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ABSTRACT: The design of large-scale coding metasurfaces poses significant computational challenges, often limited by the prohibitive
time required for full-wave simulations necessary for optimization. This paper proposes an efficient design strategy based on a Hybrid
Genetic Algorithm, validated through the design, fabrication, and characterization of an X-band metasurface for Radar Cross Section
reduction. The proposed design strategy relies on a two-stage optimization process: a fast pre-optimization phase, based on the analytical
Huygens-Fresnel principle, generates a preliminary solution which is subsequently refined by a second optimization stage utilizing full-
wave simulations. Specifically, the optimization targets a 1-bit coding scheme, where meta-atoms switch between two distinct states
with a phase difference of 180 4 37°. This hybrid approach demonstrates optimal convergence, reducing computational time by 25%
compared to traditional full-wave-only techniques. Furthermore, a novel “spiralling cross” unit cell topology is introduced. Owing to its
delay-line geometry, this structure provides additional degrees of freedom for spectral tuning and supports intermediate phase shifts, thus
enabling encoding schemes beyond traditional 1-bit configurations. Experimental results confirm the validity of the proposed approach,
demonstrating how the combination of versatile geometry and hybrid optimization effectively overcomes the trade-offs between numerical
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accuracy and computational efficiency.

1. INTRODUCTION

etasurfaces have revolutionized electromagnetic en-
Mgineering by offering unprecedented control over the
wavefront through 2D arrays of sub-wavelength scatterers.
In particular, coding metasurfaces have gained attention for
their ability to bridge wave physics and digital information
theory, enabling scattering manipulation by tailoring the spatial
distribution of logical ‘bits’. However, the synthesis of such
structures poses a significant computational challenge because
determining the optimal distribution of meta-atoms requires
exploring vast and discrete search spaces.

Within this context, one of the most compelling applications
of coding metasurfaces is radar cross-section (RCS) reduction.
In modern electromagnetic surveillance systems, the ability to
control and reduce the RCS of a target has become a fundamen-
tal requirement for the development of advanced stealth plat-
forms for military and civilian applications [1]. RCS is a key
parameter for quantifying the detectability of an object [2], and
it is formally defined as the effective area that intercepts inci-
dent power density and produces the same scattered power ob-
served at the radar receiver, when isotropically reradiated. The
RCS is not solely determined by the physical size of the target
but is also strongly influenced by factors such as the geome-
try of the structure, the electromagnetic properties of the con-
stituent materials, and surface features including edges, joints,
and protrusions, which act as scattering centers [3]. Reducing
the RCS directly translates into lower radar visibility, making
it a fundamental parameter of stealth technology. Accordingly,
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RCS reduction has become a critical requirement for design ob-
jectives for low-observable platforms across multiple domains,
ranging from tactical aircraft and naval vessels to space sys-
tems and Unmanned Aerial Vehicles (UAVs) [4, 5]. The grow-
ing dependence on autonomous platforms and satellite assets
for reconnaissance, navigation, and communication has fur-
ther underscored the importance of electromagnetic signature
control, highlighting its relevance not only for survivability in
contested environments but also for resilience in civilian and
dual-use applications [6]. Early RCS reduction strategies pri-
marily relied on geometric shaping, where platform contours
were engineered to deflect incoming radar waves away from the
source, thereby minimizing backscatter. These methods were
frequently combined with radar-absorbing materials, which dis-
sipate incident electromagnetic energy as heat, as well as with
structural features designed to diffuse or redirect scattering [3].
While effective, these techniques suffer from significant draw-
backs: they tend to increase structural weight, exhibit limited
bandwidth, and impose strict mechanical constraints. Such lim-
itations make them less suitable for the broadband, lightweight,
and multifunctional platforms required in modern operational
scenarios [7,8]. Over the last decade, metasurfaces have
emerged as one of the most promising solutions for RCS reduc-
tion, also within the X-band [9—-11]. These structures consist of
two-dimensional arrays of subwavelength scatterers that pro-
vide control over electromagnetic wave manipulation [12, 13].
Metasurfaces can be designed to precisely control reflection,
absorption, and scattering, by tailoring the geometry, arrange-
ment, and electromagnetic response of the unit cells [14]. Sev-
eral mechanisms can be exploited to achieve RCS reduction.
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One approach relies on the destructive interference of reflected
waves, where unit cells are engineered to impose specific phase
shifts that cancel backscattered signals in the monostatic direc-
tion [15,16]. Another strategy involves polarization conver-
sion, which transforms incident wave into its orthogonal po-
larization. Since radar receivers are typically optimized for
co-polarized returns, this conversion leads to an apparent re-
duction in detectability [17]. Another method is diffuse scat-
tering, which is achieved by introducing spatial randomness
or pseudo-random coding into the metasurface arrangement,
redistributing the backscattered energy over multiple direc-
tions and thereby reducing the intensity in the radar’s line of
sight [18]. Finally, broadband absorption can be achieved by
integrating resistive films, lumped elements, or multilayer lossy
substrates, enabling the effective dissipation of electromagnetic
energy across a wide frequency range [19,20]. Among these,
the most impactful solution is the coding metasurface, which
redefines the design process within a digital framework: each
unit cell is modeled as a digital “bit”, with discrete states cor-
responding to specific reflection phase levels. A 1-bit coding
metasurface employs two states (typically 0° and 180°), while
multi-bit designs incorporate more states to achieve finer phase
resolution [21]. By arranging these coded elements into op-
timized patterns, metasurfaces can suppress direct backscatter
and generate customized scattering distributions [22,23]. This
approach not only simplifies the design process but also facil-
itates integration with digital optimization techniques, where
coding sequences can be directly represented as chromosomes
in evolutionary algorithms [24]. Recent works have proposed
tailored meta-atom geometries that provide phase differences
close to 180° across broad frequency ranges, enhancing band-
width while maintaining compact designs. For example, Ameri
et al. [25] introduced dual artificial magnetic conductor unit
cells exhibiting phase shifts of 180° & 37°, achieving RCS re-
ductions greater than 10 dB over an approximately 85% frac-
tional bandwidth. Similarly, Haji-Ahmadi et al. [7] developed
pixelated checkerboard metasurfaces optimized via topology-
based methods, experimentally demonstrating more than 10 dB
of RCS reduction from 3.8 to 10.7 GHz with angular stability
up to 40°. However, such pixel-based optimizations often lead
to highly irregular meta-atom shapes, complicating fabrication.
Designing coding metasurfaces remains a challenging task, es-
pecially in large arrays containing hundreds or thousands of
elements with multiple discrete states. Brute-force search is
computationally prohibitive, and conventional gradient-based
optimization methods are ineffective due to the discrete and
multimodal nature of the problem [26]. To overcome these
issues, Genetic Algorithms (GAs) and other evolutionary ap-
proaches have been widely adopted [27]. GAs mimic natural
selection through operations, such as mutation, crossover, and
selection, allowing them to efficiently explore large, complex
design spaces and avoid the presence of local minima. Fur-
thermore, GAs are inherently suited for multi-objective opti-
mization, enabling simultaneous improvements in broadband
performance, polarization independence, angular stability, and
robustness to fabrication tolerances [28,29]. Their integration
with surrogate modelling and parallel computation has further
expanded their applicability, making them practical tools for
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addressing the high computational demands of metasurface op-
timization [24]. Surrogate-assisted strategies reduce the com-
putational burden of full-wave simulations by employing sim-
plified models or data-driven approximations during optimiza-
tion. While machine learning approaches provide predictive
capabilities, they require large training datasets and preprocess-
ing [30,31], which can limit their application in custom design
scenarios. Similarly, adjoint methods offer gradient-based op-
timization for continuous parameters but face challenges when
applied to discrete or binary-coded metasurfaces, where the
lack of gradient information for discrete states necessitates bi-
narization or spatial filtering techniques [32]. The hybrid op-
timization strategy proposed in this work employs a physics-
based analytical approximation derived from the Huygens-
Fresnel principle as a low-fidelity model for solution-space ex-
ploration. This is followed by a high-fidelity full-wave re-
finement stage, providing a framework that balances computa-
tional efficiency with the accuracy required to capture electro-
magnetic interactions. While GAs effectively explore complex
design spaces, their efficiency is strictly linked to the cost of
the fitness function evaluation. Relying on rigorous full-wave
solvers ensures accuracy but incurs prohibitive time costs. Con-
versely, approximate analytical models accelerate calculation
but tend to fail at high frequencies where mutual coupling is
non-negligible.

