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Abstract: Modern unmanned aerial vehicles (UAVs) are used in many spheres of human activity. In conditions of strong
urban development, the radio communication channel with UAV is multi-path, which leads to a significant decrease in the
quality of the transfer of useful information. Ensuring reliable and qualitative communication depends on the correct choice of
the frequency range and the type of modulation used. Multiposition signals of M-PSK, M-QAM, M-FSK formats are
considered. Due to the complexity of the mathematical description of such a radio channel, a computer simulation method was
used to obtain the results. A multipath propagation model with a number of beams up to 10 is used. The dependencies of the
probability of erroneous reception of information on the parameters of the communication channel are obtained: the signal-to-
noise ratio, the number and intensity of the propagation paths. The energy parameters of the radio channel are calculated and
the optimal frequency range is estimated from the maximum signal-to-noise ratio. It is indicated that the best in this criterion is
the operating frequency range of 2-5 GHz. Calculations showed that the transmission coefficient of the radio channel is
unstable and varies greatly in frequency. When using narrow-band signals M-PSK, M-QAM, this can lead to a situation where
the signal can get into the "bad" frequency band and the quality of information transfer will decrease significantly. In
connection with this, a radio channel with multiposition frequency modulation M-FSK was studied, when the transmission of
discrete information is carried out using multiple parcels with different frequencies falling into both "bad" and "good"
frequency zones. The results of the study showed that the probability of BER error in some cases improves by times compared
to M-PSK and M-QAM. This allows us to talk about the prospects for the M-FSK format. Considering the good performance
of this format, further studies are planned in the direction of using M-FSK format signals and their prospective version of M-
CPFSK (multi-position frequency modulated signals with a continuous phase) in the considered radio channel with different
modulation and positioning indices, in particular CPFSK with modulation indices of 0.5 and 0.75, together with MIMO and
OFDM systems. The obtained results can be used in the design of modern and promising UAV-to-ground communication
systems.
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tasks: cargo delivery, monitoring of the earth's surface and
various industrial facilities such as factories and industrial
enterprises. It is worth noting the successful use of UAVs by
rescue services to search for missing persons in hard-to-reach
areas [1]. However, despite a rather wide range of tasks to be
solved, many technical problems remain unresolved. One

1. Introduction

Modern unmanned aerial vehicles (UAVs) have found
wide application in many areas of human life. Initially
intended for conducting combat operations and monitoring
the enemy, they eventually began to be used for civilian
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such problem is the use of UAVs in cities and suburbs with
hight-density development. Let us explain how these zones
differ from others. Any city, regardless of the degree of
development, have buildings of different number of storeys,
streets, forest areas and possible inconstancy of the forms of
the terrain relief. In this case, the radio signal received and
transmitted by the UAV is reflected from various objects,
their surfaces, undergoing damping, i.e., the communication
channel is multipath. In addition, there are other devices in
the city that use the frequency resource, industrial
disturbances of various kinds, and also the presence of
deliberate interference. All of the above impacts are
destabilizing factors that lead to distortion of information in
the process of reception and transmission and possible loss of
control over the UAV.

Full characteristics of the electromagnetic waves
propagation can be obtained by solving the Maxwell
equations under certain conditions that reflect the physical
characteristics of the objects that create the obstacles. Good
practical results are obtained by taking into account the relief
of the underlying surface on the basis of the Huygens-
Kirchhoff physical principle. Since these calculations are
difficult to perform, and in many cases there are no
parameters necessary for this purpose, to obtain the
propagation characteristics of signals, approximation
methods that do not require the solution of complex
equations are often used. An example of such an approach
are the formulas obtained in the works of N. I. Bardin, G. Z.
Rubin, P. N. Trifonov, Y. Okamura, M. Hata [2, 3]. Models
of Okamura-Hata, COST231-Hata, Wolfiz, Hata-Davidson,
Xia-Bertoni are known and widely used [4].

But many of the existing empirical models, although they
fully describe the features of the radio channel under
investigation, do not satisfy the requirements arising in the
development of modern communication systems, in
particular, do not take into account the effects arising from
the movement of objects, as well as the complicated
interference situation in the radio channel.

