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7XUER FRGHV� RULJLQDOO\ LQWURGXFHG LQ >�@� FDQ DFKLHYH
QHDU�FDSDFLW\ SHUIRUPDQFH RYHU 5D\OHLJK qDW�IDGLQJ FKDQ�
QHOV ZLWK FRKHUHQW GHWHFWLRQ DQG SHUIHFW NQRZOHGJH RI WKH
FKDQQHO UHVSRQVH >�@� +RZHYHU� PRELOH FRPPXQLFDWLRQ V\V�
WHPV DUH FKDUDFWHUL]HG E\ FKDQQHO UHVSRQVHV ZLWK WLPH�
YDU\LQJ PDJQLWXGH DQG SKDVH� )RU PRELOH FRPPXQLFDWLRQV�
FRQYHQWLRQDO FRKHUHQW GHWHFWLRQ LV GLrFXOW WR LPSOHPHQW

e 7 K LV Z RU N Z DV VX S S RU WHG E \ WK H 2r FH RI 1 DY DO 5HVHDU FK � '$ 53 $ �

DQ G WK H 03 5* ,Q G X VWU LDO $ r OLDWHV S U RJU DP �

VLQFH WKH SKDVH PXVW EH HVWLPDWHG DQG WUDFNHG� )RU WXUER
FRGHG V\VWHPV� WKH VLWXDWLRQ LV IXUWKHU FRPSOLFDWHG EHFDXVH
WKH GHFRGHU UHTXLUHV HVWLPDWHV RI WKH PDJQLWXGH RI WKH IDG�
LQJ SURFHVV DQG WKH YDULDQFH RI WKH DGGLWLYH QRLVH SURFHVV�

,Q >�@� +DOO DQG :LOVRQ FRQVLGHU WXUER FRGHG V\VWHPV
HPSOR\LQJ IUHTXHQF\ VKLIW NH\LQJ �)6.� ZLWK QRQFRKHUHQW
GHWHFWLRQ DQG GLoHUHQWLDO SKDVH VKLIW NH\LQJ �'36.� ZLWK
GLoHUHQWLDO GHWHFWLRQ� 7KH UHFHLYHUV IRU VXFK V\VWHPV DUH OHVV
FRPSOH[ WKDQ WKHLU FRKHUHQW FRXQWHUSDUWV� SULPDULO\ EHFDXVH
WKH FDUULHU SKDVH GRHV QRW QHHG WR EH HVWLPDWHG� +RZHYHU�
GXH WR WKH QRQFRKHUHQW FRPELQLQJ SHQDOW\� WKH SHUIRUPDQFH
RI WKHVH V\VWHPV LV VLJQLpFDQWO\ GHJUDGHG� &RPSDUHG WR FR�
KHUHQW ELQDU\ SKDVH VKLIW NH\LQJ �%36.�� D ORVV RI ��� DQG
��� G% ZDV REVHUYHG IRU )6. DQG '36. UHVSHFWLYHO\ LQ DGGL�
WLYH ZKLWH *DXVVLDQ QRLVH �$:*1� ZLWK D ����������� WXUER
FRGH DW D ELW HUURU UDWH �%(5� RI ��b�� ,Q >�@� D ��� G% SHU�
IRUPDQFH ORVV ZDV VKRZQ IRU D VLPLODU FRGH ZLWK '36. LQ
5D\OHLJK qDW�IDGLQJ DW D %(5 RI ��b��

$QRWKHU VROXWLRQ WKDW ZH H[SORUH LQ WKLV SDSHU LV WR
LQFRUSRUDWH SLORW V\PEROV LQWR WKH WUDQVPLVVLRQ� /LNH SLORW
WRQHV� SLORW V\PEROV DUH XVHG DW WKH UHFHLYHU WR REWDLQ DQ
HVWLPDWH RI WKH FKDQQHO UHVSRQVH VR WKDW FRKHUHQW GHWHFWLRQ
FDQ EH SHUIRUPHG� )ROORZLQJ WKH FRQYHQWLRQ RI >�@� ZH XVH WKH
WHUP 3LORW 6\PERO $VVLVWHG 0RGXODWLRQ �36$0� WR GHVFULEH
V\VWHPV WKDW LQFRUSRUDWH SLORW V\PEROV LQ WKH WUDQVPLVVLRQ�
,Q >�@� LW LV VKRZQ WKDW WKH XVH RI SLORW V\PEROV LV PRUH SRZHU
HrFLHQW WKDQ WKH XVH RI D SLORW WRQH� ,Q >�@� LW LV VKRZQ WKDW
DGGLWLRQDO SHUIRUPDQFH JDLQV FDQ EH DFKLHYHG LQ D WXUER�
FRGHG 36$0 V\VWHP E\ UH�HVWLPDWLQJ WKH FKDQQHO DIWHU HDFK
LWHUDWLRQ RI GHFRGLQJ� :KHQ WKH FKDQQHO LV UH�HVWLPDWHG� WKH
ORJ�OLNHOLKRRGV SURGXFHG E\ WKH WXUER GHFRGHU DUH LQFRUSR�
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)LJXUH �� 3UR SR VH G WUD QVPLWWH U�

UDWHG LQWR WKH FKDQQHO HVWLPDWLRQ DOJRULWKP� +HUH� ZH WDNH
D VLPSOHU DSSURDFK E\ LQFRUSRUDWLQJ KDUG HVWLPDWHV RI WKH
FRGH ELWV LQWR WKH HVWLPDWLRQ DOJRULWKP LQ D GHFLVLRQ GLUHFWHG
PDQQHU� $ UHODWHG LWHUDWLYH WHFKQLTXH XVLQJ SLORW V\PEROV
IRU FRQYROXWLRQDO FRGHV LV FDQ EH IRXQG LQ >�@�

7KH SULPDU\ GLVDGYDQWDJH RI 36$0 LV UHGXFHG VSHFWUDO
HrFLHQF\� 7KH ORVV LQ VSHFWUDO HrFLHQF\ FDQ EH RYHUFRPH E\
D SURFHVV ZH FDOO SDULW\�V\PERO VWHDOLQJ� ,QVWHDG RI WUDQV�
PLWWLQJ SLORW V\PEROV DORQJ ZLWK DOO RI WKH FRGH V\PEROV�
WKH SLORW V\PEROV UHSODFH D VXEVHW RI WKH SDULW\ V\PEROV�
$OWHUQDWLYHO\� WKLV SURFHVV FDQ EH YLHZHG DV WKH RYHUSXQF�
WXULQJ RI WKH HQFRGHU RXWSXW VR WKDW WKH RYHUDOO UDWH RI WKH
FRGH ZLWK SLORW V\PEROV LV WKH VDPH DV DQ HTXLYDOHQW V\VWHP
ZLWKRXW SLORW V\PEROV� %\ XVLQJ WKLV VWUDWHJ\� SLORW V\PEROV
FDQ EH LQFRUSRUDWHG LQWR WKH WUDQVPLVVLRQ ZLWKRXW WKH QHHG
WR H[SDQG EDQGZLGWK�

,Q WKLV SDSHU� FRKHUHQW GHWHFWLRQ RI WXUER FRGHV XVLQJ
WKH EDQGZLGWK HrFLHQW SLORW V\PERO WHFKQLTXH DQG LWHUD�
WLYH FKDQQHO HVWLPDWLRQ LV GLVFXVVHG LQ GHWDLO� 7KH V\VWHP
PRGHO LV SUHVHQWHG LQ 6HFWLRQ ,,� 7KH SURSRVHG LWHUDWLYH HV�
WLPDWRU�GHFRGHU LV SUHVHQWHG LQ 6HFWLRQ ,,,� DQG VLPXODWLRQ
UHVXOWV VKRZQ LQ 6HFWLRQ ,9� )LQDOO\ D FRQFOXVLRQ LV JLYHQ LQ
VHFWLRQ 9�

,,� 6\VW HP 0 RGHO

$� 7UDQVPLWWHU
$ EORFN GLDJUDP RI WKH SURSRVHG WUDQVPLWWHU LV VKRZQ

LQ )LJ� �� $ VHTXHQFH IGMJ� � x M x /� RI UDQGRP ELQDU\
GDWD GM � I�� �J LV pUVW HQFRGHG E\ D UDWH U WXUER HQFRGHU�
7KH UHVXOWLQJ VHTXHQFH RI FRGH V\PEROV LV I[NJ� � x / U� $W
HDFK WLPH N� D PXOWLSOH[HU VHOHFWV HLWKHU D FRGH V\PERO [N
RU D NQRZQ SLORW V\PERO \S DFFRUGLQJ WR

z\N  

~
[N LI �N �0S �� PRG 0S ! �
\S LI �N �0S �� PRG 0S  ��

���

ZKHUH0S LV WKH SLORW V\PERO VSDFLQJ �L�H� HYHU\0S�WK WLPH
LQWHUYDO� D SLORW V\PERO LV WUDQVPLWWHG LQ SODFH RI D FRGH V\P�
ERO�� 7KH V\PEROV Iz\NJ DUH WKHQ SDVVHG WR D 0 E\ 1 EORFN
FKDQQHO LQWHUOHDYHU� 7KH FKDQQHO LQWHUOHDYHU LV UHTXLUHG EH�
FDXVH WXUER HQFRGLQJ PD\ QRW EH VXrFLHQW WR FRSH ZLWK WKH
EXUVW HUURUV LQGXFHG E\ D FRUUHODWHG IDGLQJ FKDQQHO� 1RWH
WKDW WKH FKDQQHO LQWHUOHDYHU LV GLoHUHQW IURP WKH QRQXQLIRUP
LQWHUOHDYHU UHTXLUHG ZLWKLQ WKH WXUER HQFRGHU�

