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Abstract: The expansion of mobile connectivity with the arrival of 6G paves the way for the new
Internet of Verticals (6G-IoV), benefiting autonomous driving. This article highlights the importance
of vehicle-to-everything (V2X) and vehicle-to-vehicle (V2V) communication in improving road safety.
Current technologies such as IEEE 802.11p and LTE-V2X are being improved, while new radio access
technologies promise more reliable, lower-latency communications. Moreover, 3GPP is developing
NR-V2X to improve the performance of communications between vehicles, while IEEE proposes the
802.11bd protocol, aiming for the greater interoperability and detection of transmissions between
vehicles. Both new protocols are being developed and improved to make autonomous driving more
efficient. This study analyzes and compares the performance of the protocols mentioned, namely
802.11p, 802.11bd, LTE-V2X, and NR-V2X. The contribution of this study is to identify the most
suitable protocol that meets the requirements of V2V communications in autonomous driving. The
relevance of V2V communication has driven intense research in the scientific community. Among
the various applications of V2V communication are Cooperative Awareness, V2V Unicast Exchange,
and V2V Decentralized Environmental Notification, among others. To this end, the performance of
the Link Layer of these protocols is evaluated and compared. Based on the analysis of the results, it
can be concluded that NR-V2X outperforms IEEE 802.11bd in terms of transmission latency (L) and
data rate (DR). In terms of the packet error rate (PER), it is shown that both LTE-V2X and NR-V2X
exhibit a lower PER compared to IEEE protocols, especially as the distance between the vehicles
increases. This advantage becomes even more significant in scenarios with greater congestion and
network interference.

Keywords: 6G; V2X; URLLC; IEEE 802.11p; IEEE 802.11bd; LTE-V2X; NR-V2X

1. Introduction

The fifth generation of mobile communications (5G) began the process of installing
the mobile infrastructure required to enable and accelerate the full digital transformation,
namely, incorporating the concept of the Internet of Things (IoT). In turn, the sixth gen-
eration of mobile communications (6G) brings the beginning and strengthening of the
so-called Industry 5.0.

Furthermore, 6G technology will support the Internet of Verticals (IoV), known as
6G-IoV. This new concept will make it possible to have an adaptable and reconfigurable
network infrastructure to meet the demands of the different sectors of industry and society.

With 5G, and with the emergence of 6G, new use cases will require the support of
higher data rates, improved mobility, higher connectivity, lower latencies, and a higher
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density of connected devices, among other capabilities. In this context, mobile network ser-
vices supported by 5G have been classified by the International Telecommunication Union
(ITU) into three categories: (1) Enhanced Mobile Broadband (eMBB); (2) Ultra-Reliable,
Low-Latency Communications (uRLLC); and (3) Massive Machine-Type Communications
(mMTC) [1].

Enhanced Mobile Broadband (eMBB) focuses on supporting use cases with high
bandwidth requirements, such as high-definition video streaming, virtual reality (VR)
and augmented reality (AR), with high coverage. The URLLC service aims to meet the
expectations of the highly demanding Industry 4.0 [2] and focuses on latency-sensitive
services, such as autonomous driving and remote surgery. Finally, mMTC focuses on
addressing services that require connecting many (eventually low-power) devices which
enable large-scale IoT deployments, such as interconnecting sensors utilized in smart cities.

While 5G communications play an important role in autonomous driving as they sup-
port URLLC [3], with 6G, these three use cases will be unified in the so-called Mobile Broad-
band Service and Reliable Low-Latency Machine-Type Communication (MBBRLLMTC) to
offer a high data rate, latency, coverage, spectral energy, cost efficiency, intelligence level,
networking, and massive connectivity, and autonomous driving is one of the areas that will
benefit [4].

In autonomous driving, transmission latency must be less than 1 ms and requires very
low bit error rates (BERs) [5]. With the deployment of 6G, V2V communications will be
improved and can be carried out without the need to use base stations [6].

Given the restricted line-of-sight capability of autonomous vehicles, the concept of
vehicle-to-everything (V2X) communication was created with the aim of increasing the
safety and efficiency of transport through direct communication between vehicles, infras-
tructure, and other devices. One of the protocols created for this purpose was LTE-V2X [7].

V2X is made up of a set of communication protocols, namely 802.11p, 802.11bd,
LTE-V2X, and 5G New Radio V2X (NR-V2X), which enable vehicle-to-vehicle (V2V) and
vehicle-to-infrastructure (V2I) communications, as shown in Figure 1.

eNB m . . eNB
! Optical fiber cable or microwave m‘

Figure 1. V2X communication.

In 2010, the Institute of Electrical and Electronics Engineers (IEEE) proposed the first
standard for V2X communications: the 802.11p protocol [8]. This standard is an evolution
of the IEEE 802.11a wireless local area network (WLAN) standard and mainly defines the
rules for controlling physical access to the medium. In March 2018, the Next-Generation
V2X Study Group was formed to create the evolution of the 802.11p protocol, and in January
2019, the IEEE 802.11bd Task Group was created. This group published a document that
defined the technical details of the new standard, namely, the 802.11bd protocol [9] and
updated in [10].
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The 3rd Generation Partnership Project (3GPP) also defined, in 2016, a protocol for
V2X communications in its 3GPP Release 14. It can be considered that the LTE-V2X
specification was completed gradually between Releases 14 [7] and 16 [11], but with
continuous improvements in later releases.

With the evolution of cellular networks, 3GPP published the NR-V2X, which is a new
specification for V2X. This protocol began its initial standardization in Release 15 [12].

NR-V2X offers better performance with advanced services for the new use cases of au-
tonomous driving. This efficiency is being achieved by investing in hardware resources and
techniques to achieve high spectral efficiency. With the advent of 6G-based networks, which
aim to combine terrestrial and non-terrestrial communication networks, such as satellite
and unmanned aerial vehicle (UAV) communication networks, vehicular communications
are expected to be greatly improved.

