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Abstract — An artificial magnetic conductor (AMC)
surface is proposed in this paper to reduce radar cross
section (RCS) by more than 10 dB in a broad frequency
band. The proposed AMC structure consists of two
different units - seven hexagonal circles and Jerusalem
cross loaded with four L-type branches, contributing to
a wide phase difference (180°+37°) frequency band. To
obtain a low RCS value, the two proposed units are
arranged in fan-type for the AMC surface. The simulated
results show that the RCS can be reduced by more than
10 dB in a broad frequency band from 12.2 to 27 GHz
(75.5%). The proposed AMC structure combined by
20x20-unit cells is fabricated and measured in anechoic
chamber. Measured results in the band below 18 GHz of
the fabricated prototype agree well with the simulated
ones, which validates that the proposed AMC surface
may be utilized on low-RCS platforms.

Index Terms— AMC, broadband, RCS reduction.

I. INTRODUCTION

With the rapid development of stealth and anti-
stealth technology, materials for radar cross section
(RCS) reduction in wide band have been paid more
attention. To reduce RCS, there have been several
techniques, such as metamaterial absorbers [1-2],
Salisbury screen [3], electromagnetic band gap (EBG)
[4-5], etc. Nevertheless, with the structures proposed
above, the RCS can only be reduced in narrow frequency
bands.

AMCs attract much attention because of their phase
characteristics. With in-phase reflection property, AMC
can be utilized to obtain low-profile antennas [6-7] and
to enhance gain of antennas [8]. Moreover, AMCs play
an important role in low-RCS designs. To obtain low-

Submitted On: January 8, 2019
Accepted On: July 10, 2019

RCS characteristic in broad band, many RCS
suppressing metasurfaces [9-15] have been proposed,
among which, design of checkerboard configuration
combined by AMC structures [10-15] has gradually been
a more popular and effective method. In the beginning, a
planar chessboard arranged by AMC and PEC is
proposed by Paquay in 2007 [10]. With that configuration,
the energy can be scattered in other directions after it
reaches the surface and a cancellation of energy in
boresight direction can be obtained. That is because, the
metallic cells can reflect incident waves with a 180°
change of phase, and AMC units can bring in no phase
change at the operation frequency. By arrangement of
the two units, destructive interference is produced, and a
null can be achieved in normal direction. However, the
bandwidth for RCS reduction is limited by the narrow in-
phase reflection bandwidth of AMC. To obtain a wider
bandwidth for RCS reduction, surfaces arranged by
AMC unit cells with different dimensions [11-12] or
different structures [13-16] have been presented, resulting
in broad phase difference (180°+37°) bands. In [11], a
novel polarization-insensitive metasurface which consists
of four inter-twined subarrays, is investigated for ultra-
broadband RCS reduction. The unit is a disc-shaped
metallic patch with a concentric metallic ring patch.
Consists of carefully arranged units with spatially varied
dimension, the surface can achieve more than 10 dB RCS
reduction in the band from 7 to 12 GHz. In addition,
Pei Yao designed a miniaturized chessboard-like AMC
reflecting screen [12], which is arranged by two different
square AMC unit cells. The in-band RCS reduction is
obtained in the band ranging from 13.4 to 20.5 GHz,
and the out-of-band RCS reduction is achieved by
cancellation between the approximately PEC and AMC
in the band of 20.5-26.9 GHz. The measured results
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show that the proposed surface can achieve 10 dB RCS
reduction in the band from 13.5 to 28.1 GHz (70.2%).
Additionally, an AMC structure, consisting of two
different types of AMCs, is proposed for ultra-thin and
broadband radar absorbing material design in [13]. The
measured results show that, the screen achieved a wide
phase difference band from 13.25 to 24.2 GHz, in which
the RCS is reduced by 10 dB except for some frequency
shift. Moreover, a hexagonal checkerboard and a square
checkerboard are designed and compared with each
other in [14] for wideband RCS reduction. They are
composed of two kinds of AMC units utilizing square-
and circular- shaped patches and realize over 60%
frequency bandwidth for 10 dB RCS reduction. In [15],
an AMC surface, combined by two different AMC unit
cells, is designed as the ground of a low scattering
microstrip antenna. The RCS is reduced by 10 dB in a
wide band from 6 to 13.4 GHz and the maximum RCS
reduction is 17 dB at 10 GHz. It can be seen that most of
the array arrangements of AMC or PEC unit cells in the
above references are chessboard. To obtain larger RCS
reduction values, a fan type arrangement of AMC unit
cells is employed in this paper as proposed in [16] to
enhance the cancellation effect by increase the common
boundaries of the two units. The low-RCS screen is
combined by square loop and square patch units.
However, the simulated results show that the bandwidth
in [16] remains to be improved.

