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Abstract. The possibility of providing communication in difficult
conditions on the basis of Flying Ad Hoc Networks (FANET) requires the
use of non-electronic means of communication. It is proposed to use optical
communication in the UV-C range in the absence of line-of-sight between
the nodes of the FANET network. The general scheme of the optical
transmitter and receiver of UV-C range is considered and the review of the
components required for its implementation, taking into account the
application possibility in highly mobile small-sized UAVs, is carried out. As
a result of the analysis of FANET networks with UV-C channel, physical
and channel level parameters critical for network performance are revealed.
Methods of adaptive change of these parameters in the practical
implementation of the UV-C communication system in FANET networks
are proposed.

1 Introduction

The capabilities of existing intelligent decision-making systems are very limited, so for
the successful solution of a wide class of tasks based on unmanned aerial vehicles (UAVs)
reliable communication with the group of aircraft is required [1]. For communication
between individual UAVs, as well as UAVs with a ground station, Flying Ad Hoc Networks
(FANET) and flying sensor networks (FSN) are used. Known works devoted to the
development and research of such networks consider predominantly radio communication at
the physical level [2,3]. At the same time, there may be situations when radio communication
is ineffective or impossible:

1) the presence of high obstacles in dense urban areas or difficult terrain;

2) high level of external electromagnetic (EM) background, which is typical for modern
cities and many technical facilities;

3) temporary failure of radio communication systems as a result of electronic warfare;

4) destruction of existing communications infrastructure as a result of an emergency.
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The use of optical communication systems that are not affected by EM interference is an
effective solution in a complex EM environment. However, optical communication systems
in the infrared range (IrDA) [4,5] have an extremely small distance (units of meters),
unacceptable for communication with UAVs. In addition, infrared communication works
only in line-of-sight (LOS) conditions and is not applicable in the presence of obstacles.
Optical visible light communication (VLC) systems [6-8] have a range sufficient to
communicate with UAVs (more than 1 km), but also operate only in LOS mode.

Communication systems of the sun-blind ultraviolet range UV-C from 200 to 280 nm
provide the possibility of communication in the non line-of-sight mode (NLOS) due to the
strong scattering of UV radiation in the atmosphere, the communication range is up to 2-5
km [9]. Thus, only this method of communication is effective in complex conditions
mentioned above (1)-(4). Existing studies consider the use of UV-C communication systems
between stationary objects [9-12] or mobile nodes [13] without taking into account the
specifics of their application in aircraft networks.

The aim of the work is to substantiate the use of communication systems via the
ultraviolet channel in FANET networks.

2 Main part

2.1 Geometry of NLOS UV communication channel with UAV

The general scheme of the communication channel with the UAV group is shown in Fig. 1.
In this topology, each slave UAV (for example, UAV 1) transmits its data to the main UAV
K, and it, in turn, transmits information to the ground base station.
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Fig.1. Scheme of communication channel.

Due to the presence of terrain obstacles or high-rise buildings, direct visibility between
communication nodes in a “UAV-UAV” or “UAV — ground station” type scenario may not
be available. Communication channel geometry in the NLOS mode due to radiation
scattering in the atmosphere is shown in Fig. 2. Fig. 2A shows the vertical projection of the
channel and denotes: Tx - ground station transmitter, Rx — UAV receiver, r — the distance
between Tx and Rx, 61,2 and ¢1,2 — an elevation and width angle of the radiation pattern,
index 1 refers to the transmitter, index 2-to the receiver, 0s is a scattering angle, V — the total
volume of the Tx and Rx radiation patterns, r1,2 — the distance from Tx and Rx to the center
of the area V, the gray rectangle designates an obstacle.
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To analyze the performance of a network with different spatial orientations of network
nodes, it is also necessary to take into account the azimuths of the transmitter and receiver
yT,R, as shown in Fig. 2B.
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Figure 2. Vertical (A) and horizontal (B) UV channel projection at line-of-sight
(NLOS) mode with one transmitter and one receiver

2.2 Physical implementation of UV-C communication system for use in flying
networks

The general scheme of the single-channel UV communication system is shown in Fig. 3.

UV lasers [10,11], single LEDs or arrays of LEDs [14,15] are used as optical emitters in
UV communication systems. UV-C lasers have substantially more radiated power than UV-
C LEDs: a maximum of about 1W for lasers versus 130mw for LEDs (for example, SMD
6060 UVC LED High-Power). Despite the lower radiation power by an order of magnitude,
the use of LEDs in the onboard transmitter of a small-sized UAV is more relevant than lasers,
which require a complex and cumbersome charge-pumping system. In addition, it is possible
to use LED matrices with radiated power up to 2 W (for example, FLS 6060 UVC SMD LED
5x5 Array).
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Fig. 3. General scheme of a single-channel UV-C communication system.

