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ABSTRACT This article presents a linear microstrip patch antenna array at the X-band that incorporates
an aperiodic artificial magnetic conductor (AMC) metasurface which utilizes phase cancellation techniques
for reducing both the in-band and out-of-band Radar Cross Section (RCS). The structure consists of two
substrates with three layers, the top layer consists of 8 antenna elements along with AMCs which are
aperiodically oriented for wideband RCS reduction, and the middle layer (in between the two substrates)
consists of a corporate feed network for the antenna array, followed by the ground plane in the bottom layer.
Few AMC blocks have been used to achieve a wideband RCS reduction in the frequency range of 6 GHz
to 16 GHz with more than 85% reduction in both X- and Y-polarizations utilizing a low profile, compact
design. Along with the monostatic RCS reduction, a bistatic RCS reduction up to 40° has also been observed
in simulations. The proposed structure has been fabricated and measurements of the reflection coefficient,
gain, patterns, and monostatic RCS plots have been carried out. Measured results indicate good agreement
with the results of the simulations after considering all measurement errors.

INDEX TERMS AMC metasurface, antenna array, multi-layer structure, RCS reduction, stealth technology,
wideband.

I. INTRODUCTION

One of the principles of stealth technology is the decrease
of the RCS of the target. The RCS is often reduced by
applying various coatings or radar-absorbent materials to
the fighter aircraft’s metallic surface. The opponent radar
emits electromagnetic (EM) waves that are directed toward
the airborne antennas mounted on aircraft, used for com-
munication purposes with the ground station. These fighter
aircraft, unmanned aircraft (drones), and cruise missiles
generate the majority of the RCS for stealth operations due to
their airborne antennas for signal transmission and reception.
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So, antenna RCS reduction is very necessary for stealth
technology [1].

There have been a few different methods proposed for
reducing antenna RCS, such as the shaping of antenna
structure, in which the configuration can be reshaped to
reflect the EM wave away from the direction in which it
was incident [2]. Then, radar-absorbing materials, are also
used for antenna RCS reduction [3], [4]. The EM wave can
be absorbed by the material, and its energy is converted
into heat in this case. Conventional antenna RCS reduction
methods, on the other hand, can result in a reduction in
antenna radiation performance, such as radiation efficiency,
and gain [5]. RCS of low-profile antennas can also be
decreased by using frequency selective surfaces (FSS) etc

© 2023 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

127458

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

VOLUME 11, 2023


https://orcid.org/0000-0002-1975-5935
https://orcid.org/0000-0001-7364-1835
https://orcid.org/0000-0001-9468-4850
https://orcid.org/0000-0001-8283-7311
https://orcid.org/0000-0001-6059-6203
https://orcid.org/0000-0002-8517-408X

B. Bandyopadhyay et al.: Wideband RCS Reduction of a Linear Patch Antenna Array

IEEE Access

[6], [7]. The designed FSS sheet operates as a plate in the
antenna operating band, ensuring radiation performance, and,
outside of the working band, this periodic structure exhibits
low scattering and bandpass qualities [8], [9]. The techniques
covered in the aforementioned papers are intended to reduce
RCS in a limited bandwidth.

For wideband RCS reduction, the chessboard metasurface
is created by using two AMC unit cells, incorporated with
antennas for RCS reduction [10], while the chessboard
configuration discussed in [11] used the unit cell of combined
AMC and Perfect Electric Conductor(PEC) (as a checker-
board structure). At the working frequency, the PEC unit cells
reflect incident waves with a 180° phase shift, whereas the
AMC unit cells provide no phase change to the reflected
wave. When these two effects are combined, the bore-sight
direction is subjected to destructive interference, and the
power is reflected in various directions. But the chessboard
configuration has its limitations because of the narrow
band. Thus, by substituting another AMC structure for the
PEC cell, which operates at a distinct resonance frequency,
these narrow band constraints have been eliminated. This
substitution creates a destructive interference scenario with
a broadband response [12]. To further expand the bandwidth
of RCS reduction, three AMC unit cells based on the concept
of cascade connection have been proposed. Then, to enable
polarization-independent RCS reduction, the metasurface has
been designed in a triangular chessboard pattern [13]. To fur-
ther broaden the bandwidth of RCS reduction, a metasurface
design known as a blended checkerboard that combines four
AMC unit cells is discussed in [14].

