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A Procedure for Quasi-Equiripple Linear-Phase IIR
Filters Design

Jacek Konopacki and Katarzyna MosScinska

Abstract—The linear-phase IIR Iters are described in many The new weighting functionv ) (!;) is updated in each
cases, mainly due to distortion-free transmission of sigria. One jterationk, as follows:
of the major problems of IIR Iter design is stability, which can

be obtained with suitable value of group delay . This paper |

; i k WO(- |)
concerns calculation of Iter order N and group delay in case W ( )(! i)= NI 3)
of quasi-equiripple design of IIR Iters. We propose a novel JAk (e )jp

procedure for determining N and values; the procedure is
valid for all types of Iters with arbitrary number of zeros a nd It should be noted that quasi-equiripple approximation of
a few non-zero poles. Evaluation of the proposed approach asp(1) can be also achieved fgr= 2 by minimization ofE.
well as examples illustrating its application are providedin the For this purpose it is necessary to add another iteratioogss
paper. that updates the weighting functiodilp(! ) [7] (Lawson-type
Keywords—Digital Iters, IIR lters, lters design. algorithm) or transforms the desired frequency responsg [1
The IIR Iter design procedures have to guarantee the lter
o stability which is generally non-easy task. There exisesalv
NFINITE IMPULSE RESPONSE (IIR) digital lters, \yays of ensuring the stability of Iter resulting from optiza-
which approximate both magnitude and phase responggn of (1), with good survey of such methods having been
are considered in many papers, for example, for linear@hasesented in [12). The optimization techniques used fdrlsta
lters design. Generally, there are various approacheesigih ||R |ter design can be of either constrained or unconstegin
stable linear-phase IIR lters. Such lIters can be achievsd type. The latter include the concept of prior setting of the
1) implementation of a phase equalizing allpass Iter cagroup delay value corresponding to the desired frequency
caded with nonlinear-phase IIR Iter [1], response of the Iter - confer, e.g. [13] - unfortunately kito
2) model-reduction techniques which are applied to approggplicit formula for calculating this parameter. The fome
imate the frequency response of nite impulse respong@nstrained optimization related techniques - includehmes
(FIR) lter [2], [3], involving positive realness stability domain [10], Roushe
3) a direct way, i.e., the cost function of the design opttheorem [6], and methods using argument principle for es-
mization problem is directly based on desired frequen@db“shing stability criterion [5], [4], [9]. However, ajsfor
response [4], [5], [6], [7], [8], [9], [10], [11], [12], [13] these methods the lter order should be properly chosen for
In this paper we focus on the latter method. The transfgie effectiveness of stable Iter design procedure. It $tidne
function H (z) = B(z)=A(z) of the IIR lter, designed in a noted that to our knowledge no solution has been proposed
direct way, can be obtained by minimization of the followinget for the choice of appropriate value for [IR lter orderdan

I. INTRODUCTION

cost function: | group delay for a given design speci cation.
tx 1 C In our previous work [14] we have introduced formulas
Eo = Wo('i) H(E') D(ID)P (1) (for quasi-equiripple lIR lter design) that provided esiated
i=0 Iter order and minimum group delayn,, . The formulas can

where: D(!) is the desired complex-valued frequency rebe applied if the desired frequency response is of the form
sponseW(! ) is a real non-negative weighting function, and>(! ) = jD(! )jé' and transfer functiomd (z) has unequal
i=2i=L (i=0;L ;L 1). The case =2 is called least number of poles and zeros (a few poles outside the origin of
squares approximation, and the case 1 is called complex the complex variable plane and an arbitrary number of zeros)
Chebyshev or minimax approximation. The minimization ofhe estimation of minimum group delay is important because
Eo leads to a nonlinear optimization problem which can bier min @ stable lter is obtained. However, a large
solved by use of the Gauss-Newton method or by solvimgagnitude overshoot appears in frequency respdhge)
linear equations iteratively when the error (1) is replaaétti: when mnin is imposed and further looking for appropriate
i 1 1 value of the group delay is necessary. In this paper we pmpos
g = w® @) BO@ 1) DA @ 1) P : new_formula for group dglay estimate that guarantees lter
stability and small magnitude overshoot (usually less than
(2) 1 dB). Improved estimate of Iter order is also delivered
. . . . _ below. As in [14] we limit our discussion to the Iters with
J. Konopacki and K. Moscifiska are with the Institute of dilenics, . .
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like roundoff noise, coef cient sensitivity, phase lin@g{15], 20
[16].

