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ABSTRACT

This paper proposes a new design of real time multiple outputs FIR filter on FPGA. This
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3 ' y & a = s S v e
#3131V Transpose Form lagiaaz Inssaiaiusslitieaniaianaminiu aaiulums
¥ 1 d .
adedanseusuay FIR Aelassadamisdeauiivem i ldnanevausananudiiioegil
nuuiion Taomaneuausan1enNudn 14viilu Low-pass #30 High-pass 130 Band-pass 130
1 ] &£ & =] 1 a @ a
Band-stop 061 1apg1anily ety ldmsda Tassadrevesdnseusuay FIR Wiiuuuy
Direct Form #30111/1) Transpose Form 33ii%0s1ansziiIdifananovausanennudnaisg
= ar
vy lunanfediu
[ n’: = = Jd’d ° Y o ar =
AuniuInoiinusisa idhinauenisesnuuu Tasléudnnisvesdansousauay FIR
TumseenuuVIGINMIBONUUVAINTDAUTFUAY FIR 11U Low-pass NIYAAANIND (Cut-off
] ¥
Frequency) A19MU 2 A2141 9101141111590 TA398319999AIn 7003919 FIR 1YY Low-pass
n‘: L) r ) A . &
N@031a0 1% Delay Element 323U UAINY Multiply Element 1122 Adder Element tWe 19 14
] td "
Tasaadralmididl 4 109dna nazuonniidiansaiuiuam Order voaransoa lded1alai

¥y vy

PnanstvufuaNumIsTnveIaNnlszuana

1.2 amnjamneuas inglszasnvesmsinm

e =y Y L) s A ar - =
InoriinusijaniuiessnuuudInssuFauay FIR Ma10101ARALLLNA154 A
ANUDAIU (Low-pass) ANMDYINIM (High-pass) ANUDHIU (Band-pass) HATAIUDNYA

(Band-stop) ttaz innadneiauuneia FPGA Tav14 115103 Quatusll ¥aU5EN Altera



1.3 auuAgIMYaIMIANY

- ~ U

@ ] - wa o & o tY ° o o
AINTOUTAAY FIR nuanianaegnarolszmssainliannsmirhlssgnany
unawd i Tasmmizauiinenumsidadygiusuniutazaui lddSulequam
o o o a 1 o { o J 1 A
dyanae] inldilepiiu 1dtimsaddndrSgliimihidudinseusauay FIR Yuudiiios
a o & = ° ' H
nnFnmaniudfvaniiusdnai i hirnnseadnliinaneuausiniannud ldnay
uuylunandeanuTaoi1 1@nsaiu Low-pass 130 High-pass 130 Band-pass 13® Band-stop
' ' & ' - ' o 11 ¥ ° ﬂ ¥ 3 o - =
st laednniaminiu uadmivmsdszgnaldnuualszminiudeslddnsousuasi
" ¥ ] [}
finanouausinnudnargluuylunandediu dniusuiudesldEniimihiidudinses

a A d Aaqw Yy o
wauavwuyume lasanasanuam luilegiiv

1.4 nquinsemnnanlylumside

2ONUUVAINTBUTFUAY FIR naruioanauuunainilasly FPGA Tunisesnuuy
w2 InseadnveadInseuFauaviuy Direct Form u)iulgaliinaroedyaTaoldf Delay
Element 1 Adder Element 321/ u# i1 1iAa Tnsaadrevesdansoudaay FIR ulmid
#1131 NaneUANBIN1IAINE (Frequency Response) 4 3Yuvy Tunandsinu fe

Low-pass High-pass Band-pass 112 Band-stop 113818021

"

= 1T ad = o s aed 5
1.5 nmﬂ?ﬂumumzmwasmmmmuanmnmmnuwugm

A v a aad < J
H999IMIA3 19 INTDUTUAY FIR A2033 Hug iz 19 Tasead1aunuasa (Direct
A " L) A d. =4 o
Form) 1eenuuudsziiuldniluszuuuny hidediesiiifisaednadeni linisadn
»
dnseuuay FIR 92 ldnaneuausaiivagduuuidsrdniuiaineaueds lmilasnisdalnse

adnvesiinsouFuay FIR igwnsawansuaussnuinagluunlunanfioaiu

1.6 VBUIVANITIVY

1.6.1  ®oNUUULAZAINAINTBUTUAY FIR MOI0I0IANAIULIININGA 71D Low-pass
High-pass Band-pass L0 Band-stop Tavl9u0in FPGA
162 ulssuisuransuausIneaNudINa319939910 FPGA NURaANI3$1a039n13

e Tsunsy MATLAB



1.7 VUABHVDINFANY

¥
ar o

171 myiteitunoudai
1.7.1.1  ANYIMann1svoIaINIouFuaY FIR
1712 dsmlgalassainvesdinsoudauay FIR Hannsoneuaues
A 4 pluulunadersu
1.7.1.3  fnu11ns9a319v09%N FPGA (Field Programmable Gate Array)
1.7.1.4  fAnu11U5unsy Quatusil
1715 adauuuiineaveaiinssuFuaviuy FIR RAuauenug 4 31
wuulunandernuuazsiassdroTilsunsy MATLAB
1.7.2 1n3paile lumsise
1.7.2.1  FPGA ¥83U3¥NN Altera
1722 TiUsunsu MATLAB
1.723  Tdsunsu Quartus 11
1.7.2.4 lﬂ?ﬂi Dynamic Signal Analyzer
1.7.3 3Rhusiusiudeya
NATBUNIININIUVBIRINTBUTUAVUVY FIR Ao0nuuVAI8TN FPGA Uay

nlSoumounanissiananisiauale lilsunsy MATLAB



VNN 2

NgBHIINIOUTAUAY

J 1 3
Taona T dyaa InihfiRadunAIn32930 (Sensor) dauInapiniziiudyau

au1aen Adeduru dygnaudean ldnnluTlas Ty dygrugilildnnndesiale useiu

o

Al ¥ o o a o - EUEY ' 1 d’
T Tdnndaasaesuguungil dyaruniemsuwnd Fedgygrui ldnanuwdidu

doyaueuiaonniadagIuniin1uaeinIN1anal (Continuous Time Signal) NIdU ATy

v o

i d
1A

L1 o = o 9 s aa [ 9
ﬂ'l‘i]ﬂﬂ'lﬂTi']lﬂi'lﬁHﬁﬂlﬂﬂﬂHﬁa’luﬂ']ﬂ‘.fsuu’.'fzu']aﬂﬁﬁﬂluﬂ‘!'?ﬂlﬂ‘ﬂﬂﬂﬁil’llﬂuﬂﬂ\lllﬂﬁﬁ

[
o =

ar ] & ar aa ar A LI A
dyanuewasnniedyanuiinoismuna iludyapudsasansodyanui lideriio

I3

1141221 (Discrete Time Signal) Tag142995u1a9ou1a0n1uATA0A (Analog to Digital
¥
ar 1 hrd o LB A
Converter) 91nHudoyaszgnaud lldaszuvlszuranadygyrauuy lideiiios (Discrete
” 4 o o a - o o [ 9 )
Time System) o IMsAuRad IdnnssuanzgrulanduWiludygaeuaen
4 \ A N r s H ¥
wiadyanuiidoiioamana Taonesulasataealuouiaendauaasdagilii 2.1 ualums
9 = @ a A 9 ar an - 9 a
TFmnainstloudyapuideiioudrlfiesulaseunsniluaineanninaderanain
A L ar ar 4 4 - g i _
oM gudyg i lasmmzdyyranianudgannuAanaIatiisond1n1sing Aliasing
mMsuf lvawsani1d 1aon15@o Anti-aliasing Filter (Low-pass Filter) 191119414 Input 18
v d 1 a o @ sy ¥ aa o v o
N Output AyuRetudygui ldnnesslasddasadusuaeniuiludeninn

L A o o =) ar d‘
WU Reconstruction Filter (Low-pass Filter) inol5udyanaliioudwanslugli 2.2

Discrete-time
—— /D e > D/C e
x.(f) x[n] system | y[x) ye(2)
i 1
T T

717 2.1 laezunsuvesszuuilszunanadyg uaiaea

,,
g
:
;
:

32 ®

%
"y
LPF

010101 010101
010110 010110
011100 011100
101101 101101

" as an { L4
Ui 2.2 Taezunsuvesszuulszuanadyaiuainoanauysol




2.1 dyaamuy lineiisamanal [1,2]

Tuszvmlszananadyanuuuy hisedissdyanui 14 luszvuneihudygui i

" ' L - ar o q' " A o 4 " A y o o :
apiiloar Ao A Idnanuudidsdygrudi ludedlestivelidnyuzdegili 2.3 Tavez
o " W - " A g o 4 & & a A ' -
wuldhdygradi lidessnfedyyiua i . namiliwudygrufidoiiowudezl

[ ] ¥

s:uznmmmm‘mu'luuﬁa:qn FonszoznaMRRIIAUEN Sampling Time Sampling Rate
o N ' o o o " =]
30 Sampling Periods dayanaiii ludeiissaunsnisomiludrdudaya ol (Sequence Signal)

b
18 uazaunsoouunu lddroaumsadinmans ldnarwquuudane luil

12V

Analogue signal
6V \
/
1

» ! |_‘|
(AL A
0 r/h‘ r"i l" ‘l 7
A ES BT
- |‘ ./
\ \
-6V ) Signal samples
B S B BEN G GHSCT M SIS N B
Sampling instants (nT)

H o \ A o " A
310 2.3 dyanureiiowazdygu hideiies

1 Uuiugﬂﬂaqﬁaﬁ%’u (Functional Representation)

Ln=13
x(n)=44,n=2,4 (2.1
0,n>4

@Woulug1/nsuanusa (Tabular Representation)




ﬁuuﬁlu;ﬂﬁﬁu (Sequence Representation)

x(n) ={...0,0,1,4,1,0,0,...} 2.2)
$
x(n) ={0,1,4,1,0,0,...} 2.3)
x(n) ={3,~-1,-2,5,0,4,—-1} (2.4)
$
x(n) = {0,11‘,4,1} (2.5)

AUNITN 2.2 uag 2.3 Li‘luﬁﬁmmn'lxiﬁqmm (Infinite - duration Signal or Sequence)
duaunsi 2.4 uag 2.5 ti‘luﬁﬁuuuuﬁqaw (Finite - duration Signal or Sequence)
- Unit Sample Sequence

Uewaaunsn 2.6 uazligddyauagiln 2.4

(1) 0,n#0
n)=
Ln=0 @8
_ 3(n] '
-———o&m—o—’o‘L‘—;-ﬁo-»*—
. 0 n’

§ﬂﬁ 2.4 Unit Sample Sequence

- Unit Step Sequence

- s o - = @ @ =
UUBUAITUNITN 2.7 uazugﬂ ﬂluiy']ﬂiﬂ\‘lzllﬂ 2:5

) 0,n<0
u\n)=
1,7>0 s
uln]
lI| | l | | | | ...
] n

31]’?1 2.5 Unit Step Sequence



- Exponential Sequences

NdowAaunIN 2.8 wazligldyaiudagii 2.6

x(n)=a"

x(n]

(a)

fc)

”“l]”lllmlnnm,.,.......

..%g.g.g‘g‘flflllll

{d)

b

b

gﬂﬁ 2.6 Exponential Sequences x(n) = Aa”

(a) a¢>1
(b)) D<a<xl
(c) -l<a<0

d a<-1

(2.8)



- Sinusoidal Sequences

Htewasaumsi 2.9 uazligddyaudagii 2.7

x(n) = Acos(wyn+¢) (2.9)

x[n] = cos (2m/12)

'“hwml"”h‘lm Al

(a)

xin) = cos (Bem/31)

I -
o

x[n] = cos (n/6)

‘ll””klll““““w”

]ﬂﬁ 2.7 Sinusoidal Sequences

1 (I
A

i,

- Periodic Signals and Aperiodic Signals

¥ b "
Periodic Signals Sequence Hudaygnaiimudniiioudaaunsi 2.10
x(n+N)=x(n) (2.10)

A o ar 1] o C: o o
1i/® N i Fundamental Period tazddu luiludaaums 2.10 azifludrduuuy Aperiodic



|
|

n=0 n=N-1

¢ NTs >

31N 2.8 Periodic Signals Sequence

- Symmetric (even) and Antisymmertic (odd) Signals
AUy uNauIAIAU (Symmetric) UHowasaunsi 2.1 B3ddygu
Al 2.9

x(—n) =x(n) (2.11)

x(n)

ot

-4-3-2-101 2 3 4

gﬂﬁ 2.9 Symmetric (even) Sequence

dvudya i iaunasiu (Antisymmetric) Hloudsaumsh 2.12 jldyanuds
U 2.10

x(—n)=—-x(n) (2.12)

x(n)

bl

e

jllﬁ 2.10 Antisymmetric (odd) Sequence
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2.1.1 minszivesdanamuylineiioananal (Simple Manipulations of
Discrete-time Signals) [5]
- MslaouT I

pnGunnmsmindyanun Wdouiuaums lddsaumsi 2.13
y(n) =x(n-k) (2.13)
A °
ok ﬁ‘lummmﬁu (Integer)
-MIUIN Mg nazmsanadyaIsuyineies (Adding Multiplication and
Scaling of Discrete Time Signal)
-nsuIndynu 2 dygne i k dygsudidioiu lddsaunisi 2.14 uas
AuNISN 2.15
y(n)=x,(n)+x,(n) —<n<w (2.14)

y(n)=x,(n)+x,(n)+....+x,(n) -0 <N <O (2.15)