The NR-V2X will probably be used in 6G (6G-V2X) but in an improved way. It
will allow the deployment of new use cases for V2X communications in the context of
autonomous driving [13-15].

In the pursuit of linking billions of IoT devices, achieving blazingly fast data rates,
and minimizing delays, 6G technology aims to fulfil its demanding requirements. 6G
is anticipated to deliver the following: (1) speeds surpassing 1 Tbps; (2) an enhanced
network capacity, accommodating a significantly greater density of mobile devices per
square kilometer; and (3) ultra-low latency, crucial for time-sensitive applications like
autonomous driving, online gaming, and remote device control. To achieve this, it employs
strategies like block transmission techniques, sophisticated error correction codes, and
large intelligence surfaces (LISs). The LIS system can be envisioned as an ultra-advanced
MIMO (multiple-input multiple-output) setup, boasting an even greater number of antenna
elements, thereby enabling enhanced capacities and data transfer speeds [16].

Furthermore, 6G networks will allow intelligent V2X systems to have significant
reliability and enhanced security, high data rates (around 1 Tbps), low latency (<1 ms),
and fast access to wireless networks [17]. To supply the needs of the 6G network with its
heterogeneous composition of autonomous devices, various connectivity techniques for 6G
scenarios are required to enable decision making in future V2X networks.

It is envisioned that 6G will work together with machine learning not only to achieve
intelligent and autonomous radio signals, but also to bring new features, such as enhanced
context awareness, self-aggregation, adaptive coordination, and self-configuration [18].

The aim of this article is to evaluate the performance of emerging protocols for V2X
communications, namely 802.11bd and NR-V2X, and the current 802.11p and LTE-V2X
protocols. To determine this comparative performance of the protocols, the following
metrics are considered in the analyses: transmission latency, data rate, and packet error
rates. In this way, it will be possible to determine which of the protocols would make
autonomous driving more reliable and safer, contributing to more adaptable mobility.

In the first part of the methodology used in this manuscript, the configuration pa-
rameters for calculating the L and DR values are defined, using the established theoretical
mathematical model. The second part describes the procedure for calculating the PER
using simulations.

The article is structured as follows: Section 2 describes V2X communication protocols
and related work. Section 3 defines and explains the calculations of the performance metrics
analyzed in this paper. Section 4 analyzes the performance results and discusses prospects.
Section 5 presents the research conclusions.

2. Overview of V2X Protocols

This section provides a detailed overview of the protocols proposed by the interna-
tional research community for V2X communication.
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2.1. IEEE 802.11p

The IEEE 802.11p protocol is an evolution of the IEEE 802.11 protocol [19]. It supports
traffic shifting in vehicular networks because the MAC sub-layer is based on the prioriti-
zation and contention established in the Enhanced Distributed Channel Access (EDCA)
scheme and the multichannel operation of the wireless access in vehicular environments
(WAVE) system. Within the context of IEEE 802.11p, WAVE refers to the vehicular commu-
nication system that utilizes the 802.11p amendment to enable wireless communication
between vehicles and traffic infrastructure. This technology is particularly relevant for road
safety applications, such as collision alerts, traffic management, and communication among
autonomous vehicles.

The 802.11p protocol supports speeds of up to 200 km/h, response times of around
100 ms, and a communication range of up to 1000 m. The physical layer (PHY) of 802.11p
is based on orthogonal frequency division multiplexing (OFDM). The Modulation and
Coding Schemes (MCSs) of the 802.11p standard are described in [20].

The main difference between IEEE 802.11p, compared with the IEEE 802.11a protocol,
is that the carrier spacing and bandwidth are reduced by a factor of two, resulting in
a symbol duration that is twice as long [21]. Moreover, the cyclic prefix (CP) duration
is also doubled, which makes it possible to compensate for longer delays and makes it
more suitable for outdoor environments. However, the throughput and end-to-end delay
degrade rapidly as the data rate increases, which is why the protocol is only suitable for
transferring low bit-rate data streams in vehicular environments and cannot be used for
V2X applications where reliability is required and throughput is high.

2.2. IEEE 802.11bd

The IEEE 802.11 Next-Generation V2X Study Group was formed in March 2018 to
define a protocol to support next-generation wireless access applications for autonomous
driving and to expand the transmission services used in the IEEE 802.11 WLAN. In January
2019, the IEEE 802.11bd Task Group defined the main objectives of this new standard in
terms of interoperability and access to communication channels for devices still using the
802.11p protocol.

The 802.11bd protocol is based on the physical layer of the 802.11ac PHY protocol.
However, the performance of the 802.11ac PHY, in decoding the frame by the receiver, is
currently poor due to channel variations within the duration of the frame. The 802.11bd
PHY proposal aims to solve this problem with the use of midambles. Midambles are refer-
ence signals that help vehicles synchronize and detect transmissions from other vehicles,
ensuring more robust and accurate V2V communication.

To increase the efficiency of OFDM in 6G transmissions, TGbd (Task Group 802.11bd)
members are also studying the use of OFDM numerologies to vary the spacing between
sub-carriers in such a way that the number of sub-carriers increases even when they occupy
a 10 MHz channel [22,23].

Table 1 shows a summary of the main differences between 802.11p and 802.11bd.

Table 1. Comparison between 802.11p with 802.11bd.

