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Abstract

Objectives. The retrieval of legal information, including information related to issues such as punishment for
crimes and felonies, represents a challenging task. The approach proposed in the article represents an efficient
way to automate the retrieval of legal information without requiring a large amount of labeled data or consuming
significant computational resources. The work set out to analyze the feasibility of a document retrieval approach
in the context of Arabic legal texts using natural language processing and unsupervised clustering techniques.
Methods. The Topic-to-Vector (Top2Vec) topic modeling algorithm for generating document embeddings based
on semantic context is used to cluster Arabic legal texts into relevant topics. We also used the HDBSCAN density-
based clustering algorithm to identify subtopics within each cluster. Challenges of working with Arabic legal text,
such as morphological complexity, ambiguity, and a lack of standardized terminology, are addressed by means
of a proposed preprocessing pipeline that includes tokenization, normalization, stemming, and stop-word removal.
Results. The results of the evaluation of the approach using a dataset of legal texts in Arabic based on keywords
demonstrated its superior effectiveness in terms of accuracy and memorability. The proposed approach provides
87% accuracy and 80% completeness. This circumstance can significantly improve the search for legal documents,
making the process faster and more accurate.

Conclusions. Our findings suggest that this approach can be a valuable tool for legal professionals and researchers
to navigate the complex landscape of Arabic legal information to improve efficiency and accuracy in legal information
retrieval.

Keywords: search for documents, NLP, Top2Vec, HDBSCAN, Arabic legal documents, word embeddings, cosine
similarity
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Pesiome

Llenu. MNovck opuanyeckon nidopmaumm, Hanpumep, nHdopmMaummn, CBA3aHHONM C Pa3MyHBIMU KOPUANYECKUMN
BOMpOCaMn, TakMMK Kak HakasaHme 3a NPEeCTyMnSieHns, SBASETCS CMOXHOW 3apaden. [Npegnaraemblii asTopamm
noaxon MOXeT ObITb 3P PEKTUBHBIM U AENCTBEHHBIM CNOCOO0OM aBTOMaTU3auMn NOUCKa Iopuandeckor nHdopma-
UMM 6e3 HeoBXoOUMOCTU UCMOJb30BaHMS BONBbLLOIO KOJIMYECTBa Pa3MeyeHHbIX JaHHbIX U 3HAYNTENbHbIX BbIYNC-
JNTENbHbIX PECYPCOB. Llenblo cTaTbm 9BASETCS aHaNN3 BO3MOXHOCTU MCMNOJIb30BaHMA MNOAX0o4a K MOUCKY AOKYMEH-
TOB B KOHTEKCTE I0PUANYECKNX TEKCTOB Ha apabCkoM si3blke, C MPUMEHeHnemM MeToaoB 06paboTk eCTECTBEHHOIO
A3blKa N HEKOHTPOJSIMPYEMOW KnacTepusaumn.

MeTopabl. Micnonb3oBaH noaxod Top2Vec — anroputmM MOAENMPOBAHUS TEMbI, KOTOPbIN CO3OAET BOXEHUS OOKY-
MEHTOB Ha OCHOBE CeMaHTMYECKOro KOHTEKCTa, YToObl rpynnmMpoBaTh lopuandyeckme TekCTbl Ha apabCckoM A3bike
B COOTBETCTBYOLME TEMbI. ICMONB30BaH anropnTM Knactepusaumm Ha OCHOBE MAOTHOCTW A8 ONpeaeneHmns noa-
TeM BHYTPM Kaxaoro knactepa. Pelwatotcst npobnembl paboTbl ¢ apabCknm IPUANYECKUM TEKCTOM, Takme Kak Mop-
donornyeckas CloXHOCTb, ABYCMbICIEHHOCTb U OTCYTCTBME CTaHAAPTU3UPOBAHHOM TepMuHonorun. MNMpeanoxeH
KOHBeWep npensapuTenbHoli 06paboTkum, BKoYaloLWwmii B cebst TOKeHN3aLmio, HopMan13aumio, BblaeneHne KopHein
M yaaneHue cton-cros.

PesynbTaTtbl. Pe3ynbtaThl OLEHKM Noaxoaa ¢ UCnonib3oBaHMeM Habopa AaHHbIX I0pUANYEeCKMX TEKCTOB Ha apabd-
CKOM $13blKE, OCHOBAHHOIO Ha KJTOHYEBbLIX C/I0BAX, Nokasann ero apdekTMBHOCTb U MPEBOCXOACTBO C TOYKN 3PEHUS
TOYHOCTU 1 3anoMmnHaemMocTu. MNMpennaraemslii nogxon obecneymBaeT TOYHOCTb noucka — 87% 1 NOAHOTY Nnomcka —
80%. MNprMeHeHME 3TOro NOAX04a MOXET 3HAYUTENBHO YYHLINTL MOUCK IOPUANYECKNX OOKYMEHTOB, COENaB €ro
6onee 6bICTPLIM U TOYHBIM.

BbiBoAabl. [TpeanoxeHHbIN Noaxon MOXeT ObITb LI@HHbIM MHCTPYMEHTOM AJ151 OPUCTOB 1 UCCieaoBaTenein, KoTopbiM
HEeobX0ANMO OPMEHTMPOBATLCS B OOLUMPHOM U CNOXHOM naHawadTe apadbckoi opuanyieckon nHdopmaumm, no-
BblLlast 9ddEKTUBHOCTb M TOYHOCTb €€ MOUCKA.

KnioueBble cnoea: novck AOKYMEHTOB, 06paboTka eCTeCTBEHHOrO A3bika, Top2Vec, anropuTm kiacrepusaumm
Ha OCHOBE MJI0THOCTM, apabCKme IPUANYECKME JOKYMEHTbI, BJIOXEHUS CI0B, KOCUHYCHOE CXOACTBO
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Mpo3payHocTb GpUHAHCOBOMN AEATENIbHOCTU: ABTOPbLI HE UMEIDT PUHAHCOBOM 3aHTEPECOBAHHOCTW B NPEACTaBNEH-

HbIX MaTepmnanax nin MmetTogax.

ABTOPbI 3a5BASIOT 06 OTCYTCTBUM KOHGMIMKTA MHTEPECOB.

INTRODUCTION

The search and analysis of legal information is
associated with certain difficulties due to specificities
pertaining to the field of law. In recent years, there
has been a growing interest in using natural language
processing techniques to automate the process of
accessing such information [1]. In particular, significant
efforts have been expended to develop question and
answer systems that can extract specific answers from
legal documents [2, 3]. However, building a good QA
system requires a large amount of marked-up data
and is often computationally intensive. The present
work proposes an alternative approach to automate the
retrieval of legal information related to crimes, including
criminal offenses, in regulations and legal documents
in Arabic. In practice, it is often sufficient to retrieve
the most relevant legal documents related to the user’s
query without extracting specific answers from the
documents. The proposed approach consists of several
steps including data collection, data preprocessing,
document indexing, query processing, and document
retrieval. The source dataset comprises standard Arabic
grammatical and legal documents related to crimes and
felonies.

1. LITERATURE REVIEW

Legal information retrieval is a field with a rich
history and an extensive body of research. In the
present section, key works and developments in this
field are reviewed with a special focus on approaches
to legal information retrieval and document retrieval
in Arabic. Sansone et al. investigate state-of-the-art
Artificial Intelligence (AI) techniques used for legal
information retrieval systems [4]. With the advent of
information and communication technologies, legal
practitioners have faced a dramatic increase in digital
information, which makes efficient retrieval techniques
essential. This article discusses various approaches to
Al, including natural language processing, machine
learning, and knowledge extraction techniques,
explaining how they can aid legal information retrieval.
As well as describing the challenges faced by legal
practitioners, especially when searching for similar

cases, statutes, or paragraphs, the authors discuss open
questions regarding legal information retrieval systems.
Overall, the study emphasizes the importance of Al in
the legal field and the need for continued research and
development in legal information retrieval systems.
Sartor et al. review nine significant sources published in
the last decade [5]. Four of the articles focus on analyzing
legal cases, introducing contextual considerations,
predicting outcomes from natural language descriptions
of cases, comparing different ways of presenting cases,
and formalizing precedential reasoning. One article
introduces the argumentation scheme method for
analyzing arguments, which has subsequently become
very widely used in Al and law. Two of the reviewed
articles refer to ontologies for representing legal
concepts, while the remaining two take advantage of the
increasing availability of legal datasets in this decade
to automate document summarization and arguments
retrieval.

Zhongetal. presentan overview ofthe development,
current state and future directions of legal Al [6]. Legal
Al applies natural language processing to assist lawyers
in their work with the potential to increase efficiency
by automating repetitive tasks. Illustrating perspectives
of lawyers and natural language processing researchers
through experimentation and analysis of existing
work, the authors identify knowledge modeling, legal
reasoning, and interpretability as three major problems
in legal tasks that require further research. As a means
of addressing these challenges, the paper proposes
a combination of embedding-based and character-
based methods to create large-scale and high-quality
datasets, as well as to address ethical concerns such
as gender bias and racial discrimination. Ultimately,
legal Al should play a supporting role in the legal
system, with professionals making decisions first and
foremost. Shamma et al. describe the development
of an Arabic system for extracting information from
legal documents, which utilizes a hybrid approach of
machine learning and rule-based methods [7]. The
system is designed to extract important information
from documents and present it in a structured form
for complex queries. The described approach, which
has been tested on a limited class of Arabic legal
documents, has demonstrated good results. The authors
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Fig. 1. Top2Vec approach to legal information retrieval

suggest several possible extensions to the system, such
as considering different types of cases in a given legal
system, using more advanced Arabic natural language
processing techniques tools, exploring the use of deep
learning, extracting more relationships, improving the
presentation of results, and extending the system to
other domains such as healthcare and finance.

2. PROPOSED APPROACH

The  proposed  Topic-to-Vector  (Top2Vec)
methodology for legal information retrieval comprises
several steps (Fig. 1). The first step is data preparation,
which involves collecting legal documents related to
crimes and criminal offenses described in Arabic legal
documents. In order to prepare it for the model, the
data is then preprocessed using a pipeline that includes
tokenization, normalization, root extraction, and stop
word removal.

The next step is the model training, which
involves creating document embeddings using the
Top2Vec model. The embeddings are then reduced
to a lower dimensional space using dimensionality
reduction techniques such as a uniform manifold
approximation and projection (UMAP)! in order to
simplify document clustering. Clustering is performed
using a density-based clustering algorithm such as
the hierarchical density-based spatial clustering of
applications with noise (HDBSCAN), which can
efficiently identify document clusters based on their
similarity [8].

Once the clustering is complete, the model can be
evaluated with a set of real user queries. For each query,
the model retrieves the most relevant document clusters,
allowing the user to browse through the documents to

I Uniform  manifold approximation and projection
is a machine learning algorithm that performs nonlinear
dimensionality reduction.

find the relevant information. The performance of the
model can be evaluated using metrics such as accuracy
and completeness.

Finally, the model can be used for prediction,
where the user enters a query and the model extracts
the most relevant clusters of documents. The user then
browses through the documents to find the relevant
information. The prediction can be repeated for
different queries, and the model can be continuously
updated with new data to improve its performance.
Overall, this methodology represents an efficient and
effective means to automate the retrieval of legal
information related to felonies, including criminal
offenses, in Arabic legal documents.

2.1. Top2Vec approach

Top2Vec [9, 10] is a novel unsupervised document
clustering and topic modeling technique that can
discover topics in large-scale datasets without any
prior knowledge of their number. The basic idea of
Top2Vec is to first embed documents and topics in the
same space and then cluster the embedded documents
using a density-based clustering algorithm [11].
Top2Vec can also automatically determine the number
of topics, allowing the topics to be represented as
a set of words and a connected vector. The algorithm
outperforms traditional topic modeling methods such
as latent Dirichlet distribution and nonnegative matrix
factorization, both in terms of clustering quality and
scalability for large datasets. The potential of Top2Vec
has been demonstrated in various domains including
document similarity search, visualization, and anomaly
detection.

Figure 2 shows an example of a semantic space.
The purple dots are documents, while the green dots
represent words. Words are closest to the documents
they best represent; similar documents are presented
close to each other.
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2.2. HDBSCAN clustering algorithm

The HDBSCAN application [12, 13] is a clustering
algorithm that can identify clusters of different
densities and shapes in multidimensional spaces. It
uses a hierarchical approach to build a hierarchy of
clusters and automatically determine the number of
clusters. One of the advantages of HDBSCAN is that
it can handle clusters of different sizes and shapes
and identify noise points. The algorithm has several
hyperparameters that can be tuned to optimize the
clustering results. Some of the key hyperparameters
are as follows:

e Minimum cluster size: this parameter sets the
minimum number of points required to form
a cluster. Increasing this parameter increases the
number of clusters and decreases the number of
clusters.

Metric: this parameter defines the distance metric
used to calculate the similarity between data points.
Depending on the characteristics of the data,
different metrics can be used.

Cluster selection method: this parameter defines
how the final set of clusters is selected from the
hierarchy.

In the process of training the Top2Vec model, the
HDBSCAN algorithm was used with the following

@

‘Probability ‘

semantic space

ain

hyperparameters: minimum cluster size—3, metric—
Euclidean, cluster selection method—Ieaf.

These hyperparameters are selected based on the
characteristics of the available dataset and tuned to
optimize the clustering results. The Euclidean metric
is a commonly-used metric for measuring the distance
between points in multidimensional spaces; the leaf
cluster selection method is suitable for large datasets
due to providing a good balance between speed and
accuracy. A minimum cluster size of 3 was chosen to
prevent the formation of small clusters and the inclusion
of noisy points.

The resulting visualization (Fig.3) displays the
clusters in two-dimensional space to permit a visual
inspection of the relation of documents in each cluster.
This approach is useful for exploring and navigating the
complex landscape of legal information, helping legal
professionals and researchers quickly identify relevant
documents based on their content.

2.3. Data collection and preprocessing

In this phase, regulatory and legal documents in
Arabic relating to various crimes are collected and
pre-processed. The standard set of legal documents
includes different types of legal texts, i.e., laws and
regulations. These documents are collected in a single
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csv file referred to as a corpus, in which each document
represents one record (line).

Each row has several basic keys required for data
organization:

1. Index: a unique sequential number for each
document.

2. Identifier: a unique string for each document that
represents a regulatory or legal document, serving as
the actual identifier as it is referenced in the original
source document.

3. Title: string name of the regulatory or legal
document.

4. Summary: string brief description of the content of
the regulation or document.

5. Details: string full description and content of the
document as it appears in the original source.

For the purpose of supervised learning, the model
is only trained on the data that are in the Details column
from the corpus. These are then assembled into a single
list, which is preprocessed to remove stop words,
punctuation marks and diacritics, as well as to perform
root detection and normalization.

Preprocessing stage includes the following sub-
stages:

1. Tokenization: this step involves breaking the
text into individual words or tokens. This is
an important first step in any text processing
pipeline since most algorithms work with
individual words or tokens rather than whole
sentences or documents. Tokenization can be
performed using various methods: space-based
tokenization, regular expressions, and rule-based
tokenization.

2. Stop word removal. Stop words are common words
that are often removed from a text because they do
not make much sense and their presence may reduce
the accuracy of text analysis. Examples of stop words
are prepositions, conjunctions, and articles (and, the,
of, in, etc.). By removing stop words, it is possible
to reduce the dimensionality of the data and increase
the efficiency of subsequent text processing steps.

3. Grounding (stemming). This step involves bringing
words back to their root form, also known as the base
form. The goal of stemming is to group similar words
together, even if they are nonidentical. Stemming
can be performed using Porter’s algorithm, Snowball
algorithm and Lancaster’s algorithm.

4. Normalization. This step involves converting
words to a standardized form to ensure consistency
and reduce redundancy in the text. Examples of
normalization include converting all words to lower
case, converting all numbers to digits, and removing
punctuation marks. By helping reduce noise in
the data, normalization improves the accuracy of
subsequent text processing steps.

Following this step, the necessary dataset of
preprocessed documents is obtained for training the
model.

2.4. Model training

Training the Top2Vec model involves several
parameters that need to be set based on the characteristics
of the dataset and the desired result. In this work,
the Top2Vec model was trained using the following
parameters:
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e Documents: corpus of preprocessed documents for
clustering.

e min count: the minimum number of times a word
must appear in order to be included in the model
dictionary.

e Embedding model: a type of embedding model
used to create document attachments. In this
case, the Document-to-Vector (Doc2Vec) model
was used. This represents an unsupervised
deep learning model that can learn vector
representations of documents to enable efficient
similarity computation and topic modeling.

e To split the documents: a Boolean value indicating
whether the documents should be split for processing.
In this work, the value “split documents” is true.

e Document blocker: a method used to separate
documents. In this case, a sequential fragmenter
was used. This is a method of dividing documents
into smaller sequential fragments of fixed length
to facilitate training and processing of machine
learning models.

e Fragment length: the maximum length of each
document fragment. In this case, the block length
is set as 5, i.e., each document is split into blocks
of 5 sentences. This parameter controls the level of
detail of the splitting process: smaller values result
in smaller fragments and potentially more detailed
topics, while larger values result in larger fragments
and potentially more general topics.

e Maximum number of fragments for each document.
In this case, the maximum number of fragments is
set as 2, i.e., each document is split into no more
than 2 fragments of 5 sentences in length. Thus,
if the document is longer than 10 words, it will be
divided into 2 fragments of 5 words each, while,
if the document is shorter than 6 words, it will be
considered as one fragment.

e HDBSCAN arguments: hyperparameters of
HDBSCAN clustering algorithm, minimum cluster
size, distance measure and cluster selection method.

e Speed: the speed for model training. The paper
establishes deep learning, which is the most
sophisticated and efficient training method.

Once these parameters are set, the Top2Vec model is
ready to be trained.

Optimum values are obtained after several
experiments with different parameters and comparison
of results. The model is trained on a large number of
legal documents. Because of this and the deep learning
capabilities, the training process takes several hours. The
result of the training process is a model that has access
to a set of clusters, each containing a representative
document together with a list of similar documents.
These clusters can be used to explore the corpus and
identify patterns or themes in legal documents.

2.5. Queries processing

At this step, the user query is processed to match
the preprocessed documents that were used to train the
model. The same preprocessing methods are applied to
the user query as for the documents. The preprocessed
query is then used to create a set of candidate documents
for the model.

2.6. Documents retrieval

In order to obtain the documents associated with
a query using Top2Vec, the first step is to embed the
query in the same vector space as the documents. This
can be done by passing the query through the same
neural network that was used to embed the documents.
The result is a vector representing the query in the same
multidimensional vector space.

Top2Vec then computes the cosine similarity
between the query vector and all document vectors in
the vector space. The cosine similarity score ranges
from —1 to 1, where 1 indicates complete similarity,
0 indicates no similarity, while —1 indicates complete
dissimilarity.

The cosine similarity between vectors q and d can
be calculated as follows:

q-d

A)=———,
o@D = qran

where ||q|| and ||d|| are the Euclidean norms of vectors
q and d, and q - d is their scalar product [14].

3. ASSESSMENT AND DISCUSSION

The proposed document retrieval approach was
evaluated using a set of real user queries related to
felonies, including criminal offenses, in Arabic legal
documents. First, a set of 100 user queries from
lawyers working with such documents was generated.
To evaluate the effectiveness of the approach, the
10 most popular documents for each query were
compared with a set of relevant documents identified
by legal experts. A relevant document is one that
contains information relevant to the query topic
even if it does not explicitly answer the query. For
example, a document about a murder investigation
will be considered relevant to a murder query. Two
standard evaluation metrics are used to measure the
performance of the proposed approach: precision
and completeness. Accuracy measures the share of
retrieved relevant documents, while completeness
measures the share of retrieved relevant documents.
Specifically, accuracy and completeness are defined
as follows [15]:
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Relevant Documents Retrieved (RDR)
Total Documents Retrieved (TDR)

Precision=

b

Relevant Documents Retrieved (RDR)
Total Relevant Documents (TRD)

Recall =

where RDR is the number of extracted relevant
documents, TDR is the total number of extracted
documents, and TRD is the total number of relevant
documents.

In order to ensure a single summary measure of
overall performance, an F1 score representing a harmonic
mean of accuracy and completeness was evaluated. To
compare the performance of the proposed approach with
the baseline, a simple keyword-based approach retrieves
documents containing at least one keyword from a user
query. The same set of queries and evaluation metrics
are used in the comparison. Experiments show that the
proposed document retrieval approach outperforms the
keyword-based approach in terms of both accuracy
and completeness, achieving retrieval accuracy of 87%
and retrieval completeness of 80% as compared to an
accuracy of 66% and completeness of 62% for the
keyword-based approach. The F1 score for the proposed
approach is 0.83, while the F1 score for the keyword-
based approach is 0.63.

These results show that utilizing natural language
processing and machine learning techniques for
document retrieval can significantly improve the
performance of legal information retrieval systems. By
processing user queries and documents using advanced
algorithms, the proposed approach retrieves relevant
legal documents with higher accuracy, reducing the
burden on legal practitioners to manually search large
document repositories. Nevertheless, it should be noted
that this approach can still be improved. For example,
it may not be effective in retrieving relevant documents
for highly specialized legal domains that require a more
nuanced understanding of legal language. Nevertheless,
it is crucial to recognize that the current approach has
room for improvement. In addition, potential distortions

inherent in training data may lead to misrepresentations
in the results obtained.

All in all, the experimental results demonstrate
the promising potential of the proposed document
retrieval approach in developing more efficient legal
information retrieval systems. Further research and
development in this area could lead to even more
efficient algorithms that can better support legal
practitioners in their work.

CONCLUSIONS

The proposed approach to legal document retrieval
uses natural language processing techniques, including
the Top2Vec model and the HDBSCAN clustering
algorithm. A comparison of this approach with
a keyword-based approach demonstrates its superiority
in terms of accuracy and completeness. Specifically,
the proposed approach achieves a retrieval accuracy
of 87% and a retrieval completeness of 80%. This can
significantly improve legal document retrieval by making
it faster and more accurate. However, it is important to
note its limitations and room for future research and
development. In conclusion, the work underscores the
relevance of using advanced natural language processing
techniques in the legal domain, as well as successfully
demonstrating their potential to improve the efficiency
and accuracy of legal document retrieval.
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Abstract

Objectives. The aim of this paper is to study the noise immunity of digital information transmission in systems with
orthogonal frequency division multiplexing (OFDM) and quadrature amplitude modulation (QAM) of subcarriers
in the presence of narrowband interference. As a way of managing this interference, the paper studies the use
of a demodulator with soft outputs and subsequent decoding of the convolutional code and low-density parity-
check (LDPC) code used in the system.

Methods. The results presented in the article were obtained using statistical radio engineering, mathematical
statistics, encoding theory, and computer modeling.

Results. The paper presents a simple method for calculating soft bit estimates in the M-point signal QAM
demodulator, where M is an even power of two. A considerable amount of numerical results were obtained which
show the dependence of the transmitted information bit error rate on M, as well as on the signal-to-noise ratio,
signal-to-narrowband interference, and code rates.

