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Abstract: The reduction in mass and surface of antennas and scattering structures is an
important task in designing electromagnetic devices. To solve this task, we present a novel
algorithm based on the optimal current grid approximation for generating sparse scattering
structures and evaluating their effectiveness. The main contributions of the work include
analyzing the performance of the optimal current grid approximation and its modifications
in generating sparse antennas, as well as demonstrating the effectiveness of the algorithm
in generating sparse scattering structures using a scattering plate and corner reflectors as an
example. To validate the accuracy of the algorithm, we compared the scattering properties
of the obtained sparse scattering structures. The results show that the algorithm worked
accurately and effectively in generating sparse scattering structures while reducing their
mass and surface.

Keywords: sparse antenna; sparse scatterer; optimal current grid approximation; method
of moments

1. Introduction

Antennas and scattering structures are widely used in various fields, from civil [1-5]
to military [6-10]. With the continuous advancement of science, the demand for producing
compact antennas and scatterers with intelligent designs is increasing [11-14]. Designing
those structures to achieve required properties while maintaining low production costs
necessitates high-accuracy simulation software with low computational costs. Simulating
structures significantly reduces production costs, allowing for the assessment and optimiza-
tion of structural properties before manufacturing. Additionally, it helps avoid technical
errors during production [15]. Thus, simulation becomes an essential part of the design
process for antennas and scattering structures [16,17]. However, accurate modeling may
require intensive computations, especially when analyzing complex structures. In the
meantime, the proper choice of numerical methods for modeling can significantly impact
the cost and efficiency of the design process.

One of the common methods for analyzing antenna and scatterer structures is the
method of moments (MoM) [18-22]. MoM is based on transforming the integral equa-
tions of the electric field into a system of linear algebraic equations, and then the current
distribution in the structure is determined by inverting the impedance matrix [23,24].
MoM is considered to have a simple algorithm and low computational costs compared to
other methods, while allowing for acceptable simulation results. Based on MoM, many
new approaches to modeling antennas and scatterers have been developed [25-29]. One
prominent method is the surface approximation of structures using wire grid (WG). This
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approach simplifies the surface shape, making the implementation of modeling in source
code easier. Multiple studies on modeling antenna and scattering structures have been
conducted taking advantage from this approach (WG based on MoM) [30-34].

The reduction in antenna mass is an important factor in many engineering fields [35,36].
Low mass and compact size not only reduce transportation costs (for example, into
space [37,38]), but also simplify installation and maintenance, and can minimize nega-
tive environmental impacts on the structure (for instance, wind and rain).

Similarly, in the field of interferometric synthetic aperture radar (InSAR), corner
reflectors (CRs) are a typical example of scattering structures [39—42]. These structures are
prominent because they are easy to fabricate and feature significant scattering capabilities
over a wide range for incident plane waves. However, a clear disadvantage is that the
size of CRs is often quite large (for example, a trihedral CR can have edge lengths of up
to 2.5 m [43]). In addition, their weight is also relatively heavy, mainly due to the use of
conductive metal materials. Therefore, reducing the mass of these structures to facilitate
transportation, installation, and maintenance is an important issue that needs to be solved.

Several methods have emerged to reduce the weight and size of these structures. One
example is the use of silver-coated textiles [44]; however, a disadvantage of this method
is that the conductive material is susceptible to environmental factors. In addition, the
silver-coated technology is complex and expensive. Another method is the use of structures
with a perforated plate [45]. Although this method significantly reduces the weight of
the entire structure and improves drainage of accumulated rainwater [46], the perforation
process complicates manufacturing and increases costs [47]. Moreover, perforation can
often cause surface deformation [43]. Therefore, there is a need to develop new methods to
reduce the weight of such structures.

To reduce antenna mass and surface, we [38] developed a technique that uses optimal
current grid approximation (OCGA) based on MoM and WG. This technique allows for
easy implementation of algorithms to create sparse structures by removing wires with low
current magnitudes from the structure. The application of OCGA not only significantly
reduces the mass and surface of the structures but also decreases computational costs,
including calculation time and the necessary computer memory. When it is necessary
to reduce the mass and surface of scattering devices, the use of OCGA to design sparse
scatterer structures becomes truly essential. However, the biggest difference between
antenna and scattering structures is the characteristics of the excitation source. In antennas,
the source is typically fixed [6], while in scattering devices, the source depends on many
parameters of the incident wave, for example, direction, polarization, and wave front
(spherical, plane, etc.) [48,49]. Therefore, applying OCGA to scattering structure presents
more challenges.

CR structures are composed of flat metal plates with various shapes [50,51]. Therefore,
reducing the mass and surface of rectangular flat scattering plates will be considered a
preliminary study to apply the OCGA algorithm to more complex scattering structures in
the future. In addition, the synthesis and review of the results related to the reduction in
antenna mass and surface based on OCGA will provide more insight into the effectiveness
of this algorithm. This will facilitate the application of OCGA to reduce the mass and
surface of scattering structures. Therefore, the aim of this paper is to present the results of
sparse antennas generation summarized from previous studies and developed algorithm
for generating sparse scattering structures based on OCGA.

This paper is organized as follows. Section 2 presents a comprehensive review of
approaches for reducing mass and surface of various antenna structures using the OCGA.
Section 3 presents the results of validating scattering characteristics for the plate scatterer
structure, obtained using MoM with pulse basis function (PBF) based on WG. Section 4
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introduces an algorithm to sparse the scattering structure when it is excited by an incident
wave at a specific direction. Section 5 presents another algorithm to generate sparse
scattering structures and analyze their scattering properties when the specific excitation
region of the incident wave is unknown through the scattering plate example. Section 6
analyzes it when this region is known. Section 7 presents the results of generating a
sparse structure of a dihedral and circular trihedral corner reflector. Section 8 summarizes
and discusses the results obtained and highlights the points to consider in future studies,
followed by conclusions in Section 9.

2. Review of Approaches for Reducing Mass and Surface of Various
Antenna Structures Using the OCGA

The MoM is widely used for modeling different antenna designs with low computa-
tional cost and optimizing their designs to meet specific requirements. A review of the
MoM-enhanced antenna modeling history and the potential of using WG to approximate
the solid metallic surface of different antenna types is presented in [38]. To further reduce
the antenna mass, surface, and computational cost, sparsifying WG antenna structure
by using OCGA was firstly proposed in [38]. The OCGA works based on obtaining the
current distribution in a WG structure. After this, the current magnitudes in each wire are
normalized by their average or maximum value. Then, all wires with current magnitudes
less than a certain threshold are eliminated since their contribution to the radiation is
negligible. This threshold is called the grid element elimination tolerance (GEET) and can
be adjusted according to each specific requirement. The result is a sparse WG structure that
includes only wires with large currents. Compared with the original WG structure, the
sparse WG structure has lower antenna mass and surface as well as its modeling cost.

To generate sparse WG structures using OCGA, it is necessary to accurately approxi-
mate the solid metal surface of the antenna using WG. Many recommendations have been
proposed in the past for approximating metal surfaces using WG. However, they are not
complete and are not suitable for creating an original WG structure to which OCGA can
be applied to create a sparse structure. The suitability and inadequacy of the previous
recommendations are presented in detail in [52]. Therefore, new recommendations were
proposed in [52] for approximating the solid surface of horn structures using WG, which
can be used as an original structure for applying OCGA to create a sparse structure. An ap-
proximate comparison of antenna surface using WG with different cell types such as square
and trapezoidal was carried out. Antenna surface approximation using WG and OCGA to
create sparse structures was compared in different computer-aided design systems such
as TUSUR.EMC [53], MMANA-GAL [54], and 4NEC2 [55]. In addition, an optimization
method based on OCGA was proposed in [56] to generate sparse WG structures that meet
the given criteria. The algorithmic details of this optimization method were presented, and
software with a user-friendly interface was developed based on this method.

However, the WG structure obtained after OCGA encounters difficulties in fabricating
unprinted antennas because it has wires that are not connected to the structure (free wires).
To overcome these difficulties, a modification of OCGA to create a sparse WG structure
with connected current paths was proposed in [38]. This modified approach is referred to
as “Connecting” OCGA (COCGA), and its main idea is to recover radial wires to create a
current path between the free wires and the structure, since for radial structures these wires
usually carry large currents. The algorithm details of the OCGA and COCGA approaches
were presented in detail in [38]. The OCGA and COCGA approaches have been applied to
a reflector antenna (5.1-5.9 GHz), a horn antenna at 8 GHz, perforated X-band horn antenna
(8-12 GHz), and a conical horn antenna at 8 GHz. A comparative analysis of the sparse
structures obtained after applying OCGA and COCGA to these types of antennas was
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presented in [57] in detail. The comparative analysis shows that COCGA generally results
in antenna characteristics closer to the original structure, demonstrating higher accuracy in
preserving the original characteristics, while OCGA also demonstrates the possibility of
reducing the antenna mass and surface as well as the time and memory requirements for
subsequent modeling. In addition, [58] presented details on the classification of hidden
antenna types and the possibility of using sparse WG structures to design hidden antennas
that meet specific requirements.

