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ABSTRACT: Reducing the scattering cross section (SCS) of metallic objects plays a key role
in stealth technology. In this work, sparse metasurfaces are designed through numerical
calculations of Green’s functions and are proposed to reduce the electromagnetic scattering of
metallic cylinders. The metasurfaces are composed of relatively sparse meta-atoms limited only
by the impedance density without considering any resonance factor. The diameter of the
metallic cylinders is of the order of one wavelength around the operating frequency of 5 GHz.
By optimizing the load impedance distribution of the sparse metasurfaces coating the cylinders,
the scattering cross section of the cylinders can be considerably reduced. To experimentally
demonstrate the concept, several prototypes are fabricated and tested in a microwave anechoic
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chamber. The experimental measurements are in good agreement with the numerical

simulations and verify the consistent performance of the metasurfaces in SCS reduction.

INTRODUCTION

In the military domain, substantive research studies are carried out towards reducing the SCS,
particularly the monostatic SCS commonly known as the radar cross section (RCS), of carriers
to avoid detection from radar systems. Historically, electromagnetic absorbers, such as the
Salisbury screen! and later, Jaumann layers,? were introduced after the second World War in
order to reduce the scattered fields of objects. These absorbers are composed of homogenous
resistive sheets, with different resistivity, separated by a distance of quarter-wavelength to
absorb power from the incident wave. Hand in hand with the deployment of modern multistatic
radar systems, reducing the backscattering of targets illuminated by several emitters has become
mandatory in stealth applications. In the field of antennas and communication systems, avoiding
the interaction between neighboring antennas or between antennas and their supporting
structures, is essential to improve communication links.>* More recent developments of
absorbing structures make use of circuit analog absorbers where resistive sheets are replaced
by frequency selective surfaces (FSSs). In particular, high impedance surfaces are exploited to
minimize reflection over a broad frequency range.>

In the meantime, metasurfaces with reduced profile have proven to be a powerful tool in
wavefront manipulation.”® Studies related to planar metasurfaces have further been extended
to curved and arbitrarily-shaped metasurfaces.”!! Conformal metasurfaces enable meeting the
aerodynamic requirements of communication platforms and vehicles. They are generally
designed using geometrical optics approach,®!! where a proper spatial distribution of the local
reflection or transmission coefficient must be established along the metasurface. However, such
approach presents strong limitations in terms of efficiency.!? A more accurate procedure, which

remains quite challenging, consists in establishing a relationship between a given coordinate
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system and another one that conforms the geometry of the curved interface.!® As such, planar
and conformal metasurfaces, composed of resonant elements separated from a ground plane by

a lossy dielectric material, have been successfully applied for the design of absorbing

13-18 19-22

structures and invisibility coatings.

While the most generally applied generalized laws of reflection and refraction tend to suffer

12,23

from low efficiency, metagratings with sparse arrangement of judiciously engineered

24-27

scatterers have been proposed to boost the wavefront manipulation efficiency”“’ and have been

further exploited to design electromagnetic absorbers by suppressing the specular reflection.?®

29 Sparse metasurfaces,>* 3!

evolving from metagratings, are capable of creating arbitrary
radiation patterns for arbitrary external illuminations and have demonstrated high efficiency in
tailoring wavefronts. They are non-periodic structures composed of a finite set of loaded wires
with an inter-element distance of the order of the operating wavelength Ao. Sparse metasurfaces
are strongly nonlocal and cannot be described using either the surface impedance density or
using local reflection/transmission coefficients. While Green’s functions for simple geometries
in free space environment are well known, it is generally not the case for more complex
geometries and environments, where the Green’s function cannot be analytically calculated. As
such, sparse metasurfaces are designed by numerical calculation of the Green’s function and do
not use any complex coordinate system matched to a particular geometry, thereby allowing
arbitrarily shapes to be considered.

