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�DQG�)H
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�
&KDUJH� WUDQVIHU� DEVRUSWLRQ� EDQGV� RI� )H

��
� DQG� )H

��
� FRPSOH[HV� LQ� IOXRULGH�� SKRVSKDWH� DQG� VLOLFDWH�

JODVVHV� RI� XOWUDKLJK� SXULW\� ZHUH� GHWHUPLQHG� DQG� WKH� LQIOXHQFH� RI� � )H
��
� DQG� )H

��
� RQ�89� ODPS� DQG� ODVHU�

UDGLDWLRQ� LQGXFHG� GHIHFWV�ZDV� VWXGLHG��7KH� LQWULQVLF� DEVRUSWLRQ� HGJH� RI� DOO� JODVVHV� LQYHVWLJDWHG� LV� LQ� WKH�

YDFXXP�XOWUDYLROHW�UHJLRQ��7KH�SRVLWLRQ�DQG�LQWHQVLW\�RI�WKH�FKDUJH�WUDQVIHU�DEVRUSWLRQ�EDQGV�DUH�VWURQJO\�

LQIOXHQFHG�E\�WKH�JODVV�PDWUL[��3KRWR�R[LGDWLRQ�RI�)H
��
�WR��)H

��
�
�
�KROH�FHQWHUV��+&��DQG�JODVV�PDWUL[�UHODWHG�

HOHFWURQ� FHQWHUV� �(&�� ZHUH� IRXQG� LQ� DOO� JODVVHV� LQYHVWLJDWHG�� 7KHVH� FHQWHUV� LQFUHDVH� WKH� 89� DEVRUSWLRQ�

GUDVWLFDOO\�ZKLFK� GHSHQGV� VWURQJO\� RQ� WKH� JODVV�PDWUL[�� 7KH� UDGLDWLRQ� LQGXFHG� GHIHFWV�ZHUH� GHWHFWHG� E\�

RSWLFDO�DEVRUSWLRQ�DQG�(35�VSHFWURVFRS\��7KH�NLQHWLFV�RI�GHIHFW� IRUPDWLRQ�ZHUH�PHDVXUHG�DQG�VLPXODWHG�

GHSHQGLQJ�RQ�WKH�JODVV�PDWUL[��

7KH�H[SHULPHQWV�KDYH�VKRZQ�WKDW�RQO\�LQ�VLOLFDWH�JODVV�VDPSOHV�)H
��
�FRPSOH[HV�SDUWLFLSDWH�LQ�UDGLDWLRQ�

LQGXFHG�SURFHVVHV�DQG�DUH�DEOH�WR�IRUP��)H
��
�
��
�HOHFWURQ�FHQWHU�GHIHFWV�ZKLFK�GHFUHDVH�WKH�FKDUJH� WUDQVIHU�

DEVRUSWLRQ� RI� )H
��
� FRPSOH[HV� QHDU� ���� QP� EXW� LQFUHDVH� WKH� DEVRUSWLRQ� RI� KROH� FHQWHU� GHIHFWV� ZLWK� WKH�

PD[LPXP�D�����QP��6R��WKH�GHIHFW�JHQHUDWLRQ�LQ�WKH�XOWUDYLROHW�UHJLRQ�LQFUHDVHV�GUDVWLFDOO\�ZLWK�LQFUHDVLQJ�

)H�FRQWHQW�LQ�WKH�UDQJH��������SSP��,Q�FRQWUDVW�WR�VLOLFDWH�JODVVHV�)H
��
�FRPSOH[HV�GR�QRW�SDUWLFLSDWH�LQ�WKH�

89�UDGLDWLRQ�LQGXFHG�SURFHVVHV�LQ�IOXRULGH�DQG�SKRVSKDWH�JODVVHV��7KHLU�JODVV�PDWUL[�LV�QRW�DEOH�WR�WUDS�DQ�

HOHFWURQ�DQG�VWDELOL]H�D��)H
��
�
�
�GHIHFW�HOHFWURQ�FHQWHU��6R�� IOXRULGH�JODVVHV�KDYLQJ�RQO\�)H

���
FRPSOH[HV�E\�

PHOWLQJ�XQGHU�R[LGL]LQJ�FRQGLWLRQV�DUH�YHU\�VWDEOH�DJDLQVW�89�ODPS�DQG�ODVHU�UDGLDWLRQ��

,QWURGXFWLRQ�

7KH� UROH� RI� JODVVHV� DV� XOWUDYLROHW� WUDQVPLWWLQJ� PDWHULDO� IRU� VSHFLDO� DSSOLFDWLRQV� KDV�
LQFUHDVHG�LQ�UHFHQW�\HDUV��)OXRULGH�VLQJOH�FU\VWDOV��PDLQO\�&D)���DQG�KLJK�SXULW\�YLWUHRXV�VLOLFD�
DUH�ZHOO�NQRZQ�PDWHULDOV�XVHG�IRU�GHHS�89�RSWLFV��HVSHFLDOO\�LQ�PLFUROLWKRJUDSK\��0RUHRYHU��
IRU� YDULRXV� DSSOLFDWLRQV�� D� YDULHW\� RI� JODVVHV� ZLWK� GLIIHUHQW� SURSHUWLHV� LV� UHTXLUHG�� ,W� ZDV�
IRXQG� WKDW� VSHFLDO� IOXRURDOXPLQDWH��SKRVSKDWH� DQG�ERURVLOLFDWH�JODVVHV�PHOWHG�ZLWK�VWDUWLQJ�
PDWHULDOV�RI�KLJK�SXULW\�KDYH�DOVR�KLJK�WUDQVPLVVLRQ�LQ�WKH�GHHS�89�UDQJH�GXH�WR�WKHLU�KLJK�
LQWULQVLF�EDQG�JDS��%XW�WKHLU�H[WULQVLF�DEVRUSWLRQ�LV�OLPLWHG�E\�WUDFH�LPSXULWLHV��PDLQO\�GXH�WR�
WKH�FKDUJH�WUDQVIHU�WUDQVLWLRQV�RI�)H���DQG�)H���FRPSOH[HV�ZKLFK�DUH�LQWURGXFHG�WKURXJK�WKH�
UDZ�PDWHULDOV�DQG�PHOWLQJ�WHFKQLTXH�����7KH�UHGR[�UDWLR�)H���)H���LQ�WKH�SSP�UDQJH�LQ�JODVVHV�
KDV� D� ODUJH� HIIHFW� RQ�89� DEVRUSWLRQ� DQG� UDGLDWLRQ� LQGXFHG� GHIHFWV� DQG� FDQ� EH� VKLIWHG� E\�
PHOWLQJ�FRQGLWLRQV��7KLV�VKRXOG�EH�FRQVLGHUHG�LQ�GLIIHUHQW�JODVVHV��

([SHULPHQWDOV�

6DPSOHV�RI�PXOWLFRPSRQHQW�IOXRULGH��SKRVSKDWH�DQG�VLOLFDWH�JODVVHV�RI�XOWUDKLJK�SXULW\�
ZHUH�GRSHG�ZLWK�)H·�LQ�WKH�SSP�UDQJH�DQG�PHOWHG�XQGHU�R[LGL]LQJ�DQG�UHGXFLQJ�FRQGLWLRQV�
�7DEOH�����7KH�UHVXOWLQJ�JODVV�VDPSOHV�KDG�D�JRRG�RSWLFDO�TXDOLW\�ZLWKRXW�VWULDH�RU�EXEEOHV��
6DPSOHV� IRU� WKH� GLIIHUHQW� PHDVXUHPHQWV� ZHUH� SUHSDUHG�� 3ODWHV� ZHUH� LUUDGLDWHG� DW� URRP�
WHPSHUDWXUH�ZLWK�VWURQJ�89�ODPSV��SHUIRUPDQFH�GHQVLW\������:�P�� LQ�WKH�UDQJH���������
QP�ZLWK� WKH�;H+J�DQG���������QP�ZLWK� WKH�+2.�+J� ODPS���)RU� ODVHU� UDGLDWLRQ� LQGXFHG�
GHIHFWV��$U)������QP���.U)������QP��DQG�;H&O������QP��H[FLPHU�ODVHUV��SXOVH�HQHUJ\��������
P-�FP���SHUIRUPDQFH�GHQVLW\� WR������:�P���SXOVH� OHQJWK�a���QV�� UHSHWLWLRQ� UDWH������+]��

ZHUH�XVHG��7KH�DEVRUEDQFH��(λ� �ORJ�7��7��ZDV�UHFRUGHG�ZLWK�D�FRPPHUFLDO�VSHFWURPHWHU�



EHIRUH� DQG� DIWHU� LUUDGLDWLRQ�� 7KH� LQGXFHG� DEVRUEDQFH� ZDV� H[SUHVVHG� DV� DQ� DEVRUSWLRQ�

FRHIILFLHQW��∆(�G� LQ�FP����$OO� VSHFWUD�ZHUH� ILWWHG�E\�*DXVVLDQ�EDQGV�XVLQJ� WKH�FRPPHUFLDO�
3HDN)LW�VRIWZDUH��-DQGHO�6FLHQWLILF���0RUH�GHWDLOV�DUH�GHVFULEHG�LQ�5HIV�����

�

5HVXOWV�DQG�GLVFXVVLRQ�

�%DWFK� FRPSRVLWLRQV� DQG� VRPH� SURSHUWLHV� RI� XQGRSHG� JODVV� VDPSOHV� XVHG� LQ� RXU�
H[SHULPHQWV� DUH� JLYHQ� LQ� 7DEOH� ��� $OO� WKH� WKUHH� JODVV� W\SHV� LQYHVWLJDWHG� KDYH� YHU\� ODUJH�
LQWULQVLF�89� WUDQVPLVVLRQ��%XW� WKHLU� VWUXFWXUH� LV� YHU\�GLIIHUHQW� DQG� VR� WKHLU� FKDUJH� WUDQVIHU�
DEVRUSWLRQ� EDQGV� RI� )H��� DQG� )H��� FRPSOH[HV� DUH� DOVR� GLIIHUHQW�� 7KH� EDQGV� RI� )H���
FRPSOH[HV�GRPLQDWHV�LQ�DOO�FDVHV��7KH�PHDVXUHG�VSHFWUD�FRXOG�EH�ZHOO�ILWWHG�ZLWK�*DXVVLDQ�
VKDSH� EDQGV�� ,Q� IOXRULGH� JODVVHV�� )3�� ZLWK� WKH� KLJKHVW� LRQLF� ERQGLQJ� WKH� EDQG�PD[LPXP��

λ ����QP��KDV�WKH�ORZHVW�HQHUJ\���������FP�� �����H9���WKH�VPDOOHVW�EDQG�ZLGWK��������FP�

���DQG�WKH�ORZHVW�VSHFLILF�DEVRUSWLRQ�FRHIILFLHQW��ε���QP �����FP���SSP����7KH�FKDUJH�WUDQVIHU�
VKRXOG� RFFXU� IURP� WKH� VXUURXQGLQJ� OLJDQGV� WR� WKH� FHQWUDO� )H��� LRQ�� ,Q� WKH� FDVH� RI� )3� ���
OLJDQGV�DUH�PDLQO\�IOXRULQH�LQ�VL[IROG�FRRUGLQDWLRQ��7KH�LQIOXHQFH�RI�R[\JHQ�OLJDQGV�LQFUHDVHV�
ZLWK�WKH�SKRVSKDWH�FRQWHQW��)3����)3������)3�������3������DQG�FDXVHV�VKLIWV� WR�KLJKHU�
HQHUJ\������QP���������FP��������H9���LQWHQVLW\�������FP���SSP����DQG�ODUJHU�EDQG�ZLGWK�����
���� FP����� 6LOLFDWH� DQG� ERURVLOLFDWH� JODVVHV� VKRZ� DQRWKHU� EHKDYLRXU� IRU� WKH� )H��� FKDUJH�
WUDQVIHU�EDQGV��,Q�'XUDQ�D�YHU\�VWURQJ�DQG�EURDG�EDQG�ZLWK�D�PD[LPXP�DW�����QP���������
FP�� �����H9��ZDV�IRXQG�LQ�JRRG�DJUHHPHQW�ZLWK�WKH�GDWD�LQ�KLJK�SXULW\�VRGD�VLOLFD�JODVV���$�
YHU\� KLJK� VSHFLILF� DEVRUSWLRQ� FRHIILFLHQW�� ����� FP��� SSP���� ZDV� GHWHUPLQHG�� %XW� D� VHFRQG�
VPDOOHU� EDQG� ZLWK� D� PD[LPXP� DW� ���� QP� ZLWK� ORZHU� LQWHQVLW\� ������ FP��� SSP���� ZDV�
QHFHVVDU\�IRU�ZHOO�ILWWLQJ�RI��DOO�PHDVXUHG�VSHFWUD�RI�LURQ�GRSHG�'XUDQ�JODVV�VDPSOHV��7KHVH�
)H���FKDUJH�WUDQVIHU�EDQGV�FRXOG�EH�GHWHUPLQHG�LQ�DOO�JODVVHV�LQYHVWLJDWHG�ZLWK�KLJK�DFFXUDF\��
)XUWKHU�WUDQVLWLRQV��DUH�DVVXPHG�QHDU�WKH�LQWULQVLF�89�HGJH����

([DFW� GHWHUPLQDWLRQ� RI� WKH� )H��� FKDUJH� WUDQVIHU� EDQGV� LV�PRUH� SUREDEOH��2QO\� LQ� )3�
JODVVHV�ZDV�LW�SRVVLEOH�WR�VKLIW�WKH�UHGR[�UDWLR�FRPSOHWHO\�WR�WKH�)H���VWDWH��)LJXUH����DQG�WR�

GHWHUPLQH� WKH� EDQGV� ZLWK� KLJK� DFFXUDF\� �PD[LPXP� DW� ���� QP�� ��� ���� FP���� ���� H9�� ε� �
������ FP��� SSP����:a������FP����� ,Q�SKRVSKDWH� DQG� VLOLFDWH� JODVVHV�� WKH� YDOXHV� IRU�)H��� FW�
EDQGV�GHWHUPLQHG�KDYH�D�ODUJHU�HUURU��7KH�PDLQ�EDQG�PD[LPXP�LV�EHWZHHQ�����DQG�����QP��

ZLWK�ελ  EHWZHHQ�������DQG������FP���SSP�����DOVR�ZLWK�PXFK�ORZHU�LQWHQVLW\�WKDQ�WKRVH�IRU�
)H����7KH�ODUJH�HIIHFW�RI�WKH�)H���)H���UDWLR�RQ�89�WUDQVPLVVLRQ�DQG�VRODULVDWLRQ�LV�VKRZQ�LQ�
WKH�)LJXUHV�������)3�JODVV�VDPSOHV�ZLWK�ORZ�LURQ�FRQWHQW��a���SSP��KDYH�YHU\�GLIIHUHQW�89�
WUDQVPLVVLRQ�GHSHQGLQJ�RQ�R[LGL]LQJ�RU� UHGXFLQJ�PHOWLQJ�FRQGLWLRQV� �)LJ������%XW�)3�JODVV�
VDPSOHV�ZLWK�PDLQO\�)H��� DUH� YHU\� VWDEOH� DJDLQVW�89� ODPS� LUUDGLDWLRQ���+RZHYHU��)3�JODVV�
VDPSOHV� ZLWK� PDLQO\� )H��� VKRZ� SKRWRR[LGDWLRQ� IRUPLQJ� �)H�����KROH� FHQWUH� GHIHFWV� �+&��
ZKLFK�DEVRUE�QHDU�����QP��DQG�D�SKRVSKRUXV�UHODWHG�HOHFWURQ�SUHFXUVRU�JDLQV�WKH�HOHFWURQ�
ORVW�IURP�)H��� WR�IRUP�HOHFWURQ�FHQWUH�GHIHFWV� �(&��DEVRUELQJ� LQ�WKH�89�UHJLRQ��PDLQO\�DW�
a����QP��ZLWKRXW�UHFRYHU\��7KH�PHDVXUHG�NLQHWLF�FXUYHV��)LJ�����FRXOG�EH�ZHOO� ILWWHG�ZLWK�
WKH�IXQFWLRQ�

�I��W�� �$>��²�H[S����%W����@����������

ZKHUH� W� LV� WKH� H[SRVXUH� WLPH��$� LV� D� FRQVWDQW� DQG� GLUHFWO\� SURSRUWLRQDO� WR� WKH� LQLWLDO� )H���
FRQWHQW�� WKH� FRQVWDQW� %� FRUUHODWHV� ZLWK� WKH� SHUIRUPDQFH� RI� WKH� LUUDGLDWLRQ� VRXUFH�� 7KLV�
SURFHVV�LV�VLQJOH�SKRWRQ��ZKRVH�UDWH�GHSHQGV�RQ�WKH�SKRVSKDWH�FRQWHQW���
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'XUDQ�������SSP�)HR[��

����K�+2.�ODPS
�

�

)LJ�����3HDN�VLPXODWLRQ�DQG�GHVLJQDWLRQ�RI�GHIHFW�EDQGV��ZLWK�(35��LQ�'XUDQ�VDPSOHV�ZLWK�����SSP�)H�DIWHU�

����K�89�ODPS�LUUDGLDWLRQ��D��PHOWHG�XQGHU�UHGXFLQJ�DQG�E��XQGHU�R[LGL]LQJ�FRQGLWLRQV���

+LJK�SXULW\�ERURVLOLFDWH�JODVV�VDPSOHV��)H����SSP��DUH�YHU\�VWDEOH�DJDLQVW�89�ODPS�DQG�
����QP�ODVHU�LUUDGLDWLRQ��%XW�WKH�JHQHUDWLRQ�RI�GHIHFWV�LQFUHDVHV�GUDVWLFDOO\�ZLWK�LQFUHDVLQJ�)H�
FRQWHQW� HVSHFLDOO\� LQ� VDPSOHV�PHOWHG�XQGHU� UHGXFLQJ� FRQGLWLRQV� �)LJ���������7KH�NLQHWLFV� DW�

λPD[�a�����QP��)LJ���D��FRXOG�EH�ZHOO� ILWWHG�ZLWK� WKH�IROORZLQJ�IXQFWLRQV��[ WLPH�� IRU�WKH�
VWURQJ�+2.�ODPS�LUUDGLDWLRQ�

\� �\����D�OQ�[���E��OQ�[�
������������������������������

DQG�IRU�;H+J�ODPS�LUUDGLDWLRQ�\� �\����D�>��H[S��E�[�@���F�>��H[S��G�[�@����������������

,Q� WKH� FDVH� RI� VDPSOHV� PHOWHG� XQGHU� R[LGL]LQJ� FRQGLWLRQV�� )LJ�� �E�� WKH� PD[LPDO� SRVLWLYH�

GHIHFW�JHQHUDWLRQ�DW��λPD[�a�����QP�FRXOG�EH�ILWWHG�IRU�ERWK�ODPSV�ZLWK�WKH�VDPH�IXQFWLRQ�

����DQG�IRU�WKH�QHJDWLYH�GHIHFW�JHQHUDWLRQ�DW�λPD[�a�����QP�ZLWK�D�VLPSOHU�IXQFWLRQ�



\� �\����D�OQ�[��������������������������

7KDW�PHDQV�WKH�PHFKDQLVPV�IRU�UDGLDWLRQ� LQGXFHG�SURFHVVHV�DUH�YHU\�GLIILFXOW� WR�UHFRJQL]H�
EHFDXVH� WKH\� DUH�YHU\� FRPSOH[��.LQHWLF�FXUYHV� FDQ�SDVV� D�PD[LPXP�RU�PLQLPXP�ZKLFK� LV�
VWURQJO\� GHSHQGHQW� RQ� WKH� LUUDGLDWLRQ� ZDYHOHQJWK� DQG� HQHUJ\� GHQVLW\� �)LJ�� �� DQG� ��� DQG�
PDNHV�WKH�H[WUDSRODWLRQ�RI�WKH�GHIHFW�JHQHUDWLRQ�IRU�ORQJ�WLPH�LUUDGLDWLRQ�YHU\�GLIILFXOW��7KH�
GHVLJQDWLRQ�RI�WKH�JHQHUDWHG�GHIHFW�ZDV�DVVXPHG�E\�FRUUHODWLRQ�RI�WKH�LQGXFHG�RSWLFDO�EDQGV��
(35�DQDO\VLV�FRPELQHG�ZLWK�WKHUPDO�DQQHDOLQJ�H[SHULPHQWV��

�

&RQFOXVLRQV�

7KH� LQWULQVLF� 989� HGJH� RI� JODVVHV� ZLWK� ORZ� RSWLFDO� EDVLFLW\� LV� VKLIWHG� WR� ORQJHU�
ZDYHOHQJWK�LQ�WKH�UDQJH�)3���3a�'XUDQ��&KDUJH�WUDQVIHU�WUDQVLWLRQV�RI�)H���FRPSOH[HV�DUH�
GHSHQGHQW� RQ� WKH� JODVV�PDWUL[�� WKDW�PHDQV� WKH� ORFDO� JODVV� VWUXFWXUH��7KH�PD[LPXP�RI� WKH�
GRPLQDWLQJ�)H��� EDQG�KDV� WKH� ORZHVW� LQWHQVLW\� DQG� HQHUJ\� LQ� WKH�)3�JODVV�ZLWK� WKH� ORZHVW�
RSWLFDO� EDVLFLW\� DQG� WKH� PRVW� LRQLF� ERQGLQJ�� ,Q� WKH� SKRVSKDWH� JODVVHV�� WKH� HQHUJ\� DQG�
LQWHQVLW\�DUH�D� OLWWOH�KLJKHU��7KH�KLJKHVW�HQHUJ\�DQG� LQWHQVLW\�ZHUH�IRXQG� LQ�WKH�ERURVLOLFDWH�
JODVV��'XUDQ��7KH� FKDUJH� WUDQVIHU�EDQGV� IRU� WKH�)H��� FRPSOH[HV�KDYH�PXFK� ORZHU� VSHFLILF�
DEVRUSWLRQ� FRHIILFLHQWV� WKDQ� WKRVH� IRU� )H��� FRPSOH[HV� LQ� DOO� JODVVHV� LQYHVWLJDWHG��
3KRWRR[LGDWLRQ�RI�)H���WR��)H������KROH�FHQWUH�DQG�HOHFWURQ�FHQWUH�GHIHFWV�GHSHQGLQJ�RQ�WKH�
JODVV�PDWUL[�ZDV�GHWHFWHG�E\�89�ODPS�DQG�ODVHU�LUUDGLDWLRQ�ZLWK�D�VLQJOH�SKRWRQ�PHFKDQLVP��
)H��� VSHFLHV� SDUWLFLSDWH� LQ� WKH� UDGLDWLRQ� LQGXFHG� SURFHVVHV� RQO\� LQ� VLOLFDWH� RU� ERURVLOLFDWH�
JODVVHV��,Q�)3�DQG�3�JODVVHV�WKH\�DUH�QRW�DEOH�WR�WUDS�DQ�HOHFWURQ�DQG�VWDELOL]H�D��)H�����GHIHFW�
HOHFWURQ�FHQWUH���
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�
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��(KUW��'���/HLVWHU��0��DQG�0DWWKDL��$���LQ�0ROWHQ�6DOW�&KHPLVWU\�DQG�7HFKQRORJ\����HGLWHG�E\�
:HQGW��+���7UDQV�7HFK�3XEOLFDWLRQV��6ZLW]HUODQG���������9RO���������S�����������

��(KUW��'���(EHOLQJ��3��DQG�1DWXUD��8���-��1RQ�&U\VW��6RO�����	�����S������������������

��(KUW��'��HW�DO��LQ�,QW��&RQJU��*ODVV��������HGLWHG�E\����6RFLHW\�RI�*ODVV�7HFKQRORJ\��(GLQEXUJK��
��������S���������

��6LJHO��*�+��DQG�*LQWKHU��5��-���*ODVV�7HFKQRO�����S����������������

��$UEX]RY��9��,���*ODVV�3K\V��&KHP������S��������������
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