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Abstract

To design a low radar cross section (RCS) antenna, the major concern is not only to reduce
scattering, but also to maintain its radiation parameters, viz. gain, voltage standing wave ratio
(VSWR), etc. This paper presents a simple configuration of low RCS microstrip patch array
with a periodic structure-based superstrate. The ground of the array is designed as reduced
ground plane with high impedance surface elements, viz. rectangular patch and Jerusalem
cross. The configuration of superstrate consists of multilayered, viz., two-layered and three-
layered structures having partially absorbing and reflecting surfaces. In both the proposed
configurations, the array gain of 12.5dB is maintained with reduced structural RCS over
the entire in-band frequency range. The reflection coefficient (~ —20 dB) and VSWR (~ 1.1)
of the array are maintained. It is shown that the proposed superstrate-based patch array design
has significantly reduced in-band RCS (—18 dBsm) at its resonant frequency.

Introduction

When a low observable platform is designed, the antennas mounted over it are the major con-
tributors of the overall radar cross section (RCS). Apart from shaping and using radar-
absorbing materials and structures, antennas are made conformal to reduce the scattering
effect. The RCS of low-profile antennas can further be reduced by an efficient design based
on inclusion of defected ground plane, high impedance surface (HIS) elements, microwave
absorber (MA), and superstrate [1-5]. The main issue in design of low observable antennas
is to achieve low RCS with desirable radiation performance parameters, viz., VSWR, antenna
gain, angular coverage etc.

Initially, superstrates were used as a protective covering to low-profile antennas in severe
environmental conditions. Then by using optimized design parameters of superstrate, the
antenna performance was significantly improved, especially in terms of antenna gain and
operating bandwidth [6-9]. A superstrate essentially comprises of a dielectric layer of electro-
magnetic band gap (EBG) materials with frequency selective surface (FSS) elements or meta-
surfaces. It is placed at an optimum distance from the patch array toward maintaining desired
antenna performance, but with low structural RCS. Furthermore, an FSS, single-substrate
layer, broadband metamaterial absorber (MA) [10-12] can be included in the antenna array
design to achieve low antenna RCS.

In this paper, a novel design of low RCS patch array with a HIS-based superstrate is pre-
sented. The superstrate layer consists of hexagonal-shaped unit cells, placed in a zig-zag pat-
tern. This layer acts as a partially absorbing surface (PAS). Here, hexagonal element is selected
in view of its advantage of having wider bandwidth [13-15]. A rectangular-shaped slot elem-
ent is introduced at the center of the unit cell in order to disturb the continuous surface cur-
rent distribution, thereby improving scattering characteristics. These hexagonal aperture unit
cells are arranged periodically on the superstrate. The configuration of superstrate consists of
multilayered, viz., two-layered and three-layered structures (Fig. 1). In a two-layered structure,
the antenna along with superstrate is designed where the superstrate composed of partially
absorbing surface as upper layer. In three-layered structure, other than antenna and superstrate
a metamaterial absorbing surface is introduced in the configuration. The superstrate com-
prised of partially absorbing surface (PAS) as upper layer and partially reflecting surface as
lower layer (PRS). The PAS layer (upper) absorbs a part of incident out-of-band frequencies.
The remaining out-of-band frequencies reaching PRS layer (lower) would get reflected. On the
other hand, the in-band frequencies penetrate through the PRS layer and will be absorbed or
diffracted in other directions by MA placed in the plane of patch antenna.

The PRS layer, the ground of MA and the antenna form a quasi Fabry—Perot resonant cavity
[9]. Most of the reported superstrate designs are based on a single patch fed by a coaxial line.
Modern ground-based and airborne radar systems employ large phased arrays unlike single
patch antenna. These large phased arrays, comprising 1000—1500 elements have subarrays of
4—6 elements fed by properly designed feed. One needs to focus on the design of superstrate
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Fig. 1. Schematic representation of superstrate configurations. (a) Two-layered structure:

strate and MA layer.

