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Abstract: Mobility as a service is becoming a new paradigm in the direction of travel planning
on the basis of the best service offered by the travelled roads. Hence, the environment in which
people move will become smarter and more and more connected to grant services along the whole
path. This opens new challenges related not only to the on board connectivity and wireless access
technologies, but also on the reliability and efficiency of the surrounding environment. In this context,
reconfigurable meta-surfaces play a crucial role, since they can be used to coat buildings, vehicles
or any other suitable surfaces and let the environment become an active part of the communication
system by opportunistically redirecting (i.e., reflecting, without generating new waves) signals to
the target receivers. The objective of this paper is to highlight the limits of current wireless access
technologies for vehicular scenarios and to discuss the potential impact of a smart environment made
of reconfigurable meta-surfaces on some next generation vehicular use cases, such as cooperative
driving and vulnerable road users (VRUs) detection. In addition, a preliminary model is presented
to derive, in a simplified way, the performance of an IEEE 802.11p network in terms of collision
probability. Even if analytical and based on simplified assumptions, this model has been validated
through simulations and allows to compare the performance of the network with and without
reconfigurable meta-surfaces.

Keywords: connected vehicles; reconfigurable meta-surface; smart environment; cooperative driving;
vulnerable road user detection; collision probability

1. Introduction

Listening to Alexander Lautz from Deutsche Telekom, the device that, 10 years from now, we will
look back at as the device of the 5G era, will be the car [1]. This is not just a catchphrase, but it
is a clear index of the new perception of mobility as a service and not only as a transportation
from an origin to a destination. Today, our on board smart navigator suggests the best route as
the shortest one (in time or distance); tomorrow the mobility manager (on board or distributed in
the cloud) will plan our commutes on the best connected roads or following the combination of
routes and transportation that better fulfill the user’s preference and needs. The concept of Internet
of vehicles (IoV) has recently emerged just to indicate the need to go beyond the potentialities of
vehicular ad-hoc networks (VANETs) and pass from the concept of smartphone to that of smart car,
that is a moving connected object in a connected environment [2–5].

To obtain reliable service along the travel route, we need not only connected and automated car,
but also a smart environment, able to opportunistically contribute to the signals propagation and to an
ubiquitous and reliable coverage.
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Different wireless access technologies are running to come on the market of connected vehicles
for vehicle-to-everything (V2X) communications [6,7]: on the one hand, the old fashioned IEEE 802.11p
(or its European version ITS-G5) is only waiting for a mandatory and clear business model to be
installed on board of all new vehicles [8,9] and, on the other hand, the newer cellular-V2X (C-V2X)
proposed by 3GPP Release 14 is rushing into things promising better coverage, higher throughput
and lower latency with respect to its competitor [10,11]. Recent works studied the performance of
both IEEE 802.11p and C-V2X in different realistic scenarios, demonstrating their potentialities in
terms of connectivity, packet reception ratio, latency and coverage, but also highlighting some limits in
obstructed scenarios or congested roads [12–21].

What could be enhanced, looking forward, is the environment: a smart environment could
drastically enhance the performance of wireless access technologies and having, as a consequence,
an impact on connected vehicles related applications. Motivated by this, researchers from both
the academical world and the industrial one, are proposing new solutions to smarten up the cities,
starting from the street, buildings and citizen themselves [1]. This includes sensors embedded in the
roadway [22], wireless access technologies on traffic lights or lamps along the roads [23], vehicular
social networks [24], vehicles’ routing [25–27], management of vehicular communication [28,29],
cameras, smart wearable devices, etc. In this context, for example, the pilot project Austria’s Autobahn
uses Cisco’s devices to connect tens thousands sensors with the objective to monitor traffic and
road conditions. This represents an important example of how cities and public administrations
move toward smart connected environments to improve safety, traffic efficiency, road capacity and
infotainment [30,31]. The interest in smart environment is demonstrated also by the 6G Wireless
Flagship Program (the world’s first 6G research program), which indicates beside new wireless
communication and computer science topics, also the importance of new electronics materials.

However, in spite of the huge effort in this direction, there will still scenarios in which
the communication is obstructed by strong obstacles, preventing good links and allowing poor
performance in terms of data rate, error rate, coverage and latency. In this context, reconfigurable
meta-surfaces can play an active role, opportunistically redirecting the radio waves to improve
connectivity and enabling the establishing of new and potentially stronger links [32]. Meta-surfaces are
thin electromagnetic meta-material with typically sub-wavelength thickness and large in transverse
size [33,34]. They are composed of sub-wavelength scattering particles that can revise the Snell’s law
redirecting the radio waves in the desired direction and can do this run time, changing the redirection
of the waves time by time, according to the generalized Snell’s laws, thus providing different values
for the angles of incidence and reflection. Beyond meta-surface, what it is really challenging and
stimulating, is the use of a reconfigurable meta-surface, where the scattering particles are not fixed,
but can be moved and modified depending on the input they receive from the external world [35,36].
The idea of reconfiguring the wireless propagation environment has emerged only recently with focus
especially on the indoor environments, where reconfigurable meta surfaces become connected to the
rest of the scenario interacting with the connected objects and serving the user needs in unprecedented
ways [37,38].

