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WMy�kYf:Í�f�y�Î�ÏDf)dJk¶Ð)z	il}|{D}~Î�dJg���Ñ&i�fh��ÐEmÒÑDk-Ó"kYÑIdDi�Ó	d_y	i�y&f�ÎMÔÕÑpkYÖ�Ð�×	d:xDf.{IdJ}~y&f:i¡��dØr
Ù ÑDk#}~yIÎ¶f�kYfhÐYÎ[ÚÜÛ:ÝYÞßZ<à"d_��e&g~f�Ð/ÑJm�ÐYw�ÍY×UÎ�d_kY{pfhÎ¡y&f�ÎMÔÕÑpkYÖ�Ð¡Í�w&k¶kYf�y�ÎYg~ÏUf��¡Ó	f:i&i�f)iUdJkYf
ÎYfhg|fhe&×&Ñpy"f�ÎMÔ�}~ÐYÎ¶f)i+e	dJ}~k�ÚÜshÝád_y	i3â	Ó	fhkMrYÍ�ÑIdØà�\Õã�ä�^¤Ú å:ÝYÞ$ä�×&f���Ñ&i�fh��Ð�}~y&Ð¶}�i�f�ÎY×&fhÐYf
y&f�ÎMÔÕÑpk¶Ö�Ð�y&f�f:i¼Î¶Ñ@Ñpe�f�k�d_ÎYf[}~y d»ÐYÎYk¶Ñpy&{Dg~Ï¼kYfh{pw&g�dJÎ¶f)iUf�y�x�}|k¶Ñpy&��f�y�Î
d_y	i(Í�dJy"y&ÑpÎ
}~y�ÎYf�kæmÒf�kYf»}|yUe&kYfhÐYf�y�Î�y&f�ÎMÔÕÑpk¶Ö¼Ñpe�f�k�dJÎY}~ÑDy�Þ¼ã���ÑDy&{[ÑpÎ¶×&f�k:z�ÎY×&}~Ð¡e&w"ÎYÐ�i�ÑJÔ�yUÎMÔ-Ñ
kYf:çpw"}|k¶f���fhyIÎ¶Ð
è¼é g~f�à&}~Ó&g~f�ÐYf�Î¶ÎY}~y&{(ÑJm#ÎY×"fß��Ñlilw&g�dJÎY}~ÑDy¨Í�d_kYkY}~f�k�mÒk¶f)çDw&f�y	ÍêÏ }~Ð�y&f�f:i�f)i�ÞÄä�×&}~Ð

dJg~g~ÑJÔ�ÐÕÎYÑ¡dpi&d_e&Î�Ñpy&f.��Ñlilf��ÄmÒÑDkëi�}³ì�f�kYfhyIÎ�y&f�ÎMÔÕÑpk¶Ö�ÎMÏ�e	fhÐ)Þ
è·í }~{p×UÐYe�f)Í�ÎYk�dJg�f�î�Í�}~f�y	Í�Ï(}~Ð+kYf)çDw&}~kYf:i�zÕ}|yUÑpk�i�f�k¡ÎYÑ¼dDÍ¶×&}~f�xpf���d:à&}~��d:g�i&d_Î�d

ÎY×"kYÑpw"{p×&e&w"ÎÕmÒÑpk�d/��}~y&}~��d:g"y&f�ÎMÔÕÑpkYÖ�Ó	dJy�i�Ô�}�i�ÎY×�ÑlÍhÍ�w&e	d_ÎY}~Ñpy�Þ
äÕÏIe"}jÍhdJg<Í¶×	d_k�dDÍ�ÎYf�k¶}~ÐYÎY}�Í�Ð+ÑJmÕÐYw	Í¶×@dpÍ�Í�fhÐYÐ#��Ñlilf���Ð�d_kYf+ÐY×&ÑJÔ�y[}~y[Î�dJÓ&g~f�upÞ.ä�×&f

â	k¶ÐYÎ�k¶f)çDw&}~kYf���f�y�Î�mÒÑDk<Î¶×&f�Ð¶f���Ñ&i�f���Ð�}|ÐEdpÍ¶×&}~f�xDf)i+w&ÐY}~y&{.i�Ñpw"Ó&g~fëÍ�ÑDy�xpf�k¶ÐY}~Ñpy�z_Ô�×&}�ÍY×
ÐYe"g|}~Î¶Ð<��Ñ&i�w&g�dJÎ¶Ñpk�ÑDe	fhk�dJÎ¶}~Ñpy¡dJy	i¡Í�d_kYk¶}|fhkEmÒkYf:çpw"f�y	Í�Ï¡Ð¶f�ÎYÎ¶}|y"{	ÞEä�×&f�Ð¶f)Í�Ñpy�i+kYf)çDw&}~kYfêr
��fhyIÎ�}|ÐÕ��fhÎ�Ó�Ï�ÍY×"ÑIÑDÐY}~y&{¡dJy�f�î�Í�}~f�y�Î-��Ñ&i�w&g�dJÎ¶}|ÑDy®Ð�Í¶×&f���fDÞ�WMy�ÎY×&f.y&f�à&Î�Ð¶f)Í�ÎY}~ÑDy�z
ÎY×"f#ÎYk�dpi�}~ÎY}~ÑDy	dJg�Í¶×	dJy&y"f�gEe	ÑDÐY}~ÎY}~Ñpy"}|y"{®dJe&e"kYÑIdDÍ¶×�w"ÐY}~y&{¡ÎY×"f®i�Ñpw"Ó&g~f3ÍêÑpy�xpf�k¶ÐY}~Ñpy[d_kMr
Í¶×&}~ÎYf)ÍêÎYw&k¶f[}~Ð
i�}~Ð�Í�w&ÐYÐ¶f)i�ÞUä�×&}~Ð®Ô�}~g~g�k¶f�xpf)d_g�Î¶×	dJÎ+ÎY×&f�i�}~{p}~Î�d_g-}~��e&g~f��¡f�y�Î�d_ÎY}~Ñpy[}~Ð
kYfhÐYÎYk¶}�Í�ÎYf)iïÎYÑ�Ó	dJÐ¶f�Ó	dJy�i�mÒk¶f)çDw&f�y	Íê}|fhÐ)Þ®ð6f�à&Î)z�ÔÕf+e&kYf�Ð¶f�y�Î®dJg~Î¶f�kYy	d_ÎY}~xpf+dJe&e&k¶ÑIdDÍY×"f�Ð
ÎY×�dJÎad_g~g|ÑJÔ�ÎY×&f#w"eñÍ�ÑDy�xpf�k¶ÐY}~Ñpy·e	dJk¶Î�ÑJm-Î¶×&f®Í¶×	d_y&y&f�gEe�ÑpÐY}~Î¶}|ÑDy&}~y&{+ÎYÑ�Ó�f®i�ÑDy&f®i�}~{D}òr
Î�d_g~g|Ï�Þ�ä�×&}~ÐÕÑJì�f�kYÐ�d3×&}~{p×&f�kÕ}~y�ÎYf�{Dk�dJÎ¶}~Ñpy¡Ô�}~ÎY×&ÑDw&ÎÕkYf)Í�w"kYkY}~y&{+ÎYÑ+��}³à&f)iDrMÐY}~{Dy	dJg�ÎYf:ÍY×lr
y&ÑDg|ÑD{pÏ�zÕÔ�×&}�ÍY×�}|Ð���ÑDkYf[i�}³î�Í�w&g~Î¡ÎYÑUÎYf�Ð¶Î[ÎY×�dJy1d_y1dJg~g³ræil}|{D}~Î�dJgÕ}~��e&g~f���f�y�Î�d_ÎY}~ÑJy�Þ
é Ñpg~g~ÑJÔ�}|y"{#ÎY×&}~Ð:zñd�i�}~{p}~Î�d_g�w&e�Í�Ñpy�xpfhkYÐY}~ÑDyßdJk�ÍY×"}|Î¶f)Í�Î¶w&kYf¡}~Ð�fhgjd_Ó	ÑDk�d_ÎYf)i�Þ�`�}~�¡w&g�dJÎY}~ÑDy



