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A computationally efficient framework for optimizing multilayer radar-absorbing structures based on periodic planar gratings of
resistive strips embedded in a dielectric slab is presented for the H-polarization case. The electromagnetic response is modeled using
a rigorous singular integral equation (SIE) formulation combined with an operator-based cascading technique, providing high
numerical accuracy and stability with low computational cost. This ultra-fast forward solver is integrated into a parallel differential
evolution (DE) optimization framework implemented in a client—server architecture, enabling efficient solution of high-dimensional
inverse design problems. The optimization targets broadband absorption under normal incidence while preserving optical
transparency, with graphene used as a representative resistive material. Numerical results demonstrate effective suppression of
resonance-induced spectral holes and stable, wideband absorption in multilayer structures with 10 layers, showing robustness under
fabrication-inspired constraints and oblique incidence.
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INTRODUCTION

The ability to lower the radar visibility of various platforms is essential for their protection in modern high-threat
environments. The mitigation of radar cross-section (RCS) directly determines the operational survivability of these
assets [1]. This reduction in radar signatures can be achieved by optimizing sophisticated structural configurations, such
as multi-layered systems, capable of broadband absorption. Beyond stealth applications, absorbing materials are
essential for ensuring the electromagnetic compatibility of electronic equipment, protecting biological entities from
electromagnetic radiation, and eliminating reflections in anechoic chambers [2]. However, many of the proposed
absorber designs rely on complex geometries and fabrication techniques that are difficult to implement in practice,
especially under constrained industrial or real-world field -deployment conditions. This motivates the development of
structurally simple, scalable, and computationally efficient absorber designs. In recent years, graphene-based structures
have attracted particular interest due to their unique surface conductivity, mechanical flexibility, and optical
transparency, which open new possibilities for multifunctional devices. The present study focuses on the efficient
optimization of the scattering and absorption characteristics of an infinite periodic multilayer grating of resistive strips,
enabled by our home-made ultra-fast rigorous electrodynamic solver. The emphasis is not on proposing new exotic
absorber geometry, but on demonstrating a computationally efficient optimization framework suitable for structurally
simple and scalable designs.

Designing an efficient wideband device, be it an absorber, focuser, or radiator, is a non-trivial task that requires
solving a complex multi-parameter optimization problem. The primary objective of this research is to achieve
maximum absorption over a broad frequency band while maintaining the structure's optical transparency for H-
polarization. From a computational perspective, this problem is a high-dimensional inverse design task, in which each
additional layer introduces multiple strongly coupled geometric and material parameters. This requirement is dictated
by the potential use of such absorbers as transparent shielding coatings for aircraft cockpit canopies or protective glass
for optical sensors, where graphene interacts effectively with microwave radiation without obstructing visibility in the
visible range. Although graphene is used as a representative resistive material, the proposed optimization framework
and solver are applicable to a wide class of resistive or impedance-type surfaces. To ensure modeling accuracy, the
dielectric medium hosting the multilayer grating is assumed to be lossless. The solution to this electrodynamic problem
is implemented via a hybrid computational framework built on a client-server architecture. This approach separates the
global search logic from the intensive numerical kernel, enabling efficient parallelization of the rigorous singular
integral equation (SIE) method and the operator method [3], [4] across multiple computing nodes. This methodology
significantly reduces the dimensionality of the resulting system of linear algebraic equations by decomposing the
complex problem into stages, while the stochastic nature of the optimization algorithm enables the simultaneous
analysis of high-dimensional search spaces. A key advantage of this approach is the explicit incorporation of the edge
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condition, which accounts for the singular behavior of the electromagnetic field at the boundaries of the graphene strips.
Unlike approximate approaches based on equivalent circuit models [5] or commercial codes based on finite-element
method, this rigorous formulation ensures high numerical convergence and accuracy, which is essential for the precise
modeling of multilayer graphene-based structures.

In such electrodynamic problems, classical optimization methods, such as gradient descent, often fail. Typically
non-convex objective functions lead to stagnation in local minima. To overcome these topological challenges, the
differential evolution (DE) algorithm is used [6].

