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Abstract: Recently, the Third Generation Partnership Project (3GPP) introduced new radio (NR)
technology for vehicle-to-everything (V2X) communication to enable delay-sensitive and bandwidth-
hungry applications in vehicular communication. The NR system is strategically crafted to comple-
ment the existing long-term evolution (LTE) cellular-vehicle-to-everything (C-V2X) infrastructure,
particularly to support advanced services such as the operation of automated vehicles. It is widely
anticipated that the fifth-generation (5G) NR system will surpass LTE C-V2X in terms of achieving
superior performance in scenarios characterized by high throughput, low latency, and enhanced
reliability, especially in the context of congested traffic conditions and a diverse range of vehicular
applications. This article will provide a comprehensive literature review on vehicular communica-
tions from dedicated short-range communication (DSRC) to NR V2X. Subsequently, it delves into a
detailed examination of the challenges and opportunities inherent in NR V2X technology. Finally, we
proceed to elucidate the process of creating and analyzing an open-source 5G NR V2X module in
network simulation-3 (ns-3) and then demonstrate the NR V2X performance in terms of different key
performance indicators implemented through diverse operational scenarios.

Keywords: 5G NR V2X; 3GPP; C-V2X; connected vehicle; ns-3 simulation; V2X communication;
performance analysis

1. Introduction

Current endeavors in the realm of connected and autonomous vehicles revolve around
autonomous driving and futuristic intelligent transportation systems. These objectives are
underpinned by a multifaceted agenda, including the prevention of vehicular collisions,
the expedited dissemination of alerts and notifications, the reduction in traffic congestion,
and the optimization of road-based services to improve automotive safety and law enforce-
ment [1]. According to the United States National Highway Traffic Safety Administration
(NHTSA), motor vehicle traffic crashes account for an annual tally of around 34,000 fatali-
ties and 4 million injuries [2], while simultaneously inflicting an economic toll exceeding
USD 836 billion each year [3]. Furthermore, it is crucial to acknowledge that individuals
fatally affected by traffic accidents represent more than statistical data or economic burdens,
as their absence creates a significant societal impact. In this paper, we want to investigate
the performance of connected vehicle communication using open-source simulators and
the latest communication standards under different network settings.
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Connected and autonomous vehicle (CAV) technologies possess the capacity to sub-
stantially diminish the incidence of human fatalities and associated economic costs. A
connected vehicle, at regular intervals, transmits safety messages, often referred to as
“heartbeat messages,” such as the Cooperative Awareness Message (CAM) [4] or the Basic
Safety Message (BSM) [3]. These messages convey real-time operational data about the ve-
hicle, including information on its position, velocity, orientation, acceleration, deceleration,
and more.

A vehicle with onboard devices relying on the global navigation satellite system
(GNSS), such as a GPS, transmits and receives safety messages. Upon reception of these
safety messages from adjacent vehicles, and utilizing a cooperative vehicle safety system
application [5], a vehicle can generate a neighborhood map and instructions or guidelines
for safe maneuvering. According to estimates by the United States Department of Trans-
portation (USDOT), approximately 82% of accidents involving unimpaired drivers can
be mitigated through the successful implementation of connected vehicle (CV) technol-
ogy [6]. Endowing vehicles with automated control features like emergency braking and
pre-emptive warnings facilitated through connectivity significantly reduces the potential
for human errors. Additionally, autonomous vehicles offer various other benefits, including
the potential for improved air quality due to reduced traffic congestion and lower emissions.
Furthermore, autonomous cars are poised to enhance fuel consumption efficiency and boost
overall productivity, ultimately saving countless unproductive hours that drivers currently
spend stuck in traffic each year [3].

The IEEE 802.11p standard [7], based on dedicated short-range communication (DSRC)
technology, has historically been the go-to choice for on-road communication. A more
recent standard, 802.11bd [8], has also gained attention in this context. Many countries
have invested substantially in test-bed deployment and platform development for DSRC.

However, recent research findings have brought to light some significant shortcom-
ings of DSRC technology, including issues like low reliability, frequent collisions, hidden
node problems, uncontrolled delays, and intermittent vehicle-to-infrastructure (V2I) con-
nectivity [9]. Recognizing these limitations, and with the rapid global expansion and
commercialization of long-term evolution (LTE), there has been a shift in focus toward
exploring LTE-5G as a potential wireless access technology for supporting vehicular applica-
tions. This transition is exemplified by the 5G Automotive Association (56GAA), which has
become a Market Representation Partner (MRP) within the Third Generation Partnership
Project (3GPP) framework [10].

