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Abstract

Smart Electromagnetic Skins (SESs) provide a cost-effective and efficient alternative to
increasing the number of Base Stations (BSs) for improving the performance of next-
generation communication networks and contribute to the implementation of Smart Radio
Environments (SREs). SESs generalize the concept of ReflectArrays (RAs) because they
redirect the incident field in a non-specular direction. However, as the difference between
the pointing and specular directions increases, specular and parasitic effects arise, which
affect the radiation pattern, energy efficiency, and pointing direction. The techniques
generally adopted for SES design, using homogenized-effective-medium model, are unable
to overcome this drawback efficiently. Starting with initial SES design based on the Phase-
Gradient (PG) approach, the suppression of the higher order modes has been achieved
by incorporating volumetric charge-current distributions when defining radiation modes,
using theory of electromagnetic-multipoles. This approach reveals formation of anapoles in
single-layer SESs/RAs for first time ever. By combining both local and non-local approaches
in super-cell design, higher-order symmetry-breaking of unit cells is utilized to exploit
anapole formation as a parasitic mode suppression method. Numerical analysis of SESs
with increasing size confirms the effectiveness of the proposed approach, which allows
for a drastic reduction in parasitic modes while leaving the performance of the desired
mode unchanged. Adopting a multipole perspective enhances the understanding of SES
radiation mechanisms, unlocks their unexploited performance potential, and opens new
opportunities for multifunctional design.

Keywords: smart electromagnetic skins; specular parasitic suppression; toroidal dipoles;
anapole; bi-anisotropy; non-locality; electromagnetic multipoles

1. Introduction
Physical layer of 6G systems is envisaged to provide communication, sensing, local-

ization and computing in a programmable and cooperative Smart Radio Environment
(SRE) [1–3]. This requires ultra-broadband connectivity, low latency and seamless cov-
erage [4,5]. Sub-THz/mm-wave bands have the potential to achieve these goals [6–8].
Although it meets the performance requirements but it suffers from major draw-backs of
Strong free-space attenuation,high building penetration loss, strong features interaction
during propagation and strongly degradation in coverage outside Line-of-Sight (LoS) of
Base Station(BS) antenna. For an implementation that maintains low complexity, envi-
ronmental sustainability, and operational efficiency, adding new BSs to the SRE is not
feasible [9]. To overcome this drawback and as an alternative to BSs, suitable, ad-hoc,
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active and passive devices, collectively referred to as Smart Electromagnetic Skins (SESs)
can be introduced [10–12]. They are thin surfaces, discretized with a proper number of
sub-wavelength or resonant Unit Cells (UCs), also named meta-atoms, that can produce
non-specular reflections to cover particular areas or address blind spots. In cases where
reconfigurability is also required, active elements are introduced into the UCs, and the
resulting configuration is referred to as Reconfigurable Intelligent Surfaces (RISs). The use
of SES makes the environment also an additional degree of freedom towards optimal SRE
implementation.

A smart skin can be realized using ReflectArray (RA) [13,14] technology. This generally
refers to the case in which SESs are realized using cells having resonant behavior, being their
size of the order of λ/2–λ/3 [9–12,14]. In case in which cells have size is λ/8–λ/10 [15,16]
is commonly said that it is realized with a metasurface. Strictly speaking a metasurface
is a broader class of artificial metamaterials consisting of nano-scale structures designed
to control electromagnetic waves, including phase, amplitude, and polarization, at sub-
wavelength scales. Therefore, a reflectarray is a type of metasurface, while metasurfaces
are not necessarily reflectarrays, since they can be used for different applications, including
reflection, as with a reflectarray, or for other functions, such as focusing, polarization
conversion, or sensing [15–21].

From the perspective of the design procedure, RAs differ from metasurfaces. Their
design involves a two-step process: first, a UC that can control the phase of the re-radiated
field is defined; Then, these elements are arranged to provide the aperture phase distribu-
tion necessary to optimize the antenna’s overall properties. Conversely, the behavior of the
metasurface is first described in terms of an equivalent impedance boundary condition that
is then implemented through the proper selection of meta-atoms.

Regardless of the UC solution chosen, the primary distinction between a reflectarray
and a smart skin lies in the distance and positioning of the reflecting surface relative to the
source of the incident field. In an RA, the reflecting surface is typically located between 0.5
and 2 times the maximum size of the surface itself from the primary feed. Consequently,
the field impinging on the borders is significantly lower than that impinging on the central
part of the surface. Conversely, smart skins are usually located far from base stations;
therefore, the incident field can be modeled as a plane wave with the same magnitude
across the entire surface. In an RA, the position of the feed is selected to maximize antenna
performance. In the context of smart skin, the position of the base station is fixed, and
depending on the scenario; therefore, the position of the SES might not be selectable to
ensure peak link performance, as in the case in which it is mounted on the wall of a building.
For this reason, the direction of arrival of the incident field and/or the direction in which
the field must be redirected could be strongly tilted with respect to the surface normal and
quite different from each other (non-specular reflection). Finally, it is worth to notice that
in a reflectarray the field radiated by feed impinges on the different UCs with a different
angle of incidence, and this contributes to partially destroy the periodicity of the phase
variation on the reflecting surface. Since the field impinging on a smart skin is a plane wave,
it introduces a macro periodicity, depending on the incident and pointing angles, equal
to the periodicity of variation of the phase delay across the surface. The phase variation
over a macro period is then sampled by the UC. Depending on its size, it is not guarantee
that it exists a (integer) number of UC who exactly covers the super-cell corresponding
to the phase variation period; moreover, it is not guarantee that the range of variation for
the phase provided by each UC is equal to 2π. These two aspects introduce quantization
errors that degrade the SES performance and contribute to the appearing in the radiation
patterns of lobes due to the radiation of undesired Floquet modes. Particularly evident is
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the arising of modes with indices m = 0 in the direction specular to that of the incident
field and m = −1 in the direction specular to the desired pointing one.

Smart skins are usually designed using the Phase-Gradient (PG) approach, that is
widely-used for wave-front control [22–25] by exploiting the generalized law of reflection
and refraction [26]. It allows generating far field radiation pattern by linear phase synthesis
using reactive surface impedances that capture and re-radiate incoming plane waves into
desired far-field radiation pattern. However, the optimization of the SES considering it
as a surface impedance modulated panel [27] based on only the phase of the reflection
coefficient as source field of the of UCs forming the PG super-cell does not fully define
the radiation modes of the structure. Moreover, it does not guarantee power conservation
with surrounding medium [28], resulting into parasitic radiations. To address this, power
conservation with surrounding medium was defined as a boundary condition [29,30]
resulting into complex surface impedances having periodic active (negative) and passive
(positive) resistance for high power efficiency anomalous reflection. To ensure efficiency
at higher deflection angles, an accurate response is required from the active or passive
components incorporated onto the surface, or from the auxiliary evanescent fields.

Non-local optimization for ensuring far-field phase integrity in presence of near-field
coupling increases the problem size and computational cost. To reduce near-field coupling
between the UC and ensure the far-field phase integrity of cells, as theoretically calculated
in [26], folded-dipole cells were used in [28]. They attribute the reduction in the far field of
parasitic and undesired harmonic reflections to the presence of loop currents on the UCs,
which minimize the near-field coupling between them and ensure the same phase in the
far field as theoretically calculated for each UC [26]. However, this does not explain the
significant differences in the level and pattern of parasitic reflections at different pointing
angles. Therefore, using only far-field phase analysis to describe the radiation pattern
of a planar metallic super cell, including the re-radiation phase of the individual cells
and the incorporation of near-field interactions, is inadequate when employing either the
phase-gradient or the theory-of-diffraction-based approaches. This analysis fails to fully
describe the underlying phenomena causing the radiation pattern, resulting in non-global
optimization and radiation beyond the design calculations.

