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Edge scattering is one of the main scattering sources for metal objects, especially

for those with thin front edges. In this paper, based on the principle of scattering

cancelation, a coding metasurface purfle is proposed and employed to suppress

the edge back-scattering of electromagnetic (EM) waves. To this end, two split-ring

resonators with a π phase difference between them are designed to act as the 0- and

1-element of the coding metasurface. The coding metasurface fixed on the front edge of

a thin metal plate can reduce the edge back-scattering significant for EMwaves polarized

along the edge direction due to the anti-phase scattering of the two coding elements.

Both the simulation and experiment results verify the reduced back-scattering of the flat

edge. A maximal reduction of 24 dB is attained within the central frequency of about 11

GHz. This work provides a novel alternative to suppressing edge scattering and may find

applications in EM compatibility, radar stealth technologies, etc.

Keywords: edge back-scattering, coding metasurface purfle, scattering cancellation, radar cross section

reduction, horizontal polarization

INTRODUCTION

Edge scattering, as a strong scattering phenomenon, can be interpreted as scattering from
discontinuous impedance between the edges of the considered targets and their surroundings [1].
Edge scattering can be excited by plane waves impinging upon the surface of a metal object. In
fact, when a metal object is illuminated by an oblique incidence, specular reflection also arises, as
shown in Figure 1A. But considering the distance between the source and an object, plane waves
often form in a grazing condition when they arrive at a detected object [2]. In this scenario, edge
scattering is the main contributor to radar cross-section (RCS) at a large angle incidence. For low
RCS applications, such as stealth techniques, antennae, and RCS measurement ranges, it is crucial
to suppress edge scattering in order to improve the performance of the research targets [3].

Edge scattering can be suppressed by the design of the geometry andmaterial property [4]. From
the perspective of geometric design, Ufimtsev proposed a principle of using geometrical shape to
minimize the back-scattering [5]. Afterwards, there have been several different geometrical shapes
that were implemented [6–12]. From the perspective of material property design, the methods
for edge scattering suppression include the use of edge corrugations, resistive taper loading, and
edge coatings, etc., which have received considerable attention [13–24]. In addition, other related
works include using inhomogeneous anisotropic impedance surfaces to guide surface waves with
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FIGURE 1 | Suppression of edge scattering. The plane waves illuminate a rectangular metal surface. (A) Scattering pattern at an oblique incident angle of θ = φ (0◦ <

φ < 90◦). (B) Edge back-scattering under horizontal polarization at the incident angle of θ = 90◦. (C) The schematic of coding metasurface purfle used to suppress

edge back-scattering.

the purpose of suppressing the scattering of the hypotenuse of
triangular scatterer [25] and using hard and soft anisotropic
impedance surfaces to redirect the back-scattering [26]. However,
many of the methods just mentioned suffer from obvious
limitations when considering other engineering indicators,
such as weight or aerodynamic performance [26]. So, in
this paper, a coding metasurface purfle is proposed to
suppress edge scattering following the principle of scattering
cancelation. Compared with previously published references,
this approach provides an alternative tool for suppression of
edge scattering, without changing physical geometry, exhibiting
excellent properties, including ease of fabrication, lightness of
weight, and thinness of thickness. Coding metasurfaces have
digital coding sequences, which can regulate EM waves by
various combinations of different coding sequences. They are
part of a class of structures, generally called metasurfaces, which
include high impedance surface (HIS), electromagnetic bandgap
(EBG), artificial impedance surface (AIS), and so forth. These
metasurfaces are relevant to multiple applications for antennas,
lenses, absorbers, imaging, and waveguides [27–34]. But, until
now, using coding metasurfaces to reduce edge scattering has
rarely been reported.