Application Media Bandwidth
(MHz)

Bit Rate
(Mbit/s)

Carrier
(MHz)

Spectral
Efficiency

(b/s/Hz)
Modulation

ADSL Downstream Twisted Pair 1 6 0.55 6 DMT

ADSL Upstream Twisted Pair 0.1 0.6 0.55 6 DMT

Set-top Upstream HFC 3 10 5 - 30 3 QAM

äQd_Ó&g~f®u � ä-Ï�e&}�Í�d_g�e	dJk�dJ��fhÎYf�k¶Ð�ÑJmQdDÍ�Í�f�Ð¶Ð.y&f�ÎMÔÕÑpkYÖ���Ñ&i�f���Ð

dJy�i[Ð¶ÏIy�Î¶×&f�ÐY}~Ð#k¶f�ÐYw"g|Î¶Ð
d_kYf+{p}~xpfhy d_g|ÑDy&{�Ô�}~Î¶×ße�ÑJÔ-fhk#f�ÐYÎ¶}~��dJÎ¶f�Ð)zñmÒÑpg~g~ÑJÔ-f:i�Ó�Ï[Î¶×&f
â	y	d_g�Í�Ñpy�Í�g~w&ÐY}~Ñpy"Ð)Þ
é Ñpk¡}~g~g|w"ÐYÎYk�dJÎ¶}|ÑDy(e&w&kYe�ÑpÐ¶f�Ð)z.d u:Û��������
	���
�ã.X�r�u����MçDw	dpi�k�dJÎ¶w&kYf@dJ��e&g~}|Î¶w	i�f

��Ñ&i�w"gjd_ÎY}~Ñpy�����Ñ&i�f���dJk�Í¶×&}~Î¶f)Í�ÎYw"kYfÕ}|Ð�d_ÐYÐ¶w&��f)iáÞ�ä�×&f�k¶f�ÐYw&g~Î¶Ð�×&ÑJÔÕf�xpfhk<dJk¶fE��Ñ&i�w&g�dJÎ¶}~Ñpy�r
ÎMÏ�e	f¡}~y	ilf�e	fhy	i�f�y�Î¡dJy	i@Í�d_y@Ó	f¡f:dJÐY}~g~Ï·f�à&ÎYk�d_e	ÑDg�dJÎYf:i·ÎYÑ�ÑpÎ¶×&f�k+��Ñ&i�f�� d_k�Í¶×&}~ÎYf)Í�r
ÎYw"kYf�Ð:Þ
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ã i�Ñpw&Ó"g|f#Í�ÑDy�xpf�k¶ÐY}~Ñpyßd_k�Í¶×&}~ÎYf:Í�ÎYw&k¶f
d_g~g|ÑJÔ�ÐÕd 
�ã.X���Ñ&i�w"gjd_ÎYÑDk�ÎYÑ¡ÑDe	f�k�dJÎ¶f®dJÎ
â&à&f)i�Í�d_kYkY}~f�k6mÒkYf:çpw"f�y	Í�Ï�Þ�WMÎ�Î�dJÖpfhÐ�ÎY×&f.m Ñpg~g~ÑJÔ�}|y"{aÐ¶ÎYf�e"Ð)Þ
! 5#".f�y&f�k�dJÎ¶}|ÑDy[ÑJm-d�Í�Ñp��e&g~f�à�Ó	d_ÐYf�Ó�dJy	i�ÑDk�g~ÑJÔÕrMW é �Ò}~y�ÎYfhkY��f:i�}�dJÎYf3mÒkYf)çDw&fhy	Í�Ï$�


�ãaX ÐY}~{Dy	dJgMÞ
% 5'&�e�Í�ÑDyIxDf�kYÐ¶}~Ñpy[Ñ_m<ÎY×"}|Ð���Ñ&i�w&g�dJÎ¶f)i¡Ó	d_y	i¡Î¶Ñ¡W é Þ
( 5Ìb�ÑJÔ�y�Í�Ñpy�xpfhkYÐY}~ÑDy¨Ñ_m#ÎY×&f·��Ñ&i�w&g�d_ÎYf)iïÓ	dJy	i ÎYÑ¼Î¶×&f@i�f�ÐY}~k¶f)i1Í¶×	d_y&y&f�g�mÒk¶f�r

çDw&f�y	ÍêÏIÞ
ä�×&f+W é �¡w&ÐYÎ�Ó�Ï[Í¶×&ÑpÐ¶f�y@ÐYw	Í¶×·ÎY×	d_Î�}~Î�g~}~f�Ð�Ô-f�g~gEÑpw"ÎYÐY}�i�f+ÎY×"f®e&k¶Ñ Ù f)ÍêÎYf)i·Î¶k�dJy"ÐMr

��}~Ð¶ÐY}~Ñpy�Ó	dJy	i)� Î�dJÓ"g|f�u���ÞÕä�×&}~Ð�e&k¶f�xpfhyIÎ¶Ð.��}³à&f�k�}~��dJ{Df�Ó	dJy�i�}~yIÎ¶f�kMm f�kYf�y�Í�f
ilw&kY}~y&{
ÎY×"f3ilÑpw&Ó&g~f#Í�ÑDyIxDf�kYÐ¶}~Ñpy�Þ
b�}~{p}~Î�d_g&}~��e&g~f���f�y�Î�dJÎ¶}~ÑJy®Ñ_m�ÎY×&f.��Ñ&i�fh� Ó�dJÐYfhÓ	dJy	i mÒw"y	Í�ÎY}~ÑDy&Ð-}~y&fhxI}~Î�dJÓ&g~Ï+g|f:dpi�Ð

