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ABSTRACT

This research presents a large digital circuits design methodology for a digital
filter bank circuit on an area limited FPGA (Field Programmable Gate Array). The design is
divided into two parts: a data-path part for data processing and a control part for controlling data-
path operations. The data-path part is designed by using a hierarchical resource-sharing technique
to reduce the circuit size. The set of the functions describing the circuit behavior is translated into
hierarchical data flow graphs (DFGs). Then the DFGs are hierarchically grouped the same
structure DFGs to share the same resources from large to small groups. The slower operation of
the circuit after resource-sharing is concerned. In the control part, the FSM (Finite State
Machine) in Moore machine format is used for controlling the correct sequence of the resource-
sharing in the data-path part. The designed circuit was tested on a Xilinx FPGA SPARTAN-3
XCS4000-5FG676. The circuit work correctly compared to the calculation results from
MATLAB. From the synthesis results, the circuit size is 24285 LUTs, i.e. 44% better, and the
cycle time is 1300 nanoseconds, i.e. 30% worse, compared to the original circuit without

resource-sharing.

(4)



Aaanssudszma

1 s o A 3 o 1
YDYOUNIZA ABIVANAATINTE A5.000F1 IUAUAYS Usz5IUnTINNITH
USaw1aase Aldideaazinarlunsldailsan vuraalunsniite soudamssiemae
Y A A o av 9 a a ’q Y o a 1 1
ud lvilyminneanunsise aaearuasavaeutazud laneunus Inauiulled1egans
4
Anyol
R P o ¢ o S Ay Y ]
YDYDUNIZAY ATIOAIAATINTE AT.NT%e wgnEAnTuua 1 langanld
o = o o Y 1 A ao 1 FY a a 4
MlTaw dwuzii vazlianuemasluauise aaeaausiensraniuud luInerdwus
Tguiiu lde
o v Aa o ~ 9 = I
YDYDUNTZAM AT.ITTIUTY duAousia N ldngandedaznandulszsiu
a a 4 Y a a 79 YA 4
NFTUMIAOVINGITWNUTLAZATIINMIUUA [V INGTNUS IRTANUANY 50l

YDUDLNTLADY 509PNAATINTE A5 Taunad ianesdl ingundeaaziial

Y
%

3 a a J A F2 a a 79 YA oA dgl
WUNTSUMTHOVINUNUS 91 ms’Jil1/1mLmzuﬂlleuma”luwuﬂmmmﬁduuimawu

Y

a A [ a [ a Jd a ]
YOUDLUNILAY VUNAINGIAY YHIINGIBIAIVATUATUNS INGUIANIA 1)
q 9 Y o Aw Y ' A 9 !
aldmseiuayunulunmsiiidonaz ldanusiemaedumslseamauaie
Aaa d‘ = a 4 A ~ Y
YOUDUNTZAY YalsiWensAnIneNN AR IAazNMTToa1s Nnganlnyu
'y 14
TUEAIE
-4 @ a a
YOUDUNIZAM AMINITE YAa1ns uagindny1USTyyr1Inarada
a { o o w o <3| 1
Aranssu liihmaaun 1819MUTne nagdasla lumsshaudueddausmn
£ ¥ Y 9 o = = A o A
uazgatie T vetions1andanszamves Ja1m15A1 HazATOUAT N

1 a o 4 °o <
dugsuuazaivayuinmd lunngSesnasauaudusomsanei

[

a J
Ml yyga

(5)



asvUsy

GARSIL
FIUNTANTN
s1msnmilseney
a
UnN
1. uni
1.1 anudnguasiuuesiafeite
A4 9
1.2 MINUNIUONET NIV
@ 4
1.3 Jagilsyasn
1.4 YDUIUAVYDINITIVY
4
1.5 TUADULAZITMIANTUMNTIVY
P 1 o
1.6 UszTeminmainee 1d5y
= o tigl’ 9
2. NYuYUaznanmIiioIny
2.1 nouneInulszuanadyuaInoalaz199TNIeINNDAINea
(Digital Filter)
2.1.1 myszuanadynandnea (Digital Signal Processing)
2.1.2 1993N504ANNDAIN0A (Digital Filter)
2.1.2.1 WII5nI93ULVUY IIR (Infinite Impulse Response)
2.1.2.2 WI7nI9UVUY FIR (Finite Impulse Response)
Aana a 4 4
2.2 95AIRaNamesLLNn (Digital Filter Bank Circuit)
2.3 ®anNN13v04 Finite State Machine

2.3.1 Mealy FSM

2.3.2 Moore FSM

win
(6)
©)
(10)

11
12
17
21
22
23

(6)



M58y (A0)

1

2.4 FugeunsesnuLITILma Ty Tad FPGAS 24
2.4.1 MIATeMNUATDINITEONIUUL (Design Specification) 25

2.4.2 $1299m35M91u Tuaa199552A U RTL (RTL Simulation) 26

2.43 Funszuazood lud1993 (Synthesis & Optimization) 26

244 MINABIMINNIUVOINITTZAVADININA (Gate level Simulation) 26

2.4.5 MINLAFouARIsaan101UYEY FPGAS (Place & Route) 27

2.4.6 M3T1AOINININUIEAVFIUNIAI934 (Timing Simulation) 27

2.4.7 11)5un3123g¥N239 (Download to device) 27

3. M500NUUUINDT 28
a) s A J 1A v A

3.1 MIvanuUUWaMesINeIAIHAABUAUDINBBNWAT 1130 h(n) 28

a J J
3.2 MIBBALUVNITHANDTLIIA 32
= J JY

3.2.1 MyeanuuLeasHamesuuenals 11sunsy MATLAB 32
a\ 4 JY o

3.2.2 MyeanuuLeasHamesuuend e T1sunsy Xilin 32

322.1 M3ldminernssnsznitauden (Inter-Block Sharing) 35

] 1 < .
3.2.2.2 M3ldnsnernssiuneluuden (Intra-Block Sharing) 36
3.3 WITMUAUUUD FSM ( Finite State Machine ) 42
4. WAN13IVY 44
a P 1 T A 9 o
4.1 wamMIvanuUUNames e IAINaNDLAUDINDOUWAd 130 h(n) 44
42 WaNIIeUnINITAInRalamosuuInae1sunsy MATLAB 51
43 WaMIoonuULTames oA INanoUdUDIRedNNad 130 h(n) 54
A o SAN 1A Y o ' o

43.1 1sfawesuuaan luinmsldnswennssrunu 56

a 4 P Y o 1 o 1 <
432 299590 HUIAN 1FNTWEINTIINNUTEHIIUADN 59

(Inter-Block haring)
a 4 P Y o [ 1] 1 <
4.3.3 Qﬂﬁlﬁwalﬁﬂiuﬂﬂﬂ‘ﬂ‘l%‘ﬂﬁ'W81ﬂ55311ﬂu5$W31QUaﬂﬂLLﬂ$ﬂ1ﬂiu 62

U 5 8N (Inter-Block and Intra-Block Sharing)

(7)



5. unagduazderduounus
5.1 unagll
5.2 dordupuuz
VFTUIYNITN
MAKUIN
MAKUIN

UszTagou

M58y (A0)

67
67
69
70
71
72
75

(8)



MIN

IEMINITN

v

ANuFURUTURIMIHanD LT LRI BN NadV0INanD 3 oY

a,

@

MIMUUAAINANDLAUDINDONNAT
FIR Filter Bank Coefficient

=1 =1 9 Y] a\ J (qg/’
WSeumneumslensne1ns lumseonuuuIRINAMDTHUIANA 3 LU
1Y FPGAs SPARTAN-3 L‘U’e)io' XC3S4000FG676-5

- ~ ) o o P P
Wseumneumslsnarlumsaiuianavesrasiawmes AN 3 Ly

VU FPGAs SPARTAN-3 LUa3 XC3S4000FG676-5

29
30
50
65

65

)



siwmsmwilszneu

mwilszneu

2-1
2-2
23
2-4
2-5
2-6
27

2-8

2-17
2-18
2-19
2-20
3-1

3-3
3-4

syuulszuanadynuatnea
HAADUAUDIAINDVDINITNTDIRANAR

v

nandUAUBIRD T IMDNWAd

a v

éﬁasinwaﬁauﬁuawiaﬁtgmmauwaammawmuu FIR e IIR

o

v
1

4 di’ :;’ v Aq Y I an
panlszneunugIung 3 Anlniludiuilszneuisainsosninea
Ta59er3192995NIDRUVUAT T
Tas9e3192995NTDIFIR

4 ']
MInoUaUoIANNANIUINALaz AT udu) ¥991995 0T IUANLAE
9ANAA

a 9 o a 09)1 a
WARoUAUDIDUWa AV UN AT UFUYDIIIDTNTDING 4 ¥R
ana a 4 4 4 [ %
1995A DA NANDTULRALVUDINWN 8 BT Ry I
a o 1 Y] = 4 4
msilszuianavesamesunazainmelulamosuvan
[ @ 4 1 T A ] 4 a 4 1 @
ANNFUNUTUDIAINAND U AUDINDONNaTUDINaINDILIAAZAD
a 4 4 a g = o 4
TaseadavesilamesuussuazNamosdosmelulamos e
o w a 4
a1eumsiszuanaveslamos
A10819 lapzunsuUBINUIBAIUAY (Control Unit)
urun N lABLUNT UL Mealy Machine
I o o
VAN lnozUnIuILDY Mealy Machine TULuLUDININ815 AT
Lquﬂ1Wl1ﬂﬂ$LLﬂ53J§JﬂLm1J Moore Machine
I
vaon laozinsuLLY Moore Machine Tusguuesmaasauas
Y
TUADUMNTOONUUUINITAY FPGASs
aumIanuduiusszrindunatazieinavesilames
[ 9 9 9 a J =Y J o
dyanaauduazauesnvesdameimelulamoiuun
aa a 4 o
1995A990alames LA

Tassafavesdlawmesmeluflamesuued

10
10
10
12
13
14

16
17
18
19
19
20
21
22
23
23
24
25
30
31
34
34

(10)



siemsmnlszneau (o)

mwilszneu

3-5

3-6

3-8

a J o o o @ 1
DFGs ¥9429951a190541049A (a) DFGs 190U 1ag (b) DFGs a19uad
( block H3)
a 4 P @ 1 @ 1 <
Nawesuusanenuuualens lEnsnenssuiuszrauion
a 4
Taseadrameluvesiawos H3
{ ) a o [ % 1 @ I~
namihnTandmsumsesnuuuns lgnsnenssuiuneluuaen
dmTuTAIneatlamesuea
A s s v A ad o
1950w s AN nuUUAes L3N 11
~ 9 =\ ad Y [ 1 I
1995N00AUUUAIETITEUITNST 1FNTNEINTTINTEHINLADN
~ 9 =\ ad Y [ 1 <
1995N00AUUUAI8TITEUITNMST NS NeINTTINTEHIUABNLAT MY U
<3
Uaon
an a 4 o
NITAIVAVVOINITAINDANAADTLLNA
[ d‘ 9 a o d' 9
wanuioandIn H,(z) muend1591909nui laninnisesniyy
[ d‘ [ [ a a’osxl a 4 4
yaunesndn HI nudgyanunsluvesilawmesnaua ludlamosiuen

[ J ay J J
DM NAYBINaNBTLIIA

€

[

4 @ [
WYVNNLIMNAVEIHT AU IIgFuiudyaunelu H2 uas H3
o J o @
mmel@WﬂV!@m’lﬂﬂ’lﬁﬂWﬂWiﬂ@1!1'3@"]51!