Since the current distribution on the obtained WG structure is different at different
frequencies in the operating frequency range, the effect of frequency selection on the ob-
tained sparse structure after OCGA and COCGA application on the horn antenna X-band
(8-12 GHz) was analyzed in [59]. The analysis results show that the sparse structures
obtained based on the current distribution at the lowest frequency in the operating fre-
quency range provide antenna characteristics closer to those of the original antenna and
less dependent on the GEET value, compared to the other structures. In addition, at the
highest frequency in the operating frequency range, the sparse structures obtained after
COCGA provide results with minimal differences compared to the original structure.

The sparse structure obtained after COCGA has antenna characteristics close to those
obtained for the original structure. However, it recovers a large number of radial wires to
maintain the current paths in the structure and its continuity, which leads to a nonoptimal
reduction in mass and simulation cost. Therefore, OCGA modifications were proposed
in [60] to create a sparse WG structure with all wires interconnected. These approaches were
referred to as “Eliminating” OCGA (EOCGA) and “Near-Connecting” OCGA (NCOCGA).
To provide a current path in the sparse WG structure, EOCGA eliminates all free wires in
the sparse WG structure obtained after OCGA, while NCOCGA restores only those wires
that are necessary to connect these free wires to the structure. The algorithms of these
approaches were discussed in detail, and their performance was verified on different types
of antennas.

However, the algorithms of these approaches were based on the geometric position of
the wires in the grid, which limits their accuracy. Furthermore, they are only applicable to
radial WG designs such as antenna reflectors and conical horn antennas. Therefore, new
algorithms were proposed in [61] to improve the OCGA and its modifications. Its aim is
to use the start and end coordinates of the wires in combination with an algorithm for
finding free wires and determining the shortest path to connect them. The results obtained
after applying the modernized algorithms were compared with the results of the previous
algorithm. The comparison results showed that these new algorithms had higher accuracy,
efficiency, and flexibility and could be applied to many different types of WG structures.

The OCGA, EOCGA, and NCOGA with the modernized algorithms have shown to be
effective in creating sparse structures on various types of antennas operating at various
frequency bands. A series of prototypes, original WG and sparse WG structures obtained
after applying various approaches on various types of antennas are presented in Table 1.
The improvements in antenna mass and surface, memory and time cost in subsequent
modeling for various sparse structures were obtained after applying different approaches
to different types of antennas compiled from different works and presented in Table 2.
Moreover, Table 2 also summarizes the maximum differences in characteristics of these
sparse antennas compared to the original antenna in the operating frequency range. Then,
comparative analyses were performed to analyze the effect of frequency selection on the
sparse structure generated after applying different approaches.
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Table 1. Prototype, original WG structure and sparse structures obtained after applying different

approaches to different types of antennas.

Antenna £, GHz  GEET, % Prototype Original WG Sparse After OCGA  Sparse After EOCGA Sll\’fcr(s)ec‘g:r
34-37 30
Reflector
5.1-5.9 10
10-12 20
0.7-13 75
Horn
18-38 80
53-6.3 20
Conical horn
8 6
Patch 2-3 30

After the comparative analysis, these works provide conclusions and recommenda-

tions about the following:

The approach that provides better reduction in antenna mass, surface, and cost for
subsequent modeling (approach for reduction);

The approach that provides the best antenna characteristics (approach for characteristics);
The frequency at which the sparse structure is created is based on the current distribu-
tion at the frequency that has the best characteristics (current distribution for sparse
structure);
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e  The frequency at which the antenna characteristics of the sparse structure are obtained
is least dependent on the GEET value (frequency for characteristics).

Table 2. The improvements and maximum differences from the original sparse structure after
applying different approaches to different antenna types.

o Reductions, Times Maximum Difference in Characteristics
Antenna f, GHz GEET, % Approach Mass and Surface Memory Time Gmax, dB VSWR 1S111,dB 1Z1, Ohm
OCGA 1.39 1.94 2.71 0.14 0.007 2.83 0.34
3.4-3.7 30 EOCGA 1.99 3.97 791 391 0.018 8.78 0.72
NCOCGA 1.37 1.88 2.58 0.09 0.006 3.30 0.29
OCGA 1.51 2.28 3.44 0.12 0.01 0.26 0.08
Reflector 5.1-5.9 10 EOCGA 1.80 3.24 5.84 2.20 0.01 0.13 0.46
NCOCGA 1.49 2.21 3.27 0.10 0.01 0.25 0.09
OCGA 1.37 1.87 2.57 0.30 0.014 0.63 0.54
10-12 20 EOCGA 1.78 3.17 5.64 3.47 0.032 0.85 1.48
NCOCGA 1.36 1.86 2.53 0.28 0.016 0.61 0.70
OCGA 1.86 3.45 6.40 2.38 1.20 14.64 30.45
0.7-1.3 75 EOCGA 2.03 4.11 8.32 3.14 1.11 12.51 31.02
NCOCGA 1.83 3.35 6.14 2.33 1.22 13.00 28.14
Horn 812 60 OCGA 1.58 2.50 3.94 2.75 3.62 0.19 7.28
COCGA 1.56 2.44 3.82 2.04 3.17 0.16 7.33
OCGA 2.36 5.56 13.11 2.22 0.51 3.24 6.51
18-38 80 EOCGA 2.46 6.05 14.89 241 0.48 3.22 6.74
NCOCGA 2.32 5.38 12.48 2.20 0.46 3.14 6.15
OCGA 1.19 1.42 1.69 1.67 0.53 2.32 22.98
5.3-6.3 20 EOCGA 1.19 142 1.69 1.67 0.53 2.32 22.98
NCOCGA 1.19 1.42 1.69 1.67 0.53 2.32 22.98
Conical horn
OCGA 1.26 1.60 2.02 0.55 0.03 0.21 0.24
8 6 EOCGA 2.75 7.55 20.75 391 0.22 1.44 29.28
NCOCGA 1.25 1.56 1.96 0.57 0.03 0.22 0.20
OCGA 1.52 2.31 3.51 0.22 2.79 6.04 41.49
Patch 2-3 30 EOCGA 1.72 2.95 5.07 1.54 11.52 15.88 66.63
NCOCGA 1.49 222 3.31 0.88 3.08 15.81 136.12

The sparse WG structures presented in Table 1 demonstrate the accuracy of various
approaches. OCGA excluded the wires with normalized smaller current magnitudes than
a given GEET value and obtained the corresponding sparse WG structures. However, it
can be seen that some free wires appear in the sparse structures after OCGA. Therefore,
EOCGA eliminated them while NCOCGA recovered the necessary wires to connect them
to the WG structure. The sparse structures obtained after EOCGA and NCOCGA had no
free wires. This confirms the correct performance of the modernized algorithms, since
they can be applied to various antenna structures. The results summarized in Table 3
show that the greatest value of antenna mass and surface reduction and simulation cost is
usually obtained after OCGA and EOCGA, and the smallest value of the maximum antenna
characteristic difference when compared with the results obtained for the original structure
is usually obtained for the sparse structure after NCOCGA. Comparing the sparse structures
obtained based on the current distribution at different frequencies, it can be noticed that
virtually all works recommend that the sparse structures are generated based on the current
distribution at the lowest or center frequency in the operating frequency range. Moreover,
when comparing the antenna characteristics obtained at different frequencies for sparse
structures, the antenna characteristics obtained at the highest frequency in the operating
frequency range are stable and less dependent on the GEET value than at other frequencies.

All the results obtained after applying OCGA and its modifications on different
antenna structures operating at different frequencies demonstrate the effectiveness of these
approaches in creating sparse structures. The sparse antenna structures have lower mass,
surface, and modeling cost than the original structure, while the antenna characteristics are
maintained. Sparse antenna structures can be used to fulfill various requirements, such as
in IoT devices or space applications where there are severe specifications on antenna mass
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and size. In addition, they can be used in applications that require hidden antennas so as
not to affect the overall landscape.

Table 3. The conclusions and recommendations are given after comparative analysis of the sparse
WG structures in different works.

Approach for Approach for Current Distribution Frequency for
Antenna f, GHz Reduction Characteristics for Sparse Structure Characteristics
3.4-3.7 E/OCGA NCOCGA at the lowest frequency at the center
Reflector frequencies
10-12 E/OCGA NCOCGA at the lowest frequencies  at higher frequencies
0.7-1.3 E/OCGA NCOCGA at the center and at higher frequencies
lowest frequency
Horn 8-12 OCGA COCGA at the lowest frequencies  at higher frequencies
18-38 E/OCGA NCOCGA at the lowest or at higher frequencies
center frequencies
Conicalhorn ~ 53-63  E/OCGA NCOCGA at the lowest or atlowestand
center frequencies higher frequencies
Patch 2.3 E/OCGA NCOCGA at low and . at a particular
center frequencies frequency

The conditions for performing antenna measurements must fully meet the require-
ments and criteria specified in [62]. WG antenna structures have been widely developed
and studied in previous studies, and the far zone was considered for these types of antennas.
Although there are changes in the number of wires in sparse WG antenna structures, they
are basically not much different from the original WG structure. Therefore, the measure-
ment conditions and far zone requirements for these structures are still the same as those
for the original WG structures; they can be measured in an anechoic chamber or in outdoor
areas, depending on the purpose of testing the real-life performance of the antenna.

Figure 1 presents the setup for antenna measurements, the configuration of the sparse
antennas, and the results of main characteristic measurements for both sparse and original
antennas.

In [63], we created actual sparse horn antennas based on OCGA using the horn antenna
from [64] operating in the UHF band with a central frequency of 0.915 GHz. A total of
1062 copper wires are employed to form the WG structure. To connect the WG structure
and the excitation wires, a 50-Ohm SMA connector is used. To meet the far-field conditions,
the UHF dipole antenna is placed 4 m away from the horn antenna. The characteristics of
the antenna are measured using a vector network analyzer R4M in an anechoic chamber
to enhance accuracy. Based on the sparse WG structures obtained from simulations, the
corresponding wires in the initial WG structure are cut using simple tools.

Sparse WG structure with GEET = 40% was created. When using OCGA with
GEET = 40%, some free wires appeared in the sparse structure, so the modified OCGA
was used to connect free wires to the WG structure. The main characteristics were mea-
sured for the sparse WG structure and compared with experimental results for the original
WG structure in the operating frequency range of 0.7-1.3 GHz. In [63], it is noted that
when a lightmass antenna is required while maintaining acceptable main characteristics,
GEET = 40% is reasonable choice. This structure is up to 1.41 times lighter than the origi-
nal WG structure and up to 7.63 times lighter than the solid structure. This is extremely
important in modern devices and systems, particularly in satellite or military applications.



Algorithms 2025, 18, 171 8 of 37

511, dB
—60 - ~-180 —-120 —-60 0 60 120 180

(b) ()

Figure 1. Setup for sparse antenna measurement (a), the frequency dependence of the measured |5y |
(b) and measured RPs in the E planes at 0.915 GHz (c) for the original and sparse WG antennas [63].

3. Verification of the Modeling Results for Scattering Plate Using MoM
with PBF Based on WG Model

Section 2 demonstrated the effectiveness of using OCGA and its modifications in
generating sparse antenna structures. Therefore, it is reasonable to apply this approach to
develop algorithms for generating sparse scattering structures. However, first, to verify
the accuracy of using MoM with PBF based on WG in scatterer analysis, we verify the
scattering field results obtained for a flat plate scattering structure.

The shape of the rectangular perfect electrically conductive plate scatterer from [65] is
illustrated in Figure 2a. The plate is positioned in the xOz plane and is orthogonal to the
Opy-axis. The origin of the coordinate system coincides with the center of the plate. The
structure has a length of H = 3A and a width of W = 2A. Figure 2b depicts the plate from
Figure 2a, approximated using a WG in this study. The WG structure consists of the same
square cells: 30 cells along the H edge and 20 cells along the W edge, while A represents
the edge length of all the WG cells, which is equal to the length of each cell wire. Each of
the four wires forming the WG cells is represented by a single segment. This approach
simplifies the construction of the structure and complies with the recommendations that no
basis function passes through the intersection points of the segments.

In the process of modeling the rectangular plate scatterer, the segment length
(A = A/10) and the wire radius (@ = A/2m) were calculated based on the findings of

previous publications. Specifically, at the excitation frequency f = 300 MHz, the dimensions
—

of the plate were H=3m, W=2m, A =0.1 m, and a = 0.016 m. A plane wave E"C with

0-polarization was utilized for excitation at the incident angles 8inc, @inc. When calculating
—

the backscattering cross section (BSCS), the scattered field E5 was considered at the angles

Oscat = Oincs Pscat = Pinc-
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Figure 2. Rectangular scattering plate (a) and its equivalent WG structure (b).

In this work, the BSCS of the structure was calculated using MoM with PBF based
on WG and compared with numerical simulation results using MoM with piecewise-
sinusoidal (PWS) basis functions, as well as with experimental results from [65] (Figure 3).
The obtained results coincided well with each other. In fact, the BSCS results using MoM
with PBF based on WG matched even more closely with the measured results than those
obtained with MoM using PWS, particularly when the direction of the incident wave
changes in the xOy plane. Observing Figure 3, it can be seen that there are differences in
the results in the side lobes, possibly due to the measurement conditions and imperfections
of the flat plate surface. However, the results in the main lobe of BSCS generally agree well
with each other with a deviation at maximum magnitude BSCS of 0.55 dB. Additionally,
when the incident wave was perpendicular to the surface of the plate, the scattered field
reached its maximum; specifically, the BSCS magnitude at 8 = 90°, ¢ = 90° were 26.8 dBsm
(MoM with PBF based on WG) and 26.25 dBsm (experimentally and MoM with PWS).
Note that the width of the main lobe (-3 dBsm from the maximum BSCS level) obtained
in the xOy plane (12°) was larger than that in the yOz plane (8°), which was consistent
with the fact that the width of the plate (W = 2 m) was smaller than its length (H = 3 m).
These findings demonstrate the accuracy of using MoM-based WG with PBF for analyzing
scattering plate structures.

%0 1 Bscs, dBsm
20 A
10 - _
0 T .\”: :, i i '_"?l ‘.‘ 1
,T { 30V‘::? 60 * *90: %120 i\/150 \180
10

90 120 150 180
@) (b)

Figure 3. Measured (eee) and calculated BSCS results for the scatterer in the xOy (a) and yOz (b)
plane using MoM with PBF (——) and PWS (--).



Algorithms 2025, 18, 171

10 of 37

4. The OCGA for Creating Sparse Scatterers When It Is Excited by an
Incident Wave at a Specific Direction

The results obtained in Section 3 have verified the accuracy of approximating the
perfect conducting flat plate using the WG structure. However, as mentioned above, it
is not necessary to use all the wires of the grid to simulate the plate. Therefore, in this
section, we present an OCGA-based approach for the initial WG scattering structure when
the incident wave is at a fixed direction, aiming to achieve a sparse WG structure.

Since OCGA is based on the characteristics of surface current, it is essential to analyze
the current distribution in the structure when it is excited by a plane wave. In this section,
we assume that the incident wave has 0-polarization perpendicular to the plate, which
means that the horizontal wires are completely unaffected by the incident plane wave. As
a result, the current that appears on the horizontal wires is very small compared to that
on the vertical wires. Figure 4 presents the magnitude of the obtained current distribution
(1I1) at the left vertical edge (AB) and along the central vertical line (EF) of the plate. It
is observed that |11 along the plate at the edge (IZE, = 1.23 mA) reaches a higher value
compared to that at the center line of the plate (IXf, = 0.68 mA).

L5 9 111,mA — _AB
12 - —EF

0.9 1
0.6 1

0.3 -1

U 1 1 1 1 1 1
0 0.5 1 15 2 25 3

Figure 4. The dependences of |11 on coordinates along the AB and EF of considered structure when
Binc = @inc = 90°.

According to electromagnetic theory, the tangential component of an electric field
must be continuous across the boundary between two media (in this case, the surface of
the plate). However, the sudden changes in geometric shape at the edges of the plate
caused significant variations in the electromagnetic field. Specifically, in the central region
of the plate, the electromagnetic field is distributed uniformly across the surface, while at
the edges, the electric field was more intensely excited. This phenomenon leads to high
accumulation of electric charge at the edges, resulting in high current at these locations
(edges AB and CD). In contrast, the current distribution obtained in the central region of
the plate surface is lower.

We developed the OCGA algorithm to create a sparse scatterer structure (Figure 5).
After applying MoM with PBF based on WG to the plate, || was obtained for all wire
segments. The obtained || was then normalized by its maximum value (]| nax). Subse-
quently, the normalized current results (Inor) were compared with GEET. Segments with
Inor values smaller than GEET were removed from the initial WG structure. As a result,
the obtained sparse structure consists only of segments with I,o; values greater than GEET.
The indices of the segments in the sparse structure were stored in a matrix denoted as
M;, which has the size of 1 X Ng where Nj is the total number of segments in the sparse
structure.
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Setup parameters oF WG Save parameters and index of

each segment to matrix of

A 4

structure Wit? N segments segments of WG (Mwa)
| Setup parameters of plane wave |
Calculate Z (NxN), v (1xN) SaveZ,v |

and i (1xN) by MoM
v

| Calculate magnitude 111 (1xN) ofi |
v

| Calculate InorflxN) by [ Imax | |

[ Setup the level of GEET |
v

| Index of segments i=1 |

@‘7

Add i to Ms

Yes

\ 4

Delete i-th column and i-th
row of Z

Delete i-th element of v I

> Save ]Vi (1xN5) |
Determine Z. (NoxN:) and vs (1xN) |
’
Calculate is (1xNs) on sparse
structure

v
Calculate RCS and BSCS of
sparse structure

Figure 5. The OCGA algorithm for creating sparse scatterers when the incident wave is excited in a

fixed direction.

Then, we calculated the impedance matrix (Zs) and excitation vector (vs) for the
sparse scatterer to determine the scattering characteristics of the structure. There are two
approaches to achieve this.

