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1. Motivation and significance

With the rapid deployment of Unmanned Aerial Vehicles (UAVs) for
both civil and military applications in the last few years, the analysis
of wireless communications within UAV links has become crucial.
In a UAV wireless communication link, the transmission medium is
the radio channel between the transmitter and the receiver, where
the signal can get to the receiver via different propagation paths
(i.e., multipath components), which are affected by the obstacles in
the environment, such as houses, mountains, trees, etc. for outdoor
environments. Furthermore, UAV communication has its own distinc-
tive channel characteristics compared to the widely used cellular or
satellite systems, in which the most unique features are the highly
dynamic communication due to UAV velocity, the excessive spatial and

temporal variations induced by the non-stationary channels, and the
airframe shadowing caused by the structural design and rotation of the
UAV [1,2]. Therefore, it is important to consider accurate propagation
models to estimate the received signal within different scenarios and
communication links [3].

1.1. Related works of UAVs communications

Several high-quality survey and tutorial articles on UAV commu-
nications have recently been published. The authors of [4] provide
an overview of UAV-aided wireless communications, where channel
characteristics, networking architecture, and key design considerations
for UAV communications are presented. A survey on channel modeling
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for UAV communications is provided in [2], where different measure-
ment approaches and various channel characterizations are presented
for real-world UAV communications scenarios. The same authors fo-
cused in [1] on air-to-ground (AG) propagation channel modeling
for UAV, where they present large- and small-scale fading, multiple-
input-multiple-output (MIMO) channel characteristics and simulations.
Furthermore, with the recent development of UAV communications for
B5G systems, the authors in [5] provide the fundamentals of BSG UAV
communications, including the channel model for two typical scenar-
ios (i.e., UAV-assisted wireless communications and cellular-connected
UAV). In [6], an exhaustive survey on UAV communication in 5G
and B5G wireless networks is presented. Furthermore, the advantages,
challenges, and promising technologies for cellular-connected UAVs are
summarized in [7]. The authors of [8] provided key guidelines for
analyzing, designing, and optimizing UAV-based wireless communica-
tion systems. Finally, the authors of [9] analyzed essential challenges
for the deployment of mmWave-enabled UAV relays, and a complete
work presented in [10] provides a comprehensive survey on mmWave
beamforming-enabled UAV communications and networking, where
an overview on relevant mmWave channel modeling approaches is
provided. In summary, all the presented works highlight the importance
of the propagation channel consideration to estimate the signal losses
in the UAV communication link for the corresponding application.

1.2. Our contribution

In this regard, with the aim of facilitating the analysis and predic-
tion of radio signal path loss in UAV communication scenarios, this
work has developed a UAVRadio Python module as a comprehensive
toolkit that allows considering the proper path loss model according to
the scenario and analysis of UAV links. The primary aim of this module
is to provide engineers, researchers, and enthusiasts in the field of
UAV communications with a robust set of Python functions that enable
accurate and efficient radio signal path loss predictions. This capability
is essential for various applications, including but not limited to:

1. Drone Communication Planning: UAVs often rely on wireless
communication for control, telemetry, and data transmission.
Accurate path loss estimation is crucial for planning communi-
cation range and reliability.

2. Environmental Analysis: Different environments, such as ur-
ban, rural, and hilly terrain, can significantly affect signal prop-
agation. This module allows users to model and assess path loss
under diverse conditions and scenarios.

3. Frequency Selection: For optimal performance, UAV commu-
nication systems may operate at various frequencies. This mod-
ule helps to select suitable frequencies by predicting path loss
characteristics.

The Radio Link Path Loss Estimation for UAVs module includes the
following key features:

1. Implementation of multiple path loss models: The module
offers a selection of several well-established path loss models
for UAV communications, including free space path loss, log-
distance path loss, two-ray path loss, dual slope path loss, or
path loss as a function of the elevation angle, among others.
Users can choose the model that best suits their specific UAV
communication scenario.

2. Environmental considerations: Some path loss models take
into account environmental factors such as terrain type, foliage
intensity, and water bodies. These considerations enhance the
accuracy of path loss predictions.

