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Wide Band Low RCS Metasurface and Its Application
on Patch Antenna
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Abstract—A new metasurface (MS) structure for wideband low radar cross section (RCS) and its
performance as an antenna has been analyzed and proposed in this paper. The MS has been designed
with two different AMC unit cells, and the novel AMCs scatter the incident waves diffusively. The
parameters and dimensions of the AMCs are optimized to get the best performance of the antenna.
Furthermore, the unit cell structure of metasurface is designed and positioned to improve the directivity
of the antenna. The reflected electromagnetic waves scatter in a manner of 180◦ out of phase with the
incident waves, and the antenna’s scattering and radiation performance has also been examined. Full-
wave simulations and measurements confirm that the proposed antenna achieves 10 dB RCS reduction
over a wide bandwidth of 3–12 GHz (61.2%). A monostatic peak RCS reduction of 45 dB is accomplished
at 5 GHz, 7 GHz, and 11.5 GHz. Besides, the radiation characteristics of the antenna are appropriate
in the boresight direction, and the antenna exhibits good performance in E-, H-planes and ensures
adequate directivity.

1. INTRODUCTION

Patch antenna designs are widely used in many applications. However, they possess drawbacks such as
having low gain and operating in narrow band [1]. Defense applications have inspired researchers to
design antennas as a way to reduce the radar cross section (RCS) [2]. Less visibility of an antenna from
the radar is an essential feature in stealth platforms, airborne vehicles, and military applications. Thus,
low radar signature of an antenna is inherent in the stealthy aircrafts [3]. The Stealth or RCS reduction
and control concepts have been the topics of interest for a few decades [4]. Stealth technology lessens
the visibility of a target to be detected by radar. With the improvement of modern stealth technology,
RCS reduction has received more attention, especially for military platforms. For instance, a stealth
platform must have design features to provide low RCS. For such low RCS platforms, antennas are
designed to serve as effective radiators and main contributors of total RCS.

The RCS of a traditional antenna can be very large making it an easy target to pick up on basic
radar systems. If such an antenna is placed on a stealthy platform, it will destroy the low RCS properties.
Thus, the research on RCS reduction for antennas is meaningful [5].

Metamaterials are gaining huge popularity since they are artificially designed to possess a few
electromagnetic properties that are not found naturally [6–10]. A left-handed metasurface based
travelling wave antenna was introduced in [11]. The aim was to improve the gain and radiation pattern
without affecting the fractional bandwidth. In [12], an ultra-wide band miniature integrated antenna was
designed using CRLH targeted for transmission lines application. In this design, rectangular and spiral
inductors were used. A leaky wave antenna design was proposed in [13]. This design was done using a
substrate integrated waveguide model to make it appropriate for applications such as millimeter-wave
type beam forming.
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In recent years, many novel techniques have been proposed to RCS reduction of antennas, such
as antenna shaping, using radar absorbing materials (RAM), and using Self-interference cancellation
techniques [14–16]. Antenna shaping is one method for RCS reduction. Despite this technique, RCS
can be reduced only by decrementing the performance of the antenna. However, the utilization of
RAMs for RCS reduction of antenna usually requires a trade-off between radiation characteristics of
antennas varying the structures of the original antennas. The other way is the utilization of RAMs.
For in-band frequencies, it is tough to decrease the RCS using RAMs because they scatter the energy
in specular direction and thus affect the RCS reduction. Another way to RCS reduction of antennas is
the use of Frequency Selective Surface (FSS) radomes [17–19]. In this case, the FSS is translucent to
electromagnetic waves in the operating band of antennas, while the signal outside the operating band is
reflected. However, to obtain favorable RCS reduction, a complex conformal shape should be designed
which increases the complexity, weight, and costs.

In [20], reduction of RCS is carried out through in-band and out-band for a Circularly Polarized
antenna with corner truncated design. Furthermore, artificial magnetic conductors (AMC) are broadly
applied to reduce RCS [21]. Although the patch antenna built with EBG structures minimizes the RCS,
the directivity of the antenna is less [22]. Besides, the RCS of antennas can be minimized by utilizing
a fractal structure [23] modifying the antenna structure [24]. A dual band metamaterial absorber was
utilized to obtain RCSR [25]. Metasurface and its application on a patch antenna has been employed to
achieve RCSR [26]. A patch antenna with AMC metasurface eliminates specular scattering of waves from
the surface of the antenna [27]. Tan et al. proposed a low RCS, high-gain left handed circularly polarized
metasurface antenna (LCP-MA), though their RCSR bandwidth was limited [28]. A wideband small-
footprint circularly polarized Fabry-Perot resonator antenna was presented in this paper and had a peak
RCSR of 11 dB only [29]. EBG absorbers using conducting polymers were used to achieve RCSR [31].
FSS absorbing ground plane structures were implemented to obtain RCSR, and they have not acquired
apparent RCSR [32, 33]. In this paper, the novel AMCs embedded on a planar antenna is proposed, and
its effect on wideband RCS reduction is presented. The proposed antenna exhibits enhanced radiation
and 10 dB wideband RCS reduction of 3–12 GHz. The dissimilar AMC unit cell arrangement eliminates
the specular reflection from the surface, and the wave scatters in unconventional direction. Moreover,
the antenna’s radiation performance is also adequate.

