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7KLV SDSHU GHVFULEHV WKH LPSOHPHQWDWLRQ RI YHU\ KLJK�SHUIRUPDQFH QDUURZ�EDQG pQLWH LPSXOVH UHVSRQVH �),5�
pOWHUV XVLQJ ;LOLQ[� pHOG SURJUDPPDEOH JDWH DUUD\V �)3*$V�� 0XOWLUDWH DV ZHOO DV VLQJOH UDWH DUFKLWHFWXUHV
DUH FRQVLGHUHG� %\ H[SORLWLQJ WKH QDUURZ�EDQG QDWXUH RI WKH pOWHULQJ SURFHVV� D YHU\ DUHD�HrFLHQW )3*$ pOWHU
PHFKDQL]DWLRQ UHIHUUHG WR DV DQ LQWHUSRODWHG ),5 �,),5� pOWHU LV GHYHORSHG� 6HYHUDO GHVLJQ H[DPSOHV DUH SUHVHQWHG�
$ ORZSDVV VLQJOH UDWH ,),5 FRQVXPHV RQO\ ��� RI WKH ORJLF UHTXLUHPHQWV LQ FRPSDULVRQ WR RWKHU DUHD HrFLHQW
)3*$ ),5 VWUXFWXUHV WKDW KDYH EHHQ UHSRUWHG LQ WKH OLWHUDWXUH� 0XOWLUDWH LPSOHPHQWDWLRQV SURYLGH ODUJHU ORJLF
VDYLQJV� $ ���WR�� GHFLPDWRU LV SUHVHQWHG WKDW XVHV RQO\ ����� RI WKH ORJLF UHVRXUFHV RI D VWDQGDUG )3*$
SRO\SKDVH LPSOHPHQWDWLRQ�

.H\ZRUGV� LQWHUSRODWHG ),5� )3*$� '63� PXOWLUDWH pOWHU

� , 1 7 52'8&7 , 21

0DQ\ V\VWHPV UHTXLUH YHU\ KLJK�SHUIRUPDQFH QDUURZ�EDQG OLQHDU SKDVH pOWHUV� 1DUURZ�EDQG ZLUHOHVV FRPPX�
QLFDWLRQ V\VWHPV FDQ XVH WKHVH pOWHUV DV SDUW RI WKH FKDQQHOL]DWLRQ SURFHVV� 'HFLPDWLQJ pOWHUV DOVR pQG DSSOLFDWLRQ
LQ WUDQVPXOWLSOH[HUV ZKHUH WKH\ DUH XVHG WR FRQYHUW EHWZHHQ WLPH�GLYLVLRQ PXOWLSOH[HG �7'0� DQG IUHTXHQF\�
GLYLVLRQ PXOWLSOH[HG �)'0� GDWD IRUPDWV� 0XOWLUDWH pOWHU DUFKLWHFWXUHV FDQ DOVR EH XVHG WR LPSOHPHQW QDUURZ�
EDQG pOWHULQJ� ZLWK QR VDPSOH UDWH FKDQJH IURP LQSXW WR RXWSXW� E\ pUVW SHUIRUPLQJ D VDPSOH UDWH UHGXFWLRQ
IROORZHG E\ D VDPSOH UDWH LQFUHDVH�

7KLV SDSHU DGGUHVVHV WKH HrFLHQW pHOG SURJUDPPDEOH JDWH DUUD\ �)3*$� LPSOHPHQWDWLRQ RI OLQHDU SKDVH
QDUURZ�EDQG VLQJOH�UDWH DQG PXOWLUDWH pOWHUV� 5DWKHU WKDQ HPSOR\ D GLUHFW pQLWH LPSXOVH UHVSRQVH �),5� LPSOH�
PHQWDWLRQ� WKH LQWHUSRODWHG ),5 �,),5� DSSURDFK RI 1HXYR HW� DO�� LQ FRQMXQFWLRQ ZLWK )3*$ WHFKQRORJ\ LV VKRZQ
WR EH D YHU\ SRZHUIXO FRPELQDWLRQ E\ SURGXFLQJ KLJKO\ HrFLHQW )3*$ pOWHU UHDOL]DWLRQV� )RU VLQJOH�UDWH pOWHUV�
XVH RI WKH ,),5 DSSURDFK ZLWK )3*$ KDUGZDUH SURGXFHV pOWHUV WKDW RFFXS\ OHVV WKDQ ��� RI WKH ORJLF UHVRXUFHV
RI RWKHU )3*$ DSSURDFKHV WKDW KDYH EHHQ UHSRUWHG LQ WKH RSHQ OLWHUDWXUH� $ KLJK�SHUIRUPDQFH GHFLPDWLQJ pOWHU
LV SUHVHQWHG WKDW XVHV RQO\ ����� RI WKH ORJLF UHTXLUHPHQWV RI D VWDQGDUG SRO\SKDVH� pOWHU )3*$ LPSOHPHQWDWLRQ�

)LUVW WKH ,),5 pOWHU DSSURDFK LV EULHq\ UHYLHZHG� $ QDUURZ�EDQG ORZSDVV pOWHU GHVLJQ LV WKHQ SUHVHQWHG�
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)LJXUH �� ,QWHUSRODWHG ),5 �,),5� DUFKLWHFWXUH�
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)LJXUH �� 8SVDPSOHG ),5 DUFKLWHFWXUH 0�]N��

7KH ;LOLQ[� )3*$ LPSOHPHQWDWLRQ RI WKH pOWHU LV GHVFULEHG DQG WKH ORJLF UHVRXUFHV RI WKLV pOWHU DUH FRPSDUHG
WR D FRQYHQWLRQDO )3*$ LPSOHPHQWDWLRQ WKDW SURYLGHV WKH VDPH IXQFWLRQDOLW\� 1H[W� D JHQHUDO IUDPHZRUN IRU
GHFLPDWLQJ ,),5 VWUXFWXUHV LV SUHVHQWHG� 7KLV DSSURDFK LV GHPRQVWUDWHG E\ D ���WR�� GHFLPDWRU GHVLJQ H[DPSOH
WKDW UDWH FRQYHUWV D ��� 0+] VLJQDO GRZQ WR � 0+]� 7UDGLWLRQDOO\ WKLV W\SH RI pOWHU ZRXOG EH LPSOHPHQWHG XVLQJ
D SRO\SKDVH GHFRPSRVLWLRQ� 7KH SRO\SKDVH YHUVLRQ RI WKH GHFLPDWRU DQG WKH GHFLPDWLQJ ,),5 DUH FRPSDUHG WR
LOOXVWUDWH WKH GUDPDWLF UHGXFWLRQ LQ ORJLF UHVRXUFHV WKDW LV DoRUGHG E\ WKH ,),5 DSSURDFK�

� , 1 7 ( 53 2/$7 ( ' ), 5 � ,) ,5

/LQHDU SKDVH pOWHUV DUH FRQYHQWLRQDOO\ LPSOHPHQWHG XVLQJ D VWDQGDUG WDSSHG GHOD\�OLQH RU WUDQVYHUVDO pOWHU
VWUXFWXUH� +RZHYHU� PDQ\ RWKHU UHDOL]DWLRQ RSWLRQV SUHVHQW WKHPVHOYHV LI WKH pOWHU GHVLJQHU LV SUHSDUHG WR WDNH
DGYDQWDJH RI WKH FHUWDLQ IHDWXUHV WKDW PD\ EH FKDUDFWHULVWLFV RI WKH pOWHU UHTXLUHPHQWV WKHPVHOYHV� RU WKDW EH�
FRPH DYDLODEOH ZKHQ WKH pOWHU LV WDNHQ LQ FRQWH[W ZLWK DGMDFHQW SURFHVVLQJ EORFNV� )LOWHUV ZKRVH EDQGZLGWK
LV FRQVLGHUDEO\ VPDOOHU WKDQ WKH V\VWHP VDPSOH UDWH� RU QDUURZ�EDQG pOWHUV� RFFXU LQ PDQ\ SUDFWLFDO DSSOLFD�
WLRQV� 6HYHUDO RSWLRQV RWKHU WKDQ WKH VWDQGDUG ),5 UHDOL]DWLRQ FDQ EH XVHG WR SURGXFH HrFLHQW QDUURZ�EDQG pOWHU
LPSOHPHQWDWLRQV�

7KH FDVFDGH pOWHU VWUXFWXUH VKRZQ LQ )LJXUH � LV D WZR�VWDJH LQWHUSRODWHG ),5 �,),5� pOWHU�

7KH VDPSOH UDWH IRU ERWK VWDJHV LV WKH VDPH DV WKDW DW WKH LQSXW DQG RXWSXW� 6R DOWKRXJK WKH QDPH DOOXGHV
WR PXOWLUDWH WHFKQLTXHV� VWULFWO\ VSHDNLQJ WKLV LV QRW D PXOWLUDWH pOWHU� VLQFH WKH VDPSOLQJ IUHTXHQF\ DW DOO VWDJHV
LV WKH VDPH� :LWK ,),5V WKH PXOWLUDWH DVSHFW RI WKH V\VWHP LV HPERGLHG LQ WKH pOWHU LPSXOVH UHVSRQVH�

7KH WUDQVIHU IXQFWLRQ 0�]N� RI WKH pUVW VWDJH LV D IXQFWLRQ RI ]N� ,W FDQ EH LPSOHPHQWHG E\ UHSODFLQJ WKH
XQLW GHOD\ RSHUDWRU ]b� LQ D WUDQVYHUVDO pOWHU 0�]� E\ ]N� DV VKRZQ LQ )LJXUH �� 7KLV PHDQV VLPSO\ UHSODFLQJ
HDFK GHOD\ HOHPHQW E\ N XQLWV RI GHOD\� 7KLV LV HTXLYDOHQW WR LQVHUWLQJ N b � ]HURV EHWZHHQ WKH RULJLQDO LPSXOVH
UHVSRQVH YDOXHV RI 0�]�� 1RZ UHFDOO WKDW D N�IROG UDWH H[SDQVLRQ RI D WLPH VHULHV FDXVHV N b � VSHFWUDO UHSOLFDWHV
WR IROG EDFN LQWR WKH IUHTXHQF\ LQWHUYDO >� �� �}@� 7KH VDPH REVHUYDWLRQ LV REYLRXVO\ WUXH IRU 0�]N�� VLQFH D pOWHU
LPSXOVH UHVSRQVH LV MXVW D WLPH�VHULHV� 7KH VLWXDWLRQ LV VKRZQ LQ WKH IUHTXHQF\ GRPDLQ SORW RI )LJXUH � IRU D UDWH
H[SDQVLRQ N  �� ,Q JRLQJ IURP 0�HMn� WR 0�HMNn� WKH IUHTXHQF\ GRPDLQ UHVSRQVH LV FRPSUHVVHG E\ WKH IDFWRU
N� 7KH FULWLFDO IUHTXHQFLHV LQ WKH EDVHEDQG VSHFWUXP RI 0�HMNn� DUH N WLPHV QDUURZHU WKDQ WKRVH RI 0�HMn��

6R IDU ZH KDYH VHHQ WKDW UDWH H[SDQGLQJ D pOWHU
V LPSXOVH UHVSRQVH KDV WKH GHVLUHG HoHFW RI GHFUHDVLQJ WKH
EDVHEDQG pOWHU WUDQVLWLRQ�EDQG ZLWKRXW LQWURGXFLQJ DQ\ DGGLWLRQDO DULWKPHWLF� 7KH QDUURZ�EDQG UHVSRQVH FRPHV
DW RQO\ WKH H[SHQVH RI VRPH DGGLWLRQDO PHPRU\ WR DFFRPPRGDWH WKH LQFUHDVHG VWRUDJH UHTXLUHPHQWV IRU WKH LQSXW
VLJQDO WLPH KLVWRU\� +RZHYHU� WKH VSHFWUDO UHSOLFDWHV RU LPDJHV DUH D SUREOHP DQG PXVW EH GHDOW ZLWK� 7KLV LV WKH
IXQFWLRQ RI WKH LPDJH UHMHFWLRQ pOWHU ,�]� LQ )LJXUHV � DQG ��F�� 7KH UHVXOWDQW WUDQVIHU IXQFWLRQ LV

+�]�  0�]N�,�]� ���



π 2π

|M(ejkΩ)|
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image image image
|I(ejΩ)| - image suppression filter

π 2π

|M(ejΩ)|

Ω

π 2π

|H(ejΩ)| - required filter

Ω
Ωp,H Ωs,H

kΩp,H kΩs,H

- model filter

Ωp,H Ωs,H

(a)

(b)

(c)

