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7KH�PDJQHWRHOHFWULF� HIIHFW� RQ�ZHOO�NQRZQ� FREDOW� IHUULWH��EDULXP�WLWDQDWH�FRPSRVLWHV�DQG
VLQJOH�SKDVH� PDWHULDOV� ZDV� PHDVXUHG� DV� D� IXQFWLRQ� RI� WKH� WHPSHUDWXUH�� $� PD[LPXP
PDJQHWRHOHFWULF�FRHIILFLHQW�RI�����P9��FP�2H��ZDV�REWDLQHG�IRU�D�FRPSRVLWH�ZLWK�D�FRPSR�
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0DJQHWRHOHFWULF� PDWHULDOV� LV� RQH� RI� WKH
UHVHDUFK� DUHDV� LQ�PXOWLIXQFWLRQDO�PDWHULDOV
ZKLFK�KDV�FHQWHUHG�WKH�DWWHQWLRQ�RI�VFLHQWLVW
DURXQG�WKH�ZRUOG�GXH�WR�LWV�SRWHQWLDO�DSSOL�
FDWLRQV�� VXFK� DV�� WUDQVGXFHUV�� DFWXDWRUV�
VHQVRUV��DQG�QHZ�DQG�LPSURYHG�GDWD�VWRUDJH
PHGLD� >�Ü�@�� 7KH� SULPDU\� PDJQHWRHOHFWULF
PDWHULDOV��DV�D�NLQG�RI�PXOWLIHUURLF�PDWHUL�
DOV�� EHFRPH� PDJQHWL]HG� ZKHQ� SODFHG� LQ� DQ
HOHFWULF�ILHOG�DQG�SRODUL]HG�ZKHQ�SODFHG�LQ�D
PDJQHWLF� ILHOG�� 7KH� LQGXFHG� SRODUL]DWLRQ�3
LV� UHODWHG� WR� WKH� ILHOG�+� E\�3� �D+��ZKHUH
D� LV� WKH� VHFRQG� UDQN�0(�VXVFHSWLELOLW\� WHQ�
VRU� LQ� 6,� XQLWV� �V�P��� 7KH� PDJQHWRHOHFWULF
YROWDJH�FRHIILFLHQW�D(� �G(�G+�ZKLFK�LV�UH�ODWHG� WR� D� E\� D� �H�HUD(� �ZKHUH� HU� LV� WKHUHODWLYH� SHUPLWWLYLW\� RI� WKH�PDWHULDO��� DV� D

UHVXOW�RI�D�SURGXFW�SURSHUW\�>�@��FDQ�EH�FRQ�
VLGHUHG�DV�WKH�SURGXFW�RI�WKH�SLH]RPDJQHWLF
GHIRUPDWLRQ� GU�G+� DQG� WKH� SLH]RHOHFWULF
FKDUJH� JHQHUDWLRQ� G4�GU�� 7KLV� LGHD� OHDGV
QRW�RQO\�WR�WKH�VHDUFK�IRU�VLQJOH�SKDVH�PD�
WHULDOV�� EXW� DOVR� IRU� WZR�SKDVH� FRPSRVLWHV
ZKLFK� FDQ� EH� D� FRXSOLQJ� HLWKHU� RI� PDJQH�
WRVWULFWLYH� �� SLH]RHOHFWULF�� SLH]RPDJQHWLF� �
SLH]RHOHFWULF��RU�S\URPDJQHWLF���S\URHOHFWULF
SKDVHV� >�@�� 6LQFH� WKH�PDJQHWRHOHFWULF� HIIHFW
LQ�WZR�SKDVH�FRPSRVLWHV�LV�PRUH�WKDQ�D�KXQ�
GUHG� WLPHV� WKDW�RI� WKH� VLQJOH�SKDVH�PDWHUL�
DOV��PRUH�LQWHQVLYH�UHVHDUFK�RQ�WKLV�NLQG�RI
FRPSRXQGV�KDV�EHHQ�FRQGXFWHG�>�������@���

7R�PHDVXUH�WKH�PDJQHWRHOHFWULF��0(��HI�
IHFW�� WKH� PRVW� HVWDEOLVKHG� PHWKRG� FRQVLVWV
LQ� GHWHUPLQLQJ� WKH� YROWDJH�9(� EHWZHHQ� WKH
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SODWHG�VXUIDFHV�RI�D�VDPSOH�DV�D�IXQFWLRQ�RI
DQ�DSSOLHG�ORZ�DPSOLWXGH�$&�PDJQHWLF�ILHOG
+$&�� VXSHULPSRVHG� RQ� D� '&� ELDV� PDJQHWLFILHOG��7KLV�YROWDJH�LV�UHFRUGHG�XVLQJ�D�KLJK
LPSHGDQFH� DPSOLILHU� RU� D� FKDUJH� DPSOLILHU
DQG� D� ORFN�LQ� DPSOLILHU� WDNLQJ� DV� UHIHUHQFH
WKH� VLJQDO� RI� WKH� $&�PDJQHWLF� ILHOG��+HUH� WKH
PDJQHWRHOHFWULF�YROWDJH�FRHIILFLHQW�D(�LV�UHODWHGWR�WKLV�YROWDJH�E\�D(� �9(��+$&uWS��>����@���,Q� WKLV� ZRUN� ZH� SUHVHQW� D� PHWKRG� IRU
PHDVXULQJ�WKH�0(�YROWDJH�FRHIILFLHQW�XVLQJ
SXOVHG�PDJQHWLF�ILHOGV��7KLV�QHZ�PHWKRG�UH�
VXOWV� QRW� RQO\� VXLWDEOH� IRU� PHDVXULQJ� WKH
0(� FRHIILFLHQW�� EXW� DOVR� FRXOG� EH�XVHIXO� WR
VWXG\�WKH�UHOD[DWLRQ�DQG�K\VWHUHVLV�EHKDYLRU
RI� WKH� 0(� PDWHULDOV� DV� D� IXQFWLRQ� RI� WKH
DSSOLHG�ILHOG�

7KH�V\VWHP�IRU�PHDVXULQJ�PDJQHWRHOHFWULF
SURSHUWLHV�LV�EXLOW�RQ�WRS�RI�D�WDLORUHG�SXOVHG
ILHOG� PDJQHWRPHWHU� GHYHORSHG� DW� &,0$9�
ZLWK� D� ILHOG� FRLO� RI� ���PP� ERUH� DQG� W\SLFDO
SXOVH� GXUDWLRQ� RI� ���PV��7KH� EORFN� GLDJUDP
RI�WKH�ZKROH�V\VWHP�LV�VKRZQ�LQ�)LJ����

7KH� PDLQ� SDUW� RI� WKH� PHDVXUHPHQW� V\V�
WHP� LV� D� VSHFLDOO\� GHVLJQHG� VDPSOH� KROGHU�
ZKLFK� FRQWDLQV� WKH� IL[HG� HOHFWULF� FRQWDFWV
IRU� PHDVXULQJ� WKH� YROWDJH� DFURVV� WKH� VDP�
SOH��WZR�VSHFLDO�FRLOV��FRPSHQVDWLRQ�FRLOV��WR
FRPSHQVDWH� WKH� LQGXFHG� VLJQDO� RQ� WKH� FRQ�
WDFWV� ZLULQJ� GXULQJ� WKH� ILHOG� SXOVH�� DQG� D
SLFN�XS�FRLO�IRU�VHQVLQJ�WKH�ILHOG�DPSOLWXGH�
6SHFLDO�FDUH�ZDV�WDNHQ�LQ�WKH�GHVLJQ�RI�FRQ�
WDFWV�LQ�RUGHU�WR�ZDUUDQW\�WKH�UHSURGXFLELO�
LW\� RI� WKH� PHDVXUHPHQWV� DQG� WR� DYRLG� DQ
H[FHVVLYH� SUHVVXUH�� ZKLFK� FRXOG� SUH�VWUHVV
WKH�VDPSOHV��7KH�KROGHU�LV�EXLOW�DV�D�SDUW�RI

D�PHDVXULQJ�LQVHW�ZKLFK�DOVR�FRQWDLQV�D�SDLU
RI�+HOPKROW]� FRLOV� IRU� DSSO\LQJ� D�KLJK�IUH�
TXHQF\��ORZ�DPSOLWXGH�$&�PDJQHWLF�ILHOG�RQ
WRS�RI� WKH�PDLQ�SXOVH��D� VPDOO� IXUQDFH�DQG
D�WHPSHUDWXUH�VHQVLQJ�GHYLFH�IRU�PHDVXULQJ
WKH�0(�YROWDJH�FRHIILFLHQW�DV�D�IXQFWLRQ�RI
WKH�WHPSHUDWXUH��

7ZR� LQVHWV� ZLWK� WZR� GLIIHUHQW� VDPSOH
KROGHUV� ZHUH� PDGH�� RQH� IRU� PHDVXULQJ� WKH
WUDQVYHUVDO�0(�HIIHFW��DQG�WKH�RWKHU�IRU�WKH
ORQJLWXGLQDO�0(�HIIHFW��$GGLWLRQDOO\��D�EDO�
DQFH� EULGJH� ZLWK� DQ� LPSHGDQFH� PDWFKLQJ
FLUFXLW� ZDV� EXLOW� LQ� RUGHU� WR� LPSURYH� WKH
]HUR�VLJQDO�DQG�WR�PDWFK�WKH�VDPSOH�LPSHG�
DQFH�ZLWK�WKH�LQSXW�LPSHGDQFH�RI�WKH�PHDV�
XULQJ� HOHFWURQLFV�� 7KH� $&� +HOPKROW]� FRLOV
DUH� GULYHQ� E\� D� $&� FXUUHQW� SRZHU� VXSSO\
ZLWK� DQ� LQSXW� SURWHFWLRQ� FLUFXLW� WR� DYRLG
GDPDJH� LQ� WKH� VXSSO\� GXH� WR� WKH� ODUJH� LQ�
GXFHG� YROWDJH� RQ� WKH� FRLOV� UHVXOWLQJ� IURP
WKH�PDLQ�ILHOG�SXOVH��

7KH� RXWSXW� YROWDJH� IURP� WKH� VDPSOH� LV
DPSOLILHG� DQG� ILOWHUHG� ZLWK� D� KLJK� LPSHG�
DQFH� SUH�DPSOLILHU�� DQG� FDQ� EH� PHDVXUHG
HLWKHU�L��GLUHFWO\�ZLWK�D�'$4�&DUG��1,�3&,�
����(��RU�LL��DV�WKH�RXWSXW�RI�D�IDVW�DQDORJ
ORFN�LQ� ;<� PRGXOH� LQ� WKH� FDVH� RI� DQ� $&
ILHOG�PHDVXUHPHQW��+HUH��WKH�UHIHUHQFH�VLJ�
QDO� IURP� WKH�$&� FXUUHQW� VXSSO\� LV� XVHG� DV
UHIHUHQFH� VLJQDO� IRU� WKH� ORFN�LQ�PRGXOH�� ,Q
ERWK� FDVHV�� DIWHU� VHWWLQJ� DOO� GHYLFHV�� WKH
PHDVXUHPHQW�LV�WULJJHUHG�DQG�FRQWUROOHG�E\
WKH�3&�FRPSXWHU�RI�WKH�SXOVHG�ILHOG�PDJQH�
WRPHWHU��7R�ZDUUDQW\�WKH�UHSURGXFLELOLW\�RI
WKH� PHDVXUHPHQWV� D� ]HUR� VLJQDO� LV� DOZD\V

)LJ�����%ORFN�GLDJUDP�RI�WKH�SXOVHG�ILHOG�PDJQHWRHOHFWULF�VHWXS�
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WDNHQ� DQG� WKHQ� VXEWUDFWHG� WR� WKH� VLJQDO
IURP�WKH�VDPSOH�

:LWK�WKLV�V\VWHP��WKH�0(�YROWDJH�FRHIIL�
FLHQW� FDQ� EH� PHDVXUHG� E\� WZR� GLIIHUHQW
PHWKRGV�� L�H�� L�� GXULQJ� WKH� DSSOLFDWLRQ�RI� D
PDJQHWLF� ILHOG� SXOVH� WKH� YROWDJH� DSSHDULQJ
RQ�WKH�VDPSOH�LV�GLUHFWO\�UHFRUGHG��DQG�LL��DV
D� IXQFWLRQ� RI� D� KLJK� IUHTXHQF\� �I� ��Ü
���N+]��$&�ILHOG�VXSHULPSRVHG�WR�WKH�PDLQ
ILHOG�SXOVH��DV�LQ�WKH�FDVH�RI�WKH�ZHOO�HVWDE�
OLVKHG� PHWKRG� EDVHG� RQ� $&� DQG� '&� ELDV
ILHOG� >����@�� ,Q� WKH� ILUVW� FDVH� �GLUHFW
PHWKRG��� WKH� PHDVXUHG� YROWDJH� LV� SURSRU�
WLRQDO�WR�WKH�FXUUHQW�LQ�WKH�FLUFXLW�ZKLFK�LV
WKH� ILUVW� GHULYDWLYH� RI� WKH� FKDUJH� �G4�GW�
JHQHUDWHG� E\� WKH� LQGXFHG� SRODUL]DWLRQ� GXH
WR� WKH� GHIRUPDWLRQ� FDXVHG� E\� WKH�PDJQHWLF
ILHOG�SXOVH��&RQVLGHULQJ�WKDW�WKH�LPSHGDQFH
RI� WKH� VDPSOH� LV�PXFK� ELJJHU� WKDQ� WKH� LP�
SHGDQFH�RI�WKH�PDWFKLQJ�FLUFXLW��WKH�FKDUJH
FDQ�EH�REWDLQHG�IURP�(T����

4� � �=LQ³�9RXWGW� ���

ZKHUH� =LQ� LV� WKH� LQSXW� LPSHGDQFH� RI� WKHHOHFWURQLF� FLUFXLWU\��DQG�9RXW� LV� WKH�YROWDJHPHDVXUHG� RQ� WKH� VDPSOH�� &RQVLGHULQJ� WKH
VDPSOH�DV�D�SODQH�SDUDOOHO�FDSDFLWRU�ZLWK�DQ
DUHD�$��WKH�HOHFWULF�ILHOG�ZLOO�EH�

(� � �
=LQH�HU�$�³�9RXWGW� ���

ZKHUH� HU� LV� WKH� UHODWLYH� SHUPLWWLYLW\� RI� WKHPDWHULDO�� DQG� $� LV� WKH� DUHD� RI� WKH� SODWHG
VXUIDFH� RI� WKH� VDPSOH�� 7KHQ� WKH� PDJQH�
WRHOHFWULF�YROWDJH�FRHIILFLHQW�FDQ�EH�REWDLQHG
IURP�(T����DQG�WKH�PDJQHWLF�ILHOG�+�W���WDN�
LQJ� WKH� WLPH� DV� D� SDUDPHWHU�� DFFRUGLQJ� WR
WKH�UHODWLRQ��

D(� � GG+
ª«¬

�
=LQH�HU�$

�³�9RXWGWº»¼� ���

7KH�DERYH�GHULYDWLYH� VKRXOG�EH�GRQH�QX�
PHULFDOO\� XVLQJ� WKH� GDWD� REWDLQHG� IURP� WKH
VDPSOH� DQG� IURP� WKH� ILHOG� SLFN�XS� FRLOV�
+HUH� D� IDVW�� KLJKO\� DFFXUDWH� DQG� VHQVLWLYH
HOHFWURQLFV�LV�GHVLUDEOH��LQ�RUGHU�WR�REWDLQ�D
VPRRWK� H[SHULPHQWDO� GDWD� WR� PLQLPL]H� WKH
QXPHULFDO� QRLVH� JHQHUDWHG� LQ� WKH� PDWKH�
PDWLFDO�SURFHGXUH��,Q�WKLV�VLPSOH�PRGHO��DQ�
RWKHU�SUREOHP�FRXOG�DULVH�IURP�WKH�IDFW�WKDW
LQ� VRPH� VDPSOHV� GXULQJ� SROLQJ�� WKHUH� LV� D
SRVVLELOLW\� RI� FKDUJHV� JHWV� DFFXPXODWHG� DW
WKH� JUDLQ� ERXQGDULHV�� ZKLFK� ZLOO� PRYH� WR�
ZDUGV� WKH� HOHFWURGHV� GXULQJ� WKH� PHDVXUH�
PHQW�>�@��

,Q� WKH� FDVH� RI� $&� PHDVXUHPHQWV� �$&
SXOVHG� PHWKRG��� DQ� $&� YROWDJH� DSSHDUV� LQ
WKH� VDPSOH� ZKLFK� LV� SURSRUWLRQDO� WR� WKH
FKDUJH� FKDQJH� '4� �4�VLQ�ZW���M��� 8VLQJ� DORFN�LQ�DPSOLILHU��WKH�0(�YROWDJH�FRHIILFLHQW
FDQ� EH� REWDLQHG� LQ� WKH� VDPH�ZD\� DV� LQ� WKH
ZHOO� HVWDEOLVKHG� PHWKRG� EDVHG� RQ� $&� DQG
'&�ELDV�PDJQHWLF�ILHOGV��'&�PHWKRG��

D(� �9RXW�e��+$&�u�WS�� ���
:KHUH� 9RXW� LV� WKH� RXWSXW� YROWDJH� IURPWKH� ORFN�LQ�DPSOLILHU��+$&� LV� WKH�DPSOLWXGHRI� WKH� $&� PDJQHWLF� ILHOG�� DQG� WS� LV� WKHWKLFNQHVV�RI�WKH�VDPSOH�>�������@�
7KH� V\VWHP� ZDV� WHVWHG� ZLWK� ZHOO� NQRZQ

