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,Q� WKLV� SDSHU�� ZH� LQYHVWLJDWH� WKH� FKDUDFWHULVWLFV� RI� VRPH

RQH�VWHS�DKHDG� QRQOLQHDU� SUHGLFWRUV� EDVHG� RQ� D� WZR�OD\HU

IHHG�IRUZDUG� QHXUDO� QHWZRUN� ��/)11��� 7KH� EHKDYLRU� RI

QHXUDO�QHWZRUNV��11��LV�LQYHVWLJDWHG�LQ� WKH�IUHTXHQF\�GR�

PDLQ�XVLQJ�WZR�IUHTXHQF\�UHVSRQVH�HVWLPDWLRQ�WHFKQLTXHV�

DQG�LQ�WKH�WLPH�GRPDLQ��E\�DQDO\]LQJ�WKH�XQLW�VWHS�DQG�WUL�

DQJXODU�SXOVH�UHVSRQVHV��6RPH�RI� WKH�HVWLPDWHG�IUHTXHQF\

UHVSRQVHV� RI� WKHVH�11V� UHVHPEOH� WKRVH� RI� FRUUHVSRQGLQJ

OLQHDU� SRO\QRPLDO� SUHGLFWRUV�� UHYHDOLQJ� WKH� QHDUO\� SRO\�

QRPLDO�QDWXUH�RI�WKH�DSSOLHG�WUDLQLQJ�VLJQDOV��6LPLODULW\�RI

WKH� WZR� IUHTXHQF\� UHVSRQVH� HVWLPDWHV� LV� DQ� LQGLFDWLRQ� RI

JRRG�JHQHUDOL]DWLRQ�SURSHUWLHV�
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$��*HQHUDO

(YHQ� WKRXJK� QRQOLQHDU� V\VWHPV� GR� QRW� KDYH� XQLTXH� IUH�

TXHQF\�UHVSRQVHV��LW�LV�SRVVLEOH�WR�REVHUYH�WKHLU�UHVSRQVHV

WR�NQRZQ�LQSXW�VLJQDOV��$�FODVV�RI�QRQ�OLQHDU� ILOWHUV��),5�

PHGLDQ�K\EULG�ILOWHUV��KDV�EHHQ�DQDO\]HG�E\�1HHMlUYL�HW�DO�

XVLQJ�VLQXVRLGDO�DQG�SXOVH�LQSXW�VLJQDOV�>�@��>�@��,Q�WKLV�SD�

SHU�� WKH�VDPH�VLQXVRLGDO� LQSXW�PHWKRG�LV�XVHG��DORQJ�ZLWK

ZKLWH�*DXVVLDQ�QRLVH��:*1��LQSXWV��WR�HVWLPDWH�LQSXW�GH�

SHQGHQW� IUHTXHQF\� UHVSRQVHV� RI� D� VHW� RI� 11V�� ,Q� FHUWDLQ

FDVHV�� WKH� WZR�IUHTXHQF\�UHVSRQVH�HVWLPDWLRQ�PHWKRGV�DUH

IRXQG�WR�\LHOG�VLPLODU�UHVXOWV��ZKLOH�IRU�VRPH�QHWZRUNV�WKH

IUHTXHQF\� UHVSRQVH�HVWLPDWHV�DUH�JUHDWO\� LQSXW�GHSHQGHQW�

)RU�WKH�WLPH�GRPDLQ�DQDO\VLV��XQLW�VWHS�DQG�WULDQJXODU�SXOVH

LQSXWV� DUH� XVHG��8QGHUVWDQGLQJ�11©V� IUHTXHQF\� DQG� WLPH

GRPDLQ� FKDUDFWHULVWLFV� ZLOO� JLYH� 11� GHVLJQHUV� YDOXDEOH

DGGLWLRQDO� LQVLJKW� WR� WKH�11V��DQG�EH�RI�JUHDW�KHOS� LQ�GH�

FLGLQJ� WKH�V\VWHP�SDUDPHWHUV�� OLNH� WKH�QXPEHU�RI�QHXURQV

LQ�HDFK�OD\HU�RU�WKH�LQLWLDO�ZHLJKWV��DQG�HYDOXDWLQJ�WKH�DS�

SOLFDELOLW\�RI�WKH�GHVLJQHG�11V�

,Q� WKLV� SDSHU�� D� VLQJOH�RXWSXW� �/)11� SUHGLFWRU� LV� DQD�

O\VHG��7KH�SUHGLFWLRQ� ( )�[ Q + � �LV�JLYHQ�E\
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ZKHUH�[�Q��LV�WKH�11�LQSXW�VLJQDO�VDPSOH�ZLWK� WLPH�LQGH[

