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Abstract: The Third Generation Partnership Project(3GPP) has specified the Cellular Vehicle-to-
Everything (C-V2X) radio access technology in Releases 14 and 15, with a focus on facilitating direct
communication between vehicles through the sidelink PC5 interface. This interface offers a robust
cloud-native core network with end-to-end network slicing functionality. The performance of direct
vehicle-to-vehicle (V2V) communications has been improved by using the sidelink interface, which
allows for network infrastructure by-pass. Sidelink transmissions make use of orthogonal resources
that are either centrally allocated (Mode 1) or chosen by the vehicles themselves (Mode 2). The
development of radio access technologies that enable dependable and low-latency vehicular
communications has become of utmost relevance with the rise in interest in connected and
autonomous vehicles. This is especially necessary when there are heavy traffic conditions and
patterns. We thoroughly examined the New Radio (NR) sidelink’s performance under various
vehicle densities, speeds, and distance settings. Thus, by evaluating sidelink’s strengths and
drawbacks, we are able to optimize resource allocation to obtain maximum coverage in urban areas.
The performance evaluation is conducted on Network Simulator 3 (NS3.34/5G-LENA) utilizing
various network metrics such as average packet reception rate, throughput, and latency.

Keywords: cellular V2X; 5G V2X; side-link; 5G NR; 3GPP; connected and automated vehicles

1. Introduction

The aim of connected and autonomous vehicles is to improve traffic flow, reduce fatalities on
the road, and reduce the environmental impact of modern mobility, among others [1]. Vehicle to
Everything (V2X) communication, by offering minimal latency and high dependability [2,3], allows
for the sharing of different types of information (e.g., traffic, entertainment, and safety) with other
vehicles, pedestrians, and infrastructures deployed in the road through wired/wireless networks.
V2X communication is comprised of various types of communication, including vehicle-to-vehicle
(V2V), vehicle-to-infrastructure/network (V2I/N), and vehicle-to-pedestrian (V2P) [4].

The 3GPP C-V2X technology, in accordance with the fifth generation (5G) NR, ensures higher
efficient connectivity [5]. Up until now, significant resources have been put into enhancing the
efficiency of direct V2V communications using the sidelink interface, which allows for network
infrastructure bypass [6]. In order to facilitate low latency V2X communications, 3GPP release version
14 added two additional sidelink transmission modes: Modes 3 and 4 (shown in Figure 1) [7]. In
addition to C-V2X Mode 3 and Mode 4, two more sidelink resource allocation NR Modes (1, 2) are
now available. In 3GPP Release 16, Mode 1 refers to the network’s-controlled allocation of Radio
Resources (RR)s for sidelink communications. In 3GPP Release 16 Mode 2, individual vehicles can
choose their own RRs using a distributed process [8].

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Cellular V2X (C-V2X) communications Transmission Modes [12].

The undergoing NR V2X specifications in Release 16 [9] includes many enhancements to the C-
V2X standard, affecting both the conventional Uu (uplink unicast) cellular interface and the sidelink
PC5 interface enabling direct V2V connectivity. NR Mode 1 is also known as a network-controlled
mode. In this Mode, the base station schedules resources for vehicular UEs to use for sidelink
communications. Similar to Mode 3 in Release 14, Mode 1 only applies to in- coverage conditions. In
NR Mode 2 (also known as user equipment autonomous), the network preconfigures a set of sidelink
red scenarios, and UEs independently choose how to use them. Similar to Mode 4 in Release 14, Mode
2 can be used in both in-coverage and out-of-coverage scenarios. The main focus of this work is on
Mode 2 [10]. Mode 2 follows the sensing-based Semi Persistent Scheduling (SPS) technique described
in Release 14. Using this approach, UEs can detect the channel before transmission to select the
resources that are less likely to be interfered with and possibly reserve them for a random number of
subsequent messages.

2. Background

2.1. Cellular V2X (C-V2X)

C-V2X is based on 3GPP Release 14 specification and ensures better performance than IEEE
802.11p [11]. The widespread cellular infrastructure that already exists can benefit C-V2X users. As it
was not always possible to rely on the presence of cellular infrastructure, C-V2X offers transmission
modes that enable direct V2XV2X communications through sidelink channel via PC5 interface [12].
C-V2X has a basic time-frequency resource structure where the smallest unit of allocation in time is
a sub-frame (1 msec made up of 14 OFDM symbols) and the smallest frequency granularity is 12 sub-
carriers of 15 kHz each (total of 180 kHz). C-V2X devices can transmit utilizing 16-Quadrature
Amplitude Modulation (QAM) or Quadrature Phase Shift Keying (QPSK) schemes with turbo coding
in each Orthogonal Frequency-Division Multiplexing (OFDM) subcarrier [7,12].

