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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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Pesiome

Llenu. B cTaTbe paccmaTpmBaloTCs rapMOHUYECKNE NCKaXKEHUSI U KnbepaTakn Kak OCHOBHbIE UCTOYHUKM HapyLLe-
HWU1 B cmapT-ceTsax (Smart Grid). Llenb paboTel — paspaboTka apPekTUBHOro MHCTPYMEHTA ANS BbISBIIEHUS N YNC-
JIEHHOW OLLEHKM Pa3NNynin Mexay rapMOHMYECKUMU 1 @HOMaJbHbIMUW CUIHanamu, 4To No3BosnT 06HapPYXMBaTb K-
OGepaTtaku, CBA3aHHbIE C MCKaXEHNEM rapMOHNYECKNX CUTHAIOB, U N5 6onee TOYHOM knaccudukaumm naTTePHOB,
XapaKTepPHbIX 41 BPEAOHOCHbIX BO3OENCTBUN.

MeTopnbl. NpoBeaeH CpaBHUTESNbHbLIA aHaNN3 PasfNyHbIX METOAO0B OOHaPYXEeHUs aHOManui, Takux kak ¢pak-
TanbHbIN aHannM3, MynbTUdpPakTanbHbIA aHaNn3, pacyeT 3HTponun LLIEHHOHA 1 NAOTHOCTU CMEKTPasIbHOW MOLLHO-
cTtu (power spectral density, PSD).

Pe3ynbTaTtbl. [onyyeHHble pe3yfbTaThl NOKa3blBaOT, YTO rAPMOHUYECKME UCKAXKEHUS 1 aHOMaSIbHbIe CUrHasbI,
Bbl3BaHHbIE kKnbepaTakaMu, 061a0atl0T CXOXUMN dpakTasibHbIMU 1 MYbTUdPaKTaIbHbIMU XapakTepucTukamMm, 4To
3aTpyaHaeT ux pasnmyeHune. Vicnonb3oBaHne Metoaa aHTponun LLIieHHOHa He NO3BOMSIO B NOMHOM Mepe OLEHUTb
CJI0XXHOCTb M HEONPeaeNeHHOCTb rAaPMOHMYECKUX M aHOMaSIbHbIX CUrHaNOoB. [1ns 6onee rnybokoro noHNMaHus npu-
poabl 3TUX CUrHaNOB Obli NPUMEHEH KOMMEKCHBIN MOAXOM, BKJIOHAOLLMIA aHain3 Ux YaCTOTHbIX XapakTepucTuk
1 MPUMEHEHNE OPYIMX METOA0B OLEHKN HEONPEAENEHHOCTU, TakuX Kak MyfibTudpakTanbHbin aHanna n metog PSD.
B pesynbTtate meton PSD BbISiBUA 3HAYNTENbHBIE PA3ANYMSA B PACNPEAENIEHNN SHEPTUM MEXAY 3TUMU CUrHanamm,
4TO NO3BONSET 60sIee TOYHO NAEHTUDULMPOBATL KnbepaTaku.

BeiBoabl. [ns adekTMBHOro obHapyxeHns kmbepatak, CBA3aHHbIX C UCKAXEHNEM FapMOHUYECKMX CUMHAJOB
B QHEPreTMYeCcKUX cucTeMax, He0OX0AMM KOMMJIEKCHBIN NMOAXOA, BKIOYAIOLWMA METOAbI aHaNM3a BPEMEHHbIX psi-
[0B, HaCTOTHbIN aHaNn3 1 MeToAbl MalLIMHHOIO 00y4YeHMs. Takoin NoAXoL NO3BOSET HE TOJILKO BbISIBNIATE aHOMaNumn
B CMIHanax, HO U NPOBOAUTb NX YUCNEHHYIO OLLEHKY, YTO MOBbILIAET TOYHOCTb Knaccudbunkaumm BpeaOHOCHbIX BO3-
nencTeunin. MIHTerpaums aTnx MetTofgoB 06ecneyBaeT NoBbILLEHNE HAOEXHOCTU 1 6E30MaCHOCTN SHEPreTUYECKIMX
cUCTeM, fienas Ux MeHee ya3BMMbIMU K Knbepartakam.

KnioueBble cnoBa: Smart Grid, rapMoHu4eckne uckaxeHus, knbepaTtakm, MyfbTUdpPaKTanbHblii aHanM3, crnek-
TpasibHasi MI0THOCTb MOLLHOCTU, 06HapyXeHre aHoMasnni
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npospatmocn: cbvmaucosoﬁ AeaTesibHOCTU: ABTOpr He NMetoT d)MHaHCOBOP’I 3anHTEpPeCOBaHHOCTW B nNpeacTaBiieH-

HbIX MaTepunanax nam MetTogax.

ABTOPbI 3a5BNSIOT 06 OTCYTCTBUM KOHGMIMKTA MHTEPECOB.

INTRODUCTION

Today’s cyber threats pose a serious risk to smart
energy grids, known as smart grids. These threats include
malware attacks, phishing, DDoS! 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.

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.

1000 1
500 -
v
I
> ,}
@ 01 s i
g
)
= 500
h '
-1000 1 ;
— Harmonic signal with increased harmonics h'
_1500 1=~ Signal with anomalous distortions ¥

0 200 400

600 800 1000

Time, s

Fig. 1. Comparison of harmonic signal and signal with anomalies

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

D lim In N(g)
e—0 111(1/8)

> (1)

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

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

_ In(R/S)
Inn

H ; 2

where R is the range of the accumulated deviation of
the signal from the average value; S is the standard
deviation; 7 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
Harmonic signals 0.643
Hurst coefficient
Anomalous signals 0.652
Harmonic signals 0.988
Fractal dimension
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(g) as a function of the
scaling parameter g.

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

Ny
Z(g,9)= D | X(s)l, 3)

i=1

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

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

Z(q,s) ~ s¥9, 4)

where t(g) 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 ¢ using the ratio:

H(g)="2. 5)
q

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 Entropy value ()
for further study due to its ability to quantify the level of Fig. 3. Shannon entropy (logarithmic scale)
uncertainty and complexity in a system. The possibility
of using Shannon entropy to analyze the changes in the While Shannon entropy provides important

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:

H = —Zp(xl-)lgp(xi), (6)
i=1

where p(x)) is the probability that the signal takes the value
x,, while 7 is the number of possible values of the signal.

Thediagram (Fig. 3) showsthe distribution of Shannon
entropy values for two types of signals: harmonic (green
color, lines) and anomalous (red color). The frequency
fon 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.

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(o) of the signals was
calculated using the following formula:

|
P(OJ):ﬁZIXk((D)IZ, ()

k=1

where o is the frequency; X)(o) 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
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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:

| M
Byeren (@) = [ D> P (), (8)
m=1

where M is the number of segments; P, (w) 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(w) over the entire
frequency range :

(Dmax

E= [ Po)do, ©)
0

where ® . 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
betweenanomalous 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 alargest 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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Pe3iome

Llenn. O6bekToM UccnenoBaHns BoiCTynaloT MHPOPMAaUMOHHBIE CETU LIUTUPOBAHUS, CTPYKTYPUPOBAHHbIE HA OCHOBE
BblOOpkK B arXiv 6a3bl AaHHbIX, CBA3aHHOW C TeopeTnyeckon duamkoi Bbicoknx aHeprumii (high energy physics, HEP),
nHaekcupytoweri ¢ 1974 r. 6onee 500000 ctaTeli, BkJtOHas X NOSIHOE AePeBO LUMTMpPoBaHus. MNpeanaraeTcs MeToamka
oBHapy>XeHNs1 NepkoNSALMOHHOIO Nepexoaa B AMHaMmnke o6pasoBaHms KNacTepoB CTaTel, UMEIOLLMX CXOXee coaep-
XaHne N TECHO CBA3aHHbIX APYr C APYroMm. MNoBbILLeHNe TOHHOCTU KOIMYECTBEHHOM OLEHKM MHDOPMAaLMOHHbIX LIMKIIOB
B CETSIX 3HAHWIA MOXET ObITb MCMOJIb30BAHO B PELLEHNN NMPUKIaaHbIX 3a4a4 Ka4ecTBa HAyKOMETPUN 1 ee MHAMKATOPOB.
MeTopabl. [pMeHeH ONTUMU3NPOBAHHLIV anropuTM No AMHAMUYECKOMY pasaefieHnio CeTU B MPOrpaMMHON cpe-
ne Pajek ¢ uenbto 06Hapy>XeHUsi NOSIBNIEHUS B HEWN MTMIraHTCKOrO KOMMOHEHTA, 3KBMBASIEHTHOIO NEPKONSLMOHHOMY
nepexony. JaHHbli NOoOX0L4 NO3BOSSIeT C 3aJaHHbIM BPEMEHHbLIM LLIAroM peann3oBaTb AeTallbHoe UCCnefoBaHne
OMHaMUYeCKMX 1N 0OLLMX MapaMeTPOB A5 KaxkKA0M HOBOW COKpaLLLEHHOM ceTu. Micnonb3yemblii anropuTMm knactepu-
3aunn 06beANHAET CTPYKTYPY UUTUPOBAHUS 1 TeMMNOPasibHYI0 MHPOPMAaLMIO O AaHHbIX.

PesynbtaTbl. O6HapYy>XeHo, 4To B ceTn HEP nponcxoamTt nepkonsumMOHHbIA Nepexon, MHAMKAaTOPOM KOTOPOro siB/si-
eTcst o6pa3oBaHme B6M3K NIOKaNbHOM KpuTuyeckor Toukn (10-ro mecsiua nHTepsana BpeMeHHOM BbIOOPKM) rMraHT-
CKOro KoMrnoHeHTa. B To e Bpems 06006LLEHHbIV BbIBOA, NOBEAEHMS NAapaMeTPOB CeTell CBUAETENbCTBYET O MOJOo-
XUTENbHOM AMHAMMKE B POCTE CBA3HOCTM UCCNedyeMOol ceTu Ans Bceli BpeMeHHoM Bbibopku (¢ 1991 r. no 2003 r.).
O600LLEeHHbI aHann3 pacnpeneneHns LMTMpyemMocTn obHapyxmaeT 11 naypeatoB BbICOKOUUTUPYEMBIX CTaTel,
KOTOpble 3agaBanu 6a30BbIN BEKTOP pa3BuTus B padaene HEP. MNprmMeyaTtenbHo, YTO BblAAKOLLMECS YYEeHbIE U3 INaB-
HOW «TPOMKN» LLUTUPOBAHWNS CBS3aHbI €AMHOM ANMHAMNYHON 061aCTbio UCCNeoBaHus — TeopUel CTpyH. Bepudurkaums
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BblLLIEYKa3aHHOr 0 GakTa NoATBEPXKAAET TO, YTO NPEAJIOKEHHBIA METOA, OLEHKM LUMTUPYEMOCTU — pabounii. Onpene-
JNleHne xapaktepuctTunk cet HEP nossonseT onpenenutb BaxXHbIN 419 CCNefoBaTeNnd nokasaresib U ero noBeaeHuve.
BbeiBoAbl. B rpacde aBTOpOB, CBSA3aHHbIX OTHOLLIEHMSIMM coaBTopcTBa, 7304 13 9200 aBTOPOB Hay4yHOro coobLue-
ctBa ®u3nkos HEP oTHOCATCA K OO4HOMY CBA3HOMY KOMMOHEHTY. BpeMeHHON xapakTep LUMTUPOBaHUSA yKa3biBaeT
Ha ObICTPOE NMOHUMAaHNE N NUCTMOJb30BaHNE COOTBETCTBYIOLLMX HOBbLIX Pab0T. MNepKoNsLMOHHbIV Nepexon, ABNssCh
WHAMKATOPOM BHE3amMHbIX KOHUENTyalbHbIX U3MEHEHWUI B CETAX LMTUPOBAHUS, NO3BONSET BbISBAATL U CBA3bIBATb
CTaTby B UCCNEN0BATESNbCKYIO CXEMY, COCTaBJIAIOLLYIO KnacTep HOBbIX MOEN UM TEOPUNA.

KnioueBble cnoBa: nHdopmMaunmoHHas CeTb, CETb LUMTMPOBaHUS, dur3mka BbICOKMX aHepruii, HEP, nepkonsauus,
NepKoSIALMOHHbIM Nepexon, CBA3HOCTb, TMraHTCKUIA KOMMOHEHT, KnacTep, AMHaMmnka

e Moctynuna: 23.07.2024 » fopa6oTaHa: 20.09.2024 ¢ MpuHaTa kK onyonukoeaHuio: 12.11.2024

Ana untupoBanusa: Kpamapos C.O., lNonos O.P., Ixapues N.3., MNeTtpos E.A. MNMepkonauusa n GpopmmpoBaHne CBA3-
HOCTW B OMHAaMWKE CEeTEN UMTUPOBAHUSA AaHHbIX MO GU3MKe BbICOKMX 3Hepruin. Russian Technological Journal.
2025;13(1):16-27. https://doi.org/10.32362/2500-316X-2025-13-1-16-27, https://elibrary.ru/DUUBKW

Mpo3payHocTb GUHAHCOBOW AEATENIbHOCTU: ABTOPbI HE UMEIOT (PUHAHCOBOM 3aMHTEPECOBAHHOCTM B NPeACTaB/IEH-

HbIX MaTepuanax nin Mmetogax.

ABTOpPbI 325BNSAOT 06 OTCYTCTBMM KOHMIMKTA MHTEPECOB.

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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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
p,, 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;

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

e 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 ofthe 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 p. Basically, the
theory is concerned with the existence of such a cluster
and its structure with respect to the probability of
filling p.

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 p

The measure of functionality is the probability that
a node (or link) belongs to an infinite cluster. At p < p_
there are only finite clusters and P = 0. At p > p,
P behaves similarly to the density below the critical
temperature 7, and increases with increasing p according
to the power law:
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P ~(@p-p)l. ()

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

E~(p-p)™ 2

The average number of nodes (mass) of a finite
cluster § also diverges from the index y above and
below p:

S~p-pJ)" 3)

The indices B, v and y 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
B 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
Y 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 d;, d, ;. and d; which describe
the distance between vertices.

The fractal dimension d; describes M(r), i.e., the
way in which, on average, the mass M of a cluster
inside a sphere of radius 7 scales with 7. Dimension @, ,
describes the self-similarity and structure on the shortest
path between two arbitrary nodes A and B, while |
describes M(/), i.e., how M at the shortest distance / from
a given node scales with /. They are related to each other:

dy=—"1-. )

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] Pajek!
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
arXiv?, 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.

! http://mrvar.fdv.uni-lj.si/pajek/. Accessed April 20, 2024.
2 https://arxiv.org/archive/hep-th. Accessed April 20, 2024.
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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 arXiv? 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 Pajek' 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 ¢ in months,
where 0 is March 1993, month 28 is July 1995.

80

70 |

60 -

501

40 -

30 -

Largest component, %

20

10 ¢

0 i i i i i i i i i i i " i
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
t, month

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/metworks/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 1IB, 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.

T, month
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
0.8
0.6
(%)
0.4+
0.2
0 - L A i J
0.40 0.45 0.50 0.55 0.60
F

Fig. 2. Largest component size as a function
of probability in network growth dynamics:
(7) 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 /) 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 7" of 28 months obtained in
this study. Due to the identity of the input datasets for
HEDP, 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
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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

2.5

Average distance
N
o

—_
[¢)]

1.0

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
t, month
(a)

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

Anunweighted 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
ofiinterval values between vertices in the network divided
by the maximum possible value in a network of the same

Diameter
(6]

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
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Fig. 3. Dependence of average distance to the top (a) and network diameter (b) on time
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Fig. 4. Time dependence of clustering coefficients:
(a) transitivity coefficient; (b) Watts—Strogatz coefficient
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Fig. 5. Dependence of the total link strength in the network (a) and average degree of all vertices (b) on time

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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Fig. 6. Time dependence of the betweenness
centralization between vertices of the network
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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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HAYYHAA CTATb4A

AHaJIN3 BEPOSITHOCTHBIX XaPAKTEPUCTHK BO31EeHCTBHSA
BHPYCHBIX aTaK HA HM(POBbIE MOACTAHIIMH

A.C. JleoHTbEB,
A.B. XmaTtos @

MWP3A — Poccuiicknii TEXHOJIOrn4eckuii yamepcutet, Mockea, 119454 Poccus
@ AsTOp AN nepenvcku, e-mail: zhmatov@mirea.ru

Pesiome

Llenu. Llenb naHHOro nccnenoBaHms 3ak/l04aeTcs B CO34aHUN aHANIMTUYECKMX METOA,0B 7151 OLLEHKN BEPOSITHOCTHbIX
XapakTepucTrk 6€30nacHOCTN MHPOPMALMOHHBIX U MPOrPaMMHBIX 3IEMEHTOB LIMPPOBLIX NOACTAHLMIA. DTN METOAbI
HarnpagneHbl Ha 06ecrneyeHre Knbepbe30nacHOCTM B YCIIOBUSIX PA3/INYHBIX CLLEEHAPMEB BO3AENCTBMS BUPYCOB.
MeToabl. Vicnonb3oBaHbl MeToabl, 6a3MpyIoLLIMECS HA TEOPUN HAAEXHOCTU, TEOPUN CIyHaHbIX MPOLLECCOB U TEO-
P11 BOCCTAHOBNEHNS.

PesynbTaTthbl. BbiBeaeHbl MHTErpasibHble COOTHOLLEHMS, KOTOPbIE MO3BOJISIOT OLLEHUTL BEPOSITHOCTHBIE XapaKTepu-
CTuKM 6e3onacHoCTN 06paboTkn MHbOPMaLMKM NPY BbINMONHEHW DYHKUMOHASBbHBIX 334a4 B Pa3fIMYHbIX CLEHAPUSX
aTak Ha LMpPOBbIE NOACTAHLMN, @ TaKXE MPU NCMONb30BaHMM PA3NIMYHBIX TEXHONOMMIA 3aLLUMTbI OT NOA00OHbIX Yrpo3.
MpoBeaeHbl YACIEeHHbIE UCCNea0BaHNsA BEPOSTHOCTM 6e30nacHoi 06paboTkmn MHGOopMaLMn NPy PasnyHOM NHTEH-
CUBHOCTW aTaK U BPEMEHU MX aKTUBaLMN C yHETOM HaCTOTbl MPOBEAEHUS ANArHOCTUKN CUCTEMbI 0OCTYXXMBAIOLLMM
nepcoHasom 1 TpeboBaHnin 3akasynka K 6e30nacHoMy OYHKLUMOHUPOBAHWIO CUCTEMbI B ONPELENEHHbIN Nepunos,
BPEMEHW. PacyeTbl BbINOMHEHbI AJ15 Pa3/INYHbIX TEXHOIOMMIA 3aLLMTLI OT NOA0OHbLIX aTakK Ha LM(pPOBbLIE MOACTAHLMN.
MokazaHo, 4TO TEXHONIOMUS 3aLLUMTbI C AETEPMUHNPOBAHHOW YACTOTOM ANArHOCTUKM CUCTEMbI MOXET 06eCneymnTb
TpeboBaHWsa 3aka3ymka kK 6€30MacHOCTN TOMbKO MPU Cly4anHbIX M OTHOCUTENIbHO PELKMX BUPYCHbIX aTtakax. Tex-
HOJIOMMM 3aLLUMTbI, YYUTbIBAIOLLME PA3NINYHbIE PEXMMbI PaboTbl 0OCTYXMBAIOLLErO nepcoHana, MoryT obecneyntb
BbIMoJsIHEHMEe TpeboBaHMIN 3akasynka rno BeposTHOCTN Be3onacHo 06paboTkn MHdopMaumn B 3a4aHHbIN nepuog,
BPEMEHU 1 NPY NpeHaMepPeHHbIX aTakax Ha LM(pPOBbIE NOACTaHLNN.