Many studies have been devoted to the researches of the
quality of communication using unmanned aerial vehicles,
which indicates the importance of this scientific direction [5-
19]. The authors of these papers use various methods of
analysis: mathematical calculations by formulas, computer
simulation, the use of empirical data. The main results of the
studies are energy parameters of the radio channel, its
throughput, characteristics of  noise immunity,
recommendations on the use of prospective types of signals
are given.

In this paper, based on the study of the listed methods, the
energy parameters (signal-to-noise + interference ratio) of the

UAV-to-ground radio channel were calculated, the models of
multipath signal propagation in various conditions, including
for the most complicated case (under the hight-density urban
development), were realized and investigated.

2. Characteristics of the UAV Radio
Communication Channel

The model of the UAV-to-ground radio channel used in the
paper consists of several stages (Figure 1). At the first stage
of simulation, the positions of UAV and ground-based
transceivers, as well as the boundaries of urban development,
the nature of the terrain of the countryside are determined
and the propagation path of the direct signal is formed. The
second stage takes into account the trajectory of the signal
reflected from the ground surface in accordance with the
methods of simulation of the two-path propagation of radio
waves. The signal reflected from the ground surface changes
its parameters (amplitude fluctuations according to the
Rayleigh law and the phase change of the signal according to
a uniform law). The input of the land receiver receives the
sum of signals propagating along the direct and reflected
beam. At the third stage, the signal reflected from the ground
surface is subjected to a similar separation into a direct beam
and a beam reflected from the buildings. This process is
repeated also at subsequent stages, and at each next stage the
intensity of the reflected beam decreases. Three situations
were studied in the paper: one-beam propagation only along
a direct beam, two-beam propagation (direct and reflected
beams), multipath propagation (direct and several reflected
beams).

In order to take into account the influence of the
interference situation, interference is added to the received
signal, which can be either simple fluctuation noise or a
combination of interfering effects specific to a particular
radio channel, for example, impulse noise.

The coefficient u is used in the model, which characterizes
the level of the signal reflected from the underlying surface
or surface of any objects (structures). Its value varied from 0
to 0.5, which for low values corresponds to weakly reflecting
scattering surfaces (grass, forest, etc.), and for large ones -
highly reflecting surfaces (asphalt of streets, walls of houses,
etc.). In addition, the model contained a parameter
characterizing the rate of change in characteristics (delay,
amplitude and phase fluctuations) of a beam reflected from
exterior objects in the form of the ratio of the amplitude and
phase variation frequency to the information transfer rate.
This allowed us to simulate situations that occur at different
UAV speeds from 0 to 200 km/h.
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Figure 1. Model of signal propagation in urban conditions.

3. Simulation Results

In the simulation, the frequency dependences of the
transmission ratio of the channel, 4 (f), on the number of
beams, N, and their intensity were investigated. The graphs
characterizing these dependences are shown in Figure 2.

From the obtained relationships, it can be concluded that
the transmission ratio is highly uneven and, as a result, the
shape of the signal spectrum in the multipath channel is
essential distorted. It is clear that in a real channel during
UAV motion, this parameter will have a random character
determined by the attenuation and amplification of the signal
in different frequency segments.

The graphs for the error probability, BER, of the
information symbol reception received during the simulation
are shown in Figure 3 and 4. It was assumed that the transfer
of discrete information is carried out using Binary Phase-
Shift Keying (BPSK). Figure 3 shows the case of a two-beam
propagation (a direct and a reflected beams), in Figure 4 —
three-beam propagation.
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Figure 2. Variation of the channel transmission ratio with different number
of beams in the communication channel.
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Figure 3. Relationship between the error probability, BER, and the signal-
to-noise ratio (in dB) in a two-beam channel.

Figure 4. Relationship between the error probability, BER, and the signal-
to-noise ratio (in dB) in a three-beam channel.

The results show a strong multipath effect on the signal
reception quality. So, if the error probability decreases to 107
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times with a two-beam and three-beam channel for small
values of the u coefficient, then for 4 = 0.5 the error
probability becomes unacceptably large (up to 10™). The
increase in the number of beams also strongly affects the
reception quality. In particular, it can be argued that even at u
= 0.2 in a three-beam channel, the error probability increases
to 10, which is also unacceptable.

