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Abstract — A novel chessboard surface is proposed for
ultra-wideband radar cross section (RCS) reduction.
The designed artificial magnetic conductor (AMC)
surface is arranged by two different double-layer
AMC unit cells, bringing in destructive reflection phase
difference (180°£37°) in an ultra-wide band ranging
from 5.8 to 16.1 GHz (94.06%). Each double-layer unit
cell consists of a substrate layer loaded with metal
patches and a PEC layer, in between of which is a 2-
mme-thick air gap, which results in smooth phase curves
of the two AMC units. One of the metal patches is
composed of an octagonal ring and a Union Jack cross,
and the other one is a Jerusalem cross. With chessboard
arrangement by the two units, the RCS of the proposed
surface can be reduced by more than 10 dB over a
90.22% frequency range (6.23-16.47 GHz) for both
x and y polarizations. And the 20-dB RCS reduction
frequency band ranges from 12.3 GHz to 15.9 GHz
(25.5%). Then, the proposed AMC surface is fabricated
and measured, and the measured 10-dB RCS reduction
frequency band ranges from 6.66 to 16.42 GHz (84.58%)
for x polarization and from 6.65 to 16.5 GHz (85.1%)
for y polarization, which verifies that the presented
AMC configuration may achieve potential applications
on low-RCS platforms in an ultra-wide band.

Index Terms — Artificial Magnetic Conductor (AMC),
Radar Cross Section (RCS) reduction, ultra-wideband.

I. INTRODUCTION
With the development of new electromagnetic
metamaterials, the study on AMC has gradually been a
hot research in fields of microwave. Thanks to their
unique in-phase reflection properties, planar AMCs
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have been found many applications, such as suppression
of surface waves in antenna designs [1], reducing the
mutual coupling of units in antenna array designs [2],
being utilized as artificial ground planes to achieve low-
profile and gain-enhanced antennas [3], and reducing
the RCS of platforms to achieve stealth in military
fields [4]. Among them, contributing to solving the
problems on thickness and bandwidth of traditional
materials, such as Salisbury screen [5], metamaterial
absorbers [6], etc., the application of AMC surfaces in
RCS reduction [7-15] has recently been paid more and
more attention. Radar cross section (RCS) is integral to
the development of radar stealth technology [15]. RCS
reduction (RCSR) means reducing the electromagnetic
backscattered waves, which is essential in stealth
technology [13]. An EBG checkerboard surface can
result in a redirecting of the scattered fields [16], which
bringing about a decrease in RCS.

In 2007, a planar structure combined of AMC
and perfect electric conductor (PEC) unit cells in a
chessbhoard is designed for RCS reduction applications
[4]. Based on the opposite reflection phase of AMC and
PEC, the reflections in normal direction cancel out, thus
reducing the RCS. However, the bandwidth of the
chessboard is limited by the narrow in-phase reflection
(x37°) frequency band of AMC. In order to enhance
the RCS reduction bandwidth, PEC can be substituted
by another AMC, and surfaces consisting of AMC
structures [7-12] have gradually been presented. In [7],
two different types of AMC unit cells are periodically
designed to form a planar surface, which achieve a
+143° ~ +217° phase difference in the band from 13.25
to 24.2 GHz for boresight RCS reduction. After that,
composite surfaces, consisting of two kinds of AMC
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units, are proposed in [8] and [9], which achieve a
nearly 10 dB RCS reduction over a 32% and 40%
bandwidth, respectively. Moreover, combined by two
Jerusalem Crosses with different sizes, a planar
chessboard structure is proposed [10] and obtained
about 42% bandwidth for 10 dB RCS reduction. With
the same method, a miniaturized AMC reflecting screen
combined by square unit cells with different sizes is
recently designed [11] and the RCS is reduced in the
band from 13.4 GHz to 26.9 GHz (67%).