(b)

Fig. 1. Unit cells designs for: (a) AMC1 and (b) AMC2.

Based on the previous research in paper [17], an
AMC surface for broadband RCS reduction is proposed
in this paper to achieve a wider low-RCS bandwidth and
a larger RCS reduction value simultaneously. With two
new-style AMC unit cells, phase difference (180°+37°)
of the reflective waves is produced in a broad frequency
range, which can contribute to a wide band for 10 dB
RCS reduction. To further decrease the RCS value, the
fan type arrangement of AMC unit cells is adopted in this
paper. A broad band from 12.2 GHz to 27 GHz (75.5%)
of 10 dB RCS reduction is obtained. Moreover, the
designed AMC surface is fabricated and measured
in anechoic chamber. A good agreement between the
simulated and measured results shows that the presented
AMC surface can be employed for broadband low-RCS
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applications.

Il. DESIGN AND ANALYSIS OF AMC
SURFACE

A. Design principle of broadband AMC surface

From [17, 18], when plan waves radiate normally on
the AMC surface, the total energy reflected from the
surface equals the total of the reflected energy from all
AMC blocks. Assume that the reflection magnitude of
all the AMC blocks is equal to A, which keeps no change
with frequency. Hence, based on the concept of standard
array theory [9, 10], the total reflected field is,

E =2Ae)” +2Ae) =2Ae (L+e* ) (1)
where, A is the reflection magnitude of the AMC blocks;
@1 and ¢ is the reflection phase of AMC1 and AMC2,
respectively. It can be seen from (1) that, when ¢ - ¢1 =
+180°, the total reflected field is zero. In other words,
the reflected energy from the two AMCs can be totally
canceled out. However, the reflection phase is a variable
which changes with frequency. In general, compared
with PEC surface with the equal size, the reflection
which can be reduced by more than 10 dB in boresight
direction is set as a criterion [17] and it can be express as
the following inequality:

|E,[" /|E | <-10dB, o)
where, Epec represents the total reflection field of PEC
surface of the same dimension. From the inequality (2)
above, it can be calculated the effective reflection phase
difference of the presented AMC surface, which is:

143" <|p,—¢| < 217" 3)
Consequently, the phase difference ranging from 143’ to

|2

217" is considered to be effective for subsequent analysis.

B. Design and analysis of AMC surface

To obtain a wide enough phase difference frequency
band, the 0° phase reflection frequency of one unit should
be as close to the 180° phase reflection frequency of the
other unit as possible. A great many kinds of AMC units
have been designed to constitute AMC surfaces, such
as square patches, circle patches, Jerusalem Crosses,
rings, etc. [11-16]. After an extensive analysis of their
frequency behaviors, hexagon rings and Jerusalem Cross
in Fig. 1 are designed as the two AMC units. Since it has
a first-mode resonant frequency two times that of other
ring types with the exception of the square spiral element
and its second resonance is approximately three times
that of the fundamental one, the hexagonal ring has
superior bandwidth characteristic [19]. Therefore, to
obtain a broad in-phase reflection bandwidth, the AMC
unit celll is made up of seven hexagons, which can
generate a 0° reflection phase at the center frequency of
the required operating band and contribute to a gentler
phase curve than a unit combined by one single hexagon.
The AMC unit cell2 is a Jerusalem Cross loaded with
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four L-type branches. The Jerusalem Cross is used to
product a 180° reflection phase at the center frequency,
and the four L-type branches are loaded to make the
reflection phase curves located at the two sides of the
180" phase reflection frequency smoother. The two kinds
of metal units are etched on a 2-mm-thickness F4B
(&=2.65, tan6=0.002) substrate, which is loaded with
metallic ground plane to achieve total reflection. To
obtain a wide bandwidth in the band higher than 12 GHz
(M.=25 mm), the unit dimension of the proposed AMC
should be in the range from 0.1A. to 0.2A. (2.5 mm~5
mm). In consideration of the complexity of the unit
design, the AMC unit dimension is chosen as 4 mm. The
optimized parameters of the two AMC units are listed in
Table 1.

