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Purpose. To investigate the influence of LOS/NLOS conditions on the radio signal propagation and the possibility of interfer-
ence mitigation by using multi-frequency method of transmitting and receiving for positioning tasks in enclosed spaces. To check
the difference in measurement accuracy when receiving a signal at one frequency from receiving a signal at four frequencies by
combining the measurement results of individual frequencies into one reading. To check the influence of various obstacles on the
signal passing.

Methodology. Design at the laboratory of UHF — generator and BLE — beacons with the ability to set broadcast frequencies
and adjust transmission power. Application of a multi-frequency transmission and reception method.

Findings. The possibility of increasing the accuracy of positioning of objects in closed rooms, including mine workings, through
the use of multi-frequency radio signals is investigated. It is shown that the influence of re-reflections of radio signals from the walls
of structures, from obstacles of various origins, and the associated interference, can be reduced by using averaged values of attenu-
ation at different frequencies. The use of radio emitters with many frequencies as “beacons” can provide new possibilities in solving
the problem of positioning objects in closed rooms.

Originality. The work proposes a method for combining measurement results of individual frequencies into one reading, which
will reduce interference. Multi-frequency transmission method and multi-frequency reception method are proposed to reduce the
influence of interference caused at one frequency on the overall signal level.

Practical value. The experimental results obtained can be used at deploying positioning systems in closed rooms, including
mine workings.

Keywords: Bluetooth Low Energy — BLE, line-of-sight — LOS, non-line-of-sight — NLOS, received signal strength indicator —

RSSI, beacon, USB — generator, spectrum analyzer

Introduction. Indoor positioning is one of the main chal-
lenges in applications for underground construction, position-
ing robotic vehicles, rescue services, museum excursions.
These and other tasks require precise positioning. To deter-
mine the location of an object, you can use Bluetooth, Wi-Fi,
RFID, UWB, infrared radiation, inertial navigation systems,
visible light, computer vision, micro-electromechanical sys-
tems, geomagnetic fields and pseudo-satellites [1]. In this ar-
ticle, Bluetooth Low Energy — BLE technology was used as a
transmission technology. Not standard, but modified for re-
search tasks beacons were designed based on this technology,
as well as a device capable of broadcasting at frequencies from
0.025 to 6 GHz, which we will call the microwave beacon. By
reading the signal level in dBm from these devices to the re-
ceiver, they need to be converted to a length scale in meters.
Knowing the coordinates of transmitting devices and the dis-
tances to the receiver from them, based on the intersection of
the circles, solving the equations, you need to find the location
of the desired object. But in closed spaces, the location of the
object will be determined with an error if you use only theo-
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retical calculations. Beforehand, it is necessary to carry out
practical detections to determine signal attenuation in line-of-
sight and in the presence of obstacles. Experiments must be
carried out multiple times and with an accurate reading device.
In the article, a precision 5-channel spectrum analyzer and
smartphone software are presented as the reader. A software
application for smartphones was also used to compare the
readings of signals by different means. BLE and microwave
beacons transmitted signals at different frequencies. To elimi-
nate interference, if a signal at one of the frequencies experi-
ences interference, the rest of the signals during averaging will
not greatly spoil the result. Thus, on the basis of practical re-
sults, the difference between the positioning method at one
frequency and the method for determining the position at sev-
eral frequencies is analyzed.

Literature review. According to GOST R 5515442012 [2]
p. 6.3.9.2., there is a requirement that the subsystem must
continuously in real time determine the location of each work-
er who has descended into the mine with a resolution of
+20 m. [3] proposes a complex for positioning personnel and
transport with the function of alerting personnel “Argus-con-
trol”. The purpose is to determine the position of the person-
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nel in underground workings and in-mine transport; person-
nel notification. The presented technical characteristics indi-
cate the frequency range of radio communication in 2.405—
2.485 GHz, which is approximately the same as the used fre-
quency range in our article, the maximum length of the cable
segment to the repeater is 1200 m and the guaranteed detection
distance of mobile objects is 100 m, which does not meet the
requirements of the regulatory document [2]. It is necessary to
increase the positioning accuracy to 20 m.

In [4], the authors point out that, taking into account the
permitted movement of people in a coal mine with the maxi-
mum possible speed on a conveyor belt of 3.15 m/s, the period
for updating data on the location of personnel should not ex-
ceed 13 s. It is noted that at large values of this period, the
positioning accuracy parameter of 20 m will significantly ex-
pand and the system will lose its practical value. The rationale
for using Bluetooth Low Energy (BLE) in our article over
other technologies is justified by this remark, since BLE has a
high scanning speed and the time between two events reaches
7.5 m+s. When choosing a technology for indoor positioning,
one can be guided by article [5]. The authors of this article
conducted a comparative analysis of these two technologies.
BLE has a low power relative to mW — 1 dB (20 dB — Wi-Fi),
high scanning speed — 30 Hz (1 Hz — Wi-Fi), low power con-
sumption — 30 mW (1 W — Wi-Fi). In an indoor experiment,
they showed that BLE has advantages over Wi-Fi. Three main
advantages: frequency hopping — if there is interference on
one of the channels, then a transition to another channel oc-
curs; low transmission power — helps to avoid multipath ef-
fects, i.e., rays coming with reflection are heard only as noise;
high scan rate — allows one to average possible spikes from
interference or multipath. Also, when deploying Wi-Fi access
points, they are guided by providing good coverage, rather
than positioning tasks.

