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Abstract—This paper presents V2LeoSim, a tailored evaluation
framework designed in response to a structural, methodological
limitation in current Vehicle-to-Everything (V2X)- Non Terres-
trial Networks (NTN) assessment tools based on simulation.
Existing solutions appear to address orbital mechanics, 5G
system-level procedures, vehicular mobility, and service-level
Key-Performance Indicator (KPI) analysis across disconnected
environments. The primary contribution of V2LeoSim is the
formalization of a unified evaluation simulator in which de-
terministic dynamics of Low Earth Orbit (LEO) satellites, 5G
user- and control-plane behavior, vehicular mobility, and service-
level performance coexist within a single system-level simulation
domain. By shifting from tool aggregation to architectural uni-
fication, V2LeoSim enables coherent analysis of NTN-enabled
V2X services, including handovers between NTN and Terrestrial
Networks (TN), for a wide set of V2X use-cases. This work
describes the context and the motivation of a novel simulation
tool, focusing on limitations of current available simulative
solutions, justifying and detailing the working concept of the
V2LeoSim simulator and its preliminary architecture.

Index Terms—5G V2X, NTN, LEO satellites, handover, system-
level simulation, mobility.

I. INTRODUCTION

Third Generation Partnership Project (3GPP) 5G Vehicle-
to-Everything (V2X) services [1] enable vehicles to commu-
nicate with other vehicles (Vehicle-to-Vehicle (V2V)), infras-
tructure (Vehicle-to-Infrastructure (V2I)), networks (Vehicle-
to-Network (V2N)), and pedestrians or devices (Vehicle-to-
Pedestrian (V2P)). Leveraging key 5G capabilities such as
ultra-low latency, high reliability, and high data rates, 5G V2X
supports advanced applications for road safety, traffic effi-
ciency, automated driving, etc. These services enable vehicles
and infrastructure to exchange critical information in near real-
time, including collision warnings, lane-change assistance,
traffic signal status, and environmental data collected from
onboard sensors and cameras, thereby supporting cooperative
and enhanced situational awareness.

Starting from Release 17, 3GPP has introduced Non Terres-
trial Networks (NTN) [2] to extend 5G connectivity beyond
terrestrial networks by integrating satellites, High-Altitude
Platform Stations (HAPS), and other airborne platforms into
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the 5G ecosystem. This evolution enables standard 5G devices,
such as smartphones, Internet of Things (IoT) sensors, and —
of particular relevance to this work — vehicles, to seamlessly
access both Terrestrial Networks (TN) and NTN. The integra-
tion of NTN into 5G and beyond-5G architectures is expected
to play a key role in enabling reliable and ubiquitous V2X ser-
vices, particularly in scenarios where TN coverage is limited,
intermittent, or unavailable. However, significant technical
challenges arise, especially in managing complex handover
procedures involving NTN nodes, due to increased handover
frequency and heterogeneous service conditions that require
further investigation. In this context, system-level evaluation
tools based on modeling are essential to analyze end-to-end
V2X service performance, identify critical factors, and explore
potential improvements, including those beyond current 3GPP
specifications. Such tools should support multiple perspectives
for different stakeholders, ranging from detailed network-level
and procedural Key-Performance Indicators (KPIs) for techni-
cal optimization and standardization, to application-level KPIs
for service performance assessment across diverse operational
scenarios, as well as intuitive visualization capabilities to
facilitate understanding, dissemination, and adoption within
the automotive ecosystem.

To address these needs, this paper presents V2LeoSim, a
simulator developed within a European Space Agency (ESA)-
funded project [3]. This simulator integrates deterministic Low
Earth Orbit (LEO) orbital dynamics, 5G user- and control-
plane behaviour, vehicular mobility models, and automated
service-level KPI evaluation within a unified system-level
simulation environment. The expected outputs of the simulator
will offer consistent benchmarking of safety-critical, data-
intensive, and control-oriented services, in alignment with
the Smart Networks vision of adaptive and service-aware
communication systems in V2X NTN scenarios.

