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PLQH�WKH�FKDUJH�WUDQVIHU��7KH�FROOHFWLRQ�HI �ILFLHQF\�LV�WKH�SUREDELOLW\�RI�D�FKDUJHG�SDU �WLFOH� LQ� WKH� GULIW� UHJLRQ� EHWZHHQ� WKH� GULIWSODWH� DQG� *(0�� WR� EH� WUDQVIHUUHG� LQWR� D*(0�KROH��7KH�JDLQ� LV� WKH� IDFWRU�E\�ZKLFKWKH� QXPEHU� RI� HOHFWURQV� LV�PXOWLSOLHG� E\� DJDV�DYDODQFKH�LQVLGH�WKH�*(0�KROH��7KH�H[ �WUDFWLRQ� HIILFLHQF\� LV� WKH� IUDFWLRQ� RIFKDUJHG� SDUWLFOHV� WR� EH� H[WUDFWHG� IURP� WKH*(0� KROHV� LQWR� WKH� WUDQVIHU� YROXPH� EH �WZHHQ�WKH�*(0��DQG�*(0��3UHYLRXV� PHDVXUHPHQWV� DQG� QXPHULFDOVLPXODWLRQV� RQ� WKH� FKDUJH� WUDQVIHU� LQ� WKHVLQJOH� *(0� ZHUH� SHUIRUPHG� WR� XQGHUVWDQGWKH� FKDUJH� WUDQVIHU� SDUDPHWHUV� >��@�� 7KHJDLQ� LV� GHWHUPLQHG� E\� WKH� PHDQ� HOHFWULFILHOG� LQVLGH� WKH� *(0� KROH�� (KROH�� 7KDW� LV�WKH�(KROH RI�*(0��LQ�)LJ����LV�D�OLQHDU�FRP�ELQDWLRQ�RI�('��(7��DQG�∆9*(0�(KROH = D∆9*(0+ E((' + (7)� ���ZKHUH� D DQG� E GHSHQG� RQ� WKH� *(0� JHRPH�WU\�� 7KH� FROOHFWLRQ� HIILFLHQF\� LV� D� IXQFWLRQRI� WKH� ILHOG� UDWLR� ('�(KROH�� 7KH� FROOHFWLRQHIILFLHQF\�GHFUHDVHV�LQ�D�KLJK�GULIW�ILHOG�GXHWR� WKH� GHIRFXVLQJ� RI� WKH� ILHOG� OLQHV� DERYHWKH� *(0�� 7KH� FROOHFWLRQ� HIILFLHQF\� RI� WKHHOHFWURQ� DQG� LRQ� VKRZV� D� VKDUS� GHFUHDVHZKHQ� WKH� ('�(KROH DSSURDFKHV� ]HUR�� ,W� LVGXH�WR�WKH�UHFRPELQDWLRQ�RI�FKDUJH�SDLUV�DWD� YHU\� ORZ� GULIW� YHORFLW\�� 7KH� H[WUDFWLRQHIILFLHQF\�LV�D�IXQFWLRQ�RI�(7�(KROH��7KH�H[�WUDFWLRQ� HIILFLHQF\� LQFUHDVHV� ZLWK� (7�(KROH�EHFDXVH� PRUH� FKDUJHG� SDUWLFOHV� FDQ� EH� H[ �WUDFWHG�IURP�WKH�ORZHU�VLGH�RI�WKH�*(0�IRLOLQ�ODUJHU�(7�(KROH�2XU�PHDVXUHPHQW�RI�WKH�LRQ�IHHGEDFN�HI �IHFW� LQ� WKH� PXOWL� *(0� FDQ� EH� H[SODLQHGIURP� WKH� FKDUJH� WUDQVIHU� SDUDPHWHUV� LQ� DVLQJOH� *(0�� /HW� XV� VD\� WKDW� WKH� HOHFWURQFROOHFWLRQ� HIILFLHQF\� LQWR� WKH� *(0� KROH� FL�WKH� UHDO�JDLQ�RI�D�*(0� JL�� HOHFWURQ�H[WUDF�WLRQ� HIILFLHQF\� IURP� WKH� *(0� KROH� HL�� 7KH
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LRQ�H[WUDFWLRQ�HIILFLHQF\�IURP�WKH�*(0�KROHLV� IL�� DQG� WKH� LRQ� FROOHFWLRQ� HIILFLHQF\� LQWRWKH�*(0�KROH�LV�LL��(DFK�SDUDPHWHU�LV�VKRZQLQ�)LJ����7KHQ�WKH�HIIHFWLYH�JDLQ��*��LQ�RXU�GRXEOH*(0�VWUXFWXUH�LV�* = F�J�H�F�J�� ���7KH�LRQ�IHHGEDFN�IUDFWLRQ�WR�WKH�FDWKRGH�,'��LV ,' = F�J�I� + F�J�H�F�J�I�L�I�� ���7KH�ILUVW�WHUP�LV�IURP�WKH�LRQV�JHQHUDWHGLQ�*(0��� DQG� WKH� VHFRQG� WHUP� LV� IURP� WKHLRQV�JHQHUDWHG�LQ�*(0���7KHQ�WKH�LRQ�IHHG �EDFN�UDWLR��,'�*��FDQ�EH�H[SUHVVHG�DV,' ⁄ * = I�(L�I� + � ⁄ H�F�J�) =
= I�(L�I� + F�J� ⁄ *)�� ���

7KH� H[SHULPHQWDO� VHWXS� VKRZQ� LQ� )LJ���ZDV�VLPLODU�WR�WKDW�XVHG�LQ�>����@��7ZR�*(0IRLOV� �.DSWRQ� WKLFNQHVV���� µP��KROH� GLDPH�WHU� ��� µP� WKH� PHWDO� VLGH�� DQG� KROH� SLWFK����µP�� RI� D� ��×���FP� DFWLYH� DUHD� HDFK�ZHUH� PRXQWHG� LQ� D� FDVFDGH� LQVLGH� D� VWDLQ �OHVV�VWHHO� FKDPEHU�� 7KH� *(0� IRLOV� ZHUHPDGH�DW�&(51��7KH�GULIW�SODWH��ZKLFK�ZDVPDGH�RI�DOXPLQL]HG�0\ODU��ZDV�SODFHG�DERYH*(0��� 7KH� GULIW� JDS� EHWZHHQ� WKH� GULIWSODWH� DQG� *(0��� DQG� WKH� WUDQVIHU� JDS� EH �WZHHQ� *(0�� DQG� *(0�� ZHUH� �� PP� DQG�� PP�� UHVSHFWLYHO\�� 7KH� ���� NH9� ;�UD\VIURP� ��)H ZHUH� LUUDGLDWHG� WKURXJK� D���� PP� WKLFN� %H ZLQGRZ�� DQG� WKH� DQRGHVLJQDO� ZDV� PHDVXUHG� GLUHFWO\� WKURXJK� WKHERWWRP� HOHFWURGH� RI� *(0��� 7KH� DQRGH� DQGFDWKRGH�VLJQDOV�ZHUH�PHDVXUHG�LQ�D�FXUUHQWPRGH�� (DFK� HOHFWURGH� �9*�7�� 9*�%�� 9*�7�DQG� 9'ULIW�� ZDV� FRQQHFWHG� WR� DQ� LQGLYLGXDOFKDQQHO�RI�D�SRZHU�VXSSO\��DOORZLQJ�WKH�IOH[ �LEOH� VHWWLQJ� RI� WKH� HOHFWULF� ILHOGV� LQ� WKH� WZRJDSV�DQG�YROWDJHV�DFURVV�WKH�*(0�VXUIDFHV�(IIHFWLYH� JDLQ� RI� WKH� GHWHFWRU� ZDV� GH �ILQHG� DV� WKH� DQRGH� FXUUHQW� GLYLGHG� E\� WKHSULPDU\� LRQL]DWLRQ� FXUUHQW�� ZKLFK� ZDVPHDVXUHG�ZKHQ� WKH� GULIW� JDS�ZDV� RSHUDWHGLQ�DQ�LRQL]DWLRQ�PRGH�ZLWK�∆9*(0  ����7KHLRQ� IHHGEDFN�UDWLR�ZDV�GHILQHG�DV� WKH�FDWK �RGH� FXUUHQW� GLYLGHG� E\� WKH� DQRGH� FXUUHQW�+LJKO\� SXUH� �������� ��� $U ��&2� RU� $U �1� IOHZ� WKURXJK� WKH� FKDPEHU�� DQG� WKH� JDVPL[LQJ� UDWLR�ZDV� FKDQJHG� WR� JHW� WKH� LQIOX �HQFH�RI�JDV�RQ�WKH�LRQ�IHHGEDFN��,Q�WKH�FDVHRI� WKH� WULSOH� *(0�� WKH� GULIW� HOHFWULF� ILHOG(' ZDV�IL[HG�DW���N9�FP��WKH�WUDQVIHU�HOHF �WULF� ILHOG� (7 ZDV� YDULHG� WR� ��� ��� DQG�� N9�FP�� $� ODUJH� JDLQ� RI� DERXW� � ⋅��� ZDV