While DE is a robust global search tool [6], its performance is often enhanced through specialized strategies.
Recent advancements include perturbation estimation for complex Pareto fronts [7], self-adaptive mutation strategies to
handle noisy functions [8], and multi-strategy approaches to prevent premature convergence [9]. The versatility of DE
extends beyond electromagnetics, proving effective in training high-gain controllers [10] and optimizing magnetic
sensor placement [11].

In applied electrodynamics, the current trend shifts toward hybridizing DE with surrogate modeling and machine
learning to accelerate the design of ultra-wideband antennas [12], [13], slow-wave structures [14], and textile
metasurfaces [15]. Neural networks are frequently employed to assist DE in learning variable patterns [16] or to replace
computationally expensive simulations [17]. Despite the popularity of approximate transmission line models for
absorbers [5], our approach prioritizes a rigorous SIE formulation. By leveraging an in-house developed, ultra-fast
solver combined with a parallelized client-server framework, we bypass the need for surrogate models.

PROBLEM FORMULATION AND OPTIMIZATION GOALS

Consider a multilayer periodic structure consisting of N dielectric layers separated by infinite graphene strip
gratings. The entire stack is situated in a Cartesian coordinate system (x, y, z), where the z-axis is directed along the
infinite graphene strips, and the z-axis is normal to the layers (see Fig. 1). All gratings share a common period / along
the y-axis, which allows the structure to be treated as a single periodic system. However, the geometric parameters of
each layer are independent: the n-th layer, n=1, 2, ..., N is characterized by the strip width 2d,, and the chemical
potential of the graphene p.,. The distance between the n-th and (n+1)-th gratings is A,, the distance from the vacuum-
dielectric interface to the first grating is 4. The structure is illuminated by an H-polarized plane electromagnetic wave
incident from the upper half-space (z > 0) at an angle 0 relative to the normal. The structure is infinite along the x-axis.
The magnetic field vector of the incident wave is directed along the strips (the x-axis):

H)’;(y,z)=exp(—ik0(ysin9+zc059)), )

where ko =2 7/ A is the wavenumber in free space, and the time dependence is assumed to be exp(—iw?).
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Figure 1. Structure geometry. (a) Multilayer structure, (b) single layer.

Graphene is modeled as an infinitesimally thin conductive sheet with a surface conductivity ¢ = (f, uc, t, 7),
calculated using the Kubo formula, which includes both intraband and interband transitions [18], [19]. Here, f'is the
frequency, T is relaxation time, and T is the temperature. In our model, graphene strips are treated as resistive
boundaries imposing a discontinuity in the tangential magnetic field proportional to the surface current density and
continuity of the tangential electric field component:

b o .
E} = E, , in the plane of strips, 2

H - H, =0E} , on graphene strips. ?3)
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Here, the superscripts “+” and “—” denote the field values on the upper and lower sides of the graphene strip,
respectively.

The primary objective of the optimization is to design a structure that acts as a wideband absorber in the
microwave range while maintaining optical transparency. Since optical transparency is inherent to the material choice
(graphene and transparent dielectrics), the optimization routine focuses on maximizing the absorbance A(f) in the target
frequency band [fmin, fmax] under normal incidence, = 0°. The absorbance is defined as 4 = 1-R-T, where R and T are
the power reflection and transmission coefficients, respectively. Thus, the problem is reduced to finding the optimal
vector of parameters P = (4, Ay,..., An-1, di,..., dn, Het,..., Len) that minimizes the following cost function:

Smax
F®)= [S(A(f. Py 0
Sinin

where S(x) is local scoring or penalty function.
The search space is constrained by physical realizability and fabrication limits, such as minimum strip width and
feasible doping levels.

NUMERICAL MODELING STRATEGY
The electromagnetic simulation of the proposed structure is performed using a hybrid scheme that combines a
rigorous SIE method for individual layers and an operator-based cascading technique for multilayer systems.

Scattering Matrix of a Single Layer
First, let us consider an auxiliary problem of diffraction by the n-th individual periodic grating embedded in a
dielectric slab of width #,, characterized by a strip width of 2d,, a period /, and a graphene chemical potential .
Following the rigorous derivation presented in our previous work [3], the problem is reduced to finding the unknown
function F(&), which is related to the derivative of the surface current density on graphene strips. The enforcement of
boundary conditions leads to SIE of the first kind with a Cauchy-type kernel:

) )
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where &=2mny/l, 8=nd,/I are dimensionless coordinate and half of the strip width, K(y, &) is a regular kernel function, H”
is so-called primary field and it describes the excitation field.

