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7KH�FUHDWLRQ�RI�IXQFWLRQDO�FHUDPLFV�ZLWK
D� IXQGDPHQWDOO\� QHZ� FRQGXFWLYLW\� W\SH� LV
DPRQJ�WKH�PDLQ� WUHQGV� LQ� WKH�PRGHUQ�PDWH�
ULDO� VFLHQFH��7KH� VHDUFK� IRU�QHZ� VXOILGH� FRQ�
GXFWLQJ�PDWHULDOV�LV�EDVHG�RQ�PRGHUQ�FULWHULD�
UHDOL]DWLRQ� RI�QRQ�VWRLFKLRPHWULF� SKDVHV�ZLWK
KLJK�GHIHFW�FRQFHQWUDWLRQ��IHDWXUHV�RI�FU\VWDO
VWUXFWXUHV�ZLWK�KLJK�FRRUGLQDWLRQ�QXPEHUV�RI
FDWLRQV�� FDSDEOH� RI� IRUPDWLRQ� RI� DQLRQ�GHIL�
FLHQW� SKDVHV� ZKHUH� LPSURYHPHQW� RI� DQLRQ
WUDQVSRUW�SURSHUWLHV� LV� FRQQHFWHG�ZLWK�D� IRU�
PDWLRQ� SRVVLELOLW\� RI�KHWHURYDOHQW� VROLG� VROX�
WLRQV� ZLWK� WKH� VDPH� DQLRQ� W\SH� DQG� YDULRXV
W\SHV� RI� FDWLRQV� >�@�� ,Q� WKLV� FRQQHFWLRQ�� RI
JUHDW� LQWHUHVW� LV� D� JURXS� RI� PDWHULDOV� EDVHG
RQ�0/Q�6�� �0� �&D��%D�� ZKHUH� /D��6P��1G�3U�� <�� 7P�� ZLWK� GHJUHH� RI� R[LGDWLRQ� ��� DUH
XVHG�DV� ODQWKDQLGHV� �/Q�� >�Ü�@�� ,Q�WKLV�ZRUN�
D� FRPSOH[� FHUDPLFV� RQ� WKH� EDVLV� RI� FDOFLXP
WKLRJDGROLQDWH� DQG� EDULXP� WKLRVDPDUDWH� KDV
EHHQ� V\QWKHVL]HG��7KH�QDWXUH� RI� LRQ� WUDQVIHU
DQG� FKDQJH� RI� WUDQVSRUW� SURSHUWLHV� �FRQGXF�

WLYLW\�� LRQ�� HOHFWURQ� WUDQVIHU� QXPEHUV�� IDF�
WRUV� RI� GLIIXVLRQ�� GHSHQGLQJ� RQ� WKH� SKDVH
FRPSRVLWLRQ� KDYH� EHHQ� VWXGLHG�

7KH�VXOILGLF�PDWHULDO�ZHUH�V\QWKHVL]HG�E\
D� FHUDPLF� WHFKQLTXH�� $V� LQLWLDO� VXEVWDQFHV�
&D2�� %D&2�� DQG� /Q�2�� �VSHFLDO� SXULW\JUDGH��ZHUH�XVHG��7KH�SRZGHUV��SUHOLPLQDU\
FDOFLQHG� DW� ����.�� ZHUH� ZHLJKHG� WR�ZLWKLQ
r����Ü��J�DQG�JURXQG�LQ�DQ�DJDWH�PRUWDU�LQ
DOFRKRO� IRU� RQH� KRXU�� 7KH� SUHFXUVRUV� ZHUH
IXUWKHU�SODFHG�LQ�D�JUDSKLWH�ERDW�DQG�ORDGHG
LQ� D� WXEXODU� UHDFWRU� IXUQDFH��7KH� V\QWKHVLV
ZDV� FDUULHG� RXW� LQ� �� VWDJHV�� 7KH� IROORZLQJ
UHDFWLRQV�WRRN�SODFH�LQ�WKH�UHDFWRU�IXUQDFH�

02���/Q�2�����&6���o�0/Q�6�����&2�� ���
ZKHUH�0� �&D�%D��/Q *G�6P�

$W� WKH� ILUVW� VWDJH�� WKH� IXUQDFH� ZDV
KHDWHG�XS�WR������.�L�H��XS�WR�WKH�V\QWKHVLV
ZRUNLQJ� WHPSHUDWXUH�� LQ� DUJRQ� VWUHDP� �DW
����.�� DUJRQ� VWUHDP�ZLWK� FDUERQ� GLVXOILGH

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�,QVWLWXWH�IRU�6LQJOH�&U\VWDOV

)XQFWLRQDO�PDWHULDOV������������� ���



ZDV� VZLWFKHG� RQ�� WKH� IORZ� UDWH� EHLQJ
����GP��K���7KH�IXUWKHU�WHPSHUDWXUH�LQFUHDVH
LV� LQH[SHGLHQW� EHFDXVH� RI� WKH� KLJK� R[\JHQ
SHUPHDELOLW\�RI�TXDUW]��DW��� ������z��

'HSHQGLQJ� RQ� WKH� V\VWHP�� WKH� V\QWKHVLV
�VWDJH� ,,�� ZDV� FDUULHG� RXW� IRU� ��� K� IRU
%D6P�6�� DQG� ��� K� IRU�&D*G�6��� 7KHQ� WKHWHPSHUDWXUH� ZDV� ORZHUHG� WR� ���� .� �VWDJH
,,,��� WKHQ� WKH� JDV� IORZ� �$U���&6��� ZDVVWRSSHG�DQG�WKH�PDWHULDOV�ZHUH�FRROHG�GRZQ
WR� URRP� WHPSHUDWXUH� LQ� DUJRQ� DWPRVSKHUH
�VWDJH�,9���7KH�V\QWKHVL]HG�VXOILGH�SRZGHUV
ZHUH�FRPSDFWHG�LQWR�WDEOHWV�DQG�H[SRVHG�WR
KRPRJHQL]LQJ�DQQHDOLQJ�WR�SURYLGH�PRUH�KR�
PRJHQHRXV� VROLG� VDPSOHV�� 7KH� DQQHDOLQJ
ZDV� FDUULHG� RXW� LQ� WKH� DUJRQ�FDUERQ� GLVXO�
ILGH� IORZ� �WR� VXSSUHVV� GHVXOILGL]DWLRQ�� IRU
���KRXUV�DW�����Ü�����.��7KH�VXOILGL]DWLRQ
FRPSOHWHQHVV� ZDV� FRQWUROOHG� E\� LRGRPHWULF
PHWKRG�� 7KH� FKHPLFDO� DQDO\VLV� UHVXOWV� RI
WKH� VDPSOHV� V\QWKHVL]HG� DOORZ� WR� VWDWH� WKDW
WKH�FKRVHQ�PHWKRG�DQG�WKH�PRGH�RI�V\QWKH�
VLV� SURYLGH� FRPSOHWH� VXOSKLGL]DWLRQ� RI� WKH
LQLWLDO� R[LGHV�� 7KH� ;�UD\� DQDO\VLV� RI� WKH
VDPSOHV�ZDV� FDUULHG� RXW� XVLQJ�D�'521��l
GLIIUDFWRPHWHU� �&X.D� UDGLDWLRQ�� ZLWK� VFDQ�QLQJ�VWHS�RI�������H[SRVXUH�WLPH�RI���V��WKH
VFDQQLQJ� UDQJH� ���Ü����� 6LOLFRQ� ZDV� XVHG
DV�DQ�LQWHUQDO�VWDQGDUG�WR�FDOFXODWH�WKH�XQLW
FHOO�SDUDPHWHUV��7KH�FRPSOH[�HOHFWULFDO�FRQ�
GXFWLYLW\� RI� DOO� V\QWKHVL]HG� VDPSOHV� ZDV
PHDVXUHG�E\�WKH�WZR�HOHFWURGH�PHWKRG�ZLWK
JUDSKLWH� HOHFWURGHV� XVLQJ� D� GLJLWDO�PHDVXU�
LQJ� LQVWUXPHQW� (����� LQ� WKH� UDQJH� IURP
URRP� WHPSHUDWXUH� XS� WR� ���� .� DW� ��� N+]
IUHTXHQF\��7KH�HUURU�ZDV������RI�WKH�QRPL�
QDO�PHDVXUHG�YDOXH�

7KH� DYHUDJH� LRQ� WUDQVIHU� QXPEHUV� ZHUH
PHDVXUHG� LQ� D� JDOYDQLF� FHOO� ZLWK� WKH� HOHF�
WURGHV�UHYHUVLEOH�ZLWK�UHVSHFW�WR�VXOILGH�LRQ�

&_)H_)H6_&D�%D�*G�6P��6���
��*G�6P��6��%D6�_&X�6_&X_&�

���

:LWK� JDV� VSDFH� VHSDUDWHG� E\� PHDQV� RI
KLJK�WHPSHUDWXUH� FRPSRXQG�� 7KH� DYHUDJH
LRQ�WUDQVIHU�QXPEHUV�ZHUH�GHWHUPLQHG�IURP
WKH� UDWLR� EHWZHHQ�PHDVXUHG� DQG� WKHRUHWLFDO
(0)�WKH�ODWWHU�EHLQJ�FDOFXODWHG�WDNLQJ�LQWR
DFFRXQW�WKH�*LEEV�HQHUJ\�IRU�WKH�FXUUHQW�LQ�
GXFLQJ� UHDFWLRQ�XQGHU� FRQGLWLRQ� RI� XVLQJ� D
K\SRWKHWLFDO� �(�ZLWK� WL� ��� LQ� WKH�JDOYDQLFFHOO� �����7KH� HUURU� RI�PHWKRG� LV�r������7KH
HOHFWURQ� WUDQVIHU� QXPEHUV� ZHUH� GHWHUPLQHG
E\� WKH� PHWKRG� RI� +HEE�:DJQHU� >�@� LQ� DQ
HOHFWURFKHPLFDO�FHOO�

&_)H_)H6_&D��%D�*G�6P��6��
�*G�6P��6��%D6�_&����

���

7KH� FHOO� ZDV� VXEMHFWHG� WR� D� YROWDJH� ORZHU
WKDQ�WKH�GHFRPSRVLWLRQ�RQH��LQ�WKH���WR���9
LQWHUYDO� DW� �����9� VWHSV�� 7KH� HOHFWURQ� FRQ�
GXFWLYLW\� FRQQHFWHG� ZLWK� WKH� VDWXUDWLRQ
HOHFWURQLF� FXUUHQW� FRUUHVSRQGLQJ� WR� �D� SOD�
WHDX�� LQ� WKH�9$&�FXUYH� RI� WKH� FHOO� ����ZDV
FDOFXODWHG�DV