ÎYÑ/ÎY×&f�e&kYÑDÓ&g~f�� Ñ_m<dJg~}�dJÐEÓ	dJy�i+kYf���ÑJxpdJg&d:mÒÎ¶f�k-b.]Jã�Í�Ñpy�xpfhkYÐY}~ÑDy�ÞEä�×&}~Ð-Í�d_y¡Ó	f.i�Ñpy&f
Ó�Ï[g~ÑJÔ�e	dJÐ¶Ð.â	g~ÎYfhkY}~y&{�ÑJm�ÎY×&f�Ó	dJÐ¶f�Ó	d_y	i�
�ãaX2��Ñ&i�w"gjd_ÎY}~Ñpy$Þ#ã�g~Î¶f�kYy	d_ÎY}~xpfhg|Ï�z�d_g|}�d_Ð
Ó	d_y	i�kYfh��ÑJxpdJg�ÍhdJy[Ó�f
ilÑpy&f¡dJÎ�W é Þ"ä�×&f¡dJy�ÎY}�dJg~}�dJÐÕâ�g|Î¶f�k�Î¶×&f�y@Í�dJy»Ó	f¡Í�Ñp�¡Ó"}|y"f)i
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é }~{pw&k¶f
u � \ÕÑpy�xpfhyIÎ¶}~Ñpy	d_gñb�Ñpw"Ó&g~fa\ÕÑpy�xDf�kYÐ¶}|ÑDy�ã�k�Í¶×&}~Î¶f)Í�ÎYw"kYf



Ô�}~ÎY×·ÎY×&f¡w"eñÍ�ÑDy�xpf�k¶ÐY}~Ñpy@}~��d_{pf.kYf Ù f)Í�Î/â	g~ÎYf�k:Þ¡ä�×&}~Ð.kYf)çDw&}~k¶f�Ð
d�×&}~{D×�r 
 â	g~ÎYf�k:z�Ó	fêr
Í�d_w&ÐYf.ÑJm�Î¶×&f�Ð¶ÎYf�fhe 
�ãaXÆ��Ñ&i�w&g�dJÎ¶}|ÑDy#Ó	d_y	i¡f)il{pf�Ð:Þ�ã1`�ã�� â	g~ÎYf�k�Í�dJy�ÑJì�f�kÕÐYw	Í¶×
d 
6rÒmMdpÍ�Î¶Ñpk)Þ
ä�×&f�ÎMÏ�e&}�Í�d_g	dJy	d_g~Ñp{.w&e�Í�Ñpy�xpfhkYÐY}~ÑDy¡ÐYÏ�ÐYÎ¶f��ÌdJk�Í¶×&}~ÎYf)Í�Î¶w&kYf.}~ÐEÐY×&ÑJÔ�y¡}~y¡Î¶×&fÕâ	{pw"kYf

upÞ$ä�×&f.ÐYÏ�Ð¶ÎYf��ÈÐYÎ�dJkYÎ¶Ð�}~y¡ÎY×&f#i�}~{p}~Î�dJg	i�ÑD��d_}|y¡dJÎÕÍ�Ñp��e&g~f�à
Ó�dJÐYfhÓ	dJy	iáÞEä�×&f#i�}~{p}~Î�d_g

�ãaX ��Ñ&i�w&g�dJÎ¶Ñpk-ÍêÑpy�Î�d_}|y"Ðëi�}~{D}|Î�dJg&e"w&g~ÐYf�Ð¶×	dJe"}|y"{ é W�� â	g~ÎYf�k¶ÐÕmÒÑpk�Ó�ÑpÎ¶×�Î¶×&f.W-dJy	i

ÄÓ&k�dJy	Í¶×&fhÐ)Þ+ä�×&f¡kYÑ�ÑDÎak�dJ}~ÐYf:ißÍ�ÑDÐY}~y&f+e&w&g~ÐYf¡Ð¶×	dJe�f+kYf�Ð¶e	ÑDy&ÐYf�Ð�d_kYf+Ð�d_��e&g~f)i[d_Î��
ÎY}~��f�Ð-Î¶×&f#ð�Ï&çDw&}~ÐYÎ�k�dJÎYf��	� �Òå¡Ð�d_��e&g~f�ÐÕe�f�k�Ð¶ÏI�¡Ó�Ñpg �hÞ
ä�×&f-ÍêÑp��e"g|fêàaÓ	d_ÐYf�Ó	d_y	i.Ð¶}|{Dy	dJgD}~Ð�w&e�Í�Ñpy�xDf�kYÎ¶f)i®il}|{D}~Î�dJg~g~Ï�ÎYÑ�d�Í�dJk¶kY}~f�k$mÒk¶f)çDw&f�y	Í�Ï

ÑJm-Û+Î¶}|��f�Ð�ÎY×"f®ð�Ï&çDw&}~ÐYÎ6mÒkYf)çDw&fhy	Í�Ï�Þ�ã�Ð�ÎY×&}~Ð�m kYf)çDw&f�y�Í�ÏßÍ�ÑDyIxDf�kYÐ¶}~Ñpy[}~y�xpÑDg|xDf�Ð�ÐY}~y&f
dJy�i�ÍêÑpÐY}~y&f.xpd_g|w"f�Ð�ÑJm�
���¡w&g~Î¶}|e"g|fhÐ�Ñpy&g~Ï�zp}~Î�}~Ð�f)d_ÐY}~g~Ï¡}|��e&g~f���fhyIÎ¶f)i�Þ
ð�fêàlÎ:z�ÎY×&f/��Ñ&i�w&g�dJÎ¶}~Ñpy#}~Ð�e	d_ÐYÐYf:i�Î¶Ñ
d�
�	�� ��� ��
��-Í�ÑDkYk¶f)Í�ÎY}~ÑDy�â	g~ÎYf�k.Ú �:Ý<d_y	i�Í�ÑDy�r

