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(FROH 1RUPDOH 6XSuHULHXUH� �� UXH G
8OP� ����� 3DULV FHGH[ ��� )UDQFH�
7KLV UHVHDUFK ZDV SDUWO\ GRQH DW +HZOHWW 3DFNDUG /DERUDWRULHV� %ULVWRO 8�.�

$EVWUDFW� $ GULYLQJ IDFWRU LQ 'LJLWDO 6\VWHP '6 DUFKLWHFWXUH LV WKH

IHDWXUH VL]H RI WKH VLOLFRQ LPSOHPHQWDWLRQ SURFHVV� :H SUHVHQW 0RRUH
V

ODZV DQG IRFXV RQ WKH VKULQN ODZV� ZKLFK UHODWH FKLS SHUIRUPDQFH WR

IHDWXUH VL]H� 7KH WKHRU\ LV EDFNHG ZLWK H[SHULPHQWDO PHDVXUHV IURP >��@�
UHODWLQJ SHUIRUPDQFH WR IHDWXUH VL]H� IRU YDULRXV PHPRU\� SURFHVVRU DQG

)3*$ FKLSV IURP WKH SDVW GHFDGH� &RQFHSWXDOO\ VKULQNLQJ EDFN H[LVWLQJ

FKLSV WR D FRPPRQ IHDWXUH VL]H OHDGV WR FRPPRQ DUFKLWHFWXUDO PHDVXUHV�
ZKLFK ZH FDOO QRUPDOL]HG � DUHD� FORFN IUHTXHQF\� PHPRU\ DQG RSHUDWLRQV

SHU F\FOH� :H PHDVXUH DQG FRPSDUH WKH QRUPDOL]HG FRPSXWH GHQVLW\ RI
YDULRXV FKLSV� DUFKLWHFWXUHV DQG VLOLFRQ WHFKQRORJLHV�

$ 5HFRQnJXUDEOH 6\VWHP 56 LV D VWDQGDUG SURFHVVRU WLJKWO\ FRXSOHG WR D

3URJUDPPDEOH $FWLYH 0HPRU\ 3$0� WKURXJK D KLJK EDQGZLGWK GLJLWDO

OLQN� 7KH 3$0 LV D )3*$ DQG 65$0 EDVHG FRSURFHVVRU� 7KURXJK VRIW�

ZDUH FRQnJXUDWLRQ� LW PD\ HPXODWH DQ\ VSHFLnF FXVWRP KDUGZDUH� ZLWKLQ
VL]H DQG VSHHG OLPLWV� 56 FRPELQH WKH oH[LELOLW\ RI VRIWZDUH SURJUDPPLQJ

WR WKH SHUIRUPDQFH OHYHO RI DSSOLFDWLRQ VSHFLnF LQWHJUDWHG FLUFXLWV $6,&�

:H DQDO\]H WKH SHUIRUPDQFH DFKLHYHG E\ 3�� D nUVW JHQHUDWLRQ 56 >��@�
,W VWLOO KROGV VRPH VLJQLnFDQW DEVROXWH VSHHG UHFRUGV� 56$ FU\SWRJUDSK\�

DSSOLFDWLRQV IURP KLJK�HQHUJ\ SK\VLFV� DQG VROYLQJ WKH +HDW (TXDWLRQ�

:H REVHUYH KRZ WKH VRIWZDUH YHUVLRQV IRU WKHVH DSSOLFDWLRQV KDYH JDLQHG
SHUIRUPDQFH� WKURXJK EHWWHU PLFURSURFHVVRUV� :H FRPSDUH ZLWK WKH SHU�

IRUPDQFH JDLQ ZKLFK FDQ EH DFKLHYHG� WKURXJK LPSOHPHQWDWLRQ LQ 3�� D

VHFRQG�JHQHUDWLRQ 56 >��@�

5HFHQW H[SHULPHQWDO V\VWHPV� VXFK DV WKH '\QDPLFDOO\ 3URJUDPPDEOH

$ULWKPHWLF $UUD\ LQ >��@ DQG RWKHUV LQ >��@� SUHVHQW DGYDQWDJHV RYHU FXU�

UHQW )3*$� ERWK LQ VWRUDJH DQG FRPSXWH GHQVLW\� 56 EDVHG RQ VXFK FKLSV

DUH WDLORUHG IRU YLGHR SURFHVVLQJ� DQG VLPLODU FRPSXWH� PHPRU\ DQG ,2
EDQGZLGWK LQWHQVLYH� :H FKDUDFWHUL]H VRPH RI WKH DUFKLWHFWXUDO IHDWXUHV

WKDW D 56 PXVW SRVVHV LQ RUGHU WR EH nW WR VKULQN � DXWRPDWLFDOO\ HQMR\

WKH RSWLPDO JDLQ LQ SHUIRUPDQFH WKURXJK IXWXUH VKULQNV� 7KH NH\ WR VFDOH�
IRU DQ\ JHQHUDO SXUSRVH V\VWHP� LV WR HPEHG PHPRU\� FRPSXWDWLRQ DQG

FRPPXQLFDWLRQ DW D PXFK GHDSHU OHYHO WKDQ SUHVHQWO\ GRQH�

� 0RRUH
V /DZV

2XU PRGHUQ ZRUOG UHOLHV RQ DQ HYHU LQFUHDVLQJ QXPEHU RI 'LJLWDO 6\VWHPV '6�

IURP KRPH WR RpFH� WKURXJK FDU� ERDW� SODQH DQG HOVHZKHUH� $V D SRLQW LQ FDVH�



WKH VKHDU HFRQRPLF PDJQLWXGH RI WKH 0LOOHQLXP %XJ >��@� VKRZV KRZ IXWLOH LW
ZRXOG EH WR WU\ DQG OLVW DOO WKH IXQFWLRQV ZKLFK '6 VHUYH LQ RXU EUDYH QHZ
GLJLWDO ZRUOG�
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)LJ� �� (VWLPDWHG QXPEHU DQG ZRUOG ZLGH JURZWK UDWH� *  ��� WUDQVLVWRUV IDEULFDWHG

SHU \HDU� * ELW RSHUDWLRQV FRPSXWHG HDFK VHFRQG� %LOOLRQ � UHYHQXHV IURP VLOLFRQ VROG
ZRUOG ZLGH� � FRVW SHU *  ��� ELWV RI VWRUDJH�

7KURXJK UHFHQW GHFDGHV� HDUWK
V FRPELQHG UDZ FRPSXWH SRZHU KDV PRUH WKDQ
GRXEOHG HDFK \HDU� 6RPHKRZ� WKH PDUNHW UHPDLQV HODVWLF HQRXJK WR nQG DSSOL�
FDWLRQV� DQG SHRSOH WR SD\� IRU KDYLQJ WZLFH DV PDQ\ ELWV DXWRPDWLFDOO\ VZLWFK
VWDWH WKDQ WZHOYH PRQWKV DJR� $W OHDVW� PDQ\ SHRSOH GLG VR� HDFK \HDU� IRU RYHU
WKLUW\ \HDUV � nJ� ��

$Q HYHU LPSURYLQJ VLOLFRQ PDQXIDFWXULQJ WHFKQRORJ\ PHHWV WKLV HYHU LQFUHDV�
LQJ GHPDQG IRU FRPSXWDWLRQV� PRUH WUDQVLVWRUV SHU XQLW DUHD� ELJJHU DQG IDVWHU
FKLSV� 2Q WKH DYHUDJH RYHU �� \HDUV� WKH FRVW SHU ELW VWRUHG LQ PHPRU\ JRHV GRZQ
E\ ��� HDFK \HDU� 'HVSLWH WKLV GURS LQ SULFH� VHOOLQJ ��� PRUH WUDQVLVWRUV HDFK
\HDU LQFUHDVHV UHYHQXH IRU WKH VHPL�FRQGXFWRU LQGXVWU\ E\ ��� � nJ� ��

7KH QXPEHU RI WUDQVLVWRUV SHU PP� JURZV DERXW ��� HDFK \HDU� DQG FKLS
VL]H LQFUHDVHV E\ ���� VR�

7KH QXPEHU RI WUDQVLVWRUV SHU FKLS GRXEOHV LQ DERXW �� PRQWKV�

7KDW LV KRZ *� 0RRUH� RQH RI WKH IRXQGHUV RI ,QWHO� IDPRXVO\ VWDWHG WKH ODZV
HPERGLHG LQ nJ� �� 7KDW ZDV LQ WKH ODWH VL[WLHV� NQRZQ VLQFH DV 0RRUH
V /DZV�

0RUH UHFHQWO\� *� 0RRUH >��@ SRLQWV RXW WKDW ZH ZLOO VRRQ IDEULFDWH PRUH
WUDQVLVWRUV SHU \HDU WKDQ WKHUH DUH OLYLQJ DQWV RQ HDUWK� DQ HVWLPDWHG �����

<HW� SHRSOH EX\ FRPSXWDWLRQV� QRW WUDQVLVWRUV� +RZ PXFK FRPSXWDWLRQ GR
WKH\ EX\" 2SHUDWLQJ DOO RI WKLV \HDU
V WUDQVLVWRUV DW �� 0+] DPRXQWV WR DQ



DJJUHJDWH FRPSXWH SRZHU ZRUWK ���� ERS V � ELW RSHUDWLRQ SHU VHFRQG� 7KDW
ZRXOG EH RQ WKH RUGHU RI �� PLOOLRQ ERS V SHU DQW�

7KLV HVWLPDWH RI WKH ZRUOG
V FRPSXWH SRZHU FRXOG ZHOO EH Rm E\ VRPH RUGHU
RI PDJQLWXGH� :KDW PDWWHUV LV WKDW FRPSXWLQJ SRZHU DW ODUJH KDV PRUH WKDQ

GRXEOHG HDFK \HDU IRU WKUHH GHFDGHV� DQG LW VKRXOG GR VR IRU VRPH \HDUV WR FRPH�

��� 6KULQN /DZV

0,1

1

10

100
um mm2/chip

19
72

19
76

19
80

19
84

19
88

19
98

19
94

)LJ� �� 6KULQN RI WKH IHDWXUH VL]H ZLWK WLPH� PLQLPXP WUDQVLVWRU ZLGWK� LQ xP ��b�P�

*URZWK RI FKLS DUHD � LQ PP��

7KH HFRQRPLF IDFWRUV DW ZRUN LQ nJ� � DUH VHSDUDWHG IURP WKHLU WHFKQRORJLFDO
FRQVHTXHQFHV LQ nJ �� 7KH IHDWXUH VL]H RI VLOLFRQ FKLSV VKULQNV� RYHU WKH SDVW
WZR GHFDGHV� WKH DYHUDJH VKULQN UDWH ZDV QHDU ��� SHU \HDU� 'XULQJ WKH VDPH
WLPH� FKLS VL]H KDV LQFUHDVHG� DW D \HDUO\ UDWH QHDU ��� IRU '5$0� DQG ��� IRU
SURFHVVRUV�

7KH HmHFW RQ SHUIRUPDQFH RI VFDOLQJ GRZQ DOO GLPHQVLRQV DQG WKH YROWDJH RI
D VLOLFRQ VWUXFWXUH E\ � �� WKH DUHD UHGXFHV E\ � �� WKH FORFN GHOD\ UHGXFHV WR
� � DQG WKH SRZHU GLVVLSDWHG SHU RSHUDWLRQ E\ � ��

(TXLYDOHQWO\� WKH FORFN IUHTXHQF\ GRXEOHV� WKH WUDQVLVWRU GHQVLW\ SHU XQLW DUHD
TXDGUXSOHV� DQG WKH QXPEHU RI RSHUDWLRQV SHU XQLW HQHUJ\ LV PXOWLSOLHG E\ �� VHH
nJ� �� 7KLV VKULQN PRGHO ZDV SUHVHQWHG E\ >�@ LQ ����� DQG LQWHQGHG WR FRYHU
IHDWXUH VL]HV GRZQ WR ��� xP � VHH nJ� ��

)LJ� � FRPSDUHV WKH VKULQN PRGHO IURP nJ� � ZLWK H[SHULPHQWDO GDWD JDWKHUHG
LQ >��@� IRU YDULRXV '5$0 FKLSV� SXEOLVKHG EHWZHHQ LQ WKH ODVW GHFDGH� 7KH ODVW
HQWU\ � IURP >��@ � DFFRXQWV IRU V\QFKURQRXV 6'5$0� ZKHUH DFFHVV ODWHQF\ LV
WUDGHG IRU WKURXJKSXW� 2YHUDOO� ZH nQG D UDWKHU QLFH nW WR WKH PRGHO� ,Q nJ� ��
ZH DOVR nQG DJUHHPHQW EHWZHHQ WKH WKHRUHWLFDO nJ� � DQG H[SHULPHQWDO GDWD IRU
PLFURSURFHVVRUV DQG )3*$� DOWKRXJK VRPH DUFKLWHFWXUDO WUHQGV DSSHDU�

$ UHFHQW XSGDWH RI WKH VKULQN PRGHO E\ 0HDG >�@ FRYHUV IHDWXUHV GRZQ WR
���� xP� 7KH RSWLPLVWV FRQFOXVLRQ� IURP >�@�
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)LJ� �� 7KHRUHWLFDO FKLS SHUIRUPDQFH� DV WKH PLQLPXP WUDQVLVWRU ZLGWK �IHDWXUH VL]H�
VKULQNV IURP � WR ���� PLFURQ xP� WUDQVLVWRUV SHU VTXDUH PLOOLPHWHU� IDVWHVW SRVVLEOH
FKLS ZLGH V\QFKURQRXV FORFN IUHTXHQF\� LQ JLJD KHUW]� QXPEHU RI RSHUDWLRQV FRPSXWHG�
SHU QDQR MRXOH�

:H FDQ VDIHO\ FRXQW RQ DW OHDVW RQH PRUH RUGHU RI PDJQLWXGH RI
VFDOLQJ�

7KH SHVVLPLVW ZLOO REVHUYH WKDW LW WDNHV � SDJHV LQ >�@ WR VWDWH DQG MXVWLI\ WKH
OLQHDU VKULQN UXOHV� LW WDNHV �� SDJHV LQ >�@� DQG WKH UXOHV DUH QR ORQJHU OLQHDU�
,QGHHG� WKLQ R[LGH LV DOUHDG\ QHDUO\ �� DWRPV WKLFN� DW FXUUHQW IHDWXUH VL]H ���
xP� $ OLQHDU VKULQN ZRXOG KDYH LW EH OHVV WKDQ RQH DWRP WKLFN� DURXQG ���� xP�
2WKHU IXQGDPHQWDO OLPLWV �TXDQWXP PHFKDQLFDO HmHFWV� WKHUPDO QRLVH� OLJKW
V

ZDYHOHQJWK� ���� EHFRPH GRPLQDQW DV ZHOO� QHDU WKH VDPH OLPLW� $OWKRXJK &�

0HDG >�@ GRHV QRW H[SOLFLWO\ FRYHU nQHU VL]HV� WKH LPSOLFLW FRQFOXVLRQ LV�

:H FDQQRW FRXQW RQ WZR PRUH RUGHUV RI PDJQLWXGH RI VFDOLQJ�

0RRUH
V ODZ ZLOO WKXV HYHQWXDOO\ HLWKHU UXQ RXW RI IXHO � GHPDQGV IRU ERS V ZLOO
VRPH \HDU EH XQGHU WZLFH WKDW RI WKH SUHYLRXV � RU LW ZLOO EH RXW RI DQ HQJLQH
� VKULQN ODZV QR ORQJHU DSSO\ EHORZ ���� xP� 2QH OLNHO\ SRVVLELOLW\ LV VRPH
FRPELQDWLRQ RI ERWK� IHDWXUH VL]H ZLOO VKULQN HYHU PRUH VORZO\� IURP VRPH IXWXUH
WLPH RQ�

2Q WKH RWKHU KDQG� WKHUH LV QR IXQGDPHQWDO UHDVRQ ZK\ WKH VL]H RI FKLSV
FDQQRW NHHS RQ LQFUHDVLQJ� HYHQ LI WKH VKULQN VWRSV� /LNHZLVH� ZH FDQ H[SHFW QHZ
DUFKLWHFWXUH WR LPSURYH WKH FXUUHQWO\ XQGHUVWRRG WHFKQRORJ\ SDWK� 1R PDWWHU
ZKDW KDSSHQV� KRZ WR EHVW XVH WKH DYDLODEOH VLOLFRQ ZLOO ORQJ UHPDLQ DQ LP�
SRUWDQW TXHVWLRQ� $QRWKHU JRRG EHW� WKH DPRXQW RI VWRUDJH� FRPSXWDWLRQ DQG
FRPPXQLFDWLRQ� DYDLODEOH LQ HDFK V\VWHP ZLOO JURZ� HYHU ODUJHU�

� 3HUIRUPDQFH 0HDVXUHV IRU 'LJLWDO 6\VWHPV

&RPPXQLFDWLRQ� SURFHVVLQJ DQG VWRUDJH DUH WKH WKUHH EXLOGLQJ EORFNV RI '6�
7KH\ DUH LQWLPDWHO\ FRPELQHG DW DOO OHYHOV� $W PLFURQ VFDOH� ZLUHV� WUDQVLVWRUV
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Feature size: um.

)LJ� �� � $FWXDO '5$0 SHUIRUPDQFH DV IHDWXUH VL]H VKULQNV IURP ��� WR ����� xP� FORFN

IUHTXHQF\ LQ 0HJD KHUW]� VTXDUH PLOOLPHWHUV SHU FKLS� ELWV SHU FKLS� SRZHU LV H[SUHVVHG

LQ ELW SHU VHFRQG SHU VTXDUH PLFURQ�

DQG FDSDFLWRUV LPSOHPHQW WKH UHTXLUHG IXQFWLRQV� $W KXPDQ VFDOH� WKH FRPEL�
QDWLRQ RI D PRGHP� PLFURSURFHVVRU DQG PHPRU\ LQ D 3& ER[ GRHV WKH WULFN�
$W SODQHW VFDOH� FRPPXQLFDWLRQ KDSSHQV WKURXJK PRUH H[RWLF PHGLD � ZDYHV LQ
WKH HOHFWURPDJQHWLF HWKHU� RU RSWLF nEHU � DW HLWKHU HQG RI ZKLFK RQH nQGV PRUH
PHPRU\� DQG PRUH SURFHVVLQJ XQLWV�

��� 7KHRUHWLFDO SHUIRUPDQFH PHDVXUHV

6KDQQRQ
V 0DWKHPDWLFDO 7KHRU\ RI &RPPXQLFDWLRQ >�@ VKRZV WKDW SK\VLFDO PHD�
VXUHV RI LQIRUPDWLRQ �ELWV E� DQG FRPPXQLFDWLRQ �ELWV SHU VHFRQG E V� DUH UHODWHG
WR WKH DEVWUDFW PDWKHPDWLFDO PHDVXUH RW VWDWLVWLFDO HQWURS\ +� D SRVLWLYH UHDO
QXPEHU + ! �� 6KDQQRQ
V WKHRU\ GRHV QRW DFFRXQW IRU WKH FRVW RI DQ\ FRPSX�
WDWLRQ� ,QGHHG� WKH JOREDO IXQFWLRQ RI D FRPPXQLFDWLRQ RU VWRUDJH GHYLFH LV WKH
LGHQWLW\ ;  < �

2Q WKH RWKHU KDQG� VRXUFH FRGLQJ IRU 03(* YLGHR LV DPRQJ WKH PRVW GH�
PDQGLQJ FRPSXWDWLRQDO WDVNV� 6LPLODUO\� UDQGRP FKDQQHO FRGLQJ �DQG GHFRG�
LQJ�� ZKLFK JHWV QHDU WKH RSWLPDO IRU WKH FRPPXQLFDWLRQ SXUSRVHV RI 6KDQQRQ
DV FRGLQJ EORFNV EHFRPH ELJJHU� KDV D FRPSXWDWLRQDO FRPSOH[LW\ ZKLFK LQFUHDVHV
H[SRQHQWLDOO\ ZLWK EORFN VL]H�

7KH EDVLF TXHVWLRQ LQ &RPSOH[LW\ 7KHRU\ LV WR GHWHUPLQH KRZ PDQ\ RSHUD�
WLRQV &�I�� DUH QHFHVVDU\ DQG VXpFLHQW IRU FRPSXWLQJ D GLJLWDO IXQFWLRQ I � $OO
RSHUDWLRQV LQ WKH FRPSXWDWLRQ RI I DUH DFFRXQWHG IRU� GRZQ WR WKH ELW OHYHO� UH�
JDUGOHVV RI ZKHQ� ZKHUH� RU KRZ WKH RSHUDWLRQ LV SHUIRUPHG� 7KH XQLW RI PHDVXUH
IRU &�I� LV RQH %RROHDQ RSHUDWLRQ ERS� ,W LV DSSOLFDEOH WR DOO IRUPV RI FRPSX�



WDWLRQV � VHTXHQWLDO� SDUDOOHO� JHQHUDO DQG VSHFLDO SXUSRVH� 6RPH UHOHYDQW UHVXOWV
�VHH >�@ IRU SURRIV��

�� 7KH FRPSOH[LW\ RI Q ELW ELQDU\ DGGLWLRQ LV �Q b � ERS� 7KH FRPSOH[LW\ RI
FRPSXWLQJ RQH ELW RI VXP LV � DGG  � ERS �IXOO DGGHU� � LQ� � RXW��

�� 7KH FRPSOH[LW\ RI Q ELW ELQDU\ PXOWLSOLFDWLRQ FDQ EH UHGXFHG� IURP �Q�

ERS IRU WKH QDLYH PHWKRG �DQG �Q� ERS WKURXJK %RRWK (QFRGLQJ�� GRZQ WR
F�q�Q��q� IRU DQ\ UHDO QXPEHU q ! �� $V F�q���� ZKHQ q�� �� WKH SUDFWLFDO
FRPSOH[LW\ RI ELQDU\ PXOWLSOLFDWLRQ LV RQO\ LPSURYHG IRU Q ODUJH�

�� 0RVW %RROHDQ IXQFWLRQV I � ZLWK Q ELWV RI LQSXW DQG RQH RXWSXW� KDYH D ERS
FRPSOH[LW\ &�I� VXFK WKDW �Q Q � &�I� � �Q Q�� � q�� IRU DOO q ! � DQG Q
ODUJH HQRXJK� 7R EXLOG RQH� MXVW FKRRVH DW UDQGRP� 1R H[SOLFLWO\ GHVFULEHG
%RROHDQ IXQFWLRQ KDV \HW EHHQ SURYHG WR SRVVHV PRUH WKDQ OLQHDU FRPSOH[LW\
�LQFOXGLQJ PXOWLSOLFDWLRQ�� $Q HpFLHQW ZD\ WR FRPSXWH D UDQGRP %RROHDQ
IXQFWLRQ LV WKURXJK D /RRNXS 7DEOH /87� LPSOHPHQWHG ZLWK D 5$0 RU D
520�

&RPSXWDWLRQ LV IUHH LQ 6KDQQRQ
V PRGHO� ZKLOH FRPPXQLFDWLRQ DQG PHPRU\ DUH
IUHH ZLWKLQ &RPSOH[LW\ 7KHRU\� 7KH 7KHRU\ RI 9/6, &RPSOH[LW\ DLPV DW PHD�
VXULQJ� IRU DOO SK\VLFDO UHDOL]DWLRQV RI GLJLWDO IXQFWLRQ I� WKH FRPELQHG FRPSOH[LW\
RI FRPPXQLFDWLRQ� PHPRU\� DQG FRPSXWDWLRQ� 7KH 9/6, FRPSOH[LW\ RI IXQFWLRQ
I LV GHnQHG ZLWK UHVSHFW WR DOO SRVVLEOH FKLSV IRU FRPSXWLQJ I � ,PSOHPHQWDWLRQV
DUH DOO ZLWKLQ WKH VDPH VLOLFRQ SURFHVV� GHnQHG E\ VRPH IHDWXUH VL]H� VSHHG DQG
GHVLJQ UXOHV� (DFK GHVLJQ FRPSXWHV I ZLWKLQ VRPH DUHD $� FORFN IUHTXHQF\ ) DQG
7 FORFN SHULRGV SHU ,2 VDPSOH� 7KH VLOLFRQ DUHD $ LV XVHG IRU VWRUDJH� FRPPX�
QLFDWLRQ DQG FRPSXWDWLRQ� WKURXJK WUDQVLVWRUV DQG ZLUHV� 2SWLPDO GHVLJQV DUH
VHOHFWHG� EDVHG RQ VRPH SHUIRUPDQFH PHDVXUH� )RU RXU SXUSRVHV� PLQLPL]H WKH
DUHD$ IRU FRPSXWLQJ IXQFWLRQ I � VXEMHFW WR WKH UHDO WLPH UHTXLUHPHQW ) 7 � )LR�
,Q WKHRU\� RQH KDV WR RSWLPL]H DPRQJ DOO GHVLJQV IRU FRPSXWLQJ I� ,Q SUDFWLFH�
WKH VHDUFK LV UHGXFHG WR VWUXFWXUDO GHFRPSRVLWLRQV LQWR ZHOO NQRZQ VWDQGDUG