Several works deal with antenna design and performance optimization, such as [39], where a
meta-superstrate for two vertically polarized MIMO antenna elements at the base-station is proposed
to reduce the inter-element spacing. Preliminary evaluations related to the use of meta-surfaces in
outdoor scenarios are related to the proposal of algorithms to minimize the total transmit power at the
base station of a cellular system conditioned to the users quality of service (QoS) constraints [40] or to
maximize either the energy or the spectral efficiency of a reconfigurable meta-surface multi-user MISO
system [41]. Instead of using sensors embedded in the roadway and on traffic lights, reconfigurable
meta-surfaces could be exploited to extend coverage in the highly dynamic vehicular environment,
by coating the environment with intelligent meta materials.
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Hence, the objective of this work can be summarized as follows:

• To describe the main characteristics of meta-surfaces.
• To highlight potential uses of reconfigurable meta-surfaces especially when adopted in vehicular

environments. In this context, two main use cases are considered: cooperative driving and
vulnerable road users (VRUs) detection.

• To demonstrate, through a simple analytical model (validated by simulation), the improvement
that a reconfigurable meta-surface can provide in reducing the collision probability when random
access to the medium is adopted for vehicle-to-vehicle (V2V) communications.

This work is organized as follows: in Section 2, the main advantages and limits of the two main
candidates radio access technologies for vehicular networks are highlighted; in Section 3, the concept
of reconfigurable meta surface is introduced and the use of reconfigurable meta-surfaces in vehicular
networks is proposed and discussed especially referring to two case studies, cooperative driving and
pedestrian detection. A simplified model for the evaluation of the impact of meta-surfaces on the IEEE
802.11p performance in terms of collision probability is presented in Section 4 and is validated by
simulations. Finally, in Section 5 our conclusions are drawn.

2. Technologies for Vehicular Networks

Nowadays, two are the candidate enabling technologies for vehicular communications: IEEE
802.11p (or its European version ETSI ITS G5) and C-V2X.

IEEE 802.11p dates back in 2004 when the IEEE 802.11 working group started a discussion on
how to modify and adapt Wi-Fi for dynamic environment, reducing the signaling and overhead of the
nomadic version to support a completely different environments. It was then standardized in 2010 and
tested in different field trials all around the world also with thousands of vehicles, demonstrating good
performance in different use cases, thus representing a commercially available technology. On the
other hand, C-V2X has been defined by 3GPP in 2016 within long term evolution (LTE) Release 14 and
frozen in 2017 with the first plug test that took place in December 2019 in Malaga, Spain, demonstrating
the 95% of success in terms of interoperability issues [42]. Hence, it can be observed that, while the
IEEE 802.11p community spent several years from the first discussions to standardization and then
on how and when set it up it on board, the cellular world sprinted forward and in a couple of years,
test devices are ready for interoperability tests using a widespread technology, as it is demonstrated
by the summary of timeline in Figure 1, with different colors showing the timeline of the different
technologies. As it can be observed, the speed of development of C-V2X is much higher than Wi-Fi for
mobility (IEEE 802.11p) and, despite being frozen in 2017, it will be ready for commercial installation
on boards from 2020.

Figure 1. Summary of timeline of Wi-Fi for mobility and cellular vehicle-to-everything (C-V2X),
showing the different sprint of the two standardization and experimentation processes.

2.1. IEEE 802.11p

IEEE 802.11p defines the physical (PHY) and medium access control (MAC) layer protocols.
At the PHY layer, IEEE 802.11p adopts orthogonal frequency division multiplexing (OFDM) with
52 subcarriers of which 48 used for data and 4 for pilots. The OFDM symbol lasts 8 µs and the
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subcarrier spacing is 156.25 kHz, bringing to a raw bandwidth of 10 MHz. Eight modulation and coding
schemes (MCSs) are possible, with modulations going from BPSK to 16-QAM with convolutional
coding. At the MAC layer, carrier sensing multiple access with collision avoidance (CSMA/CA) is
adopted, hence, when a node has to transmit a packet, it senses the medium; if the medium is idle
the packet is transmitted after an Arbitration inter-frame spacing (AIFS) interval time (that takes into
account potential delays in the propagation due to distant nodes), otherwise a mechanism based on
random backoff is performed to reduce the probability of collisions by letting nodes to randomly start
the next sensing phase for transmission. In addition, in the vehicular scenario, the acknowledgement
and request to send/clear to send—RTS/CTS—mechanism are not foreseen to accelerate connection.