:KHQ UHSODFLQJ SDULW\ V\PEROV ZLWK SLORW V\PEROV� WKH
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fading AWGN

)LJXUH �� & KD QQH O PR GH O�

GHVLJQ RI WKH FKDQQHO LQWHUOHDYHU EHFRPHV D FULWLFDO LVVXH�
7KH LQWHUOHDYHU PXVW EH GHVLJQHG VR WKDW� ��� 2QO\ SDU�
LW\ V\PEROV DUH GHOHWHG �L�H� WKH V\VWHPDWLF LQIRUPDWLRQ LV
OHIW LQWDFW�� DQG ��� $Q HTXDO QXPEHU RI SDULW\ V\PEROV DUH
GHOHWHG IURP HDFK RI WKH WZR FRQVWLWXHQW HQFRGHUV� )RU UDWH
U  � � WXUER FRGHV� 0S PXVW VDWLVI\

0S  ���L� �� ���

IRU VRPH LQWHJHU L ! �� DQG WKH GLPHQVLRQ RI WKH LQWHUOHDYHU
PXVW EH P0S � � E\ Q0S � � IRU LQWHJHU P DQG Q� 1RWH
WKDW WKH QXPEHU RI VWRUDJH HOHPHQWV LQ WKH LQWHUOHDYHU ZLOO
EH RGG� EXW WKH QXPEHU RI FRGH ELWV ZLOO EH HYHQ� 7KXV� WKH
HOHPHQW LQ WKH ORZHU ULJKW KDQG FRUQHU RI WKH LQWHUOHDYHU LV
QRW XVHG� $Q H[DPSOH LQWHUOHDYHU IRU0S  � DQGP  Q  �
LV VKRZQ LQ )LJ� ��

$IWHU LQWHUOHDYLQJ� WKH VHTXHQFH I\NJ LV WKHQ IHG LQWR D
%36. PRGXODWRU ZKLFK SURGXFHV WKH RXWSXW

V�W�  

~
J�W� LI \N  �
bJ�W� LI \N  ��

���

ZKHUH J�W� LV DQ DUELWUDU\ SXOVH VKDSH ZLWK HQHUJ\ (V  U(E�

)RU FRPSDULVRQ SXUSRVHV� ZH DOVR FRQVLGHU LGHDO FRKHU�
HQW GHWHFWLRQ RI %36.� )RU LGHDO %36. ZH DVVXPH WKDW WKH
FKDQQHO SDUDPHWHUV DUH NQRZQ SUHFLVHO\ DW WKH UHFHLYHU� DQG
WKXV QR SLORW V\PEROV DUH UHTXLUHG �L�H� WKH PXOWLSOH[HU LQ
)LJ� � LV UHPRYHG DQG WKH FRGH V\PEROV DUH PRGXODWHG LP�
PHGLDWHO\ IROORZLQJ WKH LQWHUOHDYHU�� )XUWKHUPRUH� ZH FRQ�
VLGHU GLoHUHQWLDO GHWHFWLRQ RI '36.� ,Q WKLV FDVH� WKH PXO�
WLSOH[HU LQ )LJ� � LV UHPRYHG DQG D GLoHUHQWLDO HQFRGHU LV
SODFHG EHWZHHQ WKH FKDQQHO LQWHUOHDYHU DQG WKH %36. PRG�
XODWRU�

%� &KDQQHO
7KH WUDQVPLWWHG VLJQDO V�W� SDVVHV WKURXJK D IDGLQJ

FKDQQHO ZLWK DGGLWLYH ZKLWH *DXVVLDQ QRLVH DV LOOXVWUDWHG
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)LJXUH �� 3UR SR VH G UH F H LY H U

LQ )LJ� �� +HUH� F�W� LV D FRPSOH[�YDOXHG SURFHVV WKDW GH�
VFULEHV WKH PXOWLSOLFDWLYH GLVWRUWLRQ RI WKH IUHTXHQF\�qDW IDG�
LQJ FKDQQHO DQG Z�W� LV FRPSOH[ ]HUR�PHDQ ZKLWH�*DXVVLDQ
QRLVH� 7KH WZR�VLGHG QRLVH VSHFWUDO GHQVLW\ RI Z�W� LV 1R �
LQ HDFK RI WKH UHDO DQG LPDJLQDU\ GLUHFWLRQV� 7KH 5D\OHLJK
IDGLQJ LV PRGHOHG DV D ]HUR�PHDQ FRPSOH[ *DXVVLDQ ORZ�
SDVV SURFHVV F�W�� ZKHUH WKH UHDO DQG FRPSOH[ FRPSRQHQWV
DUH LQGHSHQGHQW DQG HDFK KDYH DXWRFRUUHODWLRQ >�@

