
See	discussions,	stats,	and	author	profiles	for	this	publication	at:	https://www.researchgate.net/publication/7483863

Building	three-dimensional	images	using	a
time-reversal	chaotic	cavity

Article		in		IEEE	Transactions	on	Ultrasonics	Ferroelectrics	and	Frequency	Control	·	October	2005

DOI:	10.1109/TUFFC.2005.1516021	·	Source:	PubMed

CITATIONS

23

READS

33

4	authors,	including:

Some	of	the	authors	of	this	publication	are	also	working	on	these	related	projects:

Visual	Cortex	fUS	Imaging	View	project

Hemodynamics	correlates	of	Theta	Rhythm	View	project

Mickaël	Tanter

École	Supérieure	de	Physique	et	de	Chimie	Industrielles

492	PUBLICATIONS			12,784	CITATIONS			

SEE	PROFILE

All	content	following	this	page	was	uploaded	by	Mickaël	Tanter	on	15	April	2016.

The	user	has	requested	enhancement	of	the	downloaded	file.	All	in-text	references	underlined	in	blue	are	added	to	the	original	document

and	are	linked	to	publications	on	ResearchGate,	letting	you	access	and	read	them	immediately.

https://www.researchgate.net/publication/7483863_Building_three-dimensional_images_using_a_time-reversal_chaotic_cavity?enrichId=rgreq-fbfd20375a40c386378b88cdc24b9278-XXX&enrichSource=Y292ZXJQYWdlOzc0ODM4NjM7QVM6MzUxMjE2ODIwMzQyNzg2QDE0NjA3NDgwMjM2NTQ%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/7483863_Building_three-dimensional_images_using_a_time-reversal_chaotic_cavity?enrichId=rgreq-fbfd20375a40c386378b88cdc24b9278-XXX&enrichSource=Y292ZXJQYWdlOzc0ODM4NjM7QVM6MzUxMjE2ODIwMzQyNzg2QDE0NjA3NDgwMjM2NTQ%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Visual-Cortex-fUS-Imaging?enrichId=rgreq-fbfd20375a40c386378b88cdc24b9278-XXX&enrichSource=Y292ZXJQYWdlOzc0ODM4NjM7QVM6MzUxMjE2ODIwMzQyNzg2QDE0NjA3NDgwMjM2NTQ%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Hemodynamics-correlates-of-Theta-Rhythm?enrichId=rgreq-fbfd20375a40c386378b88cdc24b9278-XXX&enrichSource=Y292ZXJQYWdlOzc0ODM4NjM7QVM6MzUxMjE2ODIwMzQyNzg2QDE0NjA3NDgwMjM2NTQ%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-fbfd20375a40c386378b88cdc24b9278-XXX&enrichSource=Y292ZXJQYWdlOzc0ODM4NjM7QVM6MzUxMjE2ODIwMzQyNzg2QDE0NjA3NDgwMjM2NTQ%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Mickael_Tanter?enrichId=rgreq-fbfd20375a40c386378b88cdc24b9278-XXX&enrichSource=Y292ZXJQYWdlOzc0ODM4NjM7QVM6MzUxMjE2ODIwMzQyNzg2QDE0NjA3NDgwMjM2NTQ%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Mickael_Tanter?enrichId=rgreq-fbfd20375a40c386378b88cdc24b9278-XXX&enrichSource=Y292ZXJQYWdlOzc0ODM4NjM7QVM6MzUxMjE2ODIwMzQyNzg2QDE0NjA3NDgwMjM2NTQ%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Ecole_Superieure_de_Physique_et_de_Chimie_Industrielles?enrichId=rgreq-fbfd20375a40c386378b88cdc24b9278-XXX&enrichSource=Y292ZXJQYWdlOzc0ODM4NjM7QVM6MzUxMjE2ODIwMzQyNzg2QDE0NjA3NDgwMjM2NTQ%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Mickael_Tanter?enrichId=rgreq-fbfd20375a40c386378b88cdc24b9278-XXX&enrichSource=Y292ZXJQYWdlOzc0ODM4NjM7QVM6MzUxMjE2ODIwMzQyNzg2QDE0NjA3NDgwMjM2NTQ%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Mickael_Tanter?enrichId=rgreq-fbfd20375a40c386378b88cdc24b9278-XXX&enrichSource=Y292ZXJQYWdlOzc0ODM4NjM7QVM6MzUxMjE2ODIwMzQyNzg2QDE0NjA3NDgwMjM2NTQ%3D&el=1_x_10&_esc=publicationCoverPdf


ieee transactions on ultrasonics, ferroelectrics, and frequency control, vol. 52, no. 9, september 2005 1489