BbiBOAbI. PacCCMOTPEHHbIE TEXHONOM MM 3aLLUMTbl MHDOPMaLMK OT atak Ha UMbPOoBbIE MOACTAHLMM MOTYT 00eCneYnTb He-
06X0aMMbI YPOBEHb 6E30MAaCHOCTYN PYHKLIMOHMPOBAHUS MH(MOPMALIMOHHOW CUCTEMBI L1t BCEX BUOOB Yrpo3 Npu ycro-
BV YBESIMYEHNS YACTOTbl ANArHOCTUKM CUCTEMBI C 2 pa3 B 14 40 He pexe 1 pasa B 25 MUH. ITO NOAYEPKMBAET BRXKHOCTb
aKTVUBHOM MOHUTOPVHIOBOM MOANTUKN B YCIOBUSIX MOCTOSHHO MEHSIIOLLENCS cpeabl aTtak ans undpoBbIX NOACTaHLMNA.

KnioueBble cnoBa: U@ poBbie NOACTAHLUMN, XapaKTepuCcTUKa NoTOKOB, BUPYChl, BEPOSATHOCTL 6€30MacHOro dyHK-
LIMOHMPOBaHUS, MHOOPMaLNOHHO-BLIMUCIUTENIbHBIE CUCTEMBI

e Moctynuna: 12.04.2024 » Jopa6oTaHa: 12.09.2024 ¢ MpuHaTa kK ony6nukoBaHuio: 21.11.2024

Ona uutupoBaHusa: JleoHTeeB A.C., XXmatoB [1.B. AHanu3 BEPOATHOCTHbLIX XapaKTEPUCTUK BO3OENCTBUS BUPYCHBLIX
aTak Ha umdposble noacTaHumn. Russian Technological Journal. 2025;13(1):28—-37. https://doi.org/10.32362/2500-
316X-2025-13-1-28-37, https://elibrary.ru/BUGTUV

Mpo3payHocTb GpUHAHCOBOMN AEeATENIbHOCTU: ABTOPbLI HE UMEIDT PUHAHCOBOM 3aNHTEPECOBAHHOCTM B NPEACTaBNEH-
HbIX MaTepuanax uin meToaax.

ABTOPbI 3a5BNSIOT 06 OTCYTCTBUM KOHGMIMKTA MHTEPECOB.
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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.1. 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:

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

e 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.

o 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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o 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.

e 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.

e 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

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

of energy companies, also pose a serious risk to the

Table 1. Virus attacks on digital power substation

control to critical systems.

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-attack!

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-messages? 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

! 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:

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

V.0, DF of the virus activation time after it has
entered the system;

F diag(t), DF of time between diagnostics;

G(1), 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 G(¢) (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.

0
Let {t,} |
which correspond to the time of the next antivirus
diagnostics of the system.
If the intervals between diagnostics 1 are the same,
then the following formula is valid:

be the recovery process, moments ¢, of

lpy17t

£,(6) = j inp (=1, =00V, (8)dG,(8), (1)

wherein £(7) 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 £, <t <t |,
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
P is defined by relation (2), and the probability that
information is not distorted is estimated by formula (3):

Pvir(i) =
T—t (2)
F(l) j [1 Fdlag(t)]j o (£ — 0V (0)dG (6)  dt
diag 0
[-;mp(l) 1- PV1r(1) (3)

Over a given period of time T oiv from the moment of

the last prophylaxis under the condition Tglv < Fd(llgg,
the probability of the hazardous impact absence is

defined by the ratio:

glv

0)V, (0)d6.  (4)

1mp(z)( g1V j 1mp glv

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 T . , the integrity of information resources is
ensured.

giv?
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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;

S;=—0 is the frequency of impact on the system

imp
for virus introduction;
1

Bj M

act
infiltrating virus in jth scenario;

T j = d(ila)g. ; 1s the average time interval between

the end of the previous diagnosis and the beginning of
the next one in jth scenario;
T diag. j is the duration of diagnostics, including
restoration of system integrity (set in advance).
The customer should impose requirements on the
following parameters:
Py is the minimum permissible probability of safe
operation of the system (predefined by the customer).
The following indicators are evaluated:
Pio. i is a probability of absence of hazardous
impact during a specified period T oiv.j in jth scenario.
From the user point of view, the system is assumed
to be safe for a given time 7, = 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.

is the average activation time of the

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 (j=1,10) in
accordance with the given initial data (Table 2).

Pimp

Fig. 1. Probability of safe operation of the information

system in different threat scenarios (j=1,10) 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. 4,7=7,8,9).

2. Atthe same time, for threats occurring on average once
every 1 h, the probability ofno 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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Table 2. Security evaluations of information system operation at a digital substation

Threat characteristics Characteristics of the substation service device Customer’s requirements
J o b Tiny) Tiiag, T P,
1 1 week ™! 6h 1 week 1 min 1 day 0.95
2 1 week™! 6h 3 days 1 min 1 day 0.95
3 1 week'! 6h 1 day 1 min 1 day 0.95
4 1 week™! 6h 6h 1 min 1 day 0.95
5 1 week™! 6h 3h 1 min 1 day 0.95
6 1 day™! 3h 1 day 1 min 1 day 0.90
7 1 day! 3h 6h 1 min 1 day 0.90
8 1 day! 3h 3h 1 min 1 day 0.90
9 1 day™! 3h lh 1 min 1 day 0.90
10 1h! 1h 30 min 1 min 1 day 0.90

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 Pimp1 o U= 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.

I 1
I ! 1 I
o 1 1 1 [
R AR—-—- mmmmm e |
E | 1 | |
Q ] ! 1 I
1 I 1 1
U E— [— S :
1 ! 1 |
I ! ] |
1 1 1 |
0 I ; 1 I

0.5 1.0 1.5 2.0
0,0, 1/h

Fig. 2. Dependence of the value of P, 4,
on the frequency of exposure to threats

1.0
0.9 4

i 0.6 - V r I :
E - - ; x
Q 1 : ] I
034 oo Fomm———- WP ﬁ
1 ' I |
0L ; . ;
0.5 1.0 1.5 2.0

Bio:h

Fig. 3. Dependence of the value of Pimp.10
on the average time of threat activation

G 08 fh-menee- Fooeenes Rt |
o : : : :
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oL : ; '[
12.5 25.0 37.5 50.0
Tint.10- MiN

Fig. 4. Dependence of the value of P,
on the average interval between diagnostics

Fig. 5. Dependence of the value of P.

on the time set by the customer Tgi\,_10

imp.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 Ty, set by the customer
decreases, the system security increases in all threat
scenarios and protection methods.
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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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Abstract

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.

Conclusions. The proposed algorithm of topic modeling allows the most important topics in current communication
to be automatically identified. It shows posts that serve as indicators of these topics, and thereby significantly
simplifies the solution of the problem.
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HAYYHAA CTATb4A

TemaTrudeckoe MoaeTUPOBAHUE
B MOTOKEe KOPOTKHUX COOOIIEHUMA HA PYCCKOM AI3BIKE

E.C. Mo3aunase ©

Eenropogckuii rocynapCTBeHHbIVi TEXHO/I0rndeckuii yHusepcuteT um. B.T. LLlyxoBa, besnropoa,
308012 Poccusi
@ AsTOp AN nepenvcku, e-mail: mozaidze95@mail.ru

Peslome

Llenu. Pa6oTa nocesilieHa TEMaTMYECKOMY MOLENMPOBAHNIO KOPOTKUX COOBLLEHNIA, MOCTYNAOLLMX NOCPELACTBOM
couuanbHbIX CeTel Unn ApyruMm cnocobom B Buae cepuun. Takas 3agadva BO3HMKAET B cucTemMax paboTkl C Hace-
JIEHVWEM B rOCYAapCTBEHHbIX M MyHULMNASbHBLIX CTPYKTYpax, B LLEHTPax ornpoca obLEeCTBEHHONO MHEHMS, a Takxke
B crcTeMax 06CNyXMBaHUS KIIMEHTOB 1 MapKETUHIOBbLIX NoapasaeneHusix. Llens paboTtel — pa3paboTka n akcnepu-
MeHTasnbHas NpoBepka Habopa anropMTMOB TEMaTUYECKON MOLENW A1 aBBTOMATUYECKOr 0 OnpeneneHnst OCHOBHbIX
TeM o6MeHa MHGOpPMaLMEN U TUMUYHBIX COOBLLLEHWNI, UNTTIOCTPUPYIOLLMX STU TEMBI.

MeToabl. VIcnonb3yoTCcd METOObl NePEMEHHbLIX CTAaTUCTUYECKUX pacnpeneneHnin, NPUMEHEHHbIX K CTaTUCTUKE
KOJIIOKaLMA, 1 NOAX0Obl, XapakTepPHble 019 pelleHns 3agad4 TeMaTtnyeckoro MoAeIMpoBaHUSA KOPOTKNX TEKCTOB,
HO B MPUMEHEHUW K CRenyoLmM Apyr 3a Apyrom coobLieHmsaM. Takum 06pa3om, 3aa4m OHIANHOBOIo MalUMHHOIO
00y4eHVs 1 TEMATMYECKOrO MOLENVMPOBAHMS PACCMaTPMBAKOTCS B COBOKYMHOCTM.

Pe3ynbTaTbl. PACCMOTPEHO NOCTPOEHNE TEMATMHYECKON MOLESNN, B KOTOPOW HAMAOEHHbIE KnacTepbl C Nnpeabsasie-
HUEM UX TUMNNYHbIX NPeLCTaBUTESNIEN N TEKYLLLETO BECa MOIryT MOMOYb YEI0BEKY B MPUHATUM PELLIEHN B COOTBETCTBUN
C TEMATUKOWN 3TUX Hanbonee BaXHbIX COOOLLEHUIA. [TpeanoXeHHbI MeTos, Obin 9KCNePMMEHTASIbHO NMPOTECTUPOBAH
Ha KOpMyce peasbHbIX COOOLLEHNIA. Pe3ynbTaTbl TEMATUYECKOr0 MOAENMPOBAHUSA (MOCTPOEHHbLIE TEMATUYECKNE
MOJESIN) COrnacylTCs C pe3yfibTaTamu, NoJlydYEHHbIMU BPY4YHYIO: BbIOPaHHbIE COOBLLLEHMS, UITIIOCTPUPYIOLLME MPO-
6nemMHble TEMbI C HAMBONbLUNM BECOM, SIBASIIOTCS TAKOBLIMU U C TOYKU 3PEHNSI IKCMNEPTOB.

BbiBoabl. Mpeanaraemblin anropntMm TEMaTUHECKOro MOLEIMPOBaHUS NO3BONAET aBTOMATUYECKU BbIABNATL HaN-
6onee BaXHbIE€ TEMbI B TEKYLLLEM OOLLEHMN, MOKA3bIBAET NOCTbI, CAYXaLLMe NHANKATOPaMU 3TUX TEM, YTO NO3BONSET
CYLLLECTBEHHO YNPOCTUTb PELLEHNE 3a4a4U.

KnioueBble cnoea: Tematuyeckoe moaenmposaHe, EM-anropntm, ckpbiToe pasMelleHne, MeTof NoTo4YHOM ne-
PEHOPMUPOBKN

e Moctynuna: 25.03.2024 » Jopa6oTaHa: 30.09.2024 ¢ MpuHaTa kK ony6nukoBaHuio: 17.11.2024

Ana uutnpoBaHua: Mosanase E.C. TemaTnyeckoe MoaenmpoBaHne B NOTOKE KOPOTKMX COOOLLLEHMI HA PYCCKOM
a3blke. Russian Technological Journal. 2025;13(1):38-48. https://doi.org/10.32362/2500-316X-2025-13-1-38-48,
https://elibrary.ru/HJHQTR

Mpo3payHocTb pHAHCOBOMN AeATesIbHOCTU: ABTOP HE MMEET PMHAHCOBOV 3aMHTEPECOBAHHOCTU B NPEACTaB/EH-
HbIX MaTepuanax unm MeToaax.

ABTOp 3aaBnseT 06 OTCYTCTBUM KOHMINKTA MUHTEPECOB.
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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
aset 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™, predicted long ago®? [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 Nokel* 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 Maller,
Gensim®, and BigArtm’ 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

! 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.
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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 ChatGPT®.
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 itself 1. 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-algorithm!!- 12, or hidden Dirichlet placement'3. 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:

e messages follow each other and each has an
identifier;

e 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;

T https://pythobyte.com/python-for-nlp-topic-model-
ing-8fb3d689/?ysclid=1gdpql4ef3963911399 (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.
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e for the sliding message window, there is a log of
noun—verb pairs with the corresponding message 1D;

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

e cach 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;

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

e 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:
e sentence tokenization (splitting into sentences) by
means of nltk'4;
e tokenization of words in a sentence by means of n/tk;
e part-of-speech detection of tokens by means of n/tk;
e lemmatization of nouns and verbs by means of
pymorphy2'3;
e composition of noun—verb pairs according to the
“nearest neighbors” rule.
All  of this is implemented in the
appeals_processing.ipynb'® 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 A4 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:
e a string of the type “[(nounl, verbl), ..., (nounN,
verbN)]”;
e file number;
e 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 p (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
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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:

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

e dictionaries of Russian nouns and verbs;

e dictionary 7, 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:

T, :{t:{s:pst}},Zpst =1VseS§,,
t

wherein ¢ is the noun (topic), s are the noun—verb pairs
constructed from the set S, containing m references, p,
is the probability that the pair s belongs to topic z.

The output of the algorithm is a new T, , , 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 7, all its values are
replaced by the values of p(1- pyn,), where p is
the current value and p, n, are the value for the
pair s in the new topics and their number,
respectively;

2. If there is no pair s in T, 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 p,; in addition, the pair s is entered into all newly
created topics with probabilities p,;

3. If there is no topic matching the noun from s in 7,
but some topics have a pair with the verb from s, then
s 1s entered into the dictionaries of these topics with
a value equal to p,. In addition, the pair s is entered
into all newly created topics with probabilities ps;

4. If neither the noun nor the verb from the pair s is
present in 7, then a new topic (based on the noun
from s) is created in 7, , |, and s is entered into it
with probability p,. In all other newly created topics,
s is entered with the probability pq.
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:

Pyl + Zﬁs (1= pony) =1,
N

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

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

+ngp, =1,

P1Moun

wherein n  is the number of available (old) topics

with the noun from the pair 5. Hence we obtain:

l—nyp 1
0P4
=", D4 <—.

Mhoun oy

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

Pollerb + nops = 1’

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

_I=mops 1
I’l’ '

Z)

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

Pilew + (nO _nnew)p6 =1,

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

:1_(n0_nnew)p6 p6£ 1
Moew ng—n

P3

new

Since all probabilities p,, ps, ps 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:

1
Py=DPs=Pg=q<—.
Mo

We will consider the probabilities p, and ps 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 p, = p; = p, and now the unit sums are
rewritten as:

Plyoun + nyq = 1’

kpn 4 +nyg =1,

verb
Pliew + (nO - nnew)q =L

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

n

_ new
p - )
Mhew™0 ~ Mnoun’0 + Mhounnew
_ Myew ~ Mnoun
q'_ s
Maew™0 ~ Mnoun”0 T Mnounnew
n
_ "noun
k - ’
Myerb
if all Myerb and Moew "0~ Mnoun ~ o + Mooun ~ Mnew differ

from 0.

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

If n,p = 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 ¢. The solutions
for them have already been found above.

If

n_ =0,

n Ty n noun  "'new

new n0+n

noun

then it follows from the equations thatn . =n =0,
i.e., this case corresponds to the described Case 1, when
the pair s is already contained in 7, , and the parameter
P, 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:

Py (1= pyng) <min p
s Dy#0

As a result, in order to find a new dictionary

T, ., for each pair from the circulation, we need to find
the numbers:

Maoun> 0> Mhews Myerty Po

and n, is the same for all pairs s from a given circulation.

When building a new dictionary 7, ., |, the following
values of probabilities should be used:
1 |
Py =—l——minp, )
My p 1 lp=o0
n
ne
=P = = 5
Mew™0 ~ Mnoun”0 F "noun’new
_ 1 nnewns
p2 - : s
Nyerb  Mnew”0 ~ Mnoun0 * Mnounnew
n -n
ne noun
Py =P5=Pg= = =
Mew0 ~ "noun”0 + "nounnew

2.2. Algorithm of topic modeling of appeals
represented by sets of “noun—verb” pairs

Input: 7, 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: 7, ., 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. Wesetny=n_ . =0.
2. For all s pairs in a reference.
3. We look through the 7, dictionary and find:
a) values P, thatshasin 7 ,andthe corresponding

topics tgp, e tsnp;

b) topics t;, ces t:“"““ matching the noun from s,
but not containing s in its entirety;

. n .
c) topics £y, ... 1,35 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
n, by 1; if, in addition, there is no noun from s among
the new topics already created (or no new topics

yet), we increase n, . Ha 1 from it by copying and

then work with it. Topic: t::

new .
ew
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5. After viewing of the dictionary 7, is completed, we
create a dictionary 7, , | from it by copying and then
work with it.

6. We find

1 I ..
Po=—"1|1——min p ;
o p P20
7. We write into the topics t;
P, the pairs s found at step 3a).

s s Ly, with probabilities

8. In the topics 7!, ..., t:n"“n we write with probabilities

n
p= new the  pairs
Moew’0 ~ Pnoun”0 T Mnounnew
s found at step 3b).
9.In the topics f_p,.. 035 we write with

probabilities p, = p the pairs s found at

verb
step 3c¢).
10. In the topics Zhey» - friSY we write:

a) with probabilities p, which nouns match the
topic;
b) with probabilities
Mew ~ "noun
Mhew™0 ~ Moun”0 + MnounMew
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

Monthly topic weinght

Share, %

v 9 =2 S £ T BHh 2 0o c < <
(0] O =
© ™ O © ® o & O
o0 2 2 o0 22 > 9 o 5
L 63T H - 28 5 8
.Nmﬂ-i@.wj:.n-'l::’
~ < ~ °© g < @
[Te) - - o
o
Topics

Figure. The most popular topics in references
to the Mayor’s Office of the city of Belgorod

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 metric!” [15], the use of
which is justified by the construction of the algorithm. If
we denote by p, - the probability that a message s

related to month mon belongs to topic ¢ (Z Dis.mon = IJ ,
t
then BC precision (BCP) and BC recall (BCR) for the

topic ¢ in month mon will be defined by the formulae:

2 Pismon

Zs,k Prsk ’

Z s Pis mon

zr,k Prsk '

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

BCP(t,mon) =

BCR(t,mon) =

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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HAYYHAA CTATbA

TeXHUKO0-IKOHOMUYECKUN aHAJIN3 CePBEPOB
KAK BBIYHCJIUTEIbHBbIX MOAYJIEl
BBIYUCJIUTEIBLHBIX cucTeM Kjaacca WSC

r.B. NMeTtywkos @,
A.C. Cvros

MUP3A — Poccuiickunii TexHosiorndecknii yamsepceutet, Mocksa, 119454 Poccus
@ AsTOp A9 nepenvcku, e-mail: petushkov@mirea.ru

Pesiome

Lenu. Llenbio paboTbl ABASETCSH TEXHMKO-3KOHOMUYECKMI aHaIN3 CEPBEPOB KaK BbIYUCUTENbHBIX MOAYNEN Bbl-
yncnutensHbix cnctem (BC) knacca WSC (warehouse scale computer).

MeToabl. OCHOBHbIE pe3ynbTaTbl PaboThl MOJlyYEHBLI C MCMOJIb30BAHMEM METOAOB MaTeMaTUYeCKOro aHanmaa
1 MOOENNPOBAHUS.

