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ABSTRACT

This thesis concerns about hardware architecture design of a variable fractional delay

filter (VFD filter) for FPGA-based implementation. The VFD filter is used to fractionally delay

signal in applications such as symbol timing recovery

echo cancellation. The implementation utilizes an effic

arbitrary sampling rate conversion and

ient structure so called Taylor structure.

The main advantage of this structure is to reduce the number of multiplier and adder when

compared with Farrow structure and modified Farrow s

ructure. The multiplication in VFD filter

will use the distributed arithmetic (DA) which has extreme computational efficiency and best

exploit for circuit design. The utilized DA is a parallel
perform faster than the traditional DA or serial distribut
filter will be performed functional simulation for invg

compared with theoretical magnitude response.

11

distributed arithmetic (PDA) which can
ed arithmetic (SDA). The proposed VFD

sstigating the magnitude response when
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3 = 4 3 =3
MIMIUINHARUAUIINEYATIANTZ DU DEYNI Y Fadana A lumsdszuanaves
wisgemnlldin  vinmgranresdedinanieileiviidenldlnssadramdiaesdmsy
M3oune3 1A unuUaINT WIAZIAYANIANT LUV VVUIULIDBALUDINITNIDIT YN

Y
Usuamanuraifuwas au ludineiinus il
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nyuNlFlunsidy

3.1 uni
o a ' [ 9/ “t
msafesnsesdygnuliumnmemidhueudin szdoadnmguiiens
nsoadganuiummsmituihusudin (Variable Fractional Delay Filter) 1AzZInuAtin
N3%910 (Distributed Arithmetic) Tnemgui}a9esnsoadyananliummsmbaiusvdiunie
nesnsodygrudendnaniiinseenuuuisnsesdyanaiiendlaold s
uuuan 9 Tuvasinguinundinnsznvesueitmseenuuuisesimihidnounagu

amnzaudumsi laHaduesaunnd

Y 1 ] L
3.2 esnsesdyanaliummsninailuavaiu
at ar 1 L] 1 - = =
2vsnsesdygauliummamaihumsdiunionsnsesdaaadiond
Wugunseinlddmiumirdygueenliflumdmumsdiu ilosmnmsiszgndldau
walszaniimmdududesldmsmirdyapadudusvdin o1y msdiudmaznm
voadgydnwel luniossuszuuaiaea
1) " .:'l ) ] - o F Y ar d” -~
msnana liaeileuilusumdmlugaund nszildTaonszuaumsdail Ao
3 a ' & e o o o & a‘: A A 1 v
aindygunmaeiiesnluyuaiinanduin nimivdeunawesdgygisuie 19 ldnadns
ﬂ ] 3 O e ] ." v Qs a v @ A ﬂ
wWumsmizwa uazgamegumalednsiivg (1] Teodyaunadenduiwilunasoy
' 1 e L] s do a o & oo o o & " A
voarIMIguAteddy Ul FuTA Falinnueneiuauazgaidounalll udilivwn
» . *
szvviifluszuuihinexea  uazhisunsavi liaesoalasmsdeulumenarIiiinnu
¥
$iald alemnsem I zuuiidiuesald 2]
o ] ady LY = Y 1 dao a o
mamszuumsmitam lugaundii idhues e 1955 msszanumilandudad
Yt ld'o o as | & A:ia 9 -~ J ]
Tianuensiia  Bmsdsznuaituiienitonld  fe  misdsznammsmiaiiy
wyauuuued loes niinanouauess wiEvunniiga (Maximally-Flat FIR Fractional Delay
& ¢ as = as & ar
Approximation) 4935 M3 fauyanumsdumes Tndunuvainsug [3] Fudlunsmiledsu
' a @ a ¢ ‘
21e TouveImsduaes linsunuuaini s
naansvesmsmilandutoTouveamsdumes Tadunuvainss  exldidy
Tnssadedmiumsdumes Iadunuuains s Tavlassadantionldiu 18un Tnseadrs

1151573 (Farrow Structure) Tnsaard1avhs 15 indauilas (Modified Farrow Structure) 9n2101



o & 4 a o d o o
daiiTassad b nupunilaniidsz@niam  uazdulnseadiiminnadnsnsesdyaad

b4
v lvwinoiiwuiaiuil 18un Tnssadramdiaes (Taylor Structure) [4]

| ) oA vy oA a
3.2.1 mamindyananmasiisaazhideriodugauni
' ar 1 4 |- = é " o
szuumsmindygunmdeiiodlugaundiiuszuFadu  Fzmirdag
¥ 4 ~ o at Al A
naweiiieduna x () MWiluszoznm 1, Swiil e lddygudeiiominanenina

y.(t) Aums

Y=L {x. )} =x.(-1,) (3.1

o =) & o o a & o o ] :l’ o -
Tavn L{} no mmluumsnmﬁ'u ‘NNﬁ'ﬁﬂﬁ'ﬂB@ﬂ??Hﬂ’N’UﬂQiz'l.lij'l«lllﬁ'ﬂ\'lﬂ&i‘lh‘l 34

(n) tifouraan3iu3 (Fourier Transform) Audayanaduna x (1) v21dnamsuias fie
X(Q)= [x.(0)e"™at (3.2)

| ﬂ‘ = A = o o Ll
Taoh Q=27 Ao AnudiFayu Weudanf5iwsfudygraenina y () uazdagllieglu

wnives X.(Q) wld

Y.(Q)= ]‘ y. (e dt = aj‘x‘. (t—t,)dt =e ™ X (Q) (3.3)

-

4 o s A " o Ll A
e X,(Q) uar Y.(Q) wmilanducioTeuvesszuumsnuag yauameiiesly

gaund 9214

Yc(Q) _ e_jn’ch () = o/

Ha=3 o~ @

(3.4)

dewlasumsit 3.0 Willuszuumsmisndygnunathidenies  Taugua
Aotidwnunm =T Taoh » Sauduinowdn 7 fio munamsduadieda uaz
dmua 7=1 weldazaindenisingon  wldaumsvesszuumamisdyanamali

1 & =]
aoiiealugaund fio

y(n)= L{x(n)} =x(n- D) (3.5)
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§ ' & o ' & ' & o
Tash D=t,/T Ao mmsmirdadusumesmsmizniamio Falaoialluda
Pus i ) i it laihas f
t,/T szilusmaueassnuz Heawnn ¢, erwdhdnnunim hidluswauuvesmums
quawieds 714 |
Tunsaii »  dludwowdy  Amsqudedaeniyaezmiummsguiieis
" E
dunangamizanateenly uaziSunmsminiii Adaeadiadla (Digital Delay Line) iy
nsfif D dudnousse nmsminezaszildonn ilesninsimsquiioiiueniyazey
1 Al 1 a 1 = i Al A o ar "J =)
FEMINAMIUAIBIBUNA 2 AN 1M Faaaedagl 2.1 (U) dnfudaldmsdumes

ar ar A A 1 L o L]
Tiadufuduna x(x) ommmsgualndeniya

x(n) T
—

b

¥(n) = x(n- D)

n

A YO=x(-1)

£ ..

