGH� IXQFWLRQDO
HUURUV� GXH� WR� IDOVH� VZLWFKLQJ� DQG� HQKDQFHG� GHYLFH� VWUHVV� ZKHQ
ERRWVWUDSSLQJ� RFFXUV� �9GV� !� 9''��� � &URVVWDON� LV� RI� WKH� XWPRVW
FRQFHUQ�ZKHQ�XVLQJ�G\QDPLF�ORJLF�IDPLOLHV�VXFK�DV�GRPLQR�>��@���$V
D�UHOLDELOLW\�SUREOHP��WKH�PRVW�VWUDLJKWIRUZDUG�ZD\�WR�GHDO�ZLWK�VLJQDO
LQWHJULW\� LV� WKH� JHQHUDWLRQ� RI� DFFXUDWH� GHVLJQ� UXOHV�� � )RU� LQVWDQFH�
ERXQGV�PD\EH� VHW� RQ� WKH� DPRXQW� RI� WROHUDEOH� FURVVWDON� QRLVH� �H�J�
����RI�9''��� � )URP� WKLV� FRQVWUDLQW�� DQDO\WLFDO�PRGHOV� >��@� FDQ� EH
XVHG� WR� GHILQH� D� FULWLFDO� OLQH� OHQJWK� IRU� GLIIHUHQW� PHWDO� OD\HUV� DQG
GULYHU� VFHQDULRV�� �7KLV�SDUDPHWHU��/QRLVH�� LV� WKHQ� FRPSDUHG� WR�/GHOD\�
ZKLFK�LV�GHILQHG�DV�WKH�PD[LPXP�OLQH�OHQJWK�WKDW�FDQ�EH�XVHG�RQ�D
JLYHQ�PHWDO�OD\HU�EHIRUH�EXIIHULQJ�EHFRPHV�EHQHILFLDO�>��@���:H�KDYH
IRXQG� WKDW� IRU� W\SLFDO� GULYHU� FRQGLWLRQV�� FURVVWDON� LV� D�PRUH� VHYHUH
UHVWULFWLRQ�RQ� URXWLQJ� LQ� ORZHU� OHYHO�PHWDOV� WKDQ� GHOD\� �L�H�� /QRLVH��
/GHOD\����,Q�DGGLWLRQ��/QRLVH�LV�DOVR�W\SLFDOO\�VPDOOHU�WKDQ�WKH�GLPHQVLRQV
RI� D� ��.� JDWH�PRGXOH� ZLWKLQ� ZKLFK� LW� LV� GHVLUDEOH� WR� FRQQHFW� WKH
PDMRULW\� RI� JDWHV� ZLWK� PHWDOV� �� DQG� ��� � 7KH� FRQFOXVLRQV� RI� WKLV
GLVFXVVLRQ� DUH� WKDW� QRLVH� FDQ� EH� D� OLPLWLQJ� IDFWRU� LQ� URXWLQJ� DW� WKH
ORZHU�PHWDO�OD\HUV��ZKLFK�PD\�OHDG�WR�D�ORVV�LQ�URXWLQJ�GHQVLW\�GXH�WR
SRVVLEOH� LQFUHDVHV� LQ�SLWFK�� VKLHOGLQJ�ZLUHV�� RU� WKH�QHHG� WR� URXWH� LQ
KLJKHU�OD\HUV�

��� 3RZHU
����� ,PSRUWDQFH�RI�SRZHU
���/RZ�SRZHU� GHVLJQV�� HVSHFLDOO\� PLFURSURFHVVRUV�� KDYH� UHFHLYHG� D
ODUJH� DPRXQW� RI� DWWHQWLRQ� UHFHQWO\� DV� SRUWDEOH� DQG� ZLUHOHVV
DSSOLFDWLRQV� JDLQ� PDUNHWVKDUH�� � $OVR�� HYHQ� LQ� WKH� KLJKHVW
SHUIRUPDQFH�GHVLJQV�SRZHU�KDV�EHFRPH�DQ�LVVXH�VLQFH�WKH�H[WUHPHO\
KLJK� IUHTXHQFLHV�EHLQJ�DWWDLQHG� �FORVH� WR���*+]�� FDQ� HDVLO\� OHDG� WR
SRZHU� GLVVLSDWLRQ� LQ� WKH� PDQ\� WHQV� RI� ZDWWV�� � 'LVVLSDWLRQ� RI� WKLV
DPRXQW�RI�SRZHU� UHTXLUHV�KHDW� VLQNV�� UHVXOWLQJ� LQ� KLJKHU� FRVWV� DQG
SRWHQWLDO�UHOLDELOLW\�SUREOHPV���,Q�WKLV�VHFWLRQ��ZH�GLVFXVV�WKH�UHDVRQV
ZK\�SRZHU�KDV�EHFRPH�D�VLJQLILFDQW�LVVXH�DQG�GHVFULEH�WKH���W\SHV�RI
SRZHU� FRQVXPSWLRQ� DQG� KRZ� WKH\� FDQ� EH� H[SHFWHG� WR� VFDOH� ZLWK
&026�SURFHVVHV�
���,Q� KLJK�SHUIRUPDQFH� $6,&·V� WKHUH� DUH� WKUHH� PDLQ� UHDVRQV� ZK\
SRZHU�GLVVLSDWLRQ�LV�ULVLQJ���)LUVW��WKH�SUHVHQFH�RI�ODUJHU�QXPEHUV�RI
GHYLFHV� DQG� ZLUHV� LQWHJUDWHG� RQ� D� ODUJHU� FKLS� UHVXOWV� LQ� DQ� RYHUDOO
LQFUHDVH� LQ� WKH� WRWDO� FDSDFLWDQFH� IRXQG� RQ� D� GHVLJQ�� � 6HFRQG�� WKH
GULYH� IRU� KLJKHU� SHUIRUPDQFH� OHDGV� WR� LQFUHDVLQJ� FORFN� IUHTXHQFLHV
DQG�G\QDPLF�SRZHU� LV� GLUHFWO\�SURSRUWLRQDO� WR� WKH� UDWH� RI� FKDUJLQJ
FDSDFLWDQFHV� �LQ�RWKHU�ZRUGV�� WKH�FORFN�IUHTXHQF\��� �)LQDOO\�� WKH�XVH
RI� VFDOHG� YROWDJHV� WR� LPSURYH� UHOLDELOLW\�� GHFUHDVH� GHOD\�� DQG
LURQLFDOO\��GURS�SRZHU�FRQVXPSWLRQ�� OHDGV� WR�DQ� LQFUHDVH� LQ� OHDNDJH
FXUUHQW�� �:KLOH�GHFUHDVLQJ� VXSSO\�YROWDJHV�GRHV� UHVXOW� LQ� VLJQLILFDQW
SRZHU�VDYLQJV�RYHUDOO��WKH�VWDWLF��RU�VWDQGE\��FXUUHQW�LQFUHDVHV�ZKLFK
FDQ� EH� GHWULPHQWDO� WR� ORZ�DFWLYLW\� GHVLJQV� WKDW� UHTXLUH� YHU\� OLWWOH
VWDQGE\�SRZHU�FRQVXPSWLRQ���$Q�H[FHOOHQW�RYHUYLHZ�RI�SRZHU�LVVXHV
LQ�&026�8/6,� FLUFXLWV� LV� JLYHQ� LQ� >��@� DORQJ�ZLWK� D�GLVFXVVLRQ� RI
SRZHU�PRGHOLQJ�WHFKQLTXHV�LQ�>��@�

����� '\QDPLF�SRZHU
���'\QDPLF� SRZHU� FRQVXPSWLRQ� RFFXUV� DV� D� UHVXOW� RI� FKDUJLQJ
FDSDFLWLYH�ORDGV�DW�WKH�RXWSXW�RI�JDWHV���7KHVH�FDSDFLWLYH�ORDGV�DUH�LQ
WKH� IRUP�RI�ZLULQJ�FDSDFLWDQFH�� MXQFWLRQ�FDSDFLWDQFH�� DQG� WKH� LQSXW
�JDWH�� FDSDFLWDQFH� RI� IDQ�RXW� JDWHV�� � 7KH� H[SUHVVLRQ� IRU� G\QDPLF
SRZHU�ZDV� JLYHQ� SUHYLRXVO\� DQG� WUHQGV� IRU� VHYHUDO� RI� WKH� YDULDEOHV
KDYH� DOUHDG\� EHHQ� GLVFXVVHG�� � 6ZLWFKLQJ� DFWLYLW\� LV� D� GLIILFXOW
SDUDPHWHU�WR�HVWLPDWH�DOWKRXJK�LW�FDQ�IUHTXHQWO\�EH�DSSUR[LPDWHG�LQ
WKH�����WR�����UDQJH�ZLWK�UHDVRQDEOH�DFFXUDF\�
���,Q� RUGHU� WR� GHWHUPLQH� WKH� LPSDFW� RI� &026� VFDOLQJ� RQ� G\QDPLF
SRZHU� FRQVXPSWLRQ��ZH�GHYHORS� D� VLPSOLILHG�PRGHO�RI� D� ��.� JDWH
PRGXOH�ZKLFK�PD\�H[LVW�LQ�IXWXUH�$6,&·V���*LYHQ�VXFK�LQIRUPDWLRQ

