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Abstract— In addition to interference and noise reduction, an
important objective of binaural speech enhancement algorithms
is the preservation of the binaural cues of both the target and
the undesired sound sources. For directional sources, this can
be achieved by preserving the relative transfer function (RTF).
The recently proposed binaural minimum variance distortionless
response (BMVDR) beamformer preserves the RTF of the target,
but typically distorts the RTF of the interfering sources. Recently,
two extensions of the BMVDR beamformer were proposed
preserving the RTFs of both the target and the interferer, namely,
the binaural linearly constrained minimum variance (BLCMYV)
and the BMVDR-RTF beamformers. In this paper, we generalize
the BMVDR-RTF to trade off interference reduction and noise
reduction. Three special cases of the proposed beamformer are
examined, either maximizing the signal-to-interference-and-noise
ratio (SINR), the signal-to-noise ratio (SNR), or the signal-to-
interference ratio (SIR). Experimental validations in an office
environment validate our theoretical results.

I. INTRODUCTION

In the last decades, several binaural speech enhancement
algorithms were developed, which in addition to reducing
noise and limiting speech distortion aim to preserve the
binaural cues of the sound sources [1]-[10]. By preserving
the binaural cues, both an improved sound localisation as well
as a better speech intelligibility in noisy environments can be
achieved as a result of binaural unmasking [11]. For directional
sources, preservation of the interaural level difference (ILD)
and the interaural time difference (ITD) cues can be achieved
by preserving the so-called relative transfer function (RTF),
which is defined as the ratio of the acoustic transfer functions
(ATFs) relating the source and the two ears.

In [3], the binaural multichannel Wiener filter (BMWF)
was presented. The BMWEF preserves the binaural cues of the
target but distorts the binaural cues of the noise, such that
both the target and the noise are perceived as arriving from
the target direction [3]. To optimally exploit the benefits of
binaural unmasking and to optimize the spatial awareness of
the hearing aid user, several extensions of the BMWF have
been proposed, which aim to preserve also the binaural cues
of the residual noise [6]-[9].

This work was partially supported by a joint Lower Saxony-Israeli Project,
funded by the State of Lower Saxony in Germany.

978-0-9928-6265-7/16/$31.00 ©2016 |IEEE

If the target needs to be processed without distortion, the
binaural minimum variance distortionless response (BMVDR)
beamformer (BF) can be applied [3]. However, similarly to
the BMWE, an important drawback of the BMVDR BF is the
fact that the binaural cues of the noise are not preserved. To
control both the suppression and the binaural cue preservation
of a directional interferer, the binaural linearly constrained
minimum variance (BLCMV) BF was proposed in [4], [10].
In the BLCMV criterion, a hard constraint controlling the
amount of interference reduction was added to the BMVDR
cost function. It was shown that the BLCMV BF is able to
preserve the binaural cues of both the target and the interferer.
In [5], another extension of the BMVDR BF was proposed,
namely the BMVDR-RTF, which is also able to preserve the
binaural cues of both the target and interferer by adding a hard
constraint preserving the RTF of the interferer to the BMVDR
cost function. It was analytically proven that the BMVDR-RTF
BF outperforms the BLCMV BF in terms of SINR.

In this paper, we propose an extension of the BMVDR-RTF
BF by generalizing the BMVDR-RTF cost function to trade
off interference and noise reduction using a weighting param-
eter. The obtained BF, referred to as the G-BMVDR-RTF, is
analyzed and specific settings of the weighting parameter are
examined, in particular three special cases either maximizing
the SINR, the SNR, or the SIR.

II. PROBLEM FORMULATION

Consider a binaural hearing aid system consisting of two
hearing devices with a total of M microphones and an
acoustic scenario comprising one target speech source and one
directional interferer in a noisy and reverberant environment.
In the frequency-domain, the M -dimensional stacked vector
of the received microphone signals y (w) can be written as

y(w)=x(w)tuw) +nw) =xw+vw), @

where x (w) is the target component, u(w) the interferer
component, and n (w) the background noise component (e.g.,
diffuse noise). The vector v (w) = u(w) + n (w) is defined as
the total noise component, i.e. the interferer plus background
noise component. For brevity, the frequency variable w is
henceforth omitted.
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The target and interferer components can be written as
x = Sxa and u = Syb, where Sy and S, denote the target and
interferer signals and a and b denote the ATFs relating the mi-
crophones to the target and the interfering source, respectively.
Assuming statistical independence between all components
in (1), the spatial correlation matrix of the microphone signals
R, can be written as

where R, = & {XXH}, R, =€& {uuH}, and R,, = & {nnH}
denote the target, interferer, and background noise correlation
matrices, respectively, and £{-} is the expectation operator.
The target and interferer correlation matrices are rank-1 ma-
trices, i.e.

