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ABSTRACT
The Speech Distortion Weighted Multichannel Wiener Filter (SDWMWF) is a powerful multimicrophone noise reduction technique,
especially for binaural hearing aids where two devices are connected by a wireless link. As is the case for other single- and multimicrophone techniques, the SDW-MWF relies on a voice activity
detection (VAD) algorithm, which classifies frames as noise-only or
speech+noise frames. In this paper, two novel binaural fusion VADs
are proposed, which are extensions of a fusion VAD originally proposed for a wireless sensor network application. By making use
of the exchange of information over the wireless link of the binaural hearing aid, the binaural VADs perform a decision fusion of
energy VADs calculated in the left and right device and, if the available bandwidth also allows for transmitting audio signals, a crosscorrelation based VAD. The superior performances of the proposed
binaural VADs are assessed (in terms of receiver operating characteristics and also by evaluating the impact on the SDW-MWF performance) by experiments with a binaural hearing aid setup.
1. INTRODUCTION
Noise reduction has been an active area of research for many years,
with applications in hearing aids, hands-free communications and
teleconferencing. The Speech Distortion Weighted Multichannel
Wiener Filter (SDW-MWF) [1] is a powerful multimicrophone
noise reduction technique for speech in noise scenarios, in particular
for hearing aid applications. In binaural hearing aids, a wireless link
allows for exchanging parameters or even microphone signals between a left and a right device. In addition to a better noise reduction
performance, binaural hearing aids aim at preserving the so-called
binaural cues (interaural time and level differences), by which the
brain can localize sound sources. Unfortunately, fixed beamformers
and adaptive beamformers such as the Generalized Sidelobe Canceller (GSC) [2], have been shown to distort the binaural cues [3].
The SDW-MWF on the other hand is an excellent choice for binaural noise reduction, as the binaural cues can be preserved in addition
to achieving a better noise reduction performance [4].
The SDW-MWF relies on a voice activity detection (VAD) algorithm, which classifies frames as either speech+noise or noiseonly frames. In fact, many other single- and multimicrophone noise
reduction algorithms require a VAD to detect speech pauses, as a
spectral or spatial estimate of the noise component is needed. The
GSC also requires a VAD to control the adaptation, as adaptation
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during speech activity significantly degrades the performance. A
robust VAD algorithm is therefore crucial and highly sought for.
In this paper, we focus on a VAD algorithm for binaural hearing aids. The wireless link is utilized to derive a decision fusion of
different VADs, in order to obtain a superior fusion VAD. First, the
decisions of single-microphone energy VADs, calculated on a reference microphone signal in the left and right device, are fused using
only a small-bandwidth exchange of signal-to-noise ratio (SNR) estimates as in [5]. Second, if the available bandwidth also allows for
transmitting an audio signal, a two-microphone cross-correlation
VAD can also be applied. Two fusion VADs, which fuse the energy and cross-correlation VADs, are proposed in this paper and
are shown to further increase the VAD performance. In contrast to
statistical model-based VAD algorithms such as [6], the proposed
fusion VADs still only require a (relatively simple) SNR estimation
in each device.
The paper is organized as follows. In section 2, the energy and
cross-correlation VADs used in this paper are described. It should
however be noted that the proposed decision fusion algorithms are
general in the sense that they could also be applied to other single
or multimicrophone VADs instead of the VADs of this section. A
brief review of the binaural SDW-MWF is also given in section 2.
In section 3, the fusion VAD of [5] (denoted as fusion-1) is discussed and two novel binaural fusion VADs (denoted as fusion-2
and fusion-opt) are proposed. In section 4, the performance of the
different VAD algorithms is assessed by simulations with a binaural
hearing aid setup. Both the VAD performance (in terms of receiver
operating characteristics) as the impact on the noise reduction performance of the SDW-MWF is evaluated. Finally, conclusions are
given in section 5.
2.