According to the 3GPP Release 14 standards [11], LTE-vehicle (LTE-V)/C-V2X has
demonstrated its ability to meet the low-latency requirements of vehicular networks. Cel-
lular networks offer inherent advantages in delivering V2I communications due to their
high data rates, widespread coverage, robust quality of service (QoS) support, and deep
network penetration. The 3GPP-based cellular technology, endorsed by 5GAA, is believed
to provide superior performance and a more future-proof radio access solution than DSRC.

The study report from 5GAA [12] shows a comparative performance analysis between
LTE C-V2X and 802.11p and demonstrates that LTE C-V2X has better performance due
to its superior physical layer compared to DSRC. However, for the more advanced V2X
applications (e.g., semi- or fully automated driving), which have very low latency and very
high bandwidth requirements, even LTE C-V2X falls short in such cases [13]. Hence, 5G
new radio (NR) comes into play to become a complementary solution to the existing LTE
C-V2X technology. For that, 3GPP formulates the technical specifications for NR V2X in TR
38.885 [14]. Furthermore, 3GPP Release 16 standardizes the V2X on top of 5G NR, which is
standardized in Release 15 [15]. However, so far, very little work has been carried out on
the 3GPP NR V2X system and specifications [1,16,17].

In summary, there are a number of reasons that motivated us to conduct this re-
search work. Firstly, although 5G NR is a contemporary and promising technology for
V2X communication, there is a scarcity of open-source simulators designed for 5G V2X
communications that align with the 3GPP NR V2X Release 16 specifications. This poses
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a significant limitation for the research community. Secondly, the commercially available
simulators are expensive and offer limited opportunities for source code modification to
suit research needs. Thirdly, the substantial costs associated with deploying vehicular test
beds and conducting pre/post experimental validation underscore the ongoing demand
for a realistic simulation platform [18-20]. Therefore, it would be advantageous to allocate
more resources to the development and enhancement of open-source simulators tailored to
NR V2X communication in compliance with 3GPP Release 16, enabling a comprehensive
performance analysis in diverse network scenarios (an initial result from this work has
been presented at the IEEE WAMICON"23 conference) [21].

The remainder of the paper is organized as follows. Section 2 describes the system
model. The problem statement is presented in Section 3. A brief overview of DSRC, LTE
C-V2X, and 5G NR V2Xis presented in Section 4. The simulation setup and performance
analysis are shown in Section 5. Finally, we conclude this paper in Section 6.

2. System Model

Figure 1 shows the typical architecture of connected vehicular networks using the NR
V2X sidelink communication. Each vehicle broadcasts the basic safety message periodically.

NR Connected Vehicles

% - Communication link

Figure 1. System architecture of connected vehicular networks.

The message contains the instantaneous states of the vehicles, which helps a vehicle
to generate the neighborhood map, which eventually helps the vehicle for its informed
motion planning. In this work, we want to study the latency and reliability performance
of V2X applications in a multi-lane highway scenario using 3GPP’s NR system without
support from a base station.

Figure 2 shows a summary of advanced V2X applications supported by the 3GPP NR
V2X system.

NR V2X supported advanced apps: NR V2X supported features:

platooning

realtime mu'tlple
driving infotainment numerology advanced MAC
. and PHY layers
perception allocation

Figure 2. NR-V2X-supported advanced applications and network features.
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It also highlights important features that are added by the 3GPP working group. These
advanced applications require high reliability (up to 99.99%), ultra-low latency (as low
as 3 [ms]), and high bandwidth (as high as an order of terabytes (TB)/hour) [22]. A brief
description of important features is given below.

*  Automated driving: A vehicle can sense the surrounding environment and can make
lateral and longitudinal decisions by itself or by taking very little input from humans.

¢  Cooperative perception: A vehicle can increase its field of view and perception of
neighbors by exchanging onboard sensory information through V2V and
V2I communication.

*  Platooning: A platoon of vehicles will route from the source to the destination in close
proximity following the leader vehicle. The follower vehicles should not need any
input from humans.

* Infotainment: Information (e.g., road maintenance updates, weather updates, etc.)
and entertainment (e.g., live traffic updates, news, music, etc.) can be disseminated
from one vehicle to other vehicles through V2V and/or 12V communication in a very
short duration (within the order of milliseconds).

NR V2X has a number of advanced features that enable it to provide higher reliability,
lower latency, and higher bandwidth [14]. These are supports for (a) flexible frame structure
by providing flexible numerology, (b) multiple frequency ranges, including sub 6 GHz and
millimeter wave bands (24.25-52.6 GHz), (c) mini-slot scheduling for time-critical services,
(d) sidelink network architecture for vehicles outside of the communication range of a base
station, (e) resource allocation by base station (mode 1) and by the vehicles autonomously
(mode 2), and (f) sophisticated MAC and PHY layers.