II. REFERENCE CONTEXT

In this section, we describe the reference context upon
which the simulation tool has been designed. In particular,
we first consider the V2X use cases and corresponding KPIs
defined by 5G Automotive Association (SGAA) organization,
and then focus on the specific challenges related to NTN, with



particular emphasis on mobility management and handover
mechanisms.

A. V2X Use Cases and System-Level KPIs

The use cases considered in this work are selected based
on their relevance within the SGAA community — a cross-
industry organization bringing together automotive, telecom,
and technology stakeholders — and are further refined through
inputs collected from key industrial actors via targeted surveys.
In particular, they represent scenarios where NTN integration
provides a clear benefit in terms of service availability and
resilience. The analysis focuses on four main categories of
NTN services: Next Generation Emergency Call (NG eCall),
HD Map Services, and Anticipated Cooperative Collision
Avoidance (ACCA), complemented by a representative Tele-
operated Driving (ToD) scenario. These use cases jointly
capture safety-critical communications, high data-rate services,
and latency-sensitive control applications. The use cases can
be summarized as follows:

o the NG eCall is a mission-critical service that enables
a vehicle to automatically or manually initiate an emer-
gency communication toward a Public Safety Answering
Point (PSAP), as shown in Fig. 1. The system transmits
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Fig. 1. NG eCall use-case.

a standardized Minimum Set of Data (MSD), including
location and vehicle status, and establishes a Voice over
IP (VoIP) session. Two relevant scenarios are considered:
(i) emergency calls initiated in areas without terrestrial
coverage, where NTN provides full connectivity, and (ii)
calls initiated in TN coverage and maintained through
NTN following a handover. In both cases, the impact
of satellite-induced mobility on service continuity and
reliability is a key aspect.

o« The HD Map Services represent a data-intensive use
case supporting automated driving functionalities. These
include both HD Map Downloading to the Vehicle, where
map segments are continuously retrieved from a remote
server, and Crowdsourced HD Map Updating, where
vehicles upload sensor data (e.g., images or object infor-
mation) to maintain map accuracy. Additional scenarios
such as cross-border map service continuity are also
relevant. These services impose stringent requirements

on throughput, latency, and reliability, particularly during
NTN-TN transitions and handover events.

o The ACCA use case addresses cooperative safety applica-
tions based on the exchange and processing of V2X mes-
sages such as Cooperative Awareness Messages (CAMs)
and hazard notifications. Representative scenarios include
Remotely Detected Hazard and Traffic Jam Detection,
where information collected from multiple vehicles is
processed by a backend service and disseminated to
other users, as shown in Fig. 2. NTN plays a crucial
role in extending coverage for vehicles outside terrestrial
network reach, enabling continuous situational awareness
even in sparse connectivity conditions.
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Fig. 2. ACCA use-case.

« Finally, the ToD use case represents a highly demanding
scenario in which a remote operator takes control of
a vehicle via a communication network, as represented
in Fig. 3. This requires real-time exchange of control
commands and high-quality video streams, making it
extremely sensitive to latency, jitter, and packet loss. In
NTN-assisted scenarios, the impact of handover events
and propagation delays on control stability and respon-
siveness becomes particularly critical.
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Fig. 3. ToD use-case.

Across the considered use-cases, performance is evaluated
through a set of system-level KPIs tailored to the specific
service requirements and derived from 3GPP specifications
and 5GAA guidelines, [4], [5], [6], [7]. For safety-critical
services such as NG eCall, the evaluation focuses on reliability
and latency of both signaling and media components, including



the probability of successful delivery, the transfer delay, as
well as voice packet loss and delay, which directly impact
call establishment and conversational quality.

For data-intensive services such as HD Map dissemination
and update, the key metrics include download and upload
throughput, end-to-end latency, and data transfer reliability,
typically expressed in terms of map tile or object transfer suc-
cess probability. In addition, handover-specific KPIs, such as
the probability of successful download or upload completion
during mobility events, are considered. For cooperative safety
applications such as ACCA, the analysis focuses on event-level
latency (e.g. hazard notification delay) and message delivery
reliability, which are critical to ensure timely and accurate
situational awareness among vehicles.

