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Editors’ Suggestion

Solution to the cocktail party problem: A time-reversal active metasurface for
multipoint focusing

Constant Bourdeloux®, Mathias Fink®, and Fabrice Lemoult
Institut Langevin, ESPCI Paris, Université PSL, CNRS, 1 rue Jussieu, Paris 75005, France

® (Received 30 November 2023; revised 26 January 2024; accepted 15 March 2024; published 21 May 2024)

The cocktail party effect is the capability to focus one’s auditory attention on particular audio sources
while ignoring other audio sources. We propose an experimental strategy to reproduce this ability by
designing a time-dependent metasurface composed of independent active mirrors. Each active mirror is
a programmable acoustic unit cell capable of hearing, computing, and re-emitting acoustic signals: each
of them acts as a convolution filter. The proper configuration of the metasurface temporal filters allows
one to establish an acoustic communication link between groups of individuals immersed in the noisy
environment: a multiple-user multiple-input, multiple-output acoustic system is built.

DOI: 10.1103/PhysRevApplied.21.054039

Since the advent of wireless communication, a myr-
iad of techniques has emerged to satiate the ever-growing
demand for data, all rooted in wave propagation. Firstly
developed in free space [1,2], the beam-forming strategies
were extended to disordered media [3]. As the medium
becomes more and more complex, free-space propaga-
tion cannot be considered anymore and smarter strategies
are required. Thanks to their relatively ease of use and
their outstanding ability to focus waves in complex envi-
ronments, time-reversal methods have been extensively
studied since the 1990s, first in acoustics [4,5] and then in
electromagnetics [6,7]. Slightly later, this degree of control
of the wave field was achieved in the optical regime thanks
to spatial light modulators [8,9]. Recently, reconfigurable
intelligent surfaces (RISs) [10—18] have been proposed
to enable wave control in multiple scattering environ-
ments in the microwave regime. This opens a new era
of improvements for telecommunications, and especially
in the context of multiple-user multiple-input, multiple-
output (MU-MIMO) telecommunication schemes. Recent
work [19] generalized this concept to the acoustic regime
too. Nevertheless, all these RISs have been studied in a
relatively narrowband regime. We propose here to extend
the results to broadband acoustics for speech and the cock-
tail party effect, which are in essence ultra-wide-band
communication scenarios.
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In this study, we develop the concept of a broadband
RIS by studying a reconfigurable time-dependent acous-
tic metasurface. With such a tool, we are able to perform
real-time temporal convolution for a multitude of indepen-
dent pixels with reconfigurable reflection laws. Such an
acoustic RIS is capable of shaping the broadband acous-
tic wave field in a custom and efficient way. We show that
the RIS representing a fraction of a room boundary enables
one to control all the wave field contained by the said
room in a broadband regime. By performing experiments
in a multiple-scattering medium, we demonstrate that MU-
MIMO scenarios over a wide spectrum can be created. The
latter benefit from the spatiotemporal focusing qualities of
time reversal.

Before going to the idea at the core of this paper, let
us come back to a very simple acoustic design. Indeed,
the ideal environment to maximize the amplitude received
on receiver R for a given emitted energy from emitter £
would be a perfectly reflecting ellipsoidal room with £ and
R being at the two foci [Fig. 1(a)]. Such an idea emerged in
the 17th century with the design of religious rooms for con-
fessions by lepers without priests being infected [20,21].
The role of the ellipsoidal room is to put in phase all the
rays originating from point £ reflected by the room bound-
ary at position M and received at point R. Mathematically,
all possible paths have the same length:

EM + MR = 2a, (1)

where 2a corresponds to the long axis of the ellipse.

Nevertheless, two limitations arise: (i) usually we can-
not control the room shape; and (ii) even though an ellip-
soidal room is a nice solution, it is still very restrictive
since the emitter and the receiver have to be at the foci:
we can define only one couple £ and R.

Published by the American Physical Society
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FIG. 1. (a) An ellipsoid is the ideal configuration to focus one emitter toward one receiver (and vice versa). (b) The ellipsoidal
mirror is replaced by a transient RIS where each pixel is a programmable acoustic unit capable of hearing, computing, and emitting
acoustic signals. By mimicking multiple ellipsoids on the RIS, one can create multiple independent audio channels. (c) Applied in a
more-complex environment such as a multiple-scattering medium, the transient RIS should benefit from the additional spatiotemporal

degrees of freedom offered by the medium.