CSMA/CA has the advantage of being completely distributed and does not need any
synchronization procedure, but, on the other hand, it suffers from collisions in dense vehicular
environments [43], thus mechanisms to avoid overloads are necessary, such as decentralized
congestion control (DCC) algorithm proposed by ETSI and SAE or new algorithm proposed in the
literature [44], such as full duplex carrier sensing multiple access with collision detection (CSMA/CD)
mechanism [45].

2.2. C-V2X

LTE Release 14 represents the first solution in the history of cellular world which includes
direct resource allocation and communication without cellular coverage provided by an eNodeB
with devices in high relative mobility. LTE-V2X is also called sidelink (since not downlink or uplink,
but direct V2V) and its communication interface is named PC5. At the PHY layer, LTE-V2X adopts
OFDM as IEEE 802.11p, whereas at the MAC layer it is based on the access used in the uplink of
LTE, hence single carrier frequency division multiple access (SC-FDMA), that consists in a sort of
pre-distorsion of the OFDM signal to behave as a single carrier in the presence of non linear effects.
However, resources are orthogonally allocated in the frequency-time matrix as for orthogonal frequency
division multiple access (OFDMA). Specifically, in the frequency domain, the subcarrier spacing is
15 kHz and subcarriers are allocated in groups of 12 (i.e., 180 kHz); in the time domain, 14 symbols
form a subframe of 1 ms, also called transmission time interval (TTI), and include 9 data symbols,
4 demodulation reference signal (DMRS) symbols, and 1 empty symbol for Tx-Rx switch and timing
adjustment. LTE-V2X has a high number of MCSs, with 4-QAM and 16-QAM modulations and an
almost continuous coding rate.

Two different modes are defined by 3GPP for resources allocation, Mode 3 and Mode 4 [10]. In both
modes communication is in direct (ad-hoc) mode between two vehicles, but they differ in the way
resources are allocated. In Mode 3, also known as controlled allocation, the resources are defined and
allocated by the network, hence, it can be adopted when vehicles are in the coverage of an eNodeB.
In Mode 4, also known as autonomous or out-of-coverage allocation, each node selects the resources
to use for communication based on a sensing procedure and an semi-persistent scheduling (SPS)
mechanism [12,46], hence it is fully distributed as IEEE 802.11p.

2.3. Challenges and Limits of Current Technologies

Since Release 14 was defined, several studies have been carried out to compare IEEE 802.11p and
C-V2X: many works push C-V2X as a more efficient technology, supported by an already deployed
architecture diffused worldwide and a clearer road-map for future evolutions. The 5G Automotive
Association (5GAA) pushes the 5th generation C-V2X to simplify the communication among the
different road users, whereas the Car-to-Car Consortium (C2C-CO) claims that a largely tested and
consolidated technology such as Wi-Fi for mobility could be the starting point for future vehicular
communications. In [11], comparative experiments with real devices are shown, demonstrating longer
ranges for C-V2X with respect to IEEE 802.11p and verifying that the latency in C-V2X under congested
conditions does not exceed 100 ms. Other works, instead, push IEEE 802.11p since it represents a
widely tested and reliable technology, already available on the market [47].
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IEEE 802.11p suffers from collisions due to random access to the channel. Since each node
transmits only if the medium is sensed as idle after a random backoff interval time, collisions typically
arise in dense scenarios when an increasing number of vehicles try to access the medium and transmit.
This mechanism may cause a high resources wasting since a transmission needs to come to an end
before a collision is recognized, even if the collision happened at the very beginning. Hence, the number
of terminals hidden to each others increases, since two nodes transmitting to the same destination but
are far from each other may not sense the reciprocal interference. Another problem is constituted by
the exposed terminal problem that happens when two different transmissions toward two different
destinations senses each other and defer the transmission even if they could occupy the channel.

Hence, IEEE 802.11p provides satisfactory performance for most vehicular applications (especially
those typically requiring a latency around 100 ms), when the vehicular density is moderate. When the
vehicular density increases, IEEE 802.11p performance rapidly deteriorates due to packet collisions.
Another limit to the diffusion of IEEE 802.11p is also the need of road side units (RSUs) development
along the roads, but this is out of the scope of the present work [48].

The access is more robust in C-V2X networks, where orthogonal resources are allocated (by the
eNodeB in Mode 3 or autonomously in Mode 4) to reduce interference to the minimum. Several works
show that the performance of C-V2X sidelink Mode 4 is higher with respect to that of IEEE 802.11p
in terms of signal to noise ratio (SNR) and coverage. However, when the traffic density increases,
the performance of C-V2X, too, drops rapidly, particularly for Mode 4 resulting in an increased
interference level among C-V2X users [12].

