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ABSTRACT

Minimum meansquareerror estimatorshave beendevel-
opedfor non-uniform subbandadaptve filters (SAFs)in
systemmodelingconfigurationsThenext steptowardsprac-
tical implementatiorof non-uniformSAFsinvolvesdevel-
oping anadaptve algorithmto control the non-uniformfil-
terbanks bandwidthsand decimationfactors. This paper
constructsuchanalgorithmusingsubbandninimummean
squareerror (MSE) boundsto suggestdecimationfactors.
A numericalsimulationshows thata non-uniformSAF can
achievelower MSE with lower compleity thanaequivalent
uniform SAFR

1. INTRODUCTION

Non-Uniformsubbanddaptvefilters (SAFs)wererecently
proposedto outperformequialent uniform SAFs due to
theirincreasedlexibility [1]. Sinceuniform SAFsarewidely
usedfor avarietyof applicationsmostnotablyechocancel-
lation, anincreasan SAF performancecould be very ben-
eficial. However, anadaptve algorithmto controlthe non-
uniform filterbankhasyet to berigorouslydeveloped.With
anadaptve algorithmto controlthe non-uniformfilterbank,
the non-uniformSAF can be comparedagainstan equiva-
lent uniform SAE To comparethe performanceof SAFs,
threeissuesmust be analyzed: meansquareerror (MSE)
after corvergence corvergencetime / trackingability, and
computationatompleity.

A non-uniformSAFin asystemmodelingconfiguration
is shovn in Figure 1. It shouldbe notedthatthe decima-
tion blocks showvn in the figure imply a multiplication by
thedecimationfactor, D,,. Thisis neededo ensureproper
reconstructiorwhile allowing the passbandnagnitudegor
the analysisandsynthesidilters to be equalto 1. (A com-
menton notation: this paperwill utilize the scalarj asan
index variable,while y will be usedto representheimagi-
naryunit, y = v/—1. An overbarsignifiesconjugation.)

In the following section,upperboundsfor the subband
minimummeansquareerror (MMSE) will bederived. Sec-
tion 3 will utilize theseboundsto constructan adaptve al-
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Fig. 1. A SystemModeling Non-Uniform SubbandAdap-
tive Filter

gorithmwhichcontrolsthefilterbankof anon-uniformSAF.
Section4 will follow with simulationsto comparenon-uni-
form anduniform SAFs..

2. SUBBAND MM SE UPPER BOUNDS

RigorousMMSE estimatorshave beenderivedfor non-uni-
form SAF subbandandfullband MSEsin boththetime and
spectrablomaing?2, 3]. Assumingtheinputsignalspectrum
iswhite (S, () = 1), thespectradomainsubbandMMSE

estimatorfor a subbandvith a non-causahdaptve filter is

givenby
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wWhereSy, m i.;(0) isthem™ subbandsi" and;*" polyphase
inputsignalcross-spectrunandH,, ;(e’?) denotesheDTFT
of thei™ polyphaseomponentf theunknown systemwhen



decimatedy D,,,. Sm,m,i,;(6) canbeshavn to begivenby
vamvivj (9) = S$m,iaxm,j (0)
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whereSum,um( ) = |Fm(e’?)|? and0 < 4,5 < Dy,-1.

The non-causahdaptve filter boundis utilized for its
simplicity. Although, non-causaladaptve filters are not
practicalin real-time,(1) formsalowerboundfor FIR adap-
tive filters, since FIR filters can be considereda special
caseof non-causdfilter. With FIR adaptvefilters, the sub-
bandadaptvefilter canbe shavn to modelthefirst N time-
domaincoeficientsof theunknown system,

= [T _H(e)em?df,0 < n < N-1whereN denotes
thefullbandlengthof thesubbanddaptvefilter. (1) will be
atight lower boundif N is greaterthanthefilter lengthof
theanalysidfilters (which is normallythe case).

For the remainderof this section,all of the equations
will pertainto the m™ subband. Theefore, to avoid cum-
bersomenotation,them subscriptwill bedropped.

Redistritutingthesummation®f (1) andmultiplying by
So,0(0) gives
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whereR: denoteghereal partoperation.Using(2),
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Using similar summatiorredistritutionsandtrigonometric
identities,
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Substituting(4) and(5) backinto (3), factoring,anddi-
viding againby Sy gives
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where
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(7)

Here, it is interestingto note that (6), without p (i.e.
p(0,k,1) = 1), canbeboundedThespectraof S, ,,(#) and
So,0(#) areknown sincethey aremerelya function of the
subbandanalysisfilter, F'(6). Therefore,it canbe shavn
thatif a constituenffilterbankis usedto generatehe non-
uniform analysisandsynthesidilters, asoutlinedin [1],
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where L,,, is the numberof constituentfilters in the m"
subbandaind A is the maximumstopbandamplitudeof the
pseudo-QMFPprototypéefilter.

Next, (6) will be simplified by boundingit from above.
Using variousboundingtechniquewill yield threebounds
which eachrequiredifferentamountsof knowledgeregard-
ing theunknown system.

2.1. oo Norm Bound

The spectrumof the i polyphasecomponentof the un-
known system H; (), is givenby

1= 0 — 27y (6=2mj)i
H,-(G):BZH< 5 )e—f. 9)
j=0

where H () is the spectrumof the unknown system. Ap-
plying thetriangleinequalityand(9) to (7) yields
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Thisboundillustratesthat,in generalJower decimation
factorsandfewerconstituentslecreas¢hesubbandIMSE.