Similarly, electromagnetic band gap (EBG) structures
within their band gap must function as AMC unit cells [15].
The polarization conversion metasurface (PCM) used one
unit cell cluster and the mirror effect of the same cluster
to produce a 180° phase difference. The PCM redirects
the back-scattered energy in off-normal directions, thereby
reducing the monostatic RCS in near-normal directions [16],
[17], [18].

When it comes to military applications, having an antenna
with a low RCS is important, but having one with a good
gain across a wideband of frequencies is equally necessary.
When designing an antenna with a high gain, the aperture
size of the antenna must be larger than the size of any
individual antenna structure. The RCS of the entire structure
will thus automatically rise as a result. Partially reflecting
surface (PRS) is a well-known example of a larger aperture
size antenna array [19]. A wideband RCS reduction with a
higher gain antenna application is given in [20] and [21].
By using a coding metasurface, the RCS has been reduced
to a fabry-perot antenna, which has a highly directive beam
[22]. However, any form of high-gain antenna application that
uses a PRS for enhancing gain requires that the PRS function
as a superstate. This results in an increase in the height of the
whole structure as well as an increase in the bulkiness of the
structure.
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In this article, a wideband, 8-element linear patch antenna
array has been designed for a narrow-beam directive
application with a wideband RCS reduction of more than
85% in X and Y-polarizations. A technique has been used
for RCS reduction without extending the antenna structure
further for the placement of AMC blocks. This design utilizes
two substrates, which results in multi-layer printed circuit
boards. The antenna and AMC blocks are placed on the
upper substrate, and the feed network is placed on the
lower substrate. To make the connection between the top
layer antenna and the feed network, eight vias have been
constructed.

The main contributions of this work are stated as follows:

« Without increasing the antenna footprint further for
the positioning of AMC unit cells, a wideband RCS
reduction has been observed for both in-band and out-of-
band polarizations. In addition, this structure has a low
profile, is simple to implement, and increases radiation
efficiency by employing fewer AMC blocks.

« First periodic and subsequently aperiodic orientations
have been employed to change and minimize the grating
lobes that appear in a certain direction in the case of the
periodic structure of the RCS reduction.

« For oblique incident waves (up to 40°), the performance
of the antenna remains almost the same, with a substan-
tial RCS reduction in both TE and TM polarizations.

When space is the primary limitation for the placement
of a large X-band metasurface antenna that is undetectable
by adversary radar on fighter aircraft and missiles, this type
of compact antenna will be the best option for application
purposes in the advancement of radar stealth technology.

The organization of the paper is as follows: Section II
provides details on both AMC structures as well as their
magnitude and phase plots. Section III describes the antenna
array in detail and the array with AMC metasurface, while
Section IV describes the simulated results, followed by
Section V, which includes fabrication and measured plots.
Finally, in Section VI, concluding remarks have been added.

Il. SELECTION OF ARTIFICIAL MAGNETIC CONDUCTORS
10 dB RCS reduction over broadband by using a conventional
checkerboard configuration using two AMC unit cells can be
determined by equation (1) [23]

AlejP' +A2€jP2 2

5 ey

RCS Reduction = 10log,

where, A| and A, represent the reflection magnitude of the
designed AMC unit cells, and reflection phases of AMC unit
cells are represented by P; and P; respectively. The average
of the total reflection coefficient is taken into account for
the metasurface because both AMC structures occupy exactly
half of the whole surface. For 10 dB RCS reduction, the
reflection phase difference between two AMC structures is
estimated to be 180° = 37°. Destructive interference for RCS

