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7KLV SDSHU SUHVHQWV DQ LQWHJUDWHG DSSURDFK WR PDJQHWLF VXVSHQVLRQ RI oH[LEOH EHDPV
IRU QRQ�FRQWDFW SURFHVVLQJ� 7KH FKDOOHQJHV RI GHVLJQLQJ VXFK V\VWHPV DUH PDLQO\ GXH WR
WKH OLJKWO\�GDPSHG YLEUDWLRQ PRGHV RI WKH VXVSHQGHG VWUXFWXUHV� 2XU GHVLJQ JRDO LV WR
PDNH WKH VXVSHQVLRQ UREXVWO\ VWDEOH IRU EHDPV ZLWK YDU\LQJ ERXQGDU\ FRQGLWLRQV� ,Q WKLV
SDSHU� ZH SURSRVH JHQHUDO GHVLJQ SURFHGXUHV IRU V\VWHPV ZLWK GLmHUHQW GLPHQVLRQV DQG
SURSHUWLHV� LQFOXGLQJ VWUXFWXUDO PRGHOOLQJ� VHQVRU GHVLJQ� DFWXDWRU GHVLJQ� VHQVRU�DFWXDWRU
SRVLWLRQLQJ� DQG FRQWUROOHU GHVLJQ� :H GHPRQVWUDWH RXU SURSRVHG LGHDV LQ D VFDOHG�GRZQ
H[SHULPHQW� LQ ZKLFK ZH VXFFHVVIXOO\ VXVSHQG D � P ORQJ� ���� PP GLDPHWHU VWHHO WXEH
ZLWK YDU\LQJ ERXQGDU\ FRQGLWLRQV E\ XVLQJ � VHQVRUV DQG � DFWXDWRUV�
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0DQ\ LQGXVWULDO RSHUDWLRQV FHQWHU RQ SURFHVVLQJ RI HORQJDWHG WUDQVODWLQJ HOHPHQWV�
VXFK DV VWHHO UROOLQJ� SODVWLF nOP SURGXFWLRQ� SDSHU SURGXFWLRQ� FRDWLQJ� DQG SDLQWLQJ�
1RQFRQWDFW KDQGOLQJ RI WKH HOHPHQWV FDQ EH DGYDQWDJHRXV IRU WKHVH H[LVWLQJ SURFHVVHV >�@
>�@ >�@� DQG PD\ VHUYH DV WKH XQGHUSLQQLQJV IRU QHZ FODVVHV RI PDQXIDFWXULQJ PHWKRGV�
)LJXUH � VKRZV DQ LGHD GHYHORSHG E\ 'U� &RQUDG 6PLWK >�@ ZLWK WKH DVVLVWDQFH RI WKH
VHFRQG DXWKRU IRU WKH SURGXFWLRQ RI SDLQWHG PHWDO KDQGOHV IRU EURRPV DQG PRSV� 7KH
FKDOOHQJHV RI GHVLJQLQJ VXFK PDJQHWLF VXVSHQVLRQ VWDJHV DUH PDLQO\ GXH WR WKH OLJKWO\�
GDPSHG YLEUDWLRQ PRGHV RI VXVSHQGHG VWUXFWXUHV�

,Q WKLV SDSHU� ZH IRFXV RQ WKH PDJQHWLF VXVSHQVLRQ RI IHUURPDJQHWLF EHDPV IRU QRQ�
FRQWDFW SURFHVVLQJ� 2XU JRDO LV WR GHVLJQ D QHZ FRQWURO V\VWHP WR UREXVWO\ VXVSHQG WKH
REMHFW ZLWK YDU\LQJ ERXQGDU\ FRQGLWLRQV� ,Q WKH IROORZLQJ VHFWLRQV� ZH GHYHORS D JHQ�
HUDOL]HG PHWKRG WR GHVLJQ VXFK V\VWHPV� LQFOXGLQJ VWUXFWXUDO PRGHOOLQJ DQG XQFHUWDLQW\
HQYHORSH� VHQVRU GHVLJQ� DFWXDWRU GHVLJQ� VHQVRU�DFWXDWRU DYHUDJLQJ SRVLWLRQLQJ PHWKRG�
DQG FRQWUROOHU GHVLJQ�
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)LJXUH �� ([SHULPHQWDO VHWXS IRU EHDP VXVSHQVLRQ

:H GHPRQVWUDWH RXU SURSRVHG LGHDV LQ D VFDOHG�GRZQ H[SHULPHQW LQ RXU ODE DV VKRZQ
LQ )LJXUH �� :H XVH � SRVLWLRQ VHQVRUV DQG � HOHFWURPDJQHW DFWXDWRUV WR VXVSHQG D � P
ORQJ� ���� PP GLDPHWHU VWHHO WXEH� 7KH H[SHULPHQWDO UHVXOWV VKRZ WKDW WKH VXVSHQGHG
EHDP LV UREXVWO\ VWDEOH XQGHU YDU\LQJ ERXQGDU\ FRQGLWLRQV� LQFOXGLQJ IUHH� KLQJHG� DQG
FODPSHG ERXQGDULHV�
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7R VWDUW GHVLJQLQJ WKH V\VWHP� ZH nUVW VSHFLI\ WKH GHVLJQ UHTXLUHPHQWV DQG V\VWHP
SURSHUWLHV� %DVHG RQ WKLV LQIRUPDWLRQ� ZH FDQ WKHQ PRGHO WKH V\VWHP� DQG GHVLJQ�VFDOH
WKH SDUDPHWHUV IRU VHQVRUV� DFWXDWRUV� VHQVRU�DFWXDWRU SRVLWLRQLQJ� DQG FRQWUROOHUV�

�� 'HVLJQ UHTXLUHPHQW� VXpFLHQW VXVSHQVLRQ GF VWLmQHVV .� FORVHG�ORRS EDQGZLGWK
�%: � SKDVH PDUJLQ ZLWKLQ EDQGZLGWK �30 � DQG DLUJDS J�

�� 5REXVWQHVV UHTXLUHPHQW� YDU\LQJ ERXQGDU\ W\SHV �IUHH� KLQJHG� RU FODPSHG� DQG
YDU\LQJ ERXQGDU\ SRVLWLRQV�



�� %HDP SURSHUWLHV� EHQGLQJ VWLmQHVV (,� PDWHULDO GHQVLW\ |� FURVV�VHFWLRQDO DUHD $�
D[LDO WHQVLRQ 7 � WRWDO OHQJWK /� ZDOO WKLFNQHVV : � D[LDO PRYLQJ YHORFLW\ 9 � PRGDO
GDPSLQJ UDWLR r� HOHFWULF FRQGXFWLYLW\ }� PDJQHWLF SHUPHDELOLW\ x� DQG PDJQHWLF
VDWXUDWLRQ oX[ GHQVLW\ �%VDW�VWHHO�

�� 6HQVRU SURSHUWLHV� ORZ�SDVV G\QDPLFV +V�V�� DQG QRQOLQHDU SRVLWLRQ WR YROWDJH UHOD�
WLRQVKLS�

�� $FWXDWRU SURSHUWLHV� IRUFH IXQFWLRQ RI LQSXW FXUUHQW DQG DLU JDS ) �L� J�� ORZ�SDVV G\�
QDPLFV +D�V�� PD[LPXP FXUUHQW LPD[ GXH WR OLPLWHG KHDW GLVVLSDWLRQ� DQG PDJQHWLF
VDWXUDWLRQ oX[ GHQVLW\ �%VDW�ODPLQDWLRQ�

�� &RQWUROOHU VSHHG� FDOFXODWLRQ WLPH WF DQG VDPSOLQJ WLPH WV IRU GLJLWDO FRQWURO� �WLPH
GHOD\ { WF � ���WV�
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7R GHVLJQ WKH FRQWURO V\VWHP� ZH nUVW PRGHO WKH VWUXFWXUDO G\QDPLFV RI EHDPV� :H ZLOO
DQDO\]H WKH EHDP G\QDPLFV E\ PRGDO DQDO\VLV� DQG IXUWKHU GHULYH WKH XQFHUWDLQW\ HQYHORSH
IRU YDU\LQJ ERXQGDU\ FRQGLWLRQV� $VVXPLQJ FRQVWDQW EHQGLQJ VWLmQHVV (,� FRQVWDQW D[LDO
WHQVLRQ IRUFH 7 � DQG D[LDO YHORFLW\ 9 � WKH G\QDPLF HTXDWLRQ RI D VOHQGHU EHDP FDQ EH
PRGHOOHG DV D (XOHU�%HUQRXOOL %HDP >�@
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ZKHUH ] LV D[LDO FRRUGLQDWH� X LV WUDQVYHUVH GHoHFWLRQ� | LV PDWHULDO GHQVLW\� $ LV FURVV�
VHFWLRQDO DUHD� DQG I LV WUDQVYHUVH IRUFH GHQVLW\� ,Q WKLV SDSHU� ZH QHJOHFW WKH D[LDO PRYLQJ
YHORFLW\ 9 DQG D[LDO WHQVLRQ IRUFH 7 � DQG WKXV REWDLQ WKH VLPSOLnHG EHDP HTXDWLRQ
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7KH UHVXOWLQJ EHDP GLVSHUVLRQ HTXDWLRQ
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VKRZV WKH UHODWLRQ EHWZHHQ ZDYHQXPEHU w DQG IUHTXHQF\ � IRU EHDPV� %\ PRGDO DQDO�
\VLV� WKH EHDP HTXDWLRQ FDQ EH GHFRXSOHG� DQG WKH VROXWLRQ FDQ EH UHSUHVHQWHG E\ WKH
VXSHUSRVLWLRQ RI DQ LQnQLWH QXPEHU RI RUWKRJRQDO PRGDO VKDSHV
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ZKHUH sQ LV PRGDO FRRUGLQDWH� DQG �Q�]� LV WKH Q�WK PRGDO VKDSH
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7KH IUHTXHQF\ UHVSRQVH RI WKH Q�WK PRGH FDQ EH UHSUHVHQWHG DV
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ZKHUH 1Q LV WKH PRGDO IRUFH� 0Q LV WKH PRGDO PDVV� rQ LV WKH PRGDO GDPSLQJ UDWLR� DQG
�Q LV WKH PRGH QDWXUDO IUHTXHQF\� 7KH nUVW WZR WHUPV DERYH DUH GHnQHG DV
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&RPELQLQJ (TXDWLRQV �� � DQG �� LI ZH KDYH D SRLQW IRUFH LQSXW ) DW ]D DQG SRVLWLRQ
IHHGEDFN \ DW ]V� WKH IUHTXHQF\ UHVSRQVH IURP LQSXW ) WR RXWSXW \ FDQ EH GHULYHG DV
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7KLV VKRZV WKDW WKH PRGDO VKDSH DW VHQVRU �Q�]V� GHWHUPLQHV WKH PRGDO REVHUYDELOLW\ �
DQG WKH PRGDO VKDSH DW DFWXDWRU �Q�]D� GHWHUPLQHV WKH PRGDO FRQWUROODELOLW\�

7R LQFOXGH XQFHUWDLQW\ LQWR RXU EHDP PRGHO� ZH ORRN DW WKH HQYHORSH RI WKH UHVRQDQFH
SHDNV� )RU D OLJKWO\�GDPSHG V\VWHP� WKH UHVRQDQFH SHDNV FDQ EH DSSUR[LPDWHG E\
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$VVXPLQJ D QRUPDOL]HG VLQXVRLGDO PRGDO VKDSH � PRGDO PDVV 0U FDQ EH FDOFXODWHG DV
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ZKHUH P LV WKH WRWDO PDVV RI WKH EHDP� $VVXPLQJ WKH ZRUVW FDVH WKDW ERWK �U�]D� DQG
�U�]V� DUH �� WKH UHVRQDQFH SHDN HQYHORSH FDQ WKHQ EH REWDLQHG E\

*HQYHORSH���  
�
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)LJXUH � VKRZV WKH GHULYHG SHDN HQYHORSH DQG WKH IUHTXHQF\ UHVSRQVH RI D IUHH�IUHH EHDP
PRGHO DQG D KLQJHG�IUHH EHDP PRGHO� %RWK PRGHOV DVVXPH PRGDO GDPSLQJ UDWLR r  
������ 7KLV UHVXOW VKRZV WKDW WKH SHDN HQYHORSH FRYHUV WKH XQFHUWDLQW\ IRU EHDPV ZLWK
YDU\LQJ ERXQGDU\ FRQGLWLRQV�

:H ZLOO XVH WKH SHDN HQYHORSH LQ RXU FRQWUROOHU GHVLJQ WR LQFOXGH WKH XQFHUWDLQW\ RI
YDU\LQJ ERXQGDU\ FRQGLWLRQV� $Q LPSRUWDQW UHVXOW IURP (TXDWLRQ �� LV WKDW WKH GHVLJQHG
VXVSHQVLRQ VWLmQHVV ZLOO EH PDLQO\ OLPLWHG E\ WKH EHDP
V WRWDO PDVV P DQG GDPSLQJ UDWLR
r�
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)LJXUH �� %RGH SORWV RI EHDP PRGHOV� IURP IRUFH LQSXW ) �V� WR SRVLWLRQ RXWSXW \�V��
IUHH�IUHH ERXQGDULHV� KLQJHG�IUHH ERXQGDULHV� DQG XQFHUWDLQW\ HQYHORSH
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:H KDYH GHVLJQHG D WZR�GLPHQVLRQDO SRVLWLRQ VHQVRU IRU WKH VXVSHQVLRQ RI WXEXODU
EHDPV LQ WKH IRUP RI D WZR�GLPHQVLRQDO YDULDEOH GLmHUHQWLDO WUDQVIRUPHU� 7KH UHDVRQ IRU
FKRRVLQJ WKLV RSHUDWLQJ SULQFLSOH LV WKDW LW LV UREXVW ZLWK UHVSHFW WR VXUIDFH FRDWLQJV DQG
GXVW\ HQYLURQPHQWV� 7KH VFKHPDWLF GHVLJQ LV VKRZQ LQ )LJXUH �� WKH GHWDLOV FDQ EH IRXQG
LQ >�@� 7KH WKUHH SULPDU\ FRLOV RQ WKH SROHV JHQHUDWH D � N+] URWDWLQJ PDJQHWLF nHOG� 7KH
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)LJXUH �� 6HQVRU VFKHPDWLF GHVLJQ