VAD ALGORITHMS AND MWF REVIEW

2.1 Notation and configuration
We consider a microphone array consisting of N microphones. The
nth microphone signal Yn [ f ] can be specified in the frequency domain as
Yn [ f ] = Xn [ f ] +Vn [ f ], n = 1 . . . N,
(1)
where f is the frequency-domain variable, Xn [ f ] represents the
speech component and Vn [ f ] represents the noise component in the
nth microphone. The signals Yn [ f ], Xn [ f ] and Vn [ f ] are stacked
in the N-dimensional vectors y[ f ], x[ f ] and v[ f ], with y[ f ]=
x[ f ] + v[ f ]. The correlation matrix Ry [ f ], the speech correlation matrix Rx [ f ] and the noise correlation matrix Rv [ f ] are then
defined as Ry [ f ] = E {y[ f ]yH [ f ]}, Rx [ f ] = E {x[ f ]xH [ f ]} and
Rv [ f ] = E {v[ f ]vH [ f ]}, where E denotes the expected value operator.
2.2 Single-microphone energy VAD
There are many single-microphone VAD algorithms available,
which are for example based on short-term energy, zero-crossing
rate, speech and noise probability distributions, or combinations of
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Speech Distortion Weighted Multichannel Wiener Filter (SDWMWF) has been proposed, which minimizes a weighted sum of
the residual noise energy and the speech distortion energy [1]. The
SDW-MWF is given as:

properties (cfr. [7] for a summary of some algorithms). In this paper, the log-energy based VAD of [8] will be used (and denoted by
energy VAD), as it was shown in [7] that it achieved the best performance (over different scenarios, input SNRs and performance
measures) compared to the other single-microphone VADs. The
energy VAD tracks the short-term log-energy of a reference microphone signal, on a frame-by-frame basis. A histogram of the logenergy shows two clusters (corresponding to noise-only frames and
speech+noise frames) [8], which can be fitted by a bimodal Gaussian distribution. An online approximation is also proposed in [8]
and used in the simulations in this paper. In the online method, the
noise variance is tracked adaptively. When the short-term frame
energy is significantly higher than the noise variance estimate, the
frame is classified as speech+noise. As a result, the energy VAD
does not perform well at low input SNRs or for nonstationary noise.
On the other hand, no prior information about the target speech location is required.

wSDW−MWF [ f ] = (Rx [ f ] + µ Rv [ f ])−1 Rx [ f ]eref .

eref is a vector which selects the column corresponding to the reference microphone out of Rx [ f ]. The trade-off parameter µ allows
putting more emphasis on noise reduction, at the cost of a higher
speech distortion. The frequency-domain variable f is now omitted
for conciseness.
By assuming that speech and noise are uncorrelated, Rx can be
found by calculating Rx = Ry − Rv , where Ry is the speech+noise
correlation matrix. The SDW-MWF thus only needs reliable estimates of Ry and Rv . To obtain these, frames have to classified
as either speech+noise or noise-only frames by a VAD algorithm.
The correlation matrix estimates R̂y and R̂v are then recursively
updated (per frequency bin) as:

2.3 Two-microphone cross-correlation based VAD
The considered two-microphone VAD (denoted as cross-corr VAD)
is based on a per-frame time difference of arrival (TDOA) estimation. The instantaneous TDOA at frame-index m can be estimated
by finding the delay corresponding to the maximum of the crosscorrelation function [9]:

τb12 [m] = argmax r12 [τ , m] ,

if VAD[m] == 1 (speech + noise) then
R̂y [m] ← λy R̂y [m − 1] + (1 − λy )y[m]yH [m]
R̂v [m] ← R̂v [m − 1]
else
R̂y [m] ← R̂y [m − 1]
R̂v [m] ← λv R̂v [m] + (1 − λv )y[m]yH [m]
end if

(2)

τ

where r12 [τ , m] is the instantaneous cross-correlation function between microphones 1 and 2, at frame-index m. r12 [τ , m] is calculated as:
Z ∞
(3)
Y1 [ f , m] Y2H [ f , m] e j2π f τ d f ,
r12 [τ , m] =

(6)

λy and λv are exponential forgetting factors (usually chosen close to
one). For noise reduction in binaural hearing aids, the SDW-MWF
is calculated in each device using its own available microphone signals and the microphone signal(s) received from the contralateral
device [4].

−∞

where Y1 [ f , m] and Y2 [ f , m] are the instantaneous (smoothed) spectra of microphone 1 and 2 at frame-index m. Speech is then detected if the cross-correlation value corresponding to the assumed
speech TDOA is sufficiently close to the cross-correlation value corresponding to the estimated TDOA:

3. BINAURAL FUSION VADS
3.1 Decision fusion of energy VADs: Fusion-1
The energy VAD can be applied to the reference microphone signal
of each device. If a small bandwidth wireless link is available so
that it is feasible to transmit parameters, the energy VAD decisions
and estimated (left and right) local SNRs can be exchanged between
the devices. As the energy VAD is more robust for higher SNRs, the
estimated local SNR is an indication for the reliability of the energy
VAD decision, and this information can be used to obtain a superior
fusion VAD. The SNR estimates are calculated as in [5]:

if r12 [τassumed , m] > Tcorr ∗ r12 [τb12 , m] then
VADcorr [m] ← 1
else
VADcorr [m] ← 0
end if

(5)

(4)

Simulations (cfr. section 4.2) indicate that a threshold value Tcorr =
0.7 is a good setting and so this value will be used from now on
(unless otherwise specified).
Correlation-based techniques are not suitable for use in a single
hearing aid device (with close-spaced microphones), as they assume
the intermicrophone distance is sufficiently large (> 7 cm) [10], or
only work if the interferers are located in the rear-half plane [11].
However, if the hearing aids are connected by a wireless link, each
device can stream a microphone signal to the contralateral device,
so that each device can calculate (2) and (3) using one of its own
microphone signals and the received microphone signal of the contralateral device. A drawback of the cross-correlation VAD is the
fact that the speech source location (τassumed ) has to be known a
priori. We will always choose τassumed = 0 in this paper, i.e. the
target speaker is located in the look direction of the hearing aid user
(a frequently occurring case).
2.4 Multichannel Wiener Filter and correlation matrix estimation
The (frequency-domain) Multichannel Wiener Filter (MWF) produces a minimum-mean-square-error (MMSE) estimate of the
speech component in a reference microphone. To provide a more
explicit tradeoff between speech distortion and noise reduction, the
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if VADenergy [m] == 1 (speech + noise) then
S[m] ← β ∗ S[m − 1] + (1 − β ) ∗ E[m]
N[m] ← N[m − 1]
else
S[m] ← S[m − 1]
N[m] ← α ∗ N[m − 1] + (1 − α ) ∗ E[m]
end if
S[m]
ˆ
SNR[m]
← N[m]

(7)

S[m] is the estimated local signal level (speech+noise), N[m] is the
estimated local noise level and E[m] is the frame-based energy, i.e.
L−1

E[m] =

1X
(yref [mL + l])2 ,
L

(8)

l=0

where L is the frame size and yref is the (time-domain) reference
microphone signal. The forgetting factors α and β will both be set
to 0.9.
In the fusion algorithm of [5] (denoted here as fusion-1 VAD),
the energy VAD decisions and local SNR estimates of different sensor nodes in a wireless network are transmitted to a fusion center,
where a weighted sum of the local VAD decisions is calculated and
compared to a threshold:

ˆ k [m]
SNR
wk [m] = PK
,
ˆ
k=1 SNRk [m]
´
P `
if K
k=1 wk [m] ∗ VADenergy, k [m] > T f usion−1 then
VAD f usion−1 [m] ← 1
else
VAD f usion−1 [m] ← 0
end if

use of the Receiver Operating Characteristics (ROC) graphs [13] of
the separate VAD algorithms. We propose here to apply the AND
rule to the output of the fusion-1 VAD (fusion of energy VADs)
together with the output of the cross-correlation VAD. To generate
the corresponding ROC graphs, the thresholds T f usion−1 and Tcorr
are varied from zero to one in steps of 0.05.
In figure 1, the average ROC of the fusion-1 and crosscorrelation VAD are shown. In the ROC graph, the false positive rate (number of noise-only frames erroneously classified as
speech+noise, divided by the total number of noise-only frames)
is plotted on the X axis and the true positive rate (number of
speech+noise frames correctly classified as speech+noise, divided
by the total number of speech+noise frames) is plotted on the Y
axis. The performance of the VADs was averaged over a range of
input SNRs and over several spatial scenarios. Both scenarios with
speech in the frontal look direction as in other directions were included. More information about the setup and test stimuli is given
in section 4.

(9)

(10)

where K is the number of nodes. The binaural hearing aid application corresponds to a simple two-node (K = 2) network. If the local
SNR estimates and energy VAD decisions are exchanged between
the devices, (9) and (10) can be calculated in each device. Because
of the headshadow effect, there is often a best-ear side (i.e. high
SNR) and a worst-ear side (low SNR). If the received SNR estimate
is larger than the local SNR estimate, the other device is probably
at the best-ear side. An alternative fusion strategy is therefore to
use the VAD decision of the other device instead of the own VAD
decision, if the received SNR estimate is larger than the own SNR
estimate. This fusion strategy actually corresponds to a threshold
T f usion−1 = 0.5 in (10), and will be used from now on (unless otherwise specified).

1
0.9
Optimal AND−fusion

True positive rate

0.8

3.2 Decision fusion of energy and cross-correlation VADs:
Fusion-2
If microphone signals can be streamed over the wireless link, both
devices can calculate the energy VAD and SNR estimates as in
the previous section (as now, both devices have access to signals
from both sides of the head). In addition, the two-microphone
cross-correlation VAD can also be calulated in both devices. We
now propose to fuse the two energy VAD decisions with the crosscorrelation based VAD, in a similar manner as in the previous approach. As the cross-correlation VAD is not linked to a local SNR
ˆ corr [m] is set equal to the average of the other SNRs:
estimate, SNR

=

w2 [m]

=

w3 [m]

=

ˆ L [m]
SNR
,
ˆ L [m] + SNR
ˆ R [m] + SNR
ˆ corr [m]
SNR
ˆ R [m]
SNR
,
ˆ
ˆ
ˆ corr [m]
SNRL [m] + SNRR [m] + SNR
ˆ corr [m]
SNR
,
ˆ
ˆ
ˆ corr [m]
SNRL [m] + SNRR [m] + SNR
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Figure 1: Average ROC graphs for cross-correlation VAD and
Fusion-1 VAD, and optimal AND-fusion. The average performance
over various spatial scenarios and input SNRs is shown.
By measuring the performance obtained with the AND rule for
every possible combination of T f usion−1 and Tcorr , where both parameters are varied from zero to one in steps of 0.05, the points
marked as candidates for AND-fusion are found. By definition, the
optimal AND rule ROC is then the convex hull of these candidate
points. It is indeed observed that the area under the convex hull
ROC is larger than the area’s of the fusion-1 and cross-correlation
VADs, so that in principle, a better performance is obtained. From
now on, the point closest to the top-left corner is chosen as the optimal fusion VAD (denoted fusion-opt). The corresponding thresholds are Tcorr = 0.55 and T f usion−1 = 0.25.

(12)
(13)
(14)

if w1 [m] ∗ VADenergy, L [m] + w2 [m] ∗ VADenergy, R [m]
+w3 [m] ∗ VADcorr [m] > T f usion−2 then
VAD f usion−2 [m] ← 1
else
VAD f usion−2 [m] ← 0
end if

0.6

0.2

ˆ
ˆ
ˆ corr [m] = SNRL [m] + SNRR [m] ,
SNR
(11)
2
ˆ L [m] and SNR
ˆ R [m] are the estimated local SNRs at the
where SNR
left and right device. As a consequence, the cross-correlation VAD
gets an intermediate weight in the decision fusion. The decision
fusion rule (denoted as fusion-2) is then equal to:
w1 [m]

0.7

4. EXPERIMENTS
4.1 Setup and stimuli
We consider a binaural setup with two behind-the-ear hearing aids
connected by a wireless link. There are two omnidirectional microphones per device, and we assume that the link allows for transmitting one audio signal (i.e. the front microphone signal) to the other
device (full-duplex).
Head-related transfer functions (HRTFs) are measured in a reverberant room (reverberation time of 0.62s) on a Cortex MK2
manikin. The considered acoustic scenarios have a target speech
(S) source and interfering noise (N) source(s) at specified azimuthal
angles (with 0◦ in front of the head, 90◦ to the right of the head).
As speech stimulus, 4 consecutive sentences of the Dutch VU
sentence material [14] were used. Multitalker babble noise was used
as interfering noise signal(s). The signals are sampled at fs = 20480

(15)

A threshold value T f usion−2 = 0.45 was found to be a good setting,
as will be illustrated in section 4.2.
3.3 Decision fusion of energy and cross-correlation VADs
based on optimal AND rule: Fusion-opt
An alternative for fusing the energy and cross-correlation VAD is to
combine the VAD decisions by an AND rule. In [12], it is shown
that the AND rule can be applied in an optimal way, by making
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Figure 2: Receiver Operating Characteristics (ROC) graphs for fusion-1 and fusion-2 VADs, for different spatial scenarios and input SNRs.
Hz and processed by a weighted overlap-add (WOLA) filterbank.
The signals are segmented in frames of L = 128 samples with 50%
overlap, and windowed by a Hann Window.
4.2 VAD performance: ROC graphs
In figure 2, the ROC graphs of the VAD algorithms are plotted for
three different spatial scenarios, and three different input SNRs per
scenario. The input SNR is measured in absence of the head, at the
center point of the setup. Because of the head-shadow effect, the
actual input SNRs at the left and right device are therefore dependent on the spatial scenario. The ROC graphs were generated by
varying the decision thresholds T f usion−1 and T f usion−2 from 0 to 1.
The cross-correlation VAD threshold is set to Tcorr = 0.7 and the
optimal AND-fusion VAD (fusion-opt) is fixed as in section 3.3. As
the VADs perform better at higher input SNRs, the ROC graphs indeed shift towards the top-left corner (i. e. have a larger area below
the ROC graph) as the input SNR increases.
Because of the head-shadow effect, it can be observed that the
energy VAD performs better (i.e. more towards the top-left corner
in the ROC space) in the left device in the S0N45 scenario (left ear
is the best ear), whereas it performs better in the right device in the
S90 N-90 scenario (right ear is the best ear). It can be seen that the
fusion-1 VAD generally gives an improvement over the individual
energy VADs. The ROC point corresponding to T f usion−1 = 0.5
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which is used in subsequent experiments, is also indicated on the
curve. The cross-correlation VAD generally performs well if the
speech source is located in the assumed direction (i. e. 0◦ ), for S90
N-90 a low true positive rate is however observed. The fusion-2
VAD generally gives a better performance than the fusion-1 VAD,
and even for S90 N-90 the performance is not degraded as is the
case for the cross-correlation VAD. The ROC point corresponding
to T f usion−2 = 0.45 which is used in subsequent experiments, is also
indicated on the curve. The fusion-opt VAD of section 3.3 generally
gives a performance similar to the fusion-2 VAD, but is however
degraded in a similar way as the cross-correlation VAD for the S90
N-90 scenario. It should also be noted that the three spatial scenarios of this section were not included as training scenarios to derive
the optimal AND rule fusion.
4.3 SDW-MWF performance
In figure 3, the SDW-MWF performance (speech intelligibility (SI)weighted SNR improvement [15] in dB) using five different VADs
is shown for six spatial scenarios, for an input SNR (measured in abscence of the head) of -2dB. The performance with a perfect VAD
is also shown as a reference point. The SDW-MWF is implemented
using a decomposed filter expression which was shown [16] to be
more robust to estimation errors compared to (5). We assume that
a microphone signal can be streamed over the wireless link so that
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Figure 3: VAD errors (a)-(b), left (c) and right (d) SI-weighted SNR improvements, input SNR=-2dB.
each device has access to a total of N = 3 microphone signals (two
ipsilateral signals and one contralateral signal). The speech distortion parameter was set to µ = 5, the exponential forgetting factors
were set to λy = λv = 0.999. The VAD errors are also shown, where
a distinction is made between the ratio of noise-only frames erroneously detected as speech+noise (equal to false positive rate), and
the ratio of speech+noise frames erroneously detected as noise-only
(equal to one minus the true positive rate).
In general, it can be observed that the binaural fusion VADs
achieve a superior perfomance over the individual VADs. The
cross-correlation VAD fails in scenarios where speech is not coming from the assumed frontal direction (S90 N-90 and S90 N180)
and/or when there is a noise source at 180◦ (S90 N180 and S0 N[90
180 -90]) as for this location the same TDOA is obtained as for a
source coming from 0◦ . The fusion-2 VAD stays robust in these
scenarios, whereas the performance with the fusion-opt VAD also
degrades. Overall, it can be concluded that the fusion-1 and fusion2 VADs give the best overall performance for binaural MWF-based
noise reduction.
5. CONCLUSION
In this paper, two binaural fusion VADs (fusion-2 and fusion-opt)
have been proposed, which are extensions of a fusion VAD for wireless sensor networks (fusion-1). The binaural fusion VADs make
use of the wireless link in a binaural hearing aid to combine energy VAD decisions calculated in the left and the right device and a
cross-correlation based VAD decision, in order to obtain a VAD performance which is superior to the individual VAD algorithms. The
performance was assessed by ROC graphs and by evaluating the
impact on the noise reduction performance of the binaural SDWMWF.
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