-msgudyyiu 2 dygyiv nie k dygraudidrenudsdunish 2.16 uaz

Z’Tllﬂ'ﬁ'ﬁ 2.17
y(n) =x,(n)x,(n) —0<Nn<® (2.16)
y(n) = x,(n)x,(n)...x,(n) -0 <n<w (2.17)

- msanadygrauumsdFuvuadyarunszi ldmsgudyanandiiua

AaN@IEuMIT 2.18
y(n) = Ax(n) -0 <n<® (2.18)

4 : <
o A lﬂuﬂ'lﬂ#‘ﬂ
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2.2 szuunu hineiiieanana (Discrete Time System)[1,2]

szupuuy lideiiead laozunsy Asgild 2.1

Ll 1410

x(n) Di ime

. System

Input signal ¥ Output signal
or excitation or response

31 2.11 Block Diagram v09szuvuuy hideiiioa

(o x(n) 11U Input Signal N3 Excitation ¥0335z vV Tideiiloq
y(n) 1114 Output Signal 138 Response 0332 vULVY hif0iil0

P - @ w d oA [ o ar P
il']ﬂj'ih"l 2.16 ﬁ'ill'lﬁ'm‘llﬂuﬂ'nilﬁllwuﬁizﬂ’J'Nﬂ'll?!ﬁﬂ‘].lLi’)'lﬁ?!ﬂllﬁﬂﬁﬁllﬂ"l‘iﬂ 2.19

y(n) = {x(n)] (2.19)

-~

19 7 AIN3¥N1 (Operator)
¥

uennniidsamnsausnszuunuy hideiios ldamanuduniusszniedunaduedna 14

ar " glgi
AUTUNTUN 2.1

wunsaid 2.1 Amualdszuunnybideiiosliduna xm) Aaaun13i 2.20 911 Output

Response Y9358 1U1

n,-3<n<3
x(n) =
0,otherwise

(2.20)

(a) y(n)=x(n)
(b) y(n)=x(n-1)
(c) y(n)=x(n+1)

EM3vensal (a) y() = x(n) = {...,0,3,2,1,0,1,23,0,...} Sonszvunieranamiiou

AIUBUNAI Identity System
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1)
SEmsvesnsdl () y(n) = x(-1) = {...,0,32,1,0,12,3,0,...} wiwiuldiszuuiioinm

3
=1

ﬂsgnﬁﬁwtﬂurzm 1 Sample Funszuviin Delay System

[ 4
Em3veanstl () ym) = xn+l) = {...,032,1,0,1,230,...} swituldhszuuiiomay

¥ »
ifiafeu Input 5unTZUVTIN Advances System tazszuuil Mannsoadaliiduield

2.2.1 laezunsuilvuaasluszuvlaineiies (Block Diagram Representation of

Discrete-time Systems)

. ¥
Tuszuuuuy luasiiosansounu 1ddu laezunsudsae 11

- @10 (Adder) lddmSvuandgygrandhdoiudagili 2.12

x,(h)

x,(n)

y(n) = x,(n)+x,(n)

91 2.12 Teezunsunmsuanlussuunny hiseiies

- A2quAIN (Constant Multiplier) 19gamnsnfUdyauagln 2.13

x(n)

a
.

y(n) = ax(n)

>

30 2.13 Taezunsudgunsnluszuunu lideies

- fnudy I (Signal Multiplier) 19dmivgadygradidoiusagli

2.14

x,(n) =~ Y1) =x(n)x,(n)

hi

x,(n)

L

717 2.14 laezunsumgudygiuluszvuwuy hidedio



13

- @M (Delay Element) 1@ mSuminadyapuaagali 2.15

x() — Y =x(n-1)
—_— >z [—>

1 af 1 LI A
U 2.15TRezunsudmin luszuy hideiies

¥
- @28 M1 (Advance Element) 9@ mSufmuasiareaniiiliduszuy

Faguit 2.16

x(n) y(n) =x(n+1)
—> I —>

H ar o’ L) A
UM 2.16 Tnezunsudrdamiluszuu hideiios

a voA
2.2.2 ”uﬁﬂla@i:uuunlﬂ”ﬂﬂ“—lﬂq
- 52VUVLIVY Static

Suszuuit hiimihoanuidaumsveszuudaunsi 2.21 uazaumsi 2.22
y(n) = ax(n) (2.21)
y(n) = nx(n) + bx’ (n) (2.22)
- 3$UULVY Dynamic

dhuszuuitimizeanusniunnedaiuszuuiiannsaiuiinmdunaniowea

wannawm liud ldtiaunisvesssuudeaunisih 2.23 - 2.25

y(n)=x(n)+3x(n-1) (2.23)
y(n)= ix(n -k) (2.24)

Y=Y x(n—k) 2.25)
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- 52UVUV VIS INIIAT (Time-invariant System)
smuald 7 duszuyliseiiies x(n) Wudunavesszuy y(n) Wuerdnavesszuy
Faaumsi 2.26 Sriimsmisedunaiiu x(n—k) Suorwnai ldgamiaalliu y(n—k)
wueriudunadaumsi 2.27 smseagy I8 hszoy hidedies 7 duszuyhiseniosil

wlsaunan
T
x(n) — y(n) (2.26)

7 5
x(n—k) — y(n—k) 2.27)
aa ] " v o "
uazszuundunagnuunll x(n-k) ualdwrdanavesszunliviiny y(n-k)
¥ ]
szpuWwiiluszuui laiudsa1ua (Time-variant System 113 Time-varying System) 31/

- ) ' v A H '
1 2.17 uaasdieoeszuy ludaiaanulsaunawaz lumlsauna

x(n) S y(n) =x(n)—x(n - 1)

‘ _\r -V
[ =]
I

z

y(n) = nx(n)

(x) -
\r “Time" multiplier

x(n) - y(n) = x(—n) ke

()

x(n) N\ y(n) = x(n) cos wgn e
+ Modul,

\ﬁmmen

@

H " A d [
31 2.17 szuv hidemiesiulsauawas livlsamna

(a) szvumlsaunal (b) - (d) szuuin lumlsaunan
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- szuunuui adunaz iy adu (Linear and Nonlinear Systems)
L | A - o ar ar
seuvhideissnuiFaduszdesliguauidaeandesdundnnisves
Superposition #4auN131 2.28 w3010 1dRz1lH 2.18 nazszuun hifiguanindeandes

ar @ —_— " a 9/
fUNANNITVD4 Superposition iusEVULLY TiFUdw

tlax,(n) + a,x,(m)] = ay[x,(n)]+ a,7[x, (n)] (2.28)

xy(n)

a

y(n)

x3(n)

az

' xy(n) ay

¥'(n)

x3(n) a
i T

71 218 uameszuy 7 WuszuuiiFadu

uazszuui hilquauniaaoandesiunanmsves Superposition sxifiuszuunuy liiFudu
= 32 VVUVY Causal HaZliUD Noncausal

SLUVLVY Causal Huszuunadia 1@ aliaunisveassuuaaaqunisn 2.29

y(n)=2x(n)+4.5x(n-2)-3y(n-1)+0.5y(n—-2) (2.29)

=1 0 = @ o -t - o
vzmuld52uunY Causal 921lsznoudomendunailagiiudunalusdia niaeinaly
pAamTu szuui hiidhuseaumsi 2.29 szdiuszuuuuy Noncausal

- STV Stable HAZIZUVUVY Unstable
] 4 J " a 1 o e
szuuitieanatusgiudunasziluszuuuuy Stable dIuszuuiioiana

b4
hivuudunaziiluszuuiy Unstable
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2.2.3 maweunaszuylinoiios (Interconnection of Discrete-time Systems) [4,5]
nseild 2 dnwwizie LUVOYNIY (Cascade) AMAAIAIZUN 2.19 wazuvY

YU (Parallel) AILAAIAIZUN 2.20

© x(n)

x(n)

-

: A v ] l- A
j‘l.]ﬁ 2.20 msnmuwaszuu'lummuequuuwm

TumsiFeureszuudagili 2.19 Wowiluaums 8 saunsi 2.30 - 2.32
y(n) =17)[x(n)] (2.30)
y(m)=1,[y,(n)] (2.31)
unuerunsh 2.30 aaluaunisi 231 ¢ ldaums y(n) faaunish 2.32

y(n) =1,{r,[x(n)]} (2.32)

fmualdt 7, = 7,7, w18 y(n) daaumsi 2.33
y(n) =7.[x(n)] (2.33)
wazdiinmsaduiiszun 7, fu 7, y(n) sedisuldounlaslUgaiuSeagl1éh

T, # 1,7, (2.34)
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Sy ﬂ = o Y 4 ﬂ =
UININUDNETSUY 7, UDSISVY 7, | uigﬂﬂﬂllﬂiﬂ'lill?ﬂ'lﬂﬂz'lﬂ 7,7, N30 7 IUUISUUN

HsmuaIAIeAIaNNIN 2.35

x(n—k) D> yi(n— k)
-k 2 ym—k)
x(n—k) "r‘”—f”? y(n—k) (2.35)

drumsiFoudenuuvuudowiiuaums 1dasaunsi 2.36

Y3 (n) = y,(n)+ y,(n)
=1,[x(n)]+ 7, [x(n)]
= (7, + 1,)[x(n)]

=7, [x(n)] (2.36)

A
e 7, =17,+7,

224 M3z sz ideni ey B udunazulsa139a1 (Analysis of
Discrete-time Linear Time-invariant) [4,5]
= Resolution of a Discrete-time Signal into Impulses

Foyanauwuy hideiiealaqaunsa@uuumulugives Impulse 1Hisudaglii 2.21 ()

Wowdhuaums 18dsaumsi 2.37

x (n)=8(n—k) (2.37)
uazgUii 2.29 (¢ ) Woulddaumsii 2.38

x(n)=x(k)é(n—k) (2.38)

4
o o

AUz 2.29 () Wouunulddaaumsi 2.39

61669
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x(n)= ix(k)é' (n—k) (2.39)
x(n)
L1 mllznfr SEEN
) 1—2-10113 ll l | n
@ x(k)
&(n-k) 1
0 .!— — n
®)
x(k) B(n =)
() x!t)

4 ol LN A
57 2.21 msumudygauuy lidemioalugyl Impulse

- Convolution Sum

. o " A LY - o
ﬁflummﬂunﬂms:mnamm‘lmmJu'luamum x(n) funanpUAUBINIIBNNAd

voaszu lideies A(n) Wou'lddaaunish 2.40

y(n)= i h(k)x(n—k) (2.40)

k=—co

4 - g L A
1o h(k) Ao wanpuaupInduRadueszuy hinoiios

ar L é
x(n) Ao dayauuuy hideiea

- as ° o 4
‘i}zﬂﬂql15ﬁﬂﬂ1iﬁ1ﬂiﬁ‘i:ﬂﬂllﬂﬂ Causal N13911 Convolution 3¢ 1AINEAUNITH 2.41

y(n)= i h(k)x(n—k) (2.41)

k=0

< . e ;
UBNINT AN Convolution A NInou TADNIVUNTIIAITUNITN 2.42
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y(n)=h(n)*x(n) (2.42)
- Commutative law

x(n)* h(n) = h(n)* x(n) (2.43)

@owdiu laezunsulddagii 2.22

xm) ¥n) h(n) ¥n)

h(n) <> —

UM 2.22 queuiianmsadui

y(n) = x(n)* h(n) (2.44)
y(n) = h(n)* x(n) (2.45)

- Associative law
[x(m)* By (m)]* by (n) = x(n) * [ 1y (n) * by ()] (2.46)

Wouilulaezunsu 1831 2.23

I y(n) x(n) hn) = ¥(n)

hy(m) hﬂ(n) r—" <:> hy(n) * hy(m)

x(n)

(a)

: i’-[ hy(m) |——— ha(m) Iﬁ—)" <> —@—F ham) o P

®)

JUM 2.23 Aruaumianisiangu



20

- Distributive Law

x(n) * [y (n) + hy (m)] = x(n)* by (n) + x(n)* h, (n) (2.47)

Wowilulaezunsy 1ddag1i 2.24

hy(n)

¥(m)

x(n) h(n) -
hy(n) + hy(n)

x(n)

31U 2.24 quanianisnszay

2.2.5 miaeszuuideiisamana (Implementation of Discrete Time

System)|[4,5]

- TnsaadveeszuuFaduniulsauia (Structures for the Realization of

Linear Time-invariant Systems)

srvuFaduiudsmunansiiaunmsaaaumai 2.48 uazih I Woudlu Inseadald
Fag1i 234 (a)
y(n)=-a,y(n-1)+byx(n) +bx(n-1)
v(n) = byx(n) + b, x(n—1)
y(n)=-a,y(n—1)+v(n) (2.48)
- ' A '
iﬂﬂ'jﬂ'l‘l 2.25 (@) nuszuyldueneeniilu 2 szuulas v(n) vi'flu&mnmuma uazIn
quiauiansdangy dimsadviiszunlugi 2.25 @) Willudagiil 2.250) deaduiiuga

v ]
NUTIZUVN 2 szuuanse 1gEamineg i 1A s lddswduTaseada i ldd e

2.25(c) uazWouiluauns 1daaaumsn 2.49



x(n)

2GS

—“:- I b

©

AIAUNITN 2.50

1 2.25 TassadavesszuuFadumlsaunm
o(n) =—-aw(n-1)+x(n)

y(n) =byw(n)+bw(n-1)

y(n) ==Y a,y(n—-k)+Y bx(n—k)