Nevertheless, the bandwidth of RCS reduction in
the previous researches needs to be furtherly widened to
meet the requirements of objects for stealth in an ultra-
wide band. For the purpose of a further increase in the
bandwidth, double-layer AMC structure is proposed
in [12]. By using an air layer, a novel double-layer
chesshoard surface is presented, and 73% bandwidth for
10 dB RCS reduction is obtained. The top layer is
formed by substrate and substrate printed with a
circular patch, and the bottom layer is PEC ground.
Loading with the air gap, two smooth phase curves of
the AMC units can be obtained, resulting in a wide
phase difference bandwidth. Then, double-layer and
multi-layer AMC surfaces are proposed in succession
[13-15]. In [13], a three-layer chesshoard-like AMC
structure formed by two crossed ellipses with different
sizes is proposed and obtain wide 10 dB RCS-reduction
bandwidth from 8.11 to 23.32 GHz. In addition, a
chessboard AMC surface based on the quasi-fractal
structure is proposed in [14], and realizes a 10-dB RCS
reduction band ranging from 5.4 GHz to 14.2 GHz. In
2019, a double-layer checkerboard AMC structure with
two kinds of AMC elements is designed [15] and
observe 10 dB RCS reduction in the band from 3.77 to
10.14 GHz.

Fig. 1. Top view of the proposed AMC surface and unit
cells. (a) Chessboard AMC surface, (b) AMC unit cells,
and (c) AMC unit cell,. Dimensions (unit: mm): 1=3.8,
p=3.55, w=0.7, w»=1.2, 1:=4.0, w1,=0.8, m=2.

In this paper, a novel double-layer AMC
configuration is designed here to further improve the
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bandwidth and increase the RCS reduction value. On
the top layer, the patch array is composed of two kinds
of AMC patches instead of combination by AMCs and
PECs. One kind of AMC patches is an octagonal ring
with a Union Jack cross, and the other one is a
Jerusalem Cross. The simulated results show that the
frequency band of reflection phase difference (180°+£37°)
between the two AMC unit cells ranges from 5.8 to
16.1 GHz (94.06%). And a 90.22% fractional bandwidth
(6.23-16.47 GHz) for both x and y polarizations is
obtained for 10 dB RCS reduction. In addition, a 20-dB
RCS reduction frequency band ranging from 12.3 GHz
to 15.9 GHz (25.5%) can be obtained for both x and y
polarizations. The measured RCS reduction frequency
bands are 6.66-16.42 GHz for x polarization and 6.65-
16.5 GHz for y polarization, which agree well with the
simulated ones.

I1I. AMC DESIGN AND SIMULATED
RESULTS

A. Design principle of broadband AMC surface

From reference [16], the expression of the AMC
surface for RCS reduction can be obtained from the
following formula [17-18]:

2

it i,
RCS reduction =10log,, % . @

where, A; and A; is the reflection magnitude of AMC;
and AMCo, respectively; ¢, and ¢, are their reflection

phases. Generally, a 10 dB RCS reduction in boresight
direction compared to PEC sheet with the equal size is
set as a criterion [19]. Therefore, from formula (1), the
effective reflection phase difference of the AMC
surface is

143° < |p,—g1| < 217°, )

For this reason, 180°+37° is considered as the effective
phase difference for analysis in follows.

reflected waves

Q
air layer

periodie AMCunitee _____"_2__
dielectric substrate

I hi air layer Zo

PEC surface «— |
(@) (b)

Fig. 2. (a) Double-layer AMC structure, and (b) its
equivalent transmission line model.
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Therefore, to achieve ultra-wideband 10 dB RCS
reduction, two AMC units, which can generate 180°+37°



phase difference in an ultra-wide band, need to be
designed firstly. Because of the excellent performances,
double-layer AMC structure is finally chosen for
wideband 10-dB RCS reduction. Based on the research
in reference [15], the double-layer AMC structure and
its equivalent transmission line model can be depicted
asFig. 2. Z, and Z, refer to the equivalent impedance
of the periodic structure and the intrinsic impedance of
air layer, respectively. h1 is the height between the top
layer and the PEC layer. Z, can be approximately

expressed as Z, ~ jX, . The impedances can be replaced
by the admittances. Therefore, Y, =1/Z, ~ jB,, and
Y, =1/Z,.

