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•  Information systems. Computer 
sciences. Issues of information  
security

•  Multiple robots (robotic centers)  
and systems. Remote sensing  
and nondestructive testing 

•  Modern radio engineering  
and telecommunication systems 

•  Micro- and nanoelectronics. Condensed 
matter physics

•  Analytical instrument engineering  
and technology

•  Mathematical modeling 

•  Economics of knowledge-intensive  
and high-tech enterprises and industries. 
Management in organizational systems

•  Product quality management. 
Standardization

•  Philosophical foundations of technology 
and society
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•  Информационные системы. 
Информатика. Проблемы 
информационной безопасности

•  Роботизированные комплексы и системы.  
Технологии дистанционного зондирова-
ния и неразрушающего контроля

•  Современные радиотехнические 
и телекоммуникационные системы

•  Микро- и наноэлектроника. Физика 
конденсированного состояния

•  Аналитическое приборостроение  
и технологии

•  Математическое моделирование

•  Экономика наукоемких и высокотехно-
логичных предприятий и производств. 
Управление в организационных системах

•  Управление качеством продукции. 
Стандартизация

•  Мировоззренческие основы  
технологии и общества

РОССИЙСКИЙ 
ТЕХНОЛОГИЧЕСКИЙ 
ЖУРНАЛ
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Abstract
Objectives. Cyberattacks are major potential sources of disturbances in modern electrical networks (Smart Grid). 

However, distinguishing between the various kinds of harmonic distortions and malicious interventions can 

be challenging. The objective of this work is to develop an effective tool for detecting and quantifying the differences 

between harmonic and anomalous signals. This will permit the identification of cyberattacks associated with harmonic 

signal distortions to provide a more accurate classification of patterns characteristic of malicious impacts.

Methods. A comparative analysis of various anomaly detection methods was conducted, including fractal analysis, 

multifractal analysis, Shannon entropy calculation, and power spectral density (PSD) analysis.

Results. Harmonic distortions and anomalous signals caused by cyberattacks may share similar fractal and 

multifractal characteristics, making it harder to distinguish between them. The use of the Shannon entropy method 

does not fully capture the complexity and uncertainty of harmonic and anomalous signals. To gain a deeper 

understanding of the nature of these signals, a comprehensive approach was applied, including analysis of their 

frequency characteristics and the use of other uncertainty assessment methods, such as multifractal analysis 

and PSD. Use of the PSD method revealed significant differences in energy distribution between these signals, 

permitting a more accurate identification of cyberattacks.

Conclusions. For the effective detection of cyberattacks associated with harmonic signal distortions in power 

systems, a comprehensive approach is required, including time series analysis, frequency analysis, and machine 

learning methods. This approach not only detects anomalies in signals but also provides their quantitative assessment 

to improve the accuracy of classifying malicious impacts. The integration of these methods enhances the reliability 

and security of power systems, making them less vulnerable to cyberattacks.

Keywords: Smart Grid, harmonic distortion, cyberattacks, multifractal analysis, spectral power density (PSD), 

anomaly detection
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НАУЧНАЯ СТАТЬЯ

Повышение безопасности смарт-сетей: 
спектральный и фрактальный анализ 

как инструменты выявления кибератак

С.В. Кочергин @,  
С.В. Артемова,  
А.А. Бакаев,  
Е.С. Митяков,  
Ж.Г. Вегера,  
Е.А. Максимова

МИРЭА – Российский технологический университет, Москва, 119454 Россия
@ Автор для переписки, e-mail: kochergin_s@mirea.ru

Резюме 
Цели. В статье рассматриваются гармонические искажения и кибератаки как основные источники наруше-

ний в смарт-сетях (Smart Grid). Цель работы – разработка эффективного инструмента для выявления и чис-

ленной оценки различий между гармоническими и аномальными сигналами, что позволит обнаруживать ки-

бератаки, связанные с искажением гармонических сигналов, и для более точной классификации паттернов, 

характерных для вредоносных воздействий.

Методы. Проведен сравнительный анализ различных методов обнаружения аномалий, таких как фрак-

тальный анализ, мультифрактальный анализ, расчет энтропии Шеннона и плотности спектральной мощно-

сти (power spectral density, PSD).

Результаты. Полученные результаты показывают, что гармонические искажения и аномальные сигналы, 

вызванные кибератаками, обладают схожими фрактальными и мультифрактальными характеристиками, что 

затрудняет их различение. Использование метода энтропии Шеннона не позволило в полной мере оценить 

сложность и неопределенность гармонических и аномальных сигналов. Для более глубокого понимания при-

роды этих сигналов был применен комплексный подход, включающий анализ их частотных характеристик 

и применение других методов оценки неопределенности, таких как мультифрактальный анализ и метод PSD. 

В результате метод PSD выявил значительные различия в распределении энергии между этими сигналами, 

что позволяет более точно идентифицировать кибератаки.

Выводы. Для эффективного обнаружения кибератак, связанных с искажением гармонических сигналов 

в энергетических системах, необходим комплексный подход, включающий методы анализа временных ря-

дов, частотный анализ и методы машинного обучения. Такой подход позволяет не только выявлять аномалии 

в сигналах, но и проводить их численную оценку, что повышает точность классификации вредоносных воз-

действий. Интеграция этих методов обеспечивает повышение надежности и безопасности энергетических 

систем, делая их менее уязвимыми к кибератакам.

Ключевые слова: Smart Grid, гармонические искажения, кибератаки, мультифрактальный анализ, спек-

тральная плотность мощности, обнаружение аномалий
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INTRODUCTION

Today’s cyber threats pose a serious risk to smart 
energy grids, known as smart grids. These threats include 
malware attacks, phishing, DDoS1 attacks and targeted 
cyber operations aimed at disrupting critical elements of 
the energy infrastructure. As a result of its combination 
of traditional power systems with digital information and 
communication technologies, Smart Grid technology 
becomes more susceptible to various threats. With the 
growing number of cyberattacks, ensuring Smart Grid 
security becomes a priority for maintaining the stability 
and security of the power system [1–6].

A characteristic feature of modern power supply is the 
presence of a large number of consumers with nonlinear 
power supplies, which cause distortion of the sinusoidal 
characteristic of voltage and current. This leads to negative 
consequences, worsening the quality of electrical energy, 
causing additional losses, and in some cases resulting 
in various resonance phenomena [7–9]. Moreover, 
cyberattacks on the electric grid can masquerade as natural 
distortions and thus remain undetected. This complicates 
the process of detecting such anomalies, making it much 
more difficult to identify and distinguish cyberattacks 
from normal operating modes and posing a serious threat 
to the overall stability and security of the electric grid.

1  Distributed denial of service is a distributed attack that creates a load on the server and leads to a system failure.

STUDY AND CLASSIFICATION OF HARMONIC 

DISTORTION AND ANOMALOUS SIGNALS 

IN THE CONTEXT OF CYBERSECURITY

In order to implement the research, an artificial 
dataset was created, including 100 electrical signals 
with harmonic distortions (depicted by a solid line 
in Fig. 1) caused by the operation of nonlinear power 
supplies predominantly characterized by harmonic 
multiples of three (inverters, power supplies, etc.). 
100 signals with random anomalous distortions were 
additionally created, whose main characteristics are 
random bursts (in Fig. 1 depicted by a dashed line) 
distinguishable from repetitive signals of natural origin.

Anomalous distortions differ from harmonic 
distortions not only in terms of their shape, but also 
the nature of changes; however, their unpredictable 
and chaotic nature also complicates their detection and 
classification. As can be seen from the diagram (Fig. 1), 
while both signals have similar elements, the anomalous 
distortion is more pronounced and can differ significantly 
in amplitude and phase from harmonic distortion.

Due to the fact that harmonic distortions in electrical 
networks often demonstrate complex dynamics and 
self-similarity, we will evaluate these signals using 
fractal methods.

• Поступила: 12.09.2024 • Доработана: 15.11.2024 • Принята к опубликованию: 03.12.2024

Для цитирования: Кочергин С.В., Артемова С.В., Бакаев А.А., Митяков Е.С., Вегера Ж.Г., Максимова Е.А. Повы-

шение безопасности смарт-сетей: спектральный и фрактальный анализ как инструменты выявления кибератак. 

Russian Technological Journal. 2025;13(1):7−15. https://doi.org/10.32362/2500-316X-2025-13-1-7-15, https://

elibrary.ru/DUNSTG

Прозрачность финансовой деятельности: Авторы не имеют финансовой заинтересованности в представлен-

ных материалах или методах.

Авторы заявляют об отсутствии конфликта интересов.
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Let us calculate the fractal dimension and the Hurst 
coefficient, which together allow us to quantify the 
degree of complexity, self-similarity and correlation 
structure of the signal. One of the most common 
methods for determining the fractal dimension is the 
box-counting method [10]. For a one-dimensional time 
series, the fractal dimension D is determined by the 
following formula:

 ( )0

ln ( )lim ,
ln 1

N
D

ε→

ε
=

ε
 (1)

where N(ε) is the number of boxes (segments of length ε) 
required to cover the entire signal curve.

The Hurst coefficient H is an important fractal 
parameter that characterizes the degree of long-term 
dependence and correlation in the signal. It is calculated 
by the formula:

 
ln( / ) ,
ln

R S
H

n
=  (2)

where R is the range of the accumulated deviation of 
the signal from the average value; S is the standard 
deviation; n is the sample size.

The results of calculating (Table) fractal 
characteristics for harmonic and anomalous signals 
shows that both types of signals have similar values 
of both fractal dimensionality and Hurst coefficient. 
The average value of the Hurst coefficient for the 
anomalous signals was found to be slightly higher, 
which may indicate a more pronounced autocorrelation 
or “memorization” in these signals compared to the 
harmonic signals. However, this difference is minimal 
and may be insufficient for a clear distinction between 
the two types of signals.

The analysis of fractal dimensionality showed that 
both types of signals have similar values, indicating that 
they have a similar structure on small scales. This can 
complicate the task of distinguishing between harmonic 
and anomalous distortions on the basis of fractal 
parameters alone.

Table. Comparison of fractal characteristics 

for harmonic and anomalous signals

Parameter Type of the signal Average value

Hurst coefficient
Harmonic signals 0.643

Anomalous signals 0.652

Fractal dimension
Harmonic signals 0.988

Anomalous signals 0.988

The results of the study show that, despite the 
differences in the nature of the signals, their fractal 
characteristics turned out to be very similar, making 
it difficult to distinguish them accurately. For a more 
accurate classification of anomalous and harmonic 
distortions, it is necessary to conduct a multifractal 
analysis [11, 12]. The choice of multifractal spectrum 
is explained by its ability to more deeply characterize 
complex and heterogeneous signal structures, which 
are not sufficiently described by traditional monofractal 
methods.

The performed calculation of the multifractal 
spectrum resulted in the dependence (Fig. 2), which 
displays the Hurst exponent H(q) as a function of the 
scaling parameter q.

In order to achieve this goal, the signal was 
decomposed into sub-bands using different values of 
the scaling parameter q, which is related to the signal 
moments. In the decomposition process, a generalized 
cumulative function Z(q, s) was calculated according to 
the definition:

 
1

( , ) | ( , ) | ,
sN

q

i

Z q s X i s

=
= ∑  (3)

where X(i, s) represents the amplitude of the signal on 
the scale s, while Ns is the number of elements on this 
scale.

A scale transformation was performed for each 
value of q to calculate the dependence of the cumulative 
function Z(q, s) on the scale s. It was found that for 
signals with multifractal properties this dependence 
follows a power law:

 ( )( , ) ,qZ q s sτ  (4)

where τ(q) is a spectral function describing multifractal 
characteristics of the signal.

As a result, the values of the Hurst index H(q) were 
calculated for each value of q using the ratio:

 
( )( ) .q

H q
q

τ
=  (5)

The results of multifractal analysis (Fig. 2) show 
that the complexity spectra of harmonic and anomalous 
signals are very similar, including at different scales. 
Thus, although the nature of these signals is different, 
the similarity of their multifractal properties limits the 
ability to use multifractal analysis to distinguish between 
harmonic and anomalous signals.

In order to more accurately classify and identify the 
differences between these types of signals, it becomes 
necessary to use additional analysis methods. One such 
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method is Shannon entropy [13, 14], which was chosen 
for further study due to its ability to quantify the level of 
uncertainty and complexity in a system. The possibility 
of using Shannon entropy to analyze the changes in the 
probability distribution of different events associated 
with a signal makes it particularly useful in the study 
of signals with anomalies. In the context of electrical 
networks, this method can reveal hidden anomalies 
or instabilities that go undetected when using only 
multifractal analysis.

In order to compare harmonic and anomalous 
signals, the Shannon entropy estimation method is used 
to measure the level of uncertainty in the signal. Shannon 
entropy H, which shows how uniformly distributed the 
signal values are, can be calculated by the formula:

 
1

( ) lg ( ),
n

i i
i

H p x p x

=
= −∑  (6)

where p(xi) is the probability that the signal takes the value 
xi, while n is the number of possible values of the signal.

The diagram (Fig. 3) shows the distribution of Shannon 
entropy values for two types of signals: harmonic (green 
color, lines) and anomalous (red color). The frequency 
f on the ordinate axis shows how often different values of 
entropy 𝐻 occur in the data sample. Harmonic signals are 
characterized by entropy values concentrated in a narrow 
range around ~5.2 to form a high and narrow peak on 
the histogram. This indicates a high degree of orderliness 
and predictability of harmonic signals as reflected in their 
stable and relatively low entropy values.

In contrast, anomalous signals have a wider entropy 
distribution, which ranges from 5 to ~5.4 and is combined 
with a lower and fuzzier peak. This indicates greater 
randomness and disorder in their structure, resulting 
in increased entropic variation. The partial overlap of 
the distributions of harmonic and anomalous signals 
confirms that some anomalous signals have entropy 
similar to that of harmonic signals.

While Shannon entropy provides important 
information about the degree of uncertainty in a signal, 
a full understanding of the nature of harmonic and 
anomalous signals also requires an analysis of their 
frequency characteristics.

The described method for calculating the power 
spectral density (PSD) [15, 16] was used in this work 
to identify key frequency characteristics of signals. This 
method is suitable for detecting hidden periodicities and 
anomalies that may remain undetected when analyzing 
only the temporal characteristics of the signal.

The PSD method gives a more complete picture 
of the spectral structure of signals by analyzing the 
energy distribution over frequencies. This is important 
for differentiation of harmonic and anomalous signals, 
especially when dealing with complex time series. The 
application of PSD enables not only qualitative but also 
quantitative assessment of differences between signals, 
thus providing more accurate classification and detection 
of hidden anomalies.

PSD was calculated using the Welch method [17], 
an improved power spectrum estimation approach that 
reduces noise by splitting the signal into overlapping 
segments and averaging their spectra.

The power spectral density P(ω) of the signals was 
calculated using the following formula:

 2

1

1( ) | ( ) | ,
N

k
k

P X
N =

ω = ω∑  (7)

where ω is the frequency; Xk(ω) is the discrete Fourier 
transform of the kth segment of the signal; N is the 
number of segments.

The Welch method is used to determine the power 
spectrum more accurately. The signal is divided 
into several parts, which may overlap. Then Fourier 

Multifractal spectrum

Harmonic signals
Anomalous signals

2.0

1.8

1.6

1.4

1.2

H
(q

)

 –4 –2 0 2 4

q

Fig. 2. Dependence of the Hurst index on the scaling 

parameter

102

101

100

F
re

q
u

e
n

c
y

 (
f)

 5.0 5.2 5.4

Entropy value (H)

Harmonic  
signals

Anomalous 
signals

Fig. 3. Shannon entropy (logarithmic scale)



12

Russian Technological Journal. 2025;13(1):7–15

Sergey V. Kochergin, 

et al.

Improving Smart Grid security:  

Spectral and fractal analysis as tools for detecting cyberattacks

transform is applied to each part. The average of the 
power spectra of all segments is then calculated. This 
reduces the influence of random noise and increases the 
stability of the estimation:

 Welch
1

1( ) ( ),
M

m
m

P P
M =

ω = ω∑  (8)

where M is the number of segments; Pm(ω) is the power 
spectral density for the mth segment.

Figure 4 compares the power spectral density 
distribution of harmonic and anomalous signals. At low 
frequencies, harmonic signals show a more concentrated 
energy distribution. Anomalous signals are characterized 
by a wider spectrum.

In order to further analyze the spectral characteristics 
and accurately evaluate the difference between harmonic 
and anomalous signals, it is necessary to calculate the 
integral energy of the signals. The integral energy of 
a signal, which is defined as the area under the PSD 
curve, serves as a quantitative measure of the total energy 
distributed across frequencies. It can provide additional 
insight into the differences between signal types.

The integral energy of the signal E is calculated 
by integrating the PSD values P(ω) over the entire 
frequency range ω:

 
max

0
( ) ,E P d

ω

= ω ω∫  (9)

where ωmax is the maximum frequency up to which the 
integration is performed.

This transition to integral energy estimation not only 
reveals how energy is distributed across frequencies, but 
also quantifies the overall energy content of signals, 
which is essential to better understand their nature and 
permit their more accurate classification.

The results of power spectral density calculations 
revealed a significant difference in the energy distribution 
between anomalous and harmonic signals in the frequency 
range of 200–300 Hz. In particular, the energy in this 
range for the anomalous data was 224.53 units, which 
is significantly higher than the energy of the harmonic 
data (27.51 units). This difference indicates that there is 
a significant increase in energy in the anomalous data in 
the 200–300 Hz range, which may indicate the presence 
of additional frequency components or increased activity 
characteristic of anomalous signals.

The increase in energy can be caused by additional 
noise, non-harmonic components, or other factors that 
are not present in harmonic signals. This emphasizes 
the importance of frequency analysis, especially the 
PSD method, for detecting anomalies that may not be 
noticeable when analyzing signals in the time domain.

CONCLUSIONS

The results of this study demonstrate that the 
PSD method is an effective tool for identifying and 
numerically evaluating the differences between harmonic 
and anomalous signals. The described approach can 
be used to detect cyberattacks involving distortion of 
harmonic signals and more accurately classify patterns 
characteristic of malicious attacks. The application of 
this method can contribute to improved security and 
resilience of power systems, ensuring timely detection 
and neutralization of threats.
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Abstract
Objectives. The object of the research is to study citation information networks structured on the basis of a sample 

from the arXiv database related to theoretical high energy physics (high energy physics, HEP). Since 1974, this 

database has indexed more than 500000 articles, including their complete citation trees. The paper proposes 

a method for detecting percolation transitions in the dynamics of cluster formation of articles with similar content. 

Improving the accuracy of information cycles in knowledge networks can help resolve applied problems related 

to the quality of scientometrics and its indicators.

Methods. An optimized algorithm for dynamic network separation in the Pajek software environment was applied, 

in order to detect the emergence of a largest component equivalent to a percolation transition. This approach enables 

a detailed study of dynamic and general parameters to be carried out in each reduced network with a given time step. 

The clustering algorithm combines citation structure and temporal information about data.

Results. It was found that a percolation transition occurs in the HEP network. The indicator of this transition is the 

formation of a largest component near the critical point which occurs at the 10th month of the time sample interval. 

At the same time, a generalized conclusion about the behavior of network parameters shows a positive trend in the 

growth of connectivity for the entire time period (from 1991 to 2003). Furthermore, a generalized analysis of citation 

distribution reveals eleven laureates of highly cited articles who set the basic vector for development in the field 

of HEP. It is worth noting that the prominent scientists from the top three in terms of citations are linked by a shared 

field of research: string theory. Verification of this fact confirms that our citation evaluation method is effective. 

Determining the characteristics of the HEP (high-energy physics) network enables an important indicator of the 

researcher’s activity and behavior to be identified.

Conclusions. In the column of authors linked by co-authorship, of the 9200 authors in the HEP physics community, 

7304 belong to a single connected component. The temporal nature of citations indicates a rapid uptake and 

understanding of relevant new work. Percolation transitions, which are indicators of sudden conceptual shifts 

in citation networks, allow us to identify and link articles into research schemes which form clusters of new ideas and 

theories.
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в динамике сетей цитирования данных  

по физике высоких энергий

С.О. Крамаров 1, 2,  
О.Р. Попов 3,  
И.Э. Джариев 2, @,  
Е.А. Петров 2
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Резюме 
Цели. Объектом исследования выступают информационные сети цитирования, структурированные на основе 

выборки в arXiv базы данных, связанной с теоретической физикой высоких энергий (high energy physics, HEP), 

индексирующей с 1974 г. более 500000 статей, включая их полное дерево цитирования. Предлагается методика 

обнаружения перколяционного перехода в динамике образования кластеров статей, имеющих схожее содер-

жание и тесно связанных друг с другом. Повышение точности количественной оценки информационных циклов 

в сетях знаний может быть использовано в решении прикладных задач качества наукометрии и ее индикаторов.

Методы. Применен оптимизированный алгоритм по динамическому разделению сети в программной сре-

де Pajek с целью обнаружения появления в ней гигантского компонента, эквивалентного перколяционному 

переходу. Данный подход позволяет с заданным временным шагом реализовать детальное исследование 

динамических и общих параметров для каждой новой сокращенной сети. Используемый алгоритм кластери-

зации объединяет структуру цитирования и темпоральную информацию о данных.

Результаты. Обнаружено, что в сети HEP происходит перколяционный переход, индикатором которого явля-

ется образование вблизи локальной критической точки (10-го месяца интервала временной выборки) гигант-

ского компонента. В то же время обобщенный вывод поведения параметров сетей свидетельствует о поло-

жительной динамике в росте связности исследуемой сети для всей временной выборки (с 1991 г. по 2003 г.). 

Обобщенный анализ распределения цитируемости обнаруживает 11 лауреатов высокоцитируемых статей, 

которые задавали базовый вектор развития в разделе НЕР. Примечательно, что выдающиеся ученые из глав-

ной «тройки» цитирования связаны единой динамичной областью исследования – теорией струн. Верификация 
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INTRODUCTION

A distinct category of complex networks, together 
with social, biological, and technological networks, is 
represented by information networks, also referred to as 
knowledge networks.

Newman defines an information network as 
“consisting of data elements linked together in some 
way” [1]. Two of the most studied information networks 
are citation networks of scientific publications and text 
page networks of the World Wide Web [2–5]. In them, 
the vertices are articles or web pages, and the directed 
edges are citations of one article in another article or 
hyperlinks.

Certain other information networks have been 
studied to a lesser extent. For example, the network of 
citations between patents which in some respects are 
similar to citations between academic research articles.

Keyword index networks are closely related to 
networks of web pages and academic documents. 
They are different from direct link networks between 
documents. An index is a bipartite network of links 
between a record of keywords and the document which 
they indicate. They are used, for example, as the basis for 
search engine algorithms which try to find documents or 
pages that are similar to each other.

The network of relations between classes of words 
in a thesaurus, which has been studied in a number of 
works [4, 6, 7], can also be regarded as informational. 
Thesaurus users move through the network from one 
word to another in search of a specific term which 
perfectly reflects the idea they have in mind.

Semantic links between terms and mental constructs 
used for semantic representation of a special scientific 
language represent conceptual or terminological 
networks. In [8], the parameters of the dynamics of link 

formation dynamics in networks structured on the basis 
of dictionaries of model predictive terms thematically 
related to promising information technologies were 
studied.

The network of citation references between 
scientific publications, the structure of which quite 
accurately reflects the structure of information stored in 
its vertices—articles, corresponds well to the concept of 
information network.

Citation analysis can identify articles and link them 
into a research pattern which forms a cluster defined by 
the research specialty. An indicator of sudden conceptual 
changes resulting from new theories or ideas is sudden 
changes in the citation network.

There are two basic areas of network analysis of 
citation references, reflecting the gradual development 
of knowledge in dynamics.

A widespread method is main path analysis 
method [9, 10], which represents citation networks as 
a system of channels carrying scientific knowledge or 
information. Main path analysis calculates the extent 
to which a particular citation or article is used as 
a reference. This is called a traversal count. Paths or 
components from the source vertex to the destination 
vertex with the highest traversal weight, assumed 
to define the main information flow, are extracted. 
Analysis of their dynamics over time reflects 
the integration or specialization of the scientific 
community.

Analyses of this kind related to data fragmentation 
also include approaches based on the identification of 
key routes, islands, and probabilistic flows [11].

These methods focus on localization, highlighting 
highly cited articles and leaving out a large stratum of 
the entire data set expressed in weak long-range network 
correlations [12, 13].
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вышеуказанного факта подтверждает то, что предложенный метод оценки цитируемости – рабочий. Опреде-

ление характеристик сети НЕР позволяет определить важный для исследователя показатель и его поведение.

Выводы. В графе авторов, связанных отношениями соавторства, 7304 из 9200 авторов научного сообще-

ства физиков HEP относятся к одному связному компоненту. Временной характер цитирования указывает 

на быстрое понимание и использование соответствующих новых работ. Перколяционный переход, являясь 

индикатором внезапных концептуальных изменений в сетях цитирования, позволяет выявлять и связывать 

статьи в исследовательскую схему, составляющую кластер новых идей или теорий.

Ключевые слова: информационная сеть, сеть цитирования, физика высоких энергий, HEP, перколяция, 

перколяционный переход, связность, гигантский компонент, кластер, динамика
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Another trend of simulation and analysis of 
information processes occurring in networks with 
irregular structure is related to the application of 
methods of percolation theory known in solid-state 
physics [14–19], capable of answering important applied 
questions. Percolation theory is successfully applicable 
in applications which provide protection of technological 
networks from virus attacks [20], nanotechnology for 
the design of virus-like particles [17], and algorithms for 
monitoring and predicting the evolution of information 
in sociotechnical systems [21].

Percolation in social networks by the analysis 
of knowledge networks or information percolation 
is a relevant, popular and developing trend at the 
intersection of scientific concepts. A coherent theory 
of this area, including the conceptual range, is just 
being formed. Its elements are being collated within 
the framework of a number of works by domestic and 
foreign authors [21–24], in order to reflect different sides 
of a complex multidimensional phenomenon. A more 
universal view of the analysis of the critical behavior 
of percolation transitions shows the need to take into 
account global information about network connectivity, 
resolved by artificial intelligence and machine learning 
algorithms [24].

Percolation theory from statistical physics focuses 
on patterns of network connectivity, namely the clusters 
of nodes which can be reached from each other. The main 
interest is the relative size of the largest cluster, i.e. the 
fraction of nodes in the largest (giant) component P∞, 
which acts as a measure of functionality.

With regard to more complete coverage of network 
processes, it is important that long-range correlations 
control the percolation transition, as in the case of 
thermal phase transitions. Another significant factor is 
that the corresponding quantities near the critical point 
pc are described by the formulas of power laws and 
critical indices.

The structure of clusters formed by elements of 
citation networks from the same section of theoretical 
high-energy physics is a significant factor in the detection 
of percolation phase transitions [25, 26].

This is important in the development of network 
science and its applications [18]:

• in terms of heterogeneous interaction models of the 
components which make up complex networked 
systems;

• as a paradigm of random and semi-random 
connectivity of components of networked systems;

• as a confirmation of the principle of universality of 
phase transitions in a large variety of physical and 
socio-technical systems.
Understanding percolation theory facilitates the 

understanding of network systems and can be used to 
quantify and resolve some basic problems in applied 

informatics and scientometrics. It can in particular help 
with the detection of clusters of articles with similar 
content and which are closely related to each other. 
This approach to analyzing the links between scientific 
publications improves the accuracy of information 
cycle assessment in scientometrics and the quality of 
indicators.

Thus, identifying and understanding the topological 
properties of the clusters formed, as well as the 
distribution of cluster sizes and the average distance 
between network elements belonging to the same cluster 
is of interest.

Simulation of clusters formed by elements of 
citation networks, which reflect both nonlinear processes 
occurring in a certain scientific field and a wide variety 
of its complex systems, enables their dynamics, reveal 
hidden connections, correlations, and cycles to be 
predicted.

The object of the study is the international information 
networks structured on the basis of the Stanford Linear 
Accelerator Center SPIRES-HEP database. Since 1974, 
the literature on theoretical high-energy physics (HEP) 
has been comprehensively cataloged online and more 
than 500000 articles, including their full citation tree, 
have been indexed.

TOOLS AND METHODS

The basic research methodology proceeds from 
mapping the dynamics of formation of a complex 
associated structure of the studied citation network 
with nodes, links taking into account the weight of 
various elements according to three basic criteria: 
degree of nodes, distance, and strength of links 
between nodes.

In the most general form, regardless of the physical 
nature and model of the system, percolation theory 
answers the following question: what is the probability 
that there exists an open path from zero to infinity (or 
whether there exists an infinite cluster of interconnected 
pores or nodes)? Thus, the problem boils down to whether 
such paths exist for a given probability р. Basically, the 
theory is concerned with the existence of such a cluster 
and its structure with respect to the probability of 
filling р.

Unlike thermal or magnetic phase transitions, the 
percolation transition is a geometric phase transition and 
is characterized by the structural properties of clusters 
near the critical probability pc.

The measure of functionality is the probability that 
a node (or link) belongs to an infinite cluster. At p < pc 
there are only finite clusters and P∞ = 0. At p > pc  
P∞ behaves similarly to the density below the critical 
temperature Tc and increases with increasing p according 
to the power law:
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 P∞ ~ (p – pc)β.
 

(1)

The linear size of the finite clusters below and above pc 
is characterized by the correlation length ξ. The correlation 
length is defined as the average distance between two nodes 
in the same finite cluster. When p approaches pc, ξ increases 
with the same degree v below and above the threshold:

 ξ ~ (p – pc)–v.
 

(2)

The average number of nodes (mass) of a finite 
cluster S also diverges from the index γ above and 
below pc:

 S ~ (p – pc)–γ.
 

(3)

The indices β, v and γ describe the critical behavior 
of typical quantities associated with the percolation 
transition and are called critical indices.

These degree indices are universal and depend 
neither on the structural details of the lattice 
(e.g., square or triangular), nor on the type of percolation 
(node, link, or continuum). They depend only on the 
dimensionality of the space (see the table). Dimensionless 
quantities are used in network science.

Table. Estimates of critical percolation indicators

Space dimensionality

d = 2 d = 3 d = 4 d = 5 d ≥ 6

β 5/36 0.417 ± 0.003 0.5 0.7 1.0

v 48/36 0.875 ± 0.008 0.7 0.6 0.5

γ 86/36 1.795 ± 0.005 1.8 1.6 1.0

From the point of view of forming a coherent 
information network, structural parameters such as 
distance between nodes, network diameter, clustering 
and intermediacy indices are of great importance.

Since the structure of percolation clusters is well 
described by the fractal concept [27], let us pay attention 
to the fractal dimensions df, dmin and dl which describe 
the distance between vertices.

The fractal dimension df describes M(r), i.e., the 
way in which, on average, the mass M of a cluster 
inside a sphere of radius r scales with r. Dimension dmin 
describes the self-similarity and structure on the shortest 
path between two arbitrary nodes A and B, while dl 
describes M(l), i.e., how М at the shortest distance l from 
a given node scales with l. They are related to each other:

 f
l

min

.
d

d
d

=
 

(4)

The concept of shortest distance (or optimal 
distance) also plays an important role in describing 

dynamical phenomena in disordered systems, such as 
the spread of wildfires or epidemics spreading along the 
shortest path from the source. In [27], it is shown that the 
rate of propagation of a fire front or epidemic is related 
to the measure of degree v. In a knowledge network, 
the shortest or optimal paths are important because they 
tell us how information will propagate with the highest 
probability.

Based on the well-known and tested [9, 28] Pajek1 
software environment, we can propose an optimized 
algorithm for dynamic network partitioning to detect 
the appearance of a largest component in the network, 
equivalent to a percolation transition.

The following factors are emphasized therein:
1. We select the source network, either complete or 

containing some subnet, with which we are going 
to work further. In our case, the network parameter 
(.net) represents the citation graph of the part of the 
arXiv2, database corresponding to HEP. The vertices 
of the graph are arXiv article identifiers in the form 
of nodes. Relationships between these entities, such 
as article citations, are represented by links between 
the entities, i.e., X cites Y. The vector parameter 
(vec) represents a temporal data series (dates of 
article data release) with different time step (day, 
month, year);

2. In order to extract a part of the network, i.e., to create 
a localized representation, the sets (or classes) of 
vertices to be extracted need to be determined. We 
divide the vertices of the original network into a certain 
number of mutually exclusive subsets (clusters) with 
a given time threshold (initial state) and step;

3. Computation and a detailed study of dynamic 
and general parameters for each new reduced 
network [29]. Particular attention is paid to the 
dynamics of the largest component, measured as 
percentage. The splits (steps) end when this parameter 
in the new network is no longer significant, i.e. from 
the minimum value to the maximum value;

4. Processing and visualization of the obtained data 
of time dependencies of link parameters in citation 
networks.
There is currently considerable interest in the 

problem of how the largest component in networks is 
formed and whether it is possible to predict this process. 
A methodology involving detailed analysis in citation 
networks can be applied to a much wider range of 
disciplines: from chemistry, physics and biology to the 
social sciences. The approach proposed uses a clustering 
algorithm which combines citation structure and data 
information. The proposed methodology is expected to 
identify clusters relevant to promising scientific trends.

1 http://mrvar.fdv.uni-lj.si/pajek/. Accessed April 20, 2024.
2 https://arxiv.org/archive/hep-th. Accessed April 20, 2024.

http://mrvar.fdv.uni-lj.si/pajek/
https://arxiv.org/archive/hep-th
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RESULTS AND DISCUSSION

For the purpose of this analysis, the high energy 
physics citation network from August 1, 1991 to 
May 12, 2003 in the arXiv2 database, which contains 
27770 publications of articles in High Energy Physics—
Theory (HEP or hep-th) at the time of data collection, is 
considered.3

Transformed into Pajek1 format, the files allow us 
to conduct a study using this citation network. The first 
file hep-th-new.net is a network file with 27770 vertices 
and 352807 graphs. A vector file called date-new.vec 
contains the dates of the articles converted to the number 
of days since August 1, 1991. The number of days is 
broken down into months, in order to visualize the 
results of the study.

The description of the graphs of time dependencies 
and citation distribution begins with a detailed analysis 
of the dependence of the largest component on the time 
interval. The abscissa axis shows time t in months, 
where 0 is March 1993, month 28 is July 1995.
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Fig. 1. Time dependence of the largest component

In Fig. 1, a sharp increase in the largest component is 
observed in the interval between 1993–1994, indicating 
the presence of a largest component. At a certain critical 
value, the dependence graph shows a sharp increase 
from a very small value to a finite fraction of the whole 
system, characteristic of a percolation phase transition. 
The graph ceases to be linear, signaling the formation 
of the largest component at a certain point in time equal 
to 10 months. The key moment for the percolation 
transition, found by the study, is a speech at a string 
theory conference in 1994 made by Edward Witten 
who proposed M-theory. In the months following 
Witten’s statement, hundreds of new papers appeared 
on the Internet confirming that the new theory plays 

3 http://vlado.fmf.uni-lj.si/pub/networks/data/. Accessed 
April 15, 2024.

an important role in HEP. Today, this flurry of papers 
is known as the second superstring revolution. After 
a while, five superstring theories (type I, type IIA, 
type IIB, HO, and HE) became considered as different 
limits of the unified M-theory.

Observing the sharp increase in the size of the 
largest component in month 10, is can be assumed that 
the formation of the largest component is caused by the 
large publication activity in HEP during this period. 
However, when conducting a detailed study, it was 
found out that the peak of publications falls in the period 
between 1997–1998. The dependence graph confirming 
this fact is shown at the end of the article.
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Fig. 2. Largest component size as a function 

of probability in network growth dynamics:  

(1) normalized daily dependence  

of the presented algorithm;  

(2) normalized stepwise dependence  

based on simulation data [30]

In Fig. 2, the size of the largest component S is 
de-dimensionalized and expressed in fractions. The 
normalized daily dependence (curve 1) of the algorithm 
presented herein bears a strong positive correlation with 
the normalized stepwise dependence on the percolation 
probability F (curve 2) in the dynamic opinion model 
(non-consensus opinion, NCO) obtained in [30]. The 
phase transition in the NCO model was found to belong 
to the same universality class as the invasion penetration 
with capture.

It was also found that in [30], the formation of 
a largest component can be observed in the interval 
of 0.4–0.6 simulation steps. The simulation step is 
understood as a fraction of the probability F of the 
network reaching a stable state. This interval coincides 
with the data at time interval T of 28 months obtained in 
this study. Due to the identity of the input datasets for 
HEP, the relationship of these dependencies is expected.

In order to understand why percolation occurs at 
this moment, let us study the general and dynamic 
parameters of the investigated network in the time 

http://hep-th-new.net
http://vlado.fmf.uni-lj.si/pub/networks/data/
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interval. Figures 3–6 show the series of dependencies 
of the main network characteristics for HEP.

The average distance parameter is responsible for 
the average path length among all reachable pairs of 
nodes in the network [29]. From Fig. 3a, it can be seen 
that the average distance in the network increases with 
time, which contributes to the next parameter in Fig. 3b, 
the diameter of the network. The network diameter is 
the maximum eccentricity among all vertices of the 
network.

Figure 4 shows the dependence of clustering 
coefficients on time in months. The transitivity coefficient 
is responsible for the average probability that two 
vertices which are network neighbors of the same other 
vertex will themselves be neighbors. A sharp increase 
in the parameter indicates an increase in the probability 
of two different vertices being neighbors in the period 

from months 1 to 7, then the situation stabilizes and the 
coefficient varies around 0.1.

An unweighted average known as the Watts–Strogatz 
clustering coefficient is also used, although it does not 
give the exact proportion of closed dual parts. In Fig. 4b, 
the coefficient increases to 0.18 at month 10 and 
stabilizes at a value of 0.13 after month 18.

Figure 5a shows a positive linear increase in the 
total link strength parameter, confirmed by the growth of 
citations in articles throughout the entire study interval. 
The average degree parameter is responsible for the 
structural cohesion of the network. Its increase indicates 
that the number of links per node is increasing.

The last dynamic parameter in the study is the 
betweenness centralization. It determines the frequency 
of interval values between vertices in the network divided 
by the maximum possible value in a network of the same 
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size. In other words, it is a measure of how central some 
vertices in the network are when compared to others. 
In Fig. 6, an increase in this parameter indicates that 
elements with an increased number of intermediate links 
are formed in the network, further indicating an increase 
in its connectivity. The significance of the betweenness 
centralization and average distance which determine 
the degree of information transmission without loss and 
distortion, is obvious [29].

Analysis of the behavior of dynamic and general 
network parameters for each time sample over the entire 
study interval enabled us to find that the HEP network 
contains a largest component. Each of the analyses 
performed contributes to the general understanding of 
the processes of dynamics of conceptual changes in 
the field of theoretical high-energy physics. This could 
not be achieved without a detailed study of individual 
network properties.

The final step of this study is to analyze the citation 
distribution from 1991 to 2003.The overall structure of 
the subgraph is examined to identify influential authors. 
Finally, potential laureates of the prize for theoretical 
high-energy physics can be predicted.

Authors who submitted articles to arXiv from 1991 
to 2003 were ranked according to the number of 
citations. Next, a dependence of the share of citations 
of authors on the number of articles was built (Fig. 7). 
Based on the results of the study, 11 laureates of highly 
cited articles were found, establishing the vector of 
development in the HER section. For clarity, the graph 
lists the articles from the main “top three”. The list is 
headed by Juan Martin Maldacena, Edward Witten, and 
Steven Scott Gubser [31–33]. It is worth noting that the 
validity of the results in this dependence is confirmed 
by the fact that these outstanding scientists are related 
by a single field of research: string theory. In addition, 
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verification of the above fact confirms that the proposed 
method works.

Thus, the characterization of the HER network 
enables a new method for citation evaluation to be 
introduced. In this study, the first step is to create a user-
friendly database from the uploaded network. The 
second step is to determine the parameters of the source 
file. Then, in practice, the construction of a series of 
dependencies of parameters will allow us to determine 
the importance for the researcher indicator of the 
network and its behavior.

The practical application of this method allows us to 
discover non-trivial dependencies of different networks, 
the study of which leads to the discovery of new results. 
For specialists in a narrowly focused field, there is 
a need to find valuable information from a large amount 
of data of a certain network. The methodology proposed 
will allow us to identify not only the moment of time 
when this information appeared, but also the very area 
in which it is located.

CONCLUSIONS

The study finds that percolation results partially 
reflect the connective properties of networks and thus 
can be used as an algorithm to identify special subsets of 
networks, identifying communities of agents holding the 
same conceptual opinion.

In the steady state, nodes adhering to the same state 
exhibit a phase transition from small clusters to large 
linking clusters when citation concentration increases. 
Percolation transition, as an indicator of sudden 
conceptual changes in citation networks, allows us to 
identify and link articles into a research scheme which 
constitutes a cluster of new ideas or theories.

In the column of authors linked by co-authorship 
relationships, of the 9200 authors, 7304 belong to 
one cohesive component. The citation and authorship 
networks reflect the structure of close communication 
through formal and informal scientific literature. The 
HEP physics community publishes a large number of 
papers, and the temporal nature of citations indicates 
rapid understanding and utilization of relevant new work.

Percolation is a common model of disordered 
systems, and its close connection with the fractal concept, 
from self-similarity to multifractality, is emphasized. The 
behavior of the dynamic and general parameters of the 
real information network for each time sample over the 
entire study interval, shows that the HEP network contains 
a largest component. However, analysis of the degree of 
self-similarity of random processes, their stationarity or 
non-stationarity is an area for further study. In this regard, 
the logical continuation of the work is the fractal analysis 
of time series of information flows in HEP.
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Abstract
Objectives. This study aims to create analytical methods for evaluating the probabilistic safety characteristics 

of information and software elements in digital substations in order to ensure security in different virus scenarios.

Methods. The methods of reliability theory, random process theory, and recovery theory were used. 

Results. The derived integral ratios were further used to estimate the probability characteristics of information 

processing security when performing functional tasks in various scenarios of attacks on digital substations, as well 

as multiple technologies used for protection against such threats. Numerical studies of safe information processing 

probability of different intensities of attacks and times of their activation were conducted, in order to consider the 

frequency of diagnostics of the system by the service personnel and customer requirements for the safe operation 

of the system in a certain period. We performed calculations for various protection technologies against similar 

attacks on digital substations. A protection technology with system diagnostic deterministic frequency can support 

customer requirements in the event of accidental and relatively rare virus attacks. Security technologies consider 

different maintenance personnel operation modes to ensure customer fulfillment requirements for safe information 

processing probability and the case of deliberate attacks on digital substations in each period.