The basic principle of this paper is illustrated in Figure 1:
When horizontal polarized plane waves illuminate a metal plate,
the current can be induced on the front edge, due to the edge
effect shown in Figure 1B [35], which generates the strong back-
scattering. Therefore, we would expect to change the distribution
of edge current in order to reduce the back-scattered energy
according to the scattering cancelation principle. Following this
idea, two coding elements withπ phase difference are designed to
realize the energy cancelation along the back-scattering direction.
Then, the elements constitute the coding metasurface purfle,
which are fixed on the front edge of a metal plate, as shown
in Figure 1C. It is worth noting that two coding elements are
arranged in a coding scheme similar to the grating structure.
In addition, for the sake of simplicity of analysis, the incident
angle of the plane wave is taken as 90◦. A series of procedures of
simulations and experiments have been carried out to verify the
back-scattering suppression performance of our proposal. As we

expected, both results indicate that this method is highly effective
at the issues of suppressing edge scattering.

CODING ELEMENTS DESIGN AND
SIMULATION

Edge Scattering of a Rectangular Metal
Plate
There are two polarizing cases when the plane waves illuminate
a rectangular metal plate at an incident angle of 90◦ as shown in
Figure 2A. One is the excited electric field E1, which is parallel to
the incident plane (x–y plane), and the other, E2, is perpendicular
to the incident plane. These two exciting conditions are defined
as horizontal and vertical polarization, respectively. As described
commonly, the scattering of a thin metal plate under horizontal
polarization is stronger than that which is under the vertical
one at an incident angle of 90◦ due to electrons by horizontal
polarization driving, which can generate the front edge current
to scatter energy [5]. Theoretical research indicates that the
edge scattering under horizontal polarization is independent of
frequency and only varies with the square of the edge length. The
mono-static RCS of edge scattering can be calculated by [6]

σ ≈
l2

π
, (1)

where σ is RCS of edge backward scattering and l is the length of
front edge.

To further validate the analysis for the edge scattering
of a metal plate, the CST 2018 simulation tool is used to
calculate mono-static RCS of the metal plate under two different
polarizations. In this case, the dimension of rectangular metal
plate is 480× 90mm, and its thickness is 0.017mm. As is shown
in Figure 2B, the mono-static RCS of the metal plate under two
polarizations are simulated at a frequency ranging from 10 to 12
GHz. It is obvious that the RCS under horizontal polarization
(average value is −11 dB) is higher than that under vertical
polarization (average value is −50 dB), which is in line with
the conclusion mentioned above. So, in this investigation, edge
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FIGURE 2 | Illustrations of edge scattering of a thin rectangular metal plate. (A) Edge scattering at an incident angle of 90◦. (B) The mono-static RCS of edge

scattering under horizontal and vertical polarization. (C) Surface current on metal plate under a horizontal polarized incidence.

scattering under horizontal polarization is the main focus of our
study. According to Equation (1), the mono-static RCS under
horizontal polarization can be calculated, with the result being
about −11.3 dB, which also agrees with the simulated result. To
intuitively understand the mechanism of edge scattering under
horizontal polarized incidence, the distribution of surface current
is simulated as shown in Figure 2C. Note that the current on the
front edge is more intense than that on the other areas, which
further verifies that the front edge of a metal plate is the major
scattering source.

The Analysis of Coding Elements
As described above, the front-edge current scatters energy in
a backward direction. In order to suppress the edge back-
scattering, coding elements should be designed to change the
distribution of edge current. Based on this, two coding elements
numbered 0-element and 1-element have been used to divide
the edge current into two different parts, following the principle
of scatter cancelation. When the plane waves illuminate a
metal plate, two coding elements fixed on the front edge can
be considered as two different scattering sources. The wave
functions of the EM waves scattered by the two sources can be
written as:

y0 = A0cos (ωt + ϕ0) (2)

y1 = A1cos (ωt + ϕ1) (3)

Where ω is the angular frequency of EM waves, A0 and A1 are
amplitudes, and ϕ0 and ϕ1 are initial phases. Assume that there is
a point p in the normal direction of the front edge. The distance
between the sources and the point is r0 and r1, respectively.When
the EM wave y0 and y1 meet at this point, the superposition
function at this point can be described as:

y = y0 + y1 = Acos(ωt + ϕ) (4)

where ϕ and A are the superimposed initial phase and
amplitude, respectively. The superimposed amplitude meets the
following expressions:

A =

√

A2
0 + A2

1 + 2A0A1cos1ϕ (5)

1ϕ = ϕ1 − ϕ0 − 2π
r1 − r0

λ
(6)

where λ is the wavelength of free space. Based on Equations (5)
and (6), the maximum reduction of scattering at the point p
can be obtained under the conditions of A0 = A1 and 1 ϕ =

(2k + 1) π, (k = 0,1,2. . . ). Similarly, if we want to suppress the
edge back-scattering in the normal direction of the front edge,
the foundation of the whole design process is also to find the
two conditions just mentioned. Considering that the magnetic
field of horizontal polarization is perpendicular to the front edge,
a simple split-ring resonator with magnetic resonance can be
employed to regulate the phase and amplitude.

The coding elements, illustrated in Figure 3A, consist of the
split rings etched on a 3-mm thick commercial dielectric FR4 (εr
= 4.3, tan δ = 0.025) with a copper ground plane on the bottom
side. The split ring and copper ground plane have identical
thickness of 0.017mm. The configuration parameters after the
parameter sweep by virtue of the CST are designed as follows:
The period of element is p = 5mm, and the length is w =

90mm; the radius of split ring r = 2mm, and the width is wr

= 0.1mm; and the size of split is g = 0.2mm. In the next step,
the Frequency Domain solver function in CST 2018 is used to
numerically calculate the amplitudes and phases of two coding
elements. Unit cell boundaries are applied to the x axis and y
axis directions, and the z planes are set as open boundaries. The
height of the upper boundary to the coding element is 25mm.
The plane waves illuminate the elements along z axis. It should be
emphasized that the electric field of the incident waves is always
parallel to coding elements. The simulated results are shown in
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FIGURE 3 | The coding elements used to regulate the amplitude and phase. (A) Top view of the coding elements numbered 0-element and 1-element. (B) The

amplitudes of reflection coefficient of two coding elements. (C) The phases and phase difference of two elements.

FIGURE 4 | (A) The surface current and magnetic field of two coding elements at 11.16 GHz. (B) The absorption of two coding elements.

Figures 3B,C. In Figure 3C, the condition of π phase difference
is obtained at 11.16 GHz. Meanwhile, the values of amplitudes of
two coding elements are small and approximately equal, which
also satisfies the other condition of A0 = A1. Therefore, we
can preliminarily speculate that the edge back-scattering can be
suppressed at about 11.16 GHz. In order to further interpret the
generation mechanism of the π phase difference, surface current
andmagnetic field of coding elements at 11.16 GHz are simulated
and shown in Figure 4A. It can be seen that the surface current
forms a closed loop, and a strong magnetic field is generated due
to the resonance. Note that the intensity of resonance of two
coding elements is different and that the intensity of 1-element
is stronger than that of 0-element. Thus, the conclusion can be

drawn that the π phase difference is produced by the magnetic
resonance. In addition, the absorption of two coding elements is
also investigated as shown in Figure 4B. There is little difference
of absorption between the coding elements and copper plate at
the operating frequency of 11.16 GHz, which implies that the
coding elements cannot absorb EM waves.

SIMULATION AND MEASUREMENT OF
CODING METASURFACE PURFLE

In order to verify the performance of coding elements for
suppressing the edge back-scattering, two coding elements are
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FIGURE 5 | (A) The configuration of patterned plate with coding metasurface purfle constituted by anti-phase coding elements. (B) The mono-static RCS of copper

plate and patterned plate under horizontal polarization. (C) The mono-static RCS of copper plate, FR4 substrate with copper ground plane and patterned plate under

vertical polarization. (D) The RCS plane of copper plate and patterned plate under horizontal polarization at 11 GHz.

