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ABSTRACT

In recent years, the use of cellular network technologies to provide communication-based applications
to vehicles has received considerable attention. 3GPP, the standardization body responsible for cellular
networks specifications, is developing technologies to meet the requirements of vehicular communication
applications, and the research community is testing and validating the ability of those technologies to
implement different applications. This survey presents the body of work dealing with the use of cellular
technologies to implement communication-based applications for the connected vehicle. We focus on
basic and advanced road safety and traffic efficiency applications, which are critically important for
the future of vehicular networks. We start by describing the different cellular-related technologies that
have a role to play in providing services to the connected vehicle, propose a classification of types
of communication used in vehicular applications, and then apply this classification to organize and
present recent research work on the topic. Finally, we identify the main challenges in the use of cellular

technologies to develop applications for the connected vehicle.

© 2021 Elsevier Inc. All rights reserved.

1. Introduction

There are strong incentives to provide vehicles with communi-
cation-based applications to increase the safety of their occupants
and other road users, as well as to improve the efficiency in the
use of fuel and road infrastructures. Different standardization orga-
nizations have worked, and continue working, in developing solu-
tions for the connected vehicle to implement the vision of a future
Cooperative, Connected, and Automated Mobility (CCAM). Key re-
sults of these efforts are the Intelligent Transport System (ITS)
protocol stack [1] with ITS-G5 [2] access specified by European
Telecommunications Standards Institute (ETSI), and the Dedicated
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Short Range Communications (DSRC) protocol stack [3] developed
by SAE International. These protocol stacks enable the commu-
nication among vehicles and between vehicles and nodes in the
infrastructure (RSUs or Road-Side units).

Both the ETSI ITS with ITS-G5 and the DSRC protocol stacks are
based, for their access layers, on IEEE 802.11p (IEEE 802.11 OCB —
Outside the Context of a Basic service set), a mode of operation
of the IEEE 802.11 standard [4] adapted to the needs of vehicu-
lar communications. For more than 10 years, numerous research
efforts have been devoted to the use of this technology to provide
services to the connected vehicle, with also a large number of pilot
deployments on open roads [5] [6]. Spectrum in the 5.9 GHz band
has been allocated to ITS services in different regions of the world.
However, the commercial deployment of this technology has not
progressed as expected.

Meanwhile, the 3rd Generation Partnership Project (3GPP) [7]
started to develop solutions to enable the use of cellular technolo-
gies in the access layer of connected vehicle communications, an
effort jointly known under the name of C-V2X (Cellular Vehicle-to-
Everything), where “everything” (i.e., the X) can be another vehicle,
a pedestrian, the road infrastructure or a server on the network.
3GPP Release 14 (from mid-2017) introduced, for the first time,
D2D (direct) communications between terminals specifically in-
tended for vehicle-to-vehicle communications. These efforts have
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resulted in a shift to focus on C-V2X technologies to support ve-
hicular communications, for example reflected in the United States
Federal Communications Commission (FCC) decision to change the
use of the reserved spectrum for intelligent transportation system
operations in the 5.9 GHz band from DSRC to C-V2X [8].

The 3GPP is in a constant process of improving the technology,
considering requirements for increasingly advanced services for the
connected vehicle. The research community has also focused on
analyzing and improving the C-V2X technologies to support the
connected vehicle, and comparing them to IEEE 802.11p based ap-
proaches.

There are three main categories for connected vehicle applica-
tions:

1. Road safety: applications that assist in the protection of vehi-
cles, their occupants, and other road users. A special case is
the protection of Vulnerable Road Users (VRUs), i.e., users not
protected by a vehicle body, such as pedestrians, cyclists and
motorcyclists.

2. Traffic efficiency: applications that improve efficiency in the
use of vehicles. These applications can help save fuel, travel
time, or make a better use of roads to serve more users with
the same infrastructure. In some cases, there is an overlap be-
tween this category and the previous one: for example, an
application that facilitates vehicles merging onto a road im-
proves both safety and efficiency.

3. Others: applications such as, for example, convenience appli-
cations, and access to information or entertainment (infotain-
ment applications).

In this article we review the research on using C-V2X commu-
nications to provide road safety and traffic efficiency applications
to the connected vehicle, although other applications are also con-
templated when some work in the literature analyzes them co-
existing with road safety and traffic efficiency applications.

1.1. Related work

In recent years, a number of surveys have been published in
different areas related to the support of connected vehicle appli-
cations, using different access technologies including C-V2X com-
munication technologies. Araniti et al. [9] in an early paper in-
vestigated the usability of Long Term Evolution (LTE) to support
vehicular applications to face the drawbacks of IEEE 802.11p tech-
nology. Masini et al. [10] reviewed various access technologies for
Vehicle-to-Vehicle (V2V) communications to enable vehicular sen-
sor networks, including economic motivations and business mod-
els. The work of Singh et al. [11] had a much wider scope, review-
ing in a tutorial style different communication technologies; pro-
tocol stacks specified in USA, Japan and Europe; applications; stan-
dardization efforts; and description of related research projects.
Ahangar et al. [12] investigated the autonomous vehicle use case
and the service provided by different vehicular communications
technologies with different coverage ranges (from Zigbee to 5G-
New Radio) paying attention to latency requirements. Chen et al.
[13] studied C-V2X as enabling technologies to meet the require-
ments of autonomous driving, presenting the technical evolution
path from LTE Vehicle-to-Everything (LTE-V2X) to New Radio-V2X
(NR-V2X) and highlighting field trials and developments in China.
The paper of Gyawali et al. [14] studied the challenges for LTE and
New Radio (NR) to support Vehicle-to-Everything (V2X) communi-
cations in general, without discussing any particular application,
especially concentrating physical layer structure, synchronization
and security. The work of Bazzi et al. [15] provided a survey about
different aspects of the sidelink interface design taking into ac-
count the evolutionary path of sidelink interface in 3GPP. Interest-
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ingly, the paper includes a discussion on congestion control mech-
anisms for sidelink interface. Alalewi et al. [16] focused on the 5G
enabling technologies and their potential applicability to relevant
V2X use cases such as platooning or remote driving, specially con-
centrating on the QoS requirements of the analyzed use cases. It
includes an historical review of vehicular communications, consid-
ering projects, technologies and standards. The topics covered by
Singh et al. The work of Jeong et al. [17] surveys IP-based vehicular
networking, and the analyzed issues are related with the particu-
larities of using IP transport on vehicular networks: IP-based ap-
plications, IP address autoconfiguration, IP mobility management,
and IP security. Finally, Lee et al. [18] provided an interesting sur-
vey about the connected vehicle applications and their benefits,
but in a communication technologies-agnostic way.

Other related surveys focused on the use of IEEE 802.11p tech-
nology to provide vehicular communications, as the survey of Toor
et al. [19] where the main issues addressed were Internet connec-
tivity, data dissemination, and routing over IEEE 802.11p, or the
work of Jeong at al, [20] which surveyed systems, protocols, appli-
cations, and security for safe and efficient driving, but most sur-
veyed cases use IEEE 802.11p as access technology, and it does not
analyze how the access technology performs to implement these
use cases. There are other surveys that covered different aspects
related to vehicular networking, such as the comparison of Wi-Fi
and sidelink cellular technologies for communicating vehicles [21],
Internet of Vehicles based on C-V2X technologies [22] [23], radio
resource allocation in C-V2X technologies [24], [25] [26], secu-
rity [27], or machine learning applied to vehicular communications
[28].

Table 1 shows a comparison of this survey and other re-
cent related surveys. The comparison is based on the follow-
ing aspects: C-V2X technologies covered; whether they include
a description (tutorial style) of C-V2X and related technologies;
whether they include an analysis by type of end-point (vehicle,
pedestrian, infrastructure, or network) and characteristics of mes-
sages exchanged; whether it classifies the surveyed papers by ex-
perimentation methodologies; whether it includes an analysis of
communication services to support different types of applications;
use cases; standardization; and other related technologies.

1.2. Current survey

The contribution of our survey focuses on the literature that
analyzes the utilization of the different C-V2X technologies to sup-
port connected vehicle applications, studying their appropriateness
to meet their requirements, their limitations, and exploring how to
use and configure the technologies for this purpose. To this end,
this paper introduces several novel aspects that, as a whole, have
not been covered by other surveys in the past:

1. We feature a brief tutorial on C-V2X communication technolo-
gies, including the latest ones such as 5G NR (New Radio)
cellular and NR sidelink.

2. We categorize the types of communication and related mes-
sages needed to enable different applications for the con-
nected vehicle (cooperative collision warning, see-through or
collective perception are some examples of the 28 specific ap-
plications considered in the survey). Upon this categorization,
we extend the 3GPP classification of types of V2X communi-
cations that only considers the type of end-point (e.g., vehicle,
pedestrian, infrastructure) to take also into account the char-
acteristics of the exchanged messages (e.g., periodic, event-
driven, relayed by RSU, or multi-hop).

3. We explore the recent literature on proposals of C-V2X re-
lated solutions to provide the communications services (types
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Table 1
Comparison of this survey with other recent related surveys.
Analysis of
Analysis by type C-V2X
Tutorial of C-V2X of end-point and communication Classification by
Reference C-vaX and related characteristics of services to experimentation V2X use cases | Standardization Other
technologies the messages support methodology
exchanged applications
Araniti et al, | LTEUw
2013 [9] LTE PC5; X X \/ X X v’ X
MBMS
s Vehicular
Masini et al., .
2018 [10] ;TRE 1ch55 ‘ v X X sensor v X
networks
Singh et al, LTE Uu;
2019 [11] LTE PC5 v’ X X X N .
LTE Uu;
Chen et al, | LTE PC5; v~ X X Autgnomous v MEC
2020 [13] NR Uu; vehicle
NR PC5
Vehicle
platooning;
remote
Bazzi et al, LTE PC5; driving;
2021 [15] NR PC5 v X v’ collective v’ X
perception;
advanced
driving
. LTE UU: SDN;
Gyawali et al, | LTE PC5; v X X X v’ Network
2021 [14] NR; slicing;
MBMS MEC
Ahangar et al,, | LTE Uu; Autonomous
2021 [12] LTE PCS; X X X vehicle v X
NR
Vehicle
platooning;
remote SDN;
Alalewi et al, | NR Uu; driving; NFV;
2021 [16] NR PC5 X X v X collective v’ Network
perception; slicing;
advanced MEC
driving
LTE Uu; 15\1];\1\/];
LTE PC5; ;
our survey NR Uu: v’ v~ v~ v~ 28 v~ Network
NR PC5; slicing;
eMBMS MEC

of communication and associated messages) required by con-
nected vehicle applications.

4, We categorize surveyed papers by the experimentation me-
thodology they use (e.g., focused simulations, system-level
simulations, real equipment tests, field tests and demonstra-
tions).

5. We present several challenges for C-V2X applications research
and deployment.

The rest of the article is organized as follows: section 2 briefly
reviews the C-V2X communication technologies; section 3 catego-
rizes the different types of communication to support connected
vehicle applications; section 4 organizes and summarizes, with the
previous classification scheme, the contributions of the literature
studying C-V2X based applications; section 5 identifies the main
future challenges for the research and development of C-V2X ap-
plications; and finally, section 6 summarizes the conclusions of our
survey. The organization of the survey is shown in Fig. 1. The ob-

jective is to make it easier for readers to understand the topics
covered and its general structure.

