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ABSTRACT Connected and fully automated vehicles are expected to revolutionize our mobility in the near
future on a global scale, by significantly improving road safety, traffic efficiency, and traveling experience.
Enhanced vehicular applications, such as cooperative sensing and maneuvering or vehicle platooning,
heavily rely on direct connectivity among vehicles, which is enabled by sidelink communications. In order to
set the ground for the core contribution of this paper, we first analyze the main streams of the cellular-vehicle-
to-everything (C-V2X) technology evolution within the Third Generation Partnership Project (3GPP), with
focus on the sidelink air interface. Then, we provide a comprehensive survey of the related literature, which
is classified and critically dissected, considering both the Long-Term Evolution-based solutions and the
5G New Radio-based latest advancements that promise substantial improvements in terms of latency and
reliability. The wide literature review is used as a basis to finally identify further challenges and perspectives,
which may shape the C-V2X sidelink developments in the next-generation vehicles beyond 5G.

INDEX TERMS 5G, cellular-vehicle-to-everything, literature review, new radio, sidelink.

I. INTRODUCTION

We are entering a new mobility era, characterized by
an increasing number of vehicles which are connected
to the Internet and to neighboring road elements, such
as other vehicles, pedestrians, traffic lights, or roadside
units. According to Strategy Analytics, about 60% of new
vehicles in North America, Europe, and China, have cellular
connectivity and this number is projected to grow to 85% by
2025. At the same time, noticeable advances are observed
toward the deployment of vehicles with higher and higher
automation levels, which let an automatic on board system
take control over driving and eventually make the driver enjoy
the ride as a passenger.

On the path towards a fully automated mobility, where
vehicles can perform any driving function under all con-
ditions without driver intervention, future vehicles will
have to increasingly rely on more than their own sensors.
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Wireless communications will be the key to boost their
perception capability of the surrounding environment and to
enable exchanging manoeuvring intentions. This will allow
the vehicles to cooperatively drive and build an extended
(even in non-line of sight) horizon, so to promptly and
accurately detect the presence of nearby cars, objects and
other road users, and to react accordingly. Such a scenario
introduces unprecedented challenges to the underlying
vehicle-to-everything (V2X) communication technology.

The first set of radio standards enabling V2X commu-
nications was based on the IEEE 802.11 technology [1],
and was referred to as dedicated short range communication
(DSRC)/wireless access in vehicular environment (WAVE).
This technology has long been considered, in both Europe
and the US, as the only key enabler for V2X connectivity.
More recently, however, the Third Generation Partnership
Project (3GPP) has introduced device-to-device (D2D)
communications over the PC5 interface as a new feature to
enable direct connectivity through what is referred to as the
sidelink.
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FIGURE 1. V2X communication links, entities and radio interfaces.

Within the V2X context, the sidelink refers to the
direct communication between vehicles, between vehicles
and vulnerable road users (VRUSs), and between vehicles
and road side units (RSUs). More precisely, 3GPP
uses vehicular user equipments (VUEs) to denote the
vehicles, and vehicle-to-vehicle (V2V), vehicle-to-pedestrian
(V2P), vehicle-to-infrastructure (V2I), to address the dif-
ferent kind of links, as specified in [22] and exemplified
in Figure 1. Sidelink over the PC5 interface is intended
in addition to conventional uplink/downlink communication
over the Uu interface, which has also been tailored to the
specific automotive vertical’s needs and can be exploited for
both V2I or vehicle-to-network (V2N) interactions, i.e., to
provide connectivity to the cloud. The resulting technology
is often referred to as cellular-V2X (C-V2X), which is an
umbrella term that includes both the long term evolution
(LTE) enhancements and the fifth generation (5G) new radio
(NR) latest advancements to support V2X communications
using cellular technologies.

A. ROADMAP OF 3GPP C-V2X SIDELINK SPECIFICATIONS
The use of cellular networks for vehicular applications is
definitely not a new concept as it dates back to at least
twenty years ago [23]-[26]. With the advent of the fourth gen-
eration (4G) technology, such interest increased [27]-[31],
and 4G was applied initially to V2I and, in general, to V2X
applications [2], [32]-[34]. The extension of the D2D mode
to V2X communications started to gain much attention
with 3GPP Release 12. Some preliminary works, such
as [35]-[37], attempted to apply D2D communications to the
vehicular scenario.

It was only after assessing the technological feasibility
and the undoubted commercial opportunities for network
operators, that in the first quarter of 2015 3GPP launched a
feasibility study to include C-V2X in the new Releases of the
standards. Since then, the specifications evolved, Release by
Release, by incorporating new features and capabilities with
special attention to direct communications.

A first version of C-V2X was published in March 2017,
in Release 14. At that time, the 4G LTE system was
under development and thus, the specification addressing
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the automotive vertical needs was named LTE-V2X. Since
Release 15, frozen in 2018, in addition to refinements to LTE-
V2X, the 3GPP started to work within the 5G framework
at the specifications of the so-called 5G-V2X. Regarding the
5G-V2X, use cases and requirements were identified in
Release 15, while a first set of NR V2X specifications,
including the sidelink, were defined in Release 16, frozen in
June 2020. Improvements to sidelink 5G-V2X are expected
in Release 17, which is still undergoing and planned to be
issued by 2022.

B. MOTIVATIONS AND CONTRIBUTION OF THIS SURVEY
Since the real beginning, the sidelink interface appeared
as the most revolutionary and demanding design aspect
of C-V2X, and its deployment catalyzed the interest of
standardization groups and fora, and research scientists
worldwide. The majority of vehicular applications, ranging
from the LTE-V2X use cases that support basic active safety
(such as emergency braking, collision warning, intersection
management, etc.) to the enhanced V2X (eV2X) use cases
specified for 5G-V2X (such as vehicles platooning, advanced
driving, extended sensors) consider direct communications
as a necessary requirement. The reasons are multifold. First,
most of the communication interactions are localized in the
vehicle’s neighborhood, so there is no need for data going
through the network. Second, vehicular entities may need
to reliably exchange sensor data and driving intentions even
outside the coverage of the cellular network. Third, latency
is a critical parameter for safety-critical applications, for
which any delay introduced by the transit through a fixed
communication infrastructure may be unacceptable.

Recently, a large number of surveys and tutorials addressed
cellular-based V2X communications, among which [2]-[21].
In order to better remark the difference between our survey
and the cited works, in Table 1 per each of the mentioned
reference it is indicated: (i) if it refers to cellular systems
before Release 14, LTE-V2X, or 5G-V2X; (ii) if it focuses
on infrastructure-based communications (Uu interface) or
sidelink (PCS5 interface); (iii) if it provides tutorial details on
the 3GPP specifications (indicated as Specs); (iv) if it includes
a significant review of the literature on the discussed aspects
(indicated as Review); and (v) if it includes original results
(indicated as Results).

As indicated in the Table, earlier works referred to
standards before LTE Release 14; they explored the suitability
of cellular networks to support V2X use cases [2], [3],
[8] or they anticipated the novel sidelink specifications that
were at that time under definition [4]-[6]. The sidelink
LTE-V2X included in Release 14 was then detailed by the
tutorial work of Molina-Manegosa et al. in [7] for the first
time. Later, various other tutorial works provided details
on the C-V2X sidelink specifications in the various 3GPP
Releases, from Release 14 to 16, in [9]-[17], [21]. Yet, these
works do not include any, or they report a very limited,
discussion of the related research literature, which has instead
flourished in the latest years, recognizing the pivotal role
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TABLE 1. Summary of the main related survey papers. The column Specs indicates if the referenced paper focuses on the 3GPP specifications. The symbol

v indicates a property that is clearly present in the document. Brackets are used if a given property is only partly within the focus of the paper. R# is used
#.

instead of 3GPP rel
Reference [ LTE/5SG Uuw/PC5S Specs Review Results Main focus
Araniti, 2013 [2] Pre-R14 Uu(&PC5) W) Early work on cellular systems for V2X
Tseng, 2015 [3] Pre-R14 PC5 W) Early work on PC5 interface for V2X
Seo, 2016 [4] Pre-R14 Uu&PC5 W) Early work on service and requirements for LTE-V2X
Sun, 2016 [5] Pre-R14 PC5 v Early work on physical layer of PC5 in LTE-V2X
Chen, 2017 [6] LTE PC5 v Anticipations on PCS5 in LTE-V2X
Molina-Masegosa, 2017 [7] LTE PC5 v v Performance of LTE-V2X Mode 4
MacHardy, 2018 [8] Pre-R14 Uu(&PC5) v Survey of V2X technologies, incl. cellular before R14
Fodor, 2019 [9] LTE PC5 v W) Enhancements to PC5 LTE-V2X in R15
Bazzi, 2019 [10] LTE(&5G) PC5 v W) v Performance of 802.11p and LTE-V2X Modes 3 and 4
Naik, 2019 [11] 5G PC5 v W) Anticipations on 802.11bd and PC5 5G-V2X
Chen, 2020 [12] LTE&S5G Uu&PC5 W) Overview of C-V2X with focus on deployment in China
Zeadally, 2020 [13] LTE&SG PC5 v Overview of 802.11p/bd, PC5 LTE-V2X, PC5 5G-V2X
Lien, 2020 [14] 5G PC5 v v Details on 5G-V2X physical layer and control channels
Ashraf, 2020 [15] 5G PC5 v W) Enhancements to PC5 LTE-V2X in R16
Ganesan, 2020 [16] 5G PC5 v Focus on specific aspects of PC5 5G-V2X
Garcia-Roger, 2020 [17] LTE&S5G Uu&PC5 v 3GPP specifications on V2X from R14 to R16
Storck, 2020 [18] LTE&S5G Uu(&PC5) v Review on 802.11p and (mostly Uu) LTE/5G-V2X
Zhou, 2020 [19] LTE Uu(&PC5) v Review with focus on cloud-based Internet of vehicles
Gyawali, 2020 [20] LTE&S5G Uu(&PC5) v Review on research activities on cellular V2X
Garcia, 2021 [21] LTE&SG (Uu&)PCS5 v 3GPP PC5 LTE-V2X and 5G-V2X specifications
This survey LTE&5G PC5 v v Literature review on PC5 LTE-V2X and PC5 5G-V2X

of sidelink in targeting reliability and latency demands of
vehicular applications. An analysis on the literature review
is only provided in [18]-[20], which however address V2X
in a broad scope and have a very marginal focus on the
sidelink.

This work intends to fill the current gap by including,
after a summary description of the sidelink evolution through
the 3GPP standardization efforts (Section II), a thorough
and comprehensive survey of the related research targeting
the sidelink interface. In particular, we critically scan more
than one hundred papers appearing in the literature and
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targeting C-V2X sidelink communications, and we group
them according to their scope and targeted issues. The focus
is first on solutions investigating the performance of the
plain autonomous resource allocation scheme in LTE-V2X
(Section IIT) and then, moves to solutions improving it and
preliminarily investigating 5G-V2X sidelink communication
solutions (Section IV). Centralized and hybrid resource allo-
cation studies conclude the review (Section V). The work is
completed by a discussion of perspectives and opportunities
that are still open for future research (Section VI). The whole
paper organization is reported in Fig. 2.
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FIGURE 3. C-V2X timeline along with the main features and capabilities of sidelink in 3GPP releases.

TABLE 2. Selected 3GPP specifications covering V2X communications. LTE-related are listed before 5G-related, with technical reports (TRs) before

technical specifications (TSs) per each technology.

Specification Reference Release Year Main scope

TR 22.885 [38] 14 2015  Study on use cases and requirements for LTE support of V2X services

TR 36.885 [39] 14 2016  Study on LTE enhancements for LTE-based V2X services

TS 22.185 [22] 14-16 2020  V2X service requirements to be supported by LTE

TS 23.285 [40] 14-16 2020  Architecture enhancements to the LTE system to facilitate vehicular communications for V2X services
TS 36.213 [41] 8-16 2020  Physicals layer procedures in LTE

TS 36.321 [42] 8-16 2020 LTE MAC protocol

TR 22.886 [43] 15,16 2018  Study on use cases and requirements to enhance support to V2X in 5G

TR 38.885 [44] 16 2019  Study on NR V2X

TS 23.287 [45] 16 2020  Architecture enhancements to the 5G system to facilitate vehicular communications for V2X services
TS 22.186 [46] 15,16 2019  V2X service requirements to enhance support to V2X by 5G

TS 38.213 [47] 15,16 2020  Physicals layer procedures in 5G

TS 38.321 [48] 15,16 2020 5G MAC protocol

TR 37.985 [49] 16 2020  Summary of the features introduced by 3GPP to LTE and NR in support of V2X from Rel. 14

TABLE 3. Sidelink improvements from Release 12 to Release 14 to support V2X communications.

Target | Description

[ Peculiarities compared to Release 12 D2D

Ubiquitous communications

High-speed support
250 km/h in opposite direction)
Low latency

High density support Up to hundreds of nodes in mutual range
High reliability

Support to periodic traffic

broadcasting of awareness messages

Safety-critical communications require common bands, re-
gardless of the mobile operator, under all geographies
Relative velocity up to 500 km/h (e.g., cars in a freeway at

Stringent delay requirements for most applications

Need for reliability improvement and longer range
Support of V2X applications relying on the periodical

Use of ITS unlicensed bands around 5.9 GHz
Doubling of reference symbols from 2 to 4 per subframe

e Control and data transmitted during the same subframe

e No connection establishment and no ProSe discovery
Channel sensing to estimate the interference level and re-
duce collision probability

Blind retransmission

Resources pre-allocated periodically

II. SIDELINK V2X SPECIFICATIONS FROM LTE TO 5G
Several works have already comprehensively described the
C-V2X specifications in the different Releases, e.g., [7], [9],
[10], [13], [17], [21]. Hence, in this Section, only the most
salient features of 3GPP specifications for the sidelink are
reported, which are needed to set the ground for a proper
understanding of the literature surveyed in the next Sections.
The C-V2X timeline and Releases are summarized in Fig. 3,
while the main specifications and related scope are reported
in Table 2 for the reader’s convenience.
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The D2D feature designed in Release 12,
as Proximity-based Services (ProSe), was early recognised
as unsuitable for the vehicular scenario, thus motivating the
3GPP to add/modify specific features for V2X in Release 14,
as summarized in Table 3. Successive enhancements of the
(still LTE-based) sidelink in Release 15 were meant to be
backward compatible with Release 14, therefore suffering
from the same inherent LTE limitations that prevent the full
support of the eV2X use cases of [46]. This restriction has
motivated 3GPP to entail the design of a new air interface,
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TABLE 4. Comparison of sidelink in LTE-V2X and 5G-V2X at 5.9 GHz.

Aspect Sidelink LTE-V2X Sidelink 5G-V2X

Waveform SC-FDMA CP-OFDM

Channel coding Turbo LDPC

Modulation QPSK, 16-QAM, 64-QAM QPSK, 16-QAM, 64-QAM, and 256-QAM
Numerology Fixed: 1 ms subframe Flexible: 0.25, 0.5, or 1 ms subframe
DMRS reference signals 4 fixed symbols in 1 ms Various patterns, between 12 and 24 subcarriers
SCI 2 PRBs, adjacent or non-adjacent Two stages SCI inside transmission slot
Feedback - ACK and NACK possible

Transmission type Broadcast Unicast, Groupcast, Broadcast

Controlled mode Mode 3 Mode 1

Autonomous mode Mode 4 Mode 2

HARQ
Sensing window

1 blind retransmission
Single option: 1 s

Up to 32 retransmissions, blind or feedback-based
Two options: 0.1 sand 1.1 s

Portion of CCSRs passed from PHY to  20% A minimum of 20%, 35%, or 50%
MAC in autonomous mode
Resource re-evaluation and re-selection ~ Not possible Possible
Pre-emption Not possible Possible
TABLE 5. LTE-V2X communication requirements [22].
Type of Requirements
communication Latency Reliability Message Size Frequency  Relative Speed  Range
V2I 100 ms . . 250 km/h
VoV 20-100 ms . 50-300 bytes (Periodic) 500 km/h
) High 10 Hz N.A.
V2N 1000 ms 1200 bytes (Event Tri d) N.A.
V2P 100 ms ytes (Event Inggere 250 km/h

the so-called NR, starting from Release 15, although only
in Release 16 an NR interface was fully specified for
the sidelink of 5G-V2X [44], [49]. The NR sidelink is
intended to complement and not to replace the LTE-V2X
sidelink, with the latter dedicated to basic V2X safety and
the former exploited for eV2X. Release 16 discusses options
for the co-existence and cooperation between LTE and NR
sidelinks [49].

The LTE-V2X sidelink considered the intelligent transport
system (ITS) unlicensed band at 5.9 GHz for V2X sidelink
operation. Next, to satisfy the larger bandwidth needs of
the advanced V2X use cases, the NR sidelink was designed
to operate in a larger frequency range: frequency range 1
(FR1), from 410 kHz to 7.125 GHz, and frequency range 2
(FR2), from 24.25 GHz to 52.6 GHz, referred to as millimeter
waves (mmWaves). The maximum single user bandwidth
in FR1 and FR2 is 100 MHz and 400 MHz, respectively,
against maximum 20 MHz in LTE-V2X. Although the 5G-
V2X sidelink supports both frequency ranges, no specific
optimization has been deployed for FR2 yet and most of
the sidelink design refers to FR1 [21]. Indeed, we expect
the sidelink design to be re-engineered when considering the
mmWave spectrum, due to its peculiarities well presented
in [50]. The other major enhancements included in the 5G-
V2X sidelink with regard to LTE-V2X are detailed in the
following and summarized in Table 4.

Specifically, in the remainder of this Section, the driving
use cases and requirements are firstly briefly discussed
(Section II-A), followed by some details on the physical
(PHY) and medium access control (MAC) specifications of
LTE-V2X and 5G-V2X (Sections II-C to II-F), and concluded
by anticipations on Release 17 (Section II-G).

VOLUME 9, 2021

A. USE CASES AND REQUIREMENTS FROM BASIC SAFETY
TO eV2X

Both the design of LTE-V2X and 5G-V2X was preceded by
the identification of the applications and requirements the
technology needs to meet. Regarding LTE, 3GPP identified
in [22], [38] a set of use cases that can be supported by a cellu-
lar transport, along with their target quality of service (QoS),
as summarized in Table 5. The design of LTE-V2X was based
on basic safety services relying on moderately challenging
traffic, mostly based on small-to-medium sized periodical
messages such as cooperative awareness messages (CAMs)
defined by European Telecommunications Standards Institute
(ETSI), and basic safety messages (BSMs) defined by Society
of Automotive Engineers (SAE), or sporadic transmissions
such as decentralized environmental notification messages
(DENMs), again defined by ETSI.

As already mentioned, when the design of 5G-V2X begun
it was recognized that LTE-V2X is not capable in supporting
the challenging eV2X use cases, for which new messages
are under definition by various standardization bodies'
and the QoS requirements were clearly defined in [46],
as summarized in Table 6. For each of the V2X scenarios,
QoS requirements are distinguished in [46] by application
and level of automation, demonstrating that in 5G they are
not only more stringent than in 4G, but they are also very
precise in terms of required reliability and communication
range. Summarizing, the 5G-V2X applications need (i) much
more stringent requirements in terms of latency (from 100 ms

TAs examples, ETSI is currently specifying various messages for
advanced use cases, including collective perception messages (CPMs) [51],
VRU awareness messages (VAMs) [52], platoon control messages
(PCMs) [53] and maneuver coordination messages (MCMs) [54].
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TABLE 6. 5G-V2X application requirements [46] (L.0.A. stands for level of automation).

