difnvemyanms navsemnmanzify

msesnuussuisn sl afuanysoidaisesnses

d’aa é v A A
ANNDAINeale 10 215 azadwuu W N3 10

ON THE DESIGN OF PERFECT LINEAR PHASE LOUD SPEAKER
CROSSOVER USING DIGITAL IIR FILTER AND IT REAL-TIME
IMPLEMENTATION BASE ON FPGAs

é [y n‘
10170 A T (0]

JEDT ORSAWAT

: ' 11l 4109
m‘mj‘ﬁliu1657g%‘4?5‘g- b....t .,\ ............

Su fond

"inmﬁwuﬁﬁﬁ‘ludmnﬁwmmsﬁﬂmmmﬂﬁ’ngmﬂ?ngagﬁmmsumumumﬁ’w?m
MVIVIAINTINEIITAUINA
YunaIngay
Q) L) v L3
aoiunalulagnszeesundudIgammIsannszia
.61, 2549
ISBN 974-15-2772-1



ON THE DESIGN OF PERFECT LINEAR PHASE LOUD SPEAKER
CROSSOVER USING DIGITAL IIR FILTER AND IT REAL-TIME
IMPLEMENTATION BASE ON FPGAs

JEDT ORSAWAT

A THESIS SUBMITTED IN PARTIAL FULFILLMENT
OF THE REQUIREMENT FOR THE DEGREE OF
MASTER OF ENGINEERING IN INFORMATION ENGINEERING
SCHOOL OF GRADUATE STUDIES
KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRABANG
2006
ISBN 974-15-2772-1



COPYRIGHT 2006
SCHOOL OF GRADUATE STUDIES
KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRABANG



e neniinus msadunsealoneianesaunudssmanadududu

Aaa 4 A
auysaidIuNInIeInNUdAsAoa’le lo 015 uu e AT 1o

ynfinm W] eeaen
sHminfinm 45061106

Uian Ienssumansuniude
MV AINITUMTAUNA

1. 2549

s a Jd a o
mmsﬁﬁqumnmuwuﬁ FIAAT.NUN IDUITSWIAY

.74 ¥
UNAAED
1 4
Insfinusidlunisiaueasesnuuunaznisaiiesesadineansen leied
o o o w1 i a 4
WaneiALUABIMNNEIMTUSIUA1NToIUUTY FPGA (Field Programmable Gate Arrays)
L d ] ]
TaoluinnimusinhauemsadalaoldInsead1evesrsesnseeannduuy lo 1o o1 A%
o L] o & [ 1 a 3 :
wanfhuFadusdrauysad Filaswaindmanziidedne inanouausimauradenind
hudadunesnansuaussniai iidayaznuSouuazlinuduvesalaylugrnsu
a o oot a ' q’: 1 o id o 1 P
Frunuuangauazos lunaniy sasaumsuiadennudvesrnssanudniuaueiiniing
1 a4 @ wa o o ]
ARBATIUAIND AT INUNUANTAYDY all-pass function VOIRsBE loresitinleia Fuily
3 o o g o X de oo ¢ o %
fofivsamdnuaziiulszidusuninidifgmnlumseeniuulsesasealonsiiianesn
1 4
lumsadnesawnanuu FPGA uldviuausmsesnuuunesndudygiuly
1781939 (Real-time time reversal) YUIANIUYI2 L sample WYY real-time (Last In First Out :
’ A 1] o - A o
LIFO) uazaaniana (Delay)  #ldmisoanmsuneenuuuunudiiimassaai g
4 & ' o H Yacs
Aunlumsesnuuvasas uazludiuvesiesnsesnmd mr Tu 95msszuranauuy
é el L lﬂy ad 4
DA (Distributed Arithmetic structure) ¥am3UszananadrIsmsaenaniiseduisn
a o o 9y <~ 3 ° Y]
nanmesnesldnmsgunienssuaumagulaoase uavineIsmsiansuny (Look-up

sy M o

4 ;g
table) Fasgiideafoi 1t dnus lumsdszunanaiigeiiu



Thesis Title An implement 2 ways perfect linear phase crossover design using digital

IIR filters base on FPGAs

Student Mr. Jedt Orsawat

Student ID. 45061106

Degree Master of Engineering

Program Information Engineering

Year 2006

Thesis Advisor Assoc.Prof.Dr. Kanok Janjitrapongvej
ABSTRACT

This thesis presents an implementation of two-ways digital crossover network for audio
frequencies band on FPGAs using perfect linear phase IIR filters structure base on two-pass
filtering of the real-time noncausal and causal IIR subfilters. This structure has a new
characteristics such as linear phase, flat group delay, high transition band and flat magnitude
response over audio frequencies, these are require and the important properties in designing a
novel crossover network. In order to design and implemented the circuits on FPGAs, this thesis
proposes the method of designing Last In First Out (LIFO) part and Delay part by using memory
instead of a shift register which the designing area is minimize. For the filter circuits, the
Distributed Arithmetic (DA) structure is used for signal processing. The structure use look-up

table (LUT) instead of multiplication which can reduce the processing time of the system.
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- W d’
Il
P 1 -~ L) aa 4:’
uni 3 nandunalulagmssenuuunessunuudiaea Tnnafeiugiuwes
o cieq Ay o a aa
gunsalieniate an1launssueniivie Xilinx Spatan I AnBAIMINATIAIENISMSOBALLY
L 4
uazArAINIATARaLMIBW Yseiannuihuuuas Tnssadnveanivuasaon
§ J s o [4
unh 4 nantguanifvesinesasonloesiinnesa Inseadaveisesnses
ATIDLLY all-pass NI TeedilianeininaeansaannnNdmuAoTLIY 2 2993
N9INTBIANNALVY IR AldwansasumuosmanaihuFaudu
1 1 a 4 °
uni 5 nadaaIimseenuuesasea lenediianesauasnaaeunisviieu wa
msldginsaimeluenitie i imahaunasanudgegaiionnseiiauld uozwa
NINATOUNIIADINITHNIU HANMINATOUYANBATHA TN (Circuit testing) 111954
uaznIInIiRanINAaoy
] 9 - o - o 9/
dnunganudiunsagransive Tyvunzquassalumsise uasdaiauens

Tumswannadftnsansealonesiinneiade



UNN 2

m31lszatamnadayanol (Signal Processing)

2.1 UNih

msdssuranadygia i mansshunedndudyyiuiiinaldifa as
ﬂ%'ml;m?aﬁnmﬂﬁ‘uuuﬂmgﬂs’w‘hJﬁ"w ATTUIUNITVEIY (Amplification) N1TAANSBU
(Attenuation) LAZN13NTON (Filtering) iudu Taurumsnrunudanlsveessuy (system) i
ogluguvesiladdudioTon (ransfer function) lnverfufugiuueanssay MSHUNRLNTS
nindyga laseunsauiimsdssinanaseniiu 2 Uszian1dud madssuanadyaa
BUNDN (Analog  Signal Processing) iagn1sUssutanadygouFay (Digital Signal

Processing) ﬁ'«mm'l*’:"lugﬂﬁ 2.1

Signal Processing
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y Y

Gensral Propose Computer Digital Circuit Analog Circult

4 Y Y Y

MPUS/CPUs DSP/RISC Discrete Logic CPLDIFPGAs
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Processing Speed
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23 Tassaduvesszuudszanaduyanandauay (Structure of digital Signal

Processing)

msinsandelnseadnvesszunlszuanadygyraduaylaouaaesilsznoy
N85S (Hardware) (Tundndagii 22 szuondauilseneudie 9 meluszuyld

Faae'luil 1]

I
! 1
! ]
X0 )
! |
Anti Aliasing | Reconstruction
o » Filter bsp | Filter O

¢ 1

!

31171 2.2 vaenlaezunsuuaneTnseadreszuy DSP wmvmnnﬂrgtmmemam

2.3.1 umlasdygnuemasniilufdaea (Analog to Digital Converter: ADC)

Nﬁm‘?}andaﬁmmmﬂmﬁmiymau1aan1ﬂxﬂuﬁtyty1mﬁ$ma souite
dygnaeuaoniissgnutlaslag ADC WADIUINAUIAYEY 1ONWAYA (Amplitude) A9
Rugasnmdi q amitsundimsiasss siFeauysal Bz ianuAanaiaiisnios
figaannsan181av2995 sample & Hold (S&H) Fadfoyaii1&vegninssfudyga
(Quantized) IiiluszdudraBanlndifveduiiqn Taussaudradeitosutiaiiy 21 sedudle n
s nudinvesmsildountas nﬁ'n1ntfuﬁagmﬁnﬁﬁﬁtynpm%agmaugmﬁawmﬂ n

] t 4 v ]
iin udoihms dudyaraidnlndnada wui ldes

2.3.2 ﬁ"aﬂszmawa&’qmymﬁmu (Digital Signal Processor: DSP)

(] ‘:y ° LY Y - [ a L 9 d' J
1umuui)zmmsﬂszmavmmyq,ntqumﬂIﬂUuzﬂuuuaaﬂaiwummwum ¥

o

J "o 4 ] e
wagnm’é’au'lwmmummmmamﬁ'mms'lﬁ'ﬁanmu 1w ls 1wy mahmsnsesdyan

g

ﬂ’J'IIJﬂfN AINIVITYYIUTUNIU mamsuamaﬂmyiymti‘luﬂu Tﬂu;ﬂnmmums

o

o

ﬂsvmawmmmwzummmums (Operator) flo A0 (Adder) llﬂtﬂ?ﬂﬂl (Multiplier) ‘Vl

nszgnldduiiumsiudygrandunvegiios

2.3.3 Auasdgyanandneaiuewiaen (Digital to Analog Converter: DAC)
DAC 'mnummeﬁtgmmmmanaumti‘luﬁfgtymau1aannﬁmmamvgmm
v,
DAC anym:muauwnu'lﬂmwmmmmsﬂmmmn DAC WWiidyausuSouiy

annsonldlavaens Reconstruction (Smoothing) Filter 1% first-order LPF interpolation



v a n’: q’: o W da o
uslumslFnuiaiumsdssinanaiimunzgnirfauuudiagmsdszianadae
P " @ [ : =2 g - o a da Jd 9 a P
ANMUIMITUTYIUVDI ADC Andudsdesimsiidauuudiasnidwifunnuigegaly
msszuanadyaudududesldreeinsesouinen (Anti-aliasing Filter) dio'13noun1n
ADC

L

2.4 Tolilsistuvesdrdy YY1 (Operation on Sequence)

a <& ) 4 Y 3 - ° 1
TuszuumisiszuanaiFuanile q willonlesisduvesdyara nSenisnszide

o w  w & d @ = a [ 4’
aAVaYYINU meﬂaﬂwuﬂzuszuumsﬂssmawamm'umu [2]

M3 22 Msnssihdedsudyanalussuumsdszuanaiduay

MIRUAUVBITRYRY I X Yoo
Y[n)= X[n]*W[n]

W)

MIVINAUVDITYRY I X Yo
Y[n]= X[n]+W|[n]

Win)

MIgudygIutufInd Xl —7>——> Yoo

Y[n]= 4* X[n]

minu':nnm Xin] | 27— Y

¥[n)= X[n-1]

ﬂ'lﬁllﬂﬂf-i\i Xin} > Xifn)
X1[n], X2[n] = X[n]

o= R2l0f

2.5 NN IO (Sampling Theory)

Tumsiszinanadyanaudaay dygrasunazgnildon i dyaranFuay Taos
s ' 4 ' A ' L] ' o { 4 '
MsunuFyuaoored luudazdrevieduine Ts aei Taomngaaar lumsqy
» v E
A0 Ts Imfimmzauneudniumsunumdindnizdininnugndes 1518 daiuna
V@ v da o VoA o a o Jd 4 & P v
MIquaARtNNAeMIgudyudaiosdudyguduwadsnineu 1iFes q Taolinam

Mudhunm 7=Ts =1/ & fauaaslugaldi 2.3



Xss(1)=X(nT)|

/\/"("_?_

A1)

5UM 2.3 msqudsyayIau (Sampling Signal)

o a o ¢ 1 & o Vet ' " @ a a o o v a
ﬂ]ﬂZﬂﬂ 2.3 QUWﬁmuﬂagﬂ')ﬂ'lﬂuﬂTHUﬂ'ﬂu'ﬂ'Nl’/nﬂU T 'Ju‘l‘ﬂTﬂU‘ﬂ'JvhJﬁ'lﬂ'UﬂﬂJ

o o & ' =
WasdMiamideues £ () Aoumudaoaums

f5(1)=>. 6(r=nT) @.1)

b4
L4

& o Aa Ao 0~
Wesnn f5(¢) Whidyananiidnvusilidyapadiumumszeniuiamse
A

5(1)= i Cn-ed?") = i Cn- el (2.2)

n=— n=-o

TaoN o, = 27/ T waz. Cn Aemvuaidadion (complex amplitude) ¥03dyanainnudiFedou

(complex frequency component) @, ttae Cn ma ldmudwude

Cn= % JZ f5(2)-e"dt
Cn= %-{6 (£)-e"dt
Cn= % { e(—jnw.t)} :
Cn= % (2.3)



deunua Cnan (2.3) navulu (2.2) 9218

n=-w

dievmsulanfTiwesiehmamemanasuanuives £ (1) ww'ld

Fs(@)=¢ {0} =2 3. 5(0-na,) @)

n=—

= =1 '
AMNTNNAUMSI(2.4) 1Az (2.5) vziriu 1dh

ié’(t—nT)——)a)oié'(a)—na)s) . (2.6)

n=-— n=—w

ziiwlddndiofivsanlulamum o nasunmdvesdagudgau /() d
BuiagnNeah 9 Audemasluzili 2.4 o)

&l Xss (¢) Budyanail@oinmsdudeingay
Xss(r)= fs(1)-x(¢) 2.7)

wazthld X (@) dumlnaiunamdves x(r)itesnnlulasnnardyanad denmsdy
o v
detaily maguiuvesnesdygnuaaiululamuanudtuilumsaeu Tgduduszni

anlnasuues f(¢) uazx(t)nie

Xss (@) = Fs(w)* X (o) (2.8)

v @ L4

: o 4 e A J

Taondaydnyal * uimunisnenTagFunadi lduansdagyl 2.4¢c) Faeziulginn
] ' » 4

nidgygrueniaenhlueunudauyfldisunify 20, 10 dygauiugndy

o ' o { o ' o 13 i 1 @ v

A0t f5(r) wadni Ideziuhanlnasuvesdyanuildnnmsguaaedie Xss (o) i

maduealaaiuvesdyanm X (o) mmeSvaiaiiu laasaunuanud o
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(b) ) nasuvesdIguay I A1)

INADAAA

o l:' M o L] w
() anJndsud 18vnnsqualedie
F(o)
- >
@

(@ mlndsuinldnnmsquasedisiifeoniinad luadad

31 2.4 aulnasuvesdyanuenmsguiieti

A1 0 A a

nngiii 2.4 (@) Hanvdvesmagudyao ﬁs(t)i’niw’im?a o, IMdmsedl T uin
winlidurivewdaznguanlnaiuves Xss(w) WnfufunaiimfiRannuAaiou
Tvesanadudn ldnatiGond wmad (aliasing) mJwmmhmmﬁmsfiuﬁmtmm (f5)
Falim i dyanaugyidodoyaiidifyly nquinisduiaedia (Sampling  Theory) ¥04
U¥UUBA (Shannon) a1 1341 “mindyanadeiies x(1) fifinwd laliiu Oy =270 f,,
iagaﬂaaﬁ'tynpwimﬁmlfumu1meﬁmuﬁw x(nT) Aroidonudlumsduiedn /&
iAnnanimTemiiduaeiwesnnudldaugega (£, ) nie 227« [4] s
Taoiia lWaeihmsdudindndaonnd £, =27, wedmanudniseidoninidlun
306 (Nyquist frequency) tazmunm 7, =1/(1£,,.) ft?un'inhmmfiuﬁamhq'luﬂ"imf

(Nyquist interval)
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2.6 WHFIUID3INTOIDUINDNAUIVY

ifioannlumseenuUYIINIBIATABAUTINIIREIIINTDIBUIRBNAUILY Fariy
TunsiSuduoeniuua9esAsasasnlsnsumsmunileisudioTeuvessseunon i
nmdesmuaidesnisdoren nmfufuhmsdouliedlugduuumsdousdequnsel
pumon¥iiaAl q nisenuasglamAsaeannileidudis TouTasasuiead19aeeinses
HUVAN 9 Fran
Nﬂsnsmmmﬁﬁmﬂwﬁi‘imunﬂﬂu?imummﬁ'mmwmé’l%’ HUIUAUANY UL
YDINAADUAUDIAIND (frequency response) Aeglit 2.5 18 4 ¥iladauiudie [5] 2ev3n309
ﬂ’nlla'ﬁ‘i“whu (low-pass filter : LPF), vwsﬂsmmmﬁqwim (high-pass filter : HPF) , 2993
NBAOUANDHIY (band-pass. filter ; BPF) uamwsnsmsmummawqm«'m (band-stop

filter : BSF)

\ \
[H| [HI
P ,
duANNDLY drsAnuieig
0 fc f o fc f
HARBUAUDIVDIINATNTDIANMND ALY HARBLAUBITRINAINTDIANMND Gt
A L
[H| [H]
dasanuiisiiu daspniitiau dasarnditing
0 fc1 fc2 f o fc1 fc2 f
HAMDUAUDITDINNATNTDILALAINDIEIY HARDUALDITRININTDINDUANNINE ALY

1N 2.5 ¥iiaveareINTBINUDUUUA 9

o P A Y = o L4
nnnaneuaueInudlugli 2.5 Weld |H Avvuinvesussdunieduerdna 2993
{0 v 4 3 v { ' o Jd 1
n3oanNudAHIL szvouIiANuDAwA 0 Hz Banwd £ W ldduerdyavesieeslf diu
a4 ' o [ [ Jd [ o '
ANudNgend £, anwdee liru luduerayavesases dmsulsesnsesnnudgeriuezuey

] ' y ¥ ’
Wanudgendinnud £ iuldSuerdynvesses1d daunruddaud oHz fanud £ vzl
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4

] o a ) o ) Y 3
i lFauodyaveaates dmfunsesnseanounnudim weenlinnuddwa £, 9
v 4 ' [ ]
anud £, i llduednauearees daunnudaud 0Hz Hend £, Auanudiigendi £,
¢ liru T Suedyaveaa9es uazaeesnseaununudnganiu ez hivenIdgennud £,

