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Abstract—The scenario of P speakers received by anM second for suppressing one of the coherent noise components.
microphone array in a reverberant enclosure is considered. We Furthermore, they showed that by a properly designing the
extend the single source speech distortion weighted multichannel yegireq response of each signal of interest (SOI), the tradeoff
Wiener filter (SDW-MWE) to deal with multiple speakers. The between distortion of the desired speaker and suppression
mean squared error (MSE) is extended by introducingP weights, . - i
each controlling the distortion of one of the sources. TheP Of the coherent noise as well as the residual noise can be
weights enable further control in the design of the beamformer controlled.

(BF). Two special cases of the proposed BF are the SDW-MWF | the current contribution, an extension of the SDW-
and the linearly constrained minimum variance (LCMV)-BF. We — \nwE for the case of multiple sources is derived. We identify
provide a theoretical analysis for the performance of the proposed . . :
BF. Finally, we exemplify the ability of the proposed method to the various sources of error at the output as resujual noise
control the tradeoff between noise reduction (NR) and distortion and distortion components. For each source, the distortion is
levels of various speakers in an experimental study. defined as the variance of the error between the desired and
actual responses. We propose to apply individual weights to
each of the distortion components. We prove that the LCMV-

Beamforming, by utilizing the spatial diversity, extend®F is a special case of the proposed beamformer, denoted
the classic time-frequency filtering, and allows to copas multiple speech distortions weighted multichannel Wiener
with complicated scenarios of multiple speakers and intditter (MSDW-MWF).
ferences. Considering the single desired speaker scenario,
several beamformer (BF) design criteria for optimizing the Il. PROBLEM FORMULATION

performance exist. The minimum mean square error (MMSE) T, problem is formulated in the short time Fourier

beamformer, also known as the multichannel Wiener filtgfansform (STFT) domain, wheré and k are time-frame
(MWF) [1] minimizes the variance of the error betweennq frequency bin indices, respectively. Consider a micro-
the output and the desired signal. The minimum varianggone array located in a reverberant enclosure. The signals
distortionless response (MVDR) beamformer [1] minimiz€gceived by the microphone array are categorized in two
the noise power at the output while maintaining the desirefly,ns. The first group comprises sources for which a desired
S|gnal' undls'torted. The speech distortion welghted m“_lt'chai%'sponse is designated. A source belonging to this group is
nel Wiener filter (SDW-MWF) [2][3], generalizes both criteriagenoted SOI. The second group comprises interferences that
By identifying the two sources of error as distortion ange wish to mitigate. Conside® coherent SOls, denoted
residual noise, and weighting the residual noise compon%qt(é k),..sp ((,k). Denote byh, (¢, k), for p = 1,..,P

in the MMSE minimization by a factoy, it is possible t0 he acoustic transfer function (ATF) relating thth SOI and

control the tradeoff between the two error sources. By settigg, microphone signals. The received microphone signals are
p = 1orpu =0, the MWF and the MVDR are obtained asyjyen by:

special cases of the SDW-MWF, respectively. Doclo et al. [
show that the SDW-MWF is equivalent to the MVDR followed z(0,k) 2 H(Kk)s (0, k) +v (k) 1)
by a single channel SDW-MWF post-filter. -

In more complicated scenarios, where several speakers exétere s (¢, k) £ [ s1(6k) - sp(L,k) |
and more control over the beampattern is required, the lis- a vector comprising all the SOIsH (/,k) =
early constrained minimum variance (LCMV) beamformer [5]} hy (¢,k) --- hp(L,k) | is an M x P matrix
which is an extension of the MVDR to multiple constraintspf the ATFs relating the SOIs and the microphones
is an appropriate solution. Strictly maintaining the constrainend v (¢,k) denotes the received interferences. Next,
set increases the noise power at the output of the LCMwe define the covariance matrices of the SOIls and
compared with the MWF. In a recent contribution, Habeisterfering signals as®,, (/,k) = E{s((,k)s'((,k)}
and Benesty [6], applied the LCMV-BF in a scenario wittand ., ((,k) = E{v((,k)v'({,k)}, respectively. For
a single desired speaker and an interference with a gendmadvity, hereafter the frequency bin indéxis omitted and
covariance matrix. They suggested using two constraingd| derivations are valid for alk = 1,.., K frequency bins.
one for maintaining the desired speaker undistorted and tklereover, we omit the frame index froH, ®,, and ®.,,,,.

