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\?PeWLNiã�RDP�I~W�WLSDnkUDot\lUTWLP$\?Nk7 P�IuP�RVK�à{n?\?P�otW�GJK+\?Nk7 P�IuP�RVK+oQP�j�P�otWHnJp!GJåTWdKLI~GkÝ�KLNQnkR`0�SDP�R�P�ä�Ü
cDoin�ILNQRDãlKLSTP.\?PeWLNQãkR Wdc;GkÝ�P{nkp�GkIuÝ~STN�KuPeÝYKuUDIuPeWe` ßHSTPÉÛ+Ü£Ý~STGJILK$GJcDcTILnVGkÝ~S3UTWdP�\éGfK�KLSTPeWLP
\?Nk7 P�IuP�RVK�oQP�j�P�otW$NtW�ZÌSDn�0aP�jkPeIeZ²NQR�jfGJIuNQGkR�K� �NiKWdKLNQoioHÝ�n�RTWdNtWdKuW�nkpaKuSDP_WuGJà{P
PeoiPeà{P�RVKuWeZÌG�W
WdSDn�0�RNQR{^�NQãkUDIuPPm?`JßHSTNQW!oQPeG�\DW�KunBKuSDP�p n�oioQn�0�NiRTãOÝ�nkRTÝ�P�c?K!nkp G�¢�£~u�\>�:jg�DHc�¡�ef:	;@c\?1DHc�g� 

õ�Ö§ð��kÒVêÌñ õ øL· ÛBÜ�Ý~STGkIdK[ER�j�NiIunkRDà{PeR�K{e¯i{>ë:	DT>@C³eE´�>�g�e�;�c ;µ�g°�#DÌ¢�£~u�\>�:jgA>T8=8w:u;�>b~u�
µH;�:A>1i�8\DT~He vn~AabDjijek<=c�8�:	;�
!DT~!gí>@gí>N8#>@:jg�e�~!�UCE>@:JCED!¡rD!C�;µJ>=BHiTg�:	>b~Hg�e�;�c�¶

ßHSDP�\?Nk7 P�IuP�RVK!oQP�jkPeoQW�IuP�cDIuPeWLP�RVKuPe\$NQRKLSDP�GkåTW�KuIuG�ÝYKuNin�R�c�æ�IuGkàNt\�KuS�UTW!NQRT\?NtÝ�GfKuPaKLSTGJK
àn�ILP�KLSTGkRÈn�RDP$ÛBÜ�Ý~STGkIdK¹P�R�j�NiIunkRTàPeRVKBNtW+RDPePe\?P�\ÇNQR*G_\?PeWLNiã�RÈcDIun?Ý�P�WLW�p nkIOGJI~Ý~SDN�KuPeÝ�Ü
KLUDIuPeWe`VßHSTP�IuP�p nkIuPkZV\?NE7§PeILPeR�K]Û+Ü£Ý~STGJILKhPeRVj�NQILn�RDà{P�RVKuW]GJIuP�RDPePe\?P�\
GfKH\?Nk7 P�IuP�RVKHoiPejkPeoQWhnJp
GJåTWdKLI~GkÝ�KLNQnkR�Z;p nkIuà{NiRDãlG_WdKuG�Ý~â�GkWBNioQoiU;W�KuIuGJKLPe\ÈNiRé^�Niã�UDIuPA�D`²ßHSDNtW,FTãkUTILPWdSDn�0�W+KLSTILPeP
c;nVWLWLNiåToiP�Û+Ü£Ý~STGJILK+P�R�j�NQILn�RDà{P�RVKuW� Tn�RDP�GJK+KLSTP�oQP�jkPeoÌnkp,BT>=~Tû{;oµAgf�\D�DHc�¡rD!CE;T8#DBà{n?\?P�otW�Z
nkRDP�GfK�KuSDP�oQP�jkPeo²nJp*~H±=~!CEDx>=~T~!�U:	>�g�DHà{n?\?P�otW�ZDGkRT\lnkR�GfK�KuSDP�oiPejkPeo²nJpAþ�ÿ���Èàn?\?PeoQWe`

