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ABSTRACT

Context. The problem of creating a model of transmission and transformation of information has been resolved, the processes of
information transformation in transmitters and receivers have been considered, the process of influence of the destabilizing factors in
the communication channel has been investigated.

Objective. The study aims to create a mathematical model of the communication channel, taking into account the destabilizing
factors that affect the transmission channel and control the correctness of the communication channel model.

Method. A mathematical model, which evaluates the stability of the signal in the communication channel at the stage of design-
ing telecommunication systems for various purposes, taking into account the effects of destabilizing factors in the environment of
information signal transmission, is proposed. It is also a proposed method of determining the parameters of information signals in the
communication channel and the increase in the bandwidth during exposure of external destabilizing factors on the signal transmission
medium in the communication channel.

Results. A mathematical model of the communication channel was obtained, which takes into account external destabilizing fac-
tors that can affect the communication channel and equipment. The developed model contains a method of verification, which allows
determining its correctness.

Conclusions. The method of information transfer has been improved by adding a verification method. The value of the bit error
obtained during the simulation of the communication channel coincides with the value of the bit error during the verification process,
which indicates the correctness of the considered mathematical model of the communication channel. The modeling of the communi-
cation channel confirmed the adequacy of the proposed method of modeling the communication system, so this method can be rec-
ommended for use in the design and research of telecommunications systems.

KEYWORDS: communication channel, modulation, communication quality, signal recovery, demodulation, filtering.

ABBREVIATIONS S is a signal strength;
QPSK is a Quadrature Phase Shift Keying; P, is a probability of error in binary;
MIMO is a Multiple Input Multiple Output; P, is a probability of erroneous character reception;
OFDM is an Orthogonal Frequency-Division Multi- P,;, is an equivalent probability of error;
plexing; fois a frequency
LC-ROF is a linear-cell-based radio-over-fiber; tis a time;
LTE is a Long-Term Evolution; a is an independent coefficient;
VLC is a Visible Light Communication; b is an independent coefficient;
PLC is a Power Line Communication; 0 is a signal phase;
BER is a Bit Error Rate; s(?) is a full signal emitted at any time
AWGN is an Additive White Gaussian Noise; N is a noise power;
BPM is a binary phase manipulation. v is a signal-to-noise power ratio;
Y, is a normalized signal-to-noise ratio.
NOMENCLATURE
M is the number of characters in the alphabet; INTRODUCTION
R is a source performance; The design of telecommunication systems requires a
Ty is a time interval; careful study of the principles of information, the proper-
k is the number of binary units of information in one  ties of communication channels, as well as existing sys-
character; tems for transmitting and receiving signals. The rapid
T is a signal duration; pace of development of science and technology has
n is the number of binary signals; caused the growth of industry and telecommunications
E is the energy that falls on the M-th symbol; services.

E, is the energy per binary unit (bit) of the source;
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Selecting and designing a communication channel
without proper study of the systems that affect the trans-
mission medium can lead to complete or partial data loss.
The first step in preventing the loss of information in
communication channels during the development of data
transmission systems is to model the processes of conver-
sion and transmission of information taking into account
external influences.

The task of developing a mathematical model of
transmission and transformation of information, including
transmitter and receiver, is relevant and determines the
direction of research.

The object of the study is the process of formation,
transmission, and recovery of radio signals.

The purpose of the study is to create a mathematical
model of a communication system that takes into account
the destabilizing factors that act on the transmission chan-
nel and controls the correctness of the communication
channel model.

1 PROBLEM STATEMENT

In almost every electrical measurement or generated
signal, there are unwanted components that mix with the
useful signal. Noise is an unwanted component of a signal
from any source. If the required signals are very weak,
they can be completely lost against a background of
higher noise levels.

In general, sources of unwanted noise power can be
classified as internal or external noise. Internal noise oc-
curs when unwanted random signal power appears at the
output of an electronic device, despite its absence at the
output of the device that generates the useful signal. In-
ternal noise is generated inside the device. On the other
hand, the power of external noise is regarded as combined
unwanted sources of electrical signal that are received by
the device from any external source.

All the above facts are the cause of errors in detecting
a useful signal. To avoid such errors, it is necessary at the
stage of designing communication systems to analyze the
resistance of the system to external and internal interfer-
ence using mathematical modeling.

To achieve this goal, a mathematical model was pro-
posed, the essence of which is as follows. It is suggested
to choose a mathematical model of the communication
system as input data. This model should receive informa-
tion modulating signals that can be obtained using a ran-
dom number generator. In the mathematical model of the
transmitter, the carrier frequency signals are modulated.
These signals are summed and transmitted to the commu-
nication channel, where they are exposed to external in-
fluences generated by the simulation system. In the re-
ceiver, the additive mixture of signals is restored by a
demodulator, which is described by the difference equa-
tion and uses bandpass filters. The degree of similarity of
the recovered signal to the modulating signal in the com-
munication channel model is estimated by the probability
of bit error by comparing the signal at the input of the
communication system model and the output of the
model. The Bit Error Rate Analysis Tool of the MATLAB

software package is used to verify the correct operation of
the communication system model.

2 REVIEW OF THE LITERATURE

In [1] the methods and algorithms of frame synchroni-
zation used in multi-antenna radio communication sys-
tems for orthogonal space-time block coding were con-
sidered. However, it did not evaluate the noise immunity
of the signal when using QPSK modulation, which is not
entirely consistent with the integrity of the information
during the transmission session over the communication
channel.

