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Abstract—This study presents a novel simulation framework
for Non-Terrestrial Networks (NTNs) that incorporates a realistic
3D ground model, including buildings and detailed environmen-
tal features, to enhance the accuracy of channel propagation
modeling. Traditional approaches often rely on simplified terrain
classifications, limiting their ability to capture the complexities of
urban environments. To address this limitation, we integrate ad-
vanced ray-tracing techniques using Wireless InSite, MATLAB-
based satellite constellation modeling, and high-resolution 3D ur-
ban mapping via Blender. This comprehensive framework allows
for precise evaluations of NTN performance, including line-of-
sight (LoS) and non-line-of-sight (N-LoS) conditions, by analyzing
signal propagation characteristics with unprecedented granular-
ity. The results demonstrate that detailed environmental modeling
significantly impacts satellite visibility, signal attenuation, and
multipath effects, highlighting the necessity of incorporating
realistic urban structures in NTN simulations. The framework
supports large-scale data analytics, enabling the application of
machine learning techniques for network optimization, adaptive
resource allocation, and enhanced connectivity planning. By
bridging the gap between theoretical models and practical deploy-
ment scenarios, this work provides a powerful tool for advancing
NTN research and improving global connectivity solutions.

Index Terms—Satellite, 5G mobile communication, Backhaul,
Ray Tracing, Satellite-Terrestrial Integrated Networks.

I. INTRODUCTION

The rapid evolution of wireless communication technology
is fueling a need for new access infrastructure capable of
supporting increased data speeds, reduced latency, extensive
connectivity, enhanced energy efficiency, and greater reliabil-
ity, all while ensuring a smooth user experience. Currently, 5G
and the anticipated 6G are poised to tackle these challenges
by delivering intelligent connectivity, global reach, network
unification, and dependability. However, the expense of re-
sources and infrastructure results in remote and hard-to-access
areas remaining unable to benefit from these technologies,
contributing to the so-called digital divide [1]. To address these
challenges, integrating terrestrial and non-terrestrial networks
(NTNs) has emerged as a promising solution, as highlighted
by the 3GPP’s Release 17 [2] of the mobile network standard.
This integration encompasses 3D Non-Terrestrial Networks
(NTNs), which comprise satellites (GEO, MEO, LEO) and
high-altitude platform stations (HAPS), as a viable means
to bridge this gap. The 3GPP’s Release 17 has propelled

the development of an infrastructure that combines terrestrial
and non-terrestrial technologies by setting out the necessary
protocol, software, and hardware components to enable swift
experimentation with public entities and industry players. No-
table examples of non-3GPP NTNs include Starlink, Eutelsat
OneWeb, and Iridium for broadband services, and Global-
star, Orbcomm, SatelIoT, and Iridium IoT for narrowband
applications. Among all these, the Starlink constellation is
at the forefront of this revitalized space era, utilizing a
network of approximately 7000 operational low-earth orbit
(LEO) satellites connected to terrestrial systems via gateway
nodes, offering global connectivity with impressive data rates
and latencies rivaling ground-based services. Nevertheless,
a significant limitation of satellite communications involves
obstacles in the line of sight (LoS) between the satellite and
receiver, which can heavily impair communication quality
and render satellite ubiquitous coverage challenging. Several
studies faced this challenge in the past decades by modeling
the satellite channel for land-mobile user-equipments (UEs)
[3], [4] or proposing solutions to counteract impairments and
quality of service drops in multimedia satellite services [5]–
[7]. Most of them rely on real field trials or simulations
but share a trivial classification of the environments, namely
urban, suburban, rural, and highway, which cannot capture in
depth the propagation of the radio signal in so many diverse
environments.

