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Simultaneously reducing the mass and radar cross section (RCS) of an antenna is
a design challenge that has attracted considerable attention in recent research.
This study proposes the Low-RCS Optimal Current Grid Approximation (L-RCS-
OCGA) aimed at simultaneously reducing both the mass and the RCS while pre-
serving the fundamental radiation characteristics. The proposed approach spar-
sifies a wire grid (WG) antenna by eliminating wires that contribute weakly to the
radiation field and strongly to the backscattered field, and then restores connec-
tivity among disconnected components by reconnecting through wires with the
smallest contribution to the scattered field. This represents the modification
made for the first time in the OCGA family to incorporate scattering awareness
into both the wire-elimination and reconnection steps. L-RCS-OCGA was vali-
dated by both simulation and measurement on a WG trihedral corner reflector
antenna operating at 6 GHz, with the monostatic RCS examined over the 5-8
GHz band for both -polarized and right-hand circularly polarized (RHCP) inci-
dent waves. The representative sparse antenna is 2.12 times lighter than the orig-
inal one, with an average RCS reduction at boresight of 6.73 dB in simulation, 8.16
dB in measurement for -polarized incidence and 10.3 dB in simulation for the
total RHCP component, while the fundamental radiation characteristics remain
close to those of the original antenna. L-RCS-OCGA, therefore, achieves simul-
taneous mass and RCS reduction, making it particularly suitable for platforms
with stringent payload constraints.
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1. Introduction

Antennas play an essential role in many modern fields, rang-
ing from wearable smart devices [1], medical Internet of Things
devices [2], to satellite communications [3]. Along with this di-
versity of applications, the requirements imposed on antennas
have become increasingly stringent, particularly in terms of mass
and scattering behavior. On the one hand, antenna mass needs to
be reduced in order to be compatible with systems that are lim-
ited in payload and installation space. On the other hand, the
antenna must exhibit a low radar cross section (RCS) to enhance
the stealth performance of the overall system [4, 5]. Meeting
these two requirements simultaneously is a non-trivial design
challenge.

A number of recent studies have proposed approaches for re-
ducing the antenna RCS based on metasurfaces [6-8], frequency-
selective surfaces [9, 10], radar-absorbing materials [11], and
characteristic mode analysis [12, 13], and have achieved notable
performance. However, these approaches typically require the
integration of auxiliary structures or additional design steps,
which leads to an increase in the system complexity and overall
mass. In several cases, the additional structures involved also
degrade the antenna radiation performance [11, 14]. Therefore,
an approach that can reduce the RCS without introducing addi-
tional materials or auxiliary structures would offer a clear practi-
cal advantage, especially for platforms with stringent mass con-
straints.

A promising candidate in this direction is the sparsification of
wire grid (WGQG) structures by means of the optimal current grid
approximation (OCGA), which has been developed in recent
studies [15-19]. OCGA relies on the method of moments (MoM)
[20] to determine the current distribution over the wires, and then
removes the wires that carry small currents, since they contribute
insignificantly to the radiation characteristics. Existing studies
have demonstrated that OCGA can significantly reduce the mass
of the WG antenna while preserving its main radiation character-
istics. However, the wire-elimination criterion adopted in those
studies relies only on the contribution of each wire to the radia-
tion, and does not consider its contribution to the scattered field
of the antenna. As a result, the potential of OCGA-based sparsi-
fication for reducing the RCS has not yet been systematically
exploited and assessed.

In addition, an issue that arises when applying OCGA is that
the resulting sparse structure may be split into separate, discon-
nected components, which complicates fabrication. To address
this issue, several OCGA modifications have been proposed in
the direction of restoring some of the previously eliminated wires
in order to reconnect these separate components; they include
near-connecting OCGA (NCOCGA) [16] and maximum current-
based OCGA (MCOCGA) [17]. In these modifications, the wires
to be restored are selected based on the criterion of the number of
wires required for the reconnection, or on the magnitude of the
currents on the wires associated with the radiation, without con-
sidering their contribution to the scattered field.

In order to simultaneously address the two gaps identified
above, this work proposes a sparsification approach for WG an-
tennas, named Low-RCS Optimal Current Grid Approximation
(L-RCS-OCGA), which allows the mass and the RCS of the an-
tenna to be simultaneously reduced while preserving its basic
radiation characteristics. The approach consists of the following
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two components. First, the wire-elimination criterion is extended
to account for the contribution of each wire to the scattered field,
thereby enabling a deliberate RCS reduction. Second, the recon-
nection mechanism gives priority to wires with smaller contribu-
tions to the scattered field, ensuring fabrication feasibility with-
out compromising the RCS reduction. The effectiveness of
L-RCS-OCGA was verified through simulation and measure-
ment on a triangular trihedral corner reflector (TCR) WG anten-
na [21, 22] operating at 6 GHz, with the monostatic RCS exam-
ined over the 5-8 GHz frequency band for both linearly and cir-
cularly polarized incident waves.

The remainder of this article is organized as follows. Section
2 elaborates on the proposed L-RCS-OCGA approach. Section 3
applies the approach to a TCR WG antenna and presents the
simulation results. Section 4 reports the experimental results ob-
tained on the fabricated prototypes. Section 5 discusses the im-
plications and limitations of the proposed approach, and Section
6 concludes the work.

