Mechanics ISSN 1312-3823 (print)

Transport ISSN 2367-6620 (online)
Communications volume 22, issue 3/3, 2024
Academic journal  http://www.mtc-aj.com article Ne 2599

METHODS FOR EVALUATING THE IMPACT OF ENERGY AND
CORRELATION PROPERTIES OF SIGNALS ON THE RESILIENCE
TO INTER-CHANNEL INTERFERENCE IN INTELLIGENT RADIO

SYSTEMS

Oleksii Komar!, Volodymyr Lysechko?, Oleksandr Veklych?,
Vyacheslav Bershov?, Ivan Soproniuk’
loleksiikomar3@gmail.com, *lysechkov(@ukr.net,’ olexandrveklych@gmail.com,
4dikner69@gmail.com,’sopronyuk.ivan@gmail.com

INational Aviation University, Kyiv, Lubomyr Huzar ave., 1,
’Ivan Kozhedub Kharkov National University of Air Forces, Kharkiv,
Sumska str., 77/79, 3State University of Telecommunications, Kyiv, Solomyanska str.7,
43 Ukrainian State University of Railway Transport
UKRAINE

Key words: Synthesized signals, inter-channel interference, correlation effects, energy
characteristics, cognitive radio systems, signal generation methods, optimization methods.

Abstract: In the article, an in-depth analysis is carried out on methods for evaluating
the impact of energy and correlation properties of signals on their resistance to inter-channel
interference within intelligent radio systems. The study is pivotal in identifying new
methodologies for signal generation, aiming to significantly enhance spectrum utilization and
elevate the robustness of these systems against interference. By delving into the intricate
dynamics of energy characteristics and correlation effects, the research proposes innovative
mechanisms for the detection and compensation of interference automatically. This
exploration not only emphasizes the critical need to consider energy aspects and the
challenges posed by inter-channel interference but also sets the foundation for the effective
design and optimization of intelligent radio systems. The outcomes of this analysis are
instrumental in advancing the performance and reliability of communication systems,
providing a significant contribution to the field of telecommunications. The investigation
opens new avenues for research and development in the realm of intelligent radio systems,
promising substantial improvements in the efficiency and effectiveness of signal processing
and management.

PROBLEM STATEMEN.Effective management of the correlation between signals
within a cognitive radio system is crucial for overcoming challenges associated with
interference. Correlation properties play a critical role in determining the network's ability to
differentiate between various signals, thereby affecting overall efficiency. The development
of new signal generation methods with enhanced resistance to interference is essential for
addressing the difficulties arising from multiple access interference. Assessing the impact of
signal energy and correlation properties on the resilience to cross-channel interference in
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cognitive radio systems enables the optimization of spectrum usage, the development of
effective automatic interference detection and compensation mechanisms, which contribute to
improved reception quality and ensure the reliable operation of the cognitive radio system
under interference conditions.

INTRODUCTION

The objective of the article is to conduct an in-depth analysis of methods for assessing
the impact of the energy and correlation properties of signals on their resistance to inter-
channel interference in intelligent radio systems. The research focuses on discovering new
methodologies for signal generation aimed at significantly improving spectrum efficiency and
enhancing system resistance to interference. This includes analyzing the dynamics of energy
characteristics and correlation impacts, and proposing innovative mechanisms for detecting
and compensating for interference. The findings contribute significantly to the development
and optimization of intelligent radio systems, improving productivity communication system
productivity and reliability.

The research presented in the article is based on a comprehensive analysis of scientific
publications by domestic and international scholars in the field of complex signal generation
and optimization, as well as in the study of cognitive radio systems. Examination and analysis
of works by authors [1-17] have allowed to deepen the understanding of the key factors that
improve the resilience and efficiency of cognitive radio systems against interference.
Specifically, Barker R.H.'s [1] work on sequences for secure communication has provided
foundational insights into signal privacy and security. D'Amico A.A.'s [2] research into
adaptive signal processing techniques has contributed to the development of more flexible and
responsive cognitive radio systems. Furthermore, Lysechko V.P.'s [3-5, 9, 10] studies on
spectral efficiency have highlighted the importance of optimizing signal transmission to
maximize bandwidth usage without compromising signal quality. These contributions
collectively offer a robust framework for advancing the field of intelligent radio
communication, emphasizing the importance of continuous innovation and adaptation in
signal generation and optimization strategies to meet the evolving demands of modern
communication networks.

