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Abstract

This paper presents the first experimental validation of the optimal current grid approximation (OCGA) applied to the
design of sparse wire-grid square and triangular trihedral corner reflectors (TCRs) and aims to develop lightweight sparse
structures that retain the scattering properties of their solid and wire-grid counterparts. Based on the method of moments,
we analyzed the current distribution to identify and remove wires with minimal electromagnetic contribution, utilizing
a grid element elimination tolerance of 20% and varying selection thresholds. To validate the proposed approach, proto-
types were fabricated and their backscattering cross-sections were measured in an anechoic chamber over the 5-8 GHz
frequency range. The experimental results demonstrated a strong agreement between the sparse structures and the original
wire grids, particularly in the main lobe. The study showed that applying OCGA can reduce the mass of TCRs by up
to 1.51 times compared to original wire grids. These findings confirmed that OCGA is an effective practical method for

designing low-mass, cost-efficient scatterers for weight-critical applications such as satellite systems.
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1 Introduction

Due to the complexity of modern telecommunication sys-
tems, the design and optimization of scatterers require high
precision (Dang 2025). Numerical methods are commonly
employed to accurately determine the characteristics of
scatterers without the need to fabricate and test physical
prototypes, thereby reducing the cost and time required to
develop new types of scatterers. Compared to the finite ele-
ment and the finite-difference time-domain methods, the
method of moments (MoM) often requires fewer compu-
tational resources for similar tasks, as it only meshes the
considered objects under consideration rather than the entire
surrounding space (Abdurrahim et al. 2013). Moreover,
thanks to its algorithmic flexibility, MoM often serves as
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a base for developing new approaches to scatterer design.
Based on the MoM, the wire grid (WG) method has been
developed to approximate the conductive surfaces of cer-
tain conventional scatterers. Using a WG instead of a solid
structure significantly reduces material costs and the overall
system mass. The easily adjustable cell size of a WG allows
the creation of scatterers with characteristics tailored to var-
ious requirements. Moreover, the WG structure can be eas-
ily bent and stacked, making it suitable for applications with
limited installation space (JSC Information Satellite Sys-
tems). Building on the advantages of the WG structure, the
optimal current grid approximation (OCGA) was developed
to design sparse WG scatterers that meet specific require-
ments (Dang et al. 2025). The main advantage of OCGA
is that it is simple and can generate sparse WG structures
with reduced surface area and mass while still maintaining
the desired scattering properties. Additionally, the use of
OCGA to generate sparse structures greatly reduces compu-
tational cost (Dang et al. 2025).

The OCGA method was previously applied to design
sparse antennas by removing wire segments with low cur-
rent magnitudes, helping to minimize mass, surface area,
and wind resistance (Dang et al. 2025, Nguyen and Gazizov
2025, Nguyen et al. 2025). However, the core difference
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between an antenna and a scatterer lies in the excitation
source. While an antenna typically has a fixed excitation
source (Zadehparizi 2024) at a specific wire segment, the
scatterer excitation depends on the varying parameters of
the incident plane wave (Shams et al. 2016), such as the
excitation angle. Consequently, the process of generating a
sparse structure for an antenna only requires determining
the current distribution a single time. In contrast, for a scat-
terer, a single analysis is insufficient; instead, it is necessary
to consider and synthesize the effects of all incident wave
directions within the excitation region to create the final
sparse structure.

One of the most widely used scattering structures is the
trihedral corner reflector (TCR). These structures typically
have large size and mass (Alexandra et al. 2011, Garthwaite
et al. 2015), leading to high costs for transportation, instal-
lation, and maintenance. While the OCGA algorithm was
theoretically proposed and simulated in (Dang et al. 2025),
its practical implementation and experimental validation,
particularly for complex scatterers like TCRs, have not yet
been reported. The fabrication and measurement of sparse
wire-grid structures present unique practical challenges
(e.g., mechanical stability, manufacturing tolerances, and
manual fabrication errors) that cannot be fully accounted
for in simulations.

Various strategies have been investigated to minimize the
mass of corner reflectors. For instance, a study (Yazdani et
al. 2015) focused on creating lightweight decoys for mari-
time simulations. Advancements in material science have
enabled the application of novel materials, such as highly
conductive silver fabrics; however, their practical imple-
mentation remains limited by high industrial production
costs. Alternatively, the use of low-cost carbon fiber lay-
ers was considered in (Yazdani et al. 2015), leading to the
development of octahedral TCR models capable of multi-
band operation. Nevertheless, carbon fiber-based structures
exhibited a lower radar cross section (RCS) compared to
aluminum. While silver-coating solutions can overcome
this drawback, they are too expensive for mass production.
Additionally, the slot-cutting method was tested on dihedral
corner reflectors, achieving a reduction of approximately
41% in both surface area and mass (Gu et al. 2022). How-
ever, the average RCS reduction of up to 4.9 dB yielded
a significant loss, suggesting that this method should be
applied with caution to avoid compromising structural ver-
satility in practical scenarios.