It is also established that the rate of fluctuations of the
reflected beams determined by the relative mutual speed of
the receiver and transmitter, practically does not affect the
quality of signal reception in the studied range of the UAV
speeds from 0 to 200 km/h.

The effect of industrial interference was simulated by the
addition of a pulsed process with different repetition
frequencies, F, and the Rayleigh amplitude distribution law.
In this case, the parameter F took values from 0.1/ to 1/7,
where T is the duration of the information signal clock
interval, and the normalized variance of the Rayleigh law is
from 0.4 to 4.

Depending on the combination of these parameters, the
signal-to-interference ratio, Py/P,,,, varied from 0.2 to 20.

The complex situation, when all the distorting factors
(multipath, additive noise, impulse noise) affect the radio
channel, is shown in Figure 5.

SNR, dB

Figure 5. Influence of complex impact of interfering factors in a multipath
radio channel.

It was found that the effect of pulsed interference is not as
noticeable as the effect of multipath, and, at low intensity of
such interference, it can be neglected. Its influence becomes
noticeable atP/P,,< 2. Besides, the impact of such
interference is notably reduced by well-known methods, such
as the approach with a broadband amplifier, limiter and
narrow-band filter connected consecutively.

The simulation of the influence of the Doppler effect
showed that at a mutual speed of the receiver and the
transmitter up to 200 km/h, no degradation of the noise
immunity characteristics was recorded.

3.1. Selecting the Optimal Frequency Range of the Channel

Fidelity of the data transmission through the UAV to

ground channel is essentially determined by the ratio of
signal strength to the spectral density of noise strength, which
depends on many factors and may be determined by the
following equation:

The accuracy of data transmission over the UAV-to ground
channel is substantially determined by the ratio of the signal
power P, to the noise power spectral density N, which
depends on a number of factors and can be determined from
the following equation:

ﬁ — PtG(V)TMZ (1)
No  4md?La(y,H)K(T o(y,H)n+To(Kn—1))

where P, is the transmitter power; G (y) is the gain of the
antenna, which depends on the angle of the receiver with
respect to thetransmitter y and the angle of the flight device
in the direction of the ground, # is the loss factor of the
antenna-feeder path; 1 is the wavelength of the carrier signal;
d is the distance between the receiver and the transmitter; L,
(y, H) is atmospheric losses, which depend on the elevation
angle y and the altitude of the flight A; K is the Boltzmann
constant; 7 (y, H) is noise temperature of the antenna, which
depends on atmospheric noises and radio emission from
space sources; T is the absolute temperature of the medium
(290° K); K, is noise factor of the receiver.
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Figure 6. Relationships between the signal-to-noise ratio taking into
account the industrial noise (in dB) and the operating frequency for different
receiver bandwidths Af and the UAV elevation angles y (0° and 89°).

Calculations show that in the absence of industrial noise
with an increase in the operating frequency f'= ¢//, the signal-
to-noise ratio decreases noticeably, although it remains large
enough for reliable radio communication. For example, at /=
2 GHz, the transmitter power is 10 mW, the receiver band Af
= 2 GHz, and the flight device distance more than 100 km,
the signal-to-noise ratio is 22 dB, which, when using BPSK,
gives an error probability of less than 10”. At a frequency of
10 GHz, this ratio drops to 15 dB. The situation changes
significantly if we take into account the industrial noise
characteristic for urban areas and which have a high intensity
in the low-frequency ranges. Figure 6 shows the graphical
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relationships constructed from the calculated data obtained at
UAV flight altitude H = 2 km. Here, the values of signal-to-
noise ratios are given taking into account industrial noise for
different operating frequency ranges, the transmission bands
of receivers Af with the receiver noise factor K,= 4 and
different UAV elevation angles y (at an elevation angle y = 0°,
the distance between the receiver and the transmitter is d = 2
km, with y = 89° — 114 km).

A significant increase in the industrial noise levels with a
decrease in operating frequency leads to a situation where the
signal-to-noise ratio in the 0.5-1 GHz bands is greatly
reduced. In the range of 5-10 GHz, the levels of industrial
noise are small, but with the increase in the operating
frequency, the attenuation of the useful signal increases, and
the resulting signal-to-noise ratio also decreases, although not
so noticeably. Thus, the maximum signal-to-noise ratio falls
within the range of 2-5 GHz, and this region is preferable for
use in advanced UAV communication systems.