Communication Requirements
scenario Application L.o.A. Latency Reliability Message Size Frequency Range
Lowest 25 ms 90% 300-400 bytes 30 Hz N.A.
Cooperative Driving LQW 20 ms N.A. 6500 bytes 50 Hz 350 m
Platooning ngh 20 ms N.A. N.A. N.A. 180 m
Highest 10 ms 99.99% 50-1200 bytes 30 Hz 80 m
Information sharing prer 20 ms N.A 6000 bytes 50 Hz 350 m
Higher 20 ms N.A. N.A. N.A. 180 m
Cooperative collision avoidance N.A. 10 ms 99.99% 2000 bytes 100 Hz N.A.
Info sharing for automated driving Lower 100 ms N.A. 6000-6500 bytes 10 Hz 700 m
Higher 100 ms N.A. N.A. N.A. 360 m
Advanced driving Emergency trajectory alignment N.A. 3 ms 99.999% 2000 bytes N.A. 500 m
Intersection safety N.A. N.A. N.A. UL: 450 bytes UL: 50 Hz N.A.
Cooperative lane change Lower 25 ms 90% 300-400 bytes N.A. N.A.
Higher 10 ms 99.99% 12000 bytes N.A. N.A.
Information sharing Lf)wer 100 ms 99% 1600 bytes 10 Hz 1000 m
Extended sensors Higher | 3-50 ms | 95%-99.999% N.A. N.A. 50 m - 1000 m
Video sharing Lower 50 ms 90% N.A. N.A. 100 m
Higher 10 ms 99.99% N.A. N.A. 200 m - 400 m
Remote driving N.A. N.A 5 ms 99.999% N.A. N.A N.A
to 3 ms) and reliability (from 90% to 99.999%); and (ii) more TABLE 7. 5G-V2X scalable numerology.
frequent (from 10 Hz to 100 Hz) exchanges apd larger packets ;] 5CS Symbols per slof  Slot duration  Spectrum
(from 50 to 16000 bytes) to accommodate richer sensor data 0 510, 1z Tmos R
and intended maneuvers. 1 30 kHz 14 0.5 ms FR1
2 60 kHz 14 0.25 ms FR1, FR2
B. THE PHYSICAL LAYER SIDELINK EVOLUTION 3| 120kHz 14 0.125 ms FR2

1) WAVEFORMS AND MODULATIONS

The PHY layer of LTE-V2X builds upon the following
main characteristics: (i) single carrier frequency division
multiple access (SC-FDMA), (ii) turbo codes [55], [56],
and (iii) blind hybrid automatic repeat request (HARQ)
retransmission with incremental redundancy. These three
combined features contribute to a link budget improvement,
which directly translates into extended coverage at fixed
transmit power or enhanced reliability at fixed range.
5G-V2X sidelink transmissions use cyclic prefix orthog-
onal frequency-division multiplexing (CP-OFDM), which
ranks best on the performance indicators that matter most,
namely compatibility with multi-antenna technologies, high
spectral and throughput efficiency, and low implementation
complexity. CP-OFDM is well-localized in time domain,
which is important for latency-critical applications and
time-division duplex (TDD) deployments. It is also more
robust to oscillator phase noise and frequency Doppler shift
than other multi-carrier waveforms, which is crucial for
mmWaves and V2X. LTE turbo codes are replaced by
low-density parity-check (LDPC) codes in 5G-V2X.

In Release 15, 64-quadrature amplitude modulation
(QAM) is added to the quadrature phase shift keying (QPSK)
and 16-QAM modulations of LTE-V2X, while 5G-V2X also
supports 256-QAM with binary reflected Gray mapping. The
new modulation formats can be used when channel conditions
are particularly favorable, providing gain in terms of spectral
efficiency and throughput at the expense of sidelink coverage.

2) NUMEROLOGY AND CHANNELS
At the PHY layer, the LTE-V2X resource allocation granu-
larity in the time domain is given by the transmission time
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interval (TTI), corresponding to one subframe of 1 ms. In the
frequency domain, the subchannel concept has been defined.
A subchannel is a multiple of the 180 kHz bandwidth? of LTE
resource blocks (RBs), to be set by the operator within given
options.

A scalable numerology is the major difference in 5G-V2X,
where the subcarrier spacing (SCS) values for the OFDM
waveform are flexible, according to the law 2* - 15 kHz
(with the SCS configuration factor © = 0, 1, 2, 3), hence
scaling from 15 to 120 kHz, and the number of slots per
subframe is equal to 2 (Table 7). This flexibility brings
several advantages. First, larger SCS means shorter slot
duration and hence, lower latencies, which is paramount
for safety-critical driving applications. Second, larger SCS
allows better resistance against Doppler effect and carrier
frequency offset at high vehicular speeds, although the
channel delay spread obviously sets a limit on the SCS value
in certain deployments. To avoid inter-symbol interference
(ISI) that may arise with larger SCS values, 5G-V2X
introduces an extended cyclic prefix (CP) option which,
in principle, reduces the OFDM efficiency. This penalty may
be somehow compensated for by using fewer demodulation
reference signal (DMRS) per OFDM symbol (see in the
following).

LTE-V2X sidelink communications are based mainly on
two channels transmitted in the same 1 ms-long TTI, at dif-
ferent frequencies: the Physical Sidelink Control Channel
(PSCCH), carrying the control information (e.g., priority,
modulation and coding scheme (MCS), frequency resource

2Corresponding to 12 subcarriers of 15 kHz each.
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FIGURE 5. 5G-V2X sidelink: two-stage SCI allocation.

location, retransmission index) in the sidelink control infor-
mation (SCI) message, and the Physical Sidelink Shared
channel (PSSCH), carrying data in the transport blocks (TBs).
Each data packet is allocated in one TTI and one or more
subchannels. The associated SCI always occupies 360 kHz,
with two possible configurations, as represented in Fig. 4:
in the adjacent configuration, the SCI is transmitted within
the subchannels, and more precisely at the beginning of the
first allocated subchannel; in the non-adjacent configuration,
dedicated resources are reserved for the SCIs, outside the
subchannels.

With 5G-V2X, SCI messages are instead transmitted in
two stages [14], [49], as illustrated in Fig. 5. The first
stage SCI, conveyed by the PSCCH, carries information
on the reserved PSCCH resources for the current TB and
for its retransmissions, and information (e.g., the MCS) for
decoding the second stage SCI, which is carried in the
PSSCH together with the TB. It conveys additional control
and scheduling information, e.g., for decoding PSSCH
and for supporting HARQ feedback (see Section II-BS5).
The two-stage SCI transmission in 5G-V2X simplifies the
SCI decoding; vehicles sensing the channel to learn about
resource occupancy only need to decode the first stage SCI
(see Section II-E).

3) REFERENCE SIGNALS SETTING

As shown in Fig. 6(a), the number of DMRS within a TTI
is fixed to 4 in LTE-V2X; therefore the interval between
adjacent DMRS symbols is still less than the coherence
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FIGURE 6. TTI structure and DMRS format.

time at relative speed of 500 km/h, which is around
0.15 ms at 6 GHz. 5G-V2X instead provides adaptive DMRS
configuration options, to achieve a better trade-off between
channel estimation accuracy and overhead at different vehicle
speeds. At high speeds, channel variations are much faster
and more reference signals are needed for better channel
estimation; at low speeds, vice versa less DMRSs can keep the
overhead low [57]. Scalable numerology impacts reference
signal setting: with larger SCS channel variations within
the slot are reduced, thereby needing fewer DMRSs per
slot. Figs. 6(b) and 6(c) report examples with 2-symbol and
3-symbol DMRS which may apply, respectively, to slow and
medium vehicle speed conditions.

4) TRANSMISSION TYPES

While LTE-V2X sidelink only supports broadcast communi-
cations, many eV2X applications rely on unicast or groupcast
message transmissions. For instance, more conveniently a
platoon leader disseminates messages to the platoon members
through groupcast rather than broadcast, and exchanges data
with nearby platoon leaders via unicast. Therefore, the PHY
layer of the 5G-V2X sidelink flexibly supports broadcast,
unicast, and groupcast operation. A point-to-multipoint chan-
nel, named Sidelink Traffic Channel (STCH), is specified
in 5G-V2X for the transfer of user information from one
vehicle to multiple vehicles.
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5) SIDELINK FEEDBACK CHANNEL

Recognizing that sidelink LTE-V2X does not guarantee
sufficient reliability for eV2X applications, in 5G-V2X
the sidelink communication is improved through (i) a
number of (blind) retransmissions, instead of only once or
twice permitted in LTE-V2X, and (ii) a Physical Sidelink
Feedback channel (PSFCH) that carries information about
the HARQ success/failure in case of unicast/groupcast
transmissions [44]. Every one, two, or four slots, the last
two symbols excluding the guard period accommodate
the PSFCH, as shown in Fig. 6(c). The HARQ feedback
may be in the form of conventional Acknowledgement
(ACK)/Negative ACK (NACK) for unicast, and NACK-only,
with nothing transmitted in case of successful decoding, or no
response for groupcast. The latter operation successfully
saves sidelink resources. For example, in the extended
sensors use case, sensor information must be spread to all
vehicles located within a given radius® around the sender.
In this case, the NACK-only feedback can be restricted to
vehicles within such a radius, and any farther vehicle does
not provide any HARQ feedback [49]. The sender decides
the feedback option based on e.g., the message reliability
and latency requirements, the number of receivers in a group,
the amount of available feedback resources, etc.

C. SIDELINK RESOURCE ALLOCATION: AN OVERVIEW
In Release 14 two sidelink resource allocation modes have

been designed:
e Mode 3 (controlled). Scheduling of resources and inter-

ference management over the PCS5 interface are managed
by the evolved NodeB (eNodeB) in a centralized
manner, via control signaling over the Uu interface.
It only applies to in-coverage conditions.

o Mode 4 (autonomous). V2V scheduling and interference
management is supported by distributed algorithms
directly operating in each vehicle. Such a mode is crucial
to cope with out-of-coverage scenarios.

In Mode 3 the resources can be granted for a single
transmission through dynamic scheduling or, in case of
periodic traffic, for a number of consecutive transmissions
through a semi-persistent scheduling (SPS). With dynamic
scheduling, similarly to what happens for uplink trans-
missions, a vehicle undergoes a handshake procedure to
request sidelink resources to the eNodeB for every single
TB transmission (and possible blind retransmission). With
SPS, the allocated sidelink resources recur with a periodicity
matching the V2X traffic pattern. However, the specific
implementation of resource allocation in Mode 3 is left to
the operator. Differently, a detailed algorithm is defined for
Mode 4, based on SPS, which is further discussed in the next
subsection.

In 5G-V2X, two new sidelink modes are identified that
still correspond to a controlled (Mode 1) and an autonomous

3 A minimum communication range (MCR), along with a QoS metric such
as the transmitter-receiver distance, is notified by the transmitter in the SCI

to maintain a given reliability of a groupcast packet.
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(Mode 2) operation. They are, respectively, counterparts to
Mode 3 and Mode 4 in LTE-V2X.

With Mode 1 (controlled), the NR base station, called
gNodeB, schedules the sidelink resources using the NR (or
LTE) Uu interface. This Mode only holds for in network
coverage conditions. Similarly to Mode 3, Mode 1 provides
dynamic grant scheduling of sidelink resources for a single
TB (and its possible blind or HARQ retransmissions), and
a configured grant scheduling that pre-allocates a set of
sidelink resources for transmitting one or multiple (periodic)
TBs in order to reduce delay. The pre-allocation is based
on collected information from the vehicles regarding the
expected traffic specifications (e.g., TB maximum size,
periodicity) and QoS requirements (e.g., latency, reliability,
priority). The grant is configured once and can be imme-
diately used by the vehicle (Type 1 grant) or only after
indication of the gNodeB that activates the grant (Type 2
grant).

In Mode 2 (autonomous) the vehicles autonomously
determine the set of sidelink resources to be used among
those (pre-)configured by the gNodeB/eNodeB. This Mode
can be leveraged both under in-coverage and out-of-coverage
conditions like for the LTE-V2X Mode 4. Modes 2 and 4
however have some differences in the scheduling scheme,
as explained in the next subsections.

D. THE ALGORITHM FOR LTE-V2X AUTONOMOUS MODE 4
Sidelink LTE-V2X Mode 4 is mainly designed for periodic
traffic and it is based on sensing-based semi-persistent
scheduling (SB-SPS). Every vehicle is allocated the same
group of subchannels periodically for a given interval,
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which is the reason why the term semi-persistent is used.
Hereafter, the set of subchannels required to accommodate
the data transmission is denoted as candidate single-subframe
resource (CSSR) and the period is called resource reservation
interval (RRI). The selection of the CSSR, depicted in Fig. 7,
is performed based on the status of resources monitored
during the last 1 s. At the PHY layer, during that sensing
interval, the node compares the received power with a given
sensing threshold and attempts to decode the transmitted
SClIs. Based on this information (related to the past), it selects
the 20% of CSSR that are less probably occupied in
the (future) selection window, i.e., they have lower reference
signal received power (RSRP) levels. In order to control the
access delay, the selection window can be restricted to an
interval within the next T (between 1 and 4) and T, (between
20 and 100) subframes. In Release 15, a lower bound equal to
10 is set on 7> in order to reduce the guaranteed radio layer
latency to 10 ms.

The selected set of CSSR is then passed to the MAC layer,
where one CSSR is randomly selected. Once the subchannels
have been reserved, the same are maintained periodically
for a given number of RRIs. Such number is initially
randomly chosen between given minimum and maximum
values (depending on the RRI). After such time, the allocation
is changed with probability 1 —py and confirmed otherwise. If
confirmed, another random interval is selected with the same
rules and so on. The parameter py, a.k.a. keep probability,
is set by the network (within 0-0.8) and appears critical as
further discussed in Section III.

Optionally, the network can configure a node to restrict its
choice within a certain portion of CSSRs, called pool. Such
resource pools can be also mapped to geographical zones that
can be configured or pre-configured by the eNodeB. Then,
the VUE selects the V2X resource pool based on the zone the
VUE is located in [58].

E. THE ALGORITHM FOR 5G-V2X AUTONOMOUS MODE 2
The major adjustments implemented in Mode 2 with regard
to Mode 4 refer to the need to help accommodate not only
eV2X services but also basic aperiodic traffic, which was
not directly considered in LTE-V2X sidelink specifications.
Aperiodic traffic includes, in particular, DENMs generated
asynchronously upon the detection of a road hazard event
(e.g., emergency braking [59]). Moreover, CAMs themselves
are not necessarily periodic, since their generation depends
on the mobility of the transmitting vehicle [60].

1) SCHEDULING SCHEMES

Mode 2 implements two scheduling schemes: dynamic and
SB-SPS. They operate similarly but differ in the number of
selected/reserved resources: the former suits aperiodic traffic
and selects new resource for each single TB, the latter for
a number of consecutive TBs every RRI. LTE-V2X can
reserve resources every (20, 50, 100) ms or any multiple
of 100 ms up to a maximum of 1 s. With 5G-V2X, the RRI
below 100 ms has higher granularity than in LTE-V2X: it
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can take any integer value in the range [1:99], so to better
fit the requirements of eV2X applications. In both dynamic
and SB-SPS cases, Mode 2 resources can be reserved to be
used for a number (up to 32) of blind or potential HARQ-
feedback-based (re)transmissions of a TB within the same
selection window [44]. Once a TB is positively acknowledged
by using HARQ, the sending vehicle will cancel the next
scheduled retransmissions. Both long-term sensing, spanning
the typical ls-long window, and short-term sensing are
analysed in Release 16 [44]. Averaging over a long sensing
period increases the risk of using outdated observations, as
a result of fast changes in the generated interference due to
mobility and traffic generation dynamics. Short-term sensing,
over a shorter window, could solve this issue. Therefore,
the sensing window size specified in [49] for the 5G-V2X
sidelink can be either 1100 ms or 100 ms, with the latter
option particularly useful for aperiodic traffic, and the former
for periodic traffic.

2) TRAFFIC PRIORITIZATION

It is manifest that aperiodic messages should get higher
priority than periodic messages in most cases, so the TB
priority is announced in the first stage SCI, together with
reserved resources and the RRI. The priority of the TB affects
the following parameter settings in Mode 2 [49]:

« the lower bound on the selection window size, which
is determined by the packet delay budget (7>), depends
on the TB priority and the SCS value, according to
[1,5,10,20] - 2* slots, so that Mode 2 can guarantee
1 ms minimum latency compared to 10 ms of Mode 4;

o the RSRP threshold is a function of the transmitting
TB’s and the reserved TBs’ priorities. Thus, a higher
priority transmission can occupy resources which were
reserved by another sender with sufficiently low RSRP
and sufficiently lower-priority traffic;

« avehicle randomly selects its resources from the CSSRs
that remain available after the exclusion of those that
are both reserved and have an RSRP exceeding a given
threshold. The threshold is relaxed in steps of 3 dB if
the remaining resources are not at least a portion x%
of the total CSSRs, where x can take values of 20, 35,
and 50 for each traffic priority (differently, in LTE-V2X
the random selection is always performed in a group
including the 20% of the CSSRs).

Two other major differences are included in Mode 2
in order to cope with aperiodic higher-priority service
messages [49]:

« re-evaluation: just before accessing its sidelink reserved
resource, a vehicle re-evaluates the resource status,
considering the late-arriving SCIs due to an aperiodic
higher-priority service that started to transmit after the
end of the original sensing window. If the reserved
resources are no longer suitable, then new resources are
selected from the updated resource selection window;

o pre-emption: Mode 2 introduces a mechanism to pri-
oritize traffic in accessing the sidelink resources by
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configuring a resource pool with a pre-emption function
designed to help accommodate aperiodic traffic. A vehi-
cle frees its resources reserved for lower priority TBs
and reselects them all if it detects that another nearby
vehicle with higher priority traffic arrival is going to use
any of those resources.

3) SUBMODES
The following submodes of Mode 2 were investigated during
the study item phase of Release 16:

o Mode 2(a): corresponds to the described Mode 2;

e Mode 2(b): then removed as a standalone submode
from Release 16 [44], where a vehicle can assist other
vehicles in resource selection (e.g., by suggesting or
preventing the use of certain candidate resources).
Such functionality, referred to inter-UE coordination,
is currently under discussion for enhancements in
Release 17 [61], [62];

o Mode 2(c): for out-of-coverage operation, vehicles use
pre-configured sidelink transmission patterns; this mode
has been finally not adopted;

e Mode 2(d): vehicles can select sidelink resources
for other vehicles. It can be useful for group-based
communication such as platooning, where a group
leader (in network coverage) acts as an intermediary
between its serving gNodeB and the group members,
and manages resource allocation on behalf of the group,
without the need of direct connection between any group
member and the gNodeB. Details for the implementation
of this submode are left as enhancements for future
Releases.

F. CONGESTION CONTROL
In order to cope with congested situations, decentralized
congestion control (DCC) has been always considered a
key aspect for V2X, and indeed extensively investigated
on top of IEEE 802.11p [63], [64]. In Europe, a specific
mechanism has been defined by ETSI in [65] for C-V2X,
where the transmission of a packet over PC5 might be
restricted based on its priority and two estimated parameters,
called channel busy ratio (CBR) and channel occupancy
ratio (CR). The CBR represents an estimation of the total
occupation of the channel and is defined as the amount of
subchannels in the previous 100 subframes (100 slots or
21 . 100 slots in 5G-V2X [66]) that experience an average
Received Signal Strength Indicator (RSSI) higher than a
pre-configured threshold (a range of values is specified
in Releases 14 and 16). The CR quantifies the channel
occupancy generated by the transmitting vehicle and is
defined as the amount of subchannels that the transmitting
vehicle utilizes during a period of 1000 subframes (1000 slots
or 2* - 1000 slots in 5G-V2X [66]), which might include past
and future subframes (slots).

