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ABSTRACT Vehicular communication systems can be used to improve the safety level of road users
by exchanging safety/warning messages. In this paper, we propose an antenna for a pedestrian-to-vehicle
(P2V) device that provides a safety service to road workers on the highway or the road environment.
A metasurface antenna system was fabricated and tested first in a controlled laboratory environment in
an anechoic chamber. The device is designed to be worn close to the body of the road worker and in
this framework the specific absorption rate (SAR) has to be evaluated and compared to the threshold
values recommended by standards. Field tests results in an environment representative of the highway are
conducted at the Transpolis test tracks are also provided to validate the performances of our system. It is
shown that the proposed antenna system consisting of two monopoles backed by a metasurface reflector is
an excellent candidate for P2V communications based on IEEE 802.11p systems with desirable radiation
pattern, polarization, and safety limits.

INDEX TERMS Cooperative Intelligent Transport Systems (C-ITS), Pedestrian to Vehicle (P2V), Vulner-
able Road Users (VRU), ITS-G5, 802.11p, circularly polarized monopole antenna, metasurface reflector,

specific absorption rate (SAR).

I. INTRODUCTION
OOPERATIVE intelligent transport systems (C-ITS)
are being deployed in Europe [1], [2], for both road
infrastructures [3] and vehicles. This deployment facilitates
the development of next-generation cooperative systems, im-
proving safety [4], efficiency, and harmonious co-existence
among different transport methods.

Several recent and ongoing projects are addressing as-
sociated with the challenges with the deployment of C-
ITS. For example, C-Roads France [5], is a C-ITS pilot
deployment project that focuses on the development and
experimentation of innovative road solutions. One of the
key usecases explored in this project is the pedestrian-to-
vehicle (P2V) communication systems to protect vulnerable
road users (VRU). The integration of VRUs into C-ITS [6]
presents a promising approach to improve the safety of road

workers on highways and in scenarios where the number of
accidents is high [7].

Various communication technologies have been employed
to design VRU protective equipment and can be classified
in two categories, namely (i) common and non-dedicated
communication technologies, such as Bluetooth [8], Wi Fi
[9]-[11], Cellular (MNO) networks (LTE-3G, 4G) [12]-[14],
and GNSS (e.g., GPS) [15], and (ii) dedicated communi-
cation technologies specifically designed for transportation
safety applications. They are based on standards like IEEE
802.11p or ITS-G5 [16]-[20], as well as the newer cellular-
based communication (C-V2X, NR-V2X, 5G-V2X) technol-
ogy [21].

P2V communications and VRU safety is a rather recent
research topic. The solutions proposed to establish P2V
communication consist in using a personal ITS Station such
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as tags [], smartphones [], and dedicated devices []. It should
be noted that, to date, no existing portable dedicated VRU
communicating devices have been proposed.

Our research work focuses on the use of the already-
deployed IEEE 802.11p communication standard for the
design of VRU protective equipment specifically designed
to be worn by road workers in highway environments. This
system should enable road workers to broadcast alerts to
neighboring vehicles and infrastructure in case of potentially
dangerous situations, thus ensuring timely and effective
reaction within a minimum distance of 300 meters. This
novel approach has been implemented as part of the C-Roads
France project and supported by APRR on its pilot site.

The VRU device consists of an ITS-G5 communication
system with an integrated antenna system facilitating mes-
sage broadcasting. The successful implementation of the
P2V communication based on the 802.11p standard relies on
the use of compatible and high-performing antennas. [22].

Antenna specifications accounting for a high variability
in position and orientation of the roadworkers with respect
to vehicles and roadside units makes the selection of an
appropriate antenna type challenging. Directive antennas
[23]-[25] could be a good candidate for their high gain
and extended communication range, were also employed for
SAR reduction. However, their drawback is the suppression
of lateral radiation [26], which can significantly impact the
performance of the system in certain use-case scenarios.

In this paper, an antenna system composed of two
metasurface-reflector antennas [27]-[31] placed back to back
is proposed to preserve lateral radiation while addressing the
requirements in terms of Specific Absorption Rate (SAR)
levels. To handle the integration of the omnidirectional
antenna system close to the human body, the SAR should
be minimized to ensure compliance with the recommended
threshold values given by relevant safety standards and
recommendations [32] and [33].