K£RÇKLSTPGkåTW�KuIuG�ÝYKuNin�RÇc�æVI~GJà{Nt\²Z§àn�ILP�KLSTGkRÇKuSDPeWLP�KuSDIuP�PoiPejkP�otWBnJp]GkåTW�KuIuG�ÝYKuNin�RÈGJIuP
ãkNQjkP�R/`bË�PejkPeIdKuSDP�oQPeWuW�Z=0]Pª0�NQoQo;IuPeWLnkILK!KLn*p�U;W�K]KLSDIuP�PBoiPejkP�otW�p Iunkà KLSTP+GJåTWdKLI~GkÝ�KLNQnkRÉc�æ�IuGJÜ
àNt\lNiR�^�NQãkUDIuPJ�

��ý#�����H�1ù�� ç î�Òb���¹ð ÷;Ò�ìrÖ;êhÒÕ[hGkILoQæÇNQRéKLSDP_\?PeWLNiã�R�Z/\?P�WdNQãkRTP�I~W�àÉGJâkPÉU;WdPÉnkpHå;GkÝ~âVÜ�nkp Ü
KLSDP�Ü�PeRVj�P�oQnkc§P�à{n�\DP�otW_GkRT\8PeWdKLNQàÉGfKLNQnkR à{n?\?PeoQWeZEKunËà{n�\DP�oBGkIuÝ~STN�KuPeÝYKuUDIuP�NiRTWdKuGkRTÝ�P�W�`
ßHSDNQW_GJoQoin�0�WKuSDP�à)KunËÝ�nkR;W�KuILUTÝ�K.àÉGJR�æïGkIuÝ~STN�KuPeÝYKuUDIuP�NiRTWdKuGkRTÝ�P�WÉjkPeILæ 6 UDNQÝ~â�oQæk`hbBP�Ü
WdNQãkRDPeIuW$K�æ�cDNQÝeGJoQoiæ Peà{cDoinfæéã�P�RDPeILNtÝÉKunVn�oQW�oQNiâ�P3º�>�g�CE>=Bn�I�º�>@gf�\DH?1>�g�e�~T>_KLnÈPejfGJoQUTGfKuP
KLSDP�c§P�ILp nkIuàÉGJRTÝ�P¹nkp�KLSDP�WdP�à{n?\?P�otW�å�æ.WLnkoQj�NiRDãÉGkRTGJoQæVKLNtÝOP 6 UTGfKuNin�RTWe`DßHSDPeWLPOKLn�nkotW�Ý�GkR
Ý�nkà{cDUDKLPÈÝ�nkà{cDoQP�ä8P 6 UTGfKuNin�RTW�2ÐWdæ�à�å;n�oiNtÝ�GkoioQæ#4«0�N�KuSDNiR Gép P!0 WLPeÝ�nkRT\DWe`hßHSDP*ILP�WdUTo�KLÜ
NiRDãéc§P�ILp nkIuàÉGJRTÝ�P.R�UDà�å§P�I~WK�æ�cDNtÝ�GJoQoQæ ILPecDILP�WdPeRVKIunkUDã�SËPeWdKLNQàÉGfKuPeWp nkIKuSDILn�UDãkSTcDU?KeZ
oQGJKLP�R;Ý�ækZ²GkRT\ÇU?KuNioQN/.eGfKuNin�R�`�ßHSDP�KLn�nkotW¹P�jfGJoQUTGJKLP$KuSDP{c;PeIdp n�ILàÉGkRTÝ�P�àP�KLIuNQÝeW¹P�NiKLSDPeI¹R�U?Ü
àPeILNtÝ�GkoioQæ
n�IHWLæ�à�å§nkoQNQÝeGJoQoiæ�`

