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ABSTRACT

In this paperwe presenta new way of treatingthe problem
of extending a narrow-band signal to a wide-bandsignal. For
many casesof bandwidthextension,thehigh-bandenergy is over-
estimated,leadingto undesirableaudibleartifacts. To overcome
theseproblemswe introducean asymmetriccost-functionin the
estimationprocessof thehigh-bandthatpenalizesover-estimates
more than under-estimatesof the energy in the high-band. We
show thattheresultingattenuationof theestimatedhigh-banden-
ergy dependson the broadnessof the a-posterioridistribution of
theenergy giventheextractedinformationaboutthenarrow-band.
Thus,the uncertaintyabouthow to extendthe signalat the high-
bandinfluencesthelevel of extension.Resultsfrom listeningtest
show thattheproposedalgorithmproduceslessartifacts.

1. INTRODUCTION

A speechsignalthathaspassedthroughthepublic switchedtele-
phony network (PSTN)hasa characteristiclow-passquality. This
is dueto thelimited bandwidthof thetelephony channel(0.3- 3.4
kHz). Transmittingwide-bandspeech(speechsampledat16kHz)
would preserve thenaturalnessof the speechsignalthat is other-
wise lost. However, changingtheexisting PSTNinfrastructureto
handlewide-bandspeechtransmissionwould entailan enormous
cost. Therefore,recovery of the wide-bandspeechsignalby es-
timation of the high- (3.4 - 8 kHz) andlow- (0.1 - 0.3 kHz) fre-
quency bandsfrom the telephony signal would be of greatuse.
In [1] we showed that there is mutual information betweenthe
narrow- and high-bandand that, thereby, it is justified to try to
recover thehigh-bandgiventheknowledgeof thenarrow-band.

The recovery of wide-bandspeech(0.1-8 kHz) given the
narrow-band(0.3-3.4kHz) speechis a challengingtaskandthere
have beena numberof contributionson this topic. In [2] a sim-
ple multi-rateapproachto the problemwaspresentedandin, for
instance,[3, 4] methodsbasedonvectorquantizationfor themap-
ping betweennarrow-bandandwide-bandwereused. Statistical
approacheshavealsobeenappliedto theproblem.Thepioneering
paperutilizing a statisticalframework wasthepaperby Chenget
al. [5], aGaussianMixture Model(GMM) basedmethodwasused
in [6], anda hiddenMarkov model(HMM) in [7].

Regardlessof the bandwidthextensionmethodused,a com-
monproblemis theintroductionof artifactsin theextensionbands
thatmakethebandwidthextendedsignaloftenmoreannoying than
theoriginal narrow-bandspeechsignal.Theseartifactsaregener-
ally dueto over-estimationof thehigh-bandenergy.

Therefore,if a bandwidthextensionalgorithmis to beusedin
arealtelephony system,it is importantthatnoaudibleenergy over-
estimatesof thesignalin thehigh- andlow- frequency bandsare
made.It is in thatsensebetterto under-estimatetheenergy in such
regions. This motivatesthe idea of having an asymmetriccost-
function that penalizesover-estimatesmorethanunder-estimates
of theenergy in thehigh-band.

Our aim is to arrive at a confidencecontrolledbandwidthex-
tensionalgorithm.That is, we want to beableto control the level
of extension(energy, shape)dependingon how confidentwe are
about the estimatesof the high-bandparameters,such that the
bandwidthextendedsignalis wide-bandandcontainsno artifacts.
This paperis a first stepin thisdirection.

