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Design and Fabrication of a Metasurface for Bandwidth
Enhancement of RCS Reduction Based on Scattering Cancellation

Hiroshi SUENOBU†a), Shin-ichi YAMAMOTO†, Michio TAKIKAWA††, and Naofumi YONEDA†, Members

SUMMARY A method for bandwidth enhancement of radar cross sec-
tion (RCS) reduction by metasurfaces was studied. Scattering cancellation
is one of common methods for reducing RCS of target scatterers. It occurs
when the wave scattered by the target scatterer and the wave scattered by
the canceling scatterer are the same amplitude and opposite phase. Since
bandwidth of scattering cancellation is usually narrow, we proposed the
bandwidth enhancement method using metasurfaces, which can control the
frequency dependence of the scattering phase. We designed and fabricated
a metasurface composed of a patch array on a grounded dielectric substrate.
Numerical and experimental evaluations confirmed that the metasurface
enhances the bandwidth of 10dB RCS reduction by 52% bandwidth ratio of
the metasurface from 34% bandwidth ratio of metallic cancelling scatterers.
key words: radar cross section (RCS), metasurface, scattering cancelletion,
periodic structure, equivalent circuit design

1. Introduction

Metasurfaces controlling reflection characteristics through
their periodic structure have been developed in recent
years. Metasurfaces are a type of two-dimensional surface-
structured metamaterials. The metamaterials realize proper-
ties that are nothing in nature through periodic structures of
metals, dielectrics, and other materials.

One of usages of metamaterials is radar cross section
(RCS) reduction, which reduce scattered waves from scat-
terers. RCS reduction using metamaterials has been focused
on since cloaking, which detours incident waves around a
target, was realized using a structure with a negative refrac-
tive index [1], [2]. However, the applicability of cloaking is
restricted because it requires a complex three-dimensional
structure and narrow-band resonance phenomena. Subse-
quently, mantle-cloak was proposed in which metamateri-
als cover the target scatterer as a thin surface structure to
suppress scattering waves [3]. A typical example of mantle-
cloak uses scattering cancellation. It was realized by the
scattered waves from a two-dimensional periodic structure
and the scattered waves from the back side of the structure
to be the opposite phase, and then the waves cancel each
other [4].

Scattering cancellation is a common method of RCS
reduction and can be done by putting a canceling scatterer
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(hereafter referred to as a canceller) in the neighborhood
of the target scatterer. If the canceller consists of metallic
material, the cancellation occurs only at frequencies where
the distance between the target scatterer and the canceller
becomes around 1/4 wavelength, where the phase difference
between them becomes around 180°. Mantle-cloak made
it possible to cause scattering cancellation with a distance
much less than 1/4 wavelength by controlling the reflec-
tion phase through its periodic structure. Metamaterials
with such thin two-dimensional structures are now generally
called metasurfaces [5].

In the case of the mantle-cloak, the attempt initially fo-
cused on obtaining thinner structures. Thus its bandwidth
was still narrow. On the other hand, checkerboard meta-
surfaces were proposed as a structure that can significantly
expand the bandwidth of scattering cancellation [6]. The
checkerboard metasurfaces are composed of a combination
of more than two parts of the surface, at least one of which
acts as AMC (Artificial Magnetic Conductor) [7]. The form
of the checkerboard metasurfaces looks like chessboards. In
particular, a checkerboard structure consisting of two types of
metasurfaces with their reflection phase frequency character-
istics being different by 180°over a broad bandwidth realizes
broadband RCS reduction by causing scattering cancellation
over the broad bandwidth [8]. Further bandwidth extension
has been developed by using a variety of element types in the
periodic structure [9] or by increasing the number of partial
surfaces consisted different types of elements [10], [11]. Ex-
pansion of the angular coverage of the reduction has also been
developed by optimizing element placement [12]–[14] and
by using elements with a three-dimensional structure [15],
[16].

