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Summary

Numerous practical applications — such as non destructive evaluation of industrial structures, acoustic characteri-
zation of musical instruments, and acoustic mapping of sound sources in a known propagation medium — involve
source detection and characterization. In the past, this problem has been investigated using different beamforming
and backpropagation methods. In this work, a new technique, based on the time reversal sink concept, is used to
detect active sound sources with a limited number of measurement points. The theory and application of super-
resolution focusing of sound and vibration using a time-reversal sink (TRS) have been studied, both in ultrasonic
regime and in audible range. A high-resolution imaging technique based on a numerical time reversal sink has
recently been developed by the authors for vibrational imaging of active sources in a dispersive medium. In this
paper, the numerical time reversal sink imaging technique is adapted to the case of high-resolution acoustic imag-
ing of active sound sources in a three-dimensional free field. This technique allows high-resolution imaging and
provides a new method of characterization and detection of sound sources. All results show the high resolution
imaging capabilities of this new technique when compared with classical time-reversal (TR) backpropagation.
More than simply detecting the position of the acoustic source, this technique allows to detect the size of the
active sources. This technique provides an alternative to other imaging and source detection techniques, such as
three-dimensional acoustic holography and beamforming.

PACS no. 43.28.]s, 43.30.Bp, 43.30.Pc, 43.30.Gk, 43.60.Jn, 43.60.Lq, 43.60.Tj

1. Introduction

In many practical situations, it is necessary to localize
and characterize an audible sound source using a few sen-
sors. Existing techniques such as three-dimensional acous-
tic holography [1], beamforming and matched-field pro-
cessing [2] involve an array of sensors and the knowl-
edge of the propagating medium. Time reversal (TR) tech-
niques are also widely used to locate active sources and
scatterers [3, 4, 5, 6, 7]. Time reversal and its deriva-
tives have been shown to be an effective localization tech-
nique in audible frequency range [8]. However, since time-
reversal technique is an interference phenomenon leading
to diffraction effects between diverging waves and con-
verging waves around the focal spot, the imaging reso-
lution produced by time-reversal cannot be smaller than
half a wavelength, even if the source is pointlike [9]. More
recently, a new technique based on the concept of numer-
ical time reversal sink (TRS) has been introduced by the
authors, in order to achieve high-resolution of active vi-
brational sources in a plate [10]. In the present article, the
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numerical TRS technique is applied to the case of high res-
olution acoustic imaging of active sound sources in free
field. This technique allows high-resolution imaging and
provides a new method of characterization and detection
of active sound sources in free field. In contrast with most
other existing techniques involving beamforming, classi-
cal time-reversal, or time of arrival detection, TRS pro-
vides detailed information on the boundaries of the active
source instead of just localizing the center of this source.

The time-reversal sink has been first introduced by Fink
et al. [9] and by Rosny et al. [11, 12] in ultrasonic range
with Lamb waves on a chaotic silicon plate. This technique
allows high quality subwavelength focusing and has been
shown to enhance the limit of resolution of focusing when
compared to classical time-reversal (TR) backpropagation
[11]. The technique also proved to be very effective, even
with a single channel time-reversal mirror (TRM) in a re-
verberant or chaotic environment [13, 14, 15]. In audible
range, the sound focusing capabilities of an experimental
TRS have been studied both in a damped and reverberant
environment, showing that a reverberant environment al-
lows accurate resolution focusing using a limited number
of transducers if the diffuse field component of the for-
ward propagation is recorded and time-reversed. However,
as stated in [10], the numerical TRS imaging technique re-
quires an accurate computation of the backpropagation in
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the background medium. Computing the acoustic propa-
gation after the mixing time in a reverberant room is an
impossible task to achieve in terms of accuracy and com-
putation time [16, 17, 18]. Thus, this work presents the
numerical TRS imaging method in free field only.