The composition of this paper is as follows: section II .
presents the problem formulation, whereas section Il show 4
derivation of practical formulas for group delay and Iltender § 200
estimation. The design examples which illustrate pratctica £
usage of proposed formulas are presented in Section IV. g‘ 15
Section V contains comment on weighting function that is 3
suitable for both magnitude and phase response approgimati = 8 4!
and section VI provides the nal conclusions from this work. ©

5,
Il. PROBLEM FORMULATION ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
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Consider the digital IIR lters described by transfer func-

tion: Order N
2] 2] N Fig. 1. The average values of versusN for lowpass lters withM =2
b,z " b,z"V " obtained for:!!y = 0:04 (4), !¢ =0:07 (0),!t =0:16 (x), and its
H(z) = B(2) — _n=0 - n=0 4) approximation (solid lines) by (5)min plotted for comparison (dashed line).
A(2) P
amZ m ZN M a ZM m
m=0 " m=0 "

account if! p, is less than 0.2 for lowpass lters or less than

(for xed M) and group delay of desired transfer function 0.3 fg;\ba;}ndpass Iterls.t:ndF_ig. 1dan? Fig. 2hav_erage Yalﬁes of
D (z) that guarantee a stable lter satisfying given set of Iter fE:E SI t:_;lve h(_aenbp otte |r} or te(; Of“?p asize frclaa changes
speci cations for quasi-equiripple approximation &f(! ). orthe refationships because unctianst ; In case of lowpass

We use passband eddg, stopband edgé s and stopband Iter with M =2 are independent of the lter passband width
attenuationAs as speci cations (for lowpass lters). The * PV¥: . . )

following two assumptions are also made: rstly, the weiggt '€ following linear function has been proposed far
function Wo(! ) is equal to one in the passband as well as fPProximation:

the stopband, and/o(! ) = 0 in the transition band; secondly,
the magnitude overshoot in the transition band should ke les
than 1 dB. Some comments about other values of the weightiﬂg
functionWg(! ) in the passband and stopband are made in tQ
Section V.

for the caseM < N . The goal is to determine ordéM

1= (!t;!pw)N"' (!t;!pw): )

0 stage procedure was applied for determining the co-
Fcients (Y¢;'pw) and (!¢;! pw). At rst, least squares
approximation of 1 = fi(N;! ;! pw) was used for cal-
culation of and for lters with various !¢ and! py.
Il. DERIVATION OF PRACTICAL FORMULAS In the second stage, the relationshipsand as functions

The practical formulas foN and have been obtainedof ! ; and! ,, were modelled by means of second order
using algorithm [11] for lter design. Numerous experimgntpolynomials (! ;! pw), ('t;!pw) (5). Matlab functions
have been carried out, with various values 9fN, ! , and poly t andIsgnonlinhave been applied for calculation.
I 5. Hundreds of Iters have been designed assunihg 2,
4 or 6 in case of lowpass lters, andl =4 or 8 in case of
bandpass lIters, for eveN ranged from 8 to 50. Passband
width ! p and transition band width, = j! s ! ,j were
also changed during experiments. We started from i,
[14] and successively increased until= 3 for which the
magnitude overshoot would be less than assumed value of
1 dB. Next, we determined the minimum stopband attenuation
A of the lter based on frequency magnitude response. As
a result two relationships were obtaineg:= f1(N;! ¢;! pw)
andAs = fa2(N;! ;! pw) for each of the designed lIter. The
conclusions from experiment are as follows: in case of Imspa
Iters with M = 2 and bandpass Iters wittM = 4 the

Attenuation (dB)

relationship 1 = f1(N;! ¢;! pw) is linear inN and the slope
of this line depends on transition band width (see Fig. 1). 100 45 20 25 30 35 40 45 50
Filter attenuatiorA is a nonlinear function o and depends Order N

on ! as well (Fig. 2). For lowpass Iters wittM = 4 or fo o A o of th | i A

H — HY 1g9. 2. pprOX|mat|on of the average values o the StOp aation
6 and bandpass_ lters wittM = 8, an adqmonal effect of versusN for the lowpass Iters withM = 2 and with! as parameter:
the passhand width, can be observed in bothy andf, 1 =0:04 (4), 1y =0:07 (0), 't =0:1 (¥, ! = 0:13 (),
relationships (see Fig. 3 and Fig. 4), which must be takem int: =0:16 (x).