2. Low-RCS Optimal Current Grid Approximation

The main idea of the L-RCS-OCGA approach consists in the
following. Applying OCGA eliminates the wires that have little
influence on the radiation field, thereby reducing the mass of the
antenna while preserving its basic radiation characteristics. In
this work, we generate a set of different sparse antennas and
choose two, hereinafter called the Base and Reference antennas.
Then, we sparsify the Base antenna by eliminating the wires that
have a strong influence on the scattered field of this antenna,
thereby simultaneously reducing both its RCS and mass. The
degree of degradation of the radiation characteristics is con-
trolled by the Reference antenna. After this sparsification, dis-
connected wire components are reconnected by means of a re-
connection mechanism that gives priority to the wires with
smaller contributions to the scattered field, without compromis-
ing the RCS reduction. The L-RCS-OCGA approach consists of
three steps, as illustrated in Fig. 1.

Determine characteristics
of original antenna
v

Apply OCGA, choose Base
and Reference Sparse antennas

v
Generate low-RCS
sparse antennas

End
Fig. 1. Overall L-RCS-OCGA flowchart

In step 1, the antenna is analyzed by MoM [20] with pulse
basis functions. Each wire of the WG is represented by a seg-
ment, while the excitation elements requiring a more detailed
description of the current distribution can be divided into multi-
ple segments. For the radiation problem, the excitation vector v
has only one non-zero entry, corresponding to a 1 V voltage ap-
plied at the excitation segment. The MoM system of equations
Zi = v is then solved, where Z is the impedance matrix and i is
the unknown vector, whose entries correspond to the currents on
the individual segments. From this solution, the basic character-
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istics of the antenna are determined, including the reflection co-
efficient and radiation pattern.

In step 2, OCGA is applied to eliminate the wires with small
currents, as they contribute insignificantly to the antenna radia-
tion characteristics, thereby generating a set of sparse antennas
with different sparsification levels. The specific procedure fol-
lows [17], where the MoM system of equations is first solved for
the radiation problem at a frequency f. The current magnitudes
obtained on the wires are normalized with respect to the maxi-
mum or the average value, and the normalized result is denoted
by |.|, where n is the wire index. Each |I,| value is then compared
with a predefined threshold, called the Grid Element Elimination
Tolerance (GEET), expressed in percent. A wire with |I,| smaller
than GEET is considered a wire with a small current and is added
to the Eliminated Wires List, while the remaining wires are add-
ed to the Remaining Wires List. Previous studies [15, 17, 19]
have shown that eliminating wires in this way significantly re-
duces the antenna mass while keeping the radiation pattern un-
changed. By varying GEET, a number of different sparse anten-
nas can be obtained. A larger GEET produces a lighter structure,
but may degrade the radiation characteristics.

From the set of sparse antennas obtained, the Base and Refer-
ence antennas are chosen. The Base antenna is the structure that
achieves a substantial mass reduction while its radiation charac-
teristics remain close to those of the original antenna. The Refer-
ence antenna is the structure with the highest level of sparsifica-
tion that is still acceptable, in the sense that any further sparsifi-
cation would significantly degrade the radiation characteristics.
To ensure consistency, both the Base and Reference antennas are
generated by OCGA with the same type of current normalization,
so that the set of wires of the Reference antenna is a subset of the
set of wires of the Base antenna. The set of wires that are present
in the Base antenna but not in the Reference antenna is called the
Candidate set, whose number of elements is denoted by N.

In step 3, we further sparsify the Base antenna by eliminating
the wires that significantly influence the scattered field, and then
restores the connection between the disconnected components in
order to ensure fabrication feasibility. To evaluate the contribu-
tion of each wire to the scattered field, the MoM is formulated
for the scattering problem. In this state, the antenna is not excited
by its internal source, but by an incident plane wave, and the
excitation segment is loaded with 50 Q. In this work, the incident
plane wave is described by the spatial phasor convention e'/k*
with 0-polarization (8-pol) (described in detail in Section 3);
here, k is the wave vector pointing in the direction of propaga-
tion (|k| = 2/A where A is the wavelength), and r is the position
vector.

The plane-wave excitation is applied successively from a set
of incidence directions (0, @) at a frequency f, which is chosen to
evaluate the contribution of the wires to the scattered field.
Based on this, two non-negative scalar metrics (M and J) are
defined for each wire, each characterizing the contribution of that
wire to the scattered field. The metric M is determined on the
original antenna and is the average of the current magnitude on
the corresponding wire over the set of all considered incident
directions.

The metric J is determined in the same way, but on the Base
sparse antenna. The two metrics are used for two different pur-
poses: J is used to further eliminate the wires of the Base that
have a strong contribution to the scattered field, while M is used
as a priority criterion in the reconnection. The two processes of
wire elimination and reconnection are illustrated in detail in
Fig. 2.