At high deflection angles, specular and parasitic reflections [31] and impedance mis-
match between incident and pointing waves affects energy coupling efficiency into the
desired mode causing performance degradation of PG- based SES [29]. MetaGratings (MG)
were proposed to overcome efficiency limitations and stringent fabrication requirements of
PG surfaces [32]. MGs, inspired by principles of diffraction gratings [33], are 1D array of
polarization line currents exploiting the momentum property of waves in conjunction with
intelligent Floquet mode positioning in a structure having dominant electric and magnetic
dipolar responses [34] to cancel unwanted diffraction orders and achieve high efficiency at
large deflection angles. Higher order electric and magnetic multipolar responses in a single
meta-atom [35] and super-cell of meta-atoms [36] having bi-anisotropic properties [37] have
also been employed to enhance diffraction efficiency of MG. MG performance efficiency
is limited at low deflection angles, for high incidence angles or if the number of Floquet
modes increase. Hybrid combination of PG and MG in a multi-layer metasurface structure
has been used to combine benefits of PG and MG [38].

SESs designed using both PG and MG are based on presence of Electric Dipoles (ED)
and Magnetic Dipoles (MD) as radiation sources [32,39]. Using ED and MD, Kerker effect
has also been utilized for back-scattering cancellation and enhancing forward scattering [40]
based on first and second Kerker conditions [41] using different combinations of electric
and magnetic multipoles. From perspective of design approach, SES design can be based on
either local or non-local approaches. In non-local design approach, response at a particular
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location depends on fields at that location and also at other locations [42] which acts as an
additional degree of freedom in desired response generation. Therefore, a combination
and presence of bi-anisotropy [32] and non-locality [29,43] based on electric and magnetic
multipoles is an important condition for achieving efficient anomalous reflection [40].

We approach the problem of specular and parasitic suppression in SESs utilizing the
theory of electromagnetic multipoles [44,45], which considers far-field as a superposition
of electromagnetic fields created by point multipoles formed due to spatially localized
arbitrary-shaped electric charges and current distributions in structure [46]. We move
beyond conventional bi-anisotropic electric and magnetic multipole effects in anomalous
reflective single-layer planar static passive metal-dielectric-metal (ground) structures and
report the formation of Toroidal Dipoles (TDs) and anapoles within cells.

Thanks to the developed technique, we significantly improve undesired modes sup-
pression as compared to same size PG-design SES. Anomalous diffraction-grating behavior
is observed on increasing 1D array size with all Floquet modes response getting sharp
without any change in their respective scattering direction or magnitude. At the same time
non-Floquet mode spurious radiations suppression is enhanced.

The paper is organized as follows. In Section 2 the SES radiation mechanism modeling
is discussed, in Section 3 the proposed methods is presented and results on its application
are discussed. Section 4 links the beneficial effects of the proposed approach to the theory
of multipoles that is used to justify the obtained suppression of the undesired reflections,
while Section 5 discusses diffraction grating-like behavior. Finally in Section 6 concluding
remarks are summarized.

2. SES Radiation Mechanism Modeling
SESs are inspired by metasurface design therefore analytical models of radiation

mechanisms of metasurface hold true for SESs. Electromagnetic wave interaction with
one-dimensional periodic SES structure (with period, D, along y-axis) can be modeled
analytically using Bloch–Floquet theorem [39]:

Ψ(y) =
+∞

∑
m=−∞

Ame−iky,my, with ky,m = ky +
2mπ

D
(1)

Here, Ψ(y) denotes the field expressed as a superposition of plane waves, Am are the
expansion coefficients, ky is the fundamental propagation constant, ky,m are the spatial
harmonics of the wavevector, D is the period of the structure, and m is an integer denoting
the diffraction order. This is used to further develop analytical models for electromagnetic
wave interaction with metasurfaces.

2.1. Homogenized Effective Medium Model

For a 2D planar SES with thickness h << λ/2, above interaction can be modeled by a
slab with 3D homogenized effective medium parameters. This electromagnetically thin
homogeneous slab can be further simplified into an effective zero-thickness sheet model by
considering spatial fields variations inside this homogeneous slab (now called metasurface)
to be negligible [47]. This allows it to be modeled using 2D effective medium parameters
instead of 3D as long as the assumption about negligible field variations inside the slab
holds true. To model this electromagnetically thin sheet as an electromagnetic boundary
where desired wave-manipulation will take place, 3 techniques are used. The first one
is an Impedance Boundary Conditions (IBCs) technique for bi-anisotropic metasurfaces
which models the electric and magnetic field discontinuities at the interface (the zero-
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thickness sheet) as the equivalent impedance and admittance conditions, expressed by
Equations (2) and (3).

n× (E2 + E1)

2
= Zee · n× (H2 −H1) + Kme · n× (E2 − E1) (2)

n× (H2 + H1)

2
= Ymm · n× (E2 − E1) + Kem · n× (H2 −H1) (3)

Here, Zee denotes the electric surface impedance tensor, Ymm the magnetic surface
admittance tensor, and Kem and Kme the electric-to-magnetic and magnetic-to-electric
surface coupling tensors, respectively. n̂× E and n̂×H are the components of the field
tangential to the surface. n̂ being the unit vector orthogonal to it.

The second approach uses the polarizability model [39] which considers the sub-
wavelength meta-atoms/UCs as equivalent electric and magnetic dipole moments. These
sub-wavelength coupled electric and magnetic dipolar sources combine to form the meta-
surface and the fields re-directed by each of these add up to form the far-field radiation
pattern. The electric (p) and magnetic (m) dipole moments are related to the local fields
Eloc and Hloc, at the location of particle dipoles due to incident fields by polarizability
dyadics, as shown in Equation (4):[

p
m

]
=

[
¯̄αee ¯̄αem
¯̄αme ¯̄αmm

]
·
[

Eloc

Hloc

]
(4)

The four polarizability dyadics are the electric-electric polarizability tensor ¯̄αee, the
electric-magnetic cross-polarizability tensor ¯̄αem, the magnetic-electric cross-polarizability
tensor ¯̄αme, and the magnetic-magnetic polarizability tensor ¯̄αmm.

Eloc and Hloc are given by Equations (5) and (6):

Eloc = Einc +
¯̄βe · p (5)

Hloc = Hinc +
¯̄βm ·m (6)

where interaction constants are [48]:

¯̄βe = −ℜ
{

jωη0

4S

(
1− 1

ikR

)
exp(−ikR)

}
¯̄It

+ j
(

η0ϵ0µ0ω3

6π
− η0ω

2S

)
¯̄It (7)

¯̄βm =
¯̄βe

η2
0

(8)

Here S = a2 is the UC area, k = ω
√

ϵ0µ0 is the free-space wave number, η0 =
√

µ0/ϵ0

is the free-space wave impedance, R = a/1.438 for a square arrangement of dipoles,
¯̄It = ¯̄I − n̂n̂ is the tangential unit dyadic, and ℜ{ is the real part.

The third model that can be used is the susceptibility model, also known as the
Generalized Sheet Transition Conditions (GSTC), which takes into account both tangential
and normal material parameters. Electric and magnetic surface polarization densities are
related to effective surface susceptibilities of the sheet. According to it, for time-invariant
metasurface the electric polarization density P and the magnetic polarization density M
have the expression in Equations (9) and (10) [47]:

P = ϵ0 χee · Eav +
1
c

χem ·Hav (9)
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M = χmm ·Hav +
1
η0

χme · Eav (10)

where Eav and Hav are the average electric and magnetic fields, ϵ0 is the permittivity of free
space, c is the speed of light in free space, and χee, χmm, χem, χme are the electric, magnetic,
electro-magnetic, and magneto-electric susceptibility tensors, respectively.