127459



IEEE Access

B. Bandyopadhyay et al.: Wideband RCS Reduction of a Linear Patch Antenna Array

(@) (b)

FIGURE 1. Design of AMC unit cells, (a) AMC1, (b) AMC2; where,
L=9mm, h=3.5mm, m=2.1mm, W; =1.73 mm, W, = 1.1 mm,
W5y =2.37 mm.

reduction is provided by the reflection phase of AMC and
PEC unit cells in a checkerboard configuration, although
with limited bandwidth. As a result, two AMC unit cells are
selected for broadband RCS reduction: one single-band AMC
unit cell and one dual-band AMC unit cell, each working at
a different resonance frequency. This modification enables
compliance with the destructive interference criterion at the
resonance frequency of both AMC unit cells.

Therefore, two AMC unit cells have been developed here
to create a blended surface with the antenna elements in order
to reduce broadband RCS. Two designed AMC unit cells are
shown in Fig. 1 along with all of their designed specifications.
The idea of the designed AMC unit cells is similar to the
AMC structures mentioned in [12] and [24].

For single-band AMC, a simple square patch of FR4
substrate backed by a ground plane is chosen. The reflection
magnitude of 0.95 remains constant from 6 GHz to 18 GHz,
with a 0° reflection phase at 9.85 GHz. For dual band AMC,
a Jerusalem cross with 0° phase reflection at 5.76 GHz and
14.7 GHz and 180° phase reflection at 9.85 GHz has been
designed, shown in Fig. 2.

In this case, the reflection magnitude is nearly 0.95 from
6 GHz to 14.7 GHz and 0.98 at 10 GHz, implying total
reflection without absorption. The difference between the
phases of these two AMC unit cells maintains a wideband
from 5.9 GHz to 14.7 GHz for wideband RCS reduction,
as shown by the shaded region in Fig. 2.

1Il. DESIGN OF LINEAR PATCH ANTENNA ARRAY

A. #ANTENNAT

For directive application and to achieve more gain, an 8-
element linear microstrip patch antenna array at the X-band
has been designed. For antenna elements, FR4 substrate with
a loss tangent of 0.02 and permittivity of 4.4 has been chosen
for a wideband behavior with a dielectric height (h,) of
3 mm. The feed network has been designed on the bottom
substrate of FR4 having a height of 0.5 mm. The feed network
is connected to the patch antennas through copper vias.
Usually, a corporate feed involves the connection of a coaxial
connector to a vertical transmission line with an impedance of
50 2. Subsequently, the network should be further separated
into two segments, each consisting of a 100 €2 transmission
line. The connection between the 100 €2 line and the next
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FIGURE 2. (a) Reflection magnitude, (b) phase of the two AMC cells and
their phase difference.

Antenna+AMC Plane, 0.035mm
Top Substrate (FR4, Thickness 3mm )

Feed Network Plane, 0.035mm
Bottom Substrate (FR4, Thickness 0.5mm )
Ground Plane, 0.035mm

FIGURE 3. Structural orientation details of the antenna array.

50  line necessitates the use of a 70 © as /(100 x 50)
quarter wave transformer line. In this study, the authors have
selected a substrate with a thickness of 0.5 mm made of
FR4 material, which possesses a loss tangent of 0.02 and a
permittivity value of 4.4. Based on the given substrate, the
width of the 100 2 line is determined to be 0.19 mm, which
is very thin to fabricate. Instead of utilizing that microstrip
line, the authors have opted for a direct connection between
a 70 Q line and 50 €2 lines as discussed in [25]. This feed
network with eight patch elements is named #Antennal. The
structural orientation is shown in Fig. 3.

