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ABSTRACT

This thesis presents a design technique for digital filter design using Pascal matrix
operation for s-z transformation. The s-z transformation that used is bilinear transformation, so the
obtained Pascal matrix called bilinear Pascal matrix for s-z transformation. The standard analog
transfer functions of biquad filter prototype are used to idea of proposed design. The proposed
design technique can give various frequency characteristic of the obtained digital filter transfer
function without any frequency transformation by s variables, only some setting of parameters
that called biquad-parametric technique. This technique can reduce the computational complexity,

which occurs from frequency transformation matrix in previous design method [5].
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=) 5 1 = " d‘d
@, AOANDYNATY i Jganuaud i difitondfaagaga

U QU QU 9

K, Aeusulaganidissuugegalugaunuanuismuluniie dB

Y U q

K, Aonaaasgniueniagagegalugravanuriunazuouldsagegaluiia

Ci t S L]
uaunu I luriae dB



14

A Transitionband
I I
'« Passband > {

1.4

71U 2.7 WaRBUANUBIVDIIININTOIFYYINULLLDAVAR

2.5 msuaanwa (z Transformation)

<3| Y a d 9 " = & ar
Asiaduaa (z Transform) 1Hlun1ildadiamansmigaslumsun g dyyiu

voeszuuf lideloan1anan (Discrete time systems) - FnzuanA19InMslasa1las

(Laplace transform) 1@ mivasieddaanaweisyuuiaoiiinamaal (Continuous time
4 a a a

systems) AINUMININTATIEHYOIN5HUAUwA (z Transform) v2 19 Iwauazdlsuieiue

uszuy

2.5.1 Hennveamsudaauwa

v
L =

MIuaeuaa (z Transform) VoI lideifie an199a1 (Discrete time) A13150

o g

= i w d . ~
ooy lugileynsnetiun (Power serics) 1ANTHANNIN (2.17)

Alz)= ix(n)z'" (2.17)

n=-w

o z WudulsiFadou (Complex variable) z =re’”
a3 v @ a
x(n) WUBUALTYYID! (Sequence signal)
o v o 1 [ o
ANUFUWUTT2MI19n 150 aUA (2 Transform) naznsuilasyfiSeSvesdygimn

Vv
=

ludviiloanianm (Discrete time fourier transform : DTFT) 1'18d et
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x(re’®)= ix(n)re-’“’_"

(2.18)
= > {x(m)r"}e (2.19)
= DTFT{x(n)r™"} (2.20)
1 r=1-|7=1 oAy FuRLERTesldh
X(z)| . =x(e’*) = DTFL{x(n)} (2.21)

uad S UN5UURLYA (2 Transform) YA IMN [UABLIDINIIIAT (Discrete time)

luszuufinewea (Causal system) M35 0au lnAINNISN (2.22)

{0y - ix(n) A 4 (2.22)

¥
fuiuisasalous Nuduiuivesn sulatusarssdygnsenang x(n)

¥
uar X (2) lnolddadnuaine 1

a

x(z) = Z{x(n)} (2.23)

7

rf*.v e @ o A 9/ [ w o i
uﬂﬂmnuﬂwmganymwimmumwmuwuﬁszmwmmﬂmmmm x(n)

4
waz X (z) 1dlugduvudsiife

x(n) <> X(z) (2.24)

& e ' A o q ¥ P Ya oA == )
PIUTIUNQNUVDI 2 VUTTUILUBANT I X (2) mm"lmwﬂ'nmnmwumiQm

% ") g [ 1 |.§ T oas g:l
(Region of convergence: ROC) lasmigidnaziuegiu |z| ud lituegiy o uaviilo

e

A0 N3N ALA (z Transform) VosBURUTIANY x(1) = a"u(n) 1AAe
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X{g)= ia"u(n)z'"

n=-—o

o0

n=0
=Y (gz™)" (2.25)
n=0
v o A Y a Aa T
mmﬂuwu&w%agiugﬂmaamgﬂ';‘mwmmmmjﬂmﬁuumauﬂa
c n I 2 3 1 1
Dox" =1+a #57 +xlnn = el x| <1 (2.26)
n=0 1_x
NNANNITN(225) 92 1a 1
VM) - 2> | (2.27)
1=az

1 ] A} ] J E; : 1
ediu'laada la| > 19714 ROC 1z o uNUAUN N ANITEUIUNHIN UL

(Unit circle) ag ldeinsana X(z) 18

f Imaginary

.

ROC §

N
\ N\

=

b

[ 24 da .
517l 2.8 WuRsguuuaaniimsmgdives x(n) = a"u(n)
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o W L]

NUAUTYYIY x(n) = —a"u(-n—1) FWITRMIHUAWEA (z Transform) 16

X(z)=- ia”u(—n -Dz™

= —i(az"')”

n=1

=1-YAaz™)" (2.28)
n=0
MATuNIN (2) 9218

X(z) =

et |2 <|al (2.29)

Imaginary

4 &' { P [
3UN 2.9 AunssuuaaRimsmgues x(n) = —a"u(-n-1)

[ [~1 1 g: A oA { w 1 A a

dunariu 18 nagoansal Uamsulasusa (z Transform) o uruudz ius e
o L) ] .f q‘n{ [ % a 5 A o d [l A d'
Wlimsgu ROC vesdyUATEUAgUANRTUAnA19TY duiuSesrflusdisbafitesey

rOC a¢ e lil¥iRannuduanlunsfindeshmsuasusannrii (Inverse z Transform)

117095
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3/
nldududyana x(n) = a"u(n) - b u(-n—1) gunsavmsudasuasldsad

Xiz)= i{a"u(n) -b"u(-n-1)}z™"

n=—w

= ia"u(n)z'" - i(bz" I

n=1

1 1
= +
l-agz?!' 1-bz"

la| < || <] (2.30)

? Imaginary

&

v 9

! ¥ H [
i 2.10 AuRssnuuaaRlneaIgives x(n) = a"uln) - b"u(-n-1)

U

2.5.2 paauUAveIMIuastwa (z Transform)

1, @mﬁuﬂ'ﬁg%uﬁu (Linearity property)

x(n)< X (2) ROC = R,
x,(n) < X,(2) ROC =R,
ax,(n) + bx,(n) <> aX,(n) +bX,(z) ROC =R NR,

2. AUANUANIIADUNINIA (Time shifting property)

x(n—ny) © z7" X, (2) ROC = B
@nduil z = 0uagz = w)
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3. AUANTANIMAILONS ImuwFen (Exponential property)
z, x(n) © X(2) ROC =|2|R

4. ANANUANINAULINT (Time reversal property)

x(—n) & X(l) ROC = 1
z R
5. puauUAM Iz aIu (Convolution property)
X ()® x,(2) X, (2).X,(2) ROC=R, AR,

6. U uﬁammmuﬁ’uﬁ (Differentiation property)

nx(n) < -z dXiz) ROC =R
7. RUFULURAFIFOU (Conjugation property)

X (n) <> X'(z) ROC ek

2.6 Msutasusannny (Inversion of z Transform)
msudassanniunfenssuaumsaduiulunsudasieddu X () wensudy

Yoy 1ain1aan x(n) Taena lldewhinsilasaanaiu1a 3 33dedufie

2.6.1 IEMImsenm (Direct division method)

st & ' o w v % i
THNITNISEINDNTNTLNY X (2) 98 Iugtoynsuiaeiug (Infinite power series)

9 o g
MW ouang laneil

w

X(2)=) x(n)z™

n=0
=x(0)+x()z"' +x(2)z +...+x(n)z”™" (2.31)
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]
v W o v oW

'
Fudszandvouaaznaiues z " AREOUNUNINT £ YeedUAUTY R IUAINITON

1A91NN151M1581258 M08 B(2) uaz A(z)

2.6.2 I5MsuBNABEIUELDY (Partial faction expansion method)

v ¥
Taom liseunsadadedsu X (z) Weglugiveusudaudon|dnsil

-
_ by +biz™ + by (2.32)

annsataglaumsh (2.32) Indezlen

=1 =l
By, e " ADL = - +b,z

= 2.33
(l_plzul)(l_pzz_]) “““ (l=p,, 2 B

X(2)

TUMs LAY AILE0IT 19N AR WIZ dINUe Y Iwauaza mIsan s ladh 2 nsdl

o [ 1o 1 W n 1 1 | .
1. nItin Twa paaaegmunie g enat Tnaaiagy (Distinct pole)

; (&
X@)=Cy+ & — i o L (2.34)
I e O l1=pyz
%hz) =& i S
z) = EFA RN (2.35)
=Y
2. st Tva ﬂgjﬁnmﬂ&éwﬁ’uﬁandw Tnas 4 (Multiple pole)
m D
HE= ) (2.36)
; (Z . pk)
Taerdulszdns D, m18nn
1 g -
[z po) X(z)]_&,,k (2.37)
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2.6.3 35M3 Residue

o Y nd:%’l 9/ = =y @
nmsulasuaanniuA1835181 x(7) 92gNUNUAIBNITOUAINTANDUIIF (Contour

integral) AYEANNISA (2.38)

x(m) = 1_ §z""X(2)d(z) (2.38)

T ]c

y a o v = T 1
e € AodunianmisduiiinsanouniasInaves X(z) Neglugdinydiuuas
Twd Twilioa (Rational and polynomials) AAauszgnunueyluzUaulsFidoudongu]
¥

1 < ] i
U249 Cauchy’s residue muum%ﬂm’ﬂﬁ’ﬂ x(n) ﬂﬁﬂNﬂi’JNﬂl@ﬂﬂ]i‘VIT Residue 1RNW1&

TwaluuSow C veedledsy 2" X (z) @uulddaaumsh (2.39)

1 dm—]

IR (- E )., —

Res[F(z),p, 1=

o F(2) = 27 X(2)

2.6.4 auMIKaMIAUiies

Tunsinsssszuudigduy guaviiRvedszun luTawunar wansadou
o3 U TaelFaunsiFeoyWus (Differential equation) Wiidvanu sz uuduavnoziiaunms
wamsituiiles Difference equation) 1314 umsesuteamaitiRvosszuululamunat ¥

1 4 @ W { [~
AUMIHAMI TS UAUN 1 o 1dy

y(n)= iakx(n-k)-ibky(n-k) (2.40)
k=0 k=1

Tavh x (n) Wusududaaavui yn) Wusurudyauvieonuas a,,b, Husidu

UszAntaumsmasmmsonaaslugdaumsfeddunie Tou Tasldguaniianisvisam

YpIMsulaga Ao
a,x(n) <> a, X(z) (2.41)

a,x(n-k) <> a,z* X (z) (2.42)



NNAUNSA (2.40) 9z 18

Y(z)= Zn: a,z7* X (z)- ibkz'k Y(2)
k=0 k=1

agtaumsiedonliegluglaumsisiduaislon

2.7 unayyl
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(2.43)

(2.44)

rg 3 { ar ¥ a/ =
o luunit IdussoemeIfuaurenaz doRa 199199997 NSO IT Y 10T UAY

¥ 1 ¥ -
Tnoflvuaaumsdndumstudyainlunseldounlesdaeandesiuszuniug sauns

& 49 a = w & A o
NE]‘I.JulﬁJﬂﬁlﬂQWi]'l‘im'l iﬂULQW’]%ﬂQIﬁTMﬂU'}ﬂ”Uﬂ?'lmﬁﬂEISﬂ'IWﬁJi’J\TiﬁU‘IJ‘If]‘VI"Iﬂ']'E’E]E)ﬂLL‘UU

£ ¥ '
UONIINUUTINE 1D NYHHMIFUAIDYN it nisudasusanniy toviinan

Y =1 =1 o & = ¥ g ifd’l’ 4o o
3J']1q\1ﬁﬂﬂlﬂuﬂ5$lﬂua'1ﬂﬂal"[ﬂﬂ?iﬂi—luu'ﬁgi%lﬂuﬂ'Tlngwu;fl!THﬂﬁ—]ﬂﬂJualuﬂ'ﬁﬂ'ﬂﬂuuU'JQQﬁ

NIRITYQITUTUAY
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Table SOME COMMON z TRANSFORM PAIRS

Sequence Transform ROC
1. 8(n) 1 All z
1
2. u(n) — |z|>1
1
3. —u(-n-1) — |2 <1
4, d(n—m) - All z expect O (if m>0)
or 0 0 (if m<0)
1
5. a"u(n > |a
) W >l
1
6. —a'"u(-n-1 zl<la
( ) l_az—-l J ' l ’
=1
az
7. na'"u(n z{>la
( ) (1“a2—|)2 ' l | |
-1
az
8. —a"u(-n-1 e z|<la
Fal R <
A
9. (cos(w,n)u(n)) cos(coo)j ~ |2 >1
1-2cos(@y)z ™ +z
. sin(w, )z
10. (sin(w,n)u(n z|>1
S\ 1-2cos(@, )z +z7° 4
1-rcos(w,)z™
11. (rcos(w,n)u(n zZl>r
S \ 1=2rcos(@y)z” +r*z7 ||
, rsin(w,)z”
12, (rsin(w,n)u(n zZ|>r
(sin(@, nyu(n) o oo 4
"0<nsN-1 o
R gz l2|> 0
0 otherwise 1—az"




UNN 3

993N TDITYY BT UAY

as @ a A a ad A daA a
TNI9DNUVLININTDIT QY IFIavNdouInITHilanne n1soonuuy lauda
@ a Y = T . ) a o d ad =
299N Y aFIg U uduuDY B9 ldundeesnsesdy sy Yanoiain il
Aa A A P do oA P ! 1 & A
pavAn uazdug Teamsiawsalewendunsemsasunilasedralasgranileanainisn
o @ v &2 1 o an & ]
waaenduareTouvesssuuourasn (Feeglu s Taww) vuilussuuainea (Feoglu
& { P=1 1 ] a v da 4
z Ta)1d Bamsudasildfognatouuy 1wy n1sudasduwadduniious (Impulse
. . . a A J o d - ;
invariant transformations) mstdadluamisinsudosy (Bilinear transformations) N15t11a4
oA Ay w . . oA A
HAANNT UL DD UK AN (Backward difference transformations) Ll,ﬁzﬂ'I‘iLL‘iJaQNﬁmQﬁULUGﬂﬂ

. - v 1 " ywd
Wi (Forward difference transformations) Taurdetisznan inmua

ada o da = d 2 A .
3.1 JpoNNaaduUI8UD (Impulse invariant transformations)

ada o da a o 5 . - d an A& A o 9
ATOUNATOULNIYUY (Impulse invariant transformations) \wluAsvaanwee w1

d o a

HAABUAUBIBNWAAVDINVINTRITY Y IMTUAY A(nT) Snawlndifosdunanouaues
a o d o = { o : w
duWadanleeInsesdyIsTsgUuuAunuy @) nldviinsesnuu Y danannisves
ad a v da = s o @ @ o o 1 a
InouNadouIEous Hueferanmsudasanhannduainlinsuaie Teumagiuiu
4 a w [ a ) o
H,(s)WomHaAo U U8 uWad 89799305 0adyyiandagiuudunuy a1niuviins
| J w a o o o a =1
nasulandunanouayesduwadyeItesnsoedyaanFegiuiudunuy A@) iy
o w a o @ a a 1 @ 1
WINFUNAADLAUDR NN TVD90INT 0TI UTUAY A(AT) AAENANMTFUAIDEINMA
v A g o da a
a1 T gaioil insinlasansware§u @ Transform) Dog laanduaioTowdaay

o =) o a g 1 ¥
H(z) 19929930503y 100390 Asdisnznnsaianduaies Tou laauil

H,(s)= Y 5 G.1)
‘ k=1 8 =y

mmsulasanthauneiu (Inverse laplace transform) 90 euA1TN (3.1) 3¢ 1@

N
h(t) = b, e u(r) (3.2)
k=1
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dio u(e) WuianFunilanae

vnaumsi (3.2) Juwanovaussduiadowaenuasimsguiioieamanatng 1dn
h(nT) = h(t), t=nT" (33)