We consider the following situation: an arbitrary num-
ber N of unknown sources emit an acoustic signal s;(t)
(i € [1 : NJ]) in an infinite background medium. The
acoustic wave y (¥, t) is recorded on a control surface at
M control points using a sensor array. Due to linearity, the
signal measured at the mth control point can be written as
follows (m € [1 : M]):

N
Y (P, 1) = Z G(F;, Fui 1) * 5i(2), ey

i=1

where s;(t) is the source signal, G(7;, F,; t) is the Green’s
function between the ith source and the mth control point
(* denotes the convolution in the time domain).

The second step consists in a simulated backpropaga-
tion of the time reversed signals y (7, —t) reemitted at
each control point using a time domain finite difference
(FDTD) algorithm in a fictive medium approaching the
characteristics of the real background medium. At the end
of this computation step, the position of each source can be
detected by using peak detection in both space and time
domains'. This detection corresponds to the localization
of active sources by numerical TR backpropagation, but
the resolution is limited by diffraction effects between con-
verging waves and diverging waves around the focal spots
[19] and depends on the wavelength of the waves emitted
by the N sources. At this stage of the process, there is no
information on the size of the N sources. The last step of
the process consists in emitting the superposition of N nu-
merical TRS in the fictive medium simultaneously to the
M time reversed signals of the previous step. The N TRS
are located at the positions of the active sources detected
at the end of the second step. This simulation is computed
using the same FDTD algorithm than the one used in the
second step.

As stated in [13] and [10], the resolution of imaging
does not depend on the wavelength because diffraction
effects are supressed by the TRS process, and the focal
spot width equals max(@source; Psink)> Psource beINg the size
of the initial source and ¢, the size of the sink. In our
process, the source used to create the numerical sink is
an ideal point source. Thus, the resolution of the TRS
imaging process is exactly the size of the initial source
and allows access to details on the spatial extent of the
sound source, even in situations where the size of the
source is smaller than half the wavelength. In the follow-
ing, these properties are experimentally demonstrated. In
a first Section, the experimental setup and the numerical
algorithm for backpropagation and TRS simulation are de-
tailed. Then, a numerical proof of principle is presented in

! Alternatively, a high-resolution source localization technique, such as
MUSIC [19] can be used
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Anechoic room
Microphone array antenna /

Sound source

Figure 1. Experimental setup: The positions of active sources and
control points shown are for illustration purpose.

order to show the capabilities of this new imaging tech-
nique in audible range. In a third Section, the results of
TRS imaging experiments are presented and compared to
the localization obtained using numerical TR backpropa-
gation, in order to show the high-resolution capabilities of
this new technique in real situations. The advantages of
this technique when compared to classical active source
localization techniques are also discussed.

2. Experimental setup and methods

2.1. Experimental setup

In this article, we consider the following situation, illus-
trated in Figure 1. An arbitrary configuration of sound
sources emits an impulsive signal in a 3.1x2.5%3.0 m ane-
choic room. Experimentally, the sound sources are 5.08 cm
diameter / 15-Watt transducers (Aurasound NSW2-326-
8A loudspeakers) mounted on a closed 4.8x13 cm cylin-
drical cavity. A two-dimensional microphone antenna
(6x6 Panasonic WM61A omnidirectional back electret
condenser microphones with constant inter-microphone
spacing of 75 mm) is used to measure the acoustic pressure
at 36 control points in the anechoic environment. In order
to guarantee exact synchronisation of the measurements at
several points, the source signals are generated using Mat-
lab software and emitted using a Echo Audiofire12 sound-
card. The acoustic pressure measured at the control points
is acquired using 3 Echo AudioFire soundcards and Mat-
lab, synchronised via worldclock. This experimental setup
allows a measurement bandwith of [25 Hz—15kHz] and a
sampling frequency of 88.2 kHz. These measurements are
then used as inputs to the simulation to process the time-
reversal backpropagation in the anechoic room, simplified
as a free field situation.

