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Abstract—An optimization procedure for cosine-modulated filter banks tion for the interference constraints. Then, Section 6 includes

(CMFB) using the frequency-response masking approach is proposed. In some design examples, showing improved results achieved with
the given method, we perform minimization of the maximum attenua- s

tion level in the filter’s stopband, subject to intersymbol interference (ISI) the optimized FRM-CMFB structure.

and intercarrier interference (ICI) constraints. For optimization, a quasi-

Newton algorithm with line search is used, and we propose a simplified II. THE CMFB AND TMUX SYSTEMS

s e o o 3 e, e s o redoced " CMFBS are casy-to-implement structures based on a single
filter complexity for given levels of interferences. prototype filter, whose modulated versions will form the analy-
sis and synthesis subfilters of the complete bank [7]. The modu-
lation operation is implemented in an efficient manner by using
fast algorithms for the DCT. Usually, the prototype filter fir-

Cosine-modulated filter banks (CMFBs) are commonly usgghnd filter bank is specified by its 3 dB attenuation point and the
in practice due to two main features [6], [1]: First, their realizagtophand edge at frequencies
tion relies only on the design of a single prototype filter; Second,
they have computationally efficient implementations based on wagp A T Wy = (1+p)m @
fast algorithms for the discrete cosine transform (DCT). For very 2M’ 2M
demanding applications where maximum selectivity is requil’edaspectively, wherp is the so-called roll-off factor.
the prototype filter for the CMFB tends to present very high or- Assuming that the prototype filter has an impulse response
der, thus increasing the computational complexity of the overailg(n) of orderN,, its transfer function is expressed as
structure. A possible design procedure that avoids this problem

I. INTRODUCTION

is to use the FRM approach [5] for designing the CMFB pro- N B

totype filter. This technique is known to produce sharp linear- Hy(2) = Z hy(n)z™" (2)

phase FIR filters with reduced number of coefficients, resulting n=0

in the so-called FRM-CMFB structure [3]. The impulse response of the analysis and synthesis subfilters are
This paper presents an optimization procedure of the FRNhen described by

CMFB prototype filter aiming at the reduction of the stopband b _h 3

maximum magnitude, with constraints on the intersymbol in- m (1) = hp(n)Cm.n (3)

terference (ISI) and intercarrier interference (ICI) of the over- fm(n) = hp(n)emn (4)

all_s_tructure. I'F is then verified that the reduced number of COr 1, — 0,1,...,(M —1)andn =0,1,...,N,, where

efficients required by the FRM approach not only generates a

more efficient structure in terms of computational complexity, _ o (2m+1)(n—Np/2)m Hm™ 5

but it also leads to a simpler and faster optimization problem. Cm,n = £ €08 oM +(=1) 4 (5)

The optimization procedure is based on variations of sequen- _

tial quadratic programming, using a constrained quasi-Newton Cm,n = QCOS{(2m+1)$\/f No/2) —(—l)mﬂ (6)

method with line search. A simplified analytical derivation of

the interference constraints is given, which greatly speeds up ththe prototype filter hagN, + 1) = 2K M coefficients, then it

optimization procedure. The results include lower levels of 1ISlan be decomposed in?d/ polyphase components

and ICl for a fixed filter order, or reduced filter bank complexity oM 1

for given Ievgl_s interferences. _ _ . Hy(z) = Z 2B (22M) @)
The remaining of the paper is organized as follows: In Sec- =

tion 2, descriptions of the CMFB structure and the transmulti-

plexer (TMUX) configuration are given. In Section 3, a briefvith E;(2), forj = 0,1,...,(2M — 1), given by

explanation of the FRM approach for designing low-complexity K1

FIR filtgrs 'is provided. In Section 4, the F.RM-CMF'B'impIe— E;(2) = Z hy,(2kM + j)z (8)

mentation is then presented as a computationally efficient alter-

native to design highly selective filter banks. In Section 5, the .

optimization procedure for the FRM-CMFB prototype filter isTherefore, using the fact that, ,+arar) = (=1)*cmn, the

presented with emphasis given on a simplified analytical deriv@0alysis filter can be written as

k=0
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With this polyphase decomposition, it can be shown that all fil- The general relation that describes the transfer functions of
tering operations can be performed using sparse matrix multipiite TMUX system is
cations involving an identity matrix, a reversed identity matrix,
and a DCT-IV operation, leading to a reduced number of opera- fc(zM) = _T(ZM)X(ZM) (13)
tions per output sample [7].