3 ' o o ] { 24 ' o
Sanwd £, Al fuednaueadans daunnwdou 9 2eseeuliriuluduerdna1d

2.6.1 Wanvuoelouvedl9iniesvuIasn
9 d o 0 9 [ ad Y] dad
msadeilenduni Toudunnueifomsdsznaunyuiuandsmsuuy Janesiiss
- - - A = L o
win nazdadddin ¥99191935m510aa1519 neld Tdsunsusrelunmsfiuinnin

° Py o o 0 [ 4
dosmuandoams suvuvesilanduaieToudunuylulamu s Asaumsi 2.9)»-2.11)

e k(s—z)(s—2z,)- ;
2 (s=po)(s-p)(s~p))--- L
Y A i |
ol (s+p°)H(s+p,)(s+p:) D(s) o
H@):%bj.y (2.11)

A
{10 z,2,,...,2, F1IY0929930T0 Py, Ppoeer p, WU INAVOII90INTOY £

o @ = Q’
Sas1v0n0 e a,,b, WudulszaAnivesnmu s

2.62  2993NI0IDUINDNUVUAN
a o ° ° wa &
Tunseonuu993nI0InNNd [6] Taona Tszdesminmsiimuanuauiianie o 4
UsznoulUdao ¥iiauasduaL¥9923950589 (order: n) JARANINA (frequency cutoff : @, )

mM3nszinou o UNIN (Passband ripple: R,) uagmaanoulusinuiings (stopband

ripple: R,)
P = 49 A A
1'“21]7‘ 2.6 LAAINDABUAUDIAIINDVDINVTINIDINNUDAT Rp ﬂﬂﬂ15ﬂ531ﬂ0u1u

o ¥ °

; " . 4
uauru  (dB) szfmualiiiszauvesvuianinveaisvends lasnadesnuuuezimuall
] L

Ysinauoudniossrennudiumniu Qungaundsziiduiiu 0) 4sfemsaaneulu

UoUNYA (dB) Qs AennudfiveuLaUNYA (rads) QpiiunnudiiveunounIY (rads)

o ' L= ' o av ] o : o o
ANUNITENIN Qp g Qs 1sun'nﬂ'nmmsmcwuuuuﬂmmm%uuuuﬂsNuTﬂamqnu

@ W

3 "o ° ] o< a 3 av
uﬂwmdwsnsawuagnuﬁaammumnuﬂ GUN\liﬂﬂ‘l!J wavoestidauaznsugsu
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4 =) " @ 2 a 9 o a < ° Y 1 a o
nuuseinadeiu lavasedaniniisednamsnnudununfezi ldtasdidauinaiuly

] o & oA J ¥ L
FrouiRranudlunigauada Qp uag Qs wlinumiu (Qp = Qs)

Transition band

I Pass band I I Stop band I

Rp : : A ' '

os} As .
0.4 -
o3} 4
02 .
[X]8 " o

i e,

711 2.6 RuIdnYULHARBUAUDINNDYDINTINTBIANNAM

& ° 4 A =0 {
FaM1n91IN1T0NUULI9TNTBINMUBLULDY 9 T 19z ur99sns0U0 UAINDHIY
2903NTBWAVANNANGA ¥3DININTDINNMA amsnriuerNINTBIAMMAMANa 1S
° a 4 i L]
Tudheduliiimseonuuu181ae35msnsunesuN1IAND (frequency transform) Ieglu
a4 24 ' ' =
JuunveeInsoINNBY q Feezluivendais
o - ° Voo ' v o ¢ &
fagiumseonuuuleesnsesnudzimuamauinig g mariiasluseniuag
4 L] A - J [ L} 1 o o o
fvwlumsesnuuudey ldwindwesan q T l¥nude ldigum R, L, ¢ dmsumaily
=) " @ = n‘d‘ " ' o [ o
adasesnsenuvemaen niemdulseininoglugvesaunisnadiedmivirlvade
litvzoglugiuuves Hardware 130 Software 81 q NAm Taoi¥iinved993nIBIANND
ac a I a [ d’
szidhu lmudmsdszanamendianmanaidelinaiouuuasil
2.6.2.1 299305090 1ABAUVY TNIABIIITF (Butterworth filter)
da Y dad v @
Hansunio Touvee99snsesouIaonuuy oSt a319910 dudy uaz n laq

@

ANUDAAVDINVINTDINTAIAITUNT

) log{(lo% —1)(10"‘«* —1)} iz
2]og(Qp /Q,)
Q=S¥ (2.13)

~ #ho¥
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) N o OUAUYD92995N509

Rp  #emsnszifionluuouri (dB)

As  fiemsaanouluuounya (dB)

Qp  Aennudiiveunaury (radss)

Qs ﬁemmﬁﬁmanuana (rad/s)

Qc  feamuiidaiFaym (rads)
2.6.2.2 7393130991100 AUUY 15101 W (Chebyshev filter)
Handuaiolouvesrsesnseseurnenduuuy sty 319910 sudy n laq uae

o

ANUDAAVDINIINTDIULTAIAINNNIS

< log(g+\/g2——1_) (2.14)
R Iog(Qr+\/—§?-:)

ey g ]0&"1 fing 3 \ $5% (2.15)
10% 1 o
Qc=Qp

N o SuAUYBI2993NI09

Rp  femsnszitonlutovrii (dB)

As  Aemyaaneuluununya (dB)

Qp  fennuifivenuouru (radss)

Qs feAnuEfiveulaunyn (rads)

Qc - feanudAaEaym (rads)
2.6.2.3 2903n3090U1AONUUL BaVAR (Eliptic filter)
HanFusroTouvesrsesnsesouinonduuuy 8addn 31990 Sudy n laq uay

AMIARAYEI9TNTBATAIRIAUMS
K(k)k(Vi-%)

—K(k,)K(\/-l——k;)

Rp x/2
i p /10"'—1 N do
dio k=2 f = uaz K (x)= [ ——ae—— (2.17)
Qs Yo% o (x) 6[\/1-xzsin20

o

- d' ] - [ I -
HAZHANUDAAUFUIAINU TV UF VTN AD

(2.16)

N
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Qc=Qp
N  fio BUAUYDIINIINIDY
Rp  femsnszitenluuouriu (dB)
As  femsaaneulunounya (dB)
Qp  AeAnuiiveunaurIU (radss)
Qs feamuiifiveuuounya (rads)
Qc  feanutaniBau (rads)

2.7 29930N3INNNIUVVAINDA

L% : a o aa L] -3
TuilvgumaluTaslunsdssuranadygyiuainoaiinnuaiuisagiuany
- o J -~ o a @
azidvanazanuG lunsdszananniu Suiluiidoumsdseuanalugiuuudygia
aa 4’ 2 aa 3 - - ' ' ] d Jd '
AvmoamInYuAITzUUASAemiuiinnutanguannnIuwsizeg lugdvessennuasiudau
IJ o 1 1 H 1 o - A’ 4
IngdemnsodSudjauazudlvldnennTasnisnlaoumdulseanslaoluvasnluees
nIvINNNAvRIEUIRENEIIIOM Iddudouni
L4
lumiseenuuualasafameiiiuannioutseenldasstseian 71 'ldun ns
ponuuy Insl42993n509a2100LY (oW 10 817 (Finite Impulse Response: FIR) 11AZ2493

nseenwduuy 1o 1o 015 (nfinite Impulse Response: IIR)

2.7.1 2993n303anuouy 10w 1o 213 (FIR Filters)
a S A aa " @ a o Jda
29950303 mduuY 1w 1o 15 130 2eThimsnsuauBIAD Ty IUBUNTN

o @ & o s o y L 4 4 v
anuoniia Fuilunistiiennmzdyapadunaluusuitlailegiumazuvuilanganiiag

3
I

o A - L
nmmmmsﬂssu’mmmmmmwuuaumﬂé’m
M
y(n)=>b,-x(n-k) (2.18)
k=0

d' = ' o a A’ d' IS AN ] o ' :;
Tagh b, Aomiduilsznivesnesnsesnnudeziimsmauegiwiu M arlaoh
9

L3 L) @ - ﬁl: 3 "o A N
mmwmmauﬂszﬂwﬁuuﬁzwagﬂummﬁ'mmwmgaammummmsm%ouﬂefﬁm

i d
v

moloululawuves z 1daail
H(z)=3b, -2+ 2.19)

A " o [ = ﬂ( YA o 9 d’ d'
Falumseonuuuznognaamsndulssans s auiesngaluvash

' » 4
Fanssnuiguantiandesms131ded Tavdndudalumsesnuuuldanunaliivesiisuom
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o = QIQ’I’ J ] 'w o & 3 ' '
dualszansaa Linda I sudedesdadeain i Inseadrauaz s nlivinalnginin uaaees

Yy o

k4 . '
nspadananiuez Idmsnevaussmaaiidudadu TaoiiInseadredagali 2.7

xg_)__ e 5 ¥(n)
(B>
-
~ ()
Direct form Transpose form

U 2.7 Tnseardr9upe2995n30900L FIR

2.7.2 23993n303anauvy 18 1o 014 (IR Filters)
o S A Ha V@ a o da
21930503 NNNUY 1o 1o 915 130 29vTNlimsnsuduIRD TR IUBUN AN
d B 3 o d - ¥ b 34 '
o1 hisda Fudlunmninerdygraduyalussudadlegiusazusuidlangnmisawas

o -4 P ' ° & a g d’
wawansulangnmizaaihnsdssonadssnsadouauns ldaai

ia, '}'(n—k)=ib, x(n—-k) (2.20)

k=0 k=0

d' ' L - Q‘ ‘:' A o L)
Taof b, 11ae a, Aomduilszansveanesniosnnudszlimdmivegi i N uaz
" o w d‘c " @ = n‘: = o 9 & =) o
M meudeu Tasndwineesmidulszaniiussisnnissuinioounu99Insog
4 4 Y & o '
uuy v 1o 915 mwldidoulymseonuuufordu dsaunsa@ouilansunie Toululanmu

v
Vo3 Z 1daqil

b, -2
H(z)= = (221)

N
Zak A
k=0

a A"&y

P d’ a9y adA Ao o '
299503500V 1o 1o 015 uﬂzll‘\lﬂﬂﬂﬂﬂui)TN'Ju‘UEN?ﬂJllizﬁ“ﬁﬂuﬂﬁﬂ']‘nﬁﬂﬁﬂﬁﬂﬂ

° [ ' - |
upw e 1o 915 i ldaanarlunmisdszuianansedaunnuassiideidorusunaeluns

- Q(

d - & " o '
ﬂﬂﬂln.llﬁzuuuﬂzuﬂ’.ﬂu'l'lrluﬁQQ”ﬂQﬂ']Sﬂﬂlﬂﬂﬂ‘]ﬁn’Jszﬁnﬁ lws']z”aﬂ‘]ﬂﬂ-ﬁﬂﬂlﬂﬂﬂ‘l

g

- ﬂl ') - 1] : 1]
Fuszansorvezi ldinanms luiadesnmuesises lduazinsaevaussmanan L

a ¥ 4 v ay a 40 o 4
IFUAUBIVDAUDLTYUDIIIVINIDIANIUDVNADULVULUATAIAIATITINN 2.3
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Transpose form I
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Transpose form II

317 2.8 TA5901351999929930T09A NNV TR

G

Tn599319909299305830V IR I0aunIsN (2.21) T Inssadusesnidly 4 wuy

o § ' o &
Aaguln 2.8 1AudTassadrauuuns (Direct form) HAZUUUNTY (Transpose form) Fevziina1y

o 9 9 '
FUFDUUDINWIINUBUNN

P Y Yy a a
M1319N 2.3 VYOALATUDITIUDINITNIDIANUDUADSLUVY

1o 10 915 (1IR)

o 1o 815 (FIR)

1. 2993919 Witados 14

1. 299540005 LATND

[ aaw oI '
£ 11'7‘]51\171511]"]5‘1!11111]“ﬂﬁllﬂ‘l]ﬂ’n

[ a n': P '
2. I ramsugsunuuanndenin

fimsmindyguiienarios

A7

3. Imsndndyasnnnm

e e

»
UANUNIUVDINANDVAUBDINI

g

4. Twanevaussmanmihusudu

. Udygnusuniunnmsilamyy

n

5. Tidyausuniunnnsilasuion

5
6. aursasenuuyldainlseseulann

Y
AULUY

6. m3oonuuui 1 lagld35nsdszuaun

67440
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Tuszoznamadidan1dihinise1dmnmsdundmmanddedoa q vee le
To 01f awmed 19u nsiiaay lddensilawmvesmduilszant (8] Taol#laseadraves
PAPF (Parallel all-pass Filter) Inssadisuuveynsumueifafiimdygasuniud
Tasaad1e 1o e 017 Hameilugilvesasesnseannuimunaeadiu  Tnsead19ves linear

o ) A o
phase IIR filter 11 12993n500U0Y IR 1udamadenniialumsii 1y 1dnu

[y a a o d
2.8 ﬂ'li‘l.l‘izﬂ?ﬁﬂﬁﬁﬂlviy'lﬁlﬁf\ilﬁ‘lliﬂtngﬂ'li‘llﬂ\‘lﬂﬂ!ﬂﬂ'lﬁﬂilm‘l.lﬂ'liﬁizil'lﬂ

AfAMAASIUUNINIZ 1IN0 (Distributed Arithmetic: DA) 1Agniinauedunsausn
13l Aft. 1971 (US Patent 3,777,130) [9]1A0 Croisier #1ag AR éwiam'lﬁ’fgﬂﬁﬂﬂﬂszqnﬁ' 1%
NuUAUMIUsEIaNa Ty I1UATNEn 1AY Abrahan Peled 11ag Bede Liu [10]  Tasgiuuums
fiMINUVDI DA 1ﬁu;ﬂtuunﬁﬁaﬁﬂt’1’mﬁumsﬂszmaNnﬁnﬁymﬁﬁﬁaaﬁnﬁaﬁammmﬁ1'11]
ad19luasesaninlddnde 3l Tassadedendrigminnldauediuuninaie Tav
fugmvesndamansuuunsaszaodiunsduduiinsfinsanenauns savanvesma
994 (Sum of Product: SOP) infmuald v iiludoyannmesvinanuen N Suhmsga

b4
o

T 1w a L4 " A [y o Jd_ A
agnumﬂuﬂszﬂnmnmas A THIANNUYII N l'ﬂ‘l«ltﬂﬂ']ﬂﬂﬂt‘ﬁﬂ'ﬁﬁ‘ﬂﬁ P umndy

N
P=Y A-Y, (2:22)
=1

2.8.1 MIGUAMDLMIUINALTNANDYY (MAC)
dmossnvInaunsh (2.14) InnzA1veINngutasves 4 -y, Tavunu 4 uag v iilu
Joyavinn 4 adswaaslugUi 2.6 waguueuavgudes 4 v szsiflunisguamdaing

; W g P
VInazaunIHagui 1419 4 A1 (Multiply and Accumulate: MAC) #avzgnisomiiluuden MAC

[11]

A i 1- Bit Scaling
Accumulator

Ay

1
1
)
i
)
Lo | LI
1
i
4
3

LETA=A3A;A1Apand Y=Y;Y2Y; Yothen A*Y=Pis
{Start)

Ao*(Ys Y2 Yy Yo) <1/2> {Cycle =0}

+A"(YaY2Y:Yo) <1/2> {Cycle =1)

+A2*(Ys Y2 Y; Yo) <2> {Cycle =2}

+ AS(Y3 Y3 Yy Yo) {Cycle =3}
P; Pg Ps P4 P3 P2 Py Py {End}

717 2.9 wadnF9INNIIIWNARUILIBYIIN MAC YUIA 4 1A
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' v o’: 0 V@ a
MAC szvimsminaguios luudazaiaseninmdulsedns v uazdoya Adw
o a Y ° ' ' y o a oL °
M3 and U mAtintiiimIvinawagudoumarilithdoiu Tasuenfaynmesdaesiims
4 - - & o Q’l o o ’
@outialumavn 1 Ta Funiloudumsmisdeyariudie 2 unudydnuel 1) Tuudazsoy
o a ] o [ ' o’ v a o
vosdggnanniimduilunssasedmiumsarniminiavosmaguios
' o Yo d’ @
1SR WAANT IUGUUUYI SOP TAAIH SuM=A-vy +B-v,+C Y, +D-v; 9

q1fi 2.10

v v
UM 2.10 HodM5 90N 153 2URARMEEUIIN MAC 113 4 %A

¥ '
Anaia 4 Anzgnihmndinuiazradwivzgnsamdhdaoiu demmsgauadms
k4
iaelFinausouvesdygimuiiing n seudimTudeyaviuin n ia Auiudasives
dygnannimisiisiiudanvesdeyamsausmiuiia lashseninudassoudayan
wiimvesdoyadagu 4 Mezgniadhdrsiuiusadnsoonin (gl PA, PB, PC uaz PD)
¥ ¥ [
M 4 @ wzgnsaiuduaumsiodna dnfuziiuldhidiswrumonvownaguiesiii
a d o Yo ' ° a J a 2 ° 9/
Psnennavuiliimauvemagudes uazimauveenfiagiamesiinunniudomIn
» >,
naveInesivialngiu
2.8.2 M30AYMIAYEI MAC 928 DA [11]
aa a 4 ) : ' aa °
AWmsdszuanauuuadiamansniznienie DA Wy a1 ldndimiauves
L b d
MAC lau DA seyimisuanavesnagudsnou mimiussmnsvae lasmsdaniminda

voamsuInazauaansouaas lnssadens 14 pa 18dgi 2.11
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1 = Bit Scalling
Accumulator

¥
MS

[ v
3‘1]‘7! 2.11 HAINNITIIUHAUYDYIIN Serial Distributed Arithmetic UNU MAC 149 4 YA

° ) d’ ﬂ =) o w 9 ] a d’ [
ﬂ']?"ﬂ'N'lﬂilﬂQIﬂiQﬁTNﬂﬂ%l Uﬂ'liﬁﬂﬁﬁ'lﬂ'ﬂ‘llﬂﬂ‘llﬂgﬁiﬂil iﬂUWIﬂ'NﬂU‘):‘VJUﬁﬂ

¥
ad A

» ¥ ¥
§uamnsesideudiauazyan (Shift and Add) 32usiedILINe 3 da Wudeya 15150033
v a ¥ v Jdaa o - d’l
AT WY (Look up table: LUT) 9u1a 4 UﬁﬂﬂﬂﬁﬂWﬁ nuvuIAlanas uaztsun;ﬂuuuu:n
adiarnaAsuUUMINsZI10doyaeyns (Bit Serial Distributed Arithmetic MAC: SDA-MAC)

aaaaalugin 2.12

1 - Bit Scalling
Accumulator

Look-Up Table - |

- g

MS Le

Output

by

31 2.12 Tnsaadr9uea SDA-MAC Ha31991nA15799 A7

J § ' o a QI
doyaveansngm (LUT) awgii 2.13 dsznoudonagudosvesdulszdnd (v, v, v,

v
AT v;) LSB (output 1INUANE serial shift register) Y03YoyAN 4 9zd1989dmmUa Ty M3

o (4 o '