Given the fast development of C-V2X, also IEEE formed a new Task Group in January 2019, named
IEEE 802.11bd to study the evolution of 802.11 for next-generation V2X communications. The attention
was specifically focused on acOFDM numerology re-design, multiple input multiple output (MIMO)
techniques, advanced channel coding, and better pilots placing, Dual carrier modulation (DCM) and
20 MHz channels (hence, band doubled with respect to the actual release).

Also, 3GPP is working for next generation systems and in September 2019 Release 16 defined
new architectural modification to support advanced V2X applications with more stringent QoS
requirements compared to applications that can be supported by C-V2X. Release 16 is quite specific
in defining use-cases requirements and allows new solutions that support a latency lower than 3 ms
with a reliability of 99.999% [22,49]. The design of two different and contemporary wireless access
technologies, if from the one hand presents regional regulators and auto-manufacturers with two
options, on the other hand, it results in challenging spectrum management issues.

In addition to the technological limits of each technology, the wireless propagation environment
in vehicular networks suffers from highly dynamical scenario, of sudden obstructions, complex
intersections, etc. [50]. Hence, independently on which technology will be set up first on board,
the environment still play a severe propagation role for vehicular connectivity, providing absence
of control over the wireless propagation environment and, often, as a consequence, high power
consumption of the wireless interface. It is in this context that reconfigurable meta-surfaces could help
in reflecting or refracting the impinging waves opportunistically to improve the link QoS and reach a
higher number of users/vehicles with a target key performance indicator (KPI).

3. Reconfigurable Meta-Surfaces in Vehicular Scenarios

3.1. Reconfigurable Meta-Surfaces: Generalities

A meta-surface is an artificial surface made by the repetition of an electromagnetic element,
the meta-atom, to provide properties that cannot be found in natural materials. The major difference
between a surface and a meta-surface relies in the properties of the latter of shaping the radio
waves according to the generalized Snell’s laws of reflection and refraction, providing a spatial
phase variation with sub-wavelength resolution to control the direction of wave propagation and the
shape of wavefront [51].
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When meta-atoms are static, we have a static interaction with electromagnetic waves, but if
meta-atoms incorporate phase switching components (such as MEMS or CMOS transistors),
the scattering particles are not fixed and we can have that impinging waves are routed according
to provide customized reflections and the scattering particles can be modified depending on
the stimuli that the meta-surface receives from the external world. Hence, very small reflecting
elements can be used to coat natural surfaces and smartly reconfigure the signal propagation for
performance enhancement.

In [33], two different types of reconfigurable meta-surfaces are discussed: the first type is
represented by coating surfaces for walls, buildings, etc., that can be managed by a network operator
as software-defined radio, with the main objective to improve the network coverage; the second type
is the one than can be embedded into objects, as for wearable devices for health monitoring, that
can backscatter the impinging radio waves to relay the acquired information. In both cases, it is
worth noting that reconfigurable meta-surfaces allow wireless network operators to offer new services
without emitting additional radio waves, by simply recycling those already existing for other purposes.

The specific arrangements of the scattering particles determine how the meta-surface transforms
the incident wave into arbitrary specified reflected and transmitted radio waves. As shown, for example,
in Figure 2, the two vehicles cannot communicate neither through V2V communication, due to the
presence of a truck made in large part of iron-based materials, nor through vehicle-to-infrastructure
(V2I) communication due to high and large buildings reducing the link QoS to unacceptable levels.
However, the presence of an additional element, coated with a reconfigurable meta-surface, allows the
redirection of the waves to let the link between the two vehicles possible, transforming the environment
from adversary to collaborator, improving the coverage and making the propagation conditions favorable.
We can also think to the particles of the meta-surface as embedded antennas constituted by a planar
array of a large number of reconfigurable passive elements, where each element is able to independently
introduce a certain phase shift onto the incident electromagnetic waves.

Figure 2. An opportune obstacle coated with meta material to redirect the electromagnetic waves
toward the target receiver, which could not be reached through direct link due to an obstacle.
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This can yield extended coverage range with higher SNR levels with respect to the natural
environment, in some cases also doubling the coverage distance with the same SNR level of natural
environment [52].

In addition, reconfigurable meta-surfaces acting as reflectors are not affected by self-interference
and by noise amplification effects since they do not act as relays and are not affected by such
impairments [33]. However, beside their incredible properties, meta-surfaces also present some
drawbacks. For example, the smart environment is more sensitive to channel estimation errors with
performance that deteriorates much more than the classical system as the channel training SNR
decreases. Moreover, the channel estimation errors are more significant as the user moves away from
the reconfigurable meta-surface.