0 1,

K P

f
D

o p——e—ouip o

o v oA o vy A
(n) dygumdenio (v) dygnaunar hiserioa
lﬂ’ ' ar =
3U% 3.1 manundygalugaund

4 s | A s " 4 a L
dennsanaumsn 3.5 Fulludygranalideiios TasmlanTiwsuuuna'ly

ADITIDY (Discrete-Time Fourier Transform: DTFT) ﬂ:1ﬁﬂan1inxﬂa4ﬁmm1m x(n) fio

X(0)= i x(n)e ™, | |o|<z (3.6)

H=-a0

Taoh w=27,/7 Ao adwdFawivesuealad uazléiimsmorduszldnamsulas

daanu y(n) Ao

Y(w)= i y(n)e " = i x(n-D)e ™" =e P X (@) (3.7)

n=-m n=-x
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iorhaumsi 3.6 uaz aumsh 3.7 nmiladdudwlouvesszuumamiindyanana li
Aoifioalugaund oz 14

_ |
Y(@) _ e X(@) _ o0

X(@) X

H (@)= o<z (3.8)

minnnsanfanducisTeumuaumsn 3.8 Tasmsuilaausa ( z -Transform) 9218

_Ye) _7PXE) _
H.(z)= XG) = XG) z (3.9)

H 1 1 =& o a [l 1 1 ° o
Tauh D fie Avmsndadailudmaussauin Ysznoudie 2 dau fe ddidlus gy

1 A o ' ar
wazdmiidludnwsmdu dagums
D=|D|+d (3.10)
- - o o o < - o as g
Tagh || A0 WandudmunuAunngn (Greatest Integer Function) M3eWlanduiiu (Floor

1 ] 1 A - L]
Function) oz 4 fo mmmumﬂumymu MUy 0<d <1 l_lgﬂﬂ'lﬁﬂzuﬂilﬁlﬂﬁ

' as e 4 ﬂlv [ -
sryumsminnmdyyw hiserisailuaadagali 3.2

x(n) —s z°f—> y(n) = x(n-D)

4 ] L) A =
3t 3.2 vienlaozunsuszuumsmindyganm lideidisslugaund

v lananuudidedundin meminnautusueydudmsvszuunaly
1 g - s & - s e s L 4
AoiiisszAnaldmisdumes Iadu Famidwees Tndudmivdyarunalideiosssi
= a o v A da do_ w . 5
msnfasunlaeilagavesdygrunmaoiiissniinuuaiiia (Continuous-Time
Bandlimited) #1510500 Taodygunmdeiiosiilinyuaiing fe dyaiunaderiosniina

msudaaySesi hidumgud ludeiiiaseugaiinnid o =0
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3.2.2 mamhadunuayaunazgudnyazvesszuumsmbaiunuaualy
=
RANNA
¥
msmiaduanmsdniiiunszuumsduadndisd ininnmdetady
. 2 A n,: & 3 o ' A Aa do  ar o A
(Resampling Process) 31 3 YUADU AD MITITNIYUIUIANADUDINUUVUANINANAVAY
. @ .1 le ' = v 2 &
(Reconstruction) ﬂmﬁauﬁfgtym (Shifting) !Lﬂ:mr‘iqnﬂ'Iﬂ’Ji)fJ'leb’ﬂﬂu (Resampling) %4
Say o - T @ o o v 2 9
nszuaumstilidedmua fe sxlunldoulasdasimsdumaiedis Tastuaoumsadi
dyaunduAuINAIAUYBIRIMI quAI0 1z IRYaYNMI M 13 T IUAAUAUYDS

v
HYUUDU A9

x, ()= i x(nT) e = i x(nT)sinc[%(tﬂnT)] (3.11)
==y 7’(! -nT) =

a da Vot oy (T T TR e |
Tavh o, =27 £, fio AudiFayuvesmsdumdiedia uay T Ao Aumsguaidiesna Fans
dumes Iadunfiuyuasinalugaund vinaunsfi 3.1 Tnareumussduiadnaverio

-
f19

sin( ?j J i
ht)=—=2 =sinc(-g’-tj (3.12)
ol n
2

Tunsdini ¢ Wudoueds wanevauesduadluaunisi 3.12 szuasdyaunalliy
aatitosWilludyanunmaeiios vimiudoudyayind luvihdui D el ldnasnsiiu
msmiae unzduiiedudyauiisnats v ldeniyn yo) fruszuumsnieaiiy
wydndmivdyanunahideiloalugaund fio

y(n)=x(n-D)= Y x(k)sinc(n—D k) (3.13)

k=—o

v
4

b v
VIATuNIEA 313 uaasiuseumsmizanmlugaund tiude dygraemiya p) W
\ L] ar 1 as as - ﬂ. ar é = as
waswvesmmsguiteindyapuilinfuganiaiwnduivn - Falinnueneiudiazgn

@ounan lldear D el ldnaansitlumsnilanm
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3 "
MIMAUANYULVOITLUUMINUNTANTUMAFIA M DUAzIFIIM  dmdy
AudnvUzFNNNdIinIsNNNNAnoUaUBuTIN D Iavodoaunsh 3.8 derld

= A ' =
wmaurmmmmmmms:numsumﬂuqmnm ﬁﬂ
H,(")=e?, |o|sn (3.14)

- " : \ s
Tavtivuauazia e Hj,(eJ”)|=1 uay arg{H,(e")}=0,(@)=-Do MUMAY F9910

] A: o ) ' o = i
HanRUAUBAFIAIINIIALAzIadInan uaasliiiulgudnyuzFnudvesTIY
] 4 - - " § 1 & ° '
msminiiduszvumaFudusiarunnnud (Linear-Phase Allpass) tloriunmiains

¥
wihaauazmmsnizangy vz 1adail

Tp,id(w) == e__idafw) =D (3.15)
rg_,d(m)=—a®a%‘$‘))—=D (3.16)

nnadnin IddaTunish 3.15 uay aumsi 3.16 uamaldiifunszuumsminalugaunday
] o = ei -=; Y 13 U '
nuesAlsznouFinutve AL ki 1dduaimsmiag b
dmiumsmpuanyaz@inaneszyunsmhaiuausudlugaund oz
wsenaumsh 3.14 Tﬂuuﬂmﬂ?wﬂmnnm'h.ivimﬂaarmﬁu (Inverse Discrete-Time Fourier

é - - " -
Transform: IDTFT) 39z lAnanouaussduiaduesszuumsminalugaund e

hy(n) = % JHM (e")e""dw =% je’f"’” e'dw =—;— J' ey

ejx(n-D) i e—j;r(n—D] Siﬂ{}l’(n =+ D)} (3.17)
5 = =sinc(n - D)
J27(n-D) m(n-D)

nanpuAuRIBuRadH Iddaaunsi 317 wwfhuiladduded Falunsdini b Husmmnaiy
wiadumInUNRIANTIN @ DAwidugud raneuTuDIBIRadYRITTUIMI M9
AihfuguinnyamsguidIode snduiiga n=D uddmiunsdi b iy
niedumaminsuayddiiegluin 0<d <1 waneuaussduWaderiiat luilugud

nnya Taona 2 nsdi eFuolddsaumsde Tail
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At d =0
1, den=D
h,.d(n)={ ¥ (3.18)
0, nsdiguq
N5l 0<d <1 _
hy(m)#0  dmiunnain (3.19)

i = o a ' a &
NNAUMSIA 3.18 1Az AuNITN 3.19 HAAINUANYULFAINVBITTUUMINUNTURANAA &3
ar i i " ] ° o i 1 e ¥ iy
uaeedag il 3.3 Taogalil 3.3 () Amsmine D Wudnoudy uazlidimsguioedieili
dusgudiivagaidor doulugdi 33 @ aimsmine D duduswdiu uazdimsgu

o " ' 3 o
#rotramnga bidusgud

l’ ‘I
N o e NN e b P e s
-2 -1 0 1 2 ) 4 5 6 7 8
Sample Index
(M) tiio D Wud i
“re.,
""" Q-. P LS L ..' § T."\. Pkt .20 Ol
& T & i 1 LIRSS I = ?
-2 -1 0 1 2 3 4 5 6 7 8
Sample Index