However, these kinds of metasurfaces cannot be avail-
able when they cannot be mounted directly on the target since
they may obstruct the original function of the target. For
example, by mounting a metasurface on an antenna’s aper-
ture, the antenna’s original function might not work because
the metasurface blocks the wave emitted from the aperture.
Some studies have been conducted on antennas to achieve
both RCS reduction and antenna function [17]–[20], but is-
sues remain to be addressed. Active cancellation can also be
considered as a method based on scattering cancellation that
avoids direct mounting on the target [21]–[24]. The active
cancellation works by receiving the incident wave and re-
transmitting it with adjustment to be the same amplitude and
opposite phase against to the incident wave. This mechanism
requires complex active systems; thus, active cancellation is
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hard to implement in a realistic situation.
In this paper, we propose and study a method of expand-

ing the bandwidth of RCS reduction by putting a metasurface
around the target. In this method, we can avoid obstructions
to the target’s original functions by putting it sufficiently
away from the target where an electrical coupling between
the target and the metasurface is sufficiently small. The
metasurface can control its reflection phase on broader fre-
quencies, where cancellation causes than metallic scatterers.
It could be a method for bandwidth enhancement of RCS
reduction without any system complexity and obstruction
on the target function. We select that an actual structure
of the metasurface is a patch array on a substrate, and we
design it using an equivalent circuit model and fabricate a
sample. Electromagnetic simulations and measurements of
the fabricated sample verify the effectiveness of the design.

The structure of this paper is as follows: Sect. 2 de-
scribes the RCS reduction method based on scattering can-
cellation and the design method of the metasurface, Sect. 3
describes design results and evaluations by electromagnetic
simulations, Sect. 4 shows evaluation results by fabrication
and measurements, finally, Sect. 5 presents the conclusion.

2. Method for Reducing RCS and Design

This section shows the method for reducing RCS using the
metasurface and design.

2.1 Method for Deducing RCS by Scattering Cancellation

The method for reducing RCS by scattering cancellation is
schematically shown in Fig. 1. The canceller, which has the
same scattered field magnitude (hereafter referred to as an
amplitude) as the target, is placed on nearby the target with
distance δ. Taking the amplitude of the target At, the complex
reflection coefficient Γt , the amplitude of the canceller Ac, its
complex reflection coefficient Γc , the superposition of target
and canceller waves S is expressed as

S = AtΓt + AcΓc exp(2 j k0δ), (1)

where k0 is the wave number in the vacuum. We define an
amount of the scattered amplitude reduction as

RS = 20 log10

(
|S |
|At |

)
. (2)

Fig. 1 RCS reduction by scattering cancellation.

This quantity corresponds to the reduction of RCS. If
the target and the canceller give the same amplitudes, the re-
duction is maximized when the distance δ is λ/4, where λ is
the wavelength in the vacuum. We set a typical criterion for
reduction of RCS 10dB. The condition for obtaining 10dB
reduction is that phase difference between the target wave
and the canceller wave is in a range 180◦ ± 15◦ and this cor-
responds to 20% bandwidth ratio for the metallic canceller
case.

2.2 Bandwidth Enhancement by Metasurface

Bandwidth enhancement of scattering cancellation by meta-
surfaces is discussed below. This work considers a meta-
surface composed of a metallic patch array on a grounded
dielectric substrate, and this structure is shown in Fig. 2. An
equivalent circuit model of this patch array is well known as
Fig. 3 [25], [26].

Considering a case of normal incidence, an input
impedance of the patch array is given by [27]

Zin =
jωµ0

tan(kd)
k

1 − 2keffα
tan(kd)

k

, (3)

α =
keffD
π

ln
(

1
sin πw

2D

)
(4)

where ω is the angular frequency of the incident wave, µ0 is
the permeability of the free space, k is the wavenumber in

Fig. 2 Metasurface composed of the patch array.
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the substrate with relative permittivity εr , keff is an effective
wavenumber around the boundary between the free space
and the substrate and given by keff = k0

√
εeff and εeff =

(1 + εr )/2. D is the period of the patches, w is the gap
between one patch to the other, d is the thickness of the
substrate. A complex reflection coefficient Γc of a surface
with the input impedance Zin is given by

Γc =
Zin − Z0

Zin + Z0
, (5)

where Z0 is the wave impedance in the vacuum, approxi-
mately 377Ω. The efficiency of RCS reduction is evaluated
by inserting Γc as Eq. (5) into Eq. (2).