Conclusions. It can be concluded from the above results that the use of encoding with soft demodulator decisions
significantly improves the noise immunity of OFDM signal reception, and enables narrowband interference to be
managed efficiently. LDPC encoding is superior to convolutional encoding in increasing the noise immunity
of OFDM signal reception both in the absence and in the presence of narrowband interference. Along with the use
in QAM-OFDM systems, the proposed simple method for demodulating QAM signals with soft decisions can be used
in any wireless communication system using M-position QAM signals, where M is 2 to an even power.
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HAYYHAA CTATbA

IHomexoycToituuBoCcTh MpuemMa curuajia OFDM
C UCMOJIb30BAHUEM KBAJAPATYPHOU
AMIIJIUTYIHON MOAYJSAIMHA ¢ MATKUMHU PellICHUSIMHU
IPY HAJIUYUHU Y3KOMOJOCHBIX IMOMeEX

A.A. NMapamoHos @,
B.B. Yy

MUP3A — Poccumickuni TexHosorn4eckmni yumsepeutet, Mocksa, 119454 Poccus
@ ABTOp An19 nepenvicku, e-mail: paramonov@mirea.ru

Pe3iome

Llenun. Llensto paboTbl ABNSETCA UCCNeaoBaHne NOMexXoyCTOMYMBOCTY Nnepeaayn uudpoBon MHdopMaLum B CUCTe-
Max Ha OCHOBE MYNbTUMIEKCUPOBAHMS C OPTOroHasIbHbIM HaCTOTHLIM pa3aeneHuem (orthogonal frequency division
multiplexing, OFDM) n kBagpaTypHOI amnnuTyaHon moaynaumen (quadrature amplitude modulation, QAM) nogHe-
CYLLUMX B MPUCYTCTBUN Y3KOMOJIOCHOM noMexu. B kauecTBe cnocoba 60pbObl C 3TOM MOMEXOM NCCNeaoBaHO NpumMe-
HeHve OeMoLynaTopa ¢ MArkMuMuy Belxogamu 1 nocneayoliee AeKoaAnpoBaHne NCnosib3yeMblX B CUCTEME CBEPTOY-
Horo koaa v koga LDPC (low-density parity-check code).

MeTopabl. [peacTaBfieHHbIe B CTaTbe PedysibTaTbl MOJy4EHbI C ICMNONb30BaHMEM METOL0B CTAaTUCTMHECKOWN paamno-
TEXHUKN, MATEMATUYECKON CTATUCTUKN, TEOPUN KOANPOBAHUSA U KOMIMBbIOTEPHOI0 MOAETMPOBAHUS.

Pe3ynbTathl. [TpeacrtaBneH NpocTon MeTon BbIYUCIEHUS MAMKUX OLLEHOK GUTOB B AEMOAYNATOPE M-N4YHbIX CUrHa-
noB QAM, roe M aBnseTCcs YeTHOM CTeneHbio ABOMKN. MosyyeH 60/bLIOoN 06bEM YNCEHHbIX PE3YNbTATOB, MOKa3bl-
BAIOLLIMX 3aBMCMMOCTb BEPOSATHOCTU OLIMOKM Ha OUT nepeaaBaemMon MHGopmMauum OT KPaTHOCTU M, OT OTHOLLEHWIA
CUrHan/Wwym, CUrHan/y3konosocHas noMmexa, OT CKOPOCTM KOAOB.

BbiBOoAbI. 13 NONYYEHHbIX PE3YIbTATOB MOXHO CAenaTb BbIBOA, YTO UCMNOJIb30BaHNE KOANPOBAHUS C MATKUMU pe-
LWEHNAMU OeMOOyNATopa 3HAYMTENBHO yy4llaeT NoMexXoycTon4mBoCcTb npuema OFDM-curHana, no3sonsisa ag-
deKTUBHO BOPOTLCS C y3KOMNONOCHLIMU NoMexamun. KoanpoeaHue LDPC nokasbiBaeT NPeBOCXOACTBO HaZ, CBEPTOY-
HbIM KOOVPOBAHMEM B MOBLILLEHUN MOMEXOYCTONYMBOCTM Npnema curHana OFDM kak B OTCYTCTBME Y3KOMOJIOCHbIX
nomex, Tak 1 Npu nx Hanuinu. Hapsaay ¢ ncnonb3oBaHveM B cuctemax QAM-OFDM, npeanoxeHHbIn NPOCTON MeTos,
nemMonynaumm curHanos QAM ¢ MAMKMMU peLLEHNSIMY MOXET NMPUMEHSTLCS B IOObIX CMcTeMax 6ecnpoBOAHON CBS-
31, MCnonb3yoLwmx M-nos3numoHHble curHansl QAM, y kKoTopbix M npeactaBnsgeT co60i YNCNO 2 B YHETHOWM CTEMNEHU.

Kniouesbie cnosa: OFDM, kBagpatypHasa amnanTyaHas MOAyNSUmMs, MArkoe peLleHne, KogMpoBaHue, y3Kkononoc-
Hasi NoMexa, MoOMEXOYCTOMYNBOCTb, KO3IPPULMEHT BUTOBBIX OLLIMGOK

* Moctynuna: 23.04.2024 » fopa6oTaHa: 19.06.2024 e MpuHaTta k onyonukosaHuio: 05.08.2024

Anga uutnpoBanua: MapamoHos A.A., Yy B.B. NomexoycToinumBocTb npnemMa curHana OFDM ¢ ncnosnb3oBaHMEM KBa-
ApaTypHON aMMNTYOHON MOAYASLUMM C MATKUMU PELLEHUSAMU MPU HANMYMM y3KOMNOJOCHbIX nomMmex. Russ. Technol. J.
2024;12(5):17-32. https://doi.org/10.32362/2500-316X-2024-12-5-17-32

Mpo3payHocTb GMHAHCOBOW AEATENIbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOW 3aMHTEPECOBAHHOCTM B NPEACTaBNEH-
HbIX MaTepuanax uam meTogax.

ABTOpr 3asBna10T 00 OTCYTCTBUA KOH(DJ'II/IKTB. NHTEepeCOoB.

Russian Technological Journal. 2024;12(5):17-32
18


mailto:paramonov@mirea.ru
https://doi.org/10.32362/2500-316X-2024-12-5-17-32

Noise immunity of QAM-OFDM signal reception using soft-decision

demodulation in the presence of narrowband interference

Alexey A. Paramonov,
Chu Van Vuong

INTRODUCTION

In modern wireless communication networks where
the radio spectrum efficiency is crucial, data transmission
systems based on orthogonal frequency division
multiplexing (OFDM) [1-3] and quadrature amplitude
modulation of M multiplicity (M-QAM) [4-6] are
widely used. However, under conditions of the active
use of spectrum and the presence of numerous sources of
interference including narrowband ones [7, 8], reliable
data transmission is becoming an urgent issue.

The aim of the paper is to investigate the noise
immunity of the QAM-OFDM system with encoding
in the presence of narrowband interference [9-11].
Decoding methods using demodulator hard decisions
cannot often compensate for the impact of narrowband
interference effectively, thus significantly degrading the
reception quality. In this context, the method of soft
demodulator decisions is proposed. This demodulator
can be used effectively in conjunction with an appropriate
decoder for improving reception noise immunity. The
proposed soft decision algorithm for demodulation
has a lower computational complexity when compared
to conventional methods. The proposed method is
based on analyzing the quality of the received signal,
which allows the reliability degree to be determined
dynamically for each bit of the transmitted signal.
Thus, greater efficiency of the decoding process may be
achieved, which results in increased noise immunity of
the system in the presence of narrowband interference.

This paper describes the proposed method of
demodulation of M-QAM signals with soft decisions,
compared with existing demodulation methods, and
simulation results showing its efficiency. It shows
that the use of decoding with soft decisions allows for
a noticeable improvement in noise immunity reception
in the presence of narrowband interference.

OFDM SYSTEM AND SOFT DECISION
ALGORITHM

The OFDM system considered in the paper is shown
in Fig. 1.

Figure la shows the structure of the OFDM
transmitter. The bit stream is encoded before modulation.

The system is assumed to use M-QAM. After the inverse
fast Fourier transform (IFFT), a guard interval is added
to the OFDM signal, in order to protect the received
signal from intersymbol interference. The signal is then
transmitted over the air.

Figure 1b shows the structure of the OFDM receiver.
In the receiver, signal processing is carried out in the
reverse order to the transmitter processing order. Firstly,
time synchronization and division of the OFDM signal
into OFDM symbols are performed. After removing
the guard interval, the fast Fourier transform (FFT) is
performed. Then the signal is demodulated and finally
decoded to obtain the original data stream.

The M-QAM signal x(¢) with symbol duration equal
to the OFDM signal symbol duration is transmitted on
each orthogonal frequency of the OFDM signal. Signal
X(¢) received by the receiver on this frequency can be
described as follows:

X(1) = x(1) + w(t), (1
wherein w(z) stands for additive white Gaussian noise.

In such a problem statement, it would be reasonable
to develop the algorithm for receiving the M-QAM
signal. Including any additive interference into the
received signal X(¢), except for noise, implies the
information transmission system should necessarily
operate on frequencies occupied by interference. A more
realistic scenario is when the transmission system is
designed to operate on frequencies free of interference.
However, interference may actually occur, so the
transmission system immunity should be analyzed
separately for this case. It is thus from the positions
referred to below, that the study of noise immunity to
reception of QAM-OFDM signal in the presence of
narrowband interference is carried out.

Here, it is worth noting the particular impact of
harmonic interference on OFDM signal. The following
formulas relating to harmonic interference assume that
OFDM signal is shifted to zero frequency. Figure 1
shows that the received oscillation x(¢) is subjected to
FFT procedure performed digitally. If this oscillation
contains harmonic interference in the region of some
subcarrier, it can be written as a sequence of time
samples in the following way:

; Inverse Adding
Bits -
Encoding M QAM » fast Fourier > guard
modulation .
transform interval
(a)
OFDM Removing M-QAM Bits
Synchronization > symbol > guard > FFT > . —» Decoding ——>»
A . demodulation
division interval

Fig. 1. The OFDM system structure: (a) transmitter, (b) receiver
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g(n) = A4,/

wherein A is the narrowband interference amplitude;
fg is the narrowband interference frequency; T is
sampling interval equal to the symbol duration; and 0 is
the randomly distributed phase, 0 € (—=; «t].

The narrowband interference frequency does not
necessarily coincide with the subcarrier and is defined

as follows:

_m+o

Je =

f, 0Sm<N-1,-05<a<0.5,

wherein f_ is frequency spacing between subcarriers; m is
the number of the subcarrier closest to the interference;
and N is the number of subcarriers in OFDM signal (and
FFT dimensionality at reception).

Substituting fg into the formula for harmonic

1
interference and using the fact that f; = i the following

S
can be obtained:

j(ﬁ(m +o)n + Sj
g(n)=4,e N .

Ata =0, theinterference frequency coincides with the
subcarrier frequency and the interference is orthogonal
to other subcarriers. At a # 0, the interference frequency
does not coincide with the subcarrier frequency and this
interference is not orthogonal to other subcarriers.

The expression for the narrowband interference
spectrum after FFT is written as follows:

_ j2mnk .
1 N-1 _J ) 1- j2na
Glky=— gme N ="Ee/0 © .
N5 N P2 m—k+a)
1-e¢" N
When the narrowband interference is

orthogonal (a = 0), it has the following form after FFT:

A.e/® k=m,
G(k)=1"¢
0, k#m.

Thus, the narrowband interference coinciding
in frequency with some mth subcarrier does not fall
on frequencies of other subcarriers. If a # 0, i.e., the
narrowband interference is not orthogonal to other
subcarriers, then the power of this interference is
distributed over all subcarriers, i.e., a leakage of
the interference spectrum occurs. The power of the
narrowband interference leaked on some kth subcarrier
due to non-orthogonality is determined by the following
expression [7]:

42 1-cos(2ma
0% = FlI Gy P)=—%- )

l—cos—n(m—k+oc)
N

Looking back to relation (1), its components can be
represented as signal points in some signal space:

X=X+W. ()

The conditional probability density of the received
signal X, given signal X, is transmitted can be written

as follows:
()
——e¢ 207 . 3)

2nc

f(X1X)=

Here, o2 is the distribution variance (3).

Each M-QAM signal symbols carries log,M bits
of information. For example, for 16-QAM, the bits
are by, b,, b,, and b,. The soft decision for some ith
bit is considered to be the logarithm of the likelihood
ratio defined for a priori equal probability bits as
follows [12-18]:

2 yes SX1X)
D e [X1X)

v - R
_ ‘X_Xi,opt|
1 262
(5]

I(b)=1n

2
~In 2no _ _ )
{_X—X%mPJ
1 262
e
2nc?

1 - -
— - 2 2
=S (X = X P =1 X = X P,

where S and S; stand for sets of symbols whose
ith bit is 1 and 0, respectively.

In expression (4), X/ and X are signals X

closest to the received oscillation X whose ith bit is
1 and 0, respectively:

Xi+,0pt =argmin| X — X 2,
XeS;t
. o ®)
Xi,opt =argmin | X — X |©.

XeS§;

Determining soft decisions by using expressions (4)
and (5) is a rather cumbersome task. The complexity
of calculations increases significantly with increasing
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modulation level M. The next section examines
considerably simpler algorithms for determining soft
decisions for signals QAM with M being 2 in even
power. The algorithms for 16-QAM, 64-QAM, and
256-QAM are set out in more detail.

SIMPLE ALGORITHMS FOR SOFT
DECISION-MAKING IN M-QAM DEMODULATION

Figure 2 shows constellations for, 64-QAM, and
256-QAM. A decimal number is located near each signal
point, and when converted into binary form it shows the
set of transmitted binary symbols (hereinafter referred to
as bits) corresponding to this signal point. For example,
for 16-QAM signal, the point marked by number

6 corresponds to the set of transmitted bits: 0, 1, 1, 0.

We first examine the demodulation of 16-QAM
signal. Each point of the signal constellation corresponds
to 4 transmitted bits: b, b,, b,, and b. The projections
of signal points on the in-phase and quadrature axes for
different combinations of transmitted bits are shown in
Table 1.

Figure 3 explains the proposed simplified algorithm
for computing the logarithm of the likelihood ratio. Let
a given symbol of 16-QAM signal be taken, as shown by
a blue circle on the /Q-diagram: )~(i = iR(f(l.) + jS(f(l.),
where ‘R()N(l.), S(f(l.) are real and imaginary parts of
oscillation X.

The projections of signal points of the transmitted
16-QAM signal on axes / and Q are marked with red
circles.

16-QAM 64-QAM
4 8 . . . . . .
» ®» »4 »6 »8 %6 %0 02
3 ® * ¥2 ® 61 ;
o % ®5 o7 #9 %7 w1 33
27T 4r 1
» 1 »7 9 %1 %9 %3 5
1 . % ¥3 »® ot ]
% 0 »#6 8 %0 %8 *$2 304
Q 0 Q 0
% W4 »0 »2 %4 %2 6 %8
1 » 4 #5 »1 ot
« A5 81 3 | 65 83 w7 9
-2 4 4
% A3 »®9 »®1 %3 %1 %5 W7
3t % ® ¥4 »0 6t ]
o H2 w8 20 %2 %0 w4 6
-4 : : : ' -8 S — :
-4 -3 -2 -1 0 1 2 3 4 -8 -6 -4 -2 0 2 4 6 8
/ /
256-QAM
15 % M6 8 82 86 12 80 64 | 292 008 240 024 60 AN76 44 28
M M7 %9 83 M7 13 1 65| 93 09 w41 225 61 7T 45 %29
B M9 61 85 09 15 83 967 | 95 @11 043 027 63 79 4T 31
10} |
R MB350 4 8B 14 2 66 | 94 3010 @42 026 62 78 46 3430
% 2 4 B8 02 18 6 O | 98 014 46 3030 66 82 M50 434
5+ % ®3 »5 %9 03 19 87 »1 W99 W15 W4T W31 W67 83 51 35
% »1 %3 »7 01 w17 W5 %9 W97 W13 W45 W29 65 M81 €49 33
% 30 62 86 00 16 84 268 | 96 012 w44 28 64 B0 4B %32
0
@ M2 @8 B0 4 0B 24 B2 (6 | 04 @20 @52 36 72 N8B 56 40
M3 29 b1 M5 M09 25 @3 {7 | 05 21 53 3T 73 MBI 57 41
5L M5 381 %3 M7 11 27 85 WO | »07 023 W55 W39 75 N1 59 %43
4 0 32 6 10 326 04 w8 W06 @22 @54 38 W74 MO0 58 42
0 »®6 %8 W2 06 22 W0 w4 02 @18 @50 34 70 NB6 W54 38
10+ ]
1 »7 %9 %3 07 23 W1 €5 ®03  R19 @51 W®35 71 MB87 M55 39
% 35 67 %1 05 21 9 A3 | 01 @17 w49 033 69 M85 53 37
151 8 24 366 M0 04 20 88 2| »00 016 48 32 68 84 52 36
1 1 1 1 1 1
-15 -10 -5 0 5 10 15

/

Fig. 2. M-QAM constellations
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Table 1. Projections of signal points of 16-QAM signal on
the /and Q axes

bob, I byb, 0
00 -3 00 3
01 -1 01 1
11 +1 1 -1
10 +3 10 -3

It should be noted that the value of bit b affects
the projection of the signal point on the /-axis only, but
does not affect the projection on the Q-axis. This can
be clearly seen in Fig. 3a. When b, = 0, the real part of
16-QAM signal takes value —1 or —3. When b, = 1, the
real part of the signal is +1 or +3.

The soft decision-making process for the first
bit b, is shown in Fig. 4, representing the lower part
of Fig. 3a.

r® @ 0 0

0000 0100 1100 1000

e @ @ @

0001 0101 1101 1001

T @ @ @

0011 0111 1111 1011

—s-o.h @)

0010 0110 1110 1010

-4 -3 -2 -1 0 1 2 3 4
I
(a) 1st bit

1

5r ® @ 0 0

0000 0100 1100 1000

2}
@ e O
0001 101 1101 1001

Q of

-1 10 @ @

0011 0111 1111 1011

2}
<r @ e O
4 0010 01‘10 . 1110 1010

-4 -3 -2 -1 0 1 2 3 4
/

(c) 3rd bit

Fig. 4. Calculating the logarithm of the likelihood ratio
for the 1st bit

The conditional
oscillation X ; at by =0 1is as follows:

C(R(X)+3)?
P(Xi|b0:0):?e 207
no
C (RO +1?
+ e 202
2

2nc

The conditional

probability of the

probability of the

oscillation X, ; atby=11is as follows:

received

(6)

received

0000

0001

‘r® @ 0 O

0100 1100 1000

T @ e e

0101 1101 1001

o @ O O

0111 1111 1011

0110 1110 1010

-2

-1 0 1 2 3
/

(b) 2nd bit

(0 @ O O

0100 1100 1000

0101 1101 1001

0111 1111 1011

0011
2ol
-3}
0010
-4 L
-4 -3
4
0000
2-
@
0001
Q of
it @
0011
_2-
st @
0010
4 1
-4 -3

-2

0110 1110 1010
-1 0 1 2 3

/
(d) 4th bit

Fig. 3. Example of calculating the logarithms of likelihood ratios for each bit of 16-QAM signal
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(R(X))-3)?
P(X,|by=1)= — 262 4
V2o N (7)
(R(X)-1)?
+ ! e 202
2nc?

The likelihood ratio is described by the following
expression:

CREDHDT (RX)+3)?
P(X;|by=0) e 262 te 252 .
P()?l |b0 =1) B B (i){()}'i),l)Z . (9{(5(1.)73)2 . ®)
€ 202 +e 262

Using expression (8) is inconvenient since it
requires that exponents be calculated. However, it can
be simplified considering that the projection of the
received oscillation in practice usually appears closer
to one of the two possible signal points corresponding
to a certain decision. For example, the projection of
the received oscillation shown in Fig. 4 is closer to the
value —1, rather than to —3, on which basis the decision
on symbol b, = 0 is made. Given that expression (8)
includes exponents of the squares of projection
differences, it may be assumed that the first summand
in denominator (8) is significantly larger than the
second. Thus, the second exponent can be neglected.
Similar reasoning is valid for evaluating numerator (8).
Consequently, the logarithm of the likelihood ratio at
value X represented by the blue circle can be
calculated quite accurately using the following
expression:

(B, X,) = ﬁ((iﬁ(&-) S - (R(E) 412 =

©)
= —Gizin(f(l.).

When making the decision on bit b, reference should
be made to Fig. 3b. The lower part of this figure is shown
in Fig. 5. As in the previous case, the value of bit b,
affects the projection of the signal point on the /-axis
only and does not affect the projection on the Q-axis. At
b, = 0, the real part of 16-QAM signal takes —3. When
b, = 1, the real part of the signal takes —1, as shown
in Fig. 5.

Fig. 5. Calculating the logarithm of the likelihood ratio
for the 2nd bit

The likelihood ratio for the second bit b, of the
received oscillation X is the following:

(b, X)) ~ ﬁ((%(&-) FD2 - (R(X,)+3)2) =

. (10)
=S (R(X))+2).
()

For 16-QAM signals, only the projection of the
signal point on the Q-axis varies depending on the value
of bit b, (Fig. 3c). When b, = 0, the imaginary part of
16-QAM signal takes 1. When b, = 1, the imaginary part
of the signal takes —3, as shown in Fig. 6.

Fig. 6. Calculating the logarithm of the likelihood ratio
for the 3rd bit

The logarithm of the likelihood ratio for b, of the
received oscillation X is the following:

10y, X))~ S5 (S 3 = (3K ~17) =
o (1)
=G—2(5(Xl.)+1).

It follows from Fig. 3d that the value of b, affects
the projection of the signal point on the Q-axis only.
When b, = 0, this projection takes —3. When b, = 1, the
projection takes —1, as shown in Fig. 7.

Fig. 7. Calculating the logarithm of the likelihood ratio
for the 4th bit

The likelihood ratio for the fourth bit b3 of the
received oscillation X is as follows:

I(by, X)) zsz((S(f(,-)H)2 ~(3(X) +3)%) =
o (12)
:—g(so@)u).

Previously, the procedure of soft decision-making
has been detailed on the basis of the specific example of
the input oscillation depicted as a blue circle in Fig. 3.
Similarly, after considering all possible positions of the
input oscillation, the following is obtained:
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_iz[gq()?i)+1], R(X,)<-2,

(o)

“ IR, —2<M(E) <0,

l(boa/\?i)= 02 (13)

~ SR, 0<R(X;)<2,

(o)

_iz[gn(j(i)_u, 2<R(X)),

(o)

l(bl,)?,.>=0%[|m()?,->|—2] VR(E),  (14)

[3(X)+1], I(X,)<-2,

(X)), —2<3(X,) <0,

2

I(by, X;) = (15)

0<3(X;)<2,

o

(Xi)’

SIS WIS NINI BN

[S(X,)-1], 2<3(X)),
I(by, X;) = 6—22[| 3I(X,)[-2] YI(X)). (16)

Table 2. Values of /(b,,X;) for k=0, 1, 2 for 64-QAM signal

The demodulation process for 64-QAM signals
can be considered in a similar way to the soft decision-
making for 16-QAM signal. The signal constellation,
the received oscillation and signal points closest to
it, corresponding to 0 and 1 for each of the six bits
byb,b,bsb,bs, contained in one symbol of 64-QAM
signal are shown in Fig. 8, similar to Fig. 3.

Figure 8 shows that the first three bits affect the
real part of the signal only, i.e., they determine the
signal projection on the /-axis. The remaining three
bits affect its imaginary part only, thus determining the
projection on the O-axis. According to these projections,
the logarithms of likelihood ratios for all six bits can
be unambiguously determined. The corresponding
formulas are given in Tables 2 and 3.

For 256-QAM modulation, each point of this
constellation corresponds to eight bits of the transmitted
information: byb,b,b,b,bsbb,. A thorough examination
of this constellation indicates that the first four bits affect
the real part of the signal only, i.e., signal projections
on the /-axis. The remaining four bits determine the
imaginary part of the signal only, i.e., signal projections
on the Q-axis. The calculation results for the logarithms
of the likelihood ratios for all eight bits are summarized
in Tables 4 and 5.