The antenna array provides 11.5 dB of realized gain and
the bandwidth is from 7.8 GHz to 12.1 GHz, except 11.14 to
11.4 GHz in which return loss is below 9.5 dB with more than
36% bandwidth. Antenna design results in greater additional
dielectric losses since a thicker substrate is chosen. As a
result, the quality factor is lower, and since bandwidth and
Q-factor are inversely related, bandwidth is wider. The length,
L1 is 112 mm, the width, L, is 58 mm and the total height of
the full structure is 41 3.5 mm, shown in Fig. 4(a).

From the standpoint of scattering, it is important to note
that, as with a single antenna, the RCS of an antenna can
be composed of an antenna component and a structural term
shown in the below equation (2) [26], [27].

o= |\/ Ostructural — (1 — T'a) /Oantenna exp?r!

Here, o designates the total RCS of the structure, where
Osructural denotes the scattered field by the short-circuited
antenna, Ourennq denotes the scattered field by the antenna
which has some port impedance values, ¢, represents
the relative phase between osyucnrar and Gantenna, and Ty
represents the reflection coefficient due to mismatch of the
antenna. A short circuit condition is defined as I, = 1, which

2
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FIGURE 4. 8-elements patch array (a) #Antennal, (b) #Antenna2,
(c) #Antenna3, (d) #Antenna4.

makes equation (2) as,

Oshort = Ostructure 3

Similarly, an open-circuited condition is defined as ', = —1,
which makes equation (2) as,

2
Oopen = |\/ OStructural — 2«/ O Antenna exP(p'el 4)
and at last matched is defined as ', = 0 gives
2
Omatch = |\/ OStructural — «/ OAntenna exp(ﬂrel (5)

As the worst-case scenario suggests, the primary objective
of this paper is to decrease RCS under short-circuit condi-
tions. Even though it would be obvious that the RCS has
decreased in comparison to both the matched condition and
the metal plate.

VOLUME 11, 2023

For the reduction of RCS, three types of metasurface
antenna array have been designed, named #Antenna2,
#Antenna3, and #Antenna4 by using the previously discussed
two AMC structures. The blocks of AMC1 using 3 x 3 unit
cells are named ‘1’ and the blocks of AMC2 using 3 X 3 unit
cells are named ‘0’.

B. #ANTENNA2

Only four blocks of AMC structures oriented as ‘1’, and
‘0’ periodicity have been used with #Antennal for RCS
reduction. The AMC blocks are placed at the top layer of
the top substrate along with antenna elements, shown in
Fig. 4(b). The reflection coefficient of this structure provides
a wideband response from 7.4 GHz to 11.45 GHz with
a realized gain of 10.95 dB. The total length L;, width
L, and height A1 is same as that of #Antennal. The AMC
blocks adjacent to antenna elements are not identical due
to the periodicity of the metasurface, which results in an
asymmetric side lobe level radiation pattern.

C. #ANTENNA3

Like #Antenna2, #Antenna3 has also been designed by using
the same four blocks of AMC structures but with different
periodicity, maintaining ‘0’, ‘1’ orientation with #Antennal
for RCS reduction, shown in Fig. 4(c). The reflection
coefficient of this structure also provides a wideband of
7.47 GHz to 11.53 GHz with a realized gain of 10.99 dB.
Due to the orientation of two different types of AMC blocks
next to the antenna components, there is pattern asymmetry
at the first side lobe level in this instance as well.

D. #ANTENNA4

Aperiodicity is used in the case of #Antenna4 to change
the pre-determined direction of grating lobes that results
from the periodic structure in order to increase the scattering
performance of the metasurface antenna. This is done because
the grating lobe theory mentioned in [12] determines the
scattering direction of periodic structures.