2.2. Numerical time-reversal sink method:
high-resolution imaging

In order to achieve high-resolution imaging of the active
sound sources in free field, a numerical time reversal sink
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is applied in the simulated background medium. This nu-
merical TRS is based on the general principles described
in [10], [11] and [13]. As stated in [13], the signal to be
emitted by the numerical time-reversal sink is extracted
from the pressure field previously computed in the classi-
cal TR step. This signal corresponds to the sound pressure
(without any normalization process) at the focal point lo-
cated by using classical TR and peak detection. This signal
is then emitted by a numerical pointlike source at the same
position, simultaneously to the time reversal mirror sig-
nals in order to overcome the apparent failure around the
source position in the time reversal process and supress the
diffraction effects. In the case of a single sink, the wave
emitted by the time-reversal sink can be written as

wTRrs (Fn, 1) = G (75, Fi 1) * sTR(?), )

where str(?) is the time-reversed signal at the focus point
extracted from the TR computation, and G(7y, 7; 1) is the
Green’s function between the source at position 7 and a
receiver at position 7.

TRS method has proven to achieve high resolution
sound and vibration focusing, but as stated in [13], im-
plementing a TRS may not be convenient in practice: it
involves additional physical sources in the wavefield, col-
located with the target position, and whose finite size can
limit the spatial resolution obtained in the focusing pro-
cess. In contrast, the numerical TRS used here involves in
the imaging process a point-like sound source, so that the
resolution corresponds to the size of the initial unknown
source, if the numerical space step is smaller than its size.
Thus, besides being able to locate the active sources, the
numerical TRS imaging process allows the reconstruction
of spatial details of these sources.

3. Numerical methods and numerical proof
of concept

3.1. Time reversal simulated backpropagation

The algorithm used to compute the TR backpropagation
consists in the modeling of the wave propagation in free
field conditions. This algorithm is coded in C language
using finite difference in the time domain (FDTD) and
the simulations are performed on a parallel cluster super-
computer (872 3.2 GHz Intel processors, 3064 Gflops peak
performance) in order to reduce the computation time. The
code is flexible and cross-platform, and can be compiled
on any other architectures. The propagation algorithm is
general and can handle spatially varying properties of the
propagation medium, as is the case for long range un-
derwater or geophysical applications. The homogeneous
medium being a simplification of the layered medium, the
same algorithm can be used for different applications with
a minimal change in the physical parameters used in the
simulation process. Since the propagation takes place in an
open space, the acoustic pressure must verify the Sommer-
feld boundary condition. The acoustic propagation equa-
tion in the medium is discretized in both space and time
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Figure 2. Sound velocity profile used in the numerical experi-
ment.

domains using FDTD. The explicit numerical scheme that
was chosen is of fourth order in time and fourth order in
space (4-4 explicit centered scheme). The fourth order ap-
proximation in space is done by using a composition of
fourth-order approximations of the divergence and gra-
dient operators in wave propagation equation. These ap-
proximations have good positivity and stability properties
[20, 21]. However, a 4-4 centered scheme (even uncen-
tered) leads to unconditionnaly unstable schemes [22] .
Therefore, we used a very efficient alternative in order to
approach the acoustic wave equation: the modified equa-
tion approach (for more information, see [23] and [21])
which has been shown to provide remarkable properties
of stability and accuracy [21]. The Sommerfeld condi-
tion in the free field is approached by using higher or-
der absorbing boundary conditions [24], in order to com-
pute the acoustic propagation in a numerical space-limited
box inside an open space medium without inducing nu-
merical reflections on the fictive boundaries of the box
[24, 25]. This method involves Padé approximations and
a wide angle approximation involving a rational function
paraxial approximation on each facets, edges, and vertex
of the parallelipipedic calculus box [24, 26]. This algo-
rithm allows a reliable, fast, stable, and accurate modeliza-
tion of the acoustic propagation in open space in a layered
medium (the isotropic case being a simplification of this
model). In the case of a homogeneous free-field configu-
ration, the open medium Green’s function can of course
be used to model the acoustic propagation instead of the
FDTD scheme. Nevertheless, being based on time rever-
sal, which is a powerful adaptative method, the numerical
time reversal sink method can be applied to heterogeneous
and anisotropic propagation media, and the numerical sim-
ulation has been used in this work in order to be applicable
in more general cases.

