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The paradigm of connected vehicles is moving from research to implementation, thus enabling new appli-
cations that start from safety improvement and widen to the so called Internet of vehicles (IoV). The can-
didate enabling technologies in the radio frequency (RF) bands are cellular and short range technologies.

Keywords: . . ..
Vej;licular visible light networks However, the limited bandwidth shared among several applications pushes researchers to look at new
IEEE 802.11P technological solutions. To this end, an option is provided by visible light communication (VLC). Based

on the use of the light emission diodes (LEDs) that are already available on the majority of vehicles, VLC
would enable short range communication in large, unlicensed, and uncongested bands with limited costs.
In this work we first highlight the main properties of VLC in vehicular networks and revise the state of
the art focusing on both the IEEE 802.15.7 standard and on the performance demonstrated by field tests
that have been conducted worldwide. Then, we discuss the limitations of using VLC for pure vehicular
visible light networks (VVLNs) and its application as complementary technology, to be implemented with
other wireless standards in future heterogeneous vehicular networks. Finally, we show numerical results
provided by simulations in a realistic urban scenario focusing, as a case study, on the crowd sensing ve-
hicular network application with VLC added to short range IEEE 802.11p technology. Results demonstrate
that the addition of VLC improves the performance of a conventional vehicular network based only on

Connected vehicles
Internet of vehicles

IEEE 802.11p.
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1. Introduction

In the next few years, connected vehicles will travel on the
roads exchanging information one with each other and with the
infrastructure; the collaboration will permit safer travels, more ef-
ficient traffic management, and new services for drivers and pas-
sengers. The first steps towards this horizon are being taken in
many Countries around the World. In the United States US, it is
August 2014, when the National Highway Traffic Safety Administra-
tion NHTSA, one of the main agencies in the field of transportation,
issues an Advance Notice to proceed with standardization of vehi-
cle to vehicle communication for light vehicles [1]. This means that
new vehicles in the US will soon be equipped with the WAVE pro-
tocol suite for short range communications, based on IEEE 802.11p
at the lower levels of the protocol stack [2,3] and using the dedi-
cated short-range communications DSRC frequency bands.
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In the European Union EU, even if there is still no mandate from
governments, important activities are being carried out. In partic-
ular, the so called Release 1 of the set of standards for cooperative
intelligence transport systems (C-ITS) was issued in February 2014
by the European Committee for Standardization (CEN) and the Eu-
ropean Telecommunications Standards Institute (ETSI) [4]. Differ-
ently from US, various technologies are envisioned as enabler of
connected vehicles, and particular attention is being posed on cel-
lular technologies. In the EU, the long term evolution LTE technol-
ogy can thus be considered as another key enabler of connected
vehicles [5,6].

The availability of wireless communications will enable the cre-
ation of vehicular networks with a wide range of new applica-
tions [7-11]. Great attention is obviously devoted to safety im-
provement, thanks to neighbor discovery and tracking and the im-
mediate warning of critical events, like accidents in the proxim-
ity. In addition, connected vehicles will also form, with fixed road
side units RSUs as gateways, the so called Internet of vehicles (IoV),
with other data services that include traffic management improve-
ment or entertainment applications.


http://dx.doi.org/10.1016/j.comcom.2016.07.004
http://www.ScienceDirect.com
http://www.elsevier.com/locate/comcom
http://crossmark.crossref.org/dialog/?doi=10.1016/j.comcom.2016.07.004&domain=pdf
mailto:alessandro.bazzi@cnr.it
mailto:barbara.masini@cnr.it
mailto:alberto.zanella@cnr.it
mailto:alex.calisti@unibo.it
http://dx.doi.org/10.1016/j.comcom.2016.07.004

40 A. Bazzi et al./Computer Communications 93 (2016) 39-51

/

<\\A

N

]

Whereas presently the fight is tackled in the radio frequency
RF band, with short range communications (with the IEEE 802.11p
standard in the DSRC band) and cellular communications (mainly
focusing on LTE), a new option is keeping the attention of re-
searchers and engineers: visible light communication VLC. VLC ex-
ploits the low cost and high efficient light emitting diodes LEDs
used for illumination purposes to also provide wireless communi-
cations.

The enormous spread of the LEDs and its huge communication
potential, led in fact VLC to the introduction in the family of stan-
dards for wireless communications, by 2011, in the IEEE 802.15.7
specifications [12]. Exploiting the already mounting LED lights, VLC
could be used in several application scenarios (such as underwa-
ter communications [13] or localization and tracking [14]), and also
vehicles could be connected to each other to create the so called
VVLNs (a.k.a. V2LC networks [15]), as represented in Fig. 1.