Parameter 802.11p 802.11bd
Frequency band 5.9 GHz 5.9 GHz, 60 GHz
Subcarrier spacing 156.25 kHz 312.5 kHz, 156.25 kHz, 78.125 kHz
Channel coding BCC LDPC
Cyclic prefix time 1.6 us 1.6 us and 3.2 us
PHY layer N/A OFDM
Relative vehicle speed 252 km/h 500 km/h

Spatial streams one multiple
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2.3. LTE-V2X

Moreover, 3GPP’s study of LTE-V2X began with the publication of Release 14 and
was further refined in Release 15. LTE-V2X is designed to support autonomous driving
applications such as safety and traffic management. LTE-V2X also supports services for
V2X communications: Intelligent Transport Systems—Generation 5 (ITS-G5) and dedicated
short-range communication (DSRC) [24,25].

The LTE physical layer can operate in different channel bandwidths, including 1.4 MHz,
3 MHz, 5 MHz, 10 MHz, 15 MHz, and 20 MHz. In the case of LTE-V2X, the channel band-
width can be configured as necessary to meet the channel requirements. The channel is
divided into 180 kHz bandwidth resource blocks (RBs), which correspond to 12 OFDM
subcarriers spaced 15 kHz.

For V2X communications, LTE-V2X defines two resource allocation modes: mode 3
and mode 4. In mode 3, the Evolved Node B (eNB) manages V2X communications, with
the function of configuring and selecting communication resources; in this mode, vehicles
need to be inside the network coverage. In mode 4, the vehicles select and configure
the subchannels autonomously, without the need to use the cellular infrastructure, i.e.,
they can operate outside network coverage. For subchannel selection in mode 3, there is
dynamic scaling, in which the vehicle asks the eNB for subchannels for each transport
block (TB). In semi-persistent scheduling (SPS), the eNB reserves subchannels so that a
vehicle can transmit several TBs. Mode 3 can outperform mode 4 since the scheduling of
transmissions is centralized at the eNB. However, it requires operation in network coverage
and introduces cellular uplink (UL) and downlink (DL) signaling overhead [26,27]. In
mode 4, vehicles select their communication channels using semi-persistent programming
(SPS) [28].

2.4. NR-V2X

Moreover, 3GPP began introducing the concepts and preparations for NR-V2X in
Release 15 in 2018. This release introduced improvements to the eMBB mode and increased
speeds of IoT support. In 2020, Release 16 implemented the other two modes, mMTC and
URLLC, using network slicing (splitting different use cases, making resource reservations).

Furthermore, 5G NR-V2X was also introduced in 3GPP Release 16, supporting con-
nected and autonomous driving. Other topics presented in this release are NR-based access
to unlicensed spectrum (NR-U), interference mitigation, satellite access in 5G mobility
enhancements, integrated access and backhaul, satellite access in 5G, and mobile communi-
cations systems for railways. Release 17 was made available in 2022, whose focus was on
making improvements to URLLC, network slicing, and the remote control of vehicles.

In NR-V2X, two frequencies ranges (FRs) are available for transmissions: the sub-6 GHz
band (FR1: 410 MHz-7.125 GHz) and the millimeter band (mm wave) (FR2: 24.25-52.6 GHz).
Since the maximum bandwidth in FR1 is 100 MHz and, in FR?2, it is 400 MHz, NR-V2X
outperforms LTE-V2X since the maximum bandwidth in LTE-V2X is 20 MHz. Table 2 shows
some of the main differences between LTE and 5G technologies.

Table 2. Feature comparison between LTE and 5G.

Parameter LTE 5G
FR1 (410 MHz to 7.125 GHz)
Frequency band Sub-6 GHz FR2 (24.25 GHz to 52.6 GHz)
FR1: 5, 10, 15, 25, 30, 40, 50, 60, 80, 100 MHz
Carrier bandwidth Max: 20 MHz or Max: 100 MHz (at <6GHz)

FR2: 50, 100, 200, 400 MHz
or Max: 1GHz (at >6GHz)
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Table 2. Cont.

Parameter

LTE 5G
Carrier aggregation Up to 32 Upto 16
Digital beamforming Up to 8 layers Up to 12 layers
Analog beamforming Not Supported Supported
Channel coding Data: turbo coding Data: LDPC coding

Control: convolutional coding

Control: polar coding

Spectrum occupancy 90% of channel BW Up to 98% of channel BW
Subcarrier spacing 15 kHz (fixed) 15, 30, 60, 120, 240 kHz
Max number of subcarriers 1200 3276
Subframe 1 ms (moving to 0.5 ms) 1 ms
Latency (air interface) 10 ms (moving to 5 ms) 1 ms

. 14 symbols (duration depends on SC spacing)
Slot length 7 symbols in 500 ms 2,4, and 7 symbols for mini slots
Duplexing FDD, static TDD FDD, Static TDD, Dynamic TDD
. Up to 256-QAM DL
Modulation Up to 64-QAM UL Up to 256-QAM UL and DL
Based on some comparison parameters between the protocols analyzed in this work,
namely 802.11p, 802.11bd, LTE-V2X and NR-V2X, Table 3 was drawn up.
Table 3. Feature comparison between 802.11p, 802.11bd, LTE-V2X, and NR-V2X.
Parameter 802.11p 802.11bd LTE-V2X NR-V2X
FR1 (Sub-6 Ghz):
Frequency band 5.9 GHz 5.9 GHz, 60 GHz 5.9 GHz 410 MHz to 7.125 GHz
FR2 (mm wave):
24.25 GHz to 52.6 GHz)
FR1 (Sub-6 GHz):
Subcarrier spacing 312.5,156.25, 15, 30, 60 kHz
(SCS) 156.25 kHz 78.125 kHz 15 kHz FR2 (mm wave):
60, 120 kHz
Base technology IEEE 802.11a/n IEEE 802.11n/ac 4G/LTE 5GNR
PHY layer N/A OFDM SC-FDMA SC-FDMA, OFDM
mm wave support N/A Yes N/A Yes
0.5-10 ms (300 m range) 0.5-10 ms (300 m range)
Latency <100 ms (average) 10-100 ms 50 ms (average) 10-100 ms
(300 m-2 Km range) (500 m-2 Km range)
Range 1 Km 2 Km 1 Km 2 Km
Modes Broadcast Broadcast, groupcast Broadcast Broadcast., groupcast,
unicast
Retransmission none Congestion-dependent Blind HARQ-based

3. Performance Metrics of V2X Technologies

This study evaluates the performance of the protocols for V2X communications. To
this end, the metrics of the code rate, transmission latency, and data rate are computed
and analyzed. The mathematical models for calculating the metrics are based on research
carried out in [22,29,30]. These metrics are important for assessing the performance of a



Future Internet 2024, 16, 203

7 of 19

receiver vehicle in terms of communication reliability. The following subsections show the
definition, implementation, and calculation of these metrics.

