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$V� FDUERQ� LV� GHSOHWHG� IURP� WKH� VWHHO� VXUIDFH�� D� FRQFHQWUDWLRQ� JUDGLHQW� LV� FUHDWHG�ZKLFK� DOORZV�PRUH�FDUERQ�WR�GLIIXVH� IURP�WKH�FHQWHU�RI� ODPLQDWLRQ�WR� WKH� VXUIDFH� 7KH�FDUERQ�FRQWHQW�LQ�VWHHO�LV�WKXV�ORZHUHG�LQ�WKLV�ZD\�(OHFWULFDO� VWHHO� VKHHWV��UHJDUGOHVV�SURGXFWLRQ� W\SH�DUH�DQQHDOHG� LQ� WKH� WHPSHUDWXUH�UDQJH�RI����±����R&��L�H��D RU�D�J UHJLRQ��7KHRU\� RI� GHFDUEXUL]DWLRQ� NLQHWLF� LQ� ZKLFK� SKDVH� WUDQVIRUPDWLRQ� �L�H�� JoD RU�D�JoD��LV�LQYROYHG�ZDV�GHYHORSHG�E\�6ZLVKHU�>�@�DQG�3\\U\� DQG�.HWWXQHQ�>�@��0HQ�WLRQHG�PHWKRGV�DUH�LQGHSHQGHQW�IURP�R[LGDWLRQ�SRWHQWLDO�RI�GHFDUELUL]LQJ�DWPRVSKHUH�,Q�SDSHU�>�@�DXWKRUV�SUHVHQW�DQ�HTXDWLRQ�IRU�GHFDUEXUL]DWLRQ�RI�*2�VWHHOV��7KH�PDLQ�QRQ�DYDLODELOLW\� RI� WKLV� PRGHO� FRQQHFWHG� ZLWK� PHDVXULQJ� RI� R[LGDWLRQ� VXEVFDOH� L�H��FULWLFDO�VLOLFRQ�IUDFWLRQ�LQ�R[LGH�VXEVFDOH��7KLV�ZRUN� SUHVHQWV� D�PDWKHPDWLFDO�PRGHO� IRU� GHFDUEXUL]DWLRQ�RI� HOHFWULFDO� VWHHOV��7KH� PRGHO� WHVWHG� RQ� ERWK� 12�DQG� *2� VWHHOV� GHFDUEXULVHG� LQ� DWPRVSKHUH� RI� GLIIHUHQW�FRPSRVLWLRQ�DQG�GHZ�SRLQW��7KH�6L�FRQWHQW�DQG� WKLFNQHVV�RI�LQYHVWLJDWHG�VWHHOV�FKDQJHG�LQ�ZLGH�UDQJH�)XOO\�SURFHVVHG�QRQ�RULHQWHG�VWHHO�ZDV�XVHG�DV�H[SHULPHQWDO�PDWHULDO��7DEOH���SUH�VHQWV�FKHPLFDO�FRPSRVLWLRQ�RI�LQYHVWLJDWHG�VWHHOV��6DPSOHV�LQ�WKH�IRUP�RI�(SVWHLQ�VWULSV�ZHUH� WDNHQ� IURP� WKH� LQGXVWULDO� OLQH� DIWHU�FROG� UROOLQJ��7KH� WKLFNQHVVHV� RI� WKH� VDPSOHV�ZHUH�����DQG������PP� 7DEOH��&KHPLFDO�FRPSRVLWLRQ�RI�VWHHOV��LQ�ZW���VWHHO & 0Q 6L 3 6 $O 1 K��PP$ ����� ���� ���� ���� ����� ����� ����� ���% ����� ���� ���� ����� ����� ����� ����� ����& ����� ���� ���� ���� ���� ����� ����� ����
,QYHVWLJDWHG�VDPSOHV�ZHUH�DQQHDOHG�LQ�WKH�1�±+�±+�2�GHFDUEXUL]LQJ�DWPRVSKHUHV�RI�GLIIHUHQW�YDSRXU�FRQWHQW��7KH�GHZ�SRLQW�RI�DWPRVSKHUH�ZDV�FKDQJHG�LQ�UDQJH�RI����q&�WR����q&��$QQHDOLQJ�WHPSHUDWXUH�UDQJH�OLHV�ZLWKLQ����±����R&�7KH� UHVLGXDO� FDUERQ� FRQWHQW� DIWHU� GHFDUEXUL]DWLRQ� ZDV� GHWHUPLQHG� E\� FKHPLFDO�DQDO\VLV��,Q� WKH� SURGXFWLRQ� RI� ERWK� QRQ�RULHQWHG� �12�� DQG� JUDLQ�RULHQWHG� �*2�� VWHHOV� WKH�PDLQ�DOOR\LQJ� HOHPHQWV� DUH� 