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ABSTRACT
The noise emissions during flyover test can be analyzed with a phased microphone array placed
on the ground. If the flight path is known, an acoustic imaging technique is then used to map
the sound pressure over the fuselage, in order to locate the most emergent aeroacoustic sources.
Most of the dedicated array techniques assume a spatial distribution of uncorrelated equivalent
sources to be sought. This paper deals with the localization of correlated moving sources, and
demonstrates the effectiveness of an uncorrelated-based deconvolution technique for this purpose.
The technique is applied on synthetic data from three different numerical scenarios, including a
simplistic configuration of an overflying aircraft, which involve a small number of sparse, correlated
monopoles in motion.

1. INTRODUCTION

As a duty to airport communities, embodied within stricter noise regulations imposed by
airworthiness authorities, the noise performance of next generations of aircraft is of major
interest, and requires more advanced noise measurement systems. In this context, phased
microphone array processing can complement existing standard measurement protocols. The
tedious part of this approach is to synchronize the acquisition from a thousand of sensors on the
ground with the in-board aircraft trajectography system. Thus, any acoustic imaging techniques,
like time-domain conventional beamforming, can be used to locate the emergent aeroacoustic
noise sources. Recent research has focused on the adaptation of existing high-resolutive
techniques to take into account of the displacement of the sound sources. The extensions of
DAMAS [1], CLEAN [2] or the functional beamforming algorithm [3], have improved the spatial
resolution and the dynamic range of the resulted acoustic cartography along the fuselage of the
aircraft.

Most of the microphones array techniques model the sources to be sought as a spatial
distribution of uncorrelated monopoles. They become inaccurate in case of non-compact sources
with anisotropic directivity effects. This is particularly true for aircraft noise analysis, where high
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sound levels with important directivities are generated by the airframe, the landing gears or the jet
engine. For wind tunnel applications, DAMAS-C and CMF-C are two techniques which ease the
restauration of the cross spectral matrix of this type of sources [4]. However, they have not been
yet extended to flyover applications.

This paper deals with the localization of correlated moving sources. It provides preliminary
results for the implementation of new correlation-based techniques dedicated to flyover
measurements. In this context, we propose to evaluate the performance of the deconvolution
technique exposed in [1], which is based on an uncorrelated sources model. The theorical aspects
of the technique, in particular the time-frequency formulation of beamforming, are developed
first. It is then applied on synthetic data from different numerical scenarios. Each scenario
considers a small set of sparse and correlated monopoles, and varies according to the trajectory,
the number and the nature (tonal or broadband) of these monopoles. While the first two scenarios
are more academic configurations, the third attempt to reproduce the noise measurements of a
simplified flyover using representative trajectography.

2. ARRAY TECHNIQUE

2.1. Direct model

In the following sections, all the coordinates vectors refer to the same static coordinate system
on the ground. The flight path of the aircraft is tracked over time, for instance using a global
positioning system, and so its trajectory is precisely known at discrete emission times te . During
the flyover, an array of M fixed microphones, each located on the ground at xm , measures the noise
from a set of N sources moving with the aircraft. The measurements have to be synchronized with
the trajectory. By denoting xn (te ) and Un (te ) respectively the instantaneous location and velocity
of the nth source, the emission angle relative to the trajectory at time te is given by the following
scalar product:

θmn(te ) = xm −xn(te )

|xm −xn(te )| ·
Un(te )

|Un(te )| (1)

For medium-range propagation distances between sources and microphones, the
convection of sound waves by the wind could be significant. The acoustic propagation is
therefore modelled in an infinite uniform low-speed flow above the ground, with c0 the sound
celerity and M0 the Mach vector of the wind. The pressure signal sn(te ) emitted by the nth source
reaches the mth static microphone after the propagation delay:

τmn(te ) =
−M0 · (xm −xn (te ))+

√
[M0 · (xm −xn (te ))]2 +β2 |xm −xn (te )|2

c0β2
, (2)

with β2 = 1 − |M0|2. Under the hypothesis of a moving monopole, and from Equation 1 and
Equation 2, a model of received signal is:

pm (te +τmn(te )) = sn (te )

|xm −xn (te )| [1−Mn (te )cosθmn (te )]2 , (3)

where Mn(te ) = |Un (te )|/c0 is the Mach number of the source. The delay in Equation 2 varies
with the source-to-microphone distance and thus, the resulting reception times te +τmn (te ) are
not evenly spaced. This induces the so-called Doppler signature, due to the motion of the source
relative to the fixed receiver.