R(X,) 1(by, X,) (b, X,) 1(by, X,)
R(X;)<-6 —8[R(X,) +3] —4[R(X;)+5] -2[R(X;)+6]
-6 <R(X,)<—4 —6[R(X,)+2] “2[R(X,) +4] “2[R(X,) +6]
—4<RX,;)<-2 —4[R(X)+1] “2[R(X,) +4] 2[R(X,)+2]
-2 <R(X,;)<0 “2R(X)) —4[R(X,)+3] 2[R(X,)+2]
0<R(X,)<2 “2R(X)) 4[R(X;)-3] “2[R(X,)-2]
2<SR(X)<4 —4[R(X,)-1] 2[R(X;)-4] “2[R(X,)-2]
4<R(X;)<6 —6[R(X,)-2] 2[R(X,)-4] 2[R(X,)-6]
R(X,)=6 —8[R(X,)-3] 4[R(X,)-5] 2[R(X,)-6]
Table 3. Values of /(bk,f(,) for k=3, 4, 5 for 64-QAM signal
3(X;) I(by, X,) I(by, X;) I(bs, X,)
3(X;)<-6 8[3(X;)+3] —4[3(X;)+5] —2[3(X;)+6]
-6<3(X;)<—4 6[I(X,)+2] —2[I(X;)+4] —2[3(X,)+6]
-4<3(X;)<-2 4[3(X,)+1] —2[3I(X,)+4] 2[I(X,)+2]
-2<3(X;)<0 23(X)) —4[3(X;)+3] 2[I(X,)+2]
0<3J(X;)<2 23(X;) 43(X;)-3] “2[3J(X,)-2]
2<3(X)<4 43(X,)-1] 23(X;)-4] “2[3(X,)-2]
4<3(X;)<6 6[3(X;)—2] 203(X;)-4] 2[3(X;)-6]
I(X)=6 8[I(X,)-3] 4[3(X,)-5] 2[3(X,)-6]
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Fig. 8. Example of calculating the logarithms of likelihood ratios for each bit of the 64-QAM signal
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Table 4. Values of l(bk,)?i) fork=0, 1, 2, 3 for 256-QAM signal
R(X,) I(by, X,) (b, X)) I(by, X;) I(by, X,)
R(X,;)<-14 —16[R(X,)+7] —8[R(X;)+11] —4[R(X;)+13] —2[R(X;)+14]
—14<R(X,)<-12 —14[R(X,)+6] —6[R(X,)+10] “2[R(X;) +12] “2[R(X,)+14]
—12<R(X;)<-10 —12[R(X,) +5] —4[R(X;)+9] “2[R(X;)+12] 2[R(X;)+10]
~10 <R(X,)<-8 —10[R(X,) +4] —“2[R(X,) +8] —4[R(X,)+11] 2[R(X,)+10]
-8 <R(X,)<—6 —8[R(X,)+3] —2[R(X,) +8] 4R(X,)+5] —“2[R(X;)+6]
-6 <R(X,)<—4 —6[R(X,)+2] —4[R(X)+ 7] 2[R(X,;)+4] “2[R(X,) +6]
-4 <RX;)<-2 —4[R(X,)+1] —6[R(X,) +6] 2[R(X,;)+4] 2[R(X,)+2]
“2<R(X,)<0 “2R(X)) —8[R(X;)+5] 4[R(X,)+3] 2[R(X,) +2]
0<RM(X,)<2 “2R(X,) 8[R(X;)-5] —4[R(X,)-3] “2[R(X,)-2]
2<R(X;) <4 —4[R(X,)-1] 6[R(X,)-6] “2[R(X,)-4] “2[R(X,)-2]
4<R(X,)<6 —6[R(X,)-2] 4[R(X,)-T] “2[R(X;)-4] 2[R(X,)-6]
6<RN(X;)<8 —8[R(X,)-3] 2[R(X;)-8] —4[R(X,)-5] 2[R(X;)-6]
8<RN(X;)<10 ~10[R(X,) - 4] 2[R(X;)-8] 4[R(X,)-11] —2[R(X,)-10]
10<R(X;) <12 —12[R(X,)-5] 4[R(X,)-9] 2[R(X;)-12] “2[R(X;)-10]
12<R(X,;) <14 ~14[R(X,) - 6] 6[R(X,)—10] 2[R(X;)-12] 2[R(X;)-14]
R(X;) =14 ~16[R(X,)-17] 8[R(X,)—11] 4[R(X,)-13] 2[R(X,)-14]

Table 5. Values of /(b,,X;) for k=4, 5, 6, 7 for 256-QAM signal

3(X;) I(by, X,) I(bs, X,) I(bg, X,) (b, X,)
3I(X;)<-14 16[3(X,)+7] —8[3(X,)+11] —4[3(X;)+13] —2[3(X;)+14]
—14<3(X;)<-12 14[3(X,) + 6] —6[3(X;)+10] —2[3(X;)+12] —2[3(X;) +14]
-12<3(X;)<-10 12[3(X,)+5] —4[3(X,)+9] -2[3(X;)+12] 2[I(X,)+10]
~-10< J(X,)<-8 10[3(X;) +4] —2[3(X;) +8] —4[3I(X,)+11] 2[3(X;)+10]
-8<J(X,)<—6 8[I(X,)+3] —2[3(X;)+8] 4[3(X;)+5] “2[3J(X,)+6]
-6<3(X;) <4 6[I(X,)+2] —4[3(X,)+7] 2[I(X,)+4] —2[3(X,)+6]
-4<3(X;)<-2 4[3(X,)+1] —6[3(X,) +6] 2[I(X,)+4] 2[I(X,)+2]
—2<3(X;)<0 23(X;) —8[3(X,) +5] 4[3(X,)+3] 2[I(X;)+2]
0<3(X,)<2 23(X;) 8[3(X;)-5] —4[3(X;)-3] -2[3(X;)-2]
2<3(X;)<4 4[3(X)-1] 6[I(X,)-6] “2[3J(X,)-4] “2[3J(X,)-2]
4<3(X;)<6 6[I(X;)-2] 4[3(X;) -] “2[3J(X,)-4] 2[3(X;)-6]
6<3(X,)<8 8[3(X;)-3] 2[3(X,)-8] —4[3(X;)-5] 2[3(X,)-6]
8<3(X;)<10 10[I(X,)—4] 2[I(X,)-8] 4[3(X,)-11] —2[3(X,)-10]
10<3(X,) <12 12[3(X,) - 5] 4[3(X,)-9] 2[3I(X,)-12] —2[3(X;)-10]
12<3(X,) <14 14[3(X,) - 6] 6[3(X;)-10] 2[3I(X,)-12] 2[I(X,)-14]
3(X,) 214 16[3(X;) - 7] 8[I(X;)—11] 4[3(X;)-13] 2[3(X;)-14]
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Tables 2—5 show the equations required to calculate
a small number of logarithms of likelihood ratios sufficient
for a simplified decision-making algorithm for each of the
bits defining any signal point of the QAM constellation.
The equations are finalized in a form convenient for their
practical use. The proposed algorithm requires significantly
fewer calculations than the maximum likelihood algorithm
which involves calculating logarithms of likelihood ratios
for all possible combinations of bits.

The soft decision-making algorithm was developed
for channels with white Gaussian noise. The efficiency
of this algorithm for receiving OFDM signals in the
presence of narrowband interference using soft decision
encoding requires further analysis. These issues are
discussed in the next section.

NOISE IMMUNITY OF QAM-OFDM SIGNAL
RECEPTION

Below are the results of studying noise immunity
when receiving QAM-OFDM signals in the presence of
noise interference or a mixture of noise and narrowband
interference. The study investigated the efficiency of
using encoding to handle narrowband interference with
demodulator soft decisions obtained using the algorithms
described above.

The OFDM system was modeled using the MATLAB'
tool. The number of FFT points in the formation of the
OFDM signal amounts to 128, the guard interval length
is =32, and the methods for modulating subcarriers are
16-QAM, 64-QAM, and 256-QAM.

The focus of the study was on modeling the signal
and interference. According to Fig. 2, complex envelopes
of signals are represented by numbers (a + jb), where

a,be {il,i3,...,i(x/ﬁ—l)}. In this case, the average
signal strength is dependent on modulation
multiplicity M. For comparable simulation results at
different  modulation  multiplicities,  coefficient
[ depending on M need to be introduced into the signal
representation. Then complex envelopes of signals may
be represented by numbers, as follows:

I(a + jb), where a,b e {+1,3,...+(/M —1)}.

Coefficient / should be selected so that the signal
energy per transmitted symbol E, does not depend on
modulation multiplicity M. The average energy of a single
symbol of M-QAM signal with duration 7 is as follows:

M 12,2 2
. :£21 (@ +)
STME 2

I https://www.mathworks.com/products/matlab.html.
Accessed March 31, 2024.

For certainty, E,=1 and 7,=1 are assumed
in modeling, while the desired signal-to-noise
ratio (SNR) is provided by selecting the noise variance.
Then

2 %(al.2+bi2)
M 2

i=1

1

1
According to this relationship, it follows that [ = E

1
for 16-QAM signal, [ =——

V21

1
[ =—— for 256-QAM signal.

/85

The energy per bit of the transmitted information is
as follows:

for 64-QAM signal, and

E =E /logy, M = .
b = £ 1108 log, M

In the OFDM system, subcarriers are located on the

1
frequency axis at distance Il apart. The noise variance
S
. . . 2 N() . . . .
in this band is o7 =T =Ny (N, is single-sided noise

S

spectral density).

The SNR, understood as the ratio of the average
signal energy per bit of transmitted information to the
noise spectral density:

N, Grzl log, M

Hence, it may be written in the following way:
2 1
R

—>log, M
NO

(&}

This means that since the signal energy is assumed
equal to one for all types of M-QAM modulation, the

should
b
—>log, M
N, &2

Gaussian noise with variance 62 =

E
be modeled to obtain the desired SNR N_b .

Figures 9-11 show the dependencies of bit error
rate (BER) P, on SNR per bit of transmitted information
for 16-QAM, 64-QAM, and 256-QAM. The simulation is
performed for a channel with white Gaussian noise in the
absence and in the presence of narrowband interference
for the signal to interference ratio (SIR) equal to 0 dB
in power. The transmission methods without encoding,
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with low-density parity-check (LDPC) encoding [19],
and with convolutional encoding under soft and hard
demodulator decisions were investigated. The code
rate (R) is 1/2 for all types of encoding.

The convolutional code considered in this case is
based on generating polynomials G,(X) =1 + X +X2 +
+ X3+ X% and G,(X) = 1 + X + X3 + X4 This code is
decoded wusing the Viterbi algorithm. Using the
convolutional code at rate 3/4 is also discussed below.
The code is obtained from the code at rate 1/2 by poking
10
0 1}'

At LDPC encoding at rate 1/2, the codeword length
totals 648 bits, 324 of them being information ones.
Soft decoding was performed according to the Belief
propagation algorithm (or sum of products).

It can be seen in each figure that when encoding is
used, BER P is significantly reduced when compared
to cases without encoding.

1
every third output bit according to the pattern L

100

1072

Peb 1074F

—©— SIR = oo, LDPC

106} —&— SIR=0, LDPC

== SIR = o0, soft-decision convolutional code
SIR =0, soft-decision convolutional code
SIR = oo, hard-decision convolutional code

sl SIR = 0, hard-decision convolutional code
10 ~fe— SIR = o0, no encoding
—&— SIR =0, no encoding

0 2 4 6 8 10 12 14
E,/No, dB

Fig. 9. Dependence of BER P, on SNR E, /N,
for OFDM system with 16-QAM modulation
and different types of encoding

Figure 9 shows that in the presence of narrowband
interference and for P = 1073, LDPC encoding gives
10 dB better results than no encoding, 4 dB better results
than in the case of convolutional encoding with hard
decision, and 1 dB better results than convolutional
encoding with soft decision.

It follows from Fig. 10 that in the presence of
narrowband interference and for P, = 1073, LDPC
encoding gives 16 dB better results than no encoding,
6 dB better results than in the case of convolutional
encoding with hard decision, and 1.5 dB better results
than convolutional encoding with soft decision.

Figure 11 shows that in the presence of narrowband
interference and at Py = 1073, LDPC encoding gives
10 dB better result than convolutional encoding with
hard decision, and 2 dB better result than in the case of
convolutional encoding with soft decision.

100

b

10—2 L

Py, 1074

—— SIR=0,DPC

106} —g— SIR=0, LDPC
—4— SIR = oo, soft-decision convolutional code

SIR =0, soft-decision convolutional code

j: SIR = oo, hard-decision convolutional code

1 0—8- | SIR =0, hard-decision convolutional code
—sfe—SIR = o0, no encoding
—}— SIR=0, no encoding

0 5 10 15 20 25

E,/Ny, dB

Fig. 10. Dependence of BER P, on SNR £, /N,
for OFDM system with 64-QAM modulation
and different types of encoding

100

102§

Peb 10_4 ]

—©— SIR =0, LDPC

10—6 3 —&— SIR=0, LDPC

~=#— SIR = oo, soft-decision convolutional code
SIR = 0, soft-decision convolutional code
SIR = oo, hard-decision convolutional code

[ SIR =0, hard-decision convolutional code

10-8 ~fe— SIR = o0, no encoding

—— SIR =0, no encoding

0 5 10 15 20 25 30
E,/N,, dB

Fig. 11. Dependence of BER P, on SNR £, /N,
for OFDM system with 256-QAM modulation
and different types of encoding

Figures 9-11 suggests that in the presence of
narrowband interference, the encoding reduces BER
significantly compared to the case of no encoding.
Encoding with soft demodulator decisions gives better
results than with hard decisions. LDPC encoding with
soft decisions gives better results than in the case of
convolutional encoding with soft decisions.

Figures 12—14 show simulation results comparing
the efficiencies of convolutional encoding and LDPC
encoding with soft demodulator decisions and with
R=1/2 and 3/4 in the presence of narrowband
interference: SIR is 0 dB in power.

It can be seen from Fig. 12 that at P = 1073, LDPC
encoding with soft demodulator decisions at R = 1/2 is
3.5 dB better than at R = 3/4. Convolutional encoding
with soft demodulator decisions at R = 1/2 is 5 dB better
than at R = 3/4. When R = 1/2, LDPC encoding with soft
demodulator decisions is 0.5 dB better than in the case of
convolutional encoding with soft demodulator decisions.
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When R = 3/4, LDPC encoding with soft demodulator
decisions is 5 dB better than in the case of convolutional
encoding with soft demodulator decisions.

100

R=1/2, LDPC
R=1/2, convolutional code
. =R =3/4,LDPC
1071k ~i§— R = 3/4, convolutional code
+ No encoding
&
1072} v
-3L
Py, 10
1074
105}
1076

-4 -2 0 2 4 6 8 10 12 14
Ey/No, dB
Fig. 12. Dependence of BER P, on SNR E, /N,
for OFDM system with 16-QAM modulation

and different code rates

100
R=1/2,LDPC
R =1/2, convolutional code
1 —&— R=23/4,LDPC
1071k ~F— R =3/4, convolutional code
No encoding
1072}
Peb 10-3¢
1074¢
1075}
1076 ' ; - y -
0 5 10 15 20 25 30
E,/N,, dB

Fig. 13. Dependence of BER P, on SNR E, /N,
for OFDM system with 64-QAM modulation
and different code rates

100
10—1 L
1072
Pep 1 0-3}
1074}
R=1/2,LDPC
105} R=1/2, convolutional code |
=B—R=3/4,LDPC
=¥~ R = 3/4, convolutional code
10—6 | ] | + No encoding
0 5 10 15 20 25 30
E,/Ny, dB

Fig. 14. Dependence of BER P, on SNR E, /N,
for OFDM system with 256-QAM modulation
and different code rates

Figure 13 shows that at P, =107 LDPC
encoding with soft demodulator decisions at
R = 1/2 is energetically 4.5 dB better than at R = 3/4.
The convolutional encoding with soft demodulator
decisions at R = 1/2 is 6.5 dB better than at R = 3/4.
At R = 1/2, LDPC encoding with soft demodulator
decisions is 1 dB better than in the case of convolutional
encoding with soft demodulator decisions. At R = 3/4,
LDPC encoding with soft demodulator decisions is
3 dB better than convolutional encoding with soft
demodulator decisions.

Figure 14 shows that at P, = 103, LDPC encoding
with soft demodulator decisions at R = 1/2 is 9 dB
better than at R =3/4. The convolutional encoding
with soft demodulator decisions at R = 1/2 is 14 dB
better than at R=3/4. At R = 1/2, LDPC encoding
with soft demodulator decisions is 1.5 dB better
than convolutional encoding with soft demodulator
decisions. At R=3/4, LDPC encoding with soft
demodulator decisions is 6.5 dB better than in the
case of convolutional encoding with soft demodulator
decisions.

Figures 12—14 suggest that LDPC encoding gives
better results than convolutional encoding with soft
demodulator decisions. In this case, R = 1/2 produces
better reception immunity than rate 3/4.

Figures 15-17 show the results of evaluating
the reception immunity of OFDM signal with QAM
subcarrier modulation using soft demodulator
decisions at SIR values: R = 1/2 for all types of
encoding.

100
107155
1072f

10-3F

eb

a4l
10" —@— SR =, LDPC
—B— SIR=0, LDPC
10-5[| —*— siR=-10,LDPC

SIR =-20, LDPC

x SIR = o, no encoding
1 0—6 1 SIR =0, no encoding
~fe— SIR =-10, no encoding

07 —€— SIR =-20, no encoding
10- . : : | ] |
0 2 4 6 8 10 12 14

Ey/N,, dB

Fig. 15. Dependence of BER on SNR E, /N,
for OFDM system with 16-QAM in the presence
of narrowband interference with different levels

Figure 15 shows that at P, = 1073, when there is
no narrowband interference (SIR = o), LDPC encoding
gives 9 dB better results than when no encoding is
used. At SIR = 0 dB, LDPC encoding gives 10 dB
better results than no encoding. At SIR = —10 dB,
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LDPC encoding gives 11 dB better results than no
encoding. At P, = 1073, when SIR = —20 dB, LDPC
encoding gives at least 20 dB better results than
transmission without encoding.

100
10°1] N
1072}
103
Peb 3
104
—©— SIR=09,DPC
-—8— SIR=0,LDPC
10-3}| = SIR=-10, LDPC
SIR=-20, LDPC
:t SIR = o, no encoding
1076 SIR =0, no encoding
—fe— SIR=-10, no encoding
107 —&— SIR=-20, no encoding | 1 [ i
0 2 4 6 8 10 12 14 16 18 20

E,/N,, dB

Fig. 16. Dependence of BER on SNR E, /N,
for OFDM system with 64-QAM in the presence
of narrowband interference with different levels

100
107 ke
1072¢
10-3}
Peb
-4
10 —©— SIR=0o0, LDPC
—&— SIR=0, LDPC
10-5} —*— SIR=-10,LDPC
SIR=-20, LDPC
SIR = o=, no encoding
106 SIR =0, no encoding
—h— SIR=-10, no encoding
10_7 SIR = -20, no encoding | | I |
0 2 4 6 8 10 12 14 16 18 20
E, /Ny, dB

Fig. 17. Dependence of BER on SNR E, /N,
for OFDM system with 256-QAM in the presence
of narrowband interference with different levels

Figure 16 shows that at P, = 1073, when there
is no narrowband interference (SIR = o), LDPC
encoding gives 11 dB better results than no encoding. At
SIR =0 dB, LDPC encoding gives 15.5 dB better results
than no encoding. At SIR = —-10 dB, BER drops below
1073 with E,/N,, higher than 5 dB. At SIR =-20 dB. This
occurs at £} /N, higher than 8 dB.

Figure 17 shows that at P, = 1073, when there is
no narrowband interference (SIR = o), LDPC encoding
gives 12 dB better results than no encoding. At
SIR = 0 dB, BER drops lower than 1073 when E,/N,) is
greater than 8§ dB. At SIR = —-10 dB, BER drops lower
than 1073 when E /N, is higher than 12 dB.

The results shown in Figs. 15—17 describe the noise
immunity of OFDM signal reception in the presence
of narrowband interference at different SIR with and
without LDPC encoding. It can be observed that for all
three types of modulation, the narrowband interference
significantly degrades the noise immunity of the
transmission system in the absence of encoding, and the
noise immunity drops more significantly with increasing
QAM multiplicity. The LDPC code reduces the impact
of narrowband interference on the system significantly,
being especially noticeable at small QAM multiplicities.

CONCLUSIONS

Based on these findings, it can be concluded that
the use of encoding with soft demodulator decisions
significantly improves the noise immunity of OFDM signal
reception, while mitigating the impact of narrowband
interference on the transmission system. LDPC encoding
is superior to convolutional encoding in improving the
noise immunity of OFDM signal reception, including
in the presence of narrowband interference. In addition
to use in QAM-OFDM systems, the proposed simple
demodulation method for soft decision QAM signals can
be applied to any wireless communication system using
M-QAM signals, where M is number 2 to an even power.
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Abstract

Objectives. Radio engineering information transmission systems are widely used in robotic systems employed
in various military and civilian services. If such systems are used in a harsh environment, where a large amount
of retransmitted interference occurs, for example, if a complex is buried under rubble or is located in reinforced
concrete pipes or other utility facilities, communication with the command post may be lost. Thus, the task
of maintaining reliable communications under difficult conditions of radio wave propagation is very urgent. In the
field of telecommunications, multiposition types of modulation are widely used, which, despite their good spectral
characteristics, provide low noise immunity under conditions of nonfluctuating interference, especially in cases
of retransmitted interference. Therefore, it is relevant to explore the possibility of using multiple frequency-shift
keying (M-FSK) signals in radio systems with complex interference environments. The paper sets out to analyze the
noise immunity of coherent reception of M-FSK signals against the background of retransmitted interference.
Methods. Statistical radio engineering and mathematical modeling methods are used according to the theory
of optimal signal reception.

Results. A model of the M-FSK signal and retransmitted interference is provided. The statistical parameters
of the distributions of random processes occurring in a multichannel coherent receiver of M-FSK signals against
retransmitted interference are obtained; based on this, the bit error rate is calculated when receiving M-FSK signals
of different positionality M against retransmitted interference with different intensities.

Conclusions. The impact of retransmitted interference is shown to result in a decrease in the noise immunity
of M-FSK signal reception, which is greater the higher its intensity. With increasing positionality of M-FSK signals
at low intensity of retransmitted interference, the noise immunity of reception is significantly improved; however,
high-intensity interference significantly increases the bit error rate. The presence of interference with a relative
intensity of 0.5 causes energy losses from 4 to 6 dB depending on the positionality. When M > 4, M-FSK signals
gain significantly in terms of noise immunity over signals with multiple phase-shift keying, quadrature amplitude
modulation, and amplitude and phase-shift keying.

Keywords: multiple frequency-shift keying, retransmitted interference, noise immunity, bit error rate
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HAYYHAA CTATbA

IToMex0yCTOMYHUBOCTH NPUEMAa CUTHAJIOB
¢ MHOTOMO3UIIUOHHON YACTOTHOU MAHUITYJIALMEH
Ha (OoHEe PEeTPAHCIUPOBAHHON MOMEXH

A.E. Tpouukas,
10.A. NoneBopa @,
r.B. Kynukos

MUP3A — Poccuiickunii TexHosorndeckuii yamsepceutet, Mocksa, 119454 Poccus
@ AsTOp Ans nepenucku, e-mail: polevoda@mirea.ru

Pe3siome

Llenu. PagnoTtexHnyeckne cuctemMbl nepeaadn MHGoOpMaLmMm WMPOKO MPUMEHSIOTCS B POOOTU3NPOBAHHbIX KOM-
niekcax AJis UCrnonb30BaHNst BOEHHBLIMU 1 FpaxkaaHCKMMu cnyx6amu. MNpu nonagaHnum Takoro KOMrekca B C/oxX-
HYIO OKPY>XaloLLyl0 Cpefly, B KOTOPOWM BO3HWKAET BGOMbLIOE KOMYECTBO PETPAHCIMPOBAHHbLIX NMOMEX, HanpuMep,
npwv nonagaHnmy KoMniaekca nopg, 3aearl, B Xene3obeToHHbIE TPYObl UK pasnnyHble KOMMYHasbHble 0ObEKThI, CBSI3b
C KOMaHAHbIM MYHKTOM MOXET ObITb NoTepsiHa. 3a4a4a NnoaaepXKaHns HaJexXHOW CBSI3M B CNOXHbIX YCIOBUSIX pac-
NPOCTPaHeHNst PaaVOoBOJSIH SBMISIETCA BECbMa akTyasbHOW. B o6nactn TenekoMMyHMKaLmi LUIMPOKO UCMONb3YOT-
CSl MHOTOMO3MUUVOHHbIE BBl MOAYALMN, KOTOPbIE, HECMOTPS Ha MX XOPOLUME CNeKTpasbHble XapakTEPUCTUKN,
o6ecneynBaloT HEBLICOKYIO NMOMEXOYCTOMUYMBOCTL B YCII0BUSIX HEDYKTYaLNOHHBLIX MOMEX, 0COOEHHO B Cnyvae pe-
TpaHCMpoBaHHbIX NomMex. MNpeacraBnseTcs LenecoobpasHbiM NCCNeAoBaTb BO3MOXHOCTb MPUMEHEHWSI CUTHAN0B
C MHOrOMO3ULMOHHON YacTOTHON MaHunynsumei (M-4M) B pagnocmctemMax co CoXHOM NOMEXOBOM 0OCTaHOBKON.
Llenbio paboTbl ABASIETCS aHaAIN3 NOMEXOYCTONYMBOCTY KOrepeHTHOro nprema curHanos M-4M Ha ¢poHe peTpaHc-
JIMPOBAHHOM NOMEXMN.