5F���  -R��}IG��� ���

ZKHUH IG LV WKH UHODWLYH 'RSSOHU EHWZHHQ WUDQVPLWWHU DQG
UHFHLYHU� DQG -R�c� LV WKH ]HURWK RUGHU %HVVHO IXQFWLRQ RI WKH
pUVW NLQG� 1RWH WKDW WKH SRZHU RI F�W� LV QRUPDOL]HG WR XQLW\�

&� 5HFHLYHU
7KH SURSRVHG UHFHLYHU LV VKRZQ LQ )LJ� �� 7KH UHFHLYHG

VLJQDO U�W� LV SDVVHG WKURXJK D PDWFKHG pOWHU DQG WKHQ VDP�
SOHG DW WKH V\PERO UDWH � 7V� :H DVVXPH WKDW F�W� YDULHV
VORZO\ ZLWK UHVSHFW WR WKH V\PERO SHULRG� SHUIHFW WLPLQJ LV
DYDLODEOH� DQG WKHUH LV QR LQWHUV\PERO LQWHUIHUHQFH� 7KH VH�
TXHQFH DW WKH RXWSXW RI WKH VDPSOHU FDQ EH H[SUHVVHG DV

UN  FN��\N b �� � QN� ���

ZKHUH FN  F�N7V� DQG IQNJ LV D VHW RI VWDWLVWLFDOO\ LQGHSHQ�
GHQW FRPSOH[ *DXVVLDQ UDQGRP YDULDEOHV ZLWK ]HUR�PHDQ
DQG YDULDQFH ��  1R �(V LQ HDFK GLUHFWLRQ� $IWHU VDP�
SOLQJ� UN LV VHQW WR D FKDQQHO HVWLPDWLRQ DOJRULWKP �GHVFULEHG
LQ WKH QH[W VHFWLRQ�� 7KH DOJRULWKP FRPSXWHV LQLWLDO HVWL�

PDWHV IAF���N J RI WKH IDGLQJ SURFHVV DQG �A������ RI WKH QRLVH
YDULDQFH� 7KH VWDWLVWLF IUN��AFeN A������J LV IRUPHG DQG SDVVHG
pUVW WKURXJK D FKDQQHO LQWHUOHDYHU� DQG WKHQ WR D WXUER GH�
FRGHU ZKLFK LV LPSOHPHQWHG ZLWK WKH ORJ�0$3 DOJRULWKP
>�@��

$IWHU HDFK LWHUDWLRQ T� WKH WXUER GHFRGHU SURGXFHV HVWL�

PDWHV IA[�T�N J RI WKH FRGH V\PEROV� 7KH V\PERO HVWLPDWHV DUH
UHLQWHUOHDYHG DQG SLORW V\PEROV DUH UHLQVHUWHG� 7KH UHVXOW�

LQJ HVWLPDWHG V\PERO VHTXHQFH IA\�T�N J LV WKHQ IHG EDFN LQWR
WKH FKDQQHO HVWLPDWRU LQ D GHFLVLRQ GLUHFWHG PDQQHU� 7KH
FKDQQHO LV UH�HVWLPDWHG SULRU WR WKH QH[W GHFRGHU LWHUDWLRQ�
1HZ HVWLPDWHV I��AFeN A����T�J DUH SURGXFHG E\ WKH FKDQQHO

� 3 LORW V\ P E ROV P X VW E H U HS ODFHG Z LWK HU DVX U HV S U LRU WR G HFRG LQ J�
L�H� UN  � LI �N �0S �� P RG 0S  ��

HVWLPDWLRQ DOJRULWKP DQG XVHG E\ WKH WXUER GHFRGHU GXULQJ
LWHUDWLRQ �T � ���

,,,� & KDQQHO (VW LP DW RU

$� &KDQQHO *DLQ (VWLPDWLRQ
,I WKH WUDQVPLWWHG VHTXHQFH I\NJ ZHUH NQRZQ DW WKH

UHFHLYHU� WKHQ WKH EHVW OLQHDU PLQLPXP PHDQ�VTXDUH HUURU
�006(� HVWLPDWH RI WKH FRPSOH[ FKDQQHO JDLQ LV IRXQG DF�
FRUGLQJ WR

AFN  

1F;
L  b1

F

ZL ��\NbL b �� UNbL� ���

ZKHUH ZL LV D VHW RI pOWHU FRHrFLHQWV IRXQG XVLQJ WKH :LHQHU�
+RSI HTXDWLRQV� +RZHYHU� WKH RQO\ YDOXHV RI I\NJ WKDW DUH
NQRZQ DW WKH UHFHLYHU D SULRUL DUH WKH SLORW V\PEROV� 8Q�
GHU WKH DVVXPSWLRQ RI D VORZO\ YDU\LQJ FKDQQHO� ��� FDQ EH
DSSUR[LPDWHG E\