¢ A v o A ¢ ¢

ﬂiw\l"umlm‘wwmuﬂimrmm 8 U UYRIN ARSI LUNA
o 1 a a I~ a

n'lydlumsuilasat hn) Mamanatdouguduiluminadougiudes

nildyanuvesdunanldinmsdssuianauu MATLAB

]
o 4 =

a ] a) 4
nswldyanaemna yl uag yic 1ldnndunaiuilames Hi

o Ay Y o VA s
nsldyanm y2 naz y2e #ldninomue y1 iudlames H2
U d'

Y 14 ' ) 4
nsldyanm y3 uaz y3e fldnnemue yic iuilawmes H3

g 9

35

36
37
37

38
40
41

43
44
45
46
46
47
47
49
51
51
52
52

(11)



siemsmnlszneau (o)

mwiseneu
o Ay Y o VA s
4-12  nsvldyanm y4 uag yac 1ldanweing y2 muilames H4
o Ay Y o A %
4-13  nsvldyanm ys uag ysc 1 ldainwvineg y2ec iuilames HS
o Ay Y o VA s
4-14  nsvldyanm y6 uaz yee N ldainwevina y3 miuilanes He
o Ay Y o A 7
4-15  anldyan y7 wag y7c 1 ldanneming yic iuilames H7
o Ay Y o VA s
4-16  nivldyanm y8 Mldnne1vine y4 iiuilawes Hs
o s Ayy
4-17  nsvldyanuveueinai laninmsilseuiananu MATLAB
4-18  52UUMINATDY (Testbench)
N s AN 1 Y o 1 o A
4-19  Component V893995 WamasHueAn lTimsldninernssuiun
FunsreruuTsunsy Xilinx ISES. 1i
a 4 P 12 Y o 1 Y]
4-20 2995 awmesuuAnN Julims lensnenssaunu
. . a s AN 1 ¥
4-21  Device Utilization Summary voaasiamesuuani ldins 14
NINGINTIIWAUY
.. 2 J s 12 Y o ] Y
4-22  Timing Summary ¥943495Wamesuuedn luims 1emswenssuniu
o o a 4 S 12 Y o
423 wamsinaeamshanuvenslamesuuedn lilinmslamsnens
590 UA28 1151054 ModelSim SE Plus 6.2b
a A s Ay ¥ a 7 g o
424 nswlulSeuieuemnai lanneasilamosueAuy MATLAB A1
4 a\ 4 s J
©1MNAVDI1TH AN DT HLIANDDALUVVY Xilinx
A 4 s Y o 1 o 1 <3
425  Component ¥99WITNANDITUVIANYNT IFNTHOINTTINAUTEUINUAON
{ o 7
(Inter-block Sharing)duAT1zH DU T511nTW Xilinx ISES.1i
A s s Y o ' Y ' 3 .
4-26 15O SUUIANTMS 1ENTNeINTI IWAUTLHIN9UADN(Inter-block Sharing)
4-27  Device Utilization Summary UY942997 Inter-block Sharing
4-28  Timing Summary U933497 Inter-block Sharing
4-29  WAM391899MITIUV092995 Inter-block Sharing A28 TU5UNTH

ModelSim SE Plus 6.2b

52
53
53
53
54
54
55
56

57
57

58
58

58

59

60

60

61
61

(12)



siemsmnlszneau (o)

mwilszneu

4-30

4-31

4-32

4-33

4-34

4-35

4-36

= ~ S Ay Y = 7 s o

ﬂimessmmamamww"lﬂmmwsWammumﬂuu MATLAB nu
I8 ) 4 s
mmwmanwsﬂamamuqmnm Inter-block Sharing
a o r{d' Y o 1 [ 1
Component EU’O\‘]’Nﬁ]i?\lﬂ!@]ﬂilmﬂﬂvﬂ%ﬂiwEJ”Iﬂii?]llﬂLlﬁ%‘Vi’JN
< 3 A o s .
uaammxmaiuuaaﬂwmmﬁwuu Xilinx
a 4 I Y o 1 @ 1 <}
’N“l]ﬁ/‘lﬁL@I@il!‘ﬂ\‘]ﬂ“ﬂllﬂﬁal“lﬁfliwEﬂﬂiﬁ’]uﬂui%ﬁ’)ﬂ‘ﬂa@ﬂ
44

LLazmﬁlﬁlu‘Ua@ﬂ(Inter and Intra-block sharing)
Device Utilization Summary U843397 Inter and Intra-block sharing
Timing Summary U®INIT Inter and Intra-block sharing
HAN391809MN191UYD99995 Inter and Intra-block sharing 93¢
T1J51n54 ModelSim SE Plus 6.2b

= = s Ay y a 7 s o
ﬂi11’\llﬂiﬁlﬂmﬁlﬂlﬂ1ﬂ1’!ﬁﬂ1@%1ﬂ3ﬂﬂﬁwalﬁﬂﬁllﬂiﬂﬂu MATLAB nu

J = J J
mmwmmawﬁWamammmmu Inter and Intra-block Sharing

61

62

63

63

64

64

64

(13)



L1 anudngasinvesiIveI 9w

TusRamsAny1eesadneaniunalfia laiimedning (logic gate) Vo9
=) d’d Y J =) . . d! = o
19955790 1TeNGenniu  “lo® (IntegratedCircuit: 1C)”  FHMssmualsznveuna
a 1 I~ 4 1 [ 1 1
var Iaedwan iy AND, OR, NAND %350 NOR W UHoNADNUAUULHUNAADY 11U
o 4 1 [ a 4 Y] 4 [ a
Proto-Board ¥13® Logic trainer &2110151 1A UaInFHTodudAHadue [1nUasdInng
] 9 3 Y a 4 ~ 9 [ 9 A A YR
VULHUDT ZANIENADINTIZHINTN 1A91NNT0aNIDUIgNADIMNNg BT IAdNEINN
Y =< a an 9 ax o 1 I Y ) 9
A1EA1TNARDI NFANEIIFIPRALUUINITAINBAAeITRana1dlu 1 1ded1991 ms1zdes
=\ A [ a = 09}1 9 9 S A a A = I o
@ornalumaFoun1993939 aniisdedldginsainioasdnnaduganiusiuiuun wag
AN va I A 1 a A A a dy o
naf laneaziursesiivualuainuly wielismuwanuly uenainiinamssinuves
~ )] @ [ SN Y A A [ 1 9 <3
21959 ldvenuuuu 5189 liawnsomanisal Idgnuiens aundnzasasaundudia

msAnyagnsesnuuuNITaIaealuilagiu 1ditnessualaeariia

&£ Ao A . 3 Jd
vuansen e N (Field Programmable Gate Arrays ; FPGA) yutueantlszneulums

4 E4 1
Y o

4 1
Foud il 1fleennieesiinuaidesniseeniuuazgnesnuuuunllsunsuneuiinnes
v o o A a s Ayy 4 ) Y &0
udrEnsadiaosmsitianu ednsizinai laeenuuy egndewdlnitinis Tusunsy
AN Y ¥ A A A v A ~ Yo ANy o= o
2957 Ideenuun PNaswudnasludwiisedndod Aawnsoldiuesddnui 3anugn
M300NUULNITATRoaNLYIA THY
MINAUANTAVDIFNINTTIN FPGA wudunmzaniozinnldlunsdnu
an a) s A~ v 1 an
tazoonuuUNIIAIReaames il uvesIuntvnalyg ualuniseenuuul99saTaea
a) s ] IS aa A A ' 09/’ o v Y o ' [
Watwesuuaaduuvsesadaeantymialvgiu viiniivannslsnswernssounu
. 1 @ 1 £ c?/‘ = o J A Y A
(Resource-sharing) 331313 Totorsduag o Gailuduaeunialudunsiznisesnszaugan

Y

o 9 ' Y P A AAaA Ao w 9 A P
Mlesvnalvgaunsagnadlavugsniinuindinaun lslunmsesnuuy sziiss Tea



UINABNITDONLUY L!@iﬁﬁﬂﬁnﬂﬂWii%ﬂ%WEﬂﬂﬁﬁlﬂﬂJfofu'N%i%%ﬁ1i1u%}1ﬁﬂllﬁ$ﬁ1ﬂaﬂﬁﬂ1ii%
% 1 % 4 1 [ <3 o A -4 ] Y] yw 1
mwmmiauﬂumﬂsﬁumﬂm 'N‘i]iﬂ‘i]%‘ﬂ131“%1ﬁ3ﬂ1ﬂﬂ@ﬁul“ﬁuﬂu wonvnidsdinalu

1 1 F4 1
msaod1odaal (Interconnection) NeluFwNrgdudousaliudls  Haultenatvaiui

=KX ==K

o = an . d‘d a a 1ag 1 dy [] Y o
UNTUDILIVIVIT Resource-sharing nudszanian umfﬁmimmu"lu"l@mmmmm

Y
Fudeumsaomodygumoludnlindon 4 fun139%1 Resource-sharing UL RLTY

Y

1.2 MINUMUBNANTNNE IV

1.2.1 A digital filterbank hearing aid-design, implementation and evaluation
Ao Y 1 o Aan )\ o 4
(Thomas Lunner, Johan Hellgren, 1991) 11u338Hinandensihadneailamesiued 114l
A 1 A awv dy A a 4 o &
fnﬁ’E)’E'Jﬂ!,L‘U‘ULﬂﬁﬂ\i‘ﬁ’)ﬁlﬂ\ﬂﬂﬁlﬂQWHUﬁ]ﬂuﬂgLa’fJﬂfJ'E'Jﬂl!'U‘UQQ%iV‘IﬁL@I@ﬁLLUQﬂLﬂHLLUU IFIR 3
1 o o a 4 sA o A o
%zﬁmﬁlalumiaﬂmuauma,malmwﬂﬂﬂWamemmﬂﬂumm@mmmzummu8 Uoy

] [ awv < a 0'09)/ 1 a
FOITYYIU QWH?%ﬂﬁlgllﬁﬂﬂiﬁlﬁuIﬂ3\‘lﬁ%}W\‘lGU’fJ\‘I'N’1]ﬁWaW]95@1\1LL@IﬂWﬁ‘Uiiﬂ1ﬂWﬂ@lﬂiilﬁUﬂ\1