L4
LUT d1is 4 dadluszdudygiu «1” imdnavesdyginninaisngmifzasandesdiy

¥
o

o ) ﬁ‘.’l J A - J
AUUszaANTNI 4 A1 FIZUMNINUA 16 A
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A
+ Look-Up Table

PISO L

4

]

LUT Input LUT Output

B <D;CyBj A > Partlal Sum

Ya
- S ) Output
‘v Wb

YetYs
YetYatYa
o

PISO

Ny

gf’

YotYa

YotYs
YotYe+Ya
Yo+Ye
Yo+Yc+Ya
Yo+Yc+Ys
Yo+Yc+Ye+Ya

D

v

PISO

bbb ws a0 000000
B - N - - -
SO0 SN OOL N OO w0
SO SO N ONONOLOLO=O

A4

P

¢ Y
o

U 2.13 firwes LUT fidaninmidulsz@indne 4 m

2.9 Msa3endnealaimesuuvIavANAUINIDY [12]

Tuasesniimsaeudussdedygiuduiadiinnusniiia FR) luauns (2.23)

ansamoudluaumnanieldiiy
M
YW= SE SERRTE) (2.23)

Tsesifinsasuauesdedyanaduiadinnuea isida (R) luaums (2.24)

mnsasuuaumsiansduiiios 18y
M M
y(n) = kéo bk ~x(n-k) - kél bk -y(n-k) (2.24)

] < Y ° : 9 ° P @ a
gavzmu lanlunsdnna yin) 1hussdenihmsgauazmsuinlasinsuduauda
b4 ' 0 v v
nmsgaluneuianeitiuezlfnaumananiididedu q i ldlumahouianudaga
o a Wy o & Y - a
q owheniuunuuna1edalild  Real-time)  Falnseadrununviivadiauenues
(Distributed Arithmetic Structure) H30M(30n311A39a73191UY Rom/Acc (Rom-Accumulator)
ansanfdsunisguideglugduuuvesnisuin (Adding) uazmsiaou (Shiing) Taw

aunsmimiaeanuinszan ROM wnlsegna ldausunuld
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2.10 Haﬂﬂ”ﬁiﬂi\‘lﬁ%’N‘U'ﬂ\‘lmﬂﬂaﬂuﬁﬂlﬁN

111oN150129930509 IR NfianFua1w Toududy 3 (n=3) figihialde

00 + a]z + (122 + 032

H(z) = R S (2.25)
1+ blz + b2z + b3z
awsolouldeglugduuuvesauniswanis (Difference equation) 18fe
y(n)=aq-x(n)+a -x(n-1)+a, -x(n-2)+a3-x(n-3)
(2.26)

=b - y(n-1)=by - y(n=2)-by - y(n-3)

TaoIR x(n), x(n - 1), x(# - 2) W02 x(n - 3) WudAVVOITYRNIH
Y(n), y(n = 1), y(n - 2) U4az y(n - 3)HudAuvesdyauiioon

Ll o - A( o
Gy, 8y ), ay, by, by Y by Fuaduilszanfvesiangog

nmsves Inssadvavasiausnusii lasmsilsuumuddudyarsudasdrdy
. v »
Ay ue0nAAAAVHVUIRNANTDI (2’s Complement) Hil§1UTAT N UATOIMIAY

i B fanTomounsznoduaugiansfio

x(n) = xo(n) 1 x](n)xz(n) S xB—l(n) (2.27)

y(n) = )"O(n) ¢ y](”))’z(”) X2 .VB_](”) (2.28)

Taoh xo () 10 yo(n)&‘]uﬁﬂﬁuﬁmtﬂ?mnmwmﬁ'smv AW x (Wxy(n) - x p_ (W)

L. =

' L4
UZ Y (myo () -+ y p_y() WD i vosdrdudaanadiduiiu “0” n3e “1” vinfu aunse

v
Yo =

Woulugduuuves 2’s Complement 1Al

B s

x(n) = =3 (n) + 2.x;() 2 ’ (2.29)
=
B Y

y(m) = =yo(n)+ Ty;(m 27" (230)

WaunuauMI (2.29) 1ag (2.30) asluaumswameduiiosss 14



23

B o } B >, }
y(n) = a, _Elxi(n) -2 - X0 (n) (+ a Elxi(n -1)-2 - xo(n -1)

' ~i } 2 i }
+a, Elxi(n—Z)-Z - xg(n-2)f+ay .Elxi(n—3)-2 —xo(n—3)

B 4 B 3 (2.31)
-, {,gly,-(n— -2 —yo(n-l)}— b, {gly,-(n—z)-z —yo(n—z)}
B ~i
- by .Ely,-(n—3)-2 = yo(n-3)
A o Y I( ' o a LY - o
lua'ﬂ'lﬂ'liﬂﬂW‘ﬂ'thI'HIJTﬂU‘N'I‘UWYIﬂSJuUIJ'IHJUNS’JﬂJﬂuQS"l%
B . |% -xi(n)+a] -xl-(n-—l)+az 'x’.(n—2)+a3 -xi(n—3)
Al I e
S P’ 2 73" N
(2.32)
i a0 -xo(n)+ al -xo(n— l)+‘a2 -xo(n—2)+ a3 -xo(n-2)—b]yo(n~— 1)
-172)'0(n—2)-b3 -yo(n—3)
W
Fi{} = Filx;(n), x;(n=1),x;(n = 2),x;(n - 3), y;(n=1), p;(n = 2), y;(n - 3)} (2.33)
o
Fi{-} = ag -xi(n) +a cxi(n—1)+ a, -x,-(n- 2) + as -xi(n -3)
(2.34)
-b y(n-0D)-b -y (n-2)-5b -y (n-3)
L=, 9 B A
wld
Bt
y(n) = E] 2 -EU-F (2.35)

HAYINAUNTS (2.33) uag (2.34) 92 1A Tnseaduvuavadiauanies Tamiwifensu
Wanuaves F:¢3 wiinilumisiallag (Look up table) Taosrlumsailagannsosianen
aun1s (3.34) uaziiiosnin £y SRu50g 7 &1 Ao x,(n), x,(n-1), x,(n1-2), x(n-3),
yin=1), y;(n-2) waz y;(n-3) midmnudagiinfeiduves F{} 2 i1 TavArves
efidu 743 ¥a 128 ﬂ'n‘i’ﬂzgnf‘im’:muﬁ"rfnnﬁi]mﬂu‘lﬁmﬁa B {ia uduitu'131u ROM i

i l)adednsesnell
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2.11 msanamanaitlagoinianiy F i} miuieesnsesdudi 3

e ldaumsnadeduiilesdudy 3 udnhmdulszansguiuiausnvenasda
o 4 vt adiat '
wdrnniuny nueaasai¥laviix, (n), x;(n - 1), x;(n=2),x;(n=3), y;(n = 1), y;(n-2)

uaz y;(n-3) Awmaasluaisei 24

M31N 2.4 MY F,{.} nwlu rRoM

dumian HOAIATAVUDITON Mvea F,{} melu
xm) | x(n-1) | x(n-2) | x(n-3) | y(n-1) | y,(n-2) | y,(n-1) ROM
0 0 0 0 0 0 0 0 0
1 0 0 0 0 0 0 1 | -b,
2 0 0 o | o | o 1 0 |-,
3 0 {—oXT M- W47 I\D 1 1 | -byb,
4 0 0 0 0 1 0 0 -b,
5 0 ROV K K 1 0 1 | -bb,
6 0 0 0 0 1 1 0 -b2b,
7 1, O] 1IN 8 T 1 1 1| bbb,
8 0 0 0 1 0 0 0 a,
9 0 0 0 1 0 0 1 |a,b,
10 0 0 0 1 0 1 0 | a3b,
11 0 0 0 1 0 1 1 |a;b,b,
123 1 1 1 1 0 1 1 | aj+a ta+a,b,b,
124 1 1 1 1 1 0 0 | ayta,+a,+a,-b,
125 1 1 1 1 1 0 1 | agta+a+a,-b b,
126 1 1 1 1 1 1 0 [ ajta+a,+a,-b,-b,
127 1 1 1 1 1 1 1 | agta +tagta, b -byb,
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: o o ' @ a Q’ i o ' &
mnuummimﬂwamuﬂszﬁmﬁ‘lﬁ'mnmsmmmum1ﬂwawaﬂmsmmsaum

finanua 128 Aunis Tnvdes wiusSamesiazeesuanmugii 2.14

x(n) _74._
VL Third-order IR digital filter realized in distributed filter
SR1
- x(n)
= x(n-1) ~—
- x(n-2)
SR2 - =
— n
x(n-3 .- ROM , P ,v() g
- y(n-3) D1 27words 7 4 ~
SR33 ile I Y y
- L b (=] [
- y
SR4 4 / A
- v y
— N
TITTVTIT T IToT
SR7 | SR6 | SRS | 4

314 2.14 Tns901319904 Distributed Arithmetic 29930389AMALVY TR SUFD 3

210317 1 SR1 uaz SRS i3 vamosuuudwuIuesneynsy (Serial In Parallel Out:

s1po) dinudieyndunaluilogsiu dau SR2, SR3, SR4, SR6 iz SR7 ihuTdmaesii 15y

= - =1 4 . .
Joyadunaluedn uaziodnalueda Fwudroynineensynsy (Serial In Serial Out:

SISO) uag R1, R2, R3 }usimanidansnlfidudeyalunisisenianauesisns ADD/SUB

P 4 A C o2
Fuili99UINAVIAY 2°s complement Tnofidunsunisiiatidail

1.

fmsindeideyaluitmnes R2 miuimsTnaadeya xm) Wundy 13133
aAno3 SR1

Joyaludadiqa (LSB) ¥0939maes SR1, SR2, SR3, SR4, SRS, SR6 1Ay SR7 (i
MAVTYYINVBI x(n), x(n-1) , x(0-2) , x(n-3) , y(n-1) , y(n-2) AL y(n-3) MR
Tnodeyadanaez 1difluuoansaliiy Rom o Fide i iudeyaiindi L
Taodoyait 10 n ROM szqnifiv 37 R1 mntfiimsuand R1 Ay R2 §avaees
ADD/SUB uaznaanii Idozgaiin13lu R2 ndousuidoudeyalumeun 1 i
yimsidoudoyaluiimany SR1, SR2, SR3, SR4, SRS, SR6 tiaz SR7 ) 1 Tn 1ife
fmuaneansaves ROM T 141 F,iffe i fudafi L-1 mimfuirid1gen
ROM vzgniftu137 R1 emfuiimsuand1 R #UR2 #209993 ADD/SUB uias

o Ja o P a
wadnsh laazgminy 131u R2 wieuiuReudeyalinieun 1 a
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1 d ¥ 3
4 A s 4

4. dnmuuneui 3 dwuidudafi L2, L3, ..., 1 awddy

5. ymsidoudoyaluitmans SR1, SR2, SR3, SR4, SRS, SR6 az SR7 1 1 Ta 1ile
fmuauoaasaues RoM Tnii 181 F, e i Wudindi L1 vimbuhaiit1dnn
ROM 1eqmifin137 R1 emmifusiimsaus R1 #uR2 #202995 ADDISUB tiae

o da YN
NﬂﬁWﬁﬂ1ﬂﬂ0ﬂ1ﬂUﬂiyiy']ﬂl y(n)

t 4 ¥ "
o o e I

6. WmuIuaoun 1-5 Inudmsvm ym) ludrwuda’ly

2.12 unagl

dy 9 4 < o d' ' @
Tuunildnandnisdssuanadyyiufioglugduvuvesdygueuraenuas
o QA A -t wa ' d' J s
dygyaTaea Feezliguavifauiuandarsiueen ldTaslunszuiunisdszuiana
b4 ) v

dyaraszdeaimisdagduuulfimmnezaususzumiuswldatou lvivedofinisan
sudaInssadrvensesnsswuudn 4 msdseuianaBauavdlo Inssadvvesndinmany

A o J o o an
HUUNIINIZH InseadudinamngaudumseenuuutiTladwlulsesasaea Tae

2 ' o {0 o 1 <& o : 4 {
Tuunitldnandsszmuididy 9 finansn FluilsgiuiuldlinTesdongoluns
s ¥ .
ponuUYNIIAITBIANNENSlugliuveuaenuazATaea Tasas i ltaandmgannlums

J o a < » [ ° I

winvesdulsziniveseesniesdunuuas ldedamnnuazdeamnsati llszgnaldlu

¢ & 1 '
MIvBNIULNIIATO Toresitaesadees lananaeluunde v/
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aaaenssutasnIoaniuy FPGA

3.1 unin

Tuiligiiunugammassumedudidnnseind 1dgandh ldedresaaimnnuazdn
: a a a a J da o a o A 9 v @ 9
nlseanfamiiniuvesginsaldiannsetnd tie 13 uAUANNABINITYBINTS
o 9 ar Aa o 9 J & : a o o o ] 3 "o a a
winldfununiianududeuinniuGon q i dedAyngadonvueyivlssadninmves
q’ [ ' 2 4 & ad a d [ { o o [ a
Fudnudazsuiiognolusudiudidanseind Tavdauiiddgediannie 2esiumien
' . a & o ' [ )
Funi1 10 (IC: Integrate Circuit) nio W lasdw dsiimawanllodraSnmgu maiann
madumaTuTadveslulas Tsirmaed (MPU) niolulasneuInsaines (MCU) uaz
' o A o -~ =
gunsal)szianmiton i (Memory) Falufosamailagiiui lodvnammawyialviden

dunlFauamanudeems ieatuluGesvesnauasdsednsam

32NN (FPGA: Field Programmable Gate Array)

P L ) o { .
FPGA 1ugUnsaifigniannaenaingynsni)seian LCA(Logic Cell Armay File)
voeuT o loded (Xilinx) a1 1985 [13] Tavfigamuasaniidszansammainunasany
nuniuvessanage mslFaunazanaunsasmuailsidunsihinuldnudens

Tagrunsersiafinessiima Tsunsudoyaasluin FPGa  Tansahauam

b4
LY 3 IS

sonuuy 13 Tassa Tuliasaiuii idnailuniseonuuuuasWaIN12995398A0  FPGA 48

. M
o - ot

anuazaINuaTIEIn s o unazdeliduyum 1 Fiwiidmsz 1daannuidsalumsi
wdpudludauraseesdunvuiinsmsideunaeentuunaniaaiagldu
mahmsnSoudion FrGa fuluTasaouTnsamesiidudndlddmsvauiall
(General Propose Device) Fanuiwdadnd ldiimsoonuuy Inssadruazaniilaonssy
aneallwdagamde B3Soudeouds fldmudvatmiiiGouGosgamdaite i Fmiam
aw uadaodesitamedwanilasnssuuazgaids FufululuTnsaouInsamesselaily
ﬁmauﬁ"uvlm1umua"hJ?]qTﬂummzmsﬁum'hl"l%'nu‘lmmﬂizmawaﬁ'mutymﬁﬁmm&‘a
qaun 9 19 dyygranm Hudu Jwuand1991n FPGA fimwrsadimualassadauag
aoilaonssy Snadaannsasenuun diauuuuuiy 1] Tasluiligiudimmse
ﬁnmﬁﬁ'iyiymmﬁmﬁqqﬁa 100 MHz inoftiden saiuszangammsmanvesdneds q

a 2 ' ¥ A ﬂ o o @ @
ﬁiﬂﬂﬂgﬂﬂﬂﬂ'lﬂﬂﬂﬂisUllaziﬂiiﬁi'l‘i“ﬂ‘lﬁﬂﬂﬂllﬂﬂl unan uanmnuugaﬂmmummmm
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ponuuuyamdalni q niefeidulni q Teuiennumunzaudumsldam seriuldn
& °
FPGA Juiludnmiudennilavesniseanuuui99ssiuaasa ldaudenisir U149 luns

ponuuuvsaunyy 1ditlued1ed

3.2.1 UANYUZIAUYEI FPGA
o 5 ' 3 =3 ' £
nnlymlumsesnuuuuazWanii 1dnanuudnineziulédi Frca Wudanils
- & da a ° o 9 a o P Y
madennilsndianuiombun1dluauesnuuuuazWanndunvundasuainiiden ludm
g A L ] = o - a '
AunumsesnuuunazaNuazaInlum s s luilepiuiiviindniannatesogu
é ' ' lJ -
Xilin, Altera [14] 30 Actel [15] iudu Famnusnmdumiiniensaaiauda Xilinx e
daumnimunsaaageiiga Tasiitdasuisniegndadn FPGA fillvuiauazsimnianiy
' 4 = - ‘§ g 1
pon lldamwinszgnisondoniuInseadnuazyu1an1uguessn FPGA Fagniadluni
° [ & : J ' '
$maufivumiung (Equivalent Gate) degiidauarioondi 10,000 ina Tsudannnda 5 &
3 "o a o a a 1 a a o — ﬂ ad
e YuegiuIaseademinHaaSw ITuTNYeIVTEN Xilinx A5za 95xx szitluma TuTath
i 4 v
fiTnsee31991n EEPROM Fwaszqaiiszfivmanamg luiu 10,000 ina luvaizidwassga
spatan 92TA21WUINDY 4 WA UNLATTAA Virtex NI INFIa3 19011 SRAM 92iin21mguin

< o a ° o MY
N4 ﬁHulﬂﬁlaﬂ“lﬂU’]ﬂ‘lu'ﬁﬂu‘unﬂﬂﬂll'UU'Nﬂs53”“”““1ﬂ1"m1ﬂ8”1@ﬁ‘u10 £l

3.3 M592NIVLIND5AIAA

t 4
=1

sluumseenuuYNI IITIIIIIeen Iaaeslssanndn q TAdil

3.3.1 M3eenituulasl¥n13ANIIDT (Schematic Design)
luefnnsoenuuueIsImAIneaitumsesnuuues lusedvasining (Logic
tevel) Tao1#T1l5un 3099021902995 F9m300nLULAVIRWTTH 9z AouT 1T mn Ty
msvonuuY iinsnnmsesnuuunn 4 edm?yuv}'aanunmz#’hmammmm?fwnﬂéwﬂﬂ

o o Y} 2 :]:j Y o w ' & aad
mu‘lzﬂUQ‘luﬂﬂmm‘U'Ni)i‘VllJﬂ’ﬂlJ“]f‘U‘]fUuQQ NI uﬂ0ﬂ1nﬂﬂu1\3ﬂu°1uﬂ1saﬂﬂ“iﬂ.ﬂujﬁu

