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Abstract: Wireless optical communication systems allow
reliable communication in the ultraviolet (UV) range, and
protected from intentional suppression and interception, both in
the presence and in the absence of direct visibility between the
transmitter and the receiver. Currently, the actual and
insufficiently explored direction is the development and research
of mobile ad-hoc networks (MANET) with a UV communication
channel. To analyze the capacity of a mobile network of UV
communications with different spatial orientation of network
nodes, it is necessary to take into account not only their
coordinates and elevation angles but also azimuths. NLOS UV
bandwidth models have been developed using three types of
modulation: on-off keying (OOK), pulse-phase modulation
(PPM), digital pulse interval modulation (DPIM) with a
different number of guard intervals. The noted advantages of
DPIM, which are most important for the implementation of a
mobile self-organizing network with a UV channel, are: it does
not require symbolic synchronization of the transmitter and
receiver, it requires a smaller frequency band compared to PPM,
it has a higher energy efficiency compared to OOK. A parametric
approximation of losses in the NLOS UV channel has been
performed, taking into account the azimuthal deviations of the
transmitter and receiver for specific parameters of the
communication system. Has been done a performance
simulation of the MANET network with an ultraviolet
communication channel Has been calculated values of the bit
error rate (BER), and bit rate for a system with different types of
modulation with low, medium, and high noise levels in the
channel. With the use of parametric approximation of losses in
the channel, are analyzed the BER and the bitrate of the UV
communication system with an azimuthal deviation within 30
degrees. Based on the obtained simulation results, prospects for
the further development of mobile self-organizing networks with
a UV channel are indicated to improve their reliability and
performance.
Keywords : wireless ultraviolet communication; Mobile
Ad-Hoc Network, MANET; OOK; PPM; DPIM; bit error rate,
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I. INTRODUCTION
Ultraviolet (UV) wireless optical communication systems
provide reliable communication protected from intentional
suppression and interception, both in the presence and in the
absence of direct visibility between the transmitter and
receiver (non-line-of-sight mode, NLOS). A significant
number (more than a hundred) of scientific articles, in
particular, [1-6], are devoted to the problems of modeling
and experimental testing of UV communication systems,
especially the "sun-blind" UV-C radiation range with a
wavelength of no more than 280 nm.
Currently, the actual and insufficiently explored direction
is the development and research of mobile ad-hoc networks
with a UV communication channel (MANET). The MANET
concept [7, 8] can be used to create a secure, wireless,
self-organizing, special-purpose network capable of
operating at important and dangerous facilities (when
conducting search and rescue operations, preventing and
eliminating emergency situations, working under the
conditions of the impact of destructive and damaging factors
of natural and man-made law enforcement operations,
counter-terrorism operations, tactical military operations).
The use of UV radiation in MANET both as the main
communication method and in combination with radio
frequency will increase the reliability and information
security of such networks.
To analyze the effectiveness of the MANET network with
a UV channel, it is necessary to investigate its performance in
various conditions. Such conditions are the noise level, the
spatial location of network nodes, the energy characteristics
of the transmitter and receiver. Performance characteristics
of the communication system are the bit error rate (BER) and
system bit rate. In addition, the analysis should determine the
most promising types of modulation for MANET networks
with a UV channel.
The main aim of the work is to simulate and analyze the
performance characteristics of a mobile wireless ad-hoc
network with an ultraviolet communication channel using
various modulation methods.
II. GEOMETRY OF UV NLOS CHANNEL
The standard geometry of the UV channel model in the
non-line-of-sight mode (NLOS UV) used in a large number
of works, for example, [9-11], is
shown in Figure 1a. The figure
shows the vertical projection of
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the channel and is designated: Тх is the transmitter, Rx is the
receiver, r is the distance between Tx and Rx, θ1,2 and φ1,2
is the elevation angle and width of the DP, index 1 refers to
the transmitter, index 2 to the receiver, θs is the scattering
angle, V is the total volume of Tx and Rx radiation patterns,
r1,2 is the distance from Tx and Rx to the center of region V.
To analyze the bandwidth of a mobile UV network with
different spatial orientation of network nodes, it is also
necessary to take into account the azimuths of the transmitter
and receiver ψТ,R, as shown in Figure 1b.
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To take into account the UV channel specific
features, it is necessary to calculate the SNR as the ratio of the
detected signal photons number Nd to the number of noise
SNR  N d / N n ,
photons
Nn
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Figure 1 – Vertical (a) and horizontal (b) projection of the
UV channel in the of non-line-of-sight mode (NLOS UV)
III. UV NLOS CHANNEL BANDWIDTH MODELS
USING VARIOUS MODULATION TYPES
According to [10, 12], with ideal detection of on-off keying
modulation (OOK), the probability of bit errors (BER) is
determined by the expression:

 Pt f  r  

BER  0.5 exp 

Loss

Rhc



(1)

where Pt is the transmitter radiation power, ηf is the filter
transmission coefficient, ηr is the detector (receiver) quantum
efficiency, λ is the wavelength, Loss is the channel loss, R is
the bitrate, h=6,626∙10-34 J∙s is the Planck constant, с=3∙108
mps is the speed of light in vacuum.
The disadvantage of the model (1) is that it does not
take into account the effect of noise. The article [13] contains
generalized expressions for the dependence of BER on the
signal-to-noise ratio (SNR) for an abstract communication
channel, but does not take into account the specifics of the
UV channel:
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. The measurement results showed that typical detection
frequencies of noise photons by a receiver with an aperture of
Ar=1,77 cm2 with low, medium and high noise levels are
about 1000; 5000; 15,000 Hz, respectively [14].
It should be noted that OOK modulation is used
most frequently in UV communication systems since its
technical implementation is simpler compared to PPM
modulation. At the same time, PPM modulation has higher
energy efficiency but based on the symbol synchronization of
the transmitter and receiver. Digital pulse interval
modulation (DPIM) can modulate the same number of bits
per symbol as an even-order PPM but does not require
symbol synchronization. It is also important that DPIM uses
fewer time slots per symbol than PPM and thus requires less
bandwidth [15-20]. As PPM, DPIM has higher energy
efficiency than OOK. These advantages determine the
relevance of using DPIM in various UV communication
systems.
The noted features are especially significant for the
implementation of the MANET network with a UV channel
since a large number of network subscribers in a limited
space use a significant frequency resource. The narrow range
of UV LEDs available on the market, especially in the most
promising for the sun-blind UV-C communication, makes it
extremely difficult to organize multiple access with
wavelength separation. Modulation of the frequency and
other parameters of the emitted signal directly in the UV
range require the bulky optical filters use, which
unacceptably deteriorate the device’s mass-size critical
parameters for the mobile system. In addition, approaches
and solutions for the synchronization of the UV radiation
transmitter and the receiver based on the use of an external
clock signal, in contrast to the
radio frequency range, have
not been developed. Therefore
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the use of self-synchronizing modulation and coding
methods, economically using the available frequency band,
and DPIM in particular, for mobile UV networks is highly

desirable. Figure 2 shows the time diagrams of the 4-position
pulse modulations PPM and DPIM with the number of guard
intervals n = 1.
the dependence of losses in the UV channel on the distance r:

Loss(r )  r  e r ,

(9)

where - the parameters of a particular channel. For small
communication distances (the first hundreds of meters), the
effect of the exponential factor is insignificant, and the
simplified model is valid:

Loss (r )  r  .
Figure 2 – PPM and DPIM modulation timing diagrams,
М=4, the number of guard intervals n=1
The same expression determines the average
number of signal photons accumulated during the symbol
interval for PPM and DPIM [15]
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where ν is the radiation.
Following expressions determine the number of
noise photons accumulated during the symbol interval for
PPM and DPIM:
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Based on the comparison of expressions (5) and (6),
the ratio of SNR parameter values for DPIM and PPM is:
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Next, obtain the BER dependence for DPIM from
formulas (4) and (7) and taking into account L=2M:
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A specific feature оф UV communications mobile
networks is the frequent movement of subscribers, which
makes it difficult to ensure that the azimuths of the
transmitter and receiver are pointing at each other (for
example, by the maximum signal). At the same time, the
NLOS mode remains relevant if there are obstacles in the
communication distance (buildings, structures, or natural
uneven terrain). The results of modeling and experimental
studies of the UV channel with varying azimuths of the
source and detector in the literature are quite rare [21]. In
article [22] authors obtained the calculated loss dependence
for various azimuths.
The following parabolic expression, based on the
simulation results, describes the loss of the azimuthal
deviation Tx and Rx Δψ (in degrees) with good accuracy for
practice (error less than 3 dB):

Loss ( )  L0  K   2 dB,

(11)

model parameters: L0 – constant term (the channel losses
value in the absence of azimuthal deviations); K – scale
factor. The model is valid in the range of absolute values Δψ
from 0 to 35-400, with further growth, Δψ losses remain
approximately constant. The model parameters for a specific
case calculated in [22]: the constant term L0=102 dB – is the
channel losses in the absence of azimuthal deviation; K=0.22
– scale factor. The model determines the increase in losses
from the lowest value of 102 дБ to 137.2 dB at Δψ=400,
which is in good agreement with the simulation results for
different azimuths in the paper [21] at Fig. 5b. Were taken
the following values of the UV channel parameters:
communication range r =100 m, elevation angles of the
transmitter and receiver θ1 =300 and θ2 =500, widths of the
DP transmitter and receiver φ1 =170 and φ2 =300, emission
wavelength λ=260 nm, scattering and absorption coefficients
for clear weather, receiver aperture area Ar=1,77 cm 2.
V. RESULTS OF MODELING

IV. PARAMETRIC APPROXIMATION OF THE
NLOS UV CHANNEL LOSSES, WITH CONSIDERING
AZIMUTHAL DEVIATION OF THE TRANSMITTER
AND RECEIVER
The magnitude of the losses, which determines the
performance of the UV communication system, is
determined by the channel parameters: the communication
range, the elevation angles and the azimuths of the
transmitter and receiver, and the widths of their radiation
patterns. The following parametric relation [14] describes
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(10)

