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ABSTRACT Platforms with low radar signatures require compatible antennas (low scattering) for com-
munication purposes. Under this context, the article presents two Fabry-Perot (FP) Cavity antennas (Ant-1
and Ant-2). Ant-1’s aperture is an integrated design of artificial magnetic conductor (AMC) surface and a
phase gradient metasurface (PGM), incorporating three unit-cell structures. The antenna achieves reduced
monostatic scattering over broad bandwidth, and simultaneously obtains high gain as well as tilted beam peak
radiation. Patch radiating at 7 GHz forms excitation source of the cavity, and cavity height is 0.33λ, smaller
than the heights of conventional cavity designs (λ/2). RCS reduction is obtained over a bandwidth of 105.8%
(4-13 GHz) for arbitrary polarizations, covering C/X bands. Antenna gain is 12 dB, and peak radiation tilt is
−60◦ in elevation plane. Simulations have been verified through fabricated prototype. Ant-2 is amodification
of Ant-1. Ant-2’s aperture is constructed from two unit-cell structures, and its aperture size is 41% smaller
than Ant-1. Its cavity height is 0.3λ. Ant-2 also achieves wideband backscattering reduction; however, due
to asymmetric layout of unit-cell elements over the aperture, radar cross section (RCS) reduction bandwidth
is different for the two polarizations. For vertically polarized (VP) incident wave, RCS reduction bandwidth
is 105.8% (4-13 GHz), but for horizontally polarized (HP) wave, it is 85.7% (5.2-13 GHz). Nevertheless,
broadband RCS reduction is still achieved for both polarizations. Peak gain is 11.73 dB, achieved at −37◦

tilt angle. Simulations are presented for Ant-2. Compared to literature, both antennas show various improved
results.

INDEX TERMS Artificial magnetic conductor (AMC), Fabry-Perot (FP) cavity antenna, phase gradient
metasurface (PGM), radar cross section (RCS), tilted beam radiation.

I. INTRODUCTION
With the rapid development in stealth technology, it is becom-
ing increasingly important to develop antennas compatible
with low radar cross section (RCS) platforms. Antennas can
backscatter large amounts of radar waves and can enhance the
likeliness of a stealth target to be captured on a radar [1], [2].
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To outdo this, several techniques have been employed for
RCS reduction of antennas.

A prime factor to determine the suitability of a technique to
be adopted for lowering the RCS of antenna depends on how
it affects the antenna’s radiation performance. It is desired
that the antenna’s performance remains unaffected/intact,
while RCS reduction is achieved over a wideband (in-band+
out-of-band frequencies). To achieve this, artificially engi-
neered surfaces, generally known as metasurfaces, have
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attracted a lot of attention, owing to their low profile and
cost; ease of design and fabrication; and above all, offering
the increased flexibility to engineer their electromagnetic
(EM) response [3]. To this end, frequency selective surface
(FSS) radomes [4] or ground planes [5], resistive electromag-
netic band gap surfaces [6], and metamaterial absorbers [7],
[8] have been implemented. In all of these implemen-
tations, either the RCS reduction bandwidth only covers
out-of-band frequencies, it is narrow, or the antenna gain
suffers.

Not only the wideband RCS reduction is important, but
enhancing the antenna gain is also desired. In this regard,
the use of metasurfaces with Fabry-Perot (FP) antenna con-
figuration has been widely investigated [9]–[12]. Primarily,
a patch antenna acts as the excitation source, and a specially
designed superstrate forms an F-P cavity in conjunction with
a perfectly conducting ground plane of the patch. A resistive
FSS surface is etched on top side of the superstrate, backed
by a partially reflecting surface (PRS) etched on its bottom
side. In the antenna transmission mode, the radiated wave
undergoes multiple reflections and transmissions between
PRS and ground plane, finally emanating out with enhanced
gain. In the reception mode, the resistive FSS in conjunction
with the backing PRS acts like a conventional wideband
resistive absorber [13], and most of the incident wave is
dissipated as heat on its surface. It is important to note that
since the whole superstrate is a passive structure, its trans-
mission response is identical irrespective of whether the wave
is being radiated or received, and therefore, does not disrupt
the transmit/receive operation of the antenna. In [9], a metal-
lic square loop with lumped resistors and a metallic plane
with three parallel slots form the unit-cell of the superstrate.
Wideband RCS reduction over 6-14 GHz has been achieved,
along with broadside gain enhancement of 6.5 dB. In [10],
the superstrate is slightly different, in that, the PRS part
consists of periodic square slots. 8-14 GHz of RCS reduction
bandwidth and about 7 dB of broadside gain increase has been
reported. For frequency reconfiguration, phase tunable cells
have been implemented above the ground plane to achieve
frequency tuning from 9.05 to 10 GHz. In [11], the PRS part
of the superstrate has been implemented by periodic metallic
patches, and the absorptive part by the periodic square loops
with lumped resistors. Wide out-of-band RCS reduction as
well as gain enhancement has been achieved. For in-band
RCS reduction, a metamaterial ground plane consisting of
split ring resonators has been implemented, which achieves
TM polarized incident wave absorption. In [12], a somewhat
different technique has been implemented. In-band scattering
has been achieved by a phase gradient metasurface (PGM) of
varying sized square patches. For RCS reduction bandwidth
enhancement as well as out-of-band absorption, typical sur-
face of periodic square loops with lumped resistors has also
been adopted on top of the PGM. For the PRS part, periodic
square loops have been utilized. Wideband RCS reduction as
well as broadside gain enhancement has been successfully
achieved.

In all of the above works, resistive FSS has been uti-
lized in order to achieve wideband absorption. This surface,
consisting of lossy lumped resistors, does in fact introduce
a small degree of attenuation to the radiated wave [12].
Besides, a large number of high frequency RF resistors are
required, which are expensive, and consequently the overall
cost and difficulty of fabrication process increases manifolds.
To overcome the above shortcomings, an F-P antenna with
a novel artificial magnetic conductor (AMC) surface etched
in a chessboard like arrangement on top of its superstrate,
with a PRS etched on its bottom, has been introduced in [14],
and subsequently improved in [15]. Wideband monostatic
RCS reduction as well as broadside peak radiation enhance-
ment has been achieved simultaneously. The principle behind
RCS reduction lies in the phase cancellation property of
two different AMC cells [16], [17]. Likewise, a circularly
polarized (CP) F-P antenna having microstrip slot array as
an excitation source with sequentially rotated feeding mech-
anism has been reported in [18]. Unit-cell grids consisting of
copper patches and areas of dielectric with no copper have
been implemented in a chessboard like configuration as a
superstrate. The antenna possesses wide 3 dB gain bandwidth
and high broadside gain, alongwith wideband lowmonostatic
RCS property (59%) realized by 180◦ ± 37◦ reflection phase
difference between adjacent unit-cell grids.

In order to illuminate the desired coverage area or engage
particular targets, many applications demand antenna beam
deflection in directions away from the horizon. To achieve
that, antenna structure is mechanically tilted, but the approach
is cumbersome. To solve this issue, the works presented in
literature achieved electrical beam tilting by devising vari-
ous involved techniques, such as using two bent conducting
structures [19], employing high refractive index metamaterial
loading [20], or excitation of two orthogonal odd resonant
modes in a microstrip antenna having an asymmetric circular
sector geometry [21]. A simple method to achieve antenna
beam deflection is the use of phase gradient metasurfaces
(PGMs), and the significance of PGMs increases even more
as they can also realize antenna gain enhancement within the
FP cavity configuration. In this regard, various PGMs have
been investigated, whereby antenna beam tilting is realized by
virtue of the dimensional tapering applied to the periodic unit-
cells constituting the metasurface. The dimensional tapering
realizes reflection phase gradient; a necessary condition for
achieving radiated beam redirection. The works presented
in [22]–[24] were based on a similar principle, where var-
ious beam tilt angles were achieved by varying either the
capacitive grid (patch-type) or the inductive grid (loop-/
aperture-type).