The paper is organized as follows. Section 2 gives a detailed description about design and analysis
and of the proposed antenna, and Section 3 discusses simulated results. Section 4 illustrates the
experiment results obtained in the present work. Subsequently, Section 5 presents the conclusion of
the proposed work.

2. DESIGN AND ANALYSIS OF REFERENCE AND AMC BASED METASURFACE
ANTENNA

The proposed design of antenna employs a lossy dielectric FR4 substrate. The design combines three
layers, slotted patch antenna, AMC1, and AMC2. The parameters of the AMCs are optimized in this
design to maximize the performance of the antenna. The proposed unit cell structure has impact in
improving the directivity of the antenna. The reflection phase of the metasurface antenna is able to show
a shift from +180◦ to −180◦. Hence, the proposed design model can show a significant performance
when being utilized in stealth applications which requires wide band operation, thereby overcoming the
limitation of narrow band operation of patch antenna.

2.1. Design of Proposed Antenna

The patch (reference) antenna is designed to resonate at 8.4 GHz and coaxially fed at x = 4.6 mm,
y = 0 mm. The dimension of the substrate is 64.25mm × 64.25 mm. The antenna is built on the lossy
dielectric FR4 substrate with relative permittivity εr = 4.4 and loss tangent of tan(δ) = 0.02, and the
metal portions of the metamaterial are designed with copper having conductivity of σ = 5.8 × 107 S/m
and thickness of 0.035 mm. Dimensions of the patch are as shown in Table 1 and depicted in Fig. 1(c).
The schematic top view of antenna is shown in Figs. 2(a) and (b), respectively.
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(a) (b) (c)

Figure 1. Schematic representation of (a) AMC1, (b) AMC2 and (c) slotted patch (reference antenna).

(a) (b)

Figure 2. Configuration of low RCS MS antenna. (a) Top view, (b) side view of the antenna with
coaxial feed.

Table 1. Parameters used in proposed antenna design.

Parameters Value (mm) Parameters Value (mm) Parameters Value (mm)
d1 5 d3 2 s1 10
d2 5 d4 0.4 s2 10.5
L1 5 d5 2.7 s3 1.5
L2 5 d6 3.5 s4 12.5
L3 22 L4 18 - -

2.2. Design of Proposed AMC Unit Cell

The proposed AMC1 has lengths of d1 = 5mm and d2 = 5mm, and AMC2 has lengths of L1 = 5 mm,
L2 = 5mm, d3 = 2mm, d4 = 0.4 mm, d5 = 2.7 mm, and d6 = 3.5 mm as given Figs. 1(a) and (b). The
dimensions of AMCs are as shown in Table 1. The array of unit cells AMC1 & AMC2 has been placed
around the planar antenna, as shown in Fig. 2(a). The AMC’s parameters are optimized to improve the
antenna’s performance. The unit cell and open boundary conditions are utilized to simulate the infinite
unit cell structure using CSTMWS.

2.3. Design of Proposed Antenna Integrated with AMC

The patch antenna resonating at 8.4 GHz is arranged in the middle of the unit cells, and the side view of
the antenna is shown in Fig. 2(b). The patch is coaxially fed, whose impedance is matched to 50 Ω. The
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reference (patch) antenna and AMC unit cell structure are constructed on an FR-4 substrate of 1.6 mm
thickness. The overall dimension of antenna is (L × W ) 64.25mm × 64.25 mm. The unit cell structure
is employed to improve the antenna directivity. The microstrip patch is employed as a radiator [16].

