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ABSTRACT: In the context of the backscatter problem caused by edge diffraction on metallic curved surface, this study proposes a method
tomitigate the scattering effect by loading differentmetasurface structures in four equally divided regions along the surface edge. Based on
the design of the loaded metasurface on the curved surface, the interaction between the reflection field on the surface and the diffracted
field is regulated by adjusting two key parameters: the reference phase (φ0) at the edge and the phase difference (φd) in adjacent
regions. By controlling these parameters, reduction in the monostatic radar cross-section (RCS) can be achieved when the metasurface
is loaded onto the curved surface. By controlling the reflection phase of a sandwich-like unit structure subjected to oblique incidence of
electromagnetic waves, a metasurface that meets the requirements has been designed. Through a comparison and analysis of the near
field and monostatic radar cross-section before and after loading the metasurface, the effectiveness of this design method is confirmed.
This method is of great significance to control the electromagnetic scattering caused by edge diffraction.

1. INTRODUCTION

Under the illumination of radar wave, when strong scattering
sources (such as specular surface [1, 2], cavity [3, 4], and

dihedral corner [5, 6]) on detected targets are effectively con-
trolled, and more attention should be paid to electromagnetic
scattering from surface defects. Among them, the electromag-
netic scattering caused by edge is an outstanding problem com-
pared to other defect types which can be repaired by filling and
coating material in a small area [7, 8]. Therefore, for low Radar
Cross-Section (RCS) applications such as stealth technology,
antenna, and RCS measurements, the suppression of edge scat-
tering is crucial. It can be usually controlled by the combina-
tion of material property and geometry. Firstly, various differ-
ent geometric shapes for the purpose of minimizing backscat-
tering have been introduced [9–12]. Secondly, from the per-
spective of material property design, methods to suppress edge
scattering include the use of edge-groove structures [13, 14] and
edge coatings [15], among others, which have received signif-
icant attention. Edge scattering is an important phenomenon
that can be explained as the scattering caused by the disconti-
nuity impedance between the edge of the target object and its
surrounding environment. So it is also useful to have gradi-
ent impedance loaded on edge [16–19]. Additionally, other re-
lated research includes the use of inhomogeneous anisotropic
impedance surface to guide surface waves and suppress scat-
tering from the oblique sides of triangular scatterers [20], as
well as the utilization of soft and hard anisotropic impedance
surfaces for redirecting backscattering [21, 22]. Edge scat-
tering can also be controlled through encoding metasurface
units [23, 24].
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As mentioned above, edge loading technology is an impor-
tant approach to address the issue of edge scattering in the low
RCS design. This technique involves loading metamaterial or
metasurface in the vicinity of the edge or on the edge surface
to control the electromagnetic scattering caused by the edge.
Common methods for mitigating edge scattering include the
loading of gradient impedance surface, anisotropic impedance
surface, soft-hard surface, and coding metasurface. These tech-
niques are commonly used for the treatment of two-dimensional
surface edge. In addition, it should be noted that edge diffrac-
tion is also an important physical mechanism affecting edge
electromagnetic scattering, but the above design method does
not fully analyze the influence of the design on the diffraction
field, and existing works rarely design surface according to the
characteristics of the edge diffraction field. In this paper, a
metasurface design is proposed to tackle a three-dimensional
curved surface edge based on the characteristics of edge diffrac-
tion fields and to suppress the edge scattering of curved surface.
By calculating the magnitude and phase distribution of the edge
diffraction field, the reflection phase distribution on the surface
of the curved edge is controlled to reduce the backscattering
when the edge is illuminated. And its influence on the edge
diffraction field is analyzed.
When electromagnetic waves impinge on the metal edge,

nonuniform diffracted fields are excited in the vicinity of the
edge due to the presence of edge effects. Therefore, by study-
ing the phase distribution of the electric field in the vicinity of
the edge, a metasurface loading scheme based on the scattering
cancellation principle is designed to suppress the backscattered
energy. For simplification purposes, the incident angle of the
plane wave is set to 90 degrees. To verify the backscattering
suppression performance of this scheme, a series of simulations
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FIGURE 1. (a) 3D view of metal edge object; (b) Top view; (c) Side view; (d) Projected profile of the curved face on the xoz plane, and definition of
φi and φs.
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FIGURE 2. (a) Amplitude distribution of the total field; (b) Amplitude distribution of the reflection and diffracted field; (c) Phase of the total field;
(d) Phase of the reflection and diffracted field.