Conclusions. The technologies considered herein for information protection from attacks on digital substations can 

provide the necessary level of information security system operation for all types of threats. These technologies can 

be applied when the system diagnostics frequency increases from twice an hour to at least once every 25 minutes. Our 

findings underline the importance of timely monitoring of ever-changing attack environments for digital substations.
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НАУЧНАЯ СТАТЬЯ

Анализ вероятностных характеристик воздействия 
вирусных атак на цифровые подстанции
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Резюме 
Цели. Цель данного исследования заключается в создании аналитических методов для оценки вероятностных 

характеристик безопасности информационных и программных элементов цифровых подстанций. Эти методы 

направлены на обеспечение кибербезопасности в условиях различных сценариев воздействия вирусов.

Методы. Использованы методы, базирующиеся на теории надежности, теории случайных процессов и тео-

рии восстановления.

Результаты. Выведены интегральные соотношения, которые позволяют оценить вероятностные характери-

стики безопасности обработки информации при выполнении функциональных задач в различных сценариях 

атак на цифровые подстанции, а также при использовании различных технологий защиты от подобных угроз. 

Проведены численные исследования вероятности безопасной обработки информации при различной интен-

сивности атак и времени их активации с учетом частоты проведения диагностики системы обслуживающим 

персоналом и требований заказчика к безопасному функционированию системы в определенный период 

времени. Расчеты выполнены для различных технологий защиты от подобных атак на цифровые подстанции. 

Показано, что технология защиты c детерминированной частотой диагностики системы может обеспечить 

требования заказчика к безопасности только при случайных и относительно редких вирусных атаках. Тех-

нологии защиты, учитывающие различные режимы работы обслуживающего персонала, могут обеспечить 

выполнение требований заказчика по вероятности безопасной обработки информации в заданный период 

времени и при преднамеренных атаках на цифровые подстанции.

Выводы. Рассмотренные технологии защиты информации от атак на цифровые подстанции могут обеспечить не-

обходимый уровень безопасности функционирования информационной системы для всех видов угроз при усло-

вии увеличения частоты диагностики системы с 2 раз в 1 ч до не реже 1 раза в 25 мин. Это подчеркивает важность 

активной мониторинговой политики в условиях постоянно меняющейся среды атак для цифровых подстанций.

Ключевые слова: цифровые подстанции, характеристика потоков, вирусы, вероятность безопасного функ-

ционирования, информационно-вычислительные системы
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INTRODUCTION

Modern information computer systems (ICS) are part 
of the control loop of socioeconomic and sociopolitical 
processes. They enable the main stages of analysis of 
the current situation to be automated, the emergence 
and development of crisis situations to be identified, and 
recommendations for their elimination and prevention to 
be formed. ICSs also provide analytically processed and 
summarized information for supporting the decision-
making process [1]. Therefore, such systems are subject 
to increased requirements for timeliness and reliability 
of the information processed.

The software and hardware tools of an ICS should 
provide support for document preparation processes, 
taking into account possible interferences, including the 
impact of viruses, failures, malfunctions, and information 
distortion [2]. The integrated use of analytical methods 
to study virus threats and modeling on their basis the 
processes of virus impact on the information system with 
the help of the KOK tool-modeling software complex was 
considered for the first time in the work of A.I. Kostogryzov 
and G.A. Reznikov [3]. In order to facilitate the joint 
use of the original multilevel network analytical models 
of TDF research taking into account distortions in the 
input information [2] and analytical models that take 
into account information distortion by viruses, it seems 
reasonable to extend the class of models considered in [3] 
using recovery theory methods, as demonstrated in [4].

The studies [2, 5, 6] consider issues of evaluating 
the probabilistic-temporal characteristics of information 
processing taking into account failures, malfunctions, and 
distortions of input information under the limitations on 
the service time set by the customer. These studies also 
evaluate the reliability characteristics of ICS hardware, 
software and networks, which are the source of information 
for situation centers. At present, insufficient attention is 
paid to assessing the impact of viruses on the probabilistic-
temporal characteristics of information processing, taking 
into account customer requirements for the security of 
system operation and the range of information protection 
technologies used by service personnel. Therefore, the 
analytical evaluation of probabilistic characteristics of 
information and software resources security under various 
scenarios of virus impact and information protection 
technologies appears a relevant research task.

The works [7–11] address computer viruses and 
their impact on data security, the main ways of virus 
penetration into the system, as well as a comparative 
analysis of antivirus programs. The articles [12–15] 
propose analytical models for an accurate determination 
of the intensity of virus attacks. The results obtained can 
be used as initial data for the development of a higher-
level information security model, considered in the 
present article.

Data security is acquiring particular significance in 
the modern digital world, where information technology 
plays a key role in managing various systems, including 
energy networks. One of the main challenges in this 
context is the protection of digital substations from 
malicious impacts such as viruses. 

For effective protection against viruses in digital 
substations, evaluation models that can predict the 
probabilistic characteristics of the possible impact of 
viruses on computer systems are needed. Such models 
can be useful in developing protection strategies and 
making decisions about the security of the information 
infrastructure.

One of the key elements of evaluation models is 
to consider the probability of viruses affecting digital 
substations. This requires an analysis of various attack 
scenarios and evaluation of the probability of their 
occurrence. In addition, it is important to consider the 
probability of detection and removal of viruses, as well 
as their potential impact on system operation. 

Another important aspect to consider is the temporal 
aspect of attacks. Viruses may be active at specific time 
intervals or may be continuous. In order to properly 
assess risks and develop appropriate countermeasures, 
evaluation must take into account such temporal 
parameters. The various defense technologies which can 
be applied to prevent and detect virus attacks on digital 
substations must also be considered. Evaluation models 
should employ the effectiveness of these technologies 
and their ability to secure the system.

1. MAJOR CYBERATTACKS  

ON DIGITAL POWER SUBSTATIONS

Digital substations are a critical part of modern 
infrastructure, providing reliable transmission and 
distribution of electricity. However, as technology 
advances, digital substations are becoming more 
vulnerable to cyberattacks.

Table 1 presents the names of the main virus attacks 
on digital power substations.

The type of virus attack can impact various aspects 
of a digital power substation, including:

• System functionality. Virus attacks can disrupt the 
normal functioning of control, monitoring, and 
protection systems, thus leading to system failure or 
malfunction.

• Data security. Some types of viruses can be directed 
to steal or destroy data stored in a digital substation, 
thus leading to leaks of sensitive information or loss 
of important data.

• System integrity. Virus attacks can damage hardware 
or software components of a substation, thus 
resulting in loss of or damage to equipment and 
interruption of operations.
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• System availability. Some virus attacks may cause 
denial of service or overload network resources, 
thus resulting in temporary system unavailability to 
process requests to operators.

• Personnel safety. Virus attacks can create dangerous 
situations for personnel working at the substation, 
for example by changing system parameters without 
their knowledge or possibly causing physical 
damage to equipment.

• Financial losses. A successful virus attack can 
cause significant financial losses associated with 
system restoration, lost revenue due to equipment 
downtime, and consumer reimbursements.
Threats from internal users, such as employees 

of energy companies, also pose a serious risk to the 

security of digital substations. Unauthorized access to 
systems, loss of confidential information or malicious 
actions within the company can have disastrous 
consequences.

Measures for preventing potential consequences of 
virus attacks include:

• regular updates of software and protection systems;
• introduction of multi-level authentication for access 

to substation control systems;
• training personnel on the basics of cybersecurity and 

identification of phishing attacks;
• monitoring network activity in order to detect 

suspicious behavior;
• implementation of clear security policies and access 

control to critical systems.

Table 1. Virus attacks on digital power substation

Name of attack Description Potential consequences

SQL-injection
Introduction of malicious SQL code into 
an application or database through incorrect 
processing of the user input

Gaining unauthorized access to data, changing 
or deleting information in the database

Malicious software

Installing malicious software on substation 
computers or devices for the purpose of stealing 
the data, interrupting operations, or controlling 
the system

Substation disruption, loss of data 
confidentiality, interruption of power supply

Phishing

Sending fake emails to deceive substation 
personnel, to gain access to systems or 
confidential information

Unauthorized access to systems, leakage 
of confidential data

DDos-attack1
Overloading the network or substation servers 
by sending a large number of requests, in order 
to disrupt operations

Failure of service, temporary or prolonged 
interruption of substation operation

GOOSE-messages2 spoofing Gaining unauthorized access to substation 
systems through the use of stolen credentials

Potential change of system operation 
parameters, disruption of system operation, 
threat to power supply security

Ransomware
Infection of the system with malicious program 
code, blocking access to data, demanding 
a ransom in order to restore access 

Data loss, substation interruption, financial 
losses

Man-in-the-Middle
Intercept and alter communications between 
substation devices such that an attacker can 
manipulate data

Possibility of data manipulation and distortion, 
interruption of information exchange

Zero-Day Exploit
Exploitation of a vulnerability in software that 
has not yet been discovered and fixed by the 
developers

Unauthorized access, malware introduction, 
potential threat to system security

Spoofing (falsification) Forging addresses or identities to create a false 
perception of authenticity or authorization

Breach of authentication, possible misleading 
of the control system

Attack on the hardware Attempting to affect substation hardware, such 
as power transformers or circuit breakers

Potential damage to equipment, interruption 
of power supply

1 Distributed denial of service.
2 Generic object-oriented substation event is a protocol designed for communication between relay protection devices by transmitting  

data digitally over Ethernet.
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Cyberattacks on digital power substations 
pose a serious threat to the energy infrastructure. 
Understanding the main types of attacks and taking 
appropriate measures for their prevention is an important 
task in ensuring the safety and reliability of substations 
in the face of ever-increasing cyber threats.

2. FORMULATION AND SOLUTION  

OF THE PROBLEM OF EVALUATING 

PROBABILISTIC SAFETY CHARACTERISTICS 

FOR DIGITAL SUBSTATIONS

Preventive diagnostic tools are assumed to be 
able to detect all infiltrated viruses and traces of their 
impact. Recovery tools are assumed to be able to fully 
restore the violated integrity of information and program 
resources of the ith type. As a result of diagnostics, 
viruses are eliminated. The integrity of information 
and program resources is then restored if distortions 
are detected, and interrupted requests can be processed 
again after restoration of system integrity. Evaluation 
using analytical approaches is based on the application 
of random process recovery theory methods [4].

In order to perform the necessary analytical 
transformations, it is required to set the following 
parameters:

Vimp(t), distribution function (DF) of time between 
virus impacts on the system;

Vact(t), DF of the virus activation time after it has 
entered the system;

Fdiag(t), DF of time between diagnostics;
Gi(t), the DF of information processing time of 

the ith type, including waiting time in the queue and 
processing time itself.

The distribution functions used are approximated 
in analytical models by two-parameter Erlangian 
or hyperexponential DFs within the framework of 
second-order theory on mathematical expectations and 
variance [4].

DF moments Gi(t) (mathematical expectation and 
variance) are estimated using multilevel models which 
describe information processing processes in the digital 
substation system. These models are formalized with 
the multilevel analytical nested models (mass service 
networks), using technological processing operations, 
emerging hardware and software failures [2]. 
This approach is original in terms of the temporal 
characteristics of request processing in nested hardware-
level network models. Such an approach is relatively 
independent of the type of DFs which characterize the 
flows of requests at this level and the type of flows in 
the network model of the software level. This allows 
the flows at the hardware level to be approximated 
by Poisson flows. The approach enables not only the 
hardware-level network model to be decomposed, but 

also the multilevel model into network models of different 
levels. These can then be investigated by analytical 
methods. In particular, the hardware-level model is 
analyzed using the analytical methods of intermediate 
mass service theory. The software-level network model, 
which uses the approximation of real distributions by 
Erlang for the first two points, and hyperexponential 
distributions using the Erlang stage method, is reduced 
to an equivalent Markovian model. This is then assessed 
using well-known analytical methods.

We consider a regeneration process in which the 
regeneration points correspond to the start time of the 
next antivirus diagnosis of digital substations.

Let { } 1n n
t

∞
=  be the recovery process, moments tn of 

which correspond to the time of the next antivirus 
diagnostics of the system.

If the intervals between diagnostics τ are the same, 
then the following formula is valid:

 
1

imp act
0

( ) ( ) ( )  (  ),
nt t

i n it V t t V dG
+ −

ξ = − − θ θ θ∫  (1)

wherein ξi(t) is the probability that during the processing 
of the ith type of request the processed information will 
be infected with viruses on the time interval tn ≤ t ≤ tn+1, 
n ≥ 1. 

In accordance with the basic properties of recovery 
processes and the limit theorem of recovery theory, 
the probability of information distortion by viruses 
Pvir(i) is defined by relation (2), and the probability that 
information is not distorted is estimated by formula (3):

vir( )

diag imp act(1)
0 0diag

1 1 ( ) ( ) ( ) ( ) ,
∞ τ−

=

   = − − θ θ θ    
∫ ∫

i

t

i

P

F t V t V dG dt
F

 (2)

 imp( ) vir( )1 .= −i iP P  (3)

Over a given period of time Тgiv from the moment of 
the last prophylaxis under the condition (1)

giv diag
,T F<  

the probability of the hazardous impact absence is 
defined by the ratio:

 
giv

imp( ) giv imp giv act
0

( ) 1 ( ) ( ) .= − − θ θ θ∫
T

iP T V T V d  (4)

We use formula (4) to estimate the probability 
of the absence of dangerous effects without any 
diagnostics. It assumes that by the onset of the 
period Тgiv, the integrity of information resources is 
ensured.
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3. TECHNOLOGIES FOR PROTECTING 

INFORMATION SYSTEMS  

FROM HAZARDOUS IMPACTS

When implementing information technologies in 
digital substations, the frequency of routine diagnostics 
by maintenance personnel depends significantly on 
the frequency of exposure to threat sources, such as 
viruses. When making calculations, we will consider 
different scenarios of threats (viruses) impact on digital 
substations and different scenarios of routine diagnostics 
by maintenance personnel. Due to insufficient statistics 
concerning the impact of viruses on digital substations, 
we will assume that different digital substations use the 
same virus protection technologies.

Routine diagnostics and system integrity control of 
information and software resources are performed at certain 
intervals during implementation of protection technologies. 
The system integrity is restored using the methods provided 
for the purpose of detection of inactivated sources of danger 
(viruses) or traces of their impact.

We examine the probability of secure information 
processing at different levels of intensity of viruses 
and their activation time, different frequency of system 
diagnostics by maintenance personnel, and given customer 
requirements for the probability of secure system operation.

The following designations for the initial data are 
used in the calculations:

j is an index of scenario variant and protection 
method;

(1)
imp

1
j

V
σ =  is the frequency of impact on the system 

for virus introduction;
(1)

actj Fβ =  is the average activation time of the 
infiltrating virus in jth scenario;

(1)
int. diag.j jT F=  is the average time interval between 

the end of the previous diagnosis and the beginning of 
the next one in jth scenario;

Tdiag.  j is the duration of diagnostics, including 
restoration of system integrity (set in advance).

The customer should impose requirements on the 
following parameters:

Pgiv.  j is the minimum permissible probability of safe 
operation of the system (predefined by the customer).

The following indicators are evaluated:
Pimp.  j is a probability of absence of hazardous 

impact during a specified period Tgiv. j in jth scenario.
From the user point of view, the system is assumed 

to be safe for a given time Tgiv = 1 day, if no hazardous 
impact occurs during this time or if all sources of danger 
are detected immediately when they enter the system. 
Moreover, these models assume that after diagnostics, 
as well as after integrity restoration, the system remains 
in a completely safe state. 

The average time required for a diagnostic procedure, 
including repair work, is estimated to be 60 s. The initial 
data for calculations is presented in Table 2.

Given insufficient statistics on the impact of viruses 
on digital substations, virus exposure scenarios, including 
virus intensity and activation time, were chosen according 
to the data presented in [3]. Estimation calculations were 
performed using exponential distribution functions. In 
this asymptotic case, the analytical relations obtained 
using recovery theory methods and the analytical 
formulas presented in [3] give the same results. Therefore, 
as in [3], the tool-modeling complex for assessing the 
quality of functioning of KOK information systems was 
used for the preliminary assessment calculations of the 
impact of viruses on electric substations. In the future, 
as in [4], real distributions will be approximated by two-
parameter Erlangian or hyperexponential distributions 
for the first two moments.

Figure 1 presents the calculation results of the safe 
operation probability of digital substations in a variety 
of threat impact scenarios, and the routine diagnostics 
scenarios of the information integrity and program 
resources by maintenance personnel ( 1,10)j =  in 
accordance with the given initial data (Table 2).

 1 2 3 4 5 6 7 8 9 10

j

1.0

0.8

0.6

0.4

P
im

p

Fig. 1. Probability of safe operation of the information 

system in different threat scenarios =( 1,10)j  for a digital 

substation

Based on the above preliminary assessment 
calculation and the data presented in Table 2, the 
following conclusions can be drawn.

1. Protection of digital substations from deliberate 
threats with the frequency of impact once a day is 
provided by diagnostics of information and program 
resources at least once every 6 h (Fig. 4, j = 7, 8, 9).

2. At the same time, for threats occurring on average once 
every 1 h, the probability of no dangerous virus exposure 
during a day would be 0.88 at a diagnostic frequency of 
once every 30 min, less than the specified 0.9.
We examine the question concerning when 

diagnostic modes of information and software resources 
of digital substations can provide the required security 
of digital substations for the most dangerous scenario of 
virus attacks. These are when new viruses penetrate the 
system on average once every 1 h with their activation 
time of 1 h.
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Figures 2–5 show the dependencies of the probability 
of the absence of dangerous impacts on information 
resources of digital substations for the most dangerous 
scenario of deliberate virus impacts Pimp.10 (j = 10). These 
are in the event of changes in the intensity of threat impacts, 
average virus activation time, interval between diagnostics 
and probabilistic-time requirements of the customer.
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P
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Fig. 2. Dependence of the value of Pimp.10  

on the frequency of exposure to threats
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Fig. 3. Dependence of the value of Pimp.10  

on the average time of threat activation
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Fig. 4. Dependence of the value of Pimp.10  

on the average interval between diagnostics
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Fig. 5. Dependence of the value of Pimp.10  

on the time set by the customer Tgiv.10

The calculation results presented in Figs. 2–5 show 
that the system security decreases noticeably with 
increasing virus intensity. In all the scenarios considered, 
an increase in the virus activation time leads to an 
increase in and the system security. When the time of 
absence of virus influences Tgiv set by the customer 
decreases, the system security increases in all threat 
scenarios and protection methods.

Table 2. Security evaluations of information system operation at a digital substation

Threat characteristics Characteristics of the substation service device Customer’s requirements

j σj βj Tint.j Tdiag.j Tgiv.j Pgiv.j 

1 1 week−1 6 h 1 week 1 min 1 day 0.95

2 1 week−1 6 h 3 days 1 min 1 day 0.95

3 1 week-1 6 h 1 day 1 min 1 day 0.95

4 1 week−1 6 h 6 h 1 min 1 day 0.95

5 1 week−1 6 h 3 h 1 min 1 day 0.95

6 1 day−1 3 h 1 day 1 min 1 day 0.90

7 1 day−1 3 h 6 h 1 min 1 day 0.90

8 1 day−1 3 h 3 h 1 min 1 day 0.90

9 1 day−1 3 h 1 h 1 min 1 day 0.90

10 1 h−1 1 h 30 min 1 min 1 day 0.90
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The results obtained indicate that when system 
diagnostics is implemented every 25 min rather than 
once every 1 h (shown in Fig. 4), the protection of digital 
substations from the most dangerous scenarios of virus 
impact can provide the required security of information 
resources of digital substations while meeting the 
specified customer requirements for the probability of 
safe operation.

These scenarios of virus threats and ways to combat 
them are general in nature and can be applied to study 
the security of various digital substations.

CONCLUSIONS

This study provides a review of the main types of 
cyberattacks on digital power substations, along with 
their potential consequences and prevention measures.

We established integral relations that allowed us 
to evaluate the probabilistic characteristics of safe 
information processing of digital substations under 
different scenarios of virus exposure, as well as when 
using different technologies of information protection 
from dangerous influences. These ratios provide 
an opportunity to analyze the probability of safe 
information processing of digital substations in different 
levels of virus impact intensity, virus activation time, 
frequency of diagnostics by maintenance personnel and 
specified customer requirements for the probability of 
safe operation of the message management system in 
digital substations.

We conduct calculations for different technologies 
of the information protection of digital substations from 
dangerous influences. Particular attention was paid to 
the most dangerous scenarios of virus impact and to 

the protection technology which ensures the customer-
defined safety of digital substations functioning under 
all considered threats. An important conclusion is 
that by implementing this technology and reducing 
the interval of diagnostics of information resources 
of digital substations to 25 min, the level of safety of 
digital substations system operation can be significantly 
increased.

The results obtained provide practically applicable 
recommendations to ensure the security of information 
resources in digital substations using modern 
technologies of protection against virus attacks. The 
findings are relevant in the context of the growing 
complexity of threats and high dynamics of digital 
technology development, emphasizing the need for 
effective measures to ensure the security of digital 
substation information systems.
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Objectives. This work is devoted to the topic modeling of short messages received through social networks or in 

another way in the form of a series of short messages. This need arises in public relations systems in state and 

municipal structures, in public opinion polling centers, as well as in customer service systems and marketing 

departments. The aim of the work is to develop and experimentally test a set of algorithms for a thematic model for 

automatically determining the main topics of information exchange and typical messages illustrating these topics.

Methods. The work uses methods of variable statistical distributions applied to collocation statistics and approaches 

typical for resolving problems of topic modeling of short texts, but applied to successive messages. In this way, 

online machine learning and topic modeling are considered jointly.

Results. The work considered the construction of a thematic model in which clusters found with the presentation 

of their typical representatives and current weight can help decision-making in accordance with the subject of these 

most important messages. The proposed method was experimentally tested on a corpus of real messages. The 

results of topic modeling (the constructed thematic models) are consistent with the results obtained manually. The 

messages selected illustrate that the topics with the highest weight are seen as such from the point of view of human 

experts.
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НАУЧНАЯ СТАТЬЯ

Тематическое моделирование  
в потоке коротких сообщений на русском языке
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Белгородский государственный технологический университет им. В.Г. Шухова, Белгород, 

308012 Россия
@ Автор для переписки, e-mail: mozaidze95@mail.ru   

Резюме 
Цели. Работа посвящена тематическому моделированию коротких сообщений, поступающих посредством 

социальных сетей или другим способом в виде серии. Такая задача возникает в системах работы с насе-

лением в государственных и муниципальных структурах, в центрах опроса общественного мнения, а также 

в системах обслуживания клиентов и маркетинговых подразделениях. Цель работы – разработка и экспери-

ментальная проверка набора алгоритмов тематической модели для автоматического определения основных 

тем обмена информацией и типичных сообщений, иллюстрирующих эти темы.

Методы. Используются методы переменных статистических распределений, примененных к статистике 

коллокаций, и подходы, характерные для решения задач тематического моделирования коротких текстов, 

но в применении к следующим друг за другом сообщениям. Таким образом, задачи онлайнового машинного 

обучения и тематического моделирования рассматриваются в совокупности. 

Результаты. Рассмотрено построение тематической модели, в которой найденные кластеры с предъявле-

нием их типичных представителей и текущего веса могут помочь человеку в принятии решений в соответствии 

с тематикой этих наиболее важных сообщений. Предложенный метод был экспериментально протестирован 

на корпусе реальных сообщений. Результаты тематического моделирования (построенные тематические 

модели) согласуются с результатами, полученными вручную: выбранные сообщения, иллюстрирующие про-

блемные темы с наибольшим весом, являются таковыми и с точки зрения экспертов.

Выводы. Предлагаемый алгоритм тематического моделирования позволяет автоматически выявлять наи-

более важные темы в текущем общении, показывает посты, служащие индикаторами этих тем, что позволяет 

существенно упростить решение задачи. 

Ключевые слова: тематическое моделирование, EM-алгоритм, скрытое размещение, метод поточной пе-

ренормировки

• Поступила: 25.03.2024 • Доработана: 30.09.2024 • Принята к опубликованию: 17.11.2024

Для цитирования: Мозаидзе Е.С. Тематическое моделирование в потоке коротких сообщений на русском 

языке. Russian Technological Journal. 2025;13(1):38−48. https://doi.org/10.32362/2500-316X-2025-13-1-38-48, 

https://elibrary.ru/HJHQTR

Прозрачность финансовой деятельности: Автор не имеет финансовой заинтересованности в представлен-

ных материалах или методах.

Автор заявляет об отсутствии конфликта интересов.

mailto:mozaidze95@mail.ru
https://doi.org/10.32362/2500-316X-2025-13-1-38-48
https://elibrary.ru/HJHQTR


40

Russian Technological Journal. 2025;13(1):38–48

Elena S. MozaidzeTopic modeling in the stream  

of short messages in Russian

INTRODUCTION

When working with social networks and messengers, 
the need almost always arises for an automated search for 
the most important topic in the exchange of messages. 
This is due to many reasons, including the need for chat 
moderation, identifying moments when a responsible 
person needs to intervene, searching for the most 
important topics of communication at the moment in the 
context of chat topics.

The case studied in this article relates to information 
exchange in social networks in the city of Belgorod. The 
reason for this choice is that the authors were able to 
obtain this data, however, the proposed methodology is 
applicable to any research subject of this kind for which 
there is a sufficient amount of data available.

Topic modeling is a way of training a machine 
(computer) to identify meaningful topics in texts. For 
example, by analyzing an array of news and journalistic 
texts, it is possible to identify certain topics. Of course, 
computers cannot understand the meaning of articles 
literally, but if there is a large collection of texts with 
different topics, then the probabilities of joint use of 
words enable to identify separate thematic layers.

A topic stratum filtered from a set of texts is simply 
a set of words characteristic of a topic. Words in such a set 
are sorted by importance for the topic [1–3]. In terms of 
cluster analysis, a topic is the result of biclustering, i.e., 
simultaneous clustering of both words and documents 
according to their semantic proximity.

In 1998, the scientists K. Papadimitriou, H. Tomaki, 
S. Vempala, and P. Raghavan were among the first to 
show interest in the topic of the probabilistic topic 
model [4]. Their work was devoted to latent semantic 
indexing (LSI), a method of information retrieval based 
on spectral analysis of the document database.

Further development of this topic is reflected in the 
works of foreign scientists.

Thomas Hofmann [5] studied probabilistic latent 
semantic indexing. Unlike the standard latent semantic 
indexing using singular value decomposition, the 
probabilistic variant has a strong statistical foundation 
and defines a proper generative model of the data. 
Search experiments on a number of test collections show 
significant performance gains over direct term matching 
methods as well as LSI. David Bley [6–8] considered 
supervised latent Dirichlet allocation (sLDA) or the 
statistical model of labeled documents. In his papers, 
he illustrates the advantages of sLDA over modern 
ordered regression, as well as over unsupervised 
latent Dirichlet allocation (LDA) analysis followed 
by a separate regression. Andrew Ng, an American 
computer scientist, Associate Professor at Stanford 
University, a researcher into robotics and machine 
learning, and one of the founders of the online learning 

platform “Coursera”1, predicted long ago2 [3] that 
natural language recognition would become the main 
method of human-computer interaction. In his work, he 
drew attention to reinforcement learning as one of the 
ways of machine learning.

Russian scientists have also contributed to the 
development of this topic.

Vorontsov [9] proposed in his work additive 
regularization of topic models (ARTM), based on 
maximization of the weighted sum of the logarithm 
of likelihood and additional criteria: regularizers. This 
simplifies the combination of topic models and the 
construction of any complex multi-objective models. 
Potapenko [10] considered a generalized EM-algorithm3 
with smoothing, sampling and thinning heuristics, 
enabling both known thematic models and new ones 
to be obtained at different combinations of these 
heuristics. Lukashevich [11] and Nokel4 have presented 
the results of experiments on adding bigrams to topic 
models and taking into account the similarity between 
them and unigrams. They proposed a new algorithm 
PLSA-SIM, as a modification of the probabilistic latent 
semantic analysis (PLSA) algorithm for building topic 
models. The article by Korshunov and Gomzin presents 
a comparative review of various models, describes ways 
of estimating their parameters and quality of results, and 
gives examples of open software implementations [12].

Topic modeling software libraries such as Mallet5, 
Gensim6, and BigArtm7 have been developed, thus 
enabling the creation of probabilistic topic modeling.

The active use of large language model (LLM) tools, 
including for resolving topic modeling problems, began 
a few years ago. Quite a large number of works in this 
area have appeared, a number of which are relevant 
to the objectives of this study. In [13], the authors 
study key events in news feeds. The problem of their 
identification and links is considered. The study is based 
on the use of LLM for retrieval and summarization, 
while actual topic modeling is done by selecting the 
top topic with a sliding window algorithm. Despite 

1 https://www.coursera.org. Accessed December 02, 2024.
2 Ng A.Y. Shaping and Policy Search in Reinforcement 

Learning. Ph.D. Thesis, UC Berkley, 2003.
3 An expectation–maximization (EM) algorithm is an 

iterative method used in mathematical statistics to find maximum 
likelihood estimates of the parameters of probabilistic models 
when the model depends on some hidden variables.

4 Nokel M.A. Methods for improving probabilistic topic 
models of the text collections based on lexicoterminological 
information: Cand. Sci. Thesis (phys.-math.). Moscow, 2015. 
20 p. (in Russ.).

5 http://mallet.cs.umass.edu/topics.php. Accessed December 02, 
2024.

6 https://radimrehurek.com/gensim. Accessed December 02, 
2024.

7 http://bigartm.org. Accessed December 02, 2024.

https://www.coursera.org
http://mallet.cs.umass.edu/topics.php
https://radimrehurek.com/gensim
http://bigartm.org
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good results in the stated area, the dynamics of topic 
distribution is not explicitly taken into account in the 
work and, in addition, the model is not pre-trained. The 
article [14] discusses the interpretation of topic model 
results using the large language model ChatGPT8. 
Interestingly, the result of the study showed that this 
LLM diverged from human interpretation in almost half 
of the cases. The purpose of the work was simply to 
demonstrate the ability of ChatGPT to describe topics 
and provide useful information, although the LLM did 
not help in topic modeling itself9, 10. The works focus, 
respectively, on topic modeling of summarized texts 
and the evaluation of contextualized topic coherence. 
The first article shows that LLM successfully translates 
meaning into summarized texts, but topic modeling 
in them is not always correct: the quality depends on 
the context. The automatic topic coherence evaluation 
proposed by the authors of the second paper works well 
for short documents and is not affected by meaningless 
but highly rated topics. This result certainly deserves to 
be considered and used for further research.

The aim of [1] is concentrated on statement of 
objective and the concept of researching the texts 
received by the state structures in order to categorize 
them into structural units of governance corresponding 
to the topics of the texts. The results were used in the 
present study.

The objectives of this study are the development 
and experimental validation of a set of topic modeling 
algorithms which will lead to the construction of 
a set of clusters with the presentation of their typical 
representatives and current weights, subject to the 
normal normalization and distribution conditions usual 
for topic modeling.

1. MATERIALS AND METHODS

1.1. Task statement

Let us assume that there is a permanent system which 
accepts short and medium-length messages (remarks, 
appeals). It can be a personal page in a social network, 
a web service for receiving requests, an electronic 
mailbox with automated text uploading, a customer 
relationship management system, etc.

Most often, one of two objectives arises for the 
information collected in this way: 1) to distribute 
messages into predefined groups (classes); or 2) to 
group messages into predefined groups (clusters) with 

8 https://chat-gpt.org/. Accessed December 02, 2024.
9 https://arxiv.org/abs/2403.15112. Accessed December 02, 

2024.
10 https://arxiv.org/abs/2305.14587. Accessed December 02, 

2024.

similar semantics. Let us consider the second problem 
on the flow of messages, namely: to each newly arrived 
message we compare a vector, the coordinates of which 
represent the probabilities of this message belonging to 
the clusters formed by this moment.

The above objective is topic modeling or, in other 
words, soft biclustering. In this formulation, the problem 
is complicated by the fact that the set of messages is 
not bounded, and it is necessary either to determine the 
number of clusters each time, or to fix it and disband 
unnecessary clusters.

In the case of a satisfactory solution, the described 
objective can be applied in outreach systems for state and 
municipal structures, in public opinion polling centers, 
as well as in CRM (customer relationship management) 
systems and marketing services of corporations.

1.2. Solution method

Topic modeling methods are usually based on 
computing frequencies of words in documents, as 
well as words and documents in topics. The most 
commonly used methods for topic modeling are the 
EM-algorithm11, 12, or hidden Dirichlet placement13. The 
distinguishing features of both are the need to weight all 
words in messages without taking meaning relations into 
account. Meanings are recovered from known meanings 
in large arrays of text. In essence, topic modeling only 
performs meaning benchmarking.

In the task at hand, working with meaning in the 
way described (similar to benchmarking) is not possible, 
because messages are usually short and often contain 
grammatical errors. In such a case, it is extremely difficult 
to orient them to a topic by means of benchmarking: this 
requires a larger block of text.

In [1], a technique of working with messages based 
on noun–verb pairs is proposed. The set is mapped to 
each message with at least one such pair. In this study, 
we will assume that such mapping has already been 
performed and each message has an identifier and a set 
of noun–verb pairs corresponding to it.

It is further assumed that:
• messages follow each other and each has an 

identifier;
• if there are no verbs or nouns in the message, it is 

considered irrelevant and is not taken into account, 
but an identifier is assigned to it;

11 https://pythobyte.com/python-for-nlp-topic-model-
ing-8fb3d689/?ysclid=lgdpql4ef3963911399 (in Russ.). Accessed 
December 02, 2024. 

12 https://mathprofi.com/userinfo/14285/ (in Russ.). Accessed 
December 02, 2024.

13 https://digitrain.ru/articles/252142/ (in Russ.). Accessed 
December 02, 2024.

https://chat-gpt.org/
https://arxiv.org/abs/2403.15112
https://arxiv.org/abs/2305.14587
https://pythobyte.com/python-for-nlp-topic-modeling-8fb3d689/?ysclid=lgdpql4ef3963911399
https://pythobyte.com/python-for-nlp-topic-modeling-8fb3d689/?ysclid=lgdpql4ef3963911399
https://mathprofi.com/userinfo/14285/
https://digitrain.ru/articles/252142/
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• for the sliding message window, there is a log of 
noun–verb pairs with the corresponding message ID;

• topics are identified by the nouns included in the 
messages;

• each noun–verb pair has a probability (a number 
between 0 and 1) of occurring in a topic such that the 
sum of the probabilities for the pair across all topics is 1;

• each message has a probability of entering a topic, 
and the sum of the message probabilities across all 
topics is 1;

• the maximum number of topics is fixed. Deletion 
of topics is based on the topic weight indicator, 
calculated as the product of the average pairing 
probability in the topic by the number of messages 
related to the topic.
Such assumptions allow us to use the method 

of streamline renormalization: regular discarding of 
elements with small weights.

Next, let us consider one by one the steps of the 
process of analyzing messages in a moving window.

1.2.1. Preprocessing

The analyzer input receives the messages representing 
a text in Russian language consisting of one or several 
sentences. In order to prepare for modeling, the following 
operations are performed on the message text:

• sentence tokenization (splitting into sentences) by 
means of nltk14;

• tokenization of words in a sentence by means of nltk;
• part-of-speech detection of tokens by means of nltk;
• lemmatization of nouns and verbs by means of 

pymorphy215;
• composition of noun–verb pairs according to the 

“nearest neighbors” rule.
All of this is implemented in the 

appeals_processing.ipynb16 program module and can 
run in real time in the message stream.

1.2.2. Topic modeling

The output of the appeals_processing.ipynb 
preprocessor is a set of lemmatized nouns and verbs 
contained in a message box of length A lines, and a .csv 
or .json file (currently implemented to receive .csv, 
but reconfiguring to .json is easy), each line of which 
contains a list of three items:

• a string of the type “[(noun1, verb1), ..., (nounN, 
verbN)]”;

• file number;
• number of the message in the file.

14 https://www.nltk.org/. Accessed December 02, 2024.
15 https://github.com/pymorphy2/pymorphy2. Accessed 

December 02, 2024.
16 https://disk.yandex.ru/d/8LPWy3ZP-7V30Q (in Russ.). 

Accessed December 02, 2024.

Thus, a set of noun–verb pairs can be nested in 
a number set on the one hand, and on the other hand 
unambiguously related to the message upon which it is 
constructed.

Then, for each pair in each message, the following 
algorithm is implemented, the steps of which are 
discussed in more detail in the Results section:

1. If the noun is contained in topics, the pair is included 
in those topics as well as in newly created topics for 
this message with equal probabilities.

2. If the noun is not contained in topics but the verb 
is contained in topics, the pair is included in those 
topics with probabilities reduced by a multiplier μ (a 
given constant parameter), and a new topic on the 
noun is created. The pair is included in it and in the 
newly created topics for that message with equal 
probabilities.

3. If neither the noun nor the verb is contained in 
topics, a new topic on the noun is formed and the 
pair is included in it, as well as in the newly created 
topics for this message with equal probabilities.
After all pairs of all messages have been processed 

by this algorithm, a .json file of the topic model is created. 
Each topic key (noun) is matched to a .json object with 
keys (noun–verb pairs), and values—probabilities of 
occurrence of the pair in the topic.

The result of the topic modeling is a convolved 
.json object of the topic model. In it, each topic key 
corresponds to a numerical value of the weight of this 
topic. Sorted by descending values, this object will give 
the desired clusters with their weights.

1.3. Materials

The data for this study was prepared from incoming 
messages which came to the administration of the city 
of Belgorod. Proper names and other attributes which 
de-mask personal data were removed. The dataset 
processed in this way was a .csv file with a header of 
the form “Date; Time; Question,” any message can be 
reconstructed by date and time of receipt. The questions 
were the messages (requests) processed for the following 
purposes: to build a tag cloud (which in this case 
was a topic cloud) and to identify the most important 
questions.

The dataset included 3621 messages, some of which 
were repetitive (people copied the question and resent it). 
Some of which did not contain noun–verb pairs or were 
misspelled in such a way that the words were not in the 
underlying dictionaries.

The dataset review was organized by a sliding 
window of 300 messages. This is the average volume 
of messages for a month. Thus, the system analyzed the 
content of messages for the past month and provided 
the topics and the most important issues in messages for 

https://www.nltk.org/
https://github.com/pymorphy2/pymorphy2
https://disk.yandex.ru/d/8LPWy3ZP-7V30Q


43

Russian Technological Journal. 2025;13(1):38–48

Elena S. MozaidzeTopic modeling in the stream  

of short messages in Russian

this period. Since the window was sliding, the result of 
the work could change every day, even with each new 
message.

Currently, the administration specialists prioritize 
the consideration of appeals manually. The proposed 
program system will be able to do this automatically. 
The study proposes a metric to measure the quality of 
sorting of appeals by a machine in comparison with 
sorting by humans.

2. RESULTS

2.1. Computing probabilities in a topic model

There are the following items as inputs to the topic 
modeling algorithm:

• .csv-file or other referral source containing the date 
and time the referral was received and the text of the 
reference;

• dictionaries of Russian nouns and verbs;
• dictionary Tm of the topic model built by this 

moment (by message number m): the key (noun) 
finds a dictionary with a key (a noun–verb pair) 
and a value in the form of the pair’s probability of 
belonging to the topic. At the beginning of the work 
this dictionary does not yet exist, it is initiated by 
the first essential (containing a noun and a verb) 
reference.
In the dictionary of the topic model, the sum of the 

probability values (hereafter simply values) across all 
topics for a given pair must equal 1. That is:

{ :{ : }}, 1 ,m st st m
t

T t s p p s S= = ∀ ∈∑
wherein t is the noun (topic), s are the noun–verb pairs 
constructed from the set Sm containing m references, pst 
is the probability that the pair s belongs to topic t.

The output of the algorithm is a new Tm + 1 topic 
model dictionary which satisfies the same requirement.

Possible cases for each pair of s from reference m + 1:
1. If there is already a pair s in Tm, all its values are 

replaced by the values of 0 0ˆ (1 ),p p n− where p̂  is 
the current value and p0, n0 are the value for the 
pair s in the new topics and their number, 
respectively;

2. If there is no pair s in Tm, but there is a topic that 
matches a noun from the pair s, then s is entered 
into the dictionary of that topic with a value equal 
to p1; in addition, the pair s is entered into all newly 
created topics with probabilities p4;

3. If there is no topic matching the noun from s in Tm, 
but some topics have a pair with the verb from s, then 
s is entered into the dictionaries of these topics with 
a value equal to p2. In addition, the pair s is entered 
into all newly created topics with probabilities p5;

4. If neither the noun nor the verb from the pair s is 
present in Tm, then a new topic (based on the noun 
from s) is created in Tm + 1, and s is entered into it 
with probability p3. In all other newly created topics, 
s is entered with the probability p6.
Thus, we have non-intersecting possibilities for 

a pair s, and finally the following relations must be 
satisfied:

Case 1. The sum over all topics containing s, its new 
values, must be equal to 1:

0 0 0 0ˆ (1 ) 1,s
s

p n p p n+ − =∑

which is fulfilled identically. But since p0 has the sense 
of probability, then:

0
0

1 ,p
n

≤

Case 2. The sum of all old and new topics is equal 
to 1:

p1nnoun + n0p4 = 1,

wherein nnoun is the number of available (old) topics 
with the noun from the pair s. Hence we obtain:

0 4
1 4

noun 0

1 1, .
n p

p p
n n

−
= ≤

Case 3. The sum of all old and new topics is equal 
to 1:

p2nverb + n0p5 = 1,

wherein nverb is the number of old topics with a verb 
from the pair s. Hence we obtain:

0 5
2 5

verb 0

1 1, .
n p

p p
n n

−
= ≤

Case 4. The sum of all new topics is equal to 1:

p3nnew + (n0 – nnew)p6 = 1,

wherein nnew is the number of new topics with the noun 
pair s. Hence we obtain:

0 new 6
3 6

new 0 new

1 ( ) 1, .
n n p

p p
n n n

− −
= ≤

−

Since all probabilities p4, p5, p6 correspond to the 
inclusion of a pair in the topic only on the basis of its 
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presence in one reference, we will assume that they are 
equal to:

4 5 6
0

1
.p p p q

n
= = ≡ ≤

We will consider the probabilities p1 and p5 to be 
equal, since they correspond to inclusion in the topic by 
noun.

We will relate the probability of inclusion in the 
topic by noun to the probability of inclusion in the topic 
by verb:

p2 = kp1.