3. Conversion utilities: The module provides methods for con-
verting between 2D and 3D positions, calculating distances,
and performing coordinate transformations. These utilities assist
users in preparing input data for path loss estimation.
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4. Contour plot generation: Users can visualize path loss vari-
ation across a specified area by generating contour plots cen-
tered around transmitter coordinates. The obtained data is three-
dimensional, but to facilitate the resuls analysis, the contour
plots can be obtained in 2D planes, which can be horizontal (XY)
or vertical (XZ) plots. These results can help to understand the
signal strength distribution in the UAV communication region.

5. Customization and extensibility: The module allows users to
customize the parameters within the path loss models and easily
extend it with new models as needed. The software is currently
in use for multiple internal research projects at Universidad
Piblica de Navarra, so continuous software updates are ex-
pected with new functionalities and more models based on
future literature studies.

A summary diagram of all currently available methods is shown in
Fig. 1.

2. Software description

Currently, this module exclusively supports AG communications,
which is the most common scenario for communications between an
airborne UAV and the Ground Control Station (GCS). This configuration
allows for the estimation of key parameters, including radio signal
characteristics and telemetry data. A common AG propagation scenario
is shown in Fig. 2 in the presence of terrestrial obstacles which are also
commonly referred as scatterers. In the figure, hgcg, hy 4 represents
the height of the GCS and the UAV above the ground, respectively, d
is the slant range between the UAV antennas and the GCS, d is the
horizontal distance between the UAV and GCS, r; and r, are the ground
incident and reflected components path lengths, respectively, and 6 is
the elevation angle between the GCS and UAV antennas.

As the number of models documented in the literature increases
and their utility is validated, we intend to incorporate additional ra-
dio models capable of estimating air-to-air (AA) communications. A
brief explanation of the current AG models included in the UAVRadio
module is provided in the following subsections.

2.1. Free Space Path Loss model

The Free Space Path Loss propagation model can be used to estimate
the line-of-sight (LOS) path loss in a free space environment. The model
does not consider any objects in the scenario; thus, it can only be used
with unobstructed clear path between the transmitter and the receiver.
It is determined as follows [3]:

47rd)’

PL [dB] = 201log,, (T m

where d is the distance between TX and RX; and A is the wavelength,
(see Fig. 2 for reference).

2.2. Log-distance Path Loss model

The Log-distance Path Loss model is an extension of the Free Space
Path Loss model that can be used to predict propagation loss for a
wide range of environments. It can be calculated using the following
formula [3]:

PL [dB] = PLy + 10nlog,o(d/dg) + X, )

where d is the distance between TX and RX; d, is the reference distance,
usually considered as d, = 1 m, PL, = 10 = logm[@]; n is the
path loss exponent; 4 is the wavelength; and X, ~ N(0,02) is a
random variable which presents the variations in the Free Space Path
Loss model, following a normal distribution with standard deviation
o. The value of the path loss exponent (parameter n) depends on the
specific propagation environment and determines how the scatterers
are present in the scenario. Its values are normally in the range of
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Fig. 1. UAVRadio Python package diagram overview.

dy
Fig. 2. A typical AG propagation scenario with a UAV.

2 to 4 (where 2 is for propagation in free space, and 4 is for lossy 2.3. Log-distance Alpha-Beta (AB) model
environments). In some environments, such as buildings, stadiums and

other indoor environments, the path loss exponent can reach values in Another Path Loss model used in the literature for AG communica-
the range of 4 to 6 [11]. tions is the Alpha-Beta (AB) model or floating intercept (FI). This model

A summary of all preconfigured setups considered for AG commu- is similar to (2), but the free space path loss at the reference distance
nications for different scenarios based on these parameters is shown in PL, is eliminated and the model is dependent on two parameters
Table 2. represented as « and f, where a is the slope and § represents the
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Table 1
Log-distance Alpha-Beta model preconfigured cases.

Scenario UAV height (m) a p (dB) o (dB) Ref.
1.5 3.7 -1.3 7.7
15 2.9 7.4 6.2
Lightly hilly rural 30 2.5 20.4 5.2 [12]
60 2.1 32.8 4.4
120 2.0 35.3 3.4
intercept. The model is determined as follows:
PL [dB] = a10log,o(d) + f + X, 3)

where d is the distance between TX and RX; a is the path loss exponent;
p is the intercept point with the line d = 1m; and X, ~ N(0,0?) is a
random variable representing the variations of the path loss.