For the wire-elimination process, J for each wire is normal-
ized with respect to the maximum or the average value, and is
then compared with a threshold, called the Grid Element Elimi-
nation Tolerance for RCS (GEETrcs). A wire with J greater than
GEETrcs and also belongs to the Candidate set, is moved from
the Remaining Wires List of the Base antenna to its Eliminated
Wires List. Restricting the elimination to the Candidate set en-
sures that this additional sparsification does not push the struc-
ture beyond the Reference antenna, so that the radiation charac-
teristics are maintained at a controlled level. From a physical
point of view, the scattered field of the structure is produced by
the currents on its wires under the incident plane wave, so that
the wires with larger J contribute more strongly to the RCS [18].
Eliminating these wires directly suppresses the strongest scatter-
ing sources within the permitted limits. By varying GEETrcs, a
number of different sparse antennas can be obtained at the output
of this step.

After this sparsification, the resulting structure may contain
disconnected wire components that are not linked to one another.
To handle this issue, the wires in the Remaining Wires List of
the sparse structure, obtained after the RCS reduction step, are
classified into two subsets following a procedure similar to that
in [17]. The first subset, called the Connected Wires List, con-
tains the main structure, defined as the component that includes
the excitation segment. The second subset, called the Free Wires
List, consists of K free-wire components; each of these compo-
nents is a set of wires connected to one another but not yet con-
nected to the main structure. In order to apply a shortest-path
algorithm, in this work, the structure is represented by an undi-
rected graph derived from the original antenna where each wire
of the WG is an edge, and each junction between wires is a ver-
tex. On this graph, the multi-source Dijkstra algorithm [23] is
applied to find a reconnection path from a free-wire component
back to the main structure with the minimum number of restored
wires. When several paths share the same minimum number of
wires, the selected path is the one with the smallest total M (the
sum of the average per-wire currents under plane-wave excita-
tion, defined earlier), that is, the path consisting of wires that
contribute the least to the scattered field. The selected wires are
then moved from the Eliminated Wires List to the Connected
Wires List. This procedure is repeated for each free-wire compo-
nent until the Free Wires List is empty. Giving priority to wires
with small M during the reconnection ensures that the connection
mechanism does not compromise the RCS reduction achieved in
the elimination step. As a result, the L-RCS-OCGA procedure is
expected to simultaneously achieve the three objectives: to re-
duce mass, to reduce RCS, and to preserve the radiation charac-
teristics of the antenna at an acceptable level.
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] _ An active
Determine M of each wire for clement ™
original antenna 3 mm
v
Determine J of each wire for l
Base sparse antenna \
P v e S ' o\,
i RCS reduction step [ s=1 i % g
| s=s+1 5> 87 Yes : &%
i AN No ! <
! 7> GEETres? i
| Yes i (a) ()
' No 5th wire belong 1 Yes i Fig. 3. TCR WG antenna (a), antenna geometry parameters (b)
| Candidate N ? |
: Update i OCGA was applied to the TCR WG antenna at 6 GHz, based
! | Remaining [« _ Adds-thwireto l on the MoM implemented in MATLAB. The current magnitudes
1| Wires List Eliminated Wires List|™ | : : : :
P eSSt | L————— | on the wires were normalized with respect to the maximum, and
I Reconmection sten TS K GEET was investigated in the range from 0.3% to 0.8% with a
econnection step - . . .
; - 0.05% step. The simulation results are presented in Fig. 4 and
Determine main structure and T bl 1
free-wire components (K components) aple L. . )
The original structure exhibited resonance at 6 GHz with a
reflection coefficient magnitude |sii| =—17 dB. All sparse anten-

nas yielded [si1] responses consistent with those of the original
antenna and remaining below —10 dB across the 5.75-6.35 GHz
band (Fig. 4a and b). The deviations from the |s11| of the original
antenna were negligible, with a maximum of 0.68 dB at 6 GHz
for GEET = 0.8%.

5.7 5.8 5.9 6 6.1 6.2 6.3 6.4

Yes
Choose the path with 6 L 1 s 1 1 1 )
minimum sum of M g —— gg%?'ﬂ 0.3 /. GHz
7 .4 —03%
|_[ Restore chosen wires to the 10 00 T GEET =035% .
Connected Wires List 1o - ggg% zg-j;g/ /
""""""""""""""""""""""" 14 1 — ——GEET=05% ="
Fig. 2. Detailed flowchart of the low-RCS sparse antenna -16 A
generation step 218 | sy, dB
3. L-RCS-OCGA for triangular trihedral corner reflector @
WG antenna 57 58 59 6 61 62 63 64
_6 1 1 . 1 . 1 1 1 J
To validate L-RCS-OCGA, the proposed approach was ap- <l T 82%?"’21 0.55% Jf. GHz
plied to a TCR WG antenna operating at 6 GHz [21, 22]. We -10 - R g%g% fg'g?/
chose the TCR because it exhibits a large monostatic RCS 12 4 GEET =0.7%
(MRCS) that is strongly concentrated at boresight (¢ = 45° and 0 o, — — —GEET=075% _ g2
. . . . -14 = — GEET =0.8%, .2
~ 55°) [24-26], which makes it a particularly demanding test case 16 A g -
for RCS reduction. The original antenna consisted of three faces, Isyy, dB
. . . . . -18 4 11l=
each of which was an isosceles right triangle with a leg length a ®)
=196 mm (Fig. 3a). The structure was modeled as a WG with a
mesh size of 7mm (= A8 at 6 GHz) and a wire diameter of 15 1 G dBi
0.9 mm. The antenna was excited by an active element of height 13 - B e
h = 32 mm, a vertical wire divided into 7 equal segments. The 1 - —— Original PR
segment connecting the active element to the bottom face od GEET =0.3%
(marked in red in Fig. 3b) served as a source gap, i.c., an excita- - T ggg% zg'i‘ffﬂ
tion segment corresponding to the non-zero entry of the excita- GEET — 0.45%
tion vector v with a value of 1 V. A passive element of height / = S5 — — —GEET =05% f.GHz
20 mm, divided into 5 segments, was used for matching the im- 3 ' ' ' ' ' ' '
pedance to 50 Q [22]. Both elements had a diameter of 3 mm, 3.7 3.8 3.9 6 6.1 6.2 6.3 6.4
were oriented parallel to the Oz axis, and were placed on the bi- (©