So, in view of the literature presented, it can be seen
that meager work has been done on low RCS FP antennas
which employ AMC technology, and all of those works
focus on broadside gain enhancement. Prior to current work,
the authors had presented two low RCS high gain tilted beam
FP antennas, which were based on the integration of resistive
FSS and phase-gradated composite PRS (PGM) [25], [26].
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However, as discussed above also, concerning factors in [25],
[26] are the requirement of large number of expensive RF
resistors, their associated radiation losses, as well as the cost
of assembly. Different from the previous works, in this work,
we aim to design and integrate a phase gradient metasurface
with AMC surface in an FP configuration, and the objec-
tives are to achieve not only low monostatic RCS and gain
enhancement, but also a fixed tilted beam radiation. As per
the authors’ best knowledge, this is the first work representing
the implementation of PGM and AMC structures together,
in order to achieve the aforementioned objectives. To achieve
the desired objectives, three different unit-cell structures have
been implemented. The superstrate consists of two integrated
dielectric layers with the unit-cell grids etched onto them.
The reflection phase of the unit-cells have been adjusted in
such a way that the wideband phase cancellation principle can
be leveraged for achieving low monostatic RCS, and, at the
same time, the phase gradation property of the designed PRS
aids the beam deflection process in the antenna’s transmis-
sion mode. The antenna realizes 12 dB of gain with a tilt
angle of−60◦. Monostatic RCS reduction bandwidth is from
4-13 GHz (105.8%), and is almost identical for x/y polariza-
tions of the incident wave. The cavity height is less than λ/2.
Next, we present a modification in our first design (Ant-1).
This new antenna (Ant-2) is based on two unit-cell struc-
tures, having small variations from the first design, and also
the cavity aperture (footprint) becomes smaller. However,
the RCS reduction bandwidth is slightly different for the two
orthogonal polarizations of the incident wave. It is 105.8% for
x-polarization (x-pol) and 85.7% for y-polarization (y-pol),
respectively. The achieved gain is almost 12 dB, with tilt
angle of −37◦. The cavity height in this case is also less than
λ/2. Simulation results of both designs have been presented.
Ant-1 has been fabricated also for design validation. The
applications of the presented work can be in side looking
air-borne radars (SLARs) [27], any surveillance application
requiring communication above or below the horizon, or in
low scatteringmultiple-input multiple-output (MIMO) anten-
nas with radiation pattern decorrelation [28].

II. PROPOSED FP ANTENNA AND DESIGN PROCEDURE
A. RCS REDUCTION PRINCIPLE
Originally, Paquay [29] proposed a chessboard like config-
uration, consisting of a combination of AMC and perfect
electric conductor (PEC) cells, to achieve RCS reduction
based on phase cancellation principle. Metallic patches con-
stituted the PEC part, and Sievenpiper’s mushroom struc-
tures constituted the AMC part. In this, RCS reduction
is achieved based on destructive interference between the
wave contributions reflected from PEC and AMC parts. For
an incident wave, PEC cells introduce a 180◦ reflection
phase shift, while AMC cells, at their operating frequency,
reflect the wave with no phase change. These contributions
with opposite phases cancel out in the specular direction
for an incident wave, achieving a null, and hence RCS is
lowered.

The above configuration has narrow RCS reduction band-
width as AMC is band limited in its frequency response.
To address this limitation, two appropriately designed AMC
cells having different resonance frequencies are utilized that
can achieve phase cancellation over a broad bandwidth [16],
[30]–[32]. The reflection phase difference of1 = 180± 37◦

(i.e., from 143◦-217◦) between two AMC structures ensures
RCS reduction of 10 dB or greater, and can be computed
based on the empirical relation derived in [30] as:

RCS reduction = 10log10|[A1exp(jP1)+ A2exp(jP2)]/2|

(1)

where A1 and A2 are the magnitudes of reflection coeffi-
cient of AMC structures, and P1 and P2 are the reflection
coefficient phases of the two AMCs. The proposed unit-cell
structures in our paper are inspired from [31], owing to their
simple geometry, desired frequency resonance, and impor-
tantly, appropriate slope of reflection phase curve. The details
of unit-cell configurations and their scattering (S) parameters
are discussed next.

B. UNIT-CELL DESIGN
The proposed FP antenna incorporates 3 unit-cells. Two of
them are typical AMCs, and are designated here as AMC-1
and AMC-2. The primary purpose of AMC-type cells is to
achieve backscattering reduction. The third unit-cell is an FSS
by virtue of which phase gradient is implemented to achieve
antenna beam deflection. Moreover, the FSS-grad cells also
play their part in conjunction with AMC-type cells to achieve
backscattering reduction. The third unit-cell is designated
here as FSS-grad.
Fig. 1 shows the configuration of AMC-1. Its perspective

view along with port designations is shown in Fig. 1(a).
It consists of a metallic square patch etched on top side of
the upper dielectric (Fig. 1(b)). A full metal plane with an
aperture (metallic part etched-off) in its center forms the top
layer of lower dielectric (Fig. 1(c)). A metallic square patch
constitutes the bottom side of lower dielectric (Fig. 1(d)).
Both dielectrics are separated by an air gap (g).
Fig. 2 shows the configuration of AMC-2. The 3D view is

shown in Fig. 2(a). Its upper dielectric consists of a square
metallic loop with a square patch in its center (Fig. 2(b)). The
design of the lower dielectric of AMC-2 (Fig. 2(c) and 2(d))
is identical to AMC-1 (Fig. 1(c) and 1(d)). The two dielectric
layers are separated by an air gap.
Fig. 3 shows the configuration of third unit-cell, FSS-grad.

The perspective view with port numbering is shown in
Fig. 3(a). Its upper part is a bare dielectric (Fig. 3(b)), the top
side of lower dielectric forms an aperture (AV) of variable size
(Fig. 3(c)), while its bottom side consists of a square metallic
patch (Fig. 3(d)). The two dielectrics are separated by an air
gap.
In order to form a phase gradient metasurface (PGM) using

the FSS-grad cells, the variation of its aperture (AV) size will
be realized once the FSS-grad cells are implemented in a
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FIGURE 1. AMC-1 unit-cell design. (a) Perspective view. (b) Top side.
(c) Middle. (d) Bottom side.

FIGURE 2. AMC-2 unit-cell design. (a) Perspective view. (b) Top side.
(c) Middle. (d) Bottom side.

periodic fashion over the aperture of the FP cavity antenna.
For the wave radiated from the patch antenna, the varying
AV sizes will yield the necessary reflection phases (reflection
phase gradient) as well the magnitude, thereby achieving
the antenna beam tilt along with a higher gain. Moreover,
in order to achieve broadside monostatic RCS reduction,
an appropriate combination of all the three unit-cell types
will be implemented over the aperture of the FP antenna.
In a nutshell, a certain periodic implementation of the three
unit-cell types over the FP cavity aperture will help realizing
not only high gain and tilted beam radiation, but will also
aid in achieving a wideband monostatic RCS reduction in
parallel. Thus, to investigate the RCS reduction phenomena
together with gain enhancement and tilted beam operation,
the reflection coefficient responses of the designed unit-cells
are necessary to understand, and are presented next. The exact
configuration of the FP cavity aperture consisting of the three
unit-cell types will be discussed in sub-section C.

FIGURE 3. FSS-grad unit-cell design. (a) Perspective view. (b) Top side.
(c) Middle. (d) Bottom side.

C. UNIT-CELL S-PARAMETERS ANALYSIS
Unit-cell simulations were performed in High Frequency
Structure Simulator (HFSS), and the simulation setup incor-
porated periodic boundary conditions and Floquet port exci-
tations. The three unit-cell simulation models are displayed
correspondingly in Fig. 1(a), Fig. 2(a), and Fig. 3(a).

