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In this work, an integrated metamaterial filter design in close proximity with monopole
antenna is proposed for vehicular communication applications. A cylindrical screen formed
by an array of metamaterial cells is designed to be reflective at 5.9 GHz in order to enhance
antenna performance in intelligent vehicle transport systems. The unit cell proposed design
based on Frequency Selective Surface (FSS) is made of a square loop element glued to a thin
substrate to ensure a band-stop filtering behavior. This geometry is symmetrical providing
the advantage of polarization independency and exhibiting angular stability up to 45° for
both Transverse Electric (TE) and Transverse Magnetic (TM) modes. More importantly,
antenna gain and directivity enhancement are illustrated when the cylindrical FSS layer is
added at a small distance from the monopole radiator. Antenna bandwidth reduction is also
detected due to the presence of the added FSS layer which is suitable for Vehicle to Vehicle
(V2V) communications.

1 Introduction

Nowadays, road traffic is becoming much heavier then before, so
that intelligent communication between moving vehicles is even
more important to improve road safety and optimize the flow of
traffic [1] - [2]. Vehicular communication is an emerging wireless
technology in which the major objective is to enable vehicles to
interact with each other and share information about certain road
issues. The V2V communication system is based on the IEEE
802.11p protocol where a Dedicated Short Range Communication
system (DSRC) frequency of 5.8755.925 GHz is used for informa-
tion exchanges between vehicles [3] - [4].

Wireless Access in Vehicular Environments (WAVE) has been
achieved by antennas installed on the vehicle roofs and the per-
formance of communication systems depends mainly on the config-
uration of the antennas. Generally, for wireless devices, a simple
environment is required to ensure their proper operation. However
that is not the case in on electromagnetic vehicular environment.
Rather it is considered a complex environment due to the existence
of a multitude of signals, systems, and very high electromagnetic
interferences [5] - [6]. Electromagnetic Compatibility (EMC) be-
comes a solution to protect circuits and radio-receiving apparatus
from disturbing effects. It depends on the ability of the equipment or
systems to function satisfactorily in their electromagnetic environ-
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ment without introducing intolerable electromagnetic disturbance
to anything in that environment [7]. Shielding control technique
consisting on filtering is a solution to ensure this EMC. In this case
EMI signals will be stopped outside the operating band.
Commonly, Radio Frequency (RF) filters are added after the antenna
in the circuit and then connected to it with a transmission line. But a
RF filter with a bulky size is the major limiting factor that increases
losses and circuit size. However,an integrating filter and antenna
in a single component showed enhancement in the system perfor-
mances by reducing losses, complexity and size [8]. Added filters
are built with Frequency Selective Surfaces (FSS) [9] to realize
remarkable shielding and preserve antenna radiation characteristics
simultaneously. FSS is a periodic metamaterial structure assembly
of one or two dimensions, either metallic patches on a substrate
or as apertures in a thin conducting sheet, with a filtering behavior
[10].

In literature, little research integrate the antenna with FSS based on
metamaterials to reduce electromagnetic interferences and improve
antenna radiation performances. In [11], a way based on FSS is
proposed to reduce Radar Cross Section (RCS) of microstrip ar-
ray antenna. Planar FSS cells with absorptive property over low
band 1.9-7.5 GHz and a transmissive performance at 11.05 GHz is
used to reduce the out-of-band RCS and simultaneously preserve
the antenna array radiation performance. In [12] - [13], conical
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FSS radome located in close proximity of a monopole antenna is
proposed and it shows a narrow pass-band response which is very
useful for out of band RCS control. Ayan Chatterjee in [14],
proposed a conformal cylindrical FSS for radiation diversity of
monopole dielectric resonator antenna. This FSS reflective at 5 GHz
is placed close to the antenna and improved the bandwidth from
26.8 % to 53.67 % in 4-6 GHz. Later, in [15], different curvatures
of a conformal FSS to achieve beamwidth control in a dual band
monopole antenna were demonstrated. Unit FSS design exhibit a
miniaturization of 0.07 Ay. The design of a corner reflector based on
this FSS cell achieves different beamwidth of 58 degrees and 190 °
with 8.30 and 6.8 dBi at 3.5 GHz and 5.8 GHz respectively.