9
a

1993 mimﬁuﬂﬁzﬁﬂﬁdﬁa@m Snvazdayiaildnnflaneiudasd Fanuidoiies
A32VEOUNMINIIUAY DSP FWU TEXAS INSTRUMENTS TMS320E25

1.2.2 A scheduling algorithm for conditional resource sharing (Taewhan Kim,
Noritake Yonezawa and Jane W.S. Liu,1994) ‘U‘wmmfrﬂzﬁuauasf?u@auﬁlﬁﬂummﬁ'ﬂﬂgm
AUNIT00NILY dataflow graphs AR AINVRIMsAMIBKaTaeTiTouly Tumseenuuy

4 ) 1
ALNATAIFIAUNTRINUYTTIUNIHUAteN T azilasuuila dataflow graphs

[ o

I aumasualuil Tagsihdrumssivanan luideu lvndnundoududiums

o Aa A £ 9 4 1 d'i A o a A 1 S
mmmwammaullm cmﬂzllﬂﬂszTa%uafmu”|ﬂmaumummmamwai%mmu"lmaggﬂu
$1uaunnlu dataflow graphs 53uuaz lunsnageunuIvzdeslinmsmiisdemshiauuuy
interconnection 1/1'111ﬂaNmiﬁNmﬁwmﬂwawelufhuﬂﬁﬁmmwaﬁuﬁ’w

1.2.3 An Optimal Clock Period Selection Method Based on Slack Minimization

4

Criteria (EN-Shou Chang, Daniel D. Gajski and Sanjiv Narayan, 1996) NUReHgnaDedIu

A v

o w @ s < 7 A a a et
ﬁ1ﬂﬂﬂuﬂﬁﬁ\1m§1$ﬁ315@LL35LW@1%6§U18W€]%ﬂii‘JJGIJi’N’Ni]iuuﬁ’f)ﬂ”limﬂﬂﬂ”mﬁﬂgﬂlﬂm
a Y 1 & v A A A o a dyd l l =& '
Ll”IWﬂ”IGLW,Lﬂ’Nﬁ]S C]Nﬂﬁ@]ﬂﬁu15]&‘1/‘!’Olai’]ﬂﬂ”l‘ﬂﬁigLl”lWﬂ"I‘LlllLL“L!’J‘V]N’f)EJNiﬂ’f)fJNWLNi%W’JN

@enmudyananwnNuiueunsem i amuwd FwumudyauEm

[ a

v Y v v v
AunTUFIIAAe ALUINIIN Mmuizaulumshivuamudua i nninadiiveg

g 9

=

1 F4
Ao lMiAamadonarlasnlanlsy Temiifesnnsiuamudayanadilvamuly daiulu

9



v l
ad A S S

aw J o I S A o o a { o
nuethiziuaueIsh s imaz e s muamudygaunimn i ldgadenaiimae

9

A

o Y Y d‘ o dy 9 1 o d!
nnmathaulddesigavazannsotwuaniil 1 lumseenuuuunsesounaludeee
1 Y a a A d’d 1
nolvnalsea@nsmwnaaenisesnuuy
[ a o <3 o ]
1.2.4 M3eenuiuntlglszuIanantiamansnNuEIgIdIMIN99INTed
Y
USUAIUY FPGA (01 238z, 2550) 11UIToHUAUIMATATIHTUNT0DNLULINDIINIG
o a < 1) @ A
Uszunawadiuunatioyldinnusige saulddemsdiulgaeesdanesinvesasvio
a ~ A v ~ = Y o Ay A
mailalumsWeun1¥1 VHDL s l#99sioonuuuiins 1smsne1nsuu FPGA Ntiosnga
1 d' o Y = a d' Y o
minvzausanld Tasaziinisnaaevlesiszuiananateunesnuuualenisiilil
4 [ [ [}
Uszgnaldluniseenuuuuazadnisrsnsessudnnulnseiielseain ADALINE
. . A A 19 9 o Y a d' Aa A
Adaptive Filter ¥ilafl I 1¥dyanao19dennmeusnionaastseaninmuesnnesiszuna
o a { o U I o
uIUnAdeuningue wulwavnmsnadeuitunune luwsizaesansodseuiana

[ LY L] YR 9 [ ] 1A =1 d! = U
ﬁﬂgﬂg”lﬂl@]?’e)fﬂﬂﬂﬂﬂ 1.25 21UA719819A0IUIN (Data-samples per second) FINAIFINIUIN

A

o = ~ @ o ~ 9 4 Av A
dioi lilnSeuieuduwamsihaunldonn lylasaeuTnsamesnnauiveisnum
[ d
1.3 Taguszasn

=S an a 4 o =1 an
1.3.1 ANMILAZ0DAUULIITAINDANAINBTUUIA 1A8TLIT8UIT Resource-
o w c?/‘ o ana a 4 4
sharing HUUAAUFUUALDONULVINITAIUANNITIINIUVDINIIATADAVALADTHLNA
132 #nyuaziiaesmiiianuigasatnoaiamesiueniy MATLAB
133 Anyuaziaeiminiaugesntnoaiamesiueauy FPGA
a 4 = = o an a 4 o’d‘
1.3.4 wasizvnazlSeuneunanisniaulgsasnoalaaesuuann

] o Aan a 4 s Y ege
o0nuUUA28 1151053 MATLAB f124995A9n0aWamesuuanneontuuae 11sunsy Xilinx
1.4 VDUIVAVDINITIVEY

= an a o S Y QsJ‘ [ ~
An¥azoonuUUNITAIRANamaTHIANTONIIT U999 I Ne o NI
[ o a o 1 Y o w z . .
I Hvuadnaslasordemaianis 1dnsne1nsa1d 1N WA ULDUSI9UTY ( Hierarchical
. A g y & A yy A " A o ¥
Data-path Resource-sharing) olumslsioNuu FPGA GLWL!’E)EJTI?!@]WI”ITI%%?(”I?J”I?E]%”IIIGI
HAZAATIZHHANITI180INITIINIUYDINITNODAULULY FPGA  HUNTHINUU09I99TN

@@ﬂLLUUﬁ}’JEJT‘]JﬂLﬂﬁJ MATLAB



1.5 YUAUUAZITMIAUHUNTIVY

1.5.1 AnMINMININUUe199IAIn0aNamesLen
o 4 an a 4 4 [ A YR
1.5.2 99nuUULAzTUATIZHIIAN0aN N0 S ULA 11NHaNATN dANHT
wazAuar1uu Taeld 15Ny Xilink ISE 8.1
R o aa A s ¢ A g9y o
1.5.3 $1209MaN151191UU09995AIMeaNames uueaie 19 1an151i191u
YDI2993)NAI
= an o 4 s Y a Y o
1.5.4 APYILAZDDALLUINITAINDANANDI LUIAASINALANIT IENT NS
Y
ANNINI A ULV P VT ( Hierarchical Data-path Resource-sharing)
- aa A 7 ¢ v
1.5.5 AnyazesnuuU99sAInealameosuuen laels lasunsy MATLAB
1.5.6 1SeuMeunavra1995N91809MIMNULY FPGA  duman 1851
o 9
msoenuuutaziuI Iaeleslasunsy MATLAB

1.5.7 agUwanazdliousisanu
1.6 Uszlaminmainezlasy

Y o aa a 4 4 9
1.6.1 wWhlamsiausazeamnsaesnuuulvsadneanameosuusn laoly
Y
5eieudT M3 1N neInTAMA N INI WA UV VA MUY ( Hierarchical Data-path Resource-
sharing)
A v Y o 1 o o Y
1.6.2 1993100NUUVAEMNT NS NeInsTIuAuasotnutay ldnanis
o ~ A @ ~ (=1 Y o 1 [
Maunmieunvesi idmsldnswernsswwdulumsesnuuy
Y A ¥ a ~ ~ A Ay o o W
1.63 laseuimaialumsesnuuuisiiuzauiga ielidedinaaiu

Y

A d'd' o w . .
Wenndnalumssonuuy (Design Constraints)



NgEYUASHANNS

a

= d‘ U 74 aa d‘ a . . .
2.1 ﬂﬁ]ﬂ{]!ﬂﬂ?ﬂ‘lJ‘1.]533»1’JﬁN'61El'flluillu1il!ﬂ‘i]ﬂi’)ﬁ!!ﬁ%?ﬂ%iﬂii’)x‘lﬂ?“lﬂﬂﬂﬂ@ﬁ (Digital Filter)

2.1.1 misilszananadyanamdnoa (Digital Signal Processing)

nouHvesmslszuranadynnAinoa (Digital Signal Processing) HINANH

g

HaiIsaNANUMNIBYINgEE p19nan lalmuedmsdszuanavesdynna ludesiio
Y Y
Y ' @ S 0
(Discrete-time Signal Processing) NIUNTIZN myf]mmmsﬂizmawaaq;tgmgﬂumsﬂszm

(3 | [ o w : [ 1 4 )
Tasuosdgauundndudnsuzussdiduvestoya (Fnedya i ludeiioq) Tashdeya

v 9y

" A [ 4 @ [ S o
mmﬁmﬂizmawa W UIN al Al ¥ Lﬁ@WTﬁﬂJﬂJ1'51!51]19@ﬂiuaﬂﬂﬂlglﬂHQTQUﬂJ@Na

u

1 = v
I ULAYINU

x(n) FdiTdizinang y(n)

dyanafinea * I .

mwlsenou 2-1 szuvlssuianadyaunanea

'
A o W

piuandinglunmsdszuranadygiune nisiaenlddrlszurana

Se

o v A Ay A o A g A [ Y o P4
dyana WuAe msndesdidilszulanaismenzlszunaradyanalniuldTaomme

[ A Y o d'Sl = oA A o a A = @ 9
BDYNU mﬁiymum‘vmmmiﬂizmaNaua@mmiﬁu‘wqq H500aN03 5NN 1FUANUT UL U U

q

do o H A2 4 a

o o =i Y Yo A < [} '
NITATUIVUNIN ﬂml,ﬂuw%mﬂ%mﬂszmaNa%ummssaqmmﬂwu NV]TQLﬂﬂﬂ‘lﬁﬂJ ] 0¥
3 ﬂTQiuﬂTﬁﬁTﬁ'JﬂigﬂfJaWﬂ ﬁ'ﬂ

A

1) msausariIsinel¥duneuiunes naelsnusnlulasldsisaavos

Q'J £ = 9 1 a J A 4 n Yy ) [
Nl ‘]Ul‘lJ G]Nﬂ\illiJ’ﬂﬂ@iJW’JW]@iﬁﬁ@Vlﬂiﬂijﬂilcﬁﬁtcﬁ@iﬁlgulllulﬂf]f]ﬂllﬂﬂllnﬂw1$ﬁ1‘ﬂiﬂﬂ15



