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ABSTRACT

We presentand compareresidualechopower spectralestimation
technigues.Residualechoarisesin hands-fregelepholy equip-
mentdueto insuficientechocancellatiorperformanceTheresid-
ual echopower spectraldensityis very importantto control com-
binedresidualechoand noisepostfiltering. Eventually we intro-

ducea new partitionedblock-adaptre estimationtechniquedeliv-

ering considerablyimproved estimatesin reverberantand noisy
doubletalk ervironments.

1. INTRODUCTION

Dueto theacoustieervironmentof mobilehands-fre¢elephones
we have to expect low signal-to-noiseratios and considerable
acousticfeedbackat the local microphone. It hasbeenshavn
thata combinedacousticechoand noisereductionpostfilter sub-
stantiallyimprovesthe performanceof the moretraditionalecho
cancellationand noise reductionapproach[1]. Postfilteringin
turn relieson theresidualechoandnoisepower spectraldensities
(PSD).Thefunctionality of ourfull-duplex echoandnoisecontrol
systemis depictedn Figurel. Sincethe postfilteris implemented
in thefrequeng domain,all signalsarerepresentety their short
termDiscreteFourierTransform(DFT) coeficientsatframeindex
k andnormalizeddiscretefrequeny index Q. We denotethe DFT
coeficientsof the microphonesignalby

Y(Q,k)=S(Q,k)+ N(Q, k) + D(Q,k) , 1)
whereS(, k), N(Q, k) andD(£, k) representleannearspeech,
backgrounchoise,andacousticecho,respectrely. Becauseof its
relatively shortlength, the echocancellerC yields a robust but
insufiicient estimateD(2, k) of the acousticecho. Thereforewe
apply combinedresidualechoand noise postfilteringwith input
signal

E(,k) = Y(Q,k)—D(,k)
= S(Qk)+ N(Q k) + B(Q,k), 2
whereB (€, k) = D(Q, k) — D(Q, k) is theresidualechosignal.
In the receving and sendingpath of the telephonewe have the
far endspeechX (€2, k) andthe estimatedocal speechS(€, k),
respectiely.

2. PREVIOUSLY PROPOSEDESTIMATORS

Residualechoestimationtechniquesrebasedn the evaluation
of autoandcrossPSDsof the signalsin Figure1. For example,
the crossPSDof X (Q, k) andE(, k) is writtenas® x g (2, k),
autoPSDsaccordingly

At first, we recapitulatewo previously proposedsolutionsto the
estimationproblem.
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Figurel: Mobile hands-fregelepholy environment.

2.1. CoherenceAnalysis

We assumeB(Q, k) = G(Q,k)X(Q, k), whereG(Q, k) is the
residualechotransferfunction. Underthe assumptiorof statisti-
cally independenf(Q, k), N(Q, k), and X (Q, k), we canwrite
Pxe(Q,k)

2 3
Dxx(Q, k) @)
andobtain® s (2, k) = |G(Q, k)|* ®xx (2, k) for theresidual
echoPSD.This canbe expressedquialently [2] by

G(Q, k) =

®p5( k) = Cxp(Q, k)2rp(Q, k) 4
usingthe magnitudesquaredcoherencdunction
Oxp(Q, k)

Cxp(, k) = =Xl R ©)

@X)((Q, k)q)EE(Q, k’)
of thesignalsX (2, k) and E(Q, k).

The result can be implementedon the basisof Welch’s pover
spectralestimationtechniquel[3], or recursve averagingof peri-
odogramswhich accountdor the shortterm stationarityof speech
signals(0 < a < 1):

dxp(k)=adxp(Qk—1) + (1-a)X*(Q,k)E(Q,k) (6)

The approachis conceptuallyclear however, we obsered bi-
asedestimate®f theresidualechoPSDin the caseof finite length
block processingand dueto shortterm correlationsof otherwise
independenspeechandbackgrounchoisesignals. Therefore the
coherencamethodstill haspotentialsfor considerablemprove-
mentswith regardto residualechoestimation.This will be shavn
moredetailedin Section3 andby simulations.

