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ABSTRACT

UAVs have been studied and manufactured to help create wireless
communications networks that are more flexible and cost-effective
than a typical wireless network. These UAV networks could help
bridge the digital divide in rural America by providing wireless
communications service to areas where cell companies find it too
expensive to build conventional cell towers. To test different aspects
of a UAV based millimeter-wave frequency network, we created a
MATLAB simulation. The simulation visualizes a digital twin of a
farm in eastern Nebraska where UAVs are tested. The simulation
allows for link budgeting and interference management calculations
by accommodating changes in transmitter and receiver location,
frequency of the network, power of the transmitted signal, weather
conditions, and antenna specifications. The simulation is able to
calculate critical network values such as signal-to-interference-plus-
noise ratio (SINR), path loss, atmospheric loss, and antenna gains
under dynamically changing conditions.
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1 INTRODUCTION

Unmanned aerial vehicles (UAVs) have several practical applica-
tions in wireless communications. During a wildfire, UAVs can be
used to transmit thermal images and videos [11]. In rural, moun-
tainous, or shadowed areas, UAVs can be used in lieu of fixed base
station towers to transmit cellular signals for better line-of-sight
(LOS) communications and higher flexibility [9]. In congested areas,
such as stadiums, they can serve as hot spots [20]. More specifically,
UAVs can be used to transmit data at millimeter-wave (mmWave)
(28 GHz-100 GHz) and terahertz (100 GHz-10 THz) frequencies
consistently and reliably in 5G networks and beyond [2]. However,
one major problem that using UAVs in a cellular network presents is
that they need to be built in a manner that allows a strong enough
signal to reach receivers while limiting interference and energy con-
sumption. The antenna design, channel modeling, exact frequency
of transmission, and other factors significantly affect the strength
of an outgoing signal [16, 21]. These factors are considered in a
process known as link budgeting [13], which measures all gains
and losses in a wireless propagation channel from the energy of
a signal emitted by a transmitter until the signal’s final reception
by the receiver. While a signal strong enough to be received is
necessary, a signal that is too strong will cause that signal to be
received by more than one receiver in the network. The balance
between creating a strong enough signal but not too strong of a
signal is interference management [17].

In this paper, we present a MATLAB simulation platform we have
created during the Summer 2023 REU program to demonstrate link
budgeting and interference management of a 5G UAV network in
unique circumstances. In particular, we emulate a realistic wireless
communication environment at different mmWave and terahertz
frequencies up to 350 GHz that takes into account various practical
weather conditions and study the impacts of these factors on link
quality.

The rest of the paper is organized as follows: the foundations
and related work are presented in Sec. 2. The methods and details
of the simulation based on the Eastern Nebraska Research, Exten-
sion, and Education Center (ENREEC) farm are discussed in Sec. 3,
which also include formulas used to create calculations within the
simulation. The results and analyses are presented in Sec. 4. Finally,
the conclusion is drawn in Sec. 5.
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2 FOUNDATIONS AND RELATED WORK
2.1 Foundations of UAV Networks

In a typical wireless communications network, there is a base sta-
tion such as a cell tower, and receivers such as phones connected
to the network via cellular signals. These signals are directed at
specific receivers when a receiver requests information. In Figure 1,
a visualization of a typical wireless network is shown with the base
station in red, a receiver in green with signal from the base station
propagating towards it, and other receivers in black. The whole
network is contained within the blue oval.

S s

Figure 1: Cell Tower Based 5G Wireless Communications
Network

Using a UAV in place of a base station creates a potentially flexible
and cost-efficient means for wireless communications in areas with
insufficient communications infrastructure [9]. This comes with a
host of opportunities and challenges. One of the main differences
between a UAV-based network and a typical base station network
is that the UAV can move around freely [18]. One advantage of
this is having more frequent line-of-sight (LOS) communications,
especially in rural areas. Another potential advantage of a UAV
network is using multiple UAVs allows the network to be recon-
figured in real-time [5, 6]. A disadvantage is the UAV’s limited
resources, which require careful path planning while considering
its total energy for the duration of the flight. This is also known as
energy-efficient communication [10].

There are several ways for the UAV to minimize signal losses
while conserving energy that would not be possible for a typical
base station. UAV-enabled mobile relaying requires the UAV to stay
in an optimal position and/or move continuously between users to
minimize the distance a signal has to travel. In this scenario, when
considering link budgeting, path loss is directly proportional to
distance and frequency [21], and improved UAV positioning mini-
mizes distance from mobile relaying and therefore reduces losses
[14]. Another way to reduce losses is to have all data transmitted
and received from users to a single user closest to the UAV [9].