. -, . . _
Tuaumsh (3.3) Wevnsulasuaansudnesy (z Transform) [NaMINIATUA 1Y

s = Y g
Touvessesnsosdyananduay laaail

H(z)= ih(nT) 2"

n=0

= i[ibk e(nTak)]

k=

H(z)= Z( GLT _lj (3.4)

WerhnaSoumouaumsn 3.1 uag (3.4) 9z 1an

ROC :‘zl > g% (3.5)

=

{ < o " @
Tavh a, WushumisInavessesnseadayaandigling s=a, uay e

3

r a4 d
“ Aaziilu

T Y @ W 2

o T W a 9 o o @
ﬁ'ILL‘I’TlNTWﬁ"UﬂQ?Qﬂ‘iﬂi'ﬂ\‘lﬁﬂ]uiy'lmﬂﬂmﬂl z=e " Wiﬂlﬁﬁ'm‘lﬁﬂ“r’i']ﬂ'ﬂﬂﬁ‘bwuﬁﬂﬂﬁ'f]\‘l
sT I

z=g" UnL §= - In(z) (3.6)

= = W w 1 o = a
MINANNITN (3.6) IHuanuduWuTserIIs e adus s UL us DY aE 1S
o . { ' " & T - 4§ o .
wily (Mapping) 1 lsuvuniledeniis edimuald s=o+jo unuaalyly

aumsi (3.6) ¢ 14N
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f tjel T..Jq
z=e(cr+1w)T :(ZGTE"‘M ol ,J (37)

7 f

4 2 o ,
Tash Q=7 ==L wRowsnTIMITY

5

. 4

Y A

msnsmddesunnszinuea liflussuuuse aunsaagllddail

1.

o = - 1 =] o
A 1tHA (Origin) WU s=0luszwrveamuisoudydlddiz=1v09
2 ' , I
TEULEA Fedoanandlan s=0+ jo, uay z=e’*" =/ =1
. 1 : { A =]
UAU jo Wuo =0, z=¢'? uazlz=1 Tash o 1Wu910 0, 1Y 0, + o,
¥ a ) . o @
wazaud Q wwwan Q lilillu Q, +27 lilow, =27 £, awsouiyds
USnauwdusetenausaivianuelussuu e
! 1 o , o 5 =1
AT AMUFINUI & < 0 2271 2 = e Te™ U350 7| =e”" <1 ffie
2 9/ g/ o w = @ a:'? T
asaszueaavdegnuly ldsinamelulnansaliniaimiteluszuny
LA
= Y [ o 9 o da &
ATISUIVAAIUVINYI o > 0 93114 [z]=e” >1-Afonseszurvea

Y =1 v v oA R '
Amngnuil TddsuSnaneuonsaayieiindmiaolussunuiesa

£
" as an “a Qs = o i
UBNINTWYINTERNUUITNTBIT YR 1A INBaRWIATDUWaF O UNIToUT a

MINZAUAUAITOBNUUD TN DITYYIUUOUANNDG WU (High pass filter) LHLITNTO

o o w = A 1 ' b 8 do a
ﬂﬂlui.L!Tmﬂﬁ]mLﬂﬁJﬂ’ﬂﬂJﬂ (Band stop ﬁlter) luﬂﬂ%—]ﬂuhquﬂ'lﬂﬂ’]iqi] L ﬂgmHWU‘ﬂclﬂﬂUQLﬂﬂ

L4 et o £l o s ) a azslJ o
Usngmselved Aliasing M lAmneiuvesdygisndosnisiameon l ) uazdnanovaues

1]

a oA

a4 =] a ::f
ﬂ'JWNEIUQQNﬂﬂng'JJﬂ'J'IﬂJNﬂLWUHthlJ'}ﬂ

o a

~ aa e &\ 7a - &
19141 3.1 ﬁ]ﬂ!ffllUﬂ‘l.lﬂ\‘iﬂ']‘;T"Vl‘i'luﬁﬂﬂiNﬂ?ﬂ?ﬁt’mwaﬁﬂumﬁﬂu“ﬁ

H(s) H(z) (lavhi o =e™")
bk (_ 1) m-1 dm—l bk
(s+a,)" (m=-1)da,"™" (1-e*"z7")
s+a, 1-e " (cos b, T)z™"

2

(s+a,)’ +b, 1-2¢™" (cos b,T)z™" +e72%" 772

(s+a,)’ +b,’ 1-2e™ (cos b,T)z™ +e7>4 772

s+a, e " (sin b,T)z""
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a a d d d .
3.2 ’J%l!ﬂ’sldul‘umﬁﬂiﬂ‘i wanesu (Bilinear transformations)

ad aad o 4 o ar a <

imaudadludifivinaudresuaninsnsesdyanaudegiuliitlurasnses

o a =] a A @ I a o . 3|
ganadaay Wumadan lasuanuaulsuadufimumignisusiy (Mapping) 1215y
[ & ! % i = ! . 1
b ilafenila (One-to-One Mapping) yoeAnuduaazyauuuny jQ luszued lig

a 9 v o & o o 1y a &
ANvuAAZYALMITUIOUNAANTRIM T Tuszuuur Adumative lulidyruRansmion

g
@ LYY = L) 1 o a

(Aliasing) ¥031lnATH AMTUITIEANIITINTINFUII8 TouvRINITNT D T YR T IQUIU

ng
Tdaail

H,(s)= STV (3.8)
XY(s) /a5 a,
aunsniagUaumsi () e 145
asY,(8) +a X, (5)=b X, (5) (3.9)

] a 4 v w d
MnsuaImUa1aHn Ay (Inverse laplace transform) (HBM1AINFUN LTI MAS

salieglugiaumsnamaduiie
@Yo () + @y, () = byx, (0) (3.10)

= a a ~ 9
nouRMsdunn o 1an

a0y = [yi@ydi+y, () (3.11)

Ty

NNANMITN (3.11) Mnuald 1 =nT uag 1, = (n-1)7T 2 1édn

nl

y.0O= [ y,@)dt+y,[(n-DT] (3.12)

(n=1)T
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Wmsiszanaainsduiniage ﬂ;]maﬁuﬁmsmmu%mﬁﬂmww39, (Trapezoidal rule) 18
Ya(nt) =y, [((n=DT1+ T/ 2){y,(n) + y,[(n-DT1} (.13)

NANMTN (3.10) T1WT0eU 1A

) ="20y, (t)+b—°xu 0] (3.14)
a, &

YL IE=Z ([ =DIT + PRI T G.15)
a, a

Waumsn 3.14) uag (3.15) unualuaunsn (3.13) a2 1aqn

Yo(nt) = y,[(n —1)T]+(T/2){_aiya(f) +Z—°xa(f)

1 1

n«mﬂﬁ+%nw4nﬂ (3.16)

a 1

Mmsudausansiuavesy (z Transform) Tueunsi (3.16) a2ld

T
Y(2)-Y(2)z™' + N V(D42 y(2)z" =£X(z)+£’£}((z)zf1 (3.17)
2a, 24, 2a, 2q,
Sagilaumsdi (3.17) a2 18aiFude Toudsil
bO_T + bu T z_l
H(z) = )I; () . 24 ;a] - (3.18)
(2) 1—z7 4 a, a =
2a, 2a,
b
= ! (3.19)

2217,
"Tl142z" ’



29

4 = = =] o w o J
lﬁ@ﬂ’lﬁlﬁﬂﬂl“ﬂﬂﬂﬁﬂﬂ‘ﬁﬂ (3.8) Ay (3.19) %mummauwuﬂﬁm

H(z)=H,(s) s=[(2/T)(1-z"Y(1+27) (3.20)
921847
o
s:g l Z_I oy z= ot (3.21)
T\{1+z 2—sT
fmuald s=o + 7 Q ummasluaunsi 3.21) o214
V¥—a +j—Q‘
|2l =
1-ZO' —jzﬁi
2 2
2 2
o)
4= (3.22)

{ =Y =1
NNANMIN (3.22) AIUTOUBANITULIALIY 3 NTUAD
~ ' oA o ' o &2 P
1. 3tk o >0 WU [z|> Tdude shumdsvet Twafiegusnuas avilslussuued
g =1 . e A - | 1
MYl (Mapping) 11susnamouenenausainilanyiielussnouya
— ' d M o ' a 1 oa & &
2. 738 o <0 WM |z{<Difufe dwnmisvesInanogusnuasamilalussunued
=1 . voa o . 1
neAudegauiil (Mapping) 165 namelursnansaiivilaniaeluszuiuiesa
3. P38 0 =0 WUN |2|=170 dumiwesInatiegusnamuuny jQ luszuted

=1 w A @ A 5 1
gnuii) (Mapping) Tdsusnauuduseutenanseiinianissluszuunae
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Imaginary

41T Imaginary

Q=4/T Q=2/T

20T

+

%/

%ET

4 a A 4
51U 3.4 wamsusi (Mapping) Aae3siilas luddieinwdoy

G

W a A 3 B d o ' @
29sATsd AT lIulianuEdosiunaeilio duisyes Twanndiey
a { ~ .?, y o =] = 1
vinunndudielusguvied ilinamadosnimiudierinisudy Mapping) 11g
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molurnaniriinieruae o1 lsnamuinuiauluiluiinuffe nsefic = 0 Wy

lz|=1 32815 = jQ nag z = ™" unuasTuaumsi (3.21) vz 147

2 l_e_jmT
.Q='— o ~ BT
% T(He-”‘”]

2 e.foT'f2 _e-jaJsz
:}.. g1l 1T L —Jalid (3.23)
' 2 T
Lt Q=Ttan (3.24)
T 2

= o v @ o ' o
INANMITN (3.24) WumsiaasanuduiusszrIen1vd lulawueuiasn (Q)
- an = o s o d w A
uazanudlulamuaiaoa (o) Tastianuduiuslugdveslsndunnunud di31i 3.2
=] PR ' A v w a Y = @ i w
i}zmu"lﬂfafl.mmm'nmqaq ANUANRUTVIANUINITosUnTIWany e luludnyme
=

a 9 & I~ a 9 A o Y
wadu Fawansgnuanany luiduFaduiinfeszi inaneuaueemevinauazaly

] a Y
vinannuageiien hilsngmsalanyaeiizoni Usingmsaivauny (Wrapping Effect)
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f;
@, P—
/’// w,
=(2/T, Yarclan(C2/2)
Digtial Filter o %
()] 0 Q Q, Q
: Q=(2/T, Ytan(cv'2)

g
=5

Amnalog Filter

Al w aw & a aa
q?l.h"l 3.2 ﬂTlll'ﬂ?JW‘Ll‘ﬁﬂ’l'lNﬂiuiﬂmuau'lﬂﬂﬂlm%ﬁﬂﬂﬂ@ﬁ
i 2 ¥ ¢ X .
ﬂﬂuualuﬂ'liﬂﬂﬂll,ﬂﬂi]\WI'ENiJﬂTi‘b’@]L‘]fUNﬁ‘UENﬂ51ﬂaﬂ15mﬂﬂuﬂﬂu (Prewrappmg)
& S, @ a = =] A, d o o 9w g
Wﬁﬁgﬁﬂﬂluﬂ'ﬂuﬂ'l'iﬂ@ﬂllﬂ‘ll'.]ﬁ%iﬁﬂJmel‘HﬁLﬁﬂJﬂﬂUﬂﬁqﬂﬁluﬂiﬂﬁ'luﬁwﬂﬁunlﬂﬂ\'}u
as a o w 1
1. eenuuyaeIsnsesdyalaudguinudunuy Tagnismidansumelow H,(s)
2. Mmueaudaasou (Cutoff frequency) meﬂ’ﬂuafj‘u (Sampling frequency)

VOIMDINIDIT YR IDLTAUAY

[ o ' 2 COT
3. mm’i‘lfﬂl,“]iﬂr»{mjmﬂﬂﬂ;}m‘im‘ﬁmm‘u Iﬂﬂﬂ’lﬁ‘ﬂ’lﬂ’] oy ?tanT

4. MIANAA1NA (Frequency scaling) V94 11 A8)

|
5. wAl H(z) Taoununi s=—2— 1 Zﬁl
T\ 14z

3.3 Fswacauiiiesdourag (Backward difference transformations)

15192MIN500NLLVINIITNTOITYYIUTUAY H(z) Tnelgaiauiiiuedi993nses
¥

Tanaudegluuanuaunsnan1sduiiio (Difference equation) laaatl
N &, d'x,
Z () Zbﬂ'—_—i—() (3.25)
k=0 dt

Taoi x, (1) Wludee anausiidedioamane

C‘ Qr
v, () Wudyy Juppnfinaiioanana
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_x()~x(m —~1)

x(n-1)

n—1 n
51 3.3 danesfiuwaannduiiosdounds

diovmsudasarthans udWosu (Laplace transform) Tuaums®i (3.25) 149

N
Zbksk
Y
H. ()= );((?) = 2= k (3.26)
g a.s
kZ .

