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7KH�SURJUHVV�LQ�WKH�QHZ�ILHOG�RI�HOHFWURQ�
LFV��VSLQWURQLFV��GHPDQGV�GHYHORSPHQW�RI�HI�
IHFWLYH� DQG� UHOLDEOH� SUHSDUDWLRQ�PHWKRGV� RI
KHWHURJHQHRXV� ILOP� VWUXFWXUHV�� 6XFK� VWUXF�
WXUHV� DUH� XVHG�� H�J��� LQ� GDWD� UHDGRXW� IURP
KDUG� GLVNV�� 7KH� WXQQHO� MXQFWLRQ� VHQVRU� LQ�
FOXGHV�D�IHUURPDJQHWLF�ILOP�ZLWK�D�KLJK�GH�
JUHH�RI�VSLQ�SRODUL]DWLRQ��QRQPDJQHWLF��DQG
DQWLIHUURPDJQHWLF� OD\HUV�� $V� DQWLIHUURPDJ�
QHWLF� OD\HU�� ILOPV� RI�&U±$O±0Q� V\VWHP�ZHUH
VXFFHVVIXOO\� XVHG� LQ� VSLQWURQLF� GHYLFHV� >�@�
7KH� SURSHUWLHV� RI� WKH� ILOPV� PDGH� RI� VXFK
PDWHULDOV�GHSHQG�KHDYLO\�RQ�WKH�DFFXUDF\�RI
WKH�VWRLFKLRPHWULF�FRPSRVLWLRQ�� ,W� LV�QRW�DO�
ZD\V� SRVVLEOH� WR� DFKLHYH� WKDW� E\� XVLQJ
NQRZQ�PHWKRGV�RI�PDWHULDO�FRQGHQVDWLRQ�RQ
VXEVWUDWHV�� $� PRUH� SUHFLVH� FRQWURO� RI� WKH
ILQDO�KHWHURJHQHRXV�ILOP�FRPSRVLWLRQ�LV�SRV�
VLEOH� ZKHQ� XVLQJ� WKH� LQWHUSHQHWUDWLRQ� RI

VHSDUDWHO\�GHSRVLWHG�FRPSRQHQWV�RI�WKH�SUH�
VHW� FRPSRVLWLRQ�� 6XFK� DQ� LQWHUSHQHWUDWLRQ
FDQ� EH� SURYLGHG� XVLQJ� WKHUPDOO\� DFWLYDWHG
GLIIXVLRQ�RU�PDVV�WUDQVIHU�XQGHU�ODVHU�SXOVH
DFWLRQ�� 7KLV�ZRUN� SUHVHQWV� WKH� HOHFWULF� DQG
PDJQHWLF� UHVLVWDQFH� VWXG\� UHVXOWV� RI� ILOP
VWUXFWXUHV� REWDLQHG� XVLQJ� WKHUPDOO\� DFWL�
YDWHG�PDVV�WUDQVIHU�

7R� REWDLQ� WKH� VSHFLILHG� FRPSRVLWLRQ� RI
WKH� ILQDO� ILOP�� WKH� &U� ���� QP��� $O���0Q
����QP��DQG�&U�����QP��OD\HUV�ZHUH�VHTXHQ�
WLDOO\� GHSRVLWHG� RQ� WKH� JODVV� FHUDPLF� VXE�
VWUDWHV� XVLQJ� HOHFWURQ� EHDP� LQ� WKH� YDFXXP
FKDPEHU� RI� GRXEOH� HOHFWURQ� JXQ� V\VWHP
983��P�� 7KH� LQWHUSHQHWUDWLRQ� RI� WKH� ILOP
FRPSRQHQWV�ZDV�SURYLGHG�E\�GLIIXVLYH�WKHU�
PDO�DQQHDOLQJ�LQ�YDFXXP������Ü��7RUU��GXU�
LQJ�WKH�HVWLPDWHG�WLPH�GLUHFWO\�LQ�WKH�FKDP�
EHU�RI�GHSRVLWLRQ�V\VWHP��7KH�PDVV�WUDQVIHU
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LQ�WKH�ILOP�GXULQJ�WKH�DQQHDOLQJ�ZDV�PRQL�
WRUHG� E\� PHDVXULQJ� WKH� HOHFWULF� UHVLVWDQFH
�VHH� )LJ������ 7KH� DQQHDOLQJ� GXUDWLRQ� W� ZDV
FDOFXODWHG� XVLQJ� WKH� NQRZQ� LQWHUGLIIXVLRQ
FRHIILFLHQWV� '� RI� WKH� FRPSRQHQWV� RYHU� WKH
SUHVHW�GHSWK�K�DV

