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Abstract

In this thesis, we study the problem of beamformer design for acoustic echo cancella-
tion (AEC) and region-of-interest (ROI) spatial filtering. Beamforming is a standard
method to amplify signals from specific directions while attenuating signals from other
directions. Beamformers are widely used in speech enhancement, direction-of-arrival
(DOA) estimation, source localization, source separation, AEC, and others. Beamform-
ers utilize an array of sensors, and according to the time difference of arrival (TDOA)
between the sensors, can filter signals concerning their propagation direction.

This thesis considers two problems. The first considers multichannel AEC in dy-
namic environments. The objective is to eliminate the acoustic coupling between a
loudspeaker and a microphone array in a dynamic environment where an additional
speech signal may be present. The proposed method can operate with occurring double-
talk, where we do not assume a static environment when transitioning to double-talk
and do not rely on double-talk detection. The second problem considers array geom-
etry optimization in a nonuniform linear structure for high directivity. The objective
is to find the optimal locations of the microphones in the array to achieve a high di-
rectivity index. We do this by finding the array geometry and broadband beamformer
coeflicients, where the desired signal is in an ROI.

First, we introduce a multichannel echo canceller implemented by a microphone
array beamformer that can adapt to a changing environment where the locations of
both the far-end and near-end sources change during double-talk, with no double-talk
detector. This is done by utilizing multiple recent frames in the short-time Fourier
transform (STFT) domain. We show how can the acoustic paths be accurately es-
timated given the recent time frames of the far-end and microphone signals. Also,
our beamformer aims to reduce background noise. Simulations are conducted in a re-
verberant room with nonlinear loudspeaker distortion and realistic low signal-to-echo
ratio (SER) resembling a speakerphone. The experiments demonstrate the advantages
of the proposed approach compared to normalized least-mean-squares (NLMS) based
approaches.

Then, we present an efficient algorithm to find the optimal placements of micro-
phones in a nonuniform linear array for broadband high-directivity beamforming. Opti-
mization of a microphone array geometry has an important impact on the beamforming

performance. Though the environment settings may change in time, microphone loca-



tions are typically preserved. Thus, the selected locations are of significant importance.
Moreover, if the source of interest emits a broadband signal from a location that varies
in time, finding the optimal geometry becomes challenging. The proposed method
maintains high white noise gain (WNG) for sufficient robustness and considers several
look directions in the ROI for a moving source. Our design achieves higher directivity

toward any look direction in the ROI than standard designs.
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Chapter 1

Introduction

1.1 Background and Motivation

Acoustic echo control is a substantial part of any hands-free teleconferencing system
[1,2], and sensor array beamforming is a widely-used method for spatial filtering [3—
5]. Such systems have gained popularity in recent years. Hence, beamformer design,
acoustic echo cancellation (AEC), and acoustic echo suppression (AES) emerge as topics
of great importance.

The echo cancellation problem is eliminating the undesired echo from the acoustic
coupling between a loudspeaker and a microphone. This echo component should be
removed so that talkers, on each side of the conversation, will not hear themselves
as feedback. Numerous AEC methods were proposed following the work of Sondhi [6].
Some methods also consider the effects of background noise received by the microphone,
and loudspeaker nonlinear distortion induced by physical properties of the electrody-
namic loudspeaker model [7].

Typically, echo cancellers are implemented by an adaptive filter operating on the
reference loudspeaker signal that aims to portray the acoustic echo path. Then, the
transmitted signal can be found by subtracting this echo component from the received
signal by the microphone. The undesired echo (far-end) signal and the desired (near-
end) signal may be active at the same time, making the problem a challenging one in the
low signal-to-echo ratio (SER) case. Such periods are referred to as double-talk and can
be found by double-talk detectors and voice activity detectors (VADs). The adaptive
filter must be adapted during periods when there is no double-talk, with techniques
such as least-mean-squares (LMS), normalized LMS (NLMS), proportionate NLMS
(PNLMS), and others [5]. While advanced multimodal detectors are available [8], some
AEC applications do not contain additional modalities or lack the required data for
network training. Therefore, it is inevitable that during some undetected double-talk
periods, the filter adapts inaccurately. Some works have also explored implementing
the echo canceller with a deep neural network (DNN) [9-12].

One method to improve echo cancellation performance is to utilize a microphone



array. Adding more microphones enables the use of spatial filtering. Furthermore, the
adaptive filter coefficients can be adapted using information obtained by all microphone
signals. Such a multi-sensor spatial filter is called a beamformer [4]. Beamformers can
be used to amplify speech from some directions while attenuating speech from other
directions in noisy environments [5,13-16]. As illustrated by Figure 1.1, the time
difference of arrival (TDOA) of the impinging source signal between the sensors is
dependent on the propagation direction. Beamformers exploit this physical property
to create a direction-dependent gain. Strategies for combining echo cancellers and
beamformers were presented by Kellermann [17], and later on, more methods were
explored by [18-22]. Typically, the whole process is divided into two stages, echo
canceling and beamforming, and careful attention should be paid to what stage comes
first. If beamforming is used, one must also consider the location of the desired source
for it to be preserved. In the case of a dynamic system, this requires dealing with moving
sources, which can be challenging [23-25]. If significant reverberation takes place on the
way to the reference microphone, a dereverberation stage might be necessary subsequent

to echo cancellation [26,27].

N
N\
s s ]
Figure 1.1: Tllustration of an impinging source on an array of sensors. The TDOA of
the signal is dependent on the source propagation direction, hence, it is dependent on

the source location. The red dotted lines mark the time when the source hits the first
two microphones.

Another method to better echo control is to utilize multiple frames in the short-time
Fourier transform (STFT) domain. This way, an adaptive filter operates on multiple
frames of a single microphone. The idea of utilizing multiple frames was introduced
by Benesty and Huang [28,29] and was later used in [30-32], in the context of noise

reduction. Naturally, these works were extended to the problem of echo cancellation

10



in [12,33-37]. The common property of these approaches is that a filter is adapted
according to the inter-frame correlations. The difference lies in how the inter-frame
correlations are estimated. In [34,35], an initial guess of the desired signal is provided
by finding an LMS solution, [33] use the statistics of the far-end signal, [36,37] use
an estimate obtained by NLMS, and in [12] a neural network is used. It should be
noted that utilizing the inter-frame correlations can, at best, preserve only the ex-
pected component of the near-end signal, which is not necessarily the near-end signal
itself. Furthermore, these methods assume that the far-end and near-end talkers are
statistically uncorrelated, which is not valid in real scenarios.

The works in [38-40] consider the multi-microphone speech separation and noise
reduction problems, which are inherently different from the AEC problem. In these
scenarios, no available far-end signal produces an echo. The availability of the echo-
producing loudspeaker signal is critical to diminishing the received echo component.
Thus, for the problem of AEC, combining the two methods is beneficial.

Most importantly, typical echo cancellers rely on the assumption that during double-
talk periods, the adapted filter from previous time segments can still provide a good
estimate of the echo path. This assumption may be problematic in the case of a dynamic
environment where the acoustic paths change during double-talk. In such environments,
the experimental results show that performance is severely degraded once the acoustic
path is changed for up to several seconds [20,37]. A study has been conducted in [27]
that can manage such a dynamic environment, but still requires a double-talk detector.
In the following thesis, we propose a combined multi-sensor multi-frame approach for
the problem of AEC in dynamic environments.

Two factors impact the performance of any beamformer design: the array geometry
and the filter coefficients. Concerning the array geometry, typical microphone arrays
use simple symmetric geometries such as uniform linear arrays (ULAs), uniform circular
arrays (UCAs), and uniform concentric circular arrays (UCCAs). Recently, more efforts
were made to find optimal geometries for several tasks [41-49]. Such methods optimize
the sensor locations, usually with a genetic algorithm [41-46] or with a greedy-based
approach [47-49]. These methods may converge to an undesired local optimum, and
some works consider narrowband signals only [41-43]. There is a particular interest in
finding geometries that enable high directivity to obtain a design that attenuates all
directions that are not of interest. It has been shown that, when a high directivity factor
(DF) is desired, a vanishingly small linear array is best compared to all geometries with
vanishingly small separations [50]. However, when such a geometry is utilized white
noise is severely amplified. In [51] practical methods were proposed to alleviate this
effect. If the array is large, or the source of interest is close to the array, a near-field
model for directivity should be used [52]. Interestingly, the average DF over all look
directions is constant regardless of the geometry [53].