The first approach involves recalculating the elements of Z and v directly using MoM
with PBF for the sparse structure. This approach is easy to implement in code. However, as
mentioned earlier, actual scattering structures are electrically large (much larger than A),
which means that their modeling using WG requires a significant number of segments (N)
(potentially reaching tens of thousands). Even after sparsing the structure, there are still
quite a few segments to consider. Therefore, recalculating Zs and v, using this approach
significantly increases the computational cost.

The second approach leverages a significant advantage related to the formation of
the initial impedance matrix (Z) using MoM with PBE. When an i-th segment is removed
from the structure, it is sufficient to eliminate the corresponding i-th row and i-th column
in matrix Z. In other words, the existence of each individual segment is independent of the
others, which contrasts with the use of basis functions constructed from points along the
wire (e.g., triangular functions). Therefore, this approach is considered more optimal in this
context. Furthermore, this approach not only accelerates Zs computation but also facilitates
the rapid identification of the v element by removing the i-th elements (corresponding
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to the index i of the removed segment) from v (the excitation vector for the initial WG).
As a result, the computational cost of analyzing the scattering characteristics of the sparse
structure is significantly reduced.

Next, we analyzed the results of using OCGA to sparse the considered WG struc-
ture. In previous publications [66,67], the scattering characteristics of the rectangular
plate, as represented by the radar cross section (RCS), are typically examined when the
incident wave is directed orthogonally to the plate (Binc = @inc = 90°). Therefore, in this
section, we first investigated the variation in the RCS maximum magnitude (RCSpnax) (When
Oscat = Pscat = 90°) for the plate when the GEET value changed (Figure 6).

|RCS=ax, m?

0 . . : . GEET, % .

0 20 40 60 80 100
Figure 6. The dependence of RCSmax on GEET when 0j,,c = @jnc = 90°.

From Figure 6, it can be observed that when GEET is set to 0-34%, the RCSnax value
remains largely unchanged. This is because, in addition to the horizontal segments, which
do not contribute to the scattering field, the |11 of the vertical segments is generally greater
than GEET (exceeding 34% of |1l max). Specifically, as seen in Figure 6, || i, on segment
EF is 0.44 mA, which is still greater than approximately 34% of |I|yax on segment AB
(1.23 x 0.34 = 0.41 mA).

When GEET increases to 34-55%, RCSmax decreases sharply. This can be explained by
the fact that |11 on the vertical wires in the middle of the plate is smaller than the GEET
value and leads to the removal of the wires. Furthermore, from Figure 6, it can be noted that

[T1 of the vertical wires in the middle of the plate is approximately equal, so even a slight
increase in GEET within the range of 34-55% results in the removal of a significant number
of vertical segments in that region. Unlike the case when GEET = 0-34%, the removal of a
large number of horizontal wires does not affect the scattering properties. However, the
sudden decrease in the number of mid-plate segments (where |11 is not small) in this case
leads to a sharp decrease in the scattering field, resulting in a rapid decrease in RCSpax in
this range (Figure 6).

When GEET reaches 45%, RCSpax decreases significantly (down to 120 m?) and then
increases again when GEET is at 46% (up to 240 m?). This phenomenon can depend on
the phase of the current in the removed wires. The amplitude characterizes the strength of
the scattered field created by that wire, while the phase characterizes how the scattered
fields created by these wires combine with each other and thus also affect the RCSpax value.
When GEET is set to 56-100%, RCSpax drops to a very low value. This is because most of
the segments in the middle of the plate have been removed, leaving only a few segments at
the edges. Although the || in the remaining segments at the edges is large, the number of
those segments is clearly insufficient to generate such a substantial scattering field as the
field that is contributed by the segments in the middle of the plate.

From the above observations, it is clear that the number of wires removed from the WG
structure depends on the GEET value: as the GEET value increases, the number of wires
removed also increases. This directly impacts the mass and surface of the structure as well
as the computational cost required for modeling the scatterer, such as the time and memory
needed for subsequent simulations. According to [38], the time cost to solve a linear
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algebraic system of N order (using Gaussian elimination) scales with the cube of its order,
O(N?®); and the memory cost is O(N?). Consequently, the reduction in scatterer volume is
proportional to N/Ns, while the time reduces as (N/N;)® and the memory requirement
decreases as (N/N;)?, where N is the total number segments of the WG structure, and
Ng—of sparse structure.

The dependence of the reduction in scatterer mass and surface, as well as the time
and memory required for subsequent simulations, on GEET is illustrated in Figure 7. As
noted, when GEET is very small (1%), the horizontal wires are removed from the structure.
Meanwhile, the numbers of horizontal and vertical wires are nearly equal; thus, horizontal
wire removal results in approximately a 2-time reduction in the mass and surface of the
plate, which corresponds to about 8-time decrease in simulation time and 4-time reduction
in memory usage. When GEET increases to 34%, these reductions remain constant, as
previously mentioned (the vertical wires are largely retained).

61 Reduction, dB
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4 —— Mass and surface e A
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Figure 7. The GEET dependences of the sparse WG reduction in scatterer mass and surface, and in
the time and memory on subsequent simulations after OCGA.

When GEET is in the range of 34-55%, these reduction values decrease more rapidly be-
cause of the removal of many vertical segments in the middle of the plate. For GEET > 55%,
the reduction values still increase but not as rapidly, as the increase in GEET can only
eliminate a certain number of vertical segments located at the edges of the plate.

However, as previously mentioned, changes in the number of wires in the WG struc-
ture directly affect the scattering characteristics of the structure. Therefore, this factor must
be carefully analyzed before implementing sparse scatterers in production.

The GEET value can be adjusted according to the specific conditions and requirements
of the manufacturer. When adjusting GEET, it is necessary to consider the scattering
properties and the mass and surface of the model. A higher GEET will help reduce the mass
of the structure, but at the same time it may reduce the scattering efficiency. On the contrary,
when GEET is low, the scattering properties of the sparse structure will be similar to the
original WG but may reduce the effectiveness of mass and surface reduction. Therefore,
GEET should be carefully adjusted according to specific practical applications. If the goal is
to optimize the structural mass, for example, in designs that require a lightweight structure
and are less affected by external factors (such as wind resistance), a GEET value should be
high. On the contrary, if the scattering properties of the structure should be similar to the
original structure, a low GEET value will be a reasonable choice. In addition, the choice of
GEET also affects other factors such as cost, hiding and durability of the structure.

Although we have broadly outlined the characteristics and variations in the scattering
field as GEET changes, the analysis thus far has focused only on RCSp.x. Consequently,
we will next analyze the RCS and BSCS of the sparse structure at various GEET values.

Specifically, we selected the GEET values of 35% (the point at which RCSyax begins
to decline), 40% (the value within the decreasing range of RCSyax), and 50% (the value
with significant reduction in RCSpnax). The models of the sparse WG structure obtained at
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300 MHz in MATLAB R2022a, after applying OCGA with GEET values of 35% (S35), 40%
(540), and 50% (S50), are presented in Figure 8.
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Figure 8. The MATLAB models of S35 (a), S40 (b), and S50 (c).

It is observed that when the incident wave is perpendicular to the plate, all segments
of the vertical wires will exhibit the same potential. Therefore, the obtained 1| of the
segments on the plate surface is also symmetric, which means that the sparse structure is
also symmetric.

The number of wires that remained in the sparse WG structure using OCGA with
GEET values of 35, 40, and 50% were 614, 484, and 174, respectively, while the original
structure comprised 1250 wires. Consequently, the scatterer mass and surface were reduced
by factors of 2.035, 2.583, and 7.183, while memory usage decreased by factors of 4.14, 6.67,
and 51.6 times, and computation time was reduced by factors of 8.427, 17.23, and 370.6
times. It can be observed that the reductions achieved with GEET = 50% are superior to
those with GEET = 40%, and the reductions with GEET = 35% were the least significant.

However, the characteristics for these sparse scatterers must also be compared with
those for the original WG scatterer. The far-field characteristics obtained (RCSs and BSCSs)
at 300 MHz in the xOy and xOz planes for 535, 540, S50, and the original WG structure
are illustrated in Figure 9. The deviations in the scattering characteristics for the sparse
structures compared to those for the original scatterer at 300 MHz are summarized in
Table 4.

Table 4. RCSs, BSCSs, and bandwidth deviations for S35, 540, and S50.

Deviation Maximum Deviation, dBsm
Structure xOy yOz xOy yOz
RCSmax, dBsm  BW,°  RCSpax, dBsm BW, ° RCS BSCS RCS BSCS
S35 0.032 0 0.032 0 0.5 1.7 0.52 3.14
540 1.388 0 1.388 0 1.54 2.45 6.82 17.14
S50 10.89 30 10.89 2 10.89 10.89 19.77 22.89

The data from Figure 9 demonstrate that the obtained scattering characteristics from
the S50 exhibit the greatest deviation from the original WG structure, followed by 5S40,
while 535 shows the smallest deviation. The scattered field in the main lobe direction in
Figure 9 indicates that the results for the sparse structures S35 and S40 match well with
those of the original structure. The side lobes of RCSs illustrate that S35 again produces
results that are nearly indistinguishable from those of the original WG, while the scattering
field from 540 shows a more significant deviation. For the S50 structure, both the main lobe
and side lobes of the scattered field demonstrate considerable differences compared to the
original WG structure. A similar conclusion is drawn regarding the bandwidth (BW) of
550, which deviates significantly more than that of S35 and 540.
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Figure 9. The obtained RCSs (a,b) and BSCSs (c,d) for original and sparse structures in xOy (a,c) and
yOz (b,d) planes.