of such sub-arrays of 4—6 elements. In [1], a 2 x 2 patch array with
superstrate has been reported with in-band RCS reduction.
However, the proposed design has gain reduction of 0.7 dB,
which would become substantial when used in large phased
array. This paper focusses on the design and development of a
superstrate-based antenna system that reduces the in-band radar
cross section. In this paper, the superstrates are designed for a sin-
gle patch antenna and a four-element linear patch array toward
maintaining antenna radiation performance. In the work presented,
the target frequency range of antenna operation is X-band, i.e., 8-
12 GHz. More specifically, it is 9-10 GHz. The RCS reduction is
also targeted for X-band, i.e, 8-12 GHz. The antenna array gain
is targeted above 10 dB. The patch array is excited with a corporate
feed network. The ground is the reduced ground plane and com-
prises of a combination of square patches and Jerusalem cross
(JC) HIS elements. This arrangement helps in controlling antenna
RCS [2]. The EM design and analysis has been carried out using
full-wave simulation software (CST Microwave Studio). The
obtained results are compared with the measurement results and
are found to be in acceptable agreement. In most of the fighter air-
craft, the antenna array used for various applications (e.g. fire con-
trol radar, seeker antenna array) consists of low-profile antenna/
array such as patch array or folded dipole array or Vivaldi array
as a sub-array of large phased arrays. The objective is to demon-
strate RCS reduction in such sub-arrays, which would be automat-
ically reflected in the case of large phased arrays made up of such
low RCS sub-arrays. This paper consists of four sections.
“Introduction” describes the need of a superstrate-based antenna
configuration toward controlling antenna scattering and maintain-
ing desired radiation characteristics. “Patch antenna/array with his-
based superstrate” presents the details of the design configurations
of the superstrate for both single patch antenna and patch array
along with the radiation and scattering performance. “Patch array
with superstrate” concludes the work presented.

Patch antenna/array with HIS-based superstrate

Here, a detailed description of EM design of patch antenna/array
with HIS-based superstrate placed at an optimal height is pre-
sented. The superstrate consists of periodic arrangement of HIS
elements, which can be a metallic patch or a slot. It is known
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that in a HIS element, metallic patch elements behave as stop-
band filters for the impinging EM wave and hence poses a reflect-
ing surface for specific frequencies. On the other hand, the slots
like apertures exhibit the behavior of passband filters and hence
act as a transparent surface to incident EM waves [16]. The pro-
posed superstrate structure is made of dielectric with two different
structures (hexagonal loop/circular loop) placed above and below
it. Here, the loop structures are preferred due to their advantage of
bandwidth enhancement. The upper surface is preferably
designed with hexagonal loops. The proposed design of super-
strate and antenna are categorized as two-layer and three-layer
structures (Fig. 1). In a two-layer structure, only the upper surface
of the superstrate consists of hexagonal loops. On the other hand,
in a three-layer superstrate structure, different loops are placed on
both upper and lower surfaces, referred to as absorbing (hex-
agonal loop) and reflecting surfaces (circular loop).

Design of unit cell of superstrate and MA layer

First, a hexagonal aperture loop-based unit cell is designed with a
rectangular-shaped slot element at the center of the unit cell
(Fig. 2(a)). This slot essentially disturbs the continuous surface
current distribution and hence contributes to controlling scatter-
ing characteristics of the designed superstrate. Here, the substrate
is RT Duroid 5880, with the dimensions 13.44 mm x 13.44 mm,
and the thickness of 1.59 mm. According to the HIS specifica-
tions, the resonance can be achieved when the circumference
(perimeter) of the loop is equal to the operating wavelength.
The S-parameters of the unit cell is presented in Fig. 2b. The res-
onant frequency of the unit cell is 9.416 GHz with a reflection
coefficient of —23.88 dB. The equivalent circuit of the unit cell
is also included in the figure. Essentially it is a parallel RLC circuit
[17] whose surface impedance is expressed as Z;= Zggs 11 (Z;+ 1/
joC.). Here, Zpss=Rpgs+joLpss+ 1/joCrss; Z, includes the
dielectric losses of the substrate, and C, is the coupling capaci-
tance of the hexagonal aperture loop and the rectangular slot.
Further, it is well-known that metamaterial (MTM) can be used
to design high-performance absorber with minimum possible
thickness. The electric and magnetic resonances of MTM unit
cell can be tuned by varying its dimensions. Further, the absorb-
ance bandwidth of MTM can be enhanced by combining unit cell


https://doi.org/10.1017/S1759078721000921

792

Slot (aperture)

S. K. Vyshnavi Das et al.

S - Parameters (dB)

(a)

10 12 14 16 18

Frequency (GHz)

Fig. 2. Hexagonal aperture loop structure with rectangular slot: (a) unit cell, (b) S-parameters.