VHO� � ])O576,�
���

ZKHUH� ,� LV� WKH� VDWXUDWLRQ� HOHFWURQLF� FXUUHQW�
]�� WKH� LRQ� FKDUJH�� )�� )DUDGD\� QXPEHU�� 5�
XQLYHUVDO�JDV�FRQVWDQW��O�DQG�6��WKH�JHRPHWULF
SDUDPHWHUV� RI� VROLG� HOHFWURO\WH�� 7KH� HOHFWURQ
WUDQVIHU� QXPEHUV� ZHUH� GHWHUPLQHG� E\� (T����
WDNLQJ�LQWR�DFFRXQW�WKH�FRPSOH[�HOHFWULF�FRQ�
GXFWLYLW\�

WHO� �VHO�e�VWRWDO�� ���
7KH� GLIIXVLRQ� FRHIILFLHQWV� ZHUH� GHWHU�

PLQHG� E\� SRWHQWLRVWDWLF� FKURQDPPHWU\
�3&$�� LQ� WKH� FHOO� ���� LQGLUHFWO\�� IURP� WKH
FXUUHQW� FKDQJH� LQ� WLPH� DW� WKH� FRQVWDQW� SR�
WHQWLDO� YDOXH� LQ� WKH� LQWHUYDO� ���� WR�����.�
7KH�FKRLFH�RI�PDWHULDO�IRU�HOHFWURGHV�UHYHUV�
LEOH�ZLWK�UHVSHFW�WR�VXOIXU�LRQV�Û�)H��)H6�
LV�FRQQHFWHG�ZLWK�WKH�DVVXPSWLRQ�DERXW�VXO�
ILGLF� WUDQVIHU� LQ� VROLG� HOHFWURO\WHV� XQGHU
VWXG\�� 7KH� UHVXOWLQJ� FXUUHQW�ZDV�PHDVXUHG
DV� D� IXQFWLRQ� RI� WLPH� XVLQJ� D� 0������ PL�
FURDPSHUPHWHU� DQG� D� VWRS� ZDWFK�� )RU� D
VDPSOH�RI�WKH�V\VWHP�XQGHU�VWXG\��D�YROWDJH
DUHD� ZDV� FKRVHQ� ZKHUH� WKH� GHSHQGHQFH
L� �I�����WÜ��� ZDV� FRQVWDQW�� DQG� WKHQ� WKH
FXUUHQW�WLPH� GHSHQGHQFH� IRU� VDPSOHV� RI
YDULRXV�FRPSRVLWLRQV�ZDV�VWXGLHG��

7KH� GLIIXVLRQ� FRHIILFLHQWV� �'a L�� ZHUH� FDO�
FXODWHG�E\�WKH�IRUPXOD�SURSRVHG�E\�5LFKHUW
>�@�WR�ILQG�WKH�GLIIXVLRQ�FRHIILFLHQWV�LQ�FU\V�
WDO�XQLSRODU�FRQGXFWRUV�
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ZKHUH�LG�LV�WKH�GLIIXVLRQ�FXUUHQW��k�FP���)�
)DUDGD\�FRQVWDQW��&�� WKH�FDUULHU� FRQFHQWUD�WLRQ��W��WLPH��V��7KH�GLIIXVLRQ�DFWLYDWLRQ�HQ�
HUJ\�ZDV�GHWHUPLQHG�WDNLQJ�LQWR�DFFRXQW�WKH
WHPSHUDWXUH� GHSHQGHQFH� RI� GLIIXVLRQ� FRHIIL�
FLHQWV�DFFRUGLQJ�WR�WKH�$UUKHQLXV�HTXDWLRQ�

OJ'a L� �� (
���57���FRQVW�

���

7KH� VDPSOHV� RI� V\VWHPV� &D6±*G�6��%D6±6P�6�� LQ� WKH� UDQJH� FRPSRVLWLRQ� FORVHWR�SUREDEOH�WHUQDU\�FRPSRXQG�ZHUH�FHUWLILHG
E\�WKH�53$�PHWKRG�
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7KH� V\QWKHVL]HG� VWRLFKLRPHWULF� VDPSOHV
RI� V\VWHP� ��±[�&D6±[*G�6��� DFFRUGLQJ� WR;�UD\� DQDO\VLV�� VKRZ� UHIOHFWLRQV� IURP� WKH
VLQJOH� SKDVH� &Z*G�6��� FU\VWDOOL]HG� LQ� WKHFXELF� ODWWLFH� RI�7K�6�� W\SH� >�@��7KH�DUHD�RIVROLG�VROXWLRQV�LQ�WKLV�V\VWHP�RQ�WKH�VLGH�RI
H[FHVV� DONDOL�HDUWK� PHWDO� �$(0�� VXOILGH� LV
LQVLJQLILFDQW� DQG� H[WHQGV� XS� WR�&D6�PRODU
IUDFWLRQ������ZKLOH�EHLQJ�H[WHQGHG�HQRXJK�
XS�WR�PRODU�IUDFWLRQ�������IURP�WKH�VLGH�RI
*G�6���7KH�;�UD\�SKDVH�DQDO\VLV�RI�WKH�V\Q�WKHVL]HG� VDPSOHV� RI� ��±[��%D�6±[�6P�6��V\VWHP� ZKHUH� 6P�6�� PRODU� IUDFWLRQ
²�  � ����Ü����� KDV� VKRZQ� SUHVHQFH� RI� WKH
VLQJOH� SKDVH�%D6P�6�� ZKLFK� FU\VWDOOL]HV� LQD� VSLQHO� W\SH� VWUXFWXUH�� 7KH�;�UD\� GLIIUDF�
WLRQ��;5'��SDWWHUQV�RI�VDPSOHV�ZKHUH�PRODU
IUDFWLRQ� RI� 6P�6�� [�������� DQG� [�!�����FRQWDLQHG�UHIOHFWLRQV�IURP�WKH�VHFRQG�SKDVH�
EDULXP� VXOILGH� DQG� VDPDULXP� VXOILGH�� UH�
VSHFWLYHO\��7KLV�IDFW�DOORZV�WR�FRQVLGHU�WKDW
DV� D� UHVXOW� RI� V\QWKHVLV�� WHUQDU\� FRPSRXQG
%D6P�6��ZDV� IRUPHG�ZLWK�ELODWHUDO� DUHD�RIVROLG� VROXWLRQV� RI� ELQDU\� VXOILGHV� <D6� DQG
6P�6�� RQ� LWV� EDVLV�� 7KH� ;5'� SDWWHUQV� RIEDULXP� WKLRVDPDUDWH� VDPSOHV� DOOR\HG� ZLWK
VDPDULXP� VXOILGH� DIWHU� KRPRJHQL]LQJ� DQ�
QHDOLQJ� LQ� &6�� DWPRVSKHUH� FRQWDLQ� UHIOHF�

WLRQV� IURP� VWRLFKLRPHWULF� %D6P�6�� LQ� DZLGHU�DUHD�RI�VWUXFWXUHV��7KH�KRPRJHQL]LQJ
DQQHDOLQJ� REYLRXVO\� LQFUHDVHV� WKH� VROXELOLW\
RI� ELQDU\� VXOILGHV� LQ� WKH� WHUQDU\� RQH�� H[�
SDQGLQJ� WKH� ERUGHUV� RI� WKH� KRPRJHQHLW\
DUHD��7KXV�� WKH� V\QWKHVL]HG� VDPSOHV� FDQ�EH
SUHVHQWHG� DV� SKDVHV� %D6P�6�±[6P�6�� DQG%D6P�6�±\%D6� �ZKHUH� ²� YDULHV� IURP� �� WR���PRO�����DQG�\�IURP���XS�WR����PRO�����

7KH� WHPSHUDWXUH� GHSHQGHQFH� RI� FRPSOH[
HOHFWULF�FRQGXFWLYLW\�ZDV�VWXGLHG�ZLWKLQ�WKH
WHPSHUDWXUH� UDQJH� ���� WR� ����.��)RU� VDP�
SOHV� RI� DOO� FRPSRVLWLRQV� LQ� WKH� V\VWHPV
XQGHU� VWXG\�� D� MXPS�OLNH� LQFUHDVH� LQ� WKH
VORSH� RI� OJV� �I���7�� GHSHQGHQFHV� LV� RE�
VHUYHG� ZLWKLQ� WKH� WHPSHUDWXUH� UDQJH� ���Ü
���� z�� 6XFK� FKDQJH� LQ� VORSH� FDQ� EH� FRQ�
QHFWHG�ZLWK�WKH�FKDQJH�RI�FRQWULEXWLRQ�IURP
LRQLF�FRQGXFWLYLW\�WR�WKH�WRWDO�RQH�

,RQLF� FRQGXFWLYLW\� LQ� VWRLFKLRPHWULF� EDU�
LXP� WKLRJDGROLQDWH� DQG� WKLRVDPDUDWH� LV� UH�
YHDOHG� DW� KLJKHU� WHPSHUDWXUHV� WKDQ� LQ� SKDVHV
RQ�WKHLU�EDVLV��7KLV�LV�ZHOO�DJUHHG�ZLWK�WKH�LGHD
DERXW� HOHFWURQ� FRQGXFWLYLW\� IRUPDWLRQ� LQ
&D*G�6�� DQG�%D6P�6�� GXH� WR� WKHUPDO�GLVVRFLD�WLRQ�� 7KH� VKLIW� RI� HOHFWURO\WLF� LQWHUYDO� LQ� VROLG
VROXWLRQV� RI�*G�6P��6�� LQ�&D�%D�*G�6P��6�� WR�

)LJ�����9ROW�DPSHUH� GHSHQGHQFH� IRU� D� FHOO�
D������&_)H_)H6_%D6P�6��Ü�[�PRO����6P�6�_&�����E������&_)H_)H6_&D*G�6��Ü�[�PRO����*G�6�_&�����

)LJ�����'HSHQGHQFH�RI�FXUUHQW�GHQVLW\�RQ�������CCW
IRU� VDPSOHV� RI� VWUXFWXUHV�� D�� %D6P�6�� Ü��PRO����6P�6���E��%D6P�6��Ü���PRO����%D6�
��Û�7� �����.����Û�7� �����.����Û�7�� �����.�

2�9�0HGYHGHYD�HW�DO����(OHFWURO\WLF�SURSHUWLHV�RI����
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ZDUG� ORZHU� WHPSHUDWXUHV� LV� ZHOO� H[SODLQHG
E\� LQFUHDVH� LQ� FRQFHQWUDWLRQ� RI� LRQLF� GHIHFWV
LQ� WKH� FRXUVH� RI� GRSLQJ�� 7KH� FRQGXFWRPHWULF
GDWD� KDYH� DOORZHG� WR� HVWLPDWH� WKH� DUHD� RI
VROLG� VROXWLRQV� DQG� DUH� ZHOO� DJUHHG� ZLWK� WKH
;3$� GDWD�

7KH� DYHUDJH� LRQ� WUDQVIHU� QXPEHUV� REWDLQHG
E\� (0)�PHWKRG� DUH� SUHVHQWHG� LQ� 7DEOH���� 7KH
DQDO\VLV�RI�WKH�GDWD�DOORZV�WR�FRQVLGHU�WKH�SKDVHV
RI�&D*G�6��Û���Ü���PRO����*G�6��FRPSRVLWLRQ�WREH�LRQ�FRQGXFWRUV�ZLWK�KLJK�HQRXJK�DYHUDJH�LRQ
WUDQVIHU� QXPEHUV��7KH� VROLG� VROXWLRQV� EDVHG�RQ
%D6P�6�� FRQWDLQLQJ� �Ü�� PRO���� �6P�6�� DQG�Ü��PRO����%D6� DUH�SUDFWLFDOO\� LRQ�FRQGXFWRUV
ZLWK�WBL� ������$W�WKH�DOOR\LQJ�DGGLWLYH�RI�ELQDU\VXOILGHV�H[FHHGLQJ���PRO����*G�6P��6���WKH�DY�HUDJH�LRQ�WUDQVIHU�QXPEHUV�GHFUHDVH�

7KH� JHQHUDO� VKDSH� RI� WKH� 9$&� REWDLQHG
ZKHQ� GHWHUPLQLQJ� WKH� HOHFWURQ� WUDQVIHU
QXPEHUV� DW� WHPSHUDWXUHV� ����� ����� ���� .

IRU�VDPSOHV� RI�YDULRXV�V\VWHPV� LV� WKH� VDPH
�)LJV���D��E���$V�LW�LV�VHHQ�IURP�WKH�)LJXUH�
WKH� VDWXUDWLRQ� HOHFWURQLF� FXUUHQW� FRUUH�
VSRQGLQJ� WR� ]HUR� VORSH� RI� ,� �I�8�� GHSHQG�
HQFH� LQFUHDVHV�UHJXODUO\�DV�WKH�WHPSHUDWXUH
ULVHV�� 7KLV� FRXOG� EH� H[SODLQHG� E\� WKH� FDSD�
ELOLW\�RI�WKH�UHVHDUFKHG�VXOILGHV�WR�ORVH�VXO�
IXU�HDVLO\�DW�KLJK�WHPSHUDWXUH�GXH�WR�WKHU�
PDO�GLVVRFLDWLRQ��ZKLFK�PD\�UHVXOW� LQ�D�GH�
YLDWLRQ� IURP� VWRLFKLRPHWU\� WRZDUGV� WKH
H[FHVV� RI� PHWDO� DQG� WR� DSSHDUDQFH� RI� HOHF�
WURQ� FRQGXFWLYLW\� DV� D� UHVXOW� RI� WKH� PHWDO
LRQL]DWLRQ� DFFRPSDQLHG� E\� WUDQVLWLRQ� RI
HOHFWURQV�LQWR�WKH�FRQGXFWLYLW\�EDQG��%DVLQJ
RQ�WKH�VDWXUDWLRQ�HOHFWURQLF�FXUUHQW�HOHFWURQ
WUDQVIHU�QXPEHUV��7DEOH����KDYH�EHHQ�FDOFX�
ODWHG��:KHQ� GLVFXVVLQJ� WKH� UHVXOWV� RI� HOHF�
WURQLF�FRQGXFWLYLW\�UHVHDUFK��LW�LV�WR�QRWH�WKDW
WKH� XVH� RI� JUDSKLWH� DV� D� EORFNLQJ� HOHFWURGH
UHVXOWV� LQ� WKH� RYHUHVWLPDWHG� YDOXHV� RI� HOHF�

7DEOH����7UDQVIHU�QXPEHUV�IRU��(�RI�V\VWHP�%D6P�6��Û�[�PRO����6P�6���%D6��DQG�&D*G�6��Û;�PRO����*G�6�
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WURQ� WUDQVIHU� QXPEHUV�� 7KHUHIRUH�� WKH� HOHF�
WURO\WLF� SURSHUWLHV� RI� WKH� 7(� DUH� EHWWHU� DQG
WKH� WUXH� FRQWULEXWLRQ� RI� HOHFWURQ� �QRW� KROH�
FRQGXFWLYLW\�LV�ORZHU�WKDQ�LW�IROORZV�IURP�WKH
GDWD�E\�WKH�+HEE�:DJQHU�PHWKRG��WH�d���Ü���:KHQ�SHUIRUPLQJ� WKH�FKURQDPPHWULF� UH�
VHDUFK�� WKH� YROWDJH� UDQJH� ����Ü���� 9�� ZDV
FKRVHQ�ZKHUH� WKH� SURFHVVHV� WDNLQJ� SODFH� LQ
FHOO�����FRUUHVSRQGHG�WR�WKH�GLIIXVLRQ�NLQHW�
LFV�� )LJ���� VKRZV� WKH� LVRWKHUPDO� FKURQDP�
PHWULF� GHSHQGHQFHV� IRU� WKH� VDPSOHV� RI
SKDVHV� EDVHG� RQ� %D6P�6�� DQG� )LJ���� ÜVKRZV� WKH� FKURQDPPHWULF� FXUYHV� IRU� VDP�
SOHV� RI� V\VWHP�&D*G�6�� Ü� [�PRO����*G�6��7KH�GLIIXVLRQ�FRHIILFLHQWV�DQG�WKH�DFWLYDWLRQ
HQHUJLHV� RI� WKH� UHODWHG� GLIIXVLRQ� FDOFXODWHG
XQGHU�DFFRXQW�IRU�VORSH�RI�WKH�VWUDLJKW�OLQHV
E\�HTXDWLRQV��������IRU�FU\VWDOV�&D*G�6��DQGSKDVHV� RQ� LWV� EDVLV� DUH� JLYHQ� LQ� 7DEOH��� DV
ZHOO� DV� WKH� VHOI�GLIIXVLRQ� FRHIILFLHQWV� DQG
DFWLYDWLRQ� HQHUJLHV� FDOFXODWHG� XVLQJ� WKH� UH�
VXOWV�RI�FRQGXFWRPHWULF�UHVHDUFK�E\�WKH�(LQ�
VWHLQ�HTXDWLRQ�

'H� �I
VWBL7.
&R

� ���

ZKHUH�.� �N�1H���'H�� VHOI�GLIIXVLRQ� FRHIIL�
FLHQW��FP��V��V��FRPSOH[�HOHFWULF�FRQGXFWLY�
LW\��:Ü��FPÜ���7�� WHPSHUDWXUH��.��&��� FRQ�FHQWUDWLRQ�RI�FXUUHQW�FDUULHUV��PROH�FP���N�
%ROW]PDQQ� FRQVWDQW�� -�.�� 1�� $YRJDGUR
QXPEHU��PROHÜ���H��WKH�HOHFWURQ�FKDUJH��&��W

B
L�LRQ�WUDQVIHU�QXPEHUV��I��D�FRUUHODWLRQ�IDFWRU

VXSSRVHG�WR�EH���DW�WKH�ILUVW�DSSUR[LPDWLRQ�
7KH�VHOI�GLIIXVLRQ�DQG�HIIHFWLYH�GLIIXVLRQ

FRHIILFLHQWV�YDU\�LQ�WKH�VDPH�PDQQHU�DV�WKH
VXSHU�VWRLFKLRPHWULF� FRQWHQWV� RI� *G�6�� LQ�FUHDVHV�EXW�GLIIHU�LQ�DEVROXWH�VL]H��7KH�VHOI�
GLIIXVLRQ�FRHIILFLHQWV�H[FHHG�E\��Ü����WLPHV
WKH� HIIHFWLYH� GLIIXVLRQ� RQHV� IRU� WKH� PDMRU

FDUULHU�� 6XFK� D� UDWLR�� DFFRUGLQJ� WR� >�@�� LV
SRVVLEOH�LQ�FDVH�RI�KHDYLO\�GLVRUGHUHG�ODWWLFH
ZLWK� KLJKHU� FRQFHQWUDWLRQ� RI� YDFDQFLHV
ZKLFK��GXH�WR�WKH�LQWHUDFWLRQ��PD\�UHVXOW�LQ
IRUPDWLRQ�RI�DVVRFLDWHV�DQG� LQ� UHGXFWLRQ�RI
HIIHFWLYH� GLIIXVLRQ� FRHIILFLHQWV� IRU� WKH
PDMRU�FDUULHU�

%DVLQJ� RQ� WKH� UHVXOWV� REWDLQHG� E\� FRQ�
GXFWRPHWU\�� (0)�� +HEE�:DJQHU� DQG� 3&$
PUWKRGV�� WKH� LVRWKHUPDO� GHSHQGHQFHV� RI
HOHFWURO\WLF�SURSHUWLHV�RI�FDOFLXP�WKLRJDGROL�
QDWH�DQG�EDULXP�WKLRVDPDUDWH�RQ�WKH�VXSHU�
VWRLFKLRPHWULF� LPSXULW\� FRQWHQW� KDYH� EHHQ
LQYHVWLJDWHG��7KH�LVRWKHUPDO�GHSHQGHQFHV�RI
DOO� SURSHUWLHV� LQYHVWLJDWHG� RQ� WKH� FRPSRVL�
WLRQ� RI� WKH� LQYHVWLJDWHG� V\VWHPV� QHDU� WKH
VWRLFKLRPHWULF�FRPSRXQGV��)LJV��������DUH�DW
WKH� ILUVW� JODQFH� VLPLODU� WR� WKH� VROLG� VXOILGH
FRQGXFWLQJ� HOHFWURO\WHV� LQ� V\VWHPV
&D6±6P�6���&D6±1G�6��>�Ü�@��DQG�DUH�ZHOOGHVFULEHG� E\� WKH� YDFDQF\�PHFKDQLVP� RI� GH�
IHFW�IRUPDWLRQ�
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7KH� FKDUDFWHU� RI� FKDQJHV� LQ� DOO� SURSHU�
WLHV�GHSHQGLQJ�RQ�WKH�FRPSRVLWLRQ�LV�LGHQWL�
FDO� IRU� ERWK� UHVHDUFKHG� V\VWHPV� LQ� WKH� H[�
FHVV� VXOILGH� DUHD�� 7KH� PD[LPXP� YDOXHV� RI
HOHFWURQ� WUDQVIHU� QXPEHUV�� HOHFWULF� FRQGXF�
WLYLW\� DFWLYDWLRQ� HQHUJLHV� DQG� GLIIXVLRQ� FR�
HIILFLHQWV� FRUUHVSRQG� WR� WKH� VWRLFKLRPHWULF
FRPSRXQGV�� ZKHUH� GHIHFWV� PD\� EH� IRUPHG

