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The designs of any high order RC active fiitérs always -
result in higﬁ Q factor yielding high sensitivity and make it very
defficult to be realizable. This thesis deseribes the various design
techniques of a multiple pole analog filter satisfying the same
specifications as both MUCROMAF'(multiple—critical-ro;t- mé;;mally-flat)
and MUCROER (multiplefcriticql-root—equal—ripple). The importag§' .
feature of this new design is the reduction of its Q fac£6r as desired.

The recursive digital filter using the analog ‘to digital -
transformation principle cannot adjust its cut off poihts as reqﬁired,

in ‘this thesis howerver, the new Chebychev filter has been developed

to give any desirable cut-off points. “ N
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the transitional Mucromaf-Mucroer filters)
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filter with adjustable cutoff-rate) -
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©.¢.¢€ ININIBVAWAUANTAUAR (Elliptic Filter)[i,2,5,7,10]
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FuazWnanausuoveewn WA Lags W L Soudfigadl w=0 FogUil w.e 3
.25 ININSBVAIINDYNA LABIBY (Legendre Filter) [3,6,8]
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response) ifearwigeiu  Tasfazinarwdu o e uinfmesngeni1eavivasnssy
- ~ P P =
20niin 1was 195 Uniuadalatauedinaseonuuuided a.a. owee MUl b.¢ o Auane

tSoufioufiulininesils o Sudulfuafiu

©.¢.0 IATNTEvAIWHUARRIAUAT  (Least square Filter) [12-15]

ad o = N N
l\:.lu'l\]'*lﬁﬂ‘iﬂvﬂ'l'ulﬂﬂ LTUﬂdﬁﬂ']Uﬁﬁﬂ']? fondss iamaiRananafiodss Lanlan

- rs (3 .
quAs vesnsovdss imibasinalnudu o uSiamimeangy uazan gyt Fuve vl iamav

L) 1 - | L] ] -
gungaiygruasunnnvevla tnesLds Tﬂuwa:tﬁﬂﬂﬁuunﬁuwﬁuﬁmmqmﬂau U w.¢ ¥
v

w.«< O Factor

. P -~ -~
2vasnsavwvugvmwdni  tiavasdvasnuuy v ey lugivaaud

d . & (] ] ~x
Tamuintheminafu  duteynaven infflesangavarudfazgnansemmun Fgil w.wn
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Uaz w.o ¥ UanNANUEIENT SMOUALB YABAT N TUEN N INTDVEINAI AN BHAUINI SN TR A
L] . - 1]
#enamzlsziunvonsfyagen (A ) Aot foenud 1fur dvezi3unanfuna
" v. ' - ’

5 Touunm (wr) nﬂﬁnﬂnﬂunnnﬁvTUaﬁﬂﬂvﬂuﬁ%TwuuuW1:ﬁuﬂhnﬂﬁmmﬁmaana:aﬂav 0 H

- 1 J L] L]
wfimwdgniiveuu W w1mﬂQﬁnﬁﬁQQEvﬂﬁw01uﬁhwﬁﬁmmqmn:anﬁh 0.707 Ar

L] L] .l L] 1] -

rmwiwenaifleggenaa wrmazt%undqﬂﬁﬂuﬁﬁhaaqu nfo W dugnauiingants

ll. , L] l. . =} L] -
flagatnin W Az t5un2muiitmeavnmee Wy TAWAIIMIN ) uAz Wy LFon

L] L .

2uvudn (Bandwidth) #nsrsugeva LS lawuinsuuusa L 3unaa (Quality Factor)

° L] ] L]
n%o Q 2ovIvas oroffu Q ﬁvtﬁuawuﬁuuﬂﬂvﬂdﬁna:tﬁunwav1yﬂ1ﬁaﬁmmﬁm Q dvgeiniila

- [ ] 1 A’ 1 f A - [ 4
MRz L Bunvavivasneawdntwwaniu iy Q. #wasntfuu i Tusunasiadrail

<[> $r
B
n%o B = Wr
Q
Y
Pass band
[ 2 stop band
- A0
f
c
v wuuin (B)
2|
E
. 1 A
r .
0.707a
r
- ~
Do Y Yy
3U 2.6 n) 1v75nsavuuuﬁdvﬁdﬂuﬂﬁmmwmdﬂu

' ”)
) ANYNEANSABUTUENRBAI WD
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w.90.0 3iuFUDanD3fin (Remez's' Algorithm) [5', 8]

Qunisuszunaitendu g(w) irT’:u'W\m"?iu f(w, l()ﬁ:‘j'n"uﬁ’\nﬁ'lffu n Tau*ﬂ_

b 1
£W,%) = 120 x,W
aufiaRanandf]
e(w) % T(w,30-gW
Wil ln w = (OIS R
X = (XppXp)eeseonX
ui £ (w0, %) ) <k, &t
g(w) = g(w,)
e(w) = e(wj)
uaz Elug,xy) - gWy) = g (2.1)

il ayITNe W <o 0,0, < .
unil wjtﬁumaqs nI W<, Wy 1S e Wy
* t
Tneil i aN0,¥s....H

j = 0,1,..... n+l
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CRUREY
n
f(w,,x,) = et
i1 o 52
umy (w.e) 3t'ln
n 1 j .
b s - s = ol o
1=0 1 J 3

- . -7 .
Wuﬁﬁﬁsniﬂuaﬂwavﬂﬁuadtﬁﬁﬁu (ot2). 9pwBy Wj(J=0,1,...n+l) UNHUANYBN
W ussun1g (w.w) Jasfaunqs18viau (Simultaneous Linear Equation) aff
aun1sifn linsuan (unknown) gy 12 gauivifiu X5 ey (M) awues E ey o a0

MAWNs (o) z@ouluguavumsng (Matrix) lagofl
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! 1 2 o - - .
0y Wyeerere Wy XOT g(wy) A 1
1 2 n
l U)l wl e e s s (.Ul Xl g(wl) -'l
, - .
1 _..2 n - \ '
1 WL e On x g(wn+1)~ (_1)n+l ‘
L - e = o = L -{
n3n
r 1 2 n gzl S l
1 wo wo ....wo 1 X, g(wo)
1 2 n
. 1 wy Wy RN -1 X, g(wl)
3 ) ¢
(2.4)
1 2 n | o~
Lo oy @pgee gy 1) By ACHEY
L - L S e d

tn (‘);1) wpunasLSennauuey o, WATvuen uaznnnduusy (5(1)1;(1))
1 J

Taulyin1a8801udfy (Gauss Elimination) unaunis (w.«) Inaananaviiv fl(go_,x(l))

ATnuunfiumansllaanfananmioefigalundousn  a1m Sneisdiu (Iteration)

° . N ' 2 & .

afurn linvlalasn muanhunusyeenay wj( ) afviigevinglagniainahuningnoenues
1 (1) » [ ] -~ . L] .