To bridge this gap, this paper introduces a design strat-
egy based on a Hybrid Genetic Algorithm (HGA). The ap-
proach relies on a two-stage optimization process: a rapid pre-
optimization phase, based on the analytical Huygens-Fresnel
Principle (HFP), generates a preliminary solution which is sub-
sequently refined by a second optimization stage utilizing full-
wave simulations (using a finite-element solver). This hybrid
strategy reduces the computational time by 25% compared to
traditional full-wave-only techniques, effectively balancing nu-
merical accuracy and efficiency.

Parallel to this, the present paper introduces a novel meta-
atom geometry, referred to as the “spiraling-cross”. Owing
to its C4-symmetric geometry incorporating meandered delay
lines, this structure provides enhanced degrees of freedom for
spectral tuning, enhanced phase tunability and inherent polar-
ization insensitivity with a compact, single-layer design com-
patible with standard printed circuit board (PCB) fabrication
processes. Specifically, we identify two distinct highly reflec-
tive configurations of the spiraling-cross unit cell that exhibit a
phase difference close to 180°, serving as the ‘0’ and ‘1’ bits.
Using these states, the HGA determines the optimal spatial cod-
ing matrix to minimize the RCS across the X-band (8—12 GHz).
Notably, the performance of the proposed hybrid strategy was
benchmarked against two reference approaches: a GA relying
solely on the analytical Huygens-Fresnel Principle (HFP), and
a GA driven exclusively by full-wave simulations. We show
that the HFP-only GA converges to a trivial chessboard pattern,
whereas the hybrid full-wave refinement captures mutual cou-
pling effects,leading to a non-trivial coding distribution compa-
rable to the full-wave-only solution but obtained in significantly
less time. The resulting metasurface exhibits substantial RCS
reduction throughout the X-band while preserving polarization
independence and fabrication simplicity, offering a favorable
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FIGURE 1. (a) Three-dimensional view of the unit cell with the spi-
ralling cross pattern. (b) Central cross resonator. (c) Cross resonator
with four initial delay-line stubs. (d) Intermediate stage of the spiral
delay-line construction. (e) Polyomino-based implementation of the

delay line, obtained by sequentially joining square elements into a to-
tal length of 4.