To address these two issues, one needs to replace the
ellipsoid by a more-versatile solution. This is where the
concept of an RIS comes into play [10,12]. The curved
reflecting wall of an ellipsoid is replaced by a planar sur-
face [Fig. 1(b)]. At one frequency, to mimic the reflection
on the walls of the ellipsoid, a dephasing mirror is required.
To satisfy the same path length as in Eq. (1), the reflection
coefficient on the pixel M; of the surface must satisfy the
condition

2a  EM; MR

—— S N
T IE>M;  IM;—>R

Overall, the signal received by R when the emitter £ emit-
ted a monochromatic wave is the sum of all the secondary
emitted waves on the pixels of the surface. Mathematically,
if we introduce the monochromatic free-space Green’s
functions GY__ ;(w) linking a source at 4 to a receiver at
B, it corresponds to

52(@) = Y| Ghossy @1 @Gy _p(@)]. G)

M;

Note that we have ignored from the beginning the line-of-
sight contribution from £ to R.

Since we are working in the acoustic regime, where
the emissions are extremely wide band, we need to fulfill
the phase-matching conditions for all the frequencies. Or,
said differently, we need to create a transient response in
reflection for the design of our RIS. The reflection coef-
ficient (a complex number) ry, (@) becomes a temporal
signal ry; (7): the phase law becomes a delay law. Also,
the multiplications in Eq. (3) are replaced by convolution
products:

DIOEDY [G%»M,,- (1) @ ray, (1) @ GL,%R@] )

M

with the temporal reflection coefficients being
rag (1) =8t —T) ® 8(t+ te—ny) ® 8(t+ty—r). (5

As a result, this delay law is supposed to mimic the ini-
tial ellipsoid as shown in Fig. 1(b). By simply changing
the delay law on each pixel of the RIS, one can change the
ellipsoid configuration, thus changing the emitter and the
receiver—Ilet us say that we change E to £’ and R to R’ [Fig.
1(b)]. And, the icing on the cake is that one can also add
the two delay laws and create simultaneously two telecom-
munication channels. By adopting the language of the
telecommunication community, we switch from a single-
input, single-output (SISO) telecommunication scheme to
a MU-MIMO scheme [Fig. 1(b)].

Interestingly, these mirror coefficients in Eq. (5) are pro-
portional to the product of two time-reversed mirrors [5],
with each one associated, respectively, with antenna £ and
antenna R:

ragy (1) & Gy (=) ® Ghy—r (=D (6)

Previous research [22,23] have proven that a disor-
dered medium improves the performances of time-reversal
focusing (both in time and in space). The more degrees
of freedom offered by the medium, the more efficient
the time-reversal process is [23,24]. We therefore propose
incorporating between the emitter and the mirror ele-
ments, and similarly between the mirror and the receivers,
a multiple-scattering medium [Fig. 1(c)]. This time it
becomes impossible to find the analytical solution for the
reflection coefficients ru; (#), but one can find them exper-
imentally. Indeed, this requires one to measure all the
Green’s functions between the emitters and the mirror ele-
ments G, y; (1), as well as the Green’s functions between
the mirror elements and the receivers GMj g, (). At the
end, the transient reflection coefficients will be given by
Eq. (6) where the free-space Green’s functions are replaced
by the more-complex ones. In this configuration, we not
only ignore the line of sight between E and R, but we also
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FIG. 2. Experimental setup for the acquisition of the Green’s
function. The blue arrows depict the RIS’s focusing aperture in
free space, whereas the red arrows illustrate the RIS’s focusing
aperture within the disordered medium.

ignore all the paths linking these two points without reach-
ing the RIS. To tackle this issue, we make the assumption
that the controllable gain of the RIS allows us to over-
pass the uncontrollable paths. The RIS can emit sound with
an arbitrary amplitude. Thus, the amplitude of the con-
trolled path can be an order of magnitude higher than the
amplitude of the uncontrolled path.