{£  ,x "’ ,-gw)} WA ¥ANAUTBNANNTS LAV LTUAY Lauan1S (o.<) Iny  nhusv

> [ 2 (-2) [ Y
WRuafufiunouusnTaonasunaunas e lnle (}_(( ),E y fisennanvity £(2) (w,x@))
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n:ﬁmw"]n'l-sﬁmawv_m?’m Snaunsvivivafodl m  dvlnaBanann {f(m) (w,x(m))—g (w)}

1] L »
fiou~nuavuonadu mafunasndv i sSafuueanssiiv: Tauinslunsaus (}_gm, )

am¥ulungtnust] E it o uaz gy = 0)  @nitBnasunaunisifeiau

anretutssand 19 in1a880 wwduuazuanvlwa~a1n (Flow-Chart) dm¥unanadudss

mia w3 Luaueana3fiy éjxa-j'dﬁ .
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(Technique 1 : Adesign for the additional members of the transitiomal

Mucromaf~Mucroer Filters)

n.e UNUI =

» [ 4 > e » v
MasnTavAmiLuULaafRazuNEI v le  Aswi e Lne sAuuEeY (Second
: ] [ ] l' -~
order filter) UIRBUATLAR (cascade) fuitihuaiug lanurasamazusznounioguey
TwaBvreu (complex pole) wawmsudiWesfivndu(Transfer function) uazazi
"] (™ (A - U a9 %
Iwaaygniivuazg 1fod inaiiu ﬂvtsﬂtsun1ﬂTwaﬁnqﬁ (critiaql complex pole) #n
-8 1] .l’ > ] 'w -~ L d L4 L4
A1 Q gvnﬁﬁTwaqﬂuq prnnﬂ1a$1v1ua0uﬂhﬂ1ﬂ0ﬂnuazuiﬂﬂﬁgv (avannaavlugunaa

ﬂﬁﬁﬂtaﬁusnﬂwgv (high stalbility) uagn1IRs NN stuuafinavdau tiuen sefine
[ r

flureaulamietSanan Q Taunsmamsud e s handuf Laedly LAuAn S Ingy

. . - 1 L 4 1 . ) 1
uranAn Q avdhendunarimaunlalautfoeilu ity (Optimization) usfludiuise
° "I -~ L] L] ] - _‘ l. - - L] L] -
a*muafvndulasyrvuuusunied tw11:umazﬂwnﬁuwuaqﬁhﬁﬁaawﬁiutwﬁuuaztda1nu1uu1
Yoy ¥ ! ° g . & °
Hlaflg iauauyrarudnnudvawismiatmeulasgrvuuuey  wunawfniussn munIng
7
. ' [ ] e ~ 8 o ]
Tudosfulny  dvnauant® indeuTn®Tufoa (Anlugaviudugie ualvan Q fivnatuin
>~ e > ] . [ (
1Jumusn Premoli [16] lautieauuamaufinlnizevnisanainultisvfainasnionisifiu

St Twagingauieenuuufia ian 3 iny e wu fe ylasuurd (MUltiple~Critrical-R0ot~

MAximally-Flat) uazylnsie93 (WU1ltiple~Critrical~ROot~Equal~Ripple)

11579 ff alasTutn (Stojanovic) uazwWflada (Payloyic) 1n
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tauauwndnuéuuu:uﬁLmﬂﬂﬂn1sabnuuu1vasnsavﬁﬁﬁuﬁd€uamauﬂﬁ1é%:najvqTnsuuwua:-
ylasiees [18] inetiantdvlnunsle5iusieanasiy dowaflalnrvasnsovmwiiie |, .

.

. * ’ © e : . . > ' *
sutsznavylasuutuazylnsiasd uarens (Furtudvavsnuroanafuln i fusaenlugu:
.. -
Houdyn
1 N & > °
wvnuseevinatianasesnuuulumtl  Nifleeanuuuln tfustuusenaduly

dﬁuﬁﬂuﬂmmwmﬁﬁﬂmﬂuﬂﬁs:n{ﬂvqTﬁsuuﬂua§q1ajtaafﬂsuauusdhﬂn{ﬁ?u [18] Taufl

.o s ] . -
qﬁuﬁuuaﬂnﬂuiuunun1uﬁm@1ma:aﬂavwa:uaﬂ
a.0 AT8BNUUY ’

nmusmsuF L e s nFuiussnaunae Tnafonun  (all pole) ‘laifiu

1 1

2 I m (3,1)
+87/, )y 1T clys/si)
W i= '

s/ (58

7
Toei po tiuetuuimvesTnagings
m 1Tuswauddifalna (simple pole) P S=Si (1=1,2,,..m)

n =2y ThuEnSivausvewmud e s Hvndy

amAlnlughs (Modulus) w_ veNlwadngaluiii o itaz b = 2-1
oc c /QZ

AuN0ynEuAIT (Magnitude square) wovlwdTuifualw)iy
2 _ 4 2, .1 2 2
6 W%e) = (w'~h w'Hl) Av,m—v ™) G.2)

Inei ‘ .
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v m-v
.2 21 ™ 2 (Vi)
Av,m_v(w ) = 150 a,w”” + aifl By @ (3.3)

#8373 (summation) #f o uaztnf w Tumunas (nee) 3TiInaTuiluagy.
AL 3L Seunnfigafign 1 SRy (Maxinally flat at origin) wazAuan L Tuagu

ﬁlﬁﬂﬁhTuddudﬁuﬁmmwm (passband equal-ripple) AWK
(da v = m, Gn(mz,e) z ity TasuWinaTluidos
da v= 0, Gn(m2,€) ity lastoosInaTudua
qmauﬂﬁﬁtﬁﬁﬁvgﬁﬂsuuwuangnsLaa§ #a Tnaluiduadwnalasan Gn(wz,e)

Tunsiil VA0 uaz m#0

e 3nBvA N AU UduEnTA L Auuud Ty LanAnalaean [18] unlumunfinus

»~ . °
aﬁuﬁaﬁuwsnﬁa:uﬂvvasn13vm11uﬁﬁﬂ§ﬂqmauﬂﬁ1wnnq uuuﬁ%tawﬁuaztavﬂ fuatudrel]

. @.e.e lunsfinmuann h, AaduUszand (coefficlents) T A a& il
wdvImusuiSoufl w=0 sreglugy § !
-~ ao = }+€2 N - i
a, = -% (+-1)h a, - %-(2ﬁ41*2)ai'2 ‘ (3.4)
Taui i=1;2...v.
e aj =a,, = av;z = 0 luwwnzifortumuiacddn loss 4yau 10 log

(1+£2)db i w=0

-

e ey o 2 . i .
a0 FdulsRnEtlaigangn mv davee AWT) wlRannT s ety 1t
(Reme # interation) Taun‘munsiawipuennfy pevil dn Toudla .

0<w.<W,Sovee W  <W
.12_ 27" o=V  m-vl
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a3 naunisLqunse X
m-V 2(Vv+i) Cj v 2i
z av+im, = ) - % aiw, (3.5)
i=1 J (w.-h w, +1) i=0 J
J ¢
Toeofl 3 = 1,2,... mv
a1 Cj = 1+e2 nie 1 aﬁuﬁuiﬂ1uuﬁa:auﬂ11ﬂtﬂuLamﬁua:tawﬁ
A" Qc n1laanauuiius '
G (wz. € = 1 (3.6)
n m-V+1’ At :

ian 3 wadumesisduannasfl (n.e) teafazla s amERiinownis

L] v - - 8 J -~ 2 ° L]
a.n BUINITEBNUVUURENANISEENUULY  wawms T WALl e%=1 ahunuy
* g~ par » ' “
vavlwauazan Q #ulu « was p=2 lunsfiinevaismfensfiduuquassufud  usavllu.

d iy o o a * =
A1INA o Amwdfyammeongmalniu o 13 LHuu/Aund

P
W a.o LAz .0 uEnwHARBUTUBNAIWFNLRudyn (loss response)
] * ) L] - Ll - A o -~
nEIRUEgRLass Ungaigganaskansusuaen IR Lasuaav Tugiil a.a Teontmunln

e=1 (uaﬁﬂﬁu‘lusjwudﬂua‘nﬁy'xmwhffu 3dB)
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ddq ¥ L L . Q">
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Tavaslosutaveiwd (fre uency trxansformation)
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.9 79 1d

Nomrafiloiuluthyiu orszuvvawlusias (Process)  Tuunuiaan azuuv

s

17 w uuufe .