The simulation is first used to compute the TR back-
propagation of the signals measured on the microphone
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Figure 3. Computationnal configuration
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antenna, giving access to the time-reversed pressure field.
If the sources are well resolved in space, a spatio-temporal
maximum detection also provides the position of the
sources to be imaged. If the sources are non well resolved
in space, high resolution localization methods, such as
MUSIC or ESPRIT can be used (see Section 4.2.2). The
numerical TRS step is necessary to have access to the char-
acteristics of the sources, since classical TR methods are
limited by diffraction effects. The numerical time-reversal
sink is used to overcome this diffraction limit and to have
access to the geometrical characteristics of the sources.

3.2. High-resolution imaging of acoustic sources in
deep water channel using numerical TRS:
proof of concept

Time reversal acoustics has been shown to be an efficient
technique to focus sounds in the ocean [27, 28, 29]. The
speed of sound in seawater depends on depth, tempera-
ture, and salinity. This corresponds to the layered propa-
gation medium simulation detailed in the previous Section.
A typical sound velocity profile is presented on Figure 2.
One region of particular interest in ocean is the deep water
channel, often called SOFAR (Sound Fixing And Rang-
ing) channel, which acts as a waveguide [30]. The SOFAR
channel is a horizontal layer of water in the ocean centered
around the depth at which the speed of sound is minimum.

In the numerical experiment, a pointlike sound source,
located at the center of the deep water channel (z; =
—1390m, x; = 130m, corresponding to the minimum
of the velocity profile) emits a 2.5-cycles Blackman win-
dowed sinusoid at several frequencies, from 500 Hz to
7500Hz. A 1-D receiver array (64 hydrophones, spaced
by 3m in the vertical direction) is located at a distance
of 2750 m from the sound source (see Figure 3). This
particular configuration has been chosen in order to re-
duce the computation time for this proof of concept. At
500 Hz, the SOFAR channel allows hundreds of kilome-
ters of transmission ranges because of its physical prop-
erties [30]. However, for this particular numerical exper-
iment, we have chosen to compute the numerical TRS
imaging for a 3000 x 15000 x 100000 finite difference
grid with 30 cm spatial sampling, that is, a 90 m x 450 m
x 3000 m computational domain in the width, depth and
length directions respectively. This configuration has been
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chosen in order to limit the computation time to 300 min-
utes. For real applications at larger ranges, this technique
remains exactly the same, except the computation time is
proportional to the number of space computation points.

The acoustic field received by the array of 64 hy-
drophones is then time reversed and backpropagated in the
SOFAR channel (Figure 4).

Figure 4 shows the results of localization obtained us-
ing numerical TR backpropagation of the sound sources
at central frequencies of 1500 Hz, 3000 Hz and 5000 Hz.
Each figure shows an inverted gray scale image and an a
mesh showing the squared acoustic pressure in the SO-
FAR channel using TR at the instant of focus. The instant
of focus was determined using a detection of the absolute
maximum of the acoustic pressure over time and position
in the computational box. The circles superposed on the
images indicate the classical half-wavelength diffraction
limit that bounds the resolution of the TR reconstruction.
This diffraction effect between the converging and the di-
verging waves around the focal spots prevents access to
the physical size of the source (which, for this numerical
experiment, is point-like).

The same numerical experiment has been repeated us-
ing the numerical TRS technique. In this case, the time-
reversal sink is exactly collocated with the sound source
center. Figure 5 shows that using the numerical TRS al-
lows to achieve high-resolution (i.e. subwavelength) imag-
ing of the active source in the deep water channel.