The paper is organised as follows. In section II, we
define the use case of the C-Roads project with a portable
VRU device based on C-ITS systems for roadworkers on
the highway. In section III, antenna specifications and in-
tegration scenarios to account for the VRU implementation
requirements are described. Section IV presents a detailed
description of the antenna system, design methodology and
structure. In Section V, numerical and experimental results
in anechoic chamber are presented. Section VI, focuses on
on-site system evaluation in terms of received power level,
describing the measurement scenarios, experimental setup,
and the results obtained. Finally, section VII compares and
analyses the performance of our antenna system with other
research works in other applicative fields.

Il. P2V Communication system based on IEEE 802.11p:
use case description

A highway environment including a roadworker equipped
with a VRU communication device based on IEEE 802.11p

communication protocols is illustrated in Figure 1. The VRU

FIGURE 1. lllustration of the communication system 802.11p-based P2V
in highway, where the road workers, vehicles and infrastructures are
equipped with 802.11p communication protocol

device should allow for the broadcasting of messages in
the highway or road environment, where the road workers,
vehicles and infrastructures are all equipped with 802.11p
communication systems. This device consists of a ITS-G5
communication system with an integrated antenna system.

For road worker safety, it is essential that this antenna
system simultaneously accounts for two challenges, namely,
achieving a minimum broadcast range of 300 meters to
ensure effectiveness under adverse highway conditions, ac-
counting for reaction times at speeds of 130 km/h; and en-
abling predominantly line-of-sight signal propagation. These
characteristics are inline with the underlying principles of
Intelligent Transportation Systems (ITS), particularly the
ITS-G5 communication standard where low latency, direct
and real-time communication between VRU, vehicles and
infrastructure are required.

lll. Antenna specifications and integration

The functional requirements derived from ITS-G5 can be
subdivided on two categories as depicted in Figure 2. The
first one is related to the communication protocol and the
second one depends on the applicative scenario where the
communication system is to be deployed.

=)
g%
o= . Oper_ating frequency: 5.850 GHz - 5.925 GHz
8 L + Max input power of 23 dbm

3
£8

Ant Minimum transmitter antenna gain Gt(min)

e qrenlga | = -23dBi for a broadcast distance of at
g 2 Sssliiebl least 300 meters
7
5o —— - Omni-directional
L 4 environment | | radiation pattern
E o Integration « Circular polarization
< constraints

On body-

bt SAR requirements

FIGURE 2. Functional requirements derived from communication system
ITS-G5. (i) application-specific requirements and (ii) Communication
specific ITS-G5.

The environment-related integration constrainsts and typ-

ical antenna specifications are detailed in the following
subsections.
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A. Integration constraints

For the considered scenario, the placement and integration of
the antenna on the body of roadworkers are critical consid-
erations to ensure effective communication while ensuring
safety. Throughout the design and evaluation of the P2V
device, a specific integration scenario is considered. It is
shown in Figure 3.

Ullustration : N. Awada Misimani,
= Uni. Eiffel

FIGURE 3. Body worn P2V device (antenna integration scenario, where
the antenna is placed on the human body in a back-to-back configuration).

It consists of two body-worn antennas. One antenna el-
ement is placed on the top left of the back of the body,
while the other antenna element is placed on the front of
the body. Both are then interfaced with the communication
system through a power splitter. In the integration scenario
we proposed, the miniaturization of the antenna was not a
critical requirement. However, the antenna gain was identi-
fied as crucial to minimize power consumption and ensure
the autonomy of the device.

To handle the integration of the VRU antenna system close
to the human body, the Specific Absorption Rate (SAR)
should be minimized to ensure compliance with the recom-
mended threshold values given by relevant safety standards
and recommendations of the International Commission on
Non-Ionizing Radiation Protection (ICNIRP) and the Federal
Communications Commission (FCC) [32], [33] set at 0.4
W/kg for occupational exposure [32] and [33].

