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Background. Based on the theoretical and practical (using Atoll) calculation of radio communication lines and antenna
devices were estimated the main network parameters (throughput, length of the data transmission route, delays, number of
network elements) of proposed ground to air network (GAN) architecture.

Objective. The purpose of the work is to evaluate the effectiveness of mobile networks with directed action sensors using UAVs at
different levels.

Methods. Simulation modelling of two mathematical models and their comparison using MATLAB software.

Results. It is shown that the throughput decreases with the increase of the data transmission route, while the delay and the
number of network elements increase in accordance with the previous study. Changing the location of the nodes also affects
the parameters evaluated, so 10,000 measurements were made to obtain the required amount of statistical data. Two
mathematical models were created. The first model is based on an existing mobile omnidirectional sensor network using a
single UAV layer while the second one is based on a mobile network of directional sensors using two levels of UAVs. In both
models, the data was transmitted from the nodes to the pseudo-satellite. In the proposed model, the following average values
were achieved: throughput - 852071 bits/s, number of network elements - 4.4, route length - 33673 meters.

Conclusions. According to the obtained results, it can be argued that the proposed two-level UAV location model using
directional sensors can be effectively used to maintain the connectivity of a mobile sensor network with the achievement of a

gain in the evaluated indicators.

Keywords: ground-to-air network; unmanned aerial vehicle; directed action sensors.

Introduction

Mobile sensor networks (MSNs) occupy an
increasingly important part of wireless networks
every year due to the growing number of military
conflicts, disasters of various kinds, etc. They can be
characterized as a distributed system of wireless
nodes (small in size) capable of self-organization.
The main qualities of MSM using telecommunication
aerial platforms (TAP) are the ability to monitor
various parameters, and exchange information over
large areas along routes that pass through other nodes
and UAVs to the nearest network element (NE) (e.g.,
satellite or base station) of public systems or directly
to the information processing center. Therefore, their
development is relevant, including with the use of
TAP, namely the organization and improvement of
connectivity between NEs.

In classic MSNs using TAP, sensor nodes are
omnidirectional (using the appropriate type of
antennas), and unmanned aerial vehicles (UAVs) are
located at the same level, but this does not always
allow achieving the required throughput or introduces

limitations on the length of the route from the sensor
(node) to the satellite or base station and other
parameters. It is also important to efficiently utilize
the available limited UAV resource. Therefore, it is
worth considering a mobile network of directional
sensors [1,3] with the use of TAP at different levels
[2,4], which will improve key parameters.

To evaluate the effectiveness of a ground to air
network (GAN), it is important to determine a list of
parameters: deployment time, operation, number of
required TAPs, percentage of coverage, throughput,
delay, etc., as well as input parameters: coverage
area, characteristics of transceiver equipment,
detailed description of the topology, etc. Based on
this, there is a need to develop a methodology for
assessing the effectiveness of GANs.

The classic topology of the GAN network consists
in the use of omnidirectional nodes at the zero level
and UAVs located at the same level. Existing works
show that their improvement lies in the introduction
of new algorithms for clustering, flying and
positioning. In MSNs of this type, nodes can receive
and transmit signals in all directions, which allows
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them to be used in scenarios of rapidly changing
events and movement in space, but in this case,
energy efficiency remains low or there are limitations
in the maximum distance of the communication line
or throughput [1,3]. Also, the use of one level of
UAVs requires a larger number of them, which is not
always possible. Therefore, to address the above
shortcomings, MSNs with directional nodes using
two or more UAV layers have been proposed [2,4],
which allow the use of existing algorithm
improvements with different access protocols.
However, there is still a need to evaluate and
compare them in order to make a decision on their
further implementation for further scientific and
industrial purposes.

Research and development that improves the
connectivity of the network elements of the GAN is
an important direction in their development with
further implementation in the civilian and military
spheres.

Next, the task is to formulate possible parameters
for assessing their effectiveness and the
corresponding methodology. Therefore, based on
existing studies and methods, it is necessary to
compare the proposed mobile network of directional
sensors using TAPs of different levels of location. To
do this, it is necessary to create mathematical models
with pre-selected input data that will allow for an
experiment (simulation modelling) and draw
conclusions.