xpfhkYÎYf:i¼Î¶Ñ d_y¨d_y	dJg~Ñp{�Ð¶}|{Dy	dJgÕw&Ð¶}|y"{ d[b.]_ã Í�ÑDy�xpf�k¶ÎYf�k¡Ð�dJ��e"g|}~y&{[d_Î®å[Î¶}~��f�Ð#Î¶×&f
ÐYÏ��¡Ó�Ñpg$k�dJÎ¶fpÞ�ð6f�à&Î)z$ÎY×&f+ÐY}~{py�dJgE}~Ð#w&e�Í�Ñpy�xpfhkYÎYf:i·ÎYÑ�W é z�Ô�×&}�Í¶×ß}~Ð.g~ÑlÍhdJÎYf:ißd_ÎaÎ¶×&f
Í�f�y�Î¶f�k.mÒk¶f)çDw&f�y	Í�Ï»ÑJm-d�`�ã�� â	g~ÎYfhk)z�}~y[ÎY×&}~Ð.Í�dJÐ¶f#å���X í�� Þ�ä�×&}~Ð�w"eñÍ�ÑDy�xpf�k¶ÐY}~Ñpy[}~Ð
e�f�kMmÒÑDkY��f)i.w&Ð¶}|y"{3d_y®dJy�dJg~Ñp{���}³à&f�k)Þ�ã�m ÎYf�k-d_g~}jd_Ð�Ó	d_y	i.k¶f���ÑJxpd_g¢z:dJy®d_��e&g~}³â	f�k�ÍêÑp�¡r
e�f�y&Ð�d_ÎYf�Ð�Î¶×&f�}~y&ÐYfhkYÎY}~ÑDy¡g|ÑDÐYÐ�Ñ_mñÎ¶×&f�e�dJÐYÐ¶}~xpf�`�ã��2â	g~ÎYf�k:ÞEä�×&f�y�z�d#i�ÑJÔ�y	ÍêÑpy�xpf�k¶ÐY}~Ñpy
ÎYÑ+ÎY×"f3ilf�ÐY}~kYf:i�Í¶×	d_y&y&f�g�ÍhdJkYk¶}~f�kÕmÒkYf:çpw"f�y	Í�Ï�}~ÐëilÑpy&f�w&ÐY}~y&{¡d#Ð¶f)Í�ÑDy	i�dJy	d_g|ÑD{#��}³à&f�k:Þ
é }~y	dJg~g~ÏIz�d�g|ÑJÔ�e�dJÐYÐ6â	g~ÎYf�k/kYf���ÑJxpf�Ð�ÎY×&f�i�ÑJÔ�y�Í�Ñpy�xpfhkYÐY}~ÑDyß}~��d_{pf.Ó	d_y	i[g~Ñ&Í�d_ÎYf)i·dJÎ
×&}~{p× mÒkYf:çpw"f�y	Í�}~f�Ð:Þ
WMy¼ÑDk�i�fhk®Î¶Ñßg~ÑJÔÕf�k#e	d_kYÎ¡Í�Ñpw&y�Î:z�×&}~{p×"f�k®}~y�ÎYfh{pk�d_ÎY}~Ñpy@}~Ð#y"f�f)i�f)iáÞ¼ä�×&}~Ð®ÍhdJy¼Ó�f

i�ÑDy&f�Ó�Ï¡ÐY×"}òm ÎY}~y&{+ÎY×&f.i�}~{p}~Î�d_g	Ó�Ñpw&y�i&dJk¶Ï¡ÎYÑJÔ�dJk�ilÐ-Î¶×&f.��Ñ&i�w&g�dJÎ¶ÑpkEÑpw"ÎYe&w&Î:ÞEä�×&}~Ð-}~Ð
ÎY×"faÎ¶Ñpe&}�Í�ÑJm�Î¶×&f.y&f�à&Î�ÐYf)ÍêÎY}~Ñpy�Þ

Ç ¿��Æ¿�Á � � É�� ËÌÅÈÀ�� ��Ã��+¿�ÅÌÀ

WMy[d+i�}~{p}~Î�d_g	w&e�Í�ÑDyIxDf�kYÐ¶}~Ñpy�ÐYÏ�ÐYÎ¶f��ßz�ÔÕf#dJ}~�Ìd_Î-{Df�y&f�k�dJÎY}~y&{¡Î¶×&f#i�}~{p}~Î�d_gñÍhdJkYk¶}~f�k
dJÎ/ÎY×&f�Í�fhyIÎ¶f�k/mÒkYf)çDw&fhy	Í�Ï@ÑJm�ÎY×"f�`�ã�� � å��[X í�� ��Þ é Ñpk.ÎY×&}~Ð#e"w&kYe�ÑpÐ¶fpz�d�Ð�dJ��e&g~f
k�d_ÎYf�ÑJm�kYÑDw&{p×"g|Ï�u)ÛDt#X í�� }~Ð-y"f�f)i�f)iáÞ é w&kYÎ¶×&f�k�i�}~{p}~Î�dJg&}~y�ÎYf�{Dk�d_ÎY}~Ñpy+e	dJÐ¶Î-Î¶×&f#`�ã��
â	g~ÎYfhka}~Ð�y&ÑpÎ�w&ÐYf�m w&gMÞ.WMÎ�}~y�ÎYkYÑ&i�w�Í�f�Ð®d_yßdpi&il}|Î¶}~Ñpy	d_g�dJy�ÎY}�dJg~}�dJÐÕâ�g|Î¶f�k#dJy	i�}|y�Í�kYf)d_ÐYf�Ð
ÎY×"faÐ¶Ï�ÐYÎYfh�Æe	dJk¶Î�Í�Ñpw&y�Î�d_{IdJ}~y�Þ
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FIR
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FIR
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cos ( )2 π f SAW
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x/sin(x)
Correction
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Interpolator
FIR

Interpolator
FIR

to
SAW
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é }~{pw&k¶f#Û � b�}~{p}~Î�d_g	X�Ñ&i�w&g�dJÎ¶Ñpk�d_y	i &�e�Í�Ñpy�xpfhkYÐY}~ÑDy�ã�k�Í¶×&}~ÎYf:Í�ÎYw&k¶f
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2 f sym=
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é }~{pw&k¶f#s � b�}~{p}~Î�d_g &6eñÍ�ÑDy�xpf�k¶ÐY}~Ñpy � w&ÎYe"w&Îa`�e�f)Í�Î¶kYw&�

ä�×&}~Ð.×&}~{p×·Ð�d_��e&g~f#k�dJÎYf¡}~Ð#×"ÑJÔ-f�xDf�k#y&ÑDÎ.y&f�f)i�f:i@ÎY×"kYÑpw"{p×&ÑDw&Î#ÎY×"f�i�}~{p}~Î�d_g<Ð¶Ï�ÐMr
ÎYfh�ßÞEq�Ï�w&ÐY}~y&{¡dJy�}|y�Î¶f�kYe�Ñpg�dJÎ¶ÑpkÕÐYÎ¶kYw	Í�Î¶w&kYf+d:mÒÎ¶f�k�ÎY×&f 
�ãaX e&w"g|Ð¶f.ÐY×	d_e&}~y&{#â�g|Î¶f�kYÐ:z
mÒÑDg|g~ÑJÔÕf)i.Ó�Ï¡dail}|{D}~Î�dJg���}òà&f�k:zJÎY×"f�×&}~{p×+Ð�dJ��e&g~f-k�dJÎ¶f�}|Ð�kYf�Ð¶ÎYkY}�Í�Î¶f)i�ÎYÑ.ÎY×"f�g�dJÐ¶Î<e�dJkYÎ¶Ð
Ó�f�mÒÑpk¶f®b.]Jã¤Í�Ñpy�xDf�kYÐ¶}|ÑDy�ÞEä�×&}~Ð�Ï�}~f�g�i�Ð�dJy�dJk�Í¶×&}~Î¶f)Í�ÎYw"kYf¡dJÐ�ÐY×"ÑJÔ�y�}~y�â	{Dw&kYf#Û&Þ
W m�ÎY×&f¡`�ã�� Í�f�y�Î¶f�k#m kYf)çDw&f�y�Í�Ïß}~Ð.ÐYfhg|f:Í�ÎYf)iïÎYÑ�Ó�f�dJy·}|y�Î¶f�{pk�dJgE�¡w&g~ÎY}~e&g~f.ÑJm-Î¶×&f