The spatial resolution using TRS does not depend on the
frequency of the signal emitted by the active sources and
results in high-resolution imaging of the acoustic source,
even at low frequency (see Figure 6). The images ob-
tained using TRS in this numerical experiment show that
the pointlike source is well reconstructed, and confirms the
properties of TRS imaging detailed in the previous Sec-
tion. In this ideal numerical case, the active source is a nu-
merical pointlike source. Thus, the TRS method provides a
pointlike image of the source without degrading the imag-
ing quality even when the frequency is low, whereas the
localization obtained using numerical TR backpropagation
provides a frequency-dependent resolution because of the
diffraction effects. The TRS images show both better reso-
lution and contrast than the TR images, as predicted by the
theory and experiments previously published for the focus-
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Figure 4. Localization of a underwater pointlike sound source in the SOFAR channel using numerical time reversal backpropagation at
central frequencies of (a) 1500 Hz, (b) 3000 Hz, and (c) 5000 Hz. Left: squared acoustic pressure. Right: Source localization (grayscale)

compared to the theoretical limit of resolution (circles).

ing TRS [10, 11, 13]. In the case of a pointlike source, the
limit of resolution with the TRS technique corresponds to
the space sampling in the numerical model of the propa-
gation medium. Figure 6 shows that the limit of resolution
(defined as the -3dB focal spot width) obtained using nu-
merical TR backpropagation is about 1.35 larger than the
theoretical half wavelength diffraction limit in this config-
uration.

This can be explained by the fact that the aperture of the
TRM used in this numerical experiment is small and that
the hydrophone array does not satisfy the half-wavelength
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spatial sampling. Nevertheless, this configuration corre-
sponds to those used in real underwater experiments [27]
and takes into account the amount of hardware classi-
caly available for such experiments. It is also important
to note that the waveguide configuration of the SOFAR
channel greatly enhances the resolution available with this
hydrophone array configuration [29]. The TR focusing be-
ing diffraction limited, the spatial resolution is decreased
when the excitation frequency decreases. In applications
where the spatial extent of a low frequency source needs
to be determined, classical TR cannot give access to this
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Figure 5. Imaging of a underwater pointlike sound source in the SOFAR channel using the numerical time reversal sink method at
central frequencies of (a) 1500 Hz, (b) 3000 Hz, and (c) 5000 Hz. Left: squared acoustic pressure. Right: Source imaging (grayscale)

compared to the theoretical limit of resolution (circles).

information because the classical TR process does not re-
create the exact time-reversed field since the source singu-
larity is not time-reversed, and the diffraction effects lead
to limited resolution localization.

It is important to note that the propagation proper-
ties of the medium (in terms of sound velocity) must be
known. But, in most underwater applications, this pro-
file can be accessed with conductivity-temperature-depth
probes. This numerical experiment shows that the numeri-
cal TRS imaging method is very accurate and can be used
in high definition acoustic source detection and charac-
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terization in underwater applications. The limits of this
method are that the sound velocity profile and the mea-
surement array position must be known accurately [31],
even though Kuperman et al. [27] already showed that the
time reversal techniques are relatively robust to tempera-
ture change and array position for classical TR underwater
communications. The technique used in TR communica-
tions is exactly the same as in numerical TR localization,
instead that the backpropagation is done in the real chan-
nel. The numerical TRS imaging method being a refine-
ment of TR localization, the limits in terms of stability
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Figure 6. Space resolution of the TR process (cross) and the
numerical TRS imaging (circles) in the SOFAR channel com-
pared to the classical half-wavelength diffraction limit of resolu-
tion (solid line) for the frequencies computed in the numerical
experiment.

when the propagation channel properties and array posi-
tion change are basically the same.