THE MAIN PART

To comprehensively assess the impact of multi-user access on the functioning of
cognitive radio systems, it is essential to consider the effects of signal interaction, as well as
their energy characteristics. Multiple access can affect system operation through conflicts and
interference between signals transmitted by different users. This can lead to a decrease in the
efficiency of information transmission and a deterioration in the quality of service. Cognitive
radio systems, which are capable of adapting to changes in the frequency spectrum and
selecting optimal data transmission paths, can mitigate these negative impacts.

It is also important to consider the energy aspects of signals in the context of multi-
user access. High signal usage intensity can lead to an increase in energy consumption, which
may be objectionable from the perspective of system sustainability and operating costs. Here,
it is crucial to ensure a balance between the needs for high performance and rational energy
use.

Inter-channel interference (ICI), also known as intersymbol interference or co-channel
interference, occurs in communication systems when one signal in a channel creates
disturbances for another signal in the same or an adjacent channel. This can happen under
real-world conditions in the following scenarios.

1. Insufficient filtering. If filters do not effectively separate signals of different
channels, signals can «spill over» from one channel into another.
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2. Non-linearity in the transmission path. Non-linear components in the transmitter or
receiver can distort the signal in such a way that its spectrum expands, encroaching upon
adjacent channels.

3. Excessively high data transmission rates. At high data transmission rates, signals
can overlap in time, leading to inter-channel interference, where the next symbol affects the
current one.

4. Doppler shift in mobile systems. In mobile communication systems, where users
are moving, Doppler shift can alter the frequency of a signal, potentially leading to channel
overlap.

5. Lack of time synchronization. If signals from different channels are not
synchronized in time, they can interfere with each other.

6. Effects of multipath transmission. In environments with multipath signal
propagation (e.g., urban areas), reflected and scattered signals can arrive at the receiver at
different times, creating interference.

7. Frequency overlap of channels. If adjacent channels do not have sufficient
frequency separation, they can overlap, leading to inter-channel interference [1, p.206, 2, p.
2282].

8. Cross-modulation interference. This occurs when the modulation of one signal
affects the modulation of another signal within the same or an adjacent channel. In complex
communication systems, where multiple modulation schemes may coexist, the presence of a
strong signal can modulate a weaker signal, altering its intended modulation pattern. This
kind of interference is particularly challenging in dense spectral environments, where signals
of varying strengths and modulation types are closely packed. Cross-modulation can lead to
significant degradation in signal integrity, resulting in errors during demodulation and
decoding processes, ultimately affecting the overall performance and reliability of the
communication system. Identifying and addressing cross-modulation requires sophisticated
signal processing techniques and adaptive modulation schemes to ensure that communication
remains clear and reliable even in spectrally congested environments [5, p. 45, 8, p. 116].

9. Inter-channel interference and its causes are illustrated in Fig.1, representing a
schematic of how inter-channel interference is generated. Grasping these issues is crucial for
the design and implementation of robust communication systems capable of mitigating or
avoiding the detrimental effects of ICI, thereby enhancing both the efficiency and reliability
of data transmission across diverse environments and applications [3, p. 16, 12, p. 66].

Fig.1. — Schematic illustration of inter-channel interference formation
(developed by the author’s)
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The signal P3,4is beneficial for subscriber 43, whereas the signals - P35and P1,3 act
as inter-channel interference. The signal P2,41s beneficial for subscriber 42, while the signal -
Pl,2serves as inter-channel interference. As an example, let's assume that the distance
between subscribers Aland 42, Al and 43, 43 and 44, A2and 44 is approximately equal,
namely: L12~L13~134~124.

By evaluating the distance at which the beneficial signal can be clearly separated from

the inter-channel interference, and considering that the level of the antenna's side lobes does
not exceed 0,/ R__.Where R__is the maximum effective range within which a receiver can

clearly distinguish a beneficial signal from interference. It is the limit at which signal strength
remains sufficiently above the noise and interference levels for reliable communication
R, we can disregard the impact of interference. Then we obtain a ratio

log, 243 (ZfS) 01 that allows determining the optimal distance between subscribers.
L13 B ’
Where 1og— the logarithm function, which in this context is likely used to express the

relationship between the strength of the beneficial signal and the strength of the interfering signals in
a logarithmic scale, which is common in signal processing due to its ability to handle the wide range
of signal strengths.

Assuming the base value B equals 20000, the ratio of distances L12 to L13, etc.,

5

varies within the range of 2/,25 to 0,5. Substituting values g ~_2_, we get a distance of

L13 = 11.3 km, and at the maximum value of , _ 2 , the distance L1,2is reduced to 6,7 km.
max \/E

These calculations show that the minimum acceptable distance for differentiating the
beneficial signal from inter-channel interference can vary significantly, which is unacceptable
in modern communication systems. The impact of the antenna's directivity pattern on the level
of inter-channel interference is substantial.

