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5RWDU\ HOHFWURVWDWLF PLFURDFWXDWRUV� VXLWDEOH IRU XVH LQ D WZR�VWDJH VHUYR V\VWHP IRU PDJ�
QHWLF GLVN GULYHV� KDYH EHHQ IDEULFDWHG XVLQJ WKH +H[6LO SURFHVV� 7KHVH GHYLFHV DUH VKRZQ WR
EH FDSDEOH RI SRVLWLRQLQJ WKH UHDG�ZULWH HOHPHQWV RI D ��� �SLFR� VOLGHU RYHU D IXOO h� zP
UDQJH� ZLWK D SUHGLFWHG EDQGZLGWK RI � N+]� &RQWLQXRXV�WLPH FRQWURO GXDO�VWDJH VHUYRV ZHUH
GHVLJQHG DQG VLPXODWHG XVLQJ WKH z V\QWKHVLV WHFKQLTXH� $ 6HTXHQWLDOO\ GHVLJQHG 6LQJOH�
LQSXW�VLQJOH�RXWSXW �6,62� DQG PXOWL�LQSXW�PXOWL�RXWSXW �0,02� FRQWURO GHVLJQ PHWKRGV
KDYH EHHQ VKRZQ WR EH FDSDEOH RI PHHWLQJ SUHVFULEHG XQFHUWDLQW\ DQG SHUIRUPDQFH VSHFLpFD�
WLRQV�

� , QWU RGXFWLRQ

7KH DUHDO GHQVLW\ RI PDJQHWLF GLVN�GULYHV LV LQFUHDVLQJ DW DQ DQQXDO UDWH RI ��� DQG LV H[SHFWHG
WR UHDFK �� *%LW�LQ� E\ WKH WXUQ RI WKH FHQWXU\ >�@� 8QWLO UHFHQWO\� WKHVH LQFUHDVHV KDYH EHHQ
DFKLHYHG E\ D FRPELQDWLRQ RI LQFUHDVHG WUDFN SLWFK � ZKLFK LV WKH QXPEHU RI WUDFNV SHU LQFK
DORQJ WKH UDGLXV RI WKH GLVN � DQG DQ LQFUHDVH LQ OLQHDU ELW GHQVLW\ � ZKLFK LV WKH QXPEHU RI ELWV
ZULWWHQ DORQJ RQH LQFK RI D WUDFN� ,QFUHDVHV LQ ELW GHQVLW\ UHTXLUH HLWKHU PRUH VHQVLWLYH KHDG
HOHPHQWV RU UHGXFHG q\LQJ KHLJKW� 7ULERORJLFDO SUREOHPV SRVHG E\ FRQWDFW DQG QHDU�FRQWDFW
UHFRUGLQJ KDYH EHHQ GHOD\HG E\ WKH LQWURGXFWLRQ RI 0DJQHWR�5HVLVWLYH �05� KHDGV� ZKLFK
DOORZ KLJKHU q\LQJ KHLJKWV GXH WR WKHLU JUHDWHU VHQVLWLYLW\ FRPSDUHG WR LQGXFWLYH HOHPHQWV�
+RZHYHU� JLYHQ WKDW FXUUHQW ELW GHQVLWLHV DUH DSSUR[LPDWHO\ WHQ WLPHV JUHDWHU WKDQ WUDFN
GHQVLWLHV� VLJQLpFDQW DUHDO GHQVLW\ LQFUHDVHV FDQ EH DFKLHYHG E\ UHGXFLQJ WKH WUDFN ZLGWK
ZLWKRXW UHGXFLQJ q\LQJ KHLJKW RU UHVRUWLQJ WR *LDQW 0DJQHWR�5HVLWLYH �*05� KHDGV�
7R DFKLHYH WKH JRDO RI �� *%LW�LQ�� OLQHDU WUDFN GHQVLWLHV PXVW H[FHHG ������ WUDFNV�SHU�

LQFK� UHVXOWLQJ LQ WUDFNV ZKLFK DUH � zP ZLGH DQG DQ DOORZDEOH VHUYR WUDFNLQJ DFFXUDF\ RI
��� QP� %HFDXVH FRQYHQWLRQDO VHUYR DFWXDWRUV FDQQRW SURYLGH WKLV OHYHO RI WUDFNLQJ DFFXUDF\�
WKH XVH RI D PLFURDFWXDWRU IRU KLJK�EDQGZLGWK� KLJK DFFXUDF\ SRVLWLRQLQJ KDV EHHQ SURSRVHG�
7R GDWH� WKHVH GHVLJQV KDYH EHHQ RI WKUHH GLVWLQFW W\SHV� 7KH pUVW W\SH PD\ EH FODVVLpHG DV
DQ DFWXDWHG VXVSHQVLRQ� ,Q WKLV DSSURDFK� FRQYHQWLRQDO DVVHPEO\ DQG PDFKLQLQJ WHFKQLTXHV
DUH XVHG WR LQWHJUDWH DQ HOHFWURPDJQHWLF RU SLH]RHOHFWULF DFWXDWRU LQWR D FRQYHQWLRQDO VWHHO
VXVSHQVLRQ >��� �@� $ GLVDGYDQWDJH WR WKHVH GHVLJQV LV WKDW WKH\ ORFDWH WKH DFWXDWRU IDU IURP
WKH UHDG�ZULWH HOHPHQWV DQG WKHUHIRUH KDYH D OLPLWHG EDQGZLGWK GXH WR VXVSHQVLRQ YLEUDWLRQ�
7KH VHFRQG W\SH PD\ EH FODVVLpHG DV DQ DFWXDWHG KHDG� LQ ZKLFK WKH DFWXDWRU LV ORFDWHG RQ
WKH VOLGHU DQG WKH UHDG�ZULWH HOHPHQWV DUH SODFHG RQ WRS RI WKH DFWXDWRU >�� ��� �@� 7KH FULWLFDO
OLPLWDWLRQ RI WKLV DSSURDFK LV WKDW WKH DFWXDWRU IDEULFDWLRQ SURFHVV PXVW EH FRPSDWLEOH ZLWK
WKH KHDG�VOLGHU IDEULFDWLRQ SURFHVV� 7KH DFWXDWRUV GLVFXVVHG LQ WKLV SDSHU DUH RI WKH WKLUG W\SH�
ZKHUH WKH DFWXDWRU LV SODFHG EHWZHHQ WKH VOLGHU DQG WKH JLPEDO RI D FRQYHQWLRQDO VXVSHQVLRQ
>�� �@�
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� 0 LFU RDFWXDWRU 'HVLJQ DQG )DEU LFDWLRQ

)LJXUH �� /HIW � 6HUYR SRVLWLRQLQJ PHFKDQLVP RI D FRQYHQWLRQDO PDJQHWLF GLVN�GULYH� 5LJKW �
([SORGHG YLHZ RI WKH PLFURDFWXDWRU DVVHPEO\� 7KH PLFURDFWXDWRU LV VDQGZLFKHG EHWZHHQ WKH
VOLGHU DQG D FRQYHQWLRQDO JLPEDO�

)LJ� � VKRZV WKH VHUYR�SRVLWLRQLQJ PHFKDQLVP RI D FRQYHQWLRQDO GLVN�GULYH� 5HDG DQG ZULWH
HOHPHQWV ZKLFK WUDQVIHU GDWD WR DQG IURP WKH GLVN DUH HPEHGGHG LQ D FHUDPLF VOLGHU ZKLFK LV
ERQGHG WR D JLPEDO DW WKH HQG RI WKH VWDLQOHVV VWHHO VXVSHQVLRQ� $Q HOHFWURPDJQHWLF YRLFH�
FRLO PRWRU �9&0� DWWDFKHG WR WKH RSSRVLWH HQG RI WKH VXVSHQVLRQ LV XVHG WR PRYH WKH VOLGHU
UDGLDOO\ DFURVV WKH GLVN� 7KH FRQWUROOHG YDULDEOH LV WKH SRVLWLRQ HUURU VLJQDO �3(6�� ZKLFK LV
WKH PHDVXUH RI WKH GHYLDWLRQ RI WKH UHDG�ZULWH HOHPHQW IURP WUDFN FHQWHU�
7KH FRQYHQWLRQDOO\ DFWXDWHG VHUYR EDQGZLGWK LV OLPLWHG E\ PHFKDQLFDO UHVRQDQFHV LQ WKH

