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Abstract: Vehicle-to-Everything (V2X) communication is an emerging paradigm that facilitates real-
time data exchange between vehicles, infrastructure, pedestrians, and networks using wireless
communication technologies. As traffic congestion, collision rates, and mobility demands increase,
V2X offers promising solutions to improve road safety, optimize transportation systems, and enable
autonomous vehicle operations. This paper presents a comprehensive survey of V2X
communication modes—V2V, V2I, V2N, and V2P—while highlighting their architectures,
applications, and operational challenges. Furthermore, mathematical models are developed to
evaluate key performance indicators such as latency, packet delivery ratio (PDR), and throughput
under varying traffic and deployment conditions. Simulation results demonstrate the critical role of
relay nodes, RSU density, and packet size in determining V2X network performance. Concluding
discussions emphasize the importance of reliable V2X deployment and suggest directions for
integrating intelligent routing and adaptive communication to meet the needs of future smart
transportation systems.
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1. Introduction:

Vehicle to Vehicle (V2V) communication is a technique that is used to exchange information
between vehicles on the road, in order to avoid accidents, efficient traffics, deal with emergency cases,
and other enhancements of services that to be used on the road [1].

On the other side, vehicles need to communicate to infrastructures and all stationary points on
the road to improve travel demands and planning decisions, this what is called a Vehicle to
everything communication, and it is abbreviated as (V2X) [2]. Many projects and researches were
published about V2V and V2X communications, these papers discussed how to apply this technology
to develop different services and applications that are related to the road. Transportation system (for
example) is a very important thing for our daily life, and enhancing these system means enhancing
our life. This can be done through developing vehicles’ technologies to communicate with each other,
as well as, to communicate with everything, and thus traffic flow can be regulated, and hence
congestions and car's accidents can be avoided, power and time can be saved due to finding an
optimal road that reduces power and time, and finally life can be saved also. Fig. 1 shows the
infrastructure and modes of V2X network.

Nowadays with the developing of 5G communication techniques, researchers go towards
applying this technique on the V2X networks, because of the high speed and the more bandwidth
that provided by this new generation of communication technique [3]. The researchers also started
to study the possibility of self-driving or auto-driving vehicles to achieve autonomous, and indeed
some samples of these cars were introduced actually, and the best example of auto-driving cars, are
Tesla cars. The developers dream to achieve the fully automatic driving cars (while the driver do
some shopping on the internet, watching a TV show, checking his email, etc., also containing self-
parking by the car itself) in the near few years.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The objectives of this paper are:

1. To explain the core principles and communication modes of V2X systems, including V2V, V2],
V2N, and V2P, and their applications in transportation networks.

2. To analyze the architectural frameworks supporting V2X, with a focus on 5G, PC5 interface, and
LTE-Uu protocols.

3. To evaluate the benefits and limitations of V2X in enhancing road safety, minimizing collisions,
and enabling efficient traffic flow.

4. To develop and apply mathematical models that quantify key V2X performance metrics, such
as latency, packet delivery ratio, and throughput.

5. To conduct simulation-based performance analysis for various deployment scenarios, including
traffic density variations and RSU placement.
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Figure 1. V2X infrastructure and modes[3].

2. Why V2X (Benefits)?

If we talk about crash avoidance system as an example of V2X benefits, V2X technology is
expected to be growing over today’s crash avoidance technologies such as forward collision warning,
blind spot warning, and automatic emergency braking systems. V2X technology would be integrated
with other technologies that depended on various sensors such as cameras or radar to improve the
effectiveness of these safety systems furthermore, so the potential crash situations can be detected as
soon as possible with more reliably. V2X has a possibility to allow for enhanced 360 degree situational
awareness, and this allows vehicles to “see” around corners, and it can help the driver to detect and
avoid many crashing scenarios that are difficult to be detected by other types of sensors like, for an
example, intersection related crashes, That is considered as one of the most deadly crash types [4].

Some of the V2X technology benefits that are used in traffic enhancing system to make it more
safety, are listed below:

i Warn if there is sudden braking in the vehicles ahead.

ii. Help drivers avoid collisions at intersections by alerting drivers if another vehicle approaching
the intersection may run the red light. If you are the driver who might run a red light, V2X will
send you an alert of a potential collision with cross traffic. Warn drivers of another vehicle in
their blind spot.

iii. Inform drivers of bad road weather conditions, warning drivers of unsafe road conditions
experienced by others ahead, enabling the driver to slow down or change routes altogether.
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iv. V2X also has the potential to help enable warnings about pedestrians in crosswalks n crosswalks
or work zones ahead.