Another critical issue is constituted by the amount of sensed data that the meta-surfaces need
to gather and reflect to be able to configure and optimize the environment following the network
requirements. It has also to be observed that meta-surfaces reflect the impinging waves and the
reflected rays are phase shifted and delayed. The phase shift and the delays introduced depend
in a large part on the intrinsic factor of the surfaces, such as absorption and dielectric properties.
Since latency is a critical requirement to satisfy, especially in next generation safety applications, these
are characteristics that have to be taken into consideration during the engineering process to satisfy
the QoS of a given environment [51]. Last, but not least, how to integrate reconfigurable meta-surfaces
in future wireless networks is still an open issue.

Table 1 summarizes the main advantages and drawbacks or challenges of reconfigurable
meta-surfaces.

In spite of these challenges, reconfigurable meta-surfaces play a crucial role in interconnecting the
physical and the digital worlds in a seamless and efficient manner [33].

Table 1. Main advantages and challenges or drawbacks of reconfigurable meta-surfaces.

Pros Cons

Enlarge the concept of software
networks

Only prototypes are currently
available

No generation of new signals but
reuse of existing ones

Not immediate integration in
wireless networks

Programmable frequency selection Performance of wireless networks
with meta-surfaces still under
investigation

Potential increasing of information
reliability

More sensitive to channel estimation
errors

Sensing capabilities Potential need of power sources

Storage capabilities Potential need of storage capabilities

Deployment scalability Can introduce delays by storing and
releasing the reflected signals

Can offer new services without
emitting additional radio waves

Reflected waves are phase shifted
and delayed

3.2. Reconfigurable Meta-Surfaces for Enhanced Vehicular Scenarios

The propagation environment in vehicular networks is constituted by a set of physical fixed
and mobile objects that affect the propagation of electromagnetic waves between the communicating
devices, often causing detrimental effects on the communication process. It is outside the network
control. Software reconfigurable meta-surfaces (obtained, for example, by coating the walls of the
buildings between the communicating devices) can mitigate the negative effect of the propagation
environment by controlling the electromagnetic behavior of reflecting and refracting waves according
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to the generalized Snell’s law, i.e., the angles of incidence and reflection of the radio waves can be
different and depend on the phases induced by the elements of the reconfigurable meta-surface [52].

Looking, for example, at Figure 3, two vehicles approaching a highly obstructed intersection
from two different directions (south and east in Figure 3a), could not be aware one of each other.
But, if the buildings were coated with reconfigurable meta surfaces remote programmable as in
Figure 3b, the electromagnetic waves could be opportunistically refracted toward the desired target
receiver, improving safety applications, both in terms of link QoS and latency.

(a) Buildings with natural surfaces. (b) Buildings coated with reconfigurable meta-surfaces.

Figure 3. The impact of meta-surfaces in obstructed intersections.

In Table 2, the possible uses of reconfigurable meta-surfaces are listed and some enabled or
improved applications in vehicular scenarios are summarized.

Table 2. Potential uses of reconfigurable meta-surfaces when applied to vehicular applications.

Potential Uses of
Safety Non-SafetyReconfigurable

Meta-Surfaces

Beamforming Incident detection Video Sharing
Hazardous warning
Cooperative collision avoidance
Trajectories alignment

Range extension Information sharing for automated driving Info-traffic sharing
Precise long horizon information
Cooperative platooning
Cooperative driving

Uplink bottleneck Remote driving information uploading Traffic information uploading
resolution for V2I in dense environments

Positioning V2R detection Personalized information
V2P communication Location aware information

Remote sensing Hazard prevention Environment detection
Extended sensors

In the following, we consider two main case studies where reconfigurable meta surfaces could
provide important performance improvements: cooperative driving and pedestrian detection.
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3.3. Cooperative Driving

Cooperative driving is listed among the challenging future case studies that next wireless access
technologies have to address. Basically, actual applications that could be already available through
IEEE 802.11p or LTE-V2X communication systems, are represented by the so called Day 1 and Day 1.5
cooperative-ITS service list [53] and are mostly based on the exchange of periodic beacon messages
among vehicles to enable the awareness of the environment (e.g., probe vehicle data, traffic information,
smart routing, etc.). In the future, vehicles will not only rely on information exchange related to actual
position, speed, acceleration, etc., but they will also need to share intentions: this will allow each
vehicle to have a glimpse into the future of other vehicles, allowing a human driver or an artificial on
board intelligence to take the best decision/behavior.

