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A New Design Method for Two-Channel Perfect
Reconstruction lIR Filter Banks

S. C. Chan, J. S. Mao, and K. L. Ho

Abstract—in this paper, a new method for designing perfect offers considerable freedom in controlling the stopband attenu-
reconstruction (PR) two-channel causal stable IIR filter banks ation and delay of the highpass filters.
is introduced. It is based on a structure previously proposed
by Phoong et al. [2]. By using a combination of allpass and
linear-phase FIR functions, the bumping problem found in the Il. THE PROPOSEDMETHOD

conventional structural PR filter bank is significantly suppressed.  cqpsider a two-channel critically decimated multirate filter
The design problem is formulated as a polynomial approximation bank h in Eig. 1 ™ liasi . liminated if
problem and is solved effectively using the Remez exchange algo- ank, as shown in Fig. 1(a). € aliasing IS eliminated |

rithm. Filter banks with flexible stopband attenuation and system the synthesis filters are chosen @§(z) = —Hi(—=z) and
delay can readily be obtained using the proposed algorithm. G1(z) = Ho(—z), whereHy(z) and H,(z) are, respectively,
Index Terms—Design method, filter banks, IIR filters, perfect the low-pass and high-pass analysis filters. In [2], the analysis
reconstruction. filters are chosen as
—2N —1 3 2
o) < )
|. INTRODUCTION 2
. i and
ERFECT reconstruction (PR) IIR filter banks are very at- ) o1
tractive because of their potentially low system delay and Hi(z) = —a(z")Ho(2) + = (2.1)

better frequency responses compared with their FIR counterpv:\;}hte

i . : : . 'Wherea(z) and3(=) are identical and the delay/ is equal to
[1]. The two-channel “R. f||te.r bank reported in [2] is particu 2JX— 1. It is interesting to note that the system is PR for any
larly useful because of its simple design procedure and good .

performance. It is parameterized by two functiams) and choices ofx(z) andj(»). Because of (2.1)j(z) can be chosen

(%), which can be chosen as an allpass function to obtain fsa polynomial or a rational function. In [2], IR filter banks are
e obtained by choosing(z) as a causal stable allpass function.

terbanks with very high stopband attenuation. Unfortunately, aIn this paperj(») anda(~) are chosen as allpass and linear-

bump of apout 4 dB alwf’;\ys. exists near the transition band élrfwase FIR functions, respectively, to realize PR filter banks with
the analysis and synthesis filters. Moreover, the stopband atten-"". : ; .
arpproxmately linear phase. Let's assume th&t) is prop-

uation of the analysis highpass filter is about 10 dB lower thaerI designed so thalo(z) is an approximately linear-phase
that of the lowpass filter. To overcome these problems, an i 9 0\% PP y b

proved algorithm using general rational functions dgr) and lowpass filter with reasonably good frequency response, i.e.,

~ —i2Nw i -
B3(z), instead of the allpass function, was recently proposed %O(z) ~e in its passband and Zero elsewher(_a. The de
[4]. The bumping problem in the transition band is consider-9" of Such an allpass-based lOWpaS.S filter has prewously_been
ably suppressed, but the design procedure is considerably m\?)gl% rssfsglgn[3|]:’r\g;e(r2e f;el tpggslﬁén;:;ﬁrt?:tl?ﬁidff 32nec|g(:2:
complicated and the stability of the IIR filters cannot be guar- P . e 9 y

anteed. In this papefi(z) and«a(z) are chosen as allpass an ponse oftfy(z) depends oiHo(z) anda(z). Letw, andw, be

linear-phase FIR functions, respectively. One of the advantaqgg passband and stopband cutoff frequencid#ig), respec-

is that the high stopband attenuation, low implementation corﬁ\{ely' The error functiont(w) of Hy(2) is

plexity, and low coefficient sensitivity of the allpass function E(w) = ¢ 7@MHD _ (B Ho (7)Y — Hy(e*)  (2.2)
are preserved. Moreover, the bumping can still be suppressed
with the use of a linear-phase FIR function. This has previousphere Hy(c'*) is the desired response and is equal to
been observed in [5], but no design procedure was given. In thisiw(2M+1) §or w, < w < 7 and zero otherwise. Since the
paper, we show that the design of such FIR functions can be fgimimization in (2.2) involvesy(¢2/«), which is periodic with
mulated as a polynomial approximation problem, which can bgriod r, it is different from the conventional Chebyshev ap-
solved readily using existing techniques. The new method alsgximation. In fact, for a given value of € [0, 7/2], ca(e**)

will affect the values off; (¢/~) atw as well asv + . If Hy(2)
is a reasonably good lowpass filter withy(z) ~ ¢ =72V inits
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Fig. 1. (a) Two-channel multirate filter bank. (b) Geometric interpretation of (2.5).