Woulnseadnldnagi 2.35

y(m) == a,y(n—k)+v(n)
k=1

21

(2.49)

iSonTassadniuandazii 2.25 (2) IniluTaseadauuuasa I (Direct Form 1) dau
» v ¥
31 (¢ ) MuSoniInsead 19Uy (Direct Form 1) Hazo1iEonszvuiFuduiulsaunaiiin

v " 3
FTUVVHVY Recursive HBNINHszuUFuduiulsamnaraunsa@ouluglaumsnal1a

(2.50)

M . 3
Amuald v(n) =D bx(n—k) unumrasluaunisi 2.50 a2 1ddsaun1sh 2.51 nazia
k=0

(2.51)



x(n)

H " A
UM 2.261ns9a59uDVA53 T veaszuy hideiio Y Recursive

22

uazvInauMsh 2.50 uazaunisi 2.51 ansondaslaseadouuuasa 1 dagii 2.26 1y

Taseadrauuunase I fagli 2.27

x(n)

(+)
Yt

M=N-2)

¥m)

H LI A
37 227 Tasaadauuunse 11 veeszuv lidenioauny Recursive
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2.3 z-transform [1,2,3]

2.3.1 Henuveamsuauwa(s,6]
4 L A L
M3u)ausa (z-transform) veadgyanui hideiesausotisweglugilvessynsy

. ] ¥
91UA  (Power Series) 1AAIAUMIN 248 Bonaumsi 2.48 11 nsulausanUUAT

(Direct z-transform)
X(2)= ix(n)z"" (2.52)

iile z  WhudulsiFadeu (Complex Variable)

x(n) Auddudaanal (Sequence Signal)

J a o 4 LI A =
uAdmsy  Causal System msmlaswavesdygrun hideosansodould

Ao UNISN 2.53 Sunaun1sN 2.53 171 One-side z-transform

X(2)= ix(n)z'" (2.53)

n=0

L A -1 A ar
msulasusavesdygruuuy hidemssmunsodiouunu ldongduuuniiadaauns
2.54
X(2) =z{x(n)} (2.54)
uazaInauNsA 2.52 uaz 2.53 sxiuldhmanisilausa Afeoynsueiug Aniuee
= :i o L o = ' J- - [ 4:’
fim z il X(z) mamouldiGensr z 1191 Region of Convergence (ROC) Taod z

seiAuus T aFou



4 ar L qi
M3197 2.1 z-transform vesdnyquuy hideiiies
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Entry z- Transform Region of Convergence
Discrete-time Sequence
Number X(2) of X(2)
1 o[n] 1 All z
1
2 uln z|>1
[7] = i
1
3 —u[-n-1 z|<1
[ ] I_ z-—l I I
All z except 0(if m > 0)
4 Sin—m) "
or o (if m<0)
1
5 i z|>|a
a"ufn] —— 2| > al
1
6 —a"ul-n-1 zZ|<|a
a"u[-n-1] —az” || ||
-1
. az
7 na"u[n] A=y || >al
=
az
8 —na"u[-n-1] m IZ' < |a|
_ -1
9 [cos myn]uln] ! [COSQO]f = |z| >1
1-[2cosmy]z™ +z
: [sin@0]z™
1 sin@ nju[n >1
9 [sin@njuln] 1-[2cosm, )z +27° g
. 1-[rcosw0]z”
>
11 [r" coswynluln] T Er——— |z| >~
s [rsin®0]z™
12 r" sinwynluln z|>r
[ o jul] 1-[2rcosw, ]z +r’z I |
a’, 0sns<N-1 —q¥z N
13 ' l-a z_ [zl 50
0, otherwise 1-az™

2.3.2 AUANUAYVDI z-transform [5,6]

- paanifnuihaBudu (Linearity Property)

uaad lafaaumsn 2.55

Zlax,(n) +bx,(n)] = aX,(z) +bX,(z) (2.55)



- puuanlAM31a0W (Shift Property)

25

Avualy y(n)=x(n-=m) m20 z-transform Y03 y(n)=Y(z) @ouunu'lddaaunisn

2.56 ua 2.57

Y()= 3 y(mz

¥(z)= ix(n -m)z™"

n=-w

(2.56)

(2.57)

[ ¥ [
r‘hnuﬁ'lﬁs:uunﬁﬁmmm‘uﬂus:nmmn Causal AUUAUNSN 2.57 ANNTVOU

Talnidaaun1sn 2.58  uag 2.59

¥(z)= ix(n -m)z™"

n=0

Y(2)=x(-m)+x(1-m)z™' + xQ2-m)z* +...+ x(0)z™" + x(1)z~"D + ...

Y(2)=x(0)z"™" + x(Dz ™ + x(2)z "™ +.......... x(n)z~™"
Saaums 2.59 Tmilasieiisn z ™ oonee1d
Y(2)=z"[x(0) +x(D)z” +x(2)z +......+ x(n)z™"]
Y(z)y=z™ ix(n)z"'
pry

Y(2)=z""X(2)

- qmauﬁﬁmmauﬂmu (Convolution Property)

INAUNIT Convolution

Y= h(k)x(n—k)

(2.58)

(2.59)

(2.60)

(2.61)
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y(n) =h(n)® x(n)

wnmsulasuaa x(n) w30 h(n) Wil X(2) w50 H(n) 92'1dm3s Convolution fia

aumsi 2.62
Y(z) = H(z) X(z) (2.62)

2.3.3 Rational z-transform
o oA - b ol e Y
dygnauuyhidedies x(n) wieszuunuyhidedior y(n) emnsaioulieglu
¥
' ~ A ot Ll 1
31U X(z) n50 Y(z) MATaomsuassa 1 X(z) nie Y(z) fuiiedalieglugiinudiu
(Rational) A1130UBNI WAZIBIARUANNMZYRITYAIULAZIZUD 1A
- Pole and Zero
Aumsnihm X(z) w3e Y(z) Tudaumsmam z wasidmeuves z T Plot as
Tuszuy z 1¥edou (Complex z plane) 1 z MilusimoUYOUAVSINT zero UNUAIY
Yoyanual O M1 z MilummeuvesduGuni Pole unudludadnual X
- ANYAZAYYIUAUMITINAWNUIVDI Pole
o 1] ' o o s s é o
ANV Pole Tuszuy z amsntiiuendnyaizvesdwudua s dddnyue
o  ar q'-a J o o = g
yoadudyguninaduanson i 189101311 Inverse z-transform annsowonldda

310 2.28

N ﬁ; [0 ..

s
o i

z-plane I x(n)

> inﬁ”l _G/l "“TIIJI

U7 2.28 (a) AMUAURUTITHINAUMIIYBA Pole MUMAUAY Y

£

AN




z-plane

dI”’”

m-2

z-plane

{} MMQ}JH

x(n)

2. I

61111*::

(e
P

m=2/_

Jea ] ki
AT

AN

}\
Y.
=
A

011

1011 2.28 (b) ANFURUTIZNINA UMD Pole AUd AUy

2
=

o

C}% (N

...................

AR\

7171 2.28 (¢) ANUFNRUTszM NG UMD Pole FuMIAUT YR

z-plane
K m=2
N

31U 2.28 (d) AMnuduRUTTEMIA MUY Pole uddudy g

27
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2.3.4 WansuvasszuuiBaduiimlsmuna
TunismvanouAUBINIIIANATEIs T VU sMuna @ mTansei 14
o < & 1 ' wa
Tavl¥1ann135 Convolution HIN13M19ZABIIAIVOI x(n) HAL A(n) UAVINAUANTAVD

z-transform 1 I N1IMImaRDUAUBIMAIANANT A9 INANNIST 2.63
Y(z)=H(2)X(2) (2.63)

A
e Y(2) f19 z-transform Y94 Output Sequence y()
X(z) A0 z-transform Y04 Input Sequence x(n)

H(z) 719 z-transform Y94 Unit Sample Response /(n)

»
faiutndm x(n) wez h(n) Pannsomm X(z) uaz H(z) ldlaomamlas 2
A o o o “. i "
HAZIDUNNYUNUAITUNITN 2.63 wld Y(z)uazannsominl y(n) 19laosmsulas z
anfu Y(z) uazlumanduiudidan x(n) waz y(n) nensomm H(z) l@asaums

2.64

_Y(@

= 2.64
T (2.64)

H(z)

ienuFanusziiu1dquaniavesszuuifueiuield 2 dnvazde
h(n) waz H(z) lav h(n) ﬁ'uﬁza%‘muﬁmmﬁuﬁﬁumszuﬂu Time-domain @94 H(z)
0T uI0BnuaNTAlY z-domain FauRiieiwdsr H(z) uaz h(n) ﬁumﬁauﬁ'mﬁumduq’
fuAUAL Domain uazTaoialeziSon H(z) luaunisi 2.64 31 HadFuszuy (System
Function) ) ﬂqﬁai'udw'[au (Transfer Function)

ﬁ1ﬁ§'UixUU7;lﬂuu1JU Linear Constant-coefficient Difference Equation AN

# 2.61 amso 19aauAYD z-transform WonluilanducioTou H(z) 1ddsaunisi 2.66

y(n)= —i a,yn—-k)+ ibkx(n -k) (2.65)

k=1

Y(z)= —iat}’(z)z"‘ + ib*X(z)z"'
k=1 k=0
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}’(z)(] + ia*z"|r ) = X(z)[ib*z'* J
k=1

k=0

H(z)=—:2 — (2.66)

y(n)=ih(k)x(n—k) 2.67)

k=0

Y(2)= ih(k)X(z)z"‘
Y(2)= X(z)(i h(k)z™ )

_Y@ _< >
H(z)-—X(z) éh(k)z (2.68)

2.3.5 m3mas z woAY (Inversion of z-transform)
Hunsilas X(z)nduihy x(n) W8 3 F5dasio il
- fi'ﬁaqnsuaﬁ'uﬁ' (Power Series Method )
- FBusneudIuGoY (Partial-Fraction Expansion Method)
- Residue Method
2.3.5.1 msulas z inAudIsIToynIueiug
fmuald X(z) 1114 z-transform ¥©4 Causal Sequence Faaun1si 2.69

& Y o o 2
Facunstiannsodaliidlueynsueiualugy z v3e ' Taol¥nsn13o1 (Long Division)

a,+a,z”" +a,z7 +....+a,z”
= —2 =
by+b27 +b,z™" +....4 b,z

X(z)= (2.69)
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diemImssaumsi 2.69 92 18m X() faaunsi 2.70
X(2)=x(0)+x(D)z™"' +x(2)z% +x(3)z +..... (2.70)

2.3.52 maas z wnfuds usniAydIutoY
Mmlagiaauns X() ’lﬁaq"luzﬂmu'shutiaummfuﬁmumsﬁi':’ﬁ;'d'lé’f
wlaaldiiiu x(n) 1019A1579 z-transform A8 X (2) Aaaumsii 2.60 midaglaums
sl lmudumniauea Pole Tuszu z Sanisoonddne il

- n3di Pole Tdwmidhidgiiu aums X(z) aunsi 2.69 aunsodagilIddaau

ms# 2.71
D) L RPN - WU S @)
1-pz= 1-p,z 1-p,z
X(z)=B,+ GF iy, i
Z-p ZI—p, Z— Py
M
X(2)=By+), &L (2.72)
k=1 2= Dy

1 ' A o L] . .’ ar 1
- N3 Pole DYUINN M UIADYA NN UIFINUY TUMST X (2) AU 2.69 A0

ezl 1adaaunsi 2.73

m D‘.

uage D, v ldninaumsi 2.74

1 d™
" (m-i)dz™

le-p)"x2)]_. 2.74)

o o

' =1 ' & o ° ' [
uatszuunSedaudyanull Pole WINNIIMIIAMATAMMUIYEY Pole By 1U
s ¥ 4 ¥
aumidsigiuuaz lisiudredususzuull Pole Manua 3 42 1 Pole 2 AogAIIMLARY?
fududn 1 Mmegauazdmmiamsdaaumslugleudiudesiaeldaumsi 2.72 uay 2.73

SIUNU
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2.3.5.3 Miuad z wnruTAo3T Residue

ar Adl: 9 |
Mm3uas z ARAUAILITIA x(n) WEYNUNUAIWMITOUNINTNATVIDY (Contour

Integral) A4ETUNTITN 2.85

s 1 n-1
x(n)—z—ﬂjtfz X(z)dz 275)

c

e C Aodumumsduiinsmasusoy Pole vor X(z) fogluglimudanuas
TwaTuifiou (Rational and Polynomials) M3BuRININATUSEURUMSA 2.75 flouazgn
unueglugldunsiFedoudonquives Cauchy’s Residue [9] faiuerwnan1d x(n)
AADNAINYBINIIN Residue 19W1Z Pole TuuSna C wealladdu 2 31 X (z) Fou'ldds
aunsi 2.76

Res[F(2), p, ]=ﬁ - poF@ 2.76)

il F(z)=2""X(z)

2.4 HaNBUAHBIANND (Frequency Response) [1,2,3]

AnsanilansusoTou H(z) A 2.73

by+bz" +b,z7 +.....

H(z)=
() l1+az" +a,z7% +.....