In this paper we propose a 3-D cylindrical filter-antenna for wireless
vehicular communication. This filter is designed to be reflective
at 5.9 GHz frequency dedicated for wireless communication in a
vehicular environment. It is made with an array of FSS cells blinded
on cylindrical form and integrated with a monopole antenna at a
close distance in order to enhance the radiation performance in gain,
directivity and bandwidth. Simulation results show a good filtering
response independently of incident wave angle and polarization.
Also, an improvement in directivity, gain and S-parameters of an-
tenna is observed. Moreover, bandwidth reduction is shown which
is suitable for vehicular communication applications in an Internet
of Things (Vehicles) environment.

The rest of the paper is structured as follows: Section II describes
the proposed FSS unit cell design and simulations. Then, the de-
sign and characteristics of the antenna with the cylindrical filter
at 5.9 GHz are detailed in section III. Simulation works, are also
discussed in this section. Conclusions are finely summarized in the
last section.

2 Proposed metamaterial filter

Frequency selective surface FSS are usually constructed from a
periodic assembly of one or two dimensional resonant structures.
These structures can be metallic patches of arbitrary geometries or
their complementary geometry may have aperture elements similar
to patches within a metallic screen [16]. In the neighborhood of
the element resonances, these surfaces exhibit total transmission
or reflection response depending on the FSS cell design. So, they
may be categorize as having a low-pass, band-pass, band-stop and
high-pass filter behavior [17]. The performance of FSS mainly de-
pends on geometry, element size and spacing, dielectric thickness,
electrical characteristics, the incident angle of the excitation wave
and polarization. Later a new class of FSS called miniaturized FSS
is investigated. In this class of FSS, instead of using a resonant
structure, the constituting element consists of a lumped inductor and
capacitor properly arranged in a compact form which is respectively
coupled to the magnetic and electric fields of an incident wave. So,
an L-C circuit filter is formed and the overall dimensions of the unit
cell can drastically be reduced [10]. Figure 1 shows a capacitor
formed between two adjacent metallic strips with a separation dis-
tance of s, where s << A. If a vertically polarized TEM wave acts
on this structure, positive and negative charges accumulate on the
lower and upper strips respectively. This creates a capacitor whose
capacity is proportional to the length of the ribbon L, and inversely
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proportional to the separation distance s [10]. For a thin metal wire
with a width of W, it acts locally as an inductance for a TEM wave
whose magnetic field is perpendicular to the wire. By cascading the
capacitive and inductive surfaces compactly, a parallel L-C circuit
is formed and performs as a first-order resonator of f = m
The manufacture of this type of circuit can be easily obtained by
printing a capacitor and an inductor on both sides of the dielectric
substrate.

Metallic Strips

(a)

(b)

Figure 1: (a) Capacitance C is formed between the adjacent edges of two coplanar
microstrips, (b) Inductance L associated with a metallic strip.

The first step in the design of a desired FSS cell using the pro-
posed architecture above is to design the constituting resonators.
The resonant frequency of the resonator can be determined by evalu-
ating the effective inductance and capacitance of the unit cell. A first
order approximation for the value of the capacitance is provided in
[10].

1

sin (35)

2.D
C = EQ.ngf.T.lOg( ) (1)

The capacitance value is determined by the cell length D, the gap
width between the two adjacent strip s, and the effective dielectric
constant of the supporting substrate. The inductance value, however,
is only determined by the length and width of the metallic strip W
and D [10].

1

sin (55)

2.D
L = po.5—log( ) )

2.

In the design of this miniature FSS it is important to choose the

constituent unit, the substrate and the existence or not of FSS multi-
layers. All these parameters control the FSS frequency response
such as bandwidth, operating frequency, sensitivity to polarization
and incidence angle.
In this paper we propose an FSS unit cell with a stop-band filtering
response at the resonance frequency of 5.9 GHz. It basically con-
sists of a rectangular loop on the top side of RT5880 substrate with
a relative permittivity of 2.2, dielectric loss tangent of 0.0009 and
thickness of 0.127 mm. The unit cell has a dimension D and it is
called periodicity. It has a size of @ compared to the wavelength
at the operating frequency of 5.9 GHz. Parameter a represents the
loop width and s is the gap between them. The whole cell geometry
veries the symmetry propriety to the directions of polarization for
horizontal and vertical polarized waves. This topology is illustrated
in Figure 2 and Figure 3.
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Figure 2: (a) FSS cell topology. (b) FSS cell on 3D.