A Al L]
() tiio D WuauayaIu

71 3.3 nanouaussduiaduesszuumimisalugaund

HAnBUTUDIDUNAT A, (n) voaszuumsmidelugaund Ao Heddudannnue
o n’.::i d'l ] ' o U .’ =1 d' ] ] ° v
ariuangniaeulliazquadeted  Jadluszuui lireweauas liawsovi lnesea
q o s U 1 ﬂ" 1 é 1]
Tasmaaoulumana diianusiiald vienanldszuuil lWiwdosom daldanse

miszouiidueidld  msiszuumsmininmlugauadil Wifueiee 1435 msszanu
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ar ~ 1 o o oyl 1 A éq Ll
Amlandudad Iinnueandida smsdszmnuaituianionld Ao msdsznusms
[ v &, H ] !
miruihumdmunuien looriilnanoumussnuSoumniqa  (Maximally-Flat ~ FIR
% - & a 'y o a a A
Fractional Delay Approximation) ¥33Tmsilauyanunisdumes Imduuvuainsug dniu

»
o ' Y o' a
FEmasznaiiadlumsmifladdunie Touvesmsdumes Tadunuvainimg

1 ] [ 1 dol oy =
3.23 msdsznammsmibauwavarnmvuerleariniinanevauessuiSon
2
nanga

acd ' [ ] ol et 1

Fmssznusimsmbaihusydmnvued leors nanevauess G suun
ﬁqﬂ (Maximally-Flat FIR Fractional Delay Approximation) At madsznumnedu

o o 1 o o 4’ o o '

HanduaroTeuvearsnsnsesdyanaen loorsiuiug TaoilsnsudioTouvesrsnsnses

o @
o loorsuansdaauns

H(z)= i h(n)z" (3.20)

n=0

ad ' o w " da 1 A
Fmsdszanuminszi i laomsmeyiusvesmilandumamamaou  (Error
s & 1 - o o
Function) ‘BQlﬂuHﬁﬁN‘UBQNﬂF}BU TUDIUBINITUNVDINDG ﬂiﬂﬂﬁﬂJiQTﬂllﬂﬂ1ﬂﬂ1illﬁ$

HaneuaUBAFIAMIDVRIMImizaIna lugauad Tavilandumnmamaounaadsaums
E(e’)=H(e")- Hy(e™) (3.21)

ounumansuTusuFInNIveNInInadygauen loornnaumsi 320 Taw
MU z=¢” uaniwaneuauouRnNudveIMImitanm lugaundnnaunisn 3.14

o o n’r’ o ar i & =
unuaaluaumsi 3.21 muuﬂanwmﬂmﬂmaauﬂ:umlﬂu

N
E(e”)=) h(n)e ™ P (3.22)

n=0

P : o o " 4 = ) o H o
Tavh E(e™) fio Waddumnarmndowdadou TunsmoyiusvesiladduiinszildTae

0FUTUNS

d“E(e™)

— =0 Tavh k=0,1,2,...,N (3.23)
@

w=ay
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A ' @ b A { {
luﬂll“Uﬂ'l'ﬂQT{'UUﬂ‘]ﬂa']ﬂlﬂaﬂuﬂ‘luﬁuﬂ‘ﬁﬁ 3.22 aﬂuﬁnmiﬁ 223 %51#

dk
do'

N
[Z h(n)e ™" — e }

n=0

=0 | Tnth k=0,1,2,...,N (3.24)

w=ay

& w o da 1 A P E e
nmiumeyiuivesilandumamandounnnud o, =0 Tavhidmua k=0 '8

ih(n)—1=0 = ih(n)=l (3.25)
n=0

n=0

e ¥ o " ' W a o o 4
NNTUNITN 3.25 llﬂﬂﬂ'ﬂl'lf'lu’l'lﬂﬁﬁ’J).I‘ll‘ﬂdﬂ'lﬂ!.l‘lli5?771ﬁﬂEN’Ni)Sﬂ‘iﬂﬂﬂq;tg'lmlﬂﬂ'lﬂﬂﬁilt

" s ' v da 3 A i
vy 1 M lunsain k=1 meyiuivesilaidumnamamnaousz ity

—zN: Jnh(n)+ jD=0 = ﬁ:nh(n) =1 (3.26)

n=0 n=0

o 7 1 @ o da ¥ A = o
uazlunsain k=2 ﬂ'lﬂiiwuﬁilﬂi"ﬂﬂﬂ‘]ﬂlﬂ'lﬂﬂ'lﬂlﬂi‘lﬂll'ﬂzllﬂ'llﬂ'lﬂﬂ

N N
=2 W’h(n)+D* =0 = Y n’h(n)=D* (3.27)
n=0 n=0 ]

dwmsunsdin £ Tmla q (k= V) Meyiusvesilandumnaianaeusziinmiiy

N 3
> n*h(n)=D" lauii k=0,1,2,...,N (3.28)

n=0

é i -
Faomnsauaasrumn 3.28 lugduuuwaing 14 fie

Vh=v (3.29)

L

. x . 4
Taof V fie wATnEI091ATUBIA (Vandermonde Matrix) YU Lx L %9 L =N +1 Tifaa

auns



dninvomyanan nazsomniimanasii £

- - - -

0 P 2 « N 1 1 - assd
g . -2 N' 0 1 2 N

Vel P 2 N =g 0 o 4 N? (3.30)
|07 % @ e WY O] R SR

h fio RNwesFulszanivensvsnsesdyanuelents indaums
h=[h(0) h(1) h(2) - hN)] (3.31)
uaz
T
v=[1 D D* .. D"] (3.32)
A - @ o o a [ = a da o
ioannuai ngeauasueniiumaing bitengu  Seensonuuaindainniu
E 4 0
vouuaindii nio V' 18Awnguounsiwes (Cramer’s Rule) azaumsi 3.29 sxiinamay
iy
h=V'y (3.33)

wiawouaglugiuuy Tasdaudald fe

N - s
h(n)= Hf kit ni 0,1,2,...,N (3.34)
k=0 =

kzn

Taoht D fin mmamirauthuaydu N Ao duduvensesnsosdyanauenlenrs uazm
-9 Q( 1 1 o 1 q’ o~ o A
duilsz@nd A(n) Hawitumdulszaniveanmidumes Iadunuuaini g aialsian

aums 3.34 ennsouaaslugihinly1ddsanms

N D-k

io n—k
k=n

h(n) = &’™"D Taoh n=0,1,2,...,.N (3.35)

107460
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o A o o b o, o [ A
Taoluaumsi 335 diedmuannud o, =0 sz ldwadniduaunsn 3.34 doulunsdin

