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This paper considers a new azimuth-elevation direction finding algorithm for multiple
acoustic plane wave signals using acoustic vector array. Firstly, a planar-plus-an-isolated
sensor array geometry [P. Li, J. Sun, B. Yu, Two-dimensional spatial spectrum estimation
of coherent signals without spatial smoothing and eigendecomposition, IEE Proc.-Radar
Sonar Navigat. 143(5) (October 1996) 295-299] is exploited and a cross-covariance matrix
is defined. Then the propagator method is used to estimate the steering vectors of
acoustic vector sensors. Finally, a closed-form, automatically paired azimuth-elevation
angle estimates are derived. The presented algorithm shows high azimuth-elevation
estimation accuracy due to array aperture extension. In addition, the new algorithm does
not need the eigen-decomposition and 2D iterative searching, and is applicable to
coherent (fully correlated) signals and spatially correlated noises. Therefore, the algorithm
shows low computational complexity and robustness. Monte-Carlo simulations are
presented to verify the effectiveness of the proposed algorithm.

Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.

1. Introduction

Two-dimensional (2D) direction finding of multiple
sources using sensor array techniques has played a
fundamental role in some applications involving electro-
magnetic, acoustic, and seismic sensing. In the past
decades, a lot of studies have been conducted on the
pressure-sensor array. However, it is found recently that
the vector sensor array, without increasing the array
aperture, affords more accurate 2D direction estimates.

Acoustic vector sensor model was first introduced into
the signal processing community in [3]. Since then, many
advanced pressure-sensor array techniques were adapted
to the acoustic vector sensor array [1-14]. These techni-
ques have advantages of relative computational simplicity
and comparable estimation accuracy at moderate or
high signal-to-noise ratio (SNR). However, most of them
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assume incoherent signals and spatially white additive
noises. These assumptions are often violated in many
practical situations. The coherent signals and spatially
correlated noises [17,18] could critically degrade the
performance of the array processing algorithms.

In this paper, we aim to develop a robust 2D direction
finding algorithm for coherent acoustic signals in the
spatially correlated noises.! We firstly define a full rank
cross covariance matrix based on the planar-plus-an-
isolated sensor array geometry [38]. Then we utilize the
so-called propagator method? to obtain closed-form

! Note that, there exists a variant of algorithms to handle coherent
signals and spatially correlated noises using conventional pressure-
sensor array. For coherent signals, the spatial smoothing technique and
its variants [19-22] have been widely investigated. For spatially
correlated noise, we refer to [23-35] for references. Obviously, these
techniques could be readily combined and extended for acoustic vector
Sensors.

2 The ‘propagator’ was first defined in [36]. The propagator method
offers estimation accuracy comparable to that of its subspace-based
counterparts, but requires a much reduced computational complexity.
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Fig. 1. Acoustic vector sensor array geometry.

automatically paired azimuth-elevation angle estimates.
In fact, the propagator algorithm [36] has been used to the
array geometry consisting of the pressure sensors [38].
The pressure-sensor array propagator algorithm requires
more costly 2D iteratively searching and may suffer DOA
cyclical ambiguity when the uniform inter-sensor spacing
extends beyond a half-wavelength in accordance with the
spatial Nyquist sampling theorem. The proposed algo-
rithm eliminates the above two problems without any
additive computational loads. The inherent structure of
acoustic vector sensor also allows the array aperture
extension to offer enhanced DOA estimation precision.

The rest of this paper is organized as follows. Section 2
formulates the mathematical data model of acoustic
vector sensor array. Section 3 develops the proposed
algorithm. Section 4 presents the simulation results to
verify the efficacy of the proposed algorithm. Section 5
concludes the paper.

2. Acoustic vector sensor array data model

Assume that K narrowband acoustic planer wave
source signals, parameterized by {01,¢¢}, {02,¢5},...,
{0k, ¢}, impinge upon an acoustic vector sensor array,
as shown in Fig. 1. The array consists of a planner vector
sensor array and an isolated vector sensor [38]. The planar
vector sensor array has L (L>K) identical linear rows
of P(P>K) vector sensors each. The rows are parallel
and uniformly spaced, and the sensors within each row
also have uniform spacing. Each vector sensor has four
components, i.e., three velocity sensors and a pressure
sensor, co-located in space. The acoustic vector sensor’s
4 x 1 manifold with regard to the kth signal is defined
by [3,4,6]

1 1
def | U(Ok: 1) €os 0 COS ¢y,
c(Og, ¢l<) V(Oy, d’k) sin 0 COS d)k (])
w(¢y) sin ¢y,

(footnote continued)

There exists other propagator-based direction finding algorithms using
the pressure-sensor array. For example, Marcos et al. [37] proposed the
orthonormal propagator algorithm for 1D direction finding, Wu et al.
[39] derived the 2D direction finding algorithm with parallel shape array,
and Tayem and Kwon [40] presented the 2D direction finding algorithm
with an L-shape array.

where —n/2<¢,<n/2 denotes the kth signal’s elevation
angle, and 0< 0, <2r represents the kth signal’s azimuth
angle. The first component of (1), corresponding to the
pressure sensor, has function to distinguish between
acoustic compressions and dilation. The second to the last
components of (1) correspond to the velocity sensor aligned
along the x-axis, the y-axis, and the z-axis, respectively.
Note that, the acoustic vector sensor array manifold
contains no time-delay phase factor. That is, the acoustic
vector sensor array manifold is independent of the imping-
ing signals’ frequency spectra [8]. This fact is pivotal to
improve the estimation accuracy by array aperture exten-
sion beyond spatial Nyquist sampling theorem.

Without any loss of generality, we further assume the
isolated acoustic vector sensor be deployed at the origin.
With a total of K source signals, the entire 4 x 1 output
vector measured by the isolated acoustic vector sensor at
time t has the complex envelope represented as

K
X(t) =Y €0k, di)si(t) + Mo (t) = Cs(t) + Mo(t) (2)
k=1
where s(t) _[51 (), ...,sx®]", with the superscript T de-
notes the transpose operator; sk(t) represents the kth
signal’s complex envelope; C [c(Hl, é1),--.,€Ok, POl
ng(t) déf[n](t), ...,na(t)]" refers to the 4 x 1 addltive zero-
mean complex noise and is independent to all signals.
Throughout the paper, it is assumed that C is of full rank.
The assumption is required for all direction finding
algorithms.
The inter-vector sensor spatial phase factor for the kth
incident source signal and the pth acoustic vector sensor
in the ¢th row is [4,6]

[p”kﬂ’fka”[ka XepUk Yep'k

QFp(Hka ¢k) - e]h eﬂﬂ eﬂﬂ eﬂﬂ (3)
where (x¢p,Y.p.2cp) is the spatial location of the pth
acoustic vector sensor in the ¢th row. Denoting the
components of spacing between adjacent sensors in a
row as (4y, 4y, 4,), we have

ZtpWk

Xep =Xe1 +(p— 1)dx (4)
Yep =Ye1 + (@ — D4y (5)
Zep =21 +(p— 14, (6)

Then, the 4LP x 1 array manifold of the entire planar
acoustic vector sensor array is

[a1,1(0k 1) | [ 1,10k, Pi) T
a1 p(O, Px) q1,pOk, dy)
a0k, y) = : = : €O, dp)  (7)
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where ® symbolizes the Kronecker-product operator. It
follows from (7) that

A p(Ok, i) = q;p (O, di)C(O, by) (8)
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