Finally, for highly demanding scenarios such as ToD,
the performance evaluation includes ultra-reliable low-latency
communication metrics, such as control and video frame delay
(including tail distributions), as well as frame loss probability,
which directly affect control stability and user experience.

B. NTN Mobility Challenges and Handover Mechanisms

The coexistence and interaction between NTN and TN
segments introduce new challenges, particularly in terms of
service continuity, mobility management, and performance
stability. Mobility management in 5G networks relies on han-
dover procedures, which enable user equipment to maintain an
ongoing communication session while transitioning between
serving cells. The integration of LEO satellite systems as NTN
component introduces fundamental challenges in mobility
management, primarily due to the dynamic nature of the net-
work topology [8], [9]. Unlike terrestrial systems, where base
stations are fixed and mobility is driven by user movement,
in NTN scenarios the access nodes themselves are moving
at high speed relative to the Earth. As a consequence, even
stationary users experience frequent handovers caused by the
motion of satellite beams. Furthermore, in terrestrial systems,
handover decisions are typically based on radio measurements
reported by the User Equipment (UE), such as the Reference
Signal Received Power (RSRP) or the Signal-to-Interference-
plus-Noise Ratio (SINR). However, directly applying these
conventional measurement-based procedures to LEO satellite
networks is not straightforward. In fact, due to the very large
satellite-to-user distance compared to the beam footprint, the
variation in path loss across the coverage area is typically
on the order of only a few decibels. This makes it difficult
to clearly distinguish between serving and neighboring cells
based on signal measurements, especially in the presence of
UE measurement inaccuracies.

Another key issue is the high handover frequency induced
by the rapid motion of LEO satellites, which can reach
velocities of several kilometers per second. This results in
short cell residence times, typically on the order of tens of
seconds, even for stationary users. The increased number of
handover events generates significant control-plane signalling
overhead and raises the probability of ping-pong effects, where

the UE repeatedly switches between cells over short time
intervals.

In addition, large propagation delays inherent to satellite
communications further complicate mobility procedures. The
extended satellite-to-ground distance introduces non-negligible
latency in the exchange of control signalling, which may
delay the execution of handover procedures. This can become
critical when the serving link degrades rapidly, increasing
the likelihood of handover failures. Finally, inter-beam in-
terference represents a major limiting factor in multi-beam
satellite systems employing aggressive frequency reuse. Users
located at beam edges may experience strong interference from
adjacent beams, resulting in low SINR conditions.

These challenges highlight that conventional measurement-
based handover mechanisms, which represent the baseline
solution inherited from terrestrial networks, are not sufficient
to ensure reliable mobility management in NTN scenarios.

Within this framework, the Conditional Handover (CHO)
approach has been introduced by 3GPP as an enhancement
[10], allowing the UE to pre-configure multiple candidate
target cells and execute the handover autonomously when pre-
defined conditions are met. With CHO, the 3GPP framework
introduces additional handover triggering mechanisms that
go beyond purely measurement-based criteria. These include
approaches based on user location, time, timing advance, and
geometric parameters such as elevation angles of the UE-
Satellite link. In particular, such methods make it possible
to leverage the deterministic nature of satellite motion and
can be used either as alternatives to, or in combination with,
conditional handover schemes.

It is then important to consider in a simulative evaluation
tool the possibility to include baseline and CHO enhanced
handover mechanisms, which are currently unavailable in
all the tools previously introduced and require a dedicated
development for V2LeoSim.