Let us denote p1 = p3 = p, and now the unit sums are 
rewritten as:

pnnoun + n0q = 1,

kpnverb + n0q = 1,

pnnew + (n0 – nnew)q = 1.

Let us solve this system of equations and determine 
p, q, k:

new

new 0 noun 0 noun new

new noun

new 0 noun 0 noun new

noun

verb

,

,

,

=
− +

−
=

− +

=

n
p

n n n n n n

n n
q

n n n n n n

n
k

n

if all nverb and nnew ∙ n0 − nnoun ∙ n0 + nnoun ∙ nnew differ 
from 0.

Let us now consider the cases where one or both of 
these values are equal to 0.

If nverb = 0, then there are no pairs in the message 
corresponding to Case 3, and hence there are only two 
equations. The unknowns are only p and q. The solutions 
for them have already been found above.

If 

nnew ∙ n0 – nnoun ∙ n0 + nnoun ∙ nnew = 0,

then it follows from the equations that nnew = nnoun = 0, 
i.e., this case corresponds to the described Case 1, when 
the pair s is already contained in Tm, and the parameter 
p0 can have any value.

Since the new topics in this case definitely do not 
contain a noun from s, the pairing probability in them 
must be less than or equal to the probability of any 
pairing from a given reference in the old dictionary:

0 0
ˆ 0

ˆ ˆ(1 ) min .
s

s s
s p

p p n p
≠

− ≤

As a result, in order to find a new dictionary 
Tm + 1 for each pair from the circulation, we need to find 
the numbers:

nnoun, n0, nnew, nverb, p0,

and n0 is the same for all pairs s from a given circulation.
When building a new dictionary Tm + 1, the following 

values of probabilities should be used:

l

0 l
l ˆ 00

1 1
ˆ1 min ,

ˆ p

p p
n p ≠

 
=  − 

 
 

new
1 3

new 0 noun 0 noun new

new s
2

verb new 0 noun 0 noun new

new noun
4 5 6

new 0 noun 0 noun new

,

1 ,

.

= =
− +

= ⋅
− +

−
= = =

− +

n
p p

n n n n n n

n n
p

n n n n n n n

n n
p p p

n n n n n n

2.2. Algorithm of topic modeling of appeals 

represented by sets of “noun–verb” pairs

Input: Tm topic-model dictionary (can be empty) 
containing at most w different noun–verb pairs (w is the 
size of the “window”); a reference represented as a list 
of ordered noun–verb pairs (noun comes first, tokens are 
lemmatized).

Output: Tm + 1 dictionary containing at most 
w distinct pairs, in which all pairs from m + 1 reference 
were given probabilities of belonging to topics expressed 
by nouns.

Procedure:
1. We set n0 = nnew = 0.
2. For all s pairs in a reference.
3. We look through the Tm dictionary and find:

a) values ˆsp  that s has in Tm, and the corresponding 
topics 1 , ..., ;n

sp spt t

b) topics noun1, ..., n

s st t  matching the noun from s, 
but not containing s in its entirety;

c) topics verb1
verb verb, ..., n

t t  not matching the ones 
in (a) and (b) that have at least one verb from s;

4. If step 3 did not yield any matches, we increase 
n0 by 1; if, in addition, there is no noun from s among 
the new topics already created (or no new topics 
yet), we increase nnew на 1 from it by copying and 

then work with it. Topic: new
new ;n

t
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5. After viewing of the dictionary Tm is completed, we 
create a dictionary Tm + 1 from it by copying and then 
work with it.

6. We find

l

0 l
l0 ˆ 0

1 1
ˆ1 min ;

ˆ
p

p p
n p ≠

 
 = −
 
 

7. We write into the topics 1 , ..., n
sp spt t  with probabilities 

p0 the pairs s found at step 3a).

8. In the topics noun1, ..., n

s st t  we write with probabilities 
new

new 0 noun 0 noun new

n
p

n n n n n n
=

− +
 the pairs 

s found at step 3b).

9. In the topics verb1
verb verb, ..., n

t t  we write with 

probabilities 2
verb

1
p p

n
=  the pairs s found at 

step 3c).

10. In the topics new1
new new, ..., n

t t  we write:
a)  with probabilities p, which nouns match the 

topic;
b)  with probabilities 

new noun

new 0 noun 0 noun new

n n
q

n n n n n n

−
=

− +
 

all other pairs of the reference.
11. If the number of pairs W in the dictionary is greater 

than w, we find the topic with the lowest weight and 
remove all or (W − w) pairs (whichever is less) from 
it. We do this until all (W − w) redundant pairs have 
been removed from the dictionary.

12. We compute the weights of the remaining topics and 
sort them.
Following this algorithm, we will obtain in each 

iteration the most weighted topics sorted by weight.

2.3. Results of topic modeling

In order to test the algorithm, the previously 
mentioned dataset was selected. Repetitive messages 
and messages that did not contain nouns with verbs 
were removed. The working dataset contained about 
2700 messages sent to the mayor of Belgorod and city 
departments over a year. The data was anonymized. The 
window size (in pairs simultaneously in the dictionary) 
was assumed to be w = 300.

The figure shows a graph of the change in the weight 
of the top vocabulary topics throughout the year.

In general, the topics selected by the model 
correspond to the most important issues of concern to 
citizens over a certain period of time. This is not seen 
directly in the topics, because the topic in the context of 
this paper is a single word (noun). It is difficult to assess 
the importance of messages. However, a topic is a key 

to a set of messages and if that set is such, and changes 
in such a way that the weight of the topic increases, 
then the messages in the set are worthy of attention. 
The administration worked on the posts grouped around 
the topic leaders, and then other topics came to the 
top. This means that the people (administration) and 
the machine (proposed system) reacted correctly to the 
mood in the city. Otherwise there would have been topics 
that remained at the top for a long time. According to 
the assessment of the city administration specialists, the 
topic modeling was carried out correctly.

Metrics can be used to quantify the quality of topic 
modeling, such as the BCubed metric17 [15], the use of 
which is justified by the construction of the algorithm. If 
we denote by pts.mon the probability that a message s 

related to month mon belongs to topic t . 1 ,ts mon
t

p
 

=  
 
∑  

then BC precision (BCP) and BC recall (BCR) for the 
topic t in month mon will be defined by the formulae:

.

,

.

,

( , ) ,

( , ) .

=

=

∑
∑
∑
∑

ts mons

tsks k

ts mons

rskr k

p
BCP t mon

p

p
BCR t mon

p

For the dataset from the experiment, the first metric 
of top topics always exceeded 55%, while the second 
metric ranged from 27% to 83% (respectively the weight 
of topics shown in the figure). Given that the number of 

17 The BCubed family of metrics is implemented in the library 
https://pypi.org/project/bcubed-metrics/. Accessed December 02, 
2024.
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topics per month was never less than 70, the quality of 
the clustering can be recognized as high for the metric 
as well: random selection would result in a rate of 
about 1.5%.

CONCLUSIONS

In this study, we proposed a topic modeling method 
and algorithm for short messages. Clustering of short 
messages is a challenging task because such messages 
are very difficult to map to any context, i.e., large corpora 
of text on which the model can be trained do not usually 
provide satisfactory descriptions of topics.

The work is based on a previously proposed 
methodology of message meaning contour extraction in 
Russian texts based on noun–verb pairs.

Using the proposed methodology, a topic model 
was built and simulated on real data. The constructed 
clustering showed a relatively high level of quality by 
BCubed metric. At the same time, the result is also 

visible in qualitative evaluation. If a topic is calculated 
as a top topic in a particular period, the issues raised in 
it deserve to be prioritized and acted upon by people. 
In the example dataset used in the experiment, such 
a correlation (between the suggested set of messages 
for prioritized response and the messages people 
selected) was greater than 70%. However, even without 
quantification, the employees of the organization 
owning the dataset expressed their willingness to use the 
software built on the proposed algorithm as a decision 
support system (more precisely, an advising system for 
priority response to messages). In their opinion, this 
would greatly reduce message processing time.
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Abstract
Objectives. The work set out to technically and economically analyze servers as computing modules of computing 

systems of the warehouse scale computer (WSC) class.

Methods. The research was carried out using the methods of mathematical analysis and modeling.

Results. The article provides a technical and economic analysis of computing modules or servers. Servers are 

created on the basis of Xeon (Intel) class microprocessors and the like. An overview of the microprocessor subclasses 

is given along with an indication of server organization options, as well as their main components and primary areas 

of use. Server reliability is a complex property that may include durability, maintainability and persistence, or certain 

combinations of these properties depending on the purpose of the object and the conditions of its use. To ensure 

maximum reliability, backup elements, including arrays of disks and power supplies, as well as backup servers, 

are used alongside special solutions, including the use of hot swapping and connection, checking and correction 

of random access memory errors, and temperature control of server compartments.

Conclusions. The review of options for organizing servers and their main components allows permits the conclusion 

that their operation is sufficiently reliable. However, servers integrated into the WSC class have special requirements, 

namely, continuity of operation in 24/7 mode for long periods of time. This requires the development of methods 

for assessing the reliability of such highly reliable systems, including backup elements, in relation to hardware and 

software failures, as well as methods for predicting failures and measures to combat their consequences.
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НАУЧНАЯ СТАТЬЯ

Технико-экономический анализ серверов  
как вычислительных модулей 

вычислительных систем класса WSC

Г.В. Петушков @,  
А.С. Сигов

МИРЭА – Российский технологический университет, Москва, 119454 Россия 
@ Автор для переписки, e-mail: petushkov@mirea.ru 

Резюме 
Цели. Целью работы является технико-экономический анализ серверов как вычислительных модулей вы-

числительных систем (ВС) класса WSC (warehouse scale computer).

Методы. Основные результаты работы получены с использованием методов математического анализа 

и моделирования.

Результаты. Проведен технико-экономический анализ вычислительных модулей или серверов на базе ми-

кропроцессоров класса Xeon (Intel, США) и им подобных. Приведен обзор подклассов микропроцессоров 

с указанием основных областей их использования, а также вариантов организации серверов и их основных 

составляющих. Надежность – комплексное свойство, которое, в зависимости от назначения объекта и усло-

вий его применения, может включать безотказность, долговечность, ремонтопригодность и сохраняемость 

или определенные сочетания этих свойств. Для обеспечения максимальной надежности сервера использу-

ют как резервирующие элементы – массивы дисков и блоков питания, так и резервные серверы, и специаль-

ные решения: использование горячей замены и подключения, методы повышения надежности оперативной 

памяти Error Checking and Correction для коррекции ошибок модулей оперативной памяти, контроль темпе-

ратурных режимов отсеков сервера.

Выводы. Проведенный обзор вариантов организации серверов и их основных составляющих позволяет сде-

лать вывод о достаточно высокой надежности их функционирования. От серверов, объединенных в ВС клас-

са WSC, как от системы, требуется непрерывность функционирования в режиме 24/7 в течение длительного 

времени. Это требует разработки методик оценки надежности таких высоконадежных систем, включающих 

резервные элементы, по отношению к отказам аппаратуры и программного обеспечения, а также методик 

прогнозирования отказов и мер борьбы с их последствиями.

Ключевые слова: надежность, резервирующие элементы, подклассы микропроцессоров, error checking 

and correction , коррекция ошибок, массив дисков, класс WSC
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INTRODUCTION

A server has many characteristics such as reliability, 
performance, form factor, power consumption, etc., 
which are in turn made up of a set of properties of the 
individual nodes that make up the server [1].

Performance, which is primarily determined by 
the amount and speed of computation, also depends on 
the type of tasks performed. As the required amount of 
computation increases, the performance of components, 
especially the processor, should also be increased.

Significant reductions in power consumption, as 
well as improved power efficiency and infrastructure 
flexibility, can be achieved using the modular design 
principles of blade server architecture [2].

Server power consumption is primarily affected by 
its available resources, such as the number of processors 
(and cores), their clock speeds, the amount of random 
access memory (RAM), the performance and capacity 
of the storage subsystem, as well as the performance of 
the network interfaces.

Depending on the task, the choice of hardware 
selection can include increases in available resources 
for improved performance or their decrease as a means 
of saving energy. Up to a certain point, resources 
may be increased by increasing memory capacity and 
performance, as well as the number of processors. 
However, after reaching this limit, further performance 
increases by such means becomes inefficient and 
uneconomical. In such cases, resources may be increased 
by other methods, for example, by parallelizing tasks 
between several servers or application optimization. 
Reductions in server resources are usually aimed 
at reducing the size and power consumption of 
installations [3].

PROCESSOR

Processor key characteristics [4] include 
performance, power consumption, and energy efficiency 
(the average amount of energy consumed per instruction 
executed).

Processor performance is defined as the execution 
speed of program code instructions, i.e., the number of 
instructions processed per unit time (instructions per 
second, IPS). This can be expressed mathematically as 
follows:

 
Number of instructionsPerfomance IPS.

Time of execution
= =  (1)

Instead of the number of instructions per time 
unit, it is more convenient to consider the number of 
program code instructions executed per processor clock 
(instructions per cycle, IPC).

 

Number of instructionsPerfomance
Number of clocks

Number of clocks IPC.
Execution time

= ×

× =
 (2)

Processor performance is directly related to both 
the clock frequency F and the number of instructions 
executed per IPC clock.

Thus, there are two main approaches to improving 
processor performance [5]: the first is to increase the 
clock frequency, while the second is to increase the 
number of instructions executed per clock. In practice, 
both approaches are usually applied simultaneously, 
since clock frequency parameters and the number of 
instructions executed per clock are interrelated.

The dependence of processor power consumption 
on its clock frequency appears as follows:

 Power = CU 2F, (3)

where С is the dynamic capacitance of the processor; 
U is the processor supply voltage; F is the processor 
operating frequency.

In other words, the power consumed by the processor 
is proportional to the clock frequency, the square of the 
processor’s supply voltage and its dynamic capacitance. 
Since the clock frequency is directly related to the supply 
voltage, the power consumption varies nonlinearly 
with the processor frequency. Consequently, processor 
performance and power consumption are also related in 
a nonlinear manner.

Increasing the clock frequency gives only a marginal 
increase in performance and is accompanied by a much 
larger increase in processor power consumption [6].

Currently, the focus in improving processor 
performance has shifted from increasing clock 
frequency to achieving high performance levels with 
minimal energy consumption. The key indicator [7] in 
this context is the processor energy efficiency (energy 
per instruction, EPI), which is measured as the average 
amount of energy consumed per executed instruction:

 
Power (J)EPI .

Number of instructions
=  (4)

Processor performance per 1 watt of power 
consumed will be as follows:

 

Number of instructions
Perfomance Time

PowerPower
Time

Number of instructions 1
.

Power EPI

 
 
 = =

 
 
 

= =

 (5)
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Consequently:

 
PowerEPI .

Perfomance
=  (6)

One of the approaches to creating a power-efficient 
processor is to use multicore architecture [8]. This 
increases performance by increasing the number of 
instructions executed per clock without increasing 
and sometimes even decreasing the clock frequency. 
Theoretically, when increasing the number of cores 
from 1 to 2, it is possible to maintain the same 
performance by reducing the clock frequency of each 
core by a factor of 2.

The performance gain in this case can be estimated 
as a reduction of the program execution time when using 
a multicore processor tn compared to its execution time 
on a single-core processor t1. Thus, the performance 
gain will be equal to [9]:

 
1 11 1 ,t

p
tn n

 = − − 
 

 (7)

where p is the share of program code instructions that 
can be executed in parallel; n is the number of the 
processors.

The graphical dependence of performance gain on 
the number of processor cores is shown in Fig. 1.
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Fig. 1. Dependence of performance gain  

on the number of processor cores

Multicore architecture significantly improves 
performance, especially when running multiple 
applications simultaneously. Under perfect conditions, 
each application can run on a separate processor core.

Intel Xeon microprocessors

Intel Xeon class microprocessors (Intel, USA) [10] 
are built on the same microarchitectures as desktop 
processors (x86), but with the addition of server-specific 
features.

The design and implementation of server processors 
is characterized by considerable complexity as compared 

to desktop systems due to the required implementation of 
many specific features. Due to the increasing complexity 
and development time of new architectures using the 
10-nm process technology, process technologies used 
with different processor families such as Xeon, Opteron 
(AMD, USA) and Baikal-T1 (Baikal Electronics, 
Russia) are tending to converge.

Crystalwell technology can help to overcome 
the limitations of low system memory bandwidth and 
demonstrate improved results in HD video processing 
and math operations. With Broadwell processors, 
4368 HD video streams can be executed simultaneously, 
representing a 40% increase over the 3120 streams on 
their Haswell processors.

Intel Xeon E3 v6 processors are available in 8 models, 
none of which offer reduced power consumption. In this 
lineup, the use of embedded dynamic random access 
memory (DRAM) has also been abandoned. However, 
as before, processors with index 1xx5 v6 are equipped 
with their own graphics cores.

The main changes include the transition to the Kaby 
Lake architecture while retaining the 14-nm process 
technology. In addition, the maximum memory bandwidth 
has been increased to 37.5 GB/s and frequencies have 
been increased to DDR4-2400 and DDR3L-1866.

The performance gain when switching from E3 to 
E5 processors and using two E5 processors is shown 
in Fig. 2.

Intel tests show the following result: performance 
increases 1.5 times when switching from E3 to 
E5 processors and another 2 times when doubling the 
number of processors. Switching to a 4-processor system 
provides similar linear performance gains. Performance 
improves similarly with new processor generations, for 
example, when switching from E3 v5 or v6 to E5 v4.
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Fig. 2. Change in performance  

when switching from E3 to E5: 
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In the future, Broadwell-EX processors will be 
replaced by Skylake Purley. These new processors will 
feature 6-channel DDR4 RAM controllers (instead of the 
current generation’s 4-channel), AVX-512 instruction 
set, Omni-Path bus, Cannonlake graphics support, and 
embedded field-programmable gate arrays (FPGAs). 
Embedded FPGAs enable the processor configuration to 
be optimized for specific tasks, which configuration is 
not available in the Skylake architecture.

Intel Xeon D processors

Intel Xeon D processors [11] are the successors to 
the Atom line, but are designed for lightweight server 
solutions. These processors are systems-on-a-chip and 
include x86 computing cores, 10G network card, I/O ports 
(including PCIe1), DDR4 controller and SATA interfaces. 
They are manufactured using a 14nm process technology.

Intel Xeon D-15xx, whose main application area 
is networking, cloud storage and enterprise storage 
systems, offer new opportunities to optimize diverse 
workloads and infrastructures.

AMD Opteron server processors

Server processors from AMD are represented by 
five series: Opteron 3000, 4000, and 6000, A-series 
based on ARM-architecture, as well as hybrid processors 
X-series [12]. These processors, which are primarily 
designed for web hosting, are characterized by their 
affordable price. They support DDR3-1866 MHz memory.

Generally, the Opteron line of processors combine 
good performance, a large number of cores, and 
a competitive price. Rather than using hyperthreading 
technology analogs, the performance of Opteron 
processors is increased by adding more physical cores.
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Fig. 3. Performance comparison of Intel Xeon  

and AMD Opteron processors

1 Peripheral component interconnect express is a computer 
bus that provides point-to-point connectivity using a high-
performance serial communications protocol.

Based on the X2150 processor, the X2170 hybrid 
processor is a fully integrated x86 architecture unit that 
includes a CPU, graphics processor and I/O controller. 
It features low power consumption to reduce the total 
cost of ownership of data centers and adapt to the 
requirements of high-performance server platforms.

The main tasks for which these server processors are 
designed include organizing delivery and distribution 
networks, video preprocessing, console desktop clients, 
rendering, transcoding, and video streaming.

Combining CPU and GPU technologies in an ultra-
dense form factor can result in large performance-per-
watt gains over traditional solutions.

Baikal-T1 processor

The Baikal-T1 processor [13], which is based 
on 2 computing cores having a clock frequency 
of 1.2 GHz, is implemented on a 28-nm process 
belonging to the MIPS Warrior P5600 r5 family of 
Imagination Technologies (United Kingdom). It uses the 
MIPS32 architecture with support for the extraordinary 
instruction execution paradigm and the ability to combine 
up to 6 cores into a single cluster. The P5600 r5 cores 
support OmniShield hardware zonal data protection 
technology and 128-bit SIMD-commands2 for high-
speed parallel processing, especially in multimedia 
applications.

The processor is equipped with 1 MB of high-
performance coherent cache memory and an integrated 
RAM controller with DDR3-1600 support. It includes 
integrated interfaces: 1 × 10 Gbit Ethernet, 2 × 1 Gbit 
Ethernet, PCIe Gen.3 x4, SATA 3.0, and USB 2.0. Due 
to the processor’s low power consumption at less than 
5 watts, it may be used to develop quiet systems that do 
not require active cooling.

The main anticipated applications for this processor 
are industrial automation, embedded systems, and 
communications.

RANDOM ACCESS MEMORY

Server memory differs from desktop memory due to 
its inclusion of parity and error correction code (ECC) 
modules. This type of memory includes additional 
functionality to provide greater stability, such as the 
use of register buffered memory. Thus, server memory 
is manufactured according to different standards than 
desktop systems.

A key characteristic of server RAM is fault 
tolerance. Many servers are designed to run mission-
critical applications that place high demands on memory. 
The level of fault tolerance is provided both through 

2 Single instruction, multiple data—a principle of computer 
computing that enables parallelism at the data level.



54

Russian Technological Journal. 2025;13(1):49–58

Grigory V. Petushkov,  

Alexander S. Sigov

Technical and economic analysis of servers as computing system  

modules of the warehouse scale computer class

improvements in the chip manufacturing process and 
through the use of memory error protection technologies 
such as ECC [14].

There are two main ways to protect against memory 
errors:

1. Module testing, i.e., regular checking of memory 
status to detect and correct problems.

2. Use of error detection and correction technologies, 
i.e., the introduction of technologies for automatically 
detecting and correcting memory errors.
ECC technology, which significantly reduces the 

probability of memory errors, provides single-bit error 
detection and correction, along with multibit error detection. 
This is an important feature for server RAM where 
reliability and error tolerance are critical. The corresponding 
operational mechanism is demonstrated in Fig. 4.

Memory errors can also cause significant downtime 
in database server applications. If an error occurs, 
database recovery can take several hours due to the need 
to recover data from transaction log entries that have not 
yet been entered into the database.

Advanced ECC technology, which is designed 
to correct multibit errors on a single DRAM chip, 
significantly increases system reliability by supporting 
data recovery even in case of failure of the entire chip.

Since four bits from each chip are distributed to four 
ECC devices (one bit for each ECC device), an error in 
one chip can correct up to four single-bit errors (Fig. 5).
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Fig. 5. Advanced ECC operation diagram

The Chipkill mechanism is used to deal with multibit 
errors on individual chips, including failure of all data 
bits. This mechanism provides higher protection and 
reliability compared to traditional methods.

DDR4 DRAM is currently the most advanced and 
widely used RAM technology. However, DDR5 DRAM 
is already under development. DDR5 is expected to 
provide twice the capacity of DDR4 modules, as well 
as increased bandwidth. DDR5 memory, which is to be 
manufactured using a 10-nm process, will initially be 
available in capacities ranging from 1 GB to 4 GB.

STORAGE SUBSYSTEM

An important aspect is availability of drives: server 
drives must remain functional and active at all times, 
while desktop PC drives can be placed in standby mode 
when access is not required [15].

For reliability and performance, redundant arrays 
of independent disks are often used to combine 
multiple disk drives for increased fault tolerance and 
performance. Important factors that influence drive 
selection include the connection interface, capacity, and 
drive structure. Here, the expected data to be stored, 
as well as its importance and the requirements of the 
installed applications, also play a significant role.

Hard disk drives (HDD), which represent the 
classic storage solution, provide an acceptable level of 
reliability; their performance depends on factors such 
as rotation speed, interface and cache size. HDDs range 
from 7200 to 15000 rpm depending on performance 
requirements. However, higher rotational speeds result 
in higher power consumption and higher cooling 
requirements. An additional potential problem consists 
in vibration due to the varying speeds of the disks, 
which can be disruptive if the disks are in different write 
cycles. To prevent such problems, it is recommended to 
use disks with the same rotation speed within the same 
server. It is also worth noting that the service life of hard 
disks is limited by their mechanical wear and tear.

Data is written to the cell

Data is read from the cell

ECC detects a single bit error

ECC logic fixes the bit 

and reports it to the OS

ECC regenerates the data

ECC calculates the checksum

ECC recalculates the checksum and 

compares it to the original checksum
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3 4
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Fig. 4. Single-bit error detection and correction diagram. OS—operating system
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Solid state drives (SSDs) have no moving parts, 
eliminating mechanical wear and vibration. They use 
flash memory to store data, allowing them to achieve I/O 
performance that can be hundreds of times faster than 
HDDs. SSDs, which do not require power for the electric 
motor, consume about one-fifth of the power of HDDs.

When selecting a drive, it is important to keep in 
mind that SSDs have a limited data retention period 
when turned off. If the SSD is used for backup storage, 
the information will be available for a maximum 
of 10 years. However, this period may be shortened due 
to heavy use and exposure to ambient temperatures.

A promising direction in the development of data 
storage systems is the transition to non-volatile memory 
of the NAND3 type. Such memory eliminates the main 
causes of delays in the data exchange channel between 
the system and the solid-state drive. Using the PCIe bus 
directly, without additional adapters (SATA, SAS, etc.), 
reduces latency at the controller level. Selecting NVMe4 
helps to eliminate latency at the software level (both in 
the controller firmware and system drivers) as well as 
significantly increasing the level of parallelism when 
exchanging data streams over the bus.

The NVMe interface is a key benefit for server 
applications, especially when processing large numbers 
of requests simultaneously. Switching to NVMe can 
significantly improve disk array efficiency by scaling the 
number of queues and commands.

The evolution of storage systems continues with the 
development of new storage technologies, such as pulse 
code modulation and other promising solutions, which 
may lead to significant improvements in access speed 
and overall performance in the future.

3 Not AND is a universal two-input logic element, Schaeffer stroke.
4 NVM Express is non-volatile memory host controller interface specification—access interface to solid state drives connected via 

PCI Express bus.

Crossbar estimates that resistive random-access 
memory (RRAM) modules will deliver write speeds 
20 times faster than NAND flash memory, reaching 
140 MB/s compared to NAND’s 7 MB/s. Read speeds 
for RRAM will be around 17 MB/s. An additional 
advantage of RRAM is the longevity of data storage, 
which can be up to 20 years, as compared to only 
1–3 years for NAND.

Magnetoresistive random-access memory is also 
being considered as an alternative to NAND flash 
memory. It stands out for its high data access speed 
and reliability under unfavorable environmental 
conditions. Magnetoresistive memory can operate at 
very high temperatures, making it particularly suitable 
for extreme environments such as military and space 
applications.

CONCLUSIONS

The review of server organization options and their 
main components allows us to conclude the sufficient 
reliability of their operation. However, servers combined 
in the WSC class as a system additionally require 
continuous operation in 24/7 mode for long periods of 
time. This, in turn, requires the development of methods 
for assessing the reliability of such highly reliable 
systems, including redundant elements to compensate 
for hardware and software failures, as well as methods 
for predicting failures and measures to combat their 
consequences.
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Abstract
Objectives. The work set out to develop a new design method for DC/DC converters based on the Zeta topology 

to calculate the ratings of inductors and capacitors of the Zeta converter with magnetically coupled inductors and verify 

the accuracy of the ultimate continuous mathematical model and design method based on it using SPICE simulation 

in the Multisim computer-aided design (CAD) system.

Methods. The proposed method analyzes an ultimate continuous mathematical model to calculate the ratings 

of coupled inductors and capacitors of the converter.

Results. The simulation of the Zeta converter with coupled inductors was carried out using the Multisim CAD system, 

during which the load and transfer characteristics of the converter were obtained. These characteristics show the 

dependencies of the currents flowing through the coupled inductors and voltages across the capacitors on the 

input voltage, as well as the dependence of the output voltage on the load current. The presented design method 

is shown to be accurate and in full agreement with the simulation results. A correlation between the transfer and 

load characteristics of currents and voltages obtained by simulation and calculation is established. The differences 

between the values calculated using the ultimate continuous mathematical model and the results of simulation in the 

Multisim CAD system are comparable to measurement errors.

Conclusions. The proposed design method is used calculate element ratings for the Zeta topology both with and 

without taking the inductive coupling into account. The method can also be used to calculate the steady-state values 

and ripple currents of the inductors and voltages across the capacitors. The design method for DC/DC converters 

presented in the paper can be used for both preliminary evaluation calculations and more detailed calculations, 

including analysis of the device operation under various input voltages and load resistances.
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НАУЧНАЯ СТАТЬЯ

Метод проектирования DC/DC-преобразователей, 
построенных по Zeta-топологии

В.К. Битюков,  
А.И. Лавренов @

МИРЭА – Российский технологический университет, Москва, 119454 Россия
@ Автор для переписки, e-mail: lavrenov@mirea.ru 

Резюме 
Цели. Цели работы – разработка нового метода проектирования DC/DC-преобразователей, построенных 

по топологии Zeta с возможным учетом магнитной связи дросселей, проведение расчетов по предложенной 

методике номиналов дросселей и конденсаторов Zeta-преобразователя с индуктивно связанными дроссе-

лями и проверка достоверности предельной непрерывной математической модели и метода проектирова-

ния, основанного на ней, с помощью SPIСE-моделирования в системе автоматизированного проектирова-

ния Multisim.

Методы. Поставленные задачи решены при помощи аналитического анализа предельной непрерывной ма-

тематической модели. Предложенным методом выполнен расчет номиналов связанных дросселей и конден-

саторов преобразователя.

Результаты. С помощью системы автоматизированного проектирования Multisim проведено моделирова-

ние Zeta-преобразователя со связанными дросселями, в ходе которого получены нагрузочные и передаточ-

ные характеристики преобразователя, показывающие зависимости токов, протекающих в связанных дрос-

селях, и напряжений на конденсаторах от входного напряжения, а также зависимость выходного напряжения 

от тока нагрузки. Показано, что представленный метод проектирования достоверен и полностью соответ-

ствует результатам моделирования. Установлена корреляция передаточных и нагрузочных характеристик 

токов и напряжений, полученных моделированием и расчетным путем. Отличия рассчитанных с помощью 

предельной непрерывной математической модели значений от результатов моделирования в системе авто-

матизированного проектирования Multisim сопоставимы с погрешностью измерений.

Выводы. Предложенный метод проектирования позволяет рассчитать номиналы элементов Zeta-топологии 

как с учетом индуктивной связи дросселей, так и без него. Кроме того, с помощью данного метода возможно 

рассчитать постоянные значения и пульсации токов дросселей и напряжений на конденсаторах. Приведен-

ный в статье метод проектирования DC/DC-преобразователей можно использовать как для предваритель-

ного оценочного расчета, так и для более детального расчета с анализом работы устройства при различных 

входных напряжениях и сопротивлениях нагрузки.

Ключевые слова: DC/DC-преобразователь, понижающе-повышающий преобразователь, топология Zeta, 

предельная непрерывная математическая модель, метод проектирования, моделирование
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INTRODUCTION

DC/DC converters of various topologies [1–3]  
are used in space [4], aerospace [5], medical 
equipment [6], and a wide range of mobile 
devices [7, 8]. The general trend towards 
miniaturization of DC/DC converters and autonomous 
design of radio-electronic devices is driving the need 
for new methods of DC/DC converter design. The 
main difficulty in designing DC/DC converters for 
such devices is associated with the typically low 
voltages and absorbed currents. At currents below 
0.5 A, the efficiency of the DC/DC converter starts 
to drop sharply1, requiring a rigorous evaluation of 
the device operation in different modes using more 
advanced calculation methods [6, 7, 9–11].

The design of DC/DC converters is based on 
appropriate mathematical models [11], as is the design 
of any other radio-electronic device. They provide the 
basis for a uniform methodical approach to developing, 
designing and investigating devices. The method for 
designing unipolar DC/DC converters built according 
to the Zeta topology, taking into account the inductive 
coupling of the inductors, is also based on such 
a model [12, 13].

1. DETERMINING THE RATINGS 

OF ZETA CONVERTER RADIO ELEMENTS 

WITH ALLOWANCE FOR MAGNETIC COUPLING 

OF INDUCTORS

The circuit diagram of a DC/DC converter based 
on the Zeta topology is shown in Fig. 1. It has two 
inductors, two capacitors, an electronic key, typically 
in the form of a field effect transistor, and a control 
unit (CU) that determines the transistor mode [2]. 
The inductors L1 and L2 perform the function of 
energy storage and transfer by electromagnetic 
induction. The capacitor C1 is present in the circuit 
to decouple the input and output of the converter. The 
separating capacitor C1, which is sometimes referred 
to as a “flying capacitor”, not only separates but also 
stores and transfers energy. Capacitor C2 is the output 
smoothing capacitor.

The method for calculating the Zeta converter taking 
into account the magnetic coupling of the inductors is  
 
 
 
 

1 Datasheet TPS40200 Wide Input Range Non-Synchronous Voltage Mode Controller datasheet (Rev. G). Texas Instruments. 
SLUS659G – FEBRUARY 2006–REVISED NOVEMBER 2014.

2 GOST 2.710-81. Interstate Standard. Unified system for design documentation. Alpha-numerical designations in electrical 
diagrams. Moscow: Izd. Standartov; 1985 (in Russ.).

based on the corresponding mathematical model [11–13]. 
The design of the Zeta converter on coupled inductors 
significantly reduces the current ripple [14]. The 
mathematical model is used to obtain expressions for 
the constant and variable values of the inverter currents 
and voltages. By analyzing the obtained expressions, 
equations are derived to determine the rated electrical 
values of the electric radio elements, ERE. The following 
parameters are required for calculating the ERE ratings 
of the DC/DC converter:

• constant output voltage UC2;
• constant input voltage range from Uin min to Uin max;
• switching period of the power switch T;
• maximum ripple amplitudes of voltages 

uC1, uC2 and currents iL1, iL2 are ΔuC1, ΔuC2 ΔiL1, 
and ΔiL2 respectively;

• range of load resistance variation from Rl min to 
Rl max (or load currents from Il min to Il max);

• coupling coefficient of inductors kc.

VT1 C1 L2

1
2

3
4

CU

+Uin

+Uout

+(–)

–(+)

–Uout
Uin

L1 VD1 C2 Rl

– 

(+)

(+) 

–

–     +

Fig. 1. Circuit diagram of the buck-boost converter 

based on the Zeta topology. Here and in the following 

figures, the designations of the circuit elements 

correspond to those adopted in GOST 2.710-8112.  

Rl is load resistance, Uin is input voltage,  

Uout is output voltage

The optional parameters are the active winding 
resistances of the coupled inductors L1 and L2, which 
are r1 and r2. The resistances r1 and r2 are taken into 
account in the construction of the mathematical model 
in order to clarify the calculation and to simplify the 
derivation of the inductor current equations due to the 
peculiarities in the construction of the limit continuous 
mathematical models.

For the calculation, it is necessary to determine 
the input voltage Uin 0.5 with duty factor D0.5 equal to 
0.5 and the minimum load resistance Rl min using the 
following equation:
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( )2 2 2

C2 0.5 C2 0.5 C2 2 C2 0.5 2 l av C2 0.5 l av C2 0.5 l av C2
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l av 0.5 l av 0.5

2 2
,

U D U D U r U D r R U D R U D R U
U

R D R D

− + − − − + −
=

−
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where l min l max

l  av 2

R R
R

+
=  is the average load resistance.

In addition, the minimum and maximum duty factors Dmin and Dmax should be calculated using the following 
equations:
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Since the calculation method is based on the limiting continuous mathematical model of the Zeta converter, the 
largest discrepancy between the calculated values of the ripple amplitudes and the simulation result is observed at the 
limits of the duty factor Dmin and Dmax according to [15]. The highest agreement observed in the neighborhood of the 
duty factor D is equal to 0.5. Therefore, it would be reasonable to calculate the converter ratings exactly at D = 0.5. 
For this, it is necessary to obtain the analytical dependence between the maximum current and voltage ripples of the 
converter and their ripples at D = 0.5. Thus, by taking into account (1)–(3), the equations for the conversion factors 
kL1, kL2, kC1 and kC2 can be derived. Obviously, the equations for calculating ripples ΔiL1 and ΔiL2 are the same [13], 
so the coefficients kL1 and kL2 are also identical. It can therefore be further assumed that kL1 = kL2 = kL.
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The above equations include the ERE ratings L1, L2, C1, and C2. Using the Simplify Mathcad function3, the 
expressions (4)–(6) can be simplified to eliminate variables L1, L2, C1, and C2, thus obtaining equations that are 
independent of the inductor and capacitor ratings. However, since the final equations for determining the coefficients 
kL, kC1, and kC2 are quite extensive, they have not been included in the present paper.

3 https://www.mathcad.com/en. Accessed April 24, 2024.

https://www.mathcad.com/en
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Using expressions (4)–(6), the equations for the ripple amplitudes of currents and voltages at the duty factor 
D = 0.5 can be written as follows:

 C1 C2L1 L2
L1 0.5 L2 0.5 C1 0.5 C2 0.5

L L C1 C2
, , , .

u ui i
i i u u

k k k k

∆ ∆∆ ∆
∆ = ∆ = ∆ = ∆ =  (7)

The equations for calculating the ratings of the inductors L1, L2 and capacitors C1, C2 are as follows:
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It follows from equations (8) and (9) that the ERE values for coupled inductors are also interdependent. While 
obtaining the solution to this equation is analytically complicated, it can be taken into account that coupled inductors 
usually have the same ratings and therefore the same ripple. With this in mind, the equations for determining L1 and 
L2 can be written as follows:

 

( )( )
( ) ( ) ( )( )

( )( )
( )

3 2
in 0.5 in 0.5 0.5 in max 0.5 20.5

1 2 2 2
c 0.5 0.5 L1 0.5 2 0.5 L1 0.5 1 l min 0.5 l min 0.5 l min L1 0.5

2 3 3
l min in 0.5 0.5 l min in 0.5 l min in 0.5 0.5 in 0.5 10.5 0.5

2
c 0.5 0

2

1 2 1 2

2 2

1 2

U D U D U D Tr
L

k D D i r D i r R D R D R i

R U D R U D R U D T U D Tr

k D D

− + −
= +

− − + ∆ + ∆ + − + ∆

− − −
+

− −( ) ( )( )2 2
.5 L1 0.5 2 0.5 L1 0.5 1 l min 0.5 l min 0.5 l min L1 0.5

,
1 2i r D i r R D R D R i+ ∆ + ∆ + − + ∆

 (12)

( ) ( )
( ) ( ) ( )( )

2
3 2 3 2

in 0.5 in 0.5 0.5 in max 0.5 2 l min in 0.5 l  min in 0.5 0.5 l min in 0.5 0.5 10.5 0.5

2 2 2
c 0.5 0.5 L2 0.5 2 0.5 L2 0.5 1 l min 0.5 l min 0.5 l min L2 0.5

2 2
.

1 2 1 2

L

U D U D U D Tr R U D R U D R U D T

k D D i r D i r R D R D R i

=

− + + − +
=

− − + ∆ + ∆ + − + ∆

 (13)



64

Russian Technological Journal. 2025;13(1):59–67

Vladimir K. Bityukov,  

Aleksey I. Lavrenov

Method for designing DC/DC converters  

based on Zeta topology

Equations (12) and (13) differ only by a summand 
3

in 0.5 10.52U D Tr−  in the numerator in (12), which depends 
on the equivalent resistance of the inductor L1. Therefore, 
the ratings of L1 and L2 are approximately equivalent.

2. EXAMPLE CALCULATION OF 

ZETA CONVERSION ERE VALUES

The initial parameters for the converter calculation 
are as follows: kc = −0.99, UC2 = 12 V, Uin max = 17.5 V, 
Uin min = 6.5 V, ΔiL1 = 330 mA, ΔiL2 = 330 mA, 
ΔuC1 = 7 mV, ΔuC2 = 1.9 mV, Rl min = 50 Ohm, and 
Rl max = 100 Ohm. By calculating the input voltage 
Uin  0.5, the minimum and maximum duty factors 
Dmin and Dmax using equations (1)–(3), we obtain 
Uin 0.5 = 12.005 V, Dmin = 0.407, and Dmax = 0.649. 
Using the above parameters and taking into account 
equation (7), we obtain kL = 1.185, kC1 = 1.298, and 
kC2 = 1.186. Accordingly, the ripple amplitudes at duty 
factor D = 0.5 are ΔiL1 0.5 = 278 mA, ΔiL2 0.5 = 278 mA, 
ΔuC1 0.5 = 5 mV, and ΔuC2 0.5 = 1.6 mV.

After calculating the ratings of the elements 
according to equations (10)–(13), we obtain L1 ≈ 22 µHn, 
L2 ≈ 22 µHn, C1 ≈ 44 µF, and C2 ≈ 44 µF.

3. VALIDATION OF CALCULATION RESULTS 

IN THE MULTISIM4 MODELING ENVIRONMENT

A SPICE simulation of a Zeta converter with inductively 
coupled inductors is shown in Fig. 2, where T1 is a block 
of coupled inductors, each rated at 22 µHn. The coupling 

4 https://www.ni.com/en.html. Accessed April 24, 2024.

coefficient of the inductors is 0.99. This means that the 
inductors are switched on against each other to suppress 
current ripple. The resistors r1 and r2 simulate the active 
winding resistances of the coupled inductors, while C1 is 
a “flying” capacitor, C2 is a smoothing output capacitor, 
VT1 is a power key that allows the power part to be switched 
at a given frequency, V1 and V2 are sources of constant 
voltage and pulse width modulation voltage, and VD1 is an 
ideal diode. In addition, there are also current and voltage 
probes used to display current and voltage parameters.

Simulation results in transient analysis mode over 
4 ms after onset are shown in Fig. 3. This shows the 
shapes of the currents through the windings of the 
inductors L1 and L2, as well as the voltages C1 and 
C2 on the capacitors in stationary operation after the 
transients have passed. It should be noted that maximum 
and minimum UC2 voltages are midway between each 
energy storage and transmission stage, as stated in [13].
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Fig. 3. The graphs of currents and voltages  

of the Zeta converter in steady state
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V: –12.0 V

V(p-p): 2.22 mV

V(rms): 12.0 V

V(dc): –12.0 V
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I(dc): –117 mA

I(Frequency): 500 kHz

Fig. 2. Simulation scheme for the Zeta converter with inductively coupled inductors

https://www.ni.com/en.html
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The calculated and simulated transfer characteristics 
of the converter currents and voltages are shown in 
Figs. 4–7 to demonstrate the accuracy of the calculations.