I. INTRODUCTION



The covariance matrix of the received signals is given by: A. Distortion analysis

& AHE H & @) Two distortion figures of merit are analyzed. The first is the
= 5 v total distortion, defined as:
T_he desired response vector is den_otedgbgnd the desired Dy éE{|d(£) -~ y(£)|2}
signal at the output of the BF is defined as: :
—(g-H'w) &, (g—H
d(0) 2 gls(0). 3) (g W) . (g W)
_|l&l/2 ot 2
The output of a BFw is denoted by: =l®s: (g H W) I (11)
T
y(0) =wiz (0) (4) where®,, = (‘Iﬁf ®'!/2 is the Cholesky decomposition.
and the MSE between the desired signal (3) and the BI;[Q:e 1sec<;2d is the individual distortion of tipth source for
output (4) is: b T i 9
Dy éE{|g*5p(£) —w'hys,(0)] }
Jw 2E{ld(0) —y ()P} ) TR
. . . _‘gp - hpw‘ (bss,p (12)
In the following section, we present the proposed aIgontthhere 65, Is the variance of theth source, andb,, 2
[1l. M ULTIPLE SPEECH DISTORTIONS WEIGHTED diag {$ss,1, -, ¢ss,p}. Note, that sinceb,, is diagonal,{);g

MULTICHANNEL WIENER FILTER is also diagonal and therefor®, = ‘(@if (g — HTw))

Substituting (1),(3),(4) in () and noting that() andv (¢) where (o), denotes theth element of a vector.
are statistically independent signals yields: Let P

p

Jw = (g — HTW)Jr P, (g — HTW) +wid,,w. (6) H=USV' (13)
; be the singular value decomposition (SVD)Hf Substituting

We denote the componer(tg — HTw) b, (g - HTw) as (13)in (9) yields:
the total distortion and the componewt ®,,,w as the residual
noise. The SDW-MWEF criterion introduces the parameter

which controls the tradeoff between the total distortion andote thatS is an M x P matrix of the form:
the noise reduction: S
.

-1
w=U (SVTAQSSVST n UT<I>WU) SVIA®,.g. (14)

15
Ov—pPyxp (15)

i
Jspw-mwr = min (g - HTW/) P, (g - HTW/) , , ,
w : where S; is a P x P diagonal real matrix. Hence, the
+ pu (W) @, W (7) expressioSVIA®,, VST in (14) equals:

In the current contribution we propose to utilize individualgytpA g, vst — [ SiVIA®, VS, \ Opx(v—p)
parameters, one for each source, for controlling the distortion Ov—pPyxp \ O(M—Pyx(M—P)
of each of the sources separately. Explicitly, the proposed MSE

criterion is given by extending (7): Let U; be anM x P matrix comprising the firs® columns
N A . of U which span the column-space Bf, and letU, be an
Jmspw-mwr = min (g - H'w ) A, (g - H'w ) M x (M — P) matrix comprising of the lasd/ — P columns
f hich th Il- . le.
W) W © ° U which span the null-space e.,
) U=[U Ug]. 7

where A = diag {\1,..,A\p}, a diagonal matrix with the o . - _
parameters\, for p = 1,.., P on its diagonal, and the BF By substituting (17) in the expressidd'®,,U in (14), we
which minimizes (8) is denotedvuspw.mwr, the MSDW- obtain the following block-matrix structure:
MWEF. The closed-form solution of (8) is given by: 4| g }

T To (18)

Uufe,, U= [

1
w = (HA@SSHT + @UU) HA®,.g. 9)

where we define:

Note, that for a single desired speaker scenario the SDW-MWF T, éUI'I%UU1 (19a)

can be obtained as special case of the MSDW-MWF by setting: R

rs =U;®,,Up (19b)
_,,—1

A= Tpcp (10) o 2U}®,,Uo. (190)

where Ipyp is @ P x P identity matrix. In the following Now, applying the block-matrix inversion formula to the sum

sections we analyze the distortion of the SOIs and the noise(16) and (18) and substituting in (14) yields the following
level at the output of the proposed BF. In Sec. 11I-C we shogimplified expression:

that the well-known LCMV-BF is also a special case of the g1
MSDW-MWF. w="¥(I+A'®.'0) g (20)



where C. The LCMV-BF special case

S (U1 — UOI‘glI‘E) 81‘1VT (21a) In this section, we show that the LCMV-BF is a special case
pren 1 ettt of the MSDW-MWEF. Consider the MSDW-MWF formula in
© =VS; (FA -TI'pl; PB) Sy V. (21b) (9), and the following choice of\ £ ,~'&_!. Substituting

L : . e latter choice ofA in (9) yields:
A more simplified expression can be obtained for casestlrr]1 ! n ©)y

which low distortion is required. In these casgA| > 1, ~1
g1 w=(p 'HH' + & -'H
hence, we can assume theA ™" ®_ 'O < 1, and replace K vo ) HHE
—1x—1 -1 . . . . .
(I+ AT @) in (20) with its first order Taylor series _ (HHT N M‘Pw>
approximation:

'Hg. (31)

wrT(I-A'9'0)g. (22) By applying the Woodbury identity to (31) and after some

. . . ) o _manipulation we obtain:
Finally, the total distortion is obtained by substituting (20) in

(12): —1g—1 —1g—1

1/2 lg-1@) ! 2 W=l e Hopre,, H

Dr =@ (1-(1+A'e'0) )gl”  (23)
N —1

Applying to (23) a similar approximation as in (22) yields an X (1 +u (HTQ;}H) 1) >g, (32)
approximated expression for low distortion:

Dr ~ |A" ' 2eg|?. 24 -1

v~ ' el (24) Assuming thafu is “small” such that||x (HTQ;}H) | <

Considering (24) and the relation betweér and Dr, the Loyl -1
following approximation holds: 1, we can replace{l + 1 (HT<I>,;® H) ) by its first order

-1
_ |6fgl? (25) Taylor series expansioll — p(HT<I>;v1H . Finally, by
P Xasp substituting the latter approximation in (32), the LCMV-BF

where@,, is the pth column of the matrix®. Next, we define which satisfies the constraint sHt'w = g is obtained:

the various sources distortion measures. Defipeas the o o)
distortion level of thepth source normalized by its power: wr~®, H (H ®,, H) g (33)
D o
d, & 3 P (26) D. A modified MSDW-MWF
88,p

] . . . . In practice, it is a cumbersome task to estimate the ATFs,
Define the set of desired distortion levelsdgsor p = 1,.., P. 11 and the covariance matrix of the SO, .. In this section,
Given such a set of desired distortion levels, a BF whiche gptain a modified MSDW-MWEFE which makes use of the
satisfies them and minimizes the noise level can be obtained R)4ive transfer functions (RTFs) and the covariance matrix of
using the proposed MSDW-MWF (9) with a prop&rmatrix g5 as received by some reference microphone. Without loss

whose diagonal elements are given by: of generality let us define the RTFs of the SOIs with respect

ot to the first microphone. Define the RTF of thth source by
‘ Pg‘ . 2 ~ h .
Ap = —= sp=1,..P. (27)  h, = ;*=, and the RTF matrix by:
dp¢ss,p ot
B. Noise analysis H2[h - hp]. (34)
The noise level at the output of the MSDW-MWF is demeﬂlext, we redefine the SOIs as their respective components

as. in the first microphone, i.e., thgth modified SOI is given

N A2wid,, w by 5p _(E) = hp15p (6)., for p = L. ., P. The corresponding
@Y 22 (28) modified SOIs covariance matrix equals

vv

f , - &, 2 diag {|h11]?Gss1, .- |hpa>besp} - (35)
where®,, = (®./2) ®!/2 is the Cholesky decomposition of {1 dsan (hpa*dss.p}

the noise correlation matrix. Substituting (20) in (28) yieldsFinally, substituting (34) and (35) in (9) yields the modified

N = ||®L*® (1 + A*lé;l@)‘l gl (29) MSDW-MWE:
L. - -1 . .
In case that a low distortion of the SOls is required the W= (HAq’ssﬂT +‘I’w) HA®;,g. (36)
following approximation can be obtained, by substituting (22)
in (28): For estimating the RTFs we use a similar subspace based
12 e ) procedure as in [5], and for the estimation the SOls covariance
N~ ||, ¥ (I AT 6) gll”. (30) matrix, we use a spectral substraction technique as in [2].
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desired response of an interfering SOI is zero, therefore the

distortion is actually the power ratio of the interference at

the output and the input. Explicitly, lower distortion means

higher suppression. The performance is measured for various

values of desired distortion leveld; and dg, in the range

[-25dB, —20dB, ..., 0dB]. For each pair ofi;, ds, the per-

formance figures of merit are averaged o28rMonte-Carlo

experiments, in which the locations of sources are randomly

selected. We use a window size 496 samples with75%

overlap. The distortions of the desired and interfering sources

are depicted in Figs. 1,2, respectively. Clearly, from these

figures, the MSDW-MWEF allows for controlling individual

distortion levels of the various SOIls. Note that the distortion

level of the desired sourcd; is lower bounded by-15dB,

due to estimation errors of the RTF. As the approximated

distortion levels (25) are valid for low distortion, the measured

distortion on the interfering source in Fig. 2 differs from the

desired one for higher levels of distortiah. The NR versus

the SOls desired distortions is depicted in Fig. 3. This figure

exemplifies that the NR can be controlled by sacrificing the

distortion of just a sub-group of the SOIs. The average output

SIR versus the desired SOls distortion levels is depicted in

Fig. 4. Note, that since the desired response of the desired

source isl1, the variation in its output power is small for

desired distortion levelg; < 0dB. Therefore, as evidently

seen in this figure, the output SIR is mainly determined by

the desired distortion level of the interfering source.

V. CONCLUSION

We have considered the multiple SOIs in a noisy and
reverberant environment scenario and extended the SDW-
MWEF for this case. The proposed method, denoted MSDW-
MWEF, allows for a better control of the tradeoff between NR
and distortion levels of SOls. We derive the SDW-MWF and
the LCMV-BF as two special cases of the proposed method.
We analyze the distortion levels of the various SOls as well as
the NR, and derive a more compact and simple approximation
for the latter figures of merit, in the case of designing a low
distortion MSDW-MWF. Finally, we exemplify the extended
control over the NR versus distortion tradeoff in an experi-
mental study.
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Fig. 1. The distortion of the desired sourch, versus thei;, ds. Fig. 3. The NR versus the desired distortion levéls d.

Fig. 2. The distortion of the interfering souragy, versusds, ds. Fig. 4. The output SIR versus the desired distortion leviglsds.