J ! K -
€.9.9 ﬂ@mﬂmwﬁﬂdquﬂaLdavwﬁvunutdan n3e Mounweunasn (analog signal)

ﬂmnﬂqawéﬁLﬁuﬁhgﬂuaﬁn§uﬁm@1mU1:Lﬂﬂﬂ#ﬂ&ﬂﬂﬂﬁﬂﬂﬁﬂuawaéh (Laplace Transform)

€.9.0 Nmmﬂmﬁ1ﬁﬁﬂ11udatdavwwvunutdaﬂ nSofymofidnoa (Digital signal)

pliaman s L ufusm Suugiadss imiifa Z-vsquavesu (Z-Transform)

¢ .o fuwiffavau (Preliminary Definition) [19]

P | L} 1 T L4 °
ﬁqmwmwinﬁﬂ1ﬂuwaLdav1uunuL1anasﬂsznaUﬂauaﬁﬁhwavﬂmmﬂm (sequence)

{x(nT)}n (Tuassziintudsanludavleq T 1fuewisanflalunasuanudy (sampling)

Ld 1 i t P { 1 1}
jﬂwﬂvaqvLﬂﬁﬁhau1vwav§mm1mw1uﬁﬂ1ﬁnnatdavwﬂvunutaaﬂ
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(n) yfvduNag (unit impluse)
(v) gvady  (unit step)
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] i ° >~
szuvaaviaanfllufaaune oy (discrete time system) ammhvulnne

Ldaﬁmmwmtﬁﬁtﬁuammﬂmﬁﬁwaa uaz1ﬁ%mmﬂmaantﬂuammﬂmﬁﬁmaa

.

{x(nT) } {y(am) }
=  {h(nT)} —

W ¢ szuuidy iaudliudstiu anuasludanauee Llay

€.0 mwnuﬁuwavwa‘msm‘mmﬁﬁﬁwaa

wva1nﬁavﬂ1qnﬁﬁﬁﬂaaﬁadvﬂsnsavnd1uﬁﬁwﬁvﬂuﬁhﬂmmﬂmﬁﬁjﬂuuu1ﬁﬁaLdav
(Discrete signal) Tasundiaq lUsmrasregiugume ey (Continuous signal)
nr i LA fuinnan e Ldeviia s 92y n sevanwduliansdv (Passiye Filter) #u
Usznaumeiimaunaumay #fivdsey wazesaan fufugu nfoavasnIevarmiullnusa
i (Active Filter) dulowinmswud@ainas (Transisto;) nSooovuau(Operation
amplifier) udLdavaﬂnﬁmm1mﬁﬁnaaﬂ1:naué%uaﬁdutawﬁ{uﬂav (Binary bit) N
fugunsaillaluaveinsevarwdnineadvlszneuniomhoniwat #guiay Fng ey
vIniaauaziauiay nhlnduala 1uSouni1ivesnssvanwdve viiyyane Lavasviawase

< L~ [] » de ¥, > 1 >
Lnuﬁmmﬁmﬂa:nsavinuﬂundnua:aquﬂsnﬁﬂ:asqvava1nsavndﬁuninﬁﬂdquqnﬂavuuuuﬁlﬂ

A2un15 LU U LAY g U

~

¢.c Wz InTevmWiAtaea (Introduction in digital Filtex) [19,20]

IRV WiATnean v w T nuwlav iy t fe vl thdunaf luee oy
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Hoame tdowmalula
«.% thminasesnuuu (Problem on using of Idealzed Filter)
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~ nlszavalun1sesnuuuravavasnsavaiwiniaeal auly luuar aevntsluwa
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aousuavuUs il waywd wansusuoviiafie

g.% .0 HarBUTUDNTUIn (Magnitude) .



¢.%.0 HARBUAUBN LW (Phase) n3n-nIWAlad  (Group delay)

Tun1ssenuvuifelnl auansususvauUssaemiy 1u150%958n1seenuuulngey

ATfe

. msmgma’n%a (Analytiqal solution)
\

©. N191YIA%evAENRLRES  (Computer aided)
< .o jULuLYBvINRINTINMEARea ’119,201

L . »° ~
Fwrsauvseudmsaznimavwla i v guuuufe

- - < . o . - .
«.d.9 WuuusuSiresdiW  (Non-Recursive Digital Filter) ifhuavesnsavmrud
AifuanoumuovBufatiuny (Impluse ‘response finite duration) FWITOUTANFUNT

ﬂﬁﬁuﬂhﬁués:nfﬁvﬂmmﬂmtéH X(nT) MuMyyinean Y (nT) T

n
Y (nT) = Z a,X(nT-iT) ) (4.1)
4 i=0 : ¢ ” *
v ey luunuaiwdlaoly z-nsudvesy
$ 72 o1
Y (2) = X(2) I a,z (4.2)
i=0 * .
‘ J Y (2)
. H(2) = X(Z)
n )
= I az’ (4.3)
i=0
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oty a y (nT)
x(nT) |, - -
zfl
%1
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z " ,
v 2
T -
771 )
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Zﬁl' —_— L,
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VU «¢.¢ unugleavivasnsavarwdfineauvuusus iresav
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A
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Cv @ o WUUS LABRSEN (Recursive, digital Filter) 1Huvasnsaveruditua
sousuovduifavefiufl (Impulse respone infinite duration) laeflAr uuiusee

- » [ 4 »~ - »~ N
ammﬁmtﬂﬂﬁvuwunﬁu X(nT) ﬁvﬁmmqmaanﬁuwuﬂan Y (nT) ﬁvanuwsnquutﬁuann171ﬂﬁﬁu

m n
Y(nT) = L a. X(nT-im) - Y b .Y(nT-iT) (4.4)
. i . i
i=0 i=1
o Tithurav st lunasuauuds
aums (¢.«) wavlneyluunuaiuilaele z-nsnudresy
m -i n 4
¥Y(Z) = X(2) I a,z *~¥(Z) I b.z * (4.5)
. 1 . 1
i=0 i=1
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. _ Y (%)
? o ok (4.6)
= i=0 1 N
n _:
1+ L b.z -
i=1 *

72N

x (nT) - 5 Cama
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-b -2 1
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Z szuufuszi afissuenainfuavnsevaruiftnoa uuug ae saves Indnsnuay (Cat—-off-

pate)  guninwuvusuSiaasdW F1du dut devyrennave vy AD SaW

- - 1 J .
€. m'suda\m'mu'eﬁﬂaﬁﬁ\m{fuﬂa_\n\msn‘sa\amﬂunau'man'lﬂLﬁuﬁﬁmaa (Transformation

of Anolog filter to Digital filter) [19,20,21]

. ——" toe _;:- . ot s "
Tunseanuuravasninvainiafitneautadh DIDDALUIM IVBUIRDNNDUBIRRE

) . _' N
viundsi fan 'Nam-sa\m*nuﬁamaanmnQﬁamsaanummﬂqmauﬂﬁwsvmu':\ﬁnn'sa\mﬂu

ﬁﬁﬁnaaﬂv’fmn')sﬁmmsmvdmmrm1'1usfw}as'w\m"b’uwa\1amaan'lﬂLﬁuﬁﬁmaa'lﬂ" funsly
Z?l .

lufitflumausnesy (Bilinear Transform) Tauflndnnqsfiouwnu S aqe Zal WM
ﬂmua'uﬂuéﬂa\ammﬁﬂ'aﬂ‘lm szmIveutmaniufitneantlaleg .
m s = 3w, (A nuwfivouman) (4.7)
z = e¥pT (D wunutivhdnea) (4.8) -
A\ S Al % (4.9)