[ 13 o w { 1% ] @
Uszanamadaana uanansoiiumnlylalunuidesnsonsinsdszuanaliuinin
A 13 a ] <} % a J =
Wi@aluﬂ'lﬁﬂ3$N3ﬁWaLLUUU13JHJUL'Jaﬁ]5\1 @EJ’I\?ulﬁﬂ@I'lll ﬂﬂﬂﬂuﬂﬂuwuﬁﬂﬁﬁ?uuﬂﬂﬁu

< ) o a [l @ l { g
ﬂ'ﬂllli')qx‘lll'lﬂ%uﬁ"lll'lﬁﬂuWiJWi%VI’]ﬂWiﬂﬁgll"]aWal!ﬂﬂlﬂa“ﬁﬂ‘ﬁﬁ’lﬂ il ’E]El’l\illg]} GI'J’E]EI’NﬁLW'H

= ~ v 9 9

1adfa 151 MIneasHavesdnyanados niola loigniiudatoyau1A2811AT§1U MPEG &9

U U

Y

(R 9 9 4 Ja @ 1 9y = 4 =] o Yy 9
LWIﬂ@u@l’ENGlflf@’liﬂlnﬁw&ﬁ‘]ﬂﬁluﬂ'ﬁﬂﬂﬂiﬂﬁ LWI{Iﬂﬁ]ﬂuﬁl%lwENG]YEJ'V‘I‘V]lL’JﬁﬂﬁuJWﬁﬂﬂWllﬂl!ﬁ'J

q

1] A < 42’
Tago1s CPU NNANUITIZITY
d d [y a I~ 4 (] Aa
2) M3lFsaNNUITIINAUTN DSP ¥W DSP 1uiedovearnilszuiana
o .. . & A A ) o
dy1al(Digital Signal Processor) 4D "llliﬂiTﬂiLGBﬁLGBBS‘VIQﬂ@@ﬂLLiJiJEJ”IﬁWiﬁJﬂu

4
Uszuamadyananuunanislasmmn: TaglulaslUssayessuaniivelianilasnssy
Y

A A o 1 9 A a A 3 ] =
N9 IUITABNTAIUIN LazMs loun1etoyanulseansnn HASANNLITIFI 1FU NITY

U

o o Aa Yy 9

. | A o
ﬂ1ﬁﬂWLﬁB1Hﬂ1iﬂm, NITVUINTS AU, Wlﬁﬂﬂﬂ']ﬁ’f]']\‘lslleylallﬂﬂ circular buffer Lﬂuél}u VNYUAU

o 1 F) o CE . . 2 9 aov A
fusamnsdszuiananaly il drulandounuludnfen (multi-processing) 8NAIY VTHNN

kY a

[~ o a ] .
HufidunsHansw DSP 1auA Texas Instruments, Motorola, Analog Devices, laig AT&T

U

< a {n & { o < .
Wudu Fegn DSPRTNszntilumstszuianadoyauuusuiudy (fixed-point) 1az

Uszinnflszuanadoyanuuiaudins syl (floating-point)

¥y ¢ d A aa s s =
3) ﬂ151‘“815ﬂ!!35ﬁ5919°“ﬂ99ﬂ!!TJTJ!‘ﬂW1$Q1‘H FITALITNUNTUIYDI NAT

] '
ak A 1

ana £ Y o 9 Y = @ [ I A A
Avnoa eansneenuuyIiiimsiszuanadoya lauReddu danossuiduntey iwu
@ aa 3 4 o I 0 {
FFT (Fast Fourier Transform) %30 fansasavsaoatiy awsawige lana Ty ledduiegla
o S v 3 1Y Y ] A A dg’ < 9 o I ~
AuamzlanFuiu o uad1dean15oanessuNMINLIINTY No1vdesiimseenuuuulod
IMWIZ91U04 (Application Specific Integrated Circuits %30 ASIC) Fauruounaunulums
Y
GLRTRTIT AU E ST ARG RMEAREE
maudenonnenie e m3ldledadineatszanlysunsu’ld wse FPGA
. & v A A o Y o
(Field Programmable Gate Array) mﬂﬂﬂquuumm?umw’e)mzumﬂﬁvmmﬁﬂizmawa

=

o v ) Ay 1 : o & A 9o
ﬁiyﬂﬁmllﬂ ﬂ']iﬁl‘lf FPGA ﬂguﬁunuﬁluﬂ'ﬁ@@ﬂllﬂﬂﬂﬂﬂﬂ'}'] ASIC ﬂQUﬂ'ﬁlaﬂﬂﬁlGﬁ@l?

U

1 dd? Y 3 Ay 9
UszuranauaaziuuNIUINUANHUSVDIIY ANNITINADING LAZAUTN

U Qq

1 99 o ull owunateedeit 188 wermsiszuianddhamliidau ag
o ' Y A 1 £ 1 ojy = Y
vend 20619140 swAdiunil swounni ud ldun
= ] ~ v = =) Y o =
o msUszmawaides wu msdudades wiednsdados (speech

coding) ﬂ”lii}i]o”llﬁﬂﬂ(speech recognition) mMyaueilades (sound



Y] 4
effect) MIHANTY NITNTOUTEITUNIU  MTTUATICHITIIAUAT
. . I
(music synthesizer) wudu

4 1 a Jd o 4 @
®  WNMILNNY Ulﬁlllﬂ ﬂWi'JLﬂﬁWgWﬁiUﬂﬂﬂlﬂauﬁiJ@Q (EEG) uag Yy

[T

AUt A(ECG) 15093281381 (hearing aid) 1T udAY

v

J

1 o v : a ad
o luszuumsoied 1§ Il 1 & dFlumsandTunavaming A
a &
NAY
o mislszuaradyanauuuvateia laun m3dszurananiniis

1id) 3@Te (31@A) holography (AW 3 {iA) Aed19uIMITUTLYNA 1Y
9

1 =\ [ YY) A o Y o dg’ 1 Y
41U “lmm ﬂﬁ‘]_liJ’f)ﬂﬁilJuﬂJu1m’JﬂI’f) msmmw“lwmmu mm%mu

A

ammeaiiien mwnlunanauaznwioeudl luda szund
o < ] 4 Aaa
10 msueuiuvesueud tazmanasulvivesnmeuiia
I
ihudu
® szuuded1s lAun modulation/demodulation  PISFALFIHAVD
] o o o 4
Foadaa1a(channel equalizer) Tuginsal lmawn waz InsAnniions
= 9 @ 4
msnseudesaziouluszuyInsdninielng wagszuumsdszau
4 4 )
‘VlNllﬂﬁ (video conferencing) FTUSAITHAL TFUIT TEUVHING
. . <3|
(navigation system) GPS Hudu
4 4 1 4 a 4 {
o luginsal uazaIesionialdr 1wy wFesiinTizinud
(spectrum analyzer) 5095 e W (function generator) LAY
A v o . I 9
IATOINTIVAITQYY I (pattern matching) 1T UAY
nanlanluil a9 ¥ umsdszunanad wanudtnea lddilblas @ q

Yy v a a a 2 \
“lwmmm tazd Uszansanuuesg1auIn

a

2.1.2 2993n399ANNDAINOA (Digital Filter)
A o Y Ao A v Yq ¥ 1
3\1‘1]5ﬂﬁE]\‘]ﬂ’NNﬂ‘ﬂTH“L!11’1%1lluﬂﬂ’31uﬂﬁl1uﬂ’31uﬂﬂﬁﬂﬁ‘ﬂ@\ilﬁﬂ“ﬁ UUNIATY
ﬂmﬁﬂymzmfNWﬁﬁ@ﬂﬁumﬂ’lma(frequency response) fanmdsznoui 2-2 14 4 ¥iia
A07UAD 1995NTDIANVDRHIU(low-pass filter ; LPF)  2995050IAWD M1 (high-pass
filter ; HPF) ’Nﬂ'H'ﬂ'iE)Q!,Lﬂ‘iJﬂ’JHJaPhu(band-pass filter ; BPF) LLﬁ%’N%‘iﬂ‘i@\‘]!LﬂUﬂ’ﬂNaﬁﬁm

Phu(band—stop filter ; BSF)



\H 4 . 4. |H| 4. o
FINAIUINTU PNANUD 1Y A
|l ————P e —————P

3

»
>

0 7 / 0 7 g

c c
(1) HOADUAUDIVDINIINTBIANND 0" (V) HANBUAUDIVDINIINTBIANND ¢ 3

‘H| A . |H‘ A

HOUANND W HOUAIND  YiE A
- -

3

»

0 f f f 0 f f >

Cl 2 cl 2
(M) NEABUAUBIVBIINITATOWAUANIND 11 (1) HANBUFAUBIVDINITNTBUDVANND 1Y A

a

amilsenou 2-2 wam)uaummmﬁmmawsmmqmmﬁ

a A Y A [
NARanoUaNInND lunndseney 2-2 1elw H ADUUIAVDIULIIAUY

Y
1 v 1

v ¢ o0 v = = = ! v @
NHNATULDTIANA WNITNTDIAITNOATNIY ﬁ]zaaﬂwmmamtm 0 Hz 030 £ NTL!"IJJENGU’J
4 Y Aa 1 ~ (BN} Y] qu‘ 4 o [
L@T@]W@]ﬂl@ﬂﬁ]\ﬁ]iqﬂ FIUANNANGINI f ﬂ”J"Illﬂil%ul?JN”IullﬂfN"U’JL@”I@W\!WGUBQ'Nﬂi qaInsTy
= [] Y A 1 = ] @ 3 4 Y
3\1%5ﬂ5'r;Nﬂ'ﬂllﬂ'LZNNTLH]%8@N1Wﬂ31ﬂﬂq0ﬂ31ﬂ313~1ﬂ f, W”IullﬂEJQGIJ'JLi’JWW!@]"UﬂQ'Nﬁ]i]lﬂ aIu
A 09/’ 1 =< A [N @ 09/’ J 9 [ A
AMNUDANLA OHz DIAUD £ ‘ﬂgvliJWWHVlﬂEIQGIJ'JLE]WQW.@IGIJ@Q'Jﬁ]ﬁ FIUITUNITNIDILDUANINUD
[ 9y A 09)1 1 = ~ [ [ 09/’ 4 1 ~ 09)1 1
WU ‘ﬂgﬁl'ﬂllalﬁﬂﬂ'mﬂ@\‘llm £, 09AU0 £, mu"lﬂmmmmwmmawi AIUANUDALLA OHz
=2 A @ AA 1 [N @ c?/‘ 4 ~
NANUD £ NUANUDNGINI f, ﬁ]z"lumu“lﬂmmmmwmlmawi RS WNITNTDILDUAITUD
1 1 Y = = ~ [ [ 09/’ 4 1 A A
vgaru 12 ldeonldeennud £, Deanwd £, Muldidieanaresises dauanudous
9
] [ 4
rvsoeu i st eana 18
d‘d‘ 9 [ IQ'J v A 9 d‘
’N%ﬁﬂi@\‘]ﬂﬁﬁJﬂ‘Vﬂ“]N'lUﬂH@Qﬂ']llﬂ 3JﬂuEJlJGl“lf’]\?%iﬂﬁﬂ\‘]ﬂ’)'luﬂllﬂﬂllﬂu'l
£ Y @ 9 ] @ ~ o X o o '
aon G]Nﬂigﬂf]'ﬂllﬂﬂﬁﬂ AINNUATUNTU @lﬂlﬂﬂﬂﬁzﬂ AU UYIUI Lgazqﬂﬂimmmmwu
=