ÐYÏ��¡Ó�ÑpgámÒkYf)çDw&fhy	Í�Ï�zñd_yßfêî�Í�}~f�y�ÎadJk�Í¶×&}~ÎYf)Í�Î¶w&kYf�Í�dJy»Ó	f+ÑpÓ&Î�dJ}~y&f)iáÞ�WMy»â	{pw"kYf®s"z	Î¶×&f
`�ã�� Í�f�y�ÎYfhkEmÒkYf:çpw"f�y	Í�Ï#}~Ð�Ð¶×&ÑJÔ�y#ÎYÑ�Ó	f�g|Ñ&Í�d_ÎYf)i/dJÎ-u �ÕÎY}~��fhÐ�ÎY×&fÕÐYÏ��¡Ó�Ñpg:mÒk¶f)çDw&f�y	Í�Ï
�������®Þ�ä�×&f¡��Ñ&i�w&g�d_ÎY}~Ñpy�Ó	d_y	i�Ô�}�i�ÎY×@xpd_kY}~f�Ð:z�Ô�}~ÎY×·ÎY×"f¡kYÑpg~g~ÑJì@mMdpÍ�Î¶Ñpk)z$Ó�f�ÎMÔ-fhf�y1u
dJy�i[Û+ÎY}~��fhÐ�ÎY×&f#Ð¶Ï��¡Ó	ÑDg�mÒkYf)çDw&fhy	Í�Ï � ����� Þ-ä�×�w&Ð:z�ÎY×&f+}~yIÎ¶f�kYe�Ñpg�d_ÎYÑpkÕâ�g|Î¶f�k�Ð¶×&Ñpw"gji
Ó&k¶}|y"{ � � 	pÛ3ÎYÑ¡dJÎ�g~f)d_ÐYÎ.u ��� ����� }~y¡ÑDk�i�f�kÕÎYÑ+ÑJì�f�k�dJg~}�dJÐærÒmÒk¶f�f�kYfhe&kYf�Ð¶f�y�Î�d_ÎY}~Ñpy�ÑJm�Î¶×&f
��Ñ&i�w"gjd_ÎY}~Ñpy�Ó	dJy�i[dJÎ.ÎY×"f
`�ã�� Í�f�y�Î¶f�k#m kYf)çDw&f�y�Í�ÏIÞ#q�f)Í�d_w&ÐYf�ÎY×&f+Ð�d_��e&g~f.k�d_ÎYf¡dJÎ
ÎY×"fa}~y�ÎYfhkYe�Ñpg�dJÎ¶Ñpk�}~y&e&w"Î-}~ÐÕå
	 � ����� z&d_y�}~y�ÎYf�k¶e	ÑDg�dJÎY}~ÑDy+m¢dpÍ�Î¶Ñpk�Ñ_mQÛ�	|u	� � ����� 	Jå � �����
�
�+��fhf�ÎYÐÕÎY×&f/kYf)çDw&}~kYfh��f�y�ÎYÐ:Þ
ã�m ÎYf�kE}~y	Í�k¶f)dJÐ¶}|y"{�ÎY×"f-Ð�dJ��e"g|f$k�d_ÎYfpzpd_y#w&e�Í�Ñpy�xDf�kYÐ¶}|ÑDy®w"ÐY}~y&{ad�çDw	dDi�k�d_ÎYw&k¶f-��}³àlfhk

}~Ð#i�Ñpy&fDÞ®ä�×"}|Ð.Ó&k¶}~y&{pÐ.ÎY×"f�Í�dJk¶kY}~f�k.mÒk¶f)çDw&f�y	ÍêÏ·mÒkYÑD� ba\ ÎYÑ�ÎY×"f�`�ã�� Í�f�y�ÎYfhk#mÒk¶f�r
çDw&f�y	ÍêÏIzpd_Î�u���ÎY}~��fhÐ�ÎY×"f-Ð¶ÏI�¡Ó�ÑpgDk�d_ÎYfpÞEä�×&fÕw&e�Í�Ñpy�xDf�kYÐ¶}|ÑDy¡}~ÐQilÑpy&fÕÓ�Ïa�¡w"g|Î¶}~e&g~ÏI}~y&{
ÎY×"f¡}|y�Î¶f�kYe�Ñpg�dJÎ¶Ñpk�â	g~ÎYfhkaÑDw&ÎYe"w&Î.Ô�}|Î¶× d�Í�ÑD��e&g~f�à[e&×�dJÐYÑDk.kYÑpÎ�dJÎ¶}|y"{�d_Î#Í�dJk¶kY}~f�k.mÒk¶f�r
çDw&f�y	ÍêÏIÞ�q�f)Í�dJw"ÐYf+ÎY×&f®ÍhdJkYk¶}~f�k�mÒk¶f)çDw&f�y	ÍêÏ[}~Ð�d+k�dJÎ¶}~Ñpy	d_g�m¢dpÍ�Î¶Ñpk�ÑJm<Î¶×&f#Ð�dJ��e"g|f�k�d_ÎYf
��� �Òå�]����hz&i�}~{p}~Î�d_g	{Df�y&f�k�dJÎ¶}|ÑDy[Í�dJy�Ó�f®i�Ñpy"fafêî�Í�}~f�y�ÎYg~ÏIÞ
ä�×&f#i�}~{p}~Î�dJg�w&eñÍêÑpy�xpf�k¶ÐY}~Ñpy»e&kYÑDÓ&g~f��º×	d_Ð�ÎMÔ-Ñ�d_ÐYe�f)Í�ÎYÐ �
è b�fhÐY}~{py(ÑJm#dJy(}~y�ÎYf�k¶e	ÑDgjd_ÎYÑDk®Ð¶ÎYkYw�Í�ÎYw&k¶f@ÎY×	d_Î®Ñ_ìñfhkYÐ�d·y"}|y"f�mÒÑpg�iïÐ�dJ��e&g~f¡k�d_ÎYf