3.1. Code Rate

The code rate (CR) is a measure of the efficiency of data transmission and is related to
error correction. The code rate values for the 802.11p and 802.11bd protocols are shown
(see [31], Table 17-4). The code rate calculation for the LTE-V2X protocol CRITE is calculated

by the following [22]:
LLTE
CRLTE _ bits—RB (1)

— NLTE
Ngp-- g, Nsc-Mpps

where n%f_ rp 18 the total number of bits carried by resource blocks, N LT is the number
of resource blocks (see [32], Table 7.1.7.2.1-1), and 1, g, is the number of symbols in a
sub-frame, which is equal to 14, although 9 symbols are used for the data [30]. 1 is the
number of subcarriers equal to 12 and n;,,; the number of bits carried by the modulation
scheme (see [32], Table 8.6.1-1).

To calculate the code rate for the NR-V2X protocol, one should divide the target code
rate value by 1024 (see [33], Table 6.1.4.1-1).

3.2. Transmission Latency (L)

The transmission latency (L) is defined as the time required, expressed in milliseconds,
to transmit a payload (P,) in bytes, from a transmitting vehicle to a receiving vehicle, over
a wireless medium. Calculating the L is fundamental to guaranteeing the effectiveness
and reliability of communications, from road safety to traffic management and immediate
response to emergencies. In this work, the term payload refers to the size of the data
transmitted between vehicles that are encapsulated in a frame.

3.2.1. L for 802.11p Protocol (L)

The L' is the time required to transmit a packet. For a given Py, the L!'" is calculated
using an Equation (2).

11 11
L1 = tprf +tarrs + tsym~nsyﬁ1 +tgo, ()

where t;,if is the preamble duration (i.e., 40 ps) that includes PLCP Header, t4;rs is the
arbitrary inter frame space (i.e., 32 ps) for priority data, and s, is the OFDM symbol
duration (i.e., 8 us). tpo is the random (backoff) period before a transmission begins.
For calculation purposes, we consider the worst-case scenario corresponding to 32 slots
x 20 ps = 640 ps. This time is crucial for avoiding collisions between vehicles, solving
synchronization problems, ensuring fairness in the transmission opportunity between them,
and allowing adaptation to change in the communication channel [34,35].

Equation (3) is used to compute the number of OFDM symbols (ni%).

11p P,.8
Nsym = T ~pitp 3)
. CRYP 1y

where n;zp is the number of data carriers in an OFDM symbol (see [20], Table 17-4), and

Npps is the number of bits per OFDM symbol (5= P;.8/ ng;,ﬁ).

3.2.2. L for 802.11bd Protocol (L!Pd)

The calculation L!* is carried out in a similar way to that of the 802.11p protocol, as
shown in Equation (4):
11bd _ by.8 @
sym
Y n}ilbd-CRllbdﬂbps
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where n};f’nd is the number of OFDM symbols needed to transmit P, bytes, N;de is the

number of data subcarriers, which is 52 [33], and 7;,,s is the number of bits carried by the
modulation scheme (see [32], Table 8.6.1-1). It is also necessary to calculate the number of
symbols used to midamble (1,,,), which can be calculated by the following:

11bd
n -1
Nma = ’Vsym“ 5)

tma

where t;,,; is the midamble periodicity (eight OFDM symbols for MCS0-4 and MCS10 and
four OFDM symbols for MCS5-9). Finally, L!*? can be calculated by the following;

LM = t%}igd +tarrs + tsym~t§;rbnd + tsym-Nma+1tpo (6)
where 1S the preamble duraton (1.e., Us), t A7rs 1S the arbitrary inter rrame space
here t}1% is the preamble duration (i.e., 80 us), t o1rs is the arbitrary inter f p

(i-e., 32 us) for priority data, tsy, is the OFDM symbol duration (i.e., 8 us). Moreover, tpo is
the random time interval preceding the start of a transmission, with the same purpose
as the time period used for 802.11p. Similarly to 802.11p, in this study, we consider the
worst-case scenario corresponding to 32 slots x 20 us = 640 us.

3.2.3. L for LTE-V2X Protocol (L1E)

For LTE, LM refers to the number of sub-frames needed to transmit P, (in bytes)

multiplied by the duration of a sub-frame (tLTF =1 ms) [21]. The division by 10 refers to

LLTE

the conversion from the number of frames to the number of sub-frames. is calculated

by the following expression:

[LTE _ nKp {LTE @)
(nLTE >/10 “sub—fr
RB—fr

where n%’s is the number of resource blocks needed to transmit P, bytes (see [32],
Table 7.1.7.2.1-1), nllgi fr stands for the number of resource blocks per frame ([36],

Table 2), and tsLuTbE_ fr refers to the sub-frame duration.

3.2.4. L for NR-V2X Protocol (LNR)
For NR-V2X, LNR is determined by the number of time slots required to transmit data

P, (in bytes) multiplied by the slot duration 3%, such as
NR nRp NR
L™ = NR “tslot ®)
"RB—slot

where nRR is the number of resource blocks needed to transmit P, bytes, and nRX . is

the number of resource blocks per slot (see [37], Table 5.3.2-1).

