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ABSTRACT

The frequeng-respnsemasking (FRM) methodallows the de-
signof selectve prototypefiltersfor cosine-modlatedfilter banks
(CMFBs) with a reducednumberof distinct coeficients. Such
methoddogy mayresultin filter banks with large numberof bands
(e.g. 1024 or more) and a simplified optimizationprocedire, as
therearelessparameterso adjust. This work introducesa numer

ically efficient optimizationprocedire, basedon a quasi-Nevton

algorithm, for designingselectve FRM-basedCMFBs. The pro-

posedmethodusesa perfect-reconstructioRRM prototypefilter

asa startingpoint and updatesthe numberof band of the filter

bank during the optimizationprocedire. Examplesprovided in-

dicatethat figures-of-merit,such as intersymboland intercarrier
interferencesfor the optimizedFRM-CMFB structurearesignifi-

cantlyimprovedwithoutincreasinghecompleity of theresulting
structure.

1. INTRODUCTION

Cosine-modlatedfilter banks(CMFBs) arewidely usedin prac-
tical multirate systemsdueto two mainaspect§1-6]: First, their

completedesignis basedn a singleprototypefilter; Secondthey

have computationallyefficient implementationsdasedon fastal-

gorithmsfor the discretecosinetransform(DCT). For very de-
mandingapplicationswheremaximumselectvity is required the
CMFB prototypefilter may presentvery high order increasing
the compuational compleity of the overall structure. A possi-
ble designmethodthat may reducethis problemis basedon the
frequeng-responsanasking(FRM) method[7], which is knovn

to producesharplinearphaseFIR filters with reducednumberof

coeficients.

This paperintroducesan optimizationprocedue for the so-
calledFRM-CMFB prototypefilter [8], aiming at the reductionof
thestopbaul total enegy or maximummagnitudewith constraints
on the intersymba interferencg(ISI) andintercarrierinterference
(ICI) of the overall structure. It is thenverified that the reduced
numberof coeficients requiredby the FRM approachnot only
may generatea moreefficient structurein termsof numberof op-
erationsperoutputsample put it alsoleadsto a simplerandfaster
optimizationproblem The propcsedprocedue is basedon vari-
ationsof sequetial quadatic programming using a constrained
quasi-Nevton methodwith line search9]. The new methoduses
a perfect-reconsuction FRM prototypefilter asinitial condition
and updatesthe order of the filter to achievze a numerically effi-
cientoptimizationprocedire. The resultsinclude lower levels of
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ISI andIClI for a fixed filter order or a reducedfilter bankcom-
plexity for givenlevelsof interferences.

This paperis organizedasfollows: In Section2, adescription
of the cosine-mdlulatedtransmultipleer (TMUX) is givenalong
with the definitionsof the associatedSI andICI figures-of-merit.
In Section3, the FRM-CMFB structureis discusseasanefficient
alternatve to designhighly selectve multirate systems.In Sec-
tion 4, an optimization procedurefor the FRM-CMFB structure
is introducal, with emphasisgiven on the numerically efficient
featuresof the propcsedalgorithm. Finally, Section5 includes
somedesignexamples illustrating the resultsachieved with the
propcsedprocedue.

2. THE CMFB AND TMUX SYSTEMS

CMFBsareeasy-to-implemetstructuredasedon a singleproto-
type filter, whosemodulatedversionswill form the analysisand
synthesis subfiltersof the completebank[1]. Usually the proto-
typefilter for M-bandfilter bankis specifiedby its 3 dB attenua-
tion pointandthe stopbanl edgeat frequencies

, _(Q+p)m
oM’ T T oM @
respectrely, wherep controlsthe amour of overlapbetweerad-
jacentbands.

Assumingthat the prototypefilter hasan impulse resporse
hp(n) of order N,, its transferfunction canbe expresseds

w3dB ~

Hy(z) =) hp(n)z™" )
n=0

The impulseresporse of the analysisand synthesis subfiltersare
thendescribedy

hm(n) = hp(n)cm,n 3

fm(n) = hp(n)Cm,n 4)
form=0,1,...,(M —1)andn =0,1,..., Np, where

Cm,n = 2cos[(2m+1)$\;Np/2)ﬂ+(—l)m g] (5)

emen = 2005 STV NIT (]

If the prototypefilter has(N, + 1) = 2K M coeficients,thenit
canbedecommsedinto 2M polyphasecompaents