In [6], the authors reviewed positioning technologies suit-
able for deployment in underground mines. The authors point
out the gaps that no one has overcome yet: accessibility; the
presence of direct and indirect visibility conditions — LOS/
NLOS; functional safety. These challenges must be overcome
in a cost-effective manner. The authors point out that due to
narrow tunnels and large vehicles in underground mines,
LOS/NLOS conditions change frequently and quickly. It is
often difficult to assess when an object is in LOS or NLOS
conditions. Vehicles can also influence interference. The fad-
ing of the radio signal due to this can reach 50 % or even more,
which in turn affects the accuracy of positioning. Our article
empirically investigates these tasks. Influence of LOS/NLOS
conditions, reduction of interference noise.

In [7], the authors presented their development of an un-
derground navigation system based on the Bluetooth technol-
ogy. The system monitors the exact location of each dump
truck in an underground mine using sensors, analyzes a pos-
sible access road from the current location to the destination,
and displays the path on a mobile device. The authors point
out the disadvantage of the system in the time delay in deter-
mining the signal from one transmitter to the next. A possible
solution is to install more transmitting devices at a short dis-
tance from each other and improve the software application to
reduce the delay in signal detection. The authors point out
that many positioning systems in mines are patented by com-
panies. The article proposes its own development of Bluetooth
Low Energy sensors, but the possibility of combining signals
of different frequencies is not considered. The article does not
contain the results of the conducted experiments to study the
attenuation of signals from various obstacles.

In [8], the authors presented a warning system required to
detect the approach of an object in mines. Experiments on sig-
nal detection by the receiver from BLE transmitting devices
showed that the required average distance to the object was
from 18.4 to 37.4 m. The accuracy depended on the location of
obstacles, which justifies the importance of multipath propa-

gation. By reducing the interference caused by this, one can
approach the requirements of the normative document [1]. In
[9], the authors suggested using the difference between the
time of determining the first and the last beacons to determine
the passage of a mobile object in underground mines. As sug-
gestions for future research, the authors suggest paying atten-
tion to positioning methods to improve accuracy, since the
article did not investigate the effects of obstacles and multipath
propagation.

In [10, 11], the authors point out the need for more practi-
cal research.

In [12], based on the analysis of underground mines, the
authors point out that before deploying systems based on BLE,
it is necessary to take into account the structure of tunnels,
frequent reflections and obstacles from various materials.

In [13], the authors point out that in underground mines,
the positioning accuracy deteriorates due to reflections from
the walls of the tunnels. They have developed an algorithm
that determines the location of mobile objects, taking into ac-
count errors in reading distances. The disadvantage is the lack
of experience in reading the signal in the presence of obstacles,
such as space between floors and metal objects. The authors
also point out the importance of solving the problem with in-
terference.

In [14], the authors presented an indoor positioning meth-
od for dynamic RSSI correction by deploying a Bluetooth gate-
way. The authors conducted the experiment in a rectangular
office space with many working people and office equipment
and furniture. The authors point out that they did not consider
special cases in the experiment, such as the corners of rooms
and other complex electromagnetic regions. In [15], the au-
thors propose an adaptive and reliable algorithm based on
channel separation, on models with separate signal attenua-
tion, on a distance selection strategy and a weighted algorithm
for determining coordinates by intersecting circles using BLE
sensors and well-known brands of smartphones. The authors
emphasize that NLOS is a major factor that degrades RF dis-
tance estimation. In their NLOS measurement, cases were not
fully considered to stabilize positioning. The authors propose
to conduct additional studies with different station deploy-
ments to assess positioning errors. In [16], the authors point
out that one of the interesting directions for future research is
the development of new algorithms and the adaptation of exist-
ing algorithms for more complex indoor localization scenarios
in complex NLOS environments. NLOS can significantly re-
duce localization accuracy, especially in cases where the sur-
rounding configuration is unknown, i.e., where it is not known
in advance which one is a LOS channel and which one is
NLOS. Instead of allocating between LOS and NLOS chan-
nels and neglecting the NLOS channel, considering it as an
incorrectly received signal, it is advisable to isolate the offset of
the NLOS channel relative to the noise and use this opportu-
nity to improve positioning accuracy in difficult environments.
In [17], the authors propose a complete system for determining
the location of people indoors. The authors propose to analyze
the impact of the presence of people as obstacles to improve
performance. The authors of [ 18] carried out the reading of the
signal level in an empty room, with a small number of obstacles
and in the presence of a large number of obstacles. In [19], the
authors propose an algorithm for determining the location in a
closed object using a smartphone using BLE sensors. Descrip-
tion of the algorithm of the authors of the article is as follows: it
is required to find the location of the receiver. The receiver
measures the level of the RSS signal from them separately for
three channels. Then, these readings are smoothed. The poly-
nomial regression model (PRM) determines the distance, and
FP (fingerprinting) determines the location of the receiver. Us-
ing the average of all three broadcast channels, the confidence
interval is determined by the outlier detection method. If any
measured distances are outside the confidence interval, they
will be discarded as outliers. The data goes through advanced