5GCAR has identified five relevant use case classes: cooperative maneuver, cooperative
perception, cooperative safety, autonomous navigation, remote driving [1]. Focusing on cooperative
maneuver, the principle is, from the one hand, the sharing of local awareness and driving intentions
and, on the other hand, the negotiation of the planned trajectories. This way, the driving trajectories can
be coordinated and even optimized in a centralized or decentralized manner. In summary, cooperative
driving systems are based on algorithms that control the vehicle behavior based on the behavior of
the surrounding vehicles and allow to extend the perception range beyond line-of-sight and sensing
angles. Examples of cooperative maneuver are cooperative lane merging, cooperative intersection
crossing, platooning, etc. [54].

Today, for example, the 75% of lane changing accidents occur because of a lack of perception of the
surrounding environment [55]. IEEE 802.11p and C-V2X Release14 cannot fully address cooperative
driving requirements in terms of latency and reliability C-V2X Release 15 will incorporate 5G new radio
(NR) features, providing higher data rate, ultra-low latency and higher reliability so that advanced use
cases, such as cooperative driving, can be adddressed. In addition, accurate positioning and ranging
will be included to enable sub-meter positioning.

To enable cooperative driving, information coming from different sensors of different vehicles
of different vendors should be properly merged in a fast and reliable manner and each information
should be strictly related to its accurate position in time and space [56]. This also implies that, as more
and more advanced sensors populate the cars and produce information to be exchanged for a reliable
cooperation, the amount of information to be exchanged increases and the risk of errors on the
transmission channel increases as well [57]. Hence, new approaches have to be conceived. An example
of fully distributed cooperation system for lane merging is reported in Figure 4, highlighting the
impact of an obstructing building. In case it is coated with reconfigurable meta-surface, the probability
of correct packet reception between the two vehicles would result increased. This scenario implies that
all vehicles are equipped with sensing capabilities, data processing units also including data merging
and data fusion and artificial intelligent capabilities for decision making.

Figure 4. Example of cooperative driving scenario: lane merging.
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3.4. Pedestrian Detection

In a document released by the European Commission in Brussels on 2019 April 4, it is possible
to read that the European Union has some of the safest roads in the world. Nevertheless, more than
25,000 people still lose their lives on EU roads every year, and many more are seriously injured. In 2018,
around 25,100 road fatalities were reported by the 28 EU Member States. This number is stilll very
high, but it represents a first decrease of 21% compared to 2010.

A report provided by the National Highway Traffic Safety Administration (NHTSA) shows that
over the past 40 years there has been a general downward trend in road mortal accidents, but focusing
on the VRUs, in the year 2018, in the US 6283 pedestrians were killed, which is 3.4% higher that in
2017 and the highest number since 1990. Hence, in spite of safety measurements taken worldwide to
reduce fatalities and injuries have lowered the number of accidents, these solutions do not protect the
VRUs [58].

Hence, in addition to the safety measures to protect vehicle occupants, determined efforts have
to be done to implement specific measures to prevent fatalities and injuries of VRUs, such as cyclists
and pedestrians, is needed to protect users outside of the vehicle [59]. Current pedestrian detection is
based on advanced driver assistance systems (ADAS) with onboard sensors, such as cameras, radar
and LIDAR, to detect the presence of VRUs [60,61]. All of these sensors require line of sight (LOS)
to properly work and they cannot detect VRUs in case of obstacles partially or totally occluding the
visibility, such as trees, trucks or buildings.

The importance and actuality of this issue is also demonstrated by the fact that the U.S.
Department of Transportation (USDOT) has released a summary of the available vehicle-to-pedestrian
(V2P) technologies. Among these technologies, alert/notification to users (e.g., through mobile phone
alert) is the only connected way considered. Several works have been published in the last years on this
topic; some of these works, like [62,63], consider a IEEE 802.11p V2P communication, demonstrating a
probability to inform the VRU around 0.8 with a beacon generation frequency at least equal to 1 Hz
(for IEEE 802.11p, a unique Provider Service Identifier (PSID) to identify applications for the safety of
VRUs is defined by standard [64]).

However, as stated in Section 2.3, IEEE 802.11p-based V2X communication suffers from
congestions on the medium when the number of vehicles (and VRUs) increases. In urban centers,
for examples, VRUs are present in large numbers leading to dense networks, whose performance
quickly decreases. Adult VRUs have a smartphone in their pocket and, today, this is the easiest
way to provide an alert. However, the actual embedded cellular technology (4G) does not allow V2X
communication, yet, but only communications through the eNodeB, thus with a latency which could be
critical for VRUs’ safety applications [65]. When V2P communication is addressed, another important
aspect to be carefully considered is positioning, since the global positioning system (GPS) accuracy and
the accuracy of the combination of different sensors, even if suitable for different ranges and weather
conditions, is not sufficient [66,67]. Actual cellular positioning also provides poor accuracy, but this
could be (at least partially) overcome with the introduction of 5G wireless communication systems
introducing MIMO systems at mmWave [68]. However, mmWave suffers from limited coverage ranges
and are deeply attenuated by obstacles, thus they can help only in specific scenarios and typically
short distances.

