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%XON� VLQJOH� FU\VWDOV� DQG� HSLWD[LDO� ILOPV
RI� \WWHUELXP� FRQWDLQLQJ� \WWULXP�DOXPLQXP
JDUQHW� �<$*�<E�� DUH� FRQVLGHUHG� DV� SURPLV�
LQJ� PDWHULDOV� IRU� KLJK� SRZHU� ODVHUV� >����@�
$Q�LPSRUWDQW�IDFWRU�WKDW�GHFUHDVHV�WKH�SHU�
IRUPDQFH�WKHUHRI�LV�WKH�SUHVHQFH�RI�GLYDOHQW
<E���LRQV�EHLQJ�UHVSRQVLEOH�IRU�WKH�VKRUWHQ�
LQJ� RI� WKH�<E��� H[FLWHG� VWDWH� OLIHWLPH�� 7KH
<$*�<E�ILOPV�JURZQ�E\�OLTXLG�SKDVH�HSLWD[\
�/3(��WHFKQLTXH�KDYH�VHYHUDO�DGYDQWDJHV�LQ
FRPSDULVRQ� ZLWK� <$*�<E� VLQJOH� FU\VWDOV�
7KH�IDEULFDWLRQ�WHFKQRORJ\�WKHUHRI�SURYLGHV
D�KRPRJHQHRXV�PDWHULDO�ZLWK�SHUIHFW�VWUXF�
WXUH�� VXLWDEOH� WKLFNQHVV�� DQG� FRPSRVLWLRQ
WKDW�LV�LPSRUWDQW�IURP�SRLQW�RI�YLHZ�RI�WKLV
PDWHULDO� SUDFWLFDO� XVH� >�@�� ,Q� UHFHQW� \HDUV�
WKHUH� LV� DQ� LQFUHDVLQJ� LQWHUHVW� WR� OXPLQHV�
FHQFH� DQG� VFLQWLOODWLRQ� SURSHUWLHV� RI� <$*

VLQJOH�FU\VWDOV�DFWLYDWHG�ZLWK�<E���LRQV��7KH
YHU\� IDVW� OXPLQHVFHQFH� LQ�XOWUD�YLROHW� �89�
DQG�YLVLEOH� VSHFWUDO� UHJLRQV� DVVRFLDWHG�ZLWK
FKDUJH� WUDQVIHU� WUDQVLWLRQV� RIIHUV� QHZ� DS�
SOLFDWLRQ�SRVVLELOLWLHV�IRU�WKHVH�PDWHULDOV�LQ
H[SHULPHQWV� IRU� GHWHFWLRQ� RI� QHXWULQRV� DQG
RWKHU� KLJK�HQHUJ\� SDUWLFOHV� >����@�� 7KH� DLP
RI� WKLV� ZRUN� ZDV� WR� LQYHVWLJDWH� WKH� LQIOX�
HQFH� RI� JURZWK� FRQGLWLRQV� DQG� KHDW� WUHDW�
PHQW�RI�<$*�<E�HSLWD[LDO�ILOPV�RQ�WKH�RSWL�
FDO� DEVRUSWLRQ� DQG� OXPLQHVFHQFH� HPLVVLRQ
WKHUHRI�XQGHU�;�UD\�H[FLWDWLRQ�

7KH� <$*� HSLWD[LDO� ILOPV� DFWLYDWHG� ZLWK
\WWHUELXP� LRQV� ZHUH� JURZQ� E\� /3(� WHFK�
QLTXH� IURP�3E2±%�2�� DQG�%L�2��PHOW�VROX�
WLRQ�LQ�DLU�DV�GHVFULEHG�LQ�>�@��6LQJOH�FU\VWDO
SODWHV�RI�������RULHQWHG�<$*�RI�DERXW���PP
WKLFNQHVV� ZHUH� XVHG� DV� VXEVWUDWHV�� 7KH
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FKDQJH�RI�\WWHUELXP�FRQFHQWUDWLRQ�ZDV�UHDO�
L]HG�E\�VXFFHVVLYH�DGGLWLRQV�WKHUHRI�LQWR�WKH
PHOW��7KH�JHQHUDO�WDVNV�RI� WKH�PHOW� FRPSR�
VLWLRQ� VHOHFWLRQ� ZHUH� WR� REWDLQ� D� QHFHVVDU\
GRSLQJ�OHYHO�DQG�WR�PLQLPL]H�WKH�ODWWLFH�SD�
UDPHWHUV� PLVILW� EHWZHHQ� WKH� VXEVWUDWH� DQG
WKH�HSLWD[LDO�ILOP��7KH�JURZWK�UDWH�ZDV�FRQ�
WUROOHG� E\� PHDQV� RI� WKH� JURZLQJ� WHPSHUD�
WXUH��7KH�WKLFNQHVV�RI�OD\HUV�JURZQ�ZDV���
WR� ���� PP�� 7KH� FKDUDFWHULVWLFV� RI� WKH
�<E�<��$O�2��� HSLWD[LDO� ILOPV� PHQWLRQHG
WKHUHDIWHU� LQ� WKLV� ZRUN� DUH� SUHVHQWHG� LQ
7DEOH��6RPH�VDPSOHV�ZHUH�DQQHDOHG�LQ�D�UH�
GXFLQJ� DWPRVSKHUH� �+�� IORZ�� DW� ����&� IRU�Ü��KRXUV� WR� VWDELOL]H� WKH�GLYDOHQW� VWDWH�RI
<E�LRQV��

2SWLFDO�DEVRUSWLRQ�VSHFWUD�RI�WKH�VDPSOHV
ZHUH� FRPSXWHG� IURP� WUDQVPLVVLRQ� VSHFWUD
UHFRUGHG� E\�GRXEOH�EHDP� VSHFWURSKRWRPHWHU
�6SHFRUG�0���� �&DUO� =HLVV�� *HUPDQ\�� DW
URRP�WHPSHUDWXUH��57���$�KRPH�PDGH�VSHF�
WUDO�VHWXS�EDVHG�RQ�WKH�6)��$�TXDUW]�PRQR�
FKURPDWRU�ZDV� XVHG� WR� VWXG\� WKH�;�UD\� OX�
PLQHVFHQFH�VSHFWUD��7KH�H[FLWDWLRQ�ZDV�SHU�
IRUPHG� E\� PLFURIRFXVHG� ;�UD\� WXEH
RSHUDWHG� DW� ��� N9� ZLWK� D� FXUUHQW� RI
���� P$�� 7KH� HPLVVLRQ� VSHFWUD� ZHUH� FRU�
UHFWHG� IRU� WKH� PRQRFKURPDWRU� GLVSHUVLRQ
DQG�GHWHFWRU�VSHFWUDO�UHVSRQVH�

7KH� DEVRUSWLRQ� VSHFWUD� LQ� WKH� 89� DQG
YLVLEOH� UHJLRQV� RI� WKH� JURZQ� <$*�<E� HSL�
WD[LDO� ILOPV�GLIIHU� HVVHQWLDOO\�GHSHQGLQJ�RQ
WKH� PHOW� FRPSRVLWLRQ� DQG� JURZWK� FRQGL�
WLRQV�� $V� LW� LV� VHHQ� IURP� )LJ����� WKH� VKDUS
LQFUHDVH� RI� DEVRUSWLRQ� FRHIILFLHQW� LQ� 89
VSHFWUDO� UHJLRQ� VWDUWV� DW� VKRUWHU� ZDYH�
OHQJWKV�IRU�WKH�ILOPV�JURZQ�IURP�OHDG�R[LGH
EDVHG�IOX[�DV�FRPSDUHG�WR�WKRVH�JURZQ�IURP
ELVPXWK�R[LGH�RQH��7KLV�LV�REVHUYHG�LQ�ERWK
FDVHV� DW� ZDYHOHQJWKV� VKRUWHU� WKDQ� ���� QP
DQG�FDQ�EH�DVVRFLDWHG�ZLWK�GRSLQJ�ZLWK�XQ�
FRQWUROOHG� OHDG� RU� ELVPXWK� LPSXULWLHV�� GH�
SHQGLQJ� RQ� WKH� PHOW� FRPSRVLWLRQ�� 7KH� DE�
VRUSWLRQ� RI� JDUQHW� HSLWD[LDO� ILOPV� LQ� 89
VSHFWUDO� UHJLRQ� LV� H[SODLQHG�E\� LQWUD�FHQWHU

