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Abslracl

The idea ol improving speech enhancement, by
combining a belter estimale of Lhe short-time phase
than the commonly used noisy phase, wilh an
independently derived spectral amplitude estimalor,
is examined. Il is shown under the MMSE crilerio1
and Gaussian assumplion, Lhal improving Lhe esli-
nialion of the complex exponential of the phase,
_affects Lhe spectral amplitude estimalion. On Llhe
other hand, Lhe optimal complex exponential es.i-
malor which does nol affect Lhe spectral armplitude
estimalion, is the complex exponential of the noisy
phase. Betler results in enhancing speech were
oblained when the complex exponenlial of the noisy
phase, rather than Lhe optimal complex exponential
estimator, is combined with an oplimal amplitude
eslimalor.

I. Introductlion

Speech enhancement syslems which capilalize
on the major importance of Lhe shorl-Liine spectral
amplilude in speech perception, are known to be
.he most successful ones [1]. In these systems, the

— ghort-time spectral amplitude of Lhe speech signal

{s estimated, and combined wilth Lhe shorl-lime
phase of the degraded spcech, for construcling the
enhanced speech signal. The "speclral sublraction”
algorithm [1], is a well known example in Lhis clags
of speech enbancement systems. Another example is
the recently developed algorithir, which ulilizzs an
optimal minimum mean square error (MM5£) short-
.ime spectral amplitude estimator [2.3].

The use of the noisy phase as an estimate cf the
speech shorl-lime phase, {cllows from Lthe rejativa
unimportance of the latter in the perceplion of
speech signals. Recently [4,5], a question has been
raised, whether a further improvement in spacch
enhancement could be achieved, if a belter estiuale
than the noisy phase is employed. In [4,5], an exper-
imental approach is taken to answer Lhis question,
but the estimation problem Les been ignored. The
“betler estimate" of the short-lime phlase is
achieved there, from a higher signal to noise ratio
(SNR) speech signal, than the degraded speech to be
enhanced.

In this paper we address the above problem, by
examining Lhe estimation of the spectral amplitude
and phase, under the MMSE crilerion and Gaussian
assumplion. Rather then lecling four an estimator
ol the short-limeo phase, we derive an estimalor of
its complax oxpeonential,! which actually is needed
in the aonstruction of the enhanced signal.
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We show Lhal improving (he eslimation of the
complex exponential ol the phase, by using its
oplimal estiinator, aflecls the spectral amplitude
eslimalion. This is due to Lhe fact that the modulus
of Lhe optimal complex exponential eslimator, is
differenl [rom unity. On Lhe olher hand, the oplimal
complex exponential estimator, whose modulus is
conslrained Lo be unity, is Lhe complex exponential
of the noisy phase. HenéC, the oplimal complex
exponential eslimalor which does nolt affect Lhe
speclral amplilude estimation, is the complex
exponential of the noisy phase.

We also examine Lhe Lwo speclral eslimalors,
which resull from Lhe combinalion of an oplimal
spectral amplitude eslimator, with cach of Lhe
above complex exponential eslimators (i.e., the
oplimal and the constrained one), in enhancing
speech. We found that using Lhe complex exponen-
tial of Lhe noisy phase, gives belter resulls espe:
cially al low inpul SNR,

The paper is organized as [ollows: In section Il
we derive Llhe optimal estimmater of Lhe complex
exponential of Lhe phase, and discuss ils combina-
tion with the oplimal speclral amplitude eslimator
derived in [2,3]. In section il we describe the per-
formance of Lhe two speclral estimators mentioned
above, in enhancing speech. In section IV we sura-
marize the paper and draw conzlusions.