PesynbTatbl. [IpoBEAEH TEXHMKO-3KOHOMUYECKUIA aHANN3 BbIYMCIIUTENBHBLIX MOAYJIEN UK CEPBEPOB HA 6ade Mu-
kponpoueccopos knacca Xeon (Intel, CLUA) n um nogobHbix. MpruBeaeH 0630p NOAKIACCOB MUKPOMPOLLECCOPOB
C yKa3aH1eM OCHOBHbIX 0611acTein nx NCMNosb30BaHWs, a TakKe BapuMaHTOB OpraHn3aunn CEPBEPOB U X OCHOBHbIX
cocTaBnsitowmx. HageXHoCTb — KOMMIEKCHOE CBOMCTBO, KOTOPOE, B 3aBMCMMOCTM OT Ha3Ha4YeHUs 06bekTa 1 ycro-
BUIA €ro NPUMEHEHNS, MOXET BKJIl0YaTb 6€30TKa3HOCTb, JOJIFTOBEYHOCTb, PEMOHTOMNPUIOAHOCTb M COXPAHAEMOCTb
VNN ONpefeneHHble CoYeTaHns 3TUX CBOMCTB. Jns o6ecneyeHns MakCcMasibHOM HaAeXHOCTM cepBepa UCrosbay-
0T KaK Pe3EPBUPYIOLLME 3NIEMEHTLI — MaCCUBbI AVUCKOB 1 GIOKOB NUTaHWS, Tak U PE3EPBHbIE CEPBEPDI, U CNeLmanb-
Hbl€ PELLEeHUNSsI: NCNOJIb30BAHWE ropsayen 3aMeHbl 1 NOOKNIOYEHWST, METOAbI MOBbLILLIEHWS HAAEXHOCTN ONepPaTUBHOMN
namsaTn Error Checking and Correction ans koppekummn oumbok Moaynel onepaTvBHON NaMsaTy, KOHTPOJIb TEMMEe-
paTypHbIX PEXVMOB OTCEKOB CepBepa.

BeiBoAbl. NMpoBeaeHHbIN 0630p BapraHTOB OPraHn3aL CEPBEPOB 1 MX OCHOBHbIX COCTaB/ISIOLLIMX MO3BOSET CAe-
naTh BbIBOA, O OCTATOYHO BLICOKOW HAAEXHOCTU UX GYHKUMOHUPOoBaHUs. OT cepBepoB, 06beamHEHHbIX B BC knac-
ca WSC, kak OT cucTeMsbl, TPeBYETCSH HENPEPBLIBHOCTL GYHKLIMOHMPOBAHUS B pexXumMe 24/7 B Te4eHne AMTeNIbHOro
BpemMeHun. 3T1o TpebyeT pa3paboTky METOANK OLEHKN HAOAEXHOCTU TakMX BbICOKOHAAEXHbLIX CUCTEM, BKITHOYAIOLLNX
pe3epBHbIE 3NIEMEHTHI, MO OTHOLLUEHMIO K OTKa3aM annapaTtypbl U MPOrpaMMHOro o6ecrnevyeHunsi, a Takxke MeToamnk
NPOrHO3MpPOBaHNs 0TKa30B 1 Mep 60pbObI C X MOCNEACTBUSIMU.

KnioueBble cnoBa: HaaeXHOCTb, PE3ePBUPYIOLLME 3NIEMEHTbI, MOAKIACCH MUKPOMPOLLECCopoB, error checking

and correction , koppekuus owmnbok, Maccue AMckos, knacc WSC

e Moctynuna: 18.10.2024 » Aopa6oTaHa: 22.11.2024 ¢ MpuHgaTa k onyonukosaHuio: 09.12.2024

Ana untupoBanusa: lMetywkoB IN.B., Curos A.C. TeXHMKO-SKOHOMWUYECKUI aHann3 CEepPBEpPOB Kak BbIYUCIUTESb-
HbIX MoAynel BelunCAnUTENbHbIX cnucteM knacca WSC. Russian Technological Journal. 2025;13(1):49-58. https://doi.
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Mpo3payHocTb GUHAHCOBOW AEATENIbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOM 3aMHTEPECOBAHHOCTN B NPEACTaBJIEH-
HbIX MaTepuanax uim metogax.

ABTOpr 3aaBna0T 06 OTCYTCTBUN KOHCDJ'II/IKTa NHTEepPeCOoB.
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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 instructions
Perfomance =

- - =IPS. (1)
Time of execution

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 instructions
Perfomance =

Number of clocks
5 Number of clocks

)
=1IPC.

Execution time

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?F, (3)

where C 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:

EPI - Powe",r J) ' '
Number of instructions

“4)

Processor performance per
consumed will be as follows:

1 watt of power

Number of instructions
Perfomance ( Time j
Power Power
( Time )

©)

_ Number of instructions 1

Power EPI’
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Consequently:

Epl—_ bower (6)
Perfomance

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 1 compared to its execution time
on a single-core processor ¢1. Thus, the performance
gain will be equal to [9]:

ﬁ=1—p(1—1), ™)

tn n

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.

81;
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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
ES5 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 ES v4.

3.5

3.0

2.5

2.0

1.5

1.0

0.5+

0

1 2 3

M Intel Xeon processor E3-1280v2 (1 Socket)
m Intel Xeon E5-2470 (1 Socket)
m Intel Xeon E5-2470 (2 Sockets)

Fig. 2. Change in performance
when switching from E3 to E5:
(1) SPECint_ratebase 2006, (2) SPECfp*ratebase 2006,
(3) SPECjbb*2005
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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 PCIe'), 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.

Performance on Linpack
with a 15000 x 15000 matrix

14

i Va

<L
o
[e)
=
O /
g 8 /
o
g
é 6
L 4 —e+—Opteron
g v —&—Xeon
2
0 T T
1 2 4

Number of processors

Fig. 3. Performance comparison of Intel Xeon
and AMD Opteron processors

I 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-commands® 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 x 10 Gbit Ethernet, 2 x 1 Gbit
Ethernet, PCle 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.
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Fig. 4. Single-bit error detection and correction diagram. OS—operating system

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., theintroduction oftechnologies 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).

Data  p—— )
Sl buffer F—
Data =
SR buffer =
S
Data |} Data string
SDRAM buffer B in cache
memory
Data
SDRAM buffer =

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, DDRS DRAM
is already under development. DDRS5 is expected to
provide twice the capacity of DDR4 modules, as well
as increased bandwidth. DDRS 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.
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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 NAND? type. Such memory eliminates the main
causes of delays in the data exchange channel between
the system and the solid-state drive. Using the PCle bus
directly, without additional adapters (SATA, SAS, etc.),
reduces latency at the controller level. Selecting NVMe*
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.

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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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.
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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 theratings 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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HAYYHAA CTATbA

Meton npoektuposanusa DC/DC-npeoOpa3oBarelien,
IMOCTPOEHHBIX M0 Zeta-TomoJ0ruu

B.K. buTtiokos,
A.WN. NaBpeHos ©

MUP3A — Poccuiicknii TexHO/I0rn4ecknii yamsepeutet, Mocksa, 119454 Poccus
@ AsTOp ANs nepenvcku, e-mail: lavrenov@mirea.ru

Pesiome

Llenu. Llenn paboTtbl — pa3paboTka HOBOro Metoaa npoektupoBaHus DC/DC-npeobpa3oBaTtesieil, MOCTPOEHHbIX
no Tonosornu Zeta ¢ BO3MOXHbIM y4E€TOM MarHUTHOM CBA3M APOCCENEN, NPOBEAEHME PACYETOB MO NPEASIOXKEHHOM
METOAMKE HOMUHANOB APOCCENEN 1 KOHAEHCATOPOB Zeta-npeobpasoBartenst C MHAYKTMBHO CBA3aHHbIMU APOCCEe-
NIIMU 1 NpoBepka JOCTOBEPHOCTUN NpeaesibHON HEMPEPBLIBHOM MaTeMaTUYEeCKOM MOAENN U METOLA NPOEKTUPOBA-
HUS, OCHOBAHHOIO Ha HeN, ¢ nomoLbio SPICE-MooennpoBaHns B CUCTEME aBTOMATU3MPOBAHHOIO NPOEKTMPOBa-
Husa Multisim.

MeTopbl. [ocTaBneHHbIE 334241 PELLEHbBI MPY MOMOLLM aHANIMTUYECKOrO aHanm3a NpeaenbHON HENPepPbLIBHOM Ma-
TemaTtunyeckoi mogenu. NpennoxeHHbIM METOLOM BbINOJIHEH PacYeT HOMUHANOB CBSI3AHHbIX POCCENEN U KOHAEH-
caTopoB npeobpas3oBarens.

PeaynbTaTtbl. C NOMOLWWbIO CUCTEMBI aBTOMATU3VMPOBAHHOIO NPOEKTUpoBaHnsa Multisim npoBeaeHo Mogenmposa-
Hue Zeta-npeobpazoBaTenis Co CBA3aHHbIMU APOCCENSAMU, B XO4e KOTOPOro NoJly4eHbl Harpy30o4Hble 1 nepeaaToy-
Hble XapakTepUCTMKN NpeobpasoBaTtens, NnokasblBaloLme 3aBMCUMOCTIN TOKOB, MPOTEKAIOLLMX B CBA3AHHbIX APOC-
Censax, N HanpsXXeHui Ha KOHAeHcaTopax OT BXOLAHOIO HanpsiXeHWs, a Takxke 3aBUCUMOCTb BbIXOAHOMO HANpPsXeHWs
OT TOKa Harpysku. okasaHo, YTO NPenCcTaB/EHHbI METO, MPOEKTUPOBAHUS LLOCTOBEPEH M MOJIHOCTLIO COOTBET-
CTBYET pe3ynbTataM MOOENMPOBaHUS. YCTaHOBNIEHA KOPPENAUUS NEPEAATOYHbBIX U HArpy304HbIX XapakTepUCcTUK
TOKOB W HanpsbKEHWI, NOJIyHEHHbIX MOAENMPOBAHNEM N pacHeTHbIM nyTeM. OTANYMS PACCHUTAHHbBIX C MOMOLLbIO
npenenbHOM HEMPEPbLIBHOM MaTeMaTN4eCKOM MOLENN 3HAYEHNI OT Pe3yIbTaTOB MOAEIMPOBAHNS B CUCTEME aBTO-
MaTU3NPOBAHHOIO NPOEKTUPOBaHMA Multisim cONOCTaBUMbI C NOrPELLUHOCTLIO U3SMEPEHMIA.

BoiBoAbl. [1peaioxXeHHbIi METOA, MPOEKTUPOBAHWS MO3BOJIIET PACCHNTATb HOMUHASbI IEMEHTOB Zeta-Tononorum
KaK C y4eTOM MHOYKTUBHOW CBS3M Apocceneit, Tak n 6e3 Hero. Kpome Toro, ¢ noMoLLblo JaHHOMO MeTo4a BO3MOXHO
paccuyMTaTb NOCTOSIHHbIE 3HAYEHWS U NyJbCaLLMM TOKOB APOCCENEN U HaNPsXKEHUI Ha KoHAeHcaTopax. MNpuBeneH-
Hbll B cTaTbe MeTof npoekTupoBaHus DC/DC-npeobpazoBarteneii MOXHO MCNONb30BaTb Kak A NpeaBapuTesib-
HOrO OLEHOYHOI0 pacyeTa, Tak 1 s 6onee feTanbHOro pacyeTa ¢ aHanM3om paboTbl YCTPONCTBA NPU PA3NINYHBIX
BXOZHbIX HAMPSXKEHUSX U CONPOTUBNEHUSAX HArPY3KMU.

KnioueBble cnoBa: DC/DC-npeobpasoBartesib, NOHMXaLLLEe-NoBbILIaWmi npeocbpa3oBartenb, Tononorus Zeta,

npepesibHaa HenpepbiBHad MatemMaTnieckada Mmoaesnb, MeTo NpoekTnpoBaHnd, MogeimpoBaHne

e MocTtynuna: 24.04.2024 » flopa6oTaHa: 28.08.2024 ¢ MpuHaATa k ony6nukosauuio: 03.12.2024

Ana untmpoeaHusa: butiokoB B.K., JlaBpeHoB A.W. Metoa npoekTupoBaHusa DC/DC-npeobpasoBaTeneni, nocTpo-
€HHbIX No Zeta-tononoruwn. Russian Technological Journal. 2025;13(1):59-67. https://doi.org/10.32362/2500-
316X-2025-13-1-59-67, https://elibrary.ru/APNAQO

Mpo3payHocTb hUHAHCOBOM AeATENIbHOCTU: ABTOPbI HE MMEIDT PUHAHCOBOI 3aMHTEPECOBAHHOCTN B MPEACTABNEH-
HbIX MaTepuanax uam MeToaax.

ABTOpPbI 3a1BASOT 06 OTCYTCTBMM KOHDIMKTA MHTEPECOB.
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Method for designing DC/DC converters
based on Zeta topology

Viadimir K. Bityukov,
Aleksey |. Lavrenov

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 sharply!, 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

amodel [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

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:

e constant output voltage U,;

e constant input voltage range from U, . to U, :
e switching period of the power switch 7;
e maximum ripple amplitudes of  voltages
Ucys Ue, and currents iy |, iy, are Auqy, Aug, A |,
and Aij , respectively;

e range of load resistance variation from R, . to
R, .ax (Or load currents from 7, . to [}, );
e coupling coefficient of inductors k.
VT1 C1 L2
——| = el
+UJ. 1*1 I (+). — +Uout
Uln
_l +(-) - (+)
2 2|
1oU3 ||_1 /8 vo1  —=co2 []Rl
s -(+)
o in ~Uout

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 2.710-81 12,
R, is load resistance, U,, is input voltage,

U, is output voltage

The optional parameters are the active winding
resistances of the coupled inductors L1 and L2, which
are r; and r,. The resistances »; and r, 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 U, s with duty factor D, s equal to
0.5 and the minimum load resistance R, . using the
following equation:

! 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.).
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2
( UcaDis +2Ucy Dy 5 = Ucz) ~Ucy D5 575 = Ry g Ucy D s + 2R, Uy Do s = Ry o U

Uinos = (1)
in0.5 ’
Rl aVDOAS - Rl aVDO.S

Rl min * Rl max . .
where R, = — 5, i the average load resistance.

In addition, the minimum and maximum duty factors D_. and D, should be calculated using the following
equations:

b \/_(4U%2V1r2) ( RE iU max — 4R minUé2r1) ~2Ucon _(2R1 minUc2 + £y minUinmax) ®
min — >
“2Ucyry =20yt = (2R1 minUc2 + 2R minU;

nmax )

2 2 2 2
\/_(4Uczr1r2) + (Rl mininmin ~ 48 minUC2r1) ~2Ucyny - (2R1 minUca Ry minUinrnin)
Dmax = ° (3)
—2Ucyr = 2Ucyhi _(2R1 minUc2 + 2Ry minU; )

inmin

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 D, and D 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
ky 1> ki 55 ko and ki, can be derived. Obviously, the equations for calculating ripples A7} | and A , are the same [13],
so the coefficients &, | and k; , are also identical. It can therefore be further assumed that k; | = k; , = &; .

ky =
_ UlnmaxDmmT( c \)LILZ + LZ) + UmmaxDmmTrl (k \/LILZ +L2)
B L2L1 (kc _1)(kc +1) LZLI (kc 71)(kc +1)(( min 72D +1) +Dmmr1 +Rl maxDlim 72RI maxDmin +Rl max) (4)
~ Uin oAsDo.sT(kc\/Lle + Lz) N Ui 0A5D8.5Tr1 (kc\/Lle + Lz) ’
L2Ll (kc _1)(k° +1) L2L1 (kc _1)(kc +1)((D(%.5 _2D0.5 +l)r2 +D(%.5r1 +Rl max 0.5 2Rl max +Rl max)
Um mlanlaxT(Dmax B 1)
ko — Cl ((Drznax - 2l)max + 1)7’2 + Drnax 1 + Rl minDr%lax - 2Rl mianax + Rl min) (5)
Cl — 5
Ui ongsT(Dos _1)
G ((Dg.s —2D;s +1)’2 +Dg sty + Ry in D5 s = 2Ry i Do s + R, min)
ke =

Uinmz\xDminT2 (kc \ILILZ + Ll) Ulnmz\xDmmT2 ( \ LILZ + Ll)

8Cy Ly (k, —1)(k, +1) +8C2L1L2(kc—1)(kc+l)((DIiin—2Dmm+1) +D2 p+R D2 —2R D +R max) (6)

min 1 max ™~ min 1 max~"min

Uiy oAsDo.st(kc\/Lle +Ll) Ui 05005771 (kc\/Lle +Ll)

+
8oLy (ke =)k +1)  8CyILy (k, ~1)(k, +1)((D§ 5 ~2Dg s +1)r, + D 51 + R

Dfs-2R

1 max™0.5 1 max

DOAS +R1 max)

The above equations include the ERE ratings L1, L2, C1, and C2. Using the Simplify Mathcad function’, the
expressions (4)—(6) can be simplified to eliminate variables L,, L,, C;, and C,, thus obtaining equations that are

independent of the inductor and capacitor ratings. However, since the final equations for determining the coefficients
k; , k¢, and k¢, are quite extensive, they have not been included in the present paper.

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

Ai Ai Auc Aug,

Ai =LL A =12 Ay = Au =
L1057~ 1205 =7 €105~ €205~

L L ci 1)

(7

The equations for calculating the ratings of the inductors L1, L2 and capacitors C1, C2 are as follows:

2 2 ;
((Do.s —2Dg5 +1)kcr2 + Dy sker + (Rl maxD0.s = 2R maxDos + R max) c)A’Lz 0svhls
+
Aip 1o ((Dg.s —2Dy 5+ 1)rz + D451 + Rimax D5 = 2Rimax Do s + By max)
2
(Uin 0.5D8.5 - 2Uin O.SDO‘S + Uin O.SDO.S )Tr2 (Rl maxUm 0.5 0 5 2Rl maxUln 0. SDO st Rl maxUm 0. SDO 5 )T

Aippos ((Do 52D +1)”2 + DGt + Ry nax Dis = 2R pmax D5 + Ry max)

®)

B

) ) :
((Do.s —2Dg 5+ 1)kc’”2 + D skeri + (Rl maxDos = 2R maXDO.S +R max)kc)AlLl 05vhls
+
Airs o5 ((Do s=2Dgs+ 1)rz + D357+ Ry max D s = 2R max Dos + Ry max)
3 ) 3 )
(Uin 05005 =2Uin 05055 +Uin 05005 )Trz + (Rl maxUin 0.5D0.5 = 2R 1axUin 0.5P05 + B maxUin 0.5P0.5 )T

: 2
AlLZ 0.5 ((DOS 2DOS +1)I"2 +D051"1 +Rl max 2Rl maxDOS +Rl max )

h =

)

B

_(Uin o.ng.sT(Do.s _1))

2 2 2 ’
Aucy g ((Do.s =2Dg 5 +1)ry + D35t + Ry in D s = 2R min Do + R min)

C = (10)

_(Uin 050057 (Do.s _1)2 (Vz R max)(kc\/EJle))

2
8Auc, osLiLy (ke —1)(k, + 1)((D0 5= 2Dgs5+ l)rz +Dg s + Ry pyax D55 = 2Ry nax Do s + Ry max)

= (1D

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 L, and
L, can be written as follows:

(_(Uin 0505 )+ 2U; 05055 = Ui max Do s )Trz

L= +
P - 2 A P :

(1 _kc)((Do.s —2Dgs5+ 1)A’Ll 057t DysAiLyosi + (Rl min205 = 2R minLo.5 + Rimin )AlLl 0‘5)

(12)
)
((2R1 minUin 0.5D0.5 - Rl minUin 0. SD Rl manln 0. SDO 5 )T 2Un 0. 5 Trl)
+ )
(1 _kc)((Dg.s —2Dgs +1)AiL1 0.572 + Dg sAi 1 .7 +(R1 minD0.s = 2R min D05 + Ry min )AiLl 0.5)
L, =
3 )

(Uin 05085 = 2Uin 05055 + Uin maxDo’s )Trz + (Rl minYin 0.520.5 =281 minVin 05005 + BiminVin 050 0.5 )Tl (13)

(1- kc )((Do.s —2Dg 5+ 1)A’Lz 0.572 T Dy sAi 5 .57 (Rl minD0s = 2R minDo.5 + R min )A’Lz 0.5)
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Equations (12) and (13) differ only by a summand
—2U;, . SDS‘ 5T in the numerator in (12), which depends

on the equivalent resistance of the inductor L1. Therefore,
the ratings of L, and L, are approximately equivalent.