2. SYSTEM STRUCTURE

Thecoreof our bandwidthextensionis a GMM. TheGMM mod-
els the joint probability densityfunction,
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, of the random

variablefeaturevector, 	 , andis of theform� � ������
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where � is the numberof mixturescomponents,and � � is the
weightof mixturenumber� . Thedistribution
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with meanvector 6 � andcovariancematrix

) � bothcollectedin� � 
BA 6 � �5) �DC , and E thefeaturevectordimension.Herein,the
featurevector,

�
, hasdimension22 andconsistsof:F a narrow-bandspectralenvelopepartmodeledby 15 linear

frequency cepstralcoefficients(LFCCs),G 
HA G �JIKIKI G �+L C ,F a high-bandspectralenvelopepart modeledby 5 LFCCs,M 
BA M �9INIKI M L C ,F anenergy-ratiovariableO beingthedifferencein log energy
betweenthehigh-andnarrow-band,i.e., O 
 MQP 4 G P ,F a measureon thedegreeof voicing, R .

Thedegreeof voicing is determinedby themaximumof thenor-
malizedautocorrelationfunctionwithin thelag rangecorrespond-
ing to 50-400Hz, i.e.,

R 
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Fig. 1. Systemarchitecture.

where ^ 
 ^ � ! � IKIKI�^ � !Nm�n � is a 20 ms narrow-bandspeechseg-
mentsampledat 8 kHz. The modelparameters� � and

� � , for� 
 ! IKINI � , wereobtainedusingtheEM-algorithmdescribedin
[8] on a trainingsetextractedfrom the TIMIT database[9]. The
sizeof thetrainingsetwasselectedto be100,000non-overlapping
20 ms segmentsfrom which the featureswerecalculated.In our
experiments,we used32mixturecomponents( � 
poQ"

).
In contrastto the GMM approachpresentedin [6], we have

chosento usediagonalcovariancematricesin ourmodel.Wehave
donesomainly for threereasons:

1. A GMM with full covariancescanbemodeledby ahigher-
orderGMM with diagonalcovariances[10].

2. Under the Gaussianassumption,the covariancematrix of
thecepstralcoefficientsis approximatelydiagonal[11].

3. Significantlyfewer parametershave to beestimated.

A schematicof our bandwidthextensionschemeis depicted
in Figure 1. From the narrow-bandspeech,15 cepstralcoeffi-
cients,G , andthedegreeof voicing, R , arederived.Then,usingan
asymmetriccost-functiontogetherwith the a-posterioridistribu-
tion of theenergy-ratiogiventhenarrow-bandshapeandnarrow-
band voicing parameter, we obtain an estimateof the energy-
ratio betweenthe narrow- andhigh-band. The asymmetriccost-
function penalizesover-estimatesof the energy-ratio more than
under-estimates.Furthermore,asis shown in section2.1,anarrow
a-posterioridistribution of theenergy-ratio resultsin lesspenalty
on the energy-ratio than a broaddistribution. The energy-ratio
estimate,togetherwith the narrow-bandshapeandthe degreeof
voicing, form a new a-posterioridistribution of the high-band
shapeandanMMSE estimateof the high-bandenvelopeis com-
puted.A modifiedspectralfolding excitation is thenfilteredwith
the energy-ratio controlledhigh-bandenvelopeandaddedto the
narrow-bandto form a wide-bandspeechsignal.

2.1. Energy-ratio estimation

The most commoncost-functionusedfor parameterestimation
from aconditionedprobabilityfunctionis thequadratic.If we use
the a-posterioridistribution of theenergy-ratio given the narrow-
bandshapeanddegreeof voicing togetherwith a quadraticcost-
function,we obtainthestandardMMSE estimate,i.e.,qO �r�?s1t 
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Fig. 2. Theasymmetriccost-function.
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wherein thesecondlast step,we usedthe fact thateachindivid-
ualmixturecomponenthasadiagonalcovariancematrixand,thus,
independentcomponents.Sincewe perceive over-estimatesof the
energy ratioasmoreannoying thanunder-estimates,weshoulduse
an asymmetriccost-functioninsteadof a symmetriconein order
to penalizeover-estimatesmorethanunder-estimates.Theasym-
metriccost-functionwe useis shown in Figure2 andis expressed
as, )B
��N�?� qO 4 O �Jap� qO 4 O � U � (5)

where
�N�?�=� �

is thestepfunctionwith amplitude
�
. Theamplitude

of thestepcanbeseenasa tuningparameter, giving a possibility
to controlthedegreeof extension.Theestimateof theenergy-ratio
canthenbewritten as,qO 
�T�uwv Sbxzy{| } � � �`�%�?� qO 4 O ��a�� qO 4 O � U �;����� ����� O � G � R � EQO I (6)