4. Experimental results and discussion

4.1. Imaging of a single sound source in an anechoic
room using a numerical TRS

In this Section, we present experimental results of acous-
tic imaging of real active sources in an anechoic room, as
described in Section 2.1. These sources are 5.08 cm diam-
eter / 15-Watt electrodynamic transducers, that emit an im-
pulsive signal (2.5-cycles Blackman windowed sinusoid at
several central frequencies, from 300 Hz to 8000 Hz) in
the room at several arbitrary positions. The localization
obtained using numerical TR backpropagation and TRS
imaging are then computed using sound pressure measure-
ments at 36 control points distributed on a 2-D microphone
array with equal inter-microphone spacing of 75 mm. For
each experiment, the exact sound velocity has been mea-
sured with a time of flight experiment, in order to cali-
brate the numerical simulation of the sound propagation
involved in the classical TR and the numerical TRS imag-
ing process and to avoid any errors in the propagation sim-
ulation due to temperature variations.

Figure 7 shows the source localization achieved with the
numerical TR backpropagation, for two different source
positions, at a central frequency of 750 Hz. Each subfig-
ure shows a gray scale image and a 3-dimensional mesh
showing the normalized quadratic acoustic pressure in a
vertical plane including the source, using numerical TR
backpropagation. The first source is located on a line pass-
ing through the array center and perpendiculat to the array,
35 cm from the array center “on-axis source”), and the sec-
ond source is located in the same plane parallel to the array
as the first source, at 29 cm from the line passing through
the array center and perpendicular to the array (“off-axis
source”).
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The two sources are well localized by numerical TR
backpropagation, despite the fact that the number of mon-
itoring microphones is low: the focal point corresponds
exactly to the position of the source in the experiment,
determined by distance measurement between the source
and 3 points on the microphone array during the experi-
ment and calculated by triangulation using these distance
measurements. Nevertheless, it is important to note that
TR reconstruction for the source located away from the
array aperture is very asymmetric: the sound field is not
as well reconstructed outside the microphone array aper-
ture, although the maximum corresponds exactly to the
real position of the acoustic source. This shows that this
method based on numerical TR backpropagation is appli-
cable (though less accurate) when the source position is
not in the array aperture. The acoustic maps obtained via
numerical TR backpropagation give information on the
position of the sound sources in the anechoic room, but
the size of the focal spot is not related to the actual size of
these sources, and the resolution is limited by diffraction
effects. As predicted by theory, classical TR only allows to
localize the sources. All the information about the sources
is included in the acoustic field measured by the TRM, but
the TR process does not re-create the exact time-reversed
field because the source singularity is not time-reversed.

Figure 8 shows that the time signal obtained by numeri-
cal TR at the source position is equally well reconstructed
at the source position even if the source is away from the
array aperture. This means that the numerical TRS imag-
ing is likely to be effective in both cases even if the TR
reconstruction is not adequate around the source because
this high resolution imaging process requires the acous-
tic pressure to be well reconstructed at the source position
[11,13].

The data obtained from TR numerical reconstruction
are then linearly combined to the soundfield of a numer-
ical time-reversal sink that emits the “antinoise” signal at
the position of the source localized by TR reconstruction.
The results obtained after this computation are presented
on Figure 9. This Figure shows a grayscale image of the
reconstructed sound sources in the anechoic room (in the
x = 35 cm vertical plane) and a 3-dimensional mesh show-
ing the normalized squared acoustic pressure using the nu-
merical time-reversal sink. The circles superposed on the
images indicate the actual size of the loud speaker mem-
brane. This experiment shows that the sound sources are
well localized thanks to TR, and that the physical size of
the transducers is very well reconstructed by the numerical
TRS technique.