III. V2X-NTN SIMULATION GOALS AND CURRENT
LIMITATIONS

Given the complexity of the target service scenarios, span-
ning different use-cases and V2X applications, involving en-
hanced communication models and handovers from TN to
NTN (and vice-versa), simulation tools to characterize the
system behaviour and assess performance are difficult to
conceive. In this work, we describe the initial scope and design
of V2LeoSim, a simulator being developed in the frame of an
ESA funded project [3]. The V2LeoSim simulator main goals
are related to the possibility of modelling, with adequate ac-
curacy and compliance with real systems, the whole 5G based
V2X TN/NTN end-to-end service provision. The simulator
shall be used also by non-experts to define, assess and study
challenging V2X scenarios, allowing the users to include and
evaluate the benefits of enabling NTN while considering dif-
ferent possible handover techniques, including realistic models
of vehicular mobility, signal propagation (both terrestrial and
satellite), LEO constellations geometry, applications’ traffic,
and other relevant configurations.



Current evaluation environments based on simulation de-
compose the V2X-NTN problem across independent domains:
orbital mechanics environments, terrestrial 5G simulators, and
vehicles mobility behavior. Each domain provides internal
consistency but lacks cross-domain integration aspects, such as
TN-NTN handover, which are paramount to study the overall
system as a whole.

Orbital tools (e.g., STK, FreeFlyer) model satellite motion
but neglect 5G control-plane behavior, real traffic and net-
working models. Terrestrial network simulators (e.g., EXata,
NetSim, Omnet++, ns-3) implement accurate communication
protocol stacks, modelling SG and nodes mobility procedures,
but lacks native satellite support and NTN/TN handover im-
plementation.

Dedicated LEO constellation end-to-end solutions including
extensions of ns-3 simulator and real protocols (e.g., ESA
SCNE project [11]) analyze constellation-level communication
but are not integrating vehicular mobility, SG connectivity and
NTN/TN handover. As well, some extensions of Omnet++, in
addition to 5G support, include mobility models and satellite
direct to device, as detailed in the Veins project [12], [13],
which represents a powerful and complete V2X-NTN simula-
tion framework, but which lacks detailed Rel-17 and beyond
handover mechanism, real applications and straightforward
use-cases definition and KPI measures.

There are other specific vehicular V2X simulation environ-
ments available, some of which are open source for evaluation
and extension. A notable example is the result of the LEONE
project [14], [15], which accurately models terrestrial mobility,
V2X communication, and services, by offering an accurate
rendering of vehicles, urban environments, and LEO satellite
constellations. However, its main scope is the evaluation of
generic communication services, and its core engine is based
on Veins which is already discussed above, inheriting similar
limitations.

In conclusion, no open source framework simultaneously
models LEO motion, 5G system-level simulation, vehicu-
lar mobility, V2X applications and service-level KPI au-
tomatic evaluation, under satellite-optimized NTN-TN han-
dovers within a single user-friendly environment. This identi-
fied limitation is therefore not the lack of simulation tools per
se, but the absence of a unified methodological framework
capable of capturing cross-domain dependencies and allow
uses to assess very different V2X use-cases under considera-
tion. Without such unification, NTN-enabled V2X evaluation
remains structurally fragmented and methodologically incon-
sistent.

The innovative contribution of this work lies precisely in
addressing this fragmentation by defining a unified simulator
environment for 5G V2X NTN scenarios evaluation. Rather
than proposing another isolated simulation tool, V2LeoSim
formalizes a coherent system-level framework in which orbital
dynamics, 5G control-plane behavior, vehicular mobility, ap-
plications traffic, and service-level KPI evaluation, are treated
as interdependent components of a single evaluation domain.

IV. PROPOSED APPROACH

Building upon the structural gap identified in the previous
section, V2LeoSim is conceived as a unified system-level
framework for the evaluation of NTN-enabled V2X services.
Instead of merely extending the capabilities of existing simula-
tors, the proposed approach integrates previously disconnected
domains, orbital dynamics, 5SG system behavior, vehicular
mobility, and service-level evaluation, within a single, coherent
environment. To the best of our knowledge, this is the first
framework that jointly captures deterministic LEO dynamics,
3GPP-compliant user- and control-plane procedures, vehicular
mobility, and service-level KPI within a single reproducible
simulation environment. This design is driven by method-
ological unification. In contrast to approaches where NTN
is modeled as an overlay to terrestrial networks, V2LeoSim
adopts an NTN-centric perspective in which satellites are na-
tive components of the communication system. This enables a
consistent representation of hybrid TN-NTN scenarios, where
mobility, connectivity, and service performance are jointly
modeled.