R, = Paa” R, = P,bb", 3)

where P, = £{|S«|?} and P, = £{|Su|?} denote the
power spectral density (PSD) of the target and the interferer,
respectively. The background noise correlation matrix R,, is
assumed to be full-rank.

The reference microphone signals at the left and right
hearing devices (e.g., selected as the microphones closest to
the ears) are given by y;, = ey and yr = ell'y, respectively,
where e;, and er are M-dimensional selector vectors with
one element equal to 1 and all other elements equal to zero.
From (1), the reference microphone signals can be written as

yr = Sxar, + Subr +nr, yr = Sxar + Subr +nr. 4

The RTFs of the target and the interferer between the reference
microphones at both hearing devices are defined as the ratio
of the respective ATFs, i.e.
RTFn = 2L RTF = be | (5)
ar br

The output signals at the left and the right hearing devices
are given by z;, = wily and zp = wily, respectively, where
wy and wg denote M-dimensional complex-valued weight
vectors. Furthermore, we define the 2/ -dimensional stacked
weight vector as w = [ Wi, Wg ]T

The binaural output SINR is defined as the ratio of the
average output PSDs of the target component and the total
noise component (interferer plus background noise) in the left
and the right hearing aid, i.e.

wHR,wy + wiR, wg

SINR®™ = (6)

wHR,wy, + whR,wg

Similarly, the binaural output SIR and SNR are defined as the
ratio of the average output PSDs of the target component and
the interferer and background noise components, respectively,
in the left and the right hearing aid, i.e.

wiR, w;, + wiR,wg

SIR°" = , 7
wHR,wy + wiR, wg )

wiR, w;, + wiR,wg

SNR" = (8)

wHR,wr, + WiR, wg

Using (6), (7), and (8), it can be easily shown that
1 1 1
= — 9
SNR" ®

SINRC"*  SIR°"*"
III. BINAURAL NOISE REDUCTION TECHNIQUES

In section III-A, we briefly review the BMVDR, BLCMV
and BMVDR-RTF BFs. In section III-B, we then propose a
novel generalized MVDR-based BF.

A. BMVDR, BLCMYV, and BMVDR-RTF beamformers

The BMVDR BF is designed to reproduce the target compo-
nent of both reference microphone signals without distortion,
while minimizing the total noise power, i.e.

. H H
min {w7 R,Wz t s.t. wyra=ay
win {(WER W} st whia =,

. H H
R . =agR. 1
I%lvl}il{WR WWR} St wpa=ag (10)
The well-known solution for the
problem in (10) is given by [3]
R 'a R, 'a
W= —F5-—7.0r, WR= JF-—7_
v afR;'a © a afR;'a
This implies that w; and wp are parallel, ie. wy, =
(RTF™)*wpg. Hence, all sound sources (i.e. target, interferer,
and background noise) are perceived as arriving from the target
direction. Therefore, the RTF of the interferer is typically
distorted, which is clearly an undesired phenomenon, since
the spatial impression of the acoustic scene is altered.
In order to suppress the interferer, while preserving its
RTF, the BLCMV BF was proposed in [4], [10], by adding
constraints to the BMVDR cost function, i.e.

constrained optimization

k. (11)

min {wiR,w.} st.wia=ay ,wi'b=nb,
L

Hv%'in {WhR,wg} st.wha=agr,whb=nbg, (12)
R

where the real-valued scaling parameter 7, with 0 < n < 1,
sets the amount of interference reduction. Both constrained
criteria in (12) can be combined as a general LCMV criterion
with multiple constraints on the stacked vector w, i.e.