)LJXUH����(YROXWLRQ�RI�G\QDPLF�SRZHU�GHQVLW\�ZLWK�VFDOLQJ
DV�SDFNLQJ�GHQVLW\��GHYLFHV�FP����ZLULQJ�SLWFKHV��DYHUDJH�GHYLFH�VL]H
�WDNHQ�IURP�VHFWLRQ���������DQG�URXWLQJ�GHQVLW\��PHWDO�RFFXSDQF\���ZH
FDOFXODWH�WKH�G\QDPLF�SRZHU�GHQVLW\�WKURXJK�SURFHVV�VFDOLQJ���:H�GR
WKLV� E\� ILUVW� HVWLPDWLQJ� WKH� VL]H� RI� D� PRGXOH�� WKHQ� FDOFXODWLQJ� WKH
LQWHUFRQQHFW�DQG�GHYLFH�FRPSRQHQWV�RI�WKH�WRWDO�FDSDFLWDQFH���)LJXUH
�� VXPPDUL]HV� WKH� UHVXOWV� DQG� VKRZV� WKDW� SRZHU� GHQVLW\� LV� QRW
LQFUHDVLQJ� DSSUHFLDEO\� GHVSLWH� WKH� ULVH� LQ� FORFN� IUHTXHQF\�� � 7KLV
DQDO\VLV� LPSOLHV� WKDW� G\QDPLF� SRZHU� GLVVLSDWLRQ� ZLOO� LQFUHDVH
DSSUR[LPDWHO\� SURSRUWLRQDOO\� WR� WKH� FKLS� DUHD�� � ,W� VKRXOG� EH� QRWHG
WKDW� SRZHU� GLVVLSDWLRQ� LQ� WKH� FORFN� QHWZRUN�� RII�FKLS� GULYHUV�� DQG
PHPRU\�EORFNV�DUH�H[FOXGHG�IURP�WKLV�DQDO\VLV�RI�D�VLPSOH�VWDQGDUG
FHOO�PRGXOH�

����� 6WDWLF�SRZHU
���7KH�GRPLQDQFH�RI�&026�LQ�PRGHUQ�FLUFXLW�GHVLJQ�LV�GXH�LQ�ODUJH
SDUW�WR�LWV�ODFN�RI�VWDWLF�SRZHU�FRQVXPSWLRQ���7KLV�SHUFHLYHG�EHQHILW
LV�EHFRPLQJ�OHVV�WUXH�DV�YROWDJHV�DUH�VFDOHG�LQ�RUGHU�WR�OLPLW�G\QDPLF
SRZHU�� � ,GHDOO\��ZKHQ� WKH� JDWH� YROWDJH� RI� D�026)(7� LV� EHORZ�9W

WKHUH�LV�QHJOLJLEOH�FRQGXFWLRQ���+RZHYHU��D�VPDOO�DPRXQW�RI�OHDNDJH
FXUUHQW�IORZV�DW� WKHVH�FRQGLWLRQV�GXH�WR�WKH� LQDELOLW\�RI� WKH�JDWH� WR
FRPSOHWHO\�WXUQ�RII�WKH�FRQGXFWLQJ�FKDQQHO���$�JRRG�DSSUR[LPDWLRQ
RI�WKH�DPRXQW�RI�VWDWLF�FXUUHQW�LV�JLYHQ�E\��7� ���°�&��>�@�

���

���,W� LV� VHHQ� WKDW� OHDNDJH� FXUUHQW� LV� DQ� H[SRQHQWLDO� IXQFWLRQ� RI
WKUHVKROG�YROWDJH���7KH�QHHG�IRU�VFDOLQJ�9W�WR�PDLQWDLQ�FXUUHQW�GULYH
KDV�EHHQ�GLVFXVVHG�DQG�UHVXOWV�LQ�D�PDUNHG�ULVH�LQ�OHDNDJH�FXUUHQW�DV
ZH� PRYH� LQWR� '60�� � /HDNDJH� FXUUHQWV� LQ� WKH� UDQJH� RI� Q$�µP
EHFRPH� VHULRXV� ZKHQ� FRQVLGHULQJ� WKH� ODUJH� LQWHJUDWLRQ� OHYHOV� LQ
8/6,�� � 6WDWLF� SRZHU� FRQVXPSWLRQ� LV� JLYHQ� E\� 3VWDWLF�  � ,VWDWLF� 9''�
7DEOH���FDOFXODWHV�WKH�OHDNDJH�SRZHU�GHQVLW\�IRU�D���.�JDWH�PRGXOH�
7KHUH�LV�D�����;�LQFUHDVH�IURP������WR�����µP��GHPRQVWUDWLQJ�WKDW
OHDNDJH� SRZHU� LV� EHFRPLQJ� D� ODUJHU� FRPSRQHQW� RI� WRWDO� SRZHU
FRQVXPSWLRQ�ZKLFK�VKRXOG�QRW�EH� LJQRUHG�� �7KH�UDSLG�ULVH� LQ�3VWDWLF

FDOOV�IRU�WKH�XVH�RI�PXOWLSOH�9W�SURFHVVHV�RU�QRYHO�FLUFXLW�WHFKQLTXHV
WR� OLPLW� VWDQGE\� SRZHU� FRQVXPSWLRQ�� � )LQDOO\�� WKH� H[SRQHQWLDO
UHODWLRQVKLS�EHWZHHQ�VWDWLF�SRZHU�DQG�9W�LV�LPSRUWDQW�VLQFH�YDULDWLRQ
LQ�9W�FDQ�EH�VLJQLILFDQW��'HYLFHV�H[KLELWLQJ�9W·V�DW�WKH�ORZHU�WROHUDQFH
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OLPLW�RI�D�SURFHVV�ZLOO�H[KLELW�FRQVLGHUDEO\�PRUH�OHDNDJH�FXUUHQW�WKDQ
D� QRPLQDO� GHYLFH�� � ,Q� WKH� VDPH� PDQQHU�� VWDWLF� FXUUHQW� LV� VWURQJO\
GHSHQGHQW� RQ� WHPSHUDWXUH�� ZLWK� KLJK� RSHUDWLQJ� WHPSHUDWXUHV
UHVXOWLQJ� LQ� VLJQLILFDQWO\� ZRUVHQHG� 026)(7� VXEWKUHVKROG
FKDUDFWHULVWLFV�� �3RRU� FRQWURO� RI� HLWKHU�9W� RU�RSHUDWLQJ� WHPSHUDWXUH
PD\�OHDG�WR�ZLOG�IOXFWXDWLRQV�LQ�VWDWLF�SRZHU�FRQVXPSWLRQ�

����� 6KRUW�FLUFXLW�SRZHU
���7KH� ILQDO� FRPSRQHQW�RI�SRZHU�GLVVLSDWLRQ� LV� VKRUW�FLUFXLW� SRZHU�
)LQLWH� ULVH� DQG� IDOO� WLPHV� DW� WKH� LQSXW�RI� JDWHV�PHDQV� WKDW�ERWK� WKH
SXOO�XS� DQG� SXOO�GRZQ� QHWZRUNV� RI� D� &026� JDWH� DUH� FRQGXFWLQJ
VLPXOWDQHRXVO\�IRU�D�VKRUW�SHULRG�RI�WLPH���'XULQJ�WKLV�WLPH��FXUUHQW
LV�IORZLQJ�EHWZHHQ�9''�DQG�JURXQG��UHVXOWLQJ�LQ�VKRUW�FLUFXLW�SRZHU
GLVVLSDWLRQ�� � 5HVHDUFK� LQ� WKLV� DUHD� KDV� GHPRQVWUDWHG� WKDW� ZHOO�
GHVLJQHG�FLUFXLWV�H[KLELW�VKRUW�FLUFXLW�SRZHU�WKDW�LV�OHVV�WKDQ�����RI
WKH� G\QDPLF� FRPSRQHQW��ZLWK� �� WR� ���� D�PRUH� W\SLFDO� YDOXH� >��@�
:HOO�GHVLJQHG�FLUFXLWV�VWULYH�WR�PDLQWDLQ�UHDVRQDEOH�LQSXW�DQG�RXWSXW
ULVH�WLPHV�VR�WKDW�VKRUW�FLUFXLW�FXUUHQW�FDQQRW�IORZ�IRU�DQ�DSSUHFLDEOH
DPRXQW� RI� WLPH�� � ,Q� VXPPDU\�� VKRUW�FLUFXLW� SRZHU� GLVVLSDWLRQ� LV� D
PDQDJHDEOH� SRUWLRQ� RI� WKH� WRWDO� SRZHU� EXGJHW� DQG� FDQ� EH
DSSUR[LPDWHG�DV�����RI�WKH�G\QDPLF�SRZHU�FRQVXPSWLRQ�

�� 6XPPDU\�DQG�0HWKRGRORJLFDO�,PSOLFDWLRQ
���8OWLPDWHO\�ZH� DUH� FRQFHUQHG�ZLWK� WKH� LPSDFW�RI�'60�HIIHFWV�RQ
IXWXUH�GHVLJQ�PHWKRGRORJLHV���2XU�UHVXOWV�LQGLFDWH�WKDW�LQWHUFRQQHFW
GHOD\�ZLOO�EH� VPDOO� ������� LQ�EORFNV�RI� ��.�JDWHV� DQG�ZLOO� UHPDLQ
UHDVRQDEOH� ������� HYHQ�ZKHQ� SHVVLPLVWLF� QRLVH� FRQVLGHUDWLRQV� DUH
LQWURGXFHG�� � 7KHVH� UHVXOWV� SUHVXPH� WKDW� OLQHV� DUH� DGHTXDWHO\� GULYHQ� WR
FRPSHQVDWH�IRU�FDSDFLWLYH�ORDGV�DQG�QRLVH�HIIHFWV��7KXV��GHVLJQ�IORZV�VKRZQ
LQ� ILJXUHV� �� DQG���PD\�EH�XVHG� LQ�EORFNV�RI� ��.�JDWHV� LI� WKH\� FDQ
HQVXUH�DFFXUDWH�WLPLQJ�DQG�QRLVH�DQDO\VLV�DQG�VXIILFLHQW�FHOO�VL]LQJ��,W
DSSHDUV�WKDW�EORFNV�RI����.�JDWHV�ZLOO�DOVR�EH�PDQDJHDEOH�DOWKRXJK
SRZHU�GLVVLSDWLRQ�SHQDOWLHV�ZLOO�EHJLQ�WR�EH�VLJQLILFDQW�DW�WKDW�SRLQW�
%H\RQG����.�JDWHV��VL]H�RI�WKHVH�EORFNV�LV�OLPLWHG�E\�VHYHUDO�IDFWRUV
GHDOLQJ� ZLWK� LQWHUFRQQHFW�� � )RU� LQVWDQFH�� E\� PDNLQJ� PRGXOHV� WRR
ODUJH� ZLUHOHQJWKV� LQFUHDVH� GXH� WR� FRQQHFWLYLW\� UHTXLUHPHQWV� ZLWKLQ
WKH�EORFN���/RQJHU�ZLUHV�WUDQVODWH�WR�ODUJHU�GHYLFHV�WR�GULYH�WKH�ZLUHV�
VDFULILFLQJ� DUHD� DQG� SRZHU�� $V� D� UHVXOW� ZH� HQYLVLRQ� WKDW� IXWXUH
LQWHJUDWHG� FLUFXLWV� ZLOO� EH� LPSOHPHQWHG� KLHUDUFKLFDOO\� ZLWK� ODUJH
PDFUR�EORFNV� RI� DSSUR[LPDWHO\� ��.� WR� ���.� JDWHV�� 6LJQLILFDQW
IXQFWLRQDOLW\�� VXFK�DV� D� ���ELW�PLFURSURFHVVRU�� FDQ�EH� LPSOHPHQWHG
LQ�VXFK�D�EORFN���,Q�GHVLJQV�ZLWK�����ORJLF�JDWHV��WKLV�WUDQVODWHV�LQWR�D
ZHOO�GHILQHG�OD\RXW�ZLWK�����WR�����PRGXOHV�LQ�WKH�FRUH�DUHD�

�� )XWXUH�:RUN
���3DUWV�RI�WKLV�ZRUN�IRUP�WKH�EDVLV�IRU�WKH�QHZ�%HUNHOH\�$GYDQFHG
&KLS� 3HUIRUPDQFH� &DOFXODWRU� �%$&3$&��� � 7KLV� V\VWHP�OHYHO
SHUIRUPDQFH� PRGHO� LPSURYHV� XSRQ� SUHYLRXV� ZRUN� LQ� >�����@� E\
LQFRUSRUDWLQJ� HQKDQFHG� DQDO\WLFDO� PRGHOV� IRU� GHOD\�� QRLVH�� SRZHU�
DQG�DUHD�ZKLOH�DOVR�DGGUHVVLQJ�WKH�ULVLQJ�V\VWHP�RQ�D�FKLS�KLHUDUFK\
RI� IXWXUH�$6,&·V� DQG�PLFURSURFHVVRUV�� � 7KH�PRGHO� LV� DYDLODEOH� DW�
KWWS���ZZZ�GHYLFH�HHFV�EHUNHOH\�HGX�aGHQQLV�%$&3$&

��� $FNQRZOHGJHPHQWV
���7KH� DXWKRUV� JUDWHIXOO\� DFNQRZOHGJH� WKH� GHVLJQ� GDWD� VXSSOLHG� E\
$QGUHV�7HHQH�RI�6\PELRV�&RUSRUDWLRQ�� �'LVFXVVLRQV�RI� WHFKQRORJ\
IRUHFDVWLQJ�ZLWK�3KLO�)LVKHU��$QGUHZ�.DKQJ��6WHYH�7ULPEHUJHU��DQG
WKH� %HUNHOH\� 1H[VLV� WHDP� ZHUH� YHU\� KHOSIXO�� � ,Q� SDUWLFXODU�� $PLW
0HKURWUD�DQG�6XQLO�.KDWUL�KHOSHG�GHYHORS�WKH�VWUDZPDQ�WHFKQRORJ\�
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>�@� 6�� 'HYDGDV�� $�� *KRVK�� DQG� .�� .HXW]HU�� /RJLF� 6\QWKHVLV�� 0F*UDZ�+LOO�
�����
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�����

>��@�0��0L\DPRWR��7��7DNHGD��DQG�7��)XUXVDZD��´+LJK�VSHHG�DQG�ORZ�SRZHU
LQWHUFRQQHFW� WHFKQRORJ\� IRU� VXE�TXDUWHU�PLFURQ� $6,&·V�µ� ,(((
7UDQVDFWLRQV�RQ�(OHFWURQ�'HYLFHV��SS�����������)HE�������

>��@�(�0��=LHOLQVNL��HW�DO���´'DPDVFHQH�LQWHJUDWLRQ�RI�FRSSHU�DQG�XOWUD�ORZ�N
[HURJHO�IRU�KLJK�SHUIRUPDQFH� LQWHUFRQQHFWV�µ�3URF�� RI� ,('0��SS������
����������

>��@� '�� 6\OYHVWHU�� &�� +X�� 2�6�� 1DNDJDZD�� DQG� 6�<�� 2K�� ´,QWHUFRQQHFW
VFDOLQJ�� VLJQDO� LQWHJULW\� DQG� SHUIRUPDQFH� LQ� IXWXUH� KLJK�VSHHG�&026
GHVLJQV�µ�3URF��RI�9/6,�6\PSRVLXP�RQ�7HFKQRORJ\��SS�������������

>��@� )�� 'DUWX�� DQG� /�� 3LOHJJL�� ´&DOFXODWLQJ� ZRUVW�FDVH� JDWH� GHOD\V� GXH� WR
GRPLQDQW�FDSDFLWDQFH�FRXSOLQJ�µ�3URF��2I�'$&��SS��������������

>��@�*�� <HH�� 5�� &KDQGUD�� 9��*DQHVDQ�� DQG� &�� 6HFKHQ�� ´:LUH� GHOD\� LQ� WKH
SUHVHQFH�RI�FURVVWDON�µ�3URF��RI�7$8��SS����������������
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