We discretize (5) using the Nystrom-type method [20], [21] with Gauss-Chebyshev quadrature rules, converting
the integral equation into a compact system of linear algebraic equations. Solving this system yields the Fourier
coefficients of the scattered field and allows one to construct the local reflection r, and transmission t, operators.

Coupling via Operator Equations

Once the scattering operators r,, and t, are determined for all N layers, the electromagnetic response of the entire
stack is determined using the operator method for multilayer structures [4]. Unlike standard transfer matrix methods,
which may suffer from numerical instability due to exponentially growing terms, we employ a stable recursive system
of matrix equations of the second kind.

Let B, and C,, denote the vectors of Fourier amplitudes of the waves propagating upwards (away from the
substrate) and downwards (towards the substrate) in the region between the m-th (m+1)-th gratings, respectively (see
Fig. 1). The coupling between adjacent layers is governed by the following set of Fredholm second-order matrix
equations:

Bm: tm+lemBm+]+rm+lemCma (6)
Cm:rmemBm +tmem—1Cm—1 5 (7)

where e,, is a diagonal matrix of phase shifts accounting for the propagation of spatial harmonics through the dielectric
of thickness Ay=hu+hm1: en=diag{exp(i yr Am)}, k=o0... 0.

For a finite stack of N layers, the structure is closed by the radiation conditions at the top and bottom interfaces.
The total reflection, R, and transmission, T, amplitude vectors are expressed as:

R =rq+tieBy, ®)

T =ty exCh. 9

For numerical implementation, the operators are truncated by retaining Floquet harmonics with indices k € [-M,,
M,], resulting in matrices of size (2M, + 1)x(2M, + 1). Due to the exponential decay of evanescent modes in dielectric
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spacers, values M,~5—-10 provide sufficient accuracy. The computational cost scales linearly with the number of
layers M.

The key advantage of the proposed formulation lies not only in numerical accuracy but also in its ability to serve
as an efficient forward solver within large-scale optimization loops. By reducing the electromagnetic problem to a
surface-based formulation, the number of unknowns scales with the number of interfaces rather than with the physical
volume of the multilayer structure. This makes repeated forward evaluations feasible even for multilayer systems,
which is generally impractical for volumetric methods such as the finite-element method (FEM) or the finite-difference
time-domain (FDTD) method.

PARALLEL COMPUTATIONAL FRAMEWORK

To efficiently solve the inverse scattering (optimization) problem, which requires evaluating the objective function
thousands of times, we developed a heterogeneous parallel computing framework. The system follows a master-slave
architecture, leveraging Python's flexibility for the evolutionary algorithm and C++'s raw computational speed for the
rigorous electrodynamic solver.

The framework consists of two distinct software components communicating over a TCP/IP network:

The server (Orchestrator) is written in Python. This component manages DE population, handles the genetic
operations (mutation, crossover, selection), and dispatches computing jobs to available clients. It uses the asyncio
library for non-blocking network communication and threading to separate the DE logic from the graphical user
interface (GUI). The clients (solvers) represent the High-performance applications written in C++. Each client acts as a
function evaluator. It receives a set of geometric and material parameters, constructs the corresponding scattering
matrices, and computes the spectral response.

Both server and client applications have graphical user interfaces (GUI). On the server side, this enables real-time
visualization of the convergence curve and dynamic adjustment of DE hyperparameters such as mutation factor, F,
crossover rate, CR. On the client side, the GUI provides visual feedback on the current structure-layer profile and field
distribution, which is essential for debugging and monitoring the physical validity of the solution.

The core optimization logic resides on the Python server. To maximize resource utilization, the server maintains a
pool of connected C++ clients. The DE algorithm is parallelized at the generation level.

