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Abstract—One-bit coding metasurfaces, which combine two
basic unit cells with out-of-phase responses, have shown sig-
nificant potential for achieving diffuse scattering, making them
valuable for radar signature control. This paper presents a simple
metal-only unit cell to design metasurfaces for radar cross-
section reduction. The various steps of designing this unit cell
are outlined. The recently introduced Minimum Peak Sidelobes
codes in the field of coding metasurfaces, associated with the
metal-only unit cell, are being utilized to validate their diffusion
capabilities through electromagnetic simulations. The results are
compared to those obtained with an analytical approach. To
enhance performance and align more closely with the analytical
approach, modifications to the unit cell are presented, which
involve adding rooftops.

Index Terms—Metal-only, RCS reduction, diffuse scattering,
coding metasurface.

I. INTRODUCTION

Among many other possible applications, metasurfaces
can be used for radar cross-section (RCS) reduction. A
widely used concept in this area is coding metasurfaces [1].
It leverages a limited number of unit cells represented by
a binary code. In the simplest implementation, only two
coded unit cells are used, labeled as ”1” and ”0”. Thus,
the metasurface is encoded using 1-bit representation. The
idea behind 1-bit coding metasurface is to reduce the RCS
by scattering the incident electromagnetic (EM) wave in
all directions. The primary goal when designing such a
metasurface is to determine the optimal code to achieve the
best diffusion. Several methods are available in the literature,
such as the checkerboard configuration [2f], [3]. Alternatively,
unit cells can be randomly distributed in order to maximize
destructive interference, thereby reducing the RCS [4], [5].
Other approaches involves optimization algorithms [6], [7].
Finally, this search for optimal coding is very similar to the
one encountered in other scientific domains such as spread
spectrum communications [8]]. Consequently, codes that have
shown good performance there, such as Barker, Golay, or
Minimum Peak Sidelobes (MPS) codes can also be applied
to design 1-bit coding diffuse scattering metasurfaces 9], [10].

After choosing the coding strategy, several steps are
required, including selecting and sizing the two unit cells.
Various unit cells such as microstrip patches [1]] or metal-only
ones [11] are used in the litterature. In the context of diffuse

scattering metasurfaces for RCS reduction, microstrip unit
cells are widely used. However, due to the presence of a
lossy substrate, the infrared (IR) signature may be significant.
Moreover, harsh environments, such as space, can present
issues for using dielectric materials due to outgassing. In
[11], a metal-only metasurface is designed for broadband
terahertz RCS reduction and IR invisibility. The metal-only
metasurface exhibits extremely low infrared emissivity, unlike
metasurfaces designed with microstrip technology.

In this paper, newly introduced MPS codes in [10] are
selected to validate their capabilities using EM simulations for
the first time. To achieve this, the chosen unit cell is a simple
metallic groove to ensure also a low IR signature. It is shown
that the use of this unit cell in the metasurface design creates
specular reflection issues. Therefore, an evolution of the unit
cell is proposed to improve the metasurface performance.

Section [lI| presents the different steps of the metasurface
design, starting with the sizing of the unit cell. Once this sizing
process is completed, two unit cells are available for the 1-
bit coding metasurface implementation. The coding strategy to
achieve good diffusion is then presented. Section [[II| provides
the EM simulations results for semi-infinite metasurfaces using
the metal-only groove unit cell. The simulation environment
is detailed beforehand. Then, a technique for reducing the
specular reflection specific to this unit cell is introduced and
validated.

II. METASURFACE DESIGN

A. Unit cell design

The metal-only unit cell is shown in Figure [I} This unit cell
has already been used in [12] for endfire radiation application.
It consists of a parallel plate waveguide section with spacing
b. The waveguide is shorted at distance h from the aperture.
This parameter allows to control the phase-shift encountered
by the reflected wave when the cell is illuminated by an z-
polarized incident electric field E;. The unit cell is of size A /2
in x-direction. Its size is infinite in the y-direction. Indeed, fast
validation of MPS codes is desired. Therefore, a 1D scattering
scenario is considered here where the metasurface is coded
only along the z-axis. The bistatic RCS is then visualized in



the Oxz plane over an elevation angular range from —90° to
+90°.