Ir%%,n {WHRVW} s.t. Cé{LCMVW = bpLcmy, (13)
where the BLCMYV constraint set is given by
ar,
a 0 b 0 as
CaLcmv = |:OM ;V[ s []ﬂ ,bBLCMY = nbEL ;
nbk
(14)
with 0,; the M-dimensional all-zero vector, and
R,  Onxm
Ry = , 15
v [ Opxm Ry (15)

with Ops«ar the M x M-dimensional all-zero matrix. The
solution for the general LCMV problem in (13) is given by

-1
W = R‘_/l CBLCMV {CQCMVR‘_/l CBLCMV] bBLCMV . ( 1 6)
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Since the BLCMV BF satisfies the distortionless response
constraints in (12) for the target, the RTF of the target at the
output of the BLCMV BF is equal to the input RTF, i.e.

RTFo" = %L — RTF™,
QR
In addition, since the BLCMV BF satisfies the constraints
in (12) for the interferer, the RTF of the interferer at the output
of the BLCMYV BF is equal to the input RTF, i.e.
_be RTF.

br
Hence, the BLCMV BF preserves the RTFs of both the target
and the interferer.

In order to preserve the RTF of the interferer, another
extension of the BMVDR BF was proposed in [5], referred
to as the BMVDR-RTF BF, by adding an RTF constraint to
the BMVDR cost function, i.e.

a7

RTFOU (18)

min {wvawL + WngwR}
w

H
Wfqb ko
WRb bR

Due to the constraints in (19), the BMVDR-RTF BF also
preserves the RTFs of both the target and the interferer.
Mathematical expressions for the BMVDR-RTF BF will be
given in Section III-C.

S.t. wfa =ar, Wga = aR,

B. G-BMVDR-RTF beamformer

In this section, we propose an extension of the BMVDR-
RTF BF. The constrained optimization problem in (19) is gen-
eralized by substituting R, with R, = £R, +R,,, where & > 0
is a weighting parameter enabling to trade off interference
reduction and background noise reduction. The resulting G-
BMVDR-RTF criterion is hence given by

: Hp Hp
mv%,n {WL R,wy, + WRRUWR}
ngb N bL
ng bR '
Since the RTF constraint is equivalent to the linear constraint

wHb—RTF"wib = 0, the G-BMVDR-RTF criterion in (20)
can be reformulated as

s.t. wfa:aL, Wga:om7 (20)

mv%n {WHR\/W} S.t. C%FW = bgrr, 21
where the G-BMVDR-RTF constraint set is given by
a*
o a O b . f
Crrr = I:OJV[ a RTFL“b} , brrr = aéz , (22)
and -
5 R,  Omxm
Ry = ~ . 23
v [ Oarx R, } @3)

Similarly to (16), the solution for the LCMV problem in (21)
is given by

~ ~_1 —1
w = Ry Cgrrr |:C11{—’I]"FRV CRTF} brrE. (24)

Since the G-BMVDR-RTF BF satisfies the distortionless
response constraints in (20) for the target, the RTF of the
target at the output of the G-BMVDR-RTF BF is equal to the
input RTF, i.e.

AL _ RTF.
aR

In addition, since the G-BMVDR-RTF BF satisfies the RTF
constraint in (20) for the interferer, the RTF of the interferer

at the output of the G-BMVDR-RTF BF is equal to the input
RTF, i.e.

RTF" = (25)

by = RTF".
br "
Hence, similarly to the BLCMV BF, the G-BMVDR-RTF BF
preserves the RTFs of both the target and the interferer.

As a result of the distortionless response constraints for the
target in (20) and the rank-1 structure of R, in (3), the output
PSD of the target is equal to

RTFO" = (26)

wiR,wy, + WiR,wr = P(lar|* + ar|?). (27)

Therefore, the criterion in (20) is equivalent to

min

wiR,wy, + wiR,wgr
W

s.t. CE.w = bgrr. 28
wHR,w;, + wiR,wg } RTE rr. - (28)

Using (7) and (8), the criterion in (28) can be interpreted as

€ 1 0o
min { SR + SNROW s.t. CxpgW = brrr. (29)

Hence, by substituting (9) into (29) and rearranging terms,
(29) can be rewritten as

: £
m“l,n { SINROut +
i.e. the weighting parameter ¢ trades off output SINR and
output SNR.

1-¢
SNRout

} s.t. CgrpW = bgrr, (30)

C. Special cases of the G-BMVDR-RTF beamformer

Three special cases of the G-BMVDR-RTF BF deserve
attention, namely £ =1, £ =0, and £ — oc.