Even with a small number of measurement microphones
and for a source outside the measurement array aperture,
the imaging achieved has subwavelength resolution. This
allows satisfactory source imaging without the need of
scanning the entire medium. This new imaging technique
appears to be a very efficient alternative to other acoustic
imaging processes (beamforming and nearfield acoustic
holography) in open space, with a few transducers, when
the propagation medium is well known. Finally, it is im-
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Figure 7. Localization of a 5.08 cm diameter acoustic source using numerical TR backpropagation, at central frequency of 750 Hz
(a) off-axis source and (b) on-axis source. The two sources are in a plane (z, y), parallel to the microphone array, located at 35 cm from
the array. Left: normalized squared acoustic pressure. Right: Source localization (grayscale). The real position of the source is shown

(cross).
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Figure 8. Normalized acoustic pressure at the source position extracted from TR computation, for the 5.08 cm diameter source at central
frequency of 750 Hz, (a) off-axis source and (b) on-axis source. These signals correspond to the “antinoise” signals used in the TRS

process.

portant to note that in these experiments, the TRS imaging
shows slightly smaller size than the actual size of loud-
speaker membrane (see Figure 10). This can be explained
by the source reconstruction involved: the TRS process
reconstructs the actual pressure distribution of the trans-
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ducers in the anechoic room, which is not uniform on the
membrane surface. Thus, the TRS imaging reconstructs
this actual source distribution and the size of the trans-
ducer is slightly underestimated. Nevertheless, the results
obtained with the numerical TRS method provides high-
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Figure 9. Numerical TRS imaging of a 5.08 cm diameter acoustic source at central frequency of 750Hz (a) off-axis source and
(b) on-axis source. The two sources are in a plane (z, y), parallel to the microphone array, located at 35 cm from the array. Left:
normalized squared acoustic pressure. Right: Source localization (grayscale). The real size of the source is plotted at the source posi-

tion (circle).

resolution imaging of active sound sources in free field
with only a few transducers, provided that the wave prop-
agation in the medium is accurately modeled.

4.2. Simultaneous imaging of several sound sources
in an anechoic room using a numerical TRS

4.2.1. Simultaneous imaging of two incoherent sound

sources

Figure 11 shows the ability of the numerical TRS method
to simultaneously image two acoustic sources that emit
different signals with different frequency contents. In this
experiment conducted in the anechoic room, two 5.08 cm
diameter transducers emit a 1.5-cycles blackman win-
dowed sinusoid respectively at 950 Hz and 1450 Hz. These
two sources are separated by 41 cm. The two sources emit
their signal simultaneously, and the resulting acoustic field
is measured by the 36 control microphones of the measure-
ment array. The numerical TR backpropagation and nu-
merical TRS imaging are then computed using the same
simulation grid than the one presented previously. Fig-
ure 11 shows the localization achieved by numerical TR
backpropagation and the imaging achieved using the nu-
merical TRS method, at collapse time.
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Figure 10. Zoom on the numerical TRS imaging of the 5.08 cm
diameter acoustic source at central frequency of 750 Hz. This
zoom shows the real size of the transducer (circle), and the dis-
cretization cell.

These data show that the numerical TRS imaging is very
efficient even with several sources emitting different sig-
nals. In this figure, the two sources are well imaged and
their size is well determined by the method, even if the fre-
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Figure 12. Numerical TR backpropagation of three loudspeakers
within the diffraction limit. The position of the three sources is
plotted for reference (cross).

Figure 11. (a) Numerical TR backpropagation at collapse time;
(b) Numerical TRS imaging at collapse time for two loudspeak-
ers emitting simultaneously a 1.5-cycles blackman windowed si-
nusoid, respectively at central frequency of 950 Hz and 1450 Hz.

quency content of the two emitted signals is different. This
result confirms that the numerical TRS is a very accurate
imaging method and provides an efficient refinement to
classical TR for acoustic sources detection and imaging. It
is important to note that the TR localization is perturbated
by the presence of another source, because the spatial ex-
tent of the TR focusing depends on the signal wavelength.
The TRS method achieves high resolution imaging with-
out any perturbation from other sources, because the TRS
method recreates the exact time-reversed situation of the
initial sound emission, whereas TR method does not.