1A ' Ay o A i a ' Y o
ﬂ'lﬁ1]5zilqmﬂ']ﬂ’JfJ?ﬁWQWTQﬁ‘UEH?JQUEJHWaQﬂE) ATTUIAURAYH AN TIVDINITDIDUAD

Yoyana Feudas 13qi 33 swsedeudiuaumsa 627 St
VO] =[y@m)~y(n =D/ T (3.27)
wmsuasumansudwedy & Transform) Tuaumsh (327782 183
Z(VPlym)) = Z([ym)=yu=DITy=Y()(1-z")/T (3.28)
Tuns@iil nsdszanamdaeTiramaduidiodoundalidsugen annsodonidawil
VO] = VOV Ly(m)]] (3.29)

ZVOymD=Y()A-z")/TT (3.30)
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U 1 4 o | u Y { 9
Timsszmnaumasiinaneduilodoundinouauge luaunish (3.25) 1 1dh

M N
2. a VP y, =25,V [x,(n)]
k=0 )
devhmsudaauaaniudwesy (z Transform) Tuaunsii (3.31)
M N "
> @, Z(VOy, D) =D b, Z(VP[x,(n)])
k=0 k=0
Ierumsti (3.30) unuatluaunish (3.32) 0 1891
M N
> a, [ 2" YTz ) 23 0h, [(F=2)LT 1" 2(2)
k=0 k=0

w | o o 1 Y 3
sagUeumsn(3.33) o¢ lalsndunio Toudei

NN YOG i
v XNEYIT

Yaft=z"y171
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A = o =1 Q@  a Y1
LiJE]ﬂ']iL‘LEEJ‘]JWIU‘UﬁlIﬂ'IWI (3.26) Unz(3.34) ﬂzmummﬁnwuﬂmw

H(z)=H,(s)

s=(-z"/T

dienosanludiu =0 2189 5= jo unuasluaumsi 3.36)

1 1 1({1+j0T ‘ 1 1
z= =D Z-——=— D |z——{=—
l-joT 2 2\l-joT 2| 2
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(3.32)

(3.33)

(3.34)

(3.35)

(3.36)

(3.37)
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~ I o 1 = 1 i =1
nnaumMsi (3.37) s ldhdwmidsvesInafieguuunu jQ luszurueagnudil

. [ a2 3 v A 1 o = o
(Mapping) 11§au5nauuidusouenavsadl (12) wieluszuivuaaluyieudoadu
dundves Iwanndregusunisdivdgelussuiueaniianuadosniwiieing
o . ' < T o aa = = 9
il Mapping)  l1lgszuuusannuingesnsesdyguatneazinnuaiosninday

iWeaninTwanndaegnislurenausad (1/2) mide dwaasldluzln 3.4

Imaginary
A Imaginary
Z plane
1 P
e
-1/T
Unit circle

4 < e 1 4 a
310 3.4 wamsuiial Mapping) #9035 HaR 19T LD IdRUN S

= =1 y
3.4 FoMamaauiiedlluin (Forward difference transformations)

x(n +1) & (n)
')

5

A y () =

x(n +1) e

x (n)

n n+l

3UN 3.5 danesiiumadsduiilea i
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dovhmsudasuransudnosy @ Transform) Tueumsf (3.38) 1214
Z(VO ) = Z(y(n=1) - ym)/T) =Y ()1 ~2z")/ 2T (3.39)
Tunsdif mdszinamdeitramsdudied i susuged annsadon Idawil
VOmI=VO IV Iymi] (3.40)
g

ZVOLy®)) =Y -2") 27T (3.41)

Tdarunsin (3.30) unuadluawmsh (3.32) v 1an

iak [A2z)/ 2T Y (2) =i B[z /27T x(2) (3.42)
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v 1 da 1 &
tagaumsh (3.42) agleWenduaiTounil

ibk [(1-zYz" /T
H(z)=YE) _ = (3.43)

X@) S 1a-2 171

& = = =] v o dy Y
LﬂJﬂﬂ?iLlﬁUULﬂﬂUﬁNﬂTﬁ“ﬂ (3.26) LIng (3.43) %zmummﬁuwuﬂmw
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_ -1
) uag z=1+sT (3.45)
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=) 9/ &' 1 1 = lé 1 :l/ d‘.
mnﬂimw"lmuaqmmwTwam%agmﬂuamqﬂamﬁwuwma mufrm"lﬂwlugﬂm 3.6

7
7
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//// Real

. 3 ‘ :
307 3.6 wansuill) (Mapping) A2635manedwtias v

Imaginary [ )
maginary

3.5 UszonuvelwInsesdyansudaa

(Y] w do w
3.5.1 ﬁﬂﬂiﬂﬁﬂﬂﬁﬁyiy]mllﬂﬂﬂﬁﬂﬂﬂﬁuﬂdaﬂﬂﬁﬁ’ﬂ'lﬂﬂ (FIR Filter)

iiooFuoiensvsnsesdaapananeaLeduadnanlnuauiAnoYen

Y
(Casual FIR system) @113 010ouueas ldmuoaumsae il

y(n)= ghk x(n—k) = h(n)*x(n) (3.46)

Taoh x(n) Aoouduaudganadrluszyy

y(n) AoduauALFTYAINDDANINTZU
=

h(n) feoduisz@nsuseissesnsosdaynn
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AMI500T VWA UAN YL YDINARDUAUBIBNWAH (Impulse response) TapTina
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o a o 1 Y] cf
PAUTAUWINFUD 0 Touaall
N-1
H(z)=) h(n)z™ (3.47)
k=0

: < ' : . :
INAUNITN (3.46) AfpauNIINARIa T UL DY (Difference equation) Y897I99TNTO
[ = v do w W 5 =Y ) Y ¢
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x(n) =3 <1 -1
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z7 I-‘. 77 z™!
fﬁ(l) h(2) h(3)
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y(n)
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t

A

1
<
=
)

+
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+

;a;ﬂﬁ 3.9 Taseaienesnsasdayanaued loo1f unumlmFudy
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Tasaahannummdadu dene Itnansumieaiudnvasiladady (Phase linear) 501491
HuGosdrdydmiunsdszgndldan fuenamiuinalssmma Jowua 3aimd
wazmsdarudoyn Huduiaslrsduihant uiiade Tassa umumladaduozae
aanielszndaiiuiuniniainisguasldtssiaas imileilda e nsosdann
onfsonfouiyTassadaegulagass
o launfsvunasdodonSvuussrninrosdyanaenlonfiuifousule loans

1. Wvsmesdyanaion leersaunsnsoniuy Idnaseuauesmanadiuiadu 1
TavfinaFadunnudrgaonis i 1dam

2. 29v5nsesdyanauey loo1fwianuaosnnuiue (Swble) insanii Tna
ogfigantuiia (Origin) UM UL

s

v
YA IUITUNIUIINIG Quantize A 130az N lad sy Tnssarauuy luileundy

s

3l
~ kY -] ¥-nas a &£ 1 [ o
4, wauﬂugm 9’!T’JQﬂ'Iiﬂ’ﬂlﬂ‘]_lﬂ’]ﬁllﬂ‘izﬁﬂ‘ﬁﬂj'lﬂﬂ‘l’l’]ﬂﬁ]iﬂ‘iﬂﬂﬁmuimmulﬂllﬂﬂ’]‘i

doNsanaumsn 3.47) mvuald z=e/
4 N_l . 4 A
H(e™) =Y h(n) e =|H(e’*)| e/ (3.48)
k=0

w2 ldwanouaussnevuauazie

M(w)= |H(ef” )}
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, —ImH(e’®)

O(w) =tan” : (3.49)
) Re H(e’)
W150A MU (Phase delay) #aZAIMHINGY (Group delay)
A (w 00 (w
” :——(—) wae 7, =—L (3.50)
@ ow

' <

o a ar 4 Py I~ a ] ~ 1
dmivansnsesdyanaiiiai g, uag 7, AantuAolludasEAanuDETENI

o

o e 4 a g
vInToedgaanimadugsady

0(w) =-1w —T<LO<T (3.51)

NNAUNTN (3.48), (3.49) 1A (3.51) WamoUaUaImAaa IvITa oL

N-1

— Y h(n)sin(wn)

A= (3.53)
h(n)cos(w n)

=0

O(®) = -t = tan’

=

=
=

4
wldi Y h)sin(wr—wn) =0
0

==
I

=1 1 { o o =1 a
wrulda1nisnasesnsesdyanaed lesriazinanouaussmamailuFadu
A < @ s (V-1 o Ao (V=) 1 g FR=
iieannwavanveadeandulainsuduiiugud msnlnuauiifed1sil 1d Afenanuaues

a o o 3’; g/ g @ A
BUWATMITDIATUADITUN BT UMUAUNTN (3.52) LD (3.53)

W=D
2

(3.53)

uaz h(n)=h(N -1-n) dm50 O<n<N -1 (3.54)

a gf a 4 = ' 1 ] J | 4
wuesnsesdygiaten leersvziimmutunauazaimusenguasiiauiton Ty

YoIauNIN (3.53) LaznaaulAnNUANNIATANANNTA (3.54) TaeRidmn N dumad

g ! =§ |d‘. o ar 1) 3 T
HULAAII IANINANUYDINNNTUNIATISOYNNAADUAUDIDUAY (N —1)/2 1¥UAIDYIY
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'
s o w

dmfvrevsnsesdyaauen loai iy N =7 wenud A0) = h(6), h(l)=h(5),
1 1 1 é 'd'

h(2)=h(4), h(3) uaeMIn N ﬁJuLamﬂqﬂmﬂmwmmmﬂumm%wgwamaumm

PUAL (N —2)/2uay N/2 93N 3.10 (a) 4oz (b) 5891 NITANVIATUUUTUNIATEY

(Even symmetry)

= w o = -
(b) NﬁﬂEHJT:T‘I-J@ﬂﬂﬂﬂﬁﬁﬂﬂﬁlwm‘wlﬁulmﬁ AUNINTA
-ci a A
3‘].]1'] 3.10 HaADUAUBDIDUNATLULUTNNINT
9
Tunenstimseentuueadesns Idifisea anumingy ¢, dapadauminiu
0 (w)=0,—@ (3.55)
P =1 ' @ o e gsl P | |
Taod 0, 1iluaunaneda 2esnsesdanaiinanovauosmunauuuiidoditonlvie
6, =tx/2
r=(N=1)/2 (3.56)

uay h(k)=-h(N —1-k) dmiu 0<k<N-1 (3.57)
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A H('®)| AlHE))
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= = — A ———— - (0] ——pmm———— ! -4 w
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31 312 wameDARBINNUDUDINNIATOIT Y IAQANAR
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HanBUAUeIN1NgANNG H(e'?) Fanszersldegluwainislamuiian
1 = Y v o d
(Time domain) LALTNNIDMININANDUAUDIBUNAT A(n) T@a1nANUFNIUTVOINTUYAY

w sy Yo A:I.y
nauveeyiFeslaaal

H(e/?) = h(nye ™ (3.58)
W) = [H(e/)e"do (3.59)
2 Rt

{ =1 " : 1 [ 3’, 1
mﬂgﬂﬁ 3.12 AU H(e') =1 uaglvoumnsig -, D9 @, AIUUAVDI

a o kY A
Nﬂﬂﬁ]ﬂﬁuﬂﬂﬂ‘llwaﬁﬂ']Llﬂ‘i]']ﬂﬂ'llﬂﬁ"ﬂ (3.60)
1 , .
h(n)=—~.|-1><e dw (3.60)
i

sin(@, n)

h(n) = ,—0 <k <0 (3.61)
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=~ = 1 a o o a1 g
Tuaunsn (3.61) NN 1 =0 WIzNaRRUAUDIABIUNAT A(n) UANYuU

1

udaaudaogud 3sud lullayn iawsamai 2(0) 181asldnquiveslailda

lim d(sin(w,n))

_n>0 dn o
h(0) = im dzn x (3.62)
n—0 d(n)

o a 4:1 dr. a v & g
TIUIUNITATOIANNDLUVDUNUIITINITONINAND U T UDIDUNAT hﬂ.(k) ulﬂiﬂﬂﬂ"li
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HEAIRIaNNITN (3.65)

=20logo (3.65)

stop

({ARY

AP

v v
3. AUWAINT O3 LITlaueann U1 (Pass band ripple; & ., ) Nu1BDImIgaganuua

pass

' 1 1 1 { = < R
HOUHIHINI990NH19IARAT T ugLh 3,13 @ewidluaums Taaei

= 2010g1_+_5£‘ﬂ (3.66)

pass
pass

4. anwnhavesnuilauu (Transition band width; AF) Avdns mstsunasves

YUIANEUAUBIIAIND

o
‘ HaneUTuanI
mpmIeeniyy

"
pass

HBRBUTUDIAINE
I‘i Tugaund

Sstop

A
[
BN a
o, Bl u [~ TN,
0 . I L 172
pass ¢ stop 5
-t pa4— 4P
UaUAIY unvoy HOUHIY

' & 4 o 4
317 3.13 adnuazmwzvemaneuauesnNdvesiInsanuuei loos
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3.5.2 993N yaIMIVUNAneUAHBIDNWAT 13910 (IIR Filter)

@ 4 =t " @ ¢ g
2930509y IM lo Teorsvelinnuunnais 1nreesnsesdyananon loors Ado

1

= o = ° 3 A A YA & =l
‘JJﬂ']'i'i')iJlEnNﬂm@ﬁﬁﬂgfyﬂm‘lﬂﬂﬂﬂiuﬂﬂﬂl]Tﬂ'lu?ﬂ!ﬂ’)ﬂ‘ﬂ'iﬂﬁﬂﬂllﬂ?’mﬂ’iﬁ Feedback HHLDI N
o @ oM Y o 9 o a oy 9 1
’ﬁ’]ﬂ’i’gﬂﬂﬁ]ﬂTﬁﬂﬂﬂllﬂﬁ?\‘li}iﬂiﬂﬁﬁﬂ]uﬂal'lmnlﬂllﬂﬂ’li ﬂgiﬁﬁﬂWU?uLﬂ'@NﬁNﬂSZﬂ“ﬂ'ﬁu'E]EJﬂ'TIﬂ'I?
w ¢ o 9 1 o L LR -
f‘]'f)ﬂLL‘LI“JJ?ﬂﬁ]'ﬁﬂiﬂﬂﬂfyfluﬂmlﬂwulﬂﬂ'li m°lwmaaﬂnawaam'iﬂm’atuaa Uauaideuuny
1 v 9N 9 g) = 1 A @ a & I 1
L‘Buﬂ‘uﬂﬂﬂﬂ’lﬁ@'ElﬂLI.'U'Uﬂxﬂﬂqcl‘b'ﬂ?'mﬁmﬂﬂﬂﬂﬂuﬁ'ﬂﬂﬁﬂJ‘ﬂi$ﬁ‘Wﬁﬂ’]i Feedback LiJ'L!fJU'NEJ']ﬂ

1 a @ 14 =1
m31ze19ne1iiAN1s Unstable 18 tagmseenuuuiarsnsesdaann'le learfaziilunsen

A A

1 9 o : L. o= o W Y1
801989N9 1WAl ULDY Linear phase characteristic 3e11150%11 18410 Taon3oonu17995

o ¢ o Y a o a o
nsoadaaaenleo1s auiuresnsesdgyaaleleariamsadsueiuiomaranld

o o

o

AWAUMITHAANTUITI D9 (Difference equation) R33!
N M

y(m) =Y bx(n-k)- D ay(n-k) (3.67)
k=0 k=1

dr. :‘ s U o L3 7
Taoi x(n), y(n) Wluousudaanaduazesnaiuaisy

u g

o

a 9/

o Qs a v oW W
a,; b, uduilsansuesduaudgygndinageon
da 0 o o =
WarBua18 e (Transfer function) ¥892995n3 03Ty M 1o loo1sensadowiuaums1d

Y
aann 11l

N
fy 27
¥ 6z) = @"WO—— (3.68)
£(2) z:a',(z*‘f
k=0

P o - W Yo A
INTUNITNITN (3.68) ﬂ'"l‘lJ’lﬁﬂH"lll']L‘UfJUﬁﬂJﬂ"liclTﬂJulﬂ U

(3.69)

MnauMsh (3.69) 11 lddamensien nduazi@eusd lugdaumsmadsduiio 14

N M
Y(2)=> b, X(2)z™" -> a,Y(z)z™* (3.70)
k=0 k=1
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3.5.2.1 lassairauuvlnenss 1 (Direct form 1)

9 de 9/ 4 1 s A a = o] v - o
Tnseairauuiildgilnsaimirdyyinuniodrsimmesnenoyn ganiladmiy

o @ .7 Y

lé o el o s ar
UITIANAVTYU I x(7 — k) %‘ﬂmwuws"lﬂﬁff’mmnmsqmﬂuﬂtyiymaan y(n-k)

v 9
Tauh k=0,1,2,......,n Tassasnvesrsinsosdygrail livinzaudiniuiesnsos

H ¥y
v

o =y T Y 9 Y= ] 4‘ o 1 a =
dyanuiingInaeylndiduseutenansadl 1 niae natldleenindsingnisaias lafluids
Lﬁut“ﬁu ?rasumuﬁxﬁmmmmm (Product quantization noise) uazaNINAY 1999

' (=) s 4 L} 7 s %
qu1l5@N5 (Coefficient sensitivity) gafisnaiummizAU9vsNTSUAUA 15U SuAUMilan3o

DUAVADY

x(n)

! o o
31U 3.14 Tassadvensesnsosdagnalelens uuyulaoase

3.5.2.2 Iassasiauuulaensa 2 (Direct form II)

ya dou
TnssafranuuiiGududionsuonilendunieTouvie H(z) eonilu 2 2993gaudy
Y
ABDYNIUAUAIY
Y(z 1 ul -
H(z)=~E) | [Zbkz ¢ (3.71)
k=0

X(z) Zakz-k

k=0
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= H,(z)e H,(2) (3.72)
Taoh H,(z) flursesnsesdaanaii Inaissedadon

H,(z) Wusesnsosdugnaid nfivsoiafen

o 9
Muualv

H(2)= ZE“’; - 373
-k
éakz
LAy
W(z) \&,) /4
H — = o b : 4
(2 ) g vz (3.74)

1l 1 [l ¥
UM 3.73) uegaumsn (3.74) vidouluglauniamaaisduilos ladell

M
w(n) = x(n) = D a,w(n k) (3.75)
k=0
LA
N
y(n) =Y bw(n—k) (3.76)
k=0

x(n)

3 3.15 Taseadrevensesnsesdanaleleors nuulavase o



o

1 Vv
11n3U7 3.15 Mamurmvesdyanaeon y(n) luasuisndesfmuiumaaudy i
T &2 g @ i < ! o oA
w(n) noUBUTUTYI9NA19 (Intermediate signal) MUANATN (3.75) 124 1THadnE i 11/
= A o &2 o v @ w 9 o
unuluaumsi (3.76) omurun y(n) Bududuaudygruoennudoanis Insead
a Y A A wa -] a 9 = A
wuv Tasnsa 2 idedefeguautanny i uFudu wudesuniusnransgunieanv
I'd
anulvesdudseansmilou InssadaunTaoase 1 wazii TomaRan1sdu (Over flow) 18
yinn laseaauulaense 1 dauded laseadraunylaoase 1 uas laseadauuylnensa

s o 9 :u o

a @ =1 o @ [ o s
2 Hounu laiatluasesnsesdygaiuinn dunannddudayaiaudivesiigunndin

L

14
V") Y A o =S A g

4 Cl o 1 3 a
weradlugli 3.14 wazgai 3.15 dravdyanadnil by ldausdyanaimssiuaa liae dae

g9

g o 9 g/ A o 9 as 3 v g 9/
iﬁﬂ“ﬁu“ﬂ’liﬁli'lff'lll']'iﬂﬁ51\3?Qﬁ]ﬁﬂﬁ"lﬁ’liﬂﬂ']ﬂ'lﬁﬂﬂ!“ﬁﬂﬂ”]ﬂ‘LJLlﬂlﬂﬂ ﬂulﬂuﬂﬂﬂl'ﬁﬂ'ﬁ

UszrianansonsmIsYes19sianuEigs hlfuounmunl §uReu (Bandwidth) voq

4
WITPIVY

3.5.23 Tassaiauuyeynsu (Cascade form)
Tassainweaessniesdganainamudaduietsasnsesdyana Inraaduwy
3}1 e 1
Tawase 1 wazlassaieuunlavase 2 vuegddgvilumsaiugudsingaseinay ludu
a 9 9) A 1 s & DM o w o 07 1o W i
wadu ldnniledives M waz N ilAwng (WudAssudugen) dniuieiiuuiten
ar | ' 1 w o o ' o '
2IINTIF YR e UUA LI BUAUFINIMDBYNIUN (Cascade form) H3BADUUIY

ad g o do Y = 1 o A
wminastiwenduate leuw@enlugilnagudesy aumasluaumsh 3.77)

H(z) :—zboiH,{(z) (3.77)

o @ @ a

) 4
'lfJIE]H“UEN’N‘i]Sﬂ'iﬂQﬁﬂJuiUU'Im H ‘uwuw?a UAVTD

€

.

Taof H,(z)folandu

3
AR UAIL

1527
H (z)=—F*—
I g,z
1+b,z7" +b,, 27
B nd (3.78)

-1 =
l+ay2™ 48,2



50

1NN 3.16 H,(z) owszadnldlaldlaseadrsuunlaoass 1 visuuulasasa

y ' a £ 1
2 Iﬂ'3\1ﬂ'%}NLLVU'LIﬁﬂﬂﬁﬁﬂ’lwul’lﬂﬂﬁﬂﬂizﬁﬂﬁ(J’I']ﬂ'?J'ILLfIJ‘UIﬂUﬂiQ 1 W%E)LL‘]J‘]JTG]EJ@SQ 2410

9 v A ¥ v o 5 ) a £ Yo Y gy o w
TIUTUAITUNIUUUD TN NN (Scahng) ﬁll']_]i$ﬁ‘1’lﬁllﬂﬁ5ﬂ1ﬂﬂlﬁﬂllﬁ?ﬂﬁﬂﬁﬁ"lﬂ"lﬁﬂﬂ’]ﬂﬂ

fesunuoenlyld
kil 3™ H,(z) > H(z) — --- —» H(z) |y

l=; 9 ] o
jUn 316 Inssadnveanssnsesdyginleloeis nuveynsy

3.5.2.4 1A599313UUABYMIU (Parallel form)
dmiulaseaanuuaayuIY (Parallel form) M1 lannnmsiwlsdsuaislou H(z)

=1 1 T Y] d'
Wuenluwya gy daaasluaumsn (3.79)

PLON /K
H(z)= Ny C+ ; H,(z2) (3.79)

{ o @ 1 1 5
laoit H,(z) AoWandunio louuedaaasnsosdyaiasudunianiesusuaes

o o

F
AUAIA LA

b
H (Zy=77r2—=
l+a,z

X
Bog + by 2 (3.80)

-1 -2
g2 +a,.2

Hy(2)=

v 1 & o a ' 1
Inssadedounvvinulaoia luudr s savvesdesuniuiesniuuusdeoynsy

H,(z)yawnsailassadaunulagnse 1 viouvulasase 2 madauuauinld

195109 3.17

Y
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C
|
> H(z) |
B H,(z)
x(n)
—_— ]
I I
[ I
| I
I l
y(n)
H, (2)

| o o
310 3.17 Tassadraveensssnsosdamna o loors uunvum

) a a o o
lunmstams Inseadswersnsesdyanasdunvuu o loars 1dn lassaduil
9/ AA 4 add = 9 o =) £
vuuvue IdraRf ey sy Nes linuszuilszuanadyananFuauuu uvuiuas

o v
P R TREI (R RITH TG

3.6 unayy

= 9/ o a @ o o

ds( d’., kY ! =< Ao @ = 1
Luawﬂuumu"1ﬂﬂanquygwm WNYIVDINUUANNTTUASANUTUNUTIEHIN

i . v aa o Ly YA
audlueuaenTauu (Analog  domain) AUAINOATALIU (Digital domain) #2835

Y

A ' Wt iy 4 $ 9 wa A . ¢
niaeiuluzluuuiien Annanumemuame ldnannud Tanezai ldssgndhny
9 o A 9 a o ¥ o 1y ' =2 o w
miudas sz Taglamsduiiunsdrelaaiamwasng uonanuuds lanaridauneady
Uszinn Tasead1en1en gaautiavesnisesnuuuleesnsesdyaasusuay laold3sms

v A Y a [T~ .A‘ 1
A199 e Trinan Nudlunugmuazuuamelumsesnuuuae 1



UNT 4
NgHHUAZHANMIVONIVVINDINTOINYRNBUT IAY

Tael¥saduiumsludiiadihamamasnd

4.1 23nseFuanauTselinuuuylunlen

Tasdauanieyaiensnsasesdyaalunteadneziinfisisisnsosdyain

& g 1y a & o e a d
lunreaiiluieesnsosdaanaiFeguuiu (Analog filter) iz lioiynnilunanouauss
NUANUNAIOUV FUNAAD DA LHOILUUAMUDATHIY (Low-pass) AUAFIHIN (High-

A (=] v = = = '3 a4 g
pass) LAZUOUAIMAMIU (Band-pass) AluAu Femnsyiaviaiimmyniitlunaneudueuwy
o w = 1 { a rq
fsauouAYD (Band-stop) AZMINYAAINA (All-pass) DnAat Tavglunuiugiulums
o @ a & o 9 v o =
a$191903snsesdeanaudegiinuilunlen il erwrhimsadndeissestuend (7] wie
| 1 N P d a1
Flunan2995 CMOS Transistors ALdma Tuladniseenuuy usvisdnsiulendunieTou
. =] v | a 1 =] a 1

(Transfer function) vzifuWafFum1tlowdsgUum wisaandududiduaelouluea
Tay (S-domain) §9A20819N1500AKLVINMTATO Ty BGaguuuy lundon Taoes
a a o o 1 { o o 8 o o
SuRnsaniansunisleuuuuanudmry Alddluduuun Taoh 7(s) Audduunnny
o d. o o — cg’ - | =y d:?
Sl 18 89 (Gain) wazages mimvinaziludurnosae (fnverting) w3 e enduiaia

(Non-inverting) AU Wanduaie loufo

(4.1)

T(s) ==

¥ a2 o = Y A & Flar ¥ ¥
iﬂﬂ‘uuiN‘Vl'Iﬂ'liﬂ'mﬁﬂ’lmﬂiﬂﬂtlﬁ Wy = 1 uazlﬂﬂﬂlﬂi'ENﬁﬂ?&ﬁﬂﬂlﬂﬁﬁﬂﬂ‘ﬂumﬂiﬂquﬂ

—H v,
AR Or -
(s +(1/Q)s +1)V, =-HV, 4.3)

¥
uazinsmIsaums (43) neaesdiudan s(s +1/Q) vz lddmums (4.4)
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1 -H
oo P e T (4.4)
s(s +1/Q) s(s +1/Q)
dlovimséhedheaums 4.4) a2l
-1
I ¥y + ( ] (=1 (4.5)
s+ s+
Yo /Q
= o 3 a '3 9/ A
F991nM15MSMILILE NI ARSI L IAa1995A0
I
T 1 I
. et 1 - 1 MA
a
Vb W:Dq.o ot G :l>——o T2 :Dv—o T3
1/H
(n) () (m)

UM 4.1 (M9933nTRyRree (Sum signal) (V)2903 91 AIN31AD3 (Integrator) (A)IIVTUYIY

o g
]

9 ) [~
suunaumanions 1wl 1

9 ] "
Tasgiweaur9suidenud N aulloundy  (Feedback)  9&i58n1dUNS

o 8w
Tumeauuumuemynuans ldaegy

R2
AW
€1
' C2
——ANN—2 L Reé
Vi O—-MRSN_'ﬁ_ R4 ’ ——ANA——¢
AN — Rs
—NA\— -
>—<~——O V2
—Q 1
o
___= V’z 1
= Vs _L

511 4.2 2993 1UAI9AVDY Tow-thomas
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v _ -1/ R,R,C,C, a5
v, s*+(1/RC)s+1/R,RCC,

1

T(s)=

w1 1 =% a o a
Iﬂﬂ‘mﬂﬂuﬂ1§ﬁ\‘lf{°ﬁuﬂ1ﬂiﬂu (4.6) %‘wmwwmamvmmmawﬁ’mwmsmﬁaﬁumi 4.7)

(4.8) Uz (4.9)

. @.7)
JR.RC,C,
BC
U= Ll (4.8)
R.R,C,
H =£2— 4.9)
R,
v aa Ald & &40 V:? ° Y] T V;; Y o &
wazdaonaenanle luees lualeatinfem 7 =<1 Mm¥nsvmaives 3 Tanail
3 1
BT, (0 .
G Vel

3‘; o o o 1 V 1 b "W ) =
Hunfneweanrume low == 2g50n712985n509a 110D uuL lunduwea Tavszdoundu U
1

o w o @ i 1 S
anuduinglugaeesfe aawduiussenan 7, ua 7, Teolandusioloude

h__1 4.11)
V." RC,s
nnnggn Irez 18
hhligh B (4.12)
nononooh
g ldla
5= (—1/R3C1)S 4.13)
V, s°+(1/RC)s+1/R,RCC, '
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[ l'l VI 3’; a
Tasluaauiial -2 Wuaawen

Y

U018 TOUUDII99TNTOIVULDUANNDHIU TAgDIn

{ T g a’ 1
31N 4.2 minmsAnpIzwUIA R, awsadlfusiues o, uaz R, duamnindiuaives @
' i " I e | o [
Taglinlasum o, uazgaie R, awrsadumsfuaimseonuunves # vienudmiy

@ & o a A Yt 1 o Y
NI u@ﬂ‘ﬂ-lﬂ‘ilx'ﬂiﬂ W, oy Q“]Nﬁ1N13ﬂu’}ulﬂquﬁﬂrl“walﬂNﬂ'll'a-lﬂwwiﬁﬁ']u'ﬁﬂ@@ﬂ

]
=

[ cﬁ". 9 ar
1t 1daasla 4.3

U

R2
M
Ci
(2
— AMAN—b [ Rs

|[I
&
|li
—<io—
|||——o

Re ——O +

B L

=

310 4.3 2vsnseedyanaudegruaiuuuy lundeni W nanotauee 5 Lo
[ o arff y, & a P
Tagazihaumsfanduaie Touvosasesnses lunseana liurinisannngali 4.3 ¢l

" 2
T(s):ﬂzs +(12/R,q LIRC)s+1/ R,R,C,C, “4.14)
Vi s*+(1/RC,)s+1/R,R,CC,

Wouauns (4.14) nsesulddaaums @.15)

kis® +ky(w,/ O)s + ko]
5 +(w,/ Q)s + @]

T(s)= (4.15)

{ 1 { =] ' o o ~ =1 J = @
lagnmnah &, &, uaz &, 1Wua1 £1 vie 0 vhldeunsodnndeuduudazass 1dds