332 mseenuuulnal¥n¥1srAuga (High Description Language)

é’wmﬂTuTaﬁmsaanuumqﬂsﬁﬁmaa'lé'ﬁ'mmqai‘fmmzmsﬁmmmu1'1ums
ponuuusAsaeandeufunszurumsesnuuuuua Iniiidunsioudaenimref e
#1317 (HDL: Hardware Description Language) [16] uﬂa’f"lumsaammmwséwzﬁaéﬁm
nwiifion19ien1u Verilog uaz VEDL TauTnsead19vesniu Verilog svadiofunivia

47UNY1 VHDL 92A10AUN 1 Pascal
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msoenuunlasldniw VEDL sziflunszuaumsesnuuuiiisi3ondt Top Down
Design Tavvzofivaendiaslumseenuuudaiondi EDA (Electronic Design Automation)
2 1$1009n1391911910 1RATFoUTY (HDL Simulations) 1oz IdaRHIIMIS1a09n1shIeMee
gmirlduns1zd (Synthesis) IHiluaeessaming (Logic Level) Fannseri 19185,
qﬂnmfﬁsm's"uwlﬂ'[uia?m"mmq'lﬁ'ufi CPLD (Complex Programmable Logic Device) B
FPGA (Field Programmable Gate Array) nieusinsziinirleenuuuluszauiedn (asic:
Application Specific Integrate circuit) vu1d3imsoonuunlasldnivy VHDL weihld
é’aammummmaammuNﬂsﬁﬁmmcﬁ'm’f'au'lé’\'adnmmnnm‘s’ﬁfu wazdaeausnn
aduu19ni1d nienindeanisilasuutaunaTuladvesrsesiieonuuy3iifiv

o

Funsre9es Inunez 182995 luma Tulad Inunus

3.4 M31VgUN¥ HDL

nni 1dnanuudiuua Tiuluilsgiiunsesnuuuisesatneavuialnges iy
1, o J 4 § o '
Wgmildmuszdugunaiuifiesnndlunnniiilaswehauazawsainnudile1die
E 4
nnadsannsmhnauanifau1dsn uasdiannsosesiuldnunaema TuTaddndae Tay
d. L] J .,! lz 1@ = 0’0 A A - ' 9 ' Q’II : o
THandouduuminee lidusgiuma Tuladiiu q nielinaissdmiooiniu wenamiuds
[ b4 v
flondua niyszansnmdnamedmiulFlums dunsiziaees lullegiuiinmwinld
a 4 a ' £
pTuwarsanasaziionlF 18udn w1 VHDL  uag Verilog HDL Fuilwinasgmlunia

S % & o 4
qﬂmnmw cuwuﬂau‘lumiaammmmzwmmtmmm;ﬂn = 4|

3.4.1 MmImmuaenyazmmzlunmsesnuuy (Design Specifications)

ang1lii 3.1 uaasduasuniseenuuylasldniu HOL sxiduduiinisioulfa
wianni1dinmseenuuyTassadre BiduiiGoudenida iy msussimuaseniiy
ydendes q el i10Aon1500nUUUANITNIS Top-down Design Methodology Feluudaz
uiongensy ifimmsudounnauiuly uazhorensdansziaes lumonds vimiuse
'n°1msﬁmumma§uwwqﬁnﬁwmuﬁanmﬁnfu (Behavioral Description) 4200141 HDL
udsninnsaudhdrosulasnisitonlddmdsznen nashmsifendedyanasznig
udendey 9 1WAy sy 18 himseseases luszduiisauiiunmsesode Insaaia
(Structural Description) M1319ouTAAn1M1 HDL  ssildnumzadiofunimissdugedu
annInlFTsunsu$man Text Editor 1 q Tldudedralsiamiiivendiainaiy q faf

afuayumsiou Idadananegnats q #218un ISE ¥09u33M Xilinx, Max plus I 499035
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a o £ d d o U
Altera M358 Moselsim ¥83U38N Model Technology, Inc Hudu FevenaiAenagaINsn

o J 1o ' -
Funsziuazaey Ind ldvuegiudldnuindenld FPGA vesdnanswla

Design Specification

v

RTL Coding (VHDL, Verilog HDL)

v

Function Simulation

v

Synthesis

v

Timing simulation

!

Place and Rout

v

Prototype Build & Test

" v
37 3.1 funouM3I08NUULIN9IAIWNYI HDL

34.2 nm’imaannﬁmummﬂaﬁi’u (Functional simulation)

Funouitdrfydntuasunialumsosnuuuissauiie msasieaend
HuU$1089 (ModeD) Tunw HDL - i 1dafrstfuannsatmhiiinwiio 1ddmual3
wio'li Fesaunsonsaaenldlasmasiasamisiinm rﬁaqmsv‘inmwmmsﬁa%’m‘fu
(Behavioral Simulation) ﬁaﬁ'mﬁw'{u@aﬁmmfum elFlumsasrnaeungdnisuns
yiamveaTugaiiog 19911 (Design Under Test) éﬂuﬂﬁﬁﬁf'ﬂﬂﬂﬂuﬁﬁﬂﬂ’i‘l HDL Test bench
Tavazidumsdmuagiuuuvesdaygravud (input Signal) iefivzgmshauveslugadi
ﬁﬁ“‘i’uuﬁzﬁﬂﬂlﬂ?UmﬁU'uﬁ'uﬁ'q:mnmﬁﬂeu“lﬁﬁu'iuﬁa'hmsv‘hnmfmi‘lu'hlmuﬁ

mandalinsely

3.4.3 MITUATIZHIID3 (Synthesis circuit)
A ° a 9 J o ] 9y o 9 J 3
dlonimsnsinou Tuganiadeduilufinilwdri wesiadesuuniuannse

¥
wenlRedegndesnudeants Yuaeude luffemsiiuer Idadunundsndialiims
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Funsiznaes e v ldladad luseduinaoenin inesdion 19 lumsdunsizd 1daniun
. ' S & o a o . & o

HDL (HDL Synthesis Tool) (¥u %03W#t25 ISE ¥89UTIM Xilinx A9e313507UAIIEH2903

dmsu FPGA lauazannsadonlausd Iz aududnidon 19911 1415u Vertec, spatan

Wudu

3.4.4 M391229M31A1 (Timing simulation)
° ° a a o o r's (XY ] ]

masaeamaaulusedungdnssy vienamnmsdunsizraees uadela'ldru

msieusdfu Iugagadu 9 snflunisasieaeuanugndesluszdudygruasin
' 3 Vo ' 9y = A:i. ' = o d' " CY ' o
windy uada hild I essdvaiivewnuaduiioedal (Timing) ¥1AHN 19U ATV
doanuanduniens 4 neluaees ssezmuvosdgygrunanveshgaminizannsels
v » v

fu2993 18 Wudu inszazdesriuduaounmsidoudunisnou aniunssiassmiinu

b4
mmm‘i’)’mi‘lumsmm AOUNITNIIUYBINNDIDNATY

3.4.5 M3 uazn1su§emz’r'unn (Place and Route)
v L4
wah ldnnmisdunsieminszeglugiuupnindadluszduna Tasannserihluiu

k4
@

Funsumanlasliffuasinuazswdaimsnasmsieudunisnisluginsel FPGA

3.5 msaammumnuumn'mm::msaammumna’nﬁuuu

Tumsoonuuu9TuL FPGA 9:135MsnIenszuaums lunmisesniuyey 2 I5Ae
' v
11300NUUUIINUUAIAN (Top-Down Design) IAZN130OALVUIING19UUUY (Bottom-Up
= @ a <& : ad 1 day a9y a o
Design) #3317 3.2 Fan1seonuuuisnesisannideadeideaieiu lupssuiunmsesniuy
' &

91NUUAIAN (Top-Down Design) 92 1ITNTNBIINTLAVYIYANDU I3 NI BONUUUIUI
o U & a o dyv o I . 3 2 <
dnumzediels GaSunszdviliissAuvesilendu (Functional level) 91miulsnosfinyidnag
lfeswazidoavsaudaslanduluseduiiaaes (RTL) voudazlesndunazaosdins iz
- - o a o 9 £ @ o
anasllusvszidvaluszduneinuas luszaugaino suilussavdrsgalunisesnuuun

AD3ZAVAINIDT (Layout)
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Functional

Behavioral

Register Transfer Level (RTL)

Top-Down Design
Bottom-Up Design

Logic

Layout

31Jﬁ 3.2 NTTWIUNITDDNVYANT (Design Methodology)

A ' 4 ' a
Fafoonuunez hinswsiwazideaveasesieenuuy sundtesisszduganiolunis

v
Iy a

& v aa Y 4 A
PONUVY H192A539 1A UITN1TeNNLVINA1IUU Y (Bottom-Up ~ Design) N9z13uAU
9 U ¥ g ° ) ] o o o 4
ponuuUNNIEAVANgAtaunMinInimdas damnswmniivudenluszduuuie1d
» b4 i d
2995 s et Tuii q 18 aszuiumsmsesnuuudnyusil
ﬁ a & 'i ~ aa S ﬁh:i )
ADONIUVITNIIVTIWILIDUAYBINITNINUA IATOLIADYBITTMIHUNAD HHDDNIUVIZADY
A - a 1 = a 9 o a’: ° 9 = a o 9 o
@onmn Tu Taduasdn FPGA neufazisuduesniuy dsiuminduudesnldoudnideai
' A L U
mseenuuuing #alunszuiumssenuuudonnssdugaziiumsesniuunnuuaEn
(Top Dow Design) Taueg liganatuma luTadlumioonuuul99s iws1zn150onuuualY
& a °
sduuun ¥ HOL - Famindesnis 14inaTulader1s Aenirlavsiveana TuTadn

Funsziulumavesses luszauarely

3.5.1 29903luszAUIdmnes (Register Transfer Level)
a a o L4
RTL ﬁ'lums&%uuuswwlwwqmsswm'zms“luszﬂwm‘s“ﬁmﬂas HagRNITINBUY
a o v 49 Y o & & 7a
tsu mseenuuuluszauil gaanmJuﬂmmmmgﬂunumsﬂszuaana1nuuan1s
A 3 Y o ' ' a o Ao J 1a =<
IFOUADUATNITIVININIITISNINNQUANIIADNUVIUFUUASIVIAIADT IﬂUﬂ81NWﬂ1iﬁl‘lﬂ~‘l

woAnssunesluszAvaednniesziummdanes lnouaasluguil 3.3
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31 3.3 laozunsuInsead19v09 Register Transfer Level (RTL)

lumsoonuu993A3noadls HDL d2ulng) 9zshimsiliounssonuonganssuaNms

luszdy RTL losnindinnuazadnlumsesnuuy uageesnidsedninmunninms
v a & a ° 14,

Wouvussowluszavasdn Faldnarlumsesnuuvuiunasmderanaiadiuin uaasnms

a a : 3q 1 ) - "9 : o 'd

Wonvssownganssuiunlenee uaanga uadeanuazainludunsumsdunsiz

a » 4 & a '

2993 M3ANTILHIIA (Timing Analysis) Faudunszummsnseuazudiymivesaaily

= A a 4 f ey T &4 ¥ o ¢

2995 S'm‘hhummsmwanmwnaamﬂuuaanoau 9 (Partitioning) W0 1M duns1zv
dd' ’ J - = -~ ﬁ' ) d'd

2003 18anga oz la 1840 FamsidounssorongAnssuduiuiionluaudiiany

Fudougs

3.6 MyUI3aen (Verilog HDL)

MY IN3A0N (Verilog HDL) 1iunmunldes11081a51125 (Hardware Description
& aa ad : &
Language: HDL) [17] Sal4lumseonuuuisesszuuavaoa mpwisdeminiluniialuass
a o s a 9 o aa Y & ¥
mmaﬁmuamsmsm:uu“lamumn“lumsm)mmuNwsznumma'lui]m]nu ‘]N‘lﬁ’llﬂ
MY A0¥ALDA (Very High Speed Integrated Circuit Hardware Description Language:
a 4 - - @ =) o g & 1
VHDL) uazmmnsﬁan lﬁﬂ\m'lﬂﬂ'l}-.l'lni50ﬂut’lﬂﬂﬁl3ﬂﬁ’10ﬂ1'ﬂ1°§ g\!ﬂ11ﬁ")ﬁ')ﬂi°}ﬂﬂ'}ﬂ
9 9

¥
nghiudinnuidunmd egudrannsoSouiuazidrledie uaslnssadevesniudall

g 9 9y ' G = -
mmmnmauuoummmmwﬂuaaanﬁw

3.6.1 Ysziannuilun
ad H a v aw . x = &£
My TaeniugnAnAUTAY UTHN Gateway Design Automation 141 1981 @49
] t 4
mamssindnguazanuiuinnanGoinwdiny lddsde 11il (18]
o a o 3 . 9y o ad d’é ) ' ¥
1/ 1983 U3¥N Gateway Design Automation Tadladamuniaentiziondn “Verilog
¥
' ' L ° ° ad b,
HDL” #30130n410 9 11 “Verilog” W3 ounadaun3§1a09n159119 1400301833000 (Verilog

Simulator)
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ad @ Aa a o o ' (] °
U 1985 mywasaen lalimsuSulyaunuduuaz ldeennesdulnivesdumsiians
° 24 ' o
M3 FATUNI “Verilog XL”
= ad asa 9 a : -~ a
11987 muwrsdeniuiidonld vuiavesseshieonuuuiuuAuanumunso
Y93YAT100IN1571191UY049 Gateway Design System HAZUTENDY )
¥
a W - = o A - W a
1/ 1989 V31N Gateway Design System n¥®1avu3EN Cadence Fuiuviingnin
4 o : ° o
a93WI3 UM seenuuuNITINFUhvesTanluilegiiv
aw ad ' ° ° o
1/ 1990 U3¥M Cadence lRusnnITAeNUATdINMITIADINITIIIUBENINAY
b d v
Tavl&vhmwnidendamodeaisisuey uaz Wiligldnmnidenuazusind s q 184
AU Open Verilog International (OVI) d‘lmjﬁmuﬂmuauswamﬁm (specification) Y94
amuaiden uaz 1dvarigitedrdadmiunmuaiienins i 1.0 (Verilog 1.0 Reference
2
Manual) YU
1 1993 quay ovi 1RYFudlguiuAua11ma 1130909018 IT 0N 13U AN
asnvesnilsd uas IdeengiledrdedmsvamniaenlmiWhunesu 2.0 (Verilog 2.0
Reference Manual)
' ad o
U 1995 auran ovI ladaniynaiaeniioddu 2.0 Ifauan IEEE  (Institute  of
; ) . 4 . 3
Electrical and Electronics Engineers) dvaunnn IEEE 1815utlyanas Iddmuaidluminsgm
wsiNnGond1 133U IEEE 1394-1995
= o a ad 3
111 2001 fidFvlgalimunnuaunsovsanivuaTaenuInsgIu IEEE 1394 N9A1U
¥
o ° v @ | ' ) P
nsdunswaesnaznmsitanamahau annedalulgaldiwdensldau demunny

IEEE smuaiumnsgiu IniiGond 1nasgiu IEEE 1394-2001

3.6.2 Inssafsvesmuuaiaen

mmn?ﬁamfummmaimquﬁnsswanwsﬁimn'lé’fnmuszﬁu WY AW
o5u102995 1u32AUNII A (Layour) SFmA0T nsmBmaeiuaznisidouds (Wire) uudn
0% (Integrated Circuit chip) H30n31 35AUMAING (Switch level) AWITDOTUIOMS
Wounovesnsdninauazraurasululsesisnea Fond1 s2AUINA (Gate level) Az NI0
ofuensdedoyaseningiimned Suni 52AU RTL (Register Transfer Level) [16] M3
PONLLUNIIAIABAA MM IMINTAondm Ing sz 1FefurongAnssuveannesataoaly
LAV RTL 7

mywataontiuiilonsaindionnd Wy vlszTondae ; nield s eluld
il unsaenIng Wudy TassadavesnmnideniulsznoudaoTuga (Module) 3¢

v
1 @ o ' v d
uaaz TugariuannsesmdrdreiuiiuTugavuialngniesundi fied Tuga (Top module)
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b4
\ Ll @ o o A ~
Taoudaz Tugadesiiuannsaimammndoudu (Concurrent)  Falnssadrnvesnyuiiaen

i d
Uszneudludne q daansludiedamsefuiong@nssuves D-flip flop 1AAeH

module dff(clk,rst,din,dout); I <’ﬂlfﬁuqa> (<’ﬂﬂWﬂ§m>)
input din, clk, rst; //<‘ﬂﬂ§uv!m>
output dout; II<3erainm>
reg dout; //<‘ﬁ'ﬂd'!ury'1tu>
always @(posedge clk or posedge rst) <3 aiden
TWsunsu>
if (rst)
dout <= 1'b0;
else
dout <= din;
endmodule l<aulnge>

3.7 MwazipeaaoingnssNved FPGA As)a Spartan NI

FPGA 7520 Spartan III 111 FPGA %@3u3in xilinx #lFinaTulablunszuaums
wan 90 Tunseu [19] Aignoenuuuindmiudiidosns 19 FPGa fmggalusmi
qn Taohawmolddayapanniinigegat 326 wnnuidia mnzdmivanugaamnssulag
Spartan 111 ﬂzﬁmmqmménﬁugwwi 50,000 tna l)anfe 5,000,000 naRauTAsluATISIA
3.1 @aTnseadranwluves Spartan 11 QANAINIUUNIIN Spartan-IIE Tﬂuv‘hmsrfinmmq
YDIA0ININA UAZTIUIUDUNA mﬁvgmﬁui‘fu danalisz@nBnmmmihaudty St l47
misae Tugaiildlunmsiamsdyanin - (DCMs) waz Tugalumsguitioglugn
FPGA A32QQ Virtex™ II §1119u18unMi016a 19914904 Spartan 111 ifuagjﬁuuwmﬁmm

a A o a A’O ' o {
Fndansiisnundunaiodnadug 63 wuds 784 MiAwaaluaTNi 3.2
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CLB Array
(one CLB = Four Slices)
System Logic Total Distributed | Block RAM | Dedicated Maximum
Device Gates Cells Rows | Columns CLBs RAM (bits) (bits) Multipliers DCMs User 11O
XC3850 50K 1,728 16 12 192 12K 72K 4 2 124
XC38200 200K 4,320 24 20 480 30K 216K 12 4 173
XC38400 400K 8,064 32 28 896 56K 288K 16 4 264
XC381000 IM 17,280 48 40 1,920 120K 432K 24 4 391
XC381500 | - L.5M 29,952 64 52 3,328 208K 576K 32 4 487
XC3S52000 2M 46,080 80 64 5,120 320K 720K 40 4 565
XC354000 4M 62,208 96 = 6,912 432K 1,738K 96 4 712
XC385000 SM 74,880 104 80 8,320 520K 1,872K 104 4 784
M99 3.2 SunanagntiaenI N 819 9 MeluFn Spartan 111 uAazweS [19]
Available User 1/0 and Differential (Diff) 1/O Pairs
XC3S50 XC38200 XC358400 XC3S1000 | XC3S1500 | XC3S2000 | XC3S54000 | XC3S5000
User | Diff | User | Diff | User | Diff | User | Diff | User | Diff | User | Diff | User | Diff | User | Diff
VQ100 63 29 63 29 - 4 2 - - s < - - - -
TQl44 97 46 97 46 97 46 - - - ’ - - - s -
PQ208 124 56 141 62 141 62 2 < - - - r . - - -
FT256 5 " 173 76 173 76 173 76 3 3 4 * # - % -
FG203 - - - 221 100 | 221 100 | 221 100 - . . - - -
FG456 - \ p 2 264 | 116 | 333 149 | 333 149 - - - - - -
FG676 y ] - % - > 391 175 487 221 489 221 - - - -
FG900 = - 2 3 . < - T 565 | 270 | 633 | 300 | 633 | 300
FG1156 = - - - - y - £ » 3 = 712 | 312 | 784 | 344

