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Abstract—Vehicular ad hoc networks (VANETs) are essential
to intelligent transportation systems (ITS) and are designed to
provide reliable and efficient vehicular communications. With
the development of Beyond 5G (B5G) networks, it is possible
to significantly improve the performance of connected vehicles
by combining the context-aware multi-connectivity of roadside
units (RSUs) and B5G base stations. This paper introduces
a mathematical framework for adaptive message propagation
in C-V2X networks, employing an analytical model grounded
in cluster length distribution and renewal theory. The model
captures the effects of heterogeneous infrastructure coverage,
specifically RSUs with a coverage range of 250–500 m and B5G
towers with extended coverage up to 1000 m on the expected
propagation speed of warning messages. Extensive simulations
across different traffic conditions demonstrate shown when com-
pared to conventional RSU-only systems, the suggested multi-
connectivity method increases the message propagation speed by
an order of magnitude. , especially at higher RSU spacings (up
to 2500 m). The proposed model maintains propagation speeds
exceeding 104 m/s in dense environments and achieves more
stable message delivery in sparse scenarios. Furthermore, the
results confirm that the model significantly extends network
coverage and improves dissemination efficiency by reducing
dependency on RSU density. Real-time responsiveness is ensured
by integrating latency-aware adaptive switching between RSUs
and B5G towers, which makes the suggested strategy scalable,
reliable, and flexible enough to accommodate deployment limits
in the real world.

Index Terms—Multi-Connectivity, B5G, Vehicular Networks,
Resource Management, RSU, C-V2X.

I. INTRODUCTION

CEllular vehicle-to-everything (C-V2X) is a critical com-
ponent of the future intelligent transportation network

[1]. With the development of Beyond 5G (B5G) networks, C-
V2X is expected to support a wide range of services with di-
verse quality of service (QoS) requirements [2]. These services
include delay-sensitive applications such as real-time naviga-
tion and secure communication, as well as high-bandwidth
applications like video streaming and content caching. The
increasing demand for high-density connectivity and service
diversity has resulted in a substantial surge in data traffic.
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However, traditional C-V2X networks face significant chal-
lenges in meeting the stringent reliability and latency de-
mands of emerging services. Limited wireless spectrum and
computing resources exacerbate these challenges, leading to
degraded network performance. To overcome these limitations,
researchers are exploring advanced access technologies and
efficient resource allocation schemes.

Multi-connectivity, where a vehicular user can simultane-
ously connect to multiple base stations (BSs), has emerged
as a promising solution to enhance network reliability and
efficiency [3]. This architecture leverages bandwidth aggre-
gation and diversity, offering higher data rates and robust
connectivity. By intelligently managing multi-connectivity, C-
V2X networks can achieve personalized resource allocation
and ensure seamless communication in dynamic environments.

Several recent studies have proposed innovative resource
management solutions for C-V2X networks. Yan et al. [4]
introduced a collaborative learning framework combining deep
learning for large-scale resource allocation and reinforcement
learning for real-time scheduling. Van Huynh et al. [5] de-
veloped a semi-Markov decision process to optimize resource
slicing using deep-dueling neural networks. Additionally, Yu
et al. [6] proposed a fully decoupled radio access network (FD-
RAN) that enhances spectrum utilization and reduces network
energy consumption.

Furthermore, reinforcement learning-based approaches have
been applied to optimize uplink and downlink decoupling for
improved resource management [7]. Blockchain technology
has also been leveraged to facilitate secure and efficient access
sharing among multiple operators in C-V2X networks [8].

This paper proposes an adaptive multi-connection com-
munication model for C-V2X networks in Beyond 5G
(B5G) environments. The framework analytically integrates
infrastructure-based communications (roadside units (RSUs)
and B5G towers) with vehicle dynamics to derive a mathemat-
ical expression for the expected message propagation speed.
Our model extends previous analytical results by fusing RSU
and B5G connections [9], enabling more robust message prop-
agation in sparse deployments. Comprehensive simulations
validate the analytical results and show that the proposed
model significantly improves network reliability and prop-
agation efficiency compared to traditional single-connection
approaches.

Vehicular Ad Hoc Networks (VANETs) are an integral part
of the intelligent transportation system, providing real-time
vehicle-to-everything (V2X) communication. With the ad-

JOURNAL OF COMMUNICATIONS SOFTWARE AND SYSTEMS, VOL. 21, NO. 3, SEPTEMBER 2025 283

1845-6421/09/2025-0081 © 2025 CCIS



vancement of Beyond 5G (B5G) networks, VANETs are evolv-
ing to support diverse applications, including autonomous driv-
ing, traffic management, and infotainment services [?], [10].
However, ensuring reliable communication under dynamic
network conditions remains a critical challenge.

Multi-connectivity is a promising solution that allows vehi-
cles to establish simultaneous connections with multiple Road
Side Units (RSUs) to enhance network reliability and increase
data throughput. Compared to traditional single-RSU connec-
tivity, multi-connectivity improves communication robustness
and reduces latency, especially in dense urban environments
[11].

Additionally, adaptive resource allocation is crucial to meet
the Quality of Service (QoS) requirements of various appli-
cations. Existing solutions often rely on static or heuristic
methods, which fail to adapt to real-time changes in traffic
density and network load [12]. Therefore, a dynamic and
intelligent resource management system is needed.