REWDLQHG� IRU� WKH� $U�,VREXWDQH�PL[WXUH�� )RUWKH� GRXEOH�*(0��(' DQG�(7 ZHUH� IL[HG� DW��N9�FP�DQG���N9�FP��UHVSHFWLYHO\��:H�EL �DVHG�WKH�VDPH�∆9*(0�V LQ�*(0��DQG�*(0��7KH� HIIHFWLYH� JDLQ� IROORZV� WKH� H[SRQHQWLDOEHKDYLRU�XS�WR�D�KLJK� ∆9*(0��)LJ����VKRZVWKH�YROWDJH�HIIHFWLYH�JDLQ� FKDUDFWHULVWLFV� LQYDULRXV� JDV� PL[WXUHV�� ZKHUH� WKH� OLQHV� DUHWKH� H[SRQHQWLDO� IXQFWLRQ� RI� WKH� YROWDJHDFURVV�WKH�*(0��∆9*(0��7KH�HIIHFWV�RI�WKH�HIIHFWLYH�JDLQ�DQG�JDVPL[LQJ�UDWLR�RI�WKH�YDULRXV�JDVHV�RQ�WKH�LRQIHHGEDFN�UDWLR�DUH�VKRZQ�LQ�)LJ�����7KH�LRQIHHGEDFN� UDWLR� IRU� D� JLYHQ� HIIHFWLYH� JDLQZDV� PHDVXUHG� ZLWK� WKH� YDULRXV� JDV� PL[ �WXUHV�RI�$U�&2� RU�$U�1���7KH�LRQ�IHHGEDFNUDWLR�GHFUHDVHG�ZLWK�WKH�HIIHFWLYH�JDLQ��DQG�LWZDV� DOPRVW� LQGHSHQGHQW� RI� WKH� JDV� PL[LQJUDWLR��ZKLFK�ZDV�FRQVLVWHQW�ZLWK�WKH�SUHYLRXVUHVXOW� >�@�� ,W�PHDQV� WKH�GLIIXVLRQ�RI�FKDUJHGSDUWLFOHV�GRHV�QRW�DIIHFW�WKH�LRQ�IHHGEDFN �)LJ����VKRZV�WKH�HIIHFW�RI�(' RQ�WKH�LRQIHHGEDFN�� 7KH� VDPH� YROWDJHV� ZHUH� ELDVHGDFURVV�*(0��DQG�*(0���(7  ���N9�FP�DQG
∆9*(0 LQ� HDFK� JDV� PL[WXUH� ZDV� NHSW� FRQ �VWDQW� WR� PDNH� WKH� HIIHFWLYH� JDLQ� ����� 7KHLRQ�IHHGEDFN�UDWLR�LQFUHDVHG�DOPRVW�OLQHDUO\ZLWK�('��%XW� WKH�HIIHFWLYH�JDLQ�ZDV�QRW�VRVHQVLWLYH�WR�('�)LJ���� VKRZV� WKH� HIIHFW� RI� (7 LQ�YDULRXVJDV�PL[WXUHV��7KH�YROWDJH�DFURVV�*(0��ZDVDOVR�HTXDO�WR�WKH�YROWDJH�DFURVV�*(0���7KHGDWD� ZDV� REWDLQHG� ZLWK� D� IL[HG� ('��� N9�FP�� DQG� ∆9*(0�� (IIHFWLYH� JDLQ� LQ�FUHDVHG�ZLWK�(7��DQG�WKH�LRQ�IHHGEDFN�UDWLRGHFUHDVHG� VORZO\� ZLWK� (7 LQ� WKH� KLJK� (7UHJLRQ�� )LJ���� VKRZV� WKH� HIIHFW� RI� (7 LQYDULRXV� JDV� PL[WXUHV�� 7KH� YROWDJH� DFURVV*(0��ZDV� DOVR� HTXDO� WR� WKH� YROWDJH� DFURVV*(0���7KH�GDWD�ZDV� REWDLQHG�ZLWK�D� IL[HG(' ���N9�FP��DQG�∆9*(0��(IIHFWLYH�JDLQ�LQ�

)LJ�����(IIHFWLYH�JDLQ�DV�D�IXQFWLRQ�RI�YROWDJHDFURVV�WKH�*(0��(' ZDV�NHSW�FRQVWDQW��
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FUHDVHG� ZLWK� (7�� DQG� WKH� LRQ� IHHGEDFN�UDWLRGHFUHDVHG�VORZO\�LQ�WKH�KLJK�(7 UHJLRQ�7KH� HIIHFW� RI� WKH� DV\PPHWU\�RI� ∆9*(0�VRQ� WKH� LRQ� IHHGEDFN� UDWLR� ZDV� DOVR� PHDV �XUHG�� ZKLFK� LV� VKRZQ� LQ� )LJ����� 2QO\� WKHYROWDJHV� DFURVV� *(0�� DQG� *(0�� ZHUHFKDQJHG��:H�LQFUHDVHG�∆9*(0 RI�*(0��DQG
∆9*(0 RI�*(0��ZDV�GHFUHDVHG�WR�NHHS� WKHVDPH� HIIHFWLYH� JDLQ� RI� ����� $V� WKH� YROWDJHDFURVV� *(0�� EHFDPH� KLJKHU�� WKH� LRQ� IHHG �EDFN�UDWLR�LQFUHDVHG�6LQFH�* LV� DOPRVW� LQGHSHQGHQW� RI� (' LQRXU� PHDVXUHPHQW�� LW� LV� DVVXPHG� WKDW� E RI(T���FDQ�EH�QHJOLJLEOH��7KHQ�(' DQG�(7 GRQRW� DIIHFW� JL�� 7KH� HIIHFW� RI� (' RQ� WKH� LRQIHHGEDFN�UDWLR�FDQ�EH�XQGHUVWRRG�IURP�(T���(' FDQ�DIIHFW� I��� DQG� I� LQFUHDVHV�ZLWK�('>��@��ZKLFK�LV�FRQVLVWHQW�ZLWK�)LJ�����7KH� HIIHFW� RI� WKH� DV\PPHWU\� LQ� ∆9*(0�VRQ� WKH� LRQ� IHHGEDFN� UDWLR� IROORZV� IURP� WKHPRGHO��(T���SUHGLFWV�WKDW�LI�WKH�HIIHFWLYH�JDLQ�*��UHPDLQV�WKH�VDPH��WKH� LRQ�IHHGEDFN�UDWLRZLOO�LQFUHDVH�ZLWK�J���ZKLFK�LV�FRQVLVWHQW�ZLWK)LJ�����7KH�GLVFUHSDQFLHV�RI�WKH�LRQ�IHHGEDFNUDWLR�ZLWK�UHVSHFW�WR�WKH�JDV�PL[WXUH�LQ�)LJ���FRPHV�IURP�WKH�IDFW�WKDW� J��V�DUH�GLIIHUHQWLQ� YDULRXV� JDV� PL[WXUHV� HYHQ� LI� WKH� VDPH
∆9*(0 LV�DSSOLHG��ZKLFK�LV�VKRZQ�LQ�)LJ�����7KH�HIIHFWLYH�JDLQ�GHSHQGHQF\�RQ�WKH�LRQIHHGEDFN�UDWLR�LV�DOVR�IURP�(T����∆9*(0 FDQDIIHFW�DOO�WKH�SDUDPHWHUV�LQ�(T����+RZHYHU�WKH� HIIHFW� RI� ∆9*(0 RQ� JL LV� PXFK� ODUJHUWKDQ� WKH� HIIHFW� RQ� WKH� RWKHU� SDUDPHWHUV�7KHUHIRUH�� RQH� FDQ� DVVXPH� DOO� WKH� SDUDPH �WHUV�DUH�FRQVWDQW�H[FHSW�JL LI�RQO\�∆9*(0 LVYDULHG��6LQFH�J� LV�HTXDO�WR�J� LQ�RXU�PHDV�XUHPHQW��RQH�FDQ�JHW