B. Antenna specifications

The successful implementation of the P2V communication
system based on 802.11p standard, relies on the use
of compatible and high-performing antennas. To meet
the specific requirements derived from the ITS-G5
communication system, the following specifications of the
antenna system are derived:

e Operating frequency band: the antenna should operate
within the specified frequency band of ITS-G5 com-
munication (e.g., 5.850 GHz - 5.925 GHz), enabling
efficient signal transmission and reception.

e Radiation pattern: due to the demanding nature of the
road-worker environment, it is essential for the antennas
to have specific spatial radiation selectivity. An omnidi-
rectional antenna can prove to be a good candidate such
that signal reception degradation in other directions can
be avoided.

VOLUME

e Polarization: the axial ratio (AR) of the antenna should
be less than 3 dB to achieve circular polarization, which
facilitates predominantly line-of-sight propagation. Ad-
ditionally, this feature is important since the proximity
of lossy and high dielectric materials, such as water and
the human body, is known to create depolarization of
waves

e Gain: the minimum transmitter antenna gain is deter-
mined through an analytical approximation at a fre-
quency of 5.9 GHz. It is given by G(min) = -23 dBi
considering a separation distance of 300 m between
the transmitting and receiving antennas. The calculation
is performed using the Friis equation. Even though
the minimum required gain is low, a good level of
acceptable gain is necessary since it would result in
less power consumption and thus a higher autonomy
level of the portable device.

IV. Antenna system design

A. Design methodology

The design of the antenna system proposed follow the steps
depicted in figure 4.

| Antenna specifications |

[
I

‘ Antenna design ‘

|
I

m,

‘ yes
v
On-body integration ‘

\
.

SAR evaluation ‘

111 \

RF
exposure<threshol
levels recommended
by ICNIRP
and FCC?

v

SAR reduction techniques

-

‘ Fabrication process ‘

No
\" <Experimental validatiol

FIGURE 4. Design Methodology Steps: (1) Geometric optimization for 5.9
GHz resonance and circular polarization; (2) Investigation of human body
effect; (3) Numerical evaluation of Specific Absorption Rate (SAR)
compliance; (4) Introduction of metasurface-based reflector for human
body radiation control; (5) Experimental validation in controlled lab and
real-world field tests at Transpolis.

In the initial stage of the design process, optimization
of the geometrical dimensions was carried out to achieve
resonance at 5.9 GHz while ensuring circular polarization.
Subsequently, the impact of human body interaction on the
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system was thoroughly investigated. A metasurface reflector
is thus introduced to control the radiation in the human
body. To comprehensively assess the performance of the
proposed metasurface reflector, a numerical evaluation of
Specific Absorption Rate (SAR), which quantifies human
body exposure, is conducted in accordance with relevant
safety standards. Furthermore, experimental validation of the
VRU prototype is performed in both a controlled laboratory
environment in anechoic chamber, and in real-world field
tests conducted at the Transpolis.

B. Antenna system structure
The antenna system considered in this research work is
illustrated in Figure 5.

. Metasurface reflector

Monopole
. antenna

Manopole
antenna

Metasurface

FIGURE 5. Overview of the antenna system structure, consisting of two
microstrip-monopole antennas backed by metasurface reflectors with a
gap of \/4.

It consists of a two microstrip-monopole antenna system
backed by metasurface reflectors. The gap between the
antenna and the metasurface, was chosen to the point where
the distance between the human body and the antenna is
almost equal to M\/4. These antennas are connected to the
electronic device through conductive wires. Designed to be
worn on the back to back of road workers’ bodies, as
depicted in the integration scenario shown in the preceding
section (Section III).

1) CP monopole antenna

A circularly-polarized monopole antenna integrated is de-
signed and simulated using CST suite 2021, as shown in
Figure. 6, with dimensions listed in the table 1.

The CP monopole antenna is composed of stub metallic
radiating elements, an asymmetric ground plane [27], [28],
and a substrate (FR4, dielectric material of permittivity of
4.4, and a thickness of 1.6 mm). By embedding a slit on
the ground plane, this antenna achieves a broad impedance
bandwidth and circular polarization (CP) [30], [31]. The CP
monopole antenna is fed by a coplanar waveguide (CPW)
terminated by a discrete 50 ohm feeding port and a dielectric
material (permittivity of 4.4) as the substrate.