This paper presents several significant contributions to en-
hance message propagation in VANETs by leveraging B5G
multi-connectivity:

1) B5G-Enhanced VANET Architecture: A novel frame-
work is proposed that integrates Beyond 5G (B5G)
infrastructure into VANETs to improve message propa-
gation speed and network coverage using context-aware
multi-connectivity.

2) Adaptive Multi-Connectivity Management: The system
supports dynamic switching between Road Side Units
(RSUs) and B5G towers, enabling continuous and reli-
able connectivity based on network context and vehicu-
lar mobility.

3) Simulation Framework: A scalable and efficient sim-
ulation tool is developed to model VANET scenarios
with RSU and B5G hybrid connectivity for empirical
validation.

The rest of this paper is organized as follows: Section II
reviews related works. Section III describes the proposed
context-aware model. Section IV details the simulation setup
and results. Finally, Section V concludes the paper with future
research directions.

II. RELATED WORK

The integration of vehicular ad-hoc networks (VANETs)
with Beyond 5G (B5G) technologies is critical to address
the stringent requirements of next-generation intelligent trans-
portation systems (ITS). B5G networks, with their ultra-
reliable low-latency communication (URLLC), enhanced mo-
bile broadband (eMBB), and massive machine-type commu-
nication (mMTC) capabilities, provide a robust foundation
for supporting diverse vehicular applications. However, tra-
ditional VANET solutions, such as IEEE 802.11p, struggle
with scalability, spectrum limitations, and dynamic resource
management, making B5G a key enabler for future vehicular
communication [13], [14], [15]

The vital significance that dynamic adaptability plays in
guaranteeing dependable vehicle communication in future net-
work infrastructures[16].

A. B5G-Enabled Vehicular Networks

B5G introduces advanced features like multi-connectivity,
network slicing, and mobile edge computing (MEC), which are
particularly beneficial for VANETs. Multi-connectivity allows
vehicles to simultaneously connect to multiple base stations
(BSs), improving reliability and throughput by leveraging di-
versity and load balancing. Lu et al. [17] proposed a Lyapunov
optimization-based approach for dynamic BS selection and
bandwidth allocation in B5G C-V2X networks, demonstrating
significant improvements in latency and throughput for both
delay-sensitive and high-rate vehicular services. Similarly, Yu
et al. [18] introduced a fully-decoupled RAN (FD-RAN)
architecture, separating control and data planes to enhance
flexibility in B5G-enabled vehicular networks.

B. Challenges in Traditional VANETs and B5G Solutions

The IEEE 802.11p standard, while foundational for
VANETs, suffers from spectrum congestion, poor scalability,
and lack of QoS guarantees in dense traffic scenarios [19].
B5G overcomes these limitations through network slicing,
which logically partitions resources to meet different vehic-
ular demands (e.g., safety-critical vs. infotainment services).
Zhang et al. [20] highlighted how slicing enables dedicated
low-latency channels for emergency communications while
allocating high-bandwidth slices for multimedia streaming.

C. Optimization Techniques for B5G VANETs

To manage the dynamic nature of vehicular networks,
stochastic optimization and machine learning techniques have
been applied. Yan et al. [21] combined deep learning and rein-
forcement learning for adaptive resource allocation in 5G/B5G
vehicular networks, ensuring efficient spectrum utilization
under varying traffic conditions. Jung and Bahk [22] further
optimized multi-connectivity by dynamically adjusting BS
associations based on vehicle mobility, minimizing handover
delays a critical requirement for high-speed VANETs.

While existing work has explored B5G-enabled VANETs,
challenges remain in achieving seamless multi-connectivity
handovers, interference mitigation, and efficient resource allo-
cation in ultra-dense vehicular environments. Moreover, many
prior solutions do not clearly separate the roles of local
and wide-area communication, which can lead to suboptimal
dissemination strategies and increased latency. To address
these issues, we propose an enhanced message dissemination
framework for vehicular networks that explicitly leverages
both roadside units (RSUs) for localized communication and
5G/B5G base stations (BS) for external, wide-area connec-
tivity. The framework enables adaptive multi-connectivity,
allowing vehicles to dynamically select among RSUs, B5G
BSs, or peer vehicles based on real-time factors such as
signal quality, coverage availability, and channel conditions.
This hierarchical approach improves communication efficiency
by optimizing the use of network infrastructure according
to application requirements favoring RSUs for low-latency,
short-range services, and B5G BSs for broader data exchange
and internet access. The proposed solution enhances message
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Fig. 1. Enhanced Vehicle arrival model showing RSUs, 5G Tower with larger
antenna, and multi-connectivity to both RSUs and vehicles, R̂ > R

reliability, reduces unnecessary handovers, and ensures better
utilization of communication resources, making it well-suited
for next-generation vehicular networks operating under B5G
paradigms. Dynamic switching: Vehicles select RSUs, B5G
BSs, or peer-to-peer links based on coverage, signal quality,
and propagation state.

III. MODEL DEFINITION AND ASSUMPTIONS

In this study, we propose an enhanced message dissemi-
nation framework for vehicular networks that leverages both
5G/B5G base stations (BS) and roadside units (RSUs) through
adaptive multi-connectivity. Vehicles dynamically switch be-
tween available connectivity options (RSU, B5G, or peer
vehicles) based on coverage, signal quality, and propagation
state.

We assume the following:

• Vehicle Arrival Process: Vehicles enter the highway ac-
cording to a Poisson process with intensity µ, a widely
accepted assumption in moderate traffic conditions [23].

