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Wideband DOA Estimation Algorithms for Multiple
Moving Sources using Unattended Acoustic Sensors

The problem of direction of arrival (DOA) estimation for

multiple wideband sources using unattended passive acoustic

sensors is considered. Several existing methods for narrowband

DOA estimation are extended to resolve multiple closely spaced

sources in presence of interference and wind noise. New wideband

Capon beamforming methods are developed that use various

algorithms for combining the narrowband power spectra at

different frequency bins. A robust wideband Capon method

is also studied to account for the inherent uncertainties in the

array steering vector. Finally, to improve the resolution within

an angular sector of interest and to provide robustness to sensor

data loss, the beamspace method is extended and applied to the

wideband problems. These methods are tested and benchmarked

on two real acoustic signature data sets that contain multiple

ground vehicles.

I. INTRODUCTION

The problem of detection, and localization of
multiple ground targets using unattended acoustic
sensors is complicated due to various factors. These
include: variability and nonstationarity of source
acoustic signatures, signal attenuation and fading
effects as a function of range and Doppler, coherence
loss due to environmental conditions and wind effects,
near field and nonplane wave effects, and high level
of acoustic clutter and interference. In addition,
presence of multiple closely spaced targets that
move in tight formations, e.g. staggered, abreast or
single-file, further complicates the direction of arrival
(DOA) estimation, data association, and localization
processes. Clearly, optimum performance for detection
and localization of multiple acoustic sources is
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highly dependent on terrain, weather, and background
noise.

To date, several wideband DOA estimation
algorithms [1—3] for resolving moving ground
targets from their acoustic signatures have been
developed. These algorithms mainly involve sensor
array processing that apply to baseline or regular
(e.g. linear or circular) array geometries. Wideband
extensions (coherent and incoherent) of the MUSIC
(multiple signal classification) algorithm [4] are
among the techniques that have shown promise
for resolving multiple moving ground vehicles. In
particular, the advantage of wideband MUSIC over
the delay-sum algorithm was demonstrated in [2],
via experimental results obtained from a circular
array of six sensors, with a diameter of 8 ft. In [3],
several wideband DOA estimation methods including
steered covariance matrix (STCM) [5, 6] and spatial
smoothing or array manifold interpolation [5] have
been employed for DOA tracking of ground vehicles.
In addition, experimental analysis of DOA estimation
accuracy of the incoherent and coherent wideband
MUSIC algorithms have been provided. The results
presented in [3] indicate that incoherent wideband
methods yield more accurate DOA estimates for
highly peaked spectra while for sources with flat
spectra the coherent wideband methods generate more
accurate DOA estimates.

In [7], an algorithm for DOA tracking of multiple
ground vehicles which move in a single-file convoy
is developed. The proposed algorithm uses a
template for the DOA track of the leading vehicle
to generate DOA tracks for the remaining vehicles.
DOA estimates are generated using the incoherent
wideband MUSIC. This method also utilizes the
differential estimates in vehicles’ speeds to obtain
more accurate DOA estimates for each vehicle
in the convoy. Heuristic rules are used to build
the templates of the leading and trailing vehicles.
The work in [8] uses an adaptive beamforming
algorithm at a fixed look angle with enhanced
directivity and reduced sidelobes. Using this algorithm
the number of targets in a convoy can also be
determined.

More recently, a study was carried out [9] to
benchmark different wideband DOA estimation
algorithms. Among the methods carefully studied
were the STCM [6] and the weighted subspace
fitting (WSF) [4, 10]. The STCM typically uses
a diagonal focusing matrix, which can resolve a
group of sources only if all the DOAs are within one
beamwidth of the focusing angle. Other choices of the
focusing matrix [11] were also found to be incapable
of providing accurate DOA estimates of multiple
closely spaced sources. The WSF method requires a
multi-dimensional search for determining the DOAs,
and hence is computationally inefficient for practical
use.

This paper presents three new wideband DOA
estimation algorithms for resolving ground vehicles
moving in tight formations. These algorithms are
based on wideband extensions of the narrowband
Capon beamformer [4]. The proposed methods exploit
the arithmetic mean, geometric mean, and harmonic
mean of the output angular power of narrowband
Capon beamformers at different frequency bins for
wideband DOA estimation. The proposed algorithms
are combined with the robust Capon beamformer
presented in [12] to improve the robustness of
the DOA estimates with respect to steering vector
errors and wavefront perturbations. The beamspace
method [4] is also integrated with the wideband
Capon methods in order to further enhance the DOA
estimation resolution and provide robustness to sensor
loss. An analysis of the bearing response patterns
of wideband Capon beamformers is performed to
investigate the ability of these beamformers to resolve
multiple closely spaced sources. These algorithms are
then tested and benchmarked on two real acoustic
signature data sets. The first data set was collected
using baseline circular arrays of five microphones
and contains acoustic signatures of multiple light or
heavy, wheeled or tracked vehicles. This data set is
used to demonstrate the usefulness of the proposed
methods for resolving multiple closely spaced targets.
The second data set was collected using distributed
wireless acoustic sensors and contains acoustic
signatures of one or two light wheeled vehicles. This
data set is used to show the promise of the wideband
beamspace method in presence of sensor failures.