In this work, we propose an alternative design concept of passive conformal sparse metasurface
absorbers, capable of reducing the scattering cross section (SCS) of metallic objects having
dimensions of the order of one wavelength. The general design methodology is described and
numerical simulations that are backed up by experimental measurements carried out on

fabricated samples, validate the proposed approach. Such a design concept fully based upon

calculation of Green’s function is easy to implement and opens the door to future development



of thin conformal and smart skins for diverse applications, including electromagnetic

compatibility and interference, decoupling in antenna systems, stealth and camouflaging.

DESIGN PROCEDURE OF SPARSE METASURFACES

Let us consider a sparse metasurface coating a metallic cylinder and illuminated by an incident
plane wave Ey polarized along the z-axis, which propagates towards decreasing x-values, as
depicted in Figure 1a,b. The metasurface is composed of N equally distributed loaded wires on
a flexible substrate. Macroscopically, the wires are modeled as thin cylinders of effective radius
e (<< 2) oriented along the translation invariant direction (z-axis) and are characterized by an
impedance density. Electric fields from external sources excite polarization currents /, along
the wires, which in turn scatter an electric field. No condition is required for the external
sources; they can be of any type. According to the impedance densities imposed to the set of
wires, the field radiated in the far field region can be controlled and tailored to favor the

scattering in desired directions using:

E,(r,@) = EZ*(r, ) + Zlcy=1 GZZ(T'QD? rq) Iq (1)
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Figure 1. (a) Operating principle of the scattering cross section reduction using a sparse

Capacitance

Metallic cylinder

metasurface. (b) Schematic view of a metallic cylinder coated by a flexible sparse metasurface
and illuminated by an external electric field Eo. The metallic cylinder having radius Ro =30 mm
is coated with the conformal sparse metasurface, with a foam spacer of thickness #= 9.5 mm
and relative permittivity &= 1.15 in between. The metasurface is composed of 12 loaded wires
equally distributed on a flexible FABM220 substrate having a thickness #; = 0.5 mm and relative
permittivity & = 2.2. (c) For the experimental validation, the loaded wires are implemented by

microstrip structures loaded with resistors.

Here, E, (7, @) is the total scattered field, which is a superposition of ES**(r, @), the field
scattered by solely the external sources in absence of the wires, and the waves G, (r, Q; rq) I,
scattered by the loaded wires. G, (r, ®; rq) is the Green’s function of the g™ wire, positioned at
rq in the polar coordinates (7, @) and 1, is the polarization line current excited in the ¢ wire.

The polar angle ¢ is measured from the direction of the x-axis, as illustrated in Figure 1.



In such sparse metasurfaces, Ohm’s law links the field radiated by the wires, the currents and

the load impedance densities, as:

Zolq = E5™(rg) — 2g=1ZL(IZL)IP (2)

where Z, is the ¢™ wire’s load impedance density and Zégl) = —GZZ(rq,rp) is the mutual-
impedance density linking the electric field created by the p' wire at the position of the ¢ wire.
Zflgl), the self-action of the ¢ wire and its interaction with the external environment, is
calculated by:

1

Z80 = ———§G,,(r,r,)dr, (3)

2mrefy
where the integration is done over the circumference of the thin wire with effective radius res.
By choosing the number of wires N and the load impedance densities Z, appropriately, the
scattered far field E,(r, ¢) can be efficiently controlled.

Here, our main goal is to reduce the cylinder’s backscattering in order to avoid its detection by
aradar system, as illustrated in Figure 1a. By setting E,(r, ¢) = 0 and solving eq 1 analytically,
the scattering can be reduced in a number of desired directions. Even the forward scattering,
known as the shadow region of the object can be reduced, but this would require the use of
active and lossy wires, for which the optical theorem does not apply. A classical differential

evolution algorithm,3>3

which takes the load impedance densities as candidate solutions, is
used to minimize the scattering in the desired directions. Microscopically, in order to replace

the infinitesimal wire model with a wire built up from physically feasible unit cells (Figure 1c¢),

we need to restrict the real part of the load impedance density to positive values.

