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���,QWURGXFWLRQ
6LQJOH� FU\VWDOV� RI� &G�±[=Q[7H� �[�a������DUH� ZLGHO\� XVHG� DV� D� VXEVWUDWH� PDWHULDO� LQ

LQIUDUHG� �,5�� SKRWRHOHFWURQLFV�� LQ� SDUWLFX�
ODU�� LQ� FRROHG� EDFN�VLGH� LOOXPLQDWHG� RSWLFDO
GHWHFWRUV� IRU� WKH� ��Ü��� PP� DQG� ��Ü���� PP
VSHFWUDO� UDQJH� EDVHG� RQ�&G[+J�±[7H� HSLOD\�HUV� >�@�� &DGPLXP�]LQF�WHOOXULXP� LPPHUVLRQ
OHQVHV� KDYH� EHHQ� DOVR� VXFFHVVIXOO\� XVHG� WR
LPSURYH�WKH�SDUDPHWHUV�RI�XQFRROHG�,5�SKR�
WRGHWHFWRUV� >�@�� ,Q� DOO� FDVHV�� WKH� SHUIRUP�
DQFH�RI�D�GHWHFWRU� LV�GHWHUPLQHG�E\�WKH�RS�
WLFDO� SURSHUWLHV� RI� WKH� HQWLUH� PXOWLOD\HU
VHPLFRQGXFWRU�VWUXFWXUH�

$V�LV�NQRZQ��WKH�UHIOHFWLRQ�ORVVHV�RI�LQFL�
GHQW�UDGLDWLRQ�FDQ�EH�UHGXFHG�XVLQJ�DQWLUH�
IOHFWLRQ� FRDWLQJV� >�@�� )RU� VHPLFRQGXFWRU
SKRWRGHWHFWRUV�� WKH� RSWLPXP� FRDWLQJ� PXVW

FRPELQH� WKH� DQWLUHIOHFWLRQ� SURSHUWLHV� ZLWK
WKH�DELOLW\�WR�SDVVLYDWH�WKH�GHWHFWRU�VXUIDFH
VR� DV� WR� LQFUHDVH� WKH�VWDELOLW\��GHFUHDVH� WKH
UHFRPELQDWLRQ�ORVVHV�DQG�OHDN�FXUUHQWV��HWF�
:H�EHOLHYH�WKDW�D�SURPLVLQJ�WHFKQLFDO�VROX�
WLRQ� LV� RIIHUHG� E\� GLDPRQG�OLNH� FDUERQ
�'/&�� ILOPV�� 6XFK� ILOPV� KDYH� EHHQ� VXFFHVV�
IXOO\�DSSOLHG�DV�SDVVLYDWLQJ��SURWHFWLQJ��DQG
DQWLUHIOHFWLRQ� FRDWLQJV� LQ� VRODU� FHOOV� EDVHG
RQ�VLQJOH��DQG�SRO\FU\VWDOOLQH� VLOLFRQ��EHLQJ
FRPSHWLWLYH� LQ� WKLV� UHVSHFW� ZLWK� WKH� WUDGL�
WLRQDO�DQWLUHIOHFWLRQ�FRDWLQJV� >�@��7KH�H[SH�
GLHQF\�RI�XVLQJ�'/&�ILOPV�DV�DQWLUHIOHFWLRQ
FRDWLQJV�LQ�,5�SKRWRGHWHFWRUV�LV�GHWHUPLQHG
SULPDULO\� E\� WKH� DGYDQWDJHRXV� IHDWXUHV� RI
WKHLU�GHSRVLWLRQ��ORZ�VXEVWUDWH�WHPSHUDWXUH�
VLPSOLFLW\� DQG� ORZ� FRVW� RI� WKH� 3(�&9'
�3ODVPD� (QKDQFHG� &KHPLFDO� 9DSRU� 'HSRVL�
WLRQ��WHFKQRORJ\���DV�ZHOO�DV�E\�WKH�SRVVLELO�
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LW\� WR� FRQWURO� WKH� RSWLFDO� DQG� PHFKDQLFDO
SURSHUWLHV�RI�WKH�ILOPV�E\�YDU\LQJ�WKH�GHSR�
VLWLRQ�FRQGLWLRQV��

%HIRUH�� ZH� KDYH� VWXGLHG� WKH� DQWLUHIOHF�
WLRQ�SURSHUWLHV�RI�D�&�+�1�ILOPV�REWDLQHG�E\
SODVPD�FKHPLFDO� GHSRVLWLRQ� RQ� &G�±[=Q[7H�[�a������� VLQJOH� FU\VWDOV� >�@�� ,W� ZDV� IRXQG
WKDW�WKH�SODVPD�VWLPXODWHG�GHSRVLWLRQ�RI�WKH
GLHOHFWULF�FRDWLQJ�RQ�WKH�VHPLFRQGXFWRU�VXE�
VWUDWH� SURYLGHV� WKH� IRUPDWLRQ� RI� D� FRPSOH[
RSWLFDO� V\VWHP� ZLWK� WZR� WUDQVLWLRQ� OD\HUV
DQG� WKH� RSWLFDO� WUDQVPLWWDQFH� DPRXQWLQJ
������ ,W� LV�QHFHVVDU\�WR�SRLQW�RXW�WKDW�WKH
SUHSDUDWLRQ�RI�WKH�&G=Q7H�VXEVWUDWH�VXUIDFH
WR� GHSRVLWLRQ� RI� WKH� DQWLUHIOHFWLRQ� FRDWLQJ
FRQVLVWV�RI�D� VHTXHQFH�RI�RSHUDWLRQV� LQFOXG�
LQJ� SUHOLPLQDU\� SODVPD� WUHDWPHQW� ZKLFK� LV
XVHG�IRU�VXUIDFH�FOHDQLQJ��$W�WKH�VDPH�WLPH�
WKLV�RSHUDWLRQ�PD\�UHVXOW�LQ�YLRODWLRQ�RI�WKH
VWRLFKLRPHWU\� DQG� GHJUDGDWLRQ� RI� WKH� SURS�
HUWLHV� RI� D� QHDU�VXUIDFH� OD\HU� RI� WKH� VXE�
VWUDWH� >�Ü��@��3K\VLFDO�GDPDJH� LV�SULPDULO\
LQGXFHG� E\� KLJK�HQHUJ\� LRQ� ERPEDUGPHQW
GXULQJ�HWFKLQJ�� ,QGHHG��D�FKDQJH� LQ� WKH�UH�
JLPH��SRZHU��GXUDWLRQ��RI�&G=Q7H�WUHDWPHQW
LQ�DQ�R[\JHQ�SODVPD�PD\�UHVXOW�LQ�WKH�VXU�
IDFH�GHJUDGDWLRQ��UDWKHU�WKDQ�WR�LWV�SDVVLYD�
WLRQ��DQG�WR�D�FKDQJH�LQ�WKH�UHVLVWDQFH�RI�D
QHDU�VXUIDFH�OD\HU�>�@�

7KXV�� LQ� WKLV� VWXG\�� WKH� HIIHFW� RI� WKH
SODVPD� WUHDWPHQW� RI� &G�±[=Q[7H� �[�a������VLQJOH� FU\VWDOV� SULRU� WR� SODVPD�FKHPLFDO
GHSRVLWLRQ�RI�DQWLUHIOHFWLRQ�FRDWLQJ�LV�LQYHV�
WLJDWHG�� ,Q� DGGLWLRQ�� WKH� LGHQWLILFDWLRQ� RI
WUDQVLWLRQ�OD\HUV�LV�GLVFXVVHG�

���6DPSOHV�DQG�PHDVXUHPHQW
WHFKQLTXH�

'XULQJ�WKH�XQLILHG�WHFKQRORJLFDO�SURFHVV�
WKH� &G�±[=Q[7H� �[�a������� VLQJOH� FU\VWDOVZHUH� WUHDWHG� E\�$U��+�� DQG�1�� SODVPD� DQGWKHQ� '/&� ILOPV� ZHUH� GHSRVLWHG� RQWR� VHPL�
FRQGXFWRU� VXEVWUDWH�� 7KH� HIIHFWLYHQHVV� RI
WKH� DQWLUHIOHFWLRQ� HIIHFW� RI� D� '/&� ILOP� LQ
WKH�D�&�+�1�&G=Q7H� RSWLFDO� V\VWHP�ZDV� GH�
WHUPLQHG�ZLWK�,5�VSHFWURVFRS\�PHWKRG�IURP