trade-off among performance, computational cost, and struc-
tural robustness in the design of RCS-reduction metasurfaces.
In addition, to validate the numerical results and evaluate the
experimental feasibility of the proposed structure, a prototype
of the optimized metasurface was fabricated on an FR-4 sub-
strate using an LPKF ProtoMat S104 milling system. The fab-
ricated sample was characterized through two-port scattering-
parameter measurements in a controlled setup, enabling the ex-
perimental assessment of its angular and spectral behavior.

2. STRUCTURES AND METHODS

The unit cell is designed on an FR-4 substrate of thickness hgyp,
while copper layers of thickness A, form both the ground plane
and the patterned top surface, as shown in Fig. 1(a). The square
unit cell, of period p, features two resonant elements on its top
layer: (i) a central cross-shaped resonator with arm widths W
and arm lengths L, (ii) four C4-symmetric spiral delay lines
emanating from the cross arms. Each delay-line, of length /4,
is constructed by sequentially joining 0.18 x 0.18 mm squares
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FIGURE 2. (a) Magnitude and (b) phase ¢ of S11 for the unit cell under
normal incidence and TE polarization, as a function of the frequency
and delay-line length £4;. (c) Phase ¢ at selected frequencies.

to form a polyomino that extends 9 mm, forming a spiral-like
pattern as shown in Figs. 1(b)—(e). All dimensions are reported
in Table 1. The central cross dimensions and the period deter-
mine the overall spectral position of the structure’s resonances
within the target frequency band. The delay-line length ¢4; pro-
gressively shifts the resonance towards lower frequencies as £
increases, spanning the 8-12 GHz range. The unit-cell period
was set to p = 6 mm, corresponding to approximately \/4 at
12 GHz, in order to guarantee sub-wavelength operation across
the entire X-band (8—12 GHz). This choice prevents the exci-
tation of higher-order diffraction modes in free space, ensures
proper spatial sampling of the phase distribution (Nyquist cri-
terion), and represents a practical compromise between fabri-
cation feasibility and electromagnetic performance. After fix-
ing the period, the cross dimensions are fixed so that, with
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FIGURE 3. (a) (b) Geometry of states 0 and 1 of the unit cell. (c) Comparison of Sy for states 0 and 1 (TE polarization). (d) Phase difference between

states 0 and 1 (TE polarization).

zero-length delay lines, the targeted resonance is positioned just
above the upper edge of the observation window. The scat-
tering parameters under normal incidence are then computed
via CST simulations as a function of delay-line length, in order
to identify the amplitude and phase excursions of the unit cell.
Fig. 2(a) shows the magnitude of the scattering parameter |S11|
in decibels for TE polarization at normal incidence, as a func-
tion of the frequency and the delay-line length /4. This map
highlights a strong reflectance at £5; = 0. Owing to symme-
try, the TM response was identical. Moreover, the resonance
frequency is strongly dependent on {y. For lengths between
approximately 2 and 4 mm, the first resonance sweeps across
the entire spectral window. For /4 greater than approximately
7 mm, a second resonance emerges and progressively shifts to
lower frequencies as ¢4; increases. This shift was accompanied
by a significant phase excursion of .S71, as shown in Fig. 2(b).
The effect is further illustrated in Fig. 2(c), which reports phase
— {41 curves at equally spaced frequencies from 8 to 12 GHz in
1 GHz increments. Consequently, the unit cell provides a phase
span of 180 £ 37° and offers intermediate values, thereby en-
abling multi-bit (beyond 2-bit) coding. This parametric investi-
gation of the unit cell revealed that increasing the spiral length
modified the reflection phase response, with the phase shift be-
tween consecutive configurations gradually increasing. This
characteristic behavior allows the identification of two states
whose relative phase difference lies within the prescribed in-
terval 180 + 37°, while preserving sufficiently low reflection
coefficients (in dB).

In checkerboard-type metasurfaces and in the absence of mu-
tual coupling between unit cells, effective scattering cancel-
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TABLE 1. Geometric parameters of the unit cell.