(b)

Fig. 3. (a) Superstrate configurations: (i) for single patch antenna, (i) for four-element linear patch array, (b) working principle of superstrate-based antenna:
(i) incident EM wave, (i) scattered/ radiated EM wave (reflection, refraction, transmission, absorption).

structures of different dimensions into a co-planar unit cell [18].
Likewise, in the proposed design, a unit cell for MTM layer is
designed using a rectangular loop of four different sizes to achieve
good absorption over wide frequency range, when inserted in the
antenna design in lieu of multi-resonance effect.

Design of superstrate

The designed superstrate, shown in (i) of Fig. 3(a) comprised of
5x5 array of unit cells designed on 67.2x67.2x1.59 mm
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substrate for a single patch antenna. Figure 3(a) (ii) presents a
superstrate having 7 x5 array of unit cells designed on 90
mm X 40 mm x 1.59 mm substrate for a 4-element linear patch
array. The unit cells in the two cases are different, the details of
which are explained in subsequent sections. The working mech-
anism of the superstrate has been explained in Fig. 3(b), where
the incident and scattered EM wave are shown. The thick arrows
in different grey scales represent impinging waves of different fre-
quencies, whereas thin arrows represent the scattered/transmitted/
refracted waves. It is to be noted that the incident wave of different
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Fig. 4. A single patch antenna with periodic structure-based superstrate (two-layered
configuration).

frequency would have different scattering effect. A portion of
out-of-band EM wave gets absorbed by the partially absorbing
surface (PAS), which is the top layer of superstrate. Another por-
tion is reflected back by partially reflecting surface (PRS) which is
the bottom layer of the superstrate (only in three-layered config-
uration). The in-band EM waves would transmit through the
superstrate and strike the patch antenna and MA layer (present
only in three-layered configuration). These in-band frequencies
will be absorbed or diffracted to other directions in MA layer.
When patch antenna radiates, the radiated waves can undergo
multiple reflections within the cavity formed by the antenna
and superstrate layers, thereby contributing toward gain improve-
ment. Further the HIS-based hybrid ground plane of the patch
array also contributes toward out-of-band RCS reduction.

Single patch antenna with superstrate
Single patch antenna with superstrate (two-layered)

The dimension of the designed patch antenna is 9.07 mm x 11.86
mm. The antenna is fed by a coaxial feed, as shown in Fig. 4. The
periodic structure-based superstrate (Fig. 3(a)) is placed over the
patch antenna. The dimension of the superstrate is 67.2 mm X
67.2mm x 1.59 mm, which is the same as the substrate of the
antenna.

The superstrate has an upper layer designed with hexagonal
aperture loops arranged periodically. It is noted that superstrate
does not have PRS layer at the lower side. The distance between
the superstrate and the antenna is optimized to 16.5 mm (greater
than half-wavelength, f,=9.47 GHz). Here, for a single patch

Table 1. Performance of a single patch antenna with superstrate.
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antenna the superstrate consists of 5x 5 array of unit cells. The
inter-element spacing between the unit cells is 0.65 mm in the
vertical direction and 12mm in the horizontal direction.
Rectangular loops have been introduced in the center of the
unit cells. The outer and inner length of the loop is 4.07 and
3.15 mm, respectively. On the other hand, the outer and inner
breadth of the loop is 1.8 and 1.1 mm, respectively. The overall
comparison of the performance of a single patch antenna with
and without superstrate is given in Table 1. It can be observed
from Fig. 5 that the radiation as well as scattering characteristics
of the patch antenna has improved when superstrate is included
in the design. A single patch antenna was resonating at 9.47
GHz with reflection coefficient of —39.83 dB and VSWR equal
to 1.02.