WIUAT UMY (c.)) MY (<ad) UaE (eod)

jw_T
Y
Wy 5w T
e +1
jy_DT wj_\_f_DT
jw = e 2 -~ e 2
A
jw_T ~jw, T
e :'Z—D + e 2
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JWA = w2 )
cos DT -
2
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2

W = tan DT
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meflefl w :  pavesnuUUASHRRA LRas LanBuUaviiuds
(Technique 2 : A digital Filter Design by Transform Variable °

Method

€.9 UMUT

>

1ﬁuﬂﬁ13qu1unﬁ1aanuuutﬂﬂﬂtﬂﬂ IIR A%noafainnsdulinidy n wI9T7
z = -1 <2 n nfolufiasfuliusgiuiais1lavntu tangent nde #endu sine
lunseanuuulaslgeuinnidvaey (Magnitude square) w218 1U8  Hum s uavesu

. " 1] ® rd
(Bilinear Transform) #fi <un@lsfnafesdahuin n taus Muadwusimi

zussorsiemsum s suualylunisesnivuiowiion IIR Ad%eafatwesinidy n

telnatnudledl 2 = -1 gauduwmalaflad i fin o dansnfidvesure8nasudu
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(5.1)
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z-1
Z+1 - (5.2)
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5.2.1 dvasnsavﬂﬁﬂinR Agauudlsd 2 = -1

) .' $ 0 as . >
aﬂn%hqvﬁ1nsava@mﬁmﬁdﬂuﬂmﬂuquuuu IIR %V 0 awualn m

was n-m (fustuouwendlsf 2 = -1 war 2 = 0 gaushay Téhynwﬁ (5.3)
ey /A 2 )
Tunrmsuswesuidussuiu W azlan W =1 yaz (1 + tan W) waz
>~ - ,‘ 2 5 *
Traun1sTwaTuifes [ 6 ] / R N

e’ %& n-m B
E(W2)+WF(W2) = [w+r] [w+(1+tan2wPD) ] (5.4) - ~
2

X .

R 2 2 ; . NP .
Taofl E(WS) waz FO)  ciusud idustuouguasfue e Tnd Tudos
"Awahiy newvesiAt lugurevazuau W fusdudl A lug wfggnas e uae

ez fuavavdls azmlnlne

= H (W) + H(-W)

[ (w) |
= 2wl -w? F% (wd)
4,?) 22w - W FR ) (5.5.a)
2 2
H(-W) = E(W -WF (W) (5.,5,b)

1+ k2 B = wr )
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2 -1
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: = |a ]
1% 2

W =

(5.7)
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=
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tuul 6 lufiffvagef 5.21 1n o p = 3 ds, Wy, =1 L5 LAUR /Ui,

m=3, nnm= 3 azln

H(Z) = 2.766215 x 10 (z+1)3
(z2—1.668339z+q.747975)(22—1.352446z+o.81334)

(22—1.0779172z+o.929357)

Wuefl 5.2.2 16'(1p = 3aB, W, = 1 tvsufua /fualt -
P=1 usg N - 2P = 4 a:la
-3 4 2
H(Z) = 1.741084x10 ~ (Z+1) " (2°-0.6306+52Z+1)

(22-1.602331Z+0.713555)(Z2—l.280609Z+O.834O3)

(Zz~l.077652Z+0.953002)

-

5.4 HINTISOBNLUUY - | b
~ !
- A N g -~ L | -~ -
8mseennuuiviioBuuluwill 1alareuRatnesdrnudtima Tno 18ou Tusunsu
-~ - [] -~ ~y =
1ren 1 5e 1fenramouauey  Taefl Tusunsulananeld luntamuan
Y 5.1, uar 5.2 ugneHanauauav AW L oM (Toss
L] L] . L - -~
respone) NN WHNRINUR o unyafpaan ety was it lununsdivey
5.2.1

U 5.3 waz 5.4 uanwwaneususvAwgy L fudpyn (Loss respone)

] ] . Y]
nquﬂun1uﬁmmﬂmua:Uﬂunqmammqmﬁﬁuaqﬁhua:tﬁu\ﬂﬂﬂunimﬂav 5.2.2



[ 3

5.5 @&yd

.

- SZnaseanuuuiiileeduis 1 lumdl  (Tuntsesnuvuavssnsevalud

_A¥noauuutlanlion IIR Taunslet8nsuownsuanesy  FeqsszntmundTs

1# #oreu
gwrsma Ind Ty Tu T luo sy

1. nﬁnuw%iﬁﬁ 7= -1

Tusinu
; 23y : g
2. twmindlel 2 =e Trefid Tsnmunln lusylug wildgo

] ry. -~
wuarFws i Inanuruvavyaiinfygradaquaunin

P ¥ o 19 o t ™ | (] (] .
sofugusofiazntmund Teinunus el aflaguendoiidonaunu - Tne
J' 1] L] 3
azlulusumusaaniByovafuil ina i lugutiguianu e

2

-
I

<

e



Loss (db)

250 4

200 4

150 |
100

radian

3

et al.

P. Thajchayapong



Loss

(db)

= 6 ——
_____ — M=5 —————
______ - M=4 ———————
———— i M=3

M= 2
M=1
M=20

P, Thajchayapong

et al.



Loss (db)

150 - :

P=0 i

!

———.. P =1 ]

!

R P =2 '

. !

_______ P =3 ]

.l
100 -
50

3 yadian

i 5,3

P. Thajchayapong et al,



Loss (db)

> —_ —P=0

) e P =1
s - P = 2

4] ——— “Tp=3

P,Thajchayapong et al,.



37

o N P ) - J -
wmn 1 naﬁdnvﬂmnﬂﬁtﬁumuﬂwav3w01ﬁwuﬁ wszwnaflnsisu i 2
L] J ] -
namMugindvravivasnsovarnuiiounaen unfl 4 natnfugindueavivasNTaY
- =t N P o - & o >~ 8 -
auiftnes il 4 nadvnisdsmurai e luineafivusatul wid 3 lanadad
g4 oY ¥ 1 -
nMsaanuuuNasAsavA i Uuauautd lawuuy Tasuwn-y Tastoas  dunssanuuy
flnovnsazanan Q av  lasasifinTnadnge g lulunsqudinesiendu  Taoazuany
A . 4 ] [] 3 - U
arsaanuuvlunsiiiaauaugennfu (ripple peak) luwiveudtinn duiaefeatunug
. . coad < > <l - A - -
WazahuIud unit 5 1ﬂnaqdaunqsaaﬂuUUdvasnsavﬂ1ﬂunﬂﬁma€;husLﬂasﬁw n3a
AP LV Al PP
TnTeNAmu AT HanausuovAuNadeiug  (Inpulse response infinite
. o Moot - - o ) °
duration) tuntseanuuuavasilefsnimsuanesy (fefazindnqsntmun
[ o t a~ [ 1 o ' o [ t *
315 a shunuvieflaflaguantivisunasou e luguggiasau & Tugaeioanadu

A vty (equal ripple ag)

A ~ - [} 1 - [ ]
saanmafdaluinil 3 lavaeaunuveey auazan @ duwmavnatunuy
R W i - >
vov Twaflag Inaunulunzuanign  (fafarsunaiwligevszuy  (Sensitivity) a1
L] J ﬂl L > JH L] L4 ‘l
A Q  Bvgeszuvazfufarwlauanmiu luiiles®ingiiuln a1 Q@ Jaaguunnne

