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ABSTRACT

In this paper we usethe frequeng-responsanasking(FRM) ap-
proachto designprototypéfilters for cosine-modulatefilter banks
in thenearly-perfecteconstructiortase With suchapproachit is

possibleto designa FRM filter with overall orderalmostequalto

thedirect-formFIR design,with only slight changesn thevalues
of the inter-carrier and intersymbolinterferencesand the atten-
uation of the bankfilters. The resultis an efficient designwith

reducechumberof multipliersfor the overall structure.

1. INTRODUCTION

The frequeng-responsanasking(FRM) approachis an efficient
methodfor designinglinearphaseFIR digital filters with wide
passbandand sharptransitionbands. With suchmethod,by al-
lowing a small increaseof the filter group delay it is possible
to reducethe overall filter compleity (numberof arithmeticop-
erationsrequiredper outputsample)whencomparedo standard
designmethods[1]. Since FRM filters are easyto design,it is
possibleto usethemin mary practicalapplications.In fact,it has
beenverified that the FRM approachcan achieve a reductionto
about30% of the numberof coeficients requiredby a minimax
FIR filter designrealizedin directform [1]. Althoughtheuseof
the FRM approachincreaseshefilter groupdelay in mary cases
it is possibleto designa prototypefilter for a cosine-modulated
filter bank(CMFB) whoseoverall orderis almostthe samefor the
directform FIR design.In thosecasesthe parametersf interest
of the transmultiplex (TMUX) system(namelyinter-symboland
inter-carrierinterferencesandattenuationprequite closeto those
in the standarddesign,the overall delayis notincreasedwhereas
the numberof coeficientsis reduced. Thereforeit is possibleto
achieve a reducedcompleity in a CMFB structure. The organi-
zation of this paperis asfollows: In Section2, we describethe
main ideasof the FRM approach.In Section3, we describethe
TMUX system.In Section4, we proposean efficient structureof
CMFB, andin Section5, a designexampleis includedillustrating
theadwantage®of the proposediesignmethod.

2. FREQUENCY-RESPONSE MASKING APPROACH

Thebasicblock diagramfor theFRM approactcanbeseenin Fig-
urel. In thisschemetheso-callednterpolatechasefilter presents
arepetitve frequeny spectrumwhichis processetby the positive
maskindfilter in the upperbranchof this realization. Similarly, a
complementaryersionof thisrepetitive frequeny responsés op-
eratedby the negative maskindfilter in thelower branchof there-
alization. In this procedureboth maskindfilters keepsomeof the
spectrumrepetitionswithin the desiredpassbandvhich arethen

addedogetheito composeahedesiredoverall frequeng response.
The magnituderesponsesf thefilter composinghis sequencef
operationsaaredepictedin Figure2, whereonecanclearly seethe
resultingfilter with very sharptransitionband.
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Fig. 1. The basicrealizationof a reducedFIR filter usingthe
frequeng-responsemaskingapproach.
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Fig. 2. Frequeng-responsenaskingapproachshaving thedon't
carebands(singleline) andthe critical bands(doublelinesbelov
thefrequeny axis).

If thebasdfilter, whichwill composeheinterpolatedilter, has
linearphaseandan even order IV, its directand complementary



transferfunctionsaregivenby
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respectiely, whereL is the interpolationfactorandh, (n) is the
impulseresponsef the basefilter. Fromthe equationsaabore, we
canreadily seethat

|H; ()] = 1 |H (/)] @)

andalsothat| H; (e’*)| canbeobtainedoy subtractind H;* (e7*)|

from the signalatthe centrainodein H;"(z). The cutof frequen-
ciesf and¢ of the basefilter (seeFigure2) dependon L andon

the desiredband-edgdrequenciesu, andw, of the overall filter.

Themaskindfilters aresimpleFIR filters with band-edgdrequen-
ciesthat alsodependon L andon the bandsof the interpolated
filter. Thereforethe optimal value of L that minimizesthe over

all numberof multiplicationscan be obtainedby estimatingthe
lengthsof all sub-filtersfor various L andfinding the bestcase
scenaricheuristically If thetransitionbandis nottoo sharpwhen
comparedo the passbandi.e., for the narravbanddesigncase),
thenit is possibleto discardthe lower branchof the FRM filter,

reducingfurtherthe numberof coeficientsin thefilter. Also, the
specificationdor the subfilterscan be relaxed, sincethereis no

overlapbetweerthe frequeng-responsef the two branched1].

The narravband caseis commonin mostof the casesvhenwe

aredesigningCMFBs, but it depend®n theroll-off factorandthe
requiredattenuation.