By using 3 x 3 AMC blocks, only two aperiodic structures
can be created, either maintaining ‘0’, ‘1°, ‘1°, ‘0’ orientation
or ‘1’, ‘0’, ‘0’, and ‘1’ orientation. So, by using four blocks
of AMC structures, maintaining aperiodicity as ‘0’, ‘1°, ‘1’,
and ‘0’ orientation followed by one single layer of AMCI1
at the top of 4 AMC blocks with #Antennal, #Antenna4
has been designed, shown in Fig. 4(d). One single layer of
AMCI has been added to maintain the symmetry of side lobe
levels. This leads to a gain enhancement of 1.2 dB with an
equal side lobe that is similar to the original radiation pattern.
The reflection coefficient of this structure also provides a
wideband of 7.7 GHz to 11.6 GHz with a realized gain of
12.25 dB.

IV. ANTENNA RADIATION AND SCATTERING
PERFORMANCE WITH SIMULATED RESULTS
The task of reducing the RCS of an array antenna presents
a trade-off between increasing system complexity and dete-
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FIGURE 5. (a) Simulated reflection coefficient plots of all antennas (b) 2D
radiation pattern at ¢ = 90° of all configurations of antennas with
realized gain.

e _
2 g
== A 0
= =

1 —=-10
g 0
2-2 g -20
2-3 #Antennal_Match 2-30 Y #::tf:na ll_l\g::)cl:
] — #Antennal_Short = —#Antennal_Shor!
2-4 - #An(ennaZ“j:;n;en::} g -40 — #Antenna2 - #Antenna3|
2 20N —#Antennad - Metal Plate| g -50 - ;Antenimz‘t -—Mletsal lele8
S0 6 9 12 15 18 oS
= Frequency (GHz) = Frequency (GHz)

(@) (b)

FIGURE 6. Monostatic RCS plot in (a) Y-polarization and
(b) X-polarization.

riorating the array’s radiation performance. Remembering
both aspects, the antenna arrays have been proposed with
a minimum number of AMC blocks to reduce system
complexity, and as this is a wideband antenna array, the
antenna will receive incident power throughout its band.

A. RADIATION PERFORMANCE

The proposed four types of antennas have been simulated
in Ansys HFSS software and the simulated results of all
antennas have been shown and discussed in this section.
As stated about the wideband nature of four antennas in
the last section, the S1; plot of 4 configurations of antennas
has been shown in Fig. 5(a), and the 2D radiation pattern
with the realized gain plot of four configurations of antennas
have been shown in Fig. 5(b) which shows a proper gain
enhancement of #Antenna4 with respect to #Antennal.

B. SCATTERING PERFORMANCE

For RCS reduction, normal incident wave and oblique
incident wave on the antenna arrays have been observed and
shown here.

1) NORMAL INCIDENT WAVE

The monostatic RCS plot of X-polarization and
Y-polarization under the normal incident wave of a
same-sized metal plate, antenna array named as #Antennal
with the shorted condition, #Antennal with the matched
condition, #Antenna2, #Antenna3, #Antenna4 have been
shown in Fig. 6. As the antenna array is a wideband antenna,
o it accepts or receives more power throughout the band
either in shorted or matched conditions.
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FIGURE 7. Monostatic RCS reduction in (a) Y-polarization
(b) X-polarization w.r.t. metal plate.

A significant amount of RCS reduction for both polariza-
tions has been obtained from 6 GHz to 15 GHz in all cases.

By applying a matched load of 50 © impedance to the
feed port, the monostatic RCS has been obtained to determine
the antenna component effect. It may be assumed that the
antenna component has little influence on RCS modifications
outside of the working bandwidth and is functioning almost
like a PEC because the only significant RCS fluctuation is
observed around the antenna’s resonant frequency or across
the antenna’s working bandwidth.

Because of this, the RCS reduction from a metal plate of
the same size has been properly demonstrated, providing very
significant RCS reduction in all antenna configurations and a
very wideband for #Antenna4 with over 10 dB RCS reduction
across the band of 6 GHz to 15 GHz. Fig. 7(a) and (b)
display monostatic RCS reduction plots for both polarizations
relative to a metal plate.