As can be seen from Figure 1, at the input of each subscriber's receiver, the sum of

1(1 . . . . .
signals Z P(t) acts, where one is beneficial, that is, addressed to this subscriber, and the
i=1

others /,—1=1

. ; - are interfering, namely inter-channel interferences, under the condition

that /,>>1, meaning the interference is significant.

Based on the assessment of the system's parameters, it can be observed that it is
necessary to take into account not only the receiver's own noise but also the inter-channel
interference, which typically exceeds the impact of the receiver's own noise. The aggregate of
signals can be considered normally distributed and stationary if the amount and character of
the inter-channel interference are known and sufficient to apply the central limit theorem. In
this case, the reception of a subscriber's addressed signal is conducted against the background
of Gaussian noise, which serves as an approximation of the inter-channel interference [3,
p-12, 4, p. 8].

The analysis of the resilience of intelligent systems to interference, including
consideration of inter-channel interference, has allowed the construction of mathematical
expressions for the quantitative description of the overall interaction of system elements. In
the context of transmitting binary data through a common frequency range, denoted as AF
and taking into account the number of active network participants, denoted as N ., where

act?

j=l.ly, Ng=l,-1, N, ={1,2,..N} and considering the individual power of each p

signal creating interference, where i — is the index of each active subscriber apart from the one
for which the measurement is being conducted (the signal power of this subscriber is not part
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of the interference for himself, therefore the index j in the sum should run all values from 7/ no
N, ., but not include i), the total interference power

act?

P,, , at the input stage of signal reception will be determined as follows [4, p.10-11]:

Nm.‘[
Plch_l = Zj:l,jﬂpj : (1)

The spectral density of the power of inter-channel interference within the overall
frequency band can be determined through the total interference power divided by the
bandwidth. This density is an important parameter in analyzing the resilience of intelligent
systems to interference and is defined as the average value of the interference power per unit
of frequency [10 p. 279, 13, p. 216]:

Bren 1 G
Sien 1= 1[;,1 :F j:l,j#P/’ ) @)

To assess the quality of signal reception in the presence of inter-channel interference, it is

necessary to calculate the Signal-to-Noise Ratio (SNR) in terms of the signal’s energy E, and

the spectral density of the interference S, , In this case h* represents the square of the

parameter that reflects the amplitude of the signal relative to the amplitude of the inter-
channel interference, and E; relates to the total energy of the signal that is received by the

system. S,, ,, in turn, is the average power of inter-channel interference per unit of

frequency in the spectrum [3, p.13, 9, p.102, 11, p.15]:
pr = 2L, 3)
Sh-hJ

For measuring the resilience of cognitive radio systems to interference, the Signal-to-
interference ratio (SIR), also known as the signal-to-noise ratio (SNR) when referring to
interference as noise, is a critical parameter as it determines the system's ability to distinguish
the useful signal amidst noise and interference. A high SNR indicates that the signal is
significantly stronger than the interference and noise, which implies that the system can
process information more effectively.

Assuming that the interference between channels follows a normal distribution law, the
resilience of a cognitive radio system against interference can be described using formula (4). If
the duration of the signals is the same (7i = 7) and the power of the useful signal is P, =Pav,

where Payg — is the average power of the signal, then the energy of the signal E; is determined as
the product of P, and T (the duration of the signal). Applying this definition of energy to

formula (3), we obtain the following mathematical expression [10, p. 279, 15, p. 123]:
n = NL . 4)
Zizlc,tf# E,
In cases where the power of the interfering signal B, , and that of the useful signal P,

are identical p, ,

= P, the formula takes a form indicating that the system's robustness against
interference is defined by the ratio of the signal's energy base B to the number of interfering
subscriber signals. This means that the effectiveness of the system in countering interference
depends significantly on its ability to manage and mitigate the effects of these competing
signals, highlighting the critical role of signal energy foundation in enhancing communication

reliability amidst potential disruptions [9, p. 103, 12, p.65]:

o B __ B (5
NIC/L[ Nact_l

In the field of cognitive radio systems, which are distinguished by their ability to adapt to
changes in the radio frequency spectrum, a key indicator of performance is resistance to
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interference. This parameter measures the system’s ability to maintain reliable communication
despite the presence of unwanted signals. Assuming that inter-channel interferences are normally
distributed, we can use the definition of the energy of the useful signal as shown in the image —
E=P,, -T. When the power of the interference equals the power of the useful signal — P,

ch_1 ?
this allows us to simplify the calculations and determine the ratio of the signal energy to the
number of interfering signals. In other words, it evaluates how much the energy of the useful
signal exceeds the total energy of the interferences.