Building Three-Dimensional Images Using a
Time-Reversal Chaotic Cavity

Gabriel Montaldo, Delphine Palacio, Mickael Tanter, and Mathias Fink

Abstract—The design of two-dimensional (2-D) arrays
for three-dimensional (3-D) ultrasonic imaging is a major
challenge in medical and nondestructive applications. Thou-
sands of transducers are typically needed for focusing and
steering in a 3-D volume. In this article, we propose a dif-
ferent concept allowing us to obtain electronic 3-D focusing
with a small number of transducers. The basic idea is to cou-
ple a small number of transducers to a chaotic reverberating
cavity with one face in contact with the body of the patient.
The reverberations of the ultrasonic waves inside the cav-
ity create at each reflection virtual transducers. The cav-
ity acts as an ultrasonic kaleidoscope multiplying the small
number of transducers and creating a much larger virtual
transducer array. By exploiting time-reversal processing, it
is possible to use collectively all the virtual transducers to
focus a pulse everywhere in a 3-D volume. The reception
process is based on a nonlinear pulse-inversion technique
in order to ensure a good contrast. The feasibility of this
concept for the building of 3-D images was demonstrated
using a prototype relying only on 31 emission transducers
and a single reception transducer.

I. Introduction

In 2-D conventional ultrasonography, the diagnostician
is limited in the visualization of some diseases because

he must integrate many 2-D images to reconstruct men-
tally a 3-D volume. Over the past few years, advances in
technology that include high-speed computing, array tech-
nology, and storage hardware have permitted us to build
3-D ultrasound imaging systems [1], [2]. Two different ap-
proaches have been investigated to build a complete 3-D
image. The first type of 3-D ultrasound system uses a series
of 2-D images produced by a conventional 1-D array [3],
[4]. The 1-D array is moved by the practician or by a mo-
torized device in the direction perpendicular to the image
plane to get a volumetric data acquisition. The scanning
sequence requires a position sensor in order to know pre-
cisely the position and angulations of each slice. The 3-D
ultrasound data set and the position data set are necessary
to reconstruct the 3-D image. The main disadvantages of
this method are the sensitivity of the 3-D reconstruction
to the accuracy of position data and to the artifacts caused
by respiratory motion and the low frame rates limited by
the mechanical scanning.

The second type of 3-D ultrasound systems uses new
generations of 2-D arrays of transducers [5]–[8] in order to
focus an ultrasonic pulse in a 3-D volume. This approach
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is the most convenient for the practician as the scanning
of the complete volume is achieved electronically, and it
should produce images of better quality at higher frame
rate than a mechanical scanning. Unfortunately, this tech-
nique involves a lot of new technological problems: the high
number of elements (thousands in some cases) requires a
complex and expensive electronic multiplexing. Moreover,
the small size of the individual elements increases the elec-
trical mismatch and results in a reduced sensitivity. And,
the wiring of thousands of elements is a major technolog-
ical challenge.

