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Ultra-wideband RCS reduction using novel configured
chessboard metasurface∗
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A novel artificial magnetic conductor (AMC) metasurface is proposed with ultra-wideband 180◦ phase difference for
radar cross section (RCS) reduction. It is composed of two dual-resonant AMC cells, which enable a broadband phase
difference of 180◦±30◦ from 7.9 GHz to 19.2 GHz to be achieved. A novel strategy is devised by dividing each rectangular
grid in a chessboard configuration into four triangular grids, leading to a further reduction of peak bistatic RCS. Both full-
wave simulation and measurement results show that the proposed metasurface presents a good RCS reduction property over
an ultra-wideband frequency range.
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1. Introduction

With the pressing demand of stealth platforms, reduc-
ing the electromagnetic (EM) backscatter from metallic ob-
jectives attracts a great deal of attention. Generally speaking,
two methods for radar cross section (RCS) reduction are com-
monly available: changing the object structure to redirect the
scattered waves away from the incidence direction and loading
radar absorbing material (RAM) on the object.[1,2] However,
both methods somewhat suffer from complex design, bulky
volume, and narrow operation bandwidth.

It is highly desirable to develop a thin surface for RCS
reduction over a wide frequency range. Low-reflection meta-
surfaces have been adopted to overcome the aforementioned
drawbacks. Several methods have been used to reduce
the backscatter, such as using metamaterial absorbers,[3,4]

random phase metasurface,[5–7] phase gradient metasurface
(PGM),[8,9] and artificial magnetic conductor (AMC) chess-
board surfaces.[10–14] In Ref. [5], the hybrid optimization al-
gorithm was adopted to broaden the bandwidth for RCS re-
duction. A three-layer stacked patch was also employed to
engineer broadband RCS reduction.[7] PGM enables high-
efficiency propagating-wave to surface-wave conversion, de-
flected reflection, or diffused reflection if appropriately de-
signed. By taking advantage of these merits, wideband RCS
reduction was achieved by using PGM.[8] In comparison with
shaping technology, the effect of a chessboard surface is sim-
ilar to shaping technology, and the design of the chessboard
configuration is easier. Thus, the chessboard surface is an-
other essential technique for RCS reduction. Within the op-
eration frequency of an AMC, the AMC tiles perform an in-
phase reflection while the PEC tiles reflect the wave by 180◦

change which is cancelled by the AMC tiles. Hence, the reflect
wave is redirected away from the incidence direction, lead-
ing to the reduction of backscatter RCS.[10] Since the AMC is
an electromagnetic band-gap (EBG) structure with a narrow-
band in-phase reflection,[15] the PEC tiles have been substi-
tuted by other AMC tiles to enhance the bandwidth of 180◦

phase difference.[11–14]

In this paper, we propose a metasurface design to achieve
ultra-wideband and wide-angle RCS reduction. A novel con-
figured chessboard metasurface is proposed by increasing the
number of interfaces between adjacent AMC tiles, redirecting
the incident wave into eight reflected lobes. As a result, the
bistatic RCS is further attenuated. Two dual-mode AMC cells
are cautiously designed to achieve an ultra-wideband RCS re-
duction. Simulations and measurement results show that the
10 dB RCS reduction bandwidth is over 70%. In addition, the
performance for oblique angle of incidence up to 40◦ is exam-
ined.

2. Fundamentals and design
2.1. Theoretical analysis

The working mechanism of the chessboard AMC meta-
surface for RCS reduction is that the backscattered field will
cancel and form different scattering lobes when the phase dif-
ference of the reflected fields between the two kinds of AMC
tiles is 180◦. The conventional chessboard metasurface as
shown in Fig. 1(a) can be regard as a rectangular array consist-
ing of two kinds of AMC tiles which have a phase difference
of 180◦. So the scattered field can be quantitative analyzed by
the planar array theory.[12] Figure 1(b) depicts the proposed
novel configured chessboard by dividing each rectangular grid
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into four triangular grids. The new topology significantly in-
creases the number of interfaces between two kinds of AMC.
Similarly, the scattered field of this novel configuration can
also be analyzed by the planar array theory after some approx-
imate equivalent.
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Fig. 1. (color online) Configurations of (a) conventional chessboard and
(b) novel configured chessboard.