E4
3w Spartan 111 19ussfuianuamuga ldun Veelnt 1.2V VecAux 2.5V 1ag VeelO 1.2V-3.3V

3.7.1 venduUNAILIANA (Input/Output Block: IOB)

o a 04 (] HAq Ya " @ & -3 a
viendunaerdya (10B) udiuiildAadedulsriniouen daudonduyauas

4 a
wwmaannsallsunsulifludunansee1nyauuy Single Data Rate H30111/1 Double Data

& a - aa
Rate (DDR) & Feudondunmerdnailisznoudiv 6 39aimes (Register) 4z 3 DDR

Multiplexers FauaasRazili 3.4 Tav3amaeiiamisalusunsuiludnduvaed (0 Flip-
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A 4 uly o a o d’ ' (K ' = . A A v
Flop) visauaay (Latch) Ia UVADNBUNAIDIANAUADDYNVAIU Switch Matrix IWBI¥OUADAU

gUnseinioludy 9 d2u DDR Multiplexer 19Tumsdadoyauuy DDR

3.7.2 Y@en Configurable Logic Block (CLB)
y&en Configurable Logic Block (CLB) Usznaudlu 29esandnuuuney lumsu uag
a o & ' (K% [ . . A A ' @ 4 &
uuuse Insiia 49 CLB Aoagiiudau Switch Matrix teweusdenugUnsaimeludu q Tasly
' o ° . 2 ' . o o & %
uaay CLB uuﬂsznauﬁ'au Slices 914U 4 Slices ¥IAAL Slices ﬁaﬂymzﬂﬁ'wnu 43 Slice
b d [

Usznoudioginsainsil fie dadreflaidudduna (4-input Function Generators) $1uam 2 2
2995 103nAIMA (Carry Logic) 299507 (Arithmetic Logic Gates) 2933faamanvualng

(Wide Function Multiplexers) 1123112021091 (Storage Elements) 31474 2 A7

3-State I &
rerersvl £ AL 4 b | |
DDR MUX
Vribw | diear I
| Reg DDR MUX |
I | ock |
| I
! PAD
! I
| Reg I
I | ockz | Reg: Register
| Output |} ICK: Input Clock
e e ———— = - OCK: Output Clock

7101 3.4 TnseadvoudondunaeIinn [20]
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SHIFTIN cour
SOPIN > ,j ? rgn;cr
3 l | ) > > SOPOUT
ODuval-Port
D Shit-Reg i e
-~ e | MUXCY \
0 1
G3 > A3 OLUT
ORAM
G2 > A2 OROM |
G1 > Al D
WG4 > e GYMUX v
wa3 > wea @ »T—_)D }
We2 > WG st XORG — 0¥
WG o— WG1 OFF
\I WS DI DILATCH
ALTDIG > ‘
| G ovMux| (b ol——>aq
+—1 PROD Y
WMULTFND a1 CE—{CE
‘ 1 8Y CYOG LK— CK
ﬁ E SR REV
BY L4 o] h )
[ | J 3]
\
SLICEWE[2:0) WSG SHIFTOUT SR
= WE{2:0) {>DIG
WE

CLK
XC
F WSF ey’
i ]
| i
I
CE :
Shared between |
CLKD—C[’L x4y Ragiters |
SR >——— “ ﬁ

CIN

31N 3.5 Insaa319909 Slice [20]

TaviailaddudsuyasnsaTlsunsuidududlams1e@8una (@-input  Look-up
Table) w30 lusunsuldidumisoaamivuia 16 9 (16-bits of Distributed Select RAM
Memory) 3o lusunsuliFwisSained 16 Danivuavnld (16-bit Variable Tap Shift
Register) Iﬂvlﬂ‘lﬁf‘ﬂﬂﬂﬂﬂﬁ?ﬁ%’lﬂﬂﬂﬁfﬂéﬁiﬂﬁﬂﬁu")Uﬂ’nil51 (Storage Elements) Si¥fouse
fugunsaidu 9 Taomizamiiaunse Wsunsuihuinayvaey o Fip-Flop) M3 ouany

4 4 H
(Latch) 018 @331/ 3.5 WiuuanaInsaa1avos Slice
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3.7.3 H18ANS1YMIA 18 Kb block RAM

18 Kb block RAM fumissanuiiiifinnuidagann (Tavdszanar ) 200 Mhz fifley
Tudwinou 12 awnsoresuldifiu RAM nie ROM AiTvurad 9 A8 FIFO da0
Taoz1lfi 3 UAAIYUIA RAM Single Port dauluguii 3.6 uaAsiI0619 RAM 1Y Single Port

Y19 9] 13199710 Block RAM Usiazsa

4 ' ° o o o ] °
ﬂ'lfl@ﬁ 33 ﬂu'JUﬂ'nlmTllUﬂWi’)iﬂlﬂUjﬂﬁ%"Nﬂ'lﬂuaaﬂﬁujﬂﬂ'J'IUﬂ'lﬂ'ltﬂu FPGA

Memory Data Parity
Organizations Depth Width Width
512 x 36 512 32 4
IKx 18 1024 16 2
2K x9 2048 8 1
4K x 4 4096 4 -
8K x 2 8192 2 -
16K x 1 16384 1 .
WE
EN
SSR
CLK DOP[p-1:0]

I O
RAM16_Sw

Difw-1:0] >

DIP[p-1:0]

ﬁ

Single Port RAM
317 3.6 Tnsa¥ramizuanuimesmAsauu FPGA [20]

3.74 uﬁammsgmmmﬂ 18 U (18bits x 18bits Hardware multiplier)

UABNNIIRUYLIA 18 x 18 ﬁﬂﬁy&‘lmmgmﬁmmmﬂ%’mﬂ?{uwmﬁ'lé' Tauiivua
qeqafe 18x 18 1A uazaNINMIMIUUUUAAIATOINING (2’s Complement Signed
Multiplier) 1& uAon299sguuuIA 18 x 18 afiansamauetisdaseniemasuy
vaenniaoaud 18 Aladalumsiauiisonds “Multiply-Accumulator (MAC)” Faiilu

ﬂeﬁ‘ﬁumsﬁnm‘ummnlszmawnﬁ'iytymﬂ“'iﬂaa (Digital Signal Processing) laggil# 3.7
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3 ) ] ° a a =4 a 2
llﬁﬂ\iﬂ'lﬂ%ﬂﬂﬁﬂ‘uleJﬁﬂﬂ'HU'JUﬂTuJil'l 18 ﬂTﬁUﬂlla%UﬁﬂﬂQQﬂiﬂﬂl‘Uﬂ']ﬂ 18 x 18 UM B3

o 3 4 ' @ % .
VADNYNADIWPNIYDUADNY Switch Matrix

A[17:0] MULT18X18S
A[17:0] MULT18X18 B[17:0] P[35:0] -
' : CLK
P[35:0] A
B[17:0] — T |
RST
(a) Asynchronous 18-bit Multiplier (b) 18-bit Multiplier with Register at Outputs

51 3.7 Taseadrevesdsesguuna 18 1a[20]

3.7.5 vaBNIANMIT Y IMUINN (Digital Clock Manager)

Digital Clock Manager (DCM) 1u¥WasgQa Spartan-III Li'lmwsﬁﬁmmﬁﬁqmnﬁ
Fausamsifertudygiaunion Faliegludnimam 4 e uazieldh DeM v ldms
poNUUINERNeT I RBIINT T eREe 4 Idednnineninooada
wesnnmouoniiivsyaied 39 hifianusuilula q fdesmdyainninnnmouenne
q uvas onaely 'hitﬁmwinfuﬁmmwmu1ﬁn1ﬁend1aﬁe°§aﬁTﬂs'luqfﬁ'uﬁq;tymmﬁnmn
poadammadiandndin mitannsah hFidudsuiadyananimanuiae q 18
Taelideal4 Variable Clock mnmuuenuAssinla DCM Tdydnuaiians fagiil 3.8 &

v v
peMnaw lunihn aaae lalil

PSINCDEC

“““““““ !

I

|

l

t -L-}Sg ¢ “oemwd Distribution
+—= CLKS0 ’ Delay
¥

T

t

I

]

|

- LOCKED

31 3.8 Tnseerd19ves DCM [21]
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d’ . . 4 Y d' o " @ d'n
- 11390 (Clock Divider) 1u9v3m1sdese Ianudioanamiduaudduyanisale
b 4
fanunann 111 e 1.5,2,2.5,3,3.5,4,4.5,5,5.5,6,6.5,7,7.5,8,9, 10, 11,12, 13, 14, 15, 30
16 MUAIAY
:‘ 1 2 9 ad o [
- a$19audaeAM (Clock Doublers) 111299330z IdANNATIOWHAZITIY 2 hveq
ANUD DUNA
A o 4 \J o
- Digital Frequency Synthesizer (DFS) Wuaesdaaug nmnuﬂ"lﬁmmﬁmwfvgmmmmm
' v 4
pauveInNudduNAiudasIdIuYes M/D Taofl M=2 611 32 uaz D =1 6 32 2esiith 114
’ 4 ' é o -

a1y adesnfasuninmsdedeyauuuvunuiueynsy Fdesadedygnauinigs
ATVBUAY 1BU 10 — 11 1M 1Wudu ieaudu q NdealdesnTinauddus lswes
- Delay-Locked Loop (DLL) iilu29v3 1dudilymnsideumlalulees Idnduinassamume -
a9
NAoINs
- Quadrant Phase Shift 11u23a3aoume 90, 180 4z 270 03 MUAIAY
- Fine Phase Shift 112993 15 lumsideumaedinazidoa innuaziduasgh 1/ 256 1ves

4 da v w & & & 4a 4 0 q ¥
muanudnsitiianudyunguiu AlFlumsyasemsiemrannainlulces hid

' J '
NITDDNLUUUINYVUBYINUIN

3.7.6 ‘Uaaﬂﬂ?‘UQ‘Nsﬂﬁlmwf (Digitally Controlled Impedance: DCI)
Digitally Controlled Impedance (DCI) 1¥flosriudyannuaziouly pcB Taons

o a a o
AIUAUIDIANA BUNLAUTNINNISTY

3.8 YoyainuINUnINBIVUUTH FPGA

vy o a s v a o < - ' a o a &
VOYANNUNUU MITFN FPGA ti‘.lumgnmiwszmmma q NYINUVIVIUNITHAAY

- - a o o @ o 9 = a [ P [ dy
WUIWASIBYAINYINUAITUY AN ﬂ'J'I)Jti'JlﬂUﬂu Tﬂtlll?'lﬂizlﬂﬂﬂllﬁﬂ\‘lﬂﬁzﬂ’ﬂ 3.9 AU

Mask Revision Code
Fabrication Code
Process Technology

Device Type

Package Date Code
- Stepping Code {optional}
Speed Grade Lot Code
Temperature Range

Pin P1

310 3.9 e TAauuSN FPGA [21]
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13197 3.4 oY 1AAUUTN FPGA [21]

qunsal anuda MMV HaTFHAYEIUNNIND Yagangiildau
XC3850 -4 | wwsgmialy | vQI00 | 100-Pin Plastic Very Thin Quad Fiat Pack (VQFP) ¢ | Commercial
XC38200 -6 | wmsgug TQI44 | 144-Pin Plastic Thin Quad Flat Pack (TQFP) (0°C-85C)
XC35400 PQ208 | 208-Pin Plastic Quad Flat Pack (PQFP) 1 | Industrial
XC381000 FT256 | 256-Ball Fine-Pitch Thin Ball Grid Array (FTBGA) (40°C-100°C)
XC381500 FG320 | 320-Ball Fine-Pitch Ball Grid Array (FBGA)
XC352000 FG456 | 456-Ball Fine-Pitch Ball Grid Array (FBGA)
XC384000 FG676 | 676-Ball Fine-Pitch Ball Grid Array (FBGA)
XC385000 FG900 | 900-Ball Fine-Pitch Ball Grid Array (FBGA)
FGI156 | 1156-Ball Fine-Pitch Ball Grid Array (FBGA)

3.9 unaj

Tuumil1dussoneialsedannuiiug amilaonssy Taseadesmlsznoudie q
¥04 FPGA  uazjtuuuriiadn q luniseenuyy Funouniseeniuy waznueF Y
NOANTIUNIBT AT hu'?intinuwfmumfmﬂusﬁmmwi’ﬁruj1u1umsﬁnzaammu
2evsATAvadalumsfiez1dew FPGa WlAszAnSnmygegaiudeaiitszaunisailuns

9 4’ an a ’
sonuuy Anudh leluiugneesatnea uazmain lunisud luilynidae



UNN 4

d o d
’J\‘l‘%iﬂ‘ii’)ﬂiﬂlﬁﬂiluﬂnﬂiﬂ

4.1 Unin

mnﬁ'lﬁ'ndnmuf’friﬂumsuﬁ"lwi]iyn11umsaemmuszumﬁmﬁmauaummmﬁ
' ' H ™) ° LI R |
'lé"lumaﬂﬂmummﬁmmsnuf’f'l'u'lﬂ"Tﬂumseammm:uwu“lﬁﬁaﬂwemwu Faluns
¢ d ¢ q v a Y o @ 1 (SR . ¢
penuuunsoaleneiiianesa liigunng wassmildnuauAndfydeil [22]
L) HOMIABUAUDINNVIAADAMNDNANYULI1US vURaDA Y
2.) UnansuausImanafauIas
3.) tialadvesyadaniudfisuuin
P a g A a 0 S a
4)) umwanﬁummuﬂmﬂummumaunamuaumn;ﬂmaummssuu
hszeznammollfinuan18thindsomarongu1dimsfunhmmesnuuy
2vnsenlenes Wigumnianudetmuagindingy
141 1984 - Linkwitz Idvinaueniseenuuunesasealenesiine fnfignans
ADUTUBIMNNYUIATIARBAGIUA U TAAN [23] Taold9esnsoauuniiames Sinsusy
1 o é L] o 1] A\l o @ 4 L
ﬂmnammﬂ'cmummwa‘lﬁmunm‘lumsﬂaﬁwaﬁamsﬂqaﬂmuazmamuﬁ%’s’“lumwu
A0
141l 1985 Saramaki 'lﬁ'ﬁnﬁutﬁ‘ﬁmsaammumsﬁ%’nowsnsmmmﬁmnnasw
' ' a4 v 9 Aot o o a &4
HAZHAANYDINIINTDIMNNIUAIINDFINT19INNINTOIRMIUUNTOUAVUR [24] Fawasa
v ] »
NNVUIAYDINIINTBININDITIAININAa ORI INA NG
11 1987 Mitra 'lﬁ’fﬂtinﬁams'lﬁ'ﬁwmﬂuma'wzﬁmm'hviemiﬂq‘lu‘hasawia
asagananudnsea Teres uaz ldinauen1seenuy Crossover network VINHATIY LD
' ' a & a ° ¥ - - '
HAANIINNIINITBINNIUANNDARIYAFIHAN 1R AT awmsvIad G sunasad1y

A0 [25]

a a o =2

11 1998 Gracia 'lﬁ'nﬁnﬁmqﬁﬁmmm“lumsaammmamﬂmﬂlﬂrzaﬂﬁwnm’ﬂ

UAZUNTUBNITOBNLVLIININTBIATADALYY TIR [22] SURY 8 Hassusy 10 Tnowan 145

’
' A

AUANTANANIIN Linkwitz 1 iuaue’ld
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'
=

tw'w'lsﬁﬁ1u11mam1wwmumuunmmsnaammu‘lﬁ"’luﬂsunmwu‘lﬂums
aammumnuﬂm“lu'mmuwuﬁmﬂumsuuﬂuamsaommmmaaﬂsaﬁ'[m’zasmﬂnasﬂ
Tavl4Tasead 192093050900 mAmARIUAD YL 2 2905 (Two parallel all-pass filters) [26,
27] 0ammnuuaa%snsmmmnﬂ1mu‘numlmi'lunmﬁunmmua'iﬂummaa uag ya 28]
uazlénsdrdannuenvesnaneuauesdeduiad [29] Famodt I8 I iathudaduuas
HOABUTUDIVDY n;ﬂﬂmusmﬁuumammmummn'uamaﬂTa HATIWNVUIARDANINE
:Jmmmaaﬂummmn HozIzuUAINa1 hilinaAeaT (Linear Time Invariant) 335155ms

EJFJﬂ!l‘lJ'UﬂQLI

4.2 Nasmaaiana's‘nﬁﬂna{ﬂmfmﬂsnsamnmmﬁw’mdammu 2 2993

Nilsmmﬂ11u3a1nimeﬁ%'wumawsnsamnmmﬁ'ﬁawmﬁu'lﬁ’{fhmuaiﬂu Mitra
[26, 27] ='§qaammnmnanmmmmﬁﬁuuw1ﬁi1vzsi‘luunu elliptic cheavbechave 139
butterwort - @simonaMlsznoveenuntu 2 Wy lanless pole interacting
prototype [26] eilarandidifhy all-pass Nammﬁaumuﬂu'fﬂuwwai'memamﬂmw

