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Abstract—This paper presents VaN3Twin—the first open
source, full-stack Network Digital Twin (NDT) framework for
simulating the coexistence of multiple Vehicle-to-Everything
(V2X) communication technologies with accurate physical-layer
modeling via ray tracing. VaN3Twin extends the ms-van3t simu-
lator by integrating Sionna Ray Tracer (RT) in the loop, enabling
high-fidelity representation of wireless propagation, including
diverse Line of Sight (LoS) conditions with a focus on LoS
blockage due to other vehicles’ meshes, Doppler effect, and
site-dependent effects—e.g., scattering and diffraction. Unlike
conventional simulation tools, the proposed framework sup-
ports realistic coexistence analysis across Dedicated Short Range
Communication (DSRC) and Cellular-V2X (C-V2X) technologies
operating over a shared spectrum. A dedicated interference
tracking module captures cross-technology interference at the
time-frequency resource block level and enhances Signal to
Interference plus Noise Ratio (SINR) estimation by eliminating
artifacts such as the bimodal behavior induced by separate
LoS/NLoS propagation models. Compared to field measurements,
VaN3Twin reduces application-layer disagreement by 50% in
rural and over 70% in urban environments with respect to
current state of the art simulation tools, demonstrating its value
for scalable and accurate digital twin—-based V2X coexistence
simulation.

Index Terms—V2X, Ray Tracer, Vehicular networks, Sionna
RT, ms-van3t, ns-3, co-channel coexistence, NDT

I. INTRODUCTION

In 2016, Toyota was the first car manufacturer to re-
lease commercial vehicles with Vehicle-to-Everything (V2X)
communication capabilities, using Dedicated Short Range
Communications (DSRC) based on IEEE 802.11p for the
Japanese market [1]. Shortly thereafter, similar deployments
appeared in the U.S. and Europe [2], [3], with General
Motors and Volkswagen Group respectively. Today, the V2X
market continues to grow, with an increasing number of
vehicles capable of communicating with thousands of Road
Side Units (RSUs) deployed along major highways [4]. From
a technological perspective, however, the landscape has grown
increasingly complex. Since the introduction of LTE-V2X in
3GPP Rel. 14 (2017), Toyota has steered the Asian V2X
market toward Cellular-V2X (C-V2X) technology. In contrast,
Europe continues to rely primarily on IEEE 802.11p for
V2X communication. Nevertheless, major auto-makers such

as Audi, Mercedes, and Ford have frequently announced
plans for future deployments leveraging C-V2X technologies
(i.e., LTE-V2X and the emerging NR-V2X standard) [5]-
[7]. As a result, vehicles from different manufacturers—each
potentially using distinct V2X technologies—will soon coexist
on the road, creating significant challenges for interoperability,
standardization, and coordinated deployment. In anticipation
of this scenario, and as evidence of its growing relevance,
many On Board Unit (OBU) and RSU manufacturers have
started equipping their products with support for multiple V2X
technologies. However, the coexistence of these technologies
remains a significant challenge. In the United States, the FCC
reallocated 45 MHz of the 5.9 GHz safety band to unlicensed
services and reserved the remaining 30 MHz exclusively for
C-V2X, with follow-up rules adopted in December 2024
instructing legacy DSRC installations to migrate. Instead, in
Europe both C-V2X and IEEE 802.11p operate within the
same 5.8-5.9 GHz frequency band, therefore the issue of co-
channel interference has emerged as a critical area of research
in the V2X field. Indeed, numerous researchers and vehicular
consortia are actively investigating these challenges [8]-[10],
which have emerged as some of the most pressing and
widely discussed topics in the V2X domain. Predicting the
performance of C-V2X and DSRC technologies in real-world
coexistence scenarios is highly complex, especially in large-
scale urban environments with fleets of vehicles equipped with
either or both communication technologies. Although recent
advancements in emulation frameworks for vehicular field
testing [11] have significantly enhanced evaluation capabili-
ties, conducting a comprehensive coexistence and co-channel
interference study in real-world scenarios would require a large
fleet of V2X-equipped vehicles capable of supporting one or
more V2X Radio Access Technologies (RATs). However, cur-
rent OBU offerings from vendors typically support only a sin-
gle RAT at a time—e.g., either DSRC or C-V2X, but not both
simultaneously. This limitation makes large-scale field testing
for coexistence scenarios logistically, economically, and tech-
nologically challenging. As a result, advanced simulation tools
are essential to analyze the complex, large-scale scenarios
expected in future vehicular networks. Moreover, accurate
interference modeling is crucial to support research on agile
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spectrum utilization and effective spectrum sharing across
heterogeneous radio technologies. Beyond traditional simu-
lation goals, high-fidelity modeling is also a cornerstone of
the emerging paradigm of Network Digital Twin (NDT) [12].
An NDT aims to create an accurate replica in real time of a
network, requiring simulation models to maintain a high level
of precision in all layers of the communication stack [13].
This requirement is particularly critical in the context of V2X
wireless networks, where operating conditions evolve rapidly
due to high mobility, complex propagation environments—
especially in urban scenarios—and finally, multi-RAT coex-
istence. In such settings, and depending on the final scope of
the simulation, precision becomes indispensable to ensure that
the digital replica faithfully mirrors its physical counterpart.
As 1is often the case, the more realistic the simulator, the
more sophisticated and reliable the resulting models. However,
to date, few vehicular simulation tools incorporate realistic
channel models. For instance, simulators based on Network
Simulator Version 3 (ns-3) [14] often rely on stochastic chan-
nel models that omit critical features, such as deterministic
shadowing and multipath effect characterization and compre-
hensive propagation loss models. Another critical limitation,
extremely relevant in V2V scenarios, is their failure to account
for the impact of surrounding vehicles on the received signal.
Furthermore, only a limited number of vehicular simulators
have native support for full-stack implementation of multiple
communication technologies, including IEEE 802.11p, LTE-
V2X, and NR-V2X, and integration with the higher layers
standardized by ETSI. These limitations have hindered the
development of robust co-channel interference studies using
vehicular simulations. Addressing these gaps is crucial for
advancing our understanding of coexistence scenarios and
improving the reliability of simulation-based research.

In this article, we present VaN3Twin!, a framework based
on the integration of Sionna Ray Tracer (RT) [15], an open
source® ray tracing engine for high-fidelity wireless channel
modeling, into the ms-van3t V2X simulator [16], resulting in
a reliable and NDT-ready framework for full-stack and multi-
RAT V2X simulations. VaN3Twin also has built-in support for
modeling the coexistence of multiple communication technolo-
gies and intrinsic consideration for both static (buildings, trees,
and roadside infrastructure) and dynamic objects (vehicles,
pedestrians, etc.) in the simulated propagation environment.
The ms-van3t simulator represents the state of the art among
open source V2X simulators built on the ns-3 platform. It
supports the design, simulation, and hardware-in-the-loop em-
ulation of ETSI-compliant V2X applications. However, as ns-3
native simulator, ms-van3t traditionally relies on probabilistic
models to simulate wireless channel effects. Although effec-
tive for large-scale simulations, these models often oversim-
plify physical-layer phenomena, limiting accuracy in dynamic
and interference-prone environments. By using ray tracing,
VaN3Twin overcomes this limitation, bridging the gap between
high-level vehicular simulation and realistic modeling.

Our main contributions are summarized as follows.

Thttps://github.com/DriveX-devs/VaN3Twin
Zhttps://github.com/nvlabs/sionna

« Realization of a first-of-its-kind open source, full-stack,
and multi-RAT V2X NDT named VaN3Twin, overcoming
the limitations of traditional stochastic and frequency-
dependent channel models with ray tracing. While [13]
focused exclusively on the integration of Sionna RT into
the ns-3 loop, the present work introduces a complete
V2X NDT, focusing on accurate simulation of scenarios
of multiple V2X technologies sharing the same spectrum,
thereby explicitly considering their coexistence;

o Development of an adaptable and modular framework,
allowing the ray tracing component to run on a dedicated
GPU-equipped server, while the rest of VaN3Twin may
be executed on a separate machine. This division not
only optimizes computational resources but also increases
scalability for high-fidelity, city-scale V2X simulations;

o Validation of VaN3Twin as a NDT, performed against
field measurements in real-world rural and urban testbeds.
The results demonstrate significant improvements in fi-
delity at both the propagation and packet reception levels,
with VaN3Twin reducing the disagreement with field data
by 50% in rural and over 70% in urban environments
when compared to state of the art simulation tools;

« Development of a unified coexistence modeling frame-
work capable of simulating heterogeneous deployments
with one or more RATSs simultaneously within a shared
spectrum portion. This includes a dedicated VaN3Twin
coexistence module that incorporates the effects of co-
channel coexistence into Signal to Interference plus Noise
Ratio (SINR) estimation;

« Demonstration of improved SINR estimation accuracy in
coexistence scenarios, showing that ray-based simulations
produce smoother SINR distributions and eliminate the
artificial bimodality introduced by the use of separate
propagation models for Line of Sight (LoS) and Non-
Line of Sight (NLoS) conditions.