Y AaA

| Y1 1y A A = . A
ooduouil ﬂl@ﬂﬂ@ﬂ@ﬂlmﬂllﬂ\ﬂﬁl 31NN UANUBLTYNINITUIALADYTNIN (stability) A31UDN

Y v a

9 =\ d' 1 C% 9 d' aa [
ADINITUANTNAAIAAAD UG Lmﬁlu‘ﬂ%ﬁ]‘ﬂuulﬂﬁuﬂﬂuﬁliﬂ“ﬁi]ﬂ‘ﬂiﬂi@\‘]ﬂ?ﬂJﬂLLUUﬂi}ﬂfJﬁﬂu

= =) Ao J d'd'ﬁl = d' Y 1 = S A
WD NI DYTNINNANIT AITUDNADINTITUAIIUAAIALANDUUDYNI LANUDITYND



E4
mseenuuui ldenni1 tazlismgandt dmsuauidelivenadanisesniuuNITNToa
1 k4
ANUDUUAINDA LNEDE1UAS NI
ana I A o Y A o A
1995nIe9RIneatll U TN ssuanadyaa luTamuaune
AaulaInaneuaueIN19aAND IIBIVUIA (Magnitude response) W3oHanoUaUBUF e
o 1 P Yo ana 9 v A
(Phase response)  lagansaendlnd19llsy Tominldsuanieasnsesddnea laun tilenses
dausunIu eennndaNAeINs WUy adeInin1sTUNIUIINTA1IZTOUI N
wio uendyanuilzduiu wulumsiadyananauluiliile (Blectrocardiogram ; ECG)
] s ~ [ A @ = ]
yoauuazmMInluassn Nezimsdzuvesdosdya i vie Ysuljenaninveudousu
4 (] I
Twnsesreile Hudu
TAgN1993N3090199N1aARE 11U UeIeun1IWAA1e (Difference Equation)
B 1 d'dy A A v o a ' % Y
Feaumarnaa 1 lunil Ao aunTNUNUeNANNANNUT IUFIIATeHINT YL IUVNIIVD
A o A ' A A a P}
NINTDY A x(n) LA TYYINVIVONVYDINITNTOI AD y(n) ANMITHAAN AD FeNaz 14
dsuadiedilssunana MzaunIITUenINetl yin) laalemsiuiaedie]s uaas

AeauMI2-1 el
y(n) =a0x(n) +alx(n—1)+a2x(n—-2)+...—bly(n—-1)—-b2y(n—2)—... -1

vaguuuulmildaums 2-2)
y(n) = Z a;x(n—1i)— Zbl.y(n —1) (2-2)
i=0 i=0

v Y
Taoa 11 dm5u1993nses FIR aglimduilszans biilugudiavua wio il

J o 1 o [ 1 . 1 % [ Y] -4
imsldnmanoulusfniiues uad11iu9950509 IR 223iA1 bi 06191108 1 @2 Liminugud

! 9y Y o

nnaunseaa g 19dui ldaunsoszy g wd nuuzmamela lag

d Y 1w a 2 Y o @ o 1
TN T AYNANDUTUDNADE YTy Duemar (Impulse Response) ¢ 0z lyd ya NH LA

99

{ 1w aov J [~ v o B2
Iﬂﬂﬁwaﬂﬂﬂﬁu@\iﬂﬂﬁ ﬂgﬂpmﬁmaﬁﬂlmawiﬂimLﬂumﬂmuﬂﬂm’du‘umamwiﬂim N7

@ J

Y
v a o [ [ [~ a
¥R wany Ave92993n0a ua s ld laonisil eud woandnd wnuuduw ad

(2 Y o 9

A o (% = Y ~ ' Y o v o
Om)) vazld o1 1d wonwil ¥ eull 9 ad yanauihvesese: Iddoas sdammmag

mMwlsenoy 2-3



10

Ota) T hm)
I Y e R
0 n 01 2 3 4 n

a @

§ o [ o o 3| @
¥ 98 19 ud wwvieennmstl eud wawdud anadiddon
Y

o

A

a dgl 9 )=} [ o = ] a Y 4 I
Lﬂﬂellullﬂ2ﬂim @ 91 UWEWTOUUINTNTINUNAAO VA UDIONN ad oDl AD

v

< v

1995509 NNNANDUAUDIONNATIINA (Finite Impulse Response : FIR)

1 a v ¢ o 4
1995NTOINUNANDUAUBIDUN AT UA (Infinite Impulse Response : IIR)

hin) Y847 FIR bim) YETEUY IIR

+TIT+ ! {Tr-p,,...

4

MNUTENOU 2-4 AIDINHANDUAUDINDTYYIUDUNATUDINITLUUL FIR 1ag IIR

aa qg/’ a 4 f
’Nﬂiﬂi@ﬂﬂﬂﬁ@a‘ﬂ\iﬁﬂ\i%u&ﬂ‘ﬂzﬂizﬂﬂﬂﬁ?ﬂ@ﬂﬂﬂizﬂﬂﬂﬁu;@WH(Basic

elements) Ao f1U7n (adder) éf’lﬂm (multiplier) HAZAINUI (Delay)

Multipliec Adder/accumulator Delay of | unit of time
x{m f_ x(m) r/.{'_\ - xa) ey I
fx(n) x(m) + win) x(n—~1)
win}
L

[

J 43’ 3’ v Aq Y I ' aa
muilsznou 2-5 oentlsznounug e 3 aanlsiludiulseneunniniesdtnoa

1 J v v .
19930303019 nuaadog lugvesilandunielon (Transfer function) lay

a

' & A o o o Y
mmnwﬂmwswumwamuauamaﬁtgtymauwamﬂu h(n) !,Lazmmﬂm z U® h(n) llﬂ
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1 1 ' [~ v 1 2 A v o Jdo
Aty H(z) 1317817391 H(2) Wuiengunie Touveese Uy salaNuauRUsnUMsulas z ves

Ty uazenasauns (2-3)

_ Y (2) (2-3)
X(2)

H(z)

2.1.2.1 3993503994V IIR (Infinite Impulse Response)

an J o 1 [%
19951509ATN0aLLD IR 3 UHeNFUD 18 TouveIss UUAITNMT (2-4)

N
b -k
po_ &N _
H(z)—A =— (2-4)
(2) 1+Zakz_k
k=1

MINANMS (2-3) uaz aums (2-4) 1h lliamenae Induazi@ionlneglug

YBIANNTNAAIN (Difference Equation) 1@aaaumy (2-5)

Y(2) =Y b,X(@)Z" =) aY)Z™
k=0 k=1
Y(2) =b,X(2)+bX(2)Z" +..4+bX()Z* +aY()Z" +..+a,Y()Z"
Y(n)zika(n—k)—iakY(n—k) (2-3)
k=0 k=1

o I [ I~
NnaumMs (2-5) ansashu@endulaseadaldaannilsznon 2-5 11lu

Tasaad1aunuansa 1 (Direct form 1)
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t—

All-Zero System All-Pole System

nmilsenay 2-6 Iﬂﬁ\iﬂ%}N’J\‘l‘ﬂiﬂﬁ’G\iHRLLU‘U@IiQ I

Y Y Y Y
MmidmsunuIdeizaonld1995nsouuy FIR lunisosnuuuaaiuag

[

1 Y wad o { o [
ﬂﬂ”l’Jﬁ\Wiaﬂﬂ"liﬂ"li@@ﬂl!ﬂﬂl!ﬂ%f’]‘mﬁu‘]_l ﬁﬁ”l VUDIWITNTIDIULUY FIR ﬁ;ﬂum&mawaﬂiu

o

msdaduludoniwinseauy FIR lddmsuauide

2.1.2.2 31993103994V FIR (Finite Impulse Response)

aa Jd v 1 [%
199515099ATN0ALLY FIR 3 UHendun1e louvoass uuadaums (2-6)

H(z)= ih(k)z"‘ (2-6)

MINANMS (2-3) uaz aums (2-6) 1h lldameonae Induazilionlneglugi

YBIANNINAAI (Difference Equation) 1@aaaums (2-7)
Y(2)= "Z_lh(k)X(z)Z*k
Y(2)=h0)X(2)+ h(l)k;(o(z)Z’l +hQ)X(DZ 7 +...+ k)X ()Z "
Y(n) = "Z:‘l h(k)X (n—k) 2-7)
par

o < o
NAUNT (2-7) ﬁTJJ”Iiﬂ‘L!”Ill”lﬁlEJHLTJI!TﬂSQET%JTQ]l??]}ﬂQﬂWWTJi%ﬂﬂiJ 2-7
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x[n ~ (N -1}

AN -1}

y(n)

amilseneu 2-7 Tﬂix‘lﬁ%ﬁ?xﬁ]iﬂiﬂﬂFIR

A 3’ v o a =
Tﬂﬂ‘ﬂ]ﬂﬂiﬂii’NLL‘UUFIR HUIA U995 NT 0V UUOUSIABT BW (Non

4 ] o 4 J
recursive) Lﬁi’]\‘ﬁ]"lﬂil%llllﬁﬂ”l'iﬁi’]Llﬂa1J°’I]”Iﬂ‘VlN??]}TL!L@Tﬂﬂﬁ!tﬂ%l&i’]ﬂi]”lﬂﬁ]\ﬁ]iﬂiﬂxumﬂ FIR

BZ

= A 2 A
WNAUTNUADUONAD
Y Y A A o

fﬂiJﬁﬂEﬁNllﬂﬂ”lflllli’]mEJ‘]_ImJ’Nﬁliﬂii’NLL']J']J IIR

= A <3| a Y .
uﬂmﬁmmmsmmauammwmﬂummu(mnear phase)
[ a Q‘fd' a o S [P=N d!
ﬂiJ‘ﬂigﬁ‘ﬂ‘ﬁmﬂﬂ%1ﬂﬂ1iﬂ1u’3m%%uﬂﬂhlﬂu°ﬁuﬂ

299505990V FIR Hadesmwnuiuou

d' a F% . “
19950509 NN aau (Linear Phase Filter)

= A Ao Y [ ' o 14
mwaﬂimmmamummmm@1mmssﬂmgﬂﬁwmammmmﬂﬂu

A o ] 1 3’ I = a 9 £ ~
VYUSN ilJilﬁﬂlN”li!'J\ﬁ]i]l']J 2995 UN T U9TNTRIANNDW EIFUTY FINITUNTADU AU

anuanaunso@eu'ld g
11(ef9)={17(ef9je-f% (2-8)

o — <0 < ez H(e'?) Wumsuiasy5iosves hn)
winli X (e’%) WumanlasFiosues xm) 1¥msaeuaussiian ‘H(ef‘g)‘:

[ ] A 4 = Y
1 Tugarmuanud aumﬁmmmmwmwu"lmﬂu
Y(e'’)=X(e’")H(e”) = X(e/")e ™ (2-9)



14

wieileuiasndun3ies
y(n) = x(n—k) (2-10)
wiindesnsesn mdlmdadu i1 §deugyUsevesdunnly win
2ITNFBIANUGH ‘H(ejg)‘ = 1 ua l IdfueFadun: liawnsadnugiiavesdunm

1314
‘Magnitude

K

-} Passband = Stopband [ef—
0 ) T

Phase

|l Passband = Stopband |-ef—

T
ec

A ™

— Linear Phase

k4
%

Mnlsznou 2-8 MsnpudUoIANUDNIVIALazd (LEI?QL??(JIJ) VOINITNTOIHIY

9 a
ﬂ’J”IiJﬂ@]ﬂuQﬂllﬂﬁ

o3| a o o a3 ] o o

11N h(n) L']J‘Llﬂ15@]i’]ﬂﬁu@\‘lﬂllWﬂﬁmﬂﬂigﬂﬂﬁWUWUTML@NWUJH ATV NT

~ a Y A o @ I A ~ A &2 o o o 9 ~

ﬂi@\?ﬂ’ﬂllﬂml'ﬁl‘b’\?Lﬁ‘l!1]ﬂ'J”I?JfT”Iﬂ‘EUuLLﬂ%L']J‘LJNﬂu"l,GUWﬂLWfNV]'J”I h(n) FINAIUIU N 3TADIY

1 4

ﬂ')”l?JlelllWﬁﬂi%?J”lmﬁﬂﬂﬂ”N h(n) = h(N-n-1) ﬂ?ﬁﬂﬂigﬁ'ﬂ‘ﬁ‘ﬂ%ﬂﬁITUG]?}”IEJLLagﬁ}”IUGIJ'J1§]$LVI1ﬂU
= = Yy £ &
ﬂ1§ﬂﬂlﬁ]\1ﬁ1ﬂ15ﬂﬂﬁ]$ﬂﬂﬂ\ﬁﬂ"lﬂﬂiﬂﬂuﬂ

Asanaums (2-10) iWeshmsulasises luaunsi 2-10) 218

Y(jo=e'"X(jo) (2-11)
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Mmmsdeteaunms 2-11) azldn

Y(jo)

— =H(jo)=¢’* (2-12)
X(jo)

A . 1w a @ A
NFUNITITUAIUVUUIA (magnltude)WnﬂU 1 Lm%ll&ﬂﬁﬂﬂﬁllﬂﬁ‘ﬂ (2-13)
O(w) = —wkT (2-13)
a = I a Y @ 09/’
NITNNITNTOILUY FIR 11Na@]i’]‘]_Iﬁui’]\1‘VINLWETLTJHLL‘]J‘]JL‘BQLETH@QHU'N%?
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= o 9 l Y 1 9 o an A A 4
NI9LLUY FIR "NQjﬂi!”lllﬂclclf\ﬂUfJEJNﬂ’JNsU’JN U ATUMTSUEIUONA IR L0 LATOINDUNNY

U

Fludu

a v d
Namauaumﬁeauwaammswu (h(n))

Y 3 H
MIVAINTOUUY FIR U Gll!ﬂﬁ’f)@ﬂl!ﬂﬂﬁ\iﬁliW@lj@\‘lﬂﬁﬁW Ao A1UDY

1A o J ) v W { 1 1
AN GRNCRIMSG) 1’1?@ h(n) Y9I VY F1HMTUNINTOI FIR Nl h(n) 9193 N 0 137100173731

E4
aA o % 1

Y Y IA A Y o 9 a2 9 [ o 1
AINTIUNDUAUMNINU N-1 IHNANAD Nﬂ’lﬁcl‘]fﬁiyliUuWﬂ!EU']lel']clu@ﬂﬁflﬂuwa\ihlﬂ N-1 AN U

-(N-1)

= v o ~ 1 & o g A ~ £ g
“30 damasgaganed luilandu Hz) nfe 2" uagnnaumsin (2-13) Futluaunmsves
waddmuaaumsnanevauosmaalvulassmuald

kKT=0o (2-14)

Ow--aw (2-15)
nIedAvesnanauaueImaamiiy
Ow-=p-aw (2-16)
B Humaii
dnwsnseddimamsasvausimanlafuuuuFaduaaunsi 2-15) v
A INAnD AU URAdV0IAINTBY h(n) (HUUVVANNIATUIN (Positive symmetry) A3
aumsi 2-17)uaz(2-18)

h(n) = h(N-n-I) An=0,1,.....(N-1)22 4ag n 15 (2-17)

a= (N—z_l) fin=01,...N-1)2 oz niilug (2-18)
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wagvneesnsesiinansaevauesmadailunuududuaaumsi (2-
16) wlimmanouauesduaduoadiinges h(n) Auuuauesay (Negative symmetry)
Faaumsi (2-19) uag (2-20)
h(n) =- h(N-n-1) (2-19)
(N-1)

= 2-20
o 2 (2-20)

NTUNT (2-17) BALANUNIT (2-19) ﬁ'"lﬁJ"Iiﬂﬁ”liJ”IL%ﬂulﬂuﬂﬁwllﬁ}ﬁﬂ

MWsenou 2-9

[ Centre of symmen
(N odd, positive symmetey] N w 13 (0dd)

| i
s [0V -

Centre of symmetry
(Neven, potitive symeciry)
M= |2 (eren)

Cenire of symmet

n
Modd, lhve
| . nEgeiive syrmmeiry) N = 9 {odd)

- =

[
]

H"’“Cv:m.: of iymametry

el sl s L N = 1D {even)

il
—

r—

Y
nmilszneu 2-9 NEW]i’)‘Uﬁuﬂﬂﬂuﬁﬂfﬁ]E’NW\I?H"HQLE?T)‘M"]JE’N’N%iﬂiﬂﬂﬁ\i 4 ¥UA



17
2.2 19935AaneatlamesiueA (Digital Filter Bank Circuit)

a 4 J [ a %
Wawos uuen Ao199InTod Yo RNTIDigital Filter) Ysznnuil 98 ms
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H4 » Band 2
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\_, » Band 3
H5 >
Data Samples » Band 4
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[ re
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H3
» Band7
H7
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aa ay 4 J J 1 o
Mwilsznou 2-10 ’Nﬁ]iﬂﬁ]ﬂ@awﬁl@l@il!ﬂ\‘]ﬂl!ﬂﬂl@Wﬂﬂﬂ 8 YOIATYYIU



18

J—» H8 —— Band1

H4

——————————— Band2

H2

Data Samples H5 (———» Band3

f———— > Band4
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H,(z) [h,(0)=h,(48), h,(16)=h,(32), h,(24)=0.5
Hyz) | hy(0)=hy(24), hy(8)=hy(16), hy(12)=0.5

Hy(z) [hy(0)=h;(28), hy(4)=h;(24), hy(8)=h,(20), hy(12)=h,(16),
hy(14)=0.5

Hy(z) |hy(0)=h,(12), hy@)=hy(8), h,(6)=0.5

Hq(z) [hg(0)=hs(10), hs(2)=hs(8), hs(#)=hs(6), hy(5)=0.5
Hy(z) | hg(0)=hg(6). he(2)=he(4), hs(5)=0.5

Hy(z) |he{0)=hy(30), h{6)=h(24), hy(12)=h(18), h4(15)=0.5
Hg(z) |hg(0)=hg(2), hgl(1)=0.5
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2.3 HanNN1504 Finite State Machine [$1315y Uayanla naz %3103 viynes, 2547]

$ I o o o ]
Finite State Machine &uiluiialad gy lumseenuuuniieniuau (Control
Unit) Tagdnfazusserearonnuninlaozuniy d1ee1ausu nwilszne 2-15 azuaaanis

s aaa (State) VOINITBIUAIUVDINUIGAILAY TABITUMTRIIUIINETAA Idle D1

(% IS)

1 F4
daana START fianlihilu 1 amavzldouldiluaan write wSoaian Read Yufy

o 9

< 1 I ' .
doyaa RW duilu 1 swdhgaan Read uazduiu «0° wwidhgann Write tazandae

Read Uagaan Write 9911 g ainn Wait S1dayana LAST i <1” naziihgaen Idle do 'l
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2
Tagiiug uveIn1seonuUY FSM azil 2 jluuudlenune Mealy 1ag Moore
Machine
. I =\ A o
® Mealy Machine %xuluﬂméuauﬁmw"lmmmmgﬂuuu NATVDUDTNNA
9
Tuudazcansziuegiuarvesdanilagiiy (Current State) 11AZAIVOY

sunaluunazman
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. [ = A '
® Moore Machine dzifumsieuaan laezunsugziluuy Adweuo1mine
Y Y
Tungazaanvziuegnuavedianilagiiy (Current State) 11y TagTy
Y 2

J192RsAUDI1TNIFRIHzna1 1uiade 2.3.1 Ay 2.3.2 audey

2.3.1 Mealy FSM
. I = A 4
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4 ¢
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ninunneunihilldnai 3nauiseiiazidenldrsesnsowu FIR Ml
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) o < a ! <3| < !
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h(n) newie 4 lumsadaumsnan laonuauliaves19snsey FIR Ana1a lddedu
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uadiuazgniu 1rlse e lunsnag19%1a1 h(n) ¥93955VUNABINT TABITUAUN
a o [ o a o a Jd v

WITAAUNTVRIANUT N UTVRIDUNALAL DI WAVDIHAIABTAANNT (3-1Diaz(3-2)

J 1A v Jdo
5'311hl‘]Jﬁ\iﬁﬂJﬂ'liLLﬁﬂ\flﬂ'ﬂﬂJffllﬂJ'lﬁi“U@ﬂﬂ'lWﬁG]E]TJf’fUENG]E)@ﬂJWﬁﬁﬂQﬁ?JﬂWﬁ (3-3)

y(m) =D x(n=i)h(i) (3-1)

V. (n)=x(n—(N-1)/2) = y(n) (3-2)

Tﬂt’rﬁ y(n) Ao Lm@‘fwmmizw
y.(n) Ao Lméi'w.wﬁgﬂu complementary y(n)
h(i) Ao Impulse Response
n Ao Samples

N-1 fio System Order

h(n) = h(N-n-1) An=0,1,.....(N-1)/22 1ag n Suf (3-3)
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A9 3-1 ANUFUNUTVIA WA LA UBIR D UNAdURIN a0 oy

Hy(z) |h(0)=h,(48), h(16)=h(32), h (24)=0.5
Hy(z) | hy(0)=hy(24), hy(8)=hy(16), hy(12)=0.5