=
#1319 4.1
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Case k, k, k; Name
a 0 0 1 Low-pass
b 1 0 0 High-pass
c 0 1 0 Band-pass
d 1 0 1 Band-stop
e¥ 1 -1 1 All-pass
i 0 1 1 Low-pass
B 1 1 0 Band-pass
*No realizations were considered
M3197 4.2 WINFFIUVDIAWAABLAUDIOUND 2 VD99 3ns 0L luAen
Frequency response Poles/zeros Name
Jjw
17 -
R
/
Wy .l!
Tip= " o —— — Yo G
.5'2 + bos. Lo | O)oz ", \\
Q A \
) |
7 i
2 |
Wo //
—é-s i/
Tae = \ ~—4——§—5 | Bandpass
£+ = s w? -~ \
@) X.._.__#
Jw
7| / 9P
- /
o S / Bandstop
TBE: ""'"{""'_
Pt 2R st w2 \\ o “notch”
Q N
o Wi
T et
W //X 5
? - / :
y _4—@,’: Highpass
PR o2 | ¢
o \
jus
lTl. L X7 O,
$ - E’o_ 5+ we? ,/ N\
Lxp Bt | L | Allpass
£ 254w \ /e
0 o \ 7
w N Fog
S—
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IT| Lp

30 4.4 wanoUAUEIMIVLIAYRNITATEIFRaNaLY TuRIen

=

wamauaummamt’r&umawiﬂﬁmﬁmﬂaﬂnmwaqﬂmmmﬂumm iguM’cWamwmsm

dyaauauANURIHIUAD

6,, =—tan"" (1‘"/ 9 (4.16)

Taounu o, =1 Tuaumsi @.17) iwengdawmsna lidmes

,» =—tan™' (MJ (4.17)

1-(0/ @)

o 1 { .
Wangune louiunu. s = jo

N(jo)

(4.18)
D(jo)

T(jo)=

dedl 6 Wuywves N(jo), ¢ Wuywves D(jo) Aofluynuesinauas 0 Wuyuvoes

&

Fd
T(jw) Lazuune

0=06-¢ (4.19)



58

! Z v w = o
o TNaueana 5 ¥lAVDIHANBUAUDINDITNTOUNTDUNUAINITINN 4.2 AN IIaE
=1 A w 2 & ¥ oa w &
¢ MzmiouiuveIHanaYaNoIN YA Taena liufe —6,, Awulsaison 6 veq

g Y ar t:'
NARBUAUBING 5 IAAIRNT19N 4.3

M3197 4.3 wanouauesmavlavessnsesdyaaulualon

Name N(s) N(jo) Plot of ¢ ()
2 2 91 O°
Low-pass Wy , P
Band-pass (ﬂ) " J[ 0, ] 9] 90
Q 0] e
_180°
T 0.2
S_H@, 2 2 °
Band-stop : N ¢ 91 0
@
180°
2 6,
High-pass y -’ l
(0

TavanuuanaNdnsy N(s) Anmualflumi 43 lunsduananudnmg
X [ . , L :
(Band-pass) ¥1'1891n N(s) = (@,/ O)s ¥3 N(jw)= j(w,0/0) waz j Wusiweninilu

v
yuvouavay +90° Ay

Oy =6, +90° (4.20)

Tuhweudeanudmiulunsdinudgeriu (High-pass) N(s)=s>  uag

9

; % L 3
N(jo)=-0" Fwdaasdayuveurado 180° Auaasluaumsi 4.21)

Op =6,, +180° 4.21)

dmsulendunie Touvedansiuganud (All-pass) Syuves N(jw) miloury

3 & =1 o o o = d s 1 ar ol
Yo D(jo) wazdazianudunusnulunsaiuvuanuddiiiuaaasluaunisi

(4.22)
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0, =26, (4.22)

= " ?x’a = ' o
MAAUAITA (4.22) FuuduLazaInmswdennsuesgl 4.5 dmarehldg
' ) ~ 4 = T .
milouyulauenseunsfife uauANUDHIY (Band-pass) ANUDFIHIN (High-pass) 1az
205HIUNAAIIND (All-pass) DANHMULIALINUNTHVDIANDAINIY (Low-pass) 1A8¥IINT
=1

9 P ' = P ' A6
Uiﬂﬂgm‘ljﬂ‘ﬂuﬁScluﬂ‘im‘uﬂﬁwimuﬂﬂﬂ’a‘mﬂ (All-pass) qulﬂuﬁﬂQlﬂ‘]ﬂlE]Qﬂ?11]ﬂﬂ1ﬂ1u

F 1
(Low-pass) Futiundh Idmsnilassurasnsesuuuouanudngall N(jo) fie
N(jo)=-& +a; (4.23)

& o ) o [~ ) o’ = o °
Fuilundmsy o <o, wazilvaudmiy o> e, waalaewlawnms 07 He 180

pr Y o
e @ = o, MAUNTN (4.24)

8, = 6,+0" or 180" (4.24)

@, degrees for case:
LE BP HP AP

0 90 180

—45 | 45 135

—90 0 90

—135| —45 45

—180| —90 0

5 45 waneuauesmuWavessIsnsesdyaauuy luades
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@ @ AT =1 a a =2
2995n5 09Ty DY lunleaa IR ILN T N9 NI Bad Y B NI EINTS
o = d a1 .
ponUUVIITATIsTaIauUL luntea Tasliwsndunle Toulued Tamw(S-Domain) Hag
o 5 o’ o o
1150910158319 (Implementation) Meginsainyhaiuludnvazvesisesouraonlavly
o o 4 =1 a a P o
91n38181M9n Opamps W30DUY TuvmziinwsnsesdygrauFuay Resarhnmsaiiedae
L aa &y Y o s o P Y o
gUnsalMiilua99sATnea Fediazmwdeaversasniuanemounylu 2esnsesdyaIn
A d @ a o o o w A 1 A2 Y ay A
wuuluneafitluasesnsesdyanauFegiuu Amwmsinaanuiiinistendedeadedy
senemsszuranadyn1aud9g1unu (Analog signal processing ) agnslsznIadyyin

19109 (Digital signal processing )
4.2 F5mandasanudmeamatingnilslunlen

fvswenianduaieloususy 2 veseesnsosdyanadgtnuuuyluaiead
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(4.27)

(4.28)
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(4.30)
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(4.32)
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2 2
H s = Q"QH +| - g (4.34)
Q; + Eﬂ s+s’ Qé-{bi]s-rsz
Q; - % s+
H ,(s)= = (4.35)
Ql+ Eﬂ s +s°
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AN \XRL{T] SVt a5
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2 |
qH)=]] (4.38)

2
=1 Ay, 87+ a,, 8+ ay,

o o

{1 3 ° ' = =5 o 1 '
Tagneneuas » Husiwang ueswa Ind Tudlsnuosdrdauamrsadonlieglugy Factored

£Y

form 9IMON 159198497 [7]..[9] Tdmmma1eh 4.5 il

A a = () o o [~ o '
maai 4.5 Ind lwidlenveadadaui lugal Factored form HOUAY n 1Tlusuang

DUAY 7 Ind Tuligavesnidiu
2 (s2+2541)
4 (s> +0.765365 + 1)(s* +1.847765 +1)
6 (52 +0.51765 +1)(s? + /25 +1)(s* +1.9318s+1)
8 (s> +0.39865 +1)(s> +1.1110s +1)(s? +1.6630s + 1)(s> +1.9622s +1)
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AT GIHIUOUALT 1 Taed o Heduduidus1uaud (0dd order) M1AEUAISH (4.37) 191

] 13
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(1) |

2
(S + 1) i=l,n=l azzs + a“s L a

H,(s)= (4.39)

Qs 1

{1 W W = o | = = T
Tagimeudy » (Auswaud uaswa Ind Tulsavesdrdruasadoulioglugil Factored

L 3
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form DINBATITB19899 [7] ,[9] 1AM 5197 4.6 Aail

o a =t @ 1 A v w 3| o P
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7 (s+1)(s> +0.4450425 +1)(s* +1.24698s +1)(s> +1.80194s +1)
9 (s41)(s> +0.347295+1)(s + s+1)(s* +1.532085 +1)(s> +1.87938s +1)
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1 1

5 & e (4.40)
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SZ 52
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Q2 +s? Q} + s’
H s (s) = - x = 2 (4.44)
Q)+ =2 |s +5° QS+[-—0}S‘+S2
o, 2
Q
Qi - 69 s+s? QF - =2 |s+52
Hyp(s5) = l X

2 J (4.45)
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Fion, B )i L —x : (4.47)
‘ (2, +5) 2 (Q(J] 2
P —= 4N s,
NS o Y )
HP Y .
Q
(307 5) Ql + %’J.Hsz

TAg? O (Quality factor) oA MiRDS N1F UM AuIMA Bandwidth (BW) Fev1e1 1§01

BW = %9- (4.49)
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4 by | A al A o .
iof1 0 = 0.707 Fudumnangafivh 1 nanoua1UINIIUUIA (Amplitude response)
S . o as -k v oo o o
¥2i1lY “Maximally flat” taznsviuesuya laduesdadin vos H(s) wmilousudusuay 2

Tne$135n Ina Twidiva (Butterworth polynomial) fie
s* +2s+1 (4.50)
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4.3 ‘nqyﬁ‘nfimu (The Binomial theorem)

a A = A - a Ao ' a8 '
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6. duwmu a=1uaz b=1 lluaumsi 4.52) v ddnvazidryie
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7. WA k=T, = (kHJa"“‘”b*“ uAtNenNuazAINelon 1Fnih k1 deaums

i (4.54)
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_l—z‘l

= (4.56)
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A-zY(A+zYW =1+ —G]+[N1_iﬂz‘l+[ .

MINTUNSN (4.60) ansari@ouannis mialiginszdulaasaunmsh (4.61) fe
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Za, z7 = iA, Prvie — (4.62)

i=0 =0

§ o ] o 4
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Pozzl PIZ':_I Pzz 1

]
a’ 5 =

g ldaumsveshanmaweindsudy 2 Aflvuia 3x3) Seaumsi 4.68)
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1 1 1
F,=12 0 -2 N=0,1,2 (4.68)
I =1 1

4.5 manas s-z Taudamiduiums luadiasthamamasng

iiosninaums lumeaii lsifuduuuy fiarFune TouvesasnTnsosdaynnands
qﬂmué’uﬁ’uﬁ 2 dnfugmnsamaudnvenhamawes ndnduLETUSURUYE9993A30q
Ty IUINANNT (4.68)

dmsunmsutas sz Tawu snzRnsaneidudieloududy 2 ¥8923950509
Fyanalumen TagSuRasmui WarnduiwlowBegilu1u (Analog transfer function) A4

auMs (4.69)

Ay + Ais+Ays?

H(s)= (4.69)
B, + B,s+ B,s’
uazﬂﬁ%’uﬁiwhm%mm ( Digital Transfer Function ) @984n159 (4.70)
a, +a,z) +a,z7
HE te 2 (4.70)

by +b,z" +b,27°

=a o ) @ 4 [ L
19 “msuladluditior dmiumsutlasszuys 14 z weddaunishi 4.71) dwaiedl

dmfumsunualudedFudiTowdegiuuaumsi 4.69) lunsadahamawssnd

o)
By @.71)

14t

ar

o ) = ¢ A oW a £ a
Iﬂﬂu’lu’lﬂ']ﬂﬂl'iﬂ%}'NﬁNﬂTSLﬂJﬂﬁﬂﬁLﬁﬂﬁjﬂWﬁﬁJﬂi$ﬁﬂﬁﬂl'ﬂQ?Qﬂiﬂiﬂﬂﬂﬂ]m1ﬂll‘l§ﬁlﬂm

g o
I

v ) [ ada o9 a o w a o a a
v lamumsdmsumsutaluddieinhamawsind gusuwesaddulszinsveaes
nspsdayaaudagluin Ml ldaumslumsmmdulsydnsvernsnsesdyanaudauay

Y
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al=2 0 -2|4 (4.72)

"o = g L7 = ) as [ !
LL'L"!Sﬂ'l‘)'ﬂ’]ﬂ']ﬂ'ﬂ‘],lﬁ%ﬁﬂﬁ‘ﬂﬂﬂ?ﬁ%iﬂil"EN fgiy'lﬂlL‘Bﬁlﬂﬂiﬁ']ﬁ'illﬂ'lﬁuﬂﬁﬁﬂ?ﬁ?‘l«lﬁﬂ

b, 1175,
bl=|2 0 -2|B5 (4.73)
b, -1 1 |B,

] v v

iWosninanduatolouvesisssnsoudaguun His) vowies eusiidrdud

¥ 3

milouriu wiedidumls Tnadeany daluansammdulssans veadidiu D) veena
kY =1 a o = A o ar " a

112905 10 Z Tannuilssaumsmas adaumsfoannennisidudio Temdegiun (),

é Q L) ﬂ' QJ
Hy(8), Hyp(8), Hys (5) 108 Ho (s) Fe@aaiuimilounuie
\ 2 [£2 >
D(S) = QO + —Q— Sety (4.74)

¥ ¥
wszRgdunInaNms (4.74) ansadmdoulugleuntsweind laseil

W\ Pl /&AL

Q
bf=|2 0 =27 4.75)
WA~ |

dmfudusyvostandunroTouBeguuan. Hys) Hy,(s) Hyys), ), Hy (5) 40z H,, (s) unae

) Y
A081959 A NIANAINY 1T ANNIS VDI AAYIRIT DA ST

N, (5) =Q2 +0s + 0s° (4.76)
LP 0

N,»(s) =0+0s +1s° (4.77)

N, (5)=0+ L] s+ 0s° (4.78)
BF Q

Ny () = Q2 + 05 +152 (4.79)

N plsy=05 — (%]s +5° (4.80)



J

¥
WSIERHUINANMS (4.76) usnvin@ou luglaumswasnd 1aan

a| {1 1 1)}
a|=|2 0 =20
a, 1 =1 10

NNAUMT (4.78) Asaiwdonlugiaumsiaing ldne

a, Y 1\ NP
Q

a 128 0602 /Q

a, 1/ VN 0

4

MNANNIS (4.79) Mwsainneulugdasmamnindg lafo

NMENY Bl 9%
al=t2 0 2§10
a, NN R YART

uazNANMI (4.80) s o denluglaumswesnd ldfe

g] M ¢ 17 @

g l=|2 0 -2 —Q/Q

a| |1 -1 1 1

75

(4.81)

(4.82)

(4.83)

(4.84)

(4.85)
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4.6 MIVLNWAZHANIIVBNUVYIDINTBIT YR

dedumssonuuilunsulanssnsesdyanaudentinuainasms luaies
=1 ar = 9y a W Yo o a a a8 o
Wlusesnsesdyanausauay dremaiiaduls lualealaldduiiunms ludilefihana

a 4 - o [ a o {
AN (Pascal matrix) ¥4 141111 1500nuuD2995ns0eTYRAUTURYANINASIHIL AN

o

v
a A o a 1

1 1 o i T W e ad {
FIHU LOUANNIRIN MTAUDUAIIND LAz IUNNAINED NoUAUA199 LuUTAmesi3sn ATl

Tow <] o 1 as a a o 1
ADUAY 1 L‘l.luﬁ!']u’)uﬂ (Even order) Llﬁ$ﬂ1iﬂﬂﬂLLU‘U’Nﬂﬁﬂi@ﬁﬁ@@?ﬂlt‘h’ﬁlﬁﬂ]ﬂ'ﬂﬂﬂﬂ'INTH

