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ABSTRACT

Short-timespectralattenuatioris a commonform of audiosignal
enhancemernih which atime-varyingfilter, or suppressionule, is
appliedto the frequeng-domaintransformof a corruptedsignal.
TheEphraimandMalahsuppressiomule for speectenhancement
is bothoptimalin the minimummean-squarerrorsenseandwell-
known for its associate@olourlessresidualnoise;however, it re-
quiresthecomputatiorof exponentialandBessefunctions.In this
paperwe shav that,underthe samemodellingassumptionsalter
native Bayesianapproachesead to suppressiorrules exhibiting
almostidentical behaiour. We derive threesuchrules and shav
thatthey areefficient to implementandyield a moreintuitive in-
terpretation.

1. INTRODUCTION

1.1. Short-Time Spectral Attenuation

Short-timespectralattenuatioris a popularmethodof broadband
noise reductionin which a time-varying filter is appliedto the
frequeng-domain transformof a corruptedaudio signal. Often
sucha signalis modelledas follows: let {x,} £ {z(nT)} in
generalrepresent set of valuesfrom a finite-durationanalogue
signal sampledregularly at intenals of T, so thatat time n one
hastheadditive obserationmodely,, = z,, + d,, wherey,, is the
obseredsignal,x,, istheoriginal signal,andd,, is randomnoise.

In mary implementationshe setof obserations{y, } is anal-
ysedusingthe discreteFourier transform(DFT), via the overlap-
add methodof short-timeFourier analysisand synthesis Noise
reductionin this mannermay be viewed as the applicationof a
suppressiomule, or nonngative real-valuedgain Hy, to eachbin
k of theobsenredsignalspectrumy g, in orderto form anestimate
X of the original signalspectrum.

In the ensuingdiscussionof suchsuppressionmuleswe con-
sider for simplicity of notationandwithoutlossof generality the
caseof asingle(windowed) short-timeblock. To facilitatea com-
parisonour notationfollows thatof EphraimandMalah[1], except
thatcomple quantitiesappeaiin bold throughout.
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1.2. The Ephraim and Malah Suppression Rule

Ephraim and Malah [1] derive a minimum mean-squaresrror
(MMSE) short-timespectralamplitudeestimatorfor speechen-
hancementinderthe assumptiorthatthe Fourier expansioncoef-
ficientsof theoriginal signalz,, andthenoised,, maybemodelled
asindependentzero-meanGaussiarrandomvariables. Thusthe
obsered spectralcomponenin DFT bin k, Yy, 2 Ry exp(j9k),
is equalto the sumof the spectracomponentsf thesignal X =
Ay exp(jar ), andthenoise Dy,. Thismodelleadsto thefollowing
maiginal, joint, andconditionaldistributions:

28k exp(——a% ) if ar € [0, c0)
plag) = { =@ Xe () o9 ()

0 otherwise
if ay € [-7,7m),

p(ok) = { S_’“ @)

otherwise
— (lk a2
plak, ak) = 5 exp (_r(kk)> o
_ 1 [Yi —aue’™|
P(Yelar, au) = —= s exp (—W) ?

whereit is understoodhat(3) and(4) aredefinedover therangeof
ax in (1) anday, in (2); Az (k) 2 E[|Xx|?] andAa(k) £ E[|Dx|?]

denotetherespectie varianceof the kth short-timespectraktom-
ponentof the signalandnoise.The MMSE spectralamplitudees-
timatorderived by EphraimandMalah, whencombinedwith their
derivedoptimalphaseestimatortheobseredphasedy, [1]), takes
theform of a suppressiomule:
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wherelo(-) and:(-) denotethe modifiedBesselfunctionsof or-
derzeroandone,respectiely. Additionally,
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where&;, and+y;, areinterpretedafter [2] asthe a priori and a
posteriori SNR,respectiely.



2. DERIVATION OF EFFICIENT APPROXIMATIONS

2.1. Joint Maximum A Posteriori Spectral Amplitude and
Phase Estimator

Jointestimatiorof therealandimaginarycomponentsf X, under
eitherthemaximuma posteriori (MAP) or MMSE criterionleads
to the Wienerestimator(dueto symmetryof the resultantposte-
rior distribution, which is Gaussian)However, onemay reformu-
late the problemin termsof spectralamplitude A, andphasex,

andthenobtainajoint MAP estimateby maximisingthe posterior
distribution p(a, ax|Y«):
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Sinceln(-) isamonotonicallyincreasingunction,onemayequi-
alentlymaximisethe naturallogarithmof p(ax, ax|Y«). Define
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DifferentiatingJ: w.r.t. o, yields
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Settingto zeroandsubstitutingY , = Ry, exp(j¥Jy), we get
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andtherefore
ar = O, (6)

i.e., thejoint MAP phaseestimates simply the noisephaseDif-
ferentiatingJy w.r.t. ay, yields
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Settingtheabove to zeroimplies
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From(6), we have cos(9y — &x) = 1; therefore
0 =2(1 + & )ap — 2Riéran — Ao (k).