MeToapl. VIcnonb30BaHbl METOABI CTATUCTUHECKON PAANOTEXHUKN, TEOPUN ONTUMANIbHOMO NPYEMa CUrHanoB 1 Ma-
TEMaATMYECKOro MOAENNPOBAHMS.

PesynbTaThl. [pyBeneHa mogens curHana M-4M v peTpaHcaMpoBaHHON nomexu. [onyyeHbl cTaTucTnyeckmne na-
pamMeTpbl pacrnpeneneHunii ciy4darHbliX NPOLECCOB B MHOMOKAHa/IbHOM KOFEPEHTHOM MPUMEMHUKE curHanos M-4M
Ha ¢OoHe peTpaHCAMPOBaHHOW NomMexu. Ha aToi ocHoBe paccuyMTaHa BEPOSTHOCTb OUTOBOIM OLWIMOKM Mpu npueme
curHanos M-4M pasHow no3nunMoHHOCTM M Ha pOHE PETPAHCAMPOBAHHOM MOMEXU C PA3AINYHON MHTEHCUBHOCTLIO.
BbiBogbl. [NokazaHo, 4TO BO3AENCTBME PETPAHCAMPOBAHHOM NOMEXU MPUBOAMUT K CHUXKEHWIO MOMEXOYCTOMYNBOCTH
npuema curHanos M-4M, koTopoe TeM 6osbLUE, YEM BbilLE UHTEHCMBHOCTL NomMexu. C Bo3pacTaHMeM MO3ULMOH-
HocTWu curHanos M-4YM npu HeGONbLLOW MHTEHCUBHOCTU PETPAHCIMPOBAHHOM NMOMEXM NMOMEXOYCTONYMBOCTL MpU-
€emMa 3HauYUTEeSIbHO YNYYLIAeTCs, HO nomexa B60JbLUIO MHTEHCUBHOCTU CUBHO YBENMYMBAET BEPOSTHOCTL OBUTOBOIA
ownbkn. Hannune nomexu ¢ 0THOCUTENIbHON MHTEHCUMBHOCTLIO 0.5 Bbi3biBAET aHepreTudeckne notepu ot 4 oo 6 ob
B 3aBMCMMOCTU OT NO3ULMOHHOCTU. [pn M > 4 curHansl M-4M 3Ha4MTENBHO BbINIPLIBAIOT B MOMEXOYCTOMYNBOCTH
Yy CUFHAI0B C MHOrOMNO3ULIMOHHOM Ha30BO, KBAAPATYPHOW aMMANTYAHON U aMMAnUTyaHO-Ga30BOM MaHUNYNSAUNEN.

KnioueBble cnoBa: MHOrONMO3MLIMOHHAsA YaCTOTHas MaHUNynauna, peTpaHcnmMpoBaHHaaA noMexa, I'IOMeXOYCTOI7I‘-II/I-

BOCTb, BEPOATHOCTb OUTOBOI OLLINGKM

34

Russian Technological Journal. 2024;12(5):33-41


mailto:polevoda@mirea.ru
https://doi.org/10.32362/2500-316X-2024-12-5-33-41
https://doi.org/10.32362/2500-316X-2024-12-5-33-41

Noise immunity of signal reception with multiple
frequency-shift keying against retransmitted interference

Alexandra E. Troitskaya,
Yuriy A. Polevoda, Gennady V. Kulikov

e Moctynuna: 12.03.2024 » Jopa6oTaHa: 03.04.2024 ¢ MpuHaTa kK ony6nukoBaHuio: 12.07.2024

Onga uutupoBaHusa: Tpouukasa A.E., Nonesoaa 10.A., Kynukos IM.B. [ToMexoyCTOMYMBOCTb NMPYEMA CUrHAN0OB C MHOMO-
MO3ULMOHHOW YaCTOTHOM MaHunynaumen Ha GoHe peTpaHCIMPOBaHHOW nomexu. Russ. Technol. J. 2024;12(5):33—-41.

https://doi.org/10.32362/2500-316X-2024-12-5-33-41

Mpo3payHocTb GpUHAHCOBOMN AEATENIbHOCTU: ABTOPbLI HE UMEIDT PUHAHCOBOM 3aHTEPECOBAHHOCTW B NPEACTaBNEH-

HbIX MaTepmnanax nin MmetTogax.

ABTOPbI 3a5BASIOT 06 OTCYTCTBUM KOHGMIMKTA MHTEPECOB.

INTRODUCTION

Radio engineering information transmission
systems are widely used in robotic complexes for
military and civilian applications such as civil defense,
emergencies and disaster relief! [1-4]. In a harsh
environment involving a large amount of retransmitted
interference? [5-7], e.g., when the complex gets under
rubble, reinforced concrete pipes, or various utilities,
communication with the command center may be lost.
Therefore, maintaining reliable communication with
such robotic complexes under complex conditions of
radio wave propagation is highly relevant.

Currently, multiposition modulation types are
widely used in telecommunications. It is known that
signals with multiple phase-shift keying (M-PSK),
quadrature amplitude manipulation (QAM), and
amplitude and phase-shift keying (APSK), despite their
good spectral characteristics, have low noise immunity
under conditions of nonfluctuating interference,
especially in cases of retransmitted interference [8—12].
Therefore, it makes sense to investigate the possibility
of using M-FSK signals [13-15] in radio systems
operating in a complex interference environment.
The paper aims to analyze the noise immunity of
the coherent reception of M-FSK signals against
retransmitted interference.

MODELING M-FSK SIGNAL
AND RETRANSMITTED INTERFERENCE

Multiple frequency-shift keying is a method
for transmitting digital information using multiple
frequencies. In communication technology, M-FSK
signals of different M positionality (ranging from
4 to 64) are used, which have different bandwidths at
a given rate of information transmission.

For an M-FSK signal, the ith version of sending a
channel symbol with duration 7, carrying information
about k£ = log,M information bits, can be written as

s;(t) = A, cos K

follows:
M+ IDA(M}
(1

LM, t(0,T,],

where 4y =4/2E; /T, is the signal nominal amplitude,
E = kE, is channel symbol energy, E, is the energy per
one bit of information; o, is the center frequency of the
signal spectrum (carrier frequency); Aw = 2Aw,, Ao, is
frequency deviation (the minimum deviation that fulfills
the orthogonality condition is equal to n/27); and ¢ is
time.

By introducing the notations of shift keying index
h=Aw,T/n and multiposition channel symbol
C,=%1,%3,..,£(M 1), expression (1) can be
represented in the following form [15]:

s5;(t) = 4, cos(coot + Cl.hﬂt}.
T
An example of frequency distribution for 8-FSK
signal is shown in Fig. 1. The signal points and their
corresponding channel symbols are arranged according
to the Gray code.

000 001 Aw 011 010 w, 110 100 Aw 101 111
—— o —9o —90 o 9o —eo —0 0>,
W,y Wy W3 W, Wg Wg (A} Wg
Fig. 1. Example of frequency arrangement
for 8-FSK signal

I Order No. 633 dated December 26, 2018. On Approval and Enactment of the Radio Communications Manual of the

Ministry of the Russian Federation for Civil Defense, Emergencies and Elimination of Consequences of Natural Disasters. https://
base.garant.ru/72152196/ (in Russ.). Accessed November 25, 2023.

2 ITU-R Recommendation P.1238-6 (10/2009). Radio wave propagation data and prediction methods for planning indoor radio
communication systems and local area radio networks in the frequency range 900 MHz to 100 GHz. Series R. Radio wave propagation
(in Russ.).
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We use signal (1) with time delay t < 7 and random
phase @, . as the retransmitted interference arising due to
M-FSK signal reflecting from some obstacle:

Sint (t) =

o 25

0<t<t, ©)

e e e

T<t<T,

where p is the relative intensity of the retransmitted
interference, i and j are running signal numbers in the
transmitted sequence.

The temporal relationship between the useful radio
signal and retransmitted interference is shown in Fig. 2.

A M-FSK signal

\

T, 12T, 1 3T,

s ' S ' S

A Retransmitted interferenc

{--- -

' 1
|
s S s
.
> e

T

3
~-

\J

Fig. 2. Temporal relations between useful signal and
retransmitted interference

We consider the presence of white Gaussian
noise n(f) with single-sided spectral density N, and
O correlation function at the receiver input of the
information transmission system which are additional to
the useful signal and retransmitted interference:

R(t)= &6(1).
2

CALCULATING THE BIT ERROR RATE

We  consider a  multichannel  coherent
demodulator [14, 15] as a receiver of M-FSK signals. In
the presence of white Gaussian noise, the demodulator
computes M integrals of convolution /; of the received
oscillation and M reference signals, as well as making
a maximum likelihood decision on the channel symbol.

The bit error rate (BER) is calculated using
the method described in [10-12]. For this, random
parameters of retransmitted interference (2), such as
intensity u, phase ¢, ,, delay 1, and information symbol

in the delayed copy, are assumed as initially fixed.
This allows the probability of erroneous reception of a
channel symbol conditioned on them to be determined:

M .
Po=1-1]  p,>1)| ,m=i A3)

m

Given this condition, and assuming the presence of
white Gaussian noise at the receiver input, the
distributions of random processes being convolution
integrals in the receiver channels and their linear
combinations “mi” can be considered as normal. To
obtain probabilities p;({,, >I;) included in (3) and
defined through the standard probability integral (error
function), it would be sufficient to calculate their
conditional statistical characteristics:

¢ mathematical expectation

m —2Es 1+ Sinxx
mi NO u X

xlcos (M+1—]+mjAmTSl+n +
2 2 T

S

s y

—pl‘smzcos (M+1_(]+1)JA(DTSL+n ~
2 2 T

i m—1i)AoT.
o usmgcos (m = DAL, _
T g 2

—(m+l+M+1)A(DTSi+n ’
2 2 T

+
=

7\

—_

|

m’\]|¢-\
N

[e)

o

w2
—

I~

M—“—m)Aoo]"sl+n _smy
2 T.

S

e variance

where

AoT T

T]Z(Pint_")oT:XZ(j—m) 25'75

S

( YAGT. G .)A(DTS T
=(m-)AoT,, z=(j—i —,
Y S

S
AOT, (1 —T]
%
.

For obtaining the unconditional error probability

g=(m—1i)

P, the averaging of conditional probability F, for

Russian Technological Journal. 2024;12(5):33-41

36



Noise immunity of signal reception with multiple
frequency-shift keying against retransmitted interference

Alexandra E. Troitskaya,
Yuriy A. Polevoda, Gennady V. Kulikov

random interference parameters, such as the random
phase ¢, ., is carried out using a numerical method.
Parameters p and t are assumed to be fixed. At the same
time, the calculations are performed with an
enumeration of all possible combinations of channel
symbols. ~ When calculating the BER P,
recommendation [14] describing the relationship
between its value and the error probability when
receiving channel symbol P, for multiposition
orthogonal signals is taken into account:

P, =P_ /(M 1)(M2)).

CALCULATION RESULTS

Based on the derived formulas, the noise immunity
of the M-FSK signal reception with positionalities
M = 2,4, 8, 16, 32 is calculated. During the study,
the following radio channel parameters vary: signal-
to-noise ratio (SNR) £ /N, lies within the range from
1 to 13 dB; the relative intensity of retransmitted
interference p lies in the range [0; 1]; the relative
interference delay ©/7; = 0.5. The calculation results
are presented in Figs. 3 and 4.

100
R _ |
106} - |

g 1078} | |
a

o 10710% |
w /

@ qp-12} ) |
10-14¢ 7

10716}
10718}
10—20 1

0 01 02 03 04 05 06 07 08 09 1.0
Retransmitted interference intensity, p

I
e

W=0 AN
NO

Fig. 3. Dependencies of BER P, on the relative intensity
of the retransmitted interference p at £, /N, = 13 dB

The exposure to retransmitted interference results
in reduced noise immunity: the higher the interference
intensity, the greater the reduction. From this perspective,
signals with higher positionality (M > 8) are preferable;
at low relative interference intensity (n < 0.3), these
provide a BER several orders of magnitude lower than
low-position 2-FSK and 4-FSK signals.

Even at high relative intensity of retransmitted
interference (u € [0.4; 0.5]), the use of signals with
multiple frequency-shift keying allows a fairly low
bit error rate (10°-107%) to be maintained, which is
not available when using other types of QAM [10],

M-PSK [11],
positionality.

The energy losses due to the impact of retransmitted
interference during reception of M-FSK signals can
be estimated by plotting the dependence of BER P,
on SNR E/N, at different relative interference
intensities p (Fig. 4).

From the graphs, it can be seen that increasing the
M-FSK signal positionality from 2 to 32 significantly
improves the reception noise immunity. For example,
at a low intensity of retransmitted interference (n < 0.1)
and SNR (E}/N, = 10 dB), the BER is seven times lower.

The presence of interference with relative intensity
p=05atP, = 107 causes an energy loss of 5 to 6 dB
depending on positionality. Nevertheless, the reception
noise immunity of M-FSK signals of high positionality
remains generally high.

and APSK [12] signals at the same

COMPARING RECEPTION NOISE
IMMUNITY OF M-FSK SIGNALS
WITH OTHER TYPES OF MULTIPOSITION
MODULATION

For comparison, the graphs of BER dependence on
the relative intensity of retransmitted interference while
receiving M-FSK and QAM signals [10] of the same
positionality 4, 16, and 32 are shown in Fig. 5.

It can be seen that, at positionality M =4, the reception
noise immunity of these signals is approximately the
same; however, with an increasing value of M, signals
with M-FSK improve significantly (by several times
for BER) over QAM signals across a wide range of
retransmitted interference intensities (n € [0; 0.6]). A
similar conclusion can be made with respect to APSK
signals [12], whose reception immunity approximately
corresponds to QAM and, even more so, with respect to
M-PSK signals [11] being lost to QAM. However, when
mentioning the advantages of M-FSK signals, their
spectral characteristics, according to which significant
losses to other signals may occur, should be taken into
account [13, 15].

CONCLUSIONS

In the present work, the reception noise immunity
of signals with multiple frequency-shift keying of M
positionality from 2 to 32 is analyzed in the presence of
retransmitted interference in the communication channel
for different SNR and relative interference intensity
values. The research allows the following conclusions
to be drawn:

1. Increasing positionality improves noise immunity
of M-FSK signal reception while decreasing BER
by several orders of magnitude at a low intensity of
retransmitted interference.

Russian Technological Journal. 2024;12(5):33-41

37



Noise immunity of signal reception with multiple Alexandra E. Troitskaya,

frequency-shift keying against retransmitted interference Yuriy A. Polevoda, Gennady V. Kulikov
2-FSK 4-FSK
109 T T T 100 T T T T
B 10-1+ — ST ]
1L — i'ﬁ;;; | \\‘\x_\
10 s \ L 10—2 L il
= 3| ]
1072+ : 1 10
g T g 107 1
Q Q
o 1073¢ 1 g 105} 1
L L
o \ @ 1061 ]
104+ - |
— u=0 -7 L ]
u=0.1 \\ 10 —u=0
u=0.3 \ 10-8 1L p=0.1 ]
105 ¢ — u=05 S u=0.3
X 109+ — u=05 \ ]
Y
-6 I I L L L I -10 I I | I ! L
10 0 2 4 6 8 10 12 14 10 0 2 4 6 8 10 12 14
SNR, E, /N, SNR, E,/N,
(a) (b)
8-FSK 16-FSK
100 ‘ ‘ 100 : ; ; ; . ,
L -4 L AN 1
10-41 ] 10
1076 | S ]
el -6 = o) B
o 10 Q® AN
- - 10—8 b N 4
E 08 E \\
1 - -
m @ 10—10 E \ -
_ —u= 0 \ ] — = 0
10710 u=0.1 N 10-12 | u=0.1 4
u=0.3 \\ \ u=0.3
1012 —H=05 \ 1 10714 ¢ —H=05 -
14 i 1 { 1 ; i : 16 | | 1 L | i\
10 0 2 4 6 8 10 12 14 10 0 2 4 6 8 10 12 14
SNR, E, /N, SNR, E,/N,
(c) (d)
32-FSK
100 T T . :
102 ¢ RIS 1
104 i - 3
8 sy
Q T
oL 1076 ]
L
m
10-8 —u=0 il
u=0.1
u=0.3
10°°F  |—p=05 1
-12 L L | L | |
10 0 2 4 6 8 10 12 14
SNR, E,/N,
(e)
Fig. 4. Dependencies of BER P, on SNR E, /N, under the influence of retransmitted interference for signals:
(a) 2-FSK,
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(d) 16-FSK,
(e) 32-FSK
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100 j ; T r T S 2. The impact of retransmitted interference reduces

1072} b it M-FSK signal reception noise immunity, which is

1041 ] greater the higher its intensity. For example, the

y presence of interference with a relative intensity
1076+ B _ 14
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g 107 e 1 4 to 6 dB depending on the M-FSK signal
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m 109-12} i 3. At M >4, M-FSK signals significantly gain in noise
10-141 o M;‘G immunity over M-PSK, QAM, and APSK signals
10161 %;312 across a wide range of retransmitted interference

M=16 intensities.
10718} M=32 4. The use of M-FSK signals with such high energy
10-20 characteristics is justified in radio channels without

Fig. 5. Dependencies of BER P, on the relative intensity
u of retransmitted interference while receiving M-FSK
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Abstract

Objectives. Orthogonal frequency division multiplexing (OFDM) has become the standard for various high-speed
wireless communication systems due to its several advantages, one of which is the efficient use of bandwidth. The main
disadvantage of OFDM is the high peak-power-to-average-power ratio (PAPR), which is indicated by an increase in the
bit error rate due to the nonlinearity of the power amplifier. The paper sets out to evaluate the possibility of reducing
the PAPR value using a limitation method developed by the authors involving an additional compensation signal
in a channel with white Gaussian noise, as well as to analyze its main parameters.

Methods. Statistical radio engineering and computer modeling methods are used according to optimal signal reception
theory.

Results. The effect of the OFDM signal limitation level and the number of additional signals when using the limitation
method with an additional compensation signal on the quality (reduction of transmission losses) of the OFDM signal
is analyzed. The results show a decrease in the OFDM signal PAPR value, along with the dependencies of the bit error
rate on the signal-to-noise ratio at fixed limitation values and a determined number of additional signals in the channel
with white Gaussian noise.

Conclusions. The proposed limitation method with an additional signal when transmitting an OFDM signal
in a channel with white Gaussian noise provides compensation for information losses due to signal level limitations
in the transmission channel. Increasing the limitation level is shown to increase the PAPR value, while varying the
number of additional signals changes PAPR insignificantly. In order to ensure the effective implementation of the
limitation method with an additional compensation signal, the parameters of the threshold limitation level and number
of additional signals should be selected depending on the predicted signal-to-noise ratio in the system.

Keywords: limitation method with additional signal, peak power to average power ratio, bit error rate, orthogonal

frequency division multiplexing, white Gaussian noise
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HAYYHAA CTATb4A

MeToa orpaHuyeHus MUK-paxkTopa
C JOMOJHUTEJIbHBbIM CUTHAJIOM KOMIICHCAIMH
B CHCTeMe C OPTOrOHAJbHBIM YaCTOTHBIM
pasejieHueM KaHAJIOB JJI FayCCOBCKOr0 KaHaJia

dam TxaHb Tyan @,
O.B. TuxoHoBa

MUP3A — Poccuiickuii TeExXHOI0rm4eckuii yHmsepcutet, Mocksa, 119454 Poccus
@ ATOp AN nepenvicku, e-mail: anhsequayve.ru@gmail.com

Pe3iome

Uenun. MynsTunnekcrupoBaHue C OPTOrOHasIbHbIM YHaCTOTHLIM padaeneHnemM kaHanos (orthogonal frequency division
multiplexing, OFDM) cTano ctaHaapToM AJ1s1 pasfnyHbIX CUCTEM BECNPOBOAHOM CBA3M C BbICOKOW CKOPOCTbLIO Nepe-
[a4n AaHHbIX 6naroaaps HECKOMbKUM MPENMYLLLECTBAM, OOHUM N3 KOTOPbIX ABNASeTCs 3PPEKTUBHOE UCMOb30Ba-
HVe Mosnockl YacToT. MaBHbIM HegocTatkoM OFDM aBNSeTCs BbICOKOE 3HAYEeHWEe OTHOLLEHWS MUKOBOM MOLLHOCTU
K CpedHen MOLHOCTN — NUK-DaKTOPy, Ha HYTO yKa3bIBAET MOBbLILLUEHME YAaCTOTbl OUTOBbIX OLUMOOK N3-3a HENMHEN-
HOCTU YCUNUTENS MOLLHOCTW. Llenb ctatbm — oueHKa BO3MOXHOCTUN CHUXEHNS 3HAYEHUS NUK-(dakTopa ¢ NOMOLLbIO
pa3paboTaHHOro aBTopamMm MeToAa OrpaHNYeHns C AOMNOJHUTENIbHbIM CUTHANOM KOMMEHCALMK B KaHase ¢ 6enbim
rayCCOBCKUM LLYMOM 1 aHaNM3 ero OCHOBHbIX NapamMeTpoB.

MeToabl. VIcnonb3oBaHbl METOAbl CTATUCTUYECKOM PagUOTEXHUKW, TEOPUM ONTUMASIBHONO MNpuUemMa CUrHanoB
1 KOMMbIOTEPHOI0 MOAENTMPOBAHUS.

Pe3ynbTaTthl. [IpOBeeH aHaNM3 BIUSHUS YPOBHS orpaHunyeHns curdana OFDM mn yncna gononHUTeNbHbIX CUTHAIOB
Mpwv NCNONb30BaHUM METOAA OrPaHMNYEHUS C LOMNONIHUTENbHBIM CUTHAIOM KOMIMEHCaLMM Ha Ka4eCTBO (YMEHbLLEHNE
notepb Npu nepepaye) curHana OFDM. MNMony4yeHbl pe3ynbTaThl, MOKa3biBAOLLNE CHUXEHME BENNYMHBI NMUK-(akTopa
OFDM-curnana, n 3aBUCMMOCTV BEPOSTHOCTM BUTOBOM OLLIMOKM OT OTHOLLEHWUS CUrHA/LWYM NPy GUKCUPOBAHHbIX
3HAYEHUSIX OrPaHNYEHNST N YNCNa OOMONHUTENbHBIX CUTHANOB B KaHase ¢ 6ebiM rayCCOBCKMM LLYMOM.

BbiBOAbI. [peanoxeH MeTon, OrpaHMyeHns ¢ 4ONOHUTENbHBIM CUrHanom npu nepegade OFDM-curHana B kaHane
¢ 6enbiM rayCCoBCKMM LLYMOM, 06eCrneymnBatoLLmMii KOMNEHcaLUMIo NoTepb MHGOpMaLmMK, 06YCNOBEHHbLIX OrpaHn-
YEeHVSIMU YPOBHS CUrHana B KaHasie nepenayn. YCTaHOBMIEHO, HYTO YBEIMYEHUE YPOBHS OrpaHUyeHust yBenn4imBaeTt
BENVYNHY NUK-dakTopa, a Npu USMEHEHUN Ynucna AONOJHUTENbHbLIX CUrHANOB MUK-(aKkToOp N3MEHAETCS HE3Ha4Yn-
TenoHO. nga adpdekTnBHON peannsaumm MeToaa OrpaHNYeHns ¢ OMNOSIHUTENIbHLIM CUTHAIOM KOMMNEHcaUmMn He-
06x041MO BbIOMPATb NapaMeTpbl YPOBHS OrpaHUYeHNs MOPOrOBOro 3HAYEHUS U YACIO AOMOJIHUTENbHbLIX CUTHAIOB
B 3aBUCUMOCTM OT NPOrHO3MPYEMOIrO OTHOLLEHUS CUTHAS/LIYM B CUCTEME.