FIGURE 6 | (A) The measurement setup for RCS reduction measurement. (B) Comparison of simulated and measured RCS reduction.

fixed on the front edge of a rectangular copper plate to constitute
a coding metasurface purfle. The spatial positions of regions
0-element and 1-elememt alternate periodically with a spatial

period length of 6p, which is similar to the grating structure.
The period length approximately corresponds to the wavelength
of the operating frequency. The complete configuration is
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illustrated in Figure 5A. The simulated mono-static RCS of the
patterned plate with coding metasurface purfle is shown in
Figure 5B. In this simulation, the boundaries are all set as open
(add space). When the plane waves illuminate the patterned
plate along x axis, it can be seen that the result of patterned
plate demonstrates a low RCS feature, compared with the copper
plate. The proposal achieves desirable reduction band over 10
dB, from 10.82 to 11.3 GHz, and the peak reduction at around
11 GHz is consistent with our reasonable analysis. Figure 5D
illustrates the RCS plane of the two plates. The copper plate
has a single main backward lobe marked by the red arrow; but,
the backward lobe of coding metasurface purfle splits into two
parts due to the scattering cancelation, which also implies that
coding metasurface purfle can suppress the edge back-scattering
under horizontal polarization. It should be noted that the coding
metasurface purfle is very good for horizontal polarization, but
not as efficient for vertical polarization. This is because the
magnetic field of vertical polarization is parallel to the coding
elements, which cannot excite magnetic resonance on the split
rings. What’s more, with regard to propagation of surface wave,
the FR4 substrate contributes much more, compared to the metal
plate, and hence can make a stronger scatter in the backward
direction. The mono-static RCS curves of copper plate, FR4
substrate with copper ground plane, and the patterned plate
with coding metasurface purfle are shown in Figure 5C. The
RCS value of FR4 substrate with copper ground plane has a
slight difference compared with that of the patterned plate, and
both the RCS values are higher than that of copper plate at
the operating frequency, which demonstrates that the coding
metasurface purfle is actually not efficient for vertical polarization
and hence is consistent with the analysis mentioned above.

The simulated results provide a primary verification for the
coding metasurface purfle to suppress the edge back-scattering
issue; now, we turn to the measurement demonstration. The
patterned plate with coding metasurface purfle was fabricated
using Print Circuit Board (PCB) technique, and the dimensions
of fabricated sample are the same as those in the simulation.
The measurement was performed in a microwave anechoic
chamber, and the measurement picture is shown in Figure 6A.
The RCS reduction for the sample is the reflection in the far
field condition [36]. Here, the reflection has been performed
in a low cost and simple way to represent the RCS reduction,
and the measured curves of RCS reduction are presented in
Figure 6B. The patterned plate has a reduction of 10 dB from
10.7 to 11.05 GHz with a reduction peak of 21 dB at 10.7 GHz.
The measured and simulated results have good agreements with

slight difference, which may be brought by the imperfection
in the fabricating process. Hence, it can be concluded that the
coding metasurface purfle is actually effective on suppressing the
edge back-scattering.

CONCLUSION

A coding metasurface purfle is proposed in order to suppress
the edge back-scattering by using the principle of scattering
cancelation. Two split rings with π phase difference constitute
the coding elements to implement the scattering cancelation
principle. The scattering of a rectangular copper plate and
the patterned plate with coding metasurface purfle were then
analyzed using numerical simulations. Finally, the experimental
examination has been presented to verify the suppression
performance of the patterned plate with coding metasurface
purfle. The measured result is line with the simulated
one, which demonstrates the feasible of our proposal. In
addition, the method may gear toward various applications,
such as improving stealth performance, reducing coupling
between the antennas, eliminating unwanted lobes and EM
compatibility. Furthermore, this work is only focused on
reducing horizontal polarized scattering, and the incident
angle is also limited. So, in the next step, we can keep on
designing a structure that is independent on the polarization and
incident angle.
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