° L] A Ll » L] o
faunuvyav wafieg L flaufiafrunnuiunsuadssuuasd Tenaluiades

d J " 1 o 1] .. 1 1
tafigsananvIvasnsavalud wn 5 dusyfiuatiunuvseeaed 15 lnsly

o »~ N ° ' — o N ‘ol o N
dunovey o awnuedt 2 = -1 (dushunuuinnfiuduiiucaue luenzeyiinhunus

+ JW,
- J‘Wl on ¥ '
Z=e fila ﬂwa:Lﬂuﬂdﬁnﬂuwavﬂﬂﬁmammﬂm

L

L o o -~ ° . - - A’ »~
YauuzuIF I Sugeavn1mHifonoannefinusativiinesz i qusuuslna

Fonalull

1.  sanuuulngavadiufinanveu  (Bandpass filter)

N > - - - t - >~
Turvasnssvmuiuuuftnas  Tnonslodtnsuaesy v iTussiezlateaduiaqly

*



-~ .‘- I Al
laftazasensIndauauusanguanteiu

Truarmugui o lusulusavaisin

¢ L . ‘ -
ammﬂquuqxﬂsqngaﬁuauﬂﬁu (ripple peak) U uazenTUuRgUENRIN

1 L] >
gaveuunusula

38



|12]

|13

&

|14

39

wmaluuasniFasqviv

D.E.Johnson "Introduction to filter Theory"

Prentice - Hall, New Jersey, 1976

Harry Y-F Lam, "Analog and digital filter"

Prentice - Hall, New Jerry, 1979

F.KUO, "Network Analysis & Synthesis"

John Wiley & Sons, 1966

A.Budak, Passive and Active Network Analysis and Synthesis,
"Houghton Mifflin, 1974

G. C Temes, J.W Lapatra "Introduction to circuit synthesis
and design" Mcgraw-Hill, 1977

G. C Temes, S.K Mitra, "Modern filter theory and Design",
Wiley; 1973

F.F. Kuo, W.G Mognuson "Computer oriented circuit design"
Prentice -~ Hall

George Szentirmai "Computer — Aided Filter design"

IEEE Press Ine, New york 1973

Louis Weinberg "Network Analysis & Synthesis”

Kogakusha Company, 1967

M.E. VanvalKenburg "Modern Network Synthesis"

Wiley, 1960

H.J Zverev "Handbook of filter synthesis"

Wiley, 1967

P.Thajchayopong & P.Lomtong" Flat Magnitude Low pass filter
with a pair of Imaginary axis Zero" Proe IEEE. Vol. 66, No 5,
PP 592-594, May 1978

P. Thajchayapong & P.Lomtong "Transition between a flat

magnitude and a sharp cut - off ILowpass filter," Int J.Electronic,

Voel 46, No 1. PP 91-95 1979
P.Thajchayapong "Flat Magnitude Low pass Filter with Multiple
Pairs of Imaginary axis zero Proc IEEE Vol 66, No 10, PP.

1283-1284, 1978



|19}

| 20]

|21]

| 23]

|24

| 25|

40

P. Thajchayapong, "Least-mean-square (Minimum integrated power
loss ratio) Lowpass filter with a pair of Imaginary-axis zero"
Electron, Latt Vol 14. No 9, PP 268-270, Oct 1978

A. Premoli, "The Mucromaf polynomials : an approach to the
maximally flat approximation of RC Active filter with. low
sensitivity", IEEE trans, Circuits Theory, Vol. GT-20, No. 1,
PP. 77-80, 1973

A. Premoli "A new class of equal-ripple filtertng functions
with low. Q - factors : the Mucroer polynomials", ibid, Vol

GA S-21, No. 5, PP 609-613, 1974.

V.S. Stojanovic and V.D. Pavlovic, "Transitional multiple-pole
transfer functions for active filter design", Electron, Lett.,
Vol 16, No. 1, PP. 21-22, Jan 1980

A. Peled & B.Liu "Digital signal Processing Theory Design and
Implementation" John wiley & Son, 1979

B. Gold .& C.M. Rader "Digital Processing of signal" Mcgraw-~Hill,
1969

A.V. Oppenheim & R.W.Schafer "Digital signal processing"
Prentice - Hall, 1971

S.N HaZra "New Squared-magnitude function for digital bandpass
filter" Electron. Lett Voll 1l1., No 15, 1975

J.P Therian "Recursive digital filter with maximally flat

group delay" IEEE Trons Circuit Theory Vol CT-18, PP.659-644,
Nov 1970

P. Thajchayapong, M, Puangpool and §, Bunjongjit "Maximally flat
F,;.R. filter with prescribed cut off frequency" Electyon. Lett,,
Vol.1l6, No.13, pp 514-515, June 1980

P. Thajchayapong, M. Puangpool and S. Bunjongjit “A Chebyshev IIR

lowpass digital filter with adjustable cut-off rate" INT,J.Electronics

Vol.49, No.4, pp.301-305, 1980



mﬁwmnﬁ' ® Tﬂsumuaﬁu‘mmﬂﬂﬂ'lumﬁ' o

10 OPTION BASE 1

20 DIM A(4,4),B(4],D(4],K(4],9(7),1(0:7),Troot(6),Y (0:6),8 (7] ,Xroot (6],Hroot
) ,H(7),C(4),Ri(5),0(5],Rat(d:6]),6n(6],Gy(6),Ggq(6],Gggg(6],0(0:1000)

21 Nzz=2

22 REDIM A(Nzz,Nzz)],B(Nzz),XNzz],D, (Nzz) ,C(Nzz}
30 Mew=3

40 W(1l)=.45

50 W(2)=.75

60 W(3)=.708

70 W(4)=.851

80 W(5)=.972

90 M1=5

100 v=3

110 01=4.562070

120 02=6.185754

130 Qc=(Q1+02)/2

140  Hc=2-1/Qc~2

150 Epsi=1l

151  PRINT "M=";M1; "y=";V;"Mew=";Mew;"hc=";Hc
190 FOR i=1 TO Ml-V

200 FOR J=1 TO M1-V

210 A(I,J)=W(I) (2*(V+J)

220 NEXT J

230 NEXT I

231  MAT PRINT A

232  PAUSE

270 MAT C=ZER

280 FOR I=1 TO M1-V STEP"2

290 C(I}=1/(N(I)} 4~Hc*W(I) 2+1}172
300 NEXT I

310 FOR I=2 TO M1-y STEP"2

320 C(Xl=(Q1+Epsi™2)/ (W (T) 4~Hc*W(I) "2+1"2
330 NEXT I

340 . MAT Aai=ZER

350 Aai(0)=1+Epsi”2



360

370
380
390
400
410
420
430
440
450
460
470
480
500
510
520
530
540
580
590
600
610
620
630
640
650
660
670
680
690
691
700
710
720
721
740
780

FOR I=1 TO V

Q(I)=1/I* (Mew+I~1)*Hc*Aai (I-1)
IF I=1 THEN 410
Ri(I)=-(1/I)*(2*Mew+I-2) *Aai (i~2)
GOTO 430

Aai (1)=Q(I)

GOTO 440

Rai(I)=Q(I)+Ri(I)

NEXT I

MAT D=ZER

FOR J=1 TO M1~V

FOR I=0 TO V
D(J)=D(J)+Aai (I) *W(J) (I*2)

PAUSE
NEXT I

PRINT "D(";J;") =";D(J)
NEXT J

MAT B=C-D

CALL Simultaneous(A(*),B(*),4,X(*))
FOR Il=1 TO Mi-V

PRINT "X(";I1l;")=";X*I1)

NEXT Il

FOR I=0 TO V

Aai(I)=Rai(I)