Several works have investigated region-based [54-62] and constant-beamwidth [63—

65] beamformers directed toward a region of interest (ROI). These designs are practical

11



when several angles of arrival are considered. Such a scenario is encountered when
the source is distributed, moving, or there is some uncertainty in the source direction.
Inspired by these works, we revisit the problem of array geometry optimization for
region-based beamforming. A similar study was conducted in [41] but did not consider

broadband signals.

1.2 Main Contributions

The research in this thesis focuses on filling in the knowledge gaps discussed in the

previous section. We list our main contributions:

¢ A novel multichannel AEC method is introduced, utilizing both multiple sensors
and multiple frames in the STFT domain. Inter-sensor and inter-frame relations
are both taken into account this way, yielding better echo cancellation compared
to an NLMS-based approach. As opposed to existing multi-frame AEC methods,
the far-end and near-end signals are not assumed to be statistically uncorrelated.
Furthermore, we aim to preserve the near-end signal itself, rather than just the

near-end expected signal component.

e The proposed AEC scheme does not include a double-talk detector and can op-
erate in a dynamic environment where the acoustic paths change. The array,
near-end source, and far-end source may all move during double-talk. This is
demonstrated with simulations in a reverberant room with nonlinear loudspeaker

distortion and a dynamic environment.

o A convex framework is presented, which enables us to find the best nonuniform lin-
ear geometry for ROI beamforming. This framework guarantees that the obtained

solution is the global optimum to the problem, under reasonable assumptions.

e Array geometry optimization is done alongside beamformer coefficient optimiza-
tion. While typically, the beamformer coefficients are obtained per given geom-
etry, we find the best geometry considering all possible broadband beamforming
coefficients towards several look directions in the ROI. The derived coefficients
also adhere to a constraint on white noise gain (WNG), for sufficient noise ro-

bustness.

1.3 Research Overview

The first part of this research focuses on multichannel AEC systems in dynamic envi-
ronments. We develop an AEC scheme for any arbitrary array geometry and focus on
finding the beamformer coefficients rather than the optimal array geometry. We adopt
the linear-constraint-minimum-variance (LCMV) beamforming technique to formulate

a beamformer that theoretically eliminates the undesired echo component, preserves

12



the desired near-end component, and reduces background noise impact. The use of
this beamformer is only justified once the acoustic paths are estimated accurately, to
this end, we develop an acoustic path estimation mechanism. Using the multiplicative
transfer function (MTF) approximation [66], mathematical expressions of the received
signals by the array in recent time frames are developed. These expressions can be
written as one matrix-form equation. Then, assuming that the environment is static
during these recent frames, we show how can the acoustic paths be estimated utilizing
the LMS solution of the structured matrix equation. With the proposed method, the
acoustic paths can be estimated accurately even with background noise and nonlinear
loudspeaker distortion present. A simulative study is conducted in a noisy, dynamic
environment with nonlinear loudspeaker distortion during double-talk. In this study,
we investigate the impact of the number of utilized sensors, as well as the number of
utilized recent frames. Also, we show that the echo cancellation performance achieved
by the proposed method is superior to the methods in [36,37].

The second part of the research considers finding the optimal geometry of the array
where the source is located in an ROI. We formulate a problem aimed at optimizing
performance in the worst-case look direction in the ROI. The array geometry must
remain static before exactly locating the source, hence, this principle ensures the best
performance possible in the worst-case scenario where the source is located in the worst
possible location in the ROI. The solution to this problem is the optimal array geometry.
Since speech and audio signals are broadband, we extend the narrowband DF perfor-
mance measure to a broadband directivity index performance measure. Our problem is
formulated to find the geometry that maximizes the directivity index in the worst-case
look direction, under a restriction on WNG. When considering a discrete set of frequen-
cies, look directions, and candidate sensor locations, the formulated problem is shown
to be a convex one. This means that a solution can be provided with any industrial
mixed-integer convex optimization solver. Since the problem targets only the worst-
case look direction, the resulting coefficients toward any other look directions in the
ROI may not be optimal. This is circumvented by a post-processing scheme that finds
the optimal beamformer coefficients for all other look directions as well. This scheme
produces the robust superdirective beamformer, maximizing the DF for each frequency
and each look direction while adhering to the WNG constraint. We do this with a bi-
section search on a directivity-robustness tradeoff parameter. Experiments show that
the resulting geometry achieves higher directivity in all the ROI compared to standard
uniform linear array (ULA) and differential microphone array (DMA) geometries.

The research presented in this thesis takes into account practical considerations
in both aforementioned parts. For the AEC problem, we study the performance in a
realistic low SER environment, as is typical in applications utilizing a speakerphone
with significant acoustic coupling between the loudspeaker and microphone array. For
the array optimization problem, minimal spacing between microphones is guaranteed so

that a real scenario with non-zero microphone volume can use the proposed approach.
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1.4 Organization

This thesis is organized as follows. The scientific background related to this work, as
well as the problem formulation and performance measures, are presented in Chap-
ter 2. Chapter 3 introduces the first original contribution of this research, where a
multichannel AEC utilizing a beamformer is suggested for dynamic environments. A
novel design is suggested, taking into account multiple microphones and multiple STFT
frames. Then, in Chapter 4, the second original contribution of this research is intro-
duced, where the microphone locations are optimized for broadband ROI beamforming.
The optimization scheme finds the best geometry considering all possible coefficients.
Finally, Chapter 5 summarizes the main findings of this research, concludes the thesis,

and presents possible directions for future work.
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Chapter 2

Preliminaries

This chapter provides the required scientific background to the problems tackled in this
thesis and an overview of the mathematical models used. In Section 2.1, the basics of
AEC are laid out. Section 2.2 provides the required background on array processing
for ROI beamforming. Then, performance measures are defined in Section 2.3. Lastly,

using the different performance measures, we formulate our problem in Section 2.4.

2.1 Acoustic Echo Cancellation

The AEC problem considers a scenario where two distinct speakers, located in different
rooms, converse using a conferencing system. The room where the discussed echo
canceller is being implemented is termed the 'near-end’ room, and the other room,
where the transmitted signal is sent to, is termed the ’far-end’ room. The far-end room
sends a speech signal z (¢), that is played by the loudspeaker in the near-end room.
In addition, the person located in the near-end room also emits speech, this signal is
termed the near-end signal and is marked by s (t). Both x (t) and s (t) are captured by
a microphone in the near-end room, as illustrated in Figure 2.1. Echo cancellers use
the available received signal from the far-end room, and the received microphone signal
in the near-end room, to cancel the echo component that originates from the acoustic
coupling between the loudspeaker and microphone.

This setup may be over-simplistic in a real-life environment. Two important effects
should be taken into account as well: nonlinear loudspeaker distortion and background
noise. The first effect is due to the physical properties of the loudspeaker, the actual
signal emitted is zny, (t), which is different than x (¢). The term zny, (¢) is used since
the distortion induced by the loudspeaker is nonlinear, i.e. it cannot be modeled by
a linear system operating on x (t). The second effect is due to thermal noise in the
microphone itself. To alleviate the impact of these effects on performance, an array of
microphones can be employed.