Q�� I�±�� DQG�J�±�� DUH� WKH� RXWSXW� DQG� KLGGHQ� OD\HU� DFWLYDWLRQ

IXQFWLRQV�� UHVSHFWLYHO\�� ( )Z P
RXW

� LV� WKH� PWK� FRQQHFWLRQ

ZHLJKW�RI�WKH�RXWSXW�OD\HU�QHXURQ��DQG� ( )Z O P
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ZHLJKW�RI� WKH�PWK�KLGGHQ�OD\HU�QHXURQ��7KH� LQSXW� OD\HU� LV

IHG�IURP�D�GHOD\�OLQH�ZLWK�/�WDSV��7KH�QHWZRUN�LV�LOOXVWUDWHG
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)LJXUH� ��� $� SUHGLFWLYH� �/)11� ZLWK�/� LQSXWV��0� KLGGHQ

OD\HU�QHXURQV��DQG�D�VLQJOH�RXWSXW�

%��$SSOLFDWLRQ

7KH� SUHVHQWHG� 11� VHWXS� LV� PRWLYDWHG� E\� SRZHU� FRQWURO

QHHGV� RI� FRGH�GLYLVLRQ� PXOWLSOH�DFFHVV� �&'0$�� PRELOH

FRPPXQLFDWLRQV� V\VWHPV�� 7KH� XVHU� FDSDFLW\� RI� D� &'0$

V\VWHP� FUXFLDOO\� GHSHQGV� RQ� IXQFWLRQDOLW\� RI� WKH� SRZHU

FRQWURO��7R� HQKDQFH� WKH� SRZHU� FRQWURO� V\VWHP�� SUHGLFWLYH

ILOWHULQJ�KDV�EHHQ�SURSRVHG�>�@�WR�EH�XVHG�ZLWKLQ�WKH�FORVHG

SRZHU� FRQWURO� ORRS� WR� OHVVHQ� ORRS� GHOD\� HIIHFWV�� UHGXFH

QRLVH� DQG� LQWHUIHUHQFH� LQ� UHFHLYHG� SRZHU� PHDVXUHPHQWV�

DQG�VPRRWKHQ�RXW�IDVW�IDGLQJ��7KLV�ZRUN� LV�QRW�FRQFHUQHG

ZLWK� WKH� SRZHU� FRQWURO� V\VWHP� LWVHOI�� ,Q� WKLV� SDSHU�� ZH

DQDO\]H� D� VHW� RI� IHHG�IRUZDUG� 11V� WKDW� KDYH� RULJLQDOO\

EHHQ�VHOHFWHG�IRU�WKH�SRZHU�FRQWURO�DSSOLFDWLRQ��,Q�>�@��DQ

DGDSWLYH�11�DSSURDFK� LV� SURSRVHG� IRU� WKH� SRZHU� HVWLPD�

WLRQ�SUREOHP��&RQVLGHULQJ�WKH�JUHDWO\�WLPH�YDU\LQJ�DQG�HQ�

YLURQPHQW�GHSHQGHQW�FKDUDFWHULVWLFV�RI�QDWXUDO�UDGLR�FKDQ�

QHOV��WKH�DGDSWLYH�DSSURDFK�LV�QDWXUDOO\�PRUH�HIIHFWLYH�EXW

DOVR� FRPSXWDWLRQDOO\� PRUH� GHPDQGLQJ� DV� FRPSDUHG� WR� D

IL[HG�SUHGLFWRU�DSSURDFK��7KH�DQDO\VLV�PHWKRGV�SUHVHQWHG

LQ�WKLV�SDSHU�FDQ�EH�XVHG�LQ�GHVLJQLQJ�DGDSWLYH�QHWZRUNV�DV

ZHOO�
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11V� ZLWK� ELDVHV�� D� KLGGHQ� OD\HU� RI� QRGHV� ZLWK� WDQJHQW�

VLJPRLG�DFWLYDWLRQ�IXQFWLRQV��DQG�DQ�RXWSXW�OD\HU�ZLWK�OLQ�

HDU�DFWLYDWLRQ�IXQFWLRQV��DUH�FDSDEOH�RI�DSSUR[LPDWLQJ�DQ\

IXQFWLRQ� ZLWK� D� ILQLWH� QXPEHU� RI� GLVFRQWLQXLWLHV� >�@�� $

�/)11�WRSRORJ\�ZLWK����LQSXW�QRGHV����KLGGHQ�QRGHV�ZLWK

WDQJHQW�VLJPRLG� DFWLYDWLRQ� IXQFWLRQV�� DQG� �� RXWSXW� QRGH

ZLWK�D�OLQHDU�DFWLYDWLRQ�IXQFWLRQ��ZDV�VHOHFWHG�IRU�DQDO\VLV�

7KLV�WRSRORJ\�ZDV�IRXQG�WR�EH�SRWHQWLDO�IRU�SURFHVVLQJ�UH�

FHLYHG� SRZHU� VDPSOHV� LQ� QRLV\� 5D\OHLJK�IDGLQJ� UDGLR

FKDQQHO�FRQGLWLRQV�DW�XUEDQ�PRELOH�VSHHGV��,QLWLDO�YDOXHV�RI

WKH�ZHLJKWV�ZHUH�FKRVHQ�UDQGRPO\�EHWZHHQ����DQG����7KH

/HYHQEHUJ�0DUTXDUGW� �/�0�� OHDUQLQJ� UXOH� >�@� LV� XVHG� WR

PLQLPL]H�WKH�VXP�RI�VTXDUHG�HUURU��66(��IXQFWLRQ�

7KH� SUHGLFWRU� WUDLQLQJ� LQSXW� VLJQDO� LV� D� VZHHSLQJ� VLQX�

VRLG�� FRUUXSWHG� E\� ]HUR�PHDQ� DGGLWLYH� ZKLWH� *DXVVLDQ

QRLVH� �$:*1��ZLWK� XQLW� YDULDQFH�� DQG� WKH� GHVLUHG� WDUJHW

VLJQDO� LV� WKH� FRUUHVSRQGLQJ� RQH�VWHS�DKHDG� SUHGLFWHG

QRLVHOHVV� VLJQDO�� $� VZHHSLQJ� VLQXVRLGDO� VLJQDO� LV� D� WLPH�

YDU\LQJ�VLQXVRLG�ZKRVH�IUHTXHQF\�YDULHV�OLQHDUO\�IURP�]HUR

WR�D�IL[HG�PD[LPXP�IUHTXHQF\��)RXU�]HUR�PHDQ�VZHHSLQJ

VLQXVRLGV� ZLWK� XQLW� PD[LPXP� DPSOLWXGHV�� DQG� PD[LPXP

IUHTXHQFLHV����+]�����+]�����+]��DQG�����+]��VDPSOHG�DW

��N+]��ZHUH�XVHG�WR�WUDLQ�IRXU�11V��UHVXOWLQJ�LQ�SUHGLFWRUV

11���11���11���DQG�11���UHVSHFWLYHO\��6XFK�PD[LPXP

'RSSOHU�VKLIW�IUHTXHQFLHV�FRUUHVSRQG�WR�WKH�PRELOH�VSHHGV

RI�DSSUR[LPDWHO\���NP�K�����NP�K�����NP�K�DQG����NP�K�

UHVSHFWLYHO\��ZLWK�WKH�PRELOH�V\VWHP�SDUDPHWHUV�GHILQHG�LQ

>�@�� ,Q� QDWXUH�� UHFHLYHG� SRZHU� VLJQDOV� UHVHPEOH� VZHHSLQJ

VLQXVRLGV� ZKLFK� DUH� XVHG� DV� JHQHUDOL]HG� SUHVHQWDWLRQV� RI

IDGLQJ� LQ� D� PRELOH� UDGLR� FKDQQHO� ZLWK� GLIIHUHQW� 'RSSOHU

VKLIW� IUHTXHQF\� UDQJHV�� 11V� WUDLQHG� ZLWK� DFWXDO� IDGLQJ

PRGHOV� ZRXOG� QDWXUDOO\� KDYH� JLYHQ� XQIDLUO\� JRRG� UHVXOWV

ZKHQ� WHVWHG�ZLWK� WKH� VDPH� FKDQQHO�PRGHO�� DQG� VZHHSLQJ

VLQXVRLGV�OHDG�WR�EHWWHU�JHQHUDOL]DWLRQ�SURSHUWLHV��$OVR��WKH

VWDWLVWLFV�RI�WKH�FKDQQHO�DUH�JHQHUDOO\�QRW�NQRZQ��,W� LV�IXU�

WKHUPRUH� WR� EH� QRWHG� WKDW� D� IHHG�IRUZDUG� 11� RI� D� GH�

VFULEHG� W\SH� LV� QHFHVVDULO\� VWDEOH��ZKLFK� LV� D� IXQGDPHQWDO

UHTXLUHPHQW�IRU�DSSOLFDWLRQ�LQ�D�FORVHG�FRQWURO�ORRS�

$��6LJQDO�3UHSURFHVVLQJ

7KH�11�LQSXW�VLJQDO�EHLQJ�SRZHU�RI�WKH�UHFHLYHG�VLJQDO��LV

DOO� SRVLWLYH� DQG�GRHV�QRW� KDYH� D� XQLTXH�PD[LPXP�DPSOL�

WXGH��ZKHUHDV�WKH�11�WUDLQLQJ�VLJQDOV�DUH�]HUR�PHDQ�VLQX�

VRLGDO�VLJQDOV�ZLWK�XQLW�PD[LPXP�DPSOLWXGH��:LWKRXW�SUH�

SURFHVVLQJ�WKLV�UHVXOWV�LQ�D�GHVWUXFWLYH�FOLSSLQJ�HIIHFW��$I�

WHU�ORFDO�PHDQ�UHPRYDO�SUHSURFHVVLQJ��WKH�SUHGLFWRU�LV�DEOH

WR� IXQFWLRQ�ZLWKLQ� LWV� QDWXUDO� LQSXW� VLJQDO� FRQGLWLRQV��7KH

ORFDO�PHDQ�LV�FDOFXODWHG�RYHU�WKH�ODVW����VDPSOHV��DQG�LV�UH�

VWRUHG�DIWHU�WKH�SUHGLFWLRQ��$OO�WKH�UHVXOWV�LQ�WKLV�SDSHU�DUH

DFKLHYHG�HPSOR\LQJ�ORFDO�PHDQ�UHPRYDO�SUHSURFHVVLQJ�DQG

FRUUHVSRQGLQJ�UHYHUVH�SRVWSURFHVVLQJ�

%��3UHGLFWLRQ�3HUIRUPDQFH

7KH� 11V� ZHUH� WHVWHG� ZLWK� VZHHSLQJ� VLQXVRLGV�� DOLNH� WKH

WUDLQLQJ�VLJQDOV��H[FHSW�ZLWK�GLIIHUHQW�$:*1��,Q�7DEOH���

WKH�DFKLHYHG�615�JDLQV�DUH�VKRZQ�ZKHQ� WKH� WUDLQHG�11V

DUH� SUHVHQWHG� ZLWK� WKHLU� WUDLQLQJ� VLJQDOV�� DQG� WHVW� VLJQDOV

ZKLFK�DUH� WKH�VDPH�VZHHSLQJ�VLQXVRLGV�ZLWK�QHZ�$:*1

VHTXHQFHV�DGGHG��)URP�7DEOH���LW�LV�VHHQ�WKDW�11��KDV�QRW

EHHQ�DEOH� WR� OHDUQ� LWV� WUDLQLQJ� VLJQDO��ZKHUHDV�11��RSHU�

DWHV�VHHPLQJO\�ZHOO�LQ�GLIIHULQJ�QRLVH�FRQGLWLRQV��7KH�11�

RXWSXW� IRU� SUHGLFWLQJ� D� WHVW� VLJQDO�ZLWK� 615� RI� ��� G%� LV

VKRZQ�LQ�)LJXUH����615�JDLQ�LV�WKH�GLIIHUHQFH�EHWZHHQ�WKH

SUHGLFWRU�RXWSXW�DQG�LQSXW�VLJQDO�615V�

7DEOH����615�JDLQV�IRU�WKH�WUDLQLQJ�DQG�WHVW�VZHHSLQJ�VLQX�

VRLGV�ZLWK�LQSXW�615����G%�DQG���G%�
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PD[LPXP�IUHTXHQF\�RI����+]��DQG�WDUJHW�RXWSXW� �GDVKHG�

VZHHSLQJ� VLQXVRLGDO� VLJQDO�� DORQJ� ZLWK� WKH� 11�� RXWSXW

VLJQDO��VROLG��

���)5(48(1&<�'20$,1�3523(57,(6

$��6LQXVRLGDO�5HVSRQVH

11� UHVSRQVHV� WR� VLQXVRLGDO� LQSXW� VLJQDOV� JLYH� DQ� LGHD� RI

11�EHKDYLRU�ZKHQ�WKH� LQSXW�VLJQDO�FRQWDLQV�VPRRWK�FRP�
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L M�
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ZKHUH� �1I� �KHUH� ����� LV� WKH� QXPEHU� RI� IXQGDPHQWDO� IUH�

TXHQF\� FRPSRQHQWV� DQG� δ � �⋅ � LV� WKH�'LUDF� GHOWD� IXQFWLRQ�
0RUH� UHOLDEOH� HVWLPDWHV� DUH� REWDLQHG� E\� FRQVLGHULQJ� GLI�

IHUHQW� LQSXW�VLJQDO�SKDVHV� M ��DQG�DYHUDJLQJ� WKH�HVWLPDWHG

WUDQVIHU�IXQFWLRQV��7KLV�DSSURDFK�ZDV�VXFFHVVIXOO\�XVHG�LQ

>�@�DQG�>�@�WR�DQDO\]H�PHGLDQ�W\SH�ILOWHUV�

$OO�WKH�IUHTXHQF\�UHVSRQVH�HVWLPDWHV�H[KLELW�ORZSDVV�EH�

KDYLRU��DQG�WKH�SDVVEDQG�EDQGZLGWK�EHFRPHV�ODUJHU��DV�WKH

PD[LPXP� IUHTXHQF\� RI� WKH� WUDLQLQJ� VLJQDO� LQFUHDVHV� IURP

11��WR�11���$OVR��DQ�LQWHUHVWLQJ�UHVXOW�FDQ�EH�VHHQ�FRP�

SDULQJ� 11�� ZLWK� WKH� OLQHDU� SRO\QRPLDO� +HLQRQHQ�1HXYR

�+�1��SUHGLFWRU�RI� WKH� ILUVW� GHJUHH� DQG� OHQJWK���� >�@�� WKH

WZR�WUDQVIHU�IXQFWLRQV�FORVHO\�UHVHPEOH�HDFK�RWKHU��)LJXUH

���� )URP� )LJXUH� �� LW� FDQ� DOVR� EH� VHHQ� WKDW� 11�� H[KLELWV

ORZHU�SDVVEDQG�JDLQ�SHDN�WKDQ�WKH�FRUUHVSRQGLQJ�+�1�SUH�
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Normalized frequency
)LJXUH����6LQXVRLGDO�IUHTXHQF\�UHVSRQVH�HVWLPDWHV�RI�11�

�VROLG�� DQG� 11�� �GDVKHG�� DORQJ� ZLWK� WKH� IUHTXHQF\� UH�

VSRQVH� RI� WKH� ILUVW� GHJUHH� +�1� SRO\QRPLDO� SUHGLFWRU� RI

OHQJWK�����GDVK�GRW��

%��3RZHU�6SHFWUXP

:KHQ� WKH� LQSXW� VLJQDO� LV� D� VHTXHQFH� RI� $:*1� VDPSOHV

ZLWK� PHDQ� µ  �� DQG� YDULDQFH� σ �  ��� WKH� IUHTXHQF\� EH�

KDYLRU� FDQ� EH� FKDUDFWHUL]HG� E\� WKH� SRZHU� VSHFWUXP�� 7KH

:HOFK�PHWKRG�RI�DYHUDJLQJ�PRGLILHG�SHULRGRJUDPV�LV�SDU�

WLFXODUO\� ZHOO� VXLWHG� IRU� GLUHFW� FRPSXWDWLRQ� RI� WKH� QRQ�

SDUDPHWULF� SRZHU� VSHFWUXP� HVWLPDWH� >�@�� 7KH� GDWD� UHFRUG

RI�OHQJWK�4��KHUH�������LV�VHFWLRQHG�LQWR�/ 4�0�VHJPHQWV

RI�0� VDPSOHV� �KHUH� ������ (DFK� VHJPHQW� LV� )RXULHU� WUDQV�

IRUPHG��LQ�RUGHU�WR�KDYH�/�PRGLILHG�SHULRGRJUDPV��DQG�DF�

FXPXODWHG�WR�REWDLQ�WKH�SRZHU�VSHFWUXP�HVWLPDWH��7KH�HVWL�

PDWHG�11�WUDQVIHU�IXQFWLRQ�FDQ�EH�FRPSXWHG�DV�WKH�VTXDUH

URRW�RI� WKH�RXWSXW�WR�LQSXW�SRZHU�VSHFWUXP�UDWLR��JLYHQ� LQ

WKH�GLVFUHWH�IUHTXHQF\�GRPDLQ�E\
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ZKHUH� % N
\\
� � � LV� WKH� 11� RXWSXW� SRZHU� VSHFWUXP�� DQG

