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Abstract 
(OHFWUR�RSWLF� ORQJLWXGLQDO� SURILOH� GLDJQRVWLF� V\VWHPV�

ZLWK� LQWULQVLFDOO\� LPSURYHG� UHOLDELOLW\� DQG� D� WLPH�
UHVROXWLRQ�RI����IV�UPV�DUH�EHLQJ�GHYHORSHG�IRU�WKH�&/,&�
3URMHFW� DW�&(51��([SORLWLQJ� WKH� HOHFWUR�RSWLF� HIIHFW�� WKH�
EXQFK�HOHFWULF�ILHOG�
SXOVH�FDUYHV
�DQ�RSWLFDO�UHSOLFD�IURP�D�
QDUURZ� EDQGZLGWK� QDQRVHFRQG�GXUDWLRQ� ODVHU� SUREH��$OO�
RSWLFDO� FKDUDFWHULVDWLRQ� RI� WKH� RSWLFDO� UHSOLFD� LV� YLD�
VSHFWUDOO\�UHVROYHG�DXWR�FRUUHODWLRQ��SURYLGLQJ�D�VXE���IV�
UHVROXWLRQ�FDSDELOLW\��$Q�RSWLFDO�SDUDPHWULF�DPSOLILFDWLRQ�
VWDJH� IROORZLQJ� WKH� SXOVH� FDUYLQJ�� GULYHQ� E\� VDPH�
QDQRVHFRQG� ODVHU� WKDW� SURYLGHV� WKH� SUREH�� HQDEOHV�
VXIILFLHQW� LQWHQVLW\� IRU� VLQJOH�VKRW� PHDVXUHPHQW�� %\�
EDVLQJ� WKH� RSWLFDO� V\VWHP� RQ� QDQRVHFRQG� 4�VZLWFKHG�
ODVHUV��E\SDVVLQJ�FRPSOH[�IHPWRVHFRQG�ODVHU�V\VWHPV��WKH�
SRWHQWLDO� IRU� UREXVW� LQVWUXPHQWDWLRQ� GHYHORSPHQW� LV�
HQKDQFHG�� ([SHULPHQWV� RQ� WKH� RSWLFDO� VXEV\VWHPV�� XVLQJ�
ODVHU�SURGXFHG� 7+]� DV� DQ� HOHFWURQ� EXQFK� PLPLF�� DUH�
SUHVHQWHG�� :H� DOVR� GHVFULEH� WKH� REVHUYDWLRQ� DQG�
LQWHUSUHWDWLRQ� RI� DQ� XQH[SHFWHG� HIIHFW� RI� VPDOO� EHDP�
PLVDOLJQPHQWV� RQ� WKH� HOHFWUR�RSWLF� VLJQDO�� ZKLFK� KDV�
LPSOLFDWLRQV�IRU�(2�GLDJQRVWLFV�LQ�JHQHUDO��

,1752'8&7,21�
(OHFWUR�RSWLF��(2��WHFKQLTXHV�KDYH�IRU�VRPH�WLPH�KHOG�

WKH�SURPLVH�RI�KLJK�WLPH�UHVROXWLRQ�QRQ�GHVWUXFWLYH�EXQFK�
ORQJLWXGLQDO�SURILOH�GLDJQRVWLFV��$�UDQJH�RI�(2�GLDJQRVWLF�
V\VWHPV� KDV� EHHQ� GHYHORSHG� DQG� GHPRQVWUDWHG�� VXFK� DV�
6SHFWUDO� 'HFRGLQJ� >�@�� 6SDWLDO� (QFRGLQJ� � >�@�� 7HPSRUDO�
'HFRGLQJ�>�@��DQG�6SHFWUDO�8SFRQYHUVLRQ�>�@��'HVSLWH�WKH�
ODUJH� QXPEHU� RI� GHPRQVWUDWLRQV� RI� (2� GLDJQRVWLF�
FRQFHSWV�� WKHUH� DUH� RQO\� D� YHU\� OLPLWHG� QXPEHU� RI�
H[DPSOHV� RI� (2� GLDJQRVWLFV� EHLQJ� LQWHJUDWHG� LQWR�
RSHUDWLRQDO� DFFHOHUDWRU� GLDJQRVWLF� V\VWHPV� >���@�� ZKLFK�
FDQ� SDUWLDOO\� EH� DWWULEXWHG� WR� WKH� FRPSOH[LW\� DQG� OLPLWHG�
UHOLDELOLW\� RI� WKH� XOWUDIDVW� ODVHU� V\VWHPV� WKDW� KDYH� XQWLO�
QRZ�EHHQ�QHFHVVDU\��

�(/(&752�237,&�75$16326,7,21�
:H� SUHVHQW� D� YDULDQW� RI� HOHFWUR�RSWLFDO� WHPSRUDO�

FKDUDFWHULVDWLRQ�� ZKLFK� ZH� ODEHO� (OHFWUR�2SWLF�
7UDQVSRVLWLRQ� �(27�� >�@�� ZKLFK� HOLPLQDWHV� WKH� QHHG� IRU�
XOWUDIDVW� IHPWRVHFRQG� ODVHUV�� DQG� DOVR� SURYLGHV� D� KLJKHU�
RSWLFDO� WLPH� UHVROXWLRQ� FDSDELOLW\� WKDQ� SUHYLRXV�
DSSURDFKHV�� $V� LQ� RWKHU� HOHFWUR�RSWLF� VFKHPHV�� WKH�
WHFKQLTXH� LV� EDVHG� RQ� WKH� Ȥ���� QRQOLQHDU� HQFRGLQJ�
SURFHVVHV�� DOWKRXJK� D� YDULDQW� EDVHG� RQ� D� Ȥ���� SURFHVV� LV�
DOVR� EHLQJ� GHYHORSHG� WR� DGGUHVV� HOHFWUR�RSWLF� PDWHULDO�
EDQGZLGWK� OLPLWDWLRQV�� ,Q� WKH� Ȥ���� VFKHPH�SUHVHQWHG�KHUH��

WKH� LQWHUDFWLRQ� EHWZHHQ� SDUWLFOH� EHDP� DQG� RSWLFDO� ODVHU�
SUREH�FDQ�EH�GHVFULEHG�DV�IUHTXHQF\�PL[LQJ�EHWZHHQ�WKH�
&RXORPE�ILHOG�DQG�WKH��JHQHUDO��RSWLFDO�SUREH�ILHOG��
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ZKHUH� WKH� VXEVFULSW� UHIHUV� WR� RUWKRJRQDO� SRODULVDWLRQ�
FRPSRQHQWV� LQ� WKH� LQWHUDFWLRQ� SULQFLSDO� D[LV� IUDPH��

��Ö ZRXW( �� ��Ö ZLQ( � UHIHU� WR� WKH� RSWLFDO� SUREH� LQSXW� DQG�
VLJQDO� RXWSXW�� ZKLOH� � ��Ö ZEXQFK( � LV� WKH� &RXORPE� ILHOG�
VSHFWUXP�� )RU� XOWUDIDVW� SXOVHV�� ZLWK� D� EURDGEDQG�
WUDQVIRUP�OLPLWHG�RSWLFDO�SUREH�WKHQ� ��Ö��Ö ZZ LQLQ (( |:� �
DQG� WKH� HIIHFW� RI� WKH� LQWHUDFWLRQ� FDQ� EH� UHGXFHG� WR� WKH�
SKDVH� FKDQJH� ����Ö��Ö WDZZ

EXQFK(LLQRXW
[ H(( | �� DV� H[SHFWHG� IRU�

FRQVLVWHQF\� ZLWK� WKH� FRPPRQO\� HPSOR\HG� SLFWXUH� RI� D�
&RXORPE� ILHOG�LQGXFHG� UHIUDFWLYH� LQGH[� FKDQJH�� :H�
LQVWHDG� FKRRVH� WR� SUREH� ZLWK� D� QDUURZ� EDQG� TXDVL�&:�
ODVHU� ����Ö��Ö �� ZZGZZ � (( ��VR�WKDW�(T����VLPSOLILHV�WR��
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7KLV� GHVFULEHV� WKH� FUHDWLRQ� RI� DGGLWLRQDO� VSHFWUDO�
FRPSRQHQWV�LQ�WKH�RSWLFDO�SUREH��DQ�DPSOLWXGH�UDWKHU�WKDQ�
D�SKDVH�FKDQJH��7KH�PHDVXUHPHQW�RI�WKLV�VSHFWUDO�FRQWHQW�
FRQVWLWXWHV� WKH� ³(2� 6SHFWUDO� 8SFRQYHUVLRQ´� �(268��
WHFKQLTXH�� ZKLFK� KDV� EHHQ� GHVFULEHG� DQG� GHPRQVWUDWHG�
HOVHZKHUH� >�@�� +HUH� ZH� LQVWHDG� WDUJHW� D� GLUHFW� WHPSRUDO�
PHDVXUHPHQW� RI� WKH� XSFRQYHUWHG� VLJQDO�� ZKLFK� KDV� DQ�
LQWHQVLW\�HQYHORSH�RI�
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)URP� HTXDWLRQV� �� DQG� �� WKH� VDPH� SURFHVV� FDQ� EH�
YLHZHG� DV� D� VSHFWUDO� XSFRQYHUVLRQ� LQ� WKH� IUHTXHQF\�
GRPDLQ��RU�WKH�FUHDWLRQ�RI�DQ�RSWLFDO�UHSOLFD�LI�YLHZHG�LQ�
WKH� WLPH�GRPDLQ�� ,W� LV� WKLV�FRPELQDWLRQ� WKDW�JLYHV� ULVH� WR�
WKH� ODEHOOLQJ� DV� (2� 7UDQVSRVLWLRQ� >�@�� :KLOH� WKH� Ȥ����
HQFRGLQJ� LQWHUDFWLRQ� LV� LGHQWLFDO� WR� WKDW� RI� (268� WKH�
WHPSRUDO� PHDVXUHPHQW� LV� IUHH� IURP� WKH� DPELJXLW\�
DVVRFLDWHG�ZLWK� ORVV�RI� SKDVH� LQIRUPDWLRQ� LQ� WKH� VSHFWUDO�
PHDVXUHPHQW��
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)LJXUH� ��� 6FKHPDWLF� RI� WKH� HOHFWUR�RSWLF� WUDQVSRVLWLRQ� V\VWHP�� � 7KH� V\VWHP� FDQ� EH� FRQVLGHUHG� DV� �� VHSDUDWH� VWDJHV��
JHQHUDWLRQ�RI� WKH�RSWLFDO�SUREH�DQG�VXEVHTXHQW�XS�FRQYHUWHG�VLJQDO�SXOVH��DPSOLILFDWLRQ�RI� WKH� VLJQDO�SXOVH� WR�D� OHYHO�
WKDW�FDQ�EH�FKDUDFWHULVHG��DQG�ILQDOO\�PHDVXUHPHQW�RI�WKH�VLJQDO�WR�UHYHDO�LWV�WHPSRUDO�VWUXFWXUH��

�
7R�PHDVXUH�WKH�RSWLFDO�HQYHORSH�WLPH�SURILOH��WKH�(27�

VFKHPH� XVHV� )UHTXHQF\� 5HVROYHG� 2SWLFDO� *DWLQJ�
�)52*��� DQ� HVWDEOLVKHG� ODVHU� WHFKQLTXH� ZKLFK� DOORZV�
XQDPELJXRXV�UHWULHYDO�RI�WKH�RSWLFDO�SXOVH�HQYHORSH�ZLWK�
UHVROXWLRQ� EHWWHU� WKDQ� ��� IV� >��� ��@�� $V� WKH� )52*�
PHDVXUHPHQW�ZLOO�EH�D�VHOI�UHIHUHQFHG�VSHFWUDOO\�UHVROYHG�
DXWRFRUUHODWLRQ�� LW� UHTXLUHV� QR� DGGLWLRQDO� XOWUDIDVW� ODVHUV�
DQG�LV�LQKHUHQWO\�LQVHQVLWLYH�WR�WLPLQJ�MLWWHU���7KLV�HQDEOHV�
WKH� WHFKQLTXH� WR� EH� XVHG� IRU� FKDUDFWHULVLQJ� YHU\� ZHDN��
KLJK�UHSHWLWLRQ�UDWH�SXOVHV��EXQFKHV��KDYLQJ�D�VLJQLILFDQW�
WLPLQJ� MLWWHU� WKDW� SUHYHQWV� WKHLU� PHDVXUHPHQW� LQ� DQRWKHU�
ZD\��)RU� VLQJOH�VKRW�GLDJQRVWLFV�KRZHYHU�� D� VLJQDO�SXOVH�
HQHUJ\� RI� VLJQLILFDQWO\� JUHDWHU� WKDQ� ��� Q-� LV� UHTXLUHG��
6XFK� RSWLFDO� VLJQDO� SXOVH� HQHUJLHV� DUH� JHQHUDOO\� QRW�
UHDOLVWLFDOO\�DFKLHYDEOH�GLUHFWO\� IURP� WKH�(2�SURFHVV��7R�
RYHUFRPH�WKLV�SUREOHP��RXU�VFKHPH�LQFOXGHV�DQ�LQWHJUDWHG�
1RQ�&ROOLQHDU� 2SWLFDO� 3DUDPHWULF� &KLUSHG� 3XOVH�
$PSOLILFDWLRQ� �1&23&3$�� VWDJH� IRU� WKH� VLJQDO�� WKH�
DPSOLILFDWLRQ� VWDJH� LV� GULYHQ� E\� WKH� VDPH� QDQRVHFRQG�
ODVHU� V\VWHP� WKDW� SURGXFHV� WKH� LQSXW� SUREH�� PDLQWDLQLQJ�
WKH� RYHUDOO� ODVHU� V\VWHP� UREXVWQHVV� DQG� H[SHFWHG� V\VWHP�
UHOLDELOLW\��
$�SURWRW\SH�V\VWHP�ZLWK�D�UHVROXWLRQ�DSSURDFKLQJ����IV�

):+0� ���IV� UPV�� LV� VKRZQ� LQ� )LJ�� ��� 7KH� V\VWHP� LV�
FHQWUHG� DURXQG� D� UREXVW� 4�VZLWFKHG� 1G�<$*� ZLWK�
IUHTXHQF\�GRXEOHG����� QP�RXWSXW� RI� ���QV�GXUDWLRQ� DQG�
!��� P-� HQHUJ\�� � 7KH� ���� QP� RXWSXW� SXPSV� DQ� 2SWLFDO�
3DUDPHWULF�2VFLOODWRU��232��WR�JHQHUDWH�WKH�RSWLFDO�SUREH��
7KH� LQWHJUDWHG� RSWLFDO� SDUDPHWULF� RVFLOODWRU� SURGXFHV� D�
QDUURZ� OLQH�ZLGWK� �a���� FP���� SXOVH� DW�a����QP�ZLWK� DQ�
HQHUJ\�RI�DURXQG���P-��7KH�����QP�RXWSXW�ZLOO�DOVR�SXPS�
RSWLFDO� SDUDPHWULF� DPSOLILFDWLRQ� RI� WKH� SUREH� VLJQDO�
IROORZLQJ� WKH� HOHFWUR�RSWLF� LQWHUDFWLRQ� ZLWK� WKH� EXQFK��
UDLVLQJ� WKH� VLJQDO� OHYHOV� WR� WKDW� QHFHVVDU\� IRU� VLQJOH�VKRW�
)52*��

,Q�RUGHU�WR�YHULI\�WKH�SHUIRUPDQFH�RI�WKH�V\VWHP�GHVLJQ��
D�WHVW�EHG�KDV�EHHQ�EXLOW�DURXQG�D�UHJHQHUDWLYHO\�DPSOLILHG�
IHPWRVHFRQG�7L�6DSSKLUH�ODVHU��GULYHQ�WHUDKHUW]�VRXUFH��,Q�
WKLV� V\VWHP� QHDU�XQLSRODU� WHUDKHUW]� SXOVHV� ZHUH� HPLWWHG�
IURP� D� ODUJH� DUHD� SKRWRFRQGXFWLYH� DQWHQQD� �3&$�� >��@�
H[FLWHG� E\� WKH� XOWUDIDVW� 7L�6DSSKLUH� SXOVHV�� SURYLGLQJ� D�
SXOVHG� ILHOG� DV� D� PLPLF� RI� WKH� EXQFK� &RXORPE� ILHOG�� $�
V\QFKURQLVHG� QDUURZ� EDQGZLGWK� RSWLFDO� SUREH� ZDV�
REWDLQHG�E\�VSHFWUDOO\�ILOWHULQJ�D�SLFNHG�RII�IUDFWLRQ�RI�WKH�
��� IV�� ���� QP� SXOVHV� WKDW� ZHUH� H[FLWLQJ� WKH� 3&$�� 7KH�
VSHFWUDO� ILOWHU� ZDV� WXQDEOH� LQ� ERWK� EDQGZLGWK� DQG�
ZDYHOHQJWK�� DQG� ZDV� IUHH� IURP� DQJXODU�� VSDWLDO� DQG�
WHPSRUDO�FKLUS��7UDQVIRUP�OLPLWHG����SV�SXOVHV�ZHUH�XVHG�
IRU�WKH�QDUURZ�EDQG�SUREH�UHVXOWV�GHVFULEHG�KHUH��ZLWK�WKH�
SXOVH�GXUDWLRQ�YHULILHG�YLD�DXWRFRUUHODWLRQ��
7KH�RSWLFDO�SUREH�ZDV�PL[HG�ZLWK�WKH�WHUDKHUW]�SXOVH�LQ�

D���PP�WKLFN�=Q7H�FU\VWDO��WKH�KLJKHU�EDQGZLGWK�UHVSRQVH�
DFKLHYDEOH� ZLWK� DOWHUQDWLYH� (2� PDWHULDOV� ZDV� QRW�
QHFHVVDU\�EHFDXVH�RI� WKH�a��7+]�EDQGZLGWK�RI� WKH�3&$�
HPLVVLRQ�� � 7KH� HOHFWUR�RSWLFDOO\� WUDQVSRVHG� SXOVHV� ZHUH�
WKHQ�VHSDUDWHG� IURP� WKH� LQSXW�SUREH� WKURXJK�SRODULVDWLRQ�
VHOHFWLRQ��DQG�FRXSOHG�LQWR�D�VSHFWURPHWHU�IRU�DQDO\VLV���,Q�
WKLV� V\VWHP� WKH� VSHFWUDO� ILOWHU� FRXOG� EH� IXOO\� RSHQHG� WR�
DOORZ� WKH� ��� IV� SXOVHV� WKURXJK�� DOORZLQJ� D� FRQYHQWLRQDO�
WHUDKHUW]� WLPH� GRPDLQ� VSHFWURVFRS\� �7+]�7'6��
PHDVXUHPHQW� RI� WKH� SXOVH� WHPSRUDO� SURILOH�� DQG� KHQFH�
VSHFWUXP��WR�EH�WDNHQ�DV�D�UHIHUHQFH��
�7KH� HOHFWUR�RSWLFDOO\� WUDQVSRVHG� VSHFWUXP� REWDLQHG�

ZLWK�D�QDUURZ�EDQGZLGWK�SUREH�LV�VKRZQ�LQ�)LJ����D���ERWK�
ZLWK� DQG� ZLWKRXW� WKH� 7+]� SXOVH� &RXORPE� ILHOG� PLPLF���
7KH�WHUDKHUW]�VSHFWUXP�LV�FORVHO\�UHSOLFDWHG�LQ�WKH�RSWLFDO�
GRPDLQ�DV� VLGHEDQGV�RQ� WKH�SUREH��ZLWK� WKH� IXQGDPHQWDO�
SUREH�DWWHQXDWHG�WKURXJK�SRODULVDWLRQ�UHMHFWLRQ��
�
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)LJXUH� ��� �D�� 6LGHEDQG� VSHFWUD� DV� PHDVXUHG� E\� (2�
XSFRQYHUVLRQ��DQG�DV�PHDVXUHG�YLD�7+]�7'6�� �7KH�7'6�
VSHFWUXP� KDV� EHHQ� RIIVHW� WR� HQDEOH� D� FOHDU� FRPSDULVRQ�
ZLWK� WKH� XSFRQYHUWHG� VSHFWUXP�� �E�� 7KH� VXP�IUHTXHQF\�
FRPSRQHQWV� RI� WKH� VLGHEDQG� VSHFWUD� SUHVHQWHG� RQ� D�
ZDYHOHQJWK� VFDOH�� DORQJ� ZLWK� WKH� SKDVHPDWFKLQJ�
HIILFLHQF\�RI�WKH�1&23&3$�VFKHPH��

7KH�ORZHU�UHVROXWLRQ�RI�WKH�XSFRQYHUWHG�VSHFWUD�VKRZQ�
LQ�)LJ����LV�GXH�WR�D�FRPELQDWLRQ�RI�WKH�UHVROXWLRQ�RI�WKH�
VSHFWURPHWHU� XVHG�� DQG� WKH� FRQYROXWLRQ� RI� WKH� a��*+]�
OLQHZLGWK� RI� WKH� SUREH� XVHG� �FXUUHQWO\� OLPLWHG� E\� WKH�
VSHFWUDO�ILOWHU����7KH�VSHFWUD�DUH�DOVR�SUHVHQWHG�LQ�)LJ����E��
DJDLQVW� WKH� HTXLYDOHQW� ZDYHOHQJWK� FRPSRQHQWV� RI� WKH�
EXQFK�&RXORPE�ILHOG��DORQJ�ZLWK�D�SORW�RI�KDOI�RI��DV�VXP�
DQG� GLIIHUHQFH� IUHTXHQFLHV� DUH� WR� EH� DPSOLILHG�� WKH�
FDOFXODWHG� SKDVHPDWFKLQJ� HIILFLHQF\� RI� WKH� 1&23&3$�
V\VWHP�� �7KH�PHDVXUHPHQW�RI�VSHFWUDO�FRPSRQHQWV�GRZQ�
WR�'&� �LQILQLWH� ZDYHOHQJWK�� LV� SRVVLEOH� DV� WKH\� DUH� QRZ�
FDUULHG� DW� WKH� QDUURZ�EDQG� SUREH¶V� IUHTXHQF\�� 7KH�
PHDVXUHPHQWV� LQ� )LJ�� ��E�� DUH� VKRZQ� WUXQFDWHG� WR� WKH�
UHVROXWLRQ�RI�WKH�VSHFWURPHWHU��EXW�FRXOG�LQGHHG�DOVR�KDYH�
D�'&�FRPSRQHQW��L�H��DW�WKH���7+]�RIIVHW�LQ�)LJ����D���
0HDVXUHPHQWV� RI� WKH� HQHUJ\� FRQYHUVLRQ� HIILFLHQF\� LQ�

WKH�HOHFWUR�RSWLFDOO\�WUDQVSRVHG�SXOVH��FRPELQHG�ZLWK�WKH�
SURSHUWLHV� RI� WKH� UHVW� RI� WKH� V\VWHP�� KDYH� DOORZHG� XV� WR�
HVWLPDWH� WKDW� IRU� &/,&� EXQFK� SDUDPHWHUV� D� WUDQVSRVHG�
SXOVH� HQHUJ\�RI�a���Q-� VKRXOG�EH�SURGXFHG� IRU� DQ� LQSXW�
SUREH�LQWHQVLW\�RI�����N:��RU���P-�LQ����Q6����

Amplification 
7KH�HOHFWUR�RSWLFDOO\� WUDQVSRVHG�SXOVH�HQHUJ\�REWDLQHG�

GLUHFWO\� IURP� WKH� (2� LQWHUDFWLRQ� LV� LQVXIILFLHQW� IRU� WKH�
LPSOHPHQWDWLRQ� RI� D� VLQJOH�VKRW� )52*� >�@�� �2XU� V\VWHP�
ZLOO� XVH� 1&23&3$� WR� RYHUFRPH� WKLV� SUREOHP���
1&23&3$� LV� D� FRPPRQO\� XVHG� WHFKQLTXH� IRU� WKH�
DPSOLILFDWLRQ�RI�XOWUDVKRUW�SXOVHV�DQG�LV�UHJXODUO\�XVHG�WR�
DPSOLI\�)RXULHU�WUDQVIRUP�OLPLWHG�SXOVHV�E\���RU���RUGHUV�
RI�PDJQLWXGH�ZLWK�PLQLPDO�GLVWRUWLRQ��

,Q� FKLUSHG� SXOVH� SDUDPHWULF� DPSOLILFDWLRQ�� HIILFLHQW�
DPSOLILFDWLRQ� RI� D� VXE�SLFRVHFRQG� SXOVH� E\� WKH� IHZ�
QDQRVHFRQG� GXUDWLRQ� SDUDPHWULF� DPSOLILHU� SXPS� LV�
DFKLHYHG�E\�VWUHWFKLQJ� WKH�VHHG�SXOVH� LQ� WLPH� WR� LPSURYH�
SXOVH� RYHUODS�� � :LWK� D� VXEVHTXHQW� FRPSHQVDWLQJ� SXOVH�
FRPSUHVVRU�� WKH� RULJLQDO� LQSXW� SXOVH� GXUDWLRQ� FDQ� EH�
UHJDLQHG� SRVW�DPSOLILFDWLRQ�� 6XFK� WHPSRUDO�PDQLSXODWLRQ�
LV� UHDGLO\� DFKLHYHG� WKURXJK� WKH� VSHFWUDO� GLVSHUVLRQ�
LQGXFHG� E\� D� SDLU� RI� GLIIUDFWLRQ� JUDWLQJV�� � 7KLV� QRQ�
FROOLQHDU�DPSOLILFDWLRQ�JHRPHWU\�KDV�DQ�DGGLWLRQDO�EHQHILW�
RI�D�EURDG�EDQGZLGWK�JDLQ��DOORZLQJ�IRU�DPSOLILFDWLRQ�RI�
WKH� VSHFWUDO� FRQWHQW� DVVRFLDWHG� ZLWK� VXE� ��� IV� GXUDWLRQ�
SXOVHV���$Q�HYHQ�EURDGHU�EDQGZLGWK�FRXOG�EH�DUUDQJHG�DW�
WKH� H[SHQVH� RI� D� JUHDWHU� SKDVH� GLVWRUWLRQ�� EXW� LV�
XQQHFHVVDU\�LQ�WKLV�FDVH��
)RU� WKH� (27� GLDJQRVWLF�� DQ� 1&23&3$� V\VWHP� EDVHG�

DURXQG� D� W\SH� �� SKDVHPDWFKHG� %%2� FU\VWDO� KDV� EHHQ�
GHVLJQHG� ZLWK� DQ� H[SHFWHG� VLQJOH�SDVV� JDLQ� RI� DQ� LQSXW�
SXOVH� JUHDWHU� WKDQ� D� IDFWRU� RI� ������ 7KH� JDLQ� DQG�
EDQGZLGWK� RI� WKH� DPSOLILFDWLRQ� VWDJH� KDV� EHHQ� WHVWHG�
WKURXJK� LWV� DELOLW\� WR� DPSOLI\� ��� IV� ):+0� SXOVHV�
REWDLQHG� GLUHFWO\� IURP� DQ� DPSOLILHG� 7L�6DSSKLUH� ODVHU�
V\VWHP�� 7KLV� SURYLGHG� D� EDQGZLGWK� FRPSDUDEOH� WR� WKDW�
JHQHUDWHG� IURP� WUDQVSRVLQJ� WKH� &RXORPE� ILHOG� RI� D� ��IV�
):+0�EXQFK��ZKLFK�WKH�3&$�ZDV�XQDEOH�WR�GHOLYHU���)RU�
WKH�FRQFHSW�WHVWV��WKH�DPSOLILHU�ZDV�SXPSHG�E\�D�FXVWRP�
PRGLILHG� &RQWLQXXP� /HRSDUG� 1G�<$*� ODVHU� GHOLYHULQJ�
����QP�SXOVHV�RI����SV�GXUDWLRQ�DQG�XS�WR����P-�HQHUJ\��
ZKLFK�ZHUH�DWWHQXDWHG�WR�SURYLGH�WKH�VDPH�LUUDGLDQFH�DV�D�
WKH�SXPS�SXOVH�GHVFULEHG�LQ�WKH�SUHYLRXV�SDUDJUDSK���7KH�
SUHGLFWHG� ���� JDLQ� DQG� SUHVHUYDWLRQ� RI� WKH� SXOVH�
EDQGZLGWK� ZDV� YHULILHG� E\� DWWHQXDWLRQ� DQG� VXEVHTXHQW�
DPSOLILFDWLRQ�RI�WKH����IV�SXOVH�EDFN�WR�LWV�RULJLQDO�HQHUJ\��
7KH�LPSDFW�RQ�WKH�VSHFWUDO�SKDVH�RI�WKH�DPSOLILHG�SXOVH�

PXVW� DOVR� EH� FRQVLGHUHG�� � ,Q� WKH� W\SLFDO� FDVH� ZKHUH�
1&23&3$� LV� XVHG� WR� JHQHUDWH� YHU\� KLJK� HQHUJ\� SXOVHV��
V\VWHPV� DUH� RIWHQ� RSHUDWHG� VXFK� WKDW� WKH� HQHUJ\� RI� WKH�
DPSOLILHG� SXOVH� EHFRPHV� ODUJH� HQRXJK� WR� FDXVH� D�
VLJQLILFDQW�GHSOHWLRQ�RI�WKH�SXPS�SXOVH���,Q�WKH�V\VWHP�ZH�
KDYH�GHVLJQHG�WKH�SXOVH�ZLOO�EH�DPSOLILHG�WR�a��ȝ-��ZKLFK�
LV� VXIILFLHQWO\� VPDOO� ZKHQ� FRPSDUHG� WR� WKH� SXPS� SXOVH�
HQHUJ\� RI� ��� P-� IRU� WKH� GHSOHWLRQ�LQGXFHG� SKDVH�
GLVWRUWLRQ�WR�EH�QHJOLJLEOH���)RU�WKLV�FRQGLWLRQ��WKH�VSHFWUDO�
SKDVH� FKDQJH� FDQ� EH� FDOFXODWHG� XVLQJ� WKH� HTXDWLRQV�
GHULYHG� LQ� >������@�� DQG�GRHV�QRW�H[FHHG��ʌ���DFURVV� WKH�
SKDVHPDWFKHG�EDQGZLGWK��

$1*8/$5�$1'�$/,*1(0(17�())(&76�
,1�(2�',$*1267,&6�

'XULQJ� WKH� H[SHULPHQWV� ZLWK� WKH� ODVHU� SURGXFHG� 7+]�
WHVW�EHG� LW�ZDV� IRXQG� WKDW� WKH�PHDVXUHG�VLGHEDQG�VSHFWUD�
ZHUH�XQH[SHFWHGO\�VHQVLWLYH� WR� WKH�DOLJQPHQW�RI� WKH�7+]�
EHDP�� � $FFRUGLQJ� WR� (T�� ��� DQG� DV� GHVFULEHG� LQ� >�@�� IRU�
IHZ�7+]�EDQGZLGWK�SXOVHV�WKH�SUREH�EHDP�LV�H[SHFWHG�WR�
GHYHORS�HTXDO�SRVLWLYH�DQG�QHJDWLYH�IUHTXHQF\�VLGHEDQGV��
FRUUHVSRQGLQJ� WR� WKH� VXP� DQG� GLIIHUHQFH� IUHTXHQF\�
PL[LQJ� RI� WKH� 7+]� �&RXORPE�� ILHOG� VSHFWUXP�� ,W� KDV�
KRZHYHU�EHHQ� IRXQG� WKDW� WKH� VXP�DQG�GLIIHUHQFH�PL[LQJ�

:DYHOHQJWK��PLFURQV�
�� ��� ���� ����� ������
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VSHFWUD� DUH� RIWHQ� DV\PPHWULF�� DQG� WKDW� WKH� DV\PPHWU\� LV�
GHSHQGHQW�RQ�WKH�DOLJQPHQW�RI�WKH�SUREH�DQG�7+]�EHDPV��
WRJHWKHU�ZLWK�GHWDLOV�RI�WKH�SUREH�FROOLPDWLRQ�DQG�RSWLFDO�
FROOHFWLRQ� V\VWHP��7KLV� VHQVLWLYLW\� WR�SDUDPHWHUV� WKDW� DUH�
XVXDOO\� FRQVLGHUHG� RI� VHFRQGDU\� LPSRUWDQFH� KDV�
LPSOLFDWLRQV� IRU� WKH�(27�VFKHPH��DQG� LQGHHG� IRU�DOO�(2�
PHDVXUHPHQWV�� � ,Q� WKH� SDUWLFXODU� FDVH� RI� (27�� WKH�
V\PPHWULF�QDWXUH�RI�WKH�XSFRQYHUWHG�VSHFWUXP�RI�(T����LV�
LPSOLFLW� LQ� REWDLQLQJ� D� WLPH�GRPDLQ� RSWLFDO� HQYHORSH�
SURSRUWLRQDO� WR� WKH� VTXDUH�RI� WKH�EXQFK� WHPSRUDO�SURILOH��
,Q� RWKHU� (2� WHFKQLTXHV�� IRU� H[DPSOH� VDPSOLQJ�
PHDVXUHPHQWV�� WKH� V\PPHWU\� RI� VXP� DQG� GLIIHUHQFH�
IUHTXHQF\� PL[HG� FRPSRQHQWV� LV� LPSOLFLW� LQ� WKH�
H[SHFWDWLRQ�RI�D�SKDVH�FKDQJH�LQ�WKH�RSWLFDO�ILHOG���
,W�KDV�EHHQ�GHWHUPLQHG�WKDW�WKH�DV\PPHWU\�LV�GXH�WR�WKH�

XS�FRQYHUWHG�VSHFWUD�EHLQJ�DQJXODUO\�GLVSHUVHG�XQGHU�WKH�
FRQGLWLRQV� RI� QRQ�FROOLQHDU� SKDVH� PDWFKLQJ�� D� FRQGLWLRQ�
SUHVHQW�ZLWK��VPDOO�RII�D[LV�PLVDOLJQPHQWV�RI�WKH�7+]��RU�
SUREH�� EHDP�� FRPELQHG� ZLWK� D� OLPLWHG� VSDWLDO�DQJXODU�
DFFHSWDQFH�LQWR�WKH�RSWLFDO� ILEUH�� �,Q�WKLV�FDVH�RQH�ZRXOG�
H[SHFW� WR� VHH� WKH� KLJKHU� IUHTXHQF\� FRPSRQHQWV� �WKRVH�
IXUWKHU�IURP�WKH�SUREH�ZDYHOHQJWK��EHLQJ�JHQHUDWHG�DW�DQ�
DQJOH� KLJKHU� WKDQ� WKRVH� DW� ORZHU� IUHTXHQFLHV� GXH� WR� WKH�
UHODWLYH� VFDOLQJ� RI� WKH� N�YHFWRUV�� � 7R� YHULI\� WKLV�
H[SHULPHQWDOO\�WKH�7+]�SXOVH�ZDV�GHOLEHUDWHO\�PLVDOLJQHG�
ZLWK�UHVSHFW�WR�WKH�SUREH�EHDP�E\�DQ�DQJOH�RI����GHJUHHV��
NHHSLQJ� WKH� SUREH� DQG� =Q7H� IL[HG�� DQG� D� VOLW� WUDQVODWHG�
DFURVV� WKH� IURQW� RI� D� ODUJH� DSHUWXUH� ILEUH� FRXSOHU� WR�
REVHUYH�WKH�VSDWLDOO\�GLVSHUVHG�VSHFWUD���7KH�VOLW�ZDV�VHW�WR�
���� PLFURQV�� DQG� PHDVXUHPHQWV� PDGH� DW� ���� PLFURQ�
LQWHUYDOV��7KH�UHVXOWV�DUH�SUHVHQWHG�LQ�)LJ�������

�

)LJXUH����0HDVXUHG�XSFRQYHUVLRQ�VSHFWUD�IRU�D����GHJUHH�
LQFLGHQW� 7+]� SXOVH� DW� D� QXPEHU� RI� VDPSOLQJ� DQJOHV���
7UDFHV�DUH�RIIVHW�IRU�FODULW\��

7KH�UHG�WUDFH�LQ�)LJ����LQGLFDWHV�WKH�PHDVXUHPHQW�PDGH�
DORQJ�WKH�D[LV�RI�WKH�SUREH�EHDP��ZKHUH�WKH�V\VWHP�ZRXOG�
W\SLFDOO\� EH� RSWLPLVHG�� 7KH� SRWHQWLDO� IRU� SURGXFLQJ�
HUURQHRXV� PHDVXUHPHQWV� LV� FOHDU�� � +RZHYHU�� ZLWK� DQ�
XQGHUVWDQGLQJ�DQG�LQFOXVLRQ�RI�WKHVH�DOLJQPHQW�HIIHFWV�LQ�
WKH�RSWLFDO� GHVLJQ� D� UREXVW� DQG� FRQVLVWHQW� GLDJQRVWLF� FDQ�
EH� DFKLHYHG�� $� FRPPXQLFDWLRQ� WKDW� LQFOXGHV� D� PRUH�
FRPSOHWH� PRGHO� RI� WKLV� SKDVHPDWFKLQJ�� DQG� UHSRUWV� RQ�
H[SHULPHQWV� DQDO\VLQJ� WKH� SRWHQWLDOO\� ZLGH�UHDFKLQJ�
LPSOLFDWLRQV��LV�FXUUHQWO\�EHLQJ�SUHSDUHG�IRU�SXEOLFDWLRQ��

&21&/86,216�
:H�KDYH�GHVFULEHG�WKH�XQGHUO\LQJ�SULQFLSOHV�DQG�OD\RXW�

RI� DQ� HOHFWUR�RSWLF� GHWHFWLRQ� V\VWHP� WKDW�ZLOO� EH� FDSDEOH�
RI�PHDVXULQJ� UHODWLYLVWLF� EXQFK� ORQJLWXGLQDO� SURILOHV� LQ� D�
QRQ�GHVWUXFWLYH�PDQQHU�ZLWKRXW�WKH�QHHG�IRU�IHPWRVHFRQG�
ODVHU� V\VWHPV�� ([SHULPHQWV� KDYH� EHHQ� SHUIRUPHG� DQG�
UHSRUWHG� WKDW� YHULI\� GHVLJQ�SDUDPHWHUV��$�GHSHQGHQF\�RI�
WKH�(2�VLJQDO�RQ�RSWLFDO�DQG�&RXORPE�ILHOG�DOLJQPHQW�KDV�
EHHQ� IRXQG� WKDW� KDV� VLJQLILFDQW� LPSOLFDWLRQV� IRU� (2�
GLDJQRVWLF� V\VWHPV�� DQG� PRUH� JHQHUDOO\� DOVR� IRU� PDQ\�
7+]�7'6� VHW�XSV�� $� FRPSOHWH� SURWRW\SH� EDVHG� RQ� DQ�
LQGXVWULDO��UHOLDEOH��QDQRVHFRQG�1G�<$*�ODVHU�LV�FXUUHQWO\�
LQ�WKH�ILQDO�VWDJHV�RI�GHYHORSPHQW��

$&.12:/('*0(176�
:H� DFNQRZOHGJH� WKH� &(51� VXSSRUW� IRU� WKLV� ZRUN�

WKURXJK�&/,&�&RQWUDFW�1XPEHU�.(�����'*�&/,&���

5()(5(1&(6�
>�@� ,�� :LONH�� HW� DO��� �6LQJOH�VKRW� HOHFWURQ�EHDP� EXQFK� OHQJWK�

PHDVXUHPHQWV��� 3K\VLFDO� 5HYLHZ� /HWWHUV�� ���� S���������
��������

>�@� $�� /�� &DYDOLHUL�� HW� DO��� �&ORFNLQJ� )HPWRVHFRQG� ;� 5D\V���
3K\VLFDO�5HYLHZ�/HWWHUV������S�����������������

>�@� *�� %HUGHQ�� HW� DO��� �(OHFWUR�RSWLF� WHFKQLTXH� ZLWK� LPSURYHG�
WLPH� UHVROXWLRQ� IRU� UHDO�WLPH�� QRQGHVWUXFWLYH�� VLQJOH�VKRW�
PHDVXUHPHQWV� RI� IHPWRVHFRQG� HOHFWURQ� EXQFK� SURILOHV���
3K\VLFDO�5HYLHZ�/HWWHUV������S�����������������

>�@� 6�� 3�� -DPLVRQ�� HW� DO��� �8SFRQYHUVLRQ� RI� D� UHODWLYLVWLF�
&RXORPE�ILHOG�WHUDKHUW]�SXOVH�WR�WKH�QHDU�LQIUDUHG���$SSOLHG�
3K\VLFV�/HWWHUV������S�����������������

>�@� 0��9HURQHVH��HW�DO����)LUVW�2SHUDWLRQ�RI�WKH�(OHFWUR�2SWLFDO�
6DPSOLQJ� 'LDJQRVWLFV� RI� WKH� )HUPL#(OHWWUD� )(/���
,%,&������7VXNXED��-DSDQ��783$������������

>�@� 6��0DWVXEDUD��HW�DO����'HYHORSPHQW�DQG�&RQVWUXFWLRQ�6WDWXV�
RI� WKH� %HDP� 'LDJQRVWLF� 6\VWHP� IRU� ;)(/�63ULQJ�����
,3$&������.\RWR��-DSDQ��S������022$������������

>�@� 1�� +LOOHU�� HW� DO��� �(OHFWUR�RSWLFDO� %XQFK� /HQJWK�
0HDVXUHPHQWV� DW� WKH� $1.$� 6WRUDJH� 5LQJ��� ,3$&������
6KDQJKDL��&KLQD��S������0230(�������������

>�@� 7KLV�LV�DQ�DQDORJ\�WR�PXVLFDO�WUDQVSRVLWLRQ��ZKHUH�WKH�QRWHV�
RI�D�FRPSRVLWLRQ�DUH�DOO�VKLIWHG�LQ�IUHTXHQF\�ZKLOH�UHWDLQLQJ�
WKHLU�WLPH�VWUXFWXUH��

>�@� 5�� 7UHELQR�� LQ� )UHTXHQF\�5HVROYHG� 2SWLFDO� *DWLQJ�� 7KH�
0HDVXUHPHQW� RI� 8OWUDVKRUW� /DVHU� 3XOVHV�� 6SULQJHU� 86��
������

>��@�$��%DOWXVND�� HW� DO��� �$PSOLWXGH� DQG�SKDVH� FKDUDFWHUL]DWLRQ�
RI�����IV�SXOVHV�E\�IUHTXHQF\�UHVROYHG�RSWLFDO�JDWLQJ���2SW��
/HWW�������S���������������

>��@�'��<RX��HW�DO����*HQHUDWLRQ�RI�KLJK�SRZHU�VXE�VLQJOH�F\FOH�
����IV� HOHFWURPDJQHWLF� SXOVHV��� 2SW�� /HWW��� ���� S������
��������

>��@�,�� 1�� 5RVV�� HW� DO��� �7KH� SURVSHFWV� IRU� XOWUDVKRUW� SXOVH�
GXUDWLRQ� DQG� XOWUDKLJK� LQWHQVLW\� XVLQJ� RSWLFDO� SDUDPHWULF�
FKLUSHG� SXOVH� DPSOLILHUV��� 2SWLFV� &RPPXQLFDWLRQV�� �����
S��������������

>��@�-��$��$UPVWURQJ��HW�DO����,QWHUDFWLRQV�EHWZHHQ�/LJKW�:DYHV�
LQ� D�1RQOLQHDU�'LHOHFWULF��� 3K\VLFDO� 5HYLHZ�� ����� S�������
��������

)UHTXHQF\�2IIVHW��7+]�
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