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Abstract. In this paper, a metasurface antenna with ultra-
broadband radar cross section (RCS) reduction was sys-
tematically presented and evaluated based on the spoof
surface plasmon polariton (SSPP) and transmission. A cir-
cular metasurface consisted of twelve gradually increasing
two-sided metallic grooves and an ultra-thin dielectric
substrate. The evolutions of the dispersion characteristic
and near electric-field distributions were adequately
demonstrated based on SSPP in simulation. Furthermore,
the SSPP metasurface had been loaded on a common
waveguide slot antenna. The simulation and laboratory
measurements were performed to characterize RCS reduc-
tion, radiation patterns and scattering performance.
A prototype of metasurface antenna has been fabricated
and measured to demonstrate the characteristics. Experi-
mental data were carried out to verify the simulation re-
sults and the measured results showed that the metasurface
antenna exhibited ultra-wideband RCS reduction from
1 GHz to 10 GHz.
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1. Introduction

Over the last decade, the radar cross section (RCS) re-
duction of antenna has been a topic of immense strategic
interest for the researchers. For out-of-band frequencies, it
is well known that the RCS of antenna/array can be signifi-
cantly reduced by placing the periodic resistive surface [1],
[2] and suitably shaped band-pass radome, such as fre-
quency selective surfaces [3], [4]. To reduce RCS of an-
tenna, the radome is usually designed and fabricated as the
frequency selective filter which allows the working
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frequencies to pass with the least amount of insertion loss
and reflects out of band incidences. Generally, the in-band
RCS is dominated by the antenna itself and it can’t be
reduced by the radome [1]. Consequently, it is an important
research aspect to reduce in-band RCS of antenna.

Fortunately, the application of metamaterial or meta-
surface as the available methods has been introduced to
achieve the in-band RCS reduction of antenna [5-7]. Sev-
eral metamaterial absorbers, which have been designed,
fabricated and used as the reflected or radiated ground for
a composition of antenna, have been paid attention to in-
band RCS reduction [8—11]. The electromagnetic band-gap
(EBQG) is applied for in-band RCS reduction because the
surface currents of antenna are absorbed. In aspect of
waveguide slot antenna, EBG as a radar absorbing material
loaded with lumped resistances is investigated to reduce in-
band RCS in [12], where the EBG overcomes the thickness
restrict of Salisbury screen and the lumped resistive ele-
ments were used to better match the impedance of free
space, and as chief contributor of absorption. The in-band
RCS of microstrip antenna is significantly reduced by EBG
in [13]. Then, perfect metamaterial absorbers with different
structures have been designed and applied for in-band RCS
reduction of antenna or array in [14]. Moreover, as the
application of the principle of passive cancellation for
electromagnetic wave, the artificial magnetic conductor
(AMC) and perfect electric conductor (PEC) surfaces were
combined together for in-band RCS reduction and radiation
improvement of waveguide slot antenna and microstrip
antenna [15]. Then, two AMCs with different metamaterial
structures were theoretically analyzed and easily imple-
mented using common printed circuit board fabrication
methods for ultra-thin and broadband metamaterial design
[16]. Similarly, a metamaterial surface with orthogonal
arrangement was proposed to broadband RCS reduction for
a waveguide slot antenna based on AMC with complemen-
tary split ring resonator structure in [16]. Nevertheless, it is
obvious that the RCS is reduced in boresight direction but
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increased in other directions. Recently, it is a novel method
that the polarization conversion metasurface with multi-
band and broadband has been introduced to reduce RCS of
microstrip antenna [17—19]. These methods have been used
to reduce the RCS of the antenna or array antennas.

Nowadays, the spoof surface plasmon polaritons
(SSPPs) have attracted intensive attention due to their
attractive and remarkable capability of guiding electromag-
netic wave into sub-wavelength scales and localizing elec-
tromagnetic fields on metal surface [20]. Different SSPP
devices have been proposed in microwave frequency
[21-23]. On this basis, the aim of this work is to provide
anew waveguide slot metasurface antenna loaded with
SSPP metasurface to obtain an ultra-wide band RCS reduc-
tion. The SSPP metasurface is composed of twelve gradu-
ally increasing two-sided metallic grooves and an ultra-thin
dielectric substrate. The characteristics of waveguide slot
metasurface antenna have been thoroughly illustrated by
simulation. Comparing to the common antenna, the pre-
sented results of the metasurface antenna exhibit an ultra-
wide band RCS reduction and the wider beam width due to
the SSPP waves and the transmission for the incidence. As
a partial experimental validation, the attractive metasurface
antenna easily implemented using the common printed
circuit board fabrication method has been fabricated and
measured by employing the free-space test method in
a microwave anechoic chamber. Experiments are in good
agreement with results obtained from simulations.