3. Modes of Operation of V2X:

As mentioned above, V2X allows the vehicle to communicate with everything on the road, and
in general there are mainly four modes of operation that this technology can be operate in them.
These modes are Vehicle-to-Vehicle Communication (V2V), Vehicle-to-Pedestrian (V2P), Vehicle-to-
Network (V2N), and Vehicle-to-Infrastructure (V2I) [5]. To increase safety, and make the exchanging
of the information more smoothly and trusted, these four modes can be used simultaneously, and the
information can be transformed from nearby sensors and hence accidents can be prevented. These
four modes are:

i. Vehicle-to-Vehicle (V2V): In this mode, vehicles will be allowed to exchange data between them
directly, and a mesh network typically is formed, which helps to make better decisions through
information exchange among the existing nodes. To do this, an authorization must firstly be
obtained from the network operator. V2V application information involves location of the
vehicle, vehicle attributes, traffic dynamics, etc., and the applications work by transmitting
messages carrying these information. A prerequisite to create a V2V communication, is
transforming data from one to many with minimum latency, this is done by keeping the
message payloads flexible for better communication, and also by broadcasting Third Generation
Partnership Project (3GPP) messages [6].

ii. Vehicle-to-Pedestrian (V2P): In this mode the data will be exchanged between vehicles and other
road users those are not using vehicles(also known as Vulnerable Road Users (VRUs)), like
bicyclists, pedestrians, etc. Information messages, warning messages, and alerts can be
transmitted and received between the drivers and pedestrians by using User Equipment (UEs)
that are provided for each of them [7]. The communication between vehicles and VRUs can be
existed even when they are in Non-Line of Sight, and also under low visibility cases such as dark
night, heavy rain, foggy weather, etc. The sensitivity of pedestrian UEs is lower than vehicular
UEs because of the antenna and battery capacity difference. So V2P application supported UEs
cannot transmit continuous messages like V2V supported UEs.

iii. Vehicle-to-Network (V2N): V2N transmission is between a vehicle and a V2X application server.

A UE supporting V2N applications can communicate with the application server supporting
V2N applications, while the parties communicate with each other using Evolved Packet
Switching (EPS). V2X services are required for different applications and operation scenarios. It
will help mobile operators to communicate the tasks of the Remote Switching Unit (RSU) over
its network, reducing time to market, cost and eliminating the complexity of designing and
running a purpose-built network for V2I as it could include communication between vehicles
and the server via 4G or even 5G network. It does not need to be as precise as V2V but reliability
is crucial

iv. Vehicle-to-Infrastructure (V2I): V2I application information is transmitted through a RSU or
locally available application server. RSUs are roadside stationary units, which act as a
transceiver. RSUs or available application servers receive the broadcast message and transmits
the message to one or more UEs supporting V2I application. V2I can provide us with
information, such as available parking space, traffic congestion, road condition, etc. Due to the
high cost and lengthy deployment time, its application or installation is more challenging [8].

4. V2X Architecture:

In this type of communication, PC5 interface is used to initiate a communication between various
network devices, so V2X considered as an important application of Device-to-Device (D2D)
communication. PC5 interface ensures one-to-many communication and also enables the use of LTE-
Uu, which is the radio interface between UE and eNodeB (an element of an LTE Radio Access
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ii.

iii.

Network) [9]. A UE can operate in two modes of operation independently to transmit and receive
data, these modes are unicast, and multimedia broadcast. PC5 interface and LTE-Uu can be used with
different operation modes as described below.

1. PC5 Based Communication: V2X messages are transmitted via PC5 and are received by UEs
through PC5 and MBMS. With PC5, V2X messages are received by an RSU serving as a UE.
Afterward, the RSU forwards the processed message to a V2X Application Server using the V1
interface. V2X Application Server processed messages are distributed to UEs through MBMS
[10]. In this mode, the cellular network can deliver information from extended range. It enables
advanced driving assistance applications.