Parameter | Value (mm) Description
w 1.7 Cross width
L 4 Cross length
hcu 0.035 Copper thickness
Asub 1.55 Substrate thickness
P 6 Unit cell period
Lai 9 Total loop length

lation is achieved when adjacent elements reflect waves with
similar amplitudes and a phase difference close to 180°. By re-
quiring the residual reflected power to be at least 10 dB below
the reference level, the corresponding phase-difference interval
becomes approximately 180° + 37° [25,33]. These two states
can then be unequivocally associated with binary coding, be-
ing assigned to the ‘0’ and 1’ states, respectively. In this way,
the design methodology not only satisfies the phase require-
ment essential for RCS reduction, but also establishes a rig-
orous framework for encoding metasurfaces into discrete, digi-
tally addressable states. The selected states, 0 and 1 correspond
to the geometries shown in Figs. 3(a) and (b), respectively, with
£ 4, of 1.62 mm for the first case and ¢4 of 3.24 mm for the sec-
ond. It is worth noting that, because of symmetry, the structure
is invariant under TE or TM polarization. The phase difference
between states 0 and 1 (see Fig. 3(d)) meets the 180 + 37° cri-
terion at frequencies above approximately 10 GHz and extends
to frequencies beyond 12 GHz.
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3. DESIGN METASURFACE

In the absence of mutual coupling among adjacent unit cells
and assuming identical reflection amplitudes for each element,
a metasurface composed of binary states (“0” and “1”, inducing
phase shifts of 0 and 7, respectively) yields a radiation pattern
that can be expressed by the superposition principle as

N—-1
E(9,¢) = Buwc(9,0) Y exp{j[kpsin(9)(m cos()

m,n=0

+nsin(p)) + ®(m,n)]}. M

In this formulation, E(1J, @) represents the far-field radiated
by the entire metasurface, whereas E, (¥, ) is the angular re-
sponse of a single unit cell. Variables ¥ and ¢ denote the el-
evation and azimuth angles, respectively. The parameter N
indicates the number of unit cells along each direction of the
square lattice, and p is the lattice period. The wavenumber is
defined as k = 2w /A, where \ is the operating wavelength.
Finally, ®(m,n) specifies the phase term (0 or 7) assigned to
the unit cell located at the indices (m,n). In Eq. (1), which
is adopted in the analytical Huygens-Fresnel pre-optimization
stage, the scattered field is described as the superposition of
local elementary contributions under the assumptions of iden-
tical local response and absence of mutual coupling, with the
coding acting only through the binary phase term ®(m,n). Un-
der these ideal conditions, periodic checkerboard-like configu-
rations naturally satisfy the destructive-interference condition
in the specular direction and are therefore favored by the ana-
lytical optimization. In the actual finite metasurface, however,
mutual coupling and edge effects make the local contribution of
each element dependent on its surrounding environment, intro-
ducing perturbations in both amplitude and phase with respect
to the ideal response assumed in Eq. (1). These effects are in-
herently taken into account exclusively in the full-wave opti-
mization stage, where the entire metasurface is simulated. As a
result, the ideal checkerboard cancellation is no longer strictly
preserved, and full-wave optimization is required to refine the
preliminary coding sequence, a process that tends to favor more
irregular coding distributions to redistribute the scattered en-
ergy over multiple directions more effectively and obtain a fi-
nal configuration with improved physical accuracy. For com-
pleteness, a detailed discussion of coupling effects in related
metasurface architectures is reported in [22].

The metasurface can be regarded as a spatially pro-
grammable array, in which each unit cell is assigned either
state “0” or state “1”. This binary representation provides the
necessary degrees of freedom to control the far-field radiation
pattern. The metasurface design involves binary encoding,
where state 0 is associated with bit 0, and state 1 is associated
with bit 1. In this framework, the entire design process is
reduced to defining a binary matrix in which each entry
specifies whether a unit cell is in state 0 or state 1. MATLAB
is used to script the binary matrices and, through the CST API,
automatically build the corresponding geometrical layouts
directly within the CST Microwave Studio. This approach
streamlines the creation of complex patterns and facilitates
FEM-based simulation. The unit cell was simulated in CST
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FIGURE 4. Design workflow of the metasurface: a binary matrix de-
fines the spatial distribution of states “0” and “1”, each representing a
3 x 3 block of unit cells. The pattern is scripted in MATLAB and built
in CST Microwave Studio. The zoomed views show the two block
configurations, corresponding to states “0” and “1”.

Microwave Studio under periodic boundary conditions, ensur-
ing that its response correctly represented an infinite periodic
array in both frequency- and time-domain analyses. Each entry
of the MATLAB binary matrix represents a 3 x 3 group of
unit cells, all programmed in the same state (0 or 1). These
groups, each measuring 18 x 18 mm, were combined to form
the overall metasurface as a 5 x 5 arrangement of such blocks,
yielding a total size of 90 x 90 mm. The overall procedure is
illustrated in Fig. 4. This framework is well-suited for RCS
minimization using a two-step genetic algorithm [34]. The first
step analytically computes the electric field scattered by the
metasurface using the HFP to obtain the radiation pattern and
the RCS. Each metasurface element is treated as an isotropic
radiator, with amplitude and phase characteristics defined by
the unit cell state at the desired frequency. We employed the
Calc-ScatPat [35] implementation of the HFP in Matlab to
compute the scattered field and evaluate the RCS as given in
Eq. (2) and reported in [36].

27 s
oy = — / o(6s,65)sin(0,)d0do  (2)
4w ¢s=0J60,=0

The cost function used in the optimization process is defined
as R/ Ry, where R is the area subtended by the RCS-versus-
frequency curve associated with the considered coding config-
uration over the frequency range of interest, and Ry is the cor-
responding reference area for the worst-case condition, defined
by a unitary RCS over the same frequency range. Therefore, the
cost function provides a band-integrated measure of the scatter-
ing performance: the lower the ratio R/ Ry, the lower the over-
all RCS over the target bandwidth. This formulation enables
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the genetic algorithm to identify coding patterns with reduced
broadband scattering.