By comparing the monostatic RCS reduction for both
the polarizations depicted in the figures, it is obvious
that all the proposed configurations have a lower radar
cross-section than the original microstrip antenna array,
with up to a maximum 30 dB of reduction for #Antenna2,
#Antenna3, and #Antenna4 by using fewer numbers of AMC
blocks. While #Antenna2 and #Antenna3 provide more RCS
reduction throughout the X-band, the #Antenna4 provides
RCS reduction in some portions of the C-and Ku-bands and
covers a full band of X-band. Table. 1 show the average
RCS reduction of all the configurations of the antennas with
respect to shorted #Antennal.

2) OBLIQUE INCIDENT WAVE
Up to an incident angle of 40°, the RCS of the proposed
antenna configurations is also studied and presented here.
The surface impedance of the AMC metasurface depends on
the angle of incidence. As a result, the impedance of the
incoming wave varies with respect to the angle at which
it is arriving. As a result, the phase of reflection for both
polarizations changes [28]. Because of this, a frequency shift
happens within the same band as the normal incident wave.
Considering the worst case for RCS reduction, it has
been observed that a significant amount of RCS has been
reduced even in the case of specular direction for the
proposed antenna. Fig. 8(a) and (b) show the bistatic RCS

VOLUME 11, 2023
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TABLE 1. Average RCS reduction of All antenna configurations.

RCS Reduction w.r.t. Shorted Antenna Array

Antenna Frequency Average Monostatic
Configuration Range (GHz) RCS Reduction (dB)
x-Pol y-Pol
#Antenna2 6-15 7.06 8.37
#Antenna3 6-15 6.84 8.78
#Antenna4 6-15 7.61 8.08

RCS Reduction w.r.t. Metal Plate
(same size of antenna)

Antenna Frequency Average Monostatic
Configuration | Range (GHz) RCS Reduction (dB)
x-Pol y-Pol
#Antenna2 6-15 9.76 10.85
#Antenna3 6-15 9.58 10.52
#Antenna4 6-15 11.34 11.38

(dB)
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FIGURE 8. Specular RCS reduction in (a) TM and (b) TE polarization up to
40° of #Antenna4 w.r.t. metal.
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FIGURE 9. Specular RCS reduction in (a) TM and (b) TE polarization up to
40° of #Antenna4 w.r.t. shorted #Antennal.

plot #Antenna4 in TM polarization and TE polarization with
respect to the metal plate of similar size.

Fig. 9(a) and (b) show the bistatic RCS plot of #Antenna4
in TM and TE polarization compared to #Antennal in shorted
condition.

It is not surprising that as the reflection phase varies as
a function of the incident angle, the average RCS reduction
bandwidth narrows. But in the situation of aperiodic structure,
which causes an aperiodic reduction in RCS, as shown in
Table 2, the same effect does not apply. This is because the
same phenomenon does not occur at regular intervals.

C. 3D RCS PLOTS

The phase behavior of the AMC structure depends on the
incidence angle of the plane wave, which constrains the
scattering behavior of the checkerboard patterns and results
in the production of grating lobes. For three configurations

VOLUME 11, 2023

TABLE 2. Average specular RCS reduction of all antenna configurations.

Antenna Average Specular RCS Reduction (dB)
TM Polarization
=10° | 6=20° | 6 =30° | 8 =40°
#Antenna2 7.8 7.4 6.21 5.94
#Antenna3 7.96 7.24 6.08 5.99
#Antennad 8.1 8.76 10.1 10.96
TE Polarization
0=10 0 =20° [ 6=30° [ 9 =40°
#Antenna2 8.73 8.31 7.43 6.37
#Antenna3 8.93 8.84 7.45 5.97
#Antennad 8.77 9.04 7.96 6.92

Min: -50.6

FIGURE 10. 3D RCS plot of #Antenna2 and #Antenna4 at X-polarization,
(a) #Antenna2 at 8 GHz, (b) #Antenna2 at 9 GHz, (c) #Antenna4 at 8 GHz,
(d) #Antenna4 at 9 GHz.

at various frequencies, 3D RCS plots are provided below to
illustrate the scattering direction of metasurface antennas.