2M—1

Hy(2)= Y 2z7E;j(z*) (7)
j=0
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with E;(z),forj =0,1,...,(2M — 1), givenby

K-1

Ej(2) = ) hp(2kM +j)z™" 8)
k=0

Thereforeusingthefactthat

Cm,(n+2kM) = (—1)kcm,n )
eachanalysidfilter canbewritten as

2M—1

Hp(2) = ) cmjz ' Bj(=2"") (10)
j=0

It canthenbe shawvn thatall filtering operationsanbe efficiently
implementedhrougha reducednumbe of operationsper output
sample[1]. Clearly a similar reasoningcanalsobe appliedto the
synthesidilter bank

Theinput-outputrelationshipof the CMFB describedabove is
givenby

V(2) = ﬁ To(2)Y (2) + 2 Ti(2)Y(ze' 3 )| (1)
where Mot
To(2) = Y Fn(2)Hn(2) (12)
m=0

—j2mi

Ti(z) = Y Fm(2)Hm(ze ) (13)
m=0
The maximally decimatedM -chamel TMUX systemis a fil-
ter bankwherethe analysisand synthesisblocksare switched,as
depictedin Figure 1 [1, 2]. This structureinterpolatesandfilter
eachinput signal,addingthe resultingsignalson eachbranchto
form a singlesignalfor transmissiorover a givenchamel C. At
therecever, the signalis thensplit backinto M-channeldo gen-

eratethedesiredM outputs.
zg(n) - - - #o(n)
[ J2

L G-} . : .

Fig. 1. M-chanrel maximallydecimatedrMUX system.

Thegeneratelationthatdescribeshetransferfunctionsof the
TMUX systemis

%() = 2T )x(:Y) (14)
where
%(2) = [Xo(2) X1(2) ... Xn—1(2)]" (15)
x(2) = [Xo(2) X1(2) ... Xar—1(2)]" (16)
[Ty = S Ho(ze™ 305 ) Fy(ze~ 50) @7

fora,b=0,1,...,(M — 1). Thematrix T(z*) is the so-called
transfermatrix whoseelements|T (2™ )].s, representhetransfer
functionbetweertheinterpolatednputa andthedecimatedutput
b. In aTMUX system,onewould be interestedn estimatingthe
total ISI andICl figuresof meritwhich aregivenby [5]:

IST = max {Z [6(n) — ta(n)]z} (18)
ICI = max { i |[T(6jw )]ab|2} (19)
’ b=0,a#b

3. THE FRM-CMF B STRUCTURE

A block diagramof the FRM approad is depictedin Figure2 [7].
In suchschemethe L-interpolatecbasefilter Hbl(zL) presenta
repetitive spectrumwhich is cascadedby the positive maskindfil-
ter G1(z), or order N5, in the upperbranchof this realization.
Similarly, a complementaryersion of this repetitve frequengy
resporse, Hya(z"), is processedyy the negative maskingfilter
G2(z), of order N,,, in the lower branchof the realization. In
suchprocedire, both maskingfilters keepsomeof the spectrum
repetitionswithin the desiredpasstand,which arethenaddedto-
getherto composehe desiredfrequerty response.

z(n) Hy1(25) |—>| G1(z)
y(n)

Hbg(ZL) |—>| G2(Z)

Fig. 2. Block diagramof FRM approaéb.

To applythe FRM methodto designthe CMFB prototypefil-
ter, let us consideronly the upperbranchof the FRM structure.
Thenthetransferfunctionsfor the analysisfilters becorre

N
Hp(2) = ) cmn(hiy * g1)(n)2 " (20)

n=0

wheretheterm (h{; * g1)(n) denoteghe corvolution betweerthe
interpolatedbasefilter and the positive maskingfilter responses,
andN istheoverallorderof theFRMfilter. Thekey pointisto find
anefficient structureto calculatethe corvolution in equation(20),
taking into consideratiorthe specialpropertyof the cosinefunc-
tionsin equation(9).
In the more generalsolution,the FRM interpolationfactoris
written as[8]
M
L=2K.,M+ — (21)
K,
with K, anonregative integerand K, a positive integer. In such
case,H,,(z), aftersomeintricatealgebraicmanipdations,canbe
written as[8]

Q-1
Hn(2)=)_ [Z—LQHglq(—zLQ)
q=0
2M—1
x Y By (=) (22)
Cm.(nt L) ~HI\TF

i=0
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wherethemodifiedpolyphaseeompmentsof theinterpolatecbase
filter aregivenby

K.—1

> (=

k=0

Hyio(z) = 1)%2hy (kQ + q)2 " (23)

forg = 0,1,...,(Q — 1). Basedon equation(22), an efficient
FRM-CMFB structureresults,asdetailedin [8].