The remainder of the article is organized as follows. Section

IT details VaN3Twin, highlighting its flexible architecture, the
integration of a ray tracer, data exchange mechanisms, and
mobility synchronization strategies. Section III validates the
accuracy of the proposed framework’s ray-based propagation
model by comparing simulation results with real-world ve-
hicular measurements in rural and urban environments, high-
lighting improved alignment in both Received Signal Strength
Indicator (RSSI) values and packet reception performance.
Section IV introduces the coexistence module for multi-
RAT interference management in ms-van3t and VaN3Twin.
It presents a simulation comparing SINR estimation under
3GPP-based and ray-based models in co-channel scenarios,
with particular emphasis on NLoS conditions caused by ve-
hicular obstructions, and evaluates the resulting impact on
cumulative and punctual packet-level performance. The section
also provides an analysis on VaN3Twin scalability. Section V
reviews related work on V2X coexistence simulation and ray
tracing integration. Finally, Section VI concludes the paper.

II. VAN3TWIN FRAMEWORK

This section presents the proposed architecture, which
integrates Sionna RT into the existing ms-van3t workflow,
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Figure 1: An overview of the proposed VaN3Twin framework:
ms-van3t high-level architecture with Sionna RT integration.

as illustrated in Figure 1. Specifically, the figure displays
the complete ms-van3t stack, spanning from the Application
Layer to the Physical Layer—the latter expanded to show all
the available RATs in ms-van3t. Figure 1 also outlines the
mobility interfaces of ms-van3t, which can interact with either
SUMO [17] or CARLA [18] mobility simulators or with pre-
recorded vehicular traces. When using SUMO or CARLA, the
mobility state of each vehicle is retrieved through standardized
V2X message exchange interfaces, namely the Traffic Control
Interface (TraCI) [19] for SUMO and OpenCDA for CARLA.
Mobility data are eventually received by the ms-van3t Mobility
model and subsequently distributed to the appropriate layers
via the Vehicle Data Provider (VDP) module. Finally, at the
bottom of Figure 1, the integration with Sionna RT is shown.
This integration is achieved through data exchange via a
UDP socket, enabling a fast and modular architecture. As
a result, the ray tracer can operate either on the same local
machine as ms-van3t or on a dedicated remote server with
enhanced computational capabilities, as modularity is a key
feature of VaN3Twin. Furthermore, by relying on ms-van3t
and its underlying ns-3 engine, every module of VaN3Twin can
be either replaced, extended, or re-implemented from scratch,
including protocol stacks, channel models, mobility patterns,
and performance metrics. Moreover, the employed ray tracing
engine (Sionna RT) is open source and fully customizable.
Through a dedicated adapter interface, it can be entirely
substituted without affecting the integration logic. This design
choice maximizes flexibility for secondary development—
following standard ns-3 extension practices, such as models,
helpers, and attributes—and facilitates the adoption of future
improvements in ray tracing technology. Documentation® and
APIs are provided to guide developers, thereby supporting
secondary development and experimentation. As for the infor-
mation exchange between ms-van3t and the ray tracer engine,
the communication is structured into three distinct data flows,
each identified by matching color codes in Figures 1 and
Figure 2, where Figure 2 offers a more detailed representation
of the interaction workflow. Specifically, the three data flows

3https://www.nsnam.org/documentation

comprise: (i) the initialization of the Digital Twin (DT) includ-
ing buildings and roadside infrastructure and the mapping of
vehicle meshes, represented in the figures by blue arrows; (ii)
the transmission of dynamic location updates, indicated in red;
(iii) the request and response exchange of channel parameters,
depicted in green. Each of these flows is analyzed in greater
detail in the following subsections.

A. DT model initialization and vehicle mesh mapping

The ray tracer operates within a Three Dimensional (3D)
scenario that includes both static and dynamic objects, each
represented by a 3D mesh. The geometry of each mesh
defines the physical shape of the object, while its material
properties (e.g., metal, glass, or plastic) govern its electro-
magnetic characteristics, thereby influencing the interaction of
electromagnetic waves with the object’s surface. Static objects
(such as buildings, road signs, and roadside units) remain fixed
throughout the simulation and constitute our DT model. To
support the simulation of vehicular traffic within the modeled
environment, the scenario topology—including polygons for
buildings—was extracted from OpenStreetMap (OSM) [20]
and imported into the SUMO traffic simulator. This integration
enables the construction of a complete DT model of the
infrastructures in our scenario (as illustrated in Figure 2a).
Conversely, dynamic objects represent mobile entities such
as vehicles. For this purpose, various vehicle meshes (e.g.,
passenger cars, sedans, trucks, buses, etc.) were selected from
the supported mobility simulators. Each vehicle mesh was fur-
ther segmented into distinct components—i.e., vehicle body,
lights, windows, rims, etc.—in order to assign appropriate
radio material properties to each part. These vehicle mesh
types were employed to model the dynamic elements of the
simulation scenario. The process begins by defining the set of
vehicles to be included in the overall simulation, defined as
V = {vy,vs,...,vn}. To distinguish vehicles participating in
the simulation at time ¢, we define the subset of active vehicles
Vactive (t) € V. The set of 3D car meshes (shown in Figure 2b)
is denoted by M = {M,,, M,,, ..., M,, }, where each mesh
M,, € M represents the geometry and material properties
of vehicle v,,. Each active vehicle v,, € Vyuive(t) is equipped
with two antennas, (a,, Tx, v, Rx), One for transmission and

g) Caching [[&S

win 4
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Figure 2: Flowchart of the entire VaN3Twin framework.
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one for reception, mounted on the mesh M, at positions:

pant(t/) = Pw, (t/) + Pdis, (D

where pais = [Zdis, Ydis, 2dis] denotes the displacement of the
antenna relative to reference position p,, (¢') of vehicle v,, at
time ¢’ < t, which is the time denoting the last update applied
to the mesh M, . Each vehicle v,, € V is associated with
a unique 3D mesh M, € M in the ray tracing scenario
through a one-to-one mapping ¢ : v, — M, ,Yv, € V
(see Figure 2c). Both the DT initialization and the vehicle
meshes mapping ¢ are initialized once at the beginning of
the simulation and remain constant throughout, incurring no
runtime computational cost. Whenever a vehicle v,, becomes
active—i.e., v, € Vaive(t)—the mesh M, is updated to
reflect its physical state and its dynamic location updates.

B. Dynamic location updates

At simulation time ¢, each vehicle v,, € V is characterized
by a position vector p,, (t) = [Ty, (), Y, (t), 20, ()], a
velocity vector vy, (t) = [Vgw, (1), Vy v, (), Vs, (t)], and
a heading angle 6, (t). Moreover, at each simulation time
step, information regarding the active vehicles—i.e., vehicle
classes, vehicle IDs, positions, and orientations—is retrieved
from the Mobility model of ms-van3t. To ensure a coherent
and time-consistent representation of moving objects, dynamic
location updates generated by the mobility simulator are
transmitted from the Mobility model of ms-van3t to the ray
tracer (Figure 2d). Specifically, whenever an updated mobility
state becomes available for a vehicle v,, at time ¢, a loca-
tion update message is sent to the ray tracer containing the
tuple {p., (t), vy, (1), 0y, (t)} related to vehicle v,. Upon
reception, this information is integrated into the ray tracing
scenario and used to update the radio propagation environment
by repositioning the vehicle meshes according to the received
positions and orientations, and by setting the corresponding
vehicle configurations accordingly. Thus, at each update, the
variables p,,, (t), v, (t), and 0, (t) are updated to reflect the
current state of each active vehicle v,, € Vyeive(t) and each
vehicle mesh M, is synchronized accordingly. The velocity
vy, (t) is provided to allow for Doppler shift—and consequent
channel coherence time—computation. This synchronization
ensures that the propagation environment faithfully reflects the
time-varying geometry and kinematics of the vehicular net-
work, which is essential for the realistic modeling of wireless
channel dynamics under mobility. To limit the computational
cost of ray tracing scene updates, synchronization is performed
only if the vehicle has moved beyond a minimum threshold
distance Adp;,, defined as:

Adpip = max (Ad(h Vo (t) Tcoh) , (2

where Adg is a base distance threshold, 7., is the channel
coherence time, and v, ;) the current velocity of the vehicle.
Since a Doppler-based threshold may lead to excessive up-
dates, vehicular simulations typically favor the use of larger
Ady, with its numerical value being scenario-dependent and
determined empirically. Clearly, this simple approach may be
extended into more advanced and efficient mechanism, also

possibly linked to the specific geometry of the considered
scenario. Dynamic location updates are applied only if the
following condition holds:

[Pw, (t) = Po, ()| > Admin, (3)

where t' < t denotes the time of the last update applied to the
mesh M, . This condition is always true if a location update
procedure for M, has never been completed before.