[

° o - o & P & e
Amua o, =7 v lddulszinivernesnseuthusmousiailimduyseimnudulszans
s; f-i J ' s dl zell 1 : 4 s ddl A L L]
Aldnnaunsh 334 uauandfudmIoaom iy uadmiunitinanutegluaig
" a = ~ a & d o 1
0<am, <z Mmdulszand a(n) wdludnmouiidou Favziimssnnundudeunazgwin
Ll Al ﬁ{l; o - o ﬂyi 1 Al
ahmdulseaniniusuouess  daiulumsisznua Taoms 1995msdszinuninmsg
' [ et - - = o
miaihusydmnvuion leershiinaneuaussswiGvumnigadaldes nsesdgygrauen

Ad ar - -' o -
loorsniidulszansitudiuiusia

3.2.4 midunesliouuuainsud
ey o ar 4 act ' o o ¥ v o A
m3dwmes Indunuumniudithidsmslszinamilandu Taoldwpududun
N 1a q edszinamiledduliiugaiidsimuaduou N +1 99 Taomsdunes Tiaduds
d’ - é Ty é i "o ar
flannsafigniinnldnaedd uddimenilan hidudounsoi 1@ Taverdonyum ks, D)

v
L |

sudui v la 9 ndsznumilandu xo) Taoh ¢ Wusmoueis Wega n=0,1,2,....N

R

Falsmou N +1 98 Hedduniamsdszinum x (1) selimdaauns
N

x, ()= h(n, D)x(n) (3.36)
n=0

Taoi D Ao 5x02ve9Inga n=0 uazuinueisniiniegluye 0<D< N uaz h(n, D)
ar o 4 A 1 1 4 = 1 1 o A A
fio i D sudui N la q dallawiiny 1 e n = D uaziluilinwmidugudfigadu «

Tavansouaasluzivesiladdulnsimninesinan (Kronecker Delta) Aaeun1s

e n=D

1
3.37
0 denzD i

h(n,D)=06(n- D)={

MNANAITN 337 AUNTOUTAINYUIN A(n, D) MR n=0,1,2,....,n—Ln+1,....N 13fi0
h(n,D)=C,[D(D ~1)---(D=n+1}D=n-1)---(D~N +1)(D - N)] (3.38)

A ‘; ¥ é =) 4 L] H s U
uaznnidoului A(n,D)=1 1o n=D FuusTuiloananmsdiua (Scaling Constant)

¢, Tuaums® 3.38 Tmdaaums

1

C,= n(n—1)---1(=1)---(n— N +1)(n—- N) (3.39)
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A o 4 H ) ' 4
Worhaumsh 3.39 unuasluaunisi 338 sliwadnsmilouaumsn 334 Fudums
- o o [ = T = o Aﬂﬁl’ ot (] 1
dwaes hdunuumnsud  dudhimsigaindedsidhdsihigion  udddums
a a a o " a & 1 @ ad
Agniludndamandifivsetiafios  Fliuaaadadsmsnedumsilssnanadyg
AVADAAATUAUN TN 3.34
o aa a Ia a ¢ o P d a da
dmIVIETMINgIdmNveImsdwees lmduuuuainsudiiu - NeTwdannens
o ar " - o o P Aad ° e s
miliidunisTenvesmsdunes Tlinduuuumns i idsmsswavmnniiquyaiu (5]
e 1 ’v A 1 o o -
TavTimsignimariiiaunnie 1A Tassadwiiminzaudmivmai ladreess  uae
Fonninssadndmiumsduees Tndunuvansiud  TaovTassadreitionlddu  1dus
Tnseard1avhs 1573 (Farrow Structure) Tasaard1avhi Taindauilas (Modified Farrow Structure)
"l d 3 = =) '
vonnniidaiilassadednupuniishiilszdniam  1dud  Tassadrandiaes  (Taylor
& o o o ]
Structure) Fa1¥51uugUnsaidmTumssnuanainniassadrohs 1sfuaz Tnsaadrarhy

&
Tsandauilas

3.2:5 InssadravhslsddmSumsdunesThaduuuvainsiug
~Aad J o ' A a 1
Tnsardravhs Tsddhasmsdsznumilaidunmdenios Tasordowyuuaims

r ] A Al o
Hu'nﬁ‘lulﬁumu D "'h’\‘mﬁﬂ'ﬁﬂizlj'lﬂlﬂ'lllﬁﬂﬂﬂ\'lﬂlm'ﬁ
N
y(n)=x,,(n-D)= Y c(k)D* (3.40)
k=0

& aa g o > . o a % o
FIIMIUATINUMANMIvENIINTRadyg e leeridmiumsdumes Taduuuy
H 1 ar o ﬂ( Ll A L] ar ar d. é ar
s Tsdnmdudszdnfeglugiveampummaminduduit ¥ la 9 Faliwadndid
o s 1 o a o de
vInsesdygsuen leersnlimdulsedndaafisau N +1 2993
a TR I I a a ¢
MINGIUNINENIsHiY Ae mInnsanTulanmuuya Taswinrsenaumsieniya

Y9 39WABS 1IaF UYL (Polynomial Interpolation) 141
Y(z)=H(2)X(2) (3.41)
; 4
Tavh X(z) wez Y(z) flo wamsulasusaveadunn x(n) uaziowinm y(n) Wil
w o e 1 L) ' 1 Y ' = 3 ]
ANUTIUENY fio Aimsgquitetiueniyadumnsgudletaduyaiiniauiaioenly

uaa lanaouns

Y(z)=z"X(z) Taoh D=0,1,2,...N (3.42)
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o . J ’ o
uazfanducoTou H(z) weeglugdvesnyun D nansdsaums

N
Hiro(2) =2 . C(2)D* (3.43)

k=0

1 - o : o
WeUNUAITNNITN 3.42 uag aunisn 3.43 aaluaumsn 3.41 92'1@

N -
> Ci(z2)D* =z i D=0,1,2,...,N (3.44)
k=0

] i A v a
Faerumsh 3.44 eWoueyluzlainder 14

Uc=12z (345)
Tauit U Svua Lx L uaziiideaums
[0 e O ] Al it S
o= il 1Y 1 1 1
U=l 2% - ¥ 1=} 1 - 2 | 2¥ (3.46)
LN N N R R e Y

L

o - o o ar 3 o & & -1
nNMBs ¢ Ao NMWBIINFumoTouvoarvsnsesdygouenlonrs Faliawiiu
T
c=[Co(z) C(z) Cy(z) - Cy(2)] (3.47)
o ) a0 [
HAZNNIAD z AD LINNDIATNITHUIY
Vi

z=[1 Tl z-”] (3.48)
A i ﬁ - y ¢ = el e 5 w &
U3 IMMUATNY U 1IUUINATNEIDUIRITUDIA VIHUUATNAATHORNY U 15 ANUU

HAMAUYIaUNITN 3.45 Juviy

c=U"z (3.49)
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4

A o - a " - o 3 " e =
wedmualiesng Q=U" uazamn¥nluudazunlvesveauasnatniumdulszans

a1 a \{cl’d v oo
¥pa29snseadyaaue leerides Tauwasnaiilinmdaauns

Q=[qo qQ 9 qN]T (3.50)

¥
mszaniuilaidutTouvenssnseadyarauelens C,(z) Samldnnmagumoly

(Inner Product) A9aTUM3
LS =
C,(2)=q,2=) g,(b)z* Tavh n=12,..,N (3.51)
k=0

1 - ﬂ‘ o
Tumsdnumdulszing q,(k) venawsnsoadygiuedlens C (z) nszildlaom

I - ar - 4 o A

ANUNT NFHAAUYDALASNT U otmua D=0 Tugunmsn 3.44 214
N
YC(2)0t =1 = Cy(2)=1 (3.52)
k=0