7DEOH���� (IIHFWLYH� IDFWRUV� RI� GLIIXVLRQ�� VHOI�GLIIXVLRQ� DQG� HQHUJ\� RI� GLIIXVLRQ� DFWLYDWLRQ� RI
VXOILGH�LRQ�LQ�V\VWHP�&D*G�6��Û�[�PRO����*G�6�
6WUXFWXUH�[
PRO����*G�6�

'H��DW����7R 'a L��DW����7R ('H��H9
��� ��� ��� ��� ��� ���
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)LJ����� &KURQRDPPHWULF� GLUHFW� FHOOV� ���
&_)H_)H6_&D*G�6�±�[��PRO���*G�6�_&�����IRUYDULRXV�[� ���Û�[� ������Û�[� �������Û�[� 
���� �� Û� [� ����� �� Û� [� ���� �� Û� [� ���� DW
WHPSHUDWXUHV��D������.��E������.�

)LJ����� ,VRWKHUPDO� GHSHQGHQFH� VWUXFWXUH� Û
SURSHUW\�RI�V\VWHP�&D*G�6�Ü[��PRO����*G�6���� Û� HOHFWULF� FRQGXFWLYLW\�� �� Û� IDFWRUV� RI
GLIIXVLRQ����Û�HOHFWURQLF�QXPEHUV�RI�WUDQVIHU�

)LJ�����'HSHQGHQFH�VWUXFWXUH�SURSHUW\�RI�V\VWHP�%D6P�6��Û�[�PRO����6P�6���%D6��DW�� �����.��
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ERWK� DV� D� UHVXOW� RI� VHOI�GLVRUGHULQJ� DFFRUG�
LQJ�WR�6KRWWN\�DQG�GXH�WR�WKH�H[LW�RI�VXOIXU
LQWR� WKH� JDV� SKDVH� DV� D� UHVXOW� RI� WKHUPDO
GLVVRFLDWLRQ�� $V� WKH� TXDQWLW\� RI� LRQLF� GH�
IHFWV�LQ�VHOI�GLVRUGHULQJ�LV�LQVLJQLILFDQW��WKH
RFFXUUHQFH� RI� HOHFWURQ� FDUULHUV�GXH� WR� WKHU�
PDO�GLVVRFLDWLRQ�LQIOXHQFHV�FRQVLGHUDEO\�WKH
FRPSOH[� FRQGXFWLYLW\� �UHGXFWLRQ� RI� FRQWUL�
EXWLRQ�IURP�LRQ�FRQGXFWLYLW\���

0D[LPXP� HOHFWULF� FRQGXFWLYLW\�� WL� DQGGLIIXVLRQ� FRHIILFLHQWV� FRUUHVSRQG� WR� WKH
SKDVHV� IRUPHG� DW� GLVVROYLQJ� �Ü�� PRO�� �
%D6� DQG� �Ü�� PRO�� �� 6P�6�� LQ� <D6P�6�DQG�IURP���WR���PRO����*G�6��LQ�&D*G�6��,W� LV� REYLRXV� WKDW� WKH� TXDQWLW\� RI� GRXEOH�
LRQL]HG��DW�$�(0�DQG�VXOIXU�RU�DW�5�(0�DQG
VXOIXU�� YDFDQFLHV� IRUPHG� KHUHZLWK� FRUUH�
VSRQG� WR� WKH� FRQFHSW� RI� �GLOXWHG� VROXWLRQ�
>�@��ZKHUH�WKH�PRELOLW\�RI�LRQV�LV�PD[LPXP�
DQG� FRQVHTXHQWO\�� DYHUDJH� LRQ� WUDQVIHU
QXPEHUV��HOHFWULF�FRQGXFWLYLW\�DQG�GLIIXVLRQ
FRHIILFLHQWV� DUH� PD[LPDO� DV� ZHOO�� 7KH� ORZ
PRELOLW\�RI�$�(0�DQG�5�(0�FDWLRQV� LQ�WKLV
FDVH� LV� SUREDEO\� FRQQHFWHG� ZLWK� WKH� IDFW
WKDW�WKH�VL]HV�RI�PLJUDWLRQ�FKDQQHOV�IRU�WKH
$�(0�DQG�5�(0�LRQV�LQ�WKH�WHUQDU\�VXOILGH
VWUXFWXUH�DUH�VPDOOHU�WKDQ�WKH�LQWHUYDO�HQHU�
JHWLFDOO\�IDYRUDEOH�WR�FDUU\�WKHVH�FDWLRQV�

$� IXUWKHU� LQFUHDVH� LQ� FRQFHQWUDWLRQ� RI
DOOR\LQJ� DGGLWLYHV� IURP� �� WR� ��� PRO�� �
%D6��IURP���WR����PRO����6P�6��DQG�IURP�� WR� ���PRO����*G�6�� UHVXOWV� LQ� UHGXFWLRQRI� HOHFWURO\WLF� SURSHUWLHV� GXH� WR� IRUPDWLRQ� RI
QHXWUDO� >90H�� 96��@� RU� FKDUJHG� >96��9/Q��@� DVVRFL�
DWHV�>�@��,Q�WKH�ILHOG�RI�FRPSRVLWLRQ�FORVH�WR
WKH� HGJH� RI� VROLG� VROXWLRQ� DUHD� �IURP���� WR
��� PRO�� �� RI� ELQDU\� VXOILGHV� LQ� V\VWHP
%D6P�6����PRO����6P�6���%D6��DQG�IRU�VDP�SOHV�ZLWK�WKH�FRQWHQW�PRUH�WKDQ����PRO���
RI�JDGROLQLXP�VXOILGH� LQ� V\VWHP�&D*G�6��Ü

²�PRO����*G�6���� WKH�SURSHUWLHV�GHSHQG�RQWKH� VWUXFWXUH� ZHDNO\�� 7KH� FRQVWDQW� YDOXHV
RI�DYHUDJH�LRQ�DQG�DYHUDJH�HOHFWURQ�WUDQVIHU
QXPEHUV� DOORZ� WR� MXGJH� WKH� DFKLHYHPHQW�RI
WKH�VROLG�VROXWLRQ�HGJH�DQG�WKH�WUDQVLWLRQ�WR�D
ELSKDVH� V\VWHP��7KH�ZRUN�KDV� EHHQ� � VXSSRUWHG
E\� WKH� JUDQW� RI� WKH� 5XVVLDQ� )HGHUDO� 3URSHUW\
)RXQGDWLRQ�1R�������������

7KH� DXWKRUV� DUH� WKDQNIXO� WR
0U�<X�*�0HWOLQ��0U�$�9�.QRWNR��0U�1�9�/\V�
NRY��WR�HPSOR\HHV�LQ�ODERUDWRU\�RI�LQRUJDQLF
PDWHULDO�VWXG\�DW�RI�)DFXOW\�RI�PDWHULDO�VFL�
HQFH� DW� WKH� l�9�/RPRQRVRY� 0RVFRZ� 6WDWH
8QLYHUVLW\�� IRU� WKH� KHOS� LQ� FDUU\LQJ� RXW� RI
UDGLRJUDSKLF�UHVHDUFK�

5HIHUHQFHV
� ���/�$�.DOLQLQD�� *�,�6KLURNRYD�� 3URVSHFWV� RI

6HDUFK� IRU� 6XOILGHFRQGXFWLQJ� 6ROLG� (OHFWUR�
O\WHV�� 'HSRVLWHG� DW� 1,,7(.+,0�� &KHUNDVV\�
1R�����;,,�������������>LQ�5XVVLDQ@�

� ���/�$�.DOLQLQD�� *�,�6KLURNRYD�� 0�-�/\DOLQD�
,�9�0XULQ�� LQ�� &RO��RI� 6FL��:RUNV� RI� 5$1
8UDO� 'LY��(OHFWURGLFV� RI� 6ROLGVWDWH� 6\VWHPV�
6YHUGORYVN��$1�6665���������S����>LQ�5XVVLDQ@�

� ���<X�1�8VKDNRYD�� /�$�.DOLQLQD�� ,�9�0XULQ�
*�,�6KLURNRYD�� 9HVWQLN� 6W�3HWHUVEXUJ� 8QLY��
6HU�����VW�,VVXH��1R���������������

� ���/�$�.DOLQLQD��*�,�6KLURNRYD��,�9�0XULQ�HW�DO��
=K��3ULNO��.KLP��������������������

� ���5�0�*XVH\QRY�� )�,�.XNR]�� (OHFWURQLF� 3URF�
HVVHV� LQ� 6ROLG� (OHFWURO\WHV�� 5RVWRY� 8QLY�
3XEO���5RVWRY�'RQ��������>LQ�5XVVLDQ@��

� ���+�5LFKHUW��(OHFWURFPHPLVWU\�RI�6ROLGV��$Q�,Q�
WURGXFWLRQ��6SULQJHU���������

� ���2�9�$QGUHHY��7�0�.LVORYVND\D��$�9�.HUWPDQ�
1HRUJ��.KLP�������������������

� ���9�1�&KHERWLQ�� 3K\VLFDO� &KHPLVWU\� RI� 6ROLGV�
.KLPLD��0RVFRZ��������>LQ�5XVVLDQ@�

� ���)�.UHJHU�� &KHPLVWU\� RI� ,PSHUIHFW� &U\VWDOV�
0LU��0RVFRZ��������>5XVVLDQ�HGLWLRQ@�
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