• Vehicle Speed: All vehicles travel with constant speed v0.
This simplification facilitates analytical modeling while
remaining valid for free-flow highway scenarios.

• Inter-Vehicle Distance: The spacing between vehicles
follows an exponential distribution with rate θ = µ/v0.

• Communication Capabilities:
– Vehicles have a transmission range Rv .
– RSUs have a fixed coverage radius Rr.
– B5G base stations have extended coverage radius Rb

with Rb > Rr ≥ Rv .
• Infrastructure Deployment:

– RSUs are deployed uniformly along the highway,
spaced at intervals of D meters.

– All infrastructure supports Cellular-V2X (C-V2X)
and 5G NR-V2X protocols.

– RSUs serve as edge computing units, aiding in low-
latency message processing.

• Connectivity Strategy: Vehicles dynamically receive and
forward messages through the most efficient available
route—V2V, RSU2V, or BS2V—enabled by adaptive
multi-connectivity.

A. System Model and Discussion

1) Network Topology and Coverage Design: The proposed
C-V2X model integrates traditional Road Side Units (RSUs)
and Beyond 5G (B5G) base stations to support adaptive multi-
connectivity. RSUs are distributed uniformly with spacing D
over the road segment, and each RSU has a communication
coverage radius R̂ ∈ [250, 500] meters. To ensure seamless
message relay and reduce the risk of hidden terminal issues,
the coverage areas of adjacent RSUs are designed to overlap.
This design ensures that vehicles moving across RSU bound-
aries always remain within communication range.

2) Vehicle and Traffic Modeling: Vehicles enter the network
according to a Poisson arrival process with arrival rate ν
(vehicles per second). Each car travels at an average speed
v ∈ [30, 36] m/s and communicates with nearby RSUs or other
vehicles within a communication range R ∈ [150, 250] meters.
The simulation maintains real-time message dissemination
tracking through direct and indirect multi-hop communication
links.

3) Adaptive Multi-Connectivity Mechanism: Each vehicle
dynamically selects its communication path based on the
current network state. If within RSU range, vehicles connect
via the RSU; otherwise, they leverage B5G base stations
that provide extended coverage up to R̂B5G = 1000 meters.
The propagation speed S of messages is calculated as the
expected distance covered by a message divided by the total
transmission time, reflecting the efficiency of connectivity and
relay mechanisms. Simulation results confirm improvements in
propagation speed by up to 38.5% and coverage extension by
25% compared to RSU-only networks.

4) Resource and Spectrum Constraint Handling: The
model uses an analytical framework to reduce congestion
and maximize spectrum utilization in light of the growing
number of vehicles and constrained wireless resources. By
limiting redundant transmissions and conserving spectrum, the
clustering technique makes sure that only representative nodes
forward messages inside a cluster.

5) Impact of Heterogeneous Infrastructure: The proposed
analytical model accounts for the heterogeneous spatial dis-
tribution of RSUs and B5G infrastructure by modeling the
message propagation process as a renewal process governed by
cluster length distributions. In areas with dense infrastructure,
RSUs manage communication efficiently. In contrast, in low-
density or rural areas, where RSUs are sparsely distributed,
B5G towers fill the coverage gaps. This heterogeneous archi-
tecture introduces disparities in propagation speed and network
reliability. To mitigate these issues, the model dynamically
adapts connectivity decisions based on real-time vehicle den-
sity and the proximity of B5G towers. Simulation results
validate that the RSU+B5G hybrid deployment achieves su-
perior propagation efficiency across varying density profiles
compared to RSU-only configurations.

B. Asymptotic Message Propagation Speed

Let X (t) be the expected distance from the source to the
farthest informed node (vehicle, RSU, or BS) at time t.
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The asymptotic message propagation speed S is defined as:

S = lim
t→∞

E[X (t)]
t

, (1)

where:
• E[X (t)] is the expected distance traveled by the alert

message at time t, considering all available propagation
paths.

• t denotes the time since the alert originated.
This formulation quantifies the long-term efficiency of the

message dissemination process across hybrid infrastructure.
The propagation speed S depends on vehicle density (µ),
RSU separation (D), B5G availability (Rb), and the message
relaying strategy (single or multi-hop).

In subsequent sections, we compute S under various in-
frastructure configurations and show how incorporating B5G
significantly enhances message speed and coverage reliability.

IV. MESSAGE PROPAGATION WITH RSUS AND 5G
TOWERS

When both RSUs and 5G towers are available, the message
propagation speed is significantly enhanced. Vehicles act as
cooperative relays, forwarding messages within the coverage
areas of RSUs and 5G towers. Adaptive clustering algorithms
are applied to dynamically form vehicle clusters that optimize
message transmission. The adaptive resource allocation model
ensures that vehicles with higher transmission quality are
prioritized for relaying messages.

The stochastic process L(t) ∈ {0, 1, . . . }, t ≥ 0 tracks
the index of the farthest RSU or 5G tower informed at
time t. Based on this process, the transition probabilities are
determined using real-time traffic data and network condi-
tions. Simulation results demonstrate that the proposed multi-
connectivity model significantly outperforms traditional RSU-
only and 5G-only scenarios.

D(t)

S1 = D1
B5G

B5G

GRSU

5G Tower

G5G

G5G

B5G

S2 = D2

B5G

t

Fig. 2. Evolution of information distance D(t) with multi-connectivity: RSU
when available, otherwise B5G[9]

A. Evaluation of Information Distance D(t) with Multi-
Connectivity

To assess the efficiency of alert message dissemination in
C-V2X networks, we analyze the evolution of the information

distance D(t), defined as the distance from the origin of the
message (e.g., an accident site) to the farthest point reached
by the message at time t. This metric reflects the system’s
responsiveness and coverage capability.