During population initialization, the server generates an initial population of NP vectors within the specified
bounds. The initialization and subsequent evolution are confined within a hyper-rectangular search space defined by the
lower and upper bounds for each parameter, e.g., graphene chemical potential p.,€[0, 1]eV, layer spacing
Ap = hipitha,, where hi, ho € [€gap, hmax]. A specific geometric constraint is applied to the strip width 2d, to ensure the
physical realizability of the periodic structure. To prevent the graphene strips from overlapping with neighboring
periods or touching the cell boundaries, the maximum strip width is strictly limited 2dmax = [ — €g4p, Where €44y is a small
safety margin, while the minimum strip width 2dmin = €g4p. This constraint is enforced during the trial vector generation
and DE execution.

At the job dispatching stage, for each generation G, the server generates trial vectors U;. These vectors are
converted into "jobs" and placed in an asynchronous queue. The job_dispatcher coroutine continuously monitors the
status of connected clients and assigns pending jobs to free workers.

A critical feature of our implementation is the strict elitist selection strategy. After all trial vectors in a generation
are evaluated, the server compares the trial fitness F(U; ) with the target fitness F(Xi ), where:

Uig,» 1If F(U; )< F(X; ),
X, 641 ={ l l (10)

X, otherwise.

Here, X, denotes the parameter vector of the i-th individual in the current population (the target vector). This
mechanism ensures that the best traits are preserved ("elitism"), and the global fitness of the population monotonically
improves over time. The best individual of each generation is serialized to disk to prevent data loss and allow for result
analysis.

The client software is implemented in C++ to ensure maximum execution speed for complex matrix operations.
The application listens on a TCP socket for incoming commands. Upon receiving a request, the client performs the
following steps. During the parameter loading step, it reads the specific layer configuration (thicknesses and
permittivity) from shared storage. During the matrix construction step, it generates truncated scattering matrices of size
(M, + 1)x(2M, + 1). At the recursive solving step, it executes the recursive operator algorithm (7)-(10) to determine
reflection and transmission coefficients, as well as absorbance. At the fitness calculation step, it compares the computed
spectral characteristics with the required ones using the weighted objective function and returns the result to the server.

To minimize network overhead, we implemented a custom lightweight text-based protocol. Heavy data (such as
full layer topology vectors) is exchanged via a shared network file system, while the TCP socket is used exclusively for
control commands and synchronization. The communication cycle is defined as follows. Upon connection, the server
assigns a unique ClientID to the worker. The server sends a job request in the ASCII format. It sends the specific
configuration file location and the dynamic weights for the objective function components. The C++ client uses a
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buffered socket reader. It parses the tokenized string, loads the geometry from configuration file, and runs the solver.
After computation, the client sends back a concise response.

This approach decouples the data structure complexity from the transmission protocol, allowing us to change the
number of layers or parameters without rewriting the network code.

The numerical analysis is performed on a discrete frequency grid fi = fmin + kAf, k=1, 2, ..., M, where M is the
number of frequency points, the integral objective function (4) is replaced by a discrete summation of local penalties.
The client calculates the total fitness F as:

M
F(P)=Y S/(A(f;.P), (11

k=1

where S1(A4) is a piecewise linear penalty function defined by a set of thresholds (¢, ..., #4) and value parameters (vy, ...,
v4) received from the server. This function assigns a low penalty value v; if the absorbance A4 exceeds the high threshold
t1, and a maximum penalty v4 if 4 falls below the critical threshold #. Intermediate values are determined via linear
interpolation, allowing for a flexible definition of the optimization goal ("soft" vs "hard" constraints) by simply
adjusting the weights in the server configuration,

Vi, X214,

xX—1,

vy +— v —w), tSx<t,
Si(x) = e p (12)
vy + 3 vy —v3), t<x<ty,

by =1
V4, x<t4.

NUMERICAL RESULTS AND DISCUSSION

The primary goal of the optimization is to maximize the absorbance A(f) over the frequency band of interest, /€
[fmin, fmax]- Namely, our purpose is to maximize absorption, at least at the level 4 > 0.8, preferably 4 > 0.95. For
wideband applications, absorption uniformity is as critical as its peak value. Sharp drops in absorbance (where 4 — 0)
due to the excitation of high-Q resonances render the device ineffective. Consequently, the objective function must
strictly penalize such spectral holes. The structure under study can support multiple resonances. Resistive graphene strip
acts a resonator for the plasmon modes in the terahertz and infrared frequency range. However, at GHz, they are not
excited. Periodic structures support Rayleigh anomalies on vacuum or grating modes in a dielectric slab. Also, inter-
layer Fabry-Perot modes and corresponding resonances can be excited.