Theestimateis foundby differentiatingtheright-handsideof (6)
andsetit equalto zero.Assumingthattheorderof differentiation
andintegrationmaybeinterchangedwecanwrite thederivativeof
(6) as,
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which finally yields,

qO 
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whichhasto besolvedusinganumericaltechnique,e.g.,by means
of a grid search.As shown in (7) theenergy-ratioestimationde-
pendson theshapeof theposteriordistribution. Thus,thepenalty



on the minimum meansquarederror estimateof the energy ra-
tio dependson the width of the posteriordistribution. If the a-
posterioridistribution

� ��� ��� � O � G � R � is narrow, we aremorecon-
fident on the MMSE estimatethanif the a-posterioridistribution
is broad.

2.2. High-band envelope estimation

In order to have a probablecombinationof the high-bandshape
andenergy-ratio, thehigh-bandshapeestimationis performedby
conditioningon theenergy-ratioestimate,thenarrow-bandshape,
andthedegreeof voicing in thenarrow-bandspeechsegment.By
usingaGMM with diagonalcovariancematrices,theMMSE esti-
mateof thehigh-bandshapesimplybecomes,qM �?�rs�t 
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Thus, the estimateof the high-bandis a weightedsum of mean
vectorsfrom thedifferentmixtures,wheretheweightingis simply
theprobabilityof a certainmixturecomponentgiven thenarrow-
bandfeaturevectorandthe estimateof the energy-ratio. This is
closelyrelatedto themethoddescribedin [5].

2.3. Excitation extension

For theextensionof thenarrow-bandexcitation,we usea modifi-
cationof spectralfolding techniquein [12]. Insteadof folding the
spectrumaround4 kHz, whichdueto thetelephony channelwould
result in very low energy in the region between3.4 and4.6 kHz,
we cut out the part between2 and3 kHz of the spectrumof the
narrow-bandexcitationandrepeatedlyfold this segment(starting
at 3 kHz) until we have coveredthe frequency region of interest.
To avoid anoverly periodicexcitationat thehigherfrequenciesfor
voicedsegments,we let theconstructedfoldedspectrumsmoothly
evolve in frequency to a white noisespectrum.Theamplitudeof
white noisewaschosento beequalto themeanof theamplitude
spectrumof the narrow-bandexcitation. The transitionbetween
the periodic and noiseregion was set ad-hocsuchthat above 6
kHz thenoisespectrumdominatestotally.

3. SIMULATIONS

Our simulationsare intendedto show two importantproperties.
The first one is that the asymmetriccost-functionpenalizesthe
energy-ratioestimatesmorewhenthea-posterioridistributionsof
theenergy-ratio is wide, thanwhenthea-posterioridistribution is
narrow. Thesecondpropertyis thatregionswith wideconditional
energy-ratiodistributionsarepotentialregionswherethestandard
MMSE techniqueover-estimatesthe energy-ratio. In thesimula-
tions,we bandwidthextendnarrow-bandspeechfiles, usingboth
thestandardMMSE for theestimationof thehigh-bandshapeand
energy-ratioandusingtheproposedmethodwith theasymmetric
cost-function.Noneof the testspeechfiles wereincludedin the
trainingset.