KnioueBble cnoBa: MeTof, OrpaHMyeHs C AOMNOSTHUTENbHBIM CUTHAIOM, NUK-(GakTop, BEPOSTHOCTb OUTOBOW OLLNO-
K1, OPTOroHaJIbHOE YaCTOTHOE PasfesieHne KaHanos, 6enblii rayCCOBCKUMA LLIYM
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Mpo3payHocTb hUHAHCOBOM AeATENbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOI 3aMHTEPECOBAHHOCTN B MPEACTaBEH-

HbIX MaTepuanax nin Metoaax.

ABTOpPbI 3aBASAOT 06 OTCYTCTBMM KOHMIMKTA MHTEPECOB.

INTRODUCTION

Orthogonal frequency division multiplexing (OFDM)
is currently applied to various high-speed digital
information transmission systems [1-4], including
high-speed mobile communications, wireless local
networks, video broadcasting, and high-speed cellular
data transmission. For the wider application of OFDM
systems, one of the problems requiring a solution is how
to reduce high peak-to-average power ratios (PAPR) that
increase the bit error rate (BER) of the system.

In the present work, the possibility of reducing the
PAPR value using a limitation method with an additional
signal for an OFDM system in a channel with white
Gaussian noise is evaluated along with the main method
parameters.

OFDM SIGNAL

A discrete-time OFDM signal can be mathematically
represented as a set of time samples of a signal following
the inverse discrete Fourier transform:

1 N-1 Jj2mkn
Sorpm(M ==Y X(k)e N , n=0,N-1, (1)
N

where N is the number of subcarriers, X(k) is the
transmitted information on the kth subcarrier, n is the
OFDM signal sample number, and ; is an imaginary unit.

For a discrete-time OFDM signal Sgpp\(n), the
value of the peak-to-average power ratio (PAPR) is
defined as the ratio of the signal maximum power to its
average power [5, 6], which can be represented in the
following form:

max n

Pre !

Srpm (”)‘

S3rpm (")‘} ’

PAPR(Sqppy (1)) = 2

where max, [S3rpm (n)‘ is the OFDM signal maximum
power, £, S3rpy (M|} is the OFDM signal average

power, and |SOFDM (n)| is the nth sample amplitude of
the OFDM signal.

The PAPR parameter represents the value of the
peak-to-average power ratio, i.e., its higher value; thus,
a high PAPR means higher maximum power.

LIMITATION METHOD WITH ADDITIONAL SIGNAL

One of the methods for reducing PAPR is the
limitation method with additional signal for OFDM
signal [7, 8]. According to this method, the amplitudes
of OFDM signal samples are limited when a certain
threshold value is exceeded while preserving the original
phase of the nth sample. This can be represented in the
following form:

S.. (n) at |Sinit (n)| <C,

S.. -
lim (l’l) t(n)| e

. (3)
Celtn at |S-

ini
where S~ is the signal following OFDM signal
limitation, C is the threshold value or signal limitation
level, |Sinit (n)| is the amplitude of the initial nth signal
sample, and ¢, is the phase angle of the nth signal
sample.

According to the limitation method with an
additional signal for signal Sypp\(7), a search is carried
out for the positions (position numbers are denoted
by p) where the signal amplitude is greater than the
threshold value C. In this case, the positions are limited
in accordance with expression (3). When transmitting
a signal limited in this way, a loss of information may
occur in some positions. In order to compensate for these
losses, the transmitted signal S, ~is augmented with
samples containing information about position numbers
p and additional data S, ,,(p) as the difference between
the initial and limited samples, which can be described
by the following expression:

Sadd (P) = Sipit (P) = Sy (P)- 4)

Thus, the transmitted signal S); ~does not contain
samples whose amplitude exceeds the threshold value C;
however, no loss of information occurs since it is
possible to restore the original samples using their
numbers p and additional data S,,(p). The number of
additional samples reserved for transmitting position

Russian Technological Journal. 2024;12(5):42-49

44


https://doi.org/10.32362/2500-316X-2024-12-5-42-49

Method for limiting the peak factor using an additional compensation signal
in a system with orthogonal frequency division multiplexing for a Gaussian channel

Pham Thanh Tuan,
Olga V. Tikhonova

numbers p and values of S, ; (p) is denoted as the number
of additional signals m.

In order to achieve the optimal system performance, it is
necessary to select the level of limitation C and the number
of additional signals 7. When the level of signal limitation C
is significant (a large number of signals are subjected to
transformation (3)) while keeping the possible number
of additional signals m low, full compensation cannot be
achieved resulting in a high number of bit errors occurring
in the system. A high value of m results in an increased
length of the transmitted information and consequent loss of
energy and power. At an insignificant level of limitation C
and high value of m, many additional signals do not carry
any information since the number of signal samples S, .,
exceeding the limitation is insignificant.

The impact of limiting the level of C parameters
and number of additional signals m on the OFDM signal
compensation efficiency was studied using mathematical
modeling based on the above formulas. The block
diagram of the algorithm using MATLAB' mathematical
package is shown in Fig. 1. Following modification
using the limitation method with an additional signal at
given values of C and m, OFDM signals are transmitted
through a channel with white Gaussian noise. On the
receiving side, the received data array is compared with
the original array following the OFDM signal recovery
process (demodulation with allowance for additional
compensating information) to obtain the BER value.

1 https://www.mathworks.com/products/matlab.html. Accessed
March 29, 2024.

v

Generating OFDM signal using the limitation
method with additional signal

| Entering C and m values |

Communication channel
with white Gaussian noise

| OFDM signal recovery |

*

| BER calculation |

Fig. 1. Block diagram of the algorithm for modeling
the impact of parameters C and m on the quality of
OFDM signal compensation

The block diagram of the algorithm for calculating
PAPR is presented in Fig. 2. The results are obtained for
two cases. In the first case, when m = 16 for each value
of Cis fixed, OFDM signals are limited according to (3);
here, the PAPR value after limiting the OFDM signal is
calculated using formula (2). In the second case, similar
calculations are performed at the fixed value C=0.18 for
each value of m. The resulting PAPR dependencies are
shown in Figs. 3a and 3b.

Entering initial OFDM data

Atm=16

v

Entering C value

v

OFDM signal using limitation method
with additional signal

v

PAPR calculation

v

CCDF for plotting
[

v

AtC=0.18

v

Entering m value

v

OFDM signal using limitation method
with additional signal

v

PAPR calculation

v

CCDF for plotting
I

Fig. 2. Block diagram of the algorithm for calculating PAPR
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Fig. 3. Results of the OFDM signal PAPR reduction using the limitation method with an additional signal:
(a)atm =16, (b) at C=0.18. CCDF is the complementary cumulative distribution function

As a result of modeling, the change in the BER value
when changing the limitation level C and fixed m is
estimated. BER dependencies are similarly obtained when
changing the value of m at a fixed level of C. Since the
maximum amplitude of OFDM signal amounts to 0.4229
(dimensionless value normalized to 1 V) in the model with
N = 64 subcarriers, values of C are chosen less than this
value.

The reduction of the OFDM signal peak power
when limited with an additional signal at different
values of parameters C and m is estimated using the
PAPR parameter from relation (2). In order to estimate
the PAPR reduction efficiency, the complementary
cumulative distribution function (CCDF) is used to
indicate the probability of the OFDM signal PAPR
exceeding the specified threshold level PAPRO.

The results of reducing PAPR with the number of
additional signals m = 16 at different values of C are shown
in Fig. 3a; the results of PAPR reduction at threshold value
C =0.18 when varying m are shown in Fig. 3b.

It is evident from Fig.3 that the stronger the
limitation (low value of C), the smaller the PAPR value
when preserving the number of additional signals m. When
maintaining the threshold value and changing the number of
additional signals, the PAPR value changes insignificantly.

The main parameter determining the quality of
a digital communication system is BER during signal
recovery. For evaluating the OFDM system performance,
the BER value should be estimated depending on three
main parameters: the limitation value C, the number of
additional signals m, and the signal-to-noise ratio (SNR)
representing the ratio of signal power to noise power in
the bandwidth in the presence of white Gaussian noise
in the channel [9-11].

The BER calculation results determined when
modulating 16-QAM OFDM signal in a Gaussian
channel when fixing threshold value C = 0.18 with
different values of m depending on the noise level are
shown in Fig. 4. For comparison, BER for the standard
OFDM limitation method is evaluated [12—18].

100 . . :
W
107" ¢ .
b
2 Ny
107< ¢ b
e
o LR
L -3 L \
om 10 \‘\\\\
LR
Vel
1074 ¢ \\ NN
——==m=4 i\ %
5]—%—-m=8 \
10 m=16 \
—+-m=32
Simple limitation

20 -15 -10 -5 0 5 10 15
SNR, dB

Fig. 4. BER dependence on SNR at fixed value of
C=0.18

The advantage of the limitation method with additional
signal (at limitation level C = 0.18 when the maximum
amplitude of the unlimited signal amounts to 0.4229)
over the conventional PAPR limitation method is evident
from Fig. 4. When the value of m increases, BER decreases.

The BER calculation results at a fixed number
of additional signals m = 16 with different values of
limitation threshold C depending on the noise level is
shown in Fig. 5.

Russian Technological Journal. 2024;12(5):42-49

46



Method for limiting the peak factor using an additional compensation signal
in a system with orthogonal frequency division multiplexing for a Gaussian channel

Pham Thanh Tuan,
Olga V. Tikhonova

BER

100

107"

1072

103}

107

10°5¢

It can be seen from Fig. 5 that BER decreases with
the increased limitation level of C. For comparison, the
results for the OFDM signal without limitations (original
OFDM) are given. Although these are obviously better,
their hardware implementation is physically impossible.
The BER dependencies on the threshold value in the
Gaussian channel at SNR = 10 dB and SNR = 15 dB are
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Fig. 5. Dependence of BER on SNR

at fixed value of m =16

shown in Fig. 6.
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According to the analysis of the results, BER
decreases with increased limitation level C and number
of additional signals m.

CONCLUSIONS

From the study of the limitation method with
additional compensation signal for an OFDM signal in
the channel with white Gaussian noise and analysis of
its main parameters, the following conclusions can be
drawn:

1. At a higher limitation level C, the signal PAPR
decreases, whereas it changes insignificantly when
the number of additional signals m is changed.

2. In the channel with white Gaussian noise, the
effective implementation of the limitation method
with an additional compensation signal requires
selection of the limitation level C and the number
of additional signals m depending on the predicted
SNR in the system.
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Fig. 6. BER dependence on the limitation level C:
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Abstract

Objectives. The article investigates the effect of surface electromagnetic wave (SEW) treatment on the refractive
properties of thin conducting films based on indium tin oxide (ITO) with laser-deposited single-walled carbon
nanotubes (CNTs). The effective thickness of the layer of laser-deposited CNTs before and after SEW treatment is
evaluated.

Methods. A laser-oriented deposition method employing a CO, laser (A = 10.6 um) was used to form the structures.
Diagnostics of modifications of ITO thin films were carried out using an ellipsometer operating in the spectral range
of 300-1000 nm. The Cauchy model was used to describe the optical properties of K8 crown substrates and ITO thin
films. To interpret the ellipsometry results of ITO modifications with CNTs, an effective-thickness virtual layer model
was introduced. During post-processing of the surface, a CO, marker (A = 10.6 um) was used to generate SEW. The
influence of SEW treatment on the thickness of the virtual layer was assessed using ellipsometry and atomic force
microscopy in contact mode.

Results. Based on the ellipsometry data, the effective thickness of the CNT layer was in the range of 24-26 nm.
Following SEW treatment, the thickness of the effective CNT layer decreased to 4-8 nm, indicating the possibility
of precision processing of the ITO surface with CNTs using SEW. When CNTs are deposited on an ITO surface with
subsequent SEW treatment of the surface, reflection losses for p-polarized radiation are reduced. In a spectral range
of 400-750 nm at an angle of incidence relative to the normal to the plane of structures a = 65°, a decrease in
reflection is observed from 18.5% to 13.5% relative to ITO without CNTs and SEV treatment; at a = 71°, a decrease
from 6.4% to 4.7% is observed; at a = 77°, a decrease from 1.8% to 1.2%.

Conclusions. For ITO-based thin films with laser-deposited CNTs, the described SEW treatment method provides
a precise reduction in the thickness of the composite structure while preserving the antireflective properties of
the CNTs. These capabilities make it possible to use the studied ITO modifications in solving problems in optical
electronics, microfluidics, and biomedicine.

Keywords: indium tin oxides, carbon nanotubes, laser exposure, surface electromagnetic wave treatment
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CBOMCTBA TOHKHUX IJICHOK HA OCHOBE OKCHU/I0B WHUS

U 0JI0BA € JIA3ePHO-0CAKACHHBIMU OJJHOCTCHHbIMM
YIJIEPOAHBIMU HAHOTPYOKAMM

A.C. Toiikka 1:2: @,
H.B. KamaHuna 1:2:3: 4

1 CaHkT-MeTepbyprekuii rocyaapCTBEHHbIN 91EKTPOTEXHUYECKNI yHUBEpCUTET «J19TU»,
Cankrt-letepbypr, 197022 Poccus

2 HUL| Kyp4aToBCKui uHCTUTYT — [1eTepbyprcknii MUHCTUTYT SSAEPHON puauku «[TNS®», FaTtunHa,
188300 Poccus

3 HIMO rov um. C.W. Basunosa, CaHkT-lleTepbypr, 192171 Poccus

4 rOU um. C.N. Basunosa, CaHkT-IMetepbypr, 199053 Poccus

@ AsTOp AN nepenvcku, e-mail: astoikka.nano@gmail.com

Pesiome

Llenu. Uenb paboTbl — uccnegoBaHue BAvsiHUS 00paboTkn NOBEPXHOCTHLIMU 3N1EKTPOMArHUTHbIMU BoiHamMmu (M9B)
TOHKMX NPOBOASALLMX MSIEHOK HA OCHOBE OKCUAO0B MHAMA 1 ofnoBa (indium tin oxides, ITO) ¢ nazepHO-0CaXAEHHbIMUN
OJHOCTEHHbLIMN yrnepoaHbiMun HaHoTpybkamu (YHT) Ha pedpakTuBHbIE CBOICTBA, OLEeHKa 9DPEKTUBHON TONLLMHDI
cnosi nasepHo-ocaxaeHHbix YHT no 1 nocne NMN39B-06paboTku.

MeToabl. 1ng GopMUpoBaHUs CTPYKTYP MCMONb30BaNICA METOZ, Na3epHO-0PUEHTUPOBAHHOMO OCaXAeHNs C NMpu-
meHeHnem CO,-nasepa (A = 10.6 Mkm). [JnarHoctuka moandukaumin TOHkmMx nneHok ITO ocyuiecTenanace npu no-
MOLLM annmncomMeTpa B cnekTpanbHom amanadoHe 300-1000 Hm. [ns onmcaHmsa ONTUYECKUX CBOWNCTB MNOAN0OXEK
KpOH K8 n ToHkux nneHok ITO ncnone3osanacb mogens Koww. Ang nHrepnpetaunmn pesynstaToB 3MNCOMETPUN
Moamdbukaumin ITO ¢ YHT 6bina BBEAEHA MOAENb BUPTYaslbHOro ¢fiosi ¢ appekTUBHOM TonwmHoi. Mpu noctobpa-
60Tke NoBepxHOCTU ucnonbsosancsa CO,-mapkep (A = 10.6 Mkm) ana redepauum MN3B. OueHka BnmaHus MN3B-06-
paboTKM Ha TOJNILUMHY BUPTYaIbHOMO C/I0St MPOBOAMIACH MPY MOMOLLM 3IMMCOMETPUM U @TOMHO-CUSTIOBOI MUKPO-
CKOMUKN B KOHTAKTHOM peX1Me.

PesynbTaTbl. Ha OCHOBE AaHHbIX S/IMMNCOMETPUM YCTAHOBMEHO, 4TO addekTnBHag TonwmHa cnos YHT Haxoan-
nacb B gmanasoHe 24-26 Hm. Mocne MN3B-06pabdoTkn TonwmHa agdexktnsHoro cnost YHT cHmaunack o 4-8 Hm.
Mpu ocaxpeHnn YHT Ha noBepxHocTb ITO n nocnenyowein N3OB-06paboTke NOBEPXHOCTN CHMXAIOTCS NOTEPU Ha
OTpaxeHne ons p-noasapu3oBaHHOro nsnyydenus. B cnektpanbsHom ananasoHe 400-750 HM npuv yrne nageHus oT-
HOCUTENbHO HOPMaN K NMIOCKOCTU CTPYKTYp 65° HabnogaeTcs cHuxeHne otpaxenus ¢ 18.5% no 13.5% oTHocu-
TenbHo ITO 6e3 YHT n N3B-06paboTku, npu 71° — cHuxeHne ¢ 6.4% 0o 4.7%, npu 77° — cHuxeHne ¢ 1.8% no 1.2%.
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BbiBOAbI. [115 TOHKMX NiieHOK Ha ocHoBe ITO ¢ nadepHo-ocaxaeHHbiMu YHT goctyneH metoz MN3B-06paboTku, Ko-
Topas NO3BOJIAET COXPaHUTbL NpocBeTnsiowme ceolictea YHT 1 o6ecneymBaeT NpeLmn3voHHOe CHKEHME TOLLNHbI
KOMMO3UTHOWM CTPYKTYpPbl. YKa3aHHble BO3MOXHOCTM MO3BOSIOT UCMOb30BaTh nccnegyemole moandukaumn ITO
B 3a/ja4ax ONTUYECKOM 3NEKTPOHUKN, MUKPODIONONKN 1 BUOMEANLMHBI.

KnioueBble cnoBa: okcuapl UHOMA U 00Ba, yrnepoAHble HaHOTPYOKM, nasepHoe Bo3aencTaue, o6paboTka no-

BEPXHOCTHbIMW 3/1EKTPOMArHNTHbIMW BOJTHAMU

e Moctynuna: 05.02.2024 » fopa6oTaHa: 14.03.2024 ¢ MpuHsaTa kK onyonukoeaHuio: 12.07.2024

Ansa uutnpoBaHus: Tolkka A.C., KamaHuHa H.B. BnusiHme o06paboTky NOBEPXHOCTHBLIMWU 3/1EKTPOMArHUTHBIMU BOJI-
HamMn Ha pedpakTUBHbIE CBOMCTBA TOHKMX MJIEHOK HA OCHOBE OKCUAOB MHAMSA M OfI0Ba C Na3epPHO-OCaXAEHHBIMN
O[HOCTEHHbIMW YrNepoAHbIMU HaHOTpyOkamu. Russ. Technol. J. 2024;12(5):50—62. https://doi.org/10.32362/2500-

316X-2024-12-5-50-62

Mpo3payHocTb GUHAHCOBOW AEeATENIbHOCTU: ABTOPbI HE UMEIOT (PUHAHCOBOMN 3aMHTEPECOBAHHOCTM B NPeACTaB/IEH-

HbIX MaTepuanax nin Mmetogax.

ABTOpPbI 325BNSAOT 06 OTCYTCTBMM KOHMIMKTA MHTEPECOB.

INTRODUCTION

Indium tin oxides (ITO) are degenerate
semiconductors with n-type conductivity [1-3].
Their properties depend largely on the stoichiometric
composition (In,0;) ~(Sn0O,), . Here, SnO, is used to
increase electron concentration (). It has been shown [1]
that, in a pure In, O, matrix (x=0), electron concentration
ng=1- 1020 cm™3. In the range 0.02 < x < 0.15, the
N value increases up to 9 - 1029 cm™3. Further increase
of SnO, content is not reasonable due to the decreased
mobility of charge carriers p [1].

The criterion for comparing the parameters
of ITO films depends on the application. When
considering ITO as electrical contacts, it is necessary
to minimize the resistivity p. In the case of ITO,
the value of this parameter varies in the range of
1074-10"3 Ohm-cm [1-3]. In addition to varying the
stoichiometric composition of ITO, the electrical
properties optimized by altering the heating rate of
substrates during deposition [2], selecting the types of
working gases and their partial pressures [3—5], and
using different targets [6].

In some cases, for example, in photovoltaics [7]
and liquid crystal optics [8], high optical transmittance
is required in addition to low electrical resistivity. In
the visible and near-infrared (near-IR) spectral regions,
this requirement is fulfilled due to the relatively low
extinction coefficient k£ of ITO in this range; thus, optical
losses are mainly due to reflection [9].

Indium and tin oxides also represent sought-after
structures in IR optics due to the presence of plasmonic
electron gas resonance in this range. Here, the plasma
frequency Oy and damping frequency y depend on
the concentration and mobility of charge carriers,
respectively [10]. By varying the above parameters, it
is possible to obtain spectral regions with a negative
value of dielectric permittivity, which finds a number of

applications, e.g., in modulators [11], solar cells [12],
and sensors [13].

Thus, ITO applications are largely determined by
the concentration and mobility of electrons. One of the
strategies to improve the ITO performance is the use
of composite materials with nanostructures, by which
means it is possible to reduce the electrical resistance
and tune the restricted bandgap width [14-16].

Significant results were achieved by laser-
oriented deposition of carbon nanotubes on the ITO
surface [17-19]. Carbon nanotubes (CNTs) have
been shown to contribute to an increase in optical
transmittance, improved mechanical and laser strength,
and reduced electrical resistance of ITO thin films.
Based on atomic force microscopy data [19], CNTs are
understood to be deposited in the form of clusters.

In order to model the developed electro-optical
devices, in which one of the key elements is a structured
ITO layer, it is necessary to take into account the basic
properties of the CNT layer, including its thickness.
Since this material is not deposited as a continuous
layer, there is a need for a separate study devoted to
the determination of the CNT layer thickness. In the
present work, approach nondestructive ellipsometry was
chosen as the diagnostic method due to the possibility
of examining relatively large apertures. The current
study also investigated the precision variation of CNT
layer thickness. Surface electromagnetic wave (SEW)
treatment was selected as the mechanism for providing
thickness modification.

1. MATERIALS AND METHODS

The formation of ITO thin films on K8 crown
glass substrates (Scientific and Production Corporation
S.I. Vavilov State Optical Institute, Russia) was carried
out by laser-oriented deposition [17] using a CO,
laser (Laser Center, Russia; wavelength A =10.6 um;
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power P=30W; beam diameter d=5mm).
Cerac, Inc. (USA) provided ITO pellets with
stoichiometric ~ composition  (In,0;), 4—(Sn0O,), ;.

The average thickness of the considered ITO films
was 80-100 nm with mean-square roughness Sq less
than 2 nm. Next, Aldrich (USA) brand single-walled
carbon nanotubes (CNTs, No. 704121, chirality <7.6>)
were deposited on a part of the samples with ITO films
by laser-oriented deposition.) A control field with an
average strength of 100 V/cm was used in the CNT
deposition process. This is necessary to increase the
kinetic energy of CNTs to provide their subsequent
implantation on the material surface [17-19].