138 ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2021, N° 1



Kalman filtering. This is where the state vector and covariance
matrix prediction process take place and is updated based on
the measurement model. After that, outliers are detected again.
These data are the final results. They are sent to the exit and to
the FP printing base to improve the base. The polynomial re-
gression model uses the nth degree polynomial as opposed to
the simple PM (propagation model). The polynomial coeffi-
cients are found during the calibration process. The calibration
process calculates the error of the difference between the esti-
mated distance and the true distance. Then, according to the
condition of minimizing the error in relation to the coefficients,
the partial derivatives are taken and equated to zero. The opti-
mal coefficients are found by solving the equations. The au-
thors point out that the conventional propagation model is not
suitable for use in closed sites, due to the large number of ob-
stacles and the inability to distinguish LOS from NLOS. How-
ever, their proposed PRM polynomial regression model at
finding the polynomial coefficients also did not take into ac-
count the combination of LOS and NLOS for indoor environ-
ments. At reading the RSS signal level by the receiver, it is nec-
essary to take into account all possible scenarios of LOS,
NLOS, obstacles, spaces between floors. Then, one should use
the averaged data. This will give an acceptable result for rooms
with complex geometries. Then, these signal level readings can
be used to estimate the coefficients of the polynomial by the
authors’ method. The authors point out that, using the average
of all three broadcast channels, the confidence interval is deter-
mined by the outlier detection method. If any distances read
are outside the confidence interval, they will be discarded as
outliers. But if three broadcast channels are combined in this
block, then this method is similar to the channel sharing meth-
od. Practical results have shown that a sparse sensor configura-
tion performed better than a similar multi-channel configura-
tion. But, with a larger number of them, the accuracy of the
algorithm of the authors of the article and the algorithm with
channel combining is approximately the same. This way more
sensors can be used.

Determining the location of an object in closed rooms is
carried out by two methods: triangulation and an algorithm
based on the use of distances. The triangulation method is per-
formed by calculating the angles between three sensors with
known coordinates and the direction of movement of the de-
sired object. Using the method of complex numbers and solv-
ing the equation, we find the coordinates of the desired object.
The distance-based method is performed by detecting the re-
ceived signal strength indicator (RSSI) from three transmitters
with known coordinates to the target. The readings of the
power value are converted to a length scale, in meters, and by
solving the equation, the coordinates of the desired object are
determined.

Theoretical studies determine the coordinates of the ob-
ject, but in practical applications, the coordinates of the object
are determined with errors. This is due to the presence of noise
in the surrounding area.

Experimental studies are needed to determine the practi-
cal values of the power readings from sensors. Applying this
data, one can adjust the accuracy of the coordinates of the de-
sired object.

Purpose. To investigate the influence of line-of-sight
(LOS) and non-line-of-sight (NLOS) conditions on the radio
signal propagation and the possibility of interference mitiga-
tion by using multi-frequency method of transmitting and re-
ceiving for positioning tasks in enclosed spaces.

Taking into account the current related literature review,
we distinguish the main tasks of this paper.

Experiments are carried out to determine power level of
signal of the UHF sensor at configurations, when transmitter
and receiver are located:

1) at line-of-sight (LOS);

2) at non-line-of-sight (NLOS). Obstacle object made of
iron material;

3) at non-line-of-sight (NLOS). Obstacle object is a wall;

4) at non-line-of-sight (NLOS). Obstacle object — space
between floors; (4"—374, 4™_2nd gth_ ]ty

5) carrying out experiments at different frequencies: 1800,
2000, 2200, 2400 (MHz);

6) comparing results for single channels with the results for
combined channels;

7) measurement of power level of Bluetooth Low Energy
(BLE) beacon, when transmitter and receiver located at —
line-of-sight (LOS) condition;

8) comparing results for single channels with the results for
combined channels;

9) carrying out experiments with precise 5-channel spec-
trum analyzer and “BLE — scanner” standard software appli-
cation for smartphones.