Uamuf]mﬂnummmmnmawﬂsmmmnﬁmmunnﬂsxms

Yp(n)
u(n) H,5(2) | -
l Yu(n)
H,p(2) F—>
a
Y,(n)
u(n) Ay(2) +
12 Yy (n)
A(2) ’
b

3 ¢ d ¢
Ui 4.1 TassadaveninsaseaTonesiianedn

- aa d o 4 ) : 9
1N 4.1 lunseenuuvaineansedlenesitanesauuuaemmalasia liiues 12

:i Y 1 o d0 o P 24
NINTINNUDADIYA AU NIINTOINNUDPIAZININTOINNUDRIAIZUN 4.1 (2) Fa
Tmm%'nmnm'mvn‘uaﬂau“lmsawmﬂ'memauuau“lumimmmqﬂmmmmmnws
tﬂumqwanumﬂmmm'lumsaammus'm'lﬂwmmsaﬂwsq Favnii I8nd1mud iy
seiiludiarnesnsesnnuiinuy FrR oz IR Areiddoidoiiuandrafu wusuauves

fnlseant n3on 2 1 lunsilamyduiseans Wudy %9 Mitra 1énandeTnseary
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[ »
aa

YOINIINTBDINNNDNA3 191N NINT0INNUEFUARBARDYIY 2 2395 (Two Parallel All-
. 2 o ' : ' Vo a odg
Pass Filters) [27, 28, 29] m‘Imm%’nmnmauuﬂzﬁwamamsﬂmﬁy'ummﬂuﬂszﬁmwm
waziiTassasren hidudernndumansluzulit 4.1 o)
P o Y1 @ ay o > a0
1n31UN4.1(b) ﬂzmu°lm1myty1mﬂmummvgmmmwnsnsmmmnmuazawsnsm
ANUDIZIAAYINAAI MUAZHAAIY993NT0Y 4, (Z)waz 4, (Z) Asaumsi @.1) uaz

aumsh 4.2) de'lulii
H,. = : ( (Z2)+4,(2)) 4.1)

Hiae =2(4(2)-4(2) @

Y A 4 ) o U A o v :; ] =
‘Uﬂﬁﬂﬂﬂizﬂ'ﬁ'ﬂuQ‘UENTﬂNiﬁ'N?NﬂﬁnﬂﬂuﬂmﬁljUWUENNﬁﬂﬂUﬁNGQﬂ’nnﬂﬁﬁﬂﬂmu y

' = ’ 'é v
mmvmaamnaﬂomﬁmni‘luf}mﬂuuﬂﬂszmsum'lumsaanuumwsmaaianas’

o d Ao
HADIANA

4.3 MIvRNIVLINDINTRINsealaNe T InasA

“lun”'n’faﬁvhuum1‘lﬁ’mmﬁqmqwauazr}mﬁuﬁmﬂsm%'nvm'msnsm‘nnmw?{ﬁia
vumiuuds ae luidlumssenuuuasesdndin Taslumsesninuss MMUANUAN YU VDY
'msnsmﬂ:mJ0mui‘luwuuun*\fuumnuiﬂoumsmmasma 9 18un vilavea IndTuiiva
BUAVYBIII95NTOINNT (Orders) PAARINE (Cutofr Frequency) vuavosgnaaulugag
ANAHIY (Pass band Ripple) ua*maﬁmu'lummmnmm (Stop band Attenuation) Tag 1y
AedmsiaesdTusunsn dhmuadee q 1ssilde

- 29vInsesAuuuiiu 3" Elliptic Low Pass Filter
- AdARWA @, = 0.136 (3000 - 14000) F35m

9

=

v ’
- Sudlaludwanudrmuminy 0.001 wdiua
- fnanoulugrniudvganiny 35 ndun

uazmm’faf'imuﬂmemwﬁmnms1ﬁma§1’n’wumsmumm*u"muﬂumsﬂeﬁ%’udw'ieu

b 4
=

TuTawuves z 18aaii

H(z) = 2:08651907+0.15752017Z"! +0.1575201722 +0.0865190723 4.3)
1-1.06030122Z1+0.6788426522 — 0.1304629423
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4.4 M3VLNUVYININTVIMAANUDHIUAIYIT Pole interacting prototype

o {0 1Y a
MIBBNUUYNIIATOA 10190591N995N5BINAANUAFILYUIUAUA35113 19 Pole
a, J 7 ' '
interacting prototype [26] ﬁmsuunmmnﬁanwnwTauﬁ'uuun‘lﬁ'ag‘lugﬂvmwas'mum
7 o @ ' [} wa 7 o :
aeeilendu TaoaesiledudioToulmiselgaanti@miiy all-pass  HarduTavilduaouns
b4
PONIUVUAIL]
A o ' d' o o ' A
WanuuNBNAIUMINANMITH (4.3) TastiueouneuAyINInsuenmIf1sIngeIn
aumsAsnaiisudy 3 ez ldnnidlumngs 1 duazsinfiduginoudedon 1 4§ darwnis

i @.4)

8, = 0.3877030 + j0.5546346
8, =0.3877030-0.5546346 4.4)
5, =0.2848951

¥ v
nmiihmsihis a8 lymilsdduswlou 4, (2)uas 4 (2) Waaums

293+ 2/
MNERENE 4.5)
1-6832
s1-52-(s1+52)z7 " + 272
4,(2) = (4.6)

1-(s1+62)27" +(5, -6, )27

ievaums (4.4) unuaaluaums @.5) ine @.6) sz 18 FudioTouves 4,(2)

uaz 4, (Z) eawaumsh 4.7y uo (4.8) mudigy

-1
_ —0.2848951+Z @.7)

DN g s PRI TS
AO( ) 1-0.2848951Z"

A o3
0.4579332-0.7754061Z"" + Z
4 (2)= 4 - (4.8)
1-0.7754061Z"" + 0.457933222

P do a v & -
NAUNIIN (47) lﬂuﬁﬁﬂ‘lmmﬂiﬂu‘llﬂﬂﬂTliﬂimnﬂﬂ’nuﬂmuﬂuﬂUHuGIﬂtm

Awmiaves Iwa Flsdagilii 4.4 uazrHanoUAUBIVINALATH AR 3R 4.5
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W47 msmeumusImuInadon L (Uu) uazwanaTuB I aden YA (@19) ¥4

vosilaiduniolon 4 (2)

WounuaumsN 4.7 uaz 4.8 asluaunis 4.1 v Idaumsilendunio Towlu Tawy

v
@

& o 4
YOI Z FIATINUNITNIDIANNDMAIN

H, o (2)= 2:0865190700+0.15752017582"'+0.15752017582 % +0.08651907002"3
Lp(2)=

1-1.0603012208Z " '+0.6788426531Z "2 0.13046294052 3

(4.9)
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WoMMsUnuaNNIsh 4.7 uae 4.8 asluaums 4.2 te ldaumsiendugioTouly

b4
v A

] o o
Tﬂmu‘um Z WQﬁi\iﬂ‘U’Ni)iﬂii)\lﬂ’)'lilﬂq{lﬂﬂu

M. (2)=0:3714141758+1.06338923142""-1.063389231422+0.37141417562°3 .10)
i 1-1.0603012208Z" '+0.678842653122- 0.130462940573

- 4 [ ] : ' Vo &
INAUNITN 4.9 Lag 4.10 ﬂzmu'lﬁ"'nﬂwmmaumuuaamﬂmﬁumsﬁmmmum

& o o ° ' - & 4 1 o ' S -
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MATLAB

DANUUUAUKLLINETNTDY
AuuAdnlsranseasiaidudielaunas Pole Interlacing Prototype
AUIUMIABLAURIANTR RNt umielay

C ++

Anaumsidaglugy signed 2's complement
#93IN4 Verilog HDL el lumswanuY FPGA

Xilinx ISE
DANUUUNNT NAFDY uazTﬂ:unsmi"ig FPGA
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5.2 M390AUVYIIDIATOAT01I03AIHIININTOIMAENUANNDIIUAD VUMY

& o ¢ a
11]111]918“7‘1'15 ﬁ%a'N'N%iﬂiﬂﬁTﬂl?ﬂ{luﬂl'JﬂfﬂllUUﬂﬂﬂ'VI'Ni]ZIiuaugﬂﬂllU'Uﬂy'JUﬂ'ﬁ

° ' wa a 2 ' £ { o wa
ﬂ'l"llﬁﬂ'lf]ﬂlﬁﬁﬁﬂﬁlléfﬂﬂﬂ»ﬂﬁ‘i)ﬁ1111111ﬂ811°1i\31ﬂu'3\1ﬂiﬂﬁﬂ\iﬂ'J'lllaﬂ'ﬂﬂﬂﬁf]ﬂlﬂllim‘llﬂﬁ'NﬁS

Aunpuiduded
NIINTDIAULLY gaaldn dudu 3
A lumsdu 48 KHz
HOUAIND VORI o, 3 KHz
wouANNAvOUNYR @, 13 KHz
msnszitealutovsiy &, 0.002 dB
m3aaneu luuauvya S, 35  dB

o v ' d o ¥
nndesmuadenanansamiensudiolowldisy

0.0650659 +0.0951390- Z™" +0.0951390- Z % +0.0650659- Z~

S:l
1-1.3724767-Z7 +0.8860779-Z > -0.1931912. 2" e

H(Z)=

ndsnnldileddudisTouduuuuninaunisii s.1) snsonon¥ediusdiuuveanasauas
o vvesreailandun1oToud 033 Pole interacting prototype 9% 142993n3099NEUANNDHIY

aosarumsitu

-0.3792592+ Z""

Z)= 2
4(2) 1--0.3792592-Z"" s

uag

0.5093910-0.9932175-Z"' + 72
1-0.9932175-Z7" +0.5093910- 22

4(2)= (5.3)

&£ dao do 1 { U . 4
Feilaiduarwlou 4,(2) uaz 4 (2) duilesFudroTouiiGonda All-Pass function 7
mmmﬁmﬁ’uma?mflmas)snsmﬂ'Jmﬁéiw’fuuuuuazawsmmmmﬁqa‘lﬁ'muaumsﬁ (5.4)

uag (5.5) Muaay
(2)+4(2)
2

H,,, (Z)= AO(Z);AI (Z) (5.5)

Hpp (Z) = 4 (5.4)
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dieldmflaidutioTon 4,(2) uaz 4 (2) WuilendudioTeudidhuasesnseandmaainimg

o é o " 4 @ 4
u1'n1msa%"twwzﬁﬂameuuq’fauﬁaumﬁ'ﬁmsﬁﬁgnIﬂumNTﬂuﬁTmaﬁ%’um;ﬂﬁ 5.4

u(n)

1/

Ao(2)

Aq(2)

-1

yu(n)

yu(n)

JUn 5.4 Tassaivonssasealeneiiadnnesnsemndnmidmudeuudiy

vnglii 5.4 annsaainanesnies 4,(2) uaz 4 (2) dwlnsaadrendiamanimsnszeielae

' o i) A/
wimdulszdnsnnanms 5.2 uoz 5.3 madremsuilages 181

M3l 5.1 mduszdndvesmsiailaguiniladsucv Tounnaumsi (5.2)

X(n) X(n-1) Y(n-1) Output

0 0 0

0 0 1 b
0 1 0

0 1 1 1-b,
1 0 0

1 0 1

1 1 0 1+b

1 J o - Q‘ o J :
Ml 5.2 MduszdntvesmaallaguinilsdsucioTounnaumsi 5.3)

X(n) X(n-1) X(n-2) Y(n-2) Y(n-1) Output
0 0 0 0 0 0
0 0 0 0 1 -b,
0 0 0 1 0 -b,
0 0 0 1 1 -(b, +b,)
0 0 1 0 0 1
0 0 1 0 1 1-b,
0 0 1 1 0 1-b,
0 0 1 1 1 1-(b,+by)
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MINN 5.2 7D

0 1 0 0 0 b,

0 1 0 0 1 0

0 1 0 1 0 b, - b,
0 1 0 1 1 -b,
0 1 1 0 0 1+b
0 1 1 0 1 1

0 1 1 1 0 1+b,-b
0 1 1 1 1 1-b,
1 0 0 0 0 B,

1 0 0 0 1 b, - b,
1 0 0 1 0 0

1 0 0 1 1 -b,
1 0 1 0 0 1+b,
1 0 1 0 1 1+b,~b
1 0 1 1 0 1

1 0 i 1 1 1-b,
1 1 0 0 0 by+ b
1 1 0 0 1 b,

1 1 0 1 0 b,

1 1 0 1 1 0

1 1 1 0 0 1+b,+b
1 1 1 0 1 1+b,
1 1 1 1 0 1+b
1 1 1 1 1 1

INMI19T 5.1 waz 5.2 annsnth lladaWdmsadlagilgammy Froa Taslduua
lumsifudeya 16 Gin uAimiaenu 8 Sumisas 32 fumia Fsmnesnuvudae
Tnssaf1auuunse (Direct form 1) 921 umiton Ui wngs 128 Srumis Fawnn
nawidA Asaaalumsed 5.3 Wumsuls uumuumﬂwuﬂumsaammumsm?lﬁmmq
'Nwnsamaanuuumu'iﬂsmmunummmmu:nnmaanumm's0ﬂ'ianasummmqu
11429930509 2 9 Tn590319909 Direct form 11 LAZHLY FIR 92 ‘hmunmmmﬁlﬂ@mm‘fu

Wi luvasii Tnssa ey Two parallel All-pass vy
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a 4 4 ] ) ) )
MINNS3 wuw1uﬂ15ﬂﬂﬂuunﬁ'ﬁ1@!?]9\%1]03']3“55‘15ﬂ\rﬂﬂﬂﬂu'ﬂUﬂ'JUTﬂiQﬂﬁ‘NllUUﬂ’N"]

Type Filter 2 Band Crossover
3" Order Direct form II 128 256
16 Tab FIR (REMEZ algorithm )* 64K 128K
Two parallel All-pass filter 40 40

“a 3 1 a -: {
* unsdsnnuguanidvesieesnsesdunuuiidy 1R uaziimseenuuyInoase hild1dimadinaniud

MUWANUT

Z ! a ¢
53 Tﬂsa'a%'wmi)sﬂsmﬂanasamvaamnf'ﬂﬁxﬂmmlﬁ'uﬁuysmuu FPGA

1uuwnmum"lﬁ'nanmmmammmafusﬂsaa‘ianasmmmsﬂw‘lmﬂﬂmmuauusm

un'lumsanwswu FPGA uu'lammmmwsnsmswma aan‘lﬂmmmnunam LNUADNS

innufernniifesninnanisnsymuosedaaduiad Sarmetesninaueralums
nanna “nﬁq;tymnanwsﬂﬁ'uﬁ'iytym?a'aﬁNadaszuuiﬂusauﬁaumniﬂuuﬁmﬁqzﬂﬁ 5.5 11y
suviimngsalvenssasealonsfiiane filiimmFuduanysel uazgif 5.6idurnesnsen

Tonesiianesamirladsuy FPGA

Wi 5.5 29vsnsenTonesiianeai IiiaFadumiysol
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O win)

O yuin)

3 5.6 Insaadnsesnsealenesilanesauuuaeamaiini et FPGA

nnlnssainvesisnsedlenediianesndezyi 5.6 Suilulnssadrefilinaneuauoms
enFadudsl@nanluuniiriuymdniu annsoutisesnitlunindeg ododensesnuuy
UM FPGA ouldun

Tu@aﬁ?nﬂfﬁaﬁnwﬁncf (Multiplex switch)

Tugandudeyniai 1uan1939 (Real-time time reversal)

Tuganisaan (Delay)

Tugansosnmdvnlassadwuundiamanimsnizao

5.4 MI0ONNVVINDIAINTIamNEnT

4 o "

Ui 5.6 esaIndaziioguesdmldud daunsandenndeesndudyealy

[

1221939 (LIFO) uaz'd".mﬁi'mﬁmmm1mnsnsm¢°f'muuazﬁadn

v o

5.4.1 MI0ONUVUNISTINYIaANENTT 1N 1 (Multiplex switch)
awsﬁ?n‘fﬁauusnilzti‘lumnﬁanﬂﬁuﬁq;iym“lﬁﬁmaﬂsnsmmmﬁmuun?aqﬁdn
b4 »
Tastidanazadumsiauiunn L usuda Tavasvsnsean lilddyaraunnisesndudyau
o J Y o 9 & o ' o & a a o’dy Yt
NIQNABIYINUYOYA “0”  Fuaiouaeadns1anlu FaludnoiinusioonuuuIiiinig
@ U4

v i d
Uszwanaving 16 da Aniutavesnsesaindgausnilesiiniy 16 Tn fifydnysinazleesd

q1lii 5.7
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2y, o

a.)

b.)
3N 5.7 dgydnual (31 2) uazTaseadia (31 b) vesrssadinddu 1

= ° ] v a 4 o ° a
111993 U3t 5.76) munsmir lliGougavnwedureeriauas Tasimuadunauas
o a a a o o o dy
w1nAvuIA 16 1in Taoll RL iWludyapaniuqunsiadndndsai

module SW1(RL,Di,DT,DB);

input RL; # Multiplex control

input [15:0] Di; ¢ Dawa input

output [15:0] DT; # Data output to top Filter
output [15:0] DB; /- Data output to Bottom Filter

assign DB[15:0] = Di[15:0] & {16{!RL}};
assign DT([15:0] = Di[15:0] & {16{RL}}:

endmodule

o o o - > g J o
nIdaesmaiaulagimualidoyaduna Di fignaaunulasdygio RL eveldnasiaes

¥ Q Y

mamauasgUi 5.8 Taosuu 18 hdeyaszgndsildaering DT oz DB aduiy

¥ Vv

fr_swirL " = |

[T_SW1/Di 0000 10021 Jooo2 fooo3 10004 0005 Ioo«is Jooo7
JT_SW1/DT 0000 10001 10002 10000 100(:6 10007
JT_SW1/DB 0000 J0003 J0004 0005 XOOT)

4 ° ° a Jd 4
317 5.8 rams$raeamahannesainddauii 1



72

a s ¢

5.4.2 MIVONUVVINVIAINYNaRNaNT a1 2 (Multiplex switch)
a Rl - ° 9 a @ a a 9 U
NIAMFAUN 2 Miminnadudyganldnniesnsesnnudduuuiazduaislan
I g

4 o 3 - ' a é o o g
nidamazadumsninunng L usuidlalasfivinadeyaniiy 16 Uagaldydnysiiazasd