In the study [2] a method for solving the problem of
identification of emergencies in the power supply system
on the railway, using set theory, was proposed. However,
the issue of transmitting diagnostic information to a re-
mote operator was not addressed and the effect of destabi-
lizing factors on the communication channel was not as-
sessed. Such assessment is necessary to ensure the integ-
rity of the information. In addition, due to remote moni-
toring of the system parameters, it is possible to identify
an emergency or prevent its occurrence more quickly.

A complex mathematical model of a MIMO commu-
nication channel is proposed in [3]. The destabilizing fac-
tor is the additive Gaussian white noise there, which is
common in the design of radio communication systems.
This is because the additive Gaussian white noise refers to
the fluctuation noise, which is represented as the sum of
several independent oscillations. Fluctuation noise is a
stationary ergodic random process with a Gaussian (nor-
mal) probability distribution, according to the central limit
theorem. The spectral power density of the fluctuation
noise always depends on the nature of the physical proc-
ess of its formation. Most of the interferences that occur
in practice belong to the group of additive interferences.
This paper does not consider the effect of unintentional
interference on the communication channel.

In [4] the noise immunity of existing radio lines with
noise-like signals and digital types of modulation was
investigated. To increase the noise immunity of commu-
nication systems, it was proposed in [4] to use non-
stationary signal structures with variable center frequency
and power spectral density. However, when assessing the
potential noise immunity of radio lines, only the probabil-
ity of a symbolic error in the radio channel is taken into
account, which does not allow to take effective measures
to adapt to the situation in the communication channel.

The study [5] developed a system of quantitative indi-
cators of information security of the marine infrastructure.
However, mathematical models of the communication
system have not been developed and the impact of exter-
nal influences on the communication channel has not been
assessed, which indicates the lack of stability of the com-
munication system used to external influences of inten-
tional and unintentional interference.

In [6], the possibility of increasing LTE performance
by using MIMO systems and frequency distribution
methods is proposed. The authors [6] used OFDM tech-
nology. Analysis of the operation of OFDM technology
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showed that in the case of spectrum-concentrated interfer-
ence, it is impossible to translate the carrier frequency
signal into another range. As a result, some of the infor-
mation transmitted over the communication channel will
be lost because the frequency range through which the
information is transmitted has been affected by external
interference. As a result, the authors of [6] did not suffi-
ciently substantiate the noise immunity to intentional and
unintentional interference of the developed transmission
channel using LTE technology.

The study [7] considered a system with changing pa-
rameters and used the difference-phase modulation of the
second order, as well as the resistance of such a system to
additive interference. As a result, it was possible to reduce
the Doppler effect caused by the movement of the object
and interference in the communication channel. Improv-
ing the quality of communication using the method pro-
posed in [7] is due to the use of Phase-Difference Modu-
lation. However, the effects of artificial interference were
not taken into account, which certainly led to a deteriora-
tion in the quality of communication.

[8] considers the LC-RoF radio communication sys-
tem, which allows transmitting mobile communication
without hard transmissions during high-speed train
movement. Hard transmissions occur when the range of
radio transmitters is exceeded. As a result, the user may
lose connection to the Internet or data. The developed
system was tested on a Shinkansen high-speed train
owned by the West Japan Railway Company. The LC-
RoF system can have two configurations: routing with
wavelength division and routing based on an optical
switch. When testing the LC-RoF radio system, only less
efficient routing systems based on an optical switch were
used. Scientists in [8] did not fully take into account the
effect of external interference of artificial origin on the
optical and radio data transmission.

In [9], a rather promising data transmission system
was proposed, which combines VLC (Visible Light
Communication) and PLC (Power Line Communication)
technologies. As for disadvantages of the developed sys-
tem in [9], it is shown that in the case of PLC, the trans-
mission medium is shared between all subscribers, and
the quality of the data transmission medium depends on
the installation quality of the power supply system and is
exposed to shortwave radio transmitters. The PLC signal
transmission medium to the first transformer junction is
running. It is shown that PLC modems will be affected by
low-quality power consumers. When using the VLC sys-
tem, subscribers must be in the line of sight, and the qual-
ity of data transmission depends on the operating condi-
tions. It is known that the VLC system is negatively af-
fected by solar radiation. The disadvantage is that the
issue of intentional interference to the communication
channel has not been fully addressed.

In [10], a high-frequency radio communication system
with a millimeter band of 41 GHz was proposed. To pro-
tect against the effects of atmospheric phenomena, the
authors proposed to use narrowly directed antennas with a
high gain. The disadvantages of this system include the

fact that the transmitter and receiver of the radio signal
must be in the line of sight, which complicates the appli-
cation on rough terrain. However, when assessing the
potential noise immunity of radio lines, the probability of
a symbolic error in the radio channel is not investigated,
which does not allow to take effective measures to adapt
to the situation in the communication channel.

In [11], a chaotic scrambling algorithm was used to
increase the stability of the communication system from
artificial interference. Gaussian noise was added to the
mathematical model to be studied to model the communi-
cation channel. As a disadvantage, it should be noted that
the probability of bit error was not estimated. This disad-
vantage does not fully assess the resistance of the pro-
posed algorithm to artificial interference.