4.2.2. Super-resolution imaging of three sources lo-
calised within the diffraction limit using TRS
and MUSIC

In this experiment, the numerical TRS method is used to
image simultaneously three loudspeakers emitting a 1.5-
cycles blackman windowed sinusoid. Two of them emit a
signal at the same frequency (500 Hz) and the third one
emits a signal at 650 Hz. The three loudpseakers are lo-
cated on the vertices of an equilateral triangle whose sides
are 10 cm. The resulting acoustic field is measured by the
36 control microphones of the measurement array. The
numerical TR backpropagation of these measurements is
shown on Figure 12. In this particular configuration, it
is impossible to separate the three sources with a spatio-
temporal maximum detection.

However, it is possible to determine the position of the
three sources using the a high-resolution algorithm, such
as MUSIC [32], or ESPRIT [33]. These methods allow to
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Figure 13. MUSIC Spatial pseudospectrum of the data measured
by the 36 control microphones: the centers of the three loud-
speakers are well resolved within the diffraction limit.

determine the center of the three loudspeakers, using a de-
composition of the signal representation in two orthogonal
spaces: the noise subspace and the signal subspace. Never-
theless, the spatial pseudospectrums obtained using these
methods only allow to localize the sources, without any
information on their boudaries nor on their spatial extent.

Figure 13 shows the spatial MUSIC pseudospectrum
obtained with the data measured by the 36 control micro-
phones. Thus, the MUSIC method allows to determine the
position of the three sources.

The TRS signal is then extracted at these positions from
the computed TR backpropagation. Figure 14 shows the
numerical TRS super-resolution imaging computed using
three sources, located at the positions extracted from the
MUSIC algorithm and the temporal signals extracted from
the TR backpropagation. This figure shows that MUSIC
and TRS allow super-resolution imaging of the three loud-
speakers obtained with the TRS technique, and give high-
resolution information on both the position and the size of
the loudspeakers, whereas classical TR backpropagation
fails.
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Figure 14. Super-resolution imaging of three sources localised
within the diffraction limit with the combination of the MUSIC
localization method and the numerical TRS method. The real size
of the source is plotted at the source position (circles).

In this particular case, the spatio-temporal maximum
detection has been replaced by a spatial MUSIC localiza-
tion, and the numerical TRS imaging process has been
used to determine the spatial boundaries of the three
sources. It is important to note that the method does not de-
pend on the frequency content of the sources, and that the
numerical TRS method allows to achieve super-resolution
imaging where other techniques such as classical TR back-
propagation and beamforming fail.

5. Conclusions

In this paper, we have shown that a numerical time-
reversal sink (TRS) can be used to achieve high resolu-
tion imaging of active sound sources in open space. These
results extend to three dimensional acoustics the work pre-
viously published by the authors in [10] for flexural waves
in a dispersive clamped plate. In the present case, the nu-
merical TRS imaging method has been applied to audi-
ble sound sources in a three-dimensional open space. As
the numerical TRS method relies on a model of the sound
propagation in the medium, a finite difference model has
been derived in order to simulate the propagation of acous-
tic waves in a three dimensional layered medium. An ap-
plication to underwater acoustic sources imaging has been
presented as a proof of concept and the experimental imag-
ing of real acoustic transducers in audible range in an ane-
choic room has been demonstrated. The numerical TRS
imaging proves to be an efficient imaging technique, giv-
ing access to high resolution imaging of the the actual
source distribution in audible range and giving informa-
tion on the position and size of the active sound sources,
even if these sources are located away from the measure-
ment array aperture. It has been shown that the numerical
TRS techniques allows to achieve high resolution imag-
ing instead of limited resolution localization of acoustic
sources, even when several sources are emitting different
signals simultaneously. The numerical TRS may be a good
alternative to other acoustic imaging process, giving rise to
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interesting potential applications that need to be studied, in
underwater acoustics, musical acoustics, and source iden-
tification of industrial structures.
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