Although NR V2X supports working in high-frequency ranges, it imposes several
challenges in terms of communication point of view, including high signal attenuation,
communication range restriction, higher background noise, and difficulty in costly hard-
ware implementation. Hence, it is imperative to implement and conduct a comprehensive
study of the 3GPP NR V2X stack in a widely accepted simulator (such as ns-3 [23]) under
different realistic traffic scenarios.

3. Problem Statement

Early research [24] shows that C-V2X faces challenges when applied in V2V communi-
cations due to its centralized architecture, which lacks support for V2V communication.
The heavy load generated by periodic messages strongly challenges the LTE capacity and
potentially penalizes the delivery of safety applications. On the other hand, DSRC also
suffers from high-latency and low-reliability issues in the congested traffic situation [12].

NR V2X provides higher bandwidth, higher reliability, and lower latency for many ad-
vanced V2X applications that have stringent real-time performance requirements. However,
not much research work has been carried out on NR V2X[1,14]. A more comprehensive
study should be conducted on its implementation in open-source software like ns-3, and
then the performance should be realized and compared with the real applications in a
microscopic traffic simulator. Lastly, the result should be validated with the V2X radios.
In this article, we study the performance of NR V2X in ns-3 for different key performance
indicators (KPIs) recommended by 3GPP under various network settings. The result from
the integrated ns-3 with a microscopic traffic simulator and V2X radios are ongoing and
left for our next article.

4. Overview of DSRC, LTE C-V2X, and 5G NR V2X

The purpose of this section is to present a brief overview of recent technologies, DSRC,
LTE C-V2X, and 5G NR V2X, deployed in connected and autonomous vehicles. Table 1
compares and contrasts the specifications of DSRC, C-V2X, and 5G NR.
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Table 1. Comparison of DSRC, C-V2X, and 5G NR V2X[1,8,25-29].

Parameters DSRC C-v2X 5G-NR V2X
Origin/Base IEEE 802.11p 4G LTE 5G LTE

* 300-500 [m] in PC5 mode

(direct communication), )
e Several kilometers in Uu ® Sub-6  GHz: Typically
1000 [m]

mode (cellular networks),
Tens of kilometers in hybrid
mode (combination of direct
and cellular)

Typically 300 [m
ypically [m] e mmWave: Typically 100 [m]

Frequency range [GHz]

Sub 6 [GHz]
frequencies: 2.570-2.620
and 5.855-5.925 and
mmWave frequencies:
24.25-52.6

* 802.11p: 5.9 5.9
* 802.11bd: 5.9 and 60

MCS

Rel. 14: QPSK, 16-QAM
Rel. 15: 64-QAM

BPSK, QPSK, 16-QAM,
64-QAM

QPSK, 16-QAM, 64-QAM,
256-QAM

¢ 802.11p: None e Broadcast: blind

Re-transmission ¢ 802.11bd: Congestion Blind * Groupcast and unicast:
dependent blind, feedback-based
User . . .
multiplexing Single user per symbol Multiple users supported Multiple users supported
Symbol 8 71 66.7 (1=0),333(n=1),
duration [ps] 16.7 (1 =2)
Concurrent transmission Optional Yes Yes

* 802.11p: 156 e Sub-6 GHz: 15, 30, 60

Sub-carrier spacing [kHz| e 802.11bd: 78.125, 156.25, 15 « mmWave: 60, 120
312.5
FDM (control and data TDM (control and data
Modulation OFDM multiplexing) multiplexing)
SC-FDMA (waveform) OFDM (waveform)
4.1. DSRC

Over the past two decades, dedicated short-range communication (DSRC) has been
one of the primary radio access technologies (RATs) used for V2X communications. The
IEEE 802.11p standard, the basis of DSRC, was the first V2X technology used worldwide. It
operates in the 5.9 GHz frequency band and is an extension of the IEEE 802.11 standard
(commonly known as Wi-Fi) tailored for fast and reliable communication between vehicles
and roadside infrastructure. Its design prioritizes safety applications, such as collision
avoidance and traffic management, by delivering low-latency communication, high data
rates, and robust connectivity in dynamic vehicular environments.

While DSRC 802.11p has been a pioneering standard for vehicular communication, it
exhibits certain limitations compared to cellular vehicle-to-everything (C-V2X) technology.
DSRC operates in a single dedicated frequency band (5.9 GHz), which may lead to potential
congestion and interference in densely populated areas. Additionally, DSRC lacks the
inherent support for diverse communication modes that C-V2X offers, encompassing
both direct short-range communication (similar to DSRC) and wide-area communication
facilitated by cellular networks. C-V2X also boasts an improved non-line-of-sight (NLOS)
performance, enabling communication around obstacles.