2. Background: C-V2X communication technologies

The 3GPP [7] develops specifications for cellular network tech-
nologies. The specifications are organized in Releases. The most
recent, as of this writing, is Release 17, scheduled for 2022 (al-
though some work has already been started on Release 18). Since
Release 14 (issued in 2017), the 3GPP has been developing com-
munication technologies tailored for the connected vehicle, under
the name Vehicle-to-Everything (V2X) technologies or Cellular-
V2X (C-V2X), but even before that milestone, researchers had
been exploring the use of cellular communication technologies
to support applications for the connected vehicle as an alterna-
tive to the previous solutions based on IEEE 802.11p communica-
tions.

In this section we briefly present the different cellular commu-
nication technologies, and related ones that can be used to support
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Fig. 1. Structure of this survey.

eNodeB

(4G base station)

Fig. 2. C-V2X communication interfaces.

applications for the connected vehicle. Some of the communication through a base station in the infrastructure. LTE Uu is the 4G

interfaces and technologies are represented in Fig. 2. version of this interface, while 5G NR (New Radio) Uu is the 5G
version of this interface (included initially in Release 14, and in

2.1. LTE Uu and 5G NR Uu continuous development in later Releases). 5G NR Uu allows the
use of new frequency bands (including mmWave), and it enables

Uu is the traditional radio interface of the cellular commu- higher throughput, less latency, higher reliability, and improved

nication network, which allows terminals to access the network spectrum efficiency.
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2.2. eMBMS

eMBMS (evolved Multimedia Broadcast Multicast Service) pro-
vides point-to-multipoint communications through the Uu inter-
face of 3GPP cellular networks [29] [30]. The initial method for
resource allocation in eMBMS is called MBSFN (Multicast Broad-
cast Single Frequency Network), and was designed for video chan-
nel broadcasting. MBSFN is based on a strict scheduling of ser-
vices, synchronized transmissions to a group of cells, and dedicated
physical channels for broadcast traffic. An alternative method for
resource allocation of broadcast traffic was introduced in Release
13, namely SC-PTM (Single-Cell Point-To-Multipoint) which enables
delivering services to one cell and does not require dedicated chan-
nels for broadcast traffic, achieving more flexibility and less la-
tency. SC-PTM has been, therefore, the method chosen for V2X
communications [31]. Further improvements for broadcast commu-
nications for V2X applications are expected in Release 17.

2.3. LTE PC5 and 5G NR PC5

Sidelink communications (direct communication between ter-
minals) were introduced in 3GPP specifications in Release 12
(2015) but focusing on supporting proximity services [32] [33],
for example, for communications of public safety operatives. PC5
is the name in 3GPP networks for the sidelink interface. Release
12 LTE PC5 interface has two modes of operation [34]: mode 1 in
which the resources are assigned from the network; and therefore,
network coverage is required for operation, and mode 2 in which
resources are autonomously allocated by each terminal; and there-
fore, network coverage is not needed for operation.

3GPP Release 14 (2017) was the first to introduce sidelink com-
munications explicitly designed for V2X communications [35] [36]
[37] [38] [39]. In particular, two modes of operation were intro-
duced:

1. Release 14 LTE PC5 mode 3: supports direct broadcast commu-
nications between vehicles, but the resource allocation for the
communication is from the network, which requires vehicles
to be in the radio coverage of a cellular base station.

2. Release 14 LTE PC5 mode 4: supports direct broadcast commu-
nications between vehicles, but the resource allocation for the
communication is done autonomously by each vehicle. There-
fore, vehicles do not need to be in the radio coverage of a
cellular base station. The autonomous allocation of resources is
done with an algorithm called S-SPS (“Sensing-based SemiPer-
sistent Scheduling”).

A high level description of how the S-SPS algorithm works is as
follows (for a more detailed description, see [39] or [40]):

1. The objective for a vehicle is to assign to itself radio resources
to be able to broadcast a message on the sidelink interface.
Radio resources are, basically, a slot in time and a chunk of
bandwidth that can allow sending the message.

2. The vehicle chooses a selection window, where there are re-
sources that could allow to transmit the message while fulfill-
ing its timing requirements.

3. The vehicle uses a sensing window, previous to the selection
window, during which the vehicle checks the utilization of the
medium (a vehicle senses the media while not transmitting).
There are two ways to detect a resource as busy: the received
power or when a future resource is announced as reserved in
the control information sent with a message (see below).

4, Based on the feedback obtained in the sensing window, the
vehicle can identify free candidate resources in the selection
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window, which could be used by the vehicle to send its mes-
sage. From among them, one is randomly selected from a sub-
set of the best candidates.

5. The resource selection is kept for a number of repetitions. The
time between repetitions and when resources are re-selected
is configurable. A re-selection can also be triggered if needed
to fulfill latency requirements.

Note that the algorithm relies on a semi-persistent schedul-
ing of resources, which allows to discover the future utilization of
resources from the information captured on the sensing phase. Ve-
hicles announce, as part of the control block sent with a message,
if they intend to use a future slot and the time period until that
slot (from a fixed set of resource reservation intervals). This works
well with messages sent at fix periodic intervals and with fixed
sizes [41]. Some limitations of this scheduling mechanism are the
half-duplex problem (a vehicle transmitting using some frequency
resources at one time slot cannot hear vehicles transmitting at the
same time slot even in a different frequency), and bursts of colli-
sions (if two vehicles choose the same resources and period, they
will not be able to detect their collisions). The semi-persistent al-
location makes these limitations worse, since two vehicles that are
transmitting repeatedly at the same time become invisible to each
other. The work in [42] developed analytical models to study the
performance of Release 14 LTE PC5 mode 4.

A new version of D2D PC5 modes for C-V2X communications
was developed in Release 16 (2020) [43] [44] [45] [46] [47]. These
new modes are based on 5G NR, and they are not meant to replace
the LTE PC5 interface modes but to complement them — LTE PC5
offers basic services in the ITS reserved band at 5.9 GHz, while
NR PC5 provides advanced services with higher requirements and,
potentially, using alternative spectrum at licensed and unlicensed
bands. The two NR PC5 modes are:

1. Release 16 NR PC5 mode 1: supports direct unicast, group-
cast or broadcast communications between vehicles, but the
resource allocation for the communication is done by the net-
work, which requires vehicles to be under the radio coverage
of a cellular base station.

2. Release 16 NR PC5 mode 2: supports direct unicast, groupcast,
or broadcast communications between vehicles, but the re-
source allocation is done autonomously by each vehicle. There-
fore, the vehicles do not need to be under the radio coverage
of a cellular base station.

The NR PC5 mode 2 defines two ways for the autonomous allo-
cation of resources. In one, resources are allocated for an individual
message and its retransmissions (when HARQ, — Hybrid Automatic
Repeat Request — is used to improve reliability), which is appro-
priate to send event-driven messages, a use case that was not
well addressed with the S-SPS algorithm. The second one is an-
other semi-persistent allocation algorithm, a modified version of
the S-SPS algorithm, which is appropriate to reserve resources for
sending periodic messages.

In more detail, the improvements in the NR PC5 mode 2 mech-
anism for resource allocation are as follows: (1) the ability to
deal more efficiently with event-driven messages by means of an
improved HARQ mechanism that adds, for unicast and groupcast
communications, no-blind HARQ to the blind HARQ' used in LTE
PC5 mode 4; (2) more flexibility on the possible resource reserva-
tion intervals that a vehicle can choose for its periodic messages

1 Without going into details, blind HARQ consists on retransmiting a packet pre-
ventively to improve reliability; while no-blind HARQ uses feedback from receivers,
in unicast and groupcast communications, to decide if retransmissions are needed.
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(4G base station)

Fig. 3. Types of communication in C-V2X.

(although still from a limited set of options); (3) smaller minimum
latency (1 ms); (4) a mechanism to exclude candidate resources
that can collide with reservations made when the vehicle cannot
hear them (half-duplex issue); (5) a re-evaluation mechanism that
allows a vehicle to check that its reserved resources have not been
reserved by other vehicles after its initial selection; and (6) a pre-
emption mechanism so that a vehicle has to withdraw its reserved
resources if, after a re-evaluation, finds that a vehicle with higher
priority traffic is going to use them. These improvements provide
more flexibility and adaptability to allocate resources meeting the
different requirements of the traffic generated in vehicles, and re-
ducing collisions due to conflicts among different allocations.

2.4. Additional technologies

The efficient and flexible support of ultra-reliable low-latency
communications for V2X services provided through the cellular
network infrastructure requires the combination of various tech-
nologies, of which we highlight the following:

o Software Defined Networking (SDN) [48] [49] consists in sep-
arating the control plane and the data plane in the network.
The control function is centralized in nodes called network
controllers, which offer programming interfaces that allow
SDN applications to program the network. Using SDN, the net-
work becomes much more flexible and adaptable to dynamic
requirements.

o Network Function Virtualization (NFV) [50] [49] moves net-
work functions from dedicated hardware appliances to virtu-
alized functions running in general purpose hardware. This
provides greater flexibility in when, where, and how to de-
ploy functions (networking services) that are needed in the
network.

o Network Slicing [51] [52] allows to offer different network
services using the same physical infrastructure, so it is possible
to provide a customized network service to meet application
needs. Through network slicing, the network can guarantee
low latency requirements to some applications while serving

high bandwidth demands from other applications, all without
wasting network resources.

e Muti-access Edge Computing (MEC) [53] [54] deploys IT in-
frastructure with virtualization capabilities at the edge of the
network. This infrastructure allows to deploy network func-
tions and applications at the edge of the network. For example,
a virtual core network and applications can be deployed in a
base station, so the application can offer a low latency service
to terminals in the corresponding area (i.e., the cell), because
the traffic does not have to go through the physical core of the
network and then through Internet to reach the application
server. MEC specifications include a set of APIs (application
programming interfaces) to manage the applications as well
as to allow applications to access information in the network
that can be useful (such as the quality of the radio communi-
cation with a terminal or the terminals present in a cell).

All these technologies are related and must be strongly inte-
grated in the network to meet the requirements of vehicular com-
munication applications.

3. Types of communication used in applications for the
connected vehicle

An application for connected vehicles has several compo-
nents: transfer of information, acquisition of information from
sensors and through communications, processing of information,
and human-machine interface aspects. In this paper we focus on
the information transfer component. 3GPP identifies the following
types of communication involved in V2X applications [55] (repre-
sented in Fig. 3):

1. V2V — Vehicle-to-Vehicle communications in which vehicles
send messages to other vehicles.

2. V2P — Vehicle-to-Pedestrian: communications in which vehi-
cles send messages to pedestrians, or pedestrians send mes-
sages to vehicles. In this case, the communication solutions
could be similar to the V2V case, but there can be particular-
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ities associated with considerations about pedestrians’ devices
(e.g., battery availability).

3. V2I — Vehicle-to-Infrastructure: communications in which ve-
hicles send messages to the infrastructure, in particular to
RSUs (Road Side Units), or RSUs send messages to vehicles.
An RSU is a node (e.g., a traffic light or a road signal) located
close to a road that can exchange V2X messages with other
entities such as vehicles or pedestrians. A local server can be
associated with the RSU for message processing.