PRINT "Rai(";I;")=";Aai(I)
NEXT I

FOR I=V+1 TO M1l

Aai (I)=X*I-V)

PRINT "Aai(";I;")=";Aai(I),W(I)
NEXT I

PAUSE

FOR I=0 TO M1-V+1

PRINT "RAai(";I;"™)=";Aai(I)

NEXT I

PAUSE

GOTO 1400

FOR I=1 TO Ml



790
800

810
820
830
840
860
880
890
900
940
950
960
970
980
990
1000
1010
1130
1140
1150
1160
1170
1180
1190
1200
1210
1220
1230
1240
1250
1260
1270
1280
1290
1300
1310
1320

R(I)=Rai(I~1)* (2*Mew+I-1)-Hc* (Mew+I) *Aai (I)+(I+1) *Aai(I+1)
NEXT I
R(0)=- (Hc*Mew*Aai (0) +Rai (1)
R(M1+1)=RAai (M1) * (2*Mew+M1)
FOR I=0 TO M1+l
Y (I)=R(I)
NEXT I
FOR I=0 TO M1+l
I(1)=0
NEXT I
N=M1+1
Tolf=,0000001
Tola=,0000001
Itmax=200
CALL Siljak(N,¥Y (*),I(*),Tola,Tolf,Itmax,W(*),Iroot (*)
FOR J+1 TO N
PRINT "W(";J;")=";W(J) ,"Iroot(";J;")=";Irocot(J)
NEXT J
MAT S=W
CALL Vectorsort s(wW(*),1,N,1)
FOR I=1 TO N
E=1
FOR K=1 TO N
T=L-1
IFW(L)-S(K)<>0 THEN 1280
IF L=1 THEN 1250
IF E>1 THEN 1250
IF W(L)<>W(T) THEN 1250
E=2
GOTO 1280
Xroo5 (L) =Iroot (K)
PRINT "NW(";L;")=";W(L),"NIroot(";L;")=";Xroot (L)
GOTO 1290
NEXT K
NEXT L
M=0
FOR-I=1.TO N
IF W(I)<.000001, THEN 1380



1330 IF ABS (Xroot(I))>.0000001 THEN 1380
1340 M=M+1

1350 H(M)=W(I)

1360 Hroot (M) =Xroot (I)
1370 PRINT H(M),M,Hroot.(M)
1380 NEXT I

1390 FOR L=1 TO M+l

1400 K=L+ (N-M)

1410 W(K)=H (L)

1420 NEXT L

1430 FOR K=1 TO N-M

1440 W(K)=0

1450 NEXT K

1460 MAT W=SOR (W)

1470 PRINT

1480 PRINT

1490 FOR I=1 TO M1

1500 W(I)=SQR(H(TI)

1510 PRINT "W(":I:")=";W(I)
1520 NEXT I

1540 MAT Gg=ZER

1550 MAT W=ZER

1560 FOR K=1 TO M1-V+1l
1570 W(K)=H (K)

1580 NEXT K

1590 FOR 0=1 TO 2 STEP .0l
1600 FOR K=1 TO M1-V+1
1610 W (K)=0

1620 NEXT K

1630 FOR K=1 TO M1-V+1l

1640 Gg (K) = (W (K) "4-Hc*W (K) “2+1) "Mew
1650 NEXT K

1660 MAT Ggg=ZER

1670 FOR I=1 TO M1-V+l

1680 FOR J=0 TO V

1690 Ggg (I)=Hai(J)*W(I)" (2*J)+Ggg(I)
1700 NEXT J



1710
1710 NEXT I

1720 MAT Ggg=ZER
1730 FOR I=1 TO M1-V41  « -
1740 FOR L=1 TO M1-V

1750 Ggg (I)=Aai (V+L) *W (1) "~ (2* (V+L) ) +Gggg (I)
1760 NEXT L

1770 NEXT I

1780 PRINT

1790 PRINT

1800 FOR I=1 TO Ml-V+1

1810 Gn (I)=Gg(I)*(Ggg (I)+Gggg(I))

1820 PRINT "Gn(";I;")=";Gn(I),"W(";I;")=";W(I)
1830 NEXT I

1840 NEXT O
1850 PAUSE

1860 PRINT

1870 PRINT

1880 FOR K=1 TO M1-V+1

1890 PRINT "Wmmmm (“;K;")=";W(K)

1900 NEXT K

1910 INPUT "SATISFY?-Y/N(¥=1 YES,Y=0 NO)",Y
1920 IF Y=1 THEN 1940

1930 GOTO 150

1940 Suml=0
1950 FOR I=0 TO M-V+1

1960 Sumi=Sumi+Aai (I} *W(M~V+1)" (2*1)

1961 NEXT I

1970 He=~(1/W(M-V+1) °2) * ((1/Sumi) " (1/Mew) =1-W (M-V+1) "4)
1980 GOTO 150

1990 END



. ° o
AANUINTA 10 Tusinsuam$uinatalumi ¢

10 OPTION BASE I

20 DIM Z(0:20),W(0:20),A(0:20),Cc(0:20),E(0:20),F(0:20),N(0:20),D(0:20),Rcoef (
0:20) ,Icoef (0:20) ,Rroot(0:20) ,Iroot(0:20), Rrootn(0:20),Rrootd(0:20),2d4(0:20)

30 DIM Zn(0:20),s(0:20),Iroézd(O:ZO),Rrr(O:2),Imm(O:2),Gg(O:ZO,Wi(O:ZO),Qq(O:
20) ,Coe(0:20) ,Irootn(0:20) ,Id(0:20),Id(0:20),Rd(0:20),Nre(0:20),Nim(0:20) ,Uu(0:20)
40 N=6

50 Al=3

60 wp=1

70 Ang=Wp+.25

80 R(1)=COS (Ang)

90 R(2)=R(1)

100 I(1)=SIN(Ang)

110 I(2)=-I(1)

120 T2=TAN (Wp/2) *TAN (Wp/2)

130 FOR S=0 TO N-2 STEP 21

140 P=S

150 Q=N-5-2

160 PRINTER IS O

170 PRINT "P=";P;"Q=";Q;"Wp=";Wp
180 PRINTER IS 16

190 Wi (0) =SQR(1+T2)

200 Wi(l)=1

220 CALL Mpp (Gg(*) Wi (*),P)

240 Kkp=10~ (A1/10)-1

250 'PRINT "Kkp=";Kkp

270 FOR I=0 TO P

280 PRINT "Gg(";I;")=";Gg(I)
290 NEXT I

300 w(0)=1

310 w()=1

330 CALL Mpp (Qg(*) ,W(*),Q)
350 FOR I=0 TO Q

360 PRINT "Qg(";I;")1=";Qg(I]

370 NEXT I



400
410
420
430
440
450
460

470
480

490
500
510
520
530
540
560
570
580
590

610
620
630
640
650
660
661

671
672
68Q
€90
700

FOR J=1 TO 2
T2=TAN (Wp/2) *TAN (Wp/2)
X=R(J) *R(J)~I(J) *I(J)
Y=2*R(J) *I (J)
Rn=(1+T2) *X+ (2*T2-2) *R(J) + (1+T2)
In=Y* (1+T2)~I(J)*(2-2*T2)
RA=X~-2*R(J) +1
Id=Y-2*I (J)
Re=(RA*Rn+Id*In)/(RA*RAFIA*IqQ)
Im=(In*Rd-Id*Rn) / (RA*RAFIA*Id)
MAT Rcoef=ZER
MAT Icoef=ZER
Rcoef (0)=Re
Icoef (0)=Im
Rcoef (2)=-1
Tol a=.000001
Tolf=.000001
Itmax=700
CALL Siljak(2,Rcoef (*) ,Icoef (*),Tola,Tolf,Itmax,Rroot (*),Iroot (*))
FOR D=1 TO 2
IF Rroot(D)>=0 THEN 630
NEXT D
Wcom (J) =Rroot (D)
We (J)=Ixoot (D)
PRINT "Wral(";J;")=";Wcom(J);"Wim(";J;")=";Wc(J)
NEXT J
K=4 ' '
CALL Product (eom (*L,We (*I, 2 C*1/KL
MAT PRINT Wc;
MAT PRINT Wcom
FOR T=0 TO K
PRINT “2Z(Y;T;"1=%;ZCrL
NEXT T