Scientists in [12] solved the problems of design and
analysis of control protocols for discrete-time multi-agent
systems of the second order. Interference related to the
time delay on equipment and communication channel has
been simulated. The disadvantage of this study is that the
effect of artificial interference on the communication
channel has not been evaluated.

In [13] the problem of control of energy consumption
and distribution of resources in the radio communication
system was solved. As a disadvantage of this work, it
should be noted that the quality of interference to the
communication channel was taken into account only fluc-
tuating interference. Other types of artificial interference
were not considered.

In [14] the research of the system of mobile access
points using millimeter waves for communication of high-
speed trains, and the design of the extended system of
mobile access points, including the specification of the
physical layer and the single-frequency network, is pre-
sented. Experimental studies were conducted on the Seoul
subway line. The simulation results showed that the ex-
tended system of mobile access points can provide broad-
band mobile wireless communication with a peak data
rate exceeding 5 Gbps at a train speed of 500 km / h.
However, when assessing the immunity of radio lines, the
probability of a symbolic error in the radio channel is not
investigated, which does not allow us to take effective
measures to adapt to the situation in the communication
channel.

A group of researchers in [15] considered the charac-
teristics of the channel in the range of millimeter waves of
the 5G communication standard for typical routes of high-
speed rail communication system, including urban, rural,
and tunnel, with straight and curved route shapes. Based
on the obtained results, proposals were made to improve
the symbol rate, subframe bandwidth, and polarization
configuration for use in the design of a 5G communica-
tion system on typical routes of a high-speed railway
communication system. However, when assessing the
immunity of radio lines, the probability of a symbolic
error in the radio channel is not investigated, which does
not allow us to take effective measures to adapt to the
situation in the communication channel.
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The efficiency of receivers and transmitters in noisy
conditions depends on the choice of modulation methods,
coding, and scheme of the receiver and transmitter. In
works [1-15] this is not fully taken into account.

3 MATERIALS AND METHODS

Binary systems use two waveforms to transmit source
binary symbols, each of which may contain one binary
unit (or one bit) of information. However, with a larger
alphabet of signals, each symbol sent can carry much
more information. In particular, the alphabet containing M
characters (M different signals) allows you to transmit
binary units of information for each sent character. M-th
signals can be formed by multi-position manipulation of
the oscillations of the carrier in the amplitude, frequency,
phase.

The block diagram of a typical data transmission sys-
tem is shown in Fig. 1. It is assumed that the message
source generates statistically independent equally prob-
able binary symbols with a rate of R symbols per second,
where R is the performance of the source. This assump-
tion is valid because the message of any source can be
converted into a sequence of equally probable binary
characters using the appropriate encoding method. Each
symbol of the source in question carries one binary unit of
information. Over the time interval, the T), source creates
one of the M =2 different equal-sequence sequences
of binary symbols, each of which contains RT), binary
units of information.

The encoder divides the sequence generated by the
source into blocks with k& = RT), symbols in each and
sends a command to the modulator to generate one of the
M = 2* possible signals. In binary systems, k = 1 and the
modulator selects only two possible signals with a dura-
tion of 7= Tj;= 1/ R each. When using coding with alge-
braic binary code, the encoder receives blocks with k> 1
source symbol. The encoder sends to the modulator a
command to generate one of M = 2* different sequences
(codewords); any such sequence consists of n binary sig-
nals (where n> k) with duration 7= TM / n each. During
the reception, the demodulation of individual binary sig-
nals with a duration of 7, and not the whole sequence, the
duration of which is equal to T, Then the demodulation

results are fed to a logic circuit that converts n decisions
made by the demodulator into k information symbols. In
the M-th system, the encoder also receives blocks with
k> 1 binary source symbols and sends a command to the
modulator to generate one of the M = 2* different signals
with a duration of T, However, in the receiver, the in-
coming signal is considered indivisible and is processed
as a whole.

The modulator sends the selected signal to a commu-
nication channel in which this signal is distorted by addi-
tive white Gaussian noise. Depending on the context, the
signal transmission speed will be understood as either the
M-symbol transmission rate (1 / Tj,) or the source per-
formance (1/ 7).

On the receiving side, in the case of a binary system
without encoding information, a decision is made on the
incoming signal as to which symbol was transmitted, and
one of two possible values is issued. This eliminates the
need for a decoder because the result of the decision (de-
tection) is directly a binary digit that contains one binary
unit of information. In a binary system with algebraic
coding under the action of each binary signal, the de-
modulator (the first decision circuit) produces one of two
possible values of its output value, and then the decoder
converts each block of the output values of the demodula-
tor into a sequence of k binary symbols. In M-systems, the
demodulator converts each M-signal into one of the M
possible values of its output value. In turn, the decoder for
each of the M possible values of the input signal produces
a certain sequence of & binary characters.

An objective comparison of so many different systems
is quite a difficult task. If the frequency band of the sys-
tem is insignificant (this assumption is often true when
using M-signals or algebraic codes), it is more appropriate
to compare systems at the same data rate.

The energy per binary unit (bit) of the source E; is re-
lated to the energy £ on the M-th symbol represented by
the formula

Source of notifications Coder Modulator
A 4
Channel
\4
Recipient of notifications < Decoder Demodulator

Figure 1 — Block diagram of the data transmission system
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where k& is the number of binary units of information in
one character. The signal strength S, at a fixed perform-
ance of the source R, is determined by the formula:

S =E’R.