An increase in the number of active subscribers N_, in a network usually leads to an

increase in the level of inter-channel interference, and as a consequence, a decrease in the A’
system's resistance to interference. To enhance interference resistance, one can increase the
energy base B of the signals by expanding the frequency AF band and increasing the duration of

the signal 7. Thus, the spectral density of inter-channel interference §,, , = P"*% is reduced

Ich_1 —

due to the increase in signal energy.

However, these calculations do not take into account the intrinsic noise of the
receiver. When including receiver noise as a normal stationary random process with a
uniform spectral density of power Sy, the total spectral density of interference is determined
asthesum S=S,, ,+S, [3,p.13,9, p. 104].

The ratio ,>__ B  of the energy of the useful signal to its spectral density is an
le'h I
important parameter that aids in assessing the interference resistance under conditions
where the power of the useful signal and that of subscriber signals are equal to each other.
In this case, the height of the interference barrier #°is inversely proportional to the number
of active subscribers and depends on the energy that the signal can accumulate (the energy
base B), as well as on the base height of the barrier 5*, which is determined as the ratio of

the useful signal's energy to the noise spectral density »?=7. The greater the signal's energy

or the fewer the interferences and noise in the system, the higher the barrier, that is, the
stronger the system's resistance to interference [9, p. 105, 7, p. 118]:

Adding to this content, it would be informative to discuss how this principle applies
to various communication scenarios, such as in crowded urban areas versus rural settings
where the number of interfering signals might be significantly different. It would also be
valuable to consider the effects of advanced signal processing techniques that can improve
the signal-to-noise ratio (SNR), such as spread spectrum technology or multiple-input
multiple-output (MIMO) systems, which use multiple antennas to reduce the effect of
interference and noise. Additionally, discussing the impact of regulatory constraints on
frequency usage and power levels could provide a more comprehensive understanding of
how interference resistance can be maximized within the given limitations.

P (6)

Bk
However, this ratio cannot always be represented as a normal random process. In
conditions where the number of active subscribers N is small and there is a significant

difference in the levels of interfering signals, the normal distribution model may not reflect
the actual level of inter-channel interference. In such scenarios, it is important to take into
account the individual characteristics of each signal, the parameters of the system, and the
operating conditions for an accurate assessment of interference resistance [8, p. 116, 16, p.
56].
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Expanding on this, when dealing with a smaller number of subscribers and varying
signal levels, other statistical models may be more representative of the interference, such as
the Poisson distribution or even non-parametric models that make fewer assumptions about
signal behavior. It’s also critical to consider real-world factors such as terrain, building
materials, and atmospheric conditions, all of which can affect signal propagation and
interference. Techniques such as adaptive filtering, which dynamically adjusts to changing
signal conditions, and cognitive radio technologies, which sense and adapt to the
environment, can be particularly effective in such complex scenarios. Understanding these
aspects is crucial for designing robust communication systems capable of operating efficiently
in diverse and challenging environments.

Therefore, inter-channel interferences, which can be described using a normal
stationary random process with a uniform spectral density, represent a specific model that
only reflects a certain aspect of the operation of intelligent systems. Using this approach, we
can only analyze the key parameters of the smart radio system. Namely: to estimate and
compare the efficiency and resistance to interference, to determine the most effective
modulation methods, to calculate the degree of interference protection under different
conditions, and to choose the optimal ways of system synchronization in time and frequency.
Such an approach opens the way to a deeper understanding and optimization of intelligent
radio systems, ensuring higher efficiency of their operation, but it is not a universal approach.

The signal-to-inter-channel interference ratio at the receiver device input depends only
on the signal base B, that is, it operates under the assumption that inter-channel interferences
are normalized. It is important to consider that, in the analysis of an intelligent system, code
division plays a significant role, which is based on differences in signal forms. In deriving the
aforementioned formulas, certain assumptions were used, namely: all subscriber signals
occupy the same frequency band with the same duration, and inter-channel interferences are
considered as normal random processes with a uniform spectral density of power.

Such assumptions do not always reflect reality, because inter-channel interferences
cannot always be represented as a normal random process with a uniform spectral density.
Using expressions (2-6), it is possible to assess only the energy aspects of inter-channel
interferences. This approach limits the analysis and evaluation and does not allow for a full
consideration of the characteristics of complex signals [3, p. 13, 12, p.18]. Therefore, for a
more accurate characterization of inter-channel interferences, a correlational approach should
be used.