FRPSRQHQWV� DGGHUV� PXOWLSOLHUV� VKLIWHUV� PHPRULHV� � � �

��� 7UDGLQJ VL]H IRU VSHHG

9/6, GHVLJQ DOORZV WUDGLQJ DUHD IRU VSHHG� &RQVLGHU� IRU H[DPSOH� WKH IDPLO\ RI
DGGHUV� WKHLU IXQFWLRQ LV WR UHSHDWHGO\ FRPSXWH WKH ELQDU\ VXP 6  $�% RI WZR
Q ELWV QXPEHUV $�%� )LJ� � VKRZV IRXU DGGHUV� HDFK ZLWK D GLmHUHQW VWUXFWXUH�
SHUIRUPDQFH� DQG PDSSLQJ RI WKH RSHUDQGV WKURXJK WLPH DQG ,2 SRUWV� /HW XV
DQDO\]H WKH 9/6, SHUIRUPDQFH RI WKHVH DGGHUV� XQGHU VLPSOLI\LQJ DVVXPSWLRQV�
DID  �DU IRU WKH DUHD �EDVHG RQ WUDQVLVWRU FRXQWV�� DQG GID  GU IRU WKH
FRPELQDWRULDO GHOD\V RI IDGG DQG UHJ �VHWXS DQG KROG GHOD\��

�� %LW VHULDO �EDVH �� DGGHU V$�� 7KH ELWV RI WKH ELQDU\ VXP DSSHDU WKURXJK
WKH XQLTXH RXWSXW SRUW DV D WLPH VHTXHQFH V�� V�� ���� VQ� ��� RQH ELW SHU FORFN
F\FOH� IURP OHDVW WR PRVW VLJQLnFDQW� ,W WDNHV 7  Q � � F\FOHV SHU VXP 6�
7KH DUHD LV $  �DU� LW LV WKH VPDOOHVW RI DOO DGGHUV� 7KH FKLS RSHUDWHV DW
FORFN IUHTXHQFLHV XS WR )  � �GU� WKH KLJKHVW SRVVLEOH�
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)LJ� �� )RXU VHULDO DGGHUV� V$� � EDVH �� V$� � EDVH �� V$,� � EDVH � LQWHUOHDYHG� DQG
�V$� � WZR LQGHSHQGHQW V$�� $Q RYDO UHSUHVHQWV WKH IXOO DGGHU IDGG� D VTXDUH GHQRWHV
WKH UHJLVWHU UHJ �RQH ELW V\QFKURQRXV oLS�oRS� WKH FORFN LV LPSOLFLW LQ WKH VFKHPDWLFV��

�� 6HULDO WZR ELWV ZLGH �EDVH �� DGGHU V$�� 7KH ELWV RI WKH ELQDU\ VXP DSSHDU
DV WZR WLPH VHTXHQFHV V�� V�� ���� V�Q� ��� DQG V�� V�� ��� WZR ELWV SHU F\FOH�
WKURXJK WZR RXWSXW SRUWV� $VVXPLQJ Q WR EH RGG� ZH KDYH 7  �Q � �� �
F\FOHV SHU VXP� 7KH DUHD LV $  �DU DQG WKH RSHUDWLQJ IUHTXHQF\ )  � �GU�

�� 6HULDO LQWHUOHDYHG EDVH � DGGHU V$,�� 7KH ELWV RI WKH ELQDU\ VXP 6 DSSHDU
DV WZR WLPH VHTXHQFHV V�� 
� V�� 
� ���� V�Q� 
� ��� DQG 
� V�� 
� V�� ��� RQH ELW
SHU FORFN F\FOH� HYHQ F\FOHV WKURXJK RQH RXWSXW SRUW� RGG WKURXJK WKH RWKHU�
7KH DOWHUQDWH F\FOHV �WKH 
� DUH XVHG WR FRPSXWH DQ LQGHSHQGHQW VXP 6��
ZKRVH ,2 ELWV �DQG FDUULHV� DUH LQWHUOHDYHG ZLWK WKRVH IRU VXP 6� $OWKRXJK
LW VWLOO WDNHV Q�� F\FOHV LQ RUGHU WR FRPSXWH HDFK VXP 6 DQG 6�� ZH JHW ERWK
VXPV LQ VR PDQ\ F\FOHV� DW WKH UDWH RI 7  �Q � �� � F\FOHV SHU VXP� 7KH
DUHD LV $  �DU DQG WKH PD[LPXP RSHUDWLQJ IUHTXHQF\ )  � �GU�

�� 7ZR LQGHSHQGHQW ELW VHULDO DGGHUV �V$�� 7KLV FLUFXLW DFKLHYHV WKH VDPH SHU�
IRUPDQFH DV WKH SUHYLRXV� 7  �Q � �� � F\FOHV SHU VXP� DUHD $  �DU DQG
IUHTXHQF\ )  � �GU�

7KH WUDQVIRUPDWLRQ WKDW XQIROGV WKH EDVH � DGGHU V$� LQWR WKH EDVH � DGGHU V$�
LV D VSHFLDO LQVWDQFH RI D JHQHUDO SURFHGXUH� &RQVLGHU D FLUFXLW & ZKLFK FRPSXWHV
VRPH IXQFWLRQ I LQ 7 F\FOHV� ZLWKLQ JDWH FRPSOH[LW\ * ERS DQG PHPRU\0 ELWV�
7KH SURFHGXUH IURP >��@ XQIROGV & LQWR D FLUFXLW &� IRU FRPSXWLQJ I � LW WUDGHV
F\FOHV 7 �  7 � IRU JDWHV *�  �*� DW FRQVWDQW VWRUDJH 0 �  0 �

,Q WKH FDVH RI VHULDO DGGHUV� WKH DUHD UHODWLRQ LV $�  �$ � � �$� VR WKDW
$�7 � � $7 � 2Q WKH RWKHU KDQG� VLQFH ) �  � �G DQG )  � �G� ZH nQG WKDW
$�7 � ) � ! $7 ) � $Q HTXLYDOHQW ZD\ WR PHDVXUH WKLV� LV WR FRQVLGHU WKH GHQVLW\
RI IXOO DGGHUV IDGG SHU XQLW DUHD DID  �DU� IRU ERWK GHVLJQV & DQG &�� DV
� $  ���� � � $�  ���� WKH XQIROGHG GHVLJQ KDV D EHWWHU IDGG GHQVLW\ WKDQ
WKH RULJLQDO� <HW� VLQFH ) �  ���) � WKH FRPSXWH GHQVLW\ � LQ IDGG SHU XQLW DUHD
DQG WLPH GID  GU � LV ORZHU IRU FLUFXLW &

�� ) $  ���� ! � $�) �  ����� :KHQ
ZH XQIROG IURP EDVH � DOO WKH ZD\ WR EDVH �Q� WKH FDUU\ UHJLVWHU PD\ EH VLPSOLnHG
DZD\� LW LV DOZD\V �� 7KH IDGG GHQVLWLHV RI WKLV Q�ELW ZLGH FDUU\ SURSDJDWH DGGHU



LV � SHU XQLW DUHD� ZKLFK LV RSWLPDO� \HW� DV FORFN IUHTXHQF\ LV )  � Q� WKH
FRPSXWH GHQVLW\ LV ORZ� � Q�
&LUFXLWV V$,� DQG �V$� SUHVHQW WZR ZD\V RI RSWLPDOO\ WUDGLQJ WLPH IRU DUHD�

DW FRQVWDQW RSHUDWRU DQG FRPSXWH GHQVLW\� %RWK DUH LQVWDQFHV RI JHQHUDO PHWK�
RGV� DSSOLFDEOH WR DQ\ IXQFWLRQ I � EHVLGHV ELQDU\ DGGLWLRQ� )URP DQ\ FLUFXLW &
IRU FRPSXWLQJ I ZLWKLQ DUHD $� WLPH 7 DQG IUHTXHQF\ ) � ZH FDQ GHULYH FLUFXLWV
&� ZKLFK RSWLPDOO\ WUDGHV DUHD $�  �$ IRU WLPH 7 �  7 �� DW FRQVWDQW FORFN
IUHTXHQF\ ) �  ) � 7KH WULYLDO XQIROGLQJ FRQVWUXFWV & �  �& IURP WZR LQGHSHQ�
GHQW FRSLHV RI &� ZKLFK RSHUDWH RQ VHSDUDWH ,2� 6R GRHV WKH LQWHUOHDYHG DGGHU
V$,�� LQ D GLmHUHQW PDQQHU� *HQHUDOL]LQJ WKH LQWHUOHDYHG XQIROGLQJ WR DUELWUDU\
IXQFWLRQV GRHV QRW DOZD\V OHDG WR DQ RSWLPDO FLUFXLW� WKH H[WUD ZLULQJ UHTXLUHG
PD\ IRUFH WKH DUHD WR EH PRUH WKDQ $� ! �$� $OVR QRWH WKDW ZKLOH WKHVH RSWLPDO
XQIROGLQJ GRXEOH WKH WKURXJKSXW �7  Q � F\FOHV SHU DGG�� WKH ODWHQF\ IRU HDFK
LQGLYLGXDO DGGLWLRQ LV QRW UHGXFHG IURP WKH RULJLQDO RQH �7  Q F\FOHV SHU DGGL�
WLRQ�� :H PD\ FRQVWUDLQ WKH XQIROGHG FLUFXLW WR SURGXFH WKH ,2 VDPSOHV LQ WKH
VWDQGDUG RUGHU� E\ DGGLQJ UHIRUPDWWLQJ FLUFXLWU\ RQ HDFK VLGH RI WKH ,2� D EXmHU
RI VL]H Q�ELW� DQG D IHZ JDWHV IRU HDFK LQSXW DQG RXWSXW VXpFH� $V ZH DFFRXQW
IRU WKH H[WUD DUHD �IRU FRUQHU WXUQLQJ�� ZH VHH WKDW WKH XQIROGHG FLUFXLW LV QR
ORQJHU RSWLPDO� $� ! �$� )RU D FRPSOH[ IXQFWLRQ ZKHUH D ODUJH DUHD LV UHTXLUHG�
WKH ORVV LQ FRUQHU WXUQLQJ DUHD FDQ EH PDUJLQDO� )RU VLPSOHU IXQFWLRQV� LW LV QRW�
,Q WKH FDVH RI DGGLWLRQ� DUHD PD\ EH RSWLPDOO\ WUDGHG IRU WLPH� IRU DOO LQWHJHU

GDWD ELW ZLGWK '  Q 7 � DV ORQJ DV ' �
S
Q� )DVW ZLGH '  Q SDUDOOHO DGGHUV

KDYH DUHD $  QORJ�Q�� DQG DUH VWUXFWXUHG DV ELQDU\ WUHHV� 7KH DUHD LV GRPLQDWHG
E\ WKH ZLUHV FRQQHFWLQJ WKH WUHH QRGHV� WKHLU GULYHUV �WKH ORQJHU WKH ZLUH� WKH
ELJJHU WKH GULYHU�� DQG E\ SLSHOLQLQJ UHJLVWHUV� ZKRVH IXQFWLRQ LV WR UHGXFH DOO
FRPELQDWRULDO GHOD\V LQ WKH FLUFXLW EHORZ WKH FORFN SHULRG � ) RI WKH V\VWHP�

7UDQVLWLYH IXQFWLRQV SHUPXWH WKHLU LQSXWV LQ D ULFK PDQQHU �VHH >�@�� DQ\ LQSXW
ELW PD\ EH PDSSHG � WKURXJK DQ DSSURSULDWH FKRLFH RI WKH H[WHUQDO FRQWUROV �
LQWR DQ\ RXWSXW ELW SRVLWLRQ� DPRQJ 1 SRVVLEOH SHU ,2 VDPSOH� ,W LV VKRZQ LQ >�@
WKDW FRPSXWLQJ D WUDQVLWLYH IXQFWLRQ DW ,2 UDWH '  1) 7 � UHTXLUHV DQ DUHD $
VXFK WKDW�

$ ! DP1 � DLR' � DZ'
�� ���

ZKHUH DP� DLR DQG DZ DUH SURSRUWLRQDO WR WKH DUHD SHU ELW UHVSHFWLYHO\ UHTXLUHG
IRU PHPRU\� ,2 DQG FRPPXQLFDWLRQ ZLUHV� 1RWH WKDW WKH JDWH FRPSOH[LW\ RI D
WUDQVLWLYH IXQFWLRQ LV ]HUR� LQSXW ELW YDOXHV DUH VLPSO\ SHUPXWHG RQ WKH RXWSXW�
7KH DERYH ERXQG PHUHO\ DFFRXQWV IRU WKH DUHD � ,2 SRUWV� ZLUHV DQG UHJLVWHUV �
ZKLFK LV UHTXLUHG WR DFTXLUH� WUDQVSRUW DQG EXmHU WKH GDWD DW WKH UHTXLUHG UDWH�
%RXQG ��� DSSOLHV WR VKLIWHUV� DQG WKXV DOVR WR PXOWLSOLHUV� &RQVLGHU D PXOWLSOLHU
WKDW FRPSXWHV �Q�ELW SURGXFWV RQ HDFK F\FOH� DW IUHTXHQF\ ) � 7KH ZLUH DUHD RI
DQ\ VXFK PXOWLSOLHU LV SURSRUWLRQDO WR Q�� DV 7  � LQ ���� )RU KLJK EDQGZLGWK
PXOWLSOLHUV� WKH DUHD UHTXLUHG IRU ZLUHV DQG SLSHOLQLQJ UHJLVWHUV LV ELJJHU WKDQ
WKDW IRU DULWKPHWLF RSHUDWLRQV�
7KH ELW VHULDO PXOWLSOLHU �VHH >��@� KDV D PLQLPDO DUHD $  Q� KLJK RSHUDWLQJ

IUHTXHQF\ ) � DQG LW UHTXLUHV 7  �Q F\FOHV SHU SURGXFW� $ SDUDOOHO QDYH PXOWLSOLHU
KDV DUHD $�  Q� DQG 7 �  � F\FOH SHU SURGXFW� ,Q RUGHU WR PDLQWDLQ KLJK



IUHTXHQF\ ) �  ) � RQH KDV WR LQWURGXFH RQ WKH RUGHU RI Q� SLSHOLQLQJ UHJLVWHUV�
VR �SHUKDSV� $�  �Q� IRU WKH IXOO\ SLSHOLQHG PXOWLSOLHU� 7KHVH DUH WZR H[WUHPH
SRLQWV LQ D UDQJH RI RSWLPDO PXOWLSOLHUV� DFFRUGLQJ WR ERXQG ���� DQG ZLWKLQ D
FRQVWDQW IDFWRU� %RWK DUH EDVHG RQ QDYH PXOWLSOLFDWLRQ� DQG FRPSXWH Q� PXO SHU
SURGXFW� +LJK IUHTXHQF\ LV DFKLHYHG WKURXJK GHHS SLSHOLQLQJ� DQG WKH ODWHQF\
SHU PXOWLSOLFDWLRQ UHPDLQV SURSRUWLRQDO WR Q� ,Q WKHRU\� ODWHQF\ FDQ EH UHGXFHG
WR 7 � E\ XVLQJ UHGXFHG FRPSOH[LW\ Q��q VKDOORZ PXOWLSOLHUV �VHH >�@�� \HW� VKDOORZ
PXOWLSOLHUV KDYH VR IDU SURYHG ELJJHU WKDQ QDYH RQHV� IRU SUDFWLFDO YDOXHV VXFK
DV Q � ����

��� ([SHULPHQWDO SHUIRUPDQFH PHDVXUHV

&RQVLGHU D 9/6, GHVLJQ ZLWK DUHD $ DQG FORFN IUHTXHQF\ ) � ZKLFK FRPSXWHV
IXQFWLRQ I LQ 7 F\FOHV SHU 1�ELW VDPSOH� ,Q WKHRU\� WKHUH LV DQRWKHU GHVLJQ IRU I
ZKLFK RSWLPDOO\ WUDGHV DUHD $�  �$ IRU F\FOHV 7 �  7 �� DW FRQVWDQW IUHTXHQF\
) �  ) � 7KH IUHTXHQF\ ) DQG WKH $7 SURGXFW UHPDLQ LQYDULDQW LQ VXFK DQ
RSWLPDO WUDGHRm� $OVR LQYDULDQW�

^ 7KH JDWH GHQVLW\ �LQ ERS PP��� JLYHQ E\ 'RS  F�I� $  &�I� $7 � +HUH
F�I� LV WKH ERS FRPSOH[LW\ RI I SHU F\FOH� ZKLOH &�I� LV WKH ERS FRPSOH[LW\
SHU VDPSOH�

^ 7KH FRPSXWH GHQVLW\ �LQ ERS VPP�� LV F�I�) $  )'RS�

1RWH WKDW WUDGLQJ DUHD IRU WLPH DW FRQVWDQW JDWH DQG FRPSXWH GHQVLW\ LV HTXLY�
DOHQW WR NHHSLQJ ) DQG $7 LQYDULDQW�
/HW XV H[DPLQH KRZ YDULRXV DUFKLWHFWXUHV WUDGH VL]H IRU SHUIRUPDQFH� LQ SUDF�

WLFH� 7KH GDWD IURP >��@ WDEXODWHV WKH DUHD� IUHTXHQF\� DQG IHDWXUH VL]H� IRU
D UHSUHVHQWDWLYH FROOHFWLRQ RI FKLSV IURP WKH SUHYLRXV GHFDGH� V5$0� '5$0�
P352&� )3*$� 08/�
7KH QRUPDOL]HG DUHD $ w� SURYLGHV D SHUIRUPDQFH PHDVXUH WKDW LV LQGHSHQ�

GHQW RI WKH VSHFLnF IHDWXUH VL]H w� ,W OHDGV >��@ WR D TXDQWLWDWLYH DVVHVVPHQW RI
WKH JDWH GHQVLW\ IRU WKH YDULRXV FKLSV� nJ� � DQG ��
8QOLNH >��@� ZH DOVR QRUPDOL]H FORFN IUHTXHQF\� WKH SURGXFW E\ WKH RSHUDWLRQ

GHQVLW\ LV WKH QRUPDOL]HG FRPSXWH SRZHU� 7R GHnQH WKH QRUPDOL]HG WKH V\VWHP
FORFN IUHTXHQF\ �� ZH IROORZ >�@ DQG XVH �  � ���~ �w�� ZKHUH ~ �w� LV WKH PLQLPDO
LQYHUWHU GHOD\ FRUUHVSRQGLQJ WR IHDWXUH VL]H w�

^ 7KH QRQ OLQHDU IRUPXOD XVHG IRU ~ ��O�  FOH LV WDNHQ IURP >�@� WKH H[SRQHQW
H  �bq�O� GHFUHDVHV IURP � WR ��� DV O VKULQNV IURP ��� WR ���� xP� 7KH QRQ
OLQHDU HmHFW LV QRW \HW DSSDUHQW LQ WKH UHSRUWHG GDWD� ,W ZLOO EHFRPH PRUH
VLJQLnFDQW ZLWK nQHU IHDWXUH VL]HV� DQG FORFN IUHTXHQF\ ZLOO FHDVH WR LQFUHDVH
VRPH WLPH EHIRUH WKH VKULQN LWVHOI VWRSV�

^ 7KH IDFWRU ��� OHDGV WR QRUPDOL]HG FORFN IUHTXHQFLHV ZKRVH DYHUDJH YDOXH LV
��� IRU '5$0� ��� IRU 65$0� � IRU SURFHVVRUV DQG � IRU )3*$�

,Q WKH DEVHQFH RI DUFKLWHFWXUDO LPSURYHPHQW� WKH QRUPDOL]HG JDWH DQG FRPSXWH
GHQVLW\ RI WKH VDPH IXQFWLRQ RQ WZR GLmHUHQW IHDWXUH VL]H VLOLFRQ LPSOHPHQWDWLRQV
VKRXOG EH WKH VDPH� DQG WKLV LQGLFDWHV DQ RSWLPDO VKULQN�
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)LJ� �� 3HUIRUPDQFH RI YDULRXV 65$0 DQG '5$0 FKLSV� ZLWKLQ WR D FRPPRQ IHDWXUH

VL]H WHFKQRORJ\� QRUPDOL]HG FORFN IUHTXHQF\ +] �� ELW GHQVLW\ SHU QRUPDOL]HG DUHD

���w�� ELQDU\ JDWH RSHUDWLRQV SHU QRUPDOL]HG DUHD SHU QRUPDOL]HG FORFN SHULRG � ��

^ 7KH QRUPDOL]HG SHUIRUPDQFH nJXUHV IRU 65$0 FKLSV LQ nJ� � DUH DOO ZLWKLQ
UDQJH� IURP RQH KDOI WR WZLFH WKH DYHUDJH YDOXH�

^ 7KH QRUPDOL]HG ELW GHQVLW\ IRU '5$0 FKLSV LQ WKH GDWD VHW LV ��� WLPHV
WKDW RI 65$0� 2EVHUYH LQ nJ� � WKDW LW KDV LQFUHDVHG RYHU WKH SDVW GHFDGH�
DV WKH UHVXOW RI LPSURYHPHQWV LQ WKH DUFKLWHFWXUH RI WKH PHPRU\ FHOO �WUHQFK
FDSDFLWRUV�� 7KH DYHUDJH QRUPDOL]HG VSHHG RI '5$0 LV ��� WLPHV VORZHU WKDQ
65$0� $V D FRQVHTXHQFH WKH DYHUDJH QRUPDOL]HG FRPSXWH GHQVLW\ RI 65$0
HTXDOV WKDW RI '5$0� 7KH VLWXDWLRQ LV GLmHUHQW ZLWK 6'5$0 �ODVW HQWU\ LQ
nJ� ��� ZLWK WKH VWRUDJH GHQVLW\ RI '5$0 DQG QHDUO\ WKH VSHHG RI 65$0� WKH
QRUPDOL]HG FRPSXWH GHQVLW\ RI 6'5$0 LV � WLPHV WKDW RI HLWKHU� D JHQXLQH
LPSURYHPHQW LQ PHPRU\ DUFKLWHFWXUH�

$ )LHOG 3URJUDPPDEOH *DWH $UUD\ )3*$ LV D PHVK PDGH RI SURJUDPPDEOH
JDWHV DQG LQWHUFRQQHFW >��@� 7KH VSHFLnF IXQFWLRQ � %RROHDQ RU UHJLVWHU � RI HDFK
JDWH LQ WKH PHVK� DQG WKH LQWHUFRQQHFWLRQ EHWZHHQ WKH JDWHV� LV FRGHG LQ VRPH
ELQDU\ ELWVWUHDP� VSHFLnF WR IXQFWLRQ I� ZKLFK PXVW nUVW EH GRZQORDGHG LQWR
WKH FRQnJXUDWLRQ PHPRU\ RI WKH GHYLFH� $W WKH HQG RI FRQnJXUDWLRQ� WKH )3*$
VZLWFKHV WR XVHU PRGH� LW WKHQ FRPSXWHV IXQFWLRQ I � E\ RSHUDWLQJ MXVW DV DQ\
UHJXODU $6,& ZRXOG�

7KH FRPSDUDWLYH QRUPDOL]HG SHUIRUPDQFH nJXUHV IRU YDULRXV UHFHQW PLFUR�
SURFHVVRUV DQG )3*$ LV IRXQG LQ nJ� ��

^ 0LFURSURFHVVRUV LQ WKH VXUYH\ DSSHDU WR KDYH PDLQWDLQHG WKHLU QRUPDOL]HG
FRPSXWH GHQVLW\� E\ WUDGLQJ ORZHU QRUPDOL]HG RSHUDWLRQ GHQVLW\� IRU D KLJKHU



0.1

1

10

100

1,
5

0,
8

0,
5

0,
36 2 1,

2
0,

6
0,

5

b/Ml2

bop/Ml2mul/Ml2
Hz/f bop /Mtl2

mul/Mtl2

um

microprocessors FPGA

)LJ� �� 3HUIRUPDQFH RI YDULRXV PLFURSURFHVVRU DQG )3*$ FKLSV IURP >��@� ZLWKLQ D

FRPPRQ IHDWXUH VL]H WHFKQRORJ\� QRUPDOL]HG FORFN IUHTXHQF\ +] �� QRUPDOL]HG ELW
GHQVLW\� QRUPDOL]HG JDWH DQG FRPSXWH GHQVLW\� IRU %RROHDQ RSHUDWLRQV� DGGLWLRQV DQG

PXOWLSOLFDWLRQ
V�

QRUPDOL]HG FORFN IUHTXHQF\� DV IHDWXUH VL]H KDV VKUXQN� 2QO\ WKH PLFURSUR�
FHVVRUV ZLWK D EXLOW�LQ PXOWLSOLHU KDYH NHSW WKH QRUPDOL]HG FRPSXWH GHQVLW\
FRQVWDQW� ,I ZH H[FOXGH PXOWLSOLHUV� WKH QRUPDOL]HG FRPSXWH GHQVLW\ RI PL�
FURSURFHVVRUV KDV DFWXDOO\ GHFUHDVHG WKURXJK WKH VDPSOH GDWD�

^ )3*$ KDYH VWD\HG PXFK FORVHU WR WKH PRGHO� DQG QRUPDOL]HG SHUIRUPDQFHV
GR QRW DSSHDU WR KDYH FKDQJHG VLJQLnFDQWO\ RYHU WKH VXUYH\ �ULJKWPRVW HQWU\
H[FOXGHG��

� 5HFRQnJXUDEOH 6\VWHPV

$ 5HFRQnJXUDEOH 6\VWHP 56 LV D VWDQGDUG VHTXHQWLDO SURFHVVRU �WKH KRVW� WLJKWO\
FRXSOHG WR D 3URJUDPPDEOH $FWLYH 0HPRU\ 3$0� WKURXJK D KLJK EDQGZLGWK OLQN�
7KH 3$0 LV D UHFRQnJXUDEOH SURFHVVRU� EDVHG RQ )3*$ DQG 65$0� 7KURXJK
VRIWZDUH FRQnJXUDWLRQ� WKH 3$0 HPXODWH DQ\ VSHFLnF FXVWRP KDUGZDUH� ZLWKLQ
VL]H DQG VSHHG OLPLWV� 7KH KRVW FDQ ZULWH LQWR� DQG UHDG GDWD IURP WKH 3$0� DV
ZLWK DQ\ PHPRU\� 8QOLNH FRQYHQWLRQDO 5$0� WKH 3$0 SURFHVVHV GDWD EHWZHHQ
ZULWH DQG UHDG F\FOHV� LW DQ DFWLYH PHPRU\� 7KH VSHFLnF SURFHVVLQJ LV GHWHUPLQHG
E\ WKH FRQWHQWV RI LWV FRQnJXUDWLRQ PHPRU\� 7KH FRQWHQW RI FRQnJXUDWLRQ PHP�
RU\ FDQ EH XSGDWHG E\ WKH KRVW� LQ D PDWWHU RI PLOOLVHFRQGV� LW LV SURJUDPPDEOH�

56 FRPELQH WKH oH[LELOLW\ RI VRIWZDUH SURJUDPPLQJ WR WKH SHUIRUPDQFH OHYHO
RI DSSOLFDWLRQ VSHFLnF LQWHJUDWHG FLUFXLWV $6,&� $V D SRLQW LQ FDVH� FRQVLGHU WKH
V\VWHP 3� GHVFULEHG LQ >��@� )URP WKH DEVWUDFW RI WKDW SDSHU�



:H H[KLELW D GR]HQ DSSOLFDWLRQV ZKHUH 3$0 WHFKQRORJ\ SURYHV VXSH�
ULRU� ERWK LQ SHUIRUPDQFH DQG FRVW� WR HYHU\ RWKHU H[LVWLQJ WHFKQRORJ\�
LQFOXGLQJ VXSHUFRPSXWHUV� PDVVLYHO\ SDUDOOHO PDFKLQHV� DQG FRQYHQWLRQDO
FXVWRP KDUGZDUH�

7KH nHOGV FRYHUHG LQFOXGH FRPSXWHU DULWKPHWLFV� FU\SWRJUDSK\� HUURU
FRUUHFWLRQ� LPDJH DQDO\VLV� VWHUHR YLVLRQ� YLGHR FRPSUHVVLRQ� VRXQG V\Q�
WKHVLV� QHXUDO QHWZRUNV� KLJK�HQHUJ\ SK\VLFV� WKHUPRG\QDPLFV� ELRORJ\
DQG DVWURQRP\�

$W FRPSDUDEOH FRVW� WKH FRPSXWLQJ SRZHU YLUWXDOO\ DYDLODEOH LQ D
3$0 H[FHHGV WKDW RI FRQYHQWLRQDO SURFHVVRUV E\ D IDFWRU �� WR �����
GHSHQGLQJ RQ WKH VSHFLnF DSSOLFDWLRQ� LQ �����

56 3� LV EXLOW IURP FKLSV DYDLODEOH LQ �� � 65$0� )3*$ DQG SURFHVVRU� 6L[ ORQJ
WHFKQRORJ\ \HDUV ODWHU� LW VWLOO KROGV DW OHDVW � VLJQLnFDQW DEVROXWH VSHHG UHFRUGV�
,Q WKHRU\� LW LV D VWUDLJKWIRUZDUG PDWWHU WR SRUW WKHVH DSSOLFDWLRQV RQ D VWDWH
RI WKH DUW 56� DQG HQMR\ WKH SHUIRUPDQFH JDLQ IURP WKH VKULQN� ,Q WKH SUDFWLFDO
VWDWH RI RXU &$' WRROV� SRUWLQJ WKH KLJKO\ RSWLPL]HG 3� GHVLJQV RQ RKHU V\VWHPV
ZRXOG UHTXLUH WLPH DQG VNLOOV� 2Q WKH RWKHU KDQG� LW LV VWUDLJKWIRUZDUG WR HVWLPDWH
WKH SHUIRUPDQFH ZLWKRXW GRLQJ WKH DFWXDO KDUGZDUH LPSOHPHQWDWLRQ� :H XVH WKH
5HFRQnJXUDEOH 6\VWHP 3� >��@ � EXLOW LQ �� � WR FRQFHSWXDOO\ LPSOHPHQW WKH
VDPH DSSOLFDWLRQV DV 3�� DQG FRPSDUH� 7KH 3� V\VWHP KDV ��� WKH SK\VLFDO VL]H
DQG FKLS FRXQW RI 3�� %RWK KDYH URXJKO\ WKH VDPH ORJLFDO VL]H ��N &/%�� VR WKH
DSSOLFDWLRQV FDQ EH WUDQVIHUUHG ZLWKRXW DQ\ UHGHVLJQ� 7KH FORFN IUHTXHQF\ LV ��
0+] RQ 3�� DQG ��0+] RQ 3� �DQG ��0+] IRU 56$�� 6R� WKH DSSOLFDWLRQV ZLOO
UXQ DW OHDVW WZLFH IDVWHU RQ 3� WKDQ RQ 3�� 2I FRXUVH� LI ZH FRPSDUH HTXDO VL]H
DQG FRVW V\VWHPV� ZH KDYH WR PDWFK 3� DJDLQVW �3�� DQG WKH FRPSXWH SRZHU KDV
EHHQ PXOWLSOLHG E\ DW OHDVW �� 7KLV LV H[SHFWHG E\ WKH WKHRU\� DV WKH IHDWXUH VL]H
RI FKLSV LQ 3� LV WZLFH WKDW RI FKLSV LQ 3��

:KDW KDV EHHQ GRQH >��@ LV WR SRUW DQG UXQ RQ UHFHQW IDVW SURFHVVRUV� WKH
VRIWZDUH YHUVLRQ IRU VRPH RI WKH RULJLQDO 3� DSSOLFDWLRQV� 7KDW SURYLGHV XV ZLWK
D WHFKQRORJ\ XSGDWH RQ WKH UHVSHFWLYH FRPSXWH SRZHU RI 56 DQG SURFHVVRUV�

��� �' +HDW (TXDWLRQ

7KH IDVWHVW UHSRUWHG VRIWZDUH IRU WR VROYLQJ WKH +HDW (TXDWLRQ RQ D VXSHUFRP�
SXWHU� LV SUHVHQWHG LQ >�@� ,W LV EDVHG RQ WKH nQLWH GLmHUHQFHV PHWKRG� 7KH +HDW
(TXDWLRQ FDQ EH VROYHG PRUH HpFLHQWO\ RQ VSHFLnF KDUGZDUH VWUXFWXUHV >�@�

^ 6WDUW IURP DQ LQLWLDO VWDWH � DW WLPH WcW � RI WKH GLVFUHWH WHPSHUDWXUHV LQ D
GLVFUHWH �' GRPDLQ� DOO VWRUHG LQ 5$0�

^ 0RYH WR WKH QH[W VWDWH � DW WLPH �W � ��cW � E\ WUDYHUVLQJ WKH 5$0 WKUHH
WLPHV� DORQJ WKH [� \ DQG ] D[LV�

^ 2Q HDFK WUDYHUVDO� WKH GDWD IURP WKH 5$0 IHHGV D SLSHOLQH RI DYHUDJLQJ

RSHUDWRUV� DQG WKH RXWSXW RI WKH SLSHOLQH LV VWRUHG EDFN LQ 5$0�

(DFK DYHUDJLQJ RSHUDWRU FRPSXWHV WKH DYHUDJH YDOXH �DW�DW��� � RI WZR FRQVHF�
XWLYH VDPSOHV DW DQG DW��� ,Q RUGHU WR EH DEOH WR UHGXFH WKH SUHFLVLRQ RI LQWHUQDO
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)LJ� �� 6FKHPDWLFV RI D KDUGZDUH SLSHOLQH IRU VROYLQJ WKH +HDW HTXDWLRQ� ,W LV GUDZQ

ZLWK D SLSHOLQH GHSWK RI �� DQG ELW ZLGWK RI �� SOXV � ELWV IRU UDQGRPL]HG URXQG Rm�

7KH DFWXDO � SLSHOLQH LV ��� GHHS� DQG ���� ZLGH� 3LSHOLQLQJ UHJLVWHUV� ZKLFK DOORZ WKH

QHWZRUN WR RSHUDWH DW PD[LPXP FORFN IUHTXHQF\� DUH QRW LQGLFDWHG KHUH� 1HLWKHU LV WKH

UDQGRP ELW JHQHUDWRU�



WHPSHUDWXUHV GRZQ WR �� ELWV� LW LV QHFHVVDU\� ZKHQ GLYLVLRQ E\ WZR LV RGG� WR
GLVWULEXWH WKDW ORZ�RUGHU ELW UDQGRPO\ EHWZHHQ WKH VDPSOH DQG LWV QHLJKERU� $OO
GHWHUPLQLVWLF URXQG�Rm VFKHPHV OHDG WR SDUDVLWLF HmHFWV WKDW FDQ VLJQLnFDQWO\
SHUWXUE WKH UHVXOW� 7KH SVHXGR�UDQGRPQHVV LV JHQHUDWHG E\ D ���ELW OLQHDU IHHG�

EDFN VKLIW�UHJLVWHU /)65� 7KH UHVXOWLQJ SLSHOLQH LV VKRZQ LQ nJ� �� ,QVWHDG RI
EHLQJ VKLIWHG� WKH OHDVW VLJQLnFDQW VXP ELW LV HLWKHU GHOD\HG RU QRW� EDVHG RQ D
UDQGRP FKRLFH LQ WKH /)65�

3� VWDQGLQJ GHVLJQ FDQ DFFXUDWHO\ VLPXODWH WKH HYROXWLRQ RI WHPSHUDWXUH
RYHU WLPH LQ D �' YROXPH� PDSSHG RQ ���� GLVFUHWH SRLQWV� ZLWK DUELWUDU\ SRZHU
VRXUFH GLVWULEXWLRQV RQ WKH ERXQGDULHV� ,Q RUGHU WR UHSURGXFH WKDW FRPSXWDWLRQ
LQ UHDO WLPH� LW WDNHV D ������ 0,36 HTXLYDOHQW SURFHVVLQJ SRZHU� �� * LQVWUXF�
WLRQV SHU VHFRQG� RQ ��E GDWD� 7KLV LV RXW RI WKH UHDFK RI PLFURSURFHVVRUV� DW
OHDVW XQWLO �����

��� +LJK (QHUJ\ 3K\VLFV

7KH7UDQVLWLRQ 5DGLDWLRQ 7UDFNHU 757 LV SDUW LQ D VXLWH RI EHQFKPDUNV SURSRVHG
E\ &(51 >��@� 7KH JRDO LV WR PHDVXUH WKH SHUIRUPDQFH RI YDULRXV FRPSXWHU DUFKL�
WHFWXUHV LQ RUGHU WR EXLOG WKH HOHFWURQLFV UHTXLUHG IRU WKH /DUJH +DGURQ &ROOLGHU
/+&� VRRQ DIWHU WKH WXUQ RI WKH PLOOHQQLXP� %RWK EHQFKPDUNV DUH FKDOOHQJLQJ�
DQG ZHOO GRFXPHQWHG IRU D ZLGH YDULHW\ RI SURFHVVLQJ WHFKQRORJLHV� LQFOXGLQJ
VRPH RI WKH IDVWHVW FXUUHQW FRPSXWHUV� '63�EDVHG PXOWLSURFHVVRUV� V\VWROLF DU�
UD\V� PDVVLYHO\ SDUDOOHO DUUD\V� 5HFRQnJXUDEOH 6\VWHPV� DQG IXOO FXVWRP $6,&
EDVHG VROXWLRQV�

7KH 757 SUREOHP LV WR nQG VWUDLJKW OLQHV �SDUWLFOH WUDMHFWRULHV� LQ D QRLV\
GLJLWDO EODFN DQG ZKLWH LPDJH� 7KH UDWH RI LPDJHV LV DW ��� N+]� WKH LPSOLHG ,2
UDWH FORVH WR ��� 0%�V� DQG WKH ORZ ODWHQF\ UHTXLUHPHQW �� LPDJHV� SUHFOXGH
DQ\ LPSOHPHQWDWLRQ VROXWLRQ RWKHU VSHFLDOL]HG KDUGZDUH� DV VKRZQ E\ >��@�

7KH 3� LPSOHPHQWDWLRQ RI WKH 757 LV EDVHG RQ WKH )DVW +RXJK 7UDQVIRUP

>��@� DQ DOJRULWKP ZKRVH KDUGZDUH LPSOHPHQWDWLRQ WUDGHV FRPSXWDWLRQ IRU ZLULQJ
FRPSOH[LW\� 7R UHSURGXFH WKH 3� SHUIRUPDQFH UHSRUWHG LQ >��@� D ���ELW VHTXHQWLDO
SURFHVVRU QHHGV WR UXQ DW RYHU ��� *+]� 7KDW LV DERXW WKH DPRXQW RI FRPSX�
WDWLRQ RQH JHWV� LQ ����� ZLWK D GXDO SURFHVVRU� ���ELW PDFKLQH� DW ��� 0+]�
7KH UHTXLUHG H[WHUQDO EDQGZLGWK �XS WR ��� 0%�V� LV ZKDW VWLOO NHHSV VXFK
DSSOLFDWLRQ RXW RI FXUUHQW PLFURSURFHVVRU UHDFK�

��� 56$ FU\SWRJUDSK\

7KH 3� GHVLJQ IRU 56$ FU\SWRJUDSK\ FRPELQHV D QXPEHU RI DOJRULWKP WHFK�
QLTXHV� SUHVHQWHG LQ >�@� )RU ����ELW NH\V� LW GHOLYHUV D GHFU\SWLRQ UDWH LQ H[FHVV
RI ��� NE V� DOWKRXJK LW XVHV RQO\ KDOI WKH ORJLFDO UHVRXUFHV DYDLODEOH LQ 3��

7KH LPSOHPHQWDWLRQ WDNHV DGYDQWDJH RI KDUGZDUH UHFRQnJXUDWLRQ LQ PDQ\
ZD\V� D UDWKHU GLmHUHQW GHVLJQ LV XVHG IRU 56$ HQFU\SWLRQ DQG GHFU\SWLRQ� D
GLmHUHQW KDUGZDUH PRGXODU PXOWLSOLHU LV JHQHUDWHG IRU HDFK GLmHUHQW SULPH PRG�
XOXV� WKH FRHpFLHQWV RI WKH ELQDU\ UHSUHVHQWDWLRQ RI HDFK PRGXOXV LV KDUGZLUHG



LQWR WKH ORJLFDO HTXDWLRQV RI WKH GHVLJQ� 1RQH RI WKHVH WHFKQLTXHV LV UHDGLO\ DSSOL�
FDEOH WR $6,& LPSOHPHQWDWLRQV� ZKHUH WKH VDPH FKLS PXVW GR ERWK HQFU\SWLRQ
DQG GHFU\SWLRQ� IRU DOO NH\V�

$V RI SULQWLQJ WLPH� WKLV GHVLJQ VWLOO KROGV WKH DFNQRZOHGJHG VKRUWHVW WLPH
SHU EORFN RI 56$� DOO GLJLWDO VSHFLHV LQFOXGHG� ,W LV VXUSULVLQJ WKDW LW KDV KHOG
nYH \HDUV DJDLQVW RWKHU 56$ KDUGZDUH� $FFRUGLQJ WR >��@� WKH UHFRUG ZLOO JR
WR D �VRRQ WR EH DQQRXQFHG� $OSKD SURFHVVRU �RQH ��E PXOWLSO\ SHU F\FOH� DW
���0+]� UXQQLQJ �D PRGLnHG YHUVLRQ RI� WKH RULJLQDO VRIWZDUH YHUVLRQ LQ >�@� :H
H[SHFW WKH UHFRUG WR EH FODLPHG EDFN LQ WKH IXWXUH E\ D 3� 56$ GHVLJQ� \HW�
WKH VSHHGXS EHWZHHQ 3� ZDV ��[ UHSRUWHG LQ ��� DQG ZH HVWLPDWH WKDW LW VKRXOG
EH RQO\ EH �[ RQ �3�� LQ ��� 7KH UHDVRQ� WKH IXOO\ SLSHOLQHG PXOWLSOLHU� IRXQG
LQ UHFHQW SURFHVVRUV� LV IXOO\ XWLOL]HG E\ 56$ VRIWZDUH� $ QRUPDOL]HG PHDVXUH RI
WKH LPSDFW RI PXOWLSOLHU RQ WKHRUHWLFDO SHUIRUPDQFH FDQ EH REVHUYHG LQ nJ� ��

)RU WKH +HDW (TXDWLRQ� WKH DFWXDO SHUIRUPDQFH UDWLR EHWZHHQ 3� DQG WKH
IDVWHVW SURFHVVRU ���E� ���0+]� ZDV ���[ LQ ��� ZLWK �3� DJDLQVW WKH ��E�
���0+] SURFHVVRU� WKH UDWLR VKRXOG EH RYHU ���[ LQ ��� ,QGHHG� WKH FRPSXWDWLRQ
LQ nJ� � FRPELQHV �� E DGG DQG VKLIW� ZLWK %RROHDQ RSHUDWLRQV RQ WKUHH ORZ RUGHU
ELWV� VRIWZDUH LV QRW HpFLHQW� DQG WKH PXOWLSOLHU LV QRW XVHG�

� :KDW ZLOO 'LJLWDO 6\VWHPV VKULQN WR"

&RQVLGHU D '6 ZKRVH IXQFWLRQ DQG UHDO WLPH IUHTXHQF\ UHPDLQ n[HG� RQFH DQG
IRU DOO� ([DPSOHV� GLJLWDO ZDWFK� ��NE V PRGHP DQG *36�

+RZ GRHV VXFK '6 VKULQN ZLWK IHDWXUH VL]H"

7R DQVZHU� VWDUW IURP WKH nUVW FKLS �IHDWXUH VL]H O� ZKLFK FRPSXWHV IXQFWLRQ
I� DUHD $� WLPH 7 � DQG FORFN IUHTXHQF\ ) � 0RYH LQ WLPH� DQG VKULQN IHDWXUH
VL]H WR O��� 7KH GHVLJQ QRZ KDV DUHD $�  $ �� DQG WKH FORFN IUHTXHQF\ GRXEOHV
) �  �) �) �  ��bq�) ZLWK QRQ�OLQHDU VKULQN�� 7KH QXPEHU RI F\FOHV SHU VDPSOH
UHPDLQV WKH VDPH� 7 �  7 � 7KH QHZ GHVLJQ KDV WZLFH �RU �b q� WKH UHTXLUHG UHDO
WLPH EDQGZLGWK� ZH FDQ �LQ WKHRU\� IXUWKHU IROG VSDFH LQ WLPH� SURGXFH D GHVLJQ
&�� IRU FRPSXWLQJ I ZLWKLQ DUHD $��  $� �  $ � DQG 7 ��  �7 F\FOHV� VWLOO
DW IUHTXHQF\ ) ��  ) �  �) � 7KH VL]H RI DQ\ n[HG UHDO WLPH '6 VKULQNV YHU\
IDVW ZLWK WHFKQRORJ\� LQGHHG� $W WKH HQG RI WKDW URDG� DIWHU VR PDQ\ KDUGZDUH
VKULQNV� WKH '6 JHWV LPSOHPHQWHG LQ VRIWZDUH�

2Q WKH RWKHU KDQG� PLFURSURFHVVRUV� PHPRULHV DQG )3*$ DFWXDOO\ JURZ LQ
DUHD� DV IHDWXUH VL]H VKULQNV� 6R IDU� VXFK FRPPRGLW\ SURGXFWV KDYH HDFK DLPHG
DW GHOLYHULQJ HYHU PRUH FRPSXWH SRZHU� RQ RQH VLQJOH FKLS� ,QGHHG� LI \RX ORRN
LQVLGH VRPH UHFHQW GLJLWDO GHYLFH� FKDQFHV DUH WKDW \RX ZLOO VHH PRVWO\ WKUHH
W\SHV RI FKLSV� 5$0� SURFHVVRU DQG )3*$� :KLOH D VSHFLnF '6 VKULQNV ZLWK
IHDWXUH VL]H� D JHQHUDO SXUSRVH '6 JDLQV SHUIRUPDQFH WKURXJK WKH VKULQN� LGHDOO\
DW FRQVWDQW QRUPDOL]HG GHQVLW\�



��� 6\VWHP RQ D FKLS

7KHUH DUH FRPSHOOLQJ UHDVRQV IRU ZDQWLQJ D 'LJLWDO 6\VWHP WR nW RQ D VLQJOH FKLS�
&RVW SHU V\VWHP LV RQH� 3HUIRUPDQFH LV DQRWKHU�

^ 2m�FKLS FRPPXQLFDWLRQ LV H[SHQVLYH� LQ DUHD� ODWHQF\ DQG SRZHU� 7KH EDQG�
ZLGWK DYDLODEOH DFURVV VRPH RQ�FKLS ERXQGDU\ LV RUGHUV RI PDJQLWXGH WKDW
DFURVV WKH FRUUHVSRQGLQJ Rm�FKLS ERXQGDU\�

^ ,I RQH TXDGUXSOHV WKH DUHD RI D VTXDUH� WKH SHULPHWHU MXVW GRXEOHV� $V D
FRQVHTXHQFH� ZKHQ IHDWXUH VL]H VKULQNV E\ � [� WKH LQWHUQDO FRPPXQLFDWLRQ
EDQGZLGWK JURZV IDVWHU WKDQ WKH H[WHUQDO ,2 EDQGZLGWK� [�bq DJDLQVW [�bq�
7KLV LV WUXH DV ORQJ DV VLOLFRQ WHFKQRORJ\ UHPDLQV SODQDU� WUDQVLVWRUV ZLWKLQ
D FKLS� DQG FKLSV ZLWKLQ D SULQWHG FLUFXLW ERDUG� PXVW DOO OD\HG RXW VLGH E\
VLGH �QRW RQ WRS RI HDFK RWKHU��

��� 5HDG\ WR 6KULQN $UFKLWHFWXUH

6R IDU� QRUPDOL]HG SHUIRUPDQFH GHQVLW\ KDV EHHQ PDLQWDLQHG� WKURXJK WKH VXF�
FHVVLYH JHQHUDWLRQV RI FKLS DUFKLWHFWXUH�
&DQ WKLV EH VXVWDLQHG LQ IXWXUH VKULQNV"
$ GRPLQDQW FRQVLGHUDWLRQ LV WR NHHS XS WKH V\VWHP FORFN IUHTXHQF\ ) � 7KH

IRUPXOD IRU WKH QRUPDOL]HG FORFN IUHTXHQF\ � �  ���~ �w� LPSOLHV WKDW HDFK
FRPELQDWRULDO VXE�FLUFXLW ZLWKLQ WKH FKLS PXVW KDYH GHOD\ OHVV WKDQ ���[ WKDW RI
D PLQLPDO VL]H LQYHUWHU� 7KH GHSWK RI FRPELQDWRULDO JDWHV WKDW PD\ EH WUDYHUVHG
DORQJ DQ\ SDWK EHWZHHQ WZR UHJLVWHUV LV OLPLWHG� 7KH OHQJWK RI FRPELQDWRULDO
SDWKV LV OLPLWHG E\ ZLUH GHOD\V� ,W IROORZV WKDW RQO\ nQLWHO\ PDQ\ FRPELQDWRULDO
VWUXFWXUHV FDQ RSHUDWH DW QRUPDOL]HG FORFN IUHTXHQF\ �� 7KHUH LV D OLPLW WR WKH
QXPEHU 1 RI ,2 ELWV WR DQ\ FRPELQDWRULDO VWUXFWXUH ZKLFK FDQ RSHUDWH DW VXFK D
KLJK IUHTXHQF\� ,Q SDUWLFXODU� WKLV DSSOLHV WR FRPELQDWRULDO DGGHUV �VD\1 � �����
PXOWLSOLHUV �VD\ 1 � ��� DQG PHPRULHV�

��� 5HFRQnJXUDEOH 0HPRU\

7KH XVH RI IDVW 65$0 ZLWK VPDOO EORFN VL]H LV FRPPRQ LQ PLFURSURFHVVRUV�
IRU UHJLVWHUV� GDWD DQG LQVWUXFWLRQ FDFKHV� /DUJH DQG IDVW FXUUHQW PHPRULHV DUH
PDGH RI PDQ\ VPDOO PRQROLWKLF EORFNV� $ UHFHQW 6'5$0 LV GHVFULEHG LQ >��@�
�*E VWRUHG DV �� FRPELQDWRULDO EORFNV RI ��0E HDFK� $ ��� *% V EDQGZLGWK LV
REWDLQHG� GDWD LV ��E ZLGH DW ���0+]�
%\ WKH DUJXPHQW IURP WKH SUHFHGLQJ VHFWLRQ� D ODUJH 1 ELW PHPRU\ PXVW

EH EURNHQ LQWR 1 % FRPELQDWRULDO EORFNV RI VL]H %� LQ RUGHU WR RSHUDWH DW QRU�
PDOL]HG FORFN IUHTXHQF\ )  �� $ 1 ELW PHPRU\ ZLWK PLQLPXP ODWHQF\ PD\
EH FRQVWUXFWHG� WKURXJK UHFXUVLYH GHFRPSRVLWLRQ LQWR � TXDG PHPRULHV� HDFK RI
VL]H 1 � � OD\HG RXW ZLWKLQ RQH TXDUWHU RI WKH FKLS� 7KH GHFRPSRVLWLRQ VWRSV
IRU 1  %� ZKHQ D EORFN RI FRPELQDWRULDO 5$0 LV XVHG� 7KH DFFHVV ODWHQF\ LV
SURSRUWLRQDO WR WKH GHSWK ORJ�1 %� RI WKH KLHUDUFKLFDO GHFRPSRVLWLRQ�
$ 5HFRQnJXUDEOH 0HPRU\ 50 LV DQ DUUD\ RI KLJK VSHHG GHQVH FRPELQDWRULDO

PHPRU\ EORFNV� 7KH EORFNV DUH FRQQHFWHG WKURXJK D UHFRQnJXUDEOH SLSHOLQHG



ZLULQJ VWUXFWXUH� $V ZLWK )3*$� WKH 50 KDV D FRQnJXUDWLRQ PRGH� GXULQJ
ZKLFK WKH FRQnJXUDWLRQ SDUW RI WKH 50 LV ORDGHG� ,Q XVHU PRGH� WKH 50 LV VRPH
JURXS RI PHPRULHV� ZKRVH VSHFLnF LQWHUFRQQHFW DQG EORFN GHFRPSRVLWLRQ LV FRGHG
E\ WKH FRQnJXUDWLRQ� 2QH FDQ WUDGH GDWD ZLGWK IRU DGGUHVV GHSWK� IURP � d1
WR 1 % d% LQ WKH H[WUHPH FDVHV�

$ QDWXUDO ZD\ WR GHVLJQ D 50 LV WR LPEHG EORFNV RI 65$0 ZLWKLQ D )3*$
VWUXFWXUH� ,Q &+(66 >��@� WKH DWRPLF 65$0 EORFN KDV VL]H �d���� 7KH 65$0
EORFNV IRUP D UHJXODU SLWFK PDWUL[ ZLWKLQ WKH ORJLF� DQG LW RFFXSLHV DERXW ���
RI WKH DUHD� $V D FRQVHTXHQFH� WKH VWRUDJH GHQVLW\ RI &+(66 LV RYHU ��� WKDW
RI D PRQROLWKLF 65$0� 7KLV LV FRPSDUDEOH WR WKH VWRUDJH GHQVLW\ RI FXUUHQW
PLFURSURFHVVRUV� LW LV PXFK KLJKHU WKDQ WKH VWRUDJH GHQVLW\ RI )3*$� ZKLFK UHO\
�VR IDU� RQ Rm�FKLS PHPRULHV�

$IWHU FRQnJXUDWLRQ� WKH )3*$ LV D ODUJH DUUD\ RI VPDOO 65$0� HDFK LV XVHG
DV /87 � W\SLFDOO\ /87�� <HW� PRVW RI WKH FRQnJXUDWLRQ PHPRU\ LWVHOI LV QRW DF�
FHVVLEOH DV D FRPSXWDWLRQDO UHVRXUFH E\ WKH DSSOLFDWLRQ� ,Q PRVW FXUUHQW )3*$�
WKH SURFHVV RI GRZQORDGLQJ WKH FRQnJXUDWLRQ LV VHULDO� DQG LW ZULWHV WKH HQWLUH
FRQnJXUDWLRQ PHPRU\� ,Q D ���[ VKULQN� WKH GRZQORDG WLPH GRXEOHV� �[ ELWV DW
���H�[ WKH IUHTXHQF\� $V D FRQVHTXHQFH� WKH GRZQORDG WDNHV DERXW �� PV RQ 3��
DQG �� PV RQ 3��

$ PRUH HpFLHQW DOWHUQDWLYH LV IRXQG LQ WKH ;�N >��@ DQG &+(66� LQ FRQnJ�
XUDWLRQ PRGH� FRQnJXUDWLRQ PHPRU\ LV YLHZHG DV D VLQJOH 65$0 E\ WKH KRVW
V\VWHP� 7KLV DOORZV IRU IDVWHU FRPSOHWH GRZQORDG� $Q LPSRUWDQW IHDWXUH LV WKH
DELOLW\ WR UDQGRPO\ DFFHVV WKH HOHPHQWV RI WKH FRQnJXUDWLRQ PHPRU\� )RU WKH
56$ GHVLJQ� WKLV DOORZV IRU YHU\ IDVW SDUWLDO UHFRQnJXUDWLRQV� DV ZH FKDQJH WKH
YDOXH RI WKH ���E NH\ ZKLFK LV KDUGZLUHG LQWR WKH ORJLFDO HTXDWLRQV� RQO\ IHZ RI
WKH FRQnJXUDWLRQ ELWV KDYH WR XSGDWHG� &RQnJXUDWLRQ PHPRU\ FDQ DOVR EH XVHG
DV D JHQHUDO�SXUSRVH FRPPXQLFDWLRQ FKDQQHO EHWZHHQ WKH KRVW DQG WKH DSSOLFD�
WLRQ�

��� 5HFRQnJXUDEOH $ULWKPHWLF $UUD\

7KH QRUPDOL]HG JDWH GHQVLW\ RI FXUUHQW )3*$ LV RYHU ��[ WKDW RI SURFHVVRUV�
ERWK IRU %RROHDQ RSHUDWLRQV DQG DGGLWLRQV � nJ� �� 7KLV LV QR ORQJHU WUXH IRU
WKH PXOWLSO\ GHQVLW\� ZKHUH FRPPRQ )3*$ EDUHO\ PHHWV WKH PXOWLSO\ GHQVLW\
RI SURFHVVRUV ZKLFK UHFHQWO\ LQWHJUDWH RQH �RU PRUH� SLSHOLQHG oRDWLQJ SRLQW
PXOWLSOLHU�

7KH DULWKPHWLFDO GHQVLW\ RI 56 FDQ EH UDLVHG� 0$75,; >'H+RQ@� ZKLFK LV
DQ DUUD\ RI �E $/8� ZLWK 5HFRQnJXUDEOH ,QWHUFRQQHFW� GRHV EHWWHU WKDQ )3*$�
&+(66 LV EDVHG RQ �E $/8� ZKLFK DUH SDFNHG DV WKH ZKLWH VTXDUHV LQ D FKHVV�
ERDUG� ,W IROORZV WKDW &+(66 KDV DQ DULWKPHWLF GHQVLW\ ZKLFK LV QHDU ��� WKDW RI
FXVWRP PXOWLSOLHUV� 7KH V\QFKURQRXV UHJLVWHUV LQ &+(66 DUH �E ZLGH� DQG WKH\
DUH IRXQG ERWK ZLWKLQ $/8 DQG URXWLQJ QHWZRUN� WR DV WR IDFLOLWDWH KLJK VSHHG
V\VWHPDWLF SLSHOLQLQJ�

$QRWKHU IHDWXUH RI &+(66 >��@� LV WKDW HDFK EODFN VTXDUH LQ WKH FKHVVERDUG
PD\ EH XVHG HLWKHU DV D VZLWFKER[� RU DV D PHPRU\� EDVHG RQ D ORFDO FRQnJXUDWLRQ
ELW� $V D VZLWFKER[� LW RSHUDWHV RQ �E QLEEOHV� ZKLFK DUH DOO URXWHG WRJHWKHU� ,Q



PHPRU\ PRGH� LW PD\ LPSOHPHQW YDULRXV VSHFLDOL]HG PHPRULHV� VXFK DV D GHSWK
� VKLIW UHJLVWHU� LQ SODFH RI HLJKW �E ZLGH V\QFKURQRXV UHJLVWHUV� ,Q PHPRU\ PRGH�
LW FDQ DOVR EH XVHG DV D �E LQ� �E RXW �/87�� 7KLV IHDWXUH SURYLGHV &+(66 ZLWK
D /87� GHQVLW\ ZKLFK LV DV KLJK DV IRU DQ\ )3*$�

��� +DUGZDUH RU 6RIWZDUH"

,Q RUGHU WR LPSOHPHQW GLJLWDO IXQFWLRQ <  I�;�� VWDUW IURP D VSHFLnFDWLRQ E\ D
SURJUDP LQ VRPH KLJK OHYHO ODQJXDJH� 6RPH ZRUN LV XVXDOO\ UHTXLUHG WR KDYH WKH
FRGH PDWFK WKH GLJLWDO VSHFLnFDWLRQ� ELW SHU ELW � KLJK OHYHO ODQJXDJHV SURYLGH
OLWWOH VXSSRUW IRU IXQQ\ ELW IRUPDWV DQG RSHUDWLRQV EHQHDWK WKH ZRUG VL]H�
2QFH GRQH� FRPSLOH DQG XQZLQG WKLV FRGH VR DV WR REWDLQ WKH UXQ�FRGH &I � ,W