Therefore, new approaches are necessary trying to ensure the reliable delivery of safety messages.
Figure 5 shows an example of how reconfigurable meta-surfaces can contribute to redirect messages to
warn pedestrians hidden to an incoming vehicle. Note, in fact, that, in this case, radio communication
can be drastically obstructed, but the coated building can however provide the timely delivery of the
warning message.

Another issue to be addressed is related to the limited battery life of smartphones when used for
V2P communications. In fact, in order to prevent accidents, both pedestrian smartphones and on board
units (OBUs) need to frequently transmit beacons containing at least position, speed and direction.
These periodic messages, even when sending small amount of data, can drain the smartphone
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battery very quickly [69,70]. This issue could be overcome, for example, with t-shirts coated with
a reconfigurable meta-surface that, instead of transmitting a new signal consuming energy, simply
reflects the received wave. It is also worth noting that some VRUs could not be connected at all, such as
children. Hence, the protection and detection of VRUs represent another challenging and important
scenario where a smart environment can act toward the improvement of safety. In fact, meta-surfaces
can not only extend the coverage range, but also perform redirecting toward the right obstacle, alerting
in case of real necessity.

4. The Impact of Meta-Surfaces: Performance Example

To provide numerical examples on the efficiency of meta-surfaces, we focus, in this Section,
on IEEE 802.11p as enabling technology. To access the medium, IEEE 802.11p adopts CSMA/CA,
hence, when a node needs to transmit a packet, it starts listening to the channel for an AIFS period, after
which, if the channel is sensed idle, the packet is transmitted. If during AIFS the channel is sensed
as busy or becomes busy, a random backoff algorithm is applied and the node will try to access the
channel again after a random interval time chosen in the range [0–CW] [71]. Given this mechanism,
IEEE 802.11p performance suffers from the hidden terminal effect and capture effect. As anticipated in
Section 2.1, two nodes are hidden from each other when they are out of the reciprocal sensing range,
but they are both transmitting toward the same destination. The capture effect, instead, is due to
the presence of multiple transmitters that are sending their messages at the same time towards the
same destination; in this case, it may happen that the power level of one of them is sufficiently higher
than the interference received from the others to allow correct decoding at the receiver. Otherwise,
the message is not captured.

To make some example evaluations, we assume a highway scenario with variable traffic conditions
and multiple lanes, as shown in Figure 6. To analytically estimate the collision probability, this 2-D
scenario is approximated with an 1-D scenario with the assumption of Poisson distributed vehicles
with variable density ρ. Each vehicle is assumed to be equipped with an OBU that periodically
transmits beacons of Bb bytes with a frequency fb expressed in Hz.

Following the model presented in [15], it is possible to evaluate the probability to collide, either in
visibility or in case of hidden terminals and not captured, as

pc = 1− (1− pc-vis) ·
(

1− pc-ht · (1−
pcapt

2
)
)

(1)

where pc-vis is probability that the considered vehicle (i.e., an OBU) senses the channel busy and ends
with colliding with at least one other vehicle, pcapt is the capture effect probability (the capture effect
avoids the collision if and only if the interference received from the other transmitting node is below a
given threshold) and pc-ht is the probability to collide due to the presence of an hidden terminal either
ending or starting its transmission during the observed communication (more details to derive the
different probabilities can be found in [15]).

Figure 5. Pedestrian detection.
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In general (i.e., without meta-surfaces), the probability that a collision occurs due to the presence
of hidden terminals can be found as [15]:

pc-ht = 1− pnc-h1 · pnc-h2 (2)

where pnc-h1 is the probability that no hidden terminal is transmitting and pnc-h2 is the probability that
no hidden node starts its transmission during the observed communication.

Let us now assume that pc-vis and pcapt remain equal also in the presence of meta-surfaces,
whereas pc-ht is affected by the presence of meta-surfaces which could limit the hidden terminal effect
through the redirection of reflected paths that could extend the coverage, as shown in Figure 6. Hence,
we assume the presence of at least one meta-surface coated object which allows to grant that no
hidden node starts its transmission during the observed communication, always providing pnc-h2 = 1,
simplifing (2) that reduces to

pc-ht = 1− pnc-h1 . (3)

Hence, the collision probability (1) becomes

pc = 1− (1− pc-vis) ·
[
1− (1− pnc-h1) · (1−

pcapt

2
)
]

. (4)

This is possible through the extension of the coverage range of the transmitting node that allows
the hidden terminal to hear for an ongoing transmission, as shown in Figure 6b. This is a simplified
model, but help in individuating and evaluating the impact of the proposed solution on the wireless
access technology performance.