2.77)

1 " A .” 1
1.14ﬂ'l‘)"}‘l'lﬂﬁﬂﬂllﬁ'IJEN‘I’I'Nﬂ'TIUﬁ‘UB\‘I53UUIIUU1Hﬁﬂluﬂ~quﬂzllﬂu z=e”alu

H(z) #1 auns 2.74

by +be”” +b,e® +.....
-2 jo

H()=

1+a,e™ +a,e

H(o)=H,(0)+H, () (2.78)
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vzt aun1si 2.78 szdsznoudloamiilusiuaueSawazaindlusuou

~ 4 = ' o o
m%’aumﬂumsmwaﬂ DUAUDINTNANIUDITHIN msmmwaanﬁ‘lu 2 AnNYULAD

2.4.1 HAaABUAUDINIIVUIA (Magnitude Response)
° 1 o a = a -
A 18 Tasmsmamduyseivesaumsh 2.78 Wou ladsaunish 2.79

|H(@)|= {H2(@)+ H} (@) (2.79)

2.4.2 wanouauesImana (Phase Response)
° = &
furaldnnaunsii 2.76 Fanaaouausamaaszgnunudie O(w) e
ZH (o)

- — tan-! H,(w)
O(w)=4£H(®) = tan ——HR @) (2.80)

H d' " A o i
IWUNIAN 2.2 TWMIHAADVAUBINNANUDVDITE VY TiiABiiDadaaun1sh 2.91

H(z):l*'Tz (2.81)
Bms dmuald z=¢’°

H(m)=1:ﬁjm =e%+1

H(@)=1+¢7* (2.82)

HAZINTUNT re’® =rcos(w) + jrsin(@) AaiuaunIsh 2.82 awrsodoulnaldaa

aunsi 2.83
H(®)=1+[cos(-w) + jsin(-o)]

H(®) =1+cos(®) - jsin(w) (2.83)
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MINAuMIN 2.83 wrnunadmiiluinauiefe H, (@) =1+cos(w) uazaiun

o a9y =) . ar n’: - W e;
RUSIFFOUAD —sin(@) AIHUNAADUAUDINTIVUIAILUMAIAUNITN 2.84

|H(o)|= J [1+cos(@)] +[-sin(@)[

|H(w)|= ﬁ +2cos(@) +cos’ (@) +sin* (@)

IH (a))| = w/2 +2cos(®) (2.84)

wazmanavausamanadou ldvinaunisi 2.80 TamhmsuswazinuFadousin

AUNIN 2.83 uaad 1daaaunsn 2.85

—sin(@)

2.85
1+ cos(w) e

O(w)= £H(w) =tan™

H A H ] ' ° -
HazMINAUNISN 2.86 taz 2.85 wonldsunlam o lusn 0-z mliisunsminanou

Auonud 1AdagUinz.29

i i i i i i i i i
01 02 03 04 os o8 o7 [F:] 08 1
trequency in pi units

: 4 z+1
JUM 2.29 waneuauBIAUDVEITTUY H(2)=—
z
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UNIBIN 2.3 1IN INAADUAUBIANAINAUMIHAMS

y(n)=0.9y(n-1)+x(n) (2.86)
58m3 aumsh 2.86 annsawlastiiily H(z) 188aaunsii 2.87

Y(2)=0.9Y(2)z" + X (2)

Y(2)-0.9Y(2)z™" = X (2)

Y(2)|1-0.927|= X(2)

Y(z) 1

&= 3 " 120977

(2.87)

unum z =e’ asluaunisn 2.87

1

HO) = 9™

ATUURWIZAIY

1-0.9¢7? =(1-0.9cos@) + j0.9sinw

4 o

fimduysaldeaunisi 2.88 uaziiyudsaunsi 2.89

[1-0.9¢7| = /(1-0.9c0s ®)? +(0.9sinw)*

|1 - 0.9e-f'"| =.J1.81-1.8cosw (2.88)

Zl0-D 96y gy DD2NS. (2.89)
1-0.9cosw
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» ] .
AU UAUNITN 2.87 9231A1 Magnitude Response AIANUN1TN 2.90 uazdl Phase Response

AT UNIIN 2.91

1
H(o) = (2.90)
| ()l v1.81-1.8cosw

0.9sinw
® R R ekl 291
@) in 1.81-1.8cosw (291

i @sudunsnansuausnud 1adagii 2.30

04 i i i
0 01 02 03 [F] 0s ‘1] or os (1] 1

froquency in pr units

311 2.30 HamoUANBIAINEYOTTUY Y(n)=0.9y(n—1)+x(n)

2.5 AINsB9RINBANVY FIR [1,2,3,4]

dansesasnoainisenn laiilu 2 ¥iia i

- danseansmeauuen looy (FIR : Finite Impulse Response Filter)

- fansosnsnoauvylelonrs (IIR : Infinite Impulse Response Filter)
Tuineriinufiauiing 1nianmedInseAsnoauyy FIR 39In309asAvatuY FIR 3

Hardun1sn1oTou (Transfer Function) Haumsauaniansaumsi 2.92
N-1
y(n)=> h(k)x(n—k) (2.92)
k=0

Wouliegluuya Tamu (z-domain) TAseumsi 2.93
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N-1
¥(z) =Y h(k)x(z)z™ (2.93)
k=0
wiowouliegluglvosileddudioTousz I
N-l
H(z)=) h(k)z™*
k=0

Y(2) = h(0)x(2) + h()x(2)z™" + h(Q)x(2)z* +..o... + H(K)x(2)27*  (2.99)

nnaumsn 2.94 aunsmi @oudulnseadalddagli 231

x[n—(N-1)]

x(n) - x(n—1) 2

h(N-1)

y(n)

31U 2.31 uams Inseadnvesdinseusuay FIR

FInspaFauay FIR Saiiludinseaususinesam [7] (Non Recursive) tiioein laifins
Hlounduainmedu Output iazuenINTifINTBuFaAY FIR sxiiguauiasudnie

1. guseada§hodeifeutudanseawy IR

2. figuauiamsaevausamaiaiunuuFady (Linear phase)

3. dnlszAniiinannnsiuauezdm lifunioh WWamsoadaasihaond
Auu ﬁaﬂszu’mnmmuqnnﬂﬁuumﬁ (Fix-point)

4. §nseuFuav FIR 921a@030 M (Stable) iiuou 1ioanniii Tnaegiigaduia
(Origin) YUSZUILYA

ATUINUMS

y(n)=x(n-k) (2.95)
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ool 4 -
dioimsmlaayiFes luaums 2.95 ez 14

Y(jo)=e'*" X (jo) (2.96)
thodhaezld

Y(jo) : - jakT

———=H(jo)=e"’ (2.97)

T M

NNAUMIITMYUIA (Magnitude) 10U 1 uaziimadsaunish 2.98
6(w) = —okT (2.98)

H = ° ] [ 0
uazInaunIsh 2.98 FutluaumsveudaansnirlniAmi3nqy (Group Delay) 14 Taw

MmsmeyWusaunsi 2.98 isuiy o wldaunsvesriminnguasaunsi 2.99

_ d(-okT)

dé
dw

(2.99)

®=—-kT (2.100)

MNANMIN 2.100 vziiuldhdInseuFuay FIR Inanevaussmaadiuuyuids

du dniudinseuduay FIR Sagmir Tl 19medsndeuans dsiediusu msdszuana
dyanandes mdszuraradyaiunm uazmsdszuanadygiunianisunnd fudu

uazddmuagumssanouausamana i laodmuald

K=a (2.101)
awla

O(w) = -aw (2.102)

niatAvenanouauBIMA AN
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O(w)=p-aw (2.103)
£ ilumnaii

»
grdanseaiinanamaneuausamaauazsminnguilunuuFaduaiwauns
11 2.102 vz I A maneuauoIBURadveIINIBAUT ULV VANIATLIN (Positive Symmetry) A
- ] ) o
Aun3 2.104(a) 10T 2.104(b) FawamsasuausamadasziuilinduvesnnuuAInges

(Filter Length)
h(n)=h(N —n—1) # n=0,1,...,(N=1)/2 uoz n {Juf  (2.104 ()

a=ﬂ2_£ i n=0,l,...,(—g-—1) uaz n lﬂuﬂ' (2.104 (b))

o o

nazd MawesiinanisaouausImarafaynIsn 2.103 v 1dnansuauesduiad

yoamnseuiuuvanasay (Negative Symmetry) A38N159 2.105(a) 1A 2.105(b)
h(n)=-h(N —n-1) (2.105(a))

, V=D

.105(b
> (2.105(b))

Tao N Tuaunish 2.104 uazaunisi 2.105 iusmaudidvvesdnseauas
0<n<N—1auiudr N=7 18 h0) = h(6), A1) = h(5), h(2) = h(4) uazdr N =892
& h(0) = h(7), k(1) = h(6), h(2) = h(5),h(3) = h(4) UaZIINAUNITH 2.105 uazauNITH
2.106 ansarinn@owiuns 8@ g1 2.32



N = 13 (0dd)
|
E‘N\C:ntndsymmeny
(N even, positive symmetry)
N =12 (even)
\Ctnluollyumry
N odd, i
l ( negative symmetry) N=9(0dd)

f | l | 6 8 o
0 4 | ' Y “n

i

i‘\f"‘“-(C;nmo(!rmﬁ'l:fr

even,

! s
PEriR I 1 6 8 i
0 2 II ' jJu”t e

i

i

|

1

71 2.32 uamsnanpuAuBIBUNad VDI A TFURUVBIAINTBI 4 HiiA

2.5.1 NMIPBNUVURNINTDIAINDANUVY FIR [4,5]

921979550595 (Fourier Series) unhmsesnuuuinIsagIli 2.33

Hplw) {‘

—2x o, 0 o 2= o (normalized)
(a)

ho(n)

-

I
gt AT 1( 3 ;z'f?\ g SN
S Y 2 ‘11‘, - \ll, £ Y] n

14 2.33 nanamanouAUBIAMBLAZ HARD LA LBIBUWAT IUN1IgANAR
(a) HAAINIADUAUBIAYINDYDIAINTBIILY Low-pass IUN1QANAA

(b) HAAINAADYAUBIDUNATVDIAINTBILVY Low-pass luUnagaund
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[V 4

ar dld d‘ ’ =
AINTOINUNAADUAUDINIANUD HD((O)fl"liﬂﬁﬂ?‘l'lﬂTNﬁﬂﬂU?fuﬂﬂﬂuﬂﬁﬂ

h,(n) T nanuduiusvesnsidainduveayiSoidaaumsi 2.106
1 7 o
hy(n)==— [ Hy(@)e™"do (2.106)
-

3 H A ﬁ' ar
#nsw19nzli 232 Fuflunsiuaainisaeuausindudvesdinseanyy
= i o g a .
Low-pass ¥3iin21mdfn-00M fie o, Tao o, dezilunauiueiuea’lad (Normalized

4 - " W 4::
Frequency) ¥IUN1AIAUNITN 2.107

f
=2c (2.107)
ey

Tas  ffe Anudfn-oeWuoiuealadh (Normalized Cut-off Frequency)

£ fin ANUDAN-08W (Cut-off Frequency (Hz))

[

f fio ﬂ?l'lllﬁiill (Sampling Frequency (Hz))

< O = Vo ' 3 ' = ar 3 "
vinns s 1anm Hy(e) wwiauminy 1 1uge daud —o, 3409 +o, AHUA

YDIHARDUAUDIDUNAFYBIZIN 2.33(a) vz A9 Inaun1sH 2.108

1 x - 1 we =
h,(n) =§_£1 x e™ dw = —2;_!:21" dw (2.108)
2 x sin(27fn)
R P o 2.10
(== (2.109)
iy 2R (2.110)
nmw

» > ¥
DI INAINAADUAUBIDYNAT I U ANYAULIATAUANIU TuMImIAIIERINITHY
=1 < J o o o [ 9 = o o o " ..: ]
MBINTINTINNOAIRIDG N DIADIMIHIWANDVAUBIDUNAT 7 =53 3MNMINIA 1 AIuA

Th # oo 4 2
0 9UD3 26 Aun1 —1 e —26 1u lusuiludeanuiesninanuiluauyinsiues
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WuNINN 2.4 N15DONUVVAINTOUFUAY FIR 53 G180 ANUdAN-00m (£,) a1 1.75 kHz

- g - 2,
waznwdgu (f,) A1 8 kHz dartus A(z) sxiifi1iugae -26 Ui 26 uAsiinIMAwA

v
0 U9 26 aane i

n=0

n=1

n=2

n=26

Fi 3{5 - 1.;2;& =0.21875
5 Z
sin(27fn)
hy () = SR
(1) g

hy(0)=2x f =2x0.21875 = 0.4375

By (1) = sin(27 x 0.21875) 031219 = Ay (=1
= :
o (2) = SRCX2TXO2UBTS) _ o o0 e )
2
hp(26) = 20X 22”6:0'21 873 — _0.01131=hp(-26)

L] 3 or A’ or L Q' L]
vziu lanvuzil lddulssanivoadansoalifnn 7 1SU910 —26 3UDI 26 ualuns