1 ¥

wadwih IdfiuasimuhifaddudiTouversvsnseadygrusudugudeziinuiu 1 nio
ug o e =3 o o o ar " ar

Co(2)=1 Tavhivudvududuvesmsdumes Iiadu  HafdunioTouvesrsesnseadayanm
W leorsdidu q nie C,(z) Admwldnnaumsi 3.51 smiluiansosdyanauenleers
dUAU N

JorvealnssairohiTsddmiumsdumes Tadunuvansud fe C,(z) il
n Ad o o & = ' ar Voa a ar v = A "
maanndudunin 9 J9hiden)sumdulszdnivenesnsesdyanutesdn emims

i D nlasulas msdagiaunisi 3.44 Taul435voasesiues (Homer's Method) 9214

N

ic,, (2)D* =Cy(2) +[C,(2) +[Cy(2) +...+[Cy_,(z) + C () DID...1D (3.53)

& et a a o = ar 0 ' ° a

FazldTassadnildsz@ninmdmiumsasin Taolddguaimsmitedmou N &
¥ . v

winiu 307 3.4 waaslassadivhi Tsddmsumsdunes Tdadunuuainsmiidagidau

ac o 4 ﬂ.l’ a 14 = ' 1 -t

Wmsvessoiiues  Iassaduilminzavduns Iauiisimsmizadhueudu D Tms

d. é d. L ' ' ar L]
wanunasnaeana Fewimsnldsunlamaiimsguaidiedian 1a
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x(n) >

Cy(2) Cya(2) G,(2) G\(Z)

U 3.4 Tasaadravhs Tsddmiunsdwaes Tiadunuvains s

o o any o o
niagUAwITMsvessniiues

3.2.6 Tnseedavhilsiigamasdmsunsswnesniumuuainsud

Tassadravh Ts isaudasimswanmniiteysulzaTassadravhs s @l
flszAngniminnteiu Tavamnsoansmaugunsalilddmivmsannuas msdfulys
sz laudousasmimsmiog D il lifidufifudnoudy dafummamiziiing
D' limwzausydin 4 Falimlugae 0<d<1 dmiviesnsesdudumvi uas
-0.5<d <0.5 dMIVNIINTDIDUAVIAVE ﬂ?mmﬂﬁumhamnﬁmhamﬁ,ﬁuyaﬁ'unﬁ
unus1 D' @ D—1

Fmadsulgesuminddulszinidamas Q, i ATaomsrhwning
ﬁuﬂszﬁn%‘?mmsﬂsmﬁ’mﬂmmmﬂ‘lam{dau w30 wASAY Q Mmwaumsh 3.50 NHUNY

luﬂ?ﬂ‘fﬂ’lillﬂﬂi T ﬁ’dﬁuﬂ'l‘i
Q,=TQ (3.54)

Taowasndmsutas T duwaindvun (V +1)x (N +1) Titiow fie

n=m n
round(%) (M] e n=>m

: S (3.55)

4
0 e n<m

i ' ¥
Taoh  nm=0,1,2,..,N ilesannInassadniithumsdsudzalassadranhs Tsfuuudy
¥ . v
HangudrwTouveslassadraiifaligiuuusu@oinInssadravhs 19 daiumna1afe

fladdumoTouvealasaadrohi Tsidaulaces dwnsnddulseanidaulas Q, unums

Hwasngaulszant Q luaumisn 3.50
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d d o [ a [ d
3.2.7 Inssadamdimesdmiumsduaeslindunvvansiug
- o a1 o o [ a as
msigninnvesilanduniTeuveslnssadumdiaesdmsumsdumes Toadu
¥
HuDAINT IS Innuuand199n Tnseadrana 2 uwudhedu TaofladdumoTeuvealnsaada
= d’q o o o d a L) & & - oa U4
yiiatiigoinn lavoidveynsumdiaessianar hidoiosdauilunianyel  (Dual)  woq

o s d aa o
DYNITUINUIADT FINUYINAITUANTT

¢+ n)m

y(n)= ZA"x(n) (3.56)

Taoh A fie Aaduiiunswan1adoundy (Backward Difference Operator) waziunianwal
@ o a o J = 5 & o ¢ m '
VYDIRIANTUNTOYWUT (Derivative Operator) VYBI0YNTUMGIADS FIAIAUTUMIHAMA
Lo - ‘* -
foundviliionn e Ax(n)=x(n)-x(n-1) uaz ¥ fe WoadwmnneSvadalitiow Ao

M = (= 1Xx-2)...(x =k +2Xx—-k+1)
A o ¥ A ' s @ ' '
wermuald » fie szezvinnge ¢ mazaiusze —n dadludimInyag

A 1 :j "
-D iounus -D =t -n aaluaumain 3.56 a2 1dn

o

y(n)= ZA*x(n) (3.57)

Tawi (-D) Sagdlmil&iu 1y D Tumstszinumiladdu Taoldwpuusuduii ¥

v " ¥
THMYA x(n) $ U N +1 98 dnfuaumsi 3.57 Sudlaoudiy

k]
=3 atxmEN 2" ” -

k=0

(3.58)

é'! o ﬂ; ar J o -
wemaauwaduaumshn 3.58 wlddanvumeTouveslnssadamdaesdmsumssumes

Tiadunuvainsud daaums

N

[%]
Hrgur(2)= (- ) =(1-2") A

aumsh 359 aunsadagdlmilieglugdilidudioTouvealasaadravhiiTsddmsums

duweed Iadunvuanidld  wislumandusuilendusolouveslnssaiavhs1s7a
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aunsadaglaumsteglugdveilandudiTouveslnssarundins Idwuideaiu  Tao

o a o o J o 4
Tnssadramdiaosdmsumsdwaes Taduunuarnsmsuaasdagii 3.5

P %) =5

x(n) » |-z

@ . M - @D— ()

51 3.5 Tasaadamdaos dmiumsdwaes Iadunvuansug

= o d
3.2.8 manfSeumsudnnugunsn
° | ) o do o o o °
$ugunsaiilddmsvlnsadumdiaesdudui N Uszneudin Mgusmau
o s o ar A 4 o
IN-2 @ uaz@mwInduau 3N -1 @7 FudenSouiouiuTaseadrawuvhs 1siuay
'GI A ar ar L ar " '
Tasaadravhi Tsindaulas Fladguuazdivineday N2 @ 4] Saagdldnlaseadn
R . o % v A e A Vo o
mimeiiuiidszaninmmnzavdumahunadeianniiga iesnnldsmauginsain

4
Hovhge

3.3 wURMANIZY
@UASIANTZY  (Distributed  Arithmetic:  DA)  1iudSmsdnnmaguidl
- oa ° - & o b o ac
Usz@niamlumsdnnuiga Famnsmhldldddmsunmsesnuuuiaes (6] Taviims
° " & @ v
Anaraguaiwluegluzluyumasiveswagu (Sum of Product) FIHAAWENIHUVDIA
a SR & o ' ¥ o ' o W ¥ -
azdinvzlidnfmiven  dseusodnnudimibuenio i lumbennuild  dniudan
szoznalunsdannumld euadianszawnidldiy 2wy Ao wvadiansznionuy
¥
BYNIY LAZIAUATIANTZIOIUUVINY @vATIANs zRIBIUVBYNTNIThDndovvesdoyally
' - A e O S d o PR v v ' w Sy
mianuiaziamefsmmansguidnnulidimh  udinazavswadnsi 13
wnszmnsuanuendoya  Swzldnadwimsquiigndes  Tuvaziavadanszaiouy
e = 0 Y :ly ] o as = Q’: s A
yunuzihiiadesvestoyamnimizanudimiouiunnda  vimiuszuansauiuive 1914
v ¥
waaningndes  Inmssdumdamiouiunniindesivi liiavadiansznonuuvuians