To calculate nﬁjg resource blocks, we use

P,.8
NII{\IL%Q:’VREI]NR w ©)
"i_RE 'nnbpm
where nfj‘] fR E is the number of resource elements available for data transmission, nanIEm is
the spectral efficiency of a given MCS obtained from (see [33], Table 6.1.4.1-1), and P, is the
payload size.
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3.3. Data Rate

The data rate (DR) is the maximum transfer rate of bits per unit of time that a protocol
achieves to keep its services running. A high data rate for a communication link between
vehicles means that more services can be provided. In general, the data rate can be
analyzed based on the bandwidth and overhead ratio. Calculating the DR is fundamental
to determining channel capacity, spectral efficiency, and suitability for practical applications
in autonomous driving. In this study, MCS is considered to analyze the maximum data
rate achieved by the 802.11p, 802.11bd, LTE-V2X, and NR-V2X protocols. The average
data rates obtained through simulations should be regarded as effective data rates as they
consider the probability of successful transmission between vehicles.

3.3.1. DR for 802.11p Protocol (DR'F) and 802.11bd (DR'P4)

DR is determined by the number of bits transmitted, for a particular payload size
(Py), in the time defined by the latency, L''7, as determined by Equation (3), such as
P,.8
11p _ 1
DR*'? = 11y (10)
The DR for 802.11bd (DR!'*) can be obtained using Equation (10) but substituting
LUP for 11bd

3.3.2. DR for LTE-V2X Protocol (DRME) and NR-V2X (DRNR)

The effective DR-TE is defined as the number of data bits sent per frame divided by
the frame duration (t5, = 10 ms), such as

Py 8.1gy" ,

LTE
ngp -Lfr

DRME — (11)

where nIL{%E_ fr is the total number of RBs available for data in a frame (see [34], Table 2).

The DR for the NR-V2X protocol (DRNR) is obtained by

P,.8.nR
DRNR — P NRRBl\?Islot (12)
"RB 'tslot
where ngg_ slot 18 the number of RBs per slot (see [37], Table 5.3.2-1), and tg\l] (ﬁ is the slot
duration depending on the numerology as given in (see [38], Table 4.3.2-1).

3.4. Packet Error Rate

The packet error rate (PER) in transmission represents the percentage of data packets
transmitted between vehicles that contain errors during transmission. Evaluating the
PER in a V2V communication is fundamental to guaranteeing reliable, safe, and effective
communication between vehicles. Therefore, lower PER values denote the greater reliability
of a communication system [39].

4. Analysis of Performance Results

This section shows the performance of the 802.11p, 802.11bd, LTE-V2X, and NR-V2X
in terms CR, L, and DR and PER.

A separate comparative analysis of the two IEEE protocols (IEEE 802.11p against
802.11bd) and of the two 3GPP protocols (LTE-V2X against NR-V2X) arises from their
distinct performance emphases. While IEEE protocols are designed to deliver high data
rates, enabling a rapid information exchange, albeit with limited range and reliability, 3GPP
protocols are optimized for operation within cellular networks. They prioritize long-range
connectivity, high reliability, and low latency. Therefore, there is no rationale to compare
IEEE protocols against those of 3 GPP as they present different characteristics and are used
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in different scenarios. These contrasting characteristics reflect the operational contexts for
which each protocol set was designed. Consequently, an individualized analysis is crucial
for a comprehensive understanding of their capabilities and applicability.

We start defining the configuration parameters used to calculate the L and DR values,
utilizing the established theoretical mathematical model. Moreover, the PER calculation
procedure through simulations is also described.

Table 4 shows the values of the parameters considered to produce the data for the
mathematical model.

Table 4. Parameter values.

Parameter 802.11p/bd LTE-V2X/NR-V2X
Bandwidth 10 MHz 10 MHz/20 MHz
Payload size 375, 1500, and up to 4000 bytes 375, 1500, and up to 4000 bytes

Modulation and coding schemes (MCS) MCS4, 5 (16-QAM), MCS6, 7 (64-QAM)

MCS0, 1 (BPSK), MCS2, 3 (QPSK), MCS0, 2, 5, 7 (QPSK), MCS11, 13, 16

and MCS8, 9 (256-QAM) (16-QAM) and MCS21, 24, 27 (64-QAM)

Subcarrier spacing

156.25 kHz 15 kHz, 30 kHz, and 60 kHz

Monte Carlo simulations were carried out for the PER calculations, which were devel-
oped in MATLAB R2023b and Python. The channel model chosen for the V2V communica-
tions tests was rural line of sight (LOS) [40]. This channel model carries out communications
between two vehicles in an open environment, presenting weak multipath components.
The following simulation parameters were considered: delays of 0, 83 and 183 ns, power 0
and 30 dB, and Doppler shift 100 and 2000 Hz. The effects of fast fading and multipath (in
addition to additive white Gaussian noise [AWGN]) are realized using the Rician distribu-
tion. It is worth noting that this study does not delve into technical aspects such as chipsets
or antennas, nor does it consider operating conditions like electromagnetic interference,
weather, or topography. These factors significantly impact V2V communication perfor-
mance, influencing latency, data rates, and packet error rates. Therefore, relying solely on
the parameters in Table 4 provides a more theoretical and referential comparative approach.
This approach remains valuable for grasping the potential capabilities of both IEEE and
3GPP protocols.

4.1. Theoretical Mathematical Model Results

To achieve the objectives of this study, this section applies the theoretical mathematical
model to obtain the values of CR, L, and DR of protocols 802.11p, 802.11bd, LTE-V2X, and
NR-V2X that were analyzed.