Based on the discrete frequency model (11), we employ a piecewise-linear penalty function with the following
empirically determined coefficients: thresholds #=1.00, ©=0.95, :=0.80, =0.20, and corresponding values v,=—-5.0,
va=—0.5, v3=0.0, v4=50.0. This configuration creates a "soft" reward for high absorption (4 > 0.95) and a severe "hard"
penalty for any drop below 0.2, effectively guiding the evolutionary search away from solutions with deep reflection
resonances.

1000 - ‘
® —— Trial 1, /=0.07 m
= \ —— Trial 2, /=0.07 m
S 500y Trial 1, /=0.05 m
& —— Trial 2, /=0.05 m
3
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= 09
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-500+

0 50 100 150

Generation Number

Figure 2. Convergence curves. The best fitness value vs. the generation number for different periods, /= 0.05 m and / = 0.07 m, and
two trials, N=10, 6=0°.

The population consisted of NP=50 individuals. Since DE is a stochastic process, multiple independent runs were
performed to avoid stagnation in local optima. Fig. 2 shows convergence curves of the best fitness value versus the
generation number. The convergence exhibits a characteristic step-like behavior and typical two distinct phases [10]. In
the early stages, we observe large steps corresponding to the "exploration" phase, where the algorithm rapidly discards
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clearly non-optimal geometries. In the later stages, the curve shows long plateaus separated by small improvements
("exploitation" phase), as the algorithm fine-tunes the strip widths and chemical potentials to suppress residual
resonances.

For the optimization, we take the number of frequency points M = 250, the frequency step is Af=0.1 GHz, the
frequency band is fmin = 1 GHZ, finax =25.9 GHz, and the number of layers N=10. The relative permittivity of the
medium is typical for fighter jet cockpit canopy (polycarbonate), € = 3. The incidence angle is @o = 90° (orthogonal
incidence). The graphene parameters are =1 ps, T =300 K. The geometric parameters are /imax= 0.7 m, € is set to
0.01 m in the configuration.

Direct optimization of a 10-layer structure involves a high-dimensional search space (4 parameters x 10 layers =
40 variables), which can lead to slow convergence. To mitigate this, we employ a dimensionality reduction strategy
based on cubic spline interpolation. The chromosome (trial vector) of each individual consists of only 16 reference
parameters. These correspond to the four physical characteristics (dy, /14, han, Men,) defined at four specific "anchor”
layers: indices n = {1, 4, 7, 10}. During the evaluation phase, the server expands this 16-element vector into the full set
of 40 parameters for all 10 layers using cubic interpolation (scipy.interpolate.interpld). This approach ensures a smooth
gradient of properties across the stack, which is physically favorable for wideband matching. After the cubic
interpolation, the constraints are applied preventing parameters for non- anchor layers to be out of ranges.

All computations are performed on a 12th-generation Intel Core i7 processor (featuring 8 performance and 4
efficiency cores). Electromagnetic simulation for a single individual takes approximately 80 seconds on a single
computational thread. The order of the resulting linear algebraic system is 30 for a single layer. Additionally, 21 plane
waves (both propagating and evanescent) are considered in the multilayer structure. During the optimization, the
efficiency cores were deliberately excluded. The number of parallel threads is strictly limited to 10. Allocation of
additional threads increases the computation time per task due to memory access overhead and cache contention among
the performance cores. Consequently, evaluation of a single population of 50 individuals in parallel takes approximately
400 seconds. The time required for the differential evolution algorithm operations, task distribution, and data exchange
is negligibly small compared to the rigorous electromagnetic simulation.

To visualize the effectiveness of the DE optimization, we compare the spectral response of the best individuals at
different stages of the evolutionary process. Fig. 3 presents the power reflection, transmission and absorption
coefficients vs. the frequency for the best candidate obtained at the 25th generation (early stage) versus the final
solution at the 100th generation. As observed, the solution at the 25th generation already satisfies the basic requirement
of 4> 0.8 over a significant portion of the band. However, the dependencies exhibit highly oscillatory behavior, with
several sharp minima where the absorbance drops significantly. These dips typically correspond to the excitation of
high-Q resonances within the multilayer structure, which have not yet been fully compensated. Crucially, the final
converged solution (100th generation) demonstrates that the algorithm successfully adjusted the geometric and physical
parameters to significantly suppress these detrimental resonances. The optimization effectively flattened the spectral
response, maximizing the area under the absorbance curve and eliminating the "holes" in the operational band. For a
complete optimization run of 100 generations, the total number of objective function calls (forward solver evaluations)
is 5000 per trial.

