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2UJDQLF�VFLQWLOODWLRQ�PDWHULDOV�RI�WKH�QH[W�JHQHUDWLRQ�KDYH�EHHQ�GHVLJQHG�DQG�SUHSDUHG�

QDPHO\��RUJDQLF�SRO\FU\VWDOV�REWDLQHG�IURP�ILQHO\�JURXQG�SHUIHFW�VLQJOH�FU\VWDOV�E\�SUHVV�
LQJ� DQG� RUJDQLF� FRPSRVLWH� VFLQWLOODWRUV� REWDLQHG�E\� LPPHUVLQJ� FU\VWDOOLQH� JUDLQV� LQWR� DQ
RSWLFDOO\�WUDQVSDUHQW�SRO\PHU�PDWUL[��7KH�VFLQWLOODWLRQ�FKDUDFWHULVWLFV�RI�SURSRVHG�VFLQWLO�
ODWLRQ� PDWHULDOV� DV� GHWHFWRUV� IRU� VKRUW�UDQJH� LRQL]LQJ� UDGLDWLRQ� DQG� IDVW� QHXWURQV� DUH
GLVFXVVHG��7KLV�WHFKQRORJ\�IRUPV�WKH�EDVH�IRU�SURGXFWLRQ�RI�ODUJH�DUHD�GHWHFWRUV�ZKLFK�FDQ
EH� XVHG� LQ� GHYLFHV� IRU� HQYLURQPHQWDO� UDGLDWLRQ� FRQWURO�� IRU� VHFXULW\� SXUSRVHV� �L�H�� DW
FXVWRPV�WR�SUHYHQW�WKH�IRUELGGHQ�HQWU\�RI�ILVVLRQ�PDWHULDOV���IRU�YDULRXV�QXFOHDU�SK\VLFDO
H[SHULPHQWV��DQG�LQ�RWKHU�EUDQFKHV�RI�VFLHQFH�DQG�WHFKQRORJ\�
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2UJDQLF�VLQJOH�FU\VWDOV��OLTXLGV��DQG�SODV�
WLFV�ZHUH�LQYHVWLJDWHG�DV�VFLQWLOODWRU�PDWHUL�
DOV� VLQFH���WKV� RU���WKV� RI� WKH���WK� FHQWXU\
GXH� WR� JRRG� OXPLQHVFHQW� FKDUDFWHULVWLFV
WKHUHRI�>�@��7KH�PDWHULDOV�LQFOXGHG�XQLWDU\�
ELQDU\��DQG�WHUQDU\�VROXWLRQV��VROLG�DQG�OLT�
XLG�� RI� RUJDQLF� OXPLQHVFHQW� PROHFXOHV�
:KLOH� WKHVH� PROHFXODU� VFLQWLOODWLRQ� PDWHUL�
DOV� EHORQJ� WR� GLIIHUHQW� FODVVHV� RI� RUJDQLF
VXEVWDQFHV��DOO�RI�WKHP�DUH�DURPDWLF�K\GUR�
FDUERQV� FRQVLVWLQJ� RI� FRQGHQVHG� RU� ERQGHG
V\VWHPV� RI� EHQ]HQH� ULQJV� >�@�� ,Q� WKH� ��WKV
DQG� ��WKV�� LW� EHFDPH� FOHDU� WKDW� WR� REWDLQ� D
KLJK�TXDOLW\�VFLQWLOODWRU��LW�LV�QRW�VXIILFLHQW
MXVW� WR� KDYH� VRPH� VROXWLRQ� ZLWK� JRRG� SKR�

WROXPLQHVFHQFH� FKDUDFWHULVWLF�� ,QYHVWLJDWLRQ
RI� WKH� VFLQWLOODWLRQ� PHFKDQLVP� KDYH� VKRZQ
WKDW� LQ� FRQWUDVW� WR� SKRWROXPLQHVFHQFH�� WKH
ILUVW� H[FLWDWLRQ� VWHS� LV� FKDUDFWHUL]HG�E\� UD�
GLROXPLQHVFHQFH��7KLV�VWHS�FDQ�EH�HYHQ�PRUH
LPSRUWDQW� WKDQ� WKH� HOHFWURQ� H[FLWDWLRQ� HQ�
HUJ\�WUDQVIHU�SURFHVVHV�LQ�WKH�V\VWHP�>�Ü�@�
,Q� DGGLWLRQ�� IRU� UHDO� SUDFWLFDO� DSSOLFDWLRQV�
FKHDS� VFLQWLOODWRUV� RI� ODUJH� YROXPH� ZHUH
QHFHVVDU\�ZKLFK�ZRXOG�DOORZ�WKH�HOHFWURQLFV
WR�VHSDUDWH�VLJQDOV�RXW�RI�GHWHFWHG�DQG�EDFN�
JURXQG�UDGLDWLRQ��7KHUHIRUH��WKH�QXPEHU�RI
W\SHV� RI� VFLQWLOODWRUV� ZKLFK� KDYH� SURYHQ
SUDFWLFDO� DSSOLFDWLRQV� LV� QRW� VR� ODUJH�� ,W
VKRXOG�EH�VWDWHG�WKDW�SODVWLF�VFLQWLOODWRUV�GR
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QRW� DOORZ�SXOVH� VKDSH�GLVFULPLQDWLRQ��ZKLOH
OLTXLG� VFLQWLOODWRUV� DUH� QRW� DOZD\V� HDV\� WR
XVH�LQ�ILHOG�PHDVXUHPHQWV��

2UJDQLF� VLQJOH� FU\VWDOV� KDYH� WKH� EHVW
VSHFWURPHWU\� FKDUDFWHULVWLFV�DQG� OLJKW�\LHOG
DV�FRPSDUHG� WR�SODVWLFV� DQG� OLTXLGV�EXW�DUH
PRUH� H[SHQVLYH� DQG� WKHLU� GLDPHWHUV� GR� QRW
H[FHHG� ��Ü��� PP�� ,Q� WKH� ��WKV�� LW� EHFDPH
FOHDU� WKDW� IRU� SUDFWLFDO� DSSOLFDWLRQV�� WKH
RQO\� RUJDQLF� VLQJOH� FU\VWDOV�ZKLFK� FRXOG� EH
SURGXFHG�DQG�XVHG�DV�VFLQWLOODWRUV�ZHUH�VWLO�
EHQH��&��+����DQG�S�WHUSKHQ\O��&��+����DFWL�YDWHG� ZLWK� GLSKHQ\O� EXWDGLHQH� >�@�� 1HYHU�
WKHOHVV��HYHQ�IRU�WKHVH�FU\VWDOV��ZKLFK�VKRZ
VXSHULRU�SURSHUWLHV�WKDQ�RWKHU�RUJDQLF�FU\VWDOV�
WKH� SK\VLFDO� SURFHVVHV� GHILQLQJ� WKHLU� JURZWK
VWLOO�OLPLWHG�WKHLU�VWUXFWXUDO�SHUIHFWLRQ�DV�ZHOO
DV� WKHLU� GLDPHWHU� �ZKLFK� SOD\V� WKH� UROH� RI
�LQSXW�ZLQGRZ��IRU�WKLQ�FU\VWDOV���

,PSURYHPHQW� LQ�WKH�FU\VWDO�JURZWK�WHFK�
QRORJLHV�PDGH� LW� SRVVLEOH� IRU�XV� WR�SURGXFH
RUJDQLF� VLQJOH� FU\VWDOV� ZLWK� D� FRQWUROOHG
VWUXFWXUDO� SHUIHFWLRQ�� GLDPHWHUV� XS� WR
���� PP�� DQG� WKLFNQHVV� RI� ���� PP�� WKH
OLJKW� \LHOGV� LQ� WKHVH� QHZ� FU\VWDOV� DUH
���� WLPHV� KLJKHU� WKDQ� LQ� VLPLODU� RUJDQLF
FU\VWDOV� SURGXFHG� E\� VWDQGDUG� WHFKQRORJ\
>����@�� 1HYHUWKHOHVV�� FU\VWDOOLQH� RUJDQLF
VFLQWLOODWRUV� ZLWK� D� JUHDWHU� GHWHFWLRQ� DUHD
DUH� VWLOO� UHTXLUHG� IRU� VSHFLDO� DSSOLFDWLRQV�
7KHUHIRUH�� ZH� GHVLJQHG� DQG� SUHSDUHG� RU�
JDQLF� VFLQWLOODWLRQ� PDWHULDOV� RI� WKH� QH[W
JHQHUDWLRQ�� L�H�� RUJDQLF� SRO\FU\VWDOV� RE�
WDLQHG� IURP� ILQHO\� JURXQG� SHUIHFW� VLQJOH
FU\VWDOV� E\�SUHVVLQJ��7KH�PDLQ� LGHD� RI� WKLV
DSSURDFK�LV�WKH�IROORZLQJ��7KH�VL]H�RI�JUDLQV
REWDLQHG� E\� JULQGLQJ� D� VLQJOH� FU\VWDO�PXVW
KDYH� GLPHQVLRQV� ODUJH� HQRXJK� WR� GHWHFW
VKRUW�UDQJH�SDUWLFOHV�RU�UHFRLO�QXFOHL��$�VHW
RI� JUDGLQJ� VLHYHV� SURYLGHV� WKH� VHOHFWLRQ� RI
WKH�JUDLQ�IUDFWLRQ�RI�QHFHVVDU\�VL]H�/�ZKLFK
KDV� WR� EH� FRPSDUDEOH� ZLWK�� RU� EH� ODUJHU
WKDQ�� WKH� UDQJH� RI� WKH� LRQL]LQJ� SDUWLFOH�
3RO\FU\VWDOV� REWDLQHG� LQ� WKLV� ZD\� VKRXOG
SURYLGH�D�JRRG� OLJKW�FROOHFWLRQ�WR�REWDLQ�DQ
DSSUHFLDEOH�VFLQWLOODWLRQ�VLJQDO�IURP�D�VKRUW�
UDQJH�LRQL]LQJ�UDGLDWLRQ�XQGHU�GHWHFWLRQ��

7KH� RUJDQLF� FRPSRVLWH� VFLQWLOODWRU� LV� DQ�
RWKHU�QRYHO�W\SH�RI�ODUJH�DUHD�RUJDQLF�GHWHF�
WRU�� 7KRVH� DUH�PDGH� E\� JULQGLQJ� D� VWLOEHQH
FU\VWDO� WR� GLIIHUHQW� JUDLQ� VL]H� IUDFWLRQV�
7KHVH� IUDFWLRQV� DUH� DGGHG� WR� DQ� RSWLFDOO\
WUDQVSDUHQW�SRO\PHU�EDVH��6XFK�D�FRPSRVLWH
VFLQWLOODWRU� LV� HQFDSVXODWHG� LQ� D� KRXVLQJ
PDGH� IURP� RUJDQLF� JODVV� WR� LPSURYH� WKH
OLJKW�FROOHFWLRQ�DQG�WR�UDLVH�WKH�HIILFLHQF\�RI
IDVW�QHXWURQ�GHWHFWLRQ��7KLV�GHWHFWRU�FDQ�EH
XVHG� IRU� WKH� GHWHFWLRQ� RI� IDVW� QHXWURQV� LQ
GHYLFHV�IRU�HQYLURQPHQWDO�UDGLDWLRQ�FRQWURO�

IRU� VHFXULW\� SXUSRVHV� �L�H�� WR� SUHYHQW� WKH
LOOHJDO� WUDQVSRUW� RI� ILVVLRQ� PDWHULDOV��� IRU
SK\VLFDO�H[SHULPHQWV��DQG�LQ�RWKHU�EUDQFKHV
RI�VFLHQFH�DQG�WHFKQRORJ\��

2UJDQLF�VLQJOH�FU\VWDOV��7KH�PDLQ�GLIIHU�
HQFHV�EHWZHHQ�RXU�WHFKQLTXH�DQG�WUDGLWLRQDO
RQHV�DUH�WKH�IROORZLQJ�>�@��$Q�RUJDQLF�VLQJOH
FU\VWDO� LV� JURZQ� IURP� D�PHOW� WKDW� FRQWDLQV
HOHFWURQ�VHHNLQJ� DGGLWLRQ� DJHQWV� �(6$$��
7KH�FKDUJH�WUDQVIHU�FRPSOH[�OLNH�VWUXFWXUHV
FRQVLVWLQJ�RI�D�PHOW�PROHFXOH�DQG�DQ�(6$$
PROHFXOH� DULVH�� 7KH� HOHFWURVWDWLF� ILHOG� RI
VXFK�D�FRPSOH[� LQLWLDWHV�SRODUL]DWLRQ�RI�DG�
MDFHQW� PROHFXOHV�� DQG� IRUPV� RULHQWHG� SDUWV
LQ� WKH� PHOW�� 7KHVH� RULHQWHG� SDUWV� SURPRWH
WKH� IRUPDWLRQ� RI� FU\VWDOOL]DWLRQ� FHQWHUV� LQ
WKH� JURZLQJ� FU\VWDO� OD\HU�� ZKLFK� SUHGHWHU�
PLQHV� WKH� FU\VWDO� JURZWK� SURFHVV� >�@�� 'RS�
LQJ� WKH� PHOW� ZLWK� GLIIHUHQW� DPRXQWV� RI
(6$$�PROHFXOHV�PDNHV�LW�SRVVLEOH�WR�FRQWURO
WKH� VWUXFWXUDO� SHUIHFWLRQ� RI� WKH� JURZQ� VLQ�
JOH� FU\VWDOV�� 7KLV� UHVXOWV� LQ� D� FKDQJH� RI
URRW�PHDQ�VTXDUH� UDQGRP� RULHQWDWLRQ� V� RI
WKH� VLQJOH� FU\VWDO� PRVDLF� VWUXFWXUH�� DQG
WKHUHIRUH�� LQ� D� FKDQJH� LQ� WKH� FRQFHQWUDWLRQ
RI� GHHS� WUDSV� IRU� FKDUJH� FDUULHUV� DQG� H[FL�
WRQV�>�@��,W�LV�DVVXPHG�WKDW�WKH�VLQJOH�FU\V�
WDO�ZLWK�PLQLPDO�YDOXH�RI�V�KDV�WKH�KLJKHVW
VWUXFWXUH� SHUIHFWLRQ�� $QQHDOLQJ� LQFUHDVHV
WKH� UDGLROXPLQHVFHQFH� LQWHQVLW\� RQO\� E\
������ZKLOH�WKH�UDGLROXPLQHVFHQFH�LQWHQVLW\
RI� D� VWUXFWXUDOO\� SHUIHFW� VLQJOH� FU\VWDOV� LV
���Ü������DV�PXFK�DV�IRU�RUGLQDU\�RUJDQLF
VLQJOH�FU\VWDO�REWDLQHG�XVLQJ�WKH�VDPH�PDWH�
ULDO�>�@���

2UJDQLF� SRO\FU\VWDO� VFLQWLOODWRUV��$�SRO\�
FU\VWDO� VFLQWLOODWRU� LV�D� FROG�SUHVVHG�RU�KRW�
SUHVVHG� SRO\FU\VWDO� EDVHG� RQ� JUDLQV� �ZLWK
JUDLQ� VL]H� /�� RI� VWLOEHQH� RU� S�WHUSKHQ\O�
*ULQGLQJ�RI�D�VLQJOH�FU\VWDO�ZLWK�KLJK�VWUXF�
WXUDO� SHUIHFWLRQ� DW� D� ORZ� WHPSHUDWXUH� IRO�
ORZHG� E\� VHSDUDWLRQ� RI� WKH� FU\VWDO� JUDLQV
REWDLQHG� WKURXJK� VLHYHV� SURYLGHV� WKH� UDZ
PDWHULDO� IRU� VXFK� D� SRO\FU\VWDO�� 7KH� FROG�
SUHVVHG� SRO\FU\VWDOV� ZHUH� REWDLQHG� E\� VLQ�
JOH�D[LDO� SUHVVLQJ� ����Ü���� 03D�� RI� WKH
VLQJOH� FU\VWDO� SRZGHU� LQ� D� ULJLG� PRXOG� DW
URRP� WHPSHUDWXUH�� 7KH� KRW�SUHVVHG� SRO\�
FU\VWDOV�ZHUH�REWDLQHG�GXULQJ�WKH�DQQHDOLQJ
DW� WKH�PHOWLQJ� WHPSHUDWXUH�DQG�K\GURVWDWLF
FRPSDFWLRQ�DW�DERXW�����03D��7KXV��LQ�WKH
ODWWHU� FDVH��D� VROLG�VWDWH� UHFU\VWDOOL]DWLRQ� LV
DQ�DGGLWLRQDO�VWHS�LQ�WKH�FU\VWDO�SUHSDUDWLRQ
>����@�� 7R� FRQVLGHU� LQ� GHWDLO� WKH� FRUUHODWLRQ
EHWZHHQ�WKH�/�YDOXH�UDQJH�DQG�WKH�VFLQWLOOD�
WLRQ�FKDUDFWHULVWLFV�RI�SRO\FU\VWDOV��ZH�KDYH
XVHG� JUDLQV� RI� D� VWLOEHQH� VLQJOH� FU\VWDO� GL�
YLGHG� LQWR� �� VL]H� UDQJHV�� 7KH� KRW�SUHVVHG
VWLOEHQH� SRO\FU\VWDOV� KDG� WKH� IROORZLQJ
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UDQJHV� RI� /�YDOXHV�� ���� WR� ���� PP�� ���� WR
����PP������WR�����PP������WR�����PP�����
WR� ���� PP�� ���� WR� ���� PP�� DQG� ���� WR
����PP�

&RPSRVLWH� RUJDQLF� VFLQWLOODWRUV�� $� FRP�
SRVLWH� VFLQWLOODWRU�FRQWDLQV� WKH�JUDLQV� �ZLWK
JUDLQ�VL]H�/��RI�VWLOEHQH��RU�S�WHUSKHQ\O��LP�
PHUVHG� LQWR� DQ� RSWLFDOO\� WUDQVSDUHQW� SRO\�
PHU�� 7KH� FXUUHQW� LQYHVWLJDWLRQ� LQFOXGHV
���JUDLQ�VL]H�UDQJHV�ZLWK�/�YDOXHV�EHWZHHQ
��DQG�����PP��QDPHO\����WR����������WR�����
����WR����������WR����������WR����������WR�����
����WR���PP������WR����������WR������DQG����
WR� ���� PP�� ,W� VKRXOG� EH� QRWHG� WKDW� WKH
JUDLQV� LQ� WKLV� V\VWHP� DUH� VHSDUDWHG� E\� WKH
PDWUL[��7KHUHIRUH��WKH�WDVN�RI�LPSURYHPHQW
RI� WKH� VWUXFWXUH� SHUIHFWLRQ� RI� D� FRPSRVLWH
VFLQWLOODWRU�LQ�FRQWUDVW�WR�WKH�FDVH�RI�D�SRO\�
FU\VWDO�GRHV�QRW�DSSHDU��)RU�FRPSRVLWH�VFLQ�
WLOODWRUV�� LW� LV� LPSRUWDQW� WR� FKRRVH� WKH� FRU�
UHFW�PDWUL[�EDVH�DQG� WR�XQGHUVWDQG�WKH�RS�
WLPDO� FRQFHQWUDWLRQ� DQG� GLPHQVLRQV� RI
FU\VWDO� JUDLQV� LQVLGH� WKLV�PDWUL[�� 6RPH� DV�
SHFWV� RI� WKH� SURSRVHG� WHFKQRORJ\� KDV� EHHQ
UHFHQWO\�GHVFULEHG�>�����@�

7KH� GHPDQGV� IRU� RSWLPDO� WKLFNQHVV� RI� D
QHXWURQ� GHWHFWRU� DQG� WKH� GLPHQVLRQV� RI
FU\VWDO�JUDLQV�KDYH�WR�EDVH�RQ�WKH�IROORZLQJ�
1HXWURQV� LRQLVH� LQGLUHFWO\� WKH� VFLQWLOODWRU
PROHFXOHV�E\�SURGXFLQJ�WKH�VHFRQGDU\�SDUWL�
FOHV� �UHFRLO� SURWRQV�� ZKLFK�� LQ� WXUQ�� LRQLVH
DQG� H[FLWH� WKH� VFLQWLOODWRU�PROHFXOHV��$V� WR
WKH�VFLQWLOODWRU�WKLFNQHVV�VXIILFLHQW�WR�PDNH
WKH�JHQHUDWLRQ�SURFHVV� RI� UHFRLO�SURWRQV�HI�
IHFWLYH�� LW� LV�QHFHVVDU\�WR�WDNH�LQWR�DFFRXQW
WKDW� WKH� HIILFLHQF\� LQFUHDVHV� ZLWK� VFLQWLOOD�
WRU� WKLFNQHVV�� EXW� WKH� HQHUJ\� UHVROXWLRQ� LV
ZRUVHQLQJ��7R�HVWLPDWH�WKH�VL]H�RI�JUDLQV��LW
LV�WR�QRWH�WKDW�WR�GHWHFW�WKH�UHFRLO�SURWRQ�RI
KLJKHVW�HQHUJ\�LQ�WKH�VSHFWUXP��LW�LV�QHFHV�
VDU\�WR�WDNH�WKH�JUDLQV�ZLWK�/�YDOXHV�HTXDO
WR� WKH� SDWK� UDQJH� RI� VXFK� D� SURWRQ� LQ� WKH
PHGLXP��$W�WKH�VDPH�WLPH��WKH�OLJKW�FROOHF�
WLRQ� SURFHVVHV� PD\� LQIOXHQFH� FRQVLGHUDEO\
WKH� VFLQWLOODWRU� OLJKW� \LHOG� DQG� WKH� JUDLQ
VL]H� LQIOXHQFH� RQ� WKH� OLJKW� FROOHFWLRQ� LV
UDWKHU�VLJQLILFDQW��7KH�RQO\�LV�FOHDU�WKDW�DV
WKH�/�YDOXH�GHFUHDVHV�WKH�QXPEHU�RI�VFDWWHU�
LQJ� VXUIDFHV� IRU� VFLQWLOODWLRQ� OLJKW� LQ�
FUHDVHV��WKHUHIRUH�� OLJKW�RXWSXW�RI�WKH�VFLQ�

WLOODWLRQ� GHWHFWRU� EHFRPHV� UHGXFHG�� 7KHUH�
IRUH�� UHVXOWV� FDQ�EH� REWDLQHG�RQO\� LQ�GLUHFW
H[SHULPHQWV�

7DEOH� SUHVHQWV� WKH� PDLQ� VFLQWLOODWLRQ
FKDUDFWHULVWLFV� RI� VWLOEHQH� DQG� S�WHUSKHQ\O
�GRSHG�ZLWK� ����������GLSKHQ\O�����EXWDGL�
HQH��VLQJOH�FU\VWDOV�REWDLQHG�E\�WKH�WHFKQRO�
RJ\� GHVFULEHG� DERYH�� DQG� VKRZV� WKH� DYHU�
DJHG� YDOXHV� RI� OLJKW� \LHOG� DQG� HQHUJ\� UHVR�
OXWLRQ�� 7KH� VSUHDG� LQ� WKH� YDOXHV� REWDLQHG
IRU�GLIIHUHQW�VDPSOHV�GRHV�QRW�H[FHHG������
7KH� UHVXOWV� RI� PHDVXUHPHQWV� REWDLQHG� LQ
>��@� DOORZ� XV� WR� H[WUDSRODWH� WKH� DYHUDJH
OLJKW�\LHOG�YDOXH�REWDLQHG�DW�URRP�WHPSHUD�
WXUH�WR�WKH�WHPSHUDWXUH�UDQJHV�SUHVHQWHG�LQ
7DEOH��

)RU� WKH� OLJKW� \LHOG� PHDVXUHPHQWV� LQ� D
VHULHV� RI� ���u��PP�� KRW�SUHVVHG� VWLOEHQH
SRO\FU\VWDOV��ZH�XVHG�������0H9�FRQYHUVLRQ
HOHFWURQV�IURP�D����&V�VRXUFH�DQG������0H9
DOSKD� SDUWLFOHV� IURP� ���3X� SODFHG� LQ� ��PP
FROOLPDWRU��7KH� OLJKW�\LHOG� RI� WKH� UHIHUHQFH
VWLOEHQH� VLQJOH� FU\VWDO� ���u��PP�� ZDV
���u���� SKRWRQV� SHU� �� 0H9� RI� JDPPD� UD�
GLDWLRQ�HQHUJ\�

)LJV����DQG���GHPRQVWUDWH�WKH�DPSOLWXGH
VSHFWUD�RI�DOSKD��DQG�EHWD�VFLQWLOODWLRQV��UH�
VSHFWLYHO\�� IRU� VDPSOHV� IURP� D� VHULHV� RI
���u��PP�� KRW�SUHVVHG� VWLOEHQH� SRO\FU\V�
WDOV�� 8VLQJ� WKH� UHVXOWV� RI� WKRVH� PHDVXUH�
PHQWV��ZH�KDYH�FDOFXODWHG�WKH�UHODWLYH�OLJKW
\LHOG� -� RI� VWLOEHQH� FRPSRVLWH� VFLQWLOODWRUV�
)LJ���� VKRZV� WKH� FDOFXODWHG� -� YDOXHV� YV
JUDLQ�VL]H�/�RI�VWLOEHQH�SRO\FU\VWDOV��2Q�WKH
DEVFLVVD�� WKH� DYHUDJH� /� YDOXHV� IRU� VSHFLILF
JUDLQ� VL]H� UDQJHV� DUH� SUHVHQWHG�� %RWK� IRU
DOSKD�SDUWLFOH�H[FLWDWLRQ�DQG�IRU�FRQYHUVLRQ
HOHFWURQ� H[FLWDWLRQ�� WKH� OLJKW� \LHOG� RI� WKH
UHIHUHQFH����u��PP��VWLOEHQH�VLQJOH�FU\VWDO
LV�WDNHQ�DV��������

7KH�KRW�SUHVVHG�SRO\FU\VWDO�ZLWK�/�RI����
WR� ���� PP� LV� VHHQ� WR� H[KLELW� WKH� RSWLPDO
UHODWLYH� OLJKW� \LHOG�� 6FLQWLOODWRUV� REWDLQHG
XVLQJ� WKH� JUDLQV� ZLWK�/� H[FHHGLQJ�����PP
KDYH�WKH�OLJKW�\LHOG�YDOXHV�GLIIHULQJ�ZLWKLQ
��� ��� 6R�� WKH� KRW�SUHVVHG� SRO\FU\VWDOV� DV
VKRUW�UDQJH� GHWHFWRUV� DUH� FORVH� LQ� WKH� VFLQ�
WLOODWLRQ� HIILFLHQF\� WKH� VLQJOH� FU\VWDO� DQG
KDYH�WR�EH�PRUH�WUDQVSDUHQW�IRU�WKH�HPLWWHG

7DEOH��6FLQWLOODWLRQ�FKDUDFWHULVWLFV�RI�VWLOEHQH�DQG�GRSHG�S�WHUSKHQ\O�VLQJOH�FU\VWDOV

6FLQWLOODWLRQ
PDWHULDO

6FLQWLOODWRU�GLPHQVLRQV��PP :RUNLQJ
WHPSHUDWXUH�

.>��@
/LJKW�\LHOG�
SKRWRQV�0H9

(QHUJ\
UHVROXWLRQ���'LDPHWHU +HLJKW

'RSHG�S�WHUSKHQ\O ���WR���� ��WR���� ����WR���� ������� ���
6WLOEHQH ���WR���� ��WR���� ����WR���� ������� ���
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OLJKW�� ,Q� FRQWUDVW� WR� VLQJOH� FU\VWDOV�� WKH
SUHSDUDWLRQ� PHWKRG� XVLQJ� WKH� SRO\FU\VWDOV
GRHV�QRW�LPSRVH�DQ\�SK\VLFDO�OLPLWDWLRQV�RQ
WKHLU�GLDPHWHU��EXW�LQ�SUDFWLFH��WKDW�ZLOO�EH
GHILQHG�E\�WKH�UHTXLUHPHQWV�WR�VFLQWLOODWLRQ
OLJKW� FROOHFWLRQ� �LQFOXGLQJ� WKH� OLJKW� GHWHF�
WLRQ�V\VWHP�VL]H���DQG�WR�WKH�RSHUDWLRQ�FRQ�
GLWLRQV�UHTXLUHPHQWV��PHFKDQLFDO� ORDG��WHP�
SHUDWXUH��HWF����

:H�KDYH�VWXGLHG�D�VHULHV�RI�VWLOEHQH�FRP�
SRVLWH� VFLQWLOODWRUV� DQG� D� VHULHV� RI� GRSHG
S�WHUSKHQ\O� FRPSRVLWH� VFLQWLOODWRUV� DV� IDVW
QHXWURQ� GHWHFWRUV� XVLQJ� D� ���3X±%H� VRXUFH�
7R�VHSDUDWH�QHXWURQ��UHFRLO�SURWRQ��VFLQWLOOD�
WLRQV� IURP� EDFNJURXQG� VLJQDO� IURP� JDPPD
SKRWRQV�� ZH� XVHG� D� GLVFULPLQDWLRQ� PHWKRG
EDVHG�RQ�WKH�GLIIHUHQFH�LQ�VFLQWLOODWLRQ�SXOVH
VKDSHV� REWDLQHG� XQGHU� GLIIHUHQW� H[FLWDWLRQ
W\SHV� >��@�� 7KH� QHXWURQ� VSHFWUXP� UHFRQ�
VWUXFWLRQ� SURFHGXUH� IURP� WKH� UHFRLO� SURWRQ
VSHFWUXP� KDV� EHHQ� GHVFULEHG� LQ� GHWDLO� LQ
>��@�� 7KH� QHXWURQ� VFLQWLOODWLRQ� VSHFWUXP
M�(Q������FDQ�EH�UHFRQVWUXFWHG�IURP�D�UHFRLO
SURWRQ� VSHFWUXP� X�(S�� WKDW� ZDV� PHDVXUHG
IRU�(Sd(Q��L�H��

°
°
°

M�(Q�� ��
(Q
H�(Q�

�u�GX�(S�
G(S

°
°
°(S� �(Q

� ���

ZKHUH� H�(Q�� LV� WKH� GHWHFWLRQ� HIILFLHQF\��(QDQG�(S�� WKH�HQHUJLHV�RI�QHXWURQV�DQG�UHFRLOSURWRQV��UHVSHFWLYHO\�
)LJ����SUHVHQWV�DQ�H[DPSOH�RI� WKH�UHFRQ�

VWUXFWHG�QHXWURQ�VSHFWUXP�IURP�D����3X±%H
VRXUFH�IRU�D�FRPSRVLWH�VFLQWLOODWRU��7KLV�UH�
VXOW�ZDV�REWDLQHG�IRU�WKH����u���PP��FRP�
SRVLWH�S�WHUSKHQ\O�ELQDU\�VFLQWLOODWRU�ZLWK�/
RI�����WR�����PP��3HDNV���WKURXJK���LQ�)LJ���

FRUUHVSRQG� WR� ZHOO�NQRZQ� QHXWURQ� HQHUJLHV
������ ����� ����� ����� ����� ����� ����� ����� DQG
����0H9��UHVSHFWLYHO\�>��Ü��@��HPLWWHG�E\�D
���3X±%H� VRXUFH�� ,W� VKRXOG� EH� QRWHG� WKDW
VXFK� D� VSHFWUXP� LV� W\SLFDO� RI� DOO� VWLOEHQH
DQG� S�WHUSHQ\O� FRPSRVLWH� VFLQWLOODWRUV�� 7KH
FRQVLGHUDWLRQV�RI� WKH�UHFRQVWUXFWHG�QHXWURQ
VSHFWUD� IRU� D� VHULHV� RI� VWLOEHQH� FRPSRVLWH
VFLQWLOODWRUV�DQG�IRU�D�VHULHV�RI�GRSHG�S�WHU�
SHQ\O�FRPSRVLWH�VFLQWLOODWRUV�KDV�VKRZQ�WKDW
WKH� HQHUJ\� UHVROXWLRQ� RI� SHDNV� LQ� QHXWURQ
VSHFWUD� IRU� FRPSRVLWH� VFLQWLOODWRUV� LV� QRW
ZRUVH� WKDQ� IRU� UHIHUHQFH� VLQJOH� FU\VWDOV� RI
VWLOEHQH�DQG�GRSHG�S�WHUSHQ\O��UHVSHFWLYHO\��

7KH� GHSHQGHQFH� RI� WKH� IDVW� QHXWURQ� GH�
WHFWLRQ� HIILFLHQF\� RQ� QHXWURQ� HQHUJ\� LV
DPRQJ�PDLQ�FKDUDFWHULVWLFV�RI�D�VFLQWLOODWRU
DV� D� QHXWURQ� GHWHFWRU�� 7KH� UHODWLYH� HIIL�
FLHQF\� RI� QHXWURQ� GHWHFWLRQ� HUHO� DV� D� IXQF�WLRQ�RI�QHXWURQ�HQHUJ\�ZDV�FDOFXODWHG�DV�

)LJ����� $PSOLWXGH� VSHFWUD� RI� EHWD� VFLQWLOOD�
WLRQV� IRU� VDPSOHV� RI� D� VHULHV� RI����u��PP�
KRW�SUHVVHG� VWLOEHQH� SRO\FU\VWDOV� ZLWK� JUDLQ
VL]H�/�

)LJ����� $PSOLWXGH� VSHFWUD� RI� DOSKD� VFLQWLOOD�
WLRQV� IRU� VDPSOHV� RI� D� VHULHV� RI����u��PP�
KRW�SUHVVHG� VWLOEHQH� SRO\FU\VWDOV� ZLWK� JUDLQ
VL]H�/�

)LJ����� -� YDOXH� YV� JUDLQ� VL]H� /� GHSHQGHQFHV
IRU� KRW�SUHVVHG� VWLOEHQH� SRO\FU\VWDOV� LUUDGL�
DWHG� ZLWK� �����0H9� DOSKD� SDUWLFOHV� �FLUFOHV�
DQG�������0H9�FRQYHUVLRQ�HOHFWURQV��VWDUV��
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HUHO�(Q�� �
1UHOL �(Q�
,UHOL �(Q�

� ���

ZKHUH� 1UHOL�(Q�� LV� WKH� UHODWLYH� QXPEHU� RI
SXOVHV�DW�WKH�PD[LPXP�RI�SHDN�L�RI�D�UHFRQ�
VWUXFWHG� QHXWURQ� VSHFWUXP� �VHH� )LJ�����
,UHOL�(Q���WKH�UHODWLYH�QXPEHU�RI�QHXWURQV�RI
HQHUJ\� (Q� JHQHUDWLQJ� WKH� VFLQWLOODWLRQ� VLJ�QDO�WKDW�FRUUHVSRQGV�WR�WKH�SHDN�L�RI�UHFRQ�
VWUXFWHG� QHXWURQ� VSHFWUXP�� 7KH� ,UHOL�(Q�YDOXHV� FDQ� EH� REWDLQHG� IURP� WKH� FDOFXODWHG
HQHUJ\�VSHFWUXP�RI�WKH�QHXWURQ�VRXUFH��)RU
D� ���3X±%H� VRXUFHV� RI� IDVW� QHXWURQV�� VXFK
LQIRUPDWLRQ� LV� DYDLODEOH� RQO\� IRU� QHXWURQ
HQHUJLHV�(Qt����0H9�>��Ü��@��7KH�YDOXHV�RI
1UHO��(Q��DQG�,UHO��(Q��IRU�(Q�a�����0H9�ZDV
WDNHQ�DV�XQLW\��

)LJ����VXPPDUL]HV�WKH�FDOFXODWLRQ�UHVXOWV
RI� WKH� UHODWLYH� IDVW� QHXWURQ� GHWHFWLRQ� HIIL�
FLHQF\�HUHO�YV�QHXWURQ�HQHUJ\�(Q�IRU�D�VHULHVRI����u���PP�� GRSHG� S�WHUSKHQ\O� FRPSRV�
LWH� VFLQWLOODWRUV� ZLWK� GLIIHUHQW� JUDLQ� VL]H
UDQJHV� /�� 1R� FRUUHODWLRQ� EHWZHHQ� WKH� UHOD�
WLYH�HIILFLHQF\�HUHO�DQG�WKH�JUDLQ�VL]H�UDQJH/� ZDV� REVHUYHG� IRU� FRPSRVLWH� VFLQWLOODWRUV
H[FLWHG�E\�QHXWURQV�RI�WKH�VDPH�HQHUJ\�(Q�,Q�DGGLWLRQ��)LJ����VKRZV�HUHO�YDOXHV� ����IRU���u���PP�� UHIHUHQFH� GRSHG� S�WHUSKHQ\O
VLQJOH� FU\VWDO� DQG� IRU� OLTXLG� VFLQWLODOWRU� RQ
WKH� EDVH� RI� GLWRO\O� PHWKDQH� DQG� QDSKWKD�
OHQH�� 7KH� IDVW� QHXWURQ� GHWHFWLRQ� HIILFLHQF\
IRU� FRPSRVLWH� S�WHUSHQ\O� VFLQWLOODWRUV� GH�
FUHDVHV� PRUH� VWHHSO\� ZLWK� QHXWURQ� HQHUJ\
(Q� LQFUHDVH� WKDQ� IRU� WKH� UHIHUHQFH� S�WHU�SHQ\O� VLQJOH� FU\VWDOV�� EXW� LW� LV� SUDFWLFDOO\
WKH� VDPH� DV� IRU� VWDQGDUG� HIIHFWLYH� OLTXLG
VFLQWLOODWRU��6XFK�D�UHVXOW� LV�DOVR� W\SLFDO�RI

FRPSRVLWH� VFLQWLOODWRUV� EDVHG� RQ� VWLOEHQH
JUDLQV�

7KXV��LPSURYHPHQW�LQ�WKH�FU\VWDO�JURZWK
WHFKQRORJLHV�KDV�IRUPHG�D�EDVLV�WR�GHYHORS�D
QHZ�JHQHUDWLRQ� RI� HIIHFWLYH� RUJDQLF� VFLQWLO�
ODWRUV��7KH�SURSRVHG�SUHSDUDWLRQ�WHFKQRORJ\
RI� RUJDQLF� SRO\FU\VWDOV� DQG� FRPSRVLWH� VFLQ�
WLOODWRUV� LPSRVHV�QR�SK\VLFDO� OLPLWDWLRQV� RQ
WKHLU�GLDPHWHU��EXW�LQ�SUDFWLFH��WKDW�ZLOO�EH
GHILQHG�E\�WKH�UHTXLUHPHQWV�WR�VFLQWLOODWLRQ
OLJKW� FROOHFWLRQ� �LQFOXGLQJ� WKH� OLJKW� GHWHF�
WLRQ� V\VWHP� VL]H��� DQG� WR� RSHUDWLRQ� FRQGL�
WLRQV� �PHFKDQLFDO� ORDG�� WHPSHUDWXUH�� HWF���
7KH� FRQVLGHUDWLRQ� RI� DPSOLWXGH� VSHFWUD� RI
DOSKD� SDUWLFOHV� IURP� D� ���3X� LVRWRSH� DQG
FRQYHUVLRQ� HOHFWURQV� IURP� D� ���&V� LVRWRSH
VKRZV�WKDW�WKH�KRW�SUHVVHG�SRO\FU\VWDOV�ZLWK
WKH�JUDLQ�VL]H� UDQJH�RI����� WR�����PP�SUR�
YLGH� WKH� RSWLPDO� UHODWLYH� OLJKW� \LHOG�� )RU
SUDFWLFDO�SXUSRVHV��WKH�RSWLPDO�JUDLQ�VL]H�LV
EHWZHHQ� ���� PP� DQG� �� PP�� 7KH� VFLQWLOOD�
WLRQ�FKDUDFWHULVWLFV�IRU�WKLV�UHJLRQ�RI�JUDLQ
VL]HV� GR� QRW� FKDQJH� DSSUHFLDEO\� ZKLOH� WKH
DPRXQW� RI� UDZ� PDWHULDO� �VLQJOH� FU\VWDOV�
XVHG� GHFUHDVH� DSSUHFLDEO\�� 7KH� FRPSRVLWH
VFLQWLOODWRUV�FDQ�EH�XVHG�WR�GLVFULPLQDWH�WKH
VFLQWLOODWLRQ� VLJQDOV� IURP� UDGLDWLRQV� ZLWK
GLIIHUHQW� VSHFLILF� HQHUJ\� ORVVHV� DV� ZHOO� DV
WKH� RUJDQLF� VLQJOH� FU\VWDOV� �LQ� FRQWUDVW� WR
SODVWLF�VFLQWLOODWRUV���7KH�FRPSRVLWH�RUJDQLF
VFLQWLOODWRUV�� OLNH� WKH� OLTXLG� VFLQWLOODWRUV�
FDQ� SURYLGH� KRPRJHQHRXV� LVRWURSLF� ODUJH
DUHD� VFLQWLOODWRUV� WDNLQJ� WKH� VKDSH� RI�KRXV�
LQJ�ZKHUH�WKH\�KDYH�EHHQ�SUHSDUHG��2UJDQLF

)LJ����� 7KH� UHFRQVWUXFWHG� QHXWURQ� VSHFWUXP
RI� D� ���3X±%H� VRXUFH� IRU� D� S�WHUSKHQ\O� FRP�
SRVLWH� VFLQWLOODWRU� ZLWK� /� YDOXHV� RI� ���� WR
����PP�

)LJ�����7KH�OLQHV�RI�IRUPDO�OLQHDU�DSSUR[LPD�
WLRQV� IRU� WKH� UHODWLYH� HIILFLHQF\� HUHO� RI� IDVWQHXWURQ�GHWHFWLRQ�YV�QHXWURQ�HQHUJ\�(Q�IRU�D
VHULHV�RI����u���PP��GRSHG�S�WHUSHQ\O�FRP�
SRVLWH� GHWHFWRUV� ZLWK� GLIIHUHQW� JUDLQ� VL]H
UDQJH�/�� IRU� D����u���PP�� UHIHUHQFH�GRSHG
S�WHUSHQ\O� VLQJOH� FU\VWDO� DQG� IRU� OLTXLG� VFLQ�
WLOODWRU� RQ� WKH� EDVH� RI� GLWRO\O� PHWKDQH� DQG
QDSKWKDOHQH��
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FRPSRVLWH� VFLQWLOODWRUV� RQ� WKH� EDVH� RI� VWLO�
EHQH�DQG�S�WHUSKHQ\O�GRSHG�ZLWK���GLSKHQ\O�
����EXWDGLHQH� LQ� WKH� QHXWURQ� HQHUJ\� UDQJH
RI�DERXW�IHZ�0H9�SURYLGH�KLJK�HIILFLHQF\�RI
QHXWURQ�GHWHFWLRQ�FRPSDUDEOH�ZLWK�WKH�HIIL�
FLHQF\� IRU� VLQJOH� FU\VWDOV� DQG� HIIHFWLYH� OLT�
XLG�VFLQWLOODWRUV�

7KH�SURSRVHG�VFLQWLOODWRUV�FDQ�EH�XVHG�WR
GHWHFW� WKH� IDVW� QHXWURQV� DQG� VKRUW�UDQJH
LRQL]LQJ� SDUWLFOHV� LQ� HQYLURQPHQWDO� UDGLD�
WLRQ� FRQWURO��PHGLFDO�� DQG� VHFXULW\� DSSOLFD�
WLRQV��H�J��WR�SUHYHQW�WKH�IRUELGGHQ�HQWU\�RI
ILVVLRQ�PDWHULDOV��� DV�ZHOO� DV� LQ� H[SHULPHQ�
WDO�QXFOHDU�SK\VLFV��

$FNQRZOHGJPHQW��7KH�DXWKRUV�WKDQN�0UV�
1�/�.DUDYDHYD� IRU� VDPSOHV� RI� FRPSRVLWH
VFLQWLOODWRUV�

5HIHUHQFHV
� ���-�%�%LUNV��7KH�7KHRU\�DQG�3UDFWLFH�RI�6FLQWLO�

ODWLRQ� &RXQWLQJ�� 3HUJDPRQ� 3UHVV�� /RQGRQ
��������

� ���7�$�.LQJ�� 5�9ROW]�� 3URF��5R\DO� 6RF��� $����
������������

� ���*�/DXVWULDW��0RO��&U\VW�����������������
� ���%�%HQJVWRQ�� 0�0RV]\QVNL�� 1XFO��,QVWU��0HWK�

3K\V��5HV��������������������
� ���1�=�*DOXQRY��9�3�6HPLQR]KHQNR��7KH�7KHRU\

DQG�$SSOLFDWLRQ� RI� WKH�5DGLROXPLQHVFHQFH� RI

2UJDQLF� &RQGHQVHG� 0HGLD�� 1DXNRYD� 'XPND�
.LHY��������>LQ�5XVVLDQ@�

� ���,�3�.UDLQRY�� 1�=�*DOXQRY�� 6�9�%XGDNRYVN\�
&U\VW��5HV��DQG�7HFKQRO������������������

� ���6�9�%XGDNRYVN\�� 1�=�*DOXQRY�� 9�3�6HPL�
QR]KHQNR��LQ��%RRN�RI�/HFWXUH�1RWHV�RI�)LUVW
,QW�O� 6FKRRO� RQ� &U\VWDO� *URZWK� 7HFKQRORJ\�
%HDWHQEHUJ�� 6ZLW]HUODQG�� 6HSWHPEHU� �����
S������

� ���1�=�*DOXQRY�� LQ�� $EVWU��RI� ,QW��7HFKQRORJ\
7UDQVIHU� &RQI��� ,RZD� 6WDWH� 8QLYHUVLW\�� -XQH
������S������

� ���6�9�%XGDNRYVN\�� 1�=�*DOXQRY�� %�9�*ULQ\RY
HW�DO���5DGLDW��0HDV�������������������

����6�9�%XGDNRYVN\�� 1�=�*DOXQRY�� 1�/�.DUDYDHYD
HW�DO���7UDQV��1XFO��6FL��������������������

����-�+�%DNHU�� 1�=�*DOXQRY�� 2�$�7DUDVHQNR�
7UDQV��1XFO��6FL�������������������

����-�+�%DNHU�� 1�=�*DOXQRY�� $�0�6WHSDQHQNR�
2�$�7DUDVHQNR��5DGLDW��0HDV������������������
����1�=�*DOXQRY�� (�9�0DUW\QHQNR�� 5DGLDW�
0HDV������������������

����0�(�$QGHUVRQ�� 5�$�1HII�� 1XFO��,QVWU��� 0HWK�
3K\V��5HV������������������

����.�:�*LHJHU�� /�9DQ� GHU� =ZDQ�� 1XFO��,QVWU��
0HWK��3K\V��5HV�������������������

����,�9�*RU\DFKHY��<D�,�.RYDOHYDWRY��/�$�7U\NRY�
,QWHJUDO� ([SHULPHQWV� LQ� WKH� 3UREOHP� RI� WKH
7UDQVIHU� RI� ,RQL]LQJ� 5DGLDWLRQV�� (QHUJRDWR�
PL]GDW��0RVFRZ��������>LQ�5XVVLDQ@�
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