}~y	Í�k¶f)dJÐ¶fpÞ
è b�fhÐY}~{py�ÑJm�d¡i�}~{p}~Î�d_g	��}³àl}~y&{.e&k¶Ñ&Í�f�ÐYÐ.Ô�}~ÎY×[d+Í�dJk¶kY}~f�k6mÒkYf)çDw&fhy	Í�Ï�ÑJmEåI]������DÞ



h(0) = h(11) = -0.01333
h(1) = h(10) = -0.02573
h(2) = h(9)  = -0.007119
h(3) = h(8)  =  0.07181
h(4) = h(7)  =  0.1915
h(5) = h(6)  =  0.2848

coefficients for 12-tap FIR
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H(z)

fs = 8 f N
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4-tap
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4-tap
FIR

4-tap
FIR

4-tap
FIR

4-tap
FIR

4-tap
FIR

out

in out

8 fN

12-tap FIR12-tap FIR

Multirate Expansion
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é Ñpk�}~y�ÎYfhkYe�Ñpg�dJÎ¶}|ÑDy[ÑJm 
�ã.XÂ��Ñ&i�w&g�dJÎ¶}|ÑDy�z�g~}~y&f)dJk�e&×	d_ÐYf/â	g~ÎYf�k¶Ð3d_kYf+y&f�f)ilf)i·ÎYÑ
d:xpÑD}�i�Î¶×&fÕ}|y�Î¶kYÑ&i�w	Í�Î¶}~Ñpy.ÑJm	{DkYÑDw&e®i�f�g�d:Ï#i�}~ÐYÎ¶Ñpk¶ÎY}~Ñpy�Þ$`�w	Í¶×#}~y�ÎYf�k¶e	ÑDgjd_ÎYÑDk�â	g~ÎYfhkYÐE×	d:xpf
Ó�f�f�y·Ô-f�g~g�i�Ñ&Í�w&��f�y�ÎYf)i�}|y�g~}~ÎYf�k�dJÎ¶w&kYf¡dJÐ��¡w&g~ÎY}~k�d_ÎYf�Ð¶ÎYk¶w	Í�ÎYw"kYf�Ð�ÚÜnhÝæz~Ú �hÝYÞ�ä�×&f®ÍêÑp�¡r
e&g~f�à&}~ÎMÏ®Ñ_m�ÎY×&fhÐYf.}~Ðëi�fhÎYf�k¶��}~y&f)i ÓIÏ+ÎY×"f�}~y�ÎYf�k¶e	ÑDgjd_ÎY}~Ñpy+mMdpÍ�Î¶Ñpk)z�dJy�i¡ÎY×"f�Ó	d_y	i�Ô�}�i�ÎY×
w&Î¶}|g~} � d_ÎY}~Ñpy.ÑJm�ÎY×&fÕ}~yIÎ¶f�kYe�Ñpg�d_ÎYf)i/ÐY}~{py�dJgMÞ�^-d_kY}~Ñpw&ÐEÍ�Ñpylâ	{pw&k�dJÎ¶}|ÑDy&ÐE×	d:xpf�Ó	f�fhy¡ÎYf�Ð¶ÎYf)i�z
dJy�i@d�ÎMÔ-Ñ�Ð¶ÎYf�e(}~y�ÎYf�k¶e	ÑDgjd_ÎY}~Ñpy»â	g~ÎYfhk#×	dJÐ+Ó�f�f�y¼k¶f�Î�d_}~y&f)i�z�d_Ð#ÐY×&ÑJÔ�y@}~y·â	{Dw&kYf�å	Þ
ä�×&f�â	g~ÎYfhkaÍ�Ñ�f�î�Í�}~f�y�Î¶Ð�ÔÕf�kYf#ÑDÓ&Î�d_}~y&f)i¡w"ÐY}~y&{�d��<d_kYÖ�ÐMrYX[Í�\Õg~f�g~g�dJy[d_g|{DÑpk¶}|Î¶×&�ÆÚ �hÝæÞ
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ã i�}~{p}~Î�d_g-ÑDÐ�Í�}~g~g�dJÎYÑDk�]»��}³à&f�k¡dJk�Í¶×&}~Î¶f)Í�ÎYw"kYfßÍ�d_y Ó�f�}~��e&g~f���f�y�Î¶f)i·}~y¨xpd_kY}~Ñpw"Ð
Ô�d:ÏIÐ:Þ � y&f#Í�Ñp����Ñpy¡dJg~g³rYi�}~{p}~Î�d_g&ÐYÑDg|w"ÎY}~Ñpy�ÎYÑ¡Ñpw"k�e&kYÑDÓ&g~f��ºÔ�}~g~g�Ó	f#i�f�Ð�Í�kY}~Ó�f)i�Þ
é }~kYÐYÎ:z�ÎY×&f+Í�dJk¶kY}~f�k�e&×	d_ÐYf#}~ÐÕ{pf�y"f�k�d_ÎYf)i�w"ÐY}~y&{�d/��Ñ&i�w&g~ÑJr �.Í�Ñpw"yIÎ¶f�k�Ô�}~Î¶×�d/ÐYÎ¶f�e

ÑJm�å	Þ � w&ÎÕÑJm�ÎY×&}~Ð-Í�d_kYk¶}|fhk-e&×�dJÐYfDzpÐ¶}|y"fadJy�i¡Í�ÑpÐ¶}|y"f�xpdJg~w&f�Ð-d_kYf�i�fhkY}~xpf)i ÎYÑ#Í�ÑDy&ÐYÎ¶kYw	Í�Î
d¡Í�ÑD��e&g~f�à¡e&×	d_ÐYÑpk�Ó�Ï�Ô�×&}�ÍY×�Î¶×&f#Í�Ñp��e&g~f�à�Ó	dJÐ¶f�Ó	d_y	i�ÐY}~{py	d_g�Í�dJy�Ó�f#�¡w&g~ÎY}~e&g~}³f)i�Þ
ä�×&f�ÐY}~y&f�dJy�i¡Í�ÑpÐ¶}|y"f�xpdJg~w&fhÐ-dJk¶f�ÐYÎ¶Ñpk¶f)i¡}~y�d �.fhyIÎ¶kYÏ¡g~Ñ�ÑpÖ�w&e¡Î�dJÓ&g~fpz�dJy	i+}~��e&g~f�r