4. OPTIMIZED FRM-CMFB

Thedesignsof CMFBsaim atthe optimizationof

E2=/ |Hp(e7)|? dw (24)
Ee = max |Hp(e’)] (25)
WE|Wr,T

which correspod to thetotal enegy andthe maximummagnitude
valuein thefilter's stopbal, respectiely, with w, beingthe stop-
bandedgefrequeng. In practice to controlthealiasingdistortion
andtheoverall directtransferof thefilter bank,thefollowing con-
straintsareintroduced

1—81 <|To(e?)| <146 (26)
|T:(e”)] < 82 (27

fori = 1,2,...,(M — 1) andw € [0,7]. In the FRM-CMFB
structure the approxmation problemresideson finding a basefil-
ter, a positive maskingfilter (upperbranch),anda negative mask-
ing filter (lower branch)that optimize E» or E, subjectto the
constraintgyivenby equationg26) and(27).

ThefunctionsT;(z), fori = 0,1,...,(M — 1), requiredto
imposethe desiredconstraintshave an extremely high compu
tational compleity. Somesimplifications, however, reducethis
problemby rewriting thesefunctionsas[lO]

Ti(2) = Z{(

with v(n) givenby

| 2M(-1)°, for (N, —n)=2Mec, cinteger
(n) = { 0, otherw1se

hp(n) * hy( ) n)} (28)

(29)
Due to the symmetryin the moduation function [3], 7;(2) =
Tm—i(2z), andhence onemay evaluatethesefunctionssolely for
i=0,1,...,|M/2|, where|z | dendestheintegerpartof z.

4.1. ProposedAlgorithm

An efficient procedire for designingoptimized CMFB structures
was presentedn [3]. That procedire, basedon an initially op-
timized CMFB with a small numberof bands,M;, is capableof
designingoptimizedstructuresvith alargenumberof bandsgiven
by M; = 2°M;, wherec is a positive integer.

In thiswork, we extendtheabose mentionedprocedirefor the
designof FRM-CMFB structures. For simplicity, assumingthat
the FRM structureis implementedwith only the positive branch
andthatthe non-ogimized andthe optimizedFRM-CMFB proto-
typefiltersfor agivennumbersf bands M aregivenby] H,(z) =
Hy(2")Gm(2) and Hy(2) = Hy(2*)Gm(2), respectiely, the
optimizationprocedireis describeduy:

Step1: Make k = 0 and M®) = M;, theinitial numberof
band of the FRM-CMFB structure. Determinethe orderlefk)
and N¥ of the baseand positive maskingfilters at iteration k,
respectiely, andthe interpolationfactor L, to obtaina prototype
filter of orderN¥) = 2K M — 1 (K is thedesiredengthof the
polyphasecomporentsof the prototypefilter).

Step 2: Initialize all coeficients of H,E’”)(z) as zeros, ex-
ceptthe centralcoeficient, which shodd be madeequalto one,
suchthat ¥ (z) = 2~ M72_ plso, initialize all coeficientsof
lelle) (2) aszerosbut only the L centralcoeficientsasm .

Step 3: Basedon the desiredobjective function, optimize
the FRM-CMFB structure(seenext subsectioh consideringthe
constraintsin equations(26) and (27), obtainingﬁ,fk)(zL) and
G’ﬁ,’f)(z). If M* = M;, stop;otherwisego to next step.

Step4: Makek = k+1andM®) = 20*~Y) anddetermine
the prototype filter (initial solution)for this new filter bank(asthe
numter of bandsis doubled by

HP(2) = B,V (*)GRTV () (14272
=HM ("GP (2) (30)
andgo backto Step3.