The simulator follows a modular architecture, where
domain-specific components are synchronized within a com-
mon discrete-event timeline. This ensures reproducibility and
extensibility, while enabling the integration of heterogeneous
models. The framework supports end-to-end evaluation of
V2X services under stringent latency, reliability, and service
continuity constraints.

Eventually, the simulator requires a Graphical User Interface
(GUI) useful to define and run experiments by selecting
scenarios, configure the mobility models and applications
parameters, and decide the duration and the handover models
to consider.

A. NTN-Centric System Model

V2LeoSim is built on the ns-3 discrete-event engine and
integrates the SG-LENA module to provide 3GPP-compliant
New Radio (NR) functionalities. This baseline is extended
with NTN-specific models and vehicular mobility support,
enabling cross-domain interactions within a unified simulation
loop. In V2LeoSim, satellites are modeled as native 5G
entities, capable of acting as access nodes depending on the
payload configuration. This abstraction allows a unified rep-
resentation of control-plane and user-plane interactions across
TN and NTN segments. A key characteristic of the environ-
ment to simulate is that LEO satellite motion drives network
dynamics. Unlike terrestrial systems, where infrastructure is
static, NTN scenarios exhibit a time-varying topology induced
by deterministic satellite trajectories. This results in periodic
variations of link conditions, coverage, and serving nodes, and
the simulator explicitly exploits this determinism. Predictive
mobility is treated as an inherent property of the system,
enabling the anticipation of connectivity changes and the
design of proactive handover strategies. This reduces sig-
nalling overhead and improves service continuity, particularly
in hybrid TN-NTN operation with frequent access transitions.
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Fig. 4. Preliminary V2LeoSim architecture overview.

The simulator supports hybrid connectivity, including TN-
NTN transitions, inter-satellite handovers, and mobility pro-
cedures across domains. Performance metrics such as latency,
throughput, availability, and handover success are KPI that are
automatically collected in line with V2X service requirements.

B. Predictive Mobility accounting 3GPP Roadmap

Predictive mobility constitutes a core enabler of the pro-
posed framework. By leveraging the deterministic nature of
satellite motion, handover decisions can be anticipated and
partially pre-configured, reducing signaling overhead and ser-
vice disruption. From a service perspective, this enables a pro-
gressive integration of NTN within V2X systems. In the short
term, NTN provides connectivity support for safety-critical
services in coverage-limited scenarios. In the medium term,
hybrid TN-NTN operation enables cooperative data dissemi-
nation and enhanced situational awareness. In the long term,
NTN is expected to support advanced applications such as
tele-operated and automated driving in sparse or infrastructure-
limited environments.

V2LeoSim therefore provides not only a simulation tool,
but a unified methodological framework for the analysis of
NTN-centric V2X systems, enabling consistent evaluation of
cross-layer and cross-domain interactions relevant to future
6G vehicular networks. This unification enables the systematic
analysis of cross-domain dependencies that cannot be captured
by existing tools, thus providing a new baseline for the design
and evaluation of integrated TN-NTN vehicular systems.

C. Graphical User Interface

With the goal of extending the use of the V2LeoSim simu-
lator also to non-technical users, as well as providing a user-
friendly interface to easily define and assess V2X/NTN use-
cases, a GUI component has been introduced. Even though the
core simulator based on ns-3 can be executed as a standalone
simulator, it is expected that it will be operated through
such a GUI, defining the appropriate interfaces between these

two components. The approach of decoupling the experiment
definition and results processing from the simulation event-
driven core was adopted also in other research projects [11],
and appeared the best option after a careful trade-off analysis.
In other terms, it is possible to benefit of the great accuracy of
simulation models implemented in ns-3, while offering visual
experiment definition and evaluation as a separate component
focusing on visualization and not modelling.