are conducted. As expected, results demonstrate the effective-
ness of this method in reducing the peak RCS caused by the
edge. This method is valuable for low RCS applications espe-
cially for stealth technology.

2. ANALYSIS AND DESIGN
For the convenience of research and analysis, we consider the
metallic edge structure shown in Figure 1(a) as the subject of

our investigation. Figures 1(b) and (c) depict the top view and
left view, respectively. The length L0 is 1000mm, and the
width W0 is 75mm. The angle α0 between the edge and the
surface of right side is 55 degrees, and half of the edge thick-
ness H0 is 65mm. Additionally, we haveW1 = 915mm. Fig-
ure 1(d) illustrates the projection of the front edge contour line
on the xoz plane, which satisfies an exponential equation:

z(x) = 24.45
{
e1.40−[0.0158(x+W0)]

2

− 1
}

(1)
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When electromagnetic waves impinge on the edge structure,
the electromagnetic field near the edge can be considered as the
superposition of the incident field, the reflected field of the elec-
tromagnetic wave on the edge surface, and the diffracted field
caused by the edge. When the electromagnetic wave is incident
along the −x-axis direction and the E-field vector parallel to
the edge, the amplitude and phase distribution of the total field
near the edge are shown in Figures 2(a) and (c). By removing
the plane wave incident illuminating from the right side, the
superposition of the reflected field from the curved surface and
the diffracted field caused by the edge are obtained. The am-
plitude and phase of this field are represented by Figures 2(b)
and (d). Although the amplitude of the electric field on the up-
per and lower surface of the edge is large, it can be inferred from
the normal direction of the equiphase surface near the curved
surface that it contributes little to the backscattering. On the
contrary, the diffracted field on the right side of the edge is the
main source of backscattering, even though its amplitude is rel-
atively small compared to the reflected field. When the refer-
ence plane is taken as the plane x = W0, the amplitude and
phase of the scattering field on this reference plane vary along
the z-direction, as shown in Figure 3.

FIGURE 3. The amplitude and phase of the scattering field on plane
x = W0.

To enhance the interaction between the reflected field on
the curved surface and the diffracted field, it can be tried to
make the wavefront shape of the reflection field, and that of the
diffraction field has similar characteristics. Since the diffracted
field has a focal on the edge, it is possible to design an appropri-
ate distribution of reflection phase on the surface that focuses
the reflected field at the edge. Specifically, when a plane wave
incident along the−x-axis direction reflects off the surface and
reaches the edge, it should have the same phase φ0. Therefore,
the reflected phase distribution on the curved surface at the edge
should satisfy the following condition:

φr = φ0 − φs − φi (2)

Here, φs refers to the wave phase difference from a point on
the surface to the edge position, and φi represents the phase
difference from the reference plane to a point on the curved
surface (as shown in Figure 1(d)). When the reference plane is

chosen as x = W0, the above equation can be expressed as:

φr(r⃗0) = φ0 − k

(√
x2
0 + z20

)
+ k(W0 − x0) (3)

where r⃗0 = (x0, y0, z0), and it represents the position vector
of any point on the edge surface. k is the wave number of the
incident wave. Because the amplitude of the reflected field is
greater than that of the diffracted field, it is further considered to
divide the curved surface into multiple regions, where the phase
difference between the reflected fields of each adjacent region
is φd (φd ̸= 0), in order to reduce the amplitude of the total
field in the x-direction across multiple regions. When dividing
each surface into two parts equally along the y-axis direction,
the reflection phase distribution in the j-th region satisfies:

φrj(x0, y0, z0) = φ0 − k

(√
x2
0 + z20

)
+ kx0

+φd mod(j − 1, 2) (4)

where mod(j − 1, 2) represents remainder of j − 1 divided by
2. According to array theory [25], the total backscattered field
can be expressed as:

E =

4∑
j=1

ny∑
m=1

nx∑
n=1

{
e−i[2φi(r⃗0mn)+φrj(r⃗0mn)]

+AW0
(z0mn)e

−iφW0
(z0mn)

}
(5)

where r⃗0mn represents the center point of unit in them-th row
andn-th column on the surface; nx andny represent the number
of units in the x-direction and y-direction for the j-th region,
respectively. AW0 and φW0 represent the amplitude and phase
on the reference plane x = W0 (as shown in Figure 3).
Figure 4(a) illustrates the influence of the variations in φ0

and φd on the normalized amplitude of the total backscattered
field. It can be observed that the amplitude of the total field
reaches its minimum when φ0 = 1.56π and φd = 0.59π. At
this point, the reflection phase distribution on the curved sur-
face corresponds to Figure 4(b).

3. DESIGN OF STRUCTURE
To perfectly realize the metasurface discussed in the aforemen-
tioned section, the structure shown in Figures 5(a) and (b) is
selected as the basic unit cell to achieve the predetermined re-
flection phase. This unit is a typical sandwich structure with a
full metal bottom layer, a middle dielectric layer with permit-
tivity of 2.2 and thickness of t = 3mm, and a top layer of octag-
onal metal patterns. The pattern is with a period of p = 8mm,
and its two other key dimensional parameters are angle α and
periodic spacing g, where α ranges from 0.5π to 1.5π. The size
of this angle determines whether the top metal pattern is more
square (when α is close to 0.5π) or star-shaped (when α is close
to 1.5π). When the electromagnetic wave is normally incident
on this unit, by changing the shape of the top pattern through the
above two parameters, different reflection phases as illustrated
in Figure 5(c) can be obtained by the frequency domain solver
of CST software under unit-cell boundary. In order to make
the range of reflection phase close to 2π and make the phase
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FIGURE 4. (a) Normalized amplitude of the total backscattered field; (b) Reflection phase distribution on curved surface.
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FIGURE 5. (a) Top view of the unit cell; (b) Side view; (c) The reflection phase of unit structures with different structural parameters g and α when
electromagnetic waves are incident perpendicular to the surface at 10GHz; (d) The reflection phase of different structure defined by β in different
incident angle at 10GHz.
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(a)
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FIGURE 6. (a) Units for the design results and the values of parameter g and α; (b) The variation of reflection phase with the angle of incidence for
different units at 10GHz.

change more smoothly with the size parameter, the structural
parameters can be selected along path C in Figure 5(c). For
convenience, the parameter equations as the two variables α
and g vary along this path are given as:

g = 3.3 +
3.5

√
[tan(0.017β)− 0.957]2 + 0.171−3.6

tan(0.017β)
(6)

α = 0.47
√
[tan(0.017β)− 0.957]2 + 0.171

−0.49 tan(0.017β) + 0.95 (7)

That is, when parameter β is determined, g and α values of the
basic unit can be obtained. In other words, each β corresponds
to a certain top metal pattern. β can range from 0 to 0.5π. For
the curved surface, when the incident angle of the electromag-
netic wave is specified, for the unit structures at different posi-
tions on the surface, the angle between the incident direction of
the electromagnetic wave and the normal direction of the sur-
face at that point is different, that is, the actual incident angle
is different. Therefore, it is also necessary to examine the vari-
ation of the reflection phase of the above unit structure under
different oblique incident angles. When the incident direction
of the electromagnetic wave is along −x-axis, the actual in-
cident angle (the angle between the incident direction and the

normal direction of the incident point on surface as shown in
Figure 1(d)) at each point on the surface satisfies the relation-
ship:

θi = atan
[

1

−z′(x0)

]
(8)

x0 is the x coordinate of a point on the surface. This means
that each unit on the surface has an actual angle of incidence
that varies with x0. As shown in Figure 5(d), when the incident
angle and desired reflection phase are given, a top pattern can
be uniquely determined from that. The parameter β that meets
the requirement can be selected to determine its dimensional
parameters α and g according to Figure 5(d).
The shapes of units used in the final design are shown in Fig-

ure 6(a). The parameters α and g of the top pattern of each unit
are indicated in the figure. Note thatα in the figure corresponds
to the unit of degree, and g corresponds to the unit of mm. The
parameter β of each unit for equations (6)∼(7) is also given. In
this design, the incident angle of electromagnetic wave along
−x direction is considered. At this time, the incident angle of
each point on the curved surface can be calculated from for-
mula (8), and the variation range is 0.23π ∼ 0.4π. The reflec-
tion phase variation of the units shown in Figure 6(a) at different
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FIGURE 7. (a) Edge loaded with the purposed metasurface; (b) Monostatic RCS for electromagnetic waves incident from different azimuth angles
when electric field is perpendicular to z axis; (c) The bistatic RCS for electromagnetic wave incident along the −x axis direction with E-field
parallel to the edge.

incident angles with an incident wave frequency of 10GHz can
be expressed as Figure 6(b). It can be seen that the reflection
phase of the selected units could shift to a certain extent when
the incident angle changes, but the phase shift range of most of
the selected units is not large, and the shift amplitude is within
the acceptable range.

4. SIMULATION AND VERIFICATION

The phase distribution on the surface specified by Figure 4(b)
can be achieved by obtaining the structural parameters that cor-
respond to the desired reflection phase at each position on the
surface according to Figure 5(d). The surface edge loaded with
the metasurface that realizes this reflection phase distribution
is depicted in Figure 7(a). To validate the effectiveness of the
proposed surface structure, electromagnetic scattering analysis
of the surface edge loaded with the aforementioned structure
was performed using Feko software and MLFMM technique at
10GHz.
As shown in Figure 7(b), the monostatic RCS of the edge

loaded with metasurface is reduced by 19.5 dB at the azimuth
ϕ = 0, and the average RCS is −27.6 dB in the range of
−50 ∼ 90 degrees. When electromagnetic waves are incident
along the −x-axis direction, from the bistatic RCS depicted in
Figure 7(c), it can be seen that the scattering pattern is divided
into upper and lower parts. The proposed design successfully
eliminates the peak scattering in the x-axis direction, achieving
the intended design goals. However, it also leads to an increase
in monostatic RCS at certain azimuth angles. To address this
issue, further analysis was conducted as follows. Firstly, the
proposed loading scheme utilizes lossless dielectric plates, re-
distributing the energy scattered by the edge in the spatial an-
gular domain without energy loss compared to the case before

loading. Therefore, it is possible to consider increasing the di-
electric loss to reduce the monostatic RCS at azimuth angles
other than the peak value. The blue curve in Figure 7(b) repre-
sents the monostatic RCS with a dielectric loss tangent of 0.05.
Compared to the case with lossless dielectric plates, the mono-
static RCS at non-peak azimuth angles is somewhat controlled.
Secondly, the design assumes the incident direction of the elec-
tromagnetic wave along the −x direction, which also leads to
the aforementioned issue. In future work, further optimization
design can be considered for a certain angular domain. Ad-
ditionally, in practical engineering applications, after certain
treatments on the edge, absorbing materials are often loaded
on the edge to further control electromagnetic scattering.
The near-field distribution of the proposed structure is as