Therefore, the aim of this study is to numerically inves-
tigate and experimentally validate the effectiveness of TCR
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generation by optimal current grid OCGA. This work pro-
vides the following key novel contributions. First, it is the
first study to apply the OCGA to design of both sparse square
(STCR) and triangular (TTCR) TCRs. Second, the research
presents the first experimental validation results regarding
the effectiveness of the OCGA algorithm for TCR structures
operating under vertical polarization conditions. Thus, this
work bridges the gap between the theoretical algorithm and
its practical feasibility, confirming its effectiveness in real-
world applications.

2 OCGA Steps

The OCGA serves as an efficient approach to synthesizing
sparse wire-grid scatterers by identifying and retaining only
the wire segments that contribute most significantly to the
scattered field and consists of three important steps (Dang
et al. 2025):

1. For each excitation direction, wires with normalized cur-
rent magnitudes below a predefined threshold, called the
grid element elimination tolerance (GEET), are removed
from the grid. To implement this step, first, the current
distribution in all wires of the grid is accurately deter-
mined. One of the reliable methods for this purpose is the
MoM, which provides an accurate current distribution in
the WG. Then, either the maximum or average current
magnitude across the entire structure is determined, and
all current magnitudes are normalized with respect to
this value. The normalized current magnitudes are then
compared with GEET, and the wires with values below
this threshold are eliminated from the WG. This process
is repeated for all excitation directions, resulting in a set
of N sparse structures where N is the number of consid-
ered incident wave directions.

2. For each of the N sparse structures obtained in step
1, the number of occurrences of each wire segment is
counted. The goal is to remove segments that have mini-
mal influence on the scattered field in the defined exci-
tation region. To achieve this goal, a threshold called
the selection tolerance for determining the final sparse
structure (7)) is used. The number of occurrences of each
segment across the N sparse structures is compared to 7.
Segments appearing less than T are removed. This pro-
cedure is applied to all segments present in the union of
the NV sparse structures. The result is a final structure with
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reduced mass and lower computational cost for subse-
quent simulations.

3. In this step, isolated wires are reconnected to the struc-
ture in order to preserve its integrity.

In this study, we adopted the OCGA method as presented in
(Dang et al. 2025) without algorithmic modifications. Our
contribution lies in the practical implementation, optimiza-
tion parameter selection, and rigorous experimental vali-
dation of this method for the specific application of STCR
and TTCR structures, which has not been previously pub-
lished. To determine the current distributions, we employed
the MoM with pulse basis functions, which facilitates the
design process of sparse scatterers, and normalized the cur-
rent values with respect to the maximum current magnitude.

The design process began with the generation of sparse
structures using a self-developed program based on OCGA
in the MATLAB environment, utilizing the MoM for thin
wires with pulse basis functions. Each cell edge was mod-
eled by a corresponding segment, with segment lengths
and wire radius established based on the actual dimensions
of the available WG. Once the shapes and dimensions of
the sparse structures were determined from simulations,
experimental prototypes were fabricated by cutting the
corresponding wire segments from the original WG. This
approach ensured a close correlation between the theoretical
model and the physical structure.

3 Measurement Setup

The results obtained using OCGA were validated by mea-
suring the backscattering cross section (BSCS) of sparse
WG STCR and TTCR with side lengths of LxLxL, where
L is the inner leg dimension. The structures were sparsified
within the specific excitation region of the incident wave
characterized by 6 and ¢™. The geometric parameters and
wave incidence conditions are presented in Table 1.
Measurements were carried out in an anechoic chamber
over the frequency range of 5-8 GHz using an R4M-series
vector network analyzer and two horn antennas: transmit-
ting and receiving. The distance between the antennas
and the scattering object was r=3.5 m, which satisfies the

Table 1 Geometric parameters of the structures

Structure L,m Number of segments pine, © ine,
STCR 0.2 5133 40-67 —18—+18
TTCR 0.2 2610 30-80  -30—+30

far-field condition (Helmi et al. 2018). The BSCS was mea-
sured according to the procedure described in (Grace 2011).
Figure 1 shows the experimental setup for BSCS measure-
ments using the vector network analyzer.