)LJXUH �� ,),5 � IUHTXHQF\ GRPDLQ LOOXVWUDWLRQ�

7KH FRPSUHVVHG UHVSRQVH UHGXFHV WKH FRPSXWDWLRQDO FRPSOH[LW\ E\ D IDFWRU RI DSSUR[LPDWHO\ N� 7KH FRP�
SOH[LW\ IRU FRQVWUXFWLQJ ,�]� PXVW DOVR EH FRQVLGHUHG� ,Q PDQ\ VLWXDWLRQV D VXLWDEOH FKRLFH RI N ZLOO UHVXOW LQ D
VKDOORZ WUDQVLWLRQ VORSH IRU WKH LPDJH VXSSUHVVRU� VR WKDW WKLV pOWHU ZLOO KDYH VXEVWDQWLDOO\ IHZHU pOWHU FRHrFLHQWV
WKDQ WKH GHVLUHG pOWHU +�]� DQG RQO\ FRQWULEXWH PRGHVWO\ WR WKH FRPSXWDWLRQ ORDG�

��� , ), 5 'HVLJQ

7KH ,),5 DSSURDFK LV VXLWDEOH IRU DQ\ QDUURZ�EDQG pOWHU SURFHVV � ORZSDVV� EDQGSDVV RU KLJKSDVV� 7KH GHVLJQ
DSSURDFK ZLOO EH GHVFULEHG XVLQJ D ORZSDVV PHWKRGRORJ\�

&RQVLGHU WKH V\QWKHVLV RI D ORZSDVV pOWHU +�]� ZLWK D SDVVEDQG HGJH IUHTXHQF\ nS�+ � VWRSEDQG HGJH IUHTXHQF\
nV�+ DQG ZLWK rS�+ DQG rV�+ SDVVEDQG DQG VWRSEDQG ULSSOH UHVSHFWLYHO\�

)LUVW D PRGHO pOWHU 0�]� �)LJXUH ��E�� LV GHpQHG KDYLQJ D SDVVEDQG HGJH IUHTXHQF\ nS�0  NnS�+ � DQG
VWRSEDQG HGJH IUHTXHQF\ nV�0  NnV�+ � 7KH SDVVEDQG HGJH IUHTXHQF\ RI ,�]� PXVW EH WKH VDPH DV WKH UHTXLUHG
pOWHU +�]�� VR nS�,  nS�+ � 7KH VWRSEDQG HGJH IUHTXHQF\ IRU WKH LPDJH VXSSUHVVLRQ pOWHU PXVW EH FKRVHQ VR WKDW
LWV PDJQLWXGH UHVSRQVH SURYLGHV WKH VSHFLpHG DWWHQXDWLRQ DW WKH pUVW LQWHUFHSW SRLQW ZLWK WKH pUVW LPDJH RI0�]N�
DERYH EDVHEDQG� 6RPH VLPSOH DULWKPHWLF UHVXOWV LQ WKLV GHVLJQ IUHTXHQF\ EHLQJ GHpQHG DV nV�,  �} N bnV�+ �

7KH SDVVEDQG ULSSOH IRU +�]� LV GLVWULEXWHG EHWZHHQ 0�]N� DQG ,�]�� )RUPDOO\ ZH UHTXLUH

�� � rS�0 ���� � rS�,��  � � rS�+ ���

,I WKH ULSSOH rS�+ LV VPDOO� WKHQ
rS�0 � rS�, } rS�+ ���

2QH SRVVLELOLW\ IRU VROYLQJ (T� ��� WKDW ZRUNV LQ SUDFWLFH LV WR FKRRVH rS�0  rS�,  ���rS�+ � 3URYLGHG rS LV VPDOO
LW LV SRVVLEOH WR PDNH WKH IXUWKHU DSSUR[LPDWLRQ

rV�0  rV�, } rV ���



π

|H(ejΩ)|

Ω
Ωp,H=0.1π Ωs,H=0.12π

0.2 dB

60 dB

)LJXUH �� 1DUURZ�%DQG ORZSDVV pOWHU H[DPSOH � PDJQLWXGH UHVSRQVH UHTXLUHPHQWV�

π

|H(ejkΩ)|

Ω
Ωp,M=0.4π Ωs,M=0.48π

0.1 dB

60 dB

)LJXUH �� 0RGHO pOWHU VSHFLpFDWLRQV IRU WKH ORZ�
SDVV ,),5 H[DPSOH� N  ��

π

|I(ejΩ)|

Ω
Ωp,M=0.1π Ωs,M=0.38π

0.1 dB

60 dB

)LJXUH �� ,PDJH UHMHFWLRQ pOWHU VSHFLpFDWLRQV IRU D
ORZSDVV ,),5� N  ��

��� /RZSDVV , ), 5 ( [DPSOH

$V D pUVW H[DPSOH FRQVLGHU LPSOHPHQWLQJ WKH ORZSDVV pOWHU FKDUDFWHUL]HG LQ )LJXUH �� 8VLQJ D QRUPDOL]HG
VDPSOH UDWH RI �} UDGLDQV� WKH SDVVEDQG HGJH IUHTXHQF\ LV nS�+  ���� d �}� WKH VWRSEDQG HGJH IUHTXHQF\ LV
nV�+  ����d �}� WKH SDVVEDQG ULSSOH LV WR EH ��� G% DQG WKH UHTXLUHG PLQLPXP VWRSEDQG DWWHQXDWLRQ LV �� G%�
8VLQJ pOWHU GHVLJQ VRIWZDUH WKH QXPEHU RI pOWHU WDSV� 1 � UHTXLUHG WR PHHW WKH pOWHU UHTXLUHPHQWV LV ���� $Q
HrFLHQW WHFKQLTXH IRU LPSOHPHQWLQJ LQQHU�SURGXFW FDOFXODWLRQV XVLQJ GLVWULEXWHG PHPRU\ )3*$ DUFKLWHFWXUHV
OLNH WKH ;LOLQ[ ���� VHULHV� LV GLVWULEXWHG DULWKPHWLF�� 7KH PHFKDQL]DWLRQ RI WKLV W\SH RI pOWHU� DV ZHOO DV PDQ\
RWKHU '63 UHODWHG IXQFWLRQV LV IDFLOLWDWHG E\ WKH &RUH *HQHUDWRU� GHVLJQ DXWRPDWLRQ WRRO� 7KH ODUJHVW ),5 PRGXOH
WKDW FDQ EH SURGXFHG DXWRPDWLFDOO\ LV DQ ���WDS pOWHU� +RZHYHU� WKHVH PRGXOHV DUH FDVFDGDEOH� 7KH UHTXLUHG
����WDS pOWHU FDQ EH HDVLO\ EXLOW IURP DYDLODEOH PRGXOHV E\ FDVFDGLQJ WKUHH ���WDS pOWHUV DQG D ���WDS VHFWLRQ�
([SORLWLQJ RSWLPL]DWLRQV EDVHG RQ WKH V\PPHWU\ LQ WKH pOWHU FRHrFLHQW GDWD� D VLQJOH ���WDS pOWHU HPSOR\LQJ
���ELW DULWKPHWLF UHTXLUHV ��� &/%V� $ ���WDS pOWHU XVLQJ ���ELW SUHFLVLRQ RFFXSLHV �� &/%V� &DVFDGLQJ WKHVH
PRGXOHV WR SURGXFH WKH UHTXLUHG ����WDS pOWHU JLYHV D &/% FRXQW RI �����

1RZ FRQVLGHU DQ ,),5 UHDOL]DWLRQ RI WKH VDPH pOWHU� 7KH PRGHO pOWHU SDVVEDQG DQG VWRSEDQG VSHFLpFDWLRQV DUH
nS�0  NnS�+ DQG nV�0  NnV�+ � 7R VXSSRUW WKH UHTXLUHG SDVVEDQG ULSSOH UHTXLUHPHQW rS�+ RI WKH RULJLQDO pOWHU
+�]�� WKH PRGHO DQG LPDJH UHMHFWLRQ pOWHUV GR QRW VLPSO\ LQKHULW WKH VDPH YDOXH� 7KH\ PXVW EH GHVLJQHG XVLQJ D
VPDOOHU YDOXH IRU SDVVEDQG ULSSOH� VR WKDW WKH VHULHV FDVFDGH FRPELQDWLRQ SURYLGHV WKH UHTXLUHG SHUIRUPDQFH� )RU
WKLV H[DPSOH WKH SDVVEDQG ULSSOH UHTXLUHPHQW ZLOO EH HTXDOO\ GLVWULEXWHG EHWZHHQ 0�]� DQG ,�]�� 6R

rS�0  rS�,  
�

�

t
����� �� b �

u
 ��������� ���

6HOHFWLQJ WKH XS�VDPSOLQJ IDFWRU DV N  � UHVXOWV LQ WKH PRGHO pOWHU VSHFLpFDWLRQ GHpQHG LQ )LJXUH ��

7KH LPDJH UHMHFWLRQ pOWHU ,�]� GHVLJQ IUHTXHQFLHV DUH nS�,  nS�+  ���} DQG nV�,  �} . b nV�+  ����}�
7KLV pOWHU LV LOOXVWUDWHG LQ )LJXUH �� 7R PHHW WKH PRGHO pOWHU UHTXLUHPHQWV D ���WDS pOWHU LV QHHGHG� )LJXUH �
VKRZV WKH PDJQLWXGH IUHTXHQF\ UHVSRQVH IRU 0�]�� 8SVDPSOLQJ 0�]� E\ D IDFWRU N  � SURGXFHV WKH UHVSRQVH LQ
)LJXUH �� 7KH LPDJH UHMHFWLRQ pOWHU VSHFLpFDWLRQV FDQ EH PHW ZLWK D ���WDS pOWHU� 7KH PDJQLWXGH UHVSRQVH IRU
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)LJXUH �� 0RGHO pOWHU PDJQLWXGH UHVSRQVH�
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)LJXUH �� 8SVDPSOHG PRGHO pOWHU UHVSRQVH� N  �
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)LJXUH �� ,PDJH pOWHU UHVSRQVH�
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)LJXUH ��� ,),5 0�]��,�]�

,�]� LV VKRZQ LQ )LJXUH ��

7KH QHW IUHTXHQF\ UHVSRQVH RI WKLV FRPELQDWLRQ LV REWDLQHG E\ PXOWLSO\LQJ 0�]�� ZLWK ,�]�� 7KLV UHVXOW LV
VKRZQ LQ )LJXUH ���

([SORGHG YLHZV RI WKH SDVVEDQG DQG WUDQVLWLRQ UHJLRQ DUH SURYLGHG LQ )LJXUHV �� DQG �� DV YHULpFDWLRQ WKDW
WKH ,),5 /3) GHVLJQ KDV VDWLVpHG WKH GHVLJQ UHTXLUHPHQWV�

� , ), 5 )3 *$ , PSOHPHQWDWLRQ

7KH DUFKLWHFWXUH RI WKH XSVDPSOHG pOWHU0�]N� LPSOHPHQWHG LQ DQ )3*$ LV VKRZQ LQ )LJXUH ��� =HUR�SDFNLQJ
WKH pOWHU LPSXOVH UHVSRQVH LV RI FRXUVH DFKLHYHG LQ SUDFWLFH E\ UHSODFLQJ WKH XQLW GHOD\ ]b� LQ WKH PRGHO pOWHU ZLWK
N XQLWV RI GHOD\� 7KH pOWHU VXSSRUWV D KLVWRU\ RI WKH SUHYLRXV N�10 b �� LQSXW VDPSOHV� EXW RQO\ 10 PXOWLSO\�
DFFXPXODWHV DUH UHTXLUHG WR FRPSXWH DQ RXWSXW YDOXH� 7DNLQJ DGYDQWDJH RI WKH KLJKO\ HrFLHQW LPSOHPHQWDWLRQ
RI ),5 pOWHUV LQ ;LOLQ[ )3*$V XVLQJ GLVWULEXWHG DULWKPHWLF UHVXOWV LQ WKH DUFKLWHFWXUH VKRZQ LQ )LJXUH ��� ,I WKH
pOWHU LPSXOVH LV V\PPHWULFDO WKH RSWLPL]HG DUFKLWHFWXUH VKRZQ LQ )LJXUH �� FDQ EH XVHG� 7KLV pJXUH LV IRU 1  ��
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)LJXUH ��� /3) ,),5 SDVVEDQG�
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)LJXUH ��� /3) ,),5 WUDQVLWLRQ EDQG�

x(n)

DA LUT
0 1 k-1 k k+1 2k-1 2k 2k+1 k(N-1)-1

A0 A1 A2 AN-1

Scaling
Accumulator

register

v(n)

2-1

add/sub
subtract on last

bit of DA procesing
sequence

FFFF

FFFF

FF

GG
HH

4000 CLB

F/G CLB Function Generator

FF = Flip-Flop
H = H function generator

)LJXUH ��� ;LOLQ[ )3*$ ,),5 LPSOHPHQWDWLRQ�



A0 A1

x(n)