1. Indicators identification for assessing the
work effectiveness of the MSN with TAP

It is important to understand that performance
evaluation can be performed in phases: during
operational management, configuration changes
(ramping up or down), planning, or deployment.
Each phase is allocated the necessary time Tpeces (a
time limit is set), and the efficiency is determined
according to the rule Tyeces =@ minabo T < Tpeces,
the quality of decisions made by the network control
center (NCC), resources (nodes, TAPs) and energy
consumption. The management system consists of
the following subsystems: coverage planning and
optimization, telecommunications, and energy
management. Accordingly, each of them has certain
performance indicators (Table 1).

Table 1
Indicators for assessing the effectiveness of subsystems
Planning and Telecommunic Energy
optimizing ations management

coverage

Deployment Connectivity Energy
time consumption

Percentage of Throughput Functioning time
coverage

Number of Delay
nodes

Number of Traffic volume

TAPs

Load

The first subsystem provides coverage of a certain
area, object, settlement, etc. to exchange/collect
information such as the status of the monitored object
or transfer information to it. The second subsystem
should ensure data exchange with nodes and TAPs,
including the base station (or satellite), with the
required quality. Prior to this process, the network
should be deployed with the formation of clusters and
points of exchange of information of the UAVs, as
well as the flight route. The third subsystem is
responsible for the distribution of energy costs
between network elements (each of which has its
own power source). Its main goal is to increase the
lifetime of the network and its elements while
maintaining the minimum required quality of
coverage and data exchange/collection.

2. Methodology for assessing the effectiveness
of directed action nodes in ground to air
networks using multilevel UAVs

For a rational comparison of the efficiency of the
presented telecommunication system, a methodology
consisting of four stages has been proposed.

In the first stage, it is necessary to set the
parameters of the GAN:

1. NE characteristics: transmitter power P,
operating frequency f;,, bandwidth Af, antenna type,
their gain coefficients G; based on measurement
accuracy, quality of multimedia data transmission,
exchange/collection time, completeness of the
information received, etc.)

2. Network characteristics: coverage area, number
of NEs (Njoge> Ntap), their coordinates, topology
(number of clusters and nodes in them,
communication lines, algorithm for selecting the
cluster master node (CMN), etc.), access protocol,
type of service (with or without a guarantee), and
operating hours.

3. Characteristics of the method of information
exchange/collection, namely: their type (sequentially
from each node, from the CMN); the NE that
organizes the cluster and manages the network (NCC
or TAP or CMN); algorithms for building a flight
route (general or local) and clusters based on the
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objective function (minimizing the number of TAPs,
maximizing network operation time, etc.);

In the second stage, it is necessary to select
performance indicators (from Table 1).

The third stage involves the construction of
mathematical models of the GAN (one-level with
omnidirectional sensors and two-level with
directional sensors) and the experiment (simulation
modelling).

In the fourth stage, we will obtain the results and
dependencies of performance indicators on various
network conditions. Based on the above, the last step
is to make comparisons and draw conclusions.

3. Simulation modelling

For comparison, two mathematical models were
built: a one-level model with omnidirectional sensors
(Fig. 1,2) and a two-level model with directional
sensors (Fig. 3,4). The nodes of the sensor network
are located at ground level at a height of up to 1.5 m,
and the height of the pseudo-satellite with which
UAVs communicate is 20 km. In the one-level
model, the UAV's height is up to 1 km. And in the
two-level model, the height of the first-level UAV is
1.5-2 km, and the second - 5-15 km. All network
elements are randomly located on an area of 50 km?.
The number of zero-level nodes N4, is 600. UAVs
in the one-level model Nppp = 400, in the two-level
model — Nppp = 360 (60 of which are located on the
second level). The communication range was
determined according to the methodology [1] with
the IEEE 802.11ax access technology. The maximum
flying radius of the first-level UAV is 4000 m, and
the second level - 8000 m. The transmitter power of
the node is 20 dBm, the UAV of the first level is 25
dBm, the second level is 30 dBm, the operating
frequency is 2447 MHz, and the bandwidth is 20
MHz. The antenna gain of the nodes in the one-level
model is 5 dBi, and in the two-level model - 17 dBi.
The data packet size is 1024 bits.