õ$Ó¥��ìrÒb�u���=��ë/×fý?ñ�Ò ÞBW�KuSDP�\?PeWLNiã�R@WLcTGkÝ�P
p nkI�KLSTPlGkIuÝ~SDNiKLP�ÝYKuUDILP
KLP�à{cDotGfKuP_R;GJIuILn�0�WeZ
\?PeWLNiã�RDP�I~WaUTWLPOGkåTWdKLI~GkÝYKLÜ�P�ä?PeÝ�UDKuGJåToiP¹à{n�\DP�otW�GJRT\lÝ�æ?Ý�oQP�Ü£GkÝeÝ�UDI~GfKuP+à{n?\?P�otWaKLnÉ\?P�WLÝ�ILNQå§P
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GJI~Ý~SDN�KuPeÝ�KLUDIuPÉNiR;W�K~GJRTÝ�PeWe`/ÞaK�KuSDNQW�oiPejkPeohnJp�GkåTW�KuIuG�ÝYKuNin�R�Z�\?PeWLNQãkRDPeIuW$ÝeGJRËÝ�nkà{cTGJIuP{KLSTP
c;PeIdp n�ILàÉGJR;Ý�PeW�nJp�àn?\?PeIuGJKLPeoiæ�\?NE7§PeILPeR�K¹GJI~Ý~SDN�KuPeÝ�KLUDIuPeWe`#��n?\?P�otW+GJK�KLSTNQW+oiPejkP�o/ILP 6 UTNiIuP
GJI~Ý~SDN�KuPeÝ�KLUDIuP.WLNià�UDoQGJKLn�IuWOKuSTGfK�K�æ�cDNQÝeGJoQoiæ3IuUDR p Iunkà�àNQR�U?KLP�W$KunÇSDn�UDIuW$KLn3Ý�GJIuIuæÈnkUDK
GÇWdNQà�UToQGJKLNQnkR�`�ßHSDPeWLP.WLNià�UDotGfKLn�IuW$ànVW�KoiNQâkPeoiæ3P�à{cDoQnfæé\?NQWuÝ�IuP�KuP�Ü�P�j�P�RVK�à{PeÝ~STGkRDNtWdàÉWe`
ßHSDPHc;PeIdp n�ILàÉGJR;Ý�PaRVUTà�å§P�I~W�GJK�KLSDNtW�oiPejkPeo�K�æ�cDNtÝ�GkoioQæ$IuP�cDIuPeWLP�RVK�j:GkoiUTPeW�p nkI�KuSDILn�UDãkSTcDU?KeZ
oQGJKLP�R;Ý�ækZÌGJRT\éU?KuNioQN/.eGfKuNin�R IuGJKLP�W¹p nkI$NQRT\?NQj�NQ\?U;GJohPeoiPeà{P�RVKuW�nJp�GJI~Ý~SDN�KuPeÝ�KLUDIuP{NiRTWdKuGkRTÝ�P�W�`
Þ+WhKLSDPBàn?\?PeoQW]å§PeÝ�n�à{P�à{nkIuP+GkÝeÝ�UDI~GfKuPkZJKuSDPBG�Ý�Ý�UDIuG�Ý�æ�nJp²KLSTP+c§P�ILp nkIuà{GkRTÝ�P+RVUTà�å§P�I~W
GJotWdn{å§PeÝ�n�à{PeWHSDNQãkSDPeIe`