In order to provide some numerical results, we assume each vehicle equipped with an OBU that
periodically transmits beacons of Bb = 300 bytes every fb = 10 Hz. Among the eight available modes
of IEEE 802.11p, we consider mode 3, providing a raw data rate of 6 Mb/s.

To demonstrate the validity of the model simulation results are also provided, referring to a
16 km highway with 3 lanes per direction. The main settings are reported in Table 3. As far as the
propagation is concerned, we assume the following path loss model

L(x) = L0 · xβ (5)

where L0 is the path loss at the reference distance of 1 m, x is the distance between the transmitter and
the receiver, and β is the path loss exponent. Hence, given a distance d between the transmitting and
receiving vehicles and nint interferers each at distance d(i)int (with i ∈ [1, nint]) from the receiver, all of
them transmitting with the same power Ptx, the signal to noise and interference ratio (SINR) at the
receiver can be calculated calculated as

γ =

Ptx·Gr
L0·dβ

Pn + ∑
i∈[1,nint]

Ptx·Gr

L0·d
(i)
int

β

(6)

where Gr is the antenna gain at the receiver and Pn is the noise power. By inverting (6), the transmission
range rtx (i.e., without interference) can be obtained as

rtx =

[
Ptx · Gr

L0 · Pn · γ

]1/β

. (7)

Vehicles in the transmission range rtx that are not visible to the transmitter are considered as
hidden terminals.
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(a) Hidden terminal problem. (b) The coverage range of Source1 is extended by a
meta-surface and Source2 senses the channel occupied and
defers its transmission.

Figure 6. The coverage range of Source1 can be extended by a meta-surface to solve the hidden
terminal problem.

Table 3. Main settings.

Parameter (Symbol) Value
IEEE 802.11p mode 3
Modulation QPSK
Coding rate 1/2
Raw data rate 6 Mb/s
Vehicle density (ρ) Variable
Beacon frequency ( fb) 10 Hz
Vehicle density (ρ) Variable
Equivalent radiated power (Ptx) 33 dBm
Receiver antenna gain (Gr) 3 dB
Path loss at 1 m at 5.9 GHz (L0) 47.86 dB
Path loss exponent (β) 2.75
Noise power over 10 MHz (Pn) −95 dBm
Beacon size (Bb) 300 bytes
Contention window ( ˆCW) 15
Slot duration (tσ) 13 µs
AIFS duration (taifs) 58 µs
Overhead per packet 40 µs

In Figure 7, the collision probability given by (4) is plotted as a function of the distance for different
values of vehicular density ρ. A comparison between the cases with and without meta-surfaces is
reported. In addition, simulation results are also provided showing a good agreement with the analysis.
As expected, independently on the vehicles density and on the use of meta-surfaces, the collision
probability increases with the distance: for short distances the impact of hidden terminals is negligible
and the collision probability is almost constant, then the impact of hidden terminals and low visibility
is higher and the collision probability increases.

As a consequence, the impact of the use of meta-surfaces on the collision probability is much
more evident as the distance and the vehicles density increase. For example, when the vehicles density
ρ = 0.05, the adoption of meta-surfaces can reduce the collision probability from 0.12 to around 0.06 at
a distance of 350 m, whereas when ρ = 0.2, the collision probability has a higher impact, reducing the
collision probability of around 42% from 0.41 to around 0.27, which is a more tolerable value.

Note that since meta-surfaces do not act as relays, they do not introduce new signals in the
network, hence the level of congestion is not increased. They reflect signals already present in the
network, extending their coverage. In this sense, interference could also be extended, but algorithms
to cancel it or reduce it could be applied as in other software-defined networks.
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Figure 7. Collision probability as a function of the inter-vehicular distance with and without
meta-surfaces varying the vehicles density ρ. Lines correspond to analysis, symbols to simulations.

5. Consclusions

In this work, we provided a general overview on how reconfigurable meta-surfaces can be used in
vehicular scenarios by partially covering the limits of current wireless access technologies, such as IEEE
802.11p and C-V2X. Specifically, we aimed at underlining the main characteristics and potentialities
of meta-surfaces when used in vehicular scenario, also providing a simple evaluation of their impact
on network performance and demonstrating, in a simple scenario with Poisson random distributed
vehicles, that if meta-surfaces can coat at least part of the scenario, they can extend the coverage
range, limiting, for example, the hidden terminal problem that affects random access technologies.
This model has been also validated by simulations on highways. Since meta-surfaces do not act as
relays and do not introduce new signals in the network, the network congestion level is not affected
and neither self interference nor amplification noise are added to the system.
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