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ABSTRACT

Context. The analysis of reliability indicators of information transfer between elements of wireless control systems — a control
device implemented on a smartphone and a communication processor of the developed hearing aid is carried out. The object of
research is the reliability indicators of the wireless control channel. The subject of the study is a theoretical and experimental analysis
of the dependencies of reliability indicators of the designed wireless control system.

Objective. The purpose of the work is to determine and study the analytical and experimental dependences of the reliability of
transmission over the wireless control channel on the properties of the communication channel and settings of the system elements,
forming recommendations for setting the parameters of the elements of the control system.

Methods. The elements of the reliability theory are used to determine the dependences of the bit and block error coefficients on
the properties of the communication channel of the configuration of the elements of the control system. Analytical relationships are
obtained to determine the reliability of transmission taking into account possible signal distortions. The dependences of reliability
indicators on the parameters of the elements of the control system are investigated, illustrative examples are given. Simulated circuit
models of a control system with selected Bluetooth wireless technology have been developed. Experimental studies have been carried
out, on the basis of the data obtained, conclusions have been drawn and recommendations have been made on the choice of control
system configurations in order to ensure specified reliability indicators at maximum efficiency (information transfer rate).

Results. The dependences of reliability indicators (bit and block error coefficients) on the properties of the wireless information
transmission channel and the parameters of the control system elements are obtained. Recommendations are given on the use of the
results obtained when choosing the settings for the control element (smartphone) and the controlled element (communication
processor of the hearing aid). To conduct experimental research, control system models in the MathWorks MatLab Simulink
environment were created and tuned.

Conclusions. The studies carried out in the work allow us to calculate and reasonably choose the parameters of the devices of the
wireless control system for the given reliability indicators taking into account the error behavior model in the transmission channel
and the settings of the associated equipment. This makes it possible to design and implement reliable control systems with specified
reliability indicators and maximum information transfer rate.
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ABBREVIATIONS

ARQ — Automatic Repeat Request;

AWGN - Additive White Gaussian Noise;

BER — Bit Error Rate;

BLE — Bluetooth Low Energy;

CRC — Cyclic Redundancy Check;

DSP — Digital Signal Processing;

FEC — Forward Error Correction;

FER — Frame Error Rate;

HEC — Hybrid Error Correction;

HV - High quality Voice;

IEEE - Institute of FElectrical and Electronics
Engineers;

SEQN — Sequence Numbering;

VoIP — Voice over Internet:

Wi-Fi — Wireless Fidelity;

3-D — 3-Dimensional,

av — average value.

NOMENCLATURE
B — number of error bits;
B — total number of transmitted bits;
C — speed of light;
Ch — Wi-Fi channel number;
d — distance between devices;
Es/No — signal to noise ratio;
f— functional;
F — frequency;
F — number of error frames;
Fy — total number of transmitted frames;
k — signal transmission channel number;
Lo — attenuation in free space;
N — availability and settings of other devices operating
in the same frequency range;
P — transmitter power;
t — simulation time;
T — type of technology;
V, — phase speed;
o — the actual part of the distribution coefficient;
B — the imaginary part of the propagation coefficient
(phase coefficient);
y — distribution coefficient;
A — wavelength;
p — interference characteristics;
o — angular velocity.

INTRODUCTION

Over the past seventy years, active aging of the
society of all developed countries has been observed
throughout the world. According to the United Nations, in
1950 the number of people over 60 years old was
approximately 202 million. To date, the number of older
people is close to one billion people. There is also
information about the continuation of the aging trend of
society. An increase in the number of elderly people
entails an increase in age-related diseases [1]. Also, with
the increase in the number of vehicles, with the
development of industry, the number of emergencies and,

as a result, the number of injuries sustained by a person
are growing [2].

From the above facts, it can be concluded that the
replenishment of the functional capabilities and aesthetic
appearance of a person is an urgent problem and requires
special attention, both from doctors and engineers.

So, for example, with complete or partial lack of
hearing, we suggest using an ear implant, which will be
an apparatus to restore the ability to perceive sound
information [3]. An important role for ensuring the
quality functioning of the hearing aid is played by the
organization of a high-speed and reliable control channel
using specialized software running on a modern
smartphone [4, 5]. One of the most significant parameters
is the reliability of communication, which is characterized
by error rates (bit and block) and depends on the data
transfer rate, interference parameters, type of protocol
selected, etc. [6].

The object of study was a wireless control channel
between a smartphone and a hearing aid, implemented
using Bluetooth technology.

The subject of the study is an experimental study of
the program model of the wireless control channel in
order to determine the characteristics of reliability and
quality of information transfer.

The purpose of the work is the formation of practical
recommendations on the use of Bluetooth technology in
wireless channels for controlling medical devices using an
example of a hearing aid.

1 PROBLEM STATEMENT

It was found, that during the operation of the hearing
aid, there is a need for its increased functionality [7], such
as:

— volume control from a smartphone;

— the ability to answer incoming calls;

— wireless charge;

— several settings modes.

Different settings modes are needed for a more
comfortable use of the hearing aid. For example, one of
them will be for everyday use, in which the amplifications
at different frequency intervals will be individually
configured for each patient, based on data obtained from
an examination by an audiologist. And the second mode is
for use in noisy places. It will be tuned to sufficiently
strong noise reduction and speech emphasis. There may
also be more modes, depending on the wishes of the
patient. Switching between modes, as well as adjusting
the volume, will be carried out through a special
application in the smartphone.

To solve the problem of choosing wireless technology
for the implementation of the control channel with the
specified confidence indicators, we perform the
mathematical formulation of the problem.