2. EXAMPLE CALCULATION OF
ZETA CONVERSION ERE VALUES

The initial parameters for the converter calculation
are as follows: k, =—0.99, U, = 12V, U, =17.5V,

in max

Uy min = 6.5 V, Aij | = 330 mA, Aij, = 330 mA,
Auqy =7 mV, Aug, = 1.9 mV, R .= 50 Ohm, and
R ..x = 100 Ohm. By calculating the input voltage
Ui, 05 the minimum and maximum duty factors
D, and D . using equations (1)~(3), we obtain

Uy o5 = 12.005 V, D . = 0407, and D, = 0.649.
Using the above parameters and taking into account
equation (7), we obtain k; = 1.185, k-, = 1.298, and
ke, = 1.186. Accordingly, the ripple amplitudes at duty
factor D = 0.5 are Aij | , s = 278 mA, Aij, , 5= 278 mA,
Aucios=5mV, and Aug, s = 1.6 mV.

After calculating the ratings of the elements
according to equations (10)—(13), we obtain L, =22 pHn,
L, =22 uHn, C, =44 uF, and C, = 44 uF.

3. VALIDATION OF CALCULATION RESULTS
IN THE MULTISIM* 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 pHn. The coupling

coefficient of the inductors is 0.99. This means that the
inductors are switched on against each other to suppress
current ripple. The resistors 7| and r, simulate the active
winding resistances of the coupled inductors, while C1 is
a “flying” capacitor, C2 is a smoothing output capacitor,
VT1 isapower 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 C, and
C, on the capacitors in stationary operation after the
transients have passed. It should be noted that maximum
and minimum U, voltages are midway between each
energy storage and transmission stage, as stated in [13].

LA U,V
044 I L 11.97
. ‘I‘ A .h‘/ [\ \ | =
0.3 1 ,
ozl P R/
0.1 , ‘ f : ! L 11.94
4.060 4.064 4.068 t,ms

Fig. 3. The graphs of currents and voltages
of the Zeta converter in steady state

1: -34.6 mA V:-12.0V
I(p-p): 710 MA V(p-p): 2.22 mV V:12.0V
I(rms): 211 mA V(rms): 12.0 V. V(p-p): 1.72mV
I(dc): 117 mA V(dc): -12.0V V(rms): 12.0V
I(Frequency): 500 kHz Frequency: 500 kHz V(dc): 12.0V
Frequency: 500 kHz
vVT1
® IRLZ44N U C1 c1 O
lin [F=]Ref1 1 Ref1 @ U C2
1 1
rt - 44pF
0.10Q
I: -16.2mA
V1 I_L1 q T1 I(p-p): 292 mA
——— I(rms): 149 mA
e 14V vD1 I(dc): 120 mA
I(Frequency): 500 kHz Cz R|
' —44pF [ 100Q
1:18.5 mA r2 @ I L3
I(p-p): 290 mA '
I(rms): 146 mA 010
I(dc): =117 mA

I(Frequency): 500 kHz

AE

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

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

I A
0.6 1

0.5
0.4

0.3 To Sy

0.2 g
2 A

0.1

U,V

in?

6 8 10 12 14 16
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

Ue, V
12,02
12.01

12.00 -

11.99 4

11.98

6 8 10 12 14 16 U,V
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

Lo A /
0.150

L1

0.125

0.100 0
6 8 10 12 14 16 U,V

in?

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

UV

12.024

12.01 1 /201 =

Teo T |

12.00 =
2co T

11.99 1 )m

11.98 all T T T T v .
8 10 12 14 16 U,V

in?

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 /; ; in the simulation from the calculated one
ranges from 3.5% to 12%. The deviation ranges similarly
from 0% to 3.4% for [ ,, from 0% to 0.05% for U,
and from 0.003% to 0.03% for U,, 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.

lig.5v, MA
50 100 150 200

11.98 * * * * 12.014
>; 11.96 12.010 oQ
@ LC12V,17.5V 12.006 ;
5 11.94 12.002 <
o ’ <
DS 11.92 11.998

11.90 11.994

0 200 400 600

l12v, 17.5v, MA
Fig. 8. Load characteristics (LC)at 12Vand 17.5V,
and LC load characteristic at 6.5 V. /, is load current
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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 atimproving 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.

Keywords: indoor positioning systems, station grouping algorithm, RSSI, trilateration
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JIOKAJIbHOU CHUCTEMbI O3UIIUOHUPOBAHUSA
HA MepeceKammecs rpynnbl

M.H. KpnxaHosckuin @,
O.B. TuxoHoBa

MUWP3A — Poccuiickuii TeExXHOsI0rm4eckuii yHmsepcutet, Mocksa, 119454 Poccus
@ AsTOp AN nepenvicku, e-mail: mihakri007@mail.ru

Pe3iome

Llenu. AkTyanbHol NpobnemMoi CUCTEM JI0KaIbHOrO NO3ULMOHMPOBAHMS MPU OTCYTCTBUM JOCTYNa K rnobasnbHbIM
HaBUIALMOHHBLIM CMYTHUKOBbLIM CUCTEMAM SAIBNISIETCS HU3Kasi TOYHOCTb NO3ULIMOHNPOBAHUS, CBA3aHHas, Kak npaBu-
110, C HEpaBHOMEPHbLIM NMOKPbLITUEM paboyer 30HbI B CBA3M C €€ reOMeTpuUieCckMm 0COBEHHOCTAMMU UMY HAJTMHUEM
B €ee npeaenax MacCuBHbIX NPensaTcTBUii U cTeH. OBbI4HO 9Ta NpobnemMa peLlaeTcsa nyTemM pasmeLleHms B paboyen
30He M36bITOYHOrO YMcna 6a30BbIX CTAHLMIA CUCTEMbI NO3NLMOHMPOBaHUS. MNoa06HbIM NOAX04 NOPOXAAET BbICO-
KYIO CTOMMOCTb TakKnx CUCTEM, HYTO B CBOIO O4epeb NPEensaTCTBYET UX pacnpocTpaHeHuto. NMoaToMy nccnenoBaHms
1 pa3paboTku, HaNpaBfiEHHbIE HA MOBbILLEHNE TOYHOCTU JIOKAJIbHbIX CUCTEM MO3ULMOHVMPOBAHUS NPU NCMOMb30-
BaHUN MUHUMAJIbHOIO Yncna CTaHuuiA, MMeoT BONbLUYIO akTyallbHOCTb. PaHee aBTOpPOM Obil NPenjioxXeH MeTos,
MOBbILLIEHUST TOYHOCTU JIOKANbHOrO MO3ULMOHUPOBAHUSA MYyTEM yyYeTa NPensaTCTBUIA, M3BECTHbLIX HA aTane npoek-
TUPOBAHUS CUCTEMbI. YUYeT Takux NPEnsaTCTBUIA NPU pacyeTe MeCTOMNOJIOXEHUS peanndyeTcs 3a cHeT MexaHn3ma
npeaBapuUTesNbHOrO Pas3bneHns PaanoMasikoB Ha FPYMMbl U BbIAENEHMS ONMOPHbLIX CTaHUMIA 3TUX rpynn cpean 6a-
30BbIX CTaHUMIA. Llenbio paboThl ABASIETCS YCOBEPLLUEHCTBOBAHME 3TOr0 airopMTMa 3a cHeT aBToMatm3auum atana
noAroToBKM MHOOPMaLUKM O rPYNNNPOBKE CTAHLNINA.

MeTopabl. /icnonb3oBaH METOA, KOMIMLIOTEPHOIrO0 MOAENMPOBAHMS A5 MOATBEPXAEHNS PabOTOCNOCOOHOCTM anro-
puTMa pasbueHns CTaHUWi CUCTEMbI MO3ULMOHMPOBAHWS HA NepecekaoLLmMecs rpynnol.

PesynbTaTthl. Pa3paboTaHbl KpUTEPUN aBTOMPYNMMPOBKW CTAHLMI U YHUBEPCASbHBIM anroputMm pa3breHns CTaH-
LMIA Ha rpynnbl, NO3BONSAOLLNI B aBTOMATU3MPOBAHHOM PEXUME NOArOTOBUTb MUHMMASIbHO HEOOX0AMMbIE HaYaslb-
Hble JaHHble AN NMPOorpaMMbl, PeannayloLlel anroputM no3nLMOHMPOBAHMS B 30HE HEOLHOPOAHOM paamnonpo-
3PaYHOCTM.

BbiBOAbI. MogennpoBaHne NpenjoxXeHHOro anropnutMa NnoATBEPANSIO ero paboTocnocobHOCTb. onyvyeHHbIe pe-
3ynbTaTbl MOFYT MCMOJIb30BATLCA Kak CyLLLECTBEHHOE AOMOJIHEHME K NPEeaIOKEHHOMY paHee anropuTMy yyeTta npe-
NATCTBUIA NPU pacyeTe PACCTOSHUIA 0 6A30BbIX CTAHLNINA.

KnioueBble cnoBa: nokanbHble CUCTEMbl MO3ULMOHVUPOBAHUS, anropuTM rpynnMpoBKK cTaHumii, RSSI, Tpunate-
pauus
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MpospayHocTb hMHAHCOBOW AeATENbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOM 3aMHTEPECOBAHHOCTN B MPEACTaB/IEH-

HbIX MaTepuanax nnm MetToaax.

ABTOpPbI 329BNSIOT 06 OTCYTCTBUN KOHDNINKTA MHTEPECOB.

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], BLE! [4-6],
ZigBee [7-9], UWB? [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

I 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.

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:

£ildy) _a
)~ dy
wherein d, is the calibration distance, which is usually
1 m; P (d,) is the RSSI value determined by the receiver
at the calibration distance; P (d) RSSI value determined
by the receiver during the measurement; d is the
measured distance; and 7z 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:

Pr(d):Pr(dO)—lOnlg(dij dBm,
0

P (dg)-P,(d)
d=dy-10 100 m

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:

P.(d) = P.(dy) — ky Py —10n lg(diJ dBm,
0

£ (do)—kw By —F (d)
d=dy-10 10 m,
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wherein ky, is the number of the passed single-type
obstacles (walls), and Py; 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.

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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Fig. 3. Case of resolving ambiguity
in line-of-sight determination with stations

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

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

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 5m x5 m room with two additional room-dividing
partitions was taken. The map with arranged stations
and marked station identifiers is shown in Fig. 5.
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Fig. 5. Map of the working area for illustrating
the principles of the program operation
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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).
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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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HAYHYHAA CTATbA

OnrTuMu3anus co3Be3Iuid CHTHAJIOB
¢ AMILTATYIHO-(A30B0 MAHUNYJIA LM e
B KaHAJIAX CBA3HU C HE(PIYKTYAHOHHBIMM IIOMEXaMM

r.B. Kynukos - @, Daunr Cyan Xanr 1, A.A. Jlenox 2

T MUP3A — Poccurickuii TexHonornyeckuii yansepcutet, Mocksa, 119454 Poccust
2 AO «MOCKOBCKMIt Hay4YHO-UCCE[0BaTeNbCKM UHCTUTYT paanocsssn», Mocksa, 109029 Poccus
@ AsTOp A1 nepenvickn, e-mail: kulikov@mirea.ru

Pe3iome

LUenn. MHorono3uuyoHHas amnnntyaHo-dasosas MaHunynauusa (APM) ¢ KonbLEBON GOPMON CUMHaNbHbLIX CO-
3Be3aU1lh ABNSIeTCS OOHUM 13 Hanbonee aPPeKTUBHBLIX CMOCOOOB Nepenayn GUCKPETHOM NHOopMaLMmM B CIYTHN-
KOBbIX cuctemMax. MpumeHeHne AMGM pernameHTUpPyeTCcs HECKOJIbKUMW CTaHAAPTaMm, OCHOBHLIMU 13 KOTOPbIX SIB-
naTca DVB-S2 n VSAT. OHu onpenensioT napaMeTpbl MOAYNSALMA, a Takke NapamMeTpPbl CUrHANIbHbIX CO3BE3ANINA.
Llenb ctatbn — onpeaenexnne Hamny4dwmx cossesamini 16-APM n 32-ADM, obecneymBaloLLX MUHUMYM BEPOSITHO-
CTV BUTOBOW OWNGKM O CNyYaeB, KOrAa B KaHasie CBA3M Hapsiay C LWYMOBOM NPUCYTCTBYIOT MOMEXM HednykTya-
LLMOHHOIO BNAaA.

MeTopapl. VIcnonb30BaHbl METOAbI CTATUCTUYECKOWN PAANOTEXHUKN, TEOPUM ONTUMANBLHOMO NPMEMA CUMHANO0B U KOM-
MbIOTEPHOro MOAENNPOBAHMS.

Pe3ynbTaTbl. PACCMOTPEHLI CMOCOOLI M MPOoBeAeHa ONTUMN3aLMa CO3BE3aNM KonbLEeBOo GopMbl curHanoB 16-AOM
1 32-ADM nameHeHreM pacnpeneneHms To4ek no pagnycy u dase ons cnydasl, korga B kaHane CBA3u Hapsay C Ly-
MOBOW MPUCYTCTBYIOT MOMEXN HEDTYKTYaLMOHHOIO BUAA: YaCTOTHO-MaHUMyIMPOBaHHasA, peTpaHcanpoBaHHas, da-
30MaHUNyIMPOBaHHas, rapmoHuyeckas. OnpeneneHsl Hanny4dwne co3eedams 16-AOM n 32-ADM, obecneuymBato-
Lme MUHUMYM BEPOSTHOCTM OMTOBOM OLLIMOKU.

BbiBoAabl. 119 ynydlweHns kayectsa CBA3M B cUCTeMax nepenaydn nHoopmauumm rnpu Hanminm HednykTyauoHHbIX
MoMex MOXHO UCMOb30BaThb CYLLECTBYOLIME co3Be3ansa 16-APM (4, 12) n 32-ADM (4, 12, 16) c UISMEHEeHNEM COOT-
HOLLEHUIA MeXay paanycamMm okpyxxHocTen 2.5 ana 16-ADdM n 2.5/3.9 ona 32-APM. 3a cueT 60nee ahpPeKTUBHOrO
MCMOJIb30BaHUSA MOLLIHOCTW CUrHana NpuMeHeHne co3Be3amnii ¢ TOHYKOW C HyneBo amnnntyaon ana 16-AXPM no3so-
naeT 0obuTtbCs yBennmyeHns NnoMexoycTomunBocT npruema. Hanpumep, B cnydae npumeHeHuns cosse3aus (1, 5, 10)
3HEPreTUYeCcKNii BIMIPbILL MO CPAaBHEHMIO CO CTaHAAPTHLIM co3Be3anem (4, 12) moxeT nocturatb 1 ab.

KnioueBblie cnoBa: amnantygHo-$pazoBasg MaHMNyAaums, CUrHanbHOE co3Besane, HednykKTyauioOHHbIE MOMEXU,

MOMEXOYCTOMYNBOCTb, BEPOATHOCTb OUTOBOI OLLVOKN

* Moctynuna: 25.12.2023 » flopa6oTaHa: 11.07.2024 ¢ MpuHaTa kK ony6nukoeaHuio: 11.11.2024

Ansa untupoBanua: Kynukos I'.B., JaHr C.X., Jlenox A.A. ONnTumMmM3aums CO3BE3ANIM CUTHANOB C aMNanTyaHO-da30BoM
MaHUNynaumMen B kaHanax cBadum ¢ HepyKTyaumoHHbIMU nomexamn. Russian Technological Journal. 2025;13(1):76—88.

https://doi.org/10.32362/2500-316X-2025-13-1-76-88, https://elibrary.ru/OQHKMM

npospaqucn: cbvmaucoaoﬁ AeaTesibHOCTU: ABTOpr He nMetoT d)IAHaHCOBOP’I 3anHTEepPeCOBaHHOCTW B NpeacTaBiieH-

HbIX MaTepunanax nnm MetTogax.

ABTOPbI 3a5BNSIOT 06 OTCYTCTBUM KOHGMIMKTA MHTEPECOB.

Russian Technological Journal. 2025;13(1):76-88

1


mailto:kulikov@mirea.ru
https://doi.org/10.32362/2500-316X-2025-13-1-76-88
https://elibrary.ru/OQHKMM

Optimization of signal constellations with amplitude-phase shift keying
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Dang Xuan Khang, Andrey A. Lelyukh

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-S2! (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:
s; (1) = Ar. cos(wyt + ¢;),t € (O,TS],i =0,M -1, (1)

wherein 4=/2E_ /T, is the average amplitude of the
signal; E, = E,log,M is the average energy of channel
symbol; E, is the average energy per bit of information;
®, is carrier frequency; 7, and @, are values specifying
the amplitude and phase of the signaling element; T is
the symbol duration time; M is the signal positionality;
and ¢ is time.

I 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 P, 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, m, ;, and
variances, D, ., for different combinations of symbols
in the presence of different types of non-fluctuating
interference and noise interference at power spectral
density N,. These characteristics depend on various
parameters of signals and interference. In particular,
these include:

e exposure to phase-shift keyed interference [17]:

St () = uAa s cos[(wgt + Aoy, )+ i ],
IE((]—l) nt’J nt]’ 1N1nt’

wherein p is relative (in amplitude) interference
intensity, a; ==l is random symbol of interference,
@, is its random initial phase, N,  is relative channel
velocity of interference, and 7, , = T/N, ., Aw,
interference detuning,

ES
m,; = A 2r,.[r,, —1; cos(@,, — ¢;
0

int

N. . —1 .
x 28I, ;‘3 a;cos(y(2j + 1)+ @y —@,,)]—

2
- Z int ™ a cos(¥(2j+ D)+, — (pl.)},
A(n T, sin
1nt S( ) — y
N int
e exposure to the  frequency-shift  keyed

interference [18]:

St (8) = pd cos[(w, +a .Awd + Amim )+ 0515
te((j-DT, nt’J 1nt lNlnt’

wherein Aw,, is interference deviation,

ES 2 2
mi :N_(rm T _2rmri COS((Pm —9;

0 0

N, sin
)y T 2RI cos(x(2) = 1)+ Gy = 9,)] -
Nint y 3)
D+ e — @)1,
B (ajAmd + Aoy, )T, ‘

2N. ’

nt

—r; cos(x(2] —
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e exposure to the retransmitted interference [19]:

pdr, cos(wy(t —1) + @, + @5 ), 0<2 <,
S 1) =
int (1) pndr; cos(wg (1 = 1) +@; + @y ), T<t < T,

wherein 1 is the interference delay,

S

Es 2 2 2
m,; = V[O’m + 17 =2r, 1 cos(@,, —¢;)]+ ur;, X

0 0

T
X F[Vm cos(P; + P —(pm) - cos((pint +¢, —(pl.)] + 4

S

2E T
+—pwr, | I=— |, cos @, — % cos((pint O, —O; )]
Ny T

e exposure to harmonic interference [16]:

Sint (t)y=p4 cos[(u)o + Aw; ¢ )+ Oint 1,

Es 2 2
m,; = F[O.S(Vm + 17 =2, 1.c08(Q,, — ;) +
0

sin(Ao, T / 2)( ( )
——————(cosn(r, cosQ_—r.coSQ.)—
Ao, T, /2 T O3 Py 1 EOS s )

nt’s
— sinn(r, sin@,, — 7 sing;))],
n= A(")inth /2+ Pint-
For all interference types, the variances of all
random processes being studied herein are determined
by the following equation:

2Es 2 2
D,;= N, (1 + 17 =2r,7; cos((pm -¢,)] (6)

The following parameters are assumed for the
example calculations: SNR is E,/N,, = 13 dB, relative
(in amplitude) interference intensity is 0.1 < p < 0.3,
interference detuning is Aw, , = 0, while phase-shift
keyed and frequency-shift keyed interferences have
a relative channel velocity N, , = 2; for frequency-
shift keyed interference, the reduced deviation
is AoyT, = 6 and relative delay of retransmitted

interference is /7, = 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): 4, = r/4,
and 4, = r,A. The relation is expressed through
coefficient k: 4, = kA, and two energy levels £ and
E,, 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:

A? 1
1 A 1
=— L T 4+12k2)== 42T (1 +3K2).
6 2 ¢ )= AT )
Hence,
2 2k
A =—  f A =— Yy (7)
1
V1+3k2 V1+3k2

%———~‘1goo
0010 \oooo

»
——t+——1100
1110 \X//\
0110 0100
(A *'
| |
\ ] oo

\
0111\ 1111\\_ //1101 /

0011\\

e |
1011 1001

M=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 & 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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With phase-shift keyed interference

With frequency-shift keyed interference
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Without interference; = = = n=0.1; === nu=0.2; = p=0.3
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 Thus, for configuration (1, 5, 10) (Fig. 3b), the

amplitude 4, = 0 in the center of the constellation,
4 points with amplitude 4, in the first (small) circle,
and 11 points with amplitude 4, = k4, in the large
circle (Fig. 3a). Similar to (7), we determine the relations
for 4, and 4;:

AZ
E:

1
s 7TS:E(E1+4E2 +11E3):

A3 . 43 5
=0+——=T (4+11k*)=—=T.(4+11k*).
16 2 s( ) 32 s )

A=04y = 4=

Jasiig?’