Methods and results. For practical purposes, two generators
were designed. The first, connected via USB to a computer, is
capable of broadcasting a signal at frequencies from 0.025 to
6 GHz. The second, also connected via USB to a computer, is
a BLE beacon that broadcasts a signal in the standard frequen-
cy range for Bluetooth, but with a channel width of 2 MHz. For
the tasks of determining the magnitude of the signal power, a
spectrum analyzer was used, capable of operating simultane-
ously on five channels, designed by combining five USB-SA
124 B modules, capable of measuring signals at frequencies
from 100 to 12.4 GHz. To compare the differences in accuracy
and display capabilities, the signal from the BLE beacon was
measured with a smartphone with the BLE scanner application
installed. An image of the BLE generator is shown in Fig. 1.

Spectrum analyzer modules for five channels are capable
of measuring signals from 100 kHz to 12.4 GHz. The modules
have a relative accuracy of 0.25 dB.

Ultra-high frequency beacon specifications: microchip:
HMCS833LP6GE. It has low noise, wideband, uses a Frac-
tional-N Phase-Locked-Loop (PLL) consisting of an Inte-
grated Voltage Controlled Oscillator (VCO) with a fundamen-
tal frequency of 1500 to 3000 MHz and a built-in VCO exter-
nal divider (divisible by 1/2/4/6.../60/62), which together al-
lows the HMC833LP6GE to generate signals at frequencies
from 0.025 to 6 GHz. This is its bandwidth. Built-in Phase
Detector — Integrated Phase Detector (PD) and delta sigma
modulation, capable of operating up to 100 MHz, provide a
wider contour bandwidth with superior spectral performance.
The lighthouse broadcasts sinusoidal frequencies. Very low
phase noise: —110 dBc/Hz in Band Type; quality factor:
—227 dBc/Hz; standard deviation: <180 fs; power change:
0 dB: —0.5 dB (step): —31.5 dB; frequency accuracy: 3 Hz;
maximum signal power: at 1 GHz-17 dBm, at 2 GHz-16 dBm,
at 3 GHz-12 dBm; power: 1 mW.

Fig. 1. BLE generator (beacon), which broadcasts signal in
standard Bluetooth frequency, but with twice channel
bandwidth
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For practical tasks of determining coordinates using dis-
tances, a BLE transmitter designed for these tasks was used.
The design office manufactured BLE transmitters based on
the nRF24L01 chip and operate in the ISM — 2.4 GHz band.
BLE transmitters have been designed for experiments and are
similar to the standard specification. Standard Bluetooth
equipment uses the ISM band and has a single channel band-
width of 1 MHz. By programming the BLE transmitters, the
channel bandwidth has been changed from 1 to 2 MHz. So,
designed BLE transmitter has 40 channels. For the experi-
mental purposes transmitters broadcasts data on 4 channels of
2405, 2423, 2429, 2477 (MHz) frequencies. Received signal
strength RSS from these 4 channels measured by spectrum
analyzer and with software application for smartphones “BLE
scanner”.

Below, in all the figures, the experimental results are pre-
sented: Reference path loss is the theoretical dependence of
the signal power value from the distance (red curve). Interme-
diate lines of different colors are the quadratic fit of the curves
to all measured data points. Blue data points are made by aver-
aging all measured data at all frequencies. The blue curve is the
quadratic approximation of these data points.

Received signal strength indicator (RSSI) at line-of-sight
(LOS) condition in closed room. Reading the signal from the
generator at various frequencies: 1800, 2000, 2200, 2400
(MHz).

To perform practical tasks, the generator is installed in the
line-of-sight zone and its coordinates are recorded. The
broadcast frequency is tuned. Measurement starts at
1800 MHz. Also, the measurement is repeated for other fre-
quencies. At a distance of 1 meter from it, we place the spec-
trum analyzer to be sure that the wave is formed. We write
down the analyzer reading. We move the analyzer by another
1 meter, again record the reading of the device. Thus, we take
the analyzer reading every 1 meter. When the signal value does
not stand out from the ambient noise value, we stop measur-
ing. For practical tasks, the antenna length of the transmitting
device was chosen the same for all given frequencies. The ana-
lyzer antenna length was chosen equal to its length and also did
not change during the experiment [20, 21]. The location of the
transmitting and receiving equipment for practical tasks of
measuring the value of the received signal in line-of-sight is
shown in Fig. 2. The results of reading the signal are shown in
Fig. 3.

Received signal strength indicator (RSSI) at non-line-of-
sight (NLOS) condition in the presence of obstacle from iron in
closed room. Signal level measurement at various frequencies:
1800, 2000, 2200, 2400 (MHz).