Based on the experimental frequency data, an equivalent
number of noise photons were calculated during the pulse,
determined by the bit rate and the specific modulation type.
The SNR values are calculated, based on the obtained values;
The corresponding dependences of BER on channel losses
and on bitrate, calculated using expressions (2-4), are shown
in Figures 3-6. The bitrate value was taken to be R=1 Mbps
for calculating Figure 3 and 4 curves. The following
communication
system
parameters
were
taken:
transmitter radiation power Pt
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=50 mW, filter transmission coefficient ηf =0.1, detector
quantum efficiency ηr =0.2, wavelength λ =260 nm.

Figure 6 – Dependence of BER on the bitrate for BER_NRZ
modulation at various noise levels
Figure 3 – Dependence of BER on channel losses for various
types of modulation at a low noise level

Figure 4 – Dependence of BER on losses for BER_NRZ
modulation at various noise levels

Figure 5 – Dependence of BER on the bitrate for various
types of modulation at a low noise level
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Dependencies showed a significant effect of noise on the bit
error rate for various types of modulation. As can be seen
from the last graph, keeping an acceptable value of BER=10 -3
requires varying the bitrate from 17 kbps with a low noise
level, to 3,5 kbps with an average noise level, and up to 1,2
kbps with a large noise level.
The BER dependencies for PPM and DPIM, calculated using
expressions (4) and (8), are presented in Figures 7-10.
According to Figure 7, the difference in DPIM with n=1 and
PPM is about 1.5 dB in favor of PPM. Additional protective
intervals increase the noise immunity of DPIM, the DPIM
gain in dB with the same BER value due to the introduction
of each next guard interval after the first (n = 2, 3, 4) is about
0.7-1 dB. The bitrate value was taken to be R=1 Mbps for
calculating Figure 7 and 8 curves.

Figure 7 – BER loss dependencies for 4-PPM and 4-DPIM
modulation with one guard interval (n = 1) at various noise
levels
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Figure 8 – Dependencies of BER on losses for modulation of
4-DPIM with different number of guard intervals (n = 1, 2, 3)
at a high noise level

Figure 11 – BER dependence on azimuthal deviation Δψ for
modulation of 4-DPIM with different number of guard
intervals (n=1, 2, 3, 4) with an average noise level

Figure 9 – Dependence of BER on the bitrate for 4-PPM and
4-DPIM modulation with one guard interval (n = 1) at
various noise levels
Figure 12 – BER dependence on azimuthal deviation Δψ for
modulation of 4-DPIM with different number of guard
intervals (n=1, 2, 3, 4) with a large noise level

Figure 10 – Dependence of BER on the bitrate of 4-DPIM
with different number of guard intervals (n = 1, 2, 3) at a high
noise level
Based on expressions (11) and (8), were calculated the
dependences of BER on the azimuthal deviation Δψ, shown
in Figures 11-13. The bitrate is assumed to be R=100 kbps.
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Figure 13 – Dependence of BER on the bitrate for modulation
of 4-DPIM with two guard intervals (n=2) with a large noise
level, azimuthal deviation Δψ =0; 10; 20; 30 degrees
The graphs show a strong dependence of BER on the noise
level and azimuthal deviation. It follows from Figure 13 that
with a strong influence of noise,
to ensure an
acceptable
BER=10-3 due to imperfect
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pointing of the transmitter and receiver at each other, it is
necessary to reduce the bitrate by two orders of magnitude
(for Δψ = 00 R=85000 bps, for Δψ = 300 R=880 bps). in the
range of azimuthal deviations of no more than 20 0 achieved a
reduction in the transmission rate within the same order: for
Δψ = 100 R=51000 bps, for Δψ = 200 R=11000 bps.
VI. CONCLUSION
In this article, has been simulated the performance
of a mobile ad-hoc network with an ultraviolet
communication channel. Also calculated the values of the bit
error rate (BER) and bit rate at different channel noise levels
for OOK, PPM, and DPIM modulation types. Are noted the
advantages of DPIM, which are most important for the
implementation of a mobile ad-hoc network with a UV
channel: it does not require symbolic synchronization of the
transmitter and receiver, it requires a smaller frequency band
compared to PPM, it has a higher energy efficiency compared
to OOK. Was performed a parametric approximation of the
losses in the NLOS UV channel with considering the
azimuthal deviation of the transmitter and receiver. On the
basis of the performed approximation, were analyzed the
BER and bitrate of the UV communication system at
different azimuthal deviations. The analysis showed that a
reduction in the transmission rate within the same order of
magnitude with BER=10-3 is achieved in the range of
azimuthal deviations of no more than 200. Thus, to build
transceiver modules of a mobile ad-hoc UV communication
network, it is important to use antijamming coding, a data
link layer protocol with automatic bitrate setting, an
automatic guidance system for the transmitter and receiver
orientation with an azimuth error of not more than 20 0.
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