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���,QWURGXFWLRQ
7KH� ILOP� UDGLRJUDSKLF� LQVSHFWLRQ� �)5,�

VKRZV�WKDW�WKLV�PHWKRG�GRHV�QRW�DOZD\V�JXDU�
DQWHH� H[DFW� HYDOXDWLRQ� RI� GDPDJHV� >�Ü�@�
$OVR�� FDUU\LQJ� RXW� RI� )5,� UHTXLUHV� H[SHQ�
VLYH�PDWHULDOV�DQG�LV�WLPH�FRQVXPLQJ��0DWH�
ULDOV� RI� WKH� �WK� (XURSHDQ� &RQIHUHQFH� RQ
QRQ�GHVWUXFWLYH� WHVWLQJ� VKRZ� WKDW� WKH�PDLQ
GLUHFWLRQ� RI� GLJLWDO� UDGLRJUDSK\� V\VWHPV
�'56�� GHYHORSPHQW� LV� LPSURYHPHQW� RI� VSD�
WLDO�UHVROXWLRQ��65��>�@��'56�DUH�LQIHULRU�WR
ILOP�DV� IRU� LWV� UHVROXWLRQ��KRZHYHU�� LWV� FRQ�

WUDVW� VHQVLWLYLW\� LV� PXFK� KLJKHU� Ü� ����Ü����
DQG���Ü������UHVSHFWLYHO\�

7KLV�ZRUN�ZDV�DLPHG�DW� ORRNLQJ�IRU�QHZ
SRVVLELOLWLHV� RI� LPSURYHPHQW� RI� 65�� UHVROX�
WLRQ�RYHU� WKLFNQHVV� DQG�GHWHFWLRQ� DELOLW\�RI
'56� EDVHG� RQ� ;�UD\� UDGLDWLRQ� GHWHFWRUV� RI
�VFLQWLOODWRU�SKRWRGLRGH���6�3'��W\SH��

3UHOLPLQDU\� VWXGLHV� LQGLFDWHG� WZR� PDLQ
WHFKQRORJLFDO�SUREOHPV�KLQGHULQJ�FUHDWLRQ�RI
6�3'� GHWHFWRUV� ZLWK� LPSURYHG� 65� >�Ü����@�
2QH� RI� WKHP� LV� SUHSDUDWLRQ� RI� VFLQWLOODWRU
DUUD\V� �DVVHPEOLHV�� ZLWK� VPDOO� DSHUWXUH� RI
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HDFK�VFLQWLOODWLRQ�HOHPHQW��7KH�RWKHU�LV�FRP�
SDFW�DUUDQJHPHQW�RI�SUH�DPSOLILHUV��3$���

:H�KDYH�SURSRVHG�WHFKQLFDO�VROXWLRQV�IRU
SURGXFWLRQ� DQG� LPSURYHPHQW� RI� 3'� DQG
VFLQWLOODWLRQ�DUUD\V�ZLWK�QXPEHU�RI�FKDQQHOV
IURP� ��� RQ� HDFK� 3'�� DV� ZHOO� DV� GHWHFWRU
GHVLJQ�DV�D�ZKROH�

���'HVLJQ�GHYHORSPHQW�RI�D
GHWHFWRU�ZLWK�LPSURYHG�65

7KH� ;�UD\� UDGLDWLRQ� GHWHFWRU� RI� 6�3'
W\SH� FRPSULVHV� WZR� PDLQ� HOHPHQWV� Û� D
PXOWL�FKDQQHO� 3'� DQG� D� VFLQWLOODWRU� DUUD\
�DVVHPEO\��� 3UHYLRXVO\� XVHG� GHVLJQ� RI� ���
DQG� ���FKDQQHO� 3'� LPSRVHV� OLPLWDWLRQV� RQ
WKH� GLUHFWLRQV� RI� 3'� LUUDGLDWLRQ�� 7KHVH� GH�
WHFWRUV�FDQ�EH�XVHG�FRUUHFWO\�RQO\�LI�LUUDGLD�
WLRQ�LV�QRUPDO�WR�WKH�SODQH�RI�SKRWRVHQVLWLYH
HOHPHQWV� >����@�� ,Q� FROODERUDWLRQ� ZLWK� 5H�
VHDUFK� ,QVWLWXWH� IRU� 0LFUR� ,QVWUXPHQW�
.\LY��8NUDLQH�ZH�KDYH�GHYHORSHG�D�QHZ�GH�
VLJQ� RI� WKH� ���FKDQQHO� 3'� �)LJ������ ,WV� DG�
YDQWDJHV�DUH�>�������@�

���DOO�FRQWDFWV�RI�SKRWRVHQVLWLYH�HOHPHQWV
DUH�IURP�RQH�VLGH�RI�WKH�VLOLFRQ�ERDUG�

���WKH�SUHVHQFH�DQG�ORFDWLRQ�RI�D�FRQQHF�
WRU�DOORZV�DQ\�GHVLUHG�SRVLWLRQ�RI�WKH�ERDUG
ZLWK�UHVSHFW�WR�WKH�LUUDGLDWLRQ�GLUHFWLRQ�

��� �� DGMXVWPHQW� RSHQLQJV� DUH� HQYLVDJHG
RQ� WKH� IDFH� VLGH� RI� WKH� KRXVLQJ� �WKH� VLGH
ZLWKRXW�FRQWDFWV��

7KH� ILUVW� DQG� WKH� WKLUG� IHDWXUH� DOORZ
UHDFKLQJ� WKH� LGHQWLW\� RI� FKDUDFWHULVWLFV� RI
GHWHFWRU� FRXSOHV� �KLJK�HQHUJ\� DQG� ORZ�HQ�
HUJ\�GHWHFWRUV��+('�DQG�/('���

7KH� VHFRQG� IHDWXUH� DOORZV� HDV\� DWWDFK�
PHQW� RI� GHWHFWRUV� ZLWK� PLQLPXP� JDS� EH�

WZHHQ�WKHP��ZKLFK�LV�LPSRUWDQW�IRU�SUHVHUY�
LQJ�WKH�FKDQQHO�VWHS�LQ�������Ü��P�DUUD\V�

$OVR�� WKH�3'�GHVLJQ� HQVXUHV� VXIILFLHQWO\
ODUJH�GLVWDQFH�EHWZHHQ�WKH�GHWHFWRU�DQG�WKH
3$� ERDUG��ZKLFK� SURWHFWV� WKH� HOHPHQW� EDVH
IURP�HIIHFWV�RI�GLUHFW�DQG�VFDWWHUHG�LRQL]LQJ
UDGLDWLRQ�� 3URWHFWLRQ� RI� WKH� HOHPHQWV� RI
HOHFWURQLFV� LV� HVSHFLDOO\� LPSRUWDQW� ZKHQ�
H�J���KLJK�HQHUJ\�;�UD\�VRXUFHV� �;56��ZLWK
DQRGH�YROWDJH�XS�WR�����NH9�DUH�XVHG�>�@�

([SHULPHQWDO� VDPSOHV� RI� �'�DUUD\V�ZHUH
SUHSDUHG� XVLQJ� PRQROLWKLF� VFLQWLOODWRU
SLHFHV�� ���&KDQQHO� VFLQWLOODWRU� DVVHPEOLHV
PDGH� IURP� SODWHV� KDG� GLPHQVLRQV
�����u�u�������Ü��P�� VKRZHG� JRRG�XQLIRUP�
LW\�RI�VFLQWLOODWLRQ�FKDUDFWHULVWLFV�DQG�FRXOG
EH� SUHFLVHO\� SODFHG� RQ� SKRWRVHQVLWLYH� HOH�
PHQWV�RI�PXOWL�FKDQQHO�3'�>�@��

���3UHSDUDWLRQ�RI�PRGHO�GHWHFWRUV
DQG�VWXGLHV�RI�WKHLU

FKDUDFWHULVWLFV
0RGHO�VDPSOHV�RI����FKDQQHO�;�UD\�UDGLD�

WLRQ� GHWHFWRUV� ZHUH�PDGH�� 5HTXLUHPHQWV� WR
SDUDPHWHUV� RI� WKH����FKDQQHO�GHWHFWRU�ZHUH
IRUPXODWHG� DW� WKH� OHYHO� RI� IRUHLJQ� DQDORJV�
7KH� SDUDPHWHUV� RI� GHWHFWRUV� DUH� VKRZQ� LQ
WKH�7DEOH����([WHUQDO�DSSHDUDQFH�RI�WKH����
FKDQQHO� GHWHFWRUV� ZLWK� VFLQWLOODWLRQ� HOH�
PHQWV� RI� GLIIHUHQW� WKLFNQHVV� DUH� VKRZQ� LQ
)LJ����� 7RSRORJ\� RI� WKH� GHWHFWRU� PRGXOH
VKRXOG�DOORZ�VHTXHQWLDO�DWWDFKPHQW�RI�PRG�
XOHV�LQWR�D�OLQH�SUHVHUYLQJ�WKH�GHWHFWRU�VWHS
DW�WKH�PRGXOH�MXQFWLRQ�

���7HVWLQJ�RI����FKDQQHO�GHWHFWRU
DUUD\�DV�SDUW�RI�PRGHO�VDPSOH�RI

'56�RQ�WKH�EDVLV�RI
UHFHLYLQJ�GHWHFWLQJ�FLUFXLW�

$� PRGHO� VDPSOH� ZDV� DVVHPEOHG� RI� '56
EDVHG� RQ� UHFHLYLQJ�GHWHFWLQJ� FLUFXLW� �5'&�
ZLWK� DQ� DUUD\� RI� ���FKDQQHO� GHWHFWRUV�� )RU
REWDLQLQJ�VKDGRZ�;�UD\�LPDJHV��D�5'&�ZLWK

)LJ��������&KDQQHO�SKRWRGLRGH�RI�QHZ�GHVLJQ�

)LJ��������FKDQQHO�GHWHFWRUV�ZLWK�VFLQWLOODWLRQ
HOHPHQWV�RI�GLIIHUHQW�WKLFNQHVV��

9�'�5\]KLNRY�HW�DO����7KH�ORRNLQJ�IRU�QHZ����
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D� GHWHFWRU� DUUD\� RI� QHZ� GHVLJQ� ZDV� GHYHO�
RSHG� IRU� ������Ü�� P� VFDQQLQJ� ILHOG�� 7KH
5'&�ZDV� LQWHJUDWHG� FRQVHFXWLYHO\� LQWR� WZR
'56�PRGHOV��

7KH�ILUVW�PRGHO�'56���FRQVLVWHG�RI�5'&�
OLQHDU�PRWRU� �PLQLPXP�PRYHPHQW� VWHS� OHVV
WKDQ���P��OHQJWK�PRUH�WKDQ�������Ü��P��DQG
;�UD\� UDGLDWLRQ� VRXUFH� RI� ,VRYROW� 7LWDQ� (
W\SH� �8D� PD[� ����� N9�� ,D� PD[� ����P$�PD[LPXP� SRZHU� ���� N:��� 7KH� VHFRQG�PRGHO
'56���FRQVLVWHG�RI�5'&��PHFKDQLVP�IRU�PRYH�
PHQW� DQG� URWDWLRQ� RI� WKH� LQVSHFWHG� REMHFW�
5$3$1� �������� W\SH� VRXUFH� �8D�PD[� ����N9��,D�PD[� ���P$���7KH�SUHVHQFH�RI�WKHURWDWLRQ� PHFKDQLVP� DOORZHG� UHDOL]DWLRQ� RI

PXOWL�YLHZ� VFDQQLQJ� PRGH� ���� YLHZV��� UH�
VXOWLQJ� LQ� VXEVWDQWLDOO\� KLJKHU� LQIRUPDWLY�
LW\� RI�QRQ�GHVWUXFWLYH� WHVWLQJ�DQG� WHFKQLFDO
GLDJQRVWLFV�

8VLQJ� WKHVH� '56� PRGHOV� DQG� VWDQGDUG
WHVWLQJ� REMHFWV� Û� (1� ������ �VHW� RI� ZLUH
SDLUV��� JURRYLQJ� VHQVLWLYLW\� UHIHUHQFH� 1R��
�*267� ���������� VHW� RI� LURQ� ZLUHV� ',1� ��
)H� ���� ,62������ NLW� RI� FDU� GLSVWLFNV� RI�GLI�
IHUHQW� WKLFNQHVV� �IURP� ������Ü�� P� WR
�������Ü�� P�� DQG� ZHOGHG� MRLQLQJ� WKH� VWHHO
SODWHV�E\�WKLFNQHVV�����Ü��P�ZH�KDYH�HYDOX�
DWHG� 65�� ([WHUQDO� DSSHDUDQFH� RI� VWDQGDUG
WHVWLQJ� REMHFWV� DUH� VKRZQ� LQ� )LJ����� 7KH

)LJ�����([WHUQDO�DSSHDUDQFH�RI�VWDQGDUG�WHVW�
LQJ�REMHFWV��(1�������Û�VHW�RI�ZLUH�SDLUV��D��
VHW�RI�LURQ�ZLUHV�',1����)H�����,62������E���VHW
RI�FDU�GLSVWLFNV��F��DQG�ZHOGHG�MRLQLQJ�WKH�VWHHO
SODWHV�E\�WKLFNQHVV�����Ü��P��G���JURRYLQJ�VHQ�
VLWLYLW\�UHIHUHQFH�1R����*267�����������H��

)LJ����� (YDOXDWLRQ� RI� VSDWLDO� UHVROXWLRQ� '56
D�� ILUVW� PRGHO� '56���� WHVWLQJ� REMHFWV� Û� (1
������LV�ORFDWHG�EHKLQG���PP�VWHHO��LQFUHDVH�|��
E��VHFRQG�PRGHO�'56���WHVWLQJ�REMHFWV�(1������
LV�ORFDWHG�ZLWKRXW�REVWDFOH��LQFUHDVH�|����

7DEOH����7KH�SDUDPHWHUV�RI�WKH����FKDQQHO
GHWHFWRU

3DUDPHWHUV 'DWD
'HWHFWRU�RXWSXW�ZLQGRZ�DUHD ����u�������Ü��P�

'HWHFWRU�VWHS ������Ü��P
6WDWLF�GHWHFWRU�FXUUHQW�ZLWK�
RXW�LUUDGLDWLRQ��7� �����.�

8ELDV� ������Ü��9�
������Ü��$

'HWHFWRU�VLJQDO�GHFD\�DIWHU
�����Ü��V
&V,�7O� WR�����OHYHO

=Q6H�7H� WR�������OHYHO�
&G:2� WR�������OHYHO

'HWHFWRU�FDSDFLWDQFH��7� 
����.��8ELDV� �������Ü��9�

������Ü��)

7DEOH���� 7KH� VL]HV� RI� WKH� ZLUHV� SDLUV� RI
WHVWLQJ�REMHFWV�Û�(1������
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VL]HV�RI�WKH�ZLUHV��ZKLFK�EH� LQFOXGHG� LQ�VHW
RI� VWDQGDUG� WHVWLQJ� REMHFWV� (1� ������ DQG
',1� ��� )H� ���� ,62� ���� DUH� VKRZQ� LQ� WKH
7DEOHV���DQG����UHVSHFWLYHO\�

7HVWV� RI� GHWHFWRU� DUUD\V� ZLWK� GLIIHUHQW
WKLFNQHVV�RI�VFLQWLOODWLRQ�HOHPHQWV�DV�SDUW�RI
PRGHOV� '56�� ZLWK� REWDLQLQJ� LPDJHV� RI
WHVWHG� REMHFWV� �FDOLEUDWHG� ZLUH� SDLUV��� KDYH
VKRZQ� WKDW�� GHSHQGLQJ� XSRQ� WKLFNQHVV� RI
WKH� VFLQWLOODWLRQ� DVVHPEO\�� WKH� VSDWLDO� UHVR�
OXWLRQ� LV� �y����� OLQH�SDLUV�PP��DQG�GHWHFW�
LQJ� DELOLW\� LV� EHWWHU� WKDQ� ������Ü��P� VWHHO
ZLUH��)LJ������

7KH� XVH� RI� D� ���FKDQQHO� DQDORJ� WR� GLJLW
FRQYHUWHU�DV�SDUW�RI�5'&�DOORZHG�EURDGHQLQJ
WKH� G\QDPLF� UDQJH� DQG� LPSURYLQJ�� DV� FRP�
SDUHG�ZLWK�SUHYLRXV�UHVXOWV�>�@��UHVROXWLRQ�RI
WKH�PRGHO�V\VWHP�RYHU�WKLFNQHVV�IURP�|�����
WR�|������EHKLQG�����Ü��P�VWHHO��)LJ�����

7KXV�� RXU� VWXGLHV� KDYH� VKRZQ� WKDW� WKH
GHYHORSHG� GHWHFWRU� DUUD\� IRU� REWDLQLQJ
VKDGRZ�;�UD\� LPDJHV� ZLWK� KLJK� 65� FDQ� EH
VXFFHVVIXOO\� XVHG�ZLWK�;�UD\� VRXUFHV� RI� XS
WR�����N9�DQRGH�YROWDJH�

���&RQFOXVLRQV
,W� FDQ�EH�FRQFOXGHG�WKDW�;�UD\�GHWHFWRUV

UHSRUWHG� LQ� WKLV� ZRUN� FDQ� EH� VXFFHVVIXOO\
XVHG� IRU� FUHDWLRQ� RI� IDVW� '56� ZLWK� LP�
SURYHG� 65�� 7KHLU� DSSOLFDWLRQV� LQFOXGH
ZHOGHG� MRLQWV�� SLSHOLQHV�� IDEULFDWHG� PHWDOV
DQG�PHWDOZRUNV��$OVR� LW� FDQ� EH� XVHG� LQ� LQ�
VSHFWLRQ� V\VWHPV�� LQFOXGLQJ� DQWL�WHUURULVW
DFWLYLWLHV�� WHFKQLFDO� GLDJQRVWLFV� DQG� PHGL�
FLQH�>����������@��

$FNQRZOHGJPHQWV�� 7KLV� ZRUN� ZDV� VXS�
SRUWHG� LQ� SDUW� E\� 1$72� SURMHFW� 6I3�
��������

5HIHUHQFHV
� ���9�'�5\]KLNRY�� 2�'�2SRORQLQ�� 6�0�*DONLQ� HW

DO���LQ��3URF��63,(�2SWLFV���3KRWRQLFV��2SWLFDO
(QJLQHHULQJ���$SSOLFDWLRQ��� 6DQ� 'LHJR�� 86$
��������Y�������S��-��

� ���9�'�5\]KLNRY�� 2�'�2SRORQLQ�� '�1�.R]LQ� HW
DO��� 1XFO��,QVWU��0HWK�� 3K\V�� 5HV��$�� ����� ���
�������

� ���9�5\]KLNRY��'�.R]LQ��%�*U\Q\RY��1XFO��,QVWU�
0HWK��3K\V��5HV��$������������������

� ���6�9�1D\GHQRY�� 9�'�5\]KLNRY�� &�)�6PLWK� HW
DO���LQ��3URF��63,(�2SWLFV���3KRWRQLFV��2SWLFDO
(QJLQHHULQJ���$SSOLFDWLRQ��� 6DQ� 'LHJR�� 86$
��������Y�������S�$��

� ���9�3�6HPLQR]KHQNR��9�'�5\]KLNRY��$�'�2SROR�
QLQ� HW� DO��� LQ�� 3URF��63,(�2SWLFV���3KRWRQLFV
�2SWLFDO� (QJLQHHULQJ���$SSOLFDWLRQ��� 6DQ
'LHJR��86$���������Y�������S�%���

� ���.�%DYHQGLHN�� 8�(ZHUW�� =VFKHUSHO�� 8�0HDGH�
LQ�� 3URF���WK� (XURS�� &RQI�1'7�� %HUOLQ�� *HU�
PDQ\���������Y����S����

� ���%�9�*ULQ\RY�� 9�'�5\]KLNRY�� 9�3�6HPL�
QR]KHQNR�� 6FLQWLOODWVLRQQLH� 'HWHFWRUL� L� 6\V�
WHPL� 5DGLDWVLRQQRJR� 0RQLWRULQJD� QD� LK
2VQRYH�� 1DXNRYD� 'XPND�� .\LY�� 8NUDLQH
�������>LQ�5XVVLDQ@����

� ���9�5\]KLNRY�� %�*U\Q\RY�� $�2SRORQLQ� HW� DO��
5DGLDW�0HDV�������������������

� ���9�'�5\]KLNRY�� 2�'�2SRORQLQ�� 6�0�*DONLQ� HW
DO���LQ��3URF��63,(�2SWLFV���3KRWRQLFV��2SWLFDO
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