These loss reduction techniques are more critical in mmWave
frequencies because the path loss is greater in the mmWave spec-
trum than in a network utilizing lower frequencies [21]. However,
mmWave frequencies provide abundant bandwidth resources that
can support high throughput links, and frequency bands are regu-
lated and not freely available in lower frequency cellular networks

[4].
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2.2 Simulating UAV Networks

One common way to simulate mmWave signal propagation nec-
essary for link budget and interference management calculations
is through a ray tracing simulation. This simulation technique in-
volves creating a virtual world to see scattering and loss effects
based on the waves’ path from transmitter to receiver [9]. In [9],
researchers conduct a quantitative comparison between UAV net-
works with a 28 GHz frequency signal to a 60 GHz frequency signal
using a ray tracing simulation. Then, they draw conclusions about
the different frequencies’ received signal strength and root mean
squared delay spread in urban, suburban, and rural areas.

It is also possible to simulate partial aspects of link budgeting or
interference. For example, in [3], different possible antenna designs
such as a monopole antenna array design and a stacked microstrip
antenna array design are simulated to test their gains and efficiency.
Depending on the type of link budget, antenna simulations can
help determine simulated gains. Many types of losses, including
path loss, can be simulated through mathematical modeling [21].
From this information, appropriate antennas and loss models can be
chosen to create a simulation that will be as close to the real world
as possible. These simulations can make it much easier to be certain
the network will maintain an appropriately strong received signal
necessary for good link budgeting and interference management.

3 METHODS AND SIMULATIONS

3.1 The RuralProp Simulator

The RuralProp simulator was created in MATLAB as a digital twin
to the ENREEC farm in eastern Nebraska where the Nebraska Intel-
ligent MoBile Unmanned Systems (NIMBUS) Lab at the University
of Nebraska-Lincoln tests their drones. The farm is approximately
100 meters by 100 meters. The simulator models the farm with poles
1/2 meter in diameter at each corner, storage rooms below each
of these poles, and a crop field growing in an “L” shape generally
towards the center of the farm. As shown in Figure 2, the RuralProp
simulation with the entire visualization of the ENREEC farm and
the plots produced from link budgeting and interference calcula-
tions is presented. In the simulation, the UAV position is shown in
blue while the receivers’ positions are shown in red. The ENREEC
farm visualization is contained on the left side of Figure 2 with the
control panel for the simulation shown in the top-right corner and
the dynamic plots shown in the bottom-right corner.

In Figure 3, the control panel for the simulation is shown zoomed
in. The control panel allows for locations of the UAV and receivers,
weather conditions, frequency of the network, exact value of the
transmitted power of the UAV, and height of the corn crop to be
altered dynamically. In Figure 4, dynamic results produced in a test
run of the simulation are shown. Four plots, including the power
received, path loss, SINR values of each receiver, and the altitude of
the UAV are displayed. The changes within the simulation that occur
when results are being created include changes in UAV and receiver
locations, frequency of the network, the number of receivers, and
the weather conditions. In this particular instance, only locations of
the UAV and receivers change over the time dynamic results were
created. However, there are other dynamic changes possible such
as differences in atmospheric loss from a weather condition change.
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Figure 2: Full RuralProp Simulation

X Y: Z Ptx (dB)

| | || || |
(AddTX | ( AddRx |

Transmitters Receivers Random object ~ Weather

L ) v (_7) v)
Height of crop  Freq. (GHz)

] |

[Change]

Figure 3: Control Panel for the RuralProp Simulation

These are not shown directly by a specific plot but can be inferred
from the four plots’ results.

3.2 Link Budgeting

Link budget design is a critical process for the successful imple-
mentation of a UAV network. The methods used in the RuralProp
simulator for link budgeting calculations are outlined below. Since
the simulator is modeling rural, flat areas of Nebraska, the link
budget calculations are valid when there is always line-of-sight
(LOS) communication [16].

At the most basic level, wireless communications are made pos-
sible through a transmitter antenna transmitting a signal strong
enough for the receiver antenna to pick it up. However, there are
gains and losses between the transmitted signal’s initial power and
its received power. These gains and losses make up the link budget
which ensures that based on a set transmitter power, the receiver
antenna will pick up a signal. In mathematical terms, to meet the
strength requirement for the signal to be received:

Pr = Puins (1)
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Figure 4: RuralProp Simulation Dynamic Link Budget and
SINR Output

where Pg is the power received and Py is the minimum power.
The difference between the received and minimum powers, also
known as the link margin (M), is calculated as [7]:

M = Pg - PyIN- 2

The formula for calculating received power in the overall link bud-
get is [16]:

Pr = Pr + Gt + GgR — FSPL — Latm — LOTHER- 3)
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Table 1: Explanation of parameters in link budget with ap-
proximate values

l Symbol [ Link Parameter [ Approx. Value ‘
Pr Power received -85 dBm
Pr Power transmitted 30 dBm
Gr Gain of trans. antenna 10 dBi
GRr Gain of rec. antenna 5 dBi
FSPL Free space path loss 120 dB
Latm Atmospheric losses 5dB
LoTHER Other losses 5dB

Depending the if the strength requirement is met and what the link
margin is, certain parameters can be altered to produce more or
less signal based on what is needed. The parameters for Equation
3 are defined in Table 1 [19]. The approximate values in the table
are gathered from a combination of a link budget created in [1] and
results in this paper for atmospheric loss.