2. Design and Analysis of Metasurface
Based on SSPP

The detailed optimum dimensions of the presented
circular metasurface are shown in Fig. 1. The cell is com-
posed of the gradually increasing two-sided leaf-shaped
metallic grooves array and an ultra-thin flexible dielectric
substrate in Fig. 1(a). The two-sided leaf-shaped metallic
grooves are only etched on the bottom of the substrate. The
metal is copper with the conductivity of 5.8 x 10’ S/m and
the thickness is 0.036 mm. RT/Duroid 5880 (&,=2.2 and
tand = 0.001) is used as the substrate with the thickness of
0.5 mm. As shown in Fig. 1(b), the length of a unit cell for
the two-sided leaf-shaped metallic grooves array is defined
as follows

X, sint
Y, |=a,cos(2t)| cost |, 1€[0.257,0.757], (1)
VA 0

a,=11-0.8i,[mm] i=0,---,11 )

where a; is a coefficient. The length | and the width w of
the substrate are 60 mm and 28 mm, respectively. The
other optimized results are given in Fig. 1. The metasurface
is simulated and optimized using the commercial finite
element method (FEM) solver by ANSOFT HFSS 15.0.

(@) (b)
(a) Geometry of the proposed circular metasurface
based on the SSPP and (b) the unit cell of circular

metasurface based on the spoof surface plasmon polar-
itons. ;= 60 mm, w =28 mm, ¢p= 11 mm, R;= 5 mm.

Fig. 1.

For the metasurface, the excitation mechanism of
SSPP means a kind of conversion from the spatial propa-
gating waves to the SSPP waves. Considering the TM
polarized waves impinging at the two-sided leaf-shaped
grooves array with parallel momentum £, the reflectance
can be calculated based on the boundary conditions. Since
the surface modes are considered, we have k,>k;,. On
conditions of 1>>(Q—¢q;) and 1>> Q (4 is the working
wavelength), the desired dispersion relation of the leaf-
shaped metallic grooves array can be achieved from the
locations of divergences in x direction. With the first-order
approximation, k, can be expressed as [11], [23]

k = ko\/1+(Qé—2ql)tan2(kod)~ 3)

For the condition of 0 < kyd < /2, k, is a real number and
k> ko, and hence the velocity of SSPPs is lower than light.
From (3), it can be found that £ is proportional to d within
propagation band and the asymptotic frequency is mainly
controlled by the depth d for surface waves. In other
words, k, will be enlarged by increasing the depth of leaf-
shaped metallic grooves. Accordingly, the SSPPs propa-
gate more slowly but confine more tightly to the gradually
increasing two-sided leaf-shaped metallic grooves array.
The Eigen-mode simulation is conducted by Eigen-mode
solver for illustrating the analysis of (3). In simulation, the
boundary conditions as “open” have been set to simulate
the real space, and we set the boundaries at large distances
from the metal structure for avoiding spurious reflections.
In order to study the effect on the dispersion property,
dispersion curves of the first Eigen mode with different
depths d have been simulated in Fig. 2(a). We can see that
the dispersion curves shift to higher frequency as depth d
decreases from 10.5 mm to 2.5 mm. The cut-off frequen-
cies are respectively 2.65, 4.72 and 7.97 GHz with the
depths d of 10.5, 6.5 and 2.5 mm. The cut-off dispersion
curve is much close to the light line as the width d de-
creases to zero. In design of the SSPP metasurface, the
depth d of 10.5 mm has been chosen to design the novel
waveguide slot metasurface antenna with low RCS.
The dispersion curves of the first three Eigen modes with
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Fig. 2. Simulated dispersion curves. (a) The simulated disper-

sion curves of the first Eigen modes for SSPPs with
different depths. (b) Simulated dispersion curves of
different modes with depth d=10.5 mm. w; =28 mm,
ap=11 mm, R; =5 mm.

d =10.5mm are shown in Fig. 2(b). It is observed that the
dispersion curves shift to higher frequency as the modes
increase and the cut-off frequencies are 2.65, 2.92 and
3.22 GHz for mode 1, 2 and 3, respectively. In our design,
the basic mode is TE10 mode for the presented waveguide.
Consequently, the depth d of 10.5 mm with the cut-off
frequency of 2.65 GHz of mode 1 was applied in the meta-
surface.