2. LTE-Uu based and PC5 based V2X Communication without MBMS: This mode supports
communication of UE-type RSUs via PC5 for both transmission and reception of V2X messages.
V2X application servers can communicate with the RSU through a cellular network. For instance,
LTE-Uu is used to communicate V2X messages beyond the direct PC5 communication range.
Based on such hybrid use of LTE-Uu and PC5-based V2X communications, MBMS broadcast of
downlink data transmissions could be negligible [9]. This operation mode has got three
components:

To ensure adequate coverage to the available traffic, stationary infrastructures like UE-type
RSUs are incorporated. This RSUs and UEs communicate with each other for V2X over PC5. The
V2X Application Servers can also communicate with the UE-type RSUs.

UE-type RSUs obtain V2X messages from other UEs via PC5. The V2X application of the RSUs
evaluates whether the message should be routed to the V2X Application Servers over the LTE-
Uu connection or not, in case of a larger target area (i.e. larger V2X communication coverage
over PC5). The target area and the size of the area are determined by the V2X Application
Servers, where the V2X messages are distributed. In the process of determining the coverage
area, V2X Application Servers can communicate with each other.
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Figure 2. V2X message transmission and reception over LTE-Uu using PC5 [11].

V2X downlink (‘Sidelink’ in terms of D2D Communication) messages are sent by V2X
Application Servers to the available RSU in the target distribution area. Afterward, the received
message is broadcast by RSUs over PC5. UEs available in the same region are free to receive
those broadcast data. In this process, vehicles operate using V2V/V2P services. When the UEs
are employed as RSUs, they operate in a hybrid mode with simultaneous V2X communications
over PC5 and LTE-Uu. These hybrid operations are also performed by UEs when they are unable
to obtain a V2X signal directly from distant UEs via PC5 [12].

5. V2X Applications:
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The applications used in V2X technology can be classified into three main categories, Service
applications, Safety applications, and Effective applications [13]. Service applications are the
applications that provide drivers with information that related to vehicle to improve driving, such as
road information, steering recommendations and automated vehicle parking. Safety applications
include forward collision warnings, electronic emergency brake light, road hazard warnings, speed
warnings, and intersection movement assist, that refers to personal safety applications. Effective
applications belong to applications that utilize effort and time to improve traffic efficiency. Table 1
below shows some safety applications [14].

Table 1. Safety applications [15].

Crash Type Safety Application
Rear-End Forward Collision Warning (FCW)
Electronic Emergency Brake Light
Opposite direction Do Not Pass Warning
Left Turn Assist (LTA)
Junction crossing Intersection Movement Assist (IMA)
Lane change Blind Spot Warning +
Lane Change Warning (BSW+LCW)

6. Mathematical Modeling and Performance Analysis

In order to understand and evaluate the impact of Vehicle-to-Everything (V2X) communication
systems, especially in urban and semi-urban environments, mathematical models are critical for
simulating data flow, latency, packet loss, and other vital network performance indicators. This
section introduces a set of mathematical models that reflect real-world behaviors of V2X networks
and provides an analysis of simulated results for various V2X communication modes: V2V, V2I, V2N,
and V2P.

6.1. Assumptions and Network Model:

To build a realistic V2X environment, we consider the following assumptions [19-26]:

e  Vehicles are distributed according to a Poisson Point Process (PPP) with a density A_v
vehicles/km.

e  RSUs (Road Side Units) are distributed linearly along the road with a fixed spacing D.

e  Communication occurs over a shared wireless channel using OFDM.

e  Signal propagation follows a standard path-loss model with a path-loss exponent 1.

e  Transmit power is fixed and identical for all vehicles and infrastructure nodes.

6.2. Latency Model:

Latency (L) in V2X is primarily affected by processing delay, transmission delay, propagation
delay, and queuing delay:
L_total =L_proc+L_tx +L_prop + L_queue
where:
e L_proc: processing delay at sender and receiver (assumed to be ~5ms)
L_tx = Packet Size / Bandwidth
e L_prop=d/c(distance divided by speed of light ~3x10"8 m/s)
e L_queue: depends on traffic density and buffer capacity (modeled via M/M/1 queueing system)
Assuming:
e  Packet size = 500 bytes
e Bandwidth=10 MHz

d0i:10.20944/preprints202504.1084.v1
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¢ Distance =100 m
Then: L_tx = (500%8 bits) / (1077) = 0.4 ms L_prop =100 / (3x10"8) = 0.00033 ms
Thus: L_total (ideal) =5 + 0.4 + 0.00033 ~ 5.4 ms
In real congested conditions, queuing delay L_queue may reach 20 ms, making L,_total = 25.4 ms