C. Channel parameter requests and responses

This final data exchange, represented by the green arrows
in Figure 1 and Figure 2, takes place between the ray tracing
component and the Physical Layer of ms-van3t. Specifically,
when the RAT model within ms-van3t detects an imminent
transmission between two vehicles (v;,v;) € Vicive(t) € V
at simulation time ¢, a channel parameter request is issued to
the ray tracer (see Figure 2e), bypassing the native channel
computation mechanisms of ns-3. Upon receiving a channel
parameter request, the ray tracer computes the set of prop-
agation paths R, ,, (as illustrated in Figure 2f) between
the antennas mounted on the corresponding vehicle meshes
M,, and M,,. Although initially triggered by a specific
vehicle pair, the ray tracing engine computes all pairwise
propagation paths among the vehicles in Vyive(f) to avoid
redundant computations. This strategy, in conjunction with
carefully selected trade-offs aimed at reducing ray tracing
complexity while maintaining accuracy [21], amortizes the
cost of scene analysis by leveraging GPU parallelization and
distributing initialization overhead across multiple channel
queries. The resulting set of admissible propagation paths,
under the assumption of channel reciprocity, is:

R'ui,vj K TK}- (4)

Each path 7, is characterized by a complex gain ay, a delay
Tk, direction of departure ), direction of arrival 9, and
a Doppler shift ;. Only those paths that satisfy relevant
physical and geometric constraints (e.g., interaction type,
angular resolution, and bounce count) are included in Ry, 4.
Depending on the characteristics of the environment, both LoS
and NLoS components may be present in the computed propa-
gation paths. In addition to the set of propagation paths R, +;,
the channel impulse response h,, ., (t) between a transmitting
vehicle v; and a receiving vehicle v; is computed, derived
using the impulse response model for multipath channels:

- RU]’,W = {T1, To, ..

K
by, o, (8) = Z aj ™ a,, (ﬁk)agj () gt —1k), ()
k=1

where oy, denotes the complex path gain of the k-th ray, which
depends on the underlying propagation mechanisms (i.e.,
reflection, diffraction, scattering), ¢, represents the Doppler
shift associated with the k-th path, resulting from the relative
motion between v;, and vj, a,,(9) € CN7*" and a, (1)) €
CNrX1 correspond to the transmit and transposed receive array
response vectors, respectively, where 1, and 1), denote the
directions of arrival and departure of the ray, g(t —71) denotes
the pulse shaping filter, with 7, being the propagation delay
associated with the k-th ray. Among the various parameters

Authorized licensed use limited to: Politecnico di Torino. Downloaded on May 10,2026 at 09:43:21 UTC from IEEE Xplore. Restrictions apply.
© 2026 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,

but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Wireless Communications. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TWC.2026.3685710

involved in the channel impulse response h,, ., (t) described
above, a selected subset can be extracted and included in the
channel parameter response sent to the Physical Layer of ms-
van3t (see Figure 2h). Specifically, each channel parameter
response is composed of the tuple {QUM]., Toi vg )\%U].},
where Qvi,vj denotes the total path gain, defined as:

2

K
Goiwy = [D_ ] 6)
k=1

Tv;,w; denotes the propagation delay of the communication,
defined as the minimum among all individual path delays, i.e.:

',TK}; (7)

where, 7, »; is used solely to capture the end-to-end propa-
gation delay, whereas the full set of multipath components is
preserved in the channel characterization and fully incorpo-
rated in the subsequent receiver processing.

>\v7¢,v]

Ty, = MiN {r1,72,..

~indicates the LoS condition, and is defined as:

1, if 3rp € Ry, v, that is LoS,

0, otherwise.

)\vi,vj = (8)

For computation efficiency reasons, the set of propagation
paths R, ,, computed with ray tracing is stored in a cache
C for potential reuse (shown in Figure 2g). Each cache entry
corresponding to a vehicle pair (v;,v;) is denoted by C., ;.
When a channel parameter request is issued at time ¢, two
cases may arise:

o Cache miss: If Cy, »;, = (. In this case, the ray tracing
engine computes R, ., for all (v;,v;) € Vactive(t),
extracts the requested parameter, and stores the result:
Cvi,vj — ,Rf'ui,vj;

o Cache hit: If CUMJ. # (. In this case, the stored result is
used without additional computation.

Whenever any vehicle v,, undergoes a state change that
results in an update of its associated mesh M, , the entire
cache for every vehicle pair (v;,v;) € Vaciive() is invalidated:
C + (). This conservative strategy ensures cache consistency
with the current simulation state, fully reflecting the dynamic
impact of mobile scatterers (other vehicles) on propagation.
While this mechanism may appear stringent, it is crucial in ve-
hicular networks, where transient changes in the environment
can substantially affect multipath structure, received power,
and signal quality. In the following section, we validate the
ray tracing propagation model of VaN3Twin by comparing it
against real-world vehicular field measurements.

III. VAN3TWIN VALIDATION THROUGH REAL-DATA

To assess how accurately VaN3Twin can replicate the wire-
less propagation in a V2X network, two measurement cam-
paigns were conducted: one in a rural setting in Sali Vercellese,
Vercelli, Italy (Figure 3a) and the other in the city center of
Turin, Italy (Figure 3c). The field tests were conducted using a
dedicated setup, thoroughly detailed in [11] and illustrated in
Figure 4. In particular, Figure 4a shows an APU2E4 embedded
board from PC Engines [23]—the red box in the figure—and
an ArduSimple simpleRTK2B Fusion board [24]—the small

Table I: VaN3Twin parameters for ray tracing.

Ray tracing parameters

Carrier Frequency [GHz] 5.89
Buildings and Roads Material Concrete [27]
Trees Material Wood [27]
Cars Material Metal [27]

Reflections Specular, Diffused
Refractions Yes
Maximum Interactions 5

Type of Antennas Isotropic
Polarization Vertical

Tx and R; Height [m] 1.8

black box. The OBU runs the latest version of OpenWrt-
V2X [25] as its operating system, along with the most recent
release of the Open Stack for car (OScar) framework [11],
which provides a complete ETSI C-ITS protocol stack. The
ArduSimple board enables Global Navigation Satellite Sys-
tem (GNSS) positioning through Real-Time Kinematic (RTK)
services, achieving centimeter-level accuracy. Finally, Fig-
ure 4b displays the MobileMark SMWG-313 antenna [26],
a magnetic, automotive-grade, multi-band antenna designed to
support both the GNSS receiver and two Multiple Input, Mul-
tiple Output (MIMO) antenna elements for transmission and
reception at V2X frequencies. An identical setup, as previously
described, was deployed on two vehicles: one was parked at
the roadside and served as the transmitter 77, periodically
sending vehicular Cooperative Awareness Messages (CAMs)
at fixed time intervals; the other was in motion and acted
as the receiver R,. Two sets of field tests were conducted
with T, and R,—shown in Figure 3a and Figure 3c—during
which a range of parameters was measured. Upon packet
reception, R, recorded the payload, the UNIX timestamp of
the event, the average measured RSSI, and its current GPS
coordinates. The DTs for ray tracing in VaN3Twin—Figure 3b
and Figure 3d—were modeled in Blender using the Blosm
add-on, which imports 2.5D representations of the propa-
gation environment from OpenStreetMap. Following ITU-R
P.2040 recommendations [27], buildings were modeled as
concrete structures. When present, trees were modeled as fully
wooden objects, while the ground as concrete. Vehicles were
included as full 3D meshes with metallic bodies to account for
their scattering contribution. The ray tracing engine simulates
specular reflection, diffuse reflection, and refraction, with a
maximum of 5 interactions (bounces) per ray. Transmitting
and receiving antennas were modeled as isotropic, which
is a valid approximation of the antennas employed in the
drive test. Simulation parameters used in the VaN3Twin ray
tracer are summarized in Table 1. Although this work focuses
on low-rate CAM traffic, VaN3Twin supports a wide range
of application-layer profiles, including high-rate and latency-
sensitive workloads such as cooperative perception and sensor
sharing. CAM traffic was selected to enable direct validation
against real-world measurements obtained using hardware
limited to such traffic generation. Extending the evaluation to
additional traffic profiles is straightforward, as the underlying
ns-3 simulator supports arbitrary traffic patterns, including
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¢

Mobile Receiver

Fixed Transmitter

(a) Satellite view of the rural scenario [22].