The transfer characteristic is the dependence of the 
physical quantity on the converter input voltage. The 
mathematical model of the converter is used to calculate 
the values.
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Fig. 4. Transfer characteristics  

of currents through inductor windings L1 and L2  

at a load resistance of 50 Ohm:  

1 is the calculated value; 2 is the simulation result
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Fig. 5. Transfer characteristics of voltages across 

capacitors C1 and C2 at a load resistance of 50 Ohm:  

1 is the calculated value; 2 is the simulation result
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Fig. 6. Transfer characteristics  

of currents through inductor windings L1 and L2  

at a load resistance of 100 Ohm:  

1 is the calculated value; 2 is the simulation 
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Fig. 7. Transfer characteristics of voltages across 

capacitors C1 and C2 at a load resistance of 100 Ohm: 

1 is the calculated value; 2 is the simulation result

The transfer characteristic graphs show agreement 
between the calculated values and the simulation results, 
confirming the reliability of the calculation method. The 
deviations of the simulated curves from the calculated 
ones are quite small; for example, the deviation of the 
current IL1 in the simulation from the calculated one 
ranges from 3.5% to 12%. The deviation ranges similarly 
from 0% to 3.4% for IL2, from 0% to 0.05% for UC1, 
and from 0.003% to 0.03% for UC2, demonstrating the 
reliability of the calculations.

The load characteristics of the converter at input 
voltages of 6.5, 12, and 17.5 V are shown in Fig. 8. Since 
the difference between the calculated and simulated 
output voltages does not exceed one hundredth of 
a percent, the graphs of the converter load characteristics 
obtained by calculation and simulation are almost 
identical. The load characteristics for input voltages 
of 12 and 17.5 V are plotted in Cartesian coordinates 
at the bottom and left. The load characteristic at input 
voltage is plotted in coordinates at the top and right. The 
information in Fig. 8 shows that the results of calculations 
using the proposed DC/DC converter design method and 
mathematical model fully reproduce the load current 
dependence on the stabilization voltage variation. This 
demonstrates the reliability of the methods considered in 
describing the operation of DC/DC converters designed 
according to the Zeta topology, taking into account the 
magnetic coupling of the coupled inductors.
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66

Russian Technological Journal. 2025;13(1):59–67

Vladimir K. Bityukov,  

Aleksey I. Lavrenov

Method for designing DC/DC converters  

based on Zeta topology

CONCLUSIONS

The paper presents a new method for designing 
DC/DC converters based on the Zeta topology, which 
allows magnetic coupling of inductors. As well as 
allowing the capacitor and inductor ratings of the 
converter power section to be calculated, the presented 
method takes into account the variable components of 
the currents flowing through the inductor windings and 
the voltages across the capacitors.

With the ERE ratings obtained in the design, the 
simulation is carried out in the Multisim computer-
aided design system; calculations are performed using 
the converter limit continuous mathematical model on 
which the above method is based. The resulting transfer 
and load characteristics show a high degree of agreement 
between the mathematical calculations and the Multisim 
simulation results.
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Abstract
Objectives. A pressing problem for indoor positioning systems in the absence of access to global navigation 

satellite systems is low positioning accuracy. This is usually associated with uneven coverage of the work area 

due to its geometric features or the presence of massive obstacles and walls within its boundaries. This problem 

is frequently resolved by placing an excessive number of positioning system base stations in the work area. This 

approach generates a high cost for such systems, which in turn prevents their deployment. Therefore, research and 

development aimed at improving the accuracy of indoor positioning systems using a minimum number of stations is of 

great relevance. The author previously proposed a method of increasing the accuracy of indoor positioning by taking 

into account obstacles known at the design stage of the system. Consideration of such obstacles in calculating the 

location is achieved through the mechanism of preliminary splitting of radio beacons into groups, and the allocation 

of reference stations of these groups among the base stations. The aim of the work is to improve this algorithm 

by automating the stage of preparing information about the grouping of stations.

Methods. A computer simulation method was used, in order to confirm the operability of the algorithm to divide the 

stations of the positioning system into overlapping groups.

Results. The criteria for automatic station grouping and a universal algorithm for dividing stations into groups were 

developed, enabling the automated preparation of the minimum necessary initial data for a program implementing 

an algorithm for positioning in a zone of heterogeneous radio transparency.

Conclusions. Modeling of the proposed algorithm has confirmed its operability. The results obtained can be used 

as a significant addition to the previously proposed algorithm for taking into account obstacles when calculating 

distances to base stations.
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НАУЧНАЯ СТАТЬЯ

Разбиение множества базовых станций 
локальной системы позиционирования 

на пересекающиеся группы

М.Н. Крижановский @,  
О.В. Тихонова

МИРЭА – Российский технологический университет, Москва, 119454 Россия
@ Автор для переписки, e-mail: mihakri007@mail.ru 

Резюме 
Цели. Актуальной проблемой систем локального позиционирования при отсутствии доступа к глобальным 

навигационным спутниковым системам является низкая точность позиционирования, связанная, как прави-

ло, с неравномерным покрытием рабочей зоны в связи с ее геометрическими особенностями или наличием 

в ее пределах массивных препятствий и стен. Обычно эта проблема решается путем размещения в рабочей 

зоне избыточного числа базовых станций системы позиционирования. Подобный подход порождает высо-

кую стоимость таких систем, что в свою очередь препятствует их распространению. Поэтому исследования 

и разработки, направленные на повышение точности локальных систем позиционирования при использо-

вании минимального числа станций, имеют большую актуальность. Ранее автором был предложен метод 

повышения точности локального позиционирования путем учета препятствий, известных на этапе проек-

тирования системы. Учет таких препятствий при расчете местоположения реализуется за счет механизма 

предварительного разбиения радиомаяков на группы и выделения опорных станций этих групп среди ба-

зовых станций. Целью работы является усовершенствование этого алгоритма за счет автоматизации этапа 

подготовки информации о группировке станций.

Методы. Использован метод компьютерного моделирования для подтверждения работоспособности алго-

ритма разбиения станций системы позиционирования на пересекающиеся группы. 

Результаты. Разработаны критерии автогруппировки станций и универсальный алгоритм разбиения стан-

ций на группы, позволяющий в автоматизированном режиме подготовить минимально необходимые началь-

ные данные для программы, реализующей алгоритм позиционирования в зоне неоднородной радиопро-

зрачности. 

Выводы. Моделирование предложенного алгоритма подтвердило его работоспособность. Полученные ре-

зультаты могут использоваться как существенное дополнение к предложенному ранее алгоритму учета пре-

пятствий при расчете расстояний до базовых станций.

Ключевые слова: локальные системы позиционирования, алгоритм группировки станций, RSSI, трилате-

рация
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INTRODUCTION

Positioning objects in confined spaces has become 
a common issue due to the growing popularity of 
robotization of various spheres of life. It has been 
resolved in various ways, using various combinations 
of components and algorithmic solutions for coordinate 
determination. As a rule, such systems are implemented 
on the basis of one of the common wireless data 
transmission interfaces, such as Wi-Fi [1–3], BLE1 [4–6], 
ZigBee [7–9], UWB2 [10–14], etc.

In indoor positioning, the problem of accuracy 
improvement is the most pressing, as confirmed by the 
fact that the largest number of publications is devoted to 
it. For example, [15] proposes increasing accuracy by 
purchasing more expensive components which is often 
not economically feasible for the consumer. In [16] 
accuracy improvement is provided by using two protocols 
(Wi-Fi and BLE) and two algorithms for coordinate 
calculation (trilateration [17] and matching [18]).

Another solution was proposed in [19], which 
discussed the possibility of reducing the average value 
of the positioning error by taking into account the 
loss of signal power when crossing obstacles, where 
information about the location in the working area is 
known in advance. It is proposed that at the stage of 
system development each particular case of the working 
area in which it is planned to carry out positioning of 
any objects be approached individually. In order to 
take obstacles into account, it is proposed that all base 
stations of the system used for positioning into groups 
be divided in advance. This is based on the known data 
on the coordinates of obstacles. Then the reference 
stations among them can be singled out. The division 
into groups is based on the principle of finding a group 
on the same side of the obstacles. A reference station 
is selected based on its proximity to the geometric 
center of the area occupied by a particular group of 
stations, bounded not necessarily by a closed contour of 
obstacles. According to the algorithm proposed in the 

1 Bluetooth low energy—Bluetooth technology with low 
power consumption.

2 Ultra-wide band—A short-range, low-power wireless 
communication technology that uses ultra-wideband signals with 
extremely low power spectral density as a carrier.
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paper, the positioning device first compares the signal 
levels from the reference stations of different groups. 
After determining the strongest signal in the calculation 
of distances based on the measurement of the received 
signal strength indicator (RSSI), the positioning device 
will be able to decide that all stations belonging to the 
group whose reference station has the strongest signal 
are on the same side of the obstacles with the object. 
Thus, the distance to these stations is calculated as if 
they were in line of sight.

The distance to the stations in line-of-sight according 
to the measured RSSI value is calculated according to 
the following relation:

r 0

r 0

( )
,

( )

nP d d

P d d
=

wherein d0 is the calibration distance, which is usually 
1 m; Pr(d0) is the RSSI value determined by the receiver 
at the calibration distance; Pr(d) RSSI value determined 
by the receiver during the measurement; d is the 
measured distance; and n is the coefficient of signal 
power loss which ranges from 2 to 4 for air, depending 
on the presence of obstacles.

From this equation, the expected RSSI value at 
distance d can be obtained as follows:

r r 0
0

( ) ( ) 10 lg dBm,d
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d

 
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−
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For stations belonging to other groups, the distance 
from the object is calculated in accordance with the 
Motley–Keenan mathematical model [20]. Then the 
received power and distance to the signal source will be 
calculated according to the following formulae:

r r 0 W W
0
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wherein kW is the number of the passed single-type 
obstacles (walls), and PW is the loss of signal power 
when passing through a single-type obstacle (wall).

The modeling carried out in [19] confirmed 
a significant improvement of positioning accuracy by 
means of the trilateration method. It should be noted that 
the partitioning into groups and allocation of reference 
stations were performed “manually” at the developer’s 
discretion.

The objective of this article is to improve the 
positioning algorithm proposed in [19] for positioning 
in the zone of inhomogeneous radio transparency by 
automating the process of dividing base stations into 
groups, selecting reference stations and introducing 
additional parameters for the realization of these actions. 
This objective is also to resolve possible ambiguities 
when making a decision on line-of-sight with stations 
which can arise when an object is located on the 
boundary of two groups of stations.

STATION GROUPING CRITERIA

The criteria for making a decision on combining 
several stations into one group should ensure the 
formation of groups consisting of stations located in 
the area. They should form a convex polygon without 
obstacles inside it, so that the positioned object located 
in the area occupied by a particular group of stations has 
mutual direct visibility with all stations of this group. 
If we divide the space into non-intersecting sectors 
occupied by groups, as in Fig. 1, then when using the 
method of line-of-sight determination as described 
in [19] (based on stations belonging to the group 
from whose reference station the signal of the highest 
amplitude is received) there may be cases of incorrect 
line-of-sight determination when the object is located on 
the boundaries of such areas.

Fig. 1. Case of a work area map with stations divided  

into groups: shaded stations are reference stations; 

stations connected by lines are in line of sight

Among the stations from which the strongest signals 
are received by the object and which participate in the 
calculation of coordinates, there may be stations from 
the group for which an incorrect decision about the 
absence of line-of-sight will be made. An example of 
such a situation is shown in Fig. 2, where the positioned 
object located between two groups of stations is 
designated as PO.

PO

Fig. 2. Case of ambiguity in the definition  

of line of sight with stations

Figure 2 shows that the closest reference station is 
the station of group 0, but that the three closest stations 
are each from three different groups.

In such a situation, the range from some of the 
stations taken into account in the calculation will be 
calculated incorrectly. This will lead to significant errors 
in positioning. The implementation of overlapping 
groups will eliminate this problem, since it will eliminate 
the very possibility of the boundary condition. For 
example, in the situation presented in Fig. 3, this error 
in positioning will not occur. An additional group “3” 
appears on the diagram (the designation “3” is marked 
next to the stations belonging to this group). This group 
includes the boundary stations from the other three 
groups, thus eliminating the ambiguity of determining 
the stations with which there is direct visibility.

It can thus be stated that the condition of station 
groups located in areas without obstacles within their 
boundaries is ensured by mutual direct visibility of the 
said stations. Also, in order for each group to be able 
to provide positioning of the object independently, it 
must have at least three stations (for the case of two-
dimensional positioning). Two stations in direct line 
of sight cannot be considered as a group, since it is 
not always possible to determine the object location 
unambiguously from the signals from two stations.

With regard to creating conditions for the formation 
of overlapping groups by the designed algorithm, it was 
experimentally established that, if a restriction on the 
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maximum distance of the stations included in the groups 
from each other is included in the algorithm, then, by 
varying this restriction, it is possible to find its optimal 
value. This value will correspond to the conditions 
for the autogrouping of stations with the creation of 
overlapping groups. Such a constraint will ensure that 
there are no conditions for the formation of excessively 
long groups, for example, as in Fig. 4. Group 3 in this 
case has a large extent, increasing the risk of incorrectly 
determining the range of stations in line of sight from 
the positioning object.

Thus, we can distinguish three principles, which 
should be incorporated into the algorithm of automatic 
station grouping:

1) mutual direct visibility of all stations belonging to 
the group;

2) the group cannot contain less than three stations;
3) stations in a group shall not be located at a distance 

from each other exceeding the specified maximum 
range.

ALGORITHM OF STATION AUTOGROUPING 

ACCORDING TO THE PROPOSED PRINCIPLES 

Based on the proposed principles, an algorithm for 
autogrouping base stations of the indoor positioning 
system into overlapping groups was developed. The 
algorithm thus developed forms a set of groups of 
stations and allocates a reference station in each group. 
It should be separately noted that this algorithm assumes 
the availability of cartographic information about the 
location of obstacles in the potential working area of 
positioning.

The algorithm of station autogrouping is divided 
into the following steps:

1. Calculation of the table of presence and absence of 
line of sight between stations;

2. Formation of a two-dimensional array, each row of 
which is a list ranked by distance from the stations 

with the identifier corresponding to the column 
number to the station whose identifier corresponds 
to the row number of the two-dimensional array;

3. Exclusion from each line of the two-dimensional 
array of stations with no line of sight to the station 
whose identifier is equal to the line number;

4. Exclusion from each row of the two-dimensional 
array of stations with a distance exceeding the 
developer’s distance limit to the station, and the 
identifier of which is equal to the row number;

5. Exclusion of lines containing less than three 
stations;

6. Exclusion of repeated lines;
7. Determining the matches between lines, deleting 

lines with station sets present in the line-ups of other 
lines and forming groups.
In order to illustrate the algorithm, a map of 

a 5  m  ×  5  m room with two additional room-dividing 
partitions was taken. The map with arranged stations 
and marked station identifiers is shown in Fig. 5.

Fig. 5. Map of the working area for illustrating  

the principles of the program operation

Fig. 3. Case of resolving ambiguity  

in line-of-sight determination with stations

Fig. 4. Group 3 is a case of a possible  

overextended group

PO PO
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Automatic grouping was provided by a program 
which implements the proposed algorithm. Figure 6 
shows the map of the working area. The marks on the 
stations show which group they belong to, as a result 
of the algorithm. In addition, a reference station was 
identified in each group (in Fig. 6, such stations are 
marked with a black dot).

 – Group 0;  – Group 1;  – Group 2;  – Group 3;  

 – Reference station

Fig. 6. Map of the working area with the results  

of the grouping performed

As can be seen, in Fig. 6, the possibility of ambiguity 
of line-of-sight station identification at the boundary of 
groups 1 and 2 is eliminated due to the intersection of 

groups, as well as due to the creation of an intermediate 
group 3.

Thus, the algorithm of automatic station grouping 
in the conditions of the working area with obstacles, 
logically complements and improves the algorithm 
given in [19].

CONCLUSIONS

The article proposes the principles of station 
autogrouping, and a universal algorithm for 
partitioning stations into groups. As a result, it is 
possible to prepare in automated mode the minimum 
necessary initial data for the operation of the program 
given in the article, in order to implement the 
positioning algorithm in the zone of inhomogeneous 
radio transparency. During the development of 
the autogrouping program, the method of mutual 
overlapping of groups by stations was introduced, 
in order to supplement the previously proposed 
algorithm. This enabled us to resolve the problem 
of ambiguous determination of line of sight between 
stations at the boundaries of groups. In further works, 
it is planned to supplement this set of software 
solutions with an intelligent algorithm for the optimal 
arrangement of stations of the indoor positioning 
system in premises. This will allow a complete 
program complex to be created, which will enable us 
to perform the preliminary arrangement and grouping 
of stations in the designed indoor positioning system.
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Abstract
Objectives. Multi-position amplitude-phase shift keying (APSK) with a ring-shaped signal constellation is one of the 

most effective ways for transmitting discrete information in satellite systems. The use of APSK is regulated by several 

standards. The main are DVB-S2 and VSAT which define both the modulation parameters, and the parameters of the 

signal constellations. The aim of the paper is to determine the best constellations of 16-APSK and 32-APSK, and provide 

a minimum BER for cases when the communication channel, along with noise, contains non-fluctuating interference.

Methods. Methods of statistical radio engineering, the theory of optimal signal reception, and computer modeling 

were used.

Results. The optimization of ring-shaped constellations of 16-APSK and 32-APSK signals is attained by changing 

the distribution of points along the radius and phase for a case in which the communication channel, along with noise, 

contains non-fluctuating interference: frequency-shift keyed, retransmitted, phase-shift keyed, and harmonic ones. 

The best constellations of 16-APSK and 32-APSK are determined, and a minimum bit error rate is provided.

Conclusions. In order to improve the quality of communication in information transmission systems in the presence 

of non-fluctuating interference, the existing constellations 16-APSK (4, 12) and 32-APSK (4, 12, 16) can be used 

by changing the ratios between the radii of circles 2.5 for 16-APSK and 2.5/3.9 for 32-APSK. Due to the more 

efficient use of signal power, the use of constellations with a zero-amplitude point for 16-APSK allows reception 

noise immunity to be increased. For example, when using constellation (1, 5, 10), the energy gain compared to the 

standard constellation (4, 12) can reach 1 dB.
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Оптимизация созвездий сигналов  
с амплитудно-фазовой манипуляцией  

в каналах связи с нефлуктуационными помехами
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Резюме 
Цели. Многопозиционная амплитудно-фазовая манипуляция (АФМ) с кольцевой формой сигнальных со-

звездий является одним из наиболее эффективных способов передачи дискретной информации в спутни-

ковых системах. Применение АФМ регламентируется несколькими стандартами, основными из которых яв-

ляются DVB-S2 и VSAT. Они определяют параметры модуляции, а также параметры сигнальных созвездий. 

Цель статьи – определение наилучших созвездий 16-АФМ и 32-АФМ, обеспечивающих минимум вероятно-

сти битовой ошибки для случаев, когда в канале связи наряду с шумовой присутствуют помехи нефлуктуа-

ционного вида.

Методы. Использованы методы статистической радиотехники, теории оптимального приема сигналов и ком-

пьютерного моделирования.

Результаты. Рассмотрены способы и проведена оптимизация созвездий кольцевой формы сигналов 16-АФМ 

и 32-АФМ изменением распределения точек по радиусу и фазе для случая, когда в канале связи наряду с шу-

мовой присутствуют помехи нефлуктуационного вида: частотно-манипулированная, ретранслированная, фа-

зоманипулированная, гармоническая. Определены наилучшие созвездия 16-АФМ и 32-АФМ, обеспечиваю-

щие минимум вероятности битовой ошибки.

Выводы. Для улучшения качества связи в системах передачи информации при наличии нефлуктуационных 

помех можно использовать существующие созвездия 16-АФМ (4, 12) и 32-АФМ (4, 12, 16) с изменением соот-

ношений между радиусами окружностей 2.5 для 16-АФМ и 2.5/3.9 для 32-АФМ. За счет более эффективного 

использования мощности сигнала применение созвездий с точкой с нулевой амплитудой для 16-АФМ позво-

ляет добиться увеличения помехоустойчивости приема. Например, в случае применения созвездия (1, 5, 10) 

энергетический выигрыш по сравнению со стандартным созвездием (4, 12) может достигать 1 дБ. 

Ключевые слова: амплитудно-фазовая манипуляция, сигнальное созвездие, нефлуктуационные помехи, 

помехоустойчивость, вероятность битовой ошибки
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INTRODUCTION

Multi-position amplitude and phase-shift 
keying (APSK) is one of the most effective methods for 
data transmission in satellite systems with limited and 
expensive access to the communication channel [1–3]. It 
allows the capacity of the radio channel to be increased 
when compared to the binary manipulation. It also 
provides good noise immunity and thus high efficiency 
of using the frequency resource.

There are several standards which use APSK  
modulation for satellite communications including 
DVB-S21 (the second generation of digital satellite 
television broadcasting) [3, 4] and VSAT (a very-small-
aperture terminal) [3, 5]. These standards specify modulation 
parameters such as the type of signal constellations, signal-
to-noise ratio (SNR), data rate, inter alia.

In the light of the growing needs for high-speed 
data transmission and increased noise immunity of 
communication systems, optimizing APSK signal 
constellation formats is quite important since this 
optimal format allows the radio spectrum efficiency 
to be increased and data transmission quality to be 
enhanced. This is particularly important in satellite 
communications and in communication systems which 
operate over long distances.

Numerous studies on noise immunity of 
communication systems with APSK consider signal 
reception against various noises [6–11] and in channels 
with non-linearity [12–15].

This paper discusses methods for optimizing  
16-APSK and 32-APSK ring-shaped signal constellations 
by changing the distribution of points over radius and 
phase for the scenario with non-fluctuating interference 
present in the communication channel along with noise. 
The paper aims to determine the best 16-APSK and  
32-APSK constellations which ensure minimum bit 
error rate (BER).

CALCULATION METHODS

The model for APSK signal has the following form:

 ( ) (0 scos( ), 0, , 0, 1,i i iAs t r t t T i M= ω + ϕ ∈ = −  (1)

wherein s s2 /A E T=  is the average amplitude of the 
signal; Es = Eblog2M is the average energy of channel 
symbol; Еb is the average energy per bit of information; 
ω0 is carrier frequency; ri and φi are values specifying 
the amplitude and phase of the signaling element; Ts is 
the symbol duration time; M is the signal positionality; 
and t is time.

1 DVB. https://www.dvb.org/standards/dvb-s2x. Accessed 
November 11, 2023.

The constellation format may be optimized 
by estimating the probability of incorrect signal 
reception, i.e., by searching for the minimum of the 
function describing the dependence of the BER Peb on 
constellation parameters. The methodology required for 
calculating BER is given in [16], while [16–19] offer 
details of the calculations of statistical characteristics 
of random process distributions in the optimal receiver 
solver, such as mathematical expectations, mmi, and 
variances, Dmi, for different combinations of symbols 
in the presence of different types of non-fluctuating 
interference and noise interference at power spectral 
density N0. These characteristics depend on various 
parameters of signals and interference. In particular, 
these include:

• exposure to phase-shift keyed interference [17]:

int 0 int int

int int int

( ) cos[( ) ],

(( 1) , ], 1, ,
js t Aa t t

t j T jT j N

= µ ω + ∆ω + ϕ

∈ − =

wherein μ is relative (in amplitude) interference 
intensity, aj = ±1 is random symbol of interference, 
φint is its random initial phase, Nint is relative channel 
velocity of interference, and Tint = Ts/Nint, Δωint is 
interference detuning,

}
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• exposure to the frequency-shift keyed 
interference [18]:
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wherein Δωd is interference deviation,
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• exposure to the retransmitted interference [19]:

i
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cos( ( ) ), 0 ,
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cos( ( ) ), ,i i

Ar t t
s t

Ar t t T

τ τµ ω − τ + ϕ + ϕ < ≤ τ= µ ω − τ + ϕ + ϕ τ < ≤

wherein τ is the interference delay,
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τ
× ϕ + ϕ − ϕ − ϕ + ϕ − ϕ +
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+ µ ⋅ − ϕ − ϕ + ϕ − ϕ  
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 (4)

• exposure to harmonic interference [16]:

int int int
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m m i i

s t A t

E
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N

T
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T

r r

T

= µ ω + ∆ω + ϕ

= + − ϕ − ϕ +

∆ω
+ µ η ϕ − ϕ −

∆ω

− η ϕ − ϕ

η = ∆ω + ϕ

 (5)

For all interference types, the variances of all 
random processes being studied herein are determined 
by the following equation:

 s 2 2

0

2
[ 2 cos( )].mi m i m i m i

E
D r r r r

N
= + − ϕ − ϕ  (6)

The following parameters are assumed for the 
example calculations: SNR is Eb/N0 = 13 dB, relative 
(in amplitude) interference intensity is 0.1 ≤ μ ≤ 0.3, 
interference detuning is Δωint = 0, while phase-shift 
keyed and frequency-shift keyed interferences have 
a relative channel velocity Nint = 2; for frequency-
shift keyed interference, the reduced deviation 
is ΔωdTs = 6 and relative delay of retransmitted 
interference is τ/Ts = 0.5.

OPTIMIZING THE CONSTELLATION FORMAT  

FOR 16-APSK

The 16-APSK signal constellation (4, 12). The 
16-APSK signal constellation (4, 12) has two levels 
of signaling element amplitudes (Fig. 1): A1 = r1A, 
and A2 = r2A. The relation is expressed through 
coefficient k: A1 = kA2, and two energy levels E1 and 
E2, respectively. Since constellation symbols have 
on average the same frequency of occurrence when 

transmitting information, the average symbol energy 
can be determined by averaging over the signaling 
constellation, as follows:

2

s s 1 2

2
1 2 2 2

s 1 s

1 (4 12 )
2 16

1 1(4 12 ) (1 3 ).
16 2 8

A
E T E E

A
T k A T k

= = + =

= ⋅ + = +

Hence,

 1 22 2

2 2, .
1 3 1 3

k
A A A A

k k
= =

+ +
 (7)
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0011

1011

М = 16 (4, 12)

Fig. 1. 16-APSK signal constellation (4, 12)

Substituting (7) into (2)–(6) with allowance for (1) 
and methodology [16], BER dependencies on coefficient 
k can be obtained (Fig. 2).

The graphs show that in the presence of 
noise interference alone, BER minimum for the 
constellation format (4, 12) can be observed at 
k = 2.5. It shifts to a higher k value in the presence 
of non-fluctuating interference with high intensity in 
the radio channel.

Conventional 16-APSK constellations, such as 
(4, 12) in DVB-S2 and VSAT systems or (8, 8) in some 
other systems, have non-uniform energy distribution 
between points of different levels. The use of a zero-
amplitude point in the center of the constellation can 
reduce this energy difference. The more uniform the 
energy distribution among points, the more efficiently 
the bandwidth can be utilized. In this case, the number 
of transmitted points in the constellation is reduced 
rather than the number of symbols, i.e., the information 
transmission rate is not reduced.

16-APSK signal constellations (1,  4,  11) 
and (1, 5, 10). We consider two types of 16-APSK 
constellation format: (1, 4, 11) and (1, 5, 10). In the 
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Fig. 2. Dependencies of BER on coefficient k for the 16-APSK constellation format (4, 12)  

at different types of interference

(1, 4, 11) configuration, there is 1 point with zero 
amplitude А1 = 0 in the center of the constellation, 
4 points with amplitude A2 in the first (small) circle, 
and 11 points with amplitude А3 = kА2 in the large 
circle (Fig. 3a). Similar to (7), we determine the relations 
for A2 and A3:

2

s s 1 2 3

2 2
2 22 2
s s

1 ( 4 11 )
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10 (4 11 ) (4 11 ).
16 2 32
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E T E E E
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T k T k
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A kA
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k k
= = =

+ +

Thus, for configuration (1, 5, 10) (Fig. 3b), the 
following may be obtained:

2

s s 1 2 3

2 2
2 22 2
s s

1 ( 5 10 )
2 16

10 (5 10 ) (5 10 ),
16 2 32

A
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A A
T k T k
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4 40, , .
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A kA
A A A

k k
= = =

+ +

Figure 4 shows dependencies of BER on coefficient k 
while receiving 16-APSK signals when applying the 
constellation format (1, 4, 11) for different types of 
interference.

Figure 5 shows similar results for the 16-APSK 
format (1, 5, 10).
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Fig. 4. Dependencies of BER on coefficient k for the 16-APSK constellation format (1, 4, 11)  

at different types of interference
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The graphs show that the use of 16-APSK formats 
(1, 4, 11) and (1, 5, 10) yields some increase in noise 
immunity at the optimal value of coefficient k compared 
to format (4, 12). It can also be noted that with increasing 
relative interference intensity μ, the optimal value of 
k shifts to a higher value.

For comparison, Table 1 summarizes the optimal 
values of coefficients k for different formats, at which 
the BER is minimized.

Figure 6 shows the calculation results for the 
reception noise immunity of 16-APSK signals with 
formats (1, 4, 11) and (1, 5, 10). It also shows the 

optimized constellation (4, 12) (at A2 = 2.5A1) compared 
to the standard version (4, 12) (at A2 = 2.7A1) used in 
the DVB-S2 standard, when received against different 
types of interference with relative intensity µ = 0.16. 
The average energies for all formats are assumed to be 
similar.

The advantage of format (1, 5, 10) over other 
types of constellations is evident. The energy gain in 
this case reaches 1 dB. When using format (1, 4, 11), 
some increase in noise immunity is also observed when 
compared to the optimal constellation (4, 12). However, 
it is small.

 Without interference;  μ = 0.1;  μ = 0.2;  μ = 0.3

Fig. 5. Dependencies of BER on coefficient k for the 16-APSK constellation format (1, 5, 10)  

at different types of interference
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 M16 = 1, 4, 11; A2 = 2A1;  M16 = 1, 5, 10; A2 = 2A1;  M16 = 4, 12; A2 = 2.5A1;  M16 = 4, 12; A2 = 2.7A1

Fig. 6. Dependencies of BER on SNR for different constellation formats under different types of interference
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Table 1. Optimal values of coefficients k

Format
M = 16

µ 0 0.1 0.2 0.3

1, 4, 11 k

Frequency-shift keyed 2 2 2 2.1
Retransmitted 2 2 2.1 2.2
Phase-shift keyed 2 2 2.1 2.3
Harmonic 2 2 2.1 2.3

1, 5, 10 k

Frequency-shift keyed 2 2 2 2
Retransmitted 2 2 2 2.1
Phase-shift keyed 2 2 2 2.1
Harmonic 2 2 2 2.1

4, 12 k

Frequency-shift keyed 2.5 2.5 2.5 2.5
Retransmitted 2.5 2.6 2.7 2.9
Phase-shift keyed 2.5 2.5 2.5 2.6
Harmonic 2.5 2.5 2.5 2.6
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Fig. 7. 32-APSK signal constellation (4, 12, 16)

Fig. 8. Dependence of BER on k2 and k3 coefficients
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OPTIMIZING THE CONSTELLATION FORMAT  

FOR 32-APSK

The 32-APSK (4, 12, 16) signal constellation 
(Fig. 7) has 3 circles with amplitude ratios A2 = k2A1 and 
A3 = k3A1 and three energy levels E1, E2, and E3, 
respectively. The amplitude ratios can be calculated in 
a similar way to that of M = 16. The average symbol 
energy may be written, as follows:

2
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The dependence of BER on coefficients k2 and 
k3 appears as a surface in the three-dimensional 
coordinate system. Figure 8 shows an example at SNR 
Eb/N0 = 13 dB and the absence of interference. In this 
case, minimum Peb value is achieved for k2 = 2.5 and 
k3 = 3.9.

The optimal values of coefficients k2 and k3 at which 
the BER is minimal in the presence of different types of 
interference are given in Table 2.

It follows from Table 2 that the optimal values of these 
ratios increase with increasing interference intensity. 
Thus, if in the presence of noise interference only (µ = 0), 
the optimal ratios are A2 = 2.5A1 and A3 = 3.9A1, then for 
µ = 0.3, average ratios A2 = 2.65A1 and A3 = 5.2A1 are 
recommended.

Figure 9 shows the results of noise immunity 
calculation for 32-APSK format (A2 = 2.5A1 and 
A3 = 3.9A1) when compared to the format used in 
DVB-S2 standard (A2 = 2.64A1 and A3 = 4.64A1) under 
different types of interference. The average energies 
for both formats are assumed to be similar. It can be 
observed that BER is slightly reduced in all cases, and 
the energy gain at 10−5 ≤ Peb ≤ 10−4 is about 1 dB.
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Fig. 9. Dependencies of BER on SNR for suggested amplitude ratios  

and standard ratios of DVB-S2 standard at different interference types

Table 2. Optimal values of coefficients k2 and k3

Format
M = 32

µ 0 0.1 0.2 0.3

4, 12, 16 k2/k3

Frequency-
shift keyed 2.5/3.9 2.5/3.9 2.5/4.0 2.6/4.4

Retransmitted 2.5/3.9 2.5/3.9 2.6/4.5 2.6/4.8

Phase-shift 
keyed 2.5/3.9 2.5/3.9 2.6/4.4 2.5/6.0

Harmonic 2.5/3.9 2.5/4.0 2.6/4.4 3/6.0
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CONCLUSIONS

The following conclusions can be drawn as a result 
of this study:

1. The quality of communication in information 
transmission systems in the presence of non-
fluctuating interference of low intensity can be 
improved by using the existing constellations of 
16-APSK (4, 12) and 32-APSK (4, 12, 16), with 
a change in amplitude ratios (A2 = 2.5A1) for 16-APSK 
and (A2 = 2.5A1 and A3 = 3.9A1) for 32-APSK.

2. Due to the more efficient use of the signal power, 
applying constellations with a zero-amplitude point 
to 16-APSK allows reception noise immunity to be 
increased. For example, using constellation (1, 5, 10) 
with a ratio of A2 = 2A1, the power gain over standard 
constellation (4, 12) can be up to 1 dB.
Authors’ contributions
G.V. Kulikov—the research idea, consultations on the 

issues of conducting all stages of the study.

X.Kh. Dang—conducting computer calculations. 

A.A. Lelyukh—processing the results.

REFERENCES

 1. Proakis J.G. Digital Communications. 4th ed. NY: McGraw-Hill; 2001. 1002 p. 
 2. Fuqin X. Digital Modulation Techniques. 2nd ed. Artech House Telecommunications Library. Artech House Publishers; 

2006. 1039 p.
 3. Somov A.M., Kornev S.F. Sputnikovye sistemy svyazi (Satellite Communication Systems). Moscow: Goryachaya 

liniya – Telekom; 2012. 244 p. (in Russ.). ISBN 978-5-9912-0225-1
 4. Minoli D. Innovations in Satellite Communications and Satellite Technology: The Industry Implications of DVB-S2X, High 

Throughput Satellites, Ultra HD, M2M, and IP. NY: John Wiley & Sons Ltd; 2015. 441 p. 
 5. Shelukhin O.I., et al. Seti sputnikovoi svyazi VSAT (VSAT Satellite Communication Networks). Moscow: MGUL; 2004. 

281 p. (in Russ.). ISBN 5-8135-0248-3
 6. Savvateev Yu.I., Nazarov O.V. (Eds.). Pomekhozashchishchennost’ priema diskretnykh signalov (Noise Immunity of Reception 

of Discrete Signals). Moscow: Radiotekhnika; 2015. 584 p. (in Russ.). ISBN 978-5-93108-094-9 
 7. Savishchenko N.V., Afrikantov I.N., Kapralov D.D., Kirillov V.S., Ostroumov O.A. Calculation of the probability of bit and 

symbolic errors for the communication channel when receiving signal structures of the DVB-S2 standard. Informatsiya i 

kosmos = Information and Space. 2015;1:9–15 (in Russ.).
 8. Parshutkin A.V., Maslakov P.A. Noise stability of sattelite communication channels with amplitude-phase modulation to 

exposure to urged unsteady interference. Voprosy oboronnoi tekhniki. Seriya 16. Tekhnicheskie sredstva protivodeistviya 
terrorizmu = Military Enginery. Counter-Terrorism Technical Divices. Issue 16. 2019;11–12:96–101 (in Russ.).

 9. Vyboldin Yu.K. Error probabilities for receiving multipositions APM signals in communication channels with fading. In: 
GUAP Scientific Session: collection of reports in 3 v. St. Petersburg: GUAP; 2018. V. 2. P. 32–37 (in Russ.). https://elibrary.
ru/ypbhcx 

10. Gorobtsov I.A., Kirik D.I. Estimation of noise immunity of signal reception with APSK. In: Actual Problems of 
Infotelecommunications in Science and Education (APINO 2019): Collection of scientific articles of the 8th International 
Scientific-Technical and Scientific-Methodical Conference in 4 v. 2019. V. 3. P. 111–116 (in Russ.). https://elibrary.ru/vmilnb 

11. Dovbnya V.G., Koptev D.S., Babanin I.G. Assessment of potential interference of receiving digital signals used in modern 
and perspective radio-relay and satellite communication systems. Proceedings of the Southwestern State University. Series: 
IT Management, Computer Science, Computer Engineering. Medical Equipment Engineering. 2020;10(1):21–35 (in Russ.). 
https://elibrary.ru/xeofpi 

12. Nosov V.I., Degtyarev S.S. Noise immunity analysis for M-APSK signaling over satellite link with nonlinear distortions. 
Modern Science: Actual Problems of Theory & Practice. Series: Natural and Technical Sciences. 2017;6:14–22 (in Russ.). 
https://elibrary.ru/yzlemn 

13. Nosov V.I., Degtyarev S.S. Issledovanie vliyaniya nelineinosti usilitelya moshchnosti retranslyatora na pomekhoustoichivost’ 

sputnikovykh sistem svyazi (Investigation of the Influence of the Nonlinearity of the Repeater Power Amplifier on the Noise 
Immunity of Satellite Communication Systems). Novosibirsk: SibGUTI; 2019. 171 p. (in Russ.). https://elibrary.ru/pgyqxr 

14. Strukov A.P. Method of analytical calculation of SER and BER for APSK modulation in the nonlinear channel with AWGN. 
Raketno-kosmicheskoe priborostroenie i informatsionnye sistemy = Rocket-Space Device Engineering and Information 
Systems. 2017;4(4):83–88 (in Russ.). https://doi.org/10.17238/issn2409-0239.2017.4.83

15. Elkin P.E. Determination of the optimal operating mode of the amplifier when transmitting 16-APSK signals in a nonlinear 
channel with AFC. In: Modern Problems of Telecommunications: Materials of the Russian Scientific and Technical 
Conference. Novosibirsk: SibGUTI; 2017. P. 287–290 (in Russ.). https://elibrary.ru/zfmmlj 

16. Kulikov G.V., Usmanov R.R., Trofimov D.S. Noise immunity analysis of amplitude and phase-shift keying signals reception 
in presence of harmonic interference. Naukoemkie tekhnologii = Science Intensive Technologies. 2020;21(1):22–29 (in Russ.). 
Available from URL: http://radiotec.ru/ru/journal/Science_Intensive_Technologies/number/2020-1/article/19749

http://X.Kh
https://elibrary.ru/ypbhcx
https://elibrary.ru/ypbhcx
https://elibrary.ru/vmilnb
https://elibrary.ru/xeofpi
https://elibrary.ru/yzlemn
https://elibrary.ru/pgyqxr
https://doi.org/10.17238/issn2409-0239.2017.4.83
https://elibrary.ru/zfmmlj
http://radiotec.ru/ru/journal/Science_Intensive_Technologies/number/2020-1/article/19749


87

Russian Technological Journal. 2025;13(1):76–88

Gennady V. Kulikov,  

Dang Xuan Khang, Andrey A. Lelyukh

Optimization of signal constellations with amplitude-phase shift keying  

in communication channels with non-fluctuating interference

17. Kulikov G.V., Dang Х.Kh. Noise immunity of receiving signals with amplitude and phase-shift keying in the presence 
of phase-shift keying interference. Zhurnal radioelektroniki = J. Radio Electronics. 2021;11 (in Russ.). https://doi.
org/10.30898/1684-1719.2021.11.7 

18. Kulikov G.V., Khang D.X, Starikovskiy A.I. Noise immunity of signal reception with amplitude-phase shift keying in the 
background of frequency shift keying interference. Voprosy radioelektroniki. Seriya: Tekhnika televideniya = Questions of 

Radio Electronics. Series: TV Technique. 2022;4:44–51 (in Russ.). https://elibrary.ru/uvasse 
19. Kulikov G.V., Dang X.Kh. Noise immunity of reception of signal with amplitude-phase shift keying in a two-path 

communication channel. Voprosy radioelektroniki. Seriya: Tekhnika televideniya = Questions of Radio Electronics. Series: 
TV Technique. 2022;2:43–49 (in Russ.).

СПИСОК ЛИТЕРАТУРЫ

 1. Proakis J.G. Digital Communications. 4th ed. NY: McGraw-Hill; 2001. 1002 p.
 2. Fuqin X. Digital Modulation Techniques. 2nd ed. Artech House Telecommunications Library. Artech House Publishers; 

2006. 1039 p.
 3. Сомов А.М., Корнев С.Ф. Спутниковые системы связи. М.: Горячая линия – Телеком; 2012. 244 с. ISBN 978-5-9912-0225-1
 4. Minoli D. Innovations in Satellite Communications and Satellite Technology: The Industry Implications of DVB-S2X, High 

Throughput Satellites, Ultra HD, M2M, and IP. NY: John Wiley & Sons Ltd; 2015. 441 p. 
 5. Шелухин О.И. и др. Сети спутниковой связи VSAT. М.: Изд-во МГУЛ; 2004. 281 c. ISBN 5-8135-0248-3
 6. Савватеев Ю.И., Назаров О.В. (ред.). Помехозащищенность приема дискретных сигналов. М.: Радиотехника; 2015. 

584 с. ISBN 978-5-93108-094-9
 7. Савищенко Н.В., Африкантов И.Н., Капралов Д.Д., Кириллов В.С., Остроумов О.А. Расчет вероятности битовой и 

символьной ошибок для канала связи при приеме сигнальных конструкций стандарта DVB-S2. Информация и кос-
мос. 2015;1:9–15.

 8. Паршуткин А.В., Маслаков П.А. Помехоустойчивость каналов связи с амплитудно-фазовой модуляцией к воздей-
ствию непреднамеренных нестационарных помех. Вопросы оборонной техники. Серия 16. Технические средства 
противодействия терроризму. 2019;11–12:96–101.