sector of the bottom face. Their perpendicular distances from
each side edge were m = 38.5 mm for the active element and d =
45.5 mm for the passive element (Fig. 3b).
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------- GEET =0.6%
- - - - GEET =0.65%

— — = GEET =0.75%

— - — GEET =0.8% f-GHz

1
9
7 GEET =0.7%
5
3

5.7 5.8 5.9 6 6.1 6.2 6.3 6.4
(d)
Fig. 4. Frequency dependences of the simulated |s11] (a, b) and Gmax
(c, d) for the original and sparse antennas after OCGA

For the radiation characteristics, the maximum gain Gupax Of
the original structure reached 13.18 dBi at the resonant frequency
(Fig. 4c and d). For GEET in the 0.3-0.5% range, the Gmax of the
sparse antennas closely followed that of the original, with a max-
imum deviation of approximately 0.41 dBi (GEET = 0.5%) and a
minimum of 0.02 dBi (GEET = 0.45%) at 6 GHz. Notably, for
GEET = 0.4%, Gmax = 13.29 dBi at 6 GHz, slightly exceeding the
original value, while maintaining very low variation across the
5.75-6.35 GHz band. As GEET increased further, the degrada-
tion of Gmax became more pronounced. Specifically, for GEET
values of 0.75% and 0.8%, the Gmax decreased throughout the
entire operating frequency band. This degradation was likely due
to the elimination of a large number of wires, which reduced the
effective surface density of the WG and allowed a portion of the
radiated energy to leak through the structure. Nevertheless, for
GEET = 0.75%, the Gmax remained at an acceptable level, with a
maximum reduction of only about 0.95 dBi at 6.1 GHz. In con-
trast, GEET = 0.8% caused a significantly more pronounced deg-
radation in the high-frequency region of 6.05-6.35 GHz. To
quantitatively compare the levels of sparsification, the mass re-
duction factor (MRF) is defined as the ratio of the mass of the
original WG antenna to that of the corresponding sparse antenna
and is summarized in Table 1.

Table 1
MREF of the sparse antennas
GEET.%| 0.3 [035[0.4 J0.45[0.5 [0.55]0.6 [0.65]0.7 [0.75] 0.8
MRF [1.63(1.72 [1.83 {1.94 |2.04 |2.17 |2.28 |2.41 |2.50 (2.65 |2.82

Following the definitions of the Base and Reference antennas
given in Section 2, GEET = 0.4% (MRF = 1.83) was chosen as
the Base sparse antenna, since it achieved substantial mass re-
duction while its radiation characteristics remained close to those
of the original antenna. The structure with GEET = 0.75%
(MRF = 2.65) was chosen as the Reference sparse antenna, since
it represented the highest sparsification level for which |si;| and
Gmax were still acceptable. Beyond this point, as observed for
GEET = 0.8%, the radiation performance was significantly de-
graded in the 6.05-6.35 GHz range.

L-RCS-OCGA was then applied to the Base sparse antenna at
f=6 GHz. The set of incident directions considered for the com-
putation lay in the space in front of the TCR antenna, with 6 and
¢ varying from 0° to 90° in 1° steps. The procedure was carried
out for three values of GEETrcs = 10, 15, and 20%, after which
the free-wire components were reconnected to the main structure

(Fig. 5).

Fig. 5. Sparse antennas after L-RCS-OCGA
with GEETrcs = 10% (a), 15% (b), and 20% (c)

The |s11| of the sparse antennas closely followed that of the
original antenna over the entire operating band (Fig. 6a). The
most noticeable difference appeared at the resonant frequency,
with a maximum deviation of approximately 0.5 dB for
GEETRrcs = 10%. These deviations were small, indicating that
L-RCS-OCGA did not significantly affect the impedance match-
ing of the antenna.

The Gmax of the sparse antennas was also in good agreement
with that of the original antenna (Fig. 6b). However, as some
additional wires were eliminated, Gnax exhibited a reduction rela-
tive to the original. At the resonant frequency of 6 GHz, this re-
duction was approximately 0.65, 0.18, and 0.07 dBi for
GEETkrcs = 10, 15, and 20%, respectively (Table 2). All of these
values remained within a tolerable range for practical applica-
tions. It should be noted that GEETrcs behaved in the opposite
manner compared with the GEET introduced in Step 2. A larger
GEET eliminated more wires (those with |[;| below the thresh-
old) and yielded a sparser structure, whereas a larger GEETrcs
eliminated fewer wires (those with J above the threshold) and
yielded a less sparse one.