To narrow the performance gap, IEEE 802.11bd [30-32] has been developed as the next-
generation DSRC protocol to improve V2X performance. It allows up to three repetitions
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per packet, aiming to increase time diversity and enable maximum ratio combining at the
receiver, thus improving the probability of correct decoding [32]. Additionally, it adds extra
modes of operation to enhance throughput and extend communication ranges by reducing
the noise sensitivity level [26,33].

4.2. LTE C-V2X

C-V2X, or cellular vehicle-to-everything, commonly referred to as LTE-V2X due to
its foundation on time division long-term evolution (TD-LTE) 4G cellular technology, is
a prominent communication framework designed to enhance vehicular connectivity and
road safety. It was developed by 3GPP as an alternative to DSRC.

C-V2X enables direct and reliable wireless communication among vehicles (V2V),
between vehicles and infrastructure (V2I), and even with pedestrians and other vulnerable
road users (V2P), thus forming a comprehensive V2X ecosystem. This technology lever-
ages the existing cellular network infrastructure to provide low-latency, high-throughput
data exchange, enabling vehicles to exchange critical information such as traffic condi-
tions, emergency alerts, and real-time sensor data. C-V2X holds significant promise in
advancing intelligent transportation systems, reducing traffic accidents, and enabling fu-
ture autonomous driving applications, making it a focal point of research and development
in the field of connected vehicles and smart transportation.

C-V2Xis regarded as the most powerful competitor to 802.11p [34] and, consequently,
many studies have investigated their comparative performances. Comparison at the link
level showed that C-V2X could improve the link budget over IEEE 802.11p by around
7 dB [34]. In addition, the study also found the coverage of LTE V2X to be larger than
DSRC under the same velocity. Furthermore, owing to the modulation technique used
by LTE V2X, it is less susceptible to noise, which allows it to guarantee a more reliable
communication link than DSRC. A more detailed performance comparison between the
two technologies is covered in the next section below.

4.3. DSRC vs. C-V2X

There has been a heated debate regarding the performance of DSRC and C-V2X
technologies, leading to extensive studies comparing their performance [9,35-39]. The com-
monly used key performance indicators (KPIs) include: packet delivery ratio (PDR) [38,40],
packet reception ratio (PRR) [9,36,37], block error ratio (BLER) [34], packet inter-reception
time (PIR), and packet loss [38].

In the literature, certain studies [13,38,40,41] have reported that DSRC outperforms C-
V2X, while others have observed similar performance [42] in the specific scenarios that they
examined. Molina-Masegosa et al. [38] demonstrated that variations in message size and
pattern significantly affect the medium access control (MAC) operation and performance of
both technologies and that DSRC handles variations in the message size and time interval
more effectively than LTE-V2X’s sensing-based semi-persistent scheduling, except under
very low channel loads. Petrow et al. [40] showcased that only the DSRC technology
is able to support the V2I communication scenarios without any major limitations and
achieves an average end-to-end delay of less than 100 ms and a PDR above 95% in all of
their investigated simulation scenarios.

However, the majority of research suggests that C-V2X performs better [36,43]. Hafeez
et al. [35] proposed an analytical model for assessing the reliability of DSRC control
channels in safety applications. The model considers factors such as vehicle follow-on
safety rules, mobility, transmitter—receiver speeds, channel fading, hidden terminals, and
collisions. Simulation results using realistic vehicular traces validate the modeling and
analysis, showcasing that DSRC may lead to significant performance degradation in terms
of delay and packet reception probability in dense and high-mobility conditions. Hu
et al. [34] conducted link-level simulations comparing LTE V2X and DSRC for urban and
freeway scenarios with and without line of sight (LOS). Their study demonstrated that
LTE V2X achieves the same block error ratio (BLER) at a lower signal-to-noise ratio (SNR)
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or with reduced receiving power compared to DSRC, resulting in a more reliable link.
Wang et al. [9] conducted simulations to compare the average PRR between LTE and
DSRC at different vehicle densities in both urban and freeway scenarios with varying
distances. Their study illustrates that LTE-based alternatives, including LTE multicast and
LTE sidelink, outperform IEEE 802.11p in all the studied cases. This improved performance
is credited to LTE’s more robust PHY layer signaling scheme and more efficient resource
allocation mechanism. Nguyen et al. [36] compared DSRC and cellular V2X, with cellular
V2X consistently outperforming or matching DSRC in various aspects. Notably, cellular
V2X offers an extended communication range, crucial for vehicular safety. The evaluation
favors DSRC despite using an advanced DSRC receiver and a standard cellular V2X receiver
with conservative AGC loop training assumptions. Zhao et al. [37] compared LTE-V2X and
DSRC in terms of the average PRR at different distances in freeway and urban scenarios.
Their findings indicate that LTE-V2X offers longer, more reliable communication ranges
compared to DSRC. This advantage is attributed to LTE-V2X's efficient sensing and SPS
resource allocation scheme, confirming its superiority over DSRC.