The far-field scattering performances of the proposed
metasurface have been investigated to illustrate the conver-
sion of scattering direction from the incident wave to the
spoof surface plasmon polariton wave. As shown in Fig. 3,
the monostatic radar cross section (MRCS) and bistatic
radar cross section (BRCS) at 2 GHz are given with the x-
polarized incident wave. It can be seen that the remarkable
MRCS reduction can be obtained from 1 GHz to 10 GHz
especially, with the peak value of 26.9 dB of MRCS reduc-
tion at 2.0 GHz. It is noted that the RCS reduction from
1 GHz to 2.65 GHz is mainly attributed to SSPP and that in
the other frequency band is caused by transmission for the
EM wave leak from slots in proposed metasurface. From
Fig. 3(b), (c), we can see that the beam direction of BRCS
for metasurface is along x-axes but that for perfect electric

-25 - — Metasurface, x-polarization
PEC, x-polarization
-30 o = Metasurface, y-polarization
35 & -PEC, y-polarization
= T T T T T T T

1 2 3 4 5 6 7 8 9 10
Frequency(GHz)

@

(b) ©

Fig.3. The MRCS from 1 GHz to 10 GHz and BRCS at
2 GHz of the metasurface and the PEC when the
y-polarized incident wave propagates along —z direc-
tion. (a) MRCS results. (b) BRCS of the metasurface.
(¢) BRCS of the PEC with the same condition.

conductor (PEC) is along z-axes because the metasurface
converts the x-polarized incident wave to SSPP wave at
2.0 GHz.

3. Design, Simulation and Analysis of
Metasurface Antenna

Figure 4 shows the proposed metasurface antenna and
the common guidewave slot antenna (common antenna).
The common antenna in Fig. 4(b) is usually composed of
a thin copper aperture etched radiating slot of 26 x 2 mm?®
and a C-band standard waveguide for feeding the antenna.
The height of the copper for the common antenna is
0.5 mm. In the present investigation, the circular metasur-
face which consists of twelve gradually increasing two-
sided leaf-shaped metallic grooves array mounted on
a circular thin substrate of RT/duroid5880 with the same
slot in center and the C-band standard waveguide for feed-
ing is designed to enhance the surface waves as shown in
Fig. 1(a). The metal is copper with the conductivity of
5.8 x 10’ S/m and its thickness is 0.036 mm. The substrate
is RT/duroid5880 with the thickness of 0.5 mm. It is neces-
sary to note that a copper of 30 mm X 6 mm is only
accreted on the bottom of the substrate.
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To illustrate the performance of the antenna, Figure 5
shows the comparison of S;; and radiation patterns at
5.5 GHz for the common antenna and the proposed meta-
surface antenna. Table 1 gives the details about the param-
eters of the radiation performances for metasurface and
common antennas. We can see that the impedance band-
width is 10.3% with S;;<-10dB from 5.16 GHz to
5.72 GHz for the metasurface antenna and that is 9.3% for
common antenna from 5.34 GHz to 5.86 GHz as shown in
Fig. 5(a). The impedance bandwidth is enhanced due to the
coupling effects between the slot and the metasurface.
From Fig. 5(b), we observe that the cross polarization
(x-polar) of E-plane with the main lobe remains less than
—35 dB for metasurface and common antenna. As shown in
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Fig. 4. Geometry of (a) metasurface antenna and (b) common
antenna with the parameter. 7, = 60 mm.
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Fig. 5. Simulated S;; and radiation patterns of E-plane and H-
plane at frequency of 5.5 GHz for the metasurface
antenna and common antenna. (a) Simulated results of
Si1. (b) Radiation patterns of E-plane. (c) Radiation
patterns of H-plane.
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Fig. 6. Surface current distributions of metallic structure for
the (a) metasurface antenna and (b) common antenna at
5.5 GHz.

Tab. 1, the beam width of E-plane is increased from
155 deg for the common antenna to 182 deg for the meta-
surface antenna and that of H-plane is shifted from 60 deg
for the common antenna to 71 deg for the metasurface
antenna. These phenomena are mainly attributed to the
gain reduction which is caused by the transmission of the
radiated electromagnetic wave from the slots of the meta-
surface antenna. From Fig. 2, we can see that the cut-off
frequencies are respectively 4.72 and 7.97 GHz with the
depths d of 6.5 and 2.5 mm and the cut-off frequency
would decrease as the mode increased. Meanwhile, the
impedance bandwidth of the metasurface antenna is from
5.16 GHz to 5.72 GHz. So the secondary reason of the gain
reduction is the SSPP waves excited by the circular meta-
surface. As shown in Fig. 6, it can be seen that stronger
surface current density is exhibited for the metasurface
antenna and less surface current density is performed for
copper ground plane. In conclusion, the proposed metasur-
face not only enhanced the impedance bandwidth but also
widened the beamwidth of E-plane and H-plane for the
antenna.

