
HAL Id: hal-04320319
https://hal.science/hal-04320319v2

Submitted on 22 Dec 2023 (v2), last revised 24 Apr 2024 (v3)

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Exploitation of Floquet analysis for anomalous
reflection : experimental validation of a RCS

optimisation method
Matthieu Elineau, Renaud Loison, Stéphane Méric, Raphaël Gillard, Pascal

Pagani, Geneviève Mazé-Merceur, Philippe Pouliguen

To cite this version:
Matthieu Elineau, Renaud Loison, Stéphane Méric, Raphaël Gillard, Pascal Pagani, et al.. Exploita-
tion of Floquet analysis for anomalous reflection : experimental validation of a RCS optimisation
method. Electronics Letters, In press. �hal-04320319v2�

https://hal.science/hal-04320319v2
https://hal.archives-ouvertes.fr


Exploitation of Floquet analysis for anomalous reflection :
experimental validation of a RCS optimisation method.
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Abstract

This letter proposes the experimental validation of an optimisation method for periodic metasurfaces. A
previous study showed the design and simulation of a classical anomalous reflecting metasurface and enlightened
the parasitic reflection induced by the translational invariances of the structure. The method applies to periodic
structures, in the framework of the Floquet analysis. It consists of the exploitation of the Floquet type simulation
outputs of a periodic element of the structure to predict the behaviour of the complete structure in terms of
radar cross section (RCS). The proposed application focuses on the reduction of the RCS level of the structure
in one particular Floquet direction. The fabricated metasurfaces and experimental setup are presented with
the associated measurements. The well-agreeing simulation and experimental results validate the proposed
optimization procedure.

I. INTRODUCTION

The radar cross section (RCS) is a measure of the
reflective ability of a target [1]. For stealth purposes,
one may want to reduce the RCS of an object. A
classical way to do this is to shape the object or to use
absorbing volumetric materials for its conception. To
address this issue, another possibility recently emerged
: metasurfaces. They have generated a wide variety
of applications for wave front shaping [2]. Among
them, the classical gradient metasurface leading to
anomalous reflection has been particularly studied [3].
It allows reflecting an incoming illumination in a non
specular direction, which may prove useful for stealth
purposes. Such a metasurface consists of the juxta-
position of sub-wavelength scattering elements (the
cells) introducing a linearly varying phase shift at the
surface of the object. However, these classical gradient
metasurfaces exhibit parasitic reflection directions
because of the periodic nature of the phase gradient
[4]. The scatterers used to cover a gradient period
form a supercell that, when periodically replicated to
pave the overall surface, excites Floquet harmonics [5].
Translational invariances and associated symmetries in
metasurfaces are now widely studied [6].

Recently, we proposed a method [7] to mitigate para-
sitic reflections of an anomalous reflecting metasurface
with a monodimensionally varying gradient, using Flo-
quet analysis. Simulating a supercell in a Floquet envi-

ronment allows the computation of the Sm,n scattering
parameters between the different Floquet modes. As-
suming n = 0 corresponds to the fundamental mode im-
pinging on the metasurface, there is a direct correlation
between Sm,0 and the resulting RCS level in the prop-
agation direction of reflected mode m, defined by an
angle θm. This means that the outputs of the Floquet
simulation (light to simulate) are sufficient to correctly
describe the behaviour of the whole structure (requiring
a much heavier simulation) in terms of RCS. Going fur-
ther in this direction, the Floquet simulation S param-
eters has been incorporated into an analytical model to
calculate the total RCS of the structures. This approach
has been successfully validated by simulation in [8]. The
purpose of the present letter is to provide a complete
experimental demonstration and, more generally speak-
ing, to address practical fabrication and measurement
issues.

II. FABRICATED METASURFACES

The metasurface initial objective is to reflect a normally
incident plane wave into the θ1 = 60◦ direction, with a
classical gradient metasurface. The wave reflection oc-
curs in the plane normal to the surface and containing
the direction of the gradient. Incoming plane wave is
TM polarised and working frequency is 8 GHz. The ini-
tial surface is created by designing three cells that pro-
duce the linear phase variation required along a gradient
period, constituting the supercell. Each cell phase re-
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1 3 9.881 4.418 9.372
2 3 11.075 3.224 11.119
3 3 11.619 3.132 12.189

Figure 1: The H shape phase shifting cell. Fixed pa-
rameters are εr = 2.17, h = 1.6 mm, d = 14.43 mm and
W = 2 mm. The l and L dimensions are used as degrees
of freedom to produce the required phase values.

Figure 2: Close view of the fabricated metasurfaces.
Initial (left) and optimised (right) surfaces. A supercell
is represented with dashed lines.

sponse is simulated using local periodicity assumption,
under normal illumination. Cells dimensions are found
in the table of Figure 1, with the description of the cell
geometrical parameters. The surface is created by repli-
cating the supercell nine times to create an array that is
approximately 10λ long. Figure 4 shows the simulated
RCS of the initial surface, in blue dashed line. The sur-
face mainly radiates in the intended θ1 = 60◦ direction
but also shows a quite high parasitic reflection level in
the Floquet direction θ−1 = −60◦.