���9úló ^ÌNQRTGkoioQækZTG�WHKLSTP$\?PeWLNiã�R�WdcTG�Ý�PORTGkILIun�0�WH\?n�0�Rlp UDIdKuSDP�I�ZTGÉ\?P�WdNQãkRTP�I*0HGJRVKuWaKun
å;PÉGJåToiP�KLn�Ý�n�à{cTGJIuP$KuSDP{c;PeIdp n�ILàÉGJR;Ý�PnJp]WLoiNQãkSVKuoiæÇ\?NE7 P�IuP�RVK$GJI~Ý~SDN�KuPeÝ�KLUDIuP�NQRTWdKuGkRTÝ�P�W
GkÝ�Ý�UDI~GfKLPeoiæKunh0�NiKLSDNQRlG�p P!0Íc;PeIuÝ�P�RVKe`?ßHSDPO\?PeWLNQãkRDPeI]UTWLPeWa\?P�KuGJNQoQPe\
s^]+b^_3àn?\?PeoQW]Kun
\?PeWuÝ�IuNiå§PHGJI~Ý~SDN�KuPeÝ�KLUDIuPENQRTW�K~GJRTÝ�PeWeZ�KuGJâ�NQRDãBWLNQãkRDNEF;Ý�GkRVK�GJà{n�UDRVKuWÌnJpDKuNià{PHGJRT\�ILP�Wdn�UDIuÝ�PeWe`
b+P�WdNQãkRDPeIuWHÝeGJR_ÝeGJIuILæÉn�U?KHKLSDP�WLNià�UDotGfKLNQnkR;W]U;WdNQRDãÉW�K~GJRT\TGJI~\
s,]Bb,_éWLNià�UDotGfKLn�IuWe`Dá�NQà�Ü
UDoQGJKLNQnkR_KLNQà{P�ILP 6 UTNiIuPe\
p nkIHKLSTPeWLPOGkIuÝ~STN�KuPeÝYKuUDIuPBNQRTWdKuGJR;Ý�PeWHÝeGJRlå;P$G�W]à�UTÝ~S�GkW�WLP�jkPeIuGko
\DG:æ?W�`²ßHSDP{nkåDKuGJNQRDP�\Èc§P�ILp nkIuàÉGJRTÝ�P�R�UDà�å;PeIuW�GkILP{GkÝeÝ�UDI~GfKuP�PeRDnkUDã�SÇKuSTGfK$G�\?PeWLNQãkRDPeI
Ý�GJR3Ý�n�àc;GJIuP�\?NE7§PeILPeRTÝ�P�W¹NiRÈKLSDPc;PeIdp n�ILàÉGkRTÝ�PnJp]GkIuÝ~STN�KuPeÝYKuUDIuP�NQRTW�K~GJRTÝ�PeW+KLn`0�N�KuSDNQR
G�p P�0 c§P�I~Ý�PeRVKe`

õ ø õ úlÒ�ÙeíÐþ;ð ç ×fý���Ò��Jñ�ÖT×:Ó
ßHSDP$GJåTWdKLI~GkÝ�KLNQnkRlc�æVI~GJà{Nt\.cTILP�WdPeR�K~WaKLI~Gk\?P�Ü�n=7 WHå§P�Ko0aP�PeR�àn?\?PeoiNQRDã;ZDP�jfGJoQUTGJKLNQnkR�ZDGkRT\
GkÝ�Ý�UDI~GkÝ�æ.KLSTGJKBIuPeWLUDoiKBNQRÈG.WdKuG�Ý~â_nkp!Û+Ü£Ý~STGJILK�P�R�j�NiIunkRTàPeRVKuW�å§P�NQRDã_UTWdP�\²` ßHSDNQW¹WdKuGkÝ~â
oiP�Gk\DWÌKLnOGxa=DHiTek<=c�g�:	>�
!Du~!g�;�:j±hNQR«0�SDNQÝ~S\?PeWLNQãkRDPeIuW�Ý�GkR�à{n?\?P�o?GkIuÝ~SDNiKLP�ÝYKuUDILP�WÌGkRT\�GkcDcDoQN�Ü
Ý�GfKuNin�RTW�GfK�jfGJIuNin�UTW�oiPejkP�otW�nJp;\DP�KuGkNio�`JßHSDPaÛ+Ü£Ý~STGkIdK�GJcDcDIun�G�Ý~S�GJR;\$KuSDP�W�K~GkÝ~âOnJp;Û+Ü£Ý~STGJILK