When comparing communication systems, it is pro-
posed to use the probability of erroneous reception of the
symbol, rather than the probability of erroneous reception
of the binary unit, because between these two quantities
there is no single universal deterministic relationship.
Such specific relationships can be formulated for individ-
ual cases. Probably the most general assumption that will
link the probability of erroneous reception of a character
with the probability of erroneous reception of a binary
unit is the following: if any M-th character is received
incorrectly, the decoder randomly selects & binary charac-
ters corresponding to each of the others (2°') M charac-
ters. Further, if there is a set of M k-bit binary sequences,
then M/2 of them contain in some arbitrary digit binary
number 1, and the rest M/2-binary number 0. Then from
24" possible erroneous solutions, 2! — 1 contain in this
digit the same binary number as the transmitted sequence.
The remaining 2 sequences contain the opposite num-
ber in this digit. Under such assumptions, the average
probability of erroneous reception of the binary unit (the
probability of error in binary digit) P,, is related to the
probability of erroneous reception of the symbol P, by the

ratio
k-1
2 1 P
Foy =l % Pe:H—e'

2k

()

In this case, relation (1) indicates the probability limit
of erroneous reception of the symbol P,:

P

e
<—F— 2
9] 2(1_ 2—k) ( )
For large k, the limit defined by (2) practically coin-
cides with
F,, <0.5F,.

If the bandwidth of the system is limited, it is advis-
able to compare systems that occupy the same radio fre-
quency band. Unfortunately, the spectrum width of the M-
th or coded signal depends on the type of system. For
signals with multi-position amplitude manipulation
(multi-level signals), the width of the signal spectrum is
essentially independent of M. However, at large M, this
method of manipulation does not provide sufficient noise
immunity during radio communication. When using fre-
quency-manipulated or other orthogonal signals most
commonly used in radio communications, the bandwidth
of the system is proportional to M. At the same time, in
all these systems, the data rate is proportional only to

log, M . Assuming that the value of M and the data rate

are given, the graph of the probability of erroneous sym-
bol reception from the signal-to-noise ratio can be consid-
ered as a curve taken at some fixed bandwidth of the sys-
tem (in the whole range of signal-to-noise ratio).

It is shown that a more objective characteristic of the
noise immunity of a discrete communication system than
the probability of erroneous reception of the symbol Pe
and the probability of erroneous reception of the binary
unit P,, is the equivalent probability of error P,,. It is
defined as the probability of error in the binary channel
when transmitting without redundant coding, in which the
probability of error-free reception of a long segment of
the message is the same as in this system. In particular, in
the case of M-position redundant coding, it is possible to
determine the equivalent probability of Rape error by the
expression

P

— e
log, M~

The problem of integrated design of communication
systems, which usually consists of a compromise between
the quality of the system, data rate, and bandwidth is a
task with many unknowns and does not always allow to
find a single universal basis for comparing communica-
tion systems. using M or coded signals.

The transmission of information through the use of
several phases of the same tone signal is a natural gener-
alization of the method of binary phase manipulation.

Consider a four-phase system in which when using a
binary signal BPM with phases, for example, 0°— 180°
can be transmitted completely independently, for coherent
detection, on the same carrier another binary signal with
phases 90°-270°. One signal can be considered as a result
of balanced modulation (multiplication by + 1) oscilla-
tions cos2mfyt, and the other as a result of balanced

err

modulation of oscillations sin2nfyz . The input signal

after filtering is fed to two coherent detectors. One of
them wuses the reference oscillation of the species
cos2mfyt (with compensation for phase shifts occurring

in the transmission medium and the receiver filters) and
emits the first signal and in-phase noise component. An-
other coherent detector uses a reference oscillation of the
form sin2mnfyt and extracts the second signal and the

quadrature component of the noise. It is shown that at any
given moment of the hour, for example, at the moment of
seeing a two-way virtual scheme, offending warehouses
to the noise of an area. In such a rank, with the same
smoothness of frequencies, it is possible to improve the
speed of transmissions. According to the average value of
the recipient, two units of the visa are assigned to S7/n,,
wherein in this case, S is the power of one of the two
quadrature signals. Hence, to double the transmission
speed with a constant probability of erroneous reception
requires doubling the radiated power. It is established that
there are no other values of the carrier phases that could
be used to transmit another signal of binary BPM, free
from cross-interference from the already considered two
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quadrature signals. This does not mean that other binary
BPM signals can be transmitted on this carrier, for exam-
ple, with phase values of 45°-225° i 135°-315°. It is es-
tablished that due to the presence of crosstalk, which re-
duces the signal resolution in the additive noise, the total
radiation power should grow not in proportion to the
number of binary signals combined, but much faster.