FIGURE 6. lllustration of the CP monopole antenna in free space. It
consists of stub metallic radiating elements, an asymmetric ground plane
with an embedded slit, and an FR4 dielectric substrate (permittivity: 4.4,
thickness: 1.6 mm). Fed by a coplanar waveguide (CPW).

TABLE 1. Antenna parameters.

Parameters Values (mm)
Antenna width (L) 40.7
Antenna length (W) 33

Stub width (11) 2.2
Stub length (16) 29.7
Left ground length (13) 4.18
Left ground width (14) 18.81
Right ground width (15) 18.81
Right ground length (12) 6.49
Slit length (17) 1.32

Slit width (18) 6.6
Feed length (19) 1.76
Height (h) 1.6

2) Metasurface reflector

A metasurface of reflection coefficient with 0° phase based
on patch antenna was integrated, which has the the capability
of reflecting energy with zero phase shifts. So that the
backward energy toward human body will be redirected to
opposite direction resulting in increasing the radiation in
the human body [34]-[36]. The unit cell of the reactive
impedance metasurface (RIM) and its corresponding equiv-
alent circuit are depicted in Figure 7.

Dielectric £r

FIGURE 7. The geometry of the metasurface as a Floquet cell with
periodic boundaries conditions, where Z, is the length of the patch, 7, is
the distance between the unit-cells and d is the thickness of the
substrate. On the left side, its equivalent LC circuit

There are many parameters that contribute to the final

expression of the phase of the reflection coefficient ¢ of a
reactive impedance metasurface. It is given by:

VOLUME ,
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1 XX
¢: 2arctan(z—oﬁ), (1)
where 7 is the wave impedance of free space, X is the
inductive reactance defined as:

A N
X, = \/%tan(w?d), 2

and X is the capacitive reactance:

1
X. = .
2n fC
an upper estimation of the capacitance C can be calculated

by considering the two metal patches as a coplanar stripline;
the capacitance per meter can therefore be given by:

eK(\/1—Z,
0= KW =2 4)
where K is the complete elliptic integral of first kind and
e is the effective dielectric constant, which should account
for the fact that the electric field is distributed partly in the

dielectric and partly in free space:

3

e +1
€= 607 (5)
and Z, is the geometrical parameter given by:
Zy
Lp = — 6
Zs (6)

where Z; is the length of the patch and Z, is the distance
between the metamaterials

The previous equations show that the phase of the re-
flection coefficient for a reactive impedance metasurface is
affected by various parameters. To provide a comprehensive
understanding of the design process, three matrices were
introduced and visually presented in Figure 8.

P18

P28

Pg,1 P32 s Ps.8

FIGURE 8. 3 matrices show the phase of the reflection coefficient which
is a function of the inductance X ;, and the capacitance X, Which in turn
depend on three physical parameters such as, thickness of the substrate,
the permittivity and the size of the metallic patch

Through the use of these matrices, one can effectively
select the appropriate physical characteristics of the unit
cell to engineer a reactive impedance metasurface (RIM)
with a desired reflection phase.

VOLUME ,

In this study, a phase of 0° was chosen as the reference
for determining the metasurface parameters. To achieve
this, X1 was carefully selected, and an estimated value of d
was derived considering the parameter €,, which represents
the relative permittivity of the substrate. The capacitive
reactance X was then chosen to provide a range of values
for Z, = %, taking into account the parameter e,.

To validate the analytical results, the design was simulated
using CST microwave studio at a frequency of 5.9 GHz. The
simulation yielded an optimized configuration with Z, =
% = 0.443, where Z, = 13.6, Zy = 5%, and d = 6.1 mm.
These parameters were specifically adjusted for a lossless
substrate of permittivity €, = 4.4. Figure 9 shows the phase

calculated in degrees with respect to frequency. The phase

S-Parameters [Phase in Degrees]

200
(o))
3 0
-200 i
5.5 58 59595 6.5
Frequency / GHz

FIGURE 9. Simulated reflection phase at 5.9 GHz. This figure illustrates
the simulated reflection phase characteristics of the metasurface at

¢ = 0. The analysis is conducted using a Floquet cell model with periodic
boundary conditions.

of the reflection coefficient of the unit cell presents ¢ = 0 at
the operating frequency of 5.9 GHz in agreement with the
analytical approach.