Solvingthe above quadraticequationandsubstituting
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we have
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Togethern(8) and(6) definethe following suppressiomule:
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2.2. Maximum A Posteriori Spectral Amplitude Estimator

Firstwe notethattheposteriordensityp(a|Y ) arisingfrom inte-
grationoverthephaseermay, is Ricianwith parametergo?, s3):
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for largeargumentsof 1o (-) we may substitutethe approximation
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which is almostGaussianConsidering(11), and maximisingits
naturallogarithmw.r.t. ax, we obtain
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Substituting(10) and (7) into (12) and solving, we arrive at an
estimatordiffering from that of the joint MAP solution only by
a factor of two underthe squareroot (owing to the factor \/ax
in (11); replacementvith a;, would yield the joint MAP spectral
amplitudesolution):
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Combining(13) with the Ephraimand Malah optimal phaseesti-
mator(i.e.,theobseredphaseyy; cf. (6) also)yieldsthefollowing

suppressiomnule:
G+ /67 + (1 + &)

= 51+ &)

Ry. (13)
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Fig. 1. EphraimandMalahMMSE suppressiomule
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Fig. 2. JointMAP suppressionule gaindifference

2.3. Minimum Mean-SquareError Spectral Power Estimator

Recallthat Ephraimand Malah formulatethe first momentof a
Ricianposteriordistribution, E[ A |Y 1], asasuppressionule. The
secondnomentE[AZ|Y 1] of thatdistributionis given by amuch
simplerformula(see.e.g.,[3]):

E[AL|Y&] = 20% + sk, (14)

whereo? ands? areasdefinedpreviously in (10). Letting By, =
A2 andsubstitutingfor o2 ands? in (14)yields

= &k (1+Uk) 2
B= S (1Y% g2
F 1+ & Yk F

where By, is the optimal spectralpower estimatorin the MMSE
senseasit is alsothe first momentof a new posteriordistribu-
tion p(bx|Y) having a noncentrakhi-squareprobability density
functionwith two degreesof freedomandparametergoy, s3).
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Fig. 3. MAP approximatiorsuppressiomule gaindifference
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Fig. 4. MMSE power suppressiomule gaindifference

When combinedwith the obsered phased, this estimator
alsotakestheform of asuppressiomule:

e (50)

3. COMPARISON OF APPROXIMATIONS

(15)

Figurel shawvsthe EphraimandMalahsuppressionule asafunc-
tion of instantaneouSNR (definedin [1] asvy; — 1) anda priori
SNR¢&y. Figures2, 3, and4 shav the gaindifference(in dB) be-
tweenit andeachof the threederived suppressiomules(notethe
differencein scale).Table 1 on the following pageshavs a com-
parisonof the magnitudeof gaindifferencedor thethreeapproxi-
mations.The MMSE spectralpower suppressiomnule providesthe
bestandmostconsistenapproximatiorto the EphraimandMalah



(v — 1, &) € [—30,30] dB

(vk — 1,&) € [—100, 100] dB

SuppressioiRRule Mean Maximum Range Mean Maximum Range
MMSE SpectraPower 0.68473 —1.0491 1.0469 0.63092 —1.0491 1.0491
JointMAP SpectralAmplitudeandPhase 0.52192  +1.7713 2.3352 0.74507 +1.9611 2.5250
MAP SpectralAmplitude Approximation ~ 1.2612  +4.7012 4.7012 1.7423 +4.9714 49714

Table 1. Magnitudeof deviation from EphraimandMalahMMSE suppressiomule gain

rule, with only slightly lesssuppressionThe MAP spectralam-
plitude approximation althoughstill within 5 dB of the optimal
valueover awide rangeof SNR, is the poorestWhile the sign of
the deviation of eachof thesetwo approximationss constantthat
of the joint MAP suppressiomule dependson the instantaneous
andapriori SNR.

4. DISCUSSION

EphraimandMalah[1] shawv thatat high SNR, their derived sup-
pressiorrule approachethe Wienersuppressionule:

&k
Hy = .
T 144
Althoughnotimmediatelyobvious uponinspectionof (5), thisre-
lationshipis easilyseenin the MMSE spectralpower suppression
rule givenby (15), expandedslightly to thefollowing:

_ & (1 33
e = \/1+£zc (vk N 1+€k)'

As theinstantaneouSNR~;, becomedarge, (17) may be seento
approachheWienersuppressionule givenby (16).Asit becomes
small,thel/+; termin (17)lessengheseverity of theattenuation.
Capre [4] malesthe samequalitative obsenation concerninghe
behaiour of the Ephraimand Malah suppressionule, although
thesimplerform of the MMSE spectrapower estimatorshavs the
influenceof thea priori anda posteriori SNRmoreexplicitly.

Lastly, we note that the succesf the Ephraimand Malah
suppressiomule is largely dueto the so-called'decision-directed
approachfor estimatinghea priori SNR&y, [4]. For agivenshort-
time block I, the decision-directedx priori SNR estimateglc is
given by a geometricweighting of the SNR in the previous and
currentblocks:

~ 2
~  Xp(l=1)]
S Wi

(16)

7

+ (1 — @)max[0,v:(I) — 1], a € [0,1).
(18)

It is instructive to considerthe casein which &, = v, — 1; i.e.,

a = 0 in (18) sothatthe estimateof the a priori SNR s based
only on the currentblock. In this casethe MMSE spectralpower

suppressiomule given by (17) reducesto the methodof power

spectralsubtraction(see,e.g.,[2]). Figure5 shavs a comparison
of thederived suppressionulesunderthis constraint.

5. CONCLUSION

Hereinwe have presenteda derivation and comparisonof three
simplealternatvesto the EphraimandMalah MMSE spectrabm-
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Fig. 5. Optimalandderived suppressiomules

plitude estimator Thesemay beimplementedvhereincreasedf-
ficiengy is desiredandeachmaybe coupledwith hypotheseson-
cerninguncertaintyof speectpresenceasin [1, 2]. Moreover, the
form of the MMSE spectralpower suppressiomule givenby (17)
provides a clear insight into the behaiour of the Ephraimand
Malah solution, andin particularits connectionto simpler sup-
pressiorrules.
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