#3199349 (Implementation) Tiansonszi1ddlia » Muav uazezi laumsvesszuy

. [ ¥
Thiaeandesfiuaunish 2.106 uazaunsi 2.107 antuszdean i 7 duwinyndrauyan

¥
dnsealian n oglugae —x suds x Wld 7 WuvaniTaounudr n=x+n dniuen

i d
#2001992 1871 7=26+n MlAm1vea n szlimegluyn 0-52 Aol

h(0) = h(52) =—0.01131
h(1) = h(51) = 0.00248
h(2) = h(50) = 0.01326
h(3) = h(49) = 0.00270
h(4) = h(48) = —0.01337
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h(5) = h(47) = —0.00842
h(6) = h(46) = 0.01125
h(7) = h(45) = 0.01393
h(8) = h(44) = —0.00677
h(9) = h(43) =—0.01836
h(10) = h(42) = 0.0000
h(11) = h(41) = 0.02081
h(12) = h(40) = 0.00870
h(13) = h(39) = —-0.02036
h(14) = h(38) =—0.01876
h(15) = h(37) = 0.01608
h(16) = h(36) = 0.02941
h(17) = h(35) = —0.00690
h(18) = h(34) = —-0.03979
h(19) = h(33) =—0.00887
h(20) = h(32) = 0.04901
h(21) = h(31) =0.03537
h(22) = h(30) = —0.05627
h(23) = h(29) = —0.08822
h(24) = h(28) = 0.06091
h(25) = h(27)=0.31219
h(26) = h(26) = 0.43750

u = = - ad A a 9/
AINIBUTAAVIVY FIR seiinanouausamnanudilunuugauadnasiiolinis 14
ar ar ﬂ{ ar 1 - ooy =; o =3
arduszansiiuoiud udlumalianamsaouauoaninuiveIdINTsATAAVILY
& —~ J o ﬂ'ﬂl . o - A
FIR 921MINIZN0Y (Ripple) iiAvu s mamdulsza@nitianieonazm iinansziveuun
vy s d d o au A ¥ & a -y
uatduszansnsmoaumniunzi s msnszeuiosasdnsiinalndifsanunans

1 - J o ﬂ'
ADUTAUBINNANNYAUAANINYU AaA Uz 2.34
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eY

x
£
T

|- —
:

(b)
[Hy(@)] )

—

e Y

o .0 o,
(c)

UM 2.34 uamanaNMIRBUAUBININD
o
(a) dulszdns 13 a2
2.
(b) dulszdans 25 a2

Y i
(©) dulszanditluoiua

2.5.2 M3venuUUFINIBIAINRAINIY FIR Maewaniidulad (2,4]
elinamsasuauesnuaiia Indifvafunanouauesnud lunsgaund
$9185nsAuRaIsmsudtlym Taemnhdulse@nd A, (n) gaidudulszaniondanils
dulszAnsaiinde @(n) ®30 Window Function ﬂa-?i'lﬁ'innmsﬂmﬂzli‘]uﬁ‘nﬂszﬁﬁ(
#1minde h(n) Famsmidudsz@nd h(n) fizoni mamlavldiladduveaiuled

(Window) aum3ves A(n) uansl@daeunisi 2.111
h(n) = h,(n)-w(n) (2.111)

v A‘IJ "o £ 9/ 4 ' A
A1Y83 @(n) A5 AN BUUBYAUAINABINITYBINONUULFINADLITIZ

THan15ABUANBINNVINALAZHAABUAUDINI Impluse AUANANAUAMAAITUZUN 2.35



Holw)

el

W) v

A e

~ o 0 M

®)

T N n

©

31 235 uamanamsaeuausInI MDA INFUIUTAT

g" q‘ " ] el o 1 ar @ 0 ar
wenntiauminlma o(n) voauAaz It dauana i uaane Tl

isunuga13uiag (Rectangular Window)
w(n)=1
gutaiulal (Hanning Window)

o(n)=0.5+0.5cos (2—1’;")

uauiiaiulad (Hamming Window)
2znn

w(n)=0.54+0.46cos [—)
N

uvanuuuIu a7 (Blackman Window)

@(n)=0.42+0.5 cos( 2xn J+ 0.0Scos[ an J
N N

(2.112)

(2.113)

(2.114)

(2.115)
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WunNIBIN 2.5 MseonuuuAInseInuasHIuuuVen 1Tee1s Tasldlansuvesdulatuuy

» ¥
ueni famuald £ 061 175 kHz £, A1 8 kHz 314U 1AUIMIAY 53 AT uA1

o

wlszans hy(n) ogluyia—26 b 26

}ililr]
N=53 fade LIKHE 01875
£ 8kHz
sin(2
hy(n) = "—( 1)
nw

ueuiisiuladii w(n)=0.54+0.46cos (2%”)

n=0; hy(0)=2x f =2x0.21875 = 0.4375"
»(0) =0.54+0.46 cos(0) =1
h(0) = h, (0)(0)
h(0) = 0.4375x1

h(0) = 0.4375 = h(52)

- (1) = SBRTXO021875) 3101
T

(1) =0.54+ 0.46cos(§—§) =0.98713

h(1) = hy(1)-&(1) = 0.31219%0.98713 = 0.31119

h(1)=0.31119 = h(-1)

sin(2x 27 x 0.21875)
2

n=2; h,(2)=
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h,(2) =0.06091
@(2) = 0.54+0.46 cos(2m x 3—2-3-) =0.98713

h(2) = hy (2)o(2) = 0.06012x 0.98713 = 0.06012

h(2) = 0.06012 = h(-2)

sin(27 x 26 x 0.21875)
26

n=26; By (26) =
hp(26) =—0.01131

@(26) = 0.54 +.46 cos(27 X %) =0.08081

h(26) = b, (26)a(26) =-0.01131x0.08081 =—0.000913
h(26) = —0.000913 = h(-26)

Midansealmiiluneawea (Causal) ¥ lasuan 7 NnAId20 26 Ml 7 uldousin
329 =26 949 26 ¥ UDUF29 0 94 52 9z TaduszAnFveedInsoaFauaviuy FIR HUUuauia

el £, 175kHz f, §in 8kHz 19w 53 Asse 1l

h(0) = h(52) =—9.1399x10™
h(1) = h(51) = 2.1673x10™*
h(2) = h(50)=1.3270x107*
h(3) = h(49) =3.2138x10™*
h(4) = h(48) =-1.9238x107
h(5) = h(47) =-1.4683x107°
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h(6) = h(46) =2.3627x107
h(7) = h(45) =3.4846x107°
h(8) = h(44) = -1.9925x107
h(9) = h(43) = -6.2837x10™
h(10) = h(42) = 4.5320x10”°
h(11) = h(41) =9.2669x107
h(12) = h(40) = 4.3430x10"
h(13) = h(39) =-1.1271x107*
h(14) = h(38) = -1.1402x10™*
h(15) = h(37) =1.06307x107
h(16) = h(36) = 2.0964x10™
h(17) = h(35) = -5.2583x107
h(18) = h(34) = —3.2156x10™
h(19) = h(33) =-7.5449x10"°
h(20) = h(32) = 4.3546x10™*
h(21)=h(31)=3.2593x1072
h(22) = h(30) = -5.3413x107?
h(23) = h(29) = -8.5682x10™*
h(24) = h(28) = 6.0122x10™*
h(25)=h(27)=3.118x10""
h(26) = h(26) = 4.3750x10™"

2,53 m3veniUURINTOINNNDGIHIH FaanImEHM F1AENgAILY FIR
12,4]
ﬁ"msmmmﬁqqﬁm (High-pass Filter )1un150®n11UY High-pass Filter 92711 laoms
AN 15ABY AUDININEYDIRINTBIDDANIA (All-pass Filter) AUAIIHAABUAUDIAIIND
Y93RINTDAUTUAY FIR fanaaslugid 2.36 nazlunsmarduilszanivesdansoanuy

High-pass @11150%1 1A 1naums

hD(n)higﬁ =06(n)- hp(");,w (2.116)
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1H ()]

| Hiulf) |

0 A 7

3UM 2.36 uaaens Mo UAHBINNDVOAINTOILY All-pass Low-pass

High-pass

v PP o . Y o o a o Pl
WUNIBIN 2.6 N13DONUVVAINTDAIVY High-pass TasldHanduvesiuladuuusaunugais

fmualdl £ =1.75kHz £, =8kHz $1uMMAWIMIIND 53

fade LIME (01875
£ 8kiHz
sin(27fn)
h,(n) = 32
D(n) nmw
a=0; hy(n) = 8(0)=2x f =1-2x0.21875 = -0.5625
n=1; (1) =) - S X 0210 S w10
T

h,(1)=-0.31219 = h,(-1)

hy(2)=5(2)— sin(2x 2z x 0.21875) ——0.06012
i 4

=]
I
By d
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hy,(2) = —-0.06012 = h,(-2)

sin(26 x 277 x 0.21875)
T

n=26; hy,(26) = 5(26) - =-0.01131

hy(26) =—0.01131 = hy(~26)

mdansealiiiluneasea Tasuan n ynAade 26 A 7 nlaeuningae —26 da 26
W utluea 0 89 52 92 187 ulsz@nFveeAInToaFUaY FIR 4V High-pass HUUIsAUNUYATT

Sula il £ =1.75kHz  f, =8kHz N =53 faae il

h(0) = h(52) =0.01131
h(1) = h(51) = —0.00248
h(2) = h(50) =—0.01326
h(3) = h(49) = —0.00270
h(4) = h(48) =0.01337
h(5) = h(47) = —0.00842
h(6) = h(46) =—0.01125
h(7) = h(45) =—0.01393
h(8) = h(44) = 0.00677
h(9) = h(43) = 0.01836
h(10) = h(42) = 0.0000
h(11) = h(41) = -0.02081
h(12) = h(40) = —0.00870
h(13) = h(39) = —0.02036
h(14) = h(38) = 0.01876
h(15) = h(37) = -0.01608
h(16) = h(36) = —0.02941
h(17) = h(35) = 0.00690
h(18) = h(34) = 0.03979
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h(19) = h(33) = 0.00887
h(20) = h(32) = —0.04901
h(21) = h(31) = -0.03537
h(22) = h(30) = 0.05627
h(23) = h(29) = 0.08822
h(24) = h(28) = —0.06091
h(25) = h(27) =-0.31219
h(26) = h(26) = 0.56250
§IN309%29AMRHI (Band-pass Filter) Tum3eenUUUFINTBITIIANUTR NIV
FIR 921 TA01i 10 IMAN15ABL AUDIAIINE UOIFINT O Y Low-pass 2 Audauiud

naaalugli 3.4

1H2 (0

0 i f

1Hh(®]

I Ha(%) |

0 fer fez f

31U 2.37 uaaInIMHaAB U AUBIAIINDVDIAINTBILUY Low-pass 2 AN

HazniMHARUAUDINUDUDIAINT DALY Band-pass

uazlumsmadulszanfvesdinsearanudmuannsam ldnnaums
By () gona = (n)fr:Z - h, (")fcl (2.117)

By (1) gana =

sin(27f,,n) _ sin(27f,,n) (2.118)
nrw .

nmw
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-

] - LY = ¥ o a o
WUNINA 2.7 MTVONUVVAINTDAUFUAY FIR UV Band-pass 1aolsHansuiuladuvuisn

d o

unugars Amualdlien £, =1kHz £, =2kHz f, =10kHz S1audaumny 11

f1=f”‘ _ WkHz _ o
f,  10kHz
fo, 2kHz
f= ta =i0;
f,  10kHz
Fuilsz@niiic n ogsenin-5das
_h++p? —
n=0; R 0)=2x £, ~2x f, 2% ;’ fac
a

h,(0)=0.2

n=1; h,()=

sin(27 x0.2)  sin(27x0.1)
T /4

hy (1) =0.11563 = Ay (—1)

sin(2x27x0.2)  sin(2x 27 x0.1)

=2 h,(2)=
" »(2) 2 27

h,(2) = -0.05782 = h,,(-2)

sin(5x 27 x0.2) _sin(5x27x0.1)
S5z Smx

B
Il
Sl

hD )=

hp(5) =0=hy(=3)

" ¥
W hy(n) i n Ad -5 09 5 iTluneaweas: 1dm
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h(0) = h(10) = 0.0000
h(l) = h(9) = —0.12246
h(2) = h(8) =—0.16328
h(3) = h(7) =—0.05782
h(4) = h(6) =0.11563
h(5)=h(5)=0.2

AIN399329ANUDNYA (Band-stop Filter) a11150n32M1 14 lavthwanouausanui
YDIAINTBIBBANIAAVAIIHAADUAUBINDINDVDIAINT DAY Low-pass Aduaaalugui

2.38

hy, (n) = 5(")_[hn(")ﬁ2 -h, (n) 4] (2.119)
hD(n)=6(n)—[sm(nx 2z f,) sin(nx fo‘)} (2.120)
nmw nw
1
0 f
| Hg(f |
0 fet fe2 f
| Hs() |
0 ey fe2 f

317 2.38 LAAIHAABVAUDIVBIAINTOILUY All-pass Band-pass 11as Band-stop

[ o = = 4 3
IWUNIBIN 2.8 N15OONUVUAINTBUTAUAY FIR 11UV Band-stop 1asldIuTasuvveiuila

Amualilien £, =1kHz £, =2kHz f, =8kHz $uddu mnu 11

Py

_ lkHz

= =0.1
10kHz

-fl=

o
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i _ 2kHz

" 10kHz

"

=0.2

fa=

o

a a aaa L] 1 = a a o A
duilseansium n 9YITHIN -5 03 5 a2 auns o(n) Yo3g1utIuIA) Ao

@ (M) panning = 0.5 +0.5cos (?)

hy(0)=6(0) -2/, -2/,)
h,(0)=1-(2x0.2-2x0.1)=0.8
@(0)=0.5+0.5cos(0)=1

h(0) = hy, (0)@(0) = 0.8

sin(27x0.2)  sin(27 x 0.1))
n z

hy(1) = 6(1)—[

a;(l)=0.5+0.5cos{2’1r ;‘1)

h(1) = h,(De(1)

h(1) = —0.10789 = h(-1)

sin(2x 27 x0.2) _ sin(2x 27 x 0. 1)}

hy(2) =5(2)—[ - =

m(2)=o.5+o.5cos(2”"2)

h(2) = hya(2)
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h(2) = 0.04336 = h(-2)