% N
[[
� � �LV�WKH�11�LQSXW�SRZHU�VSHFWUXP�

7KH�UHVXOWV�VKRZ�FOHDU�ORZSDVV�EHKDYLRU�IRU�11���DQG�LWV

IUHTXHQF\�UHVSRQVH�HVWLPDWH��VKRZQ�LQ�)LJXUH����FORVHO\�UH�

VHPEOHV�WKDW�LOOXVWUDWHG�LQ�)LJXUH���IRU�11��
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Normalized frequency
)LJXUH� ���:HOFK�PHWKRG� IUHTXHQF\� UHVSRQVH� HVWLPDWHV� RI

WKH�11���VROLG��DQG�11���GDVKHG��

$V� WKH� WUDLQLQJ� VLJQDO� EDQGZLGWK� LQFUHDVHV�� WKH� ORZSDVV

SURSHUW\� EHFRPHV� OHVV� SURQRXQFHG�� DQG� LV� QRW� DQ\� PRUH

SUHVHQW�LQ�WKH�IUHTXHQF\�UHVSRQVH�HVWLPDWH�IRU�11���)LJXUH

����$OVR�� FRPSDULQJ� WKH� IUHTXHQF\� UHVSRQVH� HVWLPDWHV� IRU

11��LQ�)LJXUHV���DQG����LW� LV�QRWHG� WKDW� WKH�IUHTXHQF\�UH�

VSRQVH�HVWLPDWHV�REWDLQHG�E\�WKH�WZR�PHWKRGV�UHYHDO�LQSXW

VLJQDO�GHSHQGHQW�UHVSRQVH�FKDUDFWHULVWLFV�

&��1RLVH�*DLQV

)URP� WUDQVIHU� IXQFWLRQ�HVWLPDWHV� ( )�+ NV
� DQG� ( )�+ NS

�� LW� LV

SRVVLEOH�WR�HVWLPDWH�WKH�QRLVH�JDLQV��1*��RI�WKH�11V�E\

( )1*
1

+ N
N

1

=
=

∑� �

�

� � ���

7KH�QRLVH�JDLQ�HVWLPDWHV�DUH�JLYHQ�LQ�7DEOH���

7DEOH����(VWLPDWHG�QRLVH�JDLQV�RI� WKH�11V� XVLQJ� WKH� WZR

WUDQVIHU�IXQFWLRQ�HVWLPDWHV�

(VWLPDWH�XVHG 11� 11� 11� 11�

� � �+ N
V

���� ���� ���� ����

� � �+ NS
���� ���� ���� ����

���7,0(�'20$,1�%(+$9,25

6LQFH� QHZ� KDUPRQLFV� DQG� VXEKDUPRQLFV� RI� WKH� LQSXW� IUH�

TXHQFLHV�FDQ�EH�JHQHUDWHG�E\�D�QRQ�OLQHDU�V\VWHP��WKH�QD�

WXUH�RI�WKH�WLPH�UHVSRQVH�LV�JHQHUDOO\�GHSHQGHQW�RQ�WKH�LQ�

SXW�� 7R� JHW� LQVLJKW� WR� WKH� WLPH� GRPDLQ� EHKDYLRU�� 11� UH�

VSRQVHV� WR� XQLW� VWHS� DQG� WULDQJXODU� SXOVH� VLJQDOV� DUH� DQD�

O\]HG�

2XU� WUDLQHG�11V� XVXDOO\� VHHP� WR� RYHUHVWLPDWH� WKH� FRQ�

VWDQW�]HUR�OHYHO�LQSXW��DQG�XQGHUHVWLPDWH�XQLW\�LQSXW��2QO\

11��H[KLELWV�XQGHUHVWLPDWLRQ�DOVR�ZLWK�FRQVWDQW�]HUR�LQSXW

ZKLOH�11��RXWSXWV�FRQVWDQW�]HUR�OHYHO�TXLWH�DFFXUDWHO\�



$��6WHS�5HVSRQVH

7KH�XQLW�VWHS�UHVSRQVHV�UHYHDO�WKDW�WKH�RXWSXW�VHWWOLQJ�WLPH

LV� WKH� VDPH�DV� WKH�QXPEHU�RI� LQSXW� QRGHV�� DV� QDWXUDO�� EXW

GXULQJ�WKLV�SHULRG�WKH�QXPEHU�RI�RVFLOODWLRQV�LQ�WKH�RXWSXW

LQFUHDVH� IURP�11�� WR�11���)XUWKHUPRUH�� LW� FDQ� EH� KLJK�

OLJKWHG�WKDW�WKH�SUHGLFWLRQ�LV�ELDVHG��SDUWO\�GXH�WR�WKH�QRQ�

XQLW\�'&� JDLQ�� DOVR� YLVLEOH� IURP� )LJXUH� �� IRU� 11��� 7KH

XQLW�VWHS�UHVSRQVH�IRU�11�� LV� VKRZQ� LQ�)LJXUH����%LDVLQJ

HIIHFW� FRXOG� EH� HOLPLQDWHG� E\� HPSOR\LQJ� WUDLQLQJ� VLJQDOV

ZKLFK�LQFOXGH�VHJPHQWV�RI�FRQVWDQW�]HUR�DQG�XQLW\�OHYHOV�
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Sample number
)LJXUH� ��� 11�� XQLW� VWHS� UHVSRQVH� �VROLG�� DORQJ� ZLWK� WKH