The cases shown in Table 1 have been extracted from the literature
and are ready to use in the model.

2.4. Path loss dual slope model

The two path loss models presented before are based on a single
slope. The use of these models is recommended in areas where the
characteristics of the channel do not change drastically. However, in
some scenarios with predominant non-line-of-sight (NLOS) conditions
and complex geometries, the single-slope models can have larger errors.
In such cases, a Dual Slope Path Loss model can be used, which is
similar to the AB model, but has two different slopes for different link
distance ranges, and can be represented as follows [19]:

d <d,
d
PLy, + 10y, -logjg g + 107, - logyg % d>d,

PLy, + 10y, - log) dio

PL [dB] = ()]

where d,, is the reference distance; d, is the break distance; and y, and
v, are the path loss exponents.
The available setups from the literature are shown in Table 3.

2.5. Path loss as a function of the elevation angle

In case the elevation angle is preferred to calculate the link losses
in the AG communication scenario, Ref. [1] describes the path loss as
a function of the elevation angle 6 between the UAV and GCS, which
is given as follows:

4h
PL =20log, (m) +2010810(fammy) — 27.55., (5)

where Ah = hy 4y — hgeyg is the difference between the height of the
UAV and the height of the GCS in meters; f is the frequency in MHz;
0 is the elevation angle between the UAV and the GS; and % is the
link distance expressed as a function of the elevation angle (see Fig. 2
for reference). The argument % is simply the link distance expressed
as a function of the elevation angle.

2.6. Two Ray Path Loss Model

In the case of the Two Ray Path Loss Model, the variation of path
loss with distance has distinctive peaks due to destructive summation
of the dominant and surface-reflected component. This model considers
the assumption that r, +r, ~ d (which is the typical AG scenario shown
in Fig. 2). It can be determined as follows [3]:

2 2
PL [dB]=—1010g10{<ﬁ> [mm(%)] } 6

where d is the distance between TX and RX; 4 is the wavelength; hgcg
is the TX height above ground; and A, 4, is the RX height above ground
(see Fig. 2 for reference).
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Fig. 3. Different zones considered for the Modified Two Ray Path Loss model.

2.7. Modified Two Ray Path Loss Model

For different scenarios where the UAV can be significantly higher
than the GCS, the Modified Two Ray Path Loss model is proposed
in [20]. This model is based on the two-ray transmission equation
(Eq. (6)) but it does not consider the assumption typically used for
cellular ground coverage, in particular r; + r, &~ d is not valid. Based
on this, it considers three different zones, depending on the heights of
the UAV and the GCS. Fig. 3 presents the three different zones, which
are described as follows:

1. Zone 1 (hy 4y < hges): drone height approximately lower than
the GCS height.

2. Zone 2 (hgeg < hy oy < 2h,): drone height over GCS height and
below two times the GCS height.

3. Zone 3 (hy 4y > 2hges): drone height more than twice the GCS
height.

The formulation proposed in the literature [20] can be expressed in
terms of PL as follows:
) o
where

h —h 2
d=dy 1+( ces — hyay) ’ @)
\ dy

2
dyh
ro= |2 4 \duhaes)” . ©)

Ges
\ (hges + hUAV)2

G,(h) + RG,(h)
d ry+ry

PL [dB] = 201og,, (%) — 10y (h) log, (

and

2
dyhges
ry= |02+ dy - —HEGCS ) (10)
\ vav < (hGes + hyav)

The direct path coefficient is specified by G,(h); the reflected path
by G,(h); the height-dependent propagation coefficient by y(h); and the
ground reflection coefficient R. The parameters d, r, ry, hgess hyay
and dy can be obtained from the geometry presented in Fig. 2. The
cases shown in Table 4 have been extracted from the literature and are
ready to use in the model.

3. Ilustrative examples

The best way to illustrate the utility of this module is with a few
examples. First, we will present a comparison of all the presented
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Table 2
Log-distance Path Loss model preconfigured cases.