��fhyIÎ¶f)i+dJÐ-d,��váã Ñpk � � X@Þ:ä�×&f�k¶f�ÐYw"g|Î¶}~y&{#xpdJg~w&fhÐQd_kYfÕmÒf:i+}|y�Î¶Ñ3d.Í�ÑD��e&g~f�à¡i�}~{p}~Î�d_g
mÒw&g~g³rM�¡w&g~ÎY}òe"g|}³f�k)z�ÑDe	fhk�dJÎ¶}~y&{�dJÎ�ÎY×&f#×"}|{D×�Ð�dJ��e&g~f�k�dJÎYf �¢s �!-¡s�X í�� � u)t �¡X í�� �hÞ
q�}|Îær¢g~f�xDf�gÕe&}~e	f�g~}~y&}~y&{�ÑJm�Î¶×&f��¡w"g|Î¶}~e&g~}|fhkYÐ.}~Ð#��d_y	i&dJÎ¶Ñpk¶ÏßdJÎ#Î¶×&}~Ð®×"}|{D×ßÐ¶e	fhf)i�Þ¼q�Ï
×	d:x�}~y&{+ÎY×&f#Ð¶ÎYf�e»ÑJm�ÎY×&f.��Ñlilw&g~ÑJr �#Í�Ñpw"yIÎ¶f�k�xpd_kY}�dJÓ"g|fDz&d¡Í�f�kYÎ�dJ}~y[Í�dJk¶kY}~f�k/.	f�à&}~Ó&}~g|}~ÎMÏ
}~Ð�ÑDÓ&Î�d_}|y"f)i�Þ.ä�×&}~Ð0.�f�à&}|Ó"}|g~}~ÎMÏ�ÍêÑp��fhÐadJÎ�ÎY×&f¡Í�ÑDÐYÎ.ÑJmëÍêÑp��e"g|fêà�×	d_k�i�Ô�dJk¶f®k¶w&y&y&}~y&{
dJÎ/×&}~{p×@ÐYe�f�f)iáÞ í ÑJÔÕf�xpfhk)z�dJÐ+ÎY×"f�`�ã�� Í�f�y�Î¶f�k+mÒkYf:çpw"f�y	Í�ÏU}|Ð3â&à&f)i�z�Î¶×&f�ÍhdJkYk¶}~f�k
ÎYw"y&}~y&{®}~Ð�y&ÑDÎ�w&ÎY}~g~} � f)i�z&d_y	i�Ô-f.ÑDÓ&Î�d_}|y�d+e	ÑJÔÕf�kær¢}~y&f�ì�f)Í�Î¶}~xpf#Ð¶Ñpg~w&ÎY}~ÑDy�Þã�y�dJe&e"kYÑIdDÍ¶×�ÎY×�dJÎ���dJÖpfhÐ�w&ÐYfhÐ�ÑJm�ÎY×"}|ÐÕ��d_y&}³mÒf�Ð¶Î<e"kYÑpe�f�k¶ÎMÏ�}~ÐëÍêÑpy&Ð¶}jilf�kYf)i�y&fêàlÎ:Þ
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ã�ÐÕÎY×"f�`�ã�� mÒkYf)çDw&fhy	Í�Ï¡}~ÐEâ&à&f)i�z�Î¶×&f�w"eñÍ�ÑDy�xpf�k¶ÐY}~Ñpy¡ÑDe	f�k�dJÎ¶}|ÑDy�Í�dJy�Ó	f.Í�Ñ&i�f)i }|y�Î¶Ñ
ÎY×"fa}~y�ÎYfhkYe�Ñpg�dJÎ¶ÑpkÕâ	g~ÎYfhk�Í�Ñ�f�î�Í�}~f�y�ÎYÐ:Þ
ä�×&f-ÍêÑpkYk¶f)Í�Î�Í�Ñ�f�î�Í�}~f�y�Î¶Ð<dJy�i�â�g|Î¶f�k�Ð¶ÎYk¶w	Í�ÎYw"kYf�dJkYfÕi�f�kY}~xDf)i.w&Ð¶}|y"{�ÎY×&f��"rMÎYk�dJy&ÐæmÒÑpk¶�ßÞ

ä�×&fÕÐYÏ�ÐYÎ¶f��ÄÐYÎ¶kYw	Í�Î¶w&kYfDz�ÐY×&ÑJÔ�y¡}~y.â	{Dw&kYf�o"z:Ó	f�×�d:xpf�Ð-d_Ð$mÒÑpg~g~ÑJÔ�Ð)Þ "3}|xDf�y#Î¶×&f�Ñpw&Î¶e&w&Î
Ð�d_��e&g~f�ÐYÎYk¶f)dJ�ÈÑJmEÎY×&f/��dJÎ�Í¶×&f)i+â�g|Î¶f�kYÐ:z&ÔÕf�mÒÑpk¶�Ìd¡Í�Ñp��e&g~f�à�Ð�d_��e&g~f�Ð¶ÎYkYf:dJ�
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X(z) X (z)up
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Y(z) Y
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(z) Y
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(z)

Real->
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X(z) X (z)

C(z)

3

i(z)

q(z)

H(z) H(z)

X (z)31 X (z)2
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H(z e
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fs =8 f N

in 2π
3

H(z e
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2π

12-tap FIR 12-tap FIR

out

4-tap FIR

4-tap FIR

4-tap FIR

4-tap FIR

4-tap FIR

4-tap FIR

q

i

out

8 f N 24 f N 72 f N

Multirate Expansion

H (z) H (z)
1 2

h(0) = h(11) = -0.01333
h(1) = h(10) = -0.02573
h(2) = h(9)  = -0.007119
h(3) = h(8)  =  0.07181
h(4) = h(7)  =  0.1915
h(5) = h(6)  =  0.2848

coefficients for 12-tap FIR
(unrotated H(z))

é }~{pw&k¶f#n � \ÕÑp�¡Ó"}|y"f)i+WMy�ÎYf�k¶e	ÑDgjd_ÎY}~Ñpy�]�&�e�Í�ÑDyIxDf�kYÐ¶}~Ñpy é }|g~Î¶f�kë`lÎYkYw�Í�ÎYw&k¶f