(c) Satellite view of the urban scenario [22].

Mobile Receiver

Mobile Receiver

(d) Replica for the VaN3Twin ray tracer of the urban scenario.

Figure 3: Areas of the two measurement campaigns in Sali Vercellese, Vercelli, Italy (a) and its DT (b) and Turin, Italy (c)
and its DT (d), rural and urban scenarios, respectively. In both DTs, the static 7, antenna is represented as the red marker,

while the R, is yellow and moves along the green trajectory.

for example adaptive video streaming [28]. Validation was
carried out at two levels: (i) propagation, by comparing real
R, RSSI measurements against their virtual counterparts; and
(ii) packet reception, by assessing alignment between packet
receptions in the virtual R, and the physical dataset. For
(i1), we introduce a dedicated metric, the Disagreement Ratio
(DR), to assess the extent to which VaN3Twin enhances
overall replication accuracy. The DR quantifies the level of
disagreement between VaN3Twin and a baseline in terms of
binary decision outcomes. Let R and M denote the sets of

(a) OBU and ArduSimple
GNSS devices.

(b) Magnetic MobileMark an-
tenna.

Figure 4: Vehicle setup for field tests.

decision outcomes, positive or negative, by VaN3Twin and by
the baseline, respectively. The symmetric difference RAM
then represents the set of outcomes classified as positive or
negative by one, but not by the other, i.e., the instances where
the two disagree on the decision. RUM represents the totality
of the decisions. The DR is defined as:

DR = |RAM|/|RUM,|. ©)

A lower value of DR indicates a stronger alignment be-
tween the considered entities, whereas higher values high-
light greater discrepancies in their decision outcomes. To
enable a comprehensive evaluation of the differences between
stochastic models (as adopted by current V2X state of the art
simulation tools), a ray-based propagation model, and real-
world measurements, the same simulation was also conducted
using the vanilla version of ms-van3t. In this configuration,
ms-van3t relies on a stochastic propagation model based
on 3GPP TR 36.885 [29] specifications, which incorporates
distance-dependent, probabilistic LoS status determination.
More specifically, the LoS probability is:

18
Pros = min <7, 1) (1 _ e—d/36) + e—d/367 (10)
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where d is the distance between the transmitter and the
receiver. Unlike ray tracing, this model has no tunable pa-
rameters, as it is rigidly defined by 3GPP specifications.
Notably, this model is well aligned with the conditions of
both scenarios. The rural campaign featured a full LoS be-
tween transmitter and receiver, closely matching theoretical
assumptions. Meanwhile, in the urban scenario, the transmitter
was placed at a height comparable to that of a typical cellular
microcell, precisely the conditions for which the model was
designed to operate. These represent ideal conditions for the
model’s intended use, making the comparison particularly
relevant. In conclusion, both the real-vehicle field tests and
the simulations with VaN3Twin and ms-van3t used the IEEE
802.11p communication stack.

A. LoS rural scenario

This measurement campaign was carried out in a completely
open and flat environment near Sali Vercellese, in the coun-
tryside surrounding Vercelli, Italy. The environment is free
from obstacles such as buildings or trees. The transmitting
vehicle traveled along a straight road, performing a round trip
following the trajectory shown in Figure 3a and Figure 3b.
The moving vehicle, R,, maintained an uninterrupted LoS
condition with the transmitting vehicle, 7),, which remained
parked and stationary. This scenario serves as a necessary
baseline for calibrating more complex experiments, such as
those conducted in urban environments, where the presence of
buildings and other obstacles significantly affects signal prop-
agation. Figure 5 presents a comparison of signal propagation
across the different models. Specifically, the values obtained
from field measurements are shown in blue, those generated
by VaN3Twin in green, and the ones with ms-van3t in red. In
Figure 5a, which depicts the RSSI values, it can be observed
that the measured signal closely follows the trend reproduced
by the VaN3Twin simulation, with consistently aligned values
along the entire trajectory of the moving vehicle R,. As
expected, ms-van3t also aligns well with the measured data,
given the simplicity of the scenario. However, it is worth not-
ing that the RSSI trend produced by ms-van3t appears overly
smooth and lacks local fluctuations, an inherent limitation of
its theoretical formulation which does not account for small-
scale propagation effects. This observation is further supported
by Figure 5b, where the Probability Density Functions (PDFs)
of the three datasets exhibit overall consistent trends.

Regarding the Packet Reception DRs, a disagreement of
12.82% between the real-world measurements and the simula-
tion results is obtained using ms-van3t. Despite the simplicity
of the propagation environment, the use of VaN3Twin nearly
halves this discrepancy, reducing it to only 6.5%.

B. NLoS urban scenario

Compared to the previously considered rural case, the urban
scenario presents a significantly more complex propagation
environment. These measurements were conducted in a par-
ticularly busy area near the city center of Turin, Italy, which
is characterized by multiple trees, parked cars, and various
other obstacles, causing a considerable increase in the number
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(a) Comparison of the field-measured RSSI (blue) with the estimated
value using VaN3Twin (green) and ms-van3t (red).
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(b) Probability Density Function of the field-measured RSSI (blue),
the estimated value with VaN3Twin (green) and with ms-van3t (red).

Figure 5: Measured and simulated RSSI values (a) and their
Probability Density Function (b) for the rural measurement
campaign in Sali Vercellese, Vercelli, Italy.

of interactions of the transmitted signal with its surroundings
affecting the RSSI. Unlike the scenario in Sali Vercellese, the
visibility conditions in this case vary depending on the relative
positions of the vehicles within the environment. At the
beginning of the measurement, the parked transmitting vehicle
T, and the moving receiver R, are in a NLoS condition.
As illustrated in Figure 3c and Figure 3d, the transmitter
follows a straight trajectory from right to left. Around the
midpoint, a brief LoS interval occurs before the vehicles
return to a NLoS configuration, which persists until the end
of the test. This pattern replicates a typical urban scenario, in
which two vehicles located on perpendicular roads attempt
to communicate with one another. Similarly to Figure 5,
Figure 6 presents a comparison of signal propagation across
the different models for the NLoS urban scenario. The results
in Figure 6a show a reasonable alignment between the RSSI
values obtained from field measurements and those extracted
from VaN3Twin. Although the match is less precise than in
the quasi-ideal rural case—due to the increased complexity of
the urban environment—the overall trends remain consistent.
It is important to note that while VaN3Twin offers a high-
fidelity reproduction of realistic channel conditions, it cannot
guarantee a perfect match in all situations. In this case, for
instance, augmenting the level of detail of the virtual scene
with additional elements such as parked vehicles, trees, and
street furniture would likely reduce the residual gap and further
improve simulation accuracy. Conversely, the output of vanilla
ms-van3t reveals evident limitations in this context. The graph
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Table II: Packet Reception DRs of ms-van3t and VaN3Twin
with measured data.

Type of Scenario ms-van3t | VaN3Twin | Difference
Rural (Sali Vercellese) 12.82% 6.5% 49.3%
Urban (City of Turin) 27.9% 8.16% 70.8%

shows abrupt and continuous RSSI fluctuations, results of the
rigid alternation between LoS and NLoS propagation models
as per equation (10). This behavior is further highlighted in
Figure 6b, where the PDF generated by VaN3Twin closely
mirrors the measured distribution, accurately capturing both
the mean and the variability of the RSSI values. In con-
trast, the vanilla ms-van3t model yields a distinctly bimodal
distribution which leads to unrealistic clustering and fails to
reflect the smooth variations observed during the field test.
The computed for Packet Reception DR in the NLoS urban
scenario reveals a substantial disagreement of 27.9% between
real-world data and the simulation performed using the ms-
van3t model. Also in this case, VaN3Twin significantly reduces
the discrepancy, achieving a DR of just 8.16%. This result
highlights that, although the 3GPP-based stochastic model in
ms-van3t is specifically calibrated for urban scenarios with
NLoS conditions, VaN3Twin achieves an accuracy level that
is more than three times higher. In conclusion, given its
deterministic and ray-based propagation model, VaN3Twin is
capable of reproducing even complex, urban environments,
leading to a higher punctual accuracy at the applicative level
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(a) Comparison of the field-measured RSSI (blue) with the estimated
value using VaN3Twin (green) and ms-van3t (red).
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(b) Probability Density Function of the field-measured RSSI (blue),
the estimated value with VaN3Twin (green), and with ms-van3t (red).

