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Overview of Lecture

« Butterworth, Chebyshev and Elliptic IIR filters
» Design of FIR filters by the window method.
— Windowing in time- and frequency-domains
— Linear phase FIR design using windows
— The Kaiser window formulas
» Design of differentiator
* Multiband design
* Introduction to Optimum Filter Design
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A Design Example (1)

» The D-T specifications are:
0.99 <| H(e/®)|<1.01, |w|<0.47
| H(e/®)|<0.001, 0.67<|w|<7
1e., w,=Q,T=04rx and o, =Q.T=0.67.
+ The continuous-time prototype filter H.(j€2) must
satisfy:

0.99 <| H,(jQ)|<1.01, Q< %tan(0.4ﬁ/2)
d

| H,(j€)[<0.001, %tan(O.67z/2)S\Q|<oo
d

Butterworth Approximation (llI)

“““

(14th-order) e
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Chebyshev Approximation (V)

Elliptic Approximation in MATLAB (V)

0 e »[N,wp]=ellipord(.4,.6,-20*10g10(.99),-20*log10(.001))
N L N=
6
- ’((w‘)* Wp:
0.4000
R R »[b,a]=ellip(N,-20*log10(.99),-20*log10(.001),wp)
. o
0.0208 0.0590 0.1068 0.1265 0.1068 0.0590 0.0208
3 15 a=
IA 1.0000 -1.9585 2.8916 -2.5155 1.5627 -0.5906 0.1148
S N AL
(8th-order) ‘ ©
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Elliptic Approximation (VI) FIR Filter Structures
‘ M M _n
ynl= X hlklx[n—k] H(z)= 2 hlkk
k=0 k=0
+ Direct form: . -
0.995 ;}[n] _
oy e R a7 ‘ \r{‘mr [, h[o] n[1] h[2] h[M-1] Yh[M]
+ Transposed form vl
3 15 \,7I A,fl zfl 271
o vinl
- h[M] h[M-1] Ah[M-2] h[2] 8] 1[0]
( 6th-or der) Radian rr:¢1ue-vu\ (@ ] -
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FIR Filter Design: The Window Method

FIR : Linear Phase in Window Design - |

hn]=winlhy[n] < H(E®)= 2—'” Ierd(ejg)W(e’(”_g))dH

W(el@-0)
/1
/ \ Lo () / \
| |
Ve ™ 27 0
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| i i i
N ‘ L L ~7 L : L
™ 27 ©

» Choose a symmetric causal window such that
WM —n]=wn] < W(E*)=W,(/)e/*M?
w[n]=0, forn<0 andn> M and
and either a symmetric ideal impulse response

hIM=nl=hyln] & Hy(e")=H, (") "M
or an anti-symmetric impulse response
hM—nl=-hy(n] < Hy(e’”)=jH, (/) M2
» Then it follows that
hn]=wnlhy[n]=xh[M—-n], 0<n<M.
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FIR: Linear Phase in Window Design - I Some Common Windows
* hln]=winlhy[n] =
. 17 . Lo
H(elw) — ZZ J‘Hd(e/@)W(eJ(w 0) Ydw . win] Rectangular
R T O 77N\ =
H() =~ ] () M2/ OO g 7N
T_x 06 /4 7 AN
17 i0 i(w—6) —jaoM/2 //'/ \ N
=2, [ Ho ("YW (" 7)dO e’ o // 0
T - 02 ,////' \.\\\
. . . 5% AN NN
H() = 4,(e/)e”™'? where, =z " Sal,
2
' 17 0 (-0
A,(") = [HA( YW (" deo
—7
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Details of the Window Approximation Jim Kaiser
| g T
148 Ae) ystem Analysis
. AN by Digital Computer
- \ . 1 T 0 i(w0—0 et by Fankin F. Ko and James F. Kaor
N\ A =5 TH( W (Mo
-7
o I —
o T\ —
be—Aaw,,
The phase
s is exactly linear
e with delay M /2
/\ ™\
\\g w \_/ pd 0
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Kaiser Window Design Method

Kaiser Windows

e 2,172
~ LpA-[(n-a)/a]’) ]’ 0<n<M . TSN
wln]= I(B) . s NN o
0 otherwise [ 4 RN i
o= M/2 sl //’ \\\ N\,
Aw=w,-v, and A4=-20log,,d v o o
A-8 : W
=————— = required to meet specs AN
2.285Aw AR AR R QATATA/ .
= sof 1 il | i p—h
0.1102(4-8.7), A>50 ? \ !* \ !r 1 ——#=s
| IRV v
B=10.5842(4—-21)"* +0.07886(4—21), 21< A<50 RN R AR
0.0 A < 21 ]a:‘.t:,‘_ fregq :L:‘:m e
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Lowpass Filter Design Example

Kaiser Window Design Example

* Ideal filter: oM/

H eja) — € ‘0)‘ < a)ca
a@™) { 0 0, <o <r
h[n] = sinw,.(n—M/2)

d 7(n— MJ2)

» Specifications:
®, =047, o, =0.67, 5 =0.01, 5, = 0.001

w,+to
p

2
A =20log;((.001)=60 since error is symmetric

o, = since transition is symmetric

w, =047, o, =0.67
Aw=02rm,
A=-201log;,(.001) =60

M= {521 _37
2.285(27)
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Amplitud,
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Digital “Differentiator” Kaiser Window Differentiators
+ Suppose that we want to design an FIR filter such ’
that . . il .| l T {
Heff(]Q):]Qa ‘Q‘<? Z_ L1 | l I - ; . .
* The required digital filter must approximate i ot l
i @ _j % i . 5 0 h 3 ; : ;
H(e]w):']?e ]O)M/z, ‘a)‘<ﬂ' samp\c?:;nu S .\th)
* The desired impulse response is 4 4
1 T rlin) - i s | s |
haln]==— ] (22} /MR eIon g L) 1
20T L L
cos|m(n—M/2)| sin|z(n— M/2
hyln]= at ] sin[( )], —0<n <o T T T I T
(n—M/2)T 7(n—M/2)T ety ) Radin ey ()
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General Frequency Selective Filter

Parks and McClellan, 1972

| H (e )] Nop=d
G,
Gy
Gy —
|
\
‘ \
Gy L
- [ wy w3 m w

sinw(n—M/2)
(n—M/2)

Nmb \
hypln]= El (Gr = Gry1)

Chebyshev Approximation for Nonrecursive
Digital Filters with Linear Phase

THOMAS W. PARKS, MEMBER, IEEE, AND JAMES H. MCCLELLAN, STUDENT MEMBER, IEEE

capable of designing longer filters, The algorithms in [7),
[8] result in exactly the same filter and will be called an
extraripple design in this paper.
The detailed ion of the new procedure described
"% here is in terms of low-pass filters, Modifications for the
general bandpass case are included Linear-phase digital
filters of length 2n+1 have a transfer Ninction

GiZ) = 3 ha m
=

T. W. Parks and J. H. McClellan, IEEE Trans. Circuit Theory,
CT-19, pp. 189-194, March, 1972.
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Optimum FIR Filter
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