SCATTERING REDUCTION OF A METALLIC CYLINDER
The methodology is first applied for the design of a sparse metasurface conformed to a circular
metallic cylinder having radius Ro = Ao/2 = 30 mm, with Ay being the operating wavelength, as

illustrated in Figure 1b. Such radius value is a design choice regarding the targeted application
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and is typically the case for metallic circular ducts supporting antennas. We are interested in
reducing both the monostatic and bistatic scattering around fo = 5 GHz. The metallic cylinder
is first coated with a foam sapcer of thickness #r= 9.5 mm and relative permittivity g = 1.15,
onto which is conformed the sparse metasurface. The metasurface is composed of 12 wires
equally distributed on the top face of a flexible FABM220 substrate having a thickness # = 0.5
mm, relative permittivity & = 2.2 and a loss tangent tan 6= 0.001.

We are first interested in reducing the monostatic SCS of the metallic circular cylinder for an
incident plane wave varying from ¢ = 0° to 360°. In such monostatic configuration, the observer
is located at the same position as the incident wave. In this case, the commonly known radar
cross section term can be used, which corresponds to the backscattering configuration. Since
the cylinder has a circular base, a rotational symmetry around the z-axis is present. Therefore,
for the metasurface, the same load-impedance density is imposed on the 12 wires distributed
equally on the substrate. In order to reduce the backward scattering in such a scenario, a fitness
function that minimizes the back-scattered field is used in the minimization algorithm.

We further target the scattering reduction in various directions in a bistatic configuration. The
structure is illuminated by a plane wave at incidence ¢ = 0° and scattering is measured from
¢@=0° to 180°. Hence, another metasurface also composed of 12 wires, is designed. However,
owing to the symmetry of the body, only six models of wires are necessary. The fitness function
used in the minimization algorithm in order to find the correct impedance densities for the

bistatic SCS reduction:

fgoal(ZLZZ: ---ZN) = Z{V |EZ(§0i)| 4)
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Figure 2. Schematic of the employed unit cell, comprised of a F4BM 220 substrate with a
printed wire, a foam spacer and a ground plane (¢ = 0.5 mm, & = 2.2, t= 9.5 mm, &= 1.15).
The wire is composed of a 0402 SMD resistor for the lossy part and a printed capacitor for the
imaginary part. The geometrical parameters are L =21 mm, B =9 mm, w = 0.25 mm, g = 0.25

mm and 4 is a variable (see Table 1).

The required load impedance density of the wires is then calculated using the differential
evolution algorithm and implemented using realistic wires built up from meta-atoms. The local
periodic approximation (LPA), detailed in the Methods section, is used to retrieve the respective
impedance density from the reflection coefficient characterized from the meta-atom.** For a
practical implementation, we are interested in load impedance densities that generally possess
a positive real part (lossy) and an imaginary part, which can be negative (capacitive) or positive
(inductive). In practice, the impedance can be obtained from printed microstrip structures for
the reactive component and loaded with serial SMD resistors to materialize the passive and

lossy component, as depicted in Figure 1c. In the simulations, the SMD resistors are modeled
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as a simple resistive sheet, while Vishay CH0402 resistors are used in the fabricated samples.

A schematic view of the resistor loaded unit cell in its simulation setup is shown in Figure 2.

The retrieved load-impedance density Z, and the parameters of the unit cell are reported in

Table I. The given impedance densities are normalized by the multiplication factor Ao/ 7, where

n is the characteristic impedance in free space.

Figure 3. Photograph of the proof-of-concept prototypes. (a) Metasurface-coated metallic

circular cylinder. (b) Metasurface-coated metallic elliptical cylinder.