Initially, the unit-cell results that model the antenna’s RCS
reduction are presented. Thus, for a wave incident along
−z-axis, the phase and magnitude responses of the reflec-
tion coefficient (S11) for the three unit-cell types are shown
in Fig. 4(a) and 4(b), respectively. From Fig. 4(a), it can be
seen that the reflection phase condition of 1 = 180◦ ± 37◦

between AMC-1 and AMC-2 is beingmet from 4.3-12.1 GHz
(95.12%). Likewise, for FSS-grad and AMC-2, where the
aperture (AV) of FSS-grad is being varied from 1 mm to
7mm, it can bewitnessed that from 4.4-12GHz (92.68%), the
reflection phase difference lies within the said range (180◦ ±
37◦). The results imply that the reflection phases of FSS-grad
(despite having varying AV values) and AMC-1 are quite
identical, while the reflection phase of AMC-2 is such that
over a wide band, it will realize a destructive interference with
the reflection phases of AMC-1 and FSS-grad. Thus, once the
FP configuration is constructed having a superstrate with an
appropriate arrangement of these unit-cells, it is expected that
a widebandmonostatic RCS reduction of about 94%or higher
would be achieved. This will be elaborated further when the
FP antenna configuration will be presented (sub-section C).

The magnitude response of reflection coefficients of
AMC-1, AMC-2 and FSS-grad are shown in Fig. 4(b). Over
the entire frequency range, it is evident that the values of
reflection magnitude of AMC-1 and AMC-2 are above 0.94.
The reflection magnitudes of FSS-grad are about 0.7 and
above. The reflectivity values of FSS-grad increase as the
aperture size (AV) reduces. Nevertheless, the minimum mag-
nitude is still high enough to significantly reflect the incident
wave in order to achieve appropriate destructive interference
with the waves reflected from AMC-2.
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FIGURE 4. Reflection coefficient response of AMC-1, AMC-2, and
FSS-grad for a wave incident along −z-axis. (a) Phase response.
(b) Magnitude response.

FIGURE 5. Reflection coefficient response of FSS-grad for a wave incident
along +z-axis. (a) Phase response. (b) Magnitude response.

Now, the unit-cell results that model the antenna’s high
gain deflected beam operation are presented. For the incident
wave towards +z-axis, the reflection coefficient response
(S22) of FSS-grad is shown in Fig. 5, for the aperture size
(AV/gradient) values ranging from 1mm to 7mm. The results

shown in Fig. 5 are significant as these model the response of
FSS-grad for a wave emanating from the patch antenna (exci-
tation source of the FP cavity) and striking the FSS-grad cells.
Magnitude response is shown in Fig. 5(a). The variation of
magnitude values is in due accordance with the aperture size
(AV). At operating frequency (7 GHz), the reflection magni-
tude is 0.79 and above. This reflectivity is high enough to real-
ize gain enhancement of the cavity’s excitation source (patch
antenna). Fig. 5(b) displays the phase response of reflection
coefficient. As can be seen, at 7 GHz, a phase gradient
ranging from +90◦ to −99◦ has been successfully achieved,
realized through varying aperture sizes (AV values). So, from
Fig. 5, it can be concluded that high reflectivity values along
with varying reflection phases (reflection phase gradient) of
the FSS-grad are suitable for implementing the FSS-grad
cells as gradated PRS (phase gradient metasurface) above the
excitation source in an FP cavity configuration. This will aid
in achieving not only the gain enhancement, but antenna beam
tilting would also be realized. Moreover, the reflection phase
values are about in the range ±90◦; this implies that the FP
cavity height can also be lowered to less than λ/2, where λ is
free space wavelength at the operating frequency of the exci-
tation source [24]. In the transmission mode of the antenna,
only the reflection properties of the FSS-grad are important,
as directly above the excitation source (patch antenna) at an
appropriate height, the PRS consisting of FSS-grad unit-cells
will be implemented in the FP configuration. Therefore, it is
expected that the reflection properties of AMC-1 and AMC-2
will not render a too significant impact on the radiation
characteristics of the antenna [33]. Nevertheless, for the sake
of completion, the reflection magnitude and phase responses
of AMC-1 and AMC-2 are presented in Fig. 6(a) and 6(b),
respectively. High reflection magnitudes (above 0.95) and
almost similar reflection phases can be witnessed for the two
AMCs at 7 GHz.

D. FP ANTENNA MODEL
Based on the presented unit cells in the previous section,
the simulated model of the proposed FP antenna is shown
in Fig. 7(a), and its fabricated prototype is shown in Fig. 7(b).
As can be seen, grids of unit cells have been integrated in a
side by side arrangement to form the superstrate assembly,
and then are placed above the patch antenna in an FP cavity
configuration. The following guidelines were followed to
integrate the unit cells [15], [30], [31], [33], [34]:

a) As the FSS-grad cells are primarily designed to offer
reflection phase gradient for the wave radiated from the
patch radiator, they should be placed directly above the
patch antenna. The implemented grid size of 5×5 offers
an adequate flexibility to achieve the radiation beam tilt,
which, in fact, is based on the reflection phases of the
varying AV values.

b) In order to have identical RCS reduction performance
for orthogonal polarizations of the incident wave,
the interfaces of destructive interference should appear
symmetrically along both axis (x and y).
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FIGURE 6. Reflection coefficient response of AMC-1 and AMC-2 for a
wave incident along +z-axis. (a) Magnitude response. (b) Phase response.

FIGURE 7. Simulated model and fabricated design. (a) HFSS simulation
model. (b) Fabricated model. (c) Top dielectric. (d) Top side of lower
dielectric. (e) Bottom side of lower dielectric. (f) Patch antenna as FP
cavity excitation source.

The top layer exhibiting integration of the three unit-cell
structures is shown in Fig. 7(c); labelling of the different unit-
cell types can also bewitnessed. Also shown are the interfaces
of destructive interference represented by the yellow and
green dashed lines, for x- and y-axis respectively. Across the

interface lines, a parallel (or side by side) placement of those
unit-cells can be seen that satisfy the phase cancellation prop-
erty. Thus, either, FSS-grad and AMC-2 cells are seen lying
across the interfaces in parallel, or, AMC-1 and AMC-2 cells
are seen lying across the interfaces. Across the interfaces,
there is no instance where FSS-grad and AMC-1 cells are
lying in parallel; this is because they have almost identical
reflection phases. Moreover, it can also be witnessed that
placement of the three unit-cell types is in a symmetric fash-
ion over the entire superstrate surface; an aspect important to
achieve identical RCS performance for arbitrary polarizations
of the incident wave. This will be further confirmed with the
Ant-1 RCS results presented in section III-B.

The top side of lower dielectric consisting of fixed and vari-
able apertures (gradient) is displayed in Fig. 7(d). Fig. 7(e)
illustrates the bottom layer of lower dielectric; fixed patches
constitute this part. Lastly, a coaxial fed rectangular patch
antennawith its dimensions is shown in Fig. 7(f). Its operating
frequency is 7 GHz, and has been employed as the excita-
tion source for the FP cavity. Its feeding point is displaced
2.4 mm towards+x-axis from the patch center. All dielectric
layers have been constructed from Rogers RO4003C lami-
nate having dielectric constant of 3.38 and dielectric height
of 1.52 mm. Foam type air gap spacers have been used to
hold the antenna dielectrics at appropriate heights.

The cavity height (h) at resonance is based on following
relation [35]:

h = [(ϕPRS + ϕG)/π ]λ/4+ Nλ/2 (2)

where ϕG = reflection phase of ground (π), ϕPRS = reflec-
tion phase of PRS, λ is free space wavelength at operating
frequency, and N = 0 (zeroth order resonance). Since the
reflection phase of a phase gradated PRS is not fixed, and
alters along its surface, equation (2) just serves as a guide
to determine an initial cavity height. If ϕPRS = 0, the cav-
ity height will be λ/4 (10.7 mm). However, considering the
proposed design, ϕPRS varies between ±90◦ at the operating
frequency (evident from Fig. 5(b)). Thus, finalized resonant
cavity height (h = 14 mm) has been obtained through
simulations.