XQLW�VWHS�H[FLWDWLRQ��GDVKHG��

%��7ULDQJXODU�3XOVH�5HVSRQVH

$�WULDQJXODU�SXOVH�FDQ�EH�VHHQ�DV�D�VLPSOLILHG�PRGHO�IRU�D

VORZO\�YDU\LQJ�VLJQDO��'HSHQGLQJ�RQ�WKH�VORSH�RI�WKH�ULVLQJ

�VHWWLQJ�� UDPS�� WKH� VLJQDO� KDV� D� GLIIHUHQW� EDQGZLGWK��2XU

WULDQJXODU� SXOVH� KDV� XQLW\� PD[LPXP� DPSOLWXGH�� 7KH� SUH�

GLFWLRQ� DFFXUDF\� GHSHQGV� RQ� WKH� VORSH�� DQG� JLYHV� FOHDUO\

EHWWHU�UHVXOWV�GXULQJ�WKH�ULVLQJ�LQSXW��7KH�UHVXOWV�VKRZ�WKDW

WKHVH� 11V� DUH� DFWXDO� SUHGLFWRUV�� DV� VHHQ� LQ� )LJXUH� �� IRU

11���DQG�WKH�SUHGLFWLRQ�LV�ELDVHG��DV�LQ�WKH�FDVH�RI�D�XQLW

VWHS�LQSXW��)LJXUH����

  1  10  20  30  40  50  60  70  80  90 100
−0.5

0

0.5

1

1.5

A
m

pl
itu

de

Sample number
)LJXUH����11��WULDQJXODU�SXOVH�UHVSRQVH��VROLG��DORQJ�ZLWK

WKH�WULDQJXODU�SXOVH��GDVKHG��

���&21&/86,216

7KH� IUHTXHQF\� UHVSRQVH� FKDUDFWHULVWLFV� RI� WKH� SUHGLFWRUV

EDVHG�RQ�QHXUDO� QHWZRUNV� DUH� QDWXUDOO\� UHODWHG� WR� WKH� IUH�

TXHQF\� FRQWHQWV� RI� WKH� WUDLQLQJ� VLJQDOV��7UDQVIHU� IXQFWLRQ

HVWLPDWHV� FRPSXWHG� ZLWK� WKH� WZR� GLIIHUHQW� PHWKRGV� DUH

JHQHUDOO\�GLIIHUHQW�EHFDXVH�11V�DUH�QRQOLQHDU�V\VWHPV�DQG

WKHLU�UHVSRQVHV�GHSHQG�RQ� WKH� LQSXW�VLJQDOV��1HYHUWKHOHVV�

LI�DQ�11�KDV�JRRG�JHQHUDOL]DWLRQ�FDSDELOLWLHV��DV�11���WKH

WZR� HVWLPDWHG� WUDQVIHU� IXQFWLRQV� FORVHO\� UHVHPEOH� HDFK

RWKHU��DQG�LQ�WKLV�FDVH�DOVR�WKH�SRO\QRPLDO�SUHGLFWRU�WUDQV�

IHU�IXQFWLRQ��DV�H[SHFWHG�EHFDXVH�RI� WKH�QHDUO\�SLHFH�ZLVH

SRO\QRPLDO�QDWXUH�RI�WKH�WUDLQLQJ�VLJQDOV�

7R� KDYH� WKH� EHVW� SUHGLFWLRQ� SHUIRUPDQFH�� WKH� WUDLQLQJ

VLJQDO�VKRXOG�UHVHPEOH�WKH�IUHTXHQF\�FRQWHQWV�RI�WKH�VLJQDO

WR� EH� SUHGLFWHG�� DQG� DOVR� WKH� LQSXW� VLJQDO� VKRXOG� EH� SUH�

SURFHVVHG��LQ�RUGHU� WR�PDWFK� WKH� WUDLQLQJ�VLJQDO�DPSOLWXGH

FKDUDFWHULVWLFV�� $IWHU� SUHGLFWLRQ�� UHYHUVH� SRVWSURFHVVLQJ

KDV�WR�EH�DSSOLHG�

%\� FRPSXWLQJ� WKH� IUHTXHQF\� UHVSRQVH� DQG� WLPH� GRPDLQ

EHKDYLRU�HVWLPDWHV��DQ�11�GHVLJQHU�JDLQV�YDOXDEOH�LQVLJKW