2.2. Virtual Transfer Analysis

Accordingto [1], weassumeB (L, k) = F(Q,k)D(L, k), where
F(Q,k) € R is thereal valuedvirtual transferfunction between
theacousticechoandtheresidualecho.Then,we obtain

, _(_FQR) g
‘pBB,th(Qak') = (1 — F(Q,k)) CI)DD(Qak) (7)



with

_ Oyy(UE)—Prr(QE) — 25,5(Q,k)
P k) = vy (Q, k) — Bee(Q k) +55(Q,k) ®)

Notethatit is not allowed to apply an averagingprocesglirectly
to thevirtual transferfunction, neitherastime averageshor in the
frequeny domain. The problemis that the estimateof the vir-

tual transferfunctionis highly non—egodic andnon-stationaryin

contrasto theresidualechoPSDwhichit senesfor.

Equations(7) and (8) rely on available auto PSDsonly and,
hencethe approachs supposedo work alsoduring doubletalk.
However, the above equationsdo also allow anotherinterpreta-
tion if we considerthe generalformula for the PSD of a signal
Y (k) = D(Q, k) + E(Q, k):

Byy (k) =Bur(Qk)+®p 5 (k) +2Re{D 5 5 (2E)} (9)
Equation(9) holdsfor estimatesobtainedfrom Welch’s spectral
estimationtechniqueor recursve averagingof periodogramg6),
too, since|Y| = |D| + |E| + 2Re{D* E}. Substituting(9) into
(7) and(8) deliversthe equivalentexpression

RE {2(2, k)
@B, virt(Q, k) B 55 (0 F)
for the virtual transferestimator This could be viewed asanin-
completecoherencenalysisbetweenD (€, k) and E(Q, k). In
fact, we might even complementthis virtual transferestimator
makinguseof the signal
Y'(Q,k) =j-D(Q, k) + E(Q,k) .
On the basisof Y’ (€, k) andthe generalideabehindequation

(10)

(9) we cancompute
IM {2550 K)} = 5 (Byvr (0, 5) — B2 (2, £) — @ (2, K))

11
andherebyobtainthe extendedvirtual transferestimate (1)

, _ Im? {55 (2, k)}
(PBB,Vzrt(Qz k) ‘I)BB,th(Q, k) + Qf)D(Qﬂ k)
= Cpr(,k)®ee (k) . (12)

With regardto this interpretationwe concludethat the virtual
transferestimatorin factis anincompletecoherencestimatorbe-
tweenD(%, k) andE(Q, k). In particular we expectsimilar prob-
lemswith respecto finite lengthblock processingandlocal dis-
turbancesThiswill beshawvn by simulations.

This sectionshaved thatwe canproceedwith the development
of residualechoestimatorson the basisof equationg4), (5), and
(6), possiblyusingeither X (€2, k) or D(9, k).

3. MULTIPLE-FRAME COHERENCE ANALYSIS

3.1. Problem Description

a) We have alreadystatedin this article before, that we expect
a biasedcoherenceestimate(or residualecho estimate)in case
of finite lengthblock processing.This is dueto the factthatthe
acousticechopath may considerablyspreadthe far speechover
time beforethe local microphonepicks it up. In car acoustics,
for example,we actuallyhave to accountfor animpulseresponse
of 400 to 800 coeficients at a samplingfrequeny of 8kHz. In
an office ervironment,the reverberationtime canbe significantly
higher Typical speechenhancemerngystems,n contrast,make
useof DFT lengthsof only 128 or 256 speechsampleg(due to
signaldelayandcomplexity constraints)Thereforea DFT based
block estimatoron the basisof equationg4), (5), and(6) will cer
tainly fail in the attemptto reflectthe full correlationbetweerthe
echocompensatedignal and the far speech. Thus, one obtains
systematicallyunderestimatedesidualecho. Therecanbe a very

distinctive biasin thoseapplicationswhereearly echois already
cancelledout by the shortandrobustechocompensatoof length
128t0 256. In thiscasetheresidualechaobiasrelatedwith (4), (5),
and(6) considerablympactsthe postfilteringperformance.