It is worth noting that recent research also investigates solutions to leverage the advantages
of DSRC and C-V2X [26,44-47] and mitigate limitations for the joint use of DSRC and C-V2X.
Ansari et al. [26] reviewed the background and technical aspects of both technologies and elab-
orated on V2X platform models allowing for the concurrent and simultaneous propagation of
DSRC and C-V2X messages for a hybrid V2X environment. The study highlights the challenges
arising from the nature of hybrid V2X and argues that the operation of the two technologies in
the same channel for concurrent transmissions, without a mutual synchronization solution,
would result in harmful co-channel interference. Both co-channel and adjacent-channel inter-
ferences remain open research problems in hybrid V2X systems. Mir et al. [45] proposed an
architecture and a suite of protocols to enable DSRC and C-V2X hybrid vehicular networks.
The protocol suite comprises an enhanced network protocol stack, an adaptive RAT selection
mechanism, a vertical handover (VHO) algorithm, and dynamic communication management
(DCM) algorithms to address various challenges in the hybrid network. Simulation results
using Matlab demonstrate the effectiveness of this architecture and protocol suite in terms of
packet delivery ratio, latency, and throughput. Qi et al. [44] introduced the traffic differentiated
clustering routing (TDCR) mechanism within a software-defined network (SDN)-enabled hy-
brid vehicular network. This mechanism comprises a centralized one-hop clustering approach
and an optimization method for data delivery. Specifically, the optimization aims to strike a
balance between cellular bandwidth cost and end-to-end delay, allowing cluster heads (CHs) to
deliver their aggregated data either through multi-hop vehicle-to-vehicle (V2V) transmissions
or via cellular networks.

4.4. Challenges Faced by DSRC and C-V2X

Scalability is a major challenge for DSRC as its performance degrades at higher vehi-
cle densities due to packet collisions. However, due to frequency re-using by the C-V2X
sidelink mode 4 algorithm over a given geographical area, higher traffic density also results
in an increased interference level among C-V2X users. Hence, although C-V2X offers several
performance benefits over DSRC, it suffers from the same traffic density issue [13].

Another challenge for both DSRC and C-V2X is supporting advanced safety applications
requiring faster response times. Both technologies can support a basic set of vehicular safety
applications that generate driver alerts to indicate potentially dangerous conditions [35]. These
day-1 basic safety applications have lower periodicity and higher end-to-end latency require-
ments. However, advanced vehicular safety applications depend on transmitting messages for
maneuver changes, trajectory alignments, platoon formations, and sensor data exchange, as
well as sharing information gathered from neighboring vehicles’ live camera feeds [48]. This ad-
ditional information is paramount to ensuring both safer autonomous cars and human-driven
vehicles, better traffic management, and the increasing demand for in-vehicle infotainment.



Future Internet 2024, 16, 21

8 of 19

4.5. 5G NR V2X

The development of the 3GPP sidelink transmission protocol played a crucial role in
the long-term evolution-advanced (LTE-A) communication technology for public safety
and V2X services [17]. However, recent advancements in data-driven applications require
more sidelink functions, such as feedback channels, grant-free access, and enhanced chan-
nel sensing procedures, which are not provided by the LTE-A technology. Advanced
applications that deal with an overwhelming degree of data packets usually demand higher
bandwidth, more frequent message passing, and lower latency, which C-V2X cannot pro-
vide [8]. Moreover, these advanced applications also use larger and variable-sized packets
transmitted aperiodically, unlike the basic safety applications. As a result, a new communi-
cation technology, 5G new radio (NR) V2X, has been developed to supplement C-V2X in
supporting those particular use cases. More specifically, 5G NR V2X provides advanced
functionalities in addition to the 5G NR air interface that meet stringent requirements of
users and/or services in connected and autonomous vehicles.

