Design of QMF banks based on derivative information

M.-C.Kao and 5.-G.Chen

Abstract: New /., objective functions for the design ol quadrature mirror filter (QMIY) banks are
proposed. They are based on the derivative information of the reconstruction crror, Simple and
explicit matrix-form formulas for the proposed abjective functions ave derived. Lfficient design
methads are proposed by incorporating a separability technique into the derived optimality
condilions on prototype filters, The proposed design methods need only zolve linear cquation
iteratively wilhoul nonlinear optimisation, Desipn examples demonstrate that good low-delay
OME banks and lincar-phase QME banks can be obtained i anly a Tew iterations, Compared with
the conventional approach, the new approach leads to QME banks with larger stopband

altenuation and smaller reconstruction crrors,

1 Introduction

Quadrature mirror filter (QMF) banks have a wide range ol
applications in subband coding and adaptive filtering
[ I-4]. The undetlying issucs [1] commonly encountered
in QMFE banks design include imposing constraints on the
frequency characteristics of individual analysis and synth-
csis filters, and on the cteconstruction fidehily of the
combined analysis/synthesis  system.  Various  studics
have been devated to the design subject in recenl years
[1-1a],

One very popular type of two-channet QMF hank, which
is (he locus of this study, involves the design by frequency
modulation ol a prototype bascband analysis filter ffy(z)
[1]. Marc preeisely, the modulaled analysis and synthesis
lilters of g, | are given by ()= — 2), Gulz)=2
Ho(z), and G (z}= - 2/(--2). Accordingly, the filtering
performance of the QMF bank hinges on (he prololype
filter 1/5{z). Many design techniques for prototype [iliers
had been preposed [10-14], most devoled (o linear-phase
QMF bank design. They minimise the conventional objec-
tive function

q)mn = q’d.con + 'Q:(Ds (l)
where My oo, the distortion energy of the overall QME
bank frequency response, s defined as

[* ey | 2 e 2
By con — In(|H(,(e-f-)\ + | He T = Do (2)

md @, the stopband cnergy of the prototype filter, is
defined as

O, [ ]Hu(e-f‘”}lzdw 3)
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with w, being the stopband cuto!T frequency of Hy(z). (IFor
simplicity, the subscript 0 of Hy(z) is dropped in the
ensuing discussion.) The stopband weight o is a positive
number thal controls the relative significance of these two
crrors. Note that normally e passband crror is not
included in the objective function. The reason [1] is thal
If the objective funetion, in terms of the reconstruciion
ceror and the stopband ecror, is minimised the passhand
crror is also reduced accordingly. Therefore the design
technigques mentioned did not consider the passband cutofl
frequency w,,, The QMY bank design problem is [ormu-
lated as an unconstrained nonguadratic  minimisation
problem that is diflicult to solve anakytically.

Jobnston [ 11| propesed a scarch algorithm by using a
nonlinear programming eptimisation technique. llowever,
such nonlinear optimisation is very complicated. Besides,
this algorithin is sensitive o initial values and requires
significant manual intervention during the filter aptimisa-
tion process, Chen and Lee [12] proposed an ileralive
algorithm by incorporating a linearisation lechnique 10
relformulale the fourth-order conventional ohjective lune-
lion in a quadratic form. For better performance, however,
this algerithm requires higher-density discretisation of
frequency grid points at cach iteration aind is thus also
very computatlion-intensive. Recently, Xu, Lu, and Anto-
niou [13] improved the algotithm (o reduce the computa-
tionat cllort by replacing inexact intcgral discretisation
with cxact inlegration. On the other hand, Jain and
Crochicte [14] deseribed a fime-domain  approach.
However, it involves a large amount of computation lor
the eigendecomposition operations at each iteration, parti-
culacly for long f(ilters. In summary, almost all the studies
had been devoted to this particular type of objective
funetion rather than to developing new abjective lunctions.
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Fig. 1 feo-channet analysis/synthesis OMF bank apd ervor sysiem
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Nonotheless, an appropriate objective function is crucial to
the development of a goad QMY bank design method.