Except the polarizability model, both afore-mentioned zero-thickness sheet models
view meta-surface in terms of its macroscopic response represented through effective materi-
als parameters like refractive index, permittivity, admittance and impedance. These models
approximate the impact of field configurations in the geometry of scatterers structure.
This diminishes contribution of bi-anisotropy and non-locality in macroscopic response
due to modeling approximations. The polarizability model is based only on electric and
magnetic dipole moments due to interaction of incoming wave with the geometric structure
of individual scatterers which can be represented by sheet electric and magnetic surface
current densities radiating free space plane waves:

Je = (jωp)/(S) (11)

Jm = (jωm)/(S) (12)

The reflected field of a meta-surface can therefore be written as the sum of sheet
currents in Equations (11) and (12) and is given by Equation (13):

Er = −
jω
2S
· [η0p− n̂×m] (13)

However, polarizability model is also based on zero-thickness sheet approximation
and ignores contribution of spatial field variations within the finite thickness geometry of
the individual scatterers towards any dipole formations in the meta-surface. Moreover, it
only considers electric and magnetic dipoles as radiation sources of the structure.

2.2. Multipole Scattering Model

The multipoles scattering model defines radiation from a structure taking into account
the volumetric charge-current distributions unlike homogenization models that are based
on sheet currents of electric and magnetic dipoles only. This diminishes the possibility to
observe and model presence of toroidal dipole moments formed in individual scatterers
due to peculiar charge-current distributions [49]. From the perspective of interaction with
external fields and radiative capability, TD are of two types. The first one are related to
static or non-radiating type charge-current configuration [50] and are called static TD or
anapole mode and while the second type refers to radiating type and are called as dynamic
TD. The dynamic TD radiates similar to ED [51] but based on a different charge-current
configuration. Dynamic TD have opposite space-parity and time-parity properties [52]
from MD and ED, respectively. Dynamic TD are also of two types. The electric TD and
magnetic TD. Electric toroidal dipole is formed by head-to-tail arrangement of magnetic
dipole moments due to surface currents flowing along the meridian of a torus forming
a ring of meridian surface currents on torus. Magnetic TD is formed by head-to-tail
arrangement of electric dipole moments [53]. The far-field of an array of TD orientated
along the xy-plane and radiating in z-direction using Cartesian coordinate system is given
by Equation (14) [54]:

Es = −
µ0c2k2

2S2 T∥ exp(−ikR) (14)

in which Es is the scattered electric field, µ0 is the permeability of free space, k is the
free-space wavenumber, S is the UC area, T∥ is the projection of the toroidal dipole moment,
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T, onto the plane of the array, and R is the distance from the array plane to the far-field
observation point. The subscript (·)∥ denotes the projection of a vector onto the plane of
the array. If the array lies in the xy plane, then the projection of the toroidal dipole is given
by Equation (15):

T∥ = Tx x̂ + Ty ŷ (15)

where Tx and Ty are the Cartesian components of the toroidal dipole.
In general, the projection can be written as in Equation (16):

T∥ = T− (T · R̂) R̂ (16)

where R̂ is the unit vector from the plane of array of toroidal dipoles to the observation
point in far-field.

From the perspective of theory of electromagnetic multipoles, multipole decompo-
sition is used for calculating the formation of individual multipoles in a structure and
their corresponding contribution to far-field scattering cross-section of structure. Dipole
moments are defined using the displacement current, J, in the structure due to inci-
dent field [55]. Electric, magnetic and toroidal dipoles present in a structure, orientated
along the xy-plane with height along z-axis, are given in Cartesian coordinate system by
Equations (17)–(19) [55,56].

Electric Dipole (ED) Moment:

p =
1

iω

∫
Jd3r (17)

Magnetic Dipole (MD) Moment:

m =
1
2c

∫
(r× J)d3r (18)

Toroidal Dipole (TD) Moment:

T =
1

10c

∫ [
r(r · J)− 2r2J

]
d3r (19)

where p [C·m] is the electric dipole moment vector, m [A·m2] is the magnetic dipole
moment vector, T [C·m2] is the electric toroidal dipole moment vector, J(r) [A/m2] is the
displacement current density on the structure giving rise to dipoles, r [m] is the position
vector from the dipoles to observation point, r = ∥r∥ [m] is the magnitude of the position
vector of dipoles. In the present case, the displacement current density could be evaluated
through Equation (20):

J = −iωε0(n2 − 1)E (20)

where E is electric field at the dipole position and n is refractive index of the structures.
Radiation from scattering currents can be used to represent scattering from objects.

From the electromagnetic multipoles theory perspective, scattered power of these dipole
moments can be calculated from scattering currents of individual multipoles which are
given by Equations (21)–(23) [55]:

Ip =
2ω4

3c3 ∥p∥
2 (21)

Im =
2ω4

3c3 ∥m∥
2 (22)
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IT =
2ω6

3c5 ∥T∥
2 (23)

The total scattered power considering electric, magnetic and electric toroidal dipole
moments as in our structure is therefore calculated using the scattering currents as in
Equation (24):

Itotal = Ip + Im +
4ω5

3c4 (p · T) + IT (24)

Finally, the scattering cross-section can be obtained by Equation (25) [57,58]:

Csum
sca ≃

k4
0

6πϵ2
0 ∥Einc∥2 ∥p + ik0T∥2 +

k4
0 ϵd/µ0

6πϵ0 ∥Einc∥2 ∥m∥
2 (25)

2.3. Comparison of Radiation Mechanism Analytical Models

Analysis of both analytical models of radiation mechanism reveals fundamental
differences and unique properties. The effective medium model, and its techniques, are
based on radiation from surface currents on a sheet thereby eliminating any possibility
to model volumetric charge current distributions effects into the radiation calculations.
This makes the definition of radiation mechanisms inadequate, eliminates possibility to
model bi-anisotropy due to interactions occurring within finite volume of the structure
which are orthogonal to the plane of structure and therefore makes optimization non-global.
Moreover, they are based on simplifications of wave-matter interaction in structure and
generalization assumptions thereby reducing the range of phenomena that can be defined
and modeled in comparison to those which are actually taking place in a SES structure
for a particular wave-manipulation goal. However, over a period of time they have
been elaborately developed at application-level with limits on wave-matter interactions
possible in a structure. Multipolar decomposition model takes into consideration the
volumetric effects of charge-current distributions inside the structure giving more control
over defining and modeling the wave-matter interactions for a desired wave-manipulation
task. However, for anomalous reflective SES it is not as developed as the homogenization-
based effective medium parameters model. Although multi-polar decomposition model
has more accuracy than effective medium model due to greater possibility of defining the
underlying phenomena, it is not equally developed for anomalous reflective passive planar
SES. Analytical methods that combine strengths of both models is a research gap.

3. Proposed Approach
In the previous section we analyzed the fundamental differences in the analytical

modeling of the interaction and scattering of electromagnetic waves from SES based on the
effective medium and multipolar expansion approaches. Due to their unique characteristics,
we leverage the strengths of both models in our design. Therefore, we resort to full-wave
simulations to confirm our methods as an analytical approach combining both models is
an existing research gap. We consider a static passive planar anomalous reflective SES at
8 GHz. The SES lies in the xy-plane and is designed for anomalous reflection (Floquet
mode, m = +1) towards θ = 60◦ and ϕ = 90◦, when a normally incident TM-plane
wave in impinging on it. The SES structure is a single-layer, planar metal-dielectric-metal
configuration with perfect electric conductor (PEC) layers on the top and bottom of the
substrate. A sketch of the SES, with the reference system and the incident and desired
pointing directions is shown in Figure 1.
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Figure 1. Sketch of SES with the adopted reference system, the considered incident and pointing
vectors and indication of the related angles. The SES is lying in xy-plane. The incident and pointing
vectors are in the yz-plane. θi and ϕi indicate the incident plane wave, while θr and ϕr show the
direction in which re-radiated anomalous wave must point.

