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Abstract: Recently, Vehicle-to-Everything (V2X) communication has emerged as a criti-
cal technology for enhancing the safety and traffic management of autonomous vehicles.
Developing a resource allocation algorithm that enables autonomous vehicles to perceive
and react to their surroundings in real time through fast and reliable communication is
of paramount importance. This paper proposes a novel resource allocation algorithm
that minimizes the degradation of communication performance for non-platoon vehicles
while ensuring low-latency, high-reliability communication within vehicle platoons. The
proposed algorithm prioritizes platoon vehicles and enhances resource efficiency by si-
multaneously applying interference-based and distance-based resource reuse techniques.
Performance evaluations conducted using the Simu5G simulator demonstrate that the
proposed algorithm consistently maintains the average resource allocation rate and de-
lay for both platoon and non-platoon vehicles, even as the number of platoons increases.
Specifically, in a congested environment with 60 general vehicles and five platoons, the
proposed algorithm achieves an average resource allocation rate of over 90%, significantly
outperforming existing algorithms such as Max-C/I, which achieves only 58%, and the
priority-based algorithm with 54%, ensuring reliable communication for all vehicles.

Keywords: vehicles; resource allocation; 5G mobile communication; automated driving &
intelligent vehicles; wireless channels

1. Introduction

Vehicle-to-Everything (V2X) communication enhances road safety and traffic manage-
ment by enabling real-time interaction between vehicles and their environment. Initially
developed using Dedicated Short Range Communication (DSRC) based on IEEE 802.11p [1],
V2X has evolved with the introduction of Cellular-V2X (C-V2X), a more reliable and scal-
able standard [2]. DSRC is also reliable, particularly in applications such as Traffic Signal
Priority (TSP) in Europe, where it has been widely adopted as the standard solution for
municipalities and public transport providers [3]. This progression reflects the growing
need for advanced communication technologies to support autonomous vehicles and
optimize vehicular network performance. C-V2X expands the range of applications, espe-
cially in facilitating communication services between Original Equipment Manufacturers
(OEMs). For instance, C-V2X enables seamless communication between vehicles of different
manufacturers, supporting use cases like advanced driver assistance systems (ADAS) and
vehicle-to-cloud services. C-V2X expands the range of applications, especially in facilitating
communication services between Original Equipment Manufacturers (OEMs). For instance,
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C-V2X enables seamless communication between vehicles of different manufacturers, sup-
porting use cases like advanced driver assistance systems (ADAS) and vehicle-to-cloud
services [4].

The 3rd Generation Partnership Project (3GPP), an international standards organi-
zation for mobile communication technology, introduced a Device-to-Device (D2D) com-
munication standard for Proximity Services (ProSe) using cellular technology in Release
12 (Rel. 12) [5]. Building upon this, 3GPP developed LTE-V2X, a C-V2X standard, which
was introduced in Release 14 (Rel. 14) and further enhanced in Release 15 (Rel. 15) [6].
A key feature of LTE-V2X is the introduction of sidelink communication, a new interface
enabling direct Vehicle-to-Vehicle (V2V) communication, facilitating stable, low-latency
interactions between vehicles. In Release 16 (Rel. 16), 3GPP introduced NR-V2X, a standard
that integrates the advanced wireless capabilities of 5G New Radio (NR) into V2X commu-
nication. NR-V2X offers improved reliability through higher data transmission rates, lower
latency, and enhanced resilience against multipath fading, leveraging millimeter-wave
bands [7]. Unlike LTE-V2X, NR-V2X supports various communication modes such as
unicast, broadcast, and groupcast [8] and is designed to accommodate advanced services
such as vehicle platoon, enhanced driving support, extended sensor sharing, and remote
driving [9].

In this service, vehicle platoon is a vehicular technology that enables vehicles to travel
in coordinated groups, where each vehicle autonomously maintains its speed and distance
through communication with other vehicles in the platoon [10]. This technology provides
multiple benefits, including enhanced traffic safety, as decreased inter-vehicle spacing re-
duces aerodynamic drag [11]. Furthermore, platooning improves road utilization efficiency
and mitigates the risk of accidents by facilitating real-time vehicular communication [12].

This paper highlights the need for platoon-prioritized resource allocation algorithms
to ensure reliable communication in 5G vehicular networks. While existing studies have ex-
plored prioritization for certain service packets, research on algorithms specifically tailored
for platoon communication remains limited. This gap is critical, as platoon vehicles trans-
mit more frequently, consuming substantial resources, particularly in congested networks,
which can exacerbate delays for general vehicles.

In response, this paper proposes a simple yet effective platoon-prioritized resource
allocation algorithm that combines a priority-based approach with a resource reuse tech-
nique. The goal is to improve the communication performance of platoon vehicles while
mitigating the delays caused by resource shortages for general vehicles. The proposed
algorithm addresses the challenge of resource allocation between platoon and general
vehicles within the vehicular network. It aims to ensure reliable communication for platoon
vehicles, even under resource constraints, while minimizing resource allocation failures and
communication delays for general vehicles. Unlike existing resource allocation methods,
which fail to fully resolve resource shortages as vehicle density increases, the algorithm
presented in this study addresses these issues through the efficient reuse of resources.

The structure of this paper is organized as follows: Section 2 describes the related
works of resource allocation algorithms in the V2X network. Section 3 provides an overview
of the fundamental concepts related to NR-V2X communication, platoon communication,
and sidelink resource allocation methods in NR-V2X. This section covers the technological
advancements of NR-V2X and the latest 3GPP standards for platoon communication.
Section 4 focuses on system modeling and the proposed resource allocation algorithm,
which form the core of this study. It presents the resource allocation process modeling, the
mathematical formulations underlying the algorithm, and a detailed explanation of the
operational principles of the proposed method. Section 5 offers a comparative performance
analysis of the proposed algorithm against existing algorithms, assessing its resource
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efficiency and communication delay across various scenarios. The results are presented
and analyzed visually through graphs. Finally, Section 6 concludes with a summary of
the findings in the paper, discusses the contributions of the paper, and suggests potential
directions for future research.