Hy(z) | hy(0)=h;(28), hy(4)=hy(24), h3(8)=h;(20), hy(12)=h(16),
hy(14)=0.5

Hy{z) | hy(0)=h,(12), hy(4)=hy(8), h,(6)=0.5

Hﬁ{z} hj{u}=h5{m}, hs(2)=hs(8), hg(4)=h(6), h5(5}=[:1.5
Hg(z) | hg(0)=hg(6), hg(2)=hg(4), hg(5)=0.5

H+(z) h4{0)=h4(30), ho(6)=h(24), h,(12)=h4(18), h,{15)=0.5
Hg(z) | hg(D)=hg(2), hg(1)=0.5

9 o
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a 4 3 1 1 d' 1Y = [ ] =\ [ [ [
Wamod H,(z) Manua 5 A1 ugitilod91n h,(0) AU h, (48) HAUNIAU 15URSINUAY h,(16) A
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1 1 VoA A A 1 & g [ < o @
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Tnuvmmudrasusy  Taganismstauaziliavisasimuanidindsnldunuai
Y a o v A 4 I
nanouduoIdnANdImsuTlames H(z) 1dAe h(0) AU  h48) 3z1lsuuNuAIe h,(0)
Y
1 Y 1Y o v A J
ADVINIY h,(16) 1 h,(32) UNUAIY h,(1) nazganie h,(24) wunuale h,(3) dmiuilawes
v o ~ A 3 <3 yas o 1 = o d’l [ qg/l 9 =
H(z) éoaldfimaeniuanazldismssmuagu@onnuil auiugamerzamsodou
Y
1 [ 1 o w 1 1 'L

s luuldaensnilsenen 32 aeuaziiaauslvimaiil 1195 Towi lunmsadhs
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A15199 3-2 MIRHUAAINAADUAUDINDDUNAT

H,(z) | [h,(0)=h48) [£h,(0), [h(16)=h(32) [Fh(1) , h(24) =h,Q2)
Hy(2) | [h(0)=h,24) [Fh(0), [h(8)=h,(16) [Fh(1), h(12) =h,(2)
H,(2) | [h,0)=h,28) [Fh,(0) , [h(4)=h,24) [Fh,(1), [h(8) =h,20) [Fh,2),
[h,(12) =h,(16) [#h,(3) , h,(14) =h,(4)
H,(z) | [h,(0)=h,12) [Fh,0) , [h,4)=h,8) [Fh(1), h(6) =h,(2)
H(z) | [h(0)=h,10) [Fh(0) , [h(2)=h8) [Fh(1) ,[h4)=h(6) [Fh(2) , h(5) =h,3)
H(z) | [h(0)=h(6) [Fh(0), [h(2)=h@#[ Fh(1), h(5 =h(2)
H(z) | [h(0)=h,30) [Fh,(0), [h(6)=h(24) [Fh(1),[h(12)=h(18) [Zh(2) , h(15) =h,(3)
Hyz) | [0 =hy2) [Fh0) , hy(1) =hy(1D)

di o :/I QBII o o 4 1
WDUIFUNITNN (3-1), (3-2) Ua (3-3) FTAIUMIANTNANUTUNUTUDIAT h(n)

Y
1 o v A J v Y] 1
adu adaumIHan g msuame e 8 daldaumnasauaniaienmilszney 3-1

H (2):

H(2):

H,(2) :

H,(2):

H.(2):

H/(2):

H.(2) :

Hy(2) :

y,() = [x(n-0) + x(n-48) [ * h,(0) + [x(n-16) + x(n-32)[# h (1) + x(n-24) * h,(2)
¥, = x(n-24) -y (n)
y,(n) = [x(n-0) + x(n-24) [ 4 h,(0) + [x(n-8) + x(n-16)[# h,(1) + x(n-12) * h,(2)
¥, (n) = x(0-12) -y,(n)
y,(n) = [x(n-0) + x(n-28) [* h,(0) + [x(n-4) + x(n-24) [ h,(1) +
[x(n-8) + x(n-20) [ # h,(2) + [x(n-12) + x(n-16) [ h,(3) + x(n-14) * h,(4)
¥, () = x(n-14) -y,(n)
v, = [x(n-0) + x(n-12)[* h,(0) + [x(n-4) + x(n-8) [ * h,(1) + x(n-6) * h,(2)
v, = x(n-6) -y,(n)
y(n) =[x(n-0) + x(n-10) [* h(0) + [x(n-2) + x(n-8) [ # h,(1) + [x(n-4) + x(n-6) [ # h,(2) + x(n-5) * h,(3)
v, () = x(n-5) -y (n)
y(n) = [x(n-0) + x(n-6) 4 h (0) + [x(n-2) + x(n-4) % h (1) + x(n-3) * h (2)
Yeon) = x(n-3) -y (n)
y,(n) = [x(n-0) + x(n-30) [ * h.(0) + [x(n-8) + x(n-24)[* h (1) + [x(n-12) + x(n-18) [ # h,(2) + x(n-15) * h.(3)
¥,.(n) = x(n-15) -y, (n)
) =[x(n-0) + x(n-2) [ # hy(0) +x(n-1) * hy(1)

awlsznow 3-1 aumsanuduiussznidunataziemyavesilames
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FPGA @78

IEEE-754 Floating-Point Conversion
From Decimal Floating-Point
To 32-bit and 64-bit Hexadecimal Representations
Along with Their Binary Equivalents

Enter a decimal floating-point number here,
then click either the Rounded or the Not Rounded button.

Decimal Floating-Pairt: -0.050624173426547 Cizar @

Founded Mot Rounded @

Rounding from floating-point to 32-bit representation uses the IEEE-754 round-to-nearest-value made.

Results:

Decimal Value Entered: -0.05052417342547

Single precision (32 bits):

Binary:  Stafus: nommal

Lk Bits 20 - 23 Bils 22 - 0

Sigh Bit Exponznt Field Bignificand

1 o11ietn 1300110010 101101001108 @
00+ Decimal value of exporent field snd exporsrt Decimal value of the significand
. 120 129 = | 6199737

Hexadecimal: |BDAFEB4C | Decimal; 5062417722

Double precision (64 bits):

Binary:  Status: nomal

Bita2 Bits 62 - 52 Bits 51- 0

Sign Bit Expaonent Field Significand
1 01111111010 1.1001111010110110100110001101011100101101001010001
0:+ | pecimal value of exponent fisld and expanent Decimal value of the significand
i 1018 |-1023 =5 1.6139737096150400

Hexadecimal: BFAIEBEI8D7202t  Decimal: -5.0624178425470000e-2

o 1 a a I~ a
amisenou 4-7 nﬂwiummﬂmm h(n) mmaﬂmﬁuﬂuyuﬁmﬂumﬂmﬁuﬂugmﬁm
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#137197 4-1 FIR Filter Bank Coefficient

Filter H(n) Decimal Floating Point Binary Floating Point
h,(0) =h,(48) | -0.05062417842547 10111101010011110101101101001100
H/(z) | h(16)=h,32) | 0.29505933470299 00111110100101110001001000000100
h,(24) 0.5 00111111000000000000000000000000
h,(0) =h,(24) | -0.05062417842547 10111101010011110101101101001100
M) h,(8) =h,(16) 0.29505933470299 00111110100101110001001000000100
h,(12) 0.5 00111111000000000000000000000000
h,(0) =h,(28) | -0.00373765573262 10111011011101001111001101110101
h,(4) =h,(24) 0.02056989487010 00111100101010001000001000110010
He h,(8) =h,(20) | -0.07232190470689 10111101100101000001110110000010
h,(12)=h,(16) 0.30537047362544 00111110100111000101100110000101
h,(14) 0.5 00111111000000000000000000000000
h,(0) =h,(12) | -0.05062417842547 10111101010011110101101101001100
H,(z) h,(4) =h,(8) 0.29505933470299 00111110100101110001001000000100
H,(6) 0.5 00111111000000000000000000000000
h,(0) =h,(10) 0.01304920555205 00111100010101011100110001010110
H.(z) h(2) =h,(8) -0.06387151210405 10111101100000101100111100010001
h,(4) =h,(6) 0.30161294807561 00111110100110100110110100000011
hy(5) 0.5 00111111000000000000000000000000
h,(0) =h,(6) -0.05062417842547 10111101010011110101101101001100
Hle) h,(2)=h,(4) 0.29505933470299 00111110100101110001001000000100
h,(3) 0.5 00111111000000000000000000000000
h,(0) =h.(30) 0.01304920555205 00111100010101011100110001010110
H(z) | h(6) =h,(24) |-0.06387151210405 10111101100000101100111100010001
h,(12)=h,(18) 0.30161294807561 00111110100110100110110100000011
h,(15) 0.5 00111111000000000000000000000000
h,(0)=h,(2) 0.29289321881345 00111110100101011111011000011010
H(@) hy(1) 0.5 00111111000000000000000000000000
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Timing Swmmary:

Speed Grade: -5

Miniwum period: 189.160ns (Maximun Freguency: 5.Z287HMH=z)
Miniwmmwm input arrival time before clock: 1.572ns
Maximuwn outcput recquired time after clock: 160.963ns
Maximum conbinational path delay: No path found
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Selected Device @ 3s4000£fge7&6-5

Nurdber of Slices: 142831 out of 27643 51%
MNunbher of 3lice Flip Flops: 5929 out of 55296 10%
MNurber of 4 input LUTs: 26591 out of 55296 45%
Nurber of bhonded IOE=: 334 out of 459 63%
Nurder of HMHULTI1S8X1S=: 7  out of 96 7%
Nuridier of GCLEs: 5 out of =] B2%
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Timinhg Swnaty:

Speed Grade: -5

Hinimum period: 255.620ns (Maximum Fregquency: 3.912MHz)
Minimuwm input arrival time before clock: Z2.110ns
Maximum output reguired time after clock: 250.151ns
Maximum corbinational path delay: Mo path found
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Selected Device @ 3=4000£fgé76-5

Mumber of 3lices: 12927 out of 27643 46%
Number of Slice Flip Flops: 5745 out of 55296 10%
Number of 4 input LUTs: 24285 out of 55296 45%
Mumber of honded IOEs: 369 out of 459 T5%
MNumber of MULT15E18s: 10 out of =13 10%
Number of GCLEs: 5 out of =1 B2%
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Timing Surnary:

CFpeed Grade: -5

Minimuwn period: 257.928ns
Minimwws input arriwval time bhefore clock:
Maximun output required time after clock:
Haximum conmbinational path delay: 17.029n=s

[Maximum Frequency: 3.877MH=z)
11.551n=
134.554n=
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ABSTRACT

This article describes a methodology for design a digital filter bank on an FPGA with limited area. From the set describing circuit
behavior, the method translates it into the data flow graph (DFG) representation. Then, the method analyze to search and to assign the
groups of same functions hierarchically share the same resources from big to small groups while considering the slower speed and the
wiring complexity that come from resource-sharing effects. The last step is determining the control circuit and the optimal clock period.
The designed circuit is about 50% area reduced, while only 1.1 time speed reduced.