MMSE < (2D(D



2.2. Min-Max Bound

Simply applying the triangle inequality to (7) without (9)
gives

p(8,k,1) <Z|H ) (12)

Then,
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This boundis clearly tighter thanthe co norm bound,
but requiresmoreknowledgeof the unknovn system.This
boundshowsthat,in generalthe subbandMSE canbemin-
imized by choosingthe decimationfactorwhich minimizes
the maximumunknown polyphasecomponenpower.

2.3. Cauchy-Schwartz Bound
Applying the Cauchy-Schwrtzinequalityto (13) gives
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(16)
However,
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Fig. 2. SubbandBoundswith L,, = 2 andBandstopUn-
known System

which shavsthat

D-1 D-1
MMSE < 4D°L2, A2 > > " |lhillallhyll. - (18)

i=1 j=1

This boundis tighter thanthe min-maxbound,but re-
quirescompleteknowledgeof the unknown system.It sug-
gestghatthesubbandSE canbestbeminimizedby choos-
ing adecimatiorfactorthatminimizesthejoint power of all
the unknawvn polyphasecomponents.

Figure2 illustrateghebounddor thebandstopinknovn
systemshown in Figure4 andcompareghemto the actual
theoreticalFIR MMSE asderivedin [3, 4]. It isinteresting
to notethat the min-maxboundidentifiesthe MSE peaks
best,while the Cauchy-Schwartzboundis tightestoverall.

3. ADAPTIVE FILTERBANK ALGORITHM

Before an adaptve algorithm can be developedto control
the non-uniformfilterbank, practicalfilterbank constraints
mustbe considered Assumingthe SAF utilizes a separate
DSPpersubbandit is reasonabléo assumehatary given
subbandcannotexceedthe compleity it would have if it
werepartof an equivalentuniform SAF Sincecomplexity
is a function solely basedon the chosendecimationfactor,
theminimumdecimatiorfactormustthenbe greatetthanor
equalto thedecimatiorfactorassociateavith anequialent
uniform SAF. Furthermorejf the erroris to be evenly dis-
tributedacrossll thesubbandssignificantsubbandshould
be allocateduniformly to maximizethe numberof possi-
ble decimatiorfactorchoicedor all subbandsandminimize
compleity.

With the above constraintsand reasoningan adaptve
algorithmcanbe identified. Sinceno apriori knowledgeis
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Fig. 3. NumericalSimulationResults

| MSE | Compleity
Non-Uniform | 5.50 x 10~ 823.2
Uniform | 8.14 x 105 921.3

Table 1. MSE andCompleity Comparison

assumedbeagin with a uniform SAFE Whenthe subbands
have sufficiently corverged,subbandsanbeprobedo iden-
tify which subbandsontainpower. Subbandsvith power
belov the noise floor can be eliminatedand joined with
neighboringsubbandsvith similarpower. Thentheremain-
ing significantbandwidthcanbeuniformly redistritutedover
thesignificantsubbandsThistendsto reducehebandwidth
of significantsubbandsllowing themto bedecimatedvith
higherdecimationfactors. Finally, usingthe fullband esti-
mateof the unknavn system the Cauchy-Schwrtz (or al-
ternatively the min-max)boundcanbe usedto identify the
bestdecimationfactorfrom the possibledecimationfactor
choicedfor eachsubband.

4. NUMERICAL SIMULATION

Non-uniform and uniform SAFs are simulated,eachwith
M = 8 subbands. The subbandanalysisand synthesis
filters are composedrom a constituenffilterbank with 64
uniform filters [1]. A 513 tap bandstogfilter was usedas

the unknown system. D = 13 for the uniform SAF and
representshe minimum decimationfactor allowed for the
non-uniformSAFE Theadaptvefiltersin eachsubbandvere
evaluatedusingNLMS (i = 1).

Figure 3 illustratesthe resultsof the simulations. The
top graphin Figure 3 shaws the final corvergedspectraof
the non-uniformanduniform SAFsagainsthe spectrunof
theunknown system.Grey verticallinesillustratethe band-
widths of the non-uniformfilterbankafter adaptation.The
middle graphshaws the outputsquarederror over time for
both graphs. A time block is equalto 2!* input samples.
An non-uniformSAF errorspike resultswhenthefilterbank
adaptswith durationequalto the time necessaryo refill
the analysisand adaptve tapswith valid data. The MSE
for the non-uniformSAF clearly outperformsthe uniform
SAF afterthefilterbankadapts.The final graphin Figure3
illustratesthe bandwidthallocationof the non-uniformfil-
terbankovertime. Theshadedireasarestopbandgubbands.

Table 1 numericallyshavs the MSE for both the non-
uniform and uniform SAFs. The compleity (measuredn
real multiplies per fullband input sample)of bothfilters is
alsolisted.

Theresultsshav thata non-uniformSAF canbeimple-
mentedwhich achiereslower MSE with lower complexity
thananequivalentuniform SAF

5. CONCLUSIONS/FUTURE WORK

Thisresearchlevelopedbounddor thesubbandMSEwhich
couldbeeasilyevaluatedor non-uniformfilterbankparam-
eters. Theseboundsallow oneto constructanalgorithmto

control the non-uniformfilterbank associatedvith a non-
uniform SAFE A numericalsimulationshows thatthe non-
uniform SAF obtainsa betterMSE with lower complexity

thanan equivalentuniform SAFE Futureanalysiswill com-
paretheconvergenceaatesfor acompleteperformanceom-
parison.
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