2.2. Beamforming

Beamforming is used to locate the emergent noise sources along the aircraft, and reconstruct
their acoustic signature. The approach used in this paper follows in part the formulation by



Proceedings of INTER-NOISE 2024

Cousson [2], which has been adapted in [5] to flyover applications. The main steps of the
algorithm are summarized below. Beamforming is applied blindly along a discrete grid of size I ,
moving with the aircraft and delimiting its fuselage. The i th node of the grid can be located at
xi (te ) , and represents an equivalent noise source for which the beamformed signal writes:

si (te ) =
M∑

m=1

pm (te +τmi (te ))

|xm −xn (te )| [1−Mn (te )cosθmi (te )]2 (4)

Here, the signal si derives from the dedopplerization of the measurements pm by selecting
the pressure bins at corresponding reception times te +τmi (te ) defined by Equation 2 [6]. As these
reception times do not generally coincide with the sampling period of the measurements, data
must be interpolated to avoid large errors in pressure amplitudes. In our case, a natural cubic
spline interpolation scheme is used. When xi (te ) = xn(te ), the estimate from Equation 4 equals
the true emission sn (te ).

Let ŝi (ω) the Fourier Transform of si at angular frequency ω. The power spectral density
vector b ∈RI×1 of the equivalent sources is given by:

bi (ω) = ŝi (ω)ŝi (ω) , ∀i = 1. . . I (5)

with (·) the complex-conjugate operator. In practice, the vector b is computed using a Welch’s
periodogram technique. The dedopplerized source signals are evaluated for a number K of
emission frames, with a percent of overlap between successive frames. The duration of a single
frame depends on the targeted frequency resolution of the equivalent sources. The spectra ŝ(k)

i
are then averaged over the frames. The Equation 5 becomes:

bi (ω) ≈ 1

K

K∑
k=1

ŝ(k)
i (ω) ŝ(k)

i (ω) (6)

2.3. Deconvolution

Deconvolution refers to all the techniques used to improve the resolution of acoustic imaging by
the direct clean of the beamforming output given by Equation 6. These techniques rely on the
knowledge of the sensing matrix:

H(ωD) = ∣∣GH(ωD) G(ωD)
∣∣2

(7)

Each column of H ∈ RI×I is the point spread function (PSF) of the array for the i th equivalent
source of the focusing grid, and links to the Green’s function matrix G ∈CM×I . For the specific case
of point-like moving monopole, the Green’s function between the i th equivalent source and the
mth microphone at angular Doppler-shifted frequency ωD writes as follow [1]:

Gmi (ωD) = e− j kD|xm−xi (te )|

|xm −xi (te )| [1−Mi (te )cosθmi (te )]2 , (8)

with kD =ωD/c0 the wavenumber.
In the present paper, the deconvolution aims at finding the vector s ∈ RI×1, solution of the

linear system
Hs = b, (9)

subject to the non-negativity constraint si ≥ 0, ∀i = 1. . . I . This ensures to converge to the physical
power of the sources. In this work, the Equation 9 is solved in the non-negative least-square sense
using the Lawson-Hansen algorithm [7].
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3. NUMERICAL SCENARIOS

3.1. General setup

The general configuration for the three numerical cases is shown in Figure 1. The propagation
in altitude occurs at sound celerity c0 = 343m/s and low wind speed |U0| = 10m/s. A cross-
shaped array of M = 250 microphones is placed on ground [8]. Time-resolved pressure data on
microphones are finally synthetized according the direct model in Equation 3. Introducing T

(
ρ
) ∈

R3×3 the source covariance matrix, we can control the degree of correlation between sources by
tuning a single parameter ρ [4]. Analysis are done at emission angle θms = 90◦, the index m for the
central microphone of the array and the index s for a reference point of the moving focusing grid.

Figure 1: Sketch of the general simulated configuration.