V. Description of the human body model

Since the antenna was designed to operate with a P2V
communication system, its performance must be evaluated
when it is close to the human body due to partial absorption
and reflection of electromagnetic energy.

To speed up the computation, the human body was simplified
into a three-layer tissue numerical model for simulation, with
dimensions of 200 mm x 200 mm that represents the real
human environment, as shown in Figure 10.

cp

antenna Reflector

Tissues Thickness € o(S
=
d (mm) /m)
—_— M " skin 36 35 38

Fat 7.2 495 0.3

—} Muscle 25,2 484 5.08

(front)

Muscle 18 48.4 5.08
(back)
Fat 7.2 495 03
- skin 36 35 38
——

FIGURE 10. Simulated human body tissue environment. A simplified
three-layer tissue numerical model (200 mm x 200 mm) representing the
real human environment for simulation purposes.
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It is made up of skin, fat, and muscle. The electrical
lengths of each of these layers are listed in the table in Figure
10 and are defined by the electrical properties and thickness
of the corresponding tissues layers that are obtained from
a realistic phantom model (the Zubal phantom) [37], at 5.9
GHz.

VI. Numerical and experimental validation in anechoic
chamber

A. Description of the P2V prototype

To validate the performance of the P2V antenna system, a
prototype is fabricated and tested. The antenna prototype is
shown in Figure 11.

(b)

FIGURE 11. Fabricated antenna system backed by metasurface reflectors
on FR4 substrate, with dimensions of 11.5 x 7.5 cm. (a) Antenna system
(b) Metasurface.

The prototype consists of the three layers : (i) the
monopole antenna printed on FR4 substrate, (ii) Rohacell
foam (permittivity ¢ = 1.1) of thickness 5 mm, (iii) the
metasurface, baked by metallic ground plane. The antenna
consists in 35 pum-thick copper printed on an FR4 substrate
of permittivity (¢ = 4.4, tand = 0.018) and thickness of
1.6 mm. The metasurface shown in Figure 11(b) is printed
on an FR4 substrate of thickness 6.1 mm. The transmission
line is then terminated with a 50€2 3.5 mm SMA connector
to feed the antenna.

B. Description of measurement set-up

1) S11 and Radiation pattern

The design prototype is measured with a Vector Network
Analyzer (VNA) to validate the impedance matching.

The radiation pattern measurement was performed in an
anechoic chamber at 5.9 GHz in both E-plane and H-plane.
Figure 12 shows the measurement setup for the radiation
pattern in the far field of the anechoic chamber.

=l 75.G5 Antennas

turntable

N

FIGURE 12. Antenna pattern measurement setup in anechoic chamber.

An linear-polarised emitting antenna is placed at a distance
of 3 meters from our proposed antenna, which is integrated
on the front side of a human-body simulating mannequin
used in our experimentation. The mannequin is filled with a
tissue simulating liquid (TSL) for frequency of 5800 MHz
with a tolerance 10%. The dielectric parameters of the body
simulation fluid are defined in the FCC KDB publication
865664 and correspond to a permittivity €,=48.2 and a
conductivity 0=6 S/m. These liquids are representative of
the human body and are based on the permittivity and
conductivity of the muscles. The mannequin is positioned
on a turntable, such that the radiated fields can be measured
with respect to angular positions.

2) Axial ratio

To assess the circular polarisation (CP) property of the
antenna, the axial ratio must be measured. The measurement
setup in the anechoic chamber is shown in Figure 13. The

-
I \HO
i

L AN
'm’";w'f W

Ja8H) Mf,\/,J’L

”‘.\:'\*‘QA ‘/."

FIGURE 13. Axial ratio measurements setup in anechoic chamber.
Measurements are conducted using the polarization rotation method [38].
An open boundary quad-ridged horn antenna serves as the auxiliary
antenna, connected to a 3dB hybrid to generate CP waves. The antenna
under test (AUT) is installed on an Axis Antenna Positioner and
positioned on a turntable.

measurements are carried out using the polarisation rotation
method, as described in [38]. An open boundary quad-ridged
horn antenna operating from 2 GHz to 18 GHz frequency
range was used as the auxiliary antenna. A 3dB hybrid is
connected to the auxiliary antenna to generate CP wave. The
Antenna Under Test (AUT) is installed on an Axis Antenna
Positioner and positioned on a turntable.