2. Related Work

Ensuring real-time communication reliability for platooning is critical due to the close
proximity of vehicles within the platoon. The communication delay between vehicles must
be minimized. According to 3GPP standards, platooning demands lower communication
latency and higher reliability compared with other vehicular communications [9]. Packet
transmission in vehicle-to-vehicle communication involves two key processes: the phys-
ical transmission of packets and the request and allocation of communication resources
necessary for transmission [13]. For platoon vehicles, since communication predominantly
occurs between vehicles spaced only a few meters apart, interference is minimized, al-
lowing for more efficient communication with reduced latency during the actual packet
transmission process. Therefore, the timely allocation of resources to platoon vehicles is
crucial for minimizing delay.

(1) Traditional resource allocation algorithm: Traditional resource allocation algo-
rithms, such as the Max-C/I algorithm, allocate resources to the vehicle with the best
channel conditions, and the Round Robin algorithm allocates resources sequentially to all
vehicles, ensuring fairness but often at the cost of overall efficiency [14]. However, under
conditions of network congestion, due to high vehicle density or increased communication
demand, it is difficult to guarantee the necessary resources for each vehicle [14]. When
resources are insufficient, vehicles must request resources again for communication, and
once the maximum number of resource request attempts is reached, resource allocation is
unsuccessful, requiring the vehicle to re-establish a connection with the base station and
restart the process [15]. This results in additional communication delays.

(2) Reinforcement learning-based resource allocation algorithm: Recently, reinforce-
ment learning has been extensively applied in the study of resource allocation algorithms
for platoon vehicles, with the goal of minimizing interference and enhancing spectral
efficiency by optimizing resource allocation [16-21]. However, reinforcement learning
requires large datasets and considerable computational resources, with a training process
that is time-consuming [22]. This may result in network performance degradation during
the initial learning phase and could potentially affect overall network stability. In dynamic
environments such as vehicular networks, continuously modeling the evolving system
states in a reinforcement learning-based system is particularly challenging, which could
lead to potential performance degradation in real-world scenarios [23].

Xu et al. addressed the multi-objective resource allocation problem, focusing on
maximizing the transmission success rate and Mean Opinion Score (MOS) of V2I commu-
nication links in a multi-platoon vehicular network using a reinforcement learning-based
algorithm [16]. However, their simulation environment considered only platoon vehicles,
excluding non-platoon general vehicles. Chai et al. tackled the joint optimization of pla-
toon formation, power control, and spectrum allocation in a C-V2X network, considering
uncertain channel parameters [17]. Their goal was to ensure reliable intra-platoon com-
munication while maximizing V2I capacity using a distributionally robust optimization
technique. Although this study considers both platoon and general vehicles, it assumes
that general vehicles engage solely in V2I communication with the base station. Moreover,
in typical resource allocation processes, vehicles provide the base station with information
such as resource requirements, location, and service type, and the base station does not
directly know the destination address of the packets being transmitted. Accordingly, this
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study introduced a dedicated communication to transmit the destination information of
each vehicle to the base station, which consequently increased latency.

(3) Priority-based resource allocation algorithm: While some studies have explored
resource allocation algorithms that prioritize specific service packets [24,25], no research
has yet addressed the prioritization of new communication types, such as platoon commu-
nication, in 5G networks. Furthermore, existing priority-based algorithms often struggle to
ensure adequate communication for general vehicles while prioritizing specific services.
In particular, platoon vehicles frequently transmit packets at shorter intervals than other
vehicles, which leads to higher resource consumption [9,10]. This issue becomes more
significant in congested vehicular networks, where general vehicles may experience con-
siderable delays due to resource re-allocation failures and prolonged waiting times [26,27].
Additionally, similar to challenges seen in remote driving applications, the communica-
tion delay in 5G networks remains an obstacle in ensuring real-time communication for
platooning, especially under high vehicle density [28]. While 5G networks aim to address
latency issues, certain Key Performance Indicators (KPIs), such as ultra-reliable low-latency
communication (URLLC), have yet to be fully implemented in commercial networks. This
gap in performance is expected to be addressed by 6G networks, which will offer even
lower latency and enhanced reliability, thereby supporting applications like platooning
more effectively.

3. Background of V2X
3.1. NR-V2X Communication Overview

V2X communication encompasses interactions between vehicles and their sur-
roundings, including Vehicle-to-Vehicle (V2V), Vehicle-to-Infrastructure (V2I), Vehicle-
to-Pedestrian (V2P), and Vehicle-to-Network (V2N), as shown in Figure 1. Its primary goals
are enhancing road safety, optimizing traffic management, and supporting autonomous
driving by ensuring high reliability, low latency, and high capacity through advanced
wireless technologies.

C-v2x Base station

RSU (@)

szyé S

V2V 00 V2P [

Car Car Person

Figure 1. C-V2X Communication types: Vehicle-to-Vehicle (V2V), Vehicle-to-Infrastructure (V2I),
Vehicle-to-Network (V2N), and Vehicle-to-Pedestrian (V2P) communications.

NR-V2X, developed as the successor to LTE-V2X, addresses the stringent require-
ments of autonomous driving with key technological advancements [29]. It supports both
mmWave and sub-6 GHz bands, enabling ultra-high-speed data transmission necessary for
real-time communications in complex vehicular networks [30]. Additionally, its dynamic
subcarrier spacing ensures adaptability to varying communication environments, while
dual resource allocation modes—distributed and base station-based—provide flexibility in
areas with limited infrastructure.

NR-V2X introduces significant improvements over LTE-V2X, including advanced
scheduling algorithms that reduce delays, improved retransmission mechanisms such as
Hybrid Automatic Repeat reQuest (HARQ), and enhanced interference management [31,32].
Furthermore, the addition of new physical channels, such as the Physical Sidelink Feedback
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Channel (PSFCH), ensures reliable groupcast and unicast communication, particularly in
challenging or densely populated environments. These innovations make NR-V2X a critical
technology for the future of autonomous driving and advanced vehicular networks.