During a typical link budget calculation, some of these parame-
ters are considered fixed in order to calculate received power. For
example, in the RuralProp simulation, the power transmitted can be
considered a constant. However, power received, path loss, and at-
mospheric loss are always variables in the RuralProp simulation. In
some specific cases, there are several different ways to budget. If a
network has a goal of a certain received power, it is possible to work
backwards with a constant received power to find the necessary
gains or losses. For example, if an antenna needs to be designed
to give a certain amount of gain based on the calculated losses
and the constant transmitted and received power, the link budget
equation can be manipulated to accommodate this. In the RuralProp
simulation, the link budgeting is based on the typical case where
parameters can be changed in order to calculate a resulting received
power.

3.2.1 Transmitted Power and Minimum Received Power Needed.
Transmitted power (Pr) and minimum received power needed
(PmIN) are values essential to link budgeting [19]. For the purposes
of the RuralProp simulation, they are set to arbitrary testing con-
stants of Py = 10 dB and Pyn = -60 dB. However, they can easily
be modified based on the kind of UAV and receivers that are being
served within the network.

3.2.2 Antenna gains. Antenna gains are an important aspect of
UAV network link budgeting [3]. In the RuralProp simulation, the
antenna gains for both transmitter and receiver are assigned con-
stant values. Typically, antennas are manufactured with the values
of these gains readily available. The values in the simulation cannot
be changed directly through the simulation but could be modified
within the code.

3.2.3 Freespace path loss. The free space path loss of the RuralProp
simulator is calculated using the Friis transmission equation, a
standard equation for calculating path loss [21]. The equation is

FSPL = 20log,,(4rfd/c), (4)
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where d is distance, indicating the path loss is a function of distance.
This is constantly updated as the UAV and receivers dynamically
move locations within the bounds of the simulator.

3.24  Weather conditions. Various weather conditions with differ-
ences in rain, clouds, and water vapor create significant change
in atmospheric losses. In the RuralProp simulation, a few different
weather conditions were taken into account. Six possible states
of weather with clear differences in rain, clouds, and water va-
por (sunny, partly cloudy, overcast, light rain, moderate rain, and
t-storm) were coded into the simulation. Based on the average
conditions of each state, specific values were passed into calls to
MATLAB functions gaspl(), rainpl(), and fogpl() for atmospheric
loss calculations using the ITU standard models [15].

3.2.5 Other Losses. Other losses are not modifiable within the sim-
ulation, but they are set to values that make sense for a rural farm
in Nebraska and the equipment that might be used by the NIMBUS
lab in the future. It can be changed within the MATLAB code if
necessary. Other losses include transmitter and receiver feeder ca-
ble loss, antenna off axis loss, radome loss, polarization mismatch
loss, pointing loss, implementation loss, and miscellaneous loss
[19]. These were set to constant values during the initial simulation,
but could be changed to make a precise calculation if necessary for
specific hardware.

3.3 Interference Management

To maintain a reliable connection between the base station and
a user, the interference that occurs in the UAV network must be
mitigated. To do this, various methods such as beamforming and
maximum ratio combining have been developed [8]. These methods
aim to limit the amount of interference, thus creating a reliable
connection. The interference mitigation methods that were used in
the RuralProp simulation are outlined below.

3.3.1 Signal-to-Interference-Plus-Noise Ratio (SINR). The SINR is
one of the most important metrics for determining interference
[3]. By maximizing this value, one can determine that amount of
interference that occurs between transmitters and receivers. This
statistic is powerful for determining which user has the best con-
nection to the UAV, thus allowing the UAV to focus its signal on that
user. Scatterers and other user are key factors to the optimization of
the SINR. Other users operating on the same frequency can cause
path loss by creating interfering signals. SINR is calculated with
the following equation:

P—R’ (5)

PI,i+PN
1

SINR =

=

12

where Pg is the received power of the intended user, Pj; is the
interference power from the i-th user among all N users, and Py is
the noise power. In the RuralProp simulation, a selection combining
algorithm aimed to determine the relationship between distance
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and SINR.