WKH� RSWLFDO� WUDQVPLVVLRQ� VSHFWUD� LQ� WKH� �Ü
���PP� UDQJH�� 2SWLFDO� SDUDPHWHUV� RI� WKH� D�
&�+�1�&G=Q7H� ZDV� VWXGLHG� E\� HOOLSVRPHWU\
XVLQJ� D� ODVHU� �O� ������� QP�� SKRWRHOHFWULF
FRPSHQVDWLRQ� ]HUR� HOOLSVRPHWHU� �/()� �0���
5XVVLD��

3ULRU� WR�'/&�GHSRVLWLRQ�� WKH�&G�±[=Q[7H�[�a������� VXEVWUDWHV� RI� ���� PP� WKLFNQHVV
ZHUH�FXW�LQWR�����PP�u����PP��VTXDUHV�DQG
ZHUH� WUHDWHG� IRU� �� PLQ� LQ� KLJK�IUHTXHQF\
������� 0+]�� GLVFKDUJH� $U�� +�� DQG� 1�SODVPD�DW�D�SUHVVXUH�RI����3D�DQG�DW�D�GLV�
FKDUJH�SRZHU�RI�:� �����:��7KHQ��WKH�'/&
�D�&�+�1�� ILOPV� ZHUH� GHSRVLWHG� IRU� ��� PLQ
DW� D� GLVFKDUJH� SRZHU� RI�:� �����:�� 7KH
GLVFKDUJH� ZDV� LQLWLDWHG� LQ� DQ� $U�&+��+��1�����������JDV�PL[WXUH�DW�D�WRWDO�SUHVVXUH�RI
���� 3D�� 7KH� FRQWURO� 6L� SODWH� ZDV� WUHDWHG
VLPXOWDQHRXVO\�

���5HVXOWV
,Q�)LJ�����WKH�RSWLFDO�PLFURJUDSKV�RI�WKH

&G�±[=Q[7H� �[�a������� VDPSOHV� VXUIDFH� H[�SRVHG� WR� WKH� SODVPD� DFWLRQ� XVLQJ� YDULRXV
JDVHV� DUH� VKRZQ�� 7KH�$U� SODVPD� FOHDUO\� LQ�
GXFHG� D� PD[LPDO� VXUIDFH� PRGLILFDWLRQ� DV
ZHOO� DV� FDXVHG� DURXQG� ���� QP� WKLFN� GDP�
DJHG� OD\HUV� LQ� FRPSDULVRQ� WR� WKRVH� RI� D
GDPDJHG�DUHD�WKLFNQHVV�RI�DURXQG����QP�RU
OHVV�E\�1��DQG�+��SODVPDV��VHH�7DEOH���)XU�WKHUPRUH�� D� FULWLFDO� HIIHFW� RI� SODVPD�LQ�
GXFHG� GDPDJH� LV� WKH� FKDQJH� LQ� WKH� RSWLFDO

)LJ�����2SWLFDO�PLFURJUDSKV�RI�WKH�VXUIDFH�RI�&G�±[=Q[7H��[�a�������VXEVWUDWHV�H[SRVHG�WR�WKH�SODVPD
XVLQJ�YDULRXV�JDVHV��+���D���1���E���$U��F���2SWLFDO�ILHOG������u������PP�

7DEOH�� 2SWLFDO� FKDUDFWHULVWLFV� RI� WKH
&G�±[=Q[7H� VXEVWUDWH� H[SRVHG� WR� WKH
SODVPD�DFWLRQ�XVLQJ�YDULRXV�JDVHV��N�LV�DQ
H[WLQFWLRQ� FRHIILFLHQW�� Q� LV� D� UHIUDFWLYH
LQGH[�DQG�G�LV�D�GDPDJHG�DUHD�WKLFNQHVV