On the other hand, the antenna with superstrate configuration
resonates at 9.36 GHz with reflection coefficient of —46.6 dB, as
shown in Fig. 5(a). The VSWR value of the antenna is 1.009
and 1.02, with and without superstrate at resonant frequencies,
respectively (Fig. 5(b)). The gain of patch antenna without super-
strate is 5.51 dBi, which increased to 10 dBi (Fig. 5(c)) when the
superstrate is included in antenna structure. The structural
mode RCS of patch antenna is reduced from —6.259 dBsm at f,
=9.47 GHz (without superstrate) to —8.63dBsm at f,=9.36
GHz (with superstrate) for 6-polarized plane wave and to
—13.6 dBsm (with superstrate) for ¢-polarized plane EM wave.
The maximum reduction in RCS is observed at 11 GHz with
structural RCS of —15.3 dBsm for ¢-polarized plane wave inci-
dence. In other words, the RCS of patch antenna is reduced by
11.4 dBsm, as shown in Fig. 5(d). In order to further improve
the extent of RCS reduction, the three-layered configuration of
the superstrate has been attempted.

A single patch antenna with superstrate (three-layered)

The three-layered structure consists of patch antenna, superstrate
with PAS and PRS layers as upper and lower layers, respectively,
and the MA. The PAS layer is the periodic arrangement of hex-
agonal aperture unit cells and the PRS layer is designed with a
periodic arrangement of circular loops. The superstrate configur-
ation is considered as the first layer. The distance between the
superstrate and the patch antenna is optimized to 16.5 mm. The
patch antenna is surrounded by a MA layer. It is noted that the
ground plane of the MA is co-planar with patch antenna. The
MA layer consists of rectangular-shaped metamaterial unit cells
with slots, arranged periodically, which constitutes the second
layer.

The single patch antenna (11.86 mm x 9.07 mm) is the third
layer. The schematic of the configuration with dimensions is

Radiation and scattering characteristics Without superstrate

With superstrate (two-layered) With superstrate (three-layered)

Resonant frequency (GHz) 9.47 9.36 9.5

Reflection coefficient (dB) —39.83 —46.6 -30.8

VSWR 1.02 1.009 1.009

Gain (dBi) 5.51 10.0 10.8

RCS (dBsm) at f, —6.259 —8.63 (6-pol) —8.74 (6-pol)
—13.6 (¢-pol) —12.2 (¢p-pol)

Minimum RCS (dBsm) —5.03 —15.3 -17.8
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Fig. 5. Performance of a single patch antenna with superstrate (two-layered): (a) reflection coefficient, (b) VSWR, (c) gain, (d) structural RCS.

shown in Fig. 6. The significance of the PAS layer is to absorb the
out-of-band frequencies and let in the in-band (X-band) frequen-
cies, whereas the PRS layer is to reflect the part of out-of-band fre-
quencies that penetrate through the PAS layer and also band-pass
in-band frequencies [15]. The combination of all these layers, i.e.,
superstrate with PAS and PRS layers and patch antenna with MA
contributes to partially reflecting and absorbing surface (PRAS)
antenna. Therefore, the PAS and PRS layers will reduce
out-of-band RCS and the MA contributes to reduce in-band
RCS [4].

The comparison of the performance of a single patch antenna
with and without periodic structure-based superstrate (three-
layered configuration) is shown in Fig. 7. The single patch
antenna resonates at 9.47 GHz and the reflection coefficient is
—39.83dB. On the other hand, when periodic structure-based
superstrate (three-layered) is included in the antenna structure,
the resonance frequency shifts to 9.5 GHz with a reflection coef-
ficient of —30.8 dB (Fig. 7(a)). The VSWR of the patch antenna
is 1.009 and 1.05 with and without superstrate at resonant fre-
quencies, respectively (Fig. 7(b)). The antenna gain without
superstrate is 5.51 dBi, and increases to 10.8 dBi at the resonant
frequency when superstrate is added (Fig. 7(c)). It is noted that
the gain of a single patch antenna has improved by 5.29 dB
when periodic structure-based superstrate is included (three-
layered configuration). The structural mode RCS of a single
patch antenna is reduced from —6.259 dBsm at f,=9.47 GHz

https://doi.org/10.1017/51759078721000921 Published online by Cambridge University Press

(without superstrate) to —8.74 dBsm at f, = 9.5 GHz (with super-
strate) for O-polarized plane wave incidence. The maximum RCS
reduction (~10dB) is observed at 11 GHz for 6-polarized inci-
dence. Almost similar trend (or even better) in RCS reduction
is observed for ¢-polarized incident EM wave. The minimum
antenna RCS of —17.8 dBsm (¢p-polarized) is achieved for this
configuration. Further, the RCS reduction bandwidth has
increased for a three-layered structure as compared to a two-
layered structure. Table 1 presents the comparison of radiation
and scattering characteristics of a single patch antenna without
and with superstrate for both two-layered and three-layered con-
figurations. It shows that the antenna performance is almost simi-
lar in both the cases. However, this is not the case when the
four-element patch array is considered.