11. Optimal Complex Exponenlial Dstimator

The eslimalion problema of the complex
exponential of the short-lime phase, is lormulated
similarly to Lhe estimation problem of the shor(-
time spectral amplitude in [3], and is based on Lhe
same assumplions. Specifically, it is the probien of
eslimating the complex expounential of the phase, of
each Tourier expansion coeflficienl of Lhe signal
fz(t), osts7}], @given the degraded signal
fy(t), ost<s?}. y(t)=z(t)+d(t), where Lhe signal
z(t) and the noise d(t) are essumed lo be quasi-
slalionary uncorrelaled zero mean random
processes. The VFourier expansion coeflicients ol
Lhe speech signal, as well as ol the noise process,
arc modeled as stalistically independent Gaussian
random variables. The Gaussian rmodel is corntnonly
used when Lhe eslimalion Is done in Lhe frequency
domain, and is molivaled by the Centiral Limil
Theorem.

Derivation of Oplimal Estimalor

Let X, & 4,¢’™, D, and ¥, & R.e"®, denote the
k-Lh Fourier expansion coeflicienl ef Lhe speech sig-
nal, the noise process, and Lhe noisy observalions,
respeclively. Under Lhe above stalistical model, Lhe
estimation problem can be .reduced to Lhat of
esfimating e “ from Llhe spectral corponenls
YE1Y Y. of the noisy observalions
Ty(t), ost=<7] [6, Appendix D]. Basz2d on this obser-
valion and Lhe slalislical independence assumplion,
Lhe oplimal MMGSE estimalor of o?®k piveun Y, is given

The complex exponential ol the phase ois 2z (ja}‘
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by:
e’ = gla’™ |1} (1)
= Efe’™ | ¥i}
= Elg'f'.kl Ykiej‘.
4 [coSp, ~ sitip, Je’™
where ¢, is the phase error which is duflined by
@r=U,—a,, and Y, is the noisy phase.
cosg, 2 Elcosgy | Yil. and similarly

sing, = Elsing; | Y ). co?rpk and sidg. can be calcu-
lated, once Lhe condilional probabilily densily func-
tion (PDF) p(ax|Ye) is delermined. Ly the Dayes
Theorem, p (ax | Yi) is given by:

f}’ (Ye lozoop)p (op .00 ) g

plaglYe) = =37
ffP(Yt | ag .op )p (g 0 )d g duy,
e o

(2)

On Lhe basis of the Gaussian assumplions we made,
(Y |ag.ax) and p(a,.ax) are given by:

P (Yelagar) = a%@)'%'p! Id:(i'}'l Y —age’ |2} (3)

plag.a;) = (4)

Xy . 1_ @y I
A, (k) CYPUT TR

where Ay ()£ D, 13, and A, (k)2E{42]. From (1-4)
we obtain:

siﬁm =0 : 5)
and
@% = COSPx Pl (6)
- = Uy Yy )
= T(1.6)Vigexp( )l (2) 41, () o
where ['(1.5) is the Gamma [unclion with

I'(1.8)=vn/2; l,(:) and [,() are Lhe modified Bessel
functions of zero and first order respectively, v is
defined by:

(7)

“Where ¢, and 7, are defined by:

A Az(k)
= XY ©

L

(9)

¢, and 7, are interpreted, as the a-priori and lhe
a-posteriori SNR respeclively. .

he combination of Lhe optimal estimalor e’“*
with an independenlly derived amplilude eslirualor
A;. resulls in Lhe [ollowing eslimalor X,‘. for Lhe k-

th specliral component: ‘
Xe = Aycospee’™ (10)

The modulus of Lhe speclral eslimalor :ﬂ
represents now a new amplitude estimalor. Thus, we
have shown thal improving Lhe eslimalion of the
complex exponential ol the phase, by using ils
sptimal estimator, affects the amplilude esltimalion.

for exampla 4, ls an oplhmal estimalor, then a
“orse atiplitude valimaler results.

