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7KH�ILHOG�RI�GLJLWDO�VLJQDO�SURFHVVLQJ�JUHZ�RXW�RI�WKH
IOH[LELOLW\�DIIRUGHG�E\� WKH�XVH�RI�GLJLWDO�FRPSXWHUV� LQ
LPSOHPHQWLQJ�VLJQDO�SURFHVVLQJ�DOJRULWKPV�DQG�V\V�
WHPV��,W�KDV�VLQFH�EURDGHQHG�LQWR�WKH�XVH�RI�D�YDULHW\
RI�ERWK�GLJLWDO� DQG�DQDORJ� WHFKQRORJLHV�� VSDQQLQJ� D
EURDG�UDQJH�RI�DSSOLFDWLRQV��EDQGZLGWKV��DQG�UHDOL]D�
WLRQV��7KH�'LJLWDO�6LJQDO�3URFHVVLQJ�JURXS�FDUULHV�RXW
UHVHDUFK� RQ� DOJRULWKPV� IRU� VLJQDO� SURFHVVLQJ� DQG
WKHLU�DSSOLFDWLRQV��&XUUHQW�DSSOLFDWLRQ�DUHDV�RI� LQWHU�
HVW� LQFOXGH� VLJQDO� HQKDQFHPHQW� DQG� DFWLYH� QRLVH
FDQFHOODWLRQ��VSHHFK��DXGLR�DQG�XQGHUZDWHU�DFRXVWLF
VLJQDO� SURFHVVLQJ��DGYDQFHG�EHDPIRUPLQJ� IRU� UDGDU
DQG�VRQDU�V\VWHPV��DQG�VLJQDO�SURFHVVLQJ�DQG�FRG�
LQJ� IRU�ZLUHOHVV�DQG�EURDGEDQG�PXOWLXVHU�FRPPXQL�
FDWLRQ�QHWZRUNV�

,Q�VRPH�RI�RXU�UHFHQW�ZRUN��ZH�KDYH�GHYHORSHG�QHZ
PHWKRGV�IRU�VLJQDO�HQKDQFHPHQW�DQG�QRLVH�FDQFHOOD�
WLRQ� ZLWK� VLQJOH� RU� PXOWLVHQVRU� PHDVXUHPHQWV�� :H
KDYH�DOVR�EHHQ�GHYHORSLQJ�QHZ�PHWKRGV� IRU� UHSUH�
VHQWLQJ� DQG� DQDO\]LQJ� IUDFWDO� VLJQDOV�� 7KLV� FODVV� RI

VLJQDOV�DULVHV� LQ�D�ZLGH�YDULHW\�RI�SK\VLFDO� HQYLURQ�
PHQWV� DQG� DOVR� KDV� SRWHQWLDO� LQ� SUREOHPV� LQYROYLQJ
VLJQDO�GHVLJQ��:H�DUH�DOVR�H[SORULQJ�SRWHQWLDO�XVHV�RI
QRQOLQHDU� G\QDPLFV� DQG� FKDRV� WKHRU\� RI� VLJQDO
GHVLJQ�DQG�DQDO\VLV��$QRWKHU�HPSKDVLV� LV�RQ�VWUXF�
WXULQJ� DOJRULWKPV� IRU� DSSUR[LPDWH� SURFHVVLQJ� DQG
VXFFHVVLYH�UHILQHPHQW�

,Q� RWKHU� UHVHDUFK��ZH�DUH� LQYHVWLJDWLQJ� DSSOLFDWLRQV
RI� VLJQDO� DQG� DUUD\� SURFHVVLQJ� WR� RFHDQ� DQG� VWUXF�
WXUDO� DFRXVWLFV� DQG� JHRSK\VLFV�� 7KHVH� SUREOHPV
UHTXLUH� WKH� FRPELQDWLRQ� RI� GLJLWDO� VLJQDO� SURFHVVLQJ
WRROV� ZLWK� D� NQRZOHGJH� RI� ZDYH� SURSDJDWLRQ� WR
GHYHORS� V\VWHPV� IRU� VKRUW� WLPH� VSHFWUDO� DQDO\VLV�
ZDYHQXPEHU� VSHFWUXP� HVWLPDWLRQ�� VRXUFH� ORFDOL]D�
WLRQ�� DQG� PDWFKHG� ILHOG� SURFHVVLQJ��:H� HPSKDVL]H
WKH�XVH� RI� UHDO�ZRUOG� GDWD� IURP� ODERUDWRU\� DQG� ILHOG
H[SHULPHQWV�VXFK�DV�WKH�+HDUG�,VODQG�([SHULPHQW�IRU
$FRXVWLF�0RQLWRULQJ�RI�*OREDO�:DUPLQJ�DQG�VHYHUDO
$UFWLF�DFRXVWLF�H[SHULPHQWV� FRQGXFWHG� RQ� WKH� SRODU
LFH�FDS�
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$�PDMRU�DSSOLFDWLRQ�IRFXV�RI�WKH�JURXS�LQYROYHV�VLJQDO
SURFHVVLQJ� DQG� FRGLQJ� IRU� ZLUHOHVV� PXOWLXVHU� V\V�
WHPV� DQG� EURDGEDQG� FRPPXQLFDWLRQ� QHWZRUNV�
6SHFLILF� LQWHUHVWV� LQFOXGH� FRPPHUFLDO� DQG� PLOLWDU\
PRELOH� UDGLR�QHWZRUNV��ZLUHOHVV� ORFDO�DUHD�QHWZRUNV
DQG� SHUVRQDO� FRPPXQLFDWLRQ� V\VWHPV�� GLJLWDO� DXGLR
DQG� WHOHYLVLRQ� EURDGFDVW� V\VWHPV�� DQG� PXOWLPHGLD
QHWZRUNV�� $ORQJ� ZLWK� D� QXPEHU� RI� RWKHU� GLUHFWLRQV�
ZH� DUH� FXUUHQWO\� H[SORULQJ� QHZ� FRGH�GLYLVLRQ�PXOWL�
SOH�DFFHVV� �&'0$�� VWUDWHJLHV�� QHZ� WHFKQLTXHV� IRU
H[SORLWLQJ� DQWHQQD� DUUD\V� LQ� ZLUHOHVV� V\VWHPV�� DQG
QHZ�PHWKRGV�IRU�PRGHOLQJ�DQG�PDQDJHPHQW�RI�WUDIILF
LQ�KLJK�VSHHG�SDFNHW�VZLWFKHG�QHWZRUNV�

0XFK� RI� RXU� ZRUN� LQYROYHV� FORVH� FROODERUDWLRQ� ZLWK
WKH�:RRGV�+ROH�2FHDQRJUDSKLF�,QVWLWXWLRQ��0,7�/LQ�
FROQ� /DERUDWRU\�� DQG� D� QXPEHU� RI� KLJK� WHFKQRORJ\
FRPSDQLHV�LQ�WKH�%RVWRQ�DUHD�

��� 'XDO�&KDQQHO�6LJQDO�3URFHVVLQJ

6SRQVRUV

6DQGHUV��D�/RFNKHHG�0DUWLQ�&RUSRUDWLRQ
&RQWUDFW�%=�����

8�6��$UP\�5HVHDUFK�/DERUDWRU\
&RQWUDFW�'$$/������������

8�6��1DY\���2IILFH�RI�1DYDO�5HVHDUFK
*UDQW�1���������������

3URMHFW�6WDII

5LFKDUG�-��%DUURQ��3URIHVVRU�$ODQ�9��2SSHQKHLP

,Q� VRPH� VHQVRU� VFHQDULRV�� LW� FDQ� EH� H[SHFWHG� WKDW
VHQVRU�VLJQDOV�FDQ�EH�WUDQVPLWWHG�WR�D�KRVW�RYHU�PXO�
WLSOH� FKDQQHOV�ZLWK� GLIIHULQJ� FKDUDFWHULVWLFV� DQG� WKDW
SRWHQWLDOO\�WKH�KRVW�FDQ�VLPXOWDQHRXVO\�WUDQVPLW�FRQ�
WURO�VLJQDOV�WR�WKH�VHQVRUV��)RU�H[DPSOH��WKHUH�PLJKW
VLPXOWDQHRXVO\� EH� DYDLODEOH� IURP� WKH� VHQVRU� WR� WKH
KRVW� D� QRLV\� DQDORJ� IXOO�EDQG� FKDQQHO�� DQG� D� ORZ�
EDQGZLGWK� QRLVH� IUHH� FKDQQHO�� 7KLV� VFHQDULR� PD\
RFFXU�ZKHQ�WKHUH� LV�DQ�H[LVWLQJ�DQDORJ�FRPPXQLFD�
WLRQV�LQIUDVWUXFWXUH�WKDW�LV�DXJPHQWHG�E\�D�ORZ�EDQG�
ZLGWK�GLJLWDO�VLGH�FKDQQHO��$QRWKHU�H[DPSOH�WKDW�FDQ
EH�YLHZHG� LQ� WKLV�FRQWH[W� LQYROYHV� WZR�VHQVRUV��RQH
VHQVRU� REVHUYHV� D� GLVWRUWHG� IXOO�EDQGZLGWK� IRUP� RI
WKH� VRXUFH� VLJQDO�� ZKLOH� WKH� RWKHU�� D� ³VS\´� VHQVRU�
REVHUYHV�WKH�VRXUFH�XQGLVWRUWHG��EXW�FDQ�RQO\�UHFRUG
RU�WUDQVPLW�D�ORZ�EDQGZLGWK�UHSUHVHQWDWLRQ�RI�WKH�VLJ�
QDO��$Q�RSHQ�DQG�LQWHUHVWLQJ�UHVHDUFK�TXHVWLRQ�LQ�WKLV
VFHQDULR�LV�KRZ�WR�SUH�SURFHVV�GDWD�DW�WKH�VHQVRU�WR
FRQGLWLRQ� LW� IRU� WUDQVPLVVLRQ�RYHU� WKH� ORZ�EDQGZLGWK
FKDQQHO�IRU�RSWLPXP�SURFHVVLQJ�RI�WKH�GXDO�FKDQQHO

LQIRUPDWLRQ�DW�WKH�KRVW��:H�FDQ�JHQHUDOL]H�WKH�GXDO�
FKDQQHO�SUREOHP�E\�SXWWLQJ�LQ�SODFH�RI�WKH�QRLV\�DQD�
ORJ�FKDQQHO�DQ\�GLVWRUWLRQ�LQGXFLQJ�FKDQQHO� WKURXJK
ZKLFK� WKH� VHQVRU� VLJQDO� LV� WUDQVPLWWHG� XQFRGHG�
H[DPSOHV� RI� ZKLFK� DUH� PHPRU\OHVV� FKDQQHOV� VXFK
DV�WKH�DGGLWLYH�ZKLWH�*DXVVLDQ�QRLVH�FKDQQHO��IDGLQJ
FKDQQHOV� ZLWK� PHPRU\�� MDPPLQJ� FKDQQHOV�� DQG
XQNQRZQ� FKDQQHOV�� )RU� WKHVH� DQG� RWKHU� FKDQQHOV�
WKHUH�DUH�SRWHQWLDOO\�HOHJDQW�VROXWLRQV�IRU�SUHSURFHVV�
LQJ�DW�WKH�VHQVRU�IRU�WUDQVPLVVLRQ�RYHU�WKH�QRLVH�IUHH
FKDQQHO� LQYROYLQJ� XQLTXH� DSSOLFDWLRQV� RI� SDUDPHWULF
PRGHOLQJ�� VLJQDO� WUDQVIRUPV�� TXDQWL]DWLRQ�� DQG� FRQ�
WURO�VLJQDOV�IURP�WKH�KRVW���

��� 0XOWLSDVV�5HFHLYHUV�IRU�6SUHDG�
6LJQDWXUH�&'0$�6\VWHPV

6SRQVRUV

1DWLRQDO�6FLHQFH�)RXQGDWLRQ
*UDQW�0,3���������

8�6��1DY\���2IILFH�RI�1DYDO�5HVHDUFK
*UDQW�1���������������
*UDQW�1���������������

3URMHFW�6WDII

6RRVDQ�%HKHVKWL��3URIHVVRU�*UHJRU\�:��:RUQHOO

6SUHDG�VLJQDWXUH� FRGH�GLYLVLRQ� PXOWLSOH�DFFHVV
�&'0$�� V\VWHPV� ZHUH� UHFHQWO\� LQWURGXFHG� DV� DQ
DWWUDFWLYH�DOWHUQDWLYH�WR�FRQYHQWLRQDO�&'0$�V\VWHPV
IRU� XVH� LQ� WLPH�YDU\LQJ� PXOWLSDWK� HQYLURQPHQWV�
8VLQJ� ORQJ� VLJQDWXUHV� LQ� DQ� RYHUODSSHG�PDQQHU� IRU
VXFFHVVLYH� V\PEROV�� VSUHDG�VLJQDWXUH� &'0$� FDQ
DFKLHYH�D�VXEVWDQWLDO�WHPSRUDO�GLYHUVLW\�EHQHILW���)XU�
WKHUPRUH�� WKH� EURDGEDQG� QDWXUH� RI� WKH� VLJQDWXUHV
DOORZV� DQ� DGGLWLRQDO� VSHFWUDO� GLYHUVLW\� EHQHILW� WR� EH
VLPXOWDQHRXVO\�UHDOL]HG�

,Q� WKLV� UHVHDUFK�� FRPSXWDWLRQDOO\� HIILFLHQW� PXOWLSDVV
GHPRGXODWLRQ� DQG� GHFRGLQJ� DOJRULWKPV� DUH� GHYHO�
RSHG�IRU�XVH�LQ�UHFHLYHUV�ZLWK�WKHVH�V\VWHPV��7KHVH
DOJRULWKPV�HIILFLHQWO\�VXSSUHVV�ERWK� LQWHUV\PERO�DQG
LQWHUXVHU��PXOWLSOH�DFFHVV�� LQWHUIHUHQFH�WR�DFKLHYH�D
VXEVWDQWLDO�GLYHUVLW\�EHQHILW�DQG�JRRG�QHDU�IDU�UHVLV�
WDQFH�FKDUDFWHULVWLFV��0RUHRYHU��LW�LV�VKRZQ�WKDW�UHOD�
WLYHO\� IHZ� LWHUDWLRQV�DUH� UHTXLUHG� IRU�FRQYHUJHQFH�WR
W\SLFDO�WDUJHW�ELW�HUURU�UDWHV��6HYHUDO�RWKHU�DVSHFWV�RI
WKH�SHUIRUPDQFH�RI�WKH�DOJRULWKPV�DUH�DOVR�H[SORUHG�
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��� &KDQQHO�(TXDOL]DWLRQ

6SRQVRU

1DWLRQDO�6FLHQFH�)RXQGDWLRQ
*UDQW�0,3���������

3URMHFW�6WDII

$OEHUW�&KDQ��3URIHVVRU�*UHJRU\�:��:RUQHOO

7KH�JRDO�RI�FKDQQHO�HTXDOL]DWLRQ� LV� WR�PLQLPL]H� WKH
SUREDELOLW\�RI�HUURU�E\�FRPSHQVDWLQJ�IRU�FKDQQHO�GLV�
WRUWLRQ��2QH�EDVLF�DSSURDFK� WR�FKDQQHO�HTXDOL]DWLRQ
LV�WR�XVH�WKH�GHFLVLRQ�IHHGEDFN�HTXDOL]HU��')(���7KH
SRUWLRQ�RI�WKH�')(�WKDW�FDQFHOV�SRVWFXUVRU�LQWHUV\P�
ERO�LQWHUIHUHQFH��,6,��LV�QRQOLQHDU��DV�D�FRQVHTXHQFH
RI� WKLV�� WKH� SRVWFXUVRU� HTXDOL]HU� SRUWLRQ� GRHV� QRW
HQKDQFH�QRLVH��%\�FRQWUDVW�� WKH�SRUWLRQ�RI� WKH�')(
WKDW�FDQFHOV�SUHFXUVRU�,6,� LV� OLQHDU�� OLPLWLQJ� LWV�FDSD�
ELOLWLHV� DQG� OHDYLQJ� EHKLQG� D� VLJQLILFDQW� DPRXQW� RI
UHVLGXDO�SUHFXUVRU�,6,��

:H� DUH� FXUUHQWO\� ZRUNLQJ� RQ� D� VLPSOH� \HW� HIIHFWLYH
HTXDOL]HU�WKDW�FDQFHOV�ERWK�SUHFXUVRU�DQG�SRVWFXUVRU
,6,� LQ� D� QRQOLQHDU� IDVKLRQ�� EDVHG� RQ� WKH� PXOWLSDVV
HTXDOL]HU�GHVFULEHG�LQ�%HKHVKWL���7KLV�HTXDOL]HU��VXS�
SUHVVHV�ERWK� LQWHUV\PERO�DQG� LQWHUXVHU� LQWHUIHUHQFH
LQ� VSUHDG�VLJQDWXUH� FRGH�GLYLVLRQ� PXOWLSOH�DFFHVV
V\VWHPV�� EXW� ZH� DUH� DGDSWLQJ� WKDW� HTXDOL]HU� WR� WKH
VLQJOH�XVHU�� IL[HG�FKDQQHO� VFHQDULR�� 2XU� PRGLILHG
HTXDOL]HU�DSSHDUV�WR�SHUIRUP�EHWWHU�WKDQ�WKH�')(�LQ
VLPXODWLRQV��,Q�RUGHU�WR�H[SODLQ�WKH�LPSURYHG�SHUIRU�
PDQFH��ZH�DUH�QRZ�VHHNLQJ�DQ�HOHJDQW�ZD\�WR�UHODWH
WKH�VWUXFWXUH�RI�WKH�')(�WR�WKH�VWUXFWXUH�RI�WKH�PRGL�
ILHG�PXOWLSDVV�HTXDOL]HU��

��� 6WHJDQRJUDSKLF�&RPPXQLFDWLRQ

6SRQVRUV

1DWLRQDO�'HIHQVH�6FLHQFH�DQG�(QJLQHHULQJ�
)HOORZVKLS

8�6��$LU�)RUFH���2IILFH�RI�6FLHQWLILF�5HVHDUFK
*UDQW�)���������������

8�6��1DY\���2IILFH�RI�1DYDO�5HVHDUFK
*UDQW�1���������������
*UDQW�1���������������

3URMHFW�6WDII

%ULDQ�&KHQ��3URIHVVRU�*UHJRU\�:��:RUQHOO

6WHJDQRJUDSK\�� RU� KLGGHQ� FRPPXQLFDWLRQ�� LQYROYHV
WKH� HPEHGGLQJ� RI� DQ� LQIRUPDWLRQ�EHDULQJ� VLJQDO
ZLWKLQ�D�KRVW�VLJQDO��VXFK�WKDW� WKH�HPEHGGHG�VLJQDO
FDQQRW� EH� HDVLO\� GHWHFWHG� RU� GHVWUR\HG� E\� VRPH
DGYHUVDU\��$SSOLFDWLRQV� LQFOXGH�GLJLWDO�ZDWHUPDUNLQJ
IRU�FRS\ULJKW�SURWHFWLRQ��FDSWLRQLQJ��DQG�FRYHUW�FRP�
PXQLFDWLRQ�� DQG� W\SLFDO� KRVW� VLJQDOV� DUH� DXGLR� VLJ�
QDOV��YLGHR�VLJQDOV��DQG�LPDJHV��,Q�RXU�ZRUN�ZH�DUH
GHYHORSLQJ�D�JHQHUDO� IUDPHZRUN� IRU�GHVLJQLQJ�VXFK
V\VWHPV�� HYDOXDWLQJ� WKHLU� SHUIRUPDQFH�� DQG� XQGHU�
VWDQGLQJ� WKH� IXQGDPHQWDO� OLPLWV� RI� VWHJDQRJUDSKLF
FRPPXQLFDWLRQ�

��� 'DWD�7UDQVPLVVLRQ�DQG�6WRUDJH�
XQGHU�'\QDPLF�%DQGZLGWK�
&RQVWUDLQWV

6SRQVRU

8�6��1DY\���2IILFH�RI�1DYDO�5HVHDUFK
*UDQW�1���������������

3URMHFW�6WDII

6WDUN�'UDSHU��3URIHVVRU�*UHJRU\�:��:RUQHOO

7KH�JHQHUDO�SUREOHP�RI�GDWD� WUDQVPLVVLRQ�DQG�VWRU�
DJH�FDQ�EH�EURNHQ�LQWR�WZR�VXESUREOHPV������IHDWXUH
H[WUDFWLRQ� IURP� WKH� UDZ�GDWD��DQG� ����RSWLPDO�PHWK�
RGV�WR�WUDQVPLW�RU�VWRUH�WKHVH�IHDWXUHV��2XU�UHVHDUFK
LQWHUHVWV�OLH�PRUH�KHDYLO\�ZLWK�WKH�ODWWHU���VSHFLILFDOO\�
LQ� WKH� FDVH� ZKHUH� D� FHUWDLQ� YDULHW\� RI� LQGHSHQGHQW
IHDWXUHV� QHHGV� EH� FRPPXQLFDWHG� EXW� ZKHUH� DYDLO�
DEOH� EDQGZLGWK� YDULHV� LQ� WLPH�� (LWKHU� WKH� SK\VLFDO
EDQGZLGWK� RI� RXU� FKDQQHO� PD\� YDU\�� RU� ZH� PD\
UHFHLYH�LQIRUPDWLRQ�DERXW�QHZ�IHDWXUHV�WKDW�PXVW�EH
WUDQVPLWWHG� LQ� SDUDOOHO� RYHU� D� FRQVWDQW�EDQGZLGWK
FKDQQHO��%RWK�FDVHV�FDQ�EH�PRGHOHG�DV�EDQGZLGWK
YDULDWLRQV��:H�ZRXOG�OLNH�WR�GHVLJQ�D�UREXVW�FRPPX�
QLFDWLRQ� VFKHPH� ZKRVH� SHUIRUPDQFH� GHJUDGHV� �RU
LPSURYHV��HOHJDQWO\�ZLWK�VXFK�YDULDWLRQV�

5 S. Beheshti and G. Wornell, “Iterative Interference Cancellation and Decoding for Spread-Signature CDMA Systems,” Proceedings of 
the International Vehicular Technology Conference, Phoenix, Arizona, May 4-7, 1997.
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��� 8QGHUZDWHU�$FRXVWLF�
&RPPXQLFDWLRQ�RYHU�'RSSOHU�
6SUHDG�&KDQQHOV

6SRQVRU

8�6��1DY\���2IILFH�RI�1DYDO�5HVHDUFK
*UDQW�1���������������
*UDQW�1���������������

3URMHFW�6WDII

7U\P�+��(JJHQ��3URIHVVRU�$UWKXU�%��%DJJHURHU

7KLV�ZRUN�LV�FRQFHUQHG�ZLWK�FRKHUHQW�FRPPXQLFDWLRQ
E\�PHDQV�RI�DFRXVWLF�VLJQDOV�RYHU�XQGHUZDWHU�FRP�
PXQLFDWLRQ�FKDQQHOV��7KH�HVWLPDWHG�VFDWWHULQJ�IXQF�
WLRQV�RI�UHDO�GDWD�UDQJLQJ�IURP�WKH�$UFWLF�HQYLURQPHQW
WR�WURSLFDO�ZDWHUV�VKRZ�WKDW�XQGHUZDWHU�FRPPXQLFD�
WLRQ�FKDQQHOV�FDQQRW�EH�FDSWXUHG�E\�D�VLQJOH��VLPSOH
FKDQQHO�PRGHO��7KLV�ZRUN�FRQVLGHUV�PDLQO\�D�VXEVHW
RI� XQGHUZDWHU� FRPPXQLFDWLRQ� FKDQQHOV� ZKHUH� WKH
'RSSOHU� VSUHDG� LV� PRUH� VHYHUH� WKDQ� WKH� GHOD\
VSUHDG�

$Q�DSSURSULDWH�UHSUHVHQWDWLRQ�RI�WKH�OLQHDU�WLPH�YDUL�
DQW�FKDQQHO�LV�LQWURGXFHG�DQG�WKH�ZLGH�VHQVH�VWDWLRQ�
DU\� XQFRUUHODWHG� VFDWWHULQJ� �:6686�� FKDQQHO
DVVXPSWLRQ� HQDEOHV� FKDUDFWHUL]DWLRQ� LQ� WHUPV� RI
VFDWWHULQJ� IXQFWLRQV�� 7KH� FRQFHSW� RI� 'RSSOHU� OLQHV�
ZKLFK� DUH� IUHTXHQF\� GRPDLQ� ILOWHUV�� LV� XVHG� LQ� WKH
GHULYDWLRQ�RI�D�UHFHLYHU�IRU�'RSSOHU�VSUHDG�FKDQQHOV�

7KH�FKDQQHO� LV� VLPXODWHG�E\�PHDQV�RI� D� UD\� UHSUH�
VHQWDWLRQ�IRU�WKH�DFRXVWLF�ILHOG�DQG�D�WLPH�YDULDQW�),5
ILOWHU��7KH�LPSDFW�RI�SK\VLFDO�RFHDQ�SURFHVVHV�RQ�WKH
'RSSOHU�VSUHDG�LV�GHPRQVWUDWHG��DQG�IURP�WKLV�PRG�
HOLQJ�H[SODQDWLRQV� IRU� WKH�'RSSOHU� VSUHDG�REVHUYHG
LQ�UHDO�GDWD�DUH�REWDLQHG�

$� GHFLVLRQ� IHHGEDFN� HTXDOL]HU� �')(�� DGDSWHG� ZLWK
UHFXUVLYH� OHDVW� VTXDUHV� �5/6�� LV� DQDO\]HG�� DQG� LWV
OLPLW�ZLWK�UHVSHFW�WR�SXUH�'RSSOHU�VSUHDG�LV�IRXQG��%\
XVLQJ�WKH�')(�ZLWK�D�SKDVH�ORFNHG�ORRS��3//���VXE�
RSWLPDO�V\VWHP�EHKDYLRU�LV�IRXQG��DQG�WKLV�LV�YHULILHG
RQ�UHDO�GDWD��,Q�WKH�FDVH�RI�D�VLPSOH�'RSSOHU�VKLIW��WKH
FURVV�DPELJXLW\�IXQFWLRQ�LV�XVHG�WR�HVWLPDWH�WKH�VKLIW�
DQG�WKH�UHFHLYHG�VLJQDO�LV�SKDVH�URWDWHG�WR�FRPSHQ�
VDWH�IRU�WKLV�EHIRUH�LW�HQWHUV�WKH�UHFHLYHU�

$�PRGLILHG� 5/6� FDOOHG� WKH� WLPH� XSGDWHG�5/6� �78�
5/6��LV�SUHVHQWHG��DQG� LW� LV�XVHG�LQ�D�QHZ�UHFHLYHU�
7KLV� UHFHLYHU� LV� LQLWLDOL]HG� E\� PHDQV� RI� WKH� FURVV�
DPELJXLW\�IXQFWLRQ�DQG�WKH�SHUIRUPDQFH�LV�FKDUDFWHU�
L]HG� E\� SUREDELOLW\� RI� GHFRGLQJ� HUURU� YHUVXV� GHOD\
VSUHDG��'RSSOHU�VSUHDG�DQG�615��7KH�UHFHLYHU�XVHV
'RSSOHU� OLQHV�WR�FRPSHQVDWH�ERWK�GLVFUHWH�DQG�FRQ�
WLQXRXV� 'RSSOHU� VSUHDG�� 7KH� UHFHLYHU� VWDELOLW\
GHSHQGV� RQ� WKH� FRQGLWLRQLQJ� RI� WKH� EORFN� GLDJRQDO
FRUUHODWLRQ� PDWUL[� SURSDJDWHG� E\� WKH� 78�5/6�� 7KH
UHFHLYHU� LV� XVHG� WR�GHFRGH�ERWK� UHDO� DQG� VLPXODWHG
GDWD��DQG�VRPH�RI� WKHVH�GDWD�DUH�VHYHUHO\�'RSSOHU
VSUHDG�

��� $OJHEUDLF�DQG�3UREDELOLVWLF�
6WUXFWXUH�LQ�)DXOW�7ROHUDQW�
&RPSXWDWLRQ

6SRQVRUV

6DQGHUV��D�/RFNKHHG�0DUWLQ�&RUSRUDWLRQ
&RQWUDFW�%=����

8�6��1DY\���2IILFH�RI�1DYDO�5HVHDUFK
*UDQW�1�������������

3URMHFW�6WDII

&KULVWRIRURV� 1�� +DGMLFRVWLV�� 3URIHVVRU� *HRUJH� &�
9HUJKHVH

7KH� WUDGLWLRQDO�DSSURDFK� WRZDUGV� IDXOW�WROHUDQW�FRP�
SXWDWLRQ� KDV� EHHQ� PRGXODU� UHGXQGDQF\�� $OWKRXJK
XQLYHUVDO� DQG�VLPSOH��PRGXODU� UHGXQGDQF\� LV� LQKHU�
HQWO\�H[SHQVLYH�DQG�LQHIILFLHQW�LQ�LWV�XVH�RI�UHVRXUFHV�
5HFHQWO\�GHYHORSHG�DOJRULWKP�EDVHG� IDXOW� WROHUDQFH
�$%)7�� WHFKQLTXHV� RIIHU� PRUH� HIILFLHQW� IDXOW� FRYHU�
DJH��EXW� WKHLU�GHVLJQ� LV�VSHFLILF� WR�HDFK�DSSOLFDWLRQ�
$� SDUWLFXODU� FODVV� RI� $%)7� WHFKQLTXHV� LQYROYHV� WKH
GHVLJQ� RI� DULWKPHWLF� FRGHV� WKDW� SURWHFW� HOHPHQWDU\
FRPSXWDWLRQV��)RU�WKH�FDVH�RI�FRPSXWDWLRQV�WKDW�FDQ
EH�UHSUHVHQWHG�DV�RSHUDWLRQV�LQ�D�JURXS��WKH�GRFWRUDO
WKHVLV�E\�%HFNPDQQ��KDV�VKRZQ�KRZ�WR�REWDLQ�D�YDUL�
HW\�RI�XVHIXO�UHVXOWV�DQG�V\VWHPDWLF�FRQVWUXFWLYH�SUR�
FHGXUHV�

,Q�RXU�UHVHDUFK�VR�IDU��ZH�KDYH�EHHQ�DEOH�WR�JHQHUDO�
L]H�WKLV�ZRUN�WR�WKH�FDVH�RI�FRPSXWDWLRQV�RFFXUULQJ�LQ
VHPLJURXSV� DQG� VHPLULQJV�� DQG� WR� RXWOLQH� D� SURFH�
GXUH� WKDW� UHIOHFWV� VXFK� DOJHEUDLFDOO\�EDVHG� $%)7

6 P.E. Beckmann, Fault-Tolerant Computation Using Algebraic Homomorphisms, RLE TR-580 (Cambridge, Massachusetts: MIT 
Research Laboratory of Electronics, 1993).

7 C.N. Hadjicostis, Fault-Tolerant Computation in Semigroups and Semirings, RLE TR-594 (Cambridge, Massachusetts: MIT Research 
Laboratory of Electronics, 1995).
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GHVLJQ� LQWR� KDUGZDUH�� &XUUHQWO\�� ZH� DUH� H[SORULQJ
H[WHQVLRQV�RI�RXU�DSSURDFK�WR�VHTXHQFHV�RI�FRPSX�
WDWLRQV�DVVRFLDWHG�ZLWK�WKH�HYROXWLRQ�RI�G\QDPLF�V\V�
WHPV� LQ� SDUWLFXODU� DOJHEUDLF� VHWWLQJV�� VXFK� DV� OLQHDU
V\VWHPV�RYHU�JURXSV��RU�ULQJV��RU�VHPLULQJV��RU�ILQLWH
DXWRPDWD� DQG� GLVFUHWH�HYHQW� V\VWHPV�� $ORQJ� WKHVH
OLQHV��ZH�KDYH�REWDLQHG�DQ�LOOXPLQDWLQJ�FKDUDFWHUL]D�
WLRQ� RI� DOO� SRVVLEOH� UHGXQGDQW� OLQHDU� WLPH�LQYDULDQW
�/7,�� VWDWH�VSDFH� HPEHGGLQJV� RI� D� JLYHQ� /7,� VWDWH�
VSDFH�PRGHO��:H�KDYH�DOVR� LOOXVWUDWHG�D�PHWKRG�RI
FRQVWUXFWLQJ� IDXOW�WROHUDQW� ILQLWH� DXWRPDWD� XVLQJ� D
FRPELQDWLRQ� RI� JURXS� DQG� VHPLJURXS� KRPRPRUSKLF
PDSSLQJV��,Q�RXU�IXWXUH�ZRUN��ZH�LQWHQG�WR�IROG�SURE�
DELOLVWLF�PRGHOV�IRU�IDLOXUHV�DQG�HUURUV�LQWR�WKH�GHVLJQ
DQG�DQDO\VLV�RI�$%)7�V\VWHPV�

��� (VWLPDWLRQ�DQG�(TXDOL]DWLRQ�RI�
:LUHOHVV�)DGLQJ�&KDQQHOV

6SRQVRUV

1DWLRQDO�6FLHQFH�)RXQGDWLRQ�*UDGXDWH�
5HVHDUFK�)HOORZVKLS

1DWLRQDO�6FLHQFH�)RXQGDWLRQ�
*UDQW�0,3��������

8�6��1DY\���2IILFH�RI�1DYDO�5HVHDUFK
*UDQW�1���������������
*UDQW�1���������������

3URMHFW�6WDII

1LFKRODV�-��/DQHPDQ��3URIHVVRU�*UHJRU\�:��:RUQHOO

$�FHQWUDO� LVVXH� LQ� WKH�ZLUHOHVV�FRPPXQLFDWLRQV�VHW�
WLQJ� LV� WKH�SUREOHP�RI�VLJQDO� IDGLQJ��'XH� WR�PXOWLSOH
SURSDJDWLRQ� SDWKV�� PDQ\� FRSLHV� RI� WKH� WUDQVPLWWHG
VLJQDO� DUULYH� DW� WKH� UHFHLYHU� DQWHQQD�� HDFK� ZLWK� D
JLYHQ� DWWHQXDWLRQ� OHYHO� DQG� SKDVH� VKLIW�� :KHQ� WKH
UHFHLYHU� DQWHQQD� LV� VHW� LQ�PRWLRQ�� DV� LV� XVXDOO\� WKH
FDVH� LQ� VXFK� DSSOLFDWLRQV� DV� FHOOXODU� WHOHSKRQ\�� WKH
UHFHLYHG� SRZHU� OHYHO� IOXFWXDWHV� VLQFH� WKH� PXOWLSDWK
FRPSRQHQWV� DGG� FRQVWUXFWLYHO\� RU� GHVWUXFWLYHO\�
%HFDXVH�RI�WKLV�IDGLQJ�FKDUDFWHULVWLF��ZLUHOHVV�FKDQ�
QHOV�H[KLELW�GUDPDWLFDOO\�SRRUHU�ELW�HUURU�SHUIRUPDQFH
WKDQ�WUDGLWLRQDO�DGGLWLYH�ZKLWH�*DXVVLDQ�QRLVH�FKDQ�
QHOV�ZKHQ�XVLQJ�XQFRGHG�WUDQVPLVVLRQV��

5HFHQW�ZRUN��KDV�VXJJHVWHG�D� WHFKQLTXH�NQRZQ�DV
VSUHDG�UHVSRQVH�SUHFRGLQJ�IRU�FRPEDWLQJ�VLJQDO�IDG�
LQJ�IRXQG�LQ�ZLUHOHVV�OLQNV��7KH�LGHD�EHKLQG�WKLV�VRUW

RI�SUHFRGLQJ�LV�WR�GLVWULEXWH�WKH�HQHUJ\�RI�HDFK�V\P�
ERO�LQ�WLPH�WR�DFKLHYH�WKH�DYHUDJH�HIIHFW�RI�WKH�FKDQ�
QHO� UDWKHU� WKDQ� WKH� LQVWDQWDQHRXV� IDGH�� $� NH\
HOHPHQW�RI�WKH�UHFHLYHU�LV�DQ�HTXDOL]HU�ZKLFK�HVVHQ�
WLDOO\� LQYHUWV� WKH�HIIHFW�RI� WKH� IDGLQJ�FKDQQHO�� ,Q�RXU
SUHVHQW�ZRUN��ZH�IRFXV�RQ�D�UHDOLVWLF�HTXDOL]HU�VWUXF�
WXUH�GHULYHG�IURP�FKDQQHO�HVWLPDWHV�

:H�DUH�HYDOXDWLQJ�D�MRLQW�VWDWH�DQG�SDUDPHWHUV�HVWL�
PDWRU�IRU�WKH�FKDQQHO�UHVSRQVH�EDVHG�RQ�.DOPDQ�ILO�
WHULQJ� LGHDV� DQG� WKH� (VWLPDWH� 0D[LPL]H� �(0�
DOJRULWKP��:H�DUH�VWXG\LQJ�KRZ�WR�XVH�HVWLPDWHV�RI
WKH�FKDQQHO�RU�FKDQQHO� LQYHUVH� WR�EHVW�HTXDOL]H� WKH
UHFHLYHG� VLJQDO� DQG� KRZ� WR� WDNH� DGYDQWDJH� RI� WKH
VSHFLDO� SURSHUWLHV� RI� WKH� WUDQVPLWWHG� VLJQDO� WR� DOORZ
WKH�DOJRULWKP�WR�SHUIRUP�EOLQGO\�

$� IOH[LEOH� VHW� RI� KDUGZDUH� KDV� EHHQ� DVVHPEOHG� IRU
GHPRQVWUDWLQJ� D� YDULHW\� RI� WKHVH� VLJQDO� SURFHVVLQJ
DOJRULWKPV� LQGRRUV�� 6SHFLDO� SXUSRVH� DQDORJ� KDUG�
ZDUH�KDV�EHHQ�EXLOW�IRU�PRGXODWLQJ�EDVHEDQG�VLJQDOV
WR� UDGLR� IUHTXHQFLHV� DQG� EDFN�� 7KH� ODERUDWRU\
LQFOXGHV�GLJLWDO�WR�DQDORJ��'�$��DQG�DQDORJ�WR�GLJLWDO
�$�'��FRQYHUWHUV�IRU�FRQYHUWLQJ�WKH�EDVHEDQG�VLJQDO
LQWR�GLVFUHWH�WLPH��)LQDOO\�� IRXU�GLJLWDO� VLJQDO� SURFHV�
VRUV��'636��DUH�XVHG�WR�SHUIRUP�WKH�SUHFRGLQJ�DQG
HTXDOL]DWLRQ�RI�WKH�EDVHEDQG�VLJQDOV��7KH�KLJK�FRP�
SXWDWLRQDO�SRZHU�RI�WKH�'636�DOORZ�XV�WR�LPSOHPHQW
FRPSOH[�DOJRULWKPV�LQ�UHDO�WLPH�

���� 'LVWULEXWHG�6LJQDO�3URFHVVLQJ

6SRQVRUV

$7	7�%HOO�/DERUDWRULHV
*UDGXDWH�5HVHDUFK�)HOORZVKLS

8�6��$LU�)RUFH���2IILFH�RI�6FLHQWLILF�5HVHDUFK
*UDQW�)���������������

8�6��$UP\�5HVHDUFK�/DERUDWRU\
&RQWUDFW�'$$/������������

8�6��1DY\���2IILFH�RI�1DYDO�5HVHDUFK
*UDQW�1���������������

3URMHFW�6WDII

/L�/HH��3URIHVVRU�$ODQ�9��2SSHQKHLP

7KLV�UHVHDUFK�H[SORUHV�LVVXHV�DULVLQJ�IURP�GHVLJQLQJ
GLJLWDO� VLJQDO� SURFHVVLQJ�DOJRULWKPV� IRU�G\QDPLFDOO\�
YDU\LQJ� FRPSXWLQJ� HQYLURQPHQWV� VXFK� DV� DQ� XQUHOL�

8 G.W. Wornell, “Spread-Response Precoding for Communication over Fading Channels,” IEEE Trans. on Info. Theory 42(2): 488-501 
(1996); *�:��:RUQHOO��³6SUHDG�6LJQDWXUH�&'0$��(IILFLHQW�0XOWLXVHU�&RPPXQLFDWLRQ�LQ�WKH�3UHVHQFH�RI�)DGLQJ�´�,(((�7UDQV��,QIR��7KH�
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DEOH�QHWZRUN�RI�SURFHVVRUV��:H�SUHVHQW�D�ODQJXDJH
IRU� VSHFLI\LQJ� VLJQDO� SURFHVVLQJ� DOJRULWKPV� ZKLFK
SHUPLWV� WKH� H[HFXWLRQ� SDWK� RI� WKH� DOJRULWKP� WR� EH
G\QDPLFDOO\�FKRVHQ��7KH�ODQJXDJH�OHDGV�QDWXUDOO\�WR
D�JUDSKLFDO�UHSUHVHQWDWLRQ�RI�WKH�DOJRULWKP�ZLWK�LQWHU�
HVWLQJ�LQWHUSUHWDWLRQV��)LQDOO\��ZH�IRUPXODWH�DQG�FKDU�
DFWHUL]H� WKH�VROXWLRQ� IRU� WKH�SUREOHP�RI�G\QDPLFDOO\
DQG� RSWLPDOO\� FKRRVLQJ� WKH� H[HFXWLRQ� SDWK� RI� DOJR�
ULWKPV�WR�PLQLPL]H�D�V\VWHP�ZLGH�FRVW�IXQFWLRQ�VXFK
DV�H[SHFWHG�FRQJHVWLRQ�

���� 7UDQVPLW�$QWHQQD�$UUD\V�IRU�
0XOWLSOH�8VHU�:LUHOHVV�
&RPPXQLFDWLRQ

6SRQVRU

1DWLRQDO�6FLHQFH�)RXQGDWLRQ
*UDQW�0,3���������

8�6��1DY\���2IILFH�RI�1DYDO�5HVHDUFK
*UDQW�1���������������
*UDQW�1���������������

8�6��$UP\�5HVHDUFK�/DERUDWRU\
&RQWUDFW�'$$/������������

3URMHFW�6WDII

0LFKDHO�-��/RSH]��3URIHVVRU�*UHJRU\�:��:RUQHOO

,Q�ZLUHOHVV�FRPPXQLFDWLRQ��D�VLJQDO�FDQ�UHDFK�D�GHV�
WLQDWLRQ� LQ� GLIIHUHQW� ZD\V� E\� UHIOHFWLQJ� RII� EXLOGLQJV
DQG� RWKHU� REVWDFOHV�� 0XOWLSDWK� IDGLQJ�� FDXVHG� E\
LQWHUIHUHQFH�ZKHQ�WZR�RU�PRUH�VXFK�UD\V�FRPELQH�DW
WKH� UHFHLYHU�� LV� WKXV� D�PDMRU� LVVXH��2QH�PHWKRG� RI
FRPEDWLQJ�IDGLQJ�LV�ZLWK�GLYHUVLW\��E\�LQVHUWLQJ�UHGXQ�
GDQF\� LQ� GLIIHUHQW� WLPH�� IUHTXHQF\�� RU� VSDWLDO� VORWV�
:H� KDYH� EHHQ� LQYHVWLJDWLQJ� VSDWLDO� GLYHUVLW\� XVLQJ
PXOWLSOH�DQWHQQDV�DW�WKH�WUDQVPLW�VLGH�

&HUWDLQ�VWUDWHJLHV�KDYH�EHHQ�SURSRVHG� LQ� WKH� OLWHUD�
WXUH�ZKHQ�WKH�WUDQVPLWWHU�GRHV�QRW�NQRZ�WKH�FKDQQHO
SURSHUWLHV�� LV�EURDGFDVWLQJ� WR�DOO�SRVVLEOH� UHFHLYHUV�
RU�LV�FRPPXQLFDWLQJ�ZLWK�RQH�XVHU�RQ�D�NQRZQ�FKDQ�
QHO��:H�DUH�VWXG\LQJ�WKH�FDVH�ZKHUH�WKH�WUDQVPLWWHU
DWWHPSWV�WR�FRPPXQLFDWH�DORQJ�NQRZQ�FKDQQHOV�WR�D
ILQLWH�QXPEHU�RI�UHFHLYHUV��:H�KDYH�ORRNHG�DW�VRPH
RI�WKH�LQKHUHQW�WUDGHRIIV�LQYROYHG�LQ�WKH�SUREOHP�DQG
KDYH� FDOFXODWHG� SHUIRUPDQFH� PHDVXUHV� IRU� D� IHZ
SRWHQWLDO� DOJRULWKPV�� ,W� LV� LQWHUHVWLQJ� WR� ORRN� DW� WKH
XQNQRZQ�FKDQQHO�RU�EURDGFDVW�VFHQDULRV�DV�DV\PS�
WRWLF� FDVHV� RI� WKLV� DV� WKH� QXPEHU� RI� UHFHLYHUV
EHFRPHV� ODUJH� DQG� WR� FRPSDUH� WKH� DGYDQWDJHV� RI
XVLQJ�EURDGFDVW�YHUVXV�PXOWLFDVW�VWUDWHJLHV�ZKHQ�WKH
QXPEHU�RI�XVHUV�LV�PRGHUDWH�

:H� DUH� DOVR� LQWHUHVWHG� LQ� RSSRUWXQLWLHV� WR� H[SORLW
RWKHU�NLQGV�RI�GLYHUVLW\�DQG�LQ�WKH�YDULRXV�GXDOLW\�W\SH
UHODWLRQVKLSV� WKDW� H[LVW� EHWZHHQ� GLIIHUHQW� NLQGV� RI
GLYHUVLW\�

���� $SSUR[LPDWH�6LJQDO�3URFHVVLQJ

6SRQVRUV

6DQGHUV��D�/RFNKHHG�0DUWLQ�&RUSRUDWLRQ
&RQWUDFW�%=����

8�6��$UP\�5HVHDUFK�/DERUDWRU\
&RRSHUDWLYH�$JUHHPHQW�'$$/������������

8�6��1DY\���2IILFH�RI�1DYDO�5HVHDUFK
*UDQW�1���������������

3URMHFW�6WDII

-HIIUH\�7��/XGZLJ��'U��+DPLG�6��1DZDE

7HFKQLTXHV�IRU�UHGXFLQJ�SRZHU�FRQVXPSWLRQ�LQ�GLJLWDO
FLUFXLWV�KDYH�EHFRPH�LQFUHDVLQJO\�LPSRUWDQW�EHFDXVH
RI� WKH� JURZLQJ� GHPDQG� IRU� SRUWDEOH� PXOWLPHGLD
GHYLFHV��'LJLWDO�ILOWHUV��XELTXLWRXV�LQ�VXFK�GHYLFHV��DUH
D�SULPH�FDQGLGDWH�IRU�ORZ�SRZHU�GHVLJQ��:H�SUHVHQW
D�QHZ�DOJRULWKPLF�DSSURDFK�WR�ORZ�SRZHU�IUHTXHQF\�
VHOHFWLYH�GLJLWDO� ILOWHULQJ�ZKLFK� LV�EDVHG�RQ� WKH�FRQ�
FHSWV� RI� DGDSWLYH� DSSUR[LPDWH� SURFHVVLQJ�� 7KLV
DSSURDFK� LV� IRUPDOL]HG� E\� LQWURGXFLQJ� WKH� FODVV� RI
DSSUR[LPDWH�ILOWHULQJ�DOJRULWKPV�LQ�ZKLFK�WKH�RUGHU�RI
D� GLJLWDO� ILOWHU� LV� G\QDPLFDOO\� YDULHG� WR� SURYLGH� WLPH�
YDU\LQJ� VWRSEDQG� DWWHQXDWLRQ� LQ� SURSRUWLRQ� WR� WKH
WLPH�YDU\LQJ�VLJQDO�WR�QRLVH�UDWLR� �615��RI� WKH� LQSXW
VLJQDO��ZKLOH�PDLQWDLQLQJ�D�IL[HG�615�DW�WKH�ILOWHU�RXW�
SXW��6LQFH�SRZHU� FRQVXPSWLRQ� LQ�GLJLWDO� ILOWHU� LPSOH�
PHQWDWLRQV� LV� SURSRUWLRQDO� WR� WKH� RUGHU� RI� WKH� ILOWHU�
G\QDPLFDOO\� YDU\LQJ� WKH� ILOWHU� RUGHU� LV� D� VWUDWHJ\
ZKLFK�PD\�EH�XVHG�WR�FRQVHUYH�SRZHU��

:H� FRQVWUXFW� D� IUDPHZRUN� WR� H[SORUH� WKH� VWDWLVWLFDO
SURSHUWLHV� RI� DSSUR[LPDWH� ILOWHULQJ� DOJRULWKPV� DQG
VKRZ� WKDW� XQGHU� FHUWDLQ� DVVXPSWLRQV�� WKH� SHUIRU�
PDQFH�RI�DSSUR[LPDWH�ILOWHULQJ�DOJRULWKPV�LV�DV\PS�
WRWLFDOO\�RSWLPDO��:H�LQYHVWLJDWH�WKH�WUDQVLHQW�HIIHFWV
RI�G\QDPLFDOO\�YDU\LQJ� WKH�RUGHU�RI�D�GLJLWDO� ILOWHU�E\
GHYHORSLQJ� GHWHUPLQLVWLF� DQG� SUREDELOLVWLF� IUDPH�
ZRUNV�IRU�VWDWH�WUDQVLWLRQ�HUURU�DQDO\VLV��$SSUR[LPDWH
ILOWHU�VWUXFWXUHV�XVLQJ�),5�DQG�,,5�GLJLWDO�ILOWHU�FRQVWLW�
XHQW� HOHPHQWV� DUH� H[SORUHG� DQG� VKRZQ� WR� EH� DQ
LPSRUWDQW�HOHPHQW�LQ�WKH�FKDUDFWHUL]DWLRQ�RI�DSSUR[L�
PDWH� ILOWHULQJ� DOJRULWKPV�� ([SHULPHQWV� LQYROYLQJ
VSHHFK�VLJQDOV�DUH�XVHG�WR�GHPRQVWUDWH�WKH�SUDFWLFDO
YLDELOLW\�RI�DSSUR[LPDWH�ILOWHULQJ�DOJRULWKPV�LQ�WKH�FRQ�
WH[W�RI�ORZ�SRZHU�VLJQDO�SURFHVVLQJ�
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���� $�)UDPHZRUN�IRU�/RZ�&RPSOH[LW\�
&RPPXQLFDWLRQ�2YHU�&KDQQHOV�ZLWK�
)HHGEDFN

6SRQVRU

8�6��1DY\���2IILFH�RI�1DYDO�5HVHDUFK
*UDQW�1���������������
*UDQW�1���������������

3URMHFW�6WDII

-DPHV�0��2RL��3URIHVVRU�*UHJRU\�:��:RUQHOO

2XU�UHVHDUFK�GHYHORSV�D�IUDPHZRUN�IRU�ORZ�FRPSOH[�
LW\� FRPPXQLFDWLRQ� RYHU� FKDQQHOV� ZLWK� IHHGEDFN�� ,Q
WKLV� IUDPHZRUN�� ZKLFK� LV� UHIHUUHG� WR� DV� WKH� FRP�
SUHVVHG�HUURU�FDQFHOODWLRQ� IUDPHZRUN��GDWD�DUH�VHQW
YLD�D�VHTXHQFH�RI�PHVVDJHV��WKH�ILUVW�PHVVDJH�FRQ�
WDLQV� WKH� RULJLQDO� GDWD�� HDFK� VXEVHTXHQW� PHVVDJH
FRQWDLQV� D� VRXUFH�FRGHG�GHVFULSWLRQ� RI� WKH� FKDQQHO
GLVWRUWLRQV� LQWURGXFHG�RQ� WKH�PHVVDJH�SUHFHGLQJ� LW�
7KH� XVHIXOQHVV� DQG� IOH[LELOLW\� RI� WKH� IUDPHZRUN� LV
GHPRQVWUDWHG� E\� DSSO\LQJ� LW� WR� D� QXPEHU� RI� IXQGD�
PHQWDO�IHHGEDFN�FRPPXQLFDWLRQ�SUREOHPV�

7KH� IUDPHZRUN� LV� ILUVW� XVHG� IRU� FRGLQJ� RYHU� NQRZQ
VLQJOH�XVHU�FKDQQHOV��)RU�GLVFUHWH�PHPRU\OHVV�FKDQ�
QHOV� ZLWK� FRPSOHWH�� QRLVHOHVV� IHHGEDFN� �'0&IV��� D
FRGLQJ� VFKHPH� H[SORLWLQJ� ORZ�FRPSOH[LW\� ORVVOHVV
VRXUFH� FRGLQJ� DOJRULWKPV� LV� GHYHORSHG�� DQG� WKH
DVVRFLDWHG�HQFRGHU�DQG�GHFRGHU�DUH�VKRZQ�WR�XVH�D
QXPEHU� RI� FRPSXWDWLRQV� JURZLQJ� RQO\� OLQHDUO\� ZLWK
WKH�QXPEHU�RI�FKDQQHO� LQSXWV�XVHG��OLQHDU�FRPSOH[�
LW\��� 7KH� DVVRFLDWHG� HUURU� H[SRQHQW� LV� VKRZQ� WR� EH
RSWLPDO� LQ� DQ� DSSURSULDWH� VHQVH� DQG� LPSOLHV� WKDW
FDSDFLW\� LV�DFKLHYDEOH��6LPXODWLRQV�FRQILUP�WKH�DQD�
O\WLFDOO\�SUHGLFWHG�EHKDYLRU��)RU�WKH�FODVV�RI�FKDQQHOV
ZLWK�PHPRU\�NQRZQ�DV�GLVFUHWH�ILQLWH�VWDWH�FKDQQHOV
ZLWK� FRPSOHWH�� QRLVHOHVV� IHHGEDFN� �')6&IV��� WKH
IUDPHZRUN�LV�XVHG�WR�GHYHORS�OLQHDU�FRPSOH[LW\�FRG�
LQJ�VFKHPHV�SHUIRUPLQJ�DQDORJRXVO\�LQ�WHUPV�RI�UDWH
DQG�UHOLDELOLW\�WR�WKH�VFKHPHV�GHYHORSHG�IRU�'0&IV�

7KH�IUDPHZRUN�LV�WKHQ�XVHG�IRU�FRGLQJ�RYHU�XQNQRZQ
')6&IV�ZLWK�FRPSOHWH��QRLVHOHVV�IHHGEDFN��$�OLQHDU�
FRPSOH[LW\�XQLYHUVDO�FRPPXQLFDWLRQ�VFKHPH�ZKRVH
UDWH�YDULHV�ZLWK�WKH�TXDOLW\�RI�WKH�UHDOL]HG�FKDQQHO�LV
GHYHORSHG� DQG� DQDO\]HG�� 7KH� DV\PSWRWLF� UDWH� DQG
UHOLDELOLW\�FKDUDFWHULVWLFV�RI�WKLV�XQLYHUVDO�VFKHPH�DUH
VKRZQ� WR�EH�VLPLODU� WR� WKRVH�RI� WKH�VFKHPHV�GHYHO�
RSHG�IRU�NQRZQ�FKDQQHOV�

$Q� H[WHQVLRQ� RI� WKH� FRPSUHVVHG�HUURU�FDQFHOODWLRQ
IUDPHZRUN� LV� GHYHORSHG� IRU� GLVFUHWH� PHPRU\OHVV
PXOWLSOH�DFFHVV� FKDQQHOV� ZLWK� FRPSOHWH�� QRLVHOHVV
IHHGEDFN� DQG� OHDGV� WR� OLQHDU�FRPSOH[LW\� FRGLQJ
VFKHPHV�DFKLHYLQJ�UDWHV�RQ�WKH�IURQWLHU�RI�WKH�IHHG�
EDFN�IUHH�FDSDFLW\�UHJLRQ�

)LQDOO\��WKH�FRPSUHVVHG�HUURU�FDQFHOODWLRQ�IUDPHZRUN
LV�DSSOLHG�WR�WKH�SUREOHP�RI�FRGLQJ�IRU�FKDQQHOV�ZLWK
QRLV\� DQG� SDUWLDO� IHHGEDFN��7KH� VFKHPH�GHYHORSHG
IRU� '0&IV� LV� PRGLILHG� WR� LQFRUSRUDWH� 6OHSLDQ�:ROI
FRGHG� IHHGEDFN�� UHVXOWLQJ� LQ� D� OLQHDU�FRPSOH[LW\�
FDSDFLW\�DFKLHYLQJ�FRGLQJ�VFKHPH�ZLWK�SDUWLDO��QRLVH�
OHVV� IHHGEDFN�� 7KLV�PRGLILHG� VFKHPH�� RI� ZKLFK� WKH
$54�SURWRFRO�LV�VKRZQ�WR�EH�D�VSHFLDO�FDVH��LV�WKHQ
XVHG� DV� DQ� RXWHU� FRGH� LQ� D� FRQFDWHQDWHG� FRGLQJ
DUUDQJHPHQW�� ZLWK� D� IRUZDUG� HUURU�FRUUHFWLQJ� �)(&�
FRGH�XVHG�DV�WKH�LQQHU�FRGH��D�IUDPHZRUN�HPHUJHV
IRU� LQWHJUDWLQJ� )(&� FRGLQJ� ZLWK� IHHGEDFN� FRGLQJ�
OHDGLQJ� WR� D� EURDG� FODVV� RI� FRGLQJ� VFKHPHV� XVLQJ
YDULRXV�DPRXQWV�RI�QRLVHOHVV� IHHGEDFN��3UHOLPLQDU\
LQYHVWLJDWLRQ� RQ� SDUWLDO�IHHGEDFN� PXOWLSOH�DFFHVV
VFHQDULRV�DQG�QRLV\�IHHGEDFN�VFHQDULRV�DUH�DOVR�GLV�
FXVVHG�

���� $QDO\VLV�DQG�$SSOLFDWLRQV�RI�
6\VWHPV�([KLELWLQJ�6WRFKDVWLF�
5HVRQDQFH

6SRQVRUV

8�6��$LU�)RUFH���2IILFH�RI�6FLHQWLILF�5HVHDUFK
*UDQW�)���������������

8�6��1DY\���2IILFH�RI�1DYDO�5HVHDUFK
*UDQW�1���������������

8�6��$UP\�5HVHDUFK�/DERUDWRU\
&RQWUDFW�'$$/������������

3URMHFW�6WDII

+DUDODERV�&�� 3DSDGRSRXORV�� 3URIHVVRU�*UHJRU\�:�
:RUQHOO

6WRFKDVWLF�UHVRQDQFH�LV�D�SKHQRPHQRQ�HQFRXQWHUHG
LQ� FHUWDLQ� QRQOLQHDU� V\VWHPV� ZKHQ� GULYHQ� E\� QRLV\
LQIRUPDWLRQ�EHDULQJ� VLJQDOV�� 6SHFLILFDOO\�� LQFUHDVLQJ
WKH�LQSXW�QRLVH�OHYHO�LQ�WKHVH�V\VWHPV�RIWHQ�UHVXOWV�LQ
DQ� HQKDQFHPHQW� RI� WKH� LQIRUPDWLRQ�EHDULQJ� VLJQDO
UHVSRQVH��UHIOHFWHG�IRU�H[DPSOH��DV�RXWSXW�VLJQDO�WR�
QRLVH� UDWLR� �615�� HQKDQFHPHQW�� RU� DV� LPSURYHG
GHWHFWLRQ�HVWLPDWLRQ�SHUIRUPDQFH��6XFK�V\VWHPV�DUH
WKHUHIRUH�DSSHDOLQJ�FDQGLGDWHV�IRU�XVH�LQ�D�YDULHW\�RI
HQJLQHHULQJ� FRQWH[WV�� ,Q� WHUPV� RI� VLJQDO� DQDO\VLV�
VXFK�V\VWHPV�FRQVWLWXWH�SRWHQWLDOO\�XVHIXO�PRGHOV�IRU
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QDWXUDO�SKHQRPHQD�VXFK�DV�WKH�UHJXODULW\�RI�DSSHDU�
DQFH� RI� HDUWK
V� LFH� DJHV��� DV� ZHOO� DV� IRU� GHWHFWLRQ
PHFKDQLVPV� LQ� FHUWDLQ� VSHFLHV�� VXFK� DV� SUHGDWRU
VHQVLQJ� E\� FUD\ILVK���� ,Q� WHUPV� RI� VLJQDO� V\QWKHVLV�
WKH� LQGXFHG� VLJQDO� HQKDQFHPHQW� UHQGHUV� WKHP
DWWUDFWLYH�LQ�D�QXPEHU�RI�DSSOLFDWLRQV�LQ�VLJQDO�FRP�
PXQLFDWLRQ� DQG� SURFHVVLQJ�� ,Q� RUGHU� WR� H[SORLW� VWR�
FKDVWLF� UHVRQDQFH� LQ� VXFK� DSSOLFDWLRQV�� WKHUH� LV� D
QHHG�IRU�WRROV�WR�DQDO\]H�WKHVH�V\VWHPV�LQ�WKH�SUHV�
HQFH�RI�YDULRXV�IRUPV�DQG�GHJUHHV�RI�GLVWRUWLRQ�

2QH�RI�WKH�PDLQ�GLUHFWLRQV�RI�WKH�SURSRVHG�WKHVLV�LV
WRZDUG�WKH�GHYHORSPHQW�RI�QRYHO�WHFKQLTXHV�IRU�DQDO�
\VLV�RI�G\QDPLFDO�V\VWHPV�H[KLELWLQJ�VWRFKDVWLF�UHVR�
QDQFH�DQG�FRQVLGHULQJ�WKHLU�YLDELOLW\�LQ�YDULRXV�VLJQDO
SURFHVVLQJ�DQG�FRPPXQLFDWLRQ�FRQWH[WV��,Q�DGGLWLRQ�
WKH� WKHVLV� H[SORUHV� WKH� SKHQRPHQRQ� RI� VWRFKDVWLF
UHVRQDQFH� LQ� WKH�FRQWH[W�RI�JHQHUDO�VLJQDO�SURFHVV�
LQJ�SUREOHPV�ZKLFK�LQFOXGHV�VLJQDO�GHWHFWLRQ��FODVVL�
ILFDWLRQ��DQG�HQKDQFHPHQW�

���� /LQHDU�0RGHOV�IRU�5DQGRPL]HG�
6DPSOLQJ�RI�'LVFUHWH�7LPH�6LJQDOV

6SRQVRU

8�6��$UP\�5HVHDUFK�/DERUDWRU\
*UDQW�'$$/������������

3URMHFW�6WDII

0D\D�5��6DLG��3URIHVVRU�$ODQ�9��2SSHQKHLP

(IILFLHQW�FRPSXWDWLRQ�LQ�GLJLWDO�VLJQDO�SURFHVVLQJ�LV�D
SUDFWLFDO�SUREOHP�WKDW�KDV�EHHQ�DSSURDFKHG� LQ�YDUL�
RXV� ZD\V�� 7UDGLWLRQDO� VROXWLRQV� LQYROYH� GRZQ�VDP�
SOLQJ�WKH�VLJQDO�E\�D�FRQVWDQW�IDFWRU�� ,QVWHDG�� LQ�WKLV
SURMHFW�ZH�H[SORUH� WKH�XVH�RI� UDQGRPL]HG�VDPSOLQJ
RI�WKH�GLVFUHWH�WLPH�VLJQDO�DV�D�PHWKRG�IRU�UHGXFLQJ
PXOWLSOLFDWLRQV� LQ� WKH� FRQYROXWLRQ� VXP�� :H� KDYH
GHVLJQHG� VHYHUDO� DOJRULWKPV� EDVHG� RQ� UDQGRPL]HG
VDPSOLQJ�RI�WKH�LQSXW�VLJQDO��WKH�V\VWHP�IXQFWLRQ��DQG
DOVR� LWHUDWLYH� UDQGRPL]HG� VDPSOLQJ� RI� WKH� V\VWHP
IXQFWLRQ�� ,Q� DGGLWLRQ�� ZH� KDYH� IRUPXODWHG� DGGLWLYH
QRLVH�PRGHOV�IRU�HDFK�DOJRULWKP�ZKLFK�DOORZHG�OLQHDU
ILOWHULQJ�WHFKQLTXHV�WR�EH�DSSOLHG�

���� 0RGHOLQJ�DQG�'HVLJQ�RI�
$SSUR[LPDWH�'LJLWDO�6LJQDO�
3URFHVVRUV�DQG�$SSUR[LPDWH�'63�
1HWZRUNV

6SRQVRUV

8�6��$UP\�5HVHDUFK�/DERUDWRU\
&RRSHUDWLYH�$JUHHPHQW�'$$/������������

8�6��1DY\���2IILFH�RI�1DYDO�5HVHDUFK
*UDQW�1���������������

3URMHFW�6WDII

0DWWKHZ� -�� 6HFRU�� 3URIHVVRU� *HRUJH� &�� 9HUJKHVH�
3URIHVVRU� +DPLG� 6�� 1DZDE�� 3URIHVVRU� $ODQ� 9�
2SSHQKHLP

7KLV� UHVHDUFK� LQYHVWLJDWHV� WKH� DUHD� RI� DSSUR[LPDWH
GLJLWDO� VLJQDO� SURFHVVLQJ�� VWXG\LQJ� WKH� LQWHUDFWLRQV
DPRQJ� DQG� FROOHFWLYH� SHUIRUPDQFH� RI� PXOWLSOH
DSSUR[LPDWH�SURFHVVRUV�RU�SURFHVVHV��7KH�DSSURDFK
ZH�WDNH�LV�WR�VWXG\�QHWZRUNV�RI�GLJLWDO�VLJQDO�SURFHVV�
LQJ��'63��PRGXOHV�ZKRVH�SDUDPHWHUV�DQG�IXQFWLRQ�
DOLW\� FDQ� EH� YDULHG� WR� DGDSW� WR� FKDQJHV� LQ
VSHFLILFDWLRQV�DQG� FRQVWUDLQWV��:H� IRFXV� RQ�VSHFLIL�
FDWLRQV�WKDW�SURYLGH�PHWULFV�RU�WROHUDQFHV�IRU�YDULRXV
IHDWXUHV�RI�LQSXW�DQG�RXWSXW�TXDOLW\�VXFK�DV�WLPH��DQG
IUHTXHQF\�UHVROXWLRQ��TXDQWL]DWLRQ��DQG�SUREDELOLW\�RI
HUURU�� WKXV� DOORZLQJ� WKH� LQGLYLGXDO� '63� PRGXOHV� WR
FDUU\� RXW� DV� DSSUR[LPDWH� SURFHVVLQJ�� 7KH� IOH[LELOLW\
DOORZHG�E\�DSSUR[LPDWH�SURFHVVLQJ�FDQ�EH�FULWLFDO�WR
DFFRPPRGDWLQJ�FRQVWUDLQWV�SODFHG�RQ�D�V\VWHP�FRP�
SULVHG�RI�DSSUR[LPDWH�SURFHVVRUV��7KH�FRQVWUDLQWV�RI
LQWHUHVW�LQYROYH�VXFK�UHVRXUFHV�DV�FRVW��WLPH��SRZHU�
PHPRU\�� DQG� LQWHU�SURFHVVRU� FRPPXQLFDWLRQ�� 2XU
UHVHDUFK� LQFOXGHV� PRGHOLQJ�� WKH� GHYHORSPHQW� RI
UHVRXUFH� DOORFDWLRQ� DQG� VFKHGXOLQJ� VFKHPHV�� DQG
VLPXODWLRQ�WHVWLQJ�� $QRWKHU� PDMRU� DUHD� RI� RXU
UHVHDUFK�LV�WKH�GHYHORSPHQW�RI�QHZ�'63�DOJRULWKPV
DQG� PRGLILFDWLRQ� RI� H[LVWLQJ� '63� DOJRULWKPV� VXFK
WKDW� WKH\� H[KLELW� LQFUHPHQWDO� UHILQHPHQW� SURSHUWLHV
DQG�WKXV�FDQ�EH�LQFRUSRUDWHG�LQWR�ODUJHU�DSSUR[LPDWH
SURFHVVLQJ�V\VWHPV�

9 R. Benzi, A. Sutera, and A. Vulpiani, “The Mechanism of Stochastic Resonance,” J. Phys. A 14: L453-57 (1981).

10 J.K. Douglass, L. Wilkens, E. Pantazelou, and F. Moss, “Noise Enhancement of Information Transfer in Crayfish Mechanoreceptors by 
Stochastic Resonance,” Nature 365: 337-40 (1993).
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���� 6LQXVRLGDO�$QDO\VLV�6\QWKHVLV

6SRQVRUV

6DQGHUV��D�/RFNKHHG�0DUWLQ�&RUSRUDWLRQ
&RQWUDFW�%=����

8�6��$LU�)RUFH���2IILFH�RI�6FLHQWLILF�5HVHDUFK
*UDQW�)���������������

8�6��1DY\���2IILFH�RI�1DYDO�5HVHDUFK
*UDQW�1���������������

3URMHFW�6WDII

$ODQ�-��6HHIHOGW��3URIHVVRU�$ODQ�9��2SSHQKHLP

,Q� RXU� UHVHDUFK�� WKH� XVH� RI� VLQXVRLGDO� DQDO\VLV�V\Q�
WKHVLV��6$6��IRU�WKH�HQKDQFHPHQW�RI�QRLVH�FRUUXSWHG
VSHHFK�LV�EHLQJ�H[SORUHG��6$6�DSSUR[LPDWHV�D�GLJL�
WDO�VSHHFK�ZDYHIRUP�DV�D�ILQLWH�VXP�RI�WLPH�YDU\LQJ
VLQXVRLGDO�WUDFNV��)RU�WKH�SXUSRVHV�RI�HQKDQFHPHQW�
WKH� LGHD� LV� WR�H[WUDFW� IURP� WKH� VSHFWUXP�RI� WKH�FRU�
UXSWHG� VSHHFK� VLQXVRLGDO� WUDFNV� WKDW� FRUUHVSRQG� WR
WKH�VSHHFK�DORQH��,Q�RUGHU�WR�DWWDLQ�DQ�XSSHU�ERXQG
RQ�WKH�SHUIRUPDQFH�RI�6$6�HQKDQFHPHQW��WKH�RULJL�
QDO�XQFRUUXSWHG�VSHHFK�LV�XVHG�DV�DQ�DLG�LQ�WKLV�WUDFN
H[WUDFWLRQ�SURFHGXUH��9DULRXV�SURFHVVLQJ�WHFKQLTXHV�
VXFK�DV�VSHFWUDO�VXEWUDFWLRQ�DQG�DPSOLWXGH�VPRRWK�
LQJ��DUH�WKHQ�DSSOLHG�WR�WKH�H[WUDFWHG�WUDFNV�WR�UHGXFH
DQ\�UHPDLQLQJ�QRLVH�UHVLGXDO��7KH�TXDOLW\�RI�VSHHFK
HQKDQFHG� ZLWK� WKLV� 6$6� WHFKQLTXH� LV� EHLQJ� FRP�
SDUHG� WR� WKDW�RI�SUHYLRXVO\�GHYHORSHG�HQKDQFHPHQW
SURFHGXUHV�

���� 6SHHFK�(QKDQFHPHQW�ZLWK�6LGH�
,QIRUPDWLRQ

6SRQVRUV

6DQGHUV��D�/RFNKHHG�0DUWLQ�&RUSRUDWLRQ
&RQWUDFW�%=�����

8�6��$UP\�5HVHDUFK�/DERUDWRU\
�&RQWUDFW�'$$/������������

8�6��1DY\���2IILFH�RI�1DYDO�5HVHDUFK
*UDQW�1���������������

3URMHFW�6WDII

&KDUOHV�.��6HVWRN��3URIHVVRU�$ODQ�9��2SSHQKHLP

&RPPRQ� DSSURDFKHV� WR� QRLVH� UHGXFWLRQ� LQ� VSHHFK
VLJQDOV�XVH�RQO\�VWDWLVWLFDO�LQIRUPDWLRQ�DERXW�WKH�VLJ�
QDO��,Q�VRPH�FDVHV��PRUH�DFFXUDWH�FKDUDFWHUL]DWLRQV
RI�WKH�FOHDQ�VSHHFK�H[LVW��)RU�H[DPSOH��D�FRPPXQL�
FDWLRQV�V\VWHP�FRQVLVWLQJ�RI�D�QRLV\�DQDORJ�FKDQQHO
DQG�D�ORZ�EDQGZLGWK�GLJLWDO�FKDQQHO�FRXOG�WUDQVPLW�D

FRPSOHWH�EXW�FRUUXSWHG�YHUVLRQ�RI�WKH�VSHHFK�RQ�WKH
DQDORJ�OLQN�DQG�DQ�HUURU�IUHH�VLGH�LQIRUPDWLRQ�VLJQDO
RQ�WKH�GLJLWDO�OLQN��7KLV�UHVHDUFK�H[DPLQHV�WKH�SHUIRU�
PDQFH� DFKLHYDEOH� E\� HPSOR\LQJ� VXFK� GHWHUPLQLVWLF
LQIRUPDWLRQ�DERXW�WKH�RULJLQDO�VSHHFK�ZDYHIRUP�

6LQFH� VSHFWUDO� VKDSLQJ� SDUDPHWHUV� SURYLGH� D� JRRG
PRGHO� IRU�VSHHFK�� OLQHDU�SUHGLFWLRQ� �/3��FRHIILFLHQWV
DQG�]HUR�SKDVH� LPSXOVH� UHVSRQVH�FRHIILFLHQWV�ZHUH
FRQVLGHUHG� DV� VLGH� LQIRUPDWLRQ�� ([SHULPHQWV� ZHUH
SHUIRUPHG� XVLQJ� ERWK� VHWV� RI� VLGH� LQIRUPDWLRQ� WR
HQKDQFH�VSHHFK�FRUUXSWHG�ZLWK�DGGLWLYH�ZKLWH�*DXV�
VLDQ�QRLVH��$Q�DSSUR[LPDWH�PD[LPXP�OLNHOLKRRG��0/�
HVWLPDWRU� IRU� WKH� RULJLQDO� VSHHFK� XVLQJ� WKH� /3� VLGH
LQIRUPDWLRQ�DQG�DQ�H[DFW�0/�HVWLPDWRU�XVLQJ�WKH�]HUR
SKDVH� LPSXOVH� UHVSRQVH� FRHIILFLHQWV� KDYH� EHHQ
LPSOHPHQWHG�� %RWK� DOJRULWKPV� ZHUH� DEOH� WR� UHGXFH
WKH� DXGLEOH� QRLVH� DW� VLJQDO�WR�QRLVH� UDWLRV� RI� �� G%�
)XWXUH� GLUHFWLRQV� IRU� WKLV� UHVHDUFK� LQFOXGH� FRPSDUL�
VRQ�RI�WKH�UHVXOWV�ZLWK�RWKHU�QRLVH�FDQFHOODWLRQ�SURFH�
GXUHV� DQG� H[WHQVLRQV� RI� WKH� DOJRULWKP� WR� VLQJOH
FKDQQHO�VFHQDULRV�

���� &RPPXQLFDWLRQV�8VLQJ�&KDRWLF�
6\VWHPV

6SRQVRUV

6DQGHUV��D�/RFNKHHG�0DUWLQ�&RUSRUDWLRQ
&RQWUDFW�%=����

8�6��$LU�)RUFH���2IILFH�RI�6FLHQWLILF�5HVHDUFK
*UDQW�)���������������

8�6��$UP\�5HVHDUFK�/DERUDWRU\
&RQWUDFW�'$$/������������

3URMHFW�6WDII

:DGH�3��7RUUHV��3URIHVVRU�$ODQ�9��2SSHQKHLP

&KDRWLF� V\VWHPV� KDYH� VSHFLDO� SURSHUWLHV� WKDW� DUH
SRWHQWLDOO\�XVHIXO�IRU�FRPPXQLFDWLRQV��:H�DUH�H[SORU�
LQJ� WKUHH� GLUHFWLRQV� ZLWKLQ� WKLV� FRQWH[W�� WUDQVPLWWHU�
UHFHLYHU�GHVLJQ��QRLVH�UHGXFWLRQ��DQG�DQDORJ�VRXUFH
HQFRGLQJ�� :LWK� WUDQVPLWWHU�UHFHLYHU� GHVLJQ�� FHUWDLQ
FKDRWLF� V\VWHPV� FDQ� EH� V\QFKURQL]HG� WKURXJK� D
ZHDN��RQH�ZD\�FRXSOLQJ�� FKDRWLF�VLJQDOV�DUH�EURDG�
EDQG�DQG�WKH�FKDRWLF�VLJQDOV�DUH�QRLVH�OLNH�DQG�GLIIL�
FXOW� WR� SUHGLFW�� 7KH� V\QFKURQL]DWLRQ� SURSHUW\� RSHQV
XS�PDQ\�SRVVLELOLWLHV�IRU�FKDRWLF� WUDQVPLWWHU�UHFHLYHU
GHVLJQV��DQG�WKH�EURDGEDQG�SURSHUW\�PDNHV�FKDRWLF
VLJQDOV�QDWXUDO�FDQGLGDWHV�DV�PRGXODWLRQ�ZDYHIRUPV
IRU� VSUHDG� VSHFWUXP� FRPPXQLFDWLRQV�� 6HYHUDO
VFKHPHV�KDYH�EHHQ�SURSRVHG�IRU�FKDRWLF�FRPPXQL�
FDWLRQ�V\VWHPV��DQG�VRPH�RI�WKH�GLIILFXOWLHV�HQFRXQ�
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WHUHG� ZHUH� PDLQWDLQLQJ� V\QFKURQL]DWLRQ� LQ� WKH
SUHVHQFH� RI� ERWK� QRLVH� DQG� SDUDPHWHU� PLVPDWFK
EHWZHHQ�WKH�WUDQVPLWWHU�DQG�UHFHLYHU��LPSOHPHQWDWLRQ
LVVXHV� UHODWLQJ� WR� WKH� VHQVLWLYLW\� ZLWK� UHVSHFW� WR
SDUDPHWHU�PLVPDWFK��DQG�ILQGLQJ�PHWKRGV�RI�HPEHG�
GLQJ�WKH�LQIRUPDWLRQ�VLJQDO�LQ�VXFK�D�ZD\�WKDW�LW�LV�QRW
HDVLO\� H[WUDFWHG� E\� DQ� XQLQWHQGHG� OLVWHQHU��:H� DUH
H[SORULQJ� QHZ� DSSURDFKHV� WKDW� DYRLG� WKHVH� GLIILFXO�
WLHV�� %HFDXVH�PXFK� RI� WKH� GLIILFXOWLHV� DUH� URRWHG� LQ
V\QFKURQL]DWLRQ��ZH�DUH�SDUWLFXODUO\�LQWHUHVWHG�LQ�FKD�
RWLF�FRPPXQLFDWLRQ�V\VWHPV�WKDW�GR�QRW�UHTXLUH�V\Q�
FKURQL]DWLRQ��:H�KDYH�DOVR�EHHQ�H[SORULQJ�WKH�XVH�RI
FKDRWLF�V\VWHPV� IRU�QRLVH� UHGXFWLRQ�� ,Q� WKLV�FRQWH[W�
WKH�XVHIXO�SURSHUW\�RI�FKDRWLF�V\VWHPV�LV�WKH�VHQVLWLYH
GHSHQGHQFH� RQ� LQLWLDO� FRQGLWLRQV�� $� WKLUG� GLUHFWLRQ
WKDW� ZH� DUH� H[SORULQJ� LV� EDVHG� RQ� WKH� DSSURDFK� WR
DQDORJ�HUURU�FRUUHFWLQJ�FRGHV�EDVHG�RQ�FKDRWLF�PDSV
ILUVW� SURSRVHG�E\�&KHQ�DQG�:RUQHOO��8VLQJ� WKH� WHQW
PDS�� WKH\�KDYH�VKRZQ� WKDW� WKHVH�FRGHV�RXWSHUIRUP
OLQHDU�PRGXODWLRQ�FRGHV�DQG�0�DU\�GLJLWDO�FRGHV�LQ�D
UDQJH�RI�SRZHU�EDQGZLGWK�UHJLPHV�

���� 3DUDPHWHU�(VWLPDWLRQ�IRU�
$XWRUHJUHVVLYH�*DXVVLDQ�0L[WXUH�
3URFHVVHV

6SRQVRUV

8�6��$LU�)RUFH���2IILFH�RI�6FLHQWLILF�5HVHDUFK
*UDQW�)���������������

8�6��$UP\�5HVHDUFK�/DERUDWRU\
&RQWUDFW�'$$/������������

8�6��1DY\���2IILFH�RI�1DYDO�5HVHDUFK
*UDQW�1���������������

3URMHFW�6WDII

6KDZQ�0��9HUERXW��3URIHVVRU�$ODQ�9��2SSHQKHLP

7KLV� UHVHDUFK� DGGUHVVHV� WKH� SUREOHP� RI� HVWLPDWLQJ
SDUDPHWHUV� RI� GLVFUHWH�WLPH� QRQ�*DXVVLDQ� DXWRUH�
JUHVVLYH��$5��SURFHVVHV��7KH�VXEFODVV�RI�VXFK�SUR�
FHVVHV� FRQVLGHUHG� KDV� EHHQ� UHVWULFWHG� WR� WKRVH
ZKRVH� GULYLQJ� QRLVH� VDPSOHV� DUH� VWDWLVWLFDOO\� LQGH�
SHQGHQW� DQG� LGHQWLFDOO\� GLVWULEXWHG� DFFRUGLQJ� WR� D
*DXVVLDQ�PL[WXUH� SUREDELOLW\� GHQVLW\� IXQFWLRQ� �SGI��
%HFDXVH� WKH� OLNHOLKRRG� IXQFWLRQ� IRU� WKLV� SUREOHP� LV
W\SLFDOO\� XQERXQGHG� LQ� WKH� YLFLQLW\� RI� XQGHVLUDEOH�
GHJHQHUDWH�SDUDPHWHU�HVWLPDWHV��WKH�PD[LPXP�OLNHOL�
KRRG�DSSURDFK�FDQQRW�EH�XVHG��+HQFH��DQ�DOWHUQD�
WLYH�DSSURDFK�KDV�EHHQ�WDNHQ�ZKHUHE\�D�ILQLWH� ORFDO
PD[LPXP� RI� WKH� OLNHOLKRRG� VXUIDFH� LV� VRXJKW�� 7KLV
DSSURDFK��ZKLFK�LV�WHUPHG�WKH�TXDVL�PD[LPXP�OLNHOL�
KRRG��40/��DSSURDFK��KDV�EHHQ�XVHG�WR�REWDLQ�HVWL�

PDWHV�RI� WKH�$5�SDUDPHWHUV�DV�ZHOO�DV� WKH�PHDQV�
YDULDQFHV��DQG�ZHLJKWLQJ�FRHIILFLHQWV� WKDW�GHILQH�WKH
*DXVVLDQ�PL[WXUH� SGI�� $� WHFKQLTXH� IRU� JHQHUDWLQJ
VROXWLRQV� WR� WKH� 40/� SUREOHP� KDV� EHHQ� GHULYHG
XVLQJ�D�JHQHUDOL]HG�YHUVLRQ�RI�WKH�H[SHFWDWLRQ�PD[L�
PL]DWLRQ�SULQFLSOH��7KLV� WHFKQLTXH��ZKLFK� LV� UHIHUUHG
WR�DV�WKH�(0$;�DOJRULWKP��KDV�EHHQ�DSSOLHG�LQ�VHY�
HUDO�LOOXVWUDWLYH�FDVHV��LWV�SHUIRUPDQFH�LQ�WKHVH�FDVHV
KDV� EHHQ� IDYRUDEOH� WR� WKDW� RI� SUHYLRXVO\� SURSRVHG
DOJRULWKPV�EDVHG�RQ�WKH�VDPH�GDWD�PRGHO�DQG�WR�WKDW
RI�FRQYHQWLRQDO�OHDVW�VTXDUHV�WHFKQLTXHV�

���� $UUD\�3URFHVVLQJ�7HFKQLTXHV�IRU�
%URDGEDQG�0RGH�(VWLPDWLRQ

6SRQVRU

8�6��1DY\���2IILFH�RI�1DYDO�5HVHDUFK
*UDQW�1���������������

3URMHFW�6WDII

.DWKOHHQ�(��:DJH��3URIHVVRU�$UWKXU�%��%DJJHURHU

1RUPDO� PRGH� UHSUHVHQWDWLRQV� DUH� XVHIXO� LQ� PDQ\
DVSHFWV�RI�XQGHUZDWHU�DFRXVWLFV��H�J���PRGDO�DFRXV�
WLF� WRPRJUDSK\� XVHV� SUHFLVH� PHDVXUHPHQWV� RI� WKH
WUDYHO�WLPH�RI�EURDGEDQG�SXOVHV�WR�LQYHUW�IRU�HQYLURQ�
PHQWDO� SDUDPHWHUV�� 7\SLFDOO\�� DFRXVWLF� PRGHV� DUH
XVHG� IRU�GHVFULELQJ�DQG�DQDO\]LQJ�WKH� WHPSRUDO�DQG
VSDWLDO�VWUXFWXUH�RI�QDUURZEDQG�VLJQDOV��DQG�SUHYLRXV
ZRUN�KDV�IRFXVHG�SULPDULO\�RQ�PRGH�HVWLPDWLRQ�DOJR�
ULWKPV�IRU�&:�VRXUFHV��7KH�REMHFWLYH�RI�WKLV�UHVHDUFK
LV�WR�GHYHORS�DQ�DUUD\�SURFHVVLQJ�IUDPHZRUN�IRU�HVWL�
PDWLQJ� WKH�PRGDO� FRPSRVLWLRQ� RI� EURDGEDQG� UHFHS�
WLRQV�DQG�WR�XVH�WKDW�IUDPHZRUN�WR�H[SORUH�WKH�WLPH�
IUHTXHQF\� UHVROXWLRQ� WUDGHRIIV� LQKHUHQW� LQ� WKH� SUR�
FHVVLQJ�RI� WUDQVLHQW�PRGH�DUULYDOV��6LQFH� WKH�PRGDO
ZDYH�QXPEHUV�YDU\�ZLWK�IUHTXHQF\��WKH�PRGHV�KDYH
IUHTXHQF\�GHSHQGHQW� VSDWLDO� GLVWULEXWLRQV� �PRGH�
VKDSHV�� DQG� DUH� WHPSRUDOO\�GLVSHUVLYH�� 7KLV� WKHVLV
FRQVLGHUV� ERWK� RI� WKRVH� LVVXHV� LQ� DGGUHVVLQJ� WZR
UHODWHG� VLJQDO� SURFHVVLQJ� SUREOHPV�� PRGDO� EHDP�
IRUPLQJ�DQG�PRGH�DUULYDO�GHWHFWLRQ�

0RGDO�EHDPIRUPLQJ�LV�WKH�HVWLPDWLRQ�RI�D�WLPH�VHULHV
RI�PRGDO� H[FLWDWLRQ� FRHIILFLHQWV� EDVHG� RQ�PHDVXUH�
PHQWV�IURP�D�K\GURSKRQH�DUUD\��3HUIRUPDQFH�RI�FRQ�
YHQWLRQDO�PRGH� HVWLPDWRUV� LV� GLUHFWO\� OLQNHG� WR� KRZ
ZHOO� WKH� K\GURSKRQH� DUUD\� VDPSOHV� WKH� ZDWHU� FRO�
XPQ��7KLV� UHVHDUFK�SURJUDP�IRFXVHV�RQ�GHYHORSLQJ
UREXVW�WHFKQLTXHV�ZKLFK�ZLOO�PLWLJDWH�WKH�VHQVLWLYLW\�WR
VLQJOH�VHQVRU�IDLOXUHV�DQG�DLG�LQ�WKH�GHVLJQ�RI�VKRUWHU
DUUD\V� ZLWK� PLQLPDO� ORVV� LQ� UHVROXWLRQ� FDSDELOLWLHV�
0RGH�HVWLPDWLRQ�LV�FORVHO\�UHODWHG�WR�DGDSWLYH�EHDP�
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IRUPLQJ�DQG�OLQHDU�LQYHUVH�WKHRU\��WKXV�WKH�UHVXOWV�RI
WKLV� UHVHDUFK�PD\�EH�UHOHYDQW� WR�D�EURDGHU�FODVV�RI
VLJQDO�SURFHVVLQJ�SUREOHPV��7KH�VHFRQG�DUHD�RI�FRQ�
FHQWUDWLRQ�LV� WKH�GHWHFWLRQ�RI�EURDGEDQG�SXOVH�DUULY�
DOV� LQ� WKH�DFRXVWLF�PRGHV�DQG� WKH�HVWLPDWLRQ�RI� WKH
DVVRFLDWHG� WUDYHO� WLPHV�� $OWKRXJK� QXPHURXV
UHVHDUFKHUV�KDYH�SURSRVHG�XVLQJ�PRGDO�JURXS�GHOD\
SHUWXUEDWLRQV� IRU� WRPRJUDSKLF� LQYHUVLRQV�� YHU\� IHZ
KDYH� H[DPLQHG� WKH� VLJQDO� SURFHVVLQJ� UHTXLUHG� WR
GHWHUPLQH�WKH�DUULYDO� WLPHV��$Q�REMHFWLYH�RI� WKH�SUR�
SRVHG� UHVHDUFK� LV� WR� GHYHORS� RSWLPDO� UHFHLYHUV� IRU
WKH� PRGDO� VLJQDOV� DQG� WR� FKDUDFWHUL]H� WKHLU� SHUIRU�
PDQFH��7KH�UHFHLYLQJ�VWUDWHJLHV�PXVW�DFFRXQW�IRU�WKH
GLVSHUVLYH� QDWXUH� RI� WKH� RFHDQ� ZDYHJXLGH� DQG
H[WHQG� WR� FKDQQHOV� WKDW� KDYH� UDQGRP� FRXSOLQJ� DQG
IDGLQJ�GXH�WR�LQWHUQDO�ZDYHV�

7KH� HIIHFWV� RI� LQWHUQDO� ZDYHV� RQ� WKH� FRKHUHQFH� RI
SURSDJDWLQJ�PRGHV� LV�RQH�RI� WKH�FXUUHQW� LQWHUHVWLQJ
LVVXHV�LQ�ERWK�PDWFKHG�ILHOG�SURFHVVLQJ�DQG�DFRXVWLF
WRPRJUDSK\�� :KLOH� PXFK� WKHRUHWLFDO� UHVHDUFK� KDV
EHHQ� GRQH� RQ� ORQJ�UDQJH� SURSDJDWLRQ� RI� PRGHV� LQ
GHHS� ZDWHU�� WKHUH� KDYH� EHHQ� IHZ� RSSRUWXQLWLHV� WR
FRPSDUH� WKHRUHWLFDO� SUHGLFWLRQV� ZLWK� H[SHULPHQWDO
PHDVXUHPHQWV��'HSOR\PHQW�RI�PRGH�UHVROYLQJ�YHUWL�
FDO� DUUD\V�DV�D�SDUW� RI� WKH�DFRXVWLF� WKHUPRPHWU\�RI
RFHDQ�FOLPDWH��$72&��H[SHULPHQW�KDV�SURYLGHG�GDWD
VHWV�ZKLFK�PD\�RIIHU�LQVLJKWV�DERXW�PRGH�FRKHUHQFH
DW�ORQJ�DQJHV��7KLV�WKHVLV�H[DPLQHV�WKH�PRGDO�FRP�
SRVLWLRQ� RI� $72&� UHFHSWLRQV� XVLQJ� D� EURDGEDQG
PRGH� IUDPHZRUN� EDVHG� RQ� WKH� VKRUW�WLPH� )RXULHU
WUDQVIRUP�

���� 0XOWLVFDOH�6WDWH�6SDFH�$OJRULWKPV�
IRU�3URFHVVLQJ���I�6LJQDOV

6SRQVRUV

8�6��$LU�)RUFH���2IILFH�RI�6FLHQWLILF�5HVHDUFK
*UDQW�)���������������

8�6��1DY\���2IILFH�RI�1DYDO�5HVHDUFK
*UDQW�1���������������

3URMHFW�6WDII

$OH[�&KH�:HL�:DQJ��3URIHVVRU�*UHJRU\�:��:RUQHOO

1DWXUDO� ODQGVFDSHV��QRLVH� LQ�HOHFWULFDO�GHYLFHV��DQG
IOXFWXDWLRQV� LQ� WKH� VWRFN� PDUNHW� DUH� DPRQJ� WKH
H[WUDRUGLQDU\�YDULHW\�RI�SKHQRPHQD�WKDW�H[KLELW�IUDF�
WDO� VWUXFWXUH�� $V� D� UHVXOW�� WKH� QHHG� IRU� HIILFLHQW� DQG
UREXVW�DOJRULWKPV�IRU�SURFHVVLQJ�IUDFWDO�VLJQDOV�DULVHV
LQ�PDQ\�HQJLQHHULQJ�FRQWH[WV�

2XU� UHVHDUFK� GHYHORSV� D� GLVFUHWH� PXOWLVFDOH� VWDWH�
VSDFH�UHSUHVHQWDWLRQ�IRU�DQ�LPSRUWDQW�FODVV�RI�IUDFWDO
UDQGRP�SURFHVVHV�UHIHUUHG�WR�DV���I�SURFHVVHV���:H
VKRZ� WKDW� WKLV� UHSUHVHQWDWLRQ� VDWLVILHV� D� QRYHO� IUH�
TXHQF\�EDVHG� FKDUDFWHUL]DWLRQ� IRU� GLVFUHWH� ��I� SUR�
FHVVHV�� 8VLQJ� WKLV� UHSUHVHQWDWLRQ�� ZH� GHYHORS
HIILFLHQW� DOJRULWKPV� IRU� VHYHUDO� VLJQDO� SURFHVVLQJ
SUREOHPV�WKDW�KDYH�SUHYLRXVO\�KDG�QR�SUDFWLFDO�VROX�
WLRQ��VXFK�DV�SUHGLFWLRQ�

���� 3XEOLFDWLRQV

-RXUQDO�$UWLFOHV

%XFN�� -�5��� -�&�� 3UHLVLJ�� 0�� -RKQVRQ�� DQG� -�� &DWL�
SRYLF�� ³6LQJOH� 0RGH� ([FLWDWLRQ� LQ� WKH� 6KDOORZ
:DWHU� $FRXVWLF� &KDQQHO� 8VLQJ� )HHGEDFN� &RQ�
WURO�´�,(((�-��2FHDQLF�(QJ�����������������������

%XFN�� -�5���-�&��3UHLVLJ��DQG�.�(��:DJH�� ³$�8QLILHG
)UDPHZRUN�IRU�0RGH�)LOWHULQJ�DQG�WKH�0D[LPXP
$�3RVWHULRUL�0RGH�)LOWHU�´�6XEPLWWHG�WR�-���$FRXV�
6RF��$P�

+DGMLFRVWLV��&�1���DQG�*�&��9HUJKHVH��³)DXOW�7ROHUDQW
&RPSXWDWLRQ� LQ�*URXSV� DQG�6HPLJURXSV�´� 6XE�
PLWWHG�WR�,(((�7UDQV��&RPSXW�

,VDEHOOH��6�+���*�&��9HUJKHVH��DQG�6��9HQNDWDUDPDQ�
³7LPH�$YHUDJHV�LQ�'&�'&�&RQYHUWHUV�2SHUDWLQJ
LQ� WKH� &KDRWLF� 5HJLPH�´� 6XEPLWWHG� WR� ,(((
7UDQV��&LUF��6\VW�

,VDEHOOH��6�+���DQG�*�:��:RUQHOO��³6WDWLVWLFDO�$QDO\VLV
DQG� 6SHFWUDO� (VWLPDWLRQ� 7HFKQLTXHV� IRU� 2QH�
'LPHQVLRQDO�&KDRWLF�6LJQDOV�´� ,(((�7UDQV��6LJ�
QDO�3URFHVV��������������������������

2RL��-�0���6�0��9HUERXW��-�7��/XGZLJ��DQG�*�:��:RU�
QHOO���$�6HSDUDWLRQ�7KHRUHP�IRU�3HULRGLF�6KDULQJ
,QIRUPDWLRQ� 3DWWHUQV� LQ� 'HFHQWUDOL]HG� &RQWURO�´
,(((� 7UDQV�� $XWRPDW�� &RQWU�� �������� �������
�������

2RL�� -�0��� DQG�*�:��:RUQHOO�� ³)DVW� ,WHUDWLYH�&RGLQJ
7HFKQLTXHV�IRU�)HHGEDFN�&KDQQHOV��´�6XEPLWWHG
WR�,(((�7UDQV��,QIR��7KHRU\�

3DSDGRSRXORV��+�&���*�:��:RUQHOO��DQG�$�9��2SSHQ�
KHLP�� ³6LJQDO� (QFRGLQJ� IURP� 1RLV\� 0HDVXUH�
PHQWV� XVLQJ� 4XDQWL]HUV� ZLWK� '\QDPLF� %LDV
&RQWURO�´�6XEPLWWHG�WR�,(((�7UDQV��,QIR��7KHRU\�

6LQJHU��$�&��DQG�$�9��2SSHQKHLP��³&LUFXLW�,PSOHPHQ�
WDWLRQV� RI� 6ROLWRQ� 6\VWHPV�´� 6XEPLWWHG� WR� ,(((
7UDQV��&LUF��6\VW���,,��$QDORJ�

6LQJHU��$�&���$�9��2SSHQKHLP��*�:��:RUQHOO���³'HWHF�
WLRQ� DQG� (VWLPDWLRQ� RI� 0XOWLSOH[HG� 6ROLWRQ� 6LJ�
QDOV�´�6XEPLWWHG�WR�,(((�7UDQV��6LJQDO�3URFHVV�
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:LQRJUDG�� -��� -�� /XGZLJ�� +�� 1DZDE�� $�� &KDQ�
GUDNDVDQ��DQG�$��2SSHQKHLP��³$SSUR[LPDWH�6LJ�
QDO�3URFHVVLQJ�´�9/6,�6LJQDO�3URFHVV��-����������
���������������

&RQIHUHQFH�3DSHUV

%HKHVKWL�� 6��� DQG� *�:��:RUQHOO�� � ³,WHUDWLYH� ,QWHUIHU�
HQFH�&DQFHOODWLRQ�DQG�'HFRGLQJ�IRU�6SUHDG�6LJ�
QDWXUH� &'0$� 6\VWHPV�´� 3URFHHGLQJV� RI� ,(((
��WK�$QQXDO�,QWHUQDWLRQDO�9HKLFXODU�&RQIHUHQFH�
3KRHQL[��$UL]RQD��0D\�����������

&KDQGUDNDVDQ�� $�3��� DQG� $�9��2SSHQKHLP�� ³'HVLJQ
DQG� ,PSOHPHQWDWLRQ� RI� )LOWHUV� IRU� /RZ� 3RZHU
$SSOLFDWLRQV�´��3URFHHGLQJV�RI�WKH������6HQVRUV
DQG�(OHFWURQ�'HYLFHV�6\PSRVLXP��&ROOHJH�3DUN�
0DU\ODQG��-DQXDU\�������������

)LRUH��3�'��DQG�5�-��%DUURQ��³/RZ�&RPSOH[LW\�6LJQDO
3URFHVVLQJ�8VLQJ�7UHH�&ODVVLILHUV�´�3URFHHGLQJV
RI�WKH������6HQVRUV�DQG�(OHFWURQ�'HYLFHV�6\P�
SRVLXP��&ROOHJH�3DUN��0DU\ODQG��-DQXDU\�������
�����

/HH��/���DQG�$�9��2SSHQKHLP���³3URSHUWLHV�RI�$SSUR[�
LPDWH� 3DUNV�0F&OHOODQ� )LOWHUV�´� 3URFHHGLQJV� RI
,&$663�µ����0XQLFK��*HUPDQ\��$SULO������

2RL�� -�0��� DQG�*�:��:RUQHOO�� ³)DVW� ,WHUDWLYH�&RGLQJ
IRU� )HHGEDFN� &KDQQHOV�´� 3URFHHGLQJV� RI� WKH
,QWHUQDWLRQDO�6\PSRVLXP�RQ�,QIRUPDWLRQ�7KHRU\�
8OP��*HUPDQ\��-XQH����-XO\���������

3DSDGRSRXORV��+�&���DQG�*�:��:RUQHOO���³'LVWULEXWHG
(VWLPDWLRQ�7HFKQLTXHV�IRU�:LUHOHVV�6HQVRU�1HW�
ZRUNV�´� 3URFHHGLQJV� RI� $OOHUWRQ� &RQIHUHQFH
&RPPXQLFDWLRQ�&RQWURO�&RPSXWLQJ��$OOHUWRQ��,OOL�
QRLV��2FWREHU������

9HUERXW�� 6�0��� -�0�� 2RL�� -�7�� /XGZLJ�� DQG� $�9�
2SSHQKHLP�� ³3DUDPHWHU� (VWLPDWLRQ� IRU� $XWRUH�
JUHVVLYH� *DXVVLDQ�0L[WXUH� 3URFHVVHV�� 7KH
(PD[� $OJRULWKP�´� 3URFHHGLQJV� RI� ,&$663� µ���
0XQLFK��*HUPDQ\��$SULO������

:LQRJUDG��-�0���DQG�6�+��1DZDE��³3UREDELOLVWLF�&RP�
SOH[LW\�$QDO\VLV�RI�,QFUHPHQWDO�')7�$OJRULWKPV�´
3URFHHGLQJV� RI� ,&$663� ���� 0XQLFK�� *HUPDQ\�
$SULO������

7HFKQLFDO�5HSRUWV

/DP�� :�� 0XOWLVFDOH� 0HWKRGV� IRU� WKH� $QDO\VLV� DQG
$SSOLFDWLRQ� RI� )UDFWDO� 3RLQW� 3URFHVVHV� DQG
4XHXHV�� 5/(� 75������ &DPEULGJH� 0DVVDFKX�
VHWWV�� 0,7� 5HVHDUFK� /DERUDWRU\� RI� (OHFWURQLFV�
�����

2RL�� -�0��� DQG� *�:�� :RUQHOO�� )DVW� ,WHUDWLYH� 7HFK�
QLTXHV� IRU� )HHGEDFN� &KDQQHOV�� )LQLWH�VWDWH
&KDQQHOV� DQG� 8QLYHUVDO� &RPPXQLFDWLRQ�� 5/(

75������ &DPEULGJH� 0DVVDFKXVHWWV�� 0,7
5HVHDUFK�/DERUDWRU\�RI�(OHFWURQLFV�������

2RL��-�0��$�)UDPHZRUN�IRU�/RZ�&RPSOH[LW\�&RPPX�
QLFDWLRQ�RYHU�&KDQQHOV�ZLWK�)HHGEDFN��5/(�75�
����� &DPEULGJH�0DVVDFKXVHWWV�� 0,7� 5HVHDUFK
/DERUDWRU\�RI�(OHFWURQLFV�������

7KHVHV

(JJHQ�� 7�+�� 8QGHUZDWHU� $FRXVWLF� &RPPXQLFDWLRQ
RYHU� 'RSSOHU� 6SUHDG� &KDQQHOV�� 3K�'�� GLVV��
'HSDUWPHQW�RI�(OHFWULFDO�(QJLQHHU�DQG�&RPSXWHU
6FLHQFH��0,7�������

/DQHPDQ��-�1��&KDQQHO�(VWLPDWLRQ�DQG�(TXDOL]DWLRQ
IRU� 6SUHDG�5HVSRQVH� 3UHFRGLQJ� 6\VWHPV� LQ
)DGLQJ� (QYLURQPHQWV�� 6�0�� WKHVLV��� 'HSDUWPHQW
RI� (OHFWULFDO� (QJLQHHU� DQG� &RPSXWHU� 6FLHQFH�
0,7�������

/XGZLJ��-�7��/RZ�3RZHU�'LJLWDO�)LOWHULQJ�8VLQJ�$GDS�
WLYH� $SSUR[LPDWH� 3URFHVVLQJ�� 3K�'�� GLVV��
'HSDUWPHQW�RI�(OHFWULFDO�(QJLQHHU�DQG�&RPSXWHU
6FLHQFH��0,7������

2RL��-�0��$�)UDPHZRUN�IRU�/RZ�&RPSOH[LW\�&RPPX�
QLFDWLRQ� RYHU� &KDQQHOV� ZLWK� )HHGEDFN�� 3K�'�
GLVV��� 'HSDUWPHQW� RI� (OHFWULFDO� (QJLQHHU� DQG
&RPSXWHU�6FLHQFH��0,7�������

6HHIHOGW�� $�� (QKDQFHPHQW� RI� 1RLVH�&RUUXSWHG
6SHHFK� 8VLQJ� 6LQXVRLGDO� $QDO\VLV�6\QWKHVLV�
6�0�� WKHVLV�� 'HSDUWPHQW� RI� (OHFWULFDO� (QJLQHHU
DQG�&RPSXWHU�6FLHQFH��0,7�������

%RRNV

%XFN��-�5���0�0��'DQLHO��DQG�$�&��6LQJHU��&RPSXWHU
([SORUDWLRQV� LQ� 6LJQDOV� DQG� 6\VWHPV�� 8SSHU
6DGGOH�5LYHU��1HZ�-HUVH\��3UHQWLFH�+DOO�������

2SSHQKHLP��$�9���$�6��:LOOVN\��DQG�6�+��1DZDE��6LJ�
QDOV� DQG� 6\VWHPV�� �QG� HGLWLRQ�� 8SSHU� 6DGGOH
5LYHU��1HZ�-HUVH\��3UHQWLFH�+DOO�������
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���� 6HOI�3RZHUHG�6LJQDO�3URFHVVLQJ

6SRQVRUV

1DWLRQDO�6FLHQFH�)RXQGDWLRQ�
*UDGXDWH�)HOORZVKLS

8�6��$UP\�5HVHDUFK�/DERUDWRU\�$GYDQFHG�6HQVRUV
)HGHUDWHG�/DE�3URJUDP
&RQWUDFW�'$$/������������

3URMHFW�6WDII

3URIHVVRU� $QDQWKD� 3�� &KDQGUDNDVDQ�� 5DMHHYDQ
$PLUWKDUDMDK

3RUWDEOH� V\VWHPV� WKDW� GHSHQG� RQ� EDWWHULHV� KDYH� D
OLPLWHG�RSHUDWLQJ�OLIH�DQG�DUH�SURQH�WR�IDLOXUH�DW�LQFRQ�
YHQLHQW�WLPHV��:H�SURSRVH�D�V\VWHP�VKRZQ�LQ�)LJXUH
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YHUWHU� LV� D�%XFN�FRQYHUWHU�ZLWK� YHU\� VPDOO� 3�DQG�1
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11 C.B. Williams and R.B. Yates, "Analysis of a Micro-Electric Generator for Microsystems," Proceedings Transducers 95 - Eurosensors 
9, 1995.
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