Scenarios n o (dB) Ref.
Open field 2.0 - [13]
Urban/Rural 4.1 5.2 [14]
Urban (Freq = 0.9-1.2 GHz) 1.7 2.6

Urban (Freq = 5.03-5.091 GHz) 2.0 3.2 [15]
Suburban (Freq = 0.9-1.2 GHz) 1.7 3.1

Suburban (Freq = 5.03-5.091 GHz) 1.5 2.9

Open field hges = 1.5 m (in foliage) 2.6 3.3

Freq = 3.1-5.3 GHz hges = 1.5 m (no foliage) 2.5 3.0

v = 0 mph hges =7 em (from ground) 2.9 2.7

Open field hges = 1.5 m (in foliage) 2.6 4.0

Freq = 3.1-5.3 GHz hges = 1.5 m (no foliage) 2.6 3.9

v = 20 mph hges =7 em (from ground) 2.9 3.4 [16]
Suburban hges = 1.5 m (in foliage) 2.7 4.8

Freq = 3.1-5.3 GHz hges = 1.5 m (no foliage) 2.6 4.3

v = 0 mph hges =7 em (from ground) 3.0 4.8

Suburban hges = 1.5 m (in foliage) 2.8 5.3

Freq = 3.1-5.3 GHz hges = 1.5 m (no foliage) 2.6 4.9

v = 20 mph hges =7 cm (from ground) 2.9 4.7

Hilly terrain with mountain ridge (Freq = 0.9-1.2 GHz) 1.6 3.5

Hilly terrain with mountain ridge (Freq = 5.03-5.091 GHz) 1.7 2.8

Dry, hilly terrain (Freq = 0.9-1.2 GHz) 1.3 3.9 7]
Dry, hilly terrain (Freq = 5.03-5.091 GHz) 1.0 2.2

Very mountainous terrain (Freq = 0.9-1.2 GHz) 1.6 3.5

Very mountainous terrain (Freq = 5.03-5.091 GHz) 1.7 2.8

Over fresh water (Freq = 0.9-1.2 GHz) 1.9 3.8

Over fresh water (Freq = 5.03-5.091 GHz) 1.9 3.1 [18]
Over sea (Freq = 0.9-1.2 GHz) 1.9 4.2

Over sea (Freq = 5.03-5.091 GHz) 1.5 2.6

Table 3
Dual Slope Path Loss model preconfigured cases.
Scenario UAV height (m) 7 7 w (dB) Ref.
Ensemble of containers 207 0.74 2.29 55 [19]
30 3.9
Table 4

Modified Two Ray Path Loss model parameters based on bibliography. The height 4 is
in meters [20].

Scenarios G,(h) G, (h) y(h) R
Zone 1 (hges < 30) 15 5 35 1
Zone 2 (30 < hgeg < 60) 7 7 2.75 -1
Zone 3 (hges > 60) 0 3.5 2 -1

models within a real scenario from the bibliography, to highlight the
different available options and demonstrate the relevance of a correct
model selection. Next, we will integrate this framework with an open-
source UAV digital twin to extend its capabilities for radio signal path
loss estimation, showing the impact of considering different frequencies
in the available models, which could be of great interest when planning
a mission.

3.1. Model plot comparison

In the first example, we have considered the real scenario presented
in [12], where experimental measurements were conducted on live
Long Term Evolution (LTE) networks in the 800 MHz frequency band,
using a commercial UAV, in a slightly hilly area in Denmark. Field
measurements were carried out at different heights: 1.5, 15, 30, 60 and
120 m above ground level, to obtain the fitted path loss models [12].
In order to analyze the radio channel model in UAV communications
in this scenario, all models previously presented in Section 2 have
been used and compared with the fitted path loss models, to show
the capabilities of the presented software. The average height of the

LTE transmitter is not disclosed in [12], so an arbitrary height of
h, = 15 m has been selected for the models that require it. With these
considerations, the best matching models from the implemented library
have been selected for fair comparison, which are the following:

+ Log-distance Path Loss model: n = 2.01, open-field setting based
on [13].

» Two-ray Path Loss model: i, = 15 m, h, = [1.5, 15, 30,60, 120] m.

* Modified Two-ray Path Loss model: A, = 15 m, h, =
[1.5,15,30,60,120] m.

+ Dual Slope Path Loss model: 4, = 30 m for all cases, since it is the
only available preset as presented in [19].

The path loss as a function of the Elevation Angle described in Sec-
tion 2.5 has not be included in this analysis, since it is essentially a
modified model to express the distance in terms of height and elevation
angle. However, this model could also be used depending on the user’s
requirements or preferences to visualize the results.