It's important to note that a correlational approach can capture temporal and spatial
relationships within the signal structure that may be crucial for understanding and mitigating
interferences. Furthermore, this approach can also facilitate the development of adaptive
algorithms that dynamically adjust the receiver parameters in real-time to improve the signal-
to-interference ratio, thus enhancing the overall robustness and reliability of the
communication system.

To systematize the evaluation of the impact of inter-channel interference on the
effectiveness of intelligent radio systems, a step-by-step algorithm has been proposed (table
1).

Let's examine the algorithm for assessing the impact of inter-channel interference in
more detail.

In intelligent radio systems, the signal of each network user is a unique sequence that
carries information and at the same time serves as an address code. This is achieved by
encoding each bit of information in the form of a complex signal, the duration of which
determines the subscriber's address. Thus, the signal of the j-th user can be expressed as a sum
of modulated cosines, where each term of the sum corresponds to a separate bit of
information, modulated at a certain frequency. Each bit of information is multiplied by a
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weighting coefficient ¢, , which determines its contribution to the overall signal, and a delay

kT, , which ensures the correct positioning of the bit in time.

Table 1
Step-by-step algorithm for assessing the impact of interchannel interference

Step algorithm

Characteristic

1. Signal presentation

Each signal of the j-th user is represented as a sum of modulated cosine waves,
where each element corresponds to a separate bit of information modulated at a
specific frequency.

2. Modulation of
information bits

Each bit of information is modulated by a weighting factor and a delay to ensure
unique temporal positioning of the bit.

3. Description of the
user signal

Mathematical description of the user's signal as a sum over all bits and signals
transmitted in the network.

4. Accounting for
multiple access

Taking into account the simultaneous operation of multiple subscribers, where
each subscriber transmits their own signals that overlap in the spectrum.

5. Analysis of signals at
the receiver input

Description of the signals at the receiver's input as sums of information signals,
modulated and shifted in time.

6. Signal filtering

Utilization of a filter at the receiver, tuned to the specific signal of the subscriber,
to separate the operational signal from interchannel interference.

7. Voltage value at the
filter input

Calculation of the voltage at the output of the filter as a function of the
autocorrelation or cross-correlation function of the signals.

8. Statistical analysis of
signals

Analysis of the statistical properties of signals at the output of the matched filter,
considering interchannel interference.

9. Signal/noise ratio

Determining the signal-to-interference ratio for different numbers of users in the
system.

10. Efficiency analysis

Analysis of how increasing the number of users affects the efficiency of signal
reception.

11. Development of
refinement methods

Development and implementation of new signal processing methods and
optimization of smart radio system parameters to enhance communication
efficiency.

(developed by the author’s)

The cosine element with frequency 27, ensures that each bit will be effectively

0

modulated for transmission through the radio channel. Thus, mathematically, the signal U (1)

can be described by the expression [4, p. 11, 12, p. 17]:
N

U,(t)=> Ua,,,U(t—kT,) cosZT—” y(k)t . (7)

0

This formula highlights the use of the Code Division Multiple Access (CDMA)

method, where the use of different time delays and frequencies for each bit of information
allows for multiplexing several signals within the same spectral range. Thanks to this
approach, the intelligent radio system can simultaneously serve multiple users, increasing the
efficiency of frequency resource use and providing high resistance to interference. This
capability significantly enhances network capacity and reliability, enabling robust and
efficient communication even in environments with high interference levels.

Formula (8) depicts the process of superposition (overlay) of signals from several
subscribers in the Code Division Multiple Access (CDMA) system. It illustrates how the
signal for each subscriber j consists of a sum of modulated cosines, including information
symbols &, which can take values depending on the bits of information being transmitted.

Each signal is defined as a sum over all bits kand over all signals P currently being
transmitted in the network. The factor 4,, represents the amplitude of each bit £, reflects the
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shape of the signal Pconsidering delays in time for each bit and U(r—kT, - pT) signal, and

the cosine function o 27 k(t - pr) With frequency represents the carrier for modulation. This
TO
demonstrates how CDMA technology enables multiple users to share the same bandwidth
by assigning unique codes to each user, thus facilitating concurrent communication with
minimal interference [5, p.47, 13, p. 118]:
N
2
3¢, Ua, Ut kT, - pT) cos?” 7o)t - pT) -(8)
P k=1 0
This model accounts for the possibility of simultaneous operation of subscribers N,

, where each subscriber can send their own signals that overlap in the spectrum. The
distinction 7, pT in time delays for different bits and signals ensures unique addressing for

each subscriber. Thus, signals from different subscribers can be separated from each other
through correlation, despite their superposition in time and frequency.