4

the stopband error df(¢’«). This allows us to minimize only
the stopband attenuation d@f;(c’“) using a(e?*), instead

of minimizing (2.2) over the pass- and stopbands, and relies
on the high stopband attenuation &fy(c’“) to achieve a
small passband ripples. By increasing the length@f), the
stopband attenuation @f; (¢’*) can be improved in exchange
for a greater delay. In fact, the total system delay is given by
2N + 2M + 1. Let «(») be a Type-Il linear-phase FIR filter
given by

H@ )

Magnitude in d8
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Normalized faquency

Jw — —jw]\lodd/Q
a(e ) GL COS(w/2)P(C08w)’ Fig.2. Frequency responses of example 1. Magnitude respon&es of and
] H(z) proposed in this paper (solid lines); propogéd =) in [2] (dashed line).
P(cosw) = Z ap(cosw)®. (2.3) '
h=0 (2.6) reduces to the familiar Chebyshev approximation which

From (2.1) and (2.3), it can be seen thdt, and L should can be solved using the Remez exchange algorithm with ideal
be chosen a8(M — N) + 1 and(M,q4q — 1)/2 = M — N, frequency response given by (2.5) and weighting function
respectively. LetHy(c’*) be written asA(c’“)e2“N, where W (x)given by

A(e?*) is a complex function but is approximately equal to one

if 8(z) is of sufficiently high order. Together with (2.3), (2.2) Woolz) = <cos(0.5 - arccos(z)) ‘A (ejo.sarcms(w))r) .

can further be simplified to

(2.7
E(w) =e7°CMF (1 _ cos(w) P(cos(2w)) - A(e™)), Normally, the value ofz, is very small and all the alternations
w e 0, 7/2]. (2.4) appear in the band edges and the intefval 1]. If p = 2, (2.6)

is simplified to the least square design problem, which again
As P(cos(2w)) is a real-valued function, the minimum value ofan be solved by the function FIRLS in the signal processing

|E(w)| is attained when toolbox of MATLAB. We now illustrate the design algorithm
o using the following examples. It should be noted that the pro-
P(cos(2w)) = Py(cos(2w)) = Re(A(CJ“)) posed method applies equally well to the design of two-channel
|A(ed@)|? cosw’ linear-phase FIR filter banks, as we shall see later in example 3.
w#7/2. (2.5)

. . . N [ll. DESIGN EXAMPLES
This is best explained geometrically as shown in Fig. 1¢b).

andA stand respectively fatos(w)P(cos(2w)) and A(e#<). It~ Example 1: To compare the proposed method to that in [2],
can be seen tha#(w)| is minimum whenaA is the projec- the lowpass filter in example 1 of [2] is used here. The order of
tion of 1 in the direction ofA. The corresponding value of /2(2)isN =3.a(z) is designed using the function Remez in the
is determined to be Ret)/|A|> which leads to (2.5). Writing Signal processing toolbox of MATLAB. Its order i, = 11

z = cos(2w), the design problem becomes a polynomial a@nd the delay parametaf = 8. Fig. 2 shows the frequency re-

proximation problem sponses of the analysis filters designed by the proposed method
(solid lines) and highpass filtdd; () designed by [2] (dashed
O, opt = argmin/ W ()| P(z) — Py(z)[P dz, line). The cutoﬁ frquencigs aff1(z) are w, = 0.6m and
ay I ws = 0.377, which are identical to that reported in [2]. The stop-
L, =(-1, 2, ]U]zs, 1], Zs < 25 = cos(2wy). band attenuation, however, is increased to about 40 dB and the