Similar conclusions can also be drawn based on the data presented in Table 4. Overall,
540 provides scattering characteristics with lower accuracy compared to S35, but these can
still be considered acceptable when weighing the advantages of reduced scatterer mass,
surface, and computational costs for subsequent simulations. Manufacturers can choose
an appropriate sparse structure depending on their specific applications and design re-
quirements. If they need the performance that is closely aligned with the original structure,
OCGA can be applied with GEET = 35% or lower. When they seek for a scatterer with
reduced mass, surface, and modeling costs, OCGA with a higher GEET value (40%) may
be applied to the original WG structure.

Figure 9a,b demonstrates that when the incident wave is excited at 6i,c = Qinc = 90°,
the RCS for S35 closely matches that of the original WG structure. However, when the BSCS
graphs (Figure 9¢,d) illustrate that as the incident wave deviates from 0inc = @inc = 90°,
the side lobes of the S35 BSCS also exhibit greater deviation compared to those of the
original WG structure. This can be attributed to the fact that the current sparse structure
has only been evaluated based on the impact of the incident wave at a specific direction
(Binc = @inc = 90°) on the original WG structure, while the influence of excitation from other
directions has not yet been considered. Additionally, it is observed that the differences in
the side lobes of the BSCS for the sparse scatterer compared to the original WG structure
also increase as GEET increases (in the cases of GEET = 40% and 50%). The development
of sparse scatterer structures considering the influence of incident waves from various
directions will be examined and analyzed in more detail in the following section.
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5. The OCGA for Creating Sparse Scatterers Excited in Unknown Region
Through the Scattering Plate Example

As mentioned, in the study of scattering structures, it is essential to consider not
only the case when the incident wave is perpendicular to the structure but also various
excitation directions. It is important to note that when the incident wave excites the original
WG structure from different directions, vector v in each case will vary, while matrix Z
remains the same across all scenarios. As a result, the obtained vector i will differ for each
case. Consequently, we will consider a sparse scattering structure for each direction of the
incident plane wave.

In the general case, when the specific excitation region of the incident wave is not
determined, it is necessary to consider the impact of all incident angles (6 = 0-359° and
@ = 0-359°) on the original WG structure, followed by the creation of a sparse structure.
Conversely, if a specific excitation region is identified, it suffices to create the sparse
scattering structure based on the angles within the effective range of the incident wave. The
algorithm for generating this structure is illustrated in Figure 10. Below, we will explain
the main steps involved in developing the sparse scattering structure when the specific
excitation region of the incident wave is not determined in advance. For the cases when the
excitation region has been identified, the process of creating the sparse scattering structure
will follow a similar logic.

After determining the shape of the initial structure, the next step is to identify the
direction of the incident wave where the BSCS of the structure achieves its maximum
magnitude (in this work, at Ojnc = @inc = 90°). Based on the graph showing the relationship
between RCSyax and GEET (for example, Figure 6), a suitable GEET value is chosen to
create the final sparse (FS) structure (in this study, use GEET = 40%). Subsequently, the
original WG structure is sparsified while systematically varying the excitation direction in
increments A8, A according to 8 and ¢ based on the OCGA and GEET, as outlined in the
algorithm in Figure 4.

When considering all excitation directions of the incident wave (8jp. = 0-359° and
@inc = 0-359°) with A8 = A =1°, a total of 360 x 360 = 129,600 sparse structures would
be generated. However, the considered plate structure is symmetrical (specifically, the
scattering characteristics when the plane is excited from the front are identical to those when
excited from the back). Therefore, this study focuses only on 6j,. = 0-180° and @jn = 0-
180° (i.e., exciting the front face of the plate). This results in 181 x 181 = 32,761 unique
sparse structures. This approach significantly reduces the computational time and memory
required for generating scattering structures (approximately by about 4 times).

However, during the simulation, it became apparent that the number of structures
(32,761) was still quite large, leading to significant computational time. This is because we
not only aim to create sparse structures for each direction of the incident wave but also
need to determine the scattering characteristics of each sparse structure.

One important point to note is that when the incident wave direction changes slightly,
its influence on the wire grid is almost identical (i.e., V is similar), resulting in similar
values of i. Consequently, the resulting sparse scattering structure also has a comparable
shape. Therefore, it can be concluded that there is no need to create and analyze all
32,000 structures to find a sparse structure. Based on this observation, we can consider
the original WG structure with larger increments in the incident wave direction (A0 > 1°,
A@ > 1°) to be sparse. However, it is also important to note that if the increment between
incident directions is too large, the shape of the resulting sparse structure may differ
significantly between two adjacent incident directions, leading to inaccuracies in creating
the final sparse structure. In this work, we examined the incident wave directions at 6, =0,
2,4,...,178,180° and @inc =0, 2,4, ..., 178, 180° (i.e.,, AD =2°, Ap =2°). As a result, the
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number of sparse structures was reduced to 91 x 91 = 8281 (a reduction of about 4 times
compared to 32,761 structures).
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Figure 10. The OCGA algorithm for creating final sparse scatterers when the incident wave is excited

in region direction.
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On each sparse structure obtained for different incident wave directions, we deter-
mined which segments remained and which were discarded. The characteristics of the
remained segments were saved in a matrix called “segments remained” (M;) with di-
mensions Ny x Ng™ (where N, is the number of excitation directions, and N™@ is the
number of segments of the sparse structure with maximum remaining segment in the
region direction). Subsequently, the indices of the segments for each sparse structure were
saved in a matrix called “index segments remained” (M;,).

We calculated the total number of different segments (N;) in the M;, matrix. We
then determined the number of repetitions of each segment (R) in the M;, matrix and
compared Ry for each k-th index segment with a predefined threshold value (T). Any
index segment with Ry less than T was discarded. The result was a collection of indices
corresponding to segments that exceed the threshold, which was saved in a matrix called
“final segments” (My,) with dimensions 1 x N¢ where N is the number of segments in the
final sparse structure.

Using the indices of these segments, we constructed the final sparse structure. Finally,
based on the indices of the segments in the final sparse structure, we determined the
impedance matrix of the final structure (Z¢) by retaining the corresponding rows and
columns in Z. We also calculated the excitation vector for the final structure (vi). The
scattering characteristics of the structure can then be determined by solving the linear
algebraic equations to find I.

It is important to consider the threshold value T when creating the final structure. If
small values of AB and A are used, the number of repeated segments will be significantly
higher compared to the cases when larger A8 and A are used. Consequently, the choice of
T for generating the final structure with smaller A® and A¢ will be higher than those when
using larger AO and A.

Using this algorithm, we obtained the final structure with T = 50 (FS50), 100 (FS100),
200 (FS200), and 300 (FS300), as illustrated in Figure 11. Additionally, we considered the
scattering characteristics of the structure that retained the most segments after sparsing
the original WG scatterer during the change in the wave excitation direction. The reason
for investigating this structure is that it may exhibit scattering properties similar to those
of the original structure. After calculations, we found that the structure with the incident
wave directed at Ojnc = Qinc = 90° (540) retained the most segments after the excitation
direction change.

(b) (©) (d)
Figure 11. The MATLAB models of FS50 (a), FS100 (b), FS200 (c), and FS300 (d).

The obtained BSCSs for the final structures and 540 in the xOy and yOz planes were
then compared with those for the original WG structure (Figure 12). Additionally, the
deviations in the maximum magnitude of BSCSs and the maximum BSCS deviation between
the results are summarized in Table 5.
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Figure 12. The obtained BSCSs for original and sparse structures in xOy (a) and yOz (b) planes.

Table 5. BSCS (dBsm) deviations for S40, FS50, FS100, FS200, and FS300.

BSCSmax Maximum BSCS Deviation
Structure

xOy and yOz xOy yOz

5S40 1.39 2.45 17.1
FS50 0.000187 3.11 0.25
FS100 0.194 4.77 6.46
FS200 0.479 1.554 8.89
FS300 0.479 1.554 13.7

Figure 12 and Table 5 demonstrate that the BSCS for FS50 in the xOy and yOz planes
matches very well with that of the original WG structure. Specifically, in the xOy plane,
the BSCS matches well in the range of ¢ =20-160°, while in the yOz plane, there is almost
no deviation between the obtained results. The structures FS100, FS200, and FS300 also
achieve good similarity with the WG structure, although not as good as FS50.

The 5S40 structure shows the greatest deviation in the BSCS compared to the WG
structure, with a clear difference observed in the yOz plane. However, in the range of
¢ = 0-20° in the xOy plane, the 540 BSCS aligns better with that of the WG structure than
FS50. Overall, the scattering characteristics of the FS structures align well with those of the
original WG structure, and this alignment decreases as the threshold T value increases.
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All these observations demonstrate the effectiveness of the OCGA method in creating
sparse structures when the specific direction of incoming waves is not known.

