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5DPDQ� VSHFWUD� ZHUH� UHFRUGHG� RQ� JODVVHV� LQ� WKH� 6L2��&D2�1D�2�$O�2�� V\VWHP�� :H� H[DPLQH� WKH�

LQIOXHQFH� RI� WKH� 6L�$O� VXEVWLWXWLRQ� RQ� WKH� VWUXFWXUH� DW� PLGGOH� UDQJH�� :H� REVHUYH� D� VWURQJ� GHFUHDVH� LQ�

IUHTXHQFLHV�ZLWK�LQFUHDVLQJ�$O�2��LQ�WKH�1D�&D�VLOLFDWH�JODVVHV��ZKLFK�LQGLFDWHV�WKDW�$O�HQWHUV�SUHIHUHQWLDOO\�

LQ�4
�
�VSHFLHV��

,QWURGXFWLRQ�

7KH� 6L2��&D2�1D�2�$O�2�� V\VWHP� LV� RQH� RI� WKH�PRVW� LPSRUWDQW� LQ� JODVV�PDNLQJ� LQGXVWU\�
DQG� IRU� XQGHUVWDQGLQJ� PDVV� WUDQVIHU� LQ� WKH� (DUWK�� 1HYHUWKHOHVV�� WKHUH� KDYH� EHHQ� IHZ�
VWUXFWXUDO�VWXGLHV�RQ�JODVVHV�LQ�WKLV�V\VWHP��HVSHFLDOO\�E\�5DPDQ�VSHFWURVFRS\��5DPDQ�VSHFWUD�
JLYH�VWUXFWXUDO�LQIRUPDWLRQ�RQ�WKH�PLGGOH�UDQJH�RUGHU�RI�WKH�DOXPLQRVLOLFDWH�QHWZRUN��VXFK�DV�
WKH�EDVLF�4Q�XQLWV��Q� LV�WKH�QXPEHU�RI�EULGJLQJ�R[\JHQV�SHU�WHWUDKHGURQ���RU�WKH�FRQQHFWHG�
ULQJV��7KH�SUHVHQFH�DQG�WKH�QDWXUH�RI�QRQ�QHWZRUN�IRUPHU�FDWLRQV��VXFK�DV�&D�DQG�1D��PD\�
DIIHFW�WKH�DOXPLQRVLOLFDWH�QHWZRUN��,QGHHG��FDOFLXP�DQG�VRGLXP�FDQ�SOD\�D�GLIIHUHQW�VWUXFWXUDO�
UROH�� HLWKHU� DV� D�PRGLILHU� WKDW� SDUWLFLSDWHV� WR� WKH� QHWZRUN� GHSRO\PHULVDWLRQ� RU� DV� D� FKDUJH�
FRPSHQVDWRU�DW�WKH�SUR[LPLW\�RI��$O2��

��WHWUDKHGUD��

,Q�WKLV�VWXG\��ZH�SUHVHQW�D�5DPDQ�LQYHVWLJDWLRQ�RQ�VRGD�OLPH�DOXPLQRVLOLFDWH�JODVVHV�ZLWK�D�
FRQVWDQW�1D�&D�UDWLR��5HSODFLQJ�$O�E\�6L�DW�FRQVWDQW�1D�2�&D2�UDWLR��ZH�REVHUYH�D�UDSLG�
GHFUHDVH� RI� WKH� KLJK� IUHTXHQF\� UHJLRQ� ������FP����� 7KLV� GHFUHDVH� FDQ� EH� DWWULEXWHG� WR� WKH�
VXEVWLWXWLRQ�RI�6L�E\�$O��7KH�EDVLF�VWUXFWXUDO�XQLWV�RI�WKH�DOXPLQRVLOLFDWH�QHWZRUN�DUH�4���4��
DQG� 4��� 7HWUDKHGUDOO\� FRRUGLQDWHG� $O��� LV� SUREDEO\� SDUWLWLRQHG� EHWZHHQ� WKHVH� XQLWV�� 7KH�
DEXQGDQFH� RI� XQLWV� DQG� $O��� SDUWLWLRQLQJ� DUH� IXQFWLRQV� RI� FKHPLFDO� FRPSRVLWLRQ� DQG�
WHPSHUDWXUH�� 7KHVH� VWUXFWXUDO� YDULDWLRQV� DUH� UHODWHG� WR� WKH� FKDQJHV� LQ� WKH� FRQILJXUDWLRQDO�
HQWURS\��

([SHULPHQWDO�0HWKRG�

6DPSOH�SUHSDUDWLRQ�

7KH� PL[WXUHV� XVHG� ZHUH� DOO� PDGH� E\� PHOWLQJ� WKH� FDOFXODWHG� TXDQWLWLHV� RI� 1D�&2���
&D&2��� $O�2�� DQG� 6L2��� $ERXW� ����J�&D&2��1D�&2��$O�2��6L2�� �5HFWDSXU� IURP�0HUFN��
ZDV�JURXQG�IRU���KRXU�XQGHU�DOFRKRO�LQ�DQ�DJDWH�PRUWDU��WKHQ�KHDWHG�VORZO\�WR�GHFRPSRVH�
WKH�FDUERQDWHV��DQG�WKHQ�KHDWHG�DERYH�WKH�PHOWLQJ�SRLQW��7KH�FRPSRVLWLRQV�LQYHVWLJDWHG�����
���PRO��6L2���DUH�SORWWHG�LQ�)LJ�����:H�XVH�WKH�QRWDWLRQ�1&$[�\�]��ZKHUH�[��\�DQG�]�UHIHU�WR�
WKH� PRODU� SHUFHQW� RI� 6L2��� $O�2�� DQG� 1D�2� UHVSHFWLYHO\�� DQG� ��[�\�]� LV� WKH� &D2� PRODU�
FRQWHQW�� 7KHVH� JODVVHV� ZHUH� PHOWHG� LQ� FRYHUHG� 3W� FUXFLEOHV�� IRU� D� IHZ� KRXUV� DW� KLJK�
WHPSHUDWXUH�������.��LQ�DLU�FRQGLWLRQ�DQG�VWLUUHG�WR�REWDLQ�WKH�EXEEOH�IUHH�SURGXFWV�UHTXLUHG�
IRU�WKH�YLVFRVLW\�PHDVXUHPHQWV��7KH�VDPSOHV�ZHUH�TXHQFKHG�E\�LPPHUVLRQ�RI�WKH�ERWWRP�RI�



WKH�3W� FUXFLEOH� LQWR�SXUH�ZDWHU��7KH�KHDWLQJ�ZDV� UHSHDWHG�XQWLO� QR� FU\VWDOOL]DWLRQ�FRXOG�EH�
GHWHFWHG�E\�RSWLFDO�PLFURVFRSH�DQG�;�UD\�GLIIUDFWLRQ��&KHPLFDO� FRPSRVLWLRQ�ZDV�REWDLQHG�
E\�HOHFWURQ�PLFURSUREH�DQDO\VHV��PDGH�LQ�3DULV�ZLWK�D�&DPHED[�6;�����

5DPDQ�6SHFWURVFRS\�

7KH�5DPDQ�VSHFWUD�ZHUH�REWDLQHG�ZLWK�D�'LORU�;<�FRQIRFDO�PLFUR5DPDQ�VSHFWURPHWHU�

HTXLSSHG�ZLWK�D�&&'�GHWHFWRU��7KH�����QP�OLQH�RI�D�6SHFWUD3K\VFLFV�PRGHO������$U��ODVHU�
RSHUDWLQJ�DW�����:�DW�WKH�VDPSOH�ZDV�XVHG�IRU�VDPSOH�H[FLWDWLRQ��)RU�WKH�VDPSOHV�H[DPLQHG�
KHUH��WKLV�H[FLWDWLRQ�DQG�&&'�V\VWHP�UHVXOW�LQ�VLJQDO�WR�QRLVH�UDWLR�EHWZHHQ������IRU�URRP�
WHPSHUDWXUH� PHDVXUHPHQWV�� 7KH� LQWHJUDWLRQ� WLPH� ZDV� ���V�� $OO� UHSRUWHG� VSHFWUD� DUH�
XQSRODUL]HG�� 7KH� VSHFWUD� ZHUH� FRUUHFWHG� IRU� WHPSHUDWXUH�� DQG� IUHTXHQF\�GHSHQGHQW�
VFDWWHULQJ� LQWHQVLW\�EHIRUH� VWDWLVWLFDO� DQDO\VLV��$�FRUUHFWLRQ� IDFWRU�RI� WKH� IRUP�SURSRVHG�E\�
/RQJ�� DQG� JDYH� E\�1HXYLOOH� DQG�0\VHQ�� ZDV� XVHG�� 7KH� FRUUHFWHG�5DPDQ� LQWHQVLWLHV�ZHUH�
QRUPDOL]HG� WR� WKH� GDWD� SRLQW� RI� WKH� JUHDWHVW� DEVROXWH� LQWHQVLW\�� 7KH� VSHFWUD� ZHUH�
GHFRQYROXWHG� ZLWK� WKH� PHWKRG� RI� PLQLPL]DWLRQ� RI� OHDVW� VTXDUHV� GHVFULEHG� E\� 'DYLGRQ�
>����@��� �6HH� DOVR� 6HLIHUW� HW� DO����0\VHQ� HW� DO����0\VHQ�� DQG�0\VHQ� DQG� )UDQW]��� IRU� GHWDLOHG�
GLVFXVVLRQ��� ,Q� WKH� FXUYH�ILWWLQJ� SURFHGXUH�� DOO� SDUDPHWHUV� �ZDYHQXPEHUV�� ZLGWKV� DQG�
LQWHQVLWLHV��DUH�LQGHSHQGHQW�DQG�QRW�FRQVWUDLQHG��

�

)LJXUH�����7HUQDU\�V\VWHP�6L2��$O�2���1D�2�&D2����

�

5HVXOWV�DQG�GLVFXVVLRQ�

,Q� ILJXUH� ���ZH� VKRZ� WKH�5DPDQ� VSHFWUD� RI� WKH�&D�1D� VLOLFDWH� JODVVHV�ZLWK� LQFUHDVLQJ�
$O�2�� FRQWHQW��:H� IRFXV� RQO\� RQ� WKH�5DPDQ� VSHFWUD� RI� JODVV� DW� URRP� WHPSHUDWXUH��ZKLFK�
SURYLGH�WKH�PRVW�LPSRUWDQW�FRQILJXUDWLRQDO� LQIRUPDWLRQ�RQ�WKH�VWUXFWXUH�RI�VLOLFDWH�JODVVHV��
)URP�WKH�5DPDQ�VSHFWUD�DW�KLJK�WHPSHUDWXUH��ZH�FDQ�REWDLQHG�VRPH�VWUXFWXUDO�LQIRUPDWLRQ�
RQ� WKH� OLTXLG�� EXW� WKLV� LQIRUPDWLRQ� LV� QRW� FRPSDUDEOH� ZLWK� WKH� FRQILJXUDWLRQDO� HQWURS\�
REWDLQHG� IURP� WKH� YLVFRVLW\� PHDVXUHPHQWV��� ,QGHHG�� 5DPDQ� VSHFWURVFRS\� DW� KLJK�



WHPSHUDWXUH� JLYHV� YLEUDWLRQDO� FRQWULEXWLRQ� DQG� QRW� FRQILJXUDWLRQDO� FRQWULEXWLRQ��ZKLFK� DUH�
PRUH�GLVFHUQLEOH�DW�ORZ�WHPSHUDWXUH�RU�URRP�WHPSHUDWXUH��

7KH�5DPDQ� VSHFWUD�ZHUH� UHFRUGHG�EHWZHHQ� ��� DQG������FP����7KH� VSHFWUD� FDQ� EH�GLYLGHG�
LQWR�WZR�UHJLRQV��WKH�ORZ�IUHTXHQF\�UHJLRQ���������FP����DQG�WKH�KLJK�IUHTXHQF\�UHJLRQ������
�����FP�����7KH�PRVW�LPSRUWDQW�VWUXFWXUDO�LQIRUPDWLRQ�LV�REWDLQHG�IURP�WKH�6L�2�VWUHWFKLQJ�
IUHTXHQFLHV� ZLWK� WKH� 5DPDQ� EDQGV� LQ� WKH� ��������� FP��� UHJLRQ����� ,Q� ILJXUH� ��� IRU�
1&$���������� WKH�$O�2��IUHH� JODVV��ZH�REVHUYH� IRXU�SHDNV� DW� ����� ����� ����DQG������FP

