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&RPPHUFLDO�ZLUHOHVV�FRPPXQLFDWLRQ�DSSOLFDWLRQV�HPHUJHG�LQ�WKH�ODWH�����V��HYROYHG�LQ�

WKH�����V��DQG�DUH�H[SDQGLQJ�UDSLGO\�WKURXJK�WKH�����V��1XPHURXV�V\VWHPV�DUH�UDSLGO\�

ILOOLQJ� WKH�����0+]�±����*+]�EDQG��$W� WKH�VWDUW�RI� WKH� ODVW�GHFDGH�FHOOXODU� WHOHSKRQH�

�����0+]�±��*+]���7HOHYLVLRQ�5HFHLYH�2QO\��7952����±��*+]���'LUHFW�%URDGFDVWLQJ�

�'%6�� ��� ±� ��*+]��� DQG� HVSHFLDOO\� VDWHOOLWH� FRPPXQLFDWLRQV� EHFRPH� GHSOR\HG�

ZRUOGZLGH��7RGD\�� WKH�PRVW� LPSRUWDQW� DSSOLFDWLRQV� DUH�ZLUHOHVV� FDEOH�� KLJK�GHILQLWLRQ�

DQG� LQWHUDFWLYH� 79�� FROOLVLRQ� DYRLGDQFH�� JOREDO� SRVLWLRQLQJ�� FHOOXODU� VDWHOOLWH�� DQG�

SHUVRQDO� FRPPXQLFDWLRQ� V\VWHPV� �3&6�� RI� PDQ\� W\SHV�� $PRQJ� VHYHUDO� IDFWRUV��

LQGXVWULDO� JURZWK� KDV� EHHQ� VSXUUHG� E\� WKH� GHYHORSPHQW� RI� VSHFLDO� FHUDPLFV� DQG� WKHLU�

FRPPHUFLDOL]DWLRQ� DV� KLJK�YROXPH�� ORZ�FRVW� SURGXFWV�� 7KHVH� PDWHULDOV� DUH� HDVLO\�
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LQWHJUDWHG� LQWR� UI�PLFURZDYH� FLUFXLWV�� 7KH\� IXQFWLRQ� DV� IUHTXHQF\� ILOWHUV�� FDSDFLWRUV��

LQGXFWRUV��DQG�VLJQDO�GLVWULEXWLQJ�HOHPHQWV��

� 0LFURZDYH� GLHOHFWULF� FHUDPLFV� IRU� ZLUHOHVV� DQG� JOREDO� FRPPXQLFDWLRQV� PXVW�

H[KLELW� ORZ� GLHOHFWULF� ORVVHV� �KLJK� 4�YDOXHV��� KLJK� UHODWLYH� SHUPLWWLYLWLHV� �H¶U�� DQG�

WHPSHUDWXUH�VWDEOH� GLHOHFWULF� SURSHUWLHV�� 7KHUH� LV� D� FRQVWDQW� GHPDQG� IRU� HOHFWURQLF�

GHYLFHV�ZLWK� LPSURYHG�SURSHUWLHV� WKDW�ZLOO� HQDEOH� IXUWKHU�PLQLDWXUL]DWLRQ� DQG� LQFUHDVH�

WKH�UHOLDELOLW\�RI�PLFURZDYH�FRPSRQHQWV���$OWKRXJK�VHYHUDO�PDQXIDFWXUHUV�PD\�SURGXFH�

VLPLODU� FRPSRQHQWV� IRU� WKH� VDPH� DSSOLFDWLRQ�� WKHUH� DUH� VXEWOH� GLIIHUHQFHV� LQ� FLUFXLW�

GHVLJQ�� FRQVWUXFWLRQ� DQG� SDFNDJLQJ�� 6LQFH� WKH� IUHTXHQF\� GULIW� RI� D� GHYLFH� LV� D�

FRQVHTXHQFH�RI�WKH�RYHUDOO�WKHUPDO�H[SDQVLRQ�RI�LWV�XQLTXH�FRPELQDWLRQ�RI�FRQVWUXFWLRQ�

PDWHULDOV��HDFK�GHVLJQ�UHTXLUHV�D�VOLJKWO\�GLIIHUHQW�WI�IRU�WHPSHUDWXUH�FRPSHQVDWLRQ���7R�

IXOILO� WKH�UHTXLUHPHQWV�IRU�IXUWKHU�PLQLDWXUL]DWLRQ�RI�WKH�FRPSRQHQWV�� WRGD\¶V�PDWHULDOV�

ZLWK�H¶U� ������DQG�4[IU�a��������QHHG�WR�EH�UHSODFHG�E\�PDWHULDOV�ZLWK�KLJKHU�UHODWLYH�

SHUPLWWLYLW\�YDOXHV��H¶U��!�����ZKLFK�PDLQWDLQ�KLJK�TXDOLW\�IDFWRUV��4[IU�a����������,W�KDV�

DOUHDG\�EHHQ�GHPRQVWUDWHG�WKDW�FHUDPLFV�EDVHG�RQ�/D���7L2�±/D$O2��VROLG�VROXWLRQV�FDQ�

IXOILO�VRPH�RI�WKHVH�GHPDQGV����

� $QRWKHU� SURPLVLQJ� H[DPSOH� DUH� FHUDPLFV� EDVHG� RQ� &D7L2�±1G$O2�� VROLG�

VROXWLRQV�����&D7L2�� LV� DQ�RUWKRUKRPELF�SHURYVNLWH�ZLWK�H¶U�a������4[IU�a�������DQG�D�

KLJK�SRVLWLYH�WHPSHUDWXUH�FRHIILFLHQW�RI�UHVRQDQW�IUHTXHQF\�WI��WI� �������SSP�.��
����$W�

����� R&� LW� XQGHUJRHV� D� KLJK�WHPSHUDWXUH� SKDVH� WUDQVLWLRQ� WR� IRUP� D� FXELF� VWUXFWXUH��

1G$O2�� LV� D� UKRPERKHGUDO� SHURYVNLWH� ZLWK� H¶U� a� ���� 4[IU� a� ������� DQG� D� QHJDWLYH�

WHPSHUDWXUH�FRHIILFLHQW�RI�UHVRQDQW�IUHTXHQF\��WI� ������SSP�.��
��7KHUHIRUH��GHSHQGLQJ�

RQ� WKH� FKHPLFDO� FRPSRVLWLRQ� RI� WKH� &D7L2�±1G$O2�� VROLG� VROXWLRQ�� � UHODWLYH�

SHUPLWWLYLWLHV��H¶U��KLJKHU�WKDQ����FDQ�EH�REWDLQHG�DFFRPSDQLHG�E\�KLJK�TXDOLW\�IDFWRUV��

�4[IU� !� �������� DQG� D� WHPSHUDWXUH�VWDEOH� FRHIILFLHQW� RI� UHVRQDQW� IUHTXHQF\� WI����

+RZHYHU�� WKH� UHVXOWLQJ� GLHOHFWULF� PLFURZDYH� SURSHUWLHV� GHSHQG� VWURQJO\� RQ� WKH� ILULQJ�

FRQGLWLRQV�� HVSHFLDOO\�RQ� WKH� VLQWHULQJ� WHPSHUDWXUH�DQG� WKH�FRROLQJ� UDWH�� LQGLFDWLQJ� WKH�

SRVVLELOLW\�WKDW�WKH�VWUXFWXUDO�GHYHORSPHQW�GXULQJ�VLQWHULQJ�DQG�FRROLQJ�SOD\V�D�NH\�UROH���
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� ,Q� WKH� SUHVHQW� ZRUN�� UHVXOWV� RQ� WKH� PLFURVWUXFWXUDO� FKDUDFWHUL]DWLRQ� RI� &D7L2�±