Differently from RF, the visible light spectrum offers large por-
tions of unlicensed and uncongested bands. In addition to the po-
tentially high throughput guaranteed by the low congested fre-
quencies, the large bandwidth, and the optimal spatial reuse, VLC
is also characterized by a high directivity and a predictable chan-
nel; these aspects allow high accurate neighbors positioning with-
out use of other technologies [16], reduce the sources of interfer-
ence [17], and guarantee a high security level due to the inherently
reserved channels [18,19].

The high directivity also implies, however, the need for almost
clear line of sight that limits the use of VLC to the applications
where no obstacles must be overtaken and only single or multi-
ple hops between vehicles that are traveling on the same road are
needed. Besides pure VVLNs, anyway, VLC can be foreseen in het-
erogenous vehicular networks as an addition to the RF technologies
to increase the overall capacity.

The scope of this paper is thus to introduce the paradigm of
VVLNs and to highlight the improvement allowed by its integration
in future heterogenous vehicular networks. To this aim, results are
shown focusing on the example application of CSVNs, where data
collected by sensors on board of vehicles are delivered through sin-
gle or multiple hops to RSUs, which act as gateways towards a re-
mote control center. The strategies for the selection of the technol-
ogy to be used is also discussed and a congestion-adaptive algo-
rithm is proposed.

The paper is organized as follows: in Section 2, the peculiari-
ties of VLC applied to vehicular networks, the IEEE 802.15.7 spec-
ifications that focus on VLC, and the performance demonstrated
in vehicular networks by real testbeds around the world are dis-
cussed; Section 3 focuses on the use of VLC as a single technology
or as a complementary technology in heterogenous vehicular net-
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Fig. 1. Vehicular visible light networks.

works; in Section 4 the adaptive algorithm for the technology se-
lection is proposed and numerical results are provided; finally, in
Section 5 the conclusion is drawn.

2. Vehicular visible light networks

In this section we provide an overview of the VLC technology
applied to vehicular networks; after highlighting its peculiarities,
the present state of the art is discussed focusing on standardization
and real experimentations.

2.1. VLC peculiarities

VLC significantly differs from the reference DSRC and LTE tech-
nologies in many aspects, including the use of unlicensed and un-
congested frequencies, lower coverage and high directivity, and
reuse of devices that are already deployed for other scopes. These
characteristics are hereafter discussed in details and summarized
in Table 1.

Unlicensed and uncongested bands. One of the main advan-
tages of VLC is that it uses an unlicensed and uncongested band-
width, located between 380 and 800 THz. It is known that DSRC
bands around 5.9 GHz have been reserved to the short range
use in vehicular networks in most Countries worldwide; however,
there are strong concerns and long discussions about what hap-
pens when the small number of channels provided by DSRC are
used by hundreds of vehicles under congested conditions [20-22].
This issue is also present with reference to LTE, with possible hun-
dreds of vehicles sharing resources of a single cell [23,24]. In the
case of cellular networks, there is also the additional aspect of the
participation of a telecom operator, with issues on who would un-
dertake the operating costs.

Short range, high directivity and need for line of sight. The
range of VLC in vehicular scenarios obtained in today experiments
is in the order of the tens of meters [16,25,26]. These ranges are
significantly smaller than those obtainable with DSRC and will
never enable the ubiquitous coverage of cellular systems. Com-
pared to RF technologies, VLC propagation is also more sensible
to rain and fog, and even the sun position can influence the per-
formance [15]. Furthermore, other aspects make VLC very differ-
ent from the other technologies: the high directivity and low pen-
etration capabilities. These characteristics, on the one hand require
that nodes are well aligned and without obstacles in between, but
on the other hand imply low interference from neighboring devices
and thus lead to high spatial reuse. In addition, these peculiari-
ties also permit high accurate positioning [16] and highly secure
communications [18,19]. An interesting advantage, which is a direct
consequence of the high directivity, is also that full-duplex com-
munication with concurrent transmissions in the two directions
are easily achieved in VVLN, as shown for example in [15,27]. The
full duplex capability also makes the receiver able to provide an
acknowledgment during the transmission, enabling a collision de-
tection mechanism. Differently, full duplex transmissions are still a
hard task for researchers in the case of RF [28,29].

Use of available LEDs as transmitters. LEDs are already avail-
able on new vehicles and they are natural transmitters for VLC.
This differs from RF technologies, where optimized antenna sys-
tems [30] must be designed and implemented. Concerning the VLC
receivers, various options are possible. In fact, whereas photodi-
odes are the most obvious solution, also LEDs themselves or cam-
eras can be used. The use of LEDs as receivers reduces the neces-
sity of additional components and makes the system more robust
against interference from external sources (sun, lampposts) due to
a narrower operational bandwidth [27]. Cameras appear instead
the best option in terms of achievable throughput, which is sig-
nificantly increased at the cost of an higher expense [16,26,31].
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