In this paper, new objective functions thar utilise the
derivative information of the reconstruction errer in the z-
domain are proposcd. The motivation for using the deri-
vative form (w.rt. z of the rcconstruction error) is as
follows. Ly nerm minimisation of the recenstruction error
often results in total system magnitude responses that
exhibit ripples around ideal value one. It is natural to
expect that more error ripples result in larger derivative
values of the ervor ripples. Therefore one would cxpect that
the resulting system responses would be closer to the ideal
ones il one can reduce Uhe decivative values ol the error
ripples. Although the Lo normy minimisation ol the recon-
struetion error is well documented in the literature, it is not
closely related Lo the minimisation of the derivative of the
reconstruction ercor. Hence, it is intercsting to investigate
the design results by minimising the derivative information
ol the reconstruction ctror.

Another erucial issuc of QMFE bank design is to have
low-delay property, particularly in time critical applica-
tions, A low-delay QM1* bank refers to a causal QMF bank
with a reconstruction delay of D < N — 1, in contrast to the
fixed delay =¥ — | of a causal lincar-phase QMF bank,
where N is the length of the prototype filter, In the past,
almost all the attention had been given to linear-phase
OMT bank design [&, 9]. Howcver, one recognised restric-
tion with linear-phase QMF banks is that i3 gystem delay
is completely determined by the lengths of the analysis and
synthesis filters. One has to make tradeoff between the twe
conflicting conditions of low system delay and small
recansiruction error, Thus, the lincar-phasce consiraint for
filters should be relaxed to allow more [reedom in design-
ing low-delay QMF banks, Lixicnsions of the mentioned
methods [13, 15] to low-delay QM bank design are
straightforward but bear the same preblems ag they have
in lincar-phase QM bank design. In general, studies on
low-delay QMF bank design are few [15, 16], and the
optimum design method has not been found yet, particu-
larly with equal-length filters,

Bascd on the proposed objective funclions, prototype
filter design techniques for low-delay QMU banks and
linear-phase QMF banks are developed, Compared with
the canventional approach, the proposed approach leads to
QMF banks with larger stopband atienuation and smaller
reconstruction errors.

2  New objective functions

For good coding efficiency and high-fidelity reconstruction
of the QMIi bank with £ system dclays, the causal FIR
prototype {ilter H(z) is required to satisfy the following two
conditions:

|H(ef‘”)| =0, for0Sm<m=<n {4

and
H(2) ~ H¥(—z) =2z " )

whore D is an odd number. TTere, particularly we are going
to investigate two questions: Could the differentiation of
eqn. 5 be well approximated by numeric optimisalion?
Could the resulting QMY bank have smaller reconstruction
error than the one resulling (rom the conventional objective
function? The answers are detailed as follows.
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By definition, the reconstruction crror f,, {2) is given as
Eeon(@) = 11%z) — [TH{(—2) — 27" (6)
¢t the z-domain crror term ., {2} in its general form,

corresponding to the ath derivative of #o,(2) with respect
ta z, be

(__-_z)n )
XD+ (ka1

Foe (z) =
% —(—{” [Hz(z) - HZ(—Z')} —z (7
=P B

The new ohjective function in its general lorm is defined to
be a weighted sum of the £, norms ol the speeific crror
fewn (2) and the stopband ripple as

2
d

Qdu) + J |H (e-" ™)

h

b
a ft
(Dncw,n - [ |Euuw.u(e"r“)
J0
= (l)d.n + oct[:s

Varying 2 leads 1o different @4y, and QMF banks. [n
particular, this paper investigates the special cases of the
first derivative (s =1) and the second derivative (n=2).
Their overall QMF bank frequency responses and flter
responscs  are  investigated and compared with (hose
obtained by the conventional function @, laicr. We
denote @, and G .5 as the objective funclions
corresponding to the fivst and sceond derivatives, respee-
tively.

3 Parametrisation and formulation of new
objective functions

Let &, the filter vector ol H(z), be defined as
B=[HO) A1) B2 AN Y )

where the superscript []” stands for the teanspose, Then
Hi=h[I ' =2 zw=n]" 10y

In particular, the Trequency response IH(e™) can be written
as

H(e™) = b7 {estw) — jsn(m)] (tn
whare

cos(iw)  cos(2m) cos((¥ -- 1)0)}]?'