LQWR� WKH�11V�GHVLJQHG�� DQG� FDQ� XVH� WKLV� DGGLWLRQDO� LQIRU�

PDWLRQ�LQ�QHXUDO�QHWZRUN�SDUDPHWHU�VHOHFWLRQ�DQG�DSSOLFD�

ELOLW\�FRQVLGHUDWLRQV�

$&.12:/('*0(176

7KH�ZRUN�RI� -��7DQVNDQHQ� KDV� EHHQ� IXQGHG� E\� WKH�7HFK�

QRORJ\� 'HYHORSPHQW� &HQWUH� RI� )LQODQG�� 1RNLD� &RUSRUD�

WLRQ��7HOHFRP�)LQODQG��DQG�+HOVLQNL�7HOHSKRQH�&RPSDQ\�

DQG�KDV�DOVR�EHHQ�VXSSRUWHG�E\�WKH�3lLMlW�+lPH�)XQG�XQ�

GHU� WKH�$XVSLFHV� RI� WKH�)LQQLVK�&XOWXUDO� )RXQGDWLRQ�� DQG

E\�)RXQGDWLRQ�RI�7HFKQRORJ\��)LQODQG�

5()(5(1&(6

>�@ -�� 1HHMlUYL�� 3�� +HLQRQHQ�� DQG� <�� 1HXYR�� ¦6LQH� ZDYH� UH�

VSRQVHV� RI� PHGLDQ� W\SH� ILOWHUV§� LQ� 3URF�� ����� ,(((� ,QWHU�

QDWLRQDO� 6\PSRVLXP� RQ� &LUFXLWV� DQG� 6\VWHPV�� (VSRR�� )LQ�

ODQG��-XQH�������SS������������

>�@ -��1HHMlUYL�DQG�<��1HXYR��¦6LQXVRLGDO�DQG�SXOVH�UHVSRQVHV�RI

),5�PHGLDQ� K\EULG� ILOWHUV�§� ,(((� 7UDQV�� &LUFXLWV� DQG� 6\V�

WHPV��YRO������SS�������������'HF�������

>�@ ;�� 0�� *DR�� -�� 0�� $�� 7DQVNDQHQ�� DQG� 6�� -�� 2YDVND�

¦&RPSDULVRQ�RI�OLQHDU�DQG�QHXUDO�QHWZRUN�EDVHG�SRZHU�SUH�

GLFWLRQ� VFKHPHV� IRU� PRELOH� '6�&'0$� V\VWHP�§� LQ� 3URF�

,(((� ��WK
� 9HKLFXODU� 7HFK�� &RQI��� $WODQWD�� *$�� $SU�� �����

SS��������

>�@ '��(��5XPHOKDUW�DQG�-��/��0F&OHOODQG� �(GV����3DUDOOHO�'LV�

WULEXWHG� 3URFHVVLQJ�� ([SORUDWLRQ� LQ� WKH� 0LFURVWUXFWXUH� RI

&RJQLWLRQ��9ROV����	����&DPEULGJH��0$��0,7�3UHVV�������

>�@ +��'HPXWK�DQG�0��%HDOH��1HXUDO�1HWZRUN�7RROER[� IRU�8VH

ZLWK�0DWODE��6RXWK�1DWLF��0$��WKH�0DWK�:RUNV��0D\������

>�@ 3��+HLQRQHQ�DQG�<��1HXYR��¦),5�PHGLDQ�K\EULG�ILOWHUV�ZLWK

SUHGLFWLYH� ),5� VXEVWUXFWXUHV�§� ,(((� 7UDQV�� $FRXVWLFV�

6SHDFK�� DQG� 6LJQDO� 3URFHVVLQJ�� YRO�� ���� SS�� ��������� -XQH

�����

>�@ -�� *�� 3URDNLV� DQG� '�� *�� 0DQRODNLV�� 'LJLWDO� 6LJQDO� 3URF�

HVVLQJ�� 3ULQFLSOHV�� $OJRULWKPV�� DQG� $SSOLFDWLRQV� ��QG� HG���

1HZ�<RUN��1<��0DFPLOODQ�3XEOLVKLQJ�&RPSDQ\�������


