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H[

IRU VLOYHU ZHUH UHODWHG ZLWK WKH FXUUHQW

GHQVLW\ RU FHOO YROWDJH HPSOR\HG LQ WKH H[SHULPHQW� 7KH UHVXOWV REWDLQHG KHUH DOVR LQGLFDWH WKDW WKH

KHDW JHQHUDWLRQ XQGHU GLIIHUHQW FRQGLWLRQV� VXFK DV GLIIHUHQW FXUUHQWV RU YROWDJHV PD\ EH FDXVHG

SDUWLDOO\ E\ WKH LUUHYHUVLELOLW\ RI WKH SURFHVV RU E\ VRPH XQNQRZQ SURFHVVHV�

.H\ZRUGV� HOHFWURUHILQLQJ� H[FHVV KHDW� JHQHUDO WKHUPRG\QDPLFV� LUUHYHUVLELOLW\� PLFURFDORULPHWU\

,QWURGXFWLRQ

7KH ZRUN GLVVLSDWLRQ� DV KHDW UHOHDVHG� GXULQJ WKH SURFHVV HOHFWURUHILQLQJ RI PHW�
DO LV DOZD\V JHQHUDWHG� ,W LV FHUWDLQO\ YHU\ LPSRUWDQW IRU WKH LQYHVWLJDWLRQ RI WKHUPR�
G\QDPLFV�

7KH FDORULPHWULF VWXG\ RI HOHFWURUHILQLQJ FRSSHU ZDV UHSRUWHG LQ RXU SUHYLRXV
ZRUN >�@� 7KH KHDW JHQHUDWHG GXULQJ WKH SURFHVV LV DOZD\V JUHDWHU WKDQ WKH HOHFWULF
ZRUN LQSXW WR LW� 7KDW NLQG RI KHDW PD\ DOVR EH FDOOHG H[FHVV KHDW DV UHSRUWHG >�@� 7KH
SURFHVV RI HOHFWURUHILQLQJ FRSSHU ORRNV DV LI LW ZDV YHU\ VLPSOH� L�H� GXULQJ WKH SURF�
HVV D FRSSHU LRQ �&X��� LQ HOHFWURO\WH VROXWLRQ REWDLQHG HOHFWURQV DW FDWKRGH VXUIDFH
ZKHUH LW GHSRVLWHG DV D FRSSHU DWRP �&X�� DQG DW WKH VDPH WLPH D FRSSHU DWRP OHDYHV
LWV HOHFWURQV DW DQRGH ZKHUH D FRSSHU LRQ JRHV LQWR VROXWLRQ� DQG WKXV WKH ZKROH V\V�
WHP RI HOHFWURUHILQLQJ FRSSHU DSSDUHQWO\ VHHPV QRW WR FKDQJH� ,Q WKDW FDVH� VXFK H[�
FHVV KHDW PD\ EH FDXVHG E\ WKH IDFW WKDW WKH FRSSHU LRQ LQ VROXWLRQ RI WKH HOHFWURUH�
ILQLQJ V\VWHP FRXOG QRW EH FRPSOHWHO\ UHGXFHG DW FDWKRGH WR EH GHSRVLWHG &X� RU WKH
FRSSHU DWRP DW DQRGH RI WKH V\VWHP FRXOG QRW EH R[LGL]HG WR EH &X��� ,Q RWKHU ZRUGV�
WKH H[FHVV KHDW LV JHQHUDWHG GXULQJ WKH HOHFWURUHILQLQJ SURFHVV EHFDXVH WKH FRSSHU
SUHVHQWV LWV ORZ R[LGDWLRQ VWDWH &X��

7KH SXUSRVH RI WKLV ZRUN LV WR REWDLQ WKH FDORULPHWULF PHDVXUHPHQWV GXULQJ WKH
SURFHVV RI HOHFWURUHILQLQJ VLOYHU DQG WR LQYHVWLJDWH WKHVH PHDVXUHPHQWV UHODWHG ZLWK
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HOHFWURFKHPLFDO FRQGLWLRQV LQ GHWDLOV� 6LOYHU ZDV XVHG IRU HOHFWURUHILQLQJ EHFDXVH LW
GRHV QRW SUHVHQW D ORZ R[LGDWLRQ VWDWH�

([SHULPHQWDO

(OHFWURFKHPLFDO FHOO

7KH FHOO XVHG KHUH IRU HOHFWURUHILQLQJ VLOYHU ZDV DOPRVW WKH VDPH DV LQ SUHYLRXV
ZRUN >�@� ,W ZDV IRUPHG RI D VLOYHU URG DV D[LV� FLUFXODWHG DURXQG VRPH PHWDO ZLUH
FRLOV� SODFHG LQ D JODVV WHVW WXEH ILOOHG ZLWK VLOYHU QLWUDWH VROXWLRQ ���� 0�� DV VKRZQ
LQ )LJ� ��

&DORULPHWULF V\VWHP

7KH FDORULPHWHU DQG LWV V\VWHP ZHUH WKH VDPH DV LQ RXU SUHYLRXV ZRUN >�@�
,Q WKLV VWXG\� DQ HOHFWURQLF�FRQVWDQW FXUUHQW VRXUFH ZDV DOVR HPSOR\HG DV D SRZHU

VXSSO\ LQ GLIIHUHQW SURFHVVHV�

3URFHGXUH

7R WHVW WKH UHOLDELOLW\ RI RXU DSSDUDWXV� WKH FDORULPHWULF V\VWHP ZDV FDOLEUDWHG
DJDLQ LQ VLWX ZLWK HOHFWULF SRZHU LQ GLIIHUHQW UDQJHV RI HQHUJ\� 7KH UHVXOWV RI WKH FDOL�
EUDWLRQ DUH VKRZQ LQ 7DEOHV �−��

7KH UHVXOWV RI KHDW JHQHUDWHG E\ HOHFWURUHILQLQJ VLOYHU ZHUH REWDLQHG LQ FXUUHQW
GHQVLW\ IURP ����� WR ����� P$ FP−�� 'XULQJ WKH SURFHVV� WKH HQHUJ\ FRQVXPSWLRQ
ZDV GHWHUPLQHG ZLWK WKH FHQWULF URG − D[LV HOHFWURGH XVHG HLWKHU DV WKH DQRGH� RU DV
WKH FDWKRGH� 7KHVH UHVXOWV DUH VKRZQ LQ 7DEOHV �−�� :H XVHG DQ HOHFWURQLF�FRQVWDQW
FXUUHQW SRZHU VXSSO\ IRU WKH H[SHULPHQWV�

)LJ� � &URVV VHFWLRQDO YLHZ RI WKH FDORULPHWULF FKDPEHU EHLQJ SODFHG LQ DQ HOHFWURUHILQLQJ
FHOO DQG D FDOLEUDWLRQ KHDWHU� � ± FDOLEUDWLRQ KHDWHU� � ± FDORULPHWULF YHVVHO� � ± JODVV
FHOO� � ± $J URG DQG FRLOV� � ± HOHFWURGH FRQQHFWLRQV� � ± UHIHUHQFH HOHFWURGH
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5HVXOWV�DQG�GLVFXVVLRQ

)URP WKH UHVXOWV RI FDOLEUDWLRQ RI WKH FDORULPHWHU VXPPDUL]HG LQ 7DEOHV �−� LW
FDQ EH IRXQG RXW WKDW WKH UHODWLYH HUURU RI WKH SRZHU HTXLYDOHQW XQGHU ORZ VHQVLWLYLW\
FRQGLWLRQV LV EHWWHU WKDQ ±��� 7KHUHIRUH� WKH UHVXOWV REWDLQHG LQ WKLV ZRUN VKRXOG EH
UHOLDEOH� HYHQ WKH UHODWLYH HUURU RI SRZHU HTXLYDOHQW XQGHU KLJK VHQVLWLYLW\ LV RYHU
±�� DV VKRZQ LQ 7DEOH ��

7KH FDORULPHWULF PHDVXUHPHQWV GXULQJ HOHFWURUHILQLQJ VLOYHU XQGHU GLIIHUHQW HOHF�
WURFKHPLFDO FRQGLWLRQV DUH VKRZQ LQ 7DEOHV �−�� )URP WKHVH DQG )LJV �−��� ZH FDQ
ILQG WKDW WKH KHDW JHQHUDWHG GXULQJ UHILQLQJ VLOYHU LV VLJQLILFDQWO\ FKDQJHG� DV LQ SUH�
YLRXV ZRUN >�@� ZLWK FXUUHQW GHQVLW\� RU FHOO YROWDJH HPSOR\HG LQ WKLV ZRUN�

7KH UDWLR RI WKH PHDVXUHG KHDW WR WKH HOHFWULF LQSXW HQHUJ\ �4P�4LQ� GHFUHDVHV
ZLWK FXUUHQW GHQVLW\ ZKHWKHU LQ WKH FHQWUH HOHFWURGH DV D FDWKRGH� RU DV DQ DQRGH�

7KH H[FHVV KHDW �4H[� LV GHILQHG DV EHIRUH E\ D GLIIHUHQFH EHWZHHQ 4LQ DQG 4P

FDOFXODWHG ZLWK WKH UHVXOWV RI FDORULPHWULF PHDVXUHPHQWV� 7KH UHVXOWV VKRZQ LQ
)LJV �−�� LQGLFDWH WKDW WKH H[FHVV KHDW DOVR GHSHQGV RQ FXUUHQW GHQVLW\ HPSOR\HG� ,Q
RWKHU ZRUGV� WKH H[FHVV KHDW �4H[� GHFUHDVHV ZLWK FXUUHQW GHQVLW\ ZKHWKHU LQ WKH FHQ�
WHU HOHFWURGH DV FDWKRGH� RU DV DQRGH�

7DEOH � &DOLEUDWLRQ UHVXOWV RI WKH FDORULPHWHU XQGHU 6 � DQG 33 �� FRQGLWLRQ
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7DEOH � &DORULPHWULF PHDVXUHPHQWV RI WKH HOHFWURUHILQLQJ SURFHVV RI VLOYHU LQ DTXHRXV VROXWLRQ RI
$J12� ���� 0� DW URRP WHPSHUDWXUH

1R� σ �P$ FP
−�

9�9 W�V 4LQ�P- 4P�P- 5 4H[�P-

������� ����� ����� ��� ���� ���� ���� ±����
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6LOYHU URG �' ��� PP� / ���� PP� LQ WKH FHQWHU D[LV DV D FDWKRGH�

7KH DQRGH IRUPHG D FRLO �' ���� PP� ZLWK VLOYHU ZLUH �' ��� PP� / ���� PP�

7DEOH � &DORULPHWULF PHDVXUHPHQWV RI WKH HOHFWURUHILQLQJ SURFHVV RI VLOYHU LQ DTXHRXV VROXWLRQ RI
$J12� ���� 0� DW URRP WHPSHUDWXUH
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7KH DQRGH IRUPHG D FRLO �' ���� PP� ZLWK VLOYHU ZLUH �' ��� PP� / ����� PP�

7DEOH � &DORULPHWULF PHDVXUHPHQWV RI WKH HOHFWURUHILQLQJ SURFHVV RI VLOYHU LQ DTXHRXV VROXWLRQ RI
$J12� ���� 0� DW URRP WHPSHUDWXUH
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6LOYHU URG �' ��� PP� / ���� PP� LQ WKH FHQWHU D[LV DV DQ DQRGH�

7KH FDWKRGH IRUPHG D FRLO �' ���� PP� ZLWK VLOYHU ZLUH �' ��� PP� / ����� PP�
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7KH SURFHVV RI HOHFWURUHILQLQJ FRSSHU PHQWLRQHG LQ WKH SUHYLRXV ZRUN >�@ KHUH
VHHPV WKDW WKH VLOYHU DWRP LV GLVVROYHG IURP VLOYHU DQRGH LQWR WKH VROXWLRQ DQG WKH VLO�
YHU LRQ LV GHSRVLWHG RQWR WKH VXUIDFH RI FDWKRGH� WKHUHIRUH� WKH ZKROH V\VWHP QHYHU
FKDQJHV LQ WKH VHQVH RI WKHUPRG\QDPLFV� 7KXV WKH UDWLR RI WKH PHDVXUHG KHDW �4P� WR
WKH LQSXW HOHFWULF HQHUJ\ �4LQ� VKRXOG EH DOZD\V OHVV WKDQ RQH� RU DW PRVW HTXDO WR
RQH� +RZHYHU� LW LV DOVR JUHDWHU WKDQ RQH LQ PRVW FDVHV� ,W DOVR DSSHDUV WKDW WKH KHDW
REVHUYHG LQ WKH H[SHULPHQW ZDV PRUH WKDQ WKH LQSXW HOHFWULF HQHUJ\� 7KHVH NLQGV RI
UHVXOWV REVHUYHG LQ WKLV ZRUN FRPSHO XV DJDLQ WR DFFHSW D µIDOODF\¶ LQ FODVVLFDO WKHU�
PRG\QDPLFV� ,Q RWKHU ZRUGV� WKH UHVXOW VHHPV WR VKRZ WKDW LW GRHV QRW DELGH WKH ILUVW
ODZ RI WKHUPRG\QDPLFV� $V LQ SUHYLRXV ZRUN >�@ LW KDV WR EH SRLQWHG RXW WKDW WKHUH

7DEOH � &DORULPHWULF PHDVXUHPHQWV RI WKH HOHFWURUHILQLQJ SURFHVV RI VLOYHU LQ DTXHRXV VROXWLRQ RI
$J12� ���� 0� DW URRP WHPSHUDWXUH

1R� σ �P$ FP
−�

9�9 W�V 4LQ�P- 4P�P- 5
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������� ����� ����� ��� ����� ���� ����

������� ����� ����� ��� ����� ����� ����

6LOYHU URG �' ��� PP� / ���� PP� LQ WKH FHQWHU D[LV DV D FDWKRGH�

7KH DQRGH IRUPHG D FRLO �' ���� PP� ZLWK VLOYHU ZLUH �' ��� PP� / ���� PP�

)LJ� � 'HSHQGHQFH RI WKH UDWLR RI ZRUN GLVVLSDWLRQ WR WKH HOHFWULF HQHUJ\ RQ WKH HOHFWULF FXU�
UHQW GHQVLW\� VLOYHU URG �' ��� PP� / ���� PP� LQ WKH FHQWHU D[LV DV D FDWKRGH� WKH
DQRGH IRUPHG D FRLO �' ���� PP� ZLWK VLOYHU ZLUH �' ��� PP� / ���� PP�
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PXVW EH D µIDOVH IDOODF\¶ LQ JHQHUDO WKHUPRG\QDPLFV� 7KH SUREOHP KHUH VWLOO LV WKDW
WKH FHOO VWXGLHG GXULQJ HOHFWURUHILQLQJ VLOYHU LV QRW VXFK D VLPSOH WKHUPRG\QDPLF V\V�
WHP� ,Q SUHYLRXV ZRUN� VXFK H[FHVV KHDW PD\ EH FDXVHG E\ WKH IDFW WKDW WKH FRSSHU
LRQ LQ VROXWLRQ RI WKH HOHFWURUHILQLQJ V\VWHP FRXOG QRW EH FRPSOHWHO\ UHGXFHG DW FDWK�

)LJ� � 'HSHQGHQFH RI WKH UDWLR RI ZRUN GLVVLSDWLRQ WR WKH HOHFWULF HQHUJ\ RQ WKH HOHFWULF FXU�
UHQW GHQVLW\� VLOYHU URG �' ��� PP� / ���� PP� LQ WKH FHQWHU D[LV DV D FDWKRGH� WKH
DQRGH IRUPHG D FRLO �' ���� PP� ZLWK VLOYHU ZLUH �' ��� PP� / ����� PP�

)LJ� � 'HSHQGHQFH RI WKH UDWLR RI ZRUN GLVVLSDWLRQ WR WKH HOHFWULF HQHUJ\ RQ WKH HOHFWULF FXU�
UHQW GHQVLW\� VLOYHU URG �' ��� PP� / ���� PP� LQ WKH FHQWHU D[LV DV DQ DQRGH� WKH
FDWKRGH IRUPHG D FRLO �' ���� PP� ZLWK VLOYHU ZLUH �' ��� PP� / ����� PP�
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RGH WR EH GHSRVLWHG &X� RU WKH FRSSHU DWRP DW DQRGH RI WKH V\VWHP FRXOG QRW EH R[L�
GL]HG WR EH &X��� L�H� H[FHVV KHDW LV JHQHUDWHG GXULQJ WKH HOHFWURUHILQLQJ SURFHVV EH�
FDXVH WKH FRSSHU SUHVHQWV LWV ORZ R[LGDWLRQ VWDWH &X�� 7KH FDORULPHWULF VWXG\ RI HOHF�
WURUHILQLQJ VLOYHU LQ WKLV ZRUN PD\ EH EHWWHU EHFDXVH SUREDEO\ LW DYRLGV VXFK D ORZ

)LJ� � 'HSHQGHQFH RI WKH UDWLR RI ZRUN GLVVLSDWLRQ WR WKH HOHFWULF HQHUJ\ RQ WKH HOHFWULF FXU�
UHQW GHQVLW\� VLOYHU URG �' ��� PP� / ���� PP� LQ WKH FHQWHU D[LV DV D FDWKRGH� WKH
DQRGH IRUPHG D FRLO �' ��� PP� ZLWK VLOYHU ZLUH �' ��� PP� / ���� PP�

)LJ� � 5HODWLRQ EHWZHHQ WKH H[FHVV KHDW DQG WKH FXUUHQW GHQVLW\� VLOYHU URG �' ��� PP�
/ ���� PP� LQ WKH FHQWHU D[LV DV D FDWKRGH� WKH DQRGH IRUPHG D FRLO �' ���� PP�
ZLWK VLOYHU ZLUH �' ��� PP� / ���� PP�
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R[LGDWLRQ VWDWH &X�� 7KH KHDW JHQHUDWHG GXULQJ WKH UHILQLQJ VLOYHU� KRZHYHU� LV VWLOO
FKDQJHG� DV LQ D SUHYLRXV ZRUN >�@� ZLWK FXUUHQW GHQVLW\� RU FHOO YROWDJH HPSOR\HG�
7KH UDWLR RI 4P�4LQ XQGHU GLIIHUHQW HOHFWULFDO FRQGLWLRQV LV VWLOO YDULHG ZLWK FXUUHQW
GHQVLW\ ZKHWKHU LQ WKH FHQWUH HOHFWURGH DV D FDWKRGH� RU DV DQ DQRGH� 7KH H[FHVV KHDW
�4H[� DOVR GHSHQGV RQ FXUUHQW GHQVLW\ HPSOR\HG�

)LJ� � 5HODWLRQ EHWZHHQ H[FHVV KHDW DQG WKH FXUUHQW GHQVLW\� VLOYHU URG �' ��� PP�
/ ���� PP� LQ WKH FHQWHU D[LV DV D FDWKRGH� WKH DQRGH IRUPHG D FRLO �' ���� PP�
ZLWK VLOYHU ZLUH �' ��� PP� / ����� PP�

)LJ� � 5HODWLRQ EHWZHHQ H[FHVV KHDW DQG WKH FXUUHQW GHQVLW\� VLOYHU URG �' ��� PP�
/ ���� PP� LQ WKH FHQWHU D[LV DV DQ DQRGH� WKH FDWKRGH IRUPHG D FRLO �' ���� PP�
ZLWK VLOYHU ZLUH �' ��� PP� / ����� PP�
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$V PHQWLRQHG LQ D SUHYLRXV ZRUN >�@� WKH SURFHVV RI HOHFWURUHILQLQJ PHWDO PD\ EH
LUUHYHUVLEOH DQG WKH ILQDO VWDWH PD\ EH LQ QRQ�HTXLOLEULXP VWDWH� $OO RI WKH FDORULPHW�
ULF PHDVXUHPHQWV RI HOHFWURUHILQLQJ VLOYHU� ZKLFK LV DOPRVW WKH VDPH WR FRSSHU� LQGL�
FDWH WKDW WKH PHFKDQLVP RI HOHFWURGHSRVLWLRQ RI D PHWDO LV YHU\ FRPSOH[� 7KH FRP�

)LJ� � 5HODWLRQ EHWZHHQ H[FHVV KHDW DQG WKH FXUUHQW GHQVLW\� VLOYHU URG �' ��� PP�
/ ���� PP� LQ WKH FHQWHU D[LV DV D FDWKRGH� WKH DQRGH IRUPHG D FRLO �' ���� PP�
ZLWK VLOYHU ZLUH �' ��� PP� / ���� PP�

)LJ� �� 'HSHQGHQFH RI WKH UDWLR RI ZRUN GLVVLSDWLRQ WR WKH HOHFWULF HQHUJ\ RQ WKH FHOO YROWDJH�
VLOYHU URG �' ��� PP� / ���� PP� LQ WKH FHQWHU D[LV DV D FDWKRGH� WKH DQRGH IRUPHG
D FRLO �' ���� PP� ZLWK VLOYHU ZLUH �' ��� PP� / ���� PP�
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SOH[LW\ RI WKH HOHFWURGHSRVLWLRQ V\VWHP PD\ EH FDXVHG E\ WKHVH GLIIHUHQW FRQGLWLRQV�
LQ SDUWLFXODU� E\ WKH LUUHYHUVLELOLW\ RI WKH SURFHVV LQ WKHUPRG\QDPLFV� 7KHVH UHVXOWV

)LJ� �� 'HSHQGHQFH RI WKH UDWLR RI ZRUN GLVVLSDWLRQ WR WKH HOHFWULF HQHUJ\ RQ WKH FHOO YROWDJH�
VLOYHU URG �' ��� PP� / ���� PP� LQ WKH FHQWHU D[LV DV D FDWKRGH� WKH DQRGH IRUPHG
D FRLO �' ���� PP� ZLWK VLOYHU ZLUH �' ��� PP� / ����� PP�

)LJ� �� 'HSHQGHQFH RI WKH UDWLR RI ZRUN GLVVLSDWLRQ WR WKH HOHFWULF HQHUJ\ RQ WKH FHOO YROWDJH�
VLOYHU URG �' ��� PP� / ���� PP� LQ WKH FHQWHU D[LV DV D FDWKRGH� WKH DQRGH IRUPHG
D FRLO �' ���� PP� ZLWK VLOYHU ZLUH �' ��� PP� / ����� PP�
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DUH GLVWLQFW LQ GLIIHUHQW VWDJHV RI WKH SURFHVV DQG EH YDULHG ZLWK HOHFWURFKHPLFDO FRQ�
GLWLRQV VXFK DV FXUUHQW GHQVLW\ RU FHOO YROWDJH� 7KHUHIRUH� ZH KDYH WR LQYHVWLJDWH WKH
HOHFWURFKHPLFDO FKDUDFWHU DQG EHKDYLRXU RI WKH SURFHVV� ,Q SDUWLFXODU� RQH KDV WR XQ�
GHUVWDQG KRZ WKH ZRUN GLVVLSDWLRQ DV KHDW JHQHUDWHG GXULQJ DQ HOHFWURFKHPLFDO SURF�
HVV FDQ EH DIIHFWHG E\ WKH LUUHYHUVLELOLW\ RI WKH SURFHVV DQG YDULHG ZLWK WKH FKDQJHV
RI WKH WKHUPRG\QDPLF VWDWH�

,W LV ZHOO�NQRZQ� WKH LQSXW SRZHU :LQ LQWR DQ HOHFWURFKHPLFDO FHOO LV XVXDOO\ H[�
SUHVVHG DV WKH FRPPRQ IRUP >�@

:LQ = ,((FH − (WK) ���

)URP RXU SUHYLRXV ZRUNV >�� �@� KRZHYHU� RQH FDQ NQRZ WKDW WKH LQSXW SRZHU:LQ�
ZKLFK PD\ EH WRWDOO\ RXWSXW DV KHDW WR WKH VXUURXQGLQJ RI WKH FDORULPHWULF V\VWHP
GXULQJ HOHFWURUHILQLQJ VLOYHU LQ WKLV ZRUN� VKRXOG EH D IXQFWLRQ RI FXUUHQW ,� DQG
VKRXOG EH GHVFULEHG E\ WKH IROORZLQJ HTXDWLRQ

: LQ = ,
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���

ZKHUH 7 LV WKH WHPSHUDWXUH RI FDORULPHWULF V\VWHP� 5 LV WKH JDV FRQVWDQW� ∆6R LV WKH
HQWURS\ FKDQJH RI WKH ZKROH FHOO UHDFWLRQ RI HOHFWURUHILQLQJ VLOYHU� Q LV WKH FKHPLFDO
YDOHQF\ RI WKH LRQ FRQFHUQHG� ZKLFK VKRXOG EH HTXDO WR RQH EHFDXVH RI WKH VLOYHU LRQ
LQ WKLV ZRUN� ) LV WKH )DUDGD\¶V FRQVWDQW� 4 H[SUHVVHV� DV LQ ZRUNV >�−�@� WKH DFWLYLW\
TXRWLHQW RI SURGXFW DQG UHDFWDQW VSHFLHV UDLVHG WR D SRZHU HTXDO WR HDFK VWRLFKLRPHW�
ULF FRHIILFLHQW RI WKH ZKROH FHOO UHDFWLRQ� ηD� ηF� DQG ηPW H[SUHVV WKH DFWLYDWLRQ RYHU�

)LJ� �� 'HSHQGHQFH RI WKH UDWLR RI ZRUN GLVVLSDWLRQ WR WKH HOHFWULF HQHUJ\ RQ WKH FHOO YROWDJH�
VLOYHU URG �' ��� PP� / ���� PP� LQ WKH FHQWHU D[LV DV D FDWKRGH� WKH DQRGH IRUPHG
D FRLO �' ���� PP� ZLWK VLOYHU ZLUH �' ��� PP� / ���� PP�
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YROWDJHV DW WKH DQRGH DQG FDWKRGH� DQG WKH SRODUL]DWLRQ RYHUYROWDJH GXH WR PDVV
WUDQVSRUW RI JDVHRXV SURGXFWV DZD\ IURP WKH HOHFWURGH VXUIDFHV� UHVSHFWLYHO\� 5FH LV
WKH UHVLVWDQFH RI WKH HOHFWURUHILQLQJ FHOO� 7KH DFWLYDWLRQ RYHUYROWDJHV DW WKH DQRGH
DQG FDWKRGH FDQ EH JLYHQ E\ WKH IROORZLQJ HTXDWLRQ DV LQ ZRUN >�@
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ZKHUH L LV WKH FXUUHQW GHQVLW\� LR LV WKH H[FKDQJH FXUUHQW GHQVLW\� DQG α LV WKH WUDQVIHU
FRHIILFLHQW�

7KH RYHUYROWDJH DULVLQJ IURP VFUHHQLQJ RI SDUW RI WKH HOHFWURGH VXUIDFHV IURP WKH
HOHFWURO\WH E\ JDV ILOPV �JDV EXEEOH HIIHFW� LV�

ηPW = O,

$)(]+µ+F+ + ]−µ−F−)
��F�

ZKHUH O LV WKH LQWHUHOHFWURGH VSDFLQJ� $ LV WKH HOHFWURGH DUHD� ]� DQG ]−� UHSUHVHQW UH�
VSHFWLYHO\ WKH FKDUJH RI WKH FDWLRQ DQG DQLRQ LQ WKH HOHFWURO\WH� µ+ DQG µ−� F� DQG F−�
UHSUHVHQW VXFK FRQFHUQHG PRELOLW\ DQG FRQFHQWUDWLRQ �PRO O−��� UHVSHFWLYHO\� , LV WKH
FHOO FXUUHQW DQG ) WKH )DUDGD\ FRQVWDQW�

)URP (TV ���� ��D�� ��E� DQG ��F�� LW LV YHU\ FOHDU WKDW WKH ZRUN GLVVLSDWLRQ DV KHDW
JHQHUDWHG� :LQ� GXULQJ WKH HOHFWURUHILQLQJ SURFHVV GHSHQGV RQ WKH FXUUHQW GHQVLW\ RU
FHOO YROWDJH HPSOR\HG� 7KH KHDW PHDVXUHG LQ WKH HOHFWURUHILQLQJ VLOYHU DOZD\V GH�
FUHDVHV ZLWK WKH FXUUHQW GHQVLW\ RU FHOO YROWDJH LQ D FHOO ZLWK WKH FHQWHU VLOYHU URG
ZKHWKHU DV WKH FDWKRGH RU DV WKH DQRGH� ,W LV LQ DJUHHPHQW ZLWK WKH H[SHULPHQWDO UH�
VXOWV� REWDLQHG LQ WKLV ZRUN� VKRZQ LQ 7DEOHV �−� DQG )LJV �−���

,I DQG RQO\ LI L �� WKLV HTXDWLRQ H[SUHVVHV WKDW WKH ZKROH V\VWHP RI WKH HOHFWUR�
FKHPLFDO FHOO VWXGLHG ZRXOG EH LQ DQ HTXLOLEULXP VWDWH� RWKHUZLVH LW PD\ EH LQ D QRQ�
HTXLOLEULXP VWDWH� ,I DQG RQO\ LI La�� WKH HTXDWLRQ FDQ DOVR H[SUHVV WKDW WKH HOHFWUR�
FKHPLFDO SURFHVV PD\ EH UHYHUVLEOH� RWKHUZLVH LW PXVW EH LUUHYHUVLEOH� 6R WKH :LQ DV
KHDW WRWDOO\ JHQHUDWHG� L�H� ZRUN GLVVLSDWLRQ� GXULQJ DQ HOHFWURFKHPLFDO SURFHVV
VKRXOG GHSHQG RQ WKH FXUUHQW GHQVLW\ �RU FHOO YROWDJH� HPSOR\HG LQ WKLV SUDFWLFDO
SURFHVV� L�H� WKH LUUHYHUVLEOH SURFHVV�

&RQFOXVLRQV

)URP WKHVH UHVXOWV RI FDORULPHWULF PHDVXUHPHQWV RI WKH HOHFWURFKHPLVWU\ RE�
WDLQHG LQ WKLV ZRUN� WKH IROORZLQJ FRQFOXVLRQV FDQ EH GUDZQ�

�� 7KH REVHUYHG ZRUN GLVVLSDWLRQ L�H�� HQHUJ\ FRQVXPSWLRQ DV WKH KHDW PHDVXUHG
GXULQJ WKH SURFHVV RI HOHFWURUHILQLQJ VLOYHU DOVR SUHVHQWV WR EH JUHDWHU WKDQ WKH LQSXW
HOHFWULF HQHUJ\�
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�� 7KH ZRUN GLVVLSDWLRQ GXULQJ DQ HOHFWURFKHPLFDO SURFHVV GHSHQGV RQ WKH FXU�
UHQW GHQVLW\ RU FHOO YROWDJH HPSOR\HG� 7KH KHDW PHDVXUHG LQ WKH HOHFWURUHILQLQJ VLOYHU
DOZD\V GHFUHDVHV ZLWK WKH FXUUHQW GHQVLW\ RU FHOO YROWDJH LQ D FHOO ZLWK WKH FHQWHU VLO�
YHU URG ZKHWKHU DV WKH FDWKRGH RU DV WKH DQRGH�

�� 7KH KHDW PHDVXUHG GXULQJ WKH HOHFWURUHILQLQJ VLOYHU DQG FRSSHU� DQG WKH HOHF�
WURO\VLV RI ZDWHU LQ DQ RSHQ FHOO VHHPV WR EH YDULHG ZLWK WKH VDPH UHODWLRQ�

�� )URP WKH JHQHUDWHG KHDW PRUH WKDQ WKH LQSXW HOHFWULF HQHUJ\ LQ HOHFWURFKHPLFDO
FRQGLWLRQV� LW DSSHDUV WKHUH PD\ EH D µIDOODF\¶ LQ FODVVLFDO WKHUPRG\QDPLFV� EXW
VKRXOG EH D µIDOVH IDOODF\¶ LQ JHQHUDO WKHUPRG\QDPLFV� DV WKH UHVXOW REWDLQHG IURP
WKHRUHWLFDO GLVFXVVLRQ DERYH�

�� ,I DQG RQO\ LI L �� WKH VWDWH RI WKH ZKROH V\VWHP RI WKH HOHFWURFKHPLFDO FHOO
VWXGLHG FRXOG MXVW EH LQ DQ HTXLOLEULXP VWDWH� RWKHUZLVH LW VKRXOG EH LQ D QRQ�HTXLOLE�
ULXP VWDWH� ,I DQG RQO\ LI La�� WKH HTXDWLRQ IRUP REWDLQHG E\ XV FDQ H[SUHVV WKDW WKH
HOHFWURFKHPLFDO SURFHVV FRXOG XQGHUJR WKURXJK UHYHUVLEOH SDWK� RWKHUZLVH LW PXVW
XQGHUJR WKURXJK DQ LUUHYHUVLEOH SDWK�

7KH DERYH FRQFOXVLRQV ZHUH GUDZQ DFFRUGLQJ WR VXFK UHVXOWV RI WKH WKHRUHWLFDO
GLVFXVVLRQ DERYH DQG RI WKH H[SHULPHQWDO PHDVXUHPHQWV LQ WKLV ZRUN� ,W LV YHU\ FOHDU
WKDW PRUH H[SHULPHQWDO PHDVXUHPHQWV LQ WKLV DUHD KDYH WR EH FRQWLQXHG WR GHWHUPLQH
WKH SURFHVVHV WDNLQJ SODFH LQ WKH V\VWHP RI HOHFWURUHILQLQJ PHWDO RU WR GHVFULEH WKH
ILQDO VWDWH DWWDLQHG DIWHU D UHILQLQJ SURFHVV�

  

7KH DXWKRUV ZRXOG OLNH WR DFNQRZOHGJH WKH H[WUHPH HQFRXUDJHPHQW DQG KHOS RI 3URIHVVRU

6KX\L /LX �8QLYHUVLW\ RI 6FLHQFH DQG 7HFKQRORJ\ RI &KLQD� DQG� 3URIHVVRUV )X 7DQ DQG *XRTXDQ

/LX �,QVWLWXWH RI &KHPLVWU\� $FDGHPLD 6LQLFD��

7KLV VWXG\ ZDV VXSSRUWHG E\ WKH 1DWLRQDO 1DWXUH 6FLHQFH )RXQGDWLRQ RI &KLQD�

5HIHUHQFHV

� =� /� =KDQJ� )� 0� /LX� 0� +� =KRQJ� =� =� :DQJ� )� 3� =KRQJ DQG )� :X� -� 7KHUPDO
$QDO�� �� ������ ��

� 0� )OHLVFKPDQQ� 6� 3RQV DQG 0� :DUNLQV� -� (OHFWURDQDO� &KHP�� ��� ������ ����
� =� /� =KDQJ DQG 6� <� /LX� 7KHUPRG\QDPLF WKHRU\ RI FROG QXFOHDU IXVLRQ� D� )URQWLHUV RI

FROG IXVLRQ� �)URQWLHUV 6FLHQFH 6HULHV� 1R� �� ,661 ���������� 8QLYHUVDO $FDGHP\ 3UHVV�
,QF� ����� E� 3URJUHVV LQ SK\VLFV FKHPLVWU\ PHFKDQLFV� � ������ ����

� 3� $� 5RFN� &KHPLFDO 7KHUPRG\QDPLFV� 8QLYHUVLW\ 6FLHQFH %RRNV� 0LOO 9DOOH\� &$ ������
����� S� ����

� =� =KDQJ� ;� 6XQ� :� =KRX� /� =KDQJ� %� /L� 0� :DQJ� %� <DQ DQG )� 7DQ� -� 7KHUPDO
$QDO�� �� ������ ���

� =� =KDQJ� %� <DQ� 0� :DQJ DQG )� 7DQ� �WK QDWLRQDO FRQIHUHQFH RQ VROXWLRQ FKHPLVWU\� WKHUPR�
G\QDPLFV� WKHUPRFKHPLVWU\ DQG WKHUPDO DQDO\VLV� �&KHQJGX� &KLQD� ����−���� $EVWUDFWV S� ����

� -� 2p0� %RFNULV DQG $� .� 1� 5HGG\� 0RGHUQ (OHFWURFKHPLVWU\� 3OHQXP 3UHVV� 1HZ <RUN
����� 9RO� �� &KDSV � DQG ��
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