3. SIMULATED RESULTS AND DISCUSSION

3.1. Theoretical Analysis of AMC Metasurface

Artificial Magnetic Conductors (AMCs) are the structures yielding high impedance at resonance, and
they suppress the surface waves. The AMC design comprises a dielectric substrate sandwiched between
the top and bottom metallic layers. These structures cancel out the backscattering waves from the
antenna [27, 30]. The basis of AMC surfaces is such that wave’s reflection energies are scattered and
will cancel each other to form a divergent scattering pattern rather than the usual specular reflection.
The RCS reduction concept of AMCs can be interpreted with a planar array with 180◦ phase reflections
within a band of frequencies. Compared with a metallic board, the MS can significantly diminish RCS
in specular directions. The ratio of the scattered field Es to the incident field Ei can be expressed in
terms of average reflection coefficient of the reflecting screen, when the plane wave illuminates normally
to the AMC reflecting screen [27, 30].

Es

Ei
=

A1e
iθ1 + A2e

iθ2

2
(1)

where An and On (n = 1, 2) are the reflection amplitude and phase of AMC1 and AMC2, respectively.
The RCS reduction more than 10 dB is required as compared to the perfect electric conductor (PEC)
surface of the same size.

−10 dB ≥ 10 log
limr→∞[4πr2|S|2/|I|2]

limr→∞[4πr2(1)2]
(2)

By applying Eq. (1), the reflection phase difference can be calculated by
∣
∣∣eiθ1 + eiθ2

∣
∣∣ =

√
2 (1 + cos (θ1 − θ2)) ≤ 0.6325 (3)

143◦ ≤ |Δϕ| = |ϕ1 − ϕ2| ≤ 217◦ (4)

3.2. Scattering and Radiation and Performance of the Antenna

3.2.1. Reflection Phase of Reference, AMC Metasurface Antenna

The ultra-wideband RCS reduction has been acquired by the basis of phase cancellation. The reflection
phase of metamaterial antenna and reference antenna varies from 160◦ to 140◦, seen from Fig. 3. The
multiple resonances at 4 GHz, 8GHz, and 11.5 GHz approve the diffusive wave scattering leading to a
desperate phase variation which accomplishes the phase cancellation. The reflection phase difference
of AMC unit cells and reference patch antenna is shown in Fig. 3. From Fig. 3, it is evident that the
proposed metasurface antenna demonstrates a reflection phase shift from +180◦ to −180◦.

3.2.2. Reflection Coefficient of Antenna

The simulation results show that the size of the metallic patch affects return loss and thereby the
impedance matching. Increasing the size of the metallic plate improves the return loss of the patch
antenna with regular ground plane because the metallic plate directly acts as an extension of the
original ground plane of the antenna.

The reference (patch) antenna has a reflection coefficient of −25 dB whereas the AMC loaded
metasurface antenna has better impedance matching, and the depicted reflection coefficient is −28 dB
at 8.4 GHz as observed from Fig. 4.
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Figure 3. Reflection phase characteristics of metamaterial and reference antenna.
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Figure 4. S11 parameter of metamaterial antenna and reference antenna.

3.2.3. Surface Current Distribution for the Proposed Antenna at Various Frequencies 5, 7.5, 11.5 GHz

The surface current distributions for the proposed antenna under x-polarized conditions were studied
at various frequencies. At 5GHz, we have noticed that the field currents are localized in the outer layer
of the AMC unit cell and relatively smaller currents in patch antenna from Fig. 5(a). At 7.5 GHz, the
field currents are concentrated on the middle patch antenna and also on surrounding AMC unit cells
as noticed from Fig. 5(b). At 11.5 GHz, we notice that the fields are scattered more in the inner patch
antenna, and the surroundings of metasurface antenna are seen from Fig. 5(c).

The radiation patterns of the antenna in the E-plane and H-plane are presented in Fig. 6(a). The
radiation pattern of the antenna for the two planes are similar. The directivity defines the energy
concentrated in a single direction rather than all the other directions. The energy scattering at the
boresight direction assures that the directivity of the antenna is good. The size of the metallic plate
also affects the radiation efficiency. Based on the simulations, the patch antenna with AMC unit
cells has higher radiation efficiency than the regular patch antenna. This is due to the suppression of
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(a) (b) (c)

Figure 5. Surface current electric field dispersion of proposed antenna at distinct frequencies for
x-polarized wave at (a) 5GHz, (b) 7 GHz, (c) 11.5 GHz.
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Figure 6. (a) E/H plane radiation pattern of proposed antenna at 8.4 GHz, (b) simulated RCS
reduction under normal incidence.
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surface waves gained by AMC surface. Generally, it is observed from the simulation results that the
directivity increases when the patch antenna is attached to the AMC unit cells. However, the bigger
plate remarkably changed the radiation pattern of the regular patch antenna.