3.1. Initial Unit Cell

The UC and substrate characteristics are detailed in Figure 2 and summarized in the
following. The single layer substrate is made of Rogers® DiClad 527 dielectric material
with relative permittivity εr = 2.55 and loss tangent tan δ = 0.0022, having a thickness
h = 0.8 mm. The top metal is a PEC layer having a thickness of 18 µm and ground plane
is defined by a 2D PEC sheet. A square ring and an inner square patch are printed on the
top layer of the substrate. The size of the UC is p = 10.8 mm , which equals D/4 at the
design frequency, f = 8 GHz. D is the gradient period at f = 8 GHz for desired anomalous
reflection. The size of outer side of the square ring is W, the inner side of square ring is
L = W −W/5 and inner patch is S = W −W/3. The UC was simulated using ANSYS®

Electronics Desktop R2023 using periodic boundary conditions (using Floquet ports along
z-axis and two independent sets of primary and secondary periodic boundaries along x
and y axes) for a normally incident plane wave.
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Figure 2. UC: geometry and materials characteristics.

In Figures 3 and 4, the behavior of the phase and magnitude of S11 provided by the UC
when the side W of the square ring is varied (from W = 5 mm to W = 10.6 mm) is plotted.
The phase covers a range of variation of approximately 360◦, while the magnitude is never
lower than −0.9 dB over the entire interval of variation for W.

5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10 10.5
W (mm)

-250

-200

-150

-100

-50

0

50

100

150

P
h
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(°
)

Phase Profile of Unit Cell at Normal Incidence

8GHz

Figure 3. Variation of the phase of S11 with the geometrical free parameter W of the UC.

In Figure 4, the behavior of the phase of the impedance Z is also reported, confirming
good resonance matching as indicated by phase inversion in correspondence to the resonant
size of the UC.
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Figure 4. Variation of |S11| and of the phase of the impedance with the geometrical free parameter W
of the UC.

3.2. PG Super-Cell Definition

Let consider a smart skin consisting of one row of UC along y and designed to have
anomalous reflection in the yz-plane. Therefore, it is possible to define a spatial period Dy

given by Equation (26) [26,27]:

Dy =
λ

∥sin θr − sin θi∥
(26)

where θi is the angle of incidence, and θr is the reflection angle defined in the reference
system in Figure 1. This period is covered by a super-cell with the same size at its turn
discretized by a proper number of UCs.

The phase variation over one period of the meta-surface along the y-axis is can there-
fore be written as in Equation (27)

ϕ(y) =
2πy
Dy

(27)

which represents the tangential wavenumber difference at the boundary, multiplied by the
cell position along y-axis, i.e.,

ϕ(y) = k(sin θr − sin θi)y (28)

In the case considered here, in which a normally incident plane wave is required
to be reflected towards 60◦, Dy the gradient period for 2π phase variation along y-axis
at 8 GHz, results to be 43.2 mm [27]. In view of the UC size, 4 of them are required to
discretize the super-cell as shown in Figure 5, where the phase required by each cell and
the corresponding value of W are also shown.

The coordinate of the center of each UC along y-axis are 5.4 mm, 16.2 mm, 27 mm,
37.8 mm, respectively. Using the super-cell as basic radiating unit, PG-design based
passive planar reflective SES composed of one dimensional array of 1 × 9 super-cells
(388.8 mm) along y-axis is generated. The radar cross-section (RCS) at 8 GHz for this SES
is obtained through full-wave electromagnetic simulation using time domain solver of
CST® Microwave Studio 2015), and it is shown in Figure 6. For the full-wave simulation of
the SES, a perfectly matched layer (PML) boundary was used along all three axes, with a
minimum distance of λ/4 to the structure at the center and the monitor frequencies. The
simulation frequency range was chosen from 7 to 10 GHz in 100 MHz increments at the
desired monitor frequencies. The normal background material was used without changing
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the surrounding material settings of the structure. A hexahedral mesh type was used in the
solver setup with an accuracy of −30 dB. The default Gaussian-type plane wave excitation
signal was used in the stimulation setting.

Figure 5. Conventional super-cell based on generalized law of reflection and refraction.
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Figure 6. Anapole response in PG-based SES (1 × 9 super-cells): shift in pointing direction
and frequency.

The RCS behavior evaluated at 8 GHz presents the desired beam pointing at 60◦, that
corresponds ti the radiation of m = +1 Floquet mode. The lobe in the direction specular to
the incidence (m = 0) is no higher than the other lobes, while the lobe due to the Floquet
mode m = −1, pointing towards −60◦ is quite high, only −2 dB lower than the main beam.
Performing a frequency scan of the RCS we find a better suppression response of undesired
modes at 8.2 GHz i.e., 200 MHz away from design frequency. Due to spectral disposition
200 MHz away, RCS has a pointing error of 2.5◦ for m = +1. Geometric tuning of response
frequency is possible by changing different sub-dimensions forming the scatterer structure
and by changing the angular orientation of scatterer [59].

3.3. UC and Super-Cell Modifications and Effects on the SES Performance

To overcome the drawback of the design procedure outlined above, here we propose a
different approach, schematically described in Figure 7, that involves higher order sym-
metry breaking of UCs and non-local symmetry breaking of the super-cells to bring best
possible undesired modes scattering suppression at the design frequency of 8 GHz. First,
non-local symmetry breaking involves equal size reduction of only inner patches of the
cells. Then all the inner patches are equally tilted by 3◦. In the last step we introduce a
magnetic dipole lateral to the super-cell gradient period direction of +y-axis, which also



Appl. Sci. 2025, 15, 11977 13 of 36

results in fine tuning of frequency response. Incorporating these changes we achieve a shift
in the undesired modes scattering suppression which was initially observed at 8.2 GHz.

Figure 7. Sketch of the proposed methodology (Dotted lines show existing methodology and solid
lines show proposed methodology).

3.3.1. Inner Patch Size Reduction

Firstly, we perform equal size reduction of all inner patches without any change to
the outer patch. We start from the PG-design dimension of inner patch denoted by X. At
X-1 mm i.e., 1 mm of equal size reduction of all inner patches of the super-cell there is
a frequency down-shift of 100 MHz to 8.1 GHz. The RCS obtained at 8.1 GHz with this
reduced size inner patch is shown in Figure 8 (black line); while the main lobe is almost
unchanged, it is possible to notice a remarkable reduction of the m = −1 lobe.
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Figure 8. Effect of reducing inner patch size (MOD-1) on RCS. Response shifting by 100 MHz
(black graph).

Reducing the size beyond X-1 mm up to X-2.5 mm causes frequency oscillations of
the suppression response of the order of 150 MHz. However, for size reduction beyond
X-1 mm, undesired modes suppression is also degraded beyond conventional PG design
therefore we limit first symmetry breaking modification to X-1 mm and use it to bring
suppression response to 8.1 GHz.
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3.3.2. Inner Patch Tilting

In the second symmetry-breaking modification, we tilt the inner patches of all cells
equally, without changing the outer ring of the UC. Here, we observe frequency oscillations
in the suppression response of approximately 100 MHz, which corresponds to a variation
in the tilt angle, as demonstrated by the curves plotted in Figure 9. These curves, related
to the RCS behaviors evaluated for various tilt angles, show that the best reduction of
undesired lobes is obtained for θrot = 3◦, so this value is adopted for the following analysis.
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Figure 9. Effect of angular tilting of inner patch (MOD-2) on RCS. Response shifting by 100 MHz
(black graph).