6.3. Packet Delivery Ratio (PDR)

Packet delivery ratio is a key performance metric defined as:

PDR = P(successful delivery) = exp(-$*d)
where f3 is the attenuation coefficient and d is the distance. For V2V communication with § =0.01 and
d =100m:

PDR = exp(-0.01*100) = exp(-1) = 0.367 (36.7%)

With relays (multi-hop): PDR_multi-hop =1 - (1 - PDR)"n, where n = number of relays Assuming
2 relays: PDR_multi-hop =1 - (1 - 0.367)"2 = 0.601 (60.1%)

6.4. Throughput Model:

Throughput T (in Mbps) is calculated as:
T = (PDR * Packet Size * 8) / L_total
Using:
e  Packet Size = 500 bytes
e L_total =25.4 ms (real condition)
e PDR=0.367
T=(0.367 * 500 * 8) / 25.4 = 57.8 kbps
In optimal condition (PDR =1, L_total =5.4 ms): T_opt = (1 * 500 * 8) / 5.4 = 740.7 kbps

6.5. Simulation Results and Analysis

To validate the above models, simulations were conducted to emulate V2X scenarios across
varying traffic densities, distances, and RSU deployments. The following patterns were observed, see
Fig.3:

d0i:10.20944/preprints202504.1084.v1
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V2X Performance Simulation Results
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Figure 1. Performance Analysis.

The analysis shows that V2X performance is highly sensitive to network topology and traffic
conditions. In dense urban settings, delay and packet loss become significant without effective
queuing mechanisms or RSU deployment strategies. V2V communications struggle with long-range
reliability, making multi-hop relays a necessary design component. Additionally, latency-sensitive
applications like crash avoidance require optimized packet sizes and minimal queuing.

Future enhancements could include Al-based adaptive routing, congestion-aware RSU
selection, and beamforming for V2I links to further improve reliability and throughput. The
mathematical modeling here offers a foundational understanding for implementing and testing such
strategies in real deployments.

7. V2X Limitations and Challenges:

In general, V2X networks can be divided into two main networks: Intra-Vehicle networks, and
Inter-Vehicle networks. Intra-vehicle wireless sensor networks show unique characteristics that differ
from generic wireless sensor networks. Although there are good and encouraging factors, but there
are challenges to design and deployment intra-vehicle networks [16], these challenges involve: The
severe environment of communication, due to the cruel scattering in a small space [17], for safety
applications, low latency and high reliability are required to transmit data, To meet the stringent
requirement of real-time intra-vehicle control system, because of the proximity distances between
vehicles in the roads, especially congested ones, the probability of interference between signals can
be high [18].

Inter-Vehicle networks also suffer from many challenges, these challenges are mentioned in
briefly in this section. In traffic safety applications, fast and reliable information are required to
describe the current traffic situation, and the possible hazards that can in the near surrounding. any
updating in information of one vehicle must be provided to all vehicles in the near surrounding. For
safety applications the communication requires the periodical exchange of broadcast messages. the
messages within the safety-relevant surrounding, need to be received with high probability of
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success, and the updating of these information messages needs to be high as well. in addition, the
safety applications need to minimize the time of delivering the messages between vehicles as possible
as short. A preliminary estimation on the communication requirements that have to be provided for
traffic safety applications, has been provided by the final report of the VSC project [WWW VSC 2006,
p-18]. The report mentioned that the messages of a size of a few hundred bytes (200 -500byte) are
periodically transmitted several times per second (every1l00ms) as well as being transmitted on an
event-driven basis [18].

8. Conclusions:

This paper has explored the transformative potential of Vehicle-to-Everything (V2X)
communication in creating safer, smarter, and more efficient transportation systems. Through a
survey of existing technologies, architectures, and communication protocols, along with rigorous
mathematical modeling and simulation, the study underscores the impact of factors such as RSU
density, relay support, and traffic volume on V2X performance. Results reveal that multi-hop
communication and dense infrastructure significantly enhance packet delivery and reduce latency.
Nonetheless, V2X implementation continues to face challenges related to network congestion, real-
time reliability, and environmental interference. Future work should emphasize integrating machine
learning for adaptive routing, deploying secure fog-based RSU networks, and enabling low-latency
communication for autonomous mobility. V2X is a cornerstone of next-generation ITS, and its
evolution will shape the future of road safety and intelligent mobility.
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