In the proposed model, vehicles are connected via adaptive
multi-connectivity, utilizing both Road-Side Units (RSUs) and
5G (B5G) base stations:

• RSUs are deployed equidistantly along the road and have
medium-range communication coverage denoted by R̂.

• 5G/B5G towers provide long-range, high-capacity con-
nectivity and serve as a fallback in regions without RSU
coverage.

Figure 2 visualizes the dynamics of D(t) over time, high-
lighting message progression through both RSUs and 5G
towers.

a) Segment S1– Initial B5G Handoff: This segment cor-
responds to the initial message dissemination from the accident
site through vehicles within the B5G tower’s coverage. In
the absence of nearby RSUs, the 5G tower initiates message
propagation, exploiting its larger coverage range and low
latency.

b) Segment S2 – RSU-Based Forwarding: Upon reaching
an RSU, the message continues to propagate through RSU-
assisted vehicular clusters. This stage benefits from determin-
istic placement of RSUs and low-hop communication delays.
The propagation distance increases by successive forwarding
to RSUs within communication range R̂.

c) Fallback to B5G – Extended Coverage: If a cluster
is too short to reach the next RSU or vehicle density is low,
the message is handed over to the B5G network. This ensures
robustness in sparse scenarios and avoids propagation delays
caused by connectivity gaps.

d) Asymptotic Speed: The main performance metric is
the asymptotic message propagation speed S , defined as:

S = lim
t→∞

E(D(t))
t

, (2)

where E(D(t)) is the expected distance reached by the
message at time t. With B5G enhancement, the average
propagation speed increases due to:

• Seamless fallback connectivity when RSUs are out of
range,

• Reduction in idle waiting time between RSU hops,
• Increased message redundancy and route diversity.
Overall, integrating 5G connectivity into the vehicular mes-

sage propagation process enhances robustness and reduces
latency, particularly in scenarios with sparse RSU deployment
or low vehicle density.

B. Message propagation when R̂ > R

In practice, the radio coverage of Road Side Units (RSUs)
is typically greater than that of individual vehicles, hence
R̂ > R. However, in a next-generation vehicular network
such as Cellular Vehicle-to-Everything (C-V2X) under B5G
(Beyond 5G) infrastructure, both RSUs and 5G base stations
(BSs) coexist to facilitate reliable and efficient communication.
While RSUs are closer to vehicles and handle low-latency,
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localized communications, B5G towers provide long-range,
high-capacity connectivity, especially when RSU coverage
is unavailable or congested. Vehicles often leverage both
RSU and BS connectivity for robust and seamless multi-
connectivity communication.

Nevertheless, the propagation of safety-critical messages
through RSUs is often faster due to their proximity, even
though B5G towers support broader coordination. Thus, opti-
mizing RSU-to-vehicle and RSU-to-RSU message propagation
remains essential.

C. Message Propagation When R̂ > R

Vehicles dynamically choose between RSU and BS connec-
tions or simultaneously leverage both. This flexibility:

• Reduces dependency on a single communication source.
• Increases robustness and reliability in dynamic environ-

ments.
• Enhances message propagation, especially in sparse traf-

fic or disrupted networks.

Theorem IV.1. When R̂ > R holds, the expected message
propagation speed E(S) is given

E(S) = D

1−G(D − 2R̂+ 2R)
. (3)

Theorem IV.2. Under the multi-connectivity scenario, where
RSUs with coverage radius R̂ and vehicles with range R
communicate along the highway, and B5G towers provide
fallback communication with extended coverage R̂B5G > R̂,
the expected message propagation speed E(S) is given by:

E(S) =
Deff

1−G(Deff)
, (4)

where:
• Deff is the effective minimum cluster length required to

propagate the message from one connectivity point (RSU
or B5G) to the next.

• If an RSU is available, then:

DRSU
eff = D − 2R̂+ 2R, (5)

• Otherwise, fallback to B5G gives:

DB5G
eff = D − 2R̂B5G + 2R. (6)

• G(x) is the complementary cumulative distribution func-
tion (ccdf) of the cluster length as defined previously.

Therefore, the generalized expectation becomes:

E(S) = D

1−max
(
G(D − 2R̂+ 2R), G(D − 2R̂B5G + 2R)

) ,
(7)

reflecting the dominant (best) connectivity path at each step.

Theorem IV.3. In a multi-connectivity setting where vehicles
can send alarm messages over B5G towers or RSUs, the
predicted message propagation speed E(S) is determined by:

E(S) = D

1−max
(
G(D − 2R̂+ 2R), G(D − 2R̂B5G + 2R)

) ,
(8)

where:

• D is the spacing between consecutive RSUs,
• R is the communication range of vehicles,
• R̂ is the radio range of an RSU,
• R̂B5G is the coverage radius of the B5G tower,
• G(·) is the complementary cumulative distribution func-

tion (ccdf) of the cluster length.

Proof. In order to integrate RSU and B5G-based multi-
connectivity,
Let the parameters be:

• D: spacing between RSUs (segment length),
• R: communication range of a vehicle,
• R̂: communication range of an RSU,
• R̂B5G: communication range of a B5G tower (typically

R̂B5G > R̂),
• G(x): complementary cumulative distribution function

(ccdf) of the cluster length.