3.3.3. Introduction of Inner Patch Hole

The third change introduces an equally sized hole into each inner patch of the super-
cell. Notably, adding a hole to each UC does not change its phase response (see Figure 10),
indicating the inadequacy of the far-field phase of cells as the sole criterion for determining
the far-field radiation pattern.

Figure 10. Phase profile comparison of UCs with same design parameters except fixed hole of 1mm
diameter. Inset: (a) initial UC; (b) UC with hole.
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Changing the radius of the hole from 0.3 mm to 1.5 mm causes frequency oscillations
in the suppression response up to 50 MHz, as shown in Figure 11. However, an inner
patch hole with a radius of 0.5 mm provides the best suppression, so we selected it as the
third modification.
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Figure 11. Effect of adding fixed hole of 1 mm diameter in inner patch (MOD-3) on RCS. The parasitic
mode suppression is improved without any frequency shift (black graph).

3.3.4. Modification Effects and Discussion

The three modifications described above result into frequency shifting of the best
suppression response initially observed at 8.2 GHz down to the desired frequency of
8 GHz. In Figure 12 it is summarized how the RCS varies with the introduction of the
three proposed modifications, labeled MOD1, MOD2 and MOD3 in the plot. It appears
that the main lobe is unaffected by them. On the other hand, they contribute to reducing
the parasitic lobes at the desired frequency.
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Figure 12. Response evolution with modifications in super-cell.

Compared to the initial PG design based SES of 1× 9 super-cells, after modifications
we get suppression improvement in both undesired modes of m = 0 and m = −1 by 13 dB
and 10 dB, respectively as confirmed by the plot in Figure 13, where the RCS evaluated at
8 GHz for the SESs design with the PG method and the proposed approach is shown. These
results can be compared with those shown in [27], Figure 8. In that case, the focus was on
suppressing the m = −1 mode through gradient-based optimization of the super-cell. A
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comparison of the optimized RCS in Figure 8 of [27] and Figure 13 reveals that the here
proposed technique affects both spurious lobes and introduces a greater reduction in the
m = −1 mode. Furthermore, as will be discussed in Section 5, the proposed approach also
benefits the bandwidth, while no information about this aspect is given in reference [27].
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Figure 13. RCS comparison of multipoles adjusted and PG-based SES (1× 9 super-cells).

This is achieved by transforming the super-cell, initially created using the local (PG
design) approach (Figure 5), by applying non-local modifications to a composite meta-
molecule (Figure 14), where all the inner patches are correlated through non-locality (i.e.,
equal geometric changes to the initial design), while retaining the locality of all the outer
patches (i.e., no geometric changes to the initial design). However, the symmetry between
the inner patches and the outer rings of each cell is now violated.

Figure 14. Composite meta-molecule after multipoles adjustments.

Within a single super-cell, we combine local and non-local design approaches, which,
from the UC geometry point of view, is as follows:

(a) Outer rings–unmodified–Local design–anomalous reflection
(b) Inner patch–modified–Non-local design–undesired radiation suppression

Therefore, this composite meta-molecule is the result of a combination of local and non-
local design approaches. Furthermore, electromagnetic interactions between sub-structures
(inner patch and outer ring) of each cell promote their bi-anisotropy. By incorporating non-
locality and bi-anisotropy we achieve improved 3 D radiation pattern as the one plotted in
Figure 15b by using a composite meta-molecule, with respect to that radiated by a same
size SES of 1× 9 super-cells designed with PG method (Figure 15a).
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Figure 15. SES configuration and 3 D radiation patterns. (a) Radiation pattern based on generalized
reflection law. (b) Radiation pattern after multipoles adjustment. (c) SES and incident TM-plane wave
configuration. (d) Radiation pattern of single super-cell after multipoles adjustment.

4. Application of Theory of Multipoles to Anomalous Reflective SES
Viewing the super-cell as a cluster of metal particles [40] with dipole formations at

each sub-particle (UC) of this cluster [60], the post-super-cell-making process not only
effects the structure’s response but also provides new degrees of freedom (possible through
non-locality and symmetry breaking) in addition to those provided by the individual
cells forming the super-cell. When we make a PG-based super-cell using sub-wavelength
UCs [26,27], we introduce two new properties to the super-cell:

(a) Area of dynamic charge-currents distributions i.e., super-cell size, Dy (at 8 GHz for
normal incidence and pointing angle of 45◦ is 53 mm, when the pointing angle is
60◦ the area becomes 43.2 mm, for 70◦ is 40 mm and for 85◦ is 37.6 mm) becomes
comparable to or larger than effective wavelength (λ = 37.5 mm at 8 GHz). This
configuration makes the contributions of higher order multipoles non-negligible in
the structure response [50,61].

(b) The structure loses inversion symmetry along the gradient period, i.e., super-cell
length, Dy, Figure 16h. This non-inversion symmetry introduces bi-anisotropy at
the super-cell level [48] and contribution of charge-current distributions and TD in
far-field radiations becomes non-negligible. This super-cell level bi-anisotropy due
to non-inversion symmetry is different from UC level bi-anisotropy which can be
possible in symmetric UCs.

Therefore super-cell based on local design approach is scale comparable with wave-
length of operation, has non-inversion symmetry (see Figure 16a) and there is formation of
non-negligible 3D charge-current distributions in the structure. Due to these conditions the
analysis and optimization of far-field radiation pattern basing only on phase analysis of
sub-wavelength scatterers is inadequate. Complex electromagnetic multipoles expansion
provides a more accurate description of dynamic field-matter interactions and the resultant
formation of far-field radiation pattern.

TD and anapole formation has been reported for planar 2D metasurfaces [62]. From
classical electrodynamics perspective anapole is non-radiating and non-interacting with
external fields [50]. From scattering theory perspective, anapole can be considered as
far-field scattering cancellation of a dynamic electric TD and an ED which are spatially
overlapping and co-excited but out of phase [63]. It is worth mentioning that destructive
interference of electric TD and ED scattered fields result into far-field radiation suppres-
sion [64] and not total cancellation as through this weak free-space radiation coupling
anapole is detectable [65].
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Figure 16. Dipoles formation and suppression mechanism. (a) Meta-molecule formation based
on multipoles. (b) 3D surface currents in outer ring forming current loops and MD. (c) Dipoles
formations in a UC involving top and ground layer surface currents. (d) Formation of anapole in
a UC due to destructive interference of ED and TD of outer ring and inner patch. (e) Conventional
super-cell response where anapole is present away from desired frequency. (f) Effect of MOD-1 on
anapole. (g) Effect of MOD-2 on anapole. (h) Effect of MOD-3 on anapole.

The far-field scattering contribution from multipoles can be written as according to
Equation (29) [66]:

Escat ∼
k2

4πε0

{
n× p× n + ikn× T× n +

1
vd

[m× n]
}

(29)
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For an anapole formed by electric and toroidal dipoles, it becomes:

Escat ∼
k2

4πε0
{n× p× n + ikn× T× n} (30)

Equation (30) indicates there will total far-field radiation cancellation if the electric
and toroidal dipole contributions to the scattered fields are exactly out of phase thereby
interfering destructively. Exact cancellation as possible in the mathematical terms, does
not occur in real scenarios and therefore we have far-field radiation suppression instead
to total cancellation. This phenomena is observable in the frequency spectrum of the total
scattered fields (i.e., addition of scattering cross-sections of individual multipoles) as a
drop in total scattered power in the direction of interest at desired frequency. For SESs, it is
measurable through RCS of the structure and its variations across the frequency spectrum.
It is also worth mentioning that both ED and TD have TM radiation characteristics which is
different from MD which has TE polarization [67]. Therefore anapole also has TM polarized
radiation [65,67].