Figure 1 shows the block diagram of the filter bank describaghere
above, whose input-output relation is described by %(2) = [Xo(2) X1(2) ... Xn1(2)]" (14)

. M1 . x(z) = [Xo(z) X1(2z) ... XM,l(z)]T (15)

V() = — | DY) + 3 Ti)Y (2eF )] (10) ang

=1

_ j2rm _j2rm

M-1
The first term in equation (10J;y(z), is the direct transfer func- [T(z™)]ab = Z H.(ze ™ )Fp(ze ™ ) (16)
tion and must be the unique term in an alias-free design, which m=0

includes the perfect reconstruction (PR) filter bank, as a p%-r ab = 0,1, (M —1). The matrixT(zM) is the so-

ticular case. The second term, involving all otlig(z), is the . M
aliasing transfer function, which quantifies the influences in caalled transfe'r matrix whose elgmerjtﬁ(z ).]ab' representthe
nsfer function between the interpolated inp&nd the deci-

iven band from all other bands. These terms are expressed H o ' ) .
g P razted outpub. Thus, the main diagonal entries of this matrix,

M—1 [T(z™M)]aa represent the transfer functions of each channel, and
To(z) = Z Fo(2)Hp(2) (11) the other terms give the crosstglk_ between two different chan-
m—0 nels. In the NPR case, no restrictions apply to the transfer ma-
trix, whereas in the PR case, the crosstalk terms must be zero
M—1 iomi and the diagonal terms become simple delays [1].
Ti(2) = Y F(2)Hp(ze ™) (12)  Ina TMUX system, one would be interested in estimating the
m=0 total ISI and ICI figures of merit which are given by [1]:

zq(n) = max n)— n)?
si-ug{ S -t} @

n

21 (n o i (n) Ml :
e Tl O O =max{ 3 [[T(e*)]an? (18)

a,w

. b=0,a#b

M whered(n) is the ideal impulset,(n) is the impulse response

for the ath channel, and the terfiT'(e)]ap is the crosstalk
Fig. 1. M-channel maximally decimated filter bank. between theth andbth channels, whose expression is given by
equation (16).

The maximally decimated/-channel TMUX system is a fil-
ter bank where the analysis and synthesis blocks are switched,
in order to form a system with/ input/output channels, as de- The basic principle behind the FRM approach consists of the
picted in Figure 2 [7]. This structure interpolates and filter ead#sage of a complementary pair of interpolated linear-phase FIR
input signal, adding the resulting signals on each branch to foffftiers. The base filterf{,(z), and its complementary version,
a single signal for transmission over a given charfielAt the 5. (z) are interpolated by a factor df, to form sharp tran-
receiver, the signal is then split back inté-channels to gener- sition bands, at the cost of introducing multiple passbands on
ate the desired/ outputs. The design problem of such systerfidch frequency response. These repetitive passbands are then
can be simplified by assuming that the channel response is idéigred out by the so-called positive and negative masking fil-
(C = 1), or a pure delay. Then, in the PR case, each output si§'s: Gm(z) and G, (z) respectively, and added together to
nal is identical to its equivalent input, whereas in the nearly-PF@mpose the overall desired filtéf ¢ (z). This whole procedure
(NPR), a small interference among the sub-channels is preseitillustrated in Figure 3. In practicd, is chosen in a heuris-

tic way such that the total number of coefficients of the overall
o (n) - - #o(n) FRM filter is minimized. The subfilters can still be optimized
z1(n #1(n)
1 o ! IV. THE FRM-CMFB STRUCTURE
. . . + l- - ]

depending on the application, as described in [4], [2].
: : : From the analysis of the FRM and the CMFB schemes, an
: : : efficient FRM-CMFB joint structure can be derived if the inter-
e b e —
Fig. 2. M-channel maximally decimated TMUX system. L=2K,M + % (19)