To assess whether the analytical evaluation of the scattered
field from the metasurface could provide a reliable first-order
estimation, a comparison was conducted between the electric
field distribution obtained through the analytical method and
that obtained from the full-wave CST simulation. Both cases
correspond to the same metasurface configuration derived from
an optimization procedure guided solely by analytical data.
All of the simulations were executed on a desktop computer
equipped with an Intel 19-13900K CPU (3 GHz, 24 cores) and
128 GB of DDR4 RAM.

Figure 5 reports a direct comparison of the far-field patterns
at 8, 10, and 12 GHz obtained from the checkerboard config-
uration (Fig. 5(g)), which will be further discussed later as it
represents the solution provided by the genetic algorithm op-
timization guided solely by the analytical data. At 8 GHz, the
analytical pattern (Fig. 5(a)) is very similar to the CST result
(Fig. 5(d)). However, as the frequency increases, the agree-
ment deteriorates. At 10 GHz, the two patterns diverge, partic-
ularly in amplitude (see Fig. 5(b) vs Fig. 5(e)), and at 12 GHz,
the mismatch becomes significant (see Fig. 5(c) vs Fig. 5(f)).
This behavior reflects the increased importance of the mutual-
coupling effect at higher frequencies, which is neglected in the
analytical calculation. Therefore, it provides only a qualitative
estimate of the fields.

Three different applications of the genetic algorithm are in-
vestigated here for the optimization of the metasurface pattern.
In all cases, the algorithm was implemented using the MAT-
LAB Optimization Toolbox. Fig. 6 displays the flowcharts cor-
responding to the three applications. In the first application,
the genetic algorithm was initialized with a population size of
50, using a Gaussian mutation function with a scaling factor of
2 and a shrink factor of 3.5. These settings maximize the di-
versity of the population, allowing a wider exploration of the
solution domain and reducing the risk of local minima occur-
rence. The RCS was analytically evaluated using the HFP. The
corresponding flowchart is reported in Fig. 6(a).

The algorithm stops by stall generation after a computation
time of 25 minutes, and the solution found has a cost function
value of 11.69, where the cost function is defined as the ratio of
the RCS area of the specific pattern R to that of the worst case
Ry.

In the second application, the algorithm is executed on the
same system, and the genetic algorithm is directly driven by
CST simulation of the metasurface patterns, using the same pa-
rameters as in the second case (population size 50, Gaussian
mutation with scaling actor 1 and shrink 0.5) for consistency.
The corresponding flowchart is reported in Fig. 6(b). The ge-
netic algorithm terminates by stall generation after a computa-
tion time of 4 days, reaching a cost function value of 5.68.

In the third application, the algorithm is first guided by the
analytical evaluation and then refined using full-wave simula-
tions of the metasurface in CST. The corresponding flowchart
is reported in Fig. 6(c). In this case, the genetic algorithm starts
from the best population obtained in the analytical phase, with
a population size of 50 and a Gaussian mutation function (scal-
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FIGURE 5. Normalized far-field amplitude patterns of the metasurface
at (a) (d) 8 GHz, (b) (e) 10 GHz, and (¢) (f) 12 GHz. In (a)—(c), the pat-
terns are obtained with the Huygens-Fresnel Principle (HFP) method,
while (d)—(f) are full-wave results from CST. (g) Sketch of the checker-
board programming of the metasurface states. All maps report the nor-
malized magnitude of the radiated electric field | E| [V/m] as a function
of azimuth ¢ and elevation 6.

ing factor 1, shrink factor 0.5) to keep individuals closer to the
starting solution. This strategy prevents successive populations
from drifting too far, yet avoiding the stagnation that an overly
broad search could induce. Consequently, the second phase
acts as a refinement stage that polishes the solutions already ob-
tained. The algorithm stops after a computation time of 3 days,
as shown in Table 2, achieving a cost function value of 5.66.
A comparison between the second and third applications
shows that the CST-HFP scheme (second case) leads to shorter
computation time and slightly better solutions in terms of the
cost function. Table 2 summarizes the parameters used in the
three different optimization schemes, including the population
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TABLE 2. Comparison of the genetic algorithm settings, computa-
tion times, and final cost-function values for the three optimization
schemes.

HFP HFP + CST CST
Population size 50 50 50
Mutation (Scale, Shrink) (2,3.5) (1,0.5) (1,0.5)
Stop Criteria (Stall G) 30 5 5
Computation Time 25 minutes 3 days 4 days
Cost function (R%) 11.69 5.66 5.68

size, the mutation parameters, and the stopping criteria, and also
reports the computational times required and the final value of
the cost function. As reported above and summarized in Ta-
ble 2, the hybrid HFP + CST optimization requires about 3 days,
whereas the CST-only optimization takes about 4 days on the
same hardware platform (Intel 19-13900K CPU with 128 GB
RAM), corresponding to a computational time reduction of ap-
proximately 25%.