To bridge two infrastructure points (RSU or B5G), the
cluster must be at least:

Deff = D − 2R∗ + 2R, (9)

where R∗ is either R̂ or R̂B5G, depending on which infrastruc-
ture is reachable. Moreover, probability of successful renewal
p = G(D − 2R′ + 2R) denote the probability that a given
cluster is long enough to bridge the gap to the next informed
infrastructure node. Then, the number of segments until the
next successful renewal follows a geometric distribution:

P (Next success at i-th segment) = (1− p)i−1 · p. (10)

The expected number of segments before successful mes-
sage propagation is:

E[i] =
∞∑
i=1

i · (1− p)i−1p =
1

p
. (11)

Since each segment is of length D, the expected message
speed becomes:

E[S] = D

p
=

D

G(D − 2R′ + 2R)
. (12)

Finally, Multi-Connectivity (RSU + B5G) with the probability
of successful bridging becomes:

pmax = max
(
G(D − 2R̂+ 2R), G(D − 2R̂B5G + 2R)

)
.

(13)
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Algorithm 1 Latency-Aware C-V2X Simulation with Multi-
Connectivity (RSU and B5G)

1: Initialization:
• Parameters: vehicle arrival rate ν, speed v, range R,

RSU spacing D
• Road length L, RSU coverage R̂, B5G coverage

R̂B5G, time step ∆t
• NEW: Latency budget τmax, retransmission limit Nr,

interference factor η
• Deploy RSUs (NRSU = L/D) and B5G towers at

predefined positions
• Initialize informed RSUref and B5G towers

2: Initialize vehicle set V , counters for propagation time (T )
and distance (D)

3: while Exited vehicles < N do
4: Update vehicle positions: xi ← xi + v ·∆t
5: Remove vehicles exiting the road (xi > L)
6: for all vehicles vi ∈ V do
7: if vi within R of informed RSU/vehicle and la-

tency τ < τmax then
8: Set vi.infoReceived ← true
9: else if vi within R̂B5G of informed B5G tower

then
10: if link quality acceptable under η and expected

latency < τmax then
11: Set vi.infoReceived ← true
12: end if
13: end if
14: end for
15: for all RSUs rj do
16: if vehicle vi within R of rj and vi.infoReceived

then
17: Set rj .infoReceived ← true
18: end if
19: end for
20: if new RSU informed then
21: Update propagation metrics: T and D
22: Shift vehicle positions relative to current RSU
23: end if
24: while vehicle arrival event occurs do
25: Add new vehicle at x = 0 with speed v, retries

= 0, and infoReceived = false
26: Schedule next arrival (exponential with rate ν)
27: end while
28: for all vehicles not informed do
29: if attempt count < Nr then
30: Attempt retransmission
31: else
32: Drop packet (packet loss due to interfer-

ence/retries)
33: end if
34: end for
35: Increment simulation time: t← t+∆t
36: end while
37: Calculate average propagation speed: S =

∑
D∑
T

Each Road Side Unit’s (RSU) coverage radius, represented

by R̂, is essential to maintaining continuous communication
along the vehicle corridor. R̂ is carefully chosen in our
suggested structure to ensure adequate overlap between neigh-
boring RSUs. The likelihood of coverage holes is decreased
by this design. It mitigates common communication issues
such as interference and the hidden terminal problem, which
can severely affect packet delivery reliability in high-mobility
environments.

As vehicles travel along the highway, overlapping coverage
between RSUs ensures that at least one infrastructure point
remains within communication range at any given time. This
overlap and the vehicle’s transmission range R create a robust
relay mechanism where messages are forwarded seamlessly
without interruption. The range of R̂ values considered in
this paper between 250 and 500 meters strikes a balance
between efficient spatial spectrum reuse and dependable cover-
age continuity. Smaller values may reduce interference but risk
coverage gaps, while extensive ranges can increase contention
and degrade channel efficiency.

Figure 2 illustrates the information distance trajectory D(t)
under a multi-connectivity paradigm, where the system pref-
erentially uses RSU-based communication when available and
dynamically falls back to Beyond 5G (B5G) towers when RSU
connectivity is inadequate. The multi-segment propagation
illustrated (S1 = D1, S2 = D2) demonstrates how clusters of
informed vehicles (GRSU, G5G) enable message dissemination
over time.

This RSU configuration, supported by fallback B5G con-
nectivity, forms the foundation of our reliable alert message
propagation model and enables scalable, delay-tolerant com-
munication critical for next-generation vehicular networks.

V. ANALYSIS OF MESSAGE PROPAGATION BASED ON
MULTI-CLASS AND MULTI-CONNECTIVITY

We consider a traffic accident occurring at position X on a
highway. The alert message generated at this point propagates
leftward, using vehicles and infrastructure nodes (RSUs and
B5G towers) for dissemination. Vehicles are grouped into
distinct speed classes (e.g., slow and fast), and vehicles within
a single class tend to remain clustered due to similar speeds.
We denote these connected groups as clusters, G.

Each speed class is assumed to follow an independent
Poisson process along the road, characterized by class-specific
arrival rates and speeds. Intra-class connectivity is maintained
through short inter-vehicle distances, while inter-class message
forwarding requires special nodes, called bridge nodes (BN )
[24]. These are typically faster vehicles that overtake slower
clusters and serve as relays to extend message coverage.
This mechanism provides an efficient, low-cost alternative to
dense RSU deployment, and is further enhanced by 5G/B5G
connectivity in sparse infrastructure zones.