Patch array with superstrate

Next, a periodic structure-based superstrate is designed for four-
element linear patch array. The dimension of each patch is 9.07
mm x 11.6 mm and the inter-element spacing between each elem-
ent is greater than 0.54. The antenna is fed by a corporate feed
network. The dimension of both the substrate and the superstrate
is 499 mm x 90 mm x 1.58 mm. A rectangular slot (4 mmx5.5
mm) is cut at the center of the unit cell. The superstrate is
designed with 7 x 5 array of unit cells. The inter-element spacing
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Fig. 6. (a) A single patch antenna with superstrate (three-layered). (b) Details of super:
(iii) MA (layer 2) co-planed on single patch antenna, (iv) unit cell of MA.

in the vertical and horizontal direction in between the unit cells is
kept 0.15 and 0.2 mm, respectively.

A four-element linear patch array with superstrate
(two-layered)

The two-layered structure consists of patch array and superstrate.
The superstrate is designed with the periodic arrangement of hex-
agonal aperture unit cells as the upper layer. The ground of the
patch array is designed as the reduced ground plane having square
patches and JC elements [2]. The distance between the superstrate
and the antenna is optimized to 15 mm. Parasitic patch elements
have been placed on the antenna substrate, i.e., coplanar to the
patch array. The electromagnetic energy is coupled from the dri-
ven patch array to parasitic patch elements via both the space and
the surface waves. The far-field radiation pattern of patch array
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gets improved on the addition of parasitic elements around the
patch array elements [19]. The structure of the antenna with a
periodic structure-based superstrate is shown in Fig. 8.

The radiation and scattering parameters of this configuration
are compared with the conventional patch array in Fig. 9. The res-
onant frequency of the patch array with the conventional PEC
ground plane is 9.787 GHz, with a reflection coefficient of
—30.57dB. On the other hand, patch array with periodic
structure-based superstrate (two-layered configuration) resonates
at 9.55 and 10.65 GHz with a reflection coefficient of —17.5 and
—26.5 dB, respectively (Fig. 9(a)). The VSWR of patch array with-
out superstrate is 1.09 at the resonant frequency, and for patch
array with superstrate it is 1.13 at 9.55 GHz and 1.09 at 10.65
GHz. The gain of the patch array without superstrate is 12.3
dBi, which became 12.5 dBi at 9.55 GHz when the superstrate is
used (Fig. 9(b)). However, there is an increase in backside
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Fig. 7. Performance of a single patch antenna with superstrate (three-layered): (a) reflection coefficient, (b) VSWR, (c) gain, (d) structural RCS.

radiation when superstrate is included. The backside radiation
may be caused by the surface waves in periodic structures (used
in superstrate design). This might degrade the antenna efficiency.
The reported solutions for the backside radiation from antennas is
inclusion of corrugations over the surface, or soft surfaces com-
prising of metal strips and grounded vias [20, 21]. Further, it
can be observed from Fig. 9(c) that the structural RCS of four-
element linear patch array is reduced from —6.36 dBsm at f, =
9.787 GHz (without superstrate) to —10.54 dBsm at f,=9.55
GHz (with superstrate) for 6-polarized plane wave incidence.
The RCS reduction is well-evident even for ¢-polarized incidence,
similar to single patch antenna with two-layered superstrate
(Fig. 5(d)). The maximum RCS reduction (12.13dBsm) is
observed at 10 GHz for 6-polarized incidence. The structural
mode RCS of patch array with two-layered superstrate is
—18.33 dBsm at 10 GHz for ¢-polarized incident EM wave.