Practical tasks began with setting the transmitting fre-
quency of the generator and fixing its coordinates on the
ground. The first stage of measurement began with a frequen-
cy of 1800 MHz. Then, we repeat the readout for frequencies
2000, 2200, 2400 (MHz). At a distance of 0.2 m from it, we

Fig. 2. Experimental setup of generator and spectrum analyzer for
measuring of received signal strength at line-of-sight (LOS)
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Fig. 3. Quadratic curve fitting of RSSI dependence on distance
at LOS on 1800, 2000, 2200, 2400 (M Hz), signal of UHF
beacon at power level attenuation of generator until (0)
dB — measured by spectrum analyzer

set up an obstacle made of iron material. The spectrum ana-
lyzer is installed at a distance of 1 m from the obstruction. We
move the analyzer away from the obstacle by 1 m. Obstacle
size is 1.2 x 1.8 m. The rectangular shape does not cover the
receiver, but covers part of the space between the broadcast-
ing device and the analyzer. We write down the analyzer read-
ing. We move the receiver by another 1 m, record the reading
again. Thus, we take the reading of the receiving analyzer ev-
ery 1 m. When the signal value does not stand out from the
surrounding noise, we stop measuring. For practical tasks,
the antenna length was chosen the same for all given frequen-
cies. The length of the analyzer antenna was chosen equal to
the length of the generator antenna and also did not change
during the stages of the experiment. The preliminary location
of the transmitting and receiving equipment, as well as ob-
stacles between them for reading the received signal with no
direct visibility, is shown in Fig. 4. The results are shown in
Fig. 5.

Fig. 4. Experimental setup of generator and spectrum analyzer
Jfor measuring of received signal strength at non-line-of-
sight (NLOS) in the presence of obstacle from iron
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~~ - Quadratic it to measured Path Loss data at 1800 Mz

‘Quadratic fitto measured Path Loss data af 2400 MHz
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Fig. 5. Quadratic curve fitting of RSSI dependence on distance
at NLOS on 1800, 2000, 2200, 2400 (M Hz); signal of UHF
beacon at power level attenuation of generator until (0) dB
— measured by spectrum analyzer, obstacle material — iron
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Received signal strength indicator (RSSI) at non-line-of-
sight (NLOS) condition in the presence of obstacle — the wall in
closed room. Measuring the signal from the transmitter. Signals
were transmitted at the following frequencies: 1800, 2000,
2200, 2400 (MHz).

We begin the experiment by setting the transmitter and re-
cording its coordinates. We adjust the broadcast frequency. We
begin practical measurement tasks from a frequency of
1800 MHz. Then we repeat for frequencies 2000, 2200, 2400
(MHz). At a distance of 0.2 m from it there is an obstacle (the
wall). The spectrum analyzer is installed at a distance of 1 me-
ter from it on the other side. Then, with a step of 1 m, we move
the analyzer away from the obstacle. We record the reading of
the receiving analyzer. We move the receiver by another 1 m,
record the reading again. Thus, we take a reading every 1 m.
When the signal value does not stand out from the ambient
noise value, we stop the practical measurement tasks. For the
experiment, the length of the generator antenna was chosen
the same for all specified frequencies. The antenna length of
the receiving analyzer was chosen equal to its length and also
did not change during the experiment. The location of the
transmitting and receiving devices, the location of the obstacle
between them before the start of the experiment on measuring
the signal in non-line-of-sight can be seen in Fig. 6, and the
graphs of the attenuation versus distance are shown in Fig. 7.

Received signal strength indicator (RSSI) at non-line-of-
sight (NLOS) condition in the presence of an obstacle — space
between floors in closed room. Measurement of the signal from
the generator at various frequencies: 1800, 2000, 2200, 2400
(MHz).

To carry out the experiment, we install the generator on
the 4" floor and record its location. We adjust the broadcast
frequency. We begin the measurement process at a frequency
of 1800 MHz. Then we repeat the experiment for the remain-
ing frequencies. One floor below it, we have a receiving spec-

Obstruct ¢
(wall)

u T
Fig. 6. Experimental setup of generator and spectrum analyzer

for measuring of received signal strength at non-line-of-
sight (NLOS) in the presence of an obstacle (the wall)
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Fig. 7. Quadratic curve fitting of RSSI dependence on distance at
NLOS on 1800, 2000, 2200, 2400 (MHz), signal of UHF
beacon at power level attenuation of generator until (0) dB —
measured by spectrum analyzer, obstacle material — wall

trum analyzer. We measure the signal. We record the reading
of the receiving analyzer. We move it along the corridor by 1 m
and record the reading. We repeat the process and take a read-
ing. When the magnitude of the received signal does not stand
out from the level of the surrounding noise, we stop the mea-
surement process. Further, according to the same scenario, we
conduct an experiment on the lower floors up to the 7% one.
For the experiment, the length of the antenna of the broad-
casting generator was chosen the same for all specified fre-
quencies. The antenna length of the receiving analyzer was
chosen equal to the length of its antenna and also did not
change during the measurement work. The experimental setup
of the generator and receiving analyzer for measuring the level
of the received signal in line-of-sight is shown in Fig. 8. The
experimental results are shown in Figs. 9—11.

Received signal strength indicator (RSSI) at line-of-sight
(LOS) condition in closed room. The signal is broadcast by a
projected BLE transmitter and measured by a spectrum ana-
lyzer.

Measurement of the signal from the generator at various
frequencies: 2405, 2423, 2429, 2477 (MHz).