3.2. Platoon Communication

A platoon, in the context of autonomous driving technologies, consists of two pri-
mary components: the Lead vehicle and Member vehicles, as shown in Figure 2 [10]. The
Lead vehicle, typically manually driven, operates at the front, perceiving the environment
and responding to changes. Member vehicles follow the Lead vehicle and communi-
cate with other platoon vehicles to maintain coordination. These vehicles operate either
autonomously or semi-autonomously, depending on their role.

Member vehicle Lead vehicle
Platoon

Figure 2. Components of a platoon: Lead vehicle and multiple Member vehicles.

Key technical requirements are crucial for ensuring stable platoon communication, as
standardized by the 3GPP [9]. Minimizing communication delay is essential, as platoon
vehicles travel at high speeds in close proximity. To prevent collisions and enable safe
platooning, the 3GPP has set a communication delay threshold of 10 to 25 ms. Reliability of
at least 90% is also mandated, as transmission failures could lead to accidents. Addition-
ally, platoon communication requires data packets of 300 to 400 bytes to be transmitted
over 30 times per second. Compared with the Basic Safety Message (BSM) or Cooperative
Awareness Message (CAM) sent by general vehicles (50 to 300 bytes), platoon communica-
tion involves larger data volumes [33].

Platoon communication methods are categorized into centralized and decentralized
models [10]. In centralized communication (Figure 3a), the Lead vehicle manages all
communications, transmitting packets to all Member vehicles. This enables rapid coordina-
tion but imposes a heavy communication load on the Lead vehicle as platoon size grows.
Conversely, decentralized communication (Figure 3b) involves each vehicle transmitting
packets to the vehicle directly behind it. This reduces the Lead vehicle’s communication
burden and allows each vehicle to adjust its position and speed independently. However,
decentralized communication introduces challenges, such as instability when vehicles join
or leave the platoon and difficulties in maintaining overall platoon integrity if communica-
tion is interrupted.

Member vehicle Lead vehicle Member vehicle Lead vehicle

e e T i,
‘,h..

(a) (b)

Figure 3. (a)—Centralized communication of platoon, (b)—Decentralized communication of platoon.

The proposed resource allocation algorithm in this paper is designed for platoon
vehicles using decentralized communication. Efficient resource allocation is critical, as
decentralized models require higher resource consumption due to communication among
all vehicles. Maintaining smooth and stable communication is essential for ensuring the
safe and reliable operation of the platoon.



Sustainability 2025, 17, 1747

6 of 22

3.3. NR-V2X Resource Allocation

The 3GPP extended 5G NR-V2X standard [34] builds on the LTE-V2X resource al-
location mechanism to support the ultra-low latency and high reliability needed for au-
tonomous vehicles. NR-V2X introduces a flexible resource allocation structure to meet
these stringent demands. The physical layer of NR-V2X communication resources con-
sists of Physical Resource Blocks (PRBs), fundamental units of resource allocation. A PRB
comprises 12 subcarriers in the frequency domain and Orthogonal Frequency Division
Multiplexing (OFDM) symbols in the time domain, as shown in Figure 4, enabling the
transmission of data over designated frequency bands and time periods [35]. Flexible nu-
merology, defining subcarrier spacing and slot duration, allows NR-V2X to adjust resource
allocation for varying service requirements.

OFDM Symbol

Spacing (5CS)

{

[ ]

@
Subcarrier

Frequency

Physical Resource Block

M
v

Slot

v

Time

Figure 4. Structure of resource block.

NR-V2X supports two sidelink communication modes: Mode 1 (centralized schedul-
ing) and Mode 2 (distributed scheduling). These modes ensure compatibility with LTE-V2X
and meet the diverse communication needs of autonomous vehicles. Mode 1, a centralized
method, operates under base station coverage. Vehicles transmit Scheduling Requests (SR)
via the Physical Uplink Control Channel (PUCCH), and the base station allocates resources
using Downlink Control Information (DCI) over the Physical Downlink Control Channel
(PDCCH). Resource allocation combines Dynamic Grant (DG), which provides real-time
flexibility, and Configured Grant (CG), which pre-allocates resources for periodic trans-
missions [36]. This hybrid approach enhances resource efficiency and reliability. However,
Mode 1 relies heavily on base stations, making it susceptible to failures in areas with poor
network infrastructure or during network overload [37]. Mode 2 is a distributed scheme
where vehicles autonomously allocate resources, ensuring independence from base station
coverage, and it uses a sensing and selection window to minimize collisions. Vehicles em-
ploy a Semi-Persistent Scheduling (SPS) scheme for periodic resource reservation [38,39].
NR-V2X Mode 2 supports unicast, groupcast, and broadcast communications, unlike
LTE-V2X, and incorporates feedback-based retransmission with Hybrid Automatic Re-
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peat reQuest (HARQ) to enhance reliability. This approach reduces resource conflicts and
supports efficient communication in high-density vehicular environments.

4. System Modeling and Resource Allocation Algorithm

This section presents the system model used for scenario description and resource
allocation algorithms in vehicular networks, followed by a detailed explanation of the
operational process of the resource allocation algorithm.

4.1. System Model

As shown in Figure 5, the network model comprises platoon vehicles, general ve-
hicles, and Roadside Units (RSUs) within a multi-lane V2X network. Platoon vehicles
perform direct V2V communication with their adjacent platoon members, while general
vehicles engage in V2I communication with RSUs or V2V communication with nearby
vehicles [40,41]. Both communication types share the same frequency band, with resources
allocated using NR-V2X Mode 1. This configuration reflects real-world scenarios where
resource competition intensifies due to mixed communication demands.

—_— V2VIVEI link

—3 V2V Interference link .
Base station

(o)

¥ ¥ F F F

L]
- wTm -
L2 D -
[E@ (I®» [ (—m] General vehicle

Platogn

Figure 5. V2X communication model in NR-V2X network.

Prior to resource allocation, the base station periodically communicates with platoon
vehicles within the cell and stores their identifiers. The set of stored platoon vehicles is
then further divided into subsets based on the respective platoons and is defined as follows

v, = {vi", vi¥, . vy (1)

V;m) represents the set of vehicles in the m-th platoon. This set is used in the proposed
algorithm to prioritize platoon vehicles during the resource allocation process. For the
purpose of resource reuse, identifiers for each platoon are separately stored to distinguish
between them. In the network, when vehicles require communication resources, they send
a resource request message at time t using the DG method. The base station allocates the
available resource blocks to the vehicles. As shown in Figure 6, vehicles that are present in
the cell at time ¢ and have sent resource request messages to the base station are defined as
resource-requesting vehicles, which can be expressed as follows:

Vi =P+ Gy (2)
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Figure 6. Request Resource in Resource block.