Consider a system with M microphones, as depicted in Figure 2.2. In addition to

the far-end and near-end sources, background noise vy, (t) assumed to be independent
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Figure 2.1: Illustration of acoustic echo cancellation. A microphone captures the far-
end speech signal and the near-end speech signal. The far-end source is depicted by
the loudspeaker and the near-end source is depicted by the speaker. The red dotted
line marks the echo component received by the microphone, which the echo canceller
should eliminate before transmitting the signal to the far-end room.

and uncorrelated between all microphones, is received. Using the signal model for

acoustic echo, the m-th microphone signal d,, (¢) is given by
dm (t) = gm (£) * 2N (8) + g (£) * 5 (£) +0m (1) - (2.1)

Here g, () is the impulse response from the loudspeaker to the m-th microphone, ¢, (t)
is the impulse response from the talker to the m-th microphone, and * represents the

convolutional operator. This can also be written as
A () = Ym () + i (t) + vm, (2) (2.2)

where
Ym (t) = gm (t) * zn1, (1) (2.3)

is the received far-end speech by the m-th microphone, and
U (1) = qm () * s (1) (2.4)

is the received near-end speech by the m-th microphone. We arbitrarily define the

reference microphone as the first, i.e., by m = 1.
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Figure 2.2: Illustration of multichannel acoustic echo cancellation. M microphones
capture the far-end speech signal, the near-end speech signal, and background noise.
The far-end source is depicted by the loudspeaker and the near-end source is depicted
by the speaker. The red dotted lines mark the echo component received by the micro-
phones, which the echo canceller should eliminate before transmitting the signal to the
far-end room.

Applying the STFT on 2.2, we get
Dy, (k,n) =Yy (k,n) + Uy, (k,n) + Vi, (k,n) (2.5)

where Dy, (k,n), Y, (k,n), Uy (k,n), and V,, (k,n) are the STETs of d,, (t), ym (t),
U, (t), and vy, (1), respectively, at frequency bin k and time frame n. We will also use
the approximations

Yo (k,n) = Gy, (k) X1 (E,n) (2.6)

Un (k,n) = Qm (k) S (k,n) (2.7)

where G,, (k) is the transfer function (TF) from the loudspeaker to the m-th micro-
phone, @y, (k) is the TF from the talker to the m-th microphone, and Xy, (k,n) and
S (k,n) are the STFTs of xny, (t) and s(t), respectively. These approximations hold
when the lengths of the filters g, (t) and g, (t) are significantly shorter than the STFT
window length, i.e. the MTF approximation is used [66]. The TFs may include any
element in the acoustic paths such as reverberation, attenuation, and time of arrival.

Therefore, the far-field model is not assumed.
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We define the array steering vectors with the relative TFs (RTFs):

T
g (k) = [1, gf EZ; Céf‘f((]g) (2.8)
[, @k)  Quk)]"
a) = [1 51 G 2

where g (k) is the steering vector toward the far-end source, q(k) is the steering vector
toward the near-end source, and the superscript 7 represents the transpose operator.

Finally, we can apply a beamformer:
A M

U(k,n)=>_ Hy, (k,n) Dy, (k,n) (2.10)
m=1

where U (k,n) is an estimate of the desired signal Uy (k,n), Hy, (k,n) are the beam-
former coefficients at bin k and frame n on the m-th sensor, and the superscript *

marks the complex conjugate operator. This can also be written in vector form:

U (k,n) = b (k,n)d (k,n) (2.11)
where
d (k,n) =y (k,n) +u(k,n) +v(k,n), (2.12)
y (k,n) = [Y1 (k,n), Yz (k,n), ..., Yar (k,n)]", (2.13)
u(k,n) = [U1 (k,n),Us (k,n),....Us (k,n)]", (2.14)
v (k,n) = [Vi (k,n), Vs (k,n), ..., Var (k,n)]", (2.15)
h(k,n) = [Hy (k,n), Hy (k,n), ..., Hy (k,n)]", (2.16)

and the superscript 7 marks the transpose conjugate operator.

2.2 Region-of-Interest Beamforming

In many applications, a spatial filter is needed but the exact location of the desired
source is unknown. However, there is usually an ROI where the desired source is
assumed to be. This is illustrated by Figure 2.3 in the far-field case with a linear
array. In such applications, one can utilize region-based beamformers or constant-
beamwidth beamformers. This way, the desired source can be preserved, but other
undesired sources in the ROI may deteriorate performance. Another way to solve this
is to employ direction-of-arrival (DOA) estimation on 6, and subsequently apply a
beamformer directed toward the estimated direction. In the following, we consider the
latter method, where a beamformer should be designed and directed towards a specific
estimated DOA in the ROL
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Figure 2.3: Illustration of a signal impinging a microphone array from within an ROI
©. The angle of arrival (AOA) 6 is within the ROI. The array is within an aperture A.
The purple area marks the ROI.

Consider a system with M omnidirectional microphones placed nonuniformly across

the aperture. The observed signal in the frequency domain is given by the vector

y (w) 2 Y1 (w),Ys (W), ..., Yu (w)]T =d(x,w,0) S (w) +v(w) (2.17)

where Y, (w) is the signal captured by the m-th microphone, S (w) is the propagated

signal, v (w) is the additive noise vector, and
d 0) = —3%xycosf _—3%xocosb —7%x ) cos b T 218
(x,w,0) = e e ,e Je e, e e (2.18)

is the array steering vector, where x 2 [1, T2, ...,xM]T is the microphone position
vector, w = 27 f is the angular frequency, f is the temporal frequency, 7 is the imaginary

unit, and c is the speed of sound, i.e., 340[m/s].

Utilizing all sensors in the array, we may design a beamforming filter

2

h(x,w,0) 2 [H; (x,w,0), Hy (x,w,0), ..., Hy (x,w,0)]" (2.19)

where H,, (x,w,f) can be used to estimate the source signal of interest at angle 6 by
§(w)=h" (x,w,0)y @), (2.20)
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The beampattern is then defined by
B[ (x.0.0) 0] = a7 (0. 0) b (x,00,0) = 3 i (x,00.0) @20 (21)
m=1

which measures the response of the beamformer directed toward 6 at an AOA 6.

2.3 Performance Measures

To understand how the beamformer in (2.11) impacts the echo component, we define

the residual echo signal by
Yie (kyn) =0 (k,n)y (k,n). (2.22)

A good measure of echo attenuation is the echo-return loss enhancement (ERLE):

_ LPF{yi ()}
- LPF{yz ()}

where yye (¢) is the inverse STFT (ISTFT) of Y;e (k,n), and LPF{-} describes a low pass
filter. As the residual echo is diminished, the ERLE grows. Thus, the ERLE should be

as large as possible.

£(t) (2.23)

To examine how the filter in (2.11) impacts the desired signal component, we define

the filtered near-end signal by
Ut (k,n) = h¥ (k,n)u(k,n). (2.24)
Then, the near-end signal distortion can be assessed by the distortion index (DI):

- LPF {[uy (1) —ur (1))

v(t) = LPF [ (1)) (2.25)

where uy (t) is the ISTFT of Uy (k,n). As the filter distorts the signal, the DI grows.
Thus, a small DI is desired.

Additionally, the Perceptual Evaluation of Speech Quality (PESQ) measure [67]
can be used to evaluate performance when comparing 4 (t) to uy (t), where @ (t) is the
ISTFT of U (k,n). With PESQ, the residual noise at the filter output

Vin (k,n) = h (k,n) v (k,n) (2.26)
is also taken into account.
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A good measure of beamformer robustness in the presence of white noise is WNG:

2
‘dH (x,w,0)h (x,w, 9)’
h# (x,w,0) h (x,w,0)

11>

W h (x,w,0)] (2.27)
As the look direction amplification increases with respect to noise amplification, the
WNG increases.

Another important measure is the DF, which measures beamformer performance in

the presence of a diffuse noise field:

2
A ‘dH (X,w,H)h(X,w,H)’
Dlh(x,w,0)] = W (xw 6) T (. 0) b (.0, 0) (2.28)
where )
Tu, (x,0) = sin (w (x; — x;) /c)’ L <ij< (2.20)

w(x; —xj5) /c
This narrowband measurement may also be extended to the broadband case. We define

the broadband directivity index over frequencies wy, < w < wgy by

A f:'JLH dH (X’w79)h(xawaa) dw
- f:)f hf (x,w,0) T (x,w) h (x,w,0) dw’

’ 2

DI[wL,wH] [h (X7 W, 0)]

(2.30)

We also denote wy, = 27 f;, and wyg = 27 fy.

2.4 Problem Formulation

The first objective, in the AEC scenario, is to find the near-end signal received by the
reference microphone Uj (k,n), given the far-end signal X (k,n) and all microphone
signals Dy, (k,n). This signal can then be sent to the far-end room. Our aim is to
maximize £ (t) for maximum echo cancellation, minimize v (t) for minimum distortion,
and maximize the PESQ score.