4.1.1. L and DR for 802.11p and 802.11bd Protocols

Table 5 shows the results of the 802.11p and 802.11bd protocols for the following
configuration: different MCS options (corresponding to various modulation options), a
payload size of 1500 bytes, an SCS of 156.25 kHz, and 10 MHz bandwidth.
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Table 5. MCS options, payload 1500 bytes, SCS 156.25 kHz, BW 10 MHz, L (ms), and DR (Mbps) for 802.11p and 802.11bd.

MCS M CR lip ]1)11; Msym Mde Mbps M CR 11];)d 1]1);11 Hsym Mgc Mpps Mima tina
11p o Mbpsy 1P 11p 11p 11bd me  (Mbps  11Pd 11bd 11bd 11bd  11bd
0 BPSK 0.5 32.71 2.93 4000 48 1 BPSK 0.5 4.90 245 462 52 1 57 8
1 BPSK 0.75 22.05 4.35 2667 48 1 QPSK 0.5 2.82 4.25 231 52 2 28 8
2 QPSK 0.50 16.71 5.74 2000 48 2 QPSK 0.75 2.14 5.62 154 52 2 19 8
3 QPSK 0.75 11.38 8.43 1334 48 2 16-QAM 0.5 1.80 6.70 116 52 4 14 8
4 16-QAM 0.50 8.71 11.02 1000 48 4 16-QAM 0.75 1.44 8.33 77 52 4 9 8
5 16-QAM 0.75 6.05 15.87 667 48 4 64-QAM 0.67 1.33 9.04 58 52 6 14 4
6 64-QAM 0.67 4.70 20.44 498 48 6 64-QAM 0.75 1.26 9.50 52 52 6 12 4
7 64-QAM 0.75 4.27 2247 445 48 6 64-QAM 0.83 1.22 9.87 47 52 6 11 4
8 256-QAM 0.75 3.38 28.37 334 48 8 256-QAM 0.75 1.14 10.56 39 52 8 9 4
9 256-QAM 0.83 3.13 30.70 302 48 8 256-QAM 0.83 1.10 10.95 35 52 8 8 4
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Data Rate (Mbps)
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For both protocols, as the value of the MCS options increases, L decreases and DR
increases. The L values in 802.11bd are always lower when compared to 802.11p. In both
protocols, the data rates are very close for MCS0, MCS1, and MCS2 modulations. From
the MCS3 modulation, 802.11p outperforms 802.11bd. This could be attributed to the fact
that the 802.11p protocol was implemented specifically to perform reliably against channel
interference in V2V communications, while 802.11bd prioritized latency reduction.

In the analysis of different MCS options, it was observed that 802.11bd presented
lower L compared to 802.11p. This is a crucial characteristic of vehicular communications.

Figure 2 compares the performances of 802.11p and 802.11bd by analyzing DR and L
metrics for various MCS options with payloads from 1 to 4000 bytes and 10 MHz channel
bandwidth. As shown in Figure 2A, the DR is always higher in 802.11bd when compared
to 802.11p since the data rate increases with increasing the modulation order.
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Figure 2. Comparison for DR (A) and L (B) between 802.11p and 802.11bd protocols.

Figure 2B shows that the L values for 802.11bd are always lower, which may be due to

the fact that 802.11bd has four more data carriers available for transmission. Therefore, it

can be concluded that 802.11bd has better performance than 802.11p, presenting lower L
and a higher DR. These are important features that benefit the URLLC services used in the
implementation of various autonomous driving use cases.

4.1.2. L and DR for LTE-V2X and NR-V2X Protocols

Table 6 shows the results for the LTE-V2X protocol with the following configuration:
various MCS options, 1500 bytes payload, an SCS of 15 kHz, and channel bandwidths of
10 MHz and 20 MHz.

Comparing results plotted in Table 6 against those of Table 5, it is observed that LTE-
V2X outperforms the IEEE protocols in terms of performance, both in L and DR, due to the
use of a lower SCS, specifically 15 kHz. This table also shows that with a higher channel
bandwidth, namely 20 MHz, the values of the metrics analyzed are even better, since a
higher data transmission capacity is obtained.

Table 7 shows the results performed for the NR-V2X protocol with the following
configuration: various MCS options, a payload of 1500 bytes, an SCS of 15 kHz and a
channel bandwidth of 10 MHz and 20 MHz. As can be viewed, when the MCS options
increase, the DR is also increased. Moreover, and as expected, the performance of the
NR-V2X (Table 7) overcomes that obtained with LTE-V2X (Table 6). For example, for the
MCS27 (64-QAM) of NR-V2X, the data rate is 121.14 Mbps, while for the MCS27 (64-QAM)
of LTE-V2X, it is only 102.32 Mbps.
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Table 6. Various MCS options, payload 1500 bytes, SCS 15 kHz, BW 10 MHz and 20 MHz, L (ms), and DR (Mbps) for LTE-V2X.

MCS M CR 1 20MHz [20MHz  pRIOMHz  [jR20MHz OMH- SOMEH:
(ms) (ms)  (Mbps) (Mbps)  'bits=rb rb Hoym sc Mops b fr "t fr e Esub._fr
0 QPSK 0.13 2 1 8.90 17.67 3112 110 9 12 2 816 1620 10 1
2 QPSK 0.20 2 1 8.90 17.67 4968 110 9 12 2 816 1620 10 1
5 QPSK 0.40 2 1 8.90 17.67 9528 110 9 12 2 816 1620 10 1
7 QPSK 0.57 2 1 9.89 19.64 12,216 99 9 12 2 816 1620 10 1
11 16-QAM 0.47 1 1 16.32 32.40 12,216 60 9 12 4 816 1620 10 1
13 16-QAM 0.60 1 1 20.83 41.36 12,216 47 9 12 4 816 1620 10 1
16 16-QAM 0.76 1 1 26.46 52.54 12,216 37 9 12 4 816 1620 10 1

21 64-QAM 0.79 1 1 40.80 81.00 12,216 24 9 12 6 816 1620 10 1

24 64-QAM 0.94 1 1 48.96 97.20 12,216 20 9 12 6 816 1620 10 1

27 64-QAM 1.02 1 1 51.54 102.32 12,576 19 9 12 6 816 1620 10 1

Table 7. Various MCS options, payload 1500 bytes, SCS 15 kHz, BW 10 MHz and 20 MHz, L (ms), and DR (Mbps) for NR-V2X.