���

�H[WUDFWHG�IURP�GHULYDWLYH�VSHFWUD���7KHVH�SHDNV�HYROYH�LQ�LQWHQVLWLHV�DV�D�IXQFWLRQ�RI�$O�2��
FRQWHQW��WR�JLYH�ILQDOO\�IRU�WKH�1&$���������VDPSOH�D�ODUJH�SHDN�DW�����DQG�DQ�RWKHU�SHDN�DW�
����FP����
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)LJXUH�����5DPDQ�VSHFWUD�RI�WKH�1&$�JODVVHV��

�

7KH�ORZ�IUHTXHQF\�UHJLRQ���������FP����

%HORZ�����FP����WKHUH�LV�RQO\�D�VFDWWHULQJ�FRQWLQXXP�DQG�WKH�5DOHLJK�WDLO�RI�WKH�H[FLWLQJ�
OLQH��H[FHSW�DW�YHU\�ORZ�IUHTXHQF\�ZKHUH�WKHUH� LV�D�EXPS��WKH�VR�FDOOHG�ERVRQ�SHDN������7KH�
5DPDQ� VSHFWUD� DERYH� ����FP��� LV� GXH� PDLQO\� WR� WKH� YLEUDWLRQV� RI� WKH� 6L�2� QHWZRUN�� 7KH�
5DPDQ�VSHFWUD�DUH�PRUH�VHQVLWLYH�WR�WKH�QHWZRUN�VWUXFWXUH��WKH�KLJK�IUHTXHQF\�UHJLRQ��WKDQ�
WR� WKH� GHWDLOV� RI� WKH� VLWHV� RI� WKH� FDWLRQ� PRGLILHUV�� +RZHYHU�� ZH� FDQ� REVHUYH� VRPH� VPDOO�



FKDQJH� LQ�RXUV�5DPDQ�VSHFWUD� LQ�WKH� ORZ�IUHTXHQF\�UHJLRQ��ZKLFK�DUH� OLNHO\�GXH�WR�FDWLRQV�
PRGLILHU�EXW�WKH�RULJLQ�RI�WKHVH�EDQGV�UHPDLQV�XQFOHDU��

7KH�SHDN�DW�����FP���HYROYH�LQ�WZR�SHDNV�ORFDOL]HG�DW�����DQG�����FP���ZLWK�WKH�DGGLWLRQ�RI�
�� PRO�� $O�2��� 7KLV� PD[LPXP� LV� DVVLJQHG� WR� 6L�2�6L� EHQGLQJ� PRWLRQV� LQ� GHSRO\PHULVHG�
VWUXFWXUDO�XQLWV��4��DQG�4�����������7KH�SHDN�DW�����FP���LV�DVVLJQHG�WR�6L�2��URFNLQJ�PRWLRQV�LQ�
IXOO\� SRO\PHULVHG�6L2�� �4

���XQLWV����� DQG� WKH�SHDNV� DW����� FP��� FDQ�EH�DWWULEXWHG� WR�6L�2�6L�
EHQGLQJ�PRWLRQV�LQ�GHSRO\PHULVHG�VWUXFWXUDO�XQLWV��4����:LWK�LQFUHDVLQJ�WKH�$O�2��FRQWHQW��
ZH�REVHUYH�D� VKLIW�RI� WKH�EDQG�DW�����FP��� WRZDUGV�����FP����ZLWK� D� VKRXOGHU� DW�����FP����
7KLV�YDULDWLRQ�FDQ�EH�DWWULEXWHG�WR�$O�LQ�PRUH�GHSRO\PHULVHG�VWUXFWXUDO�XQLWV��4��DQG�4����

7KH�KLJK�IUHTXHQF\�UHJLRQ�����������FP����

7KH�����DQG������FP���SHDNV�LQ�WKH�5DPDQ�VSHFWUD�RI�1&$��������HYROYH�WR�RQH�EURDG�
SHDN� DW� �����FP���ZLWK� LQFUHDVLQJ�$O�2��FRQWHQW��$GGLWLRQ� RI�$O�2�� WR� WKH� VLOLFDWH�QHWZRUN�
�1&$���������VDPSOH��\LHOG�WR�D�EUHDNLQJ�RI�WKH�QHWZRUN��ZKLFK�LV�LQLWLDOO\�FRPSRVHV�PDLQO\�
RI� 6L� LQ�4�� DQG�4�� VSHFLHV� DQG� UHSODFHV�E\�$O� DQG�6L� LQ�4���4�� DQG�4�� VSHFLHV��$W�KLJKHU�
$O�2��FRQWHQW��D�ODUJH�EDQG�FHQWUHG�DW�����FP

���LV�SUHVHQW�DQG�D�GHFRQYROXWLRQ�RI�WKLV�EDQG�
LV�UHTXLUHG�IRU�LWV�XQGHUVWDQGLQJ���

6SHFWUD�GHFRQYROXWLRQ�

7KH�KLJK�IUHTXHQF\�UHJLRQ�RI�WKH�5DPDQ�VSHFWUD�����������FP����IRU�WKH�VL[�JODVVHV�KDV�
EHHQ�GHFRQYROXWHG�ZLWK�D�WHFKQLTXH�SURSRVHG�E\�0\VHQ�HW�DO���XVLQJ�ILYH�*DXVVLDQ�EDQGV�DW�
���������� ������ �����DQG������FP����7KH� DVVLJQPHQW�RI� WKH������ ����� ����� DQG������ FP���
EDQGV�FRUUHVSRQG� WR�6L�2� VWUHWFKLQJ�YLEUDWLRQV� LQ� VSHFLILF� VWUXFWXUDO�XQLWV������������7KH� VPDOO�
EDQG�DW�����FP���FDQ�EH�DWWULEXWHG�WR�WKH�6L�2��VWUHWFKLQJ�ZLWK�WKUHH�1RQ�%ULGJLQJ�2[\JHQ�
SHU� 6LOLFRQ� �1%2�6L�  � ���4���� 7KH� EDQG� QHDU� ����FP��� LV� PDLQO\� GXH� WR� D� EDQG� LQ� WKH�
IUHTXHQF\� UDQJH� DVVLJQHG� WR� 6L�2�� VWUHWFKLQJ� LQ� VWUXFWXUDO� XQLWV� ZLWK� WZR� 1RQ�%ULGJLQJ�
2[\JHQ�SHU�6LOLFRQ��1%2�6L���HTXDO�DW�4����7KH�SURPLQHQW�EDQG�FHQWUHG�QHDU������FP���LV�
GXH�WR�WKH�6L�2��VWUHWFKLQJ�LQ�XQLW�ZLWK�RQH�1RQ�%ULGJLQJ�2[\JHQ�SHU�6LOLFRQ��1%2�6L� ����
4����7KH� KLJK� IUHTXHQF\� EDQG� DW� �����FP��� UHVXOWV� IURP� WKH� SUHVHQFH� RI� IXOO\� SRO\PHULVHG�
XQLWV��4����7KH�ODUJH�EDQG�������FP����DW�VOLJKWO\�ORZHU�IUHTXHQF\�LV�FRQVLGHUHG�WR�UHSUHVHQW�D�
YLEUDWLRQDO�IUHTXHQF\�DVVLJQDEOH�WR�D�6L�2��EULGJLQJ�R[\JHQ�VWUHWFKLQJ�PRGH��RU�DOWHUQDWLYHO\�
WR�D�YLEUDWLRQ�LQ�VWUXFWXUDO�XQLWV�DVVRFLDWHG�ZLWK�WKH�PHWDO�FDWLRQ����

$�GHFUHDVH�LQ�IUHTXHQF\�FDQ�EH�REVHUYHG�IRU�DOO�EDQGV�ZLWK�LQFUHDVLQJ�$O�2��FRQWHQW��7KHVH�
REVHUYDWLRQ�FDQ�EH�DWWULEXWHG�WR�WKH�DGGLWLRQ�RI�$O�LQ�WKH�SRO\PHULVHG�QHWZRUN�LQ�WKH�YDULRXV�
4Q�VSHFLHV��
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