Among the most significant parts of the 5G NR V2X communication technology
is the sidelink transmission. A thorough analysis of 5G NR V2X communications is
presented in [49] and some references therein. It is important to note, however, that
the 5G NR V2X communication technology is not meant to replace C-V2X communication;
rather, it can operate in cooperation with the existing C-V2X technology to meet the
requirements of complex services in recent data-driven connected and autonomous vehicles.
It is also worth noting that an individual application may be operated and supported
with either its corresponding communication technology or a combination of different
communication technologies. For instance, advanced V2X services provided by the NR
sidelink transmission may coexist with those provided by the LTE sidelink transmission in
different channels [50].

Sidelink communication is the key enabler of direct V2X communication without the
support of a base station in 5G NR. According to [51], the NR V2X supports four different
physical channels for enabling unicast, groupcast, and broadcast communications among
the vehicles: (1) the PSBCH (physical sidelink broadcast channel) is used to disseminate
broadcast information; (2) the PSCCH (physical sidelink control channel) communicates
control information; (3) the PSSCH (physical sidelink shared channel) is used for exchang-
ing control, data, and CSI (channel state information) for unicast communication; and
(4) the PSFCH (physical sidelink feedback channel) is used for exchanging HARQ (hybrid
automatic repeat request) feedback for unicast and groupcast communication. For en-
abling these channels at the sub 6 GHz frequency band, three numerologies (u) are used
with different sub-carrier spacing (SCS): (1) 4 = 0 with SCS = 15 KHz; (2) y = 1 with
SCS = 30 KHz; and (3) = 3 with SCS = 60 KHz. One numerology differs from another by
varying (1) the number of available sub-channels/resource blocks in communication, and
(2) the resource selection window length. For instance, a higher numerology has a lower
number of sub-channel availability, but it also has a shorter slot length, which results in a
lower resource selection window in ms.

5. Performance Evaluation
5.1. Simulation Model

A set of computer experiments has been conducted based on 3GPP’s NR V2X specifica-
tions under various network settings. An autonomous and connected vehicle scenario (i.e.,
a potential use case) has been created using the ns-3 [23] discrete event network simulator.
Note that ns-3 is a free and open-source software licensed under the GNU GPLv?2 license.
It provides a simulation engine for users to conduct simulation experiments, (i) to perform
studies that are more difficult or not possible to perform with real systems, (ii) to study
system behavior in a highly controlled, reproducible environment, and to learn about how
networks work [52].

The simulated highway scenario is shown in Figure 3. The simulation network consists
of a highway of three lanes where, in each lane, at any point in time, one vehicle plays
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the role of transmitter, and others act as receivers. At the default settings, the inter-lane
distance is 4 m and, in each lane, 11 vehicles are set 20 m apart. The generated vehicles
follow a constant velocity mobility model with a default speed of 38.89 m/s. A transmitting
vehicle generates packets every 100 ms interval, and the whole simulation is conducted
for 20 s. The explicit parameter settings for the conducted simulation are shown in Table 2.
Other than these explicitly listed parameters, the simulation was conducted under the
simulator’s default settings.

inter-vehicle distance=20 meters

inter-lane distance=4 meters

Figure 3. Highway simulation scenario in ns-3.

Table 2. ns-3 simulation parameters.

Parameter Value Default
Number of vehicles per lane 11
Number of lanes 3
Inter-vehicle distance 20m
Freeway max. vehicle speed 38.89m/s
Broadcast message size 100~1500 bytes 700 bytes
Transmission rate 10 Hz
Carrier frequency 5.89 GHz
Channel bandwidth 10 MHz
Numerology (i) u=0~2 u=0
MCS 0~28 14
Transmit power 5~35 dBm 23 dBm
Communication range 100~1000 m 600 m

Mobility model

Constant velocity mobility

Simulation time

20 s sim time
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5.2. Performance Metrics

We adopt the following key performance metrics [1,14,40] for evaluating system
performance.

*  Packet Reception Ratio (PRR): It is the ratio of the number of neighboring vehicles
that received the transmitted packet to the total number of neighboring vehicles of the
transmitting vehicle. In a better communication environment, a higher PRR is expected.

¢  Packet Inter-reception time (PIR): It is the elapsed time between two consecutive
receptions of packets for a transmitting (Tx) and receiving (Rx) vehicles pair. We
computed the average PIR for a Tx-Rx pair. A lower PIR indicates lower latency and,
thus, a better communication environment.

¢  Throughput: It is defined as the number of bytes received per unit time for a Tx-Rx
pair. A higher throughput indicates better communication and is desirable.