We used a prefabricated welded WG (Fig. 1d, e), which
is readily available and low-cost. The WG cell size was
7 x7 mm. At the frequency of 6 GHz, the wavelength was
A=5 cm, which yielded MA=7.1, where A is the grid spac-
ing. The wire radius was a=0.45 mm, resulting in A/a=15.
Although this A/a ratio does not satisfy the equal area rule,
using such a grid significantly reduced costs without the
need to fabricate custom structures. In fact, the WG TCR
structures are up to 4.8 times lighter than solid structures of
the same size. Based on the sparse WG structures obtained
from simulations, the corresponding wires in the original
WG structure were cut using simple tools.

The selection of the OCGA parameters (GEET and 7) is
critical and application-specific. For a corner reflector, the
primary goal was to maintain high backscattering across
a defined angular region. Based on preliminary studies in
(Dang et al. 2025), a GEET of 20% was chosen as a bal-
anced compromise. A lower GEET would retain too many
wires (minimal mass saving), while a much higher GEET
risks removing wires that are critical for specific incidence
angles, thereby degrading the main lobe. For a TCR, which
must reflect strongly over a range of angles, T follows a
similar logic, i.e. a low T value results in insignificant mass
reduction, whereas a high 7 value risks substantially alter-
ing the scattered field. This study experimentally explored T
as the primary variable to find a practical balance between
mass reduction and the scattering properties of the fabri-
cated sparse scatterers.

4 Results

Figure 2 shows the model of the original WG STCR and its
sparse structures obtained with GEET=20%, T=0, 100, and
200. As can be seen, most of the vertical wires on the two
side faces of the STCR were retained in the sparse structure,
while most horizontal wires were removed. This happened
because, when the structure was excited by an incident wave
with 0-polarization, the currents in the vertical wires were
significantly stronger than in the horizontal ones.

Figure 3 shows the actual STCRs fabricated with differ-
ent 7 thresholds. During fabrication of the sparse structure
by manually cutting wires from the original grid, several
vertical wires bent, deviating from the ideal straight line
by up to 0.4 cm. This can be explained by the small wire
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Fig. 1 Measurement setup (a),
measuring horn antennas (b),
installation of a calibrated solid
plate (¢), STCR (d) and TTCR (e)
for measurement

() (b)

Fig.2 Models of WG STCR (a) and sparse WG STCRs when 7=0 (b), 100 (c), and 200 (d)
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(a)

()

Fig. 3 Fabricated WG STCR (a) and sparse WG STCRs when 7=0 (b), 100 (¢), and 200 (d)

radius, which made the wires easily deformable during
manual processing. To improve the mechanical stabil-
ity of the sparse structures, some horizontal wires can be
preserved in the central part of the WG plates. However,
their inclusion increases the overall mass of the structure.

Moreover, practical implementations typically utilize wires
with larger diameters since they are less prone to bending
and allow for significantly reduced geometric distortion
during fabrication.
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Fig.4 Simulated BSCSs of WG STCRs in the $=45° (a), 6=60° (b), and =90° (c) planes

To provide a comprehensive validation of the proposed
method, Figs. 4 and 5 present the simulated BSCS results of
the original and sparse structures. The results indicate that in
the main scattering region, the BSCS of the sparse structure
decreased negligibly (up to 0.5 dBm? in the 8=60° plane)
compared to the original structure. This similarity confirmed
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the superior effectiveness of the OCGA algorithm in iden-
tifying and removing elements with low electromagnetic
contributions. This approach provided higher accuracy than
conventional wire removal based solely on polarization,
which does not account for the complex current variations
relative to the excitation angle, as seen in (Gu et al. 2022).



Iranian Journal of Science and Technology, Transactions of Electrical Engineering

<«

<5

v v
(a) (b)

RCS (dBm?)

Fig. 5 Simulated 3D BSCSs of WG STCR (a) and sparse WG STCRs when 7=0 (b), 100 (¢), and 200 (d)

Fig. 6 BSCS of WG STCRs in the 15 1
$=45° (a), 0=60° (b), and 6=90°
(¢) planes

BSCS, dBm?
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Figure 6 presents the measured BSCSs for all STCRs. A
good agreement can be observed in the main lobe direction
in terms of both the strength and width of the scattered field,
indicating the potential applicability of the sparse WG struc-
tures in certain applications. The discrepancies between the
simulated and measured BSCSs may be attributed to fabri-
cation errors, including uneven surfaces, properties of the