2.1 Parametric study and simulations results

To synthesize the miniaturized FSS element, we initially assign its
structural parameters according to the equations (1) and (2) in the
CST studio as follows: D =7 mm, a = 0.2 mm and s = 0.05 mm. A
parametric study is done for periodicity value D, Loop width a and
also for Gap between loops s in order to select the best configura-
tion which gives more performances at 5.9 GHz resonant frequency.
Transverse Electric (TE) mode is adopted in the parametric simula-
tions. Based on results of reflection and transmission coefficients
shown in Figure 4, it may be noted that, the FSS cell behaves as
a pass-band filter. Furthermore, the variation of parameters D, a
and s have significant effects on the resonant frequency. In fact, for
transmittive performances with the increase of periodicity D, loop
width a and the gap s, the resonance frequency is shifted from 5.9
GHz towards high frequency band. For reflective performance it
can be seen that, the reflection zero value gets close to 0 dB with
the increase of all parameters values. Clearly, the transmittive and
reflective performances are dependent on the geometric parameters
of the FSS cell.

In Table.1, the optimized geometric parameters values of the
proposed FSS cell are given.

Table 1: Optimized geometric parameter of FSS cell at 5.9 GHz.

Parameters | Value (mm)

Periodicity:D 7.1

Loop width:a 0.1
Gap:s 0.1

As a recommendation in telecommunication systems, it is im-
portant that the FSS must be isotropic with respect to different po-
larizations and also insensitive to the incident angles of the electric
field. In this case it is necessary that the transmission and reflection
characteristics remain invariant when the polarization and the angle
of incidence of the incoming wave change. To put in evidence these
characteristics, and using the values of the optimized geometric pa-
rameters of the FSS cell, the transmission and reflection coefficients
are evaluated for both TE and TM polarization modes and they are
shown in Figure 4. Simulation results indicate that the FSS cell has a
stop-band filter response with a reflective -10 dB bandwidth of 8.66
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GHz at 5.9 GHz. An isotropic cell behavior is also observed because
of identical values of transmission and reflection coefficients in the
TE and TM modes. Thus, the proposed metamaterial cell structure
enables the polarization independent operation.

Reflection -TE mode
Transmission-TE mode
Reflection-TM mode
Transmission-TM mode

Reflection and transmission Coefficients [dB]

. i i i i i
2

Frequency [GHz]

Figure 3: Transmission and reflection coefficients simulations for TE and TM modes
at normal incidence.

The comportment of the cell under oblique incidence in TE and
TM mode respectively, is calculated and depicted in Figures 5 and 6.
From these results, we can see how the reflection zero changes when
the incident angle increases over 45 °. In addition, it is observed
that the FSS response is opposite for TE and TM modes according
to the change of incidence angles. In fact, the amplitude levels of
the reflection coefficient is failing with the increase of the incidence
angle value in TM mode but it is more rapid in TE mode. This
is because the surface impedance is proportional to the angle of
incidence in TM mode whereas in TE mode it is the opposite [10].
It is to be noted that the proposed structure is isotropic and it has a
stable performance for different incidence angles and polarizations.

Reflection [TE,8=0°]
Reflection [TE,8=457]

Reflection Coefficients [dB]

Frequency [GHz]

Figure 4: Refection characteristics for TE mode at different angle of incidence.
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Frequency [GHz]

10 12 14
a parameter.

Frequency [GHz]
Figure 5: Simulated transmission and reflection coefficient value of proposed FSS unit cell.

(e) Variation of reflection coefficient with the loop width @ as a (f) Variation of transmission coefficient with the loop width a as

parameter.
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Figure 6: Refection characteristics for TM mode at different angle of incidence.

3 Integrated design of antenna and meta-
material filter

As is well known, the monopole antenna is widely used in V2V com-
munications because of it’s omnidirectional radiation characteristics
[18]. So, it has been chosen as the reference antenna. It is designed
to operate at 5.9 GHz with a PEC circular reflecting ground plane.
Large ground plane with Radius of 48 mm ( a distance of A ) is taken
to accommodate after, the integrated curved FSS. The length of the
PEC wire L is 11.75 mm acting as a quarter-wave monopole and his
radius (R,,) is taken 0.45 mm. This monopole is fed by a 50 Q. The
proposed antenna design is shown in Figure 7.

«+ Rm

A

Ground plane ~ Coaxial feed

Figure 7: Cross-section view of the monopole antenna.