Py represents the set of platoon vehicles that send resource requests at time ¢, expressed
as P = {1, e, n}, and these vehicles belong to the set of platoon identifiers Vi, which is
pre-stored by the base station. G; represents the set of general vehicles that send resource
requests at time ¢ but do not belong to V), expressed as G; = {1,...,m}. Each vehicle
requires resources according to its data transmission needs. Each Resource Block (RB) is
defined as a physical resource element available for use at time t. Each RB consists of a
combination of time and frequency and represents the unit resource for data transmission.
The set of resource blocks at time t is denoted as RB;.

Each vehicle has varying resource demands depending on the size of the data to be
transmitted and the transmission rate. The resource demand of a vehicle is determined by
the size of the packet data it intends to transmit and the amount of data it can send using
a single resource block. The resource block demand Rq(v) for each vehicle is calculated
as follows:

Rq(v) = Fg((;’ﬂ (v eV 3)

In this case, D(v) represents the data size of a packet to be transmitted by vehicle v,
which is obtained through a resource request message sent via the PUCCH. C(v) denotes
the amount of data that vehicle v can transmit per resource block, which is determined
by the communication state of the vehicle and may vary depending on the modulation
scheme. As the resource block is divided into discrete units, the required resources are
calculated by applying a ceiling function to round up any fractional values during the
resource requirement calculation.

In scenarios where a large number of vehicles are requesting resources, the cumulative
resource demand may exceed the number of available resource blocks. To address this,
one approach involves reusing already allocated resources, and it is crucial to establish
criteria for efficient resource reuse. Since a general vehicle does not know the destination
address of the packet during resource allocation, it is challenging to calculate interference
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and channel gain between communicating vehicles. Therefore, resource reuse for general
vehicles is performed with the aim of minimizing interference with resource-allocated
vehicles. To facilitate this, the reusability of a resource is determined based on the distance
between resource-allocated vehicles, and resources may be reused by vehicles separated by
a distance greater than a predetermined threshold. This threshold is defined as the resource
reuse distance. In this paper, the resource reuse distance is calculated by applying the
method proposed by Bazzi et al., which calculates the perceived distance and reuse distance
based on the SINR conditions in vehicle-to-vehicle communication [42]. The resource reuse
distance, or the minimum distance between vehicles using the same resource block without
causing significant interference, is calculated by considering the perceived distance between
vehicles and the interference generated when two vehicles share the same time-frequency
resource block. Bazzi et al.’s method accounts for various parameters, including path loss,
transmission power, antenna gain, and noise power, to calculate the maximum allowable
reuse distance while maintaining an acceptable SINR threshold for reliable communication.

The key parameters in the model include the path loss factor, the transmission power
of the vehicles, the antenna gain, and the noise power in the system. The path loss model
accounts for the attenuation of the signal as the distance between vehicles increases, while
the antenna gain factors in the directional characteristics of the antennas used by the
vehicles. The noise power is calculated based on the environmental conditions and the
operating frequency of the system.

The base station can indirectly infer the destination address of a packet when allocating
resources for platoon vehicles, unlike general vehicles. This inference is supported by the
exchange of control information during the Radio Resource Control (RRC) reconfiguration
process, where the base station can receive QoS requirements, logical channel configura-
tions, and priority settings that are specific to platoon communications [15,43]. A platoon
vehicle operating under a distributed communication model periodically transmits packets
to the next platoon vehicle. In this process, specific QoS characteristics, such as low latency
and high reliability required for platoon safety and coordination, allow the base station to
deduce that the next packet is intended for the following vehicle in the platoon. From this
analysis, the base station can infer that the destination of the packet is the next vehicle in
the platoon.

Consequently, the base station can calculate interference and channel gain for platoon
vehicles transmitting packets to the next platoon vehicle, particularly when using the same
resource block. Resource reuse is then determined by calculating the Signal-to-Interference-
plus-Noise-Ratio (SINR), which quantifies the interference level between vehicles. SINR
is defined as the ratio of the signal power received by the vehicle to the interference and
noise power caused by other vehicles, and it is calculated using the following equation:

(7)

N Poh @
ik (1)
N() + Zi’;ﬁi x,»/,jPOhi,,k

In this formula, x; ; is a binary variable that indicates whether vehicle i is using resource
block j; it is set to 1 if the resource block is utilized and 0 otherwise. P represents the

()
ik
i and its receiving vehicle k for resource block j. This gain reflects the quality of the

transmission power of the vehicle, and #;} denotes the channel gain between vehicle
wireless channel between the two vehicles, which depends on factors such as distance
and environmental conditions. Ny represents the noise power at the receiver, which
includes both thermal noise and environmental noise, affecting the reception of signals.
The denominator of the SINR expression accounts for both noise and interference. The

term ) i xi/,jPOhl(,] 3{ represents the interference experienced by vehicle kK when another
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vehicle i’ is using the same resource block. This interference is caused by concurrent
transmissions sharing the same time-frequency resource block, which reduces the SINR
of the target vehicle. Interference can significantly degrade communication performance
by causing signal distortions or collisions, further reducing the available bandwidth for
the vehicle. The higher the number of concurrent transmissions, the more interference
is added to the received signal, leading to a decrease in SINR and a potential increase in
communication delay.

In this case, the channel gain between two vehicles using resource block j can be
modeled using the complex Rayleigh fading channel coefficient h(()j ), the distance d;
between vehicles i and k, and the path loss exponent 8 [44].

« 3
my = [nd| (i) )

As mentioned earlier, the base station can infer that the next packet destination for
a platoon vehicle is the subsequent vehicle in the platoon through the resource request
message. Using this information, the base station can calculate the channel gain between
vehicles, including those within the platoon. Based on this calculation, the base station
reuses the resource only when the SINR of the platoon vehicle, reduced by the interference
power of the vehicle reusing the resource, remains higher than the threshold SINR required
for reliable communication.