P�R�j�NiIunkRDà{PeR�K~WaKLS�UTWBW�KuILUTÝ�KLUDIuPOKLSTP�\?PeWLNQãkR�cDIun�Ý�PeWuWHnJp!cDIunkã�IuGkààÉGkåDoiP¹P�à�å;P�\D\?P�\�GJILÜ
Ý~SDN�KuPeÝ�KLUDIuPeWe`

õ�Ö§ð��kÒVêÌñ	��øL· áVKuG�Ý~â$nJp§Û+Ü£Ý~STGJILKuW^a=DHi!~H:je�BTDHi,>ha=DHijek<@c`g�:	>�
!DT~!g�;@:j±Jefc�²��Ue�~u�`a�e ò,DH:	D!c\g
¢�£~T�#>�:jg�D!c\¡�ef:	;�c�?xD!c\g�iP>�:	D,:	DT>�CkeE´�DTax>�g�a�e ò,DH:	D!c\g�CED!¡rD!Cüi^;µP>=BHijg�:u>=~!g�e�;@c#ó�DT>=~T��g�>�û�efc�<A>
a�e òPD!:	D!c\gVg�:u>=a=D!£;oò}8\;rijefg�e�;@c{efc�g°�#D*·NBHiTg�:	>b~Hg�e�;�c�¹n±�:	>@?Ae�a�ó�²��Ue�~u��CEDT>bariPg�;A>Jijg�D�8w²�e¯i!D
:	D�vScwD!?xD!c\gí;oµNg°�#D«a=DHijek<@cëi�8#>b~uD«;oµí8w:	;u<@:u>�?«?x>bBHCEDxD!?xBTDTa=abDTa�>@:	~u�Uefg�DT~!g��U:uDji!¶

m N�KuSDNiRlKuSDNQW+\?PeWLNiã�R
KuIuG@p�PeÝYKunkIuækZ?\?P�WdNQãkRDPeIuWac§P�ILp nkIuà \?P�WdNQãkR�Wdc;GkÝ�P¹P�ä?cDoQnkI~GfKuNin�R_GJK
PeGkÝ~S3oQP�jkPeohGJR;\ÈRTGkILIun�0 \?n�0�R*KLSTP.\?PeWLNQãkRéWdcTG�Ý�PÉÝ�n�RVKuGJNQRDNQRDãlp PeG�WdNQåDoQP
\?PeWLNiã�RTWe`�ßHSDNQW
GJcDcDIun�G�Ý~S.\?NE7§PeIuW�p ILn�à KLSDPOã�nkot\?P�Rlc;n�NiRVK�\?P�WdNQãkR�ZU0�STNQÝ~SlNQW�KLSDP�\?P�WdNQãkRlà{P�KLSTn�\DnkoQnkãkæ
Ý�UDIuILPeRVKLoQæïUTWLPe\8NQR KuSDP*\?P�WdNQãkRÍnJp$Ý�n�àcToiP�äòcDIunkã�IuGkà{à{GkåDoQPÇGJI~Ý~SDN�KuPeÝ�KLUDIuPeWe`S]�PeILP*G
\?PeWLNiã�R�Z�KLSTP�ãknkot\?PeR_c§nkNQRVKeZDNtWHà{n�\DP�oQPe\�\?NQILP�ÝYKLoQæ_GJK�oin�0 oiPejkP�o�Z?N�` P�`iZDs^]+b^_E`