Formula (9) describes the signal at the receiver's input in a multiple access system,
where each subscriber transmits a signal continuously with a temporal shift. This
mechanism allows for effective discrimination and decoding of signals from multiple users,
leveraging the unique code patterns assigned to each to mitigate the effects of signal overlap
[S, p. 50; 10, p. 112]:

Uu0=3, 36,3 UaUt=KT, - pTy)eos 2 k)t~ pT=7,). ()

j=l p=—w k=1 0
In such a system, the signal of each subscriber is a sum of information signals,
modulated and time-shifted, which allows avoiding mutual interference when simultaneously
using the same frequency resource. In this expression, the sum over p extends from minus
infinity to plus infinity, reflecting the continuous operation of the system, and at each moment
in time t, the receiver registers the superposition of signals from all active subscribers.

The time shift 7; accounts for the delay in signals from different subscribers, which

is crucial for ensuring proper synchronization and differentiation of signals in time. Each
information symbol ¢kj takes the value +/, depending on the information transmitted. This
approach to signal transmission in intelligent radio systems allows not only for efficient use of
spectral resources but also enhances communication reliability through the distribution of
signals in time.

The receiver of the subscriber with number m is equipped with a filter that is tuned
to the signal with the same number, referred to as signal m in formula (9), which acts as
its operational signal. Signals coming from other subscribers are considered inter-channel
interference, as they are not tuned to this filter. When the operational signal reaches the
filter that is matched to it, the voltage at the filter's output becomes a function of the
autocorrelation of the operational signal. In the case where an interfering signal with
index j (j # m) acts on the filter, the voltage will be determined by the cross-correlation
function of the signals with indices j and m. Thus, the voltage at the output of the matched
filter, assuming its presence at the input, will be expressed by the formula [9, p. 106, 12, p.
68]:

Ny ®©

ij(t)z a .k Z kaj_ij(t—pT—}/j)xco{ZT—ﬂ}/(k)(t—pT—}/j)Jr ;(jm(t—kT—yj) , (10)
j=1 k=— 0

where a,, — the constant that defines the gain coefficient of the filter;

Ei — the energy of the i-th signal;
Rjm(t) — the function that describes the envelope of the cross-correlation function
between the interfering signal with index j and the operational signal with index m;
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xm(t) — the phase of the cross-correlation function between the interfering signal
with index j and the operational signal with index m.

In a generalized form, the envelope of the i-th signal can be described by the
mathematical expression Uj(t):U(;)exp[ig(t)Jr ijAr]— thus, the function that describes the

envelope of the cross-correlation function between the interfering signal with index j and
the operational signal with index m will have the form [9, p. 107, 12, p. 69]:

1 K *
R/m(t)zﬁUUf(T) Um(r—t)dr‘~ (11)
If the input signal is the main signal, that is, when j =m, under the condition that
R =R(0)=1, then:

Rmm(t)zR(t)zzlE [0,(e)U, (c=0)dd (1)

If in formulas (11), (12) the constant delay of the signal in the filter is ignored,
since its value does not have a significant impact in this context, then the formula will
take the form [11, p. 18; 14, p. 49]:

Ujm(t):aEZl:l{Sgijjm(t_pT_yj)Cos[wo(t_pT_7j)+7(jm(t_pT—7j)+ (13)
=

+§p+lijjm(t—T—pT—}/j)cos[a)o(t—pT—}/j)+;(jm(t—T—pT—)/j)]}.

To determine the signal level with inter-channel interference using formulas (11 —
13), it is necessary to have information about the statistical properties of these signals at
the output of the matched filter. Imagine a situation where the process of capturing
information bits for the active user is precisely timed to occur at moments when the
amplitudes of the maximum sidelobe bursts from the cross-correlation function reach their
peak. This implies a scenario where sampling is optimized to coincide with these maximal
amplitude instances, ensuring the most accurate data capture possible under given
conditions. In such a case, disregarding the signal with inter-channel interference, the
reference voltage will be equal to £aF , since R, =1. The range of definition of the

cross-correlation function (13) is 27, hence, at the sampling moment, the influence of two
neighboring signals from each other subscriber in the sum should be considered, due to
the overlap of their cross-correlation functions. Accordingly, by only keeping for each
j#m two closest terms in formula (13), can determine the level of the signal with inter-

channel interference at the sampling moment ¢=¢,[11, p. 18; 14, p. 49].