As for the radiation patterns (RPs), the main beams of the
sparse antennas remained in good agreement with the main beam
of the original antenna in both the ¢ = 45° and 6 = 33° planes
(Fig. 6¢ and d). However, the side-lobe level (SLL) showed an
increasing trend, primarily in the angular range of 180-240° in
both planes. This change can be attributed to the modification of
the current distribution and the loss of phase coherence in the
radiated field when some wires were eliminated. The additional
elimination of wires from the Base sparse antenna also made the
resulting structures lighter, with MRF = 2.47, 2.25, and 2.12 for
GEETrcs = 10, 15, and 20%, respectively. Thus, after applying
L-RCS-OCGA, the mass of the original antenna was substantial-
ly reduced, while the basic radiation characteristics were main-
tained at an acceptable level.

5.7 5.8 5.9 6 6.1 6.2 6.3 6.4

-6 : : ; ' '
— Original

,,,,,,,,,,,,,, GEETgcs =10%
....... GEETge; =15%

- - - - GEETges =20%

-18 -

-_—
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Fig. 6. Simulated |s11] (a), Gmax (b),
and RPs in the @ = 45° (¢) and 0 = 33° (d) planes at 6 GHz
for the original and sparse antennas after L-RCS-OCGA

For each obtained sparse antenna, the MRCS was determined
for two types of incident polarization, namely linear and circular
polarization. In this study, the incident wave is expressed in the

spherical coordinate system (é, (f)) according to the spatial phas-

or convention €7, For linear polarization, the 0-polarized inci-

dent wave has its electric field vector oriented along 0, and is
expressed as

E, =0¢c/. (1)
For circular polarization, the incident wave is expressed as
1 - ‘
Einc = _(e - jf e+jkr s (2)
N jo)

which corresponds to a right-hand circularly polarized (RHCP)
wave. An RHCP wave is one for which the electric field vector ro-
tates clockwise when viewed in the direction of wave propagation.
As mentioned earlier, the TCR antenna exhibited its maxi-
mum MRCS at boresight (¢ = 45° and 6 = 55°). For this reason,
the boresight direction was selected as the main observation di-
rection to analyze the MRCS over the operating frequency band.
For the 6-polarized (1) incident wave (Fig. 7), the sparse an-
tennas exhibited a substantial MRCS reduction over the 5-8 GHz
band in the boresight direction (Fig. 7a). The average MRCS
reduction with respect to the original antenna was 8.74, 7.26, and
6.73 dB for GEETrcs = 10, 15, and 20%, respectively. This re-
duction was larger when GEETgrcs was smaller, since a smaller
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GEEThrcs resulted in a larger number of wires being additionally
eliminated.

At 6 GHz in the ¢ = 45° plane (Fig. 7b), the MRCS reduction
was clearly observed in the region of 6 =~ 30-80°, reaching up to
25 dB around 6 = 75-80° for GEETrcs = 20%. A slight increase
of MRCS, however, was observed in the region of 6 = 12-24°.
This effect may be attributed to a present limitation of the sparsi-
fication criterion, which considers only the magnitude of the
current and does not yet account for its phase. The incorporation
of phase information into the sparsification criterion is a direc-
tion that will be investigated in future work. In the 6 = 55° plane
at 6 GHz (Fig. 7c), the MRCS was reduced over all the consid-
ered directions, with the strongest reduction occurring around the
boresight direction.

These results show that L-RCS-OCGA produces sparse an-
tennas with a substantial MRCS reduction with respect to the
original antenna for the 6-polarized incident wave.

g 1 MRCS, dBm?
0 1 Y
g s AT P e wohbie.
20 T et Neem—— Original
g { e e Gl =10
:}g . ---- GEET:& =20% Jf-GHz
5 3.5 0 6.5 7 1.5 8

0 -
AN L eedroml
-12 1 \ = & i
-18 A A o/ seeeeees GEETRes =10% %, M
18 7 S GEETps =15%  '&f
24 4 v - - — — GEETges =20% i 6.0
-30 T T T T r— —
0 15 30 45 an 75 90
(b)
g=355°
" “\:‘ \\-;-'.;_—;:..___;«r
- GEETges =20% o
i GEETges =10% — - = - GEETz =15% 0, °
0 15 30 45 60 75 90

(c)
Fig. 7. Simulated MRCSs when the structures were excited by the plane
wave with 6-pol over 5-8 GHz (a), in ¢ = 45° (b),
0 = 55° (¢) planes at 6 GHz for the original and sparse antennas

For the RHCP (2) incident wave, the sparse antennas also ex-
hibited a substantial reduction of MRCS (Fig.8). Over the
5-8 GHz band, the average reduction of the total MRCS with re-
spect to the original was 12.12, 10.51, and 10.3 dB for GEETgrcs =
10, 15, and 20%, respectively (Table 2). The reduction was even
larger for the cross-polarization (cross-pol) component, reaching
14.75, 13.29, and 13.27 dB. The co-polarization (co-pol) compo-
nent, on the other hand, showed an increase of 18.37, 20.17, and
20.57 dB. It should be noted that the co-pol MRCS of the original
TCR antenna is inherently low. Although the increase of the co-
pol component in the sparse antennas appears large when ex-
pressed in decibels, its absolute magnitude remains inherently
small and does not dominate the cross-pol component.
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At 6 GHz in the ¢ = 45° plane (Fig. 9a-c), the total and the
cross-pol MRCS components were both reduced over most direc-
tions, with the strongest reduction occurring around the boresight
direction (Fig.9a and b). The co-pol component, in contrast,
exhibited an increasing trend around the boresight direction
(Fig. 9¢), which was consistent with the increase of the co-pol
component at boresight observed over the frequency band. In the
0 = 55° plane at 6 GHz (Fig. 9d-f), similar trends were observed.