shown in Figure 9. Compared with Figures 2(b) and (d), it can
be seen that the scattering on the curved surface loaded with
metasurface has multiple maximum value regions. Addition-
ally, from Figure 9(c), it can be seen that the magnitude and
phase of the scattering field are asymmetric on the x = W0

plane (that of the original metal edge is symmetric about z = 0
on this plane as shown in Figure 3). Moreover, as can be seen
from Figure 9(d), the real part of the electric field in the region
near the edge approximately satisfies the anti-symmetric rela-
tionship. This phenomenon is manifested as RCS reduction in
a specific direction in the far field. In general, the metasurface
on curved surface based on the characteristics of edge diffrac-
tion field can adjust the edge scattering field and suppress the
backscattering intensity of the edge when the electromagnetic
wave is incident at a large angle.
When the electromagnetic wave incident direction is fixed

at different elevation angles, the curve of the monostatic RCS
variation with azimuth angle is shown in Figure 8(a). When the
incident direction elevation angle is 90 degrees, the electromag-
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(a)
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FIGURE 8. (a) Curve of the monostatic RCS variation with azimuth angle for the edge with loading when the electromagnetic wave incident direction
is fixed at different elevation angles; (b) The variation of monostatic RCS with frequency.

(a) (b)

(c) (d)

FIGURE 9. Amplitude and phase of the reflection and scattering field for the edge loaded with purposed metasurface; (a) Amplitude distribution of
the reflection and scattering field; (b) Phase distribution of reflection and scattering field; (c) The amplitude and phase of the scattering field on
plane x = W0; (d) The real part of the scattering field on plane x = W0.

netic wave is incident along the−x axis direction. It can be seen
that the monostatic RCS near the azimuth angle of 0 degrees is
sensitive to the changes in elevation angle. Around the azimuth
angle of 0 degrees, when the incident wave deviates from the
−x axis direction, the monostatic RCS increases. However, an
interesting phenomenon to note is that there is always a local
minimum point of the monostatic RCS at the azimuth angle of
0 degrees within a certain range of elevation angles. The above
variations are closely related to the electromagnetic wave inci-

dent conditions considered in the structural design. In further
design, to overcome the sensitivity of the monostatic RCS to
changes in elevation angle, the differences in diffraction fields
of electromagnetic waves from different incident directions on
the edge need to be considered.
The variation of monostatic RCS with frequency is shown in

Figure 8(b). The blue curve with square markers represents the
RCS of the structure designed with a substrate of dielectric loss
tangent of 0.05. The red curve corresponds to the case that the
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dielectric loss of the substrate is 0. It can be observed that the
designed structure exhibits a significant reduction in edge RCS
at 10GHz. The introduction of loss in the design not only fur-
ther decreases the monostatic RCS at 10GHz but also controls
the RCS at two deteriorating frequencies, 8.8GHz and 9.5GHz,
on the red curve. Overall, this design effectively reduces the
monostatic RCS at the target frequency, but the reduction band-
width is limited. Further design and optimization are expected
in future work to achieve a wider reduction bandwidth.

5. CONCLUSION
In the design of structures with low RCS at edge of curved sur-
face, the interaction between reflected and diffracted fields can
be enhanced by appropriate reflection phase distribution based
on the principle of reflection and diffraction. When the curved
surface is divided into a plurality of regions, the amplitude of
the total field in the x-axis direction is reduced by adjusting
the phase difference (φd) of the reflected field of each pair of
adjacent regions, so that backward electromagnetic scattering is
suppressed when the electromagnetic wave is incident at a large
angle. The design method is effective to reduce the backscatter-
ing of the curved surface edge structure. This method is of great
significance to control the electromagnetic scattering caused by
edge diffraction. And it provides an alternative design approach
for suppressing edge scattering without altering the physical
geometry, offering advantages such as ease of manufacturing,
light weight, and thin thickness. It has certain application value
in aircraft edge scattering control as well.
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