JUn 5.9

L N\
e | J Snterecs

b

i 5.9 daydnwal (31U a) uaz Tnssadie (1) b) vesrasainddaud 2

91112993 1U31% 5.9(b) annsaih ldeudaonwiofnuaiauniTashmuadunauas

o o v a o o o
1wnavn 16 On Taoil RL iudyaumunumsiaamandsai

module sw_3(DT,DB,LR,A1,A2);

input [15:0] DT; /7 Data input Bottom Filter
input [15:0] DB; /# Data input Top Filter
input LR; /# Multiplex control

output [15:0] Al; #  Data output to Delay
output [15:0] A2; ## Data output 1o Adder
wire [15:0]wl;

wire [15:0]w2;
wire [15:0]w3;
wire [15:0]w4;

assign w1[15:0] = DT[15:0] & {16{LR}};
assign w2[15:0] = DB[15:0] & {16{! LR}};
assign w3[15:0] = DT[15:0] & {16{! LR}};
assign w4[15:0] = DB[15:0] & {16{LR}};
assign Al =wl|w2;

assign A2=w3|w4;

endmodule
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o 3 a do a d do a g H
‘lumsmammsmam'um'[nqammmamwanmmﬁamaztnummﬁvmmﬁaa (Al, A2)9g
v ' Y
{aendeynInduya (DT, DB) fnnaesnsesnad Tassssimsadudeyannasi L s

wasuasdaanalugiii s.10

JT_SW3/DT 50 49 48 47 46 45
/T_SW3/DB 0 1 2 3 4 5
fsw3R | l 11 11 [T 1 O

[T_SW3/A1 0 50 o I Jao i b Js B o I3 I+ J4s s 5 Jss

fswya2 50_Jo_ | Tso _{9_]1___{49 _148 2 [ Js _‘ a7 3 | Ja _1 a6 _ja_ | Jas_Jas J5_|

L]

31U 5.10 wams$raeamsihanesadnddaud 2

5.5 299 3nauayaNaduIa1939 (Real ~time Last In First Out)

ms1Jszumwaﬁ'q;tymﬁ'imomamwsnifNmmﬁuuuueuﬂamaaﬁmmauazqa'lé’
o & g L) 4
WuaueuNANY 32, 33] dvvzilsznoudivsssndudyanslunniess 2v3nsesnnui Tae

UerAAag N 5.11
x(n) a(n) f(n) b(n)
O Time N Filter Time e
Reversed H(z) Reversed

3 5.11 Tnssansesnssanuy hidluneveaiannsaadisldei

v ¥
vngIil 5.11 smruhdyanaBun x(n) wonflouruesndudyanuniios L uwy

b ¥ " 4
Wanmiuszgndaliiursnsesnnuuazgailoudhdrsndudyanasnndlasamse

v
=1

Aoulugdaumsnolen'ldne

AZ) = X(z") (5.6)
F(Z)=H(Z)- X(Z_l) (5.7)
B(Z) = F(Z_]) = H(Z_])-X(Z) (5.8)

udamvenwsndudyana mwauazga l8inaueIsmsainlaoldees s amos

. ¥
lumsivdeyaTaviiodyanadunalundozuaudadnnzgnifuasuiisane foun e

@ W

AsuMANNEINEndUFya M (L)
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Input Input Input Input Input
—p1 x(0) —>1 x(1) —>{ x(2) —>1 x(3) -1 x(4)
0 x(0) x(1) x(2) x(3)
0 0 x(0) x(1) x(2)
0 0 0 x(0) x(1)
0 0 0 0 x(0)
output output output output output
0 0 > 0 p—> 0 > 0 >
n=0 n=1 n=2 n=3 n=4

= ]
1IN3UN 5.12 aziviy

gnideudeyanigmiuTiaau

U1ANNY L+1

3N 5.2 myvhauveaesndudayanalunaeseii n-o g 4

output

Input

Input

A4 g 9 9 © o a = d
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x(3) x(2) x(1) f—
x(2) output x(1) output x(0) output
x(1) x(0) x(5)

x(0) x(5) x(6)

x®) Input 316) Input il Input
x(6) —  x(7) -] x(8)

n=6 n=7 n=8

30 5.13 mavhamwensesndudayanalunmeseii n=s 1 9

v
Tunswilade 1 Tasvuiavesi s amefosiinany

x(0)

x(5)

x(6)

x(7)
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x(9)

Y

m

AMNUY
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wundudygnannlasuihiSaneidumgamudausuandluglii 5.13

Input Input Input Input Input

-1 x(10) —1 x(11) —>] x(12) -1 x(13) —> x(14)
x(5) x(10) x(11) x(12) x(13)
x(6) x(5) x(10) x(11) x(12)
x(7) x(6) x(5) x(10) x(11)
X8) output X7 output X€) output X(8) output xi10) output
x(9) p—> x(8) > x(7) p—> x(6) f——> x(5) p—>
n=10 =11 n=12 n=13 n=14

3N 5.14 msvhavenesndudyaalunainieit n=10 §9 14
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uanaluglii 5.5 (2) msheamvenssndudygialunanieiadneniessilisanes (b)
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D, |
- M output g
M P! 1
Input U D, v
:
D’
= D,., l"'j [ o |
Floor{n/L) > D,
O Input 2 2
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- Hfiamesuuy vuueeneynsuvuia 16 1in (16 Bit PISO)

- FTimmesuuy L‘i’fmqnsuaanaqﬂswmﬂ 16 1Jm (16 Bit SISO)

- wenfyainesvua e in uuuAawsesmany (16 Bit Accumulator)

- e uldYYUAUgUTMIZMIRIaN (System clock)
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module LUT(Di,Y);

input [1:0] Di; A Data input
output [7:0] Y; /7 Data output to top Filter
always @(Di)
begin
case (Di)

2°d0:Y <=8’ d250;
2’ dl:Y <= 8"d200;
27d2:Y <=8dl50;
2°d3:Y<=8d100;
default : Y <= 16'b0;
endcase

end

endmodule
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2°x16 Bits
LUT
Xn
Xn_1
Xn_2 +>
F{}
Yn_2 16 Bits
Yn_1
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5.7.2 msaemmu?xﬂ?ﬁmﬂa'fuuun’fwumaaneunmwm 16 Uf (16 Bit PISO)

a Jd a [ {
M3vRNLULNIIFUT amosuuuishvueeneynsuua 16 Uanaanegli 5.24 i i

e = o & d‘ '
xi‘luauwmm_ﬁ 16 indl Do deygyrouoIAnm el lumsniuguldun Sida ®sT) Inan

o o a o [
Joya (LD) uazdyganniim (CLK) AT uss AT sl

¥

output Do;

reg [16:0]dat;

begin

if (RST)

else begin

if('LD)

else begin

end
end
end

endmodule

module PISO(Di,Do,CK,RST,LD);
input [width-1:0] Di CK,RST,LD;

assign Do = dat[0];

dat[16:0]=0 ;

dat[16:0] = {0,Di};

dat[15:0] = {dat[16:1],0};

always @ (posedge CK or posedge RST or negedge LD )
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74> Di<15:0>

—p CLK
- LD
RST

Do ——p
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5.7.3 m3venuuuiFBaneinuy ieynsuseneynsvng 16 B (16 Bit SISO)

mM3eenuuLNIFUTVame fuuudhoynsusoneynsuug 16 Dauaadagiil 5.26
Tneiidi Di ihduma Do i dygraueiiyn el $lun1snounuldus 11 (RST) uag
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——p CLK Do ——p
- RST
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module SiSo(Di,Do,CK,RST);
input Di,RST,CK;
output Do;
reg  [15:0]dat,Do;
always @(posedge CK or posedge RST)
if (RST) begin
dat[15:0]=0;
Do=0;
end
else begin
Do=dat[15];
dat[15:0] = {dat[14:0],Di};

end

endmodule
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5.7.4 M3venuVIeRR YRR TNNAL6 T HuuRAnSeanINg (16 Bit Accumulator)
?hu1Js:naunw"lu‘umuanf‘hymmas"?iﬁmuaammuuﬂmﬁqgﬂﬁ 5.28 Fufuaeesuan
auva 16 Sauvvimnieannelaedi (A) uas (8) Wudunadau (v) ihuordyavig 16
iaaunsanunumsuinaudeyadodag i (add/sub) annsoloudionetueefauadly
’

e

]
U



83

module acc(A,B,Y,Co,Ci);
input [15:0] A, 15:0] B,Ci;
output [16:0] Y,Co;

wire [15:0]Do,t1;

reg [16:0]result;

assign Y[16]=Co;
assign Y[15:0] =

endmodule

assign Do=B"{16{Ci}};
assign tl = A[15]"Do[15];

assign Co = result[16]/t1;

result[15:0];
always @(A or Do or Ci)

result= A + Do + Cj;

e

ADD/SUB
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FPGA snﬂcmsﬂmm'lﬂu miwmmfn"swnunnmsmmsumws 511!71\311?]?1’)111 ﬂ'liJ'liﬂﬂ'N“]

Yl’Ni)i fT'liJ'lSﬂYI'N'I‘N 1?15’Jlﬂ‘l.liluﬂﬂﬂ1iI‘1’Q1Nﬂ5WU1ﬂiﬂ101u FPGA ﬂﬂﬂﬁlﬂﬂﬂﬂuﬂﬂﬂuﬂ"ﬁ‘lﬁﬂ

53mu

i o 3 3 '3
AN 5.4 nansdaunssiides Tugavearsesnsoa Tenesitanedn

Device utilization summarizing PAPF DELAY LIFO SwWi1 Sw2
Selected device : XC2S2000 144 - 5 (L=300) (L=150)

Number of Slices (1920 Max) 175(9%) | 19(0.98%) | 529 (27%) | 18 (0.93%) | 18(0.93%)
Number of Slices Flip Flops (3840 Max) 240 (6%) | 18(0.46%) 42 (1%) -

Number of 4 input LUTs (3840 Max) 316 (8%) | 34(0.88%) | 646 (16%) | 32 (0.83%) | 32(0.83%)
Number of bonded I0Bs (97 Max) 81 (83%) 33 (34%) 34 (35%) 49(50%) 65(67%)
Number of BRAM:s (12 Max) - 1 (8%) - - -
Number of GCKs (8 Max) 1(12%) 1 (12%) 1 (12%) - -
Maximum speed (MHz) 220.216 143.730 85.844 -

* PAPF (Parallel All-pass Filter), LIFO (Last In First Out), swl (switch multiplex 1), sw2 (switch multiplex 2)
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%2 ways crossover design

close all; clear all; clc; format long;

FS = 48000; Fn = FS/2;

MANUIN .

Wp = 3000Fn; Ws = 13000/Fn; Rs = 35; Rp = 0.002;
(n, Wn] = ELLIPORD(Wp, Ws, Rp, Rs);

tb,a]= ellip(n,Rp,Rs,Wn);
zr = roots(b);
pl =roots(a) ;

Bo=(pl(n*pl(2) (pl(1y+pl(2)) 11;
Ao=1 -pl(n+pl (2 pl(1y*pl(22;

Bi=-(pl(3» 1;
A= -pl(3y;

Ni1=o.5+conv(Bo,An);
N2=o0.5+*conv(B1,Ao);

D = conv(Ao,A1);
NL = (N1+N2);
NH = (N1-N2);

(HL,T] = freqz(NL,D, 1000);
(HH,T] = freqz(NH, D, 1000);

t = 1/1000:1/1000:1;

semilogx(t,zo'loglmabs(HL)),t,zo‘Iogm(abs(HH)))

axis([o1-805))
grid;
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#include <stdio.h>

#include <math.h>
#include <conio.h>
#include <string.h>
#include <stdlib.h>

double a[so] ;

double su;

double Q,qq,b,c,ii,k;
int Bit,Do,Di,i,j,S;
int ind;

FILE *fpo,*pFile;
void main(void)

{

int tab[20];

char file1[10]="default.v";
char file2[10]="tab.txt";
char str[20] ;

int K;

103

//*********************************#**********************************#*****

printf("Generate Distribute Arithmetic\n");
printf("\n Enter coefficient file name (tab.txt):");
gets(file2);

pFile = fopen (file2 , "r");

if (pFile==NULL) perror ("Error opening file");

else
{
for(i=0;i<100;i++)
{
if(fscanf (pFile, "%s", str)==1)
a[i]=atof(str);
else
break;
}
fclose (pFile);
}
K=i-1;

printf ("Scalling factor = %f \n",a[K]);
for(i=0;i<K;i++)

{
a[i] =(double)(a[i] * a[K]);
printf ("Coeficient of a(%d) = %f \n",i,a[i]);
}
printf{("\n Enter output file name (default.v) ")
gets(filel);
if (pFile==NULL) perror ("Error opening file");
else

{
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fpO=fopen(filel,"w+");

printf("\n Input Data Bus : %d\n",Di);

Do = 16;

Bit=Do;
”**************************************************************************

Q = pow((2),Bit);

qq = floor(a[0]*(Q-1))/Q;

b = pow((2),Di);

¢ = pow((2),Do);

printf("Q = %10.0f \nB = %f \nC = %f \n",Q,b,c);

Bit = Bit-1;
Di =Di-1;
Do =Do-1;

”**************************************************************************
fprintf(fp0,"module coef1(Di,Do);\n");
for(ind=0;ind<Di+1;ind++)
{ .
fprintf(fp0,"// coef(%d) = %f ;\n",ind,a[ind]);
}

fprintf(fp0,"\tinput[%d:0]Di;\n",Di);
fprintf(fp0,"\toutput[%d:0]Do;\n", Do);
fprintf(fp0,"\treg[%d:0]Do;\n",Do);
fprintf(fp0,"\talways @(Di)\n\tbegin\n\t case(Di)\n");

”*******************#**#************************************#*************#

for(i=0;i<=9;i++)

tab[i]=0;
for (i=0;i<=b-1;i++)
{ .. .

ii=i;

for(j=0;j<=Di;j++)
{

k = pow((2),(Di-j));

if(k<=ii)
{ ii=ii-k;
tabfj]=1;}
else
tab[j]=0;
}
su=0;
for(ind=0;ind<Di+1;ind++)
{
printf("%d ",tab[ind]);
su = su+(a[ind]*tab[ind]);
}
printf("= %f\n ",su);
coef(su);

”**************************************************************************
fprintf(fp0,"\t  default : Do <= %d'b0;\n",Do+1);
fprintf(fp0,"\t endcase\n\t end\nendmodule");
fclose(fp0);
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module SW1(RL,Di,DT,DB);
input RL;
input [15:0] Di;
output [15:0] DT;
output [15:0] DB;

assign DB[15:0]=Di[15:0] & {16{!RL}};
assign DT[15:0]=Di[15:0] & {16{RL}};

endmodule

module sw_3(DT,DB,LR,A1,A2),
input [15:0] DT;
input [15:0] DB;
input LR;
output [15:0] Al;
output [15:0] A2;
wire [15:0]w1;
wire [15:0]w2;
wire [15:0]w3;
wire [15:0]w4;

assign wi[15:0]= DT[15:0] & {16{LR}};
assign w2[15:0]= DB[15:0] & {16{! LR}};
assign w3[15:0]= DT[15:0] & {16{! LR}};
assign w4[15:0]= DB[15:0] & {16{LR}};
assign Al =wl | w2;
assign A2=w3| w4 ;

endmodule

module LIFO3(Di,Do,CLK,CLR,LR);
parameter L=150;
parameter width=1s;
input [width-1.0) Di;
input CLK;
input CLR;
output LR;
output [width-1:0) Do;
reg st;
reg [width-1:0) ramo[L+3:0;
reg [width-1:0) rami[L+3:0);
reg [7:0)count;
reg [width-1:01x;
reg [701¢i; // counter up to L
reg [7:01co; // counter up to L
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integer i;
initial
begin
for (i=o0; i <L+43;i=i+n
ramofi] = o;
rami(i] = o;
end

assign LR=st;
assign Do=x;

always @(posedge CLK)
begin
if(CLR) begin
co=1L;
ci=u;
st=o;
count = 2ss;
X =0;
end
else begin

count = count+r;
if(count == L) begin
count = o;
st=lst;
if(st) begin
ci=ci-;
co=co+1;
end
else begin
ci=ci+y
CO=COo-1;
end
end
if(st) begin
ramo[co] <= Di;
X = rami(ci] ;
co=co+ri;
ci=ci-u;
end
else begin
rami(ci] <= Di;
X = ramo[co] ;
ci=city
coO=co-1;
end
end
end

endmodule
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module Z_Del(Di,Do,CIk,CLR);
parameter L =300;
input CLR;
input [15:0) Di;
output [15:0] Do;
input CIk;
reg [15:00ram[L+1.0);
reg [15:01x;
reg [8:0] ci;
reg [s8:0] co;
integer i;

initial
begin
for (i=o0;i<L+1;i=1itn
ram[i] =o;
end
assign Do=x;
always @(posedge Clk)
if(CLR) begin
X<=0; Ci=0; CcO=0
end
else begin
ram[ci] <= Dij;
X <=ram[co];
co = coti; ¢ci = cit;

if(ci==L-1
cO=0;
elseif(ci=1L)
ci=o;
end
endmodule

module acc(A,B,Y,Co,Ci);
parameter width = 16 ;
input [width-1:0] A;
input [width-1:0] B;
output [width:0] Y;
input Ci;
output Co;
wire [width-1:0]Do;
reg [width:0]result;
wire t1;
assign Do=B~{16{Ci}};
assign t1 = A[15]"Do[15];
assign Co = result[width]"t1;
assign Y[16]=Co;
assign Y[15:0] = result[width-1:0];
always @(A or Do or Ci)
result = A + Do + Ci;
endmodule



module PISO(Di,Do,CK,RST,LD);
parameter width = 16;
input [width-1:0] Di;
output Do;
input CK,RST;
input LD;
reg  [width:0]dat;
assign Do = dat[0];
always @ (posedge CK or posedge RST or negedge LD )

begin
if (RST)
dat[16:0] =0 ;
else begin
if('LD) begin
dat[15:0] = Di;
dat[16]=0;
“end
else begin
dat[15:0] =dat[16:1];
dat[16] = 0;
end
end
end
endmodule

module PISO(Di,Do,CK,RST,LD);
parameter width = 16;
input [width-1:0] Di;
output Do;
input CK,RST;
input LD;
reg [width:0]dat;
assign Do = dat[0];
always @ (posedge CK or posedge RST or negedge LD )

begin
if (RST)
dat[16:0] =0 ;
else begin
if(!LD) begin
dat[15:0] = Di;
dat[16] = 0;
end
else begin
dat[15:0] =dat[16:1];
dat[16] = 0;
end
end

end
endmodule
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Abstract
This paper presents an implementation of allpass complementary using identical cascade linear phase IIR
filters and both transfer functions have the same polynomial degree. The proposed circuits have a high
attenuation at both stopband magnitude response complementary by using the allpass filter. From simulated
results, it is shown that the stopband attenuation has 4 tune of steeper rate than does the conventional filter.
Their magnitude behavior is still an all-pass property.