â	{Dw&kYf+}~Ð�×	d_g|xDf)i�Ó�f)Í�d_w&ÐYf¡ÑDy&g~Ï�Î¶×&f+kYf)d_g<ÑDw&ÎYe"w&Î.}|Ð�y&f�f)ilf)i�Þ��@f/ÎY×�w&Ð.y&f�f)i»å��?�
ÛJå � npÛ+Í�ÑDy&ÐYÎ�dJy�Î-�¡w"g|Î¶}~e&g~}jÍhdJÎY}~ÑDy&ÐE}|y"ÐYÎYf:dpi¡Ñ_mQÛ_å	Þ � y�ÎY×&f.ÑDÎY×&f�k�×�dJy	i�z�Î¶×&f.ÑpÐ�Í�}~gòr
g�dJÎ¶Ñpk�]_��}³à&f�k�Ð¶ÎYk¶w	Í�ÎYw"kYf�}~Ð3ÍêÑp��e"g|fhÎYf�g~Ï[}~y�ÎYf�{Dk�d_ÎYf)i·}~y·ÎY×&f â	g~ÎYf�k#Ð¶ÎYk¶w	Í�ÎYw"kYfpz�Ô�×&}�ÍY×
ÑJì�f�k¶Ð�ÎY×"f#Ó	fhy&f�â	Î¶ÐaÑ_m��¡w&g~ÎY}~k�d_ÎYf�}~��e&g~f���f�y�Î�d_ÎY}~Ñpy�Þ � m�Î¶×&f®npÛ¡ÍêÑpy&Ð¶Î�dJy�Î��¡w&g~Î¶}|e"g|}³r
Í�d_ÎY}~Ñpy&Ð:zpå �.Ñpe�f�k�dJÎYf.dJÎ�� �	�1d_y	i�Û_å.Ñpe�f�k�d_ÎYf#dJÎ-Û_å��	�+Þ � y"g|Ï+ÎY×"f�ÐY}~y	Í�à i�}~Ð¶ÎYÑpk¶ÎY}~Ñpy
Í�ÑD��e�f�y&Ð�d_ÎY}~Ñpy â	g~ÎYf�k�y"f�f)i�Ð�ÎYÑ¡Ñpe�f�k�dJÎYf+dJÎ�ÎY×"f�m w&g~g�k�dJÎ¶fpÞ

Component
Active
Area

(mm2)
Gate Count

Critical
Path
(ns)

Power
Estimate

(mW)

2.34 5318 30.4 170

1.26 2863 27.1 140

Total 3.60 8181 310

H2(z)

H1 (z)

1.14 1998 7.5 330

1.44 230

Total 2.58 4510 560

Mix/Osc

Interpolator 2512 15.8

Proposed
Circuit

Conventional
Approach

Area x Power

1110

1440

(mm2 x mW)

ä�dJÓ"g|f.Û � ã�kYf)d¡d_y	i ��ÑJÔÕf�k�\ÕÑDy&ÐYw&��e&ÎY}~ÑDy+mÒÑpk�Î¶×&f)�EkYÑDe	ÑDÐYf)i é }~g~ÎYf�k�`lÎYkYw�Í�ÎYw&k¶f



Parameter Value
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-60

-40
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0

48 72 9624
MHz

dB

Power Consumption 310 mW

Active Area 3.60 mm2

Accuracy 10 bit

Technology CMOS 0.7u 5V

Master Clock 108 MHz

Input Bandwidth 
(Q or I input)

2 MHz

Output Carrier
Frequency

48 MHz
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ä�×&f+ÐY}�i�f�Ó�dJy	i·i�}~ÐYÎ¶ÑpkYÎ¶}~Ñpy&Ð#dJk¶f
d_yßfêìñf)ÍêÎ#ÑJm-Î¶×&f¡}~y�ÎYf�k¶e	ÑDgjd_ÎYÑDk�â	g~ÎYfhk)Þ#ä�×"f[u)Û:rMÎ�d_e
â	g~ÎYfhk�Ô�×&}�Í¶×�Ôëd_Ð�ÐYf�g~f)Í�Î¶f)i»ÑJì�f�kYÐ.dJÓ�Ñpw&Î�å�o¡i&q Ð¶w&e&e&k¶f�ÐYÐ¶}~Ñpy[Ñ_m�d_g~}jd_Ð-Ó�dJy	i�Ð:Þ�ä�×&}~Ð
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kYfhÐYe�Ñpy&Ð¶f®g~f�xDf�g�ÑJm�ÎY×"faÎ¶k�d_y&ÐY��}|Ð¶ÐY}~Ñpy$Þ
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ÔÕf�kYf�ÑpÓ&Î�dJ}~y&f)i ÓIÏ+ÎY×"f���������������� �)Î¶k�d_y&ÐY}~ÐYÎ¶ÑpkÕg~f�xpf�g�ÎY}~��}|y"{�ÐY}~�¡w&g�d_ÎYÑpk:Þ�äQd_Ö�}|y"{aÎ¶×&f
e&k¶Ñ Ù f)Í�Î¶f)i¤Í�g~Ñ&Í¶Ö(mÒkYf:çpw"f�y	Í�}~f�Ð[}~y�ÎYÑ(dpÍ�ÍêÑpw&y�Î)z.d@e�ÑJÔÕf�k�f�ÐYÎ¶}|��dJÎ¶f[ÑJm
s"u)t·� � }~Ð
mÒÑDw&y	i�Þ
ã¨ÍêÑp��e�dJkY}~Ð¶Ñpy.Ô�}~ÎY×#Î¶×&fëÍêÑpy�xpf�y�Î¶}|ÑDy	dJg�dJg~g³ræil}|{D}~Î�dJgJdJe"e&kYÑ�dpÍ¶×#Ô�dJÐ<d_g~ÐYÑ���dpi�fDÞ	ã�Ð

��fhyIÎ¶}~Ñpy&f)i Ó	fêmÒÑpk¶fpz�ÎY×&}~Ðad_e&e&k¶ÑIdpÍ¶×�kYf:çpw"}|k¶f�Ð#d¡i�}~{p}~Î�d_g���}³à&f�kMrMÑpÐ�Í�}~g~gjd_ÎYÑDk�Ñpe�f�k�d_ÎY}~y&{
dJÎ#u:t �¡X í�� z	d_y	i�ÎMÔ-Ñ¡}~y�ÎYfhkYe�Ñpg�dJÎ¶Ñpk�ÐYÎ¶kYw	ÍêÎYw&k¶f�Ð®dJÐ�Ð¶×&ÑJÔ�y[}~y�â	{pw"kYf.å	Þ�ã�g~ÎY×&ÑDw&{p×
ÐYw�ÍY×·d�Í�}~k�Íêw&}~Î�×	d_Ð�Ó�f�ÎYÎ¶f�k#dJkYf:d+â	{Dw&kYf�Ð�ÎY×	d_y[ÎY×"f#e&kYÑDe	ÑDÐYf)i»Ñpy"fpz�ÎY×&f#e�ÑJÔÕf�kaÍ�ÑDy�r
ÐYw"��e&Î¶}|ÑDy�dJÐ�ÔÕf�g~g<d_Ð�ÎY×&f#dJk¶f)d:rMe�ÑJÔ-f�k�e"kYÑ&i�w	Í�Î�}~Ð�Ô-ÑDkYÐYfDÞ
� }~ÎY×�kYf�g�d_ÎY}~Ñpy.ÎYÑ�Î¶f�ÐYÎ:zJÔÕf�}~y	i�}�Í�dJÎ¶fEÎY×	d_Î�ÎY×&f-Íê}|k�Í�w&}~ÎYÐEi�f�Ð¶}|{Dy&f)i.Ô�}~Î¶× �!�"�����#��
����$
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