Figure 6: Measured and simulated RSSI values (a) and their
Probability Density Function (b) for the urban measurement
campaign in Turin, Italy.

when compared to the stochastic model in vanilla ms-van3t.
Table II summarizes the computed Packet Reception DRs
using ms-van3t and VaN3Twin to reproduce real-world mea-
surements, showing decreases of 49.3% in the rural scenario
and 70.8% in the urban scenario. Building on this capability,
the following section introduces the VaN3Twin coexistence
module, which accounts for interference generated by other
transmitting vehicles operating in parallel with different RATs,
thereby further increasing the realism and completeness of the
simulation.

IV. VAN3TWIN FOR MULTI-RAT COEXISTENCE

Given the pivotal role of the ray tracing engine in VaN3Twin
for reconstructing a consistent and realistic channel model, we
leveraged this capability to develop a dedicated coexistence
module. While the vanilla version of ms-van3t could simulate
scenarios where vehicles using different RATs coexist, it did
not account for the interference that transmissions from one
RAT might cause to others. To address this limitation, we
designed a module to explicitly model inter-RAT interfer-
ence, thereby enabling accurate evaluation of communication
performance in multi-RAT scenarios. This section introduces
the underlying logic of the VaN3Twin module developed to
manage multi-RAT coexistence, accounting for partial or full
spectrum overlap between concurrent transmissions across
different vehicular communication technologies. Finally, we
compare three configurations: the vanilla ms-van3t model
without coexistence support, the ms-van3t propagation model
coupled with the coexistence module, and the coexistence
module integrated with the accurate channel modeling of
VaN3Twin.

A. Proposed coexistence implementation

The vanilla version of ms-van3t includes different default
propagation models for each RAT. However, the LTE-V2X and
NR-V2X modules typically rely on 3GPP-based propagation
models [29], [30] that are incompatible with those used
by the IEEE 802.11p module, and vice versa. Furthermore,
as previously discussed, the default channel models in ms-
van3t employ probabilistic LoS determination, limiting their
accuracy in complex scenarios. To partially mitigate these
limitations, ms-van3t allows manual adjustment of the channel
condition through external inputs. This can be achieved either
by directly injecting the LoS status—e.g., from a ray tracing
engine—or by generating a 2D building map within the
simulator for automatic LoS/NLoS classification. However,
the latter approach is both time-consuming and imprecise, as
it represents buildings using basic box geometries. In con-
trast, VaN3Twin leverages ray tracing to deliver significantly
improved modeling accuracy and a unified channel abstrac-
tion that is consistent across different RATs. This unified
approach enables consistent and realistic channel estimation,
as previously formalized in equation (5). Such consistency
is especially critical for multi-RAT coexistence scenarios,
where realistic modeling of shared or partially overlapping
spectrum is required. In a V2X simulation scenario, let W
denote the set of simulated RATs for which the coexistence
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module is enabled. Each w € VW operates over a frequency
band of bandwidth B(“), centered at carrier frequency fc(w),
and utilizes an Orthogonal Frequency Division Multiplexing
(OFDM) waveform with L(*) subcarriers spaced by A f(®),
The corresponding sub-channel grid is given by:

Flw) _ {féw) +1- Af<w)} with

(w)

BWw) B
S ERVARE [fé“’) - [+ } (11)
where I € L™ is an integer. To evaluate inter-RAT
interference, a global resource grid must be defined that
encompasses all technologies in the set V. For each w € W,
the corresponding grid is defined as:

Z(w) _ ]_-(w) % S(w)7 (12)

where S(*) is the set of corresponding time slots. The overall
resource grid is defined as:

Z=FxS§, with F= J F™, s= ] ™. 13
weWw weWw

Given a resource block z € Z, let W(z) C W denote the
set of RATS actively using it. To monitor potential inter-RAT
interference, the coexistence module continuously observes the
communication channel and tracks all transmissions from each
w € W(z).* To support this functionality, a set of tracking
objects ‘H is introduced. For each transmitting vehicle v,, €
Vix(t) € Vieive(t) at time ¢, a corresponding tracking object
H,, € H is defined as:

H,, = (wew, f, B, 7, 5(f)), (4

where T is the transmission duration and S(f) the Power
Spectral Density (PSD). Let us now consider two vehicles
transmitting using technologies w and w’, both belonging to
W(z), with w # w’. The SINR on resource block z for the
transmission using technology w is computed as:

PRx,w,z
NO,z + 1Dim,w =+ Ew'y&w PRx,w’,z

where Py .. denotes the received power of the desired signal,
Ny, the noise power on z, Py ,, the intra-RAT interference
from other vehicles using w, and FPry.r,. the interfering
power from technology w’. The contribution of Pgry v, in
equation (15) is computed as follows: let vy, be an interfering
vehicle using technology w’ € W(z), with an associated
tracking object H, . To discard negligible interference, a
threshold on the total path gain G, is introduced. For a
receiving vehicle v, using technology w # w’, interference
from vy is ignored if the total path gain G, ., is less
than the minimum threshold, i.e., Gy, v, < Gnr. Otherwise,
the received interference power is calculated based on the
PSD S and the total path gain G, ,, . The overall SINR for
technology w is obtained by computing a bandwidth-weighted
average over all resource blocks z € Z:

> w. - SINR, .,
z€EZ

SINR,, . =

; 15)

SINR,, = (16)

1
2]

4This feature enables concurrent simulation of IEEE 802.11p and NR-V2X.

Algorithm 1 SINR evaluation with inter-RAT contributions

Require: Set of active RATs w € W
Require: Sub-channels () V w € W
Require: Time slots S™) V w e W

1: for all w € W do

2 Set F+ FUFW

3 SetS <+ SUSW

4: end for

5: 2+ F xS

6: Track each v,, € Vix(t) C Vactive (1)
7: for all blocks z € Z do
8
9

Identify set of active RATs W(z) C W
for all RATs w € W(z) do

10: Initialize interference to only intra-RAT contributions
11: Set ]Dint,tot < ]Dint,w

12: for all w’ € W(z), v’ # w do

13: for all tracked interferers vy, using w’ do
14: if total path gain G, ,, > G then

15: Pitot < Pnttot + Pryw’, 2

16: end if

17: end for

18: end for

19: Compute SINR,, .

20:  end for

21: end for

22: for all w € W do
23:  Compute average SINR,, weighted by w,
24: end for

where w, is a weight related to the bandwidth of block z.
For clarity and ease of understanding, the SINR computation
process described above is also summarized in Algorithm 1.
Furthermore, to illustrate the capabilities of the coexistence
module, a simulation of a vehicular scenario with multi-RAT's
communication is presented and analyzed in the following sub-
section. The goal is not to conduct an exhaustive co-channel
interference study for vehicular multi-RAT simulations, but
to evaluate how SINR computation and its impact at the
application level differ when interference from a coexisting
technology is modeled using VaN3Twin versus ms-van3t.
This comparison quantifies the benefits of integrating accurate
physical-layer modeling within an NDT framework.

B. Multi-RAT simulation with coexistence module

To validate the coexistence mechanism under realistic in-
terference conditions, a multi-RAT's scenario is considered in
which 20 vehicles traverse an urban environment containing
buildings and obstacles, resulting in both LoS and NLoS
propagation conditions. The DT was created following the
same procedure introduced in Section III while the ray tracing
parameters are the ones in Table I. Each vehicle periodically
transmits CAMs and Collective Perception Messages (CPMs)
following ETSI transmission rules, using a common carrier
frequency of 5.9 GHz and a bandwidth of 10 MHz. The
vehicles are evenly split between two technologies: 10 use
IEEE 802.11p and 10 use NR-V2X. Table III and Table IV
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summarize the main simulation parameters for NR-V2X and
IEEE 802.11p communication technologies, respectively. The
setup is implemented in VaN3Twin with an ns-3 simulation
configured to define the communication environment. The
configuration process begins by reading the .xml route file
from SUMO, which defines the vehicles to be generated. Next,
the ns-3 nodes are instantiated, with each node representing
a C-ITS station. Each node is equipped with the necessary
Facilities, such as the Cooperative Awareness (CA) Basic
Service, followed by the creation of the PHY and MAC
layers for each communication technology in use. Once all
components are properly initialized, the simulation starts,
and synchronization between ns-3, SUMO, and Sionna RT
proceeds as previously described. Since all vehicles operate on
the same frequency band, transmissions from one technology
can act as interference for the other, depending on spectral
overlap and propagation conditions. In order to establish a
baseline representative of the current state of the art, the
simulation is first conducted in ms-van3t without the coex-
istence module. Subsequently, the same simulation is repeated
with the coexistence module enabled, using both ms-van3t
and VaN3Twin. This procedure allows for the assessment of
how the different propagation modeling approaches—3GPP-
based in ms-van3t and ray-based in VaN3Twin—affect the

Table III: VaN3Twin parameters for NR-V2X.