Anapole based on dynamic TDs have been used for scattering minimization by enhanc-
ing field confinement in metallic meta-atoms [68,69] in transmission mode and dielectric
meta-atoms [70] in emission mode. This has been achieved using specialized and non-
planar scatterer geometries based on expensive fabrication processes [71].

However, it has not been done for undesired scattering minimization in anomalous
reflecting static passive 1D SES that are based on low cost single layer substrate materials
having simple and planar scatterer geometries.

4.1. Charge-Current Distribution and Dipoles Formation

We analyze the charge-current distributions on composite meta-molecule starting from
the surface currents at the top and ground layers. These surface currents are at the phase
values that each UC must provide, i.e., 315◦, 225◦, 135◦ and 45◦ and are shown in Figure 17.
Also, to make a qualitative assessment of surface currents trends on each UC, we assign
four relative magnitude levels to surface currents, with J1 indicating maximum magnitude
and J4 indicating the minimum within a 360◦ phase cycle. We indicate direction of surface
current as it is on outer ring of each UC. Mutual coupling between surface currents on the
ground plane during a complete phase cycle is indicated by JM12, showing ground plane
current flowing from UC 1 towards UC 2. Taking snapshots of magnitude and direction of
surface currents with a 30◦ phase step, we create a detailed trend in the magnitude and
direction of surface current variation on each UC within a super-cell, as summarized in
Table 1. An interpolated qualitative trend graph is also generated (as shown in Figure 18)
based on four magnitude levels and directions of surface currents referenced to the outer
ring. The magnitudes of the surface currents on each of the four cells of the top layer have
cyclic magnitude variations within a phase variation of 180◦, as viewable in Table 1. Out of
the four UCs, the surface current at cell 3 has the maximum magnitude at phase values of
135◦ and 315◦, corresponding to each of 180◦ phase cycles of opposite directed currents.
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Table 1. Snapshots of surface currents for different values of the required phase. Arrows (black) show
current direction on outer ring. J1–J4 qualitatively compare relative magnitudes of surface currents
among the 4 UCs. JMnm shows there is mutual coupling of surface current from UC n towards cell m
in the ground plane. Φ1−4 are phase values of each UC calculated from generalized law of reflection
and refraction.

No. Phase
(Φ)

UC-1
Φ1 = 315◦

UC-2
Φ2 = 225◦

UC-3
Φ3 = 135◦

UC-4
Φ4 = 45◦

Ground Plane
Surface
Currents Mutual
Coupling (JM )

Remarks

1. 0◦ J3← J1← J2→ J4→ JM12

2. 30◦ J3← J1← J2→ J4→ JM12

3. 45◦ J2← J1← J3→ J4→ JM12 Φ4 = 45◦

4. 60◦ J2← J1← 0 J3→ JM12

5. 90◦ J3← J1← J2← 0 JM12

6. 120◦ 0 J2← J1← J3← JM43

7. 135◦ J4→ J2← J1(−max)← J3← JM43 Φ3 = 135◦

8. 155◦ J3→ 0 J1← J2← JM43

9. 180◦ J2→ J4→ J1← J3← JM43

10. 210◦ J3→ J1→ J2← J4← JM21

11. 225◦ J2→ J1→ J3← J4← JM21 Φ2 = 225◦

12. 240◦ J2→ J1→ 0 J3← JM21

13. 270◦ J3→ J1→ J2→ 0 JM21

14. 300◦ 0 J2→ J1→ J3→ JM34

15. 315◦ J4← J2→ J1(+max)→ J3→ JM34 Φ1 = 315◦

16. 335◦ J3← 0 J1→ J2→ JM34

Figure 17. Surface currents of each UC and for different values of the required phase. Surface current
patterns are periodic with a cycle of 180◦ with mirror image symmetry (a) Top layer: no current
mutual coupling. (b) Ground plane; Formation of magnetic dipoles; mutual coupling between surface
currents of UCs.
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Figure 18. Interpolated qualitative comparison of relative surface currents among UCs. Mirror Image
response periodicity with 180◦ phase cycle is evident.

Surface current on each of top layer cell is accompanied by corresponding formation of
circular surface current in the ground plane, Figure 17b. This make the role of ground plane
current distributions an aspect of consideration in defining the radiation mechanism. The
strength and direction of the ground plane circular loop currents generated beneath each
UC are directly corresponding to the currents on respective top layer outer rings although
ground plane is a single physical and electrical body unlike the top layer outer rings that
are physically and electrically isolated. The H fields of each UC, plotted in Figure 19a,
follow the right hand rule according to the direction of surface current on the outer ring. E
fields of each UC, shown in Figure 19b, reveal an electric field potential boundary at the
middle of each UC aligned with the inner patch tilt introduced during second symmetry
breaking modification. This tilted potential boundary results into formation of electric
dipoles within each UC. However due to oppositely directed E field potentials, the electric
dipole of outer ring, Pr, is opposite in direction to electric dipole of inner patch, Pp. It is
worth noticing that electric dipole moments of outer ring and inner patch are in a concentric
but oppositely directed arrangement. However, due to different physical structures and
potentials directions, their identity and response is distinct from each other.

In Figure 20a,b the surface currents behavior on top and ground layer within each UC
are plotted. Figure 20a shows that at the outer ring of each UC in the top layer, there is a
3D flow of surface currents which divides the outer ring into two co-directional surface
currents flow paths as indicated by white arrows. These 3D current paths source out and
sink in towards the ground plane while converging at the middle of outer ring along
the +y-axis. This creates two 3D current loops resulting into magnetic dipole moments
along +x-axis (transverse to super-cell direction) in a head-to-tail arrangement, as shown in
Figure 16b. Outer ring surface currents also generate two planar surface currents loops in
the ground plane that are co-directional to the corresponding surface currents of outer ring
on top layer (see Figure 20b). This creates two magnetic dipole moments along +x-axis in
the ground plane in a ring-like arrangement that reinforce the magnetic dipole moments of
outer ring at top layer. This head-to-tail arrangement of magnetic dipole moments of the
outer ring forms a toroidal dipole moment along the super-cell but opposite in direction
i.e., along negative y-axis, (Figure 16c) with respect to the current flows of the outer ring as
shown in Figure 20.
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Figure 19. UC H and E fields and dipole formation (cell-3 at phase value of 315° is taken due to
clarity of fields). (a) H-fields (field direction in/out of page shown in white circles with cross and dot,
respectively) due to surface currents on outer ring. (b) E-field and tilted ED formation (+ and-sign
show the positive and negative polarity, respectively, of the ED). Pp (red) and Pr (white) are ED of
inner patch and outer ring, respectively. Pp and Pr are parallel to each other and oppositely directed
due to co-axial anti-phase currents. Tilting Pr and Pp by 3° in MOD-2 causes Shifting of anapole by
100 MHz.

Figure 20. UC surface currents (cell-3 at phase value of 315° is taken due to clarity of fields). (a) Surface
currents on top layer: anti-phase currents on outer ring (white arrow) and inner patch (red arrow)
are evident. In both sub-structures the surface currents are forming 3D current loops in/out of the
structure as indicated by white circles (outer ring) and red circles (inner patch). Magnetic dipole
(black arrow) formed in inner patch. (b) Surface currents on ground plane corresponding to the top
layer on left panel: MD formation in/out of ground plane.