Table 1. Characteristics of the Meta-Atoms for SCS Reduction in Different Scenarios

Scenario Element Number
1 2 3 4 5 6

, Zq (1/2) 23759 | NA NA NA NA NA

n(ﬂc(i::s::?)c Resistor Value () | 100 NA NA NA NA NA

A (mm) 423 NA NA NA NA NA

Zq (1/0) 29754 | 21560 | 16568 | 1382 | 295528 12

bistatic Resistor Value (Q) 150 100 50 50 150 NA

(circular) A (mm) 4.64 4.15 3.59 2.86 1.49 10

(2 capacitors)

_ Zq (7/2) 239335 | 1.8652.9 | 2.335297| NA NA NA

‘(‘:l’l‘l“’;t:;;)c Resistor Value (Q) | 150 100 150 NA NA NA

P 4 (mm) 7.86 9 8.91 NA NA NA
cireula Zq (/) 25455 | 22463 | 08873 | 088573 | 22463 | -2.55.5




RESULTS AND DISCUSSION

Numerical simulations are performed using the commercially available full wave
electromagnetic simulator HFSS. A metasurface-coated cylinder having a height of 9 mm,
equivalent to the height B of one meta-atom (Figure 2), is considered along the z-axis. Periodic
boundary conditions are applied in the xoy planes at the top and bottom to consider an infinitely
high structure. The structure is surrounded by a cylindrical vacuum, upon which radiation
boundary conditions are assigned on the curved face, which enables far-field simulations. The
cylinder is then illuminated by a plane wave having the electric field oriented along the z-axis
and incident with an angle ¢, as presented in Figure 1b. The scattering width o, in unit meters
(m) is then obtained using the procedure described in the Methods section. In the experiments,
a cylinder having a height of 135 mm is considered and the metasurface coat is composed of
15 meta-atoms along the z-axis. A photograph of the fabricated proof-of-concept prototype is
shown in Figure 3a for the circular cylinder scenario and in Figure 3b for the elliptical cylinder
scenario. The measurements performed in an anechoic chamber, as detailed in the Methods
section, correspond to a scattering cross section g3 in unit square meters (m?). Consequently,
in order to compare the simulation results with experimental ones, as depicted in Figure 4, o5p
and o3p are linked together using eq 10. The metasurface composed of 12 wires with similar
load-impedance density equally distributed on the substrate, as illustrated in Figure 4a, is
exploited for the monostatic SCS measurement. As shown in Figure 4b, the measurements
performed in the monostatic configuration demonstrate backscattering reduction capacities of
the metasurface coating of at least 10 dB in the frequency band spanning from 4.3 GHz to 4.9
GHz. To better highlight the reduction level, comparison of the backscattering of the bare and
metasurface-coated cylinders are presented at 4.8 GHz in Figure 4c. The sparse metasurface

coating achieves a backscattering reduction of at least 14.75 dB all around the circular cylinder.
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Figure 4. SCS reduction of a circular cylinder under plane wave illumination (Top row:
monostatic configuration and bottom row: bistatic configuration). (a), (d) Schematic of the

structure (metasurface-coated cylinder). (b), (¢) SCS reduction level versus frequency. (c), (f)

SCS level of coated and uncoated cylinders at 4.8 GHz.

Similarly, bistatic scattering cross section measurements is carried out on a prototype where the
metasurface is composed of also 12 wires to reduce scattering in various directions. However,
due to the symmetry of the cylinder, only six models of wires are required, as illustrated in
Figure 4d. For ¢ running from 4° to 180°, a total SCS reduction of at least 9.5 dB in the 4.5
GHz - 5 GHz frequency band is observed, as depicted in Figure 4e. Above 5 GHz, the SCS
increases for ¢ lying in the range 95° - 130°. At 4.8 GHz, the total scattering cross section
03D, @8 defined in eq 11, of the non-coated (bare) cylinder is measured to be -11.48 dBm?.
With a metasurface coating, the experimental total scattering cross section o3p, . is -21.14
dBm?, which is equivalent to a reduction of 9.66 dB. Significant backscattering reduction of
03p (Ppack) of 18.7 dB is also observed in Figure 4f. It is worthwhile noting that the simulation

results obtained from infinitely long structures using Ansys HFSS show a good qualitative

11



agreement with the experimental measurements of structures of finite height for both the
monostatic and bistatic SCS cases.