C-V2X users also transmit control information and reference signals in addition to data symbols.
One of these signals, the Demodulation Reference Signal (DMRS), is utilized for channel estimation.
Two out of fourteen OFDM symbols used in Long-Term Evolution (LTE) have DMRS symbols
integrated into them, and those four DMRS symbols are placed in a C-V2X sub-frame since C-V2Xis
built for high-mobility settings [14]. C-V2X can use both the conventional LTE interface and the
sidelink interface to function with BSs present in the network or without any BS.

2.2.5G-V2X

5G-V2X uses Single Carrier Frequency Division Multiple Access (SCFDMA) at the Medium
Access Control (MAC) layer and OFDM at the physical layer, whereas 5G-V2X sidelink transmissions
use Cyclic Prefix Orthogonal Frequency- Division Multiplexing (CPOFDM), which excels in high
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spectral and throughput efficiency as well as latency. It is also more resistant to frequency doppler
shift and oscillator phase noise than other multi-carrier waveforms. With the adoption of various
modulation formats in 5G-V2X, such as QPSK, 16-QAM, 64-QAM, and 256-QAM with binary
reflected Gray mapping, high-order modulations can now have increased spectral efficiency and
throughput at the expense of sidelink coverage [15].

The 5G-V2X RRs at the physical (PHY) layer include the time and frequency domain [4]. In the
time domain, RRs are arranged in frames and subframes with set durations of 10 ms and 1 ms,
respectively. When the conventional cyclic prefix is used, each subframe is divided into one or more
slots, each of which is made up of 14 OFDM symbols. Physical resource block (PRB)s, subchannels,
and RRs are arranged in the frequency domain. K consecutive PRBs make up a subchannel, and K
can be any number between 10, 12, 15, 20, 25, 50, 75, or 100. 12 consecutive subcarriers with subcarrier
spacing make up a PRB(SCS). In Figure 2, we illustrate time and frequency domains, the relationship
between Resource Block (RB)s, subcarrier, PRB, and subchannel.
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Figure 2. 5G-V2X time-frequency resource structure [16].

2.3. Overview of Sidelink Technology

Sidelink is a cellular technology that offers direct communication between de- vices with or
without cellular BS assistance. The 3GPP has been exploring sidelink technology since their release
12 [17]. Especially dedicated physical layer channels have been designed to support device discovery,
synchronization, and sidelink transmission. These channels include Physical Sidelink Shared
Channel (PSSCH), Physical Sidelink Control Channel (PSCCH), Physical Sidelink Broad- cast
Channel (PSBCH), and Sidelink Control Information (SCI) [18]. Sidelink channels are divided into a
time-frequency resource grid structure consisting of contiguous RBs in the frequency domain and 1
ms subframes in the time do- main RBs. A group of RBs in the same sub-frame is referred to as a sub-
channel (Shown in Figure 3) Depending on the setup, there may be a different amount of RBs in the
subchannel. The scheduling of time-frequency resources from the RBs consists of recurring sequences
of hyper frames called Scheduling Assignment (SA) or PSCCH period. The SA period is used for
direct communication in both sidelink Modes 1 and 2 [17,18]. PSCCH are controlled by each SA
period which is carried by PSSCH. The SCI carried by PSCCH contains information on the
modulation and coding scheme, the RBs employed, and the resource reserve period. A packet
intended for PSSCH transmission is contained in a Transport Block (TB).
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Figure 3. Sidelink bandwidth part and resource pool for NR V2X sidelink [18].

In Modes 3 and 4, the TB transmission can occupy adjacent or non-adjacent RBs in the same
subframe while the SA is broadcast utilizing specified RBs in the subchannel. Resource conflicts can
arise when many devices occasionally choose the same resources from the common pool [18,19].
These choices are therefore coordinated using ap- propriate collision resolution techniques. Each
node can select the time-frequency resources to employ in the semi-persistent scheduling algorithm
that is currently in use. The competing nodes must employ a sensing-based mechanism to find the
least used time-frequency resources, which the algorithm does not offer [20,21].