We define the stochastic process {D(t), t > 0} to represent
the message propagation distance over time. Previous works,
such as [25], have analyzed this process under single-class
assumptions. The analysis in [24] presents deterministic evo-
lution equations for D(t) but does not consider heterogeneous
speeds or multi-connectivity. Our model generalizes these re-
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sults by incorporating vehicle class diversity and simultaneous
connectivity via RSUs and B5G towers.

As depicted in Figure 2, during the interval [t, t + ∆], an
informed cluster propagates the message. When a fast vehicle
overtakes the last informed vehicle, it acts as a bridge node
[24], initiating a new informed cluster. This adaptive relay
process dynamically extends the reach of the message based
on vehicle speeds and connectivity availability.

A. Message Propagation Distance D(t) with Multi-Class and
Multi-Connectivity

Clusters are defined as groups of vehicles separated by less
than the transmission range R [9]. Assume N vehicle classes,
where each class i accounts for a proportion ᾱi of vehicles
and has speed vi. The class-specific vehicle arrival rate is ν̃i =
αi · ν, and the inter-vehicle distance within class i follows
an exponential distribution with parameter λi = ν̃i/vi. The
overall vehicle distribution remains a Poisson process with
total rate λ =

∑N
i=1 λi.

Once a vehicle enters the coverage area of the message
source, a new cluster is formed. The propagation distance then
evolves with a slope determined by the speed of the cluster
(typically the slowest class speed). When a fast vehicle arrives
and acts as a bridge node, a new informed cluster is created,
and the cycle repeats.

Incorporating RSUs and B5G towers introduces multi-
connectivity, allowing faster resumption of propagation during
silent periods. If a cluster cannot reach the next RSU due to
insufficient vehicle density, the system may still forward the
message through a B5G tower, maintaining continuity. Thus,
combining multi-speed vehicles and multi-connectivity leads
to enhanced reliability and efficiency in safety-critical message
dissemination.

To reflect realistic highway communication scenarios,
our proposed solution incorporates both multi-speed vehicle
classes and multi-connectivity (RSU and B5G) infrastructure.
Vehicles are grouped into different speed classes, forming
clusters (G) when inter-vehicle distances are less than the
communication range (R). Each class i has a speed vi and
proportion ᾱi, leading to an arrival rate ν̃i = ᾱi · ν and ex-
ponentially distributed inter-vehicle distances with parameter
λi = ν̃i/vi. The aggregate vehicle arrival remains a Poisson
process with rate λ =

∑N
i=1 λi.

In this enhanced framework, message propagation adapts
dynamically to both vehicle speeds and connectivity avail-
ability. When vehicle-to-vehicle connectivity alone is insuf-
ficient due to gaps between clusters, bridge nodes —usually
faster vehicles overtaking slower clusters—ensure continuous
message dissemination [24]. Additionally, in areas where
vehicle density is insufficient, the presence of RSUs or B5G
infrastructure can maintain message continuity.

Figure 2 illustrates the trajectory of message propagation
distance D(t) under this multi-class and multi-connectivity
model [24]. The integration of B5G and RSUs effectively mit-
igates message propagation interruptions, improving overall
reliability and propagation speed.

B. Adaptive Switching Between RSU and B5G Connectivity

Managing communication through adaptive switching be-
tween roadside units (RSUs) and Beyond 5G (B5G) towers
is critical for maintaining seamless message propagation in
dynamic vehicular environments, where infrastructure avail-
ability and vehicle density vary rapidly. The proposed system
intelligently selects the optimal communication path based
on real-time context awareness, considering coverage, signal
strength, vehicle location, and infrastructure load.

Vehicles dynamically evaluate the availability of RSUs and
B5G towers in their vicinity. RSUs are usually preferred
because of their shorter latency and localized transmission
capacity when both communication sources are within range.
To ensure continuous connection, cars automatically switch to
B5G towers in situations where RSUs are scarce, overloaded,
or unavailable.

The following principles govern this adaptive switching
mechanism:

• Context-Aware Handoff: Vehicles monitor communica-
tion quality indicators, such as signal-to-noise ratio
(SNR), latency, and packet loss. Based on these metrics,
an intelligent decision engine selects the optimal interface
(RSU or B5G).

• Cluster-Aided Decision-Making: Vehicles operating in
clusters can share connectivity metrics, allowing the
group to adapt to the best available infrastructure collec-
tively. This reduces redundant transmissions and supports
cooperative message relaying.

• Fallback and Redundancy: In cases of RSU failure or
low-density clusters, vehicles utilize B5G towers as fall-
back nodes to avoid coverage gaps and ensure continuity
in message propagation.

• Load-Aware Switching: The system actively avoids con-
gested infrastructure by dynamically reallocating vehicle
connections to underutilized RSUs or B5G nodes, thereby
balancing the communication load and maintaining Qual-
ity of Service (QoS).

These design principles are not only conceptually modeled
but also reflected in both the simulation algorithm (Algo-
rithm 1) and the analytical framework:

• In Algorithm 1, the adaptive switching logic is embedded
in the condition that checks if a vehicle is within range of
an informed RSU or a B5G tower. Vehicles opportunis-
tically switch between sources to maintain connectivity,
and propagation metrics T and D are updated accord-
ingly.

• In Theorems IV.2 and IV.3, the mathematical model
accounts for multi-connectivity by defining the expected
propagation speed E(S) using the maximum of the
connectivity probabilities derived from RSU and B5G
coverage. This captures the probabilistic nature of adap-
tive switching and ensures that the faster, more reliable
path is always selected.