4kA

NPT

following may be obtained:

A2 1
ES :7]—; :E(El +5E2 +10E3) =

1 A3 A2
=0+— 2T (5+10k2)=2T (5+10k2),
16 2 s ) 32 s )

R L B

s+10k2” 7 se10k2

Figure 4 shows dependencies of BER on coefficient &
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. 3. 16-APSK signal constellations (1, 4, 11) and (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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With phase-shift keyed interference

With frequency-shift keyed interference
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Fig. 5. Dependencies of BER on coefficient k for the 16-APSK constellation format (1, 5, 10)
at different types of interference

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 £ compared
to format (4, 12). It can also be noted that with increasing
relative interference intensity p, the optimal value of
k shifts to a higher value.

For comparison, Table 1 summarizes the optimal
values of coefficients & 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 4, =2.54,) compared
to the standard version (4, 12) (at 4, = 2.74,) used in
the DVB-S2 standard, when received against different
types of interference with relative intensity p = 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.
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Table 1. Optimal values of coefficients k

M=16
Format n 0o lo1l02]03 100 Without interference
Frequency-shift keyed 2 2 2 |21
Retransmitted 2 2 |121]22 )
1,4, 11 | k - 1072 1
Phase-shift keyed 2 2 [ 21|23
Harmonic 2 2 2.1 23
1074} i
Frequency-shift keyed 2 2 2 2 3
a
Retransmitted 2 2 2 |21
1,510 | k - 106} 1
Phase-shift keyed 2 2 2 |21
Harmonic 2 2 2 |21
N 1 -8 L i
Frequency-shift keyed 25125125125 0
Retransmitted 25126 (27|29 ;
4,12 |k - 10-10 ‘ ‘ ‘ : ‘ ‘
Phase-shift keyed 2512512526 4 6 8 10 12 14 16 18
Harmonic 2525|2526 Ex/No
(a)
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Fig. 6. Dependencies of BER on SNR for different constellation formats under different types of interference
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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 4, = k,A4, and
Ay = kyA, and three energy levels E|, E,, and E;,
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:

A2 1
ES :TTS 25(4E1 +12E2 +16E3):
—A12T1 3k2 + 4k2
—E S( + 5 + 3).
Hence,
4 224 ) 22k, A
1~ T = > 2 R
J1+3k3 +4k3 J1+3k3 + 4k2

22k, 4

1433 +4k3 .

The dependence of BER on coefficients k, and
ky appears as a surface in the three-dimensional
coordinate system. Figure 8 shows an example at SNR
E,/N, = 13 dB and the absence of interference. In this
case, minimum P, value is achieved for k, = 2.5 and
ky=3.9.

The optimal values of coefficients k, and k5 at which
the BER is minimal in the presence of different types of
interference are given in Table 2.

1.5

01011

M=32(4,12,16)
Fig. 7. 32-APSK signal constellation (4, 12, 16)

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 (u =0),
the optimal ratios are 4, = 2.54, and 45 = 3.94, then for
p = 0.3, average ratios 4, = 2.654, and 4, = 5.24, are
recommended.

Figure 9 shows the results of noise immunity
calculation for 32-APSK format (4, = 2.54, and
Ay = 3.94,) when compared to the format used in
DVB-S2 standard (4, = 2.644, and 4, = 4.644,) 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 107 < Py < 107 is about 1 dB.

Fig. 8. Dependence of BER on k, and k; coefficients
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Table 2. Optimal values of coefficients k, and k;

M=32
Format : Without interference
M 0 01 | 02 | 03 10° ' ' ’ ‘ '
Frequency- 10-1¢
shifi keyed 2.5/3.9(2.5/3.9(2.5/4.0|2.6/4.4
-2 E
Retransmitted | 2.5/3.9 [2.5/3.92.6/4.5{2.6/4.8 10
4,12, 16| kyfky s
-shi 107°¢
Phase-shift 1) 53912530(26/44|2560 8
keyed Q
- 1074
Harmonic 2.5/3.9(2.5/4.0|2.6/4.4| 3/6.0
1075¢
10°6¢
4 6 8 10 12 14 16 18
Ep/Ny
(a)
100 With phase-shift keyed interference With frequency-shift keyed interference
T T T T T T 100 T T T T T T
1077} 3 101
10_2 E| 1 0—2 F
tlg 0_8
103 1 1073
107 : 1074
10_5 L 1 I I I 1075 L 1
4 6 8 10 12 14 16 18 4 6 8 10 12 14 16 18
Ep/Ny Ep/Ny
(b) (c)
100 With retransmitted interference With harmonic interference
: - ; : 100 : - - .
10_1 3 10_1 L
10’2 1 0—2 3
o® o
10_3 1 0—3 3
104 1074
1075 L L L L L L L 1 L L L L
4 6 8 10 12 14 16 18 4 6 8 10 12 14 16 18
Ep/No Ep/Ny
(d) (e)
—== M32; A, = 2.5A,; Ay = 3.9A,; —— MB32; A, = 2.64A; Ay = 4.64A,

Fig. 9. Dependencies of BER on SNR for suggested amplitude ratios
and standard ratios of DVB-S2 standard at different interference types
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CONCLUSIONS 2. Due to the more efficient use of the signal power,
applying constellations with a zero-amplitude point
The following conclusions can be drawn as a result to 16-APSK allows reception noise immunity to be
of this study: increased. For example, using constellation (1, 5, 10)
1. The quality of communication in information with aratio of 4, =24, the power gain over standard
transmission systems in the presence of non- constellation (4, 12) can be up to 1 dB.

[a—

10.

11.

12.

13.

14.

15.

16.

fl ing interf f 1 i i
uctuating interference of low intensity can be Authors’ contributions

improved by using the existing constellations .Of G.V. Kulikov—the research idea, consultations on the
16-APSK (4, 12) and 32-APSK (4, 12, 16), with  jssues of conducting all stages of the study.

achange inamplitude ratios (4,=2.54,) for 16-APSK X.Kh. Dang—conducting computer calculations.
and (4, =2.54, and 4, = 3.94,) for 32-APSK. A.A. Lelyukh—processing the results.
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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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HAYYHAA CTATbA

MopeaupoBanue HHPPOBOH MPOCTPAHCTBCHHOU
00paldoOTKHU B YCJI0BUAX TPONOCHepHOro
PACpPOCTPAHEHUS CAHTUMETPOBbIX PAIUOBOJIH
JJISL 327124 TeJIeKOMMYHUKAIUU

M.B. Newkos - @,
O.H. Bopucos 2

1 Enevkunii rocynapctBeHHbIil yHusepeutet um. M.A. ByruHa, Enew, 399770 Poccust
2 BopoHexXcKkuii rocyAapCTBeHHbIN yHuBepcuTeT, BopoHex, 394018 Poccus
@ AsTOp An9 nepenvicku, e-mail: ilvpeshkov@gmail.com

Pe3iome

Llenu. NpoxoxaeHve pagnonyya B Cnosx atMocdepbl 3aBUCUT OT NOKasaTesns NpesioMAeHNs U xapakTepa ero Bep-
TUKaNbHOIO U3MEHeHUs. B CBSA3M C 3TMM MOryT BO3HUKHYTb YCNOBUS, KOrga pagmnoslydn Ha Masblx BelcoTax 6yayT
pacnpoCcTpaHATLCS BOJIHOBOAHLIM 06pa3oMm. [pn 3TOM NPOUCXOAUT 3aTyxaHWe CUrHana ¢ OTINYaloLWLMMNCS Yrio-
BbIMM KOOpAuHaTamMu no yrny mecta. Llenbio paboTbl SBNSETCH UccnenoBaHne Ha OCHOBE MOENVMPOBAHUS anro-
pUTMOB pPaboTbl UMMPOBLIX aHTEHHbIX peleTok (LLAP) ana noBblleHWs AanbHOCTUM U HAOEXHOCTU PaaMoCBS3n
B yCNOBUSAX TponocdepHOro BosHoBoga. OCHOBHbIMU npenmyliecTBamu LLAP gBnst0TCS BbICOKUIA KOSDDULINMEHT
YCUNEHUS 1 YyNpaBnsieMocTb GOpPMbl AnrarpaMmmbl HanpaesaeHHOCTU. MNpu 3ToM HeO6X0AMMO BOCMONb30BaTbLCS Me-
ToAaMU MOJENMPOBAHMS PacnpoCTPaHEHWS Nlyda B Cosix Tponocdepbl A58 OLEHKN paboTbl alnropuTMOB OLLEHKM
YrNOBbIX KOOPAMHAT CO CBEPXpa3peLLEHMEM C NOCnenyoLMM anarpaMmMmoobpa3oBaHNEM.

MeTopabl. B paboTe ncnonbayeTca annapaT napabonmyeckux ypaBHEHUI 1St OLLEHKM KO3pdULMEHTA 3aTyXaHUi
PaAMOBOSIH CAHTMETPOBOIO AMana3oHa, a Takxke anropuTtMm TPAaCCUPOBKM Nydei Yepes3 TPONoCchepPHbI BOHOBOL,
Ons oueHkn ¢as B packpbiBe aHTeHH LLAP. B atom cnyyae 6yaeTt 4oCTOBEpHO chopmMmMpoBaHa MPOCTPaAHCTBEH-
Hasi KOPPEensuMOoOHHasa MaTpuua, SBASIOLLAACS OCHOBOM A1 BbI4MCAEHNS KOOPAMHAT CO CBEpPXpa3peLLeHnemM (Me-
Ton, MUSIC) 1 BekTOpa BECOBbIX KO3GDULMEHTOB (aNrOPUTM MaKCUMM3aLMM OTHOLLEHUSA CUTHA/MoOMexa + LyMm).
Pe3ynbTaTtbl. PAaCCMOTPEHbI TUMWYHBIE CNy4an BO3HUKHOBEHUS TPONOCHEPHOro BONHOBOAA HA OCHOBE MOANDU-
LMPOBAHHOr O nokasartens npenomMmneHus. MonyyeHsl rpaduriky BEPOSTHOCTU BUTOBbIX OLLUMOOK NOCE NPOXOXAEHWS
curHana no Tponoc@epHOMy BOMHOBOAY MPU PA3HOM rEOMETPUN aHTEHHbIX PELIETOK. PACCMOTPEHbI KOMbLEBLIE
1 chepuyeckme peLleTkn N3 HanpaBieHHbIX aHTEHHbIX 3N1IEMEHTOB.

BbiBoabl. [1pOBEAEHHbIE YACEHHbIE UCCNEN0OBAHNSA MO3BOSIOT CAENAaTb BbIBOA, YTO AANIbHOCTb CBA3M B Anana-
30HE CaHTMMETPOBbIX BOJIH YyBENN4YMBAETCS € nomoLbio LAP. Kpome TOro, yCTaHOBNIEHO, YTO KObLEBAsS aHTEHHAdA
peLueTka Nno3BOJISIET MONYYUTb CaMbl€ HU3KNE 3HAYEHUS BEPOSITHOCTY BUTOBOW OLLIMOKM NpU NpUemMe ANCKPETHbIX
paavocurHanoB B TPONochepHOM BOTHOBOAE.

KnioueBble cnoBa: uMdpoBblie aHTEHHbIE pelleTkn, nenedrauus, MUSIC, auarpammoobpasoBaHue, Tpornocdep-
Has CBA3b, MOAENMPOBaHME
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Mpo3payHocTb GpUHAHCOBON AEATENIbHOCTU: ABTOPbLI HE UMEIDT PUHAHCOBOM 3aNHTEPECOBAHHOCTN B NPEACTaBNEH-

HbIX MaTepmnanax nan MmetTogax.

ABTOPbI 3a5BNSIOT 06 OTCYTCTBUM KOHGMIMKTA MHTEPECOB.

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).

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 follows':

n(h)(Rg +h)cose = const, (1)

where 7 is the refractive index of the medium, /4 is the
height above the Earth’s surface, and Ry 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 follows?:

n:1+77.6-10*6§+0.373T%, )

where P is the atmospheric pressure in millibars; 7 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 follows?:

N =(n-1)-10. 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.

I 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 refiraction index: its formula and refraction data (in Russ.).
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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]:

M =(m-1)-10° =106>{n—1+RLJ:
) F (4)
=N+100.—.

Rg

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
reached*. The general conditions for an elevated
channel are summarized in Fig lc, 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 ¢ 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.
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Fig. 1. M-profile for different conduction types:
(a) simple surface (ground) waveguide,
(b) surface waveguide, and (c) elevated waveguide

%0 0% 5,
6x_2+62_2+k n ¢ =0, (5)

where k is the free space wave number and ¢ 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:

i(x,z) =" g(x,z). (6)

The point of making this substitution and solving for
u(x,z) instead of (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:

{ﬁ+ﬁ+2ikai+k2 [n2 —IJ}u(x,z) =0. (7)
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Since this equation is still classified as elliptic rather

than parabolic, it 1is acceptable to introduce
, 1 0°

a pseudo-differential operator Q= —26—2+n2 =

=yJl+q,q= k2 p) — +(n(x,z)=1) and to factorize

Eq. (7). This substitution makes the derivation more
general [14]:

{%Hk(l—Q)Ha—iﬂk(HQ)}u:O. (8)

Equation (9) is simply repeated in steps of Ax until
a target point with coordinates x, z is reached, provided
that the initial reduced field u(0, z) is known [12, 13]:

u(x+Ax,z)= eikAx(Q—l)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 methods”.

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]:

PF =20lgi(x,2)| +101g(r) +101g(A),  (10)

PL = 201g[4;”j PF, (11)
where A is the wavelength and 7 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 /4 as
a function of r, that is:
n[ h(r)][ Rg +h(r)]cose = const. (12)
For infinitesimal dh and dr, the geometric
representation of the quantities (Fig. 2) gives the
following [18]:

(13)

sine=—,
dr

2
cose = 1—[ﬁJ >0, T.€.e€|:—£,£:| . (14)
dr 2°2

Then,

Fig. 2. Geometric representation of R, h,
and s and their differentials

Assuming 4 is a function of r, refractive index
n implicitly depends on r. Differentiating Eq. (15) with
respect to 7 gives the following:

dndh o dh (Y,
dh dr r dr
2
5 %M (16)
(REJFI)%:O'

2 - ( dh j
dr
The equivalent system of two coupled equations of
the first order is obtained after simple transformations

) ) L dh
and the introduction of the substitution d—zu, as
r

follows [18]:

dh
—=u, 17
dr " an
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du 5 1dn 1 1 dn 1
—=—u| ——F+—— |+| ——+——|. (18)
dr ndh R +h ndh Ry +h

Equations (17) and (18) can be considered as an
initial value problem:

u(rzO)z%r:():sineo, (19)
h(r=0)=h,. (20)

This ordinary differential equation uniquely solves
the ray tracing problem.

Equations (17) and (18) are discretized and solved
in iteration steps of Ar. The value of the iteration step
from (/- 1) to / is determined as follows [18].

1 d
Step 1: Estimate the values —— and & at
-y dh;

height /2, | using experimental data or approximations.
Step 2. Solve Eqgs. (17) and (18) with the initial
values u; | and h,_; to obtain the values u; and 4,.
Step 3. Calculate s;, which is the propagation
distance of the beam at the step /, as follows:

R . coseHAr )1
s; =8, ; + Ry arcsin| ————— |,
;=S tRg R+ (21)
and the angle

e = arcsin (”1—1 ) (22)

Steps 1-3 are repeated from / = 1 to [ = 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, / = 1, the initial values in step 2 are
given by Egs. (19) and (20). The refractive index and its
derivative should be evaluated at the height #,

- - - - - - - -

where the transmitting antenna is located, giving the

1 dn
values — and —| , respectively. The distance from
My dhly

the transmitting point to the DAA is thus divided into
L points. At each point of / iterations, s,, ¢, n,, and &, 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 0, and
location angle ¢,, as shown in Fig. 3. Here, q(?) is the
incident signal, while v,(?) is the received signal from
the Kth AE at a discrete time 7. In the following, the
index “1” denotes the useful signal. Consequently, the
DAA output signal matrix has the following form:

V=Aq+i, (23)

where n is the noise vector; A is the matrix of scan
vectors a(0, ¢) determining the array field amplitude-
phase distribution.

Thus,

A=[a(0,.6;) 8(62.0,) - 8(0p.0p)],  (24)

a0, ¢) =

T T T (25)
=[g1(e, i N () i S () ¢)ef'“1<}
here k=2%(k k. k.)=2"(si 0,sin ¢sin 0
where 77( ok k, fT(smd)cos ,sin ¢sin 6, cos )

is the wave vector; ] =(x,,¥,,z,)T is the radius

oo oo St || cateusionor |
g 7] weight vector

matrix

coordinates Useful

[ ———

Analog part

T signal g,
a(o)

Digital part

Fig. 3. Scheme of signal processing in DAA
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vector to the nth AE; g (0, ¢) is the array pattern of the
nth AE.

The following equation determines the spatial
correlation matrix of the signals:

T
R=—>v()"v(), (26)
t=l1
where T is the number of samples of the digital signal,
while the index H indicates the Hermite transpose of the
vector V(2).

The angular coordinates of the signals are then
determined using the multiple signal classification
(MUSIC) method®, 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]:

1
Ay (0)=1 ——. ()
‘aH (Q)EnoiseEEoisea(e)‘

where E_ . . is the noise eigenvector.
The weighting factor vector for the formation of the
DAA array pattern is calculated as follows [21]:

R715(0,,9))
a(0,,0)"R74(0,,¢))

W=

(28)

Thus, the DAA determines the spatial coordinates of
the signal in accordance with Egs. (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:

g, = WV. (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 Ar 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]:

1 dn 1
(pmin,max_i 2(,1(0)E_EJ(}11_8)’ (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 8 is the trapping layer thickness and 4, 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 - 1013 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.

Specify Calculate the Ray tracing
the heights of losses at the DAA according to
the transmitter, 11y pointaccording 1l the Steps 1-3.

receiver DAA, to parabolic Obtain the mutual
and the distance equations and phases of the rays
between them (10), (11) at the DAA
Calculate the Determine the signal
signal coordinates vector (23) after
Beamform the . )
according to (27). passing through
DAA (28), BER < -«
caloulation Calculate the the troposphere.
weighting factor Calculate the
vector R-matrix

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™! in the height
range from 0 to 350 m and a slope of 117 M-units km™!.

1000

800 1

600 r

Height, m

400 -

200 t

0
360 380 400 420 440
M-profile, M-units km™!

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. 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)
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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.

350

300
250 -
200 ,
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100
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0 |
0 50

100
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150

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 1079) 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 107> 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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distance travelled by the radio wave, whereas the field
strength is inversely proportional to Jr.

