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5HFHLYHG�6HSWHPEHU���������
5HVXOWV�RI�SKRWRLQGXFHG�SURFHVVHV�VWXG\�LQ�WZR�OD\HU�&X±3E,��DQG�WKUHH�OD\HU�&X±3E,��FKDONRJHQLGH� JODVV\� VHPLFRQGXFWRU� �*H±$V±6�� V\VWHPV� DUH� SUHVHQWHG��5HYHUVLEOH� FKDQJHV

RI�RSWLFDO� WUDQVPLWWDQFH� LQ�&X±3E,�±*H±$V±6� V\VWHPV�XQGHU�FRQVHFXWLYH� LUUDGLDWLRQ�ZLWKGLIIHUHQW�ZDYHOHQJWK�OLJKW������DQG�����QP��KDYH�EHHQ�IRXQG��,W�KDV�EHHQ�HVWDEOLVKHG�WKDW
LUUDGLDWLRQ�RI�WKH�V\VWHPV�ZLWK�OLQHDUO\�SRODUL]HG�ZHDNO\�DEVRUEHG�OLJKW�UHVXOWV�LQ�IRUPD�
WLRQ� RI� SHULRGLF� GLIIUDFWLRQ� VWUXFWXUHV�� 7KH� SKHQRPHQD� REVHUYHG� KDYH� EHHQ� FRQVLGHUHG
WDNLQJ� LQWR�DFFRXQW�WKH�&X�SKRWRGLIIXVLRQ�SURFHVVHV��IRUPDWLRQ�DQG�GHJUDGDWLRQ�RI�VPDOO
PHWDOOLF� SDUWLFOHV� LQ� WKH� 3E,�� OD\HU� DQG� WKH� OLJKW� ZDYHJXLGH� SURSDJDWLRQ� LQ� WKH� ILOPV\VWHPV�
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7KH�DFWLRQ�RI�D�SKRWRDFWLYH�RSWLFDO�UDGLD�
WLRQ� RQ� PHWDO�VHPLFRQGXFWRU� WKLQ�ILOP� V\V�
WHPV� LV�NQRZQ� WR� UHVXOW� LQ� WKH�PHWDO� SHQH�
WUDWLRQ� LQWR� WKH� VHPLFRQGXFWRU� �VR�FDOOHG
SKRWRGLIIXVLRQ�� >����@�� 7KLV� SKHQRPHQRQ� LV
FKDUDFWHUL]HG�E\�D�QXPEHU�RI�SDUDOOHO�VLPXO�
WDQHRXV� SURFHVVHV� DFFRPSDQLHG� E\� FKDQJHV
LQ� WKH� V\VWHP�VWUXFWXUH� DQG�SK\VLFR�FKHPL�
FDO� SURSHUWLHV�� LQFOXGLQJ� WKH� RSWLFDO� RQHV�
5HYHUVLEOH�FKDQJHV�RI�RSWLFDO�SURSHUWLHV�FDQ
EH� UHDOL]HG� LQ� OLJKW�VHQVLWLYH� $J±3E,�� V\V�WHPV�DV�ZHOO�DV�LQ�OD\HUHG�RQHV�FRQVLVWLQJ�RI
VLOYHU� DQG� D� FKDONRJHQLGH� JODVV\� VHPLFRQ�
GXFWRU��&*6��EDVHG�RQ�*H��$V�3���DQG�6�6H�
FRPSRXQGV�ZLWK�D�SRO\FU\VWDOOLQH�3E,��LQWHU�OD\HU�>����@��,W�KDV�EHHQ�VKRZQ�WKDW�DV�VXFK
V\VWHPV�DUH�H[SRVHG�WR�PRQRFKURPDWLF�OLQH�
DUO\� SRODUL]HG� OLJKW�� WKH� ZDYHJXLGH� PRGHV

DQG�GLIIUDFWLRQ�SHULRGLF�VWUXFWXUHV��36��FDQ
EH�JHQHUDWHG�

7KH� SKRWRVWLPXODWHG� RI� PHWDO�VHPLFRQ�
GXFWRU� LQWHUDFWLRQ� ZDV� VWXGLHG� EHIRUH
PDLQO\�LQ�V\VWHPV�FRQWDLQLQJ�D�VLOYHU�OD\HU�
7KRVH� V\VWHPV� DUH� FKDUDFWHUL]HG� E\� D� YHU\
KLJK�FKHPLFDO�DQG�WKHUPDO�VWDELOLW\��$W�WKH
VDPH�WLPH��DV�LV�QRWHG�LQ�>�@��SKRWRVHQVLWLYH
V\VWHPV�ZKHUH� FRSSHU� LV� XVHG� DV� WKH�PHWDO
DUH�RI�LQWHUHVW�DQG�SURPLVH�

,Q� WKLV� ZRUN�� VWXGLHG� DUH� VRPH� IHDWXUHV
RI� SKRWRLQGXFHG� SKHQRPHQD� RFFXUULQJ� LQ� D
ELOD\HU�&X±3E,��V\VWHP�DQG�LQ�D�WKUHH�OD\HU&X±3E,��&*6� RQH�� 7KH� OD\HUV� RI� WKRVH� V\V�WHPV� ZHUH� HYDSRUDWHG� VXFFHVVLYHO\� LQ� YDF�
XXP��������Ü��3D��RQWR�JODVV�VXEVWUDWHV��WKH
FRSSHU� OD\HU� DGMDFHQW� WR� WKH� VXEVWUDWH�� DW
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URRP� WHPSHUDWXUH�� 7KH� GLUHFW� WKHUPDO
HYDSRUDWLRQ�RI�FRSSHU�DQG�3E,��DV�ZHOO�DV�DGLVFUHWH� SXOVH� HYDSRUDWLRQ� RI� WKH� &*6� ZDV
XVHG��$�JODVV\�*H±$V±6�V\VWHP�ZDV�XVHG�DV
WKH� VHPLFRQGXFWRU� OD\HU�� 7KH� GHSRVLWLRQ
UDWH������WR���QP�V��DV�ZHOO�DV�WKH�WKLFNQHVV
RI� LQGLYLGXDO� OD\HUV� DQG� WKH� WRWDO� ILOP� V\V�
WHP� WKLFNQHVV� ZHUH� PRQLWRUHG� SKRWRPHWUL�
FDOO\� DW� WKH� ODVHU� HPLVVLRQ� ZDYHOHQJWK� RI
����QP��$V�LV�HYLGHQFHG�E\�HOHFWURQ�PLFURV�
FRS\� DQG� HOHFWURQ� GLIIUDFWLRQ�� WKLV� GHSRVL�
WLRQ� WHFKQLTXH� UHVXOWV� LQ� LQVXODU� FRSSHU
ILOPV� �WKH� DYHUDJH� SDUWLFOH� VL]H� DERXW
���� QP��� WKH� 3E,�� OD\HU� FRQVLVWV� RI� �+SRO\W\SH� FU\VWDOOLWHV� RI� DERXW� ��� QP� VL]H
ZLWK� RSWLFDO� D[LV� &� RULHQWHG� SHUSHQGLFXODU
WR� WKH� VXEVWUDWH�� WKH� &*6� ILOP� LV� DPRU�
SKRXV�� 7KH� SUHSDUHG� VDPSOH� WKLFNQHVV� ZDV
PHDVXUHG� XVLQJ� LQWHUIHURPHWU\� �PXOWL�EHDP
LQWHUIHURPHWU\� DQG� RSWLFDO� WUDQVPLVVLRQ
VSHFWUD� LQ� WKH� WUDQVSDUHQF\� UHJLRQ��� 7KH
OD\HU�WKLFNQHVV�IRU�FRSSHU�DQG�3E,��ZDV���WR��� QP� DQG� IRU� WKH� &*6�� DERXW� ���� QP�
:KHQ� VHOHFWLQJ� WKH� OD\HU� WKLFNQHVV�� LW� ZDV
WDNHQ�LQWR�DFFRXQW�WKDW�WKH�VDPSOHV�RI�SKR�
WRVHQVLWLYH�V\VWHPV�VKRXOG�SURYLGH�RSWLPXP
SKRWRJUDSKLF� FKDUDFWHULVWLFV� DW� WKH� UHDGLQJ
HPLVVLRQ�ZDYHOHQJWK� �OLJKW� VHQVLWLYLW\�� FRQ�
WUDVW�� HWF���� 8VLQJ� WKH� NQRZQ� FDOFXODWLRQ
PHWKRGV� >����@�� WKH� RSWLFDO� FRQVWDQWV�� WKH
GLVSHUVLRQ� DQG� SKRWRLQGXFHG� FKDQJHV
WKHUHRI� ZHUH� GHWHUPLQHG� IRU� WKH� &*6� ILOP
FRQWUROV�� 7KH� WUDQVPLVVLRQ� VSHFWUD� RI
IUHVKO\� SUHSDUHG� DQG� LUUDGLDWHG� VDPSOHV
ZHUH� PHDVXUHG� LQ� WKH� ���� WR� ����� QP
UDQJH��7KH�VDPSOHV�ZHUH�LUUDGLDWHG�E\�ODVHU
VRXUFHV� RI� OD� ����� QP� DQG� OR� �����QPZDYHOHQJWKV� DV� ZHOO� DV� E\� D� PHUFXU\� DUF
ODPS� DW� ���� QP�� %RWK� FRQWLQXRXV� RSWLFDO
H[SRVXUH� DQG� WKH� LQWHQVLW\�PRGXODWHG� RQH
�PRGXODWLRQ� SHULRG� ���� WR� ��Ü�� V�� ZHUH
XVHG�� 7KH� DWWHQXDWHG� OR� HPLVVLRQ� IURP� WKHUHODWLYH� WUDQVSDUHQF\� UHJLRQ� RI� 3E,�� DQG&*6�ZDV�DOVR�XVHG�WR�UHDG�WKH�RSWLFDO�WUDQV�
PLVVLRQ�FKDQJHV�LQ�WKH�FRXUVH�RI�WKH�V\VWHP
LUUDGLDWLRQ�

)LJV����DQG���UHSUHVHQW�WKH�H[SHULPHQWDO
DQG� FDOFXODWHG�7�O�� GHSHQGHQFHV� IRU� WKH� EL�
OD\HU� DQG� WKUHH�OD\HU� V\VWHPV� ERWK� LQ� WKH
LQLWLDO�VWDWH�DQG�DIWHU�LUUDGLDWLRQ�E\�OLJKW�RI
YDULRXV� VSHFWUDO� FRPSRVLWLRQV�� 7KH� FDOFX�
ODWHG� GHSHQGHQFHV� ZHUH� REWDLQHG� XVLQJ� WKH
NQRZQ� UHODWLRQVKLSV� FRQFHUQLQJ� WKH� RSWLFV
RI� PXOWLOD\HU� LQWHUIHUHQFH� V\VWHPV� DV� ZHOO
DV� WKH� FODVVLF� WKHRU\� RI� JUDQXODU� ILOP� GLV�
SHUVLRQ� >�Ü��@�� 9DULRXV�PRGHOLQJ� WKLQ� ILOP
V\VWHPV� ZHUH� FRQVLGHUHG�� 7KH� RSWLFDO� FRQ�
VWDQWV� RI� FRSSHU�� 3E,��� &*6�� DQG� SRVVLEOHLQWHUDFWLRQ�SURGXFWV�WKHUHRI�>�����Ü��@�ZHUH

XVHG� LQ� FDOFXODWLRQV�� 7KH� LQWHQVH� R[LGDWLRQ
SURFHVVHV� W\SLFDO� RI� FRSSHU�FRQWDLQLQJ� V\V�
WHPV�ZHUH�WDNHQ�LQWR�DFFRXQW��WRR�

7KH� FDOFXODWHG� 7�O�� GHSHQGHQFHV� IRU� WKH
ELOD\HU� DQG� WKUHH�OD\HU� V\VWHPV� ZLWK� IODW
OD\HU� LQWHUIDFHV� DUH� GLIIHUHQW� IURP� WKH
WUDQVPLVVLRQ� VSHFWUD� RI� LQLWLDO� VDPSOHV
�FXUYHV� �� LQ� )LJ����� ���� HVSHFLDOO\� LQ� WKH
ORQJ�ZDYHOHQJWK� UHJLRQ�� 7KLV� VXJJHVWV� WKDW
FRSSHU� SHQHWUDWHV� WKH�3E,�� OD\HU� DOUHDG\� DWWKH� V\VWHP� SUHSDUDWLRQ� VWDJH�� 7KH� SHQHWUD�
WLRQ� PD\� EH� IDYRUHG� E\� WKH� VXEVWUDWH� VXU�
IDFH� URXJKQHVV�� PDFURVFDOH� GHIHFWV� RI� WKH
SRO\FU\VWDO� OD\HU��HWF��7KH�H[SHULPHQWDO�GH�
SHQGHQFHV�RI�WKH�RSWLFDO�WUDQVPLWWDQFH�DJUHH
VDWLVIDFWRULO\�ZLWK�FDOFXODWHG�FXUYHV��GDVKHG
OLQHV� �c� LQ� )LJV����� ��� REWDLQHG� XVLQJ� UHOD�
WLRQVKLSV� RI� WKH� JUDQXODU� ILOP� RSWLFV�� 7KH
FDOFXODWLRQV� KDYH� EHHQ� GRQH� XQGHU� DVVXPS�
WLRQ� WKDW� LQ� WKH� LQLWLDO� V\VWHPV�� WKHUH� LV� D
WKLQ�LQWHUOD\HU�DW�WKH�&X�3E,��LQWHUIDFH�FRQ�VLVWLQJ� RI� ILQHO\� GLVSHUVHG� FRSSHU� SDUWLFOHV
����� QP� VL]H�� VXUURXQGHG� ZLWK� 3E,�� �VR�FDOOHG�ELGLPHQVLRQDO�FROORLG�PRGHO�>��@��

8QGHU� RSWLFDO� LUUDGLDWLRQ�� WKH� WUDQVPLV�
VLRQ� VSHFWUD� RI� &X±3E,�� DQG� &X±3E,�Ü&*6V\VWHPV�EHFRPH�WUDQVIRUPHG��WKDW�LV�W\SLFDO
RI�D�GLUHFW�SKRWRJUDSKLF�UHFRUGLQJ�LQ�SKRWR�
GLIIXVLRQ�EDVHG� PHGLD�� $V� WKH� HOHFWURQ� GLI�
IUDFWLRQ� VKRZV�� WKH� SKRWRLQGXFHG� RSWLFDO
SKHQRPHQD� LQ� WKLQ�ILOP� V\VWHPV�DUH� DFFRP�

)LJ�����6SHFWUDO�GHSHQGHQFHV�RI�RSWLFDO�WUDQV�
PLWWDQFH� IRU� D� &X±3E,�� ELOD\HU� V\VWHP�� 6ROLGOLQHV� Û� H[SHULPHQWDO� GDWD�� ��� D� IUHVKO\� SUH�
SDUHG�VDPSOH��OD\HU�WKLFNQHVV��&X�DERXW����QP�
3E,��DERXW����QP������WKH�VDPSOH�LUUDGLDWHG�DW
OÈ� ����� QP� DQG� HQHUJ\� H[SRVXUH� +H� 
���-�FP��� ��� WKH� VDPSOH� LUUDGLDWHG� DW� OR� ����QP��+H� ����-�FP���'DVKHG� OLQHV�Û�FDO�
FXODWHG�VSHFWUD�IRU�PRGHOLQJ�V\VWHPV�
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SDQLHG�E\�IRUPDWLRQ�RI�KH[DJRQDO�DQG�FXELF
&X,�SKDVHV�ZKLOH�LQ�WKH�ELOD\HU�V\VWHP��FRS�
SHU� �&X2� DQG�&X�2�� DQG� OHDG� �3E2�� R[LGHSKDVHV� DUH� IRUPHG�� 0RUHRYHU�� WKH� 3E,�FU\VWDO� ODWWLFH� EHFRPHV� GLVWRUWHG� FRQVLGHU�
DEO\�DQG�WKH�FU\VWDOOLWH�VL]H�GLPLQLVKHV�

,UUDGLDWLRQ�RI�WKH�WKLQ�ILOP�V\VWHPV�ZLWK
OLJKW� DW�OD� ����� �RU������QP�IURP�WKH�DE�VRUSWLRQ� HGJH� UHJLRQ� RI� 3E,�� DQG� &*6� �WKHDEVRUSWLRQ�FRHIILFLHQWV�EHLQJ�DERXW�����>��@
DQG� ����FPÜ��� UHVSHFWLYHO\�� DQG� DW� HQHUJ\
H[SRVXUHV� +Hd���-�FP�� FDXVHV� D� GLIIXVH
EDQG� ZLWK� WKH� WUDQVPLWWDQFH� PLQLPXP� DW
����WR�����QP��FXUYHV���LQ�)LJV���������7KLV
IHDWXUH� LV� VLPLODU� WR� WKH� UHVRQDQFH� DEVRUS�
WLRQ�EDQG�RI�FROORLGDO�VLOYHU�LQ�VLOYHU�KDOLGH
>��@� DQG� 3E,�� >�@� OD\HUV�� +RZHYHU�� LQ� FRQ�WUDVW� WR� WKH� VLOYHU�FRQWDLQLQJ� ELOD\HU� V\V�
WHP��WKH�DEVRUSWLRQ�EDQG�DSSHDUV�LQ�WKH�&X±
3E,�� V\VWHP� VSHFWUD� DOVR� LQ� WKH� FDVH� RI� LWVH[SRVXUH� WR� WKH� OR� OLJKW� IURP� WKH� 3E,�WUDQVSDUHQF\� UHJLRQ� >��@�� 0RUHRYHU�� WKDW
EDQG� GRHV� QRW� GLVDSSHDU� DV� WKH� V\VWHP� LV
VXEMHFWHG� WR� FRQVHFXWLYH� LUUDGLDWLRQ� ZLWK
GLIIHUHQW�ZDYHOHQJWKV��,Q�WKLV�FDVH��D�VKRUW�
ZDYH� EDQG� VKLIW� �XS� WR� ��� QP�� RFFXUV� DQG
WKH� WUDQVPLWWDQFH� LQFUHDVHV� ZLWKLQ� WKH� HV�
VHQWLDOO\�ZKROH� VSHFWUDO� UHJLRQ� �FXUYHV� �Ü�
LQ� )LJ������ 7KXV�� QR� UHYHUVLEOH� WUDQVPLW�

WDQFH�FKDQJHV�WDNH�SODFH�LQ�WKH�&X±3E,��V\V�WHP��FXUYH���LQ�)LJ�����
7KH� LUUDGLDWLRQ�RI� WKH� LQLWLDO� WKUHH�OD\HU

V\VWHP�DW�OR��WKH�ILOP�DEVRUSWLRQ�FRHIILFLHQWEHLQJ� DERXW� �� FPÜ��� FDXVHV� D� FRQVLGHUDEOH
WUDQVPLWWDQFH�LQFUHDVH��'7� �����WR�������QR
FROORLG� EDQG� EHLQJ� DSSHDUHG�� $FFRUGLQJO\�
WKH� FROORLG� EDQG� GLVDSSHDUV� LQ� WKH� VDPSOHV
LUUDGLDWHG�SUHYLRXVO\�ZLWK�VKRUW�ZDYHOHQJWK
HPLVVLRQ��FXUYH���LQ�)LJ������7KH�FKDQJHV�LQ
WKH�RSWLFDO�VSHFWUD�DUH�UHSHDWHG�UHJXODUO\�LQ
WKH� WKUHH�OD\HU� V\VWHPV� VXEMHFWHG� WR� OD�ORLUUDGLDWLRQ� F\FOHV� DW� WKH� F\FOH� QXPEHU� H[�
FHHGLQJ� ��� �FXUYH��� LQ� )LJ������ 7KH� UHYHUV�
LEOH�7�FKDQJHV�FDQ�RFFXU�DJDLQVW�D�YHU\�ORQJ
LQLWLDO�VHFWLRQ�RI�SDUDEROLF�NLQHWLFV��FXUYH��
LQ� )LJ������ 7KLV� VWDJH� LV� W\SLFDO� RI� YDULRXV
SKRWRJUDSKLF�PHGLD�ZKHUH�WKH�LPDJH�LV�JHQ�
HUDWHG� LPPHGLDWHO\� LQ� WKH� FRXUVH� RI� H[SR�
VXUH�� ,W� LV�WR�QRWH�WKDW�WKH�UDWH�RI�SKRWRLQ�
GXFHG� FKDQJHV� LV� FRQVLGHUDEO\� ORZHU� �DERXW
D� GHFLPDO� RUGHU�� WKDQ� WKDW� LV� VLOYHU� OD\HU
FRQWDLQLQJ�V\VWHPV�>�����@�

7KH�VWXGLHV�HYLGHQFH�D�FRPSOH[�FKDUDFWHU
RI� WKH� SKRWRLQGXFHG� FKDQJHV� LQ� WKH� RSWLFDO
WUDQVPLWWDQFH�RI�&X±3E,��DQG�&X±3E,�Ü&*6WKLQ�ILOP�V\VWHPV��7KDW�LV�GXH�WR�VLPXOWDQH�
RXV� UXQQLQJ� RI� D� VHULHV� RI� SK\VLFRFKHPLFDO
SURFHVVHV�� ,Q� WKLV� FRQQHFWLRQ�� WKH�PRGHOLQJ
RI� WKH�SKHQRPHQD�REVHUYHG� DQG� WKH�FRQVLG�
HUDWLRQ� WKHUHRI� WXUQ�RXW� WR� EH� UDWKHU�GLIIL�
FXOW��1HYHUWKHOHVV��VRPH�VXJJHVWLRQV�FDQ�EH
IRUPXODWHG�� 7KH� LUUDGLDWLRQ� RI� LQLWLDO� &X±
3E,�� DQG� &X±3E,�Ü&*6� VDPSOHV� VHHPV� WRFDXVH� WKH� SKRWRVWLPXODWHG� FRSSHU� SHQHWUD�
WLRQ�LQWR�WKH�3E,�� OD\HU�DFFRPSDQLHG�E\�WKHPHWDO� VHJUHJDWLRQ� LQ� WKH� PDFUR�VFDOH� YRLGV
RI� WKH� SRO\FU\VWDOOLQH� OD\HU� DQG� IRUPDWLRQ

)LJ����� 6SHFWUDO� GHSHQGHQFHV� RI� RSWLFDO� WUDQV�
PLWWDQFH�IRU�D�&X±3E,�±*H��$V��6���WKUHH�OD\HUV\VWHP�� 6ROLG� OLQHV� Û� H[SHULPHQWDO� GDWD�� �� Ü� D
IUHVKO\�SUHSDUHG�VDPSOH� �OD\HU�WKLFNQHVV��&X�DERXW
��� QP�� 3E,�� DERXW� ��� QP�� *H��$V��6��� DERXW
���QP��� ��� �� Ü� WKH� VDPSOH� LUUDGLDWHG� DW� OÈ� ����QP�DQG�HQHUJ\�H[SRVXUH�+H� ����-�FP�����
WKH� VDPSOH� LUUDGLDWHG� DW� O�� ����� QP��G_� ���-�FP��� 'DVKHG� OLQHV� Û� FDOFXODWHG� VSHFWUD
IRU�PRGHOLQJ�V\VWHPV�

)LJ����� 3KRWRLQGXFHG� FKDQJHV� RI� RSWLFDO
WUDQVPLWWDQFH�LQ�ELOD\HU�DQG�WKUHH�OD\HU�V\V�
WHPV�&X±3E,������DQG�&X±3E,�±*H��$V��6�������
6ROLG� OLQHV� UHIHU� WR� LUUDGLDWLRQ� DW� OD� ���� QP� DQG� HQHUJ\� LOOXPLQDQFH� pË� 
��:�FP���GDVKHG�OLQHV��WR�OR� �����QP��pË� ��:�FP��� &X±3E,�±*H��$V��6���� FRQWLQXRXV
LUUDGLDWLRQ� DW� OD� ����� QP� DQG� pË� ��:�FP������
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RI� PHWDO� SDUWLFOHV� >�Ü�@� WKDW� DEVRUE� WKH
OLJKW�ZLWKLQ�D�UHODWLYHO\�QDUURZ�VSHFWUDO�UH�
JLRQ�� )LJV����� �� �FXUYHV��c�� SUHVHQW� WKH� FDO�
FXODWHG� GHSHQGHQFHV� RI� RSWLFDO� WUDQVPLW�
WDQFH�REWDLQHG�IRU�PRGHOLQJ�WKLQ�ILOP�VWUXF�
WXUHV� ZKHUH� D� SDUW� RI� WKH� 3E,�� OD\HUFRQWDLQV� VSKHULFDO� FRSSHU� JUDLQV� RI� DERXW
��� QP� VL]H� DW� WKH� YROXPH� ILOOLQJ� IDFWRU� RI
������ :KHQ� PRGHOLQJ� WKH� ELOD\HU� V\VWHPV�
WKH� FRSSHU� R[LGDWLRQ� ZLWK� DLU� R[\JHQ� ERWK
LQ�WKH�EXON�3E,��OD\HU�DQG�DW�LWV�IUHH�VXUIDFHZDV�WDNHQ�LQWR�DFFRXQW�

7KH� UHYHUVLEOH� SURFHVVHV� LQYROYLQJ� WKH
FRSSHU� SDUWLFOHV� LQ� WKH� 3E,�� OD\HU� DQG� DF�FRPSDQLHG� E\�&X,� SKRWRO\VLV� VHHP� WR� EH� RI
FRQVLGHUDEOH� LPSRUWDQFH� LQ� WKH� REVHUYHG
SKRWRLQGXFHG� RSWLFDO� WUDQVPLWWDQFH� FKDQJHV
RI� WKH� &X±3E,�Ü&*6� V\VWHP� LQ� WKH� FROORLGEDQG� UHJLRQ�� 7KH� FU\VWDOOLQH� &X,� SKDVHV
VHHP� WR� EH� IRUPHG� DW� WKH� 3E,�� FU\VWDOOLWHERXQGDULHV�� WKH� IRUPDWLRQ� WKHUHRI�EHLQJ�ID�
YRUHG�E\�D�KLJK�FRQFHQWUDWLRQ�RI�DWRPV�ZLWK
GLVWRUWHG� FRRUGLQDWLRQ� DQG� EURNHQ� OHDG�LR�
GLQH� ERQGV� >��@��$FFRUGLQJO\�� WKH�3E,�� FRQ�WHQW�ORZHUV��,Q�WKRVH�SURFHVVHV��WKH�OD� LUUD�GLDWLRQ�IDYRUV�WKH�SKRWRLQGXFHG�&X�SHQHWUD�
WLRQ� LQWR� WKH� 3E,�� OD\HU� DQG� IRUPDWLRQ� RIUHODWLYHO\� ODUJH�PHWDO� SDUWLFOHV� DQG�� DW� WKH
VDPH�WLPH��KLQGHUV�WKH�FRSSHU�LRGLGH�IRUPD�
WLRQ��WKH�OLJKW�TXDQWXP�HQHUJ\�DQG�WKH�SKR�
WRO\VLV� UHDFWLRQ� WKUHVKROG� RQH� DUH� FORVH� WR
RQH�DQRWKHU�EHLQJ������DQG�t����H9��UHVSHF�
WLYHO\�>��@���7KH�FRSSHU�SDUWLFOH�VL]H�PD\�EH
FRQVLGHUDEO\� VPDOOHU� GXH� WR� IRUPDWLRQ� RI
&X,� SKDVHV� LI� WKH� IUHVKO\�GHSRVLWHG� VDPSOHV
DUH�LUUDGLDWHG�DW�OR��WKDW�LV��DW�ORZ�TXDQWXP
HQHUJ\� �DERXW� ����� H9��� ,Q� )LJ����� FXUYH��c
LV� WKH� FDOFXODWHG� RSWLFDO� WUDQVPLVVLRQ� GH�
SHQGHQFH� IRU� WKH� WKUHH�OD\HU� WKLQ�ILOP� V\V�
WHP�REWDLQHG�XQGHU�DVVXPSWLRQ�WKDW�FRSSHU
PLJUDWHV� WRZDUGV� WKH� 3E,��&*6� LQWHUIDFHDQG�WKH�ILOOLQJ�IDFWRU�LV�ORZHUHG��T� ��������

,Q� WKH�FDOFXODWLRQ�� WKH�GLSROH� LQWHUDFWLRQ
RI� FRSSHU� SDUWLFOHV� VXUURXQGHG� ZLWK� &X,
VKHOOV�ZDV�WDNHQ�LQWR�DFFRXQW�DV�ZHOO�DV�WKH
SKRWRLQGXFHG� FKDQJH� LQ� WKH� &*6� RSWLFDO
SURSHUWLHV� DQG� IRUPDWLRQ� RI� D� JUDQXODU
PHWDO� LQWHUOD\HU� DW� WKH�3E,��&*6� LQWHUIDFH�$� VXEVHTXHQW� VKRUW�ZDYHOHQJWK� LUUDGLDWLRQ
FDQ�FDXVH�WKH�&X,�GHFRPSRVLWLRQ�UHVXOWLQJ�LQ
WKH�PHWDO� SDUWLFOH� VL]H� LQFUHDVH� DQG� IRUPD�
WLRQ�RI�WKH�QHZ�SDUWLFOHV��7KH�&X�JUDLQV�RI
SKRWRO\WLF� RULJLQ� DUH� UHVSRQVLEOH� IRU� DQ� LQ�
WHQVH� DEVRUSWLRQ� EDQG� LQ� RSWLFDO� VSHFWUXP
ZKLOH�WKH�WUDQVPLWWDQFH�DW�WKH�UHDGLQJ�HPLV�
VLRQ� ZDYHOHQJWK� GHFUHDVHV� UHVSHFWLYHO\
�FXUYHV���DQG��c�LQ�)LJ�����

,Q� &X±3E,�Ü&*6� V\VWHPV�� WKH� RXWHUDPRUSKRXV� OD\HU� VHHPV� WR� DFW� DV� D� SURWHF�
WLYH�FRDWLQJ�SUHYHQWLQJ�WKH�FRSSHU�R[LGDWLRQ
ZLWK�DLU�R[\JHQ�SHQHWUDWLQJ�WKURXJK�WKH�3E,�OD\HU��:KHQ�WKH�ELOD\HU�&X±3E,��DUH�H[SRVHG�WKH�FRSSHU�R[LGDWLRQ�KLQGHUV�WR�D�FHUWDLQ�H[�
WHQW�WKH�IRUPDWLRQ�RI�XQVWDEOH�FU\VWDOOLQH�&X,
SKDVHV� DQG�� UHVSHFWLYHO\�� WKH� UHYHUVLEOH� SKH�
QRPHQD��7KH�FDOFXODWHG�RSWLFDO�WUDQVPLWWDQFH
GHSHQGHQFHV� �FXUYHV� �cÜ�c� LQ� )LJ����� KDYH
EHHQ�REWDLQHG�XQGHU�DVVXPSWLRQ�WKDW�D�SDUW
RI� WKH� 3E,�� OD\HU� FRQWDLQV� FRSSHU� SDUWLFOHVVXUURXQGHG� ZLWK� &X�2� DQG� D� OD\HU� RI� &XR[LGDWLRQ� SURGXFWV� LV� IRUPHG� DW� WKH� 3E,�IUHH� VXUIDFH�� ,W� LV� MXVW� WKH� ORZ� UHIUDFWLYH
LQGH[� YDOXHV� RI� WKDW� OD\HU� WKDW� FDQ� FDXVH
WKH� REVHUYHG� RSWLFDO� WUDQVPLWWDQFH� LQFUHDVH
�VR�FDOOHG� FODULILFDWLRQ� HIIHFW��� 7KH� GH�
FUHDVHG� GLHOHFWULF� FRQVWDQW� RI� WKH� PHGLXP
VXUURXQGLQJ� WKH� FRSSHU� SDUWLFOHV� LV� WHVWLILHG
E\�WKH�VKRUW�ZDYH�VKLIW�RI�WKH�FROORLG�DEVRUS�
WLRQ�EDQG�XQGHU�F\FOLQJ�>��@�

,PSHUIHFW� SHULRGLF� VWUXFWXUHV� �36�� VLPL�
ODU� WR� WKRVH� REVHUYHG�EHIRUH� LQ� WKH�V\VWHPV
FRQWDLQLQJ� D� VLOYHU� OD\HU� >�����@� KDYH� EHHQ
IRXQG� LQ� ELOD\HU� DQG� WKUHH�OD\HU� V\VWHP
VDPSOHV� LUUDGLDWHG� ZLWK� OLQHDUO\� SRODUL]HG
OLJKW�DW�OR��,W�IROORZV�IURP�PLFURSKRWRV�DQGHOHFWURQ�GLIIUDFWLRQ�SDWWHUQV�WKDW�WKH�36�DUH
IRUPHG� E\� SDUWLFOHV� RI� YDULRXV� VL]HV� ���� WR
����QP���,Q�FRQWUDVW�WR�WKH�VLOYHU�FRQWDLQLQJ
V\VWHP� FDVH�� WKHVH� SDUWLFOHV� DUH� QRW�PHWDOOLF
EXW� FRQVLVW� RI� WKH� FRSSHU�3E,�� LQWHUDFWLRQSURGXFWV��&*6�� DQG�R[LGHV��7KH�36� OLQHV� DUH
RULHQWHG�SUHGRPLQDQWO\� LQ�SDUDOOHO� WR�WKH�SR�
ODUL]DWLRQ�SODQH�RI�OR�HPLVVLRQ��7KH�36�SHULRGGHWHUPLQHG� IURP� WKH� GLIIUDFWLRQ� PHDVXUH�
PHQWV� DJUHHV� ZHOO� ZLWK� WKH� HOHFWURQ� PLFURV�
FRS\�GDWD��)LJ����SUHVHQWV�D�36�PLFURSKRWRJ�
UDSK\� IRU� D� &X±3E,�� V\VWHP�� G|���� QP�� DV

)LJ�����0LFURJUDSK�RI�D�&X±3E,��VDPSOH�LUUD�
GLDWHG�DW�OR� �����QP��7KH�OD\HU�WKLFNQHVV�RIWKH� LQLWLDO� V\VWHP�� &X� DERXW� ��� QP�� 3E,�DERXW����QP���(�LV�WKH�HOHFWULF�ILHOG�VWUHQJWK
RI� WKH� OLJKW� ZDYH�� G�� WKH� 36� OLQH� VSDFLQJ
�SHULRG��
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ZHOO� DV� ZLWK� FDOFXODWHG� YDOXHV� REWDLQHG
XQGHU� WDNLQJ� LQWR� DFFRXQW� WKH� 7(�� PRGHSURSDJDWLRQ� LQ� D� SODQDU� ZDYHJXLGH� �VLQJOH�
OD\HU�DQG�ELOD\HU�IRU�&X±3E,��DQG�&X±3E,�Ü&*6� V\VWHPV�� UHVSHFWLYHO\��� ,Q� WKUHH�OD\HU
V\VWHPV�� WKH� UHIUDFWLYH� LQGH[� RI� WKH� &*6
OD\HU� YDULHV� ZLWK� LWV� FKHPLFDO� FRPSRVLWLRQ�
WKXV� FDXVLQJ� YDULDWLRQV� LQ� WKH� ZDYHJXLGH
PRGH�SURSDJDWLRQ�FRQVWDQW��E�DQG��DV�D�FRQVH�
TXHQFH�� LQ� WKH� 36� SHULRG� �G� EHLQJ� GHFUHDVHG
DV� WKH� UHIUDFWLYH� LQGH[� LQFUHDVHV�� G� ��S�E��
7KH� UHVXOWV� REWDLQHG� FDQ� EH� XVHIXO� LQ� WKH
VWXGLHV� RI� RSWLFDO� HPLVVLRQ� LQWHUDFWLRQ
PHFKDQLVPV� ZLWK� YDULRXV� WKLQ�ILOP� OLJKW�
VHQVLWLYH� V\VWHPV� DV� ZHOO� DV� RI� UHDOL]DWLRQ
FRQGLWLRQV�RI�UHYHUVLEOH�RSWLFDO�UHFRUGLQJ��IRU�
PDWLRQ�RI�SHULRGLF�GLIIUDFWLRQ�VWUXFWXUHV��HWF�

5HIHUHQFHV
� ���,�=�,QGXWQ\�� 0�7�.RVW\VKLQ�� 2�3�.DV\DUXP� HW

DO���3KRWRVWLPXODWHG�,QWHUDFWLRQV�LQ�0HWDO�6HPL�
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����/�9�*XUYLFK�� *�9�.DUDFKHYWVHY�� 9�1�.RQ�
GUDW\HY�HW�DO���&KHPLFDO�%DQG�%UHDNGRZQ�(Q�
HUJLHV�� ,RQL]DWLRQ� 3RWHQWLDOV� DQG� (OHFWURQ
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