The final dimensions of the unit-cells as well as FP antenna
are shown in Table 1. Likewise, the final PRS gradient values
with corresponding reflection magnitudes and phases are
shown in Table 2. Gradient has been implemented along x-
axis, which is the E-plane of the antenna.

In order to reach to the finalized gradient values, it is
well known that a dimensional gradation (non-uniformity)
introduced to the PRS elements results in a progressive phase
shift, and thus the radiation beam deflection towards elements
depicting a phase lag [36]. In this context, it was noted
from [23], [24], [28] that a constant dimensional gradation in
the PRS elements had been implemented in order to achieve
a beam tilt. The constant dimensional gradation here means
that the difference of size between two consecutive unit-cell
elements was fixed. However, in our proposed design, though
the implementation of a constant dimensional gradation in the
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TABLE 1. Dimensions of unit-cells and FP antenna.

TABLE 2. Finalized gradient values of Ant-1.

PRS elements did result in the tilted beam formation, some
higher side lobes were also witnessed. Therefore, to reduce
the side lobe levels along with achieving a good tilt angle,
parametric optimization was also leveraged. Some simple
parametric tuning of each AV value was performed through
simulations, which resulted in the finalized gradient values
(AV) as listed in Table 2. In this work, we just ensured to
obtain a noticeable beam deflection to validate the design
concept, irrespective of how much is the extent of tilt.
It should be noted that a different set of PRS gradient values
would be required in order to direct the beam to a different
tilt angle. In this regard, a theoretical model presented in [33]
might stand as a useful tool in anticipating the tilt angles;
however, further characterization of the side lobes might still
be required.

As is evident from Fig. 7 (top side), FSS-grad unit-cells
form the central 5× 5 part of the superstrate grid. AMC-1 and
AMC-2 unit-cells surround the FSS-grad cells as shown in the
figure. To achieve RCS reduction based on phase cancellation
principle, only two different AMC unit-cells are required.
In fact, it is two different reflection phase responses that
shouldmeet the phase cancellation criteria to reduce the RCS.
In our proposed design, an additional unit-cell (FSS-grad)
has also been introduced. This additional unit-cell has been
designed in such a way that its reflection coefficient’s (S11)
phase response matches the phase response of one of the
AMCs; in our case, AMC-1. That is the reason it has been
incorporated/integrated on top side of the superstrate, with
AMC-1 and AMC-2, to achieve appropriate wideband RCS
reduction. Also, its S22 phase response shows a progressive
phase change with varying aperture sizes (AV values). This
means that it can offer the desired reflection phase response
to achieve radiation beam tilting. This forms the basis to place
it at the center of the superstrate, directly above the patch
antenna. Therefore, the FSS-grad is the key of the proposed

FIGURE 8. Reflection coefficient plot and gain vs. frequency curve of the
proposed antenna.

design, which has been leveraged along with AMC-1 and
AMC-2 in the FP configuration, to achieve in parallel, the
monostatic RCS reduction, high gain, and off-broadside radi-
ation. The area of the superstrate occupied by unit-cells
of FSS-grad together with AMC-1 is almost equal to the
area occupied by AMC-2 cells, as visible by the arrange-
ment shown in Fig. 7 (top side). Besides, the arrangement
is symmetric. For RCS reduction, such arrangement ensures
symmetric RCS reduction for orthogonal polarizations of the
incident wave.

Further elaboration regarding the adopted configuration
of the cavity aperture of Ant-1 is presented in detail in
section VII.

III. SIMULATION AND MEASUREMENT RESULTS
The unit-cell results discussed in the previous section were
based on periodic boundary setup in HFSS. The simulation
setup consisting of periodic boundaries considers the struc-
ture (unit-cell) to be repeated infinitely. In the FP antenna
configuration (as in Fig. 7(a)), a finite number of unit cells are
laid to constitute the structure, and to determine the accurate
response of the full structure, the HFSS simulations were per-
formed using radiation boundary setup. This simulation setup
does undertake the truncation effect, meaning the finiteness
of the structure is considered while solving for the solution.
Therefore, the obtained results discussed in this section are
in fact the response of the actual finite structure, and have
further been validated by measuring the fabricated prototype.
For performing far-field measurements, fabricated prototype
was tested in the anechoic chamber. Besides, the antenna’s
S11 was measured on a vector network analyzer. Detailed
radiation and RCS results are presented next.

A. FP ANTENNA RESULTS
Fig. 8 illustrates the reflection response S11 of the designed
FP antenna. Measured result is also included. It can be seen
that the antenna is matched over a wide impedance band-
width (BW), from 6.92-7.52 GHz. At 7 GHz, which is the
design frequency of the FP cavity, the value of S11 is below
−22 dB, which shows that antenna is well matched at the
operating frequency. The impedance bandwidth (−10 dB) is
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FIGURE 9. Radiation pattern plots of the designed FP antenna.
(a) E-plane (x-o-z plane). (b) H-plane (y-o-z plane).

FIGURE 10. E-plane (x-o-z plane) radiation plot at different frequencies.

600MHz (8.3%). It can also be witnessed from the figure that
themeasured S11 plot is in good agreement with the simulated
result.

The gain vs. frequency plots of the FP antenna is also
shown in Fig. 8. It can be seen that peak gain of 12 dB
has been achieved at 7 GHz. 3 dB gain bandwidth extends
form 6.75-7.11 GHz. This equals 360MHz (5.19%). It should
be remembered that FP antennas have inherently narrow
radiation bandwidth, due to high Q-factor of the FP res-
onators [37]. The measured plot is in accordance with the
simulated result.

Next, E-plane and H-plane radiation patterns of the pro-
posed FP antenna at operating frequency (7 GHz) are shown
in Fig. 9. As the gradient implementation is along x-axis,
which is the E-plane of the antenna, therefore, beam tilt can
be witnessed in the E-plane pattern, as shown in Fig. 9(a).
The main lobe has been deflected towards an off-broadside
direction, and quite good beam tilt has been achieved. The
peak value is appearing at an angle of −60◦. The side lobe
levels (SLLs) are about−8 dB and below. The angular direc-
tion of tilt and the increase of gradient aperture size are in
the same axis, i.e., −x-axis. Similarly, Fig. 9(b) displays the
H-plane pattern. Measured results for Fig. 9(a) and 9(b) agree
well with the simulated results. For E-plane pattern, the half
power beamwidth (HPBW) is 35◦, and for H-plane pattern,
HPBW is 41◦.
To investigate the pattern bandwidth of the proposed

design, radiation pattern is plotted over various frequencies

FIGURE 11. E-field overlay plot on the surface holding gradated apertures
(gradient layer).

and the results are shown in Fig. 10. From 6.96-7.04 GHz,
the beam pattern is quite uniform with almost identical beam
deflection; however, the side lobes deteriorate to some extent.
The pattern bandwidth turns out to be ∼80 MHz.
To have further understanding of the beam tilt phenomena

at operating frequency, E-field overlay plot on the surface
that holds the gradated apertures (gradient layer) is displayed
in Fig. 11. The gradient part is shown enclosed within a
square boundary. It can be observed that an increase of E-field
intensity occurs with increasing aperture sizes (AV values).
The incremental field is along −x-axis, thereby realizing
main beam deflection towards the same direction in the ele-
vation plane. Slight increase of field intensity in nearby fix-
sized apertures is because of the phenomena of field coupling
among the apertures.

B. RCS RESULTS
In this sub-section, monostatic RCS performance of the pro-
posed FP antenna in terms of frequency and angular response
will be presented. Fig. 12(a) illustrates the simulated mono-
static RCS frequency response of the FP antenna/reference
antenna/flat plate of identical dimensions, for a normal-
incident plane wave with vertical polarization (VP). VP cor-
responds to x-axis of the simulated model. The designed FP
antenna without the superstrate structure is referred to as the
reference antenna in the manuscript. It is basically a patch
antenna having a ground plane of lateral dimensions identical
to those of the designed Fabry-Perot cavity. The flat plate
RCS has been calculated using the following equation:

σFP = 4π (L ×W )2/λ2 (3)

where, σFP is the radar cross section (in m2) of a flat metal
plate, L ×W is the area of the flat plate with L representing
its length and W width, and λ is the wavelength over which
RCS is being considered.