On the inner patch of each cell in the top layer, there are co-directional current flow
paths analogous to the outer ring but in opposite direction as indicated by red arrows,
Figure 20a. However, these current flow paths are not 3D as observed in case of outer
ring. The currents of inner patch stay confined strictly to the top and bottom layer of the
inner patch while forming a closed current path between edges and patch surface, with
no corresponding effect on the ground plane charge-current distributions. Addition of a
hole to inner patch during third super-cell non-local modification, results into formation of
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a surface current loop around the hole responsible for the formation of magnetic dipole
moment at the middle of the inner patch (Figure 20a). This magnetic dipole moment
of inner patch represented by the black arrow in middle of inner patch in Figure 16c, is
directed lateral to the toroidal dipole moment formed by the outer ring.

4.2. Controlling Dipole Interactions for Radiation and Suppression Management

As a consequence of the charge-current distribution formed in the structure due to
interaction with incoming incident plane wave, there is dipole formation as discussed
in preceding sub-section. These UC dipoles then interact with each other within the
position and phase frame work of super-cell resulting into formation of far-field radiation
pattern as measured through RCS obtained by full-wave simulation of SES, as discussed in
previous section. First, we see how these dipole interact with each other to create far-field
radiation pattern so that we can assess impact of modifications to manage far-field pattern
by suppressing undesired and reinforcing desired radiations for our desired frequency of
8 GHz. Within each cell, in total there are 2 electric dipoles, one toroidal dipole (incorporates
magnetic dipoles constituting it) and one magnetic dipole, all contribute to the radiation and
suppression effects that are being managed to obtain desired far-field radiation (Figure 16c).
From UC structure point of view, outer ring has one toroidal dipole and one electric dipole,
inner patch has one electric dipole and one magnetic dipole. The head-to-tail arrangement
of magnetic dipoles formed in the outer ring of each UC and corresponding reinforcing
magnetic dipoles excited in the ground plane results into formation of toroidal dipole
moment along the length of the super-cell, as highlighted in Figure 16b. Presence of bi-
anisotropy both at UC and super-cell levels makes the contributions of this TD to far-field
radiation non-negligible [48]. Anapole can be generated in a structure based on interaction
of ED and TD that are co-located but in physically un-connected sub-geometries [71].

Therefore the interaction of dynamic TD, Tr, with oppositely directed electric dipole
of the inner patch, Pp, generates an anapole state (Figure 16d), that results into far-field
radiation suppression of undesired modes (m = 0 and m = −1). The electric dipole
moment, Pr, formed in the outer ring results into desired radiation of Floquet mode m = +1.
The anapole response was noticed in PG-based SES at 8.2 GHz, as shown in Figure 6 and 16e.
Anapoles have a frequency dependent behavior that can be frequency-shifted by geometric
tuning of the structure [59,71,72].

For geometric tuning, we perform non-local symmetry breaking of super-cell structure
to frequency-shift the anapole response to 8 GHz. In the first geometric tuning, we reduce
size of all inner patches to bring anapole down to 8.1 GHz (Figure 16f). In the second
non-local geometric tuning of super-cell, we tilt all inner patches by 3◦. This causes
misalignment of the incident TM-plane wave electric field vector with the dipoles formed
in the structure formed along y-axis. This misalignment between incident electric field
vector and dipoles of the structure causes frequency shifting of the anapole from 8.1 GHz
to 8 GHz (Figure 16g). To further improve the suppression characteristics we fine tune
the frequency of anapole using the third modification, that is a magnetic dipole in the
inner patch. Its interaction with the anapole causes fine frequency shifting of the anapole
(Figure 16h) as shown by RCS magnitude and frequency variations with size variations
of hole, plotted in Figure 11. It is important to notice that although this hole does not
have impact on phase response of the cell (Figure 10) which was used to generate the
super-cell using the local design approach (Figure 5), it does effect the RCS magnitude and
direction of the composite meta-molecule, (Figure 14) which is modified from perspective
of electromagnetic multipoles formation in the structure. Summarizing roles of dipole and
effects of geometric tuning:

(a) Tr + Pp = Anapole (undesired radiation suppression)
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(b) Inner patch size reduction (frequency shifting of anapole)–modification–1
(c) Inner patch tilt (frequency shifting of anapole)–modification–2
(d) m, magnetic dipole of inner patch (frequency shifting of anapole)–modification–3
(e) Pr for desired radiation

5. Effect of Dipole Interactions on Frequency Response of Modes
To analyze the effect of dipoles and subsequent modifications on the frequency re-

sponse of radiation modes of the structure, a frequency scan of the RCS generated by
the SES from 7.5–8.5 GHz was done adopting a 10MHz frequency step. The structure
has three distinct Floquet radiation modes; two undesired, m = −1 and m = 0, and one
desired, m = +1. For each radiation mode of SES, 1× 9 radiating units, frequency response
analysis was separately done to observe how it radiates initially and how it evolves with
the modifications.

In Figure 21 the variation of the RCS related to radiation of the mode m = −1 for both
the SESs designed with the PG method and the proposed approach over the considered
frequency range is plotted. In the case of the PG-based SES, the RCS has a maximum at
the design frequency and it is no lower than −10 dB between 7.85 GHz and 8.18 GHz.
On the contrary, the smart skin designed with the proposed approach exhibits a RCS
of approximately −14 dB at the design frequency, and it stays lower than −10 dB for
frequencies greater than 7.89 GHz.
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Figure 21. Frequency response of modes (m = −1, θ = −60◦).

A similar analysis has been performed for the contribution of the radiation of the
m = 0 mode and the results are plotted in Figure 22. While the RCS of the smart skin
designed with the PG method stays below −10 dB only over a reduced band around
8 GHz and for frequencies between 8.19 GHz and 8.35 GHz, the SES designed with the
proposed approach provides RCS lower than −10 dB over the ranges 7.7–7.82 GHz and
7.84–8.11 GHz, with a very low value (−26 dB) at the design frequency.

Finally, Figure 23 shows the frequency behavior of the RCS in the correspondence of the
pointing angle θ = +60◦. The SES designed with the PG method shows a−3 dB bandwidth
of ∼6% centered at 8.2 GHz, while for the smart skin designed with the proposed approach
the bandwidth is centered at 8 GHz and it is of the order of 14%.



Appl. Sci. 2025, 15, 11977 25 of 36

7.5 7.6 7.7 7.8 7.9 8 8.1 8.2 8.3 8.4 8.5
Frequency (GHz)

-30

-25

-20

-15

-10

-5

0

N
o

rm
al

iz
ed

 R
C

S
 (

d
B

m
2 )

Comparison - Frequency Response of Modes (m= 0) 

Proposed
Conventional

Mode (m= 0 ;  = 0°)

Figure 22. Frequency response of modes. (m = 0, θ = 0◦).
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Figure 23. Frequency response of modes. (m = +1, θ = +60◦).

6. Diffraction Grating-like Behavior
Up to now all the results and discussion were based on static passive anomalous

reflective 1D SES composed of 9 radiating elements i.e., 1× 9 composite meta-molecules,
orientated along the +y-axis. Now we vary the size of the SES considering configuration
with different numbers of the macro-cells. The SES size from 1× 6 to 1× 36 in different
step sizes results into sharpening of the modes. In Figure 24, the RCS obtained by the
full-wave analysis of different size SESs is plotted. The difference of magnitude between
desired Floquet mode and undesired Floquet modes, i.e., parasitic suppression, stays fixed
irrespective of number of radiating elements. While at the same time suppression of all
non-Floquet spurious radiations is increased in proportionality to the number of super-cells.
This shows an ideal diffraction grating-like response having anomalous reflecting capability
and efficient parasitic suppression capability. An important structural difference is that
unlike anomalous reflecting Meta-gratings, a single radiating element (super-cell) is just 1D
and not transverse to the pointing direction.
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Figure 24. Effect of SES size on RCS. All Floquet modes become sharper (beam-width reduced) and
spurious radiation suppression increased, showing diffraction grating-like response.