Fig. 1: Geometry of single groove element.

Thus, the unit cell has two degrees of freedom, b and h,
representing the width and height, respectively. The width
allows for controlling the portion of the incident power
transmitted into the groove. It needs to be large enough
to ensure that the field is not reflected before it enters the
groove. Then, two heights h need to be determined for the
design of a 1-bit coding metasurface. These two parameters
are determined in the following paragraphs.

The metasurface is designed to operate at 60 GHz. Thus,
the size of the unit cell is 2.5 mm in the z-direction. Figure
2] presents the magnitude of the reflection coefficient at the
entrance of a matched groove, when b ranges between 1.4 mm
and 2 mm, under normal incidence. In this configuration, the
groove is matched by replacing the bottom metal plate with a
waveguide port. Periodic boundary conditions ares used in the
Oxz plane. For b = 2 mm, |S11| is lower than —18 dB over
the 55-65 GHz band. This value is chosen as it provides a
good trade-off between efficiency and fabrication complexity.
Indeed, a larger b would make the fabrication tricky. For the
next step, two different heights h have to be determined to
produce expected out-of-phase reflections.
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Fig. 2: |S11| parameter for different b in the case of a matched
groove, normal incidence illumination.

Figure [3] depicts the reflection coefficient phase at 60 GHz
for h varying between 0.2 and 2.6 mm under normal incidence,
in the case of the short-circuited groove. These simulations

have been carried out assuming periodicity in the Oxz by
simulating a single groove extracted from an infinite periodic
array. As discussed before, only two different phase-shifts with
a 180° difference are required for 1-bit coding metasurfaces.
The two chosen reflexion phases here are 30° and —150°. This
corresponds to A1 = 1.16 mm and h2 = 2.37 mm respectively.
As the metallic groove element has no loss in simulations, the
reflection magnitude is O dB. In the final metasurface, two
consecutive unit cells can be either similar or different, which
means the periodicity assumption may be not very realistic
in this case. An EM simulation of the complete metasurface,
which includes an arrangement of the two different cells, is
therefore necessary. The following section covers full-wave
simulations of the complete structure.
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Fig. 3: Reflection phase versus h in the case of the short-
circuited groove, b = 2 mm, normal incidence illumination.

Figure [ complements these results by showing the phase
difference between the two unit cells across the 50-70 GHz
band. It is 180° at 60 GHz, as desired. At higher and
lower frequencies, it diverges slightly. Thus, RCS reduction
performance is maintained as long as the phase difference
remains close to 180°.
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Fig. 4: Phase difference between 0 and 1 unit cells over the
50-70 GHz band.
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Fig. 5: Metasurface in semi-infinite environment (As an example, the represented code here is 000010 with N = 6).

B. Coding strategy

The search for codes that achieve good diffusion is es-
sential before designing the metasurface. Newly introduced
MPS codes in [10] are binary codes with optimal or quasi-
optimal autocorrelation properties, widely researched across
various domains such as spread spectrum [J8]. They are also
relevant for use in the context of 1-bit coding metasurfaces
for RCS reduction as demonstrated in [[10]]. These codes aim
to minimize the peaks of the autocorrelation function, except
for the main peak which is equals to [V, the size of the binary
code. Since deriving MPS codes analytically is challenging,
optimization algorithms and exhaustive analyses are used [13]],
[14]. Many studies have been carried out and a huge quantity
of tabulate data is now available for almost any value of
N. Indeed, other code families with similar autocorrelation
properties, such as Barker or Golay, are limited in terms of
size. In [[10]], a preliminary assement of the capabilities of MPS
codes for RCS reduction by using a simple analytical model
for the metasurface scattering is provided. Here, a full demon-
stration relying on full-wave simulations and considering the
implementation of a real unit-cell is proposed.