Fig. 1. One-level GAN model with omnidirectional nodes
(3D visualization)
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Fig. 2. One-level GAN model with omnidirectional nodes
(2D visualization)

Fig. 3. Two-level GAN model with directional nodes (3D
visualization)
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Fig. 4. Two-level GAN model with directional nodes (2D
visualization)

The main nodes of the cluster are the first-level
UAVs, which establish communication with the
available zero-level nodes in the range. In the one-
level model, the first-level UAVs also communicate
with the closest UAVs to maintain connectivity, and
in the two-level model, the second-level UAVs (they
are the CMNs for the first-level UAVs). The
efficiency of the improved model was evaluated by
the following parameters: route length, number of
network elements, average throughput, and delay
from the zero-level node to the pseudo-satellite. To
calculate these indicators, we will wuse the
methodology proposed in the research [1] and the
specifications of the IEEE 802.11ax standard in the
MATLAB software package. The number of
measurements is 10000.
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Fig. 7. Measurement of minimum route length
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Fig. 8. Measurement of median route length
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Fig. 9. Measurement of mode route length

Fig. 5-9 show the results of simulation modelling
for the route length: average, maximum, and
minimum values, as well as their mode and median.
Based on the results, we can conclude that the route
distance in the improved (two-level) model is 1.5-
15.2% shorter (in terms of mode, median, and mean).
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Fig. 5. Measurement of average route length
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Fig. 6. Measurement of maximum route length

Fig. 10. Measurement of average number of NEs
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Fig. 13. Measurement of mode quantity of NEs

Fig. 10-13 show the results of simulation
modelling for the number of network elements on the
route from the zero-level node to the pseudo-satellite
inclusive: average, maximum, values, as well as their
mode and median. The minimum values for the one-
level model are 2, and for the two-level model - 3.
Based on the results, we can conclude that the
number of NEs in the improved (two-level) model is
20-43% lower than in the above model.

The results of average throughput and delay
values (Fig. 14,15) from nodes to the pseudo-satellite
were also obtained. The advantage obtained in the
two-level model is 41 and 29 percent, respectively.
Next, we should pay attention to the dependence of
the average throughput, average delay, and number
of NEs on the distance (Fig. 16-18). From the
dependence shown in Figure 16, it can be concluded
that the throughput decreases with increasing
distance, which coincides with the calculations in the
Atoll software package [1]. And the dependencies in
Fig. 17,18 show an increase in the delay and the
number of NEs with increasing distance,
respectively. The summary of simulation results for
both models and their comparison are given in Table
2.

Fig. 16. Dependence of average throughput on average
distance
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Fig. 18. Dependence of average number of NEs on average
distance
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Table 2

Summary of simulation results

Indicator One-level Two-level Difference,
cato model model %
Averageroute | 3704013 | 3367345 10,55
length, m
Maximumroute | 534057 | 62871,89 7,77
length, m
Minimumroute | »y397 ¢ | 2007512 1,58
length, m
Medianroute | 304131 | 37561 065 15,23
length, m
Mode ofroute | 0397 ¢ | 29075,12 1,58
length, m
Average
quanity of NEs 6,04 4351 28,04
Maximum
quantity of NEs 10 8 20
Minimum
quantity of NEs 2 3 -0
Median quantity
o NEs 6 4 33,33
Mode quantity
of NEs 7 4 42,86
Throughput, | (0704677 | 85207101 |  -41,34
bits/s
Total delay, s 1,02 0,72 29,25
Conclusions

The article proposes a methodology that describes
an approach to assessing the effectiveness of MSN
and a rational comparison of the proposed model
with the existing one. It consists of four stages,
namely: setting the input parameters of network
elements and the network as a whole, selecting
available = performance  indicators,  building
mathematical models based on the specified
information, and obtaining results with the
preparation of the necessary dependencies.

A list of indicators for assessing efficiency in each
of the network management subsystems (coverage
planning and optimization, telecommunications, and
energy management) was identified.

Two mathematical models are presented: An
omnidirectional MSN using a one-level of TAP and a
directed MSM using a two-level TAP. The results of
simulation modelling of the proposed and existing
models are obtained, on the basis of which visual
representations and comparisons are built in the form
of a family of graphs and a general table. We also
present the dependence of the average values of
delays, throughput, and number of NEs on the
average route length.

The obtained results show that the route distance
in the improved (two-level) model is 1.5-15.2%

shorter (by the mode, median, and average
indicators) and 7.8% longer by the maximum
indicator. The number of NEs in the improved model
is 20-43 percent lower by the considered indicators
(except for the minimum number of NEs, where it is
3), and the advantage in average throughput and
delay is 41 and 29 percent, respectively.