This paper will showcase how a tools pipeline can be
used for collecting realistic and comprehensive analytics for
evaluating the performance of 3D communication infrastruc-
tures that utilize NTNs to deliver connectivity to the ground.
For this, we selected commercial and open-source tools (
(WirelessInSite, Matlab, and Blender)1, and we reported their
usage for simulating communication inside urban environ-
ments. By default, WirelessInSite does not support native
satellite communications, and some tuning must be done to
adapt the geometry of the problem and the relative link budget.
In addition, it does not implement an engine for simulating
the positions of the LEO-constellation satellites. To supply

1https://www.remcom.com, https://www.mathworks.com,
https://www.blender.org



this need, we relied on a Matlab Toolbox that can provide
the missing features. This approach paves the way for the
future application of AI tools on extensive data analytics and
to explore new environment classifications and their respective
propagation models for planning network infrastructure and
addressing ubiquitous connectivity issues.

The rest of the paper is organized as follows: Section II
introduces the advancements in the development of simulation
tools and analysis methodologies to study NTN systems and
protocol stacks. Section III introduces the challenges and
issues to implementing the NTN channel characterization
for 3D environments, in particular, the urban one for this
paper. Section IV describes our proposed solution for targeting
challenges and issues. Results in Section V. Conclusions and
a future outlook in Section VI.

II. BACKGROUND AND RELATED WORK

Starlink is a proprietary system that provides broadband
Internet services using a range of frequencies compatible with
mobile devices. The next development of the platform aims to
enable direct connectivity with fifth-generation mobile phones,
achieving full integration with terrestrial mobile communica-
tion systems.

Public research experiments, funded by organizations such
as ESA, are progressing, including the first 5G-NTN signal
transmissions through an LEO satellite and projects supported
by Horizon Europe [8]. These experiments currently focus
on low data rates and latencies suitable for applications like
Machine-Type Communications and, in some cases, Enhanced
Mobile Broadband.

The complexity of Satellite-Terrestrial Integrated Networks
(STIN) with Low Earth Orbit (LEO) mega-constellations has
made manual network design impractical due to the large num-
ber of network nodes in space and on the ground. The dynamic
nature of satellite network topologies presents additional chal-
lenges, and environmental factors, such as adverse weather
conditions, must be considered in satellite link modeling.

Discrete-event network simulators are commonly used for
network and link layer simulations, widely applied in static and
mobile scenarios [9]–[11]. These resources help researchers
evaluate system performance, validate concepts, and explore
different implementation options [12], [13]. Several simulators
have emerged to address realistic evaluation and design of
integrated terrestrial and non-terrestrial networks, like NS-
3 and OMNeT++ and more specialized tools such as STK
and Hypatia. For instance, Sionna RT leverages Blender-
generated 3D environments for ray tracing, though it lacks
NTN-specific features, while STK supports link budget and
LoS computations in NTNs, albeit with limited realism in
urban settings. Despite advances, no simulator fully supports
all STIN functionalities. Some research focuses on satellite
orbit simulation to optimize orbital parameters and coverage
analysis, while others concentrate on physical layer modeling,
including antenna beam patterns and satellite-to-ground link
performance. Research also addresses network protocols and
algorithm evaluation [14].

III. CHALLENGES AND ISSUES

To overcome limitations in real-world testing in the 6G con-
text, a simulation tool is an effective and efficient alternative to
evaluate such technologies in various scenarios. However, for
collecting realistic results, several challenges should be faced:

1) Simulation space sampling: for data collection, the sim-
ulation space should be defined to gather comprehensive
data,including the terrestrial and the corresponding space
segment, and, just in case of a large LEO constellation,
defining a realistic set of satellites in Line of Sight (LoS)
from the ground area of investigation and its temporal
evolution.

2) 3D environment modeling: a crucial aspect of simulation
is creating a realistic 3D environment model. This model
accurately represents the terrain, structural features, and
geometries within the designated simulation area.

3) Geometry and materials: for a precise representation of
the simulation area, each geometry within the environ-
ment should be accurately modeled along with its unique
characteristics, even the specific materials used.

4) Satellite Constellation: The non-terrestrial section of
an NTN consists of one or several active and spare
satellites. Referring to Starlink, LEO satellites offer
capillary coverage of Earth, and thanks to their low
altitude, communication signals require less power and
result in comparable latencies compared to the terrestrial
backbones. Indeed, different satellite operators and ser-
vice providers design their constellations to meet specific
communication needs, which can lead to variations in
these parameters.

5) Channel Modeling and Link Budget: The purpose of
channel modeling is to encapsulate our understanding
of how the propagation environment attenuates wireless
signals and to apply this knowledge to the design, test-
ing, and simulation of wireless communication systems.
This involves modeling the interaction of transmitted
rays with the surrounding geometries through reflec-
tions, diffractions, and transmissions.

IV. TOOL PIPELINES

In this section, we showcase the use of a tool pipeline for
solving the challenges and issues in Section III to collect sim-
ulation results. In particular, as mentioned in the introduction,
we use Matlab and WI tools to derive a dataset useful for
performance analysis. In the rest of this section, we provide a
brief description of the steps we manually performed for tool
integration.

As mentioned in the introduction we set up a tool pipeline
using Wireless InSite for ray-tracing, propagation modeling,
and data analytics retrieval, Blender for 3D modeling of
realistic maps and the environment creation, and MATLAB
for link budget and LEO constellation scenario generation
and visualization according to the Satellite Communication
Toolbox. These platforms enable us to collect useful datasets
for evaluating communication performances in realistic and



TABLE I
NTN NB-IOT COMMUNICATION SYSTEM SETTING ACCORDING TO

TR 36.763 [15] AND OF THE GROUND ENVIRONMENT

Parameter Value
Signal Bandwidth 0.180 Mhz
Modulation Scheme QPSK
Bit Rate (bps) 1.0e4
EIRP Density (dBW/Hz) 34
Noise Power Density (dBm/Hz) -174.000
UE Antenna Gain (dBi) 0
UE Antenna Type Omni-Directional
UE Antenna Polarization circular
UE Noise Figure (dB) 7
Satellite Antenna Gain (dBi) 0
Terrain Material Type Dielectric half-space/ Dry earth
City Material Type One-layer dielectric /Concrete
Foliage -Vegetation Material Type Biophysical / Grass
Foliage - Forest Material Type Biophysical / Dense Pine Forest
Water Material Type Dielectric half-space / Sea water
Propagation model X3D
Atmosphere- Temperature (◦C) 22
Atmosphere - Pressure (mbar) 1.013e03
Atmosphere - Humidity (%) 50
Foliage Model Weissberger Model

Fig. 1. Study area extension for satellite coverage in WIS

complex scenarios, including the terrestrial and space seg-
ments. This paper appears to be the first attempt to use these
tools in a single simulation process.

Considering the challenges mentioned in the previous sec-
tion we performed the following solutions:

1) Simulation space sampling: our study focuses on an ur-
ban area having mixed building heights and densities and
irregular street layout (like narrow old streets and wider
boulevards) to have an environment that can significantly
impact LoS communications and, consequently, the ef-
fectiveness of satellite coverage in such scenarios. In this
case, data collection has been performed considering g
40-point grid (8x5) evenly spaced within the simulation
area that operates as UE transceivers.

2) 3D environment modeling: For an accurate 3D model
of the map, we utilized Blender to create an urban
environment where we can extract relevant features,
considering building density and heights, street layout,
vegetation distribution, and terrain elevation. These fea-
tures provide essential inputs for our simulation. The
realistic environment in Blender was generated using
OpenStreetMap (OSM) data, which was imported via
an OSM plugin. This process extracted the geometries
based on available map data.

3) Geometry and materials: we rely on Blender geometry

Fig. 2. 3D model of Pisa’s urban environment with key features

for the selected environment and the specific materials
used.