As a photodetector, it is advisable to use a photoelectronic multiplier tube (PMT), since
the alternative - a photodiode or an array of photodiodes - does not have sufficient sensitivity
to receive a scattered signal in the NLOS mode [16]. Given the fragility of conventional PMT,
it is advisable to consider the choice of ruggedized PMT for use on UAV board [17,18].

An absorption-type solar-blind filter at the output of the PMT is required to block solar
radiation with suppression of the visible range of more than 12 orders of magnitude [19]. A
transimpedance amplifier is used to amplify the photodetector current [20]. The UV NLOS
communication system must register single photons, so the analog mode of the PMT is not
applicable, and it is necessary to use an ADC and a photon counter.

2.3 Physical layer of flying networks with UV-C communication channel

It should be noted that in UV communication systems, on-off keying (OOK) modulation is
used most often, since its technical implementation is simpler compared to pulse-position
modulation (PPM). At the same time, PPM modulation has higher energy efficiency, but it
is based on the symbolic synchronization of the transmitter and receiver. Digital pulse
interval modulation (DPIM) and dual-head DPIM (DH-DPIM) can modulate the same
number of bits per character as even-order PPM, but does not require character
synchronization. It is also important that DPIM and DH-DPIM use fewer time slots per
symbol than PPM and thus require less bandwidth [22-26]. Like PPM, interval types of
modulation have greater energy efficiency compared to conventional ones. These advantages
determine the relevance of using DPIM and DH-DPIM in various UV communication
systems.

These features are especially important for the implementation of the FANET network
with UV channel, because a large number of subscribers in a limited space use a significant
frequency resource. Approaches and solutions for frequency channel separation, as well as
synchronization of the transmitter and receiver of UV radiation based on an external optical
sync signal, unlike the radio frequency range, have not been developed. In known
experiments, an additional radio frequency sync signal was used to synchronize the UV
communication system. An external radio signal for synchronization may not be available
due to obstacles or radio interference. Therefore, the use of self-synchronizing modulation
and coding methods that economically use the available bandwidth, in particular DPIM and
DH-DPIM, for flying UV communication networks is highly desirable. Time diagrams of 4-
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position pulse modulation PPM and DPIM with the number of guard intervals n=1 are shown
in Fig. 4.
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Fig. 4. Time diagrams of modulations 4-PPM and 4-DPIM, number of guard intervals n=1.

The energy characteristics of the L-position DPIM modulation (L=2") with n protection
intervals are determined by the expression [27]:

(1

2L

ER. .. (SNR) =~ erfc{ N b Lﬂl g2LJ

2 % . . e
fjexp(—tz)dt is the error function (probability integral).
7[ X
The signal-to-noise ratio (SNR) of a UV channel is defined as the ratio of the number of
detected signal photons Ny to the number of noise photons N,:

where erfc(x) =

SNR=N,/N,0 )

where N, =nn.N,=nmn.N,/Loss=nmn.ELA/(hcR-Loss) . Here it is indicated: P; -

radiation power of the transmitter, #, - transmission coefficient of the solar-blind filter, #, -
quantum efficiency of the detector (receiver), N — the number of received photons, 4 —
wavelength of radiation, Loss — losses in the channel, R — bitrate, /=6.626 x 1034 J * s —
Planck constant, ¢=3 x 10® m/s — the speed of light in a vacuum. The results of the
measurements showed that in the worst case, when the photodetector is directed to the sun in
clear weather, the detection frequency of noise photons is about 15,000 Hz (using a high-
quality solar-blind filter and a receiver with aperture area less than 2 cm?) [14].

The loss value is determined by the channel parameters: communication range, elevation
angles and azimuths of the transmitter and receiver, the width of their radiation patterns. In
[13], the Monte Carlo method is used to simulate the magnitude of losses in the UV channel.
The following values of the UV channel parameters were adopted: communication range
=100 m, elevation angles of the transmitter and receiver 61 =30° and 6, =50°, radiation pattern
width of the transmitter and receiver ¢ =17° and ¢> =30°, radiation wavelength 2=260 nm,
scattering and absorption coefficients for clear weather, the aperture area of the receiver
A,=1.77 cm?. The result is a parametric approximation models for the UV channel:

Loss(r)=&Er“e” dB, £ =93dB,a=0.045,4=13-10";
Loss(6,)=115—-7.2-exp(-0.0316,) dB;
Loss(6,) =113-3.1-exp{-0.032(6, —20°)} dB 3)
Loss(4,) =107 +14.9-exp(—0.032¢,) dB
Loss(y,) =114+0.082-y,> dB, y1= (-200; 200);
Loss(y,) =L, +K -y, dB, L0=114 dB, K=0.015, y2= (-400; 400);
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Obtained parametric models have acceptable accuracy (less than 1.5 dB) in a wide range
of parameters of channel geometry, which allows using the obtained results for calculation
and parameter optimization of wireless ad-hoc networks with UV channel in the process of
setting up the transmission mode.