b) Bothlocal backgroundoiseandnearspeechactvity arealso
decisiely influencingthe residualechoestimator Background
noiseandnearspeechmeanlocal disturbancefrom the viewpoint
of acousticechocontrol. In generalthe residualechoestimates
will betoo high dueto short-terncorrelationshetweerntherwise
independenecho,speechand backgroundoisesignals. An ap-
proximationfor the biasedcoherencesstimate(5), which holds
for calculationson the basisof Welch's power spectralestimation
techniquejs givenin [4] for stationarysignals:

A 1 2 2C FAN

C~C+N(1 C) (1+ N)_fC(C,N) (13)
Thereby N is thenumberof periodogramsisedfor averagingover
time andis relatedto an equialentforgettingfactorfor recursve
averagingby N = (1 + a)/(1 — «). This resultallows for the
coherencdiascorrection

C = fg'(C,N(a) (14)
in the presencef stationarylocal disturbances.

3.2. ProposedEstimator
Therationalebehindthe newly proposednultiple—frameresidual
echo(or coherencegstimatoris asfollows:
Theacoustieechocontainedn frameE (€2, k) wasexcitedby the
farspeectiramesX (2, A), A < k. With regardto theexponential
decayof theroomimpulseresponsewe mayhaveto consideonly
the limited numberL of mostrecentframesX (2,\),k — L +
1 < X\ < k. Accordingto (4) and (14), the residualechoPSD
correspondingo E(€, k) andbeingdueto X (2, A) £ XM, A <
k, iswrittenas:

2L (QK) = fo' (Cxon p (2 K), N(@) ) @55(Q k) (15)

Thereby we assumednutualstatisticalindependencef the exci-
tationframesX (Q, k). Thisis approximatelytruealsoin thecase
of speechexcitation and DFT lengthsof 128to 256 datapoints.
Formula(15)accountdor stationarjocaldisturbanceby thebias
correction(14). Notethat,strictly speakingeventheacousticecho
dueto excitationframesX (2, k), k # A, representsocal distur
bancedor the estimationof @53}3 (Q,k).

Then, the total residualechoPSD canapproximatelybe calcu-
latedasa superpositiorof the "single—frame”estimateg15):

k
Bppnew(Qh)= > BFLQEK) (16)
A=k—L+1
3.3. RelatedBenefits

The proposedstructurefor residualechoestimationentailsa num-
berof benefitswhich arebriefly discussedsfollows:

e EachcoherenceestimateCy (x) (€2, k) considersan individ-
ual PSD <I>§?;( of the excitation signal. Thus, we male only
weak assumptionsvith respecto the stationarityof the exci-
tation. This is particularlymeaningfulfor speechexcitationin
the presencef long reverberatiortimes.

e Thebiasof eachcoherencestimateCy (x) z (2, k) is removed
individually by the biascorrectionformula(14).

e Eventually we obsere thefreedomto assigrindividual forget-
ting factorsa®’ to the estimationprocessesf the coherence



functionsCy (») (2, k). Thatis useful,sinceareasonabléor-
gettingfactorcertainlydepend®ntheindividual ratio of acous-
tic echoandlocal disturbances.

3.4. Computational Complexity

The newly proposedalgorithmbasicallyrunsthe "single-frame”
coherencestimator(4), (5), and(6) L timesin parallelin orderto
deliver an unbiasedesidualechoestimate.Additionally, we also
applythebiascorrection(14) L timesin parallelto copewith local
disturbancesThus,the compleity of the algorithmis roughly L
timesashigh asfor the corventional’single-frame”algorithm. In
practice,it turnsoutthatonly L = 3 or L = 4 canconsiderably
improve the residualechoestimatein the caseof car acoustics.
Furthermorewe mightadjustthelengthof theechocancelleisuch
thatwe canevenomit thefirst coherencestimator(A = k).