Here, we present an original approach that replaces the
2-D array by a set of less than 100 elements. Our solution
combines the use of time reversal technology with a small
number of piezoelectric transducers fastened to a rever-
berating solid cavity presenting one face in contact with
the investigated medium. Time-reversal focusing was stud-
ied previously in the field of ultrasound [9], for medical
applications [10], and in ocean acoustics [11]. This tech-
nique is based on the reversibility of acoustic propagation,
which implies that the time-reversed version of an inci-
dent pressure field naturally refocuses in space and time on
its source, whatever the heterogeneity of the propagation
medium. More precisely, it means that, for every burst of
sound emitted from a source and possibly reflected and re-
fracted by multiple boundaries, there exists a set of waves
that precisely retraces all the complex path and converges
to the original source, as if time were going backward.
This idea leading to the concept of time-reversal pulse
recompression in reverberating medium has been success-
fully applied in solid waveguides for shock wave lithotripsy
[12]. In such a configuration, one face of the waveguide is
in contact with the patient’s body while a small number
of transducers is glued on the opposite face. Thanks to
the multiple reverberations on the waveguide boundaries,
waves emitted by each transducer are multiply reflected,
creating at each reflection virtual transducers that can be
observed from the desired focal point. Thus, we create a
large virtual array from a limited number of transducers.
The result of such an operation is that a small number of
transducers is multiplied to create a kaleidoscopic trans-
ducer array. However, symmetries implied in waveguides
create periodic kaleidoscopic arrays, resulting in grating
lobes that limit the interest of this technique to shock
wave generation for lithotripsy. To extend this concept to
pulse-echo imaging, sidelobes have to be strongly reduced.
The solution we propose is to break the waveguide’s sym-
metries by introducing reverberating media with chaotic
geometries such as chaotic billiards. Preliminary works on
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Fig. 1. Experimental setup. The main part of the kaleidoscope con-
sists of a chaotic cavity made of aluminum with 31 piezoelectric
transducers glued on one face. The transducers are 8 by 5 mm rect-
angular piezoelectric ceramics and work at a central frequency of
1.5 MHz. Each transducer is connected to an independent digital-to-
analog and analog-to-digital channel. One face of the kaleidoscope is
in contact with a fluid medium in order to perform the calibration.
Once the system is calibrated, this same face then is put in contact
with the tissue medium to image.

time reversal in 2-D closed cavities was done by Draeger et
al. [13], [14] using Bunimovitch billiards. Here, we extend
this work to 3-D leaky cavities and we select a Sinai bil-
liard geometry to achieve 3-D focusing. A Sinai billiard is a
cube with a spherical hole in the middle. A beam reflected
by the faces of this cavity has the propriety of passing as
close as you want from any arbitrary point in the cavity. In
other words, the beam goes through all the points of the
cavity. In order to simplify the building we use 1/8th of
this billiard, which looks like a cube with a bitten corner
of spherical shape (see Fig. 1).

In the first part of this article, we present a prototype of
such a kaleidoscope and the experimental results obtained
with various methods, time reversal, 1-bit time reversal,
and nonlinear techniques. In particular, we show how the
complexity of 2-D arrays technology is here transferred
into the spatio temporal codes stored in memories. In the
second part of the article, we show some simple images of
3-D objects using a prototype made of 31 emission trans-
ducers and a single reception transducer.

II. Focusing a Pulse in 3-D With a

Time-Reversal Kaleidoscope

The pioneer prototype system is made of a solid chaotic
aluminum cavity (a 3-D Sinai billiard of 50×50×50 mm3)
with 31 transmit elements glued on one surface. The trans-
mitters are 8 by 5 mm rectangular piezoelectric ceramics

Fig. 2. (a) Signal recorded on one transducer element of the kaleido-
scope after sending a pulse of 1 µs at the desired location. Due to the
multiple reflections on the faces of the cavity, the signal duration is
very long. (b) Time-reversal recompression in the hydrophone. The
original brief pulse is recovered with some side lobes.

with a 1.5 MHz central frequency. One of the surfaces is
in contact with the medium to image (see Fig. 1). Each
transducer is connected to a fully programmable, multi-
channel electronic system relying on a 32 MHz sampling
frequency and a 80 Vpp excitation.

In order to focus a short pulse inside the medium, we
use the time-reversal process. A time-reversal (TR) exper-
iment is divided in two steps.

• First, an ultrasonic source located in the medium to
image (here an homogeneous fluid mimicking human
tissues) at the chosen focal point sends a short ultra-
sonic pulse (typically 1 µs duration) centered around
1.5 MHz. The acoustic waves propagate in the medium
and penetrate inside the solid cavity. Due to the strong
reverberations inside the cavity, the waves are reflected
hundreds of times and the impulse responses hi(t) re-
ceived by the ith transducer last a very long time [up
to 500 µs, Fig. 2(a)]. It corresponds to about 1.5 m of
reverberant propagation in aluminum corresponding
to nearly 300 reflections on the cavity boundaries.1