In the above case, the formation of binary signals
BPM on each of the quadrature components of the carrier,
the signal emitted at any time can be represented by the
expression

s(t) = acos2mfyt + bsin 27fyt,

where for each signal element a and b are independent
and take the value +1 or —1. It is known that the signal
emitted at any time can be recorded as

s () =2 cos(cos 2yt + 0), (3)
where O takes one of the values 45°, 135°, 225°, 315°.
Thus, the previously considered sum of two signals with
phase values of 0 ° or 180 ° and 90 ° or 270 ° can be rep-
resented as a signal with one of the four possible phase
values (45°, 135°, 225°, 315°) carrying two binary units
of information. Summarizing (3) in the case of M phases,

we obtain that each signal element of duration 7' can be
written as

s(t)=+S2cos(cos2nf1+0), 0<r<T, 4)
where 0 is one of the many equidistant values obtained,
for example (Fig. 2) from the expression

6,, :(ZR/M)(m—l), m=1,..M.

An integer power of 2 is selected as M: M = 2.

The power S in (4) is the power of the full received
signal.

We will be interested in measuring the value of the
phase 0. To do this, you can simply use a conventional
phase detector with a reference voltage of the form 6.
Such a detector detects cos®,, . This feature is ambiguous

[cosB,, =cos(2n—6,,)] and only in the binary case when

0=0 or m ambiguity is eliminated. Phase determination
0 is performed using two-phase detectors with a refer-
ence voltage of the form cos2nfyt and sin2mnfta logic
circuit that determines the ratio of certain components of

the signal. One of the modulator options is a circuit that
uses M coherent or phase detectors with a reference volt-

age of the form cos(cos2mf,t+6, ) and selects the solu-
tion for the maximum (algebraic) output signal. This rule

of the decision follows directly from the criterion of
maximum plausibility.

In Fig. 2 shows a variant when M = 8. Angle ©n/0 is
the zone of correct reception if the phase value is trans-
ferred 0, =0. Assume that a signal with 8 = 0 has been

transmitted. Let us denote the in-phase and quadrature
noise components at the input of the phase detector (con-
nected after the bandpass filter) by x (¢) and y (¢), respec-
tively. It’s known that the input voltage detector is as fol-
lows

v(t)=[ 25 +x(r) [oos 2mfyt — y(¢)sin 2 fot, )

where S is the signal strength, and N = X% = yz — noise

power, because the possible values of the signal phase
differ from each other in magnitude 2n/M, then, as can be
seen from Fig. 2, the reception will be correct if the phase
of the voltage is determined (5) differs in absolute value
from the phase of the transmitted signal by no more than
/M. The exact expression for the probability of erroneous
character reception has the form

\/ZCOSO 2

T
P :1—(ij]‘jje—y 1+ /4y coseeycosze[Lj j e 2dx|do
€ 2n) <. N2m )
M

where the ratio of signal power/noise to interference
. C S
power at the detector input is indicated by y = N

If a matched filter is used, then
y = S/N = E/nO s

where F is the energy of the signal element corresponding
to the M-th symbol. The normalized signal-to-noise ratio
is defined as the signal-to-noise ratio per binary unit of
information:

Vo =v/k=y/logy M
or for the case of an agreed filter
Y2 :Ez/l’lo :E/anE/no logzM .

If we record the speed of information transmission, it
is obvious that maintaining a constant probability of erro-
neous reception of the symbol with increasing M it is nec-
essary to increase the normalized signal-to-noise ratio vy,
in proportion to M*log,M. The required frequency band
decreases in proportion to . If we consider the frequency
band to be fixed, then to keep the probability of erroneous
reception of the symbol constant with increasing M, it is
necessary to increase the normalized signal-to-noise ratio

v» also proportionally. While the speed of in-
log, M

formation transfer increases proportionally log, M .

Note, however, that due to the increase in transmission

rate, the signal power S should increase in

ro-
log, M P

portion to M, and not.
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Figure 2 — The formation of the signal of the M-DFM (Fig. M = 8)

Assuming that when erroneously receiving any
M-character, the decoder randomly selects k binary char-
acters corresponding to any of the remaining 2°-1
M-characters, then the probability of erroneous reception
of the binary unit is associated with the probability of
erroneous reception of the symbol relation (1) and, there-
fore, the above dependencies for the probability of erro-
neous reception of the symbol will also be valid for the
probability of erroneous reception of the binary unit.
However, in the case of multi-position FM, as follows
from Fig. 2, the most probable errors are those in which
the receiver instead of the phase of the transmitted signal
is fixed to the adjacent phase value, and not some other. If
we now choose a method of converting binary symbols to
M, in which signals with adjacent phase values are repre-
sented by binary sequences that differ only in one digit
(as, for example, in the Gray code), then each erroneous
reception of the M-symbol will most likely mean error in
only one digit of the binary sequence of k digits. In the
limit (which at very high signal/noise ratios)

Pez = (1/k) Py =(1/logy M ) R, (6)

Equations (6) and (1) reflect the two extreme cases
that characterize the relationship between the probability
of erroneous reception of the binary unit and the probabil-
ity of erroneous reception of the M-th symbol. In both
cases, these probabilities are related by some algebraic
coefficient, and the nature of the change in the probability

of erroneous symbol reception as a function of signal en-
ergy in the presence of additive Gaussian noise is still
largely determined by the exponential dependence on

Lz' Thus, with multi-position binary phase manipula-
M

tion for any M > 4, the required signal strength should
increase approximately proportionally M.

4 EXPERIMENTS
A complete simulation of the communication system
was performed to determine and verify the calculated
parameters and model the interference in the communica-
tion channel. An example of such a model is shown in

Fig. 3.