730

741
743
744
745
746
747
750
760
770
790
800
810
830
840
850
860
870
880
900
910
920
930
950
960
970
990
1010
1020
1030
1040

1050
1060
1070
1090
1110

CALL Mplv(Gg(*),Qq(*),Coe(*),P,Q,N-2)
MAf éRINT Coe
FOR T=0 TO N-2
Uu (T)=Coe(T)
NEXT T

CALL Mply(uu(*),Z(*),Coe(*),N-2,2,N)

MAT PRINT Coe
FOR I=0 TO N STEP 2
E(I)=Coe(I)
NEXT I

FOR I=1 TO N-1 STEP 2

F(I)=Coe(I)

NEXT I
FOR I=0 TO N
N(I)=E(I)-F(I)
D (I)=SQR(1+Kkp) *E(I)-F(I)
PRINT "N(";I;")=";N(I);
PRINT "D(";I;")=";D(I)
NEXT I
FOR I=0 TO N
Rcoef (I}=D(I)
Icoef (1)=0
NEXT I
Tola=,00001
Tolf=,00001
Itmax=500

CALL SiljakCN,Rcoef(*l,Icoef(?L,Tola,Tolf,Itmax;Rroot(*),Iroot(*))

FOR I=1 TO N
PRINT "Rrootd(":I:")="iRroot(I):;
Rrootd (I)=Rroot (I)

PRINT "Irxootd(";I;")=";Iroot (I}

Irootd (I)=Iroot(I)
NEXT T
FOR I=0 TO N
Rcoef (I)=N(I)
Icoef (I)=0



1120

1130
1140
1150
1170
1190
1200
1210
1220
1230
1240
1250
1260
1270
1280
1290
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390
1400
1410
1420
1430
1440
1450
1460
1470
1480
1490
1500

NEXT I

Tola=.00001
Tolf=.00001
Itmax=500
CALL Siljak(N,Rcoef(*),Icoef(*),Tola,Tolf,Itmax,Rroot(*),Iroot(*))
FOR I=1 TO N
PRINT "Rrootn(";I;")=";Rroot(I);
Rrootn (I)=Rroot (I)
PRINT "Irootn(";I;")=";Iroot(I)
Irootn(I)=Iroot(I)
NEXT I
PRINTER IS 16
PRINT Maskdhkhhkhhkdhhhhhkhohhdhhkhhhdhdhhrhrhhkhokkkhhkhkodd
FOR I=1 TO N
X=Rrootd (I) *Rrootd (I)-Irootd (I)*Irootd(I)
Y=2*Rrootd (I) *Irootd (I)
T2=TAN (Wp/2) *TAN (Wp/2)
Rrr (0)=1+T2-X
Imm (0)=-Y
Rrr (1) =2*T2-2+2*X
Imm(1)=2*Y
Rrr(2)
Tmm (2)=Imm(0)
Itmax=500
Tola=,0000001
Tolf=,0000001
CALL Siljak(2,Rrr (*),Imm(*),Tola,Tolf,Itmax,Rroot (*),Iroot (*))
PRINTER IS 16
FOR J=1 TO 2
Phase (J)=ATN (Iroot (J) /Rroot (J))
A1=SQOR (Rroot (J) *Rroot (J) +Iroot (J) *Iroot (J))
IF Al>1 THEN 1530
PRINT "ZR(";J;")=";Rroot (J),"2I(";J;")=";Iroot(J)
PRINT "Phase(";J;"1=";Phase(J)
Rd (I)=Rroot (J)
Id(I)=Iroot(J)

PRINTER IS O



1510
1520
1530
1540
1550
1560
1561
1562
1563
1564
1570
1580
1590
1600
1610
1620
1630
1640
1650
1660
1670
1680
1690
1700
1710
1720
1730
1740
1750
1760
1770
1780
1790
1800
1810
1820

PRINT "RA(";I;")";RA(I),"Id(";I;")";Id(T)
PRINTER IS 16
NEXT J
NEXT I
MAT Nre=(1)
MAT Nim=ZER
Nre (1) =COS (Ang)
Nre (2)=~COS (Ang)
Nim(1)=SIN(Ang)
Nim(2)=-SIN(Ang)
Inn=1
Ind=-1
Gl=-20
FOR H=0 TO Wp STEP .0l
Nmag=1
FOR Jj=1 TO Q+2
Re=COS (H) +Inn*Nre (J3j)
Im=SIN(H)+Inn*Nim(Jj)
N1=SQR (Re*Re+Im*Im)
Nmag=Nmag*N1
NEXT JJ
Dmag=1
FOR Ii=1 TO N
Re=COS (H)+1nd*Rd (Ii)
Im=SIN(H)+Ind*1d (Ii)
D1=SQR (Re*Re+Im*Im)
Dmag=Dmag*D1
NEXT Ii
Trans=Nmag/Dmag
IF Gl-Trans<O THEN Gl=Trans
NEXT H
PRINTER IS O

PRINT "

PRINT "Nomalize=";Gi

PRINT "
PRINTER IS 16



1840 NEXT S
1850 PRINTER IS 16
1860 END
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MAXIMALLY FLAT F.L.R. FILTER WITH
PRESCRIBED CUTOFF FREQUENCY

Indexing terms: Filters, Digital control

Maximally flat {ir. digital filter design provides the advan-
tage of giving a closed-form solution, but there still remains a
problem of designing such a filter whose magnitude response
passes through a prescribed cutoff frequency point. It is
described here how to generate a class of transitional max-
‘imally flat fir. digital filters to overcome such a difficulty.

Introduction: Maximally flat fir. digital filter design!~* offers
an advantageous feature over other optimal designs,® e.g. the
minimax design, in providing the weighting coefficients in
closed form. There still, however, remains a problem of choos-
ing the coefficients of this filter type with its magnitude re-
sponse passing through an arbitrary specified cutoff frequency.
So far, for a given filter of order 2N, the ‘Aatness’ parameter K
must be chosen in accordance with expr. 9 of Reference 1 to
give the filter cutoff point near to the desired value. But as is
seen from Fig. 2 of Reference 1, the magnitude responses never
cxactly pass through the desired cutoff frequency. The purpose
of this paper is twofold. First, it is shown that for any two
adjacent values of K, a class of transitional maximally flat fi.r.
filters can be generated. It is then shown further that for any
given filter order 2N, one can design such an {i.r. filter with its
magnitude response passing through a prescribed cutoff
frequency.

Design procedure

Transitional filters between two adjacent values of K: The
elegant design of Miller? is comparatively simple and readily
applicable to our proposal. From exprs. 4 and 6 of Reference 2
the maximally fir. filter function in the g-plane is rewritten
here again as

{=0

8da) = {5 (Y )e=arffa - ey (x)

where 2N is the filter order and K is the degree of flatness in
the stopband. Substitution of g = jQ gives :

=[5 (elforer o
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Fig. 1 Transitional maximally flat fir. digital filters with N =10,

K,=6and K, =5
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To obtain a transitional filter between two adjacent values of
K, say K, and K, with K; = K; — 1, we add an extra term in
the numerator of eqn. 2 as

Ho(Q) = ':i: (’;’ )Q“ +c,,_x,n=‘~-‘=)}/(x w0 (3)

1f Cy-x, is now allowed to vary between 0 < Cy_x, < (¥-«,),
a class of transitional filters whose magnitude responses lie
between those with the flatngss parameters K, and K is ob-
tained. Fig. 1 shows the case of transitional responses with
N=10,K;=6and K, =5.