In Fig. 12, as can be seen, RCS reduction has been achieved
over a broad bandwidth, and includes the in-band frequencies
also. The reduction has been achieved from 4GHz to 13 GHz,
which amounts to a remarkable 105.88% BW. This fully
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FIGURE 12. RCS frequency performance for a wave with normal
incidence. (a) VP. (b) HP.

includes the C and X band where majority of radars are
deployed. Fig. 12(b) illustrates the simulated RCS frequency
response for horizontally polarized (HP) incident wave, and
an almost similar response can be witnessed when compared
to Fig. 12(a). This owes to the symmetric design of unit-
cells, as well as their symmetric implementation in a periodic
configuration over the superstrate. For both plots, the max-
imum value of RCS reduction is above 40 dB achieved at
8.6 GHz. The average RCS reduction from 4-13 GHz is
12.18 dB for the case of VP incident wave, and it is 12.25 dB
for HP incident wave. For most of the frequencies, the value
of RCS reduction is 10 dB or higher, except around 7 GHz,
which is the FP antenna’s operating frequency band. The
RCS reduction is slightly lower in the operating frequency
band; this might be because of the difference between the
values of reflection (S11) magnitude of FSS-grad unit-cell
and AMC-2 unit-cell. For FSS-grad, it is about 0.8 and above
around operating frequency, while for AMC-2, its value is
above 0.94 over the entire band. This difference of amplitude
may be the cause of some diminished remnant reflected wave
even after the phase cancellation of reflected waves from the
two unit-cell surfaces has occurred. Nevertheless, the in-band
RCS reduction value for VP is 6.18 dB and above, and for HP
it is 5.7 dB and above.

To confirm the RCS reduction, measured samples (FP
antenna/reference patch antenna) were tested while having a
50 � termination. Transmit (Tx) and receive (Rx) parabolic
reflector antennas excited by λ/2 long wire dipole sources
were employed. Two such sets were locally fabricated within
the lab facility, and measurement was performed on six dis-
tinct frequencies. A notable advantage achieved with this set-
ting is because of the small size of these antennas; whereby,
the ideal monostatic conditions in simulation aremore closely
followed in a realmeasurement setup. This owes to the shorter
center to center distance between Tx and Rx antennas. The
monostatic RCS reduction performance for VP and HP wave

FIGURE 13. RCS reduction plotted at distinct frequencies for orthogonally
impinging wave. (a) VP wave. (b) HP wave.

incidences are shown respectively in Fig. 13(a) and 13(b).
The measurement setup is also displayed in Fig. 13(c).
A remarkable agreement can be observed between simulated
and measured values on every frequency, establishing the
proof of concept validity of the designed prototype. Table 3
details the RCS reduction performance achieved for VP and
HP wave incidences at the measured frequencies. For both
wave incidences, the averaged-out difference between simu-
lated and measured RCS reductions is lower than 1.5 dB.

The monostatic RCS performance has also been investi-
gated against oblique incident angles (+90,−90) of the wave
in order to see the angular stability of the proposed design.
The results are presented for x-o-z plane and y-o-z plane,
with horizontal and vertical wave polarizations, respectively.
The corresponding RCS results of the reference antenna
are also shown along with. For normalized y-o-z plane, the
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TABLE 3. RCS reduction performance at measured frequencies.

FIGURE 14. Normalized RCS performance for oblique angle wave
incidences in y-o-z plane with VP impinging wave. (a) Reference antenna.
(b) Proposed antenna.

simulated and measured monostatic RCS plots for VP wave
are shown in Fig. 14(a) for reference antenna, and Fig. 14(b)
for the proposed antenna. These results have been plotted
at 9.8 GHz. The results show that RCS reduction is occur-
ring over the angular range of ±13◦, with maximum RCS
reduction approaching ∼27dB. Similarly, normalized x-o-z
plane RCS performance for HP incident wave is displayed
in Fig. 15(a) for the reference antenna, and Fig. 15(b) for the
proposed antenna. Here also, the angular stability of ±13◦

has been attained with maximum RCS reduction value of
∼27 dB. The narrow beam-width of the reflectivity pattern of
the reference patch antenna shown in Fig. 14(a) and Fig. 15(a)
is because of its relatively larger ground plane, which, as pre-
viously mentioned, is same size as of the lateral dimensions
of the FP cavity. The measured results show considerable
agreement with the simulation plots. All scattering results
(frequency/angular) have been presented for the case where
antennas were terminated in a matched impedance.

To analyze the mechanism of RCS reduction, E-field dis-
tribution on top surface of the superstrate of the FP antenna
is shown in Fig. 16 (a), plotted at 9 GHz for VP incident
wave. Different field distributions can be witnessed from
the plot. High concentration of E-field occurs over AMC-2
unit-cells, whereas almost identical field distribution can
be observed over AMC-1 unit-cells and FSS-grad surface.
The different field resonance states over the surface of the
superstrate provide the necessary reflection phase difference

FIGURE 15. Normalized RCS performance for oblique angle wave
incidences in x-o-z plane with HP impinging wave. (a) Reference antenna.
(b) Proposed antenna.

FIGURE 16. Field overlay plots on top surface of the FP cavity for VP
incident wave at 9 GHz. (a) E-field’s magnitude distribution. (b) E-field’s
phase distribution.

that is leveraged to achieve backscattering reduction. This is
further validated by the E-field phase distribution plot shown
in Fig. 16(b). By inspecting the figure, it can be readily
verified that the reflection phases on the FSS-grad surface
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are almost identical to the reflection phases on AMC-1 unit-
cells, whereas the reflection phases on AMC-2 unit-cells are
different. Furthermore, the two different phase regions have
nearly opposite reflection phases, thus fulfilling the phase
cancellation condition for RCS reduction. As the unit-cells
are symmetrically located over the surface of the superstrate,
an identical field resonance behavior is supposed for HP
incident wave also.

Before concluding this section, it is also important to
briefly highlight how the presented design of Ant-1 would
be modified in case it is desired to have a low RCS design
with broadside radiation. To this end, it is well known that
the implementation of a PRS having constant unit-cell dimen-
sions (i.e., no gradation) leads to the emanation of a radiation
beam that is directed towards broadside [35]. Thus, in the
proposed design, it can be achieved by removing gradation
in the unit-cell dimensions of FSS-grad. This entails deter-
mining an appropriate constant AV value for the design.
Besides, to achieve a proper radiation beam with diminished
side lobes, it is also important to consider parameter PF
while determining a proper AV value. These two parame-
ters primarily control the cavity’s reflectivity for the wave
radiated from the patch antenna [15]. Moreover, to achieve
cavity resonance, i.e. high gain, the height of the cavity (h)
should also be re-considered in parallel with the parameters
AV and PF. Finally, for achieving input impedance match-
ing, the location of coaxial feed point as well as the patch
antenna’s width may also require some further fine tuning.
As regards to the RCS performance of the broadside design,
it is expected to remain almost similar to as it is for the tilted
beam design. This is because the parameters which require
changes for the broadside design (AV and PF) are primarily
associated with the radiation property of the antenna. How-
ever, maximum allowable variation of AV and PF should be
determined from unit-cell simulations in order to pre-ensure
there will be no adverse effect on radar waves’ reflection
phase characteristics.