 9. Выболдин Ю.К. Помехоустойчивость приема многопозиционных АФМ сигналов в каналах связи с замираниями. 
В сб.: Научная сессия ГУАП: сборник докладов в 3-х ч. СПб.: ГУАП; 2018. Ч. 2. С. 32–37. https://elibrary.ru/ypbhcx 

10. Горобцов И.А., Кирик Д.И. Оценка помехоустойчивости приема сигналов с амплитудно-фазовой модуляцией. В сб.: 
Актуальные проблемы инфотелекоммуникаций в науке и образовании (АПИНО 2019): сборник научных статей 
VIII Международной научно-технической и научно-методической конференции в 4 т. 2019. Т. 3. С. 111–116. https://
elibrary.ru/vmilnb 

11. Довбня В.Г., Коптев Д.С., Бабанин И.Г. Оценка потенциальной помехоустойчивости приема цифровых сигналов, ис-
пользуемых в современных и перспективных системах радиорелейной и спутниковой связи. Известия Юго-Западно-
го государственного университета. Серия: Управление, вычислительная техника, информатика. Медицинское при-
боростроение. 2020;10(1):21–35. https://elibrary.ru/xeofpi 

12. Носов В.И., Дегтярев С.С. Анализ помехоустойчивости спутниковой линии связи с модуляцией M-APSK при учете 
нелинейных искажений. Современная наука: актуальные проблемы теории и практики. Серия: Естественные и 
технические науки. 2017;6:14–22. https://elibrary.ru/yzlemn 

13. Носов В.И., Дегтярев С.С. Исследование влияния нелинейности усилителя мощности ретранслятора на помехо-
устойчивость спутниковых систем связи. Новосибирск: СибГУТИ; 2019. 171 с. https://elibrary.ru/pgyqxr 

14. Струков А.П. Метод аналитического расчета вероятности символьной и битовой ошибок сигнала с амплитудно- 
фазовой манипуляцией в нелинейном канале. Ракетно-космическое приборостроение и информационные системы. 
2017;4(4):83–88. https://doi.org/10.17238/issn2409-0239.2017.4.83

15. Елкин П.Е. Определение оптимального режима работы усилителя при передаче сигналов 16-APSK в нелинейном 
канале с АФК. В: Современные проблемы телекоммуникаций: материалы Российской научно-технической конфе-
ренции. Новосибирск: СибГУТИ; 2017. С. 287–290. https://elibrary.ru/zfmmlj 

16. Куликов Г.В., Усманов Р.Р., Трофимов Д.С. Анализ помехоустойчивости приема сигналов с многопозиционной ам-
плитудно-фазовой манипуляцией в присутствии гармонической помехи. Наукоемкие технологии. 2020;21(1):22–29. 
URL: http://radiotec.ru/ru/journal/Science_Intensive_Technologies/number/2020-1/article/19749

17. Куликов Г.В., Данг С.Х. Помехоустойчивость приема сигналов с амплитудно-фазовой манипуляцией в присутствии 
фазоманипулированной помехи. Журнал радиоэлектроники. 2021;11. https://doi.org/10.30898/1684-1719.2021.11.7

18. Куликов Г.В., Ханг Д.С., Стариковский А.И. Помехоустойчивость приема сигналов с амплитудно-фазовой мани-
пуляцией на фоне частотно-манипулированной помехи. Вопросы радиоэлектроники. Серия: Техника телевидения. 
2022;4:44–51. https://elibrary.ru/uvasse 

19. Куликов Г.В., Данг С.Х. Помехоустойчивость приема сигналов с амплитудно-фазовой манипуляцией в двухлучевом 
канале связи. Вопросы радиоэлектроники. Серия: Техника телевидения. 2022;2:43–49.

https://doi.org/10.30898/1684-1719.2021.11.7
https://doi.org/10.30898/1684-1719.2021.11.7
https://elibrary.ru/uvasse
https://elibrary.ru/ypbhcx
https://elibrary.ru/vmilnb
https://elibrary.ru/vmilnb
https://elibrary.ru/xeofpi
https://elibrary.ru/yzlemn
https://elibrary.ru/pgyqxr
https://doi.org/10.17238/issn2409-0239.2017.4.83
https://elibrary.ru/zfmmlj
http://radiotec.ru/ru/journal/Science_Intensive_Technologies/number/2020-1/article/19749
https://doi.org/10.30898/1684-1719.2021.11.7
https://elibrary.ru/uvasse


88

Russian Technological Journal. 2025;13(1):76–88

Gennady V. Kulikov,  

Dang Xuan Khang, Andrey A. Lelyukh

Optimization of signal constellations with amplitude-phase shift keying  

in communication channels with non-fluctuating interference

About the authors

Gennady V. Kulikov, Dr. Sci. (Eng.), Professor, Department of Radio Electronic Systems and Complexes, 

Institute of Radio Electronics and Informatics, MIREA – Russian Technological University (78, Vernadskogo pr., 

Moscow, 119454 Russia). E-mail: kulikov@mirea.ru. Scopus Author ID 36930533000, RSCI SPIN-code 2844-8073, 

http://orcid.org/0000-0001-7964-6653

Dang Xuan Khang, Postgraduate Student, Department of Radio Electronic Systems and Complexes, Institute of 

Radio Electronics and Informatics, MIREA – Russian Technological University (78, Vernadskogo pr., Moscow, 119454 

Russia). E-mail: dangxuankhang147@gmail.com. https://orcid.org/0000-0002-3372-7172

Andrey A. Lelyukh, Cand. Sci. (Eng.), Deputy Head of the Technical Center of Special Equipment, Moscow 

Research Institute of Radio Communications (32, Nizhegorodskaya ul., Moscow, 109029 Russia). E-mail: a.lel@mail.ru. 

Scopus Author ID 57218678005, RSCI SPIN-code 1021-5094

Об авторах

Куликов Геннадий Валентинович, д.т.н., профессор, профессор кафедры радиоэлектронных систем и 

комплексов, Институт радиоэлектроники и информатики, ФГБОУ ВО «МИРЭА – Российский технологический 

университет» (119454, Россия, Москва, пр-т Вернадского, д. 78). E-mail: kulikov@mirea.ru. Scopus Author ID 

36930533000, SPIN-код РИНЦ 2844-8073, http://orcid.org/0000-0001-7964-6653

Данг Суан Ханг, аспирант, кафедра радиоэлектронных систем и комплексов, Институт радиоэлектрони-

ки и информатики, ФГБОУ ВО «МИРЭА – Российский технологический университет» (119454, Россия, Москва, 

пр-т Вернадского, д. 78). E-mail: dangxuankhang147@gmail.com. https://orcid.org/0000-0002-3372-7172

Лелюх Андрей Александрович, к.т.н., заместитель начальника технического центра специальной аппа-

ратуры, АО «Московский научно-исследовательский институт радиосвязи» (109029, Россия, Москва, Нижего-

родская ул., д. 32). E-mail: a.lel@mail.ru. Scopus Author ID 57218678005, SPIN-код РИНЦ 1021-5094

Translated from Russian into English by K. Nazarov

Edited for English language and spelling by Dr. David Mossop

mailto:kulikov@mirea.ru
http://orcid.org/0000-0001-7964-6653
mailto:dangxuankhang147@gmail.com
https://orcid.org/0000-0002-3372-7172
mailto:a.lel@mail.ru
mailto:kulikov@mirea.ru
http://orcid.org/0000-0001-7964-6653
mailto:dangxuankhang147@gmail.com
https://orcid.org/0000-0002-3372-7172
mailto:a.lel@mail.ru


89

Russian Technological Journal. 2025;13(1):89–102

© I.W. Peshkov, D.N. Borisov, 2025

ISSN 2500-316X (Online)

UDC 621.396.946

https://doi.org/10.32362/2500-316X-2025-13-1-89-102

EDN OVSTWY

Modern radio engineering and telecommunication systems
Современные радиотехнические и телекоммуникационные системы

RESEARCH ARTICLE

Modeling of digital spatial processing under conditions 
of troposphere propagation of centimeter radio waves 

for wireless telecommunication

Ilia W. Peshkov 1, @,  
Dmitry N. Borisov 2

1 Bunin Yelets State University, Yelets, 399770 Russia 
2 Voronezh State University, Voronezh, 394018 Russia 
@ Corresponding author, e-mail: ilvpeshkov@gmail.com

Abstract
Objectives. A radio beam traveling through the layers of the atmosphere depends on the refractive index and 

its vertical variation. In this regard, attenuation may occur when radio rays propagate in a waveguide manner 

at low altitudes. A multipath fading effect may also occur when several rays reflected from different layers of the 

troposphere and having different spatial coordinates in elevation arrive at the receiver. The aim of the study is to 

simulate the operational algorithms of digital antenna arrays (DAA) in order to increase the range and reliability 

of radio communication using a tropospheric waveguide. The main advantage of the DAA consists in the high gain 

and controllability of the pattern shape. In order to evaluate algorithms for direction-of-arrival estimation with super-

resolution and beamforming, it is necessary to select an appropriate method for modeling beam propagation in the 

layers of the troposphere. It is proposed to use DAA to increase the range and reliability of radio communications 

using a tropospheric waveguide. The performance of algorithms for direction-of-arrival estimation and beamforming 

in the troposphere can be evaluated using ray tracing simulation.

Methods. Parabolic equations are used to estimate the path losses of radio waves in the centimeter range. A ray 

tracing algorithm referring to a tropospheric waveguide is used to estimate the phases in the aperture of the receiving 

array. A spatial correlation matrix is reliably generated to form the basis for calculating coordinates using a super-

resolution multiple signal classification (MUSIC) method and the weighting factor vector (algorithm for maximizing 

the signal-to-noise + noise ratio).

Results. Typical cases of a tropospheric waveguide based on a modified refractive index were considered. The bit 

error rate curves are obtained as a function of the geometry of the antenna arrays after the signal has passed through 

the tropospheric waveguide. Circular and spherical antenna arrays composed of directional antenna elements are 

considered.

Conclusions. Numerical studies suggest that the range of communication links using digital antenna arrays 

increases in the centimeter band. The best geometry for this purpose is circular, since providing the lowest bit error 

rate for binary phase-shift keyed signals.

Keywords: digital antenna array, direction-of-arrival estimation, MUSIC method, beamforming, tropospheric 

waveguide, simulation
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Резюме 
Цели. Прохождение радиолуча в слоях атмосферы зависит от показателя преломления и характера его вер-

тикального изменения. В связи с этим могут возникнуть условия, когда радиолучи на малых высотах будут 

распространяться волноводным образом. При этом происходит затухание сигнала с отличающимися угло-

выми координатами по углу места. Целью работы является исследование на основе моделирования алго-

ритмов работы цифровых антенных решеток (ЦАР) для повышения дальности и надежности радиосвязи 

в условиях тропосферного волновода. Основными преимуществами ЦАР являются высокий коэффициент 

усиления и управляемость формы диаграммы направленности. При этом необходимо воспользоваться ме-

тодами моделирования распространения луча в слоях тропосферы для оценки работы алгоритмов оценки 

угловых координат со сверхразрешением с последующим диаграммообразованием.

Методы. В работе используется аппарат параболических уравнений для оценки коэффициента затуханий 

радиоволн сантиметрового диапазона, а также алгоритм трассировки лучей через тропосферный волновод 

для оценки фаз в раскрыве антенн ЦАР. В этом случае будет достоверно сформирована пространствен-

ная корреляционная матрица, являющаяся основой для вычисления координат со сверхразрешением (ме-

тод MUSIC) и вектора весовых коэффициентов (алгоритм максимизации отношения сигнал/помеха + шум).

Результаты. Рассмотрены типичные случаи возникновения тропосферного волновода на основе модифи-

цированного показателя преломления. Получены графики вероятности битовых ошибок после прохождения 

сигнала по тропосферному волноводу при разной геометрии антенных решеток. Рассмотрены кольцевые 

и сферические решетки из направленных антенных элементов.

Выводы. Проведенные численные исследования позволяют сделать вывод, что дальность связи в диапа-

зоне сантиметровых волн увеличивается с помощью ЦАР. Кроме того, установлено, что кольцевая антенная 

решетка позволяет получить самые низкие значения вероятности битовой ошибки при приеме дискретных 

радиосигналов в тропосферном волноводе.

Ключевые слова: цифровые антенные решетки, пеленгация, MUSIC, диаграммообразование, тропосфер-

ная связь, моделирование
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INTRODUCTION

The propagation of ultrashort radio waves in the 
atmosphere is not typically rectilinear, but curved 
in such a way that the radio wave can undergo 
refraction in the lower layers and/or multiple 
reflections from the Earth’s surface [1]. In this 
case, signals of centimeter wavelengths can reach 
receivers several hundred kilometers away from the 
transmitter [2–4]. This effect is due to temperature, 
humidity, and pressure differences in the layers 
of the troposphere, for which reason it has been 
named tropospheric waveguide [5–7]. This type 
of long-distance communication can be promising 
as it does not require expensive means such as 
satellites [8]. However, communication reliability 
and stability depends on factors such as the degree of 
attenuation, the accuracy of determining the height 
of the tropospheric waveguide in relation to the 
distance to the receiver, etc. [9]. In this regard, it is 
necessary to study the application of a digital beam-
steering antenna array in tropospheric waveguide 
conditions as a means of overcoming the associated 
communication problems. Such devices allow digital 
shaping of the array pattern peaks and zeros in the 
desired directions.

The present work proposes a combined simulation 
method based on the stepwise determination of the 
loss value and phases of the centimeter range rays 
propagating in atmospheric layers as a function of the 
refractive index at different altitudes. The possibility 
of using digital antenna arrays (DAAs) for such 
communication is additionally investigated. The 
first step of the simulation consists in estimating the 
attenuation of the radio signal. Next, the propagation 
path from the transmitter to the receiving DAA is 
calculated using the ray tracing algorithm. Finally, the 
beamforming algorithms (estimation of the angular 
coordinates of all beams and digital formation of the 
array pattern) are modeled to calculate of the bit error 
rate (BER).

1 Recommendation ITU-R P.834-6. Effects of tropospheric refraction on radiowave propagation (in Russ.).
2 The Handbook on Radiometeorology. ITU, 2014. https://www.itu.int/dms_pub/itu-r/opb/hdb/R-HDB-26-2013-OAS-PDF-R.pdf. 

Accessed October 09, 2023.
3 Recommendation ITU-R P.453-12(09/2016). Radio wave refraction index: its formula and refraction data (in Russ.).

BEAM PROPAGATION IN THE TROPOSPHERE

It is known that the propagation path of a single 
ray is governed by the well-known Snell’s law for 
a continuous spherically layered medium, as follows1:

 ( )( )E cos const,n h R h e+ =  (1)

where n is the refractive index of the medium, h is the 
height above the Earth’s surface, and RE is the Earth’s 
radius. For a more detailed consideration of the formation 
mechanism for tropospheric propagation, e represents 
the angle of the beam location.

The real part of the refractive index can be expressed 
as a function of atmospheric pressure, humidity, and air 
temperature. The formula for the index is semi-empirical 
and can be expressed as follows2:

 6
21 77.6 10 0.373 ,P p

n
T T

−= + ⋅ +  (2)

where P is the atmospheric pressure in millibars; T is 
the temperature in degrees Kelvin; p is the water vapor 
pressure in millibars.

Equation (2) is known as the Debye formula. It 
has been shown to have an error of ±0.5% [10]. The 
refractive index n rarely exceeds 1.0004 at the surface. 
This introduces the so-called radio wave refraction N, 
which is defined as follows3:

 ( ) 61 10 .N n= − ⋅  (3)

The propagation of radio waves depends more on 
refraction gradients than on N itself [10]. Typically, 
noticeable refraction gradients in the horizontal direction 
occur on much larger scales (tens of meters to tens of 
kilometers) than in the vertical direction (tens of meters 
to hundreds of meters). Therefore, the atmosphere is 
often assumed to be horizontally stratified, and only 
the height dependence of the refraction is considered, 
neglecting any horizontal variations.
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Similarly, the modified or changed refraction M is 
determined from the modified or changed index of 
refraction m to include the curvature of the Earth [11]:

 
( )

E

E

6 6

6

1 10 10 1

10 .

 
= − ⋅ = × − + =  

 

= + ⋅

h
M m

h
N

R

R

n

 (4)

Figure 1 depicts a simulation of the surface and 
elevated waveguides using a three-line curve referred 
to as a profile. The case shown in Fig. 1a illustrates 
the structure of a simple surface channel. Here, the 
waveguide extends from a certain boundary height to 
the Earth’s surface, while the trapping layer, where 
the condition dM/dh  <  0 favors wave refraction, 
extends along the entire wave propagation path. The 
S-shaped channel at the surface is shown in Fig. 1b. 
The trapping layer does not reach the surface since the 
condition dM/dh > 0 applies near the surface. In both 
cases, the depth of the channel is the height difference 
between the surface and the top of the channel where 
the minimum of the modified refraction profile is 
reached4. The general conditions for an elevated 
channel are summarized in Fig 1c, where the value 
of M at the Earth’s surface is less than at the top of the 
channel, for which reason the channel cannot reach the 
surface.

As mentioned above, the appearance of the 
waveguide is the result of strong vertical changes 
in atmospheric refractive index between air masses 
of different temperature and humidity, especially at 
lower atmospheric levels. In this way, the tropospheric 
waveguide allows electromagnetic energy to propagate 
over long distances, enabling long-range radio 
communications over the horizon.

CALCULATION OF RADIO SIGNAL  

ATTENUATION USING THE PARABOLIC 

EQUATION METHOD

This section describes the parabolic equation (PE) 
apparatus for tropospheric radio propagation problems 
to estimate the degree of attenuation. Since its original 
introduction by Leontovich and Fock in 1946 [12], its 
design has been gradually improved.

According to the Helmholtz equation, the 
component φ of the electric or magnetic field satisfies 
the condition [13]:

4 Lindquist T. Wave Propagation Models in the Troposphere 

for Long-Range UHF/SHF Radio Connections. PhD Thesis. 
2020. https://urn.kb.se/resolve?urn=urn:nbn:se:kau:diva-80679. 
Accessed October 09, 2023.

 
2 2

2 2
2 2 0,k n

x z

∂ ϕ ∂ ϕ
+ + ϕ =

∂ ∂
 (5)

where k is the free space wave number and φ is the 
electromagnetic field component, either Ey or Hy for 
horizontal and vertical polarization, respectively.

We introduce the so-called reduced field function 
u(x, z) as a function of the coordinates x and z:

 ( ) ( ), e ,ikxu x z x z−= ϕ . (6)

The point of making this substitution and solving for 
( , )u x z  instead of φ(x, z) is that ( , )u x z  changes slowly 

depending on the propagation direction. Following this 
substitution, the scalar wave Eq. (5) takes the following 
form:

 ( )
2 2

2 2
2 2 2 1 , 0.ik k n u x z

xx z

 ∂ ∂ ∂  + + + − =  ∂∂ ∂ 
  (7)
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Fig. 1. M-profile for different conduction types:  

(a) simple surface (ground) waveguide,  

(b) surface waveguide, and (c) elevated waveguide
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Since this equation is still classified as elliptic rather 
than parabolic, it is acceptable to introduce  

a pseudo-differential operator 
2 2

2
2 2 2 2

1 11 , ( ( , ) 1)Q n
k z

∂ ∂
= + = + = + −

∂ ∂
2 2

2
2 2 2 2

1 11 , ( ( , ) 1)q q n x z
k z

∂ ∂
= + = + = + −

∂ ∂
 and to factorize 

Eq. (7). This substitution makes the derivation more 
general [14]:

 ( ) ( )1 1 0.ik Q ik Q u
x x

∂ ∂  + − + + =  
∂ ∂  

  (8)

Equation (9) is simply repeated in steps of ∆x until 
a target point with coordinates x, z is reached, provided 
that the initial reduced field u(0, z) is known [12, 13]:

 ( ) ( ) ( )1, e , .ik x Qu x x z u x z∆ −+ ∆ =   (9)

There are several methods for solving Eq. (9) [14]. 
The most widely referred to in the existing literature 
are the split-step Fourier PU, finite element, and finite 
difference methods5.

After the field strength has been calculated in 
accordance with (9), it is necessary to estimate the degree 
of attenuation along the path by means of propagation and 
loss factors. The propagation factor PF (dB) is defined 
as the square of the ratio of the electric field amplitude 
at a given point under specified conditions to that of 
the same point under free propagation. Equation (10), 
which expresses the PF through the field relative to free 
space, also shows the relationship with the value of the 
propagation loss PL (dB) [15–17]:

 20lg ( , ) 10lg( ) 10lg( ),PF u x z r= + + λ  (10)

 
420lg ,rPL PFπ = − λ 

 (11)

where λ is the wavelength and r is the range of the radio 
wave propagation.

RAY TRACING METHOD BASED  

ON THE ORDINARY DIFFERENTIAL EQUATION  

OF THE 2ND ORDER

This section describes an algorithm for ray tracing 
in tropospheric layers. It calculates the number of 
beams and their azimuthal and angular coordinates 
in the antenna array opening with subsequent digital 

5 Ehn J. Propagation of Radio Waves in a Realistic 

Environment using a Parabolic Equation Approach. PhD Thesis. 
2019. https://urn.kb.se/resolve?urn=urn:nbn:se:liu:diva-157610. 
Accessed October 09, 2023. 

processing. We write Snell’s law (1) by rewriting h as 
a function of r, that is:

 ( ) ( )E cos const.n h r R h r e+ =         (12)

For infinitesimal dh and dr, the geometric 
representation of the quantities (Fig. 2) gives the 
following [18]:

 sin ,dh
e

dr
=  (13)

 
2

cos 1 0,   , .
2 2

 π π    = − ≥ ∈ −        

dh
e e

dr
ò.å.   (14)

Then,

 ( ) ( )
2

E 1 const.dh
nh r R h r

dr

 + − =      
 (15)

RE

s
h

ds

e

dr

dh

Fig. 2. Geometric representation of RE, h,  

and s and their differentials

Assuming h is a function of r, refractive index 
n implicitly depends on r. Differentiating Eq. (15) with 
respect to r gives the following:

( )

( )

2 2

E

2

2
E 2

1 1

2
1 0.

2 1

dn dh dh dh dh
R h n

dh dr dr dr dr

dh d h

dr drn R

dh

dr

   + − + − +   
   

−
+ + =

 −  
 

 (16)

The equivalent system of two coupled equations of 
the first order is obtained after simple transformations 

and the introduction of the substitution ,dh
u

dr
=  as 

follows [18]:

 ,dh
u

dr
=   (17)

https://urn.kb.se/resolve?urn=urn:nbn:se:liu:diva-157610
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 2

E E

1 1 1 1
.

du dn dn
u

dr n dh R h n dh R h

   
= − + + +      + +   

 (18)

Equations (17) and (18) can be considered as an 
initial value problem:

 ( ) 0
0

0 sin ,
r

dh
u r e

dr =
= = =   (19)

 ( ) 00 .h r h= =   (20)

This ordinary differential equation uniquely solves 
the ray tracing problem.

Equations (17) and (18) are discretized and solved 
in iteration steps of ∆r. The value of the iteration step 
from (l – 1) to l is determined as follows [18].

Step 1: Estimate the values 
1

1

ln −
 and 

1l

dn

dh −
 at 

height hl–1 using experimental data or approximations.
Step 2. Solve Eqs. (17) and (18) with the initial 

values ul–1 and hl–1 to obtain the values ul and hl.

Step 3. Calculate sl, which is the propagation 
distance of the beam at the step l, as follows:

 1
1 E

E

cos
arcsin ,l

l l
l

e r
s s R

R h

−
−

 ∆
= +   + 

 (21)

and the angle

 ( )1arcsin .l le u −=   (22)

Steps 1–3 are repeated from l = 1 to l = L, which 
corresponds to the endpoint of the calculation of the beam 
propagation paths. The numerical differentiation in step 2 
is carried out using the 4th order Runge–Kutta method. 
For the first iteration, l = 1, the initial values in step 2 are 
given by Eqs. (19) and (20). The refractive index and its 
derivative should be evaluated at the height h0  

where the transmitting antenna is located, giving the 

values 
0

1
n

 and 
0

,dn

dh
 respectively. The distance from 

the transmitting point to the DAA is thus divided into 
L points. At each point of l iterations, sl, el, nl, and hl are 
calculated for each beam.

SIMULATION

In the theoretical part of the paper, the methods for 
calculating the propagation of electromagnetic beams in 
the stratified atmosphere have been presented. The radio 
signals obtained in this way are combined in the opening 
of the DAA for subsequent spatial filtering, the scheme 
of which is shown in Fig. 3 [19].

Consider an antenna array consisting of K directional 
antenna elements (AEs). It receives D independent 
signals from different directions with azimuth θD and 
location angle ϕD as shown in Fig. 3. Here, qD(t) is the 
incident signal, while vK(t) is the received signal from 
the Kth AE at a discrete time t. In the following, the 
index “1” denotes the useful signal. Consequently, the 
DAA output signal matrix has the following form:

 ,= +v Aq n 
 (23)

where n
  is the noise vector; A is the matrix of scan 

vectors ( , )θ φa
  determining the array field amplitude-

phase distribution.
Thus,

 ( ) ( ) ( )2211        , , ,, D Dφ φ φ = θ θ θ A a a a  
  (24)

T T T
1 21 2

( , )

( , )e ( , )e ... ( , )e ,j j j
K

Kg g g

θ φ =

 = θ φ θ φ θ φ  
kr kr kr

a


 (25)

where ( ) ( )2 2 sin cos ,sin sin ,cosx y z= k ,k ,k =
π π

φ θ φ θ φ
λ λ

k  

is the wave vector; T T( , ,  )n n n n= x y zr  is the radius 
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Fig. 3. Scheme of signal processing in DAA
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vector to the nth AE; gn(θ, ϕ) is the array pattern of the 
nth AE.

The following equation determines the spatial 
correlation matrix of the signals:

 H

1

1ˆ ( ) ( ),
T

t

t t
T =

= ∑R v v 
 (26)

where T is the number of samples of the digital signal, 
while the index H indicates the Hermite transpose of the 
vector ( ).tv

The angular coordinates of the signals are then 
determined using the multiple signal classification 
(MUSIC) method6, which is essentially structural and 
overcomes the Rayleigh criterion resolution. This means 
that its resolution is less than the main lobe width of the 
array pattern [20]:

 ( )
( ) ( )e

MU H
nois no

H
ise

1 ,P θ =
θ θa E E a

   (27)

where Enoise is the noise eigenvector.
The weighting factor vector for the formation of the 

DAA array pattern is calculated as follows [21]:

 1 1
H

1 1 1 1

1

1
( , )

( , ) ( , )
.

−

−

θ φ
=

θ φ θ φ

R a
w

a R a




   (28)

Thus, the DAA determines the spatial coordinates of 
the signal in accordance with Eqs. (26) and (27) to form 
the array pattern in the digital domain on the basis of the 
obtained vector .w  Then the signal at the output is as 
follows:
 1 .q = vw   (29)

On the basis of simulation, a study was carried out 
to estimate the propagation range of telecommunication 
signals in the tropospheric layers. In all cases, the 
maximum range is chosen to be equal to 150 km with 
a resolution ∆r equal to 500 m. Obviously, the tracking 
of all the rays from a transmitter arriving at the receiving 
DAA would require ray tracing over the full range of 
declination angles. However, the expression giving 
the limits of the declination angle within which radio 
wave propagation occurs in an airborne tropospheric 
waveguide is well known [22]:

 ( ) ( )min,max
0

1 12 ,
0 t

dn
h

n dh R

 
ϕ = ± − − δ  

 
 (30)

6 Multiple signal classification is an algorithm for estimating 
sinusoidal sum frequencies against noise from a series of 
measurements and for determining angular coordinates of 
multiple signal sources in digital antenna arrays.

where δ is the trapping layer thickness and ht is the 
transmitting antenna height.

The generalized scheme of the simulation is shown 
in Fig. 4. In the experiments, the transmitter antenna is 
mounted at a height of 200 m under noise and multipath 
conditions. The signal used is a 1 Mbit/s binary phase-
shift keyed signal. The transmitter power is 10 W, while 
the noise power in the ultrashort wavelength range is 
1.7 ∙ 10−13 W [23]. The bit error rate is estimated as the 
ratio of the number of bits received in error to the total 
number of bits.
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Fig. 4. Generalized scheme of simulation

Experiment 1: Idealized surface 

tropospheric waveguide

In this experiment, a surface waveguide is simulated. 
The modified refractive profile is shown in Fig. 5. It has 
a negative slope of −100 M-units km−1 in the height 
range from 0 to 350 m and a slope of 117 M-units km−1.
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Fig. 5. Modified M-profile of the surface waveguide

The electromagnetic field distribution as a function 
of the distance from the transmitter and height above 
the Earth’s surface is shown in Fig. 6. The calculation is 
made using the PU apparatus and the numerical Fourier 
splitting algorithm. The carrier frequency is 5 GHz, 
while the transmitter antenna is a half-wave dipole.

Figure 6 shows that the field distribution is not 
uniform.

The rays for the refractive profile considered are 
shown in Fig. 7.
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Fig. 7. Rays propagating in the lower layers of the 

tropospheric waveguide

It can be seen that the rays are reflected from the 
upper boundary of the trapping layer. They then reach 
the Earth’s surface where they are reflected again. This 
process continues up to the receiver DAA, which is 
attenuated as shown in Fig. 6. One of these rays crossing 
the receiving DAA is shown in Fig. 8.
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Fig. 8. Example of ray crossing (blue line)  

and DAA (red asterisk)

The graph showing the BER depending on the 
type of antenna array used and the distance over 
which reception could be achieved (50 to 100 km from 
the transmitter) is shown in Fig. 9. The radio signal 
attenuation is approximately −135 dB in this case. The 
circular and the hemispherical geometry of the receiving 
DAAs with directional AEs are used [23].
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Fig. 9. BER vs distance

The graphs in Fig. 9 show that the circular DAA 
provides the lowest BER (up to 10−6) at distances up 
to 50 km. If a hemispherical shape of the receiving DAA 
is used with a directional antenna, the BER value at this 
distance is about 10−5 and 0.3, respectively. This is in 
agreement with previous results [19]. In this case, the 
attenuation of the signal after passing through the 
atmosphere is about 135 dB as shown in Fig. 6; then, the 
ratio of the signal power to the noise power at the output 
of each receiving AE is 10 dB. Simultaneously, there is 
no obvious dependence of bit error on distance in Fig. 9 
and beyond, especially from 15 km. This can be 
explained by the fact that, as can be seen from Eq. (11), 
the value of the power loss is linearly dependent on the 
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Fig. 6. Field distribution parameters:  

(a) propagation factor for a vertical slice at a height of 25 km,  

(b) losses in a horizontal slice at a height of 200 m (the solid blue line is in the atmosphere presented in Fig. 5; 

the dotted red line is in free space)



97

Russian Technological Journal. 2025;13(1):89–102

Ilia W. Peshkov,  

Dmitry N. Borisov

Modeling of digital spatial processing under conditions of troposphere  

propagation of centimeter radio waves for wireless telecommunication

distance travelled by the radio wave, whereas the field 
strength is inversely proportional to .r

Experiment 2: Idealized S-shaped 

tropospheric waveguide 

Consider an idealized S-shaped channel surface 
characterized by the M and N profiles as shown in Fig. 10. 
The M profile starts with a slope of 117 M-units km−1 
for the lowest 100 m and then changes to a slope of 
−100 M-units km−1 up to a height of 400 m, after which 
it returns to the value of 117 M-units km−1.
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Fig. 10. Modified M-profile of atmospheric layers

The characteristics of the electromagnetic 
field distribution according to the profile of the 
modified refractive index shown in Fig. 10 are shown  
in Fig. 11.

It can be seen from Fig. 11a that the PF at the 
transmitter height of 200 m is 15 dB higher than that of 
the wave in free space. Loss values as a function of the 
distance between the transmitter and the receiving DAA 
are plotted in Fig. 11b. From this it can be concluded 
that the electromagnetic wave inside the tropospheric 
waveguide loses 15–20 dB less power than the radio 
signal in free space or outside the trapping layer.

The ray trajectories for the type of refractive index 
under consideration are shown in Fig. 12.
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Fig. 12. Rays propagating in the lower layers  

of the tropospheric waveguide

It can be seen that the rays can be both reflected back 
from the Earth’s surface and refracted at the lower and 
upper boundaries of the tropospheric layers.
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Fig. 13. BER vs distance

The circular DAA gives the lowest BER as shown 
in Fig. 13. From the analysis of Fig. 11−13, it can be 
concluded that radio signals at a frequency of 5 GHz 
can reach a receiver located more than 100 km from the 
transmitter with BER within 10−5, which is acceptable 
for the majority of modern wireless telecommunications 
systems.
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Fig. 11. Field distribution characteristics:  

(a) propagation factor for the vertical slice at 110 km,  

(b) losses for the horizontal slice



98

Russian Technological Journal. 2025;13(1):89–102

Ilia W. Peshkov,  

Dmitry N. Borisov

Modeling of digital spatial processing under conditions of troposphere  

propagation of centimeter radio waves for wireless telecommunication

Experiment 3. Ideal elevated waveguide

Consider an ideal elevated waveguide, whose 
corresponding M-profile is shown in Fig.  14. 
The modified M-profile starts with a slope of 
117 M-units km−1 for the first 250 m of height. It then 
changes to −100 M-units km−1 up to 400 m before 
returning to 117 M-units km−1. Within the trapping 
layer, the antenna height is 300 m.
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Fig. 14. Modified M-profile typical  

of an elevated waveguide

It can be seen from Fig. 14 that the waveguide in this 
case is elevated and does not touch the Earth’s surface. 
Figure 15 depicts the distribution of the electromagnetic 
field as a function of the distance from the transmitter 
and the height above the Earth’s surface.

As shown in Fig. 15a, the 5 GHz electromagnetic 
wave at a transmitting height of 300 m has a higher 
power compared to free rectilinear propagation. It is also 
clear from Fig. 15b that the advantage of propagation 
inside the tropospheric waveguide becomes apparent at 
distances above 100 km, where the loss is 20 dB less 
than in free space.

Typical ray trajectories for an elevated waveguide 
are shown in Fig. 16.
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Fig. 16. Rays propagating in the lower layers of 

a tropospheric waveguide

In this case, it is clear that the rays, which are 
only refracted at the upper and lower limits of the 
refractive index variation, do not reach the Earth’s 
surface.

The graphs of BER versus distance between 
transmitter and DAA inside the waveguide, also at 
300 m height, are shown in Fig. 17.
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The graphs in Fig. 17 show that the circular 
DAA gives the lowest BER (10−6) compared to 
the hemispherical geometry and simple directional 
antenna up to 50 km, where the BER is 10−5 and 0.3, 
respectively. This geometry offers the advantage that 
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the electromagnetic rays reaching the array inside 
the tropospheric waveguide have negligible declination 
angles, most of them being φ ≈ 90°.

CONCLUSIONS

When a modified refractive index changes from 
a maximum near the Earth’s surface to a minimum at 
a certain altitude, a tropospheric waveguide manifests in 
the lower atmosphere. In this case, the electromagnetic 
radiation in the ultrashort centimeter-wave range 
(5 GHz) from the transmitter does not propagate in 
a straight line, but instead propagates by reflection from 
the Earth (or the lower trapping layer) and refraction 
from the upper trapping layer. Stable receiving distances 
are limited to several hundred kilometers, resulting in 
significant attenuation. In addition, a number of rays 
with different amplitudes and phases may be present at 
the receiving point, resulting in multipath propagation. 
In order to overcome such difficulties, the use of antenna 
arrays with digital formation of the array pattern on the 
receiver side is proposed.

The presented approaches for correctly modelling 
signal propagation in the tropospheric waveguide and 
DAA include the calculation of propagation paths 
and losses taking into account distance, refractive 
index, antenna height, and carrier frequency. The rays 
appearing in the opening of the DAA antenna are 
obtained. In the final stage, the BER is estimated by 
evaluating the angular coordinates of the rays and the 
digital beamforming procedure.

When combined with digital spatial processing, 
a circular antenna array shape is shown to be optimal.
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Abstract
Objectives. The ever-increasing demands on the technical parameters of microwave radio transmission devices 

necessitate a search for ways of improving their efficiency and reliability, as well as means for reducing their weight 

and size parameters. Since such requirements largely relate to secondary power supplies, the present work set out 

to develop secondary power supplies for the cathode heating and bias circuits of a floating-drift multibeam klystron 

capable of operating at a high potential of the klystron cathode and providing stable voltage in all operating modes.

Methods. In order to calculate the parameters of the resonant circuit, the first harmonic approximation method is used.

Results. Approaches for designing secondary supplies are described along with the method for developing the 

cathode heating and bias supplies for a floating-drift multipath klystron. The calculation method used for testing 

the design of the transformer windings is presented. The design avoids the use of chokes as separate elements 

by integrating them inside a magnetic system and providing isolation by high potential of the secondary winding. 

The results of testing the power supply using complex test bench waveforms are given along with the main obtained 

parameters. The operation of the power supply is demonstrated in switching mode at zero voltage for the minimum, 

nominal, and maximum input voltages in the range of the inductive resistance of the circuit when the voltage phase 

precedes the current phase.

Conclusions. The calculated efficiencies of the presented cathode heating and bias supplies are 85% and 92%, 

respectively. The developed supplies, which have smaller dimensions than their transformer analogues, allow 

a stable output voltage to be maintained when the input voltage varies, while the use of the soft start method allows 

the life of the klystron to be extended.
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НАУЧНАЯ СТАТЬЯ

Резонансный источник электропитания  
для мощных сверхвысокочастотных устройств

Д.Р. Хафизов 1, 2, @,  
И.Н. Лобов 1,  
Л.Ю. Фетисов 2

1 НПО «Алмаз», Москва, 125190 Россия
2 МИРЭА – Российский технологический университет, Москва, 119454 Россия
@ Автор для переписки, e-mail: hafizov98@yandex.ru 

Резюме 
Цели. Постоянно растущие требования к техническим параметрам радиопередающих сверхвысокочастот-

ных (СВЧ) устройств вызывают необходимость искать способы повышения их эффективности и надежности, 

а также уменьшения массогабаритных показателей. Эти требования в значительной мере касаются источ-

ников вторичного электропитания. Целью данной работы является разработка источников вторичного элек-

тропитания цепей накала и смещения для пролетного многолучевого клистрона, способных работать под 

высоким потенциалом катода клистрона и обеспечивать стабильное напряжение во всех рабочих режимах.

Методы. Для расчета параметров резонансного контура использован метод аппроксимации первой гармо-

ники.

Результаты. Описан метод разработки источников вторичного электропитания, разработаны источники пи-

тания накала и смещения для пролетного многолучевого клистрона. Представлен метод расчета и апроби-

рована конструкция обмоток трансформатора, позволяющие отказаться от использования дросселей как 

отдельных элементов путем их интеграции внутри одной магнитной системы и обеспечить развязку по вы-

сокому потенциалу вторичной обмотки. Проведены испытания источника питания в составе комплексного 

испытательного моделирующего стенда, получены осциллограммы основных параметров. Показана рабо-

та источника питания в режиме переключения при нулевом напряжении для минимального, номинального 

и максимального входного напряжения в области с индуктивным сопротивлением контура, когда фаза на-

пряжения опережает фазу тока. 

Выводы. Коэффициенты полезного действия источников накала и смещения составили 85% и 92% соот-

ветственно. Разработанные источники имеют меньшие габариты по сравнению с трансформаторными ана-

логами и позволяют поддерживать стабильное выходное напряжение при изменении входного напряжения, 

а использование метода плавного пуска позволит продлить срок службы клистрона.

Ключевые слова: преобразователь напряжения, резонансный преобразователь, электропитание 

СВЧ-устройств, импульсный трансформатор, клистрон
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INTRODUCTION

Klystrons and travelling wave tubes are powerful 
amplifying microwave radio transmission devices 
that convert electron flux into microwave oscillation 
energy [1]. These devices are used as output power 
amplifiers in radio transmitting equipment [2–4]. The 
ever-increasing requirements for the specifications of 
microwave radio transmission devices necessitate the 
search for ways to improve their efficiency and reliability, 
as well as to reduce their weight and size parameters. 
These requirements are largely related to the secondary 
power supplies.

Today, power supplies for microwave equipment 
use network transformers operating at frequencies 
of 50 and 400 Hz. The major disadvantage of such 
power supplies is their large overall size, as determined 
by the size and weight of the power transformer, filter, 
and voltage stabilizer components. Voltage stabilizers 
are used to maintain high stability of the output voltage 
in the secondary circuit with some reduction in the 
efficiency of the source.

The most commonly used devices are pulsed power 
supplies in which voltage stabilization is provided 
by the control circuit to regulate the power transfer to 
the transformer on the primary side. The use of high 
frequency pulse transformers, which can operate at 
frequencies above 105 Hz, allows the overall size of the 
device to be reduced; as compared to a mains transformer 
having the same total transformer core power, the weight 
and size of a pulse transformer is significantly less.

Pulse-width modulation (PWM) converters are used 
as the basis for switching power supplies that convert 
the rectified mains voltage into a square-wave pulse 
voltage allowing the output voltage to be regulated by 
changing the duration of the pulses. PWM converters 
are characterized by abrupt changes in current and 
voltage, which cause high switching losses and limit 
the upper operating frequency of the converter. On the 
other hand, large rates of change in current and voltage 
cause electromagnetic interference in a wide range of 
the spectrum, thus precluding the use of pulse power 
supplies for high power microwave devices [5].

The aim of the present work is to develop secondary 
power supplies for the cathode heating and bias circuits of 
a floating-drift multibeam klystron capable of operating 
at high klystron cathode potentials of about 25 kV.

RESONANT POWER SUPPLIES

A resonant converter power supply, whose output 
voltage is almost sinusoidal due to the use of an LC circuit 
in the converter, avoids the disadvantages described 
above by reducing the noise level in comparison with 
PWM converters [5, 6]. At the same time, the use of 

resonant circuits makes it possible to implement the 
zero-voltage method for switching transistors when 
the in-phase circuit current lags behind the voltage to 
significantly reduce switching losses [7]. While resonant 
converters have various topologies, they are all based on 
a similar operating principle [8].

A series-parallel LLC converter is described in [9]. 
The series-parallel resonant converter is a preferred 
topology in the design of high voltage power supplies 
due to its ability to smoothly switch over a wide range 
of operating frequencies [10]. The circuit diagram of 
a half-bridge resonant LLC converter is shown in Fig. 1.