The second objective is to find the optimal array geometry x, that maximizes the
worst-case directivity index, as in (2.30), in a ROI around the endfire direction 0| < 6.
Each beamformer, directed toward 6, must admit to the distortionless constraint, have
sufficient WNG, and maintain a minimal distance between two microphones. This

problem can be expressed mathematically as

x* =argmax min DIy, .. [h(x,w,0)]

x ISS]
st. Bh(x,w,0),0]=1 Ve O,VweN
Whh(x,w,0)]>68 Vhe® Vue (2.31)
|z; — x5 > de Vi,je[l,M],i#j
0<z, <A Vm € [1, M]
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where 0 is the minimal WNG, d, is the minimal distance between two adjacent mi-
crophones (half of microphone physical space), Q = {w : wy < w < wy} marks the
frequency range, ©® = {0 : |#| < 0y} marks the ROI, and x* is the optimal array
geometry.
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Chapter 3

Multichannel Acoustic Echo
Cancellation with Beamforming

in Dynamic Environments

This chapter presents an echo cancellation system that combines multiple sensors and
multiple frames. The system utilizes the adaptive LCMV beamforming technique. To
achieve good ERLE and DI performance, the acoustic paths are estimated using past
STFT frames. In Section 3.1, we present a scheme for the proposed echo canceller.
We show how can the acoustic paths be estimated with past STFT frames in Section
3.2. A simulative study with a comparison to NLMS-based approaches is provided in

Section 3.3. The chapter is summarized in Section 3.4.

3.1 Beamformer Design

Considering the aforementioned performance measures, the beamformer coefficients can
be determined by various methods. This section presents a method that eliminates the
echo component, maintains a distortionless response for the desired component, and

reduces noise.

Substituting (2.6) into (2.13), we get
y (k,n) = Xnw (k,n) [G1 (k) , G2 (k) , ..., Gar (k)] (3.1)
then, substituting (3.1) into (2.22)

Yie (k,n) =
Xni (k,n) b (k,n) [Gy (k),Ga (K), ..., Gar (K)]F . (3.2)
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Finally, substituting (2.8) into (3.2), we get:
Yie (k,n) = G (k) Xxw (k,n) ' (k,n) g (k). (3.3)
Therefore, to eliminate the echo component, we impose the constraint:
Ci[h(k,n)]: h® (k,n)g (k) =0. (3.4)

Notice that this constraint eliminates the overall echo component, including the nonlin-
ear distortion induced by the loudspeaker. Similarly, by substituting (2.7) into (2.14),
we get

u (kan) =5 (k’n) [Ql (k) , Q2 (k) s QM1 (k)]Ta (3'5)

then substituting (3.5) into (2.24)

Ut (k,n) =
S (k,n) b (k,n) [Q1 (k), Q2 (k) ... Qu (k)] . (3.6)

Finally, substituting (2.9) into (3.6), we get:
Ut (k,n) = Q1 (k) S (k,n) h (k,n)q (k). (3.7)
Therefore, to preserve the desired component, we impose the constraint:
Co[h(k,n)] : h® (k,n)q (k) = 1. (3.8)
In this way, the near-end signal received by the reference microphone is preserved.
Now, for noise reduction, we consider the residual noise component
Vin (k,n) = h (k,n)v (k,n) (3.9)
and minimize
E |[Vin (k,n)*] = b (k,n) B [v (k,n) v/ (k,n)] b (k,n) = 02 (k) [0 (k, m)[* (3.10)

where E is the expectation operator, and o2 (k) = F {|Vm (k,n) |2} is the noise variance.

Overall considering (3.4), (3.8), and (3.10), we can formulate the following problem:
hope (. n) = arg min|[h (k, n)]|*
h(k,n)
st. Ci[h(k,n)]
C2 [h (K, n)]

(3.11)

where hgpt (k,n) are the optimal coefficients that eliminate the echo component, pre-
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serve the desired component, and minimize the noise component. This is the LCMV

beamformer, which is given by

h* (k,n) = C (k) [C (k) C ()] i (3.12)
where
C (k) = [a (k),g (k)] (3.13)
and
i, = [1,0]". (3.14)

Theoretically, this beamformer eliminates the echo component and preserves the
desired component, producing ideal ERLE and DI. However, it can be constructed
only when the steering vectors g (k) and q (k) are known. In practice, these may
change when the loudspeaker or talker moves or when there are changes in the acoustic
paths. Furthermore, they must be estimated accurately. Performance may severely
degrade due to steering vector inaccuracies. In the following section, we present a
method to estimate both g (k) and q (k). These estimates are then used to construct

the beamformer in (3.12), as indicated by the scheme given in Figure 3.1.

x(t) l [ql>>>

STFT

X(k, n)

Steering Vector
Estimation

g(k, n) a(k, n)
A\ / A\ 4
Beamformer d(k, n)

Design

h(k, n)

\ 4

LU0 gy LUK

Beamforming <—

Figure 3.1: Proposed scheme for acoustic echo cancellation. The beamformer in (3.12)
is applied on the M microphones with (2.11). The steering vector estimates determine
the beamformer coefficients.

In many echo cancellation algorithms, an additional NLMS-based echo canceller is
utilized after the beamformer to reduce residual echo further. While this may improve
performance when a fixed beamformer is considered, it can degrade performance when

an adaptive beamformer is considered [3]. In the adaptive case, the target filter of the
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NLMS may change in time, making the convergence of the NLMS filter unstable. In the
case of a dynamic environment where the steering vectors change in time, an adaptive
beamformer should be utilized. Therefore, such a stage is not utilized in the proposed

design.

3.2 Steering Vector Estimation

In this section, we provide an estimate for the steering vectors g (k) and q (k) used for
the beamformer design in Section 3.1. To this end, we assume no movements in the
room in the last L frames, i.e., the loudspeaker, talker, and microphones did not move
in the last L frames.

Neglecting nonlinear echo and noise, we can utilize (2.5), (2.6), and (2.7) on all the
lell,..., L] last frames and get

Dy (kyn—141) =G (B) X (k0 — 14+ 1) + Qu (k) S (k,n — 14 1) (3.15)

Then, by taking m = m; and m = mq for any two sensors m; and ms, we find the

ratio

Qmy (k) Dy (Byn—1+1) — Gy (k) X (B,n — 1+ 1)
Qmy (k) Dy (Byn—14+1) — Gy (B) X (kyn — 14+ 1)

Notice that the left-hand side of (3.16) is independent of [. Thus, we can state that the
right-hand side for any [ = [y and [ = [y are equal

(3.16)

Dy (k,n—14+1)— Gy (k) X (kyn—1; +1)
Dy, (kyn =11+ 1) — Gy, (k) X (kyn— 11 + 1)
Dy (k,n—1lo+1) — Gy (B) X (kyn— 1o+ 1)
Dy, (k,n—1lo4+1) — Gy (B) X (Byn — 1o+ 1)

(3.17)

Multiplying (3.17) with the common denominator and simplifying both sides of the
equation, the quadratic components of Gy, (k) G, (k) are reduced. This yields a
linear equation with respect to G, (k) and G, (k):

Gy (k) [X (kyn =11 + 1) Dypy (kyn—la+1) — X (kyn—la+ 1) Dy, (k,n— 11 +1)] +
Gm, (k) [X(k,n—lg-i—l)Dml (k,n—0+1)—X(k,n—11+1) Dy, (k,n—lg-f—l)] =
Dy, (k,n—ll+1)Dm2 (k,n—l2+1)—Dm1 (k,n—lg—l-l)sz (k,n—l1+1)

(3.18)

Overall, for any pick of 1 < mq, mo < M and 1 <y, ls < L, we get an equation as
in (3.18). This set of equations can be used to find Gy, (k) for any 1 < m < M, since
X (k,n—1+1) and Dy, (k,n — 1+ 1) are given. Some of these equations are trivial.
For any case where I} = I3 or m; = mao, the equation is reduced to a degenerate one.

Also, notice that when substituting [y by Iy and vice versa, or my by ms and vice versa,
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we get essentially the same equation. Thus, the informative equations are the ones
taking (3.18) for any Iy # ly and my # ma, where the pairs (I1,l3) and (mq,mg) are
not reiterated. In the special case where the far-end speech is absolutely silent, we also
arrive at a trivial expression. To circumvent this case, it is possible to utilize a VAD

on the loudspeaker so that when there is no speech, no echo cancellation is needed.

Since every equation corresponds to a different pick of (mi,ma) and (I1,[l2), we
arrive at (]\2/[ ) (é) linearly independent equations. The solution to this system can be

found only if the number of variables is lower than the number of equations, i.e.,

<))

which, when simplified, can be written as:
L(L-1)(M—-1)>4. (3.20)

It is clear from (3.20) that only a small L and M are needed, i.e., L > 3 or M > 3, for us
to solve the system. In general, there may be more equations than variables, meaning
not all equations are needed. However, due to noise and loudspeaker non-linearity,

more equations may help us find a better estimate for G, (k).

Now, we express this system in matrix form and solve it, as described in Algo-
rithm 3.1. The matrix A (k,n) and vector b (k,n) are constructed so that they define
our system. Notice that in the general case, where there are more equations than
variables, the system is unsolvable due to conflicting equations. Nevertheless, these
conflicts stem from the appearance of noise and loudspeaker non-linearity, which intro-
duce relatively small perturbations. Thus, we can find the least-squares estimator for
the system to mitigate the effect of these perturbations. The least-squares estimator
can be found by Af (k,n)b (k,n), where the superscript ! marks the pseudo-inverse
operator and

AT (k) 2 [AY (kon) A (k,m)] " AT (ko). (3.21)

Once we have found all G,, (k,n) the steering vector towards the loudspeaker can
be found by utilizing (2.8)

g(k,n) =11, ) eeey —=
) [ Gi(k)  Gi(k)
and the steering vector toward the talker can be found by substituting (2.9) and (3.16)

Dy (k,n) — Gy (k,n) X (k,n)
"Dy (k,n) — Gy (k,n) X (k,n)”

|
(3.23)

Das (k,n) — Gag (k) X (k,n)r
" Dy (k,n) — Gy (k,n) X (k,n)
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Algorithm 3.1

Inputs: M, L,
X (k,n—1+1), Dy, (k,n—14+1) 1<I<L 1<m<M
Outputs: G, (k,n) 1<m<M

Create list M) of (Ag ) non-repetitive pairs (mq, msg)
Create list Ljig; of (é) non-repetitive pairs (I, l2)
A1) <0 )
fori=1,2,.., (]\2/[) do
(m1,ma) < Mg ()
for j =1,2,..., (%) do

(l1,12) < Luist (4)

A[(i—l)(g)—i-j,ml} ( ) — X(k) n—1+ 1) Dy, (k,n — s+ 1) —
X (k,n—1ly+ 1) Dy (kyn — 13 + 1)

A[(i_l)(g)ﬂ.’mz} (k,n) < X (k,n—1Ila+ 1) Dy, (k,n—13 +1) —
X (kyn—11+1) Dy, (Byn—1I2+1)

b[(ifl)(g)+j] (k,n) m1 (k,n -l + 1) Dm2 (k, n—Ily+ 1) —
Doy (k1 — o + 1) Do, (ko — 1y + 1)
end for

end for
(G (ko) G (k) oo Gar (kim)] = AT (ki) b (k,m)

The larger M and L are, the more information is used when estimating the steering
vectors. Specifically, as L grows, the system obtains more equations while the number of
variables remains, producing more accurate results. In this case, however, the acoustic
paths are assumed to be static for long periods, which may be problematic in real
scenarios. The larger M is, we have more equations and variables in the system, so while
spatial sampling is increased by adding microphones, the steering vector estimation task

is more challenging.

Analyzing the computational complexity of Algorithm 3.1, there are 2 nonzero
elements in a row of A (k,n) that require 2 multiplications each, and all elements of

b (k,n) require 2 multiplications as well. Therefore, the construction of A (k,n) and

(16 R

Then, we must find AT (k,n). From (3.21), this contains a matrix multiplication, an

b (k,n) is of complexity

inverse operation, and another matrix multiplication with overall complexity

o)) e (2)(f o) o
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Finally, solving the system requires

) {M(f) (g)} = (’){M3L2} (3.26)

multiplications. Thus, the overall complexity of Algorithm 3.1 is O {M®L*}. Due to
this, M and L must be carefully selected. While performance should be maximized,
utilizing large values of M and L may affect runtime. In section 3.3, we show that
relatively small values are sufficient for high performance. Also, notice that A (k,n) is

a sparse matrix, thereby reducing runtime and hardware resources.

Note that no double-talk detector is used throughout the proposed scheme in Figure
3.1. Our proposed algorithm cancels acoustic echo regardless of the scenario, be it
double-talk or single-talk of any of the speakers. This is because the RTFs can be
estimated during double-talk, as opposed to RTF estimation methods [5,68-74] that
assume the existence of only the corresponding source. The method in [72] is capable
of tracking multiple sources, but assumes that sources do not become simultaneously
active. Specifically, cross-relation system identification methods [73,74] also exploit the
relations between sensor pairs but assume that only one source exists. Furthermore,
in a dynamic environment where the talker or loudspeaker moves or a different talker
speaks in the near-end room, our algorithm adjusts to the new paths after L time

frames. During this time, double-talk may also take place.

D 0.5m. @ 0.5m
D [
0.5m
------------------------------------------- oY
3m | o

Figure 3.2: Simulated room. The speakerphone, consisting of a microphone array in a
UCA geometry and a loudspeaker, can be at A or B. The active talker can be at C or
D.
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3.3 Simulations

In this section, we evaluate the proposed beamformer. The ERLE (2.23), DI (2.25),
and PESQ measurements are studied. Also, the signals received by the microphones

and the beamformer output are presented to give better visual perception.

015 T T | T T

Amplitude

5 10 15 20 25 30 35 40

015 T T | T T

Amplitude

Amplitude

Amplitude

0.05 1 l 1 l 1 l 1
0 5 10 15 20 25 30 35 40

Figure 3.3: Received signals by the first microphone and the beamformer output as a
function of time. (a) the total received signal in the reference microphone d; (t), (b) the
echo component signal in the reference microphone y; (¢), (c) the desired component
signal in the reference microphone u; (t), and (d) the beamformer output signal ().
The cyan lines mark the different time segments. M = L = 4. Note the difference in
scale between (a), (b) and (c), (d).

We evaluate the proposed method in a simulated room of dimensions 6 m x6 m
x4.5 m. To simulate a realistic low SER, we use a speakerphone consisting of a micro-
phone array structured in a UCA geometry of radius 7.5 cm, and a loudspeaker at the
center of the array. Significant acoustic coupling takes place in this configuration. This
array geometry was chosen due to its ability to produce high-directivity spatial filters
toward any location [75]. Overall, four location configurations depicted by Figure 3.2

are considered in our experiment, where each configuration defines a time segment of
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length 10 s. The speakerphone may be located at A - the room center on the floor in
coordinates [3,3,0.1], or at B - the room center installed on a surface in coordinates
[3,3,0.5]. The active talker may be located at C - 0.5 m to the right of B, or at D -
0.5 m to the left of B. This can fit a scenario where two distinct speakers converse,
and the loudspeaker is moved between the floor and the surface. To understand how
both loudspeaker and near-end talker locations affect performance, the following four

configurations are simulated in this working order:
1. Speakerphone at A, talker at C.
2. Speakerphone at A, talker at D.
3. Speakerphone at B, talker at C.
4. Speakerphone at B, talker at D.

The transition between the configurations is done instantly to maintain an environment
that is not constantly changing and to reduce any uncertainties in the device locations.

The speech signals x (t) and s () were taken from the TIMIT database [76] and
xNL (t) was generated with the model by Thompson [77,78]. The signals y, (t) and
Um (t) were found by convolving zny, (t) and s(¢) with the room impulse responses
(RIRs) corresponding to the loudspeaker and talker locations, respectively, and the m-
th microphone location. The RIRs were found with the RIR generator by Habets [79].
Speech is sampled at 16kHz. Unless stated otherwise, a reverberation time of Tgg = 0.3s
is simulated, and white Gaussian noise is added subsequently to all microphones with
SNR= 30dB. Here, the SNR is found with respect to the overall received signal, i.e.
SNR= 10log E{%}, this is done to describe noise which is proportionate to the
overall obtained signal. The SERs measured in the reference microphone during the
four configurations are -17.89 dB, -18.7 dB, -15.27 dB, and -16.89 dB, respectively. For
the STFT, a Kaiser window with $ = 5 is used with a length of 512 samples (32 ms)
and 75% overlap.