Based on the expressions (1)-(3), the energy characteristics of the UV communication
system with 4-position DPIM modulation with a different number of guard intervals (n=1, 2,
3) at a high noise level are as shown on Fig. 5 and Fig. 6.
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Fig. 5. Dependence of BER on losses for 4-DPIM modulation with different number of guard
intervals (guard intervals n=1, 2, 3, 4) at high noise level.

BER
1
0.1
0.01 “————— DPIM. n=1 [
ST 74— |... DPIM. n=2
107 ==—=—— DPIM, n=3
= — - DPIM, n=4
10 10 20 30
Ay, deg.

Fig. 6. Dependences of BER on azimuthal deviation Ay for 4-DPIM modulation with different
number of guard intervals (n=1, 2, 3, 4) at high noise level.

From Fig. 5 and 6 it can be seen that the noise immunity of the communication system
with DPIM modulation can be increased by introducing additional protective intervals, which
is accompanied by a decrease in the bit error rate. However, this is accompanied by a decrease
in the bit rate of data transfer. This aspect determines the relevance of adaptive selection of
the number of protective intervals in UV communication systems with DPIM modulation.
An increase in the azimuthal deviation of the transmitter and receiver leads to an increase in
losses and, respectively, BER at the same bit rate (Fig. 7), which makes it necessary to create
guidance systems in the azimuthal plane. It is also promising to use a group of emitters
directed at different azimuthal angles, and the inclusion of one of them to ensure the
maximum signal level in specific conditions.
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Fig. 7. - BER dependences for 4-DPIM modulation with two guard intervals (n=2) at high noise level,
azimuthal deviation Ay =0 ... 30 degrees.

According to the results of modeling (3) and experimental studies [9], the losses in the
NLOS UV channel at ranges of the order of kilometers, relevant for the network of aircraft
in urban conditions, are up to 160 dB or more. At the same time, at short distances (ones-tens
of meters) losses are significantly less (less than 90 dB). With a fixed transmitter power, such
a large spread at the level of the received signal (more than 70 dB) imposes difficult
requirements for the depth and speed of adjustment of the receiver's automatic gain control
system (fast adjustment is required due to the high mobility of communication nodes —
UAVs). Therefore, it is necessary to change the transmitter power adaptively depending on
the specific conditions. According to (2), radiation power sufficient to achieve a given SNR
value is determined by the expression:

SNR-N, -hcR-Loss(r,6,,0,,v,,¥,)
11,4

Pz(rael’ez"//lsl//z): (4)

The radiated power of UV-C sources is limited to 1-2 W, so when the maximum power
value is exceeded, the condition (4) at a given bit rate R is not feasible, and it is necessary to
reduce the bit rate:

1? — ]znax .77‘/77r//l
SNRNn -hCR'LOSS(r’gl7627V/1:l//2)

’ }3("76% 96£9 Vllay/z) > lznax (5)

3 Conclusion

The possibility of complex conditions, when radio communication is ineffective or
impossible, forces the development and research of non-electronic means of communication
for the organization of flying networks at the physical level. It is proved that for the
organization of communication in the absence of line-of-sight between the nodes of the
FANET network, communication in the infrared and visible range is not applicable, and it is
necessary to use communication via the UV-C channel. The general scheme of the optical
transmitter and receiver of UV-C range is considered and the review of the components
required for its implementation, taking into account the possibility of application in highly
mobile small-sized UAVs, is carried out. As a result of the analysis of the physical layer of
FANET networks with UV-C communication channel, it was found that the digital pulse
interval modulation DPIM and DH-DPIM has high energy efficiency and does not require
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external synchronization (such synchronization is not designed yet in the UV-C range). It is
shown that in order to implement a practical UV-C communication system in FANET
networks at the physical and channel level, it is necessary to implement an adaptive change
of the following parameters:

- the number of guard intervals of interval modulation;

- orientation of emitters and receivers in the azimuthal plane, as well as in the vertical
plane to avoid obstacles;

- power and bit rate.

The work was supported by RFBR grant 19-29-06030-MK "Research and development of wireless ad-
hoc network technology between UAVs and control centers of "smart city" on the basis of adaptation
of transmission mode parameters at different levels of network interaction"
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