3.3.2 Beamforming. UAVs tend to be limited in their ability to de-
liver high-speed communication with a strong signal while achiev-
ing low interference. To combat this problem, a technique known
as beamforming has been developed. By using beamforming, the
UAV is able to determine the direction of a strong transmission and
direct its signal to the desired direction, thus maximizing the SINR
[9]. This technique allows a drone to achieve wider ranges of trans-
mission with lower interference. They have the ability to direct the
signal into a set direction to enhance the signal to a user [11]. This
helps decrease interference in terrestrial areas by providing a more
direct route to a user, eliminating much of the unwanted path loss.

3.3.3  Maximum Ratio Combining (MRC). The use of multiple an-
tenna receivers has seen growing impacts on the SINR. The use of
multiple antennas as also been explored in multiple-ratio combin-
ing (MRC) and selection combining algorithms. The MRC model
tends to outperform the selection combining model because it has
diversity gain [12]. It combines multiple received signals, each with
various levels of independent fading, which improves the overall re-
liability of the model. As long as the model has appropriate weights,
it tends to outperform the selection combining model and produces
the optimal SINR value [3].

4 RESULTS

The RuralProp simulator incorporates several challenges into one
solution. In the simulation, link budgeting and interference manage-
ment coexist. It also can handle several potential types of networks.
For example, mmWave frequency 5G networks can be modeled,
but so could a theoretical 6G network with higher frequencies (up
to 350 GHz with precise accuracy and 1000 GHz with a bit lower
accuracy). The simulation also has flexibility when determining
the movement the UAV and users need to make. The code could
be modified for any algorithm necessary. This simulator is unique
in its ability to be able to adapt to different kinds of networks,
environments, and movements.

4.1 Weather Impact on Link Budgeting

A plot of the losses for the different weather conditions at a signal
carry length of 100 meters and a temperature of 15 °C within a
range of 10 to 350 GHz frequencies is shown in Figure 5. The plot
shows that over the range of frequencies, as expected, rainier and
cloudier conditions cause more signal loss. It also shows that certain
frequencies tend to have more loss than others regardless of rain
and clouds. The peaks and valleys in Figure 5 show frequencies that
may be less and more viable transmission windows respectively.
For example, around 60 GHz is shown in the plot to be a undesirable
frequency but the spectrum between 70 GHz to somewhere around
170 GHz would be potentially better frequencies to use. These
peaks and valleys exist because of fluctuations in losses within
the standard ITU model depending on various factors including
frequency [15].

Despite the several-decibel difference overall weather conditions
can make as seen in Figure 5, temperature was shown to be a
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Figure 5: Weather Condition Losses vs. Frequency

Table 2: Difference in weather condition based atmospheric
losses at -5 °C vs. 35 °C at 100 GHz

l Weather Loss at -5 °C l Loss at 35 °C l Diff. ‘
Sunny 0.062 dB 0.041 dB 0.021 dB
Partly Cloudy | 0.184 dB 0.128dB | 0.056 dB
Overcast 0.307 dB 0.215 dB 0.092 dB
Light Rain 0.855 dB 0.763 dB 0.092 dB
Moderate Rain 1.404 dB 1.291 dB 0.113 dB
T-Storm 1.864 dB 1.729 dB 0.115 dB

negligible factor in weather-based losses within the margin of -
5 °C to 35 °C. Table 2 shows evidence of this trend for a 100 GHz
frequency at a pressure of 971 hPa (the pressure at Lincoln, NE
elevation) under the different weather conditions.

4.2 SINR vs. Distance Relationship

A plot of the relationship between SINR and distance among 20 re-
ceivers is shown in Figure 6. This predictive model of static receivers
shows the relationship between SINR and distance. An inverse rela-
tionship, meaning that as distance increased, SINR decreased, was
determined.

In Figure 7, we detected the same relationship between SINR
and distance in the RuralProp simulation. As the receiver strayed
further from the UAV, the SINR increased. Due to the inability to
perform field tests, the comparison between static and dynamic
results was important in determining how accurate our model was.
Future studies will implement the beamforming algorithm into our
dynamic simulation to determine the impact on the SINR trend. We
would expect the SINR would decrease at a slower rate with the
beamforming algorithm.

5 CONCLUSION

Link budgeting and interference management are two key com-
ponents to any wireless communications network. The RuralProp
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simulation was designed to specifically test link budgeting and in-
terference within a mmWave frequency UAV network. Using the Ru-
ralProp simulation, differences in transmitted power, antenna gains,
locations of the UAV and receivers, and weather conditions along
with applications of beamforming and maximum ratio combining
can be assessed. We produced results showing atmospheric loss
due to weather conditions in addition to the relationship between
SINR and distance. Since the RuralProp simulation was designed
as a digital twin to the ENREEC farm, results could be directly
compared to real-world experiments at the actual ENREEC farm.
These results will be valuable when planning and building future
UAV networks in rural areas that could one day help bridge the
digital divide in rural America.
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