The rest of this section is organized as follows. First, we demonstrate our echo-
canceling ability visually with the observed and resulting signals. Then, we investigate
how environmental reverberation and noise impact performance. Later, we evaluate
how the algorithm parameters M and L impact performance. Finally, we compare the
proposed beamformer with the NLMS-based methods in [36,37] that utilize multiple

frames.

3.3.1 Echo Cancellation

Figure 3.3 shows the received signals by the reference microphone and the beamformer
output as a function of time. Notice the scale difference in Figure 3.3 between (a),
(b) and (c), (d). The echo component is the main contributor to the received signal

due to the small distance between the loudspeaker and the microphone, as is typical
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Figure 3.4: ERLE and DI as a function of time for various SNRs. The black, blue-
dotted, and green lines mark SNR= 10dB, 20dB, and 30dB, respectively. The cyan
lines mark the different time segments. M = L = 4.

2.5

PESQ

SNR=10dB SNR=20dB SNR=30dB

Figure 3.5: PESQ over the entire simulation for various SNRs. The blue and red bars
mark the PESQ before and after filtering, respectively. M = L = 4.

in speakerphones. Also, one can see how the near-end component is preserved, despite

the significant echo component.

3.3.2 Performance as Function of Noise and Reverberation

Let us start by studying how environmental noise impacts performance. It has been
shown that design immunity to white noise increases robustness to microphone mis-
match errors [80]. Therefore, analyzing noise robustness can also be viewed from the
perspective of microphone mismatch robustness. The ERLE and DI as a function of
time are presented in Figure 3.4 for various SNRs. It appears there is some improve-
ment in both ERLE and DI when comparing SNR=20dB to SNR=10dB, and that
the performance of SNR=30dB and SNR=20dB is comparable. The PESQ for various
SNRs over the entire simulation is in Figure 3.5. The PESQ before filtering (using
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Figure 3.6: ERLE and DI as a function of time for various values of Tgy. The black,
blue-dotted, and green lines mark Tgy = 0.3s, 0.4s, and 0.5s, respectively. The cyan
lines mark the different time segments. M = L = 4.
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Figure 3.7: PESQ over the entire simulation for various values of Tgg. The blue and
red bars mark the PESQ before and after filtering, respectively. M = L = 4.

uy () and dj (t)) is also presented for reference. Notice that since the SNR varies, the
PESQ achieved before filtering varies as well. In contrast to the ERLE and DI, a clear
improvement in the PESQ can be observed comparing SNR=30dB and SNR=20dB.
This is because PESQ also takes into account the residual noise at the filter output,

which is diminished as SNR increases.

Now, we continue by analyzing how reverberation impacts performance. The ERLE
and DI as a function of time are presented in Figure 3.6 for various values of Tgg. A
steady decline in both ERLE and DI can be observed as reverberation time increases.
The PESQ for various values of Tgo over the entire simulation is in Figure 3.7. Overall,
as more reverberations occur, performance is degraded. This can be attributed to the
longer impulse responses in the room. In this case, the approximations in (2.6) and

(2.7) are less accurate, thereby degrading performance.
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Figure 3.8: ERLE and DI as a function of time for various M. The black, blue-dotted,
green, and magenta-dotted lines mark M = 2, 3, 4, and 5, respectively. The cyan lines
mark the different time segments. L = 4.
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Figure 3.9: PESQ over the entire simulation for various M. L = 4.

3.3.3 Performance as a Function of Microphones and Frames

The ERLE and DI as a function of time are presented in Figure 3.8 for various M.
As M grows, a slight improvement can be seen in the ERLE, which is most significant
when M grows from 2 to 3. The DI barely changes, except from M = 2 to M = 3.
The PESQ for various values of M over the entire simulation is in Figure 3.9. Here, all
values of M are comparable. The only slight change in performance as a function of M
can be attributed to the fact that increasing M has a dual impact on steering vector
estimation. On the one hand, more equations are added to the system; on the other
hand, more variables are added. This is translated to a performance limit.

Now, we examine how L impacts performance. The ERLE and DI as a function
of time are presented in Figure 3.10 for various L. We can clearly state that L = 2
frames are insufficient for the proposed approach. Utilizing just the two recent frames

does not give an accurate steering vector estimation. This may be because insufficient
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Figure 3.10: ERLE and DI as a function of time for various L. The black, blue-dotted,
green, and magenta-dotted lines mark L = 2, 3, 4, and 5, respectively. The cyan lines
mark the different time segments. M = 4.
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Figure 3.11: PESQ over the entire simulation for various values of L. M = 4.

equations are utilized in the system. Only 6 equations are used to estimate 4 variables.
Therefore the appearance of noise and nonlinear echo significantly impacts performance.
Furthermore, since the impulse responses are longer than the STFT window length, the
TFs may vary between frames; therefore, utilizing only 2 frames degrades performance.
Utilizing a large number of frames can help us successfully portray the TFs. This can
also be observed when examining the PESQ for various L in Figure 3.11. For L > 3
the ERLE and DI performance slightly improve as L increases.

To sum up, to achieve good echo cancellation with acceptable distortion, both M
and L should be larger than 3, although a solution can be produced for lower values

that guarantee (3.19).
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Figure 3.12: ERLE and DI as a function of time for all methods. The black, blue-dotted,
and green lines mark the methods [36], [37], and the proposed method, respectively.
The cyan lines mark the different time segments. M = L = 4.

fJIHI ml

0-20s 20-40s

PESQ

Figure 3.13: PESQ before echo reflections change (0-20s) and after echo reflections
change (20-40s), for all competing methods. The blue, red, yellow, and purple bars
mark the PESQ before filtering, using [36], using [37], and using the proposed method,
respectively. M = L = 4.

3.3.4 Method Comparison

We now compare the proposed method with [36] and [37]. In both competing methods
the NLMS filter was adapted during a previous segment that is identical to our first
segment, only that the near-end talker is silent. The ERLE and DI as a function of time
are presented for all methods in Figure 3.12. Higher ERLE and lower DI are obtained
with the proposed method, even more so after the speakerphone moves.

Notice that, neglecting reflections, the echo paths do not change throughout the
experiment. Therefore one can expect NLMS-based methods to work well even when the
speakerphone moves during double-talk. However, this is not what happens in practice.
Both ERLE and DI worsen for the competing methods once the speakerphone moves.

This means that varying reflections significantly impact the echo path, degrading the
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accuracy produced by the NLMS algorithm. The PESQ for all methods, before and
after the change in reflections, is in Figure 3.13. The PESQ is degraded due to changing
reflections as well in the competing methods. Indeed, the adapted NLMS filter is
irrelevant once the echo path has changed. This explains the clear advantage of the
proposed method in the last two segments. Considering the first two segments, the
advantage may be explained by the ability of our method to contain background noise
and nonlinear echo during double-talk, as the least-squares estimator in Algorithm 3.1

is designed to reduce the impact of these on the estimate.

3.4 Summary

An adaptive beamformer for AEC was developed, where the adaptation process con-
siders recent frames of the reference loudspeaker signal and the received microphone
signals. This enabled the beamformer to adapt appropriately in a dynamic environment
during double-talk, with no double-talk detection. Furthermore, in theory, if there is
no background noise and no nonlinear distortion from the loudspeaker, our method
completely cancels the echo component while preserving the desired component, as the
steering vectors can be accurately estimated from the recent frames. The steering vec-
tors were estimated using a least-squares estimator approach designed to reduce the
impact of those two factors specifically. Finally, experiments in a simulated room were
conducted. Our experiments indicate that far-end component attenuation, near-end
component distortion, and PESQ, all achieve higher performance when compared to
NLMS-based methods. This improvement is mainly attributed to our method’s ability
to adjust to a changing echo path during double-talk, as it responds even to secondary
echo path variations that stem from reflections. Future research may focus on more
advanced strategies for steering vector estimation utilizing multiple frames. For ex-
ample, incorporating a nonlinear loudspeaker distortion model in the steering vector

estimation process may improve the steering vector estimates for beamformer design.
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Chapter 4

Array Geometry Optimization
for Region-of-Interest Broadband

Beamforming

This chapter presents a method to optimize the array geometry for ROI beamforming.
The optimal array is found by maximizing the worst-case directivity index in the ROI
considering a broadband frequency range. A constraint on WNG is also employed
for noise robustness. In Section 4.1, we find the optimal geometry. In Section 4.2,
a post-processing scheme is developed, that finds the best beamformer coefficients in
other directions than the worst-case direction in the ROI, given the obtained optimal
geometry. A simulative study is conducted in Section 4.3. Section 4.4 summarizes this

chapter.