,' ⁄ * = D + E ⁄ *�⁄��� ���
ZKHUH�D LV�I�L�I���DQG�E LV�I��F��H�F������

:H� FDQ� PDNH� D� ILW� WR� WKH� PHDVXUHPHQWXVLQJ� (T���� ZKLFK� LV� VKRZQ� LQ� )LJ����� 7KHOLQHV�DUH�IURP�WKH� OHDVW�VTXDUH�ILWWLQJ��DQGWKH� FLUFOHV� DUH� IURP� WKH�PHDVXUHPHQW�� 7KHPRGHO� FDQ� H[SODLQ� WKH� HIIHFWLYH� JDLQ� GH �SHQGHQF\�RI�WKH�LRQ�IHHGEDFN�UDWLR�H[FHSW�LQWKH� KLJKHU� JDLQ� UHJLRQ�� 7KDW� LV�� WKH�PHDV �XUHG�GDWD�LV�VPDOOHU�WKDQ�WKH�PRGHO�SUHGLF �WLRQ��$V�SRLQWHG�RXW�E\�%RQGDU� >�@�� LW� FRXOGEH� UHODWHG� WR� WKH� DYDODQFKH� H[WHQVLRQ� HIIHFWLQ�WKH�*(0��6LQFH�WKH�SRVLWLYH� LRQV�DUH�SUR �GXFHG�RXWVLGH�WKH�*(0�KROH�LQ�D�KLJKHU�JDLQ�LW�KDV�PRUH�FKDQFH�WR�GULIW�WR�WKH�ERWWRP�RIWKH�*(0�UDWKHU�WKDQ�HQWHULQJ�WKH�KROH�:H� PDGH� D� PRGHO� SUHGLFWLRQ� IRU� RXUPHDVXUHPHQW�� DQG� WKH� LRQ� IHHGEDFN� UDWLRFDQ� EH� H[SODLQHG� E\� WKH� FROOHFWLRQ� HIIL �FLHQF\��JDLQ�� DQG� H[WUDFWLRQ� HIILFLHQF\� LQ�DVLQJOH�*(0��7KH� HIIHFWLYH�JDLQ�GHSHQGHQF\ZDV�ZHOO�UHSURGXFHG�E\�WKH�PRGHO�SUHGLFWLRQH[FHSW�LQ�D�KLJKHU�JDLQ��ZKLFK�FRXOG�EH�XQ �GHUVWRRG� E\� WKH� DYDODQFKH� H[WHQVLRQ�� $OVRWKH�PRGHO� FDQ� H[SODLQ� WKH� LRQ� IHHGEDFN� HI �IHFW�RI�WKH�DV\PPHWU\�RI� ∆9*(0��:LWK�RXUVWXG\�� RQH� FDQ�SUHGLFW� WKH� LRQ� IHHGEDFN� HI �IHFW� LQ� D� PXOWL� *(0� VWUXFWXUH� IURP� WKH

)LJ����� ,RQ� IHHGEDFN� UDWLR� DV� D� IXQFWLRQ� RIHIIHFWLYH�JDLQ��('�DQG�(7 ZHUH�NHSW�FRQVWDQW�

)LJ�����,RQ�IHHGEDFN�UDWLR�YV��(7�

)LJ�����,RQ�IHHGEDFN�UDWLR�YV��('�
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FKDUJH�WUDQVIHU�SDUDPHWHUV�LQ�D�VLQJOH�*(0�ZKLFK� FRXOG� EH� KHOSIXO� IRU� IXUWKHU� UHVHDUFKRQ�D�*(0�SKRWRPXOWLSOLHU�DQG�73&�7KH� 3()7� �3URWRQ� (QJLQHHULQJ� )URQWLHU3URMHFW�� LV� WR� EXLOG� DQ� ���� 0H9�� ��� P$SURWRQ� OLQHDU� DFFHOHUDWRU� LQ� .RUHD�� $Q� DF �FHOHUDWRU� IDFLOLW\� ZLWK� VXFK� DQ� KLJK� LQWHQ �VLW\� EHDP� QHHGV� WKH� %/0� V\VWHP� IRU� WKHSULPDU\�GLDJQRVWLF�WRRO�IRU�WXQLQJ�DQG�SUH �YHQWLQJ� H[FHVV� DFWLYDWLRQ� DQG� HTXLSPHQWGDPDJH��7KH�GHWHFWRU�RI�%/0�KDV�WR�VDWLVI\PDQ\� UHTXLUHPHQWV�� 7KH� JDLQ� RI� WKH� GHWHF �WRU�KDV� WR� EH� VWDEOH�ZLWK� WLPH��7KH� FRPSR �QHQWV� RI� LW� VKRXOG�EH� WROHUDQW� WR� WKH� UDGLD �WLRQ�� ,I� WKH� GHWHFWRU� LV� UHSODFHG� ZLWK� QHZRQH�� WKH� JDLQ� RI� LW� FDQ� EH� UHFDOLEUDWHG� HDV �LO\�� ,RQ� FKDPEHU� FDQ� VDWLVI\� VXFK� UHTXLUH �PHQWV�� DQG� D� QXPEHU� RI� DFFHOHUDWRU� IDFLOL �WLHV� VHOHFW� WKH� LRQ� FKDPEHU�DV� WKH�%/0�GH �WHFWRU�>��@��:H�GHVLJQHG�DQ�LRQ�FKDPEHU�IRU%/0��7KH�LRQ�FKDPEHU�LV�F\OLQGULFDO�VKDSH�DQG� DUJRQ� LV� ILOOHG� LQVLGH� WKH� FKDPEHU��%H �IRUH�WKH�SDUDPHWHUV�RI�WKH� LRQ�FKDPEHU�DUHGHWHUPLQHG�� ZH� IDEULFDWHG� D� SURWRW\SH� LRQFKDPEHU��$LU�ZDV�ILOOHG�LQVLGH�WKH�FKDPEHU�DQG� WKH� UHVSRQVH� RI� WKH� LRQ� FKDPEHU� ZDVPHDVXUHG��:LWK� WKHVH� GDWD�� ZH� FDQ� GHVLJQWKH�%/0�LRQ�FKDPEHU�VSHFLILFDOO\�$� SURWRW\SH� LRQ� FKDPEHU� IRU� WKH� %/0ZDV�IDEULFDWHG��DQG�WKH�VDWXUDWLRQ�FXUYH�RIWKH� LRQ�FKDPEHUV�ZDV�PHDVXUHG��7KH�SURWR �W\SH� LRQ� FKDPEHU� ZDV� FRQVWUXFWHG� RI� WZRFRQFHQWULF�F\OLQGHUV�ILOOHG�ZLWK�DLU�DV�VKRZQLQ�)LJ�����7KH� F\OLQGHUV�ZHUH�����PP� ORQJDQG� PDGH� RI� ��PP� WKLFN� DOXPLQXP�� 7KHGLDPHWHU�RI�RXWHU�HOHFWURGH�ZDV����PP��DQGWKUHH� GLIIHUHQW� GLDPHWHU� LQQHU� HOHFWURGHVZHUH�PDGH��7\SH���GLDPHWHU�RI���PP��7\SH����� PP�� DQG� 7\SH� ����� PP��� 7KH� LQQHUHOHFWURGH�ZDV�KROORZ�DQG�ILOOHG�ZLWK�DLU� LQ �VLGH�� *XDUG� HOHFWURGH�� ZKLFK� FRXOG� UHGXFH