The vehicle measures the CBR and, accordingly, adjusts
the CR to comply with CR limit values by (i) limiting
the number of packet retransmissions, (ii) dropping some

97962

packets generated by the application, (iii) selecting a less
robust MCS to reduce the number of required subchannels,
and/or (iv) reducing the power to limit the interfered area.
In principle, also (v) increasing the minimum interval
between the generation of two consequent packets is possible,
even if this solution requires the interaction with higher
layers. NR V2X sets a 1 ms or 2 ms time interval for the CR
and CBR calculation; this is shorter than LTE-V2X’s 4 ms
with the purpose of better following faster load fluctuations
due to aperiodic traffic [49]. Both Release 14 and Release
16 do not specify a given DCC algorithm, but they just define
the above mentioned metrics and countermeasures.

In the US, specific procedures are not yet defined and the
same foreseen by SAE at the higher layers apply also to
C-V2X, with a variant of J2945/1 under progress [67].

G. FURTHER SIDELINK DEVELOPMENTS IN RELEASE 17
Some concepts lying under the SG NR umbrella but not
prioritized by 3GPP in the race towards 5G-V2X, are set
to follow in Release 17. Some of the main foreseen design
enhancements affecting sidelink communications, at the time
of writing this survey, are summarized in the following.

1) EXTENSIONS FOR NON-VUEs
The focus of initial studies in Release 17 will be on
pedestrian UEs that are most likely smartphones. A high-level
overview of the topic from 5GAA can be found in [68],
which remarks the role of the infrastructure and the need
for precise positioning. Especially critical appears anyway
sidelink, which needs to be supported by battery-powered
device types that have to work in a low power consumption
mode. To this aim, 3GPP Release 17 will work on power
and spectral efficiency optimizations [69]. In particular,
discontinuous reception (DRX) has been identified in Release
16 as one of the mechanisms for power efficient sidelink
communications [70]. Based on it, NR PC5 DRX has an ON-
and OFF-duration, and a pedestrian UE will not send/receive
V2X messages with the same periodicity as a VUE but
it would only turn on its PC5 radio interface during the
ON-duration. Since smartphones will support Uu as well as
PC5 connections, it is therefore necessary to coordinate the
device’s Uu DRX operation with the PC5 DRX operation.
Release 17 will further focus on whether and how the
pedestrian UE can make use of the sidelink DRX mechanism
for broadcast, groupcast and unicast without degrading QoS
of the PC5 communication and ensuring power efficiency can
be maintained.

2) SIDELINK RELAYING

Sidelink proximity reachability is currently limited to single-
hop, which is not sufficient when there is no Uu coverage.
Sidelink connectivity should be further extended in NR
framework to support the enhanced QoS requirements.
Therefore, Release 17 will additionally study how to provide
relay capabilities over the sidelink. UE-to-UE application
layer relay may be used to enhance the V2V communication
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TABLE 8. Main issues related to the LTE-V2X autonomous mode.

Issue Description

¢ Half-duplex transceivers e VUESs not able to simultaneously
receive while transmitting, although
over a different frequency

e VUESs not able to sense the chan-
nel while transmitting

e No feedback on the actual suc-
cessful reception at the intended
destinations

o VUEs that do not hear each other
may select overlapping resources

e VUEs selecting overlapping re-
sources may keep them for long
time due to the SPS

o Long reservations as per SPS may
either waste resources or incur more
interference

¢ Broadcast transmissions

© Hidden terminals
¢ Persistent collisions
& Poor support for ape-

riodic and variable sized
packets

coverage; in this case one or more V2X relay UEs may be
involved. It is then possible that a V2X UE may receive
multiple copies of the same message that are repeatedly
re-transmitted by several V2X relay UEs [71]. Thus, how to
reduce the V2X message broadcast flood when using V2X
relay UEs is also for further study in Release 17.

Ill. LITERATURE REVIEW ON THE LTE-V2X
AUTONOMOUS MODE

This section provides a comprehensive literature review of
scientific papers, contributed by researchers in academia
as well as by experts in automotive and telecommunica-
tion industries, which address LTE-V2X sidelink in the
autonomous mode. It is organized in two parts. The first
part (Section III-A) reviews the literature that focuses on
performance investigation of the autonomous Mode 4, when
considering the parameter settings as defined by 3GPP
specifications. In the second part (Section III-B), particular
attention is given to sidelink congestion control mechanisms.

A. PERFORMANCE ANALYSIS OF AUTONOMOUS MODE 4

The analysis of the literature has testified huge efforts in the
study of C-V2X autonomous resource allocation schemes.
Given the definition of a complex algorithm with a number
of parameters to be optimized, most of the attention has
been dedicated to Mode 4 rather than Mode 3. The greater
interest in the autonomous mode is also justified by the
fact that it is the only operating mode working in out-
of-coverage conditions (e.g., urban canyons, tunnels) and
it overcomes the handover complexity between cells and
between networks belonging to different operators. Last but
not the least, the distributed nature of the algorithm, lacking
a perfect coordination among vehicles, may unavoidably
lead to performance degradation in the resource allocation,
especially under high-density scenarios, due to the issues
reported in Table 8.

Studies on Mode 4 are aimed both to analyse its
performance and understand the impact of the different
parameter settings as conceived in the 3GPP algorithm,
as summarized in Table 9.
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1) SETTINGS OF MODE 4

Several studies have investigated, mostly through simula-
tions [72]-[77], the impact of the various parameters on
the performance of Mode 4, especially in terms of packet
reception ratio (PRR) and inter-packet gap (IPG).*

The pioneering studies in [73] and [74] showed that most
parameters have a minor impact on Mode 4 performance,
especially in scenarios with low to medium number of
vehicles; differently the impact may become higher under
congestion. A first outcome in [73] is that sensing over a
long time interval increases the risk of inaccurate or outdated
measurements and results in lower PRR, while reducing the
sensing period below 1 s improves PRR of up to 10%, if the
generated traffic has a periodicity of 100 ms. A sensing
period duration, which is variable with the setting of traffic
generation at the neighbours, is therefore recommended to
improve performance. In [74], the suggestion for a better
performance is to select the highest transmission power and
the lowest threshold power to sense the resource as occupied.

More works [73]-[77] agreed on the conclusion that
parameter px, which determines the probability to keep
resources once the reservation period is expired, significantly
affects Mode 4 performance and the trade-off between a
higher PRR and a lower IPG. On the one hand, a small
value of px makes vehicles changing their allocation more
often, with consequent reduced effectiveness of the sensing
mechanism, and an achieved lower PRR. If py is set to 0,
results in [72] show similar performance between Mode 4 and
a simple random allocation, with or without retransmissions.
On the other hand, a large value of px may cause longer bursts
of errors in case of wrong resource allocations, and thus,
larger IPG on average.

The work in [78], which is not indeed limited to Mode 4 but
well linked with the previous ones, discusses the rigidity of
the LTE-V2X resource grid. The authors show that capacity
and efficiency in LTE-V2X are very sensitive to the relation
between message size and subchannel configuration, and
small variations in parameters like either the packet size
(even an increase of only one byte) or the MCS, can
cause significant modifications in the performance. This
high sensitivity implies that mobile network operators should
analyse the vehicle traffic pattern in their area of service
before setting LTE-V2X operating parameters.

Whereas the listed publications cover the analysis of
most of the Mode 4 parameters in generic scenarios (e.g.,
highway, urban) when no specific application is addressed,
a few works in [79]-[82] highlight that different challenges
might arise when specific use cases are considered, such
as platooning [79], [80], video-assisted overtaking [80] and
crash warning system [82]. In particular, in [79], where
the performance of LTE-V2X Mode 3 and Mode 4 is
compared to that of IEEE 802.11p considering the platooning
application, it is suggested to change more frequently the

4The IPG is typically defined as the time gap between successfully
received packets (a.k.a. update delay, depending on the paper).
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TABLE 9. Studies that focus on the performance of Mode 4.

Reference Main focus Methodology Scenario(s) Main observations
Molina-Menegosa, ~ PRR of Mode 4 vs. random  Veins simu-  Urban-Manhattan Slight improvement of Mode 4, especially with
2017 [72] allocation lator congested, 85 v/km retransmissions
Bazzi, 2018 [73] Impact of parameters on LTEV2VSim  Highway, 126 v/km;  PRR vs. IPG trade-off of keep probability, sens-
PRR and IPG simulator Urban 270/320  ing interval has an impact, limited impact of the
v/km? others
Molina-Menegosa, Impact of parameters on  Veins simu-  Highway slow,  PRR vs. IPG trade-off of keep probability, sens-
2018 [74] PRR and IPG lator 120 v/km ing threshold to set low, transmission power to
set high
Nabil, 2018 [75] Impact of parameters on ns-3 NIST-  Highway fast/slow, Relevance of number of subchannels and reser-
PRR and IPG D2D 61.8/123.6 v/km vation interval
simulator
Toghi, 2018 [76] Impact of parameters on ns-3 LENA  Highway, 50-400  PRR vs. IPG trade-off of keep probability, syn-
PRR and IPG simulator v/km chronization of generation instants has no rele-
vant impact
Wendland, 2019  Impact of parameters on the  Artery + Si-  Urban dense,  Persistent allocations have a negative impact
[771 time with awareness muLTE sim- 185 v/km?
ulators
Lopez, 2020 [78] Relationship between MCS,  Analytical (Ideal) The resource grid structure makes performance
payload, subchannels strongly varying with parameter settings
Vukadinovic, 2018  Performance with platoon-  Nokia simu-  Platoon of 10 trucks  Suggested to perform frequent changes of re-
[79] ing lator + 1 v. and 0-60 v/km source allocation to avoid bursts of errors
Gonzilez, 2019  Performance with platoon-  Analytical Platoon, uniform  Multiple SPS processes in parallel to cope with
[80] ing inter-vehicle distance  limitations on time granularity
Magalhaes, 2020 Performance with video- Experiments 2 vehicles Good video quality observed but variable video
[81] assisted overtaking traffic causing higher end-to-end latency
Hirai, 2020 [82] Performance with a crash  Proprietary Intersection with up  Mode 4 is unable to cope with QoS requirements
warning system simulator to 500 v under the considered settings

Wang, 2018 [83] Analytical model of simpli-

fied Mode 4

Proprietary
simulator for
validation
Veins simu-

Gonzalez-Matin, Analytical model of PRR,

2019 [84] separating half duplexing, lator for vali-
low received power, channel  dation
effects, interference

Wijesiri, 2019-20  Markov-based model Analytical

[85], [86]

Highway,
0-200 v/km

Highway, uniformly
100-300 v/km

Highway, 160 v/km

Constraints on allocation can reduce delay with
small degradation of PRR

Prevailing impact of interference at medium dis-

tance, of received power at large distance

The average delay of C-V2X has a locally opti-
mal CAM/DENM packet arrival combination

allocated resources in Mode 4, so to limit the risk of long
bursts of errors in case of selection of interfered resources.
In [80], attention is posed on the limitations on allocation
periodicity; as a solution, it is suggested to set up multiple
semi-persistent sessions in parallel, allowing a finer period
granularity. Latency and video-related metrics are measured
in [81] in a real-world scenario, with two vehicles equipped
with C-V2X transceivers. The suitability of Mode 4 for
video-assisted overtaking application is evaluated, showing
its poor performance in presence of variable traffic. The
ability of Mode 4 to cope with QoS requirements is
questioned also in [82] with reference to a crash warning
system, considering an intersection with various ideal and
realistic traffic conditions.

a: SUMMARY AND OPEN ISSUES

As witnessed by the provided overview, only a few parameter
settings have a major role on Mode 4 performance (e.g.,
sensing period, py). Although Mode 4 appears well investi-
gated in general, still limiting aspects arise once a specific
advanced V2X use case is addressed, confirming that new
countermeasures are needed in the SB-SPS mechanism of
LTE-V2X Mode 4, thus paving the way towards further
enhancements in 5G-V2X sidelink. Moreover, the majority
of previously scanned works focused on highway scenarios
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with line-of-sight (LOS) conditions. However, the presence
of buildings and other obstacles, especially at intersections,
may significantly reduce the effectiveness of the sensing
mechanism and deserve further investigation.

2) MODELLING MODE 4

Although the majority of works in the literature focused on
simulation studies, in [83]-[86], analytical models have been
proposed for a better understanding of Mode 4 performance.

In particular, in [83], collision probability and delay of
SB-SPS are derived in a simplified Mode 4 with static
nodes. In [84], the focus is on the PRR when varying
the transmitter-receiver distance; the sources of errors are
classified as: errors due to half duplexing, those due to a
low received power level, those due to channel variations,
and those due to interference. Results show an overall minor
impact of channel variations and half duplexing, a dominant
effect of interference at medium distances, and a prevalent
impact of received power at high distances.

A Markov-chain based perspective is, instead, proposed
in [85], [86], where performance in terms of PRR and delay
of sidelink LTE-V2X Mode 4 is investigated and compared
to that of IEEE 802.11p. Attention is posed on the relation
between CAM and DENM generation and the periodical
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TABLE 10. Studies on congestion control.

Reference DCC parameter DCC std. Simulator Main achievements
Mansouri, 2019 [87] Packet transmission rate ~ ETSI ns-3 Dropping at application level, congestion control does not im-
prove performance

Toghi, 2019 [88], [89]  Packet transmission rate, = SAE Not speci-  Effectiveness of resource reuse in dense scenarios; effectiveness
transmission power fied of packet generation rate control; limited impact of range control

Bazzi, 2019 [90] Packet transmission rate,  Generic LTEV2VSim Effectiveness of packet generation rate control; limited impact
range, MCS of range and MCS control

Shimizu, 2020 [91] Packet transmission rate, ~SAE ns-3 LTE-V2X compared against 802.11p
transmission power

Kang, 2021 [92] Packet transmission rate, ~ Generic LTEV2VSim Adaptive adaptation of transmission rate and power improves

transmission power
Packet transmission rate, SAE
transmission power

Yoon, 2020 [93]

Kang, 2018 [94] Transmission power Generic
Haider, 2019 [95] Transmission power Generic
Saifuddin, 2020 [96] Transmission power SAE ns-3

Packet transmission rate, SAE
transmission power

Choi, 2020 [97]

Naik, 2020 [98] Adaptive HARQ

Generic ns-3

performance in both urban and highway scenarios

LTEV2VSim Adjustment of the rate control function to react to congestion in

a more relaxed manner

LTEV2VSim A small improvement of PRR is shown in congested scenarios

reducing the transmission power

LTEV2VSim Proposes an algorithm able to optimize the transmission power

High-priority event-driven messages benefit from adaptive trans-
mission power for BSMs

LTEV2Vsim Adaptive control of transmission power/packet transmission rate

under congestion according to QoS requirements of messages to
be transmitted
HARQ if CBR is low, deactivated if CBR is high

allocation, showing that there are local minima in the delay
for optimized values.

a: SUMMARY AND OPEN ISSUES

A few works have been published on this aspect. Among
them, the work in [84] provides a careful insight on Mode
4 and accounts for both propagation and collisions; despite
this, some simplifications are introduced by the authors to
make the problem tractable, which might be overcome by
future work.

B. CONGESTION CONTROL INVESTIGATION

Given the importance of reliability in vehicular communi-
cations and the fact that a number of studies revealed that
sidelink C-V2X might suffer from high interference in dense
scenarios [99], congestion control is felt as one of the major
points by the vehicular community in C-V2X, and it has
already been the subject of several researches, including
those presented in [87]-[97]. Given the particular relevance
of the topic, a dedicated summary is provided in Table 10.
Although some of the listed papers propose novel ideas
or improvements to the specifications, the main focus is
in general on the performance of sidelink C-V2X in the
presence of congestion control procedures, and for this reason
presented in this section.

In [87], the effect of the ETSI DCC mechanism is
investigated assuming that packets are dropped at application
level under congestion. With such approach, a conflict is
observed between DCC and the sensing procedure, causing
a degradation even worse than without any control (an issue
also addressed in [100]). In [88], [89], congestion control
mechanisms are, instead, considered following the American
standards published by SAE and designed with DSRC in
mind. The algorithms act on both packet generation and
transmission power. It is shown that the variation of the
packet generation interval is effective to guarantee high PRR
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and limited IPG, whereas the range-control has a lower
effectiveness. A similar conclusion is also reached in [90],
where the impact of a variation in the packet generation
rate, range, or MCS is investigated without referring to
specific DCC algorithms; more specifically, results show that
only a packet generation rate control is really effective to
improve the PRR, at the expense of IPG. The performance of
Mode 4 against IEEE 802.11p with SAE congestion control
is assessed in [91].

The adaptation of the message interval and transmission
power is also investigated in [92], but without considering
DCC rules and metrics. Instead, the message interval is
adapted according to the estimated collision probability,
whereas the transmission power is dynamically set to ensure
the highest expected PRR given the awareness of the
surrounding neighborhood, tracked through Sidelink-RSSI
(S-RSSI) statistics.

In [93] the authors propose to adjust the rate control
function to react to congestion in a more relaxed manner so
that the power control contributes more actively to the overall
congestion control. Such a re-balancing between the control
elements is shown to improve IPG performance.

Power control algorithms are also proposed in [94],
[95], showing that a reduction of the transmission power
in congested situations leads to some improvement. The
work in [96] considers the co-existence of periodic and
event-driven messages. Achieved results demonstrate that
transmission power control of periodic messages can be
highly beneficial for higher priority event-driven messages.

With the similar objective of differentiating performance,
in [97] a QoS mechanism is added on top of SAE DCC. Two
classes of QoS, one that protects information update rate at
the cost of reduced range and the other that protects range
at the cost of reduced update rate, are considered for which
the transmission power and the packet transmission rate are
respectively adapted.

97965



IEEE Access

A. Bazzi et al.: On Design of Sidelink for Cellular V2X

TABLE 11. Studies proposing improvements to the 3GPP specifications on Mode 4.

Reference Main focus Simulator Scenario(s) Main achievements

Modification to the SB-SPS procedure

Molina-Menegosa, Modified Mode 4 with  Not specified = Highway fast/slow, Inefficiencies with packets of variable size
2017 [7] packets of variable size 60/120 v/km and proposed modification (more frequent SPS

Wendland, 2019  Reservations splitinsub-  Artery +

[100] reservations Veins

Bazzi, 2020 [101] Avoiding long wireless LTEV2VSim
blind spots

Jung, 2019 [102] Two resources used al-  Proprietary
ternately

Abanto-Leon, 2019  Random allocation of re-  Not specified

[103] transmissions

Yoon, 2020 [104] Packet dropping attack LTEV2VSim

due to SPS predictability

Heo, 2020 [105] SPS periodicity optimiz.  Proprietary
and backup on DSRC

Abanto-Leon, 2018  Exponential weight of  Proprietary

[106] sensed power in time

Sharma, 2020, [107] Autonomous reservation LTEV2VSim

Urban dense, 185 v/km?
Highway 200 v/km
Highway slow, 240 v/km
Urban dense

Highway, 42-195 v/km
Not  specified,  50-
300 v/km

Highway dense, 100

v/km; Urban dense
Highway, 110 v/km

reservation)

Using sub-reservations reduces bursts of errors
and allows improved DCC

Long bursts of errors avoided by limiting the
number of times a resource can be maintained
Using two resources alternately reduces the
probability of consecutive collisions

Blind random allocation of retransmissions over
secondary subchannels can improve PRR
Mitigated impact of attacks and persistent colli-
sions through jittering reservations

SPS periodicity set based on collision estimation
and coordination, with DSRC as backup
Emphasis on more recent values lets vehicles
better estimate future resources status
Continuous sensing and cooperative learning;
Q-learning based power control

Geo-based allocation
Kim, 2018 [108]

Yang, 2016 [109]

Allocation based on po-
sition and movement
Sub-pools based on driv-

Not specified

Not specified

Highway and urban, fast
and slow
Urban-Manhattan, 24
v/km

Improvement of geo-based allocation compared
to a random allocation
Sub-pools dedicated to vehicles on perpendicu-

ing direction

Geo-based allocation al-  Veins

gorithm

Molina-Menegosa,
2019 [110]

Highway,
60/120 v/km

lar roads allow reducing hidden-terminal colli-
sions

The proposed algorithm, based on the position,
outperforms legacy Mode 4

fast/slow,

In [98], congestion control is treated with focus on
HARQ. In particular, the authors propose to adaptively issue
retransmissions, noting that whereas they can improve the
reliability in lightly loaded scenarios, they might increase the
collisions in congested situations. The CBR is exploited to
discriminate.