-5 1 Measured WG A\,
--------- Measured sparse with T=0 “.
------- Measured sparse with T=100 |
----- Measured sparse with T=200 bW
-+ — Modeled WG e

materials used, and measurement conditions. Additionally,
the lower reflection strength in 6=60° plane at ¢==+45°
direction compared to simulation results could have been
caused by imperfect flatness and non-ideal orthogonality

between the plates during the fabrication of the real WG
structure.
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Fig. 7 Frequency dependences of the BSCSs for the STCRs when ¢"°=45°, §'"°=60°

Fig. 8 Models of WG TTCRs (a) and sparse WG TTCRs when 7=0 (b), 100 (c), 200 (d), 300 (e), and 400 (f)

In certain directions, the magnitude of BSCS for the
sparse WG exceeded that of the original WG. In particu-
lar, in the @=45° plane, the BSCS of the sparse structure
surpassed that of the original WG by approximately 6.5
dBm? at =10-15°. This phenomenon can be attributed to
altered interference patterns. Although the removed wires

2
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had low current amplitudes, their phases still influenced the
total field summation. Removing them might have inadver-
tently eliminated destructive interference or created more
constructive interference in specific directions. This com-
plex interaction underscored the importance of experimen-
tal validation.
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Fig. 9 Fabricated WG TTCRs (a) and sparse WG TTCRs when 7=0 (b), 100 (c), 200 (d), 300 (e), and 400 (f)

The comparison of experimental results confirmed
the effectiveness of the designed sparse WG STCR using
OCGA. These structures can serve as replacements for the
original WG STCRs as well as for solid metal structures,
while offering significantly reduced weight and preserving
the necessary scattering characteristics.

Figure 7 shows the frequency dependence of the BSCSs
at ¢"=45°, ""°=60° for the original and sparse WG STCR.
In the 5-6.5 GHz range, the simulation and experimental
data agree well, but larger discrepancies are observed in
the 6.5-8 GHz range. This may be explained by the shorter
wavelengths at higher frequencies where even minor fab-
rication inaccuracies can noticeably affect the scattering
characteristics.

Overall, across the entire frequency range under consid-
eration, the BSCS results for both the sparse STCR and the
WG STCR matched the simulations well, with a maximum
deviation of approximately 0.5 dBm?. It can be concluded
that using GEET=20% and 7=200 is a reasonable choice
for fabricating sparse STCRs.

Next, we sparsified the TTCR using GEET=20% with
7=0, 100, 200, 300, and 400. Figure 8 shows the model
of the original WG TTCR and its sparse structures, while
Fig. 9 illustrates the actual fabricated TTCR prototypes. As
T increased, the number of wires in the structure decreased,
leading to a reduction in its mass. However, the remaining

vertical wires tended to bend away from the ideal straight
line by up to 0.3 cm.

Figures 10 and 11 present the simulated BSCS results
of the original and sparse structures. Similar to the results
obtained for the STCR, the BSCSs of the sparse structures
in the main scattering region decreased negligibly (by a
maximum of 0.5 dBm?) compared to the original structure.
This close similarity provides clear evidence of the effec-
tiveness of the algorithm in optimizing the structure while
maintaining its electromagnetic characteristics.

Figure 12 presents the BSCSs for the original WG TTCR
and its sparse structures. In the main lobe region, the experi-
mental BSCSs of the sparse structures showed good agree-
ment with the data for the original WG. Similar to the case
of the STCRs, the deviations between the measured and
simulated BSCSs for the TTCRs can be attributed to imper-
fections in the fabricated structures.

Figure 13 shows the frequency dependences of the BSCSs
when ¢"=45°, §"°=55° for the original and sparse WG
TTCRs. Overall, across the considered frequency range, the
BSCS results for both the sparse TTCR and the original WG
TTCR agreed well with the simulation, with a maximum
deviation of approximately 0.7 dBm?. It can be concluded
that using GEET=20% and 7=400 is a reasonable choice
for fabricating sparse TTCRs.

The mass reduction of the sparse structures is presented
in Table 2. For the TCR, increasing 7 reduced the mass by

e, @ Springer
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Fig. 10 Simulated BSCSs of WG TTCRs in the $=45° (a), 0=55° (b), 6=90° (¢) planes

up to 1.51 times. Notably, despite the significant reduction

5 Discussion

in mass, the scattering characteristics of the sparse reflectors

remained in good agreement with those of the original WG

structures in the main lobe region.
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Although the removal of horizontal wires may reduce
mechanical stiffness and structural stability as previously
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Fig. 11 Simulated 3D BSCSs of WG TTCR (a) and sparse WG TTCRs when 7=0 (b), 100 (c), 200 (d), 300 (e), and 400 (f)

analyzed, experimental results demonstrated that the result-
ing geometric inaccuracies did not significantly affect the
scattering characteristics of the device. The agreement
between measurement and simulation results, even in the
presence of slight physical deformation, serves as evidence
of the high robustness of OCGA against practical fabrica-
tion errors. The impact of environmental factors on the
long-term sustainability of the sparse structures will con-
tinue to be investigated and discussed in detail in subse-
quent studies.