6L�DQG� $O� WKDW� DGGHG�WR� GHFUHDVH� HGG\� FXUUHQW� ORVVHV��7KH�R[\JHQ�LQ�ZDWHU� YDSRXU�ZLOO� EHJLQ� WR� UHDFW�ZLWK� HOHPHQW� RWKHU� WKDQ� FDUERQ�� 7KH� QH[W�PRVW� HDVLO\� R[LGL]HG� HOHPHQWV� LQ� WKH� VWHHO� DUH� DOXPLQLXP�� VLOLFRQ�DQG� PDQJDQHVH��$Q�LQWHUQDO�R[LGDWLRQ� LV� RIWHQ� RFFXUV� GXULQJ� GHFDUEXUL]DWLRQ� DW� VXIILFLHQWO\� ORQJ�WLPH� DQG�KLJK�R[\JHQ�SRWHQWLDO��$ERYH�PHQWLRQHG�HOHPHQWV��SULPDULO\� VLOLFRQ�� R[LGL]H� GXULQJ� WKH� GHFDUEXUL]DWLRQ��IRUPLQJ�VPDOO�VHFRQG�SKDVH�R[LGH�SDUWLFOHV�QHDU�WKH� VXUIDFH�RI�VKHHW�WKDW�LPSHGH�JUDLQ�JURZWK��PDJQHWLVDWLRQ�DQG�PDJQHWLF�GRPDLQ�ERXQGDU\�PRWLRQ��7KH�FRQWURO�RI�WKH�GHFDU�
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R[LGDWLRQ�IRU� HOHFWULFDO� VWHHO�PD\� EH� GHULYHG��7KH� UHODWLRQ�EHWZHHQ� IRUPDWLRQ�RI�6L2���)H�6L2� DQG�$O�2� DQG�GHZ�SRLQW�RI�1+� DWPRVSKHUH�LV�SUHVHQWHG�LQ�ILJ����,W�FDQ�EH�VHHQ�WKDW�HYHQ�DW�GHZ�SRLQW�RI�±���R&�WKH�R[LGDWLRQ�SURFHVV�LV�RFFXUV��$V�WKH�GHZ�SRLQW�KLJKHU�WKDQ�±���R&��WKDQ�ID\DOLWH�IRUPDWLRQ�WDNH�SODFH��%HVLGH�WKHVH��ORZHU�DQQHDOLQJ�WHPSHUD�WXUH�FRUUHVSRQGV�WR�ORZHU�GHZ�SRLQW�RI�GHFDUEXUL]LQJ�DWPRVSKHUH�ZLWKRXW�R[LGDWLRQ�'HFDUEXUL]DWLRQ� RI� HOHFWULFDO� VWHHO� LV� D� GLIIXVLRQ� SUREOHP� RI� FDUERQ� ZLWK� SKDVH�WUDQVIRUPDWLRQ�LQ�VWHHO�IURP�DXVWHQLWH�WR�IHUULWH��$�GLVFRQWLQXRXV�FRQFHQWUDWLRQ�SURILOH�RI�FDUERQ�LV�REVHUYHG�GXULQJ�GHFDUEXUL]DWLRQ�>�� �� ��@��7KH�ODVW�LV�FDXVHG�E\�WKH�FRQWLQXLW\�RI�FKHPLFDO�FRPSRVLWLRQ�RI�FDUERQ�LQ�IHUULWH�DQG�DXVWHQLWH�>��@��7KH� FODVVLFDO� H[SUHVVLRQ� IRU� FDUERQ� UHPRYLQJ� IURP� VKHHW� FDQ� EH� IRUPXODWHG� DV� D�IXQFWLRQ�RI� FDUERQ�FRQWHQW�� GLIIXVLRQ�FRHIILFLHQW� RI� RQH� DQG� WKLFNQHVV�RI�SODWH��6R�� WKH�GHFDUEXUL]DWLRQ�SURFHVV�E\�UHDFWLRQV�����DQG�����DUH�GHVFULELQJ�E\�HTXDWLRQ����� O'&IGWG& I � ����ZKHUH�&�LV�H[WUDFWHG�FDUERQ��'I LV�D�GLIIXVLRQ�FRHIILFLHQW�RI�WKH�FDUERQ� O LV�WKH�WKLFNQHVV�RI�VWHHO��7KH�GHFLVLYH�IDFWRU�FRQWUROOLQJ� WKH�SURFHVV�LV�WKH�JDV�VROLG� LQWHUIDFH� UHDFWLRQ��,W�LV�ZHOO�NQRZQ�WKDW� IHUULWH� GHFDUEXUL]DWLRQ�RFFXUV� RQ� WKH� VXUIDFH�ZKHQ� WKH� VWHHO� LV�NHSW�DW�

)LJ� ���5HODWLRQ�EHWZHHQ�R[LGHV�IRUPDWLRQ�DQG�GHZ�SRLQW�RI�1+� DWPRVSKHUH�
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ZKHUH�&L ± WKH� LQLWLDO�FDUERQ�FRQFHQWUDWLRQ��LQ�ZW������'I LV�D�GLIIXVLRQ�FRHIILFLHQW�� IRU�)H±6L�VWHHOV�'I ����
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ZKHUH�4 LV�WKH� VDWXUDWLRQ�FRYHUDJH�RI�VWHHO�VXUIDFH�ZLWK�R[\JHQ�� N� LV�FRQVWDQW� IRU�WKH�JLYHQ�WHPSHUDWXUH�7KH�WHPSHUDWXUH�GHSHQGHQFH�RI�N� LV�>�@� �����H[S������ 7N � � ����ZKHUH�7 LQ�.�7KH� IRUPDWLRQ�RI� R[LGH� VXEVFDOH�GHSHQGV�RQ�6L��0Q�DQG�$O�FRQWHQWV� LQ�VWHHO�DQG�GHZ� SRLQW� RI� DWPRVSKHUH� �VHH� HT�� ��±����� )RU� WHPSHUDWXUH� UDQJH� RI� ���±��� R&�� WKH�VLOLFRQ�FRQFHQWUDWLRQ�LQ�VXEVXUIDFH�UHJLRQ�LQFUHDVH�>��@�DQG�WKH� LQWHQVLYH�R[LGDWLRQ�WDNH�SODFH��%XW�FRQWUDU\� WR�VLOLFRQ�R[LGDWLRQ�� WKH�6L�SUHVHQFH� LQFUHDVHV�WKH�GLIIXVLRQ�DFWLYLW\�RI�FDUERQ��&DUERQ�DFWLYLW\�GHSHQGV�RQ�6L�FRQWHQW�E\�QH[W�ZD\�>�@��@>������� 6LD 6L&  � ����7DNLQJ�LQWR�DFFRXQW�WKH�R[LGDWLRQ�SURFHVV�DQG�GHSHQGHQFH�RI�FDUERQ�DFWLYLW\�XSRQ�6L�FRQWHQW��WKH�H[SRQHQW�LQ�HTXDWLRQ�RI�DYHUDJH�FDUERQ�FRQFHQWUDWLRQ������KDV�WR�EH�PXO�WLSOLHG�E\�WKH�FRUUHODWLRQ�IDFWRU�]��WKDW�GHSHQG�RQ�4 DQG� 6L&D E\�IROORZLQJ�ZD\�
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ZKHUH�D��E��F� DUH�FRQVWDQWV��7KH�UHODWLRQ�EHWZHHQ�]��4�� ��6L&D DQG�DERYH�FRHIILFLHQWV�LV�UHFHLYHG�IURP�H[SHULPHQWDO�GDWD�E\�LQWHUSRODWLRQ�)RU� HOHFWULFDO� VWHHOV� RI� �±�� ZW��� 6L� WKHVH� FRHIILFLHQWV� DUH� DV� IROORZV�� D �������E ������F �± ������7KHQ
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3UHVHQWHG�PRGHO�GHSHQGV�IURP��D� GHZ�SRLQW�RI�DWPRVSKHUH�WKURXJK�4� WKDW�FRUUHVSRQGV�WR�R[LGDWLRQ�SURFHVV��L�H��FUHD�WLRQ�RI�R[LGH�OD\HU�DQG�LQWHUQDO�R[LGDWLRQ��E� FDUERQ�DFWLYLW\�F� FRQWHQW�RI�R[LGLVH�DOOR\LQJ�HOHPHQWV��G� R[LGH�SDUWLFOH�FUHDWLRQ�WKURXJK�FRHIILFLHQW�] LQ�HT������7KH� GHFDUEXUL]DWLRQ�SURFHVV� RI� VWXGLHG�VWHHOV�ZLOO�EH�GLVFXVVHG�LQ� WHUPV�RI�GHFDU�EXUL]DWLRQ� OHYHO� � LQLWLDO
ILQDO&&'/  �� �� DQG� OHYHO� RI� UHODWLYH� GHFDUEXUL]DWLRQ�

� LQLWLDO
ILQDOLQLWLDO& &&'5 � �� ��)LJ����SUHVHQWV�ZHOO�DJUHHPHQW�EHWZHHQ�H[SHULPHQWDO�DQG�PRGHOOHG�GDWD�E\������LQ�VDPSOH�%�RI�PHGLXP�6L�FRQWHQW��$V�IROORZV��WKH�OHYHO�RI�GHFDUEXUL]DWLRQ�LQFUHDVHV�ZLWK�WHPSHUDWXUH� DQG� WLPH� LQFUHDVLQJ�� $V� VKRZQ�� WKH� OHYHO� RI� UHODWLYH� GHFDUEXUL]DWLRQ� LQ�FUHDVHV�ZLWK� WHPSHUDWXUH�LQFUHDVLQJ�IRU�DOO�WHPSHUDWXUH�UDQJH��7KH�KLJK�LQWHQVLW\�RI�GH�FDUEXUL]DWLRQ�FRUUHVSRQGV�WR�KLJK�DQQHDOLQJ�WHPSHUDWXUH��,W�LV�ZLGHO\�NQRZQ�WKDW�WKH�LQFUHDVLQJ�RI�DWPRVSKHUH¶V�GHZ�SRLQW�OHDG�WR�LQFUHDVLQJ�RI� GHFDUEXUL]DWLRQ�LQWHQVLW\��7KH� HIIHFW�RI� GHZ� SRLQW� RQ� GHFDUEXUL]DWLRQ� LV� GHWHFWHG� LQ�ILJ����DQG����7KH�NLQHWLF�RI�GHFDUEXUL]DWLRQ�IRU�DWPRVSKHUHV�RI�WKUHH�GLIIHUHQW�GHZ�SRLQWV�LV� SUHVHQWHG� LQ� ILJ� ��� $V� VKRZQ�� WKH� H[SHULPHQWDO� GDWD� ZHOO� GHVFULEHV� E\� SUHVHQWHG�PRGHO��7KH�KLJKHU�YDOXH�RI�GHFDUEXUL]DWLRQ�OHYHO��/�'���FRUUHVSRQGV� WR�KLJKHU�YDOXH�RI�GHZ�SRLQW��LQ� UDQJH�RI����� WR�����&��,W� LV� REYLRXV�� WKDW� GHFDUEXUL]DWLRQ�LV� UHWDUGHG�DW�WHPSHUDWXUHV�DERYH���� �&��:KHUHDW��WKH�KLJK�GHZ�SRLQW�RI�DWPRVSKHUH�WKH�VORZHU�LQWHQ�VLW\�RI�GHFDUEXUL]DWLRQ��VHH�ILJ� ���,W�LV�EHFDXVH�RI�LQWHQVLYH�R[LGDWLRQ�WDNH�SODFH�DW�KLJK�WHPSHUDWXUH��7KXV��WKH�R[LGD�WLRQ�SURFHVV�LV�SUHGRPLQDQW�DW�KLJK�WHPSHUDWXUH��DQG�DV�D�UHVXOW�WKH�GHFDUEXUL]DWLRQ�SURF�HVV� LV� UHWDUGHG��7KH� VLPLODU� SKHQRPHQRQ�ZDV� REVHUYHG� GXULQJ� GHFDUEXUL]DWLRQ�RI� WKH�VDPSOH�&� LQ� WKH� VDPH� DWPRVSKHUH� �VHH� ILJ� ����/LNH� SUHYLRXV� FDVH�� WKH� GHFDUEXUL]DWLRQ�ZDV� UHWDUGHG�DW� WHPSHUDWXUHV�DERXW� ��� �&��ZKHUHDW� WKH� RSWLPDO� GHFDUEXUL]DWLRQ�FRUUH�VSRQGV�WR�WHPSHUDWXUH RI�����&��7KH�OHYHO�RI�GHFDUEXUL]DWLRQ�LQFUHDVH�VORZO\�DERYH�WKLV�WHPSHUDWXUH�



&2175,%87,21�72�02'(//,1*�2)�'(&$5%85,=$7,21��� ��

)LJ� �� 7KH� NLQHWLF� RI� GHFDUEXUL]DWLRQ� SURFHVV� RI� VDPSOH� %� DQQHDOHG� LQ�����+�������1����G�S�����R&��
� � � � �����

����
����
����
���� 5 ���� 7 ����R&��PRGHO�7 ����R&��H[SHU�7 ����R&��PRGHO�7 ����R&��H[SHU�7 ����R&��PRGHO�7 ����R&��H[SHU�7 ����R&��PRGHO�7 ����R&��H[SHU�

&��ZW
��

W��PLQ

)LJ� �� 7KH� NLQHWLF� RI GHFDUEXUL]DWLRQ� SURFHVV� RI� VDPSOH� $� DQQHDOHG� LQ�����+�������1���GXULQJ���PLQ�
��� ��� ��� ��� ��������

�����
�����
�����
�����
�����
�����
����� 5 ���� �H[SHU��'�3�����R&�PRGHO��'�3�����R&�H[SHU��'�3�����R&�PRGHO��'�3�����R&�H[SHU��'�3�����R&�PRGHO��'�3�����R&&��ZW

��

7��R&



<� 6LGRU��)� .RYDF��

)LJ� �� 7KH� NLQHWLF� RI� GHFDUEXUL]DWLRQ� SURFHVV� RI� VDPSOH� &� DQQHDOHG� LQ�����+�������1���DWPRVSKHUH�RI�GLIIHUHQW�GHZ�SRLQW�GXULQJ���PLQ�
��� ��� ��� ��� ���

�����
�����
�����
�����
����� 5 ���� �PRGHO��'�S����� R&�H[SHU��'�S����� R&�PRGHO��'�S����� R&�H[SHU��'�S����� R&

&��ZW
��

7��R&

)LJ� �� 7KH�NLQHWLF�RI�GHFDUEXUL]DWLRQ�SURFHVV�LQ�)H±��6L�VWHHO�>=LGHN@��DQQHDOHG�DW�����R&�LQ�����+�������1���DWPRVSKHUH�RI�G�S�����R&��
� � � � � � � � �����

����
����
����
����
���� 5 ���� & LQ ��������H[SHU�& LQ ��������PRGHO�& LQ ���������H[SHU�& LQ ���������PRGHO�& LQ ���������H[SHU�& LQ ���������PRGHO�&��ZW