1) SUMMARY AND OPEN ISSUES

Already a number of studies have shown relatively small
impact of power variations and suggested to mostly focus on
packet generation rate. This rule appears however subject to
exceptions, as shown in [96], when high-priority messages
are considered. The same paper is indeed the only one among
those reviewed that considers more than one class of traffic
(basic safety versus event-driven messages), implying that the
impact of congestion control with packets of various sizes
and different priorities appears as an open issue. Additionally,
only a few studies have deepened the performance of C-V2X
with the ETSI DCC, which might lead to some different
conclusions compared to those obtained with the SAE
solution.

IV. REVIEW OF IMPROVEMENTS TO THE AUTONOMOUS
MODE TOWARDS 5G-V2X

The previously surveyed literature shows that performance
improvements can be achieved by properly tuning some of
the parameters of the resource allocation algorithm for the
autonomous mode. However, a number of modifications have
been proposed compared to the legacy algorithm to further
achieve higher reliability and timeliness, as detailed in the
following.
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A. ENHANCING MODE 4
Straightforward solutions proposed to improve Mode 4 are
hereafter grouped in classes and also summarized in Table 11.

1) MODIFICATIONS TO THE SB-SPS PROCEDURE

Several improvements have been proposed to the legacy
Mode 4. Most of them, including [7], [100]-[107], focus on
the SB-SPS procedure. Changes in the reservation procedure
are proposed in [7], where the issue of messages of variable
size is addressed. In Mode 4 the management of messages
of variable sizes produces a sub-optimal use of resources,
which sometimes translates into a waste of resources reserved
but not used, while other times causes rescheduling because
the allocation is insufficient; the proposal of that paper is to
alter the reservation procedure and perform more frequent
re-selections.

The issue of long intervals with the same allocation
which may result in persistent collisions, referred to as
wireless blind spot in [101], is addressed in [100]-[103].
Consecutive packet losses may be particularly detrimental
for V2X safety use cases because they make difficult to
identify, for instance, an overtaking manoeuvre of a neighbor
and other potential imminent crash scenarios. Specifically,
in [102] each vehicle selects two resources, rather than one,
and uses either of the two alternatively, thus significantly
reducing the probability of consecutive collisions. A similar
proposal is presented in [100], in the form of parallel sub-
reservations; the stated objectives are both to reduce bursts
of collisions and allow better management when changes in
packet generation rates occur. In [103], the authors propose
to use the legacy Mode 4 on primary subchannels to convey
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the first transmission, but to adopt a random allocation on
secondary subchannels for the retransmissions. In [101] it
is proposed to revise the procedure by setting a limit to the
number of times the same resource can be kept, independently
to the value of py.

A modification to the allocation procedure is also proposed
in [104], although moved by a different motivation. Due to
the predictability of resource reservation in SB-SPS, it is
observed by Yoon et al. that a vehicle may become a “‘ghost”
for its neighbors if an attacker intentionally transmits over
its reserved resources. Due to HD limitations, the victim
cannot in fact be aware of occurring attack. The solution
proposed in [104] is to randomize to a certain degree the
actual resource locations in the time domain used in packet
transmissions, while preventing the SB-SPS performance
degradation. A feedback mechanism is applied to let vehicles
detect an ongoing attack and change the reservation.

In [105], the authors suggest to introduce the exchange
of local measurements. Based on that, the VUEs estimate
the collision probability and possibly modify the packet
transmission rate accordingly; a backup to the DSRC
interface in a separate band is also foreseen if the required
QoS cannot be granted.

The power sensing procedure is instead revised in [106],
[107]. In [106], the authors propose to use an exponential
weight to the measured received power levels during the
sensing interval, thus giving more emphasis on the recent
values, deemed more relevant due to the dynamicity of the
environment. An exponential weight is used also in [107],
with the addition of multiplicative factors that account
for resources that are expected to be released in short;
additionally, the transmission power is adjusted through a
distributed Q-learning approach.

a: SUMMARY AND OPEN ISSUES

The scanned literature confirms that there is much room for
enhancing the legacy SB-SPS procedure. Overall, we can
state that the design of more accurate sensing procedures,
coupled with a more reliable (time-bounded) reservation
should be pursued.

2) GEO-BASED ALLOCATION

As recalled in Section II, an option allowed by 3GPP
specifications is that the VUE selects the resource based
on its position, also called geo-based allocation. Such
option is investigated, in particular, in [108]-[110]. In [108],
different frequency and time resources are used based on
vehicle speed, density, direction, and position. Urban and
highway are treated separately. In [109], sub-pools are
created to separate the allocation of vehicles driving on
perpendicular roads, which are subject to frequent non-line-
of-sight (NLOS) conditions. In [110], a geo-based distributed
allocation is proposed, based on the position exchanged by
the vehicles and trying to maximize the distance of resource
reuse.
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a: SUMMARY AND OPEN ISSUES

A few geo-based resource allocation protocols have been
proposed in the literature. Although they have already shown
the potential improvement compared to the basic SB-SPS
protocol, results are overall limited to few cases and thus, this
topic still appears to be under-investigated.

B. TOWARDS THE 5G-V2X AUTONOMOUS MODE
Evaluation of 5G-V2X sidelink is still at its infancy, mainly
due to the ongoing status of standardization activities,
with specifications not yet frozen. However, some con-
ceived enhancements in the literature somehow anticipated
issues specifically addressed by 3GPP specifications in
Releases 16 and 17 and a few works already provide
interesting insights about the latter ones. Such works,
summarized in Table 12, are discussed in the following,
which will motivate further research which standardization
could also benefit from.

1) SUPPORT OF NON-PERIODIC TRAFFIC

Although the majority of works focused so far on periodic
message pattern, being it the one targeted by LTE-V2X,
the validity of this hypothesis is not general and has
been also questioned through experimental data [133] when
referring to the European CAMs. For this reason, recent
works started to consider sporadic transmissions or aperiodic
packet generation patterns, which might conflict with the
regular allocation procedures of SB-SPS. The study in [111],
for example, demonstrates that IEEE 802.11p can cope
better than LTE-V2X with aperiodic messages and messages
of variable size. In fact, unlike 802.11p, LTE-V2X uses
a predefined time-frequency structure that conditions the
access to the channel as well as the size of packets that can
fit in a configured sub-channel. Moreover, Mode 4 semi-
persistently reserves the selected sub-channels, which might
not be utilized if messages are generated aperiodically.
In [112], the impact in LTE-V2X of a mismatch between
the packet generation and the allocation periodicity is further
investigated comparing various possible approaches and con-
cluding that reserving resources more frequently and leaving
some of them empty appears as a good trade-off in most of
the cases.

The work in [113] analyzes the co-existence of aperiodic
and period traffic in Mode 4 and proposes ways to handle such
co-existence. In particular, Mode 4 without reservations is
straightforwardly applied to serve aperiodic traffic generated
at an average rate of 10 packets/s. The case of a mixed traffic
with periodic CAMs and asynchronous DENMs has been
investigated in a few recent works [59], [85], [86], [114],
[116], [117]. In [59], a stochastic geometry-based model is
proposed to derive closed form expressions for the DENM
loss probability. Bounds on the DENM delivery performance
are derived when considering the aggregate interference
due to periodic CAMs simultaneously transmitted over the
sidelink. In [114], CAM and DENM packets compete for
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TABLE 12. Studies targeting sidelink communications towards 5G-V2X.

Reference

Main focus

Simulator

Scenario(s)

Main achievements

Performance of autonomous mode with non-periodic traffic

Molina-Menegoza, Mode 4 vs. 802.11p  Veins Highway, 60-400 v/km Mode 4 outperformed by IEEE 802.11p with
2020 [111] in presence of realistic aperiodic messages and messages of variable
CAM generation size
Bartoletti, 2021  Mismatch between gen- LTEV2Vsim  Highway, 50-200 v/km Aperiodic traffic makes configuration challeng-
[112] eration and allocation ing; the use of a small RRI is a good trade-off
Lusvarghi, 2020  Co-existence of periodic  ns-3 Highway, 60-258 v/km Reservation-less allocation for aperiodic traffic
[113] and aperiodic traffic
Campolo, 2019 [59] Stochastic ~ geometry-  Matlab Highway, 50-200 v/km Aggregate interference due to competing CAMs
based model for DENM
loss probability
Gibellini, 2018 [114]  Co-existence of CAMs  ns-3 200 20m-spaced platoon ~ Multi-hop DENM transmissions coupled with
and DENMs vehicles repetitions at the first hop to improve reliability
He, 2020 [115] Short-term sensing (a  Proprietary Highway, 100-300 v/km  Analytical models of the performance (outage
few symbols) adapted to probability, PRR) of periodic and aperiodic traf-
message priority fic
Romeo, 2020 [116] Performance of DENM  LTEV2VSim  Highway, 100, 200 v/km  Reservation-less DENM repetitions coupled
repetitions with short-sensing for improved reliability
Romeo, 2020 [117] Impact of Mode 4 pa- LTEV2VSim  Highway, 200 v/km Short sensing and smaller resource selection list
rameters on DENM per- ensure low-latency DENM delivery
formance
Piggybacking and resources map sharing
He, 2018 [118] Piggybacking of subse-  Proprietary Highway slow, 150-210  Piggybacking reservations reduces the impact of
quent reservations v/km collisions on the control channel
Mughal, 2019 [119] Piggybacking control in-  Proprietary Simplified scenario Piggyback of control information is shown to
formation improve throughput and reduce collisions
Cecchini, 2017 [120]  Piggyback of sensing LTEV2VSim  Highway slow, 126 v/km  Awareness improved over two hops
Yi, 2020 [121] RSU’s sensing informa- MATLAB Vehicles at an intersec- Lower collision and BLER compared to the
tion shared in smart in- tion legacy SB-SPS
tersection
Maruko, 2018, [122]  Piggyback of Proprietary Highway, 50-300 v/km  Performing reselection in two steps reduces col-
& Sabeeh, 2019-20  pre-reservations (both) & Highway, 126.5-275  lision probability
[123], [124] v/km
Jeon, 2020 [125] Reservation announced  Not specified ~ Urban, 60-430 v/km? Piggybacking reservation in the SCI in advance
in advance improves the performance under congestion
Peng, 2021 [126] Piggybacking of  Notspecified Highway, 25-125 v/km Piggybacking reduces recurrent collisions, im-
suspected collisions proving performance in terms of Aol
Giindogan, 2020  Allocation with deep re-  RealNes Highway, 16-40 v/km Improved performance compared to Mode 4 for
[127] inforcement learning short distances
Physical layer analysis
Anwar, 2019 [128] PER, PRR, net data MATLAB Urban NLoS Higher range and reliability of 5G-V2X w.r.t.
rates, and IPG analysis IEEE 802.11bd
for LTE-V2X, 5G-V2X,
IEEE  802.11p and
802.11bd
Lien, 2020 [14] Analysis of two-stage  Proprietary BLER Vs. SNR analysis  Error propagation solved by placing the two
SCI effectiveness SClIs as close as possible
Campolo, 2019 [129]  Impact of NR flexible ~LTEV2VSim  Highway, 100-300 v/km  Larger subcarrier spacing reducing IBE im-
numerology on Mode 4 proves CAM PRR
Groupcast and relay-based communications
Leibel, 2020 [130] HARQ optimization and  Proprietary 2-20 group members Adaptive ACK/NACK transmissions
and relaying for group-
cast
Noor-A-Rahim, 2019  Relaying at intersections ~ LTEV2VSim  Urban intersection, 60- NLOS conditions at intersections drastically im-
[131] 300 v/km pact on performance
Kim, 2019 [132] Groupcast for platooning ~ Proprietary 5-6 platoon members Heuristic for optimal joint selection of retrans-

over mmwave

missions and resource allocation for improved
groupcast success rate

sidelink resources, and DENMs are multi-hop transmitted.
No specific workarounds are considered in the resource
allocation scheme to deal with the DENM traffic pattern but
the same Mode 4 parameters are used for both types of mes-
sages. DENM repetitions over the first hop are shown to be
crucial for improving transmission reliability. Similar trends
are observed in [116], where allocating different resources
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to each DENM repetition, instead of keeping them using
the standard SB-SPS, is shown to improve the PRR thanks
to higher resource diversity. To the best of our knowledge,
the study in [117] is among the first literature works assessing
the performance of the short-term sensing (100 ms-long
interval) added in 5G-V2X: reliability improvements are
observed when it is applied to DENMs while keeping
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long-term sensing (1s-long interval) for periodic CAMs to
better capture reservation dynamics, thus confirming early
intuitions in [134].

More incisive modifications of the sensing mechanism are
finally proposed in [115], which significantly depart from the
legacy one, both as foreseen in LTE-V2X and in 5G-V2X. A
VUE willing to select resources performs short-term sensing
at first. The length of the sensing period, spanning just a few
symbols, is set according to the priority of the message to
be transmitted. Similarly to the backoff procedure, a VUE
freezes the sensing timer whenever the measurement result
is above the defined short-term threshold and restarts it later.

a: SUMMARY AND OPEN ISSUES

From the surveyed literature, it clearly emerges that short-
sensing, as envisioned in 5G-V2X, is promising to handle
aperiodic/asynchronous traffic. What is still missing in
the literature is an extensive investigation of pre-emption
and prioritization mechanisms in the resource allocation
required when heterogeneous traffic types (besides CAMs
and DENMs) compete for the same resources, as instead
foreseen for Mode 2.

2) PIGGYBACKING AND RESOURCES MAP SHARING
A relevant group of papers, including [118]-[124], propose
the sharing of resources status and reservation informa-
tion (either in piggybacking with control/data messages
or through additional packets) to improve the resource
selection process. In [118], the authors assume that multiple
reservations are jointly possible and propose piggybacking
the reservations in data packets to reduce collisions between
control messages; since SCIs and data are not in the same
TTI, it should be considered as a pre-Release 14 solution.
In [119], a similar idea is applied to the legacy Mode 4;
the authors prove through a Markov-chain based model
that the proposal increases network throughput and reduces
collision probability. In [120], it is instead proposed that each
vehicle piggybacks in the transmitted packets a map with
the observed state of occupation of each resource. Indeed,
the interference which determines the reception quality
is actually measured at the receiver side. Hence, sensing
measurements at the sender side, as foreseen by SP-SPS,
are an inaccurate estimation of the transmission outcome. To
reduce the impact of hidden terminals at intersections where
VUEs may interact with RSUs, in [121], it is proposed that
the RSU periodically broadcasts an RSRP map and an S-RSSI
map, so that nearby VUEs can better schedule resources
and improve the reception of the RSU. Piggybacking of
pre-allocations is finally suggested in [122]-[124]; in [122],
it is done in the last packet before reallocation, whereas
in [123], [124], the planned reallocation is piggybacked when
the reselection counter reaches 5. Although conceived with
Mode 4 in mind, the works [120], [122], [123] anticipate
Mode 2b.

In the previous works, the reservation was for the
immediate next packet as in legacy SB-SPS. In [125] the
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authors propose to make the reservation much earlier, e.g.,
a second before, the actual use of the reserved resource. This
is achieved at the expenses of an additional signaling bit to
be piggybacked in the SCI. Such an approach lets neighbor
vehicles make an informed decision when it is their turn to
reserve or select a resource. Moreover, since the reservation
announcement is spread multiple times, it can be received by
neighbors with a higher reliability. Another proposal relying
on piggybacking of some information is made by Peng et al.
in [126]. The core of the proposal is to piggyback those
resources where high received energy but no decoding are
probably due to collisions. The improvement compared to
the legacy Mode 4 is shown in terms of age of information
(Aol).” Finally, an alternative to the SB-SPS algorithm based
on piggybacking is proposed in [127], where an allocation
algorithm based on multi-agent deep reinforcement learning
is proposed. The vehicles locally compute the suitability of
the resources and share the local view in piggyback of CAMs.
Compared to SB-SPS, improved PRR is shown for the nearer
vehicles.

a: SUMMARY AND OPEN ISSUES

The sharing of additional information concerning the
resources status and reservation is clearly shown as a key
aspect to improve the allocation process. Indeed, more
information is shared in 5G-V2X and the two stages SCI
allows for more flexibility in the content of the second
stage. The challenge, which still appears open, is the
optimal trade-off between the introduced overhead and the
effectiveness of the approach.

3) PHYSICAL LAYER ANALYSIS

Papers surveyed so far target sidelink resource allocation
schemes. However, it is worth to mention works focusing on
physical layer issues.

The work in [128] investigates the performance
of 5G-V2X, when compared to LTE-V2X, with focus on
physical layer procedures. 5G-V2X theoretically outperforms
LTE-V2X in terms of transmission latency and data rates.
Moreover, simulations show that 5G-V2X offers superior
performance than LTE-V2X in terms of net data rates, packet
error rate (PER), PRR, and IPG. Different numerologies are
considered in sub-6 GHz band with 10 MHz bandwidth.

The impact of the flexible 5G numerology on Mode
4 resource allocation is investigated, instead, in [129].
Improvements are experienced in terms of reduction of
interference due to in-band emission (IBE).® This is achieved
as a sub-product of a larger SCS, which limits the number
of packets that can be simultaneously accommodated on the
same TTIL.

5The Aol is normally defined as the time difference between the
generation of one message correctly received and the instant when the next
correct reception is completed.

9The IBEs contribution is due to the simultaneous use (in the same TTI) of
different but adjacent frequency resources. Such unwanted emissions result
from the modulation process and non-linearity in the transmitter.
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5G-V2X is also addressed, again looking at the physical
layer, in [14], with particular focus on the two-stage SCI
in Mode 2. The authors show with simulations that the
two stages might cause propagation of errors, which can be
however mitigated with a careful design. It is also noted that
a short 1-st stage can improve the PER.

a: SUMMARY AND OPEN ISSUES

Such early but valuable results pave the way for a more
accurate analysis of physical layer dynamics for a better
understanding of resource allocation procedures at the
MAC layer, especially when 5G-V2X improvements are
considered.

4) GROUPCAST AND RELAY-BASED COMMUNICATIONS
Release 14 targets only broadcast communications over the
sidelink interface. Some works, e.g., [130], [132], have been
recently published which focus on groupcast communica-
tions, as foreseen in Release 16, and aim to improve them.
In [130] HARQ feedback techniques, as foreseen by 5G-V2X
over sidelink, are investigated for groupcast communications
and a solution proposed to improve the trade-off between
resources wasted on unnecessary retransmission and system
reliability. Receivers closer to the transmitter (identified
through a threshold specified by the source) feedback
NACK-only if decoding fails, while the others feedback
ACK/NACK. Groupcast communications for platooning
are also investigated in [132], but when considering the
millimiter wave spectrum.