(n) polator factorL for the FRM filter can be written as [3]
b

IIl. THE FRM APPROACH
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interpolated base filter V. OPTIMIZED FRM-CMEB
Hy (30 Gm (e7¥)
2(n) y(n) Standard optimization goals for the CMFB prototype filter are
] ﬁ to minimize the objective functions
Z=NL/2 -(H)— Gme(e9™)
0 .
E, = H,(e?*)|*dw 25
Fig. 3. FRM structure: The interpolated complementary pair of filters and 2 /w | ”( )| (25)
the respective masking filters work together to produce the desired frequency " i
response. Ewx = ér[lax ]|Hp(€J )l (26)
wWeE|wp,T

. o which correspond to the total energy and the maximum magni-
with K, > 0 and K, > 0 being integer numbers. In suchy,qe value in the filter's stopband, respectively, with being
case, using solely the upper branch on the FRM scheme, {3g stopband edge frequency. In practice, to control the aliasing
mth analysis filter can be written as distortion and the overall direct transfer of the filter bank, the

following constraints are introduced

Ny N,

H,(z) = hy (i) 2~ Cm.in+LitgL(n)z=" 20 .
=) ;[m > ez () 20) e <1en on
|Ti(e7)] < 0y (28)

where N,,, is the order andj;(n) are the coefficients of the
masking filter. Notice that for the general FRM structure, a sim- . .
ilar description should be obtained for the lower branch, arr? ri=12...,(M~-1)andw =€ [0,]. _ _
the results for both branches added together. Hence, from equdl the FRM-CMFB structure, the prototype filtéf, () is as
tion (20), by using) = 2K, polyphase components for the bas@Ven in Figure 3 and the_e'\ppromme_xtlon.problem resides on
filter, with i = kQ + ¢ and(N, + 1) = QK., we have, after finding a bgse fllter,_a p_osmve masking filter (upp_er branch),
some manipulations, that and a negative masking filter (lower branch) that optinfizeor
E subject to the constraints given by equations (27) and (28).
O-1K. 1 In this work, for the optimization we used a quasi-Newton
H,(2)= [hb(kQ + q)z LRQ+a) o algorithm with line search implemented with the command
fmincon in MATLAB ® [8]. The gradient vector was de-
N, termined analytically to reduce computational burden during
1\ (k+Kaq) —j optimization procedure. The functior® (z) and T;(z), for
(=1) Zcm’(”%q)gl(n)z (1) i = 1,2,...,(M — 1), required to impose the desired con-
straints, have extremely high computational complexity. Some

By writing the modified polyphase components of the interpgimplifications, lowever, carsignificantly simplify the problem
lated base filter of evaluating these constraints, as described below.

In thez domain, equations (3) and (4) become [7]

n=0

K.—1
Hp,(2) = > (=D h(kQ +9)z7F  (22) i I
k=0 Hy(2) =amBmHy(ze™ 2 ) tay By Hy(ze” 20 )
(29)
forqg = 0,1,...,(Q — 1), and by using the masking filter . i(emi1)n X Jamttyr
polyphase component Fo(2)=ap,BmHy(ze 27 ) tau, By, Hy(ze” 20 )
(30)
Kg—1
i _ -\ —k
E;(z) = Z 91(2kM + j)z @3) form = 0,1,...,(M — 1), where
k=0
forj =0,1,...,(2M — 1), equation (21) becomes ay = e B = e (31)

whereN, is the prototype filter order. Using these relations in

Q-1
_ —Lq gy _,LQ
Hy(z)= ;) [z Hyyo(=2"F) x equation (11), we get

2M 1
c 2B (=M 24 Ny i (2t i@mi)x
]Z:% m,(n+F-q) J( ) (24) TO(Z):Z(BmZHg(ZG (1) )_'_ﬁ:nzHg(Ze (2mr1) ))
m=0

