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1RQ�OLQHDU�IUHTXHQF\�UHVSRQVH�DQDO\VLV�RI�HOHFWURFKHPLFDO�UHDFWLRQ NLQHWLFV��$�FDVH�
VWXG\ RQ IHUURF\DQLGH�R[LGDWLRQ

 �.RFK 
0HQND�3HWNRYVND�DQG .DL�6XQGPDFKHU 

0D[�3ODQFN�,QVWLWXWH�IRU�'\QDPLFV�RI�&RPSOH[�7HFKQLFDO�6\VWHPV��6DQGWRUVWUD�H��
������0DJGHEXUJ��*HUPDQ\�

,QVWLWXWH�RI�&KHPLVWU\��7HFKQRORJ\�DQG�0HWDOOXUJ\��'HSDUWPHQW RI�(OHFWURFKHPLVWU\
8QLYHUVLW\�RI�%HOJUDGH�� ��

3URFHVV�6\VWHPV�(QJLQHHULQJ� 2WWR�YRQ�*�ULFNH�8QLYHUVLW\�0DJGHEXUJ��8QLYHUVLWlWVSODW]���
������0DJGHEXUJ��*HUPDQ\

)DFXOW\�RI�7HFKQRORJ\�DQG�0HWDOOXUJ\��8QLYHUVLW\�RI�%HOJUDGH� .DUQHJLMHYD��
������%HOJUDGH��6HUELD

,QWURGXFWLRQ
.LQHWLFV� RI� HOHFWURFKHPLFDO� �(&�� UHDFWLRQV� LV� XVXDOO\� YHU\� FRPSOH[ DQG� GLIIHUHQW� ULYDOLQJ� PRGHO�
DSSURDFKHV FDQ�EH�IRUPXODWHG�IRU�D�JLYHQ (&�UHDFWLRQ�� H�J� IRU�PHWKDQRO�R[LGDWLRQ�

L�H
PRGHO� GLVFULPLQDWLRQ� LV� SRVVLEOH� EDVHG� RQ� VWHDG\� QDO\VLV�
VKRXOG�EH�PRUH�VHQVLWLYH�WR�PRGHO�GLVFULPLQDWLRQ�WKDQ�WKH�VWHDG\�VWDWH�RQH��,Q�WKH�FDVH�RI�PHWKDQRO�

LPSHGDQFH�VSHFWURVFRS\� �(,6� WKH�SURFHV
VPDOO� DPSOLWXGHV� RI� WKH� LQSXW�� (,6� FDQ� KDUGO\� WUHDW� WKH� IXOO� FRPSOH[LW\� DQG� QRQ�OLQHDULW\� RI� WKH�

�
V\VWHP� QRQ�OL �OLQHDU�
PHWKRGV� EDVHG� RQ� DSSOLFDWLRQ� RI� D� ODUJH� DPSOLWXGH� H[FLWDWLRQ� VLJQDO� KDYH� EHHQ� GLVFXVVHG� UHFHQWO\�

NLQHWLFV� RI� HOHFWURFKHPLFDO�
� 7KH�1/)5 KDV�EHHQ�

SURYHQ�DV�D�SRZHUIXO� WRRO� IRU� FKDUDFWHUL]DWLRQ�RI� QRQ�OLQHDU� V\VWHPV� > @�� 7KH�PHWKRG�ZDV� LQLWLDOO\�
GHYHORSHG� IRU� DQDO\VLV� RI� QRQ�OLQHDU� HOHFWULFDO� FLUFXLWV� >�@�� 5HFHQWO\ VRPH� FKHPLFDO� HQJLQHHULQJ�

KDYH�EHHQ�
GHYHORSHG�>�@��,W�KDV�EHHQ�VKRZQ�E\�WKHRUHWLFDO�DQDO\VLV�WKDW�1/)5�FDQ�EH�XVHG�IRU�TXDOLWDWLYH�PRGHO�

R[LGDWLRQ�NLQHWLFV�LQYROYLQJ�VLPSOH�FKDUJH�WUDQVIHU�NLQHWLFV�ZLWK�GLIIXVLRQ�OLPLWDWLRQ�KDV�EHHQ�FKRVHQ�DV�

RI�WKH�URWDWLQJ�GLVN�HOHFWURGH��5'(��DQG�WKH�IHUUR�IHUULF\DQLGH�FRQFHQWUDWLRQ�
7KHRUHWLFDO�EDFNJURXQG�RI�1/)5
1RQ�OLQHDU� IUHTXHQF\� UHVSRQVH LV� WKH TXDVL�VWDWLRQDU\� UHVSRQVH� VLJQDO� RI� D� QRQ�OLQHDU� V\VWHP� WR� D�

IL[HG�VWHDG\�VWDWH��2QH�RI� WKH�PRVW�FRQYHQLHQW�
WRROV�IRU�WUHDWLQJ�QRQ�OLQHDU�IUHTXHQF\�UHVSRQVH��)5� RI�ZHDNO\�QRQ�OLQHDU�V\VWHPV�LV�WKH�FRQFHSW�RI�

)RXULHU�WUDQVIRUPV��7KH�EDVLV�IRU�WKHLU�DSSOLFDWLRQ�OLHV
�� )UHTXHQF\�

'&�FRPSRQHQW�DQG�D�QXPEHU��WKHRUHWLFDOO\�LQGHILQLWH��RI�KLJKHU�KDUPRQLFV��
��� $�PRGHO�RI�D�ZHDNO\�QRQ�OLQHDU�V\VWHP�FDQ�EH�UHSODFHG�E\�DQ�LQGHILQLWH�VHTXHQFH�RI�OLQHDU�PRGHOV�

RI� GLIIHUHQW� RUGHUV�� ,Q� WKH� IUHTXHQF\� GRPDLQ WKHVH� OLQHDU� PRGHOV� DUH� GHILQHG� DV� IUHTXHQF\�
UHVSRQVH� IXQFWLRQV� �)5)V�� RI� GLIIHUHQW� RUGHUV �H�J�� *�� �� LV� D� ILUVW� RUGHU� )5)�
HVWLPDWHG�IURP�GLIIHUHQW�KDUPRQLFV�RI�WKH�)5�� L�
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ZHUH�$ LV� WKH�DQJXODU� IUHTXHQF\ DQG M� LV� WKH� LPDJLQDU\�XQLW� �

� ���
7KH�1/)5 DQDO\VLV DSSOLHG�WR�HOHFWURFKHPLFDO�V\VWHPV FDQ�EH�UHJDUGHG�DV�WKH JHQHUDOL]DWLRQ�RI WKH�
ZHOO�NQRZQ�(,6 PHWKRG WKH QRQ�
DPSOLWXGHV��
D��$�VHW�RI�)5)V ZKLFK�FRQWDLQ�GLIIHUHQW� LQIRUPDWLRQ

UHOLDEOH�GLVFULPLQDWLRQ�DQG�LGHQWLILFDWLRQ�RI�WKH�FRUUHFW�PRGHO��
E��7KH�REW
LQFOXGLQJ�WKRVH�GHILQLQJ�WKH�V\VWHP�QRQ�OLQHDULW\�

([SHULPHQWDO
7KH�H[SHULPHQWV�ZHUH�SHUIRUPHG�LQ�D�VWDQGDUG�WKUHH�
JOD � TXDVL�UHIHUHQFH�3W�HOHFWURGH DQG�D�3W�PHVK�
FRXQWHU� HOHFWURGH� LQ� D� VHSDUDWH� FRPSDUWPHQW�� 7KH� HOHFWURO\WH� �1��SXUJHG�� FRQVLVWHG� RI� HTXLPRODU�
VROXWLRQ�RI�. >)H�&1��@�DQG�.�>)H�&1��@�LQ�WKH�FRQFHQWUDWLRQ�UDQJH� ± ±�

SHUWXUEDWLRQV�RI�WKH�SRWHQWLDO�ZLWK�WKH�DPSOLWXGHV��D ±

LQGHSHQGHQWO\�

5HVXOWV�DQG�GLVFXVVLRQ
1\TXLVW�SORWV�RI�LPSHGDQFH�VSHFWUD�IRU�WKH�IHUUR ±� >)H�&1��@

±

��±

�IUHTXHQF\� RQH� DQG� D� ORZ�
FKDUDFWHULVWLF� IRU� ILQLWH�GLIIXVLRQ� OLPLWDWLRQ�RI�HOHFWURFKHPLFDO� UHDFWLRQV��'XH� WR� UDWKHU� IDVW�NLQHWLFV�RI�

�GLIIXVLRQ�FRQWUROOHG�UHJLRQ�DOUHDG\�DW�
����E\�DQ�LQFUHDVH�LQ�GLDPHWHU�RI�ERWK�VHPLFLUFOHV�ZLWK�

WKH�LQFUHDVH�RI�WKH�RYHUSRWHQWLDO�

)LJ�����7KH�FRPSOH[�SODQH�LPSHGDQFH�VSHFWUD�IRU�IHUURF\DQLGH�R[LGDWLRQ�DW�GLIIHUHQW�RYHUSRWHQWLDOV
DQG�IRU�LQSXW�VLJQDO�DPSOLWXGH�RI���P9� (OHFWURO\WH�����PRO�P±��>)H�&1��@

�±��±������0�.&O�
URWDWLRQ�VSHHG�������USP��7� ������ &�

1/)5�PHWKRG�LV�QRW�\HW�HVWDEOLVKHG�IRU�HOHFWURFKHPLFDO�DSSOLFDWLRQ�DQG�H[WUDFWLRQ�RI�)5)V �(T�������LV�
WKH�SHULRGLF�RXWSXW�VLJQDO��FXUUHQW�RU�SRWHQWLDO��KDV�WR�EH�DQDO\]HG��,Q�

WKH�HOHFWULFDO�FXUUHQW�ZDV PHDVXUHG�DV�RXWSXW�VLJQDO�LQ�WKH�IRUP�RI�LQGLYLGXDO�KDUPRQLFV�RI�
XS� WR� �UG RUGHU�� 7KHVH� KDUPRQLFV �TXDVL�IUHTXHQF\� UHVSRQVH� IXQFWLRQV�� GHSHQGV� RQ� LQSXW� VLJQDO�
DPSOLWXGH�DQG�WKH\�DUH�FRUUHODWHG�WR�WKHRUHWLFDO�LQGLYLGXDO�KLJKHU�RUGHU�IUHTXHQF\�UHVSRQVH�IXQFWLRQV�
*Q� � Q���IRU�GHWDLOV�VHH�> RI WKH�ORZHU�RUGHU�KDUPRQLFV�ZLOO�
DOZD\V�FRQWDLQ�FRQWULEXWLRQV�RI�KLJKHU�RUGHU� IXQFWLRQV L�H� WKH�ILUVW�KDUPRQLF

ZLOO� DOVR� IXQFWLRQV
PDLQ� FRQWULEXWLRQ� RI� WKH� VHFRQG� IXQFWLR

V�
WR� NHHS� KLJKHU�RUGHU� KDUPRQLFV� DW� WKH� OHYHO� RI� QRLVH�ZLWK� UHVSHFW� WR� WKH� GHVLUHG� KDUPRQLF�� 7KLV� LV�
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GHPRQVWUDWHG�LQ�)LJ� ��ZKHUH�WKH�LQIOXHQFH�RI�WKH�LQSXW�VLJQDO DPSOLWXGH�RQ�WKH�DPSOLWXGHV�RI�WKH�ILUVW�
DQG� VHFRQG� KDUPRQLF� KDV� EHHQ� VKRZQ� 7KH� DPSOLWXGH� RI� WKH� LQSXW� VLJQDO� KDV� RQO\� TXDQWLWDWLYH�
LQIOXHQFH�RQ� FRUUHVSRQGLQJ� KDUPRQL

RQ�WKH�YDOXH�RI�WKH�ILUVW�KDUPRQLF�DQG�LWV�LQWHQVLW\�LV�LQFUHDVLQJ�ZLWK�DQ�LQFUHDVH�RI�WKH�DSSOLHG�LQSXW�
�HQRXJK�LQSXW�DPSOLWXGH�IRU�WKH�PHDVXUHPHQWV�RI�WKH�

ILUVW�KDUPRQLF�KDV�WR�EH�FKRVHQ��6LQFH�WKH�LQWHQVLW\�RI�WKH�WKLUG�KDUPRQLF�LQFUHDVHV�ZLWK�DQ�LQFUHDVH�

)LJ�����7KH�LQIOXHQFH�RI�WKH�LQSXW�VLJQDO�DPSOLWXGH�RQ�WKH�DPSOLWXGH�RI�WKH�ILUVW��VHFRQG�DQG�WKLUG�RUGHU�
KDUPRQLFV� (OHFWURO\WH�����PRO�P±��>)H�&1��@

�±��±�����0�.&O�
URWDWLRQ�VSHHG�������USP��7� ������ &�

,Q�RUGHU�WR�H[FOXGH�WKH�LQIOXHQFH�RI�LQSXW�DPSOLWXGH�DQG�DFFRUGLQJ�WR�WKH�GHILQLWLRQV�RI�WKH�IUHTXHQF\�
LUVW�DQG�VHFRQG�KDUPRQLFV�ZHUH�GLYLGHG�E\�D DQG�D�

RUGHU� )5)V� ZHUH�PXOWLSOLHG� E\� 66�L66 DQG E\� 66
��L66

� �WKH� VXEVFULSW� VV GHQRWHV� WKH�
VWHDG\� � $*� DQG�$*� *�

DQG� *�

ILUVW�)5)�VKRZ�W\SLFDO�DGPLWWDQFH�%RGH�SORW�IHDWXUHV�LQ�UHODWLRQ�WR�W\SLFDO�(,6�VSHFWUD�VKRZQ�LQ�)LJ�����
7KH� )5)V� REWDLQHG� IURP�PHDVXUHPHQWV� DW� GLIIHUHQW� DPSOLWXGHV� DUH� KLJKO\� UHSURGXFLEOH�� 7KH VPDOO�
GHSHQGHQFH�RI�WKH�ILUVW�RUGHU�IUHTXHQF\�UHVSRQVH�IXQFWLRQ�RQ�WKH�LQSXW�DPSOLWXGH�FDQ�EH�WKHRUHWLFDOO\�
H[SODLQHG�E\�WKH�LQFUHDVH�RI�WKH�VLJQLILFDQFH�RI�WKH�IXQFWLRQ�UHODWLYH�WR�WKH�ILUVW�RQH�ZLWK�WKH�LQFUHDVH�

H�SDUDPHWHUV�RI�WKH�VHFRQG�IXQFWLRQ�GR�QRW�VKRZ�PHDVXUDEOH�
GHSHQGHQFH�RQ�WKH�LQSXW�DPSOLWXGH��,W�FDQ�RQO\�EH�HYLGHQFHG�WKDW�ORZHVW�DSSOLHG�DPSOLWXGH�SURGXFHV�

LW�FDQ�

DW�ODUJHU�DPSOLWXGHV�
,Q� WKH� IUHTXHQF\� UDQJH� ZKLFK� FRUUHVSRQGV� WR� WKH� RQVHW� RI� GLIIXVLRQ� LQ� WKH� ILUVW� RUGHU� IUHTXHQF\�

RXQFHG�SHDN�LQ�WKH�$*�

E\�D�SODWHDX�LQ�WKH�ORZ�IUHTXHQF\�GRPDLQ��EHORZ���+]���$�ZHDN�VKRXOGHU�DURXQG���N+]�DSSHDUV�WR�EH�
FORVHO\� UHODWHG� WR� WKH� KLJK� IUHTXHQF\� VHPLFLUFOH� VHHQ� LQ� )LJ�� ��� 7KHVH� IHDWXUHV� DUH� UHSUHVHQWHG� E\�
VLPLODU� RQHV� LQ� *� VSHFWUD�� $� PRUH� FRQFOXVLYH� DVVLJQPHQW� RI� SK\VLFDO� PHDQLQJ� WR� WKH� IHDWXUHV�
REVHUYHG� LQ� $*� VSHFWUD� LV� RQO\� SRVVLEOH� ZLWK� WKH� KHOS� RI� D� FRUUHVSRQGLQJ� 1/)5� PRGHO� ZKLFK� LV�
FXUUHQWO\�XQGHU�GHYHORSPHQW�
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)LJ�����7KH�DPSOLWXGH�DQG�SKDVH�FKDUDFWHULVWLFV�RI�WKH�FDOFXODWHG�ILUVW��$*���DQG�VHFRQG��$*���)5)V IRU
GLIIHUHQW�DPSOLWXGHV�RI�WKH�LQSXW�VLJQDO DW�RYHUSRWHQWLDO�RI����P9��(OHFWURO\WH�����PRO�P±��>)H�&1��@

�±��±��
����0�.&O��URWDWLRQ�VSHHG�������USP��7� ������ &�

&RQFOXVLRQ
1/)5� KDV� EHHQ� VXFFHVVIXOO\� DSSOLHG� IRU� H[SHULPHQWDO� GHWHUPLQDWLRQ� RI� ILUVW� DQG� VHFRQG� RUGHU�
IUHTXHQF\� UHVSRQVH� IXQFWLRQV� IRU� IHUURF\DQLGH� R[LGDWLRQ� NLQHWLFV RQ� JODVV\� FDUERQ� HOHFWURGH�� 7KH�
VHFRQG� RUGHU� IUHTXHQF\� UHVSRQVH� IXQFWLRQ� SURYLGHV� YDOXDEOH� DGGLWLRQDO� LQIRUPDWLRQ� RQ� UHDFWLRQ�

VFRSH�RI�RXU�IRUWKFRPLQJ�LQYHVWLJDWLRQV��

5HIHUHQFHV
�� .��6XQGPDFKHU -��(OHFWURDQDO�&KHP������ ��
�� ,PSHGDQFH�6SHFWURVFRS\��7KHRU\��([SHULPHQW�DQG�$SSOLFDWLRQV QG

�� -��(OHFWURDQDO�&KHP�����
%�� � � -��
(OHFWURFKHP��6RF

��� 4��$�� �� �� �� (OHFWURFKLP��$FWD ��
�� 0� 1RQOLQHDU�IUHTXHQF\�UHVSRQVH�PHWKRG�IRU�LQYHVWLJDWLRQ�RI�HTXLOLEULD�DQG�NLQHWLFV�RI

$GVRUSWLRQ�6\VWHPV�LQ�)LQHO\�'LVSHUVHG�3DUWLFOHV��0LFUR��1DQR��DQG�$WWR�(QJLQHHULQJ $� 6SDVL
0� (GV� D�5D � �� ����

�� '� �)�� 6LQXVRLGDO�$QDO\VLV�DQG�0RGHOLQJ�RI�:HDNO\�1RQOLQHDU�&LUFXLWV

0HFK��6\VW��6LJQDO�3U� �� �����������


