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Spatially Correct Rate-Constrained Noise Reduction
for Binaural Hearing Aids in Wireless
Acoustic Sensor Networks

Jamal Amini"”, Richard Christian Hendriks

Meng Guo

Abstract—Compared to monaural hearing aids (HAs), binaural
hearing aid systems, in which there is a communication link be-
tween the two devices, have improved noise reduction capabilities
and the ability to preserve binaural spatial information. However,
the limited HA battery lifetime puts constraints on the amount
of information that can be shared between the two devices. In
other words, the rate of transmission between the devices is an
important constraint that needs to be considered, while preserving
the spatial information. In this article, a linearly constrained noise
reduction problem is proposed, which jointly finds the optimal
rate allocation and the optimal estimation (beamforming) weights
across all sensors and frequencies, while preserving the binaural
spatial cues of point sources. The proposed method considers a
rate constraint together with linear constraints to preserve the
binaural spatial cues of point sources. Minimizing the mean square
error on the estimated target speech at the left and the right side
beamformers, the optimal weights are found to be rate-constrained
linearly constrained minimum variance (LCMYV) filters, and the
optimal rates are found to be the solutions to a set of reverse
water filling problems. The performance of the proposed method is
evaluated using the averaged binaural signal-to-noise ratio (SNR),
the interaural level difference (ILD) error and the interaural time
difference (ITD) error. The results show that the proposed method
outperforms spatially correct noise reduction approaches that use
naive/random rate allocation strategies.

Index Terms—Wireless acoustic sensor networks, multi-

microphone noise reduction, rate-distortion trade-off.

1. INTRODUCTION

ULTI-MICROPHONE noise reduction techniques, e.g.,
[1], [2], can be used to increase the speech quality and
intelligibility of hearing aids (HAs). One way to use multi-
microphone noise reduction techniques in modern HAs is to
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enable the left-ear and right-ear mounted HAs to collaborate
through a wireless link, leading to a binaural HA setup. The
binaural HA system provides increased spatial diversity and may
result in better noise suppression, compared to the case where
the monaural HAs perform noise reduction independently[3],
[4]. In addition to better noise suppression, multi-microphone
processing in the binaural HA setup can preserve binaural spatial
information if taken care of, see e.g., [S]-[7]. These spatial infor-
mation preserving noise reduction algorithms typically aim to
preserve the interaural level differences (ILDs) and the interaural
time differences (ITDs) of the relevant signal components. ILDs
and ITDs are known to help humans determine the perceived
location of the sound sources [6].

A common approach to achieve multi-microphone noise re-
duction is to combine the spatial observations captured by the
microphones at a fusion center (FC) to estimate the sources of
interest, while reducing the amount of environmental noise [2].
In the binaural HA setup, it is often considered that there are
two FCs, one at each HA. Over the last decade, several binaural
multi-microphone noise reduction algorithms have been pro-
posed (see e.g., [6], [8] for overview). Typically they differ in the
objective function they optimize and whether they can preserve
the spatial cues of the target source, interferers, and the diffuse
noise component. They can also differ in the types of constraints
used to preserve the spatial cues. Equality constraints (see e.g.,
[5], [9]-[11]) are used to preserve exactly the spatial cues of the
sources, while inequality constraints (see e.g., [12], [13]) are
used to approximately preserve the spatial cues of the sources.
The latter category can typically achieve a larger amount of noise
suppression. In this paper, we will focus on equality-constrained
binaural multi-channel noise reduction filters.

A well known binaural minimum mean square error (MMSE)-
based noise reduction algorithm is the binaural multi-channel
Wiener filter (MWF) [14], which aims at minimizing the MSE
of the target signal estimated at the reference microphones of the
two FCs without imposing any source preserving constraints.
This may result in significant noise reduction, but a distorted
target signal. In contrast to the binaural MWF, the binaural
minimum variance distortionless response (BMVDR) beam-
former [8] minimizes the output noise power under two linear
distortionless constraints that preserve the target signal at the two
reference microphones leading to preservation of the binaural
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cues of the target source. These two constraints, however, reduce
the noise reduction performance of the BMVDR, compared to
the binaural MWF. Another example is the binaural linearly
constrained minimum variance (BLCMYV) beamformer [5], [15],
which can preserve the ILDs and ITDs of the source of inter-
est and multiple interferers. As another example, the optimal
BLCMV (OBLCMYV)[9] can achieve better noise reduction,
compared to the BLCMYV, however, can only preserve the ILD
and ITD of one interferer. An LCM V-based approach is proposed
n [10], [11] which tries to increase the degree of freedom of
the optimization problem by introducing a set of linear equality
constraints (firstly introduced in [16]) to enable preserving more
interferers, for a given number of microphones, compared to
the BLCMYV and the optimal BLCMV. Most of the binaural
LCMV-based methods differ in how the set of linear constraints
is designed.

In all the above-mentioned methods, the two FCs of the bin-
aural beamformers each estimate the target source with respect
to their corresponding reference microphone. To calculate these
estimates, both FCs are in need of the microphone recordings
from all sensors. This means that observations from the con-
tralateral devices, and potentially any other device included in
the setup, should be transmitted to the FCs. As the devices have
a limited amount of resources (here transmission bandwidth)
due to the limited battery lifetime, the total bit-rate used for
transmission should be constrained. Several methods have been
proposed in the literature to cope with this problem [17]-[20].
In [19] a binaural rate-constrained noise reduction approach is
proposed which finds the optimal trade-off between the rate of
transmission and the amount of noise reduction. The method
finds the bound on the performance in case there are only two
processing nodes. In the present context, these two processing
nodes are the HAs. Scenarios with more than two nodes are
not considered in [19]. Besides this, the inevitable requirement
of the knowledge of the, generally time varying, joint statistics
of all microphone signals at both HAs and using impractical
infinitely long vector quantization limit the application of the
method in practice. As alternatives to the optimal solution,
several sub-optimal methods have been presented [21]-[23]. In
[24], such algorithms were described in a unified framework.
These sub-optimal methods try to pre-filter the observation
before quantization without knowing the joint statistics, which
enables the process to be faster and simpler. For example, this
pre-filtering could be done to obtain a local estimate of the target
or the interferer by combining the local microphone signals at the
corresponding device. However, the pre-filtering stage combines
the multi-microphone observations into a single observation,
which may lead to a loss of some important information that
needs to be known to retrieve the signals at high rates. As
a result, even at an infinitely high rate of transmission, some
important information may be lost and the performance will not
approach that of the optimal algorithm presented in [19], not
even asymptotically.

To address the aforementioned limitations, an operational
rate-constrained noise reduction framework was proposed in
[25], which estimates the optimal rate allocation across different
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frequencies and sensors using an operational rate-distortion
trade-off [26]. Unlike [19], it allows considering scenarios with
some additional assistive devices along with the binaural HA
setup , thereby forming a small-size wireless acoustic sensor
network (WASN) with more than two nodes. Furthermore, for
the two-node case, the performance of the algorithm in [25]
approaches that of the optimal algorithm in [19] at high rates
without any mismatch, as the observations are not pre-filtered
before quantization and necessary information will not be re-
moved. However, the exhaustive search, which is used in [25] to
find the optimal allocation across sensors, becomes intractable
when the size of the WASN grows. Therefore, this method is
suitable for small-size networks only. To address this scalability
issue, another approach based on non-convex optimization was
proposed in [27]. This method jointly finds the best rate allo-
cation and the best estimation (beamforming) weights across
all frequencies and sensors for arbitrary sized WASNs. Based
on the MSE criterion, the optimal estimation weights are found
to be rate-dependent Wiener filters and the optimal rates are
the solution to a filter-dependent “water filling” problem. An
alternating optimization approach which is used in this method
avoids an exhaustive search to find the best allocations and
performs almost as good as the exhaustive search-based ap-
proach, in most practical scenarios, at the benefit of a much
lower computational complexity [27].

The above-mentioned methods deal with the rate-distortion
trade-off in the noise reduction problem based on the MSE
criterion. However, these methods do not take into account the
preservation of spatial information (cues) when dealing with
rate-constrained noise reduction problems. The noise reduction
performance is optimal when minimizing the MSE, but the
spatial information may be destroyed and the estimated signals
may sound unnatural and spatially incorrect. Therefore, this
raises the question of how to incorporate spatial information
preservation into the rate-constrained noise reduction problem
proposed in [27].

In this paper, inspired by [27], we propose and solve a multi
fusion-center spatially correct rate-constrained noise reduction
problem, to find the best rate allocation and the best estimation
(beamforming) weights across all sensors and frequencies such
that the spatial information of the sources is preserved. The
method links the LCMV-based beamformers to data compres-
sion by including a set of linear constraints to the original
rate-distortion problem. Unlike [27], here, there are two FCs,
therefore, the objective function is to minimize the sum of the
distortions of the target estimation at both hearing aids, while
considering the total rate budget and simultaneously preserving
the spatial information of the sources. Using an alternating
optimization approach, the optimal estimation weights are found
to be the rate-dependent LCMV filters, and the rates for both
fusion centers are the solutions to two water-filling problems.
The performance of the proposed method is evaluated using
output signal-to-noise ratio (SNR) gain measures, and ILD and
ITD error measures. Simulation results show that the proposed
method outperforms the methods with equal/random rate allo-
cation strategies.
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II. PROBLEM STATEMENT

A. Signal Model

In this paper, a generalized binaural hearing aid system is
considered, which consists of two collaborating hearing aids
along with a number of additional assistive devices. We assume
that these assistive devices can only communicate with the two
HAs and not with each other. In total M = MY + MR + M4
microphones are assumed to be embedded in the HAs and the
assistive devices, including M" microphones for the left HA,
MR microphones for the right HA, and M* microphones for
additional assistive devices. It is assumed here that no pre-
filtering is applied to the unprocessed microphone signals to
be transmitted to the FC, i.e., the microphone signals per device
are not combined (pre-filtered) to a single signal.

Each microphone records a version of the target speech signal
filtered by the position dependent room impulse response. The
recorded target signal is degraded by a number of interfering
point sources present in the room, diffuse noise and/or micro-
phone self noise. The target signal, in the short-time Fourier
transform (STFT) domain, is denoted by S € C, where k
denotes the discrete frequency index. The interfering point
sources are indicated by I; € C, where i denotes the point
noise source index. All other sources of noise captured at a
particular microphone are indicated by Uy, € C, with m the
microphone index. All sources are assumed to be additive and
mutually uncorrelated.

Let the subscript (-),, denote the microphone index. The
signal model can then be written as

Nim

b
Yim = AkmSk + > Bemilki + Ukm, (1)
i=1
where Ay, € C isthe acoustic transfer function (ATF) between
the target signal and the mth microphone, and By,,; € C is the
acoustic transfer function (ATF) between the ith point noise
source and the mth microphone. The number of interferers is
denoted by b.
Stacking all microphone signals in a vector, the signal model
can be rewritten in vector notation as

ny
Xk b
~ =
Yi = arSk + Y brilki + W = Xp + g, 2

i=1

where

Y]
v = Yo enainys- - Yeu]"

)

and similarly for aj, bg; and nj. Let y%, y?, and ykR denote the
microphone signal vectors captured by the left side HA micro-
phones, assistive microphones, and the right side microphones,
respectively. The superscript (-)T denotes the transpose operator
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on vectors/matrices, and the power spectral density (PSD) matrix
®,, = Elyxy}] of vector yy, is given by

(byk = (}Xk + anw (3)
where

H H
®y, = E[xpx; ] = g, aray,,

"I)nk = Z q)l;ﬂvbkibgi + E[ukug], (4)
i=1
and where ®;,, = E[|I};|?] € R is the PSD of the ith interferer,
s, = E[|Sk|?] € R is the PSD of the clean target speech, and
E[-] denotes the expectation operator. The conjugate transpose
operator on complex vectors/matrices is denoted by the super-
script (-)H.

B. Linearly Constrained Estimation

A binaural beamformer estimates the signal of interest at
both left side and right side reference positions by combining
all the available noisy observations into a single estimate for
each HA. Notice that in this paper we do not only consider the
presence of the two HAs, but also the presence of additional
assistive microphones. The two resulting beamformer outputs
are constructed such that a fidelity criterion is satisfied and the
binaural information is preserved. The target signals at the left
and right HA, i.e., Sk and SR, respectively, are estimated as

Sk = (wh)yk, SR = (wi)ys, Q)

where w}; € CM and w € C™ are the filter coefficients of the
left and right beamformers, respectively. Minimizing the sum
of the output noise powers, for both beamformers, the binaural
linearly constrained beamforming problem can be formulated
as [5]

min w?@kwk

W
subject to AkHwk = fy, (6)
where
Wy, = [W’%TWkRT]T c (C2Mx17
Qk‘, _ (Pnk 0 c (C2M><2M7
0 P,

and Aj, € C2Mxd ig the constraint matrix, with d the number of
linear constraints. Different binaural LCM V-based beamformers
can be constructed by changing the entries of Ay. In this paper,
we use the methodology from [10], [11], having an increased
amount of degrees of freedom compared to [9]. These additional
degrees of freedom can then be used to cancel more interferers,
given a fixed number of microphones. Following [10], [11]
matrix Ay and vector f}, are given by

A |2 0 biBf by B, C2Mx(b+2)

k= L L|€ )
0 ag _blBkl _bkab

£ = [AF AR O ... 0] e C¥(H2) (7)
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respectively. Solving the problem in (6), the optimal weights are
computed as [10]

wi =S ALAF @A) T, 8)
and the optimal beamformer outputs are given by
Skt = Wiy, SF = (Wi Ty ©)

In order to compute the binaural outputs Sk* and SR*, the actual
signal realizations y, should be available error-free at both HAs.
However, due to limited battery power, and therefore, limited
transmission power, in practice, the bit-rate, denoted by 74,
bits per sample (bps), which is used to represent the transmitted
signals must be constrained. Using a fixed bit-rate over frequen-
cies and microphones can be shown to be sub-optimal, see e.g.,
[27]. Instead, the bit-rate dependent quantization noise should
be included in the signal model, and optimized for.

C. Quantization Aware Estimation

In this sub-section, we introduce bit-rate dependent quantiza-
tion noise in the signal model in (1). In this paper, we assume
that the microphone signals from all nodes in the WASN are
being quantized using a uniform quantizer before transmission
to the corresponding FC (HA). Note that for each FC, the local
observations at the FC are assumed to be quantized at the highest
possible resolution, such that additional quantization noise on
microphone signals at the FC can be neglected. In other words,
only quantization noise with respect to the observations from
other nodes in the WASN will be considered.

Consider an arbitrary signal denoted by x and its quantized
version denoted by &, with quantization noise ¢ = x — . If sub-
tractive dithering is applied to the signal to be quantized at lower
rates or under high bit rate assumptions [28], [29], the quanti-
zation error ¢ will be uniformly distributed and uncorrelated to
signal x. In this case, the variance of the quantization noise is
given by [28] 03 = %2, where A = 2””;;6‘" is the quantization
step size, which depends on the range of the signal (maximum
absolute value z,,x) and the quantization rate 7.

Taking into account the quantization noise, the signal model
for each side can be modified as

Nim

b

i=1
Nk‘m,

b
Vit = Yim + Qb = AkmSk + > Bimilki + Ukm + Qs

i=1 (10)
where QI,;m and Ql,zm denote the quantization noise w.r.t. the
left and right side FCs, with ?kLm and f’kRm being the quantized
microphone signals for the left and right side FCs, respectively.
Using vector notation, we have

Yi =Yr+ 95 =X, + 0y + qj,

Yh =Yk +dp =X +ng + qf, (11)
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where the quantization noise vector qf = [Q%,, Q% ...,
Q¥ M]T is uncorrelated to the microphone signal vector yg,
under the above-mentioned assumptions [28], [29], and similarly
for g¥. Note that the bit-rates at which the left side signals are
quantized are not necessarily the same as those at which the
right side signals are quantized and transmitted to the left side

L,max
FC. Under the above assumptions, and using A = QYT*%, the

2 km
CPSD matrix of the quantization noise vector g} will be diagonal
with elements

Ag (YL,maX)Q ]{JL

P, = = km _ km 12
ka’ 12 3 22 Tk?n 22 Tll;m, ’ ( )
(Ym2 . . .
where ky,, = ~—#2——. Similar expressions can be derived for

the right side beamformer.

Applying the above mentioned quantization approach to the
beamforming task, versions of the signal of interest S} and S}
are estimated, given the quantized noisy microphone signals y%
and y¥, as

(13)

The beamformer outputs Sk and SR depend on wk, wX, and on
the rates Y, and rf, , respectively.

S = (wh)sk, 8 = (st

III. PROPOSED SPATIALLY CORRECT RATE-CONSTRAINED
NOISE REDUCTION

In this sub-section, we propose and solve an optimization
problem to jointly optimize the rates and the estimation weights
across the sensors and frequencies. The FCs at the left and right
HA have a limited total channel capacity of RL, and RE, bps,
respectively, to receive information from the other nodes in the
network, as argued in [30]. In addition to the transmission rate,
in this paper, we also take into account the preservation of spatial
information, beneficial for binaural hearing aids. Altogether, in
this paper, we address the problem of joint rate-constrained noise
reduction and spatial cue preservation to find the optimal filter
coefficients and rate allocation for all sensors and frequencies.

A. Problem Formulation

Let K indicate the number of frequency bins. Let the rate
matrix R be defined as

LT L L L
ry n T12 TIm
L L L L
L r;T 5y Ty ... Tou
R-=| . |=]. . |
LT L L L
Tk k1 Tk2 "KM

which includes rates rk = to be allocated to frequency bin k&
and microphone signal m, for the left side FC. Please note
that, here, the kth row of the matrix RV is defined as rI];T =
[(eE)T, (AT (B HT, where (rk*)T includes the rates at
which the assistive microphones must be quantized and trans-
mitted to the left side FC, and (r}®)T includes the rates at
which the right-side HA microphone signals must be quantized
and transmitted to the left side FC, at kth frequency. A similar
definition holds for the right side rate matrix RR.
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The weight matrix W is similarly defined as

LT L L L

wrp  Wrs Wyn
LT L L L
L W3 Wy Wa Wang
W - . = . 9
LT L L L
Wk W1 Wgo Wk M

which includes the left side beamformer coefficients wk . A
similar definition holds for the the right side beamformer coef-
ficient matrix WR.

Inspired by [27], we propose to formulate a spatially cor-
rect noise reduction problem, which tries to minimize a sum-
distortion function given by

DR RR WE WR) = DRY, W) 4+ D(RR, WX, (14)

where

K
1 1 N
DRY, Wh)=2 ek, wh) = = S E[ISE — SE2Irk, wh,
k=1

K K

1 1 N

D(R®, W)= d(rfl, wit) =22 > BlIS{ = S PIrf, wil.
k=1 k=1

Here, d(r};, w};) denotes the PSD of the estimation error at the
kth discrete frequency bin for the left side fusion center, and
similarly for d(r®, w?).

To address the rate-constrained noise reduction problem, we
need constraint functions over the rates. Let R(RY) simply be
defined as the sum-rate over all frequency bins and microphones
with respect to the left HA, given by

K M
RL):Z Z TEo-

k=1m=Ml+1

15)

and similarly for R(RR).

To address the spatially correct noise reduction problem, we
use the set of linear equality constraints defined in the previous
section as

Allw, =f, k=1,...,K, (16)

where,
wi, = [(wi) ", (wi) T

Then, the proposed problem is defined as minimizing the esti-
mation error, while satisfying the above-mentioned constraints.
That is

min D(R*, W) + D(RR, WR)
RL,RR, WL, WR

subject to  R(RY) < RE,
R(R®) < RY,,
k=1,... K.

ZXI];IW]C = fk7 (17)
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The distortion function D(R*, Wk) = & k Ld(rk, wh) s
parameterized as a function of the estimator weights and allo-
cated rates with d(rk, wk) defined as

L

E[ISk — Sk[?[rk, wi]

= B[S — (wp)"5k[’]

d(r, )

= E[|S¢ — (wi)"apSe — (W) "np — (wh) i |?]
@ (r})
—_—~—
= Af—(wi) Mg |* @, +(w)) [, AR (r))] W,

(18)
and similarly for the right side distortion function D(RR, WR).
Assuming a distortion-less response in the target signal direc-
tion, i.e., using the constraint (wk)"®a;, = AL, whichis included
in the linear equality constraints in (16), (17), and the fact that
@1 (ry;) is diagonal (see (12)), the distortion function d(ry;, )
can be rewritten as

M
L Ly L\H L | km,|2 kkm
(i, wi) = (W) Wi+ > 02 1L (19)

m=ML+1

A similar expression can be written for the right side beam-
former. Stacking both the variables for the left and the right FCs
into matrices, we have

wic = [(wh)", (W) ] e e,
@k _ ¢% OR (C2M><2AM'.
ék

It is natural to assume positive rates, 75y, > 0 (€.g. rmin = 0 and
max = 00). Therefore, the reformulated problem can further be
written as
K

[wi 1 (r), T} ) Wi
=1

E E Tkm = t0t7

k=1m=ML41

min —
RN RR,W Kk

K MU4+MA

Z Z Tkm < R‘it?

R
Tkm >0, 7, >0,

J\I];IW]C = fk 5 (20)

where the objective function includes the distortion function
in (19), and also, includes a similar distortion function for
the right-side FC. The function in (19) includes two terms: 1)
the residual noise power (wk)H®,, wk, which is a quadratic

(convex) function of the weights and 2) the residual quanti-

. . M w k
zation noise ) .0y "““};liL"m
27 "km

“quadratic-over-nonlinear” functions, which are non-convex.
Therefore the problem in (20) is a non-convex optimization
problem. However, fixing either W or R, the problem will be
convex in the remaining variable.

which is a summation of
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B. Proposed Solution

Although the problem formulated in (20) is non-convex, we
can still find the necessary optimality conditions by writing the
Karush-Kuhn-Tucker (KKT) conditions [31]. Considering the
first and second inequality rate constraint functions in (20), it
can be shown that the rate solutions actually lie on the boundary
of the feasibility sets defined by the global rate budget constraints
which are the first and the second constraints in (20) [27].

We solve the KKT conditions and the solution will be given
in the following proposition.

Proposition The solution to the problem in (20) is given by

1) wi(rp®,r*) = @, Ak (AY @A) 7

pLx |2 kL
2) rkmuuwkm):glogx‘“m‘—&km)ﬁ, @1
3) i (A wil) = [%log2(%)]
where A" = 21 L and Ag = 2] &

the following equality constraints, respectlvely

K M
Z Z TII;m ()‘E) = R%o‘m
k=1m=ML+1
K ML4mA
Z Rm ()‘,R*) = RBot‘
k=1 m=1
Proof: See Appendix A. I

The rates are non-zero valued for AP < |wh* |? kk
AR < |wp* |? kR, and are zero-valued otherwise. The non-
linear operator [-]* projects all negative valued rates to zero and
the positive valued rates will remain unchanged, satisfying the
set of inequality constraints in (20) (ry;,, >0, 78 >0,).

As shown in the proposition, the optimal weights w7}, are the
rate-constrained BLCMYV coefficients, which, as a special case
of the BLCMV coefficients, can be expressed as the BMVDR
solutions Note that, in general, @;1 is a function of the bit-rates
ri* and ri*. The optimal rates 7}, and rf  are the solution to
the weighted reverse water filling problem. In other words, look-
ing at the system of equations in (21), it turns out that to allocate
the rates, we need to follow the reverse water filling approach
while using the BLCMYV filter coefficients. As explained, the
BLCMV filters, when there is no quantization, can guarantee the
preservation of the spatial cues of the target signal. Also here in
(21), itis possible to preserve the spatial cues of the target signal,
even when imperfect data, which is quantized at finite rate, is
received by the corresponding beamformer and used to compute
@,;1. Unlike the original water filling problem, where the rate
allocation depends only on the microphone signal power, here,
the rate allocation not only depends on the microphone signal
power but also on the importance of the corresponding frequency
component of the microphone signal to the estimation process.
Thatis, the frequency bins which are more important in the target
estimation stage, i.e., more informative, will be allocated more
bits.
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TABLE I
SPECIAL CASES OF THE PROPOSED SOLUTION IN (21)

Method Total Rate Constraint Matrix A
(A): JBLCMV [10], [11] gg j z Ay as in (7)

(B): BMVDR [8] Eg : z Ay as in (22)

(C): ProposedAO-BMVDR EE‘;I : 2;‘::2 Ay, as in (22)

(D): Proposed AO-JBLCMV g‘;i i gﬁiz Ay, as in (7)

To solve the system of equations in (21), a similar approach
as in [27] is used. The approach is based on alternating op-
timization, where the system is initialized with, for example,
equal rate allocation across all components for both the left
and right FCs, say RS and R, respectively. Then the weight
equation is computed based on the equal rates and the weight
matrix W7 is updated. Then, the rates will be updated based
on the computed weights to RY and RY. This process will be
repeated until a certain stopping criterion is met. As the problem
in (20) is component-wise convex, it is shown in [32] that any
limit point, which is the solution after sufficient iterations. is
a critical point. This means that the obtained critical point is
not necessarily globally optimal. However, as shown in [27],
based on MSE and STOI measures, for certain types of noise
reduction methods, the performance is almost as good as the
method which uses an exhaustive search, but at the benefit of
much lower computational complexity.

1) Special Cases of the Proposed Solution: In Table I, we
highlight several special cases of the proposed solution in
(21).As shown, (A) if the rate budgets go to infinity, then the
solution will be equal to the joint BLCMV (JBLCM) filters [10],
[11], using (7). (B) If the rate budgets go to infinity, and the
matrix Ay is given by

Ay,

i

ak 01 € C2Mx2

£ = (AL AR e C12 (22)
then the solution will become equal to the BMVDR filters
[8]. (C) If the rate budgets are finite numbers, and the above-
mentioned Ay in (22) is used, then the weight solution will
be the rate-constrained BMVDR filters, which we refer to as
“Proposed alternating optimization (AO)-BMVDR” in the next
section. (D) Finally, when the rate budgets are finite, solving the
equations in (21) and using (7) will lead to the proposed method,

which we refer to as “Proposed AO-JBLCM V™.

IV. PERFORMANCE EVALUATION

In this section, we evaluate the proposed method as a function
of the total bit rate budget by carrying out simulations in different
acoustic scenarios. The proposed method will be compared to
some existing methods using the binaural output SNR, and the
ILD and ITD error measures, which will be defined in the next
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part of this section. In the evaluation, we will consider two
different acoustic scenarios discussed in Sections IV-B and IV-C,
respectively.

A. Performance Measures

We use the definitions presented in [6], [9], [10] for binaural
input and output SNRs and ITD and ILD errors.

1) Binaural SNRs: The binaural input SNR and the binaural
output SNR are defined as [9]

L® L@
SNRm(k) — 1010g10 <eL xk €L + R XkeR>

THL THR
e, Prer +eg P er

L H@ L R H‘I) R
SNRout(k) == 1010g10 <(Wk) kak + (Wk) kak ) ,

(wi)H@pwy + (wil) 1 etwy!
(23)
where k denotes the frequency index, and
et =[1,0,...,0] € RM,
er =[0,...,0,1,0...,0] € RM.
N——
ML+MA
The performance measure we use is defined as the binaural SNR
gain, SNRy,in (k), and is given by
SNRgin (k) = SNRyy (k) — SNRy, (k). (24)

2) ILD and ITD Errors: To define the ILD and ITD errors,
we first define the input and output interaural transfer functions
(ITFs) w.r.t. the source of interest as [6], [10]

; Xp o Ap
ITF (k) = & = =,
LH LH
ITF (k) = k- Xk _ Wk 2k (25)
W? Xk WkR ag

Note that to find the ITFs for the interferers, the signal X} and
the transfer function Ay should be replaced by [Ij; and By,
respectively, in (25). With this, the input and output ILDs are
defined as the squared magnitudes of the input and output ITFs.

That is
ILD% (k) = [ITF% (k)[?,  ILDY'(k) = [ITFX'(k)|*, (26)

and the input and output ITDs defined as the phase of the input
and output ITFs. That is

ITDY (k) = ZITF% (k),  ITDS (k) = ZITF (k).  (27)
The ILD and ITD errors are then defined as
ERILD‘;‘(k) = |ILD())?I(IC) - ILDB’}(k)\,
ITD (k) — ITD™ (k
ERITD%‘(k) — | X ( ) X( )‘ . (28)

™

Note that 0 < ERyppou (k) < 1. Please note that, in this paper,
all defined measures will be rate-constrained, meaning that the
measures are computed for a given total bit budgets R, and
RE , which will become more clear in the simulation results.
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Fig. 1. Example acoustic scene. The target signal, the interferers, and the four
HA microphones (two microphones per HA) are denoted by the green circle,
the black triangles , and the red “+”, respectively.

B. Example Binaural HA Setup Using Head-Related
Transfer Functions

1) Acoustic Scene 1: The first acoustic scene is based on the
setup described in [33] and depicted in Fig. 1. The green circle
in Fig. 1 denotes the target speech source, which is positioned
at 3 m distance from the origin ((0,0)), in front of the binaural
HA system. The binaural HA system consists of two HAs with
two microphones per HA, with thus M = 4 microphones in
total, mounted on a virtual head and denoted by the red “+”
symbol. The zero degree corresponds to the looking direction of
the virtual head and the angles are computed counterclockwise.
The planar distance between the two microphones per HA is
0.76 cm and the radius of the typical head is 8.2 cm [33].
Interferers are indicated by the black triangles, assumed to be
located at different positions in space, with a spatial resolution
of 5°. The number and location of the interferers may vary in
different experiments. Uncorrelated flat PSD noise is also added
to the microphone signals at an SNR of 40 dB with respect to
the corresponding reference microphones to simulate internal
microphone noise.

The left and right side HAs are considered as two FCs. For
example, for the left side FC, the observations recorded at
its microphones are thought as the local observations and the
contralateral right side microphone signals are quantized and
transmitted to the left side FC. A similar explanation holds for
the right side FC. Welch’s method is used to estimate the PSD of
the target speech, using 512-discrete Fourier transform (DFT)
points, which is computed frame-by-frame using 50% overlap-
ping speech frames. Around 12s of recorded sampled speech (at
F, = 16 KHz) from the “CMU-ARCTIC” database [34] is used
for the PSD estimation process. The head-related transfer func-
tions (HRTFs) from the database in [33], with a spatial resolution
of 5°, are used in this experiment. For the point noise sources,
flat PSDs @, (w) over the interval w € [—, 7] are considered.
The cross-PSD matrices with respect to the target signal and the
noises are computed using the estimated/computed PSDs and
the HRTFs.
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Fig. 2. SNR gain [dB] versus total rate [bit per sample] based on a binaural

setup in Fig. 1 (Acoustic Scene 1).

2) Competing Methods: The following methods are chosen
as reference methods: a) EQ-BMVDR: the rate-constrained
BMVDR. In this approach, we assume equal rate allocation
across all sensors and frequencies, i.e., no optimization is done
here. Note that when there is no quantization noise, this approach
is equal to the BMVDR beamformer [8]. b) EQ-JBLCMYV: The
rate-constrained variation of the method proposed in [10], [11].
The equal rate allocation across all sensors and frequencies
is considered in this approach. Note that when there is no
quantization noise, which happens at infinitely high rates, this
method will be the same as the one proposed in [10], [11]. ¢)
ProposedAO-BMVDR: In this approach, the special case of
the proposed alternating optimization (AO) method described
in Section III-B will be used to allocate the rates in the BMVDR
beamforming setup. The constraint matrix A will simply have
two columns, taking into account the distortion-less response
constraints with respect to the target signal. d) ProposedAO-
JBLCMYV: In this approach, the proposed method described in
Section I1I-B will be used to allocate the rates with the constraint
matrix A mentioned in (7). Please note that to run the proposed
algorithm, as well as the competing methods, the ATFs and
the joint statistic are assumed to be known. Under stationary
assumptions, and assuming that the spectral shape of the signal
does not rapidly change over time, the over-head cost which is
needed to inform the transmitters, on which bit-rate they should
transmit the data, can be averaged out over consecutive frames.

3) Simulation Results: In this section, we will compare the
methods described in the previous sub-section based on the
measures introduced in Section IV-A. We consider the acous-
tical setup, shown in Fig. 1 with five interferers located at
(3m, {—80°, —60°, —20°,40°,85°}). The signal to interferer
ratio (SIR) with respect to both FCs are set to approximately
0 dB. Fig. 2 shows the SNR gains as a function of total bit
budget for the above-mentioned scenario. Please note that in
Fig. 2 and all the remaining results in this paper, the total bit-rate
is normalized by the number of frequency samples, which is
512. The black horizontal dashed-line shows the upper bound
on the performance of the BMVDR beamforming when there is
no quantization noise, i.e., at infinitely high rates. Similarly, the
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black dashed-dotted horizontal line shows the upper bound on
the performance of the JBLCMYV beamforming at infinitely high
rates. In fact, the BMVDR performs better than the JBLCMC
in terms of SNR as it has more degrees of freedom for noise
reduction, at the cost of losing some binaural information, which
will be shown later in this section. The performance of the both
the “EQ-BMVDR” and the “Proposed AO-BMVDR” approach
that of the BMVDR at high rates without any mismatch. As
shown, the proposed method significantly outperforms the meth-
ods with equal rate allocation as the alternating optimization
approach is used to jointly optimize the rates and weights. A
similar argument holds for the “ProposedAO-JBLCMV”. The
performance of the “ProposedAO-JBLCMV” is always worse
than that of the “ProposedAO-BMVDR” as less degrees of
freedom remain for the noise reduction, compared to BMVDR
beamforming.