FTOLINIMIATUIUAININAVANANTEIWUVLDYNTY
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33.1 YNNANTZUUVUDYNTY
= P @ o
(@UAGIANTZIWOYNTY (Serial Distributed Arithmetic: SDA) lFdmiudmruna

" w
gunw Tudseglugunaiinvosnagm uaniAaums

K
Y= A% (3.60)
k=1

4 o o Ve a & 4 U a
Tavi ¥ fio wadwsveamsqumolu 4, fie midwlszansaai uaz x, e mdeyaduna

- A U
FIUADIVUIAANADA (2°s Complement) Faueasaglugl

N-1
X ==byy+ ) by 2" (3.61)

n=1
P A a0 oy - A a A A a da o o
TauW b,, Ao dindosla1 0 n3e 1oy b, Ao TaNToaMING waz b, , , AD anitivusdify

d1ga (LSB) tiloumumaun1sii 3.61 asluaumsi 3.60 114

Y=

N-1
A, (—b“, + Zb,mz'"]

n=l

N-1{ K
A, (—b,0)+Z[ZA,bb, )2
1 =]\ k=]

(3.62)

M=~ 5D

-~
i

HonszawaunIsn 3.62 3214

Y =—(4b, +'A,b20 + Asby, +...+ Ayby,)
+(Aby, + Ayby, + Aby, +...+ Ay, )2

+(A4b,, + Aby, + Ab,, +...+ Aby, )2
: ( n A'Z 21 331 K Kl) (3_63)

+ (A,b,w_z) + Aybyy gy + Asbyy gy F ot Axbxm_,,)z*”‘”

g5 (AlbI(N—l) 7 A’ZbZ(N-I) 0y A’JbJ(N—]) H..ot AKbK(N—I))z_(N_I)

{ ' - s & ° ' '
aumsh 3.63 siimwaguindiuly1ddmou 2¢ Fannsadoaidambudaiua i
QTGP :

nszuaumsAmnsaguniolulasldavatiansznonnveynsuauaumsi

» > > v
aumsh 3.63 wiivunou Ao idadoyandmissanusiwamnaguidiuonlidrmihi
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- I’l i ar ¥ i A - - & o ﬂ’
avila nmiuswmraguivkaguazauteunihiidoutialimenn 1 da Fwznszrid
wnezasuanuedeyain: ldnadningndes dmiuanudoya v da wldnalu

msfnan N seudygnuuiing Taoluzii 3.6 uaaslassadvavadianszaonuveynsy

8-bit
X—»| Shift

_Rjgister

Register

LUT

 /

511 3.6 Tnssadruavasiansyaouuueynsy

3.3.2 1I0VANANSSNBUUVYHIU
=3 a o g
AUAUANTZOULUUYUIY (Parallel Distributed Arithmetic: PDA) TAsumswanniu
A o S =Y 1
PUNDAATZOLIATMIRNUIUVDAAVAUANTZTDIWUUVOYNTY  TAUNNTANAUMIN 3.63 1Az

» >
fmualdugazwnindusdudinsvuudull [7] dstife

(Aby + Aybyy + Abyy +...+ Ayby)) = | [sum0]

(Ab, + Aby, + Aby, +...+ A4by) = | [suml]

Ab. + Ab, + Ab, +...+ A.b =5 sum?2
( 1 l:l ‘42 21 3731 K Kl) [ ] (364)

(Abiy-zy + Ay + Aoy ay + oot Agbyy ) = [sum(N -2)]
(Abryosy + Aobyygy + Aibyygy +oot Agbpyy) = [sum(N -1)]

mnm:‘fi’uﬁumﬁﬁ 3.63 ﬂzlﬂ%ﬂulﬂu
Y =—[sum0]+ [suml]2"'+ [sum2]2? +...+ [sum(N - 2)]2"? + [sum(N -1)]2™" (3.65)

=& " d o o 5 1 a o Ve ar

Faluudazwad [sumX] A nnundouiuuaznaidui lduaaznaiseiimsysumaiaiu
FMTUNIZUIUMIANIVAVANANT ZDVUVVVUIUAWAUM TN TUNTN 3.65 923

¥ ¥

duneu fe ihilatoyauwoniduiindesuanimdazin lFmizennudmiousuyniia wa

v v [y H o ' A - o - T ] '
1ﬂﬁ:’,ﬂﬂﬂ1.|-|“'iﬂﬂﬂ “1ﬂuuﬂﬂﬂmﬂ3ﬂa1qlaau'Uﬂul'lhﬁuﬂ'lu']u‘l]ﬂﬂ‘fnﬂ‘lﬂ"ll“ua'“0\"

b

)

Un

D &
(3]

dimiu q [8] aAniudeyannuun N da sz lFnmlumsswoniios 1 seudygiauiim

' & =t a
MUY ‘!Nhlzﬂ‘ﬂ 3.7 ueraalnsaa 1 uavAtiANT LWLV DY

Qe
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51U 3.7 Tnseadamvndansznionyuvuiy
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mIdumes Iaduuuuainsiud  wadnsveamsylanduoioleuveamssumes lasu
uppansueer ldlassadndmsumsdwees Iaduuuvainius  Teslassadaniiion
19u 1aun Taseadierhs 159 uazlasaadravhs Tsindaudas uenanildali Tnseadedn
& { a = 1
nuuniantlszansnm 1Aun Tassadandiaes
s - = ° c:d - = o A
dmsuavadansznoiiuiimssnounaguiniilszdniamlumsdnnuds
musohldnldddmivmseenuuuaes  Tavavadiansznenuueynsueihiadeya
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foyamdnnundouiudinnunadns lavlnarfidesninavadiansznonuveynsy
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4.2.1 Uoy0dUNA

Joyadunailudygrumnl wowldga 0.01 Aniudwesdoyasgluseauuaz

fed
o

' o & A = da A
PAIUIN ﬂquuﬂ\llﬂﬂﬂ'l%lﬁﬂlﬂ’luﬁﬂi'nﬁ'll.l'lﬁﬂ1‘§llﬂui1u1uﬂnlﬂ5ﬂﬁﬂu’lu

4.2.2 BUAVYRINDINTOITUYIN
o - = " e o - - - " o
vsnseadyadewd indudulanaueziisneg 2 uuy fe midulszdnd
»
wazmmImiae  damsuhdneiinusatutiveimualimseenuuusessumsadieaees

A - o o o o - v o - ql ' i
ﬂiﬂaﬁiyﬂﬁill'llﬂﬂﬂ BUAY 1 DIDUAD 12 TaolimdulszaniuazaAINinu19ve32993n509