Description of the means of estimating the parameters

of the communication system model, shown in Fig. 3:

1. The Error Rate Calculation block compares the input
data from the transmitter with the output data of the
receiver. The length of the filters must be taken into
account in the block settings.

2. The Constellation Diagram allows you to observe the
phase constellation.

3. The Spectrum Analyzer unit allows you to monitor the
signal at the output of the communication channel.

4. The Find Delay block allows you to compare the re-
ceived and transmitted signal, to find the probability
of a bit error without knowing about the delay in the
received signal.
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Figure 3 — Communication channel model, which was built in the SIMULINK software application from the MATLAB software
package

Description of the blocks of the communication sys-

tem model shown in Fig. 3:

1. In the configuration parameters of the model, select
the discrete solver and the end time of the simulation.

2. The input to the communication channel model is pro-
vided by the Bernoulli Binary Generator block, which
generates a random binary sequence of bits using the
Bernoulli distribution.

3. Generated random binary sequence (Bernoulli genera-
tor), fed to the input of the modulator unit QPSK
Modulator Baseband (Quadrature Phase Shift Keying,
QPSK). At the receiving end, use the appropriate de-
modulator (QPSK Demodulator Baseband). In the
modulator block settings, the “bit” parameter must be
selected as the received data type, because the Ber-
noulli generator generates a sequence of bits. In the
modulator block settings, select the “bit” parameter as
the source data type.

4. A forming filter is installed at the output of the QPSK
modulator and the input of the demodulator. The
model developed in this study uses a Raised Cosine
Transmit Filter. This type of shaping filter increases
the sampling of the signal and filters the input signal
using an FIR filter (finite impulse response) of the
raised cosine with a square root, or a conventional FIR
filter with a raised cosine.

5. The AWGN Channel is used as the transmission
channel model. This unit adds white Gaussian noise to
a real or complex input signal. In the block settings,
set the parameter “Number of bits per character” to 2,
as QPSK is used. Set the relative signal level to 1/8, as
the filter interpolation factor is 8. The symbol period

must correspond to the generator settings. The signal-
to-noise ratio is set to 10.

5 RESULTS

To verify the correct operation of the communication
channel model shown in Fig. 3, we will use the Bit Error
Rate Analysis Tool of the MATLAB software package.
The theoretical curve, which shows the signal-to-noise
ratio, is shown in Fig. 4.

During the simulation of the communication channel
at Eb / NO = 10 dB, the following results were obtained
(Fig. 3).

e Bit error probability: BER =3.295e -6 ;
e The number of erroneous bits is 51;
e The total number of transmitted bits is 1.548e + 7.

6 DISCUSSION

Analyzing the simulation results obtained during the
simulation of the communication channel, we can con-
clude that the model is built quite correctly. The fact that
the model of the communication channel is correct is con-
firmed by the fact that the simulation results obtained
during the simulation in Fig. 3 (BER =3.295e—-6), co-
incide with the results obtained by the analysis tool Bit
Error Rate Analysis Tool MATLAB software package,
where BER =3.8e—6 (MATLAB software package,
where Ey/Ny=10 dB). For more accurate results, you need
to increase the simulation time.

The disadvantage of QPSK is the complexity of the
system. The advantage is a higher data rate.
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Figure 4 — Theoretical signal-to-noise ratio curve obtained us_ing the Bit Error Rate A_nalysis Tool of the MATLAB software
package. E,/Nj — the ratio of the energy of the information bits per symbol to the spectral density of the noise power in decibels

CONCLUSIONS

The results of experimental studies of the communica-
tion channel fully confirmed the results of the mathemati-
cal model. As part of the study of the mathematical
model, the verification of the correctness of the construc-
tion of the mathematical model (to ensure the correctness
of signal filtering) is considered. The adequacy of the
model is confirmed by the results of the experiment. The
theoretical values of the Bit Error Rate (BER) obtained
during the simulation of the communication channel are
consistent with the results obtained using the Bit Error
Rate Analysis Tool of the MATLAB software package.

The scientific novelty of the obtained results is that
the proposed method of determining the parameters of
information signals in the communication channel and
increase the bandwidth of the communication channel
during external interference to the signal transmission
medium in the communication channel, which led to im-
proved communication quality because QPSK technology
was used.

The practical significance of the obtained results is
that the method of mathematical modeling of information
signal conversion processes during the process of forma-
tion, transmission, and selection of information signals is
proposed.

Prospects for further research. The use of differen-
tial QPSK avoids the problem of lack of phase synchroni-
zation between transmitter and receiver. The use of QPSK
with squaring offsets, (1/4— QPSK) allows mitigating the
effects of changing the voltage of the signal of the carrier
with a high slope when switching between characters.
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VIIK 004.94
MOJIEJTFOBAHHSI CUCTEMH 3B’S13KY 3 METOIO JOCJIUKEHHS I 3ABAJI B CEPEOBHILI ITEPEJAYI

KBacHikos B. II. — npodecop, Z0KTOp TeXHIYHHX HAYK, 3aBijlyBad Kadeapy KOMIT IOTEPU30BAHUX CICKTPOTEXHIYHUX CUCTEM Ta TEXHO-
norii HanionansHOTO aBiamiiHoOTO yHiBEepcureTy, Kni, YkpaiHa.