In general, we can see an increase in throughput in
the presented model on average, a decrease in the
required number of network elements (TAPs) and the
length of the route from the node to the pseudo-
satellite. However, the minimum required number of
TAPs (including the pseudo-satellite) in the proposed
model is one unit more (which is its necessary
condition for functioning), and in a small number of
measurements the average route length in the
proposed model is longer than in the existing one,
which is due to the location of network elements
(TAPs and sensors) at a considerable distance from
each other. The scientific novelty is to test the
effectiveness of the first proposed improved method
of maintaining the connectivity of a mobile sensor
network, which can be used for further scientific and
industrial purposes.).
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Cywun 1.0., Isawes /1.B., /Tucenko O.1.
Ouinka epekTHBHOCTI PYHKIIOHYBAHHSI CEHCOPHOI HA3eMHO-NOBITPSIHOI Mepeski 3 BUKOPUCTAHHSAM JeKiJIbKOX piBHIB
BIIJIA Ta cnpsiIMOBAHHMX AHTEH

IMpodnemaTuka. Ha 0CHOBI TEOPETHYHOTO Ta MPAKTUYHOTO (3 BUKOpucTaHHsIM Atoll) po3paxyHKy JniHil panio3B'si3ky Ta
AQHTEHHMX IIPUCTPOIB OYJIM OLIIHEHI OCHOBHI [TApaMETPU Mepexi (IIPOMyCKHa 3JaTHICTb, JOBXKUHA MapLIPyTy Mepeayi JaHuX)
3a[PONOHOBAHOI ApPXiTEKTypH 0€3APOTOBOT HA3EeMHO-MIOBITPSIHOT MEPEXi.

Meta. MeToro poboTH € olliHKa e()eKTUBHOCTI MOOUIBHOT MEpEeXi CEHCOpIB CIpsMOBaHOi Iii 3 BUKOpucTaHHAM BITJIA
PI3HOPIBHEBOTO PO3TAIIYBAaHHS.

Metoau. IMiTaniliHe MoJENIOBaHHSA ABOX MAaTeMaTUYHMX Mojeied Ta iX HOpIBHSIHHS 3a JOIOMOIOK HPOrPaMHOro
3a0e3neueHHs MATLAB.

Pe3zyabTaTn. IlokazaHo, 110 MPONYCKHA 3JATHICTh 3MEHLIYEThCS 31 30UIbLICHHAM MapLIpyTy Nepenadi AaHWUX, TOHI SK
3aTpUMKa 1 KUIBKICTh €JEMEHTIB MEpeXi 3pOCTaroTh BIJIMOBIAHO A0 MONEPEIHbO IPOBEICHOTO JOCITIJDKCHHS. 3MiHa
pO3TaIIyBaHHS BY3JIB TaKOX BIUIMBA€ Ha OIIHIOBAHI ITApaMeTPH, TOMY IJIS OTPHMAHHSA HEOOXITHOTO OOCATY CTaTHCTHYHUX
nanux Oyno nposeneno 10 000 BumiproBanb. byno crBopeno nBi matematuysi Mojeni. [lepiia mozaens 6a3yeTbes Ha iICHYOUIN
MOOLNBHIA Mepexi CeHCOpiB BcecnpsMoBaHOi Aif 3 BUkopucTaHHAM oaHoro piBHs BILJIA. [lpyra - Ha ocHOBI MOOLIBHOI
Mepexi ceHcopiB crnpsMoBaHOi Aii 3 BUKopucTaHHsIM 1BoX piBHIB BIIJIA. B 000x Mozensx naHi nepenaioThes BiJ BY3IiB 10
TNICEBJIOCYITYTHHUKA. Y 3aIllpOIIOHOBaHii MoJieli OyiiH JTOCATHYTI Taki cepe/iHi 3HaYeHHS: MpPOIyCKHa 31aTHICTh - 852071 6it/c,
KUIBKICTh €JIEeMEHTIB Mepexi — 4.4, TOBKHHA MapuipyTy - 33673 merpu.

BucHoBku. Buxonsuu 3 OTpUMaHMX pe3y/bTaTiB MOXKHA CTBEpHXKYBaTH, IO 3alpOIOHOBAaHA ABOPIBHEBA MOZENb
posrauryBaHHs BIIJIA 3 BUKOPHCTaHHSIM CEHCODIB CIIPSMOBAHOI il Moke OyTu e(eKTUBHO BUKOPUCTaHA Ul MiATPUMKHU
3B'I3HOCTI MOO1JILHOT CEHCOPHOT MepesKi 3 JOCATHEHHSIM BUTPALly B IOKA3HUKAX, IO OL[IHIOBAJIMUCS.

Knrwouosi cnosa: nazemno-nogimpsana mepesica, Oe3niiomuull 1imaibHuil anapam, ceHcopu cnpamosaroi Oii.