The circuit contains the input voltage source Vin, 
transistors VT1 and VT2 connected by a half-bridge 
circuit, resonant capacitor Cr, series inductor Lr, 
transformer T with ratio n and shunt parallel 
inductor Lsh. In practice, the parallel inductance can 
be eliminated from the circuit as a separate physical 
element. This can be achieved by using the intrinsic 
magnetizing inductance Lm of the transformer, whose 
value is achieved by introducing an air gap in the 
transformer core as discussed later. The secondary 
voltage is rectified by diodes VD1 and VD2 and then fed 
to a capacitive smoothing filter formed by capacitor C1 
and resistor R1 as an equivalent output load. For high 
secondary current values, synchronous rectifiers with 
field MOSFETs1 are used as voltage rectifiers. Due 
to the low resistance of the drain-to-source channel, 
these rectifiers are more efficient than diodes [11]. The 
soft-start method is used to limit the inrush current at 
switch-on [12, 13].

Control 

circuit

Vin

VT1

VT2

Cr Lr
T VD1

VD2
C1 R1+Lsh

(Lm)

+

n : 1

Fig. 1. Circuit diagram of a resonant half-bridge 

LLC converter. Here and in the following figures, 

the designations of the circuit elements correspond 

to those adopted in GOST 2.710-812

In the resonant circuit, the current lags behind the 
voltage. This allows transistors to switch at zero voltage 
while current flows through the antiparallel diode of the 
transistor [14]. The sinusoidal voltage is applied to the 
load via the transformer. The output voltage is adjusted 
by changing the operating frequency of the transistors, 

1 Metal–oxide–semiconductor.
2 GOST 2.710-81. Interstate Standard. Unified system for 

design documentation. Alpha-numerical designations in electrical 
diagrams. Moscow: Izd. Standartov; 1985 (in Russ.).
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thus changing the operating mode of the converter. Due 
to the presence of both series and parallel components, 
the converter has a lower and an upper resonant 
frequency [15]. The lower frequency is determined by 
the elements Lr and Cr together with the value Lm, while 
the upper frequency is due to the elements Lr and Cr.

RESONANT CIRCUIT CALCULATION

The cathode heating power supply parameters 
are calculated using the first harmonic approximation 
method [16]. The power supply is fed from the 
220 V ± 10% mains at a frequency of 400 Hz. The 
output voltage of the source is (13 ± 0.5) V, while the 
nominal current is 12 A, and the maximum current 
does not exceed 15 A. The transformation ratio n at the 
nominal input voltage is determined when the transfer 
coefficient M of the circuit is equal to one.

 in

out

/ 2
12,

V
n M

V
= =  (1)

where nominal input voltage Vin = 311 V and output 
voltage Vout = 13 V.

The equivalent alternating current resistance Rac is 
defined in the following way:

 
2

out
ac 2

out

8
126 Ohm.= =

π

n V
R

I
 (2)

The following expressions are used to determine 
the maximum and minimum values of the transmission 
coefficients:

 out _ min
min

in _ max
0.87,

/ 2

nV
M

V
= =  (3)

 out _ max
max

in _ min
1.15,

/ 2

nV
M

V
= =  (4)

where Vout_min = 12.5 V, Vout_max = 13.5 V, Vin_min = 279 V, 
Vin_max = 341 V.

The resonant frequency of the circuit is determined 
by the following equation:

 r
r r

1
.

2
f

L C
=

π
 (5)

The operating frequency of the power supply 
which is chosen on the basis of the specifications for 
the design of the source for the radar station, must not 
exceed 100 kHz.

The resonance frequency value is chosen 
such that the resonance capacitor capacitance is 
equal to or a multiple of the standard value, e.g., 
E24 series. The resonance frequency chosen is  
fr = 80 kHz.

The following equation determines the capacitance 
value of capacitor Cr:

 r
ac

1 22 nF,
2

C
QfR

= =
π

 (6)

where the quality factor (Q factor) of the circuit is 

Q = 0.7, while the switching frequency is f = 80 kHz.
The Q value is selected on the basis of the 

maximum and minimum transmission coefficient. This 
is done by plotting several transmission characteristics 
with different Q values on the same graph. On this 
graph, horizontal lines are drawn corresponding to 
the maximum Mmax and minimum Mmin transmission 
coefficients. The transmission coefficient curve 
is selected from those plotted that intersects both 
horizontal lines in the selected frequency range is 
selected.

High Q values reduce the peak transmission 
coefficient. However, a reserve of approximately 15% 
of the peak transmission coefficient is required to 
ensure zero voltage switching over the entire operating 
frequency range. The optimum value is therefore 
Q = 0.7.

The inductance Lr is calculated using the following 
equation:

 r 2
r

1 181 .
(2 )

HL
f C

= =
π

µ  (7)

To simplify inductance calculations, Lm and Lr 
are combined into a total inductance parameter. Total 
inductance is defined as follows:

 m
n

r

.
L

L
L

=  (8)

The Ln value is selected by plotting the circuit 
transfer coefficient curves for different Ln values. As 
Ln decreases, the peak transfer coefficient increases 
along with a decrease in the magnetizing inductance 
and increase in the magnetizing current; therefore, the 
optimum value of Ln = 3...7. In the calculations, the 
value Ln = 3 and the value of the magnetizing inductance 
Lm = 543 µH are used.

The following expression can be used to analyze 
changes in the transfer characteristic when the resonant 
circuit parameters are changed:
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where fn is the ratio of switching frequency f to the 
circuit resonant frequency fr,

 n
r

.
f

f
f

=  (10)

With known values Lr, Cr, and Rac, the circuit 
Q factor is defined as follows:

 r r

ac

/
.

L C
Q

R
=  (11)

The transfer characteristics of the converter are 
plotted for different circuit Q factors using the above 
equations (Fig. 2).

1.4
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1.0

0.8

0.6

0.4

0.2

0
0.25 0.50 0.75 1.00 1.25 1.50 f

M

 Q = 0.9  Q = 0.8  Q = 0.7

 Q = 0.6  Mmax  Mmin

 
Fig. 2. Circuit transmission coefficient as a function 

of the circuit Q factor (current frequency normalized  

to the resonant frequency)

Depending on the region of the transfer characteristic 
in which the converter operates, different switching 
modes can be implemented: at zero current and at zero 
voltage [17]. If the operating frequency of the converter 
is to the left of the peak factor M, the converter operates 
in the region where the capacitance of the converter is 
primary. However, when operating with a capacitive 
load, the current in the circuit is ahead of the voltage 
and the zero-current switching mode is implemented. 
Operating in this region results in high losses due to 
the transistors switching under harsh conditions. If the 
operating frequency of the converter is to the right of 
the peak factor M, the inductive impedance is dominant. 
However, when operating in the inductive region, 
the voltage in the circuit is higher than the current. 
Therefore, it is in this operating region that the zero-
voltage switching mode is implemented, allowing the 
transistors to switch with minimum loss. Consequently, 
the optimum operating region of the converter is to the 
right of the peak factor M.

INTEGRATED MAGNETIC SYSTEM

The resonant circuit consists of three electromagnetic 
components comprising a transformer T, parallel 
inductor Lsh (Lm), and series inductor Lr. Although each 
of these components is manufactured on a separate core 
(magnetic core), it would be more rational to integrate 
them in a magnetic system based on a transformer. 
The possibility of integrating the components within 
a magnetic system is justified by the equivalent circuit 
of a two-winding transformer in which the output load is 
reduced to the primary winding [18]. The inductance Lr 
can be replaced by the scattering inductance LS1 of 
the primary winding while the parallel inductance Lsh 
can be replaced by the transformer magnetizing 
inductance Lm [19].

For correct operation of the circuit while preserving 
the possibility of implementing switching at zero voltage, 
the magnetizing inductance should be within (3...8)Lr. 
This can be achieved by introducing a nonmagnetic 
gap in the transformer. The core used in the calculation 
is the Epcos core N87 (size ER 42/22/15, magnetic 
permeability μ = 2200, and saturation induction 
Bs = 0.49 T).

The magnetizing inductance for gap transformers is 
defined as follows [20]:

 
2

eff 0 1 c
m

av
,

N S
L

l

µ µ
=  (12)

where μeff is the effective magnetic permeability; μ0 is 
the magnetic constant; N1 is the number of turns of the 
primary winding; Sc is the cross-sectional area of the 
magnetic core; lav is the length of the central line of the 
magnetic core.

The effective magnetic permeability is the magnetic 
permeability of the core material with a gap, which is 
defined as follows:

 eff
g

av

1 ,
1 l

l

µ =

+
µ

 (13)

where μ is the magnetic permeability of the material;  
lg is the length of the nonmagnetic gap.

The number of turns of the primary winding is 
determined by the following equation:

 out f
1

min min c

( )
20,

2
n V V

N
f M BS

+
= =  (14)

where the direct voltage drop across the rectifier diode 
Vf = 0.6 V, the minimum operating frequency fmin = 72 kHz, 
and the value of maximum induction B = 0.4 T.
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The minimum operating frequency fmin is determined 
from the graph (Fig. 2).

The value of the maximum induction is determined 
from the value of the core saturation induction using the 
following equation:

 B = 0.8Bs = 0.4 T. (15)

Taking into account the transformation ratio, the 
number of secondary winding turns N2 = 2.

Substituting (13) into (12), the value of the 
nonmagnetic gap is calculated to obtain the required 
magnetizing inductance, as follows:

 
2

0 1 c av m
g

m

0.11 mm,
N S l L

l
L

µµ −
= =

µ
 (16)

where the cross-sectional area of the magnetic core 
Sc = 170 mm2, and the length of the center line of the 
magnetic core lav = 99 mm.

The scattering inductance of the primary winding is 
that part of the inductance which is not connected by the 
common magnetic flux to the secondary winding and the 
magnetic core, while the magnetic flux is short-circuited 
through the air. For W- and U-shaped magnetic circuits, the 
scattering inductance can be calculated using the following 
equation for an inductor without a magnetic core:

 
2

0 1 i.s.
S1

w

,
N S

L
h

µ
=  (17)

where the area of inductive system Si.s. is the effective 
area covered by the current, excluding the magnetic core 
area; hw is the winding height.

The effective area is determined by the following 
equation:
 Si.s. = lw1_avδw1, (18)

where lw1_av is the average primary winding turn length; 
δw1 is the distance from the average primary winding 
turn to the magnetic core.

Equations (17) and (18) show that in order to increase 
the scattering inductance, it is necessary to separate the 
primary and secondary windings on the transformer 
frame by increasing the number of turns of the winding 
and its thickness, as well as reducing the length of the 
winding on the magnetic core.

The scattering inductance close to the calculated 
value can be obtained by using the sectional winding 
method shown in Fig. 3. Unlike the winding method, 
where the primary and secondary windings are 
layered along the entire length of the frame, the 
sectional method gives the highest value of scattering 
inductance.

Once the transformer has been wound, it is necessary 
to check that the inductance of the primary winding is 
equal to the value of the total inductance Lm + Lr. If it 
differs from the calculated value, the difference can be 
compensated by adjusting the core gap. The next step 
is to check that the value obtained for the scattering 
inductance is within 10% of the calculated value. This 
is done by short-circuiting all the output windings and 
measuring the inductance of the primary winding. If the 
measured value differs from the calculated value by more 
than 10%, the transformer should be remanufactured. 
If all parameters match the calculated values, the 
transformer is suitable for use.

While the primary and secondary sectional 
winding method is suitable for achieving relatively 
low output voltage levels, it is not suitable for 
achieving the high voltages required by bias sources 
where output voltages can range from units to tens 
of kilovolts and ensuring electrical robustness is of 
paramount importance.

For high voltage levels, a U-shaped core is used 
with the primary and secondary windings separated by 
a certain distance. The primary and secondary windings 
are fixed on opposite core bars, while the secondary 
winding is divided into separate sections. After winding, 
the transformer windings are filled with insulating 
compound (Fig. 4).

Fig. 3. Winding arrangement  

of the cathode heating transformer
Fig. 4. Example of high voltage transformer layout  

for powering the klystron bias circuit
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TESTING THE DEVELOPED SOURCE

The cathode heating and bias power supplies for the 
floating-drift multibeam klystron are designed according 
to the described method.

The source of the cathode heating circuit has 
the following parameters: cathode heating voltage 
Ucath.heat. = 13 V; nominal cathode heating current 
Icath.heat. = 12 A; resonance capacitor capacity Cr = 22 nF; 
resonance inductance Lr = 182 µH; and resonance 
frequency fr = 80 kHz. The soft start method is  
implemented in the source to extend the life of the klystron.

The klystron bias source provides voltage Ubias = 6 kV 
at a current not exceeding than Ibias = 100 mA, resonant 
frequency fr = 80 kHz, resonant capacitor capacitance 
Cr = 68 nF, and resonant inductance Lr = 58 µH.

The development of such a source is complicated by 
the electrical robustness of the transformer at the high 
potential of the secondary winding, which is below the 
cathode potential of about 25 kV. This is achieved by 
filling the transformer with a compound. For the cathode 
heating transformer, the secondary winding is made of 
high-voltage conductive wire with combined insulation 
to increase the electrical strength. The electrical strength 
of the insulation between the primary and secondary 
windings is tested at 30 kV on an electrical breakdown 
system. The source parameters are measured. Waveforms 
showing the klystron cathode heater operation are 
presented in Figs. 5 and 6. Waveforms of the converter 
operating at the nominal input mains voltage are shown 
in Fig. 5; here, the yellow line (1) represents the voltage 
at the current sensor with a resistance of 0.51 Ohms (the 
vertical line is the voltage on a scale of 1 V/div), the green 
line (2) represents the voltage at the resonance capacitor 
(the vertical line is the voltage on a scale of 150 V/div), 
while the red line (3) represents the drain-to-source 
voltage of the upper transistor VT1. The horizontal line 
shows the time on a scale of 5 µs/div. It is clear from 
the waveforms shown that the voltage phase is ahead of 
the current phase and that the circuit is operating in the 
inductive region. Since the mains input voltage is stable, 
the converter operates close to the resonance frequency 
f ≈ 80 kHz, which corresponds to the calculated values. 
In this mode, there is no need to change the operating 
frequency since the inverter parameters do not depend 
on the power consumption.

The transistor switching waveforms and the current 
sensor voltage at the input mains voltage of 198 V are 
shown in Fig. 6. The red (1) and yellow (2) lines represent 
the drain-to-source voltages of the upper VT1 and 
lower VT2 transistors, respectively (vertically, the 
voltage is on a scale of 200 V/div). The green line (3) 
shows the voltage at the current sensor (vertical is the 
voltage on a scale of 2 V/div). The horizontal line shows 
the time on a scale of 5 µs/div.

1 2

3

 
Fig. 5. Waveforms of the converter operating  

at rated input voltage

1

2

3

Fig. 6. Transistor switching waveforms  

at minimum input voltage

Similar to Fig. 6, Fig. 7 shows the inverter operating 
at maximum input voltage, which is 242 V.

1

2

3

 
Fig. 7. Waveforms of the inverter operating at maximum 

input voltage

The zero-voltage switching mode is always 
implemented; the output voltage is maintained at the set 
level when the inverter is operated with different input 
voltages.
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The operation of the converter can be divided into 
the following four stages:

1. Transistor VT1 is opened, the transformer primary 
current I1 flows through the resonant circuit, and 
resonance occurs. When the resonance ceases, the 
current drops to the magnetizing current Im.

2. Transistor VT1 is closed. The magnetizing 
current Im continues to flow through the body diode 
of transistor VT2.

3. Transistor VT2 is opened, the energy stored in 
capacitor Cr generates current I1 in the reverse 
direction, and the magnetizing current Im crosses 
the zero point and increases in the reverse direction. 
Resonance occurs. When the resonance ceases, the 
current drops to the magnetizing current Im.

4. Transistor VT2 is closed, and the magnetizing 
current Im continues to flow through the body diode 
of transistor VT1. Transistor VT1 opens and the 
process is repeated.
In step 2, current flows through the body diode 

of transistor VT2, then the transistor opens when its 
drain-to-source voltage is close to zero (zero voltage 
switching). Similarly, transistor VT1 switches at zero 
voltage in step 4.

The measured efficiencies of the cathode heating 
and bias sources are 85% and 92%, respectively.

The prototype model of the resonant power supply 
is tested in the laboratory as part of the complex test 
simulation test bench for the radio transmitter of the 

multifunctional radar station. The functional scheme of 
the test bench is shown in Fig. 8.

In the initial state, a bias voltage of −6 kV 
is applied to the CE klystron via the R2 resistor 
assembly, and the klystron is locked. The voltage at 
the CE with respect to the collector −30 kV is the 
sum of the voltages of the cathode and bias supplies 
connected in series. After the control pulse in the 
modulator opens the start-up channel, the klystron 
opens and amplifies the input microwave signal. 
The voltage at the CE with respect to the collector 
is −24 kV. At the end of the control pulse, the start 
channel closes, the breakdown channel opens, 
a voltage of −30 kV is applied to the CE with respect 
to the collector, and the klystron closes. This process 
is shown in the waveform in Fig. 9.

The red (bottom) line shows the voltage at the CE 
relative to the klystron collector (vertically, the voltage 
is on a scale of 5 kV/div). The violet (top) line shows the 
envelope of the microwave output signal (vertical is the 
voltage on a scale of 5 V/div). The horizontal line shows 
the time on a scale of 2 µs/div.

From the depicted waveforms, it can be seen that, 
when the klystron is locked, the voltage at the CE 
is −29.75 kV and stable at the specified level. The 
microwave output power of the klystron, which is 
also stable, meets the specified nominal power. It can 
therefore be concluded that the developed sources are 
suitable for use in prototype radio transmitters.

Control 

circuit

Control 

circuit

Control 

circuit
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VT1
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24 kV
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Fig. 8. Functional scheme of the test bench. 

CE is the control electrode; H is the heater; HC is the heater-cathode; C is the collector; VL1 is the klystron;  

R1 is the current limiting resistor assembly; R2 is the bias pull-up resistor assembly;  

Uk is the power supply voltage of the klystron cathode
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CONCLUSIONS

In the present work, a method for designing 
secondary power supplies for a vacuum microwave 
amplifier is proposed. The theory and calculation method 
of the resonant LLC source is presented. A method for 
calculating and carrying out transformer winding is 
discussed and tested. This method avoids the use of 
inductors as separate elements by integrating them into 
a magnetic system and providing decoupling by the high 
potential of the secondary winding.

The power supply is tested as part of a radio 
transmitter test bench complex. Waveforms of the 

cathode heater converter at minimum, nominal, and 
maximum input mains voltage are obtained. It is shown 
that the source operates in switching mode at zero 
voltage in the inductive region. The efficiencies of the 
cathode heating and bias sources are 85% and 92% 
respectively.

The developed power sources are smaller than 
transformer analogues and can maintain a stable output 
voltage when the input voltage changes, while the use of 
a soft start-up can help to extend the life of the klystron.

Authors’ contribution
All authors have equally contributed to the research 

work.

Fig. 9. Klystron operation
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Abstract
Objectives. The aim of this paper is to attain and investigate the spectra of the magneto-optical transverse Kerr 

effect (TKE) in Cox(CoO)1−x 
nanocomposites, to compare the obtained results with experimental data, and identify 

their specific features. Magneto-optical spectroscopy is a method for non-destructive testing and research of a wide 

class of nanostructures with promising and interesting properties, and such studies are essential in terms of both 

fundamental and practical aspects.

Methods. Computer modeling is used as part of the promising effective medium method. This is in the form of the 

Bruggeman approximation, according to which the structure under study is replaced by a medium with effective 

properties.

Results. TKE experimental spectra were studied and Kerr effect spectra in the range of 1.5–3.0 eV were obtained 

by computer modeling. In this case, the modeling is performed by means of two methods, ignoring and considering 

the quasiclassical size effect. The final result is the comparison of the model and experimental Kerr effect spectra, 

in which the influence of size effects on the appearance of the TKE spectra is shown. The reliability of methods 

is well confirmed by comparing the results obtained with empirical data. The value of the results obtained stems 

from the fact that all the calculated parameters of the nanocomposite under study and the shape of TKE spectral 

dependencies are in good agreement with the observation results.

Conclusions. The optimal parameters of the sample under study are established as part of computer modeling: 

form factor, average granule size, and the anomalous Hall effect coefficient. The described approach allows the 

magneto-optical properties of promising nanomaterials to be studied in a non-contact and non-destructive manner. 

These results are useful for creating new types of devices as well as electronics and nanoelectronics elements.
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НАУЧНАЯ СТАТЬЯ

Магнитооптический экваториальный эффект Керра 
в нанокомпозитах Co

x
(CoO)1−x

М.М. Яшин @,  
В.Е. Рябухин,  
А.Н. Юрасов
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@ Автор для переписки, e-mail: yashin@mirea.ru 

Резюме 
Цели. Целью работы является получение и исследование спектров магнитооптического экваториального 

эффекта Керра (ЭЭК) в нанокомпозитах Cox(CoO)1−x, сравнение полученных результатов с эксперименталь-

ными данными, выявление их особенностей. Подобные исследования являются, безусловно, важными, как 

с фундаментальной точки зрения, так и с практической, т.к. магнитооптическая спектроскопия – метод не-

разрушающего контроля и исследования широкого класса наноструктур с перспективными и интересными 

свойствами. 

Методы. Для достижения поставленной цели применялось компьютерное моделирование в рамках пер-

спективного метода эффективной среды – приближения Бруггемана, согласно которому исследуемая струк-

тура заменяется средой с эффективными свойствами.

Результаты. Изучены экспериментальные спектры ЭЭК и в рамках компьютерного моделирования получе-

ны спектры эффекта Керра в диапазоне 1.5–3.0 эВ. При этом моделирование проводилось двумя способами: 

без учета и с учетом квазиклассического размерного эффекта. Конечным результатом стало сопоставление 

модельных и экспериментальных спектров эффекта Керра, где было показано влияние размерных эффектов 

на вид спектров ЭЭК. Достоверность методик хорошо подтверждается сравнением полученных результа-

тов с эмпирическими данными, а ценность полученных результатов обусловлена тем, что все рассчитанные 

параметры обсуждаемого нанокомпозита и форма спектральных зависимостей ЭЭК хорошо согласуются  

с результатами наблюдений.

Выводы. В рамках компьютерного моделирования установлены оптимальные параметры исследуемого об-

разца: форм-фактор, средний размер гранул, коэффициент аномального эффекта Холла. Описанный подход 

позволяет бесконтактным и неразрушимым способом изучать магнитооптические свойства перспективных 

наноматериалов, а полученные результаты являются важными при создании новых типов устройств, а также 

элементов электроники и наноэлектроники.

Ключевые слова: нанокомпозиты, теория эффективной среды, экваториальный эффект Керра, оксид ко-

бальта, размерные эффекты
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INTRODUCTION

Achievements in magneto-optics are being actively 
applied today in the modern electronic industry. 
Magneto-optics is a branch of physics which studies the 
phenomena resulting from interactions of electromagnetic 
radiation (of the optical range in the infrared (IR), visible, 
and near-ultraviolet regions of the spectrum) with 
magnetized matter. The transverse Kerr effect (TKE) 
described in Fig. 1 is one of the magneto-optical effects.

TKE is actively used in studying nanostructures, 
magnetic reading, and recording data from magnetic 
disks. Current trends in the development of information 
storage devices are driving the search for new 
materials in the field of magnetic granular alloys and 
nanocomposites.
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Fig. 1. Kerr effect in polar (a), meridional (b),  

and equatorial (c) geometries. 
k is wave vector; 


j  is magnetization

Thus research into the properties of promising 
nanostructures represent an important research task. 
This is particularly relevant to the possibility of 
significantly enhancing important practical effects such as 
magnetoresistance, quantum Hall effects, magnetorefractive 
effect, and many others [1–3]. Co–CoO-based nanocomposite 
is an interesting example of a nanostructure, while modeling 
the observed optical and magneto-optical effects enables 
various characteristic parameters of the investigated samples 
to be assessed in a non-contact manner [4–7].

The experiment described in [8, 9] established the 
spectral dependencies of the TKE parameter (δ) in the 
equatorial geometry of Cox(CoO)1−x nanocomposite at 
different values of the cobalt volume fraction X (Fig. 2).

 MATHEMATICAL MODEL  

AND CALCULATION METHODOLOGY

The phenomenological theory of magneto-optical 
effects requires Maxwell’s equations to be resolved with 
allowance for the dielectric permittivity in matrix (tensor) 
form; ε̂  is the dielectric permittivity tensor (DPT):

 
0

ˆ 0 .
0 0

i

i

ε γ 
 ε = − γ ε 
 ε 

 (1)

The magnetic induction vector is directed along the 
z-axis while the ε and γ components of DPT have the 
following form:

 1 2

1 2

,
,

i

i

γ = γ − γ

ε = ε − ε
 (2)

wherein ε and γ are complex quantities. In this case, 
ε1 and γ1 are the real part of diagonal and nondiagonal 
DTP components, while ε2 and γ2 are the imaginary part 
of DTP components, respectively.

Any magneto-optical effect can be unambiguously 
expressed through DTP components. Magneto-optical 
effects enable the contribution of left and right spin subzones 
to be separated, whereas studying frequency dependencies  
of imaginary parts of diagonal and nondiagonal DTP 
components provides comprehensive information on the 
zone structure of the investigated medium.

Furthermore, magneto-optical effects allow the 
domain structure to be visualized. It is thus one of the 
most important tools in studying magnetic nano- and 
micro-objects, including the working zone of magnetic 
heads and domain boundaries [1–6].

The global advantage of magneto-optical Kerr 
spectroscopy is the ability to determine non-diagonal 
components of tensors using TKE, and, in practical terms, 
to “screen out” noise and interference in the experimental 
setup. At the same time, the Kerr effect parameter δ can be 
measured experimentally on the p-component only. This 
is due to the fact that the δs-effect on the s-component in 
metallic ferromagnets is 2–3 times smaller than δ [9]:

 1 2 2 2
2sin 2( ) ,A B
A B

ϕ
δ = γ + γ +

+
 (3)

wherein 2 2 2 2
2 1 2 1 1(2 cos 1), cos ( 1) 1,A B= ε ε ϕ − = ϕ ε − ε + + ε −

2 2 2 2
2 1 2 1 1(2 cos 1), cos ( 1) 1,= ε ε ϕ − = ϕ ε − ε + + ε −  φ is the light incidence angle.
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Fig. 2. Experimental TKE spectra of Cox(CoO)1−x 

nanocomposite. E is the electromagnetic wave energy [8, 9]
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The effective medium theory is optimal in 
describing spectral dependencies of nanostructures and 
nanocomposites in particular [10]. In the IR spectral 
region, the significant influence of the quasi-classical size 
effect due to intraband transitions should be taken into 
account when using this theory [11]. The size effects are 
accounted for by varying the form factors of particles L 
and by adding the ferromagnetic component of the 
nanocomposite to the diagonal and nondiagonal DTP 
components, due to the electron scattering on granule 
surfaces. Finally, when allowing for the contribution of 
dimensional effects to the permittivity tensor, according 
to the Drude–Lorentz model, DTP components are 
represented in the following form [11]:

2 2
p p

mod Co
bulk part

bulk 2 gr 2
partbulk

mod Co 2 2
bulk part

,
( / ) ( / )

4 / 4 /
,

( / ) ( / )
xy xy

i i

i i

ω ω
ε = ε + −

ω ω + τ ω ω + τ

πσ τ πσ τ
γ = γ − +

ω ω + τ ω ω + τ

 (4)

wherein εCo and γCo are the diagonal and non-diagonal DTP 
components of the ferromagnet (cobalt in this case); ω is the 
frequency of the incident electromagnetic wave; ωp is the 
plasma frequency; τbulk and τpart are the average electron 
path times in bulk samples and granules, respectively; 

bulk 2
s bulk bulk4 / ;xy M Rσ = π ρ  gr 2

s gr gr4 / ;xy M Rσ = π ρ  Ms is 
the saturation magnetization of the ferromagnet; Rgr and 
Rbulk are coefficients of the anomalous Hall effect (AHE) for 
granules and bulk sample, respectively; ρbulk is the bulk 
sample resistivity; and ρgr is the granule resistivity. The size 
effect is evident both in the AHE parameter and in the 
resistivity, as follows:

 gr bulk
0 0

0.2 1 ,l l
R R R

r r

 
= + +  

 
 (5)

 gr bulk
0

1 ,l

r

 
ρ = ρ +  

 
 (6)

wherein R is the AHE parameter value of the granule 
surface material, r0 is the nanocomposite particle size, 
and l is the free path length.

Further expressions (4), (5) are substituted into effective 
medium formulas (e.g., see [6]) and finally into (3).

MODELING RESULTS

The values of the TKE parameter are obtained 
using formulas (1)–(3) within the framework of the 
Bruggeman approximation [12] as a promising effective 
medium method. Differences in the form of particles L 
(form factor) are allowed for while ignoring the size 

effect. They are compared with the experimental data 
obtained by the research laboratory at the Department of 
Magnetism, Faculty of Physics, Lomonosov Moscow 
State University [12] (Fig. 3). The nanocomposite with the 
cobalt volume fraction X = 0.66 is chosen as a comparative 
sample.

It can be seen in Fig. 3 that the best agreement is 
observed at L = 0.3. For more precise TKE description, 
we consider the influence of the quasiclassical size 
effect (formulas (4) and (5)) (Fig. 4).
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Fig. 3. Model TKE spectra of the Cox(CoO)1−x 

nanocomposite ignoring the size effect at different values 

of the particle form factor
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Fig. 4. Model TKE spectra of the Cox(CoO)1−x 

nanocomposite ignoring and considering the size effect 

at different values of AHE parameter R

Figure 4 shows that considering the quasiclassical 
size effect allows the TKE change in the near-IR region 
of the spectrum to be described in a better way. The best 
coincidence of the model and experimental curves is 
observed at R = 1. The average size of the CoxCoO1−x 
nanocomposite granules is found to be r0 = 2.5 nm. These 
results are useful in creating new types of devices, as well 
as elements of electronics and nanoelectronics [13–15].
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CONCLUSIONS

As a result of the study, TKE model spectra in 
the Cox(CoO)1−x nanocomposite were obtained and 
compared with experimental data.

The study also showed the significance of 
considering the contribution of the particle form factor, 
as well as the quasi-classical size effect on the TKE 
spectral dependencies. By means of computer modeling, 
the optimal parameters of the sample investigated, such 
as form-factor, average granule size, and AEC coefficient 
were established.

Thus, the above approach enables the magneto-
optical properties of promising nanomaterials to be 
studied in a noncontact and nondestructive manner.
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Abstract
Objectives. Photoresistors based on a solid solution of mercury–cadmium–tellurium (MCT) have been used 

in infrared (IR) technology for over 60 years. They can have a sensitivity range in the wavelength region from 1 μm 

to 15 μm, depending on Hg1−xCdxTe composition. The resistance of photosensitive MCT elements is (depending 

on their area) tens of Ohms, and for such a resistor the thermodynamically expected Nyquist noise is less than 

1 nV Hz .  Modern semiconductor technologies ensure a high level of quality of both photodetectors and input 

stages of integrated circuits for amplifying the signal from them. The aim of this work is to study the noise properties 

of the electronic unit developed for joint operation with a liquid nitrogen cooled MCT-photodetector.

Methods. An analog input-output digital signal processor card P25M (Innovative, Inc., USA) was used to measure and 

accumulate the noise spectra of the signal in the frequency range 0–1 MHz. The card has four 16-bit ADCs of sampling 

rate up to 25MSpS, a Spartan-3 field-programmable gate array controlling them, a TMS320C6713 processor, 

and RAM, in order to transmit the collected digital data to the motherboard through a common PCI-X slot. The 

spectra of the received data were calculated using the fast Fourier transform algorithm with subsequent averaging 

of the square of the amplitude for all spectral components.

Results. The noise properties of comparatively modern integrated circuits currently used for this task were 

considered. The noise density spectra of the first stage (ADA4898-2), the second stage (AD8034), and bias current 

sources (AD8397 and LT3009) were measured. It was found that the spectral density of the input noise of the 

operational amplifier ADA4898-2 is comparable to the Nyquist (thermodynamically expected) noise of a 20–100-Ohm 

resistor corresponding to the resistance of the photosensitive element. This means that the selected operational 

amplifier is ideal for resolving the technical problem discussed herein. Meanwhile, it was also established that the 

noise spectrum of the LT3009, ADR510 voltage and current stabilizer integrated circuits contains a noticeable drift 

component with a spectral density of “pink noise” 1/f α (f – frequency, α ≈ 1).

Conclusions. It was shown that the spectral noise density of the electronic components, reduced to the input of the 

device, is several times lower than the noise density of the photodetector used.

Keywords: IR-photodetector, MCT-photodetector, low-noise electronics, input stages, analog electronics

https://doi.org/10.32362/2500-316X-2025-13-1-122-135
https://elibrary.ru/OABDBH
mailto:kaza@itep.ru


123

Russian Technological Journal. 2025;13(1):122–135

Dmitry V. Kazantsev,  

Elena A. Kazantseva

Noise properties of preamplifier  

to be used with LN2-cooled HgCdTe photodetector

• Submitted: 19.02.2024 • Revised: 09.09.2024 • Accepted: 28.11.2024

For citation: Kazantsev D.V., Kazantseva E.A. Noise properties of preamplifier to be used with LN2-cooled 

HgCdTe photodetector.  Russian Technological Journal. 2025;13(1):122−135. https://doi.org/10.32362/2500-

316X-2025-13-1-122-135, https://elibrary.ru/OABDBH

Financial disclosure: The authors have no financial or proprietary interest in any material or method mentioned.

The authors declare no conflicts of interest.

НАУЧНАЯ СТАТЬЯ

Шумовые свойства предварительного усилителя  
для инфракрасного фотоприемника  

на основе HgCdTe

Д.В. Казанцев 1, 2, @,  
Е.А. Казанцева 3
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Резюме 
Цели. Фоторезисторы на основе твердого раствора кадмий-ртуть-теллур (КРТ) применяются в инфракрас-

ной (ИК) технике более 60 лет и в зависимости от композиции Hg1−xCdxTe имеют диапазон чувствительности 

в области длин волн от 1 до 15 мкм. Сопротивление светочувствительных КРТ-элементов составляет (в зави-

симости от площади) десятки Ом, и термодинамически ожидаемый шум Найквиста составляет менее 

1 нВ Гц  для такого резистора. Современные полупроводниковые технологии обеспечивают высокое каче-

ство как фотоприемных устройств, так и входных каскадов микросхем для усиления сигнала с них. Целью 

работы является исследование шумовых свойств разработанного электронного блока, предназначенного 

для совместной работы с КРТ-фотоприемником, охлаждаемым жидким азотом.

Методы. Для измерения и накопления шумовых спектров сигнала в диапазоне частот 0–1 МГц использова-

на микропроцессорная плата аналогового ввода-вывода P25M производства Innovative, Inc. (США). Плата, 

на которой имеются четыре 16-битовых аналого-цифровых преобразователя с частотой до 25 МГц, управля-

ющая ими программируемая логическая интегральная схема Spartan-3, процессор TMS320C6713 и опера-

тивная память, передает собранные цифровые данные в материнскую плату через общий для них слот PCI-X. 

Спектры принятых данных вычислялись с помощью алгоритма быстрого преобразования Фурье с последую-

щим усреднением квадрата амплитуды для всех спектральных составляющих.

Результаты. Измерены спектры плотности шума первого каскада (ADA4898-2), второго каскада (AD8034) 

и источников тока смещения (AD8397 и LT3009). Обнаружено, что спектральная плотность шумов входа опе-

рационного усилителя ADA4898-2 сравнима с найквистовым (термодинамически ожидаемым) шумом ре-

зистора 20–100 Ом, соответствующего сопротивлению светочувствительного элемента. Это означает, что 

выбранный операционный усилитель идеально подходит для решения обсуждаемой технической задачи. 

Обнаружено также, что спектр шумов микросхем стабилизаторов напряжения и тока LT3009, ADR510 содер-

жит заметную дрейфовую составляющую со спектральной плотностью вида 1/f α (f – частота, α ≈ 1). 

Выводы. Показано, что спектральная плотность шумов электронных компонентов, приведенная ко входу 

устройства, в несколько раз ниже плотности шумов использованного фотоприемника. 

Ключевые слова: ИК-фотоприемник, КРТ-приемник, малошумящая аппаратура, входные каскады, анало-

говая электроника
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INTRODUCTION

The aim of this paper is to investigate noise properties 
of an electronic unit designed and manufactured with the 
intent for joint operation with a liquid nitrogen (LN2) 
cooled infrared (IR) photodetector based on mercury–
cadmium–tellurium (MCT) solid solution, as well as 
noise properties of such photodetector on the whole.

Hg1−xCdxTe-based photodetectors [1–5] are widely 
used for receiving optical signals in the mid-IR range. 
The bandgap in this semiconductor depends on the 
cadmium fraction [6]. The first study [7] stated a bandgap 
to be 95 mV (13 μm), although it could be less, depending 
on the proportions of cadmium and tellurium in the 
crystal. Optical measurements of the absorption band 
edge [8, 9] along with magnetoresistance 
measurements [10, 11] determine that with increasing 
cadmium fraction x  in the Hg1−xCdxTe solid solution, 
the curve of the bandgap dependence crosses zero. This 
is due to the valence zone and conduction zone swapping 
their positions in the energy diagram.

Industry is currently pursuing the development of 
IR photodetectors based on new principles. Success 
has been achieved in the formation of heterostructures 
of wide-bandgap semiconductors in which the small 
energy of the working optical transition corresponding 
to the value of the received light quantum is determined 
by the difference in the subband position of neighboring 
layers [12, 13]. Success has been reported in the use 
of graphene [14] and superconducting [15] structures 
to receive long-wavelength (low-energy) light quanta. 
Nevertheless, photoresistive IR detectors (especially 
for using in single-channel photodetectors) are still in 
demand due to their simplicity, manufacturability, and 
decades of proven functionality.

Although the theoretical detectivity D* of an ideal 
photodiode should be two times greater than that of the 
ideal photoresistor [16], photodetectors with photoresistive 
detection of the IR light falling on them are much 
more widespread. The occupation of energy levels in 
a semiconductor obeys the Fermi distribution, as follows:

 
F0

k

1( ) ( ) ,

e 1
E E

T

N E N E
−

=

+

 (1)

wherein E stands for the electron level energy; N(E) 
is the number of actually populated states with such 
energy; N0(E) is the number of states with energy E 
that are suitable in principle as wave functions in 
a semiconductor crystal; and EF is the Fermi level 
position in the distribution. The scale blurring the 
population step corresponds to temperature potential φT:

 
k
.T

T

e−
ϕ =  (2)

Here, T is the temperature in Kelvins, k is Boltzmann 
constant, and e−  is the electron charge. This temperature 
potential is 26 mV at room temperature (20℃). This 
means that the number of thermodynamically excited 
electrons and holes at room temperature would be 

approximately 
50 mV

226 mVe 2.71 0.13
− −= =  of the total 

number of states (approximately 23 310 pcs/cm ), and the 
contribution of optically excited electron–hole pairs 
would be negligible compared to that. To reduce such 
a thermal generation of the electron-hole pairs, narrow-
bandgap semiconductor photodetectors should be 
cooled. Satisfactory results are obtained at the liquid 
nitrogen temperature T = 77 K; the argument of the 
exponent then increases 300 K / 77 K = 3.89 times while 
the exponent itself increases 1795 times.

Light

Contact pads 

(Au)

Lead  

conductors

Active  

area

Substrate CdHgTe layer

Fig. 1. Hg1−xCdxTe-based photodetectors photodetector 

placed on a substrate1 

1 The idea for the composition of a drawing is taken from 
the booklet “Mercury Cadmium Telluride Detectors.” Teledyne 
Judson Technologies. http://www.judsontechnologies.com/
mercadm_pc.html. Accessed January 31, 2022. 
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When Hg1−xCdxTe is used in the photoconductive 
mode, the current is applied to the semiconductor 
crystal from the sides (Fig. 1). The semiconductor 
material is deposited on a non-conductive substrate. 
The active photosensitive area is located between 
conductive (e.g., gold) contacts sputtered on the surface 
of the semiconductor layer and its size is typically 
50–1000 µm. The object of measurement is the voltage 
drop across such a photoresistor. It is natural to expect 
that the variations of the bias current ΔIbias multiplied by 
resistance Rdet of the photoresistor (see Fig. 2) turn into 
voltage variations ΔUdet = ΔIbiasRdet at the output of the 
circuit.

A circuit in which a certain voltage is applied to 
the photoresistor (Fig. 2a) and in which the object of 
measurement is the resulting photoconductive current, 
is practically not used. In many cases the semiconductor 
photosensitive strip is placed in a nitrogen cryostat 
on a cold finger with one end of this strip grounded, 
in such a way that this scheme is not applicable from 
the engineering point of view. The connection scheme 
(Fig. 2b) in which a stabilized current is applied to the 
MCT-photoresistor and the object of measurement is 
the resulting voltage at the ends of the photosensitive 
strip is quite feasible. It provides a high linearity of 
response. However, supplying a well stabilized current 
is quite complex from the engineering point of view and 
requires some additional radio components. The most 
commonly used application circuit is shown in Fig. 2c, 
where the bias current source for the photoresistor is 
a fairly large resistor connected to a stable voltage 
source at the other end. At the midpoint of the voltage 
divider formed by photoresistor Rdet and resistor Rbias, 
a voltage is formed which depends on photoresistor 
illumination.

Vstab

Rdet

Rdet Rdet

OUT

OUT OUT

A

(а) (b) (c)

(+V)

I

+1…3V

Rbias
3…5R

Fig. 2. Current-measuring photoresistor connection 

circuit (a), bias supply circuit from current generator (b), 

and conventional connection circuit2  

of the Hg1−xCdxTe-based photoresistor (c)

2 PB212. J15D Series. Operating Instructions. Teledyne 
Judson Technologies. https://www.teledynejudson.com/prods/
Documents/PB212.pdf. Accessed January 31, 2022.

These methods of obtaining an electrical signal 
(response to optical radiation) have been available for 
more than 60 years. A number of studies have been 
devoted to investigating the noise of the photodetector 
itself. In particular, it was stated that the component of 
the 1/f α type (f is frequency, α ≈ 1) is noticeable in the 
noise spectrum [17].