Let there be a combination of communication channel
parameters and control system devices: interference
characteristics (Es/No), transmitter power (P), distance
between devices (d), the presence and settings of other
devices operating in the same frequency range (N), type
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of technology (7). An urgent task is to determine and
study the functional dependencies of reliability (quality)
indicators of communication, which are characterized by
error coefficients, from these parameters. Each indicator
can be represented by a set of functional dependencies of
the following form:

BER, FER = f(p);d = const; P = const. (1)
BER, FER = f(p);d = const; N = const. (2)
BER, FER = f(d);Es/No = const; P = const. (3)
BER, FER = f(d);Es/No = const;T = const. (4)

To solve the problems of synthesis of a control system
with predetermined reliability indicators, it is necessary to
study the dependences of the entered transmission
indicators at various values of the communication channel
parameters that may occur during the practical
implementation of the control system.

Reliability is characterized by the coefficients of bit
and block errors. Efficiency is specified by the channel
bandwidth efficiency, while the actual task is to maximize
it (minimize symbolic redundancy) while observing a
given reliability. Therefore, questions are further resolved
to determine and study the dependences of reliability and
efficiency indicators on the parameters of the
transmission medium and control system devices. This
makes it possible to select and implement in the elements
of control systems ways to ensure a given reliability at the
maximum information transfer rate.

Based on the foregoing, an urgent task is to choose the
technology for communication between a smartphone and
a hearing aid. This article will consider the possibility of
using modern wireless technologies. In addition, control
system models will be built and analyzed, as well as
recommendations for the practical implementation of the
control channel and the settings of the control system
devices will be given.

2 REVIEW OF THE LITERATURE

In recent years, rehabilitation medicine has made great
strides, which mainly occur due to the appearance of
bionic prostheses. Bionic prosthetics is the replacement of
lost body parts with electronic implants. The creation of
such implants allowed the study of biocurrents generated
by the human brain [8].

The era of bionics began not so long ago, but it is
already difficult to surprise people with an artificial organ
or limb, which perform all the necessary functions and
almost do not differ in appearance from biological ones.
Patients, whose situation was not so long ago regarded as
almost hopeless, with the use of bionic devices, it became
possible to return to full value and improve the quality of
their life.

Bionic prosthetics is an innovative, rapidly developing
field of science. Many world scientific studies are aimed
at further development of wvarious types of bionic
implants, aimed both at patients with various acquired
diseases or injuries, and for patients with defects from

birth. Certain successes in this area have been achieved in
the development of bionic arms and legs, artificial heart
and retina [9].

To restore hearing, there are many different solutions:
hearing aids of air or bone conduction, cochlear implants,
but they all have their drawbacks, the main of which is a
violation of the aesthetic appearance of a person [10].

The solution offered by our regional research group is
unique and consists in creating a bionic ear. The main
idea is to create a hearing aid using modern components
and place it in the auricle implant printed using 3-D
technologies from materials that are most similar in
appearance and tactile feel to the biological ear.

To implement the settings and use of the hearing aid,
it is necessary to calculate the parameters that critically
affect the wireless data transfer [11]. Moreover, it is
effective to use modern approaches to ensure the
reliability of information transmission [12, 13] against the
background of the effects of interference of various nature
and properties [14, 15].

For the study, a number of modern wireless
communication technologies were analyzed, and
Bluetooth-LE was selected based on a comparative
analysis [16]. Unlike classic Bluetooth, BLE is designed
to provide significantly lower power consumption. This
allows smartphone applications to interact with BLE
devices with more stringent power requirements, such as
proximity sensors, heart rate monitors, fitness devices, in
our case, a hearing aid. The basis of interaction between
devices operating on the basis of the BLE protocol is the
client-server architecture. The phone supports a central
role, the hearing aid supports the role of a peripheral
device, one of two is required to establish a BLE
connection [17]. Devices that support only the role of
peripheral devices cannot communicate with each other,
and two devices cannot communicate with only a central
connection. As soon as the telephone and the hearing aid
have established a connection, they begin to transmit
metadata to each other [18]. Depending on the type of
data they transmit, one or the other may act as a server.
For example, if the hearing aid wants to transfer data to
the telephone, it might make sense for the hearing aid to
act as a server. If the hearing aid wants to receive updates
from the phone, then it may make sense for the phone to
act as a server, which is important in our project, the
point-to-point connection type. In this regard, the urgent
task is to develop and study a data transfer model between
a smartphone and hearing aids via the Bluetooth LE
protocol.

3 MATERIALS AND METHODS

As part of the project, it is necessary to study the
physical parameters of the signal during transmission
from the source to the recipient. Both the processor of the
hearing aid and the smartphone can be a source and
recipient, since data transmission must be carried out in
both directions. The task was to determine the optimal
number of frequency channels, the number of which will
achieve the target value — the distance, in the presence of
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interference. Also, determine the noise immunity of data
transmission. The result of the analysis was obtained on
the basis of modeling.

The designed communication system was modeled on
standard blocks Matlab Simulink, DSP Blockset and the
Communications Blockset library [19]. One way to build
such a system in Simulink is to start by designing the
communication channel and developing it by adding
modulations, FEC, etc. testing at every stage. You can
develop pairs of components separately, for example, a
speech encoder and decoder that can be created and tested
in their own model, and then built into the system. The
generalized structural diagram of the model is shown in
Fig. 1.

When creating the network model, the Bluetooth
Voice Transmitter model was taken as the basis (Fig. 2),
and its structure was adapted to bring the model closer to
the research tasks.