4.2. Proposed Resource Allocation Algorithm

The following objective function aims to minimize the number of resource re-requests
while maximizing the resource allocation rate in the process where general vehicles are al-
located resources and engage in communication within the overall communication process.
Constraints C; to C4 below represent the conditions of the proposed resource allocation
algorithm. Ra(i) represents the resource block allocated to vehicle i, and t; denotes the
resource allocation order of vehicle i. n; denotes the number of times vehicle i re-requests a
resource, while 11 represents the maximum number of resource re-requests allowed for

a vehicle. . 0
1 Ra(i n; .
max — = — 1€Gy, Gi=11,...,m 6
mE(Rq(z) ”maX> ( b Ge=A ) ©
C1: Ra(i) € {O,Rq(i)} (ie V) (6a)
Co: ty<ty (peh, g€G) (6b)
Cs: Xjj —|—xk,]‘ <1 (i,k € Vlgm) orik € G, di,k < do) (60)
Ci: 7 > Ymin (ke P) (6d)

The SINR 'Yz(Jk) is given by

. oY) . ,
M= - ) (Vlf Xij =1, Vi, xpj = 1) (6
N() + Zi’#l‘ xi/,jPOhi,’k

C; specifies that each vehicle either receives all requested resources or none at all. In
other words, vehicle i is either allocated the requested resource requirement or does not
receive the requested allocation. In C;, the resource allocation order for platoon vehicles
must always precede that of general vehicles. C3 ensures that vehicles in the same platoon,
or general vehicles within the resource reuse distance, cannot use the same resource
simultaneously. Specifically, if the distance between vehicle i and vehicle k is less than
a defined threshold, the same resource cannot be allocated. Cy4 states that when platoon
vehicles reuse resources, the SINR must be equal to or greater than the minimum threshold
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SINR value. In this case, the resource for platoon vehicles can only be reused if the SINR
constraint is satisfied.

The resource allocation problem is classified as NP-Hard, indicating that the process
of deriving an optimal solution is computationally complex and time-consuming [45]. In
NP-Hard problems, the computational time required to explore feasible solutions increases
exponentially as the problem size grows. Furthermore, since resource allocation must
adapt to continuously changing conditions, finding solutions for the objective function in
real-time within dynamic network environments becomes highly challenging in practice.
In particular, finding solutions that optimize system performance across multiple time slots
is significantly more challenging. The allocation in one-time slot can affect outcomes in
subsequent time slots, making it difficult to achieve a globally optimal solution for the
objective function.

Given these complexities, instead of pursuing a theoretically optimal solution to the
objective function, this paper focuses on the empirical evaluation of the proposed resource
allocation algorithm. We use heuristic algorithms suitable for real-time vehicular networks
and assess the practical performance of the algorithm. The objective function aims to
improve network efficiency by maximizing resource utilization and minimizing communi-
cation delay to meet real-time requirements. Therefore, we evaluate the effectiveness of
the algorithm by comparing its performance with existing algorithms using performance
evaluation metrics such as the average resource allocation rate and communication delay.
These metrics are directly linked to the objectives of maximizing resource utilization and
minimizing delays, providing a meaningful assessment of how well the algorithm meets
the goals set by the objective function. Through this comparative evaluation, the proposed
algorithm can be objectively assessed in terms of its efficiency in handling real-time resource
allocation within the complexity of solving the resource allocation problem and the degree
of performance improvement it offers compared with existing algorithms.

The proposed algorithm comprises two main steps. The first step involves the base
station classifying vehicles as either platoon vehicles or general vehicles during the resource
request stage, while the second step involves the base station allocating resources to both
platoon and general vehicles during the resource allocation stage. The algorithm follows
a heuristic-based greedy approach, where the base station determines whether to reuse
resources for each vehicle based on the SINR conditions and the resource reuse distance,
enabling efficient resource allocation in real-time vehicular networks.

The detailed operational process of the algorithm is illustrated in the flowchart shown
in Figure 7 and further explained in Algorithms 1-3. In Algorithm 1, during the resource
allocation process, vehicles are classified as platoon vehicles or general vehicles, followed
by an initialization step. The base station first receives the identifier of each vehicle from
the platoon vehicles and stores it in the identifier set V. In the resource allocation stage,
the base station identifies the vehicles requesting resources and verifies whether their
identifiers are included in V). Vehicles whose identifiers are part of V) are classified as
platoon vehicles and stored in set P, while general vehicles are placed in set G. Subsequently,
general vehicles in set G that have not yet received resources are prioritized based on the
number of resource allocation failures, denoted as Score, and resources are allocated first to
the platoon vehicles.
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Figure 7. Flowchart of the algorithm.

Algorithm 1 Pre-allocation

: Initialize sets: P = {Platoon vehicle set}, G = {General vehicle set}, R = {Resource blocks}
: Base station stores platoon vehicle IDs in V),
: for each vehicle i requesting resources do
if i € V, then
P« PU{i}
else
G+ Gu{i}
end if
: end for
* Gunallocated = {i € G |i has no previous allocation }
¢ Sort Gunallocated Py predefined “Score” in descending order.
: Allocate resources to P first, then G.

—_

T
N =

Algorithm 2 addresses the resource allocation process for platoon vehicles. Resource
allocation is performed in the order in which vehicles have submitted requests, with the
base station identifying a resource block for each vehicle. Initially, the base station searches
for available resources for the requesting vehicle. If the resource is unallocated, meaning it is
not currently in use by another vehicle, it is immediately allocated to the requesting vehicle.
If the resource is already in use by another platoon vehicle, the base station determines
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whether the resource can be reused by the requesting vehicle. In this case, the base station
calculates the SINR for all platoon vehicles using the resource and allows reuse only if the
SINR of all vehicles is greater than or equal to the threshold SINR.