P 1 { o w1 @ d a da 1 @ w < ° {
AMAFIY NOUADA LTRSS ATMSUAY 7 TUT119UR (0dd order)

4.6.1 fIBHNINITOBNIVYINDINFOIFYN T UAVBUATT £ = 2

a o = g wd g

wasanaalaseesasesdygisudsgiiuninaunmslualen Al uduuny
@ a1 o ' < @ a L) o
oudue n Wuinoug Widhngesnsesdyyadaausudy 2 Taosmual¥ f, = 604z,
Jf, =250H¢ ¥az O =0.70

& < ° 1 v &

Tumsesnuuuisesnseslumieniu wilumssmuedwes 0 uaz Q, Ay
a o W v { o a an
WTaNANUFNNUTI TN IANNE I Iamuenaen () nazaawd Tu Tawuaaea (@) 310

AU (3.24) A e

2
Q= tan(—a—)o—)
2

Q, = tan(m—ﬁ) =0.9391rad /s
250

NNAUAIHINTUD Y TouvoIauM s JUAIDANIT INASH (4.36)

Q) + ﬂ[%}s +15°

Q
Q)+ (—O)s +5°
Q

HBI(S)z
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o

[ ¥ o i 1 o o a o a Y 3
tnaumansdursuazdulieylugldmsvmsulaslu@diedhamamaind 1ddail

a]l [1 1 17 o b1 1 1 17 9
a|=l2 0 =2 p’QyQ waz |5, |=[2 0 -2 Q/
o [1 -1 1) 5 b |1 -1 1] ]

4.6.1.1 NIANIVLNULUINDINTOIT YN AT UAVHVUANNDAFIHOUND 2

{ o 1 a o gf
21915199 4.4 FINTOMHUAANIT TN DT (o, B, v)=(10,0) INT1EnsUY

a] [1 L3140} [1 1 17088184] [0.88184
a |=|2707 2NN R /8 2] NN | 1.76368
o | A -1+ TN A o 0.88184
Bl 1 1010 Q) Tioov - 11-Jo.881847 | '3.21004
e ¥ =2 &2 Q/O L0000 <2 1:3282 | =] 2023632
b S AP  \ YN 0.55364

¥y
@ @

da 1 o o @ a o
AN TUY TONOUAL 2 ¥D9I905NTBITYURNAUTIAVLUUANNDA I IUAD

0.2747+0.5494z7" +0.2747z >

Hes (z) =
w(2) 1-0.073627" +0.17252>

4.6.1.2 NINNITORNUVLIIINTOIN YT UAVIVUANNAYIHUOUAY 2

] ¥
NATNN4.4 mmmﬁmuﬂmwwmma%(a,ﬂ,;f) = (0,0, ms1znzuy

0 1
a |=[2 0 -2{0|=|2 0 -2]2|=|2
1 1

by 179 | 111 170881847 [ 3.21004
e bl=lz 6 —2 QGQ =2 0 -2 1.3282 |=|-023632
b |1 -1 1] 7|t -1 1| 1 0.55364

¥
@

da ¥ v oW [y = { '
wusndunia Tousudy 2 ¥992993NTITYYIVFUDVUVUANNDGIHIUFD
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0.2747 - 0.6230z~" +0.3115z7*
1-0.0736z7" +0.1725z72

Hy,p(2) =

4.6.1.3 NIANIVONULLINNINTOITYY T URVIVLHOUANNDFIUSUND 2

{ o 1 o 4 .?,
INAN519N 4.4 AWITOMUUARIMITINADS (@, B, 7) = (0,1,0) s 1zReiy

(a,] [1 1 17 o 11 17 o 1.3282

g l=(2 0 -2 Q/Q =2 0 -2[13282|=| o

a| [1 -1 1] o 1 -1 1] 0 ~1.3282

5] 1 1 412 1 1. 170.88184 3.21004
uay b, |=| 27”2 9%2 =|2 0™=24.1.3282 |=|-023632

D7 ¢S\ NN or 1 NN 0.55364

s T a1 o ar @ a {
Asuenduaes Toud1ay 2 vesssnsosdgaranFuavuuiouanuirhufie

. 04138-0.413827
1-0.07362z7" +0.1725z72

H . (2)

4.6.1.4 N30IN3RONMULINLINITOIT YR UTUAVIVUMIAUAUANNDDUAY 2

l:i ] 1 = g
NNNITNN 4.4 mmmmﬂuﬁmwnmmag(a, B, r)=(L0,1) ws1zaguu

T 1 I ) PO (B Y7 Y Jr0.8818% |/ 1.88184
anZlgy 0 2 p=le~0 -2 0 AJE|-0.23632
NN #s. 1 | 1] 1 -1o.4 1 1.88184
[6,] [U 1190 | T1__1-1-70.88184] [ 3.21004
uny bl=|2 0o =2 Q/Q =T -2| 1.3282 |=|-0.23632
B e L &5 1 0.55364

o & d o w @ a o w d
wulansunieTouddy 2 ve92993ns0sdyanauFuavuuumdauauanudfe

0.5862—-0.0736z7" +0.5862z
1-0.0736z7" +0.1725z7*

Hy(2) =
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4.6.1.5 NIUNMILVNUVVIIVINTOIT Y T UaUUUUAIUNAANNDEUNY 2

A o 1 a o 3’,,
NATNN 4.4 TWITONHUAAINIITINNDT (@, £, 7) = (L,—L1) Ins1zazuu

a1 11 17 < 1 1 170.881847 [ 0.55536
g =2 § -3 —9%2 =2 0 -2[-13282|=|-0.23632
| |1 -1 1| 1 i =i i 1 3.21004
[B,] [1 1 ul 1 1 170.88184 3.21004
g b =2 0 -2 / 2 0 -2| 1.3282 |=|-023632
5] 1 -1 1] 1 1 0.55364

¥ '
Aniulandunio Toudat 2 vesrnInsesdyanauFunuuuHUNnANND A

0.1725-0.0736z7" +z72
1-0.0736z7" +0.1725272

Hi(2)=

4.6.2 fMOHNNTELNUUUIN INTOITURNUTIAVSIAUN # = 4

= a = i 9/ o 9

fsansulagaeesnsesdyaiandegluineinauns luatea flddluduuuy
v W 1 =1 o 1 a3 ar a v oww o Y
suduar n _udmong hliluiwsnsesdgygisduavondudn 4 Tagdvuald
fo =60Hz , f. =250Hz, Q) = 0,541, O, =1.306

5

vinWangudie Tenvesaums lunreamsuuainaeialifoglugl Cascade form
Hyp(s) = H y (5)H ;5 (5)

9
Tumowvos  Hy, (s) mwnsodaaumsvisanmsuazdan 1Weglugddmiums

Yo

= o = =1
wladluaflesthamanssndIdeet
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a] [1 1 17 o 1 1 1 17
Q Q

=[2 0 -2/ || |=|2 0 -2 /

@ p o " : o
al |1 -1 1] 4 b| |1 -1 1|

¥ U T o r
lumenwes  H,, (s)@unsadagunisniaaesuazaiu 1egluzddmsums
¥
wlasluddief hamameind 1dsail

] [1 1 17 o8 ] M1 1 17 @2
Q Q

=2 0 =2 0 uaz | b |=(2 0 =2 y

% 1%, | 0,
a,| [1 -Lt 7 o] -1 1 1

4.6.2.1 N3QINITOONINIYINNINIBINYANAUT UAVHVTANUDMFNUOUND 4

: ' & 2
INAI19N 4.4 ff1m';'aﬂmuﬂmw1i1ma§(a,ﬁ,y) = (1,0,0) tns1zRzUYU

-}
Tumonwes H,, (s)no

o | PR1ES-HH e KaRsEs)> \\O JRoiestead 3 4o.98 sh

| =127 N8 | Miztatais S 0. |=|1.76368

dlg W0 NN RO TSI 0 0.88184

% PA N B 11 1 [0.88184][ 3.61764
e e\ 4o 0 %3 Q%l 2 (@S| T 7358 =4f0.23632

BN st TS SN 1 | | 0.14604

da 1 o = 0 1
WanduaieTenuvedrsvsnyesdyqauFuavuuunnudawiu A, (z) o

0.2385+0.4769z7" +0.2385z"*
1-0.0639z7" +0.0177z72

H,p(z)=

-}
Tumenves H,,(s)fo

a, 1 1 iM& 1 1 1 (0.88184 0.88184
a =12 0 =21 0|=|2 0 -2 0 =11.76368
it 1 =1 10 1 -1 1 0 0.88184



] 1 1 17 € 1 1 17[0.881847 [ 2.60094
s bl=l2z 0 -2 Q% =2 0 -2| 07191 |=|-023632
b [1 -1 1| "7 |1 -1 1 1 1.16274

a1 @ a {o 1
WeandudwTouvessrsnsosdyanauFuavuuunnudadiu H,,,(z) fio

0.3393+0.6787z" +0.3393z72
1-0.0909z7" +0.4483z72

H ) (2)=

¥
e CY

da LY a {o 1 o e
Asiuandun 1 Touvee993 nsesdyananFuavuuUANNDAFHIUE UAY 4 AiD

H,p(2)=

0.2435+ 04871z +0.2435z7% 0.3393+0.6787z"' +0.3393z2

X
1—-0.0653z7" +0.0394z72 1—=0.0909z7" +0.4483z72

0.0826 +0.3306z~" +0.495927° +0.3306z > +0.0826z

H —
AP T ATY PR AT Y TR e

4.6.2.2 NINUMIVONIVLINNINTBITUR B UVHUUANUDFIEUBUAY 4

1 ¥
INAITNN 4.4 mmiﬂﬁmuﬂmwmmﬂa;(a, B.y) = (0,0,D) im51¥nguu

=
lumenwes H,,(s) Ao

0 I A i o= = 1 170.881847 [ 3.61764
s Bl=lz 0 =2[% 0 1=[2 0 -2| 17358 |=|-023632
bl [t -1 1] 7|1 -1 1 1 0.14604

S w a { '
Wandunie lenveanesnsesdyanaduauuuuanudgakiu H,, (z) fio

0.2762-0.5524z7" + 02762z

H. . (2)=
e (2) 1-0.0653z" +0.0394z 2
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|
Tumewves H,,(s)fe

[a, I 1 170 [t 1 170 1
a (=2 0 =-2]0|=|2 0 -2]0|=[-2
a,| |1 -1 1 1] |1 -1 1|1 1

B 11 1 @ ] [1 1 170881847 [ 2.60094
uag =2 8 =3 Q% =2 0 -2| 07191 |=|-0.23632
1L =1 1 Yo 11 =1 9 1 1.16274

dao o a a 1
WenduaiaTouvos19asnses VATUTIAVVVANURGINY H ) (2) D

0.3848-0.7696z " + 0.3848z>
1-0.0909z7" + 0.44832 2

Hipy(2) =

Y
Y

o a J a a < 1 @ w
muuﬁaﬂwmﬂiﬂummum'ﬂimﬁt};ﬂymmmmmummaqqmuﬂuﬂu 4 ﬁﬂ

H 57 0.2762-0.55242z7" +0.276227 03848 -0.76962 " +0.38482"
- 1-0.065327 +0.0394z > 1=0.0909z™ +0.4483z

0.1063 - 0.4251z7" +0.63772z72% = 0425127 +0.1063z*
1-0.1562z7" +0.49372 2 <0.032827 +0.01772~*

H,(2)=

4.6.2.3 NIINMIVLNUVLINDINTBITYANMUTUAVIVVUOUATINDAIUSUND 4

{ o 1 = o :’1’/
210015190 4.4 WITEMNUARIWITINRDS (asf8,y) = (0,1,0)n3i1znsiu

=
Tumewves H,, (s)fio

(a1 1 1 17 o ][t 1 17 o 1.7358

sl={z2 » -2 Q/Q; =2 0 -2|1.7358]=| o

o] [t -1 1] o | |t -1 1] o | |-17358

5] [1 1 17 Q5] [1 1 17os8184] [ 3.61764
ua Bl=|2 0 -2 Q/Q =[2 0 -2| 1.7358 |=|-023632

LA N R U AR N N 0.14604



da 1 @ - a
Wenduae louvoar9vsnsosdyaauFuavuuuio uANNaNIY H,p (z) 7D

0.4803 - 0.4803z
1-0.0653z7" +0.0394z

Hy(2) =

A
lumenves H,,(s)fe

fay] [1 1 17 o I @ 7 0

al=[2 0 —2{QOQ2 =12 0 -2[07191]=

a] |1 -1 14 gl 1] 0

b, W 1 11 170.88184
g W RN Q%j L A2 NN | =

A [T b S §—sT7 |

da 1 @ = {
WandudielouvesiesnsosdyanaduauiuumeuA NI H ,,, (2) fio

0.2758 — 0.2758z
1-0.0909z7" +0.4483z7

Hppy (2) =

¥
o

_©70.4803 - 0.4803z \ 0.2758-0.2758z2
1-0.0653z7" +0.0394z72  1-0.0909z"" +0.4483z2

H,y,(2)

0.1325=0.2650z7% + 0.13252™
1-0.1562z740.4937272=0.0328z"> + 0.0177z*

Hy,(2) =

4.6.2.4 NIGINTONUVUIWINTBITYRNMTURUULLMTAUEUANNDTUGY 4

NNAITNT 4.4 safmUamWISINes (@, B, 7) = (1,0,1) Ins1zne

=}
lumenvos H,, (s)fio
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0. 7191
0
-0.7191

2.60094
-0.23632
1.16274

o @ 1 o = {4 o a
wiueAtunie Touved99snsesdaaouFuavuuulo UANNAHLSUAY 4 A

s

v
s

U
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a] [1 1 17Q2] [1 1 17088184] [ 1.88184
al=[2 0 —2f0|=|2 0 -2]| o |=|-023632
a, 1o -1 1| o1 1.1.88.84
b] 1 1 17 @ | 1 1 17o0s88184] [ 3.61764
oy bl=l2 0o -2 QOQI =2 0 -2 17358 |=|-0.23632
5| 1 -1 1] 7 1 -1 1| 1 0.14604

WanduaeTouvesisesnsssdaanauduaviuuisauoun iy B (2) &
] BS1

0.5197 —0.0653z7 +0.5197z >
1-0.0653z"" +0.0394z72

H s (2) =

=
Tumenves H,,(s)fe

o\ | Bl WO ] B N~ 1 B8 S 188184
af b= 12770 | @2 N0 J=[ 20 0>+ 2457 0% ) | =1 -0123632
a2 TRl \oPy(/ 1 1\ ¥Ft=/1 1 | 1.88184

(5] 1 DY @] T CL e To:88184 T [ 2.60094
une b 12T 1 2 9%2 =12 0 =2| 07191 {=|-0.23632
2

N

YN O T [ 116274

da 1 [ a o @ {
ﬁaﬂ‘mmﬂammqw5ﬂ'imﬂtyﬂymmmmmm’mmmummﬁ H,(2) flo

0.7242 —0.0909z "+ 0.7242 2>
1=0.0909z"" + 0.4483z72

H 4, (2) =

o & da 1 [ a o {o W
anfulsnduate TeuvesnesnseadyanauFauauiuumsauauanudsudy 4 fe

0.5197-0.0653z"" +0.5197z7  0.7242—0.0909z" +0.72422

H..(z2)= X
as () 1-0.0653z7" +0.039422 1-0.0909z7" +0.4483z 2
0.3764-0.0945z7" +0.7587z72 —0.0945z +0.3764z™
Hys(z) = 3 3 =3 =
1-0.1562z7" +0.4937272 —0.0328z +0.0177z
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L.