Fig. 10(a), (b), and 11(a), (b) show the 3D RCS plot
of #Antenna2 under normal incident wave for X-and
Y-polarization respectively for the frequency of 8 GHz
and 9 GHz, and Fig. 10(c), (d), and 11(c), (d) show the 3D
RCS plot of #Antenna4 under normal incident wave for X-
and Y-polarization, respectively, for the frequencies of 8 GHz
and 9 GHz.

According to the array theory, the grating lobes that
are generated by the periodic metasurface, i.e., #Antenna2
and #Antenna3 which use periodic AMC blocks, are fixed.
However, any prominent grating lobe does not occur in the
case of #Antenna4. This can be seen quite clearly from the
3D RCS plots that have been shown above. Even though only
two frequency plots are displayed here, this logic holds for
the entire frequency range that is described.

V. FABRICATION AND MEASUREMENTS

After the structures have been simulated, #Antenna4 has
been fabricated and measured, as shown in Fig. 12, as the
#Antenna4 provides wide RCS reduction bandwidth and
improves the radiation and scattering properties of the
antenna w.r.t. #Antennal. The antenna has been fabricated
using two substrates. The upper substrate contains an AMC
metasurface and antenna elements, which are connected
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FIGURE 11. 3D RCS plot of #Antenna2 and #Antenna4 at Y-polarization,

(a) #Antenna2 at 8 GHz, (b) #Antenna2 at 9 GHz, (c) #Antenna4 at 8 GHz,
(d) #Antenna4 at 9 GHz.
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FIGURE 12. (a) fabricated structure, #Antenna4 and (b) RCS measurement
setup of #Antennal, (c) RCS measurement setup of #Antenna4, and
(d) pattern measurements setup of the #Antenna4.

with the feed network in the lower substrate through PTH
vias. Then a coaxial SMA connector has been used from
the backside to feed the antenna. The two substrates of
FR4 have been pasted using epoxy resin and a hard press
technique to minimize the air gap between the two substrate
layers.

Fig. 13(a) shows good agreement between the Si;
simulated and measured results across the entire X-band.
The measured S1; provides a wideband of 44% bandwidth
covering from 7.43 GHz to 11.7 GHz. The Si; has been
measured using Agilent PNA N5222A.

After the Sj1, the radiation pattern and scattering perma-
nence of #Antenna4 have been measured in an anechoic
chamber. A plot of the realized gain versus frequency is
shown in Fig. 13(b). While the simulated realized gain
was 12.25 dB, the highest measured gain is 11.95 dB.
The radiation pattern in the YZ plane and XZ plane has
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FIGURE 13. (a) Simulated and measured S;; of #Antenna4 and
(b) simulated and measured realized gain of #Antenna4.

FIGURE 14. 2D Radiation pattern (simulated and measured) of
#Antenna4 (a) YZ plane and (b) XZ plane.

TABLE 3. Measured average RCS reduction (From 6 GHz to 16 GHz).

Avg. RCS reduction (Measured) X-pol Y-pol
w.r.t. #Antennal -549dB | -5.83dB
w.r.t. Metal -9.29dB | -11.63dB

been measured and plotted with the simulated radiation
pattern, which shows good agreement with each other as
shown in Fig. 14. The differences between measured and
simulated results are acceptable when fabrication tolerances
and measurement deviations, such as antenna misalignment,
and the use of epoxy resin for hard pressing of the structure,
are taken into account.

For scattering performance, the two-horn antenna method
has been used for monostatic RCS reduction measure-
ments. To emphasize the low-RCS feature of the pro-
posed array, the RCS of a reference array with identical
8 patch antennas and an identical-sized metal board is also
measured.