AFN  

1F;
L b1F

ZL ��\S b �� U�S�NbL� ���

ZKHUH U
�S�
NbL LV WKH UHFHLYHG YDOXH RI WKH SLORW V\PERO ORFDWHG

FORVHVW WR UNbL�

(TXDWLRQ ��� LV XVHG WR FRPSXWH WKH LQLWLDO HVWLPDWH

AF
���
N � $IWHU WKH WXUER GHFRGHU EHJLQV SURGXFLQJ HVWLPDWHV RI
WKH FRGH V\PEROV �L�H� T ! ��� WKH FKDQQHO JDLQ HVWLPDWH LV
IRXQG XVLQJ

AF
�T�
N  

1F;
L b1F

ZL

t
�A\

�T�
NbL b �

u
UNbL� ���

7KDW LV� WKH FKDQQHO HVWLPDWRU XVHV D FRPELQDWLRQ RI WKH FRGH
ELW HVWLPDWHV GHULYHG E\ WKH GHFRGHU DQG WKH SLORW V\PEROV
WKDW DUH NQRZQ D SULRUL�

:KHQ WKH QRUPDOL]HG IDGH UDWH IG7V LV VORZ �IG7V ��
�� DQG WKH pOWHU RUGHU �1F � � VXrFLHQWO\ VPDOO �1F ��
�IG7V�

b��� WKH pOWHU FRHrFLHQWV DUH DOO DSSUR[LPDWHO\ HTXDO�
DQG WKH pOWHU LV D VLPSOH PRYLQJ DYHUDJH �0$�� 7KH EHQHpW
RI XVLQJ D PRYLQJ DYHUDJH LV WKDW LW LV VLPSOHU WKDQ D :LHQHU
pOWHU DQG GRHV QRW UHTXLUH NQRZOHGJH RI WKH IDGH UDWH� ,Q WKH
VLPXODWLRQ UHVXOWV� ZH XVH D :LHQHU pOWHU IRU IDVW IDGH UDWHV
DQG D PRYLQJ DYHUDJH IRU VORZ IDGH UDWHV�

%� 1RLVH 9DULDQFH (VWLPDWLRQ
7R GHWHUPLQH WKH QRLVH YDULDQFH� pUVW DVVXPH WKDW WKH

VHW RI FKDQQHO JDLQV IFNJ DQG WUDQVPLWWHG V\PEROV I\NJ DUH
NQRZQ DW WKH UHFHLYHU� 7KHQ IRUP WKH UDQGRP YDULDEOH

]N  ��\N b ��UN b FN ���

 ��\N b ��QN� ����

7KH VHTXHQFH I]NJ LV WKXV D VHW RI LQGHSHQGHQW *DXVVLDQ
UDQGRP YDULDEOHV ZLWK ]HUR PHDQ DQG YDULDQFH ��� 7KH EHVW



HVWLPDWH RI �� FDQ EH IRXQG E\ VLPSO\ WDNLQJ WKH VDPSOH
YDULDQFH RI ]N� +RZHYHU� IFNJ DQG I\NJ DUH QRW SHUIHFWO\
NQRZQ DW WKH UHFHLYHU� $VVXPLQJ WKDW WKH FKDQQHO LV VORZO\
YDU\LQJ� ���� FDQ EH DSSUR[LPDWHG E\

]N  ��\S b ��U�S�N b AF�S�N � ����

ZKHUH AF
�S�
N LV WKH HVWLPDWHG FKDQQHO JDLQ DVVRFLDWHG ZLWK WKH

SLORW V\PERO ORFDWHG FORVHVW WR UN�

7KH VDPSOH YDULDQFH RI ���� LV XVHG WR FRPSXWH WKH LQL�
WLDO QRLVH YDULDQFH HVWLPDWH �A������� )RU T ! �� QRLVH YDULDQFH
HVWLPDWHV DUH IRXQG E\ WDNLQJ WKH VDPSOH YDULDQFH RI

]
�T�
N  ��A\

�T�
N b ��UN b AF�T�N � ����

7KXV� WKH YDULDQFH HVWLPDWRU XVHV WKH RXWSXW RI WKH FKDQ�
QHO JDLQ HVWLPDWRU DORQJ ZLWK WKH WHQWDWLYH GHFLVLRQV RI WKH
WXUER GHFRGHU DQG NQRZOHGJH RI WKH SLORW V\PEROV�

,9� 6LP XO DW LRQ 5HVXO W V

&RQVLGHU D WXUER FRGH JHQHUDWHG E\ WZR UDWH � �� FRQ�
VWUDLQW OHQJWK .  � UHFXUVLYH V\VWHPDWLF FRQYROXWLRQDO
�56&� HQFRGHUV FRQFDWHQDWHG LQ SDUDOOHO �WKH IHHGEDFN JHQ�
HUDWRU LV ����R DQG IHHGIRUZDUG JHQHUDWRU LV ����R�� 7KH
WXUER FRGH
V LQWHUOHDYHU VL]H LV /  �� ���� DQG WKH ODVW �
ELWV RI WKH IUDPH XVHG WR WHUPLQDWH WKH WUHOOLV RI WKH XS�
SHU HQFRGHU �WKH ORZHU HQFRGHU
V WUHOOLV LV OHIW RSHQ�� ,Q
WKH VLPXODWLRQV� D QHZ UDQGRP LQWHUOHDYHU LV JHQHUDWHG IRU
HDFK 0RQWH &DUOR WULDO� 3XQFWXULQJ LV XVHG WR LQFUHDVH WKH
RYHUDOO FRGH UDWH WR � � �WKH HYHQ LQGH[HG ELWV IURP WKH XS�
SHU HQFRGHU DQG RGG LQGH[HG ELWV IURP WKH ORZHU HQFRGHU
DUH QRW WUDQVPLWWHG�� 3LORW V\PEROV RYHUZULWH SDULW\ V\P�
EROV ZLWK VSDFLQJ 0S  �� ��� ��� RU ��� 7KH FKDQQHO LQ�
WHUOHDYHU LV LPSOHPHQWHG ZLWK D �� d �� PDWUL[ �ZLWK HOH�
PHQW ����� XQXVHG�� 7ZR QRUPDOL]HG IDGH UDWHV DUH FRQVLG�
HUHG� IG7V  ���� DQG IG7V  ����� :H IRXQG WKDW ZKHQ
IG7V  ���� WKH SHUIRUPDQFH XVLQJ D PRYLQJ DYHUDJH ZDV
DSSUR[LPDWHO\ WKH VDPH DV WKH SHUIRUPDQFH XVLQJ D :LHQHU
pOWHU� +RZHYHU� IRU IG7V  ��� XVH RI D 0$ LV XQDFFHSW�
DEOH� 7KXV IRU WKH VORZHU IDGH UDWH ZH XVH D PRYLQJ DYHUDJH�
ZKLOH IRU WKH IDVWHU IDGH UDWH ZH XVH D :LHQHU pOWHU� ,Q ERWK
FDVHV 1F  ��� (LJKW GHFRGHU LWHUDWLRQV DUH SHUIRUPHG XVLQJ
WKH /RJ�0$3 DOJRULWKP� DQG WKH VLPXODWLRQ SURFHHGV XQWLO
�� LQGHSHQGHQW IUDPH HUURUV DUH JHQHUDWHG IRU HDFK YDOXH RI
(E 1R�

6LPXODWLRQ UHVXOWV DUH VKRZQ IRU IG7V  ���� LQ )LJ� �
DQG IRU IG7V  ��� LQ )LJ� �� ,Q HDFK pJXUH� WKH GRWWHG
OLQH VKRZV WKH %(5 ZKHQ WKH UHFHLYHU KDV SHUIHFW NQRZO�
HGJH RI WKH FKDQQHO JDLQ DQG QRLVH YDULDQFH� 1RWH WKDW WKLV

� 7 K H IG7V  ���� VLWX DWLRQ FRU U HVS RQ G V WR D W\ S LFDO G LJLWDO FHOOX ODU
V\ VWHP RS HU DWLQ J DW ��� 0+ ] Z LWK ���� N E S V V\ P E RO U DWH DQ G D U HODWLY H
P RE LOH Y HORFLW\ RI DS S U R[ LP DWHO\ �� P S K � 7 K H IG7V  ��� VLWX DWLRQ
FRU U HVS RQ G V WR D W\ S LFDO 3 & 6 V\ VWHP RS HU DWLQ J DW ��� *+ ] Z LWK D ���
N E S V V\ P E RO U DWH DQ G U HODWLY H P RE LOH Y HORFLW\ RI DS S U R[ LP DWHO\ �� P S K �
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)LJXUH �� & R PSD ULVR Q R I F R GH G ELW H UUR U SH UIR UPD QF H Y H UVXV
(E 1R IR U WKUH H UH F H SWLR Q WH F KQLT XH V� 7 KH F KD QQH O LV 5D \ OH LJ K
qD W�ID GH G Z LWK IG7V  � � � � D QG EOR F N F KD QQH O LQWH UOH D Y LQJ R I
GH SWK � � � $ WXUER F R GH Z LWK UD WH �  � � F R QVWUD LQW OH QJ WK .  
� � D QG GD WD IUD PH VL] H /  � � � � LV XVH G� (LJ KW LWH UD WLR QV R I
/R J �0 $ 3 GH F R GLQJ D UH SH UIR UPH G� 7 KH H VWLPD WR U IR U WKH 36$ 0
WH F KQLT XH LV H PSOR \ H G XVLQJ D 0 $ pOWH U Z LWK 1F  � � �
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)LJXUH �� 6D PH D V SUH Y LR XV pJ XUH � H [ F H SW IG7V  � � � D QG WKH
H VWLPD WR U LV LPSOH PH QWH G XVLQJ D :LH QH U pOWH U�



SHUIRUPDQFH FDQQRW EH DWWDLQHG LQ D SUDFWLFDO V\VWHP DQG
VHUYHV RQO\ DV D EHQFKPDUN� 7KH GDVKHG OLQH VKRZV WKH
FRGHG SHUIRUPDQFH IRU '36.� 1RWH WKDW WKH SHUIRUPDQFH RI
LGHDO %36. DQG '36. IRU IG7V  ��� LV VOLJKWO\ EHWWHU WKDQ
WKH SHUIRUPDQFH IRU IG7V  ����� 7KLV LV EHFDXVH WKH FKDQ�
QHO LQWHUOHDYHU LV EHWWHU DEOH WR VSUHDG RXW WKH IDGHV ZKHQ
IDVWHU IDGLQJ LV HQFRXQWHUHG� DQG WKXV WKH LQWHUOHDYHG FKDQ�
QHO JDLQV DSSHDU PRUH XQFRUUHODWHG WR WKH WXUER GHFRGHU�
)RU IG7V  ���� DQG D %(5 RI ��b�� '36. LV ��� G% OHVV
SRZHU HrFLHQW WKDQ LGHDO %36.� )RU IG7V  ���� WKLV GLI�
IHUHQFH LV ��� G%� 7KLV SHUIRUPDQFH ORVV ZDV D PRWLYDWLQJ
IDFWRU EHKLQG WKLV UHVHDUFK� DV WKH SURSRVHG SLORW V\PERO
EDVHG WHFKQLTXHV EULGJHV WKH JDS EHWZHHQ LGHDO %36. DQG
'36.�

)RU HDFK RI )LJXUHV � DQG �� WKH IRXU VROLG OLQHV UHS�
UHVHQW GLoHUHQW SLORW V\PERO VSDFLQJV� 0S  �� ��� �� DQG
��� :KHQ IG7V  ����� WKH EHVW QRQ�LGHDO SHUIRUPDQFH LV
DFKLHYHG ZLWK 0S  �� �IRU D %(5 RI ��

b�� SHUIRUPDQFH LV
� G% EHWWHU WKDQ '36.� DQG ZLWKLQ ��� G% RI LGHDO %36.��
7KH SHUIRUPDQFH FXUYHV IRU 0S  �� DQG �� DUH VOLJKWO\
ZRUVH WKDQ IRU 0S  ��� ZKLOH SHUIRUPDQFH IRU 0S  � LV
VLJQLpFDQWO\ ZRUVH� )RU WKH VPDOOHU SLORW V\PERO VSDFLQJV
0S  � DQG ��� WKLV ORVV LV GXH WR D ZHDNHQLQJ RI WKH WXUER
FRGH EHFDXVH WRR PDQ\ SDULW\ V\PEROV ZHUH VWROHQ� ZKLOH IRU
WKH ODUJHU SLORW V\PERO VSDFLQJ0S  �� WKH VSDFLQJ ZDV QRW
ODUJH HQRXJK WR WUDFN WKH WLPH YDULDWLRQ RI WKH FKDQQHO�

:KHQ IG7V  ���� WKH EHVW QRQ�LGHDO SHUIRUPDQFH LV
DFKLHYHG XVLQJ 0S  ��� $W D %(5 RI ��

b�� SHUIRUPDQFH LV
VWLOO EHWWHU WKDQ '36.� EXW RQO\ E\ ��� G%� 3HUIRUPDQFH LV
��� G% ZRUVH WKDQ LGHDO %36.� 7KLV LPSOLHV WKDW WKH SUR�
SRVHG PHWKRG WHQGV WR ZRUN EHWWHU IRU VORZHU IDGLQJ� DQG
WKDW SHUKDSV RWKHU DOWHUQDWLYHV VKRXOG EH VRXJKW IRU IDVWHU
IDGLQJ� 7KH SHUIRUPDQFH FXUYHV IRU 0S  � DQG �� DUH
VOLJKWO\ ZRUVH WKDQ IRU 0S  ��� ZKLOH IRU 0S  �� WKH SHU�
IRUPDQFH LV DFWXDOO\ ZRUVH WKDQ IRU '36.� 7KH H[WUHPHO\
SRRU SHUIRUPDQFH IRU 0S  �� FDQ EH DWWULEXWHG WR WKH IDFW
WKDW WKH SLORW V\PERO VSDFLQJ LV QRW VXrFLHQW WR WUDFN WKH
FKDQQHO� 1RWH WKDW LQ DOO FDVHV QR DGGLWLRQDO EDQGZLGWK LV
UHTXLUHG WR DFKLHYH WKLV OHYHO RI SHUIRUPDQFH� DOWKRXJK WKH
FKDQQHO HVWLPDWLRQ DOJRULWKP LQFUHDVHV WKH UHFHLYHU FRPSOH[�
LW\ �FRPSDUHG WR '36.��

9� & RQF O XVLRQ

,Q WKLV SDSHU� D PHWKRG IRU GHWHFWLQJ WXUER FRGHV RYHU
WLPH�YDU\LQJ FKDQQHOV KDV EHHQ SUHVHQWHG� $W WKH WUDQVPLW�
WHU� SLORW V\PEROV UHSODFH D IUDFWLRQ � 0S RI FRGH V\PEROV�
%HFDXVH WKH SLORW V\PEROV UHSODFH H[LVWLQJ V\PEROV� QR EDQG�
ZLGWK H[SDQVLRQ LV UHTXLUHG� 7KH SLORW V\PEROV DUH XVHG DW
WKH UHFHLYHU WR REWDLQ LQLWLDO HVWLPDWHV RI WKH FKDQQHO JDLQ
DQG QRLVH YDULDQFH� $IWHU HDFK LWHUDWLRQ RI WXUER GHFRGLQJ�
HVWLPDWHV RI WKH FRGH ELWV DUH IHG EDFN WR WKH FKDQQHO HVWLPD�
WLRQ DOJRULWKP� 7KH FKDQQHO HVWLPDWRU XVHV D :LHQHU pOWHU�
DOWKRXJK D VLPSOH PRYLQJ DYHUDJH FDQ EH XVHG IRU VORZ IDGH

UDWHV� 6LPXODWLRQ UHVXOWV VKRZ WKDW WKH SURSRVHG SLORW V\P�
ERO PHWKRG LV PRUH SRZHU HrFLHQW WKDQ '36.� 7KH UHVXOWV
DUH OHVV SURPLVLQJ IRU IDVWHU IDGH UDWHV� DOWKRXJK VWLOO VXSH�
ULRU WR '36. SURYLGHG WKDW WKH SLORW V\PEROV DUH VXrFLHQWO\
FORVH WRJHWKHU�

)RU HDVH RI H[SRVLWLRQ� WKLV SDSHU KDV IRFXVHG RQ WKH XVH
RI %36. PRGXODWLRQ� 7KH SURSRVHG V\VWHP FDQ EH HDVLO\
H[WHQGHG WR DFFRPPRGDWH RWKHU PRGXODWLRQ IRUPDWV� SDU�
WLFXODUO\ 0�DU\ SKDVH VKLIW NH\LQJ �36.�� $OVR� WKH UHVXOWV
VKRZQ LQ WKLV SDSHU ZHUH IRU RQH SDUWLFXODU WXUER FRGH DQG
WZR SDUWLFXODU YDOXHV RI QRUPDOL]HG IDGH UDWH IG7V� $ QDW�
XUDO H[WHQVLRQ RI WKLV ZRUN ZRXOG EH WR FRQVLGHU RWKHU QRU�
PDOL]HG IDGH UDWHV� SDUWLFXODUO\ IDVWHU IDGH UDWHV� DQG RWKHU
WXUER FRGHV�
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WXUER FRGHV RQ 5D\OHLJK IDGLQJ FKDQQHOV�� ,((( -� 6H�
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>�@ 0� &� 9DOHQWL DQG %� '� :RHUQHU� ?5HpQHG FKDQQHO HV�
WLPDWLRQ IRU FRKHUHQW GHWHFWLRQ RI WXUER FRGHV RYHU qDW�
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>�@ -� .� &DYHUV� ?$Q DQDO\VLV RI SLORW V\PERO DVVLVWHG PRG�
XODWLRQ IRU 5D\OHLJK IDGLQJ FKDQQHOV�� ,((( 7UDQV� 9HK�
7HFK�� YRO� ��� SS� ���^���� 1RY� �����

>�@ /��'� -HQJ� <� 7� 6X� DQG -��7� &KLDQJ� ?3HUIRUPDQFH
RI WXUER FRGHV LQ PXOWLSDWK IDGLQJ FKDQQHOV�� LQ 3URF��
,((( 9HK� 7HFK� &RQI�� �2WWDZD� &DQDGD�� SS� ��^���
0D\ �����

>�@ +� (� *DPDO� 0� 0� .KDLU\� DQG (� *HUDQLRWLV� ?,WHUD�
WLYH GHFRGLQJ DQG FKDQQHO HVWLPDWLRQ RI '6�&'0$ RYHU
VORZ 5D\OHLJK IDGLQJ FKDQQHOV�� LQ 3URF�� ,((( 3,05&�
�%RVWRQ� 0$�� SS� ����^����� 6HSW� �����

>�@ :� &� -DNHV� 0RELOH 0LFURZDYH &RPPXQLFDWLRQ� 1HZ
<RUN� -RKQ :LOH\ 	 6RQV� �����
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