WUDQVLWLRQV� �6��o��3�� �OPD[�a����Ü����QP�LQ�3E��� DQG�%L���+J�OLNH� LRQV�ZLWK�KLJK�RV�
FLOODWRU�VWUHQJWK�DV�ZHOO�DV�E\�FKDUJH�WUDQV�
IHU� EHWZHHQ� LPSXULW\� OHYHOV� DQG� FRQGXFWLY�
LW\� EDQG� >����@�� $� EURDG� PD[LPXP� DW
����QP� DQG� LQFUHDVLQJ�DEVRUSWLRQ� DW� DERXW
���Ü���� QP� DUH� REVHUYHG� LQ� DEVRUSWLRQ
VSHFWUXP� RI� WKH� ILOPV� JURZQ� IURP� 3E2±
%�2��PHOW��FXUYH����)LJ������7KH�DEVRUSWLRQ

7DEOH�� &KDUDFWHULVWLFV� RI� WKH� �<E�<��$O�2��HSLWD[LDO�ILOPV
6DPSOH
1R� K��PP *URZQ�IURP

IOX[
<WWHUELXP�LRQ
VXEVWLWXWLRQ�RI

<�VLWHV���
���� ���� 3E2±%�2� ��
���� ���� 3E2±%�2� ��
���� ���� %L�2� ��
���� ��� %L�2� ��
���� ��� %L�2� ��

)LJ����� (PLVVLRQ� VSHFWUD� RI� <$*�<E� VLQJOH
FU\VWDOOLQH� ILOPV� XQGHU� ;�UD\� H[FLWDWLRQ�
D�� ILOPV� JURZQ� IURP� OHDG� R[LGH� EDVHG� IOX[�
1R�� ����� ����� 1R�� ����� ����� E�� ILOP� JURZQ
IURP�ELVPXWK�R[LGH�EDVHG�IOX[��1R��������

)LJ�����$EVRUSWLRQ�VSHFWUD�RI�WKH�<$*�<E�HSL�
WD[LDO� ILOPV� LQ� 89� DQG� YLVLEOH� UHJLRQ�� )LOP
1RV�� ����� ����� ����� ����� ����� ����� ����� ����
UHGXFHG�LQ�+������
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LQFUHDVHV� DOPRVW� E\� RQH� RUGHU� DQG� WKH� GLV�
WLQFW� PD[LPD� DW� ���� DQG� ���� QP� DUH� RE�
VHUYHG� IRU� WKH� ILOPV� ZLWK� QHDU� WKH� VDPH
\WWHUELXP�FRQWHQWV�JURZQ�IURP�%L�2��PHOW�7KH� ILOPV�ZLWK� WKH� VDPH�\WWHUELXP�FRQWHQW
REWDLQHG� IURP�%L�2�� IOX[� DW� PXFK� UHGXFHGJURZWK�UDWH�ZHUH�HVVHQWLDOO\�FRORUOHVV�LQ�WKH
YLVLEOH� VSHFWUDO� UHJLRQ�� %XW� WKH� VDPH� DE�
VRUSWLRQ� EDQGV� DV� LQ� ILOP� 1R������ DULVH
WKHUHLQ� DIWHU� WKH� DQQHDOLQJ� LQ� +�� DWPRV�
SKHUH� �����&���Ü��K��� 7KH� DQDORJRXV�EDQGV
ZHUH� REVHUYHG� LQ� DEVRUSWLRQ� VSHFWUD� RI
<$*�<E� VLQJOH� FU\VWDOV� JURZQ� LQ� UHGXFLQJ
DWPRVSKHUH� ZLWK� DGGLWLRQ� RI� TXDGULYDOHQW
LPSXULWLHV� �6L��=U�� IRU� FKDUJH� FRPSHQVDWLRQ
>�@�� ,W� DOORZHG� WR� FRQQHFW� WKHVH� EDQGV�ZLWK
�I��G�RSWLFDO�WUDQVLWLRQV�LQ�<E���LRQV�

7KH� ;�UD\� OXPLQHVFHQFH� VSHFWUD� RI� WKH
JURZQ� HSLWD[LDO� ILOPV� GLIIHU� FRQVLGHUDEO\
GHSHQGLQJ�RQ� WKH�PHOW� FRPSRVLWLRQ��)LJ���È
UHSUHVHQWV�WKH�HPLVVLRQ�VSHFWUD�RI�WZR�ILOPV
REWDLQHG�IURP�OHDG�FRQWDLQLQJ�PHOW�DW�VRPH�
ZKDW�GLIIHUHQW�JURZWK� UDWHV��$�SURQRXQFHG
OXPLQHVFHQFH� EDQG� ZLWK� D� PD[LPXP� DW
���� QP� DQG� D� ORQJ�ZDYH� VKRXOGHU� LQ� WKH
���Ü���� QP� UDQJH� LV� REVHUYHG� LQ� ERWK
ILOPV��7KH� UHODWLYH� LQWHQVLW\� RI� DQRWKHU� OX�
PLQHVFHQFH� EDQG� LQ� EOXH� VSHFWUDO� UHJLRQ
ZLWK� PD[LPXP� DW� ���� QP� FKDQJHV� IURP
VDPSOH� WR� VDPSOH� DQG� LQFUHDVHV� ZLWK� WKH
ILOP�JURZWK�UDWH��7KH�PDLQ�HPLVVLRQ�LQWHQ�
VLW\� LQFUHDVHV� E\� VHYHUDO� WLPHV� LQ� ILOPV
JURZQ� IURP� ELVPXWK� EDVHG� IOX[� �)LJ���E�
DQG� WKHUH� DUH� WZR� ZHOO� GLYLGHG� QDUURZ
EDQGV� ZLWK� PD[LPD� DW� ���� DQG� ���� QP�
)LJ���� UHSUHVHQWV� WKH� OXPLQHVFHQFH� VSHFWUD
RI� WKH� ILOP� 1R������� DQQHDOHG� LQ� UHGXFLQJ
DWPRVSKHUH� XQGHU� ;�UD\� H[FLWDWLRQ� DW� WKH
URRP� DQG� OLTXLG� QLWURJHQ� WHPSHUDWXUHV�� ,W

FDQ�EH�VHHQ�WKDW�EDQGV�ZLWK�PD[LPD�DW����
DQG� ���� QP� SUHYDLO� DOVR� LQ� OXPLQHVFHQFH
VSHFWUD�RI�WKLV�ILOP�EXW�WKHUH�DUH�ZHDN�PD[�
LPD�DW�����������DQG�����QP�DV�ZHOO��$IWHU
WKH� WHPSHUDWXUH� LV� GHFUHDVHG� IURP� ���� WR
����.��WKH�LQWHQVLW\�RI�PDLQ�EDQGV�EHFRPHV
DSSUR[LPDWHO\� KDOYHG� DQG� D� FKDQJH� LQ� WKH
UHODWLYH� LQWHQVLW\� WKHUHRI� LV� REVHUYHG�� $W
WKH�VDPH�WLPH��WKH� LQWHQVLW\�RI�EDFNJURXQG
OLQHV�ZKLFK�FDQ�EH�DVVRFLDWHG�ZLWK�SUHVHQFH
RI�UDUH�HDUWK�LPSXULWLHV�LQFUHDVHV�

$V� WR� WKH� QDWXUH� RI� OXPLQHVFHQFH� EDQGV
DW� ���� DQG� ���� QP� REVHUYHG� LQ� ILOPV�ZLWK
UHODWLYHO\� ORZ� \WWHUELXP� FRQWHQWV�� ZH� FDQ
DVVXPH�WKDW� WKRVH�DUH�FRQQHFWHG�ZLWK�GLYD�
OHQW� <E��� LRQV�� 7KHVH� EDQGV� FDQ� EH� DWWULE�
XWHG� WR� LQWUD�FHQWHU� WUDQVLWLRQV� LQ� �G��I
FRQILJXUDWLRQ�RI�<E����7KH�FKDQJHV� LQ�UHOD�
WLYH�LQWHQVLW\�RI�HPLVVLRQ�EDQGV�DW�����DQG
����QP�PD\�EH�FDXVHG�E\�GLIIHUHQW�PHFKD�
QLVPV�RI�H[FLWHG�VWDWHV�SRSXODWLRQ�UHFRPEL�
QDWLRQ� SURFHVVHV� UHVXOWLQJ� LQ� WKH� OXPLQHV�
FHQFH��7KH�HPLVVLRQ�VSHFWUXP�RI�WKH�<$*�<E
ILOPV�ZLWK�LQFUHDVHG�\WWHUELXP�FRQFHQWUDWLRQ
�XS�WR����DW����GLIIHUV�TXDOLWDWLYHO\�DQG�QHZ
EURDG�EDQGV�ZLWK�PD[LPD�DW�����DQG�����QP
DULVH��)LJ������'HFUHDVLQJ�WHPSHUDWXUH�UHVXOWV
LQ�LQFUHDVH�RI�ERWK�EDQGV�DQG�FKDQJH�LQ�UHOD�
WLYH� LQWHQVLW\� WKHUHRI�� 1R� OXPLQHVFHQFH� ZDV
REVHUYHG� DIWHU� DQQHDOLQJ� RI� <$*���� �� <E
ILOPV�LQ�K\GURJHQ�DWPRVSKHUH�

,Q� HSLWD[LDO� ILOPV� ZLWK� KLJK� \WWHUELXP
FRQWHQW�� WKH� DEVHQFH� RI�<E��� DWWULEXWHG� OX�
PLQHVFHQFH� FDQ� EH� FRQQHFWHG� ZLWK� FRQFHQ�
WUDWLRQ�TXHQFKLQJ��7KH� OXPLQHVFHQFH� LQ� WKH
EDQGV�DW�����DQG�����QP�REVHUYHG�EHIRUH�LQ
<$*�<E� VLQJOH� FU\VWDOV� >����@� LV� FDXVHG� E\
FKDUJH�WUDQVIHU�WUDQVLWLRQ��,W�LV�QHFHVVDU\�WR
VWXG\� WKH� WLPH� DQG� WHPSHUDWXUH� FKDUDF�

)LJ����� (PLVVLRQ� VSHFWUD� RI� UHGXFHG� <$*�<E
VLQJOH� FU\VWDOOLQH� ILOP�1R�� ����� XQGHU�;�UD\
H[FLWDWLRQ�����URRP�WHPSHUDWXUH�����OLTXLG�QL�
WURJHQ�WHPSHUDWXUH�

)LJ����� (PLVVLRQ� VSHFWUD� RI� UHGXFHG� <$*�<E
VLQJOH� FU\VWDOOLQH� ILOP�1R�������XQGHU�;�UD\
H[FLWDWLRQ�� ��� URRP� WHPSHUDWXUH�� ��� OLTXLG
QLWURJHQ�WHPSHUDWXUH�

<D�0�=DNKDUNR�HW�DO����;�UD\�H[FLWHG�OXPLQHVFHQFH����

��� )XQFWLRQDO�PDWHULDOV�������������



WHULVWLFV� RI� OXPLQHVFHQFH� WR� FRQILUP� VXFK
VXSSRVLWLRQV��.LQHWLF� VWXG\�RI� WKH� OXPLQHV�
FHQFH� DVVRFLDWHG� ZLWK� GLYDOHQW� \WWHUELXP
LRQV� FDQ� EH� RI� XVH� IRU� VSHFLILFDWLRQ� RI� UH�
OD[DWLRQ� PHFKDQLVPV� RI� H[FLWHG� <E��� LRQV
VWDWHV�LQ�FRPSOH[�R[LGHV�

7R� FRQFOXGH�� WKH� OXPLQHVFHQFH� EDQGV
ZLWK� PD[LPD� DW� ���� QP� DQG� ���� QP� RE�
VHUYHG� LQ� WKH�<$*�<E� HSLWD[LDO� ILOPV�XQGHU
;�UD\� H[FLWDWLRQ� DUH� DWWULEXWHG� WR� �G��I
WUDQVLWLRQV� DVVRFLDWHG� ZLWK� <E��� LRQV�
&KDQJHV� RI� JURZWK� FRQGLWLRQV�� LPSXULWLHV
DQG�VWUXFWXUDO�YDFDQF\�W\SH�GHIHFWV�FRQFHQ�
WUDWLRQ� UHVXOWV� LQ�YDULDWLRQV� RI� WKH� UHODWLYH
LQWHQVLW\� RI� WKHVH� HPLVVLRQ� EDQGV�� 7KH
EURDG� HPLVVLRQ� EDQGV� ZLWK� PD[LPD� DW� ���
DQG� ���� QP� LQ� <$*�<E� HSLWD[LDO� ILOPV� DV
ZHOO�DV�LQ�<$*�<E�VLQJOH�FU\VWDOV�DUH�FDXVHG
E\�WKH�FKDUJH�WUDQVIHU�WUDQVLWLRQV�
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