To try this concept experimentally, we have designed an
underwater ultrasonic experiment. To measure the Green’s
functions, we use a 128-element ultrasonic probe with a
central frequency of 3.5 MHz and a pitch equal to the
wavelength, i.e., 0.4 mm, facing a single emitting ultra-
sonic transducer that corresponds to one element of a linear
transducer array (0.4 mm x 1.2 cm, central frequency of
3.5 MHz). The single-element transducer is moved par-
allel to the 128-element probe so as to emulate a 32-
element probe (see Fig. 2). These two ultrasonic devices
are directed one to the other from a distance of 23 cm.
They are immersed in water in the middle of a nonrever-
berating water tank of size 135 x 90 x 80 cm® (length x
width x height). The disordered medium is added with-
out modification of any other parameter of the acquisition,
only by our putting a forest of steel rods between both
devices. The forest of steel rods is composed of randomly
distributed, vertical parallel steel rods of diameter 0.8 mm
with a density of 18.75 rods per square centimeter. The
multiple-scattering medium used in this experiment is the
same as the medium reported in Refs. [22,25]. We obtain
128 x 32 Green’s functions by emitting a one-cycle pulse
from the single element and receiving the signals for all the
128 elements of the linear array. For the rest of the experi-
ments, we decided to divide the 128-element part in two to
obtain 64 emitters and 64 receivers. The 32-element part
corresponds to the RIS side. In conclusion, we have a bank
of temporal Green’s functions from the 64 emitters to the

32 mirrors and from the 32 mirrors to the 64 receivers for
each medium (free space and disordered medium).

With the knowledge of all these Green’s functions, it is
possible to calculate what would be the temporal signal
sg(f) received at any position R by simply evaluating with
a computer the convolution product represented in Egs. (4)
and (6). Note that for the case of the multiple-scattering
medium, one has to replace the free-space Green’s func-
tion by the more-complex measured Green’s function. For
computing purposes, the calculations are performed in the
Fourier domain, where the convolution product is replaced
by a simple multiplication. When the RIS is OFF, the reflec-
tion coefficients are simply 1 at each frequency, or equiva-
lently in time, their impulse response is a Dirac function. In
all the results presented herein, the data are normalized by
the maximum received signal. As we assume that every-
thing is linear, it is easier and without consequences to
compare the normalized results.

The results for the SISO configuration (emitter £ emits
a pulse that is received by receiver R) are shown in Fig.
3 for the RIS ON and OFF and in free space or a disor-
dered medium. The SISO configuration is equivalent to
the aforementioned ellipsoidal room with £ and R situated
at the foci. Having recorded all the Green’s functions, we
create the reflection coefficients of the metasurface with a
computer by referring to Eq. (6).

We start the analysis by considering the RIS as OFF; that
is, the reflection coefficient at each frequency is 1, or equiv-
alently in time, their impulse response is a Dirac function.
In this case, the signal received in free space at receiver R
corresponds to a pulse [Fig. 3(a)], similar to the one ini-
tially emitted at £. Indeed, a spherical wave exits from
point E, reflects on a planar mirror, and then propagates
towards R. When looking at the full field received around
the point R as shown in the color map, one can recognize
the wave front associated with this reflection on a planar
mirror.

In the disordered medium, things are more complicated
[Fig. 3(b)]. During its propagation from £ to R by passing
through the mimicked planar mirror, the wave generates
multiple secondary waves each time a scatterer is encoun-
tered. As a result, the signal received by R exhibits a first
pulse followed by multiple echoes. The signal resembles a
coda [22] that extends over more than 100 times the initial
pulse duration.

Looking at the spatiotemporal distribution of the wave
field [color map in Fig. 3(b)], one can recognize a spa-
tiotemporal speckle [24]: the ballistic wave front is barely
visible and one can see only bright and dark spots both in
time and in space as a result of multipath interferences.