The reduction of the total MRCS observed both over the fre- 0 7 MRCS, dBm?
quency band and in the considered planes confirmed that L-RCS- 210 o Lo m sz A E T S S e — T T
OCGA reduced the total backscattered energy of the antenna for -20 T
the RHCP incident wave, even though a portion of this energy -30 ginal
was transferred to the co-pol component. -40 B = Sk 44
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Table 2
Simulated Gmax and average RCS change of the original and L-RCS-OCGA sparse antennas over 5-8 GHz

Structure Gmax Avg. RCS reduction, | Avg. RCS reduction, Avg. RCS reduction, Avg. RCS increase, MRF

at 6 GHz (dBi) 0-pol (dB) RHCP total (dB) RHCP cross-pol (dB) RHCP co-pol (dB)

Original 13.18 - - - - -
GEETrcs = 10% 12.54 8.74 12.12 14.75 18.37 2.47
GEETrcs = 15% 13.00 7.26 10.51 13.29 20.17 2.25
GEETrcs = 20% 13.11 6.73 10.3 13.27 20.57 2.12
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Fig. 9. Simulated total (a, d), cross-pol (b, e), and co-pol (c, f) MRCSs at 6 GHz
when the structures were excited by the RHCP plane wave for the original and sparse antennas after L-RCS-OCGA
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Thus, the application of L-RCS-OCGA to the TCR WG an-
tenna simultaneously achieved three aims: a substantial mass
reduction, a reduction of the MRCS for both 6-pol and RHCP
incident waves, and a preservation of the basic radiation charac-
teristics close to those of the original antenna. The results also
revealed a trade-off between the level of RCS reduction and the
preservation of the antenna characteristics. A smaller GEETrcs
yields a larger RCS reduction but a more pronounced degrada-
tion of Gmax, Whereas a larger GEETrcs keeps the antenna char-
acteristics closer to those of the original at the cost of a smaller
RCS reduction. Among the considered cases, the sparse antenna
with GEETrcs = 20% provided the best compromise, achieving
MRF = 2.12, an average MRCS reduction of 6.73 dB for the 6-
polarized incident wave and 10.3 dB for the total MRCS of the
RHCP incident wave, while |s11] and Gmax remained almost un-
changed compared to those of the original antenna.

4 Experimental Results

To experimentally validate L-RCS-OCGA, two prototypes
were fabricated, corresponding to the original TCR WG antenna
and to the sparse antenna with GEETrcs = 20% (Fig. 10). Both
prototypes were made of metallic wires, with dimensions match-
ing those of the simulation model. All measurements were car-
ried out in an anechoic chamber over the 5-8 GHz frequency
band using a Micran R4M-18 vector network analyzer (10 MHz—
20 GHz). For the MRCS measurements, two separate setups
were used to generate the linearly and circularly polarized inci-
dent waves, and a metallic plate of known dimensions was used
as the calibration reference for RCS measurement. According to
the datasheet of the analyzer [27], the measurement error of |si]
is in the range of +0.01 to £0.055 dB and that of |s2;| is in the
range of 0.5 to £2.5 dB.

(@) (b)
Fig. 10. Prototypes of original (a)and sparse (b) TCR WG antennas

The measured and simulated |s11| for both the original and the
sparse antennas are presented in Fig. 11a. For the original anten-
na, the measured resonant frequency was 6.06 GHz, compared
with 6 GHz in the simulation, corresponding to a deviation of
60 MHz. This deviation may be attributed to fabrication toler-
ances and to the SMA connector, which was not included in the
simulation model. Despite this small shift, the measured |s1;| of
the original antenna followed the simulated trend over the entire
operating band.

For the sparse antenna with GEETrcs = 20%, the measured
|s11] followed a trend similar to that of the original antenna. The
deviation between the measured and simulated resonant frequen-
cies of the sparse antenna was comparable to that of the original
antenna, indicating that L-RCS-OCGA did not introduce any
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significant additional impedance mismatch. These results con-
firm that L-RCS-OCGA preserved the impedance matching of
the antenna under practical fabrication conditions.
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Fig. 11. Simulated and measured results of |s11] (a) and RPs in the
¢ =45° (b), 6 =33° (c) planes at 6 GHz for the original and sparse antennas

The normalized RPs (Gn) in the ¢ = 45° and 6 = 33° planes
are presented in Fig. 11b and c. For the original antenna, the
measured main beam agreed well with the simulated one in terms
of both direction and beam width. The deviations in the SLL
between measurement and simulation may be attributed to fabri-
cation tolerances, angular alignment errors during the measure-
ment, and the routing of the measurement cables near the anten-
na structure. For the sparse antenna with GEETrcs = 20%, the
measured main beam closely matched the simulated and meas-
ured main beam of the original antenna, indicating that L-RCS-
OCGA preserved the main radiation characteristics of the anten-
na. The increasing trend of the measured SLL with respect to the
original one was consistent with the observations from the simu-
lations discussed in Section 3.