To see how the methods affect the preservation of the bin-
aural spatial information, we compute the ILD and ITD errors,
introduced in (28). The ILD and ITD errors are shown in Fig. 3.
In this paper, the ILD and ITD errors are averaged among the
target signal and the interferes.

The black dashed-line in both figures shows the asymptotic
ILD and ITD errors for BMVDR beamforming, at infinitely high
rates. Please note that the BMVDR method cannot preserve the
spatial information with respect to the interferers, therefore there
will be always ILD and ITD errors remaining in the processed
signal. However, the JBLCMV beamformer can preserve the
spatial information for up to 2M — 3 interferers, therefore, there
is no ILD or ITD error with respect to the JBLCMV-based
methods here. As shown in (21), in the proposedAO-JBLCMV
method, as the weights are actually computed by the LCMV
equations, it can also preserve the spatial information of 2M/ — 3
(which is five for M = 4) interferers. As shown in Fig. 3(a), in
this specific scenario, the proposedAO-BMVDR method can
perform better than the EQ-BMVDR method in terms of ILD
errors at most total rates. However, as the problem proposed
in (20) does not aim at optimizing the ILD or ITD errors, in
general, it is not guaranteed to perform better than the equal
rate allocation. The ILD and ITD errors w.r.t. both methods will
approach that of the BMVDR beamforming at sufficiently high
rates.

C. Example Generalized Binaural HA Setup Using
Body-Related Transfer Functions

1) Acoustic Scene 2: In this section, we will compare the
methods based on the generalized binaural HA setup from [35].
In addition to the binaural HA setup with four microphones
as in Section IV-B, here, there is an assistive microphone,
assumed to be mounted on the HA user’s body (close to the
left wrist). Therefore, this example includes five microphones.
We use the body-related transfer functions (BRTFs) gener-
ated from the database presented in [35]. These impulse re-
sponses are measured with an adult human in an acoustically
treated laboratory (759 ~ 200 ms). All sources are assumed
to be located at a planar distance of 2 m from the HA user.
The target speech source is assumed to be located in front
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Fig. 4. SNR gain [dB] versus total rate [bit per sample] based on the general-
ized binaural setup using BRTFs (Acoustic Scene 2).

of the HA user and the six interferers are assumed to be lo-
cated at (2m, {—15°,—30°, —60°, 30°,60°,90°}) with SIR set
approximately to 0 dB w.r.t. both the left side and the right
side reference microphones. Uncorrelated flat PSD noise is also
added to the microphone signals with the SNR set to 40 dB
to simulate internal microphone self noise. The PSD of the
target speech and the other sources are estimated/assumed in
the same fashion as described in the previous example setup in
Section IV-B1.

2) Simulation Results: The SNR gain is shown in Fig. 4

Similar to Section IV-B3, The black horizontal dashed and the
black dash-dotted lines denote the asymptotic BMVDR beam-
forming and JBLCMV beamforming SNR gains, respectively,
at infinitely high rates. The performance of both “EQ-BMVDR”
and “Proposed AO-BMVDR” follow a similar trend as in Fig. 2.
Note that in this section, in addition to the generalized setup
where there are five microphones (four microphones for the
binaural HA setup and one additional assistive microphone),
we also show the simulation results for the same acoustic scene,
but with four microphones (without the assistive microphone), to
show the benefit of having extra assistive microphone to increase
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ILD and ITD errors versus total rate [bit per sample] based on the setup in Fig. 1 (Acoustic Scene 1).

the SNR gains. The methods which are based on the generalized
setup are denoted by “x-5Mics”, and the methods that are based
on the binaural setup are denoted by “x-4Mics”.

As shown in Fig. 4, with four microphones, the performance
is always less than the case with five microphones. In fact, with
six interferers, in this simulation with four microphones, all
JBLCM V-based methods spend all their degrees of freedom to
preserve the spatial cues of the sources and hence, there is no
control over the noise reduction (i.e., no SNR gain in this case).
However, the BMVDR-based methods with four microphones
still have control over the amount of noise reduction. Using the
proposed alternating optimization method allows for optimal
rate allocation for generalized-extended binaural setups where
the additional assistive microphone can help to increase the
averaged SNR gain, compared to the binaural configuration with
four microphones.

The ILD and ITD errors based on the generalized setup
with five microphones, as well as for the binaural setup with
four HA microphones, are shown in Fig. 5. As shown, All
JBLCMV-based methods can guarantee the preservation of the
spatial cues (the yellow, green, blue, and gray-colored curves
lie on top of each other with zero ILD and ITD errors), where
the BMVDR-based methods suffer from spatial cue errors.
Especially, the BMVDR-based methods with five microphones,
focus more on the noise reduction task, and therefore, they have
slightly more ILD and ITD errors compared to the case with four
microphones.

With a similar explanation as in Section IV-B3, the
proposedAO-BMVDR, and the EQ-BMVDR methods are not
able to preserve the spatial cues for all interferers as they do
not impose any constraints to preserve the spatial cues of the
interferers. As shown in Fig. 5 b the proposedAO-BMVDR and
the EQ-BM VDR methods have similar ITD errors at almost all
rates, meaning that, if a certain amount of ITD error is of interest,
then there is no need to send the high rate realizations to the FC,
and hence, the observation can be quantized at lower rates and
then transmitted. However, this argument is scenario-dependent.