F.IR. filter with arbitrary specified cutoff point: For a specified
cutoff point in the z-plane, the corresponding cutoff point in
the g-plane is determined via



Qoq = tan 222 (4)

where Q,, and Q,p are the analogue and digital cutoff
frequencies, respectively. The sampling frequency is nor-
malised to unity. Next, the two adjacent values of K (ie. K,
and K,) between which the magnitude response with the
specified cutofl point falls into are determined. This can be
done with the help of the empirical expr. 9 of Reference 1. The
coefficient Cy - x,, giving the filter function whosc magnitude
response passes through the cutoff point Qo , s then detes-
mined from

CN_K2= Qé(:l-xz) l[(l +\723)A)” 3 f::z::l (1;,)95,4] {5)

To compare with the previous results,’ the case of Q) = 1-159
rad (corresponding to ¢ = 0-3 in Reference 1) is chosen as the

0-8r
061
o4}
0-2} \
\c
€
) ey ey
02n (V7811 o6n 081

Fig. 2 Maximally flat fir. digital filters with cutoff frequency at 1-159
rad.
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Table 1 VARIOUS PARAMETERS FOR FIG. 2

114 N K, K Cr-x,
115 5 4 3 579138
116 10 7 6 6022232
117 14 10 9 1252:29180

118 20 14 13 46716:343698
119 28 19 18 2549414-08372
120 45 31 30 223613681064

cutoll point. The responses with various N are illustrated in
Fig. 2. Table 1 also indicates the related parameters.

Conclusions: 1t has been described how to generate the transi-
tional maximally flat fir. digital filters between any two adja-
cent flatness parameters. For a given filter order 2N, the
previous designs’-? give only N useful filters (see Fig. 1, Refer-
ence 1). However, the technique described above shows that an
infinite number of this filter type can be generated. The
technique is then extended 10 the design of a maximally flat
fir. filter whose magnitude response passes throngh an arbi-
trary cutofl frequency. Hence, a solution to the problem en-
countered in the previous design’ is found.
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A Chebyshev IIR lowpass digital filter with adjustable cut-off
rate

P. THAJCHAYAPONGt M. PUANGPOOL7Y
and S. BANJONGJIT}

For o given order of a Chebyshev IIR digital filter, existing design techniques using
the squared magnitude function or the bilinear transform do not allow the freedom
of adjusting the cut-off rate. An available transform method is used to overcome this
difficulty.

1. Introduction

The standard design techniques for an nth order Chebyshev I1IR digital
filter give the number of zeros at Z = — 1 either n or none at all. This depends
on whether a tangent or a sine function is employed in the squared magnitude
expression (Rader and Gold 1967). The well known bilinear transform
design also always gives n zeros at that location (Gold and Rader 1969). The
purpose of this paper is to apply an available transform method (Temes and
Mitra 1973) which can give any desired number m <n of zeros at Z= —1. It
is shown further that a sharp cut-off can also be achieved by assigning a number
of zeros near to the passband edge. It is seen as an application of the transform
method which has been used previously in analogue filter design (Temes and
Mitra 1973) to IIR digital filter design.

2. Design procedure and examples
From the transformation between the S-plane and the W-plane (Temes and

Mitra 1973)
2
W=\/(1+“’§-; ) Re[W]>0 (1)

we may obtain the transformation between the Z-plane and the W-plane by the
substitution of

Z-1

* T (2)
into (1) as
[ = tan® (wpp/2)
" _\/<1+[(Z—-1)/(Z+1)]2)’ Re[W]z0 3)

where wp, and wpy, are the passband edges for the analogue and digital lowpass
filters respectively. The two cases of lowpass digital filters of our interest
can be designed as follows.
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2.1. 1IR filter with an assigned number of zeros at Z= —1

For an nth order lowpass IIR filter, let m and (n—m) be the number of
zeros at Z= —1 and Z=0 respectively. Using (3), these zeros transform
respectively into the 1¥-plane as 1 and (1 +tan® jwpp) respectively. We then
formulate the polynomial (Temes and Mitra 1973) '

E(W?)+ WE(W?) = {I¥ + 1}m{¥ + (1 + tan? hawpp) 27— (@)

where E(1V2) and WF(W?) are the even and odd parts of the polynomial
respectively. The transfer function in the W-plane with the equi-ripple
passband and the specified zeros is therefore given by

E2(W2)— W2F3(W?)

12 ———
or :
E(W?) - WF(W?)
- W)= b
B W)= Tl B(W8) = WF(7%) (55)
where kp is related to ap, the passban.d loss, via
' kp?=102#/10 1 (6y

the squared magnitude function of the required IIR filter may be obtained from
(5 b) by the transformation '

|H(2)|*=H(Z)H(Z7)
= |H(W)|?p? =1+ (tan® Jopp)/[(Z - D/(Z+ 1) ] (7

However, it is numerically advantageous to solve for the poles of H(— W)
in (5b) and then transform them into the Z-plane to formulate the IIR filter

transfer function.
A 6th order lowpass filter with ap=3db, wpp=1rad/s with m=3 and

n—m=23is given by

2-766215 x 10-3(Z + 1)®
(Z*—1-668339Z + 0-747975)(Z° — 1-352446Z + 0-813321)

(22 —1-077917Z + 0-929357)

(8)

H(Z)=

The filter with other values of m has also been designed as illustrated in Fig. 1. -
The sampling period T is normalized to unity.

2.2. IIR filter with sharp cut-off

If we now specify p pairs of zeros at Z=exp (t jw;), where 7 2> w; > wpp,
and the rest (n—2p) to be at Z= —1, a sharp cut-off filter can be obtained.
Using (3), the polynomial in (4) becomes

B(V2)+ WF(V2) = (W +[1 — (tan? L ftan? o) ] 222 (W + 122 (9)

where 2p<n. The transfer function of the digital filter can subsequently
be obtained using (5), (6) and (7) respectively.
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Figure 1 (g). Loss responses in the stopband. (b) Loss responses in the passband.
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Loss (db)
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Figure 2 (a).

(b)

Loss responses in the stopband. (b) Loss responses in the passband.
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A 6th order lowpass filter with wp=3db, wpp=1rad/s with p=1 and
n—2p=4is given by

1-741084 x 10-3(Z + 1)3(Z%— 0-630645Z + 1)

H(Z)= 10

@) (27— 1-602331Z + 0-713555)(Z2 — 1-280609Z + 0-83403) (10)
x (Z2*—1-077652Z + 0-953002)

It is illustrated in Fig. 2 (a) in comparison with the case of all zerosat Z= —1.

3. Conclusions “

It has been described how to design a Chebyshev IIR digital filter using
an existing transform technique. Two cases of interest have been demon-
strated i.e. (i) a monotone stopband Chebyshev IIR gilter with prescribed
number of zeros at Z= —1 and (ii) a sharp cut-off Chebyshev IIR filter with
prescribed number of pole pairs at Z=exp (+ jw) in the stopband. Finally
it should be noticed that, in fact, the technique allows the zeros to be anywhere
outside the passband without diturbing the equi-ripple passband characteris-
tics.
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