Algorithm 2 Resource Allocation for Platoon Vehicle

2: Step 2: Resource Allocation for Platoon Vehicles
for each vehicle i € P do
4:  for each resource block j € R do
if j is unused then

6: Allocate j to requesting vehicle i
else if j are used by another vehicles i(!)...i"") in P and they are in another platoon then
8: Platoon vehicle i send packet to next platoon vehicle k
Platoon vehicle i") send packet to next platoon vehicle k(")
10: Compute SINR for platoon vehicle i with another vehicles in j:

PO'hE,Jk

(j
No + L xpr,j- Po - hl%

/)
71,k

Compute SINR for platoon vehicle i) with another vehicles in j:

i) _ Py- hj(];z),k(n)
Vi) gy = N G
o+ 2[’7&1(”) xl/,] 0 i/,k(")

12: if 'y,(]k) > threshold and 7%2) 4 = threshold, vi(") € P then

Reuse j for requesting vehicle i
14: else

Continue to next resource block j
16: end if

end if
18:  end for
end for

Algorithm 3 manages the resource allocation for general vehicles once the allocation
process for platoon vehicles is complete. The base station searches for a resource block
that can be allocated to the requesting general vehicle. If the resource is unoccupied, it is
immediately allocated. If the resource is already in use by another vehicle, the base station
first checks whether the resource is allocated to a platoon vehicle. If so, the base station
calculates the SINR of the platoon vehicle using the resource and does not permit reuse if
the SINR of the platoon vehicle falls below the threshold when the general vehicle reuses
the resource.

Reuse is allowed only if the SINR remains above the threshold. If the resource is in
use by another general vehicle, the base station checks whether all general vehicles using
the resource are separated by a distance greater than or equal to the resource reuse distance
from the requesting vehicle. If this condition is met, the resource can be reused. After
resource allocation is completed, the identifier of any general vehicle that failed to receive a
resource, along with the number of resource allocation failures, is recorded as Score and
stored. This Score is subsequently used to determine the priority of resource allocation
for future requests. This Score is subsequently used to determine the priority of resource
allocation for future requests.
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Algorithm 3 Resource Allocation for General Vehicles

Step 3: Resource Allocation for General Vehicles
3: for each vehiclei € G do
for resource blocks j € R do

if j are unused then
6: Allocate j to requesting v and reset “Score”

else if j are used by a vehicle then

if j are used by a vehicles i(!)...i(") in P then
9: Platoon vehicle i(") send packet to next platoon vehicle k(")
Compute SINR for platoon vehicle i) with another vehicles in j:

%) P hf(z),k(”)

Titn) pn) = i
im) ke (1)
No + Ly 4itm *ij+ Po -1y

if 7)) ) > threshold, Vi(") € P then

12: Check whether general vehicles reuse resources
else
Continue to next j
15: end if
end if
if j are used by another vehicle i")...i") in G then
18: Compute distance di,i(”) between vehicle i and vehicles i(1)...i(")

ifd, ;) > reuse distance, vi") € G then
Reuse j for the requesting i and reset “Score”

21: else
Continue to next j
end if
24 end if
end if
end for
27: end for

if resource allocation fails for a vehicle in G then
Record failure count as “Score” and store with vehicle ID
30: end if

5. Results and Analysis
5.1. Simulation Configuration and Performance Metrics

In this section, we describe the simulation scenario and provide a detailed performance
comparison between the proposed algorithm and the existing algorithms. As comparison
algorithms, Max-C/I, a simple priority-based algorithm, and a priority-based reuse algo-
rithm where general vehicles utilize distance-based resource reuse to allocate remaining
resources were employed. The performance of the proposed algorithm is then assessed
through a comprehensive analysis of the simulation results.

In this paper, various modules and frameworks are employed to conduct the simula-
tion, and their interconnection within the simulation framework is illustrated in Figure 8.
The primary tool utilized is Simu5G, a module compliant with the 3GPP standard that
supports NR-V2X communication [46]. Simu5G operates on OMNeT++ (Version 5.6.2,
OpenSim Ltd., Budapest, Hungary) , a C++ (https:/ /isocpp.org/, accessed on 12 January
2025) simulation library and framework, and incorporates INET, an open-source frame-
work offering tools for simulating communication networks. Additionally, the SUMO
framework is used to simulate realistic vehicular mobility by generating road networks and
vehicles [47]. SUMO provides an API that enables interaction with the generated vehicles.
This interaction is facilitated through the Traffic Control Interface (TraCI), which allows
real-time control of vehicle behavior, such as speed and position, and provides access to
detailed simulation data. By utilizing Veins, another open-source vehicular network simu-
lation framework, the TraCI API is integrated into the OMNeT++ simulation environment,
ensuring that the realistic vehicular mobility generated in SUMO is accurately reflected
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in the vehicles simulated in Simu5G. Through the integration of these tools, we achieve a
realistic simulation of V2X communication scenarios.

The scenario consists of both general and platoon vehicles communicating over the
PC5 interface. In this scenario, vehicles travel at an average speed of 90 km/h on a
3 km long, six-lane highway, with RSUs deployed at intervals of 500 m. General vehicles
transmit 200 bytes of BSM to the nearest RSU every 100 ms via V2I communication and
simultaneously transmit 200 bytes of CAM to a random vehicle within a 300 m range every
100 ms. A platoon vehicle transmits 400 bytes of platoon safety messages to the next vehicle
through V2V communication every 30 ms. These parameters reflect realistic vehicular
communication patterns and network density, ensuring the scenario captures typical V2X
traffic conditions. The choice of certain parameters is crucial to simulate realistic vehicular
network environments. For instance, the bandwidth of 10 MHz, as shown in Table 1, is
chosen to reflect a practical frequency allocation within the 5.9 GHz band, commonly used
for V2V and V2I communications [48]. This bandwidth is sufficient to support the high
data rate requirements of platooning vehicles, which frequently transmit larger safety
packets (e.g., 400 bytes every 30 ms). The transmission power of 23 dBm was selected
based on 3GPP specifications, as it represents the maximum transmit power for C-V2X
communication [49].

Table 1. Simulation parameters in Simu5G and SUMO.