Device detection and resource allocation, two essential features of sidelink technology, have
undergone extensive regulatory requirements and academic re- search [22,23]. The discovery refers
to the capability of using the sidelink (PC5) radio interface to find another device that is nearby. This
can be done either directly by the User Equipment (UE)s or at the core network level. The concept of
proximity can be expanded to include factors such as signal quality, delay, throughput, network load,
and radio channel quality experienced by communicating UE pairs [7,24].

2.4. Sidelink in 5G-V2X Mode 2

Two additional sidelink modes (Mode 1 and Mode 2) that correspond to con- trolled and
autonomous operation modes are considered for 5G-V2X. The autonomous mode is, without a doubt,
the most difficult of the two because the interference level and efficiency of the sidelink resource
sharing among the vehicles depend heavily on the channel sensing and distributed resource selection
procedures.

The UE detects and decodes SCIs supplied by other UEs on the sidelink channel in Mode 2
(associated to each message). When a new resource selection is necessary, the decoded SCIs and the
measurement of the Reference Signal Received Power (RSRP) are kept together. This data is utilized
to determine which resources must be rejected. Figure 4 shows 5G-V2X communication mode Uu-
based 5G-V2X where vehicles are communicating with traditional Uplink (UL) and Downlink (DL)
channels using a BS. For PC5-based 5G-V2X (Figure 4 right), vehicles use sidelinks to communicate
with each other with or without assistance from BSs using UL and DL for scheduling sidelink
resources. Trans- mission resources are chosen randomly from the pool of remaining accessible
resources following the exclusion process [15].
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Figure 4. 5G-V2X communication Modes: Uplink unicast based 5G-V2X (left) and PC5-based 5G-V2X
(right) [25].

Depending on the configuration chosen for each resource pool, the sensing window in the 5G-
V2X Mode 2 case can last either 1100 ms or 100 ms. The UE detects and decodes the SCIs transmitted
on the sidelink channel by other UEs during this time. When a new resource selection is necessary,
the decoded SClIs and the measurement of the RSRP are stored together, and this data is utilized to
determine which resources must be ignored. In 5G-V2X Mode 2, resources can only be excluded from
being potential candidate resources if the associated information is unavailable (for example,
measurements could not be taken because the station was transmitting) or if they have already been
reserved by a prior SCI with an associated RSRP that is higher than a predetermined threshold. A
resource from the pool of remaining accessible resources is chosen at random following the exclusion
process [16].

3. Literature Review

For the last few years, studies have been providing a thorough understanding of the 5G-V2X
technological characteristics with a focus on its architecture, physical layer, and resource allocation.
The performance of 5G-V2X components has been investigated considering a variety of V2X-related
scenarios [26].

Campolo et al. [8] used the fifth generation (5G) NR V2X communication technology’s direct
interactions over the sidelink interface. This work investigates the performance of the sidelink and
autonomous resource allocation schemes under a variety of message generation patterns (periodic
and aperiodic) by identifying their strengths and weaknesses under different vehicle density settings.
In our investigation, we have also considered the vehicles’ speed and density to measure the system’s
performance.

Todisco et al. [16] conducted a comprehensive analysis of Mode 2 performance via an open-
source system-level simulator, which implements the 5G NR physical layer aspects together with the
newly specified sidelink resource allocation modes for V2X communications and different data traffic
patterns. The results showcased the effects of the new 5G-V2X features on the sidelink resource
allocation performance and provide some insights into possible ways to further improve Mode 2
performance. In contrast to the work presented in [16], we have used two traffic scenarios (highway
and urban) to present different performances for the same number of vehicles in different traffic
patterns.

Mizmizi et al. [27] discussed cooperative position-based systems that use geographic
coordinates. They also developed probabilistic approaches of prioritized beams, prompted by the
idea of a non-uniform distribution of the communication directions due to road topological
limitations. The approaches are constructed using historical traffic data and extracting the most
important road directions by applying the Hough Transform to a digital map. They also
demonstrated how creating a non-uniform quantization, as opposed to a uniform one, reduces
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performance loss due to the information obtained from the angular probability distribution. In this
work, we are using Simulation of Urban Mobility (SUMO) to extract all the traffic information and
position of the vehicles.

Lien et al. [20] considered direct communications between two UEs without signal relay through
a BS, 3GPP sidelink transmissions have manifested their critical roles in the Long-Term Evolution
Advanced (LTE-A) for public safety and V2X services. In [20], the authors also provide a performance
evaluation to assess the gains from the new control channel design. As NR sidelink transmissions
have been regarded as a foundation to provide advanced services other than V2X in future releases
(e.g., advanced relay), potential enhancements are also discussed. In this study, we are considering
low latency, high reliability, and high throughout V2X services for new sidelink functions not
provided in the LTE, which are supported in NR. This NR includes a feedback channel, an enhanced
channel sensing procedure, and a new control channel design.