IV. MODIFIED DESIGN (Ant-2)
Next, modification of the first design is presented. The
main motivation behind the design of Ant-2 is to simplify
the design of Ant-1, in that, to use only AMC-2 with the
FSS-grad. The FSS-grad cells not only realize the reflection
phase gradient along with high reflectivity (condition neces-
sary for high gain and radiation beam deflection), but also
realize the opposing reflection phase with the AMC-2 cells
(condition necessary for RCS reduction). Moreover, in case
the condition of symmetric unit-cell placement is ignored in
one principal axis (unlike Ant-1), it is highly likely that the
implementation of the two unit-cell types may equally well
offer the advantage of realizing a relatively smaller aperture
size of the cavity. The design differences from Ant-1 consist
of the following:

a) Instead of using two AMC unit-cells + FSS-grad unit-
cell as in the previous design to achieve RCS reduction,
here only AMC-2 + FSS-grad have been employed.

FIGURE 17. AMC-2′ unit-cell structure. (a) Perspective view. (b) Top side.
(c) Full metal plane. (d) Bare dielectric bottom side.

The configuration and dimensions of AMC-2 have been
slightly changed, while FSS-grad is exactly the same as
used previously. The modified AMC-2 unit-cell will be
referred to as AMC-2′.

b) The periodic arrangement of unit-cells on the super-
strate of the FP cavity ignores the interface of destruc-
tive interference in one of the principal axes (y-axis),
and thus realizes a smaller aperture size.

The details of the modified design are presented next. For
Ant-2, only simulation results are presented.

A. MODIFIED UNIT-CELL (AMC-2′)
The configuration of AMC-2′ is shown in Fig. 17. It also
consists of two dielectrics. The upper dielectric and the
etched pattern on its top is similar to AMC-2 of Ant-1,
only the geometric dimensions have been redesigned (shown
in Fig. 17(b)). The lower dielectric has been modified,
whereby now only a full metal plane is there, etched on top
side of the lower dielectric (Fig. 17(c)). The bottom side
of lower dielectric is bare (Fig. 17(d)). Both dielectrics are
separated by an air gap. Fig. 18(a) shows its reflection coef-
ficient’s (S11) phase response. Also included in Fig. 18(a) is
the reflection phase response of FSS-grad of Ant-1, which has
been repeated here from first design. As can be seen from the
figure, the phase difference as per 1 = 180 ± 37◦ between
AMC-2′ and FSS-grad exists from 4.7-12.3 GHz (89.41%),
and it is expected that a wideband RCS reduction would be
achieved once the FP antenna configuration is constructed.
Fig. 18(b) illustrates the reflection (S11) magnitude response
of AMC-2′, which is above 0.96 over the entire band. The
reflection (S11) magnitude response of FSS-grad has again
been included in this figure.

B. MODIFIED FP ANTENNA MODEL (Ant-2)
The FP cavity antenna having the superstrate constructed
from AMC-2′ and FSS-grad is shown in Fig. 19, which
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FIGURE 18. Reflection coefficient response of AMC-2′ and FSS-grad for a
wave incident along −z-axis. (a) Phase response. (b) Magnitude response.

FIGURE 19. Simulated model of Ant-2. (a) Perspective view. (b) Top
surface. (c) Top side of lower dielectric exhibiting gradient
implementation. (d) Bottom side of lower dielectric exhibiting fixed size
patches. (e) Microstrip patch as cavity excitation source.

illustrates the details of its different layers also. The designed
aperture is smaller than Ant-1, and consists of a 6 × 8

TABLE 4. Final dimensions of AMC-2′ and Ant-2.

TABLE 5. Final gradient values (Ant-2).

configuration of the unit-cells. The central 6 × 4 part of the
superstrate consists of the gradated unit-cells of FSS-grad,
while the remaining 6 × 2 parts on the two opposite edges
of the superstrate have been constructed from AMC-2′ unit-
cells. The cavity is excited by a rectangular patch antenna
designed at 7 GHz. The feed offset is 2.4mm towards+x-axis
from the center of the patch. Final dimensions of AMC-2′ and
Ant-2 are given in Table 4. Finalized gradient values (A′V)
of Ant-2 along with their magnitudes and phases are shown
in Table 5. The final A′V values were based on a similar pro-
cedure as detailed for Ant-1 in section II-C. Moreover, as can
be seen from Fig. 19(c), the central region of the dielectric
consists of variable-sized apertures (A′V), while the sides of
the dielectric are formed by PEC. It should be noted that a
single excitation source of the FP cavity mainly illuminates
the region of the PRS that lies directly above it [38]. Thus,
in the proposed design, the patch antenna mainly illuminates
the central (6 × 4) region of the dielectric constituted by the
variable-sized apertures (A′V), and hence the radiation would
not be blocked by the design of Fig. 19(c).

Further explanation pertaining to the adopted configuration
of the cavity aperture of Ant-2 is continued in detail in
section VI.

V. SIMULATION RESULTS OF Ant-2
Firstly radiation results of Ant-2 will be presented, followed
by its RCS results.

A. FP Ant-2 RADIATION RESULTS
The S11 response of Ant-2 is shown in Fig. 20. Sharp
resonance occurs at 7 GHz, with reflection coefficient
value reaching −30 dB. Impedance bandwidth (−10 dB) is
160 MHz and extends from 6.92-7.08 GHz (2.3%). Gain vs.
frequency curve of Ant-2 is also illustrated in Fig. 20. The
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FIGURE 20. Reflection coefficient plot and gain vs. frequency curve of
Ant-2.

FIGURE 21. Radiation pattern plots of Ant-2. (a) E-plane (x-o-z plane).
(b) H-plane (y-o-z plane).

FIGURE 22. E-plane (x-o-z plane) radiation pattern plotted at various
frequency points.

achieved value of gain at 7 GHz is 11.73 dB. The 3 dB gain
bandwidth is from 6.8-7.31 GHz (7.23%).

The radiation patterns for the principal planes are shown
in Fig. 21. E-plane radiation plot is shown in Fig. 21(a).
As the implementation of gradient for Ant-2 is along the
x-axis, which is also the E-plane of the antenna; therefore,
the beam is deflected in the E-plane. Beam tilt angle of
−37◦ has been achieved. The SLLs are below −10 dB. The
HPBW is 31◦. The H-plane pattern can be seen in Fig. 21(b).
Its HPBW is 18◦. The radiation pattern plotted against various
frequencies is given in Fig. 22. The pattern bandwidth is about
100 MHz (6.95-7.05 GHz). Slight deterioration of the side
lobe performance can be seen against varying frequency; the
peak radiation is maintained at −37◦.

FIGURE 23. RCS frequency response of Ant-2 for a wave with normal
incidence. (a) VP. (b) HP.

B. Ant-2 RADAR SCATTERING RESULTS
RCS performance of Ant-2 against frequency for VP and
HP incident waves is shown in Fig. 23(a) and 23(b), respec-
tively. Also included are the RCS frequency responses of
the reference patch antenna. For VP case, wideband RCS
reduction from 4-13 GHz has been achieved, which amounts
to 105.8% BW. The average RCS reduction over this band-
width is 11.56 dB. Similarly, in the HP case, RCS reduction
bandwidth extends from 5.2-13 GHz. This turns out to be
85.7% BW, with average RCS reduction of 12.36 dB. The
RCS plots shown in Fig. 23 are not identical for the orthogo-
nal polarizations, although the unit-cells have been designed
to be symmetric. Also the RCS reduction bandwidths are
different for the two polarizations. The reason behind this
lies in the macroscopic layout of the unit-cells on top of the
superstrate. The layout is asymmetrical with respect to the
impinging wave with different polarizations. For vertically
polarized incident wave, clear interfaces of destructive inter-
ference exist along the x-axis, between the AMC-2′ cells and
FSS-grad cells. However, such definite interface is not found
when the incident wave becomes horizontally polarized [34].
Nevertheless, the RCS reduction BW is still greater than 85%
for HP wave, and covers the in-band frequencies also.