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™!
for the lowest 100 m and then changes to a slope of
—100 M-units km™! up to a height of 400 m, after which
it returns to the value of 117 M-units km™!.

1000
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200

0
380 400 420 440

M-profile, M-units km™!

460
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. 1la 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.
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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 1073, 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
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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™! for the first 250 m of height. It then
changes to —100 M-units km™! up to 400 m before
returning to 117 M-units km™!. Within the trapping
layer, the antenna height is 300 m.

1000

0
400 420 440 460 480 500
M-profile, M-units km~!

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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Fig. 17. BER vs distance

The graphs in Fig. 17 show that the circular
DAA gives the lowest BER (107°) compared to
the hemispherical geometry and simple directional
antenna up to 50 km, where the BER is 107 and 0.3,
respectively. This geometry offers the advantage that
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Fig. 15. Field distribution parameters:
(a) propagation factor for a vertical slice at 80 km,
(b) losses in a horizontal slice at a height of 50 m (the solid blue line is in the atmosphere shown in Fig. 2;
the dotted red line is in free space)
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the electromagnetic rays reaching the array inside
the tropospheric waveguide have negligible declination
angles, most of them being ¢ ~ 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

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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HAYYHAA CTATbA

Pe30HAHCHBIM UCTOYHUK JICKTPONMUTAHUSA
JIJISI MOIIIHBIX CBEPXBbICOKOYACTOTHBIX YCTPOUCTB

D.P. Xapunsos 1:2: @,
WN.H. Jlo6os 1,
J1.10. deTucos 2

1 HMO «Anma3s», Mocksa, 125190 Poccusi
2 MUP3A — Poccuiickuii TexHOIormyeckumii yHmeepeuteT, Mocksa, 119454 Poccusi
@ AsTOp Ana nepenvcku, e-mail: hafizov98@yandex.ru

Pe3iome

Llenu. MocTosiHHO pacTylime TpeboBaHNS K TEXHUYECKUM NapameTpam paamnornepesaroLmx CBepPXBbICOKOYaCTOT-
Hbix (CBY) yCcTpOMCTB BbI3bIBAIOT HEOOXOAMMOCTb MCKaTh CNOCOObI MNOBLILLEHUS X 3PPEKTUBHOCTU U HAAEXHOCTU,
a Takke yMeHbLUEeHNs MaccorabapuTHbIX nokasartenen. 9tn TpedoBaHns B 3HAYMTENbHON MEPEe KacalTcst UCTOY-
HWKOB BTOPWYHOIO aiekTponuTanus. Llenbio gaHHo paboTel sBnseTcs padpaboTka MCTOYHUKOB BTOPUYHOIO 3N1eK-
TpONUTaHUS Lenen Hakana u CMeLeHNs Ans NPOoSeTHOro MHOMOY4EeBOro KIMCTPOHA, CNOCOOHbLIX paboTaTb Nnog,
BbICOKMM MOTEHLMANIOM KaToa KNMCTPOHa 1 obecneynBaTb CTabubHOE HanpsiXXeHe BO BCEX PabOoUnX pexmmax.
MeToabl. [1ns pacyeTa NnapaMeTpoOB PE30HAHCHOI0 KOHTYPA UCMOJIb30BaH METOZ, annpokcuMaLLMy nepeoii rapMo-
HUKN.

PesynbTaTtbl. OnNncaH MeTof paspaboTky MICTOYHNKOB BTOPUYHOMO 3N1EKTPONUTaHUS, pa3paboTaHbl MICTOYHWKM M-
TaHWS Hakana 1 CMeLLEHMS 1St NPOSIETHOrO MHOIONY4EBOro KNncTpoHa. MNMpeacTaBneH MeTos pacyeTa 1 anpobu-
poBaHa KOHCTPYKLUMS 0OMOTOK TpaHchopmMaTopa, NO3BONSOLLME 0TKAa3aTbCs OT MUCMOJIb30BaHUS ApPOCCeNel Kak
OTAEJbHbIX 3JIEMEHTOB MYTEM UX MHTErpauumn BHYTPY OOHOM MarHUTHOW CUCTEMbI M 06EeCnevnTb Pa3BA3Ky Mo Bbl-
COKOMY MOTEHLMaNy BTOPUYHON 0OMOTKN. [poBeaeHbl UCMbITAHNSA UCTOYHMKA MUTAHUS B COCTaBe KOMIMJIEKCHOIO
ncnbITaTeNIbHOr0 MOAENINPYIOLLEro CTEHAA, NOJyYEHbI OCLIMNONPaMMbl OCHOBHbIX NapameTpos. MNokasaHa pabo-
Ta UCTOYHUKA MUTAHUS B PEXMME NEPEKIIIOYEHMNS NMPU HYIEBOM HaNPSXXeHUN O MUHUMAbHOIro, HOMUHANBHOIO
N MaKCUMasnbHOro BXOLHOIrO HanpskeHns B 061acT ¢ MHOAYKTUBHBLIM COMPOTUBAEHNEM KOHTYpa, koraa dasa Ha-
npsxeHus onepexaeT ¢asy Toka.

BbiBoabl. KOadbdunumeHTbl NOAE3HOrO AENCTBUSA UCTOYHUKOB Hakana 1 cmewenua coctasmnm 85% n 92% coort-
BETCTBEHHO. Pa3paboTaHHble NCTOYHUKM UMEIOT MEHbLUNE rabapuTbl MO CPABHEHMIO C TPAHCHOPMATOPHLIMU aHa-
ioramm 1 No3BONSIOT NOAAEPXKNBATL CTAOUNIBHOE BLIXOOHOE HAMPSXKEHWE MPU USMEHEHUM BXOAHOMO HaMNpsiXeHs,
a 1cnonb30oBaHMe MeToAa NJIaBHOMo Nycka No3BOIUT NPOAJINTL CPOK CNYXObl KIMCTPOHA.

KnioueBble cnoBa: npeobpa3oBaTeslb HaMNpsKeHWsi, Pe30HaHCHbIM npeobpa3oBaTesb, 3NIEKTPONUTaAHNE
CBY-ycTpoiicTB, MMNYNbCHBIM TpaHCcHOPMaTop, KIIMCTPOH
* Moctynuna: 11.02.2024 » flopa6oTaHa: 14.06.2024 ¢ MpuHaTa kK ony6nukoeaHuio: 11.12.2024

Ona untnposanusa: Xadpuszos [.P., Jlobos W.H., ®etucos JI.lO. Pe30HaAHCHbIN WUCTOYHMK SNEKTPOMNUTaAHUSA O
MOLLHbIX CBEPXBbICOKOYACTOTHbLIX YCTPOWCTB. Russian Technological Journal. 2025;13(1):103-114. https://doi.
org/10.32362/2500-316X-2025-13-1-103-114, https://elibrary.ru/UORVPM

Mpo3payHocTb GMHAHCOBOW AEATENIbHOCTU: ABTOPLI HE UMEIOT PUHAHCOBOW 3aMHTEPECOBAaHHOCTM B NPEeACTaBNEH-
HbIX MaTepuanax uam meTogax.

ABTOPbI 3a9BNSIOT 06 OTCYTCTBUM KOHMMKTA MHTEPECOB.
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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 10° 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 V,,
transistors VT1 and VT2 connected by a half-bridge
circuit, resonant capacitor C, series inductor L,
transformer T with ratio »n and shunt parallel
inductor L. 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 L 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 MOSFETs' 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].

VT1
c L T VD1
H Control - —bt
circuit Ly, th R
l 2 (L) 35" vD2

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,

I 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 L and C, together with the value L _, while
the upper frequency is due to the elements L_and C..

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
220V £ 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.

V. /2
n=M-0_"=12, (1)

out

where nominal input voltage V, = 311 V and output
voltage V=13 V.

The equivalent alternating current resistance R, is
defined in the following way:

8n2V .
=——L =126 Ohm. )

T Iout

ac

The following expressions are used to determine
the maximum and minimum values of the transmission
coefficients:

nl :
M. = out_ min _ 0.87, (3)
e Vin_max /2
nV
out _max
=———=1.15, @)
e Vin_min /2
where Vout_min =125V, Vout_max =135V, Vin_min =279,
Vin max 341 V.

The resonant frequency of the circuit is determined
by the following equation:

1
S = 2n\L.C, ' )

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 1is chosen
such that the resonance capacitor capacitance 1is
equal to or a multiple of the standard value, e.g.,
E24 series. The resonance frequency chosen is
/=80 kHz.

The following equation determines the capacitance
value of capacitor C.:

1

C. =——=22nF, 6
" 2nQfR,, ©

where the quality factor (Q factor) of the circuit is
0 = 0.7, while the switching frequency is /= 80 kHz.

The O value is selected on the basis of the
maximum and minimum transmission coefficient. This
is done by plotting several transmission characteristics
with different O values on the same graph. On this
graph, horizontal lines are drawn corresponding to
the maximum M_, and minimum M, transmission
coefficients. The transmission coefficient curve
is selected from those plotted that intersects both
horizontal lines in the selected frequency range is
selected.

High QO wvalues 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
0=0.7.

The inductance L is calculated using the following
equation:

1
L =——=181pH. 7
T i (7
To simplify inductance calculations, L and L,

are combined into a total inductance parameter. Total
inductance is defined as follows:

L
[ ="m, )
n Lr

The L, value is selected by plotting the circuit
transfer coefficient curves for different L values. As
L, 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 L, = 3..7. In the calculations, the
value L, = 3 and the value of the magnetizing inductance
L. =543 pH 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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| LyJ3 |
M — nJsn ,
(L, + D f2 =11+ JI(f2 -1/, 0L, |

)

where f is the ratio of switching frequency f to the
circuit resonant frequency f,

Jo= (10)

L
,

With known values L, C, and R, the circuit

O factor is defined as follows:

L. 1 C
Q=%- an

ac

ac’

The transfer characteristics of the converter are
plotted for different circuit O factors using the above
equations (Fig. 2).

M
1.4

1.2
1.0
0.8

0.6
o4 oos —a-o7|
02| M e

el - Miax — Main

ok
0.25 0.50 0.75 1.00 1.25 1.50 f

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 Ly, (L), and series inductor L. 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 L,
can be replaced by the scattering inductance Lg, of
the primary winding while the parallel inductance L,
can be replaced by the transformer magnetizing
inductance L_ [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)L..
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 p = 2200, and saturation induction
B,=0.49T).

The magnetizing inductance for gap transformers is
defined as follows [20]:

2
I = HesrHo VTS
m Z 4
av

(12)

where g is the effective magnetic permeability; p, is
the magnetic constant; N, is the number of turns of the
primary winding; S, is the cross-sectional area of the
magnetic core; [, 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:

(13)

where p is the magnetic permeability of the material,;
/ . is the length of the nonmagnetic gap.

The number of turns of the primary winding is
determined by the following equation:

= o V), (14)
2frninA/[minBSc

where the direct voltage drop across the rectifier diode
V= 0.6V, the minimum operating frequency f, . = 72 kHz,
and the value of maximum induction B=0.4T.
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The minimum operating frequency /., 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=08B,=04T. (15)

Taking into account the transformation ratio, the
number of secondary winding turns N, = 2.

Substituting (13) into (12), the value of the
nonmagnetic gap is calculated to obtain the required
magnetizing inductance, as follows:

2
_ NS, oyl 0.11 mm

/ 16
\ e (16)
where the cross-sectional area of the magnetic core
S, =170 mm?, and the length of the center line of the
magnetic core /,, = 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 /- and U-shaped magnetic circuits, the
scattering inductance can be calculated using the following
equation for an inductor without a magnetic core:

lVLONIZSi.s.
h

W

Ly = , (17)

where the area of inductive system S,  is the effective
area covered by the current, excluding the magnetic core
area; h,, is the winding height.
The effective area is determined by the following
equation:
S =1 )

1.s. wl_av-wl?

(18)

where lwule is the average primary winding turn length;
d,,; is the distance from the average primary winding
turn to the magnetic core.

Fig. 3. Winding arrangement
of the cathode heating transformer

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 L + L. 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. 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
U, pihheat = 13 Vs nominal cathode heating current
I pih heat. = 12 A; resonance capacitor capacity C, = 22 nF;
resonance inductance L =182 uH; and resonance
frequency f =80kHz. The soft start method is
implemented in the source to extend the life of the klystron.

Theklystron bias source provides voltage U, ;, =6 kV
at a current not exceeding than ,;, = 100 mA, resonant
frequency f, = 80 kHz, resonant capacitor capacitance

C. = 68 nF, and resonant inductance L = 58 pH.

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 (/) 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 ps/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
/= 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 (/) 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 ps/div.

Fig. 5. Waveforms of the converter operating
at rated input voltage

_J;fiﬁm

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.

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 /; flows through the resonant circuit, and
resonance occurs. When the resonance ceases, the
current drops to the magnetizing current /_.

2. Transistor VT1 is closed. The magnetizing
current [ continues to flow through the body diode
of transistor VT2.

3. Transistor VT2 is opened, the energy stored in
capacitor C, generates current /; in the reverse
direction, and the magnetizing current [ crosses
the zero point and increases in the reverse direction.
Resonance occurs. When the resonance ceases, the
current drops to the magnetizing current /.

4. Transistor VT2 is closed, and the magnetizing
current /| 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 ps/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.

: 24 kV
6 kV bias voltage source Modulator
VT1 VD1
T X 7 Start-up
C L * 4 channel | 1
+Vin |Control ! r % : HH — -
circuit L & 3 Micro-
12 (LSh) wave
m
[ (1 VD4 Control output
| X & circuit R1 D
d R VL1
1n ‘zs i Jg
Breakdown E
. channel R2
Cathode heating voltage source
VT1
v Control C, L, T VD1
* Vin ontro ~r — bt
circuit L ; l
o =S
VT2 (L) 38
e weel| |
] n:1

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;
U, is the power supply voltage of the klystron cathode
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N1/AX = 165.02kHz

) Nlode ) Source Q) Cursors
Manual X2

WAY{(") = 29.6250kV

Y1: -29.7500kV
Y2: -125.00V

Fig. 9. Klystron operation

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.
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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 Co,(Co0),_, 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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HAYYHAA CTATbA

Marnauroontu4eckui 3kBaropuajabHbii 3¢ Ppext Keppa

B HaHokommno3uTax Co (CoO),_,

M.M. SAwuH @,
B.E. PAGyxuH,
A.H. lOpacos

MUP3A — Poccuiickunii TexHosiorndecknii yamsepceutet, Mocksa, 119454 Poccus
@ AsTOp Ana nepenvcku, e-mail: yashin@mirea.ru

Pesiome

Lenu. Llenbio paboTbl ABNASETCS NONYYEHME U UCCNE0BaHNE CMEKTPOB MarHUTOOMTUYECKOrO 9KBATOPUAIbHOIO
adoexra Keppa (93K) B HaHokomnosutax Co,(Co0),_,, CpaBHeHMe NoSTyHeHHbIX Pe3y/ibTaToB C dKCNepuMeHTasb-
HbIMW J@HHbIMU, BbISIBIEHNE NX 0COBeHHOCTeN. [TopobHble nccnenoBaHns ABNAOTCSA, 6€3yCNOBHO, BXHbIMU, Kak
Cc GyHOAMEHTaNbHOM TOYKM 3PEHNS, Tak U C NPaKTUYECKON, T.K. MarHUTOONTMYECKAs CNEKTPOCKOMNUSA — METOo[, He-
pas3pyLualoLLEero KOHTPOS U UCCIEA0BaHMS LWMPOKOro Klacca HaHOCTPYKTYP C MEPCNEKTUBHBIMU U UHTEPECHBIMU
CBOWCTBaMW.

MeToabl. N AOCTUXEHUS MOCTABEHHONM LLENN NPUMEHSNIOCh KOMMbIOTEPHOE MOJENMPOBaHME B pamkax nep-
CMNEeKTMBHOro MeToza addeKTUBHOM cpeapbl — NpubnuxeHns BpyrremaHa, cornacHo KOTOpoMy nccneayemas CTpyk-
Typa 3aMeHsieTcs cpenomn ¢ adPeKTUBHLIMN CBONCTBAMM.

PesynbTatbl. /13y4eHbl akcneprmMeHTanbHble cnekTpbl QK 1 B paMkax KOMMbIOTEPHOrO MOAENMPOBAHWS NOJyYe-
Hbl cnekTpbl 3ddekTa Keppa B ananasoHe 1.5-3.0 3B. Mpn aTom MogenrpoBaHue NpoBOANIIOCE ABYMS Criocobamu:
0e3 yyeTa 1 C y4eTOM KBa3nKIacCM4eckoro pa3amepHoro adpdekra. KoHeYHbIM pe3ynbTaTtom CTasio COMNoCTaBNeHe
MOJENbHbIX 1 3KCNEPUMEHTasbHbIX CrekTpoB addekTa Keppa, rae 66110 nokasaHo BAUsSHUE pa3dMepHbIX 3P hEKTOB
Ha Bupa, cnektpoB IOK. JOCTOBEPHOCTb METOAMK XOPOLUO MOATBEPXAAETCH CPABHEHMEM MOJNYYEHHbIX Pe3yfbTa-
TOB C 3MMNUPUYECKNMM JAHHBIMU, @ LLIEHHOCTb MOJY4EHHbIX PE3Y/bTaTOB 00YC/IOBNEHA TEM, YTO BCE pacCYMTaHHbIE
napameTpbl 06CYXAAaeEMOro HAHOKOMMNO3uTa 1 popma CnekTpanbHbIX 3aBucumocTtelrt 93K xopoLlo cornacytTcs
C pesynbTaTamun HabnaeHNA.

BbeiBoAbI. B pamkax KOMMNbIOTEPHOrO MOAENVMPOBAHMS YCTAHOBNIEHBI ONTHMaSIbHbIE MAPaMeTpPbl UCCnenyemMoro 00-
pasua: dopm-dpakTop, CpeaHnii pasmep rpanys, KoapduuneHT aHoMmanbHoro addekta Xonna. OnncaHHbIN Noaxon,
No3BoJISeT 6ECKOHTAKTHBIM 1 HEPA3PYLLUMMbIM CMOCOOOM M3y4aTb MarHUTOONTUYECKME CBOMCTBA NEPCMNEKTUBHBLIX
HaHOMaTepurasnoB, a NoJlydeHHbIE PE3YNbTaTbl ABNSIOTCS BaXKHbIMU NPU CO34aHUN HOBbIX TUMOB YCTPOMCTB, a Takxke
3/1IEMEHTOB 3IEKTPOHUKM N HAHO3NEKTPOHUKMN.

KnioueBble cnoBa: HaHOKOMMO3UTbl, Teopus 3adPEKTUBHON Cpebl, aKkBaTopuasnbHbin addekT Keppa, okcug, Ko-

OanbTa, padMmepHbie 9PPeKThI

* Moctynuna: 26.04.2024 » fopa6oTaHa: 17.05.2024 ¢ MpuHaTa kK ony6nukoeaHuio: 28.11.2024

Ona uutupoBanusa: AwnH M.M., PabyxuH B.E., IOpacos A.H. MarHntoonTtuyeckuin akBatopuasnbHblil apdekT Keppa
B HaHokomnosuTax Co,(Co0),_,. Russian Technological Journal. 2025;13(1):115-121. https://doi.org/10.32362/2500-
316X-2025-13-1-115-121, https://elibrary.ru/OABAYG

Mpo3payHoCcTb GMHAHCOBOW AEATENIbHOCTU: ABTOPbLI HE MMEIOT PUHAHCOBOW 3aMHTEPECOBAHHOCTN B NPeACTaBNEH-
HbIX MaTepuanax uam meTogax.