Noises with a spectral density of the 1/f α type must 
also be considered. As a radiophysical phenomenon, 
this noise was apparently first discovered by 
Johnson [18] when studying the noise spectrum of 
a tube triode. Schottky named it ‘flicker noise’ providing 
the radiophysical explanation [19] that the emissivity of 
different parts of a glowing cathode undergoes constant 
chaotic changes, which then persist for a long time. 
However, it was discovered during the 20th century that 
a huge number of processes, such as the coordinate of 
a particle in Brownian motion [20], heartbeat parameters, 
the radio broadcast signal of music or news [21], the 
annual flow of the Nile, the sea level, etc., have a noise 
spectrum of the 1/f α type. Many reviews [22, 23] and 
textbooks [24], have been written on this subject. 
Radiophysicists [25] also still address this topic. In all 
cases, the dependence of spectral-noise density 2

NU  
on frequency is of the 2

N 1U f α -type, where the 
index of power α ∼ 0.5 … 1.5 is approximately 1.

Meanwhile, the quality of photosensitive 
semiconductors, as well as technological capabilities of 
the electronic components used, have been growing over 
recent years. The noise level (depending on the value 
of the band gap in the MCT crystal used) has already 
approached the fundamental limit set in statistical 
physics by the Nyquist formula:

 
2
N det4kU TR f= ∆ (in the frequency band Δf), (3)

based on the value of the ohmic resistance of the 
photoresistor. Substituting the values of Boltzmann 
constant, k = 1.38 ∙ 10−23 J/K, resistance, Rdet = 50 Ohm, 
and temperature, T = 77 K, spectral-noise density 
0.46 nV Hz  is expected. The noise level of modern 
operational amplifiers (OpAmps) is of the same order of 
magnitude as that of a 50-Ohm resistor. For example, 
0.9 nV Hz  for the ADA4898-2 chip3.

The time constant for J15Dxx photodetectors 
manufactured by Teledyne Judson Technologies (USA) 
ranges from 0.1 to 0.5 µs, depending on the area and size 
of the photosensitive element. It is reasonable to assume 
a gain bandwidth of 5–10 MHz from the preamplifier, 
in order to fully utilize frequency capabilities of the 

3 https://www.analog.com/ADA4898-2/datasheet. Accessed 
January 31, 2022.

https://www.teledynejudson.com/prods/Documents/PB212.pdf
https://www.teledynejudson.com/prods/Documents/PB212.pdf
https://www.analog.com/ADA4898-2/datasheet


126

Russian Technological Journal. 2025;13(1):122–135

Dmitry V. Kazantsev,  

Elena A. Kazantseva

Noise properties of preamplifier  

to be used with LN2-cooled HgCdTe photodetector

photoresistor. This requires searching for models 
with a unit gain frequency (G = 1) fG = 1 greater than 
50 MHz in the OpAmp list. Modern manufacturers 
have such models. For example, the lowest noise 
model ADA4898-2 from the spreadsheet offered to 
developers by Analog Devices4 has a cutoff frequency 
of fG = 1 = 65 MHz.

METHODS

Connection circuit for photodetector 

and amplifying electronics

In this paper, the J15D12-M204-100u 
MCT-photodetector (Teledyne Judson Technologies) 
mounted in a liquid nitrogen-filled M204 Dewar 
vessel is used as a photodetector. This photodetector is 
mainly designed for CO2-laser operation and is used to 
detect the weak optical wave scattered by the probing 
tip in the ASNOM scanning microscope [26–28] 
manufactured by NT-MDT-SI (Zelenograd, Russia). 
The electrical signal is fed from the photodetector to 
the input of an electronic circuit (Fig. 3), described 
in basic terms in [29]. The first stage is implemented 
on a low-noise ADA4898-2 OpAmp. Feedback 
resistors set a gain of 40 to the stage. The second stage 
is mounted on the board in two versions: based on 
DA3A OpAmp with a gain of 50 (approximately equal 
values allow achieving the width of the flat amplitude-
frequency response (AFR) of two consecutive stages 
with unity gain frequency fG = 1 = 65 MHz of each 
stage OpAmp), and based on DA3B OpAmp with 
a gain of 5 which can be sometimes used for a large 
value of the optical signal. The bias current required 
for the photoresistor operation (see Fig. 2c) is supplied 
through resistor Rbias from the output of the regulated 
voltage source DA1.

The board also provides another source of a stabilized 
current for measuring the temperature of a cold finger 
in a cryostat carrying a photoresistor. A semiconductor 
diode is installed on the cold finger in the Dewar vessel 
next to the photoresistor, and the voltage drop across it is 
determined by the Shockley formula [30]:

D D
D D 0 0( ) exp 1 exp .

k k
U e U e

I U I I
T T

− −    
= − ≈            

Thus, the voltage across diode UD at the given 
current ID is proportional to the temperature. The 
measurement (by the voltage drop across resistor R39) 
and stabilization of the bias current is carried out using 
the DA4B OpAmp, while the “ideal” voltage for it is 

4 https://www.analog.com. Accessed January 31, 2022.

formed by the DA5 ADR510 “Zener diode” (integrated 
circuit5).6

In order to measure the bias current supplied to the 
photoresistor when setting the electronics, the board 
provides sockets into which resistor Rmeas can be inserted 
instead of the cable disconnected from the photodetector 
at that time.

The analog input measuring  

microprocessor board

In order to record the noise spectra of the photodetector 
and signal preamplifier, an analog I/O microprocessor 
board P25M manufactured by Innovative, Inc., USA, is 
used [31]. The board contains 4 channels of analog-to-digital 
converter (ADC), 4 channels of digital-to-analog converter 
(16 bits, digitization frequency of both is up to 25 MHz), 
Spartan-3 field-programmable gate array integrated circuit 
(FPGA) controlling them, a TMS320C6713 processor, 
and RAM. The FPGA logic provides a very precise 
setting of the input voltage digitization frequency (digital 
frequency divider followed by phase lock loop circuitry 
for a precise sampling frequency setting and control for 
an ADC). Before starting the measurement, the ADC 
sampling frequency, the length of the ADC sampling 
frame, acquisition frame triggering mode, and some other 
parameters should be loaded into the FPGA logic. After 
the frame acquisition is started, no additional intervention 
from the TMS320C6713 processor of the P25M board 
is required. Several thousand ADC sampling values as 
an array of 16-bit integers are first received in a direct 
memory access mode into a RAM of P25M board in 
its address space. After data array is received by P25M 
board from its FPGA logic driving ADC, the board’s CPU 
transfers this data through a common PCI-X slot to the 
motherboard of a Windows-based computer. Such way of 
an ADC operation ensures that all ADC sampling events 
are perfectly spaced on the time scale. In this respect, the 
input signal spectrum calculated from such data can be 
considered as reliable.

Processing the spectrum  

data thus obtained

The ADC data frame received from the measurement 
board is processed in a computer using C++ language. 
The basis for the spectrum calculation is the Fast Fourier 
Transform algorithm [32, 33]. The direct Fourier 
transform is calculated from the data array received from 
the I/O board. The data is converted from the original 
short (int16) format into the floating-point double format, 
where these actual values correspond to the input voltage 

5 https://www.analog.com/ADR510/datasheet. Accessed 
January 31, 2022.

https://www.analog.com
https://www.analog.com/ADR510/datasheet
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Fig. 3. Circuit diagram of the preamplifier board intended for joint operation with HgCdTe photodetector operating  

in the mid-infrared range. Designations are partially given in accordance with GOST 2.710-816

6 GOST 2.710-81. Interstate standard. Unified system for design documentation. Alpha-numerical designations in electrical diagrams. Moscow: Standardinform; 2008 (in Russ.).
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in volts. The ADC sampling frequency and the duration 
of the data frame are known to the program. They are 
stored into the class data fields, whereas the calculations 
on the ‘time axis’ are performed in dimensionless form. 
This ensures the accuracy of transformations, after 
verifying for different lengths of the data array that the 
amplitudes of spectral components remain unchanged, 
that Parseval’s theorem is always fulfilled (the sum of 
squares of harmonics “on the frequency scale” must 
be equal to the sum of squares of samples “on the time 
scale”), and that the magnitude of spectral components is 
independent of the sampling frequency. Additionally, in 
order to meet these requirements, the obtained harmonic 
values should be normalized by the square root of the 
data array working length.

After the spectral components have been calculated, 
the square of their complex magnitude is averaged. The 
mean value of the amplitude of any harmonic (probably, 
except zero) tends to zero when averaging a chaotic 
signal, while the mean square naturally tends to the mean 
noise level in this spectrum region. The invariability 
of the limit to which the mean squares of spectral 
component amplitudes tend with increasing number 
of acquisition attempts to average the spectra, as well 
as the independence of the result from the number of 
partition points and from the ADC response frequency, 
are convincing proof that the method for accumulating 
and averaging data has been chosen correctly.

At the user’s command, the accumulated data 
displayed on the virtual display during measurement 
can be exported to hard disk drive as ASCII-text. In this 
spreadsheet, the first column contains the number of the 
spectral point, the second column contains the frequency 
of the spectral component, and the third column contains 
its RMS amplitude. When exported, the data is normalized 
by the square root of the spectrum width taken from the 
known sampling frequency of the acquired data.

RESULTS

ADC input noise spectrum

Before measuring the parameters of the amplifier 
considered herein, it is necessary to ensure that the 
P25M analog I/O board as a measuring device introduces 
little noise and distortion into the measured signal itself. 
The noise spectra obtained from an empty (unconnected) 
ADC input are shown in Fig. 4. According to the figure, 
the spectral density of the noise introduced by the 
measuring device does not depend on the frequency. The 
level of spectral density of the input noise of the 
measurement board (about 1.4nV Hz)  matches the 
predictions of expression (3) quite well at its input 
impedance of 50 Ohm.  It should be noted that the 
preamplifier at the ADC input allows software gain 

setting (variants {GND, ±200 mV, ±1 V, ±2.5 V} for 
acceptable signal ranges) before starting measurements. 
The noise level at wide input signal range (the range of 
measured input signal values is ±2.5 V), i.e., at moderate 
gain to the ADC input, is noticeably higher (Fig. 4) than 
the noise in the high gain mode at the measuring board 
input (the input signal range is ±200 mV). 

Noise spectrum of P25M ADC input
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Fig. 4. Noise spectra recorded from the unconnected 

ADC0 input of the measuring ADC, obtained at different 

scales of its input scale

The dependencies of the spectral-noise density on 
frequency recorded for the output signal of the 
investigated board are shown in Fig. 5. The spectral 
density curves are recalculated to the circuit input by 
dividing by gain, GOUT × 1 = 200, for the data obtained 
from the output of the low gain channel, OUT × 1, and 
by gain, GOUT × 10 = 2000, for the data obtained from the 
output of the high gain channel, OUT × 10. The 
magnitude of the spectral-noise density is also some 
nV Hz  for this case. The role of the second stage is 
noticeably reduced at high gain of GOUT × 10 = 2000. The 
spectral-noise density curve for the noise introduced by 
the measurement board (Fig. 4) is placed next to the 
noise curves of the preamplifier board shown in Fig. 5. 
For visual compatibility of the curves in a single figure, 
this data (Fig. 4) is divided by gain, GOUT × 1 = 200, 
corresponding to the lower of the two possible values 
used to convert the noise density measured at the output 
to the input of the considered amplifier. Fig. 5 clearly 
shows that, taking into account the high gain of the 
investigated circuit, the role of noise of the input stages 
of the P25M measuring board is negligible, even if the 
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measured root mean square (RMS) value of the noise 
signal at the unconnected ADC input is divided by 
a relatively small number of GOUT × 1 = 200.

ADC0 input scale 200 mV
Rmeas = 110 Ohm 
No bias current
Signals normalized to DA2A input

ADC0 input of the P25M board
Output ×1
Output ×10
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Fig. 5. Spectral-noise density curves recorded from the 

board output ×1 (total gain 200), output ×10 (total gain 

2000), and unconnected ADC0 input of the measuring 

ADC

Dependence of input noise  

on the input resistor value 

In order to check whether the recorded spectra of the 
amplifier input noise are a physical phenomenon or an 
artefact of the software algorithm, the dependence of the 
spectral-noise density reduced to the input on resistance 
value Rmeas of resistor connecting the input to the board 
ground is measured (Fig. 6).

The spectral density of the signal collected using 
ADC is divided by the gain of two stages: 
GOUT × 10 = 40 × 50 = 2000, for the gain channel with 

output to connector OUT × 10. In general, the noise 
level scale of (0.8...5) nV Hz  is consistent with the 
value given in the ADA4898-2 datasheet7 (0.9nV Hz).  
The graph shows that the spectral-noise density is far 
from the imaginary ideal. There are many sharp lines in 
the laboratory ether spectrum corresponding, apparently, 
to the operation of numerous switching power supplies. 
In addition, the noise spectral density is not a flat curve 
on average, since the noise level is somewhat higher at 
low frequencies. This is most likely due to chaotic shifts 
of the average bias level of the input radio components 
(flicker noise) with its characteristic spectrum of 1/f α.

Nevertheless, the measured noise level corresponds 
well to the dependence of the noise density on the signal 
source resistance (resistor Rmeas) as expected from the 
Nyquist formula (3), shown in Fig. 6b. The recorded 
noise density at frequencies above 700–1000 kHz is even 
slightly lower for resistors with resistance greater than 
1 kOhm compared to predictions of statistical physics. 
However, this noise density is obtained by dividing 
the output signal by the gain of two consecutive stages 
(by 2000), whereas the amplifier’s AFC starts decreasing 
at 800–1000 kHz. The gain of each stage is set by 
feedback resistors is about 50. For OpAmps with a unity 
gain frequency of fT ≈ 50−60 MHz used in the paper, 
this value is quite a challenge in the frequency range of 
1 MHz or higher. This means that the graphs for the noise 
density below the Nyquist level shown in Fig. 6 are just 
an illusion in the frequency region of 1500 kHz.

7 https://www.analog.com/ADA4898-2/datasheet. Accessed 
January 31, 2022.
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Fig. 6. (a) Spectral-noise density measured at a sampling frequency of 4 MHz when the input is connected to ground 

through resistor Rmeas = 10 Ohm; (b) dependence of noise density in “quiet” areas on the resistor resistance Rmeas.  

For comparison, the curve is plotted using the Nyquist formula

https://www.analog.com/ADA4898-2/datasheet
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Input noise level when operating  

from the bias resistor 

Figure 7 shows the noise signal spectrum 
measured when bias current is applied through resistor 
Rbias = 820 Ohm from the adjustable reference voltage 
source DA1 LT3009. As a load for the bias current, 
resistor Rbias = 110 Ohm (component designations are 
given in Fig. 3) is used instead of a photodetector. At 
such connection, the 1/f α-type noise introduced by the 
LT3009 bias voltage generator, Vbias, starts dominating 
in the spectrum at frequencies up to 200 kHz.
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Current Ibias = 2.8/820 = 3.37 mA

Fig. 7. Noise spectra recorded when bias current is 

applied through resistor Rbias = 820 Ohm from stabilized 

voltage Vbias = 2.8 V

It is not surprising that the noise level with 
a spectrum of the 1/f α type in the voltage stabilized by 
the LT3009 chip is noticeably higher when compared 
to the white Nyquist noise of the input resistor Rmeas 
and the first stage of the selected (in terms of noise) 
ADA4898-2 OpAmp model. The datasheet8 for the 
LT3009 regulated stabilizer chip states that the typical 
RMS output noise voltage for this model is 150 µV at 
filter capacitance of C3 = 1.0 μF. Integrating the noise 
level observed in the experiment within the 0–200 kHz 
range gives approximately this value. The capacitance of 
the filter capacitor insignificantly assists the stage output 
voltage to be stabilized at desired low frequencies.

8 https://www.analog.com/media/en/technical-documenta-
tion/data-sheets/3009fd.pdf. Accessed January 31, 2022.

Input noise level when operating  

from the stabilized current source

The presence of a significant component of the 1/f α 
type in the signal spectrum when using a bias resistor 
operating from the LT3009 voltage stabilizer prompts 
the bias current to be supplied from a stable current 
generator (Fig. 8). The design of the printed circuit board 
provides this possibility, namely, sockets for installing 
resistor R44. In such a connection, stabilization of 
the current flowing through the MCT-photoresistor is 
carried out by the DA4B chip (Fig. 3), which compares 
the voltage drop on the current measuring resistor R39 
with the voltage on the DA5 “Zener diode” (ADR510 
chip). For this measurement, the R39 value is reduced 
to 620 Ohms.

The noise spectra of the input signal collected 
with this electronic circuitry configuration (Fig. 8) 
show that this method of supplying bias current to the 
photosensitive element of the photodetector provides no 
gain in the RMS noise level of the hardware recalculated 
to the input of the device.

Input scale, 200 mV

R39 = 620 Оhm, R44 = 110 Оhm

Current flows from VT1

 ADC0 input of the P25M board

 Output  ×1
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Voltage drop of 178 mV  

across Rmeas = 110 Ohm

S
p

e
c

tr
a

l-
n

o
is

e
 d

e
n

s
it

y
, 

n
V

/H
z

1
/2

20

15

10

5

0
0 200 400 600 800 1000

Frequency, kHz

Fig. 8. Noise spectra recorded when bias current is 

applied through resistor R44

In this case, the noise is determined by noise levels 
of the AD8034 integrated circuit itself, the ADR510 
reference voltage generator, and (last but not least) 
by leakage through the VT1 gate. Expectations that 
installing the selected low-noise OpAmp as DA4B 
should ensure low noise levels are not fulfilled. The main 
contribution to the appearance of noise comes from the 
ADR510 “Zener diode” chip; the RMS-average of its 

https://www.analog.com/media/en/technical-documentation/data-sheets/3009fd.pdf
https://www.analog.com/media/en/technical-documentation/data-sheets/3009fd.pdf
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noise is 4 µV in the 0–10 Hz range against a stabilization 
voltage of 1 V.

Noise spectrum of preamplifier  

connected to photodetector

Figure 9 shows the noise spectra recorded when the 
photodetector is connected to the input of the preamplifier 
being investigated. It should be noted that in our case, the 
optical sensitivity of the photodetector should be reduced 
rather than enhanced. In the operating mode, when the 
17 mW laser beam at line v = 934.93 cm−1 is fed to the 
input of the Michelson circuit used to detect the signal 
scattered by the ASNOM probing tip, the electrical signal 
should be reduced in such a way that the output stage of 
the preamplifier and the ADC scale used cannot enter 
the voltage cut-off mode. Fig. 9 also shows the spectrum 
of the collected electrical signal over the surface of 
the crystalline sample at the amplitude of the probe 
oscillations of 70 nm being normal to the surface. When 
obtaining this data, the bias current of the MCT-sensor 
is set to 1.5 mA, instead of 2.5 mA as recommended by 
the manufacturer for achieving the maximum signal-to-
noise ratio (in this case, the photosensitive element had 
an area of 100 × 100 µm2). For this, the bias is applied to 
the MCT-sensor from the output of the regulated voltage 
source DA1 LT3009, Vbias = 2.8 V, through resistor 
Rbias = 1.8 kOhm. When measuring the noise spectrum 
of the real photocurrent (Fig. 9), a photodetector Dewar 
vessel was filled with liquid nitrogen, in order to ensure 
the operating temperature. The electrical signal is taken 
from output ×1 of the preamplifier rather than from 
output ×10, which (see Fig. 4) corresponds to slightly 
worse noise properties of the photodetector with the 
preamplifier compared to using output ×10 of the 
electronics converted to the circuit input.

According to Fig. 9 (middle curve), the intrinsic 
noise level of the photodetector recalculated to the 
preamplifier input exceeds the measured noise levels 
of the investigated circuit input by 3–5 times (for 
comparison, the lower curve in Fig. 9 contains the 
spectrum of input noise of the preamplifier for the case 
when the photodetector is replaced by the 11-Ohm 
resistor). In practical terms, this means that further 
attempts to reduce the noise level are meaningless. The 
spectrum of the optical signal collected in the ASNOM 
operating mode (amplitude of normal tip oscillations 
is 70 nm, frequency is 55 kHz, and sample is SiC) is 
presented in the upper graph (Fig. 9). As can be seen, the 
region of the increased noise of the 1/f α type introduced 
by the voltage sources used in the circuit design ends 
already by the frequency of the second (110 kHz) and 
the higher harmonics of the “tip–surface distance” 
modulation frequency (165 kHz, 220 kHz...). These 
appear to be useful for the experimenter within the 

ASNOM technique. At the same time, it can be stated 
that the noise with the 1/f α-type spectrum introduced 
by the MCT-photodetector itself considerably exceeds 
the noise level of chips used in the experiment in the 
frequency range up to 100 kHz.

CONCLUSIONS

Using low-noise ADA4898-2 OpAmps in the first 
stage of a preamplifier circuit designed for operation 
with the MCT-photodetector with an active element 
area of 100 × 100 μm2 allows a spectral-noise density 
lower than 1nV Hz  to be obtained, and recalculated 
to its input within the frequency range of 0–1 MHz. 
However, it was found that when forming the bias 
current through the resistor according to the scheme 
conventional for MCT-photodetectors, the LT3009 chip 
used as a source of the regulated reference voltage 
introduces the 1/f α-type noise, noticeable at frequencies 
up to 100 kHz. The source of the current on a MOS-
transistor9 using the ADR510 “Zener diode” as an 
“ideal” voltage and not very low-noise AD8034 as 
a current regulator also introduces the 1/f α-type noise, 
noticeable within the range up to 150–200 kHz. 
Furthermore, the measured noise spectrum of the 
photodetector itself in the operating mode (at liquid 
nitrogen temperature) has a typical amplitude of 
5nV Hz .  The operating frequencies, at which the 

9 MOS—metal-oxide semiconductor.
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measurements should be carried out in further 
experiments, are harmonics of the frequency of the 
ASNOM cantilever mechanical oscillations. For the 
FMG01/Pt cantilever model used in the paper, this 
frequency amounts to 60–80 kHz, in such a way that the 
higher harmonic frequencies start at 120 kHz. In 
practical terms, this means that the observed drift noise 

of the bias current sources is not crucial. However, the 
noise properties of the stabilized voltage sources should 
be considered seriously when designing electronic 
circuits for joint operation with MCT-photodetectors.
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Abstract
Objectives. In the confined space of heat exchangers, heat transfer rate plays a key role. The cross-sectional 

shape of the tubes can affect the heat transfer characteristics. Although circular tubes are easier and less expensive 

to manufacture, heat transfer in heat exchangers with tubes of other cross-sections can take place at higher rates, 

thus providing economic advantages. This makes the mathematical modeling of hydrodynamics and heat exchange 

in a tube apparatus relevant and interesting both from the theoretical and applied point of view. The aim of this study 

is to determine the influence of the shape of the tube cross-section on the heat transfer intensity.

Methods. Numerical investigations were carried out using smoothed particle hydrodynamics. The possibilities 

of the smoothed particle method for resolving industrial heat transfer problems were demonstrated.

Results. Heat transfer intensity was analyzed for tubes of circular and rectangular cross-sections. In cases where 

the cross sections of tubes in the heat exchanger are elongated in a given direction, the influence of the tube position 

in relation to the oncoming flow was studied. This was performed either with the long side along the flow or across it. 

The influence of tube surface protrusions on heat exchange was investigated. The flow around tubes with different 

cross-sectional shapes was also analyzed. The features of the flow around the tubes were established, and the 

velocity and temperature fields in the heat exchanger volume were defined. The values of the dimensionless heat 

flux (Nusselt number) for each case were also found.

Conclusions. The influence of finned tubes in the laminar flow regime of heated fluid through the bundle of heat 

transfer tubes is insignificant. The highest value of the heat flux was observed for tubes of rectangular cross section 

with the long side transverse to the flow, and the difference with the data obtained for standard round tubes was 

found to be more than 15%.
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НАУЧНАЯ СТАТЬЯ

Моделирование работы трубчатых теплообменников 
методом сглаженных частиц

А.Е. Коренченко @, А.В. Сухов 

МИРЭА – Российский технологический университет, Москва, 119454 Россия
@ Автор для переписки, e-mail: korenchenko@mirea.ru  

Резюме 
Цели. В работе теплообменных аппаратов ключевую роль играет скорость теплопередачи в условиях огра-

ниченного пространства. Форма сечения труб может повлиять на характеристики теплообмена. Хотя про-

изводство труб кругового сечения проще и обходится дешевле, теплообмен в аппаратах с трубами других 

поперечных сечений может происходить с большей скоростью, так, чтобы это давало экономические пре-

имущества. Поэтому проведение математического моделирования гидродинамики и теплообмена в труб-

чатом теплообменном аппарате актуально и интересно как теоретически, так и с прикладной точки зрения. 

Цель исследования – определение влияния формы сечения труб на интенсивность теплопередачи. 

Методы. Численные исследования выполнены методом гидродинамики сглаженных частиц. Продемон-

стрированы возможности метода сглаженных частиц для решения задач промышленного теплообмена.

Результаты. Анализ интенсивности теплопередачи проведен для труб круглых и прямоугольных сечений. 

В случаях, когда поперечные сечения труб в теплообменнике являются вытянутыми вдоль некоторого на-

правления, исследовано влияние расположения труб по отношению к набегающему потоку: длинной сто-

роной вдоль потока или поперек его. Исследовано влияние на теплообмен выступов на поверхности труб. 

Проведен анализ обтекания труб с различными формами поперечных сечений. Выявлены особенности обте-

кания, найдены поля скоростей и температуры в объеме теплообменника. Найдены значения безразмерного 

теплового потока (числа Нуссельта) для каждого случая. 

Выводы. Сделан вывод о малом влиянии оребрения труб при ламинарном режиме протекания нагреваемой 

жидкости через пучок труб-теплоносителей. Наибольшее значение теплового потока наблюдалось для труб 

прямоугольного сечения, расположенных длинной стороной поперек потока, причем различие с данными, 

полученными для стандартных круглых труб, составило более 15%. 

Ключевые слова: теплопередача, теплообменные аппараты, численное моделирование, гидродинамика 

сглаженных частиц, несжимаемая жидкость, периодические граничные условия
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INTRODUCTION

In the modern technological society, there is an 
extremely great need for heat exchangers. Heat exchangers 
are used at enterprises in the petrochemical, metallurgical, 
and food industries, as well as in shipbuilding and in 
housing and communal services. In particular, communal 
heating, hot water supply, and air conditioning systems 
are built on the basis of heat exchangers. The majority of 
such heat-exchange equipment involves water-water and 
steam-water tube heat exchangers. The heat exchanger 
consists of a block of tubes immersed in the fluid flow. 
A fluid or gas is passed through the tubes, wherein the 
fluid media in the tubes and flow possesses differing initial 
temperatures. The heat exchanger characteristics are of 
considerable practical interest and have therefore been 
the subject of numerous experimental and theoretical 
studies [1–5]. Methods have been developed for heat 
transfer intensification involving complicating the shape 
of heat exchanger tubes by finning the surface [6, 7], 
installing turbulators [8], and rotating the heat exchanger 
tubes [8]. In [9], the melting characteristics of gallium 
in a shell-and-tube type heat exchanger with tubes 
of circular, rectangular, or elliptical cross-section are 
numerically considered. Here, the solid-liquid transition 
rate of gallium depends on the heat transfer intensity from 
tubes. The findings show that the shortest melting time 
was achieved when using a heat exchanger with tubes of 
rectangular cross-section, while using tubes of circular 
cross-section yielded the lowest heat transfer intensity. 
In [10], the energy feasibility of using elliptical cross-
section tubes in thermal energy storage systems is shown.

However, the literature review shows that the 
possibility of increasing heat transfer by changing the 
cross-section shape of tubes with heat-transfer medium 
has not been considered sufficiently and should be 
investigated additionally.

Smoothed particles hydrodynamics (SPH) 
is a meshless Lagrangian method for resolving 
hydrodynamic and aerodynamic problems. The method 
consists of approximating the fields of physical quantities 
by a discrete system of particles [11–13]. The method 
properly describes heat transfer processes in liquid and 
gas media. It shows good performance and can be used for 
resolving heat transfer problems in industrial production.

The paper aims to model heat transfer in a tubular 
heat exchanger and to analyze the heat transfer intensity 
depending on the cross-section shape of tubes with heat-
transfer medium.

1. MATHEMATICAL MODEL 

This paper models a scheme (Fig. 1) in which 
a flow of cold water (T0 = 283 K), bounded at the top 
and bottom by flat surfaces, runs into a block of heated 

parallel tubes the temperature of which is kept equal 
(TH = 363 K). The direction of velocity in the flow is 
perpendicular to the tubes. The fluid in the flow is 
assumed to be incompressible and Newtonian. The 
gravity effect is neglected. We consider the problem 
in a two-dimensional formulation acceptable under the 
condition that the tube length is much greater than the 
distance between the bounding planes.

H

y

x

1 2

3

a→

Fig. 1. Schematic diagram of the experiment.  

Н is the heat exchanger gap; 1 is the fluid flow;  

2 is the tubes; 3 is the bounding planes

Conservation equations for the fluid in the flow are 
written as follows:

 ( ) 21 ,V
V V P V a

t

∂
+ ∇ = − ∇ + ν∇ +

∂ ρ

       
 (1)

 ( ) 0,V
t

∂ρ
+ ∇ ρ =

∂

 
 (2)

 ( ) 2 .
∂ κ

+ ∇ = ∇
∂ ρ

  T
TV T

t c
 (3)

Wherein, (1) is the momentum conservation law, 
(2) is the continuity equation and (3) is the heat balance 
equation in neglecting viscous dissipation, where P is 
pressure in the fluid; { ,  }x yV V V=


 and T are velocity 

and temperature, respectively; a
  is acceleration due to 

an external force. The thermophysical characteristics of 
the fluid (water) are denoted as follows: ρ is density, ν is 
kinematic viscosity coefficient, κ  is heat conduction 
coefficient, and c is specific heat capacity. Their values 
are given in Table 1. The following boundary conditions 
were chosen: the flat surfaces and tubes are isothermal; 
while the conditions of non-slip and impermeability for 
flow particles are fulfilled on solid walls.

Table 1. Physical and chemical properties of water

ρ 1000 kg/m3

κ 0.55 W/(m ∙ K) 

ν 10−6 m2/s

c 4200 J/(kg ∙ K) 
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2. SMOOTHED PARTICLE HYDRODYNAMICS

To calculate system (1)–(3)  the smoothed particle 
hydrodynamics (SPH) is used [11–13]. This method 
replaces the value for physical variable f(r) at a point 
in space by the sum of weighted values of this variable 
for particles located in the neighborhood. The weight is 
determined by the kernel function, as follows

 ( ) ( )
1

, .
N

j
j j

jj

m
f r f W r r h

=
≈ −

ρ∑  
 (4)

Wherein, mj, ρj are mass and density of the jth 
particle, ( , )jW r r h−

 
 is kernel function, and h is 

smoothing radius. The summation is performed on the 
particles trapped inside the sphere of radius h. The 
approximations for the gradient, divergence, and Laplace 
operator are defined as [11, 12]:
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Equations (1–3) written for the ith Lagrangian 
particle have the following form:

 

( )

( )

( )

( )

1

1

1

1

1

,

,

,

, ,

, .

i

i

i

i

N
j

j j
jj r r

N
j

j j

j

i

i

i

jj r r

N

j j
j r r

N
ji

j
jj r ri

j

d m
P W r r h

m
V W r r h

m V W r r h

m
T W r r

c
h

V

d t

a

d

d t

d T

d t

= =

= =

= =

= =


∇ −




 ∆ −



= − +
ρ




 ∇ −




∆

ρ

+ ν +
ρ

ρ
= −

κ
=

ρ
−


ρ

∑

∑

∑

∑

 

 

 

 

  


  





   



 (6)

The kernel function ( , )jW r r h−
 

 is chosen in the 
following form [14]:
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System (6) is supplemented by the equation of state 
of water [11], as follows:

 
72

0 snd

0
1 ,

7
c

P

  ρ ρ = −   ρ  
  (7)

wherein csnd = 1500 m/s is the speed of sound 
propagation in the fluid, and ρ0 is the density of the 
undisturbed medium. It is stated in [11] that equation (7) 
provides a compressibility value not exceeding real 
water compressibility of about 0.1%.

The mirror particle method proposed in [13] was 
used to provide slip and impermeability conditions at 
solid boundaries. The system of ordinary differential 
equations (6) was resolved using the Runge–Kutta 
method for the 3rd order of accuracy.

3. RESULTS AND DISCUSSION

3.1. Poiseuille flow  

between two parallel planes

In order to verify calculation accuracy, a test problem 
of viscous fluid flow through a gap between two solid 
planar surfaces was conducted. Figure 1 shows the 
schematic diagram of the experiment with correction for 
the absence of tubes in the computational domain.

At the initial moment of time, the fluid is at rest and 
fills the gap. The force field with a strength a


 starts 

affecting it at moment t = 0. The fluid and the bounding 
planes have the same temperature and are assumed to be 
isothermal. In order to model the flow, a system of 
equations (6) needs to be resolved, with the exclusion of 
the heat balance equation. In the flow direction, periodic 
boundary conditions are set [14, 15]. In two-dimensional 
formulation and in the absence of gravity, the problem 
has an analytical solution. Based on this solution, the 
dependence of fluid velocity components on distance 
y from the bottom plane is expressed by the following 
formula:

 ( ) ( )2 , 0.
2x y

a
V y Hy y V= − =

ν
 (8)

Thus, the velocity of motion in the flow is parallel 
to bounding planes and is described by the parabolic 
dependence on transverse coordinate y, with the highest 
value reached at y = H/2

 

and expressed by the following 
formula:

 ( )2
max 8 .xV aH= ν   (9)

The solution is performed for a = 0.1 m/s2, H = 2.5 mm. 
The Reynolds number Re = Vx max H/v in this case does not 
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exceed 1500 corresponding to the laminar flow regime. 
The calculation results are shown in Figs. 2 and 3. The 
velocity profiles in the gap at different moments of time 
are shown in Fig. 2. During the transient time interval 
of ~10 s, the velocity distribution is established in the 
gap which differs from the analytical solution (8) by less 
than 0.1%. The dependence of the highest velocity in 
the flow on the gap width is shown in Fig. 3. This figure 
shows that the numerical and analytical results are close 
to each other, thus demonstrating SPH capabilities for 
solving hydrodynamics problems.

Numerical calculation

Formula (8)
0.05

0.04

0.03 

0.02

0.01

0
 1 2   y, mm

Vx, m/s

10 s

8 s

6 s

4 s

2 s

Fig. 2. Calculation results for the velocity in the exit 

section of the gap at different moments of time and 

analytical calculation of the steady-state velocity profile: 

H = 2 mm, a = 0.1 m/s2

Numerical calculation

Formula (9)

Vx max, m/s

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0
0 1 2 3 4 5 H, mm

Fig. 3. Numerical and analytical dependencies  

of the highest velocity in the gap on the gap width

3.2. Heating water in a tube heat exchanger

Figure 1 shows a schematic representation of 
a cross-flow heat exchanger. The fluid flows into the heat 
exchanger from left to right under the influence of 
a force field and meets a bundle of tubes arranged at 
right angles to the flow (cross sections are shown in the 
figure). The distance between centers of the tubes is 
4 cm in both vertical and horizontal rows. Numerical 
calculations were performed for H = 0.2 m, and the heat 

exchanger length is LH = 1 m. The force field strength is 
chosen to be equal This gives the maximum velocity 
value estimated “from above” by formula (9), 
Vx max ≈ 2 m/s and allows it to be stated that the flow will 
occur in the laminar regime (Re < 2000). Tubes with the 
following different cross sections were considered 
(Fig. 4): a) circular; b) rectangular with vertical location 
of the long side (across the flow); c) rectangular with 
location of the long side along the flow; and d) finned 
surface model, where rectangular protrusions of 
1 mm × 2 mm are located along the pipe surface. At the 
beginning of calculation, the fluid was filled in the heat 
exchanger and was at rest at temperature T0 = 283 K. At 
moment t = 0, the force field is switched on with an 
intensity level .a


 The tube temperature is TH = 363 K 

and is not changed during heat exchange. The problem is 
resolved in a two-dimensional formulation, and the 
perimeter of the tube cross-section serves as the measure 
of the heat source area SH in this case.

(а) (b)

(c) (d)

Fig. 4. Velocity distribution in the flow when flowing 

around tubes with different cross sections

Figure 4 shows the fields of velocity distributions 
during flow around tubes. The length of the velocity 
vector is proportional to its magnitude, and all figures 
are drawn to the same scale. The cross-section 
perimeters for tubes in Figs. 4 (a)–(c) are 6.28 cm. 
The flow around occurs in the laminar regime, with no 
vortices or breakaway currents formed. Thus, the flow 
regime, once established, is no longer disturbed. The 
figures show that in cases (c) and (d), there is practically 
no fluid motion in gaps between tubes, and velocities 
in the volume are strictly horizontal, i.e., there is no 
convective heat propagation in the transverse flow 
direction.
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Figure 5 shows the dependencies of the dimensionless 
heat flux that is Nusselt number 

( )
H

H

H 1 0S

LT
Nu d

n S T T

∂
= σ ⋅

∂ −∫   on the cross-section 

perimeter for different tube shapes (Fig. 4). Changes in 
the perimeter of tubes of circular cross-section result 
from changes in the radius. For tubes of rectangular 
cross-section, the length of the short side was fixed 
at 0.5 cm. The perimeter was changed by modifying the 
length of the other side or by finning the tube.

The graphs in Fig. 5 allow the following patterns to 
be established.

2.5

2.0

1.5

Nu

0.04 0.05 0.06 0.07 0.08 P, m

Fig. 5. Dependence of dimensionless heat flux on 

the cross-section perimeter for tubes with different 

cross-sectional shapes: ▲ is circular cross-section (a);  

■ is vertical rectangle without protrusions (b);  

● is vertical rectangle with 4 protrusions of 1 mm × 2 mm;  

□ is horizontal rectangle without protrusions (c);  

○ is horizontal rectangle with 4 protrusions 

of 1 mm × 2 mm (d)

As the tube surface area increases, the Nusselt 
number decreases. The exception is the flux calculated 
for round tubes (a) and tubes with a cross-section in 
the form of a vertical rectangle (b). The figure shows 
that in these cases, the flow begins to increase for 
some perimeter value as the perimeter increases. This 
is apparently due to an increase in the size of tubes in 
the direction perpendicular to the flow resulting in 
overlapping of gaps between them, so that the entire 
flow is directed along the walls of the apparatus, thus 
intensifying heat transfer insignificantly.

The dependencies of heat flux on tube perimeter 
converge with decreasing perimeter. This is due to the 
fact that when reducing the tube size, the cross-section 
shape becomes an insignificant factor.

Under the considered conditions, finning tubes 
cannot intensify heat exchange. Protrusions on tubes 
of horizontally elongated rectangular cross-section (d) 
result in an insignificant increase of heat flow (~2%) 
compared to tubes without protrusions. However, for 
cross-section (b), protrusions result in a noticeable heat 
flux decrease (~25%), which is apparently due to fluid 
inhibition and stagnation. In the turbulent regime of 
flows, the protrusions cause the appearance of breakaway 
vortex currents, which result in an increase in the heat 
transfer intensity [16]. However, calculations show that 
in the laminar regime, this can reduce the heat flux from 
the heat transfer medium.

The graphs of Nu dependence on cross-sectional 
shape and heat transfer medium size show that in case (c), 
the molecular thermal conductivity mechanism prevails, 
while the Nusselt number has the lowest value. The 
highest Nusselt number value can be observed for 
tubes with a vertical rectangular cross-section, with the 
difference between the heat flux and values obtained for 
tubes with a circular cross-section is ~15%.

CONCLUSIONS

In this paper, mathematical modeling of heat transfer 
in a tubular heat exchanger under cross-sectional flow 
around tubes is performed. Numerical studies were 
carried out for laminar flow regime and for tubes with 
different shapes and cross-section perimeters, which 
allow the following conclusions to be drawn.

1. Finning the outer surface of tubes would not 
cause a significant increase in the heat flux. In 
turbulent flow regime, the protrusions generate 
vortices and breakaway flows resulting in heat 
transfer intensification. However, this can reduce 
the heat flux in the laminar regime due to the 
fluid braking near the pipe when flowing around 
protrusions.

2. Given equal perimeters, the highest heating intensity 
occurs in tubes with cross-section stretched across 
the flow, with an increase in heat flux of ~15% 
compared to the values obtained for standard-type 
tubes.

3. Phenomena leading to fluid braking or stagnation 
cause a decrease in heat transfer intensity.
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Abstract
Objectives. The article presents a study of heart rate variability using multivariate discriminant analysis. Representing 

an effective statistical method of classification, discriminant analysis can be used to divide objects into groups based 

on differences in the parameters characterizing these objects. The effectiveness of multivariate discriminant analysis, 

which is actively used in medicine to diagnose cardiovascular pathologies, is due to the wide range of analyzed parameters: 

statistical, spectral, and autocorrelation. The aim of the work is to identify the parameters of variational pulsometry, which 

provide the best distinction between healthy patients and patients with arrhythmia, by means of discriminant analysis.

Methods. The durations of cardiac intervals of patients aged 63–72 years, which had been placed in the open 

database of biomedical signals PhysioNet.org, were used as initial data. When selecting the arguments of the 

discriminant function, priority was given to parameters that were weakly correlated with each other, had a normal 

distribution, and differed between healthy and ill patients. The statistical significance of differences between the 

parameters of the two groups was tested using Student’s t-test and Mann–Whitney U test.

Results. Two discriminant functions were obtained: the first depended on three time-domain parameters, while the 

second included one spectral and one autocorrelation parameter in addition to time-domain parameters. In both cases, 

the average values of the discriminant function for healthy and sick patients were calculated. The statistical significance 

of differences in the average values of the discriminant function in the two groups was investigated using Student’s t-test.

Conclusions. The values of the first discriminant function are shown to differ insignificantly between healthy and sick 

patients, while the inclusion of autocorrelation and spectral parameters in the number of arguments of the discriminant 

function provides pronounced and statistically significant differences between patients of the two groups. Thus, the 

high significance of spectral and autocorrelation parameters in arrhythmia diagnosis was demonstrated.
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НАУЧНАЯ СТАТЬЯ

Многофакторный дискриминантный анализ 
электрокардиограммы
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В.А. Баландин

МИРЭА – Российский технологический университет, Москва, 119454 Россия
@ Автор для переписки, e-mail: polinka6777@gmail.com 

Резюме 
Цели. Статья посвящена исследованию вариабельности сердечного ритма с помощью многофакторно-

го дискриминантного анализа. Дискриминантный анализ является эффективным статистическим методом 

классификации, позволяющим разбивать объекты на группы исходя из различий между характеризующими 

эти объекты параметрами. Эффективность многофакторного дискриминантного анализа, который активно 

используется в медицине для диагностики сердечно-сосудистых патологий, обусловлена широким набором 

анализируемых параметров: статистических, спектральных и автокорреляционных. Цель работы – выявле-

ние методом дискриминантного анализа параметров вариационной пульсометрии, которые обеспечивают 

наилучшее различение между здоровыми пациентами и пациентами с аритмией.