Next, the reflection performance of Ant-2 for oblique
angle (+90, −90) incident plane wave with arbitrary polar-
izations is presented. Fig. 24 illustrates the angular perfor-
mance in x-o-z plane with orthogonal polarizations, while
Fig. 25 depicts the angular response in y-o-z plane for the
orthogonal polarizations. All results have been plotted at
9.6 GHz. For both figures, the corresponding plots of refer-
ence antenna are also included. In the x-o-z plane, the mono-
static RCS reduction over the reference antenna has been
obtained in an angular range of ±10◦ for both polarizations
(VP: Fig. 24(a), and HP: Fig. 24(b)). However, except a
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FIGURE 24. RCS for oblique angle wave incidences in x-o-z plane for
Ant-2. (a) VP. (b) HP.

FIGURE 25. RCS for oblique angle wave incidences in y-o-z plane for
Ant-2. (a) VP. (b) HP.

couple of values around ±10◦, this range extends up to
±21◦. Similarly, in y-o-z plane, the obtained reduction lies
in the range of ±6◦ for both polarizations (VP: Fig. 25(a),
and HP: Fig. 25(b)). In both planes, the specular reflection
for normally incident waves has been reduced by at least
∼20 dB. It is to note that the RCS plots shown in Fig. 24 and
Fig. 25 depict absolute RCS values in dBsm (not normalized).

Finally, for Ant-2, in order to realize a low RCS design
with broadside radiation, the guidelines will be similar to as
discussed for the broadside design of Ant-1 at the end of
section III-B.

VI. CONSIDERATIONS OF CAVITY APERTURE SIZE OF
Ant-1 AND Ant-2
In this section, the discussion regarding the cavity aperture
size of Ant-1 as well as Ant-2 is presented. As regards to
Ant-1 with its aperture shown in Fig. 7(c), it can be readily
sized to a larger aperture size. This can be accomplished by
just extending the AMC-1 and AMC-2 unit-cells to a 5 × 5
configuration, as the central FSS-grad cells are also in a 5 ×
5 configuration. The scenario is shown in Fig. 26(a). If the
central FSS-grad cells are increased to an n× n configuration,
the AMC-1 as well as AMC-2 cells should also be increased
to an n × n configuration, and vice versa [15], [17]. This
will make the entire cavity aperture to be of 3 × 3 super-
cell grid, and the size of the grid made of super-cells can be
increased further (4 × 4, 5 × 5, etc) if desired. Fig. 26(b)
shows the 4× 4 super-cell configuration. We have chosen the
central FSS-grad to be of 5 × 5 configuration, because five
AV values offer just an adequate flexibility to realize required
phase gradation for achieving tilted beam radiation.

FIGURE 26. Example scenarios of cavity aperture size of Ant-1. (a) 3 ×
3 super-cell grid. (b) 4 × 4 super-cell grid. (c) Square boundary indicating
the adopted configuration of Fig. 7(c).

Our proposed Ant-1 shown in Fig. 7(c) is a truncated ver-
sion of 3 × 3 super-cell grid of Fig. 26(a). To further clarify
how the design of Ant-1 (Fig. 7) has been realized, Fig. 26(c)
is represented. Fig. 26(c) follows from the implementations
as reported for AMC based low RCS antenna designs in [15],
[17], [18]. As clearly evident from the figure, central part
shown enclosed within the square boundary constitutes the
design of Fig. 7. The prime reason of adopting such a configu-
ration was to save on the dielectric real estate, while ensuring
not to compromise on the required radiation/scattering perfor-
mance. Considering the arrangement of the cells, the adopted
configuration shows to have nearly equal number of cells
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that individually realize 0 degree and 180 degree reflection
phases. FSS-grad and AMC-1 cells have almost identical
reflection phases, while the AMC-2 cells have opposing
reflection phase (evident form Fig. 4(a)). The surface area
occupied by FSS-grad + AMC-1 cells is almost equal to
the surface area occupied by AMC-2 cells. This is important
because the reflected wave after striking the surface would
be maximally nullified (after undergoing a proper destructive
interference). The reflected wave will constitute almost equal
portion of opposite reflection phases, and thus will undergo a
proper cancellation.

Considering the larger configuration such as 3 × 3 super-
cell grid of Fig. 26(a), the grey and brown cells have opposite
reflection phases. Over this surface, the difference between
the surface areas of gray and brown cells is∼11% of the total
surface area of the cavity’s aperture. Nonetheless, the RCS
reduction can still be appropriately achieved with such an
arrangement, as supported by the results presented in [15],
[17], [18]. For a 5× 5 super-cell configuration (not illustrated
here), the difference between the surface areas of opposite
reflection phase unit-cells reduces further to 4% of the total
area, which is even smaller than a 3× 3 super-cell configura-
tion. For the 4 × 4 super-cell configuration of Fig. 26(b), the
surface areas of opposing reflection phase unit-cells is exactly
equal. Thus, to conclude, the devised configuration of Ant-1’s
aperture occupies minimal dielectric space; moreover, it also
ensures a proper cancellation of reflected wave components
as the difference of areas between opposing reflection phase
unit-cells is just ∼1%.

The placement of cells in Fig. 26(c), and thus Fig. 7(c),
is symmetric along x- and y-axes. Such a placement of
unit-cells offers distinct interfaces of destructive interference
along both axes, and ensures identical RCS reduction for
orthogonal polarizations of the incident wave [31].

Regarding Ant-2, its main purpose is to achieve RCS
reduction based on only two unit-cell types, and hence a
design simplification over Ant-1. This is because FSS-grad
and AMC-2′ cells realize opposing reflection phases, and the
two unit-cell types over a cavity’s aperture should be suffi-
cient to design a low RCS antenna. Besides, if the appearance
of a distinct interface of destructive interference is ignored in
one of the principal axes, it is likely that an even smaller size
of the cavity’s aperture can be realized, compared to Ant-1.

Considering the above, one possible design of Ant-2 was
shown in Fig 19, which realized an asymmetric macro-
scopic layout of the unit-cells for orthogonal polarizations
of the incident wave. Such an implementation follows from
an example AMC implementation reported in [34]. From
Fig. 19, the distinct interface of destructive interference
appears along x-axis; whereas, it is non-existent in the y-axis.
That is the reason the RCS results of Fig. 23 are non-
identical for the VP and HP wave incidences; a notable
drawback over Ant-1 design. From Fig. 19(b) and Fig. 19(c),
the central FSS-grad part has a 6 × 4 configuration, while
the AMC-2′ cells lie in a 6 × 2 configuration, located

FIGURE 27. Example scenarios of cavity aperture sizes of Ant-2. (a) 5 ×
8 unit-cell configuration. (b) 6 × 12 unit-cell configuration. (c) 8 × 8
unit-cell configuration.

laterally to the right and left sides of FSS-grad cells. Here,
the adopted configuration of FSS-grad cells has six A′V val-
ues, which are sufficient to easily realize the phase gradation
for deflected beam radiation. The surface area occupied by
FSS-grad cells is equal to the total surface area occupied
by AMC-2′ cells. Again, this is necessary to achieve proper
phase cancellation of the reflected wave from the superstrate
surface.

So, based on the design of Fig. 19, example variations of
the aperture size of Ant-2 are shown in Fig. 27, depicting
5 × 8 unit-cell configuration in Fig. 27(a), 6 × 12 unit cell
configuration in Fig. 27(b), and 8× 8 unit-cell configuration
in Fig. 27(c). The common attribute among all scenarios of
Fig. 27 is that the surface areas of opposing refection phase
unit-cells are equal. Moreover, the said placement of unit-
cell elements realizes distinct interface of opposing reflection
phase unit-cells only along vertical axis (x-axis).

Among the designs of Fig. 19 and Fig. 27, our
choice/preference is the design of Fig. 19, because it offers
increased flexibility for gradient implementation (six A′V val-
ues) in comparison to Fig. 27(a), and has a smaller footprint
(cavity aperture size) than both Fig. 27(b) and Fig. 27(c).
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TABLE 6. Proposed FP antennas (Ant-1 and Ant-2) compared with relevant works.