3. THE TMUX CONFIGURATION

Thetransmultipleer(TMUX) canbeimplementedvith theCMFB
in which the signalsthat comefrom varioussourcesare interpo-
lated, filtered by synthesidilters and addedtogetherto compose
a single signalthat is transmittedon a single channelC [2],[3].
Oncethe signalis receved, the analysisfilters split this signal
into M channelswherein eachchanneloutputwe have an es-
timatedversionof the input sources. If the TMUX hasperfect-
reconstructiofPR),thenthe outputsignalsareequalto thesource
signals,whereasf the estimatedsignalrecevessmallamountsof
interferencdrom the othersourceswe have thenearly-perfecte-
construction(NPR) case. Figure 3 depictsthe block diagramfor
suchsystem.
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Fig. 3. Theblock diagramfor a M -channelTMUX.

Themainadwantageby usinga CMFB is thefactthatonly the
prototypefilter designis needed?2]. Oncethisfilter is designed,
thesynthesiandtheanalysiilters canbeobtainecby modulating

the prototypefilter with a propercosinefunction. The prototype
filter of orderV,, is of theform

Hy(2) = hp(n)z™", hp(Np —n) = hy(n) (4)
n=0

Thecutof frequenciesanbedeterminedy usingtheroll-off fac-
tor andthe 3dB point of the amplituderesponsethat mustbe lo-
catedapproximatelyatw = 7/(2M). Theroll-off factorgivesus
thestopbandedge
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Theanalysisandthe synthesidilters aregivenrespectrely by
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(6)

Q)

8

and

fr(n) = 2hp(n) cos((2k + 1)(2"]\4_ Np/2)w
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fork=0,1,...
givenby

, M — 1. Thetransfemmatrix for thefilter bankis

M-1
[T(ZM)]ab _ Ha(ze—jQTrk/M)Fb(ze—jZWk/M) (8)
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o

which representshe variousinput to outputrelationshipson the
TMUX system By takingsomeparticulartransferfunctionsbased
on the transferfunction matrix (8), one candefinethe following

functions

M-1
1
To(2) = 47 ;Fk(z)Hk(z) ©)
1 M-1 o
Ti(2) = 37 D Fe(2)H(ze ") (10)
k=0
fori=1,..., M — 1, andtheoptimizationproblemis to find the
coeficientsof Hy(z) to minimize
B> = / |Hp (') |dw (11)
subjectto
1—3; < |To(e’)| <1461 (12)
and

|Ti(e7“)| <6y wel0,x], fori=1,...,M—1 (13)
in which the parameterg; andd. areconstraintsghat definethe
maximumallowable amplitudedistortion and aliasingdistortion,
respectiely, of the bankfilters. The optimization problembe-
comesonlinearbecausef thetwo constraintgyivenin Egs.(12)
and(13), but it canbe simplified by usingone of the constraints
andverifying if theotherconstrainis achieved. For instanceijf 4;
becomeszeroandd, (measuredn dBs)becomesnfinitely nega-
tive, thenthe PR is achieved. For the NPR case,it is possibleto



useprototypefilter designsthat approximatethe two constraints
abore. The inter-symbolinterference(ISI) and the inter-carrier
interferencgICl) canbe estimatedy usingthefollowing expres-
sions[3]

ISI = max (Z(é(n) - tk(n))z) (14)
ICl = mkax( i [T(e ]kl|2> (15)
1=0,k#£1

whered (n) is theidealimpulse,tx (n) is theimpulseresponséor
the kth channeloutput, andthe term [T'(e’“)]x; is the crosstalk
which canbe obtainedfrom Eq. (8).

4. FRM DESIGN FOR THE PROTOTYPE FILTER

The FRM filter canbe viewed asdepictedin Figure4. In this fig-
ure, Hy1(z) and Hyo(2) arethe basefilter andits complementary
while G1(z) andG2(z) arethemaskindfilters.

Fig. 4. The positive (upper)andthe negative (lower) brancheof
the FRM filter.

By usingonly the positive branchof the FRM structureasthe
prototypefilter for the CMFB, thetransferfunctionfor theanalysis
filtersbecomes

N
Hu(2) = Y cmn(hy % g1)(n)z™" (16)

n=0

wherec,,,, isthecosinefunctionasit appearsn Eq. (6), theterm
(hi; * g1)(m) denotesthe corvolution betweenthe interpolated
basefilter andthe positive maskingfilter responsesand NV is the
overall order of the FRM filter. Thus,the key pointis to find an
efficient structurethat evaluatesthe corvolution in Eq. (16), by
takinginto consideratiorthe propercosinefunctionsfor eachsam-
ple. For L = %,K = 1,2,..., andaftersomemanipulations,
Eqg.(16) canbewritten as

Q-1 2M -1

HiD)= S {5 Hiro =) X emsinas By}
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where Hy14(2) and E;(z) arethe polyphasedecompositionof

the basefilter and of the positive maskindfilter, respectrely, and

Q = % is the numberof polyphasedecompositionsequired
for the basefilter. This resultleadsus to a structureas depicted
in Figure5. The samecan be donefor the negative branchof

the FRM, andthenaddingthe responsesf the two branchegust

beforethe modulatingstage.As will be demonstratedn a future

work, this structurecanbe corveniently reducedandgeneralized
for severalcasef L and M.