Методы. В качестве исходных данных использовались длительности кардиоинтервалов пациентов возрас-

та 63–72 лет, размещенные в открытой базе биомедицинских сигналов PhysioNet.org. При выборе аргумен-

тов дискриминантной функции преимущество отдавалось слабо коррелирующим между собой параметрам, 

имеющим нормальное распределение и различающимся у здоровых и больных пациентов. Статистиче-

ская значимость различий между параметрами двух групп проверялась с помощью t-критерия Стьюдента 

и U-критерия Манна – Уитни.

Результаты. Получены две дискриминантные функции: первая зависела от трех временных параметров; 

вторая, помимо временных, включала один спектральный и один автокорреляционный. В обоих случаях были 

рассчитаны средние значения дискриминантной функции для здоровых и больных пациентов. Статистиче-

ская значимость различий средних значений дискриминантной функции в двух группах исследовалась с по-

мощью t-критерия Стьюдента.

Выводы. Показано, что значения первой дискриминантной функции незначительно различаются у здоровых 

и больных пациентов, в то время как включение автокорреляционного и спектрального параметров в число 

аргументов дискриминантной функции обеспечивает выраженные и статистически значимые различия меж-

ду пациентами двух групп. Тем самым продемонстрирована высокая значимость спектральных и автокорре-

ляционных параметров в диагностике аритмии.

Ключевые слова: вариабельность сердечного ритма, вариационная пульсометрия, спектральный анализ, 

автокорреляционный анализ, RR-интервалы, многофакторный дискриминантный анализ, дискриминантная 

функция
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INTRODUCTION

Currently, cardiovascular diseases (CVDs) are 
the main cause of death worldwide [1]. Among them, 
a special place is occupied by diseases associated 
with heart rhythm disorders characterized by various 
arrhythmias [2]. According to statistics, about one 
third of people with CVDs suffer from arrhythmias [3]. 
In view of high mortality rates from CVDs, timely 
diagnosis of cardiovascular system disorders becomes 
especially important.

Along with traditional amplitude-time analysis, an 
important approach to diagnosing CVD involves the 
study of heart rate variability (HRV) [4]. Various methods 
are used for quantitative determination of HRV indices, 
among which the following can be emphasized [5]:

1. Methods based on statistical transformations. These 
include temporal analysis of HRV, whose numerical 
characteristics are average value of cardiac interval 
duration (RR normal-to-normal interval, RRNN), 
standard deviation (SD) of normal-to-normal 
intervals (SDNN) of the cardiac cycle (standard 
deviation of normal-to-normal intervals, SDNN), 
percentage of consecutive normal-to-normal 
intervals that differ by more than 50 ms (pNN50), 
square root of the mean sum of squares of the 
successive differences (root mean square of the 
successive differences, RMSSD);

2. Geometric methods, including scatterographic and 
histographic analysis, whose objects are mode 
(Mo)—the value of cardiointerval duration that 
occurs most frequently in the sample, mode 
amplitude (AMo)—the share of cardiointervals 
(in %) that fall within the modal interval, coefficient 

of variation (in %) 
SDCV ,

RRNN
=  variation range 

(delta RR interval, dRR)—the difference between 
the maximum and minimum values of cardiointervals, 
as well as a set of indices, of which the Baevsky 
tension index (TI) of the regulatory systems is the 

most widespread 
AMoTI = ;

2Mo dRR⋅
3. Wave structure analysis methods, comprising:
• spectral method analyzing the power of the 

spectrum of RR-intervals in the region of 
very low frequencies (VLF) 0.004–0.03 Hz, 
low frequencies (LF) 0.04–0.15 Hz, high 
frequencies (HF) 0.15–0.40 Hz, normalized values 
of the last two parameters (LFnorm, HFnorm), 
centralization index CI = (HF + LF)/VLF, and 
vagosympathetic interaction index LF/HF;

• autocorrelation method that calculates the shift 
number at which the autocorrelation function 
first becomes negative (C0) and the value of the 
autocorrelation function at the first shift (C1).

The description of the parameters and their 
diagnostic significance are given in detail in [6].

These parameters are calculated from rhythmograms, 
which are obtained from the electrocardiograms (ECGs) 
as time differences between the occurrence of consecutive 
R beats. Figure 1 shows how the intervals between 
the occurrence of R beats on the ECG are plotted on 
the rhythmogram on the ordinate axis and numbered on 
the abscissa axis.

 RR1 RR2 RR3 RR4 RR5

 1.02 s 0.98 s 0.88 s 1.09 s 1.02 s

1.00

0.80

RR, s

RR1 RR2 RR3 RR4 RR5

Fig. 1. Obtaining a rhythmogram from the original ECG1

The obtained values of the indicators are analyzed 
by a number of statistical methods to establish 
significant differences between healthy and sick patients. 
Among such methods, multivariate discriminant 
analysis (MDA), which consists in constructing a linear 
combination of the most informative features that would 
best ensure the difference between groups, assumes an 
important place. The effectiveness of MDA application 
in cardiology was demonstrated, in particular, in [7], 
which resulted in a model for the distribution of children 
and adolescents into groups with different cardiovascular 
system conditions, providing an accuracy of 98.1%.

In [8], it is shown that the significance of MDA based 
only on statistical parameters of variation pulsometry 
significantly depends on the type of cardiac pathology. 
In particular, in arrhythmia, the difference between the 
discriminant function (DF) values of healthy and sick 
patients is ~25%, which is significantly lower than that 
of chronic heart failure, for instance.

Thus, the present study set out to identify the most 
informative features among the above-mentioned 
features that would significantly increase the differences 
of DF in the presence or absence of arrhythmia.

MATERIALS AND METHODS

The initial materials for the work were fragments of 
ECG examination results, namely, RR interval durations. 
These records were obtained from the PhysioBank open 

1 Methodical development of practical training on 
pathophysiology for 3rd year students of general medicine and 
pediatrics departments. https://patfizo.narod.ru/read/heartprakt.
htm (in Russ.). Accessed June 05, 2024.

https://patfizo.narod.ru/read/heartprakt.htm
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database of biomedical signals made available via the 
PhysioNet portal2. Data on healthy patients were taken 
from the Normal Sinus Rhythm RR Interval Database. 
Records of sick patients diagnosed with arrhythmias 
were taken from the MIT-BIH Arrhythmia Database, 
which contains ECG records of various cardiac rhythm 
disturbances. It should be noted that in this database 
there is no differentiation of sick patients according 
to the type of arrhythmia. Therefore, in this study, the 
selection of patients was randomized according to the 
specific type of arrhythmia.

In the present work, the records of 10 healthy 
patients and 10 patients diagnosed with arrhythmia were 
selected from the given databases for the purposes of 
analysis. The age range of the patients is 63–72 years.

To estimate the effective duration of ECG recording, 
statistical HRV parameters of a healthy patient were 
preliminarily calculated using rhythmograms of 1, 2, 
5, 10, 15, 20, and 30 min duration. The values of the 
most common temporal and histographic parameters are 
given in Table 1.

The Norm column of the Table 1 shows the ranges 
of values of HRV parameters that, according to the 
authors [5, 9], meet the clinical norm3.

Within the framework of the task of this work, it 
is inappropriate to consider recordings of 1-and 2-min 

2  The Research Resource for Complex Physiologic Signals. 
https://physionet.org. Accessed March 24, 2024.

3  Analysis of heart rate variability. http://protein.bio.msu.
ru/~akula/varCI/VarCI.htm (in Russ.). Accessed March 24, 2024.

duration for which the values of some indices (SDNN, 
AMo, pNN50, dRR) and TI index differ significantly 
from the average values.

The advisability of using 5-min recording segments 
as base samples when analyzing data regardless of the 
duration of registration is noted in [10]. The consideration 
of two or three such consecutive segments confirms the 
conditions of physiological status stability. In the case of 
rhythm disturbances (arrhythmia), however, it is better to 
consider recordings having a duration of at least 10 min.

As can be seen from Table 1, SDNN, TI parameters 
stabilize only at a recording duration of 15 min. Thus, 
in the present work, recordings of 15 min duration were 
used to calculate statistical parameters. The choice of 
this duration is also argued by the fact that, as shown 
in [8], with 5-min recordings used for rapid diagnosis 
of CVD, the differences between healthy patients and 
patients with arrhythmia are not so significant.

It is recommended to estimate spectral and 
autocorrelation parameters during short ECG 
recordings (lasting about 5 min) due to their rather 
rapid stabilization [11]; moreover, at this interval, their 
changes can be considered as stationary processes.

RESULTS AND DISCUSSION

Table 2 shows HRV parameters for healthy patients; 
Table 3—for patients with arrhythmia. Confidence 
intervals were calculated according to the standard 
methodology for small samples using Student’s t-test for 
95% confidence probability.

Table 1. HRV indices of a healthy patient at different ECG recording durations

Duration

Parameter

1 min 2 min 5 min 10 min 15 min 20 min 30 min Norm [8]

Heart rate 
(HR), bpm 82 82 79 78 79 80 81 60–90

RRNN, ms 736 734 760 773 764 751 744 660–937

dRR, ms 125 172 250 250 289 312 312 310–450

SDNN, ms 26 32 46 42 49 52 54 40–80

Mо, ms 750 750 750 789 789 750 750 870–930

AMo, % 59 48 45 45 40 37 35 32–38

CV, % 3.5 4.4 6 5.5 6.4 6.9 7.2 3–12

pNN50, % 7.2 6.7 6.1 5.4 4.7 4.6 5.6 1–9

RMSSD, ms 27.7 26.1 26.5 25.6 24.7 24.7 25.7 20–50

TI, c.u. 315 186 120 115 87 78 75 80–150

https://physionet.org
http://protein.bio.msu.ru/~akula/varCI/VarCI.htm
http://protein.bio.msu.ru/~akula/varCI/VarCI.htm
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Table 2. Values of HRV parameters of healthy patients

Patient

Parameter

1 2 3 4 5 6 7 8 9 10 Average Norm [8]

HR, bpm 75 82 75 89 108 76 87 77 79 77 82.5 ± 7.3 60–90

RRNN, ms 795 728 805 674 553 789 689 784 762 779 735.8 ± 56.1 660–937

dRR, ms 282 305 398 343 227 375 368 391 422 329 344 ± 43 310–450

SDNN, ms 49 61 41 80 54 76 78 64 73 64 64 ± 9 40–80

Mо, ms 828 727 797 742 594 773 633 797 711 812 741.4 ± 55.5 870–930

AMo, % 41 34 54 27 45 25 41 42 26 40 37.5 ± 6.7 32–38

CV, % 6.1 8.4 5.1 11.8 10 9.6 11.6 8.1 9.6 8.2 8.9 ± 1.5 3–12

pNN50, % 3.9 1.6 2.1 0.7 0.2 13.6 3.1 3.2 8.1 0.5 3.7 ± 3.0 1–9

RMSSD, ms 24 19 20 15 10 41 21 24 31 16 22.1 ± 6.3 20–50

TI, c.u. 88 77 85 53 167 44 88 67 43 74 78.6 ± 25.3 80–150

VLF, % 51 61 74.3 69 53.5 49 72.5 60.4 49.8 40.4 58.1 ± 8.0 15–30

LF, % 35.8 34.5 19.8 23.8 37.9 32 23.1 30.6 34.1 54.6 32.6 ± 7.0 15–40

HF, % 13.2 4.6 5.9 7.2 8.6 19 4.4 9 16.1 5 9.3 ± 3.7 15–25

LF/HF 2.7 7.6 3.3 3.3 4.4 1.6 5.3 3.4 2.1 11 4.5 ± 2.1 1.5–2

LFnorm 73.1 88.3 77 76.9 81.6 62.2 84 77.2 67.9 91.7 78.0 ± 6.4 41.2–60

HFnorm 26.9 11.7 23 23.1 18.4 37.8 16 22.8 32.1 8.3 22.0 ± 6.4 40–58.8

C0 16 31 81 46 44 37 51 28 52 25 41.1 ± 13.1 –

C1 0.72 0.94 0.86 0.93 0.77 0.51 0.87 0.88 0.7 0.89 0.81 ± 0.10 –

Table 3. Values of HRV parameters of sick patients

Patient

Parameter

1 2 3 4 5 6 7 8 9 10 Average Norm [8]

HR, bpm 76 74 71 83 66 79 82 74 88 73 76.6 ± 4.6 60–90

RRNN, ms 789 808 841 720 905 759 735 811 680 820 786.8 ± 46.7 660–937

dRR, ms 500 403 342 405 281 711 673 775 997 575 566 ± 160 310–450

SDNN, ms 46 39 46 32 56 83 79 71 147 78 67.7 ± 23.8 40–80

Mо, ms 792 825 869 731 903 761 712 842 581 836 785.2 ± 66.9 870–930

AMo, % 50 50 47 58 32 69 39 37 17 43 44.2 ± 10.2 32–38

CV, % 5.8 4.8 5.4 4.4 6.2 11 10.8 8.8 21.6 9.6 8.8 ± 3.7 3–12

pNN50, % 7.1 26.2 13.2 7.2 26.4 15.7 33.9 14.7 80.4 34.5 25.9 ± 15.4 1–9

RMSSD, ms 54 55 56 45 47 141 126 101 258 110 99.3 ± 47.2 20–50

TI, c.u. 63 75 80 98 63 64 41 28 15 44 57 ± 18 80–150

VLF, % 4.8 4.5 2.1 3.7 9.7 4.1 19.7 14.2 12.3 11 8.6 ± 4.1 15–30

LF, % 6.5 9.6 25.3 3.6 8 8.6 12.3 10.2 15 17.4 11.7 ± 4.5 15–40

HF, % 88.7 85.9 72.6 92.7 82.2 87.3 68 75.6 72.7 71.7 79.7 ± 6.2 15–25

LF/HF 0.07 0.11 0.35 0.04 0.1 0.1 0.18 0.14 0.21 0.24 0.15 ± 0.07 1.5–2

LFnorm 6.8 10 25.8 3.7 8.9 9 15.3 11.9 17.1 19.6 12.8 ± 4.7 41.2–60

HFnorm 93.2 90 74.2 96.3 91.1 91 84.7 88.1 82.9 80.4 87.2 ± 4.7 40–58.8

C0 1 1 2 2 4 1 1 1 1 1 1.5 ± 0.7 –

C1 −0.04 −0.09 0.28 0.05 0.34 −0.5 −0.4 −0.3 −0.22 −0.06 −0.09 ± 0.20 –
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The diagram in Fig. 2, which shows the p-values of 
Student’s t-test (in cases of normal distribution of the 
trait in both groups) and Mann–Whitney U test (in cases 
where at least in one sample the distribution of the trait 
is different from normal), demonstrates the differences 
between the indicators in the groups more clearly. The 
dashed line corresponds to the selected confidence level 
of p = 0.05.
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Fig. 2. Diagram of p-values for HRV parameters

From an analysis of the parameters of 
Tables 2 and 3 and the p-values of the diagram in Fig. 2, 
we can conclude that spectral and autocorrelation 
parameters have the greatest differentiating power for 
this pathology. Consequently, the inclusion of these 
parameters in the DF will increase the differentiation 
between sick and healthy patients. To confirm this 
assumption, two DFs are compared:

• dependent only on statistical parameters of HRV 
(stage 1);

• dependent on the complex of HRV parameters: 
statistical, autocorrelation and spectral (stage 2).
The decision as to which function most adequately 

separates patients into two clusters will be made based on 
the results of Student’s t-test assessing the significance 
of differences in average values in the two samples.

Stage 1. Discriminant function  

of statistical indices

1.1. Parameter selection  

for discriminant analysis

Parameters of an effective DF that carry different 
information and do not repeat each other should meet 
the following requirements:

• it is desirable that they have a normal distribution;
• parameters should not be significantly correlated 

among themselves;

• parameters should be well differentiated in 
representatives of two groups (differences of 
average values in the group of healthy and the group 
of patients should be statistically significant).
An analysis of the data presented in 

Tables 2 and 3 shows that the values of dRR, RMSSD 
and pNN50 are very different in healthy and sick patients: 
the values of dRR are on average 65% higher in the sick 
group than in the healthy group; RMSSD is 349% higher 
in the sick group, while pNN50 is 600% higher in the sick 
group, respectively. Due to RMSSD and pNN50 being 
highly correlated [12], i.e., interchangeable, RMSSD 
was used for further analysis.

The AMo parameter usually has a good prognostic 
significance: exceeding the value of 50% by this 
parameter is considered as the presence of cardiovascular 
disease [5]. Therefore, despite the fact that the mode 
amplitude in patients is on average only 18% higher than 
in healthy individuals, the decision was taken to include 
the mode amplitude in the set of DF arguments.

All statistical tests were performed at a significance 
level of α = 0.05.

The hypothesis of normality of parameter 
distribution was tested using the Shapiro–Wilk test 
suitable for small samples. The results are summarized 
in Table 4. The Shapiro–Wilk test statistic is denoted 
by the letter W. The null hypothesis Н0 represents the 
assumption that a given distribution does not contradict 
the normal distribution.

It should be noted that, due to irregular rhythmic 
disturbances in sick patients, the distribution of 
RR intervals does not tend to normal; thus, the law of 
distribution of HRV indices may also differ from normal.

Since W > Wcrit, the null hypothesis is not rejected; 
therefore, there is no reason to believe that the distribution 
of parameters AMo, dRR, and RMSSD in the group of 
healthy patients differs from normal.

When applying Student’s t-test to identify the 
significance of differences between the average values 
for each parameter in the group of patients and healthy 
individuals, it is necessary for the distribution in both 
samples to correspond to the normal distribution. Table 4 
shows that the distribution of the RMSSD parameter in 
the group of patients with arrhythmia differs from normal. 
In this case, the t-test was replaced by a nonparametric 
analog comprising a calculation of the Mann–Whitney 
U test, which is less sensitive to distribution deviations 
from normal and allows us to compare the expression of 
the parameter in two samples.

The results of Student’s t-test and the Mann–Whitney 
U test are shown in Table 5. The null hypothesis H0 in case 
of the t-test rests in the assumption that the differences 
between the average values in the groups of healthy and 
sick people are insignificant (or the distribution of the trait 
in the two groups is the same in the case of the U test).
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As shown in Table 5 the RMSSD and dRR parameters 
differ markedly between sick and healthy patients. This 
is because the t-statistics value for dRR exceeds the 
tabulated value, while the U value, which is interpreted 
differently, does not exceed the tabulated value for 
RMSSD; however, the mode amplitude in this case 
showed poor discriminatory power. This is most likely 
due to insufficient sample size, as well as the fact that 
extrasystoles in patients with arrhythmias strongly affect 
indices such as TI and AMo. As a result, their values 
differ little from normal. Nevertheless, in the present 
work, this indicator was left in place due to its typically 
high prognostic significance and weak correlation with 
other HRV parameters. The effectiveness of DF can be 
additionally evaluated by the value of the coefficient in 
front of the AMo parameter: it should not be greater than 
that of the most informative features.

The correlation coefficients were calculated using 
Pearson’s rule and are contained in Table 6 (3 first rows 
and 3 first columns).

Table 6. Correlation between HRV statistical parameters

Parameter

Parameter

AMo RMSSD dRR LF/HF C0

AMo 1 −0.52 −0.22 0.22 0.28
RMSSD −0.52 1 0.58 −0.53 −0.06
dRR −0.22 0.58 1 −0.30 0.44
LF/HF 0.22 −0.53 −0.30 1 −0.29
C0 0.28 −0.06 0.44 −0.29 1

As Table 6 shows, the correlation between the 
parameters is weak to moderate (according to the 
Cheddock scale).

1.2. Standardization and normalization

In the literature on classification 
methods, standardization [13, 14] or minimax 
normalization [15, 16] is often used to eliminate 
differences between parameter units. Otherwise,  

Table 4. Results of testing the hypothesis of normality of distribution of HRV parameters

Group HRV parameter Critical value Wcrit Calculated value W Accepted hypothesis

Healthy

AMo 0.842 0.9224 H0

RMSSD 0.842 0.9194 H0

dRR 0.842 0.9576 H0

LF/HF 0.842 0.835 H0

C0 0.842 0.9249 H0

Sick

AMo 0.842 0.9850 H0

RMSSD 0.842 0.7976 H1

dRR 0.842 0.9533 H0

LF/HF 0.842 0.9277 H0

C0 0.842 0.6033 H1

Table 5. Results of Student’s t-test and Mann–Whitney U test

HRV parameters with normal distribution Critical value tcrit Calculated value t Accepted hypothesis

AMo 2.101 1.237 H0

LF/HF 2.101 4.757 H1

dRR 2.101 3.035 H1

HRV parameters, the distribution of which differs from the 
normal distribution Critical value Ucrit Calculated value U Accepted hypothesis

RMSSD 23 0 H1

C0 23 0 H1
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DF weights can be misleading regarding the importance 
of parameters.

Figure 3 shows a characteristic view of a 15-min 
rhythmogram section with a duration of 1 min, as well 
as values of HRV parameters calculated from the full 
(15-min) rhythmogram. Due to large differences in the 
values of parameters, normalization is necessary to 
obtain adequate results.
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Fig. 3. Rhythmogram section of a healthy patient and 

HRV parameters

There is no consensus on which method of 
converting values to a single scale should be preferred. 
In order to study the differences between the two 
methods and to identify the most effective one for 
this study, it was decided to construct two DFs, the 
parameters of which:

1) have been preliminarily standardized;
2) have been preliminarily normalized.

Standardization was performed using the formula 
av ,

−
σ

x x
 where σ is the SDNN; xav is the average value 

of the parameter.
Normalization was carried out according to the 

formula min

max min

,
−

−
x x

x x
 where xmin is the minimum value 

of the trait; xmax is the maximum value of the trait.

1.3. Discriminant analysis

Multivariate discriminant analysis was performed 
according to the methodology detailed in [17].

The raw data are presented in matrix form. A vector 
of average values is formed for each trait and each class. 
Then centered and covariance matrices are calculated. 
Based on the covariance matrices for two classes 
(healthy and sick), a general covariance matrix and its 
inverse matrix are calculated. In order to find the vector 
of DF coefficients, it is necessary to multiply the matrix 
inverse to the general covariance matrix by the difference 
of the two centered matrices.

In the case of standardization, the DF has the 
following form:

 sDF  1.27 dRR 1.73 AMo 4.28 RMSSD.= ⋅ − ⋅ − ⋅   (1)

In the case of normalization DF has the following 
form:

nDF  4.85 dRR 7.217 AMo 17.397 RMSSD.= ⋅ − ⋅ − ⋅  (2)

Table 7 shows the results of checking whether the 
distribution of DF values conforms to the normal law.

According to the Shapiro–Wilk test, the distribution 
of values of the two DFs in both groups does not 
contradict the normal distribution. Consequently, to 
assess the significance of the differences between the 
averages, we apply Student’s t-test.

In the case of classification by both DFs and DFn 
(1.44 and 1.94, respectively), the calculated values of 
Student’s t-test were less than the critical value of tcrit 
equal to 2.26. Therefore, there is no reason to reject the 
hypothesis that the average values of DFs in healthy and 
sick people do not differ.

Figure 4 shows the point distribution of DF values for 
healthy and sick patients in the case of standardization (a) 
and normalization (b). The average values of DF are 
shown with a solid line, while the confidence intervals 
of DF values are shown with dashed lines. Here, 
a conclusion about the low efficiency of discrimination 
becomes obvious, since the confidence intervals of PF 
values for both groups overlap, and it is not possible to 
reliably separate the two clusters.

Table 7. Results of testing the hypothesis of normality of distribution of DF values

Group DF Critical value Wcrit Calculated value W Accepted hypothesis

Healthy
DFs 0.842 0.9170 H0

DFn 0.842 0.9157 H0

Sick
DFs 0.842 0.8573 H0

DFn 0.842 0.8745 H0
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The low efficiency of DFs and DFn functions confirms 
the assumption that statistical parameters are insufficient 
for reliable arrhythmia detection. This conclusion is 
confirmed by the results of [8], in which the values of 
DFs depending on five statistical parameters differed by 
no more than 25% in healthy patients and patients with 
arrhythmia.

It is worth noting that both scaling methods 
assigned the same rank to the traits in terms of their 
level of contribution to the DF: RMSSD, AMo, dRR (in 
descending order of importance).

Stage 2. Discriminant function of time,  

spectral and autocorrelation indices

2.1. Selection of parameters  

for discriminant analysis

To the previously selected statistical parameters, we 
added two parameters among the most different in sick 
and healthy patients: C0 and LF/HF.

From Table 4 it can be seen that the value of 
W-statistics in the group of sick patients in the case of 
C0 does not exceed the critical tabular value; since the 
distribution of this parameter contradicts the normal 
distribution, while LF/HF statistics correspond to the 
tabular value within the margin of error, the distribution 
of this parameter can be considered as not contradicting 
the normal distribution.

The significance of the differences between the 
parameters in the two groups was tested using Student’s 
t-test (LF/HF) and the Mann–Whitney U test (C0). Test 
results are given in Table 5. In both cases, the alternative 
hypothesis of a statistically significant difference in 
the values of the parameters in the two groups was 
confirmed.

The new parameters are weakly or moderately 
correlated with those introduced earlier. The correlation 
coefficients between all parameters are shown  
in Table 6.

2.2. Standardization and normalization  

of the new parameters

Standardization and normalization of LF/HF and 
C0 were performed using the calculation formulas given 
in Section 1.2.

2.3. Discriminant analysis

For standardized parameters, the DF is as follows:

 sDF  0.804 dRR 2.732 AMo 2.381
RMSSD 8.242 C0 5.194 LF/HF.
= ⋅ + ⋅ + ×

× − ⋅ − ⋅
 (3)

For normalized parameters DF takes the form:

 nDF  3.357 dRR 11.418 AMo 9.623
RMSSD 27.568 C0 19.162 LF/HF.

= ⋅ + ⋅ + ×

× − ⋅ − ⋅
 (4) 

Since the hypothesis of normal distribution of 
DF values was confirmed (the calculated values of 
W-statistics are given in Table 8), we apply Student’s 
t-test in order to determine the effectiveness of 
discrimination.

The Student’s t-test confirmed the statistical 
significance of the differences between the averages 
in the two samples: the value of t-statistics in the case 
of discrimination by DFs is equal to 6.67, by DFn is 
equal to 6.27, i.e., in both cases it exceeds the critical 
value of 2.26.

Figure 5 shows the point distribution of DF 
values for healthy and sick patients in the case of 
standardization (a) and normalization (b). Average DF 
values are shown by a solid line, confidence intervals 
of DF values are shown by a solid range for healthy and 
sick patients.

It can be seen that the confidence intervals 
do not overlap, allowing the groups of healthy 
patients and patients with arrhythmia to be reliably  
distinguished.
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Both functions arranged the parameters in the same 
order in decreasing order of their significance: C0, 
LF/HF, AMo, RMSSD, dRR. Here it should also be 
noted that the scatter of DF values relative to the average 
value is identical for both types of scaling, indicating the 
consistency of the results obtained by standardization 
and normalization methods.

CONCLUSIONS

The values of variation pulsometry indices for 
10 healthy patients and 10 patients with arrhythmia were 
calculated in this work.

When selecting informative features for MDA, 
priority was given to the features that have high 
prognostic significance and those that meet the 
following criteria: normal distribution, weak correlation, 
and significantly differing between sick and healthy 
patients. Two groups of features were formed: a group of 
statistical parameters (RMSSD, dRR, AMo) and a more 
representative group that additionally included one 
spectral and one autocorrelation parameter (RMSSD, 
dRR, AMo, LF/HF, C0).

DFs were constructed for both groups using different 
approaches to scaling the values of informative features. 
Standardization and normalization are shown to lead 
to the same results: coincidence of the distinguishing 
ability of the functions and the same estimation of 
parameter contributions to the DF.

Student’s t-test clearly demonstrated high 
classification ability of DF in the case of adding LF/HF 
and C0 parameters to statistical parameters; DF values 
for sick and healthy patients overlap neither in the case 
of standardization nor that of normalization. Thus, it 
has been shown that MDA can be used to effectively 
identify differences between patients with arrhythmias 
and healthy patients. However, it should be noted that 
the study was conducted on small samples (10 healthy 
and 10 sick patients); for this reason, these preliminary 
conclusions are subject to refinement on larger 
samples.
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Table 8. Results of testing the hypothesis of normality of distribution of DF values

Group DF Critical value Wcrit Calculated value W Accepted hypothesis

Healthy
DFs 0.842 0.9688 H0

DFn 0.842 0.9682 H0

Sick
DFs 0.842 0.9393 H0

DFn 0.842 0.9395 H0

(а) (b)

Fig. 5. DF values in case of standardization (a) and normalization (b) (5 parameters)

 Healthy patients

 Sick patients

 Healthy patients

 Sick patients
1400

1200

1000

800

600

400

200

0

–200

6000

5000

4000

3000

2000

1000

0

D
F

 v
a

lu
e

s

D
F

 v
a

lu
e

s

 0 2 4 6 8 10

Patients

 0 2 4 6 8 10

Patients



154

Russian Technological Journal. 2025;13(1):144–156

Polina A. Sakharova,  

Vyacheslav A. Balandin

Multivariate discriminant analysis  

of the electrocardiogram

REFERENCES

 1. Ermoshkin V.I. The proposed mechanism of arrhythmia human heart. Obrazovatel’nyi vestnik “Soznanie” = Educational 
Bulletin “Consciousness”. 2013;15(6):4–15 (in Russ.).

 2. Getman S.I. Characteristics of Disturbances of Heart Rhythm and Conduction Among Patients Attending Consultation of a 
Cardiologist at Ambulatory Stage. Kardiologiya. 2018;58(6):20–28 (in Russ.). https://doi.org/10.18087/cardio.2018.6.10130

 3. Arzykulov Zh.A., Omarov A.A., Kituev B.B., Tursunova F.A., Eshtai A.A., Pavlova N.G. Innovations in the treatment of 
cardiac arrhythmia. Vestnik khirurgii Kazakhstana = Bulletin of Surgery in Kazakhstan. 2012;4(32):4–5 (in Russ.).

 4. Ziep B.M., Taratukhin E.О. Heart rate variability assessment and its potential. Rossiiskii kardiologicheskii zhurnal = Russian 

Journal of Cardiology. 2011;6:69–75 (in Russ.).
 5. Babunts I.V., Miridzhanyan E.M., Mashaekh Yu.A. Azbuka analiza variabel’nosti serdechnogo ritma (The ABC of Heart 

Rate Variability Analysis). Stavropol: Print-Master; 2002. 112 p. (in Russ.).
 6. Baevskii R.M., Ivanov G.G., Gavrilushkin A.P., et al. Analysis of heart rate variability using various electrocardiographic 

systems (Part 1). Vestnik aritmologii = Journal of Arrhythmology. 2002;24:65–86 (in Russ.).
 7. Bykh A.I., Vysotskaya E.V., Porvan A.P., et al. Using of discriminant analysis for diagnosis chronic cardiac insufficiency on 

teenagers. Vestnik Natsional’nogo tekhnicheskogo universiteta Khar’kovskii politekhnicheskii institut. Seriya: Informatika 
i modelirovanie = Bulletin of the National Technical University Kharkov Polytechnic Institute. Series: Informatics and 
Modeling. 2010;31:16–22 (in Russ.).

 8. Silkina U.I., Balandin V.A. Discriminant analysis of variational pulsometry parameters. Rossiiskii tekhnologicheskii zhurnal. 

2020;8(3):81–91 (in Russ.). https://doi.org/10.32362/2500-316X-2020-8-3-81-91
 9. Novikov A.A., Smolensky A.V., Mikhailova A.V. Approaches to assessing heart rate variability (literature review). Vestnik 

novykh meditsinskikh tekhnologii. Elektronnoe izdanie = J. New Medical Technologies. 2023;17(3):85–94 (in Russ.). https://
doi.org/10.24412/2075-4094-2023-3-3-3

10. Baevsky R.M., Ivanov G.G. Cardiac Rhythm variability: theoretical aspects and opportunities of clinical application. 
Ul’trazvukovaya i funktsional’naya diagnostika = Ultrasonnd & Functional Diagnostics. 2001;3:108–127 (in Russ.).

11. Alejnikova T.V. Heart rate variability (literature review). Problemy zdorov’ya i ekologii = Health and Ecology Issues. 
2012;1:17–23 (in Russ.). https://doi.org/10.51523/2708-6011.2012-9-1-3

12. Besedina S.A., Balandin V.A. Correlation of heart rhythm variability parameters. Nauchnyi dialog: Molodoi uchenyi = 
Scientific Dialog: Young Scientist. 2017. P. 33–37 (in Russ.). https://doi.org/10.18411/spc-22-11-2017-11

13. Kulikov A.L., Bezdushnii D.I., Osokin V.Yu. Application of linear discriminant analysis for classification of emergency grid 
emergency states. Vestnik Ivanovskogo gosudarstvennogo energeticheskogo universiteta = Vestnik of Ivanovo State Power 
Engineering University. 2020;5:38–47 (in Russ.). https://doi.org/10.17588/2072-2672.2020.5.038-047

14. Sukiasyan A.G., Markina V.S., Mitrofanov D.P., Shabalina U.M. Clustering departments of integrated groups of enterprises 
according to level of risk based on methods of multivariate statistical analysis. Fundamental’nye issledovaniya = Fundamental 
Research. 2019;5:115–125 (in Russ.).

15. Budko O.N., Senko E.V. Classification functions for express diagnostics of the degree of disease with arterial hypertension. 
In: BIG DATA Advanced Analytics: Collection of Materials of the Fourth International Scientific and Practical Conference. 
2018. P. 360–365 (in Russ.). Available from URL: https://elib.grsu.by/doc/48339

16. Pavlenkov M.N., Smirnova N.A. Development of technology for the assessment of stability of an enterprise of the chemical 
complex. Statistika i Ekonomika = Statistics and Economics. 2013;3:66–69 (in Russ.). 

17. Sizykh D.S., Sizykh N.V. Features of teaching methods of discriminant analysis for training specialists in the direction of 
“Business Informatics”. In: Isaev Y.N., Pavlov I.V. (Eds). Obrazovanie: opyt i perspektivy razvitiya (Education: Experience 
and Development Prospects). Cheboksary: Sreda; 2019. P. 107–133 (in Russ.). https://doi.org/10.31483/r-33128

СПИСОК ЛИТЕРАТУРЫ

 1. Ермошкин В.И. Предполагаемый механизм возникновения аритмии сердца человека. Образовательный вестник 
«Сознание». 2013;15(6):4–15.

 2. Гетман С.И. Распространенность нарушений ритма сердца и проводимости среди обратившихся за медицин-
ской помощью к кардиологу на амбулаторном этапе. Кардиология. 2018;58(6):20–28. https://doi.org/10.18087/
cardio.2018.6.10130

 3. Арзыкулов Ж.А., Омаров А.А., Китуев Б.Б., Турсунова Ф.А., Ештай А.А., Павлова Н.Г. Инновации в лечении арит-
мии сердца. Вестник хирургии Казахстана. 2012;4(32):4–5.

 4. Зиеп Б.М., Таратухин Е.О. Возможности методики вариабельности сердечного ритма. Российский кардиологический 
журнал. 2011;6:69–75.

 5. Бабунц И.В., Мириджанян Э.М., Машаех Ю.А. Азбука анализа вариабельности сердечного ритма. Ставрополь: 
Принт-мастер; 2002. 112 p.

 6. Баевский Р.М., Иванов Г.Г., Гаврилушкин А.П. и др. Анализ вариабельности сердечного ритма при использовании 
различных электрокардиографических систем (часть 1). Вестник аритмологии. 2002;24:65–86.

 7. Бых А.И., Высоцкая Е.В., Порван А.П., Рак Л.И. и др. Использование дискриминантного анализа для диагностики 
хронической сердечной недостаточности у подростков. Вестник Национального технического университета Харь-
ковский политехнический институт. Серия: Информатика и моделирование. 2010;31:16–22.

https://doi.org/10.18087/cardio.2018.6.10130
https://doi.org/10.32362/2500-316X-2020-8-3-81-91
https://doi.org/10.24412/2075-4094-2023-3-3-3
https://doi.org/10.24412/2075-4094-2023-3-3-3
https://doi.org/10.51523/2708-6011.2012-9-1-3
https://doi.org/10.18411/spc-22-11-2017-11
https://doi.org/10.17588/2072-2672.2020.5.038-047
https://elib.grsu.by/doc/48339
https://doi.org/10.31483/r-33128
https://doi.org/10.18087/cardio.2018.6.10130
https://doi.org/10.18087/cardio.2018.6.10130


155

Russian Technological Journal. 2025;13(1):144–156

Polina A. Sakharova,  

Vyacheslav A. Balandin

Multivariate discriminant analysis  

of the electrocardiogram

 8. Силкина У.И., Баландин В.А. Дискриминантный анализ параметров вариационной пульсометрии. Российский тех-
нологический журнал. 2020;8(3):81–91. https://doi.org/10.32362/2500-316X-2020-8-3-81-91

 9. Новиков А.А., Смоленский А.В., Михайлова А.В. Подходы к оценке показателей вариабельности сердечного ритма 
(обзор литературы). Вестник новых медицинских технологий. 2023;17(3):85–94. https://doi.org/10.24412/2075-4094-
2023-3-3-3

10. Баевский Р.М., Иванов Г.Г. Вариабельность сердечного ритма: теоретические аспекты и возможности клинического 
применения. Ультразвуковая и функциональная диагностика. 2001;3:108–127.

11. Алейникова Т.В. Вариабельность сердечного ритма (обзор литературы). Проблемы здоровья и экологии. 2012;1: 
17–23. https://doi.org/10.51523/2708-6011.2012-9-1-3

12. Беседина С.А., Баландин В.А. Корреляция показателей вариабельности сердечного ритма. Научный диалог: Молодой 
ученый. 2017. C. 33–37. https://doi.org/10.18411/spc-22-11-2017-11

13. Куликов А.Л., Бездушный Д.И., Осокин В.Ю. Применение линейного дискриминантного анализа для классификации 
аварийных режимов электрической сети. Вестник Ивановского государственного энергетического университета. 
2020;5:38–47. https://doi.org/10.17588/2072-2672.2020.5.038-047

14. Сукиасян А.Г., Маркина В.С., Митрофанов Д.П., Шабалина У.М. Кластеризация подразделений интегрированной 
группы предприятий по уровню риска на основе методов многомерного статистического анализа. Фундаментальные 
исследования. 2019;5:115–125.

15. Будько О.Н., Сенько Е.В. Классификационные функции для экспресс-диагностики степени заболевания артериаль-
ной гипертензией. В сб.: BIG DATA и анализ высокого уровня: материалы Четвертой Международной научно-прак-
тической конференции. 2018. C. 360–365. URL: https://elib.grsu.by/doc/48339

16. Павленков М.Н., Смирнова Н.А. Разработка технологии оценки устойчивости предприятия химического комплекса. 
Статистика и Экономика. 2013;3:66–69. 

17. Сизых Д.С., Сизых Н.В. Особенности преподавания методов дискриминантного анализа для подготовки специа-
листов по направлению «Бизнес-информатика». В кн.: Образование: опыт и перспективы развития; под ред. 
Ю.Н. Исаева, И.В. Павлова. Чебоксары: ИД «Среда»; 2019. С. 107–133. https://doi.org/10.31483/r-33128

About the authors

Polina A. Sakharova, Bachelor, Institute of Artificial Intelligence, MIREA – Russian Technological University (78, 

Vernadskogo pr., Moscow, 119454 Russia). E-mail: polinka6777@gmail.com. https://orcid.org/0009-0008-1323-

9308

Vyacheslav A. Balandin, Cand. Sci. (Phys.-Math.), Assistant Professor, Department of Biocybernetics Systems 

and Technologies, Institute of Artificial Intelligence, MIREA – Russian Technological University (78, Vernadskogo pr., 

Moscow, 119454 Russia). E-mail: admiral49@mail.ru. Scopus Author ID 7003691025, RSCI SPIN-code 1288-9918

https://doi.org/10.32362/2500-316X-2020-8-3-81-91
https://doi.org/10.24412/2075-4094-2023-3-3-3
https://doi.org/10.24412/2075-4094-2023-3-3-3
https://doi.org/10.51523/2708-6011.2012-9-1-3
https://doi.org/10.18411/spc-22-11-2017-11
https://doi.org/10.17588/2072-2672.2020.5.038-047
https://elib.grsu.by/doc/48339
https://doi.org/10.31483/r-33128
mailto:polinka6777@gmail.com
https://orcid.org/0009-0008-1323-9308
https://orcid.org/0009-0008-1323-9308
mailto:admiral49@mail.ru


Polina A. Sakharova,  

Vyacheslav A. Balandin

Multivariate discriminant analysis 

of the electrocardiogram

Об авторах

Сахарова Полина Александровна, бакалавр, Институт искусственного интеллекта, ФГБОУ ВО «МИРЭА – 

Российский технологический университет» (119454, Россия, Москва, пр-т Вернадского, д. 78). E-mail: 

polinka6777@gmail.com. https://orcid.org/0009-0008-1323-9308

Баландин Вячеслав Алексеевич, к.ф.-м.н., доцент, кафедра биокибернетических систем и техноло-

гий, Институт искусственного интеллекта, ФГБОУ ВО «МИРЭА – Российский технологический университет» 

(119454, Россия, Москва, пр-т Вернадского, д. 78). E-mail: admiral49@mail.ru. Scopus Author ID 7003691025, 

SPIN-код РИНЦ 1288-9918

Translated from Russian into English by Lyudmila O. Bychkova

Edited for English language and spelling by Thomas A. Beavitt

МИРЭА – Российский технологический
университет.

119454, РФ, г. Москва, пр-т Вернадского, д. 78.
Дата опубликования 30.01.2025 г.

Не для продажи.

MIREA – Russian Technological University.
78, Vernadskogo pr., Moscow, 119454 Russian

Federation.

Publication date January 30, 2025.
Not for sale.

https://www.rtj-mirea.ru

mailto:polinka6777@gmail.com
https://orcid.org/0009-0008-1323-9308
mailto:admiral49@mail.ru
https://www.rtj-mirea.ru