3.2. Three uncorrelated sources

First, the case of three broadband uncorrelated monopoles (ρ = 0) is considered. The simulated
sources follow the same approach trajectory above the array at constant speed |Un | = 100m/s and
slope φ=−3◦. They are aligned along Y-axis, and spaced by 5 meters. During the flight, each one
generates a zero-mean gaussian noise with power spectral density amplitude of 1Pa2/Hz.

For the localization, the equivalent sources are sought along a one-dimensional regular grid
passing through the three sources, and divided into I = 201 between ys =−10 and ys = 10 meters.
The vector b is averaged over K = 31 blocks, with a Hanning temporal window and 50% of overlap.
The frequency resolution is set to 32Hz. No spatial apodization of the array has been considered
in the computation.

The Figure 2 shows the beamformed and the deconvolved acoustic maps obtained for this
first simulation. The vertical dashed lines indicate the true source locations. As expected, and
because the source model is suited for this scenario, the peaks of amplitude are found at the three
locations of the uncorrelated sources. It is not possible to separate them up to 300Hz because of
the wider beamwidth of the array on this frequency range.

3.3. Three correlated sources

Then, a case similar to that of Section 2 is considered, except that the three broadband monopoles
are now correlated (ρ = 0.8). The same parameters are chosen to compute the vector b.

The Figure 3 shows the beamformed and the deconvolved acoustic maps obtained for
this second simulation. They have to be compared with the references in Figure 2. Here, the
deconvolution technique is also able to correctly locate the three correlated sources. Note the
more pronounced sidelobes above 2000Hz, which suggest that the algorithm does not fully
remove the PSFs from the dirty map, and can emphasize significant temporal interactions
between the sources. Moreover, the localization is now impaired at low frequencies up to 1000Hz.
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Figure 2: Space-frequency acoustic maps for the three uncorrelated sources (ρ = 0) using
beamforming (on left) and deconvolution (on right).

Figure 3: Space-frequency acoustic maps for the three correlated sources (ρ = 0.8) using
beamforming (on left) and deconvolution (on right).

3.4. Simplified aircraft noise

Finally, we consider the case of several monopoles superimposed on the noisiest parts of an
aircraft. This simulation derives directly from the proposal in [5]. It comprises three correlated
broadband monopoles on the landing gears, and two tonal monopoles, respectively at 440Hz and
880Hz, on the fan engine noise, see Figure 4. Here, only the correlation among the broadband
sources is imposed (ρ = 0.6).

For the localization, a two-dimensional grid of I = 2601 equivalent sources delimits the
wingspan of the aircraft, with a resolution of 1 meters along the X- and Y-axis. The vector b is
averaged over K = 39 blocks, with a Hanning temporal window and 50% of overlap. The frequency
resolution is set to 20Hz.

The Figure 5 shows the deconvolved acoustic maps obtained for the modelled aircraft. The
resulting maps are integrated over three third-octave bands at 400Hz, 800Hz and 1250Hz. All five
monopoles are visibles. For bands 400Hz and 800Hz, the strong emergence of the tonal sources, in
addition to the poor dynamic range of the array, could explains why the broadband sources can’t be
correctly seen. This issue has not been observed with the simulation from [5]. Note also, at 1250Hz,
the interaction between the two sources placed on the rear landing gears. Their theoretical PSFs
seems to cross at these locations, creating symmetric ghost sources which pollute the acoustic
map.
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Figure 4: Simulated tonal (blue dot) and broadband (red dot) monopoles along the aircraft

(a) (b)

(c)

Figure 5: Third-octave integrated deconvolved maps for the simplified aircraft at (a) 400Hz, (b)
800Hz and (c) 1250Hz. The dynamic range and colorbar is the same for the three figures.

4. CONCLUSION

In this paper, the performance of an uncorrelated-based deconvolution technique has been
demonstrated for dealing with the complex case of correlated moving acoustic sources. It has
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been applied to synthetic data from ground-truth simplistic numerical scenarios. The results
showed that the deconvolution is capable of locating moving sources that may or may not be
correlated. This is true in the mid- and high-range frequencies, but less so for low frequencies
due to the limited spatial resolution of the array. This motivates the adaptation of existing
correlation-based deconvolution techniques, such as DAMAS-C or CLEAN-SC, to overcome this
drawback.
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