Case 1: By setting £ = 1, the G-BMVDR-RTF BF reduces
to the BMVDR-RTF BF in (19). In this case the constrained
criterion in (30) is equivalent to

max {SINR*™}s.t. CrpW = bgrr, (31)
hence resulting in the constrained maximum binaural SINR
criterion subject to a distortionless response constraint for the
target and an RTF preservation constraint for the interferer.
Among all BFs that are distortionless with respect to the target
and preserve the binaural cues of the interferer, the proposed
G-BMVDR-RTF BF with ¢ =1 is optimal in terms of SINR,
and is hence referred to as the maxSINR-RTF BF.

Since the BLCMV BF satisfies the same constraints as
in (31), the output SINR of the BLCMV BF is always lower
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than or equal to the output SINR of the maxSINR-RTF BF,
ie.
(32)

SINREFI\?R—RTF 2 SINRlo?ulIitCMV

In addition, since the reference microphone signals at the input
to the binaural BF also satisfy the same constraints as in (31),
the output SINR of the maxSINR-RTF BF is always larger
than or equal to the input SINR, i.e.
SINRgNg ke > SINR™. (33)

Case 2: By setting £ = 0, the constrained criterion in (30)

is equivalent to

max {SNR™ }s.t. Cfrpw = bgrr, (34)
hence resulting in the constrained maximum binaural SNR
criterion subject to a distortionless response constraint for the
target and an RTF preservation constraint for the interferer.
Therefore, among all BFs that are distortionless with respect
to the target and preserve the binaural cues of the interferer,
the proposed G-BMVDR-RTF BF with £ = 0 is optimal in
terms of SNR, and is hence referred to as the maxSNR-RTF
BE.

Since the BLCMV BF satisfies the same constraints as
in (34), the output SNR of the BLCMV BF is always lower
than or equal to the output SNR of the maxSNR-RTF BF, i.e.

SNR§Nk rrF > SNRELuy- (35)

In addition, since the reference microphone signals at the input

to the binaural BF also satisfy the same constraints as in (34),

the output SNR of the maxSNR-RTF BF is always larger than
or equal to the input SNR, i.e.

SNRNk gt > SNR™. (36)

Case 3: By setting £ — oo, minimizing the criterion in (29)
can only be obtained if SIR — oo, corresponding to a perfect
null directed toward the interferer, i.e. Wf b =0and Wg b =0.
Hence, the constrained criterion reduces to

min {WfRnwL + WanWR}
w

st.wa=ap, wha=agr,wib=0whkb=0. (37)
The G-BMVDR-RTF BF with £ = oo hence maximizes the
SIR and is equivalent to the BLCMV BF in (12) with n = 0.

Note that implementing all considered BFs requires knowl-
edge of the RTF vectors, defined as the ATF vectors a and
b normalized by the respective ATFs of the reference micro-
phones, rather than the ATF vectors. Estimation procedures
for all components of the BFs exist, but are beyond the scope
of the current contribution. Practical aspects concerning these
estimation procedures, as well as a generalization to multiple
interferers, are described in [10].

IV. EXPERIMENTAL VALIDATION

In this section, the performance of the BMVDR, G-
BMVDR-RTF(£), and BLCMV(n) BFs is evaluated for various
weighting and scaling parameters £ and 7. To verify the
theoretical analysis, we used measured Behind-The-Ear im-
pulse responses (BTE-IRs) from [12] and artificial sources. All
experiments were carried out using M = 2 microphones, i.e.
one microphone on each hearing aid, at a sampling frequency
of 16 kHz. The acoustic scenario comprised one target at
0, = —30° and 1 m from the artificial head, one interferer at
different angles1 (also 1 m from the artificial head) and diffuse
background noise. The angle 6 = 0° corresponds to the frontal
direction and 6 = 90° corresponds to the right side of the head.
The reverberation time was approximately 400 ms. The PSDs
of the target and the interferer P; and P, were calculated
from two different speech signals (Welch method using FFT
size of 512 and Hann window). For the background noise
a cylindrically isotropic noise field was assumed, where the
spatial coherence matrix was calculated using anechoic ATFs
of the same database and the PSD of the background noise
was equal to the PSD of speech-shaped noise. The wide-band
input SIR and SNR were both set to 0 dB. The G-BMVDR-
RTF(§) was evaluated for weighting parameters £ equal to 0,
0.1, 1, 100, and 10°. The BLCMV(n) was evaluated for scaling
parameters 1 equal to 0, 0.1, and 0.5.