For the experiment, we chose a set of 20 linearly spaced points rang-
ing from 0 to 200 m. The limited number of samples was intentionally
chosen to enhance the clarity of visualizing multiple models within
a single figure. The results are presented in Fig. 4, where Fig. 4(a)
contains an overlap of the models fitted in the literature for each
receiver height, and the remaining plots (Figs. 4(b)—(f)) compare the
available models at each analyzed height and the fitted path loss model,
which is presented by a black solid line with a circle marker for each
height plot.

As can be seen in the figure, each model estimates losses differently,
highlighting the importance of considering a suitable model for the
specific case under analysis. The library of implemented models per-
mits to compare different cases depending on the scenario, frequency,
height, and the analyzed application, where the user can select the
best model for each specific case. In order to show the differences
between the implemented models and the fitted model in [12], Fig. 5
shows the mean absolute error and standard deviation for each model
at the corresponding height (relative to the fitted model), showing the
importance of selecting an appropriate model for each specific case, so
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Example PL fitted models @ different heights

Example PL Comparison @ 1.5 m
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Fig. 4. Path Loss comparison at different heights between the fitted model from [12] and the implemented models, (a) PL fitted models at different heights, (b) 1.5 m, (¢) 15 m,

(d) 30 m, (e) 60 m, (f) 120 m.

that the mean absolute error is smaller when compared with field data

measurements.

3.2. Open source UAV digital twin integration

In the following example, a basic Robot Operating System,' (ROS)
integration will be shown. For simplicity, we recommend installing
Intelligent Quads’ iq_sim? since it includes many pre-configured sim-
ulation environments for UAV testing with Ardupilot®. Although this
example has been tested with the multidrone setup, the code should
work with any other environment. An example of the proposed example

setup is shown in Fig. 6.

1 ROS website: https://www.ros.org/
2

3 Ardupilot website: https://ardupilot.org/

iq_sim GitHub: https://github.com/Intelligent-Quads/iq_sim

This experiment aims to continuously estimate the radio signal
path loss between a flying quadcopter (namely dronel), and the GCS
located at the origin of coordinates in the Gazebo* world. The structure

of the code example is as follows:

1. The uav_radio module is imported along with other useful

packages for computation.

2. A ROS node with the name drone_rf_python_script is

initialized.

3. Two simple classes are implemented: rf_body for the radio
path loss calculations, and rf for ROS setup, obtaining the
location of the quadcopter, and printing the path loss to the

terminal.

4. The constructor of rf_body class is responsible for creating
an instance of the uav_radio.PathLossCalculator class

4 Gazebo website: https://gazebosim.org/
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Fig. 6. Example setup featuring the Gazebo simulator, Ardupilot Flight Controller, iq_sim’s multidrone environment, and the UAVRadio path loss estimation module.

with a reference distance of 1.0 m. The get_distance_loss
method takes a distance parameter (d) and calculates the
and methods,
free_space_pl, from the PathLossCalculator. The
calc_losses method takes a position vector (position)
and estimates the path loss based on the distance from the GCS
to the quadcopter. It returns both the path loss and the distance.

PL using multiple

frequencies

5. The constructor of the rf class is used to setup the ROS position
subscriber for the desired drone, and initialize the rf_body
class. It also contains a location_callback method for con-
tinuously updating the position vector, and a rf_signal
method that calls the calc_losses method from the
rf_body instance to compute the path loss and print the
calculated values.

such as
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When this code is run, it sets up a radio path loss calculation system
for a quadcopter in a ROS-based simulation environment, calculates
the PL due to spatial distance, and prints the results. It is designed
for experimentation and testing in a simulated context. Using the
additional methods included in this package, the results can easily be
plotted in real-time, where different PL models can be used, and the
frequency can be tuned to compare the performance of different radio
frequencies under the specified conditions.

The flight consists of a straight-line mission in which the quadcopter
moves away from the GCS, located at the origin, at a constant speed
(v = 5 m/s), and stops for 5 s at each waypoint located approxi-
mately every 30 m. The selected flight height has been 30 m. A short
video demonstration of the provided example can be found in the
Supplementary Material.®

For comparison purposes, this experiment has been run with five
different PL models: the log-distance model, the log-distance alpha-
beta model, the two-ray model, the modified two-ray model, and
the dual slope model. The log-distance path loss model is configured
for open-field settings due to mission characteristics. Transmitter and
receiver heights have also been configured for the models where they
are required. Three typical UAV frequencies have been selected for
comparison: 868 MHz, 2.4 GHz, and 5.8 GHz.