- h(5) =0 = h(=5)
wldmduiszansvesdonsesiiauyseidase il

h(0) = h(10) = 0.0000
h(1) = h(9) = 0.03061
h(2) = h(8) = 0.08164
h(3) = h(7) =0.04336
h(4) = h(6) =—0.10789
h(5)=h(5)=0.8

2.6 szvumavnlylumsiszanana [7,10]

a = Jaf 3 2 . ) 4
Tuinniinuii ldeenuuvaoilaenssunmsdszaranaiiluiuy Fix-point HUDAAIATDI
> a ar a ' i o
MU0 (2’Complement) N1z uduszdnivosdinsousuay FIR nouiaziiily

E
Uszananadloueia FPGA szdouiinisudasliidlumsd nufuneudiaunisae 1l
M-=1
a, =round(ax2"")

=Y Q’ﬂ.’
a fio dulszansnlalumsulag
M Ao Suuinvenllszuiana

round( ) Ao Wandulumsilawilus iy

[
L =

] ¥ ] ¥
Taoaf ldnnaunmsiiddnlddidunsaiiouimisonii 0.5 AvzAanauadnn

&
seilavwilu 1
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: H ] s =) C{‘H‘ 1 ar = -y (-]
WUNIAN 2.9 NFUNTNN 2.7 Adudszansnmiar 1adanssuianailivuia 16 1aNIng

¥

wlauavldfad
353
Fulszanin 1dnnmsdnng | a o =round(ax2™) Funlszans il lums
Tuunsdifiz.7 Usziiiuwaluvesa FPGA
0.0000 0 0
0.03061 1002 3EA
0.08164 2675 A73
0.04336 1420 58C
-0.10789 -3535 F231
0.8 26213 6665

2.7 FPGA (Field Programmable Gate Array) [8]

s = ar 1 g o 4
Tuilaqiiu FPGA 18lims 1Famiuedendnunanniu Tas FPGA Tagmimnunui
o ar ' i ] 1
Logic Gate 931us2# SSIMSI w3eusiualudrulszurananaiy Tavszimiuldninginseii
(] = o c,.! ; é AaAY A L [T | ﬂ’
Wudnlszneuvesszuunouiumes Naililieanin FPGA ldonegnatelszms dsae il
- @mnseeenuuUNYsAIARa 1A Tavliswaugnseluazauinveaunadaesanal
A a
1eaInsgnoenuuy 13 lugn
P o e = ' o
- 2asfiesnuuumivisedinuinnudgandlulasaeuInsames e
FPGA Hdnvaizmsiamdunuuesin?
- asaud lumain 18 msziiesnndnvarmsiinuuueiung e

9AfMIMUALALEBNIUY TABNTBI1TAVFA (High Level Design)



L]

UNN 3

N59NUVUNINTDNT AV FIR

N1399ALUUNITNAADIAINTDUFAUAY FIR 1218 Output LUVIA1D33 9291 Taums
Y5uil5aTassadevesdinseaduay FIR 910 1As9a51900UA59909@INT001FUAY FIR
waraadagUi 3.1 118190053 mansumudaming 2393ga uaza9asIIN ausaiams
ponuuy Insaad19ueaaInsouFuay FIR i’;u"lmﬂﬂuﬁli’fﬁmﬂsmafhu'a"’mﬁ'uﬁ'qgﬂﬁ 323

o Y o a9 = g
winlifaraneuausminnud lanaegluuulunandedny

x(m) L N e I 2)____] 1 xln-(N-1)

BN - 1)

y(n)

MNN 3.1 Iﬂ‘iiﬁ%‘N&mUﬂi\WﬂQﬁ'JﬂﬁENL%Q!EI‘IJ FIR

3.1 m3eenuuYInsIa319ve9fINIBATIaY FIR 1218 Output HUVIIA1DIY

TuMseenUUUITYIINNTVONUULAINTDAFUAY FIR UUY Low-pass NUFARAANUD

A190U 2 ANUDAIAUNITN 3.1 1Az 3.2

Yim( =Y h(K)x(n—k) 3.1)
yu’z(”)zMz—lhz(k)x(n"k) (3.2)

di of = H ot

10 h (k) ADNARDUAUDINI Impulse YDIAINTOUFUAY FIR LIUY Low-pass ﬁqmﬂ
A 1

h,(k) AONARDUAUDINI Impulse YDIAINTDUFUAY FIR 11UV Low-pass ﬁﬁzﬂﬁ'ﬂ

ANND f,
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f1imualinanoUaDIN1I Impulse YVOIRINTBUFUAY FIR 1LUVY Odd Positive

¥ "
o Lol

Symmetry A91UANMIT 3.1 LAz 3.2 auNsonszarwenn ldniaumsi 3.3 uaz 5.4

Vi (M) =h(0)x(n)+h(D)x(n-1)+...+h (g)x(n - -;E) +..+h(k)x(n-k) (3.3)

Yipa (1) =R (0)x(n) + A, (Dx(n—1)+...+ h, (%)x(n - g) +..+h(k)x(n-k) (3.4)

HAZANNI5 Output YOIAINTOAUFUAY FIR 111U High-pass NIganan1ud £, uaasldds

AUMIN 3.5

Virr () ==y (O)x(m) ~ (l)x(n—l)—.._.—[—nhl (§>]x(n—§)—...—h](k)x(n—k)
k k k
Y ()= x(1=2) = B OX() ~ R WX(1=D) ..~ B (E)x(n=5) . (yxn )
Vo) = 51— 5)= 3 1y ()x(1- )

Var (n)=x(n—§)—ym (n) (35)

A9UAUNIT Output ¥OIAINTOUFUAY FIR UV High-pass NUIAAAAIND £,
awson ldmilounuaunis Output ¥938INTBAFUAY FIR 11UV High-pass iyadan1ud

4 % X
£, Bwaaalddsaunisn 3.6
k
Yipa(n) = x(n_i)_yuaz(n) (3.6)
UAZAUNIT Output YBIAINTOAUTAUAY FIR 1Y Band-pass a11souaas lddaaunsi 3.7

Vi (1) = (1, (0) = 1y (0))x () + (B, (1) — by (1) pe(m—1) + ..+ (I, (k) — by (k) x(n — k)
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M-l M-1
Yop(n) =Y hy(k)x(n—k) = b (k)x(n—k)
k=0 k=0

Vep (1) = Y1py (1) = ¥ 1y (1) 3.7

#2UANN1T Output YDIAINTOAFUAY FIR LUV Band-stop LAl 1AAaunIsh 3.8

ygs(n)=-(hz(O)-’A(O))x(n)—(hz(l)~h.(1))x(n-1)—---—[-1+[’5(§)—’ﬁ(%)nx(n—g)---
~ (1, ()= b ())x(n—k)

ygscn)=x(n—%)—(hz(O)—h,(O))x(n)—(hza)—fa(1))x(n—1)—...-[hz(§—)—h, (%)]x(n—g)...
= (1, (k)= by (k) )x(n—k)

a5 (1) = 51~ 5) =120 () 69

A _ { l t:: s
WeNITUITUNITN 3.138NU1aunITNInyaadINIsaldaauls

¥
@ £ o

k v s e
x(n),x(n—=1),..,x(n— E)""’ x(n—-k) swiulddnininimseenuuyInseadaves

o —= 3 ' o M 1 ar el | V & o =
aanseuruay FIR vulmiTaslgdaulsundiusuiudegili 3.2 e liinananey

=y = o
aupannanud lavaegluuylunanioin

» (1) >
i g g g
¥
A h(0) A (1) 4 h@) 4 hy(k) A bk E Yii(n)
2
T /]

Yas(n)

Yae(n)

N
AW
-d_—/‘
[
A 4

¥ hy(0) ¥ k(1) ¥ hi(2) ¥ hik) ¥ hyk) i )
= W

YD)

A 4
e
Y
G:,:
éf
v

31 3.2 TassadnvesdinseuFuay FIR Hikansuaussniudvarsguunlunandoiu
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o i o - . 4
anTasaadamundnmsminaueiinis 14 Delay Adder tag Multiply Yiovaiiie

ar ar a -4 o ar e::
Moudumsasemuranmaaudannsonaas iy lddansai 3.1 uaz 3.2

19191 3.1 M3nfSeuioums1d Delay Adder Liag Multiply 9IAMaRMSIANAUNANMTAIN

UM UATIUINGIAY M

nanmIAu nanmsina
Delay | Adder Multiply| Delay | Adder [Multiply
Low-pass Filter (Low)| M M M+1 M M M+l
Low-pass Filter (High)| M M M+1 M M+l
High-pass Filter (Low)| M M M+1 1 1
High-pass Filter (High)] M M M+1 1 1
Band-pass Filter M M M+1 1 1
Band-stop Filter M M M+1 1 1
7 6M 6M |6M+1| M M+4 | 2M+6

3130 3.2 MafSoufioun1s 19 Delay Adder tiag Multiply 91nManmstaNAUHanmMsmin

EAUDATHUATIUIUAIAY M =65

HaNMIAN nanmsina
Delay | Adder Multiply| Delay | Adder |Multiply

Low-pass Filter (Low)| 65 65 66 65 65 66
Low-pass Filter (High)| 65 65 66 65 66
High-pass Filter (Low)| 65 65 66 1 1
High-pass Filter (High)| 65 65 66 1 1
Band-pass Filter 65 65 66 1 1
Band-stop Filter 65 65 66 1 1
3 390 390 391 65 69 136

3.2 M509NUUUAINTBIITIAY FIR #1218 Output HUVIIAII

vinTaseadalusdii 32 §ns09F 90 FIR 1a19 Ouput uuunaniees1d
FuilszAniveadansosnuBA WM (Low-pass Filter) ﬁﬁqaﬁﬂmm‘f’i (f.) Aafiu 2 A
$19231n1319 Delay Element 32ufu 119 14@ 0509218 gari1u (High-pass Filter) #0504
AWM (Band-pass Filter) uazﬁ"msmmmﬁnqn (Band-stop Filter) Tunanaganu lasl

9 1
YUADUNITOONUV VAN
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N1390NUUUT 1 15491NMTDONIVUAINTOUFUAY FIR LUY Low-pass N £, = SkHz
uag £, =10kHz ANUDFN (£)=100kHz §19U (order) 33 uaz 1¥Manduveadulaiuuuisn

oo 4 -
UNUNAISIUTAT (Rectangular Window)

» 4
38ms dmuald £, = 5kHz Antumduse@nd hy(n) oglusia—16 auda 16

NNAUNITN 2.103

N =133 f=£= i =0.05
" 100kHz
sin(2zfn
hy () (27fn)
nrw
isaunuga1suIasiin o(n) =1
5=0; By (0)=2x f=2x0.05=0.1

w(0) =1
1 (0) = h,(0)(0)
B (0)=0.1x1

R (0)=0.01= A (32)

=0.098363

ity hy (1) = sin(27 x 0.05)
T

o) =1

h(1) = hy(Da(1) = 0.0984x1 = 0.098363

h(1) = 0.098363 = h(~1)
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sin(2x 27 x 0.05)
2r

n=2; h,(2)=
h,(2)=0.093549

w(2)=1

h(2) = by (2)@(2) = 0.093549x 1= 0.093549

h(2) =0.093549 = h(-2)

n=16; Wy e il
167

hy,(16) =—0.018921

w(16)=1

h(16) = h, (16)a(16) = —0.018921x 1 = —0.018921
h(16) =—0.018921 = h(~16)

mansealfiluneawea (Causal) irTaguan » yadadae 16 1ld » wldousin

%29 -16 74 16 uuiur3 0 84 32 92 IddulszAnTvesdinsouFuay FIR nuvisaunugay

" v td
WTasNT £, = SkHz anwddu (£,)=100kHz &9 (Order) 33 faan 1

1,(0)=1.0000x10 = A (32)
h(1)=9.8363x107 =4 (31)
7(2) =9.3549x107 = h,(30)
7 (3)=8.5839x107 = 4 (29)

7 (4)=7.5683x107 =k (28)



62

R (5) =6.3662x107 =k (27)

h (6) = 5.0455x107 = h,(26)
hy(7) =3.6788x107 = (25)
hy(8) =2.3387x107 = h (24)
B (9)=1.0929x102 = 4, (23)

h (10) = 0.0000 = A (22)

h(11) =-8.9421x107° = A (21)
h(12) =1.5591x107 = 1,(20)
h,(13) = -1.9809x107 = A, (19)
B (14) = —2.1624x107 = b (18)
R (15) = —2.1221x102 = B (17)
R (16) = —1.8921x107 = A, (16)

b4 ¥ [
ATUANNT Output Y9IAINTBAUFUAY FIR UV Low-pass NUFAAAAIND £, uaad

1adaerunsi 3.9

Vi = (1x107)x(n) +(9.8363x10)x(n—1) +...+ (-1.8921x107)x(n—16)
+...4+(1x10™)x(n-32)

(3.9

3ims dmuald £, =10kHz MInaun1si 2.103

N _foo _ 10kHz
B e f. 100kHz
sin(27fn)
h o AT
D(n) -

saunugasulasiin o(n) =1
n=0; hy(0)=2x f =2x0.1=0.2

@(0)=1



h(0) = h,(0)- &(0)
h(0)=0.2x1
h(0)=0.2 = h(32)