Keywords
resource-sharing, digital filter bank, FPGA (Field Programmable Gate Array)

1. INTRODUCTION

Currently, Field Programmable Gate Array (FPGA) is used as an important component in the design of digital circuit.this is due to the
fact that all of circuits can be designed and simulated on PCs. Then, we can program the designed circuit on the chip, which can work
immediately. So, FPGA is appropriate for the design of large digital circuit .Filter banks have the advantages of separating a signal into
different frequency ranges in many modern signal processing applications [1] - [7]. The separation into sub-band components is intended
to make further processing more convenient.

This article describes a methodology for designing a digital filter bank with hierarchical resource sharing on an FPGA with limited area
while considering the slower speed and the wiring complexity that come from resource-sharing effects. The set proposed into the data
flow graph (DFG) representation. Then, the analysis is performed to search and assign the groups of same functions hierarchically in
order to share the same resources from big to small groups. Finally, the digital filter bank circuits proposed designed by hierarchical
resource sharing method are implemented and correctly tested on FPGA.

2. ADIGITAL FILTER BANK

A filter bank is an array of band-pass filters that separates the input signal into several components, each one carrying a single frequency
sub-band of the original signal. It also is desirable to design the filter bank in such a way that subbands can be recombined to recover
original signal. The filter bank serves to isolate different frequency components in a signal. This is useful because for most application
some frequencies are more important than others. For example these important frequencies can be coded with a fine resolution. Small
differences at these frequencies are significant and a coding scheme that preserves these differences must be used. On the other hand, less
important frequencies do not have to be exact. A coarser coding scheme can be used, even though some of the finer details will be lost in
the coding [9].

Input specifications of the method proposed in this paper is a set of functions representing a DSP system. They may be described in
VHDL or Verilog HDL. Here, it is manually translated to be a corresponding DFG [8]. For example, Fig. 1 shows a 8-band filter bank
block diagram and functions [2]. Digital filter banks are widely used in digital hearing aid applications. There are nine processing blocks
with the corresponding functions. In each block, yi and yic are outputs, xi is a data sample x(n—i), and hi is system a coefficient. Fig. 2(a)
shows the corresponding top level DFG, and Fig. 2(b) shows a corresponding DFG of block H3.
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Figure 1: A 8-band filter bank [2].

3. HIERARCHICAL RESOURCE-SHARING

Because of the limited area, the available resources such as functional units (such as multipliers, adder) and registers must be shared by
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many operations. The following subsections explain a method for resource-sharing decision, inter-block sharing and intra-block sharing.
Here an asynchronous style ASAP (As Soon As Possible) scheduling [10] is applied regardless of clock period (control step) to obtain the

best speed under the resource-constraints.

Figure 2: A DFG of 7-band filter bank of Fig 1: (a)The top-level DFG, and (b) a DFG of block H3.

(v)
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3.1 Inter-block Sharing

Inter-block sharing means the resource-sharing among the blocks at the top level DFGs. The resource-sharing between any two blocks is
allowed when the functions in both blocks are the same. In the other word, if any two or more blocks have the same DFG structure, they
can share the same DFG block. For example, the functions of Fig. 1 can be classified into 4 DFG structures. Structure a corresponds to
blocks H1, H2, H4, and H6. Structure b corresponds to block H3. Structure ¢ corresponds to blocks H5 and H7. Structure d corresponds to
blocks HS8. Therefore, there are 4 DFGs to be used.Under the resource-constraints the asynchronous style ASAP scheduling is applied to
obtained the best speed result.The ASAP scheduling under the resource-constraint of 4 DFGs is shown in Fig. 3(a). Here there are doted
arcs inserted between the same DFG structure. These doted arcs represent the resource-constrained relations between two DFGs, i.e. the
successor DFG can be started only after the predecessor DFG has been completed.

Figure 3: A DFG of Fig.1 and the corresponding resource sharing: (a) Inter-block sharing and (b)Intra-block sharing of H3.

3.2 Intra-block Sharing

Intra-block sharing means the resource-sharing among the same operations inside the same DFG. To avoid the complicated overheads of
interconnect and multiplexors, the intrablock sharing is allowed when a DFG block is not shared by other blocks. For example, from Fig. 2,
the intra-block sharing is allowed for only H3.The intra-block sharing solutions depend on the time interval calculated from the following
method. Each DFG of Fig. 3(a) is synthesized into a logic circuit. Then the static timing analysis is performed for the logic circuit to obtain
the maximum execution delay of each DFG.From the top-level DFG of Fig. 3(a), the earliest start time and the earliest end time of each
DFG block is calculated as shown in Fig. 4. Now, we can observe that the time interval the allow the resource-sharing feature of H3 is

78 ns. It is the time that H3 is idle before H7 can start. As a result, the resource-sharing solution inside block H3 is shown in Fig. 3(b).

Similar to inter-block sharing, the ASAP scheduling is applied. The maximum path delay of this solution should be less than the allowed
time interval.
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Figure 4: Resource-Sharing time interval calculation.

4. EXPERIMENTAL RESULTS

An experiment has been performed to show the effect of the proposed resource-sharing method. VHDL is used to explain the circuit
behaviors. The circuits are synthesized and time-analyzed from Xilinx 8.1i [12]. Xilinx Virtex 2 : xc2v1000fg256 is selected as a target
device. The synthesis results are shown in Table 1.

Table 1: Synthesis results.

Without Sharing Only inter- Inter- and intra-
# of Slices 6223 4572 4516
# of FFs 3180 3178 3234
# of LUTs 11067 6958 6637
# of MULs 27 14 12
DFG time 386 420 422

In Table 1, the second column shows the results of the circuit without sharing. The third column shows the results of the circuit applied
only inter-block sharing. The fourth column shows the results of the circuit applied both inter-block and intra-block sharing. We can
observe that the number of resources needed for the circuit applied both inter-block and intra-block sharing was reduced about 50% while
the speed is reduced only 1.1 time slower compared to the circuit without sharing.

S. CONCLUSIONS

A methodology for design a digital filter bank on an FPGA with limited area has been proposed. From the set describing circuit behavior,
the method translates it into the data flow graph (DFG) representation. Then, the method analyze to search and to assign the groups of
same functions hierarchically share the same resources from big to small groups while considering the slower speed and the wiring
complexity that come from resource-sharing effects. The designed circuit is about 50% area reduced, while only 1.1 time speed reduced.
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1. INTRODUCTION

Filter banks have the advantages of separating a signal into different frequency ranges in many modern signal
processing applications [1] - [6]. The separation into sub-band components is intended to make further processing more
convenient. However, this is intended to required larger circuits. This article describes a methodology for design a
digital filter bank on an FPGA with limited area. From the set describing circuit behavior, the method translates it into
the data flow graph (DFG) representation. Then, the method analyze to search and to assign the groups of same
functions hierarchically share the same resources from big to small groups while considering the slower speed and the
wiring complexity that come from resource-sharing effects. The designed circuit is about 50% area reduced, while only
1.1 time speed reduced.

2. A DIGITAL FILTER BANK

Input specifications of the method proposed in this paper is a set of functions representing a DSP system. They may be
described in VHDL or Verilog HDL. Here, it is manually translated to be a corresponding DFG. Fig.1(a) shows the
corresponding top level DFG, and Fig.1(b) shows a corresponding DFG of block H3.

3. HIERARCHICAL RESOURCE-SHARING

Because of the limited area, the available resources such as functional units (such as multipliers, adder) and registers
must be shared by many operations. We explain a method for resource-sharing decision, inter-block sharing and intra-
block sharing. Here an asynchronous style ASAP (As Soon As Possible) scheduling [10] is applied regardless of clock
period (control step) to obtain the best speed under the resource-constraints.

3.1 Inter-block Sharing

Inter-block sharing means the resource-sharing among the blocks at the top level DFGs. The resource-sharing between
any two blocks is allowed when the functions in both blocks are the same. In the other word, if any two or more blocks
have the same DFG structure, they can share the same DFG block. For example, the functions of 8-band filter bank can
be classified into 4 DFG structures. Structure a corresponds to blocks H1, H2, H4, and H6. Structure b corresponds to
block H3. Structure ¢ corresponds to blocks H5 and H7. Structure d corresponds to block H8. Therefore, there are 4
DFGs to be used. The ASAP scheduling under the resource-constraint of 4 DFGs is shown in Fig.1(a), Here there are
doted arcs inserted between the same DFG structure. These doted arcs represent the resource-constrained relations
between two DFGs, i.e. the successor DFG can be started only after the predecessor DFG has been completed.

3.2 Intra-block Sharing

Intra-block sharing means the resource-sharing among the same operations inside the same DFG. To avoid the
complicated overheads of interconnect and multiplexors, the intra-block sharing is allowed when a DFG block is not
shared by other blocks. For example, from Fig.1, the intra-block sharing is allowed for only H3. The intra-block
sharing solutions depend on the time interval calculated from the following method. Each DFG of Fig.1(a) is
synthesized into a logic circuit. Then the static timing analysis is performed for the logic circuit to obtain the maximum
execution delay of each DFG. From the top-level DFG of Fig.1(a), the earliest start time and the earliest end time of
each DFG block is calculated as shown in Fig.1(a). Now, we can observe that the time interval the allow the resource-
sharing feature of H3 is 78 ns. It is the time that H3 is idle before H7 can start. As a result, the resource-sharing
solution inside block H3 is shown in Fig.1(b). Similar to inter-block sharing, the ASAP scheduling is applied. The
maximum path delay of this solution should be less than the allowed time interval.
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Figure 1. A DFG of Filter bank and the corresponding resource sharing (a) Inter-block sharing and Resource-Sharing time
interval calculation. and (b) Intra-block sharing of H3.

1. EXPERIMENTAL RESULTS

An experiment has been performed to show the effect of the proposed resource-sharing method. VHDL is used to explain the circuit
behaviors. The circuits are synthesized and time-analyzed from Xilinx 8.1i [12]. Xilinx Virtex 2 : xc2v1000fg256 is selected as a target
device. The synthesis results are shown in Table 1.

Table 1: Synthesis results.

Without Sharing Only inter- Inter- and intra-
# of Slices 6223 4572 4516
# of FFs 3180 3178 3234
# of LUTs 11067 6958 6637
# of MULs 27 14 12
DFG time 386 420 422

In Table 1, We can observe that the number of resources needed for the circuit applied both inter-block and intra-block sharing was
reduced about 50% while the speed is reduced only 1.1 time slower compared to the circuit without sharing.

2. CONCLUSIONS

A methodology for design a digital filter bank on an FPGA with limited area has been proposed. From the set describing circuit behavior,
the method translates it into the data flow graph (DFG) representation. Then, the method analyze to search and to assign the groups of
same functions hierarchically share the same resources from big to small groups while considering the slower speed and the wiring
complexity that come from resource-sharing effects. The designed circuit is about 50% area reduced, while only 1.1 time speed reduced.
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