LV WKH VHTXHQFH RI PDFKLQH LQVWUXFWLRQV� ZKLFK D VHTXHQWLDO SURFHVVRU H[HFXWHV�
LQ RUGHU WR FRPSXWH RXWSXW VDPSOH <W IURP LQSXW VDPSOH ;W� 7KLV FRPSXWDWLRQ
LV WR EH UHSHDWHG LQGHnQLWHO\� IRU FRQVHFXWLYH VDPSOHV� W �� �� )RU WKH VDNH RI
VLPSOLFLW\� DVVXPH WKH UXQ�FRGH WR EH VWUDLJKW�OLQH� HDFK LQVWUXFWLRQ LV H[HFXWHG
RQFH LQ VHTXHQFH� UHJDUGOHVV RI LQGLYLGXDO GDWD YDOXHV� WKHUH LV QR FRQGLWLRQDO
EUDQFK� ,Q WKHRU\� WKH UXQ�FRGH VKRXOG EH RQH RI PLQLPDO OHQJWK� DPRQJ DOO SRV�
VLEOH IRU IXQFWLRQ I � ZLWKLQ VRPH JLYHQ LQVWUXFWLRQ VHW� 2SHUDWLRQV DUH SHUIRUPHG
LQ VHTXHQFH WKURXJK WKH $ULWKPHWLF DQG /RJLF 8QLW $/8 RI WKH SURFHVVRU� ,QWHU�
QDO PHPRU\ LV XVHG WR IHHG WKH $/8� DQG SURYLGH �PHPRU\�PDSSHG� H[WHUQDO
,2� )RU : WKH GDWD ZLGWK RI WKH SURFHVVRU� WKH FRPSOH[LW\ RI VR FRPSXWLQJ I
LV : M&I M ERS SHU VDPSOH� ,W LV JUHDWHU WKDQ WKH JDWH FRPSOH[LW\ *�I�� (TXDOLW\
M&I M  *�I� : RQO\ KDSSHQV LQ LGHDO FDVHV� ,Q SUDFWLFH� WKH UDWLR EHWZHHQ WKH
WZR FDQ EH NHSW FORVH WR RQH� DW OHDVW IRU VWUDLJKW�OLQH FRGH�
7KH H[HFXWLRQ RI UXQ�FRGH &I RQ D SURFHVVRU FKLS DW IUHTXHQF\ ) FRPSXWHV

IXQFWLRQ I DW WKH UDWH RI ) & VDPSOHV SHU VHFRQG� ZLWK &  M&I M� 7KH IHDVLELOLW\
RI D VRIWZDUH LPSOHPHQWDWLRQ RI WKH '6 RQ WKDW SURFHVVRU GHSHQGV RQ WKH UHDO
WLPH UHTXLUHPHQW )LR � LQ VDPSOHV SHU VHFRQG�

�� ,I ) & ! )LR� WKH '6 FDQ EH LPSOHPHQWHG RQ WKH VHTXHQWLDO SURFHVVRU DW
KDQG� WKURXJK VWUDLJKWIRUZDUG VRIWZDUH�

�� ,I ) & � )LR� RQH QHHGV D PRUH SDUDOOHO LPSOHPHQWDWLRQ RI WKH GLJLWDO V\VWHP�

,Q FDVH �� WKH IXOO FRPSXWLQJ SRZHU �:) LQ ERS V � RI WKH SURFHVVRU LV RQO\ XVHG
ZKHQ ) &  )LR� :KHQ WKDW LV QRW WKH FDVH� VD\ ) & ! �)LR� RQH FDQ DWWHPSW
WR WUDGH WLPH IRU DUHD� E\ UHGXFLQJ WKH GDWD ZLGWK WR : �� ZKLOH LQFUHDVLQJ
WKH FRGH OHQJWK WR �&� HDFK RSHUDWLRQ RQ : ELWV LV UHSODFHG E\ WZR RSHUDWLRQV
RQ : � ELWV� SHUIRUPHG LQ VHTXHQFH� 7KH LQYDULDQW LV WKH SURGXFW &: � ZKLFK
JLYHV WKH FRPSOH[LW\ RI I LQ ERS SHU VDPSOH� 2QH FDQ WKXV nQG WKH VPDOOHVW
SURFHVVRU RQ ZKLFK VRPH VHTXHQWLDO FRGH IRU I FDQ EH H[HFXWHG ZLWKLQ WKH UHDO
WLPH VSHFLnFDWLRQ� 7KH HQG RI WKDW URDG LV UHDFKHG IRU :  �� D VLQJOH ELW ZLGH

VHTXHQWLDO SURFHVVRU� ZKRVH UXQ�FRGH KDV OHQJWK SURSRUWLRQQDO WR *�I��
,Q FDVH �� DQG ZKHQ RQH LV QRW IDU DZD\ IURP PHHWLQJ WKH UHDO WLPH UHTXLUH�

PHQW � VD\ ) & � �)LR � LW LV DGYLVHG WR FKHFN LI FRGH & FRXOG EH IXUWKHU UHGXFHG�
RU PRYHG WR D ZLGHU DQG IDVWHU SURFHVVRU �HLWKHU H[LVWLQJ RU VRRQ WR FRPH ZKHQ



WKH IHDWXUH VL]H VKULQNV DJDLQ�� )DLOLQJ WKDW VRIWZDUH VROXWLRQ� RQH KDV WR nQG D
KDUGZDUH RQH� $ FRPPRQ FDVH PDQGDWLQJ D KDUGZDUH LPSOHPHQWDWLRQ� LV ZKHQ
) { )LR� WKH UHDO WLPH H[WHUQDO ,2 IUHTXHQF\ )LR LV QHDU WKH LQWHUQDO FORFN
IUHTXHQF\ ) RI WKH FKLS�

��� '\QDPLF 5HFRQnJXUDWLRQ

:H KDYH VHHQ KRZ WR IROG WLPH LQ VSDFH� IURP D VPDOO GHVLJQ LQWR D ODUJHU RQH�
ZLWK PRUH SHUIRUPDQFH� 7KH LQYHUVH RSHUDWLRQ� ZKLFK IROGV VSDFH LQ WLPH� LV QRW
DOZD\V SRVVLEOH� KRZ WR IROG DQ\ ELW VHULDO FLUFXLW �VXFK DV WKH DGGHU IURP nJ ��
LQWR D KDOI�VL]H DQG KDOI�UDWH VWUXFWXUH LV QRW REYLRXV� .QRZQ VROXWLRQV LQYROYH
G\QDPLF UHFRQnJXUDWLRQ�
6XSSRVH WKDW IXQFWLRQ I PD\ EH FRPSXWHG RQ VRPH 56 RI VL]H �$� DW WZLFH

WKH UHDO�WLPH IUHTXHQF\ )  �)LR� :H QHHG WR FRPSXWH I RQ D 56 RI VL]H $ DW
IUHTXHQF\ )LR SHU VDPSOH� 2QH WHFKQLTXH� ZKLFK LV FRPPRQO\ XVHG LQ >��@� ZRUNV
ZKHQ <  I�;�  J�K�;��� DQG ERWK J DQG K nW ZLWKLQ VL]H $�

�� &KDQJH WKH 56 FRQnJXUDWLRQ WR GHVLJQ K�
�� 3URFHVV 1 LQSXW VDPSOHV ;� VWRUH HDFK RXWSXW VDPSOH =  K�;� LQ DQ
H[WHUQDO EXmHU�

�� &KDQJH WKH 56 FRQnJXUDWLRQ WR GHVLJQ J�
�� 3URFHVV WKH 1 VDPSOHV = IURP WKH EXmHU� DQG SURGXFH WKH nQDO RXWSXW

<  J�=��
�� *R WR �� DQG SURFHVV WKH QH[W EDWFK RI 1 VDPSOHV�

5HFRQnJXUDWLRQ WDNHV WLPH 5 ) � DQG WKH WLPH WR SURFHVV 1 VDPSOHV LV ��1 �
5� )  �1 � 5� )LR� 7KH IUHTXHQF\ SHU VDPSOH )LR �� � 5 1� JHWV FORVH WR
UHDO�WLPH )LR� DV 1 JHWV ODUJH� %XmHU VL]H DQG ODWHQF\ DUH DOVR SURSRUWLRQDO WR 1�
DQG WKLV IRUP RI G\QDPLF UHFRQnJXUDWLRQ PD\ RQO\ KDSSHQ DW D ORZ IUHTXHQF\�
7KH RSSRVLWH VLWXDWLRQ LV IRXQG LQ WKH $/8 RI D VHTXHQWLDO SURFHVVRU� WKH RS�

HUDWLRQ PD\ FKDQJH RQ HYHU\ F\FOH� 7KH VDPH KROGV LQ G\QDPLFDOO\ SURJUDPPDEOH

V\VWHPV� VXFK DV DUUD\V RI SURFHVVRUV DQG '3*$ >��@� :LWK VXFK D V\VWHP� RQH
FDQ UHGXFH E\ KDOI WKH QXPEHU RI SURFHVVRUV IRU FRPSXWLQJ I � E\ KDYLQJ HDFK
H[HFXWH WZLFH PRUH FRGH� 1RWH WKDW WKLV LV D PRUH HpFLHQW ZD\ WR IROG VSDFH
LQ WLPH WKDQ SUHYLRXVO\� QR H[WHUQDO PHPRU\ LV UHTXLUHG� DQG WKH ODWHQF\ LV QRW
VLJQLnFDQWO\ DmHFWHG�
7KH $/8 LQ &+(66 LV DOVR G\QDPLFDOO\ SURJUDPPDEOH� $OWKRXJK QR VSHFLDO�

L]HG PHPRU\ LV SURYLGHG IRU VWRULQJ LQVWUXFWLRQV �XQOLNH '3*$�� LW LV SRVVLEOH
WR EXLOG VSHFLDOL]HG G\QDPLFDOO\ SURJUDPPHG VHTXHQWLDO SURFHVVRUV� ZLWKLQ WKH
RWKHUZLVH VWDWLFDOO\ FRQnJXUHG &+(66 DUUD\� 7KURXJK WKLV IHDWXUH� RQH FDQ PRG�
XODWH WKH DPRXQW RI SDUDOOHOLVP LQ WKH LPSOHPHQWDWLRQ RI D IXQFWLRQ I � LQ WKH
UDQJH EHWZHHQ VHULDO KDUGZDUH DQG VHTXHQWLDO VRIWZDUH� ZKLFK LV QRW DFFHVVLEOH
ZLWKRXW G\QDPLF UHFRQnJXUDWLRQ�

� &RQFOXVLRQ

:H H[SHFW LW WR EH SRVVLEOH WR EXLOG 5HFRQnJXUDEOH 6\VWHPV RI DUELWUDU\ VL]H�
ZKLFK DUH nW WR VKULQN� WKH\ FDQ H[SORLW DOO WKH DYDLODEOH VLOLFRQ� ZLWK D KLJK



QRUPDOL]HG GHQVLW\ IRU VWRUDJH� DULWKPHWLF DQG %RROHDQ RSHUDWLRQV� DQG RSHUDWH

DW KLJK QRUPDOL]HG FORFN IUHTXHQF\�

)RU KRZ ORQJ ZLOO WKH PDUNHW GHPDQGV IRU RSHUDWLRQV NHHS�XS ZLWK WKH VXSSO\
ZKLFK VXFK 56 SURPLVH"

&DQ WKH SURGXFWLYLW\ LQ PDSSLQJ DSSOLFDWLRQV WR PDVVLYHO\ SDUDOOHO FXVWRP

KDUGZDUH EH UDLVHG DW WKH SDFH VHW E\ WHFKQRORJ\"

/HW XV WDNH WKH FRQFOXVLRQ IURP &DUYHU 0HDG >�@�

7KHUH LV IDU PRUH SRWHQWLDO LQ D VTXDUH FHQWLPHWHU RI VLOLFRQ WKDQ ZH

KDYH GHYHORSHG WKH SDUDGLJPV WR XVH�
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