Fig. 2 shows the top level of the complete Bluetooth
Voice Simulink model. It includes:

1. Master Transmitter — model of the signal
transmitter, i.e. a transmitting device, for example, a
smartphone;

2. AWGN — model of a radio channel in which «white
noise» operates;

3. Free Space Path Loss — a simulator of a long
wireless line, which determines the loss in free space;

4. 802.11b Interferer — model of the interference
source in the form of a transmitter operating over the
IEEE 802.11b Wi-Fi protocol,

5. Slave Receiver — the receiver of the slave node, ie,
the receiving device, for example, another smartphone or
Hands-Free unit in the car.

The hierarchical features of Simulink modeling allow
you to create large, complex structures that are controlled
from subsystems. The discovery of these subsystems
shows further levels of detail [19].

Consider the principle of building the main blocks of
the model.

The transmitter whose internal circuit is shown in
Fig. 3, contains: input of random binary values, coding,
buffering, framing, HEC/FEC modulations and frequency
hopping.

All real-life continuous communications transmitted
in communication systems reflect processes whose main
part of the spectrum is concentrated in a finite frequency
range. This is explained by the frequency properties of
message sources and subscribers (message recipients),
which are real physical systems [20].
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Figure 1 — Generalized block diagram of a Bluetooth control channel model
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Figure 2 — Bluetooth Voice Transmitter in Simulink
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Figure 3 — Internal structure of the signal transmitter unit

e T

Bluetooth technology uses time division duplex
(multiplexing). The master device transmits packets at
odd time intervals (slots), and the slave device transmits
packets at even times. Packages depending on the length
can take up to five intervals. Moreover, the channel
frequency does not change until the end of the packet
transmission [20].

A packet is a format of bits organized into an array
that are transmitted over a physical channel. A package
consists of an access code, a package header, and user
information. The structure of the message packet is shown
in Fig. 4.

The access code identifies packets belonging to the
same piconet, and is also used for synchronization and
request procedures. It includes a preamble (4 bits), a sync
word (64 bits), and a frame checksum — 4 bits of a
checksum. The header contains information for managing
communications and consists of six fields:

1. Address (3 bits) — address of the active element;

2. Type (4 bits) — data type code;

3. FLOW-F (1 bit) — data flow control, shows the
readiness of the device to receive;

4. ARQ-A (1 bit) — confirmation of the correct
reception;

5. SEQN-S (1 bit) — serves to determine the sequence
of packets;

6. Checksum (8 bits) — control checksum.

The final part of the overall package format is user
information. It consists of three segments: the header of the
user information, the user information itself and the CRC.

The header (8 bits) defines a logical channel, flow
control in logical channels, and also has a pointer to the
length of user information. User Information CRC (16
bits) — 16 bits of cyclic redundancy code is calculated
from the transmitted information, after which it is
attached to the information [21].

Figure 4 — Bluetooth message packet structure

The AWGN is a simulator of white noise. The
Bluetooth Voice Transmitter model allows you to set the
signal to noise ratio in the AWGN unit. This ratio is an
argument to the function resulting from the study. The
menu for setting the parameters of the AWGN block is
shown in Fig. 5.

Attenuation in free space is calculated by the formula

)

4nd

L,= 201gT [dB], (%)

L, — attenuation; d — attenuation distance; A — wavelength
[19].

The wavelength, as is known, depends on the phase
coefficient f (6) (this is the imaginary part of the
propagation coefficient y = a + ) [21]:

2

A . (6)
p
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Figure 5 — The menu for setting the parame_ters of the AWGN
block

And the phase velocity also depends on  (7) [21]:
v, =2 @)

In air V,, = C (speed of light = 3-10% m/s). So, from (6)
and (7) get (8):

_ 2nf

® 2nC C
p= -2 R R C)
v, € C 2nf f
Therefore, the formula for calculating the loss in free
space will take the form (9):

%:NQ%ﬁ. ©)

In the considered Bluetooth model, there are two
options for setting free space loss during wave
propagation:

1. The reference attenuation from 10 to 40 dB, shown
in Fig. 6;

==

E Function Block Parameters: BT Path Loss

Free Space Path Loss {mask) (link)

Reduce the amplitude of the input signal by the amount specified. The loss can be
spedified directly using the "Dedbels” mode, or indirectly using the "Distance and
Frequency™ mode.

The redprocal of the loss is applied as a gain, e.g., a loss of +20 dB, which reduces
the signal by a factor of 10, corresponds to a gain value of 0.1,

Mote: The dedbel amount shown on the mask is rounded for display purposes only.

Parameters

Mode: IDecibeIs - ]

Loss (dB):
40

(=
Figure 6 — Window for selecting parameters for setting free
space loss in decibels

| [ concel ][ e ][ apply

2. Setting the frequency and transmission distance
(with these parameters, the model itself calculates the free
space loss in dB) shown in Fig. 7 [21].

==

-
E Function Block Parameters: BT Path Loss

Free Space Path Loss {mask) {link)

Reduce the amplitude of the input signal by the amount specified. The loss can be
spedified directly using the Dedbels™ mode, or indirectly using the Distance and
Frequency”™ mode.

The redprocal of the loss is applied as a gain, e.g., a loss of +20 dB, which reduces
the signal by a factor of 10, corresponds to a gain value of 0.1,

Mote: The decbel amount shown on the mask is rounded for display purposes only.