Decentralized Environmental Messages (DENM)s, which are sent out asynchronously to
vehicles warning them of road hazard incidents, are one type of aperiodic traffic that Romeo et al.
[10] focused on. In the autonomous sidelink mode of NR V2X, simulations were run to examine
possible scenarios where periodic and event-triggered messages share the same RR pool(s). The bene-
fits of that messages’ repetitions and their impact on periodically transmitted messages have both
been studied by Romeo et al. [10] in various simulation conditions, along with the key factors of the
autonomous resource allocation method affecting the delivery of the environmental messages.

In this work, we have focused on the vehicles’ average speed, vehicles’ density and the number
of vehicles to evaluate sidelink’s strength and drawbacks. We used simulation framework (NS3 and
SUMO) to compare 5G NR Sidelink performances in urban and highway scenarios.

4. Performance Evaluation
4.2. Simulation Settings

Table 1. Simulation Parameters.

Parameter Value Unit
Simulator NS-3/5G- -
LENA/SUMO
Packet Size 500 byte
Data Rate 16 Kbps
Simulation Time 20 S
Inter-Vehicle Distance 50, 100, 150, 200 meter
Inter Lane Distance 4 meter
Highway Length 10 Kilometer
Number of Lanes (Urban) 3 -
Number of Lanes (Highway) 5 -

Number of Vehicles per Lane (Urban) 2,3,5,7,8 -
Number of Vehicles per Lane 2,4, 6,8, 10 -

(Highway)

Average Speed (Urban Scenario) 20, 25, 30 mph
Average Speed (Highway Scenario) 40, 60, 80 mph
Sidelink Activation Time 1 ms
Sidelink Bandwidth 40 MHz

Transmission Power 23 dBm
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Resource Reservation Period 100 ms

Resource Update Period 500 ms

In Figure 5, we show the urban scenario used in simulations. Different cars and buses were
configured to follow routes inside this scenario. Figure 6 shows the acceleration variation in the
trajectories of the vehicles in the simulation. The bigger variations are related to traffic lights where
the vehicles completely stop, while the small variations are when two or more cars are very close to
each other. The time windows where it is possible to see small variations in Figure 6 represent the
moments when the vehicle traffic is more intense, and the vehicles are more concentrated. In this
scenario, the network load is higher.

1250
1000
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500

y-rosition (m)
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o

0 500 1000 1500
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Figure 5. Routes of the vehicles in the Urban scenario.
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Figure 6. Acceleration of the vehicles during the Urban scenario simulation.

4.2. Performance Metrics

e  Packet Reception Rate (PRR): ratio of the total number of Received packets R over the total
number of packets which are sent of the sources Tsoyrce,

PRR(%) =

*100 (1)
source
e  Throughput: the rate at which information is sent through the network.

R

. — @
Simulation Time
e Latency: the delay before a transfer of data packet begins following an instruction for its transfer.

Throughput =

4.3. Simulation Results

Figure 7a and Figure 7b show a reduced probability of overlapping the resource se- lection
windows of different vehicles when the average speed is reduced. The resource reservation period is
defined in ms and remains fixed for each RBs. This increases the gap in slots/time between the end of
the selection window and the beginning of the following reservation period and consequently.
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Figure 7. PRR for different NR-V2X configurations with varying vehicle speed without

retransmissions and varying vehicle numbers. (a) Highway and (b) Urban.

It helps to reduce the probability of collisions between the vehicles” selection windows. So, it
results in higher PRR when the speed is reduced and similarly shows comparatively poor results in

PRR when the speed of the vehicles is increased.

Figure 8a and Figure 8b show the results of varying vehicle density without retransmissions. As
the number of vehicles increases, each packet occupies a decreasing number of subchannels. The
number of resources available for selection increases, and therefore potentially, the average
interference decreases. Thus, in this scenario, if the number of vehicles increases, the packet reception
ratio increases. On the other hand, when the speed of the same number of vehicles increases, the
resource update period (which is fixed) is started frequently for new neighbor vehicles. This

phenomenon decreases the packet reception ratio.
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Figure 8. PRR for different NR-V2X configurations with varying vehicle speed without

retransmissions and varying Inter vehicle distances. (a) Highway and (b) Urban.