Broadcast is known to be poorly reliable but unlike for
groupcast, it was decided in 3GPP to not implement the
feedback mechanism within Release 16 standard [130].
A further way to improve reliability is relaying, which
is investigated in [131] to improve message dissemination
at intersections. There, a vehicle close to the intersection
center nominates itself as relay. The latter one rebroadcasts
messages by leveraging either reserved or dynamically
selected resources. Better performance is achieved in the
latter case, since resources are not wasted to be pre-allocated
and can be used by regular messages. In [130] relay-
ing is also proposed to improve the range of groupcast
communications.

a: SUMMARY AND OPEN ISSUES

Due to the crucial role expected to be played by groupcast
in critical applications like platooning and intersection
management, extensive investigations of the proper feedback
mechanism are still required. Relaying is indeed one of
the main features expected in Release 17. Nonetheless the
inherent benefits of such a solution, the way through which
relays are selected and how resources are allocated for them
are clearly daunting issues, for which solutions can treasure
the huge literature about relaying in vehicular networks but
need to account for the peculiarities of the autonomous
resource allocation.
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V. LITERATURE REVIEW ON CONTROLLED AND HYBRID
RESOURCE ALLOCATION

In the following we survey the literature addressing sidelink
C-V2X outside the autonomous mode, including those
addressing the centralized mode of operation and hybrid
centralized-autonomous solutions.

Nonetheless the inherent benefits of the autonomous mode,
in case of V2X services requiring high reliability combined
with high data rate, the autonomous allocation of sidelink
resources will not be the most appropriate choice. If a
vehicle is under the coverage of the cellular infrastructure,
the controlled mode should be preferred given the expected
significant performance improvements w.r.t. the autonomous
mode, showcased for instance in [10], [111], [153]. Indeed,
thanks to the cell-wide view of resources status and by
enforcing spatial reuse accordingly, the eNodeB can ideally
provide interference-free transmissions.

Solutions devised for the controlled mode normally rely
on the position of vehicles to assign radio resources. Some
of them organize vehicles into clusters according to their
proximity, others assign resources to each single vehicle.
In addition to these two classes of allocation procedures,
hereafter and in Table 13 also those that combine the
centralized with the autonomous mode are revised.

A. CLUSTER-BASED APPROACHES

In some works, including [135]-[137], it is proposed to
group the vehicles in some way and jointly manage the
allocation of each group. In particular, the authors in [135]
propose a centralized allocation scheme based on the use
of graph theory and clustering. The authors propose two
sub-optimal approaches with reduced complexity compared
to an exhaustive search, which organize vehicles into
overlapping clusters based on their location; only one
vehicle in each cluster can transmit at a given time to
avoid conflicts. Conflict-free resource allocation is targeted
by the same authors also in [136], where a framework
for optimized subchannel allocation is proposed which
aims to satisfy the following conditions: (i) guaranteeing
differentiated QoS; (ii) avoiding vehicles of the same cluster
to use the same subframe, thus preventing them to be
reciprocally unaware; (iii) avoiding vehicles belonging to
adjacent clusters to use the same subframe, thus limiting
hidden nodes impact; and (iv) preferring for each node an
allocation in the same subframe rather than using sparse
resources in the time domain. Since the assumption that
clusters can always be perfectly defined is complicated to
guarantee in practice due to the highly dynamic vehicular
environments, more stable clusters are defined in [137].
More specifically, Calvo et al. implement in [137] a
predictive scheme in order to obtain the future positions of
the vehicles. Vehicles are then grouped in terms of their
similar position, speed and heading. In so doing, vehicles
stay longer in the same cluster, making the SB-SPS more
efficient.
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TABLE 13. Controlled and hybrid sidelink resource allocation studies.

Reference Main focus Simulator Scenario(s) Main aspects or achievements

Cluster-based

Abanto-Leon, 2017-  Resource allocation through  Not specified Static vehicles, with some  Suboptimal approaches compared to exhaustive

2018 [135], [136] clustering with QoS overlapping clusters search based on graph theory

Calvo, 2017 [137] Resource allocation through  Not specified Real-traffic data from the Estimation of vehicles trajectory to improve
clustering based on position, TapasCologne project scheduling performance
direction, speed

Based on individual position of vehicles

Cecchini, 2017 [138] Allocation based on reuse dis- LTEV2VSim Highway slow, 125 v/km Allocation based on given reuse distance for
tance QoS at given range, with packet withdrawing

possible

Fritzsche, 2018 [139] Reuse distance from range and ~ Proprietary Generic highway scenario ~ Reuse distance and rate derived from range and
outage outage, with packet withdrawing possible

Zhang, 2020 [140] Location-aware resource allo- ns-3 Manbhattan, 200-1200  Improved resource utilization and more vehicle
cation also accounting for mes- v/km? transmissions allowed
sage type

Hu, 2016 [141] Pre-release 14 D2D allocation  Not specified Highway, 250-450 v/km Allocation based on the maximization of reuse
maximizing reuse distance

Cecchini, 2018 [142] Allocation maximizing reuse LTEV2VSim Highway slow, 120 v/km;  Periodic reallocation based on the maximization

Urban slow, 320 v/km? of reuse distance

Sempere, 2020 [143] Adaptive spatial reuse of ra-  Veins Highway, slow, 120 v/km;  Simulations validated through an analytical
dio resources ensuring vehicles Urban, 90 v/km model showing reduced packet collisions
experience similar interference
levels

Park, 2019 [144] Resource size optimization Proprietary Highway, 60-720 v/km Resource size control based on density and set-

Vukadinovic, 2018  Performance with platooning Nokia simula-
[79] tor
Campolo, 2018 [145] Sequential transmissions by  OMNeT++

platoon vehicles as well as
simultaneous transmissions by
sufficiently spaced ones

Platoon of 10 trucks + 1 v.
and 0-60 v/km

Highway; up to 28 pla-
toons

tings

Contention-free transmissions under a single-
cell scenario

Simultaneous transmissions by platoon vehicles
reduce the latency and dynamic adaptation of
MCS reduces interference

Hybrid with Autonomous Mode

Sahin, 2018-19
[146]-[148]
Hegde, 2020 [149]
Mikami, 2020 [150]
Hegde, 2019 [151]

Keshavamurthy, 2018
[152]

Pre-allocation before exiting
from coverage
Switching between Mode 3 and

Switching between Mode 1 and
2

Platooning in multi-cell sce-
nario
Pool allocation to avoid hidden
nodes

Not specified
Artery-C
(Experimental)
Nokia simula-

tor
ns-3

Highway, single lane per
direction, 10-60 v/km
Highway, 60-180 v/km

2 vehicles

Platoon of 10 trucks +
0-30 v/km

Manhattan high density,
30 v/km

Network allocation prior to moving out-of-
coverage, also with reinforcement learning
Analysis of the latency incurred in each switch-
ing phase

Seamless (1ms-long) switching

Leader to allocate via Mode 3 for the entire
platoon

The network allocates pools based on location,
then used applying Mode 4

1) SUMMARY AND OPEN ISSUES

Clustering techniques might have merits in improving
resource allocation. However, the increased signaling and
necessary countermeasures that need to be enforced to ensure
their stability, appear still to be deepened.

B. SOLUTIONS BASED ON INDIVIDUAL POSITION
OF VEHICLES
In sidelink LTE-V2X, the allocations are not normally based
on channel measurements, both because the channel might
vary too quickly and because the number of measurements
to be reported would increase with the square of the average
number of vehicle in reciprocal range. Since positioning
systems are surely available, the allocation is rather based
on the location known by the controlling entity, as proposed
in [138]-[144], [154], [155].

In [138]-[140], the allocation is performed granting a
minimum distance between VUEs using the same resource,
with a given residual outage probability tolerated (i.e., some
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nodes are temporarily not allocated) in order to cope
with shortages of resources. Instead of accepting some
outage, in [141] and [142] algorithms are proposed where
the allocation is performed starting randomly and then
maximising the minimum distance between VUEs using the
same resource. These algorithms are shown to approach an
optimum allocation in [153].

In [143], context conditions (e.g., the traffic density and
channel load) are exploited in addition to the geographical
location of vehicles with the target to make all vehicles
to experience a similar level of interference. An analytical
validation of the proposal is also provided. Park ez al. in [144]
focus on the cases where congestion is observed and propose
an algorithm that modifies the resource size to optimize the
received signal-to-interference-plus-noise ratio (SINR) level.

The performance of Mode 3 is evaluated in [79] with
focus on platooning applications. The study is conducted
in presence of a single-cell, hence, the centralized resource
allocation guarantees transmissions without interference.
The feasibility and performance of the dynamic scheduling
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approach, with platoon members asking for radio resources
on a per-packet basis is instead investigated in [145].
Adapting the MCS to the actually experienced channel
quality, as reported by the receiver, makes more efficient
the transmissions between adjacent platoon vehicles, overall
reducing the interference.

1) SUMMARY AND OPEN ISSUES

A few algorithms have been proposed for Mode 3, which
show near to the optimum performance in highway scenarios
also when the position of the vehicles is known with
some inaccuracy. However, they have been designed and
investigated with simplified assumptions, including messages
of a fixed and uniform size, and the same QoS requirements.
In addition, they all assume a single operator providing a
coordinated allocation, which is an assumption that might
not be always true in a real deployment. Finally, not much
attention has been devoted to the VUE-to-network signaling,
which instead might cause delays and other performance
degradation, or even become a bottleneck in congested
scenarios.

C. HYBRID APPROACHES

So far, we have investigated the autonomous and centralized
resource allocation as stand-alone sidelink solutions. How-
ever, in more practical scenarios, the two approaches can
work together. For instance, if resources are allocated with
a centralized approach in situations with imperfect and/or
intermittent network coverage, e.g., when approaching a
tunnel scenario, a vehicle may be forced to switch from the
controlled to the autonomous mode.

In [146]-[148] the authors address what they call delimited
out-of-coverage areas (DOCAs), and propose algorithms
performed on the network side to perform pre-allocations of
resources before a vehicle exists from coverage. In [147],
[148], a reinforcement learning approach is used to train the
centralized scheduler to provide non-interfering resources to
vehicles before they enter the out-of-coverage area.

The work in [149] analyzes the different phases of the
mode switching procedure and studies the latency involved in
each phase for both switching directions, i.e., from Mode 3 to
Mode 4 and vice versa. Results show that a considerable
amount of overhead is incurred because the switching
requires the re-establishment of a connection as well as the
synchronization and re-allocation of radio resources.

Some small-scale field experimental trials are reported
in [150], where the switching in 5G-V2X between
Mode 1 and Mode 2 is analyzed and a new dynamic switching
function is proposed to ensure seamless V2V communica-
tions from in-coverage to out-of-coverage scenarios. The
study applies to truck platooning, at a real express highway
area in Japan. Mode 1 is selected when all VUEs of the group
is in-coverage status, and Mode 2 is selected when a VUE of
the group detects out-of-coverage status. The same authors
also empirically investigate Mode 2 performance in [156],
when considering a 0.25 ms-long TTI, but with 20 MHz
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TABLE 14. Future perspectives.

Issue Suggested solutions and possible im-
provements

Interplay with beyond 5G technologies

<& HD limitations e FD transceivers [160], [161]

¢ Congested situations o NOMA [162]-[165]

e Network coding [166], [167]

e Coded Slotted ALOHA [168], [169]
o ML-aided approaches [170]

e Cell-free communications [170]

o RISs [171]

e UAVs [172]

© Handovers

¢ Centralized allocation
with coverage gaps
Evaluation methodologies
© Simulators

¢ Channel modeling

e Extensions for 5G-V2X

e Accurate physical layer abstractions
embedded in system-level simulators
o Impact of vehicles as obstacles

o 3GPP evaluation assumptions

© Metrics e Evaluation at the application layer

allocated at4.5 GHz band. Under such settings, latency below
1 ms and high reliability of above 99.999% are measured.

A further hybrid approach can be found in [157] to match
platooning scenarios. There, the platoon leader interacts with
the eNodeB to reserve sidelink resources on behalf of the
other platoon members and then, distributes such resources to
them. Although not referring to Modes 3 and 4, it somehow
anticipates Mode 2d by letting the platoon leader act, as a
scheduling UE (S-UE). A similar approach is followed
in [151]. This is particularly relevant since platoon members
may belong to different cells at any given time, which could
complicate handover procedures. Things might even be more
complicated in border areas where different operators may
be involved and, as such, captured the interest of the research
community, as testified by several ongoing EU projects, e.g.,
5GMobix [158], 5GCroCo [159].

In [152], the authors assume that the network knows the
position of all nodes and the estimated path loss of each
link, including fading; based on this information, the cloud
optimises the resource pool that each vehicle can use and
its power level. Then each vehicle exploits Mode 4 for the
final allocation, making it an hybrid controlled/autonomous
approach.

1) SUMMARY AND OPEN ISSUES

Taking the best of centralized and autonomous resource
allocation, hybrid approaches appear particularly promising.
However, switching procedures between the two modes still
need to be carefully designed and extensively evaluated,
with mobility prediction schemes expected to boost such
operations.

VI. LESSONS LEARNT AND FUTURE PERSPECTIVES

In Sections II1, IV, V, a detailed scanning of the literature is
provided with a classification and our view on open issues per
each identified category of contributions. In the following,
instead, the main findings of the conducted analysis are
debated by clearly stating the still open challenges at a wider
extent. Possible solutions, for what concern technological
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and methodological foundations, are highlighted to boost
future contributions in the research field of sidelink resource
allocation and are summarized in Table 14.

A. ISSUES AND INTERPLAY WITH BEYOND 5G
TECHNOLOGIES

The surveyed improvements of the sidelink resource alloca-
tion algorithms follow straightforward approaches, mainly
targeting fully compatibility with existing specifications.
However, recently, early germs of more disruptive solutions
laying their foundations on emerging 5G and beyond
technologies [170], [173], have been published. Some of
them’ are detailed below as prominent solutions to address
the still unsolved issues.

1) HD LIMITATIONS

A recurrent issue in the scanned literature focusing on
the autonomous mode is the usage of half-duplex (HD)
transceivers. In [160] the sensing-while-transmitting property
of the in-band full-duplex (FD) technology is leveraged.
This property is to improve the collision detection/avoidance
mechanisms of the distributed resource allocation. It is
demonstrated through simulations that the performance of the
autonomous mode dramatically improves, by letting vehicles
adapt the probability of keeping a given resource according
to the level of interference detected while transmitting.
Although FD transceivers are far from being commercially
available, the practicality of a such prominent technology,
even in vehicular environments, has been recently argued
in [161], making us confident it can be effectively leveraged.

2) CONGESTED SITUATIONS

The poor scalability is one of the main impairments of
the autonomous resource allocation highlighted by the
scanned literature. Due to the lack of acknowledgments and
hidden terminals, high reliability can barely be ensured as
congestion increases, unless to reduce the up-to-dateness
of exchanged packets, as foreseen by DCC mechanisms.
Instead, the adaptation of the generation rate needs to
trade off the accuracy of conveyed information with the
channel utilization, as early investigated in [174], [175],
in case of CPMs. Notwithstanding, the improvements of DCC
mechanisms to the legacy Mode 4, as well as to Mode 2, still
need to be fully disclosed.

By relaxing the orthogonality constraint, i.e., letting users
interfere on the same resources, non-orthogonal multiple
access (NOMA) can improve spectral efficiency, reliability
and throughput, support massive and heterogeneous con-
nectivity, and decrease the amount of channel feedback
whenever available. The possibility to leverage NOMA for
V2V autonomous scheduling towards sixth generation (6G)
is acknowledged in [170] and, recently, a very few works have
been published [162]-[165].

TThe analysis is not intended to be exhaustive, but aimed to provide some
hints to the reader for further investigation.
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In [162], [163] an extension of Mode 4 with uplink NOMA
is proposed. There, nodes broadcast their data frames at a
time-frequency resource selected by the standard Mode 4
SB-SPS; the signals that are superposed at the receiver side
are decoded applying successive interference cancellation
(SIC), which allows increasing the PRR by almost 40%.
Both NOMA receivers based on SIC and joint decoding
(JD) are proposed in [164]; assuming an ideal scenario
and without specifying the resource allocation procedure,
both receivers are shown to offer significant improvements
compared to the conventional orthogonal multiple access
(OMA) approaches, with JD providing better performance
at the cost of higher complexity. In [165] a grant-free
NOMA solution is proposed, meaning that transmissions
are performed without any reservation and access control,
with the aim to resolve collisions of vehicles broadcasting
in their surroundings by means of specially designed
transmit signatures, combined with an advanced receiver that
performs SIC.

Repetitions and soft-combining are included in the HARQ
mechanism of both LTE-V2X and 5G-V2X. Network coding
can be adopted instead of simple repetitions to improve the
reliability as proposed in [166], [167]. More sophisticated
solutions exploiting the combination of messages, such as
adopting uncoordinated coded-slotted ALOHA (CSA) [176],
can be applied to the V2X sidelink interface with similar
purposes. CSA uses the idea of the original slotted ALOHA
together with SIC. The contending users introduce redun-
dancy by encoding their messages into multiple packets,
which are transmitted in randomly chosen slots. The receiver
buffers the received signal, decodes the packets from the
slots with no collision and attempts to reconstruct the packets
in collision exploiting the introduced redundancy. Unlike
the sensing-based mechanism of Mode 4 which tries to
avoid collisions, CSA tries to exploit them. It is applied in
vehicular scenarios for the broadcasting of periodic traffic
in [168], [169], on top of the carrier sense multiple access
with collision avoidance (CSMA/CA) protocol. Its suitability
for the sidelink interface deserves further investigations.

3) HANDOVERS

The majority of the surveyed literature, with the exception
of a few works, e.g., [149], [150], neglects handover issues.
This is because they either focus on autonomous resource
allocation, or consider single-cell scenarios, in case of
centralized resource assignment.

However, the mobility of vehicles may lead to fast
handovers resulting in frequent resource allocation for con-
ventional approaches, potentially incurring huge overhead.
Such issues are even more exacerbated for platoons. Machine
learning (ML)-aided approaches can help to predict vehicle
trajectory and to allocate resources accordingly. Among
them, it is indicated in [173] that those which do not require
prior knowledge of vehicular environment, as reinforcement
learning (RL), have to be preferred.
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TABLE 15. Main open-source C-V2X sidelink simulators.

Reference Simulation platform  Mobility scenarios Targets Availability

Cecchini, 2017 [177] LTEV2VSim, in Mat- Models or traffic Mode 3 and Mode 4; includes ITS- At [178]
lab traces GS5; focus on cooperative awareness

Eckermann, 2019  Extension to ns-3 Scenarios of ns-3 Based on the ns-3 D2D model in At [181]

[179] [180], Mode 4

McCarthy, 2019 [182]  OpenCV2X, based on  Scenarios of OM-  Extension to SimuLTE [183], with At [184]
OMNeT++ NeT++ Artery or Veins, Mode 4

Hegde, 2020 [185] Artery-C, based on  Scenarios of OM-  Extension to SimuLTE, Modes 3 and  Planned
OMNeT++ NeT++, SUMO 4, flexible numerologies

Feron Tech [186] Ite-sidelink, in Matlab ~ Models Link simulations, applicable to both At [186]

D2D and V2X use-cases

As a further option, cell-free communications, with no
cell boundaries, can allow seamless mobility of vehicles,
as argued in [170]. There, this is advocated in presence of
mmWave and terahertz (THz) communications, required to
satisfy the need of higher rates.