Parameter Value
Bandwidth 10 MHz
Resource Block Bandwidth 180 kHz
Resource Block Time Slot 1 ms

PC5 Frequency Band 5.9 GHz
Resource Allocation Interval (TTI) 1 ms
Maximum number of re-request (1max) 3
Transmission Power (P) 23 dBm
Antenna Gain 3 dBm
Noise Power (Np) —110 dBm
Path Loss Factor (B) 4
Threshold SINR (7Ymin) 4.3 dB
Number of vehicles per Platoon 5 vehicles
Simulation time 60 s
Modulation and Coding Scheme (MCS) 5

Pathloss model (BGPP-TR 36.873) [50]

Moreover, the simulation uses a path loss factor of 4, based on the 3GPP-TR 36.873
model, which represents the signal attenuation in vehicular environments, where the
distance between vehicles can vary. The threshold SINR is set to the minimum SINR, which
results in a signal reception probability of 99% or higher when the Modulation and Coding
Scheme (MCS) is 5. Other simulation parameters follow the default settings provided by
Simu5G, which are based on standardized values that have been validated to accurately
reflect real-world vehicular network environments.

The simulation was conducted by increasing the number of platoon vehicles
from 1 to 5. As the number of platoon vehicles increases, the resources allocated to general
vehicles decrease. Therefore, it is essential to analyze how effectively resources are allocated
to general vehicles as the number of platoon vehicles increases. As mentioned Section 4,
the following performance metrics were used to evaluate the performance of the proposed
algorithm in the simulation:
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*  Average Allocation Rate (AAR): the rate of the number of vehicles successfully allo-
cated resources to the total number of vehicles requesting resources [51].

¢ Average delay in general vehicles: the average time taken for a packet transmitted by
a general vehicle to reach its destination.

¢ Average delay in platoon vehicles: the average time taken for packets transmitted by a
platoon vehicle to reach the next platoon vehicle.

5G Melwork Vehicle Network
Simulation Module Simulatien Framework "
SimusG Veins
TraCl
I Metwork Simulator Open Source Framework I
INET Road Traffic Simulator I
OMMNeT++ I C++ Network Simulator I SUMO

Figure 8. Simulation frameworks diagram.

The AAR measures how reliably resources are allocated to general vehicles and is used
to assess the first term of the objective function, which aims to improve resource utilization.
In V2X applications, average delay is a critical performance metric directly linked to
meeting real-time communication requirements. Delays in the resource allocation process
can result from resource re-request procedures and allocation failures. Under congested
conditions, the priority-based algorithm allocates fewer resources to general vehicles than
to platoon vehicles, consequently increasing the delay experienced by general vehicles
during resource allocation. To evaluate the impact of these conditions, we calculate the
delay experienced by general vehicles during the resource allocation process, which is used
to assess the second term of the objective function focused on minimizing communication
delays. Furthermore, the average delay in platoon vehicles is evaluated to determine how
effectively the priority-based allocation algorithm supports their communications.

At this point, since CAM is transmitted to a random nearby vehicle each time, it is
difficult to accurately analyze the delay time. Therefore, the delay time of general vehicles
was evaluated based on the BSMs transmitted to the RSU. Additionally, the delay of platoon
vehicles was used as an index to evaluate how effectively the proposed resource allocation
algorithm meets the communication requirements of platoon vehicles.

5.2. Simulation Results and Analysis

(1) Average Allocation Rate (AAR): In Figure 9, the AAR of the proposed algorithm
and existing algorithms is compared based on the number of general vehicles and platoons.
In Figure 9a—d, the number of general vehicles is set to 30, 40, 50, and 60, respectively.
As shown in all the figures, the AAR for each algorithm tends to decrease as the number
of platoons increases. The proposed algorithm exhibits less reduction in AAR compared
with Max-C/I and the priority-based algorithm, maintaining relatively stable performance
for general vehicles. When there is one platoon and 60 general vehicles, the proposed
algorithm achieves an AAR of over 90%, while Max-C/I records 58% and the priority-based
algorithm records 54%. While the AAR difference between the priority-based algorithm and
Max-C /I is minimal, both of the other two reuse algorithms show performance exceeding
90%. This is likely because platoon vehicles consume fewer resources when their number
is low. The resource reuse algorithms allow general vehicles to reuse resources, enabling
them to maintain a high AAR even under resource constraints. As a result, the reuse
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algorithms outperform Max-C/I and the priority-based algorithm in terms of resource
allocation performance for general vehicles.
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Figure 9. The Average Allocation Rate (AAR) of general vehicle: (a)—30 general vehicles,
(b)—40 general vehicles, (c)—50 general vehicles, (d)—60 general vehicles.

When analyzing the AAR variation as the number of platoons increases, the priority-
based reuse algorithm shows a clear downward trend in AAR as the number of platoons
rises. For instance, the AAR is 84% with three platoons and drops to 72% with five platoons.
In contrast, the proposed algorithm maintains high AARs of 92% and 91%, respectively,
with minimal impact from the increasing number of platoons. This is because the proposed
algorithm is designed to allocate resources by reusing those from both platoon vehicles and
general vehicles while efficiently managing resource reuse in platoon vehicles based on
SINR. Consequently, even with an increasing number of platoons, the proposed algorithm
sustains a relatively high AAR. This demonstrates that the proposed algorithm can maintain
a high resource allocation rate for general vehicles even in scenarios of high resource
demand for platoon vehicles.

Additionally, as shown in Figure 9a—d, as the number of general vehicles increases,
the AAR decreases by approximately 0.4% to 2%. However, the rate of AAR decreases
with the increasing number of platoons remains consistent across all figures. The impact
of the number of general vehicles on AAR is relatively small compared with the effect
of increasing the platoon. This is likely due to structural differences in communication:
general vehicles transmit 200-byte packets every 100 ms, while platoon vehicles transmit
400-byte packets every 30 ms, resulting in platoon vehicles consuming more resources.
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Since the priority-based algorithm favors resource allocation to platoon vehicles, an increase
in the number of platoons leads to a relative decrease in resource allocation for general
vehicles. On the other hand, the increase in the number of general vehicles does not
significantly affect the resource allocation order in the priority-based algorithm, resulting
in a minimal impact on the AAR of general vehicles.