An optimised surface is proposed by following the op-
timisation procedure in [8]. The optimisation is per-
formed at a unique frequency f = 8 GHz and consists
of the maximisation of the difference between the S1,0

and S−1,0 parameters, using cell dimensions as degrees
of freedom. This process gives an optimised supercell
whose dimensions are also listed in figure 1. The use
of this optimised supercell results in a 6.80 dB reduc-
tion of the RCS level in the θ−1 = −60◦ direction, as
shown in figure 4. Dashed line corresponds to the ini-
tial surface and plain line corresponds to the optimised
one. Both surfaces, initial and optimised are fabricated
with printed copper patches on a Neltec NY9217 copper
backed substrate. A 27× 27 cells surface is fabricated
and gives an array of approximately 10λ× 10λ (or ap-
proximately 40× 40 cm2). A close view of each surface
is found in Figure 2 where a supercell is enclosed by a
dashed line.
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Figure 3: RCS measurement facility with target under
test. Transmitting and reception antennas, bistatic an-
gle θ and E field polarisation.

III. MEASUREMENT FACILITY

The RCS measurements have been made with a specific
3D measurement facility at the CEA-CESTA, presented
in [9]. It consists of an antenna attached on an arma-
ture, mounted on a rotating axis. A motor drives the
rotation of the whole structure giving access to bistatic
RCS measurements. This facility is usually exploited in
a monostatic configuration, but, for the current study,
an transmitting antenna was added, illuminating the
metasurface under normal incidence. The situation is
depicted in Figure 3 where both antennas are at a dis-
tance r = 4 m from the target.

For obvious obstruction reasons, bistatic angles θ for
which |θ| < 10◦ are not accessible. This is not a prob-
lem since the incidences of interest are θ = ±60◦. The
facility in this configuration then gives access to an-
gles from 10◦ to 90◦. The target was flipped after the
first angular sweep to reach negative incidences. De-
spite the fact that the optimisation has been performed
at a unique frequency, measurements are made over a
2 GHz to 18 GHz frequency range to apply spatial fil-
tering, hence removing the contribution of the measure-
ment environment to the received signal.

IV. RESULTS

The measured RCS of the initial and optimised sur-
faces are represented in Figure 4, with the simulated
ones. The measured RCS in the θ = −60◦ direction
is 9.05 dB for the initial surface and 2.20 dB for the
optimised one. This is a 6.85 dB reduction while the
simulation shows a 6.80 dB reduction. The agreement
between the simulated reduction and the measured
reduction is excellent. Globally, the simulation is
overestimating RCS values. Actually, the number
of assumptions for the synthesis of the surfaces is
important (local periodicity, infinite environment,
description with only a phase response, phase response
computed at only one frequency). This large amount
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Figure 4: Bistatic RCS of both initial and optimised metasurfaces, obtained with a full wave simulation of with
RCS measurement.

of assumptions makes the optimisation process very
efficient. For the synthesis and simulation steps, every
computation is made with far field considerations.
From a measurement point of view, with an object that
is approximately 40 cm long and an antenna at 4 m
from the target, the far field hypothesis is not accurate.
This would be the first hypothesis to address in order
to explain the simulation to measurement disagreement.

Figure 5 shows the evolution of ∆RCS, the optimi-
sation performance. It is defined as ∆RCS(f, θ) =
RCSopti.(f, θ) − RCSinit.(f, θ) where f is the working
frequency and θ is the direction of observation (i.e. the
bistatic angle). The evolution of ∆RCS(f, θ = −60◦)
is in orange thick line in Figure 5. For clarity purposes
the trace domain is restricted to the 6 GHz to 10 GHz
frequency band, while the measurement was, as said
earlier, conducted in the 2 GHz to 18 GHz band. It is
observed that the optimisation is performing in a very
narrow frequency band. We report a 3 dB reduction
in a thin 0.2 GHz band, that is represented by a grey
rectangle in Figure 5. A large region around 9 GHz in-
terestingly shows a very good performance over a 1 GHz
band. It should be kept in mind that no design rule has
been followed toward the synthesis of a wide band de-
vice. More generally, metasurfaces devices fail to handle
wideband phenomena, or at a cost of sophisticated syn-
thesis procedures (multi scales or multi layer devices
[10]) that are not practical for stealth applications. For
completeness, ∆RCS(f, θ = θ−1) has been calculated,
where θ−1 is the m = −1 Floquet mode direction which
varies with frequency. This curve is shown as a thin
grey line in the same figure. The trace shows a similar
behaviour around the central frequency.
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Figure 5: Evolution of the RCS reduction over the fre-
quency range, in the θ = −60◦ direction (thick orange
line) or in the θ = θ−1 direction (thin grey line).

V. CONCLUSION

This study demonstrates the relevance of the optimiza-
tion method by proposing a measurement of an opti-
mised surface. The simulation and measurement ex-
hibit a RCS reduction of almost 7 dB, in the direction of
the parasitic lobe, with an excellent agreement between
them. It has been made possible by the simplicity of
the Floquet type simulation and the correct use of its
outputs to predict the behaviour of the surface. The
method should not be limited to the RCS reduction in
a particular direction. One could consider applying this
method for any power repartition, in other directions or
multiple ones, as long as one stays in the framework of
the Floquet analysis.
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