4. SIMULATION, RESULTS, AND DISCUSSION

A comparison between the configurations obtained with the GA
guided solely by the analytical data and those resulting from the
hybrid and full-wave optimizations revealed clear differences.
These are illustrated in Fig. 7, which reports the optimized bi-
nary encoding of the metasurface and the corresponding far-
field electric field patterns at 8, 10, and 12 GHz. In the first
case, corresponding to the genetic algorithm guided only by an-
alytical data and shown in Fig. 7(a), the solution systematically
converged towards a checkerboard-like arrangement. This be-
havior can be explained by the fact that the analytical approach
neglects the mutual coupling among unit cells, thereby inher-
ently favoring regular and periodic arrangements. In contrast,
when the optimization process includes full-wave simulations,
either in the hybrid version, as shown in Fig. 7(b), or in the
full CST version, as shown in Fig. 7(c), the genetic algorithm
converges towards random-like distributions, which prove to be
more effective in reducing the RCS. This improvement stems
from the ability of random patterns to spread the reflected en-
ergy more uniformly and suppress the formation of strong di-
rective lobes.

Another important aspect is the convergence time of the pro-
posed methods. The convergence behavior can be evaluated by
tracking the mean penalty and best penalty metrics, as shown
in Figs. 8(a) and (b). A key observation lies in the compari-
son between the hybrid method and the one solely driven by
CST data: while the hybrid method starts from a higher initial
penalty value, it converges within significantly shorter compu-
tation times than the latter. This highlights how analytical anal-
ysis can serve as an effective pre-processing stage, guiding the
genetic algorithm toward more relevant regions of the solution
space, reducing redundant searches, and ultimately improving
convergence efficiency.

The RCS performance results for the three cases are re-
ported in Fig. 9, which shows the RCS values as a function
of frequency for the three optimization approaches, with ref-
erence to the RCS produced by an aluminum surface of the
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FIGURE 6. Flowcharts of the three optimization approaches based on
genetic algorithms: (a) genetic algorithm driven solely by the analyt-
ical data; (b) genetic algorithm driven solely by CST simulation data;
(c) genetic algorithm with pre-processing on analytical data followed
by post-processing on CST simulation data.

same size as the metasurfaces. It can be observed that the
HFP + CST method provides significant improvements over the
version based solely on HFP, extending the operational band-
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FIGURE 7. Binary maps and 3D electric field distributions at 8, 10, and 12 GHz for the three optimization approaches: (a) GA guided by analytical
data only; (b) GA guided by analytical data with CST-based post-processing and (c) GA guided by CST data only.
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FIGURE 8. Output metrics of the genetic algorithm: (a) mean penalty vs. generations; (b) best penalty vs. generations. Colors indicate different
approaches: blue corresponds to GA guided by analytical data only, green to hybrid optimization, and red to GA guided solely by CST simulations.

width across the entire 9-12 GHz range. Moreover, it yields
results comparable to the CST-only approach, while requiring
significantly shorter computation times. Quantitatively, Fig. 9
shows that, for the HFP + CST method, the optimized metasur-
face achieves a maximum RCS reduction of about 21.17dB
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around 10 GHz, while the average RCS reduction across the
9-12 GHz band is about 11.76 dB with respect to the reference
metallic plate. The outcomes of the last two cases are consis-
tent with the phase difference between the two cell states, which
meets the requirement of 180° + 37° within the 9—12 GHz
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FIGURE 9. RCS as a function of frequency, with reference to an alu-
minum surface of equal size (shown in purple). Colors indicate differ-
ent optimization approaches: blue corresponds to analytical data only,
orange to analytical data with CST post-processing, and yellow to CST
data only.

range, thereby fully exploiting the characteristics of the two
cells.

Finally, compared with the existing literature (see Table 3), it
can be observed that many works aim at broadband solutions,
often relying on complex geometries or large-size arrays. In
this context, the approach proposed in this paper is character-
ized by the simplicity of the unit cell and the compact size of
the analyzed array (90 x 90 mm), while still achieving com-
parable RCS reduction within the frequency band of interest.
The achieved RCS-reduction bandwidth is primarily limited by
the dispersive response of the adopted unit cells and by the
limited number of phase states available in the binary (1-bit)
coding scheme. Furthermore, the compact size of the metasur-
face, required to satisfy experimental constraints that will be
discussed later, could also limit the achievable RCS-reduction
performance compared with larger metasurfaces.

TABLE 3. Comparison of the performance of alternative methods for
RCS reduction, including the fractional bandwidth (FBW) correspond-
ing to the reported —10 dB bandwidth.

—10dB FBW Area (mm?) RCS method
BW (GHz) (%)
[18] 8.6-22.5 89.4 264 x 264 AMC
[37] 8-23.65 98.9 204 x 204 PCR
[38] 15.5-34.6 76.2 144 x 144 Geometry
[39] 4-18.25 128.1 200 x 200 Conductivity
This work 9-12 28.6 90 x 90 Geometry

From an optimization perspective, extending the proposed
framework to multi-bit coding metasurfaces would increase the
number of discrete states associated with each unit cell and,
consequently, enlarge the search space explored by the genetic
algorithm. Although this would likely increase the overall com-
putational cost, the hybrid HFP + CST strategy would remain
beneficial in limiting the number of expensive full-wave eval-
uations.