As we canseefrom Figure5, the basefilter will have M, =
K, Q coeficientsandthe maskindfilter will have M,,, = 2K, M
coeficientsin orderto performthepolyphaselecompositionsThe
valuesof K, and K, canbe chosento leadto an overall filter
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Fig. 5. Therealizationof the FRM in a CMFB structurethat pre-
cedesheDCT-IV operation.

with M,, = 2K M coeficients which is the samenumberre-
quiredby the standardCMFB design.In suchcasesit is easierto
comparethe performance®f the FRM-CMFB andthe standard-
CMFB. In the designof the FRM-CMFB presentedn the next
section,we aimeda reductionscenarideadingto thesevalues. It
is worth mentioningthatin orderto solve the optimizationprob-
lem for the NPR case,it is possibleto employ, for example,the
WLS-Chebyshe algorithm[4], constrainingthe overall response
of the FRM filter asdesired.

5. NUMERICAL EXAMPLE

In this sectionwe presena TMUX systemdesignwith M = 32

channelsusingp = 1 andé; lessthan0.06. For this example,
K = 5 shouldbe suficient to performthe design. Calculating
thefrequenciedor the designof the prototypefilter, we obtainthe
following values:w, = 0.0054697 andw, = 0.031257, leading
to wsep = 3y = 0.01567. The orderfor the prototypefilter

is: N, = 2KM — 1 = 319 (320 coeficients). Using a standard
minimax FIR designfor the prototypefilter, we obtainthe results
presentedt thefirst line of Tablel. By usinga FRM design,we

seethatthe bestreductionscenariavhich leadsto anorderof 320
is asgivenin Table2. The comparisoris presentedn Tablel.

Table 1. Comparisonbetweenthe CMFBs performancesising
a direct-form prototypefilter designanda FRM design,for the
numericalexample.

[Method N, [ NC. [ 01 [ 02 [ A, [ 1S ] _TCT_]
| Dlrect| 319 | 320 | 0.006 | -660B | TI6dB | -100dB | -630B
FRM | 320 | 70 | 0002 | -66dB | 105dB | -114dB | -61dB

As we canseefrom Tablel, usinga FRM designwill leadto
areducechumberof coeficients(N.C., third columnof thetable),
whereaghevaluesof ISI andICI areapproximateljthesamewhen
comparedo the direct-formFIR implementation Also, the value
of 42 hasremainedthe same,whereasthe value of §; hasbeen



decreasedThe useof FRM hasincreasedhe value of the maxi-
mumattenuationd,. of the channelatthe stopbandconsequently
increasingslightly thevalueof theICI. If we wishto reducethese
values,it is possibleto implementan FRM designby increasing
its order andevenin this case the numberof coeficientsneeded
may still belower thanthe directform implementation.

Table 2. Thebestreductionchoicesfor the FRM filter with overall
order approximatelyequalto the direct form, for the numerical

example.

[T [N, [ Ny [ N [ N,, [ Num.Coef | Red.fact
[8 [36[32] - [320] 70 [ 21.9% |

In Figures6 and7, we seethefrequeng-responsdehaior of
the prototypefilter andthe bankfilters, while in Figure 8 we see
someof the T; functionsthatareresponsibldor the valuesof 1
andds.
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Fig. 6. Themagnitudaesponsdor the prototypéfilter in the FRM
approach.

Fig. 7. Themagnituderesponsdor the varioussynthesis/analysis
filters.

6. CONCLUDING REMARKS

In this paperwe usedthefrequeng-respons€FRM) approactor
designingheprototypefilter in acosine-modulatefilter bank.By
viewing the FRM filter asa multiratesystemjt waspossibleto de-
rive an efficient realizationfor thefilter bankwhenthe numberof
channelsM is amultiple of theinterpolationfactor L of the FRM

(a) Tp function. (b) T> function.
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(c) Ts function. (d) Th2 function.
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(e) Ty function. (f) T17 function.

Fig. 8. Someof the T; functionsthat contribute to the deviation
errorsé; andd,.

filter. The time delay of the resulting TMUX was not affected,
andonly slight changesvereobsenred in the parametersf inter-
estof thefilter bank. Thus,it waspossibleto reducethe number
of coeficientin the TMUX, while maintainingthe polyphasede-
compositionstructure.
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