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$�QHZ�W\SH�RI�VROLG�VWDWH�LQWHJUDWHG�GHWHFWRU�RI�LRQL]LQJ�UDGLDWLRQ�KDV�EHHQ�SURSRVHG�

,W� KDV� EHHQ� VKRZQ� WKDW� WKH� SURSHUWLHV� RI� =Q6H�7H�� FU\VWDOV� PDNH� LW� SRVVLEOH� WR� GHYHORS
LQWHJUDWHG�GHWHFWRUV�ZLWK�SKRWRUHFHLYHUV�RI�D�SKRWRVHQVLWLYH�KHWHURVWUXFWXUH�W\SH�DUUDQJHG
GLUHFWO\�RQ�WKH�VFLQWLOODWRU�VXUIDFH��$�SUHSDUDWLRQ�PHWKRG�RI�=Q6H�7H��S=Q7H±Q&G6H�GHWHF�
WRUV�KDV�EHHQ�GHVFULEHG�DQG�WKH�RXWSXW�FKDUDFWHULVWLFV�WKHUHRI�KDYH�EHHQ�REWDLQHG�
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%URDG� SRVVLELOLWLHV� RI� SXUSRVHIXO� YDUL�
DWLRQ� RI� SKRWRHOHFWULF�� OXPLQHVFHQFH� DQG
HOHFWURSK\VLFDO�SURSHUWLHV� LQ�$,,%9,�VHPLFRQ�
GXFWRU�FRPSRXQGV�DQG�VROLG�VROXWLRQV�EDVHG
WKHUHRQ� VWLPXODWH� FRQWLQXRXV� VFLHQWLILF� DQG
SUDFWLFDO� LQWHUHVW��2QH�RI� WKH�UHFHQW� LPSRU�
WDQW� VWHSV� LQ� WKLV� GLUHFWLRQ� LV� GHYHORSPHQW
RI� D� QHZ� W\SH� VFLQWLOODWRU� EDVHG� RQ� LVRYD�
OHQWO\� GRSHG� ]LQF� VHOHQLGH� >�Ü�@�� 7KLV� W\SH
RI� VFLQWLOODWLRQ� FU\VWDOV� VKRZV� WKH� FRQYHU�
VLRQ�HIILFLHQF\��Ü����KLJKHU�DQG�UDGLDWLRQ
VWDELOLW\����Ü����WLPHV�KLJKHU�DV�FRPSDUHG�WR
&V,�7O�� FU\VWDOV�� 'HYHORSPHQW� RI� =Q6H�7H�
VFLQWLOODWRU�KDV�DOORZHG�WR�HIIHFWLYHO\�ILOO� WKH
JDS� LQ� WKH� �VFLQWLOODWRU�SKRWRGLRGH�� GHWHFWRU
VHULHV�IRU�PRGHUQ�UDGLDWLRQ�LQWURVFRS\�>�@�
,W�LV�DOVR�NQRZQ�>����@�WKDW�FHUWDLQ�FRPSOH[

VWUXFWXUHV� EDVHG� RQ� ZLGH�EDQG� $,,%9,� FRP�
SRXQGV� �H�J��� S=Q7H±Q&G6H� KHWHURVWUXFWXUHV�
H[KLELW� D� KLJK� SKRWRVHQVLWLYLW\� LQ� WKH� YLVLEOH
VSHFWUDO� UDQJH� FRUUHVSRQGLQJ� WR� WKH� OXPLQHV�
FHQFH�PD[LPXP��OPD[� ����Ü����QP��

$� XQLTXH� FRPELQDWLRQ� RI� VHPLFRQGXFWRU
DQG� VFLQWLOODWLRQ� SURSHUWLHV� LQ� =Q6H�7H�
FU\VWDOV� VKRXOG�PDNH� LW� SRVVLEOH� WR� GHYHORS
SKRWRUHFHLYHUV� EDVHG� RQ� KHWHURVWUXFWXUHV
IRUPHG�GLUHFWO\�RQ�WKH�VXUIDFH�RI�WKLV�VFLQ�
WLOODWRU�� &RPSDFWQHVV�� VPDOO� RYHUDOO� GLPHQ�
VLRQV�� WKH� GHVLJQ� VLPSOLFLW\� DQG� KLJK� SHU�
IRUPDQFH�FKDUDFWHULVWLFV�DUH�WKH�DGYDQWDJHV
RI� WKH� VROLG� VWDWH� LQWHJUDWHG� GHWHFWRUV� �,'�
RI�LRQL]LQJ�UDGLDWLRQ�FRQVLVWLQJ�RI�D�VFLQWLO�
ODWRU� DQG� D� EDUULHU�OD\HU� SKRWRFHOO� RYHU
RWKHU�W\SHV�RI�GHWHFWRUV��%HVLGHV��VXFK�,'�GH�
WHFWRUV�GR�QRW� UHTXLUH�DQ\�SRZHU�VRXUFHV�� ,Q
WKLV� SDSHU�� ZH� GHVFULEH� SUHSDUDWLRQ�PHWKRGV
DQG�SDUDPHWHUV� RI� D� �SKRWRVHQVLWLYH�KHWHURV�
WUXFWXUH� Û� VHPLFRQGXFWRU� VFLQWLOODWRU�� W\SH
,'��QDPHO\��=Q6H�7H��S=Q7H±Q&G6H��
7KH�=Q6H�7H��FU\VWDOV�ZHUH�JURZQ�E\�YHU�

WLFDO�%ULGJPDQ�PHWKRG�LQ�JUDSKLWH�FUXFLEOHV
XQGHU� LQHUW� JDV� �$U�� SUHVVXUH� RI� ������3D�
7KH� WHPSHUDWXUH� LQ� WKH� PHOWLQJ� ]RQH� ZDV
����� .�� $V� UDZ� PDWHULDO�� ILQH� =Q6H� DQG

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�,QVWLWXWH�IRU�6LQJOH�&U\VWDOV
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=Q7H�SRZGHUV�RI�(/0$�W\SH��FODVV��1��ZHUH
XVHG��ZKLFK� KDG� EHHQ� SUHOLPLQDULO\� WUHDWHG
LQ� R[\JHQ� DWPRVSKHUH� >�@�� 7KH� FRQWHQW� RI
DFWLYDWRU��7H��LQ�=Q6H�FU\VWDOV�ZDV�����PDVV���
$W�WKH�ILQDO�VWDJH�RI�VFLQWLOODWLRQ�SURSHUWLHV
IRUPDWLRQ�� WKH� =Q6H�7H�� VDPSOHV� RI
��Ü��u�u��PP�� VL]H� ZHUH� DQQHDOHG� LQ� =Q
YDSRU�DW�7� ������.�IRU����K�>�@��7KH�LQWH�
JUDWHG�GHWHFWRUV�ZHUH�REWDLQHG�E\�VXFFHVVLYH
HSLWD[LDO� JURZWK� RI� =Q7H� DQG� &G6H� OD\HUV
RQWR�7H�GRSHG�=Q6H�VFLQWLOODWRU�FU\VWDOV�RUL�
HQWHG�LQ�WKH�>���@�GLUHFWLRQ��7KH�=Q6H�VXE�
VWUDWHV� ZHUH� PHFKDQLFDOO\� SROLVKHG� DQG
HWFKHG�LQ�EURPRPHWKDQRO�SULRU�WR�GHSRVLWLRQ
RI�=Q7H� DQG�&G6H� OD\HUV��:H� XVHG� DQ� HSL�
WD[LDO� PHWKRG� LQYROYLQJ� D� WUDQVSRUW� UHDF�
WLRQ� DQG� UHVXEOLPDWLRQ� LQ� DQ� RSHQ� V\VWHP
XQGHU�UHGXFWLRQ�DWPRVSKHUH��7KH�&G6H�DQG
=Q7H� SRO\FU\VWDOV� ZHUH� XVHG� DV� WKH� HYDSR�
UDWLQJ� PDWHULDOV�� 7KH� HSLWD[LDO� JURZWK� RI
&G6H� OD\HUV� ZDV� DFFRPSOLVKHG� LQ� D� VKRUW
WLPH�DIWHU�UHORDGLQJ�RI�WKH�UHDFWRU�ZLWK�WKH
HYDSRUDWLQJ�PDWHULDO�� 'RSLQJ� RI�=Q7H� ZLWK
$V� DQG� RI� &G6H� ZLWK� ,Q� ZDV� FDUULHG� RXW
GXULQJ�WKHLU�JURZWK��
0HWDOORJUDSKLF� DQG� ;�UD\� VWXGLHV� RI

