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KLJK�SRZHU�PLFURZDYH�HQHUJ\�LQ�WKH�HQHUJ\�RI�GLUHFW�FXUUHQW�� ,W�LV�QRW� LPSRVVLEOH�WKDW� LQ�IXWXUH�PLFURZDYH�WHFKQRORJ\�ZRXOG�ILQG�LWV�ZLGH�VFDOH�DSSOLFDWLRQ�LQ�WKH�ILHOG�RI�JURXQG�EDVHG�DQG�VSDFH�EDVHG�:37�:KHQ�DSSO\LQJ�WKH�FRQYHQWLRQDO�ORQJLWXGLQDO�JURXSLQJ�RI�HOHFWURQV�LQ�EXQFKHV�LQ�YDF�XXP�PLFURZDYH�HOHFWURQLFV��7:7V��.O\VWURQV��HWF���WKHUH�DSSHDUV�VRPH�SULQFLSOH�SUREOHPV�FRQQHFWHG�ZLWK�WKH�QRQ�OLQHDU�FKDUDFWHU�RI�&RXORPE�IRUFHV�ZKLFK�XVXDOO\�SOD\�D�GHFLVLYH�UROH�LQ�IRUPLQJ�GHQVH�HOHFWURQ�EXQFKHV7R�D�FRQVLGHUDEOH�H[WHQW�� WKHVH�SUREOHPV�FDQ�EH�E\SDVVHG��HOLPLQDWHG��� LI�ZH�DSSO\�D�WUDQVYHUVH�JURXSLQJ�RI�WKH�HOHFWURQ�EHDP�GULIWLQJ�LQ�D�ORQJLWXGLQDO�PDJQHWLF�ILHOG�,Q�FRQWUDVW�WR�FRQYHQWLRQDO�ORQJLWXGLQDO�JURXSLQJ�RI�HOHFWURQV�LQWR�GHQVH�EXQFKHV��WKLV�SULQFLSOH�HPSOR\V�WKH�/RUHQ]�IRUFH�DV�DQ�HODVWLF�IRUFH DQG�OHDGV�WR�VSDWLDO�GLVWRUWLRQ�RI�WKH�HOHFWULF�EHDP�ZLWKRXW�HOHFWURQ�EXQFKHV�EHLQJ�IRUPHG��)LJ������

,Q�WKLV�ZD\�LW�LV�SRVVLEOH�WR�FRQVLGHUDEO\�RYHUFRPH�WKH�IXQGDPHQWDO�UHVWULFWLRQV��ZKLFK�DUH�FKDUDFWHULVWLF�RI�ORQJLWXGLQDO�JURXSLQJ�GHYLFHV��ERWK�YDFXXP�DQG�VROLG�VWDWH�RQHV��DQG�DUH�DVVRFLDWHG�ZLWK�QRQOLQHDU�LQIOXHQFH�RI�WKH�VSDFH�FKDUJH�ILHOGV�XSRQ�WKH�SURFHVV�RI�WKH�PL�FURZDYH�VLJQDO�DPSOLILFDWLRQ��WKHUHE\ OD\LQJ�WKH�EDVLV�IRU�GHYHORSLQJ�QHZ�DPSOLILHUV��JHQ�HUDWRUV�DQG�FRQYHUWHUV�ZLWK�LPSURYHG�FKDUDFWHULVWLFV�,W� ZDV� PDLQO\� LQ� 5XVVLD� WKDW� WKLV� DGYDQWDJHRXV� W\SH� RI� LQWHUDFWLRQ� ZDV� FRQVLVWHQWO\�VWXGLHG�DQG�DSSOLHG�GXULQJ�VHYHUDO�ODVW�GHFDGHV��1RZ��D�IHZ�ZRUGV DERXW�WKH�KLVWRU\�RI�WKH�DSSHDUDQFH�DQG�GHYHORSPHQW�RI�WKH�FRQFHSW�RI�WKH�WUDQVYHUVH�JURXSLQJ�LQ�HOHFWURQ�EHDPV��2QH�RI�WKH�ILUVW�IXQGDPHQWDO�ZRUNV�ZDV�SXE�OLVKHG�LQ������E\�&�/�&XFFLD�>�@�LQ�WKH�86$���+LV�UHVHDUFK�ZDV�GHYRWHG�WR�LQWHUDFWLRQ�RI�WKH�HOHFWURQ�EHDP�ZLWK�WKH�UHVRQDWRU�WUDQVYHUVH�ILHOG��
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2QO\�WHQ�\HDUV�ODWHU��QHDUO\�VLPXOWDQHRXVO\�LQ�WKH�86$�DQG�5XVVLD�WKHUH�DSSHDUHG�SXE�OLFDWLRQV� RQ� SDUDPHWULF� �)LJ�� ��� DQG�� ODWHU�� HOHFWURVWDWLF� DPSOLILHUV� XVLQJ� D� IDVW� F\FORWURQ�ZDYH�RI�WKH�HOHFWURQ�EHDP��5HFRUG�YDOXHV�RI�WKH�DPSOLILHU�QRLVH�WHPSHUDWXUH��WKRVH�RI�WKH�RUGHU�RI��������.��ZHUH�DFKLHYHG�TXLWH�VRRQ�>���@��,Q�5XVVLD�WKH�UHVHDUFK�LQ�WKLV�ILHOG�ZDV�VXFFHVVIXOO\�FDUULHG�RQ�PDLQO\�LQ�0RVFRZ�6WDWH�8QLY���,VWRN�&RUS��DQG�7RU\�&RUS��>����@�7RGD\�� WKH� H[LVWLQJ� WKUHH�GLPHQVLRQDO�PRGHOV� RI� WKH� HOHFWURQ�EHDP� DQG� DFFXPXODWHG�H[SHULPHQWDO�H[SHULHQFH�JLYH�XV�FRQILGHQFH�DV�WR�SRVVLELOLWLHV�RI�GHVLJQLQJ�D�QHZ�FODVV�RI�PLFURZDYH�GHYLFHV�ZLWK�XQLTXH�VHWV�RI�SDUDPHWHUV��,W�LV�VXFK�LQIRUPDWLRQ�WKDW�LV�WKH�PDLQ�DLP�RI�WKLV�UHSRUW�,Q� WKH� FDVH�RI� WUDQVYHUVH�PRGXODWLRQ�RI� WKH� HOHFWURQ�EHDP�GULIWLQJ� LQ� WKH� ORQJLWXGLQDO�FRQVWDQW�PDJQHWLF�ILHOG��IRXU�NLQGV�RI�ZDYHV�FDQ�EH�H[FLWHG��WZR�F\FORWURQ�ZDYHV�DQG�WZR�V\QFKURQRXV�ZDYHV�>�@��,Q�HDFK�FDVH�WKH�EHDP�DVVXPHV�WKH�VKDSH�RI�D�XQLIRUPO\�FKDUJHG�VSDWLDO�KHOL[�KDYLQJ�QR�VSDFH�FKDUJH�EXQFKHV��,W�VKRXOG�DJDLQ�EH�SRLQWHG�RXW�WKDW�LW�LV�WKLV�FLUFXPVWDQFH� WKDW� LQVXUHV� WKH� OLQHDULW\� RI� WKH� SURFHVV� RI� HQHUJ\� H[FKDQJH� ZLWK� H[WHUQDO�ILHOGV��,Q�FRQWUDVW�WR�VSDFH�FKDUJH�ZDYHV��SKDVH�YHORFLWLHV�RI�F\FORWURQ�ZDYHV�DUH�GHSHQG�HQW�RQ�WKH�F\FORWURQ�IUHTXHQF\�WKDW� LV�RQ�WKH�YDOXH�RI�WKH�FRQVWDQW�PDJQHWLF�ILHOG��ZKRVH�GLVWULEXWLRQ�DORQJ�WKH�LQWHUDFWLRQ�UHJLRQ�LV�IL[HG�DQG�GHWHUPLQHG�E\�WKH�H[WHUQDO�PDJQHWLF�V\VWHP�RQO\��3KDVH�YHORFLWLHV�RI�V\QFKURQRXV�ZDYHV�DUH�HTXDO�WR�WKH�ORQJLWXGLQDO�YHORFLW\�RI�WKH�HOHFWURQ�EHDP��$OO�WKH�IRXU�WUDQVYHUVH�ZDYHV�DUH�FLUFXODUO\�SRODUL]HG��6WDELOLW\�RI�SKDVH�YHORFLWLHV�RI�WUDQVYHUVH�ZDYHV�DQG�WKHLU�FLUFXODU�SRODUL]DWLRQ�SURYLGH�D�KLJK�OHYHO�RI�VHOHFWLYLW\�LQ LQWHUDFWLRQ�ZLWK�FLUFXODUO\�SRODUL]HG�ILHOGV�RI�HOHFWURG\QDPLFV�VWUXFWXUHV��ZKLFK�XOWLPDWHO\�PDNHV� LW�SRVVLEOH� WR� DFKLHYH�XQLTXH�YDOXHV�RI�SDUDPHWHUV� LQ�GHYLFHV�EDVHG�RQ�LQWHUDFWLRQ�ZLWK�WUDQVYHUVH�ZDYHV�RI�WKH�HOHFWURQ�EHDP�
,,��&\FORWURQ�:DYH�3URWHFWRU DQG�3DUDPHWULF�$PSOLILHU�7KH�VLPSOHVW�GHYLFH��ZKLFK�LQWHUDFWV�VHOHFWLYHO\�ZLWK�D�IDVW�F\FORWURQ�ZDYH�RI�WKH�HOHF�WURQ�EHDP��LV�D�UHVRQDWRU�ZLWK�D�WUDQVYHUVH�HOHFWULF�ILHOG��$W�WKH�F\FORWURQ�UHVRQDQFH�VXFK�DUHVRQDWRU�LV�FDSDEOH�RI�WUDQVPLWWLQJ�SUDFWLFDOO\�DOO�PLFURZDYH�SRZHU�IURP�WKH�H[WHUQDO�FLU�FXLW�LQWR�WKH�IDVW�F\FORWURQ�ZDYH�RI�WKH�HOHFWURQ�EHDP�DQG�RU�H[WUDFW�WKH�SRZHU�RI�WKLV�ZDYH�EDFN�LQWR�WKH�H[WHUQDO�FLUFXLW��7ZR�UHVRQDWRUV�FRQQHFWHG�LQ�VHULHV�LQWHUDFW�ZLWK�WKH�HOHFWURQ�EHDP�TXLWH�HIILFLHQWO\�DQG�VLJQDO�DWWHQXDWLRQ�LQ�VXFK�D�V\VWHP�FDQ�EH�YHU\�ORZ��RI�WKH�RUGHU�RI�����G%�DQG�OHVV��
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$W�KLJK�OHYHOV�RI� WKH� LQSXW� VLJQDO� WKH�HOHFWURQ�EHDP�LV� WUDSSHG�E\� WKH� LQSXW� UHVRQDWRU�EDUV�DQG�WKH�UHVRQDWRUV�WXUQ�RXW�WR�EH�GLVFRQQHFWHG��7KXV��WKHUH�DSSHDUV�D�SRVVLELOLW\�WR�GH�VLJQ�D�JRRG�SURWHFWLYH�GHYLFH��ZKLFK�FRXOG�EH�SODFHG�EHWZHHQ� WKH�DQWHQQD�DQG� WKH� LQSXW�DPSOLILHU�RI�WKH�UHFHLYHU��IRU�H[DPSOH��LQ�UDGDU���,Q�WKH�FDVH�RI�WKH�EHDP WUDSSLQJ�LQ�WKH�LQ�SXW�UHVRQDWRU�WKH�FRQGLWLRQV�IRU�PDWFKLQJ�WKH�FRQGXFWLYLWLHV�RI�WKH�HOHFWURQ�EHDP�DQG�WKH�H[WHUQDO�FLUFXLW�DUH�VKDUSO\�YLRODWHG��7KH�96:5�LV�LQFUHDVHG�XS�WR�D�IHZ�WHQV�RI�XQLWV�DQG�WKH�PDLQ�SDUW�RI�SRZHU�LV�UHIOHFWHG�IURP�WKH�LQSXW�RI�VXFK�D�GHYLFH�>�@��7KXV��KLJK�DFFHSW�DEOH� OHYHOV� RI� LQSXW� SRZHU�� GHHS�SURWHFWLRQ�� VKRUW� UHFRYHU\� WLPH� DQG� DEVHQFH� RI� OHDNDJH�SRZHU�SHDN DUH�W\SLFDO�RI�VXFK�GHYLFHV��)LJ������,I�DQ�DGGLWLRQDO�PLFURZDYH�SXPS�UHVRQDWRU�ZLWK�D�TXDGUXSROH�HOHFWULF� ILHOG� LV�SODFHGEHWZHHQ� WKH� LQSXW� DQG�RXWSXW� UHVRQDWRUV� DQG� IHG� IURP� WKH� H[WHUQDO�JHQHUDWRU�ZLWK�D� IUH�TXHQF\�DERXW�WKH�GRXEOH�F\FORWURQ�IUHTXHQF\��ZH�VKDOO�KDYH�D�SDUDPHWULF�DPSOLILHU�RI�WKH�GHJHQHUDWH�W\SH�ZKLFK�UHWDLQV�DOO�WKH�SURWHFWLYH�IXQFWLRQV�RI�WKH�SUHYLRXV�GHYLFH��%HVLGHV��KHUH�WKH�LQSXW�UHVRQDWRU�HIILFLHQWO\�UHPRYHV�QRLVHV�RI�WKH�IDVW�F\FORWURQ�ZDYH�RI�WKH�HOHF�WURQ�EHDP��$W�WKH�ODWH����V�� HDUO\����V�VXFK�DPSOLILHUV�ZHUH�GHVLJQHG�DQG�FRQVWUXFWHG�ERWK�LQ�WKH�86$�DQG�LQ�5XVVLD��7KH�LGOHU�FKDQQHO�FDQ�HDVLO\�EH�HOLPLQDWHG�E\�LQWURGXFLQJ�DQ�DGGLWLRQDO��FRPSHQVDWLQJ��HOHFWURQ�EHDP��7R�DPSOLI\�F\FORWURQ�ZDYHV�LQ�WKHVH�EHDPV��TXDGUXSROH�ILHOGV�RI�HTXDO�LQ�WHQVLW\�EXW�RSSRVLWH�SKDVHV�DUH�XVHG��)LJ�����

,,,��&\FORWURQ�:DYH�(OHFWURVWDWLF�$PSOLILHU�,QVWHDG�RI�D�PLFURZDYH�SXPS�UHVRQDWRU��LW�LV�SRVVLEOH�WR�XVH�DQ�HOHFWURVWDWLF�TXDGUXSOH�KHOL[�IRUPLQJ�D�VSDWLDOO\� WZLVWHG�HOHFWURVWDWLF�TXDGUXSROH�ILHOG�>�@��7KH�HOHFWURQV PRYLQJ�DORQJ�VXFK�D�V\VWHP� 
IHHO
� WKH� WLPH�YDULDEOH�HOHFWULF�ILHOG��DQG�WKH�DPSOLWXGHV�RI� WKH�HOHF�WURQ�EHDP�F\FORWURQ�ZDYHV�ZLOO�EH�LQFUHDVHG�LI�WKH�UHVRQDQFH�FRQGLWLRQ�DW�WKH�GRXEOH�F\�FORWURQ�IUHTXHQF\�LV� IXOILOOHG��$PSOLILFDWLRQ�RI�D� IDVW�F\FORWURQ�ZDYH LQ�VXFK�D�V\VWHP�LV�DFKLHYHG�GXH�WR�DFWLYH�FRXSOLQJ�ZLWK�D�VORZ�F\FORWURQ�ZDYH�WKDW�GRHV�QRW�LQWHUDFW�ZLWK�WKH�LQSXW�UHVRQDWRU�ILHOG��$�KLJK�YDOXH�RI�WKH�PDJQHWLF�ILHOG�DW�WKH�FDWKRGH�VXUIDFH�DQG�VXEVH�TXHQW�UHGXFWLRQ�RI�WKLV�YDOXH�SURYLGH�D�ORZ�QRLVH�OHYHO�RI�F\FORWURQ�ZDYHV�LQ�WKH�HOHFWURQ�EHDP�DW�WKH�HQWUDQFH�LQWR�WKH�LQWHUDFWLRQ�UHJLRQ��,Q�)LJ����RQH�FDQ�VHH�D�JHQHUDO�YLHZ�RI�D�YHUVLRQ�RI�WKH�HOHFWURVWDWLF�DPSOLILHU��ZKLFK�LV�PDQXIDFWXUHG� WRGD\�E\�5XVVLDQ� LQGXVWU\� RQO\� �LQ� WRWDO� DERXW� ������� F\FORWURQ�ZDYH�GH�YLFHV�KDYH�EHHQ�VROG�E\�,VWRN�&RUS���>������@��

)LJ������$�YHUVLRQ�RI�7ZR�%HDP�&\FORWURQ�:DYH�3DUDPHWULF�$PSOLILHU ZLWK�VXSSUHVVHG�LGOHU�FKDQQHO
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7KH� LQSXW� DPSOLILHU�RI� WKLV� W\SH� LV�XQLTXH�� LW�SURYLGHV�D� ORZ� OHYHO�RI� LQWULQVLF�QRLVHV��ZLGH� G\QDPLF� UDQJH�� VWDELOLW\� WR� RYHUORDGV�� SURWHFWLRQ� RI� VXEVHTXHQW� UHFHLYHU� FDVFDGHV��VKRUW�UHFRYHU\�WLPH�DIWHU�RYHUORDGV�DQG�DEVHQFH�RI�OHDNDJH�SRZHU�SHDN��$� WXQDEOH�&:(6$�FDQ�EH�GHVLJQHG� LI� D� V\VWHP�ZLWK�D� WUDYHOLQJ�ZDYH�� IRU� H[DPSOH��XVXDO� FRPEV� DUH� XVHG� DV� FRXSOHUV�� ,Q� WKLV� FDVH� IRU� HOHFWURQ� EHDP� SRWHQWLDO� W\SLFDO� RI�&:(6$��D�KLJK�GHJUHH�RI�VHOHFWLYLW\�LQ�HQHUJ\�H[FKDQJH�ZLWK�D�IDVW�F\FORWURQ�ZDYH�RI�WKH�HOHFWURQ�EHDP�LV�SUHVHUYHG��2SHUDWLRQDO�EDQG�RI�VXFK�FRXSOHUV�LV�QDUURZ��RI�WKH�RUGHU�RI���SHUFHQW�RU�VPDOOHU���KRZHYHU�� LW� FDQ�EH� WXQHG�ZLWKLQ�D�ZLGH� UDQJH�E\�FKDQJLQJ� WKH�PDJ�QHWLF�ILHOG�VWUHQJWK�DQG�WKH�EHDP�SRWHQWLDO��
,9��&LUFXODUO\�3RODUL]HG�7:71RZ��RQH�VKRXOG�GZHOO�RQ�DQRWKHU�LQWHUHVWLQJ�SRVVLELOLW\�RI�GHVLJQLQJ�&LUFXODUO\�3RODU�L]HG�7:7��

)LJ�����$�9HUVLRQ�RI�&\FORWURQ�:DYH�(OHFWURVWDWLF�$PSOLILHU�DW���*+]��,VWRN�&RUS��

)LJ�����$�VFKHPH�RI�WKH�LQWHUDFWLRQ�RI�D�FLUFXODUO\�SRODUL]HG�WUDYHOLQJ�ZDYH�DQG�WKH�HOHFWURQ�EHDP�GULIWLQJ�LQ�WKH�ORQJLWXGLQDO�VWDWLF�PDJQHWLF�ILHOG�%�
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(DFK�HOHFWURQ�LQMHFWHG�DORQJ�WKH�D[LV�RI�D�FLUFXODUO\�SRODUL]HG�VORZ�ZDYH��)LJ�����DW�WKH�YHORFLW\�HTXDO�WR�WKH�SKDVH�YHORFLW\�RI�WKLV�ZDYH�ZLOO�EH�HTXDOO\�DQG�PRQRWRQRXVO\�GHFHO�HUDWHG�E\� WKH� ORQJLWXGLQDO� HOHFWULF� ILHOG�RI� WKLV�ZDYH��7KH� WUDQVYHUVH� HOHFWULF� ILHOG� RI� WKH�ZDYH�FRPELQHG�ZLWK�WKH�ORQJLWXGLQDO�VWDWLF�PDJQHWLF�ILHOG��WKH�/RUHQ]�IRUFH��ZLOO�PRYH�WKH�HOHFWURQ�WR�WKH�UHJLRQ�RI�WKH�GHFHOHUDWLQJ�HOHFWULF�ILHOG�RI�WKH�FLUFXODUO\�SRODUL]HG�ZDYH���,W�VKRXOG�EH�SRLQWHG�RXW�WKDW�WKLV�LV�WKH�FDVH�IRU�HDFK�HOHFWURQ�UHJDUGOHVV�RI�WKH�WLPH�RI�LWV�LQOHW�LQWR�WKH�ZDYH�ILHOG��7KXV��D�ILODPHQWDU\�HOHFWURQ�EHDP�UHPDLQV�PRQR�HQHUJHWLF�DI�WHU�VXFK�DQ�LQWHUDFWLRQ�DQG�FDQ�EH�UHFXSHUDWHG�HIILFLHQWO\�)LJ�� �� VKRZV� WKH� UHVXOWV� RI� FRPSXWHU� VLPXODWLRQ� DQG� RSWLPL]DWLRQ� RI� VXFK� &3� 7:7�ZLWK�HOHFWURQ�EHDP�RI�D�ILQLWH�FURVV�VHFWLRQ��WKH�HOHFWURQ�HIILFLHQF\�LV�DERXW������WKH�HIIL�FLHQF\�ZLWK�UHFXSHUDWLRQ�E\�D�VLQJOH�VWDJH�FROOHFWRU�LV�XS�WR�����LQ�WKH�IUHTXHQF\�EDQG�RI�WKH� RUGHU� RI� ���� DQG� PRUH�� ,W� LV� YHU\� LPSRUWDQW� WKDW� WKH� QRQ�OLQHDULW\� RI� WKH� SKDVH�IUHTXHQF\�FKDUDFWHULVWLFV�LQ�QRQ�OLQHDU�UHJLPHV�WXUQV�RXW�KHUH�WR�EH�VHYHUDO�RUGHUV�VPDOOHU�WKDQ�LQ�RUGLQDU\�7:7��7KLV�LV�D�GLUHFW�FRQVHTXHQFH�RI�D�QHZ�W\SH�RI�VSDWLDO�JURXSLQJ�RI�WKH�HOHFWURQ�EHDP��ZKLFK�LV�QRW�DFFRPSDQLHG�E\�IRUPDWLRQ�RI�HOHFWURQ�EXQFKHV�

$�VORZ�ZDYH�V\VWHP�LQ�WKH�VKDSH�RI�D�VSDWLDOO\�WZLVWHG�ZHOO�NQRZQ�WZR�URZ�FRPE�PD\�EH�XVHG�WR�FUHDWH�GLIIHUHQW�SKDVH�YHORFLWLHV�RI�FLUFXODUO\�SRODUL]HG�ZDYHV�ZLWK�WKH�ULJKW�DQG�OHIW�SRODUL]DWLRQV��'RXEOH�FDVFDGH�&3�7:7�ZLWK�JRRG�YDOXHV�RI�WKH�SDUDPHWHUV�LV�DOVR�IHDVLEOH�7KH�EDVLF�H[SHULPHQW�ZDV�SHUIRUPHG�LQ�5XVVLD�DW�WKH�WLPH�ZKHQ�QR�DGHTXDWH�WKHRU\�ZDV�DYDLODEOH�WR�GHVFULEH�WKH�HOHFWURQ�EHDP�RI�D�ILQLWH�FURVV�VHFWLRQ�DQG�WKHUH�ZHUH�QR�SRV�

)LJ�����&3�7:7�FKDUDFWHULVWLFV*�JDLQ���K� HIILFLHQF\�ZLWK�UHFXSHUDWLRQ�E\�D�VLQJOH�VWDJH�FROOHFWRU���KH �HOHFWURQ�HIILFLHQF\���Q��± ZDYH�VORZLQJ�IDFWRU���5A � FRXSOLQJ�LPSHGDQFH��O � RSHUDWLRQDO�ZDYH�OHQJWK��

)LJ�����$�VFKHPH�RI�H[SHULPHQWDO�&3�7:7WHVWHG�E\�7RU\�&RUS�



�

VLELOLWLHV� IRU�HIIHFWLYH�RSWLPL]DWLRQ�RI� WKH�GHYLFH��1HYHUWKHOHVV��VHUYLFHDELOLW\�RI�VXFK�&3�7:7�ZDV�GHPRQVWUDWHG�DW�WKH�&:�RXWSXW�SRZHU�RI�DERXW���N:��)LJ������7KH�H[SHULPHQWDO�UHVXOWV�REWDLQHG�DW�WKDW�WLPH�ZHUH�XVHG�ODWHU�WR�YHULI\�WKH�FRQVWUXFWHG�WKUHH�GLPHQVLRQDO�WKHRU\�DQG�WKH\�ZHUH�IRXQG�WR�EH�LQ�D�JRRG�DJUHHPHQW��7KH�VHFRQG�RS�WLPL]HG�H[SHULPHQW�ZDV�GHVLJQHG�EXW�LWV�WHFKQRORJLFDO�UHDOL]DWLRQ�KDG�WR�EH�VXVSHQGHG�EH�FDXVH�RI�JHQHUDO�ILQDQFLDO�SUREOHPV�,Q�RXU�RSLQLRQ��LW�LV�SRZHUIXO�YHUVLRQV�RI�&3�7:7�WKDW�FDQ�SRVVHVV�XQLTXH�SDUDPHWHUV�DQG�DUH�DGYDQWDJHRXV�IRU�PDQ\�WHFKQRORJLFDO�DSSOLFDWLRQV�
9��&\FORWURQ�:DYH�&RQYHUWHU�RI�0LFURZDYHV�LQ�'&7KHUH� DSSHDU� QHZ� WDVNV� LQ� FRQQHFWLRQ�ZLWK� SURPLVLQJ� WHQGHQFLHV� DQG� VXFFHVVIXO� H[�SHULPHQWV� ZLWK� V\VWHPV� IRU� HQHUJ\� WUDQVSRUWDWLRQ� E\� PLFURZDYH� EHDPV�� 7KHUHIRUH� LW� LV�QHFHVVDU\�WR�GHVLJQ�D�VLPSOH��UHOLDEOH�DQG�SRZHUIXO�GHYLFH�IRU�EDFN�FRQYHUVLRQ�RI�PLFUR�ZDYH�HQHUJ\�LQ�WKH�HQHUJ\�RI�GLUHFW�FXUUHQW��'&���&\FORWURQ�:DYH�&RQYHUWHU��&:&��KDV�

EHHQ�VWXGLHG� LQ�5XVVLD�ERWK�WKHRUHWLFDOO\�DQG�E\�H[SHULPHQW�>�@��,Q�&:&�WKH�PLFURZDYH�HQHUJ\� LV� LQWURGXFHG� LQWR� D� IDVW� F\FORWURQ�ZDYH�RI� WKH�HOHFWURQ�EHDP��FRQYHUWHG� LQWR� WKH�HQHUJ\�RI�ORQJLWXGLQDO�PRWLRQ�LQ�WKH�UHJLRQ�RI�WKH�UHYHUVH�PDJQHWLF�ILHOG�DQG�WKHQ�GXULQJ�UHFXSHUDWLRQ�LQ�WKH�FROOHFWRU�GHFHOHUDWLQJ�ILHOG�LW�LV�UHOHDVHG�DW�WKH�RXWVLGH�ORDG�RI�WKH�FRO�OHFWRU��)LJ�����

)LJ������$�VFKHPH�RI�&\FORWURQ�:DYH�&RQYHUWHU

)LJ�������$�YHUVLRQ�RI�&:&�����N:��������*+]��GHYHORSHG�E\�7RUL\�&RUS�



�

6XFK� GHYLFH� LV� DGYDQWDJHRXV� EHFDXVH� LW� FDQ� KDYH� D� KLJK� HIILFLHQF\� DW� D� KLJK� SRZHU�OHYHO��VWDELOLW\�WR�RYHUORDGV�LQ�KLJK�IUHTXHQF\�DQG�ORZ�IUHTXHQF\�FLUFXLWV��DQG�D�KLJK�RXW�SXW�GLUHFW�YROWDJH�>���@�$�JRRG�H[SHULPHQWDO�GHYLFH�ZDV�GHYHORSHG�MRLQWO\�E\�068�DQG�7RU\�&RUS��)LJ������$W�FRQWLQXRXV�LQSXW�SRZHU�RI����N:�WKH�HIILFLHQF\�ZDV�XS�WR�������$W�0RVFRZ�8QLYHUVLW\�WKH�&:&�ZDV�WHVWHG�IRU�WKH�SRZHU�OHYHO�RI�������:DWW�DW�WKH�HI�ILFLHQF\�RI�DURXQG���������7KH�,VWRN�&RUS��DOVR�WHVWHG�VHYHUDO�YHUVLRQV�RI�&:&�RI�SRZHU�OHYHO�XS�WR���N:�>�@�
9,��.O\VWURQ�ZLWK�&RPELQHG�,QWHUDFWLRQ2QH� PRUH� SURPLVLQJ� LGHD� VKRXOG� EH� RXWOLQHG�� ,W� LQYROYHV� FRPELQHG� �ORQJLWXGLQDO�WUDQVYHUVH��LQWHUDFWLRQ�WR�EURDGHQ�WKH�RSHUDWLQJ�EDQG�RI�SRZHUIXO�NO\VWURQV��$W�WKH�ILUVW�VWDJH�DQ�RUGLQDU\�NO\VWURQ�JURXSHU�IRUPV�HOHFWURQ�EXQFKHV��7KHQ�WKH\�DUH�LQMHFWHG�LQWR�WKH�UHJLRQ�RI�UHYHUVHG�PDJQHWLF�ILHOG�ELDVHG�ZLWK�UHVSHFW�WR�LWV�D[LV��)LJ�������

$W�WKH�UHJLRQ�RXWSXW�D�ODUJH�SDUW�RI�WKH�ORQJLWXGLQDO�HQHUJ\�RI�WKH�HOHFWURQ�EHDP�FDQ�EH�FRQYHUWHG� LQ� WKH� HQHUJ\�RI� LWV� URWDWLRQ� DURXQG� WKH� ]�D[HV��%HVLGHV�� LI� WKH� F\FORWURQ� UHVR�QDQFH�FRQGLWLRQ�LV�IXOILOOHG��DOO�WKH�EXQFKHV�ZRXOG�KDSSHQ�WR�EH�RQ�RQH�VWUDLJKW�OLQH�URWDW�LQJ�DV�D�ZKROH�DURXQG�WKH�]�D[LV��,Q�WKH�UHVRQDWRU�ZLWK�WKH�WUDQVYHUVH�HOHFWULF�ILHOG�WKLV�HQ�HUJ\�FDQ�EH�DOPRVW�FRPSOHWHO\�H[WUDFWHG�IURP�WKH�HOHFWURQ�EHDP������7KH� WUDQVYHUVH� HOHFWULF� ILHOG� RI� WKH� UHVRQDWRU� JDS� LV� XQLIRUP� DQG� WKH� VSUHDGLQJ� RI�EXQFKHV� LQ� WKH� ORQJLWXGLQDO� GLUHFWLRQ� LV� QRW� LPSRUWDQW��ZKLOH� FRQWLQXRXV� LQWHUDFWLRQ� SUR�YLGHV�������WLPHV�PRUH�HIILFLHQW�ORDG�RI�WKH�UHVRQDWRU�E\�WKH�HOHFWURQ�EHDP��7KXV��DW�KLJK�HIILFLHQF\� �!�������� WKH� LQWHUDFWLRQ�EDQG� RI� WKH� RUGHU�RI� ������DQG� HYHQ�PRUH� FDQ�EH�SURYLGHG�
9,,��&RQFOXVLRQ,Q�FRQFOXVLRQ�ZH�VKRXOG�DJDLQ�SRLQW�RXW�WKH�SULQFLSDO�DGYDQWDJHV�RI�GHYLFHV�EDVHG�RQ�LQWHUDFWLRQ�ZLWK�F\FORWURQ�DQG�V\QFKURQRXV�ZDYHV�RI�WKH�HOHFWURQ�EHDP����� 7KH�DEVHQFH�RI�QRQ�OLQHDULW\�FRQQHFWHG�ZLWK�IRUPDWLRQ�RI�VSDFH�FKDUJHG�EXQFKHV��5HODWLYLVWLF��QRQ�OLQHDU��GHSHQGHQFH�RI� WKH�HOHFWURQ�PDVV�RQ� WKH�HOHFWURQ�HQHUJ\�LV�QRW�XVHG�KHUH�� ��� 6WDELOLW\�RI�SKDVH�YHORFLWLHV�DQG�FLUFXODU�SRODUL]DWLRQ�RI�WUDQVYHUVH�ZDYHV�PDNH�LW�SRVVLEOH�WR�SURYLGH�D�KLJK�OHYHO�RI�VHOHFWLYLW\�LQ�HQHUJ\�H[FKDQJH�ZLWK�H[WHUQDO�HOHFWURPDJQHWLF�ILHOGV����� /HY�

)LJ������$�VFKHPH�RI� NO\VWURQ��QRW�LQ�VFDOH�ZLWK�FRPELQH��ORQJLWXGLQDO�WUDQVYHUVH��LQWHUDFWLRQ



�

HOV�RI�PLFURZDYH�SRZHU�LQ�WKH�HOHFWURQ�EHDP�FDQ VLJQLILFDQWO\�H[FHHG�WKH�LQLWLDO�HQHUJ\�RI�WKH�LQMHFWHG�HOHFWURQ�EHDP��7KHVH�IDFWRUV��ZKLFK�VHHP�WR�EH�TXLWH�VLPSOH��DOORZ�XV�WR�RYHU�FRPH�D�QXPEHU�RI�OLPLWDWLRQV��ZKLFK�UHVWULFW�WRGD\�WKH�GHYHORSPHQW�RI�PLFURZDYH�YDFXXP�HOHFWURQLFV�� 9,,,��3HUVSHFWLYHV$V D� UHVXOW� RI� DSSOLFDWLRQ�RI� WKHVH� QHZ�SULQFLSOHV� RI� HOHFWURQ� EHDP�JURXSLQJ�� YDULRXV�GHYLFHV�ZLWK�DWWUDFWLYH SDUDPHWHUV�IRU�GLIIHUHQW�SXUSRVHV�FDQ�EH�FUHDWHG�
x &<&/27521�:$9(�3527(&7256��&:3U�� LQFOXGLQJ� WXQDEOH�&:3U� ZLWK�VXSHU�KLJK� VHOI�SURWHFWLRQ� DJDLQVW� PLFURZDYH� RYHUORDGV� �XS� WR� ��������� N:� LQ� SXOVH���VKRUW�UHVWRUDWLRQ�WLPH�������QV���DEVHQFH�RI�OHDNDJH�SRZHU�SHDN��ORZ�YROWDJH�VXSSO\��VPDOO�VL]H�DQG�ZHLJKW�IRU�XVH�DV�D�ILUVW�HOHPHQW�RI�UDGDU�QDYLJDWLRQ��DQG�FRPPXQLFD�WLRQ�UHFHLYLQJ�V\VWHPV�x /2:�12,6(�&<&/27521�:$9(�3$5$0(75,&� $03/,),(56� �&:3$�� LQFOXG�LQJ� WZR�EHDP� &:3$� ZLWK� VXSSUHVVHG� LGOHU� FKDQQHO�� DQG� &<&/27521� :$9(�(/(&75267$7,&�$03/,),(56��&:(6$��ZLWK�ORZ�QRLVH�WHPSHUDWXUH���������.���H[WUHPHO\�OLQHDU�SKDVH�FKDUDFWHULVWLFV��VXSHU�KLJK�VHOI�SURWHFWLRQ�DJDLQVW�PLFURZDYH�RYHUORDGV��XS�WR�����N:�LQ�SXOVH���VKRUW�UHVWRUDWLRQ�WLPH�������QV���DEVHQFH�RI�OHDN�DJH�SRZHU�SHDN��ORZ�YROWDJH�VXSSO\��VPDOO�VL]H�DQG�ZHLJKW�x 1$552:�%$1'� &21752//('� &:(6$�),/7(56 ZLWK� ORZ� QRLVH� WHPSHUDWXUH����������.���KLJK�VSHHG�FRQWURO�RI�IUHTXHQF\�EDQG�LQ�ZLGH�UDQJH��XS�WR�������KLJK�VHOI�SURWHFWLRQ��VKRUW�UHVWRUDWLRQ�WLPH�������QV��DQG�DEVHQFH�RI�OHDNDJH�SRZHU�SHDN�x +,*+� 32:(5� &,5&8/$5/<� 32/$5,=('� 75$9(//,1*� :$9(� 78%(6��&37:7� ZLWK�KLJK�HIILFLHQF\��DERXW��������LQWR�WKH�ORDG�DQG�XS�WR ����ZLWK�VLQ�JOH�VWDJH�GHSUHVVHG�FROOHFWRU���ZLGH�EDQGZLGWK������DQG�PRUH��DQG�H[WUHPHO\�OLQ�HDU�SKDVH�FKDUDFWHULVWLFV�x +,*+�32:(5�&<&/27521�:$9(�&219(57(56� �&:&�� LQFOXGLQJ�&:&�KDY�LQJ�GHFUHDVHG�PDJQHWLF�ILHOG� ZLWK�HIILFLHQF\�RI�FRQYHUVLRQ�RI�PLFURZDYHV�LQ '&��XS�WR��������ZLWK�VLQJOH�VWDJH�GHSUHVVHG�FROOHFWRU��KLJK�RXWSXW�SRZHU�OHYHO�� XS�WR���������N:��RXWSXW�YROWDJH�UDQJH�� �������N9�x ./<675216� :,7+� &20%,1('� �ORQJLWXGLQDO�WUDQVYHUVH�� ,17(5$&7,21� �.&,�ZLWK�H[WHQGHG�EDQGZLGWK��XS�WR��������DQG�KLJK�HIILFLHQF\��!��������IRU�YDULRXV�SRZHU�OHYHOV��XS�WR����N:��



��

x &<&/27521�:$9(� 3+$6(� 6+,)7(56� �&:36� IRU� YDULRXV� SRZHU� OHYHOV� �IURP����:�WR����N:��ZLWK�ZLGH�SKDVH�FRQWURO�UDQJH���������JUDG���ORZ�VLJQDO�ORVVHV����������G%���KLJK�VSHHG�SKDVH�FRQWURO�6XFK� GHYLFHV KDYH� SRWHQWLDO� IRU� XVH� LQ� D�ZLGH� YDULHW\� RI� DSSOLFDWLRQV� LQFOXGLQJ� VXSHU�KLJK�TXDOLW\�PLOLWDU\�DQG�FLYLO�UDGDU��QDYLJDWLRQ�DQG�FRPPXQLFDWLRQ�V\VWHPV�DV�ZHOO�DV�WKH�IXWXUH�6SDFH�6RODU�3RZHUV�IRU�HQHUJ\�VXSSO\�IURP�6SDFH�WR�WKH�(DUWK�
$Q� LQWHUQDWLRQDO� FRRSHUDWLRQ� FRXOG� EH� SHUVSHFWLYH� LQ� WKLV� ILHOG� RI� YDFXXP�PLFURZDYH�HOHFWURQLFV�
,W�LV�YHU\�OLNHO\�WKDW�WKHUH� LV�DQ�RSSRUWXQLW\�WR�FUHDWH�VRPH�QHZ�DQG�LPSURYHG�GHYLFHV��ZKLFK�DUH�PDNLQJ�SRVVLEOH�V\VWHPV�KDYLQJ�FDSDELOLWLHV�ZHOO�EH\RQG�DQ\�ILHOGHG�WRGD\�

,;��5HIHUHQFHV>�@� �&�/�&XFFLD�� ³7KH�(OHFWURQ�&RXSOHU�� D�'HYHORSPHQWDO�7XEH� IRU�$PSOLWXGH�0RGXODWLRQ�DQG�3RZHU�&RQWURO�DW�8+)´��5&$�5HY���������YRO������S������
>�@� �:�+�/RXLVHOO�� ³&RXSOHG�0RGH� DQG� 3DUDPHWULF� (OHFWURQLFV´�� -RKQ�:LOH\� 	� 6RQV�� ,QF���1HZ�<RUN��/RQGRQ�������
>�@� � 9�0�/RSXNKLQ� HW� DO�� ³1RLVHV� DQG� 3DUDPHWULF� 3KHQRPHQD� LQ� (OHFWURQ� %HDPV´��1DXND��0RVFRZ���������,Q�5XVVLDQ��
>�@��9�$�9DQNH�HW�DO��³6XSHU�1RLVHOHVV�&\FORWURQ�:DYH�$PSOLILHUV´��6RYLHW�3K\VLFV�8VSHNKL��0D\�-XQH�������YRO������1R�����S������
>�@���<X�$�%XG]LQVN\��6�3�.DQW\XN��³$�1HZ�&ODVV�RI�6HOI�3URWHFWLQJ�/RZ�1RLVH�0LFURZDYH�$PSOLILHUV´� 3URF�� ,(((�077�6�0LFURZDYH� 6\PSRVLXP�� $WODQWD�� 86$� -XQH� ������ 'L�JHVW���YRO�����S�������>�@��9DQNH�9�$� HW�DO�� ³+LJK�3RZHU�&RQYHUWHU�RI�0LFURZDYHV�LQWR�'&´���-RXUQDO�RI��5DGLR�HOHFWURQLFV��������1R������:HE�6LWH���KWWS���MUH�FSOLUH�UX�MUH�VHS�����WH[W�KWPO>�@��9DQNH�9�$��HW�DO�� ³&\FORWURQ�:DYH�(OHFWURVWDWLF�$PSOLILHU´�� -RXUQDO�RI�5DGLRHOHFWURQ�LFV� ������1R������:HE�6LWH���KWWS���MUH�FSOLUH�UX�MUH�RFW�����WH[W�KWPO>�@��9DQNH�9�$���³&\FORWURQ�DQG�6\QFKURQRXV�2VFLOODWLRQV�DQG�:DYHV�RI�WKH�(OHFWURQ�%HDP��*HQHUDO�5HODWLRQV´� -RXUQDO�RI�5DGLRHOHFWURQLFV��������1R�����:HE�6LWH���KWWS���MUH�FSOLUH�UX�MUH�MDQ�����WH[WBH�KWPO�
>�@ <X�$�%XG]LQVN\ HW� DO�� ³0LFURZDYH� 'HYLFHV� 8VLQJ� )DVW� &\FORWURQ� :DYH´�� 5DGLRWHFK�QLTXH��������1R�����S�������,Q�5XVVLDQ��

http://jre.cplire.ru/jre/oct99/1/text.html
http://jre.cplire.ru/jre/sep99/1/text.html


��

>��@�9�$�9DQNH��³0LFURZDYH�(OHFWURQLFV�%DVHG�RQ�(OHFWURQ�%HDP�7UDQVYHUVH�:DYHV�8VLQJ´��,QYLWHG��� 7HFKQLFDO� 5HSRUW� RI� WKH� ,QVWLWXWH� RI� (OHFWURQLFV�� ,QIRUPDWLRQ� DQG� &RPPXQL�FDWLRQ�(QJLQHHUV��-DSDQ���('��������������S����
>��@� ,�$�%RXG]LQVNL�� 6�9�%\NRYVNL�� ³$PSOLI\LQJ� DQG�3URWHFWLYH�'HYLFHV�%DVHG RQ�(OHFWURQ�%HD�)DVW�&\FORWURQ�:DYH´��3URF�RI� WKH� �QG� ,QWHUQDWLRQDO�9DFXXP�(OHFWURQLFV�&RQIHU�HQFH��$SULO������������1RRUGZLMN��7KH�1HWKHUODQGV��S������
>��@� 9�$�9DQNH�� ³1RQ�7UDGLWLRQDO�0LFURZDYH� (OHFWURQLFV� %DVHG� RQ� (OHFWURQ� %HDP� 7UDQV�YHUVH�*URXSLQJ³��3URF��RI� WKH���UG�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�0LFURHOHFWURQLFV��0D\��������������1LV��<XJRVODYLD��WR�EH�SXEOLVKHG��
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB$XWKRU� 9DQNH�9ODGLPLU�$OH[DQGURYLFK���H�PDLO� YDQNH#PHVSV�SK\V�PVX�VX
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