VII. DISCUSSION AND COMPARISON OF Ant-1 AND
Ant-2 WITH PREVIOUS WORKS
To establish the significance of the proposed work, it is
compared with other low RCS FP antenna designs from the
literature, as highlighted in Table 6. It can be seen that over
all other antennas except [26] and [39], Ant-1 in its both
polarizations, and Ant-2 in its vertical polarization, achieve
the widest RCS reduction bandwidth of 105.8%. Ant-2 in
the horizontal polarization achieves 85.7% of RCS reduc-
tion bandwidth, which is higher than most of the works.
Except [26], the FP cavity height of both proposed antennas
is also smaller when compared to other references, and is only
0.33λ for Ant-1, and 0.3λ for Ant-2. Likewise, since the RCS
reduction is based on AMC technology, no RF resistors have
been employed, in contrast to the works in [9]–[12], [25],
[26], [39], [40], which employ a large number of resistors,
and hence pose fabrication complexity.

The−10 dB impedance bandwidth of Ant-1 is comparable
to [14], while it is lower than [15], [39], and [40]. However,
on the other hand, the RCS reduction bandwidth as well as
cavity dimensions of [40] are inferior to Ant-1; the proposed
quasi-fractal unit-cell structure of [39] is difficult to fabricate;
and the unit-cell design of [15] has been particularly devised
for wide bandwidth- by realizing positive gradient of the
reflection phase of its PRS. The impedance bandwidth of
Ant-2 is somewhat lower; nevertheless, it is still better than
the previous works reported in [11], [12], and [41].

The achieved gain for both proposed designs is higher
than [26] and [39], and comparable to [15], [25], and [40],
while other designs have higher radiated gains. This is
because the peak radiation of the proposed designs is
deflected off-broadside, and hence this beam tilt is the cause
of the lower gain value. In other words, the inferior gain
is because of the scan loss [42]. Moreover, mainly because
of the relative lower gain values, the aperture efficiencies
of the proposed designs are also somewhat on the lower side.
The aperture efficiency of Ant-1 is about 17%, while that of
Ant-2 is 27%. Finally, both proposed antennas can achieve
radiation beam tilt, which is −60◦ for Ant-1, and −37◦ for
Ant-2. The low RCS antennas presented in [25] and [26] also
realize a tilted beam operation; nevertheless, the superstrate
structures of the proposed antennas are different, in that, the
realization of low RCS and tilted beam functionality is based
on the integration of phase gradient metasurface within the
AMC based design. The advantage over [25] and [26] is
the reduction of fabrication cost and complexity, as no more
resistors are required on the superstrate surface. Furthermore,
it also avoids the loss incurred to the radiated wave as a result
of attenuation within the resistors [12]. This can broadly be
validated by the fact that the radiation efficiencies of both
Ant-1 and Ant-2 are higher in comparison to the designs
reported in [25] and [26]. For [25] and [26], which also consist
of two layer (dielectric) superstructure design, and made of
similar dielectric as of this work, their radiation efficiencies
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are 79% and 60%, respectively. The radiation efficiency of
Ant-1 is 84%, and that of Ant-2 is 86%.

The primary advantage of Ant-2 over Ant-1 lies in its
design, in that, it is less complex than Ant-1 as it employs two
different unit-cells to achieve RCS reduction. This makes its
aperture size 41% smaller than Ant-1 to achieve similar RCS
reduction for at least one polarization of the incident wave.
However, on the other hand, a better advantage of Ant-1 over
Ant-2 is its macroscopic symmetric layout, by virtue of which
identical RCS frequency and angular response is obtained for
arbitrary polarizations. This feature is deemed to be of higher
practical value, and hence renders the overall performance of
Ant-1 superior to Ant-2.

VIII. DESIGN PROCEDURE TO SYNTHESIZE OPTIMIZED
GEOMETRICAL PARAMETERS
A step-by-step design procedure to synthesize geometrical
parameters of the antenna for achieving an optimized perfor-
mance are outlined below. The design procedure holds true
for both proposed antennas.
1) Start with an identical air gap (g) for all unit-cell designs,

and optimize g in parallel with fine tuning other geomet-
rical parameters of the unit-cells.

2) AMC-1 is a single resonance structure (resonance here
refers to the frequency at which reflection phase curve
crosses zero degree phase). Determine parameter P1L of
AMC-1 to achieve desired resonance and slope of the
reflection phase curve, as shown in Fig. 4(a).

3) For the FSS-grad response shown in Fig. 4(a), make
sure the optimized g value is such that the reflection
phase response of FSS-grad (despite the variation of AV)
closely follows the response of AMC-1.

4) AMC-2 is a dual resonance structure, and its reso-
nances are tuned through parameters LL, LW and P2L.
Determine an optimized set of LL, LW and P2L val-
ues. While optimizing, make sure the reflection phase
cancellation condition (1 = 180◦ ± 37◦) between
AMC-2 and AMC-1 (where the reflection response of
AMC-1 and FSS-grad are almost identical) is satis-
fied over the widest possible bandwidth, as realized in
Fig. 4(a).

5) If desired, some further fine tuning of AMC-1 and
AMC-2 reflection phase properties (as of Fig. 4(a)) can
be achieved through the parameter APR. However, its
impact will be very small.

6) Tune parameter PF. This will set the desired resonant
frequency at which the phase gradient approach of
FSS-grad is to be leveraged to achieve antenna beam
tilting operation. At a fixed PF value, phase gradation
for antenna beam deflection will be achieved through
varying AV values, as shown in Fig. 5(b).

7) Assemble the FP cavity antenna in consideration of the
unit-cells placement on the cavity’s aperture discussed
in section VI. A tuned patch antenna will serve as the
excitation source of this cavity.

8) Using equation (2), determine the approximate cavity
height (h) considering the desired resonant frequency for
the FP cavity.

9) Tune AV values. Also fine tune the cavity height (h) to
finally achieve the desired shaped beam at the required
resonant frequency.

Steps 1-4 are inter-linked, and may require few back and
forth numerical simulations to achieve the purpose.

IX. CONCLUSION
In this work, two FP antennas have been presented, Ant-1
and Ant-2. The design of Ant-1 is based on three unit-cells,
AMC-1, AMC-2 and FSS-grad. The three unit-cells have
been integrated on the aperture in such a way that RCS reduc-
tion, gain enhancement, and tilted beam operation have been
realized all simultaneously. Wideband RCS reduction has
been achieved for arbitrary polarizations (105.8%). Average
RCS reduction is above 12 dB. Simulation and measurement
results have been presented for Ant-1. Ant-2 is a modified
version of Ant-1, whereby its design is based on Average
RCS reduction is above 12 dB. Simulation and measurement
results have been presented for Ant-1. Ant-2 is a modified
version of Ant-1, whereby its design is based on two unit-
cells, AMC-2′ and FSS-grad. AMC-2′ has been derived from
AMC-2 of Ant-1, by doing slight alterations. The aperture
size of Ant-2 is smaller than Ant-1. Cavity height is also
slightly less than that of Ant-1. The layout of unit-cells on the
aperture of Ant-2 is asymmetric; therefore, there is a 20.1%
difference of RCS reduction bandwidth between the arbitrary
polarizations. For the HP wave, it is again 105.8%. For
VPwave case, it is 85.7%; nevertheless, it is still wide enough
in comparison to the previous works. Ant-2 also achieves
gain enhancement and tilted beam operation. Simulations
have been presented for Ant-2. Comparing Ant-1 and Ant-2
to previous works, RCS reduction bandwidth is better than
most of the works. Moreover, the achievement of low RCS
as well as radiation peak deflection, achieved through the
integration of phase gradient metasurface within the AMC
based design, has not been realized previously. The proposed
antennas, in general, can be useful for any stealth type (low
RCS) military application where fixed tilt angle radiators
are desired for communication. It is intended to consider
the implementation of the proposed antennas with circular
polarization (CP) as a future extension of this work.
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