• In the second step, the received signals are time re-
versed and hi(−t) is sent back from each transducer
of the cavity. The waves perform the inverse way, and
they eventually focus at the initial source point both in

1Note that, thanks to spatial reciprocity of wave propagation, this
first step can be achieved using a hydrophone instead of an acous-
tic transmitter at focus. The Green’s function then is acquired by
emitting successively with each transducer glued on the cavity and
recording the resulting echo on the hydrophone at focus. This ap-
proach is more efficient in terms of sensitivity.
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space and time exactly as if time was going backward.
Fig. 2(b) represents the time-reversed pulse received
at the initial source location. The initial pulse dura-
tion (1 µs) is recovered, and this phenomenon can be
named the time-reversal temporal recompression.

This process achieved in a calibration medium like wa-
ter allows us to learn the temporal codes to be applied on
each transducer in order to focus at a given location. By
repeating this process for different initial source locations,
we can learn the coded signals hi(−t) allowing us to focus
on any specific point of the medium. The complete calibra-
tion of the kaleidoscope consists in recording all the data
set of coded signals needed to focus at each point of the
calibration medium.

This process was modeled using a numerical simulation
of the wave propagation. This numerical approach greatly
helps us to understand the building of the time-reversed
focused beam. We performed a 2-D finite differences time
domain simulation (FDTD) taking into account longitudi-
nal and transverse waves contributions in the solid, mode
conversions, and longitudinal waves propagation in the cal-
ibration fluid. The solid has free boundaries (air interface)
and the fluid presents perfect absorbing boundaries.

Fig. 3 shows the amplitude of the displacement at dif-
ferent time steps during the backpropagation of the time-
reversed wavefront. The impulse responses hi(t) already
have been simulated in the first part of the time-reversal
numerical experiment. Here, the signals hi(−t) are sent by
each transducer of the cavity. In Fig. 3(a), −206 µs before
the focusing time, a lot of energy is injected in the cav-
ity, and a very low and incoherent noise is leaking out of
the cavity. At −34 µs, the reverberations begin to build a
spherical wavefront inside the cavity [Fig. 3(b)]. The spher-
ical wave front is clearly defined at −36 µs [Fig. 3(c)] and
it leaves the cavity at −27 µs [Fig. 3(d)]. At 0 µs, it fo-
cuses at the initially chosen location [Fig. 3(e)]. As one
can notice in Fig. 3(b), the central part of the wavefront
is due to longitudinal waves in the solid cavity, whereas
the edges of the wavefront correspond to transverse wave
contributions. Longitudinal waves in Fig. 3(b) are late in
comparison with transverse waves but overtake their de-
lay on transverse waves at the exact time they leave the
cavity. Thus, transverse waves are shown to contribute to
high angular frequencies of the focusing beam, and longi-
tudinal waves contribute to low angular frequencies of the
beam. It is nice to see how elegantly time reversal takes
benefit from mode conversions in order to overcome the
critical angle limitation suffered by longitudinal waves.

A. One Bit Time Reversal and Nonlinear Harmonic
Focusing

The calibration process to focus in a complete 3-D large
volume requires a very large memory for the storage of the
codes. In our system, based on 31 transducers and 500 µs
signals sampled at 32 MHz, the waveforms required for
each focal point correspond to 992 Kbytes of memory. A

Fig. 3. Numerical simulation of a time-reversal focusing experiment.
(a) The transducers begin to emit their coda. Only a very low in-
coherent noise is leaving the cavity. (b) and (c) A spherical wave is
progressively built inside the cavity. In (b) the longitudinal waves
are in advance respect to transverse waves. (d) The spherical wave
is transmitted to the medium. (e) Spatial and temporal focusing at
the desired location.