In the spherical system defined by elevation angle θ and
azimuth angle ϕ , we suppose that the array factor of the (m,
n)-th element is represented by

fmn (θ ,ϕ) = e jmψx e jnψy e jϕmn , (1)

where ψx = k∆xsinθ cosϕ , ψy = k∆ysinθ sinϕ , ϕmn is the
phase of the (m,n)-th element, k = 2π/λ is the wave number
in free space, and ∆x and ∆y are the spacings between the tiles
along the x-axis and y-axis, respectively. Therefore, the total
array factor of a planar array can be written as

ftotal =
M−1

∑
m=0

N−1

∑
n=0

fmn (θ ,ϕ) =
M−1

∑
m=0

N−1

∑
n=0

e jmψx e jnψy e jϕmn , (2)

where M and N are the numbers of elements along the x and
y directions, respectively. Due to 180◦ phase difference be-
tween adjacent elements, e jϕmn of each element is calculated
as either 1 or −1. We assume that the AMC-1 tiles are rep-
resented by “1” items, while the AMC-2 tiles are represented
by “−1” items. Therefore, for the conventional chessboard
configuration with 4×4 tiles, the distribution of e jϕmn can be
expressed as

e jϕmn =


1 −1 1 −1
−1 1 −1 1
1 −1 1 −1
−1 1 −1 1

 . (3)

Because the proposed novel configuration is not a rectan-
gular mesh, it cannot be represented by a phase matrix directly.
We divide a tile of novel configuration into nine equal-area
square meshes, as shown in Fig. 2. Consequently, the usage of
the phase matrix for the novel configuration is similar to the
aforementioned. In addition, “0” items are adopted to repre-
sent the meshes comprised of both AMC-1 and AMC-2, which
do not contribute to the scattered fields in the theoretical anal-
ysis.

Fig. 2. (color online) The schematic of approximate equivalent method.

For the proposed configuration with 2×2 tiles shown in
Fig. 1(b), the distribution of e jϕmn can be expressed as

e jϕmn =


0 1 0 0 −1 0
−1 0 −1 1 0 1
0 1 0 0 −1 0
0 −1 0 0 1 0
1 0 1 −1 0 −1
0 −1 0 0 1 0

 . (4)

By substituting Eqs. (3) and (4) into Eq. (2), the three-
dimensional (3D) scattered fields for both configurations with
the same dimensions can be theoretically calculated with the
aid of software Matlab, see Fig. 3. As is shown, four main
scattered lobes symmetrically position along the diagonal di-
rection for the conventional chessboard structure. However
for the novel topology, the number of scattered lobes is in-
creased to eight, which would result in a lower peak bistatic
RCS value.
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Fig. 3. (color online) Theoretical 3D scattered fields of (a) conventional
chessboard and (b) novel configured chessboard.

2.2. Unit cell and metasurface design

In terms of the criterion set in the previous section, we
designed two kinds of AMC cells, as shown in Fig. 4. As is
shown, both AMCs have a sandwich-like structure, namely, a
top metallic structure, a middle FR4 substrate with a thickness
of 3 mm and a dielectric constant of 2.65, and a bottom metal-
lic ground. The metallic composite of the first AMC (Fig. 4(a))

054101-2



Chin. Phys. B Vol. 26, No. 5 (2017) 054101

is composed of a cross and cross loop, whereas that of the sec-
ond AMC (Fig. 4(b)) is a cross loaded terminal end with a
C-shaped structure. For analysis convenience, these two el-
ements are termed as AMC-1 and AMC-2, respectively. In
the simulation setup shown in Fig. 4(c), the unit-cell boundary
condition is assigned along x- and y-directions, and the open
boundary condition is applied for the z-direction. For broad-
band RCS reduction, the geometrical parameters were cau-

tiously designed with an optimum bandwidth of 180◦ phase

difference. For this purpose, each AMC was independently

characterized in CST microwave studio to obtain the reflection

coefficients response. The optimum dimensions of the two

AMCs are p = 6 mm, w = 1.52 mm, a = 0.6 mm, b = 0.2 mm,

l1 = 3.2 mm, l2 = 5.48 mm, l3 = 1.5 mm, c = 0.3 mm, and

d = 0.52 mm.
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Fig. 4. (color online) Topology and simulation setup of utilized AMC unit cells: (a) AMC-1, (b) AMC-2, (c) simulation setup.
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Fig. 5. (color online) (a) Reflection coefficients and (b) phase difference of both AMCs as a function of frequency.