C. Results

Figure 14 shows the simulated and measured reflection
coefficient bandwidth. The S7; is shown to be less than -10
dB in the operating frequency band ranging from 5.8 GHz to
5.95 GHz. The normalized radiation patterns obtained from
numerical simulation were then validated by the experimen-
tations performed in the anechoic chamber at 5.9 GHz in
both the E-plane (for ¢ = 90°) and H-plane (¢ = 0°). The
cross and co-polarization are also measured. These results
are shown in Figure 15.

VOLUME ,
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5.5 5.9 6.3
Frequency / GHz

FIGURE 14. Simulated Return Loss, validated by experimental. The gray
part represents the frequency band of 5.85-5.95 GHz

Simulation | Measurement

(d)

(c)

FIGURE 15. Simulation validates with experimental measurements in
E-plane Cross polarization (a) and Co polarization (b) at 5.9 GHz, in
H-plane Cross polarization (c) and Co polarization (d) at 5.9 GHz.

The measured results are in good agreement with
simulations in both the E- and H-planes. While the measured
radiation pattern matches the simulated radiation pattern in
the direction of the main lobe, some discrepancies occurred
in the radiation pattern measurement in the back lobe. This
difference is mostly due to the slight differences in the
human body model used for simulations and the mannequin
available for experimentations. Simulating exactly the same
scenario would require too high computational complexity.
The measured back lobe results are considered acceptable
for our application.

The measured axial ratio of the circularly-polarized
monopole antenna and its corresponding simulation results
are depicted in Figure 16. The results obtained from the
polarization rotation method agree with the simulation re-

VOLUME ,
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FIGURE 16. Simulated axial ratio, validated by experimental.

sults. The 3-dB axial ratio bandwidth, both simulated and
measured, is 11.6 % within the ITS-G5 band.

D. Numerical SAR assessment

The SAR value was obtained by simulations performed ac-
cording to the averaging method stated in IEEE/IEC 62704-
1 [39], for an input power of 23 dBm and a frequency of
5.9 GHz. The limit for the average SAR is 10 W/Kg for the
parts of the human body treated as extremities, such as hands,
wrists, feet, ankles, and pinnae. For an antenna positionned
close to the body tissues, the SAR distribution calculated
and averaged over 10g of inside body tissue at 5.9 GHz is
depicted in Figurel7.

W/kg I

FIGURE 17. SAR distribution on body tissue at 5.9 GHz with antenna and
metasurface. The simulation indicates a maximum SAR value of 0.193
W/kg, which complies with safety standards (ICNIRP and FCC) set at 0.4
W/kg for occupational exposure.

The maximum SAR value of 0.193 W/kg obtained from
simulation, shows that it is well within the limits of the safety
standards of ICNIRP and FCC [32], [33] set at 0.4 W/kg
for occupational exposure. The results thus confirm that the
metasurface antenna system prototyped is a good candidate
to be deployed on road workers in the highway environment
for C-ITS-enabled P2V devices.

VIl. On-site evaluation

A. Measurement scenario

An on-site evaluation of the P2V device integrating our
antenna was performed in controlled highway environment
of Transpolis Fromentaux in collaboration with the partners
Transpolis [40] and Autoroute Paris Rhin Rhone (APRR).
The runway used at Transpolis is the Highway runway
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offering 5 Traffic lanes over a length of 900m. A speed of
130 km/h can be reached at the entrance of the straight line.