way to reduce memory is to use a 1-bit time-reversal focus-
ing (1bit-TR). In this 1-bit approach, we transmit only a
signal of constant amplitude on each transducer with two
possible (phases 0 or π). The transmitted signals then are
proportional to sign(hi(−t)). As it was seen in a previ-
ous study [15], in a complex reverberating medium like a
chaotic cavity, the simpler 1bit-TR surprisingly refocuses
the pulsed wavefront with the same quality as the com-
plete time-reversal process applied both to phase and am-
plitude of signals. The focal spot characteristics (pulse du-
ration and noise level) are equivalent, even if the data set of
transmit codes loses its amplitude information. As the in-
stantaneous phase of the transmit signals convey the most
important part of the information, the focusing is com-
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Fig. 4. (a) 8-bit time-reversal focusing. The amplitude of this figure
is normalized to 1, the other graphics are plotted using the same
scale. (b) 1-bit time-reversal focusing. The amplitude is six times
bigger than the 8-bit focusing, and the sidelobes have the same level.
(c) Pulse-inversion focusing with 1-bit time reversal. The sidelobes
almost disappeared because the low amplitude of sidelobes is not
sufficient to generate nonlinear harmonics.

parable and it allows us to store only 110 Kb of memory
per point. Moreover, as the 1-bit transmit signal contains
more energy than the true signal, the focused pulse has a
higher amplitude [12], resulting in a stronger sensitivity.
In Fig. 4(b), we can see the focused pulse using a 1bit-TR
experiment. The pulsed signal received at focus is very
similar to the complete TR focusing experiment presented
in Fig. 4(a), but the peak amplitude is 6.6 times higher.

B. Nonlinear Imaging

Using a cavity with 31 transducers, the tempo-
ral recompression of the time-reversal process is not
perfect, and residual sidelobes remain around the
main pulse as can be seen in Figs. 4(a) and (b).
We can define the signal/sidelobe ratio as ss =
pulse amplitude/sidelobe amplitude. As said in the previ-
ous section, we observe a similar ss for both TR and 1bit-
TR, reaching nearly −35 dB. This ss is not high enough
to build a good echographic image of a complex media like
biological tissues. In a random scattering medium, such

temporal sidelobes give rise to a strong speckle noise that
can decrease the image contrast quality.

In order to overcome this problem, we propose to take
benefit of nonlinear effects occurring during the wave prop-
agation of the time-reversed signals outside of the cavity.
An extensive literature shows that the nonlinear effects
induced by the natural propagation in human tissues [16]–
[18] or by the injection of some contrast agents [19], [20]
can be used to improve the image quality.

During the time-reversal focusing experiment, the am-
plitude of the time-reversed wavefront outside of the cav-
ity is sufficient to generate significant nonlinear effects
along the beam path. As the harmonics generation de-
pends roughly on the square of the wave amplitude, the
low noise level noise outside the main temporal focal spot
is too weak to generate a significant amount of harmonics
contrary to the pulsed peak signal.

Of course, the observation of the harmonics that are
generated depends on the initial bandwidth of the trans-
mitted signal. With a narrowband initial pulse, it is easy to
isolate the second harmonic of the signal using a bandpass
filter as the second harmonic, and fundamental frequencies
are well separated. On the contrary, for a wideband signal,
the second harmonic is mixed with the fundamental signal,
and it is better to use a classical-two step pulse inversion
(PI) technique. In the well-known PI technique, we first
send a pulse and later its opposite. If the propagation is
linear, the sum of the backscattered echoes corresponding
to these two steps gives zero. But if there are some nonlin-
ear effects during the propagation, the addition clears up
the linear part and only the nonlinear component remains.

In Fig. 4(c) we can see the PI signal detected at the focal
point. The temporal compression of this harmonic signal
presents temporal sidelobes at −60 dB showing a gain of
25 dB compared to the fundamental signal. This result
shows the excellent temporal focusing of the PI technique.
In order to examine the spatial focusing, a hydrophone is
moved along a line [see setup in Fig. 5(a)] to represent
in a time-space mode (B-scan) both the space and time
focusing pattern. In Figs. 5(a) and (b), we can see a B-scan
using, respectively, 1bit-TR and 1bit-TR with PI. If the
hydrophone is moved in a 2-D plane parallel to the surface
of the cavity [elevation plane, see setup in Fig. 5(c)], we can
scan the maximum pressure amplitude at each point and
map the bidimensional spatial focusing (C-scan). Figs. 5(c)
and (d) show the C-scan for 1bit-TR and 1bit-TR with PI.
The comparison of these figures clearly shows that the use
of the second harmonic permits a better spatial focusing
with a nearly −50 dB contrast.