6. The OCGA for Creating Sparse Scatterers Excited in Specific Region
Through the Scattering Plate Example

In practice, scattering structures are often studied when excited by incoming waves
directed at a specific region. Therefore, in this section, we discuss generating sparse
structures in this context. More specifically, using GEET = 40%, we created sparse scatterers
while varying the incoming wave direction in ranges of 8 = 60-120° and ¢ = 60-120°. The
analysis steps were carried out as described in the algorithm in Figure 9, with A8 = A =1°.
At this point, the BSCS characteristics were determined over the entire region corresponding
to the incident wave angles (with BSCS include of 61 x 61 = 3721 values).

In this section, we also discuss the influence of T on the FS scattering characteristics.
To do this, we first obtained matrix M, for the 61 x 61 = 3721 sparse structures and
then changed the value of T to create different FSs. Logically, when applying various
T values, the final structure will have various shapes, and consequently, their scattering
characteristics will also differ. Since the BSCS contains many values (3721), comparing
the BSCS between all the obtained sparse structures (for example, if the T change step is
10, we would get approximately 372 FSs) and the original WG structure based on their
graphs is nearly impossible. Therefore, to analyze the similarity of the BSCSs for FSs and the
original WG structure as T changes, we calculated the similarity coefficients for the BSCS for
each FS and the BSCS for WG and analyzed them using different correlation coefficients to
determine the overall assessment. Specifically, we used the following coefficients to evaluate
the similarity: the Pearson, Spearman’s rank, Cosine, Euclidean correlation coefficient, and
standard deviation of the difference between two vectors.

The Pearson correlation coefficient reflects the linear correlation between two vec-
tors [68-70] (in this case, the BSCS for each FS and WG):

(Xai — Xa) (Yo, — Yp)
: ! = (1)
¢ Y (X —%)’ L (Yo — )

™=

i

corr(a,b) =

i=1 i=1

In this equation, a and b are the vectors being considered (BSCS for each FS and WG),
n is the total number of elements in each vector, X, ; and Y}, ; are the i-th elements X, Y of
vectors a and b, and X, Y}, are the mean values of vectors a and b.

Spearman’s rank correlation coefficient is similar to the Pearson coefficient in assessing
the degree of correlation between two vectors. If the value is close to +1, it indicates a strong
positive correlation. Conversely, if the value is close to -1, it signifies a strong negative
correlation [71]. However, one of the primary benefits of Spearman’s coefficient benefits
is its non-parametric nature, which means it does not require the assumption of a linear
relationship between variables [72,73]. Additionally, Spearman’s correlation coefficient is
less sensitive to strong outliers compared to the Pearson correlation coefficient [74]:

corr(a,b) = 1— ” 6L & (2)

(n? —1)
where d is the difference between the two ranks of two vectors a and b.
The Cosine coefficient measures the similarity between two vectors by calculating the
angle between them [75,76]. The value of this coefficient also ranges from —1 to +1 [76].
Coefficients with values within this range will be collectively referred to as group 1 coefficients.
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where |a| = \/X%+X§+...+X%, b| = \/Y12+Y22+...+Y,3.

The Euclidean coefficient [77,78] is commonly used to compare the differences between
the element values of vectors. This coefficient is easy to understand and intuitive, reflecting
the actual distance between points in a multidimensional space:

corr(a,b) =

The standard deviation of the difference between the two vectors indicates the degree
of dispersion of the values in the difference vector of the two BSCS vectors:

corr(a,b) = std(A; — B;) ()

A low standard deviation suggests that the elements in the two vectors are relatively
close to each other, meaning that their similarity is high. Conversely, a high standard
deviation indicates a significant difference between the elements, meaning the two vectors
are not similar. The values of the Euclidean coefficient and standard deviation range from 0
to +oo, with values closer to 0 indicating greater similarity between the two vectors. These
coefficients were categorized into group 2.

Figure 13 illustrates the dependence of the correlation coefficients on T with a step size
of T equal to 10. It can be observed that the Pearson and Cosine coefficients show a good
match with each other, while the Spearman and Kendall coefficients have a similar shape
but differ in value. Similarly, the Euclidean and standard deviation coefficients exhibit a
similar shape but differ in magnitude (the Euclidean coefficient is significantly higher than
the standard deviation).
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Figure 13. The dependence of correlation coefficient of group 1 (a) and group 2 (b) on T.

In general, Figure 13 indicates that when T < 400, the correlation coefficients demon-
strate that the FS BSCSs are similar to the WG BSCS in the region of 6 = 60-120° and
@ = 60-120°. However, at T = 100 (or T = 200), the Spearman and Kendall coefficients show
a significant drop (or the Euclidean and standard deviation coefficients increase rapidly),
indicating that the FS BSCSs at T = 100 (or T = 200) differs from the WG BSCS more than at
other T within this range. This again may be explained by the fact that the phase of i on
the removed wires were not considered. Overall, it can be concluded that in the case when
the incoming wave excites in the region of 6 = 60-120° and ¢ = 60-120°, to create a FS that
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achieves scattering characteristics similar to the original WG, T < 400 should be considered
(except for T =100 or 200).

Additionally, the dependence of the reduction in mass and computational cost on
T is illustrated in Figure 14. Similarly to the GEET value, as T increased, the number of
segments decreased, resulting in a reduction in mass, surface, and computational cost.
When T = 0 (meaning no segments were removed from each structure after sparsing at each
direction excitation), the structure mass and surface nearly halved, indicating that in the
considered region, many horizontal wire segments were not considered for creating the
sparse structure. Furthermore, Figure 14 depicts that when T < 400, the reduction in mass
and surface is almost consistent, suggesting that in this range of T values, the number of
segments removed when applying different T is quite similar.
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Figure 14. T dependences of the sparse WG reduction in scatterer mass and surface, and in the time
and memory on subsequent simulations after OCGA.

To verify the observations, the FS scattering characteristics based on the correlation,
we examined the FS BSCSs when T = 50 (FS;50), 100 (FS;100), 200 (FS,200), and 300 (FS;300).
The shapes of the FS,50, FS;100, FS;200, and FS,300 structures are presented in Figure 15.

(@) (b)
© @

Figure 15. The MATLAB models of FS;50 (a), FS,100 (b), FS;200 (c), and FS;:300 (d).

Similar to Section 3, when T is small, the FS still has more segments than S40 (the
sparse structure with the most segments when changing the excitation direction of the
incoming wave). This can be explained by the fact that with GEET = 40%, when the
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incoming wave changed direction, other segments (in addition to those present in 540)
were also considered. Additionally, some horizontal segments were present in the final
structure because when the incoming wave is deflected away from the yOz and xOy planes,
its polarization may no longer be perpendicular to the horizontal wires, leading to a greater
current appearing on them. However, this phenomenon only occurred with the horizontal
wires at the edge of the plate, not in the middle. Furthermore, it is observed that both
FS,50 and FS;100 contained horizontal segments, while FS;200 and FS,300 did not. This is
likely because horizontal segments are still less affected by the incoming wave compared
to vertical segments, even at different angles of excitation.

The obtained BSCSs for 540, FS.50, FS,100, FS,200, and FS,300 were then compared
with the WG BSCS in the region of 8 = 60-120° and ¢ = 60-120°, as well as in the xOy
and yOz planes. In the region of 6 = 60-120° and ¢ = 60-120°, comparing the 3D graph
(representing the obtained BSCS) for the structures is quite challenging; therefore, we
converted it into a 2D plot to make the comparison easier. In this graph, the vertical
axis represents the BSCS magnitude in dBsm, while the horizontal axis combines the 6
and ¢ values (with a total of 3721 values). Specifically, 0-61° corresponds to 6 = 0° and
@ = 60-120°; 62-123° corresponds to 6 = 1° and ¢ = 60-120°; .. .; 3660-3721° corresponds
to 8 =120° and ¢ = 60-120°. However, accurate comparison of the BSCS values is quite
difficult due to the abrupt variations in the graph, so we used the function “smooth” in
MATLAB to smooth the obtained BSCS magnitudes, making it easier to observe (Figure 16).
Additionally, the discrepancies in BSCSs for 540, FS,50, FS;100, FS;200, and FS,300 in the
region of 8 = 60-120° and ¢ = 60-120° (actual values, not smoothed) and in the xOy and
yOz planes compared to the WG structure are presented in Table 6.

Table 6. BSCS (dBsm) deviations for S40, S50, S100, S200, and S300.

Maximum BSCS Deviation

Structure BSCSmar (Gp _= %(())__1122%0' xOy Plane yOz Plane
S40 1.388 31.17 2.45 17.14
FS.50 0.0003 18.15 1.98 0.37
FS;100 0.014 28.51 2.1 19.58
FS;:200 0.33 23.45 2.2 12.84
FS;:300 0.42 18.55 1.8 8.15

From Figure 16a, it can be seen that the obtained BSCS for FS.50 matches best with
that of the WG scatterer, followed by FS,300 and FS;200. The FS,100 BSCS deviates more
compared to the other FS structures, indicating that the use of the Spearman, Kendall,
Euclidean, and standard deviation coefficients accurately predicted the similarity of the
BSCS for the sparse structure with that of the WG. This also explains why the FS,300 BSCS
is slightly better than the FS,200 BSCS. The maximum FS BSCS values deviate more as T’
increases. Additionally, it is observed that S40 has a much greater BSCS deviation compared
to the other sparse structures.