B. Experimental Set-up
Figure 18 depicts the measurement setup used for on-
site testing. The transmitting system is integrated on our

Wireshark
connected OBU

- 0BU POC
' integrates a

VAN aE = Gnss

- module
e

Antenna

| system

0BU
RF Signal Coverage (b)

GPS
Antenna for Receiving  antenna

FIGURE 18. On-site test setup in TRANSPOLIS FROMENTAUX highway
environment. The setup consists of: (i) Transmitting antenna system and
(ii) AREA van equipped with an 802.11p onboard unit (OBU) for receiving.

mannequin; it consists in our antenna prototype under test
connected to an ITS-G5 Communication module (designed
by Lacroix city V2X) and a GPS antenna. This system
broadcasts messages, such as CAM (Cooperative Awareness
Message) and a specific DENM (Decentralized Environ-
mental Notification Message) announcing the presence of
a roadworker on the highway. The later will be received
based on the geo-localization of the vehicle with respect to
the roadworker. On the receiving end, the measurement test
involves an APRR car equipped with an 802.11p Onboard
Unit (OBU), a PC sniffer running Wireshark, a GPS antenna
and an omni-directional ITS-G5 antenna mounted on the roof
of the car. This system operates as a receiver to accurately
assess the radio coverage within a 1 km area. Both CAM
and DENM messages broadcoasted from the P2V Antenna
system are received. Additionally, the system is capable of
recording the received power level, facilitating the evaluation
of signal strength and the power thresholds during the
measurement process.

C. Measurement results
During the measurement tests, three orientations of our
antenna prototype are considered, as shown in Figure 19.

FIGURE 19. Considered orientations of our antenna prototype under test:
0 deg, 45 deg, and 90 deg.

The received signal strength indicator (RSSI) measured
by an 802.11p system onboard a fast-moving vehicle over a
range of 70 km/h to 130 km/h, has been measured over a
distance of 1 km. The results are summarized in Table 2.

TABLE 2. Received signal strength level vs. distance (dBV/km) from
moving vehicles

Angle | Speed (km/h) | Outbound (m)
0° 70 822
0° 130 795
45° 70 848
45° 130 838
90° 70 733
90° 130 778

The maximum RSSI reached varies between 730 and 848
m. The P2V antenna system thus demonstrated a maximum
broadcast distance of 860 meters, higher than the specified
distance of 300 meters by a factor of 2.75.

VIIl. Discussion

In this section, we analyze and discuss the performances of
our proposed antenna system designed for VRU wearable
devices used by dynamic road workers on highways. Our
antenna system is compared to two configurations: inte-
gration with a conventional metallic reflector instead of a
metasurface and a system of two back-to-back conventional
patch antennas. Antenna system performances in terms of
frequency band, circular polarization, and lateral direction
coverage are considered. Finally, a discussion considering
recent state-of-the-art antennas reported in the literature is
presented to highlight the novelty of our proposal.

It can be demonstrated that there is less deformation of the
radiation pattern and the matching is better with a metasur-
face reflector rather than a conventional metallic reflector.
Simulation results for two antenna system configurations:
(i) our proposed system, which consists of a monopole
antenna integrated with a metasurface reflector, and (ii) a
configuration with a conventional metallic reflector with a
gap of A\/4 are illustrated in Figure 20.

Figure 20(a), indicate that the antenna system backed by a
metasurface presents higher reflection coefficient bandwidth
in ITS-G5 band with S;1 less than -10 dB and an axial ratio
less that 3dB. Additionally, our antenna system achieves a
higher lateral direction coverage (from 60° to 120° and -120°
to -60°) with differences as high as 9.48 dBi as shown in
figure 20(b).

A. Comparison of a our proposed antenna to a system of
two back-to-back conventional patch antennas

Optimising the radiation pattern in the lateral directions can
prove to be tedious; the monopole antenna is a good can-
didate despite the relative complexity to standard antennas
such as a patch antenna which naturally integrates a ground
plane as back reflector. For the sake of comparison, a set of
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FIGURE 20. (a) Comparison of simulated antenna characteristics (return
loss and axial ratio) between the antenna backed by a metallic reflector
and the antenna backed by our proposed metasurface. (b) Simulated
radiation pattern in the E-plane at 5.9 GHz for both antenna system
configurations with the human body effect.

simulated radiation patterns both in 2D and 3D are illustrated
in Figure 21.
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FIGURE 21. (a) Simulated normalized 3D radiation patterns: Left shows
the pattern for the patch antenna system (comprising two patch antennas
placed back to back with the human body), and right shows the radiation
pattern for our proposed antenna system (utilizing the same
configuration). (b) Simulated normalized 2D radiation pattern in the
E-plane at 5.9 GHz with a highlight on the lateral radiation level
differences.