4.6.2.5 NIAUNTLNUVYIIVINTOIT YA T UAVUVVHIUNNANNDOUAN 4

NNATN 4.4 mmmﬁmuﬂmmﬂﬁmaif(a, B.7) = (1,-1,1) msizazuy

=)
lumowwves H,, (s) fio

G

Q;
a1=20—2~Q/Q]:20
1 1 -1

(5,1 1 1 1188 11

wag b |=|2 p~on Q%,:z 0
=1

b, | AT 1LY V-1

o 1 at a 1 a
Wandune Taure419950504 YYIUBADVUVUA NN H ,,, (2) AD

0.0394 - 0.0653z" + z7?
1-0.0653z7" +0.0394z72

H 1 (2) =

-
Tumenves H,, (s) Ao

[ag)]. [1-ad” N1 B £ 1
¢’ls|2 S B[0P -2 1p
UGS SN S A 7Y
5 NN el Q| 71 1
oz B | =] NN Q% =123 "}
5] |1 TSRStz

1 | 0.88184 0.14604
-2||-1.7358 | = -0.23632
1 1 3.61764
0.88184 3.61764
=2 1.7358 |=|-0.23632
1 0.14604
1 ][ 0.88184 1.1627
2| -0 TOW £ | —0.23632
1 1 2.60094
0.88184 2.60094
217191 |=|-0.23632
1 1.16274

dao 1 w a ' o
WanduaeleuvesdsesnsesdyarouFuaviuuiunaanud H ,,(z) fie

0.4483-0909z7" + z72
1-0.0909z7" +0.4483z72

H p,(2) =

9
@ W

o 1 o a ] o o
Aniuilandudis TouvesresnsesdyaauFuauuuurmunnaNuATUAL 4 fi
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0.0394 - 0.0653z7" + z72 y 0.4483 —0909z 7" + 27
1-0.0653z7" +0.0394z72  1-0.0909z7" +0.4483z7*

H,.(z)=

0.0177-0.0328z"" +0.49372z7% —0.1562z> + z™

H olg)=
ar(2) 1-0.1562z"" +0.4937z72 —0.0328z~ +0.0177z"*

4.6.3 AI0LNNITBONUVYNVINTBITYANUT I VEIINUN n=6
=y Qs = d‘ YV a %)
wosanmsudassesnsesdyanaudgluiuainauns luaien AlFduuuududy
" =] o ' =1 @ a v @ W o
i dudwang hlilwssnsesdyapaduavsudvau 6 Tasdmuald £, = 60Hz,

f, =250Hz, Q, =0.517, Q, = 0.707+0;=1.932

¥
aativoe 1a < tan[ﬂi"*}

&

Q3 tan(_) =0.9391 rad /s

Q 1 () é L% L}
nnflandunioTouvesaunis luaseamsmsingeialioglugil Cascade form
Hy (s) = Hoypy (8)H iy (s)H 5

b
Tumewwes  Hy, (s)amisadagumsvisauauuazdiu 1deglugldmsums

¥
wlasludAdieshamamasnd lanasl

a] MNNT'S b, A N /1

Qg Q
a =2 OND2 ﬁQ/Ql woe | b, | =420 -2 Q/QI
a, 1 =] 1 y b, E ==l [ 1

-
Tumenves  H,, (s) aunsedaaumsisduavuazdin 1Wegluzidmsuns
Y
wasludflefihamamaind 18

&l [1 1 17 o 1 1 1

0

b Q
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Amplitude Response of Low-pass
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Amplitude Response of High-pass
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Amplitude Response of Band-pass
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Amplitude Response of Bandstop
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Amplitude Response of Low-pass

120

40

20

! I T I T
' H \ ' '
% : §ooommamaey S -
w ] ) ] 1 1]
il ' 1 I ' 1
o 1 . [ 1 )
y ' 1 | 1 H
z ' ' ' I '
=1 ' 1 ' ) i
' 1 ' 1 I
— ) 1 ] 1 1
' 1 ' ' H
e L D S mm = - ———— e
v 1 v 1 h
' ' | 1 '
' ' ' i '
' ' H ' '
H ' . ! '
H ' ' | '
' i ' 1 '
' 1 ' h I
' | H ' '
] 1 L} ] 1)
1 1] 1 ) 1,
b e e m G | S e SN .4 .
' V v | H
] L] 1 1 [}
1 1] 1 1 L]
I ' ! ' '
L} 1] ' L]
' ' ' 1 '
' 1 H ) '
' H ' . '
' ' ' H
' 1 d h i
- — -1 ! il L e g
S A T s L mm P— N S . -
) 1 ) L} 1
] ) " 1
' | i ' 1
] ] 1 1 1
H ' 1 | |
' 1 1 ! '
' 1 1 1 '
i 1 [} 1 1
' 1 ' H '
' : H ' ,
levawanwag o R, Vo s i s e s i g pud
V v v 1 :
' ' ' ' \
' ' ' ' '
i ' H ' '
' ' ' '
' 1 ' i
' 1 I '
) 1 1 ]
1 1 1 L)
L} 1 1 ]
i | i '
e Bt Limeanse E AT SossuTawad 2%----
1 1 1 1
1 I H '
' ' ' i
' ' '
' ' ' |
' , ' :
' ' ' '
' : H H
' 1 i '
' ' | I
1 1 1 1
= nn)} w b o™ o
o o o [

apny|duty pazijeusion

Frequency(Hz)

@ e 3

A o

4.14 Nﬁﬂﬂﬂﬁu'ﬂﬂ‘ﬂn'llu'lﬂﬂﬂﬁ?ﬁﬂﬁﬂiﬂﬂﬁfﬁiﬁ']mﬁ?’luﬂﬂ"lN'm'ﬁJ'Hﬁ‘U

it

Phase Respone of Low-Pass

Low-Pass

T
-y

caEE e . ——————

R T e el e

I

i

1

[
B e R L T

b Pl A ~ — 3 - e

AT — - = = BTl = = =

1
i
i
1
1
i
'
r
i
'
1
'
'
'
'
¥
'
'
1
'
1
i
'
'
"
"
v
[

B L b i

e

demmmmm--

e ————————

120

100

40

20

150 oot -2

100 f---=- 775+

1) SRR

1]

‘
|
o=
i

B0 f e

40 —

{aaiba)eseyd

Frequency(Hz)

3

MWIUDUAL

4.15 wansuueIMalavesI9sATETY R IUAINDA N

sl



113

Amplitude Response of High-pass
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Amplitude Response of High-pass
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Phase Raspone of High-Pass
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Amplitude Response of Band-pass
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Amplitude Response of Low-pass
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Phase Respene of Low-Pass
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Amplitude Response of High-pass
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Amplitude Response of Low-pass
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Amplitude Response of High-pass
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Amplitude Response of Low-pass

apnyjdusy pazijeuon

' " 1 ' 0 o
w R e ek e e rooeeee- o~
w ' 1 1 ' 1 -
@ ' ' ' ' i
o ' ' i ' 1
! ] 1 ' ' '
' 1 ' v '
el | _ ] . _
~ : i 1 : ]
' i ' 1 ' o
S S————— O —— bommimn e docecccaas Lcccmmen
v ' i . h =
1 ' ' ' ' =
' ' i ' '
' ' i i '
v ' " i '
' P " ' v
' " ' ' '
' " 1 1 [
i ] ' ' i
v 1 ' ' ]
' 1 ' ' 1
E—— i [ R — - -
v : : i : 8
' ' ' [ '
' ' i i '
" ' ' " '
' ' ' " '
' ' ' '
' ' ' ' T
' ' ' ' '
1 ' [ '
' ' [ ' '
I, A L =R fe—— & 5 b g oD o
v T W i i
' [ ' ' w
' 1 ' ' '
' " ' ' "
v ' ' ' "
v 1 ' ' 1
[ ' i ] '
[ ' ' " ]
1 ' ' ' '
" ' i ' '
1 1 ' ' '
- -—cica ) ——— lewoememcdeccansans PRSI B 0
1 ' i T ' -1l
. ' v ' '
Il ' v ' '
i ' . ' '
9 ' v ' '
V ' ' ' '
¥ ' " ' '
i ' " ' '
v [ i '
" 1 ' '
1 ' ' " o
I e L ——— mmeamaann qrmmm————— -
1 ' 1 ' ™
' ' ' '
' ' i '
' ' " '
' ' u '
' ' [ '
' ' "
' ' ' i
i ' '
1 ' v '
1 L i L o
o o o o

Frequency(Hz)

WU UAY 7

s
U

as

4.38 WNAaRDUAUDINNVUIAYBINTTATEITYYTUAI

sin

Phase Respone of Low-Pass

1 ! 1 I ]
" ' 1 ' '
R = e = === Prammsm e —. e ————— Qo=
' 1 ' 1 ' '
o ' ' ' ' ' '
v 1 i i [ '
o " 1 [ ' " 1
W [ i [ [ 1 i
[ 1 i 1 ' 1
o ' 1 ¥ 1 ' 1
=i ' ' 1 1 1 i
1 ' ' 1 ' v
— e Lmemmmmm e . fem = = R B
v v i v ] "
' v ' " [l [
' " ' " ' "
' " [ " ' "
1 ' " ' . '
" I " ' " 1
' 1 " ' " ' '
" [ 1 [ ' ' 1
1 1 " ' ' v ]
' ' ' ] ' v '
L LT o g S e Y b= s o -,
' " ] " ' i
i " ' [ ' [ '
' i ' " i 1 '
1 " ' i ' ' '
' ' ' ' [ ' '
1 ' ' il ' '
T 1 0 1 ] ' '
v ' ' ' v ' v
. ' i 3 i '
v ' " ' " ' "
IR . L -l (W AR e R L R
e b it o : B - 4-
" 1 ] ' » 1 '
() L [ [ ] ' "
1 ) ' 1 1 1
i ' " ' ' 1 '
' ' ] ' ] ' 1
' 1 ' 1 v 1
' ' ' ' ' " ]
' ¥ ' " ' . '
' " ' " ' [ '
boe — SR BT T S hacamee- A — Sl = =/ = S IR P g
i ] 0 " 1 '
' 1 ' ' ' ' '
i . 1 ' ' ' '
. ' i ' . ' '
1 P P ' i ' "
' ' ' ' ' ' v
" ' v ' ' "
[ [l i 1 " 0
[ ' ] i " 1 [
" 1 " 1 " ' '
[ i 1 [ 1 ] '
T e prem——- P Fem———— - - mm————— -]
" ' ] ' " 1 '
' v ' ' ' v '
' ' ' v v '
' . ' v ' " '
' v ' . ' " '
i [ ' " ' " '
' W ' [ ' " '
' " ' " ' ' '
' ' 1 " ' " '
1 ] 1
_ k _ | | i
3 ] Q\ °% y B 8 B
L0 L0
= = ' hope -
'

{aaiba)eseyd

120

100

40

20

Frequency(Hz)

s

1
o

AHIUOUAY 7

311 439 wareuAUBIMUNAVRIINIINTOITYYIWUAIID



125

7

a  ar

Amplitude Response of High-pass
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Amplitude Response of Low-pass
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Amplitude Response of Band-pass
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Phase Respone of Low-Pass
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Phase Respone of High-Pass
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Phase Respone of Band-Pass
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Amplitude Response of All-pass
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Oprk kbR kR kR K Proposed design technique *## ¥k kit itk itioiiok ok ootk dok ook

clc
fprintf("\n\n");

clear all

Himtmmmss CutofT frequency(fc)--------------------

fe=input('Enter Cutoff Frequency (fc) =');

fs=input('Enter Sampling Frequency (fs) =),

format long
Q1=0.707

omegaO=tan(pi*fec / fs);

%o------Pascal Mextrix/[p]essssssscessriseen
P=[111;

20-2%

1-11K

%---==-D(sX(T1)

BO=omega0"2;
Bl=omegal0/Q1;
B2=1;

Ds=P*[B0 B1 B2];
b=Ds./Ds(1)

NsaLP=P*[B0 0 0]'/Ds(1)
NsaHP=P*[0 0 B2]'/Ds(1)
NsaBP=P*[0 B1 0]'./Ds(1)
NsaBS=P*[B0 0 B2]./Ds(1)
NsaAP=P*[B0 -B1 B2]'/Ds(1)



%----------plot Amplitude Respong--=-=-=========-=-~ %

Yo---mmmm- Lowpass
[h,ql=freqz(NsaLP,b,512,fs);

figure(1);

plot(q,abs(h),'b")

legend('Low-pass");

title('Amplitude Response of Low-pass');
xlabel('Frequency(Hz)');
ylabel('Normalized Amplitude’);

axis([0 f5/2 0 1.2]);

grid on

hold on

% highpass
[h,q]=freqz(NsaHP,b,512,fs);

figure(2);

plot(q,abs(h),'b")

legend('High-pass');

title(' Amplitude Response of High-pass');
xlabel('Frequency(Hz)");
ylabel('Normalized Amplitude");

axis([0 fs/2 0 1.2]);

grid on

hold on

[h,ql=freqz(NsaBP,b,512,fs);

figure(3);

plot(g,abs(h),b')

legend('Band-pass'),

title(' Amplitude Response of Band-pass');
xlabel('Frequency(Hz)'");
ylabel('Normalized Amplitude');

axis([0 fs/2 0 1.2]);

grid on

hold on
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% Bandstop
[h,q]=freqz(NsaBS,b,512,fs);

figure(4);

plot(q,abs(h),'b")

legend('Bandstop');

title(' Amplitude Response of Bandstop');
xlabel('Frequency(Hz)'");
ylabel('Normalized Amplitude');

axis([0 f5/2 0 1.2]);

grid on

hold on

[ /AS— Allpass

[h,q]l=freqz(NsaAP,b,512,fs);

figure(5);

plot(g,abs(h),'b")

legend('All-pass');

title('Amplitude Response of All-pass');
xlabel('Frequency(Hz)");
ylabel('Normalized Amplitude’);
axis([0 fs/2 0 1.2]);

hold on

grid on

%---------------Plot Phase Respone

g == ssmmsimm s Low-Pass----==---=z-m--m---

[hLP,q]=freqz(NsaLP,b,512,fs);
RadLP=angle(hLP);
DegLP=RadLP*180/pi;

figure(6);

plot(q,DegLP);

axis([0 fs/2 -180 0]);

legend ('Low-Pass");

title('Phase Respone of Low-Pass');
xlabel('Frequency(Hz)")
ylabel("Phase(Degree)')
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grid on

hold on

[hHP,ql=freqz(NsaHP,b,512,fs);
RadHP=angle(hHP),
DegHP=RadHP*180/pi;

figure(7);

plot(q,DegHP);

axis([0 f5/2 0 180]);

legend ('High-Pass");

title("Phase Respone of High-Pass');
xlabel('Frequency(Hz)")

ylabel('"Phase(Degree)')

grid on

hold on

e i Band-Pagss=esessicecmsauaa

[hBP,q]=freqz(NsaBP,b,512,fs);
RadBP=angle(hBP);
DegBP=RadBP*180/pi;
figure(8);

plot(q,DegBP);

axis([0 fs/2 -100 100]);

legend ('Band-Pass');
title('Phase Respone of Band-Pass');
xlabel('Frequency(Hz)")
ylabel('Phase(Degree)')

grid on

hold on

Ypmmmmmmmmmmmmmen Band-Stop----------=-=--=--m-
[hBS,q]=freqz(NsaBS,b,512,s);
RadBS=angle(hBS);
DegBS=RadBS*180/pi;

figure(9);
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plot(g,DegBS);

axis([0 £5/2 -90 90]);

legend ('Band-Stop');

title('Phase Respone of Band-Stop');
xlabel('Frequency(Hz)")
ylabel('Phase(Degree)')

grid on

hold on

[hAP,ql=freqz(NsaAP,b,512,fs);
RadAP=angle(hAP);
DegAP=RadAP*180/pi;
figure(10);

plot(q,DegAP);

axis([0 fs/2 -180-180]);

legend ('All-Pass');

title('Phase Respone of All-pass');
xlabel('Frequency(Hz)")
ylabel('Phase(Degree)")

grid on

hold on

Y =mmmmasmmnan Pole-Zero in Z-Plane------=--==-=----
Wrmmmmmmmmes Low-Pass

figure(11);
zplane(NsaLP',b');
title('Low-pass');

legend('Zero','pole’);