To experimentally validate the RCS-reduction performance
predicted by the hybrid HFP-CST optimization, the metasur-
face corresponding to the optimal binary pattern was fabricated
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on FR-4 using an LPKF ProtoMat milling machine. A refer-
ence plate sample consisting of an unpatterned FR-4 substrate
with identical dimensions was fabricated to provide a baseline
for comparison. The resulting samples are shown in Fig. 10.
Both samples were characterized in an anechoic chamber using
a bistatic goniometric measurement setup. This bistatic con-
figuration was adopted for experimental characterization be-
cause the proposed metasurface reduces detectability mainly
through angular redistribution of the scattered energy, whereas
a monostatic measurement would provide information only in
the backscattering direction. The measurement configuration
employed two X-band aluminum horn antennas (Arra Inc., 8.2—
12.4 GHz) featuring rectangular apertures of 6.68 cm x 8.89 cm
and nominal gains between 15 and 18 dBi. The antennas were
positioned at a fixed distance of approximately 1 m from the
sample under test and connected to the two ports of a Keysight
FieldFox N9917A vector network analyzer. The VNA was cal-
ibrated using open, short, and load standards prior to the mea-
surements in order to ensure measurement accuracy and re-
peatability.

Before the angular measurements, the setup was manually
aligned using the metallic reference sample placed at the mea-
surement position. In the first step, the reference surface was
kept parallel to the transmitting horn aperture, and the horn
height and orientation were adjusted to maximize the reflected
signal |S11]. In the second step, the transmitting and receiving
antennas were positioned at 45° with respect to the reference
surface, and the receiving antenna was fine-tuned to maximize
So1. After completing the alignment, the reference sample was
replaced with the fabricated metasurface, and the S5; param-
eter was recorded along the circumference corresponding to
6 = 0°. The angular scan was performed by varying ¢ from
5° to 70° in steps of 5°, thus covering the first quarter of the
circumference. The scan was limited to 70° because at 90°,
the two antennas would be orthogonal, a condition in which
the received power becomes negligible. The second quarter of
the circumference was obtained by rotating the metasurface by
180° and repeating the same scan in ¢. This rotation is equiv-
alent to scanning ¢ from —5° to —70°, allowing acquisition of
the symmetric angular region without modifying the measure-
ment setup. This procedure enables the reconstruction of the
full angular response while keeping the geometry of the setup
fixed. The simulated and experimental measurement setup are
illustrated in Fig. 11: Fig. 11(a) shows the CST-based simulated
setup, while Fig. 11(b) presents the experimental setup imple-
mented in the anechoic chamber. Owing to the limited length
of the goniometric arm, which is constrained by the internal di-
mensions of the anechoic chamber, the measurement was car-
ried out at a distance that was close to, but did not fully satisfy
the conventional far-field condition for the X-band horns. To
consider the effects of the residual presence of near-field and
intermediate-field components, as well as the finite aperture
of the antennas, the identical measurement geometry was re-
produced in CST. Fig. 12 reports the angular-frequency maps
of the transmitted coefficient So; obtained for both the refer-
ence FR-4 plate and the optimized metasurface, comparing the
CST simulations (left column) with the experimental measure-
ments (right column). Figs. 12(a) and (b) correspond to the
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FIGURE 11. (a) CST simulation of the measurement setup used to acquire the Sz1 parameter. The blue arc represents the scan performed with the
metasurface in its initial orientation, corresponding to ¢ varying from 5° to 70°. The red arc indicates the scan obtained after a 180° rotation of
the metasurface, which is equivalent to acquiring S21 for ¢ ranging from —5° to —70°; (b) Experimental measurement setup implemented in the

anechoic chamber.

unpatterned reference sample, whereas Figs. 12(c) and (d) re-
fer to the fabricated metasurface. In all cases, Sa; is plotted as
a function of the receiving-arm angle 6 (from —70° to +70°)
and frequency in the 8-12 GHz range. In the adopted bistatic
configuration, the received power at the second antenna is pro-
portional to the squared magnitude of the scattered electric field
generated by the sample. Since the bistatic RCS is defined from
the same scattered-field quantity, the measured S3; maps pro-
vide a qualitative indication of the angular redistribution of the
scattered field. Therefore, the measured maps are intended to
validate the bistatic scattering pattern produced by the meta-
surface, rather than to retrieve absolute RCS values. For com-
parison, a metallic plate with the same lateral dimensions as
the fabricated sample was also measured under the same con-
ditions; this metallic plate was used only as a benchmark case
and not for normalization.