The designed four-element patch array with periodic
structure-based superstrate (two-layered configuration) is fabri-
cated using a PCB prototyping machine. The radiation and scat-
tering performances of the fabricated antenna are measured
(Fig. 10) and compared with the simulated results. Figure 11 pre-
sents the measured reflection coefficient and the structural RCS.
The measured resonant frequencies of patch array with super-
strate are 9.29 and 10.19 GHz with a reflection coefficient of
—38.83 and —13.14dB, respectively. The simulated VSWR of
the patch array with superstrate obtained at 9.55 GHz is 1.3 and
at 10.65 GHz is 1.09. On the other hand, the measured VSWR
at 929 GHz is 1.02 and at 10.19 GHz is 1.16. The simulated
gain of patch array with periodic structure-based superstrate at
9.55GHz is 12.5dBi, while the measured gain of patch array
with superstrate obtained is 12.33 dBi.

https://doi.org/10.1017/51759078721000921 Published online by Cambridge University Press

In Fig. 11(b), the structural RCS (simulated and measured) of a
superstrate-based patch array for 6-polarized plane wave inci-
dence is compared with the patch array without superstrate. It
can be observed that the measured structural RCS of the fabri-
cated antenna is reduced significantly over the entire X-band
which corresponds to the in-band frequencies of the antenna con-
sidered. The patch array dimension is relatively small (4.9 cm x 9
cm) compared to the measurement facility. Firstly, for such a
small structure, the edges will scatter more than the antenna sur-
face for even a slight variation in the azimuth plane. The scatter-
ing from the edges and the boundaries of the patch antenna array
would be absorbed in the anechoic chamber, and thus shows
smaller RCS as compared to the simulated one.

A four-element linear patch array with superstrate (three
layered)

A four-element patch array with a three-layered superstrate has
been designed. This configuration consists of superstrate (with
upper PAS layer and lower PRS layer), MA layer and four-element
linear patch array. The distance between the superstrate and the
antenna is optimized to 18 mm. The MA layer consists of meta-
material unit cells, MA substrate and MA ground. The metama-
terial unit cells comprised of two rectangular loops arranged
periodically. The patch array (layer 3) is surrounded by this
layer and shares the same plane with the ground of this second
layer. The MA layer is placed at the edges of the patch array sub-
strate. Care is taken in maintaining proper space for the patch
array to achieve good radiation performance. Figure 12 shows
the details of this configuration of four-element linear patch
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array with periodic structure-based superstrate (three-layered
configuration).

The comparison of the radiation and scattering performances of
four-element patch array with and without periodic structure-based
superstrate (three-layered configuration) is presented in Table 2.
Figure 13 presents the comparison of the performance of patch
array with and without superstrate. The resonant frequency of
the configuration is 9.29 GHz with a reflection coefficient of
—25.53dB. The obtained VSWR and gain at the resonant fre-
quency is 1.11 and 12 dBi, respectively. The structural mode RCS
of patch array is —15.2dBsm at 9.29 GHz for 6-polarized plane
wave incidence. It can be observed that array RCS is reduced sig-
nificantly at a resonant frequency of 9.29 GHz from —6.36 to
—15.2 dBsm. In case of ¢-polarized incidence, the minimum struc-
tural RCS is —22.2 dBsm at 10 GHz. The array RCS is reduced in
entire X-band for both the polarizations, with optimum radiation
performance in terms of the reflection coefficient, gain, and VSWR.

This configuration lags behind the two-layered configuration
of superstrate-based patch array, in view of the complicated
design and hence fabrication issues. The performance of two-
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Fig. 8. A four-element patch array with periodic structure-
based superstrate in two-layer configuration: (a) PAS layer
of the superstrate, (b) four-element linear patch array with
parasitic patch, (c) patch array with superstrate.

layered superstrate-based patch array design is broadly good
both in terms of radiation and scattering than the three-layered
one. In addition, the configuration is simple to fabricate.
Table 3 presents the comparison of the performance of the pro-
posed configurations with that earlier reported in the open
domain. It can be observed that most of the reported designs
[22-27], are of single patch antenna with superstrate. It is true
that these designs show significant RCS reduction with good radi-
ation characteristics. However, actual airborne and ground-based
radar systems have large phased arrays. Thus, study based on a
single patch fed by a coaxial feed would not be helpful in control-
ling array RCS. Moreover, the superstrate needs to analyze for the
array or at least sub-array configurations with appropriate feed
structure. In many radar systems, four-element patch arrays are
used as sub-array. In [1], it is reported that 2 x2 patch array
with superstrate shows RCS reduction but with gain loss. On
the other hand, the proposed configuration in this paper has a
four-element patch array with a superstrate. It shows RCS reduc-
tion for X-band frequencies without degrading the antenna
performance.
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Fig. 9. Performance of four-element linear patch array with superstrate: two-layered configuration, (a) reflection coefficient, (b) gain, (c) structural RCS.
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Fig. 10. Measurement setups for fabricated four-element linear patch array with superstrate (two-layered configuration). (a) Reflection coefficient and VSWR, (b)

gain, (c) structural RCS, (d) fabricated superstrate and patch array.
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Fig. 12. Four-element patch array with periodic structure-based superstrate (three-layered configuration). The antenna array is surrounded by MA. (a) Top view of
patch array and superstrate, (b) bottom view of patch array and superstrate.