III. FULL-WAVE SIMULATIONS

A. Simulation environment

The two goals of the following section are to validate,
thanks to EM simulations, the implementation of MPS codes
and the proposed metal-only unit cell in the context of 1-bit
coding metasurfaces for RCS reduction. MPS codes are used
here for the design of semi-infinite metasurfaces as shown in
Figure [5] For the sake of simplicity, the illustrated example
is a metasurface composed of 6 unit cells encoded using the
corresponding MPS code [14]. However, the following results
are given for a metasurface composed of 32 unit cells. Thus,
the corresponding MPS code is 01E5AACC' in hexadecimal
[14]. The metasurface is illuminated by a plane wave with
normal incidence (k_;) and polarized along the x-axis. Semi-
infinite metasurface means that there are no variations in the
code along the y-axis as discussed before in the unit cell design
section. To achieve this in a 3D simulation, the boundary con-
ditions must be defined in accordance with the characteristics
of the incident wave. The plane wave propagates in z-direction
and is polarized along x. Thus, PMC boundaries are assigned
to the two side faces parallel to the Ozz plane as shown in

Figure [6] Anisotropic PML are used to absorb the scattering
on the surfaces normal to z or x (as can be seen in [6a).

(b) Oyz plane

Fig. 6: Cut planes for a semi-infinite environment.

B. Results and discussion

Figure[7]shows the normalized bistatic RCS at 60 GHz. Nor-
malization is performed relatively to a PEC plate of the same
size. Effective diffusion of the incident EM wave is achieved,
as the field is scattered in all directions. Bistatic RCS re-
duction (|maX(RCS(9))pEC — maX(RCS(Q))Mpsl) is 8.63 dB.
The maximum RCS is located in the specular direction. These
results are also compared with analytical calculations based
on array factor theory [10]. A strong correlation is observed
between the analytical calculation and the EM simulation. The
reflection minima and maxima align, except in the specular
direction. Slight increases are also observed at grazing angles,
intuitively linked to the edges of the metasurface that are not
taken into account in the analytical model.
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Fig. 7: Normalized bistatic RCS of MPS metasurface, cut
plane ¢ = 0°.

Although the diffusion capability of the MPS code has
been demonstrated, its RCS reduction performance is slightly
diminished due to specular reflection. The hypothesis is that
this significant reflection is related to the upper part of the unit
cells arranged in the array. Indeed, two consecutive unit cells
form a 0.5 mm wide horizontal metal plate. A method for its
suppression is presented in the following section.

C. Specular reflexion cancellation

To reduce the metasurface’s specular reflection, rooftops are
proposed to be added to the top plates of the semi-infinite
metasurface as illustrated in Figure [§]

Fig. 8: Two consecutive unit cells with rooftops.

Various heights h, have been tested through a parametric
study. The minimum height is 1 mm to reduce significantly
the specular reflection. Figure [9] shows the normalized bistatic
RCS of MPS metasurface with 1 mm rooftops at 60 GHz.
Bistatic RCS reduction is now 12.97 dB, which gives more
than 4 dB improvement compared to the previous config-
uration. The maximum RCS is no longer in the specular
direction but rather around # = —5°, similar to the analytical
calculation. The correlation between the analytical calculation
and the EM simulation remains high.
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Fig. 9: Normalized bistatic RCS of MPS metasurface with
rooftops, cut plane ¢ = 0°.

D. Bandwidth

To complement the previous results, an RCS reduction
study has also been conducted over the 60 £+ 10 GHz band.
Figure presents the bistatic RCS reduction results over
the 60 = 10 GHz band for semi-infinite metasurfaces, with
and without rooftops. The two metasurfaces exhibits good
performance across the frequency band. These results are
specifically correlated with Figure ] where the 180° phase
difference is generally maintained across this band. Moreover,
a significant improvement is observed with the inclusion of
rooftops.
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Fig. 10: Bistatic RCS reduction of MPS metasurface over the
60 + 10 GHz band.

IV. CONCLUSION

This paper introduces a new unit cell in order to design
metasurfaces for RCS reduction. Due to its simple geometry,
the fabrication process can be straightforward. Additionally,
since this unit cell is metal-only, the IR signature should
remain low. The new MPS coding for 1-bit diffuse scattering



metasurfaces has also been validated through EM simulations.
Finally, the bistatic RCS reduction performance has been
improved by modifying the basic unit cell through the addition
of rooftops. Future work will focus on the fabrication and
measurement of prototypes. Coding in both directions is also
planned, involving the development of a new unit cell.
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