Fig. 6 shows the ability of the system of focusing in
different points. The time-reversal focusing process has
been performed at different locations separated by 10 mm.
The focusing contrast for each point is very similar (about
−50 dB for the time-reversal PI method).

The resolution of the system is due to the geometrical
aperture of the emission surface of the cavity. As the wave
leaving the cavity is a spherical one, the lateral resolution
is that of a 2-D matrix of the same geometrical aperture
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Fig. 5. (a) Spatiotemporal focusing using time-reversal. The hydrophone moves along a line parallel to the surface of the kaleidoscope as
is shown in schemas. (b) Spatiotemporal nonlinear focusing using the PI technique combined with time reversal. (c) Bidimensional spatial
focusing using classical time reversal; the figure displays the maximum amplitude at each location in a plane parallel to the surface of the
kaleidoscope (see schema). (d) Bidimensional spatial focusing using the PI technique combined with time reversal. The PI technique clearly
gives a better focusing quality with a nearly −60 dB sidelobe level.

Fig. 6. Focusing at different locations using a 1-bit time-reversal tech-
nique with (solid line) and without PI (dotted line). The focusing
quality is very similar at each location.

λf/D with f the focal depth and D the size of the array.
With an aperture of 50 mm and a focal depth of 80 mm,
the theoretical resolution is 1.6 mm, and the measured
resolution in Fig. 6 is 1.7 mm.

C. Study of the Signal/Sidelobes

The global contrast obtained using the ultrasonic kalei-
doscope depends on the transducers bandwidth and the
number of elements. We can estimate the contrast of the
focused pulse using some simple approximations. We de-
fine the ss = signal/sidelobe ratio as:

ss = Maximum pulse amplitude/sidelobe amplitude.
(1)

If n transducers are used in the transmit mode and send
a set of signals ei(t) i = 1..n, the signal r(t) received at a
given location in the medium is given by:

r(t) =
n∑

i=1

hi(t) ⊗ ei(t), (2)
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Fig. 7. (a) Time-reversal signal/sidelobes versus the number of transducers. The dots are the experimental data, the line is a square root
fitting. (b) Time-reversal signal/sidelobes versus bandwidth of the transducer. The dots are the experimental data, and the line is a square
root fitting. A wideband transducer center at 3-MHz was used. (c) Pulse inversion amplitude versus the time-reversal amplitude. The line
is the quadratic model and the dots are the experimental measures. (d) Pulse inversion contrast versus time-reversal signal/sidelobes, both
in a decibel scale. The model (line) is 12 dB higher than the experimental data (dots). This deviation is due to quantification errors of our
electronics in the transmit mode.

where hi(t) is the impulse response between the ith trans-
ducer and the chosen location.

In a time-reversal focusing experiment, the emission sig-
nals correspond to ei(t) = hi(−t). Accordingly, the signal
received at focus becomes:

r(t) =
n∑

i=1

ri(t) =
n∑

i=1

hi(t) ⊗ hi(−t). (3)

At t = 0, each component ri(0) is a positive number,
and they added coherently in (3). So, the amplitude of the
final pulse is proportional to the number of transducers n.

At t �= 0, the different signals ri(t) are not correlated
according to the fact that, in a chaotic cavity, the differ-
ent impulse responses hi(t) are uncorrelated. This is the
so-called spatial diversity of the wave propagation. Conse-
quently, in (3), these signals are added incoherently, and
the amplitude of the lobes is proportional to

√
n. So, the

signal/sidelobe of a time-reversal focusing process in the
linear regime is proportional to the square root of the num-
ber of transducers:

ssTR α
√

n. (4)

In Fig. 7(a) we can see the experimental sig-
nal/sidelobes obtained versus the number of transducers

used in the focusing time-reversal process, and this curve
is in good agreement with the square root model.

Another important parameter is the bandwidth of the
transducers. Indeed, a large bandwidth allows us to cre-
ate the same effect as using different spatially uncorre-
lated transducers. We can define the correlation bandwidth
δω as the frequency separation required between two fre-
quency components to generate two decorrelated acous-
tical fields in the medium of interest. We can divide the
total band ∆ω of the transducers in p subbandwidths of
length δω in which ∆ω = pδω. In a chaotic cavity as well as
in strongly reverberating environments [21], δω is smaller
than in a regular cavity, and the number of decorrelated
subbands is maximized. We can take benefit of this fre-
quency diversity.