NR-V2X Parameters
Carrier Frequency [GHz] 59
Channel Bandwidth [MHz] 10
Subchannel Bandwidth [MHz] 10
Numerology 2
Modulation and Coding Scheme 14
Sidelink Threshold For PSSCH (RSRP) [dB] 21
Resource Blocks For PSSCH 10
Number Of TX Per Resource Block 3
Reservation Period [ms] 20
PHY Modulation OFDM
Subcarrier Spacing [kHz] 60
Tx Power [dBm] 30
Sensitivity [dBm] -93
SINR Threshold [dB] 10
Resource Selection Method Random [31]
Propagation Loss Model 3GPP-based [30]
Sidelink Mode PC5 Mode 4

Table IV: VaN3Twin parameters for IEEE 802.11p.

IEEE 802.11p Parameters
Carrier Frequency [GHz] 5.9
Channel Bandwidth [MHz] 10
PHY Modulation OFDM
Tx Power [dBm] 30
Sensitivity [dBm] -93
SINR Threshold [dB] 10
Data Rate [Mb/s] 3
Carrier Access Protocol CSMA/CA
Propagation Loss Model 3GPP-based [29]

estimated SINR for each received packet, the identification
of potential interferers, and ultimately the outcome of the
packet decoding process. To ensure identical propagation
conditions for both models, LoS determination in ms-van3t
was injected using information from VaN3Twin’s ray tracer,
enabling a fair and meaningful comparison. Figure 7 shows
the SINR PDFs produced by all three considered simulators.
While the distribution obtained using VaN3Twin exhibits a
Gaussian-like trend, the ones generated by the two versions
of ms-van3t both display two prominent peaks. This bimodal
characteristic stems from the rigid model switching governed
by the binary LoS/NLoS classification of the communication
link, as already observed during the validation phase—see
Figure 6. In real-world propagation environments, however, the
transition between LoS and NLoS conditions is not discrete
but rather gradual. Even under LoS conditions, surrounding
obstacles can cause signal refraction and attenuation, leading
to a degradation in reception quality. Such effects are not
captured by the discrete switching logic of ms-van3t, but are
instead considered in the ray tracer behavior of VaN3Twin.
More generally, Figure 7 highlights a tendency of simulators
using 3GPP-based propagation models to overestimate SINR
values, even if the deterministic LoS state information from
the ray tracing engine is injected. The absence of coexistence-
aware modeling in the vanilla ms-van3t configuration leads to
significantly higher SINR estimates.

Another critical aspect in vehicular communication systems
is the impact of surrounding vehicles, which can give rise
to Non-Line of Sight due to Vehicles (NLoSv) conditions.
These scenarios cannot be neglected in realistic modeling. For
example, millicar [32], a V2V module for ns-3 specifically de-
signed for FR2 communications, addresses this issue through
a probabilistic approach that models both the likelihood of
vehicular obstructions and the statistical distribution of their
physical dimensions. As discussed in Section II-C, the ray
tracing engine provides a binary output A, ,; indicating
the LoS status between two vehicles (v;,v;). This deter-
mination is based solely on the presence or absence of at
least one LoS path within the set of admissible propagation
rays Ry, »;.- Moreover, the currently available models in ms-
van3t do not support NLoSv conditions. Consequently, such
cases are conservatively treated in ms-van3t as NLoS due
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Figure 7: Probability Density Functions of the measured
SINRs for all the simulated V2V links computed using vanilla
ms-van3t without coexistence module (blue), ms-van3t with
coexistence module (red), and VaN3Twin (green).
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Figure 8: Probability Density Functions of SINRs for V2V
links with frequent NLoSv scenarios computed using vanilla
ms-van3t without coexistence module (blue), ms-van3t with
coexistence module (red), and VaN3Twin (green).
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detection and SINR-based packet decodability decisions for a
general scenario and for the ones with frequent NLoSv.

to large obstacles as buildings. This limitation is evident in
Figure 8, which presents the SINR PDF for a subset of
vehicles frequently experiencing NLoSv conditions during the
simulation. Here, the distribution obtained with VaN3Twin
retains the previously observed Gaussian-like profile. Con-
versely, the two versions of ms-van3t notably overestimate
SINR—irrespective of whether NLoSv conditions are treated
as NLoS—both showing a pronounced peak around 10 dB.
In conclusion, the Gaussian-like distributions observed in the
VaN3Twin results of Figures 7 and 8 reflect a more realistic
propagation behavior, as discussed in Section III. As detailed
in Section IV-A, identifying nearby transmitters using other
RATs as potential sources of interference directly shapes
the resulting SINR. This estimation, ultimately, determines
whether an ongoing transmission is decodable at the receive or
not. The combination of these mechanisms allows VaN3Twin
to form a decision about the expected reception outcome,
which may differ from that of ms-van3t. Figure 9 reports
two Propagation level DRs for the two previously considered
sets of simulated vehicles. The DR for interferer detection
between ms-van3t with coexistence enabled and VaN3Twin is
21.72%, reaching 34.69% in scenarios with frequent NLoSv
conditions. This indicates that in up to 35% of the cases, the
ms-van3t incorrectly discards an interfering signal—treating
it as negligible—whereas VaN3Twin correctly identifies it as
having a significant impact on the transmission. These incor-
rect assumptions, combined with the higher modeling accuracy
of VaN3Twin, also propagate to the final decision on packet
decodability, further increasing the divergence between the two

models. In the general case, the DR reaches 49.11%, meaning
that ms-van3t and VaN3Twin disagree on packet reception in
nearly half of the instances. This disagreement rises to 60.18%
under frequent NLoSv conditions, highlighting how ms-van3t
is unable to capture transient obstructions. For example, for
the communication between two NR-V2X vehicles shown in
Figure 10, ms-van3t and VaN3Twin yield differences in the
estimated interfering power of up to 17.53 dBm, resulting
in a corresponding SINR deviation of 4 dB. As for the
application layer performance, let us first consider the impact
of the coexistence module on the overall Packet Reception
Ratio (PRR) for the NR-V2X communication, which measures
the final number of successfully processed packets. Using
the vanilla version of ms-van3t, the resulting PRR is 97%,
decreasing to 93% if the coexistence module is used. On the
other hand, VaN3Twin computes a lower PRR of 84%. The
overall impact of inter-RAT interference on the PRR is then
limited, primarily due to the small payload sizes of CAMs and
CPMs and the robust retransmission mechanisms provided by
NR-V2X. However, such aggregated indicators fail to capture
discrepancies at the single packet level, crucial in a NDT. Let
us consider the Packet Reception DR between ms-van3t with
coexistence enabled and VaN3Twin. In the general case, we
observe a DR of 30.56%, revealing a substantial mismatch
between the two simulators. In the LoS-dominant scenario
with frequent NLoSv conditions, the DR is slightly lower at
18.43%. This reduction is primarily attributed to the higher
likelihood of successful packet delivery at 5.9 GHz when
vehicles are in close proximity, as is typical in such scenarios.

In conclusion, the overall impact of coexistence on ag-
gregated packet delivery metrics appears limited. However,
this apparent agreement at the application layer is somewhat
misleading, as high packet reception DRs were observed
despite underlying modeling inaccuracies. This undermines
the suitability of ms-van3t and, in general, of ns-3 as a
NDT component, which requires not only statistically accurate
outcomes but also a faithful reproduction of real-world com-
munication dynamics. Furthermore, significant discrepancies
were observed in SINR estimation, especially during transient
obstructions. These differences are expected to have a greater
impact in more demanding use cases, where larger data
payloads and higher spectral efficiency requirements intensify
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Figure 10: Simulation snapshot of an NR-V2X communication
between Rx and Tx (red) interfered by 802.11p vehicles (blue)

in a NLoSv-prone environment. Selected propagation paths
from interferers to the receiver Rx are shown in blue.
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Table V: VaN3Twin scalability analysis.