1G$O2��EDVHG� FHUDPLFV� DUH� UHSRUWHG�� 6XFK� FHUDPLFV� VKRZ� YHU\� SURPLVLQJ� GLHOHFWULF�

SURSHUWLHV� LQ� WKH�PLFURZDYH� IUHTXHQF\� UDQJH�� ZKLFK� FDQ� EH� LPSURYHG� E\� LVR�� DQG�RU��

DOLR�YDOHQW�GRSLQJ��

�

�

([SHULPHQWDO�

�

� 6DPSOHV� ZHUH� V\QWKHVL]HG� E\� D� VROLG�VWDWH�UHDFWLRQ� PHWKRG�� 6WDUWLQJ� SRZGHUV�

&D&2�� �-RKQVRQ�0DWWKH\����������7L2�� �-RKQVRQ�0DWWKH\�!������� �1G�2�� �-RKQVRQ�

0DWWKH\���������DQG�$O�2�� �-RKQVRQ�0DWWKH\���������ZHUH�PL[HG� LQ�DOFRKRO��GULHG��

SUHVVHG� LQWR� SHOOHWV� DQG� FDOFLQHG� ZLWK� LQWHUPHGLDWH� FUXVKLQJ� IRU� ��� KRXUV� LQ� WKH�

WHPSHUDWXUH�UDQJH��������&�WR�������&�XQWLO�HTXLOLEULXP�ZDV�DFKLHYHG��)RU�WKH�SXUSRVH�

RI� PLFURZDYH�SURSHUW\� PHDVXUHPHQWV� DQG� PLFURVWUXFWXUDO� DQDO\VLV�� FDOFLQHG� SRZGHUV�

ZHUH�LVRVWDWLFDOO\�SUHVVHG�LQWR�GLVFV�DQG�VLQWHUHG�DW�WHPSHUDWXUHV�EHWZHHQ�������&�DQG�

������&�IRU����KRXUV���

� 7KH�SURJUHVV�RI� WKH�UHDFWLRQ�ZDV�PRQLWRUHG�E\�;�UD\�GLIIUDFWLRQ�DQDO\VHV��;5'��

ZLWK� D� 3KLOLSV� 3:� ����� ;�UD\� SRZGHU� GLIIUDFWRPHWHU� XVLQJ� &X.D� UDGLDWLRQ��

0LFURVWUXFWXUDO� DQDO\VHV� RI� WKH� VDPSOHV� ZHUH� SHUIRUPHG� ZLWK� D� -(2/� -;$����$�

VFDQQLQJ� HOHFWURQ� PLFURVFRSH� �6(0�� HTXLSSHG� ZLWK� D� 7UDFRU�1RUWKHUQ� HQHUJ\�

GLVSHUVLYH� ;�UD\� VSHFWURPHWHU� �(';6�� DQG� ZLWK� D� -(2/� -(0�����);� WUDQVPLVVLRQ�

HOHFWURQ�PLFURVFRSH��7(0��ZLWK�DWWDFKHG�/LQN�$1�������(';6�V\VWHP��

� 7KH�PLFURZDYH�GLHOHFWULF�SURSHUWLHV�ZHUH�PHDVXUHG�E\�D�1HWZRUN�$QDO\]HU��+3��

0RGHO� +3� ����&�� 6DQWD� 5RVD�� &$��� :H� DSSOLHG� WKH� FORVHG� UHVRQDQW�FDYLW\� PHWKRG�

XVLQJ� 7(��G� PRGH�� ,Q� RUGHU� WR� GHWHUPLQH� WKH� XQORDGHG� 4�YDOXH�� WKH� UHIOHFWLRQ�

FRHIILFLHQWV��6����ZHUH�DQDO\VHG�DV�SURSRVHG�E\�.DMIH]�DQG�+ZDQ�
��7KH�SHUPLWWLYLW\�ZDV�

FDOFXODWHG� XVLQJ� WKH� YDULDWLRQ� LPSURYHPHQW� RI� WKH� ,WRK�5XGRNDV� PRGHO��� 6\VWHPDWLF�

HUURUV� LQ� WKH� PLFURZDYH� SURSHUW\� PHDVXUHPHQWV� ZDV� PLQLPL]HG� E\� WKH� XVH� RI� DQ�

LPSURYHG� DSSURDFK� WR� WKH� PHDVXUHPHQWV�� GHVFULEHG� HOVHZKHUH��� 7KH� WHPSHUDWXUH�

FRHIILFLHQW�RI� WKH�UHVRQDQW�IUHTXHQF\� �WI�ZHUH�PHDVXUHG�LQ� WKH� WHPSHUDWXUH�UDQJH�IURP�

���WR����R&��
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PRO� �� 1G$O2�� DIWHU� VLQWHULQJ� DW� �����
�&� IRU� ��� KRXUV� LV� VKRZQ� LQ� )LJ�� ��� 7KH�

PLFURVWUXFWXUH�LV�GHQVH��ZLWK�DQ�DYHUDJH�JUDLQ�VL]H�RI�DSSUR[LPDWHO\����PP���
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)LJ������0LFURVWUXFWXUH�RI�����PRO���&D7L2�±���PRO�����1G$O2��EDVHG�FHUDPLFV�DIWHU�

VLQWHULQJ�DW������q&�IRU����KRXUV��FRROLQJ�UDWH���q&�PLQXWH���
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� ,Q�)LJ�����D�7(0�PLFURJUDSK�RI�DQ�DUHD�QHDU�WKH�JUDLQ�ERXQGDU\��*%��LQ�D�&D7L2��

1G$O2��VDPSOH�LV�VKRZQ��7KH�JUDLQV�DUH�FRPSRVHG�RI�PDQ\�VPDOOHU��LUUHJXODUO\�VKDSHG�

GRPDLQV� �'���%HVLGHV�GRPDLQV��SODQDU� ORRS�IRUPLQJ� IHDWXUHV�ZHUH�REVHUYHG� LQVLGH� WKH�

JUDLQV��)LJ���D�DQG��E���'XH�WR�WKHLU��FKDUDFWHULVWLF�VKDSH��DQG�EDVHG�RQ�EULJKW�ILHOG��%)��

±� GDUN�ILHOG� �')�� H[SHULPHQWV� �WZR�EHDP� FDVH� FRQGLWLRQ��� DQG� WKH� FRQWUDVW� � DQG��

V\PPHWU\��RI��WKH��IULQJHV����ZH���GHWHUPLQHG���WKDW���WKHVH���SODQDU���GHIHFWV���ERXQGDULHV��

DUH�RI�WKH�S�W\SH��VR�ZH�ZHUH�DEOH�WR�FRQFOXGH�WKDW�WKH\�DUH�DQWLSKDVH�ERXQGDULHV��$3%����
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)LJ�������7(0�PLFURJUDSKV�RI��DQWLSKDVH�ERXQGDULHV�LQ�D�&D7L2��1G$O2��VDPSOH��

� �D���EULJKW�ILHOG��E���GDUN�ILHOG��1RWH� V\PPHWULFDO� FRQWUDVW� LQ�%)�DQG� LQYHUVHO\�

V\PPHWULFDO�FRQWUDVW�RI�IULQJHV�LQ�&')��FKDUDFWHULVWLF�RI�$3%�ERXQGDULHV��
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7KH�PLFURZDYH�GLHOHFWULF�SURSHUW\�PHDVXUHPHQWV�RQ� WKH�VDPSOHV� �7DEOH� ,��� UHYHDOHG�D�

KLJK� GHJUHH� RI� FRUUHODWLRQ� EHWZHHQ� WKH� GLHOHFWULF� SURSHUWLHV� DQG� WKH� FKHPLFDO�

FRPSRVLWLRQ�RI�WKH�&D7L2�±1G$O2��EDVHG�FHUDPLFV��

�
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7DEOH� ,��� 0LFURZDYH� GLHOHFWULF� SURSHUWLHV� RI� � &D7L2�±1G$O2��EDVHG� FHUDPLFV� YV��

FKHPLFDO�FRPSRVLWLRQ��

�

�

&7����1$�

��PRO����

�

&DOFLQDWLRQ�

�q&�K��

�

6LQWHULQJ�

�R&�K��

�

H¶U�

�

4[IU�

�*+]��

�

�

WI�

�SSP�.��

���±���� ������������������ �������� ������ ������� ����

���±���� ������������������ �������� ������ ������� ����

���±���� ������������������ �������� ������ ������� �����

���±��� ������������������ �������� ������ ������� ����

�������� ������������������ �������� ������ ������� �����

�

�

� ����

� 7KH�UHVXOWV�VKRZQ�LQ�7DEOH�,��FOHDUO\�LQGLFDWH�D�GHFUHDVH�RI�UHODWLYH�SHUPLWWLYLW\��H¶U�

ZLWK�DQ�LQFUHDVHG�FRQFHQWUDWLRQ�RI�1G$O2��LQ�VROLG�VROXWLRQ��$W�WKH�VDPH�WLPH�WKH�4[IU�

YDOXH� DQG� WHPSHUDWXUH� FRHIILFLHQW� RI� UHVRQDQW� IUHTXHQF\� WI� JUDGXDOO\� LQFUHDVHV� ZLWK�

LQFUHDVLQJ�DPRXQWV�RI�1G$O2���

�

� 7KH�GLHOHFWULF�SURSHUWLHV�RI�&D7L2�±1G$O2��EDVHG�FHUDPLFV�FDQ�EH�LPSURYHG�E\�

DQ�DSSURSULDWH� WKHUPDO� WUHDWPHQW��+RZHYHU�� LW�ZDV�IRXQG�WKDW� WKH�FRROLQJ�UDWH�VKRZV�D�

PXFK�VWURQJHU�LQIOXHQFH�RQ�WKH�UHVXOWLQJ�PLFURZDYH�GLHOHFWULF�SURSHUWLHV�RI�WKH�FHUDPLFV�

�HVSHFLDOO\�RQ�WKH�4�YDOXH��WKDQ�WKH�KHDWLQJ�UDWH��7DEOH�,,����

�
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��q�PLQ�
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�
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� $� YDULHW\� RI� VXLWDEOH� GRSDQWV� FDQ� EH� XVHG� WR� LPSURYH� WKH� PLFURZDYH� GLHOHFWULF�

SURSHUWLHV�RI�&D7L2�±1G$O2��EDVHG�FHUDPLFV��7DEOH�,,,����

�

7DEOH�,,,���3RVVLEOH�GRSDQWV�IRU�WKH�LPSURYHPHQW�RI�WKH�PLFURZDYH�GLHOHFWULF�SURSHUWLHV�

RI�&D7L2�±1G$O2��EDVHG�FHUDPLFV��
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ZDV�VXEVWLWXWHG�ZLWK��6P���DQG�/D����LQ�IDFW�1G$O2��ZDV�VXEVWLWXWHG�ZLWK�/D$O2��RU�

6P$O2���� 0LFURVWUXFWXUDO� DQDO\VLV� FRQILUPHG� WKH� IRUPDWLRQ� RI� PRQRSKDVH� FHUDPLFV�

GXULQJ� VLQWHULQJ� DW� ����R&� IRU� ��� KRXUV�ZLWK� D� VLJQLILFDQW� DPRXQW� RI� FORVHG� SRURVLW\�

�)LJ�� �D��� 'HQVLILFDWLRQ� FDQ� EH� LPSURYHG� E\� LQKLELWLQJ� JUDLQ� JURZWK� GXULQJ� VLQWHULQJ�

ZKLFK�ZDV�DFKLHYHG�E\�HLWKHU�LQFUHDVLQJ�WKH�FRQFHQWUDWLRQ�RI�/D$O2��RU�E\�VXEVWLWXWLQJ�

��DW���6U���IRU�&D����)LJ���E���

�

�

�

�

�

�

�

�

�

�

�

�

)LJ�� ���0LFURVWUXFWXUH�RI� ���PRO���&D7L2�±���PRO��� �/D$O2��EDVHG� FHUDPLFV�DIWHU�

VLQWHULQJ�DW������q&�IRU����KRXUV��FRROLQJ�UDWH���q&�PLQXWH���

�

�

� 0HDVXUHPHQWV�RI�WKH�PLFURZDYH�GLHOHFWULF�SURSHUWLHV�UHYHDOHG�WKDW�ERWK��6P���DQG�

/D��� LQFUHDVHV� WKH� UHODWLYH�SHUPLWWLYLW\�H¶U�RI�FHUDPLFV��7KH� WHPSHUDWXUH�FRHIILFLHQW�RI�

UHVRQDQW�IUHTXHQF\�WI��UHDFKHG�D�YDOXH�FORVH�WR�]HUR�IRU�FRPSRVLWLRQV����PRO���&D7L2�±

��� PRO� �� 6P$O2�� DQG� ��� PRO� �� &D7L2�±��� PRO� �� /D$O2��� +RZHYHU�� RQO\� WKH�

DGGLWLRQ�RI�6P$O2��DOVR�LPSURYHG�4[IU�YDOXH��7DEOH�,9�����

�

�

D���

D��� E�����DW��6U�
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7DEOH� ,9��� 0LFURZDYH� GLHOHFWULF� SURSHUWLHV� RI� &D7L2�±/D$O2�� DQG� &D7L2�±6P$O2��

FHUDPLFV�VLQWHUHG�DW������q&�IRU����KRXUV��

&RPSRVLWLRQ��PRO���� H¶U� 4[IU��*+]�� WI��SSP�.��

&D7L2��±6P$O2�� � � �

������ ��� ������� ����

������ ��� ������� ���

������ ��� ������� ����

&D7L2��±/D$O2�� � � �

� ��� ������� ����

� ��� ������� ���

� ��� ������� ����

�

� *D��� VHHPV� WR� EH� D� YHU\� VXLWDEOH� UHSODFHPHQW� IRU� $O���� *D��� SRVVHVVHV� D� PXFK�

KLJKHU� LRQLF�SRODUL]DELOLW\� WKDQ�$O���� WKH� LRQLF�UDGLL�DUH�YHU\�VLPLODU� IRU�ERWK��������c�

IRU�$O��� �DQG�������c�IRU�*D����DQG�ERWK�KDYH�D�FRRUGLQDWLRQ�QXPEHU�RI����+RZHYHU��

PLFURVWUXFWXUDO� DQDO\VLV� VKRZHG� WKH� GHYHORSPHQW� RI� D� QRQKRPRJHQRXV�PLFURVWUXFWXUH�

DIWHU�VLQWHULQJ�WKH�&D7L2��1G*D2��FHUDPLFV�IRU����KRXUV�DW������q&��)LJ������

�

�
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�
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�

�
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�
)LJ�����0LFURVWUXFWXUH�RI����PRO���&D7L2�±���PRO���1G*D2��EDVHG�FHUDPLFV�DIWHU�

VLQWHULQJ�DW������q&� IRU����KRXUV� �FRROLQJ� UDWH���q&�PLQXWH���QRQKRPRJHQRXV�

PLFURVWUXFWXUH� ZLWK� /D*D2��EDVHG� SUHFLSLWDWHV�� IRUPDWLRQ� RI� FRUH�VKHOO�

VWUXFWXUH�LQ�VROLG�VROXWLRQ�JUDLQV��
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)RUPDWLRQ� RI� D�PXOWLSKDVH�PLFURVWUXFWXUH� LQ� WKH�&D7L2�±1G*D2��EDVHG� FHUDPLFV� GLG�

QRW� DIIHFW� UHODWLYH� SHUPLWWLYLW\� DQG�WI� � VLJQLILFDQWO\�� EXW� LQ� JHQHUDO� GHFUHDVHG� WKH�4[IU�

YDOXH��7DEOH�9����

�

7DEOH� 9��� 0LFURZDYH� GLHOHFWULF� SURSHUWLHV� RI� &D7L2�±1G*D2�� FHUDPLFV�� VLQWHUHG� DW�

�����q&�IRU����KRXUV��

�

&RPSRVLWLRQ��PRO���� H¶U� 4[IU��*+]�� WI��SSP�.��

&D7L2��±1G*D2�� � � �

������ ��� ������� ����

������ ��� ������� ���
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&D7L2��±/D*D2�� � � �
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&D7L2��±6P*D2�� � � �
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� 3DUWLDO�VXEVWLWXWLRQ�RI�%D����6U���DQG�0J���IRU�&D����LQ�&D7L2���VWURQJO\�LQKLELWHG�

JUDLQ�JURZWK�GXULQJ�VLQWHULQJ��9HU\�KLJK�UHODWLYH�SHUPLWWLYLWLHV�ZHUH�DFKLHYHG�ZKHQ����

PRO�� &D��� ZDV� UHSODFHG� ZLWK� 6U��� �H¶U� !� ����� :KHQ� 0J��� ZDV� XVHG� D� VSLQHO�EDVHG�

VHFRQG� SKDVH� IRUPHG� GXULQJ� KHDW� WUHDWPHQW� FDXVLQJ� QRQKRPRJHQRXV� PLFURVWUXFWXUDO�

GHYHORSPHQW�DQG�WKXV�ZRUVHQLQJ�WKH�PLFURZDYH�GLHOHFWULF�SURSHUWLHV��)LJ�������
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)LJ�����0LFURVWUXFWXUH�RI����PRO����&D���0J����7L2�±���PRO���6P$O2��EDVHG�FHUDPLFV�

DIWHU� VLQWHULQJ� DW� ����� q&� IRU� ��� KRXUV� �FRROLQJ� UDWH� �� q&�PLQXWH���

QRQKRPRJHQRXV�PLFURVWUXFWXUH�ZLWK�VSLQHO�EDVHG�SUHFLSLWDWHV��

�

�
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&RQFOXVLRQV�

&HUDPLFV� EDVHG� RQ� &D7L2��1G$O2�� VROLG� VROXWLRQV� VKRZ� YHU\� SURPLVLQJ�

PLFURZDYH�GLHOHFWULF� SURSHUWLHV��H¶U� KLJKHU� WKDQ�����4[IU�!� ������� DQG� D� WHPSHUDWXUH�

VWDEOH� FRHIILFLHQW� RI� UHVRQDQW� IUHTXHQF\� WI�� 7KHVH� SURSHUWLHV� FDQ� EH� VLJQLILFDQWO\�

LPSURYHG� E\� LVR�YDOHQW� GRSLQJ� DQG� E\� SURFHVVLQJ� SDUDPHWHUV� VXFK� DV� FRROLQJ� UDWH���

0LFURVWUXFWXUDO� DQDO\VHV� FRQILUPHG� WKH� SUHVHQFH� RI� YDULRXV� W\SHV� RI� GHIHFWV� LQ� VXFK�

FHUDPLFV�ZKLFK�VWURQJO\�LQIOXHQFH�WKH�UHVXOWLQJ�PLFURZDYH�SURSHUWLHV��'HSHQGLQJ�RQ�WKH�

VLQWHULQJ� WHPSHUDWXUH� DQG� FRROLQJ� UDWH�� GLVORFDWLRQV�� WZLQV� DQG� DQWLSKDVH� ERXQGDULHV�

ZHUH�IRXQG��7KH�FRQFHQWUDWLRQ�RI� WKH�GHIHFWV� LV�KLJK��ZKLFK�OHDGV�XV�WR�WKH�FRQFOXVLRQ�

WKDW�WKH�UHVXOWLQJ�GLHOHFWULF�PLFURZDYH�SURSHUWLHV�RI�VXFK�FHUDPLFV�FDQ�EH�HYHQ�IXUWKHU�

LPSURYHG�E\�D�SURSHU�WKHUPDO�WUHDWPHQW�UHVXOWLQJ�LQ�D�GHFUHDVH�LQ�WKH�FRQFHQWUDWLRQ�RI�

WKH�LGHQWLILHG�PLFURVWUXFWXUDO�GHIHFWV��

�

([SHULPHQWDO�
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6DPSOHV� ZHUH� V\QWKHVL]HG� E\� D� VROLG�VWDWH�UHDFWLRQ� PHWKRG�� 6WDUWLQJ� SRZGHUV� &D&2��

�-RKQVRQ�0DWWKH\����������7L2���-RKQVRQ�0DWWKH\�!��������1G�2���-RKQVRQ�0DWWKH\�

�������� DQG�$O�2�� �-RKQVRQ�0DWWKH\� ��������ZHUH�PL[HG� LQ� DOFRKRO�� GULHG�� SUHVVHG�

LQWR� SHOOHWV� DQG� FDOFLQHG� ZLWK� LQWHUPHGLDWH� FUXVKLQJ� IRU� ��� KRXUV� LQ� WKH� WHPSHUDWXUH�

UDQJH� � ����� q&� WR� ����� q&� XQWLO� HTXLOLEULXP� ZDV� DFKLHYHG�� )RU� WKH� SXUSRVH� RI�

PLFURZDYH�SURSHUW\�PHDVXUHPHQWV�DQG�PLFURVWUXFWXUDO�DQDO\VLV��FDOFLQHG�SRZGHUV�ZHUH�

LVRVWDWLFDOO\�SUHVVHG�LQWR�GLVFV�DQG�VLQWHUHG�DW�WHPSHUDWXUHV�EHWZHHQ������q&�DQG������

q&�IRU����KRXUV���

� 7KH�SURJUHVV�RI� WKH�UHDFWLRQ�ZDV�PRQLWRUHG�E\�;�UD\�GLIIUDFWLRQ�DQDO\VHV��;5'��

ZLWK� D� 3KLOLSV� 3:� ����� ;�UD\� SRZGHU� GLIIUDFWRPHWHU� XVLQJ� &X.D� UDGLDWLRQ��

0LFURVWUXFWXUDO� DQDO\VHV� RI� WKH� VDPSOHV� ZHUH� SHUIRUPHG� ZLWK� D� -(2/� -;$����$�

VFDQQLQJ� HOHFWURQ� PLFURVFRSH� �6(0�� HTXLSSHG� ZLWK� D� 7UDFRU�1RUWKHUQ� HQHUJ\�

GLVSHUVLYH� ;�UD\� VSHFWURPHWHU� �(';6�� DQG� ZLWK� D� -(2/� -(0�����);� WUDQVPLVVLRQ�

HOHFWURQ�PLFURVFRSH��7(0��ZLWK�DWWDFKHG�/LQN�$1�������(';6�V\VWHP��

� 7KH� PLFURZDYH� GLHOHFWULF� SURSHUWLHV� ZHUH� PHDVXUHG� E\� D� 1HWZRUN� $QDO\]HU�

�+3�� 0RGHO� +3� ����&�� 6DQWD� 5RVD�� &$��� :H� DSSOLHG� WKH� FORVHG� UHVRQDQW�FDYLW\�

PHWKRG�XVLQJ�7(��G�PRGH�� ,Q�RUGHU� WR�GHWHUPLQH� WKH�XQORDGHG�4�YDOXH�� WKH�UHIOHFWLRQ�

FRHIILFLHQWV� �6����ZHUH� DQDO\VHG� DV� SURSRVHG� E\�.DMIH]� DQG�+ZDQ�
�� 7KH� SHUPLWWLYLW\�

ZDV� FDOFXODWHG� XVLQJ� WKH� YDULDWLRQ� LPSURYHPHQW� RI� WKH� ,WRK�5XGRNDV� PRGHO���

6\VWHPDWLF�HUURUV�LQ�WKH�PLFURZDYH�SURSHUW\�PHDVXUHPHQWV�ZDV�PLQLPL]HG�E\�WKH�XVH�

RI�DQ�LPSURYHG�DSSURDFK�WR�WKH�PHDVXUHPHQWV��GHVFULEHG�HOVHZKHUH���7KH�WHPSHUDWLXUH�

FRHIILFLHQW�RI�WKH�UHVRQDQW�IUHTXHQF\��WI�ZHUH�PHDVXUHG�LQ�WKH�WHPSHUDWXUH�UDQJH�IURP�

���WR����q&��

�

�
$FNQRZOHGJHPHQWV��

7KH�ZRUN�ZDV�VXSSRUWHG�E\� WKH�0LQLVWU\� IRU�6FLHQFH�DQG�7HFKQRORJ\�RI� WKH�5HSXEOLF�
6ORYHQLD��JUDQW�3�������
�

�

�
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3RY]HWHN��

5D]YRM� QRYLK� DSOLNDFLM� ]D� EUH]åLþQH� NRPXQLNDFLMVNH� VLVWHPH� QDUHNXMH� LQWHQ]LYQH� UD]LVNDYH� WDNãQLK�
NHUDPLþQLK�PDWHULDORY��NL� MLK�RGOLNXMHMR� L]EROMãDQH�GLHOHNWULþQH� ODVWQRVWL�Y�PLNURYDORYQHP�IUHNYHQþQHP�
REPRþMX� �!� ����0+]���9�GHOX� SRURþDPR�R� UD]LVNDYDK�GRSLUDQLK�NHUDPLþQLK� WUGQLK� UD]WRSLQ�QD�RVQRYL�
&D7L2�� ±� 1G$O2��� =QDþLOQR� ]D� QDYHGHQL� ELQDUQL� VLVWHP� MH�� GD� RVQRYQL� NRPSRQHQWL� PHG� WYRULWD� WUGQR�
UD]WRSLQR� Y� FHORWQHP� NRQFHQWUDFLMVNHP� LQWHUYDOX�� =� YLãDQMHP� YVHEQRVWL� 1G$O2�� Y� WUGQL� UD]WRSLQL� VH�

WHPSHUDWXWQL� NRHILFLHQW� UHVRQDQþQH� IUHNYHQFHWI� � ]QLåXMH� WHU� SUL� VHVWDYL� ���PRO��� &D7L2�� ±� ���PRO���

1G$O2��GRVHåH�YUHGQRVW�WI� ����5HODWLYQD�GLHOHNWULþQRVW�H¶U� MH�YLãMD�RG�����IDNWRU�NYDOLWHWH�4�SD�SUHVHåH�
YUHGQRVW� �4[IU� �!���������=� L]RYDOHQWQLP�GRSLUDQMHP� WDNãQH�NHUDPLNH�QMHQH� �PLNURYDORYQH�GLHOHNWULþQH�
ODVWQRVWL� ãH� L]EROMãDPR��7DNR�GHOQD�]DPHQMDYD�1G��� LQ�DOL�$O��� � ]�/D����6P��� LQ�*D��� �SRY]URþL�]YLãDQMH�
UHODWLYQH�GLHOHNWULþQRVWL�H¶U��YSOLYD�SD�WXGL�QD�IDNWRU�NYDOLWHWH�4��1D�IDNWRU�NYDOLWHWH�4�SRPHPEQR�YSOLYD�
WXGL� UHåLP� WHUPLþQH� REGHODYH� NHUDPLNH�� ãH� SRVHEQR� ID]D� KODMHQMD� SR� VLQWUDQMX��0HG� WHUPLþQR�REGHODYR�
NHUDPLNH� QDPUHþ� Y� QMHM� QDVWDMD� YUVWD� VWUXNWXUQLK� QDSDN� �GLVORNDFLMH�� GYRMþNL� LQ� DQWLID]QH� PHMH��� NL�
RGORþLOQR�YSOLYDMR�QD�UH]XOWLUDMRþH�PLNURYDORYQH�GLHOHNWULþQH�ODVWQRVWL���
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