Table 1: Optimized parameters of the two AMC units

Parameters Values Parameters | Values
al 0.48 mm w 0.4 mm

wl 0.2 mm dd 0.2 mm

| 3.7mm dl 0.9 mm

m 1.69 mm wWw 0.3 mm

The reflection phase properties of the two AMC
unit are calculated by ANSYS HFSS, which utilizes a
unit cell with Floquet-port excitation and master/slave
boundaries. As can be obtained in Fig. 2 (a), the AMC
unit celll demonstrates a 0° phase reflection value at 20
GHz. In addition, near the location of the 0° reflection
phase frequency point of AMC unit celll, the AMC
unit cell2 depicts a 180" reflection phase at 19 GHz,
which contributes to a broad reflection phase difference
frequency band. As shown in Fig. 2 (b) is the reflection
phase difference curve between the two AMCs. It
illustrates that a reflection phase difference (180°+37°)
frequency band ranging from 11.6 GHz to 28.1 GHz for
normal incidence can be obtained. Consequently, with
the two novel types of AMC units, a wide band of 83.1%
for 10 dB RCS reduction can be expected compared with
the phase difference bandwidth results achieved in [11-
15].

Of all the parameters, parameters ai, |, and dd have
a great impact on the reflection phase property of the two
AMC units, as can be seen in Figs. 3 (a-c). The values
of a1 and | determine the center frequency of the two
AMC unit cells. To make the phase difference in high
frequency band be lower than 217" on the basis of wide
phase different bandwidth, the values of a; is chosen as
0.48 mm. For the compromise of wide phase different
bandwidth and the phase difference in low frequency
band, which should be lower than 217°, the value of | is
decided to be 3.7 mm. In addition, from Fig. 3 (c), it can
be obtained that the parameter dd makes an effect on
the reflection phase beside the 180" phase reflection
frequency of AMC unit cell2, which finally determines
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the phase difference between the two AMC units.
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Fig. 2. (a) Reflection phases for both AMCs, and (b)
reflection phase difference between two AMCs versus
frequency.

Once the dimensions of the two units are fixed, the
AMC configuration can be designed. To further decrease
the RCS value, the AMC surface is made up of the two
units by fan-type arrangement, as shown in Fig. 4. While,
an array with an infinite dimension cannot be fabricated
in applications. Thus, an array combined by finite
number of units need to be designed. If the number of
units is too small, the frequency band will move to high
frequency and there will be poor property of the phase
cancellation between two type of units, which makes it
difficult to reduce RCS in the required band. In addition,
too large number of AMC units will cause the grating
lobes to converge in the edge direction [10], which
go also against the RCS reduction. According to the
research on AMC structure in [14] and [15], an array
arranged by 20x20 units are enough to valid the
simulated results in an infinite environment and to be
utilized to reduce RCS. Therefore, an AMC surface,
the dimensions of which is 80x80 mm?, is arranged
by 20x20-unit cells in this paper. With fan-type
arrangement, the number of interfaces between different
units can be increased, which helps the energy be
scattered more effectively in non-specular directions [16,
17]. Therefore, the proposed AMC array can obtain a
larger value for RCS reduction.
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Fig. 4. Top view of the AMC surface configuration.
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I11. EXPERIMENT AND SIMULATION
RESULTS AND DISCUSSION

