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5HFHLYHG�)HEUXDU\��������
6LJQLILFDQW� LQFUHDVH� RI� DEVRUSWLRQ� DQG� GHFUHDVH� RI� UHIOHFWDQFH� RI� WKLQ� 3G� ILOPV� RQ

OLWKLXP�QLREDWH�DV�D�UHVXOW�RI�LRQ�LPSODQWDWLRQ�DV�ZHOO�DV�PRGLILFDWLRQ�RI�WKH�ILOPV�VXUIDFH
VWUXFWXUH�ZDV�UHYHDOHG��)RUPDWLRQ�RI�FUDWHUV�RQ�WKH�VXUIDFH�RI�3G�ILOPV��WKHLU�DPRUSKL]D�
WLRQ�DQG�LQWHQVLYH�LRQ�LQWHUPL[LQJ�RQ�WKH�LQWHUIDFH�ILOP�VXEVWUDWH�PDNH�VSHFWUDO�UHVSRQVH
QRQVHOHFWLYH� LQ� WKH� LQIUDUHG� �O� ��Ü���PP�� UDQJH� RI� VSHFWUXP�� $GKHVLRQ� RI� 3G� ILOP� WR
OLWKLXP�QLREDWH� EHFRPHV� DW� OHDVW� �� RUGHUV� KLJKHU�� 7KH� HIIHFWV� UHYHDOHG�ZHUH� VXFFHVVIXOO\
DSSOLHG�IRU�GHYHORSPHQW�RI�S\URHOHFWULF�GHWHFWRUV�
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���,QWURGXFWLRQ
/LWKLXP� QLREDWH� KDV� YDULHW\� RI� DSSOLFD�

WLRQV�LQ�RSWLFV�DQG�RSWRHOHFWURQLFV��+LJK�S\�
URHOHFWULF� FRHIILFLHQW�� VWDELOLW\� WR� HQYLURQ�
PHQW��ORQJ�WHUP�GXUDELOLW\�DQG�KLJK�RSWLFDO
GDPDJH� WKUHVKROG� PDNH� OLWKLXP� QLREDWH� LU�
UHSODFHDEOH� WR� EH�XVHG� IRU�S\URHOHFWULF�SKR�
WRGHWHFWRUV� DQG� SRZHU� PHWHUV� RSHUDWLQJ
ZLWK�SRZHU�UDGLDWLRQ�>�@��7KH�RQO\�LPSURYH�
PHQW� UHTXLUHG� LV� WR� LQFUHDVH� VHQVLWLYLW\� E\
GHSRVLWLRQ� DSSURSULDWH� DEVRUELQJ� OD\HU� RQ
WKH�VXUIDFH�RI�OLWKLXP�QLREDWH��*ROGHQ�EODFN
FRDWLQJ� GHVSLWH� RI� QRQ�VHOHFWLYH� DEVRUSWLRQ
LQFUHDVH� WLPH�FRQVWDQW�GXH�WR� LWV�ELJ� WKLFN�
QHVV� �G� ��Ü���PP��� ,Q� WKLV� FDVH� WKHUPDO
ZDYH�VSHQGV�PRUH�WLPH�WR�UHDFK�S\URHOHFWULF
FU\VWDO�� 'HSRVLWLRQ� RI� PHWDOOLF� FRDWLQJV� HV�
SHFLDOO\� 3G� JLYHV� DGYDQWDJH� LQ� WKLFNQHVV
�XVXDOO\� IURP� ��� WR� ��� QP�� DQG� FRPSDUD�

WLYHO\� JRRG� DEVRUSWLRQ�YDOXH��%XW� DOO� DERYH
PHQWLRQHG� FRDWLQJV� KDYH� ORZ� DGKHVLRQ� WR
OLWKLXP�QLREDWH�ZKDW�VLJQLILFDQWO\�OLPLWV�RS�
WLFDO� GDPDJH� WKUHVKROG� RI� HQWLUH� VHQVLQJ
V\VWHP��

7KH�LGHD�RI�WKH�SUHVHQW�ZRUN�ZDV�WR�SUR�
YLGH�DSSURSULDWH�PRGLILFDWLRQ�RI�WKH�VXUIDFH
VWUXFWXUH� RI� WKH� VDPSOHV� DQG� LQYHVWLJDWH
WKHLU� RSWLFDO� SURSHUWLHV� WR� ILQG� WKH� RSWLPDO
SDUDPHWHUV�RI�WKH�VDPSOHV�VWUXFWXUH�PRGLIL�
FDWLRQ�� ,RQ� LPSODQWDWLRQ� LV� NQRZQ� DV� QRYHO
PHWKRG�RI�PDWHULDOV�SURFHVVLQJ��'HSHQGV�RQ
LRQV�HQHUJ\�DQG�GRVH��PDWHULDOV�RI�ILOP�DQG
VXEVWUDWH� WKH� IROORZLQJ� HIIHFWV� FDQ� EH� RE�
VHUYHG�� GHIHFWV� JHQHUDWLRQ�� WKHLU� LQWHUDF�
WLRQ�� UDGLDWLRQ�DFFHOHUDWHG� GLIIXVLRQ�� LP�
SODQWDWLRQ� RI� UHFRLO� DWRPV�� DWRP� LQWHUPL[�
LQJ� LQ� WKH� WUDQVLWLRQ� OD\HU�� DQG� RWKHU
UHODWHG�HIIHFWV��

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�67&��,QVWLWXWH�IRU�6LQJOH�&U\VWDOV�
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���([SHULPHQWDO
7KH�0RQWH�&DUOR�PHWKRG�ZDV�DSSOLHG�IRU

GHWHUPLQDWLRQ�RI�D�GLVWULEXWLRQ�RI�$U�� LRQV
DQG�UHFRLO�DWRPV�SHU�GHSWK�RI�WKLQ�3G�ILOPV
RQ�OLWKLXP�QLREDWH�VXEVWUDWH�IRU�LRQV�HQHUJ\
RI���������DQG�����NH9��$V�VKRZQ�RQ�)LJ���
WKH�PDMRULW\� RI� LRQV� DFFHOHUDWHG� WR� ��� NH9
VWRSV� DW� ��� QP� IURP� WKH� VDPSOH�V� VXUIDFH�
)RU� LRQV�ZLWK� HQHUJLHV�RI�����DQG�����NH9
WKH�LRQV�GLVWULEXWLRQ�SHDNV�ZLOO�EH�DW����DQG
��� QP� IURP� WKH� VDPSOH�V� VXUIDFH� DFFRUG�
LQJO\��7KH�GRVH�RI�LRQV�VKRXOG�EH�IURP�����
WR� �����FPÜ�� IRU� HIIHFWLYH� PRGLILFDWLRQ� RI
VDPSOHV� VWUXFWXUH�� 2EWDLQHG� UHVXOWV� ZHUH
XVHG� IRU� SURGXFWLRQ� DQG� IXUWKHU� SURFHVVLQJ
RI�WKH�VDPSOHV�

6OLFHV� RI� OLWKLXP� QLREDWH� VLQJOH� FU\VWDO
ZLWK� WKLFNQHVVHV� RI�����PP�ZHUH� FRDWHG�E\
3G� ILOPV� ZLWK� WKLFNQHVVHV� ���� ���� ���� DQG
��� QP� E\� LRQ� SODVPD� PHWKRG� >�@�� ,RQ� LP�
SODQWDWLRQ� RI� WKLQ�3G� ILOPV�RQ� OLWKLXP�QLR�
EDWH� ZDV� PDGH� E\� $U�� LRQV� ZLWK� HQHUJLHV
IURP� ��� WR� ���� NH9� GHSHQGLQJ� RQ�3G� ILOP
WKLFNQHVV� LQ� DFFRUGDQFH� ZLWK� WKH� 0RQWH�
&DUOR�FDOFXODWLRQV��

6SHFWUDO� LQYHVWLJDWLRQV�RI�RSWLFDO�SURSHU�
WLHV� ZHUH� SHUIRUPHG� E\� 85���� VSHFWUR�
SKRWRPHWHU� LQ�ZLGH�ZDYHOHQJWK� UDQJH� IURP
����WR����PP�

6XUIDFH�VWUXFWXUH�RI�WKH�VDPSOHV�ZDV�H[�
DPLQHG� E\� 6FDQQLQJ� (OHFWURQ� 0LFURVFRS\
DQG�$WRPLF�)RUFH�0LFURVFRS\�PHWKRGV�

���5HVXOWV�DQG�GLVFXVVLRQ
2SWLFDO� SURSHUWLHV�� LQ� SDUWLFXODU� UHIOHF�

WDQFH� DQG� WUDQVPLVVLRQ� VSHFWUD� RI� WKLQ� 3G
ILOPV�RQ� OLWKLXP�QLREDWH�QRQ�LPSODQWHG�DQG

LPSODQWHG� E\� $U�� LRQV� ZHUH� PHDVXUHG� LQ
ZLGH�ZDYHOHQJWK�UDQJH� ����Ü���PP���7UDQV�
PLVVLRQ� VSHFWUD� VKRZ� WKDW� WZR� DEVRUSWLRQ
EDQGV�DUH�REVHUYHG�QHDU�O� �����DQG�����PP
�)LJ���D�� IRU� ERWK� LPSODQWHG� DQG� QRQ�LP�
SODQWHG� VDPSOHV�� WKDW� LV� UHODWHG� ZLWK� SUHV�
HQFH� RI� +±2±+� JURXSV� LQ� /L1E2�� DQG� E\RVFLOODWLRQ�RI�+�2�PROHFXODU� FRPSOH[HV� DQGRWKHU� LQFOXVLRQV�� ,Q� WKH� ZDYHOHQJWK� UDQJH
QHDU� O� ������PP�� DQ� LQWHQVLYH� DEVRUSWLRQ
EDQG� FDXVHV� GHFUHDVH� LQ� WUDQVPLVVLRQ�� 7KLV
EDQG� LV� UHODWHG�ZLWK� YDOHQFH� EULGJH� RVFLOOD�
WLRQV� RI� R[\JHQ� LQ� WKH� RFWDKHGURQ� 1E2��7KHVH� RVFLOODWLRQV� DUH� IXQGDPHQWDO� SKRQRQV
RI� OLWKLXP� QLREDWH� VLQJOH� FU\VWDO� >�@�� $V
VKRZQ�LQ�)LJ����LRQ�LPSODQWDWLRQ�FDXVHV�ULVH

)LJ�����7UDQVPLVVLRQ��D��DQG�UHIOHFWDQFH��E��VSHFWUD�RI�WKLQ�3G�ILOP�ZLWK�WKLFNQHVVHV�RI��������������
�������� ��� �������� DQG����QP� ������� EHIRUH� ���������� ��� DQG� DIWHU� LRQ� LPSODQWDWLRQ� ������������� LQ
FRPSDULVRQ�ZLWK�OLWKLXP�QLREDWH�VLQJOH�FU\VWDO�����DQG�EXON�1L������E��

)LJ�����'LVWULEXWLRQ�RI�VWRSSLQJ�UDQJH�RI�LP�
SODQWHG� $U�� LRQV� E\� GHSWK� �HQHUJ\� ���� ����
DQG�����NH9��LQ�WKH�V\VWHP�WKLQ�3G�ILOP�OLWK�
LXP�QLREDWH�VXEVWUDWH�

9�2�/\VLXN�HW�DO����,QIOXHQFH�RI�LRQ�LPSODQWDWLRQ����
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RI�WUDQVPLVVLRQ�RI�3G±/L1E2��LQ�YLVLEOH�DQGQHDU� LQIUDUHG� ����Ü���� PP�� VSHFWUDO� UHJLRQ
WKDW� LV� UHVXOW� RI� ZLGHQLQJ� WKH� WUDQVLWLRQDO
OD\HU� ILOP�VXEVWUDWH� DQG� GLVRUGHULQJ� WKH
QHDU�VXUIDFH�VWUXFWXUH�RI�WKH�PHWDO�ILOP�DQG
VXEVWUDWH��

5HVXOWV� RI� VSHFWUDO� LQYHVWLJDWLRQV� RI� UH�
IOHFWDQFH� IRU� 3G±/L1E2�� QRQLPSODQWHG� DQGLPSODQWHG� E\� $U�� LRQV� LQ� WKH� ZLGH� VSHFWUDO
UDQJH� �O� ����Ü���PP�� VKRZ� WKDW� UHIOHFWLRQ
FRHIILFLHQW� GHFUHDVHV� LQ� ZKROH� WKH� VSHFWUDO
UDQJH� DIWHU� LRQ� LPSODQWDWLRQ� DQG� IRU� 3G
ILOP�WKLFNQHVVHV�RI����DQG����QP�LW�EHFRPHV
QRQ�VHOHFWLYH� LQ� WKH� LQIUDUHG� ��Ü��� PP�
UDQJH�>�@��7R�H[SODLQ�VXFK�GLIIHUHQFH�RI�WKH
UHVXOWV�RI�LRQ�LPSODQWDWLRQ�DQ�LQYHVWLJDWLRQ
RI�VXUIDFH�VWUXFWXUH�RI�WKH�VDPSOHV�E\�6(0
DQG�$)0�PHWKRG�ZDV�FDUULHG�RXW��

,Q� 6(0� LQYHVWLJDWLRQV� �)LJ����� LW� ZDV
VKRZQ� WKDW� VPRRWK� WKLQ�3G� ILOP����QP�RQ
OLWKLXP� QLREDWH� EHIRUH� LRQ� LPSODQWDWLRQ� �D�
WRWDOO\� FKDQJHG� LWV� VXUIDFH� VWUXFWXUH� DIWHU
���� NH9�$U�� LRQ� LPSODQWDWLRQ� �E��� LQ� SDU�
WLFXODU� FUDWHU�OLNH� EOLVWHUV� DV�ZHOO� DV� DPRU�
SKL]DWLRQ�RI�3G�ILOP�DQG�VXEVXUIDFH�OD\HU�RI
OLWKLXP� QLREDWH� VXEVWUDWH� ZHUH� REVHUYHG�
%OLVWHUV� DSSHDUHG� DUH� UHVXOW� RI� $UJRQ� H[LW
IURP�WKH�ILOP�GHSWK�GXULQJ�WKHUPDO�DQQHDO�
LQJ� DIWHU� LRQ� LPSODQWDWLRQ� >�@�� ,Q� FRPSDUL�
VRQ� ZLWK� RWKHU� PHWDOV� IRU� DEVRUELQJ� FRDW�
LQJV�� RQO\� 3G� OHG� WR� WKH� FUDWHU� IRUPDWLRQ
PDNLQJ� DEVRUELQJ� FRDWLQJ� PRUH� HIIHFWLYH

DQG�QRQ�VHOHFWLYH�LQ�WKH�ZLGH�VSHFWUDO�UDQJH
OLNH�JROGHQ�EODFN�>�@��

$V�VKRZQ�LQ�7DEOH�3G�LV�FKDUDFWHUL]HG�E\
WKH� ORZHVW� YDOXH� RI� GDPDJH� WKUHVKROG� DQG
FRHIILFLHQW� RI� VXUIDFH� WHQVLRQ� DPRQJ� RWKHU
WUDQVLWLRQ�PHWDOV�PHQWLRQHG��+LJK�YDOXHV�RI
GDPDJH� WKUHVKROG� DQG� FRHIILFLHQWV� RI� VXU�
IDFH� WHQVLRQ� IRU� 1L� DQG� 0R� UHVXOWHG� LQ
$UJRQ�FRPLQJ�RXWVLGH�WKH�ILOP�GHSWK��,Q�WKH
FDVH�RI�3G�ILOPV��RWKHUZLVH��$UJRQ�GHVWUR\V
EOLVWHUV�WKDW�WUDQVIRUP�WR�WKH�FUDWHUV���

$GGLWLRQDOO\�� LQYHVWLJDWLRQV� KDYH� VKRZQ
WKDW� DGKHVLRQ� EHWZHHQ� 3G� ILOP� DQG� /L1E2�VXEVWUDWH� EHFRPHV� DW� OHDVW� �� RUGHUV� KLJKHU
DIWHU� LRQ� LPSODQWDWLRQ� RZLQJ� WR� LRQ� LQWHU�
PL[LQJ�SURFHVV�ZKLFK�WDNH�SODFH�GXULQJ�LRQ
LPSODQWDWLRQ� DW� WUDQVLWLRQ� OD\HU� 3G� ILOP�
VXEVWUDWH�� 7KH� UHYHDOHG� HIIHFWV� FDQ� EH�XVHG
IRU�GHYHORSPHQW� RI� S\URHOHFWULF� SKRWRGHWHF�
WRUV� VHQVLQJ� V\VWHP�DQG�SRZHU�PHWHUV�ZLWK
HQKDQFHG�UDGLDWLRQ�VWDELOLW\��VHQVLWLYLW\�DQG
QRQ�VHOHFWLYH� UHVSRQVH� LQ� WKH� LQIUDUHG� >�@
UDQJH�

���&RQFOXVLRQ
,Q� WKH� FXUUHQW� VWXG\� LW� ZDV� IRXQG� WKDW

LRQ�LPSODQWDWLRQ�RI�WKLQ�3G�ILOPV�RQ�OLWKLXP
QLREDWH� FDXVHV� WKH� UHIOHFWDQFH� GHFUHDVH� DQG
DEVRUSWLRQ� LQFUHDVH� LQ� WKH�ZLGH�ZDYHOHQJWK
UDQJH� �O� ����Ü���PP�� RZLQJ� WR� WKH� SURF�
HVVHV� RI�� ��� EOLVWHUV� IRUPDWLRQ� RQ� WKH� VDP�
SOHV� VXUIDFH� LQFUHDVLQJ� GLIIXVH� VFDWWHULQJ
DQG�DEVRUSWLRQ�RI�WKH�VDPSOH�����GHFUHDVH�RI

)LJ�����6(0�LPDJH�RI�WKLQ�3G�ILOP�����QP��RQ�OLWKLXP�QLREDWH�EHIRUH�LRQ�LPSODQWDWLRQ��D��DQG�DIWHU
LPSODQWDWLRQ�E\�$U��LRQV��E��

7DEOH��0HFKDQLFDO�SURSHUWLHV�RI�3G�LQ�FRPSDULVRQ�ZLWK�1L�DQG�0R

0HWDO 1L 0R 3G�
6XUIDFH�WHQVLRQ �����HUJ�FP� �����HUJ�FP� �����HUJ�FP��
'DPDJH�WKUHVKROG ���Ü����1�P� ����1�P� ����1�P��

9�2�/\VLXN�HW�DO����,QIOXHQFH�RI�LRQ�LPSODQWDWLRQ����
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KHWHURJHQHLW\� RQ� WKH� LQWHUIDFH� ILOP�VXE�
VWUDWH�E\�LRQ�LQWHUPL[LQJ��DPRUSKL]DWLRQ�RI
VXEVXUIDFH� OD\HU� RI� WKH� ILOP� DQG� VXEVWUDWH�
,RQ�LPSODQWDWLRQ�OHG�WR�FUDWHU�OLNH�VWUXFWXUH
IRUPDWLRQ�ZLWK� DYHUDJH�GLDPHWHU�RI� FUDWHUV
DERXW����PP�� 7\SH� RI� VXUIDFH� VWUXFWXUH� RI
LPSODQWHG� V\VWHP� WKLQ� PHWDO� ILOP�OLWKLXP
QLREDWH�GHSHQGV�RQ�PHFKDQLFDO�SURSHUWLHV�RI
PHWDO� ILOP� DQG� LQ� SDUWLFXODU� LWV� GDPDJH
WKUHVKROG�DQG�FRHIILFLHQW�RI�VXUIDFH�WHQVLRQ�
6HQVLQJ�V\VWHP�RQ�WKH�EDVH�RI�WKLQ�3G�ILOP�
OLWKLXP� QLREDWH� LPSODQWHG� E\� $U�� LRQV� ZDV
GHYHORSHG� IRU� DSSOLFDWLRQ� LQ� S\URHOHFWULF
SKRWRGHWHFWRUV�� 7KHLU� FKDUDFWHULVWLFV� VXFK
DV� VHQVLWLYLW\�� GHWHFWLYLW\�� UDGLDWLRQ� VWDELO�
LW\��WLPH�FRQVWDQW��GXUDELOLW\�DUH�QRW�ZRUVH
WKDQ�WKH�FRUUHVSRQGLQJ�FKDUDFWHULVWLFV�RI�WKH
EHVW� DQDORJXHV�� 6SHFWUDO� VHQVLWLYLW\� RI� LP�
SODQWHG� WKLQ� 3G� ILOPV� RQ� OLWKLXP� QLREDWH� LV
QRQ�VHOHFWLYH�LQ�WKH�LQIUDUHG���Ü���PP��UDQJH
WKDW� GHPRQVWUDWHV� YDULHW\� RI� SHUVSHFWLYH� XVH
RI�WKH�VHQVLQJ�V\VWHP�

$FNQRZOHGJPHQWV��7KH�ZRUN� LV�D�SDUW�RI
VFLHQWLILF� UHVHDUFK� RQ� WRSLF� �2SWLFDO� DQG
PDJQHWR�RSWLFDO�SURSHUWLHV�RI�VXUIDFH�OD\HUV
DQG�ILOPV�ZLWK�GLIIHUHQW� W\SH�RI� FRQGXFWLY�
LW\��� UHJLVWUDWLRQ� QXPEHU� ��� %)� �������
����������

5HIHUHQFHV
� ���+�&KDLE�� 7�2WWR�� /�0�(QJ�� 3K\V��5HY��%�� ���

��������������
� ���/�0�3�3LQKHLUR�HW�DO���-��3K\V��'�$SSO��3K\V������

�������������
� ���9�&DFLXN��3K\V��5HY��%��������������������
� ���9�2�/\VLXN� HW� DO��� 6HPLFRQG�� 3K\V��� 4XDQW�

(OHFWURQ��	�2SWRHOHFWURQ������������������
� ���6�*�0D\U�� 5�6�$YHUEDFN�� 3K\V��5HY��%�� ���

��������������
� ���/�9�3RSHUHQNR�� 7�/RKQHU�� 9�6�6WDVFKXN�

9�2�/\V\XN�� 0HWDORIL]��1RYHLVKLH� 7HNKQRO��
���������������

� ���-�/HKPDQ�� (�7KHRFKDURXV�� *�(SSHOGDXHU�
&�3DQQHOO��0HDV��6FL��7HFKQRO������������������
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