In order to extend the concept of backscattering reduction to a more complex shape, we consider
an elliptical metallic cylinder of minor axis 2a =45 mm and major axis 2b =90 mm, as depicted
in Figure 5a. 12 wires are distributed around the substrate, so that the distance between two
adjacent wires arranged around the perimeter of the ellipse is equal. Due to the absence of
rotational symmetry, three different load-impedance densities are required to reduce the
monostatic SCS. For the experimental validation, a fully dielectric elliptical cylinder is
fabricated using 3D-printing technology and carefully coated with a thin layer of conductive
aluminum tape to mimic a metallic one (Figure 3b). The results are presented in Figure 5b,
where a slightly lower reduction level is observed in measurements compared to simulations.
At 4.7 GHz, the SCS is reduced by 11.67 dB at ¢ = 206°, while a reduction of only 2.56 dB at
@ =300° is achieved with the sparse metasurface. Even though the sparse metasurface
conformed to an elliptic cylinder is less efficient for certain incidence angles, the results prove

that the methodology can be applied to objects having complex shapes, without increased

difficulty.
a) b) s Monostatic SCS at f = 4.7 GHz
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Figure 5. (a) Schematic illustration of the SCS reduction of the elliptical cylinder. (b)

Monostatic SCS level of the coated and uncoated elliptical cylinders at 4.7 GHz.
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As it can be observed from the performances obtained from both the cylindrical and elliptical
cylinders, there are slight discrepancies between simulation and experimental results that are
mainly attributed to the lumped resistors. In simulations, the SMD resistor is modelled as a
simple resistive sheet that does not take into account the pad welding and parasitic effects
encountered in the experiments. Nevertheless, the metasurfaces did not show significant
performance drops when replacing the exact resistor values calculated by the minimization
algorithm with the closest one proposed by the Vishay resistor family.

Finally, the proposed design methodology is exploited to cloak the metallic cylinder. However,
instead of using a minimization algorithm, the required impedance density of the 6 models of
wires on the metasurface are determined analytically (Figure 6a). The calculated load
impedance densities then have positive and negative real parts, which implies the use of lossy
and active elements, as shown in Table 1. It is important to note that the wires noted 1, 2 and 3
show the same imaginary parts of the load impedance density as wires noted 4, 5 and 6,
respectively, but with opposite real parts, suggesting that the fields absorbed in the back semi-
space of the cylinder are emitted in the front semi-space. In this configuration, the total SCS
03p,,, Teduction is around 50 dB. Even the forward scattering is reduced, as depicted in Figure
6b and highlighted by the absence of shadow behind the object in the inset presenting the
wavefronts. The result obtained from a simulation performed using ideal loaded wires indicate
that cloaking of a metallic cylinder is indeed possible using the proposed approach. However,
both passive and active load impedance densities are necessary, which can be quite challenging

in a practical implementation.
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Figure 6. Simulation of the SCS level of a coated and uncoated cylinder at 5 GHz using 12

active infinitesimal wires.

CONCLUSIONS

A simulation-based design procedure using Green’s functions is exploited to design conformal
sparse metasurfaces capable of reducing the scattering cross section of a translation invariant
metallic cylinder. A first sparse metasurface is proposed to reduce the SCS of a circular cylinder
in a monostatic configuration. The backscattering of the cylinder is reduced by at least 14.75
dBat 4.8 GHz, for any angle of incidence. A second metasurface capable of reducing the bistatic
SCS of that cylinder is also designed. A total SCS reduction is achieved (9.66 dB at 4.8 GHz).
Furthermore, interesting results are obtained when considering an elliptical cylinder,
demonstrating that the methodology can be applied to arbitrarily-shaped objects, without
further difficulty. The manufacturing simplicity of these metasurfaces, only consisting of
flexible PCB and standard surface mount resistors, makes them good candidates as suitable and
cost-effective solution for scattering cross section reduction and absorption devices. Finally, in
an attempt to realize cloaking with our proposed approach, ideal bistatic simulations have
highlighted scattering reduction in all directions, including the forward scattering, when using

a metasurface implementing passive as well as active wires. The proposed design methodology,
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comprising numerical calculations of Green’s functions and materializing load impedance via
local periodic approximation, constitute an alternative means to design planar and conformal
metasurfaces for various functionalities, including beamforming. Moreover, the sparse feature
of the proposed metasurfaces suggests that few elements would be required when considering
reconfigurability aspects. The main results of this study paves the way to the design of thin
conformal and smart skins for electromagnetic compatibility and interference, decoupling in

antenna systems, stealth and camouflaging.