The effect of multipath propagation of radio waves
worsens this situation. So, with a small number of beams and
a small reflectivity of the surfaces u = 0.1-0.2, we can expect
a decrease in the signal-to-noise ratio by an additional 2-3
dB. With an increase in the number of beams and an increase
in the reflection ratio of the surfaces x4 up to 0.3-0.4, the
decrease in the signal-to-noise ratio can reach 10-15 dB. In
this case, the useful signal can be completely masked by

interference, therefore, in the construction of transceivers, it
is necessary to provide for the development of methods for
control multipath and methods of adaptive correction of the
radio channel characteristics.

3.2. Comments on the Selection of Modulation Type

The quality of the communication in the radio channel is
directly determined by the types of signals used and the
information exchange protocols. There are currently no
specific standards for the use of certain types of modulation
in UAV radio communication systems. Currently, BPSK,
Four-Phase Quadrature Amplitude Modulation (4-QAM) and
16-QAM formats are most commonly used in these systems
[20]. The study and comparison of the noise immunity of a
wider set of modulation types in the propagation of radio
waves in the described medium is of interest.

The signal formats of Multiple Phase-Shift Keying (M-
PSK), Multiple Quadrature Amplitude Modulation (M-
QAM), and Multiple Frequency-Shift Keying (M-FSK) with
various positional indices M were investigated. All the below
simulation results were obtained with the following
parameters: the UAV altitude — 2 km, the ground station
altitude — 3 m, the UAV distance from the ground station -
100 km, the signal-to-noise ratio E,/Ny=7 dB.
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Figure 7. The relationship between the error probability, BER, and the number of beams, N, for different signal formats.
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Figure 8. Relationship between the error probability, BER, in a two-beam channel and the intensity, p, of the reflected beam for different signal formats.

In Figure 7, the relationships between the error probability,
BER, of receiving a binary symbol and the number of beams,
N, propagating in a radio channel are shown for different
types of modulation. It is noticeable that the multipath effect
for some types of modulation leads to a sharp deterioration of
this noise immunity index by 2-3 orders of magnitude.

Figure 8 shows the relationship between the error
probability, BER, and the reflection coefficient, i, in the two-
beam channel for different signal formats. It can be seen that
with an increase in this index, the probability of an error
increases by 2-3 orders of magnitude. The most stable, as
shown by the simulation, are signals of the M-FSK format.

4. Conclusions

The influence of various parameters of the radio channel
of communication with UAV on the quality of digital
information transmission using different types of modulation
(M-PSK, M-QAM, M-FSK) is studied in the paper. To obtain
the results, the computer simulation method was used. A
multipath propagation model with the number of beams up to
10 is used. The dependencies of the probability of erroneous
reception of information on the parameters of the
communication channel are obtained: the signal-to-noise
ratio, the number and intensity of the propagation paths. It is
shown that at a high intensity of the reflected beams u > 0.3
and their number N > 3, the quality of communication is

reduced greatly. The energy parameters of the radio channel
are calculated and the optimal frequency range is estimated
from the maximum signal-to-noise ratio. It is indicated that
the best in this criterion is the operating frequency range of
2-5 GHz. Calculations showed that the transmission
coefficient of the radio channel is unstable and varies greatly in
frequency. When using narrow-band signals M-PSK, M-QAM,
this can lead to a situation where the signal can get into the
"bad" frequency band and the quality of information transfer
will decrease significantly. In connection with this, a radio
channel with multiposition frequency modulation M-FSK was
studied, when the transmission of discrete information is
carried out using multiple parcels with different frequencies
falling into both "bad" and "good" frequency zones. The
results of the study showed that the probability of error in
some cases improves by times compared to M-PSK and M-
QAM. This allows us to speak about the prospectivity of the
format of the M-FSK. Taking into account the good
performance of the latter format, further studies are planned to
be carried out in the direction of use of M-FSK format signals
and their prospective version of M-CPFSK (multi-position
frequency modulated signals with a continuous phase) in the
considered radio channel with different modulation indices and
positioning, in particular CPFSK with modulation indices of
0.5 and 0.75 together with MIMO and OFDM systems [21-
27]. The obtained results can be used in the design of modern
and promising UAV-to-ground communication systems.
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