For the reference FR-4 plate (Figs. 12(a), (b)), the simulated
and measured maps exhibit consistent features: a strong, al-
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most frequency-independent (a minor broadening is visible at
the lowest frequencies) feature centered at § = 0°, correspond-
ing to the main lobe of the transmitting horn reflected by the
reference plate; in addition, several weaker secondary lobes are
visible at larger angles, arising from the actual radiation pattern
of the transmitting horn, whose finite aperture and directive na-
ture produce a characteristic radiation pattern. A slight narrow-
ing of the main lobe is observed when measured against the sim-
ulated result. This behavior can be attributed to the actual horn
antenna, whose effective radiating aperture is slightly smaller
than that of the antenna model assumed in the numerical config-
uration. Aside from the presence of measurement noise at the
lower Sa; levels, the overall angular dependence and frequency
response are well reproduced experimentally. The metasurface
results (Figs. 12(c)—(d)) show the characteristic redistribution
of the transmitted energy over a broader set of angles, as ex-
pected from the RCS-reduction design. The measured S2; map
qualitatively matches the simulated one, displaying compara-
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FIGURE 12. Maps of the S21 parameter as a function of the receiving-arm angle 6 and frequency, for both the reference FR-4 plate and the optimized
metasurface. (a) and (c) show the CST simulations for the reference plate and the metasurface, respectively; (b) and (d) report the corresponding
measurements. In (c) and (d), purely qualitative hand-traced dashed curves that approximately follow the local S2; minima are added solely to aid
visual identification of the dominant angle-frequency features and to ease comparison between simulated and measured maps.

ble angular spreading and similar amplitude levels. A notice-
able difference, however, appears to be a spectral blueshift of
approximately 1 GHz in the measured features relative to the
simulated map.

In the CST model, the FR-4 substrate was described by
a nominal relative permittivity £, = 4.3 and loss tangent
tan § = 0.02. The discrepancy between the simulated and mea-
sured bistatic Sp; maps in Fig. 12 is not interpreted here as
the rigid shift of a single resonance, but rather as a perturba-
tion of the overall angle-frequency scattering response. Addi-
tional sensitivity analyses, not presented here for conciseness,
showed that varying e, mainly redistributes the scattering fea-
tures over the bistatic map, whereas a reduction in the real-
ized trace width produces a moderate shift of the dominant fea-
tures toward higher frequencies. A better qualitative agreement
with the measured map was obtained only when both effects
were considered together. Therefore, the observed mismatch is
reasonably attributed to the combined effect of uncertainty in
the effective dielectric properties of FR-4 and fabrication toler-
ances of the realized copper pattern.

Despite this shift, the measured angular distribution remains
consistent with the simulation, confirming the metasurface’s
ability to diffuse the transmitted field over multiple angles and
frequencies. The measurement uncertainty is mainly associ-
ated with manual alignment and positioning tolerances, which
primarily affect the | S| level rather than the angular trend of
the measured scattering maps. The repeatability of the setup
was evaluated through 30 repeated measurements, leading to a
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conservative expanded uncertainty below 2 dB over the inves-
tigated frequency band.

For clarity, a set of hand-drawn dashed curves has been su-
perimposed on the maps to guide the visual identification of
the most prominent Sy; features, which approximately follow
the local minima. These curves are purely qualitative and were
traced by manually following the valleys in the angle-frequency
plane, with the sole purpose of highlighting the main scattering
features and facilitating the comparison between simulated and
measured responses. It is worth noting that neither the sim-
ulated nor the measured response at § = 0° is shown in the
maps. This is due to the geometric constraints of the measure-
ment setup, which prevent the horns from approaching closer
than +5° without physical contact. Moreover, measurements
taken at small angles exhibit a comb-like sequence of evenly
spaced resonances (= 0.15 GHz), originating from a 1 m-long
Fabry-Pérot cavity formed between the metasurface and the re-
ceiving horn aperture. The same phenomenon is also present
in the CST simulations, although it appears less pronounced in
the numerical results.

5. CONCLUSIONS

This paper presents an efficient design strategy for coding meta-
surfaces, validated by addressing the specific application of
radar cross-section (RCS) reduction in the X-band. Three op-
timization approaches were compared: (i) an analytical-only
approach, (ii) a full-wave-only optimization, and (iii) the pro-
posed Hybrid Genetic Algorithm (HGA). The results highlight
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a limitation of relying solely on the analytical Huygens-Fresnel
principle: by neglecting mutual coupling, the algorithm tends
to converge towards trivial checkerboard patterns. Conversely,
the hybrid strategy offers an interesting trade-off: it yields non-
trivial coding distributions with scattering diffusion properties
comparable to those obtained by full-wave-only optimization,
while reducing the total computational time by 25%. The nu-
merical design obtained using the hybrid genetic algorithm was
fabricated and characterized. The measurements were com-
pared with the numerical simulation, showing good agreement
with a limited frequency shift attributable to manufacturing
tolerances. Although the fabricated prototype has limited di-
mensions due to experimental constraints related to the mea-
surement setup and far-field requirements, the proposed cod-
ing framework is inherently scalable and can be extended to
significantly larger metasurfaces. For larger arrays, the rela-
tive influence of edge effects is expected to become less pro-
nounced, while the statistical properties of the optimized cod-
ing distribution increasingly dominate the scattering behavior.
Regarding the unit cell, the adopted “spiralling-cross” topol-
ogy incorporates meandered delay lines that allow continuous
phase tuning. Although this work implemented a 1-bit cod-
ing scheme (0° /180°), the cell response supported intermediate
phase shifts. Future developments of the proposed optimization
framework may include its extension to multi-bit coding meta-
surfaces, which could provide additional phase states and po-
tentially improve the achievable bandwidth, making it suitable
for applications involving programmable metasurfaces.
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