A. Simulated results

To evaluate the RCS reduction bandwidth of the
proposed AMC surface, the monostatic RCS of the AMC
surface and PEC surface with equal size for normal
incidence is simulated, and Fig. 5 (a) shows the co- and
cross-polarized RCS under normal incidence for both x
and y polarizations. To calculate the value of RCS
reduction, the RCS values are normalized with respect to
the PEC surface, as demonstrated in Fig. 5 (b). It can be
obtained from the simulated RCS reduction curve, a
broad 10 dB RCS reduction frequency band ranging
from 12.2 GHz to 27 GHz (75.5%) for x-polarization and
from 12.2 GHz to 27.2 GHz (76.1%) for y-polarization
is achieved. And the maximum co-polarized RCS
reduction, which is more than 30 dB, is obtained at 23
GHz. The simulated RCS reduction band agrees well
with the phase difference frequency band (11.6-28.1
GHz) of the two unit cells discussed in the previous
section.
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Fig. 5. Simulated monostatic RCS of the proposed AMC
surface and PEC surface with the equal size and the
simulated RCS reduction of the proposed AMC structure
under normal x- and y-polarized incident waves.
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Moreover, Fig. 6 depicts the normalized bistatic
RCS of the proposed AMC surface at 20 GHz (which is
close to the center frequency point of the RCS reduction
band). It shows that it can be achieved about more
than 20 dB RCS reduction at 20 GHz by the proposed
AMC surface for x polarization in all incident angles.
In addition, Fig. 7 demonstrates the simulated 3-D
normalized bistatic RCS for x polarization of the
proposed AMC surface and PEC surface with the same
dimension at 20 GHz. Compared with the bistatic RCS
of PEC surface, the designed AMC surface achieves low
RCS in boresight direction and reflects the scattering
energy in other directions.
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Fig. 6. Simulated 2-D normalized bistatic RCS of
the proposed AMC surface and PEC surface for x
polarization under normal incidence at 20 GHz.

B. Fabrication and measured results

To validate the simulated RCS property, the
proposed AMC surface with dimensions of 80x80mm?is
fabricated, as shown in Fig. 8 (a), and is measured by the
compact antenna test range method in anechoic chamber,
as depicted in Fig. 8 (b). Owing to the limit of test factor,
the monostatic RCS of the fabrication is measured in the
band below 18 GHz.

From the simulated results in Fig. 5, it can be
obtained that the co-polarized RCS for y polarization
is similar to that for x polarization owing to the
approximate rotational symmetry of the AMC structure.
Therefore, the co-polarized RCS of the AMC surface for
x polarization is measured only. Figure 9 (a) illustrates
the measured monostatic RCS of the proposed AMC
surface and PEC surface (a replacement by an aluminum
sheet) with the same dimension under normal incidence
for x polarization. By normalizing with respect to the
equal size PEC surface, Fig. 9 (b) demonstrates the
measured RCS reduction of the fabricated AMC surface.
It can be obtained from the measured results that the RCS
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reduction frequency band below 18 GHz ranges from
13.16 to 18 GHz. Compared with the simulated frequency
band (12.2-18 GHz), there is a good agreement between
the simulated and measured results except for a little
frequency shifting, which is caused by fabricated and
measured errors and the limited size of the fabricated
AMC surface.
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(b) AMC surface for x polarization

Fig. 7. Simulated 3-D normalized bistatic RCS of
the proposed AMC surface and PEC surface for x
polarization under normal incidence at 20 GHz.
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Fig. 8. Photograph of fabricated fan-type AMC surface
and its measured environment.
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Table 2: Comparison on the simulated and measured
performances with previously proposed AMC surface
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Table 2 depicts the comparison performances of
the designed AMC structure to the previously proposed
AMC surface. From the compared results, it can be
demonstrated that the fan-type AMC configuration
presented in this paper can achieve wider phase
difference frequency band and broader bandwidth for
10 dB RCS reduction.

V. CONCLUSION

A novel AMC surface is investigated to achieve
RCS reduction in a wide band. The configuration is
combined by two kinds of unit cells - hexagon rings
and Jerusalem crosses. With these two novel units, a
reflection phase difference (180°+37°) band from 11.6
GHz to 28.1 GHz for normal incidence can be obtained.
Furthermore, with a fan type arrangement by the two
units, the proposed AMC surface demonstrates a broad
10 dB RCS reduction frequency band ranging from 12.2
GHz to 27 GHz (75.5%) for x-polarization and from 12.2
GHz to 27.2 GHz (76.1%) for y-polarization. Then, the
proposed AMC surface with dimensions of 80x80 mm?
is fabricated and measured by the compact antenna test
range method in anechoic chamber. The agreement
between the measured and simulated results in the
band below 18 GHz verifies that the proposed AMC
configuration can be utilized in low-RCS platforms.
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