WKH� OHDNDJH� FXUUHQW� RI� WKH� FROOHFWLQJ� HOHF �WURGH�� ZDV� PDGH� RI� FRSSHU�� DQG� LW� ZDVSODFHG� LQ� WKH�PLGGOH� RI� WKH� LQQHU� HOHFWURGHDQG� WKH� RXWHU� HOHFWURGH�� 7HIORQ� LQVXODWRUVZHUH� SODFHG� EHWZHHQ� HOHFWURGHV�� 7KH� LRQFKDPEHU�ZDV�KRXVHG� LQVLGH� WKH���PP�WKLFNDOXPLQXP� F\OLQGHU�� 7ZR� 0+9� FRQQHFWRUVZHUH�PRXQWHG�IRU�VLJQDO�FROOHFWLRQ�DQG�KLJKYROWDJH� ELDVLQJ�� 7KHVH� FRQQHFWRU� VWUXFWXUHFRXOG� KHOS� WKH� HDV\� GDLV\� FKDLQLQJ�� )LJ���VKRZV�WKH�SURWRW\SH�LRQ�FKDPEHU��7KH�VDWXUDWLRQ�FXUYH�RI�WKH�LRQ�FKDPEHUZDV� PHDVXUHG�� ��� NH9� γ�UD\V� IURP� ���$PZHUH� LQFLGHQW�SHUSHQGLFXODU� WR� WKH�F\OLQGHUVXUIDFH�� ZKLFK� PDNH� WKH� GRVH� UDWH� RI��P6Y�K�LQVLGH�WKH�LRQ�FKDPEHU��+LJK�YROW �DJH� ZDV� ELDVHG� RQ� RQH� FRQQHFWRU� ZLWK257(&� KLJK� YROWDJH� VXSSOLHU� 0RGHO� ����DQG�WKH�FROOHFWLQJ�VLJQDO�ZDV�UHFRUGHG�IURPWKH� RWKHU� FRQQHFWRU� ZLWK� .HLWKOH\� (OHF �WURPHWHU� 0RGHO� ����$�� 7KH� KLJK� YROWDJHZDV� ELDVHG� RQ� WKH� RXWHU� HOHFWURGH�� DQG� WKHVLJQDO�ZDV�PHDVXUHG�RQ�WKH�LQQHU�HOHFWURGH�$IWHU�WKDW�WKH�KLJK�YROWDJH�ZDV�ELDVHG�RQ�WKHLQQHU� HOHFWURGH� DQG� WKH� VLJQDO� ZDV� UHFRUGHGRQ� WKH� RXWHU� HOHFWURGH�� 7KH� SRODULW\� RI� WKHELDV�ZDV� DOVR� UHYHUVHG�� ,W� FRXOG� JLYH� WKH� LQ �IOXHQFH�RI�WKH�ELDV�SRODULW\�RQ�WKH�LRQ�FKDP�EHU�RSHUDWLRQ��6LQFH�ZH�PHDVXUHG�WKH�VDWXUD �WLRQ�FXUYH�ZLWK�WKUHH�GLIIHUHQW�W\SHV�RI�LQQHUHOHFWURGHV��ZH� FRXOG� DOVR� GHWHUPLQH� WKH� DGH �TXDWH�GLDPHWHU�RI�WKH�LQQHU�HOHFWURGH�7KH� FROOHFWLRQ� HIILFLHQF\� I RI� DQ� LRQFKDPEHU� DW� D� JLYHQ� ELDV� YROWDJH� 9 FDQ� EHGHILQHG�DV�WKH�UDWLR�RI�WKH�PHDVXUHG�FXUUHQWWR� WKH� LGHDO� VDWXUDWLRQ� FXUUHQW�� 7KH� HTXD �WLRQV� IRU� GHVFULELQJ� I KDYH� EHHQ� NQRZQVLQFH�7KRPVRQ�GHVFULEHG�WKHP�LQ������>��@�+RZHYHU�� WKH\� KDYH� QRW� EHHQ� VROYHG� LQ