B ()= S0C27X0D 6 18910
T

o(l) =1
h(1) = Ay (Dax(1) = 0.18710x1=0.18710

h(1)=0.18710 = h(-1)

sin(2x 27 x0.1)
27

hD(z) =

h,(2)=0.15137

@(2)=1

h(2) = h,(2)o(2) =0.15137x1=0.15137

h(2)=0.15137 = h(-2)

sin(2zx16x0.1)
167

h,(16) =

h, (16) = —0.011694

63



w(16) =1

h(16) = h,(16)@(16) = —0.011694 x1 = —0.011694

h(16) = —0.011694 = h(—16)

64

= J o o~y q.‘ ﬂ' s - Q(
MnmsGoamdudsesanimilounsesnuuui £, = skHz 2 lddusedniveq

fnTeuFuay FIR nuuisaununas mIasng £, = 10kHz £, = 100kHz 8191 33 faao T

h,(0)=2.0000x107" = h,(32)
h,(1)=1.8710x10" = h,(31)
h,(2)=1.5137x10"" = h,(30)
h,(3) =1.0091x10" = 1, (29)
h,(4) = 4.6774x107 = h,(28)
h,(5) = 0.0000 = A, (27)

h,(6) =-3.1183x107 = h,(26)
h,(7) = —4.3247x10* = h,(25)
hy,(8) = -3.7841x107 = h,(24)
h,(9) = —2.0789x1072 = h,(23)
h,(10) = 0.0000 = A, (22)

h,(11) =1.7009%107 = A, (21)
h,(12) =2.5227x107 = h,(20)
h,(13) = 2.3287x107 = h,(19)
h,(14) =1.3364x107 = h,(18)
h,(15) = 0.0000 = A, (17)

B, (16) = -1.1694x107 = h,(16)

kel 1 "
ANIUAUNIT Output YOIAINITDAFAAY FIR HUY Low-pass NUIAAAANIND £, uaA

Tadaarunisd 3.10

Yipa =(2x107)x(n) +(1.8709%x107%)x(n—1) +...+(~1.1694x107*)x(n—16)
+...+(2x10)x(n-32)

(3.10)
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i o @ = a ar { o
1119111M300NUUVAINTDUFUAY FIR 11U Low-pass NUAAAAIND £, uag £, N

vwwdnau Taseadaaegli 3.2 udah I 1ddnseuFuay FIR uuy High-pass NUA1MD
' 9 r.: o = o =
AN 2 AN @INTPUFUAY FIR 1111 Band-pass 1a2AIN30UF1av FIR 1111 Band-stop

& > =
"‘]NllﬂﬂﬂvlﬁﬂQﬂ”ﬂ'l‘i“ 3.11-3.14

Vupy = (=1x107)x(1) - (9.8363x 10 )x(n—1)—... —[-1+(~1.8920x107*)]x(n - 16)
== (1x10Yx(n-32)

Vi = (=1x107)x(n) - (9.8363x107)x(n—1) —...— (~1.018920x 107 )x(n - 16)
—...=(1x10™)x(n-32)

(3.11)

Vups = (=2%107)x(1) — (1.8709x107)x(n—1) —... = [-1+(~1.1169x107*)]x(n - 16)
— = (2x10Yx(n-32)

Vira = (1x107)x(m) - (9.8363x10)x(n—1) =...~ (-LO11169x107)}x(n~16) . .
= (1X10™)x(n=32) '

Yep = Ax10™)x(n) +(=2.1005x102)x(n—1) +...+ (1x 10 )x(n - 32) (3.13)

Vs = =(1x107)x(n) = (=2.1005x 10 ) x(n=1) —...—[1 - (1x10™)x(n -16)]
.= (1x10™)x(n-32)

(3.14)

N1328ANVUN 2 PONUVUAINTOUFIAY FIR 11UY Low-pass Nl £, =5kHz uag

£, =10kHz aMudgy (£,)=100kHz §1@U (Order) 65 naz 1¥Handuvesiulaiunuisaunu
ga133ulad (Rectangular Window)
Bms dmualn £, = Sk antumduilse@ns hy(n) ogluae-32 wda 32

INAUNITN 2.103

N =65 f=f°‘ =ﬂ=0.05
f. 100KHz
sin(2zfn
hD( )=—““"—ij)



66

oda L=
FAUNUQAITIU TSI @(n) =1

=
Il
L

hy(0)=2x f =2x0.05=0.1
o(0)=1

7 (0) =1, (0)- (0)

7 (0)=0.1x1
1(0)=0.01=A(32)

by (1) = SPC7X0059) _ 408363
T

o) =1
h(1) = hy,(1)- o(1) = 0.0984x1=0.098363

h(1) = 0.098363 = h(~1)

sin(2x 27 x 0.05)

hD (2)= oy

h,(2) =0.093549

o(2)=1

h(2) = hy(2)o(2) = 0.093549x 1= 0.093549
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h(2) = 0.093549 = h(-2)

sin(277x 32x 0.05)

=32 h,(32) =
. >(32) 327

hy,(32) = -0.0058468

»(32)=1

h(32) = h,(32)(32) =—0.0058468 x 1 = —0.0058468
h(32) =—0.018920 = h(-32)

mansealiilunoasen (Causal) Mlavuan » Nnddae 32 $1F » nldeusin

929 =32 4 32 uuiluae 0 84 64 2z ldd sz AnTvesinseuduay FIR uuuisaunugals

1 Hd
a3 £, = 5kHz ANWDGY (£,)=100kHz §19U (Order) 65 Adn 111

7(0)=1.0000x107 = /,(64)
h(1)=9.8363x107 = A, (63)
h(2)=9.3549%107 = h,(62)
h(3)=8.5839x107 = 4 (61)
h(4) =7.5683x107 = K, (60)
h(5) = 6.3662x107 = K, (59)
h (6) =5.0455x107 = 1, (58)
h(7)=3.6788x107 = K (57)
h(8) =2.3387x107 = 1 (56)

1 (9) =1.0929%107 = A, (55)
h (10) = 0.0000 = 7 (54)

h(11) = -8.9421x107 = k4 (53)
h(12) =1.5591x107 = 4 (52)
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h(13)=-1.9809x107 = A,(51)
h(14) = —2.1624x107 = h,(50)
h(15) =-2.1220x107* = ,(49)
h(16) =—1.8920x 107 = /5, (48)
h(17)=-1.5148x107 = K (47)
h(18) =—-1.0394x107 = h,(46)
B (19) = -5.1770x107 = A (45)
h,(20) = 0.0000 = A, (44)

h(21) = 4.6840%107 = h,(43)
h(22) =8.5044x107 = h(42)
7(23)=1.1196x107 = h (41)
h(24) =1.2614x107 = h (40)
h(25)=1.2732x107 = 1,(39)
h(26) =1.1643x107 = h (38)
h(27)=9.5377x10 = B, (37)
h(28) = 6.682x107° = A, (36)

7 (29) =3.3918x107 = 1 (35)
h,(30) = 0.0000 = A, (34)
h(31)=-3.1730x107 = A,(33)
h(32) = -5.8468x107 = 4,(32)

¥ " ’
AAUIUAUNIS Output YBIAINTBIFUAY FIR 1LY Low-pass NUIAAAANND £, taag

TAdaaums 3.15

Yy = (1x10™)x(n) +(9.8363x102)x(n—1) +...+(~1.8920x107)x(n—16)

(3.15)
+oe+(1x10™)x(n— 64)

-y

38m3 dmuald 7, =10kHz MInaunsn 2.103

- f=&= 10kHz —01
£ 100kHz

Z
Il
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sin(27fn)

nw

h,(n) =

iaununarulasiia o(n) =1

- h(0)=2x f =2x0.1=0.2
o(0)=1
h(0) = h, (0)- @(0)
h(0)=0.2x1
h(0) = 0.2 = h(32)

=0.18710

n=1: hy(1) = sin(27 x0.1)
/4

o) =1
h(1) = hy(1)-@(1) =0.18710x1=0.18710

h(1)=0.18710 = h(-1)

sin(2x 2z x0.1)

. »(2) 27

hy(2) =0.15137

(2)=1

h(2)=h,(2)a(2) =0.15137x1=0.15137
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h(2) =0.15137 = h(=2)

sin(27x32x0.1)

=32; h.(32)=
n D( ) 7

hy(32) =—0.011694
o(32)=1
h(32) = hy(32) - w(32) =—0.011694 x1 =—0.011694

h(32) =—0.011694 = h(-32)

o

Mmansealiiluneasea (Causal) 1 laouan » n@dIRa0 32 WA » nldsusin
=

429 -32 4 32 wuiluaa 0 fa 32 vz lddulszAnFvesdnseuFauay FIR uuuisaunugary

Wlashil £, =10kHz £, =100kHz 819 65 Aadn 117l

h,(0)=2.0000x10"" = h,(64)
h(1)=1.8710x10"" = h,(63)
h(2) =1.5137x10™" = h,(62)
h,(3) =1.0091x10™" = A, (61)
h,(4) = 4.6774x107 = h,(60)
h, (5) = 0.0000 = h,(59)

h,(6) =-3.1183x107> = h,(58)
h,(7) =-4.3247x107 = h,(57)
h,(8) = —3.7841x107 = h,(56)
h,(9) = —2.0789x107 = h,(55)
h, (10) = 0.0000 = h,(54)
h,(11)=1.7009x107 = h,(53)
h,(12) = 2.5228x107 = h,(52)
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h,(13) = 2.3287x107 = h,(51)
h,(14) =1.3364x107 = h,(50)
h,(15) = 0.0000 = h, (49)

hy(16) =—1.1169x 107 = h,(48)
hy(17)=~-1.7808x107 = h,(47)
h,(18) = —1.6818x107 = h, (46)
h,(19) = -9.8473x107" = h,(45)
h,(20) = 0.0000 = h, (44)

h,(21) =8.9094x107 = h,(43)
h,(22) =1.3760x107 = h,(42)
hy(23)=1.3162x107 = h,(41)
h,(24) = 7.7957x10 = h,(40)
h,(25) = 0.0000 = A,(39) .
h,(26) =-7.1961x10 = h,(38)
h,(27) =-1.1212x107 = b, (37)
h,(28) =—1.0812x107* = h,(36)
hy(29) =-6.4517x107 = h,(35)
h, (30) = 0.0000 = h,(34)

h,(31) =6.0354x107 = h,(33)
h,(32) =9.4603x107 = h,(32)

b ] "
AANUAUNIT Output YBIAINTDAUFAUAY FIR 11UV Low-pass NUIAAAANND £, 1AA

1Tadaaun1sN 3.16

Vipz = (2x10™)x(n) +(1.8709x 107 )x(n—1) +...+(=1.1694x107)x(n - 16)
+...+(2x10 ™) x(n—-64)

(3.16)

¥
o ar

TUANNIT Output YBIAINTOUFAUAY FIR uan lansaunish 3.17-3.20

Ve = (=1x107)x(n) - (9.8363x 10)x(n—1) ...~ [~1+(~1.8920x 107)]x (11 — 16)
— o= (1x10™)x(n - 64)
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Vi = (=1x10™)x(n1) = (9.8363x107)x(n—1) -...— (~1.018920x 102)x(11— 16)
— e =(1X10™)x(n— 64)

(3.17)

Vips = (=2x10™)x(n) - (1.8709x10)x(n=1)—... = [-1+(=1.1694 x 107 )]x(n—16)
== (2x10™)x(n—64)

Vips = (=1x107)x(1) - (9.8363x 107 )x(n—1)—...— (=1.011694x107*)]x(n - 16)

(3.18)

== (1x107")x(n - 64)
Yp = (A1x107)x(n) +(=2.1005x107)x(n—1) +...+ (1107 )x(n - 64) e
Yas = ~(X107)x(m) = (2100510 )x(r =D =...~[1=(x10)x(n=16))

== (1x10")x(n - 64)

3.3 M3a31992N599391aY FIR 1219 Output HUVNIA19339728 FPGA

Tun1seenUUY Hardware AmiuadndInsouduay FIR i l¥nanevauenwi e
natwgduuulunanfediu'ld1d APEX DSP Development Board with 8320 Logic [8] &7
Software 1 19 11514175 Quartus II Limited Edition 1a8 Diagram ¥83 FPGA uﬁmﬁ'«iﬂ'ﬁ 33
&4 Diagram ﬁ’ﬁazQnaaﬂuuu'lﬁ'ﬁanﬂﬁmﬁuTﬂsm%wmﬁ'zmmx%omm FIR Tuz1/fi 3.2 uag
910 Diagram ﬁ'qzﬂ'ﬁ 33 fiazfidaursznoudaiiAe Control Unit Memory Array Multiply
Adder Unit Adder Element Latch Element A/D (182 D/A [11,12]
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SRR EEENENEEENENENEE

State State1|5latnz] Stateslsmtedlswtei|Stata2|5tate3|5tate4|8tate1|5tatez

Sampling & Reset ACC “_—l f_-l ﬂ
cowance t | § | f | Pl d]f] A

Update O/P f—l f_l

31U 3.4 Timing Diagram Y99 FPGA
° ar ; = é 4
Tumsdszuranaszirludnuue 16 Ua Fix-point [7] uuAamn3oanuedalu 1 seuns
o o d. A o o .’l

%197u (Cycle) 92141901 4 Clock Pulse #9311 3.4 FaluniseTuronisirauiuainise
8311014910929101903UABLF Clock Pulse Tavluan1izi 1 2 uag 3 seiilumsguai
" a o & ' ° - - R d . & o4
w152 @NTV09 Low-pass Filter Hau1iamsfiimiiaz 16 Ua dauaniizi 4 iudumsim
NINUANT Sum LALNINITF A Input 12
#0172 1: 5190 DF/F(1) DF/FQ2) um x(0)