Figure 5(a) depicts the reflection coefficients of both
AMCs as a function of frequency. As can be seen, AMC-
1 exhibits 0◦ phase reflection at 11.1 GHz and 19.7 GHz,
whereas the 0◦ phase reflection of AMC-2 occurs at 7.4 GHz
and 17.1 GHz. They both have two magnetic resonances.
Moreover, it is learned that the inversion point of AMC-2 in
the reflection phase curve is at the first resonance of AMC-
1, and that of AMC-1 is in proximity to the second reso-
nance of AMC-2. This is very essential to guarantee the de-
structive interference condition over an ultrawide band. As a
consequence, the phase difference shown in Fig. 5(b) fluctu-
ates around 180◦ in a broad frequency band. The bandwidth
characterized by ±30◦ tolerance is observed from 7.9 GHz to
19.2 GHz, corresponding to a fractional bandwidth of 83.4%.
Within this band, the metasurface by combining these AMC
unit cells in a novel chessboard configuration is expected to
have a desirable backscatter RCS reduction level. To have

an intuitive understanding of the dual-resonance of the pro-
posed AMC structures, the electric field distributions on the
top layer are simulated at the corresponding resonant frequen-
cies, as shown in Fig. 6. It can be clearly seen that the inner
cross structure and the outer cross loop structure contribute to
two resonances of AMC-1, respectively. Similarly, the reso-
nances of different parts of AMC-2 result in a dual-resonance
characteristic.

Given the structures of the two AMCs, the entire meta-
surface structure with aid of the CST microwave studio is
readily constructed. Figure 7(a) depicts the layout for one
tile of a novel chessboard metasurface (NCM). For compar-
ison, the configuration with 2×2 tiles of a conventional chess-
board metasurface (CCM) is also afforded, see Fig. 7(b). As
can be seen, the novel configured metasurface is constructed
by four triangular-type subsegments instead of the conven-
tional square-type counterparts. Each subsegment is filled
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with AMC-1 or AMC-2 of identical geometrical parameters
and the adjacent subsegments are configured alternately with
AMC-1 and AMC-2. As a consequence, the horizontal or
vertical interface formed between adjacent subsegments is re-
placed by the diagonal or off-diagonal counterpart, which is

the key factor for a scattering pattern with more lobes. Be-
cause the RCS reduction performance can be determined an-
alytically in terms of tile spacing, we use a subgroup of 6×6
identical elements as a tile to achieve excellent RCS reduction
performance.

(b)(a) (c) (d)

Fig. 6. (color online) Electric field distributions of (a) AMC-1@11.1 GHz , (b) AMC-1@19.7 GHz; (c) AMC-2@7.4 GHz, and (d)
AMC-2@17.1 GHz for x-polarized incident.
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Fig. 7. (color online) Layouts of (a) one tile of NCM and (b) 2×2 tiles
of CCM.

3. Numerical and experimental results
3.1. Numerical results

For fair comparison, both metasurfaces with the same to-
tal dimension of 288 mm×288 mm are simulated in CST mi-
crowave studio. The monostatic RCS reduction versus fre-
quency under normal incidence for both metasurfaces are pre-
sented in Fig. 8. The values are normalized to the peak scat-
tered intensity of an equal-sized PEC plate to show their abil-
ity for RCS reduction. Due to the dual-mode characteristic of
the AMC unit cells, the RCS shown in Fig. 8 is reduced by
more than 10 dB within the frequency band of 8.2–17.4 GHz
for the NCM, and the maximum RCS reduction of more than
25 dB is obtained at 13.3 GHz. Thus, the simulated RCS re-
duction bandwidth is 71.9%. For the CCM, we do not ex-
pect such ultra-wideband RCS reduction performance due to
undesired high values between 9.4 GHz and 10.4 GHz. The
discrepancy between the simulated operational bandwidth and
the predicted bandwidth (7.9–19.2 GHz) is mainly attributed
to the edge effects and high-order modes at high frequencies.
Table 1 compares the bandwidth between the NCM and previ-
ous work. It is clearly seen that our NCM exhibits a broader
bandwidth compared with the other broadband low scattering

metasurface.
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Fig. 8. (color online) Comparison of monostatic RCS reduction perfor-
mance under normal incidence between two configurations.

Table 1. Comparison of bandwidth between NCM and previous work.