4. V2N — Vehicle-to-Network: communications in which vehicle
exchanges messages with a V2X application server in the net-
work.

The difference between V2I and V2N communications is that
V2I involves communications with vehicles in the geographical
area of the related RSU, while this is not the case with V2N com-
munications in which servers can provide service to different ge-
ographical areas. V2I are one-hop communications between RSUs
and vehicles, while V2N communications require an IP transport
to communicate with a server potentially at multiple hops through
the network infrastructure (e.g., involving the use of the core part
of the cellular network to communicate with external networks).
Even so, the two cases can be difficult to differentiate in some sit-
uations, for example when using solutions that move application
processing closer to the edge of the network (i.e., MEC).

In this paper, and based on different reviews of applications
for the connected vehicle [56] [57] [58] [11] [18] [59], we ex-
tend the 3GPP classification of types of V2X communication, not
only considering the type of end-point (e.g., vehicle, pedestrian,
infrastructure) but also the characteristics of the messages being
exchanged. The considered types of communication are the follow-
ing:

1. V2V periodic messages: messages that are periodically sent by
a vehicle to all surrounding vehicles, to provide and update
information about itself. The period used to send messages is
not necessarily fixed, since in many situations the period could
be dynamically adjusted to traffic or network conditions. The
most significant example is awareness messages, used to in-
form about the location and kinematic data of the vehicle.
Examples of awareness messages are the Cooperative Aware-
ness Message (CAM) defined by ETSI [60] and the Basic Safety
Message (BSM) defined by SAE International [61]. The informa-
tion from awareness messages can be used by other vehicles
to implement different applications, for example, a warning
about a risk of collision, or a cooperative adaptive cruise con-
trol that dynamically reduces the speed when the vehicle in
front is too close.

2. V2V event-driven messages: messages that are sent by a ve-
hicle to surrounding vehicles to notify an event. A message
associated with an event is usually repeated several times over
a period of time, but the duration of this time is limited and is
related to the duration of the event that triggered the message.
An example is a vehicle that detects ice on a road segment
and informs surrounding vehicles of the situation. ETSI De-
centralized Environmental Notification Messages (DENMs) are
an example of event-driven messages. Some V2V applications,
such as platooning, use a combination of periodic and event-
driven messages.

3. V2V bi-directional communications: point-to-point bi-direc-
tional communications between two vehicles. An example is
a vehicle that wishes to overtake the vehicle in front but has
limited visibility, so it requests streaming video of the road
ahead from the vehicle in front (see-through application).

4. V2V multi-hop messages: sometimes it is convenient to ex-
tend the coverage of V2V or V2I Intelligent Transport System
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(ITS) messages beyond the radio coverage of the entity sending
the message. This can be achieved by other vehicles forward-
ing the messages, or even, if there are not nearby vehicles, by
a vehicle carrying the message and forwarding it later on. For
example, a message alerting about an icy road segment could
be sent to a geographical area farther from the vehicle detect-
ing it, to give drivers in other vehicles more time to react.

5. V2P periodic messages: messages that are periodically sent by
a vehicle to all surrounding pedestrians, to provide and update
information about itself; or messages that are periodically sent
to all surrounding vehicles by a pedestrian’s device to provide
and update information about the pedestrian. In most cases
the messages are the same as in V2V periodic messages, only
the participants in the communication change.

6. V2I periodic messages: messages that are sent periodically by
an RSU to all vehicles in its coverage area. For example, an RSU
can send information about the geometry of an intersection,
about traffic signals, or about traffic lights cycles.

7. V2I event-driven messages: messages that are sent by an RSU
to all vehicles in its coverage area, or to particular vehicles in
it, to inform about an event; or messages sent by a vehicle
to the infrastructure. A message associated with an event is
usually sent several times over a period of time, but the du-
ration of this time is limited and related to the duration of
the event that triggered the message. An example is an RSU
that uses sensors to detect people in a pedestrian crossing and
warns approaching vehicles. Another example is an emergency
vehicle approaching an intersection that sends a message to
an RSU in the intersection (e.g., a traffic light) to request the
right-of-way.

8. RSU-relayed messages: when V2V messages received by RSUs
are forwarded to other interest areas to extend their coverage,
or are forwarded to a server in the network for further pro-
cessing. For example, an RSU in an intersection can receive and
forward V2V awareness messages to improve coverage in the
presence of obstacles; or the RSU could send the messages to
a traffic control server, which could use them for traffic mon-
itoring or to execute actions such as controlling traffic lights
cycles. This type of communication assumes that messages are
not sent directly to the server (which would be a V2N com-
munication), but broadcast in 1 hop by vehicles and received
by an RSU.

9. V2N bi-directional communications: point-to-point bi-direct-
ional communications between a vehicle and a server in the
network. This type of communication requires the use of IP
transport to reach the server in the network. An example is
a vehicle sending information about the current traffic situa-
tion or other conditions in the road, and downloading updated
dynamic maps.

Not all possibilities are present in this classification. For exam-
ple, some of the message exchange types in the V2V case are not
present in other cases. The reason is that we could not find in the
literature examples of applications using them. This could be be-
cause the particular communication type has not been explored
yet in vehicular applications or because the type is not really ap-
plicable.

In Table 2 we present the different types of communication
considered in this paper, giving examples of applications, classi-
fied by application category (e.g., road safety, traffic efficiency, or
convenience). Moreover, the table also includes the papers that
are later reviewed and that explore each type of communication
(sometimes a paper appears more than once, if it explores more
than one type of communication).

From Table 2, it can be concluded that most research on C-V2X
has been focused on V2V periodic messaging, which is considered
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Table 2
Different types of V2X communication to support vehicular applications.
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V2X communication types Category

Example applications

Related papers

Road Safety

V2V periodic messages

Cooperative collision warning
Intersection movement assistance
Slow vehicle warning
Cooperative glare reduction
Collective perception

[64] [65] [66] [67] [68] [69] [70]
[71] [72] [73] [74] [75] [76] [77]
[78] [79] [31] [80] [81] [82] [83]
[84] [85] [86] [87] [88] [89] [90]
[91] [92] [93] [94] [95] [96] [97]

Traffic Efficiency Platooning

Cooperative Adaptive Cruise Control

[98] [99] [100] [101] [102] [103]
[104] [105] [106]

Convenience

Stolen vehicle alert

V2V event-driven messages Road Safety

Stationary vehicle warning
Emergency electronic brake lights
Queue/Traffic jam ahead warning
Road condition warning

[64] [69] [87] [72] [77] [98] [99]
[79] [31] [81] [93] [103] [104]
[107]

Traffic Efficiency

Platooning (braking/join/leave)

Road Safety See-through

V2V bi-directional communication

[108] [109] [110] [103]

Convenience

Instant messaging

V2V multi-hop Safety/Efficiency

Coverage extension of ITS messages

[111] [112] [113] [114]

V2P periodic messages Road Safety

Pedestrian collision warning to vehicles
Vehicle collision warning to pedestrians

[115] [116]

In-vehicle signage
V2I periodic messages Road Safety

Curve speed warning

[117] [111] [118] [93] [103]
[119]

Traffic Efficiency

Green Light Optimized Speed Advisory

V2I event-driven messages Road Safety

Infrastructure based collision warning
Warning of vulnerable road user presence
Infrastructure based traffic jam ahead warning
Infrastructure based road condition warning
Roadwork warning

[120] [121] [122] [110] [123]
[124] [125] [126] [127] [128]
[103] [129] [107] [130] [119]

Traffic Efficiency

Emergency vehicle signal preemption

their reach

RSU-relayed messages Safety/Efficiency

RSUs receive ITS messages and broadcast them to extend

RSUs receive ITS messages and send them to a server (e.g.,
traffic control center)

[84] [85] [113] [118] [123] [131]
[122] [114] [127] [103]

Safety/Efficiency

Dynamic map download and update

Remote driving

V2N bi-directional communication

Convenience X
Payment services

Media downloading
Point of interest notification

Stolen vehicle alert (warn service provider)
Secure software updates for vehicles

[117] [112] [111] [132] [131]
[133] [134] [103]

the most basic ITS service and present in “Day 1” use cases [62]
and pilots [63], together with V2I communications, which are the
second area with more research. Moreover, it is worth noting that
most of these works are focused on single-hop communications,
with few papers considering multi-hop communications or RSU-
relayed messages.

4. An exploration of the use of C-V2X communications to
support connected vehicle applications

In this section we explore the contributions of recent literature
regarding the use of C-V2X communications to support connected
vehicle applications. Table 3 situates the contributions of the dif-
ferent reviewed papers. The first row in the table represents the
different types of communication used in connected vehicles ap-
plications that we have identified in section 3. The first column
includes the different C-V2X related technologies reviewed in sec-
tion 2, and also (separated by a double line) different alternatives
to evaluate the performance or test the behavior of the technolo-
gies (simulations, field tests, and so on). Thus, the table allows
to identify the types of V2X communication explored in each re-
viewed paper, the C-V2X technologies analyzed, and the validation
methods employed.

The list of C-V2X related technologies includes D2D, by which
we mean papers that assume generic direct-to-direct communica-
tion technology without following a particular 3GPP solution, or
papers in which it is not clear which D2D solution is used. IEEE

802.11p is also on the list even though it is not a C-V2X technology
as it is often used in performance comparisons with C-V2X tech-
nologies, or in hybrid systems combining IEEE 802.11p with C-V2X
technologies.

With respect to the validation part, we have the following cat-
egories:

1. Focused simulations: this refers to numerical analysis or sim-
ulations that do not model the whole system under study (for
example, they model radio issues but not the MAC protocol, or
they focus on the performance of particular algorithms within
the system). We also report here papers that do not provide
enough details about what exactly was simulated or how.

2. System-level simulations: simulations that model the whole
system under study and are used to experimentally analyze
the system.

3. Real equipment tests: real-life equipment in a lab environ-
ment is used to experimentally analyze the system under
study.

4. Field tests: tests with real equipment are performed in open
roads, or in test tracks that emulate real conditions.

5. Demonstrations: complete applications are shown in open
roads for demonstration purposes. The aim is not to have an
environment in which to carry out tests and obtain perfor-
mance numbers, but to show the technology in real life to
stakeholders.



Table 3

Literature on the use of C-V2X communications to support connected vehicle applications.