The impulse response h(t) of the transducer can be de-

composed as h(t) =
p∑

j=1
h̃j(t) where each h̃j(t) is the im-

pulse response of one subbandwidth. Performing the time-
reversal focusing process, we obtain:

r(t) =
p∑

j=1

r̃j(t) =
p∑

j=1

h̃j(t) ⊗ h̃j(−t). (5)

In analogy with the case of different transducers, the
amplitude of the pulse at t = 0 is added coherently and is
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proportional to the number of subbands p. But at t �= 0,
r̃j(t) are uncorrelated, and they are added incoherently;
and the sidelobes level is proportional to

√
p, then we can

conclude that the signal/sidelobes is proportional to
√

p,
that is to say, proportional to the square root of the total
bandwidth of the transducer ssTR α

√
∆ω.

In Fig. 7(b), we measured experimentally the sig-
nal/sidelobes using different subbandwidths. Again, it is
clear that the square root model is adequate. In order
to have a very large bandwidth, we performed this ex-
periment using wideband transducers of 3 MHz central
frequency and 4.5 MHz bandwidth. Note that we cannot
compare quantitatively both figures as these transducers
are different from the ones used in Fig. 7(a). The sig-
nal/sidelobes for a time-reversal focusing has been shown
to be proportional to:

ssTR α
√

∆ωn, (6)

where ∆ω is the bandwidth and n is the number of trans-
ducers.

Our goal is to estimate the signal/sidelobes for the PI
technique ssPI . The first harmonic generation results from
a quadratic effect on the amplitude, this is clearly demon-
strated in Fig. 7(c) in which the amplitude of the PI fo-
cusing grows following a quadratic behavior with respect
to the amplitude of the classical time-reversal focusing. If
the sidelobes follow the same quadratic behavior, we can
conclude that ssPI = ss2

TR.
Thus, if we measure the signal/sidelobes in a decibel

scale, the contrast obtained in a PI time-reversal process
will be twice the one of the classical time-reversal experi-
ment:

20 log10 (contPI) = 2 × 20 log10 (contTR) . (7)

Fig. 7(d) shows the behavior of ssPI versus ssTR, both
in a decibel scale. We clearly can see that ssPI grows lin-
early in a decibel scale, but there is not exactly a factor
of 2 as there is a difference of −12 dB between the esti-
mates and the quadratic model. This difference is due to
the errors introduced in the transmit mode by our elec-
tronics that are not accurate enough to send exactly the
opposite pulse. Our electronics were not designed for PI, it
has a nonlinear deviation in reception and it is not a high
dynamical range.

III. Image Formation Using the Cavity

In the previous sections, we presented in details the pro-
cess of 3-D focusing in the transmit mode. In order to per-
form a pulse-echo imaging mode, a receiving mode also
needs to be implemented. In most ultrasonic devices, the
receiving transducers are the same as the transmit ones.
However, in our case it is very difficult to use the same
transducers in both transmit and receive modes. When the
backscattered echoes reach the surface of the cavity, only
a few percent of the pressure amplitude penetrates in the

Fig. 8. Schema of the imaging method. One reception transducer is
placed in the middle of the front face of the cavity. The calibration
points are placed in a grid parallel to the front face.

Fig. 9. Nonlinear pulse inversion echo of an object received by the
front face receive transducer.

cavity because of the strong mechanical impedance mis-
match between water and aluminum. As the reverberation
time in the cavity is very long, these very weak backscat-
tered echoes are mixed inside the cavity with the resid-
ual reverberation noise of the transmit sequence. Unfor-
tunately, it is not possible to differentiate them from the
latter. One might be tempted to decrease the impedance
mismatch between the cavity and the imaged medium.
However, such a choice would increase the leakage of waves
out of the cavity during the transmit mode. Consequently,
it would decrease the time-reversal focusing efficiency as
the number of reverberations inside the cavity would be
smaller.