5.3. Performance Analysis

In this section, we discuss the impact of varying different network parameters on the
NR V2X performance. Note that the simulation has been conducted until a 95% confidence
interval was achieved. With no loss of generality and to better illustrate the performance
of the 5G NR V2X communication technology, let us model the performance metrics, PIR,
PRR, and throughput, using Gaussian random variables T, R, and P, respectively. Their
corresponding probability density functions are defined by

15
fT(t) - U'T\/Ziﬂ’e ’ (13)
Falr) = — o) and (1b)
(TR\/E ’
folp) = ——e 20w ) (1¢)

where t € [330,375] ms, r € [0.96,1.0], p € [14,17] KB. The mean and standard deviations
used to conduct real-time simulations of PIR, PRR, and throughput are given in Table 3.

Table 3. Mean and standard deviations of PIR, PRR, and throughput for different numerologies.

Parameter u=20 =1 =2
T 353.65 [ms] 355.06 [ms] 352.98 [ms]
or 7.16 [ms] 7.85 [ms] 1.99 [ms]
R 0.9935 0.9904 0.9992
oR 0.0103 0.0083 6.63 x 1074
p 16.13 [KB] 16.08 [KB] 16.23 [KB]
op 0.29 [KB] 0.33 [KB] 0.08 [KB]

Since these metrics are evaluated on a discrete set of values, we determined their
corresponding cumulative distributions functions, Fr(t) £ Pr[T < t], Fr(r) = Pr[R < 7],
Fp(p) £ Pr[P < p],Vt € R, ¥ € R, and p € R, defined as

t
lﬂﬂéﬁﬁgﬂzlmﬁmmm (2a)
ﬁméﬁmgﬂzx;ﬁWMﬂ and (2b)
Fo(p) 2PilP < pl = [ o) dy, 29

where the operator Pr[-] determines the probability measure taking values from the open
interval (0,1). In the following, we provide the impact of different network parameters on
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these output performance metrics, namely the PIR, PRR, and throughput of the networked
5G new radio in the framework of V2X communication.

5.3.1. Impact of Numerology (1)

Recall that, in the sub 6 GHz frequency band, NR V2X supports three different nu-
merologies. One numerology is different from another by sub-carrier spacing, sub-channel
availability, and resource selection window length. Figure 4 shows the impact of different
numerologies in terms of CDF statistics of average PIR, PRR, and throughput under default
simulation settings (Table 2). Recall that NR V2X supports three different numerologies:
(1) » = 0 (S5CS =15 KHz); (2) 4 = 1 (5CS = 30 KHz); and (3) 4 = 2 (SCS = 60 KHz). Increas-
ing numerology has a counterproductive effect in terms of the availability of sub-channels
and selection window length. Increasing numerology (i is higher) reduces the number
of available sub-channels (analogous to reducing resource blocks) but also reduces the
selection window size. Having a higher number of sub-channels yields less contention
among the transmitting vehicles. On the other hand, a smaller selection window size
reduces the probability of overlapping window selection among the transmission vehicles.
As a result, from Figure 4, we see that there is an almost identical performance between
u = 0and u = 1. However, for u = 2, the selection window length reduces to 8 ms (in
comparison to 32 ms for y = 0), which supersedes the negative impact of having a lower
number of sub-channel availability. Hence, 1 = 2 has a better performance in terms of
achieving a lower PIR and higher PRR and throughput.

1

——r=0
n=1
09| —g—pu=2

08

07

06

05

CDF,F (1)

04

03

02

01

335 340 345 350 355 360 365 370 375 380
Average PIR, t [ms]
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Figure 4. Cont.
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Figure 4. Cumulative distribution functions of random variables representing the performance

metrics: (a) average PIR, (b) average PRR, and (c) average throughput for different numerologies.

5.3.2. Impact of Communication Range

In this set of experiments, we want to find out how increasing the Tx-Rx distance
impacts the V2X communication performance. Figure 5 reveals the result of changing the
communication range of a transmitting vehicle from its receiver(s). Interestingly, we found
that the NR V2X performance does not degrade until the 1000 m communication range in
terms of PIR, PRR, and throughput performance. We found that 4 = 0 shows a slightly
better performance than i = 1 in terms of achieving a lower PIR, higher PRR, and higher
throughput. However, as discussed in the previous set of results, due to having a lower
resource selection window length, y = 2 shows a distinguished better performance than

pu=0andpu =1.
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Figure 5. Cont.
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Figure 5. Impact of communication range.

5.3.3. Impact of Transmit Power

With the simulation default settings (as shown in Table 2), we vary the transmit (Tx)
power of a transmitting vehicle to find the impact of transmit power on V2X network
performance as shown in Figure 6. With an increasing transmit power, the inter-packet
reception time of a Tx-Rx pair vehicle decreases; hence, the overall PIR decreases. On the
other hand, with an increasing Tx power, the signal strength increases; hence, more packets
are received correctly by a receiving vehicle. As a result, with an increasing Tx power, PRR
increases, and so does the throughput. Like the previous set of results, among the different
numerologies, y# = 2 has the best performance, # = 0 ranks second, and y = 1 is last.