€ropos C. B. — xaHIUIaT TEXHIYHUX HayK, JOLEHT KadeapH KOMII I0TEpPH30BaHUX EICKTPOTEXHIYHUX CHCTEM Ta TexHounoriii Hamiona-
JIBHOTO aBialiiHoOro yHiBepcurety, Kuis, Ykpaina.

IlIkBapunnbka T. FO. — TOLEHT, KaHINWAAT TEXHIYHUX HAYK, JOLCHT KadeaApr KOMII FOTEPU30BAHUX CICKTPOTEXHIYHUX CHCTEM Ta TEX-
Houoriit HanionansHOTro aBianiiiHoro yHiBepcutery, KuiB, Ykpaina.

Opuatcbkmii 1. T1. — 1okTOp TeXHIYHUX HAyK, podecop Kadeapu KOMIT I0TePH30BaAHNX EIEKTPOTEXHIYHUX CUCTEM Ta TexHoorii Ha-
L[IOHAJILHOTO aBialiiiHOTO yHiBepcuTeTy, KuiB, Ykpaina.

KaraeBa M. O. — xaHIUIaT TEXHIYHUX HAyK, JOLCHT Kadenpu AOUeHT kadeapH KOMII'IOTCPHU30BAHUX CIEKTPOTEXHIYHUX CHCTEM Ta
TexHouoriit HanioHansHoro aBianiiHoro yHiBepcutery, KuiB, Ykpaina.

AHOTALISA

AkTyanbHicTb. PO3MIIsIHYTO 3a1auy CTBOpEHHs MOEII Nepenadi Ta nepeTBOpeHHs iHGopMallil, po3IJISHYTI IIPOLECH NePEeTBOPEHHS iH-
¢opmanii B neperaBadax Ta IpuiiMadax, po3MIAHYTHI mporec Ail aectabimizyrounx (axTopiB Ha kaHal 3B’s3Ky OO0’ €KTOM JNOCHTIIKCHHS €
npoiiec popMyBaHHs, Iepeiadi, Ta BiTHOBJICHHS PaliOCUTHAIIIB.

Mertoz. 3anpornoHOBaHO MaTeMaTUYHY MOJENb, SKa J03BOJIS€ OLIHUTH CTIMKICTb CUTHANLYy B KaHali 3B’SI3Ky L€ HA eTalli NPOeKTyBaHHS
TEIeKOMYHIKalifHIX CHCTEM Pi3HOTO IPH3HAYEHHS 3 ypaXyBaHHAM il 3aBaJl B CepeIOBUIII ITepenadi iHpopMariiiHoro curnany. [Iposeneno
OIIHKY [il 3aBajii HA KaHAI 3B’SI3KY 3aBASKA BUKOPUCTAHHIO CITIBBIIHOIICHHS CHUTHAJ/IIYM. 3alIPOMIOHOBAHO METO/l BU3HAYCHHS [TapaMeTpiB
iHpOpMAIIHIX CUTHAIIIB Y KaHali 3B 53Ky Ta IiJBUIICHHS MPOITYCKHOI 34aTHOCTI MiJ Yac Aii 30BHILIHIX 3aBaj HAa CEpe/IOBHUILE Tepeaadi
CUTHaJly B KaHaJi 3B’3KY.

PesyabTaTn. byna orpumaHa MaTeMaTH4YHA MOJIENIb KaHATY 3B’s3KY, SIKa BPaXOBY€ 30BHIIIHI AecTabinizyiodi GakTopH, sKi MOXKYTb Hifi-
TH Ha KaHAI Ta anapaTypy 3B’s13Ky. Po3pobieHa Moienb MIiCTUTh MeTO.T BepHDiKallii, SKuii 103B0JIsI€ BU3HAYUTH il KOPEKTHICTb.

BucHoBku. BrockonaneHo MeTon nepeayi iHpopMariii IUsIXoM JI01aBaHHs MeToay Bepudikaiii. 3HaueHHs OiITOBOI MOMMIIKH, 1110 0YJI0
OTPUMAHO IIiJl 4ac MOJISIIIOBAHHS KaHAJly 3B’SI3KY CIIIBIIAJIa€ 31 3HAUCHHSIM OiTOBOI MOMMIIKH I1ijl 4ac mporecy Bepudikallii, 1o cBiTIUTh Ipo
IIPaBUIBHICTE PO3IIITHYTOI MaTeMaTHYHOI MOZieNi KaHaTy 3B s13Ky. ToMy meif MeTox MOJETIOBaHHS KaHALY 3B’ 3Ky MOXe OyTU peKOMEH/I0-
BaHMM JUII BAKOPUCTAHHS i1 4ac MPOEKTYBaHHS Ta AOCIIKCHHS TEJICKOMYHIKALiHHUX CHCTEM.

KJIFOYOBI CJIOBA: kaHai 3B’s13Ky, MOAYJISLS, SIKICTb 3B’A3KY, BiJTHOBJIEHHS CUTHAILY, IEMOAYJISLIs, (iabTpaLis.

VJIK 004.94
MOJEJTUPOBAHUE CUCTEMBI CBSI3H C LEJbIO UCCJAEIOBAHUS JEACTBUA MOMEX B CPEJIE ITEPEJAYA

KBacuuxos B. II. — nmpodeccop, TOKTOp TEXHUUECKUX HAYK, 3aBEAYIOIIMHA Kadeapbl KOMIBIOTEPH3UPOBAHHBIX AIEKTPOTEXHUYECKUX
cucTeM U TexHosoruit HannonansHOro aBuanimoHHoro ynusepcurera, Kues, Ykpaunna.