Thus, the choice was done to use separate transmit
and receive transducers. For the first step, a single receive
transducer located in the center of the front face of the
kaleidoscope (see Fig. 8) was chosen. The receive trans-
ducer is 0.5 mm in diameter to ensure a wide directiv-
ity pattern for detecting the backscattered echoes coming
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Fig. 10. Surface images of some objects obtained using a kaleidoscope made of only 31 emission transducers and a single reception transducer.
(a) A rectangular object. (b) A T-shaped object.

from the largest volume of interest. The main advantages
of this single receiver at the front face of the cavity is
that it overcomes the limit of weak wave transmission at
the solid-fluid interface. Backscattered echoes are recorded
before entering the cavity. Moreover, the recorded signals
are not disturbed by the disturbing noise of the initially
transmitted echoes that reverberate during a long time in
the cavity. And, the single receive element frequency is
centered around the second harmonic component of the
transmitted echoes in order to improve the separation be-
tween transmitted and backscattered echoes.

Thus, the final procedure in order to obtain an image
consists in two steps:

• Calibration. The kaleidoscope is calibrated in water
while learning the data set of transmit codes that al-
low us to focus pulses at any location in the 3-D vol-
ume of interest, as explained in Section II. Calibration
experiments were carried out for 1600 focal points on
a 40 by 40 grid, of a 40 by 40 mm plane placed at
a 50 mm focal depth from the emitting surface (see
Fig. 8). The 1600 codes were time reversed and stored
using a 1-bit quantification.

• Imaging. The kaleidoscope then is placed in front of
the object to image, and we measure the second har-
monic component of the backscattered echoes using
the single receive transducer. The test objects are tis-
sue phantoms made of gelatin and containing ran-
domly distributed scatterers (agar powder). An exam-
ple of one backscattered echo is presented in Fig. 9.
The noise induced by the sidelobes is of −25 dB, and
we clearly can identify the echo of the object surface
and some speckle noise coming from the phantom. An
image of the object surface was made by measuring the
different arrival times of the surface echoes (Fig. 10).
These images are in good agreement with the real
shape of the objects. The frame rate is limited by the
spreading time in the cavity, using signals of 500 µs
we need 0.8 seconds to make a 40 by 40 points image.
The frame rate can be increased using only the first
part of the signal, this generates a lower amplitude at
the focus, but the 1-bit time reversal generates enough
amplitude to make the image. The images of Fig. 10

are made using the first 200 µs of the emission signals,
and we obtain three 3-D images/s. A second improve-
ment can be implemented using a set of receptors and
dynamical focusing, for example, it is possible to di-
vide the image area in sectors and simultaneously send
a focused pulse in a point of each sector by sending the
sum of the signals to focus in each individual point.

The images obtained using this simple prototype made
of only 31 emission transducers and 1 reception trans-
ducer are very encouraging as it can clearly detect a highly
contrasted surface. However, the contrast is not yet high
enough to image human organs. Using a single receiver
means that there is no focus on receive, then it limits the
resolution of the images. A kaleidoscope made of 64 emis-
sion transducers and 64 reception transducers is currently
being designed and should lead to 3-D images of low con-
trasted objects using this new approach.

IV. Conclusions

In this article, we presented a new concept of a smart
transducer able to generate 3-D ultrasonic images. Com-
bined with the time-reversal process, this device exploits
the multiple reverberations in a chaotic and leaky cavity
to focus a pulse in the medium of interest.

Taking advantage of the nonlinear propagation, the PI
technique permits a high quality focusing as it eliminates
the undesired low level temporal and spatial sidelobes. Us-
ing a pioneer prototype made of only 31 emission trans-
ducers and a single reception transducer, we were able to
image the 3-D surface of some objects. It is important to
note that such chaotic cavities are very easy to build; we
do not need to use small transducers or specific shapes, we
can glue transducers everywhere on the external surface
of the cavity. A mechanical layer matching is not needed.
On the contrary, the mechanical impedance mismatch be-
tween the cavity and the imaged medium is responsible
for the ability of time-reversal processing to focus waves
in a 3-D volume with a very small number of transduc-
ers. Compared to the technological difficulties of a 2-D
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array of transducers, these simplifications make the con-
struction of the cavities very easy. The complexity of 2-D
arrays design is now transferred into the spatiotemporal
coding techniques adapted to the cavity shape and stored
into memories.
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