Average PIR [ms]

5 10 15 20 25 30 35
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(a) PIR.

0.99 [
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o o
© ©
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4
©
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Figure 6. Cont.
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Figure 6. Impact of transmit power.

5.3.4. Impact of Packet Size

In this set of experiments, we want to see the impact on the network performance
while an increasing packet size is sent by the transmitting vehicle. Intuitively, since a
larger packet constitutes more bits than a smaller packet, receiving a larger packet should
improve the throughput performance. However, sending a larger packet may increase the
overall latency due to a higher transmission time. Figure 7 shows the impact of packet
size on different numerologies in terms of PIR, PRR, and throughput. Since increasing
the packet size increases the packet processing time and packet transmission time, the
overall PIR increases for the receiving vehicles. However, thanks to 5G NR V2X, with an
increasing packet size, the vehicular network is still able to maintain high PRR, which
results in higher throughput. Note that a bigger received packet (more bits) contributes
more to achieving higher throughput than a smaller packet. Numerology-wise, there is no
distinguished difference in the PIR result but, in the PRR and throughput results, y = 2
clearly outperforms y = 1and y = 0.
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0 . . . . . . n
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Figure 7. Cont.
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Figure 7. Impact of packet size.

5.3.5. Impact of Modulation and Coding Scheme (MCS)

Usually, a higher modulation and coding scheme (MCS) is a better choice for short-
distance communication, whereas, for long-distance communication, a lower MCS value is
preferable for achieving better network performance. A higher MCS is not good for a larger
distance because it results in more inaccurate received packets at the physical layer and hence
increases the number of packet losses. On the other hand, although a lower MCS is more
robust for receiving correct packets at the physical layer, even for long-distance communication,
a lower MCS also fits a reduced amount of data in a sub-channel. This is due to the reduced
modulation and effective code rate per channel. Hence, in this simulation campaign, we want
to see which MCS value is a better fit for our simulation settings.

Figure 8 shows the impact of varying modulation and coding schemes under simulation
default settings (specifically with communication range = 600 m and y = 0). The results show
that increasing MCS results in a slowly increasing better performance until MCS = 15 is reached;
after that, it starts declining and plummets at MCS = 20, and, after that, its performance again
starts improving. Hence, we recommend using an MCS value of 15 for the set communication
range to achieve an overall better performance.
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Figure 8. Impact of modulation and coding scheme (MCS).

A further study has been conducted to find the impact of MCS on different i values as
shown in Figure 9. This set of results confirms that 4 = 2 can achieve a greater performance
than 4 = 0 and u = 1 with a lower MCS value. In other words, the result shows that, while
for y = 0 and y = 1, we need to increase the MCS value up to 15, in contrast, for y = 2, we
obtain the same or better result just for MCS = 10 (and do not need to increase the MCS
value up to 15).
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Figure 9. Impact of modulation and coding scheme (MCS) with different y values.
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6. Conclusions and Future Work

In this work, firstly, we have developed the 3GPP’s 5G NR V2X network simulation
model using the ns-3 discrete event simulator and then studied the V2X performance under
various network settings. We found that, in 5G NR V2X, a higher sub-carrier spacing
(# = 2) has an overall better performance than a lower sub-carrier spacing (4 = 0 or y = 1)
in terms of achieving a higher throughput and packet reception ratio and achieving a lower
inter-packet reception delay. From the analysis, we also observed that, in the highway
setting, until the 1000 m communication range, there were no noticeable packet drops in
NR V2X communication. Additionally, we found that increasing the transmitting power
is positively associated with improving the performance. However, although increasing
the packet size boosts throughput, it is negatively associated with achieving a lower inter-
packet reception delay. We have also found that increasing the modulation and coding
scheme (MCS) value increases the network performance for different sub-carrier spacing.
However, with a communication range setting of 600 m, for u = 2, we obtain the best result
at an MCS value of 10, whereas, for y = 0 and y = 1, we need to increase the MCS value
up to 15 to obtain the same or better performance. The result is consistent with similar
studies that have been conducted [1,53,54].

In our future research work, we want to extend our simulation by introducing com-
munication from infrastructure to vehicle (I2V) and vehicle to pedestrian (V2P). Another
interesting future research direction might be leveraging the developed NR V2X commu-
nication model to achieve enhanced and extended cooperative perception for improved
vehicle motion planning.
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