II. WIDEBAND SIGNAL MODEL

Consider an array of M sensors that receive the
wavefield emanated from d wideband sources in
presence of noise. The array geometry is arbitrary
but known to the processor. The source signal vector
s(t) = [s1(t),s2(t), : : : ,sd(t)]T is assumed to be zero
mean and stationary over the observation interval
T0. The source spectral density matrix is denoted
by Ps(f), f 2 [fc ¡ BW=2,fc + BW=2], where the
bandwidth BW is comparable to center frequency
fc. The spectral density matrix Ps(f) is a d £ d
nonnegative Hermitian matrix, which is unknown to
the processor. The noise wavefield is assumed to be
independent of the source signals, with M £ M noise
spectral density matrix Pn(f). The spectral density
matrix Px(f) of the M-dimensional array output vector
x(t) can be expressed as

Px(f) = A(f,Á)Ps(f)AH(f,Á) + Pn(f) (1)

where A(f,Á) = [a(f,Á1),a(f,Á2), : : : ,a(f,Ád)] is
the M £ d array steering matrix of the sensor array,
a(f,Ái) is the steering vector for the ith source with
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Fig. 1. Bearing responses on 5-element circular array for two sources with separations 20±, 23±, 26±. (a) Arithmetic mean Capon. (b)
Geometric mean Capon. (c) Harmonic mean Capon. (d) STCM. (e) Geometric mean robust Capon (with error, " = 0:71). (f) Geometric

mean beamspace Capon. Vertical lines are actual locations of sources.

by each microphone (sampled at fs = 1024 Hz) was
first windowed using a sliding Hamming window
of size 2048 that corresponds to 2 sec of data. The
overlap between consecutive windows was 1024
sample. The gain/phase calibration process was then
performed in the frequency domain in the range of
50—250 Hz using the calibration data set. Due to the
overlapping windows the DOA estimation generates
DOAs every second. In all the following studies,
the beamspace Capon used 3 beams spaced at ¡6±,
0±, and 6± from the look direction. Moreover, the

wideband robust Capon beamformer was applied to
the uncalibrated data to show the advantages over the
wideband geometric Capon method.

1) Results on Run 1: This run contains six
vehicles that move in three separate groups. The first
group contains a single light wheeled vehicle which
started from 1.5 km away, came to 50 m (closest point
of approach (CPA)) in the middle of the run, and then
moved away to a distance of 2 km from node 1. The
second group was formed of a single-file convoy of
three heavy tracked vehicles that moved from 2.2 km

CORRESPONDENCE 1591

Authorized licensed use limited to: COLORADO STATE UNIVERSITY. Downloaded on February 5, 2010 at 13:14 from IEEE Xplore.  Restrictions apply. 



Fig. 2. Vehicle paths on road relative to node positions in run 1.

up to 50 m CPA from the array and moved away
to 1.5 km. Lastly, the third group was formed of a
single-file convoy of two heavy wheeled vehicles
which moved from 3 km into 50 m CPA and then
moved away from the array to 0.8 km. The path the
vehicles followed relative to the array nodes is shown
in Fig. 2. Note that due to page limitations only the
results obtained from data for node 1 are presented.

Figs. 3(a)—(e) show the DOA estimation results
on the calibrated data for run 1 obtained using
the wideband arithmetic Capon, geometric Capon,
harmonic Capon, STCM, and beamspace Capon
algorithms, respectively. The frequency bin separation
was 2 Hz. Solid lines correspond to the actual (true)
angles obtained from a truth file. The points marked
by “¤,” “4,” and “£” are the DOA estimates obtained
from the first, second, and third strongest peaks
in the Capon spectrum, respectively. Comparison
of DOA tracks obtained using different algorithms
indicates that, among the wideband Capon methods,
the geometric and harmonic Capon provide good
overall results on run 1 data, with DOA estimates that
are close to the actual DOAs. Similar observation was
made with other baseline array data sets.

By looking at the DOA estimates and also the
range of the vehicles from the array, one can see that
the vehicles are accurately resolved even at far ranges
(> 2 km). It is interesting to note that although Capon
beamforming generally loses its accuracy in presence
of near field effects, the DOAs of the vehicles are
successfully resolved even when they are near the
CPA to the array. It must be mentioned that in some
scenarios where both light and heavy vehicles are
present together in a run, the dominant source
will obscure the weaker source, especially at far
ranges.