4.1 Optimal Array Design

To find x*, we formulate the problem as a convex one. First, we present the constraints,

then the target function.

4.1.1 Constraints

We start by sampling our search space. Consider a grid of N possible microphone
locations [0 : Az : A], where
A
Ar = ——. 4.1

We define a selection vector optimization variable
T
S = [Sl,...,SN_l,l] (4.2)

which consists of binary values. Each element S; is 1 if a microphone is placed at

distance (¢ — 1) Az with respect to the rightmost placement, and is 0 otherwise. Note
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that, without loss of generality, the leftmost coordinate is always occupied, i.e., Sy = 1.
This is done to increase the search grid of the array effectively. To guarantee the

existence of only M microphones, we should constrain s to Cy:
Cils]:sflin =M (4.3)

where iy is a column vector of length N consisting of ones.

To guarantee minimal distances, we must ensure that all adjacent selected place-
ments will be separated by at least d.. This means that there are restricted areas where
no more than a single microphone can be present. All elements of S that correspond
to such an area are summed and constrained to be no more than 1. Mathematically,
this is described by Co:

Cols] : U < ik (4.4)

where G = N — Lg} | is the number of restricted areas, U is a matrix of dimensions

N x G, whose i-th column is of the form
T
Ui = [Ozr—lv 17]\;—}-1—@’ Og—z} ) (4'5)

and 0; is a column vector consisting zeros of length 1.
Now, in addition to the variable s, we must take into account the coefficient vari-

ables. To this end, we denote by
hiot (% 9) = [Htot,l (Wa 9) 7Ht0t,2 (wa 9) y e Htot,N (C% 9)]T (4-6)

a vector that corresponds to a beamformer directed toward 6 that utilizes all N potential
sensor placements. Sampling in frequency space and angle space, we consider several

frequencies |wy, : Aw : wy| where

Aw="0—7F w=wrt(@-DAw, ge[1,Q) (4.7)
and several look directions [0 : A : O] where
O

Thus, we can sample the coefficients hyot (w, 6) on several values of w and 6, overall
involving N x Q x P coefficient variables in our optimization. Note that only positive
values of 6 are taken into account due to the performance symmetry of linear arrays
with respect to the endfire direction.

To admit to the distortionless constraint, the beampattern of any beamformer at

any frequency toward the look direction should be 1. This is constrained by Cs:
Cs [htOt (w, 9)] : dgt (w(b 927) hyot (w(b ep) =1 vp € [17 P] ) vq € [17 Q] ’ (49)
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where
w w T
diot (w,0) = [1, e~VeAzcost e*ﬂzACOSﬂ . (4.10)

When the distortionless constraint is satisfied, it is sufficient to use C4 to maintain
the desired WNG:

Ca [hior (w, 0)] = Bl (wy, ) Boot (wg, 0p) < Vpe[l,P], Vqe[l,Q]. (4.11)

| =

Finally, utilizing only M microphones in practice, the following must hold:

n

i

Cs [s, hiot (w, 0)] : [Hiot,s (wq’ ep)‘Q <

|

Vie[l,N], Vpe[l,P], Vqell,Q]. (4.12)

Essentially, if S; = 0, then all beamformers will not utilize the i-th microphone place-
ment. In practice, this means that no microphone is placed at (i — 1) Az. However,
if S; = 1, then there is indeed a microphone placed, and all beamformers may utilize
that position. The factor 1 /6 provides an upper bound so that Cs is convex. As long

as C4 is also maintained, this factor does not restrict the coefficients further.

4.1.2 Target Function

Notice that when the distortionless constraint is met, the numerator in (2.30) is con-

stant:

wH 2
/ ‘dH (X,w,G)h(X,w,H)‘ dw
wr,

WH 9 WH
— [ 1B (x,w,0),0]] dw:/ dw = wi —wp. (4.13)
wr, wr,
Therefore, when maximizing the directivity index, we may focus on minimizing the
denominator of (2.30). When approximating the integral to a discrete sum, using our

optimization variables, we get

wi Q
hl (x,w,0)T (x,w) h (x,w,0) dw x Z hiZ (wy, 0) Tiot (wy) Dot (wy, ),  (4.14)

wr, q=1

where Tyt (w) is of dimensions N x N with elements

sin [w (i — j7) Az/(]
w(i—j)Ax/c

Liot,ij (w) = I<i,j5<N. (4.15)

To maximize the worst-case directivity index as in (2.31), the maximal value of
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(4.14) over 6 € © should be minimized. Thus, we should find the minimum of

Q

R [htot (w, 9)} = max hgt (wq, 9p) Ftot (wq) htot (wq, 017) . (416)
p€E[1,P] q=1

Notice that R [hg (w, )] is a convex function, since it is the maximum of convex

functions [81].

Since the target function and constraints are all convex, we can solve the mixed-
integer convex optimization problem
i R [hiot (w, 0
pin o Rlbior (w, 0)]
st. Ci[s],Cals],Cs [t (w, )], (4.17)
C4 [htot (w) 9)] aC5 [Sa htot (wa 9)} .

The non-zero elements of the optimal binary vector s* yield the optimal microphone
locations x*. The non-zero elements of the optimal coefficients hj,, (w,#) yield the

optimal coefficients h* (x*, w, 0).

4.2 Coefficient Post Processing

Once x* is found, the coefficients h* (x*,w, ) are chosen so that the worst-case di-
rectivity index in the ROI is maximized. Thus, beamformers directed toward other
directions in the ROI may not yield the best possible directivity. To circumvent this,

given x*, a post-processing scheme is introduced.

The post-processed coefficients must have sufficient WNG and maximize the DF.

Given the geometry x*, this can be done by finding the robust superdirective beam-

former =1 (x*, ) d (x*, w, )
h, (x*,w,0) = £ — — (4.18)
df (x*,w,0) T (x*,w)d (x*,w, )
where
e (x*,w) =T (x*,w) + eI, (4.19)

I, is the identity matrix of dimensions M x M, and € is a tradeoff parameter between
WNG and DF.

We can decompose I' (x*,w) as
T (x*,w)=Q(x*w) A (x*,w) QT (x*,w) (4.20)

where A = diag[A1, A2, ..., Ay] is the eigenvalue matrix such that Ay > Ao > ... > Ay,

and Q is the eigenvector matrix. As in [41], a robust superdirective beamformer that
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Figure 4.1: Optimal array geometry for M = 6, d. = 0.5 cm, A = 17.5 cm, 0 = 30°,
fr. =2 kHz, f =6 kHz, and § = —10 dB.

maintains sufficient WNG can be found for some € in

0<e< AI;W V/]\;fsiM. (4.21)

Thus, for any w and #, we can run a bisection search on € in this range to find the
robust superdirective beamformer that yields the highest directivity yet has sufficient

WNG. Subsequently, the beamformer is normalized so that the distortionless constraint
is met.