V2V periodic messages

V2V event-driven

V2V bi-directional

V2V multi-hop

V2P periodic

V2I periodic

V2I event-driven

RSU-relayed

V2N bi-directional

messages communication messages messages messages messages communication
IEEE 802.11p [75] [65] [70] [80] [96] [114] [117] [117] [125] [127] [127] [117]
[117] [101] [92] [94] [119]
LTE Uu [66] [67] [69] [72] [31][81] [116] [115] [111] [117] [120] [117] [124] [84] [85] [112] [111] [117]
[117] [71] [76] [31] [119] [125] [121] [126] [113] [103]
[81][89] [128] [119]
5G NR Uu [104] [104] [110] [119] [110] [123] [119] [133]
eMBMS [76] [66] [67] [69] [72] [31][81]
(711 311 81]
D2D [95] [73] [80] [111] [112] [114]
Rel. 12 LTE PC5 mode 1 [76] [66] [67] [84] [85] [64] [69] [72] [77]
[64] [69] [72] [65] [77]
[74]
Rel. 12 LTE PC5 mode 2 [68]
Rel. 14 LTE PC5 mode 3 [75] [86] [87] [70] [71] [87] [81] [135] [136] [113] [119] [119] [130]
[88] [81] [82]
Rel. 14 LTE PC5 mode 4 [75] [78] [96] [97] [83] [93] [103] [107] [103] [119] [93] [129] [107] [119]
[90] [91] [100] [101] [103]
[102] [92] [93] [94]
[103] [105]
Rel. 16 NR PC5 mode 1 [106] [119] [119]
Rel. 16 NR PC5 mode 2 [98] [99] [98] [99] [119] [119]
mmWave [108] [122] [122] [132]
Congestion control [80] [97] [101] [102] [93] [93]
[92] [93]
Cloud [127] [121] [127] [134] [103]
MEC/fog [31] [81] [104] [31] [81] [104] [116] [115] [120] [122] [121] [122] [127] [133] [103]
[124] [126] [127] [134]
[128] [129] [107]
SDN [104] [104] [132]
Network virtualization [104] [104] [127] [124] [127] [103]
Network slicing [104] [104] [111] [120] [111] [133] [103]
Focused simulations [64] [65] [70] [69] [72] [64] [69] [72] [87] [108] [135] [136] [112] [115] [122] [123] [125] [122] [112] [133]
[68] [71] [73] [74] [77] [77] [98] [99] [129]
[87] [86] [92] [89] [90]
[98] [99] [102]
System-level simulations [75] [76] [66] [67] [84] [31] [81] [107] [111] [113] [114] [116] [111] [128] [107] [130] [84] [85] [111]

[85] [78] [31] [88] [80]
[81] [96] [97] [82] [83]
[91] [101] [105] [106]

[113] [114]

Real equipment tests

[94]

[126] [124]

Field tests

[73] [117] [100] [93]
[94] [103] [104]

[93] [103] [104]

[110] [103]

[117] [119]
[93] [103]

[120] [117] [121]
[127] [119]

[127]

[132] [117] [103]

Demonstrations

[95] [103]

[103]

[103]

[119] [103]

[119]

[103]
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Table 3 shows that the interest on communication types is
technology-agnostic, since most works are focused on V2V periodic
messages and V2I event-driven ones. Regarding technologies, the
most popular ones are LTE Uu (due to its wide availability), and the
sidelink communications modes. Although in LTE Rel. (Release) 12
almost all works were focused on the network-coordinated mode
1, on LTE Rel. 14 (and in lesser extent NR Rel. 16, due to the few
papers considering it) the research interest seems to be moving
to the distributed-coordination modes. Besides the obvious tech-
nological evolution (with older technologies accumulating more
works), the validation part of Table 3 shows that a great major-
ity of papers are still simulation-based, with a small number of
works using real-world equipment, which in many cases are just
using an LTE Uu interface (specially on V2I applications), albeit the
availability of Rel. 14 LTE equipment is enabling several works with
a real-world evaluation.

In the rest of the section, we provide more detailed expla-
nations about the contributions of the reviewed papers to the
analysis of using C-V2X to support applications for the connected
vehicle. The structure follows the classification of different types of
V2X communication introduced in section 3.

4.1. V2V periodic messages

This is the most common communication type to support appli-
cations for the connected vehicle. As such, the use of C-V2X tech-
nologies to provide this communication type has been the most
studied in the literature.

Many of the early efforts in the application of cellular com-
munication technologies to support connected vehicle applications
consisted in the study of using the Proximity Services (ProSe) D2D
interface, defined in Rel. 12, in vehicular scenarios (Rel. 12 LTE PC5
mode 1 [64] and mode 2 [68]). Since this D2D interface was not
designed with vehicular communication requirements in mind, the
focus was on identifying its limitations for supporting V2V periodic
messages, and proposing alternative resource allocation strategies
with the aim of maximizing the use of the medium while meeting
the latency and reliability constraints of V2V communications for
safety applications.

Most early works used simulations in the evaluation part but,
probably due to the lack of available tools, these simulations did
not model the whole system, but only parts of it (such as algo-
rithms for resource scheduling), or included significant simplifi-
cations of parts of the system. Even so, the importance of tests
in the real world was already considered from the beginning: the
work in [73] used software defined radios and two real vehicles
to get a first look at the direct communication between vehicles
using cellular-like radios, while [117] compared the use of IEEE
802.11p for direct V2V communications with the use of communi-
cations through the network in the infrastructure using LTE Uu (in
the latter case, the latency was shown to be too large for safety
applications).

Several initial works compared the performance of IEEE 802.11p
and Rel. 12 LTE PC5 mode 1 (resources assigned from the infras-
tructure) for sending V2V periodic messages, showing potential
benefits of the LTE PC5 approach by applying strategies of fre-
quency reuse [65] [70] [80].

There was also interest in comparing the performance of send-
ing the periodic messages from a source vehicle to the infrastruc-
ture (LTE Uu) to be later broadcast from there to target vehicles
with the use of D2D approaches (Rel. 12 LTE PC5 mode 1 [66]
[67] [76] and Rel. 14 LTE PC5 mode 3 [71]), which concluded that
latency was lower with the D2D approaches. The work in [31] (ex-
tended in [81]) used servers deployed at base stations to improve
the latency of the communications of the V2V periodic messages
sent through the infrastructure (a MEC-like approach), and con-
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cluded that the performance from the point of view of latency
could be enough to support safety services, but performance de-
grades with network load.

Several papers [66] [67] [76] [81] [84] [85] explored the com-
bination of D2D and LTE Uu, by using information obtained from
the messages sent by vehicles and received in the infrastructure
to improve the scheduling of resources in the network for D2D
communications. For example, [81] [84] [85] proposed to reuse fre-
quencies for D2D communications according to vehicles’ locations
obtained from the periodic messages they send to the infrastruc-
ture.

Another work that explored the use of the LTE Uu interface for
sending V2V periodic messages was [89]. The studied scenario in-
volved mobile base stations deployed in Unmanned Aerial Vehicles
(UAV) to improve the connectivity service offered to vehicles com-
pared with using only terrestrial base stations. The analyzed appli-
cation was collective perception (extended sensors), which involves
broadcasting messages with sensor data (through the infrastruc-
ture in this case) to increase the sensing range beyond that of the
sensors of individual vehicles. The main conclusion of this work is
identifying the potential of UAVs to improve connectivity in vehi-
cles.

Rel. 14 of 3GPP standards included the first D2D solution specif-
ically developed for communications among vehicles. Different
works in the literature have studied its performance when send-
ing V2V periodic messages and proposed improvements to better
fulfill the communication requirements of the connected vehicle.
Rel. 14 LTE PC5 mode 4 was studied in [78] [83] [91] [90] [97]
[102].

The work in [78] proposed a feedback mechanism to deal with
one of the limitations of the distributed scheduling algorithm of
the standard, namely the possibility of repeated collisions among
vehicles choosing the same resource. In [83], authors explored dif-
ferent values for the configuration parameters of Rel. 14 LTE PC5
mode 4 interfaces to achieve good performance when sending V2V
periodic messages. The performance was measured in terms of
packet delivery ratio and inter-packet gaps, and results showed a
big impact on performance stemming from different configuration
options, and the poor performance it exhibits in high network traf-
fic load situations. In [91], the performance of the S-SPS algorithm
specified in the standard for resource allocation was evaluated;
identifying weaknesses such as persistent half-duplex errors, hid-
den terminal errors, and persistent packet collision errors, which
result in poor performance in situations of high network traffic
load; and also an alternative algorithm for resource allocation was
proposed and evaluated. The work in [90] developed an analyt-
ical model to study the performance of a collective perception
sharing application based on Rel. 14 LTE PC5 mode 4. Collective
perception was studied with simulations in [137] but, although
Rel. 14 LTE PC5 mode 4 is considered as potential technology for
the implementation of the solution, the simulations were done
with IEEE 802.11p. In [97], the authors studied the applicability of
Rel. 14 LTE PC5 mode 4 to a particular application: a crash warn-
ing system in scenarios with network congestion, and concluded
that improvements are needed to this technology in order to sup-
port this application in high density scenarios. In [102], a novel
congestion control mechanism for Rel. 14 LTE PC5 mode 4 was
proposed, which is able to support two different communication
service classes (better coverage or better rate).

The comparison of C-V2X with IEEE 802.11p for sending V2V
periodic messages has been revisited, now comparing vehicular
networks based on IEEE 802.11p (DSRC or ITS-G5) with its most
straightforward alternative, the Rel. 14 LTE PC5 mode 4 (direct
communications without support from the infrastructure): In [96]
and [92], IEEE 802.11p and Rel. 14 LTE PC5 mode 4 were com-
pared considering realistic generation of CAMs [60], according to
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the dynamics of vehicles and with changes in the sizes of the mes-
sages, and they found that the performance (packet reception ratio
and inter-packet gap) of IEEE 802.11p is better in scenarios with
medium and high vehicle traffic (also when using congestion con-
trol [92]) because the S-SPS algorithm, defined in LTE PC5 mode 4,
is found to have limitations when transmitting messages at shift-
ing periods and with variable sizes. IEEE 802.11p also achieves
less latency, due to the long time a vehicle has to wait in LTE
PC5 mode 4 for the persistent scheduled resource. As in previ-
ous works, the persistent collision and half-duplex problems were
identified as sources of performance loss in Rel. 14 LTE PC5 mode
4. In [101], BSMs (with fixed size and frequency) were sent in-
stead of CAMs, and SAE J2945/1 was used as congestion control
algorithm in both technologies, achieving similar performance at
low distances (until up to 300 m) if HARQ was used in Rel. 14 LTE
PC5 mode 4 (which means double bandwidth is needed), while the
performance of Rel. 14 LTE PC5 mode 4 was better at longer dis-
tances. The consecutive packet loss issue of Rel. 14 LTE PC5 mode
4, due to the channel access mechanisms, was also confirmed in
this study. These works [96] [92] [101] used different system-level
simulator tools in the validation part.

In [94], the comparison between IEEE 802.11p and Rel. 14 LTE
PC5 mode 4 for sending V2V periodic messages was performed
using real equipment by means of lab tests and experiments on
a test track. Results showed that radio coverage and robustness
against interference is better for Rel. 14 LTE PC5 mode 4, which
achieves longer communication ranges and better performance in
the presence of obstacles. The experiments also tested the SAE
]2945/1 congestion control algorithm, originally developed for ve-
hicular networks based on IEEE 802.11p, with the Rel. 14 LTE
PC5 mode 4 network, and showed that it works well avoiding
large degradation of performance with increased network load. Ex-
periments in test tracks and open roads using real Rel. 14 LTE
PC5 mode 4 equipment for sending V2V periodic messages were
also reported in [93], [100], and [103]. These works explored the
performance of using different configuration options (number of
antennas, use of HARQ, transmit power, modulation and coding
scheme, bandwidth, congestion control), and in different situations
(line-of-sight/non-line of sight, moving/static vehicles, up to eight
vehicles in a test track and in open roads). Interestingly, [100]
used a realistic antenna placement in the vehicle (encasing and
location in the car similar to which could be done in a real ve-
hicle) and this has a significant impact on performance (packet
error rate as high as 16.65% at distances lower than 100 m while,
for example [103] achieved good performance (minimum losses)
at even 1.2 km ranges. In [103], several applications were imple-
mented and demonstrated, so not only the communication part
was analyzed, but also elements such as user interfaces and in-
formation processing. Examples of tested applications based on
periodic CAMs were blind spot warning/lane change warning, in-
tersection moving assist, left turn assist, and follow-me informa-
tion. No issues were found with the operation of any of these
applications.