4) Satellite Constellation: the satellite constellation and
the terrestrial node have been considered. In particular
for defining the network communication, we selected
the Starlink constellation through the Two-Line Ele-
ment (TLE) descriptors imported in MATLAB. For
the orientation, the upward Dishy pointing has been
considered in our simulation, accounting for a mobile
transceiver, using an elevation range of [45° to 90°]
and an azimuth range of [0° to 360°]. To integrate
MATLAB environment with WIS one, we considered
the latitude, longitude, and altitude coordinates for
the non-terrestrial node, while geodetic coordinates for
terrestrial points. In the simulation, the positions of
non-terrestrial nodes are projected onto the ground by
converting elevation, azimuth, and slant range values
into corresponding geodetic coordinates (see Figure 1).
We assessed the Starlink constellation’s coverage using
a 20-minute observation period, with data sampled at
5-second intervals, considering October 22, 2024, at
18:30:00 as the specific date and time for this analysis.

5) Channel Modeling and Link Budget: To account for the
dynamic nature of real-world satellite connectivity and
computational limitations, we sampled an average num-
ber of satellites representative of LoS satellites for our
simulation (without buildings). To determine the number
of satellites needed for our simulation, we first calculated
the number of satellites with a LoS connection to each of
the 40 ground nodes in our simulation area. On average,
there were 14 LoS satellites per ground node.
To ensure that all relevant geometry participated ap-
propriately in the ray-tracing process, we expanded the
default study area beyond the immediate simulation en-
vironment to include the projected positions of satellites
(see Figure 1). In Wireless InSite, the study area defines
a 3D region (encompassing space, air, and ground)
within which all interactions are detected and reported.
Transmitters and receivers were placed accordingly to
simulate system behavior and evaluate performance un-
der varying parameters. All the communication settings
are summarized in Table I. These parameters ensure
the simulation reflects realistic signal behavior in NTN
scenarios with diverse terrain and channel conditions.
Communication-specific settings such as bandwidth, and
EIRP density determine the overall link budget and
data throughput. Antenna characteristics and receiver



TABLE II
STARLINK ANALYSIS FOR DIFFERENT SCENARIOS

Scenario 1 2 3 4 5
Date 2024-10-22 2024-10-23 2024-10-22 2024-10-22 2024-10-22
Time 18:30 18:30 07:50 18:30 18:30

Duration (s) 1200 1200 1200 2700 1200

lon.(◦) Min 5.6369 5.5885 5.4879 5.2125 5.4218
Max 15.2610 15.3475 15.2290 15.5416 15.2773

lat.(◦) Min 40.0892 40.0785 40.1715 40.0892 40.0471
Min 46.0763 45.8600 46.2864 46.1134 46.1482

Alt.(km) Min 458.254 468.789 475.764 458.254 449.037
Max 623.752 625.991 637.252 634.769 637.077

LoS sat. Min 11 9 11 6 11
LoS sat. Max 25 23 21 25 26

Unique sat. 197 177 193 401 197

Visibility time(s) Min 5 5 5 5 6
Max 150 150 150 150 152

Sat. with full cov. 141 125 135 278 103

noise figure affect signal reception quality, especially in
complex propagation environments. Environmental and
material properties play a critical role in ray tracing and
attenuation modeling.

Considering the simulation area, our study focuses on an
urban area in Pisa, Italy, measuring 4223 m x 2436 m, as a
testbed for evaluating the signal propagation. This area’s mixed
building heights and densities could present challenges in get-
ting LoS component. These features may significantly impact
LoS communications and, consequently, the effectiveness of
satellite coverage in such scenarios.

We placed ground probes using a 40-point grid (8x5)
evenly spaced within the simulation area that operate as UE
transceivers. For an accurate 3D model of the map, we utilized
Blender to create Pisa’s urban environment. Figure 2 shows the
obtained detailed representation. As in the figure, we extracted
relevant features, considering building density and heights,
street layout, vegetation distribution, and terrain elevation.
These features provide essential inputs for our simulation.