For scatterers excited by vertically polarized waves, pre-
vious studies have indicated that vertical conductors play a
dominant role in the reflection mechanism, while horizon-
tal conductors typically provide a secondary contribution.
However, as the excitation angle changes, the interaction
between the incident wave polarization and the geometric
structure varies accordingly. Our optimization results from
OCGA showed that, although the majority of horizontal
wires were removed, some horizontal wire segments at the
edges of the side plates were retained because they had a
significant impact on the scattered field at specific incident
angles. This demonstrates that the design of sparse struc-
tures should not rely on the intuitive removal of horizontal
wires based solely on simple polarization theory, but should
instead be based on the rigorous current analysis of the algo-
rithm. Furthermore, since OCGA operates based on actual
current magnitudes, the method can flexibly be adapted to
any type of excitation wave and various grid shapes, extend-
ing beyond the scope of the square grids discussed in this
study.

In this study, the TCRs designed using OCGA were
only considered under linearly vertical polarized incident
waves. However, logically, this research direction could
also be applied to horizontal polarization. Currently, TCRs
are commonly utilized in research for their application in
satellite sectors (Abo et al. 2023), terrain surveys (Jauvin
et al. 2019), or calibration (Huang et al. 2022). Therefore,
the developed TCRs are highly capable of operating in such
conditions when only a specific polarization needs to be con-
sidered, as in cases where terrain identification is obstructed
by vertical trees (Algafsh et al. 2017), rendering the TTCR
functional only with a specific polarization. Additionally, a
new current trend is the use of circularly polarized waves.
The development of a future algorithm can still be based on
the presented OCGA process. This research direction will
also be considered for development in the near future.

6 Conclusions

In this paper, OCGA has experimentally been validated for
the first time on practical WG STCR and TTCR structures
with a fixed GEET of 20% and varying threshold values of
T. The experimental results obtained in an anechoic cham-
ber confirmed the theoretical predictions. Critically, the
measurement results demonstrated a good match between
the scattering characteristics of the sparse structures and
those of the corresponding original WG ones, especially
in the main lobe region of the BSCS. At the same time, a
mass reduction of up to 1.51 times was achieved for both

@ Springer



Iranian Journal of Science and Technology, Transactions of Electrical Engineering

10

BSCS, dBm?

eeceee Measured WG

Modeled WG

Measured sparse with T=0

- - - - Measured sparse with T=100

Measured sparse with T=200
— Measured sparse with T=300
Measured sparse with T=400

Modeled WG

o eeee Measured WG

Measured sparse with T=0

- - - Measured sparse with T=100

- = = Measured sparse with T=200

- - — Measured sparse with T=300
Measured sparse with T=400

BSCS, dBm?

-10

-15

Modeled WG
Measured WG

Measured sparse with T=0
- - - - Measured sparse with T=100
Measured sparse with T=200
— - — Maeasured sparse with T=300

.........

Measured sparse with T=400

Fig. 12 BSCSs of WG TTCRs in the $=45° (a), 6=55° (b), 6=90° (c) planes

the WG STCR and TTCR. Using this simple approach, the
mass of scatterer can be reduced considerably. The observed
discrepancies between simulation and measurement, along
with such phenomena as mechanical bending and unex-
pected BSCS enhancement, highlighted the essential
value of experimental validation, which revealed practical

%
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challenges and effects hidden in simulation. This confirma-
tion is extremely important for modern systems, particularly
in satellite applications where mass reduction is paramount,
validating OCGA as a practical and effective tool for real-
world engineering.
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Fig. 13 Frequency dependences of the BSCSs for the TTCRs when ¢"=45°, §"°=55°
Table 2 Mass reduction of the Structure  GEET,% T Mass reduction ~ BSCS™* (dBm?)  Beamwidth
scatterers (Sparse/WG) in ¢$=45° plane (Sparse/WG)
STCR 20 0 1.38 10.87/11.01 33/33
100 1.46 11.56/11.01 35/33
200 1.51 10.78/11.01 34/33
TTCR 20 0 1.16 4.49/4.27 39/40
100 1.34 4.4/4.27 39.6/40
200 1.41 4.19/4.27 39.6/40
300 1.46 4.05/4.27 37.8/40
400 1.51 4.07/4.27 40/40
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