��

W��PLQ



&2175,%87,21�72�02'(//,1*�2)�'(&$5%85,=$7,21��� ��
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S UDWLR�����±����XQLWV��)XUWKHU�LQFUHDVLQJ�RI�
GHZ�SRLQW�FDQ� OHDG�WR� LQWHQVLYH�R[LGDWLRQ� DQG� WKH� SURFHVV� RI�FDUERQ�UHPRYLQJ�ZLOO�EH�UHWDUGHG��$V�FDQ�EH�FRQFOXGHG�� WKH� RSWLPDO�GHFDUEXUL]DWLRQ�FRUUHVSRQGV� WR� WHPSHUDWXUH�RI���� �&�DQG�WLPH�RI�DERXW���PLQ��$V�WR�WKH�RSWLPDO�SDUWLDO�SUHVVXUH�RI�R[\JHQ�� LW�WKXV�OLHV�LQ�UDQJH�RI����±����XQLWV�7KH�PRGHO�YDOLGLW\�ZDV� FRQILUPHG�E\�WKH�VXEVWLWXWLRQ�RI�WKH�PHDVXUHG�UHVXOWV�SUH�VHQWHG�LQ�OLWHUDWXUH�DV�ZHOO�� ,Q�ILJ���WKH�JRRG�DJUHHPHQW�EHWZHHQ�H[SHULPHQWDO�GDWD�>��@�RI�)H±��6L�VWHHOV�RI�GLIIHUHQW�LQLWLDO�FDUERQ�FRQWHQW�LV�VKRZQ��$V�VKRZQ��WKH�FRUUHODWLRQ�FRHIILFLHQW�5 LV�H[FHHGLQJ�WKH�YDOXH�RI������3URSRVHG�PRGHO�ZHOO�GHVFULEHV�WKH�GHFDUEXUL]DWLRQ�SURFHVV�LQ�HOHFWULFDO�VWHHOV��7KH�GHFDUEXUL]DWLRQ�SURFHVV�RI�IH���±���VL�DW�GLIIHUHQW�DQQHDOLQJ�FRQGLWLRQV�ZHUH�PRGHOOHG��7KH� FRUUHODWLRQ� FRHIILFLHQW� EHWZHHQ� H[SHULPHQWDO� DQG� PRGHOOHG� GDWD� LV� H[FHHGLQJ� WKH�YDOXH�RI�������7KH�OHYHO�RI�GHFDUEXUL]DWLRQ�LQFUHDVHV�ZLWK�WHPSHUDWXUH�DQG�WLPH�LQFUHDVLQJ�7KH�KLJKHU�YDOXH�RI�GHFDUEXUL]DWLRQ�OHYHO�FRUUHVSRQGV�WR�KLJKHU�YDOXH�RI�GHZ�SRLQW��LQ�WKH�LQYHVWLJDWHG�UDQJH�RI�GHZ�SRLQW�7KH�GHFDUEXUL]DWLRQ�ZDV� UHWDUGHG�DW�WHPSHUDWXUHV�DERXW���� �&��ZKHUHDV� WKH�RSWL�PDO�GHFDUEXUL]DWLRQ�FRUUHVSRQGV�WR�WHPSHUDWXUH�RI�����&�DQG�WLPH�RI�DERXW���PLQ��)RO�ORZLQJ� WHPSHUDWXUH� LQFUHDVLQJ� LV� QRW� UHDVRQDEOH� EHFDXVH� WKH� GHFDUEXUL]DWLRQ� OHYHO� LQ�FUHDVHV�YHU\�VOLJKWO\��$V�WR�WKH�RSWLPDO�SDUWLDO�SUHVVXUH�RI�R[\JHQ��LW�WKXV�OLHV�LQ�UDQJH�RI����±����XQLWV�7KLV�ZRUN�ZDV�VXSSRUWHG�E\�WKH�6ORYDN�*UDQW�$JHQF\�9(*$��������������
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