=Q7H�DQG�&G6H�OD\HU�JURZWK�SURFHVVHV�VKRZ
WKDW� WKH� RSWLPDO� HSLWD[\� FRQGLWLRQV� DUH� DV
IROORZV�� =Q7H� VRXUFH� WHPSHUDWXUH� ����&�
=Q6H�VXEVWUDWH�WHPSHUDWXUH����Ü����&��IRU
&G6H�� WKHVH� YDOXHV� DUH� ����&� DQG� ���Ü
����&�� UHVSHFWLYHO\��7KLFNQHVV� RI�=Q7H� DQG
&G6H�OD\HUV�ZDV��Ü��DQG���Ü���PP��UHVSHF�
WLYHO\��(OHFWURQ�FRQFHQWUDWLRQ�1H�DQG�PRELO�LW\� PQ� LQ� &G6H� OD\HUV� GHSHQG� RQ� WKH� VXE�VWUDWH� WHPSHUDWXUH��8QGHU� WKH� DERYH� FRQGL�
WLRQV�� WKH� 1H� DQG� PQ� YDOXHV� DUH
����Ü����������FPÜ��DQG����Ü����FP���9�V��
UHVSHFWLYHO\��)RU�=Q7H� OD\HUV��WKH�KROH�FRQ�
FHQWUDWLRQ�1K�LV����������FPÜ��DQG�WKH�KROH
PRELOLW\�XS� ����FP���9�V���$X� DQG� ,Q� ZHUH
GHSRVLWHG� E\� YDFXXP� HYDSRUDWLRQ� WR� PDNH
RKPLF� FRQWDFWV� IRU�=Q7H� DQG�&G6H�� UHVSHF�
WLYHO\�� $� VFKHPDWLF� GLDJUDP� RI� WKH� FRP�
ELQHG� GHWHFWRU� RI� LRQL]LQJ� UDGLDWLRQ� RE�

WDLQHG� DV� GHVFULEHG� DERYH� LV� SUHVHQWHG� LQ
)LJ����� ,W� LV� VHHQ� WKDW� WKH� KHWHURVWUXFWXUH�
SKRWRUHFHLYHU� �+3�� LV� GHSRVLWHG� GLUHFWO\� RQ
WKH�VFLQWLOODWRU�VXUIDFH�DQG�WKXV�WKH�UHIOHF�
WLRQ�ORVVHV�DUH�PLQLPL]HG��
)RU� ,'� KHWHURVWUXFWXUH�SKRWRUHFHLYHU

S=Q7H±Q&G6H� REWDLQHG� E\� HSLWD[\� IURP
YDSRU�SKDVH�DV�GHVFULEHG�DERYH��WKH�FXUUHQW
YV� YROWDJH� FKDUDFWHULVWLFV� �,9&�� KDYH� EHHQ
PHDVXUHG� DW� GLIIHUHQW� LOOXPLQDWLRQ� OHYHOV
�)LJ������ ,Q� FRQWUDVW� WR� SÜQ� KRPRMXQFWLRQV�
LQWHUVHFWLRQ� RI� �OLJKW�� DQG� �GDUN�� ,9&� LV
REVHUYHG� LQ� WKH� KHWHURVWUXFWXUH� FDVH�� 7KH
,9&� LQWHUVHFWLRQ� LV�GHFUHDVH�RI� WKH�KHWHURV�
WUXFWXUH� VHULHV� UHVLVWDQFH� GXH� WR� SKRWRFRQ�
GXFWLYLW\�RI�WKH�PDWHULDO� OD\HUV�IRUPLQJ� LW�
7KH�GHSHQGHQFH�RI�RSHQ�FLUFXLW�YROWDJH�82&DQG�VKRUW�FLUFXLW�FXUUHQW�,6&�RQ�WKH�LOOXPL�QDWLRQ�LQWHQVLW\�RI�+3�S=Q7H±Q&G6H�LV�SUH�
VHQWHG� LQ� )LJ����� ,W� LV� VHHQ� WKDW� ,6&� ULVHVOLQHDUO\�ZKHQ�WKH�LOOXPLQDWLRQ�LV�LQFUHDVHG�
ZKLOH�82&� WHQGV� WR� VDWXUDWLRQ�� 6XFK� D� EH�KDYLRU�LV�LQ�JRRG�DJUHHPHQW�ZLWK�WKH�VKDUS
KHWHURMXQFWLRQ�WKHRU\��7KH�HIILFLHQF\�RI�WKH
S=Q7H±Q&G6H� KHWHURVWUXFWXUH�� FDOFXODWHG
XVLQJ� H[SHULPHQWDO� ,6&� DQG�82&� YDOXHV�� LV�Ü����DQG� LV� OLPLWHG�E\�UDWKHU�KLJK�VHULHV
UHVLVWDQFH�RI�D�SKRWRUHFHLYHU�RI�VXFK�W\SH��
7KH� VSHFWUDO� FKDUDFWHULVWLFV� RI� WKH� ,'