Next, the RIS is turned on: each element of the RIS is
configured to perform a double time-reversal operation as
in Eq. (6). As shown in Figs. 3(c) and 3(d), the RIS has
drastically modified the wave field received at and around
point R. In free space, the double time-reversal operation
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FIG. 3. SISO configuration. When the RIS is OFF, the color-

coded spatiotemporal pressure map shows (a) a wave front in free
space and (b) a spatiotemporal speckle in the disordered medium
. When the RIS is turned on, spatiotemporal focusing is obtained
in the two media [(c),(d)]. In the disordered medium, a thin-
ner focal spot is obtained thanks to the increase of the focusing
aperture.

corresponds to a delay law as in Fig. 1(b), which mim-
ics an ellipsoidal mirror. As a result, the signal received at
point R still resembles a pulse because all the secondary
waves arrive simultaneously since the delay law compen-
sate for the differences in paths’ length, but it shows a
delay compared with the initial case. Spatially, the effect
of the metasurface is indeed to focus the wave, and a
diffraction-limited spot is visible on the color map. Its
width corresponds to AF /D, where A is the wavelength
associated with the central frequency of the pulse, in free
space F' =~ 500 is the distance between the RIS and point
R, and D = 32 is the overall dimension of the RIS, so the
focal width is approximately AF'/D =~ 16X [Fig. 3(c)].

In the disordered medium, things are even more impres-
sive. The double time-reversal operation transforms the
long coda signal received at R into a short pulse: all path
durations are compensated by the RIS and constructive
interferences are built at a specific time at R. Spatially, the

wave field is again focused at point R, but the focal width
is much smaller, with a width comparable to A. This focal
spot is still limited by the diffraction limit, but we benefit
from the increase of the angular aperture, as sketched in
Fig. 1(c). This effect was observed earlier in work con-
cerning focusing through a multiple-scattering medium
[23,26], but in our experiment this effect is observed in a
double time-reversal operation. This reducing of the focal
width (around X) can be interpreted geometrically from
Fig. 2, where an increase in the focusing angle is evidenced
in the presence of the steel rods (F is reduced and D is
increased).

Let us now imagine a more-complex scenario: instead of
having just one emitter and one receiver, let us imagine that
we want to create four independent channels between four
couples of emitter and receiver. In terms of telecommuni-
cations, this corresponds to a MU-MIMO scenario [27]; or
in terms of audible acoustics, it corresponds to the cocktail
party effect where four distinct people want to listen to four
different speakers [28,29]. In that configuration, the tran-
sient reflection coefficient of the RIS simply corresponds
to the summation of the four double time-reversal signals.

As an illustration, we imagine that each emitter emits a
series of two pulses separated by different time intervals.
This choice is only a visual presentation of the perfor-
mances, and more-complex signals are required to assess
the performance, as we will see later with the emission
of white noise. The metasurface has absolutely no prior
knowledge of the signal types emitted. In practical scenar-
i0s, the metasurface can focus any type of signal sent by
emitters, even signals overlapping in the temporal domain.
As shown in Fig. 4(a), it is completely impossible to dis-
tinguish the different messages in free space. Indeed, the
separation between the receivers is smaller than the focal
width observed in Fig. 3(c) and all the messages are mixed.
Note that, by reciprocity, we can say that the emitters are
also within a focal width on the other side and increas-
ing the distance between the receivers could not solve this
problem.

However, in the multiple-scattering medium, the sepa-
ration distance between the receivers becomes greater than
the focal width and one recognizes the four different mes-
sages [Fig. 4(b)]. Still, the messages received on receivers
Ry and R4 do not clearly evidence two well-separated
pulses. This comes from the fact that time reversal does
not optimize the level of spatiotemporal side lobes. There
are two problems that degrade the time-reversal focusing
and do not permit one to achieve a perfect inverse-filter
focusing. First, dissipation breaks the time-reversal invari-
ance of the wave equation. A wave will suffer twice the
dissipation effects during its forward and backward prop-
agation, and this irreversibility degrades the time-reversal
focusing quality. Second, a closed time-reversal cavity is
difficult to build, and in practice the time-reversal opera-
tion is achieved on a limited aperture. This angular aperture
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FIG. 4. MU-MIMO configuration: four emitters emit different
signals (a succession of two pulses or noises). (a) RIS ON per-
forming time reversal (TR) in free space; the received signals are
all mixed. (b) RIS ON performing time reversal in a disordered
medium; the received signals on four distinct receivers are dis-
tinct, but the signals have been slightly deformed. (c) RIS ON
performing ITR in a disordered medium; the received signals
are focused both in space and in time. (d)«f) When the four
emitters emit independent white noise, the correlation matrices
between the received signals and the emitted signals are evalu-
ated in the same three scenarios. Only in the multiple-scattering
medium with ITR are four independent audio channels created.

limitation gives rise to new information losses that may
cause the focusing quality to decrease, particularly in
strongly diffracting media.