% High-Pass
figure(12);
zplane(NsaHP',b");
title('High-pass");

legend('Zero','pole");
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i Band-Pass:

figure(13);
zplane(NsaBP',b');
title('Band-pass');

legend('Zero','pole’);

% Band-Stop
figure(14);
zplane(NsaBS',b");
title('Band-Stop");

legend('Zero','pole");

figure(15);
zplane(NsaA
title('All-pass");
legend('Zerc
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Abstract: This paper presents a design technique for digital filter design using Pascal matrix operation for s-z
transformation. The s-z transformation that used is bilinear transformation, so the obtained Pascal matrix called bilinear
Pascal matrix for s-z transformation. The standard analog transfer functions of biquad filter prototype are used to idea
of proposed design. The proposed design technique can give various frequency characteristic of the obtained digital
filter transfer function without any frequency transformation by s variables, only some setting of parameters that called
biquad-parametric technique. This technique can reduce the computational complexity, which occurs from frequency

transformation matrix in previous design method.

Keywords: Pascal Matrix, Bilinear Pascal Matrix, s-z Transformation, Biquad-Parametric

1. INTRODUCTION

The bilinear Pascal matrix for s=z transformation is the
design method for [IR digital filter by mapping from
analog transfer function prototype to desired digital
transfer function. This method is very easy to transform
from analog coefficients to digital coefficients using
matrix operation as proposed in [1-3]. In addition to use
s-z transformation by the Pascal matrix, our previous
work [2] also use the frequency transformation matrix
for frequency transformation from lowpass to lowpass,
lowpass to highpass, lowpass to bandpass and lowpass to
bandstop frequency characteristics.

In proposed biquad-parametric technique can perform
the frequency transformation  without using of any
frequency transformation matrices. Using of standard
biquadratic transfer function in analog domain, we can
use the properties of biquad transfer function to setup
some parameters to control the frequency characteristics
to lowpass filtering, highpass, bandpass and bandstop
filtering. Moreover, the allpass filtering can be obtained
from this technique. Design examples and comparison
between the previous design and proposed design
technique will be shown. The Butterworth digital filter
design will be considered for examples.

2. BILINEAR PASCAL MATRIX FOR S-Z
TRANSFORMATION

Consider the 2" order transfer functions in analog and

digital domain, respectively.
2 =1 -2
Higek +AIS+A232 and z/(z) =_a£ﬂlz__l+az_z_z (1)
B, + B/s+B,s by+bz" +b,z

The important relationship between s-z transformation
using bilinear transform is

-1
5= :;, @
Z

2270

Replace eq. (2) into analog transfer function in eq. (1)
and using the binomial theorem as referred in [1-2].
Therefore, the relationship between analog coefficients
and digital coefficients will be as follows,

o} [t bl g fedp i 0 17 3)
N o TAY e hi=2 0 2|58
a,\ [ la/LAlil54, 5 R {14 13

From eq. (3) shows the bilinear transform matrix for 2™
order systems. The details of higher order of bilinear
Pascal matrix formulation are shown in [1-2].

3. THE PREVIOUS DESIGN METHOD

At first, the normalized analog transfer functions must
be scaled the frequency by replacing as follows,

e Qi for lowpass to lowpass (4)
.
Q.
5= for lowpass to highpass 5)
s
2
+ ;2
. s for lowpass to bandpass  (6)
S(QC‘Z . ch )
= M for lowpass to bandstop (7
sT+Q,Q

Hence, apply bilinear transform by replacing variable

s follow by eq. (2) in the new transfer function and using

the relationship between analog frequency and digital
frequency is

Q=tan 2l (8)

For computation efficiency, the two transformations
can be combined into one as follow,

-z~ @,T o, TY1-z""
5= — / tan = cot| —— ~
I+z 2 2 I+z71
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give T=1/F, and: @, =27f,, it can be got

v (g N L _ -l
S:cot[ﬂfc -z = -z
fo A1+z71 1+z71
This is an example for analog lowpass to digital

lowpass transfer function. For the others can be proved
in the same manner which can be summarized as follows,

o= cot(ij;] 9
£

-1
LP=>LP _1-7_

1+2z" _r
-l
LP=>HP s=k:+z_l ;k=tan[”_ﬂ] (10)
= J1-z7"  A14+z7!
LP=>BP ;-3 _+k . (11)
1+z~ L=z
LP=>BS 5’/5[1_2_i+£]+21] (12)
1+2z7 1-z"

where & = k,k,and ¢ =1/k, -k by k) = tan(z f; #£) and
ky = tan(7zfyy / f;), respectively.

Therefore, in practical we have to use auxiliary matrix
for frequency transformation before using the bilinear

Pascal matrix for s-z transformation again to complete
the design [2].

4. BIQUAD-PARAMETRIC TECHNIQUE FOR
FREQUENCY TRANSFORMATION

The standard form in bigudratic equations for lowpass
(LP), highpass (HP), bandpass (BP), bandstop (BS) and
allpass (AP) filtering are shown in [3-4]

We can improve all equations to one equation and
only some parameters setting, we can achieve the desired
frequency response of the digital filter without using of
frequency transformation matrix. The biquad-parametric
equation can be defined as

o2 +ﬁ(9ygjs+;sz
Ql +[QyQ)s+sz

Table 1 shows the value for setup the parameters in order
to determine the desired filtering output.

H(s)=

(13)

Table 1 Parameters Setting of Proposed Technique

1
Hpls=—— = (14)
a,s" +a, 8" +..+as+l

This can be factored into cascaded second order form as

A
Y ; RN R— (15)

2
i=1 az;s ~!-a|,-5‘+a0,-
where 7 is even order

For example, n = 4, the 4™ order biquad analog filter
can be factorized by using following expressions

QZ 2
Hip(5) = — 2 2 (16)
52 +[°}S+Q§ 52 +(J)s+§z§
o 0,
2 2
Hon(s)= QS x QS (17)
s? +{—9-)S+Q(2) s +[J]—]s+Qf,
o) 0,
| 0,
Hgp(8) = Q X ) (18)
st w{—g}wrﬂé 5 +[—£Js+§25
O, 0,
2 2
+Q sT+Q
b, NI A 1/ 0 (19)

X
Q
82+ DU O st ) s+Q3
Q) 0,

where each O value should be used from Table 2. The
separated from pole location that can be found in [4].

Table 2 shows the O value for each of the Butterworth
poles in order to definition of the Q value in each term

Table 2 O value of Butterworth poles

Type 24 )i

Lowpass Filter Design (LP)

Bandpass Filter Design (BP)

Bandstop Filter Design (BS)

v
0
0
1
|
I

Llo|le|—|e

1
0
Highpass Filter Design (HP) 0
1
1

* Allpass Filter Design (AP)

By determine the value of O in eq. (13) is 0.707, this
equation will become to Butterworth polynomial, so we can
compare the results between proposed and previous design
in this condition of Butterworth digital filter design.

In addition, we can use proposed technique to design the
high order digital filter by consider the form of Butterworth
transfer function in s-domain as shown in eq. (14)

2271

Q A\ Order 2”(1 4ffi 6’h 8”’
[0} 0,707 0..541 0517 0..509
[} 1..306 0.707 0.601
[0} 1..932 0..90
[e]] 2..508
5. DESIGN EXAMPLES

Consider to design of 2™ order Butterworth digital
filter in 2 cases as lowpass filter and highpass filter with
the cutoff frequency is 30 Hz and sampling is 250 Hz.

Biquad-Parametric: ¢ = tan ”_ch:()_3959 and all

cases are in the form

a] [1 1 17 2% 11 1 17 %
al=[2 0 -2||A(%)] |b|=|2 0 -2 (%)
a, 1 -1 1 y b, 1 -1 1 1

only (a,f3,7) parameters setting can give the desired
filter output as shown in table I.
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LPcase: (o, /3, 7)=(1,0,0)

a1 1 1 17015687 [0.1568]
a|=[2 0 2| 0 |=[03135
la, | |1 -1 1] 0 0.1568 |
(6,17 1 1 17(0.1568] [ 1.7168
and |, _l2 o 2| 056 |=|-1.6865
16, ] |1 -1 1] 1 0.5967 |

Therefore, the digital transfer function is

w=l -2
H(z) = 0‘0913+0.182j§_ +0.09 1_3:- (20)
1-0.9824-7"+0.3477:

HP case: (&, 5,%)=(0,0,1)

al [1 1 170] [1

g |<lz # =2[d|=]-2

KA L, =1 14 1

(6,1 [1 1 17[0.15687 [ 1.7168
and |, 1ol2 0 -2|| osbl=|-L6865

6, 1 <1 1| /] 0.5967

Therefore, the digital transfer function is

0.5825-1.1650z"" +0.58252"
H(z)= = = 21
1-0.9824z" +0.3477:=

In case of high order digital filter design , consider to
transfer function of 4”  order Butterworth lowpass and
high-pass analog filter in eq. (16) and (17) with the same
cutoff frequency and sampling frequency.

Biquad-Parametric: Q, = tan 75:3 =0.3959,0, =0.54

5

0, =131 and all cases are in the form

W11 1 e YN DA T
al=[2 o 2||p(%)| [a4=f2"02-2](F)
g) |1 A 1] o b, | Wl Bl 4

LPcase: H,,(s)=H p (8).H py(5); (e, 2. 7)=(1,0,0)

For transfer function of H ;p, (s) term ;
aq I 1 1 |0.1568| [0.1568
a |=[2 0 =2 0 |=/03135
a, 1 -1 1 0 0.1568
by I 1 1101568 1.8899
and| b, [=]2 0 -2]0.7331|=|~-1.6864
b, 1 =1 1 1 0.4237

The digital transfer function H ; (z) is

0.0829+0.1659z" +0.0829z 2
1-0.8923z7" +0.2241272

Hip(2)=

For transfer function of / ; ;, () term;

[a,] [1 1 1 70.1568] [0.1568
a|=|2 0 -2 0 |[=]|03135
la,| |1 -1 1] 0 | [0.1568
b1 [1 1 1701568 [ 1.4590
and b [=|2 0 -2{03022|=|-1.6864
by| [1 -1 1] 1 | |08546

The digital transfer function /  , (z) is
0.1074+0.2149z7' +0.1074z2

1-1.1559z " +0.5857272

Therefore, the transfer function of 4" order digital
lowpass filter is eq. (22), shown at the bottom of the last

page

H,py(2)=

HP case: H yp(s)= H ypy (8).H ppy (5) 5 (e, B, ¥) = (0,0,1)

For transfer function of H ) () term;
RS- T K+ 1

1 1 170.1568 1.8899
and | b, {={2 0 -2[0.7331|=|-1.6864
1B d 1 0.4237

.|

The digital transfer function ;) (z) is
0.5291-1.0582z"" +0.5291z*
1-0.8923z71 402241272

H oy (2) =

For transfer function of H ;p, (5) term;
&1L I~ 1 T8 1
ay|=]2 0 =2f0[=]<2

2| 41 @\ MY 1

bs 1T 1 _1.90.1568] [ 1.4590
and | b [=)2 0 -2]0.3022 |=(-1.6864
by |1 -1 1 0.8546

The digital transfer function of H yp, (z) term is
0.6854—1.3708z"" +0.6854z 72
1-1.1559z 7" +0.58571z 2

H ygo (2) =

Therefore, the transfer function of 4" order digital
highpass filter is eq. (23), shown at the bottom of the last
page

The transfer functions in eq. (20)-(23) are same as
transfer functions that obtained from the previous design
method. The amplitude responses correspond with these
transfer functions are shown in Fig. 1 and 2 and also
shown the higher order (6™ and 8™) transfer function that
use proposed design technique.
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Figure 1. Amplitude Responses of 2" ,4" 6" 8" order
Digital Lowpass Filter
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Figure 2. Amplitude Responses of 2" ,4™ 6™ 8" order
Digital Highpass Filter

In order to compare the computation complexity for an
order design, the previous design need 72 multiplications
and 48 additions to compute the digital coefficients
vectors while the proposed design technique need only 18
multiplications and 12 additions. The others order can be
compared the computation complexity as shown in the
Table 3.

Table 3 Comparison of Computation Complexity

Design | g oo Order | oni| gh | gih | gin
: addition 48 | 240 | 672 | 1440
previous ™ itiplication | 72 | 300 | 784 | 1620
addition 12 40 88 154

i multiplication | 18 | 54 | 108 | 180

Moreover, the different kind of Pascal matrix for s-z

transformation in case of HP transformation in previous
design method [2] is not necessary in case of the
biquad-parametric technique, the unique form of s-z
Pascal matrix transformation is used in proposed design.
Finally, we can improve the proposed design technique to
automatic scaling the value of by equals to 1 by insert the
constant / into the right hand side (analog coefficients)
vectors as follows,

al [1 1 17« 1M1 1 1)
al=l2 0 =2|p(%)] |&l=|2 0 2|/
a, 1 -1 1 v b, 1 -1 1 !
where /= 1
e
Q)+ %2+1
6. CONCLUSIONS

The proposed design technique can use to design the
digital filter from analog transfer function prototype in the
form of standard biquadratic transfer function into digital
transfer function. The frequency characteristic of desired
digital filter transfer function can be chosen from (e, 53, %)

parameters setting, The proposed design technique can give
results same as previous design method in case of LP and
HP type with lower computational complexity. In case of
BP and BS, this technique can work but still have some
limitations (due to the property of biquad filter) when
compared with previous design method.
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