ABTOPbI 3a9BNSIOT 06 OTCYTCTBUM KOHMMKTA MHTEPECOB.
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Magneto-optical transverse Kerr effect
in Co,(C00),_, nanocomposites

Maxim M. Yashin,
Vitaly E. Ryabukhin, Alexey N. Yurasov

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.
K 1
\\ |
I
I
|

=

/N

| A\ V| \" Z
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of incidence
of light

(a) (b) (c)
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 (d) in the
equatorial geometry of Co,(CoO),_. 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; € is the dielectric permittivity tensor (DPT):

e iy O
g=|—-iy & 0] (1)
0 0 ¢

15 2.0 25 3.0
E, eV

Fig. 2. Experimental TKE spectra of Co,(Co0),_,
nanocomposite. Eis the electromagnetic wave energy [8, 9]

The magnetic induction vector is directed along the
z-axis while the € and y components of DPT have the
following form:

= —1 5
rTh @
€ =g —ig,,
wherein € and y are complex quantities. In this case,
g, and vy, are the real part of diagonal and nondiagonal
DTP components, while ¢, and y, 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 6 can be
measured experimentally on the p-component only. This
is due to the fact that the 3 -effect on the s-component in
metallic ferromagnets is 2—3 times smaller than 6 [9]:

2sin2¢

d=(Ay, +By,)) +——,

€)

wherein 4 =¢,(2¢, cos? ¢—1), B=cos? ¢(e3 —&7 +1) +
+¢; —1, ¢ is the light incidence angle.
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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]:

) p
€mod =€co T y - y >
o(o+i/1y,) o@+i rpart) @
bulk 2 T 2
4ncxy / Thulk 4nc§y / Toart

Ymod =¥Co = :
mod 0 @+ / Ty )

OO+ /T
wherein €, and v, are the diagonal and non-diagonal DTP
components of the ferromagnet (cobalt in this case); o is the
frequency of the incident electromagnetic wave; o, is the
plasma frequency; 7, and Toart ATC the average electron
path times in bulk samples and granules, respectively;
Gg;ﬂk = 4TcMstulk /p%ulk; G)ggr/ = 4TdMngr /pér; Ms is
the saturation magnetization of the ferromagnet; R_. and
Ry, are coeflicients of the anomalous Hall effect (AHE) for
granules and bulk sample, respectively; py . is the bulk
sample resistivity; and p or is the granule resistivity. The size
effect is evident both in the AHE parameter and in the
resistivity, as follows:

[ /
Rgr =Ry + O.2R—[l + —], ®)
o "o
/
pgr = Pbulk I+—1, (6)
o

wherein R is the AHE parameter value of the granule
surface material, 7, is the nanocomposite particle size,
and / 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).

10
—m— [ =0.28
84 |—e—L=0.29
— [ =0.30
64 —w—L=0.33
------- Experiment

8,103

15 2.0 2.5 3.0
E, eV
Fig. 3. Model TKE spectra of the Co,(Co0),_,
nanocomposite ignoring the size effect at different values
of the particle form factor

6
—— Without size effect
--------- Experiment
44 ——R=1
—=—R=10
—e— R =100

8,108
o

-6 T T T
1.5 2.0 2.5 3.0

E, eV
Fig. 4. Model TKE spectra of the Co,(Co0),_,
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 Co CoO,_,
nanocomposite granules is found to be 7, = 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 Co (CoO),_, 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 um
to 15 um, depending on Hg,_,Cd Te 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/x/E. 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. Ananaloginput-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%(f — frequency, a = 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
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Pe3iome

Llenu. ®oTope3ncTopbl Ha OCHOBE TBEPAOIro pacTBopa kagMuii-pTyTe-Tennyp (KPT) npumeHsitoTcs B Hdpakpac-
How (MIK) TexHrke Gonee 60 neT 1 B 3aBUCUMOCTM OT Komnoauummn Hg,_,Cd, Te nmeloT AnanasoH H4yBCTBUTESIbHOCTU
B 06nacTu afnH BosiH oT 1 oo 15 Mkm. ConpoTmBneHne cBeToHyBCTBUTENbHBIX KPT-3n1eMeHTOB cocTaBnseT (B 3aBU-
cuMocCTU OT niowanun) pgecatkn Om, 1 TepMoAMHaMUYecku OXmpaembld Wwym HalkBucTa cocTtaBnsieT MeHee

1 HB/\/E nns Takoro pesnctopa. CoBpemMeHHble NOJlyNPOBOAHMKOBBLIE TEXHOIOMMN 06ecneYmBaloT BbICOKOE Kaye-
CTBO Kak (pOTOMPUEMHBIX YCTPOWCTB, Tak 1 BXOAHbIX KaCkafgoB MUKPOCXEM O/ YCUNIEHMS curHana ¢ Hux. Lenbto
paboThbl ABNSIETCA UCCefoBaHMe LLYMOBbLIX CBOMCTB pa3paboTaHHOro 3nekTpoHHOro 6s0Ka, npegHas3Ha4yeHHoro
17151 COBMECTHOW paboTbl ¢ KPT-hoTONPUEMHUKOM, OXNTaXaaeMbIM XUAKUM a30TOM.

MeTopabl. 1N U3MepeHnst 1 HakoMIeHWs! LUYMOBbIX CIIEKTPOB CUrHana B AnanasoHe YacTtoT 0—1 Ml ncnonb3osa-
Ha MUKPOMNPOLLECCOopHas niaTta aHanoroBoro Beoaa-ebiBoaa P25M npounssoactea Innovative, Inc. (CLUA). MnaTa,
Ha KOTOPOW nMeloTcs YeTbipe 16-61ToBbIX aHaNnoro-umMdpoBbIX NpeobpasoBaTens ¢ HactoTon ao 25 MIru, ynpaens-
lowas MMmn NnporpaMmmmpyemMas normdeckas uHTerpanbHas cxema Spartan-3, npoueccop TMS320C6713 u onepa-
TUBHas NamMsTb, NepefaeT cobpaHHble LMPPOBbIE AaHHbIE B MATEPUHCKYIO NiaTty Yepes oowmin ans Hux cnot PCI-X.
CnekTpbl NPUHATLIX JAaHHbLIX BbIYUCASIMCL C MOMOLLIbIO anroputMa 6bICTporo npeobpasoBaHus Pypbe ¢ nocneayto-
LKMM yCpeaHeHneM KkBagpata aMmniamTyabl A5 BCEX CNeKTpasibHbIX COCTABMSIOLLMX.

PesynbTaTthl. VIaMepeHbl CNekTpbl MIOTHOCTM LWyMa nepBoro kackaga (ADA4898-2), BToporo kackaga (AD8034)
M UCTOYHUKOB TOKa cmelleHus (AD8397 1 LT3009). O6HapyxXeHO, 4TO cnekTpasibHas MNIOTHOCTb LUYMOB BXoAa orne-
paumoHHoro ycunutens ADA4898-2 cpaBHMMA C HANKBUCTOBLIM (TEPMOAMHAMMYECKN OXMOAEMbIM) LUYMOM pe-
3uctopa 20-100 Om, COOTBETCTBYIOLLLENO COMNPOTUB/IEHUIO CBETOYYBCTBUTENIbHOIO 3/IEMEHTA. OTO O3HAYaEeT, 4YTO
BbIOpPaAHHbIN OMNEPALMOHHbIA YCUNUTENb MaganbHO NOAXOAUT O pelueHns 06Cy>XKaaeMolr TeXHUYECKOW 3aaauqun.
OGHapyXeHo Takxke, YTO CNEeKTP LLUYMOB MUKPOCXEM CTabunM3aTopoB HanpsixeHus 1 Toka LT3009, ADR510 coaep-
XUT 3aMETHYIO APEN(OBYIO COCTABASIOLLYIO CO CAEKTPasnibHOM MAOTHOCTLIO BUaa 1/f% (f—yacTtoTta, a = 1).
BbiBoAbI. [Moka3aHo, YTO CrneKTpasibHas MIOTHOCTb LUYMOB 3/1€KTPOHHbLIX KOMMOHEHTOB, NPUBeAEHHasa KO BXoay
YCTPOWCTBA, B HECKOJIbKO pa3 HMXeE MNJIOTHOCTU LLYMOB MCMOJIb30BAHHOIO pOoTONpUeMHumka.

Kniouesble cnosa: NK-doTonpuemHuk, KPT-npnemMHuk, ManowwymsLlas annapartypa, BXOAHble Kackaibl, aHano-
roeag a/1eKTpoHMKa
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MpospayHocTb hMHAHCOBOW AeATENbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOM 3aMHTEPECOBAHHOCTN B MPEACTaB/IEH-

HbIX MaTepuanax nnm MetToaax.

ABTOpPbI 329BNSIOT 06 OTCYTCTBUN KOHDNINKTA MHTEPECOB.

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 (LN,)
cooled infrared (IR) photodetector based on mercury—
cadmium—tellurium (MCT) solid solution, as well as
noise properties of such photodetector on the whole.

Hg, ,Cd Te-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
tobe 95 mV (13 um), 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 Hg, (Cd Te 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:

N(E) = Ny(B)——— M

e kT +1

wherein £ stands for the electron level energy; N(F)
is the number of actually populated states with such
energy; Ny(E) is the number of states with energy E
that are suitable in principle as wave functions in
a semiconductor crystal; and E is the Fermi level
position in the distribution. The scale blurring the
population step corresponds to temperature potential @

kT
or=—_- @
€

Here, T'is the temperature in Kelvins, & is Boltzmann

constant, and e~ is the electron charge. This temperature

potential is 26 mV at room temperature (20°C). This

means that the number of thermodynamically excited

electrons and holes at room temperature would be
_50mV

approximately € 26mV =27172=0.13 of the total

number of states (approximately 1023 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 7 = 77 K; the argument of the
exponent then increases 300 K /77 K = 3.89 times while
the exponent itself increases 1795 times.

Contact pads
(Au)

Active
area

CdHgTe layer

Substrate

Fig. 1. Hg,_,Cd, Te-based photodetectors photodetector
placed on a substrate’

! 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 Hg, Cd,Te 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 pm. The object of measurement is the voltage
drop across such a photoresistor. It is natural to expect
that the variations of the bias current A/, multiplied by
resistance R, of the photoresistor (see Fig. 2) turn into
voltage variations AU = Al R, 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 R, and resistor R, .,
a voltage is formed which depends on photoresistor
illumination.

+1...3V

Vstab

bias

3...5R

/f

(a)

Fig. 2. Current-measuring photoresistor connection
circuit (a), bias supply circuit from current generator (b),
and conventional connection circuit?
of the Hg,_,Cd, Te-based photoresistor (c)

2 PB212. JI5D 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* type (fis frequency, o = 1) is noticeable in the
noise spectrum [17].

Noises with a spectral density of the 1//* 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
aparticle 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//* 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 <UI%,>

on frequency is of the <UT%I> ~ 1/ S® -type, where the
index of power a ~ 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:

<U§> = 4KTR . Af (in the frequency band Af), (3)

based on the value of the ohmic resistance of the
photoresistor. Substituting the values of Boltzmann
constant, k = 1.38 - 10723 J/K, resistance, R, = 50 Ohm,
and temperature, 7 = 77 K, spectral-noise density

0.46 nV/ VHz 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 chip?.

The time constant for J15Dxx photodetectors
manufactured by Teledyne Judson Technologies (USA)
ranges from 0.1 to 0.5 ps, 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.
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photoresistor. This requires searching for models
with a unit gain frequency (G = 1) f, _, 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 Devices* has a cutoff frequency
of f;_, = 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 CO,-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 f, _ ; = 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. 2¢) is supplied
through resistor R,, . from the output of the regulated
voltage source DAI.

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]:

Upe™ Upe™
I (Up) =1, exp T —1|~1,exp 7 I

Thus, the voltage across diode Up at the given
current /I, 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 DA5S ADR510 “Zener diode” (integrated
circuit?).

In order to measure the bias current supplied to the
photoresistor when setting the electronics, the board
provides sockets into which resistor R, . 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]. Theboard contains4 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 1/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

> https://www.analog.com/ADR510/datasheet. Accessed

January 31, 2022.
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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/0 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/ \/E) 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
Averaging 10 times

1116384 points

Frequency 10000.1 MHz

11 —— Empty input, 200 mV scale
79| ——— Empty input, 1000 mV scale
1| —— Empty input, 2500 mV scale

Spectral-noise density, nV/Hz1/2

T T T T T T T T
0 200 400 600 800
Frequency, kHz

Fig. 4. Noise spectra recorded from the unconnected
ADCO 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, Gyr . | = 200, for the data obtained
from the output of the low gain channel, OUT x 1, and
by gain, G, 1o = 2000, for the data obtained from the
output of the high gain channel, OUT x 10. The
magnitude of the spectral-noise density is also some

nV/ VHz for this case. The role of the second stage is
noticeably reduced at high gain of G511, = 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, G . | = 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 G ;1. ;| = 200.

ADCO input scale 200 mV
hm

8 N_rge&sas current )
Signals normalized to DA2A input
—— ADCO input of the P25M board
—— Output x1
Output x10

Spectral-noise density, nV/Hz1/2

400 600 800

Frequency, kHz
Fig. 5. Spectral-noise density curves recorded from the
board output %1 (total gain 200), output X10 (total gain
2000), and unconnected ADCO input of the measuring
ADC

0 200

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 R, . 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:

Gour x 10 = 40 x 50 = 2000, for the gain channel with

C4=C8=330nF

Ryias = N0, R44 =no

P25M input connected

to the preamplifier output x10
—R =10 Ohm

meas

—R, =300 Ohm

meas

Spectral-noise density, nV/Hz/2

0T T T T T T T v T
0 500 1000 1500 2000
Frequency, kHz

(a)

output to connector OUT x 10. In general, the noise
level scale of (0.8...5)nV/ vHz is consistent with the

value given inthe ADA4898-2 datasheet’ (0.9 nV/ JHz).
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*.

Nevertheless, the measured noise level corresponds
well to the dependence of the noise density on the signal
source resistance (resistor R . ) 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 f = 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.

Resistor noise level <U2>
Nyquist formula 4kTR

U.
Conversion of x10 noise to input —*

Af
e 580 kHz (low noise point)
o 1500 kHz (the lowest noise point)

-
[6)]
|

10

Spectral-noise density, nV/Hz'/2

T T T T TT

10 100
R Omh

meas’

(b)

T T

1000

Fig. 6. (a) Spectral-noise density measured at a sampling frequency of 4 MHz when the input is connected to ground

through resistor R

meas = 10 Ohm; (b) dependence of noise density in “quiet” areas on the resistor resistance R

meas”

For comparison, the curve is plotted using the Nyquist formula
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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
Ry;,s = 820 Ohm from the adjustable reference voltage
source DA1 LT3009. As a load for the bias current,
resistor R, . = 110 Ohm (component designations are
given in Fig. 3) is used instead of a photodetector. At
such connection, the 1//*-type noise introduced by the
LT3009 bias voltage generator, V., ., starts dominating
in the spectrum at frequencies up to 200 kHz.

ADCO input scale, 200 mV

14 | Upias =28V, R ;s =110 Ohm
ADCO board input
P25M input connected to x10:

124 Res?stor Ry, is disabled
Resistor Ry, = 820 Ohm
g Current /,,, =2.8/820 = 3.37 mA
N
T
S 10 -
<
z
2 8-
]
©
Q
@2
2 6
g
©
8 4
= 4
2 WWWMM
0 T T T T T
0 200 400 600 800

Frequency, kHz

Fig. 7. Noise spectra recorded when bias current is
applied through resistor R, = 820 Ohm from stabilized
voltage V| ;.. =2.8V

ias
It is not surprising that the noise level with
a spectrum of the 1/ type in the voltage stabilized by
the LT3009 chip is noticeably higher when compared
to the white Nyquist noise of the input resistor R
and the first stage of the selected (in terms of noise)
ADA4898-2 OpAmp model. The datasheet® for the
LT3009 regulated stabilizer chip states that the typical
RMS output noise voltage for this model is 150 pV at
filter capacitance of C3 = 1.0 pF. 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®
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 DAS5 “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 Ohm, R44 =110 Ohm
Current flows from VT1

ADCO input of the P25M board
Output x1

Output x10

Voltage drop of 178 mV

across R, =110 Ohm

meas

20

Spectral-noise density, nV/Hz'/2

T T T T T T T T T T J
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
ADRS510 “Zener diode” chip; the RMS-average of its
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noise is 4 pV 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™! 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 x 100 um?). For this, the bias is applied to
the MCT-sensor from the output of the regulated voltage
source DA1 LT3009, V., = 2.8 V, through resistor
Ry, = 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 x1 of the preamplifier rather than from
output x10, which (see Fig. 4) corresponds to slightly
worse noise properties of the photodetector with the
preamplifier compared to using output x10 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//® 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

Preamplifier output x1

ADC input scale, 2V
C8=33nF,C9=330nF

Ipias = 1.5 MA

Fyp =55.112 kHz

ASNOM signal from SiC (935 cm™)
1000 4 — R = 11 0hm

Lazer off
100 —\J

Lazer on

Spectral-noise density, nV/Hz'/2

—_
o
L
E *

Wi

0 200 400 600 800 1000
Frequency, kHz
Fig. 9. Noise spectra recorded when the nitrogen-cooled
MCT-photodetector is connected to the investigated

amplifier. Ftip is the cantilever oscillation frequency
ASNOM technique. At the same time, it can be stated
that the noise with the 1/ *-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 x 100 um? allows a spectral-noise density

lower than an/ VHz 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*-type noise, noticeable at frequencies
up to 100 kHz. The source of the current on a MOS-
transistor’ using the ADRS510 “Zener diode” as an
“ideal” voltage and not very low-noise AD8034 as
a current regulator also introduces the 1/f *-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

SnV/ vHz. 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
FMGO1/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%.

Keywords: heat transfer, heat exchanger, numerical modeling, smoothed particle hydrodynamics, incompressible

fluid, periodic boundary conditions
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Peslome

Llenu. B paboTe TennooOMeHHbIX anmnapaToB K/OYEBYO POJib UrpaeT CKOPOCTb TeMJionepenayu B yCioBMsX orpa-
HUYEHHOrO NpocTpaHcTBa. Popma ceveHnss Tpyd MOXET MOBAUSATbL HA XapakKTepPUCTUKN TennoobmMeHa. XoTsa npo-
M3BOACTBO TPYD KPYroBOro cevyeHust NpoLe 1 obxoamTcs aellesne, TennoobmeH B annapaTtax ¢ Tpyb6amu opyrmx
MOMEepPEeYHbIX CEYEHNIN MOXET NPOUCXOANTL C BOoNbLUEr CKOPOCTbiO, TakK, YTOObl 3TO AaBaso 3KOHOMMYECKUe npe-
mmyLiecTBa. MoaTtoMy nNpoBefeHne MaTeMaTMieckoro MoaennpoBaHns rmapoaMHaMmnk U tennoobmeHa B Tpy6-
4aToM TennoobMeHHOM annapaTte akTyaslbHO U MHTEPECHO Kak TEOPETUYECKU, Tak U C MPUKNAAHON TOYKM 3PEHMS.
Llenb nccnepoBaHus — onpeaeneHne BamsaHuUs GopMbl cedeHns Tpyd Ha MIHTEHCUBHOCTL Ternonepeaayun.
MeTopbl. YcneHHble nccnenoBaHUsl BbINOJIHEHbI METOAOM MAPOAVMHAMUKM CriaXeHHbIX YacTtul,. MNMpoaemMoH-
CTPMPOBaHbl BO3MOXHOCTM METOAA CrIaXKeHHbIX YaCTULL, A5 PEeLLeHUs 3a4a4 MPOMBILLSIEHHOrO TenI006MeHa.
PesynbTaTbl. AHANM3 MHTEHCMBHOCTW TENonepenayn nposeneH oisa Tpyd KpPyribiX U NPSMOYrOJibHbIX CEYEHWIA.
B cnyyasix, korga nornepeyHble ceveHns Tpyo B TEMIOOOMEHHMKE ABMSIIOTCS BbITAHYTbIMW BOOJIb HEKOTOPOrO Ha-
npaBfieHNs, UCCNeA0BaHO BIMSIHME PACMOoXeHWs TpyO Mo OTHOLWEHUIO K Haberarowemy noToky: AJIMHHOW CTO-
POHOW BOO/Mb NOTOKA UM Mornepek ero. ViccnenoBaHo BAVSIHME Ha TEMI00OOMEH BbICTYNOB Ha MOBEPXHOCTU TPY6.
MpoBeaeH aHann3 o6TekaHUs TPyO C pasnnyHbIMU GopMaMm NoNepeYHbIX ceveHuii. BoisiBneHbl 0co6eHHOCTM 06Te-
KaHWs1, HalaeHbl MOt CKOPOCTEWN U TeMnepaTypbl B 06beMe TensioobMeHHMKa. HaliaeHbl 3HaueHns 6e3pasmMepHoro
TENJIOBOro NoToka (4mcna HyccenbTa) Ans kaxanoro cny4as.