MCS M CR L::::Z Li:gh [:f/llsrzz [:f:zr:;z ) Slor 1 Slot tioe £ nyp nd_re Mopm
0 QPSK 0.12 2.50 2.5 5.11 5.21 52 106 0.25 0.5 488 105 0.2344
2 QPSK 0.19 1.50 1.5 8.21 8.37 52 106 0.25 0.5 304 105 0.3770
5 QPSK 0.37 0.75 1.0 16.10 16.41 52 106 0.25 0.5 155 105 0.7402
7 QPSK 0.51 0.75 1.0 22.29 22.71 52 106 0.25 0.5 112 105 1.0273
11 16-QAM 0.37 0.50 0.5 32.00 32.62 52 106 0.25 0.5 78 105 1.4766
13 16-QAM 0.48 0.50 0.5 41.60 42.40 52 106 0.25 0.5 60 105 1.9141
16 16-QAM 0.64 0.25 0.5 55.47 56.53 52 106 0.25 0.5 45 105 2.5703
21 64-QAM 0.60 0.25 0.5 83.20 84.80 52 106 0.25 0.5 30 105 3.9023
24 64-QAM 0.75 0.25 0.5 104.00 106.00 52 106 0.25 0.5 24 105.00 4.8164

27 64-QAM 0.89 0.25 0.5 118.86 121.14 52 106 0.25 0.5 21 105.00 5.5547
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In order to have a point of comparison, Figure 3 compares the performances of the LTE-
V2X and NR-V2X protocols for the MCS16 (16-QAM) and MCS27 (64-QAM) modulations.
The configuration is as follows: payloads from 1 to 4000 bytes and a channel bandwidth of
10 MHz. As can be seen from Figure 3A, the DR is always higher with the NR-V2X protocol
compared to the LTE-V2X protocol for the different modulation schemes. In terms of
transmission latency, as shown in Figure 3B, the values obtained with the NR-V2X protocol
are always lower when compared to the values in the LTE-V2X protocol for both modulation
schemes. This is because the NR-V2X protocol uses advanced signal processing techniques,
such as low-density parity-check (LDPC) coding and spatial diversity, to improve reliability
and the data rate. These techniques also help to reduce latency by minimizing the need
for retransmissions. In NR-V2X, a more flexible and adaptable subcarrier structure is
introduced, allowing for more efficient and dynamic resource allocation to support a wide
variety of use cases, including V2X communications.
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Figure 3. Comparison of data rate (A) and transmission latency (B) for LTE-V2X and NR-V2X protocols.

In order to expand the variety of data, different configurations were considered,
varying parameters such as MCS options, the payload size, the SCS, and the BW. Therefore,
it was possible to establish a criterion to identify the most efficient protocol.

4.2. Simulation Results

The PER is the metric used to evaluate the performance of a receiver in terms of
communication reliability. The scenario considered to perform the simulations to obtain
data from the PER is described in Table 8.

Table 8. PER calculation configuration parameters.

Parameter 802.11p/bd LTE-V2X/NR-V2X
Packet duration [304, 152, 104, 72] us
Waveform OFDM
Channel equalization method MMSE
Receiver antenna gain (Grx) 3dBm
Transmlttter a:)r(l)tenna gain 3 dBm
Maximum Doppler shift (fm) 100 Hz and 2000 Hz
Coherence time 4.23 and 0.21

Fading distribution Rayleigh
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Table 8. Cont.
Parameter 802.11p/bd LTE-V2X/NR-V2X
Symbol duration 6.4 us 16.7 us
Cyclic prefix 1.6 us 1.17 ps
Modulation and coding MCS2 (QPSK), MCS4 MCS2 (QPSK), MCS7 (QPSK),
schemes (16-QAM), MCS7 (64-QAM) MCS11 (16-QAM)
Carrier spacing 156.25 kHz 15 kHz, 30 kHz, 60 kHz
n° subcarriers 48 132

4.2.1. PER for 802.11p and 802.11bd Protocols

The reliability and data rate of the protocols depends on some parameters such as MCS
options, the SNR in the receiver and the channel-fading conditions. To improve the DR, a
higher-order MCS can be used as this allows a greater number of bits to be transmitted per
symbol. However, higher-order MCS requires a higher received SNR since the Euclidian
distance decreases with the increase in the modulation order.

As depicted in Figure 4, the PER is analyzed, as a function of the SNR and the distance
between vehicles. In Figure 4A, the PER is analyzed as a function of SNR curves. It is
viewed that the protocol 802.11bd performs better than 802.11p, for all SNR values. This
translates into a better signal quality and a more reliable communication of 802.11bd. For
example, for MCS2 (QPSK), with 5dB, 802.11bd has a PER of 0.4%, while 802.11p has a
value of 0.78%.

- IEEE 802.11p MCS 2 (QPSK)

_ e IEEE 802.11p MCS 4 (16-QAM)
R0 @ IEEE 802.11p MCS 7 (64-QAM)
; o —s— IEEE 802.11bd MCS 2 (QPSK)

—e— IEEE 802.11bd MCS 4 (16-QAM)
—e— IEEE 802.11bd MCS 7 (64-QAM)

30 0 100 200 300 400 500
Distance (m)

(B)

Figure 4. Comparison of (A) PER vs. SNR and (B) PER vs. distance for 802.11p and 802.11bd with
payload of 375 bytes.