Parameters

Mode: IDistance and Freguency -

Distance (km):
0,100

Carrier frequency (MHz):
1920

o) [Coma ) (8 ]|

apphf‘

Figure 7 — Parameters selection window for setting the operating
frequency and distance

To study the dependence of the error coefficient on the
attenuation in the communication line, various parameters
were set to set the loss in free space.

To calculate the transmission distance for a given
attenuation we solve the logarithmic equation:

4ndf

40=201g (10)

The calculation formula for
transmission range in general is:

determining the

Ly

_C-10®
4nf

To calculate the distance d (transmission distance for a
given attenuation), we solve the logarithmic equation
1n).

For the radio exchange of a Bluetooth device, the
frequency range 2400-2483.5 MHz is used. The capacity
of this frequency band is 79 subchannels with a
bandwidth of 1 MHz. The carrier frequency of the
subchannels f; = 2402 + k (MHz), where k = 0,...,78. To
reduce the complexity of transceivers, radio channels with
binary frequency modulation are used. The coding is
simple — the logical unit corresponds to a positive
frequency deviation, to zero — negative [22].

On 39th channel, carrier frequency will be equal:

d (I

£, =2402 +39 = 2441 MHz, (12)
on 79th channel
f, =2402 +78 = 2480 MHz. (13)
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So for channel 39:

1. Attenuation in free space from formula (7) at d = 2
m (the maximum distance at which Bluetooth is planned
to be used when both network nodes are located by one
user), f; = 2.441 GHz, is equal to:

4.7-2.441-10°

5 =40.19312 dB.
3-10

Ly=20lg (14)

2. Transmission distances determined by the formula
(11) when Ly=40 dB, f; = 2.441 GHz:

40
.10%-1020
d = L“ = 0.978011 m. (15)
4.7-2.441-10
For channel 79:

1. Attenuation in free space from formula (5) at
d =2 m (the traditional distance at which Bluetooth works
stably in practice) and f; = 2.441 GHz is equal to:

4.1-2.480-10°

g =40.3264 dB.
3-10

Ly=20lg (16)

2. Transmission distance from formula (11) when
Ly=40dB uf,=2.441 GHz:

40
3.10%.1020

(17)

Thus, for 39 and 79 channels, a difference in
attenuation of 0.133 dB was obtained, and a transmission
distance of 0.015 m.

The simulation result will be the values of the error
rate: bit error rate and frame error rate, which are
calculated by formulas (18) and (19), respectively [23]:

BER = i, (18)
By

FER =L (19)
Fy

4 EXPERIMENTS

Next, the conducted experiments will be described and
conclusions made on them.

Parameters of the first experiment: the Wi-Fi unit is
turned off, the simulation time ¢ = 0.5 (simulated
simulation clocks), the interference power is «white
noise» Input Power = 0.001 W.

The dependence of the following form is investigated:

BER = f(Es/No) | d = const.

Table 1 — BER, FER versus Es/No dependency, for Input
Power = 0.001 W

Es/ d=1m d=5m d=10m
No | BER FER BER FER BER FER
2 | 0.2390 1 0.2416 1 0.2438 1

5 | 0.1345 | 09174 | 0.1382 | 0.9009 | 0.1366 | 0.8960
8 | 0.0554 | 0.0218 | 0.0529 | 0.2030 | 0.0534 | 0.2256
11 | 0.0115 | 0.0075 | 0.0118 0 0.0121 0
14 | 0.0006 0 0.0009 0 0.0008 0
17 0 0 0 0 0 0
20 0 0 0 0 0 0

Let’s plot the studied dependences (Fig. 8).

The conclusion of Fig. 8: the error rates decrease with
increasing signal-to-noise ratio and are not significantly
dependent on the distance between the devices. This
allows you to provide high-quality communication at the
most frequently used in practice, the removal of devices
from each other.

Increase the input noise white power to 0.01 watts and
run the simulation again.

Let’s plot the studied dependences (Fig. 9).

The conclusion of Fig. 9: the error coefficients, as in
the previous simulation, decrease with increasing signal-
to-noise ratio and depend insignificantly on the distance
between the devices. An increase in the power of the
white noise signal entailed an increase in the number of
bit and frame errors compared to the previous simulation.

0'3 r 3
0,25
02 -
———TPER (1 m)
0,15
\ " BER (5m)
01
BER (10 m)
A

0,05 -

0 . e ey Es/No

2 5 8 1 14 17 20
a

12 T

1 - <~
0.8 \ ——FER (1 m)
0.6 \ FER (5 m)
0.4 \\\ FER. (10 )
02 ‘\

0 T ) —_— . »- Es/No

2 5 8 11 14 17 20

b
Figure 8 — Graph of BER and FER versus Es/No
for d = const and Input Power = 0.001 W
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Table 2 — BER and FER versus Es/No dependency for Input

Power =0.01 W

Es/ d=1m d=5m d=10m
No BER FER BER FER BER FER
2 | 0.4575 1 0.4610 1 0.4609 1

5 0.4276 1 0.4252 1 0.4261 1

8 | 0.3668 1 0.3643 1 0.3615 1

11 | 0.2747 1 0.2763 1 0.2761 1

14 | 0.1714 1 0.1717 | 0.9804 | 0.1658 0.9901
17 | 0.0797 | 0.4812 | 0.0771 0.4586 | 0.0777 | 0.4737
20 | 0.0212 | 0.0075 0.0206 | 0.0075 0.0216 | 0.0150

Once again, increase the white noise power Input
Power by 10 times to 0.01 W and perform the simulation

again.
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Figure 9 — Graph of BER and FER versus Es/No at d = const
and Input Power = 0.01 W

Table 3 — BER u FER versus Es/No dependency for
Input Power = 0.1 W

Let’s plot the studied dependences (Fig. 10).

The conclusion of fig. 10: as in the previous two
cases, the error coefficients decrease with increasing
signal-to-noise ratio and depend insignificantly on the
distance between the devices. An increase in the power of
the white noise signal by another 10 times again entailed
an increase in the number of bit and frame errors, and led
to the fact that all the received frames at all the studied
distances turned out to be erroneous.

Parameters of the second experiment: signal-to-noise
ratio = 10, white noise signal power = 0.001, simulation
time ¢ = 0.5 (simulated simulation clocks), Wi-Fi signal
power =0.1 W.

The dependence of the following form is investigated:

BER = f(Wi-Fi Ch) | d = const.
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Figure 10 — Graph of BER and FER versus Es/No at
d = const and Input Power = 0.1 W

Table 4 — BER u FER versus Wi-Fi Ch dependency for Wi-Fi

Power=0.1 W

Es/ d=1m d=5m d=10m
No BER FER BER FER BER FER
No
Wi-| 0.0206 | 0.0226 | 0.0196 | 0.0075 0.0215 0.0075
Fi

0 | 0.0207 | 0.0225 0.0402 | 0.0677 | 0.0335 0.0226
39 | 0.0330 | 0.0301 0.0374 | 0.0602 | 0.0362 | 0.0602
78 | 0.0277 | 0.0301 0.0344 | 0.0376 | 0.0408 | 0.0827

Es/ d=1m d=5m d=10m
No BER FER BER FER BER FER
2 | 0.4942 1 0.4937 1 0.4931 1
5 | 04918 1 0.4870 1 0.4887 1
8 | 0.4875 1 0.4805 1 0.4865 1
11| 0.4682 1 0.4662 1 0.4687 1
14 | 0.4382 1 0.4452 1 0.4342 1
17 | 0.3911 1 0.3891 1 0.3868 1
20 | 03113 1 0.3084 1 0.3079 1

Let’s plot the studied dependences (Fig. 11).
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The conclusion of Fig. 11: When interference with a
Wi-Fi signal of a relatively high power, the error
coefficients have a random distribution pattern, which can
be explained by the different influence of the signal in the
working frequency range of Bluetooth.

Reduce the power of the Wi-Fi signal to 0.01 and
explore.

Table 5 — BER, FER versus Wi-Fi Ch dependency for Wi-Fi

Power=0.01 W
Es/ d=1m d=5m d=10m
No BER FER BER FER BER FER
No
Wi-| 0.0206 0.0226 0.0196 0.0075 0.0215 0.0075
Fi
0 0.0242 0.0075 0.0366 0.0376 0.0278 0.0451
39 | 0.0270 0.0451 0.0302 0.0451 0.0429 0.0677
78 | 0.0248 0.0150 0.0293 0.0526 0.0222 0.0150
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Figure 11 — Graph of BER and FER versus Wi-Fi channel for
d = const and Wi-Fi Power =0.1 W

Let’s plot the studied dependences (Fig. 12).

The conclusion of Fig. 12: The error rates are mostly
extreme when connecting a signal source on a Wi-Fi
channel, the closest frequency range to the working range
of Bluetooth frequencies.

Once again, we reduce the Wi-Fi signal strength so
that it is equal to 0.001, and investigate.
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Figure 12 — Graph of BER and FER versus Wi-Fi channel for
d = const and Wi-Fi Power =0.01 W

Table 6 — BER, FER versus Wi-Fi Ch dependency for Wi-Fi
Power = 0.001 W

Es/ d=1m d=5m d=10m
No | BER FER BER FER BER FER
No
Wi-| 0.0206 | 0.0226 | 0.0196 | 0.0075 | 0.0215 | 0.0075
Fi
0 | 0.0210 | 0.0226 | 0.0278 | 0.0376 | 0.0262 | 0.0226
39 | 0.0230 | 0.0376 | 0.0302 | 0.0451 0.0330 | 0.0301
78 | 0.0211 0.0226 | 0.0244 | 0.0376 | 0.0228 | 0.0075

Let’s plot the studied dependences (Fig. 13).

The conclusion of Fig. 13: The error rates are
maximum when connecting the signal source on the Wi-
Fi channel, the closest frequency range to the working
frequency range of Bluetooth.

Third  experiment parameters:  signal-to-noise
ratio = 10, white noise signal power = 0.001, Wi-Fi signal
power = 0.01 W, Wi-Fi channel of the Wi-Fi transmitter
Ch = 39, distance d = 5 m. The dependence of the
following form is investigated:

BER =f(¢) | d = const.
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Figure 13 — Graph of BER and FER versus Wi-Fi channel for
d = const and Wi-Fi Power = 0.001 W

Table 7 — BER versus simulation time ¢

Simulation time BER1| BER2 | BER3 | BER4 BER,,
0.01 0.0191 | 0.0246 | 0.0155 | 0.0228 | 0.0205

0.05 0.0240 | 0.0151 | 0.0246 | 0.0240 | 0.02191
0.1 0.0574 | 0.0447 | 0.0406 | 0.0247 | 0.04185

0.5 0.0356 | 0.0397 | 0.0335 | 0.0315 | 0.0351

1 0.0309 | 0.0400 | 0.0407 | 0.0273 | 0.0347

5 0.0358 | 0.0351 | 0.0374 | 0.0366 | 0.0362

10 0.0387 | 0.0383 | 0.0339 | 0.0374 | 0.0371

Table 8 — FER versus simulation time ¢
Simulation time FER 1| FER2 FER 3 FER 4 FER,,
0.01 0 0 0 0 0

0.05 0 0 0.0769 0 0.0192

0.1 0.1111 | 0.0741 | 0.0370 | 0.0370 | 0.0648

0.5 0.0677 | 0.0451 | 0.0301 | 0.0451 | 0.0470

1 0.0375 | 0.0599 | 0.0674 | 0.0300 | 0.0487

5 0.0533 | 0.0443 | 0.0488 | 0.0503 | 0.0491

10 0.0516 | 0.0642 | 0.0465 | 0.0533 | 0.0539

Let’s plot the studied dependences (Fig. 14).
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Figure 14 — BER and FER versus simulation time ¢ dependency
for d = const

The conclusion of Fig. 14: the graphs show an
extremum at 0.1 conditional clock cycles of modeling, but
this is a consequence of a random set of transmitted data
and the random nature of the interference. When
conducting repeated simulations, the extremum may
correspond to a different value of the simulation time, or
it may be absent altogether (modeling was carried out, but
the graphs are not given). There is also averaging and
stabilization of the values of bit and block errors with
increasing simulation time.

Parameters of the fourth experiment: signal-to-noise
ratio = 10, white noise signal power = 0.001, Wi-Fi signal
power = 0.01 W, Wi-Fi channel of the Wi-Fi transmitter
Ch = 39, distance d = 5 m, simulation time ¢ = 0.5
(conditional cycles of modeling). The dependence of the
following form is investigated:

BER =f(HV) | d = const.

Table 9 — BER and FER versus Bluetooth transmission packet

type
Packet type BER FER
HV1 0.0296 0.0324
HV2 0.0395 0.0498
HV3 0.0368 0.0602

Let’s plot the studied dependences (Fig. 15).
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Figure 15 — BER and FER versus packet type dependency for
d = const
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The conclusion of Fig. 15: the smallest value of bit
and frame errors is observed when using a packet of type
HVI1. Also noticeable is the change in the difference
between the values of bit and block errors when
transmitting different packets. This is due to the
peculiarities of data structures in packets of different

types.

5 RESULTS

As a result of the theoretical studies, dependencies are
obtained that are essential for the design of wireless
control channels, reliability indicators for interference
characteristics, signal power, distance, the presence of
sources of interfering signals of other technologies, etc.
Analytical dependencies were determined, the influence
of parameters on the integral indicators of reliability was
investigated, their graphic illustrations were obtained, and
an analysis of their nature was made.

The simulation circuit model of a wireless control
system that implements the communication technology
under study in the modeling package MatLab Simulink is
investigated. With its help, experimental studies were
carried out. They confirmed the introduced mathematical
position. Another purpose of the studied models is the
tasks of analysis and synthesis of control systems with
given indicators of reliability and efficiency.

6 DISCUSSION

The several wireless technologies are selected for
comparison: Bluetooth, Wi-Fi, ZigBee [7]. The protocol
specifications similar in technical characteristics (IEEE
802.11b and IEEE 802.15.4) are chosen. A comparison is
based on the results of data presented in scientific
publications and open information sources [14, 16, 17,
20]. The comparison was carried out according to several
basic characteristics: the signal-to-noise ratio, power
consumption, transmission speed, noise immunity. The
conclusion of comparison is Bluetooth technology has
large advantages. Therefore, it was chosen for modeling
and research in order to obtain effective characteristics for
configuration in the developed device.

The studies of reliability indicators of the wireless
control channel between the smartphone and the hearing
aid and the resulting dependencies were used for choosing
the configurations and settings of the control system
elements. For given technical conditions — the signal-to-
noise ratio, protocol type, packet size, distance between
devices, the presence or absence of other signal sources,
one can select such settings to ensure maximum reliability
of information speed for high efficiency of using the
resources of the developed control system.

CONCLUSIONS
The results of the study confirmed that to solve the
problem — “Wireless interaction between the smartphone
and hearing system”, Bluetooth LE technology meets all
the requirements for frequency and energy characteristics.
The scientific novelty of the presented results lies in
the fact that, as a result of analytical and experimental

research, the nature of the influence of interference
parameters, transmission channel characteristics and
network configuration on the appearance, structure and
level of errors in the operation of the wireless control
system was revealed.

The practical significance of the results of the work
lies in the implementation of simulation circuit models of
a wireless control system using the selected wireless
transmission technology. They allow you to perform
studies of reliability indicators and evaluate the
effectiveness of using reliability indicators for various
interference characteristics, device parameters and system
configurations. Models are an effective toolkit for the

analysis and synthesis of control systems with
predetermined indicators of reliability and energy
efficiency.

Prospects for further research are expected in the
development of algorithmic and software tools for
calculating and comparative analysis of the characteristics
of wireless communication technologies to select an
effective data transfer platform for control systems.
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PO3POBKA I JOCJILIX)KEHHA BE3IPOTOBUX CUCTEM YIIPABJIIHHS TPUJIAJOM «BIOHIYHE BYXO»
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IlepMcpkmii AepkaBHUN MeOUYHUHN yHiBepcHTeT iM. akageMika O. O. Barnepa, m. Ilepm, Pocis.