VHDL

cycle accurate

VHDL

back of the envelope
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K£RË^ÌNQãkUTILP`�#2rG�4YZ�0]P.WLSDn�0 KLSDP_ãkn�oQ\?PeR c;n�NiRVK{\?PeWLNiã�R�`�]+P�IuP
KuSDP
ãkn�oQ\DP�R c§nkNQR�KNQW
àn?\?PeoiP�\�\?NiIuPeÝ�KLoQæ_GJK+G{oin�0 oiPejkP�o/NiRlKLSTP$c�æVI~GJà{Nt\²`DFaPeÝeGJUTWLPOSTGJI~\?oQæ.GJR�æ.P�ä?cDoin�IuGJKLNQnkR
GJRT\ljfGJoQNQ\TGfKLNQnkR�nkp�Nt\?P�GkWHKunVn�â.cDotGkÝ�PkZDP�äDÝ�P�cDK�p nkI�cTGkc;PeI�P�ä?PeIuÝ�NQWLPeW�GkRT\�WdcDIuPeG�\DWLSDP�P�KuWeZ
N�K
NtW«FTI~W�KÉnJpOGJoQo�jkPeILæËà�UTÝ~SïKLSDP 6 UDPeWdKLNQnkRÌ0�SDP�KLSDPeIÉKLSDP�WLP�oQPeÝ�KLPe\ïc§nkNQR�K
IuPeWLUDoiKuW{NQR
GÇp P�GkWLNiåDoQP�\?PeWLNiã�R�`Eá�PeÝ�nkRT\Doiæ�ZE\?UDP_KLn3KLSDP�oQn�0 oiPejkPeoankp¹\?P�KuGkNio�GJoQIuPeGk\Dæ3NQR�jkn�oij�Pe\²Z�NiK
å;P�Ý�nkà{P�Whj�P�Iuæ�\?NE�
Ý�UDoiK]Kun�P�ä�cToin�ILP�nkKLSDPeIhcTGkIdK~Whnkp²KLSDP¹\?PeWLNQãkR
WLcTGkÝ�PkZ�KLS�UTW]oiP�Gk\?NQRDã�Kun
WdUDå�n�c?KLNQàÉGJok\DPeWLNiã�R�`�ßHSDNQIu\Doiæ�Z�NiK/NQW�jkP�Iuæ+oQNQâkP�oQæ�KuSTGfK�\?PeWLNiã�RDP�I~W�0�NQoio�å;PhÝ�nkR?p IunkRVKuPe\,0�N�KuS
UDRDcDoQPeG�WLGkR�KHWdUTILcDIuNtWdP�W]GJK]otGfKLPOWdKuGJã�PeW]NiR.KLSDPO\?P�WdNQãkR
cTILn?Ý�P�WLWe`�ßHSDNQWHÝeGJR
oQPeG�\ÉKLn{Ý�nVW�Kuoiæ
ILP�0]n�ILâ�GJR;\�WLoiNQcDcDNQRDã¹KLNQà{P�WLÝ~SDP�\?UDoQPeWe`rK£R{^�NQãkUDIuPª�U2 åw4YZ:KLSTPH\DPeWLNiã�RGkcDcDIun�GkÝ~S�NQW!WLSDn�0�R
NiR�0�STNQÝ~S
\?P�WdNQãkRTP�I~W!UTWLP�Û+Ü£Ý~STGJILKuW]GfK]\DNk7 P�IuP�RVKhoQP�j�P�otWEnJp�GkåTW�KuIuG�ÝYKuNin�R�`kßHSDNtW]GkcDcDIun�G�Ý~S�Z
0]På;PeoiNQP�j�PkZ oQPeGk\TW+Kun_å§P�KLKLPeIdÜ�P�RDã�NiRTP�P�IuPe\ÈGJI~Ý~SDN�KuPeÝ�KLUDIuPeW¹GJRT\Èà{nkIuP�nfjkPeI�IuPe\?UTÝ�PeW¹IuNQWLâ `
[hGkÝ~S.KLNQà{P�àn�ILPOIuPeWLnkUDI~Ý�P�W]GkILPOÝ�n�à{àNiKdKuPe\_KLnKuSDP$\?PeWLNQãkRlnJp!GJR�GJI~Ý~SDN�KuPeÝ�KLUDIuPkZ�à{nkIuP
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