Vehicles | Cache Hit | Speedup | Mean Cost [ms] | P95 [ms]
5 92.65% 13.5%x 168.56 204.14
10 95.97% 24.7x 196.30 253.25
20 98.46% 64.1x 232.98 295.65
40 99.02% 150.6x 252.03 468.66
60 99.58% 237.1x 446.25 847.61

the need for accurate channel modeling, particularly at higher
frequencies. Consequently, in scenarios involving advanced
communication tasks—e.g., shared vision, cooperative percep-
tion, or platooning—the divergence between the two models is
likely to become more pronounced. These use cases inherently
demand higher SINR levels to ensure lower Block Error Rate
(BLER) values and to maximize the achievable transmission
rate, thereby further exposing the limitations of ms-van3t
under realistic vehicular conditions.

C. Runtime and scalability analysis

The practical deployment of VaN3Twin on large-scale sce-
narios depends critically on the runtime cost of ray tracing
computations. To quantify scalability, we recorded the cost—
in terms of wall-clock time required to perform each channel
parameter computation—with 5, 10, 20, 40, and 60 active
vehicles, the maximum value allowed by the considered setup.
Experiments were conducted on a workstation running Ubuntu
22.04.5 equipped with an NVIDIA GeForce RTX 3090 GPU
with 25 GB of VRAM, 16 Intel Core i9-10980XE CPUs
at 3.00 GHz, and 256 GB of RAM. The same scenario
considered in Section IV-B was used with ray tracing pa-
rameters for Sionna RT v1.2.0 as per Table I except for
the maximum number of interactions, which is set to 3.
VaN3Twin propagation paths caching subsystem presented in
Section II-C was enabled across all runs. The collected wall-
clock times exhibit a strong bimodality introduced by the
caching mechanism and therefore, in order to avoid biases
introduced by the dominant reuse of cached propagation
paths, we evaluate VaN3Twin scalability by jointly considering
(i) the computational cost of full ray tracing computations
between every active vehicle and (ii) the overall cache hit
ratio. Observed statistics are summarized in Table V. As the
number of vehicles increases, two effects emerge. First, the
mean cost of a full ray tracing snapshot increases predictably
with the number of active vehicles, rising from 168.56 ms (5
vehicles) to 446.25 ms (60 vehicles), with the 95th percentile
increasing from 204.14 ms to 847.61 ms. This behavior reflects
the growth in scene complexity but remains limited thanks to
the grouped computation of channels between active vehicle
pairs and the GPU parallelization capabilities of Sionna RT.
Second, the cache-hit ratio increases monotonically, reaching
99.58% with 60 vehicles. In dense scenarios, each ray tracing
snapshot produces channel information for a larger number
of vehicle pairs, rapidly populating the cache and yielding a
higher proportion of subsequent (almost) zero-cost operations,
even though cache invalidation occurs more frequently. A
critical factor is the overall system-wide acceleration, with

the joint application of VaN3Twin’s tightly coupled grouped
channel computations and propagation path caching yielding
a 237x speedup relative to the baseline. As full ray tracing
executions become comparatively rare at higher densities, their
contribution to the amortized per-request cost is substantially
reduced. This observation also suggests that increasing the
age of the twin—i.e., balancing output accuracy with reduced
update frequency from the physical network—combined with
trajectory prediction to proactively schedule ray tracing snap-
shot computations, can further approach real-time operation.
Within the tested range, VaN3Twin thus exhibits sublinear
growth in amortized runtime and favorable reuse dynamics.
These results indicate that high-fidelity ray tracing in large-
scale V2X scenarios is computationally attainable, provided
that propagation path reuse mechanisms are appropriately
designed and dimensioned, together with the possibility to
deploy such system as a federation of smaller, edge-located
NDTs operating over limited spatial areas.

V. LITERATURE REVIEW

This section reviews the state of the art in accurate V2X
simulations and NDTs, with particular emphasis on co-channel
coexistence and the integration of ray tracing. We begin by
analyzing prior work on coexistence studies and the extent to
which open source simulators support them. We then examine
the use of ray tracing as a key enabler for PHY-layer-accurate
simulations in complex urban environments. Finally, we high-
light the novelty of our approach compared to existing open
source solutions, besides providing an overview on vehicular
DTs, to which VaN3Twin belongs. Table VI summarizes the
differences between VaN3Twin and the main frameworks for
V2X simulation and emulation currently available.

A. Simulation of co-channel coexistence

Vehicular communications are a cornerstone for higher
levels of driving automation, particularly at SAE levels 4 and
5 [45]. In this context, simulation plays a crucial role in the
NDT development, enabling the testing of new services in a
safe and cost-effective manner [12], [46]. To this end, accurate
simulation of the PHY and MAC layers, especially their inter-
action, is essential. While various studies have assessed each
technology independently, both through simulation [16], [47],
[48] and field testing [49], [50], research on the coexistence of
multiple technologies operating on the same channel remains
scarce. For example, the study in [51] analyzes the interference
that next-generation 6G networks may cause to passive sensing
satellite systems. As for V2X communications, studies like
Maglogiannis et al. [52], consider separate channels, thereby
excluding interference effects. In [53], Elloumi et al. propose
a learning-based resource allocation framework for spectrum
sharing in Vehicle-to-Infrastructure (V2I) communications.
However, their work does not implement a full-stack approach,
focusing instead on interference-aware scheduling within a
single RAT. In particular, the coexistence of IEEE 802.11p
and C-V2X Mode 4 [54] remains an open challenge. Both
technologies share the congested 5.8-5.9 GHz spectrum, and
their simultaneous deployment can degrade performance due
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Table VI: Comparison of V2X frameworks with VaN3Twin, focusing on coexistence and ray tracing integration.

Framework/study Supported RATs Coexistence Ray tracin, V2xX Pro_tocols . Open
y Supp DSRC and C-V2X y g Full-stack implementation  source
WiLabV2XSim [33]  IEEE 802.11p, LTE-V2X, v b'e D' v
NR-V2X
LTEV2VSim [34] IEEE 802.11p, LTE-V2X X X X v
Jayaweera et al. [35]  IEEE 802.11p, LTE-V2X ~ (MATLAB-based X X X
numerical results)
. X (can be potentially v/ (ETSI stack requires
Veins [36] IEEE 802.11p, LTE-V2X [37] X integrated as in [38]) Artery [39]) v
Rusca et al. [40] Access technology-agnostic X  (MATLAB RT) X v
: single RAT
Gaugel et al. [41] Access technology-agnostic X ~ (offline RT traces) X X
g . single RAT )
ns3sionna [42] 1IEEE 802.11 X v/(Sionna RT in the loop) X v
. . ~ (support for SAE J3161 and
DT-CoVeSS [43] C-V2X X v/ (customized Sionna RT) IEEE 1609.2) v
IEEE 802.11p, LTE, v (ETSI stack with support to
ms-van3t [16], [44] ;g yox NR-V2X X X multiple versions [16]) v
. IEEE 802.11p, LTE, . . v (ETSI stack with support
VaN3Twin LTE-V2X, NR-V2X v v/ (Sionna RT in the loop)  to multiple versions [16]) v

to mutual interference [55]. In [55], a possible solution is
proposed involving an enhanced preamble for C-V2X, tested
via the WiLabV2XSim simulator [33], which is based on
LTEV2VSim [34]. This MATLAB-based tool supports both
IEEE 802.11p and C-V2X and has also been used in [56]
to assess different channel allocation strategies. Recognizing
the importance of coexistence, Jayaweera et al. [35] propose
an optimization-based approach for dynamic technology and
channel selection, though their simulations rely on MATLAB
and do not involve a full-featured V2X stack. While these
tools can model different technologies, standard versions of
simulators like ns-3 do not support mutual interference be-
tween Wi-Fi and cellular-based protocols [14]. Extensions
for C-V2X [57], [58] and native IEEE 802.11p support ex-
ist, but precise coexistence modeling remains challenging.
The ms-van3t framework, based on ns-3, SUMO [17], and
CARLA [18], supports multiple technologies and ETSI basic
services, but prior to this work, detailed modeling of mutual
interference was lacking. OMNeT++ [59], another popular
network simulator, has been extended for V2X via frameworks
like Veins [36] and OpenCV2X [37]. However, it does not
offer an integrated approach to simulate coexistence between
cellular and Wi-Fi-based technologies and presents a more
complex architecture for real-world deployment compared to
ns-3. Before our work, WiLabV2XSim [33] was the only
open source simulator capable of naively modeling co-channel
interference between multiple V2X technologies.