)LJ�����(IIHFW�RI�DV\PPHWU\�RI�∆9*(0 RQ�WKHLRQ� IHHGEDFN� UDWLR�� (IIHFWLYH� JDLQ� ZDV� VHWFRQVWDQW� DW� ��� GXULQJ� WKH� PHDVXUHPHQW�
∆9*(0� PHDQV�WKH�YROWDJH�DFURVV�*(0��

)LJ����� 7KH� SKHQRPHQRORJLFDO� IRUPXOD� DERXWWKH�HIIHFWLYH�JDLQ�GHSHQGHQF\�RQ�WKH�LRQ�IHHG�EDFN� ZDV� ILWWHG� WR� WKH� PHDVXUHPHQW�� 7KHOLQHV�DUH�WKH�ILWWLQJ�UHVXOW��DQG�WKH�FLUFOHV�DUHWKH�GDWD�
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FORVHG� IRUP�� $SSUR[LPDWHG� UHVXOW�� ZKLFKJLYHV�D�JRRG�ILW�IRU� I ³ �����LV�>��@I = � ⁄ (� + ξ�)�� ���ZKHUH
ξ� = α�HN�N� G�9� 4∞YRO� ���

+HUH�� H LV� WKH� HOHFWURQ� FKDUJH�� N� WKHHOHFWURQ�PRELOLW\��N� WKH�LRQ�PRELOLW\��G WKHHTXLYDOHQW�JDS��4∞ WKH� VDWXUDWLRQ� FKDUJH� DW� LQIL�QLWH� DSSOLHG� YROWDJH�� YRO� WKH� FROOHFWLQJ�YROXPH�RI� WKHLRQ� FKDPEHU�� DQG�α LV� WKH� ILUVW� 7RZQVHQG� UHFRPELQD�WLRQ�FRHIILFLHQW��G�IRU�WKH�F\OLQGULFDO�LRQ�FKDPEHU�FDQEH�H[SUHVVHG�DV
G = (D − E)



D + ED − E OQ(D ⁄ E)� 



� ⁄ ��� ���
ZKHUH�D LV�WKH�UDGLXV�RI�RXWHU�HOHFWURGH��DQGE LV� WKH� UDGLXV� RI� LQQHU� HOHFWURGH�� )URPDERYH�HTXDWLRQV��ZH�FDQ�VHH�WKDW�WKH�VLJQDOFDQ�EH�VDWXUDWHG�HDVLO\�LQ�ORZHU�ELDV�YROWDJHDV� WKH�GLVWDQFH�EHWZHHQ� WKH� RXWHU� HOHFWURGHDQG�WKH�LQQHU�HOHFWURGH�JHWV�FORVHU�7KH� VDWXUDWLRQ� FXUYH� RI� 7\SH� ,,� LRQFKDPEHU� LV� VKRZQ� LQ� )LJ����� 7KH� FXUYHUHDFKHV�D�IODW�]RQH��DQG�WKH�FKDUJH�PXOWLSOL �FDWLRQ� RFFXUV� ZKHQ� WKH� YROWDJH� LV� KLJKHUWKDQ������9��:H�XVH�WKUHH�GLIIHUHQW�PHWK �RGV�� WKH� LQYHUVH� YROWDJH� PHWKRG�� WKH� WZRYROWDJH�PHWKRG��DQG�ILWWLQJ� WR�(T���� WR�RE �WDLQ�WKH�YROWDJH��ZKHUH� I UHDFKHV��������IRUHDFK�VDWXUDWLRQ�FXUYH�>��@��7KH�OLQH�LQ�)LJ��� LV�IURP�(T����LQ�ZKLFK�WKH�SDUDPHWHUV�RI4∞ DQG� α��HN�N� DUH� WDNHQ� IURP� WKH� ILWWLQJUHVXOW�7KH� ELDVHG� YROWDJHV� I� �������� ZKHUHI  ������� DUH�REWDLQHG�IURP�WKH�DERYH�WKUHHPHWKRGV�� )LJ����� VKRZV� 9I  ������� LQ� WKHFDVH� RI� WKH� QHJDWLYH� YROWDJH� ELDVHG� RQ� WKHRXWHU� HOHFWURGH�� $V� RQH� FDQ� H[SHFW�� WKHPHDVXUHG�FXUUHQW�FDQ�EH�VDWXUDWHG�LQ�ORZHUYROWDJH� LI� WKH� GLVWDQFH� EHWZHHQ� WKH� RXWHUHOHFWURGH� DQG� WKH� LQQHU� HOHFWURGH� JHWV