DIy, wpydB]

7 1 1 1

-30 -15 0 15 30
0[deg]
Figure 4.2: Directivity index as function of 6 for the competing methods. The blue, red,

and yellow lines mark the proposed, ULA, and dense geometries, respectively. M = 6,
de =0.5cm, A=17.5 cm, g = 30°, fr =2 kHz, fy = 6 kHz, and § = —10 dB.
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4.3 Simulations

To solve the mixed-integer convex problem in (4.17), the MATLAB CVX toolbox [82]
is used with the MOSEK [83] solver. We search for the optimal placement of M = 6
microphones on an aperture of length A = 17.5 cm where microphones are separated
by at least d. = 0.5 cm. Frequencies from fr, = 2 kHz to fy = 6 kHz and look
directions up to g = 30° are considered. Minimum WNG is set to 6 = —10 dB.
Placements, frequencies, and look directions are sampled by N =40, Q = 15, and P =
15, respectively. Our results are compared with a ULA geometry spread on all A, and
the most dense feasible geometry (i.e., ULA with spacing d.). The compared geometries
also use M microphones. Theoretically, the dense geometry has an advantage in the
endfire direction [4]. Coefficient post-processing, as described in Section 4.2 was applied
to all geometries.

Wib| W[dB]
6 -

6. 10
5 I .t

f[deg f[deg] 0[de
D]

16 i 6 16
14
5
‘ ) %4 10
3 8 3 8
6 ‘ §
2 2

450 450 150 N 450 1B D
fdeg f[deg] fdeg]

FlkEiz)
o~
S kHz]

SFkEz]

SkH=z]
-~

Figure 4.3: WNG and DF as function of f and 6 for the competing methods: (a)
ULA geometry, (b) dense geometry, and (c) proposed geometry. M = 6, d. = 0.5 cm,
A =175 cm, 0 = 30°, fr, =2 kHz, fi =6 kHz, and § = —10 dB.

Figure 4.1 shows the optimal geometry x*. The resulting positions of the micro-
phones are dense near the edges, and a large gap is present in the middle. The reasoning
is that some microphones are placed close to each other to avoid low directivity due to
spatial aliasing in high frequencies. On the other hand, some microphones are placed

far from each other to maintain high spatial resolution for lower frequencies.
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In Figure 4.2, the broadband directivity index as a function of look direction @ is
shown for the competing methods. The proposed method has the highest minimum
directivity index across § € ©. Most importantly, superior performance is also achieved
in any look direction by itself.

Figure 4.3 illustrates the WNG and DF as a function of frequency f and look
direction 6 for the competing methods. Using the ULA, a high directivity is achievable
for low frequencies, yet the directivity deteriorates for high frequencies. This is due to
spatial aliasing; the high WNG can no longer be exchanged for the sake of directivity.
Considering the dense geometry, high directivity can be obtained for high frequencies,
yet it is still comparatively low. This happens because the WNG is at its lowest possible
value, a well-known problem associated with DMAs. The optimal geometry achieves
high directivity across all frequencies, thereby maximizing the broadband directivity

index.

4.4 Summary

We have presented an algorithm that finds the optimal microphone locations for broad-
band directivity in a ROI. Our method places some microphones closely to avoid spatial
aliasing in high frequencies, and sets others further apart for spatial resolution in lower
frequencies. We have shown that our design outperforms standard designs considering
the worst-case look direction. Furthermore, excellent performance is achieved over all
possible look directions as well. For simplicity, we have demonstrated our approach for
a nonuniform linear geometry, but it can be extended to other geometries, including

two and three-dimensional arrays.
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Chapter 5

Conclusions

5.1 Summary

In this research, we designed beamformers for AEC and ROI beamforming. In both de-
signs, the acoustic paths from the speech sources to the array are unknown. For AEC,
we estimated the steering vectors of the far-end and near-end talkers by utilizing multi-
ple frames. Then, we adopted the LCMYV framework to eliminate the echo component,
preserve the desired component, and reduce background noise. For ROI beamforming,
rather than estimating the direction of the desired source, we maximized the broad-
band directivity index in the worst-case look direction in the ROI. The optimal array
geometry was found regardless of the look direction, and beamforming coefficients were
found for each possible look direction. Furthermore, a broadband range of frequencies
was considered.

In Chapter 3 we presented an AEC scheme that combines both multiple sensors and
multiple frames, and can operate in a dynamic environment under challenging SER con-
ditions. A traditional AEC is implemented by subtracting the microphone signal by a
filter output, where the filter input is the reference loudspeaker and the filter aims to
portray the far-end acoustic path. While this approach may work in some simulated
environments it may not work well in a realistic environment. A double-talk detector
must be utilized, and if a double-talk period is missed only for a small period of time,
a mismatch between the filter and the acoustic path can be present. The proposed ap-
proach does not utilize a double-talk detector. It is capable of beamformer adaptation
in periods where both far-end and near-end talkers are active. The acoustic paths were
estimated by finding the least-squares solution to a linear system of equations. The
number of equations and variables in this system is dependent on the number of sensors
used and the number of frames used. To overcome the impact of nonlinear loudspeaker
distortion and background noise, more equations may be utilized. Our design considers
an arbitrary array geometry. To imitate a real-life scenario with challenging SER, a
speakerphone was simulated, so that significant acoustic coupling is present. Simula-

tions were run in a dynamic, reverberant, and noisy environment during double-talk.
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The proposed design achieved higher ERLE and PESQ), as well as lower DI, compared
to existing NLMS-based designs.

In Chapter 4 we searched for the optimal geometry for ROI beamforming. Exist-
ing geometry optimization methods are based on genetic, or greedy-based algorithms.
Instead, we proposed to find the best geometry by formulating a convex optimization
problem. This allowed us to find the global optimum for our problem. To guaran-
tee good performance in any scenario, and since the source may be located anywhere
within the ROI, the worst-case look direction was considered. The physical volume of
microphones was taken into account so that microphones have sufficient space when
placed adjacently in a nonuniform linear array geometry. For sufficient noise robust-
ness, WNG adheres to a constraint too. A grid of candidate microphone locations
was considered for microphone placements. Also, a discrete set of frequencies in a
broadband frequency range, and a discrete set of look directions in the ROI, were con-
sidered. The array geometry and beamformer coefficients were found simultaneously
in the formulated problem. Later, a post-processing scheme was introduced to improve
the directivity further. The advantage of the proposed method compared to existing
geometries was demonstrated. ULAs may experience low directivity in higher frequen-
cies due to spatial aliasing, and DM As suffer from low WNG since their high directivity
comes at the expense of noise robustness. Utilizing the proposed method, we showed
that a good compromise is achieved between directivity and noise robustness. Some
of the sensors are placed close together, and some are placed further apart. This en-
abled the obtained geometry to trade WNG, whenever possible, for higher broadband

directivity.

5.2 Future Research

In this thesis, we proposed two novel beamformer design methods. One may be inte-
grated into multi-microphone AEC systems, and the other may be integrated into any
multi-microphone system with an ROI. While the proposed methods achieve higher
performance compared to existing ones, they may be improved further. Some ideas left

for future research are:

1. When deriving the AEC beamformer, the acoustic paths from the far-end source
to the array were estimated with a least-squares solution to a set of linear equa-
tions. This approach works well under the assumption that background noise and
nonlinear loudspeaker distortion components are relatively small. In the case they
are not, however, these components should be modeled. Therefore, an extended
set of equations, that takes into account an explicit mathematical model of these

components, may improve performance.

2. The MTF approximation [66] was used, i.e. we assumed that the received signal

can be modeled by the source signal multiplied by a TF. This approximation
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holds only for the case where the RIR length is significantly shorter than the
STFT window length. A more accurate model, such as the cross-multiplicative
transfer function (CMTF) approximation [69], may be used. This in turn will
yield different inter-frame and inter-sensor relations. In this way, better echo

cancellation may be possible.

. When deriving the ROI beamformer, we limited the search to nonuniform linear
arrays. Exploring different types of geometries, such as rectangular or circular
arrays, might better performance. When such geometries are considered, an
ROI defined by both azimuth and elevation angles can be taken into account.

Therefore, this should enable us to find the optimal array for more complex
ROIs.

. To obtain a solvable convex problem, we sampled the search space of sensor
locations and also sampled specific frequencies and look directions. Such dis-
cretization is justified only when the search space is sampled well. In scenarios
where a large aperture is considered, the propagated signal contains a large fre-
quency band, or the ROI is large, more samples should be taken into account.
In this scenario, the formulated problem significantly grows in terms of complex-
ity and runtime. In this case, a different approach may be necessary, such as

learning-based methods or deep neural networks (DNNs).
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