Fig. 12a presents the MRCS at the boresight direction over
the 5-8 GHz frequency band under 0-polarized incidence. The
measured MRCS of the original antenna generally followed the
simulated trend, with good agreement in the 5.5-8 GHz range.
Over 5-5.5 GHz, the deviation between measurement and simu-
lation was larger, reaching approximately 2.7 dB at 5.2 GHz,
mainly due to angular alignment errors of the sample and the
measurement antenna in the anechoic chamber. For the sparse
antenna, the measured MRCS remained noticeably lower than
that of the original antenna over the entire frequency band. The
average measured MRCS reduction was 8.16 dB, and the simu-
lated value was 6.73 dB. Both values confirm the effectiveness
of L-RCS-OCGA in reducing the MRCS when the wire-
elimination criterion is applied under practical fabrication condi-
tions.
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The MRCS at 6 GHz in the ¢ = 45° and 8 = 55° planes under
6-polarized incidence is presented in Fig. 12b and c, respectively.
In both planes, the measured MRCS of the sparse antenna was
lower than that of the original antenna in most directions, with
the strongest reduction occurring around the boresight direction.
The experimental results confirm the trend of RCS reduction
along the boresight direction observed in the simulations.
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Fig. 12. Simulated and measured MRCSs when the structures were
excited by plane wave with 6-pol over 5-8 GHz (a)
in @ =45° (b) and 6 = 55° (¢) planes at 6 GHz

When the structures were excited by an RHCP incident wave,
the measured MRCSs of the cross-pol and co-pol components in
the ¢ = 45° and 6 = 55° planes are presented in Fig. 13. For the
cross-pol component (Fig. 13a and c), the measured results
showed a substantial MRCS reduction in most directions, partic-
ularly around the boresight direction, in agreement with the trend
obtained in the simulations. In the 6 = 55° plane (Fig. 13c), how-
ever, some deviations between measurement and simulation were
observed. Specifically, the measured MRCS of the original an-
tenna was about 6 dB higher than the simulated one in the angu-
lar range of @ = 65-80°. These deviations mainly originated from
angular alignment errors of the prototypes during the measure-
ment. Despite these deviations between simulation and meas-
urement, the direct comparison between the measured results of
the original and the sparse antennas still clearly demonstrates the
MRCS reduction provided by the L-RCS-OCGA procedure. For
the co-pol component (Fig. 13b and d), both the simulation and
the measurement showed an increase of the MRCS around the
boresight direction.

Overall, the experimental results demonstrate a strong corre-
lation with the simulation results, although some discrepancies
were observed at certain frequencies and angles. These discrep-
ancies do not negate the effectiveness of the L-RCS-OCGA pro-
cedure under practical fabrication conditions, which successfully

achieves all three objectives: weight reduction, preservation of
fundamental radiation characteristics, and reduction of the anten-
na MRCS.
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Fig. 13. Simulated and measured cross-pol (a, ¢)
and co-pol (b, d) MRCSs when the original and sparse antennas were
excited by the RHCP plane wave at 6 GHz

5. Discussion

The L-RCS-OCGA demonstrates its effectiveness in simulta-
neously achieving all three objectives: mass reduction, RCS re-
duction, and preservation of the fundamental radiation character-
istics at levels comparable to those of the original antenna. The
reduction of the total MRCS confirms that the sparse structure
obtained by L-RCS-OCGA achieved a genuine decrease in the
total backscattered energy, rather than merely redistributing a
portion of that energy to the co-polarization component. These
results are achieved entirely through wire removal, without the
integration of any auxiliary structures. Furthermore, fabrication
does not require specialized materials or complex processing
steps, making L-RCS-OCGA well suited to platforms with strin-
gent payload constraints. Within L-RCS-OCGA, the reconnec-
tion mechanism also plays an important role in ensuring fabrica-
tion feasibility without compromising the previously achieved
RCS reduction.

In the existing OCGA modifications, the reconnection mech-
anism is designed primarily to maintain mass reduction or to

e
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preserve the radiation characteristics, without accounting for the
contribution of the restored wires to the scattered field. Specifi-
cally, NCOCGA [16] selects wires to be restored based solely on
the shortest-path criterion, without controlling their current mag-
nitude, which may result in the inadvertent restoration of wires
that have little influence on the radiation field or contribute
strongly to the scattered field. MCOCGA [17] gives priority to
the restoration of wires with the largest radiation currents along a
path. However, as noted in [18], this algorithm may inadvertently
restore wires that already belong to the main structure and does
not guarantee that all free-wire components are reconnected. L-
RCS-OCGA addresses these limitations and, to the best of the
authors' knowledge, is the first approach in the OCGA family to
incorporate scattering awareness into both the wire-elimination
and reconnection steps.