The arithmetic wideband Capon and the STCM
provide acceptable results (Figs. 3(a) and 3(d)), but
their DOA estimates are not as accurate as those of
the geometric and harmonic Capon beamformers.
As can be seen, the geometric and harmonic Capon

algorithms have successfully estimated the DOAs
of all the groups, even for the light wheeled vehicle
at very far range. In particular, the DOA estimates
obtained by the geometric and harmonic Capon
beamformers for multiple targets between between
150—210 sec and 224—334 sec are very close to
the true DOAs. These algorithms are also able to
resolve the DOAs of the heavy tracked and wheeled
convoy of vehicles moving in single-file groups of
three (middle) and two (right hand side) vehicles,
respectively. The STCM algorithm on the other
hand fails to resolve multiple targets that move in
groups, mainly due to its wide beamwidth as shown
in Fig. 1(d). Additionally, it fails to provide accurate
DOA estimates for the group of three heavy tracked
targets as they move away from the array.

The DOA estimation results for the beamspace
geometric Capon are shown in Fig. 3(e). Comparing
the DOA estimates in the first 110 sec with those
obtained by the wideband geometric mean Capon
(Fig. 3(b)), we notice that the DOA accuracy has
improved, especially when the vehicles are at far
range (1.5—2 km). To be more specific, the DOA
error during this time segment has reduced from
approximately 10± for the wideband geometric
mean Capon to less than 5± for the beamspace
geometric Capon. This benefit of the beamspace
method over the wideband geometric Capon is due
to the inherent spatial filtering used in this method.
The improvements and benefits of the wideband
beamspace Capon method become even more
prominent when there are fewer frequency bins to
average over, or when the number of samples used
to create the covariance matrix is small. In these cases,
the beamspace Capon generates better DOA estimates
with lower variability due to the inherent robustness
to a small number of samples. This property of
the beamspace method is a direct consequence of
dimension reduction.

To show the sensitivity of the original Capon
to phase/gain errors caused by uncertainties in the
exact microphone locations and to demonstrate
the usefulness of the wideband robust Capon in
these cases, the uncalibrated data of run 1 is used.
The frequency bin resolution is 4 Hz in this case.
The value of the assumed steering vector error is
chosen to be ² = 0:7. The DOA estimation results
of the wideband robust Capon method are shown in
Fig. 4(a). Compared with the results of the wideband
geometric Capon in Fig. 4(b), the wideband robust
geometric Capon provides more accurate DOA
estimates. This is especially evident when the targets
are near the CPA, i.e., 160—320 s time segment, as can
be seen in Figs. 4(c) and (d). This is attributed to the
fact that near the CPA, signal mismatch effects due to
sensor location errors are compounded by near field
effects.
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Fig. 3. DOA estimates for run 1 obtained using arithmetic, geometric, harmonic mean wideband Capon. STCM, beamspace Capon
algorithms. (a) Arithmetic. (b) Geometric. (c) Harmonic. (d) STCM. (e) Beamspace Capon.

2) Results on a Single Target Run 2–Accuracy
Analysis: To further benchmark the developed
wideband DOA estimation algorithms in terms of
DOA estimation accuracy an error analysis is carried
out on a single target run. This particular run contains
a heavy wheeled vehicle that moves from 1.5 km
away to 50 m CPA at approximately 150 s, and then
goes away from the array to about 0.75 km. Fig. 5

shows the path of this vehicle on the road relative to
array locations.

Figs. 6(a)—(e) show the DOA estimation
results on this single-target run obtained using
the arithmetic mean Capon, the geometric mean
Capon, the harmonic mean Capon, STCM, and the
geometric beamspace Capon algorithms, respectively.
DOA estimates obtained by using a conventional
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Fig. 4. DOA estimates of wideband robust Capon (" = 1:5) and geometric mean Capon. For uncalibrated data of run 1, (a) and (b).
Near field DOA estimation performance, (c) and (d).

Fourier-based (Bartlett) beamformer [4] are also
provided for comparison. Fig. 6(f) shows that
the large sidelobes of the conventional Fourier
beamformer cause many erroneous DOA estimates.
The distributions of the DOA errors are shown in
Fig. 7. The mean and variance of the error are also
given in Table I. As evident from these results, the
beamspace Capon algorithm provided the most
accurate (smallest variance) DOA estimates. The
improved accuracy is due, in part, to the spatial
filtering property of the beamspace method.

B. Randomly Distributed Arrays

To show some additional promising properties of
the beamspace Capon algorithm a separate study is
carried out using random distributed wireless sensors.
Distributed sensor arrays offer numerous benefits
compared with arrays with regular geometries.
These include: simplicity and ease in deployment,
stealthy operation, larger coverage area, better spatial
resolution for separating multiple closely spaced
targets, lower hardware complexity and cost, etc. We
have recently shown [20] that distributed sensor arrays

Fig. 5. Vehicle paths on road relative to node positions–run 2.

offer much better robustness to sensor position errors,
transmission loss effects, and other perturbations.
This is primarily due to random sidelobe structure
in contrast to the regular sidelobe structure of the
baseline wagon-wheel arrays. To see this, let us
consider the sensor array configuration in Fig. 8(b),
consisting of fifteen randomly distributed sensors.
Figs. 9(a) and (b) show the theoretical bearing
response patterns of the wideband geometric
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