A Turther ipvestigallon of Lhe spectral estima-

Lor (10), when

158 the eptimal MMEY nmp.lLur;:\
gotlmaler derlvecfl

i [8,8), is warlhyhile. We uligw
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now Lthat Lhe resullings estimator neari;
equivalenl Lo the "Wiener spectral esLunaLor
which is given by [2.3]:

XY= ""“L_Hx It

1+ ¢, (11)

On Lhe one hand, Lhis facl implies thal combining
Lthe oplimal complex exponential eslimaltor, rather
then Lhe complex exponenlial ol Lhe noisy phase,
wilh Lhe oplimal amplilude estimalor, improves the
signal wavejorm estimation. On Lhe olher hand, it
-enables Lo estimale Lhe degradation in Lhe spectral

amplitude estimalion, by using Lhe error analysis
presented in [3]. The above conclusions are based
on Lhe lfacl Lhal Lhe Wiener estimator is the optlimal
MMSE eslimalor of Lhe sigual wavelorm, but nol of
ils speelral ampliLude

To show Lhal Xx and XY, are nearly equivalent,
we need Lo examine the modulus of each of the two

eslimalors only. To do so, we substilule cowk from
(6). and A which is given by [2,3]:

(12)
Au=109) L eexp( (1 ) (L) v 2
into (10). |X.| can then be wrillen as:
| Xu | =G (be7e) e (13)

where G(fe.7¢) is inlerpreted as a mulliplicalive
non-linear gain funclion, which depends on Lhe a-
pnon and a-posleriori SNR, £, and 7., respeclively.
| XY can also be described in a similar way, where
[rom (11) we oblain:

2 Sk
Grltens) = 1o (14)
This represcnlalion cnables a convenient com:
parison belween |Xi| and |X"|, by comparing their
corresponding gain [unclions. }"ip,. 1 describes Lwo
sels ol paramelric gain curves, which resull [rom
(13) and (14). The similarily ol the gain curves in
each pair, corresponding Lo the same value ol' fp
implies thal Lthe Lwo eslimators (\g and AY are
necarly equivalent,

Due, Lo Lhe major importance ol Lhe speclral
amplitude in speech perceplion, it is ol inlerest Lo
derive an oplimal eslimalor of Lhe complex
exponenlial ol the phase, which does not aflect the
amplilude estimation.

Tg, derive Lhe above estimator, which we denote

by '™, the [following constrained optimization
problem should be solved.

mlnFile’“'—s“" (% (15)

.fu*

subject to|e?®* | =1
Using Lhe Lagrange multipliers method, we gel:

~ :
2?% = gi%% (186)

That is, the complex exponential of Lhe noisy phase,
is the optimal eslimalor which does nol aflect Lhe
amplitude eslimalion.

The combinalion of the complex exponenlijal
estimalor (19) wilth an ampliludg, estimater A,
resulls in the [lollowing eslimalor X, for the k-Lh
speclral component:

2# = ngj"'l

(17)
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Optimal Phase Estimator

By passing, it is of inlereslt lo derive Llhe
oplimal estimator of the principle value ol the
phase. Its complex exponential provides an eslima-
tor which does not affect the amplitude eslimalion,
although obviously, it cannot be a beller estimator
than (16). However, il may resull in a beller vstima-
tor for the principle value of Lhe phase, than Lhe
noisy phase. Since it is unkuown which one, lhe
phase or ils complex exponenlial, is more important
in speech perceplion, the oplimal estinialors of
bolh of them should be examined.

We derive the oplimal estimator of the principle

value ol Lhe phase, @k, by minimizing the [ollowing
criterion [7]:

Ell —cos(a, =ay)} (18)
This criterion is iovariant under a modulo 2m
translormation of Lhe phase a,, Lhe eslimaled phase
@,. and the estimation error a,-a,. For small esti-
malion errors, (1B) is a Lype of leasl squares cri-
Lerion, since 1—cosf= g%/ 2 for B<<1.

The optimal estimator @, which minimize (18) is
easily shown Lo satisly:

ta &, = h'isinak l_}%;

g % Elcosag 1, Yk!

(19)

By using oy =0¥;—¢x. and singk =0 (sce (5)), il is easy
to see thal:

Elsinay | Yy} = sinv,coSp, (20)

Elcosa, | Yl = cosY, coSPk (21)
By substituting (20) and (21) into (19) we gel:

tg Gy =tg Uy (22)

or alternalively, the principle values of the phases
are equal. i.e.,

& =0, (23)
We see thal Lhe complex exponential of Lthe oplimal
phase estimator, is in fact the estimator (18).