FRPSRVLWHV� RI� FREDOW� IHUULWH� DQG� EDULXP� WL�
WDQDWH��&RPSRVLWHV��FRQVLVWLQJ�RI�D�PL[WXUH
RI� PDJQHWRVWULFWLYH� DQG� SLH]RHOHFWULF
SKDVHV�� ZHUH� REWDLQHG� VWDUWLQJ� IURP� FRSUH�
FLSLWDWHG� FREDOW� IHUULWH� �&R)H�2��� DQG� VRO�JHO� EDULXP� WLWDQDWH� �%D7L2���� 6DPSOHV�ZHUHVLQWHUHG� DW� �����&� IRU� ��� KRXUV�� 6LOYHU
SDLQW� ZDV� FRDWHG� RQ� WKH� VLQWHUHG� SHOOHWV� WR
SURYLGH�HOHFWULFDO�FRQWDFWV��)LQDOO\��WKH�VDP�
SOHV� ZHUH� SROHG� LQ� DQ� HOHFWULF� ILHOG� RI
��N9�FP�DW�����&�IRU����PLQXWHV�

3LH]RHOHFWULF� G��� FRQVWDQW� ZDV�PHDVXUHGZLWK� DQ� $3&�PRGHO� ����� SLH]R� G��� WHVWHU�7KH� UHODWLYH� SHUPLWWLYLW\� ZDV� FDOFXODWHG
IURP� WKH� GDWD� REWDLQHG� ZLWK� DQ�+3� ����$
LPSHGDQFH�DQDO\]HU�

7KH� PDJQHWRHOHFWULF� YROWDJH� FRHIILFLHQW
DV� D� IXQFWLRQ� RI� WKH�PDJQHWLF� ILHOG� IRU� WKH
VDPSOH� &R7L��� �ZHLJKW� IUDFWLRQ� RI� ���� RI
FREDOW� IHUULWH� �� ���� EDULXP� WLWDQDWH�� PHDV�

)LJ����� 0(� YROWDJH� FRHIILFLHQW� IRU� WKH� VDPSOH
&R7L���PHDVXUHG�E\�GLUHFW�PHWKRG��FXUYH����)RU
FRPSDULVRQ� WKH� FXUYH�REWDLQHG�E\�'&�PHWKRG�
FXUYH��� �'&� YDOXHV�ZHUH�PHDVXUHG� LQ� D� VWDWLF
V\VWHP� DW� 78� :LHQ� 8QLYHUVLW\� ZLWK� I+$&� ����N+]��+$&� �����2H��LV�DOVR�LQFOXGHG��
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XUHG� DW� URRP� WHPSHUDWXUH� XVLQJ� WKH� ORQJL�
WXGLQDO� KROGHU� E\� WKH� GLUHFW� PHWKRG� XS� WR
WKH�PD[LPXP�SRVLWLYH�ILHOG�LV�VKRZQ�LQ�)LJ����
)RU� FRPSDULVRQ� WKH� 0(� YROWDJH� FRHIILFLHQW
PHDVXUHG� E\� WKH� '&� PHWKRG� IRU� WKH� VDPH
VDPSOH�LV�DOVR�LQFOXGHG��7DEOH�VXPPDUL]HV�WKH
YDOXHV� RI� WKH� PD[LPXP� 0(� YROWDJH� FRHIIL�
FLHQWV�REWDLQHG�E\�WKH�GLIIHUHQW�PHWKRGV�

7KH�YDOXHV� IRU� WKH�PD[LPXP�0(�FRHIIL�
FLHQWV� DUH� IRXQG�YHU\� VLPLODU�� DQG�DOVR� WKH
VKDSH�RI�WKH�FXUYHV�LQ�)LJ����DUH�YHU\�FORVH�
7KH�KLJKHU�YDOXHV� LQ� WKH� FDVH�RI� WKH�GLUHFW
PHWKRG� FDQ� EH� UHODWHG� WR� WKH� LPSHGDQFH
PDWFKLQJ�� 7KHVH� YDOXHV� DUH� LQ� JRRG� DJUHH�
PHQW�ZLWK�WKRVH�UHSRUWHG�IRU�EDOO�PLOOHG��DQG
VLQWHUHG�%D7L2��&R)H�2��FRPSRVLWHV�>����@��7KH�0(�FRHIILFLHQW��PHDVXUHG�E\� WKH�GL�
UHFW� PHWKRG� XVLQJ� WKH� ORQJLWXGLQDO� KROGHU
IRU� WKH� VDPSOH� &R7L��� IRU� WKH� ZKROH� ILHOG
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