Table 2. Performance of four-element patch array with superstrate.

(b)

Patch array

Radiation and scattering characteristics without substrate

Patch array with
substrate (two-layered)

Patch array with
superstrate (three-layered)

fo (GHz)

9.787 9.55 9.29
Reflection coefficient (dB) —30.57 —17.75 —25.53
VSWR 1.09 1.13 111
Gain (dBi) 12.3 12.5 12
RCS (dBsm) at f, —6.36 —10.54 (6-pol) —15.2 (6-pol)
—13.6 (d-pol) —13.6 (d-pol)

Maximum RCSR -

12.13 (at 10 GHz) 15.94 dB (at 10 GHz)

Conclusion

The major challenge in designing low observable antennas is
reduction in antenna scattering without any degradation in its
radiation performance. A periodic structure-based superstrate is
included in the design of four-element patch array in two-layered
and three-layered configurations. The ground of the array is
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designed as a reduced ground plane having two types of
HIS-elements in the form of patch and JC. In both configurations,
the array gain of 12.5 dBi is maintained broadly with a reduction
in structural RCS over the entire in-band frequencies of X-band.
The reflection coefficient (~ —20 dB) and VSWR (~ 1.1) of the
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Fig. 13. Performance of four-element patch array with periodic structure-based superstrate: three-layered configuration: (a) reflection coefficient, (b) gain, (c) structural RCS.

Table 3. Comparison of the performance of proposed configuration with the reported ones

Reference Antenna/Superstrate RCS reduction Gain

Proposed Single patch antenna RCSR over 8-12 GHz with max RCSR of 10.27 dB +4.5dB
Two-layered superstrate; f,=9.36 GHz RCSR over 8-12 GHz with max RCSR of 9.77 dB +5.3dB
Three-layered superstrate; f,=9.5 GHz RCSR over 8-12 GHz with max RCSR of 12.13 dB +0.2dB
Four-element patch array RCSR over 8-12 GHz with max RCSR of 15.94 dB -0.2dB
Two-layered superstrate; f,=9.55 GHz
Three-layered superstrate; f,=9.29 GHz

[1] 2 x 2 patch array Resistive metasurface-based RCSR over 4-9 GHz and 11.4-16 GHz with max RCSR of 15 -0.7dB
superstrate; f,=10 GHz dB

[22] Single patch antenna f.= 10 GHz; Two-layered PRS RCSR over 8-17 GHz 13dB Peak gain of

18.3 dBi

[23] Single patch antenna; f,= 6.2 GHz; Three-layered PRS, RCSR over 8 —18 GHz 12.6 dB Peak gain of
defected GP with FSS elements 14.4 dBi

[24] Slot-coupled microstrip patch Two-layered RCSR over 8 —14 GHz maximum 20 dB +7dB
metastructure
with varactor diode; f,=9.05—10 GHz

[25] Single patch CP antenna with two-layered PRS-based RCSR over 4 —13 GHz maximum 20 dB +3.2dB
superstrate; f,=10.7 GHz

[26] Single patch antenna; f,=5 GHz three-layered structure: In-band RCSR, maximum 15 dB at 5 GHz +0.2dB
superstrate, wire mesh, capacitive patches

[27] Single patch antenna with coding metasurface-based RCSR over 8 —12 GHz, 26 dB reduction Peak gain of
superstrate; f,=10 GHz 19.8 dBi
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array are also maintained in an acceptable range. Moreover, in
view of simplicity in fabrication, the two-layered configuration
of the superstrate presents a better option for low RCS antenna
array. The proposed superstrate-based patch array design shows
a significant reduction of 12dB (approx.) in in-band antenna
RCS without any degradation in its radiation characteristics.
Such low RCS configurations can be used as subarray of larger
phased arrays in airborne, naval, and ground-based radar
applications.
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