Finally, the proposed algorithm shows relatively minimal performance degradation
as the number of general vehicles increases, with the AAR decreasing by less than 1%
between 30 and 60 vehicles. This is likely because the proposed algorithm allows general
vehicles to reuse platoon vehicle resources under SINR conditions, enabling more efficient
resource allocation.

(2) Delay of general vehicles: Figure 10 shows the average delay of the proposed
algorithm and existing algorithms as the number of platoon increases from 1 to 5 in a
congested environment with 60 general vehicles. The simulation results show that with
one platoon, the Max-C/I algorithm, the priority-based reuse algorithm, and the proposed
algorithm all recorded delay times between 35 and 36 ms. In contrast, the priority-based
algorithm exhibited a higher delay time of 39 ms, as general vehicles were deprioritized in
resource allocation compared with platoon vehicles, leading to delays. Both the proposed
algorithm and the priority-based reuse algorithm handled platoon vehicle communication
first while allowing general vehicles to reuse resources, thereby mitigating delays caused
by resource shortages. The Max-C/I algorithm, which allocates resources based on the
communication status of the vehicle, did not deprioritize general vehicles over platoon
vehicles, thus maintaining a similar delay time.
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Figure 10. The average end-to-end delay of general vehicle.

The proposed algorithm consistently maintained stable delay times regardless of the
number of platoons, recording a delay of 36 ms even when there were three platoons. In
contrast, the priority-based algorithm and the priority-based reuse algorithm saw slight
increases in delay times, reaching 41 ms and 39 ms, respectively, under the same conditions.
The Max-C/I algorithm recorded a delay of 40 ms. As the number of platoon vehicles
increased, the priority-based reuse algorithm experienced resource shortages, making it
more difficult to reuse resources among general vehicles, which resulted in increased delay
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times. This was due to the growing demand for resources from the increasing number of
platoon vehicles, which reduced the resources available for general vehicles. The reuse
algorithm could not fully resolve the resource shortage, resulting in additional delays.

On the other hand, the proposed algorithm can reuse platoon vehicle resources within
the range that maintains the required SINR threshold, effectively minimizing the resource
shortage issue for general vehicles by prioritizing vehicles that have not been allocated
resources. When there were five platoons, the Max-C/I algorithm recorded a delay of
43 ms, the priority-based algorithm recorded 45 ms, and the priority-based reuse algorithm
recorded 41 ms, while the proposed algorithm maintained a nearly constant delay time of
37 ms even as the number of platoons increased.

These results demonstrate that the proposed algorithm can reliably ensure the com-
munication performance of general vehicles, even as the number of platoons increases.
Through efficient resource reuse, the proposed algorithm contributed to keeping the aver-
age delay time of general vehicles stable, even in congested environments.

(3) Delay of platoon vehicles: Figure 11 presents the average delay times for platoon
vehicles in the proposed algorithm compared with other algorithms in a congested envi-
ronment with 60 general vehicles. According to the analysis, the priority-based algorithm,
priority-based reuse algorithm, and the proposed algorithm all maintained an average
delay time of 16 ms across scenarios with one to three platoons. However, the Max-C/1
algorithm exhibited an increasing delay as the number of general vehicles rose, with de-
lay times reaching 20 ms with one platoon, 24 ms with three platoons, and 30 ms with
five platoons when there were 60 general vehicles. This delayed increase in the Max-C/1
algorithm is attributed to the undifferentiated resource allocation between general and
platoon vehicles, causing delays in the resource allocation process for platoon vehicles.
Therefore, in the MAX-C/I algorithm, the communication delay increases as the number of
platoons increases.
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Figure 11. The average end-to-end delay of platoon vehicle.

The priority-based algorithms and priority-based reuse algorithms recorded delays
of 19 ms and 17 ms, respectively, on 60 general vehicles with four platoons, and delays
began to increase. Then, in the five platoons, they recorded delays of 22 ms and 20 ms.
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The increase in delay for platoon vehicles under the priority-based algorithm, despite its
prioritization, is attributed to the higher resource demand for platoon vehicles compared
with general vehicles, leading to resource shortages. Since platoon vehicles transmit packets
more frequently and with larger data sizes than general vehicles, the resource shortage
problem intensifies as the number of platoon vehicles increases, increasing delays in the
priority algorithm.

However, the proposed algorithm mitigates this resource shortage to some extent by
allowing resource reuse between platoon vehicles and enabling resource reuse based on
SINR with general vehicles. As a result, the proposed algorithm is able to maintain stable
communication performance for platoon vehicles, even as the number of platoon increases.
Therefore, the proposed algorithm maintained an average delay time of 16~17 ms across
scenarios with 1 to 5 platoons.

6. Conclusions

This paper proposes a novel platoon vehicle priority-based resource allocation algo-
rithm for 5G-V2X Mode 1. The proposed algorithm identifies resource requests for platoon
maintenance based on the resource request messages transmitted by platoon vehicles.
Consequently, the base station can indirectly infer that the destination of a packet from a
platoon vehicle is the next vehicle in the platoon, enabling it to calculate the interference
and SINR between vehicles reusing the same resources. The algorithm enforces a priority
policy based on the identifiers of platoon vehicles to ensure reliable communication for
the platoon. For platoon vehicles attempting to reuse resources, the algorithm calculates
the impact of interference on SINR to determine whether resource reuse is feasible. After
allocating resources to platoon vehicles, the remaining resources are allocated to general
vehicles. Resource reuse for general vehicles is determined based on distance, while for
platoon vehicles, reuse is determined by SINR, as previously described. The proposed algo-
rithm was evaluated through simulations using the Simu5G simulator and demonstrated
superior performance compared with existing algorithms in terms of Average Allocation
Rate (AAR) and average delay. Future research will focus on enhancing the resource alloca-
tion performance for general vehicles by optimizing the resource reuse distance according
to vehicle density. One promising approach is to apply machine learning techniques to
dynamically optimize the reuse distance, taking into account factors such as vehicle density
and communication conditions. In particular, one potential approach is to partition the
entire road into clusters, allowing for the dynamic adjustment of resource reuse distances
based on the vehicle density within each cluster, the presence of platoons, and the number
of vehicles in each platoon. This optimization could further improve resource utilization
and reduce delays for general vehicles in dense network scenarios.
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