According to [15], the reflection coefficient and
phase of an AMC can be expressed as:

= Yo(isin(Aihy) —cos(fh)) - jY, sin(5;h)

= , 3

Y, (isin(Bh) - cos(an) « Y, sin(gh) )
i Y, sin(4,n)

P o)+ B Ry Y

where, g, =2xzf/c refers to the phase constant in

vacuum, and f is the operation frequency. Moreover, for
total cancellation, the susceptance of the AMC periodic
structure can be calculated as:

B, =Y, cot(B,h) +Y, tan(sf +a), (5)

Where s is related to rate of reflection phase and a is
related to initial value of reflection phase, and the unit
of frequency (f) is gigahertz. And the independence of
periodic structure for AMC unitl and unit2 can be
written as:

2=t L
jB,y  cot(S,h) +tan(sf +a)

7 —jz,
A2 cot(B,h,) —cot(sf +a)

()

From (6) and (7), AMC unitl can be approximately
parallel resonance when AMC unit2 is series resonance.
Or, AMC unitl can be approximately series resonance
when AMC unit2 is parallel resonance.

B. Design and analysis of AMC surface

After sufficiently analyzing the frequency behaviors
of various AMC units, the two unit cells in Fig. 1 are
selected to constitute the proposed AMC surface. Using
a Floquet port and Master/Slave boundaries, a full-wave
analysis is carried out by ANSYS HFSS. And Figs. 3
(a) and (b) demonstrate the simulated configuration of
the two units, both of which are double-layer structures
with dimensions of 10x10 mm?. The top layer is a metal
patch etched on a 2-mm-thickness F4BM-2 dielectric
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substrate (&=2.2, tand=0.0007), and the bottom layer is
a PEC sheet. Between two layers is an air gap with
height of h1, which contributes to smooth phase curves
of the two AMC units. An octagonal ring with a Union
Jack cross patch constitutes AMC unit celll and a
Jerusalem Cross patch comprises AMC unit cell2.
Figures 3 (c) and (d) depict the equivalent circuit
models for the two AMC units [20]. It can be seen from
the equivalent circuit models that the AMC unit celll
can is a series resonance circuit and the AMC unit cell2
is a parallel resonance circuit, which accords with the
cancelation conditions mentioned above.

b
Flaquet port

b
Floquet port
a a

(d)

Fig. 3. Simulation model and equivalent circuit models
of the proposed AMC unit cells. (a) AMC unit cell; and
(b) AMC unit cell,. h=2mm, h;=2mm, da=10mm. (c)
Equivalent circuit model for AMC unit cell;, and (d)
equivalent circuit model for AMC unit cell..
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Fig. 4. Impact of parameters (a) | and (b) p on the
reflection phase of AMC unit cell;.

Figure 1 depicts dimensions of the two designed
unit cells. Of all the parameters, parameters | and p
have a great impact on the reflection phase property of
the two AMC unit cells, which can be seen in Figs.
4 (a-b). The values of | and p determine the two
resonances of unit celll in the high and low frequency
band, respectively. When | increases from 3.6mm to
4mm, the equivalent inductance L1 and capacitance C2
in Fig. 3 (c) increase, which leads to a decrease in the
resonances in the low frequency band, as can be seen
in Fig. 4 (a). Similarly, with an increase in p, the
circumference of the square loop increases, bringing
about the increase in the inductance L2 of the octagonal
loop the mutual coupling capacitance C3. Therefore,
the resonant frequency in low band decreases, which
corresponds to the simulated results in Fig. 4 (b). To
obtain a wide phase difference band, the values of |
and p are finally decided to be 3.8mm and 3.55mm,
respectively.