4) CENTRALIZED ALLOCATION WITH COVERAGE GAPS
Local out-of-coverage conditions may largely degrade the
performance of centralized resource allocations. Switching
schemes from centralized to autonomous mode do not come
without side effects, e.g., in terms of latency.

In coverage-limited scenarios also due to harsh prop-
agation conditions, e.g., at an obstructed intersection,
the exploitation of reconfigurable intelligent surfaces (RISs)
can improve packet reception [171], for both V2V and
V2I links. With specific reference to the sidelink interface,
we can expect such improvements also to benefit the
sensing-based approach of the autonomous mode, poorly
behaving at intersections, as demonstrated in the surveyed
literature.

Lack of connectivity may also become an issue in case
of V2V links, like in the case of small penetration ratio
of the technology on board the vehicles. Although poorly
investigated in the literature studies, scenarios far from 100%
penetration may be likely in the short-term. The usage of
unmanned aerial vehicles (UAVs) can be helpful to address
them and overall boost connectivity [173]. UAVs equipped
with C-V2X capabilities can be even considered as vehicles
themselves, employing short-range communications [172].
Sidelink extensions accounting for UAV's peculiarities should
be envisioned. Similarly to VRUs, the design of power saving
techniques would entail the major efforts.

B. EVALUATION METHODOLOGIES

Simulations represent the most suitable methodology to
evaluate the performance of the sidelink C-V2X technology.
Only a few works have provided field-trials for realistic
performance assessment, e.g., [81], [150], [156], and in all
cases they consider only pairs of vehicles in the evaluation.
However, although much simpler, mature and cheaper w.r.t.
field-trials, simulators still entail contributions from the
research community to improve their effectiveness and
realism in evaluating C-V2X sidelink communications.
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1) SIMULATORS

Much work has been done in the development of simulation
platforms for the investigation of sidelink LTE-V2X, with
special attention to Mode 4. However, in most cases,
the implementations are proprietary and not shared publicly
(see most of the works in Tables 9, 11, 10, 13). Such a
trend hinders easy reproducibility of results and valuable
comparisons. A few solutions have also been (or are
planned to be) made available as open-source, as summarized
in Table 15. The first example is LTEV2Vsim [177], which
is a simulator written in Matlab with the aim to allow
investigation of resource allocation in sidelink LTE-V2X,
both Mode 3 and Mode 4. It focuses on cooperative awareness
at the application layer and also includes ITS-G5. Many
of the surveyed literature works have used this platform
for their evaluation study. Another Matlab implementation
is available at [186]. There, the focus was mainly on the
simulation of a sidelink air-interface compliant with the
D2D specifications on Releases 12 and 13, although D2D
tweaks for V2X communications based on Release 14 are
also provided. The simulator presented in [179], focusing
on Mode 4, is, instead, an extension of ns-3 and it is
based on the D2D model presented in [180]. The solution
presented in [182], also focusing on Mode 4, is a modification
and extension of the SimuLTE [183] within OMNeT++;
it is implemented in two versions, one integrating with the
Artery® framework to provide full ITS-G5 standardisation
across the entire communication stack and the second one
integrating with Veins [187] only. In [185], the authors
present Artery-C, a simulation framework for the perfor-
mance evaluation of C-V2X protocols, encompassing V2V
and V2I communications via the sidelink interface, and V2X
applications.

It is worth observing that, at the time of writing,
no open-source simulator exists for 5G-V2X, with the
exception of Artery-C, which however, only supports 5G
flexible numerologies. Hence, efforts are required in this
direction.

2) CHANNEL MODELING

The surveyed literature models channel access dynamics
through system-level simulators. However, the latter ones
poorly capture physical layer phenomena, by mainly relying

8https ://github.com/riebl/artery/
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on simple physical layer abstractions (PLAs) to ensure
bounded computation latency and complexity. More accurate
PLAs are needed, as early provided in [188] for LTE-V2X
and, more recently, for 5G-V2X [189]. Proven the viability
and accuracy of such approaches, simulation studies should
be overhauled to include PLAs.

As a further suggestion, a thorough understanding of the
communication channel, would also encompass to model the
presence of vehicles (especially trucks) as obstacles. This
option early investigated in [190] for 802.11-based V2V
communications, has been poorly considered in the literature
targeting sidelink communications, although considered
in 3GPP specifications [39].

Furthermore, it is highly recommended for researchers
working in the field to refer to the guidelines provided by
3GPP for the evaluation of both LTE-V2X and 5G-V2X,
which have been followed during the standardization
work [21]. Alignment to channel models as well as to link
level simulation settings and assumptions provided by 3GPP
will allow an easier and fairer comparison among different
literature solutions.

3) METRICS

The surveyed literature contributions mainly focused on
link-layer metrics, i.e., PRR, IPG. However, they barely
capture the behaviour of the sidelink resource allocation
in light of the specific V2X application. Even the works
specifically analyzing platooning, e.g., [79], considered
them, with a few exceptions [80], [81]. Hence, the assessment
of application-specific performance metrics is highly advo-
cated.

VII. CONCLUSION

In this paper, we first discussed the evolutionary path of
cellular V2X communications over the sidelink interface.
The analysis spans from the early specifications of LTE-
V2X in Releases 14 and 15 to the currently specified
and underway workarounds in 5G-V2X supporting V2X
advanced use cases in Releases 16 and 17. After presenting
specifications for the sidelink interface, deemed particularly
critical for the low-latency and highly reliable delivery of
V2X application messages, focus of the work is the critical
and comprehensive review of the recent relevant literature.
Solutions aimed to unveil the weaknesses of the 3GPP
specifications, through simulations and analytical models,
as well as to tackle impairments of sidelink communications
are extensively discussed. To the best of our knowledge,
this is the first work providing a literature survey of C-V2X
sidelink communications.

Hints about the interplay with emerging 5G and beyond
technologies to address the identified issues are also provided
to boost future research directions in this exciting and chal-
lenging field, also expected to fuel ongoing standardization
activities.

VOLUME 9, 2021

REFERENCES

[11 IEEE Standard for Information Technology—Telecommunications and
Information Exchange Between Systems Local and Metropolitan Area
Networks—Specific Requirements Part 11: Wireless LAN Medium Access
Control (MAC) and Physical Layer (PHY) Specifications, IEEE Standard
802.11-2016, 2016.

[2] G. Araniti, C. Campolo, M. Condoluci, A. Iera, and A. Molinaro, “LTE
for vehicular networking: A survey,” IEEE Commun. Mag., vol. 51, no. 5,
pp. 148-157, May 2013.

[3] Y.-L. Tseng, “LTE-advanced enhancement for vehicular communica-
tion,” IEEE Wireless Commun., vol. 22, no. 6, pp. 4-7, Dec. 2015.

[4] H. Seo, K.-D. Lee, S. Yasukawa, Y. Peng, and P. Sartori, “LTE evolution
for vehicle-to-everything services,” IEEE Commun. Mag., vol. 54, no. 6,
pp. 22-28, Jun. 2016.

[5] S.-H. Sun, J.-L. Hu, Y. Peng, X.-M. Pan, L. Zhao, and J.-Y. Fang,
“Support for vehicle-to-everything services based on LTE,” [EEE
Wireless Commun., vol. 23, no. 3, pp. 4-8, Jun. 2016.

[6] S.Chen,J. Hu, Y. Shi, Y. Peng, J. Fang, R. Zhao, and L. Zhao, ““Vehicle-
to-everything (v2x) services supported by LTE-based systems and 5G,”
IEEE Commun. Standards Mag., vol. 1, no. 2, pp. 70-76, 2017.

[71 R. Molina-Masegosa and J. Gozalvez, “LTE-V for sidelink 5G V2X
vehicular communications: A new 5G technology for short-range vehicle-
to-everything communications,” IEEE Veh. Technol. Mag., vol. 12, no. 4,
pp. 30-39, Dec. 2017.

[8] Z. MacHardy, A. Khan, K. Obana, and S. Iwashina, “V2X access
technologies: Regulation, research, and remaining challenges,” IEEE
Commun. Surveys Tuts., vol. 20, no. 3, pp. 1858-1877, 3rd Quart., 2018.

[9] G. Fodor, H. Do, S. A. Ashraf, R. Blasco, W. Sun, M. Belleschi, and
L. Hu, “Supporting enhanced vehicle-to-everything services by LTE
release 15 systems,” IEEE Commun. Standards Mag., vol. 3, no. 1,
pp- 26-33, Mar. 2019.

[10] A. Bazzi, G. Cecchini, M. Menarini, B. M. Masini, and A. Zanella,
“Survey and perspectives of vehicular Wi-Fi versus sidelink cellular-V2X
in the 5G Era,” Future Internet, vol. 11, no. 6, p. 122, May 2019.

[11] G. Naik, B. Choudhury, and J. Park, “IEEE 802.11bd and 5G NR V2X:
Evolution of radio access technologies for V2X communications,” IEEE
Access, vol. 7, pp. 70169-70184, 2019.

[12] S. Chen, J. Hu, Y. Shi, L. Zhao, and W. Li, “A vision of C-V2X:
Technologies, field testing, and challenges with Chinese development,”
IEEE Internet Things J., vol. 7, no. 5, pp. 3872-3881, May 2020.

[13] S.Zeadally, M. A. Javed, and E. B. Hamida, *“Vehicular communications
for ITS: Standardization and challenges,” IEEE Commun. Standards
Mag., vol. 4, no. 1, pp. 11-17, Mar. 2020.

[14] S.-Y. Lien, D.-J. Deng, C.-C. Lin, H.-L. Tsai, T. Chen, C. Guo, and
S.-M. Cheng, “3GPP NR sidelink transmissions toward 5G V2X,” I[EEE
Access, vol. 8, pp. 35368-35382, 2020.

[15] S. A. Ashraf, R. Blasco, H. Do, G. Fodor, C. Zhang, and W. Sun,
“Supporting vehicle-to-everything services by 5G new radio release-
16 systems,” IEEE Commun. Standards Mag., vol. 4, no. 1, pp. 26-32,
Mar. 2020.

[16] K. Ganesan, J. Lohr, P. B. Mallick, A. Kunz, and R. Kuchibhotla, “NR
sidelink design overview for advanced V2X service,” IEEE Internet
Things Mag., vol. 3, no. 1, pp. 26-30, Mar. 2020.

[17] D. Garcia-Roger, E. E. Gonzdlez, D. Martin-Sacristdn, and
J. F. Monserrat, “V2X support in 3GPP specifications: From 4G to
5G and beyond,” IEEE Access, vol. 8, pp. 190946-190963, 2020.

[18] C. R. Storck and F. Duarte-Figueiredo, “A survey of 5G technology
evolution, standards, and infrastructure associated with vehicle-to-
everything communications by Internet of vehicles,” IEEE Access, vol. 8,
pp. 117593-117614, 2020.

[19] H.Zhou, W. Xu, J. Chen, and W. Wang, “Evolutionary V2X technologies
toward the Internet of vehicles: Challenges and opportunities,” Proc.
IEEE, vol. 108, no. 2, pp. 308-323, Feb. 2020.

[20] S. Gyawali, S. Xu, Y. Qian, and R. Q. Hu, “Challenges and solutions
for cellular based V2X communications,” IEEE Commun. Surveys Tuts.,
vol. 23, no. 1, pp. 222-255, 1st Quart., 2021.

[21] M. H. C. Garcia, A. Molina-Galan, M. Boban, J. Gozalvez,
B. Coll-Perales, T. Sahin, and A. Kousaridas, “A tutorial on 5G
NR V2X communications,” IEEE Commun. Surveys Tuts., early access,
Feb. 3, 2021, doi: 10.1109/COMST.2021.3057017.

[22] Technical Specification Group Services and System Aspects; Service
Requirements for V2X Services; Stage 1; Release 16, document 3GPP
TR 22.185 v16.0.0, Jul. 2020.

97975


http://dx.doi.org/10.1109/COMST.2021.3057017

IEEE Access

A. Bazzi et al.: On Design of Sidelink for Cellular V2X

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]
[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

97976

I. Catling and R. Harris, “SOCRATES—Progress towards commercial
implementation,” in Proc. VN/5, Seattle, WA, USA, 1995, pp. 425-428.
W. Schulz, “Traffic management improvement by integrating modern
communication systems,” [EEE Commun. Mag., vol. 34, no. 10,
pp. 56-60, Oct. 1996.

O. Andrisano, R. Verdone, and M. Nakagawa, “Intelligent transportation
systems: The role of third generation mobile radio networks,” IEEE
Commun. Mag., vol. 38, no. 9, pp. 144-151, Sep. 2000.

S. Ammoun, A. de La Fortelle, and F. Nashashibi, ‘“Performance analysis
of intervehicle communication for collaborative traffic applications,” in
Proc. 7th Int. Conf. ITS Telecommun., Jun. 2007, pp. 1-6.

Y. Zhao, “Mobile phone location determination and its impact on
intelligent transportation systems,” IEEE Trans. Intell. Transp. Syst.,
vol. 1, no. 1, pp. 55-64, Mar. 2000.

W. Kellerer, C. Bettstetter, C. Schwingenschlogl, and P. Sties, ““(Auto)
mobile communication in a heterogeneous and converged world,” IEEE
Pers. Commun., vol. 8, no. 6, pp. 41-47, Dec. 2001.

T. Kosch, I. Kulp, M. Bechler, M. Strassberger, B. Weyl, and R. Lasowski,
“Communication architecture for cooperative systems in Europe,” IEEE
Commun. Mag., vol. 47, no. 5, pp. 116-125, May 2009.

A. Bazzi, B. M. Masini, and O. Andrisano, “On the frequent acquisition
of small data through RACH in UMTS for ITS applications,” IEEE Trans.
Veh. Technol., vol. 60, no. 7, pp. 2914-2926, Sep. 2011.

K. David and A. Flach, “CAR-2-X and pedestrian safety,” IEEE Veh.
Technol. Mag., vol. 5, no. 1, pp. 70-76, Mar. 2010.

L. Le, “Infrastructure-assisted communication for CAR-2-X communi-
cation,” in Proc. 18th World Congr., 2011, pp. 1-7.

A. Vinel, “3GPP LTE versus IEEE 802.11p/WAVE: Which technology is
able to support cooperative vehicular safety applications?”” IEEE Wireless
Commun. Lett., vol. 1, no. 2, pp. 125-128, Apr. 2012.

K. Abboud, H. A. Omar, and W. Zhuang, “Interworking of DSRC and
cellular network technologies for V2X communications: A survey,” IEEE
Trans. Veh. Technol., vol. 65, no. 12, pp. 9457-9470, Dec. 2016.

A. Khelil and D. Soldani, “On the suitability of device-to-device
communications for road traffic safety,” in Proc. IEEE World Forum
Internet Things (WF-IoT), Mar. 2014, pp. 224-229.

X. Cheng, L. Yang, and X. Shen, “D2D for intelligent transportation
systems: A feasibility study,” IEEE Trans. Intell. Transp. Syst., vol. 16,
no. 4, pp. 1784-1793, Aug. 2015.

G. Piro et al., “D2D in LTE vehicular networking: System model and
upper bound performance,” in Proc. ICUMT, Oct 2015, pp. 281-286.
Technical Technical Specification Group Services and System Aspects;
Study on LTE Support for Vehicle to Everything (V2X) Services; Release
14, document 3GPP TR 22.885 v14.0.0, Dec. 2015.

Technical Specification Group Radio Access Network; Study on LTE-
Based V2X Services; Release 14, Jun. 2016.

Technical Specification Group Services and System Aspects; Architecture
Enhancements for V2X Services; Release 16, document 3GPP TS 23.285
v16.4.0, Sep. 2020.

Technical Specification Group Radio Access Network; Evolved Universal
Terrestrial Radio Access (E-UTRA); Physical Layer Procedures; Release
16, 3GPP TS 36.213 v16.4.0, 2009.

Technical Specification Group Radio Access Network; Evolved Universal
Terrestrial Radio Access (E-UTRA); Medium Access Control (MAC)
Protocol Specification; Release 16, document 3GPP TS 36.321 v16.3.0,
2016.

Technical Specification Group Services and System Aspects; Study on
Enhancement of 3GPP Support for 5G V2X Services; Release 16,
document 3GPP TR 22.886 v16.2.0, Dec. 2018.

Technical Specification Group Radio Access Network; NR; study on NR
Vehicle-to-Everything (V2X); Release 16, document 3GPP TR 38.885
v16.0.0, Mar. 2019.

Technical Specification Group Services and System Aspects; Architecture
Enhancements for 5G System (5GS) to Support Vehicle-to-Everything
(V2X) Services; Release 16, document 3GPP TS 23.287 v16.5.0,
Dec. 2020.

Technical Specification Group Services and System Aspects; Enhance-
ment of 3GPP support for V2X scenarios; stage 1; Release 16, document
3GPP TR 22.186 v16.2.0, Jun. 2019.

Technical Specification Group Radio Access Network; NR; Physical
Layer Procedures for Control; Release 16, document 3GPP TS 38.213
V16.4.0, Dec. 2020.

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]
[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]
[67]
[68]

[69]

[70]
[71]

[72]

[73]

Technical Specification Group Radio Access Network; NR; Medium
Access Control (MAC) Protocol Specification; Release 16, document
3GPP TS 38.321 V16.3.0, Dec. 2020.

Technical Specification Group Radio Access Network; Overall Descrip-
tion of Radio Access Network (RAN) Aspects for Vehicle-to-Everything
(V2X) Based on LTE and NR; Release 16, document 3GPP TR 37.895
v16.0.0, Jun. 2020.

K. Zrar Ghafoor, L. Kong, S. Zeadally, A. S. Sadiq, G. Epiphaniou,
M. Hammoudeh, A. K. Bashir, and S. Mumtaz, “Millimeter-wave com-
munication for Internet of vehicles: Status, challenges, and perspectives,”
IEEE Internet Things J., vol. 7, no. 9, pp. 8525-8546, Sep. 2020.
Intelligent Transport System (ITS); Vehicular Communications; Basic Set
of Applications; Analysis of the Collective Perception Service (CPS);
Release 2, document ETSI TR 103 562 V2.1.1, ETSI, 2019.

Intelligent Transport Systems (ITS); Vulnerable Road Users (VRU)
awareness; Part 3: Specification of VRU Awareness Basic Service;
Release 2, document ETSI TS 103 300-3 V2.1.1, Nov. 2020.

Intelligent Transport Systems (ITS); Platooning; Pre-Standardization
Study, document ETSI TR 103 298 V0.0.4 (Draft), ETSI, 2019.
Intelligent Transport Systems (ITS); Vehicular Communication; Basic Set
of Application; Maneuver Coordination Service, document ETSI TS 103
561 V0.0.1(Draft), ETSI, 2018.

C. Berrou, A. Glavieux, and P. Thitimajshima, ‘“Near Shannon limit error-
correcting coding and decoding: Turbo-codes. 1,” in Proc. IEEE ICC,
vol. 2, May 1993, pp. 1064-1070.

LTE; Evolved Universal Terrestrial Radio Access (E-UTRA); Multiplex-
ing and Channel Coding, document ETSI TS 136 212 v10.9.0, 2015.
5G NR Based Sidelink Expands C-V2X-Qualcomm, document, May 2020.
Evolved Universal Terrestrial Radio Access (E-UTRA) and Evolved
Universal Terrestrial Radio Access Network (E-UTRAN); Overall
Description; Stage 2, Release 16, document 3GPP TS 36.300 v16.2.0,
Jul. 2020.