From Figure 16a, when 6 approaches 60° or 120°, which are the boundaries of the
excitation region (represented in the graph as approximately 0-700 and 3000-3721), the
BSCSs of the resulting FS structures show significant differences from the WG. This may
be explained by the fact that as 0 nears the boundary values of the excitation region, the
0-polarization significantly affects the horizontal wires, leading to higher currents on these
wires at these angles. Consequently, the sparse structures at these positions tend to include
horizontal wires, although the quantity of horizontal wires may not be substantial (i.e.,
these horizontal wires do not repeat frequently in the sparse structures). Therefore, when
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using the threshold T, these horizontal wires are inadvertently excluded, preventing them
from contributing to the scattering characteristics of the FS.
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Figure 16. The obtained BSCSs for original (smoothing value) and sparse structures in region
0 = 60-120°, ¢ = 60-120° (a), xOy (b), and yOz (c) plane.

Figure 16b illustrates that the BSCSs of all FS structures match closely with each
other and match well with that of the WG structure, while 540 shows significantly more
deviation not only at the main direction but also at the first side lobe and across the region of
¢ = 0-45°. Similar observations can be made from Figure 16c; however, as T changes, the
deviations in the BSCSs for the FS structures from that of the WG also vary.

Similar findings are reflected in Table 6. Clearly, among all the structures, the FS,50
BSCS most closely resembles the WG BSCS compared to the other FS structures. Moreover,
as mentioned earlier, when T < 400, the reduction in mass for the FS does not change
significantly. Therefore, FS;50 can be selected for production when the incident wave
excited in the region of 8 = 60-120° and ¢ = 60-120°.

7. Generation of Sparse Dihedral and Trihedral Corner Reflector

In this section, to increase the versatility of our algorithm, we applied it to the dihedral
(DCR) and trihedral (TCR) corner reflector as a practical scattering structure commonly
used in the calibration and validation of the SAR system [79-82]. The shape of the DCR
and its WG model in MATLAB are shown in Figure 17. The DCR is composed of two
orthogonal square plates with the sides of 5.6088A and operates at 9.4 GHz (Figure 17b) [83].
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In the WG structure, the DCR is divided into 2178 square cells with the side length equal to
the segment length of 0.16A, and the wire radius is determined by equal area rule.

(b)
Figure 17. The actual DCR structure [79] (a) and its equivalent WG MATLAB model (b).

For the DCR as in Figure 17b, BSCS achieves the magnitude maximum at 6 = 90°,
¢ =0°. The dependence of RCS™#*, as well as the reduction in mass, surface, and required
computational cost, on GEET is shown in Figure 18. It is seen that when GEET = 20%, the
RCS™& of the structure does not change much compared to the original WG, while the
mass was reduced by about 1.9 times. Therefore, we choose GEET = 20% to create sparse
DCR when the direction of the incident wave changes.

21 qRCSmax 1?2 P 10 q Reduction, dB ——— Mass and surface
18 4 6=90 0.73 .- . :
15 ¢=0° 51 os o Tme
2 e ey
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(a) (b)

Figure 18. The GEET dependence of RCSmax when 8jnc = 90°, @i = 0° (a) and the sparse DCR
reduction in mass, surface, and computation cost (b).

Now the DCR is sparsed when the excitation wave is at @i, = 0-360° and 0j,. = 0-360°.
The reduction in mass, surface, and computation cost depending on T for this sparse DCR
is shown in Figure 19. As mentioned, when T increases, the number of remaining wires of
the sparse structure decreases, so the mass, surface, and computation cost also decrease.
From Figure 19, it can be seen that when T < 600, the mass and surface of the structure
decrease by less than 2.1 times, when T > 600, the mass and surface decrease faster. To
analyze the influence of mass and surface reduction on the scattering properties of the
DCR, we consider the BSCS for the sparse DCR at T = 0, 500, 600, and 700 (the mass and
surface reduction compared to the original WG are 1.16, 1.9, 2.1, and 6.18, respectively).
The shapes of the sparse DCR are presented in Figure 20.
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Figure 19. T dependences of the reduction in mass and surface, in the time and memory for the
sparse DCR.

(d)

Figure 20. The MATLAB models of the sparse DCR when N = 0-360°, 6" = 0-360° at T = 0 (a),
500 (b), 600 (c), and 700 (d).

The characteristics of sparse DCRs are shown in Figure 21. The WG and sparse struc-
tures in the region 6 = 90° and ¢ = 0-55° have almost no difference with the measurement
results. In the region 0 = 90° and ¢ = 55-90°, this deviation increases more with an average
deviation of about 0.2 dB (for the results using WG-model and measurement results). As
in the case of flat plate, this deviation can be due to errors in the structure fabrication and
measurement conditions. In addition, at high frequencies, this deviation also increases.
It can be seen that when T = 0, the BSCS is in very good agreement with the WG DCR
and solid DCR in both 8 = 90° and ¢ = 0° planes. When T = 500, 600, the BSCS in 8 = 90°
plane is still in good agreement with it for WG; however, in ¢ = 0° plane, the side lobes of
the BSCS are more deviated than those of the WG. This deviation increases as T increases.
When T = 700, the BSCS for sparse DCR is completely inconsistent with the BSCS for the
original WG. Therefore, when @M = 0-360° and 0" = 0-360°, T = 500 can be chosen to
balance the mass and surface reduction and the scattering properties of the sparse structure.

Next, we created the sparse DCR when 9" = 84-96° and ™™ = —40-40° (BSCS main
lobe of DCR). The dependence of reduction in mass, surface, computational cost, and
correlation coefficient of BSCS for the sparse and original DCRs on T is shown in Figure 22.
It can be seen that when T = 600, 700, the BSCS for the sparse structure still agrees quite
well with the original WG, while the mass reduction is 1.92 and 2.27 times, respectively.
When T = 800, although the mass reduction is high (5.44 times), the BSCS for the sparse
DCR deviates quite a lot from that for the WG.
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Figure 21. The obtained BSCSs for the original DCR [83] and sparse DCR in 6 = 90° (a) and ¢ = 0° (b)
planes when @™ = 0-360° and 0" = 0-360°.
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Figure 22. T dependences of the reduction in mass, surface, computation cost for the sparse DCR (a)
and of correlation coefficient of group 1 (b).

The shapes of the sparse structures and their backscatter fields at different T values
(T =600, 700, and 800) are shown in Figure 23. Consistent with the values of the corre-
lation coefficients, when T = 600 and 700, the BSCS of the sparse DCR agrees quite well
with the original WG. When T = 800, the backscatter field deviates significantly from the
original WG.
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Figure 23. The MATLAB models of the sparse DCR when @™ = ~40-40° and 0'"® = 84-96° at
T =600 (a), 700 (b), and 800 (c) and the obtained BSCSs for original and sparse DCRs (d).

In some civil and military maritime applications, TCR and their variants are commonly
used [84-88]. One of the popular types of TCR is the circular TCR (CTCR), which is formed
by orthogonally joining quarter circular faces [89-91]. To further assess the effectiveness
of the proposed algorithm, we applied OCGA to a CTCR with orthogonal edge lengths of
0.2 m at the X-band f = 9 GHz [44]. The BSCS results obtained in the 6 = 90° plane using the
WG model are compared with those obtained using CST and measured in [44] (Figure 24).
In the WG structure, the CTCR is divided into 2178 cells with the side length equal 0.17A.
The BSCS results show a good agreement between the methods.
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Figure 24. BSCS for CTCR in 8 = 90° plane.
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BSCS, dBsm

From Figure 24, the difference between the average BSCS obtained from the WG-model
and the measured results is 0.3 dB, while the average difference between the CST and the
measured results is 1.5 dB. It can be seen that the simulation results using the WG-model
match well with the measured results. A slight difference between these results due to
manufacturing imperfections in the structure, include non-ideal orthogonal surfaces and
surfaces that are not perfectly smooth [44].

For the TCR, the maximum BSCS is obtained at 6 = 55°, ¢ = 45°. Therefore, when
the incident wave excites at 0 = 55°, ¢ = 45°, we calculate the BSCS in the 6 = 55°, ¢ = 45°
planes while varying the GEET. The shape of the sparse CTCR and the corresponding
BSCS results are shown in Figure 25. The mass reduction for GEET values of 15%, 25%,
and 35% are 1.06, 1.15, and 1.3, respectively. It is observed that when GEET = 15%, the
BSCS of the sparse CTCR matches quite well with that of the WG. As GEET increases, the
BSCS of the sparse CTCR deviates more from the WG. However, after balancing the mass
reduction and the BSCS deviation of the sparse structure compared to the original WG,
we chose GEET = 25% to create the sparse structure when the incident wave changes its
excitation direction.
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Figure 25. The obtained BSCSs for original and sparse CTCR in 8 = 55° (a) and ¢ = 45° (b) planes.