1.0+
0.8
Reflectance
“2'“ 0.6 Transmittance
&‘h Absorbance
A 0.4+
Generation 25
0.2 1 I il Generation 100
0.0 L cON . :
5 10 15 20 25
1, GHz

Figure 3. Power reflection, transmission, and absorption coefficients vs. the frequency for the best individuals from the 25th (dashed
lines) and 100th (solid lines) generations, / = 0.05 m, N=10, 6=0°

We further investigated the influence of the structure period / on the optimization results. Fig. 4 shows the
dependence of the power reflection, transmission, and absorption coefficients on frequency. Two distinct cases are
presented in Fig.4, for /=0.05m and /=0.07 m. The results shown in Fig. 4 indicate that the interpolation-based
optimization successfully finds high-absorption solutions in both cases. With a larger period, more resonances can be
excited in the considered frequency band, creating a strong perturbation that the optimizer must counteract by precisely
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tuning the graphene chemical potential and strip widths. This increased complexity is clearly reflected in the
convergence curves shown in Fig. 2. The fitness levels for the structure with the larger period remain consistently
higher (indicating a larger penalty) throughout the optimization process. DE algorithm requires more generations to find
a specific combination of parameters that can "cancel out" the additional grating-induced resonances. Essentially, each
new resonance peak in the spectrum acts as an additional constraint in the parameter space, shifting the global minimum
of fitness function F(P) and making the optimization landscape more rugged. Despite this, the final absorbance profiles
for both periods reach the target level.

1.0
0.8
Reflectance
T .
¢ 0.6 Aﬁf(f:ﬁ]ﬁizce
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< 0.4+ —— /=0.05 m
peeees [=0.07 m, Trial 1
0.2 - - --/=0.07 m, Trial 2
.-'.'.7~
0.0-

Figure 4. Power reflection, transmission, and absorption coefficients vs. the frequency for different periods / = 0.05 m and
[=0.07 m, N=10, 6=0°

From a practical engineering perspective, supplying an individual DC bias voltage to each isolated graphene strip
in a 10-layer stack presents a significant fabrication challenge. To address this, we performed a constrained
optimization run simulating "unbiased" graphene. In this scenario, the chemical potential ., was removed from the
gene vector and fixed at p.,~0 eV, leaving only the geometric parameters (strip widths and layer spacings) available for
optimization. The results are shown in Fig.5 for 100th generation. As shown, even without active tuning of the chemical
potential, the algorithm successfully identifies a geometric configuration that yields substantial absorption.

Finally, we study the angular stability of the optimized 10-layer absorber. Although the structure was optimized
for normal incidence (0 = 0°), its performance was evaluated at oblique angles of 8 =30° and #=60°. The results,
presented in Fig. 6, demonstrate that the absorbance remains remarkably stable. Except for a narrow frequency range at
the lower end of the spectrum, the absorption coefficient remains above the required level of 0.8 even at significant tilt
angles. The results indicate that the proposed multilayer configuration possesses high angular tolerance, which is
essential for effective electromagnetic shielding and radar-absorbing applications in real-world scenarios.
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Figure 5. Power reflection, transmission, and absorption Figure 6. Power reflection, transmission, and absorption
coefficients vs. the frequency for unbiased graphene structure, coefficients vs. the frequency for different incidence angles 6=0°,
[=0.05m, pex = 0 €V, N=10, 6=0° 6=30°, and 6=60°, / = 0.07 m, N=10

The angular stability of the optimized structure under oblique incidence is primarily governed by the strips
resistive nature and the applied optimization strategy. The surface conductivity of graphene strips is independent of the
angle of incidence. In the microwave range, the localized resonance effects on the isolated graphene strip are less
pronounced than in the terahertz frequency range, where high-Q plasmon resonances can arise. Also, the DE
optimization process finds a set of parameters that maximally suppresses the resonances connected with the periodicity,
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thereby preventing the formation of narrow dips in the frequency dependences. As a result, the absorption mechanism
becomes less sensitive to phase variations introduced by oblique incidence, while the contribution of resistive losses
remains dominant over a broad angular range.