After processing the PL estimated with each model on the straight-
line flight mission, the results are compared in Fig. 7, where Figs. 7(a—
c) present the comparison for the five selected models over time, for
868 MHz, 2.4 GHz and 5.8 GHz operating frequencies, respectively, and
Figs. 7(d-f) depict the same results over distance. It can be observed
from the figures that for all cases the PL has a trend of increasing
losses with distance. Frequency also has a high impact, increasing the
PL when higher frequencies are used. The Two-Ray Path Loss model,
which considers the reflection on the ground in the scenario, presents
higher variations, which is more realistic for this specific analyzed
scenario. These variations are more frequent at the beginning of the
flight, due to the vertical ascension of the UAV before starting the
horizontal straight line mission. In the comparison of PL over time
(Fig. 7 (up)), it is observed that the PL remains constant at some points.
This is because at the time of designing the flight mission, the drone
was set to hover for 5 s at each waypoint, which was approximately
every 30 m distance.

4. Impact

Signal propagation characteristics in UAV-related communication
scenarios have a different behavior than cellular communication sce-
narios. They exhibit unique characteristics, in which the most impor-
tant ones are the highly dynamic environment due to the velocity
of the UAV, which induces non-stationary environments [3]. In this
sense, signal propagation analysis in UAV communications scenarios
has been disproportionally less addressed in the literature than cellular
communications. Thus, it is necessary to consider accurate propagation
models to estimate the received signal for these types of scenarios and
communication links. In this regard, this package presents a significant
impact in both research and engineering domains, offering valuable
contributions in the field of UAVs and wireless communication systems,
by facilitating path loss predictions in UAV-related wireless commu-
nication scenarios. Its adaptability, customization, and multi-scenario
analysis capabilities make it an indispensable asset in advancing the
field of UAV technology and wireless communication. Researchers and
engineers can leverage this module to develop innovative solutions
and improve the performance of UAV-based applications across various
domains.

More specifically, this software is currently employed by our lab-
oratory to simulate communication between the GCS and the UAV

5 Supplementary video example: https://youtu.be/h9RS77cVn3A
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in potentially hazardous scenarios. It can be easily integrated with
a digital twin, to allow replication of experimental missions within
the digital environment prior to conducting a real-world experiment,
enabling the communication assessment without the associated risks.

5. Conclusions

The UAVRadio Python module is a comprehensive toolkit designed
to facilitate the analysis and prediction of radio signal path loss in
UAV communication scenarios. The module comprises a range of path
loss models referenced from established literature, offering users a
powerful and flexible framework for estimating signal attenuation in
different UAV communication links. This module includes a set of
Python functions that allow considering the proper path loss model
according to the scenario and UAV link analysis. In addition, the
module offers a selection of multiple paths loss models, including free
space, log-distance, two-ray, dual slope, or modified two-ray, among
others.

Throughout this paper, we show how the module can be easily
integrated with an open-source UAV digital twin to optimize UAV
communication systems and ensure reliable wireless connectivity in a
variety of operational scenarios. Using these additional methods, the
results can be easily plotted in real-time, where different path loss
models can be tested, and the frequency can be tuned to compare
the performance of different setups under the specified conditions.
We have also demonstrated a procedure to compare newly developed
experimental models with the existing literature, which facilitates the
investigation of new models in this field. From the presented examples,
the importance of selecting an adequate channel model to estimate
signal losses in UAV communications scenarios has been verified. The
use of the presented library allows radio signal propagation analysis
for UAV communications, in advance or in real-time, which could be a
great aid when planning a mission.

The open-source package is readily available to engineers, re-
searchers, and UAV enthusiasts for download, adaptation, and use in
a wide range of projects. To enhance the usability of the software,
comprehensive and up-to-date documentation is also provided.
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Fig. 7. Example comparison between five different PL models on a simulated straight line flight at 30 m height: PL versus time (up) and PL versus distance (down). Each column

represents a different frequency setting: 868 MHz, 2.4 GHz, and 5.8 GHz.
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