7. Sensitivity Analysis
Finally, an exhaustive analysis is carried out to study the dependence of SES perfor-

mance on variations in the quantities involved in its design, since these quantities may
differ from the nominal values adopted.

Two types of analyses were performed: a study of the effects of manufacturing toler-
ances on SES behavior and an analysis of the impact of using perfect electric conductors
instead of real ones on the proposed method and results. The effect of the introduced
variations on the RCS, evaluated at 8 GHz, and on the frequency response of Floquet modes
was analyzed in all the considered cases.

7.1. Fabrication Tolerance Analysis

To analyze the robustness of the proposed method with respect to manufacturing
tolerances, each of the three unit cell parameters (size and tilting of the inner patch and
size of the inner patch hole) that were used to reduce spurious lobes is changed within an
interval around its nominal value. The effect of each variation is examined separately, with
the nominal values used for the other two quantities.

7.1.1. Inner Patch Size-MOD-1

The first parameter considered is the size of the inner patch, which was varied between
0.8 mm and 1.2 mm. Figure 25 plots the RCS obtained from five different values within
this interval. In all cases, the parasitic suppression provided is better than that offered by
the PG-based SES of the same size. However, while increasing the inner patch size beyond
its nominal value does not affect the level of the spurious lobes, when the size decreases
below 1 mm, both the m = −1 and the m = 0 lobes increase.

Figures 26–28 plot the frequency variation of the three Floquet modes for the same
inner patch size values considered above. The curves in Figure 28 shows that the beam
pointing to the desired direction is slightly affected by changes in the inner patch size.
Regarding the two parasitic lobes, the curves for the different inner patch sizes exhibit
similar behavior, but at the design frequency, they confirm the differences observed in
Figure 25.
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Figure 25. Effect of Inner Patch size Variations on RCS at 8 GHz.
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Figure 26. Effect of Inner Patch size Variations on Frequency Response of Floquet Mode m = −1.
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Figure 28. Effect of Inner Patch size Variations on Frequency Response of Floquet Mode m = +1.

7.1.2. Inner Patch Tilting-MOD-2

While the inner patch is nominally rotated by 3◦, here tilt angles of 2◦ and 4◦ are
considered. The curves in Figure 29, which refer to the RCS evaluated for different tilt
angles, show that when the tilt angle is smaller than in the nominal case, the RCS stays
almost the same. When the tilt angle is 4◦ the m = −1 lobe decreases, while the m = 0 lobe
increases slightly.
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Figure 29. Effect of Inner Patch Tilt Variations on RCS at 8 GHz.

The results in Figures 30–32, which plot the frequency behavior of the principal lobes,
reflect the considerations already made for RCS. An angle of 4◦ results in a frequency
shift for the minimum of the specular and parasitic lobes, improving the former and
deteriorating the latter to a lesser extent at the design frequency.
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Figure 30. Effect of Inner Patch Tilt Angle Variations on Frequency Response of Floquet Mode
m = −1.
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Figure 31. Effect of Inner Patch Tilt Angle Variations on Frequency Response of Floquet Mode m = 0.
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Figure 32. Effect of Inner Patch Tilt Angle Variations on Frequency Response of Floquet Mode
m = +1.
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7.1.3. Inner Patch Hole Size-MOD-3

The third geometric parameter considered is the size of the inner patch hole. It was
varied between 0.4 mm and 0.6 mm. Figure 33 shows the effect of this variation on the
RCS. Holes larger than the nominal one do not affect the RCS. However, when the size
decreases, the two parasitic lobes increase, though they remain below the value provided
by the PG-based SES of the same size.
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Figure 33. Effect of Inner Patch Hole Size Variations on RCS at 8 GHz.

Concerning the effects of varying the inner patch hole on the frequency response of
modes, the results are plotted in Figures 34–36. As expected from RCS, changing the hole
diameter slightly affects the frequency variation of the specular mode as well as the beam
pointing in the desired direction. A minor effect can be seen in the frequency response of
mode m = 0, especially for lower hole sizes.

In conclusion, it is possible to assert that the manufacturing tolerances introduce an
acceptable error on the performance of the smart skin and do not invalidate the proposed
approach for the parasitic lobes reduction, that stay in any case lower than those resulting
from a conventional design. Although the size of the patch is the most critical geometric
parameter, it is also the quantity least affected by manufacturing tolerances.
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Figure 34. Effect of Inner Patch Hole Size Variations on Frequency Response of Floquet Mode m = −1.
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Figure 35. Effect of Inner Patch Hole Size Variations on Frequency Response of Floquet Mode m = 0.
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Figure 36. Effect of Inner Patch Hole Size Variations on Frequency Response of Floquet Mode m = +1.

7.2. Method Stability

The stability of the method was checked against variations in the materials used to
simulate the ground plane and the patches. While the previous sections’ results were
obtained using a perfect electric conductor (PEC) for the patches and ground plane, this
study substituted PEC with pure copper (electrical conductivity of 5.96× 107 Simon per
meter) and annealed copper (electrical conductivity of 5.8× 107 Simon per meter). The
substrate and design remained unchanged. In all cases, the thickness of the metallic layers
was set equal to that adopted in the previous analysis.

The effect of modeling the conductors with different material is minimal on the RCS as
shown in Figure 37 where the curves for pure copper and annealed copper are overlapped
and slightly different from the result obtained considering PEC. Similar consideration can
emerge from the plots of the frequency behavior of the the principal lobe levels, represented
in Figures 38–40.

This analysis provides information about the simulation setup and its effect on the
results, improving the replicability of the study and offering insight into the sensitivity of
the method to the simulation setup, that appears to be quite limited.
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Figure 37. Effect of the use of different material models for the patches and the ground plane on RCS
at 8 GHz.
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Figure 38. Effect of the use of different material models for the patches and the ground plane on
Frequency Response of Floquet Mode m = −1.
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Figure 39. Effect of the use of different material models for the patches and the ground plane on
Frequency Response of Floquet Mode m = 0.
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Figure 40. Effect of the use of different material models for the patches and the ground plane on
Frequency Response of Floquet Mode m = +1.

8. Conclusions
In the paper, a novel design approach able to strongly reduce the anomalous reflections

that affect the radiation of smart skins has been presented. The proposed method leverages
the theory of electromagnetic multipoles to reveal new degrees of freedom and unexplored
properties in conventional strategies. First, the unit cells are designed to provide a phase
gradient variation within a super-cell. Then, the geometric parameters of the unit cells are
modified through non-local symmetry-breaking within super-cell framework to convert
the super-cell into a composite meta-molecule. Both local and non-local bi-anisotropy
are exploited by utilizing the degrees of freedom offered by the UC and super-cell. An
advantage of this approach is the ability to use different sub-geometries of the unit cell to
achieve the desired functions of radiation enhancement or suppression. In this way, it is
possible to control the radiation of the multipoles into which the field can be decomposed,
ensuring that their combination suppresses the parasitic lobes in the RCS pattern. To
verify its effectiveness, the proposed technique was applied to 1D SESs with different
length. The results of their full-wave numerical analysis confirm their good performance
over a bandwidth of about 14%. In conclusion, the methodology reveals previously the
unexploited performance potential in existing methods and simple designs. At the same
time, it establishes novel pathways for SES engineering in the microwave and optical
frequency domains. The approach enhances SES deployment efficiency by reducing costs
through the elimination of expensive, multi-layer materials and sophisticated fabrication
processes. Consequently, opportunities arise to develop cost-effective, high-performance,
scalable SES solutions that are ideal for 6G system deployment within the SRE framework.
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