Keywords : Allpass complementary filter, linear phase IR filters, stopband attenuation
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An Implementation of Digital Crossover Network by using Perfect Linear Phase
IIR Filters

J. Orsawat, D. Sookcharoenphol and K. Janjitrapongvej.
Information Dept., Faculty of Engineering, King Mongkut's Institute of Technology Ladkrabang
Chalongkrung Road, Ladkrabang Bangkok THAILAND
Email: ksdolcha@kmitl.ac.th

Abstract

In this paper, the implementation technique of digital
crossover network using perfect linear phase IIR filters is
presented. This system has various advantages which can
not be obtained from analog crossover network such as
linear phase response, flat group delay and sharp cut-off
at low-order over audio frequency band. The simulation
results show thut the group delay iesponse is maximally
flat and twice more attenuation in stop-band than the
prototype elliptic IIR filter at all desired frequency.

1. Introduction

Classical design of two-way digital crossover networks
consist of low-pass filter and high-pass filter to split the
audio signal into low-pass signal and high-pass signal, and
each feeding to a separated loudspeaker. However, the
amplitude, phase and group delay distortions can not be
eliminated and it is difficult to achieve perfect
reproduction [1] and [2]. We can derived the odd-order
digita' low-pass filter using the Bilinear transform and it
can be implemented as a sum of two all-pass filters [3].
Two stable all-pass filters (APF) which transfers function
pairs that is satisfied to all-pass complementary property
was pioposed by Regalia and et al [4]. It is well known
that this two stable APF have less sensitivity and circuit
complexity than the classical design. An implementation
of the all-pass complementary filter pairs as the sum and
difference of all pass functions is shown in figl

y (n)
u(n) A (2)

yu(n)
A(2)

Fig. 1 Two-parallel APF is implementing of two-way
crossover network.

The implementation of iwo-way digital crossover can be
derived by using two-parzllel IIR all-pass function as [5].
We can write in the expression of low-pass filter and high-
pass filter. Transfer function is given as follows

s )
HLPF(Z) = 3 Ao(z)+ AI(Z) ()]

1
H gppi2) = 3(”‘0"’ —.A](z)) @

where 4,(2) and 4(2) are stable APF

2. Linear Phase IIR Filter

An implementation of real-time linear phase IIR low-
pass filters was proposed by Powell and Chau [6]. Hence,
that system is possible to implementation of two-band
digital crossover networks. However Group delay distortion,
linear-time variant system and computational complexity
are complicated.

Fig. 2 shows an implementation of two-way digital
crossover networks using Linear Phase IIR Filter with
complementary filter pairs. In the system, input sequence
is time reversed on block by block using LIFO (last-in
first-out) and then sectioned-convoled with H, ,-(2)and

Hypp(2) 1O realize a real-time recursive implementation of

the non-causal transfer function after time reversed by
LIFO again, the sequence passes through causal transfer
function H(z) to obtain a linear phase IIR filters

2.1. Perfect Linear Phase IIR Filters

We can derive almost perfect reproduction of audio
signal from two-way digital crossover network by using
perfect linear phase IIR filters [7]. This system can
improve both group delay distortion and linear-time
variance system to Linear-time invariant (LTI) of Powell
and Chau system by truncating infinite impulse response
method [8].

ISCIT 2003

- 828 -

Songkhla, THAILAND



[ Ay(2) | +)—¢4—o
A1(Z) =
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. H(z)
Z-2L
- L yin)
+ LIFO
L L -
H(z)
L
— H(z)
5 L yln)
LIFO +
L c "
H(z)

Fig. 2 Implementation of Linear Phase IIR Filter with complementary filter pairs

This method truncates the finite impulse response
of linear phase IIR filter to finite length by using 1IR filter
direct form !I to approximate a residue impulse response.
Then subtract from the IIR filter with the transfer function
H(z) and the output of the truncated filter is a finite
impulse response.

r-----.-----.-.-----.-----..--

: H(z)

y(n)

H (2) > z*

Fig. 3 Truncated IIR Filters

Impulse response of Hy(z) with L sample delay can
be defined as

h(n) n2L

hy(n-L)= 3

0 n<lL

where h(n) is an impulse response of IIR filter
H(z), L is sample length. We consider the direct form II
IIR filter (K-order) in rational transfer function as follow

ag + alZ-.l + 022—2 + ..+ aKZ_
H(z) = | = <K 4)
l—bIZ —bZZ —...—bKZ
where a,.ay .y and b by....by Ar€ real number

coefficients for efficient computational of H,(z), a

minimum order in this case is second order. Therefore, we
can rewritten Eq.(4) to the second order transfer function
and applied to two-band of digital crossover networks is
as follows

Truncated IIR filter for low-pass filter

-1 -2
¥ (z)=cL0+cLlZ +cL22
L-LPF f = -2

1-6,,Z " -b;,Z
(%)
Truncated IIR filter for high-pass filter

CHO + cH]Z._l + cHZZ_2

HL—HPF(Z) = 4 2 (6)

1€ leZ - szz

In Fig. 4 shows an implementation of two-way digital
crossover networks by using perfect linear phase 1IR
filters and the output signal of low-pass filter is y, (») and

the output signal from high-pass filter is y, (n).
3. Simulations

An elliptic H(z) is designed according to the
following specification

- Normalized frequency pass band @, = 0.5
- Pass band ripple & ™ 0.5dB

- Stop band ripple & = 20dB
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u(n)
0 LIFO

1 H pe(2)

Then, we can decompose the transfer function H(z) into
two-stable APF as follows

-07314+ Z :
Ag(F — 27~ ik )
1-0.7314Z
) =2
-0.6679 +0.1151Z  +Z
4,(2) = (8)

140115127 +0.66792 " ;

Then, we can substitution 4,(z) and 4,(2) into Eq. (1),

yields

0.2759+0.5121Z"" +0.5121Z* +0.2759Z"
H,. (2)=

i-0.0010Z" +0.6546Z " -0.0775Z"
&)

Similarly, we substitute Ag(z) and A,(z) into Eq. (2), yields

0.3920-0.4745Z"" +0.4745Z7 —-0.3920Z"

1-0.0010Z™" +0.6546Z* —0.0775Z"
(10)

HIIPF (z) =

Generally, the residual impulse response is governed
domainly by the poles of the transfer function nearest to

the unit circle in Z-plane. Therefore,#, ,,. and #, ...
can be approximated by 2™ - order function A,(2) using

pair of complex conjugate poles nearest to the unit circle.
Denoting the conjugate pole as z, andZ,, the numerator

of #, () are determined by equating the first three impulse

resonse samples of 7, (z) with the residual response

Fig. 4 Implementation of power complementary Perfect linear phase IIR filter by using over-lap add convolution.

Transfer function of #, ,,.() and H,_,..(2) can

be written in rational polynomial in Z-domain. It
minimum order is second order(n=2) given as follows

¥ G - 0.00034986 - 0.00262908Z W 0.000103422-2
o )= B s
el = 1+ 0.11514478Z . + 0.66791907Z *
(m
5 ©) 0.00034986 + 0.00262908Z = 4 0.000303632-2
) g 1+0.11514478Z & + 0.6679]9072“2
(12)
10
|
{
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|
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|
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2
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( ' 1
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Fig. 5 Summation of complementary system magnitude
response of prototype third-order elliptic IIR filter.
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Fig. 6 Summation of complementary system magnitude
response is flat response of proposed

10 .
1
1

Group delay (samples)

0 0.2 0.4 0.6 08
Normalized Frequency

Fig. 7 Vlpper trace shown the group delay variation of
prototype filter and lower trace shown the group delay of
proposed system

4. Conclusion.

An implementation of two-band digital crossover
networks by using perfect linear phase IR filters is
presented. The simulation results of proposed system
show that group delay variation is flat as show in fig 7.
magnitude response is twice attenuation in stop band in fig
6 than does the prototype filter in fig 5 their impulse
response of both low-pass signal and high-pass signal are
symmetry at the peak amplitude.
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Fig. 9 Impulse response of propose high-pass filter y,, (v)
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Finite Word Length Effect of Digital Crossover Network
Using Perfect Linear-Phase IR Filters

C. Kanna, J. Orsawat, D. Sookcharoenphol and K. Janjitrapongvej.
Information Dept., Faculty of Engineering, King Mongkut's Instinue of Technology: Ladkraba:g
Chalongkirung Road, Ladkrabang Bangkok THAILAND

Email: s5061106@kmitl.ac.th

Abstract

In this paper. the implementation technique of digital
crossover nenvork using perfect linear phase IIR Silters is
prcsenle(/. This system has various advanlages which can
not be obtained from analog crossover nenvork such as
linear phase response. flat group delay and sharp cut-off
at low-order over audio frequency band The simidation
results show that the group delay response is maximally
flat and twice more anenuation in stop-band than the
',;mml)pe elliptic 1IR filter ar_all- desired Jrequency.
Simulation results show that the finite word length effect
10 stopband attenuation of proposed nvo-band digiral
crossover is acceplable and all-pass function is - also
preserved.

1. Introduction

Classical design of two-way digital crossover
networks consist of low=pass filter and high-pass filter to
split the audio signal into low-pass signal and high-pass
signal, and cach feeding 10 a separated loudspeaker.
However, the amplitude, phase and group delay distortions
can not be eliminated and it is difficult to achieve perfect
reproduction [1] and [2). We can derived the odd-order
digital low-pass filter using the Bilinear transform and it
can be implemented as a sum of two all-nass filters [3).
Two stable all-pass filters (APF) which transfers function
pairs that is satisfied to all-pass complementary property
Was proposed by Regalia and et a! [4]. Tt is well known
that this two stable APF have less sensitivity and circuit
complexity than the classical design. An implementation
of the all-pass complementary filter pairs as the sum and
difference of all pass functions is shown in Fig.1

y(n)
u(n) Aq(2) +

1/2 ¥, (n)
A1 (Z) | -

Figure 1. Two-parallel APF is implementing of two-way
crossover network. '

The implementation of two-way digital crossover
can be derived by using two-parallel IR all-pass function
as [5]. We can write in the expression of low-pass filter
and high-pass filier. Transfer function is given as follows

1
1o TR :('%"'”‘ '*,“’) (M

]
HHPIf(:)::‘\'1‘0“:’\_'41(:)) 2)

where 44:) and 4(z) are stable APF

2. Linear Phase IIR Filter

An implementation of real-time linear phase 1IR low-
pass filters was proposed by Powell and Chau [6]. Hence.
that system is possible to implementation of two-band
digital crossover networks. However Group delayv distortion.
linear-time variant system and computational complexity
arc complicated.

Fig. 2 shows an implementation of two-way digital
crossover netweorks using Linear Phase IR Filter with
complementary filter pairs. In the system, Input sequence
is time reversed on block by block using LIFO (last-in
first-out) and then sectioned-convoled with H, pp(:)and

H pp (<) 10 realize a real-time recursive implementation of

the ‘non-causal transfer function after time reversed by
LIFO again, the sequence passes through causal transfer
function H(z) to obtain a linear phase IIR filters

2.1. Perfect Linear Phase IIR Filters

We can derive almost perfect reproduction of audio
signal from two-way digital crossover network by using
perfect linear phase IIR filters {7). This system can
improve both group delay distortion and linear-time
variance system to Linear-time invariant (LTI) of Powell
and Chau system by truncating infinite impulse response
mcthod [8].
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Figure 2. An implementation of all-pass complementary perfect lincar-phasc IR filters by using overlap add convolution.

This method truncates the finite impulse response
of lincar phase 1R filter to finite length by using IIR filier
dircct fonm 11 to approximate a residue impulse rcsponsc.
Then subtract from the [IR filter with the transfer function
H(z) and the output of the truncated filter is a finite
impulse response.

e T oA - T e s sislaias "
f 1 H(z) mm :

x(n} s hi(n)
— 5/ %
: H &) H, (n) * H(nt) ¢

Figure 3. Truncatcd IR Filters

Impulse response of Hy(z) with L sample delay can
be defined as

h(n) n>L
hL(n—L)z 3)
0 n<L

where h(n) is an impulse response of IR filter
H(z), L is sample length. We consider the direct form 11
IIR filter (K-order) in rational transfer function as follow

=4 =2 —
ao+aZ +a,Z +..+a,Z
H N 1 2 K
(2) = -— —— (@)
l—b]Z —bZZ —...—bKZ
where aayay and b.b,..b, are real number

cocfficients for eflicient computational of H,z), a

mimmum order in this case 1s second order. Theretore. we
can rewrittein Eq.(4) 10 the second order transfer function
and applied to two-band of digital crossover networks is
as follows

Truncated IR filter for low-pass filter
2

| oppezs RCY v i ¥ .
s \pr (ELE ! 3 ()

l‘buZ —h[‘._,'/_

H

Truncated IIR filter for high-pass filter
- Py |
c +c IZ : e Z T
. HO H H2 ,
HL-HP/:(') 2 2 5 (6)
1-boNZ J ;192

In Fig. 2 shows an implementation of two-way dignal
crossover networks by using perfect lincar phase 1IR
filters and the output signal of low-pass filter is v 4 and

the output signal from high-pass filter is ¥,

3. Quantization of filter structures

All practical implementations of digital signal
processing algorithm have to cope with finite register
lengths. This lead to impairments of the filter performance
that become visible in different ways.

The filter coefTicients, which can be determined by
mcans of presented design algorithm with arbitrary
precision, can only be approximated by numbers with a
given limited word length. This implies that the
charactenistic of the resulting filter deviate more or less
form the original specification.
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Future effect such as the generation of noise and
unstable behavior are caused by truncation of bit_ which
become necessary ailer multiplications if we multiply for
instancc a signal sample with a resolution of a bit by a
coefTicient with a word length of bits we obtain a result
with (a+b) bits in recursive filters without that truncations.
the number of digits would increase by b after cach clock

cycle.

3.1. IIR direct form II structure
For the implementations of digital IIR filter structure
and quantized filter structure are shown as follows.

x(n)

O———q

)
x(n)

\
O,
<
=

(b)
Figure 4. (a) Third-order IIR direct form Il and (b)
quantized of third-order IR direct form Il structure

126

3.2. All-pass filter structure

z

Y{n)
+ X +
al
x(n)

z-‘l
=
Y(n)

(b)

Figure 5. All-pass filters(APF) structure (a) First-order
APF (b) Quantized of first-order APF

Z-‘I
Y(n)
»{+
a‘
Y-
+ X +
*—p 21
(a)

(b)

Figure 6. All-pass filters(APF) structure {a} Second-
order All-pass filters(APF) structure and (b) Quantized of
second-order APF structure
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4. Simulations Result

An elliptic low-pass 1IR filter H(z) (prototype filter)
s designed according to the following specification

3rd order Elliptic IIR Filter
CutofT Frequency (wp) =0.0136
Ripple iri passband (o'p )= 0.005 dB

Attenuation in stop band (&) =30dB

-40 -

=N

Magnaitude (aB)

0.2 04 0.6 08 1
Normaled Frequency

(a)

127

All  simulations results, we comparison
between the third-order 1R filter direct form 11 structure
as shown in Fig. 4 and all-pass IR filicr structure(based
on the structure as shown in Fig. 1) as shown in Fig. 5
and Fig. 6.

\

Magnituda (dn)

0.2 0 06 0.8 1
Normalzed Frequency

(o)

Figure 7. (a) Magnuude response of prototype elliptic HR filter (b) show passband npple magnitude response of LPF, HPF

and summation.

o

8

s 4

Magnitude (dB)
g
'

-120-
140 - -
160 - -
-180 -
200%3- = = 3 S e relasers wemaeEibi I |
[ 02 04 0.6 0s 1
Normalized Frequency
()

Magnitude (d8)

o 02~ o4 08 o8 1

Normalized Frequency
(®)

Figure 8. (a) Magnitude response elliptic 1IR filter (b) show passband ripple magnitude response of LPF, HPF and
Summation in 20 bits quantized parallel all-pass filter structure
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PN\ M A

-100-

Magnltude (48)

-120-

Magnitude (dB)

-140-

-160 -

-180

2005 02 04 0.6 08 1 | : B
Normalized Frequency (] 0.2 04 0.6 0.8 1
Normalized Frequency

(2)

(b)
i Fioure 9. (a) Magnitude response elliptic 1R filter (b) show passband ripple magnitude response of LPF, HPF and
ummation in 20 bits quantized direct fonn 11 filter structure
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Figure 10. (a) Magnitude response elliptic IR filter  (b) show passband ripple magnitude response of LPF, HPF and
summation in 10 bits quantized parallel all-pass filter structure
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Figure 11. (a) Magnitude response elliptic IIR filter (b) show passband ripple magnitude response of LPF, HPF and
summation in 10 bits quantized direct form Il filter structure
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Figure 12. Show in details of magnitude response of clliptic IR filte, with quantized (a) PAPF structure (b) 1IR dircct

form 1

From Fig. 12 a) shown the finite word length effect
comparison of summed magnitude response of PAPF
structure when n = 20, 16 and 10 bit respectively. We
seen that, when n= 20 and 16 bit the summed magnitude
response are flat and n = 10 bit the summed magnitude
response has small ripple on low frequency range. And
Fig. b) shown the finite word lenzth effect comparison of
summed magnitude response of IR direct form I
structure when n = 20, 16 and 10 bit respectively. We
seen that, when n = 20, 16 and 10 bit the summed
magnitude rcsponse have more ripple cause an all-pass
property of this filter structure is not obtained.

5. Conclusion

This paper present a finite word length effect of
two-band digital crossover network using perfect linear-
phase IIR filters. Simulation results shown that the
magnitude response compared both IR direct form 1]
and parallel all-pass 1IR filter, when a word length
reduced(n= 20, 16 and 10 bits respectively) the proposed
filter shown the magnitude response and their summed
are better than IIR direct form Il structure. It was shown
that the stopband attenuation both low-pass filter and
high-pass filter are acceptable. Therefore, the sensitivity
of proposed filter is improved and the condition of all-
pass function is preserved.
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Abstract

This paper present an implementation of two-ways digital crossover
network fur auaiv trequency using parallei all-pass filter structure. The
filter have advantages than those of analog filter and also FIR and IR
filter because it can improved various important characteristics such as
linear phase, flat group delay, high transition band and flat magnitude
response to over audio frequency range. Simulation results shown that
our filter can be improved both flat summed magnitude response and

flat group delay than oldest method.

Keywords: All-Pass Filter, Linear-Phase IIR Filters and Two-
way Digital Crossover Network
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