FORVHU�� 7KUHH� PHWKRGV� JLYH� WKH� VLPLODU� UH �VXOW�H[FHSW�WKH�FDVH�RI� E  ���PP��6LQFH�WKHLQYHUVH�YROWDJH�PHWKRG�DVVXPHV�WKDW�WKH�UH �FRPELQDWLRQ�WDNHV�SODFH�ZLWKLQ�WKH�WUDFN�RIVLQJOH�SDUWLFOH� LRQL]DWLRQ�� LW� FDQ�QRW�JLYH�DUHOLDEOH�UHVXOW�%HFDXVH� EHDP� ORVV� PRQLWRULQJ� V\VWHPZLOO�EH�SODFHG�LQ�WKH�KLJK�GRVH�HQYLURQPHQW�LW� LV� EHWWHU� WR� JHW� WKH� VDWXUDWLRQ� FXUUHQWZLWK� ORZHU� ELDVHG� YROWDJH�� 7KH� LRQ� WUDQVLWWLPH�FDQ�EH�H[SUHVVHG�DV�>��@
W = G�

µ�9(3� ⁄ 3)
� ���

ZKHUH�µ� LV�WKH�LRQ�PRELOLW\��9 DSSOLHG�YROW�DJH��3� DWPRVSKHULF� SUHVVXUH�� DQG� 3 LV� WKHZRUNLQJ�SUHVVXUH��,I�G JHWV�VPDOOHU��ZH�FDQFROOHFW�LRQV�LQ�VKRUWHU�WLPH�+RZHYHU�� WKH� ILHOG� EHFRPHV� XQVWDEOHZKHQ�WKH�LQQHU�HOHFWURGH�LV�WRR�FORVH�WR�WKHRXWHU� HOHFWURGH�� ,Q� RXU� PHDVXUHPHQW� ZLWKLRQ� FKDPEHU� 7\SH� ,,,� �,QQHU� HOHFWURGH� GL �DPHWHU�� ���PP��� WKH� VLJQDO� VKRZV� IOXFWXD �WLRQ� DERYH� 9  ������ 9�� $QG�� DV� WKH� LQQHUHOHFWURGH� JHWV� FORVH� WR� WKH� RXWHU� HOHFWURGH�ZH�ZLOO�JHW�VPDOOHU�FXUUHQW��)URP�WKH�DERYHFRQVLGHUDWLRQ��ZH�FKRRVH����PP�IRU�WKH�GL �DPHWHU�RI�LQQHU�HOHFWURGH�7KH�%/0�LRQ�FKDPEHU�SDUDPHWHUV�DUH�DVIROORZV�� 7KH� %/0� LRQ� FKDPEHU� ZLOO� EH� DDOXPLQXP� F\OLQGULFDO� VKDSH� RI� ���� PPORQJ�� 7KH� GLDPHWHU� RI� RXWHU� HOHFWURGH� LV���PP��DQG�WKH�GLDPHWHU�RI�WKH�LQQHU�HOHF �WURGH� LV� ��� PP�� ZKLFK� IROORZV� IURP� WKHPHDVXUHPHQW� ZLWK� SURWRW\SH� FKDPEHU�� 7KHWKLFNQHVV� RI� DOXPLQXP� HOHFWURGH� ZLOO� EH��PP��ZKLFK�ZDV�IURP�(*6QUF�FDOFXODWLRQ�

)LJ�����7KH�SURWRW\SH�LRQ�FKDPEHU�

)LJ�����7KH�VDWXUDWLRQ�FXUYH�RI�WKH�LRQ�FKDP�EHU� W\SH� ,,��7KH� QHJDWLYH�YROWDJH�ZDV� ELDVHGRQ� WKH� RXWHU� HOHFWURGH�� DQG� WKH� VLJQDO� ZDVUHFRUGHG� RQ� WKH� LQQHU� HOHFWURGH�� 7KH� OLQH� LVIURP�WKH�ILWWLQJ�ZLWK�WKH�WKHRUHWLFDO�OLQH�
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