Fig. 15 shows a proper RCS reduction between the band
of 6 GHz to 16 GHz w.r.t. a metal plate and from 7 GHz
to 18 GHz w.r.t. a matched reference antenna array. The
measured average RCS reduction of both cases has been
shown in Table 3. There are differences between the
simulated and measured findings in the RCS reduction plot.
The incident wave impinging on the surface in simulations is
considered a perfect plane wave, but the horn aperture’s far-
field radiation is hardly consistent with a typical plane wave,
which results in the differences.

Despite choosing a lossy, low-cost substrate, the proposed
work offers a wide RCS reduction bandwidth, higher gain,
smaller size, and higher impedance bandwidth when com-
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TABLE 4. Comparison table.

Reference Antenna In band RCS Gain (dBi) Antenna Size
Frequency Range (GHz) RCS Reduction Elements (mm?)
Bandwidth (%) reduction Range (GHz), % (w.r.t. centre freq of antenna)
[10] 9.6-114 Yes 8.8-17.3, 65% 8.1 1 81 x 81
17% 2.83)\ x 2.83\
[29] 5.48-5.84 Yes 4.95-7.18, 36% 9.5 (From Fig.) 1 120 x 120
6% 2.24\ x 2.24\
[30] 5.42-5.84 Yes 4.35-7.8, 56% 9.5(From Fig.) 1 120 x 120
7% 2.25\ X 2.25\
[31] 3.16-3.36 Yes 2.85-3.95, 32% 11 (From Fig) 1 313 x 313
6% 3.39) X 3.39\
[32] 4.3-5.1 Yes 4.53-6.7, 42% 15.6 4 x4 160 x 160
17% 2.67T\ X 2.67\
[33] 2.99-3.16 No 6-13.4,72% 14.13 2 %2 180 x 180
5% 1.8\ x 1.8\
[34] 10.4-11.2 Yes 9.5-26,92% 9.1 5 78 x 104
9% 3.74X\ X 2.81\
[35] 4.7-6.95 Yes 4.7-5.8, 20% 12.7 (Max) 2 %2 92 x 92
38% 1.8TA x 1.8IA
[36] 9.66-11.38 Yes 9.2-18.9, 69% 8 (Max) 1 81 x 81
16% 2.83)\ x 2.83\
[37] 9.2-12 Yes 7.4-11.9, 46% 7.8 1 63 X 63
26% 2.1 x 2.1
[38] 14.2-15.5 Yes 9.3-28.2 (Sim), 100% 73 1 80 x 80
8.75% 9.2-18 (Meas), 64% 2.48X X 2.48)\
[39] 32-33 Yes 29.5-50, 51.5% 7 1 25 x 25
3% 2.75A X 2.75\
This Work 7.43-11.7 Yes 6-16, 90% 11.95 8 58 X 112
44% 1.84\ X 3.55\
5 a feed network, the top layer contains the patch elements
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FIGURE 15. Measured monostatic RCS reduction plot of
#Antenna4 w.rt.#Antennal and metal plate.

pared to low-scattering metasurface-based antennas found in
the literature, as shown in Table 4.

VI. CONCLUSION

A linear microstrip patch antenna array with a wide band and
more directive gain has been designed with fewer numbers
of AMC blocks for RCS reduction over a wideband without
extending the size of the array further. At first, a periodic
and then an aperiodic metasurface has been designed to
change the direction of the grating lobes generated by the
periodic metasurface. While the bottom layer consists of

VOLUME 11, 2023

and AMC blocks which make this structure very compact
and smaller in size. Based upon the simulation results the
antenna array with aperiodic metasurface, named #Antenna4,
has been fabricated and measured. Reflection coefficient,
radiation patterns, gain, and monostatic RCS patterns have
been measured and tabulated, which show a very good
agreement with simulation results. So, the proposed low RCS
antenna array can be easily used for stealth technology and
radar applications.
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