2.3 Target Adjustment

We consider a metallic sphere the target scatterer and a flat
square metasurface the canceller. We selected the sphere and
the flat square because these scatterers are standard shapes,
and their scattering properties are well-known analytically.
For this case, the scatterer amplitude and the canceller am-
plitude are given by Eq. (6) [27] and Eq. (7) [28].

At =

����� λ2
√
π

∑∞
n=−∞

(−1)n(2n + 1)
Ĥ(2)
n (k0ϕ/2)Ĥ(2)′

n (k0ϕ/2)

����� (6)

Ac =

√
4πa4

λ2 (7)

Here, ϕ is the diameter of the metallic sphere (A3), a is the
square’s edge length, Ĥ(2)

n is the spherical Hankel function
of the second kind. We set the diameter of the target sphere

Fig. 3 Equivalent circuit model of the patch array.

Fig. 4 Amplitude selection of scatterers.

ϕ = 8.5λc , where λc is the wavelength in the center of de-
sign frequency, and then try to find a set of design parameters
maximizing the bandwidth ratio of RCS reduction RS . A de-
termination of amplitudes of the target and the canceller are
shown in Fig. 4. The horizontal axis means the normalized
frequency by the center of design frequency fc , and the ver-
tical axis means the normalized RCS by the value on the
fc . Amplitudes are selected to be the same at the center of
design frequency for the target and the canceller.

3. Design Result

This section describes the results of the design. The deter-
mination steps of the design are the following steps—step 1.
Select a material used in fabrication and set a corresponding
material parameter. In this work, we use FR4 substrates, set
the substrate’s relative permittivity, and ignore the dielec-
tric loss—step 2. Select the edge length of the canceller by
target adjustment—step 3. Select D, w, d, N , and δ by the
equivalent circuit calculation to maximize the RCS reduc-
tion bandwidth—step 4. Adjust the selected parameters by
numerical simulation. In this work, we tuned only δ (de-
tails are mentioned later). We can use some optimization
techniques to obtain optimal parameters throughout iterative
calculations and simulations in steps 3 and 4, but we could
do it by hand in this work. The resulting set of parameters is
shown in Table 1.

Figure 5 shows phase characteristics of the designed
metasurface obtained by electromagnetic simulations (with
ANSYS HFSS). Figure 5 (a) shows RCS phase characteris-
tics on normalized frequency. The solid black line means
values obtained in the circuit model, and the solid red line
means values obtained in the simulation corresponding to the
same set of parameters as the circuit model (step 3). There
is a discrepancy between the circuit model design and the
simulation values, and this is because the period of the sim-
ulation model is finite, although the circuit model assumed
infinite periodicity. The size of the metasurface is near the
design wavelength. Thus, the finite periodicity could affect
ideal characteristics given by the infinite periodic structure.
However, we can compensate for this discrepancy by choos-
ing distance δ in Table 1 (step 4). Figure 5 (b) shows the
phase difference between the target and the designed meta-
surface with the distance δ obtained in the simulation. The
blue line means the case of the metallic plate as the can-
celler, and the red line means the case of the designed meta-
surface as the canceller. In the case of the metasurface, the
phase difference stays around 180◦ for the broader frequency
band than the metallic case. A bandwidth ratio of the phase

Table 1 Resut of design prameters.
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Fig. 5 Phase characteristics of the deigned metasurface.