The computationatomplexity of the approachmainly depends
on the numberof divisionsassociatedvith coherencesstimation
(5). Thisis, however, originally relatedwith the "single-frame”
algorithm. The numberof divisionscanbe reduceddy processing
averagesof frequeny componentsat a time. Given fixed com-
plexity constraintsye stronglyrecommendo designanunbiased
residualecho estimatoy if necessanat the costof a lower fre-
queng resolution.

4. APPLICATIONS

We mentiontwo mostimportantapplicationsvherethenecessity
for reliableresidualechoPSDsarises.

4.1. Postfiltering for Joint Acoustic Echoand NoiseControl
The underlying application, currently driving the development
of residualechoestimationtechniquesjs the frequeng-domain
adaptve postfilter for the purposeof combinedsuppressiorof
residualechoandbackgroundoise asoutlinedin theintroduction
of this article.

Spectraweighting
S(9, k) = Hw (2, k)E(Q, k) 17)
onthebasisof theWienerrule
Hw (Q,k) = P55 (k) (18)

q)ss(ﬂ k) =+ @NN(Q k) =+ ‘}BB(Q k)
canbeviewedasthesimplestform of DFT-basedpeeclenhance-
ment,where® g (2, k) is the residualechopower spectralden-
sity and® v v (2, k) is the backgrounchoisepower spectralden-
sity requiredfor the algorithm. Both parametersre crucial for
thereliability of the spectraleights Hw (€2, k). The background
noise PSD can be determinedadaptvely and accuratelyby the
Minimum StatisticsapproacH5], wherebythe desirednoisePSD
canbetracked evenduringspeectactiity.

Insteadbf Wienerfiltering, we doactuallyusethemoreadwanced
MMSE-LSA spectralweightingalgorithm[6] which, howvever, re-
liesin asimilarway onresidualechoandnoisePSDestimates.

4.2. Frequency-DomainAdaptive Echo Cancellation

We assumeD(Q, k) = G'(Q, k) X(Q, k), whereG' (2, k) is an
acousticechotransferfunction. We track the least-mean-square
approximationto G'(£2, k) by the unconstrainedastLMS algo-
rithm

G'(Qk+1) = G(Qk) + p(Q k) X (Q,k)B(Q, k) (19)
with stepsizdactoru(£2, k) anderrorsignal
E(Q k) =Y(Q,k) — G (k) X(Q, k) (20)

accordingo [3]. With regardto theleast-mean-squarziterion

E{‘é’(ﬂ,k)—G’(Q,k)r} = min 1)

we obtainthe optimal stepsizdactor(compard7])

_ ®pp(Q k) 1
M(Q,k) @BB(Q,’C)-F@EE(Q,]?) ‘Pxx(ﬂ,k) ’
whichin turn depend®nanaccurateestimateof theresidualecho
PSD @35 (2, k). Forthe derivation of the stepsizewe assumed
E{IX(Q,k)|*} = 28%x (2, k), othercalculationsare straight-
forward.

(22)

5. RESULTS

5.1. Instrumental Measures

For the purposeof instrumentalevaluationof residualechoesti-
mationtechniqgueswe make useof a setof frame-oriented_og—
Spectal-DistancemeasuresBasedonthe DFT block lengthKq,
we considerthe Log—Specml—Mean

<I>BB(Q k)

Zlolo 910 5 (O F)

of theratio of the estlmatedandthetrue residualechopower. Fur-

thermore we evaluatethe Log—Specizl-Meanof theratio of the

estimatedandthe true spectralWienerweights(18) requiredfor

residualechoandbackgroundhoisesuppressiorgiven®ss (2, k)
and<I>NN(Q ]i:)

(23)

Zmlog10 HW Q L) (24)

k)

Thelatter Mw (k) actuallymeasurei;he rellablllty of theresidual
echoestimatewith respecto its impacton spectralweighting. For
example,in the presencef stronglocal speechactivity, theresid-
ual echoestimatedoesnot needto be asaccurateasfor a speech
paus€g(in orderto determinegoodspectraweights).