The transmitter coordinates are fixed. The receiver is in-
stalled at a distance of 1 m from it. The receiver moves in 1 m
steps from the transmitter. Each power level reading measured
by the spectrum analyzer is recorded on paper. Practical mea-

QDLZJ:E

Fig. 8. Experimental setup of generator and spectrum analyzer
for measuring of received signal strength at non-line-of-
sight (NLOS) in the presence of an obstacle — space be-
tween floors (generator on the 4™ floor, receiver is alter-
nately located on the three lower floors)
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!
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mmmm 2200MHz,

Path Loss (dBm)
T T

Fig. 9. Quadratic curve fitting of RSSI dependence on distance
at NLOS on 1800, 2000, 2200, 2400 (MHz); signal of
UHF beacon at power level attenuation of generator until
(0) dB — measured by spectrum analyzer, obstacle materi-
al — space between the 4™ and 3" floors
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Fig. 10. Quadratic curve fitting of RSSI dependence on distance
at NLOS on 1800, 2000, 2200, 2400 (MHz); signal of
UHF beacon at power level attenuation of generator until
(0) dB — measured by spectrum analyzer, obstacle materi-
al — space between the 4™ and 2" floors
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Fig. 11. Quadratic curve fitting of RSSI dependence on distance
at NLOS on 1800, 2000, 2200, 2400 (MHz); signal of
UHF beacon at power level attenuation of generator until
(0) dB — measured by spectrum analyzer, obstacle materi-
al — space between the 4™ and 1 floors

surement tasks continue until the received signal strength is
indistinguishable from noise. The spectrum analyzer does not
distinguish between power levels relative to mW below —80 dB.
Thus, when the received power level from the transmitter
reaches —80 dBm, it is indistinguishable from noise. BLE —
beacon broadcasts a signal at frequencies 2405, 2423, 2429,
2477 (MHz). The experimental results are shown in Fig. 12.

Received signal strength indicator (RSSI) at line-of-sight
(LOS) in closed room. The signal is broadcasted by a projected
BLE transmitter and measured by the software application for
the smartphone — “BLE scanner”.

Measuring the signal from the generator at various fre-
quencies: 2405, 2423, 2429, 2477 (MHz).

The software application does not indicate to which fre-
quency its indication corresponds. The power level of the re-
ceived signal is a single digit in dB relative to mW, which varies
with distance.

The transmitter coordinates are fixed. The receiver is in-
stalled at a distance of 1 m from it. The receiver is moved in
1 m steps away from the transmitter. Each power level reading
measured by the BLE scanner smartphone software is recor-

T [——Reference Path Loss
-~~~ Quadtic fit to measured Path Loss data at 2405 MHz
s -~ Quadati it to measured Path Loss daa at 2423 MHz
- Quadsaic fl to messured Path Loss data st 2429 MHz
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Fig. 12. Quadratic curve fitting of RSSI dependence on distance
at LOS on 2405, 2423, 2429, 2477 (MHz), signal of BLE
transmitter — measured by spectrum analyzer
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Fig. 13. Quadratic curve fitting of RSSI dependence on dis-
tance at LOS; signal of BLE transmitter — measured by
software application for smartphone — “BLFE scanner”

ded on paper. Practical measurement tasks continue until the
received signal power level is indistinguishable from noise.
BLE — beacon broadcasts a signal at frequencies: 2405, 2423,
2429, 2477 (MHz). The BLE scanner software readings indi-
cate one figure of attenuation in dB relative to mW, without
indicating which frequency it refers to. To increase the accu-
racy, the experiment was repeated two times [22]. The experi-
mental results are shown in Fig. 13.