Eropos C. B. — kanauar TeXHUYECKUX HAYK, JOIEHT KadeIpsl KOMITBIOTEPH3UPOBAHHBIX JIEKTPOTEXHNYECKUX CHCTEM M TEXHOJIOTHH
HammonansHoro aBuanmoHHoro yuusepcurera, Kues, YkpanHa.
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HMxBapuuukas T. FO. — 10UeHT, KaHIUIAT TEXHUYECKHUX HAYK, JOLEHT Kadeapbl KOMIbIOTEPU3UPOBAHHBIX 3JIEKTPOTEXHHYECKHX CHUC-
TeM U TeXHOJIOTHi HarmoHanpHOTO aBUAIIMOHHOTO YHUBepcuTeTa, Kies, YkpanHa.

Opnatcebkmii [, II. — 10KTOp TeXHHYECKUX HayK, Mpodeccop KOMIBIOTEPU3UPOBAHHBIX JJIEKTPOTEXHUYECKUX CHCTEM U TEXHOJIOTHH
HanmoHnansHOro aBHaiMoHHOro yHUBepcuTera, Kues, YkpanHa.

KartaeBa M. A. — kaHAWAT TEXHUYECKUX HAYK, TOLEHT Kapeapbl KOMIBIOTEPU3UPOBAHHBIX HJICKTPOTEXHHUYECKHX CHCTEM M TEXHOJO-
ruit HarmonansHOTO aBHAiiOHHOTO YHUBepcuTeTa, Kues, YkpanHa.

AHHOTALUS

AKTyaJIbHOCTB. PaccMoTpeHa 3amada co3IaHus MOJENH Mepeaadu U mpeodpa3oBaHus HHPOPMAIMH, IPOLECCHl MPeoOpa3oOBaHus WH-
(dopmaiu B nepenaTyvkax M MPUEMHHUKAX, MPOIECC NSHCTBHS AeCTaOMIH3UPYIOMNX (aKTOPOB HA KaHAT CBA3U OOBEKT HCCICIOBAHHS —
rporecc GopMHUPOBaHUS, Iepeladll U BOCCTAHOBIICHUS PaJIMOCHTHAJIOB.

Mertoa. I[Ipemioxkena MaTeMaTHIecKasi MOZENb, TIO3BOJIIONIAS OIIEHUTh YCTOHYMBOCTh CHTHAJIA B KaHAJIE CBA3M Ha 3Talle IPOeKTHPOBa-
HUS TEIEKOMMYHHUKAIHOHHBIX CUCTEM Pa3IHYHOr0 Ha3HAYCHUs C YUETOM BIHSHUS [OMEX B Cpeie mepeaadr WH(PpOPMAIMOHHOTO CHTHAA.
BnusiHne nomex Ha KaHaj CBSI3M OLICHHBACTCS 3a CYET MCIIOJIb30BaHHs COOTHOIEHUs curHai/myM. [Ipeioxken MeTos onpeseeHus napa-
METpPOB MH(OPMALMOHHBIX CUTHAJIOB B KaHAJIC CBS3W M IOBBIMICHUS MPOIYCKHOH CIOCOOHOCTH IpH AEHCTBUY BHEIIHHX IIOMEX Ha Cpeny
repe/iayy CUTHANIA B KaHAJIC CBA3H.

Pesyabratsl. [lonyyena marematiueckas MOJENb KaHAla CBSI3H, YUMTHIBAOIIAs BHEIIHHE [ecTaOWIM3upyromre (HaKkTophl, KOTOPhIC
MOTYT JICWCTBOBATh HAa KaHaJ W aInaparypy cBsi3u. PaspaboTaHHas MOJENb CONEPKUT METO]] BEPUPHKALMH, TO3BOJISIOIINI ONPE/ICIUTh e
MIPaBUIIEHOCTD.

BoiBoabl. YiryumeH crocod nepeaads HHGpopMaIi myTeM J100aBiIeHns MeTona Bepudukanuy. Bennunna OUTOBOMN OMIHOKH, TTOIyYeH-
HOW MPU MOJEIUPOBAHUH KaHAla CBSI3U, COBIAAET C BEIMYMHON OUTOBOM OMIMOKH B Mpoliecce Bepu(HKaILUK, YTO CBUICTEIbCTBYET O Mpa-
BHJIBHOCTH MaTEeMaTHYECKOM MOJENIM paccMaTpHBacMOro KaHaja CBs3H. [103TOMy JaHHBIA METOJ MOAEIMPOBAHUS KaHajla CBSI3M MOXKET
OBITH PEKOMEH/IOBAH VISl HCIIOJIB30BAHUS IIPU MMPOCKTUPOBAHUY U HCCIICIOBAHIH TEIEKOMMYHHUKAIIMOHHBIX CHCTEM.

KJIIOUYEBBIE CJIOBA: kanan cBsi3u, MOAYJISINS, KAYECTBO CBSI3U, BOCCTAHOBIICHUE CUTHANA, AEMOMYIISINS, (pUibTparms.
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