Ed .
Y14 12 SUAVUAAIRIAITIIN 4.1

ettt or o

0.5,0.6,0.7,08,0.9, 1.0

0.5,0.6,0.7,0.8,0.9, 1.0

1.5,1.6,1.7,1.8,1.9,2.0

1.5,1.6,1.7,1.8,1.9,2.0

25,26,2.7,2.8,2.9,3.0

2.5,2.6,2.7,2.8,2.9,30

oUAL 7 117, -6/7 3.5,3.6,3.7,3.8,3.9,4.0
DUAL 8 1/8 , -7/8 3.5,3.6,3.7,3.8,3.9,4.0
UAD 9 19 , -8/9 4.5,4.6,4.7,4.8,4.9,5.0
ouA 10 1/10 , -9/10 4.5,4.6,4.7,4.8,4.9,5.0
oUAY 11 /11 , -10/11 5.5,5.6,5.7,5.8,5.9,6.0
DUAY 12 -1/12 , -11/12 5.5,5.6,5.7,5.8,5.9, 6.0

423 HAENE0INMIANIN

A o W a ' < o - = o o '

imiheyaduyanarinINve I nsesdyIndewimdnnunadns luudas
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M3 4.2 MYIgALAzAMAIgATINMIAIUIN

oUAY 1 0.019993 -0.019993
UM 2 0.039970 -0.039971
DUAD 3 0.159880 -0.159880
oUAY 4 0.159880 -0.159880
UAY 5 0.719210 -0.719210
OUAY 6 0.719210 -0.719210
UM 7 2.556300 -2.556200
UAD 8 2.556300 -2.556200
DUAV 9 7.988300 -7.988200
DUAY 10 7.988300 -7.988200
duUAY 11 28.747000 -28.747000
duAY 12 28.747000 -28.747000
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ity (Binary Point) ¥sndwiunaiiowvesnvgmdy Dafiinidwanniign  (Most
Significant Bit: MSB) vzifluimnioamne uaziaiimaszdludiafiunudismnu @b
ms g o itosmusuavguduiidud nounaion s 12.1245678 @oulu
JUuuunItion’la Ao 00110000011111111000111010110011 1350 -12.1245678 MWoulugzih
nonld fiv 11001111100000000111000101001100
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An FPGA-Based Implementation of
Variable Fractional Delay Filter

Ussanai Nithirochananont, Sorawat Chivapreecha and Kobchai Dejhan
Department of Telecommunications Engineering, Faculty of Engineering
King Mongkut’s Institute of Technology Ladkrabang, Bangkok, 10520 Thailand
Email: sorawat@telecom.kmitl.ac.th and kobchai@telecom kmitl.ac.th

Abstract- A variable fractional delay (VFD) filter is widely used
in applications such as symbol timing recovery, arbitrary
sampling rate conversion and echo cancellation. This paper
presents an implementation of variable fractional delay filter on
FPGA. The implementation utilizes an efficient structure so
called Taylor structure. The main advantage of this structure is
to reduce number of multiplier and adder when compared with
Farrow structure or modified Farrow structure. The result of
implementation will be reported as throughput and area
utilization.

I. INTRODUCTION

In communication systems and digital signal processing,
some applications such as symbol timing recovery, arbitrary
sampling rate conversion and echo cancellation require
fractionally delay rather than unit delay. The fractional delay
can be achieved by using a variable fractional delay (VFD)
filter. A VFD filter will reconstruct the sampled signal and
then delay by fraction. Finally it resamples the delayed signal.

A ftraditional VFD filter is formed in Farrow structure [1].
The advantage of this structure is that sub-filters are fixed for
a given order. When order of the VFD filter is higher, the
number of multiplier and adder will increase by square of
order. The modified Farrow structure is introduced to reduce
the number of the operator [2].

Although the modified Farrow structure can save the number
of multiplier and adder, the reduced operators are small. The
efficient structure so called Taylor structure is then introduced
to address this problem. This structure can significantly reduce
the number of operator when compared with Farrow structure
or modified Farrow structure [3].

This paper presents an implementation of VFD filter using
Taylor structure on FPGA. The multiplication which is the
core operation in VFD filter will utilize the parallel distributed
arithmetic (PDA) method which is improved from traditional
distributed arithmetic (DA) method to increase speed of
computation.

The paper is organized as following; first, we will briefly
review the implementation techniques for the VFD filter in
section II. The distributed arithmetic (DA) is then reviewed
both serial and parallel DA in section III. In Section IV, an
FPGA implementation of VFD filter will be designed and
synthesized by using Xilinx ISE tool, and reported as
throughput and area utilization. The targeted FPGA is Xilinx’s
Spartan-3A XC3S200A. Finally, we will summarize the
implementation and future work in the conclusion.

978-1-4244-4152-5/09/$25.00 ©2009 IEEE

II. VARIABLE FRACTION DELAY FILTER

A variable fractional delay filter utilizes delay the signal
where delay is a fractional value and can be varied with time.
An ideal discrete-time delay element can be described as

H,(z)=z" (1

where desired delay D is a positive real number which is
composed of integer and fractional part. The delay D can be
expressed as

D=|D|+d 2

where |.| is the greatest integer function and d is the

fractional delay.

When D is integer value, output sample will be one of the
previous input sample but we cannot realize (1) when D is
non-integer or fraction. Realizable fractional delay needs to
approximate a finite-length and causal of (1).

One approach for fractional delay approximation that is most
frequently used is maximally-flat FIR fractional delay
approximation. This method is equal to the Lagrange
interpolation at certain frequency, typically, when @=0.
Thus, the approximation is to obtain the transfer function of
Lagrange interpolation.

There are numerous equivalent derivations to obtain the
transfer function of Lagrange interpolation. In the following
sub-section we will briefly review the implementation
techniques for maximally flat FIR FD approximation those are
Farrow structure and its improved structure or modified
Farrow structure, and Taylor structure.

A.  Farrow Structure

Farrow structure (FS) is a form that expresses an n"-order
polynomial in delay D. The transfer function of Farrow
structure for Lagrange interpolation is expressed as

N
Hppre(2) =) C,(2)D" 3)
n=0
where C,(z) are polynomials in z, and are the transfer
function of the FIR sub-filter. The advantage of Farrow
structure is C,(z) are fixed for a given order N, that is no
need for updating the sub-filter coefficients.
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B. Modified Farrow Structure

Modified Farrow structure (MFS) has been developed to
reduce number of operator in Farrow structure. The
complexity reduction can be achieved by changing range of
delay parameter D. This can be obtained by multiplying sub-
filter coefficients matrix by transformation matrix T which is

defined as
round(ﬁ) ["] fornzm
. m

0 forn<m

@

wheren,m=0,1,2, ,N.
C. Taylor Structure

Unlike the earlier two techniques, Taylor structure (TS) is
derived from finite-length discrete-time dual of Taylor series
[3]. The transfer function of the Taylor structure is expressed
as

71
L _g-s'y )
n!

where D" is a falling factorial and D" =D(D-1)
(D-2) ..{D+N-=1).

N
H oo (2) = Z 0"

n=0

C. Complexity Comparison of FS, MFS and TS

The computational complexities of each structure are Farrow
with N?+ N multiplier and N?adder, modified Farrow save
some operation of Farrow structure and The Taylor structure
are 3N —1 multiplier and 3N -2 adder.

III. DISTRIBUTED ARITHMETIC

Distributed arithmetic (DA) method is an efficient technique
for computing the inner product. The inner product of two
vectors can be calculated in term of sum of product as

N=l
Y= z Ax,

k=1

(6)

where 4, is constant coefficient and x, is binary input data.
Since x, are 2 s complement binary number, each x, can
be expressed as

n-1

_ -m
X =Xt Exk,n-l—m 2",

(7N

where x, . are bits, 0 or 1 and x,,_, is the sign bit. When
substitute (7) into (6), we get

N-l n=1
Y= Z A, (xk ==X 4+ le_,_|_m2"')
m=|

oSt

- (8)
= Z AX o+
978-1-4244-4152-5/09/$25.00 ©2009 IEEE

N-1

Z At'xi'.n—l-u

k=1

2.

k=1 m=1

109

184

Each x, , has only 2" possible values, and can be pre-

computed and stored in lookup table (LUT).