WKUHH VHFRQGDU\ FRLOV DUH WKH RXWSXWV WKDW UHDG WKH PDJQHWLF oX[ UDWH RI FKDQJH� 7KH [
DQG \ SRVLWLRQV RI WKH WXEH DUH REWDLQHG E\ V\QFKURQRXVO\ GHWHFWLQJ WKH RXWSXW YROWDJHV
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+HUH VJQ�X� LV WKH VLJQXP IXQFWLRQ HTXDO WR h� GHSHQGLQJ RQ WKH VLJQ RI X � DQG +V�V�
LV D ORZ�SDVV nOWHU ZLWK � N+] EDQGZLGWK� :H QHHG WR PDNH VXUH WKDW VHQVRU EDQGZLGWK
ZHOO H[FHHGV WKH FRQWURO EDQGZLGWK� DQG WKH SKDVH ODJ GXH WR +V�V� ZLWKLQ WKH FRQWURO
EDQGZLGWK PXVW EH VPDOO WR DYRLG FDXVLQJ GLpFXOWLHV LQ VWDELOL]LQJ WKH V\VWHP�
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,Q GHVLJQLQJ WKH DFWXDWRUV� ZH ZDQW WR REWDLQ WKH IRUFH DV D IXQFWLRQ RI FXUUHQW DQG
DLUJDS ) �L� J�� :H DOVR QHHG WR SUHGLFW WKH PD[LPXP IRUFH� ZKLFK LV XVXDOO\ OLPLWHG E\
FRLO FXUUHQW GXH WR KHDW GLVVLSDWLRQ� DQG E\ PDJQHWLF oX[ VDWXUDWLRQ LQ WKH FRUH DQG LQ
WKH VWHHO WDUJHW�

:H FRQVLGHU DQ 8�VKDSHG HOHFWURPDJQHW PDGH RI ODPLQDWLRQV DV VKRZQ LQ )LJXUH �� 7R
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)LJXUH �� $FWXDWRU GHVLJQ

HVWLPDWH WKH IRUFH IXQFWLRQ� ZH QHJOHFW IULQJLQJ nHOG DQG XVH D VLPSOLnHG PDJQHWLF FLUFXLW
PRGHO� 7KH PDJQHWLF oX[ % DQG DSSOLHG IRUFH ) FDQ EH GHULYHG DV
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ZKHUH x�  �{d��b� +�P LV SHUPHDELOLW\ RI DLU� 1 LV QXPEHU RI WXUQV RI FRLO� L LV FXUUHQW
LQSXW� DQG DE LV FURVV�VHFWLRQDO DUHD RI DFWXDWRU SROH IDFH� $ PRUH DFFXUDWH PRGHO FDQ
DOVR EH GHULYHG E\ VROYLQJ IRU WKH PDJQHWLF nHOG GLVWULEXWLRQ DQDO\WLFDOO\ RU QXPHULFDOO\�
,Q RXU VFDOHG H[SHULPHQW� ZH SUHGLFW ) �L� J�  ��L� J� IURP WKLV PDJQHWLF FLUFXLW PRGHO �
ZKHUH ) LV LQ 1HZWRQ� L LV LQ $PS� DQG J LV LQ PP� ,Q UHDOLW\ ZH H[SHULPHQWDOO\ PHDVXUH
) �L� J�  ��L� J�� WKH GLmHUHQFH FRPHV IURP WKH QHJOHFWHG IULQJLQJ nHOG GXH WR WKH ODUJH
DLUJDS�

7R HVWLPDWH WKH PD[LPXP IRUFH� ZH nUVW H[DPLQH WKH FXUUHQW OLPLW GXH WR KHDW GLVVLSD�
WLRQ LQ WKH FRLO� $LU FRROHG PRWRUV XVXDOO\ RSHUDWH DW D WKHUPDOO\�OLPLWHG FXUUHQW GHQVLW\
RI DERXW �d���$ P� >�@� )RU H[DPSOH� D �� JDXJH ZLUH KDV ����PP� FURVV VHFWLRQDO DUHD�
DQG KDV D FXUUHQW OLPLW RI DERXW ��� $PS� )URP WKH UHTXLUHG IRUFH� ZH FDQ GHFLGH WKH
ZLUH JDXJH DQG WXUQV RI FRLOV WR XVH IRU WKH DFWXDWRUV�

:H IXUWKHU H[DPLQH WKH IRUFH OLPLW GXH WR PDJQHWLF VDWXUDWLRQ� ZKLFK FDQ KDSSHQ
LQVLGH WKH DFWXDWRU RU WKH VXVSHQGHG REMHFW� :H FDQ IROORZ WKH PDJQHWLF oX[ ORRS WR
nQG WKH ERWWOHQHFN� 7KH VDWXUDWLQJ oX[ GHQVLW\ %VDW LV DERXW � WR � 7HVOD IRU ERWK 6L�)H
ODPLQDWLRQV DQG WKH WDUJHW VWHHO� )RU RXU DFWXDWRU PRGHO� �PD[ LV OLPLWHG E\ �DE�%VDW

DQG ��D: � �E: �%VDW� :H FDQ DYRLG PDJQHWLF VDWXUDWLRQ E\ LQFUHDVLQJ WKH VL]H RI WKH
DFWXDWRU FRUHV DQG E\ LQFUHDVLQJ WKH QXPEHU RI DFWXDWRU SROHV� ,Q UHDOLW\� GXH WR WKH
IULQJLQJ nHOG� WKH PLGGOH SDUW RI WKH DFWXDWRU FRUH WHQGV WR VDWXUDWH HDVLHU WKDQ DFWXDWRU
SROHV�

,Q WKLV SDSHU� ZH FRQVLGHU DFWXDWRUV ZLWK ODUJH DLU JDSV DQG QHJOHFW WKH HGG\ FXUUHQWV
LQ WKH VWHHO WDUJHW� 7KH UHDVRQ LV WKDW WKH DLU UHOXFWDQFH LV PXFK ODUJHU WKDQ PDWHULDO
UHOXFWDQFH RYHU WKH FRQWURO EDQGZLGWK LI WKH DLUJDS LV ODUJH� KHQFH WKH PDJQHWLF oX[ LV
PDLQO\ GHWHUPLQHG E\ FRLO FXUUHQW DQG DLU UHOXFWDQFH� )RU DFWXDWRUV ZLWK VPDOO DLUJDSV�
ZH QHHG WR FRQVLGHU WKH G\QDPLF EHKDYLRU E\ LQFOXGLQJ WKH LQGXFHG HGG\ FXUUHQWV DW KLJK
IUHTXHQFLHV� DQG ZH ZLOO IXUWKHU VWXG\ LW DQG SUHVHQW WKH UHVXOWV LQ D ODWHU SXEOLFDWLRQ�

6(1625�$&78$725 326,7,21,1*

2QH RI WKH JUHDWHVW SUREOHPV ZLWK WKH VXVSHQVLRQ RI oH[LEOH HOHPHQWV LV WR PDLQWDLQ
VWDELOLW\ RI KLJK IUHTXHQF\ PRGHV� :H KDYH GHYHORSHG VHQVRU LQWHUSRODWLRQ� VHQVRU DYHUDJ�
LQJ� DQG DFWXDWRU DYHUDJLQJ PHWKRGV WR DGGUHVV WKLV SUREOHP� 7KHVH PHWKRGV DUH GHULYHG
LQ >�@ DQG >�@� ,Q IDFW� RXU H[SHULPHQW RI IUHH�IUHH EHDP VXVSHQVLRQ ZDV QRW VWDEOH XQWLO
ZH GHYHORSHG WKH nOWHULQJ HmHFW RI VHQVRU DYHUDJLQJ DQG DFWXDWRU DYHUDJLQJ�

)RU WKH VHQVRU LQWHUSRODWLRQ PHWKRG� ZH SODFH � DFWXDWRUV LQ EHWZHHQ � VHQVRUV LQ FORVH
SUR[LPLW\� LQWHUSRODWH � VHQVRU RXWSXWV WR HVWLPDWH WKH EHDP GHoHFWLRQV DW WKH DFWXDWRUV�
LQ RUGHU WR UHGXFH VHQVRU�DFWXDWRU QRQ�FROORFDWLRQ SUREOHPV�



)RU VHQVRU DYHUDJLQJ PHWKRG� ZH SODFH � DFWXDWRU DW WKH FHQWHU EHWZHHQ � VHQVRUV�
DQG DYHUDJH WKH � VHQVRU RXWSXWV WR HVWLPDWH WKH GHoHFWLRQ DW WKH DFWXDWRU� %\ GRLQJ VR�
ZH QRW RQO\ HOLPLQDWH QRQ�FROORFDWLRQ SUREOHPV� ZH FDQ DOVR DGMXVW WKH VHQVRU GLVWDQFH WR
DWWHQXDWH XQGHVLUHG UHVRQDQFH PRGHV� $VVXPLQJ D VLQXVRLGDO PRGDO VKDSH� ZLWK VHQVRUV
ORFDWHG DW ]�  �]� b GV� DQG ]�  �]� � GV�� WKH DYHUDJHG RXWSXW LV
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7KLV DYHUDJLQJ HmHFW FUHDWHV D PRGDO EDQG�VWRS nOWHU RI FRV�wQGV�� ZKLFK KDV ORZ JDLQ
ZKHQ wQGV { { �� 7KH FRVLQH HmHFW FRV�wQGV�� FRPELQHG ZLWK EHDP GLVSHUVLRQ HTXDWLRQ
(,w�  |$��� LV GHPRQVWUDWHG LQ )LJXUH � IRU WKH YDOXH GV  ���� P� 7KH UHVXOW VKRZV D

1st mode 2nd mode

Ideal band-stop
region

)LJXUH �� &RVLQH HmHFW IURP VHQVRU DYHUDJLQJ� D EURDG QRWFK DWWHQXDWHV VHYHUDO UHVRQDQFH
PRGHV� DQG SKDVH UHPDLQV XQFKDQJHG XQWLO wGV ! { ��

EURDG QRWFK WKDW DWWHQXDWHV VHYHUDO UHVRQDQFH PRGHV WKDW KDYH ZDYHQXPEHUV QHDU { �GV�
DQG WKH SKDVH UHPDLQV XQFKDQJHG XQWLO wGV ! { �� )XUWKHUPRUH� WKLV PRGDO nOWHULQJ HmHFW
RI FRV�wQGV� LV D IXQFWLRQ RI EHDP SURSHUWLHV DQG VHQVRU GLVWDQFH� DQG LV LQGHSHQGHQW RI
ERXQGDU\ FRQGLWLRQV DQG EHDP SRVLWLRQ�

6LPLODUO\� IRU DFWXDWRU DYHUDJLQJ� ZH SODFH WZR DFWXDWRUV DSDUW E\ �GD� DQG DSSO\ WKH
VDPH IRUFH RQ HDFK DFWXDWRU� :H FDQ WKHUHE\ FUHDWH DQRWKHU PRGDO EDQG�VWRS nOWHU RI
FRV�wQGD�� 3K\VLFDOO\ WKH VHQVRU DYHUDJLQJ PHWKRG DWWHQXDWHV WKH PRGDO REVHUYDELOLW\
DW WKH DVVRFLDWHG IUHTXHQF\ UDQJH� DQG DFWXDWRU DYHUDJLQJ PHWKRG DWWHQXDWHV WKH PRGDO
FRQWUROODELOLW\�

%\ XVLQJ WKLV DYHUDJLQJ PHWKRG� ZH FDQ SODFH WKH nOWHUV QHDU GHVLJQHG FURVV�RYHU IUH�
TXHQF\� DQG KHQFH LPSURYH WKH JDLQ PDUJLQ ZLWKRXW DGYHUVHO\ DmHFWLQJ WKH SKDVH� 7KLV
DYHUDJLQJ HmHFW ZLOO EH VKRZQ LQ WKH H[SHULPHQW UHVXOWV LQ D VXEVHTXHQW VHFWLRQ�
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7R GHDO ZLWK WKH OLJKWO\�GDPSHG YLEUDWLRQ PRGHV RI WKH VXVSHQGHG EHDP� ZH GHVLJQ D
VORZ UROO�XS OHDG FRPSHQVDWRU� ZKLFK LV D 6,62 PXOWLSOH�OHDG FRPSHQVDWRU� 7KLV FRPSHQ�
VDWRU KDV WKH IROORZLQJ VWUXFWXUH�

+�V�  .S

�V�P��V� �P��V� ��P� c c c
�V� �P��V� �P��V � ��P� c c c � ����

7KH FRQWUROOHU IUHTXHQF\ UHVSRQVH LV VKRZQ LQ )LJXUH �� 7KLV FRQWUROOHU ZLOO SURYLGH
SKDVH PDUJLQ RI DERXW �� GHJUHHV IRU WKH IUHTXHQFLHV RI LQWHUHVW� ,W KDV JDLQ UROOLQJ
XS DW DQ DYHUDJH VORSH RI �� G%�GHFDGH WR DYRLG RYHU�DPSOLI\LQJ UHVRQDQFH SHDNV DW KLJK
IUHTXHQFLHV� 'HSHQGLQJ RQ WKH GHVLJQ UHTXLUHPHQW DQG VWUXFWXUDO GDPSLQJ UDWLR� WKH UDWLR
RI WKH ]HUR�SROH ORFDWLRQV FDQ EH GHVLJQHG WR KDYH PRUH SKDVH PDUJLQ RU VORZHU UROO�XS
UDWH�
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)LJXUH �� %RGH 3ORWV RI VORZ UROO�XS OHDG FRPSHQVDWRU
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,Q WKLV VHFWLRQ� ZH GHVFULEH WKH GHVLJQ SURFHGXUHV RI RXU EHDP H[SHULPHQW� 7ZR
H[SHULPHQWDO UHVXOWV DUH VKRZQ� 7KH nUVW H[SHULPHQW XVHV � VHQVRUV DQG � DFWXDWRUV
WR VXVSHQG D VLQJOH SRLQW RI WKH EHDP ZLWK FODPSHG�FODPSHG ERXQGDULHV� 7KH VHFRQG
H[SHULPHQW XVHV � VHQVRUV DQG � DFWXDWRU WR VXVSHQG WKH EHDP LQ � XQLWV ZLWK VHQVRU DQG
DFWXDWRU DYHUDJLQJ ZLWKLQ HDFK XQLW� :H DOVR VKRZ WKDW WKH VXVSHQVLRQ LV VWDEOH XQGHU
YDU\LQJ ERXQGDU\ FRQGLWLRQV� :H nUVW VXPPDUL]H WKH V\VWHP SURSHUWLHV�



�� 'HVLJQ UHTXLUHPHQWV� VXVSHQVLRQ GF VWLmQHVV.  ��� 1�PP� EDQGZLGWK �%:  ���
+]� DLUJDS � PP� DQG YDU\LQJ ERXQGDU\ FRQGLWLRQV�

�� %HDP� (  ��� *3D� ,  ���� PP�� |  ���� NJ P�� $  �� PP�� /  � P� �
r  ������ }  ���d ��� PKRV�P� DQG x  �d ���x� +�P�

�� 6HQVRU� EDQGZLGWK RI � N+]�

�� $FWXDWRU� D  �� PP� E  � PP� F  �� PP� 1  ����� �� JDXJH ZLUH� FXUUHQW
OLPLW LPD[  ��� $� DQG EDQGZLGWK ��� +]�

�� &RQWUROOHU� WV  ���xV DQG WF  ���xV� �GHOD\{ ���xV�

)URP WKH EHDP SURSHUWLHV� ZH FDQ GHULYH WKH VWUXFWXUH SHDN HQYHORSH� $VVXPLQJ
SURSRUWLRQDO FRQWURO RI JDLQ .� WKH ORRS WUDQVIHU IXQFWLRQ EHFRPHV
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7KLV UHVXOW VKRZV KRZ WKH GHVLJQ RI FRQWURO EDQGZLGWK DQG VWLmQHVV LV FRQVWUDLQHG WR WKH
PDVV DQG GDPSLQJ UDWLR RI WKH EHDP� ,W VXJJHVWV WKDW LI ZH FKRRVH GF VWLmQHVV .  ���
1�P� ZH ZLOO KDYH UHVRQDQFH SHDNV EHORZ � G% ZKHQ IUHTXHQFLHV DUH KLJKHU WKDQ ��� +]�
DQG WKXV ZH QHHG SRVLWLYH SKDVH PDUJLQ DW OHDVW XS WR ��� +]� 6LPLODUO\� LI ZH FKRRVH GF
VWLmQHVV .  ��� 1�P� ZH ZLOO QHHG SRVLWLYH SKDVH PDUJLQ XS WR ��� +]� )URP WKH WZR
GHVLJQ UHTXLUHPHQWV RI �%: w ��� +] DQG . w ��� 1�P� ZH FKRRVH .  ��� 1�P WR
PHHW ERWK UHTXLUHPHQWV�

)XUWKHUPRUH� ZH DUUDQJH VHQVRU DYHUDJLQJ WR DWWHQXDWH WKH YLEUDWLRQ PRGHV DURXQG
��� +]� )URP WKH EHDP GLVSHUVLRQ HTXDWLRQ� ZH KDYH

(,w�  |$�� � w�  ���� � w  ���� DW ��� +]� ����

WKHUHIRUH ZH SODFH � VHQVRUV DSDUW E\ �GV ZLWK GV  
{
�w
 ���� P�

,Q RXU nUVW H[SHULPHQW� ZH XVHG � VHQVRUV DQG � DFWXDWRUV WR FRQWURO RQH SRLQW �]�  
���� P� RI D FODPSHG�FODPSHG EHDP� :H FRPSDUHG WKH WZR SRVLWLRQLQJ PHWKRGV RI VHQVRU
LQWHUSRODWLRQ DQG VHQVRU DYHUDJLQJ� ,Q WKH nUVW DUUDQJHPHQW� ZH SODFHG � DFWXDWRUV LQ
EHWZHHQ � VHQVRUV LQ FORVH SUR[LPLW\ DQG XVHG VHQVRU LQWHUSRODWLRQ PHWKRG� ZH ZHUH
DOPRVW DEOH WR VWDELOL]H WKH V\VWHP� H[FHSW WKHUH LV D OLPLW F\FOH YLEUDWLRQ DW ���� UDG�V�
,Q WKH VHFRQG DUUDQJHPHQW� ZH XVHG VHQVRU DYHUDJLQJ E\ SODFLQJ WZR VHQVRUV DW h���� P
IURP WKH FHQWHU� DQG XVHG WKH VDPH FRQWUROOHU� :H ZHUH DEOH WR VWDELOL]H WKH V\VWHP DQG
DYRLG WKH OLPLW F\FOH� )LJXUH � VKRZV WKH ORRS WUDQVIHU IXQFWLRQ RI ERWK H[SHULPHQWV� 7KH
ORRS KDV ��R SKDVH PDUJLQ IRU DOO YLEUDWLRQ PRGHV EHORZ ��� UDG�V� %HORZ ���� UDG�V� ZH
KDYH DQ DOWHUQDWLQJ SROH�]HUR SDWWHUQ� ZKLFK PHDQV HDFK UHVRQDQFH PRGH LV LQ SKDVH� DQG
KHQFH VKRZV WKHUH LV QR QRQ�FROORFDWLRQ SUREOHP� $ERYH ���� UDG�V� WKH PRGHV EHFRPH



)LJXUH �� ([SHULPHQWDO VHWXS DQG H[SHULPHQWDO %RGH SORWV RI ORRS WUDQVIHU IXQFWLRQ
+�V�*�V�� VHQVRU LQWHUSRODWLRQ DQG VHQVRU DYHUDJLQJ

RXW RI SKDVH GXH WR VHQVRU DYHUDJLQJ ZKHQ FRV�wGV� � �� 7KH VHQVRU DYHUDJLQJ VKRZV
LWV DGYDQWDJH DURXQG WKH FURVV�RYHU IUHTXHQF\� ZKHUH LW DWWHQXDWHV WKH YLEUDWLRQ PRGHV
ZLWKRXW DmHFWLQJ WKH SKDVH� DQG KHQFH LPSURYHV WKH VWDELOLW\ UREXVWQHVV E\ LQFUHDVLQJ WKH
JDLQ PDUJLQ�

,Q RXU VHFRQG H[SHULPHQW� ZH XVHG � VHQVRUV DQG � DFWXDWRUV WR FRQWURO � SRLQWV RI
WKH EHDP ZLWK YDU\LQJ ERXQGDU\ FRQGLWLRQV� :H FRPSDUHG WZR GLmHUHQW DUUDQJHPHQWV�
VHQVRU DYHUDJLQJ RQO\� DQG ERWK VHQVRU�DFWXDWRU DYHUDJLQJ� ,Q WKH nUVW DUUDQJHPHQW� ZH
XVHG WKH VHQVRU DYHUDJLQJ PHWKRG RQO\� DQG ZHUH DEOH WR VWDELOL]H WKH EHDP ZLWK ORRVHO\
FODPSHG ERXQGDULHV� +RZHYHU� ZKHQ WKH EHDP ZDV UHOHDVHG WR IUHH�IUHH ERXQGDULHV� D
YLEUDWLRQ DW ��� +] EXLOGV XS DQG GHVWDELOL]HV WKH V\VWHP LQ D IHZ VHFRQGV� ,Q WKH VHFRQG
DUUDQJHPHQW� ZH DGGHG DFWXDWRU DYHUDJLQJ WR WKH SUHYLRXV VHQVRU DYHUDJLQJ DUUDQJHPHQW�
7R DWWHQXDWH YLEUDWLRQ PRGHV DURXQG ��� +]� ZH SODFHG WZR DFWXDWRUV DSDUW E\ �GD ZLWK
GD  ���� P� DQG ZH ZHUH DEOH WR VXVSHQG WKH EHDP ZLWK YDU\LQJ ERXQGDU\ FRQGLWLRQV�
LQFOXGLQJ FODPSHG� KLQJHG� DQG IUHH ERXQGDULHV� 7KH %RGH SORWV RI +�V�*���V� IRU D
VXVSHQGHG IUHH�IUHH EHDP LV VKRZQ LQ )LJXUH �� ZKHUH *���V� LV WKH RSHQ�ORRS G\QDPLFV
RI WKH �QG FRQWURO SRLQW DW ]�  ���� P� 7KH UHVXOW VKRZV WKH GDPSLQJ UDWLR RI WKH EHDP
LV EHORZ ������ $Q LQWHUHVWLQJ REVHUYDWLRQ LV WKDW WKH IUHH�PDVV G\QDPLFV RI � �PV��
LV QRW REVHUYHG LQ WKH %RGH SORWV� 7KDW LV EHFDXVH WKH PHDVXUHG KRUL]RQWDO G\QDPLFV
DUH FRXSOHG WR YHUWLFDO G\QDPLFV� DQG WKH ORZ IUHTXHQF\ G\QDPLFV DUH GHWHUPLQHG E\ D
SHQGXOXP PRGH ZLWK QDWXUDO IUHTXHQF\ RI �� UDG�V� ZKLFK DSSHDUV DV D VPDOO EXPS LQ
)LJXUH ��



)LJXUH �� ([SHULPHQWDO VHWXS DQG H[SHULPHQWDO %RGH SORWV RI +�V�*���V� IRU IUHH�IUHH
EHDP VXVSHQVLRQ
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7KLV SDSHU SUHVHQWV JHQHUDO GHVLJQ SURFHGXUHV IRU PDJQHWLF VXVSHQVLRQ RI HORQJDWHG
EHDPV IRU QRQFRQWDFW SURFHVVLQJ� :H GHULYHG WKH XQFHUWDLQW\ HQYHORSH WKDW UHSUHVHQWV
WKH EHDP G\QDPLFV ZLWK YDU\LQJ ERXQGDU\ FRQGLWLRQV� DQG XVHG LW WR JXLGH WKH FRQWUROOHU
GHVLJQ� :H GHYHORSHG VHQVRU DQG DFWXDWRU DYHUDJLQJ PHWKRGV WR DWWHQXDWH XQGHVLUHG
UHVRQDQFH PRGHV ZLWKRXW DGYHUVHO\ DmHFWLQJ SKDVH� :H DOVR EXLOW D VFDOHG H[SHULPHQW
WR VXVSHQG D WXEXODU EHDP� DQG GHPRQVWUDWHG WKH HmHFWLYHQHVV RI RXU SURSRVHG GHVLJQ
PHWKRG� ,Q WKH IXWXUH� ZH SODQ WR IXUWKHU VWXG\ WKH HmHFWV RI EHDP D[LDO YHORFLW\ 9 DQG
D[LDO WHQVLRQ 7 � :H ZLOO DOVR LQYHVWLJDWH WKH GXDO SUREOHP RI HOHFWURVWDWLF OHYLWDWLRQ� DQG
WKH VXVSHQVLRQ RI GLmHUHQW VWUXFWXUHV� LQFOXGLQJ VWULQJV� PHPEUDQHV� DQG SODWHV�

$&.12:/('*0(176

7KLV UHVHDUFK LV VSRQVRUHG E\ WKH 1DWLRQDO 6FLHQFH )RXQGDWLRQ XQGHU *UDQW $ZDUG
1XPEHU '0,��������� 7KH DXWKRUV ZLVK WR DFNQRZOHGJH 3URIHVVRU -HmUH\ +� /DQJ DQG
3URIHVVRU 6DPLU 1D\IHK DW 0,7 IRU WKHLU KHOSIXO FRPPHQWV�
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