We end the section with two tables summarizing some key
points. Table 4 classifies the main contributions of the surveyed
articles on the use of V2V periodic messages, and Table 5 lists
specific example applications analyzed in those articles (note that
many articles study the exchange of messages for awareness, for
example, but without particularizing to specific applications such
as collision warning or cooperative adaptive cruise control).

4.2. V2V event-driven messages
An early work [64] considered sending messages within a dead-

line using the Rel. 12 LTE PC5 mode 1 technology, and proposing
an algorithm for resource allocation.
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Table 4
Classification of contributions of surveyed papers, V2V periodic messages.

Contributions Related papers

[64] [65] [70] [80]

Network-based resource allocation in PC5 interface

Distributed resource allocation in PC5 interface [68] [78] [81] [91]
[96] [92] [101]

Parameter configuration of Rel. 14 LTE PC5 mode 4 [83] [101] [93] [100]
[103]

Comparison of IEEE 802.11p with C-V2X [117] [65] [70] [80]
[66] [67] [76] [71]

[96] [92] [101] [94]

V2V communications through the Uu interface [117] [66] [67] [76]

[71] [31] [81] [89]
Combining Uu and D2D for providing V2V services [66] [67] [76] [81]
[84] [85]
Edge processing strategies [31] [81]

Performance impact of network load [31][81] [90] [97]
[102] [92] [101] [94]
[90] [89] [97] [103]

[73] [94] [93] [100]
[103]

Congestion control
Demonstration/analysis of specific applications

Performance evaluation tested with real-life equipment

Table 5
Examples of specific applications analyzed on surveyed papers, V2V periodic mes-
sages.

Specific applications Related papers

Collective perception [89] [90]
Collision warning [97]
Blind spot warning/lane change warning [103]
Intersection moving assist [103]
Left turn assist [103]
Follow-me information [103]

Besides V2V periodic messages, the work in [31] (extended in
[81]) also tested sending event-driven V2V messages from a vehi-
cle to the infrastructure, to be later broadcast from there or trans-
mitted in unicast to some particular vehicles. The event-driven
messages alerted vehicles of dangerous situations (e.g., collision
avoidance). This work showed that using servers deployed in the
base stations (a MEC-like approach) allows to achieve a perfor-
mance that was considered good enough for safety services, but
the performance degrades with network load, even for the event-
driven messages that had more priority than the periodic messages
(CAMs) being sent. In [81], this approach was compared with send-
ing the messages directly between vehicles using the Rel. 14 LTE
PC5 mode 3 technology, and the performance was better in the
latter case (although just single-cell scenarios were considered).

In [107], the LTE PC5 mode 4 technology was used to imple-
ment a cooperative lane merging application based on sending V2V
event-driven messages combined with periodic awareness mes-
sages. The success ratio achieved by the application was larger
than 90% if the delay in the operation of the application was very
low (less than 5 ms), but degrades with larger delays (delays that
can be originated in the communications part or in the application
information processing).

The main focus in the design of Rel. 14 LTE PC5 interfaces was
on supporting V2V periodic messages. So, the limitations of Rel. 14
LTE PC5 mode 4 interfaces to send V2V event-driven messages
were identified in [98] [99]. In particular, limitations were found
in the autonomous sidelink resource allocation algorithm (S-SPS).
For example, the sensing window of 1 s used in Rel. 14 LTE PC5
mode 4 works well with periodic messages but it is too long for
asynchronous traffic. The work in [98] [99] explored several strate-
gies and configuration parameters, following the work in progress
at the time in Rel. 16 NR PC5 mode 2 [45], for the resource al-
location algorithm for event-driven messages. The main allocation
options explored were: random resource selection, sensing-based
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Table 6
Classification of contributions of surveyed papers, V2V event-driven messages.

Contributions Related papers
Network-based resource allocation in PC5 interface [64] [81]
Distributed resource allocation in PC5 interface [107] [98] [99]
Parameter configuration of PC5 interface [98] [99] [93] [103]
V2V communications through the Uu interface [31] [81]

Edge processing strategies [31] [81]
Performance impact of network load [31] [81]
Demonstration/analysis of specific applications [103] [107]
Performance evaluation tested with real-life equipment [93] [103]

Table 7
Examples of specific applications analyzed on surveyed papers,
V2V event-driven messages.

Specific applications Related papers

Cooperative lane merging [107]
Emergency electronic brake light [103]
Slow stationary vehicle warning [103]

resource selection (S-SPS as in Rel. 14 LTE PC5 mode 4), and short-
term sensing (S-SPS as in Rel. 14 LTE PC5 mode 4, but with a
100 ms sensing window instead of 1 s). These allocation options
were studied while the event-driven traffic co-exists with peri-
odic messages with resources allocated using the S-SPS of Rel. 14
LTE PC5 mode 4. The conclusion was that sensing is important
for performance, but that short-term sensing (100 ms) is better
for event-driven messages. The experimental part of the work was
done using system-level simulations.

Experiments with V2V event-driven messages using real Rel. 14
LTE PC5 mode 4 equipment in test tracks and open roads were re-
ported in [93] and [103]. These works explored the performance of
different configuration options (number of antennas, use of HARQ,
transmit power, modulation and coding scheme, bandwidth, con-
gestion control), and in different situations (line-of-sight/non-line
of sight, moving/static vehicles, up to eight vehicles in a test track
and in open roads). As mentioned in previous section, [103] also
reported the implementation and demonstration of several appli-
cations. Some of them were based on sending event-driven mes-
sages, including emergency electronic brake light and slow station-
ary vehicle warning. These demonstrations involved two vehicles
and a motorcycle operating under different conditions and speeds,
and no issues were found with the operation of the applications.

We end the section with two tables summarizing some key
points. Table 6 classifies the main contributions of the surveyed
articles that study the use of V2V event-driven messages, and Ta-
ble 7 lists specific example applications analyzed in those articles.

4.3. V2V periodic messages and V2V event-driven messages: platooning

An application that has received particular attention is platoon-
ing, i.e., the support of several vehicles moving together at short
inter-vehicle distances and following a platoon leader. Platooning
improves the efficiency of road use and fuel efficiency in vehicles.
Platooning is implemented with V2V periodic messages, used by
vehicles to exchange the information they need to operate safely
within the platoon; and V2V event-driven messages, used by ve-
hicles to join and leave the platoon or to warn of an emergency
braking situation. Because of its interest, and the combination of
V2V periodic and event-driven messages, we dedicate this section
to analyze the research on using C-V2X technologies to support
platooning applications.

Different works have explored the communications needed to
support a platoon and how to implement them with C-V2X tech-
nologies. A common model is to have V2V periodic messages be-
tween the platoon leader and its members, and from each member
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to the follower vehicle. Initial works explored the use of Rel. 12
LTE PC5 mode 1 technology [74] [69] [72] [77] [87] to support
these communications, studying algorithms for resource allocation
to maximize the reuse of radio resources and to minimize latency.
In some cases, the communication between the platoon leader and
its members is implemented by sending the information to the in-
frastructure from the platoon leader, and multicast from there to
the platoon members using eMBMS [69] [72]. The communications
needed for platoon formation and, in some cases, braking events,
were also considered in [69] [72] [77] [87]. These works used sim-
ulations in the evaluation part, but they did not model the whole
system, only parts of it (such as algorithms for resource schedul-
ing), or included significant simplifications in parts of the system.

Later works already considered the use of D2D technologies
specifically designed for vehicular communications to support the
platooning application: Rel. 14 LTE PC5 mode 3 [82] [75] [86] [88];
Rel. 14 LTE PC5 mode 4 [75] [105]; and Rel. 16 5G NR mode 1
[106]. In the works using Rel. 14 LTE PC5 mode 3 and Rel. 16 5G
NR mode 1, the focus was on exploring different algorithms for
resource allocation. The works in [88] and [106] considered scenar-
ios with several cells, which is an important issue when resources
are allocated from the network. In both works, a group schedul-
ing approach to resource assignment was proposed in which re-
sources are assigned to the platoon as a whole through the platoon
leader, and not individually to each vehicle. This mechanism im-
proves performance during handovers but requires coordination
among base stations. Even with group scheduling, at high network
load scenarios the works concluded that further improvements are
needed to meet platoon application requirements. In [75], a com-
parison between IEEE 802.11p, Rel. 14 LTE PC5 mode 3, and Rel. 14
LTE PC5 mode 4 was done, and the conclusion was that PC5 modes
can achieve reduced inter-truck spacing due to more reliable com-
munications, and that Rel. 14 LTE PC5 mode 3 outperforms Rel. 14
LTE PC5 mode 4, but note that mode 3 was studied considering
only scenarios with just one cell. The work in [105] explored the
limitations of the S-SPS algorithm for resource scheduling in LTE
PC5 mode 4, in particular the half-duplex problem and the col-
lision bursts, and the conclusion was that, although the global
performance (average packet delivery ratio) seems adequate, the
concentration of losses has a significant impact on the perfor-
mance of the platooning application. The evaluation of all these
later works was based on system-level simulations using different
simulation tools.

In [93], the performance of communications in a platoon, us-
ing real Rel. 14 LTE PC5 mode 4 equipment and in the presence of
network congestion, was tested in a test track. The main conclu-
sion was the importance of using a congestion control mechanism
since performance, measured as packet error rate or information
age, degrades sharply without it. However, no specific measures of
the inter-vehicle distance supported in the tested scenarios were
given.

The work in [104] proposed a framework that combines NFV,
SDN, MEC, and network slicing to deploy ultra reliable and low la-
tency vehicular services. The framework was deployed in a test
track using 5G NR Uu technology to test a platooning applica-
tion. The achieved latency for periodic CAMs and event-driven
messages, thanks to using a specific slice for low latency and de-
ploying a 5G core as a virtual function in the edge, was below
10 ms, which fulfils the requirement set by 3GPP for platooning
applications. Table 8 classifies the main contributions of the sur-
veyed articles that study the use of V2V periodic messages and
V2V event-driven messages in platooning applications.
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Table 8
Classification of contributions of surveyed papers, platooning.

Contributions Related papers

[74] [69] [72] [77]
(87]

[74] [69] [72] [77]
(871 [82] [75] [86]

Communication models to support platooning

Network-based resource allocation in PC5 interface

[88] [106]
Distributed resource allocation in PC5 interface [75] [105]
Comparison of IEEE 802.11p with C-V2X [75]
V2V communications through the Uu interface [69] [72] [104]
Edge processing strategies [104]
Performance impact of network load [88] [106] [93]
Demonstration/analysis of specific applications [74] [69] [72] [77]
[87] [82] [75] [86]
[88] [106] [105]
[93] [104]
Performance evaluation tested with real-life equipment [93] [104]

4.4. V2V bi-directional communication

There are not many works exploring V2V bi-directional com-
munications because D2D technologies developed by 3GPP, at least
previously to Rel. 16 NR PC5, are not designed for point-to-
point bi-directional communications in vehicular networks. Even
so, there are relevant scenarios that require this type of communi-
cation, in particular, see-through applications: a vehicle requesting
and obtaining LIDAR or video information from another vehicle, so
it can “see” zones that are hidden from its direct vision. Potentially,
the assignment of additional dedicated spectrum to ITS communi-
cations beyond the current reserved ITS band at 5.9 GHz; the use
of alternative spectrum (licensed or unlicensed, including mmWave
frequency bands), as it is already contemplated for the NR PC5 in-
terface; or the communications through the 5G NR Uu interface
and the infrastructure, with ultra-low latency and high bandwidth,
could bring many more opportunities for these use cases.