Oupy = by, (O)x(0)+ B, (DxX()+...+,  (15)x(15)

8, (1N=0+0,,

Oypa =, (Ox(0)+ B, (DX(D) +...+ y, (15)x(15)

£,,(D=0+0,,
AN 2 :

0, = hn‘.,. (16)x(16)+ hd,,. A7Nx(A7)+...+ ha’;,. (BDx(31)
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81, (2) =0y +8,,(1)

Oypp =hy, (A6)x(16)+y, (ATX(AT)+..c+ By, BDX(31)

ngz(]) =0y, + ngz(])

amae3:
0, = hﬁ,API (32)x(32)+ hd;,. (B3)x(33)+...+ hn.m (47)x(47)
8n) =0, +8,(2)
Oypo =hy,,BDX(32)+h, | (33)x(33)+...+ by, (4T)x(47)
8,2(3) =0, +8,,(2)

anz4:

Yin(m) = Eipl 3

Yip2 (n)= 8ip2 3
x(n+1)=x(n)
x(47) = x(46)
x(46) = x(45)

x(45) = x(44)

x(1) = x(0)

msoonuuylunia Software 9z 1a 1w Tnsaadadagili 3.3 TaskimsmiaTaseadne

4 A " =)
soniludiuquiousga ¥aluudazuegaszgnilioudlonuy VHDL [13,14] nazms1daes
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" ¥
duSaguifegluTusunsy Quartus It 9miimAaaluf12993 (Schematic) Tun1oen

uuuigazuegazeeniuy 1§ inputoutput iy 2"
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ENTITY component_name IS
Input and output ports

Physical and other parameters

END [component_name];
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ENTITY rmx IS MUX
GENERIC ( tplh: TIME := 3 ns; i
tphl: TIME :=5ns )}, ]nll] pr— Lj
PORT( inD, inl, sel: IN BIT; | =t=|1® PUL [ e
output: OUT BIT); | e[ Fl
END rmmux;
tplh tphl
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ENTITY test_bench IS

END test_bench;
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ARCHITECTURE identifier OF component_name 1S
[declaration]

BEGIN
specification of the functionality of the
component in terms of its input lines and as
influenced by physical and other parameters

END [identifier];

JUmarInd 0.7 uaaalassadalaoa veamizemseenuuuaniilaonssy
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BEGIN illuftuitdauilsemamizsvesgarilaonssufmua (Araliitecture Declusative Arei)} 0
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- Uszianms navesdoya (Dataflow description)

- UsziaMNgAnssy (Behavioral description)

- UszinnTasaar3 19 (Structure description)

- Uszinnuay (Mixed model description)
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ARCHITECTURE data_flow OF mux IS
BEGIN

output <= ((NOT sel) AND in0) OR (sel AND inl);
END data_flow;

sUmAnuINT 0.8 uaasmizeniseanuuuaniaonssuves

v a s s A
uaﬂmaﬂmmnﬂmwuau
Output = (sel.in0) + (sel.in 1) (n-1)

1InginmaruInii n.8 dauiussowauduiussznindeyait lvardh (in0,inl) M
cl ° Y " = A
Yoyaii Inason (Oupur) Yszneudoyafiduuuiavuuiiogaifer Fadouiulszian
m3 lnavesdeyaveuiadmand nie szaunisneToudoyaszninesdmaes (RTL: Register

Transfer Level)
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ARCHITECTURE struc OF mux IS
| COMPONENT inv
PORT (il : IN BIT ; ol : OUT BIT);
COMPONENT and2
PORT (il,i2:INBIT; 03 : OUT BIT );
COMPONENT or2
. PORT (il,i2:INBIT; ol : OUT BIT )
?END COMPONENT;
SIGNAL int0, intl, int2 : BIT;
BEGIN
g0:inv PORT MAP (il => sel, ol => int0);
gl : and2 PORT MAP (il =>in0, i2 => int0, 01 => intl);
g3:0r2 PORT M.AP (i1 => intl, i2 => int2, 0l => ouput);

,END struc;

sUmanuni n.10 mizemsesnuuvuanilaonssuveuiadwandlszinnInseadia

;XRC}HTECTURE ——
BEGIN
 PROCESS (in0, inl, sel)
BEGIN
IF (sel = ‘0”) THEN output <= in0;
ELSE output <=inl;
END IF;

END PROCESS;

END behav;
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PACKAGE package name IS
Package_declarative part

END package name;
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PACKAGE BODY package _name IS
declarative part

END package name;
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iCONFlGURATION identifier OF entity_name IS
: Configuration_declarative_part
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Abstract

This paper propose a new design of real time multiple
output FIR filter based on FPGA. This FIR filter uses
improved direct form of FIR filter to create a filter with
four outputs with the same number of delay as the single
output versions. This change creates the new FIR filter
structure that generates four forms of magnitude response
at the real time such as low-pass, high-pass, band-pass and
band-stop with linear phase response. The filter design
and simulation are executed in MATLAB and
implemented on the APEX DSP FPGA board. The
experiments on the APEX DSP FPGA board show that
frequency responses of this FIR filter are quite accurate
compared to the theoretical results.

1. Introduction

Digital signal processing, especially in the field of
FPGA is one of the fastest developed area of electronic
technology. Rather than fitting the algorithm to the
architecture, FPGA fits the architecture to the algorithm
and makes it the ideal platform for DSP implementation.
It combines the re-programmability, architectural
flexibility and customizability that allow the system
designers to meet any processing purposes. Recently,
hundreds of FPGA applications have been introduced in
many engineering fields such as digital control, data
compression, image processing, signal processing,
biomedical signal processing and etc. FIR Filter is the
high stability digital filter because the positions of its
poles are on the origin. Moreover, the linear phase
response of the FIR filter is suitable for wide-area
applications. However, the direct form design of real time
multiple output FIR filter is required so many gate
elements (delay, adder and multiply elements) in the
FPGA chip [1,2].

There are two different cutoff frequencies of the FIR
low-pass filters at the initial step. Then, these two FIR
low-pass filters will be restructured by using the shared
elements (delay, adder, and multiply elements) to create

the new structures with four outputs. This four different
frequency response outputs, with linear phase, are
simultaneously generated in real time. The filter orders are
unlimited by theory but are determined by the power of
processors.

2. Theory
2.1. Previous design

FIR digital filter has a transfer function as shown in
(1) and output equation as shown in (2). The researchers
can derive the direct from of FIR filter from (2) as shown
in Fig.1.

H(z)= E h(k)z™* (N
) ='S hR)x(n—k) @

The calculation of the filter coefficients and the
design of FIR filter will be done by applying Fourier
transform [3-5].

x(n) x(n-I) x(n-2) x(n-k)

h(k)

Hn)
Fig. 1 Realizations of Direct form FIR Filter h(k) is
Impulse Response or FIR filter coefficients

After taking the Direct form of FIR filter structure as
shown in Fig. 1, the result show that there will be a single
form of output either lowpass, highpass, bandpass or
bandstop filter, but the structure cannot come up with FIR
filter with multiple forms at the same time.
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2.2 Proposed design

The new design of multiple frequency response FIR
filter will start from FIR Low-pass Filter with 2 different

cutoff frequencies as shown in (3) and (4).
M-

Yim(n) =D b (k)x(n—k) ®3)
k=0
M-l

Yira ()= by (k)x(n—k) )
k=0

h (k) = Filter coefficients of FIR Low-pass Filter the
Cut-off frequency f

h,(k) = Filter coefficients of FIR Low-pass Filter at
the Cut-off frequency f,

If the FIR filter coefficients have been designated in
the form of odd positive symmetry, expression (3) and (4)
will be transformed into (5) and (6).

Ve (1) = B (0)x(n)+ A (Dx(n—1)+...
+hl(%)x(n—%)+...+ h(k)x(n—-k)
Vipa(n) = B (0)x(n) + by (Dx(n—1)+...

+h2(-§-)x(n—§)+...+ hy (k)x(n—k)

The output of FIR highpass filter at the cutoff
frequency f; will be shown in (7).

Y (n)= -h: (0)x(n) - hl (Dx(n-1)—...
—[—l +h‘(%)}c(n—§)—...—h,(k)x(n-—k)

&)

(6)
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Y (1) = x("—%)—h.(o)x(n)—h,(l)x(n— 1)-..

~RE(n=3) == h (R)x(n=k)

Y. h(k)x(n—k)

k=0

Yupr (n)= x(”"%) )

y,,,.<n)=x<n—§)—ym (n) %)

The output equation of FIR highpass filter with cutoff
frequency f, can be found in the same way as the output

equation for FIR highpass filter with cutoff frequency f|
as shown in (8).

Vupa (1) = x(n——;—) — Yip2(n) (8)

The output of FIR bandpass filter will be shown in (9).
Yar(m) = (1,(0) = 1 (0)) x(n) + (, (1) = b (1)) x(n—1)
 Het (k) =k (k) x(n—k)

M-1 M-1
Yar()= Y I ()x(n—k)= Y h(k)x(n—k)

k=0

Yap (”) = Yip2 (”)_J’u': (”) (9)

The equation for the output of FIR Band-pass Filter
and Band-stop Filter will be shown in (10)

Notice that the expression (3) to (10) which is the
non-recursive discrete equations have shared the same
variables x(n), x(n—1),..., x(n—k/2),..., x(n—k) without
using the previous output y(n—k) as a part of filter.
After that, the new design of structure for FIR digital
filters will be derived from (3) to (10) to come up with the
multiple forms of frequency responses at the same time as
shown in Fig. 2.

@ *> " F = »& > yii
i L4 ;?_ "( ﬁ)_,_’y (n)
b A, (0) By, (1) he @ 4, ‘%’ A, (k) & ——
/T T
ini '>_> yus(n)
_. x(n-k) )R_ e
a(n-1) x(n-2) x(n-i ﬁ( 2. ¥ > gisdn)
k
Y TR N S 4 R
= T nLS T P yuixdn)

Fig. 2 FIR Digital filter structure with multiple from of frequency responses at the same time

3. Design and Implementation

The APEX DSP development board with 8320 logic
is used for FIR filter which simultaneously produces
multiple frequency responses. This APEX DSP board is
implemented with program which generated from Quartus
IT limited edition. The diagram of FPGA as shown in Fig.4
and designed to be consistent with diagram in Fig.2. The
diagram of FPGA system consisted with control unit,

memory array, multiplex, multiply and adder unit, latch
clement, adder element, A/D, D/A. The processing of
FPGA system is performed in 16 bit sign fix point using 4
state or 4 clock pulse per cycle as shown in Fig.5 [6, 7].
The detail of each state is shown in Fig 3. The design
examples have specified the two cut-off frequency of 41-
order FIR lowpass filter at 1.0 kHz and 1.5 kHz with the
sampling at 8 kHz.

- 46 -



4. Experiment Result

The experiments will simulate the filter response by
using MATLAB commands while the actual
implementation will be executed on APEX DSP FPGA
board the measurements from Dynamic signal analyzer
HP 35670A to shown magnitude response in Figs. 6-11.

5. Conclusions

The experiment results have shown that the FIR filter
design according the introduced structure will provide the
frequency response in 4 forms at the same time.
Furthermore, the actual implementations on APEX DSP
FPGA board have comparing with the simulated result
from MATLAB. After investigating the filter structure in
details, it was found that the 4 filter structures have shared
the adder elements, multiplier elements and delay
clements which cut down the number of elements
comparing to the separated and independent versions with
direct form. This design will be very useful for the
construction FIR filter chip for the applications such as
adaptive filter and electronic crossover [8, 9] and so on.

(1

(2]

[3]
(4]

(3]
(6]
(7
(8]
(9]
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State | : Reset D F/F(1), D F/F(2) get x(0)
0y, =y, (0)x(0)+h,, (Dx(1)+...+h, (15)x(15)
2,()=0+0,,
0,2 =k, (0)x(0)+ h.,w Mx(W)+...+h,, (15)x(15)
2, (N=0+0,
State 2:
Oy, =k, (A16)x(16)+ h, (ATxX(1T)+...+ h,  (3Dx(31)
8,(2)=0y, +g,,,(1)
0, =h,,,(16)x(16)+h, (Tx(17)+...+h, (31)x(31)
81,2(2) =0y, +g,,,(1)

State 3:
Qo

O =h,,_ 32x(3) +h,

State 4:

o1 =P, BGDXGD) + b, (BIx(B3)+..+ by, (AT)x(4T)
8 ®)=0,,,+ 2,

W Bx(3) 4.+ by (AT)x(4T)

823 =0 + 8,0

Yig (n)= Eip (3
)’ux(") =8 (3
x(47) = x(46)
x(46) = x(45)
x(45) = x(44)

x(1) = x(0)

Fig.3 Process of Real Time Multiple Output FIR Filter
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Fig.4 Diagram of FPGA
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Fig.5 Timing Diagram of Real Time Multiple Output FIR Filter

-pass Filter f., =1.5kHz

Fig. 7 Low

pass Filter f., = 1kHz
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Fig. 9 High-pass Filter f., =1.5kHz

Fig. 8 High-pass Filter [, =1kHz
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Fig. 11 Band-stop Filter f, = 1kHz, f,, =1.5kHz

Fig. 10 Band-pass Filter f, = 1kHz, f,, =1.5kHz
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