ZHUH� VWXGLHG� XQGHU� LOOXPLQDWLRQ� WKURXJK
WKH�=Q6H� VFLQWLOODWRU� FU\VWDO�ZLWK�EDQG�JDS
(J� ������ H9�� 7KHUHIRUH�� SKRWRQV� ZLWK� HQ�HUJ\�ORZHU�WKDQ������H9�SDVV�WKURXJK�=Q6H
FU\VWDO�SUDFWLFDOO\�ZLWKRXW�DEVRUSWLRQ�DQG�DUH
DEVRUEHG� LQ� WKH�+3��7KH� JHQHUDWHG� HOHFWURQ�
KROH� SDLUV� DUH� VHSDUDWHG� E\� WKH� KHWHURMXQF�
WLRQ�� WKXV�FUHDWLQJ�D� FXUUHQW� LQ� WKH�H[WHUQDO
FLUFXLW�� 7KH� SKRWRVHQVLWLYLW\� UHJLRQ� LV� VLWX�

)LJ�� ��� 7HVW� VWUXFWXUH� RI� =Q6H�7H��S=Q7H�
Q&G6H� ,'� RI� LRQL]LQJ� UDGLDWLRQ� LQ� LQWHJUDO
FRQVWUXFWLRQ�GHVLJQ�����=Q6H�7H�� VFLQWLOODWRU�
��� S=Q7H�Q&G6H� SKRWRUHFHLYHU�� ��� UHFRUGLQJ
V\VWHP�

)LJ�����&XUUHQW�YROWDJH�FKDUDFWHULVWLFV�RI�KHW�
HURVWUXFWXUH�SKRWRUHFHLYHU� S=Q7H�Q&G6H� DW
GLIIHUHQW� LOOXPLQDWLRQ� OHYHOV�� GDUN� ����
������O[������������O[������������O[�������
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DWHG� EHWZHHQ� ZDYHOHQJWKV� O� RI� ���� DQG
���� QP� WKDW� FRUUHVSRQGV� WR� SKRWRQ� HQHUJLHV
FORVH�WR�WKH�EDQG�JDS�RI�=Q7H��(J� ������H9�DW�����.��DQG�&G6H� �(J� ������H9���UHVSHF�WLYHO\��7KH�TXDQWXP�HIILFLHQF\� LQ� WKH� VSHF�
WUDO� FKDUDFWHULVWLF� PD[LPXP� DPRXQWV� ����
WR�������7KH� DEVROXWH�PRQRFKURPDWLF� VHQVL�
ELOLW\� DW� O� ����� QP� UHDFKHV� WKH� YDOXHV� RI
����Ü����� $�:�� 7LPH� FRQVWDQW� RI� WKH
=Q7H±&G6H� KHWHURMXQFWLRQ� LV� ������Ü�� WR
������Ü��V�ZKDW� LV�DFFHSWDEOH�IRU�WKH�RSHUD�
WLRQ�RI�SKRWRGHWHFWRU�
7KH� VSHFWUDO� VHQVLWLYLW\� FKDUDFWHULVWLF