• Handover Process: Seamless handover is triggered based
on predefined signal strength thresholds or quality degra-
dation, ensuring minimal service disruption as a vehicle
transitions between RSU and B5G zones.
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Fig. 3. Speed of message propagation with B5G enhancement

• Doppler Effect Handling: At an average vehicle speed
of 36 m/s, Doppler shifts become significant, particu-
larly in mmWave B5G bands. The system compensates
by dynamically adjusting frequency synchronization and
handover timing to maintain reliable communication.

As depicted in Figure 2, the evolution of the information
distance D(t) demonstrates how vehicles adaptively switch
between RSU-based and B5G-based propagation paths. This
mechanism significantly improves the asymptotic propagation
speed S and guarantees robust coverage, particularly in het-
erogeneous and sparsely covered environments.

TABLE I
OPTIMIZED PARAMETERS FOR RSU AND B5G-BASED C-V2X

SIMULATION

Parameter Symbol Description and Optimized Range

Vehicle arrival rate ν Vehicles per second. Recommended range: 0.2–
0.95

Vehicle speed v Average vehicle speed in meters per second. Typ-
ical range: 30–36 m/s

Vehicle radio range R Communication range of each vehicle. between
150–250 meters

RSU/B5G radio range R̂ RSU: 250–500 m; B5G: 500–1000 m for ex-
tended coverage

RSU spacing D Distance between two adjacent RSUs. 600–2500
meters

Number of vehicles N Total number of simulated vehicles. Typically ≥
105

Road length L Length of the simulated road: 10000

Number of RSUs NRSU Computed as NRSU = L
D

Time step ∆t Simulation resolution. 0.01–0.1 seconds

Figure 3 demonstrates the superior performance of the pro-
posed B5G-enhanced multi-connectivity approach regarding
message propagation speed S . Compared to the analytical
baseline [9], the B5G-enhanced model achieves significantly
higher speeds, especially when the RSU distance R̂ is in-
creased. This highlights the method’s ability to maintain
reliable communication even with sparser infrastructure de-
ployment. Figure 4 further illustrates the improvement by
comparing the expected propagation distance E(S) under
varying vehicle arrival rates λ. The proposed method consis-
tently outperforms the traditional RSU-based approach. The
B5G model uses frequent vehicle relays to lower E(S) in
high-density scenarios (λ = 0.95). However, it still offers
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Fig. 4. Comparison of expected propagation distance E(S) under RSU and
B5G infrastructure for different vehicle arrival intensities
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Fig. 5. Complementary Cumulative Distribution Function (CCDF) G(D)
under different vehicle densities (λ) for B5G multi-connectivity.

more extended coverage in low-density scenarios (λ = 0.45)
because of improved infrastructure support. These outcomes
validate the method’s superiority over current alternatives
by confirming its flexibility and resilience in various traffic
situations.

Figure 5 illustrates the complementary cumulative distri-
bution function (CCDF) G(D) for different vehicle densities
under B5G connectivity.

• For λ = 0.95, the CCDF curve increases more steeply
and approaches 1 faster as D increases. This indicates
a higher probability that the vehicle clusters are long
enough to bridge the effective distance between RSUs
or B5G towers, leading to more reliable connectivity.

• For λ = 0.45, the CCDF grows more gradually. As a
result, the probability of successful message propagation
is lower for the same RSU spacing, especially at larger
distances. This implies that sparser traffic requires denser
infrastructure or longer-range communication (e.g., B5G)
to maintain connectivity.

• As G(D) → 1 approaches 1, the expected propagation
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speed E(S) = D
1−G(D) approaches infinity. This indi-

cates that the analytical model is susceptible to high
cluster connection probabilities, especially in dense traffic
scenarios. This emphasizes accurately characterizing the
cluster length distribution G(D) to ensure accurate net-
work performance prediction and efficient infrastructure
deployment.

The coverage radius of each Road Side Unit (R̂) is carefully
chosen to ensure overlap between neighboring RSUs in order
to minimize interference and lower the possibility of hidden
terminals. As vehicles travel over the network, this overlap
allows for constant contact, guaranteeing that no vehicle is left
out of coverage and enhancing the dependability of message
distribution. In our model, RSU coverage values ranging
from 250 to 500 meters were considered sufficient to provide
redundancy while minimizing channel contention and hidden
terminal scenarios.

C. Summary of comparison
The comparison between the approach presented by Mah-

mood et al. [9] and the proposed B5G-enhanced multi-
connectivity method highlights several key distinctions across
various criteria. The main objective of Mahmood et al. is to
analyze message propagation speed using a Markov Renewal
Process in scenarios involving disconnected Road Side Units
(RSUs), whereas the proposed method aims to extend this
RSU-only model by integrating fallback connectivity through
Beyond 5G (B5G) towers to improve reliability and cover-
age. In terms of communication models, the earlier study is
limited to RSU-based Vehicle-to-Vehicle (V2V) and Vehicle-
to-Infrastructure (V2I) communications without fallback op-
tions, while the proposed method introduces a dynamic multi-
connectivity approach, allowing vehicles to connect through
either RSUs or B5G towers based on optimal path selection.
From a mathematical standpoint, Mahmood et al. employ a
stochastic model based on a renewal process and the comple-
mentary cumulative distribution function (CCDF) of cluster
length G(x). In contrast, the proposed method analytically
determines the dominant propagation path by computing the
maximum value of G(·) across both RSU and B5G coverages.
The key equation used by [9], while the proposed method
adapts it to include B5G coverage, yielding in Theorem IV.2
and Theorem IV.3. Regarding radio coverage assumptions,
Mahmood et al. consider only RSUs with a predefined cover-
age radius R̂, excluding B5G. Conversely, the new method
incorporates both RSUs and B5G with a larger fallback
coverage R̂B5G > R̂.