The statistical characteristics of this sum in the universal case are determined by
the envelope function g, and the phase y, of the correlation function. If R, is a constant

that does not change with the change of signal indices - R, =r, then the sum indicated in

formula (11) transforms into a sum of sinusoidal waves with random phases at the outset,
allowing it to be approximated by a normally distributed magnitude at the moment of
counting, as indicated in (13). Furthermore, let's assume that the statistical properties of
the sum are stationary, meaning they do not change over time.

Assuming that the mutual correlation characteristics of signals are identical, and for a
perfectly correlated signal with minimal values R, , these magnitudes are the same in their

amplitude _ ! , as indicated in sources [9, 12]. The envelopes of real signals can have larger

JAFT
values, so to account for such situations, it is necessary to introduce a correction coefficient
a 1. Therefore, the envelopes of the mutual correlation function R, do not change

depending on the indices j,m and are constant [8, p.115]:
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Rna_ (14)

The amplitude of each sinusoidal component with an envelope is represented by this
symbol q£r. The distribution of inter-channel interference is approximated to a normally
distributed random variable, and accordingly, its variance o2, ,, which reflects the signal

power, is defined as [5, p. 52; 9, p. 103], where n is the number of terms in the sum:
I n(aEr)2 , (15)

Ich 1 = 2
Considering that n=2(/-1)and assuming that [/is significantly greater than 1,

therefore n~n—1. By substituting the value of »n in formula (15) taking into account
expression, we obtain:

2 2
Ui-u _ n(laEa) zl(anz) _ (16)

2AFT AFT
Noise power level at the filter output [5, p. 52; 9, p. 103]:

., _dENg (17)

Orn 1=
- 2
Total interference power, which is the sum of internal device noise and inter-channel
interference, will be equal to o> =52, , + 02 = (a’E/2)(S,, , +S,)» Where according to equation

(16), the spectral density of inter-channel interference is equivalent to ¢ _ 2¢”E . Therefore,

ML AFT
the determination of the total spectral density of interference is:
Sy =8+ - (18)

During coherent signal reception (where the receiver is phase-synchronized with the
received signal, allowing for precise determination of the signal's amplitude and phase,
thereby reducing the probability of errors during demodulation and decoding), the probability
of error occurrence can be calculated using the following formula: [3, p.22; 10, p. 280]:

P=0,5[1-F(nh)], (19
where — P \/% Iei o probability distribution function for the standard normal

random variable (Gaussian distribution);
e \F — square root of the signal-to-noise ratio calculated for error probability
0

computation for various modulation schemes;
n— parameter varying depending on the chosen data transmission method. When using

two opposite signals, n =+/2
For cognitive radio systems, the spectral power S, can be calculated using formula.

Thus, the signal-to-interference ratio is determined by the expression:
-1

VB 1| .(20)

+
amaxﬂavr (laz‘t - 1) E
SO

2 VB o)
Poer_1 = ,(21)
- amaxﬂavr (lact - 1)
where /,, , — SNR (Signal-to-Noise Ratio) at the receiver input;

1 1,-1
y,=——)F;
Por =5 2t

use

i =

— the average level by which the noise exceeds the signal;

Pre power of the useful signal;
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Py _ power of the interference signal;

a . . . . .
max — the maximum value of the correction coefficient describing the cross-correlation

characteristics of the signals.

Analysis of the dependency of the signal-to-interference ratio (S/I) at the input of the
receiver's decision device for fixed values of the base and varying numbers of subscribers
in the system showed that with an increase in the number of users, there is a significant
decrease in the reception efficiency of the signal due to increased inter-channel
interference.

The dependency of S/I (input data from Tabl. 2) for the number of users in the
system, with changes a=1-5.

Table 2
Calculation of the signal-to-interference ratio (developed by the author's)
N, a=1 a=2 a=3 a=4 a=3
0 1,000 0,500 0,333 0,250 0,200
100 0,0995 0,0498 0,0332 0,0249 0,0199
200 0,0705 0,0353 0,0235 0,0176 0,0141
300 0,0576 0,0288 0,0192 0,0144 0,0115
400 0,0499 0,0250 0,0166 0.0125 0,0100
1000 0,031607 0,015803 0,010536 0,007902 0,006321
10°} +— a=1
\ -9~ Q=2
- -~ a=3
‘\ * a=4
:_ ‘x L a=J
"'jf'\\\\\
AR
£ 107 R\ \
= \ \ \‘__‘_‘_E
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Fig. 2. Dependence of S/MZ on the number of users
CONCLUSIONS

A correlation between the deterioration of the mutual correlation properties of
signals, which is reflected by the increase of the parameter o, and the decrease in the S/I
(Signal-to-Interference) ratio has been identified. This result has significant practical
importance, as it points to the necessity of developing ensembles of complex signals with
improved mutual correlation characteristics for effective use in multiple access systems.