Figure 7 gives the simulated results of MRCS and
BRCS for the metasurface antenna and the common antenna
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Impedance Bandwidth Radiated Beam Width
Gain(dBi)
S11<-10 dB(GHz) bandwidth E-plane(Deg) H-plane(Deg)
Metasurface 5.16~5.72 10.3% 48 182 71
antenna
Common 5.34~5.86 9.3% 5.6 155 60
antenna
Tab. 1. The comparison of the radiation characteristics for metasurface and common antenna.
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1 GHz to 2.65 GHz is mainly caused by the translation
from incident waves to SSPP waves. And while, the broad-
band RCS reduction in the other frequency is caused by
transmission for the EM wave leak from slots of the meta-
surface antenna. The more RCS reduction peaks at low
frequency for the metasurface antenna which are different
from that for the proposed metasurface are attributed to the
coupling effects between the radiating slot and the twelve
gradually increasing two-sided leaf-shaped metallic
grooves array. We can see that there are several differences
of RCS results with the different polarized incident waves
for antennas which are due to the polarization of the
antenna.

4. Fabrication and Measurement of
Metasurface Antenna

To validate the performances mentioned above,
a metasurface antenna device and a common antenna device
with the same dimensions have been fabricated using the
common printed circuit board processing technology. The
dielectric substrate was chosen as RT/duroid5880 boards
with the thicknesses of 0.5 mm. The metal DMSRs and
ground were made of 0.036 mm-thick copper layers. The
devices have been tested by employing the free-space test
method in a microwave anechoic chamber. A vector net-
work analyzer of Agilent N5230C and two standard-gain
horn antennas were used to transmit and receive the elec-
tromagnetic waves for RCS simulation. Two antenna de-
vices with same area were placed vertically in the center of
a turntable to ensure that the incidences were similar to
a plane wave for measuring scattering characteristics.

The measured results of the S; and radiation patterns
are shown in Fig. 8. More in details, the metasurface an-
tenna device achieved the broad bandwidth from 5.21 GHz
to 5.78 GHz with S;;<-10 dB compared to the common
antenna device which exhibited the impedance bandwidth
from 5.35GHz to 5.78 GHz in the same standard in
Fig. 8(a). As shown in Figs. 8(b) and 8(c), it is observed
that the cross polarizations (x-polar) of the E-plane and the
H-plane with the main lobe remain less than —38 dB for
these metasurface and common antennas. The beamwidth
of E-plane is increased from 147 deg for the common an-
tenna to 176 deg for the metasurface antenna and that of H-
plane is shifted from 62 deg for common antenna to 73 deg
for metasurface antenna. The measured results agree well
with the simulated results.

The experimental results of RCS reduction are shown
in Fig. 9. More in details, the metasurface device exhibited
an ultra-broadband low scattering from 1 GHz to 10 GHz
of obvious RCS reduction for different polarized waves.
Moreover, several RCS reduction peaks could be obtained
from Fig. 9. The similar RCS reduction cures for different
polarized incidences indicated the insensitive polarization
for the metasurface antenna device. The experimental re-
sults agree well with the simulated results. The RCS reduc-

tion peaks for x-polarized and y-polarized incidences were
19.2 dB and 16.9 dB at 1.22 GHz and 2.24 GHz, respec-
tively. It is noted that the differences between the simula-
tion and the measurement are addressed by the gaps be-
tween the metasurface and the C-band standard waveguide,
and the tolerance of the fabrication and the measurement.

0
51 #4
- [
10 ""“"'p" ................
— s
9.-15-
% -20- d
-25-
|—=—common antenna
30l=°~ metasurface antenna
4.5 5.0 5.5 6.0 6.5
Frequency(GHz)

@

10| =—o=Xx-polar, common antenna
0] = -x-polar, metasurface antenna
10! == co-polar, common antenna
— - co-polar, metasurface antenna

(b)

90

[u1]

X

c P

= 60270
o

204 240\ " W I /120
10 =—o=Xx-polar, common antenna
04 = -x-polar, metasurface antenna
10/ === co-polar, common antenna
= = co-polar, metasurface antenna

©

Fig. 8. Measured results of (a) S;; and radiation patterns of (b)
E-plane and (c) H-plane at frequency of 5.5 GHz for
the metasurface antenna device and the common
antenna device.
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Fig. 9. Experimental results of RCS reduction for the
metamaterial screen device with different polarized
incidences.

5. Conclusion

In conclusion, we proposed a metasurface antenna
based on the spoof surface plasmon polariton (SSPP) and
transmission. The proposed antenna composed of the meta-
surface and the C-band standard waveguide for feeding the
antenna. The beamwidth has been broadened and the radar
cross section was reduced due to the SSPP and the trans-
mission. The surface current distributions and scattering
parameters were introduced to demonstrate the SSPP and
transmission. The simulated and experimental results indi-
cated that the RCS reduction peaks 19.2 dB and 16.9 dB
can be obtained respectively at 1.22 GHz and 2.24 GHz for
different polarization. The experiments were carried out to
verify the simulation results and measured results showed
that the metasurface antenna exhibited ultra-wideband RCS
reduction from 1 GHz to 10 GHz.
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