Nevertheless, the wire-elimination criterion adopted in L-
RCS-OCGA considers only the magnitude of the current and
does not yet account for phase information. This limitation is
believed to be responsible for the localized increase in MRCS
observed at certain off-boresight directions in the simulation
results. The incorporation of phase information into the sparsifi-
cation criterion, therefore, represents a direct avenue for further
development. In addition, extending the validation of L-RCS-
OCGA to WG antenna structures of greater complexity will al-
low a more comprehensive assessment of the applicability limits
of the approach and further optimization of the trade-off among
mass, RCS, and radiation characteristics.

6. Conclusions

This study has proposed L-RCS-OCGA for WG antennas to
simultaneously reduce both their mass and RCS while preserving
the fundamental radiation characteristics. The approach was val-
idated on a TCR WG antenna operating at 6 GHz, with the mon-
ostatic RCS examined over the 5-8 GHz band for both theta-
polarized and RHCP incident waves. At GEETrcs = 20%, the
representative sparse antenna achieved MRF = 2.12, with an av-
erage MRCS reduction at boresight of 6.73 dB (simulated) and
8.16 dB (measured) for theta-polarized incidence, and 10.3 dB
(simulated) for the total RHCP component. The |s11| and Gpax of
the sparse antenna remained close to those of the original. The
reduction of the total MRCS confirms that the sparse structure
genuinely decreases the backscattered energy. Future develop-
ment will focus on incorporating the phase information of the
current into the sparsification criterion and on extending the val-
idation to WG antenna structures of greater complexity.
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AHHOTauuA

OpHoBpeMeHHOe CHIDKeHMe Macchl U 3ddeKTBHONM mnolaan pacceaHus (SMP) aHTeHHbI ABNAETCA BaXXHOM M aKTyasnbHOW 3afaueil MPOEKTUPOBAaHUA B
COBpEMEHHbIX 1ccnefoBaHuaX. B AaHHoM paboTe mpegnaraetcsa annpoKcMMaumMs ONTUMAarbHOM TOKOBOM ceTkoi ¢ yMeHblueHneMm MNP (Y-3MP-AOTC),
HarpaeneHHas Ha OJHOBPEMEHHOE CHIDKEHME KaK Macchl, Tak U DITP aHTeHHbI MPU COXpPaHEHWUM €€ OCHOBHbIX XapaKTepUCTUK uU3flydeHus. [Npeanaraembiit
NOAXOJ, PaspeXxmBaeT CTPYKTypy aHTeHHbl u3 mpoBogHoi ceTku ([1C) yaaneHMeM Tex NMpOBOAOB, KOTOPble BHOCAT HE3HAYMTESNbHbIM BKIaZ B Mone
U3MyH4eHuUs, HO MPU STOM CUMbHO BAIMAIOT Ha Mone paccesHua. [locne 3Toro BoCCTaHaBAMBAETCA CBA3HOCTb MEXAY HECOEAMHEHHBIMU CTPYKTYpaMu MyTeM
BOCCTaHOB/IEHUA yZaneHHbIX NPOBOAOB, 06MafatoLMX HAMMEHbLLMM BKITaAOM B pacceaHHoe nose. [laHHbIi NoaxoA npeAcTaBiseT coboi MoandmKaLmio,
B KoTopoit Briepeble B ceMerictee AOTC yunTbIBatoTCA XapaKTEPUCTUKM PacCcesHUA Ha STanaxX Kak yZAaneHus NMpOBOAOB, TaK U BOCCTAHOB/EHUA CBA3HOCTM
cTpykTypbl. DddektnsHocts Y-IMNP-AOTC noatBepkaeHa pesynbTaTaMM MOZENMPOBAHWA M U3MEPEHUA Ha TPeyrosibHOM TPEXTPaHHOW YrOKOBOW
pednektopHoit aHTeHHe u3 MC, paboratowent Ha Yactote 6 ITu. MoHocrtatnueckas SIP (M3IMP) uccneposanack B AvanasoHe yactor 5-8 My ana
najaroLLyX BOSIH C -Monapusaumen u npasoi kpyrosom nonspu3sauueit (MKI). PaspexenHas aHTeHHa okasanack B 2,12 pasa nerye ncxogHoit. Mpu atom
cpeaHee cHwxkernne MIMP B HanpasneHun rmasHoro nyva coctasuno 6,73 ab (npu mogenvpoeanumn) u 8,16 ab (Npu u3aMepeHun) ans -nonapusaumu, a
Taioke 10,3 Ab (mpu MogenupoBaHum) Ans NonHoMi koMnoHeHTbl BosHb ¢ MKI. B To ke BpeMsA OCHOBHbIE XapaKTEpPUCTUKM M3y4EHWsA NPU 3TOM OCTaNUCh
6nM3Kn K UCXOAHOM aHTeHHe. TakuM obpasomM, Y-SIMP-AOTC obecneuvBaer a¢pdpekTMBHOE OAHOBPEMEHHOE CHWXeHWe Maccbl U DIP aHTeHHbI, 4TO
[enaet ero ocob6eHHO MepCneKTMBHLIM /1A MPUMEHEHWA Ha MaThOpMaxX CO CTPOTMMU OrPaHUHYEHUAMM MO MOJIE3HOM HarpysKe.

Knioyeeble cnoea: annpokcumauus onmumasnbHol mokogol cemkoti, Memod MOMEHMO8, NpOBOOHAA CEMKA, Pa3peKeHHAA aHMeHHA, 3¢ppekmusHas nnou,ads
paccesaHus.
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