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a b s t r a c t

In this work, we propose a grid-based method to estimate the location of multiple sources
in a wireless acoustic sensor network, where each sensor node contains a microphone
array and only transmits direction-of-arrival (DOA) estimates in each time interval,
reducing the transmissions to the central processing node. We present new work on
modeling the DOA estimation error in such a scenario. Through extensive, realistic
simulations, we show that our method outperforms other state-of-the-art methods, in
both accuracy and complexity. We also present localization results of real recordings in an
outdoor cell of a sensor network.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Microphone arrays have become increasingly popular
due to their ability to perform direction-of-arrival (DOA)
estimation. Identifying the direction of incoming sound is
the basis for performing many operations, such as beam-
forming, speech enhancement, and distant sound acquisi-
tion. However, in many situations not only the DOA, but
also the actual location of a sound source in space is
required. Wireless acoustic sensor networks (WASNs),
where a number of microphones or microphone arrays
are distributed over an area, have emerged from the need
to provide better spatial coverage and perform localiza-
tion. WASNs have attracted a lot of interest due to their

variety of application in hearing aids, ambient intelligence,
hands-free telephony and acoustic monitoring [1].

Source localization in a WASN is a challenging task as
the sensor network poses many constraints related to
time-synchronization, power and bandwidth limitations,
etc. For these reasons, approaches that require the trans-
mission of the full audio signals to the central processing
node are often unsuitable as they are bandwidth consum-
ing, and the required transmission power can reduce the
battery-life of the sensors. Moreover, such approaches
require the signals to be synchronized. The work in [2]
circumvented the problem of synchronization by using
special nodes that used their internal Global Positioning
System (GPS) chips to resample the audio samples with
a network-common timestamp. However, the full audio
signals still need to be transmitted to the central
processing node.

By allowing increased computational ability in the
nodes, the absolute minimum transmission bandwidth
can be attained when each sensor node only transmits
DOA estimates to the central processing node [3–5].
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Localization using bearing-only (i.e., DOA) estimates can
also tolerate unsynchronized output given that the sources
are static or that they move at a rather slow rate relative to
the analysis frame.

The bearing-only localization problem for a single-
source has been thoroughly investigated and a variety of
estimators are available in the literature. Closed-form
solutions include the Stansfield estimator [6], which is a
weighted linear least squares estimator. The weights are
determined from range information between the source
and the sensors. When range information is not available,
the Stansfield estimator reduces to the Orthogonal Vector
(OV) estimator [7]—the unweighted version of the Stans-
field estimator.

While simple in their implementation, these linear
least squares algorithms suffer from increased estimation
bias. For this reason, maximum-likelihood (ML) and non-
linear least squares (NLS) algorithms have been investi-
gated [8–12]. A comparison between the Stansfield estima-
tor and the ML estimator in [8] reveals that the Stansfield
estimator provides biased estimates even for a large num-
ber of measurements and that the bias may not vanish as
the number of measurements increases. The work in [9]
forms geometric relationships between the measured data
and formulates the localization problem as a constrained
optimization task, while [10] proposes a variant of the ML
estimator that theoretically performs better than the tra-
ditional ML approach. Estimators that take into account
the velocity of a moving source—especially for vehicle
tracking—are discussed in [12,11].

The aforementioned methods consider the problem of
localizing a single source. However, in many realistic scenarios
multiple sources may co-exist in an area and the location of all
sources may need to be known. The bearing-only multiple
source localization problem of acoustic sources poses many
challenging issues. First of all, the so-called data association
problem occurs, where the central processing node receiving
DOA estimates for multiple sources from the different sensors
cannot know to which source they belong. Erroneous DOA
combinations across the sensors will result in “ghost sources”
that do not correspond to real sources. A solution to this
problem was given in [13] and later generalized in [14] but
has been found to be Non-deterministic Polynomial-time hard
(NP-hard) when the number of sensors is Z3. Another
solution is discussed in [15,16] but is suitable only for noise-
less scenarios. The work in [17] proposes a solution based on
statistical clustering of the intersection of bearing lines.
However, they again consider idealized scenarios of no missed
detections and no spurious measurements. Localization of
multiple sources by angle and frequency measurements is
considered in [18], but this method will fail if the sources
contain the same frequencies, and thus it cannot be applied to
the case of acoustic sources. A method for multiple source
localization using non-linear least squares that tries to surpass
the data association problem is discussed in [19]. However,
ghost sources are not eliminated, leading to severe perfor-
mance degradation.

Our previous experience with DOA estimation [20,21]
has revealed that when the sources are close together
some arrays might only detect one source. This is a valid
observation made from experiments using real recorded

signals [20,21]. As a result, the DOAs of some sources from
some sensors might be missing. This problem of missing
DOA estimates as a function of the sources' locations is an
important aspect which—to the best of our knowledge—
has not been widely examined so far.

Our work in [22] considers a method for localizing two
sources using far-field DOA measurements in an outdoor
WASN. This paper extends [22] to more than two sources.
Moreover, this paper proposes a novel iterative grid-based
approach that can be thought of as an alternative solu-
tion to the NLS estimator. Other iterative solutions for
source localization have also been proposed, the most
popular of which are Steered Response Power (SRP) based
approaches [23]. However, when applied to a WASN, such
approaches require a significantly higher amount of infor-
mation to be transmitted to the central processing node.
In our approach only DOA estimates are transmitted to
the central node, keeping bandwidth requirements to the
minimum. When localizing a single source, our grid-based
approach maintains the accuracy of the standard NLS,
while performing much better in terms of computation
time.

The computational efficiency allows our approach to be
extended to localize multiple sources. To do so, we apply
the single-source grid-based method to each possible
combination of DOA measurements from the sensors and
then solve the data association problem using a sub-
optimal—yet efficient—method which relies on the esti-
mated locations and the corresponding DOA combinations
to decide on the actual source locations. Our approach is
real-time and as our simulations and real experiments
show, it remains accurate.

Our simulations use new results that we present here to
model the DOA estimation error of the algorithm of [21] and
consider the problem of missing DOAs as a function of source
location, which makes them more realistic than simulations
considered so far. The problem of missing DOAs when the
sources are close together occurs very often in practice as our
real experiments in this paper suggest.

The remainder of the paper is organized as follows.
Section 2 sets up the basic definitions and assumptions for
the problem. Section 3 reviews single source localization
methods using DOA estimates and proposes the intersec-
tion point and the grid-based method. Then, Section 4
discusses the multiple source localization problem extend-
ing the intersection point and the grid-based methods for
multiple sources. Simulation results and real experiments
that compare the proposed methods with other state-of-
the-art methods in realistic scenarios are presented in
Section 5. Finally, Section 6 concludes the paper.

2. The framework

Our framework is a wireless acoustic sensor network
whose M nodes are each equipped with a microphone
array—which we will also refer to as a sensor. This enables
each node to generate a direction-of-arrival estimate for
any sources that it can “hear” (any sources whose signal-
to-noise ratio (SNR) at the node is high enough to be
detected). It is important to note that each node's esti-
mates consist of direction only, and no range information,
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