As already proven in previous research [30,31], it is pos-
sible to improve the time-reversal operation with an itera-
tive algorithm. We call it the “iterative-time-reversal (ITR)
operation.” The ITR method iterates the time-reversal pro-
cess in order to cancel the focusing degradation due to
absorption and other information losses. To that end, since
we have all the Green’s functions at hand, we prepared a
set of ITR signals in order to reduce the number of spa-
tiotemporal side lobes on the four receivers. This time, the

spatiotemporal wave field around the four receivers bet-
ter evidences the performances of the RIS for MU-MIMO
purposes.

In a real cocktail party configuration, the room is filled
with multiple emitters emitting simultaneously audio sig-
nals to multiple receivers. The signals emitted are more
complex than pulses. In that sense, to mimic such phenom-
ena, we decided to use multiple emitters to emit broadband
independent noises.

To quantify the quality of the transmission channels in
this telecommunication scenario, we keep the same four
transmission channels with the help of the RIS but now the
emitted signals sg,(#) correspond to four different noises
that have the same bandwidth as our transducers. The
signal received on each receiver sg, (f) is then compared
with each emitted signal, with the normalized correlation
coefficient defined as

fSEl.(Z‘)SRk(—t)dt
\/ [ st (t)dt\/ [ sz, (dt

0

FEi,Rk =

When the RIS is OFF, in all cases, the correlation coeffi-
cients I'g, g, have an average value of around 0.02. When
the RIS is turned on, the normalized correlation coeffi-
cients are as shown in Figs. 4(d)4(f). In free space, we
cannot distinguish a strong correlation relation between the
emitters and the receivers: receiver R receives a strong
signal from E (target emitter) and E3 (nontarget emitter),
etc. In a disordered medium, there is a strong correla-
tion between emitter signals and receiver signals. The
off-diagonal coefficients are low compared with the diago-
nal ones, meaning that independent audio channels have
been created. Even more impressive, in the case of the
ITR, the off-diagonal coefficients seem to have vanished
to the benefit of the diagonal ones: we proved that the
ITR is more efficient than the time reversal in a disordered
medium in a MU-MIMO configuration.

In this work we have developed a temporal RIS capable
of establishing acoustic communication in a MU-MIMO
configuration in a noisy environment thanks to a double
time-reversal method. We also enhance such a method with
an ITR algorithm, outperforming the results of the time-
reversal method.

This proof-of-concept experiment has successfully
demonstrated the efficacy of using transient RISs in the
ultrasound range. Our laboratory’s prior experience with
single time-reversal experiments in this medium yielded
consistent and promising results, affirming the potential
of integrating transient RISs with the concept of time
reversal. While there may be direct applications in the
ultrasound regime, particularly for underwater telecom-
munications, our primary objective is the transposition of
this technology to airborne audible acoustics. It is true
that, in our scenario of ultrasound focusing, we use rigid
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scatterers. In a real environment such as a room full of
absorbing objects and people, the time-reversal operation
will focus sound waves as intended [32—34] but the per-
formance of the focusing will be degraded. To underscore
the feasibility of this transposition, we can assess certain
order-of-magnitude considerations. The typical diffusion
time of the measured coda through the multiple scatter-
ing medium used corresponds to a T60 [35] of 200 s
(time at which the amplitude has decreased to —60 dB
compared with its maximum value). Operating at 3.5 MHz
in the ultrasound range, we can extrapolate to the audi-
ble acoustic realm at 1 kHz, resulting in a T60 of 700 ms.
This duration implies a relatively high reverberation envi-
ronment, akin to a reverberating room, yet remains within
reasonable bounds [32]. Furthermore, the relative band-
width used in our experiments is approximately 100%, a
parameter that could be significantly expanded in audi-
ble acoustics, ranging from 20 Hz to 20 kHz. This could
greatly improve the performance of the transient RIS by
increasing the number of temporal degrees of freedom
[23]. Considering implementation aspects, the necessary
hardware for this endeavor is already in place (micro-
phones, speakers and multiple input-outputs devices are
everywhere), laying a solid foundation for the next crucial
step: conducting experiments specifically tailored to audi-
ble acoustics. This progression is essential to unlock the
full potential of transient RISs in addressing the realm of
cocktail party listening.
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