The thickness and roughness of the films were
controlled using an atomic force microscope NT-MDT
Solver Next (NT-MDT, Russia) in contact mode with
a scanning frequency of 1 Hz. Refractive properties were
investigated on a JA. Woolam M-2000RCE
ellipsometer (J.A. Woolam, USA) with built-in
CompleteEASE software (version 4.91)!. For this purpose,
the complex reflectance indices for s- and p-polarized
radiation were r and r, respectively. Then, according to
the ellipsometry equation (1), the ellipsometric parameters
vy and A were determined on the basis of the measured
complex reflection indices fp and 7, and phase difference
in reflection from the interface SP and 6, [20] 2

o
|7 |

'p A
- =tgye/s. )
rS

This expression is used in the Jones formalism;
the parameters " and r, correspond to the diagonal
elements of the Jones matrix [20], which are valid for
fully polarized radiation. In order to avoid unnecessary
artifacts in the interpretation of ellipsometry results,
the Stokes—Mueller formalism was used to take into
account the degree P in the interaction of radiation with
the studied samples [20]. In this approach, the Stokes
matrices of the output and input radiation are related
using the Mueller matrix M 2:

1 -PN 0 0

PN 1 0 0
M=R : )

0O 0 PC PS

0 0 -PS PC

Parameters N, C, S are related to the ellipsometric
angle y and A2:

I https://www.jawoollam.com/ellipsometry-software/
completeease. Accessed April 21, 2024.

2 Complete EASE: Data Analysis Manual (version 4.63).
J.A. Wollam Co., Inc. 2011. 410 p.

N =cos2y,
C =sin2ycosA, ?3)
S =sin2ysinA.

The abovementioned parameters are normalized by
reflection coefficient by intensity:

(4)

In expression (3), R, and Rp correspond to the
intensity reflection coefficients for s- and p-type
polarization, respectively. When analyzing the spectral
dependencies 7, and 7 along with their complex
conjugate values r'l: and fs*, it is necessary to take into
account the complex refractive indices (7;) of the
corresponding media [20]:

n; =n; + jk;,

. Ry cOSQy — My COS P T

r:.l 0 0 1:|rp|ejp, (5)
1y COS @y + 71y COS Py

. I, COSQy — 1 COSP L

P | Lo s |eds.

1y COS P, + 1y COS P,

Parameter 7 is the refractive index of the medium,
while & is the extinction coefficient. The radiation
propagates in the medium with i = 0 and is reflected
from the interface with i = 1, where i is the order
number of the medium. Thus, the complex index of
the studied structures is related to the amplitudes
and phases of the complex reflection coefficients (4),
which are measured using an ellipsometer. Using
expression (1), the ellipsometric parameters y and A
are determined to obtain the components of the Mueller
matrix (2)—(3). In order to determine the refractive
indices of K8 crown substrates, ITO thin films and
their modifications, it is necessary to solve the inverse
ellipsometry problem. This problem is reduced to
the selection of those values of the parameters of
refractive indices, extinction coefficients, and material
thicknesses at which the values of N, C, S obtained
with the help of the selected model will have the
least divergence from the experimental data. For this
purpose, we used the minimization of mean square
error (MSE)?*:

! X
3n—m (6)

X\/Z[(Nlm()d _ Nlexp )2 + (Clmod _ CICXP )2 + (Slmod _ Slexp )2 :|
I=1

MSE =
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Effective media approximation (EMA)

hema |
Pent |

hWO

subs Substrate

(a)

Virtual layer model

hWO

subs Substrate

(b)

Fig. 1. Interpretation of layers based on CNT:
(a) solid medium model; (b) virtual layer model.

hi1o is the thickness of the ITO, h

Parameter n corresponds to the number of
iterations (in the spectral range 300-1000 nm the
sources on the ellipsometer have 710 wavelength
iterations), m is the number of fitting parameters. For the
characterization of K8 crown substrates it is necessary to
know the refractive index and extinction dependencies,
as well as the roughness (m = 3). For ITO modifications,
in addition to the above parameters, the thickness is also
unknown (m = 4). Index [ is the iteration number, mod
and exp denote data based on approximation (model)
and experiment, respectively.

The Cauchy model [21] was chosen to approximate
the refractive index of K8 and ITO crown substrates in
the spectral range of 300—-1000 nm:

B C
n(k) Z.A'F5C§'4';?I. (7)

This model describes the refractive index of ITO in
the selected range with a high degree of confidence [22].

When CNT are deposited on the ITO surface,
it is necessary to take into account the fact that these
nanoparticles are deposited in clusters rather than as
continuous layers [19]. However, to interpret the results,
a value of the CNT layer thickness is necessary. For
this purpose, we introduce the value of the effective
thickness /g of the CNT layer according to the following
assumptions:

1. Effective thickness parameter /g increases with
increasing deposition density and with decreasing
distance between deposited CNT clusters;

2. The extinction k£ = f{A) and refractive index n = f{A)
of this layer are fixed and do not depend on the
treatment;

3. Optical properties at the “virtual layer—ITO’ interface
change discontinuously.

The abovementioned approach can be compared with
Bruggemann’s effective medium approximation (EMA),
in which the layer thickness /), , is fixed and the variable
parameter is the percentage content of components; in
particular, component 1 is air, while component 2 is the

subs

is the thickness of the substrate

material [20]. In the effective thickness approximation, the
component content is taken as 100% (P = 1), while the
varying parameter is the effective thickness /g. A visual
comparison of the approaches is presented in Fig. 1.

Results of [23] were used as reference data for the
description of n and &£ CNT. Interpretation of the results
of ellipsometry of CNT/ITO/K8 crown structures was
performed after determining the fitting parameters of
K8 crown and ITO/K8 crown structures. When working
with the CNT layer, the virtual layer model was used.
The refractive index and extinction coefficients in
the range of 300-1000 nm were imported from the
data [23], while the fitting parameter was the thickness
of the effective layer.

After diagnosing the structures based on ITO with
CNTs, a part of the samples was subjected to laser
treatment at CO, marker (A = 10.6 pm, modulation
frequency 1 kHz, beam diameter 150 pum, processing
frequency 50 mm/s, power 21 W).

2. RESULTS AND DISCUSSION

According to the previously described procedures,
the spectral dependencies of the refractive index of
K8 crown substrates and ITO thin films deposited on
K8 crown substrates were sequentially determined (Fig. 2).
In the spectral range of 300—1000 nm, the Cauchy fitting
parameters for the K8 crown substrates were as follows:
A=1.550, B=0.00541 and C =—9.153 - 1077 (Fig. 2a).
The parameters for the ITO thin films were as follows:
A=1.506, B=0.085and C=-3.72 - 1078 (Fig. 2b). From
Fig. 2a, it can be concluded that the refractive index
dispersion is negative; in the visible range, the refractive
index varies between 1.51 and 1.54, which is typical
for crown glasses3. Here, the optical parameters of ITO
depend on the stoichiometric composition, deposition
methods and modes, as well as the annealing temperature
and post-processing procedures. In spite of this, the data

3 GLASS—glasses, Refractive index database. https:/
refractiveindex.info/. Accessed April 21, 2024.
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Fig. 2. Spectral dependencies of the refractive index:
(a) K8 crown substrates, (b) ITO thin films

in Fig. 2b can be qualitatively compared with the results
obtained in [22] to obtain a close correspondence.

The studied ITO structures are thin-film structures as
manifested in the form of interference extrema (Fig. 3).
The spectral dependencies were measured at three angles
of'incidence value (o= 65°, 71°, and 77°), which exceed
the Brewster angle 0. In the case of ITO, the value of
0p, in the visible spectral range varies between 60.6° and
64.1°. Such a choice of incidence angles allows us to
work with a steep section of the R, = fla) dependence,

to reduce the noise/reflected signal ratio, and thus to W
interpret the ellipsometry results more reliably. 0 :

T T T T T T 0
The data in Fig. 3 illustrate only the amplitude 300 400 500 600 700 800 900 1000
values of reflection coefficients, which are used to Wavelength, nm
compare structures in the context of their application. Fig. 3. Spectral dependencies of reflection coefficients
To determine the thickness of ITO films by the optical of ITO thin films on glass in the range of 300-1000 nm

. . iffi | finci 165°,71° r
method, we use the ellipsometric parameters y and at different angles of incidence: 65, 71°, and

A (Fig. 4), then follow the procedures described in step 1.

359 A 90 1
80 1 —— 1:65°
30 \ — g ;;
| 70 — = J
254 | 60 A \
. . 50+
5 20 o
40 1,
15 4 30 A
20 A
10 4
10
5 T T T T T T 1 0 L] T T T T T 1
300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000
Wavelength, nm Wavelength, nm
(a) (b)

Fig. 4. Spectral dependencies of ellipsometric parameters Y (a) and A (b) of ITO films
on K8 crown substrate in the range of 300-1000 nm at different angles of incidence: 65°, 71°, and 77°
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Based on the measured dependencies of reflection
coefficients (Fig. 3), calculated ellipsometric para-
meters (Fig. 4), and known refractive properties (Fig. 2),
it was found that the minimum MSE corresponds to
an ITO thickness equal to 87 nm.

During CNT deposition, the number of extrema in
the spectral dependencies of reflectance coefficients
increases (Fig. 5), which is associated with an increase
in optical length.

20 -
18_,\ "'
164 v/
1497\

o 127
= | o
210N/
o /

T T T T T T 0
00 400 500 600 700 800 900 1000
Wavelength, nm

Fig. 5. Spectral dependencies of reflection coefficients
of ITO thin films with laser-deposited CNTs
on the K8 crown substrate in the range of 300—1000 nm
at different angles of incidence: 65°, 71°, and 77°

It is noteworthy that the value of the reflection
coefficient decreases during CNT deposition. For
example, the values of local maxima of R_ at a = 65°
in the case of ITO were 20.3% (A = 358.3 nm) and
22.0% (A = 591.4 nm), and 14.2% (A = 348.5 nm) and
18.1% (A = 463.3 nm) in the case of ITO with CNT.
A more detailed comparison is given in the table.

In order to define the effective thickness of the CNT
layer, it is necessary to take the ellipsometric parameters

—— 1:65°

300 400 500 600 700 800 900 1000

Wavelength, nm

(a)

into account (Fig. 6). Then, also considering the thickness
of the ITO layer (87 nm) calculated at the previous step,
the procedure is performed as described in step 1. In this
case, the minimum MSE corresponds to the effective
thickness of the CNT layer in a range of 22-24 nm.

The effective thickness of the CNT layer depends
on the density of cluster deposition and their sizes,
which are determined by the mode of their deposition
on the ITO surface. The required effect of the CNT
layer on the ITO surface can involve the rearrangement
of spectral properties, the formation of an orienting
effect or a change in the free surface energy [17, 24].
As a rule, several parameters are changed at once, for
example, surface energy and transmittance (including
due to interference and formation of charge transfer
complexes). Sometimes the reverse procedure is required,
i.e., reducing the thickness of thin films, for example,
based on the requirements for optical coordination of
functional layers of optoelectronic devices.

In some cases, it becomes possible to treat the ITO
surface via SEW [25]. In this treatment method, the
SEW is distributed along the interface between the ITO
surface and air. If we denote the dielectric permittivity of
the ITO modification as €, and of the boundary layer (air)
as ¢, the depth of the SEW attenuation /, in ITO can be
estimated as follows [25]:

h =§4/—(8%;2)- ®)

Here ¢ and o are the velocity of propagation in
vacuum and frequency of radiation of electromagnetic
waves, respectively. This approach imposes requirements
on the dielectric permittivity of the treated material:
le;] > €, and €, < 0. The possibility of satisfying this

300 7

— 1:65°
—2:71°
200 — 37T

2507

150

< 100

i 2
50 W
N

-50

_1 OO T T T T T
300 400 500 600 700 800
Wavelength, nm

(b)

900 1000

Fig. 6. Spectral dependencies of ellipsometric parameters U (a) and A (b) of ITO films with CNTs
on K8 crown substrate in the range of 300-1000 nm at different angles of incidence: 65°, 71°, and 77°
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Fig. 7. SEW treatment:
(a) treatment scheme: 1 mirror-reflected flux, 2 diffuse-reflected flux, 3 refracted radiation flux, 4 SEW;
(b) atomic force microscopy profile of ITO surface in the area of SEW treatment

condition near the resonant frequencies ®_, was already
discussed in the introduction section.

SEW treatment should be distinguished from laser
ablation by direct hit of radiation. The input radiation from
the CO, laser was used to generate SEW, a significant
part of which was absorbed by the ITO-based thin film
with the formation of caverns, while a small part was
diffusely reflected. Consequently, the SEW treatment
exposed regions around the direct laser ablation zones,
with energy densities for SEW exposure substantially
lower than those required for laser ablation activation.
The schematic differences are shown in Fig. 7 along
with the surface profile of ITO modifications following
SEW treatment.

pl

T T T T T T O
300 400 500 600 700 800 900 1000
Wavelength, nm

Fig. 8. Spectral dependencies of reflection coefficients
of ITO thin films with laser-deposited CNT
on the K8 crown substrate after SEW treatment
in the range of 300-1000 nm at different angles
of incidence: 65°, 71°, and 77°

The spectral dependencies of the surface reflectance
coefficients of ITO thin films with CNT in the SEW
treatment regions are shown in Fig. 8.

According to the position of the interference peaks,
the optical length it can be seen to have decreased
relative to the ITO films with CNT. At the same time,
the numerical values of reflection coefficients are lower
than in the case of the original ITO. The comparative
data are presented in the table.

Spectral dependencies of ellipsometric
parameters (Fig. 9) were also used to estimate the
effective CNT layer thickness after SEW treatment,
followed by the statistical processing described in step 1.

Based on the data shown in Figs. 8 and 9, it can be
stated that the minimum MSE corresponds to /.4~ 6 nm.
Similar procedures were carried out for 10 regions of
ITO/CNT and ITO/CNT/SEW structures. It was found
that /g decreases from 22-24 nm to 4-8 nm during the
SEW treatment (Fig. 10).

At first glance (Fig. 10), there is some doubt about
the presence of CNT after SEW treatment. On a macro-
scale, the markers of CNT represent the reduced
reflection loss (related to the luminescent effect of CNT
with respect to ITO) and the increased contact wetting
angle (related to the formation of Wenzel and Cassie—
Baxter states on the CNT framework) [19, 24]. The
comparison of reflection losses given earlier can be
visualized in the table. A detailed analysis of the wetting
mechanisms of the original structures was considered
separately in [19]. ITO surfaces with CNT and SEW
treatment preferentially possess contact angles 0 in the
range of 100° to 110°, while this range is 80°—90° for ITO
surfaces with SEW, and 115°-125° for ITO with CNT.
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Table. Comparison of refractive properties of ITO modifications for p-polarization

ITO modification
Parameter
1TO ITO with CNT ITO with CNT and SEW
Parameters of extrema at o= 77°: A (nm) / Rp (%)
Maximum 1 358.3 nm/20.3% 3485 nm/ 14.2% 330.6 nm/ 13.2%
Minimum 1 4373 nm/ 13.9% 390.9 nm/ 6.8% 387.2nm/ 6.1%

Maximum 2

593.3nm/22.2%

463.3nm/ 18.1%

535.7nm/ 16.7%

Minimum 2

The data are not applicable
for the specified conditions

590.6 nm / 8.6%

The data are not applicable
for the specified conditions

Maximum 3

The data are not applicable
for the specified conditions

832.9nm/ 16.9%

The data are not applicable
for the specified conditions

Average Rp value (%) in the visible range (400—750 nm) at different o

Arbitrary area number

Fig. 10. Effective CNT layer thickness before
and after SEW treatment determined
on the basis of the ellipsometry method

o=65° 18.5% 12.8% 13.5%
a=71° 6.4% 3.4% 4.7%
a=77° 1.8% 0.8% 1.2%
300 7
250 7
200 7
150 ]
5 4 100
50 1V/\
0 NT
-50 )
0 T T T T T T 1 _1 00 T T L4 T T T T 1
300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000
Wavelength, nm Wavelength, nm
(a) (b)
Fig. 9. Spectral dependencies of ellipsometric parameters Y (a) and A (b) of ITO films with CNT on K8 crown
substrate after SEW-treatment in the range of 300-1000 nm at different angles of incidence: 65°, 71°, and 77°
24 - Thus, the data on the change of refractive properties
n - ] - . .
o] ™ = = . presented in the current study, as well as in a separate
20 | study devoted to wetting mechanisms during laser
o E 18 ablation and SEW treatment [26], indicate that a part of
§ o ] CNT clusters remains on the ITO surface at the selected
S 16 1 : :18 gsg SEwl mode of SEW treatment, resulting in thickness variation.
=T 144 Additional information on the effect of SEW treatment
= 5 12 can be obtained from atomic force microscopy.
L% £ 10 Figure 11a shows the surface profile of CNT on
S g the ITO film prior to SEW treatment. The mean-square
6 e . ¢ roughness Sg is 41.2 nm, while the maximum height
ale ® . ® h, . and i_. depth with respect to the zero-level line are
. 573.9 and —65.9 nm, respectively. It should be understood

that CNTs are deposited in clusters of different height
and density; thus, the parameters Sq, & ., h . are
different in different surface areas. However, a tendency
of decreasing roughness can be distinguished in SEW
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Fig. 11. Effect of SEW treatment on the surface of CNT deposited on ITO films:
(a) before treatment; (b) SEW treatment of the region with high density of CNT deposition;
(c) SEW treatment of the region with low density of CNT deposition

treatment. The case shown in Fig. 11b corresponds to
SEW treatment of CNT with high deposition density:
here, depressions are observed, which can be related
both to a thinning of CNT clusters and a partial removal
of ITO material. A decrease in the Sg value to 11.0 nm
ath, =322nmand &, =-22.9 nm is observed. In
cases where the density of deposited CNT is lower, such
as when single tubes of small size are deposited on the
ITO surface, the SEW treats the ITO surface to a greater
extent than CNT (Fig. 11c). These regions are even
smoother: S¢=0.9nm, s, =32.2nm, A ; =-22.9 nm.

When evaluating the effect of SEW on the CNT
layer thickness, the atomic force microscopy method
has a limitation related to the ratio between the sizes of
probes (up to 3—5 pm) and scanned objects (diameter of
single CNT 1-2 nm). It is also necessary to take into
account the adhesion of probes to CNT clusters, which
causes additional measurement errors. Therefore, the
noncontact ellipsometry method is preferable for solving
this task.

CONCLUSIONS

Two important scientific and methodological results
were obtained in the course of the performed research:

1. The effective thickness A g of the layer of laser-
deposited single-walled carbon nanotubes on the
ITO surface was determined. At the value of the
control field strength of 100 V/cm in the process
of CNT deposition on the ITO surface by the
optical nondestructive method, the values of /g
were determined to be in the range of 22-24 nm.
Knowing the numerical value of this parameter
allows us to perform calculations more efficiently in
the development of electro-optical devices.

2. It is shown that the effective thickness of the CNT
layer on the ITO surface can be precisely reduced
by SEW treatment. For example, in the current
study, it was possible to reduce /g from 22-24 nm
to 4-8 nm. This is an important application of
nanoplasmonics in the context of ITO surface
treatment, since the accuracy of direct laser ablation
directly depends on the technical parameters of
the optical system (beam divergence, focal length,
diameter, scanner pitch, etc.), while the accuracy
of SEW treatment is determined by the material
properties (1, 1, copl).

The performed research and analysis contribute to the
expansion of the material science database of photonics
systems and functional materials of optoelectronics.

Thus, the effective thickness of the CNT layer on the
ITO surface can be both increased (by means of additional
oriented deposition) and precisely reduced by means of
SEW treatment. This makes it possible to rearrange the
interference peaks of thin films based on ITO with CNT
as ameans of optimizing the parameters of electro-optical
devices with respect to the required spectral range. At the
same time, the useful properties of CNT are preserved,
i.e., an increase in coating strength, rearrangement of
wetting mechanisms and optical luminescence, as well
as an increase in electrical conductivity.
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Abstract

Objectives. Interconnected control systems are widely used in various technical contexts, generally involving
multichannel systems. However, due to the complexity of their description, the problem of identifying interconnected
systems has received insufficient attention. As a result, simplified models are commonly used, which do not always
reflect the specifics of the object. Thus, the synthesis of mathematical models for the description of interconnected
control systems becomes a relevant endeavor. The paper sets out to develop an approach to obtaining models under
conditions of incomplete a priori information. A mathematical model is developed on the example of two-channel
systems (TCSs) having cross-connections and identical channels. The case of asymmetric cross-connections is
considered, along with estimates of their influence on the quality of the adaptive identification system. The problem
of estimating the identifiability of the parameters of a TCS is formulated on the basis of available experimental
information and subsequent synthesis of the adaptive system. The proposed approach is then generalized to the
case of an interconnected system.

Methods. The adaptive system identification and Lyapunov vector function methods are used along with implicit
identification representation for the model.

Results. The influence of excitation constancy on estimates of the TCS parameters is demonstrated on the basis
of the proposed approach for estimating the identifiability of TCS with cross-connections. The synthesis of adaptive
algorithms of parameter estimation for TCSs with cross-connections based on input-output data is generalized to
the case of interconnected systems. The results are applied to building models of tracking system and two-channel
corrector for automatic control systems.

Conclusions. The features of adaptive identification of TCSs with identical channels, cross-connections and
feedbacks are considered. The conditions for the TCS identifiability are obtained. Adaptive algorithms for estimating
TCS parameters are synthesized. The proposed approach is generalized to the case of nonidentical channels and
multi-connected systems. The exponential dissipativity of the adaptive identification system is verified. The proposed
methods can be used in the development of systems for identification and control of complex dynamic systems.

Keywords: adaptive identification, identifiability, stability, two-channel system, Lyapunov vector function,
multiconnected system, excitation constant
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HAYYHAA CTATbA

OO0 uaeHTHPUKAIMY B3aMMOCBA3aHHBIX CHCTEM

H.H. Kapa6ytos @

MUP3A — Poccuiicknii TexHosorn4eckni yumsepeutet, Mocksa, 119454 Poccus
@ AsTOp AN nepenvicku, e-mail: karabutov@mirea.ru

Pe3iome

Llenu. Npobneme naoeHTndrkaumm B3anMoCBsa3aHHbIX CUCTEM 40 HACTOSILLLErO BPEMEHW YAENSAN0CHh HEA0CTAaTOYHO
BHUMaHus. B3anmocBsi3aHHbIe CUCTEMBI YNPABAEHUS LUMPOKO NMPUMEHSIIOTCS B PA3/IMYHbBIX TEXHNYECKMX CUCTEMAX.
Kak npaBmno, NpMMEHSI0TCH MHOFOKaHalbHblE€ CUCTEMBI. V13-3a CAOXHOCTU UX ONMUCAHUS MPUMEHSIIOT YNPOLLEHHbIE
MOJENU, KOTOPbIE HE BCEraa oTpaxaloT cneundunky oobekTa. NMoaTomy 3aga4a cCUHTE3a MaTEMATUYECKMX MOAENEN
ABNSeTCs akTyanbHOW. Llenbio HacToswer paboThl ABnsieTcs pa3paboTka noaxoaa K nojiydeHuo Moaenei B ycno-
BUSX HEMOMHOM anpuopHon nHdopmauuun. [Ang peweHns 3agaydn NnpuMeHseTcs aganTuBHbli noaxon. Ha npume-
pe OoByxkaHanbHbIx cucTem (JC) ¢ NnepekpecTHbIMU CBA3IMU U UOEHTUYHLIMUY KaHanamu paspabaTbiBaeTcs MeTo[,
nony4yeHnss MaTemMaTn4eckor mogenu. PaccmatpmuBaeTcs Cinyyat aCUMMETPUYHbBIX MEPEKPECTHbIX CBA3EN, U MOJy-
YeHbl OLEHKM UX BIIUSIHUS Ha Ka4eCcTBO PaboThl alanTUBHOM CUCTEMBI naeHTUduKaummn. B pamkax npegnaraemoit
NOCTAHOBKM CTaBUTCH 3a4a4a OLEHKN UOAEHTUDULMPYEMOCTN MapamMeTpoB ABYXKAaHANbHOW CUCTEMbl HA OCHOBE
MMEIOLLENCS 3KCNEPUMEHTANBHOM MHbOPMaUUKM 1 NOCNEAYIOWEM CUHTE3E afanTUBHOM cucTeMsbl. JaeTtcs 0606-
LLeHVe npeasiaraeMoro noaxoaa Ha ciydam MHOroCBA3HOW CUCTEMBI.

MeTopabl. [pMeHsI0TCA METOA afanTUBHOM MAEHTUOUKALMN CUCTEMBI, HESIBHOE MAEHTUDMKALMOHHOE NPeaCTaB-
JIeHVEe AN MOAENU, METO, BEKTOPHbIX GYHKLUMI JIanyHOBa.