Figure 5 demonstrates the simulated reflection
phase and difference of two AMC unit cells. Consisting
of an octagonal ring and a Union Jack cross patch,
AMC unit celll can generate two resonances in the low
and high frequency band, respectively, as depicted in
Fig. 4 (a), thus arising two different 0° phase reflection
frequencies (5.5 GHz and 17.8 GHz) and a 180° phase
reflection at 10.8 GHz. Whereas, AMC unit cell2
exhibits 0° phase reflection value at 11.6 GHz, which is
close to the 180° phase reflection frequency of AMC
unit celll, thus giving birth to an ultra-wide reflection
phase difference (180°+37°) band from 5.8 to 16.1 GHz
for normal incidence. Hence, an ultra-wideband 10 dB
RCS reduction with a percentage bandwidth of 94.06%
can be expected.

In addition, the phase differences under different
incident angles are also simulated and depicted in Fig.
6. It can be obtained that the bandwidths of phase
difference keep stable when the incident angle is lower
than 15°, and when the incident angle is increased to
30° and 45° the phase difference band changes to
double bands. And with the increase in incident angle,
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the phase difference bandwidth decreases.

160 f rmmmm— <

120 fa, ~
~
80+ ~ \

o\ > N
— 0F -
[}
}:"’u 40 ~ ~ . \
S.80 \ ~

120 N — — AMC unit cell1

60 F . ‘\."‘-.J—‘ — AMC unit cell2

0

5 6 7 8 9 10 11 12 13 14 15 16 17

Frequency(GHz)

(a)

5 6 7 8 9 10 11 12 13 14 15 16 17
Frequency(GHz)

(b)

Fig. 5. Simulated reflection phase and difference of
AMC unit cells. (a) Reflection phase and (b) reflection
phase difference.
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Fig. 6. Reflection phase difference for different incident
angles.

For the sake of low RCS property in an ultra-wide
band, the surface is combined by 3x3 chessboard’s cell
arrays, as demonstrated in Fig. 1 (a). Each chessboard
cell array is made up of 10x10 unit cells, and arranged
by 5x5 AMC unit celll and 5x5 AMC unit cell2.
Dimensions of the proposed AMC surface are 300x
300x4 mm?3, To calculate the RCS reduction bandwidth
of the designed chessboard surface, the monostatic RCS
of the AMC surface and PEC surface with equal size
for normal incidence is simulated. As depicted in Fig.
4, parameters | and p have a great influence on the
reflection phase property. To investigate the effect of
those two parameters on the RCS reduction of AMC
surface, the RCS reduction of AMC surface with



different | or p is simulated, and Fig. 7 shows the
simulated results. It can be obtain from Fig. 7 that the
change in parameter | has an influence on the 10-dB
RCS reduction bandwidth and the largest reduction
value in the high frequency band, and parameter p
affects the largest reduction value in low frequency
band and the RCS reduction bandwidth, which
corresponds to the results in Fig. 4. In compromising of
the value and bandwidth of RCS reduction, | and p is
finally selected as 3.8mm and 3.55mm, respectively.
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Fig. 7. Impact of parameters (a) | and (b) p on the
simulated monostatic RCS reduction.

Then, Fig. 8 depicts the final simulated monostatic
RCS and RCS reduction of proposed AMC surface
under normal incidence for both x and y polarizations.
From the simulated results, an ultra-wide 10-dB RCS
reduction frequency band ranging from 6.23 GHz to
16.47 GHz (90.22%) is achieved. And the maximum
RCS reduction, which is more than 35 dB, is obtained
at 13.4 GHz. Compared with references [12-15], the
AMC surface can achieve larger RCS reduction value
and wider 20-dB RCS reduction frequency band ranging
from 12.3 GHz to 15.9 GHz (25.5%). Furthermore, Fig.
9 demonstrates the normalized 2-D bistatic RCS of
PEC sheet and the proposed AMC configuration under
different incidences for both x and y polarizations at
13.4 GHz. Compared with the bistatic RCS of the PEC
surface in Fig. 9, the proposed AMC surface can
achieve low RCS in boresight direction and reflects the
scattering energy in other directions.
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Fig. 8. Simulated monostatic RCS and RCS reduction
of proposed chesshoard AMC surface under normal
incidence for both x and y polarizations. (a) Monostatic
RCS and (b) RCS reduction.
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Fig. 9. Simulated normalized 2-D bistatic RCS pattern
of proposed AMC surface and PEC sheet under different
incidences for both x and y polarizations at 13.4GHz.