This relation leads to the structure depicted in Figure 4, where (32)

the value of K is equivalent to the CMFB case (see equa-
tion (8)). since(a,,? + aX,?) = 0 anda,,a, = 1, for all m.
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Fig. 4. CMFB structure using FRM for the general casd.ct 2K, M + Kﬁb

Using H,(z) as defined in equation (2), we obtain

= T j(2m 41)
To(z)=Y Bm” | D hp(n)z™"e™ =
m=0 n=0
e S j(2mt1)
—ji(2m+1)7mn
YoBR DY hp(n)z e aw
m=0 n=0
M-1 2Np—1
j(2m+1)wn
=3t (3 e
m=0 n=0
M—1 2N, —1 )
St (3 amee s
m
m=0 n=0
2N, —1
= a(n)z™™ x
n=0

with itself, that is

—j(@2m+1)nn
* 2 - 2M

MY j(2m+1)
5 i@m+1)mn
lz (,Bmze o+ 3 %e

2N, -1

Z{hy(n) x hy(m)} = Y a(n)z™"

and~y(n) is defined as

(n) = { 2M(-1)",

0,

Similarly, all functionsT’;(z) can be evaluated using this sim-
plification, by modulating one of the terms of the convolution in

n=0

for (N, —n) = 2Mc, cinteger

otherwise

equation (34), as follows:

Ti(z):Z{(

e M hp(n) xhy(n)

j2min

2

)}

+

)

where the coefficients(n) result from the convolution of ,(n)

fori = 1,2,...,(M — 1). Due to the symmetry in the mod-
ulation function,T;(z) = Ta—:(z). Hence, one may evaluate
functionsT;(z) only fori = 1,2,...,| M/2], where the opera-
tor | | denotes the integer part of

VI. DESIGN EXAMPLES

A quasi-Newton algorithm with line search was applied on
both direct-form (standard equiripple filter) and FRM realiza-
tions of the CMFB prototype filter aiming to achieve improved
performances with respect 1., given in equation (26). The
prototype filters were used on a TMUX system, and the param-
eters of interest of this structure, namely passband ripple,
aliasing interferencé,, minimum stopband attenuatiaA,., in-
tersymbol interference (ISI), and intercarrier interference (ICl),
were measured in each case.

Example 1 The example compares the realization of a
CMFB with M = 8 bands ang = 1, based on both direct
and FRM implementations. The overall order of the prototype
filters in both cases was set1g, = 2K M — 1 = 95, result-
ing in a factor ofK' = 6 for the polyphase decomposition. The
direct-form realization was optimized in [1], and its final char-
acteristics are included in Table I. The FRM structure was de-
veloped with an interpolation factdr = 4, thus allowing one to
discard the lower branch of the FRM diagram. The orders of the
base and positive masking filters we¥g = 18 andV,,, = 23,
respectively, yielding an overall order 8f, = LNy + N, = 95
for the FRM filter.

Table | summarizes the results achieved by the optimization
of the CMFB prototype filter. The magnitude responses of both
the optimized FRM prototype filter and the complete FRM-
CMFB are presented in Figures 5 and 6, respectively.

TABLE |
FIGURES OF MERIT FOR THE OPTIMIZED DIRECFFORM AND FRM
PROTOTYPE FILTERS INEXAMPLE 1.

Figures of Merit  Direct Form FRM
# coefficients 48 22
01 0.001 0.00087
02 (dB) -83.6 -88.2
A, (dB) -74.0 -77.4
ISI (dB) -62.0 -63.1
ICI (dB) -80.4 -82.0
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Fig. 5. Magnitude response of optimized FRM prototype filter in Example 1Fig. 7. Magnitude response of optimized FRM prototype filter in Example 2.
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Fig. 6. Magnitude response of optimized FRM-CMFB in Example 1.  Fig- 8. Partial magnitude response (32 bands out of 1024) of optimized FRM-
CMFB in Example 2.