Fig. 3. Number of LoS satellites over time (Dishy pointing: Upward)

V. RESULTS AND DISCUSSION

A. Satellite Visibility

By analyzing the number of LoS satellites for the upward-
pointing Starlink vehicular antenna (namely Dishy), as illus-
trated in Figure 3, we observe variations in satellite availability
across different ground positions. Figure 3 contains multiple
overlapping plots, each representing the LoS satellite count for

a distinct user node on the ground. The observed differences
in LoS satellite counts are likely due to the dynamic nature of
the Starlink constellation and the Earth’s rotation during the
simulation.

In addition, the Upward orientation demonstrated a range
of LoS satellites in the interval 11 - 25, which is higher than
what we would have with North pointing (4 - 15). Figure 4
visualizes the elevation and azimuth angle distribution for all
LoS satellites throughout the simulation when we use upward
orientation. This figure represents the distribution of Starlink
satellite visibility in terms of elevation and azimuth angles
during the simulation.

The colors in the figure indicate the probability of a satellite
being visible at each combination of elevation and azimuth
angles. The color scale represents the probability values, with
lighter blue colors corresponding to higher probabilities and
darker blue colors representing lower probabilities. As shown
in this figure, the distribution of Starlink satellites exhibited
a higher concentration at moderate elevation angles ranging
from 45 to 60 degrees across the entire azimuth range. This
concentration can be attributed to the low Earth orbits of
Starlink satellites, which naturally limits visibility at higher
elevation angles due to the Earth’s curvature. Notably, the
distribution becomes sparse near 90 degrees elevation, as
satellites at such high angles spend less time above the local
horizon before disappearing. To account for the Starlink con-
stellation’s dynamic nature and ensure our simulation results’
accuracy and robustness, we conducted additional experiments
by altering specific parameters across four distinct scenarios.

These scenarios consisted of modifying individual sim-
ulation parameters as detailed in Table II: it summarizes
some features obtained for each scenario, focusing on several
key aspects: number of time intervals without any visibility,
minimum and maximum values of longitude(◦), latitude(◦),
and altitude of satellite projections on the ground, minimum,
maximum number of LoS satellites, total number of unique
satellites visited, minimum, maximum of access interval (vis-
ibility time (s)), number of satellites with comprehensive cov-
erage in each scenario. The similar values in Table II suggest

Fig. 4. Distribution of Starlink satellite visibility in terms of elevation and
azimuth angles during simulation



that changing the date and time does not significantly affect
the distribution of satellite elevations and azimuth between
simulations. This can be attributed to the large number of
satellites in the Starlink constellation and their low Earth
orbits, which result in a high density of coverage across
the globe. Consequently, modifying the date and time of the
simulation has a minimal impact on the overall distribution of
satellite elevations. However, it is essential to note that changes
in azimuth and the precise positioning of individual satellites
can still affect the quality and reliability of communication
links between user devices and the Starlink constellation.

B. Ray-tracing and Dataset Analysis

This section presents the dataset analysis for the ray-tracing
focused on Scenario 1 with an upward-facing orientation. Ana-
lyzing the satellite visibility during the simulation revealed that
197 unique satellites were visited. These satellites exhibited
varying visibility durations, with a minimum of 5 seconds
and a maximum of 150 seconds, averaging approximately
100 seconds. Interestingly, 141 satellites were visible across
the simulation area, indicating comprehensive coverage. The
remaining satellites were observed only in specific parts of the
simulation area, suggesting partial coverage. On average, each
grid point on the ground maintained LoS connections with 14
satellites, with a minimum and maximum of 11 and 25 LoS
satellites, respectively.

For an average of 14 satellites in visibility, the resulting
ray-tracing over a grid of 40 probe cells has been evaluated
through Montecarlo simulations with WIS. Figure 5 provides
the counting of the number of satellites in LoS (denoted as
LOS: #) out of those (denoted as SAT: #) available in each
cell and the nLOS ray-counting in each grid cell according
to the ground’s topology and the presence of obstacles like
buildings that may block the LoS.