(2.6) bumping of H,(z) is also significantly suppressed. The system
delay on the other hand, is slightly increased from 17 to 23 sam-
The interval (0, Z,] is an optional disjoint interval used toples. In this example, the weighting functid#i(x) is set to
control the values ofP(cos(2w)) in the transition band of one so that the stopband Hf, (=) is not equiripple. This shows
Ho(e’*) andW (z) is a positive weighting function. I = oo, that the weighting function in (2.7) is useful in achieving an
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Fig. 3. Magnitude responses & (=) and H, (=) in example 2. Fig. 4. Magnitude responses of examplé®( =) (solid line); optimalH (=)

(solid line); H, (=) based on maximally flat(z) proposed in [7] (dashed line).
equiripple response in the stopband, as we shall see later in Ex-
amples 2 and 3. It can also be seen that by increasing the length IV. CONCLUSION

of a(2), the stopband attenuation &f, (z) is improved. This A very simple algorithm for designing two-channel causal
demonstrates that the proposed method is able to suppresssigle PR IIR filter banks is presented. It is based on a struc-
bumping inH;(z) and control its stopband attenuation in exg,re previously proposed by Phooagal. [2]. By using a com-
change for a greater system delay. _ bination of allpass and linear-phase FIR functions, the bumping
Example 2:In this example, the proposed method is comsroplem found in the conventional structural PR filter bank is
pared with the general IIR approach proposed in [4]. The Qfgnificantly suppressed. The design problem is formulated as
ders ofj(z) anda(z) are chosen a& = 5 andMoas = 19, g polynomial approximation problem and is solved effectively
respectively. The weighting function (2.7) is used to achie\ging the Remez exchange algorithm. Filter banks with flexible

an equiripple response. Fig. 3 shows the frequency responggihand attenuation and system delay can readily be obtained
of the analysis filters. It can be seen that they have a stopb%qing the proposed algorithm.

attenuation of approximately 52 dB, which is higher than that
reported in [4] (49 dB) with the same cutoff frequencies. The
system delay of the proposed method is also lower than that re- _ )
ported in [4] (39 versus 43). In addition, both the design and The authors_ would like to thgnkthe anonymous reviewers for
implementation complexities of the proposed method are muearefully reading the manuscript and for their constructive com-
lower than the general IIR approach in [4]. ments, which greatly improved the presentation of this paper.

Example 3:In this example, we compare the proposed
method with the maximally flat FIR approach proposed in REFERENCES
[6]. In [6], Ho(z) and «(z) are chosen as the half-band and [1] P. P. VaidyanathanMultirate Systems and Filter Banks Englewood
maximally flat FIR filters, respectively. As(z) is not opti- Clifts, NJ: Prentice—Hall, 1992. .

ized . it formance is limited. For a[2] S. M. Phoong, C. W. K_|m, P. P. Va_ldyanathan, and R. Ansari, “A new
m!ze US'”Q any me_asure' s per R class of two-channel biothogonal filter banks and wavelet bat#eEE
fair comparison/3(z) is chosen as a type-Il FIR function with Trans. Signal Processingol. 43, pp. 649-664, Mar. 1995.
order Moqq = 15, which is the same as that in [6]. The order [ . O Nauyen, T.|. Laakse, and R. D. Koipilal, ‘Eigenfiter approach

. . or the design of allpass filters approximating a given phase response,”
of a(z) is chosen to be 15. The magnitude respons#dfz) ~ |EEE Trans. Signal Processingol. 42, pp. 2257-2263, Sept. 1994.
designed by the proposed method is shown as solid line in4] X.zhang and T. Yoshikawa, “Design of two-channel stable IIR perfect
Fig. 4. The Weighting function (2_7) is again used to achieve reconstruction filter banks,JEICE Trans. Fundamentalsol. E81-A,
ifiool The dashed i in Fig. 4 sh h no. 8, pp. 1592-1597, August 1998.
an eq_umppe response. e Jashed line In _'g' shows t §5] C.W.Kim and R. Ansari, “FIR/IIR exact reconstruction filter bank with
magnitude response of the filtéf, () whena(z) is chosen as application to subband coding of imageBfoc. Midwest CAS Symp.
a maximally flat FIR function with the same order. It can be __ Vol 1.pp. 227-230, May 1991. .
. ﬁ] H. Kiya, M. Yae, and M. Iwahashi, “A linear phase two-channel filter

seen that the proposed method results in a much sharper cuto

. bank allowing perfect reconstructiorRroc. IEEE ISCAS'92vol. 2, pp.
than the maximally flat FIR approach. 951-954, May 1992.
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