(12q)

axlen) = { 1

sin{(AN — I)n))]T
(125)

sa(m) = [0 sin(w)  sin(2Zw)
Morcover, H(z) can be put in the following niateix product
form

zev-n)" o (13)

"rE=wn'[1 ' 22
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where H is a (2¥ — 1) x & Tocplitz matrix that ropresents
the convolution with &

A ( 0 0 7]
A1 h0) 0 0
1) A{0) 0
M H0)
- _ ‘
N = 1) : : Al
0 BN — 1)
0 a BN = 1)
L0 0 ] My -1

(14)

Next, simple and explicit forms lor the proposed objective
functions can be derived as follows. lirst, substituting eqn,
L3 into cqn. 7 yiclds

!""]!E\i-‘,l'l {Z)

_ AN+ DA+ - D

. 1) i A —

Ay S = B~
(15)

where

B@=[0 2 0 2 o0 Lo o))

A and Fare 2N — 1= (2N — 1) diagonal matrices given
by

A =diag[0 1 0 3 0 2N -—-3 0
and
f=diag[1 1t 1 . 1 1],

respectively, In particular, there halds

e PAAED (A= DD
|Lnuw,n((' )|_ 204 DD D (D n— |)
® {c(m) —}—js(m)l — (16)

where both () and s() are veetors of size (2N - 1) x|
given by

e@)=[0 cos((D—ljw) 0 cos{D—3w)
I cos((D =28 43wy 0] (17a)
swy=[0 sin{(D>—1y2) 0 sin((D ’Sjm)

0 . singD--28 13wy 0] (175)

After seme manipulation, the error term By, can he
farmulared as
py AN+ DA+ (0 — I)Q

DO+ (PD+u-1)

(Ad-(p— 00 (A-FDA
X (Q(I ()6 ~|_~ y : ])_< (I_JI I)Tl’l' ) +n

Oy, = 4(HA)

where v is a vector of size (2N — 1) | given by
vee[0 0 @ oo 0]
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with the only nonzero value  in the (2 + Dth entry, and
@y s a 2N - 1) x (2N -- 1) diagonal matrix given by

Q,=diag[0 = 0 = 0 n 0]

Lt remains te derive the explicit form for the stopband
ripple conergy .. By substituting eqo, t1 for fi(e™), U,
can be formulated as

M, == " Q. (19

where €, is an & x & symmetric matrix with its {(,/3th entry
given by

_‘! ;lsmHJ jlad, W iA G LN

Q0,0 = {
fi=j i=1..N

(20)

=,

Consequently, a new objective function O, can be
formulated explicitly in terms of fr and IF as

B FAMA+D A+ (= 1D
Pygwn = AH 1) DD+ G (Dt D
0, (At —DH- (A4 DA
D=1+ DD ! (21
AN (A G- DD
S s (m

v +ahtQh+xn
The conventional objective lunction M, can be wrillen as

= 4 QT — A v 4ok QN 1 (22)

L(ll'l

As a result, a generaliscd objective lunction can be defined
as

O =4 WO WHE - 40 Wiyt QI 41

(23)
where
1 if @ =,
W~ (Aﬂ-(n—l)l}---(z\+l)z\‘ iC D
(D+a— 1) (DA 1) e
(24)

As shown, d .., provides an additional weighting matrix
FF 1o the characteristic matrix €, and vector v, in contrast
to the nonweighted d,,. The weighting matrix ¥ relates
primarily to the detay paramcter 12,

4 Optimisation of new objective functions and
design of QMVIF banks

An cfficient method is developed or finding the optimal
filter veetor, This method is m essence an iterative proce-
dure that makes the [ilter yveclor descend 1o the minimum
af the objective function. The design proceduce only necds
to solve o scl of lincar equations iteratively without
nonlincar optimisation. Convergence ol the design proce-
dure cccurs in a foew iterations.

4.1 Design of OMF banks
Let f,,, o be the optimal prototype filter at which @,
aliaing its minimum. The minimisation of* this crror is
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achieved when Vi, @, = 0. Consequently, the eptimality
condition on #,,,,, becomes as

FANAD A+ = DD
(8(1‘19;1&:1) DUJ —}-_l] . (D H— l)
(A= (n— D). (ADA
XQ(\ (D 4n— l) . (D + I}Ij ‘I[n,u.f,n + st)hn‘um
B AN A= DD
= ) 25)

(D+n 1)

where H,,,, s the Toeplitz matrix hat corresponds to
I, - Thiis system of equations is hard to solve owing fo its
high nonlincarity. An efficient way to approach I, , is by
separating he unknown vector & from the available matrix
IT at each iteration and by iterating through the following
twa steps:

(i) form a fixed # fromn the newly obtained A

(i) solve the following sct of lincar equalions

(SH.,.A(A +4 . (A - DD

DDA+ ... (D+a—1)
(A+(--Dy, A+ DA

D '(mUﬂcQﬁ)h
P AA+D . (A (= D)
- O IRCEY ) v

(20)

and vpdate f by lincarly combining & and the solution of

cqu, 26. The iterative procedure may be terminated when
the new solution s wilhin a relatively small deviation from
the current solution.