For each cell of the grid, Figure 5 also provides the Received
Signal Strength (RSS) in dBm on y-axes of the LoS (red) and
nLoS (blue) components, when available, and the scatter of
adjacent RSS values on x-axes, computed using the first-order
difference of the received power vector. This helps reveal the
dynamic behavior of signal fluctuations as the rays propagate
through the environment.

These fluctuations are primarily caused by varying interac-
tions between the signal and the environment, such as reflec-
tion, diffraction, and scattering. Each interaction introduces
additional loss, and signals that undergo multiple interactions
typically experience greater attenuation.

In addition to signal attenuation, the ray-tracing simulation
provides insight into multipath propagation characteristics.
Each ray reaching the receiver is associated with a propagation
path that may include one or more interactions, such as reflec-
tion, diffraction, or scattering. The number and type of these
interactions are labeled by Wireless InSite, allowing us to iden-
tify the presence of multipath-rich environments. Preliminary
analysis shows that urban areas with dense building layouts
produce significant multipath components, especially in NLoS
conditions. These multipath rays can result in constructive

or destructive interference at the receiver, contributing to the
observed RSS fluctuations.

The dotted lines report the sensitivity threshold of NB-IoT
for the NTN use case, set to -130 dBm according to the
3GPP guidelines [16]. WIS also provides a set of relevant
radio features for each multipath ray that reaches the probe
with a direct path (LoS) or indirectly through reflection,
diffraction, etc. Such features comprise angles of departure
and arrival, 3D distance, RSS for each ray, and a set of
labels that characterize each ray according to the number of
propagation phenomena experienced along the path (reflection,
diffraction, etc.). Indeed, a further set of features can also be
extracted a priori in Blender to characterize the topological
features of the environment around each probe in a cell. This
would allow the extraction, via machine learning tools, of
correlations between the topological and the radio features to
identify subsets of topologies that provide similar propagation
behaviors, resulting in comparable coverage probability.

VI. CONCLUSIONS

This study introduced a novel NTN simulation framework
that accounts for 3D ground model. The methodology em-
ployed in this research represents a significant advancement
over traditional approaches, which typically rely on simpli-
fied or overly generalized environmental classifications. The
proposed methodology integrates multiple tools to achieve
a comprehensive simulation of NTN systems: WI to model
signal propagation with high accuracy, MATLAB’s Satellite
Communication Toolbox to provide accurate modeling of
satellite positions and link budget calculations, and Blender
to generate a detailed 3D model of the urban landscape,
enabling precise characterization of the physical environment
and its impact on communication channels. A key innovation
in this work is the consideration of realistic 3D environmental
features, which significantly impact NTNs. Traditional satellite
channel models often categorize environments using broad
classifications such as urban, suburban, or rural, failing to
capture the intricate effects of specific building layouts, street
orientations, and materials. By integrating high-resolution 3D
urban maps, this framework allows for unprecedented detail
in channel modeling, leading to more accurate predictions of
signal strength, interference, and coverage gaps.

Through simulations, it was shown that the incorporation
of realistic urban structures significantly influences satellite
visibility, with variations in LoS connectivity observed based
on the spatial distribution of buildings and streets, allowing
for a precise evaluation of signal attenuation and multipath
effects, highlighting the necessity of detailed environmental
considerations in NTN system design.

Furthermore, the framework enables large-scale data ana-
lytics for evaluating channel propagation and network perfor-
mance opening the door to applying artificial intelligence and
machine learning techniques for further optimization of NTN
deployments. The ability to generate and analyze extensive
datasets from realistic urban models paves the way for new



Fig. 5. LoS and nLoS rays received from the satellites.

classifications of environments based on their actual propaga-
tion characteristics rather than predefined categories. In future
work, we will compute and analyze delay spread metrics. This
will enable the development or validation of environment-
specific channel models and support the design of robust NTN
communication systems under multipath-rich conditions.
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