This procedureis particularly usefulwhena filter bankwith
a large number of bandsis desired,becausdt canthe designel
in steps,gradudly increasingthe computatioml compleity. The
ideais to useasinitial solutionfor the stepk, the optimizedsolu-
tion in stepk — 1, interpolatedby a factorof two, with its spec-
tral repetitioncenterecatw = = partially attenuatedy thefilter
(14 271)/2. In theproposel method the baseandpositive mask-
ing filters areoptimizedtogetherin asinglestep.A two-stepopti-
mizationprocedire maybeimplementedwith all FRM sub-filters
optimizedseparately

4.2. Optimization Algorithms

In this paper a quasi-Nevton algorithm[9] with line searchwas
usedasanoptimizationproceduren Step3 above. Otheroptionis
to usethe secondalgorithmof DuttaandVidyasagarasdescribed
in [3]. Suchalgorithmmaodifiesthe objective function,to take into
account the original objective function andthe constraintssimul-
taneowsly, eachonewith its respectie weight. Anotheralternatve
includesthe useof a sequentiafjuadraic programming(SQP)al-
gorithm[9, 11], which solvesthe generalbptimizationproblemby
sequatially optimizing a quadraticsubproblem An example of
suchroutineis thef m ncon commandprovided in the commer
cial packag MATLAB®.

5. OPTIMIZED DESIGN EXAMPLE

A FRM-CMFB structurewith only the positive branchwas de-
signedfor M = 32 bands,p = 1.0, &1 < 0.0001 andd> <
1-107%. To achiere that numberof bands,we startedwith
M© = 2 andgradually increasedt, optimizing the bank for
M® =2t ;=12 .., 5 with L = 2. Weconsideedboth E,
and E, objective functions.Theinitial baseandpositive masking
filters orderswerechosenN, = 8 and NV,,, = 15, leadingto an
overall FRM-CMFB prototype filter of orderN, = 2KM — 1 =
31 (K =38).
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Tablel summarizeshe characteristicef interestfor boththe
standard-CMFBand FRM-CMFB structuresjn eachstepof the
procedue. The entry M,, is the total numberof filter coefi-
cientsbeingoptimized. Table2 shaws the figuresof merit for the
optimized standard-CNFB and FRM-CMFB desigrs (M = 32
bands). Clearly, the resultsare very similar, but, asgivenin Ta-
ble 1, the FRM-CMFB requireda smallernumkber of coeficients
to implementthe bank yielding a much more efficient optimiza-
tion procedure. The magnituderesponse®f both the optimized
E, and E», FRM prototypefilters areshavn in Figures3 and4,
respectiely.

Table 1. Characteristicof standard-CMFBand FRM-CMFB
structuregduringthe optimizationprocedire.

structure Ny | Ngy | Ny | My
CMFB - - 31 16
- - 63 32

- - 127 | 64

- - 255 | 128

- - 511 | 256

FRM-CMF B 8 15 31 16
16 31 63 25
32 63 | 127 | 49
64 | 127 | 255 | 97

128 | 255 | 511 | 193

W W
R - ENN S

Table 2. Figuresof merit for the optimizedstandaréCMFB and
FRM-CMFB prototypéefilters.

figures Standard FRM
of merit Fs Es FEs E,
E- 1410711 [ 5210718 | 1.110° 1T | 4410713
E (dB) -109.8 -100.3 -107.2 -93.2
51 0.0001 0.0001 0.0001 0.0001
da 8210796 | 221079 | 581079 | 861007
ICI (dB) -60.2 -60.2 -60.2 -60.2
ISI (dB) -62.6 -62.6 -60.2 -60.2

amplitude (dB)

Fig. 3. Magnituderesponsef theoptimized E; FRM-CMFB pro-
totypefilter for M = 32 bands

6. CONCLUSIONS

A new optimizationprocedurefor CMFB prototypefilters based

onthefrequerty-responsenasking(FRM) approactwaspropcsed.

amplitude (d8)

o 005 01 015 02 025 03 035 04 045 05
normalized frequency (Hz)

Fig. 4. Magnitude responseof the optimized E., FRM-CMFB
prototypefilter for M = 32 band.

In thenumericallyefficientalgorithm,aperfect-recostructionpro-
totypefilter is usedasa startingpoint to satisfy desiredISI and
ICI constraintsThe proposedrocedireiis thenbasedon a quasi-
Newton algorithmwhich optimizespartialfilter bankswith small
numter of bands, increasingsuchnumbe up to the desiredvalue.
The resultis an efficient procedue that achieves lower interfer
encelevelswithoutincreasinghe compleity of the overall FRM-
CMFB structure.
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