Note that the separability technique incorporated in the
proposed iterative algorithms is dilferent from the lincar-
isation technique in the literature [12 -14]. Actually, the
separability technique transforms the QMY bank optimisa-
tion problem into a convergent fixed-point problem, simply
by algebraically scparating the vector variable & from a
system of nonlincar equations. The proposed iwo-slep
procedure is a functional iteration scheme of the form
kﬂ = G(hu - !)s where G(hu - |) = hn -1 F(hn - I)s
which is simple and efficient for our design purpose.
Unlike many popular optimisation techniques, the optimi-
sation procedure does net involve search steps and
nonlincar optimisation.  Like the wmore complicated
Newion’s method, the procedure converges [airly fast
omee an approximation near the true solution is obiained.
Generally, the procedure gives linear convergence. In our
simulations it look only a few iterations (sce fables) to
converge, depending on the filter length. On the other
hand, Newton’s methaod for nonlinear systems is a
functional iteration scheme of the form A, — G(h,. ),
where Gy, _ ) =h,_, — Jh, )" 'Fih, ). Genetally,
Newton’s method gives quadratic convergence, provided
that a sulficiently accurate initial peint is known and the
Tacobian matrix J(#) is nonsingular at the (ixed point to be
cenverged. However, Nowlon's method requires evalualion
of Jh,) at each step, and is more expensive to employ.

For © =Dy, Foupeen can he solved similarly and the
required set of lincar cqualions is

(RHTQH + 20 h = 4H Ty (27)

The design algorithm is summarised as follows,

{i) Specifly the filter length &, stopband cutotf [requency
@y, system delay £, stopband weighl ¢, smoothing value ©
{0 <7 < 1), and rclative crror Lolerance &.
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(i1} Select an initial filter Ay by using any available FIR
filler design method. Set the iteration index §=0.

(ifl) Construct H, from ;.

(iv) Compute ¥ from the lollowing design formula;

4(3{;;.)?'@,". + och)“(H )y, DDy,
(s
=1 x0, %f’—;-—_ll);_j_Hu, + ocQS) |
if &=,

(v) "Terminate i |[B; — Br¥| < &, otherwise update ;| by
B o= (= ohy 4+ oh”
Seti=—=i+ I and go to (iii).

4.2 Design of linear-phase QMF banks

Consider next the lincar-phase case. The protowype filter
H(z) is restricted to be of type-2 lincar phase (i.e. & is even
and Aimy=h(N-- | —m). The impulse responsc can be
expressed by

Iy
h= [Ji.]hsw = Kir, (28}
¥

whore Ay, is the vector consisting of the first half of the
{h0m3 sequence, Fypy is the N/2 x N/2 identity matrix and
s is the NJ2 » N/2 exchange matrix. One can obtain the
requited set of lincar cquations

P AAAD. (A G D)
(8“”{) DD+ .(D+n—1)
A+E-D. (A DA "
*s (D+nf .. (l)| (§Y2] K + ol Q\«.) yim
_ pAAHD. A+ - DD
MY T (DA (29)

when using @ g, and
(8CHK) QHK + oK QKb =4I vy (30)

when using M., Accordingly, a modilicd design algo-
rithim is obiained as follows.

(i) Specily N, w,, 2, 7 (0 <7 <1), and &

(it} Seclect a linear-phase filter fip by using any available
FIR filter design method. Set the initial veetor iy g, 10 be
the first hall of the coelTicients of &y, Sct the iteration index
i=0.

(itiy Construct I, from & oy

(iv) Compute k¥, from the following design formula:

ABHKY QuH K + K QK) "(HK) v,
it i =

p AT (A — 1)1)Q
DDA D...D+n—1 =1

can

(S(H K
fi

sm = (A DI A DA o Y
TDaa—1). B+ 0D LK ok QSK)
AN A - I).')
DD+, . (h4+a—1)
-

< (IK)!

new, 1

fHed Proe-Vis, Image Slgeal Process, Tal 146 Noo 5, October 1990



(v) Terminate i || g0 — 8l <& otherwise update
kf*l' sy by

br’-)—l‘sym A (1 - T)l’i‘:iym + I'h:ym'

Sei i—=i+ | and go to (iii).