C. Campolo, A. Molinaro, A. O. Berthet, and A. Vinel, “On latency
and reliability of road hazard warnings over the cellular V2X sidelink
interface,” [EEE Commun. Lett., vol. 23, no. 11, pp.2135-2138,
Nov. 2019.

Intelligent Transport Systems (ITS); Vehicular Communications; Basic
Set of Applications; Part 2: Specification of Cooperative Awareness Basic
Service, document ETSI TS 102.637-2 V1.4.1, Apr. 2019.

Discussion on Inter-UE Coordination for Rel-17 SL Enhancement,
document 3GPP TSG RAN WG meeting #90-e, RP-202354, Intel
Corporation, Dec. 2020.

Inter-UE coordination for NR V2X, document R2-2010583, 3GPP TSG
RAN WG2 meeting #112-e, LG Electronics Inc., Nov. 2020.

A. Autolitano, C. Campolo, A. Molinaro, R. M. Scopigno, and A. Vesco,
“An insight into decentralized congestion control techniques for VANETs
from ETSI TS 102 687 V1. 1.1,” in Proc. IFIP Wireless Days, 2013,
pp. 1-6.

G. Bansal, J. B. Kenney, and C. E. Rohrs, “LIMERIC: A linear adaptive
message rate algorithm for DSRC congestion control,” IEEE Trans. Veh.
Technol., vol. 62, no. 9, pp. 4182-4197, Nov. 2013.

Intelligent Transport Systems (ITS); Congestion Control Mechanisms for
the C-V2X PC5 Interface; Access Layer Part, document ETSI TS 103 574
V1.1.1, Nov. 2018.

NR; Physical Layer Measurements; (Release 16), document 3GPP TS
38.215 v16.4.0, Dec. 2020.

Society of Automotive Engineers, On-Board System Requirements for LTE
V2X V2V Safety Communications, document SAE J3161/1, Aug. 2019.
5G Automotive Association (5GAA)—Vulnerable Road User Protection,
document, Aug. 2020.

Study on Architecture Enhancements for 3GPP Support of Advanced
Vehicle-to-Everything (V2X) Services; Phase 2 (Release 17), document
3GPP TR 23.776 v0.1.0, Jun. 2020.

System Architecture for the 5G System (5GS); Stage 2 (Release 16),
document 3GPP TS 23.501 v16.5.1, Aug. 2020.

Study on Enhancements to Application Layer Support for V2X Services;
(Release 17), document 3GPP TR 23.764 v1.1.1, Aug. 2020.

R. Molina-Masegosa and J. Gozalvez, ““System level evaluation of LTE-
V2V mode 4 communications and its distributed scheduling,” in Proc.
IEEE 85th Veh. Technol. Conf. (VIC Spring), Jun. 2017, pp. 1-5.
A.Bazzi, G. Cecchini, A. Zanella, and B. M. Masini, *“Study of the impact
of PHY and MAC parameters in 3GPP C-V2V mode 4,” IEEE Access,
vol. 6, pp. 71685-71698, 2018.

VOLUME 9, 2021



A. Bazzi et al.: On Design of Sidelink for Cellular V2X

IEEE Access

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

R. Molina-Masegosa, J. Gozalvez, and M. Sepulcre, “Configuration of
the C-V2X mode 4 sidelink PC5 interface for vehicular communication,”
in Proc. MSN, Dec. 2018, pp. 43-48.

A. Nabil, K. Kaur, C. Dietrich, and V. Marojevic, ‘“‘Performance analysis
of sensing-based semi-persistent scheduling in C-V2X networks,” in
Proc. IEEE VTC-Fall, Aug. 2018, pp. 1-5.

B. Toghi, M. Saifuddin, H. N. Mahjoub, M. O. Mughal, Y. P. Fallah,
J.Rao, and S. Das, “Multiple access in cellular V2X: Performance
analysis in highly congested vehicular networks,” in Proc. IEEE Veh.
Netw. Conf., Dec. 2018, pp. 1-8.

P. Wendland, G. Schaefer, and R. Thomd, “An application-oriented
evaluation of LTE-V’s mode 4 for V2 V communication,” in Proc. 34th
ACM/SIGAPP Symp. Appl. Comput., Apr. 2019, pp. 165-173.

L. M. Lopez, C. F. Mendoza, J. Casademont, and D. Camps-Mur,
“Understanding the impact of the PC5 resource grid design on the
capacity and efficiency of LTE-V2X in vehicular networks,” Wireless
Commun. Mobile Comput., vol. 2020, pp. 1-13, Jun. 2020.

V. Vukadinovic, K. Bakowski, P. Marsch, 1. D. Garcia, H. Xu, M. Sybis,
P. Sroka, K. Wesolowski, D. Lister, and 1. Thibault, “3GPP C-V2X
and IEEE 802.11p for vehicle-to-vehicle communications in highway
platooning scenarios,” Ad Hoc Netw., vol. 74, pp. 17-29, May 2018.

A. Gonziélez, N. Franchi, and G. Fettweis, “A feasibility study of LTE-
V2X semi-persistent scheduling for string stable CACC,” in Proc. IEEE
WCNC, Apr. 2019, pp. 1-7.

P. Magalhaes, P. M. d’Orey, M. T. Andrade, and F. Castro, “Video-
assisted overtaking system enabled by C-V2X mode 4 communications,”
in Proc. IEEE WiMob, Oct. 2020, pp. 382-387.

T. Hirai and T. Murase, ‘‘Performance evaluations of PC5-based cellular-
V2X mode 4 for feasibility analysis of driver assistance systems with
crash Warning,” Sensors, vol. 20, no. 10, p. 2950, May 2020.

X. Wang, R. A. Berry, I. Vukovic, and J. Rao, “A fixed-point model for
semi-persistent scheduling of vehicular safety messages,” in Proc. IEEE
VTC-Fall, Aug. 2018, pp. 1-5.

M. Gonzalez-Martin, M. Sepulcre, R. Molina-Masegosa, and J. Gozalvez,
““Analytical models of the performance of C-V2X mode 4 vehicular com-
munications,” IEEE Trans. Veh. Technol., vol. 68, no. 2, pp. 1155-1166,
Feb. 2019.

G. P. N. B. A. Wijesiri, J. Haapola, and T. Samarasinghe, “A Markov
perspective on C-V2X mode 4,” in I[EEE VTC-Fall, Sep. 2019, pp. 1-6.
G. P. Wijesiri N. B. A., J. Haapola, and T. Samarasinghe, “A discrete-
time Markov chain based comparison of the Mac layer performance of
C-V2X mode 4 and IEEE 802.11p,” IEEE Trans. Commun., vol. 69, no. 4,
pp- 2505-2517, Apr. 2021.

A. Mansouri, V. Martinez, and J. Hérri, “A first investigation of
congestion control for LTE-V2X mode 4,” in Proc. WONS, Jan. 2019,
pp. 56-63.

B. Toghi, M. Saifuddin, M. O. Mughal, and Y. P. Fallah, *“Spatio-temporal
dynamics of cellular V2X communication in dense vehicular networks,”
in Proc. IEEE CAVS, Sep. 2019, pp. 1-5.

B. Toghi, M. Saifuddin, Y. P. Fallah, and M. O. Mughal, “Analysis of dis-
tributed congestion control in cellular vehicle-to-everything networks,” in
Proc. IEEE VTC-Fall, Sep. 2019, pp. 1-7.

A. Bazzi, “Congestion control mechanisms in IEEE 802.11 p and
sidelink C-V2X.” in Proc. 53rd Asilomar Conf. Signals, Syst., Comput.,
Nov. 2019, pp. 1125-1130.

T. Shimizu, B. Cheng, H. Lu, and J. Kenney, ‘“Comparative analysis of
DSRC and LTE-V2X PC5 mode 4 with SAE congestion control,” in Proc.
IEEE Veh. Netw. Conf. (VNC), Dec. 2020, pp. 1-8.

B. Kang, J. Yang, J. Paek, and S. Bahk, “ATOMIC: Adaptive transmission
power and message interval control for C-V2X mode 4,” IEEE Access,
vol. 9, pp. 12309-12321, 2021.

Y. Yoon and H. Kim, “Balancing power and rate control for improved
congestion control in cellular V2X communication environments,” /[EEE
Access, vol. 8, pp. 105071-105081, 2020.

B. Kang, S. Jung, and S. Bahk, “Sensing-based power adaptation for
cellular V2X mode 4,” in Proc. IEEE DySPAN, Oct. 2018, pp. 1-4.
Haider and Hwang, “Adaptive transmit power control algorithm for
sensing-based semi-persistent scheduling in C-V2X mode 4 communi-
cation,” Electronics, vol. 8, no. 8, p. 846, Jul. 2019.

M. Saifuddin, M. Zaman, B. Toghi, Y. P. Fallah, and J. Rao, ‘“‘Performance
analysis of cellular-V2X with adaptive & selective power control,” in
Proc. IEEE CAVS, Nov. 2020, pp. 1-7.

VOLUME 9, 2021

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

J. Choi and H. Kim, “A QoS-aware congestion control scheme for C-
V2X safety communications,” in Proc. IEEE Veh. Netw. Conf., Dec. 2020,
pp. 1-8.

G. Naik, J. J. Park, and J. Ashdown, “C2RC: Channel congestion-based
re-transmission control for 3GPP-based V2X technologies,” in Proc.
IEEE WCNC, May 2020, pp. 1-6.

A. Bazzi, B. M. Masini, A. Zanella, and I. Thibault, ““On the performance
of IEEE 802.11p and LTE-V2 V for the cooperative awareness of
connected vehicles,” IEEE Trans. Veh. Technol., vol. 66, no. 11,
pp. 10419-10432, Nov. 2017.

P. Wendland, G. Schaefer, and R. S. Thoma, “LTE-V2X mode 4:
Increasing robustness and DCC compatibility with reservation splitting,”
in Proc. IEEE ICCVE, Nov. 2019, pp. 1-6.

A. Bazzi, C. Campolo, A. Molinaro, A. Berthet, B. M. Masini, and
A. Zanella, “On wireless blind spots in the C-V2X sidelink,” IEEE Trans.
Veh. Technol., vol. 69, no. 8, pp. 9239-9243, Jun. 2020.

S. Jung, H. Cheon, and J. Kim, “Reducing consecutive collisions in
sensing based semi persistent scheduling for cellular-V2X,” in Proc.
IEEE VTC-Fall, Sep. 2019, pp. 1-5.

L. F. Abanto-Leon, “Decentralized subchannel scheduling for C-V2X
mode-4: A non-standard configuration for CAM retransmissions,”
Tech. Rep., 2019. Accessed: Jul. 2, 2021. [Online]. Available:
https://arxiv.org/pdf/1912.13137.pdf

Y. Yoon and H. Kim, “An evasive scheduling enhancement against
packet dropping attacks in C-V2X communication,” IEEE Commun.
Lett., vol. 25, no. 2, pp. 392-396, Feb. 2021.

S. Heo, W. Yoo, H. Jang, and J.-M. Chung, “H-V2X mode 4 adaptive
semipersistent scheduling control for cooperative Internet of vehicles,”
IEEE Internet Things J., vol. 8, no. 13, pp. 10678-10692, Jul. 2021.

L. F. Abanto-Leon, A. Koppelaar, and S. H. de Groot, ‘“Enhanced C-
V2X mode-4 subchannel selection,” in Proc. IEEE VT C-Fall, Aug. 2018,
pp. 1-5.

S. Sharma and B. Singh, “Context aware autonomous resource selection
and Q-learning based power control strategy for enhanced cooperative
awareness in LTE-V2 V communication,” Wireless Netw., vol. 26, no. 6,
pp. 4045-4060, Aug. 2020.

J. Kim, J. Lee, S. Moon, and I. Hwang, “A position-based resource
allocation scheme for V2 V communication,” Wireless Pers. Commun.,
vol. 98, no. 1, pp. 1569-1586, Jan. 2018.

J. Yang, B. Pelletier, and B. Champagne, “Enhanced autonomous
resource selection for LTE-based V2 V communication,” in Proc. IEEE
Veh. Netw. Conf. (VNC), Dec. 2016, pp. 1-6.

R. Molina-Masegosa, M. Sepulcre, and J. Gozalvez, “Geo-based
scheduling for C-V2X networks,” IEEE Trans. Veh. Technol., vol. 68,
no. 9, pp. 8397-8407, Sep. 2019.

R. Molina-Masegosa, J. Gozalvez, and M. Sepulcre, ‘“Comparison
of IEEE 802.11p and LTE-V2X: An evaluation with periodic and
aperiodic messages of constant and variable size,” IEEE Access, vol. 8,
pp. 121526-121548, 2020.

S. Bartoletti, B. M. Masini, V. Martinez, 1. Sarris, and A. Bazzi,
“Impact of the generation interval on the performance of sidelink C-V2X
autonomous mode,” IEEE Access, vol. 9, pp. 35121-35135, 2021.

L. Lusvarghi and M. L. Merani, “On the coexistence of aperiodic and
periodic traffic in cellular vehicle-to-everything,” IEEE Access, vol. 8,
pp- 207076-207088, 2020.

L. Gibellini and M. L. Merani, ‘““Out-of-coverage multi-hop road safety
message distribution via LTE-A Cellular V2V,” in Proc. IEEE VTC,
Aug. 2018, pp. 1-8.

X.He,J.Lv,J. Zhao, X. Hou, and T. Luo, “Design and analysis of a short-
term sensing-based resource selection scheme for C-V2X networks,”
IEEFE Internet Things J., vol. 7, no. 11, pp. 11209-11222, Nov. 2020.

F. Romeo, C. Campolo, A. Molinaro, and A. O. Berthet, “DENM
repetitions to enhance reliability of the autonomous mode in NR V2X
sidelink,” in Proc. IEEE VTC-Spring, May 2020, pp. 1-5.

F. Romeo, C. Campolo, A. Molinaro, and A. O. Berthet, ‘“Asynchronous
traffic on the sidelink of 5G V2X.,” in Proc. IEEE ICC Workshops,
Jun. 2020, pp. 1-6.

J. He, Z. Tang, Z. Fan, and J. Zhang, “Enhanced collision avoidance
for distributed LTE vehicle to vehicle broadcast communications,” IEEE
Commun. Lett., vol. 22, no. 3, pp. 630-633, Mar. 2018.

D. M. Mughal, J. S. Kim, H. Lee, and M. Y. Chung, ‘“Performance
analysis of V2 V communications: A novel scheduling assignment and
data transmission scheme,” IEEE Trans. Veh. Technol., vol. 68, no. 7,
pp. 7045-7056, Jul. 2019.

97977



IEEE Access

A. Bazzi et al.: On Design of Sidelink for Cellular V2X

[120]

[121]

[122]

[123

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134

[135]

[136]

[137]

[138]

[139

[140]

[141]

[142]

[143]

97978

G. Cecchini, A. Bazzi, B. M. Masini, and A. Zanella, “MAP-RP: Map-
based resource reselection procedure for autonomous LTE-V2V,” in Proc.
IEEE PIMRC, Oct. 2017, pp. 1-6.

S.Yi, G. Sun, and X. Wang, “Enhanced resource allocation for 5G V2X
in congested smart intersection,” in Proc. IEEE VTC-Fall, Nov. 2020,
pp. 1-5.

T. Maruko, S. Yasukawa, R. Kudo, S. Nagata, and M. Iwamura, “‘Packet
collision reduction scheme for LTE V2X sidelink communications,” in
Proc. IEEE VTC-Fall, Aug. 2018, pp. 1-5.

S. Sabeeh, P. Sroka, and K. Wesolowski, “Estimation and reservation
for autonomous resource selection in C-V2X mode 4,” in Proc. IEEE
PIMRC, Sep. 2019, pp. 1-6.

S. Sabeeh and K. Wesolowski, “C-V2X mode 4 resource allocation
in high mobility vehicle communication,” in Proc. IEEE PIMRC,
Aug. 2020, pp. 1-6.

Y. Jeon and H. Kim, “An explicit reservation-augmented resource
allocation scheme for C-V2X sidelink mode 4,” IEEE Access, vol. 8,
pp. 147241-147255, 2020.

F. Peng, Z. Jiang, S. Zhang, and S. Xu, “Age of information optimized
Mac in V2X sidelink Via piggyback-based collaboration,” IEEE Trans.
Wireless Commun., vol. 20, no. 1, pp. 607-622, Jan. 2021.

A. Giindogan, H. M. Giirsu, V. Pauli, and W. Kellerer, “Distributed
resource allocation with multi-agent deep reinforcement learning for 5G-
V2V communication,” in Mobihoc °20, vol. 2020, pp. 357-362.

W. Anwar, N. Franchi, and G. Fettweis, “Physical layer evaluation
of V2X communications technologies: 5G NR-V2X, LTE-V2X, IEEE
802.11bd, and IEEE 802.11p,” in Proc. IEEE VTC-Fall, Sep. 2019,
pp- 1-7.

C. Campolo, A. Molinaro, F. Romeo, A. Bazzi, and A. O. Berthet, “5G
NR V2X: On the impact of a flexible numerology on the autonomous
sidelink mode,” in Proc. IEEE 2nd 5G World Forum (SGWF), Sep. 2019,
pp- 1-7.

R. G. Leibel, E. Katranaras, and G. Vivier, “HARQ feedback optimization
techniques for improved reliability in cellular vehicle to everything,” in
Proc. IEEE IWCMC, Jun. 2020, pp. 1940-1945.

M. Noor-A-Rahim, G. G. M. N. Ali, Y. L. Guan, B. Ayalew,
P.H. J. Chong, and D. Pesch, “Broadcast performance analysis and
improvements of the LTE-V2 V autonomous mode at road intersection,”
IEEE Trans. Veh. Technol., vol. 68, no. 10, pp. 9359-9369, Oct. 2019.

J. Kim, Y. Han, and I. Kim, “Efficient groupcast schemes for vehicle
platooning in V2 V network,” IEEE Access, vol. 7, pp. 171333-171345,
2019.

CAR 2 CAR Communication Consortium, document TR2052, Survey on
ITS-G5 CAM Statistics, 2018.

On Sidelink Resource Allocation, document 3GPP TSG RAN WGI1 96
r1-1902576, Mar. 2019.

L. F. Abanto-Leon, A. Koppelaar, and S. H. de Groot, “Parallel and
successive resource allocation for V2 V communications in overlapping
clusters,” in Proc. IEEE Veh. Netw. Conf. (VNC), Nov. 2017, pp. 223-230.
L. F. Abanto-Leon, A. Koppelaar, and S. H. de Groot, ““Subchannel
allocation for vehicle-to-vehicle broadcast communications in mode-3,”
in Proc. IEEE WCNC, Apr. 2018, pp. 1-6.

J. A. L. Calvo and R. Mathar, “An optimal LTE-V2I-based cooperative
communication scheme for vehicular networks,” in Proc. IEEE PIMRC,
Oct. 2017, pp. 1-6.

G. Cecchini, A. Bazzi, B. M. Masini, and A. Zanella, “‘Localization-based
resource selection schemes for network-controlled LTE-V2V,” in Proc.
ISWCS, Aug. 2017, pp. 396-401.

R. Fritzsche and A. Festag, ““Location-based scheduling for cellular V2V
systems in highway scenarios,” in Proc. IEEE VTC Spring, Jun. 2018,
pp. 1-5.

M. Zhang, A. Kumar, P. H. J. Chong, H. C. B. Chan, and B. Seet,
“Resource allocation based performance analysis for 5G vehicular
networks in urban areas,” in Proc. IEEE WCNC Workshops, Apr. 2020,
pp. 1-6.