When considering the parameter as a constant, it's possible to derive a normalized
relationship between the number of users, the noise level, and the allowable probability of
error. This method enables the determination of optimal values based on calculated
acceptable levels of the signal-to-interference (S/I) ratio, while also taking into account
the signal's energy. By adopting such an approach, it becomes feasible to more precisely
fine-tune system parameters. This leads to a reduction in errors and enhances the overall
performance and efficiency of the communication system.
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These results highlight the necessity for the development and implementation of new
technologies and methods to increase the efficiency of multiple access systems, particularly
through the improvement of mutual correlation properties of signals. Such improvements can
significantly impact the throughput capacity of an intelligent system and the quality of radio
communication, especially in complex data transmission conditions
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METO/M 3A OLIEHKA HA Bb3JEVCTBUETO HA EHEPTUMHUTE
U KOPEJIAIIMOHHUTE CBOMCTBA HA CUTHAJIUTE BBPXY
YCTOHUYHUBOCTTA HA MEXKJIYKAHAJIHU CMYIIIEHUA B
UHTEJMI'EHTHUTE PAJIMOCUCTEMMUA

Oleksii Komar', Volodymyr Lysechko?, Oleksandr Veklych, Vyacheslav Bershov’, Ivan
Soproniuk’

Kntwouoeu oymu: Cunmesupanu  cueHaiu, MedCOYKAHAIHA — uHmep@eperHyus,
KOPEeNayuoHHU epeKmu, eHepeUliHU XapaKmepucmuky, KOCHUMUSHY paouocucmemu, mMemoou
3 2eHepupane Ha CUSHAIU, MeMOOU 3d ONMUMUZAYUSL.

Pestome: B cmamusima ce uzgvbpuisa 3a0v1004eH aHalu3 Ha Memooume 3a OYeHKd Ha
GIUSAHUEINO HA eHepeUliHume U KOpelayuoHHume CE0UCMBEA HA CUSHAUME 8bpX)y MAXHAMA
YCMOUYUBOC HA MENCOYKAHATHU CMYWEHUsL 8 PAMKUME HA UHMENUSEHMHU PAOUOCUCTIEMU.
Ilpoyusanemo e om K04080 3HAUEHUE 3A UOCHMUDUUUPAHEMO HA HOBU MemoO0aI02UU 3d
2eHepuUpane Ha CUSHAIU, Yeswu 3HAYUMeIHo 0a n000OpU U3NOA36AHEMO HA CNeKmMbpd U 0d
ce nosuwiu YCmMouwusocmma Ha me3u cucmemu cpewyy cmywenus. Ypesz crooxcnama
OUHAMUKA HA eHepeUuliHume Xapakmepucmuky U KOpelayuoHHume egexmu, u3cie08aHemo
npeonaca UHOBAMUBHU MEXAHUSMU 34 ABMOMAMUYHO OMKPUBAHE U KOMNEHCUpaHe HA
cmywenusma. Toea usciedgane He CAMO NOOYEPMABA KPUMUYHAMA HEOOXOOUMOCH Om
pasenexcoane Ha eHepeultiHume dAcnekmu U - Npeou3sUKAmencmeamd, NoOpooeHu om
MEJNHCOVKAHATIHUME ~ CMYWeHUsl, HO CbWo MaKa HNOCMass OCHOBAMA 34 eQheKmueHo
npoexmupane u ONMUMUUPAHe HA UHmMerueeHmuu paouocucmemu. Pesynmamume om mosu
AHAIU3 €A UHCMPYMEHM 3a N000Opsasane HA NPOU3BOOUMETHOCIMA U HAOeHCOHOCMMA HA
KOMYHUKAYUOHHUME —CUCIEMU, OCUSYPABAUKU 3HAYUMeNeH NpPUHoC 8 obaacmma Ha
menekomyHuxayuume. Pazciedsanemo omeaps HOSU Nbmuwia 3a uU3Cie08ame U passumue 6
chepama Ha unmenuceHmMHUMe paouocucmemu, 00ewasauky 3HAYUMenIHu noOoOPeHus: Ha
epexmusHocmma npu 0opabomkama u YynpasieHuemo Ha CUSHAIU.
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