T'ypxo B. A. — crapmmii Bukiagad kageapn «ABTOMATHKA i TeneMexaHikay, [lepMchkuil nepxaBHHH TeXHIYHHI yHIBEpCHTET,
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Pocis.
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AHOTAIIA
AxTyanbHicTs. [IpoBeneHo aHaii3 NMOKa3HMKIB JOCTOBIpHOCTI mepenadi iHdopmarii Mixk enemeHTamMu Oe31pOTOBOI CHCTEMH
YIPaBIiHHA — KEPYIOUYHM IPHCTPOEM, peai3oBaHHM Ha cMapT(oHi, i KOMYyHIKalifHUM IPOLIECOPOM CTBOPIOBAHOTO CIIyXOBOTO
amapaty. OO0’€KTOM [OCIHI/KEHHSI € MOKa3HUKU JOCTOBIPHOCTI Oe3IpOTOBOr0 KaHaly ympaBiiHHs. IIpeaMer mocCmimkeHHs —
TEOPETHYHUH 1 EKCIePUMEHTAJIbHUN aHali3 3aJe)KHOCTEH IMOKa3HHWKIB JIOCTOBIPHOCTI MPOEKTOBaHOI OE3APOTOBOI CHCTEMHU
YOpaBITiHHS.
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Meta poboTn. BusHaueHHS i JOCTIDKEHHS aHANITUYHUX 1 EKCIEPUMEHTAIBHHUX 3aleXXHOCTEH ITOKa3HHKIB JJOCTOBIPHOCTI
nepezadyi o 0e3ApoToBOMY KaHaIy YIPaBJIiHHS Bijl BIACTUBOCTEH KaHAITy 3B’SI3KY 1 HAIAIITYBaHb €IEMEHTIB CHCTEMH, (OpMyBaHHS
peKoMeH iaNiil HaJalTyBaHHs [TapaMeTpPiB eJIEMEHTIB CUCTEMH YIPaBIIiHHS.

Metoau. Bukopucrano eaeMeHTH Teopil HAIIHHOCTI AJIsl BU3HAYCHHS 3aJI€KHOCTEH Koe]ilieHTiB OITOBHX i GJIOKOBHUX ITOMHJIOK
Bil BIACTHBOCTEH KaHaly 3B’s3Ky KOH(QIryparii eJeMeHTIB cucTeMu ymnpaBiiHHA. OTPUMaHO aHAJNITHUYHI CHiBBIAHOIICHHS IS
BH3HAUEHHS ITOKa3HWKIB JOCTOBIPHOCTI mepeladi 3 ypaxyBaHHSAM MOXXJIMBHUX CIIOTBOPEHb CHUTHAMIB. JIOCHIIKEHO 3aJIeKHOCTI
MOKAa3HUKIB JOCTOBIPHOCTI BiJ MapaMmeTpiB €JIEMEHTIB CHUCTEMH YNpPaBIiHHA, HaBEICHI ULIIOCTPYIOTH NpuKiIagn. Po3pobieHo
IMiTamifiHI CXEMOTEXHIYHI MOJENI CHCTEeMH YIpaBIiHHA 3 oOpaHoi Oe3ngpoToBoi TexHoioriel Bluetooth. Ilposeneno
eKCTIepUMEHTaJIbHI JOCIIDKEHHS, Ha MiJICTaBl OTPUMaHHUX JAaHUX 3pOOJIEHO BICHOBKH 1 3alIpOIIOHOBAHI PEKOMEHJALIIT 010 BHOOPY
KOH(]Irypamiii CUCTEeMH YIPaBIiHHI 3 METOI 3a0C3MCUCHHS 3a/IaHUX MMOKA3HHUKIB JJOCTOBIPHOCTI MPH MaKCHMAIIbHIH €()eKTHBHOCTI
(iHpopMmaniitHol MBUAKOCTI Nepenadi).

PesyabraT. OTprMaHi 3aJ€XKHOCTI MMOKa3HUKIB 1OCTOBIpHOCTI (KoedirieHTH 6iTOBUX 1 OIOKOBHX IOMUIIOK) Bifl BIIaCTHBOCTEH
06e3qpoTOBOrO KaHaly mepenadi iHopmamili i mapaMerpiB €JIEMEHTIB CHCTeMH ympaBiiHHsi. Hagano pexomenpanmii 1ozo
BUKOPUCTAHHA OTPUMAHUX PE3yNbTaTiB MpH BHOOPI HaNAIITyBaHb KEPYIOUOTro eleMeHTa (cMapT(oHa) i KEpOBAHOTO €JIEMEHTa
(KOMyHIKaIiifHOTO TIpoIiecopa CIyXOBOTO amapary). s mpoBeNeHHS eKCIEePHMEHTANBHUX JOCHIIKEHb CTBOPCHO 1 HANAIITOBAaHO
MOJIEITi CHCTEMH ypaBiiHHs B cepenopurni MathWorks MatLab Simulink.

BucnoBkn. IlpoBeneni B poOoTi IOCHIKEHHS TO3BOJISIIOTH PO3paxyBaTH i OOIPYHTOBAaHO BHOpATH IapaMeTpH IPUCTPOIB
0e3pOTOBOI CHCTEMH YNPABIiHHS Ul 3aJaHUX IOKa3HUKIB JOCTOBIPHOCTI 3 ypaxyBaHHSM MOJeJi MOBEIIHKH IIOMUJIOK B KaHAaJi
nepesadi i HUIAMTYBaHb CYIyTHHOrO 00ianHaHHs. L{e 1ae MOXKIMBICTh IPOEKTYBATH 1 peaizyBaTh HaAilHiI CUCTEMH YIPaBIiHHS 13
3aaHUMH IOKa3HUKAMH TOCTOBIPHOCTI Ta MaKCUMAabHOT iH(OpMaLiiiHOT IIBHAKICTIO Mepenadyi.