Example 2 The example is baged on a filter bank V\{'ﬂ}utlng the so-called FRM-CMFB structure. A quasi-Newton
M = 1024 andp = 0.1. The desired stopband attenuation e . AT
. o .- method with line search is used to perform minimization of the
is A, = —60dB. These characteristics lead to a prototype filter _ . ; s -

{naX|mum value of the magnitude response within the filter’s

that is unfeasible to design using the direct-form realization W'sqopband. Other objective functions, such as filter's total stop-

standard approximation routines. So, in this exanple, we coin- : . s . .

o L S .~ Pband energy, may be considered in a similar fashion. Constraints

pare the optimized FRM-CMFB with its non-optimized version, ; : S .

! : related to intersymbol and intercarrier interferences are consid-

In both cases, the FRM prototype filter was characterized te’z¥ed in an extremely simplified manner, in a transmultiplexer
Ny, = 234, L = 384, andN,,, = 1653, yielding an overall filter y y b ' P

orderN, — 91509 and a total ofV — 945 distinct coefficients configuration. The result is a numerically robust optimization

to be optimized. Table Il shows the results of this optimizatio%rocedur.e that yields very eff|C|_ent filter banks with respe:'ct to
several figures of merit, including the number of coefficients

rocess. S
P capitalized by the FRM-CMFB structure.
TABLE Il REFERENCES
FIGURES OF MERIT FOR THE STANDARD AND OPTIMIZEDFRM PROTOTYPE  [1] J, Alhava and A. Viholainen, Implementation of nearly-perfect reconstruc-
FILTERS IN EXAMPLE 2. tion cosine-modulated filter banks, Proc. FinSig, 222—226, Oulu, Finland,
1999.
Figures of Merit  FRM  Optimized FRM [2] L.C.R.deBarcellos, S. L. Netto, and P. S. R. Diniz, Design of FIR filters
# coefficients 945 945 combining the frequency-response masking and the WLS-Chebyshev ap-
01 0.004 0.004 proaches, Proc. IEEE Int. Symp. Circuits and Systems, Il, 613—-616, Syd-
02 (dB) -60.6 -64.4 ney, Australia, May 2001.
A, (dB) -63.8 -67.6 [3] P.S.R.Diniz, L. C. R. de Barcellos, and S. L. Netto, Design of cosine-
ISI (dB) -123.2 -126.4 modulated filter bank prototype filters using the frequency-response mask-
ICI (dB) -121.2 -124.9 ing approach, Proc. IEEE Int. Conf. Acoustics, Speech, and Signal Pro-

cessing, VI, P4.6 1-4, Salt Lake City, UT, May 2001.
[4] P.S.R.DinizandS. L. Netto, On WLS-Chebyshev FIR digital filters, Jrnl.
. L . . Circuits, Systems and Computers, 9, 155-168, 1999.
Figure 7 shows the optimized prototype filter in a reduced] v._c. Lim, Frequency-response masking approach for the synthesis of
grid of frequencies (a tenth of the original) for better visualiza-  sharp linear phase digital filters, IEEE Trans. Circuits and Systems, CAS-

i ; ; 33, 357-364, Apr. 1986.
tion, whereas Figure 8 depICtS 32 out of the 1024 bands of t[g? T. Saranaki, A generalized class of cosine-modulated filter banks, Proc.

optimized FRM-CMFB in this example. TICSP Workshop on Transforms and Filter Banks, 336-365, Tampere,
Finland, June 1998.
VIl. CONCLUSIONS [7] P.P.Vaidyanathan, Multirate Systems and Filter Banks, Prentice Hall, En-

glewood Cliffs, NJ, 1993.
A new design procedure for optimizing the prototype filter of8] MATLAB Optimization Toolbox: User's Guide, The MathWorks Inc.,
a cosine-modulated filter bank (CMFB) was presented. The new 1997.
method is based on the usage of a prototype filter designed with
the frequency-response masking (FRM) approach, thus consti-