B. Integration of V2X simulators with ray tracers

While simulators like ns-3, OMNeT++, and MATLAB-
based tools differ in coexistence modeling, they commonly
rely on stochastic or analytical channel models—e.g., Win-
ner [60]—which provide averaged metrics but struggle with

accuracy in complex environments. These models often fail
to capture interference at the packet level or the impact of
environmental obstacles causing reflection, diffraction, and
shadowing. To overcome these limitations, integrating ray
tracing into system-level vehicular simulations has been ex-
plored. For instance, Ruz Nieto et al. [38] integrated the
Opal ray tracer [61]—an open source ray tracing engine
based on NVIDIA OptiX, using a Shooting and Bouncing
Rays (SBR) method—with OMNeT++ to simulate LoRaWAN
communications. While promising, the study does not include
mobility or standardized V2X protocols. In [40], Rusca et
al. developed a MATLAB-based RT framework using real
mobility data to compute precise channel parameters. More
specifically, the framework computes parameters such as path
gain, phase shift, and angle of arrival, focusing on the PHY
layer and supporting advanced wireless channel emulation, but
lacks a standard-compliant V2X stack and requires commer-
cial MATLAB licenses—an issue common to all MATLAB-
based simulators using the built-in RT engine [62]. Gaugel
et al. [41] proposed a more precise PHY model in ns-3 by
incorporating ray tracer output, enabling bit-level simulation of
packet reception. However, the integration is offline and does
not support realistic mobility or a complete vehicular stack.
A more integrated solution, named ns3sionna, was recently
presented by Zubow et al. [42], who coupled Sionna RT
with ns-3 to simulate IEEE 802.11ac. Their approach relies
on ZeroMQ for inter-process communication and focuses on
indoor and outdoor WLAN scenarios. In contrast, our work
integrates Sionna RT into ms-van3t using lightweight UDP
sockets for low-latency IPC as introduced by some of the
authors of this paper in [13]. This approach enables accurate
simulations that support not only PHY and MAC layers but
the entire V2X stack, including support for multiple RATs and

Authorized licensed use limited to: Politecnico di Torino. Downloaded on May 10,2026 at 09:43:21 UTC from IEEE Xplore. Restrictions apply.
© 2026 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,

but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Wireless Communications. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TWC.2026.3685710

realistic vehicle mobility via SUMO, CARLA or real GPS
coordinates gathered from the physical world. The proposed
framework is uniquely suited for high-fidelity studies of mul-
tiple technologies and additionally enables their simultaneous
simulation, supporting coexistence analyses in dynamic, multi-
technology vehicular environments. Another example specif-
ically targeting V2X communications was recently presented
by Twardokus et al. [43], who conducted a security evaluation
of C-V2X leveraging a high-fidelity DT using Sionna RT.
However, their work does not account for the coexistence
of DSRC vehicles operating alongside C-V2X in the same
environment.

C. Comparison between existing ray tracers

The computational efficiency of the selected ray tracing en-
gine is critical for large-scale wireless simulations, especially
in dynamic vehicular scenarios. Among the methods for ray
tracing performance evaluation, benchmarking—i.e., measur-
ing wall-clock execution time on representative inputs—offers
a practical alternative to theoretical complexity analysis, as it
does not require access to the internal algorithmic structure,
not available for closed source commercial software. Follow-
ing this empirical approach, Zhu et al. [63] compared three
ray tracing engines: Remcom Wireless InSite [64], Sionna
RT [15], and MathWorks’ Ray Tracing Toolbox [62]. Tests
were performed on two scenarios: a simplified urban layout
with low-resolution meshes, and a photorealistic digital twin
generated via CARLA with complex, high-resolution geom-
etry. Results show that Sionna RT consistently achieved the
lowest execution times across both scenarios, with especially
strong performance in complex scenes when configured to
leverage on GPU acceleration and parallelization. Its runtime
also scaled well with scene complexity, highlighting its ro-
bustness for realistic simulations. However, speed alone does
not guarantee accuracy. Therefore, the adoption of Sionna RT
within VaN3Twin is not only based on performance alone, but
also on the validation of the overall framework against real-
world measurements (see Section III). Furthermore, Sionna
RT is the only open source option evaluated, which makes it
preferable in terms of reproducibility and extensibility.

D. Vehicular digital twins

In recent years, the concept of Digital Twin has gained
significant attention as a way to define platforms able to model
realistic scenarios and analyze their evolutions through simu-
lated processes. While DTs can be created for many physical
systems—e.g., a DT of the mechanical part of a vehicle—they
are increasingly adopted to model the behaviors of networks,
including vehicular ones with their related mobility patterns.
In this context, real-world data are continuously provided to
the the V2X DT allowing its models to process them and make
decisions subsequently fed back in closed-loop to the real ve-
hicular network. The V2X DT can also be employed to model
in advance real-world scenarios—either from environment and
mobility models or from previously collected data—to study
system evolution under different configurations, for instance
to support pre-deployment evaluations of new technologies.

Moreover, hybrid approaches are possible, where the V2X DT
emulates additional entities that communicate in real time with
real-world components, effectively enabling virtual hardware
integration while reducing experimental costs. This specific
capability is also supported by the VaN3Twin native emulation
mode. For a V2X DT to operate in the loop, parallel processing
is often required to ensure near-real-time performance. A
representative example is the RAVEN [65] platform, which
combines vehicle data ingestion with contextual information
to predict vehicle positions and channel conditions, thereby
managing interference and maximizing the capacity of multi-
hop mmWave vehicular networks. Another notable case is the
Vehicle-to-Cloud ADAS framework [66], where a cloud-based
DT performs ADAS decision processes that are subsequently
used as actuation guidance. Additional V2X DT frameworks
include TuST [67], [68], a large-scale mobility model replicat-
ing the entire city of Turin, Italy, from processed real traffic
data. Similarly, Rusca et al. [40] employ recorded mobility
traces to construct accurate digital representations of vehicular
environments for wireless emulation, while [69] presents a DT
of a metro station reproducing the mobility dynamics of a
complete indoor pedestrian scenario.

VI. CONCLUSION

This work introduces VaN3Twin®, a scalable V2X NDT,
capable of replicating the coexistence of heterogeneous tech-
nologies with unprecedented accuracy. By integrating the open
source ray tracing engine Sionna RT into the full-stack ms-
van3t simulator, we enable high-fidelity propagation modeling,
scalable simulation across multiple communication technolo-
gies, and accurate interference tracking at the time-frequency
level. Comparative simulations demonstrate that classical
stochastic models produce oversimplified and often misleading
results—e.g., up to 49% mismatch in SINR-based reception
decisions compared to the ray-based model in Van3Twin. The
lack of consideration for the NLoSv scenarios in ms-van3t
further broadens this mismatch, leading to 60% disagreement
in cases prone to vehicular blockage. Validation against real-
world measurements confirms the improved propagation and
application level fidelity of VaN3Twin. The use of ray tracing
reduces the Packet Reception DR by more than 50% in rural
scenarios and over 70% in complex urban environments. These
improvements position VaN3Twin as a valuable asset for
site-specific validations, large-scale coexistence testing, and
standardization support including, for example, the safe pre-
deployment evaluation of new features introduced in 3GPP
Rel. 18 [70] such as ML-based scheduling, enhanced NR-
V2X sidelink, and improved positioning, alongside Al model
training with VaN3Twin-generated datasets and support in
network planning operations. Future work will offload addi-
tional PHY functions—e.g., waveform generation and multi-
antenna systems—to GPUs, improving simulation speed and
potentially accuracy by reducing the reliance on abstractions.
Additionally, it will focus on systematically analyzing the

5VaN3Twin and the simulation configuration files and their ray tracing
scenarios used for gathering the results presented in this article are available
at this GitHub repository: https://github.com/DriveX-devs/VaN3Twin
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trade-off between computational performance and simulation
accuracy for example by tuning ray tracing parameters such
as interaction types and maximum interaction depth, and by
adapting the NDT update rate to the dynamics of different
environments. Another a viable direction for future work is as-
sessing whether Universal Software Radio Peripheral (USRP)
hardware and related software (such as OpenAirlnterface or
srsSRAN) can be leveraged for the aim of performing additional
field tests with C-V2X to further compare the outputs of
VaN3Twin with real measured data. These tests will also
be performed with dedicated C-V2X chipsets as compatible
hardware will reach the market. Finally, future work can also
involve a deeper investigation on the real-time capabilities of
VaN3Twin, also leveraging its emulation mode to interface
with real-world connected vehicles.
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