The AMCs of the proposed antenna can diminish the in-band RCS considerably. To authenticate
this simulated monostatic RCSs of the proposed antennas in x and y polarized modes are given in
Fig. 6(b). The relation between PEC and RCS reduction is presented. It is shown that PEC has a
slight effect on the RCS reduction. The 10 dB RCS reduction was achieved from 3–12 GHz (61.2%).
In x-polarization the maximum RCSR of 45 dB occurs at 5, 7, and 11.5 GHz. In y-polarization 10 dB
reduction band is from 4–12 GHz, and maximum reduction of 42 dB at 6.4 GHz has been observed.

4. FABRICATION AND EXPERIMENT RESULTS

To confirm the validity of the simulation, the prototypes of the proposed and reference antennas are
fabricated and measured. Photographs of the proposed antenna top, bottom views are shown in Fig. 7.
The Agilent Microwave analyzer N9917A is used to test the impedance characteristics of the two
antennas. The measurement setup of the wave scattering of antenna is as shown in Fig. 8.

The S11 parameters of the simulated and measured results are shown in Fig. 9(a). From the plot,
it is observed that the reflection coefficients of the simulated and fabricated antennas are relatively
good. The measured and simulated radar cross section reduction (RCSR) values are compared and

Figure 7. Fabricated prototype top and bottom
view.

Figure 8. Measurement setup.

Table 2. Comparison of proposed antenna with antennas in literature.

Literature
Resonant

frequency (GHz)
RCSR

Bandwidth (GHz)
Size of

the antenna
Max

RCSR (dB)
[15] 3 6.2–12 0.9λ × 0.9λ 24
[28] 10 9.2–14 3.73λ × 3.73λ 20
[29] 7.8 4–12 2.2λ × 2.2λ 11
[30] 6 5–12 0.82λ × 0.82λ 15
[31] 5 8.5–12 0.82λ × 0.93λ 24
[32] 11 6–12 1.12λ × 1.12λ 17
[33] 6 2–12 0.93λ × 0.93λ 15

Proposed
antenna

8.4 3–12 0.85λ × 0.85λ 45
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Figure 10. (a) Measured and simulated RCS reduction in x, y polarization, (b) measured and simulated
radiation pattern in E-plane, H-plane at 8.4 GHz.
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shown in Fig. 10(a). The measured RCS is realized as 43 dB at the three resonances 5GHz, 7 GHz,
11.5 GHz for x-polarized wave. The in-band RCS reduction of the metasurface antenna is better than
the reference antenna as observed from Fig. 10(a). From the above results, it has been observed that the
simulation and measurement results are in good compliance, and a small deviation is due to fabrication
and measurement tolerances.

The radiation performances of the metamaterial and reference antennas at 8.4 GHz are shown in
Fig. 10(b). It can be seen that the radiation patterns of the measured and simulated antennas are
in good agreement. There is a small deviation of 0.2 dB in measured gain compared to the simulated
gain due to cable losses. The radiation patterns of proposed and reference antennas in E/H plane are
similar. The radiation performance of the planar antenna was preserved good as we achieve a wide
band RCSR. The metasurface antenna has more directional beam than the reference antenna ensuring
that it has a better gain than the reference antenna in the boresight direction.

The proposed antenna is compared with the existing antennas in literature. The RCS reduction
bandwidth of the proposed antenna is higher than the existing works. In addition, we have obtained
the maximum RCSR of 45 dB which is larger than the other works. The size of the antenna is smaller
than the existing antennas. From Table 2, it is evident that the proposed antenna is very effective in
RCS reduction notably with smaller size.

5. CONCLUSION

In this paper, the RCS reduction of a patch antenna integrated with two disparate AMC unit cells
has been presented. This novel design diminishes backscattering of EM waves thus minimizing the
reflections from the target. The reflected waves scatter from the metasurface with a phase variation of
180◦ ∓ 30◦ and cause a destructive interference in the frequency range of 3–12 GHz. A salient feature of
the structure is that it requires less metal when being observed with the regular designs. Furthermore,
by adding these AMCs, the antenna performance such as scattering, radiation has not been influenced.
The proposed antenna proves to be better than the existing ones in terms of 10 dB RCS reduction and
produces a wider bandwidth of 3–12 GHz (61.2%) with a peak RCSR of 45 dB. The measured results
of the reflection coefficient and radiation pattern are in good agreement with simulation ones. The
proposed compact, low profile antenna can be used for aircraft and stealth applications.
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