KJIIOYOBI CJIOBA: indopmaiiiiHo-Kepyrodi CHCTEMH, T0CTOBIPHICTh, KOeillieHT MOMMIOK, Mozielb, Bluetooth.
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AHHOTAIIUSA

AxTyanbsHOCTh. [IpoBeneH aHanm3 mokasaTeneil JOCTOBEPHOCTH Iepefadr MH(OpMaIMu MexIy dJIeMEeHTaMH OecIipOBOJHOM
CHCTEM YIpPABICHUSI — YIPABISIONMM YCTPOWCTBOM, PEAIM30BaHHBIM Ha CMapT(OHEe, ¥ KOMMYHHKAIMOHHBIM IPOLECCOPOM
pa3pabaTbiBaeMOro CiryxoBoro ammapara. OObEKTOM HCCIIC0BaHUS SABIISIOTCS [10KA3aTeIN JJOCTOBEPHOCTH OECIPOBOAHOIO KaHaja
ynpasienus. [IpeaMer nccnenoBaHus — TEOPETUYECKUI M SKCIIEPUMEHTANBHBIH aHaIN3 3aBUCUMOCTEH MOKa3aTesied J0CTOBEPHOCTH
MIPOEKTUPYEMOH OECIIPOBOAHON CHCTEMbI yIIPaBICHUS.

Ieanr padorel. OmnpeneneHue W UCCIENOBAHME AHAIUTUYECKMX W SKCIICPMMEHTANbHBIX 3aBHCHMOCTEH IIOKasarelneid
JIOCTOBEPHOCTH Iepeliayn 1o OecIpOBOAHOMY KaHaly yNpPaBJCHHS OT CBOMCTB KaHaja CBA3M U HACTPOCK DJIEMEHTOB CHCTEMBI,
(bopMupoBaHHEe pEeKOMEH AN HACTPOHKE MapaMETPOB SJIEMEHTOB CHCTEMBI YIIPABJICHHUS.

MeTtoasl. Mcnons30BaHbl 3JIEMEHTHl TEOPUHM HAAEKHOCTH JUIS ONpPEAENCHHS 3aBUCHMOCTeH KOd((UIMEHTOB OHTOBBIX M
OJIOKOBBIX OIIMOOK OT CBOWMCTB KaHaJla CBSI3M KOH(MUTYpAIlMM DJIEMEHTOB CHUCTEMbI ymnpapieHUs. [lomydeHBl aHanMTHYECKHE
COOTHOLICHUS JJIsI OTIPECIICHNS IT0Ka3aTeNeil JOCTOBEPHOCTH Iepelaul ¢ Y4eTOM BO3MOXKHBIX MCKa)keHUIT curHainos. McciienoBaHsl
3aBUCHMOCTH IIOKa3aTejel JOCTOBEPHOCTH OT IapaMeTPOB 3JIEMEHTOB CHCTEMBI YIPaBICHUS, MPUBEICHBI WILTIOCTPUPYIOLINE
npuMepbl. Pa3paboTaHbl MMUTALMOHHBIE CXEMOTEXHMYECKHE MOJENIM CHCTEMbl YNpaBICHHS C BBIOPaHHOH OecrnpoBOJHOM
texHonoruei Bluetooth. ITpoBeneHs! SKcIIepUMEHTaIbHBIE UCCIICIOBAHMS, HA OCHOBAHHUH TIOJTYUYECHHBIX JAHHBIX C/IENaHbI BHIBOIbI U
NPEeUIOKEHBl PEKOMEHIALMH 110 BBIOOPY KOH(QHIypalMii CHCTEMBI YIPABJICHUS C LEJbI0 00CCIeYeHUs 3aJaHHBIX MOKas3aTenel
JOCTOBEPHOCTH MPU MaKCUMAaJIbHOM 3P PEeKTUBHOCTH (MH(OPMALTIOHHOH CKOPOCTH TIEpeIaun ).

PesyabTarsl. [lomydeHB! 3aBHCHMOCTH MOKa3aTelled TOCTOBEPHOCTH (KOX(QUIMEHTH! OUTOBBIX M OJOKOBBIX OMIMOOK) OT
CBOIfCTB O€CIIpOBOHOTO KaHaja repeadl HHPOPMAIHH U IIapaMeTPOB IEMEHTOB CHCTEMBI YIpaBiIeHHs. JJaHbl peKOMEHJaluH 110
UCHOJIb30BAHUIO MOJIyYEHHBIX PE3YJIbTaTOB IIPU BBIOOPE HACTPOEK YIPABISIOIIETO 3IEMEHTa (cMapT(oOHA) M YIpPaBISIEMOro
3JIeMeHTa (KOMMYHHKAIIMOHHOTO IPOLIECCOpa CIIyXOBOro amnmnapara). s poBeieH s SKCIIePUMEHTaJIbHBIX UCCIICI0BAaHUH CO3/1aHbl
Y HACTPOEHBI MOJIENU CUCTeMBI yrpasieHus B cpeae MathWorks MatLab Simulink.

BeiBoasbl. [IpoBeneHHble B paboTe MCCIIENOBaHHMS MO3BOJIIOT PACCUMTaTh U OOOCHOBAHHO BBIOpAaTh IapaMeTpbl YCTPOHCTB
OeCIIPOBOIHOM CHUCTEMBI yIPaBICHUS I 3aaHHBIX [TOKA3aTENeH OCTOBEPHOCTH C y4ETOM MO/ICNH MOBEACHHUS OILIHOOK B KaHaie
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