When 6"¢ = 0-360°, @™ = 0-360°, the dependence of mass and surface, computational
cost reduction, and correlation coefficient on T is shown in Figure 26. Based on the
correlation coefficient, it is predicted that when T = 800, the BSCS of the sparse CTCR
still matches that of the original CTCR. The shape and BSCS of the sparse structures at
the © = 55°, ¢ = 45° planes are shown in Figure 27. It is observed that when T = 800, the
characteristics of the sparse CTCR align well with the original WG (Figure 27c), while
the mass reduction is 1.45 times. When T = 900, the mass reduction of the structure is
about 1.5 times, but the BSCS of the sparse CTCR at the 6 = 55°, ¢ = 45° is slightly reduced
compared to the original WG (Figure 27d). Therefore, selecting the sparse CTCR with
T = 800 is entirely reasonable in this case.

Next, when the plane wave excites in the main lobe (GinC =40-67° and (pi“C =27-63°),
we created the sparse CTCR. Dependences of reduction in mass, surface, computational
cost and correlation coefficient of BSCS for the sparse and original CTCRs on T are shown
in Figure 28. The shapes of the sparse structures and their backscatter fields at different
T values (T = 600, 700, and 800) are shown in Figure 29. It can be seen that when T = 600,
700, the BSCS for the sparse structure still agrees quite well with the original WG, while
the mass reduction is 1.44 and 1.51 times, respectively. When T = 800, the mass reduction
is 1.6 times, but the BSCS for the sparse DCR deviates quite a lot from that for the WG.
Therefore, in this case, T = 700 can be chosen to create a sparse CTCR structure with
reasonable mass reduction and scattering properties.
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Figure 26. T dependences of the reduction in mass, surface, computation cost for the sparse SCTCR (a)
and of correlation coefficient of group 1 (b) when 6" = 0-360°, @™ = 0-360°.
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Figure 27. The MATLAB models of the sparse CTCR when @I = 0-360° and 0" = 0-360° at T = 800 (a),
900 (b), and the obtained BSCSs for original and sparse CTCRs in 8 = 55° (c) and ¢ = 45° (d) planes.
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Figure 28. T dependences of the reduction in mass, surface, computation cost for the sparse SCTCR (a)

and of correlation coefficient of group 1 (b) when 9inc = 40-67° and @™ = 27-63°.
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Figure 29. The MATLAB models of the sparse CTCR when 0" = 40-67° and '™ = 27-63° at
T =600 (a), 700 (b), and 800 (c) and the obtained BSCSs for original and sparse CTCRs (d).

All these observations demonstrate the effectiveness of the proposed algorithm in
creating sparse DCR and CTCR structures.

8. Discussion

Being newly developed for difference scattering structures, the sparse scatterer struc-
ture generation algorithm that uses the OCGA approach has proven effective in reducing
the mass and surface of the original WG structure by nearly 1.5-2 times while maintaining
its scattering properties.

Initial processing of the free wires can be performed by choosing a small GEET value,
creating a sparse structure without free wires, which enhances the reliability of the structure.
Various algorithms for connecting free wires to the WG structure after OCGA have been
used for sparse antennas. As shown in Section 2, these algorithms have demonstrated
their accuracy while maintaining mass reduction efficiency in both real measurements and
simulations. Therefore, it is quite possible to confidently apply this algorithm to sparse
scatterers in the future, especially when GEET and T are large.

The comparison of the computational cost shows that the proposed algorithm allows
more reduction in the cost than the existing methods. Specifically, when compared with
the perforated structure (usually using holes with diameters of about A/6 corresponding
to the cell size used for WGs), the classical method such as MoM requires computational
complexity O(N®) and memory O(N?) when solving a system of equations with N un-
knowns (N basis functions). When the number of unknowns is large, this significantly
increases the computational cost. However, this paper considers each wire in the WG as a
segment, which significantly reduces the number of unknowns compared to the perforated
structure using the RWG function for analysis. The last case uses more small triangles at
the holes (where the boundary conditions change abruptly), which results in an increase in
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the number of unknowns and requires more cost for the analysis. For the method using
silver-coated textiles, MoM is often used in combination with the volume integral equation,
making the problem more complicated. In addition, the number of unknowns to be solved
also increases because the mesh grid is not only on the surface but also in the structure.

The nature of the current distribution results for sparse structures is obtained from
solving the MoM system of equations, so it can be affirmed that the obtained current results
are completely accurate. Not only that, taking advantage of PBF when calculating the
current for sparse structures also helps reduce the required computational resources. This
is because the time to solve the MoM linear system of equations is shortened, and there
is no need to recalculate the impedance matrices and excitation vectors from scratch, as
mentioned in Section 4.

In this paper, we have obtained sparse scatterers for complex original scatterers such
as DCR and CTCR with different sizes at different frequency bands and commonly used in
practice. The obtained sparse structures have demonstrated effective mass reduction and
retained important scattering properties of OCGA. Meanwhile, we also have performed
detailed analysis of the properties of sparse structures when GEET and the excitation
direction of the incident wave are varied. This analysis is conducted on a wide range of
structures, from simple to complex, in order to clarify the nature and effectiveness of the
presented algorithm.

The choice of the threshold value T assumes that the contribution of each sparse struc-
ture (corresponding to each incident wave direction) to the resulting final sparse structure
is uniform. This simplification, as demonstrated in Sections 5-7, does not significantly
affect the accuracy of the resulting sparse structure in both simple and complex structures.
Meanwhile, it helps to increase the computational efficiency and reduce the algorithmic
complexity in the process of determining T. In the following studies, we will consider the
separate contribution of each sparse structure and integrate this factor into the process
of determining the threshold value T, in order to analyze its influence on the resulting
sparse structure.

The algorithm presented in this study has the potential to be applied in reality. In
particular, the fabrication of metal wire grid plates has been studied and applied for a
long-time using techniques such as welding or 3D metal printing. These methods can
be easily implemented in industrial production at a relatively low cost and increase the
feasibility of the algorithm in practice. Once the process of creating a metal grid plate is
completed, the presented algorithm can be used to identify and remove wires that have
low influence on the scattering field. Finally, these unneeded wires in the original WG
structure can be removed using a simple cutting technique without causing deformation of
the structure surface, which is a significant advantage compared to creating a perforated
structure. This not only helps to optimize the structure parameters but also saves materials.

To demonstrate this conclusion, in this paper, we considered the actual sparse horn
antenna and measured its characteristics. This antenna can be considered as representing
complex structures due to its design, which involves the assembly of rectangular and
trapezoidal facets with different angles and dimensions. Furthermore, the analysis of
sparse structures with different shapes, when GEET and T threshold are varied, also leads
to complex shapes. These shapes arise from the combination of many cells of different
shapes in different sparse configurations.

The result of using OCGA for horn antenna is that the mass of sparse antennas has
been reduced by about 1.4 times compared to WG original through a simple low-cost
wire cutting process without deforming the surface, which increases the practicality of the
proposed method. Even some actual sparse structures achieve better characteristics than
the original WG structure. The obtained actual model contributes to increasing the scientific
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basis of the paper and helps to strengthen the reliability and capability of the algorithm
under real conditions, making the algorithm performance obvious and fully applicable in
fields requiring high precision such as telecommunications and military purposes.

Although the measurement results for the sparse scatterer structures are not presented
in this paper, the agreement between the WG-model results and the measured BSCS for
the original structure has demonstrated that our scattering characteristic analysis software
achieves an acceptable level of accuracy. The measurement results for the sparse scatterer
structures will be presented in future work.

9. Conclusions

In this study, we proposed a novel algorithm based on the OCGA method to generate
sparse scattering structures using examples of flat plates, dihedral, and trihedral CRs.
The algorithm allows for the reduction in the mass and surface area of the original wire
grid structure while maintaining key radiation and scattering characteristics (at least for
structures considered properly in this paper). The algorithm demonstrated the ability to
reduce the mass and surface area of plate and CR structures by up to two times without
altering the scattering properties compared to the original structure in two cases: when
the excitation region of the incident wave is unknown and when the wave is excited in a
specific region.

Moreover, the algorithm proved to be computationally efficient compared to tradi-
tional methods such as perforation or using silver-coated textiles. It significantly reduces
the number of unknowns and computational complexity, thus saving computational costs.
By optimizing structural parameters (the number of wires after sparsing), the algorithm
also helps save materials without deforming the structure.

The obtained results were further validated by comparison using MoM with PBF-based
WG, showing that the scattering properties of the sparse structures remained consistent with
the original WG structure, confirming the accuracy and stability of the algorithm in practice.
Additionally, the selection of GEET values and thresholds for creating final structures
was discussed based on manufacturing conditions. Clearly, the proposed algorithm is
effective in generating sparse plate, dihedral, and trihedral corner reflector structures at
low manufacturing cost using simple manufacturing techniques.

However, this first step in investigating the new algorithm opens some directions of
studies relevant in the future. Specifically, the algorithm has potential applications for more
complex scattering structures. Finally, a more detailed study of GEET influence on the
scattering characteristics would be valuable for real-world applications. Future research
will also focus on refining the algorithm to free-wire connections and improving the speed
of sparse structure generation when the wave is excited in a wide region.
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