METHODS

Numerical calculations leading to the load impedance Z,

The metal cylinder together with the surrounding dielectric materials (in the absence of the
wires) is illuminated by a plane wave. The far field, which is composed of only the diffracted
field as well as the total field on the contour of the substrate (referred to as C1 here) where the

wires will be placed, are recorded, as depicted in Figure 7. These fields allow calculating

EZ¥(r, ) of eq 1 and EZ¥(r,) of eq 2.

a) Far Field b) Total Field on C1
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Figure 7. Recorded electric field when the metal cylinder with its surrounding dielectrics (in

the absence of the wires) is illuminated by a plane wave. (a) Far field. (b) Total field on the

contour C1 where the wires are supposed to be located.
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One of the 12 wires is placed on the contour CI (for example at ¢, = 90°) and the far field
radiated by the wire when driven by an intensity of 1 A is calculated, as shown in Figure 8a.
The wire must be very small; its radius is fixed as rer = 0.0625 mm. The field radiated by the
wire at locations ¢,, of the other 11 wires on the contour C1 is also recorded and presented in
Figure 8b. For the cylinder, only one calculation is required and the fields corresponding to the
other 11 wires are obtained simply by shifting by 2n/12 the field already calculated for the wire
at ¢, = 90°. However, for the elliptical cylinder, three calculations are required since three

models of wires are used, as depicted in Figure 5.

Field radiated by wire at locations ¢, on C1

Radiated far field by wire (¢, = 90°) b)

) 1400 30000

1200 1 25000 -

1000
20000 1
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-g. -g 15000 A
> 600+ >
10000 A
400 -
500 4 5000 1
0 T T T T T 0 T T 7 T -
0 60 120 180 240 300 360 0 60 120 180 240 300 360
o o
?(°) ?(°)

Figure 8. Recorded electric field when a wire driven by a current of 1 A is located at ¢, = 90°
on the contour CI. (a) Far field radiated by the wire. (b) Total field radiated by the wire at

locations ¢, of the other 11 wires on the contour CI.

At this stage, the average field of the wire can be obtained by integrating the field at the surface
of the wire and then dividing by 2nre. Since the intensity of the current in the wire is 1 A, we
can then have the impedance density Z,, appearing in eq 3. In our case, the numerical value is

8400+737000 QO/m. This value has to be compared with that of an isolated wire of similar radius,

which is %’7 HZ(kr, £r) = 9876132345 Q/m (k is the wave vector and H? is the Hankel function
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of the second kind). The far field radiated by each wire at location ¢, give the terms

GZZ(r, ®; rq) ofeq 1.
The field radiated at ¢, by the wire placed at ¢, allows calculating the terms of Z ((IZL) of eq 2.

The matrix of the mutual impedance densities Z,, in Figure 9 shows that as we move away from

the neighboring wires, the coupling is strongly reduced.

Log,o(1Zgp | A/N)
5 10

5 10

Figure 9. Matrix of the mutual impedance densities Z.

Local periodic approximation
In the case of traditional dense metasurfaces, the LPA allows calculating the surface impedance
corresponding to a given elementary cell when it is periodically arranged to form a metasurface.
For metagratings, the LPA described in Ref. 34 is used to calculate the linear impedance
(denoted Z,) of a wire equivalent to a set of connected cells. The procedure is as follows:

- analytically calculate the reflection coefficient of an array of thin wires of linear impedance
Z, and period L

- using a full wave method, calculate the reflection coefficient for normal plane wave
illumination of the 3D elementary cell that is repeated periodically in the y direction with a

period L (Figure 2).
17



The periodicity L must be large enough such that the interaction between two neighboring wires
is correctly represented by the interaction between two wires assumed infinitely thin, while
remaining less than 4 to avoid appearance of diffracted orders.