3.1. Asymmetric cost-function

To evaluatethe proposedscheme,we analyzedthe behavior of
theasymmetriccost-functiondependingon thea-posterioridistri-
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Fig. 3. Theupperleft andlower left plotsshow two examplesof
thedistribution

� ��� ��� � O � G � R � andtheupperright andlower right
plotsshow theassociatedcost.Notethat,in theupperright plot the
distancebetweentheminimaof theasymmetric-andthesquared
error cost is greaterthanthe distancebetweenthe minima in the
lower right plot.

bution of the energy-ratio given the narrow-bandshapeand de-
gree of voicing. For wide a-posterioridistributions, the asym-
metric cost-functionimposesa larger penaltythanfor narrow a-
posterioridistribution. This is shown in Figure3, wherethewide
a-posterioridistributionresultsin approximately11dB attenuation
of the MMSE estimatedenergy-ratio comparedto approximately
6 dB attenuationfor thenarrow distribution (theattenuationis the
distancebetweenthe minima of the asymmetricandsquareder-
ror cost in the right sub-plotsin Figure 3). Note that, the nar-
rower thea-posterioridistribution is, thecloseris theminimumof
theasymmetriccost-functionto theminimumof thesquarederror
cost-function.

3.2. Energy-ratio over-estimation

The bandwidthextendedspectracorrespondingto the wide and
narrow distributions,shown in Figure3, areshown in Figure4 and
5, respectively. FromFigure4, whichshowsanunvoicedsegment,
it is clearthattheMMSE methodproducesanover-estimateof the
energy-ratiobetweenthenarrow- andhigh-band,thatwill resultin
anaudibleartifact. Thevoicedsegmentshown in Figure5 shows,
that even thoughthe a-posterioridistribution wasnarrow, we es-
timatedanenergy-ratio that is lower thantheenergy-ratio for the
original signal.However, for voicedsegmentstheunder-estimates
of the energy-ratio arenot that noticeable.For unvoicedregions
with MMSE estimatesof theenergy-ratio that arebelow the true
energy ratio, theproposedalgorithmlowerstheenergy ratio even
further, thuscreatinga signalwith lessof a wide-bandcharacter.
Nevertheless,thebandwidthextendedsignalproducedby thepro-
posedalgorithmstill hasa clearwide-bandsensationwhencom-
paredto thenarrow-bandsignal.

4. LISTENING TEST

To evaluatethe proposedalgorithmwe conducteda listeningtest
wherethesubjectwasaskedto gradethedegreeof artifactsin the
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Fig. 4. Bandwidthextendedsegmentwheretheenergy-ratiois es-
timatedfrom awidea-posterioridistribution.Hammingwindowed
20mssegmentswereusedin thecomputationof thespectra.

Degree of artifacts
Method 1.Severe 2.Moderate 3.Minor 4.None

MMSE 4.9% 40.6% 44.7% 9.8%
Proposed 0.4% 17.9% 49.6% 32.1%

Table 1. Resultsfrom thelisteningtest.

bandwidthextendedsignal. The sametest was then performed
usingthestandardMMSE estimationof thehigh-bandparameters.
The listenercould choosefrom four ratingswith respectto the
artifacts:1. Severe,2. Moderate,3. Minor, and4. None. In the
listeningtest,theproposedalgorithmwasusedwith thestepof the
asymmetriccost-functionset to 500 (

� 
¢¡ n�n ). Seven subjects
wereusedin thelisteningtestandtheresultsareshown in Table1.
Fromthelisteningtest,weconcludethatthelevel of artifactshave
beenreducedby a significantamount.

5. CONCLUDING REMARKS

The proposedalgorithmfor bandwidthextensionshowed by the
listeningtestto have lessartifacts.Theasymmetriccost-function
makes it possibleto control the level of extension. An implicit
effect of the asymmetriccost-function is that it penalizesre-
gionswherethe estimateof theenergy-ratio is lesscertain(wide
a-posterioridistribution) more than regions with more certain
energy-ratio estimate(narrow a-posterioridistribution). The ex-
isting schemecanbe consideredasconservative in its bandwidth
extension. However, the proposedschemeproducesan extended
signal which is clearly wide-bandcomparedto the narrow-band
speechsignal.
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