VXVSHQVLRQ� ,QFUHDVHG WUDFNLQJ DFFXUDF\ FDQ EH SURYLGHG E\ D GXDO�VWDJH FRQWURO V\VWHP�
XVLQJ WKH 9&0 IRU FRDUVH SRVLWLRQLQJ� DQG D PLFURDFWXDWRU PRXQWHG EHWZHHQ WKH VOLGHU DQG
VXVSHQVLRQ IRU pQH SRVLWLRQLQJ >�� �@� $ FORVH�XS RI WKH VOLGHU�PLFURDFWXDWRU DVVHPEO\ LV VKRZQ
LQ )LJ� �� $Q DQJXODU DFWXDWLRQ VFKHPH ZDV VHOHFWHG IRU WKH PLFURDFWXDWRU EHFDXVH LW DOORZV
KLJK ODWHUDO VWLoQHVV� PLQLPL]LQJ WKH VHQVLWLYLW\ RI WKH GHYLFH WR VKRFN ORDGLQJ LQ WKH SODQH
RI WKH GLVN� $ URWDWLRQ RI � PUDG SURGXFHV D OLQHDU WUDQVODWLRQ RI � zP DW WKH UHDG�ZULWH
KHDG� $V VKRZQ LQ )LJ� �� WKH DFWXDWRU FRQVLVWV RI D p[HG RXWHU ULQJ� RU VWDWRU� DQG D PRELOH

)LJXUH �� /HIW � 6(0 RI ��� zP KLJK� ��� PP GLDPHWHU VWUXFWXUH� 5LJKW � 2QH TXDUWHU RI WKH
TXDG�V\PPHWULF DFWXDWRU OD\RXW�

LQQHU ULQJ� RU URWRU� ZKLFK LV FRQQHFWHG WR DQ DQFKRUHG FHQWUDO FROXPQ YLD QDUURZ SRO\VLOLFRQ
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qH[XUHV� $FWXDWLRQ LV DFFRPSOLVKHG YLD SDUDOOHO SODWHV ZKLFK DUH DWWDFKHG WR WKH URWRU DQG
VWDWRU LQ RSSRVLQJ SDLUV� $ YROWDJH DSSOLHG DFURVV WKHVH SODWHV UHVXOWV LQ DQ HOHFWURVWDWLF IRUFH
ZKLFK URWDWHV WKH FHQWUDO URWRU� 7KH VWDWRU LV PDGH XS RI IRXU VHSDUDWH� HOHFWULFDOO\ LVRODWHG
TXDGUDQWV� ,Q )LJ� � WKH LVRODWLRQ LV DFKLHYHG ZLWK WKLQ EUHDN�DZD\ EHDPV FRQQHFWLQJ WKH
VWDWRU TXDGUDQWV� $Q HOHFWURVWDWLF GHVLJQ ZDV FKRVHQ IRU HDVH RI IDEULFDWLRQ� 7KH VWUXFWXUDO
PDWHULDO RI WKH GHYLFH QHHG RQO\ EH FRQGXFWLYH� UDWKHU WKDQ IHUURPDJQHWLF RU SLH]RHOHFWULF�
)XUWKHUPRUH� HOHFWURVWDWLF DFWXDWRUV DOORZ KLJK DFFXUDF\ FDSDFLWLYH PHDVXUHPHQW RI GLVSODFH�
PHQW DQG DUH FDSDEOH RI KLJK�EDQGZLGWK RSHUDWLRQ >�@�

��� )DEU LFDWLRQ 0 HWKRG

7KH KHLJKW WR ZLGWK DVSHFW UDWLR RI DQ HOHFWURVWDWLF DFWXDWRU LV DQ H[WUHPHO\ LPSRUWDQW GHVLJQ
SDUDPHWHU IRU WZR UHDVRQV� )LUVWO\� IRU D p[HG FDSDFLWLYH JDS� WKH DFWXDWRU WRUTXH RXWSXW LV
OLQHDUO\ SURSRUWLRQDO WR WKH VWUXFWXUDO KHLJKW� DQG WKHUHIRUH LQFUHDVHV OLQHDUO\ ZLWK DVSHFW
UDWLR� 6HFRQGO\� LW LV LPSRUWDQW WKDW DQ\ XQFRQWUROODEOH� FURVV�D[LV UHVRQDQFHV EH ZHOO DERYH
WKH VHUYR EDQGZLGWK� )RU qH[XUHV ZLWK UHFWDQJXODU FURVV VHFWLRQ� WKH UDWLR RI WKH FURVV�D[LV
PRGHV WR WKH LQ�SODQH PRGHV LQFUHDVHV OLQHDUO\ ZLWK DVSHFW UDWLR� 8QWLO UHFHQWO\� PHWKRGV IRU
SURGXFLQJ KLJK DVSHFW�UDWLR VWUXFWXUHV UHOLHG RQ ORQJ HWFKHV LQ SODVPD FKDPEHUV ZKLFK FDQ
DFFRPPRGDWH RQO\ RQH ZDIHU DW D WLPH� 7KH +H[6LO SURFHVV DOORZV WKH IDEULFDWLRQ RI KLJK
DVSHFW�UDWLR� PROGHG &9' SRO\VLOLFRQ VWUXFWXUHV >�@� 7KH XQLTXH IHDWXUH RI WKLV SURFHVV LV WKDW
LW UHOLHV RQ D UH�XVDEOH VLOLFRQ PROG� VLJQLpFDQWO\ ORZHULQJ WKH SULFH RI pQLVKHG SDUWV� $IWHU
IDEULFDWLRQ� WKH pQLVKHG VWUXFWXUH LV VROGHU ERQGHG WR D WDUJHW VXEVWUDWH DQG WKH PROG ZDIHU
LV UHDG\ IRU WKH QH[W IDEULFDWLRQ F\FOH� 2QH TXDUWHU RI WKH TXDG�V\PPHWULF PLFURDFWXDWRU
OD\RXW LV VKRZQ LQ )LJ� �� 7KH VWUXFWXUDO PDWHULDO LV LQ�VLWX SKRVSKRURXV GRSHG SRO\VLOLFRQ�
ZKLFK LV PHWDOOL]HG ZLWK FRSSHU RQ WKH ERQGLQJ VXUIDFHV WR FUHDWH VROGHU�ZHWWDEOH SDGV� 7KH
VROGHU EXPSV VKRZQ LQ )LJ� � DUH SODWHG RQ D WDUJHW GLH DQG RSWLFDOO\ DOLJQHG WR WKHVH SDGV
GXULQJ WKH WUDQVIHU SURFHVV >��@� 7KLQ SRO\VLOLFRQ WHWKHUV DUH XVHG WR DQFKRU WKH VWUXFWXUH WR
WKH PROG ZDIHU EHIRUH ERQGLQJ� $ VLPSOLpHG IDEULFDWLRQ SURFHVV qRZ LV VKRZQ LQ )LJ� ��
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7KH pUVW VWHS LV WR XVH UHDFWLYH LRQ HWFKLQJ �5,(� WR
HWFK GHHS WUHQFKHV LQWR D VLOLFRQ PROG ZDIHU� 7KH GHSWK
RI WKH WUHQFKHV GHWHUPLQHV WKH KHLJKW RI WKH IDEULFDWHG
VWUXFWXUH� 1H[W� D WZR OHYHO VDFULpFLDO R[LGH OD\HU LV GH�
SRVLWHG� 7KH pUVW OD\HU FRQVLVWV RI � zP RI SKRVSKRVLOL�
FDWH JODVV �36*� ZKLFK LV XVHG WR SURYLGH D IDVW�HWFKLQJ
UHOHDVH OD\HU� +RZHYHU� D VHFRQG OD\HU RI � zP RI FRQ�
IRUPDO 6L2� LV QHHGHG WR FRDW WKH WUHQFK VLGHZDOOV� $Q�
FKRU KROHV DUH SDWWHUQHG WKURXJK WKH R[LGH� DIWHU ZKLFK
WKH VWUXFWXUDO OD\HU RI GRSHG SRO\VLOLFRQ LV GHSRVLWHG
E\ &9' �D�� 7KLV SRO\VLOLFRQ PDNHV FRQWDFW ZLWK WKH
VLOLFRQ PROG ZDIHU DW WKH DQFKRU SRLQWV� 7KH VXUIDFH
SRO\VLOLFRQ LV WKHQ SDWWHUQHG� OHDYLQJ SDGV IRU PRXQWLQJ
WKH DFWXDWRU� $ SODWLQJ VHHG OD\HU FRQVLVWLQJ RI D �� {$
&U DGKHVLRQ OD\HU EHQHDWK ���� {$ &X LV HYDSRUDWHG RQWR
WKH ZDIHU VXUIDFH� 1H[W� FRSSHU ERQGLQJ SDGV DUH HOHF�
WURSODWHG XVLQJ D ��� zP WKLFN SKRWRUHVLVW PDVN DV D
SODWLQJ PROG �E�� $IWHU HOHFWURSODWLQJ� WKH SKRWRUHVLVW
LV VWULSSHG LQ DFHWRQH� DQG WKH WKLQ VHHG OD\HU LV UHPRYHG
IURP WKH XQSODWHG DUHDV E\ LRQ�PLOOLQJ� 7KH VDFULpFLDO
R[LGH LV UHPRYHG E\ DQ HWFK LQ FRQFHQWUDWHG K\GURqXR�
ULF DFLG� ZKLFK HWFKHV WKH 36* OD\HU DW DSSUR[LPDWHO\
�� zP�PLQ� EXW GRHV QRW VLJQLpFDQWO\ DWWDFN WKH FRSSHU
IRU HWFK WLPHV RI XS WR �� PLQXWHV�

)LJ� �� )DEULFDWLRQ 3URFHVV )ORZ

$IWHU WKH R[LGH HWFK� WKH VWUXFWXUH LV KHOG LQ WKH PROG E\ WKLQ SRO\VLOLFRQ WHWKHUV ZKLFK
ZLOO EUHDN DZD\ ZKHQ WKH VWUXFWXUH LV WUDQVIHUUHG WR D WDUJHW GLH �F�� 7KH FRSSHU PRXQWLQJ
SDGV RQ WKH DFWXDWRU DUH RSWLFDOO\ DOLJQHG WR VROGHU EXPSV RQ WKH WDUJHW �G�� DQG WKH WZR
GLFH DUH FRQWDFWHG WRJHWKHU �H� IRU VROGHU UHqRZ� $IWHU WKH ERQG KDV FRROHG� WKH WZR GLFH DUH
VHSDUDWHG� EUHDNLQJ WKH WKLQ WHWKHUV DQG OHDYLQJ WKH UHOHDVHG DFWXDWRU ERQGHG WR WKH WDUJHW
VXEVWUDWH �I�� 5HVLGXDO SRO\VLOLFRQ IURP WKH EUHDN�DZD\ WHWKHUV PD\ EH UHPRYHG IURP WKH
PROG ZDIHU ZLWK D ORQJ +) HWFK RU E\ PHFKDQLFDO SROLVKLQJ�

��� )DEU LFDWLRQ 5HVXOWV

7ZR VXFFHVIXO IDEULFDWLRQ UXQV ZHUH PDGH� WKH pUVW XVLQJ PROG ZDIHUV ZKLFK ZHUH HWFKHG WR D
GHSWK RI ��� zP XVLQJ D GHHS VLOLFRQ HWFKHU PDQXIDFWXUHG E\ 67 6\VWHPV� 7KH DFWXDWRUV IDE�
ULFDWHG LQ WKLV pUVW UXQ ZHUH XVHG WR GHYHORS WKH VROGHU�EXPS WUDQVIHU SURFHVV� 8QIRUWXQDWHO\�
WKH PROG ZDIHUV ZHUH GHVWUR\HG EHIRUH WKH SURFHVV ZDV IXOO\ GHYHORSHG� VR WKHVH VWUXFWXUHV
ZHUH QRW DFWXDWHG� 7KH VHFRQG IDEULFDWLRQ UXQ XVHG ZDIHUV ZKLFK ZHUH RQO\ HWFKHG WR D GHSWK
RI �� zP GXH WR HTXLSPHQW OLPLWDWLRQV�
$ ��� zP KLJK VWUXFWXUH IURP WKH pUVW UXQ ZKLFK ZDV UHOHDVHG DQG WUDQVIHUUHG RQWR DQ

DGKHVLYH SDG LV VKRZQ LQ WKH OHIW KDQG VLGH RI )LJ� �� 7KH ���� zP ZLGH qH[XUHV FRQQHFWLQJ
WKH URWRU WR WKH DQFKRUHG FHQWUDO FROXPQ ZHUH IDEULFDWHG ZLWK D PD[LPXP DVSHFW UDWLR RI
����� ZKLOH WKH ����� zP FDSDFL� WLYH JDS KDG D PD[LPXP DVSHFW UDWLR RI ���� 7KH DVSHFW
UDWLR RI +H[6LO EHDPV FDQ EH PXFK JUHDWHU WKDQ WKDW RI WKH JDSV EHWZHHQ WKHP� VLQFH WKH
EHDP VSDFLQJ LV GHWHUPLQHG E\ WKH VHSDUDWLRQ RI WKH PROG WUHQFKHV SOXV WZLFH WKH WKLFNQHVV
RI WKH VDFULpFLDO R[LGH OD\HU� ,Q WXUQ� WKH PLQLPXP VHSDUDWLRQ EHWZHHQ WKH PROG WUHQFKHV LV
GHWHUPLQHG E\ WKH DVSHFW UDWLR RI WKH 5,( SURFHVV XVHG WR FUHDWH WKH PROG� 7KH PD[LPXP
DYDLODEOH 5,( DVSHFW UDWLR LV FXUUHQWO\ ����� \LHOGLQJ D PD[LPXP FDSDFLWLYH JDS DVSHFW UDWLR
RI DSSUR[LPDWHO\ ����� 7KH EHDP WKLFNQHVV� RQ WKH RWKHU KDQG� PD\ EH DV WKLQ DV ��� zP�
VR DVSHFW UDWLRV RI ����� DUH SRVVLEOH� 1RWH WKDW LQ ERWK DFWXDWRU GHVLJQV� WKH URWRU DQG
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)LJXUH �� /HIW � 6(0 VKRZLQJ ��� zP KLJK qH[XUHV FRQQHFWLQJ WKH URWRU WR WKH DQFKRUHG
FHQWUDO FROXPQ� 5LJKW � 6(0 RI DQ DFWXDWRU ZKLFK KDV EHHQ VROGHU ERQGHG WR D WDUJHW GLH�
6HYHUDO EURNHQ WHWKHUV DUH YLVLEOH DURXQG WKH OHIW SRUWLRQ RI WKH FHQWUDO KXE�

VWDWRU HOHPHQWV DUH QRW PHFKDQLFDOO\ FRQQHFWHG� DQG PXVW EH WUDQVIHUUHG ZLWK KLJK DFFXUDF\
WR PDLQWDLQ D EDODQFHG DFWXDWLRQ IRUFH� 7KH ULJKW KDQG VLGH RI )LJ� � VKRZV D �� zP KLJK
DFWXDWRU ZKLFK KDV EHHQ VROGHU ERQGHG WR D WDUJHW GLH� 7KH URWRU DQG FDSDFLWLYH SODWHV DUH
VXVSHQGHG DSSUR[LPDWHO\ � zP DERYH WKH WDUJHW VXEVWUDWH� OHDYLQJ WKHP IUHH WR URWDWH� $OVR
YLVLEOH DUH WKH PROG WHWKHUV ZKLFK ZHUH EURNHQ DIWHU VROGHU ERQGLQJ WKH VWUXFWXUH WR WKH WDUJHW�

� $FWXDWLRQ '\QDPLFV

7KH PLFURDFWXDWRU URWRU LV FRXSOHG WR WKH p[HG VWDWRU YLD PHFKDQLFDO qH[XUHV� DQG WKH G\�
QDPLFV RI WKH GHYLFH FDQ EH H[SUHVVHG DV D VHFRQG�RUGHU V\VWHP�

-W�v � F Bv �.vv  ��Y�� Y�� v� � ���

ZKHUH -W LV WKH FRPELQHG PRPHQW RI LQHUWLD RI WKH VOLGHU DQG PLFURDFWXDWRU URWRU� F LV WKH
GDPSLQJ� .v LV WKH PHFKDQLFDO VSULQJ VWLoQHVV RI WKH qH[XUHV� DQG � �Y�� Y�� v� LV WKH HOHFWUR�
VWDWLF WRUTXH�
(OHFWURVWDWLF WRUTXH LV SURGXFHG E\ �1 FDSDFLWLYH SODWH SDLUV� KDOI RI ZKLFK URWDWH WKH

PLFURDFWXDWRU FORFNZLVH� WKH RWKHU KDOI FRXQWHU�FORFNZLVH� )RU VPDOO URWDWLRQ DQJOHV� v� WKHVH
SODWHV PD\ EH PRGHOHG DV SDUDOOHO SODWH FDSDFLWRUV VHSDUDWHG E\ JDSV [� DQG [� GHpQHG E\

[�  [Q b Uv [�  [Q � Uv � ���

ZKHUH U LV GHpQHG WR EH WKH GLVWDQFH IURP WKH FHQWURLG RI WKH SODWH WR WKH FHQWHU RI URWDWLRQ
RI WKH URWRU DQG [Q LV WKH QRPLQDO FDSDFLWLYH JDS ZLWK ]HUR URWDWLRQ� $SSO\LQJ D YROWDJH Y�
WR RQH KDOI WKH VWUXFWXUH DQG Y� WR WKH RWKHU KDOI� DQG VXEVWLWXWLQJ WKH YDOXHV IRU [� DQG [�
JLYHQ LQ (T� ��� \LHOGV
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ZKHUH $ LV WKH DUHD RI HDFK SODWH DQG sR LV WKH SHUPLWWLYLW\ RI DLU�
$ FRPPRQ PHWKRG IRU OLQHDUL]LQJ WKH TXDGUDWLF YROWDJH QRQOLQHDULW\ RI WKH HOHFWURVWDWLF

IRUFH LV WR XVH D GLoHUHQWLDO GULYLQJ VFKHPH ZLWK D p[HG ELDV YROWDJH� YE� DQG D YDULDEOH FRQWURO
YROWDJH� YF >�@�

Y�  YE � YF � Y�  YE b YF ���

$VVXPLQJ VPDOO URWDWLRQV DERXW v  �� WKH HOHFWURVWDWLF WRUTXH PD\ WKHQ EH DSSUR[LPDWHG E\

� �Y�� Y�� v�  � �YF� v�  NYYF � NHv � ���
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ZKHUH NY UHSUHVHQWV WKH JDLQ IURP YROWDJH WR WRUTXH DQG NH LV WKH VR�FDOOHG HOHFWURVWDWLF VSULQJ
FRQVWDQW� NY DQG NH DUH UHVSHFWLYHO\ JLYHQ E\
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��� /LQHDU L]HG 0 RGHO

6XEVWLWXWLRQ RI (T� ��� LQWR (T� ��� \LHOGV D OLQHDU G\QDPLF PRGHO�

-W�v � F Bv � �.v b NH�v  NYYF ���

7KH OLQHDUL]HG V\VWHP LV VWDEOH IRU .v ! NH� LPSO\LQJ WKDW WKH QRQ�OLQHDU V\VWHP JLYHQ E\
(T� ��� LV VWDEOH IRU VPDOO URWDWLRQV� 1RWH WKDW WKH HoHFW RI WKH HOHFWURVWDWLF VSULQJ WHUP�
NH� LV WR GH�VWDELOL]H WKH V\VWHP� UHqHFWLQJ WKH WHQGHQF\ RI WKH FDSDFLWLYH SODWHV WR SXOO�LQ IRU
VXrFLHQWO\ KLJK YROWDJH� 7KH PD[LPXP ELDV YROWDJH IRU ZKLFK WKH PLFURDFWXDWRU UHPDLQV
VWDEOH LV IRXQG E\ VHWWLQJ WKH HOHFWULFDO VSULQJ VWLoQHVV LQ (T� ��� HTXDO WR WKH PHFKDQLFDO
VSULQJ VWLoQHVV DQG VROYLQJ IRU YE� ZKLFK \LHOGV
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V
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1RWH WKDW YDOXHV RI YE ! YE�PD[ ZLOO UHVXOW LQ LQVWDELOLW\ ZLWK ]HUR URWDWLRQ� ([SHULPHQWDO
PHDVXUHPHQWV RI WKH VWDWLF URWDWLRQ FKDUDFWHULVWLF RI WKH DFWXDWRU ZHUH SHUIRUPHG E\ DSSO\LQJ
GLoHUHQWLDO GULYH YROWDJHV ZLWK YE  �� 9'& DQG ���9 � YF � ���9 WR WKH WZR KDOYHV RI
WKH VWDWRU� 7KH H[SHULPHQWDO GDWD ZDV pW ZLWK D WKHRUHWLFDO PRGHO FRUUHVSRQGLQJ WR WKH
VWHDG\�VWDWH VROXWLRQ WR (T� ��� � %HFDXVH ERWK WKH qH[XUDO VWLoQHVV� .v� DQG WKH FDSDFLWLYH
JDS� [Q� GHSHQG RQ WKH SRO\VLOLFRQ EHDP ZLGWK� WKH pW ZDV DFKLHYHG E\ DGMXVWLQJ WKLV ZLGWK
LQ WKH PRGHO� XQWLO LW PDWFKHG WKH YDOXH JLYHQ E\ WKH VWHDG\�VWDWH VROXWLRQ WR (T� ��� � 8VLQJ
WKHVH H[SHULPHQWDO UHVXOWV� WKH YDOXHV IRU NH� NY� DQG .v ZHUH H[WUDFWHG IURP WKH PRGHO�
7KH UHVRQDQW IUHTXHQF\ RI WKH OLQHDUL]HG V\VWHP IURP (T� ��� LV JLYHQ E\
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7DEOH �� $FWXDWRU 'HVLJQ 6SHFLILFDWLRQV