W�|�K��e�'��ZKHUH�'� �'�H[S��(D�e�N7��
$V� LW� IROORZV� IURP� WKH� GHSHQGHQFH� SUH�

VHQWHG� LQ� )LJ����� WKH� UHVLVWDQFH� GHFUHDVHV
PRQRWRQRXVO\� LQ� WKH� WHPSHUDWXUH� UDQJH
IURP� ���� WR� ����.��$W� D� IXUWKHU� WHPSHUD�
WXUH� LQFUHDVH�� WKH�PDLQ� FRQWULEXWLRQ� WR� WKH
UHVLVWDQFH� FKDQJH� LV� GXH� WR� GLIIXVLRQ� SURF�
HVVHV�� $FFRUGLQJ� WR� >�@�� LQFUHDVLQJ� FRQWHQW
RI� &U�� DV� ZHOO� DV� 0Q�� LQ� $O� FDXVHV� DQ� LQ�
FUHDVH�RI�WKH�$O�UHVLVWLYLW\��DV�LV�REVHUYHG�LQ
)LJ�����7KDW� LV�ZK\� WKH� DQQHDOLQJ� WHPSHUD�
WXUH� RI� ���Ü���� .� ZDV� FKRVHQ� WR� SURYLGH
WKH� HIIHFWLYH� LQWHUSHQHWUDWLRQ� RI� WKH� ILOP
FRPSRQHQWV�� $W� KLJKHU� WHPSHUDWXUHV�� WKH
HIIHFWLYH� IRUPDWLRQ� RI� LQWHUPHWDOOLGHV� LV
DOVR� SRVVLEOH� >�@�� 7KH� GLIIXVLYH� DQQHDOLQJ
GXUDWLRQ�W����KRXU��ZDV�FKRVHQ�DFFRUGLQJ�WR
WKH�LQWHUGLIIXVLRQ�FRHIILFLHQWV�RI�0Q±$O��'�a
��Ü���FP��V� DW� ���� .�� DQG� GLIIXVLRQ� SD�
UDPHWHUV�RI�&U� LQ�$O� �'�� ��������Ü��FP��V�
(D� ������ N-�PROH�� >�@�� 7KLV� SURYLGHV� WKHLQWHUSHQHWUDWLRQ� RI� WKH� ILOP� FRPSRQHQWV� WR
WKH� GHSWKV� RI� K�!���� QP� LQ� VHOHFWHG� WHP�
SHUDWXUH�UDQJH��

7R� FKHFN� WKH� DSSOLFDWLRQ� SRVVLELOLW\� RI� WKH
GLIIXVLRQ�PHWKRG�LQ�SUHSDUDWLRQ�RI�WKH�+HXVOHU
W\SH� KHWHURJHQHRXV� ILOPV�� WKH� PXOWLOD\HUHG
ILOP� RI� )H����� QP�� Ü� �$O���0Q������QP�� Ü
)H����� QP�� ZDV� DQQHDOHG�� $IWHU� D� UDWKHU
VKRUW� ���� PLQ�� GLIIXVLYH� DQQHDOLQJ� ��� 
���� .��� WKH� ILOP� UHVLVWDQFH� ZDV� GHFUHDVHG

IURP�����WR����2KP�DW�D�VOLJKW�LQFUHDVH�RI
PDJQHWRUHVLVWDQFH� �05� ������ ��� LQ� WKH
ILHOG� +� ��� N2H�� 6XFK� ORZ� PDJQHWRUHVLV�
WDQFH� LV� H[SODLQHG� E\� IDFW� WKDW� DQQHDOHG
EXON� )H�$O0Q� VKRZV� D� PDJQHWLF� WUDQVLWLRQEHORZ�DSSUR[LPDWHO\�����.�>�@��

7KXV��WR�H[DPLQH�WKH�IRUPDWLRQ�SRVVLELO�
LW\� RI� WKH�)H�$O0Q� SKDVH�� LW� ZDV� QHFHVVDU\WR�VWXG\�WKH�WHPSHUDWXUH�GHSHQGHQFH�RI�WKH
REWDLQHG� ILOP� UHVLVWDQFH� LQ� WKH� ���Ü���� .
UDQJH��7R�H[FOXGH�SRVVLEOH�HUURUV�FRQQHFWHG
ZLWK� WKH� LQKRPRJHQHRXV� ILOP� FRROLQJ�� DOO
PHDVXUHPHQWV� ZHUH� FDUULHG� RXW� DW� WKH� DE�
VHQFH�RI�WKH�WHPSHUDWXUH�JUDGLHQW�DORQJ�WKH
ILOP� VXUIDFH��7R� WKDW� HQG�� WKH� VDPSOH�ZLWK
WKH� DWWDFKHG� WKHUPRFRXSOH� �FRSSHU�FRQVWDQ�
WDQ�� ZDV� JUDGXDOO\� GLSSHG� LQWR� WKH� 'HZDU
IODVN� ZLWK� OLTXLG� QLWURJHQ� DW� WKH� ERWWRP
NHHSLQJ�WKH�ILOP�VXUIDFH�SDUDOOHO�WR�WKH�DS�
SURSULDWH� WHPSHUDWXUH� OD\HU�� ,Q� HDFK� � VDP�
SOH�SRVLWLRQ��WKH�ILOP�HOHFWULF�UHVLVWDQFH�ZDV
UHFRUGHG��3ULRU� WR� DQQHDOLQJ�� WKH�)H±$O±0Q
ILOP� KDV� WKH� UHVLVWDQFH� WHPSHUDWXUH� FRHIIL�
FLHQW� �57&��QHDU� WR� ]HUR�� WKDW� LV� W\SLFDO�RI
VWUXFWXUDO�V\VWHPV�ZLWK�ILOPV�ZLWK�GLIIHUHQW
57&� VLJQ�� $IWHU� DQQHDOLQJ�� WKH� ILOP� KDV
SRVLWLYH� 57&�� 7KH� WHPSHUDWXUH� GHSHQGHQFH
RI� WKH� ILOP� HOHFWULF� UHVLVWDQFH� DIWHU� ���PLQ�
XWHV�DQQHDOLQJ�DW�����.�LV�VKRZQ�LQ�)LJ���D�

$� W\SLFDO� IHDWXUH� RI� WKH� GHSHQGHQFH� LV
WKH�SUHVHQFH�RI�D�QRQOLQHDU�SDUW�LQ�WKH�WHP�
SHUDWXUH�UDQJH����Ü����.��$V�VKRZQ�LQ�>�@�
VXFK� GHSHQGHQFH� LV� W\SLFDO� RI�PHWDO� WUDQVL�
WLRQ� IURP� SDUDPDJQHWLF� VWDWH� WR� IHUURPDJ�
QHWLF� RQH� DV� WKH� WHPSHUDWXUH� GURSV� EHORZ
&XULH� SRLQW�� $V� IROORZV� IURP� WKRVH� UHVXOWV�
WKH� 5�7�� GHSHQGHQFH� LV� W\SLFDO� RI� PHWDOOLF
FRQGXFWLYLW\��7KH�SKDVH�WUDQVLWLRQ�SRLQWV�GH�
WHUPLQHG� IURP�G5�7��G7� GHULYDWLYH� �)LJ���E�

)LJ����� 7HPSHUDWXUH� GHSHQGHQFH� RI� WKH� HOHF�
WULFDO� UHVLVWDQFH� GXULQJ� WKH� KHDWLQJ� RI� D
&U±$O±0Q� ILOP� VWUXFWXUH� RI� ���� QP� LQLWLDO
WKLFNQHVV�DQG�IRUPDWLRQ�RI�WKH�&U�$O0Q�ILOP�

)LJ����� )H±$O±0Q� ILOP� ����� QP� LQLWLDO� WKLFN�
QHVV�� HOHFWULFDO� UHVLVWDQFH� YV� WHPSHUDWXUH�
5� �I�7���D���G5�7��G7� �I�7���E��
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VKRZ� WKDW� WKH� V\VWHP� KDV� D� FRPSOH[� SKDVH
FRPSRVLWLRQ�� 7KH� SHDN� DW� �� �����.� �7&FRUUHVSRQGV� WR� WKH� &XULH� SRLQW� RI� )H�$O0QDOOR\� >�@�� 7KLV� HYLGHQFHV� WKH� IRUPDWLRQ� RI
WKH�+HXVOHU�)H�$O0Q�SKDVH�GXH�WR�GLIIXVLYHDQQHDOLQJ�RI�YDFXXP�GHSRVLWHG�ILOPV�RI�HDFK
LQGLYLGXDO� FRPSRQHQW�� 7KH� QDWXUH� RI� SHDN
DW��� �����.�FDQ�EH�DVVRFLDWHG�ZLWK�WKH�DS�
SHDUDQFH� RI� VHFRQG�SKDVH��$V�VKRZQ� LQ� >�@�
LQ� D� V\VWHP� FRQVLVWLQJ� RI� WZR� SKDVHV
�SDUDPDJQHWLF� DQG� IHUURPDJQHWLF�� KDYLQJ
VHPLFRQGXFWRU�DQG�PHWDO�FRQGXFWLYLW\�FKDU�
DFWHU�� HVSHFWLYHO\�� WKH� WHPSHUDWXUH� GHSHQG�
HQFH�RI�UHVLVWDQFH�KDV�D�WZR�SHDN�FKDUDFWHU�

$� ORQJHU� GLIIXVLYH� DQQHDOLQJ� ��� DQG
����K��UHVXOWV�LQ�WKH�IXUWKHU�RUGHULQJ�RI�WKH
ILOP�VWUXFWXUH��$W�WKH�VDPH�WLPH��WKH��PDJQH�
WRUHVLVWDQFH� GHFUHDVHV� GRZQ� WR� ]HUR� �)LJ�����
7KLV� LV� GXH� WR� KRPRJHQL]DWLRQ� RI� KHWHURJH�
QHRXV�VWUXFWXUH�W\SLFDO�RI�+HXVOHU�DOOR\V��,W
LV� SRVVLEOH� WKDW� LQWHUPHWDOOLF� SKDVHV� KDYH
WLPH�WR�EH�IRUPHG�GXULQJ�WKH�ORQJ�WHUP�GLI�
IXVLYH� DQQHDOLQJ�� $Q� HYLGHQFH� WR� WKLV� PD\
EH� WKH� UHVLVWLYLW\� LQFUHDVH� DERYH� ���� .�
7KLV�PD\� UHVXOW� LQ� IRUPDWLRQ�RI� D�KRPRJH�
QHRXV� LQWHUPHWDOOLF� VWUXFWXUH�� ,Q� VSLQWURQLF
V\VWHPV��WKH�EHVW�UHVXOWV�DUH�REVHUYHG�ZKHQ
XVLQJ�KHWHURJHQHRXV��LQ�SDUWLFXODU��JUDQXODU
VWUXFWXUHV��,W�LV�SRVVLEOH�WR�DYRLG�IRUPDWLRQ
RI� WKH� LQWHUPHWDOOLGHV� GXULQJ� LQWHUSHQHWUD�
WLRQ�RI�WKH�ILOP�FRPSRQHQWV�E\�D�VKRUW�WHUP
���Ü�� WR� ��Ü�� V�� ODVHU� DQQHDOLQJ�� ,W� ZDV
IRXQG� >�@� WKDW� VXFK� SXOVH� DFWLRQ� UHVXOWV� LQ
PDVV� WUDQVIHU� SURFHVVHV� LQ� WKH� VROLG� VWDWH
ZLWK�WKH�PDVV�WUDQVIHU�FRHIILFLHQW�PXFK�H[�
FHHGLQJ� WKH�GLIIXVLRQ� FRHIILFLHQW� LQ� WKH� OLT�
XLG� PHWDO�� ,W� VKRXOG� EH� QRWHG� WKDW� XQGHU
SXOVHG� ODVHU� DFWLRQ� RQ� WKH� ILOP� GHSRVLWHG
RQWR� D� FHUDPLF� VXEVWUDWH�� LW� LV� SRVVLEOH� WR
IRUP�D�PHWDO�FHUDPLF�ILOP�

7KXV�� WKH� UHVXOWV� REWDLQHG� LQ� WKLV� ZRUN
VKRZ� D� SULQFLSDO� SUHSDUDWLRQ� SRVVLELOLW\� RI

+HXVOHU� W\SH� KHWHURJHQHRXV� ILOP� VWUXFWXUHV
XVLQJ�WKHUPDOO\�DFWLYDWHG�PDVV�WUDQVIHU�

7KH� ZRUN� KDV� EHHQ� DFFRPSOLVKHG� LQ� WKH
IUDPHZRUN�RI�WKH�67&8�SURMHFW�1�����
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DOOXUJLD��0RVFRZ��������>LQ�5XVVLDQ@�
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UDYOHY��-��$SSO��3K\V�������������������

|�¯ÒäÈÓÓ«��Ë�Ë¯º�ËÓÓÒ²�¹ãLm}ºmÒ²�°�¯�}��¯�Ë¯äL�Óº�È}�ÒmºmÈÓÒä�äÈ°º¹Ë¯ËÓË°ËÓÓ«ä
|�{�nLãÈ�ºm��|����º�º¯Ëãºm��{�{�sËm�È�È��k�n�z¯ÈmË�	

iº°ãL�ÎËÓº� ËãË}�¯Ò�ÓL� �È�äÈ�ÓL�ÓL� ²È¯È}�Ë¯Ò°�Ò}Ò�¹ãLm}ºmÒ²� �Ë�Ë¯º�ËÓÓÒ²� °�¯�}�
��¯� &U����Óä���$O���0Q�� ���� Óä��&U� ���� Óä�� �È� )H� ����� Óä���$O���0Q�� ����� Óä��)H
�����Óä���º�¯ÒäÈÓÒ²�ÏÈ��º¹ºäº�º
��Ë¯äL�Óº�È}�ÒmºmÈÓº�º�äÈ°º¹Ë¯ËÓË°ËÓÓ«��~ÈãËÎÓL°�	
G5�7��G7� ¹º}ÈÏÈãÈ� °}ãÈ�ÓÒ®� ÁÈÏºmÒ®� °}ãÈ�� � ¹ãLm}Ò� ¹L°ã«� mL�¹Èã��� tÈ¯È}�Ë¯ÓÒ®� ¹L}
¹¯Ò��Ëä¹Ë¯È��¯L�����.�mL�¹ºmL�È¼�7&���º��L�z
¯L��°¹ãÈm��)H�$O0Q��|�¯ÒäÈÓL�¯ËÏ�ã	�È�Ò°mL��È�	�¹¯º�¹¯ÒÓ�Ò¹ºm��äºÎãÒmL°�	�°�mº¯ËÓÓ«�¹ãLm}ºmÒ²��Ë�Ë¯º�ËÓÓÒ²�°�¯�}��¯��Ë®°�
ãË¯Lm°	}º�º��Ò¹��ÏÈ��º¹ºäº�º
��Ë¯äL�Óº�È}�ÒmºmÈÓº�º�äÈ°º¹Ë¯ËÓË°ËÓÓ«�

)LJ����� 0DJQHWRUHVLVWDQFH� �05�� RI� )H±$O±0Q
ILOP� YV� DQQHDOLQJ� WLPH� �7� �����.��� ,QLWLDO
ILOP�WKLFNQHVV�����QP�
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