Thus, the DA-based calculation of the inner product requires
three operations. First, address memory to get the pre-
computed values from LUT, then drop the read value into an
accumulator. Finally, divide the result that can be realized by
shift operator. This process requires n-cycle to complete the
inner product of n-bit input data. Figure 1 shows the block
diagram of the DA.

Fig.1 The block diagram of the distributed arithmetic.

Since the input data serially accesses the LUT, the
traditional DA can be considered as serial DA (SDA). The
speed of computation can be increased by accesses each input
data bit in parallel. This improved DA is called parallel
distributed arithmetic (PDA) [4]. Figure 2 depicts the parallel
DA.

Fig.2 The block diagram of the PDA,

The input data bit accesses LUT in parallel and is scaled
down by 2%, where N is bit position. The all read values are

summed. The computational time is reduced to 1 cycle per
input data.

IV. FPGA IMPLEMENTATION

According to the advantage in reducing the computational
complexity we described in previous section, an
implementation of VFD filter will utilize the Taylor structure.
The architecture of the Taylor structure VFD filter is shown in
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Fig. 3 (a). The dash line box is 1-stage VFD filter used for
implementation. Detail of 1-stage VFD is shown in Fig. 3 (b).

| = Stage VFD
W v ol ".o” (:%.-!)

x(.u)-é— 3 -z
- —®~—@—<1>~m>

x(mp—

=

(b)
Fig.3 (a) The Taylor structure VFD filter and (b) 1-stage for implementation.

The multiplication which is the core computation of VFD
filter will implemented by using the PDA method. Each sub-
modules of PDA are synthesized by using Xilinx ISE tool. The
details of sub-module are described as following;

A.  Bit Splitter

To perform the fully parallel DA, each bit of input data will
be split into individual bit by using bit splitter. Every clock
when input data arrives to bit splitter, each bit is split. Figure 4
shows the schematic of bit splitter synthesized by Xilinx ISE
tool, and its functional simulation result.

:
FTTTTTTTIT

bit_
Efoi_spiitter_in(15:0) bit_out14)

(b)

Fig. 4 (a) The schematic symbol of bit splitter and
(b) the result of the functional simulation.

978-1-4244-4152-5/09/$25.00 ©2009 IEEE

185

B.  Lookup table

LUT for the VFD filter is divided into 2 types, which are
LUT for constant coefficient and LUT for fractional delay.
Both LUT types have 1 input and 1 output in common but the
latter type has 1 additional input for selecting the fractional
delay value. Both LUT schematics are shown in Fig. 5 and
functional simulation results are shown in Fig. 6.

LUT_for_CC LUT_for_FD
—---Oﬁ',_h
——] addr_in  data_out(15:0) ——J data_out{15:0
—{fd_In(2:0)
(a) (b)

Fig.5 The schematic symbol of (a) LUT for constant coefficient
and (b) LUT for fractional delay.

(b)

Fig.6 The Result of the functional simulation of (a) LUT for constant
coefficient and (b) LUT for fractional delay.

Size of LUT for fractional delay is depending on the number
of fractional delay value. For this implementation we use 8
fractional delay values starting from 0.2 to 0.9, increasing by
0.1 each time. Table I shows the detail of the fractional delay
value stored in the LUT.

TABLE |
The Lookup Table for Fractional Delay
Fractional
Delay Value Address
0.2 000
0.3 001
0.4 010
0.5 011
0.6 100
0.7 101
0.8 ) 110
0.9 111

C. Shifter

Shifter is used to shift left the read data from LUT. Level of
shift-bit is depending on each bit position. The 1-bit shifter
schematic is shown in Fig. 7.

1-Bit_Shift

Egshir_in(15:0) shift_out(30:0)—]

(b)

Fig. 7 (a) The schematic symbol of 1-bit shifter and
(b) the result of the functional simulation.
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D. Truncator

Since the shifter makes the result of multiplication wider
than the input data length does, we need to truncate the length
to 16 by using truncator. The truncator schematics and its
functional simulation result are shown in Fig. 8.

=] trunc_in(30:0) mm.am:ls:o%

Fig. 8 (a) The schematic symbol of truncator and
(b) the result of the functional simulation.

When all sub-modules complete the functional simulation,
the sub-modules are then combined to be a core operator of
the VFD filter. By using 2 different LUT, the core operator is
also divided into 2 types, which are PDA for constant
coefficient and PDA for fractional delay. Figure 9 shows the
both PDA-based core operator schematics.

PDA_for_CC PDA_for_FD

—— sys_cik
PDA_CC_out(15:0) =] [=L=e2)
=] PoA_Fo_in(15:0)

— Sys_ck
PDA_FD_out(15:0) —]

E=jroacc_in(15:0)
(a) (b)

Fig.9 The schematic symbol of (a) PDA for constant coefficient
and (b) PDA for fractional delay.

Since the PDA-based core operator needs only 1 cycle to
complete the computation, the increasing speed of
computation is achieved.

Then we implement the 5*-order Taylor structure VFD filter
with both of PDA-based cores. The schematic of the 1-stage
VED filter is shown in Fig. 10. Finally, the throughput and
area utilization of the proposed VFD filter implementation are
38.493 MHz and 1,694 slices respectively.
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IV. CONCLUSION

The FPGA-based Taylor structure variable fractional delay
filter is implemented with PDA-based core computation. The
main advantage of the proposed VFD filter implementation is
to reduce the number of operator when compared with VFD
filter which utilizes the Farrow or modified Farrow structure.
Since the targeted FPGA is the low-cost FPGA, the
throughput and area utilization of the VFD filter order show
that the implementation is a compromise of cost and
performance.

REFERENCES

[1] C.W. Farrow, “A continuously variable digital delay element,” in Proc.
IEEE Int. Symp. Circuit Systems, 1988, pp.2641-2645.

[2] V. Valimaki, “A new filter implementation strategy for Lagrange
interpolation,” in Proc. IEEE Int. Symp. Circuit Systems, 1995, pp.361-
364.

[3] C. Candan, “An efficient filtering structure for Lagrange interpolation,”
IEEE Signal Process. Letters, vol. 14, no. 1, pp.17-19, Jan. 2007.

[4] A. M. Al-Haj, “An FPGA-based parallel distributed arithmetic
implementation of the 1-D discrete wavelet transform,” Informatica, 29:
241-247, Jan. 2005.

B>
Ege_wis0L> SR >———
L 1-Clk_Delay PDA_for_FD
sya_clk —]
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=] detay_n(15:0) =] roa_ro_in(15:0)
PDA_for_CC
Subtractor_Stage i PDA_for CC
add_in1(15:0) POA_CC_out(15:0) —F- L—— sys ok
2dd_ —}——F—] Poa_cc_in(15:0) oA =
acd_in2(15:0) =] Poa_cc_in(15:0)
_ Adder Stage
2dd_ini(15:0)
dd_out{15:0) —3—{Sage_ou(15:8) >
jadd_in2(15:0)

Fig. 10 The schematic of 1-stage VFD filter.
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