Conclusions. The article explores the possibility of in-
creasing the accuracy of positioning objects in closed rooms,
including mine workings. It is shown that the influence of
multipath propagation of radio signals from the walls of struc-
tures, from obstacles of various origins, and the associated
interference, can be weakened by using the averaged values of
attenuation at different frequencies. The use of radio emitters
with many frequencies as beacons can provide new possibili-
ties in solving the problem of positioning objects in closed
rooms. For the experiment, BLE was designed in the design
bureau — beacons for research and measurement of signals in
the standard frequency range for BLE and a UHF generator.
The powers of the transmitters were chosen the same as for a
standard BLE device. Experimental measurements have
shown that theoretical and practical data are not the same at
every point. Practical measurement tasks were carried out in
the following configurations: line-of-sight — LOS, non-line-
of-sight — NLOS in the presence of obstacles such as metal,
walls and space between floors, as well as the use of a spec-
trum analyzer and software application for smartphones.
Practical measurement tasks were carried out many times to
average the results. These results can be used instead of theo-
retical data or to correct them in specific buildings or rooms.
Frequencies 1800, 2000, 2200, 2400 (MHz) for experiments
with a microwave transmitter and frequencies 2405, 2423,
2429, 2477 (MHz) for experiments with BLE beacons were
chosen for averaging. This will eliminate interference. In this
way, a multi-frequency transmitter and receiver can be used.
Based on the results obtained by practical measurements, you
can know at what distance you need to install beacons, where
exactly you need to install sensors, taking into account the ir-
regular location of obstacles, space between floors. The ex-
perimental results will assist in preliminary preparation for
the deployment of positioning systems in enclosed spaces,
including mines.
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JlocmimKeHHs MOXKJIMBOCTi 3HIKEHHS NMOMHJIOK
BU3HAYEHHS KOOPIMHAT 00'€KTIB y 3aKPUTHX
NPUMIILEHHSAX 0araTo4YacTOTHUM METOAOM
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Merta. Jocninutu BB ymoB LOS/NLOS Ha nmpoxo-
IKEHHS palioCUTHATY i MOXKJIMBICTb 3MEHIIICHHS IITYMOBHX
MepelKo], BUKOPUCTAaHHSI 0araToyacTOTHOTO METOMY Tepe-
Javi Ta mpuitoMy IJIs 3a1a4 BU3HAYEHHS B 3aKPUTUX TTPUMi-
weHHsx. [lepeBipuTu BiAMiHY TOYHOCTI BUMIpIOBaHb INpPU
MPUIOMi CUTHATY Ha OJ(Hi# YacTOTi Bil MpUAOMY CUTHaTY Ha
YOTHUPHOX YACTOTaX, 00’ €THAHHSIM Pe3yJIbTaTiB BUMipIOBaHb
OKpPEeMUX YacTOT B OIHe ToKa3aHHs. [lepeBipuT BILTUB pi3-
HMX MEePEeLIKO Ha TTPOXOIKEHHSI CUTHATY.

Metomuka. CamocrtiitHe poektyBanHa UHF — renepa-
topa Ta BLE — MasikiB i3 MOXJIMBICTIO BCTAHOBJIEHHS YaCTOT
MOBJICHHSI i1 HaJIaIITyBaHHS TIOTY>KHOCTI Tiepeaadi. 3acTocy-
BaHHS 0araToyacTOTHOTrO METOAdY Mepeaadi Ta npuitomy. Bu-
MipIOBaHHSI TOUHUM IT’ITUKAHAJIBHUM aHaJTi3aTOpPOM CIIEK-
TPy Ta CTaHIAPTHUM MPOTPAMHUM JOJATKOM i1 cMapTdho-
HiB BLE — scanner.

PesynbraTin. JlociigkeHa MOXIMBICT MiABUIIIEHHS TOY-
HOCTI MO3ULIIOHYBaHHS 00 €KTIB y 3aKPUTUX MPUMIILIEHHSIX,
BKJTIOYAIOYM IIAXTHI BUPOOKM, 3a PaXyHOK BUKOPUCTAHHS
baraToyacToTHUX pamiocurHaiis. ITokazaHo, 1110 BIUIMB Oa-
raTorpoOMEHEBOIO TIOLIUPEHHS palioCUTHAIB Bi/l CTiH CITO-
PYA, Bil TEpeLIKOA Pi3HOrO IMOXOMKEHHS, i, MOB’sI3aHy 3
HUMU iHTepdepeHIlilo, MOXHa MOCIabUTH, BUKOPUCTOBYIO-
Yy ycepenHeHi 3HaueHHs 3aTyXaHb Ha pi3HUX yacTtoTax. Bu-
KOPHMCTaHHS MasiKiB i3 6araTbMa yacTOTaMu MOXKe JaTu HOBI
MOXJIMBOCTI y BUPpILIEHHI MUTaHHS MPO TMO3UL[IOHYBAHHS
00’€KTIB y 3aKpUTUX MTPUMIILIEHHSX.

HaykoBa HoBH3HA. Y pOOOTI MPOIOHYETHCS METON
00’eIHAHHST Pe3yJIbTaTiB BUMIPIOBAHHSI OKPEMUX 4acTOT B
OJIHE CBiIUEHHSI, 1110 JO3BOJUTh 3MEHILMUTH iHTephepeHIIiii-
Hi mepemkoau. s 3MEHIIEHHST BIUIMBY TEPEITKOIN, BH-
KJIMKAaHOI Ha OJHil 4acToTi, Ha 3arajJbHUIl PiBeHb CUTHAIY,
IPOITOHYEThCS 6AraTOYacTOTHMWII METOJ Tlepenadi il Garato-
YAaCTOTHMUIA METOM MpUIOMY.

IIpakTnyna 3uaummicTs. OTpUMaHi eKCIIepUMEHTANIbHI
pe3yabTaTh MOXKYTb OYyTM BUKOPHUCTaHi MpU pO3ropTaHHi
CHCTEM TIO3MIIOHYBAHHS B 3aKPUTUX MPUMIIICHHSIX, BKIIIO-
YalouM LIAXTHi BUPOOKU.