Both approaches assume Poisson vehicle arrivals with con-
stant speed to maintain consistency in traffic modeling and
facilitate analytical comparison. The novelty of Mahmood
et al.’s work lies in modeling propagation delay in isolated
RSU setups, while the proposed method innovatively addresses
RSU disconnection issues by leveraging B5G fallback, thereby
enhancing propagation speed and network resilience.

For validation, Mahmood et al. utilize MATLAB and C++
simulations under varying RSU spacings and densities. The
proposed method also employs a C++ simulator, which sup-
ports both RSU and B5G configurations for robust analytical

validation. Finally, in terms of performance, Mahmood et
al. observe increased propagation speed with higher vehicle
densities and closer RSU spacing. The proposed method,
however, demonstrates superior performance in sparse network
scenarios due to the extended range provided by B5G fallback
connectivity.

D. Model Limitations and Future Work

While the proposed analytical and simulation framework
provides valuable insights into the behavior of message prop-
agation under RSU and B5G multi-connectivity, it relies on
several simplifying assumptions that may not fully reflect real-
world traffic and communication dynamics.

First, the Model assumes Poisson-distributed vehicle arrivals
and exponential inter-vehicle distances to derive tractable
expressions for cluster formation and message propagation.
While these assumptions are common in vehicular commu-
nication studies, they may not accurately capture congestion
patterns or stop-and-go traffic behaviors during incidents or in
urban environments. Future work will incorporate empirical
traffic datasets and mobility traces to model non-Poisson
dynamics.

Second, the coverage radius of RSUs and B5G towers is
treated as constant in both the analytical Model and simula-
tions. In practice, coverage is affected by environmental factors
such as weather conditions, building obstructions, and radio
interference. Incorporating fading models, such as log-normal
shadowing or Nakagami fading, would provide a more realistic
estimate of coverage boundaries.

Third, the Model presumes ideal path selection by vehicles,
assuming they always choose the best communication link
(RSU or B5G) based on availability. However, real systems
often experience delays in decision-making, signal variability,
and imperfect handover mechanisms. Stochastic models for
link selection and switching latency should be introduced.

Furthermore, the existing Model does not take into consid-
eration:

• Packet loss due to interference or weak signal conditions,
• Retransmission delays in error recovery protocols such as

HARQ,
• Medium access contention or congestion on shared com-

munication channels.
To address these gaps, our future work will extend the

simulation framework to:
• Model packet-level communication with realistic MAC

and PHY layers,
• Integrate signal-to-noise ratio (SNR) and interference-

aware connectivity decisions,
• Analyze performance under bursty traffic and congestion

scenarios.
These enhancements will improve the realism and appli-

cability of the framework for urban deployments and highly
dynamic traffic environments.

1) Discussion and Future Work: While our analysis com-
pares the proposed multi-connectivity model against traditional
RSU-only deployments (as established in [9]), we recognize
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the growing relevance of hybrid and AI-powered communica-
tion techniques in vehicular networks.

In particular, methods such as beamforming-enabled relay
selection, device-to-device (D2D) cooperative forwarding, and
deep reinforcement learning (DRL)-based resource scheduling
have shown promising results in dynamic V2X scenarios.
However, these techniques typically require:

• Advanced antenna array infrastructure and CSI feedback
(beamforming),

• Distributed communication protocols with tight synchro-
nization (D2D),

• Online learning models with training overhead and envi-
ronmental feedback (AI/DRL).

Integrating these paradigms would necessitate a separate
modeling framework for control overhead, channel estimation
latency, and learning convergence. As such, we consider this
an important future direction. Our planned extension will
incorporate:

• A simulation-based evaluation of D2D-based alert dis-
semination,

• An AI-assisted cluster-head selection mechanism with
latency and reliability constraints,

• And a theoretical comparison against beamforming-
enabled connectivity models.

These directions will allow for broader benchmarking across
diverse V2X strategies while preserving the analytical integrity
of the proposed mathematical framework.

VI. CONCLUSION

In this paper, a novel analytical technique for assessing
the performance of message propagation in vehicular ad hoc
networks is proposed (VANETs) with roadside units (RSUs)
and beyond 5G (B5G) base stations under a multi-connectivity
paradigm by calculating the expected propagation speed E(S)
based on the cluster length distribution and the effective
communication radius, we derive a unified expression that can
cover heterogeneous infrastructure deployments.

Results show that introducing B5G coverage can signifi-
cantly alleviate the limitations of sparse RSU deployments,
extending the communication range. In different traffic loads,
the simulation results show that the proposed achieves lower
propagation delay and higher robustness than the traditional
RSU-only scheme under high vehicle density. In addition,
the CCDF-based model can accurately predict the propagation
behavior under different traffic intensities.

This integrated approach provides a cost-effective and scal-
able solution for reliable safety information dissemination
in future intelligent transportation systems. Future work will
combine mobility dynamics, safety constraints, and real-time
scheduling mechanisms to optimize performance in realistic
VANET environments.
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