Figure 4B analyzes the PER curves versus the distances between vehicles. In general,
for all the MCS options analyzed, regardless of the increase in the distance, 802.11bd
has lower PER values than the 802.11p protocol, which means a better performance. For
example, for a distance of 400 m, the PER value for 802.11bd is 0.4%, and for 802.11p, it
is 0.8%, the latter meaning that there is a significant packet loss. Therefore, the 802.11bd
protocol performs better because it has the characteristic of having higher diversity gains
for frequency-selective channels and due to the use of midambles for channel estimation.

4.2.2. PER for LTE-V2X and NR-V2X Protocols

Figure 5 compares the packet error rate of the NR-V2X and LTE-V2X protocols for the
transmission of 375 bytes.



Future Internet 2024, 16, 203

16 of 19

0.12 1

0.101
—5— 3GPP LTE MCS 2 (QPSK)

—e— 3GPP LTE MCS 7 (QPSK)
—s— 3GPP LTE MCS 11 (16-QAM)
5 3GPP NR MCS 2 (QPSK)
- 3GPP NR MCS 7 (QPSK)
@~ 3GPP NR MCS 11 (16-QAM)

— 0.081
X

= 0.06 1
=

A
=

0.04 1

0.02 1

0.001 B

200 250 300 350 400
Distance (m)

(B)

Figure 5. Comparison of (A) PER vs. SNR and (B) PER vs. distance for LTE-V2X and NR-V2X with
payload of 375 bytes.

Figure 5A analyzes the PER as a function of the SNR. In general, for all the MCS
options analyzed, NR-V2X tends to perform better than LTE-V2X for NSR values higher
than 5dB. NR-V2X offers a better PER than LTE-V2X due to the use of advanced interference
cancellation techniques, such as beamforming or advanced MIMO systems, and the use of
LDPC codes.

Figure 5B analyzes the PER as a function of the distance. In general, for all the MCS
options analyzed and even with increasing distanced, NR-V2X shows lower PER values
when compared to LTE-V2X. Once again, this is due to the use of advanced interference
cancellation techniques, such as beamforming or advanced MIMO systems, and the use of
LDPC codes.

Tables 5-7 detail the values of each element of the equations of the mathematical
method used (Msym, N4c, Npps, €tc.), and Figures 2-5 of the simulations highlight the per-
formance of the protocols studied. The procedures and parameters for obtaining the data
shown in this manuscript will make it easier for other authors to replicate the data and will
serve as a solid foundation for new studies into V2X communications.

The methodology used in this study, based on official documents from IEEE, 3GPP and
relevant scientific articles, guarantees the reliability of the results obtained. The combination
of mathematical methods and detailed computer simulations enabled a comprehensive
and accurate assessment of the subject in question.

4.3. Discussions and Perspectives

The 802.11p protocol, although it has an established infrastructure, faces limitations
in security, latency, and data rates. On the other hand, 802.11bd offers significant im-
provements in these metrics and is particularly important for URLLC communication
applications that characterize autonomous driving. It is worth noting that the 802.11p
protocol was implemented specifically to perform reliably against channel interference in
V2V communications, while 802.11bd prioritizes latency reduction. 802.11p was optimized
for high-speed vehicular communications, while 802.11bd has been implemented for a
wide range of applications and usage scenarios. Although the tests were carried out in
a rural LOS scenario, it is important to note that 802.11bd tends to be more susceptible
to interference and noise from other wireless networks operating in the same frequency
bands. In contrast, 802.11p operates in a reserved band, resulting in less interference and
therefore better DR performance.

Furthermore, 802.11bd brings significant improvements compared to its predecessor,
802.11p, for autonomous driving, making communication safer. For example, in the blind
spot warning application, 802.11bd offers faster and more accurate detection, allowing



Future Internet 2024, 16, 203

17 of 19

vehicles to receive immediate alerts when another car is nearby, thus reducing the risk
of collisions.

Regarding 3GPP protocols, the results indicate that NR-V2X outperforms LTE-V2X,
partly due to its design that prioritizes compatibility with future innovations. The ad-
vances featured in NR-V2X guarantee long-lasting interoperability and adaptive support,
providing significant improvements in emerging applications such as driving assistance,
including automatic parking and cooperative emergency braking. It is therefore essential
that governments encourage the advancement of transportation infrastructures to drive
V2V communication and the adoption of V2X in general.

5. Conclusions

This article provides a comparative analysis of the protocols used in V2V communica-
tions. These communications play a crucial role in autonomous driving, offering solutions
to emerging challenges in new usage scenarios. Such usage scenarios include V2V Cooper-
ative Awareness (e.g., Forward Collision Warning), V2V Unicast Exchange (e.g., Pre-Crash
Sensing), V2V Decentralized Environmental Notification (e.g., danger signaling devices),
and others. A comparison was made between 802.11p, 802.11bd, LTE-V2X and NR-V2X
protocols in terms of performance. The aim was to identify which of these protocols of-
fers the best support for URLLC services in the scenario of autonomous driving in rural
line-of-sight (LOS) scenarios.

It was viewed that the IEEE 802.11bd protocol tends to perform better than IEEE
802.11p because it has the characteristic of having higher diversity gains for frequency-
selective channels and due to the use of midambles for channel estimation.

In the analysis between NR-V2X and LTE-V2X, it was viewed that NR-V2X tends
to outperform LTE-V2X in several parameters. This is because NR-V2X uses advanced
interference cancellation techniques such as beamforming or advanced MIMO systems and
LDPC codes.

6. Future Work

Evaluating the efficiency of protocols using metrics such as energy consumption and
cost is essential. However, future studies will aim to quantify the improvements provided
by recent protocols compared to their predecessors. Finally, the studies shown in the article
focus on LOS communications and needs to be extended to urban (non-LOS) environments,
which is considered future research and as an extension to the present one.
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