When the array of thin wires is illuminated by an incident plane wave, a polarization line current
of intensity / is excited in each wire:

2L (So—Roe2/kh)
o (+Rg)e? KR T ©)

| =
where S is the reflection coefficient (in the plane of the pattern) obtained from the full wave
simulation of the elementary cell and Ro is the analytically calculated Fresnel’s reflection
coefficient from the grounded substrate in the absence of the wires. Here, 4 is the total dielectric
thickness (h = tr + t;). Eo is the amplitude of the incident electric field, and k£ and 7 are,

respectively, the wavenumber and the characteristic impedance in free space.

The current / is linked to the wire’s impedance by Ohm’s law:
Eexte k
Zy ===~ I ©)
where E,.; = (1 + Ry)Eyexp(ikh) is the total external electrical field, which is the sum of the

incident field and its specular reflection from the ground plane and Tn is the radiation resistance

of the wire. Z,, is the mutual impedance density, which takes in consideration the interaction of
a loaded wire with the grounded substrate and the interaction between adjacent wires, and is

given as:
kn ¢ 2 n
Zim =28y HY (knL) + =Ry 7
It is important to note that considering Z, allows using the calculated linear impedance Z, in

configurations where the distance between wires is different to the periodicity L used in the

LPA here.

Experimental measurements

18



The metallic cylinder is surrounded by a foam spacer of permittivity &= 1.15 and thickness #
= 9.5 mm. The metasurfaces are composed of a 0.5 mm thick flexible F4BM220 dielectric
substrate on which copper traces are patterned and SMD Vishay CH0402 resistors are soldered
using pick-and-place technology. The metasurfaces, having dimensions of 135 mm x 248 mm
for the circular cylinder and 135 x 276.5 mm for the elliptical cylinder, are wrapped around the
foam spacer using adhesive tape.

The experimental setup is schematically illustrated in Figure 10. The sample is fixed on top of
a low index material rotating platform in the middle of a calibrated anechoic chamber. Mobile
emitting and receiving horn antennas are used in order to measure the SCS from 3.5 to 8 GHz
with a frequency step of 10 MHz. When performing bistatic measurements, the emitting horn
antenna and the rotating platform are maintained at a fixed position, while the receiving horn is
moved along a circular track to record the scattered field from 4° to 180° with an angular step
of 2°. When performing monostatic measurements, both horn antennas are set in a quasi-
monostatic configuration and held at a fixed position, while the platform is rotated from 0° to
360° with an angular step of 2°. A reference measurement of solely the anechoic chamber
without any sample is performed in order to measure the noise due to surrounding environment.

The recorded reference data is then subtracted from the SCS measurements.
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Figure 10. Schematic illustration of the experimental setup used to perform a) bistatic and b)

monostatic SCS measurements.

Scattering cross section definition
In HFSS simulations, the bistatic scattering cross section of finite sized objects is calculated as:

2
2 |Escat((P)| (8)

03p,urss(®) = 4mr 2
|ElnC|

with Eg . being the scattered far field. However, our simulations are performed on a coated
cylinder having a height of one unit cell B, and the cylinder is extended to infinity along the z-
axis by applying periodic boundary conditions. In order to retrieve the scattering width o,p
of an infinitely long structure from the o3p yrss data, the following relation is used:

020 (@) = 03p,urss(@) % ©)

An approximate formula relates a,p to g3p for a structure with finite height:

030 (9) = =035 (9) (10)
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where / is the height of the cylinder. Eq 10 therefore allows comparing the simulated data to
the experimental one. For a better representation of g3p in m?, the following conversion in dB

is performed:

035 [dBm?] = 10 log;( 221, (11)

1m?2

When the receiving antenna is located at the same position as the transmitting one (monostatic
configuration), the most widely used term radar cross section is used, it corresponds to the
configuration of backscattering.

Finally, the total scattering cross section is defined as:

1 2
O03D¢or = Efo 7TO’3D (p)do (12)
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