II. Performance Evaluation

Each of the two spectral componenl estimalors
(10) and (17) (operating with the optimal amplitud=
estimator (12)), and the VWiener estimator (11), was
implemented in the spezch enhancement system
described in [2,3]. Here we briefly describe this sys-
tem. Further details can be found in [2,3]s ln this
gystem, the noisy speech is first bandlimited Lo 0.2-
3.2 klz, and then sampled at B kHz. Bach analysis
frame, which consists of 258 samples of Lhe
degraded speech, and overlaps the previous analysis
frame by 192 samples, is speclrally decomposed by
means of a dlscrote short-time Fourier transform
(DSTFT) analysis [B], using a llanning window, Lach
DSTFT sample of the speech signal in a given
analysis frame ls then estimated. The estimaled
DSTFT samples in each analysis frame, are used [or
synthesizing the enhanced speech signal, by using
the well known overlap and add method [8].

Fach nelse varlance Ay(k), is eslimaled once
only (for a stallonary neise process) [rom an initial
non-speéch ¥egment of 320 msee of duralion. It is
used ld Esllmatlhg {e and 7 (2ee (8) end (9)), which
are needed o the application of the spectral esli-
malBrs;: Wheh uit @slimaler of Lhe nolse variance is
giveh: £ 18 eslifaled by [2,0]:

Abtn=1)

Tath) # e sy =a) PG ) =1] (e

Short-time phase in speech enhancement systems

where, T, (n).Ax(n) A (k 7] and Yk (n), are the esti-
malors ol §{x,Ac Ag(k) and 7., respeclively, in the n-
th analysis [rame. P[z] is deflned by:

Pl_z]ﬁ= {:

Its funclion is Lo prevenl (24) [roimn being negative
in case y,(n)-1 is negalive. The value ol a was

delermined by informal lisiening, and its re=oir-
mended value is a=0.98.

The Lhree spectral estimatoers (10), (11) and
(17). operaling in the above system, were Lasted in
enhancing speech degraded by stalicnary addilive
while noise, with SNI? values of 5, 0 and -5 dB.

Application of the Wiener aslimator (11), and
the estimator (10), resull essentially in a very simi-
lar enhanced speech quality., While & significant
reduclion of Lhe background noise is oblained, a
noliceable distorlion, which becomes quile severe at
low SNR values ( 0 dB and below), is perceived. On
Lhe olher hand, wilh Lhe estimator (1'?), sorae color-
less residual noise remains, but the enhanced
speech is less distorled, ecpecially al low SKNR

z=0

otherwise (25)

. values.

1V. Summary and Conclusions

In this paper we examine the idea of improving
speech enhancement results by using a better esti-
male of Lhe speech shorl-time phase than the corn-
monly used noisy phase.

We address Lthe problem by both theoretical and
experimental approaches. It is shown under the
MMSE crilerion and Gaussian assumplion, thatl
improving Lhe estimation of the complex exponen-
Lial of Lthe phase, by using its oplimal estimator,
affects the speclral amplitude eslimalion. On Llhe
other hand, the optimal estimator of the complex
exponential of the phase, which does not aflecl Lhe
speclral amplitude estimation, 'is the complex
exponenlial of the noisy phase. '

We also show thal combining the oplimal esti-
mator of the complex exponential of the phase, with
the oplimal amplitude estimator, results in a spec-
tral estimator which is nearly equivalenl to the
Wiener estimalor. ‘This lact implies that using Lhe
optimal complex exponenlial estimalor, rather than
the complex exponential of the noisy phase,
improves Lhe signal wavelorm estimalion, but
depgrades the speclral amplitude estimation as well
(2.3]. -

The Lwo spectral estimators, which utilize the
optimal aroplitude estimator, but differ in the com-
plex exponential eslimalor, are examined in
enhancing speecH. As judged by informal listening,
the spectral estimator which utilizes the complex
exponential ol the noisy phase, performs beller
than the one which ulilizes the optimal complex
exponenlial eslimalor.
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Figure Caplions

Fig. 1: Paramelric gain curves of Lhe gain [unc-
tions:
(@) - G (e 7e) (full lines).
(b) - Gy(éx.7:) (dashed lines).
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