Please note that similar to [27], here the proposed framework
does not suffer from the scalability issue and can be applied
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to the more generalized scenarios including any number of
microphones which can be located in random positions.

V. CONCLUSION

In this paper, we proposed a spatially correct rate-constrained
noise reduction problem which jointly finds the best rate alloca-
tion and estimation weights across all frequencies and sensors.
The problem is based on the modified rate-distortion trade-off
where the optimization problem is modified to incorporate the
preservation of binaural cues, which is an important factor
for increasing the speech intelligibility for hearing aid users.
Solving the proposed optimization problem, based on the set of
linear cue preservation constraints, the estimation (beamformer)
weights are found to be the rate-dependent LCMYV filters, and
the rates are the solutions to the set of water filling problems. We
chose two different acoustic scenes to evaluate the performance
of the proposed methods: 1) The binaural HA setup with four
microphones using HRTFs. 2) The generalized binaural HA
setup with five microphones using BRTFs, where an additional
assistive microphone is collaborating with HAs. We compared
the BMVDR-based methods with the JBLCM V-based methods.
The performance of the proposed method is evaluated using
SNR gains and ILD and ITD errors. The results showed that
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ILD and ITD errors versus total rate [bit per sample] based on the generalized binaural HA setup (Acoustic Scene 2).

BMVDR-based methods perform better than JBLCMV-based
methods in terms of SNR in both scenarios as there is more
degree of freedom for noise reduction, at the cost of losing some
spatial information of the sources. This behavior is consistent
across different scenarios.

APPENDIX
DERIVATIONS OF THE PROPOSED SOLUTION IN (21)

The solution to the optimization problem in (20) is given by
(21). In this section, we show the derivations leading to (21).
We solve the KKT conditions, derived based on the problem
in (20).

The Lagrangian function is given by (29) shown at the bottom
of this page. The matrix M includes the multipliers p, i.e.,

M = [py,. .., x|, and matrices V¥ and VF includes entries
vk and v} | respectively. Given that
Al Al
AH _ AT *
Im{Affw, } = = (30)
i

the KKT condition w.r.t. the Lagrangian function in (29) is given
by

the proposed method outperforms the methods with naive/equal 1 ArRe{p;}  ApIm{p,}
choices of rates. In addition, as shown in Fig. 2 and Fig. 4, the sz = ?q)kwk + 9 - 2 =0, la)
L(RL7 RRa WL7 WR7 )"L7 )"Ra VL7 VRa M)
K K MU+M~
Z U@, w+ A Z Z [Fin) = Rio | 28 [ D D il — RE,
k=1 k=lm=ML+1 k=1 m=1
K M K MU+M» K
Z Z Ukmrkm Z Z Voo + Z (Re{puy } "Re{A}'wi} — Re{p; } " Ref{f;})
=1lm=ML k=1
K
+ > (Imfp} Im{ A} wi} — Im{p;, } ' Im{f;}) 29)

k=1
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—21n2|w£‘m|2 k,%m

er'rn - K227-£m +AL — vkm =0, (31b)
—2In2jwl |2 kR
Lip, = = o+ hr =0, =0, Glo)
K M
> > rhm S RL (31d)
k=1m=ML+1
K ML4+MA
}: }: R, < R (3le)
}: }: Phn — Rl | AL =0, (31f)
k=1 m=ML+1
K MY4+MA
Z Z Tkm Rtot Ar =0, (31g)
)‘L 2 07 )‘R 2 07 (3lh)
e >0, R >0, (311)
TEmUkm =0, TR VR, =0, 31j)
Vg, >0, v > 0. (31k)
Ajlwy, = fi. 311

First, we solve the KKT conditions w.r.t. the estimation weights
wp.. Solving (31a) for wy,, we have

* N *
Re{p"} + ilm{p }) _ EﬂlAW*.
2 2
(32)
Substituting (32) into the linear constraint (311) and solving
(311), the optimal p* is given by

W; = K@ElAk (

2
(A®, 'Ay) ' (33)

n= 7
Finally, substituting (33) back into (32), the optimal weights are
given by

wi(rp*, i) = @ AR(AL @ AL) . (39
Note that, unlike the original BLCMYV solution, here the optimal
weights wy, as well as the PSD matrix ®,, are functions of the
optimal bit-rates, which will be derived in the following.

As the constraint functions for rJ;  and r}  are separable,
we can independently solve the KKT equations w.r.t. the corre-
sponding rates. We start with the solution for 7%, . Solving (31b)
for fu%m, and substituting it into the complementary slackness
condition in (31j), we have

( —21H2|U}£‘m ‘2 kl%m

ot + )\L> Thm = 0. 35)

Looking at (35), there are two cases here: 1) the optimal rate

TE,., is set to zero, when based on (31j), the variable v, has to

be strictly greater than zero, which, by looking at (31b), implies

AL > wk 12 kE .. 2) vk, =0, then solving (31b) for 7, .

2741
the optimal non-zero valued rates are given by
1 wL* 2 kL
Tim = 5 logz Lﬁ%giﬂ : (36)
2In2
which implies 2.5 < |wl |2 kL . Combining cases 1 and 2,
we have
1 wi |2 kL +
Tim (AL )—{2b@(|hﬁkkm>}, (37)
L
where A" = I;m The operator [-|T assures positive rates and

projects all negative values onto zero. The parameter A" must
satisfy the KKT condition (31d) with equality, as argued in [27].
Note that the rates are functions of the weights w}* and the
water-falling threshold parameter A . Therefore, the alternating
optimization is proposed to be used to solve theses equations in
(37) and (34). A similar proof holds for T?;L

Finally to find the optimal A} and A}, a similar water-filling
approach, as proposed in [27] (in the last part of the proof in the
appendix), can be used.
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