BbiBoabl. CoenaH BbIBOA, 0 MasiOM BAUSHUN 0pebpeHuns Tpy6 Npu NaMrUHapHOM pexnmMe npoTekaHus HarpeBaemMoim
XUAKOCTU Yepead nyyok Tpyb-TennoHocuTenen. Hanbonbliee 3HaveHre TEMNIOBOroO NoToka Habnaganock onsa Tpyd
NPSIMOYrOJIbHOrO CeYeHUs1, PacnofIOXKEHHbIX AJIMHHOM CTOPOHOM Nonepek NoToka, NPUYeM pasnmyve ¢ JaHHbIMU,
MosyYeHHbIMW AN151 CTaHAAPTHbIX KPYrbix TPY6, cocTaBmo 6onee 15%.

KnioueBble cnosa: Ternsonepenaya, Tenn00bMeHHble annapartbl, HACNeHHOe MoaennpoBaHune, rmapognHamMmmka
CrnaXxeHHbIX 4HaCTuUL, HeCXXnmMaeMas XnaKkoCTb, nepmnoagndeckme rpaHn4Hble ycnoBus
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HbIX MaTepunanax nam MetTogax.
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INTRODUCTION

In the modern technological society, there is an
extremely greatneed for heatexchangers. Heatexchangers
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 (7, = 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
(T} = 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.
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Fig. 1. Schematic diagram of the experiment.
His the heat exchanger gap; 1 is the fluid flow;
2is the tubes; 3 is the bounding planes

Conservation equations for the fluid in the flow are
written as follows:

—

(Z_’:+(17§)17:—§§P+v§217+c7, (1)
%N(pﬁ):o, )
f;_fﬁ(rﬁ):p_'i%zr. 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; V= Vs Vy} and T are velocity
and temperature, respectively; @ is acceleration due to
an external force. The thermophysical characteristics of
the fluid (water) are denoted as follows: p is density, v is
kinematic viscosity coefficient, Kk is heat conduction
coefficient, and ¢ 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

1000 kg/m3
2 0.55 W/(m - K)
v 1070 m%/s
6 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

N m.
1= XL g (7 =7m) (4)

Wherein, m;, p; are mass and density of the jth
particle, W(F—f},h) is kernel function, and # is
smoothing radius. The summation is performed on the
particles trapped inside the sphere of radius 4. The
approximations for the gradient, divergence, and Laplace
operator are defined as [11, 12]:

N .
U (F)~ S L1, 0w (7 -7,.h),
j=1Pj
VF(7) = ﬂ“VW(?—?. ) (5)
Sp; J J
N m.
A (F)= Y f A (7 =7y )
j=1P;

Equations (1-3) written for the ith Lagrangian
particle have the following form:

av,  1¥Em; o
=——>-LpVw *—*,h‘ +
dt pijZ::]pJ J (V V] )7:?
N m.
03 VRS [
j=1Pj F=F
’ (6)
dpl N oo L. ‘
LI S R/AV —7.
- szlm]Vj w (7 r]’h)7=7l,
d]; K N J .
=N L1 aw(i- .,h‘
dt picjz_lp] J ( J )’7_;

The kernel function W (¥ —7j,h) is chosen in the
following form [14]:

4
S 7 q
W(r—rj,h)—4nh2 1—5 (2¢ +1),
q=‘7—17j, 0<g<2.

System (6) is supplemented by the equation of state
of water [11], as follows:

Poena | [ P ’
p==tsmd\| By, (7)
7 Po
wherein ¢, = 1500 m/s is the speed of sound

propagation in the fluid, and p, 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 @ starts
affecting it at moment ¢ = 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:

Vx(y)z%(Hy—yz), v, =0. (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:

V, max = aH?/(8V). (9)

The solution is performed fora=0.1 m/s?, H=2.5 mm.
The Reynolds number Re=V___ H/vinthis case does not

X max
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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.

V.. m/s T T ]
0.05 10s o Numerical calculation
' P Formula (8)
g o® 8s "oy
0.04 - (3 o -
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00 000 o o
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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=2mm,a=0.1m/s?
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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 = 0.2 m, and the heat

exchanger length is L;; = 1 m. The force field strength is
chosen to be equal This gives the maximum velocity
value estimated “from above” by formula (9),
V. 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 X 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 7,, = 283 K. At
moment ¢t = 0, the force field is switched on with an

intensity level @ The tube temperature is Tj; = 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 Sy in this case.

(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
oT
Nu = J—_}d@# on the cross-section
o 0 Sy(h-1,)

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.

Nu T T T T
o5f = ]
N
. .
20 ' =) - (Y = - - - - -
1.5} Ny 1

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: A is circular cross-section (a);
m is vertical rectangle without protrusions (b);

e is vertical rectangle with 4 protrusions of 1 mm x 2 mm;
o is horizontal rectangle without protrusions (c);

o is horizontal rectangle with 4 protrusions
of 1 mm X 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.

Keywords: heart rate variability, variational pulsometry, spectral analysis, autocorrelation analysis, RR-intervals,
multivariate discriminant analysis, discriminant function
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HAYYHAA CTATbA

MHoOro(pakTopHbIil AMCKPUMUHAHTHBINA aHAJIN3
IIEKTPOKAPAUOTPAMMBI

N.A. CaxapoBa @,
B.A. BanaHguH

MUWP3A — Poccuiicknii TEXHOJIOrM4ecknii yHmsepcutet, Mocksa, 119454 Poccus
@ AsTOp AN nepenvcku, e-mail: polinka6777@gmail.com

Pe3iome

Llenu. CtaTba NocBsiLeHa mMccnenoBaHnio BapmabenbHOCTU CepaeyHOro putMa C NOMOLLbI0O MHOro@akTOpHO-
ro ANCKPUMWHAHTHOrO aHanusa. JANCKPUMUHAHTHbLIA aHanm3 aenseTcs ad@eKTUBHbIM CTaTUCTUYECKMM METOA0M
Knaccuoukaumm, No3BoNSIOLWNM pa3bnBaTb 0O6LEKTHI HA FPYMMbI UCXOAS N3 Pa3MynNn MeXAay XapakTepusyioLwymMm
3TN 06bekTbl NapameTpaMn. APPEKTUBHOCTb MHOFOPaKTOPHOIrO AUCKPUMUHAHTHOIO aHanm3aa, KOTOpPbIi aKTUBHO
MCMNoNb3yeTcs B MeanuyHe ois AUarHoCTUKN CepaeyHO-COCYANCTbIX MaTonornin, o6ycnosnieHa LWMpPoKUM Habopom
aHanM3npyeMbix NapamMeTpoB: CTaTUCTUYECKNX, CMEKTPasbHbLIX 1 aBTOKOPPENSALUMOHHbIX. Lienb paboThbl — BbisSiBRE-
HVE MEeTOAOM OVUCKPUMUHAHTHOrO aHanmMaa napaMeTpoB BapuaLMOoHHOM NynbCOMETpUM, KoTopble obecneynBatoT
Hauny4ylee pasnnyeHne Mexay 340P0oBbIMU NaLMEHTAMU 1 NALMEHTAMKU C apUTMUEN.

MeTopbl. B kayecTBe MCXOAHbIX AaHHbIX MCMOJIb30BaUCh OJINTENBHOCTU KapAMONHTEPBaJIOB NauMeHTOB BO3pac-
Ta 63-72 neT, pa3melleHHble B OTKPbITOM 6ase BnomeanumHckmx curHanoB PhysioNet.org. Mpu Bbibope aprymeH-
TOB AVUCKPUMMHAHTHOM PYHKLUMM NPenMyLLeCTBO OTAABaNIOCh C/1abo Koppenmpylowmm mexay cobon napameTpam,
VIMeIoLWYM HOpMasibHOEe pacrnpenesieHne 1 pasnnyalommcs y 300P0BbIX U 60MbHbIX NaumeHToB. Ctatuctuye-
cKkasi 3HAYMMOCTb Pas3Nnymin Mexay napameTpamMu OBYX rpynn npoBepsiiacb C NOMOLLbIO t-kpuTepus CTblogeHTa
n U-kputepus MaHHa — YUTHW.

PesynbTaTthl. onyyeHbl ABe OAUCKPUMUHAHTHblE GYHKLMN: NepBas 3aBucena OT TPex BPEMEHHbIX NapamMeTpoB;
BTOpasi, TOMUMO BPEMEHHbIX, BKJI0Yana 0AnH CrekTpasibHbI 1 OAMH aBTOKOPPENSLMOHHLIN. B 060mx cnyyasx 6blnn
paccunTaHbl CpeaHne 3HaYeHNs OUCKPUMUHAHTHOM DYHKUMN A5 300POBbIX U 60/bHbIX NauneHToB. Ctatuctuye-
cKkasli 3HaYMMOCTb Pasnnymin CpeaHnx 3HaYeHNI ANCKPUMMHAHTHOM QYHKUMM B ABYX Ipynnax uccrnegosanach C no-
MolLLplo t-kpuTepus CTblogeHTa.

BbiBOAbI. [lOKa3aHO, 4TO 3HAYEHMS NEPBO ANCKPUMUHAHTHOM DYHKLNN HE3HAYNTENIbHO PasinyaloTcs y 340P0BbIX
1 60JIbHbIX MALMEHTOB, B TO BPEMS Kak BKJIlOYEHME aBTOKOPPENSLMOHHOIO 1 CNeKTPanbHOro napaMmeTpoB B YMCIO
apryMeHTOB OUCKPUMUHAHTHOM GYHKLMN 06eCcneynBaeT BblpaXXeHHbIEe M CTaTUCTUYECKM 3HAYMMbIE Pa3/INyNS MeX-
Oy nauyeHTamu AByx rpynn. TeM caMbiM NPOAEMOHCTPUPOBaHa BbICOKasi 3HAYNMMOCTb CNeKTpasibHbIX M aBTOKOppe-
NSILUMOHHbIX MapaMeTPOB B AMArHOCTMKE apUTMUNN.

KnioueBble cnoBa: BapnabenbHOCTb CEPAEYHOro PUTMA, BapuaLMOHHAs NybCOMETPUSA, CNEKTPasbHbIA aHanm3,
aBTOKOPPENAUVOHHbIN aHann3, RR-uHTepBasbl, MHOrOMakTOPHLIA OUCKPUMUHAHTHBIA aHanu3, AMCKPUMUHAHTHasA
dYyHKUMSA

* Moctynuna: 26.03.2024 » flopa6oTaHa: 09.06.2024 e MpuHaTa k onyonukosaHuio: 10.12.2024

AnauntupoeaHua: Caxaposall.A., BananamHB.A. MHOrogakTopHbIii AMCKPUMUHAHTHbLIN aHaNM3 3/1eKTPOKapANOrpam-
Mbl. Russian Technological Journal. 2025;13(1):144—156. https://doi.org/10.32362/2500-316X-2025-13-1-144-156,
https://elibrary.ru/WPRKRW

Mpo3payHocTb GPUHAHCOBON AEATENIbHOCTU: ABTOPbLI HE UMEKDT GUHAHCOBOM 3aMHTEPECOBAHHOCTW B NPEACTaB/EH-
HbIX MaTepuanax uim MmeTogax.

ABTOPbI 3a5BASIOT 06 OTCYTCTBUM KOHGMIMKTA MHTEPECOB.

Russian Technological Journal. 2025;13(1):144-156
145


mailto:polinka6777@gmail.com
https://doi.org/10.32362/2500-316X-2025-13-1-144-156
https://elibrary.ru/WPRKRW

Multivariate discriminant analysis
of the electrocardiogram

Polina A. Sakharova,
Vyacheslav A. Balandin

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 %) CV = , 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
AMo

2Mo-dRR’

3. Wave structure analysis methods, comprising:

e 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 (LF . HF ),
centralization index CI = (HF + LF)/VLF, and
vagosympathetic interaction index LF/HF;

e autocorrelation method that calculates the shift
number at which the autocorrelation function
first becomes negative (CO) and the value of the
autocorrelation function at the first shift (C1).

most widespread TI=

The description of the parameters and their
diagnostic significance are given in detail in [6].

These parameters are calculated from rhythmogrames,
which are obtained from the electrocardiograms (ECGs)
astime 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 4 RR3 | RR4 | RR5
w 0.98s Jlo.88s{ 1.09s 1.02s
RR, s

1.00 MmAA Y

0.80

Al

—_— .
RIST RA2 RR3 A4 AR5 ¥
Fig. 1. Obtaining a rhythmogram from the original ECG!

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

I 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.
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Table 1. HRV indices of a healthy patient at different ECG recording durations

Duration

1 min 2 min 5 min 10 min 15 min 20 min 30 min Norm [8]
Parameter
?He;r)t za;fn 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 310450
SDNN, ms 26 32 46 42 49 52 54 40-80
Mo, 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 25.6 247 24.7 25.7 20-50
T, c.u. 315 186 120 115 87 78 75 80150

database of biomedical signals made available via the
PhysioNet portal?. 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 arrthythmia.

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 norm?3.

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/varCIl/VarCLhtm (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 ¢-test for
95% confidence probability.
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Table 2. Values of HRV parameters of healthy patients

Patient

1 2 3 4 5 6 7 8 9 10 Average Norm [8]
Parameter
HR, bpm 75 82 75 89 108 76 87 77 79 77 825+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 310450
SDNN, ms 49 61 41 80 54 76 78 64 73 64 64+9 40-80
Mo, 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 89=+1.5 3-12
pNNS50, % 39 1.6 2.1 0.7 0.2 13.6 3.1 32 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 49 725 | 604 | 49.8 | 404 58.1+£8.0 15-30
LF, % 358 | 345 19.8 | 23.8 | 379 32 23.1 30.6 | 34.1 54.6 32.6+7.0 15-40
HEF, % 13.2 4.6 59 7.2 8.6 19 44 9 16.1 5 93+37 15-25
LF/HF 2.7 7.6 33 33 44 1.6 53 3.4 2.1 11 45+2.1 1.5-2
LFnorm 73.1 88.3 77 769 | 81.6 | 62.2 84 772 | 679 | 91.7 78.0+6.4 41.2-60
HFnorm 26.9 11.7 23 23.1 184 | 378 16 22.8 | 32.1 8.3 22.0+6.4 40-58.8
Co 16 31 81 46 44 37 51 28 52 25 41.1£13.1
Cl 072 | 094 | 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

1 2 3 4 5 6 7 8 9 10 Average Norm [8]
Parameter
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 310450
SDNN, ms 46 39 46 32 56 83 79 71 147 78 67.7+23.8 40-80
Mo, 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 43 442 +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
pNNS50, % 7.1 26.2 132 7.2 26.4 15.7 | 339 147 | 80.4 | 345 259+154 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 14.2 123 11 8.6+4.1 15-30
LF, % 6.5 9.6 253 3.6 8 8.6 12.3 10.2 15 17.4 11.7+4.5 15-40
HEF, % 88.7 | 859 | 726 | 92.7 | 822 | 873 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 90 742 | 963 91.1 91 84.7 | 88.1 829 | 80.4 87.2+4.7 40-58.8
Co 1 1 2 2 4 1 1 1 1 1 1.5+0.7
Cl —0.04 | =0.09 | 028 | 0.05 | 034 | —-0.5 | =04 | —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 #-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=10.05.

HRV parameter

0 01 02 03 04
p-value

Fig. 2. Diagram of p-values for HRV parameters

05 06 07

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:

e dependent only on statistical parameters of HRV
(stage 1);

e 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 z-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:
e it is desirable that they have a normal distribution;
e parameters should not be significantly correlated
among themselves;

e 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 pNNS50 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 a. = 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 . The null hypothesis H,, 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> W _,, 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 #-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 #-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 #-test and the Mann—Whitney
U test are shown in Table 5. The null hypothesis H,, in case
of the #-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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Table 4. Results of testing the hypothesis of normality of distribution of HRV parameters

Group HRYV parameter Critical value W_, Calculated value W Accepted hypothesis
AMo 0.842 0.9224 H,
RMSSD 0.842 0.9194 H,
Healthy dRR 0.842 0.9576 H,
LF/HF 0.842 0.835 H,
Co 0.842 0.9249 H,
AMo 0.842 0.9850 H,
RMSSD 0.842 0.7976 H,
Sick dRR 0.842 0.9533 H,
LF/HF 0.842 0.9277 H,
Cco 0.842 0.6033 H,

Table 5. Results of Student’s t-test and Mann-Whitney U test

HRYV parameters with normal distribution Critical value ¢.;, | Calculated value ¢ Accepted hypothesis
AMo 2.101 1.237 H,
LF/HF 2.101 4.757 H,
dRR 2.101 3.035 H,
Ilj(i\ni;a;?:]tr?tt;rtsi’ogle distribution of which differs from the Critical value U_;, | Calculated value U | Accepted hypothesis
RMSSD 23 0 H,
Co 23 0 H,

Asshownin Table 5 the RMSSD and dRR parameters
differ markedly between sick and healthy patients. This
is because the #-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
AMo [RMSSD | dRR | LF/HF CO

Parameter

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
Co 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,
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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.

900 ~ o
& ot e $
800 itk ol i 1T
700
600
[}
€ 500
o
T 400 RMSSD, ms |16
300 dRR, ms 329
200 AMo, % 40
LF/HF 11
100
co 25
0

0 10 20 30 40 50 60 70 80
RR interval sequence number

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

x—xav

,» where o is the SDNN; x,_ is the average value

c
of the parameter.
Normalization was carried out according to the

~ *min
)_Cmin . .
nax 1 the maximum value of the trait.

formula
_xmax -
of the trait; x

, where Xin 1s the minimum value

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:

DF, = 1.27-dRR —1.73- AMo — 4.28 - RMSSD. (1)

In the case of normalization DF has the following
form:

DE, = 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 #-test.

In the case of classification by both DF_ and DF
(1.44 and 1.94, respectively), the calculated values of
Student’s #-test were less than the critical value of 7
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 W, Calculated value W Accepted hypothesis
DF 0.842 0.9170 H,
Healthy
DF, 0.842 0.9157 H,
DF, 0.842 0.8573 H,
Sick
DF, 0.842 0.8745 H,
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Fig. 4. DF values in case of standardization (a) and normalization (b) (3 parameters) (p = 0.95)

The low efficiency of DF and DF  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: CO 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
CO0 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 (CO0). 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:

DEF, = 0.804-dRR +2.732- AMo +2.381x
x RMSSD —-8.242-C0—5.194 - LF/HF.

For normalized parameters DF takes the form:

DF, = 3.357-dRR +11.418- AMo +9.623 x
x RMSSD —-27.568-C0—-19.162 - LF/HF.

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 #-statistics in the case
of discrimination by DF, is equal to 6.67, by DF_ 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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Table 8. Results of testing the hypothesis of normality of distribution of DF values

Group DF Critical value W_;, Calculated value W Accepted hypothesis
DF, 0.842 0.9688 H,
Healthy
DF, 0.842 0.9682 H,
DF, 0.842 0.9393 H,
Sick
DF, 0.842 0.9395 H,
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Fig. 5. DF values in case of standardization (a) and normalization (b) (5 parameters)

Both functions arranged the parameters in the same
order in decreasing order of their significance: CO0,
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, CO0).

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 #-test clearly demonstrated high
classification ability of DF in the case of adding LF/HF
and CO 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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