5 Design examples and comparisons

Three design examples Ter low-delay OMFE baoks and
lincar-phase QMI? banks are presented. All of the designs
are performed using MATILAR, For convenience, we
denote I, -design, B ewz-design, and Deg-design as
the designs using the objective functions Oeer, Puewas
and b, respectively. Vor comparison of all the designs,
the proposed iterative algorithm is applied lo minimise all
the objective functions including dy,,,. The choice of test
signals is for the consideration of subjecting all the design
miethods to extreme inputs. Specifically, they are the heter-
case narrowband signal and the worse-case wideband
sipnal. As the narrowband test signal, an AR(l) input
with correlation factor p—0.9 is vsed. As the wideband
test signal, a uniformly distribuled random input is used,
The length of the test signals is 2'". To generate a
uniformly  distribuled  random  input, we use  the
MATLAB function rand. This gonetator can generate all
the  (leating-point  pumbers  in the  interval [2_”",
| -2 'ﬂ]. For comparisons among all the designs, the
following performance measures are used;

(i) A, (dB), the minimum attenuation in the siopband of
H(e™), Ay=ming, =0 zn {20 logg {F{e”™). ‘
(i) 4, (d13), the peak-lo-peak passband ripple of f/(e’)
with the passband cutol! frequency y, A, =MaXg . o
£20 logyo [} — Mty < 1y = o {20 logyoli ™) .
(iii) A1 (dB), the first sidelabe attenuation in the stopband
of H(e'™),

{iv} PRI (dB), ihe absolute maximum reconstruction crror
o the OQMF bank designed, FARE=1maXq<cmer
{20 Lo d Ple™) - 1Ry — i

{(v) SNR, (dB) and SNR, (dB), the signal to reconstruction
noise ratios {SNR), are due to an AR{1) inpul x(x) with
corrclation faclor p=0.9 and an uniformly distributed
random inpul, respectively, where

o Y
Yy — ftn + D)

The comparison emphasises the qualities ol the resulting
prototype filters and QM1 banks owing o dilferent objee-
tive functions, all oblained by the same new iterative
optimisation algorithm. The initial values of the lincar-
phase prototype filters are obtained by using the Parks—
MeClellan equiripple filler design method.

1

SNR = 10logy,

5.1 Design example 1

Fitst consider the design of low-delay QMF banks. In this
example a delay of L5 ig impoesed. The design parameters
arc ag (ollows:

N =32, =15, =0675,4=001,
=05, ande= 107"

Table 1 lisig the results of performance comparisons among
the new and conventional designs. Fig. 2 shows the
corresponding amplitude responges of the OMIC analysis
filiers, One can observe that the ®,., -design shows a
good amplitude response with large stopband attenuation,
The sidelohe atienuation values are larger than 60dB. 1n
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Table 1: Performance comparisons of design exampie 1

LU LI Drowe
As 33.75 44.52 44,12
Ay 0.015 0.002 0.004
Al 47.50 54.69 54.19
PRE 559x10 4 24910 * 275x10 4
SNR, 75.6 79.6 77.9
SNA, 74.4 80.4 78.7
fterations 10 6 7

N=132; D=15; 0, =067 7; 1= 0.35z, 2= 0.01; 1 =0.5; s —10 *

addition, the @, -design improves A, by [0.8 d13 over the
by, -design. Similatly, the @, o-design improves A, by
10.4 dB3 over the M, ~design. As shown in Fig, 2, the filter
responses of the new designs are betler than thal of the
conventional one. Fig. 3 shows the reconstruction error
spectra of the resulting low-delay QM7 banks due to those
three designs. As shown, bolh D, -design and D es-
design have smaller variations in reconstruction error and
smaller PRI value than the @, ~design. Under the crror
tolorunce threshold & of 1077, the @, -design, Myewa-
design and O, -design need 6, 7 and 10 iterations,

ampitude response, dB

amplitude response, dB

-B0 L 1 1
a 0.1 0.2 0.3 0.4 05

normalised froquoncy
b

Fig. 2  Amplinede respanses of lowpass and highpasy analysis jilters for
fesigi example
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respectively. T'he design results indicate that the new
designs are superior Lo the conventional design,