DA LUT

Scaling
Accumulator

CLB Function Generatorregister

v(n)

2-1

add/sub
subtract on last

bit of DA procesing
sequence

)LJXUH ��� ;LOLQ[ )3*$ ,),5 LPSOHPHQWDWLRQ� 1  �� XS�VDPSOLQJ IDFWRU N  �� V\PPHWULF LPSXOVH UHVSRQVH�

N  �� (PSOR\LQJ WKLV DUFKLWHFWXUH UHGXFHV WKH VL]H RI WKH '$ ORRNXS WDEOH�

7KH VWUXFWXUH LV UHFRJQL]HG DV EHLQJ FORVH LQ QDWXUH WR D FRQYHQWLRQDO '$ ),5 pOWHU� EXW QRZ HYHU\ N
WK LQSXW
VDPSOH LV XVHG WR IRUP WKH DSSURSULDWH DGGUHVV VHTXHQFH IRU WKH '$ ORRNXS WDEOH �/87��

��� /RJLF 5HTXLU HPHQWV

7KH ,),5 LPSOHPHQWDWLRQ UHTXLUHV DQ LQSXW VDPSOH GHOD\�OLQH RU VKLIW�UHJLVWHU� DQG WZR ),5 VWUXFWXUHV IRU
0�]� DQG ,�]�� 7KH GHOD\�OLQH PXVW KDYH WDSV DW LQWHUYDOV RI WKH XS�VDPSOLQJ IDFWRU N� 7KLV VWUXFWXUH VXSSRUWV
WKH LQSXW VDPSOH SUHFLVLRQ %� DQG LWV OHQJWK LV WKH SURGXFW RI N DQG WKH PRGHO pOWHU OHQJWK 10�]�� 7KH VKLIW�
UHJLVWHU LV LPSOHPHQWHG ZLWK ;LOLQ[ WHFKQRORJ\ XVLQJ 5$0�FHOO EDVHG VKLIW�UHJLVWHUV � IXQFWLRQ JHQHUDWRUV� 7ZR
VKLIW�UHJLVWHU VWDJHV RI XS WR ���ELW SUHFLVLRQ FDQ EH VXSSRUWHG LQ D VLQJOH ���� VHULHV FRQpJXUDEOH ORJLF EORFN
�&/%�� ([FOXGLQJ WKH PLQLPDO DPRXQW RI FRQWURO UHTXLUHG IRU WKH LQSXW VKLIW�UHJLVWHU� WKH &/% FRXQW e IRU DQ
,),5 pOWHU LV

e  
N10�]�

�
� f�0�]�� � f�,�]�� ���

ZKHUH f�I� GHQRWHV WKH QXPEHU RI &/%V UHTXLUHG WR LPSOHPHQW WKH IXQFWLRQDO XQLW I � 8VLQJ WKH /3) H[DPSOH
DERYH� ZLWK %  ��� WKH LQSXW GHOD\�OLQH LV � d ��  ��� VDPSOHV GHHS� DQG UHTXLUHV ��� &/%V WR LPSOHPHQW�
7KH pOWHU 0�]� LV LPSOHPHQWHG ZLWK ��� &/%V DQG ,�]� UHTXLUHV �� &/%V� 7KH WRWDO &/% FRXQW LV e�  ����
&RPSDULQJ WKLV pJXUH WR WKH ���� &/% UHTXLUHPHQW IRU D GLUHFW LPSOHPHQWDWLRQ RI ) �]� IRU WKH DERYH H[DPSOH
VKRZV WKDW WKH ,),5 DSSURDFK UHTXLUHV RQO\ ��� ����d ���  ��� RI WKH ORJLF UHVRXUFHV� 7KLV LV D FRQVLGHUDEOH
VDYLQJ�

����� 3HUIRUPDQFH � &RPSXWDWLRQ 5DWH

7KH HQWLUH ,),5 DUFKLWHFWXUH ZLOO VXSSRUW D VDPSOH UDWH RI � 0+]� 7KLV HTXDWHV WR D FRPSXWDWLRQ WKURXJKSXW
RI ��� *LJD�0$&V �PXOWLSO\�DFFXPXODWHV� SHU VHFRQG� 5H�SKUDVLQJ WKLV QXPEHU� LW LV HTXLYDOHQW WR � 0HJD�0$&V
SHU &/% � WKLV LV D ODUJH DPRXQW RI pOWHULQJ XVLQJ RQO\ D PRGHVW DPRXQW RI VLOLFRQ UHDO HVWDWH�



H  (z)1

H  (z)2

y(n)

H48(z)

H49(z)

H  (z)0

x(n)

fS = 100 MHz

fS = 2 MHz′

)LJXUH ��� 3RO\SKDVH ���WR�� GHFLPDWRU�

� 0 XOWLVWDJH , ), 5 'HFLPDWLRQ DQG , QWHU SRODWLRQ )LOWHU V

,Q WKH SUHYLRXV H[DPSOH DERYH WKHUH LV QR VDPSOH UDWH FKDQJH LQ WKH V\VWHP� ,I D GHFLPDWLRQ RU LQWHUSRODWLRQ
pOWHU LV UHTXLUHG� WKH ,),5 DSSURDFK LQ FRPELQDWLRQ ZLWK D SRO\SKDVH GHFRPSRVLWLRQ LV XVHIXO IRU )3*$ PXOWLUDWH
pOWHU LPSOHPHQWDWLRQV�

7R LOOXVWUDWH WKLV XVHIXO FRPELQDWLRQ RI PXOWLVWDJH ,),5 pOWHUV DQG )3*$ LPSOHPHQWDWLRQ� FRQVLGHU WKH IROORZ�
LQJ H[DPSOH� $ ��� 0+] VLJQDO LV WR EH GHFLPDWHG E\ D IDFWRU RI 0  ��� 7KH pOWHU UHTXLUHPHQWV DUH D SDVVEDQG
ULSSOH rS  ��� DQG WKH VWRSEDQG ULSSOH LV WR EH rV  ������ 7KH SDVVEDQG DQG VWRSEDQG HGJH IUHTXHQFLHV DUH
��� N+] DQG � 0+] UHVSHFWLYHO\� $Q HTXLULSSOH GHVLJQ UHTXLUHV D pOWHU RUGHU 1  ����� 7R DFKLHYH WKH UHTXLUHG
RXWSXW VDPSOH UDWH� DQ 6'$ ),5 LV WKH DSSURSULDWH FKRLFH UDWKHU WKDQ WLPH�VKDUHG 0$& XQLWV EDVHG RQ SDUDOOHO
PXOWLSOLHUV� &RQYHQWLRQDOO\� WKLV pOWHU ZRXOG EH LPSOHPHQWHG XVLQJ D PXOWLUDWH pOWHU OLNH WKH SRO\SKDVH ���WR��
GHFLPDWRU VKRZQ LQ )LJXUH ��� ,Q D PLFURSURFHVVRU LPSOHPHQWDWLRQ� WKH LQQHU�SURGXFW FDOFXODWLRQV ZRXOG EH
SHUIRUPHG E\ DSSURSULDWH WLPH PDQDJHPHQW RI WKH pOWHU FRHrFLHQWV� 7KH 0 RXWSXWV ZRXOG WKHQ EH VXPPHG
WR IRUP WKH pQDO UHVXOW� ,Q DQ )3*$ LPSOHPHQWDWLRQ D SDUDOOHO DSSURDFK LV HPSOR\HG� ZKHUH HDFK SRO\SKDVH
VHJPHQW LV LQVWDQWLDWHG LQ WKH )3*$ DQG DOO RI WKH VHJPHQWV RSHUDWH LQ SDUDOOHO� $Q DGGHU WUHH LV XVHG WR VXP
WKH VHJPHQW RXWSXWV� 7KH QXPEHU RI pOWHU WDSV SHU VHJPHQW LV 3  G1 0H  G���� ��H  ��� 8VLQJ WKH &RUH
*HQHUDWRU GHVLJQ DXWRPDWLRQ WRRO� WKH ���WDS pOWHU LV PRVW HDVLO\ LPSOHPHQWHG XVLQJ D FDVFDGH RI D ���WDS DQG
��WDS VHFWLRQ� 8VLQJ ���ELW SUHFLVLRQ IRU WKH LQSXW VDPSOHV DQG WKH pOWHU FRHrFLHQWV� WKH ���WDS PRGXOH UHTXLUHV
��� &/%V� 7KH ��WDS pOWHU LV LPSOHPHQWHG ZLWK �� &/%V� ,Q ERWK pOWHUV WKH IXOO SUHFLVLRQ RI WKH FDOFXODWLRQ LV
FDUULHG LQWHUQDOO\ DQG LV WUXQFDWHG WR ���ELWV DW WKH RXWSXW�

([FOXGLQJ WKH DGGHU�WUHH� WKH QXPEHU RI &/%V UHTXLUHG IRU WKH pOWHU VHJPHQWV LV .SRO\  ���d ��  ��� ����

7KLV LV REYLRXVO\ DQ H[FHVVLYH UHTXLUHPHQW IRU FXUUHQW JHQHUDWLRQ )3*$V� ,Q DGGLWLRQ WR DUHD FRQVLGHUDWLRQV�
WKH V\VWHP FORFN UDWH UHTXLUHG E\ WKH GHVLJQ QHHGV WR EH H[DPLQHG� :KLOH GDWD LV GHOLYHUHG WR WKH pOWHU DW WKH
LQSXW VDPSOH UDWH IV  ��� 0+]� WKH SRO\SKDVH pOWHU VHJPHQWV DUH RQO\ UHTXLUHG WR RSHUDWH DW WKH RXWSXW VDPSOH
UDWH IV 0  I �V  � 0+]� 7KLV LV HDVLO\ DFKLHYDEOH� 7KH VDPH LV WUXH IRU WKH HOHPHQWV LQ WKH DGGHU�WUHH � HDFK
UHJLVWHUHG DGGHU LV FORFNHG DW D PRGHVW � 0+]� +RZHYHU� GDWD PXVW EH GHOLYHUHG LQ D URXQG�URE\Q IDVKLRQ WR HDFK
RI WKH pOWHU VHJPHQWV� 7KLV FLUFXLW PXVW RSHUDWH DW WKH IXOO LQSXW UDWH RI ��� 0+]� 7KLV FORFN IUHTXHQF\ FDQ EH
DFFRPPRGDWHG XVLQJ ;LOLQ[ KLJK�SHUIRUPDQFH ;/ IDPLO\ FRPSRQHQWV� ,I WKH GHVLJQHU FKRRVHV QRW WR VXSSRUW WKH
IXOO LQSXW VDPSOH UDWH ZLWKLQ WKH )3*$� VRPH VLPSOH GH�PXOWLSOH[LQJ LPSOHPHQWHG H[WHUQDOO\ WR WKH )3*$ FDQ
EH HPSOR\HG VR WKDW WZR �� 0+] VDPSOH VWUHDPV DUH XVHG WR SUHVHQW WKH GDWD WR WKH SRO\SKDVH pOWHU� 2QH VWUHDP
FRQVLVWV RI WKH HYHQ QXPEHUHG VDPSOHV IURP WKH GDWD VRXUFH� ZKLOH WKH VHFRQG FRQVLVWV RI WKH RGG QXPEHUHG
VDPSOHV� (YHQ WKRXJK WKH UHTXLUHG FORFN IUHTXHQFLHV FDQ EH FDWHUHG IRU LQ WKH GHVLJQ� WKH ODUJH DPRXQW RI ORJLF
UHVRXUFHV SUHVHQWV D SUREOHP � LW LV HTXLYDOHQW WR DSSUR[LPDWHO\ � ;&����;/ GHYLFHV�



I(z) M(zm1) m = m1m2x(n) y(n)

)LJXUH ��� 7ZR�VWDJH ,),5�

m:1 m:1H(z  )m

H(z  )m

H(z)

H(z)1:m 1:m

(a)

(b)

)LJXUH ��� 7KH 1REOH ,GHQWLWLHV�

1RZ FRQVLGHU DQRWKHU DSSURDFK EDVHG RQ D PXOWLVWDJH ,),5 GHFRPSRVLWLRQ� )LJXUH �� VKRZV WKH GHFLPDWRU
FDVFDGHG ZLWK DQ ,),5 DUFKLWHFWXUH� 5HFDOO WKH 1REOH ,GHQWLWLHV� VKRZQ LQ )LJXUH ��� 7KH LGHQWLW\ LQ )LJXUH �� �D�
FDQ EH DSSOLHG WR WUDQVIRUP WKH V\VWHP LQ )LJXUH �� WR WKDW RI )LJXUH ��� )RU WKH FXUUHQW H[DPSOH LW LV FRQYHQLHQW
WR FKRRVH P�  �� DQG P�  �� 8VLQJ WKLV IDFWRUL]DWLRQ RI WKH GHFLPDWLRQ UDWLR LQ FRPELQDWLRQ ZLWK WKH 1REOH
,GHQWLWLHV UHVXOWV LQ WKH DUFKLWHFWXUH VKRZQ LQ )LJXUH ��� 7KH FDVFDGH RI ,�]� DQG WKH GRZQVDPSOLQJ E\ �� LV
LPSOHPHQWHG XVLQJ D SRO\SKDVH pOWHU� 7KH VDPH DSSURDFK LV XVHG IRU UHDOL]LQJ WKH pOWHU0�]� LQ FDVFDGH ZLWK WKH
pQDO RXWSXW GHFLPDWH E\ �� 7KH UHVXOWLQJ pOWHU VWUXFWXUH LV VKRZQ LQ )LJXUH ���

1RZ FRQVLGHU WKH GHVLJQ RI WKH PRGHO DQG LPDJH UHMHFWLRQ pOWHUV� 7KH PRGHO pOWHU PXVW KDYH D SDVVEDQG
ULSSOH rS�0 WKDW LV KDOI WKDW RI WKH GHVLUHG pOWHU +�]�� 6R rS�0  ���rS  ������ 7KH VWRSEDQG UHTXLUHPHQW LV
WKH VDPH DV +�]�� rV�0  ������ 7KH FRUQHU IUHTXHQF\ VSHFLpFDWLRQV DUH VFDOHG E\ WKH IDFWRU P�  ��� 7KH
QRUPDOL]HG YDOXHV IRU WKH SDVVEDQG HGJH IUHTXHQF\ IS�0  ������d ����  ������ DQG VWRSEDQG HGJH IUHTXHQF\
IS�0  ����� $Q ���WDS HTXLULSSOH pOWHU ZLOO VDWLVI\ WKHVH UHTXLUHPHQWV� 7KH IUHTXHQF\ UHVSRQVH RI WKLV pOWHU LV
VKRZQ LQ )LJXUH ���

7KH LPDJH UHMHFWLRQ pOWHU SDVVEDQG ULSSOH LV rS�,  ���rS  ������ LWV VWRSEDQG UHTXLUHPHQWV DUH WKH VDPH DV
WKH GHVLUHG pOWHU +�]�� rV�,  ������ 7KH SDVVEDQG HGJH IUHTXHQF\ LV WKH VDPH DV IRU +�]�� IS�,  IS�+  �������
7KH VWRSEDQG HGJH IUHTXHQF\ PXVW EH VHOHFWHG VR WKDW WKH pUVW LPDJH RI0�]��� LV UHMHFWHG� 7KLV YDOXH LV FDOFXODWHG
DV IV�,  ����� 7KH ����WDS LPDJH VXSSUHVVRU VKRZQ LQ )LJXUH �� ZLOO PHHW WKHVH VSHFLpFDWLRQV� ,W LV LQVWUXFWLYH
WR FRQVLGHU VRPH LQWHUPHGLDWH IUHTXHQF\ GRPDLQ SORWV WR GHYHORS DQ XQGHUVWDQGLQJ RI WKH ,),5 pOWHULQJ SURFHVV�
)LJXUH �� LV WKH UHVSRQVH 0�]��� REWDLQHG DIWHU ]HUR�SDFNLQJ WKH LPSXOVH UHVSRQVH 0�Q�� 0�]��� LV REWDLQHG
E\ LQVHUWLQJ �� ]HURHV EHWZHHQ VDPSOHV RI 0�]�
V LPSXOVH UHVSRQVH� 7KH LPDJH VXSSUHVVLRQ pOWHU LV DSSOLHG WR
0�]��� LQ D PXOWLSOLFDWLYH IDVKLRQ WR SURGXFH WKH pQDO pOWHUHG UHVXOW A+�]�  0�]���,�]�� ZKHUH A+�]� LV WKH
DSSUR[LPDWLRQ WR RXU GHVLUHG pOWHU +�]�� 7KH QHW pOWHU UHVSRQVH A+�]� LV VKRZQ LQ )LJXUH ��� 7R YHULI\ WKDW
A+�]� VDWLVpHV WKH RULJLQDO UHTXLUHPHQWV LWV WUDQVLWLRQ EDQG DQG SDVVEDQG VKRXOG EH H[DPLQHG� 7KLV LV GRQH LQ

I(z)x(n) m1 M(z) m2 y(n)

)LJXUH ��� 7UDQVIRUPHG WZR�VWDJH ,),5 GHFLPDWRU�



I(z) M(z25) m = 25 × 2x(n) y(n)

I(z)x(n) 25 M(z) 2 y(n)

Noble Identity Transformation

)LJXUH ��� /3) H[DPSOH� WUDQVIRUPHG WZR�VWDJH ,),5 GHFLPDWRU�

y(n)

fS = 100 MHz

I2(z)
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I24(z)

x(n)

I0(z)

I1(z)

M0(z)

M1(z)

fS1 = 4 MHz
′fS = 2 MHz

)LJXUH ��� 0XOWLVWDJH /3) ,),5 GHFLPDWRU XVLQJ SRO\SKDVH GHFRPSRVLWLRQ�
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)LJXUH ��� ,PDJH pOWHU ,�]��
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)LJXUH ��� 0�]���,�]� � SDVVEDQG�

)LJXUHV �� DQG ��� 7KH WUDQVLWLRQ EDQG SORW VKRZV WKH UHVSRQVH IDOOLQJ WKH UHTXLUHG �� G% LQ D EDQGZLGWK RI
��� N+]� )LJXUH �� FRQpUPV WKDW WKH SDVVEDQG ULSSOH KDV EHHQ NHSW DFFHSWDEO\ FORVH WR WKH RULJLQDO UHTXLUHPHQW
RI �� ORJ������� � ��  ������ G%�

7KH LPDJH VXSSUHVVRU LV LPSOHPHQWHG E\ SDUWLWLRQLQJ ,�]� LQ WR P�  �� VXE�pOWHUV ,L� L  �� � � � �P� b ��
$OWKRXJK LW LV QRW DEVROXWHO\ QHFHVVDU\ IRU DOO WKH pOWHU VHJPHQWV WR KDYH WKH VDPH QXPEHU RI WDSV� ZH VKDOO LPSRVH
WKLV FRQGLWLRQ IRU WKLV H[DPSOH� 7KH QXPEHU RI WDSV SHU VWDJH LV WKHQ 1,  G��� P�H  �� 7KH QXPEHU RI &/%V
IRU WKH ���WR�� GRZQVDPSOLQJ VWDJH LQ )LJXUH �� LV �� d ��  ����� 0�]� DQG WKH VXEVHTXHQW GHFLPDWH�E\�� LV
LPSOHPHQWHG ZLWK WZR ���WDS pOWHUV 0��]� DQG 0��]�� (DFK pOWHU RFFXSLHV ��� &/%V� VR WKH QXPEHU RI &/%V
UHTXLUHG IRU WKLV SURFHVVLQJ VWDJH LV ���� ([FOXGLQJ WKH LQSXW GH�PXOWLSOH[LQJ DQG WKH DGGHU WUHHV WKDW DUH UHTXLUHG
LQ D FRPSOHWHG GHVLJQ� WKH &/% FRXQW IRU WKH pOWHU PRGXOHV DORQH LV ����� 5HFDOO IURP WKH DERYH FDOFXODWLRQV
WKDW D GLUHFW SRO\SKDVH GHFLPDWRU UHTXLUHG ��� ��� &/%V� DJDLQ H[FOXGLQJ WKH DGGHU WUHH� 7KH PXOWLVWDJH ,),5
GHVLJQ UHSUHVHQWV D VDYLQJV RI �� b ���� ��� ���� d ����  ������� 7KLV LV REYLRXVO\ D VLJQLpFDQW VDYLQJV WKDW
PRUH WKDQ FRPSHQVDWHV IRU WKH PRGHVW LQFUHDVH LQ WKH GDWDSDWK FRPSOH[LW\ RI WKH GHVLJQ�



� :K\ 1 RW , ), 5V IRU 6RIWZDU H 3 U RJU DPPDEOH '63 V"

,W LV XVHIXO WR EULHq\ FRQVLGHU ZK\ ,),5 pOWHULQJ LV PRUH DSSOLFDEOH WR )3*$ LPSOHPHQWDWLRQ WKDQ WR UHDOL]DWLRQ
DV VRIWZDUH RQ D '63 PLFURSURFHVVRU� 7U\LQJ WR NHHS WKH REVHUYDWLRQV DV JHQHUDO DV SRVVLEOH� QR VLQJOH FRPPHUFLDO
PDQXIDFWXUHUV VRIWZDUH '63 GHYLFH ZLOO IRUP WKH IRFDO SRLQW RI WKH DQDO\VLV� 6RPH FRPPRQDOLWLHV FDQ EH IRXQG
DFURVV D ZLGH UDQJH RI WKHVH GHYLFHV WR PDNH WKH GLVFXVVLRQ EURDGO\ DSSOLFDEOH�

$ NH\ VWUDWHJ\ XVHG LQ VRIWZDUH '63V WR IDFLOLWDWH HrFLHQW FRGLQJ DQG PLQLPL]H FRQWURO RU EUDQFK RYHUKHDGV LV
WKH SURYLVLRQ RI ]HUR�RYHUKHDG ORRSLQJ FRQVWUXFWV� 2EYLRXVO\� WKLV LV LQ UHFRJQLWLRQ RI WKH IDFW WKDW LQ WKH PDMRULW\
RI WKH FDVHV� WKH EXON RI WKH FRPSXWDWLRQ EXUGHQ LQ D '63 V\VWHP ZLOO EH IRFXVHG LQ D QXPEHU RI WLJKW ORRSV� $
FRPPRQ ZD\ WR LPSOHPHQW DQ LQQHU�SURGXFW W\SH FDOFXODWLRQ LQ WKHVH SURFHVVRUV LV WR ORRS D 0$& LQVWUXFWLRQ�
$ ]HUR�RYHUKHDG ORRS LQVWUXFWLRQ LV XVHG WR FRQWURO WKH FDOFXODWLRQ� VR WKHUH LV DOPRVW QR SURJUDP FRQWURO SHQDOW\�
,Q D W\SLFDO VFHQDULR� WKH 0$& LQVWUXFWLRQ VSHFLpHV WKH DGMXVWPHQW WR WKH RSHUDQG SRLQWHUV � DQ LQFUHPHQW RU
GHFUHPHQW E\ �� :LWK WKLV PHFKDQL]DWLRQ LQ SODFH LW LV GLrFXOW WR WDNH DGYDQWDJH RI VSHFLDO FDVHV ZKHUH RQH LQSXW
YHFWRU WR WKH FDOFXODWLRQ PD\ EH YHU\ VSDUVH � DV LV WKH VLWXDWLRQ ZLWK ,),5 pOWHUV� 7R WU\ DQG H[SORLW WKLV W\SH RI
VWUXFWXUH LQ WKH LPSXOVH UHVSRQVH ZRXOG LPSO\ LQ DGGLWLRQDO LQVWUXFWLRQ RYHUKHDG DQG UHVXOW LQ GHFUHDVLQJ UHWXUQV�

7KLV LV RI FRXUVH QRW WKH FDVH IRU )3*$ LPSOHPHQWDWLRQ ZKHUH WKH H[DFW GDWDSDWK IRU WKH ,),5 LV V\QWKHVL]HG�
ZLWK DEVROXWHO\ QR RYHUKHDGV EHLQJ LQFXUUHG IRU WDNLQJ DGYDQWDJH RI ]HUR�SDFNHG FRHrFLHQW GDWD�

� &21 &/86, 21

7KLV SDSHU KDV SURYLGHG D WXWRULDO UHYLHZ RI WKH ,),5 DSSURDFK WR LPSOHPHQWLQJ QDUURZ�EDQG pOWHUV� 7KH
SRZHUIXO DQG XVHIXO UHVXOWV WKDW DUH UHDOL]HG ZKHQ WKLV PHWKRG LV FRPELQHG ZLWK )3*$ GHYLFH WHFKQRORJ\ DUH
HYLGHQW IURP WKH VLQJOH�UDWH ORZSDVV pOWHU DQG ���WR�� GHFLPDWRU H[DPSOHV WKDW ZHUH SUHVHQWHG� ,Q WKH FDVH RI
WKH ORZSDVV GHVLJQ� WKH ,),5 DUFKLWHFWXUH SURYLGHG D ��� LQFUHDVH LQ KDUGZDUH HrFLHQF\ RYHU WUDGLWLRQDO )3*$
LPSOHPHQWDWLRQV WKDW KDYH EHHQ SUHYLRXVO\ UHSRUWHG� )RU WKH GHFLPDWRU GHVLJQ WKH UHVXOWV DUH HYHQ PRUH GUDPDWLF�
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