The system throughput versus the number of vehicles is displayed in Figure 9a and Figure 9b.
It can be observed that the throughput increases with the number of vehicles. This is because more
vehicles mean that UEs changed, we compared the system throughput between two different
scenarios (highway and urban) as well as when the number of vehicles changing in a certain area. It
can be observed that the system throughput improves by 10% for highway scenarios, which is easy
to understand because the highway scenario has few obstacles.
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Figure 9. Throughput for different NR-V2X configurations with varying vehicle speed without
retransmissions and varying vehicle numbers. (a) Highway and (b) Urban.

In Figure 10a and Figure 10b, we show how the distance between vehicles affects the system
throughput of two scenarios (highway and urban). It can be observed that the system throughput
decreases with the increase in the distance between vehicles. As the distance between users ranges
from 50 to 100 m, the system throughput decreases by about 10 to 20%.
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Figure 10. Throughput for different NR-V2X configurations with varying vehicle speed without
retransmissions and varying Inter-Vehicle distances. (a) High- way and (b) Urban.

It is obvious that the distance between the vehicles has a great influence on the network. When
vehicles are closer, our system has an advantage over the network. The speed of the network also
affects communication in similar ways as the other cases. It can be observed that lower speeds result
in better system performance.

Figure 11a and Figure 11b illustrate how the distance between vehicles decreases the latency of
the system. The result is shown for both highway and urban scenarios. It can be also observed that
the system latency decreases with the increase in average vehicular speed. While transmitting a
packet in sidelink, the PSCCH carries SCI messages, which describe the dynamic transmission
properties of the PSSCH. Thus, when the vehicles have increased speed, the PSCCH takes more time
to send the SCI message to the PSSCH channel.


https://doi.org/10.20944/preprints202310.1212.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 October 2023

doi:10.20944/preprints202310.1212.v1

10

— — (i} 20 mps speed

3 — — (i) 40 mps speed

2 ~o-- (i) 60 mps speed o= (ii) 25 mps speed

s ~F. “- (i) 80 mps speed | | (iii) 30 mps speed
w ~ PR W R e
Eu \\\ %_ B s e 3
= ~ = e =
§v.? \I“_ ‘é ———————. ﬁ \“\:'ﬁﬁv
= R =y £ b -
5, Bt =} R S
z z
o8
[7) (=
5 £ os
S L
-l

0.4

02

0 4 0

50 100 i " 150 200 50 100 150 200
Inter Vehicle Distance(meter) Inter Vehicle Distance(meter)
(a) (b)

Figure 11. Latency for different NR-V2X configurations with varying vehicle speed without
retransmissions and varying Inter-Vehicle distances. (a) High- way and (b) Urban.

5. Conclusion

We analyzed 5G-V2X sidelink packet transmission performance for V2X communication
considering the differences between urban and highway scenarios. Specifically, we focused on the
impact of varying number of vehicles as well as vehicle’s density, and speed. The performance
evaluation shows the notable effects of transmission interference when it comes to communication
efficiency, distance between vehicles, and vehicle’ speed estimation. On the other hand, the random
allocation of BSs and larger packets can also increase the average interference and degrade
performance. These results likely will open new research directions in the study of resource allocation
techniques that take into account performance requirements.

Appendix A

Acronyms

3GPP Third Generation Partnership Project.

BS Base Station.

C-V2X Cellular Vehicle-to-Everything.

CPOFDM Cyclic Prefix Orthogonal Frequency-Division Multiplexing.
DENM Decentralized Environmental Messages.

DL DownlLink.

DMRS Demodulation Reference Signal.

LTE Long-Term Evolution.

NR New Radio.

OFDM Orthogonal Frequency-Division Multiplexing.
PRB Physical resource block.

PSBCH Physical Sidelink Broadcast Channel.

PSCCH Physical Sidelink Control Channel.

PSSCH Physical Sidelink Shared Channel.

QAM Quadrature Amplitude Modulation.

QPSK Quadrature Phase Shift Keying

RB Resource Block.

RR Radio Resources.

RSRP Reference Signal Received Power.

SCFDMA Single Carrier Frequency Division Multiple Access.
SCI Sidelink Control Information.

SPS Semi Persistent Scheduling.

TB Transport Block.

UE User Equipement.

UL UpLink.
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V2V vehicle-to-vehicle.
V2X Vechicle to Everything.
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