CONCLUSIONS

The developed surface-based electromagnetic formulation enables efficient analysis of multilayer periodic
absorbing structures with a large number of layers, avoiding volumetric discretization of the dielectric domain. By
reducing the problem dimensionality to the grating interfaces, the computational cost scales with the number of layers
rather than the physical thickness of the structure. As a result, the proposed forward solver is orders of magnitude more
efficient than domain-discretization techniques such as FEM or FDTD, making it particularly suitable for repeated
evaluations within iterative optimization loops.

Coupling this solver with a parallel differential evolution algorithm allows practical optimization of high-
dimensional multilayer designs under broadband performance requirements and fabrication-inspired constraints. The
numerical results demonstrate that the optimized ten-layer resistive grating structure provides stable broadband
absorption, effectively suppresses resonance-induced spectral holes, and preserves optical transparency and robustness
under oblique incidence.

The proposed approach provides a scalable, computationally efficient tool for designing advanced multilayer radar
absorbers and can be readily extended to other classes of planar periodic electromagnetic structures and polarization
scenarios.
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IpencraBneHo oOYMCIIOBANBHO €()EKTUBHY METOAMKY ONTHMIi3alil OaraTolmlapoBHX pamiONOINIMHAIOYHMX CTPYKTYpP HA OCHOBI
HEePIOUYHMX IUIOCKHX PELIITOK 3 PE3UCTUBHUX CTPIYOK, PO3TAIIOBAHMX Y JAICNEKTPUYHOMY LIapi, Ui BUMaaky H-momsipusarii.
EnexkTpoMarHiTHi XapakTepUCTHKH MOJETIOITECS 3 BHKOPHCTAHHSAM CTPOrOrO METOJAY CHHIYJSIPHUX IHTErpajbHHMX PIiBHSAHb Y
MOEHAHHI 3 OTIEPATOPHUM METOAOM, IO 3a0e3Medye BUCOKY TOYHICTh 1 YHCIOBY CTa0UTBHICTD 32 HU3BKHX OOYHCIIOBAIbHUX BUTPAT.
Le#t HammBuAKWii aNropuTM pPO3B’SI3aHHSA MPSIMOI 3aJadi IHTETPOBAaHO B MapalelibHy CHCTEMY ONTHMi3alii Ha OCHOBI
JuepeHIiaIbHOl eBOMIONI], peanizoBaHy B apXiTEKTypi KII€HT—cepBep, IO J03BOJsIE €(PeKTHBHO PO3B’sA3yBaTH 0araTOBHMIpHI
3amadi 3BOPOTHOTO INPOEKTyBaHHSA. OnTHMIi3alis CIpsSMOBaHA Ha JOCATHEHHS IIHMPOKOCMYTOBOTO IOTJIMHAHHS 32 HOPMAJIbHOTO
MajgiHHs 31 30epeEeHHsSIM ONTHUYHOI IPOo30pocTi. SIK pemnpe3eHTATHBHHMN pPE3NCTHBHUH Martepian BUKopHcTaHO rpaden. Yuciosi
pe3yNbTaTH IEMOHCTPYIOTH e()eKTUBHE NPHUAYLICHHS PE30HAHCHUX MPOBATIB Y CHEKTPi Ta CTaOUIbHE MIMPOKOCMYTOBE ITOTJIMHAHHS
JUISL IECTUILLIAPOBUX CTPYKTYP, @ TAKOXK CTIHKICTh XapaKTEPUCTUK 32 YMOB IIOXMJIOTO TaJiHHS Ta 3 ypaxyBaHHSAM KOHCTPYKTHBHHX
00MeXKeHb.

KurouoBi cioBa: cpagen; wupokocmyeo8uili noenuHay; OupepeHyianvHa esonroyis; CUHZYIAPHEe [HMepanbHe PDIGHAHH,
bazamowaposa nepiooutHa Cmpykmypa, 2106anbHa Onmumizayis