5.2 Design example 2

This example illustraies the effect of a wider transition
band and a larger stopband weight. Here except that ey 18
0.697 instead ol 0,677 and « is 0.2 instead of 0,01, all the
other design parameters are the same as those of design
cxample |. Table 2 lists the design results, Fig. 4 shows the
amplitude responscs of the resvlting prototype [fillers.
Again, one can observe that the M., -design shows a
good amplitude response with large stopband attenvation,

Table 2: Performance comparisons of design example 2

Pean D Pz
Ag 45,32 53.01 52.81
Ap 0.024 0.004 0.006
AL 54.42 61.62 61.61
PRE 551 x 101 157 %10 * 1.76% 10"
SNA, 73.8 B15 79.9
SNR, 74.8 618 80.1
fterations 10 B 7

N=32; D=15, cu;=0.69 %; (1, —~0.35%; x=0.2} 1 =0.5; r=10""*

ampliued response, dB

0.2 0.2 0.4 o.

2]

normallsed frequency
Fig. 4  Ampliiwde responses of protolype fifters fir design example 2
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Fig. B  Ovendt reconsirnction ervors for design example 2

The sidelobe aticnuation values are larger than 65 dB. Fig.
5 shows the reconsiruction crror speetra of the resuliing
low-delay QM banks, Again, both . -design and
W o-design have smaller variations in reconstruction
error and  smaller PRE value than the Ogq,-design
Compared with the new designs of example 1, the designs
with a wider tansition band and a larger stopband weight
have lower stopband ripples, a larger A4, and a smaller PRE.

5.3 Design example 3

Consider the design ol lincar-phase OMF banks. The
design parameters are as follows:

N =64 o, = 0.621, 0= 0.0000,t =05, ande=10°

Table 3 lists the design results. Figs. 6 8 show that all
design approaches produce lincar-phase prototype [lilters
with good amplitude responses and lavge stopband aitenun-
tion. All exhibit flainess in the passband and sharp drops in
the trailing part of the transilion band. The attenuation
values al the [iest sidelobes of the canventional and the
proposed designs are all larger than 70dB, Figs. 9 -11
shows that the rccenstruction orrors of the resulting linear-
phasc QM banks are small and similar. Since longer
filiers provide more parameters to be optimised, recon-
struction errors can be made smaller {and more similar) in
all design approaches. On the other hand, in cases of linear-
phase protowype {ihers, the weighting martrices B due 10
proposed design approaches are found o be closer 1o f of
the conventional design approach than the nonlinear phase
CaRCS.

Table 3: Performance comparisons of design example 3
{linear-phase QMF bank)

Deon P gt Uryyp
A, 65.60 65.01 63.10
A, 5.09x10 ¢ 491x10" 417x10 8
AL 74.09 73.64 71.09
PRE 5.89x10 7 56510 7 4.76x10 7
SNR, 130.6 130.8 132.7
SNA, 130.5 130.7 132.7
iterations 24 26 25

-

N=84; ;=062 7, tv,=0.385; «—0.0001; T = 0.5, =10 *
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SLill, there is neticeable difference between the conven-
tional and proposcd design approaches, owing Lo the
noncenstant weighting matrix B From Fig. 8, the @ eyo-
desism exhibits a dip around 0.75%. Also (rom Figs. 9-11,
ihe proposcd designs bave signilicantly smaller PR value
than that of the @,,-design. The amount of overall
reconstruction error is cxpectedly getting amaller with
increasing derivative ovders. “Uhe results show that the
proposcd approach has slightly better performance than
that of the conventlional approach.
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6 Conclusions

A new approach to the design of two-chanonel QM banks
was proposcd, Compared with the conventional approach,
the approach can yicld QMI banks with larger stopband
attenuation  and  smaller  reconstruction  ercors. The
improvements arc more signilicant in the low-delay QM
bank cascs than in the lincar-phase QMIF baonk cases. The
adjustable weighting matrix W suggests possible alterna-
tives and fexibility for designing QOMF banks, which
deserves further investigation. Marcover, the proposed
approach can be extended to the design of two-channel
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QML banks with different weighted Z,(p>2) error
criteria, as well as M-channel (M = 2) pseudo-QMI¥ banks.
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