Fig. 1 depicts the performance of the considered BFs in
terms of wide-band SINR, SIR, and SNR, which are defined
as the ratio of the average PSDs of the target and the total
noise, interferer and background noise, respectively, over all
frequency bands. Please note that the y-axis scaling of the
left and the right sub-figures is different as a result of a huge
performance difference for different values of the weighting
parameter £ and for the BLCMV BFE. It is observed that the
BMVDR BF outperforms all other considered BFs in terms
of SNR and SINR. However, since the BMVDR BF does not
preserve the binaural cues of the interferer, we will mainly
focus on the comparison between all other cue preserving BFs.
Fig. 1(a) and Fig. 1(b) show that the G-BMVDR-RTF(1) BEF,
i.e. the maxSINR-RTF BF, outperforms all other BFs in terms
of SINR. Fig. 1(c) and Fig. 1(d) show that the G-BMVDR-
RTF(0) BF, i.e. the maxSNR-RTF BF, outperforms all other
BFs in terms of SNR. While for £ equal to 0, 0.1 and 1,
the SINR and SNR gains are higher than zero, for larger
values of &, the relative importance of interference reduction
increases (cf. (29)), resulting in SINR and SNR gains that are
possibly even lower than zero. Fig. 1(e) and Fig. 1(f) show
that for ¢ equal to or larger than 1, the G-BMVDR-RTF BF
outperforms the BMVDR BF in terms of SIR. As ¢ increases,
the SIR becomes higher. For very large &, e.g., & = 106, the
G-BMVDR-RTF BF achieves the same SINR and SNR gains
as the BLCMV BF for n = 0.

Note that the dimension of the stacked vector w in the
examined scenario is equal to 2M = 4. In order to maintain
degrees of freedom for the minimization in (12) and (20), it is

INote that the interferer at —30° was not evaluated.
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Fig. 1. Wide-band binaural SINR, SIR and SNR gains for the BMVDR, G-
BMVDR-RTF and BLCMV BFs for various weighting and scaling parameters
as a function of interferer angle (office environment, target at —30°, M = 2).
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required that the number of constraints is lower than 2M = 4.
While the number of the constraints in the G-BLCMV-RTF
constraint set in (22) is equal to 3, there are 4 constraints in
the BLCMYV constraint set in (14). Hence, in the BLCMV BF
there are no available degrees of freedom, resulting in SINR
and SNR gains that are possibly lower than zero (cf. Fig. 1(b)
and Fig. 1(d)). Fig. 1(f) show that the SIR for the BLCMV
BF is inversely proportional to 7.

V. DISCUSSION AND CONCLUSION

In this paper, a novel binaural noise reduction algorithm
based on the binaural MVDR criterion was introduced, de-
signed to trade off the amount of interference reduction and
noise reduction while preserving the binaural cues of the
interferer. The obtained G-BMVDR-RTF BF is related to the
BLCMYV BF proposed in [4], [10]. Both BFs preserve the
binaural cues of the target and the interferer and are controlled
by trade off parameters. However, the role of these parameters
is different.

For the BLCMV BE, the scaling parameter 7 controls the
amount of interference reduction, whereas the amount of noise
reduction cannot be controlled. E.g., setting 1 to a low value
for a scenario in which the interferer is close to the target,
may lead to noise amplification.

For the G-BMVDR-RTF BF, the weighting parameter &
defines the relative importance of the interference reduction
and the noise reduction in the generalized cost function.
As ¢ increases, the interference reduction is higher at the
expense of lower noise reduction. However, the exact amount
of interference reduction cannot be controlled. When ¢ is set
to one, the obtained BMVDR-RTF BF is optimal in terms
of SINR. Moreover, the SINR at the output of the BMVDR-
RTF BF is always larger than or equal to the input SINR
(which cannot be guaranteed for the BLCMV BF). Similarly,
when £ is set to zero, the obtained G-BMVDR-RTF BF is
optimal in terms of SNR. Moreover, the SNR at the output
of the BMVDR-RTF BF is always larger than or equal to the
input SNR (which again cannot be guaranteed for the BLCMV
BF). There is a close relation between the weighting parameter
of the G-BMVDR-RTF BF and the scaling parameter of the
BLCMYV BF, such that in the extreme case obtained by setting
& = 0o and n = 0, the G-BMVDR-RTF and the BLCMV BFs
coincide. The relation for other values of ¢ and 7 is left to
future research.
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