Eventually we considerthe Log—Spectal-Distance

D (K) = J%Z(l@log%)

betweerthe estimatedandthetrue spectraWienerweights.

(25)

5.2. Numerical Results
We comparenumericalresultsfor the estimationtechniquesinder
considerationin particular we presentesidualechoestimate®n
the basisof white noiseexcitation X (€, k) undervariouslevels
of local speechS(, k) andcarbackgrounchoise N(Q, k). The
acousticechois generatedrtificially by meansof a carimpulse
responsecut to 512 coeficients, the first 128 coeficients being
cancelledideally by the echocompensator The DFT length for
residualechoestimationis 256 datapointswith 50% frameover-
lap andHannwindowing. With regardto the shortterm stationar
ity of speechwe chosetheforgettingfactora = 0.8. Thenumber
of excitation framesinvolved with the multiple—framecoherence
estimatoris L = 4, the correspondindorgettingfactorswerein-
dividually chosenasa® = 0.9, a*~V = 0.8, at*~2 = 0.8,
a*=® =09

Figure 2 depictsthreedifferentstatesof local disturbancesin
the first 300 signal frames,thereis no local contritution to the
microphonesignal, thus, only acousticecho. In frames300 to
600 we addedlocal car backgroundnoise,andin frames600 to
900, thereis carbackgrounchoiseandlocal speechpresen{dou-
ble talk). The correspondindrue coherencédevel Cxe(Q2, k) =
®pB(Q, k)/Per(Q, k), whichis depictedonly in Figure3 and4
for clarity, indicatesthosesituations.

From Figure 2 we obsere that both the "single-frame” coher
enceestimatorn(4) andthe extendedvirtual transferestimator(12)
do not completelyreflectthe residualecho. Note that the virtual
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Figure2: Biasof variousresidualechoestimators.
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Figure3: Biasof the Wienerweightsdueto differentestimators.

transferestimatordelivers comparatiely betterresultsonly be-

causethe estimatedecho D(92, k) is basicallya delayedversion
of the excitation X (Q, k). The bias of both estimatorsis most
severe whenthereare no local disturbances.In the presenceof

local backgroundhoiseandspeechactiity, bothmethodsachieve

betterperformancenly becausef theadditionalbias(short-term
correlationsjntroducedn this case.

In contrast,Figure 2 shavs that the multiple—framecoherence
estimatorachieves nearly unbiasedresidual echo estimatesfor
ary kind of local acousticernvironment.In particular duringlocal
pausewe obtainan unbiasedestimatedueto the multiple—frame
residualechosuperpositiorn(16). And in the caseof local back-
ground noise (and speech),the coherencebias correction (14)
avoidstheoccurrencef considerabl®verestimates.

The performancef the multiple—framecoherencestimatorbe-
comeseven morefavorablefrom Figure3. Here,we canseethat
theestimatiorerrorsdueto nonstationaryocal disturbancegcom-
pareFigure 2) do hardly ever impactthe constructionof spectral
Wienerweightsfrom residualechoestimatesHence we conclude
thatthe multiple—framecoherencestimatordelivers consistently
excellentresultsfor the applicationof postfiltering.
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Figure4: Varianceof the Wienerweightsfor differentestimators.

Eventually Figure 4 proves that the multiple—framecoherence
estimatoralso introducesthe smallest”variance” Dy (k) com-
paredwith otherestimationtechniques.The potentialsfor com-
binedacousticechoandnoisepostfilteringareokvious.

5.3. Auditi ve Results

The estimationtechniquesinderconsideratiorwere simulatedin
ouracoustieechoandnoisecontrolsetup(seeFigurel) usingsyn-
thetic and real world data. Using the multiple—framecoherence
estimatoy the spectralpostfilteringalgorithm achieved very high
residualechoattenuationwhile preservingrery goodspeechyual-
ity duringdoubletalk.

CONCLUSIONS

We proposedhe new block—partitioned multiple—frame)resid-
ual echoestimatorbasedon recursve averagingof periodograms
and coherencebias correction. The estimatordelivers unbiased
resultswith regardto variousacousticenvironments.
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