Fig. 6 RCS reduction in design

difference being within the range 180◦ ± 15◦ is 55% for the
metasurface and 34% for the metallic canceller. Figure 6
shows the RCS reduction of the designed metasurface and
the metallic canceller. The designed metasurface enhances
10 dB reduction bandwidth 1.6 times (34% to 55%) as the
metallic canceller.

4. Fabrication and Measurement Results

In this section, we report the results of fabrication and mea-
surements. A fabricated metasurface is shown in Fig. 7. The
fabricated sample is composed of FR4 substrate with the
copper patch array on the front side and the grounded back
side structure.

We performed experimental evaluations on the
fabricated sample by RCS measurement. A view of the

Fig. 7 Fabricated sample of the metasurface.

Fig. 8 View of measurement

measurement is shown in Fig. 8. The measurement was op-
erated in the same frequency range and direction, normal to
the metasurface, as in the design.

First, we measured the RCS of the fabricated metasur-
face alone. Figure 9 shows the results. The amplitude of
the measured metasurface (the solid red line) corresponds to
its simulation (the dashed red line) but is slightly different
on the high-frequency side. This difference can be thought
of as the effect of the dielectric loss of the substrate, which
is ignored in our design. However, this difference does not
bring a critical problem in this consideration because the
amplitude is sufficiently close to the amplitude of the target.
Thus, cancellation could work well. The RCS phase of the
measured metasurface (the solid red line) also corresponds
to its simulation (the dashed red line) in the range where we
consider cancellation.

Then, we measured the RCS of the system consisting
of the metallic sphere and the fabricated metasurface placed
with the distance δ along the direction of incidence shown
in Fig. 8. Figure 10 shows the results of measured RCS
reduction. The horizontal axis is the normalized frequency,
and the vertical axis is the RCS reduction Rs . The dashed
blue line means the metallic canceller in design. The dashed
red line means the metasurface in design. The solid black line



SUENOBU et al.: DESIGN AND FABRICATION OF A METASURFACE FOR BANDWIDTH ENHANCEMENT OF RCS REDUCTION
95

Fig. 9 Measured RCS of the fabricated metasurface.

Fig. 10 RCS reduction in measurement

means measured values for the fabricated metasurface. The
dashed red line with markers means a simulation result for the
system composed of the sphere and the metasurface placed
with the distance δ obtained by a hybrid FE-BI solver in
ANSYS HFSS [29], [30]. The designed and measured values
of the metasurface are in good agreement. The bandwidth
ratio of 10dB reduction is enhanced by 52% of the measured
metasurface from 34% of the metallic canceller in design.
The effect of bandwidth enhancement by the metasurface
was confirmed experimentally.

The scattering cancelation technique can be thought
sensitive to alignments of measurements and fabrication er-
rors. We checked that a directional change in the amplitude
and phase of the fabricated metasurface is not so much be-
cause the size of the metasurface is around the wavelength;

therefore, its scattering pattern is broad. Therefore, an an-
gle deviation of canceler becomes not a serious matter. We
fabricated two samples with the same parameters and con-
firmed their characteristics coincide. Thus, the fabricated
error also does not a serious matter. A change in relative
position between the target and the canceller is sensitive to
the RCS reduction result. From Sect. 2, we must control
relative phase differences in the 30◦ range to obtain a 10dB
reduction. This corresponds to λc/12 deviation in δ at fc .
Such an order of alignment error may occur in an installation.
If we seriously consider utilizing this method, an apparatus
containing some alignment adjustable structure is desired.

5. Conclusion

Bandwidth enhancement by metasurfaces for RCS reduction
based on scattering cancellation is studied. The metasurface
is composed of the patch array on the substrate and designed
by using the equivalent circuit model. The designed metasur-
face was fabricated and evaluated experimentally. Numerical
and experimental evaluations verified that the metasurface
enhances bandwidth of 10dB RCS reduction by 52% band-
width ratio from 34% bandwidth ratio of metallic canceling
scatterers. Therefore, effectiveness of the metasurface is
confirmed.
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