D. Preliminary V2LeoSim simulator architecture

As conclusion to the key aspects discussed so far, we have
identified a preliminary architecture that is shown in Fig. 4.
The main models necessary for a unified V2X-NTN simulation
are part of the core ns-3 simulator. These are incorporated
within the IoD-Sim framework [16], which also provides a
JSON-based interface to feed simulation configurations, and
a KPI extraction interface for parsing simulation results. The
latter platform will be augmented with additional simulation
modules and the GUI component, the details of which will be
addressed in future work.

V. EXPECTED BENEFITS OF THE V2X-NTN SIMULATOR
V2LEOSIM AND NEXT STEPS

The introduction of V2LeoSim provides a concrete step
forward in the evaluation of V2X services over hybrid TN-
NTN infrastructures. By unifying mobility, communication
procedures, and service-level performance within a single
framework, it enables the analysis of tightly coupled dy-
namics that remain hidden when these domains are treated
separately. This is particularly relevant in scenarios where
service continuity is impacted by deterministic LEO satellite
motion and frequent access transitions. A key benefit of the
framework is the ability to evaluate V2X services under
realistic and heterogeneous conditions. By jointly modeling
vehicular mobility, satellite dynamics, and application-driven
traffic, V2LeoSim enables consistent system-level analysis
across scenarios such as coverage gaps, cross-border mobility,



and variable traffic demand. This allows direct assessment of
the impact of mobility management strategies on end-to-end
service performance, which is critical for safety and latency-
sensitive applications.

Beyond scenario evaluation, V2LeoSim enables the system-
atic investigation of cross-layer and cross-domain trade-offs.
In hybrid TN-NTN systems, performance emerges from the
interaction between radio conditions, control-plane procedures,
and application requirements. The proposed framework cap-
tures these dependencies, supporting the design and validation
of advanced mobility and resource management strategies in
line with ongoing 3GPP evolution.

The simulator also provides a consistent reference for
comparing heterogeneous V2X use cases through a unified
KPI framework. This enables rigorous benchmarking across
safety-critical, data-intensive, and control-oriented services,
aligning with the Smart Networks vision of adaptive, service-
aware communication systems. From a design perspective, the
modular architecture promotes extensibility and reproducibil-
ity, allowing integration with external mobility traces, satellite
data, and visualization tools. This facilitates progressive model
refinement and supports collaborative experimentation across
research and industrial domains.

Looking ahead, V2LeoSim will evolve through an iterative
development process. Initial efforts will focus on consolidat-
ing the technical baseline and validating core functionalities,
followed by extensions toward large-scale scenarios, multi-
satellite constellations, and predictive mobility mechanisms.
Particular emphasis will be placed on exploiting deterministic
satellite motion to improve service continuity and reduce
control-plane overhead. In parallel, improvements in usability
and visualization will enable non-expert users to define and
analyze complex scenarios, bridging the gap between theoret-
ical evaluation and practical adoption. Ultimately, V2LeoSim
contributes to the Smart Networks paradigm by enabling a
system-level understanding of NTN-enabled V2X services. In
this perspective, it represents a first step toward digital twins
of integrated TN-NTN networks, where mobility, connectivity,
and services are jointly modeled to support the design of future
6G vehicular ecosystems.

VI. CONCLUSION

In this work, we have presented a description of an in-
tegrated turnkey simulation framework for V2X TN-NTN
scenarios called V2LeoSim. Considering the most interesting
use-cases for V2X in which the satellite connectivity Direct-
to-Device can play a significant role, we have discussed and
justified the definition of a unified simulation framework. Such
framework is important to allow experimenters (both technical
and non-expert) to assess end-to-end service performance,
tuning the system and providing useful hints for the future
V2X service provision. Since existing software tools in the
Open Source domain are not fit to these purposes, a novel
tool has been designed and is being developed, in the frame
of the ESA V2LeoSim project, which is detailed in this paper.
In the paper then we have discussed its potential benefits, the

development roadmap and the future activities for its adoption
and evolution for the full system-level understanding of NTN-
enabled V2X services in parallel with the evolution of 3GPP
specifications.
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