The top-view of the 3D radiation patterns (Figure 21(a))
demonstrate that our antenna system presents a circular
shaped pattern while the patch antenna system presents an
elliptical shaped pattern with minimal radiation on the sides.
A normalized 2D radiation pattern in the E-plane (depicted in
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Figure 21(b)) corresponding to the 3D top view allows for
better appreciation of the lateral directions coverage range
(from 60° to 120° and -120° to -60°). The patch antenna
system achieves a lower coverage in the lateral direction
compared to our proposed antenna system with a maximum
difference of 6.6 dBi.

B. Comparison with existing antennas from the literature
The performances of our proposed antenna system with
recent state-of-the-art wearable antenna reported in the liter-
ature are compared. Table 3 provides a detailed comparison
in terms of radiation, circular polarisation characteristics.

TABLE 3. Performance Comparison of our Antenna Systems with litera-

ture.
Ref. Freq. | AR | S13 Gain Lateral SAR
(GHz) BW | BW (dB1) direc- (W/
(%) | (%) /  Rad. | tions Kg)
Eft. (%) over
(10g)
[41] 5.16 183 ] 18.3 6.2/90 no chest:
0.097
[42] 4 125 125 5.2/80 no 0.066
[43] 5.7 11.44 18.18 | 7.6/94.6 no chest
0.137
[44] 5.8 9.1 CP 7.2/60.2 no 0.043
(1g)
[45] 5.8 159 2.72 5.2/79 no 0.18
[46] 5.8 397 2.93 2.1/72.6 yes 0.118
(1g)
Propo-| 5.9 20.13 11.6 3.54/82.6 | yes 0.193
sed

These antennas partially fulfil the requirements of the
VRU device antenna. Indeed, antennas referenced in [41]-
[44] exhibit favorable characteristics such as small size, low
axial ratio, and low SAR but they suffer from signal degra-
dation in the lateral direction, which makes them unsuitable
for integration into our VRU device. Because of the dynamic
movement and varying positions of the VRU with respect to
the roadside and cars, good lateral direction radiation charac-
teristics are required. In comparison to the omni-directional
button antenna referenced in [45], our proposed antenna
demonstrates higher gain, efficiency, and wider bandwidth
in terms of axial ratio (AR) and Si;. This should result in
improved received signal strength, transmission reliability,
and overall communication system performance, making
our antenna design the best candidate for the dynamic and
challenging environments encountered by VRU devices.
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IX. Conclusion

In this paper, we propose a novel antenna system for
body worn pedestrian-to-vehicular (P2V) devices to sup-
port experimentation and deployment of C-ITS solutions
to improve safety and efficiency in road transportations.
The antenna system consists of two circularly-polarized
monopoles backed by metasurface reflector. The effect of the
human body was included throughout the design process.

The antenna system shows a very good matching in the
operating frequency band of the ITS-G5 from 5.8 GHz to
5.95 GHz with reflection coefficient less than -10dB as well
as a circular polarization at 5.9 GHz with an axial ratio of 2.1
dB. A metasurface antenna system prototype was fabricated
and tested in the anechoic chamber. The experimental results
obtained are in good agreement with the simulated ones.
In addition, the proposed antenna system shows an omni-
directional radiation pattern in both H and E planes. The
SAR distribution averaged over 10g of inside body tissue at
5.9 GHz, was obtained by simulation according to the FCC
standard and with the averaging method stated in IEEE/IEC
62704-1, for an input power of 23 dBm. The maximum
SAR value of 0.193 W/kg was obtained from simulation
showing that it is well within the limits of the safety
standards recommended by ICNIRP. A thorough comparison
between our antenna system and other systems shows that
two monopole antennas backed by a metasurface is the best
candidate for this application.

Moreover, onsite test campaigns in an environment repre-
sentative of a highway where C-ITS roadside units, vehicular
onboard units and the VRU devices are deployed have shown
that our proposed antenna system achieved a maximum
broadcast distance of 860m which is 2.75 times the minimum
specified distance of 300 m. The proposed antenna system
is thus fully compatible with the specifications derived from
communication system 802.11p in terms of omni-directional
radiation pattern, circular polarization, gain, matching and
safety RF exposure limits.
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