N Q G��QP
,QLWLDO�VXUIDFH ��� ���� Ü
3URFHVVHG�E\�1� ���� ���� ����
3URFHVVHG�E\�$U ���� ��� ���
3URFHVVHG�E\�+� ���� ��� ��
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FKDUDFWHULVWLFV� RI� VHPLFRQGXFWRU� VXEVWUDWH�
7KH�GLVWXUEHG�OD\HU�IRUPHG�GXH�WR�QLWURJHQ
SODVPD� WUHDWPHQW� KDV� RSWLFDO� SDUDPHWHUV
WKDW� DUH� PRVW� FORVH� WR� WKH� SDUDPHWHUV� RI
FDGPLXP� WHOOXULGH� �Q� ������� N� ������ IRU
O�  ������� QP� >��@��� $W� WKH� VDPH� WLPH�
WUHDWPHQW�ZLWK� DUJRQ� RU�K\GURJHQ� VXEVWDQ�
WLDOO\�� E\� DQ� RUGHU� RI�PDJQLWXGH�� GHFUHDVHV
WKH�H[WLQFWLRQ�FRHIILFLHQW��IURP�����WR������
LQ� WKH� GLVWXUEHG� OD\HU� RI� VDPSOHV� XQGHU
VWXG\� DQG� LQFUHDVHV� WKH� UHIUDFWLYH� LQGH[
�IURP������WR�������,W�LV�DOVR�ZRUWK�QRWLQJ�WKDW
WKHVH�FRHIILFLHQWV��DV�WR�WKHLU�YDOXH��DUH�FORVH
WR�WKH�RSWLFDO�FRHIILFLHQWV�RI�RQH�RI�WKH�OD\HU
�Q� �����Ü������ N� ������ IRU� O� �������QP
>�@���ZKLFK�LV�IRUPHG�LQ�WKH�FRXUVH�RI�DSSOL�
FDWLRQ� RI� D�&�+�1� GLHOHFWULF� FRDWLQJ� RQWR
&G�±[=Q[7H� �[�a������� VHPLFRQGXFWRU� VXE�VWUDWH�� 7KXV�� ZH� PD\� DVVXPH� WKDW� WKH� QD�
WXUH�RI�IRUPDWLRQ�RI�WKLV�OD\HU�LV�FRQQHFWHG
H[DFWO\� ZLWK� LRQ�SODVPD� WUHDWPHQW� SULRU� WR
DSSOLFDWLRQ� RI� WKH� '/&� FRDWLQJ� RQWR� VHPL�
FRQGXFWRU�VXEVWUDWH��

7KH�DQWLUHIOHFWLRQ�HIIHFW�RI�D�'/&�ILOP�LQ
WKH� D�&�+�1�&G�±[=Q[7H� �[�a������� RSWLFDOV\VWHP�SUHWUHDWHG�E\�$U��1�� DQG�+�� SODVPDZDV� GHWHUPLQHG� IURP� WKH� RSWLFDO� WUDQVPLV�
VLRQ� VSHFWUD�DV� LOOXVWUDWHG� LQ�)LJ����� ,W�ZDV
REWDLQHG�D�FRPSOH[�RSWLFDO�V\VWHP�ZLWK�WZR
WUDQVLWLRQ�OD\HUV��7KH�WUDQVPLWWDQFH�RI�DQ�XQ�
FRDWHG�&G=Q7H�FU\VWDO�LV�RQ�WKH�DYHUDJH�DERXW
7�a�������7KH�DSSOLFDWLRQ�RI�DQ�D�&�+�1�ILOP
ZLWK�D�WKLFNQHVV�RI�G�a�����PP�LQFUHDVHV�WKH
WUDQVPLWWDQFH�RQ�WKH�DYHUDJH�XS�WR�DERXW�7
a������� 7KH� VSHFWUDO� LQWHUYDO� RI�PD[LPXP
FODULILFDWLRQ�FRUUHVSRQGV�WR�D�QHDU�,5�UDQJH
��Ü��PP�� WKDW� FRLQFLGHV� ZLWK� WKH� WUDQVSDU�
HQF\�ZLQGRZ�RI� WKH�DWPRVSKHUH��7KH� WUDQV�
PLWWDQFH� UHDFKHV�7�a������DQG� RVFLOODWLRQV
LQ� WKH� WUDQVPLVVLRQ� VSHFWUD� LV� REVHUYHG� IRU
WKH� D�&�+�1�&G�±[=Q[7H� �[�a������� RSWLFDOV\VWHP�SUHWUHDWHG�ZLWK�$U�SODVPD��,W�VKRXOG
EH� QRWHG� WKDW�� DIWHU� WKH� WUHDWPHQW� RI� VXE�
VWUDWH�ZLWK�DUJRQ�SODVPD��WKH�RVFLOODWLRQV�RI
WUDQVPLVVLRQ� DUH� REVHUYHG� LQ� WKH� UHJLRQ� RI
PD[LPDO� DQWLUHIOHFWLRQ� RI� D�&�+�1�&G=Q7H
V\VWHP��VHH�LQVHW�RI�WKH�)LJ������

7KXV��WKH�GHSRVLWLRQ�RI�D�D�&�+�1�GLHOHF�
WULF� ILOP� RQWR� D� &G�±[=Q[7H� VHPLFRQGXFWRUVXEVWUDWH��[�a�������UHVXOWV�LQ�WKH�IRUPDWLRQ
RI� D� PXOWLOD\HU� V\VWHP� ZLWK� WKH� RSWLFDO
SURSHUWLHV� GLIIHUHQW� IURP� WKRVH� RI� WKH� LQ�
LWLDO�VXEVWUDWH��$W�WKDW��WKH�OD\HU�QHDUHVW�WR
WKH�VXEVWUDWH�LV�IRUPHG�DV�D�FRQVHTXHQFH�RI
WKH� SODVPD� WUHDWPHQW� RI� WKH� VHPLFRQGXFWRU
VXUIDFH�� $V� WR� DQWLUHIOHFWLRQ�� WUHDWPHQW
ZLWK�DUJRQ�SODVPD�LV�WKH�PRVW�HIILFLHQW��

+RZHYHU�� LW� LV�ZRUWK�QRWLQJ� WKDW�� LQ�WKH
FDVH� RI� DSSOLFDWLRQ� RI� D�&�+�1� GLHOHFWULF
ILOPV� DV� DQWLUHIOHFWLRQ� FRDWLQJV� IRU� WKH� LQ�
IUDUHG�UHJLRQ��RQH�VKRXOG�WDNH� LQWR�DFFRXQW
WKH� SUHVHQFH� RI� DEVRUSWLRQ� EDQGV� FKDUDF�
WHULVWLF� RI� WKHLU� YLEUDWLRQ� VSHFWUD�� $V� LV
VHHQ�LQ�)LJ�����WKH�WUDQVPLVVLRQ�VSHFWUD�RI
D�&�+�1�&G=Q7H� VWUXFWXUH� FRQWDLQ� UHJLRQV
RI�DEVRUSWLRQ��FKDUDFWHUL]HG�E\�GHIRUPDWLRQ
DQG� VWUHWFKLQJ� YLEUDWLRQV� RI�&±+� ERQGV�� $
GHWDLOHG� DQDO\VLV� RI� WKH� LQIUDUHG� DEVRUSWLRQ
VSHFWUXP� RI� WKH� V\QWKHVL]HG� VWUXFWXUH� KDV
VKRZQ� DOVR� WKH� SUHVHQFH� RI�&±&��& 2� DQG
2+�ERQGV�

6SHFWUD� RI� LQIUDUHG� DEVRUSWLRQ� RI� D�
&�+�1�&G=Q7H� VWUXFWXUH� ZHUH� UHFDOFXODWHG
IURP�WKH�WUDQVPLVVLRQ�VSHFWUD�RI�WKH�VDPSOH
ZLWK� UHJDUG� IRU� WKH� WKLFNQHVV� RI� FRDWLQJ
EHLQJ� REWDLQHG�� WKH� UHIOHFWLRQ� DQG� WKH� DQ�
WLUHIOHFWLRQ� HIIHFW�� 7KH� IUDFWLRQ� RI� LQFLGHQW
OLJKW� UHIOHFWHG� IURP� WKH� &G=Q7H�DLU� LQWHU�
IDFH�ZDV�GHWHUPLQHG�XVLQJ�WKH�IRUPXOD�>�@�
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ZKLFK� \LHOGHG� 5��|���Ü��� �� IRU� WKH
��Ü����PP� VSHFWUDO� UDQJH�� +HUH� Q�� ����Ü�����LV�WKH�UHIUDFWLYH�LQGH[�RI�VXEVWUDWH�PD�
WHULDO��Q�� ���LV�WKH�UHIUDFWLYH�LQGH[�RI�DLU�)RU�WKH�&G=Q7H�D�&�+�1�DLU�V\VWHP��WKH�UH�
IOHFWLRQ�FRHIILFLHQW�FDQ�EH�FDOFXODWHG�DV�IRO�
ORZV�>�@����
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)LJ����� 2SWLFDO� WUDQVPLVVLRQ� VSHFWUD� RI� D�
&�+�1�&G�±[=Q[7H� �[�a������� VWUXFWXUHV� SUH�WUHDWHG�E\�$U��1��DQG�+��SODVPD��,QVHUW��7KHRVFLOODWLRQV� RI� WUDQVPLVVLRQ� REVHUYHG� IRU� WKH
D�&�+�1�&G�±[=Q[7H� �[�a������� RSWLFDO� V\VWHPSUHWUHDWHG�E\�$U�SODVPD�
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7KH�5�YDOXH�JLYHQ�E\�WKLV�IRUPXOD�LV�OHVV
WKDQ� ���� IRU� Q�� �����Ü���� DQG� LQFUHDVHVWR�����IRU�Q�� ������,Q� )LJ���D�� WKH� DEVRUSWLRQ� SHDNV� LQ� WKH
UDQJH� RI� ����Ü����� FPÜ�� IRU�&±+� VWUHWFK�
LQJ� YLEUDWLRQV� DUH� VKRZQ�� )LJ���E� GLVSOD\V
WKH�DEVRUSWLRQ�SHDNV� LQ�WKH�UDQJH�RI�����Ü
�����FPÜ�� IRU�&±+� GHIRUPDWLRQ�YLEUDWLRQV�
7KH� EURDG� DEVRUSWLRQ� SHDN� DW� ����� FPÜ�
�)LJ���D�� ZDV� 2±+� YLEUDWLRQDO� PRGH�� 7KH
SHDN� SRVLWLRQV� ZHUH� REWDLQHG� IURP� WKH� FRU�
UHVSRQGLQJ�/RUHQW]�FXUYHV� ILWWHG� WR� WKH�H[�
SHULPHQWDO�RQHV�>��@�

&RQVLGHULQJ�WKH�VSHFWUXP��RQH�FDQ�REWDLQ
WKDW� WKH�'/&� ILOP�ZDV�PRVWO\� FRPSRVHG� RI
VS��K\EULGL]HG�ERQGLQJ�DQG�KDV�KLJK�ERQGHG
K\GURJHQ� FRQWHQW�� 7KH� EDQG� RI� WKH� &±+
VWUHWFKLQJ�YLEUDWLRQV�LQFOXGHV�VS��&+��V\P�PHWULFDO� DEVRUSWLRQ� DW� ����� FPÜ��� VS�� &+
DEVRUSWLRQ� DW� ����� FPÜ��� WKH� DV\PPHWULFDO
VS��&+��DEVRUSWLRQ�DW������FPÜ��DV�ZHOO�DV
WKH� DV\PPHWULFDO� VS�� &+�� DEVRUSWLRQ� DW�����FPÜ��� $� JUHDW� RFFXUUHQFH� RI� WKH�&+�UDGLFDO� LQ�GHSRVLWHG� ILOP� LV� HYLGHQFH� RI� WKH
PHWK\O� PHFKDQLVP� RI� WKH� IRUPDWLRQ� RI� WKH
RQH�� 0HWK\O� UDGLFDOV� LQFOXGHG� LQ� WKH� ILOP
IRUPDWLRQ�DUH�SURGXFHG�DV�D�FRQVHTXHQFH�RI
GLVVRFLDWLRQ� RI� PHWKDQH� PROHFXOHV� E\� HOHF�
WURQ� LPSDFW�� 7KH� SUHVHQFH� RI� &+�� DQG� &+

JURXSV� LQ� WKH� ILOP� LV� SURGXFHG� E\� WKH� UH�
PRYDO�RI�WKH�ERQGHG�K\GURJHQ�IURP�WKH�ILOP
VXUIDFH��&+�l&+����+��&+�l&+���&+���+l&+����+��� &+����+l� &+���+�� �� ÛUDGLFDOV�LQFRUSRUDWHG�LQ�WKH�ILOP���

,W� LV� HVWDEOLVKHG� WKDW� WKH� RSWLFDO� FKDUDF�
WHULVWLFV�RI�WKH�D�&�+�1�ILOPV�DUH�VWDEOH�ZLWK
UHVSHFW� WR� WKHUPDO� F\FOLQJ� DQG� XOWUDVRQLF
WUHDWPHQW�>�@��$FFRUGLQJ�WR�>��@��WKH�FDYLWD�
WLRQ� FKDUJLQJ� LQ� FU\RJHQLF� OLTXLG� ZDV� XVHG
IRU�WHVWLQJ�WKH�PHFKDQLFDO�SURSHUWLHV�RI�GLD�
PRQG�OLNH�FDUERQ�ILOP��,W�ZDV�REWDLQHG�WKDW
DW� OHDVW� WKH� ILUVW� ��Ü���PLQ� RI� WKH� FDYLWD�
WLRQ�FKDUJLQJ��'/&�ILOP�H[KLELWHG�QHJOLJLEOH
VXUIDFH� GDPDJH�� $IWHU� DERXW� ��� PLQ� RI
WUHDWPHQW�� GLDPRQG� ILOP� VKRZ� VLJQLILFDQW
VXUIDFH�VZHOOLQJ�DQG�EUHDNLQJ�RI�WKH�FRDWLQJ
FRQWLQXLW\�� )LJ���D�� E�� F� VKRZ� WKH� RSWLFDO
PLFURJUDSKV� RI� WKH� VDPSOHV� LUUDGLDWHG� GXU�
LQJ� YDU\LQJ� WLPH�� ,W� LV� QHFHVVDU\� WR� SRLQW
RXW� WKH� ORFDO� YDULDWLRQ� RI� WKH� ILOP� FRORU� LQ
WKH� LQWHUDFWLRQ� UHJLRQ��ZKLFK�FDQ�SRLQW�RXW
FKDQJHV�LQ�LWV�WKLFNQHVV�

���&RQFOXVLRQ
7KXV�� WKH� GHSRVLWLRQ� RI� D� GLHOHFWULF� ILOP

D�&�+�1� RQWR� D� VHPLFRQGXFWRU� VXEVWUDWH
&G�±[=Q[7H� �[�a������� FDXVHV� WKH� IRUPDWLRQRI�D�PXOWLOD\HU�V\VWHP�ZLWK�WKH� OD\HU�QHDU�

)LJ�����6SHFWUD�RI�LQIUDUHG�DEVRUSWLRQ�RI�D�&�+�1�&G�±[=Q[7H��[�a�������VWUXFWXUH�

)LJ�����2SWLFDO�PLFURJUDSKV�RI�D�&�+�1�VDPSOH�H[SRVHG�WR�WKH�DFRXVWLF�FDYLWDWLRQ�LQ�OLTXLG�QLWURJHQ
GXULQJ���D��DQG��E��Û����PLQ���F��Û����PLQ��2SWLFDO�ILHOG������u������PP�
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HVW� WR� WKH� VXEVWUDWH� LV� IRUPHG� GXH� WR� WKH
SODVPD�WUHDWPHQW�RI�WKH�VHPLFRQGXFWRU�VXU�
IDFH��$W�WKDW��WKH�$U�SODVPD�FOHDUO\�LQGXFHG
D�PD[LPDO�VXUIDFH�PRGLILFDWLRQ�DQG�D�PD[L�
PDO� DQWLUHIOHFWLRQ� HIIHFW� IRU� WKH
D�&�+�1�&G�±[=Q[7H� �[�a������� RSWLFDO� V\V�WHP� SUHWUHDWHG� E\�$U� SODVPD� LV� DWWDLQHG� LQ
FRPSDULVRQ�ZLWK�WKRVH�ZLWK�1��DQG�+��SODV�PDV�� 7KH� VSHFWUDO� LQWHUYDO� RI� PD[LPXP
FODULILFDWLRQ� �ZKHUH� WKH� WUDQVPLWWDQFH
UHDFKHV�7�a�������FRUUHVSRQGV�WR�D�QHDU�,5
UDQJH� ��y��PP�� WKDW� FRLQFLGHV� ZLWK� WKH
WUDQVSDUHQF\�ZLQGRZ�RI�WKH�DWPRVSKHUH�

&RQVLGHULQJ� WKH� D�&�+�1� DEVRUSWLRQ� VSHF�
WUD�� RQH� FDQ� REWDLQ� WKDW� WKH� '/&� ILOP� ZDV
PRVWO\�FRPSRVHG�RI�VS��K\EULGL]HG�ERQGLQJ�RI
WKH�FDUERQ��:H�KDYH�VKRZQ�WKDW��GXH� WR� WKH
SUHVHQFH�RI�DEVRUSWLRQ�EDQGV�LQ�WKH�YLEUDWLRQ
VSHFWUD� RI�D�&�+�1�� WKHUH� DULVH� ORVVHV��ZKLFK
KDYH� WR� EH� WDNHQ� LQWR� DFFRXQW� LQ� GHVLJQLQJ
DQG� V\QWKHVL]LQJ� RSWLFDO� FRDWLQJV� IRU� GHWHF�
WRUV�RI�WKH�LQIUDUHG�UHJLRQ�RI�WKH�VSHFWUXP��
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