VKDSH� GHSHQGV� RQ� HOHFWURQ� FRQFHQWUDWLRQ� LQ
&G6H�OD\HUV�ZKLFK��LQ�LWV�WXUQ��LV�GHILQHG�E\
WKH�=Q7H�VXEVWUDWH�WHPSHUDWXUH�7V��)LJ������,WLV�VHHQ�IURP�)LJ����WKDW�DQ�LQFUHDVH�RI�HOHF�
WURQ�FRQFHQWUDWLRQ�LQ�&G6H�OD\HUV�UHVXOWV�LQ
D�VKLIW�RI�S=Q7H±Q&G6H�+3�VSHFWUDO�FKDUDF�
WHULVWLFV� WRZDUGV� VKRUWHU� ZDYHOHQJWK�� ,Q
WKLV� FDVH�� WKH� FRPSDWLELOLW\� RI� WKH� GHWHFWRU
SKRWRVHQVLWLYLW\� VSHFWUXP� ZLWK� UDGLDWLRQ
VSHFWUXP� RI� WKH� =Q6H� VFLQWLOODWRU� FU\VWDOV
�FXUYH����)LJ����� LV�PXFK�EHWWHU��7KH�FRQFRU�
GDQFH�IDFWRU�DF�RI�WKH�UDGLDWLRQ�DQG�SKRWRVHQ�VLWLYLW\�VSHFWUD�UHSUHVHQWHG�LQ�)LJ����ZDV�FDO�
FXODWHG�XVLQJ�WKH�QXPHULFDO�LQWHJUDWLRQ�WHFK�
QLTXH�LQ�DFFRUGDQFH�ZLWK�WKH�H[SUHVVLRQ�>�@��

DF� �³6VF
OPLQ

OPD[
�O�6SK�O�GO��e��³6VF

OPLQ

OPD[
�O�GO �

���

ZKHUH� 6VF� DQG� 6SK� � DUH� VSHFWUDO� UDGLDWLRQLQWHQVLWLHV� RI� WKH� VFLQWLOODWRU� DQG� WKH� VSHF�
WUDO� VHQVLWLYLW\� RI� WKH� +3� ZLWK� UHVSHFW� WR
WKH� PD[LPXP�� OPD[�� OPLQ� DUH� VSHFWUXPERXQGDULHV�� DF� LV� ����� LQ� WKH� FDVH� RI� WKH

S=Q7H±Q&G6H� VSHFWUXP� UHSUHVHQWHG� E\� WKH
FXUYH���DQG������IRU�WKH�FXUYH���
7KH� REWDLQHG� GRVLPHWULF� FKDUDFWHULVWLFV

DW� FRQVWDQW�SRWHQWLDO�RQ�WKH�;�UD\�WXEH�DUH
OLQHDU� LQ� WKH�ZKROH� UDQJH�RI� WKH�GRVH� UDWHV
�)LJ������ &XUYH� �� ZDV� REWDLQHG� XQGHU� LUUD�
GLDWLRQ� WKURXJK� WKH� +3� DQG� FXUYH� ��
WKURXJK� WKH� VFLQWLOODWRU� FU\VWDO�� 6HQVLWLYLW\
RI� WKH� GHWHFWRUV� WR� ;�UD\� LUUDGLDWLRQ� ZLWK
WKH� ����� NH9� HQHUJ\� ZDV� FDOFXODWHG� XVLQJ
WKH�H[SUHVVLRQ�>�@��

)LJ�� ��� 'HSHQGHQFHV� RI� RSHQ�FLUFXLW� YROWDJH
8RF� ���� DQG� VKRUW�FLUFXLW� FXUUHQW� ,VF� ���� RQLOOXPLQDWLRQ� LQWHQVLW\� (� IRU� S=Q7H�Q&G6H
KHWHURVWUXFWXUH��

)LJ�� ��� 6SHFWUDO� VHQVLWLYLW\� GLVWULEXWLRQ� RI� D
S=Q7H�Q&G6H� SKRWRUHFHLYHU� DW� GLIIHUHQW� HOHF�
WURQV� FRQFHQWUDWLRQ� LQ� &G6H� OD\HUV� RI
=Q6H�7H��S=Q7H�Q&G6H� ,'� ���� ��������� FPÜ��
������������ FPÜ��� DQG� OXPLQHVFHQFH�VSHFWUXP
RI�=Q6H�7H��FU\VWDO�VFLQWLOODWRU�����

)LJ�� ��� 'RVLPHWULF� FKDUDFWHULVWLFV� RI� WKH
=Q6H�7H��S=Q7H�Q&G6H� LQWHJUDWHG� GHWHFWRUV
RI�LRQL]LQJ�UDGLDWLRQ�����LOOXPLQDWLRQ�WKURXJK
SKRWRUHFHLYHU�� ��� LOOXPLQDWLRQ� WKURXJK� VFLQ�
WLOODWRU�FU\VWDO�

1�*�6WDU]KLQVNL\�HW�DO����,QWHJUDWHG�GHWHFWRUV�RI����

)XQFWLRQDO�PDWHULDOV������������� ���



,VF
3 � 

 �HK���P0+]
P+0%

�������H[S�P0=GVF�
P0=GVF ���9VFUVF[JE�

�
���

ZKHUH� ,VF� LV� WKH� WRWDO� SKRWRFXUUHQW�� P0+=�PDVV�DEVRUSWLRQ� FRHIILFLHQW�RI� WKH� VFLQWLOOD�
WRU�� P+0%�� WKDW� RI� DLU�� P0=�� PDVV� DWWHQX�DWLRQ� FRHIILFLHQW� RI� VXEVWDQFH� ZLWK� PDVV
QXPEHU� =�� [�� HIILFLHQF\� RI� WKH� VFLQWLOODWRU
OLJKW�FROOHFWLRQ�E\�WKH�+3��E��TXDQWXP�HIIL�
FLHQF\�RI�WKH�+3��J��FROOHFWLRQ�FRHIILFLHQW�RI
FKDUJH� FDUULHUV�� GVF�� VFLQWLOODWRU� WKLFNQHVV�
9VF�� VFLQWLOODWRU� YROXPH�� UVF�� VFLQWLOODWRUGHQVLW\��7KH�FDOFXODWLRQ�KDV�EHHQ�SHUIRUPHG
IRU� WKH� VKRUW�FLUFXLW� FRQGLWLRQV�� 7KH� RE�
WDLQHG� YDOXH� RI� WKH� ;�UD\� VHQVLELOLW\� RI
����Q$�PLQ�5�FP�� LV� LQ� D� UDWKHU� JRRG
DJUHHPHQW� ZLWK� WKH� DYHUDJH� H[SHULPHQWDO
YDOXHV�RI����Ü����Q$�PLQ�5�FP���7KH� WHP�
SHUDWXUH� GHSHQGHQFH� RI� WKH� VKRUW�FLUFXLW
FXUUHQW� ZLWKLQ� WKH� UDQJH� RI� ��Ü����&� LV
QHJOLJLEOH� DQG� GRHV� QRW� H[FHHG�r�����7HVW�
LQJ� RI� WKH� =Q6H�7H��S=Q7H±Q&G6H� LQWH�
JUDWHG� GHWHFWRUV� FDUULHG� RXW� XQGHU� UHDO� KR�
PRJUDSKLF� FRQGLWLRQV� VKRZ� WKDW� WKHLU� VHQVL�
WLYLW\�� LQHUWLD� �GHFD\� WLPH�� DQG� G\QDPLFDO
OLQHDULW\� UDQJH� RI� GRVLPHWULF� FKDUDFWHULVWLF
PDNH�LW�SRVVLEOH�WR�XVH�WKH�,'�LQ�;�UD\�LQWUR�
VFRSLF�V\VWHPV�DQG�PHGLFDO�KRPRJUDSKV��

7R�FRQFOXGH�� WKH�KLJK�UDGLDWLRQ�VHQVLWLY�
LW\�RI�=Q6H�7H��S=Q7H±Q&G6H�LQWHJUDWHG�GH�
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