Reference
Frequency range

Bandwidth/%
(<−10 dB)/GHz

[5] 7–13 60
[7] 8–12 40

[11] 9–15 50
[12] 4.1–7.9 63

Our work 8.2–17.4 71.9

Moreover, the simulation results of scattered field inten-
sity at 13.3 GHz for both metasurfaces are presented in Fig. 9.
As expected, the backscatter is significantly reduced due to the
phase cancellation of the reflected fields from the two AMC
structures. The simulation results are in good agreement with
the theoretical prediction shown in Fig. 3. It can be observed
from Fig. 9 that there are eight main scattered lobes for the
NCM, while only four main lobes for the CCM. The scattered
field along the ϕ = 0◦ plane and along the plane with the max-
imum bistatic RCS are given in Fig. 10 for a quantitative com-
parison. The RCS for both metasurfaces are compared with
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the RCS for the equal-sized PEC plate. In the ϕ = 0◦ plane,
the maximum RCS for the CCM is −9.6 dB at θ = −39◦,
which is 19.85 dB less than the maximum RCS for the PEC
plate, and the maximum RCS is −13.2 dB at θ = −39◦ for
the NCM, being 23.45 dB below the peak RCS of the PEC
plate. The maximum bistatic RCS occurs at the ϕ = 45◦ plane
and the ϕ = 17◦ plane for CCM and NCM, respectively. Fig-
ure 10(b) shows that the scattered power is mainly redirected
to θ =±24◦ for the CCM and to θ =±28◦ for the NCM. The
maximum bistatic RCS of the PEC plate, the CCM, and the
NCM is 10.25 dB, 2.99 dB, and −0.30 dB, respectively. Con-
sequently, the maximum RCS of NCM is reduced by more
than 3 dB with respect to that of CCM.
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Fig. 9. (color online) The simulated 3D plots of scattered field intensi-
ties for (a) NCM and (b) CCM.

As is known, the phase behavior of AMC structure de-
pends on the incident angle of incoming waves. Therefore, the
operational bandwidth for RCS reduction will also be affected
by the incident angle. To examine such an effect, we depict in
Fig. 11 the phase response and RCS reduction of the metasur-
face as a function of frequency for different incident angles. It
is found that the phase difference undergoes slight fluctuations
as the incident angle increases and thus deviates from ±180◦

with a tolerance of ±40◦. Such phase tolerance is within an
acceptable level for device functionality. Table 2 summarizes
the operational 6 dB RCS reduction bandwidth for each in-
cidence angle. From Table 2, we can see that the bandwidth

decreases a little as the incident angle grows. However, low
reflection properties are still kept over a wide frequency range
for the proposed metasurface.
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Fig. 10. (color online) Simulated bistatic RCS of (a) ϕ = 0◦ plane and
(b) ϕ plane with the maximum bistatic RCS (45◦ for CCM and 17◦ for
NCM) at 13.3 GHz.
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Fig. 11. (color online) (a) Phase difference and (b) monostatic RCS
reduction versus frequency for different incident angles.
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Table 2. Operational 6 dB RCS reduction bandwidth as a function of
the incidence angle.

Incident angle/(◦) Bandwidth/%
0 79.7

10 77.5
20 76.4
30 76.0
40 72.9

3.2. Fabrication and measurements

To experimentally demonstrate the proposed ultra-
wideband low-reflection properties, an NCM sample occupy-
ing an area of 288 mm×288 mm (4×4 tiles) was fabricated
using standard printed circuit board (PCB) technology, see

Fig. 12(a). Due to limited experimental resources available
for bistatic RCS measurement, only monostatic RCS under
normal incidence measurement was carried out in an anechoic
chamber. In the experimental setup illustrated in Fig. 12(b),
two identical wideband ridged horn antennas operating from
2 GHz to 18 GHz were used as the transmitting and receiving
antennas which are connected to two ports of a vector net-
work analyzer. A wideband amplifier operating from 6 GHz
to 18 GHz was also used to boost the transmitted power. The
measured sample was placed 3 m from the horns to ensure the
plane wave illumination. The height of the sample was kept
the same as that of the horns.

(a) (b)

measured sample

transmitting
antenna

antenna
receiving

Fig. 12. (color online) (a) Photograph of the fabricated sample and (b) experimental setup.
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Fig. 13. (color online) Comparison of simulated and measured monos-
tatic RCS reduction.

The backscatter has been evaluated by reflection coeffi-
cient characterization of the horn antenna. The backscatter
from an equal-sized PEC plate was also measured to charac-
terize the RCS reduction performance. Figure 13 compares
the simulated and measured monostatic RCS reduction perfor-
mance. A reasonable agreement of results is inspected in the
entire observed band. The slight discrepancies at high frequen-
cies are induced by the tolerances that are inherent in the fab-
rication process and partially to the misalignment of horn and
metasurface in measurements. As such, the phase difference
under two orthogonal polarizations deviates from the model in

numerical calculations. Nevertheless, the measured RCS has
been reduced by more than 10 dB from 8.4 GHz to 16.3 GHz.

4. Conclusion
A novel ultra-wideband metasurface for RCS reduction

is designed, fabricated, and measured. The proposal is con-
ceptually validated first by theoretically evaluating the scat-
tered fields of different configurations through array theory.
Two dual-mode AMC structures are designed cautiously to
obtain 180◦ ± 30◦ phase difference over a wide frequency
range. The proposed triangle-type AMC structure generates
eight scattered main lobes and a null in the special direction.
A good agreement of results is observed between simulations
and measurements, showing over 70% operational bandwidth
for 10 dB RCS reduction.
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