In order to investigate the change of RCS reduction
with different incident angles, Fig. 10 demonstrates
the simulated bistatic RCS reduction under different
incident angles for both x and y polarizations. From the
simulated results, it can be obtained that the values of
RCS reduction decrease with the increase in incident
angle, which is corresponding to the simulated phase
differences under different incident angles. And the
changes in RCS reduction values are related with the
instability of the AMC structure with incident angles.

In view of the good RCS reduction property of the
proposed AMC surface, the proposed AMC unit cells
can be arranged periodically around the antenna on the
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same plane when an antenna need to be obtained low
RCS performance, just as the structures in references [9]
and [11].
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I1l. FABRICATION AND MEASURED
RESULTS

To verify the simulated results, the proposed
chessboard surface is fabricated, as shown in Fig. 11.
30x30 unit patches are etched on a 2-mm-thickness
FABM-2 dielectric substrate. Separated by a 2-mm-
thickness air gap, a PEC sheet (a replacement by a thin
aluminum sheet) is installed beneath the substrate layer.
The total dimensions of the proposed structure are
300x300x4 mm?®. To show the ability for RCS reduction,
the RCS values of the proposed AMC surface are
normalized by the PEC sheet with the identical physical
dimensions. The measured and simulated monostatic
RCS of the proposed AMC surface and PEC sheet is
depicted in Fig. 12 (a). And Fig. 12 (b) illustrates the
measured and simulated RCS reduction of the designed
chessboard configuration.

From the measured results depicted in Fig. 12, the
RCS of the designed AMC surface can be reduced by
more than 10 dB in the band ranging from 6.66 to 16.42
GHz (84.58%) for x polarization and from 6.65 to 16.5
GHz (85.1%) for y polarization under normal incident
waves. Due to the fabricated and measured errors and
the error in the height between the top and the bottom
layers, there is a little frequency shifting in the
measured RCS reduction frequency band compared
with the simulated results and the measured values of
RCS reduction are a little higher than the simulated ones.
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Fig. 12. Measured and simulated monostatic RCS and
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under normal incidence for both x and y polarizations.
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1V. CONCLUSION

In this letter, a novel double-layer chessboard
AMC surface is presented for RCS reduction in an
ultra-broad band. In the expectation of a wider RCS
reduction frequency band, the proposed chessboard
configuration is formed by two different double-layer
AMC unit cells. The patch printed on the substrate of
one unit is an octagonal ring with a Union Jack cross,
and that of the other one is a Jerusalem cross. With the
two different unit cells, an ultra-broad reflection phase
difference (180°+£37°) band from 5.8 to 16.1 GHz can
be obtained. Arranged by the two double-layer unit
cells, the designed AMC surface achieves an ultra-wide
frequency band ranging from 6.23 to 16.47 GHz
(90.22%) for 10 dB RCS reduction under normal
incidence for both x and y polarizations. In the band
from 12.3 GHz to 15.9 GHz (25.5%), the RCS can be
reduced for more than 20 dB. The measured results
show that the fabricated prototype can achieve a 10-dB
RCS reduction frequency band of 6.66-16.42 GHz for x
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polarization and of 6.65-16.5 GHz for y polarization,
which validates that the designed AMC surface can be
utilized for ultra-wideband RCS reduction applications.
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