In order to verify the effect of the proposed FSS on bandstop
filtering, an array of 9 x 42 unit cells as studied above is designed
and then mapped on a cylindrical curved surface. The radius of
the cylinder is chosen to keep the radial distance (R.) between the
antenna and the reflector around A (near to 48 mm) with respect to
the 5.9 GHz center frequency. This conformal FSS is then placed
above the antenna ground plane. The monopole is laid on the center
axis of the cylindrical FSS radome to keep axi-symmetry of the

whole structure. The filter-antenna design is shown in Figures 8 and
9.
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FSS reflector layer
Ground plane /

Monopole antenna

Figure 8: Top view of monopole with conformal FSS reflector.

Figure 9: 3-D view of monopole with conformal FSS reflector.

Simulations of the composite design with and without cylindri-
cal FSS are performed with CST-microwave studio in order to study
the performance of the FSS filter when it is added to the antenna.
The simulated reflection coefficient (S ;) of the antenna with and
without the conformal reflector are shown in Figure 10. It can be see
from this figure, that the input reflection coefficient value changes
significantly and was improved from -16.11 dB to -26.85 dB at 5.9
GHz. Furthermore, -10 dB bandwidth of the antenna decreases from
1.35 GHz to 239 MHz around the 5.9 GHz center frequency. So, it
is much narrower which is very suitable for V2V communication in
Dedicated Short Range Communication system (DSRC) frequency.

S-parameters [dB]

45 5 55 G

Frequency [GHz]

Figure 10: Simulated input reflection coefficient S 11 of the antenna with and without
curved FSS.

Radiation patrerns with ¢=90 at 5.9 GHz of the monopole an-
tenna and the corresponding FSS filter are shown in Figures 11 and
12. From these patterns, omnidirectional radiation characteristics
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of the monopole antenna are kept. It is also clearly observed that
with FSS, the antenna radiates more directivity. In fact, directivity
was improved from 4 dBi to 5.54 dBi with the integration of the
conformal FSS reflector. In addition, antenna gain increases from 4
dBi to reach 5.55 dBi with the FSS layer at 5.9 GHz. Total radiation
efficiency of 95% of the antenna is also noted in the presence of the
proposed cylindrical conformal FSS reflector layer. These results
can be explained by the presence of constructive interferences of the
phase component of radiated and reflected waves in the direction
opposite to the FSS [19].

So, based on the above simulated results, one can deduce that the
radiation characteristics of antenna were improved. The conformal
FSS cylindrical layer can act as a RF filter which is directly added on
to the antenna. It can be used in reducing interferences and shielding
antenna especially in electromagnetic vehicular environment.

Farfield Directivity Abs (Phi=90)

Phi=270

Phi= 90 30 30

— With FS5
— Without FS5

180
Theta [/ Degree vs. dBi

Figure 11: 2-D view of radiation pattern (directivity) of monopole antenna
with/without FSS layer.

Farfield Realzed Gain Abs (Phi=90)

Phi=270

Phi=00 30 30

— With FsS
— Without FSS

Theta / Degree vs. dB

Figure 12: 2-D view of radiation pattern (gain) of monopole antenna with/without
FSS layer.
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farfield (f=5.9) [1]

Type Farfield
Approximation  enabled (kR >> 1)
Component Abs

Directivity
Frequency 59 GHz

Rad. effic. 0001377 dB

Tot. effic. 001781 dB

Dir. 5.569 dBi

Output

Figure 13: 3-D radiation pattern of monopole antenna with FSS reflector layer.

4 Conclusions

Due to the unreliable characteristics of the wireless medium, per-
formance guarantees concerning the quality of the communication
cannot be easily given. EMI in electromagnetic vehicular environ-
ments can disport the function of wireless devices. Therefore, the
use of filter added on the antenna may be very beneficial to reduce
the EMI effect. In this paper, a cylindrical conformal filter-antenna
for V2V application is proposed. This design based on the cylin-
drical resonant FSS screen and placed at a small distance from
the monopole element, enhances the radiation performance at 5.9
GHz. It provides an improvement in directivity by 1.55 dBi, in gain
by 1.5 dB and also demonstrates also a narrow bandwidth which
is mainly recommended for V2V communications. These results
were successfully demonstrated by numerical simulations and in
a future work by experimental prototypes. Moreover, due to it’s
design simplicity and having only one layer, this filter should bear a
low fabrication cost.
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