An early work about the use of mmWave to share LIDAR data
between vehicles was [108]. This paper proposed a distributed al-
gorithm for communication link allocation between vehicles, and
concluded that it is important to consider not only link informa-
tion (distance for example) but also the value of the information
exchanged (receiving information from two nearby vehicles may
cause resources to be expended in obtaining redundant informa-
tion). However, the simulation part was focused on the scheduling
algorithm and not in accurately modeling the communications part
itself.

In [110], the application of sharing LIDAR data between two
vehicles was implemented in a test track with real equipment, in
particular with pre-5G NR Uu interfaces, so LIDAR data was sent
by one vehicle to a server in the infrastructure (traffic manage-
ment center), and it was sent from there to the other vehicle. The
test scenario was very demanding, since the application was the
automatic driving of the second vehicle. The test results were not
satisfactory, packet loss and computations can lead to large de-
lays that make cooperative sensing only safe at very low speeds.
Antenna alignments and the presence of obstacles were found to
have a strong impact on performance, so the paper concluded that
further optimizations are needed.

In [103], the experiments with Rel. 14 LTE PC5 mode 4 real
equipment included a see-through application to stream video
from one vehicle to another. The performance was enough to send
low-quality video (although not competing with other traffic).

See-through applications have significant bandwidth require-
ments. One interesting approach to meet them is to use Rel. 14 LTE
PC5 mode 3 or Rel. 16 PC5 mode 1, so that direct communications
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Table 9
Classification of contributions of surveyed papers, V2V bi-directional communica-
tions.

Contributions Related papers

Distributed direct communication link allocation [108]
Network-based resource allocation in PC5 interface [135] [136]

V2V communications through the Uu interface [110]
Demonstration/analysis of specific applications [108] [110] [103]
Performance evaluation tested with real-life equipment [110] [103]

Table 10
Examples of specific applications analyzed on surveyed papers,
V2V bi-directional communications.

Specific applications
See-through (LIDAR data)
See-through (video)

Related papers
[108][110]
[103]

between pairs of vehicles can share spectrum with communica-
tions between cellular users (vehicles or not) and the network. The
network allocates resources (spectrum and power) to the different
communication links, allowing spectrum re-use and optimization
of different parameters (e.g., sum capacity or link delay). Although
we have not found papers analyzing this configuration from the
point of view of applications, the works in [135] and [136], for ex-
ample, proposed algorithms for resource allocation in Rel. 14 LTE
PC5 mode 3.

We end the section with two tables summarizing some key
points. Table 9 classifies the main contributions of the surveyed
articles that study the use of V2V bi-directional communications,
and Table 10 lists specific example applications analyzed in those
articles.

4.5. V2V multi-hop messages

Multi-hop communications in vehicular networks using specific
C-V2X technologies have received little attention so far, which can
be due to a focus on the main case: one-hop communications.
Works in [111] [112] [131] [114] proposed mechanisms to ex-
tend the coverage of safety messages, and in particular included
solutions for forwarding safety messages through other vehicles,
in combination with other techniques such as clustering, and re-
laying from the infrastructure. While the communication with the
infrastructure was done with cellular networks, none of these
works used specific V2V C-V2X communication technologies for
the multi-hop communication part (instead, IEEE 802.11p [114]
and generic D2D communications technologies [111] [112] were
used, and in [131] perfect communications were assumed and the
focus was on evaluating an algorithm for an optimal lane selection
application).

The work in [113] is based on having the vehicles divided in
clusters, in which vehicles can communicate directly at one hop,
and two mechanisms were proposed to send event-driven safety
messages to an area of interest: using vehicles at the border of two
clusters to forward messages between clusters, and using relaying
through the infrastructure. A key contribution, compared with the
works above, is that the V2V communication technology used was
Rel. 14 LTE PC5 mode 3, and a strategy for resource allocation was
also proposed.

We end the section with two tables summarizing some key
points. Table 11 classifies the main contributions of the surveyed
articles that study the use of V2V multi-hop messages, and Ta-
ble 12 lists a specific example application analyzed in those arti-
cles.



I. Soto, M. Calderon, 0. Amador et al.

Table 11
Classification of contributions of surveyed papers, V2V multi-hop messages.
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Table 14
Classification of contributions of surveyed papers, V2I periodic messages.

Contributions Related papers

[112] [111] [131] [114]

Clustering techniques

[113]
Combining Uu and D2D for providing services [112] [111] [114]
Network-based resource allocation in PC5 interface [113]
Demonstration/analysis of specific applications [131]

Table 12
Example of a specific application analyzed on surveyed
papers, V2V multi-hop messages.

Specific applications
Optimal lane selection

Related papers
[131]

Table 13
Classification of contributions of surveyed papers, V2P periodic messages.

Contributions
V2P communications through the Uu interface

Related papers
[115] [116]

[115] [116]

Edge processing strategies

4.6. V2P periodic messages

The protection of VRUs, and pedestrians in particular, is one of
the most relevant use cases for safety applications for the con-
nected vehicle. Many of the results of the works about V2V pe-
riodic messages are also relevant for V2P periodic messages, as
they test the ability of the technology to enable the reception of
periodic messages under timing constraints. Specific works con-
sidering V2P periodic messages with C-V2X technologies are [115]
[116], which explored the use of the LTE Uu interface to imple-
ment applications to protect pedestrians, in combination with MEC
technology to reduce latency. In [115], periodic messages are sent
from pedestrians’ devices to vehicles through the infrastructure, so
vehicles can warn drivers of risks with pedestrians when appro-
priate. In [116], periodic messages are sent from vehicles and from
pedestrians’ devices, and each side runs collision detection algo-
rithms although, due to the limitations on pedestrians’ devices, the
paper explored the option of off-loading some of the processing to
the MEC infrastructure to improve energy consumption and timing.
None of the papers discuss the scalability problems posed by the
fact that many pedestrians and vehicles could send periodic mes-
sages to the infrastructure that have to be broadcast back to them
all. Table 13 classifies the main contributions of the surveyed ar-
ticles that study the use of V2P periodic messages for pedestrian
protection applications.

4.7. V2I periodic messages

The straightforward implementation of this type of communi-
cation is with an RSU supporting a PC5 interface. However, some
works have tried alternative implementation using the Uu interface
and a V2N communication model in which the communication is
IP-based from a server in the network to particular vehicles (and
not to all vehicles in the coverage area of a base station/RSU). One
of the challenges with the V2N implementation of these scenarios
is the addressing of destination vehicles: a server can only reply
after messages sent by vehicles allow to obtain their addressing
information. An example of this approach is the work in [117],
where tests were done with real equipment. In the tests, messages,
which could include variable traffic sign information for example,
were sent periodically from a base station to vehicles through a
LTE Uu interface. The latency was measured and resulted too large
for safety applications.
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Contributions Related papers

Parameter configuration of PC5 interface [93]

V2I communications through the Uu interface [117]
Demonstration/analysis of specific applications [117] [103] [119]
Performance evaluation tested with real-life equipment [117] [93] [103] [119]
Communications to support automatic driving [118] [119]

Table 15
Examples of specific applications analyzed on surveyed papers, V2I periodic mes-
sages.

Specific applications
In-vehicle signage
Green Light Optimized Speed Advisory

Related papers
[117] [103]
[119]

Experiments, in test tracks or on open roads, with real RSUs
with Rel. 14 LTE PC5 mode 4 interfaces were reported in [93],
[103] and [119]. In [93], tests involving up to eight cars and two
RSUs were carried out, exploring different configuration options.
With an appropriate configuration (HARQ on, 2RX antennas, 20
dBm transmission power, 20 MHz bandwidth), an effective cov-
erage radio of 1400 m in line-of-sight conditions was achieved;
and at least 400 m in non-line-of-sight conditions. The work in
[103] deployed an RSU in a bridge in a real road and studied the
achieved radio coverage, which depended on physical conditions
(obstructions) but was at least 550 m with packet reception ra-
tios over 90% (in line with the results in [93]). Also, as previously
mentioned, the work in [103] reported the implementation and
demonstration of several applications using real Rel. 14 LTE PC5
mode 4 equipment. One example application based on V2I peri-
odic messages was in-vehicle information (traffic sign information
sent to vehicles to be presented to drivers), which was tested in
different conditions: urban and motorway scenarios, and changing
locations of vehicles and RSUs. No issues were found in the behav-
ior of the application. In [119], the focus was on applications based
on V2I periodic messages for supporting automated driving, with
implementations of several PC5-based C-V2X applications. The ap-
plications were: traffic light control system integration (an RSU
broadcasts messages with traffic light information); and automated
driving system integration (an RSU sends information from traf-
fic light controllers and this information is fed to the autonomous
driving module of the vehicle). The measured latency of the com-
munication between the RSU and a vehicle was 30 ms (in tests
with just two vehicles and one RSU present). The importance of
V2l communications to support autonomous driving vehicles was
also analyzed in [118].

We end the section with two tables summarizing some key
points. Table 14 classifies the main contributions of the surveyed
articles that study the use of V2I periodic messages, and Table 15
lists specific example applications analyzed in those articles.

4.8. V2I event-driven messages

Similar to the previous case, the straightforward implementa-
tion of applications based on V2I event-driven messages is using
an RSU supporting a D2D interface to broadcast information to ve-
hicles (even to particular ones if needed). Even so, many works
used the Uu interface in combination with MEC infrastructure to
process and send information from a base station to vehicles with
low latency. This is actually a V2N implementation of the V2I com-
munication, but since the focus of the information sent to vehicles
is local to the infrastructure station sending it, we analyze those
applications here. As mentioned before, one of the challenges with
the V2N implementation of these scenarios is the addressing of
the destination vehicles: a server can only address vehicles after
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messages sent by them allow the server to obtain the destinations’
addressing information and, in fact, some proposals assume that
the vehicles must send periodic messages to the server.

A key application for V2I event-driven messages is Vulnera-
ble Road Users (VRUs) warning systems. One approach, explored
in [121], [127] and [128], is based on vehicles and VRUs’ devices
sending CAMs or BSMs to the infrastructure. The infrastructure
processes the information in the CAMs/BSMs and detects risks of
collisions. When a risk of collision is detected, the infrastructure
sends warning messages to vehicles and VRUs. In these works the
focus was on latency, and the results highlight the importance
of processing the CAM information to predict collisions close to
the edge of the network: perhaps using MEC in the RSU, if D2D
technologies are used [127]; or using MEC in base stations if Uu
interfaces are used [121] [128]. The evaluation in [121] and [127]
was done with real equipment in a lab environment, and system
level simulations were carried out in [128].