L. Hu, J. Eichinger, M. Dillinger, M. Botsov, and D. Gozalvez, “Unified
device-to-device communications for low-latency and high reliable
Vehicle-to-X services,” in Proc. IEEE VTC Spring, May 2016, pp. 1-7.
G. Cecchini, A. Bazzi, M. Menarini, B. M. Masini, and A. Zanella,
“Maximum reuse distance scheduling for cellular-V2X sidelink mode 3,”
in Proc. IEEE Globecom Workshops, Dec. 2018, pp. 1-6.

D. Sempere-Garcia, M. Sepulcre, and J. Gozalvez, “LTE-V2X mode 3
scheduling based on adaptive spatial reuse of radio resources,” Ad Hoc
Netw., vol. 113, Mar. 2021, Art. no. 102351.

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

Y. Park, T. Kim, and D. Hong, “Resource size control for reliability
improvement in cellular-based V2 V communication,” IEEE Trans. Veh.
Technol., vol. 68, no. 1, pp. 379-392, Jan. 2019.

G. Nardini, A. Virdis, C. Campolo, A. Molinaro, and G. Stea, “Cellular-
V2X communications for platooning: Design and evaluation,” Sensors,
vol. 18, no. 5, p. 1527, May 2018.

T. Sahin and M. Boban, “Radio resource allocation for reliable out-of-
coverage V2 V communications,” in Proc. IEEE 87th Veh. Technol. Conf.
(VIC Spring), Jun. 2018, pp. 1-5.

T. Sahin, R. Khalili, M. Boban, and A. Wolisz, ‘‘Reinforcement learning
scheduler for vehicle-to-vehicle communications outside coverage,” in
Proc. IEEE Veh. Netw. Conf. (VNC), Dec. 2018, pp. 1-8.

T. Sahin, R. Khalili, M. Boban, and A. Wolisz, “VRLS: A unified rein-
forcement learning scheduler for Vehicle-to-Vehicle communications,” in
Proc. IEEE 2nd Connected Automated Vehicles Symp. (CAVS), Sep. 2019,
pp. 1-7.

A. Hegde and A. Festag, ‘“Mode switching performance in cellular-
V2X.,” in Proc. IEEE Veh. Netw. Conf. (VNC), Dec. 2020, pp. 1-8.

M. Mikami, Y. Ishida, K. Serizawa, H. Nishiyori, K. Moto, and
H. Yoshino, “Field experimental trial of dynamic mode switching for
5G NR-V2X sidelink communications towards application to truck
platooning,” in Proc. IEEE VTC-Spring, May 2020, pp. 1-5.

S. Hegde, O. Blume, R. Shrivastava, and H. Bakker, ‘“‘Enhanced resource
scheduling for platooning in 5G V2X systems,” in Proc. IEEE 5G-WF,
Sep. 2019, pp. 108-113.

P. Keshavamurthy, R. Manjunath, P. Spapis, D. Dahlhaus,
E. Pateromichelakis, and C. Zhou, ‘“Graph-based dynamic zone
configurations for resource management in V2 V communications,” in
Proc. IEEE VTC-Fall, Aug. 2018, pp. 1-5.

A. Bazzi, A. Zanella, G. Cecchini, and B. M. Masini, “Analytical
investigation of two benchmark resource allocation algorithms for LTE-
V2 V,” IEEE Trans. Veh. Technol., vol. 68, no. 6, pp.5904-5916,
Jun. 2019.

R. Aslani, E. Saberinia, and M. Rasti, “Resource allocation for cellular
V2X networks Mode-3 with underlay approach in LTE-V standard,”
IEEE Trans. Veh. Technol., vol. 69, no. 8, pp. 8601-8612, Aug. 2020.

G. Giambene, M. S. Rahman, and A. Vinel, “Analysis of V2 V sidelink
communications for platoon applications,” in Proc. IEEE ICC, Jun. 2020,
pp. 1-6.

M. Mikami, K. Serizawa, Y. Ishida, H. Nishiyori, K. Moto, and
H. Yoshino, “Field experimental evaluation on latency and reliability
performance of 5G NR V2 V direct communication in real express
highway environment,” in Proc. IEEE VI C-Spring, May 2020, pp. 1-5.
C. Campolo, A. Molinaro, G. Araniti, and A. O. Berthet, “Better
platooning control toward autonomous driving : An LTE device-to-device
communications strategy that meets ultralow latency requirements,”
IEEE Veh. Technol. Mag., vol. 12, no. 1, pp. 30-38, Mar. 2017.

5G for Cooperative & Connected Automated Mobility on X-Border Cor-
ridors (5G-MOBIX) H2020 Project. [Online]. Available: https://www.5g-
mobix.com/

5G Cross Border Control (5GCroCo) H2020 Project. Accessed:
Jul. 2, 2021. [Online]. Available: https://5gcroco.eu

C. Campolo, A. Molinaro, F. Romeo, A. Bazzi, and A. O. Berthet,
“Full duplex-aided sensing and scheduling in Cellular-V2X mode 4,” in
Proc. ACM MobiHoc Workshop Technol., Models, Protocols Cooperat.
Connected Cars, 2019, pp. 19-24.

Z. Yuan, Y. Ma, Y. Hu, and W. Li, “High-efficiency full-duplex V2V
communication,” in Proc. IEEE 6G Wireless Summit, Mar. 2020, pp. 1-5.
T. Hirai and T. Murase, “NOMA concept for PC5-based cellular-V2X
mode 4 in crash Warning system,” in Proc. IEEE 90th Veh. Technol. Conf.
(VI C-Fall), Sep. 2019, pp. 1-6.

T. Hirai and T. Murase, ‘‘Performance evaluation of NOMA for sidelink
cellular-V2X mode 4 in driver assistance system with crash Warning,”
IEEE Access, vol. 8, pp. 168321-168332, 2020.

Z. Situ, I. W.-H. Ho, Y. Hou, and P. Li, “The feasibility of NOMA in
C-V2X.” in Proc. IEEE INFOCOM, Jul. 2020, pp. 562-567.

B. Tahir, S. Schwarz, and M. Rupp, “Collision resilient V2X communi-
cation Via grant-free NOMA,” in Proc. 28th Eur. Signal Process. Conf.
(EUSIPCO), Jan. 2021, pp. 1732-1736.

J. Thota, N. F. Abdullah, A. Doufexi, and S. Armour, “V2V for vehicular
safety applications,” IEEE Trans. Intell. Transp. Syst., vol. 21, no. 6,
pp. 2571-2585, Jun. 2020.

VOLUME 9, 2021



A. Bazzi et al.: On Design of Sidelink for Cellular V2X

IEEE Access

[167] J.Kim, O.Jo, and S. W. Choi, ‘‘Feasibility of index-coded retransmissions
for enhancing sidelink channel efficiency of V2X communications,”
IEEE Access, vol. 7, pp. 6545-6552, 2019.

[168] M. Ivanov, F. Briannstrom, A. G. I. Amat, and P. Popovski, “All-to-all
broadcast for vehicular networks based on coded slotted ALOHA,” in
Proc. IEEE ICC Workshop (ICCW), Jun. 2015, pp. 2046-2050.

[169] M. Ivanov, F. Brinnstrom, A. Graell i Amat, and P. Popovski, ‘“‘Broadcast
coded slotted ALOHA: A finite frame length analysis,” IEEE Trans.
Commun., vol. 65, no. 2, pp. 651-662, Feb. 2017.

[170] J. He, K. Yang, and H.-H. Chen, “6G cellular networks and connected
autonomous vehicles,” IEEE Netw., early access, Nov. 17, 2020, doi:
10.1109/MNET.011.2000541.

[171] B. M. Masini, C. M. Silva, and A. Balador, “The use of meta-surfaces
in vehicular networks,” J. Sensor Actuator Netw., vol. 9, no. 1, p. 15,
Mar. 2020.

[172] S. Mignardi, C. Buratti, A. Bazzi, and R. Verdone, “Trajectories and
resource management of flying base stations for C-V2X,” Sensors,
vol. 19, no. 4, p. 811, Feb. 2019.

[173] M. Noor-A-Rahim, Z. Liu, H. Lee, M. O. Khyam, J. He, D. Pesch,
K. Moessner, W. Saad, and H. V. Poor, “6G for vehicle-to-everything
(V2X) communications: Enabling technologies, challenges, and
opportunities,” 2020,  arXiv:2012.07753. [Online].  Available:
http://arxiv.org/abs/2012.07753

[174] G. Thandavarayan, M. Sepulcre, and J. Gozalvez, ““Analysis of message
generation rules for Collective perception in connected and automated
driving,” in Proc. IEEE Intell. Vehicles Symp. (IV), Jun. 2019.

[175] H. Huang, H. Li, C. Shao, T. Sun, W. Fang, and S. Dang, “Data
redundancy mitigation in V2X based collective perceptions,” IEEE
Access, vol. 8, pp. 13405-13418, 2020.

[176] E. Paolini, G. Liva, and M. Chiani, “Coded slotted ALOHA: A graph-
based method for uncoordinated multiple access,” IEEE Trans. Inf.
Theory, vol. 61, no. 12, pp. 6815-6832, Dec. 2015.

[177] G. Cecchini, A. Bazzi, B. M. Masini, and A. Zanella, “LTEV2Vsim:
An LTE-V2V simulator for the investigation of resource allocation for
cooperative awareness,” in Proc. IEEE MT-ITS, Jun. 2017, pp. 80-85.

[178] LTEV2Vsim, MATLAB Simulator. Accessed: Jul. 2, 2021. [Online].
Available: https://github.com/alessandrobazzi/LTEV2Vsim

[179] F. Eckermann, M. Kahlert, and C. Wietfeld, “Performance analysis

of C-V2X mode 4 communication introducing an open-source C-V2X

simulator,” in Proc. IEEE (VIC-Fall), Sep. 2019, pp. 1-5.

R. Rouil, E.J. Cintrén, A. Ben Mosbah, and S. Gamboa, “Implementation

and validation of an LTE D2D model for ns-3,” in Proc. Workshop NS-3-

WNS3, 2017, pp. 55-62.

Cellular Vehicle-to-Everything (C-V2X) Mode 4 Communication

Model for NS-3. Accessed: Jul. 2, 2021. [Online]. Available:

https://github.com/FabianEckermann/ns-3_c-v2x

[182] B. McCarthy and A. O’Driscoll, “OpenCV2X Mode 4: A simulation
extension for cellular vehicular communication networks,” in Proc. IEEE
CAMAD, Sep. 2019, pp. 1-6.

[183] A. Virdis, G. Stea, and G. Nardini, “Simulating LTE/LTE-advanced

networks with SimuLTE,” in Proc. Simulation Modeling Methodologies,

Technol. Appl. Cham, Switzerland: Springer, 2015, pp. 83-105.

Open Cellular Vehicle To Everything (OpenCV2X)-Mode 4.

Accessed: Jul. 2, 2021. [Online]. Available: http://www.cs.ucc.ie/cv2x/

[185] A.Hegde and A. Festag, “Artery-C: An OMNeT++ based discrete event
simulation framework for cellular V2X,” in Proc. ACM Conf. Modeling,
Anal. Simulation Wireless Mobile Syst., 2020, pp. 47-51.

[186] Feron Technologies P.C. LTE-Sidelink, An Open MATLAB Software
Library for the 3GPP LTE Sidelink Interface. [Online]. Available:
https://feron-tech.github.io/lte-sidelink/

[187] C. Sommer, R. German, and F. Dressler, “Bidirectionally coupled
network and road traffic simulation for improved IVC analysis,” IEEE
Trans. Mobile Comput., vol. 10, no. 1, pp. 3-15, Jan. 2011.

[188] W. Anwar, K. Kulkarni, T. R. Augustin, N. Franchi, and G. Fettweis,
“PHY abstraction techniques for IEEE 802.11 p and LTE-V2V: Appli-
cations and analysis,” in Proc. IEEE Globecom Workshops, Dec. 2018,
pp- 1-7.

[189] W. Anwar, S. Dev, A. Kumar, N. Franchi, and G. Fettweis, “PHY
abstraction techniques for V2X enabling technologies: Modeling and
analysis,” IEEE Trans. Veh. Technol., vol. 70, no. 2, pp. 1501-1517,
Feb. 2021.

[190] M. Boban, T. T. V. Vinhoza, M. Ferreira, J. Barros, and O. K. Tonguz,
“Impact of vehicles as obstacles in vehicular Ad hoc networks,” IEEE J.
Sel. Areas Commun., vol. 29, no. 1, pp. 15-28, Jan. 2011.

[180

[181

[184

VOLUME 9, 2021

ALESSANDRO BAZZI (Senior Member, IEEE)
received the Laurea and Ph.D. degrees in telecom-
munications from the University of Bologna, Italy,
in 2002 and 2006, respectively. From 2002 to
2019, he was a Researcher of the National
Research Council of Italy (CNR). Since the
academic year 2006/2007, he has been holding
courses at the University of Bologna in the area of
wireless systems and networks. He is currently a
Senior Researcher with the University of Bologna,
and an Associate Member of CNIT/WILAB. His research interests include
medium access control and radio resource management of wireless networks.
Particular focus has been placed on connected and autonomous vehicles
(CAVs). He is also part of the ETSI specialist task force on multi-channel
operations. He delivered a keynote on CAVs at ICUMT2020, he received the
Best Paper Award at ITSC 2017, he participated to several conferences as a
Tutorial Instructor or a Panelist, including IARIA MOBILITY 2012, IEEE
ISWCS2017, IEEE ComSoc Spring School 2019, IEEE PIMRC 2019, and
IEEE ICC 2021, and he organized Special Sessions or Workshops at IEEE
PIMRC 2018 and IEEE PIMRC 2019. He is also in the Editorial Board of
Wireless Communications and Mobile Computing (Hindawi) and Vehicles
(MDPI), and a Chief Editor of Mobile Information Systems (Hindawi).

ANTOINE O. BERTHET (Senior Member, IEEE)
received the degree in engineering from Télécom
SudParis, Evry, France, in 1997, the M.Sc. degree
in signal processing from Télécom ParisTech,
France, in 1997, the Ph.D. degree in computer
science, electronics, and telecommunications from
the University Pierre et Marie Curie (UPMC),
Paris, France, in 2001, the Ph.D. degree in com-
puter science from Télécom ParisTech, in 2001,
and the HDR degree from UPMC, in 2007. From
January 1998 to October 2000, he was with France Telecom Research and
Development. From October 2000 to October 2001, he was as a Senior
Research Engineer with Alcatel Space Industries and worked on high data
rate modem design for satellites. Since 2001, he has been with Supélec
(now Centrale Supélec, Gif-sur-Yvette, France). He is currently a Full
Professor with the Centrale Supélec, and a CNRS Researcher. His research
interests include information theory, coding theory, and signal processing
for telecommunications, with application to the physical layers of satellite,
cellular, and vehicular networks.

CLAUDIA CAMPOLO (Senior Member, IEEE)
received the Laurea and Ph.D. degrees in
telecommunications engineering from the Uni-
versity Mediterranea of Reggio Calabria, Italy,
in 2007 and 2011, respectively. She was a
Visiting Ph.D. Student with the Politecnico di
Torino, in 2008, and a DAAD Fellow with
the University of Paderborn, Germany, in 2015.
Since March 2020, she has been an Associate
Professor of telecommunications with the Uni-
versity Mediterranea of Reggio Calabria. Her main research interests
include vehicular networking, 5G and beyond systems, and future Internet
architectures. She is a member of the editorial board of several international
journals and Co-Editor of the book Vehicular Ad Hoc Network: Standards,
Solutions, and Research (Springer-Verlag, 2015). She has received three best
paper awards for research in the vehicular networking field and the IEEE
ComSoc EMEA Outstanding Young Researcher Award, in 2015. She gave
tutorials on V2X topics at IEEE WCNC 2012, 2018, and 2019, IEEE ICC
2017, EuCNC 2017, and IEEE PIMRC 2019. She was invited to participate
to the Dagsthul Seminar on ‘“Inter-vehicular Communication Towards
Cooperative Driving,” in May 2018. She is a Guest Editor for several special
issues on vehicular networking topics: Computer Communications, in 2016,
Future Internet journal, in 2019, and IEEE OPEN JOURNAL ON INTELLIGENT
TRANSPORTATION SYSTEMS, in 2021.

97979


http://dx.doi.org/10.1109/MNET.011.2000541

IEEE Access

A. Bazzi et al.: On Design of Sidelink for Cellular V2X

BARBARA MAVI MASINI (Senior Member,
IEEE) received the Laurea degree (summa cum
laude) in telecommunications engineering and
the Ph.D. degree in electronic, computer sci-
ence, and telecommunication engineering from
the University of Bologna, Italy, in 2001 and
2005, respectively. Since 2005, she has been a
Researcher with the Institute for Electronics and
for Information and Telecommunications Engi-
neering (IEIIT), the National Research Council
(CNR). Since 2006, she has been an Adjunct Professor with the University
of Bologna. She works in the area of wireless communication systems and
her research interests include connected vehicles, from physical and MAC
levels aspects up to applications and field trial implementation, relay assisted
communications, energy harvesting, and visible light communication (VLC).
She is an Editor of IEEE Access and Computer Communications (Elsevier)
and she is responsible for a number of national and international projects on
vehicular communications.

ANTONELLA MOLINARO (Senior Member,
IEEE) graduated in computer engineering from
the University of Calabria, in 1991. She received
the Master Diploma degree in information tech-
nology from the CEFRIEL/Polytechnic of Milano,
in 1992, and the Ph.D. degree in multimedia tech-
nologies and communications systems, in 1996.
From 1994 to 1995, she was a CEC Fellow
in the RACE-II Program with Siemens A.G.,
Munich, Germany. From 1997 to 1998, she was
a Research Fellow with the Polytechnic of Milano. From 1998 to 2001,
she was an Assistant Professor with the University of Messina and the
University of Calabria, from 2001 to 2004. She is currently an Associate
Professor of telecommunications with the University Mediterranea of Reggio
Calabria, Italy. She is also a Professor with the CentraleSupélec, Université
Paris-Saclay, France. Her current research interests include 5G, vehicular
networking, and future Internet architectures.

97980

ALBERTO ZANELLA (Senior Member, IEEE)
received the Laurea degree (summa cum laude)
in electronic engineering from the University of
Ferrara, Italy, in 1996, and the Ph.D. degree in
electronic engineering and computer science from
the University of Bologna, in 2000. He joined
the CNR-CSITE (merged with CNR-IEIIT, since
2002), as a Researcher, in 2001, where he has
been a Senior Researcher, since 2006. His research
interests include MIMO, mobile radio systems,
ad hoc and sensor networks, and vehicular networks. Since 2001, he has
the appointment of an Adjunct Professor of electrical communication,
from 2001 to 2005, telecommunication systems, from 2002 to 2012, and
in 2013, and multimedia communication systems, from 2006 to 2011 with
the University of Bologna. He participated/participate to several national
and European projects. He was the Technical Co-Chair of the PHY Track
of the IEEE Conference WCNC 2009 and the Wireless Communications
Symposium (WCS) of IEEE Globecom 2009. He was/is in the Technical
Program Committee of several international conferences, such as ICC,
Globecom, WCNC, PIMRC, and VTC. He had served as an Editor
for Wireless Systems, from 2003 to 2012, and IEEE TRANSACTIONS ON
Communications. He is also a Senior Editor for IEEE TRANSACTIONS ON
COMMUNICATIONS.

VOLUME 9, 2021



