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$EVWUDFW��7KLV�SDSHU�SUHVHQWV�D�QHZ�3KRHQL[�XQLW�FHOO�ZLWK�UHGXFHG�VL]H�������DW�FHQWUH�IUHTXHQF\���7KUHH�

GLIIHUHQW�WHFKQLTXHV�DUH�LQYHVWLJDWHG�WR�SUHVHUYH�D�FRPSOHWH������SKDVH�UDQJH��ZLWK�TXDVL�OLQHDU�DQG�

SDUDOOHO�SKDVH�UHVSRQVHV�RYHU�D�UHDVRQDEOH�IUHTXHQF\�EDQG��LQ�VSLWH�RI�WKLV�VPDOO�VL]H��7KH�SKDVH�F\FOH�

VXFFHVVLYHO\�XVHV�WZR�GLIIHUHQW�SULQWHG�HOHPHQWV�ZLWK�FRPSOHPHQWDU\�FDSDFLWLYH�DQG�LQGXFWLYH�UHVSRQVHV��

7KH�VWXGLHG�WHFKQLTXHV�DLP�DW�LQFUHDVLQJ�WKH�LQVXIILFLHQW�LQGXFWLYH�HIIHFW��$V�D�GHPRQVWUDWLRQ��D������

HOHPHQW�UHIOHFWDUUD\�LV�IDEULFDWHG�ZLWK�WKH�WHFKQLTXH�FRPSDWLEOH�ZLWK�D�VLQJOH�VXEVWUDWH�IDEULFDWLRQ�SURFHVV��

0HDVXUHG�UHVXOWV�VKRZ�D���G%�JDLQ�EDQGZLGWK�RI��������

�

��� ,QWURGXFWLRQ�

5HIOHFWDUUD\V� >�@� KDYH� H[SHULHQFHG� VWURQJ� GHYHORSPHQW� LQ� WKH� SDVW� WZR� GHFDGHV�� 7KLV� NLQG� RI�

DQWHQQDV�KDV�WKH�SRWHQWLDO�WR�IRUP�FRPSOH[�UDGLDWLRQ�SDWWHUQV�ZLWK�UHODWLYH�VLPSOLFLW\��ORZ�FRVW��ORZ�ORVVHV�

DQG�ORZ�SURILOH�>�@��

,W� LV� ZHOO� NQRZQ� WKDW� WKH� EDQGZLGWK� RI� D� SDVVLYH� UHIOHFWDUUD\� DQWHQQD� PDLQO\� GHSHQGV� RQ� WKH�

EDQGZLGWK�RI�WKH�SKDVH�VKLIWLQJ�FHOO�DQG�RQ�WKH�JHRPHWU\�RI�WKH�DQWHQQD�>�@��>�@��7KXV��ZKLOH�GHVLJQLQJ�D�

UHIOHFWDUUD\�� RQH� RI� WKH� PDLQ� FKDOOHQJHV� LV� WR� GHVLJQ� D� XQLW� FHOO� ZKLFK� SURYLGHV� D� TXDVL�OLQHDU� SKDVH�

YDULDWLRQ� YHUVXV� IUHTXHQF\� RYHU� D� FRPSOHWH� ����� UDQJH�� $QRWKHU� FULWLFDO� SRLQW� WR� EH� FRQVLGHUHG� LV� WKH�

VPRRWKQHVV�RI�WKH�FHOO�HYROXWLRQ�RYHU�WKH�SKDVH�F\FOH��,QGHHG�� LW�KDV�EHHQ�VKRZQ�WKHRUHWLFDOO\�LQ�>�@� WKDW�

VWURQJ� JHRPHWULF� YDULDWLRQV� EHWZHHQ� WZR� FRQVHFXWLYH� FHOOV� LQWURGXFH� D� VLJQLILFDQW� XQFHUWDLQW\� LQ� WKH�

VLPXODWHG� SKDVH� �WKDW� XVXDOO\� UHOLHV� RQ� D� ORFDO� SHULRGLFLW\� DVVXPSWLRQ��� 7KH� QHJDWLYH� HIIHFW� RI� VXFK�

WUDQVLWLRQV�KDV�EHHQ�VKRZQ�H[SHULPHQWDOO\�DW� WKH�DUUD\� OHYHO� LQ� >�@��7KHUHIRUH�� WKHUH�LV�GHILQLWLYHO\�D�ELJ�

LQWHUHVW�WR�SURYLGH�D�YHU\�VPRRWK�JHRPHWU\�HYROXWLRQ�RI�WKH�FHOO�RQ�WKH�VXUIDFH�RI�WKH�DUUD\��HYHQ�DW�SKDVH�

WUDQVLWLRQV��DIWHU�D�FRPSOHWH������F\FOH��

0XOWLOD\HU�VROXWLRQV�LPSURYH� WKH�SKDVH�UDQJH�RI�WKH�XQLW�FHOO�DQG�LWV�EDQGZLGWK��6RPH�RI� WKHP�XVH�

VWDFNHG�SDWFKHV�RQ�D�PXOWLOD\HU� VXEVWUDWH� VXFK�DV� WKH�VROXWLRQV�SURSRVHG�E\�(QFLQDU� >�@�� >�@��2WKHU�RQHV�

LQYROYH�WUXH�WLPH�GHOD\��77'��HOHPHQWV�>�@��
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&KDKDUPLU� SURSRVHG� DQ� DOWHUQDWLYH� WHFKQLTXH�ZLWK� UHODWLYH� VLPSOLFLW\� DQG� ORZ� FRVW�� ,W� FRQVLVWV� LQ�

XVLQJ�PXOWLSOH�UHVRQDWRUV�SULQWHG�RQ�D�VLQJOH�OD\HU�VXEVWUDWH�>��@�>��@��7KH�SKDVH�UDQJH�HDVLO\�UHDFKHV������

ZLWK�D�ZLGH�EDQGZLGWK��5HFHQWO\��VHYHUDO�GHULYHG�WRSRORJLHV�KDYH�EHHQ�SURSRVHG�>��@��>��@�DOVR�VKRZLQJ�

JRRG�SHUIRUPDQFH��7KH�PDLQ�GUDZEDFN�RI�WKHVH�VROXWLRQV�LV�WKH�TXLWH�ODUJH�FHOO�VL]H�������������������

7KH� VR�FDOOHG� �3KRHQL[�� FHOO� LV� DQRWKHU� VROXWLRQ� ZKRVH� PDLQ� LQWHUHVW� LV� WR� DYRLG� UXSWXUHV� LQ� WKH�

SHULRGLFLW\�RI�WKH�UHIOHFWDUUD\�OD\RXW��GXH�WR�LWV�XQLTXH�FDSDELOLW\�WR�ORRS�EDFN�WR�WKH�LQLWLDO�JHRPHWU\�DIWHU�

D������F\FOH�>��@��7KH�SKDVH�YDULDWLRQ�LV�TXDVL�OLQHDU�VLQFH�WKH�FHOO�FRPELQHV�WZR�FRQFHQWULF�DQQXODU�VORWV�

RI�FRPSOHPHQWDU\�VL]H��0RUHRYHU��LW�KDV�EHHQ�GHPRQVWUDWHG�WKDW�WKLV�NLQG�RI�FHOO�FDQ�EH�XVHG�WR�SURGXFH�

FRQWRXUHG�EHDPV�IRU�VSDFH�FRPPXQLFDWLRQV�>�@��+RZHYHU��LQ�LWV�LQLWLDO�YHUVLRQ��WKH��3KRHQL[��FHOO�VL]H�ZDV�

TXLWH�ODUJH�����������

6HYHUDO� VWXGLHV� KDYH� GHPRQVWUDWHG� WKH� LQWHUHVW� RI� XVLQJ� VXE�ZDYHOHQJWK� HOHPHQWV� >��@�>��@� RU�

PLQLDWXULVHG�HOHPHQW� IUHTXHQF\�VHOHFWLYH�VXUIDFHV� �0()66�� >��@� LQ�RUGHU� WR� LPSURYH�EDQGZLGWK�IXUWKHU��

2Q� WKH�RWKHU�KDQG�� UHGXFLQJ� WKH� VL]H�RI� WKH�XQLW�FHOO� UHGXFHV� WKH�SKDVH� UDQJH� LW� FDQ�SURYLGH�� ,Q� >��@��ZH�

SURSRVHG� DQ� DOWHUQDWLYH� �3KRHQL[�� F\FOH� �DOVR� ORRSLQJ� EDFN� WR� LWV� LQLWLDO� VWDWH�� RIIHULQJ� D� VPDOOHU� ODWWLFH�

��������DW������*+]���,W�LV�EDVHG�RQ�WKH�FRPELQDWLRQ�RI�D�SDWFK�DQG�D�VORW��ERWK�XVHG�RXW�RI�UHVRQDQFH��LQ�

WKH� VDPH� SKDVH� F\FOH�� $� ODUJH� IUHTXHQF\� EDQG� ZLWK� TXDVL�OLQHDU� SKDVH� UHVSRQVHV� ZDV� GHPRQVWUDWHG��

+RZHYHU��WKH�DFKLHYHG�SKDVH�UDQJH�ZDV�RQO\�������

,Q�WKLV�SDSHU�� WKH�VDPH�F\FOH�LV�FRQVLGHUHG�EXW� WKH�VL]H�RI�WKH�XQLW�FHOO� LV�UHGXFHG�IXUWKHU��GRZQ�WR�

�������0RUHRYHU�� WKUHH� GLIIHUHQW� WHFKQLTXHV� DUH� SUHVHQWHG� DQG� GLVFXVVHG� LQ� RUGHU� WR� FRPSOHWH� WKH� SKDVH�

UDQJH�XS� WR������ZKLOH�SUHVHUYLQJ�TXDVL�OLQHDU�SKDVH�UHVSRQVHV�RYHU�D� UHDVRQDEOH�EDQGZLGWK�� LQ�VSLWH�RI�

WKH�OLPLWHG�FHOO�VL]H��(TXLYDOHQW�FLUFXLWV�DUH�SURYLGHG�IRU�DOO�WHFKQLTXHV��KLJKOLJKWLQJ�WKH�GLIIHUHQW�LQYROYHG�

SK\VLFDO�PHFKDQLVPV��)LQDOO\��WKH�ODVW�WHFKQLTXH�LV�VHOHFWHG�IRU�WKH�IDEULFDWLRQ�RI�D�SURWRW\SH�DUUD\��VLQFH�LW�

LV�IXOO\�FRPSDWLEOH�ZLWK�D�VLQJOH�OD\HU�IDEULFDWLRQ�SURFHVV��

�

��� ,QLWLDO�3HUIRUPDQFHV�RI�WKH�1HZ�³3KRHQL[´�&\FOH��

$V� GHVFULEHG� LQ� >��@�� WKH� SURSRVHG� F\FOH� LQYROYHV� WZR� GLIIHUHQW� HOHPHQWV� VXFFHVVLYHO\�� ILUVW� D�

PHWDOOLF� FURVV�ZLWK� D� FDSDFLWLYH� EHKDYLRXU� DQG� WKHQ� D�PHWDOOLF� JULG� �GHILQLQJ� VTXDUH� DSHUWXUHV��ZLWK� DQ�

LQGXFWLYH�EHKDYLRXU��7KH�ILUVW�SDUW�RI�WKH�F\FOH�FRQVLVWV�LQ�JURZLQJ�WZR�FURVVHG�GLSROHV�RI�VL]H��Z��VHH�)LJ��

��D���XQWLO� FURVVHV� LQ� VXFFHVVLYH� FHOOV� WRXFK�HDFK�RWKHU�DQG� IRUP�D�PHWDOOLF� JULG��7KH�VHFRQG�SDUW� RI� WKH�

F\FOH�WKHQ�FRQVLVWV�LQ�QDUURZLQJ�WKH�ZLGWK�Z�RI�WKH�PHWDOOLF�JULG��VHH�)LJ����E����ZKLFK�LQFUHDVHV�WKH�VL]H�RI�

WKH�GHILQHG�VTXDUH�DSHUWXUHV��7KH�F\FOH�HQGV�ZLWK�WKH�FRPSOHWH�YDQLVKLQJ�RI� WKH�PHWDOOL]DWLRQ�EHIRUH�WKH�
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FURVV� LV� JURZQ�DJDLQ��1RWH� WKDW� WKH�SURSRVHG�FHOO� LV� VXLWDEOH� WR� RSHUDWH� LQ�GXDO� OLQHDU� SRODUL]DWLRQ� �ZLWK�

LGHQWLFDO�FRYHUDJH�IRU�ERWK�SRODUL]DWLRQV���

,Q�WKLV�QHZ�VWXG\��ZH�KDYH�FRQVLGHUHG�D�SKDVH�VKLIWLQJ�FHOO�RI�VL]H�/F �PP�������DW�����*+]���,W�LV�

SULQWHG�RQ�D������PP�WKLFN�'XUR�G�VXEVWUDWH��0U ������DQG�EDFNHG�E\�D�PHWDOOLF�JURXQG�SODQH��,Q�RUGHU�WR�

DVVHVV� WKH�SHUIRUPDQFH�RI� WKH�FHOO�� HOHFWURPDJQHWLF� VLPXODWLRQV�XVLQJ�+)66�� FRPPHUFLDO� VRIWZDUH�KDYH�

EHHQ�FDUULHG�RXW��7KH�FHOO�LV�DVVXPHG�WR�EH�SODFHG�LQ�DQ�LQILQLWH�DUUD\�RI�LGHQWLFDO�HOHPHQWV�DQG�LOOXPLQDWHG�

ZLWK�D�SODQH�ZDYH�XQGHU�QRUPDO�LQFLGHQFH��)LJ����VKRZV�WKH�UHIOHFWHG�SKDVH�YHUVXV�IUHTXHQF\�IRU�GLIIHUHQW�

YDOXHV�RI�Z�ZLWKLQ�WKH�F\FOH��7KH�GLIIHUHQW�SKDVH�UHVSRQVHV�DUH�DOPRVW�OLQHDU�DQG�SDUDOOHO��7KH�FURVV�PDLQO\�

RSHUDWHV�DV� D�FDSDFLWDQFH� DQG� WKH� JULG� DV� DQ� LQGXFWDQFH�� ERWK� HOHPHQWV�SURYLGLQJ� FRPSOHPHQWDU\�SKDVH�

UDQJHV� >��@�� )LQDOO\�� WKH� PD[LPXP� IUHTXHQF\� GLVSHUVLRQ� LV� ����*+]� DW� ����*+]� EXW� WKH� RYHUDOO� SKDVH�

UDQJH�LV�RQO\�������,QGHHG��)LJ����FOHDUO\�VKRZV�WKDW�WKH�LQGXFWLYH�HIIHFW�EURXJKW�E\�WKH�QDUURZHVW�PHWDOOLF�

JULG��Z ����PP�DV�LPSRVHG�E\�WHFKQRORJLFDO�FRQVWUDLQWV��LV�QRW�VXIILFLHQW�WR�EULGJH�WKH�����JDS�EHWZHHQ�

LQGXFWLYH�FHOOV��LQ�EOXH��DQG�FDSDFLWLYH�RQHV��LQ�UHG���ZKLOH�WKH�FDSDFLWLYH�VXE�UDQJH�LV�WRWDOO\�FRYHUHG�ZLWK�

WKH�FURVVHG�GLSROHV��7KLV�LV�FRQILUPHG�E\�FLUFXLW�VLPXODWLRQV�SHUIRUPHG�XVLQJ�$'6��FRPPHUFLDO�VRIWZDUH��

,Q�WKHVH�VLPXODWLRQV�� WKH�PHWDOOLF�FURVV�LV�UHSODFHG�E\�D�SXUH�FDSDFLWDQFH�DQG�WKH�PHWDOOLF�JULG�E\�D�SXUH�

LQGXFWDQFH��7KHVH�HOHPHQWV�DUH�ORDGHG�ZLWK�D�VKRUW�FLUFXLWHG�WUDQVPLVVLRQ� OLQH�UHSUHVHQWLQJ� WKH�VXEVWUDWH�

EDFNHG�E\�JURXQG�SODQH��$Q�HTXLYDOHQW�FLUFXLW�LV�JLYHQ�LQ�)LJ����D��ZKHUH�WKH�DGPLWWDQFH�< M%�VWDQGV�IRU�

WKH�UHDFWLYH�HOHPHQW��HLWKHU�FDSDFLWLYH�RU�LQGXFWLYH��ZKLOH�O�LV�WKH�VXEVWUDWH�WKLFNQHVV��)LJ����E��VKRZV�WKDW�

WKH� PD[LPXP� LQGXFWDQFH� QHFHVVDU\� WR� FRPSOHWH� WKH� SKDVH� F\FOH� LV� DSSUR[LPDWHO\� ��Q+� ZKHQ� WKH�

PD[LPXP� LQGXFWDQFH� SHUPLWWHG� E\� WKH� JULG� �IRU�Z �����PP�� LV� RQO\� ����Q+�� ,Q� WKH� IROORZLQJ� VHFWLRQ��

VROXWLRQV�IRU�HQKDQFLQJ�WKH�LQGXFWLYH�HIIHFW�ZLOO�EH�LQYHVWLJDWHG��

�
)LJ������3KDVH�VKLIWLQJ�FHOO��LQVLGH�WKH�UHG�VTXDUH��EDVHG�RQ�

D�FURVVHG�GLSROHV�

E�PHWDOOLF�JULG��VTXDUH�DSHUWXUHV��
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)LJ������,GHDO�SHUIRUPDQFH�RI�D�SKDVH�VKLIWLQJ�FHOO�

D�(TXLYDOHQW�FLUFXLW�RI�D�UHIOHFWDUUD\�FHOO�FRPSRVHG�RI�D�SXUH�UHDFWLYH�HOHPHQW�DERYH�D�JURXQG�SODQH�
E�,GHDO�UHIOHFWHG�SKDVH�YHUVXV�IUHTXHQF\�IRU�GLIIHUHQW�YDOXHV�RI�WKH�SXUH�FDSDFLWDQFH�&�DQG�WKH�SXUH�LQGXFWDQFH�/�
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��� (QKDQFHPHQW�RI�WKH�,QGXFWLYH�(IIHFW�LQ�WKH�3URSRVHG�³3KRHQL[´�&\FOH��

7KUHH�GLIIHUHQW�VROXWLRQV�DUH�FRQVLGHUHG�WR�LQFUHDVH�WKH�PD[LPXP�DFKLHYDEOH�LQGXFWDQFH��

�

�����0RYLQJ�WKH�*ULG�7RZDUGV�*URXQG�3ODQH�
�

$�ILUVW�SRVVLEOH�VROXWLRQ�LV�WR�PRYH�WKH�WKLQQHVW�JULG�WRZDUGV�WKH�JURXQG�SODQH�IRU�HOHPHQWV�UHTXLULQJ�

D�ODUJH�LQGXFWDQFH��:H�QRWH�WKDW�WKH�FDSDFLWLYH�HOHPHQW��WKH�FURVV��LV�PDLQWDLQHG�DW�D�IL[HG�GLVWDQFH�DERYH�

WKH�JURXQG�SODQH�UHJDUGOHVV�LWV�VL]H�Z��

)LJ����D��VKRZV�D�W\SLFDO�FRQILJXUDWLRQ�ZKHUH�WKH�LQGXFWLYH�HOHPHQW� LV� ORFDWHG�DW�D�GLVWDQFH�[�IURP�

WKH� JURXQG��7KH� UHIHUHQFH�SODQH� IRU� WKH� GHILQLWLRQ� RI� WKH� UHIOHFWHG� SKDVH� LV� NHSW� DW� WKH� LQLWLDO� GLVWDQFH� O�

EHFDXVH�PRVW�HOHPHQWV� LQ� WKH� UHIOHFWDUUD\�ZLOO� EH�SULQWHG� LQ� WKLV�SODQH��7KH� LQSXW� LPSHGDQFH�=,1� LV� WKHQ�

JLYHQ�E\�
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SUDFWLFH��WKH�VLWXDWLRQ�PD\�EH�VOLJKWO\�GLIIHUHQW�EXW�ZH�ZLOO�VKRZ�ZLWK�VLPXODWLRQV�WKDW�WKH�REVHUYHG�HIIHFW�
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ZKLFK�VKRZV�WKH�V\QWKHVL]HG�LQGXFWDQFH�/HT�FDQ�EH�PDGH�DV�ODUJH�DV�GHVLUHG��SURYLGHG�WKH�JULG�LV�PRYHG�

FORVH�HQRXJK�WR�WKH�JURXQG�SODQH��

,Q�RUGHU�WR�HYDOXDWH�WKH�IHDVLELOLW\�RI�WKLV�WHFKQLTXH��VLPXODWLRQV�KDYH�EHHQ�FDUULHG�RXW�XVLQJ�+)66��

ZLWK�WKH�VDPH�FRQGLWLRQV�DV� LQ�VHFWLRQ����/F �PP�� O �����PP�� L�H��/F �����DQG� O§����DW�����*+]���VHH�

)LJ����E����)LJ����F��FOHDUO\�VKRZV� WKH�VDWLVIDFWRU\�EHKDYLRXU�RI� WKH�F\FOH�� ,QGHHG��VKLIWLQJ� WKH�QDUURZHVW�

PHWDOOLF�JULG� �Z ����PP�� LQ� WKH�VXEVWUDWH�XS� WR������PP�DERYH� WKH�JURXQG�SODQH�SHUPLWV� WR�EULGJH� WKH�
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LQLWLDO� ���� JDS� FRQWLQXRXVO\� DOO� RYHU� WKH� IUHTXHQF\� EDQG�� 0RUHRYHU�� ����*+]� LV� VWLOO� WKH� PD[LPXP�

IUHTXHQF\�GLVSHUVLRQ�DW�����*+]��+RZHYHU��WKLV�ILUVW�VROXWLRQ�LV�QRW�VLPSOH�WR�LPSOHPHQW�SUDFWLFDOO\�DV�LW�

UHTXLUHV�WKH�PHWDOOL]DWLRQ�KDYH�WR�EH�SULQWHG�DW�GLIIHUHQW�OHYHOV��

�

�D��

�
�E��

�
�F��

)LJ������6LPXODWHG�SHUIRUPDQFH�RI�D�SKDVH�VKLIWLQJ�FHOO�ZKHUH�WKH�UHDFWLYH�HOHPHQW��KHUH�DQ�LQGXFWLYH�HOHPHQW��LV�PRYHG�WRZDUGV�

WKH�JURXQG�SODQH�

D�(TXLYDOHQW�FLUFXLW�RI�WKH�UHIOHFWDUUD\�FHOO�

E�8QLW�FHOO�ZLWK�WKH�QDUURZHVW�PHWDOOLF�JULG�VKLIWHG�WRZDUGV�JURXQG�SODQH�

F�&RPSOHWH�SKDVH�UDQJH�SURYLGHG�E\�WKH�UHIOHFWDUUD\�FHOO�

�����8VLQJ�D�&DSDFLWLYH�/RDGLQJ�RI�WKH�*URXQG�3ODQH�
�

$� VHFRQG� VROXWLRQ� WR� FRPSOHWH� WKH� ����� SKDVH� UDQJH� FRXOG� EH� D� FDSDFLWLYH� ORDGLQJ� RI� WKH� JURXQG�

SODQH��7KH�FDSDFLWLYH�ORDGLQJ�RI� WKH�JURXQG�FDQ�EH�SURYLGHG�E\�VTXDUH�DSHUWXUHV�RI�VL]H� W� �VHH�)LJ����D��

�E����,Q�SUDFWLFH��LQ�RUGHU�WR�SUHYHQW�IURP�DQ\�ORVVHV�WKURXJK�WKHVH�DSHUWXUHV��D�VHFRQG�JURXQG�SODQH�KDV�WR�

EH�SODFHG�����EHKLQG�WKH�FDSDFLWLYH�RQH��VHH�)LJ���D���F����
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/HW�XV�DVVXPH�WKH�JURXQG�SODQH�EDFNLQJ� WKH�FHOO� DW� GLVWDQFH� O� LV� UHSODFHG�E\�D� UHDFWLYH� LPSHGDQFH�

= M;��VHH�)LJ����D����:H�DOVR�FRQVLGHU�WKH�XVXDO�SULQWHG�HOHPHQW�LWVHOI�KDV�EHHQ�VXSSUHVVHG��ZKLFK�PHDQV�

WKH�UHIOHFWLYH�SKDVH�LV�RQO\�FRQWUROOHG�E\�WKH�UHDFWLYH�ORDGLQJ�RI�WKH�JURXQG�SODQH��

7KH�LQSXW�LPSHGDQFH�=,1�DW�WKH�UHIHUHQFH�SODQH�LV��

O;=

OM=M;
==

&

&

&,1 E
E

WDQ

WDQ

�

�
 � � � � � � � ����

DVVXPLQJ�O �����LW�EHFRPHV��

%M== &,1

� � � � � � � � ����

ZKHUH�;�LV�H[SUHVVHG�DV�; ���%��

&OHDUO\�� D� ODUJH� LQGXFWLYH� HIIHFW� FDQ� EH� REWDLQHG� E\� ORDGLQJ� WKH� JURXQG�ZLWK� D� ODUJH� FDSDFLWDQFH�

�ODUJH�% &&����

,Q� WKLV� VROXWLRQ�� WKH� FDSDFLWLYH� ORDGLQJ� RI� WKH� JURXQG� SODQH� LV� XVHG� ZLWKRXW� DQ\� SULQWHG� HOHPHQW�

�QHLWKHU�FURVV��QRU�PHWDOOLF�JULG��RQ� WKH� WRS�RI� WKH�FHOO��6LPXODWLRQV� �RQFH� DJDLQ�ZLWK� O �����PP�� VKRZ�

WKDW�GHFUHDVLQJ�WKH�VL]H�RI�WKH�DSHUWXUHV�SHUPLWV�WR�FRPSOHWH�WKH������RI�SKDVH�UDQJH�DW�����*+]��VHH�)LJ���

�E���� 7KH� VPDOOHVW� UHTXLUHG� DSHUWXUH� LV� W ���PP� ZKLFK� UHVXOWV� LQ� D� ���PP� RI� VHSDUDWLRQ� EHWZHHQ� WZR�

FDSDFLWLYH� SDWFKHV�� ZKLFK� LV� IXOO\� FRPSDWLEOH� ZLWK� WKH� IDEULFDWLRQ� UHVWULFWLRQ�� +HUH� DOVR� WKH� PD[LPXP�

IUHTXHQF\� GLVSHUVLRQ� RI� WKH� SKDVH� LV� ����*+]� DW� ����*+]�� 2QFH� DJDLQ�� WKLV� VROXWLRQ� UHTXLUHV� VHYHUDO�

PHWDOOL]DWLRQ�OHYHOV��RQO\�WZR�KHUH���ZKLFK�PDNHV�WKH�WHFKQRORJLFDO�SURFHVV�PRUH�FRPSOH[�WKDQ�WKH�LQLWLDO�

RQH��0RUHRYHU��LW�LV�OHVV�DWWUDFWLYH�WKDQ�WKH�SUHYLRXV�RQH�IRU�WKH�XSSHU�SDUW�RI�WKH�IUHTXHQF\�EDQG��

�
)LJ������&DSDFLWLYH�ORDGLQJ�RI�WKH�JURXQG�SODQH�

D�VLGH�YLHZ�RI�WKH�FHOO�

E�WRS�YLHZ�RI�WKH�FDSDFLWLYH�JURXQG�SODQH�

F�WRS�YLHZ�RI�WKH�IXOO�JURXQG�SODQH�EHKLQG�WKH�FDSDFLWLYH�RQH�
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)LJ������6LPXODWHG�SHUIRUPDQFH�RI�D�SKDVH�VKLIWLQJ�FHOO�ZLWK�D�FDSDFLWLYH�ORDGLQJ�RI�WKH�JURXQG�SODQH�

D�(TXLYDOHQW�FLUFXLW�RI�WKH�UHIOHFWDUUD\�FHOO��

E�&RPSOHWH�SKDVH�UDQJH�SURYLGHG�E\�WKH�UHIOHFWDUUD\�FHOO�

�����8VLQJ�D�³0HDQGHUHG´�JULG�
�

$� WKLUG� VROXWLRQ� WR� LQFUHDVH� WKH� SKDVH� UDQJH� FRQVLVWV� LQ� LQWURGXFLQJ� D� PHDQGHU� LQ� WKH� QDUURZHVW�

PHWDOOLF�JULG� �Z ����PP���$V� VKRZQ� LQ�)LJ��� �D���PHDQGHUV� DUH� LQWURGXFHG� LQ�[�GLUHFWHG�DQG�\�GLUHFWHG�

VWULSV� LQ�RUGHU� WR�SUHVHUYH�GXDO� OLQHDU�SRODUL]DWLRQ�� ,Q� WKH�IROORZLQJ��RQO\� WKH�\�SRODUL]HG�HOHFWULF�ILHOG� LV�

FRQVLGHUHG��7KH�UHDVRQLQJ�LV�WKH�VDPH�IRU�WKH�RUWKRJRQDO�SRODUL]DWLRQ��

'XH� WR� WKH�PHDQGHU�� D� VKXQW� FDSDFLWDQFH� LV� DGGHG� WR� WKH� LQLWLDO� JULG� LQGXFWDQFH� �VHH� )LJ��� �E���� LW�

DFFRXQWV�IRU�WKH�LQFUHDVHG�FRXSOLQJ�EHWZHHQ�WKH�[�GLUHFWHG�PHWDOOLF�VWULSV��7KH�DGGLWLRQDO�VHULHV�LQGXFWDQFH��

GXH�WR�WKH�PHDQGHUV�LQ�WKH�\�GLUHFWHG�VWULSV�� LV�TXLWH�QHJOLJLEOH��DV� LW�ZLOO�EH�VKRZQ�ODWHU��7KH�HTXLYDOHQW�

LPSHGDQFH�RI�WKH�JULG�LV�WKHQ�D�VKXQW�UHVRQDWRU��VHH�)LJ����E����

$VVXPLQJ�WKDW�WKH�FHOO�LV�ORFDWHG�����DERYH�WKH�JURXQG�SODQH��WKH�LQSXW�LPSHGDQFH�LV�JLYHQ�E\��
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ZKHUH�/�LV�WKH�JOREDO�LQGXFWDQFH�RI�WKH�\�GLUHFWHG�VWULSV�DQG�&�UHSUHVHQWV�WKH�FDSDFLWLYH�FRXSOLQJ�EHWZHHQ�

WKH�[�GLUHFWHG�VWULSV��

,I�&�LV�NHSW�EHORZ�&���WKH�JOREDO�LQGXFWDQFH�FDQ�EH�LQFUHDVHG�DQG�ZH�REWDLQ�DQ�HTXLYDOHQW�LQGXFWDQFH�

JLYHQ�E\��
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6R� WKLV� LV�FOHDUO\�DQRWKHU� VROXWLRQ� WR� REWDLQ� WKH�H[SHFWHG�KLJK� LQGXFWLYH�HIIHFW� WKDW� LV�QHFHVVDU\� WR�

FRPSOHWH� WKH� F\FOH�� 7KH� DGYDQWDJH� LV� WKDW� WKLV� HIIHFW� FDQ� EH� REWDLQHG� ZLWKRXW� XVLQJ� DQ\� DGGLWLRQDO�

PHWDOOL]DWLRQ�OHYHOV��

6LPXODWLRQV� �ZLWK� O �����PP�� VKRZ� WKDW� LQFUHDVLQJ� WKH� OHQJWK�P� RI� WKH� PHDQGHU� IURP� �PP� WR�

���PP�LV�VXIILFLHQW�WR�FRPSOHWH�WKH�SKDVH�UDQJH�DW�����*+]��VHH�)LJ����F����+RZHYHU��FRQWUDU\�WR�WKH�ILUVW�

WHFKQLTXH��PRYLQJ�WKH�JULG�WRZDUGV�WKH�JURXQG���WKH�IUHTXHQF\�GLVSHUVLRQ�RI�WKH�SKDVH�LQFUHDVHV�ZLWK�P��,W�

LV�ODUJHU�WKDQ�WKH�SUHYLRXV�PD[LPXP�GLVSHUVLRQ������*+]��IRU�P!�PP�DQG�UHDFKHV�����*+]��DW���*+]��

IRU�P ���PP��DW�WKH�H[SHQVH�RI�WKH�SDUDOOHOLVP�RI�WKH�SKDVH�UHVSRQVHV��

0RUHRYHU��)LJ����G��VKRZV�WKDW��IRU�D�SDUWLFXODU�HOHPHQW�VL]H��WKH�PD[LPXP�YDULDWLRQ�RI�WKH�UHIOHFWHG�

SKDVH�LV������EHWZHHQ���*+]�DQG���*+]��7KLV�PHDQV�WKDW�DQ�DYHUDJH�IUHTXHQF\�GLVSHUVLRQ�RI�����*+]�LV�

REWDLQHG�RYHU�����RI�EDQGZLGWK��7KLV�VHHPV�WR�EH�EHWWHU�WKDQ�WKH�SHUIRUPDQFH�RI�WKH�RULJLQDO�³3KRHQL[´�

F\FOH�>��@�ZKHUH� WKH�DYHUDJH�IUHTXHQF\�GLVSHUVLRQ�LV�����*+]�RYHU�����RI�EDQGZLGWK�������*+]���:H�

QRWH�WKDW�WKLV�FRPSDULVRQ�LV�RQO\�LQGLFDWLYH�VLQFH�ERWK�WKH�FHOO�VL]HV�DQG�FHQWUDO�IUHTXHQFLHV�DUH�GLIIHUHQW��

7KH� LQFUHDVH� LQ� WKH� IUHTXHQF\� GLVSHUVLRQ�ZLWK� WKH�PHDQGHUV� FDQ� EH� H[SODLQHG�HDVLO\� EDVHG� RQ� WKH�

HTXLYDOHQW�FLUFXLW��,QGHHG��D�GHHSHU�LQVLJKW�DW�WKH�HTXLYDOHQW�LQGXFWDQFHV�/HT�LQ�����DQG�����VKRZV�WKDW�WKH�

LQYROYHG�PHFKDQLVPV�DUH�GLIIHUHQW��&OHDUO\������LQYROYHV�D�UHVRQDQW�PHFKDQLVP�WKDW�PDNHV�WKH�FHOO�PRUH�

GLVSHUVLYH�� 7KXV�� WKH� GHVLUHG� LQFUHDVH� LQ� WKH� LQGXFWLYH� HIIHFW� FDQ� RQO\� EH� REWDLQHG� LI� ZH� DSSURDFK� WKH�

UHVRQDQFH��

,Q�RUGHU�WR�DVVHVV�WKH�YDOXHV�RI�WKH�LQGXFWDQFH�/�DQG�FDSDFLWDQFH�&�RI�WKH�/&�VKXQW�UHVRQDWRU�RI�WKH�

WKLQQHVW� JULG� ZLWK� PHDQGHUV�� WKH� XQLW� FHOO� ZDV� ILUVW� VLPXODWHG� XVLQJ� +)66�� FRPPHUFLDO� VRIWZDUH� �IRU�

GLIIHUHQW� VL]H� IRU� WKH�PHDQGHU��ZLWK� WZR�SRUWV��3RUW���DERYH� WKH�FHOO� �UHSUHVHQWLQJ� WKH� LQLWLDO� H[FLWDWLRQ���

DQG� SRUW� �� UHSODFLQJ� WKH� JURXQG� SODQH�� :LWK� WKLV� VLPXODWLRQ�� WKH� DGPLWWDQFH� PDWUL[� RI� WKH� HOHPHQW� LV�

FRPSXWHG�� 7KHQ�� WKLV� PDWUL[� LV� H[SRUWHG� LQWR� .H\VLJKW� 7HFKQRORJLHV� �$JLOHQW�� FRPPHUFLDO� FLUFXLW�

VLPXODWRU�$'6���ZKHUH�WKH�HTXLYDOHQW�/&�FLUFXLW�LV�V\QWKHVL]HG�>��@��7KH�YDOXHV�RI�WKH�LQGXFWDQFH�/�DQG�

Page 8 of 17

IET Review Copy Only

IET Microwaves, Antennas & Propagation



���

�

FDSDFLWDQFH�&� RI� WKH� JULG� ZLWK� PHDQGHUV� DUH� FDOFXODWHG� DQG� VXPPDUL]HG� LQ� 7DEOH� �� IRU� D� \�SRODUL]HG�

HOHFWULF�ILHOG��$V�WKH�OHQJWK�RI�WKH�PHDQGHU�LV�LQFUHDVHG��WKH�LQGXFWDQFH�/�UHPDLQV�DOPRVW�FRQVWDQW��DQG�WKH�

FDSDFLWDQFH�&� LQFUHDVHV��:H�QRWH� WKDW� WKH� FDOFXODWLRQ� RI� WKH� YDOXHV� RI�/� DQG�&� LV� OLPLWHG� WR� D�PHDQGHU�

OHQJWK�P ���PP�VLQFH�IRU�JUHDWHU�YDOXHV��FRXSOLQJ�SKHQRPHQD�DSSHDU�EHWZHHQ�WKH�RUWKRJRQDO�PHDQGHUV�

PDNLQJ�WKH�DQDO\VLV�RI�WKH�FLUFXLW�PRUH�FRPSOH[��

)LQDOO\��PHDQGHUV�ZLWK�P!�PP�DUH�RQO\�UHTXLUHG�RQ�D�YHU\�OLPLWHG�QXPEHU�RI�FHOOV��WKRVH�UHTXLULQJ�

WKH� ODUJHU� LQGXFWLYH� HIIHFW���0RUHRYHU�� WKLV� WHFKQLTXH� KDV� WKH� XQLTXH� SURSHUW\� WR� EH� FRPSDWLEOH� ZLWK� D�

VLQJOH�OD\HU� IDEULFDWLRQ� SURFHVV�� 7KHUHIRUH�� LW� KDV� EHHQ� VHOHFWHG� LQ� RUGHU� WR� FRQGXFW� DQ� H[SHULPHQWDO�

YDOLGDWLRQ�RQ�DQ�DQWHQQD�GHPRQVWUDWRU��
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)LJ������6LPXODWHG�SHUIRUPDQFH�RI�D�SKDVH�VKLIWLQJ�FHOO�ZLWK�D�³0HDQGHUHG´�JULG�

D�0HWDOOLF�JULG�DQG�XQLW�FHOO�ZLWK�PHDQGHUV�RI�YDULDEOH�OHQJWK�P�

E�(TXLYDOHQW�UHDFWLYH�HIIHFW�RI�D�VLPSOH�JULG�DQG�RI�D�JULG�ZLWK�PHDQGHU�IRU�\�SRODUL]DWLRQ�

F�&RPSOHWH�SKDVH�UDQJH�SURYLGHG�E\�WKH�UHIOHFWDUUD\�FHOO�

G�3KDVH�YDULDWLRQ�RYHU�WKH�FRPSOHWH�F\FOH�IRU�GLIIHUHQW�IUHTXHQFLHV�

7DEOH���9DOXHV�RI�/�DQG�&�LQ�WKH�/&�VKXQW�UHVRQDWRU�RI�WKH�JULG�ZLWK�PHDQGHUV�

�
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��� %HKDYLRU�RI�WKH�1HZ�³3KRHQL[´�&\FOH�8QGHU�2EOLTXH�$QJOH�RI�,QFLGHQFH�

7KH�SURSRVHG�F\FOH�ZLWK�WKH�PHDQGHUV�LV�QRZ�VWXGLHG�E\�SODFLQJ�WKH�FHOO�LQ�DQ�LQILQLWH�SHULRGLF�DUUD\�

LOOXPLQDWHG� ZLWK� D� SODQH� ZDYH� XQGHU� REOLTXH� LQFLGHQFH�� 7KH� REOLTXH� DQJOH� RI� LQFLGHQFH� UHVXOWV� LQ�

UHVRQDQFHV��QRW�VKRZQ��LQ�WKH�SKDVH�UHVSRQVHV�DW�IUHTXHQFLHV�EHORZ���*+]�DQG�DERYH���*+]��7KHQ��WKH�

DYDLODEOH�EDQGZLGWK�KDV�WR�EH�UHGXFHG�WR������*+]�ZKHUH�WKH�IUHTXHQF\�GLVSHUVLRQ�LV�PDLQWDLQHG�EHORZ�

����*+]�� $V� DQ� LOOXVWUDWLRQ�� WKH� SKDVH� UHVSRQVHV� RI� WKH� FRPSOHWH� F\FOH�� DORQJ� [� DQG� DORQJ� \�� IRU� WKH�

SDUWLFXODU� DQJOH� RI� LQFLGHQFH� �� ����� 3 ������ DUH� LOOXVWUDWHG� LQ� )LJ�� ��� 7KH� SKDVH� UDQJH� SURYLGHG� DW�

����*+]��FHQWUH�RI�WKH�UHGXFHG�EDQG��LV�������7KH�PD[LPXP�IUHTXHQF\�GLVSHUVLRQ�DW�����*+]�LV�����*+]�

IRU�[�SRODUL]DWLRQ�DQG�����*+]�IRU�\�SRODUL]DWLRQ��

�
)LJ������3KDVH�UHVSRQVHV�RI�WKH�FRPSOHWH�F\FOH��ZLWK�PHDQGHUV��IRU�DQ�REOLTXH�LQFLGHQFH��� �����3 �����

D�IRU�[�SRODUL]DWLRQ�

E�IRU�\�SRODUL]DWLRQ�

��� ([SHULPHQWDO�5HVXOWV�

$������HOHPHQW�RIIVHW�IHG�FLUFXODU�UHIOHFWDUUD\�ZDV�GHVLJQHG��IDEULFDWHG�DQG�PHDVXUHG��7KH�GLDPHWHU�

RI� WKH� DQWHQQD� LV� ���PP�� 7KH� SULPDU\� VRXUFH� LV� D� GXDO� OLQHDU� SRODUL]DWLRQ� VPDOO� VL]H� KRUQ� DQWHQQD�

RSHUDWLQJ� LQ� WKH� EDQG������*+]�� ,WV� SKDVH�FHQWHU� LV� ORFDWHG� �PP� LQZDUGV� WKH� DSHUWXUH�� ,W� LV� SRVLWLRQHG�

���PP�DERYH� WKH�FHQWUH�RI� WKH�DUUD\� �VHH�)LJ�� ��D����$�������RIIVHW� LV� XVHG� WR� OLPLW� IHHG�EORFNDJH��7KH�

PD[LPXP�DQJOH�RI�LQFLGHQFH�LV�����DQG�WKH�PD[LPXP�WDSHULQJ�LV���G%�DW�WKH�HGJH�RI�WKH�DUUD\��7KH�ODWWHU�

ZDV� GHVLJQHG� EDVHG� RQ� SKDVH�RQO\� V\QWKHVLV� IRU� EURDGVLGH� UDGLDWLRQ� DW� ����*+]�� *OREDOO\�� WKLV�

FRQILJXUDWLRQ�FDQ�EH�VHHQ�DV�D�ZRUVW�FDVH�EHFDXVH�RI� WKH�QRQ�VSHFXODU�PDLQ�EHDP�GLUHFWLRQ�DQG�WKH�QRQ�

RSWLPDO�DSHUWXUH�LOOXPLQDWLRQ��ZKLFK�UHVXOWV� LQ�D�OLPLWHG�EDQGZLGWK�DQG�UHGXFHG�DQWHQQD�HIILFLHQF\��DV� LW�

ZLOO�EH�REVHUYHG�KHUHDIWHU��7KLV�H[SHULPHQWDO�VHWXS��SRRU�LOOXPLQDWLRQ�DQG�QRQ�VSHFXODU�PDLQ�EHDP��ZDV�

VHOHFWHG�EDVHG�RQ�WKH�SRVVLELOLW\�RI� UHXVH�RI�DQ�DYDLODEOH�DQWHQQD�VXSSRUW�� DQG�QRW� WR�REWDLQ� WKH�RSWLPDO�

SHUIRUPDQFH��
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WKH� IDEULFDWHG� SURWRW\SH� LQVLGH� WKH� DQHFKRLF� FKDPEHU� LV� LOOXVWUDWHG� LQ� )LJ�� ��E��� )LJ�� ��� LOOXVWUDWHV� WKH�
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QRUPDOL]HG� UDGLDWLRQ� SDWWHUQV�� PHDVXUHG� DW� ����*+]� �FHQWUH� RI� WKH� IUHTXHQF\� EDQG��� LQ� (� SODQH� DQG� +�

SODQH� IRU�ERWK�SRODUL]DWLRQV�� ,W� VKRZV� WKDW� WKH� VLGH�OREHV� OHYHOV� �6//�� DUH�OHVV� WKDQ� ���G%�DQG� WKH�FURVV�

SRODUL]DWLRQV�DUH�EHORZ����G%��'XH�WR�WKH�RIIVHW�IHG�FRQILJXUDWLRQ��WKH�LOOXPLQDWLRQ�LV�QRW�V\PPHWULFDO�LQ�

WKH�\�]�SODQH��7KLV�UHVXOWV�LQ�VSHFXODU�UHIOHFWLRQ�LQ�WKLV�SODQH��(�SODQH�LQ�\�SRODUL]DWLRQ�DQG�+�SODQH�LQ�[�

SRODUL]DWLRQ��� +RZHYHU�� WKLV� UHIOHFWLRQ� UHPDLQV� EHORZ� ���G%�� 7KH� PDLQ� EHDP�� H[SHFWHG� WR� EH� SRLQWHG�

DORQJ��]�GLUHFWLRQ��LV�VKLIWHG�E\����LQ�[�]�SODQH�DQG�E\������LQ�\�]�SODQH��7KLV�LV�GXH�WR�XQFHUWDLQWLHV�LQ�WKH�

SRVLWLRQ�DQG�RULHQWDWLRQ�RI�WKH�KRUQ��7KH�KDOI�SRZHU�EHDPZLGWK�RI�WKH�PDLQ�OREH�LV�DERXW�������

�
�D��

� �
�E�� � � � � � � �F��

)LJ������)DEULFDWHG�DQWHQQD�

D�'LPHQVLRQV�RI�WKH�DQWHQQD�VXSSRUW�

E�3KRWRJUDSK�RI�WKH�IDEULFDWHG�SURWRW\SH�LQVLGH�WKH�DQHFKRLF�FKDPEHU�

F�3KRWRJUDSK�RI�WKH�FRPSOHWH�F\FOH�RQ�WKH�IDEULFDWHG�SURWRW\SH�

Page 12 of 17

IET Review Copy Only

IET Microwaves, Antennas & Propagation



���

�

�

�

�

�

�

�

�

�

�

�

�D�� � � � � � �E��

� �

�

�

� �

�

�

�

�

�

�

�

�

�

�

�F�� � � � � � �G��

)LJ�������1RUPDOL]HG�UDGLDWLRQ�SDWWHUQ�PHDVXUHG�DW�����*+]�

D�(�SODQH�ZKHQ�WKH�HOHFWULF�ILHOG�LV�\�SRODUL]HG��YHUWLFDO�SRODUL]DWLRQ��

E�+�SODQH�ZKHQ�WKH�HOHFWULF�ILHOG�LV�\�SRODUL]HG��YHUWLFDO�SRODUL]DWLRQ��

F�(�SODQH�ZKHQ�WKH�HOHFWULF�ILHOG�LV�[�SRODUL]HG��KRUL]RQWDO�SRODUL]DWLRQ��

G�+�SODQH�ZKHQ�WKH�HOHFWULF�ILHOG�LV�[�SRODUL]HG��KRUL]RQWDO�SRODUL]DWLRQ��
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7KH�GLUHFWLRQ�RI�WKH�PDLQ�EHDP�YDULHV�ZLWK�IUHTXHQF\�IURP�����WR�������7KH�VDPH�EHKDYLRXU�LV�REWDLQHG�LQ�

WKH�+�SODQH�IRU�WKH�[�SRODUL]DWLRQ��VHH�)LJ�����E����:KHQ�WKH�HOHFWULF�ILHOG�LV�\�SRODUL]HG��WKH�6//�DQG�WKH�

FURVV�SRODUL]DWLRQ�OHYHO�RI�WKH�UDGLDWLRQ�SDWWHUQ�LQ�WKH�+�SODQH�DUH�PDLQWDLQHG�UHVSHFWLYHO\���G%�DQG���G%�

EHORZ� WKH�PDLQ� EHDP� LQ� WKH� ��������*+]� EDQG� �VHH� )LJ�� ���F����0RUHRYHU�� WKH�PDLQ� EHDP�GLUHFWLRQ� LV�

WLOWHG�E\�����7KH�VDPH�EHKDYLRXU�LV�REWDLQHG�LQ�WKH�(�SODQH�IRU�WKH�[�SRODUL]DWLRQ��VHH�)LJ�����G����
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)LJ�������5DGLDWLRQ�SDWWHUQ�PHDVXUHG�IRU�GLIIHUHQW�IUHTXHQFLHV�

D�\�SRODUL]DWLRQ��(�SODQH�

E�[�SRODUL]DWLRQ��+�SODQH�

F�\�SRODUL]DWLRQ��+�SODQH�

G�[�SRODUL]DWLRQ��(�SODQH��

7KH� JDLQ� ZDV� PHDVXUHG� DW� �]� GLUHFWLRQ� LQ� ERWK� SRODUL]DWLRQV� �VHH� )LJ�� ����� $� PD[LPXP� JDLQ� LV�

REWDLQHG�DW������*+]��,W�LV�HTXDO�WR�����G%L�DQG�����G%L�IRU�[�SRODUL]DWLRQ�DQG�\�SRODUL]DWLRQ�UHVSHFWLYHO\��

7KLV� LV�HTXLYDOHQW� WR�����RI�DQWHQQD�HIILFLHQF\��6XFK�D�TXLWH�VPDOO�YDOXH�PD\�EH�H[SODLQHG�E\� WKH�QRQ�

RSWLPDO�LOOXPLQDWLRQ�RI�WKH�UHIOHFWLQJ�SDQHO�LQ�WKLV�FDQRQLFDO�EUHDGERDUG����G%�RI�WDSHULQJ�DW�WKH�HGJH�RI�

WKH� DUUD\��� 7KH� ��G%� JDLQ� EDQGZLGWK� LV� ������ IURP� ����*+]� WR� ��*+]��%DQGZLGWK� FRXOG� FHUWDLQO\� EH�

LPSURYHG� IXUWKHU� XVLQJ� D� FRQILJXUDWLRQ� ZKHUH� WKH� PDLQ� EHDP� LV� VWHHUHG� LQ� WKH� GLUHFWLRQ� RI� VSHFXODU�

UHIOHFWLRQ��

��� � ��

�

��

��

��

T����

5
D
G
LD
WL
R
Q
�3
D
WW
H
UQ
��
G
%
�

�

�

����*+]

��*+]

����*+]

��*+]

�}r�}o��]Ì��]}v

��}��r�}o��]Ì��]}v

��� � ��

�

��

��

��

T����

5
D
G
LD
WL
R
Q
�3
D
WW
H
UQ
��
G
%
�

�

�

����*+]

��*+]

����*+]

��*+]

�}r�}o��]Ì��]}v

��}��r�}o��]Ì��]}v

��� � ��

�

��

��

��

T����

5
D
G
LD
WL
R
Q
�3
D
WW
H
UQ
��
G
%
�

�

�

����*+]

��*+]

����*+]

��*+]

�}r�}o��]Ì��]}v

��}��r�}o��]Ì��]}v

��� � ��

�

��

��

��

T����

5
D
G
LD
WL
R
Q
�3
D
WW
H
UQ
��
G
%
�

�

�

����*+]

��*+]

����*+]

��*+]

�}r�}o��]Ì��]}v

��}��r�}o��]Ì��]}v

Page 14 of 17

IET Review Copy Only

IET Microwaves, Antennas & Propagation



���

�

�
)LJ�������*DLQ�YHUVXV�IUHTXHQF\�LQ�ERWK�SRODUL]DWLRQV�

��� &RQFOXVLRQ��

,Q�WKLV�SDSHU��D�QHZ�VXE�ZDYHOHQJWK��3KRHQL[��FHOO�LV�SURSRVHG��,W�FRPELQHV�WZR�GLIIHUHQW�HOHPHQWV�

XVHG�RXW�RI�WKHLU�UHVRQDQFH�LQ�RUGHU�WR�SURYLGH�D�ZLGH�EDQGZLGWK��7KH�LQLWLDO�FHOO�LV�QRW�DEOH�WR�SURYLGH�D�

�����RI�SKDVH�UDQJH��,Q�RUGHU� WR�RYHUFRPH�WKLV�OLPLWDWLRQ��WKUHH�GLIIHUHQW�WHFKQLTXHV�ZHUH�SURSRVHG��7KH�

WKLUG�RQH�LV�IXOO\�FRPSDWLEOH�ZLWK�D�VLQJOH�OD\HU�PDQXIDFWXULQJ�SURFHVV��7KHVH�WHFKQLTXHV�ZHUH�DQDO\]HG�

EDVHG�RQ�HTXLYDOHQW�HOHFWULF�FLUFXLWV�VXSSRUWHG�ZLWK�VLPXODWLRQV��7KH\�VKRZHG�WKDW�D�FRPSOHWH������SKDVH�

UDQJH�ZLWK�TXDVL�OLQHDU�DQG�SDUDOOHO�SKDVH�UHVSRQVHV�RYHU�D�UHDVRQDEOH�IUHTXHQF\�EDQG�FDQ�EH�REWDLQHG�LQ�

VSLWH� RI� WKH� VPDOO� VL]H� RI� WKH� FHOO�� )LQDOO\� D� UHIOHFWDUUD\� SURWRW\SH� XVLQJ� WKH� WHFKQLTXH�ZLWK� WKH� VLPSOHU�

WHFKQRORJLFDO�SURFHVV�ZDV�IDEULFDWHG�DQG�PHDVXUHG��,Q�VSLWH�RI�WKH�QRQ�RSWLPDO�DQWHQQD�FRQILJXUDWLRQ��D���

G%�JDLQ�EDQGZLGWK�RI�������ZDV�GHPRQVWUDWHG�DQG�TXLWH�JRRG�SHUIRUPDQFH�LQ� WHUP�RI�UDGLDWLRQ�SDWWHUQ�

ZDV�REWDLQHG��

��� 5HIHUHQFHV�
�

>�@� -�� +XDQJ�� -�� $�� (QFLQDU�� µ5HIOHFWDUUD\� $QWHQQDV¶��:LOH\�,(((� 3UHVV�� ,6%1�� ������������������� 1RYHPEHU�

������

>�@�'��0��3R]DU��6��'��7DUJRQVNL��DQG�5��3RNXOV��µ$�VKDSHG�EHDP�PLFURVWULS�SDWFK�UHIOHFWDUUD\¶��,(((�7UDQVDFWLRQV�

RQ�$QWHQQDV�DQG�3URSDJDWLRQ��YRO������QR�����-XO\�������SS������±������

>�@�'��0��3R]DU��µ%DQGZLGWK�RI�UHIOHFWDUUD\V¶��(OHFWURQLFV�/HWWHUV��YRO������QR������2FWREHU�������SS�������������

>�@�0��(��%LDONRZVNL�DQG�.��+��6D\LGPDULH�� µ%DQGZLGWK�FRQVLGHUDWLRQV�IRU�D�PLFURVWULS� UHIOHFWDUUD\¶��3URJUHVV� LQ�

(OHFWURPDJQHWLFV�5HVHDUFK�%��YRO�����������SS�����������
>�@�0�$��0LORQ��5��*LOODUG��+��/HJD\��µ5LJRURXV�DQDO\VLV�RI�WKH�UHIOHFWDUUD\�UDGLDWLQJ�HOHPHQWV��&KDUDFWHUL]DWLRQ�RI�

WKH� VSHFXODU� UHIOHFWLRQ� HIIHFW� DQG� WKH� PXWXDO� FRXSOLQJ� HIIHFW¶�� ��WK� (6$� ZRUNVKRS� RQ� 0XOWLSOH� %HDPV� DQG�

5HFRQILJXUDEOH�$QWHQQDV��1HWKHUODQGV��$SULO��������������
>�@� +�� /HJD\�� '�� %UHVFLDQL�� (�� /DELROH�� HW� DO��� µ$� PXOWLIDFHWV� FRPSRVLWH� SDQHO� UHIOHFWDUUD\� DQWHQQD� IRU� D� VSDFH�

FRQWRXUHG�EHDP�DQWHQQD�LQ�NX�EDQG¶��3URJUHVV�,Q�(OHFWURPDJQHWLFV�5HVHDUFK�%��YRO������������SS���±����

>�@�-��$��(QFLQDU��µ'HVLJQ�RI�7ZR�/D\HU�3ULQWHG�5HIOHFWDUUD\V�8VLQJ�3DWFKHV�RI�9DULDEOH�6L]H¶��,(((�7UDQVDFWLRQV�

RQ�$QWHQQDV�DQG�3URSDJDWLRQ��YRO������QR������2FWREHU�������SS�������������
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>�@�-��$��(QFLQDU��DQG�-��$��=RUQR]D��µ%URDGEDQG�'HVLJQ�RI�7KUHH�/D\HU�3ULQWHG�5HIOHFWDUUD\V¶��,(((�7UDQVDFWLRQV�

RQ�$QWHQQDV�DQG�3URSDJDWLRQ��YRO������QR�����������SS�������������

>�@�(��&DUDVFR��-��$��(QFLQDU��DQG�0��%DUED��µ%DQGZLGWK�,PSURYHPHQW�LQ�/DUJH�5HIOHFWDUUD\V�E\�8VLQJ�7UXH�7LPH�

'HOD\¶��,(((�7UDQVDFWLRQV�RQ�$QWHQQDV�DQG�3URSDJDWLRQ��YRO������QR�����������SS�������������

>��@�0�� 5�� &KDKDUPLU�� -�� 6KDNHU�� 0�� &XKDFL�� HW� DO��� µ%URDGEDQG� UHIOHFWDUUD\� DQWHQQD� ZLWK� GRXEOH� FURVV� ORRSV¶��

(OHFWURQLFV�/HWWHUV��YRO������QR�����-DQXDU\�������SS���������

>��@� 0�� 5�� &KDKDUPLU� DQG� -�� 6KDNHU�� µ%URDGEDQG� UHIOHFWDUUD\� ZLWK� FRPELQDWLRQ� RI� FURVV� DQG� UHFWDQJOH� ORRS�

HOHPHQWV¶��(OHFWURQLFV�/HWWHUV��YRO������QR������0D\�������SS�����������

>��@�0��5��&KDKDUPLU�� -��6KDNHU�� DQG�+��/HJD\�� µ%URDGEDQG�'HVLJQ�RI� D�6LQJOH�/D\HU�/DUJH�5HIOHFWDUUD\�8VLQJ�
0XOWL�&URVV�/RRS�(OHPHQWV¶��,(((�7UDQVDFWLRQV�RQ�$QWHQQDV�DQG�3URSDJDWLRQ��YRO������QR������2FWREHU�������SS��

�����������

>��@�4��<��&KHQ��6��:��4X��;��4��=KDQJ��HW�DO���µ/RZ�3URILOH�:LGHEDQG�5HIOHFWDUUD\�E\�1RYHO�(OHPHQWV�ZLWK�/LQHDU�

3KDVH�5HVSRQVH¶��,(((�$QWHQQDV�DQG�:LUHOHVV�3URSDJDWLRQ�/HWWHUV��YRO������������SS�������������

>��@�$�� 9RVRRJK��.�� .H\JKREDG��$��.KDOHJKL�� HW� DO��� µ$�+LJK�(IILFLHQF\�.X�%DQG� 5HIOHFWDUUD\�$QWHQQD�8VLQJ�

6LQJOH�/D\HU�0XOWLUHVRQDQFH�(OHPHQWV¶��,(((�$QWHQQDV�DQG�:LUHOHVV�3URSDJDWLRQ�/HWWHUV��YRO������������SS������

�����

>��@�/��0RXVWDID��5��*LOODUG��)��3HULV��HW�DO���µ7KH�3KRHQL[�&HOO��$�1HZ�5HIOHFWDUUD\�&HOO�ZLWK�/DUJH�%DQGZLGWK�DQG�

5HELUWK�&DSDELOLWLHV¶��,(((�$QWHQQDV�DQG�:LUHOHVV�3URSDJDWLRQ�/HWWHUV��YRO������������SS���������
>��@�'��0��3R]DU��µ:LGHEDQG�UHIOHFWDUUD\V�XVLQJ�DUWLILFLDO�LPSHGDQFH�VXUIDFHV¶��(OHFWURQLFV�/HWWHUV��YRO������QR�����

�����SS�����±�����

>��@� 3�� 1D\HUL�� )�� <DQJ�� $�� =�� (OVKHUEHQL�� µ$� EURDGEDQG� PLFURVWULS� UHIOHFWDUUD\� XVLQJ� VXE�ZDYHOHQJWK� SDWFK�
HOHPHQWV¶��,(((�$QWHQQDV�DQG�3URSDJDWLRQ�6RFLHW\�,QWHUQDWLRQDO�6\PSRVLXP��-XQH�������

>��@� *�� =KDR�� <�� &�� -LDR�� )�� =KDQJ�� HW� DO��� µ$� VXEZDYHOHQJWK� HOHPHQW� IRU� EURDGEDQG� FLUFXODUO\� SRODUL]HG�

UHIOHFWDUUD\V¶��,(((�$QWHQQDV�DQG�3URSDJDWLRQ�/HWWHUV��YRO�����������SS�����±�����

>��@� -�� (WKLHU��0�� 5�� &KDKDUPLU�� -�� 6KDNHU�� µ5HIOHFWDUUD\� GHVLJQ� FRPSULVHG� RI� VXE�ZDYHOHQJWK� FRXSOHG�UHVRQDQW�

VTXDUH�ORRS�HOHPHQWV¶��(OHFWURQLFV�/HWWHUV��YRO�����QR������������SS������±������

>��@� $�� (GDODWL�� DQG� .�� 6DUDEDQGL�� µ5HIOHFWDUUD\� DQWHQQD� EDVHG� RQ� JURXQGHG� ORRS�ZLUH� PLQLDWXULVHG�HOHPHQW�

IUHTXHQF\�VHOHFWLYH�VXUIDFHV¶��,(7�0LFURZDYHV��$QWHQQDV�	�3URSDJDWLRQ��YRO�����QR������������SS�����������

>��@�7��0DNGLVV\�5��*LOODUG��(��)RXUQ��HW�DO���µ$�3DWFK�6ORW�&RPELQDWLRQ�$SSURDFK�IRU�/DUJH�%DQG�5HIOHFWDUUD\V¶��

��QG�(XURSHDQ�0LFURZDYH�&RQIHUHQFH��1HWKHUODQGV��������SS�����������
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