A similar application for V2I event-driven messages is infra-
structure-based collision warning, which is intended to prevent
collisions between vehicles (for example, in intersections). The
work in [124] designed an application with a similar approach to
[121] above: CAMs sent by vehicles are processed by the infras-
tructure to detect risks of collisions, and warnings are sent back to
vehicles through the LTE Uu interface when needed. The results
highlight again the importance of processing the CAM informa-
tion to predict collisions close to the edge of the network using
MEC in base stations. The work in [126] followed a similar ap-
proach: an LTE Uu interface was used to send collision warning
messages from the infrastructure, but considering other network
traffic as well, and ensuring low latency by using MEC and reserv-
ing some capacity in the access link for the warning messages. The
evaluation in [124] and [126] was done with real equipment in a
lab environment. With the same communication scheme, the work
in [120] investigated the importance of MEC to achieve low la-
tency and allow heavy processing to support applications such as
infrastructure-based collision warning, or infrastructure-based see-
through (which can benefit from processing the video with other
aggregated information in the MEC infrastructure). In a pilot test
in a German motorway, a latency lower than 20 ms was achieved
thanks to MEC technology [120].

In [123], vehicles send their location and movement informa-
tion to a server through a 5G NR Uu interface, and the server, using
machine learning, recommends merging maneuvers.

In [129] the detection of risks of collisions was done using cam-
eras and a computer vision algorithm. The algorithm processing
was done close to the RSU that sends the warning messages, in
unicast or geocast, to vehicles through Rel. 14 LTE PC5 mode 4.
The focus was on exploring the parameters (transmission power,
and number of repetitions of the warning messages) to achieve a
given reliability requirement, but not in studying the latency of
the complete system. A vulnerable road user collision warning ap-
plication based on Rel. 14 PC5 mode 4 technology was reported
in [119]. The application uses cameras to detect pedestrians, and
an RSU broadcasts information to surrounding vehicles that deter-
mine locally if there is a risk of collision. The application in [119]
was implemented with real equipment with Rel. 14 LTE PC5 mode
4 interfaces (in vehicles and RSUs) and no issues were found.

In [107], Rel. 14 LTE PC5 mode 4 technology was used to im-
plement a cooperative lane merging application based on sending
V2I event-driven messages (merging requests) combined with pe-
riodic awareness messages. An RSU sends these messages to a
MEC server for processing, and the result are messages accept-
ing or denying the merging request that are sent by the RSU to
vehicles. The evaluation was done with system-level simulations.
The success ratio achieved by the application was larger than 90%
if the delay in the operation of the application is very low (less
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Table 16
Classification of contributions of surveyed papers, V2I event-driven messages.

Contributions Related papers

[129] [119]

[121] [128] [124]
[126] [120] [123]
[125] [110]

[125]

[127] [121] [128]
[124] [120] [107]

[121], [127] [128]
[124] [126] [120]
[123] [129] [119]
[107] [130] [122]
[125] [103] [110]

[121] [127] [124]
[126] [120] [119]
[103] [110]

[130]

Parameter configuration of PC5 interface

V2I communications through the Uu interface

Combining Uu and D2D for providing V2I services

Edge processing strategies

Demonstration/analysis of specific applications

Performance evaluation tested with real-life equipment

Communications to support automatic driving

than 5 ms), but degrades with larger delays (delays that can be
originated in the communications part or in the application infor-
mation processing). The number of deployed RSUs improves relia-
bility, but it has less impact on delay provided that there is at least
one RSU per 2 km. Note that this approach was compared to using
only V2V communications (see section 4.2) and the V2V approach
was found to be better assuming enough processing capacity in
vehicles. A simulation platform was proposed in [130], which com-
bined vehicular simulators and a custom-made simulator of LTE
PC5 technology (although, apparently, the resource reservation part
was not modeled). The authors used the platform to experiment
with two V2I applications for automatically driven vehicles: driving
through intersections and remote driving. To support these appli-
cations, vehicles send messages to RSUs (trajectories, local sensor
information) and RSUs send back driving decisions to vehicles.
The RSUs communicate among themselves to be able to provide
a global service to vehicles.

A different type of application was analyzed in [122] and [125],
in which vehicles send messages to the infrastructure about vehi-
cles that can be a risk to other vehicles (over-speeding vehicles,
for example). The messages can be originated in an automatic sys-
tem in the own vehicle that is causing the risk (for example, an
over-speeding detection system), or in a nearby vehicle that de-
tects a rogue behavior of another vehicle. After receiving the mes-
sages, the infrastructure can implement different measures, such as
modifying the traffic lights in an intersection, or sending warning
messages to alert other vehicles. Both D2D [122] [125] and cellular
(Uu based) technologies [125] were used for exchanging messages
between vehicles and the infrastructure.

As mentioned before, the work in [103] implemented and
demonstrated several applications in open roads and test tracks,
and used real Rel. 14 LTE PC5 mode 4 equipment (in RSUs and
vehicles). One of the applications implemented for demonstration
was based on V2I event-driven messages: a roadworks warning ap-
plication. No issues were found with the application in the demon-
stration. In [110], a road condition warning application was de-
ployed on a test track, but using a pre-5G NR Uu interface to send
the warning messages through the infrastructure.

We end the section with two tables summarizing some key
points. Table 16 classifies the main contributions of the surveyed
articles that study the use of V2I event-driven messages, and Ta-
ble 17 lists specific example applications analyzed in those articles.

4.9. RSU-relayed messages

The solution explored in [84] [85] [113] organized vehicles in
clusters, with periodic and event-driven V2V messages sent to the
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Table 17
Examples of specific applications analyzed on surveyed papers, V2I event-driven
messages.
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Table 20
Classification of contributions of surveyed papers, V2N bi-directional communica-
tions.

Specific applications
Vulnerable road user collision warning
Infrastructure-based collision warning

Related papers
[121], [127] [128] [119]
[120] [124] [126] [129]

Infrastructure-based see-through [120]
Cooperative lane merging [123] [107]
Driving through intersections support [130]
Warning of rogue vehicles [122] [125]
Roadworks warning [103]
Road condition warning [110]

Table 18
Classification of contributions of surveyed papers, RSU-relayed messages.

Contributions Related papers

Clustering techniques [84] [85] [113]
Relaying through the Uu interface [84] [85] [113]
Edge processing strategies [127] [122] [134]

Demonstration/analysis of specific applications ~ [114] [118] [127] [122] [134]

Table 19
Examples of specific applications analyzed on surveyed papers, RSU-relayed mes-
sages.

Specific applications Related papers

Relaying information to Traffic Control Center [114] [118] [122]
Collision avoidance [127] [122]
Shockwave detection [134]

infrastructure in order to be relayed to other clusters through their
respective cluster heads. The Uu interface was used for these com-
munications, which means that this implementation really used
V2N communications. These works are a proof-of-concept of tech-
niques to increase the coverage of ITS messages, but the approach
is less efficient than using an RSU that supports a D2D inter-
face and can directly receive V2V messages exchanged by vehicles.
For example, in [114] [118] [127], the information obtained from
V2V periodic messages received by RSUs was relayed to servers
for processing (for gathering information [114] [118] or detecting
risks of collisions [127]). In [122], event-driven messages with traf-
fic violation reports (e.g., over-speeding notifications) transmitted
by vehicles were sent to a traffic control center by RSUs, which
also broadcast them to increase coverage, perhaps after some pro-
cessing such as aggregating the information of several messages.
In [134], shockwave detection algorithms were studied, and the
solution was based on having a network that allows the infras-
tructure to receive messages sent by vehicles with their location
and movement information, which are then relayed to servers for
running the algorithms with the information of the messages as
input. In principle, implementations in which the information is
directly sent by the vehicles to the servers and implementations
in which RSUs relay the messages to the servers are both possi-
ble. When processing of the received information is required, the
solutions use MEC to keep the processing close to the edge of the
network and achieve shorter latency [127] [122] [134], while re-
lying on computations in the cloud for operations that require a
global view of the network [127] [134].

We end the section with two tables summarizing some key
points. Table 18 classifies the main contributions of the surveyed
articles that study the use of RSU-relayed messages, and Table 19
lists specific example applications analyzed in those articles.

4.10. V2N bi-directional communications
In [117], using real equipment on a test track, media download-

ing (maps, for instance) through a LTE Uu interface was compared
with using IEEE 802.11p, and the achieved throughput was clearly
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Contributions Related papers

V2N communications through the Uu interface [117] [111] [103]
[112] [133]
Edge processing strategies [133]
Comparison of IEEE 802.11p with C-V2X [117]
Differentiated quality of service [111] [103]
Demonstration/analysis of specific applications [112] [133] [132]
Performance evaluation tested with real-life equipment [117] [103] [132]
Communications to support automatic driving [133]

Table 21
Example of a specific application analyzed on surveyed papers, V2N bi-directional
communications.

Specific applications
Dynamic map download and update

Related papers
[112] [133] [132]

better in the former case. It is interesting that, in [117], the perfor-
mance of the LTE Uu interface was tested with different vehicles’
speeds and a significant degradation was observed for speeds over
90 km/h.

The works in [111] (simulations) and [103] (field tests) ex-
plored the ability of network slicing techniques to offer different
service quality to different applications. In particular, in [103], LTE
Uu based V2N communications from devices located in a vehicle
moving through a motorway, with coverage provided by a test cel-
lular network, were evaluated. The results of using network slicing
techniques showed that the network is able to offer different ser-
vices (bandwidth and latency) to different users. Additionally, the
results showed that when one slice does not use its assigned band-
width, it can be used by other slices, proving that network slicing
is able to guarantee resources to one application, without hinder-
ing the efficient use of resources.

Several works [112] [133] proposed a model in which cellu-
lar technology is used to send information to a traffic server in
the network (e.g., a traffic control center) and retrieve back traf-
fic incident notifications, or path planning data. In [133], vehicles,
through 5G NR Uu interfaces, send cooperative perception mes-
sages and download local dynamics maps to support automatic
driving, with processing done in a MEC infrastructure to achieve
the required latency. The evaluation was based on simulations. In
[132], the target application was dynamic map downloading, but
the radio technology was mmWave, and SDN was used to config-
ure the mmWave links and the network. The evaluation was done
in a testbed with one vehicle and two RSUs.

We end the section with two tables summarizing some key
points. Table 20 classifies the main contributions of the surveyed
articles that study the use of V2N bi-directional communications,
and Table 21 lists a specific example application analyzed in those
articles.

5. Challenges for C-V2X applications research and deployment

This section summarizes the lessons learnt from our survey
and, based on them, identifies research challenges in the use of
C-V2X technologies to develop applications for road safety and
traffic efficiency. We can outline the following key findings from
our survey:

1. Many works confirm the feasibility of using C-V2X technolo-
gies to implement road safety and traffic efficiency applica-
tions. Different communication models and C-V2X technolo-
gies have been explored to implement specific applications (in
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simulations or with real equipment), showing that they can
perform properly.

2. The type of communication that has received the most atten-
tion is V2V using periodic messages. On the other hand, V2P

periodic messages and V2V multi-hop stand out for the small
number of works covering these types of communications ap-
plied to road safety and traffic efficiency applications based on
C-V2X technologies.

3. In applications that communicate through the C-V2X PC5 in-
terface, a degradation in performance when network load in-
creases has been identified [83] [91] [97], but only a few
works study congestion control mechanisms to deal with it.

4. A related topic is resource allocation for the PC5 interface.
The distributed resource allocation algorithm (S-SPS) specified
by 3GPP has been thoroughly studied in the context of sup-
porting applications, and its weaknesses (half-duplex problem,
bursts of collisions, and dealing with non-periodic or variable
size messages) have been identified, with some proposals for
improvement. The modifications to the algorithm in Rel. 16
still need detailed evaluation. On the other hand, in the case
of resource allocation from the network, 3GPP does not de-
fine a particular allocation algorithm, and different works have
proposed optimization techniques to allocate resources to dif-
ferent links while maximizing some properties (such as sum
capacity).

5. Few works have evaluated NR technologies (NR PC5 mode 1,
NR PC5 mode 2, or NR Uu). These technologies are the most
appropriate to implement advanced road safety applications
with high bandwidth demands. Additionally, we are still in the
early stages of discovering the possibilities of applying new
network paradigms such as SDN, network virtualization and
network slicing in the context of road safety and traffic ef-
ficiency applications. On the other hand, the ability of MEC
technology to decrease the latency in V2I and V2N based ser-
vices has been confirmed in different works.

6. Different evaluation methods have been used in the surveyed
papers: analytical evaluation, and experiments using simula-
tions and tests with real equipment in test tracks and open
roads. On the one hand, this shows the progress of the re-
search on C-V2X technologies. On the other hand, there is
still relatively few works reporting pilot deployments, spe-
cially compared with IEEE 802.11p-based solutions and, for the
most part, simulations in the surveyed literature are based on
proprietary software or custom-made modules, even for im-
plementing common standardized functionalities.

Considering these key points and some missing ones in the lit-
erature, we identify the technological and practical challenges for
using C-V2X technologies to deploy road safety and traffic effi-
ciency applications for the connected vehicle in the real world. We
highlight the following (summarized in Table 22):

1. Congestion control and distributed resource allocation: The
performance of the vehicular network must be robust regard-
less of network load but, since different situations can involve
very different numbers of vehicles and other actors (pedes-
trians, RSUs), the network load cannot be anticipated, and a
congestion control mechanism to deal with situations in which
the offered load degrades network performance is needed.
There are several proposals, such as using the congestion con-
trol algorithms defined for IEEE 802.11p-based protocol stacks
[94] [101], or defining new ones [102]. ETSI has standardized
a solution [138] for congestion control in the PC5 interface,
but it is a simple one based on states, an approach that has
been proved inferior to linear control systems in the exten-
sive literature on the topic in IEEE 802.11p-based approaches
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Research challenges in C-V2X based road safety and traffic efficiency applications.

Topic

Challenge

Congestion control and

Algorithms that integrate congestion

Network-based resource

Geobroadcast

Advanced applications

Multi-operator scenarios

Experimentation - real

Experimentation - simulation

Hybrid solutions

Business models

control and distributed resource allocation
in an efficient manner

distributed resource allocation

Developing new algorithms for
allocation and advanced safety bandwidth-hungry applications

applications

Evaluation of geobroadcast routing
algorithms with C-V2X PC5 technologies

Developing applications over NR PC5 and
NR Uu interfaces. Explore the role of SDN,
network virtualization and network slicing

Interoperability and resource sharing
when users of different operators
communicate through an application

Increase the number of test pilots and

equipment real life demonstration of applications

Adopt and support common set of
simulation tools that implement the
complete set of C-V2X technologies and
the rest of the protocol stack up to the
application layer

tools

Compatibility approaches and the study of
the benefits of combining the service of
different interfaces (IEEE 802.11p, LTE
PC5, NR PC5 and NR Uu).

Design business models to drive the
deployment of vehicular networks

[139] [140]. The interaction of the congestion control mecha-
nism with a scheduling based on semi-persistent assignment
of resources, which introduces a delay to the adaptation of
message rates, requires further investigation. Additionally, the
relation with the HARQ mechanism used in the PC5 interface,
which sends each packet twice (or even more in the case of
NR PC5) to increase reliability, has to be evaluated.

. Network-based resource allocation and advanced safety ap-

plications: Advanced applications for road safety and traffic
efficiency may require large spectrum resources to support
point-to-point bi-directional links between pairs of vehicles,
and between vehicles and the network. There can be scenarios
with dedicated spectrum for advanced vehicular applications,
or scenarios where these applications share the spectrum with
cellular users. In both cases, network-based allocation of re-
sources enables the efficient sharing of resources, but there is
the need to develop resource allocation algorithms optimized
for the requirements of different advanced vehicular applica-
tions.

. Geobroadcast: Different applications for the connected vehicle

are based on extending the coverage of ITS messages by for-
warding them in an geographical area of interest, potentially
over multiple hops across vehicles. For example, this approach
can be used to warn vehicles of an incident in a motorway
and give them more time to react or even take a detour,
or it can be used in a green light optimized speed advisory
system to provide more time to adapt the speed of vehicles
to avoid having to stop at the traffic light. This support of
multiple-hop communications can be provided by forwarding
algorithms that have already been studied in the context of
IEEE 802.11p-based protocol stacks, with solutions such as the
Greedy forwarding and Contention-Based Forwarding (CBF) al-
gorithms [141]. These solutions could be applied to D2D PC5
technology, but this has to be carefully analyzed because the
particularities of the S-SPS algorithm, such as the granularity
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of the possible times between consecutive messages or the
introduced delay, which may have important implications to
the performance of CBF in particular. On the other hand, there
are opportunities to complement the forwarding of messages
through other vehicles with relaying messages through the in-
frastructure. Message relaying is, in fact, a topic under study
in future 3GPP releases (Release 17).

4. Advanced applications: One of the objectives of C-V2X is to
enable services beyond the basic ones considered in 802.11p-
based networks. The combination of D2D communication ser-
vices between vehicles with the ability of 5G networks to ful-
fill both ultra-low latency requirements and high bandwidth
demands opens up possibilities for applications such as see-
through, remote driving, massive sharing of sensor informa-
tion, and many others. However, much more work is needed
to explore how to use the most recent C-V2X solutions and
related technologies to implement these applications (5G NR
mode 1, 5G NR mode 2, 5G NR Uu, MEC, SDN, network virtu-
alization and network slicing) since most works in the C-V2X
literature are still dealing with basic applications.

5. Multi-operator scenarios: Applications for the connected ve-
hicle have to support interoperability for users from different
network operators, while keeping the strict latency require-
ments of safety applications. This could be challenging, in par-
ticular when processing is done at the edge of an operator
network to improve performance. In D2D technologies with
network assistance, the assignment of resources from base sta-
tions of different operators has to be coordinated. Even in D2D
communications without network assistance, some operation
parameters are configured in advance when the device is con-
nected to the network. A solution would require coordination
between operators and cells. For example, spectrum manage-
ment seems particularly challenging.

6. Experimentation: While a wide variety of evaluation tools
are available for IEEE 802.11p-based vehicular networks, this
has not been the case so far for C-V2X technologies, although
this situation is improving rapidly. For example, low-priced
IEEE 802.11p cards are available, allowing experiments with
real equipment. Recently, commercial equipment supporting
C-V2X technologies, in particular LTE PC5 mode 4, is being
made available [142], although at a cost that can be an or-
der of magnitude higher than IEEE 802.11p equipment. As for
simulation tools, the use of many custom-made and propri-
etary software that we have observed in the evaluation part of
works in the literature makes more difficult to compare the
different results and may hinder efforts to replicate results.
There are established open source simulators that implement
IEEE 802.11p-based protocol stacks such as Artery [143] and
Veins [144]), which also implement scenarios with D2D C-V2X
communications using OMNET++ and SimulTE [145]. A more
recent work includes an extension to Artery and Veins, called
Open C-V2X [146], which takes advantage of the Artery im-
plementation of the ETSI ITS stack and adds D2D capabilities
including a Rel. 14 Mode 4 scenario. Artery-C [147] is another
Artery-based toolkit that has recently come to light which the
authors intend to publish as open source. Moreover, there are
simulation tools based on ns-3 (e.g., ns-3_c-v2x [148]) that
model C-V2X Mode 4, however, the aforementioned solution
focuses more on the lower layers rather than on the Facili-
ties or Application layers (e.g., ns3_c-v2x only sends dummy
packets at fixed rates to simulate CAMs or BSMs). Outside of
the open-source community, there are simulation tools (e.g.,
LTEV2Vsim [149]) that use Matlab, which also provides an LTE
toolbox which supports V2X and sidelink direct communica-
tions. Therefore, the tools are beginning to be available, and
the research and open-source community has to support and
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use established simulation tools, which would make easier the
exchange and replicability of results. This point is even more
challenging due to the evolution of C-V2X technologies (such
as 5G NR PC5), so there is a need to implement these new
technologies in real equipment and simulators and make them
available to the research community.

7. Hybrid solutions: The combination of IEEE 802.11p for V2V
communications and LTE Uu for V2I and V2N communications
has received some attention in the literature [150] [151] [152]
[153]. However, the role of networks based on IEEE 802.11p
and their potential combination with C-V2X networks through
the PC5 and Uu interface is still an open issue, with some
initial works exploring architectures for heterogeneous access
networks [154] [155] and others looking at the co-existence of
IEEE 802.11p and LTE PC5 mode 4 in the same radio channel
[156]. Even within C-V2X technologies, the role of the different
interfaces — LTE PC5, NR PC5, and NR Uu — in the provision
of services is also an open issue. More research is needed on
compatibility approaches and on how specific applications or
set of applications could benefit from combining the service
provided by different interfaces.

8. Business models: There is a great challenge in investigating
business models that can drive the deployment of vehicular
networks [157]. While Business-to-Consumer (B2C) models are
challenging from the business side (e.g., resource consump-
tion from cloud-based V2P safety applications, multi-operator
scenarios) and the consumer side (e.g., privacy concerns, data
and battery consumption), Business-to-Business (B2B) models
can provide a niche for operators, vehicle manufacturers, and
government agencies (e.g., the X as a Service (aaS) business
model). It is believed there might be players that would more
clearly have business opportunities in the context of C-V2X
technologies, but this requires further investigation, particu-
larly with D2D technologies.

6. Conclusion

This article reviews the literature on the use of C-V2X tech-
nologies to develop road safety and traffic efficiency applications
for connected vehicles. After describing the relevant C-V2X com-
munication technologies, we have proposed a classification for the
different types of communication needed to support applications
for connected vehicles. Following that classification, we have de-
scribed how the research community has analyzed and validated
the use of C-V2X technologies specified by 3GPP to develop road
safety and traffic efficiency applications, exploring its limitations,
and proposing improvements that have contributed to specifica-
tions development. These works have shown the different ways
in which C-V2X communications technologies can be used to im-
plement communication-based applications in vehicles. However,
this survey also identifies the need for more work in several fields
of research: the C-V2X technologies are evolving and there is the
need to explore the possibilities of their most recent versions (e.g.,
5G NR PC5 or NR Uu in combination with technologies such as
MEC); the development and validation of advanced services; the
combination of different technologies to provide V2X services; the
interoperability in multi-operator scenarios; and the business and
deployment models that can drive the adoption of the C-V2X tech-
nology in the real world.
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