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Abstract—Time reversal (TR) is a technique based on the
reciprocity principle of the wave equation that can be used to focus
waves. In an enclosed system, comprising homogenous medium
that includes no reflecting targets, it normally is impossible to use
time reversal to focus ultrasound into the medium. Our proposed
solution to this problem is to use simulations to produce signals
that are subsequently time reversed and used for focusing. We
show that one can model the forward propagation with finite-
element method (FEM), then time-reverse it, and finally transmit
it back to generate a time reversed focus in an experimental setup.
The results show that accurate TR focusing can be achieved using
simulated signals both in homogenous media and in media
including distinct inclusions.
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l. INTRODUCTION

Time reversal (TR) can be used to focus acoustic waves [1].
The method is based on the reciprocity principle of the wave
equation: the initial condition of a known solution can be
reached with reversed time [2].

The advantage of the TR method when compared to other
focusing methods is that the exact geometry or properties of
propagation medium are not needed to perform TR focusing [3].
Applications of TR method are numerous: in seismology [4], in
structural health monitoring [5], and in medicine [6].

In principle, a TR focusing experiment employs the
following steps: 1) The acoustic signal is actuated at the
predefined target point 2) The forward propagation is recorded
using transducers surrounding the target. 3) The recorded signals
are reversed in time and then driven back using the same
transducers that were used for recording. As a result, the time-
reversed backward propagation forms a focal point at the
predefined target point. [7].

Target point actuation is typically either a real actuation done
using an acoustic source [8] or an echo reflected from an object
at the target location [9]. When focusing into an arbitrary
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location inside an enclosed container, where acoustic source
cannot be inserted and no suitable internal structure exists to
produce the echoes, performing the actuation becomes
problematic. Our solution to this problem is to simulate the
target point actuation and the forward propagation. Simulated
and time reversed signals can then be used to focus waves in a
related real-life geometry.

1. METHODS

Simulations were done using COMSOL Multiphysics 5.4
finite element method (FEM) simulation software.

The modelled experimental setup consists of an acrylic water
tank with four Langevin piezoelectric transducers attached to it.
The setup was modelled in 3D, including the four working,
accurately modelled transducers (Fig. 1).

To reduce the size of the simulation geometry, only a small
portion of the tank was modelled. This was assumed to be a valid
approximation, since the contributions of reflections from the
top and bottom of the container were assumed to be small. In the
Experimental Validation -section this approximation is showed
to be valid. The top and the bottom boundaries were modelled
using low reflecting boundary conditions.

Two different versions of the same basic geometry were
simulated: one with only water inside the container and one with
three water filled steel pipes residing inside the water domain.

The propagation of acoustic waves in water was simulated
using COMSOL’s Pressure Acoustics, Transient interface,
included in Acoustics module. Solid Mechanics and
Electrostatics interfaces were used for modelling the wave
propagation in solids and the piezoelectric effects in transducers.
All multiphysics couplings were done using COMSOL’s built-
in multiphysics interfaces.
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Fig. 1. The simulation geometry consists of a water filled slice of the acrylic
container and Langevin transducers.

The forward propagated signal was generated in the
simulation by introducing a small, spherical pressure source into
the water domain. A short 20 kHz pressure signal was used to
produce the forward propagated waves. Simulations were done
in the time domain. The propagated wave was recorded as the
received electric signals from the simulated transducers. The
recorded signals were then exported from COMSOL and used
in the experimental setup.

To validate that the TR focusing can be achieved with
merely four transducers, also the backwards propagation of the
time reversed signals was simulated. In backwards propagation
simulations, the simulated transducers were driven with the time
reversed versions of the previously recorded simulated signals.
The time reversing of the signals was performed in COMSOL
using the withsol-function.

1l. SIMULATION RESULTS

Simulation of the forward propagating wave was done in the
time domain, with each simulated propagation lasting for 2 ms.
Fig. 2 shows the forward propagation of the acoustic wave in the
plane holding the transducers.

The electric signals recorded in the cases presented in Fig. 2
are shown in Fig. 3. The backward propagation was simulated
by reversing the signals recorded in the forward propagation
simulation and by sending them back with the simulated
transducers. As a result, propagating waves formed a focal point
at the same location where the initial excitation was done (Fig.
4). Since only four transducers were used in TR, several
additional, relatively strong side focuses appear. The strongest
focus forms at the predefined focal point.

Fig. 2. Examples of time domain simulations of forward propagated signals.
Container filled only with water (left), the same container with three added steel

pipes (right).
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Fig. 3. Examples of recorded electric signals in two cases showed in Fig. 2.



Fig. 4. Time-reversed focusing of waves. The figure shows the moment when
the focus forms in time domain simulation. A focus is seen at the point of the
initial excitation (black arrow). Container filled only with water (left), and the
same container with three added steel pipes (right).

V. EXPERIMENTAL VALIDATION

To validate the simulation model, pressure scans were
performed during TR focusing in the experimental setup.

For the cases showed in Fig. 2-4, two lines were scanned in
each case: one parallel to the x-axis and one parallel to the y-
axis (Fig. 5-6). These lines were chosen so that they intersected
at the focal point. The acoustic pressure was measured using an
omnidirectional hydrophone (Briel & Kjer type 8103). In the
case with added pipes (Fig. 6), line scans were shorter to avoid
colliding the hydrophone with the pipes.
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Fig. 5. Validation of the simulation without internal structure. Colored lines in
the picture (left) show the line scans. The focal point is at the intersection of the
lines. Graphs show comparisons of experimental measurement (solid line) and
simulation (dashed line).
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Fig. 6. Validation of the simulation with three additional pipes. Colored lines
in the picture (left) show the line scans. The focal point is at the intersection of
lines. Graphs show comparisons of experimental measurement (solid line) and
simulation (dashed line).

V. CONCLUSION

We demonstrated that one can simulate forward-propagated
signals in FEM, by generating an accurate model of the real-life
setup, in which an excitation is simulated at the predefined
location. We also demonstrated that accurate TR focusing can
be achieved using signals generated in a simulation.

The results indicate that this method works both when
focusing into homogenous media and when additional objects
are placed into the media. The simulation results show that TR
focusing can be achieved accurately in both studied cases.
Experimental measurements agree with simulations, thus
confirming the validity of simulation results.
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