7KH UHVXOW RI WKLV HoHFW LV WKDW WKH UHVR�
QDQW IUHTXHQF\ RI WKH GHYLFH PD\ EH WXQHG
E\ YDU\LQJ WKH ELDV YROWDJH� 7KH OHIW KDQG
VLGH RI )LJ� � VKRZV D SORW RI WKH UHVRQDQW
IUHTXHQF\ RI WZR GLoHUHQW PLFURDFWXDWRU
GHVLJQV IRU YDU\LQJ ELDV YROWDJHV� ,Q WKLV
H[SHULPHQW� WKH SXVK�SXOO VHJPHQWV RI WKH
VWDWRU ZHUH ELDVHG DW ���9 DQG JURXQG�
UHVSHFWLYHO\� ZKLOH WKH URWRU ELDV� YE� ZDV
YDULHG� %\ XVLQJ WKH YDOXHV RI NH� NY � DQG
Nv H[WUDFWHG IURP WKH '& URWDWLRQ WHVW GLV�
FXVVHG DERYH� WKH UHVXOWV RI WKLV H[SHULPHQW
ZHUH XVHG WR FDOFXODWH WKH URWRU PRPHQW RI
LQHUWLD� -URWRU� 7KH PHDVXUHG YDOXHV DUH
VXPPDUL]HG LQ 7DEOH ��

8VLQJ WKH PHDVXUHG SDUDPHWHUV LQ 7DEOH �� WKH PLFURDFWXDWRU IUHTXHQF\ UHVSRQVH ZDV VLP�
XODWHG� 7KH ULJKW KDQG VLGH RI )LJ� � VKRZV WKDW DW KLJK IUHTXHQFLHV WKH UHVSRQVH LQWHUVHFWV
WKH GRWWHG OLQH GHpQHG E\
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)LJXUH �� /HIW � $FWXDWRU UHVRQDQW IUHTXHQFLHV IRU YDU\LQJ ELDV YROWDJHV� 5LJKW � 6LPXODWHG
PLFURDFWXDWRU IUHTXHQF\ UHVSRQVH� ,Q HDFK SORW� WKH GDVKHG OLQH LQGLFDWHV WKH PLFURDFWXDWRU
UHVSRQVH ZLWKRXW D VOLGHU SD\ORDG� ZKLOH WKH VROLG OLQH VKRZV WKH SUHGLFWHG UHVSRQVH ZKHQ WKH
VOLGHU LV ERQGHG RQWR WKH PLFURDFWXDWRU URWRU� 7KH GRWWHG OLQH LQGLFDWHV WKH KLJK IUHTXHQF\
OLPLW LPSRVHG E\ (T� ���� �

7KLV OLQH UHSUHVHQWV D KDUG OLPLW RQ PLFURDFWXDWRU SHUIRUPDQFH� VLQFH -W LV GHWHUPLQHG E\
WKH SD\ORDG� DQG NY LV FRQVWUDLQHG E\ WKH FDSDFLWLYH JDS DQG DUHD RI WKH DFWXDWRU� $W ORZ
IUHTXHQFLHV� WKH UHVSRQVH LV HTXDO WR WKH '& JDLQ RI (T� ��� JLYHQ E\

v�YF�  
NY

�.v b NH�
YF � ����

7KH LQWHUVHFWLRQ RI WKHVH WZR OLQHV GHWHUPLQHV WKH UHVRQDQW IUHTXHQF\ RI WKH DFWXDWRU� ,Q
RUGHU WR DOORZ WKH PLFURDFWXDWRU WR EH FRQWUROOHG� WKLV IUHTXHQF\ PXVW EH HLWKHU ZHOO EHORZ
RU ZHOO DERYH WKH LQWHQGHG FORVHG�ORRS FRQWURO EDQGZLGWK� 7R DFKLHYH D WUDFNLQJ DFFXUDF\ RI
OHVV WKDQ ���QP� LW LV SUHGLFWHG WKDW D EDQGZLGWK RI � N+] ZLOO EH UHTXLUHG >�@� 7KXV� WKH
UHVRQDQW IUHTXHQF\ PXVW EH HLWKHU EHORZ � N+]� RU DERYH DSSUR[LPDWHO\ �� N+]� +RZHYHU� D
KLJK UHVRQDQW IUHTXHQF\ UHTXLUHV ORZHU '& JDLQ� DV VKRZQ LQ WKH ULJKW KDQG VLGH RI )LJ� ��
&KRRVLQJ D UHVRQDQW IUHTXHQF\ EHORZ � N+] PD[LPL]HV WKH '& JDLQ DQG DOORZV WKH DFWXDWRUV
WR SURYLGH D h�zP UDQJH RYHU WKH HQWLUH VHUYR EDQGZLGWK�

� 'XDO�6WDJH 6HU YR 'HVLJQ

$ GXDO�VWDJH WUDFN�IROORZLQJ VHUYR V\VWHP UHTXLUHV D PRUH VRSKLVWLFDWHG FRQWUROOHU WKDQ WKDW
RI D FRQYHQWLRQDO VLQJOH�VWDJH VHUYR V\VWHP� $W ORZ IUHTXHQFLHV� ZKHUH WKH PDJQLWXGH RI WKH
WUDFN UXQRXW WHQGV WR EH ODUJH� WUDFNLQJ PXVW EH GRQH SULPDULO\ E\ WKH DUP
V 9RLFH &RLO
0RWRU �9&0�� ZLWK WKH PLFUR�DFWXDWRU SHUIRUPLQJ VRPH pQH�SRVLWLRQLQJ WR FRPSHQVDWH IRU
IULFWLRQDO GLVWXUEDQFHV DQG ZLQGDJH� ZKLFK OLPLW WKH ORZ IUHTXHQF\ SRVLWLRQLQJ DFFXUDF\ RI WKH
DUP� $W KLJKHU IUHTXHQFLHV� ZKHUH WKH PDJQLWXGH RI WKH WUDFN UXQRXW LV VPDOOHU DQG VWUXFWXUDO
UHVRQDQFHV OLPLW WKH FDSDELOLWLHV RI WKH DUP� PRVW RI WKH WUDFNLQJ VKRXOG EH SHUIRUPHG E\ WKH
PLFUR�DFWXDWRU�
7ZR FRQWLQXRXV�WLPH FRQWURO V\QWKHVLV DSSURDFKHV� ERWK EDVHG RQ WKH z�V\QWKHVLV WHFK�

QLTXH >�@� ZHUH LQYHVWLJDWHG� 7KH pUVW LV D WZR�VWHS VLQJOH�LQSXW�VLQJOH�RXWSXW �6,62� DS�
SURDFK DQG H[SORLWV WKH IDFW WKDW WKH G\QDPLFV RI WKH DUP DQG PLFUR�DFWXDWRU DUH VXrFLHQWO\
GHFRXSOHG� VLQFH WKH PLFUR�DFWXDWRU LQHUWLD DQG IRUFH RXWSXW DUH RYHU ��� WLPHV VPDOOHU WKDQ
WKRVH RI WKH 9&0 DQG DUP� ,Q WKLV DSSURDFK WZR 6,62 FRPSHQVDWRUV DUH VHTXHQWLDOO\ GH�
VLJQHG� 7KH pUVW FRPSHQVDWRU� ZKLFK KDV DV LWV LQSXW WKH SRVLWLRQ RI WKH PLFUR�DFWXDWRU
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UHODWLYH WR WKH DUP DQG JHQHUDWHV D FRQWURO VLJQDO IRU WKH 9&0� LV GHVLJQHG DV LI LW ZDV WR
EH XVHG LQ D FRQYHQWLRQDO VLQJOH VWDJH VHUYR V\VWHP� 7KH VHFRQG FRPSHQVDWRU� ZKLFK KDV DV
LWV LQSXW WKH 3(6 RI WKH KHDG UHODWLYH WR WKH WUDFN DQG JHQHUDWHV D FRQWURO VLJQDO IRU WKH
PLFURDFWXDWRU� LV GHVLJQHG DFFRXQWLQJ IRU WKH IDFW WKDW WKH pUVW FRPSHQVDWRU LV DFWLQJ RQ WKH
9&0� DQG VWDELOL]HV WKH RYHUDOO FORVHG ORRS G\QDPLFV� 7KLV GHVLJQ DSSURDFK LV DOVR UHIHUUHG
WR DV WKH PDVWHU�VODYH DSSURDFK� VLQFH 9&0 FRPSHQVDWRU DWWHPSWV WR PDNH WKH DUP IROORZ
WKH PLFURDFWXDWRU� ZKLOH WKH PLFURDFWXDWRU FRPSHQVDWRU DWWHPSWV WR PLQLPL]H WKH 3(6� 7KH
VHFRQG DSSURDFK LV D PXOWL�LQSXW�PXOWL�RXWSXW �0,02� GHVLJQ� ZKLFK WDNHV IXOO DFFRXQW RI
WKH FRXSOLQJ EHWZHHQ WKH DUP DQG PLFUR�DFWXDWRU� %ORFN GLDJUDPV IRU ERWK DSSURDFKHV DUH
VKRZQ LQ )LJXUH ��

)LJXUH �� /HIW � 7ZR�VWHS 6,62 FRQWUROOHU EORFN GLDJUDP� 5LJKW � 0,02 FRQWUROOHU EORFN
GLDJUDP�

7KH GXDO�VWDJH GLVN GULYH PRGHO XVHG IRU WKH FRQWUROOHU GHVLJQ DQG VLPXODWLRQ LV VKRZQ
LQ WKH OHIW KDQG VLGH RI )LJ� �� +HUH D OLQHDU GLVSODFHPHQW PRGHO LV VKRZQ IRU VLPSOLFLW\�
7KLV VLPSOH V\VWHP DWWHPSWV WR PRGHO WKH ULJLG ERG\ PRGH RI WKH SRVLWLRQLQJ V\VWHP� WKH
PRVW VLJQLpFDQW UHVRQDQFH PRGH RI WKH DUP
V VXVSHQVLRQ� ZKLFK LV JHQHUDOO\ WKH pUVW WRUVLRQDO
PRGH� DQG G\QDPLFV RI WKH PLFURDFWXDWRU
V VXVSHQVLRQ� 7KH SDUDPHWHUV XVHG LQ WKH V\VWHP
PRGHO ZHUH FKRVHQ PRVWO\ EDVHG RQ GDWD
REWDLQHG IURP FRPPHUFLDO GULYHV DQG WKH PLFURDFWXDWRU H[SHULPHQWV GHVFULEHG LQ WKH

SUHYLRXV VHFWLRQ� 7KH WRUVLRQDO UHVRQDQFH RI VXVSHQVLRQ ZDV DVVXPHG WR EH DW ���N+] DQG WR
KDYH D GDPSLQJ UDWLR RI ����� )RU WKH PLFUR�DFWXDWRU� WKH UHVRQDQFH GXH WR WKH FRPELQDWLRQ RI
WKH PHFKDQLFDO DQG HOHFWULFDO VSULQJ VWLoQHVVHV ZDV SODFHG DW ���N+]� DQG WKH GDPSLQJ UDWLR
ZDV FKRVHQ DV ���� 7KH GDPSLQJ LV GXH WR GUDJ IRUFHV ZKLFK DFW RQ WKH VOLGHU DV LW qLHV RYHU
WKH GLVN VXUIDFH RQ DQ DLU EHDULQJ� 8QIRUWXQDWHO\� WR GDWH QR RQH KDV VWXGLHG RU PHDVXUHG
WKH URWDWLRQDO RU ODWHUDO G\QDPLFV RI WKH VOLGHU UHODWLYH WR WKH VXVSHQVLRQ� 7R URXJKO\ PRGHO
WKH HoHFW RI EHDULQJ VWLFWLRQ� WKH LQSXW WR WKH DUP ZDV SDVVHG WKURXJK D VHFRQG RUGHU KLJK
SDVV pOWHU ZLWK D FXWRo RI ��+]� ,Q WKLV ZD\ WKH FRQWURO LQSXW WR WKH DUP LV DWWHQXDWHG EHORZ
��+]� ZKLFK LV WKH DSSUR[LPDWH WKUHVKROG RI EHDULQJ IULFWLRQ HoHFWV RQ PDQ\ GULYHV�
0DWODE
V z�V\QWKHVLV WRROER[ >�@ ZDV XVHG WR GHVLJQ WKH FRPSHQVDWRUV IRU WKH GXDO�VWDJH

VHUYR V\VWHPV� 7KH EORFN GLDJUDP XVHG IRU WKH GHVLJQ LV VKRZQ LQ WKH ULJKW KDQG VLGH RI
)LJ� �� 7KH pJXUH VKRZV WKH ZHLJKWLQJ EORFNV WKDW ZHUH XVHG WR GHpQH WKH SHUIRUPDQFH DQG
UREXVWQHVV VSHFLpFDWLRQV� $OWKRXJK RQO\ WKH 0,02PRGHO LV VKRZQ� WKH VDPH ZHLJKWLQJV ZHUH
XVHG IRU WKH VHTXHQWLDO 6,62 GHVLJQ� $V VKRZQ LQ )LJ� �� D pFWLWLRXV SULPHG WUDFN UXQRXW
LQSXW ' RI XQLW\ LQpQLW\�QRUP LV VFDOHG E\ D IUHTXHQF\ GHSHQGHQW ZHLJKW :' WR JHQHUDWH WKH
DFWXDO WUDFN UXQRXW '� 7KH DFWXDO 3(6 VLJQDO DQG WKH PLFURDFWXDWRU
V UHODWLYH SRVLWLRQ DUH
UHVSHFWLYHO\ ZHLJKWHG E\ VWDWLF JDLQV:(�� DQG:(� WR JHQHUDWH WKH WHVW RXWSXWV (� DQG (��
7KH GHVLJQ DSSURDFK LV EDVHG RQ WKH IDFW WKDW WKH z�V\QWKHVLV GHVLJQ DOJRULWKP RI WKH WRROER[
DWWHPSWV WR FRQYHUJH� WKURXJK DQ LWHUDWLYH SURFHVV� WR D IHHGEDFN V\VWHP ZKLFK KDV D FORVHG
ORRS LQpQLW\�QRUP IURP'� WR WKH WHVW RXWSXWV� 7R DFKLHYH PHDQLQJIXO FRQWURO V\VWHPV GHVLJQV�
WKH ZHLJKWLQJV :' (� DQG (� PXVW EH VHOHFWHG VR WKDW WKH VSHFWUXP RI PRGHO
V UXQRXW '
DSSUR[LPDWHV WKDW RI DQ DFWXDO GLVN QRQ�UHSHDWDEOH UXQRXW DQG WKH LQpQLW\�QRUPV RI ERWK
WKH 3(6 DQG PLFURDFWXDWRU
V UHODWLYH SRVLWLRQ VLJQDO DUH ZLWKLQ DOORZDEOH YDOXHV ZKHQ WKH
WHVW RXWSXWV (� DQG (� KDYH XQLW\ LQpQLW\�QRUPV� 7R DFKLHYH UREXVW SHUIRUPDQFH DQG OLPLW
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WKH EDQGZLGWK RI WKH FRQWURO V\VWHP ZLWKLQ UHDOLVWLF ERXQGV� PRGHOLQJ XQFHUWDLQW\ ZHLJKWLQJV
ZHUH LQFRUSRUDWHG LQ WKH EORFN GLDJUDP� $V VKRZQ LQ )LJ� �� WKH XQFHUWDLQW\ ZHLJKWV :8�

DQG :8� UHVSHFWLYHO\ DFW RQ WKH DUP WRUTXH ��$50 � DQG PLFUR�DFWXDWRU WRUTXH ��$&7 � WR
SURGXFH D FRQWURO LQSXW XQFHUWDLQW\� 7KHVH LQSXW XQFHUWDLQWLHV DUH UHVSHFWLYHO\ VFDOHG E\ WKH
JDLQV G� DQG G�� 7KH QHW HoHFW LV WR SURGXFH D IUHTXHQF\ GHSHQGHQW SHUFHQWDJH XQFHUWDLQW\
RQ WKH FRQWURO LQSXW� 5HDGHUV DUH UHIHUUHG WR >�@ IRU IXUWKHU GHWDLOV RQ WKH GHVLJQ PHWKRGRORJ\
DQG ZHLJKWLQJV VHOHFWLRQ�

)LJXUH �� /HIW � &RQWURO V\VWHP PRGHO� 5LJKW � 6WUXFWXUHG GLVWXUEDQFH DQG XQFHUWDLQW\
PRGHOV�

��� &RQWU RO 'HVLJQ 5HVXOWV

7KH FORVHG�ORRS 3(6 VHQVLWLYLW\ WUDQVIHU IXQFWLRQV IRU ERWK WKH VHTXHQWLDO 6,62 DQG 0,02
GXDO�VWDJH VHUYR GHVLJQV DUH VKRZQ LQ )LJ� �� 7KH 3(6 VHQVLWLYLW\ WUDQVIHU IXQFWLRQ RI WKH
VLQJOH�VWDJH VHUYR� GHVLJQHG IRU WKH DUP DORQH LQ WKH pUVW VWDJH RI WKH VHTXHQWLDO 6,62 DS�
SURDFK� LV DOVR VKRZQ LQ )LJ� �� 7KLV SORW LV VKRZQ LQ RUGHU WR FRPSDUH WKH GXDO�VWDJH UHVXOWV
ZLWK D VLQJOH�VWDJH VHUYR V\VWHP� 7KH FORVHG ORRS WUDQVIHU IXQFWLRQV IURP WKH WUDFN UXQRXW WR
WKH PLFURDFWXDWRU UHODWLYH SRVLWLRQ IRU ERWK GXDO�VWDJH VHUYR GHVLJQV DUH VKRZQ LQ WKH ULJKW
KDQG VLGH RI )LJ� �� $ NH\ IHDWXUH RI WKH 3(6 WUDQVIHU IXQFWLRQV LV WKDW� ZKLOH WKH VLQJOH�VWDJH

10
0

10
1

10
2

10
3

10
4

−60

−50

−40

−30

−20

−10

0

10

Hertz

dB

Single-Stage System

Dual-Stage System

SISO

MIMO

10
0

10
1

10
2

10
3

10
4

−40

−30

−20

−10

0

10

Hertz

dB

SISO

MIMO

)LJXUH �� /HIW � &ORVHG�ORRS 3(6 VHQVLWLYLW\ WUDQVIHU IXQFWLRQV IRU 6,62 DQG 0,02 GHVLJQV�
5LJKW � 5XQRXW WR PLFUR�DFWXDWRU UHODWLYH SRVLWLRQ WUDQVIHU IXQFWLRQ IRU 6,62 DQG 0,02
GHVLJQV�

GHVLJQ qDWWHQV RXW DW �� +] GXH WR EHDULQJ IULFWLRQ� WKH PLFUR�DFWXDWRU HQDEOHV WKH GXDO�VWDJH
GHVLJQV WR FRQWLQXH LQFUHDVLQJ WKH DWWHQXDWLRQ EH\RQG ��+]� UHVXOWLQJ LQ DQ LQFUHDVHG ORZ
IUHTXHQF\ DWWHQXDWLRQ RI ��G% UHODWLYH WR WKH VLQJOH�VWDJH GHVLJQ� 7KH VLQJOH�VWDJH FRQWUROOHU
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DFKLHYHV D ORZ IUHTXHQF\ 3(6 GLVWXUEDQFH DWWHQXDWLRQ RI �� G% ZLWK D � VWDWH FRQWUROOHU DQG
D EDQGZLGWK RI ��� +]� %RWK WKH 0,02 DQG 6,62 FRQWUROOHUV KDYH D ORZ IUHTXHQF\ 3(6
GLVWXUEDQFH DWWHQXDWLRQ RI �� G%� 7KH 0,02 FRQWUROOHU XVHV RQO\ D � VWDWH FRQWUROOHU DQG
DFKLHYHV D EDQGZLGWK RI ��� N+]� 7KH 6,62 GHVLJQ� RQ WKH RWKHU KDQG� UHTXLUHV D �� VWDWH
FRQWUROOHU �� IRU WKH DUP DQG � IRU WKH PLFUR�DFWXDWRU�� DQG DFKLHYHV D EDQGZLGWK RI ���N+]�
)RU HDFK RI WKH FRQWUROOHUV� RUGHU UHGXFWLRQ ZDV SHUIRUPHG E\ HOLPLQDWLQJ VRPH RI WKH VWDWHV
ZLWK WKH VPDOOHVW +DQNHO VLQJXODU YDOXHV >�@� 7KH FRQWURO RUGHU IRU WKH ERWK WKH 0,02 DQG
6,62 GHVLJQV ZDV WKH PLQLPXP DFKLHYDEOH ZKLOH VWLOO PDLQWDLQLQJ UREXVW SHUIRUPDQFH� 7KLV
ZDV WHVWHG E\ FKHFNLQJ WKDW WKH z YDOXH RI WKH FORVHG ORRS V\VWHP ZDV VWLOO OHVV WKDQ XQLW\ IRU
WKH UHGXFHG RUGHU FRQWUROOHUV� $V DQ DGGLWLRQDO PHDVXUH RI UREXVWQHVV IRU HDFK RI WKH GHVLJQV�
WKH SKDVH DQG JDLQ PDUJLQV IRU HDFK FRQWUROOHU ZDV GHWHUPLQHG� 7KH RSHQ ORRS SKDVH PDUJLQ
IRU WKH VLQJOH�VWDJH GHVLJQ LV ��R� ZLWK D JDLQ PDUJLQ RI �� G%� )RU WKH 0,02 DQG 6,62
GHVLJQV� WKH PDUJLQV ZHUH GHWHUPLQHG E\ EUHDNLQJ WKH IHHGEDFN IURP WKH KHDG SRVLWLRQ DQG
WKHQ ORRNLQJ DW WKH RSHQ ORRS WUDQVIHU IXQFWLRQ IURP 3(6 WR KHDG SRVLWLRQ� )RU WKH 0,02
GHVLJQ� D SKDVH PDUJLQ RI ��R LV DFKLHYHG ZLWK D JDLQ PDUJLQ RI ��G%� 7KH FRUUHVSRQGLQJ 6,62
PDUJLQV DUH ��R DQG ��G%� 7KH PLFUR�DFWXDWRU WUDFN UXQRXW WUDFNLQJ LV YHU\ VLPLODU LQ ERWK
WKH 6,62 DQG 0,02 GHVLJQV� )RU ERWK WKH 6,62 DQG 0,02 GHVLJQV� WKH UHODWLYH SRVLWLRQ
WUDQVIHU IXQFWLRQ LV QHDU � G% IURP ��� +] WR WKH V\VWHP EDQGZLGWKV RI ��� N+] DQG ��� N+]�
UHVSHFWLYHO\� 7KLV UHJLRQ UHSUHVHQWV WKH IUHTXHQFLHV RYHU ZKLFK WUDFNLQJ LV GRQH SULPDULO\ E\
WKH PLFUR�DFWXDWRU VLQFH LQ WKLV IUHTXHQF\ UHJLRQ WKH UHODWLYH SRVLWLRQ LV DSSUR[LPDWHO\ HTXDO
WR WKH WUDFN UXQRXW�

� &RQFOXVLRQ

$Q DQJXODU PLFURDFWXDWRU ZDV GHVLJQHG DQG IDEULFDWHG XVLQJ WKH +H[6LO SURFHVV� 7KH DFWX�
DWRUV KDYH EHHQ VKRZQ WR KDYH D PD[LPXP UDQJH RI h� PUDG� FRUUHVSRQGLQJ WR D OLQHDU
WUDQVODWLRQ RI h��� zP DW WKH UHDG�ZULWH PDJQHWLF KHDGV RI D ��� VOLGHU� $ WKHRUHWLFDO PRGHO
IRU WKH DFWXDWRU G\QDPLFV KDV EHHQ GHULYHG� 7KH SUHGLFWHG RSHQ�ORRS IUHTXHQF\ UHVSRQVH RI
WKLV PLFURDFWXDWRU ZLOO JXDUDQWHH DQ RSHUDWLQJ UDQJH RI h� zP XS WR D IUHTXHQF\ RI � N+]�
7KH pQLVKHG VWUXFWXUHV ZHUH WUDQVIHUUHG IURP WKH UH�XVDEOH PROG ZDIHU WR D WDUJHW GLH XVLQJ
D VROGHU ERQG� &RQWLQXRXV�WLPH GXDO�VWDJH VHUYRV KDYH EHHQ GHVLJQHG XVLQJ WKH z V\QWKHVLV
WHFKQLTXH� 6HTXHQWLDO 6,62 DQG 0,02 GHVLJQV KDYH EHHQ VKRZQ WR EH FDSDEOH RI PHHWLQJ
WKH SUHVFULEHG XQFHUWDLQW\ DQG SHUIRUPDQFH VSHFLpFDWLRQV� 7KH 0,02 GHVLJQ DFKLHYHG D
VLPXODWHG ORZ IUHTXHQF\ GLVWXUEDQFH UHMHFWLRQ RI �� G% DQG D EDQGZLGWK RI ��� N+=

� $FNQRZOHGJHPHQWV

7KLV UHVHDUFK ZDV IXQGHG E\ '$53$ FRQWUDFW '$%7������&������ 7KH DXWKRUV WKDQN
0LFKDHO &RKQ IRU VKDULQJ KLV ZRUN RQ VROGHU ERQGLQJ� 5RQ :LOVRQ IRU WKH 6(0 SKRWRV�
6XUIDFH 7HFKQRORJ\ 6\VWHPV IRU GHHS 5,( RI VHYHUDO PROG ZDIHUV� -LP %XVWLOOR DQG WKH VWDo
RI WKH %HUNHOH\ 0LFURIDEULFDWLRQ /DERUDWRU\ IRU WKHLU FRQWLQXHG KHOS� DQG 3URIHVVRU $QG\
3DFNDUG IRU KLV KHOS ZLWK WKH z�WRROV FRQWURO V\VWHPV GHVLJQ�

5HIHU HQFHV

>�@ 6� $JJDUZDO� '� +RUVOH\� 5� +RURZLW]� DQG $� 3LVDQR� 0LFURDFWXDWRUV IRU KLJK GHQVLW\
GLVN GULYHV� ,Q 3URFHHGLQJV RI WKH $PHULFDQ &RQWURO &RQIHUHQFH� ����� $OEDTXHUTXH�
1HZ 0H[LFR� 86$�

>�@ *� %DODV� -� 'R\OH� .� *ORYHU� $� 3DFNDUG� DQG 5� 6PLWK� z�DQDO\VLV DQG V\QWKHVLV
WRROER[� ����� 086<1 DQG 0DWKZRUNV ,QF�
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>�@ 3� &KHXQJ� 5� +RURZLW]� DQG 5� 7� +RZH� 'HVLJQ� IDEULFDWLRQ� SRVLWLRQ VHQVLQJ� DQG
FRQWURO RI DQ HOHFWURVWDWLFDOO\�GULYHQ SRO\VLOLFRQ PLFURDFWXDWRU� ,((( 7UDQVDFWLRQV RQ
0DJQHWLFV� ���������^���� �����

>�@ /��6� )DQ� +� 2WWHVHQ� 7� 5HLOH\� DQG 5� :RRG� 0DJQHWLF UHFRUGLQJ�KHDG SRVLWLRQLQJ
DW YHU\ KLJK WUDFN GHQVLWLHV XVLQJ D PLFURDFWXDWRU�EDVHG� WZR�VWDJH VHUYR V\VWHP� ,(((
7UDQVDFWLRQV RQ ,QGXVWULDO (OHFWURQLFV� ������^���� -XQH �����

>�@ *URFKRZVNL DQG 5� +R\W� )XWXUH WUHQGV LQ KDUG GLVN GULYHV� ,((( 7UDQVDFWLRQV RQ
0DJQHWLFV� ����������^����� 0D\ �����

>�@ '� +RUVOH\� $� 6LQJK� $� 3LVDQR� DQG 5� +RURZLW]� $QJXODU PLFURSRVLWLRQHU IRU GLVN
GULYHV� ,Q ��WK ,((( ,QWHUQDWLRQDO :RUNVKRS RQ 0LFUR (OHFWUR 0HFKDQLFDO 6\VWHPV
�0(06����� -DQXDU\ ����� 7R DSSHDU LQ ,(((�$60( -RXUQDO RI 0LFUR�(OHFWUR�
0HFKDQLFDO 6\VWHPV�

>�@ 7� ,PDPXUD� 7� .RVKLNDZD� DQG 0� .DWD\DPD� 7UDQVYHUVH PRGH HOHFWURVWDWLF PLFURDF�
WXDWRU IRU PHPV�EDVHG KGG VOLGHU� ,Q ,((( 3URF� �WK ,QW� :RUNVKRS RQ 0(06� SDJHV
���^���� )HEUXDU\ �����

>�@ &� .HOOHU DQG 0� )HUUDUL� 0LOOL�VFDOH SRO\VLOLFRQ VWUXFWXUHV� ,Q 6ROLG�6WDWH 6HQVRU DQG
$FWXDWRU :RUNVKRS� +LOWRQ +HDG� SDJHV ���^���� -XQH �����

>�@ 6� .RJDQH]DZD� .� 7DNDLVKL� <� 0L]RVKLWD� <� 8HPDWVX� DQG 7� <DPDGD� 'HYHORSPHQW
RI DQ LQWHJUDWHG SLJJ\EDFN PLOOL�DFWXDWRU IRU KLJK GHQVLW\ PDJQHWLF UHFRUGLQJ� ,Q ,QWO�
&RQIHUHQFH RQ 0LFURPHFKDWURQLFV IRU ,QIRUPDWLRQ DQG 3UHFLVLRQ (TXLSPHQW� 3DSHU �
05���� -XO\ �����

>��@ 6� 1DNDPXUD� .� 6X]XNL� 0� $WDND� DQG +� )XMLWD� $Q HOHFWURVWDWLF PLFUR DFWXDWRU IRU
D PDJQHWLF KHDG WUDFNLQJ V\VWHP RI KDUG GLVN GULYHV� ,Q ,QWHUQDWLRQDO &RQIHUHQFH RQ
6ROLG�6WDWH 6HQVRUV DQG $FWXDWRUV �7UDQVGXFHUV 
���� SDJHV ����^����� -XQH �����

>��@ $� 6LQJK� '� $� +RUVOH\� 0� %� &RKQ� $� 3� 3LVDQR� DQG 5� 7� +RZH� %DWFK WUDQVIHU
RI PLFURVWUXFWXUHV XVLQJ qLS�FKLS VROGHU EXPS ERQGLQJ� ,Q ,QWHUQDWLRQDO &RQIHUHQFH RQ
6ROLG�6WDWH 6HQVRUV DQG $FWXDWRUV �7UDQVGXFHUV 
���� -XQH �����

>��@ .� 7DNDLVKL� 7� ,PDPXUD� <� 0L]RVKLWD� 6� +DVHJDZD� DQG HW DO� 0LFURDFWXDWRU FRQWURO
IRU GLVN GULYH� ,((( 7UDQVDFWLRQV RQ 0DJQHWLFV� ����������^����� 0D\ �����
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