Kimouosi cioBa: Bluetooth Low Energy — BLE, npsma 6u-
dumicmv — LOS, nosza npsamoi euoumocmi — NLOS, inouxamop
piens cuenany, wio npuiimaemocs — RSSI, mask, mikpoxeunvo-
6a niy — eenepamop, AHAAI3AMOp cCheKkmpy

HccaenoBanne BO3MOXKHOCTH CHYZKEHHS
omMOOK omnpeae/ieHHs] KOOPIAMHAT 00bEKTOB
B 3aKPBIThIX NMOMEIIEHHSIX MHOT0YACTOTHBIM
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Hens. Wccrenosats Bausinue ycnosuit LOS/NLOS Ha
MPOXOXKJIEHNE PaAMOCUTHAIAa U BO3MOXHOCTb YMEHbBILIEHUS
UHTePGHEPEHLIMOHHBIX TTOMEX MCIOJIb30BaHUEM MHOTIOYa-
CTOTHOTO METOJa Mepefayu U mpuemMa Ui 3afad omnpesaese-
HUS MECTOIIOJIOXEHUSI B 3aKPbIThIX MomelleHusx. [1pose-
PUTb OTJINYME TOYHOCTU U3MEPEHUI MPU MprUeMe CUTHajIa Ha
OHOU YacToTe OT MpHeMa CUTHaja Ha YeThIPeX 4acToTax,
00beIMHEHUEM Pe3yIbTaTOB U3MEPEHUI OTAETbHBIX YaCTOT
B OMHO ToKazaHue. [IpoBepuTh BIUSIHUE PAa3IMYHBIX TIpe-
rpajJ Ha IPOXOXJIEHHUE CUTHAaIA.

Metomuka. CamocrositerbHOe TipoekTupoBanue CBY —
reHepaTopa 1 BLE — MasikoB ¢ BO3MOXHOCTbIO YCTaHOBJIE-
HUST 9aCcTOT BEIIaHWSI U HACTPONKM MOITHOCTU TIepenayu.
IIpuMeHeHrne MHOTOYaCTOTHOTO METO/Ia IIepeiayu U MpreMa.

Pesyabratbl. VccinenoBaHa BO3MOXHOCTH TOBBILIEHMUS
TOYHOCTH MO3UIIMOHUPOBAHUS OOBEKTOB B 3aKPBITHIX TOME-
LLIEHUSIX, BKJIIOYas LIAXTHbIE BIPAOOTKU, 3a CUET UCIIOIb30-
BaHUSI MHOIOYacTOTHBIX panuocurHaioB. [lokazaHo, 4To
BIWSTHUE MHOTOJIyYeBOTO PACIIPOCTPAHEHUS PAINOCUTHAIOB

OT CT€H COOPYXEHUIA, OT TIPEISITCTBUI Pa3IMIHOTO TTPOUC-
XOXIEHUST U CBSI3aHHYIO ¢ HUMU MHTePGhEPEHIINIO, MOXHO
0CJTa0UTh, UCITOJIb3YS YCPEeAHEHHBIC 3HAUCHUS 3aTyXaHU Ha
pasHbIX yacToTax. Mcrnonb3oBaHue MasikOB CO MHOTUMU Ya-
CTOTAMU MOXKET JaTh HOBbIE BO3MOXHOCTHU B PEIIEHUU BO-
Ipoca O MO3UIIMOHUPOBAHUU OOBEKTOB B 3aKPBITHIX ITOME-
LICHMSIX.

Hayunasa HoBusHa. B paGote mpeniaraercss MeTon o0be-
IMHEHUS Pe3y/IbTaTOB U3MEPEHMS OTAEIbHBIX YACTOT B OIHO
IOoKa3aHue, YTO ITO3BOJIMT YMEHBLINTh MHTePp(EPEeHIIMOH-
Hble TToMexu. [{1s1 yMeHbIIEHUsT BIMSHUS ITOMEXM, BHI3BAH-
HOI1 Ha OJIHOI YacToTe, Ha OOIIMIi YpOBEHb CUTHasa, Mpe-
JIaraeTCsl MHOIOYaCTOTHBIA METO/ IIEpeIaY 1 MHOTOYaCTOT-
HbIII METOM MpUeMa.

IIpakTHyeckas 3HAUMMOCTb. [1oydeHHBIC SKCITEpUMEH-
TaJIbHbIE PE3yJIbTaThl MOTYT OBITh MCIOJIb30BaHbI IIPHU pa3-
BEPTHIBAHUM CUCTEM IO3ULIMOHUPOBAHUS B 3aKPBITHIX I10-
MEILEHUSIX, BKIII0Yas IIaXTHbIE BIPAOOTKMU.

Kimouessie cioBa: Bluetooth Low Energy — BLE, npamas
sudumocmo — LOS, ene npamoii sudumocmu — NLOS, unduka-
mop ypoeHs npurnumaemozo cuenasa — RSSI, masx, muxposon-
HOBAsI Nevb — 2eHepamop, aHaAU3amop CHeKmpa
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