PesynbTartsbl. peanoxeH nooxon K oueHKe MAEHTUOULMPYEMOCTU ABYXKaHalbHbIX CUCTEM C MEPEKPECTHbIMMN
cBazsmu. MNokasaHo BNMsIHWE NOCTOSIHCTBA BO30YXXAEHMS HA OLLEHKM NapaMeTPOoB AByxKaHasbHOW cuctemsl. Mpen-
JIOXEH MEeTOoA, CUHTEe3a afanTMBHbIX aNrOPUTMOB OLLEHKM MapaMeTpoB 415 ABYXKAHANIbHbIX CUCTEM C NMEPEKPeCcT-
HbIMW CBSI3SIMW MO OAHHBIM «BXO[-BbIx04». JlaHo 06006LeHe Noaxoaa Ha cryyali B3aMMOCBSI3aHHbIX cucteMm. Pe-
3yNbTaTbl M(PUMEHEHbBI 419 MOCTPOEHUS MOAENEN CUCTEMbI CNEXEHUS U ABYXKAHANbHONO KOPPEKTopa Afisi CUCTEM
aBTOMATMYECKOrO perynnpoBaHns.

BbeiBoAbl. PaccMOTpeHbl 0COBGEHHOCTY aaanTUBHOW MAEHTUMUKALMN ABYXKAHANbHbBIX CUCTEM C UAEHTUYHBLIMA Ka-
Hanamu, NepekpecTHbIMU 1 06paTHLIMU CBSA3sIMU. [MonydeHbl yenosust naeHtuduumpyemoct JC. CuHTE3MPOBaHbI
aZlanTUBHbIE aNropUTMbl oLeHnBaHusa napametpos AC. NaHo 0606LieHMe NnpeanaraeMoro noaxona Ha ciydaim He-
WAEHTUYHbBIX KAHAI0B 1 MHOFOCBSI3HbIX cUCTEM. JJokasaHa 9KCNOHEeHLuManbHas AUMCCUNaTMBHOCTb aAanTUBHOM CU-
cTeMbl ngeHTUdUKauun. NMpeanaraemMble METOABI MOMYT UCMOJIb30BATLCS NPU pa3paboTke CMCTEM UAeHTUdUKaLMN
1 yNpaBfIEHNS CTIOXHBIMW ANHAMUYECKUMN CUCTEMAMM.

KnioueBble cnoBa: agantmBHas I/I,El,eHTI/lq)I/IKaLLI/Iﬂ, I/I,D,eHTI/Id)I/ILI,VIpyeMOCTb, yCTOVI‘-IVIBOCTb, ABYyXKaHasibHaaA CUCTe-

Ma, BEKTOpPHa4a beHKLI,I/Iﬂ ﬂﬂl‘lyHOBa, MHOrocea3Haa cucrtema, NOCTOAHCTBO BOS6y)K,ELeHI/IFI

¢ Moctynuna: 25.01.2024 » fopa6oTaHa: 29.03.2024 ¢ MpuHsaTa kK onyonukoeaHuio: 15.07.2024

AnsauutupoBanus: Kapabytos H.H. O6 naoeHTndurkaumm B3aMMocBsa3aHHbIX cuctem. Russ. Technol. J. 2024;12(5):63-76.
https://doi.org/10.32362/2500-316X-2024-12-5-63-76

Mpo3payHocTb GMHAHCOBOW AEeATEeNIbHOCTU: ABTOP HE nMeeT GUHAHCOBOW 3anHTEPECOBAHHOCTM B NPeACTaB/IEH-
HbIX MaTepuanax uam metogax.

ABTOp 3asBseT 06 OTCYTCTBUN KOHMINKTA UHTEPECOB.
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INTRODUCTION

Interconnected systems (ICS) are widely used in
control systems [1-5]. They are most commonly used
to control robot and manipulator drives [6, 7] as well
as forming the basis for various technical systems [8, 9].

In [10], the possibility of applying adaptive
identification to ICS is considered. Here, the application of
iterative-probabilistic method is proposed. In [11], a black-
box model identification method for interconnected
nonstationary dynamic objects with uncertainty is
proposed. The development of adaptive algorithms for
decentralized robust control with a reference model for ICS
with time delay is discussed in [12]. Here, the asymptotic
stability of the system is justified. The identifiability
of a closed-loop interconnected stochastic system is
considered in [13] along with the proposed decomposition
of the system into subsystems. The identifiability both of
separate elements of the system and separate closed loops
without simultaneous identification of other elements
and of loops of the system are considered. Sufficient
conditions for almost certain convergence estimates of
likelihood parameters are determined. The high-modular
normalized adaptive lattice algorithm for multichannel
filtering proposed in [14] is based on the least squares
method.

In [15], an algorithm is presented for model
identification using a neural network in the form of
transfer functions for two-dimensional spatial ICS,
which are causal for both open and closed loop. In [16],
decentralized robust adaptive stabilization with output
feedback is considered. The synthesis of control laws
is based on adaptive nonlinear damping as well as
the application of robust adaptive state observer and
Lyapunov functions (LF). Similar results are obtained
in [17, 18]. In [19], a method for identifying the ICS in
rational form using input-output data is presented along
with a Rasser-shaped model.

The adaptive control over a class of large-scale
systems consisting of an arbitrary number of interacting
subsystems with unknown parameters, nonlinearities,
and bounded disturbances is considered in [20] using
the reference model method. In [21], topological
structural identification of large-scale subsystems
having sparse flows of interconnected dynamical
systems due to a small amount of data is considered.
In [22], an approach to blind identification of a two-
channel system (TCS) with finite impulse response
from a limited number of output measurements in
the presence of additive white noise is described.
The proposed approach, which is based on data in the
frequency domain, allows frequency-based estimation.
In [23], fundamental problems of blind multichannel
identification are considered on the basis of an analysis
of some modern adaptive algorithms.

Review [24] covers some modern approaches
based on decomposition of the problem of identifying
systems with multiple inputs/single output. Proposed
identification procedures combine low-dimensional
solutions with the iterative version of the Wiener
filter. The identification of stationary linear systems
of this class are considered in [13, 25, 26]. In [25],
amethod for identifying multidimensional systems in
the frequency domain using the correlation approach
is proposed. A parametric model in the form of
a vector-difference equation was further transformed
into a corresponding frequency domain model.
The identifiability of multidimensional discrete
dynamical systems is considered in [26]. A priori
estimates for the identifiability of coefficients are
proposed on the basis of numerical characteristics of
the asymptotic variance lower bound of coefficient
estimates.

Thus, models in the form of transfer functions
and in state space are used to study processes in ICS.
Adaptive procedures are used to synthesize control
algorithms. Adaptive control algorithms have been
developed in the presence of unmodulated dynamics
and disturbances. This condition can be explained by
insufficient information about the state and parameters
of the system or object, as well as the difficulty of
accounting for interconnections in the system. The
identification of multidimensional system parameters
is based on applying statistical procedures, frequency
methods, and neural network technologies. A number of
studies deal with the application of adaptive methods,
which are mainly used for adjusting (identifying)
control device parameters. The resulting parametric
uncertainties are compensated by selecting appropriate
control algorithms. However, few publications cover the
problem of TCS identification.

The present paper proposes a measurement-
based approach to the ICS adaptive identification.
The proposed approach to the identifiability of TCS
having cross-connections involves various assumptions
regarding the parameters of cross-connections. The
stability of the adaptive system is demonstrated on the
basis of obtained identifiability estimates to inform the
considered approach to ICS identification.

1. TCSs
1.1. Problem statement

We consider the TCS with cross-connection. The
links in the channels are considered identical. Transfer
functions are used to analyze these systems [27]. For
identification tasks, describing TCSs in the state space is
more convenient. Let the system contain » sequentially
interconnected vertical layers:
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1) first layer

{Xn =A X +Bvyy,
_ T
v =C X

) (1)
{le =A X, +Byvy),
_ T
Y21 =€ Xy,
2) kth layer (1 <k<n)
Xy g = ApXy g + B g,
— T
Yk =G X
U = V=1 T Vik-1o
Vikot = Vg g iV )5
) ()
Xo k= A X + By g
_ T
Yok =C X
Uy k = V2 k-1 T V2 15
Vgt = Ay Vg + AoV )
where v} =81 =¥y, V21 =82 " V2> Vig-1 18 the

output of cross-connection of the ith channel, i = 1, 2;
X, € R is the state vector of the kth layer of the ith
of the TCS; A, eR%%; C, eR%;
B, eR%; y,, €R is the output of kth layer of ith
channel; vi,k_l’ is the output of cross-connection, and

channel

g;(t)eR is the system input (master control). Matrix
A, is a Hurwitz matrix.

Parameter d,_| represents an operator. Depending on
the problems solved by the TCS, d,_, can be a constant,
nonlinear function, or differential operator.

The information structure for system (1), (2) has the
following form:

I, :{gi(t),yi’k(t)V(i:1,2)&(k =1,7),teJ=[zO,ze]}, )

where J is the data capture interval; ¢ is time; and #,

and ¢, are the beginning and the end of time interval.
The system is identified using a model with

a structure similar to (1) and (2) and with outputs

Vix €R, where i=1,2; k=1,n.
The problem is reduced to selecting algorithms for
adjusting model parameters in such a way that

lim | §, = i, | <84 4)
t—00

where 8, ; 20 is the specified value.

1.2. On structural aspects of the system

The identification of systems (1) and (2) depends on
the possibility of estimating its parameters significantly.
We introduce a model for TCS (1):

X =K (X =X D)+ A X +Byy g,

A _ T <

=G X,

. X . i (5
Xo1 =KXy =X, )+ A X, +Bpyy g,

~ _ T
1= C Xo 18

where K| e R4 ig the known stable matrix (reference
model); A, eRW%, B, eR% is the matrices of
model (5), and )A(i’l is the state vector.
A~ A~
We denote El,l = Xl,l _Xl,l’ E2,1 = X2,1 _Xz,l-
Then for the first layer

El,l = KlEl,l + AAIXI,I + ABIVL1 ,

. A (6)
E) =K E) +AA X, +ABy, |,

where AA, = Al -A[, AB, = ﬁl —B, are matrices of
parametric mismatches.

Similarly, error equations for the remaining layers of
TCSs are obtained:

. (7
By =K E); +AA X, +ABuy .

Letinputg(?),i= 1, 2 satisfy the excitation constancy
(EC) condition:

. 2(n<a
L sgr()sa,

N
)

Vielty,ly+T],  (8)

where a; and o; are positive numbers, 7> 0. Further,
condition (8) is written as g;(¢) € & @iﬁi' If g (1) does
not have an EC property, then it is written as
g(t)e %‘@iﬁi.

Theorem 1. Let the following conditions be satisfied:
1) g;()ee @i,ai, where (a;,Q;)>0; 2) system (5) is

stable and detectable; 3) matrix K; € R s a Hurwitz

matrix;  3)  outputs V() €T 5,>  Where
51,5
6,>0,6,,>0,i=12; 4) Xl.’1 e %‘@X Ty,
7,1 1,1

where (gxi 1 L0l 1 ) > 0. Then system (5) is identifiable if

T [AA P +0.50, |AB, P <057, (9)
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where A > 0.5, 7 =2max(0cX11,0tX12), Vjp =011 + Gy,

||AA1 ||2 =tr(AATAA)), tr is a matrix trace, and
Vi(1)=0.5E],()R,E (1) + 0.5EL, (NR,E, (1), R; =R >0
is a symmetric matrix.

When condition (9) is satisfied, system (5) is called
parametrically @7 y -identifiable on the set of state
variables. The identifiability of subsystem layer (1)
depends on the properties of the TCS output.

We consider system (7) and introduce LF:

V()= O.SEEk (ORLE, ;. (1) + 0.5E§,k (ORLE, ; (1). (10)

Theorem 2. Let the following conditions be

satisfied: 1) matrix K, € R%™% is a Hurwitz matrix;

2
il < s,

2
2) X4 e
2,k 2,k

ax, |
Xk X
T, =max (a a ) v ceFED _
k X, X s 2k-1 o o
Lk 2k ok Yok
3) system (5) is ?‘71 y -identifiable; 4) system (7) is
stable and detectable; 5) vy e%@v a, ;
2,k-1 2k-1
6) operator d,_, is constant: d, < ®, < ®, where o is some
number; 7) A, = 0.5. Then system (7) is

@7 x -identifiable, if

B

0.5m, , [AA|* +0.5]aB, | x "
x (@ + 202 (& +20%B,)) <(y —0.5)V,

)s

n, . =2max (@, ,o o, = a a
where m ; (Xlk, Xz,k)’ak 2max(ocy2’k_1,ocyl’k_1

- = 2s
By —max(ocy‘ +oa, ).
i ik—1 i,k—1
I 2 T .
Note 1: Conditions “Xi,k“ €Tl ay 0 i=L2
ik ik

follow from v;(¢) e & ?&V a,
i i

Note 2: The identifiability of kth layer (7) depends
on the properties of previous layers of systems (1)
and (2) and cross-connections. The parameters of cross-
connections should be selected so that condition (11) is
satisfied.

We consider the case when operator d, is
differentiable.

Theorem 3. Let the conditions of Theorem 2 be
satisfied and: 1) operator d, , is differentiable, i.e.,
Vg =AWy +dk_2v2’k_1)/dt; 2) systems (1)
and (2) are stable, detectable, and recoverable. Then
system (7) is @7y -identifiable, if

0.5m, , [AA|* +0.5]aB, | x

= ~ (12)
x (a5 +2@, +aﬁ)) <\, —0.5)7,,

where U 5 =2maxocy~ s O =2maxd.

i 2%k-1 i ik
Ty = 2max (&Xl . ,(TLXZ . ), V(1) is of the form (10).

Thus, the findings allow estimating the identifiability
of systems (1) and (2) under measurability of the state
vector of elements of all TCS layers. Most often, only
set (3) is available for observation. In this case, it is
necessary to operate with the available information to
estimate the TCS identifiability.

We transform the TCS to a form convenient for using
set I, [28,29] and consider the system (1). Let A; be the

Frobenius matrix with vector of parameters A ¢ € R%,
C, =[1,0,...,0]T,

B, :[O,...,O,bl,S]T. In space (V1>¥;1), system (1)
corresponds to the following representation:

_ T
Al,s - [al,s,l ’ al,s,2 LA al,s,ql ] >

V= AE1P1,1’ (13)

AT 1 .
where Al,l =[ al,l’],al’l,z,...,alil,ql,b],s,b],z,...,b1

Kll e R, P, e R,
Considering (13), we transform the system (1) in the
input-output space to the following form:

i

© AT
V= ALP (14)
S _ AT

Vo1 = APy

In order to evaluate the identifiability of system (14)
by the output (&7 , -identifiability), we consider the
following model:

A _ AT
Vi = ey +ALP
(15)

A _ AT
Vo1 =X T AP

where %; >0, €, =3, —;; is the prediction error of
the Vi1 th output, i =
derived for ¢ ;:

1, 2. The following equation is

A

G =Ny TAAP 1 A=A - Ay (16)

il

' We consider LF V} , (61,1’62,1) = 0.5(612,1 + eil). For
M.2> we derive:

A AT

Vip =20V + DA (Pe; + Py ey ) <

X1 1 AT ppTAR
<=Vt AAL PP AA, ),
2 2%

T_p pT T
where PP =Py P} + P, Py,
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It follows from (16) that AKU =0, if vector P;(?)

. . P
is extremely nondegenerate, i.e., P,(1)ee “ap. Jp.
1 1

(i=1,2)and subsystem (1) is parametrically @7 , -identifi-
able by the output. The 7/’/? 3 -identifiability of subsys-
tem (2) is justified similarly.

For the kth layer (system (2)), the following
representation similar to (13) can be obtained:

J>1,k = AlT,kPLk’
(17)

S _ AT
Yok = Al,kPZ,k

where P, ; eR%k s the generalized input. For
convenience, representations (13)—(15) and (17) are
called noncanonical identification representations.
When identifying TCS and incomplete a priori
information, the task of determining the type of cross-
links may arise. In this case, the following approach can
be used. We consider kth layer of system (2) with
identical cross-connections and d, ; = const and

construct structure S”'k described by function
L,

Yik

f“'k yip Uik ™ Viko i =1, 2 for both channels of the
i,k>7i, > >

kth layer. Structure S”i L.y, Tepresents the TCS input-

Vi,

output state. We define secants for S, g
i,k>71,

(18)

=q +a, u
E”ui,k ik Gk Gk ik’

where a; and a . are parameters determined by
0,i,k 1,0,k
the least squares method.
Since the cross-connection is rigid, the angle

between secants & would not exceed a certain

Ui fe>Yik

a —a <8, .

| L1k 51,2,k| Sik

connections are positive. If cross-connections are

asymmetric, then Iag —a | > Bg . In this case,
1Lk 1,2,k ik

value: Hence, Cross-

signal v| ;_; operates out of phase with output y; ;_; of
the previous layer of the first channel.

Note 3: If the channels of each layer are
nonidentical, the identifiability of the system layers can
be easily derived from the above theorems.

1.3. Adaptive identification of TCSs

We consider representations (13)~(15) and (17) for TCS.
For subsystem (17), the following model is introduced:

A _ LT
Vg = Ak + AP
(19)

A _ LT
Yok = Aok T AP

where yx; >0, €k = f’i,k ~Vik is the prediction error
for output y; ; (k=1, 2, i is the ith element in the kth
layer). For ¢; ;, the following equation is derived:

k= AkCixt AAZkPi,k’ AA = A — A (20)

The adaptive algorithm for adjusting parameters of
model (19) has the following form:

AA  =A =T Py, (21)

where T € R%*k is the diagonal matrix with v, ; > 0.
We consider subsystem (14)-(16) and LF

171(61,1)=0.5€12’1. From condition I71 <0, the adaptive

algorithm for adjusting vector A;; is derived, as
follows:

AA =Ap =-T,P,, (22)
where T} € RN is the diagonal matrix with v, ; >0,
j is the diagonal element number.

Note 4: Since TCS has identical channels, only one
of them is adjusted.

Due to feedback, some parameters of system
(14)—(16), (22) may be unidentifiable. Considering
this, Eq. (16) may be written in the following
form:

. _ _T re
e =1 TAAL P+ f(Al,l’pvn ),

where  f() is uncertainty resulting from the

nonfulfillment of the EC condition.
We consider LF

- = Tl

VI,A (AAU) = O.SAAUF1 AAU.
Theorem 4: Let the following conditions be

satisfied: 1) gi(l)ef(ff@i,&i, PLec%, &

0
IR

, i=1,2;3)|f\2Su,whereaf20;

(23)

I;i,e(el,l) = 0.561271,

2) Vi ECTG &

) yl’l gJ’i,l ’ayi,l
4) there exists such v>0 that
AT — (02 AT TAA . :

e AAL P = u(eh1 +AA P P AA ) s valid  at

— 2 -~ — 2
-1 .
max (rl)“AAl,IH VA =Mnin (FI)HAAI,IH ;

6) the following system of differential inequalities is
valid for system (16), (23):

t>> 145 5)A,)

T
-z X1 R N X
hel |73 22 |[e] |22
R B LS | I S % (24)
Nal | 4o 00 A0
2 -
A Bs,
S

while comparison system Sl(t)zASISI(t)+BSl
for (24), where S;(1)=[s (1,5 ,(O]", 57, (0)
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(w=e, A) is majorant for 171’W(t) and Sl,w(to) > I7l,w (ty)-
Then system (14)—(16), (23) is exponentially dissipative
with estimate

00 25000 24

i

ledr,

if Xlzﬂ>83pll, where nzﬂl’”}‘rznin(rl)’ EP”ZO,

HPI,IPITI“SSPM ©@p ) Ay s
eigenvalue of matrix I;.

It follows from Theorem 4 that the adaptive
identification system allows obtaining biased estimates
of system (14)—(16) parameters.

We consider (17), (19), (21). Let d,_; in (2) is
constant.

minimum

We  represent P, and AA, &k as
—pT T A —[AAT T
P =Plp,, 0T AA =[AAT AT,

where p Vi k] is transformation v; 5 ;_;, J is element

Agl,k that is the transformation of d,_,. Then (20) has
the following form:

e ="klx t AAEkPI,k + (AP, (29)

where f; () €R is uncertainty resulting from the non-
fulfillment of the EC condition.
We consider system (19), (20), (25), and LF

Theorem 5. Let the Theorem 4 conditions be

satisfied and: 1) I, Deece, 5
yk ylk
P @ ; u ,V
Lk &y 2) g =Yy, O Vi),
. 2
Sy g & @y 3) fl,k SOthk, where Otfl,k 20;

- 2 - — 2
4) estimate Al (T}) “AAl,k “ <V <hpin(T) “AALk “
is valid, where A,(I;) is minimum eigenvalue of matrix I';;

5) lek H< TR <0LP ; 6) there exists such v > 0

that at #>> ¢, the followmg is valid:
e AT P = (el +AAT P PTAA, ) (26)

7) the following system of differential inequalities is
valid for system (21), (25):

2 Xk 1,k ~
v -= 2—|y Tk
k, ,
] e < 2 Xk [ﬁke]-f e | (27)
Vea] | 4o _0n |LAA 0
—— > ~k
S

while comparison system S (D=A S, S,()+B 5,
for (27), where S,(1)= [Sk,e(t)’sk,A 17, Sk,w(t)
(w=e,A)isamajorant for I;k,w(t) and sy, (7)) 2 Vk,w(to ).
Then system (19), (20), (25) is exponentially dissipative
with estimate

t
v, (<5 0)s 1)+ [e

)

ASk (t—r)BS d,
k

if condition X%n > 3281)1 .

n= EPl,k Kmin (rk )-

It follows from (25) that the properties of the kth
layer adaptive identification system depend on cross-
connections.

Thus, the TCS identifiability is proved by the state
and output of the TCS kth layer. The results confirming the
convergence of the obtained estimates for system parameters
are obtained. The adaptive identification system properties
depend on parameters of the system cross-connections and
information properties of signals in the TCS.

Note 5: If TCS contains nonidentical channels,
models (17) should be applied to each kth layer. The
same is true for cross-connections.

is satisfied, where Tp, >0,

2.1Cs

We consider system S

X(f) = AX(?) + DF, (X, 1) + BU(?),

(28)
LY(r) = CX(r) + F, (X,1),

where X € R is the state vector, A € R"™™ is the state
matrix, DeR™9, F (X,t):R™ —RY is the nonlinear
vector function, UeRF is the input (control) vector,
BeR"™k  YeR” s the output vector, CeR™™,

F,(X,¢):R™ 5> R" is the disturbance (measurement
errors) vector, and L is the operator determining the way
vector Y is formed. In some cases, L can be the differential
operator representing dynamic properties of the measuring
system or the way of mutual interaction between subsystems.
Matrices A, D, B are block matrices representing the state of
certain  subsystems. Vector F,(X,f) can be either
a disturbance (measurement error) or a variable representing
the influence of certain subsystems.
The data set has the following form:

I, ={YO, 0@ etg.ty |}, ty <o (29)

Assumption 1: Elements @, (x j) ek,

¢, ;(x;) € F, are smooth single-valued functions.

Russian Technological Journal. 2024;12(5):63-76

69



On identification of interconnected systems

Nikolay N. Karabutov

For estimating parameters of matrices A, D, B, C,
the following model is used:

X(1) = AOX (1) + DO)F, (X,0) + B()U(2),

. . . (30)
LY(r) = CX(¢) + F, (X,1),

where A(t), ﬁ(l), ﬁ(t) are matrices with adjustable
parameters.

Problem. For system (27) satisfying Assumption 1,
to develop model (30) on the basis of analysis I, and find

such rules for adjusting parameters of matrices A(t),
D(¢), and B() so that

lim “s?(t) - Y(t)“ <5,, 8,20,
t—0
where |||| is the Euclidean norm.

Note 6: For some class of systems, Eq. (28) can be
considered as an equation describing connections
between subsystems. In this case, the type of vector
F, (X,?) should be estimated.

For the synthesis of adaptive identification
algorithms, the approach described in Section 1.3 can be
used.

Note 7: If system S| g contains nonlinear subsystems,
then in order to decide on the class of nonlinearity
under uncertainty, the interconnection graph should be
plotted [30] from which the type of nonlinearity can be
decided. The same is valid when the system contains
several nonlinearities in one subsystem.

The adaptation models and algorithms match the
equations derived in the previous section. For evaluating
the quality of the adaptive identification subsystem, the
theorems from Section 1.2 can be applied.

3. EXAMPLES

Example 1. We consider the two-channel target angle
tracking system with identical azimuth and elevation
channels and asymmetric cross-connections [31]:

x=-a.x+b.(g-y), 31
F=-a,p+b,(x=(g - 1)~k -»)) (2)
X =—a,.x +b.(g —»)» (33)

B =—a, i +b,(xq +g-n+kE-y), (34

where a, =T;', b =T 'k T, k, are the time
constant and amplifier gain, respectively; k is the cross-

: . _ -1 _ -l
connection parameter; a, T s by T » ky are

servomotor parameters; g, g, are input influences. The
cross-connection is shown in parentheses as a differentiating

link with parameter &, (g, — ;) =d(g; —y;)/dt.

The information about link outputs x(2), y/(?),
and outputs g,(7) at some time interval is available for
measurement. The parameters of systems (31) and (32)
should be estimated.

We use transformation [28] to obtain a model for y(¢)
and consider the system of filters (transformation):

Py =My pg + 9, (35)
Dy =—Hp, Y,

where Séx—gl + oéd(gl —yl)/dt, pl.(O):O,
i=y,8,0, y; >0 is a number that does not match the
roots of the characteristic equation for the second
equation in (31). Then the model for (31) has the
following form:

X=—y.e +ax+b (g-), (36.1)

where e, =X-x, e, = V=V Ao Ly
numbers (reference model). Algorithms for adjusting
parameters of system (36) are the following:

are positive

Ay ==y, &% b =-v, e.(g-),

a, ==Y, €, a, = —yapy e,y (37)

g :_yaseypf)’ ay :_yaoeypu

where ya[ ’Yb[ (i= x,y,ay,py,S, L) are positive
numbers ensuring convergence of (36).

System (31), (32) is modelled with parameters:
a.=12,b =2, a,= 5.95, by= 1, k= 5. The inputs are
g(1) = 1.5sin(0.1xz), g,(¢) = 1.5sin(0. I7z).

The structures confirming the presence of
asymmetric connections in the system are presented in
Fig. 1. In the figure, the impact of cross-connections on

the channel output is shown. Analyzing Ty, 0.53,
&)

@ =-0.45 of secants §& proves the

€, <§;Say]

fulfillment of condition |a -a |>6, ,
iO,S 5% E.>0,s,y &0

where 8@0 =0.2. Hence, cross-connections are

antisymmetric.
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4.5

€, €

Fig. 1. Estimating the structure of cross-connections

The parameters of Egs. (31) and (32) are estimated
with respect to Note 4. The identification system
parameters are: p; = 1.5, ¢ = 1.5, Xy = 2.

The results of adaptive identification are presented
in Figs. 2—-6. The adaptive identification of parameters of
model (36) is shown in Figs. 2 and 3, where 7 is hereafter
the current time in relative units.

-1.30 2.4
‘ 12.2
=140 1 | ) e
. Vv .
9y —1.45 1 a, 12.0 b,
-1.50 -
11.8
-1.55
1.60 1 ‘ ‘ ‘ 16
0 50 100 150 200

t

Fig. 2. Adjusting parameters of model (36.1)

1.5 5

1.0

4, 0.0 \
éu
a, -0.5 *\\
104 |
1 \ .
-1.5 - b ap,
\_’\—’\’\—/;
_20 T T T
0 50 100 150 200

t
Fig. 3. Adjusting parameters of model (36.2)

The identification errors obtained using models (36)
are shown in Fig. 4.

2.0 1.0

1.5 0.51
e, &

1.0 1 0.0
ey ey

0.5 4 -0.5 ‘ ‘

-0.25 0.00 0.25
-0.51 e,
0 50 100 150 200

t

Fig. 4. A change in the prediction error

It follows from Figs. 3 and 4 that adjusting
parameters of layer 2 depends on both the output of
layer 1 (model (36.1)) and the properties of cross-
connections. In addition, the quality of adjusting
parameters of (36.2) is also dependent on the correlation
between the outputs of elements (31) and (33). This
correlation is transmitted through cross-connections.
The conclusion drawn is supported by the structures
shown in Fig. 5 as well as the statements of Theorem 5.
Adjusting parameters of model (36.1) is smooth (Fig. 6).

1.6

1.4
121
4, 1.0
0.8 -
3 0.6— 
0.4 -
0.2 -

0.0 -

_0.2 T T T T T T T T T T T
-0.5 0.0 0.5 1.0 1.5 2.0 2.5

Fig. 5. Adjusting parameters of model (36.2)

Example 2. A pseudo-linear two-channel corrector is
described by the system of equations in [32], as follows:

)'cl =—oyx + Bl(g - x6),

Xy = =0y Xy + Uy (g —Xg) + By (g —Xg),

x6 :x7,

(38)

Xq = =0y X7 — OlgrXe + By (xlsign(xl))(sign(xz)),
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e
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Fig. 6. Adjusting parameters of model (36.1)

where g is the master control, x4 is the object output,
g — X, is the mismatch error, x, is the amplitude channel
output, x, is the phase channel output,
u = x,sign(x,) - sign(x,) is the regulator output, and
(g_xG)’ :d(g_x6)/dt’ al7B]7a29“27B29a019a027B0
are system parameters.

Note 8: In [32], system parameters have been
preliminary selected.

It is assumed that

I,= {xl (2), x5 (2), x4 (1), € [0, b ]} are measured, where
t, is the known number. The parameters of system (38)
are identified using the following model:

elements of set

%) = ke +6ux, + B (g —x), (39)

%y = —kyey + Gy +[1y d(g —xg)[dt + B, (g —xg), (40)

%6 = —kgeg +Glopxg + &px() Py TGy, Py (A1)
where k,, k,, k are known numbers (the reference model
&;.B; (=1, 2),
a Pig’ a Pag are adjustable parameters; X; (i=1, 2, 6)
are model outputs; Pygo Py are obtained by analogy

with (33).
The adaptation algorithms are the following:

parameters); e =X, —x;,i=1,2,6;

A

A

o =Yg, 4% By =-vpe(g~ )

dz = _Yazezxg, Bz = _yﬁz () (g- X6 ),
iy = T, e (g—x6), (42)
Qg = _YaOIeéxG’ an6 = _yl’x6 e6px6 s ocpu = —ypu €6Py>

where v, > 0 is the gain in the adjustment loop of the
corresponding parameter.

System (38) is modelled with the following
parameters: a, = 1.05,3,=3.5,0,=2.2,8,=2.2, 0y, =3,
oy, = 5.03, B, = 5.2, g(¢) = sin(0.05nz). The results are
shown in Fig. 7-12.

Figure 7 shows the structures (transient excluded)
representing phase processes in system (38). Obviously,
the system is nonlinear. The use of results [30] shows
that the system is structurally identifiable. Therefore, the
input is S-synchronizing and allows accounting for TCS
nonlinear properties.

1.2

0.9 4

0.6

0.3 -

0.0 -

—-0.3 ~

-0.6

-0.9
-1.2

-04 0.0 0.4 0.8 1.2
X, X,

-0.8

Fig. 7. Phase portraits of the system: (7) x5(x,), (2) xg(x;)
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Fig. 8. Estimating the mutual influence of variables x,,
X, ON Xg

The analysis shows the relationship between
variables x, and x, (correlation coefficient is 0.94). Their
impact on the TCS output is represented by the density
diagram (Fig. 8). The density diagram characterizes the
impact of x; and x, on the change in variable x.. The
intervals of the impact of variables on x, are clearly
visible. The mutual influence affects the convergence of
adaptive algorithms.

The adjustment of the amplitude channel model is shown
in Fig. 9 while the phase channel model is shown in Fig. 10.
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Fig. 9. Adjusting parameters of model (39)
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Fig. 10. Adjusting parameters of model (40)

Figure 11 shows the adjustment of the object model
parameters. The adjustment is affected by the master control.
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Fig. 11. Adjusting parameters of model (41)
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Fig. 12. Dynamics of the adjustment loop
for model (41)

The dynamics of processes in adjusting model (40)
is more complicated. Here, the input influence is
encountered. For TCS, the statement of Theorem 5
is valid.

CONCLUSIONS

The proposed approach to identifying ICS is
based on features of adaptive identification of a TCS
with cross-connections. Structural aspects of TCS
identification are based on obtained conditions of the
system identifiability in the state space and output
space, as well as the influence of input properties
on the possibility of estimating system parameters.
Adaptive algorithms for identifying TCS with
identical channels are obtained. The identifiability of
a TCS in terms of state and output is demonstrated.
The results confirm the convergence of estimates for
system parameters. The properties of the adaptive
identification system depend on the system cross-
connection parameters and informative properties
of signals in the TCS. When considering the case of
ICS, the role of a priori information while accounting
for existing interconnections is emphasized. At
appropriate ICS splitting, it would be possible to apply
the approaches proposed for a TCS. The examples
of adaptive identification of real systems are given.
The case of TCS with nonlinear control and complex
relationships is considered.

Due to the multifaceted nature of the subject area,
the paper covers only certain aspects. The proposed
approach can be used to estimate the dynamics of
processes in an adaptive system taking into account
the impact of system elements on the quality of the
parameter adjustment process.
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Abstract

Objectives. Determining the patterns of dispersion properties of waveguide modes of the optical range in layered
media with distributed optical properties is a both a pressing and significant matter for study. It has fundamental and
applied importance in nonlinear optics and optoelectronics. The combination of a nonlinear response and graded-
index distributions of the optical properties of adjacent layers of a layered structure enables the desired values of the
output characteristics using a wide range of control parameters to be selected easily. This renders such waveguides
the most promising from the point of view of possible technical applications. The aim of this paper is to develop the
theory of three-layer planar waveguide structures with a graded-index core and nonlinear optical liners with arbitrary
profiles. By doing so it may be possible to find exact analytical solutions to nonlinear stationary wave equations
describing explicitly the transverse electric field distribution of waveguide modes.

Methods. The analytical methods of mathematical physics and the theory of special functions applied to nonlinear
and waveguide optics are used herein.

Results. The study provides a theoretical description of transverse stationary waves propagating along a symmetrical
three-layer planar waveguide structure consisting of the inner graded-index layer sandwiched between nonlinear
optical plates. Itassumes an arbitrary spatial profile of the interlayer dielectric constant and the nature of the nonlinear
response of the liner medium. The mathematical model of this waveguide structure formulated herein is based
on nonlinear equations with distributed coefficients. The solutions obtained describe in general terms the transverse
distribution of the amplitude of the electric field envelope. The transverse symmetry of the three-layer waveguide
structure enables even and odd stationary modes corresponding to symmetric and antisymmetric transverse field
profiles to be excited in it. A method was developed for constructing even (symmetric) and odd (antisymmetric)
solutions which exist at certain discrete values of the effective refractive index/propagation constant. These discrete
spectra were obtained in layers with graded-index linear, parabolic, and exponential profiles. The symmetrical three-
layer waveguide structure with inner graded-index layer characterized by parabolic spatial profile and outer liners
as Kerr nonlinear optical media is analyzed in detail, as an example of the application of the formulated theory.
Analysis of the resulting exact analytical solution indicates that the electric field strength for the fundamental and
first-order modes increases with increasing parabolic profile parameter, characterizing the relative change of the
dielectric constant in the interlayer, while decreasing for higher order modes.

Conclusions. The theory developed in this paper supports the unambiguous description of the transverse
distributions of the stationary electric field in planar symmetrical three-layer waveguides in an explicit analytical form.
The results extend the understanding of the physical properties of nonlinear waves and the localization patterns
of light beams in distributed media, and may be useful in the design of various optical waveguide devices.

Keywords: layered structure, layered waveguide, optical waveguide, nonlinear optics, optical nonlinearity, graded-
index layer, nonlinear waves, Kerr nonlinear optical media, guided waves, waveguide mode
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Pesiome

Llenu. BeisiBneHne 3akOHOMEPHOCTEN ANCNEPCUMOHHBIX CBOCTB BOSIHOBOHbIX MOZ, ONTUYECKOro AmManas3oHa B CIOUC-
TbIX Cpefax C pacrnpeneneHHbIMU ONTUYECKMMN XapakTePUCTUKaMM NPeacTaBnseT co00M akTyanbHY0 1 BXHYIO 3a-
[ady, umeloLLyto GyHAAMEHTaNbHOE 1 NPUKIaAHOE 3HAYEHME B HEIMHENHOW ONTUKE W ONTO3NEKTPOHMKE. CoveTaHme
HENVMHENHOrO OTKJIMKA U TPaAMEHTHbIX pacnpeneneHnini OoNTUYEeCKMX CBOMCTB COCEHMX CIOEB CIIONCTOM CTPYKTYpbI
[aeT BO3MOXHOCTb JIerko nogobpatb Tpebyemble 3HaYEHNUST BbIXOAHbIX XapakTePUCTUK C MOMOLLBIO LLMPOKOro psaa
yNpasnsiowmx napaMmeTpoB, YTO AeNaeT Takne BOMHOBOAb!I Hanbonee NepcrnekTUBHBIMU C TOYKN 3PEHMS BO3MOXHbIX
TEXHUYECKNX NpUnoxeHnii. Llenb paboTbl — pa3BuUTUE TEOPUM TPEXCIIOMHbBIX MIOCKUX BOTHOBOAHBIX CTPYKTYP C rpaau-
€HTHOW CepALEBUHON N HENMHENHO-ONTUYECKMMM 00KNaaKkamMum C NPOn3BOJIbHLIMU NPODUISMU, B pamMKax KOTOPOIA
NpeaCcTaBASAETCS BOSMOXHbIM HAaX0XAEHWNE TOYHbIX aHATUTUYECKNX PELLEHWNIA HENIMHENHBIX CTaLMOHAPHbIX BOSTHOBbIX
YPaBHEHWIA, ONNCbIBAIOLLMX B SBHOM BUZE MOMNEPEYHOE pacnpeaeneHme afekTpru4eckoro nos BONHOBOAHbIX MOJ,
MeTopabl. VIcnonb30BaHbl aHANUTUYECKNE METOAbI MaTemMaTUieckor GU3MKM 1N Teopumn creumanbHbiX QYHKLNNA
NPUMEHUTESNIBHO K HEJIMHENHOW 1 BOSIHOBOLHOW ONTUKE.

PesynbTatbl. [1IpoBEAEHO TEOPETUYECKOE OMMCAHWE MOMEPEYHbIX CTALUMOHAPHBLIX BOJIH, PaCMpPOCTPaHSIOLLMXCS
BJ0J1b MJIOCKON CUMMETPUYHOW TPEXCIIONHOW BOTHOBOAHOW CTPYKTYPbl, COCTOSILLEN N3 BHYTPEHHErO rPagNeHTHOro
C0s1, 3aXaToro Mexay HeNMHeNHO-oNTUYeCKMMIN 0OKNaakamMu, NPUYEM NPOCTPAHCTBEHHBIN NPOodUb AN3NEKTPU-
4eCKOW NPOHULLEAEMOCTM NPOCNONKN U BUL, HEIMHENHOrO OTKMKA cpeabl 0OKNaaAoK NpeanonaraoTcs Npon3Boib-
HbiMn. ChopMynmMpoBaHa MaTemaTMyeckas Moesb TakoW BOSIHOBOLHOW CTPYKTYPbl HA OCHOBE HENIHEHbIX YpaB-
HEHWIA C pacnpeneneHHbiMn koadduumeHTamu. MNMonyyeHbl peLleHns, onuceialowme B 06LLEM BUAE NOnepeyHoe
pacrnpeneneHve aMnauTyabl orubaiolein anekTpru4eckoro nonsg. B cuny nonepeyHon cCUMMETPUN TPEXCITONHOMN
BOJIHOBOJHOW CTPYKTYPbI B HEV MOTYT BO30YXAaThCS YETHbBIE U HEYETHbIE CTALMOHAPHbIE MOObl, COOTBETCTBYIOLLME
CUMMETPUYHBIM N @HTUCUMMETPUYHBIM MoMNepeyHbIM Npodunam nosns. PaspabotaH MeTon, NMOCTPOEHUS YETHbIX
(CMMMETPUYHbBIX) U HEYETHBIX (AHTUCUMMMETPUYHbIX) PELUEHUIA, CYLLECTBYIOLMX NPU ONPenEeNeHHbIX ANCKPETHBbIX
3HaYyeHuaxX 9GDEKTMBHOIO NokasaTens NPenoMeHNs / KOHCTaHTbl pacnpocTpaHeHus. Takme AMCKPETHbIE CMEKTPbI
NoJly4eHbl B CNOSIX C FPagNEHTHLIMUY JIMHEHbIM, Napabonn4yecknM 1 3KCMOHEHLManbHbIM Nnpodunamu. B kavecTse
npumMepa npuMeHeHns chopMyNMpPOBaHHOM TEOPUN OeTanbHO MPOoaHaNM3nPOBaH ClyyYah CUMMETPUYHOW Tpex-
C/OVHOI BOJSIHOBOAHOW CTPYKTYPbl, BHYTPEHHWI rPaaneHTHbI CIO KOTOPOK XxapakTepmnayeTcs napabonmyeckmm
NPOCTPaHCTBEHHbLIM NPOdUNEM, a BHELLHNE 0OKNaakn NpeacTaBnsioT cOO0M KEPPOBCKME HENMHEIHO-ONTUYECKNE
cpenpl. Ha ocHoBe aHanm3a nosly4eHHOro TOYHOrO aHaNIUTUYECKOro PELUEHUs] YCTAaHOBIEHO, YTO HaMpPs>XKEHHOCTb
3/1EKTPMYECKOro Nosst AN OCHOBHOW MOAbl U MOAbI MEPBOro NOpPsAKka yBEMYMBAETCS C POCTOM napameTpa na-
pabonmnyeckoro nNpoduss, xapakTepuayioLero 0THOCUTENIbHOE U3MEHEHWE OU3NEKTPUYECKON MPOHULAEMOCTHU
B NMPOCOIiKe, 0AHAKO YMEHbLUIAeTCs 4S9 Mo, 60onee BbICOKMX MOPSAKOB.
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BbiBoabl. Pa3sutas B jaHHOM paboTe Teopusi MO3BOJISIET HArfIiAHO ONMcaTh B SBHOM aHaIMTUYECKOM BUAE rorne-
peyHble pacnpeneneHns CTauMoHapHOro 3/1IEKTPUYECKOro NOJis B MOCKUX CUMMETPUYHBIX TPEXCIIOMHBIX BOJTHOBO-
nax. MonyyeHHble pe3ynbTaThbl pacLUMPSOT NPeacTaBieHns 0 GU3NYECKNX CBOMCTBAX HENMHENHbLIX BOJTH U 3aKOHO-
MEPHOCTSIX JIOKann3auunm CBETOBbIX MYy4KOB B PacrnpenefieHHbIX Cpefax U MoryT ObiTb NONE3HbIMU A5 pa3paboTkm

Pa3NINYHbIX ONTUYECKNX BOJTHOBOOHbIX yCTpOI7ICTB.

KnioueBble cnoBa: cnonctas CTpykTypa, CNoMCThbii BOSIHOBOA, ONTUYECKUIA BOSTHOBOS,, HENMHENHAs ONTnKa, ONTnU-
yeckasi HEJIMHENHOCTb, FPAAVEHTHbIN COW, HEIMHENHbIE BOJHbI, KEPPOBCKNE HENNHENHO-ONTUYECKME Cpeabl, yrnpaB-

ngaemMble BOJIHbI, BOJIHOBOAHAA Moda

* Moctynuna: 01.03.2024 » Aopa6oTaHa: 29.03.2024  MpuHgaTa k onyonukoeaHuio: 05.08.2024

Ana untupoBaHua: CasoTtyeHko C.E. Mogenn CUMMMETPUYHBIX TPEXCOMHbBIX BOIHOBOAHbLIX CTPYKTYP C rpagueHT-
HOI CepAaLeBUHON N HeNMHenHo-onTuieckumn obknagkamun. Russ. Technol. J. 2024;12(5):77-89. https://doi.

org/10.32362/2500-316X-2024-12-5-77-89

Mpo3payHocTb GUHAHCOBOW AeATeNbHOCTU: ABTOP HE UMeeT PGMHAHCOBOIM 3aMHTEPECOBAHHOCTM B NPEACTaBNEH-

HbIX MaTepunanax nin metogax.

ABTOp 3asB155€T 06 OTCYTCTBUM KOHGDINKTA UHTEPECOB.

INTRODUCTION

The development of optical waveguides with desired
characteristics is an important applied problem in the area
of nonlinear optics [1-3]. The successful resolution of
this issue requires theoretical modeling of the designed
systems which will enable their properties to be described,
characteristics to be predicted and the development
process optimized. Thus, much attention is paid in
scientific literature to the development of theoretical
foundations for modeling the processes of excitation,
propagation, and localization of electromagnetic waves
in a variety of optical media [4, 5].

The requisite and often unique characteristics of
fields in waveguide structures can be obtained most
effectively in a combination of media with different
optical properties [6, 7]. Classes of media where optical
properties depend significantly on the spatial distribution
of the refractive index (or dielectric permittivity) [8] or
can be characterized by a nonlinear optical response in
which the dielectric permittivity depends on the electric
field intensity [9] are in particular considered promising
and possessed of a wide variety of properties. The first
group of media is called graded-index [10] while the
second group is called nonlinear [11].

The dependence of optical characteristics on the
quantities mentioned above may differ, and may be
determined by the physical properties of real crystals. In
particular, the most common form of nonlinear response
is the linear dependence of dielectric permittivity
on the square of amplitude (intensity) of the electric
field (light), referred to as Kerr nonlinearity [12]. Waves
and other localized disturbances in such media have been
quite well studied in various modifications [13, 14].
This includes analytical methods [15, 16] which assume
that exact solutions be obtained for the nonlinear wave
equation used in various models [17, 18].

In order to describe the experimentally dependencies
of the spatial distribution of optical characteristics as
described above, a variety of functions (profiles) are used
to model the change of the refractive index with distance
from the optical media interface [19]. Certain profiles,
such as linear [20], parabolic [21], exponential [22], and
others [23, 24], allow exact analytical solutions to be
established.

The theoretical study of waveguide properties of
interfaces between graded-index and nonlinear media
has in recent times intensified [25, 26]. In particular,
solutions have been developed which describe the
localization of light along the interface between the
nonlinear Kerr medium and medium with linear [27, 28]
and exponential refractive index profiles [29].

In terms of technical application, the studies on
waveguide properties of multilayer media [30] including
three-layer structures [31] are of great importance.
Nonlinear waves in three-layer structures have been
a focus of theoretical study for many years [32, 33],
including in layered graded-index media [34]. In recent
times, analytical solutions have been obtained for
symmetric three-layer structures in which the inner layer
is described by a symmetric linear graded-index profile.
The outer layers are characterized by photorefractive
nonlinear response [35], Kerr nonlinearity [36], and
step nonlinearity [37]. The symmetric structure with
a parabolic graded-index inner layer placed between
media with Kerr nonlinearity has also been considered.

Due to the emerging variety of possible
combinations of nonlinearities and graded-index layer
profiles, it would be useful to construct a generalized
model of a symmetric waveguide structure. This paper
proposes a generalization of the model for the three-
layer symmetric planar structure, in which the inner
layer and the outer layers are characterized by an
arbitrary graded-index profile and a nonlinear optical
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response, respectively. Substituting the particular type of
dielectric permittivity profiles and the shape of nonlinear
response into model equations allows analytical
solutions to be obtained which describe the amplitude
spatial distribution of the envelope perpendicular to
structure layers. The resulting analytical expressions,
in turn, allow localization patterns of light beams to be
determined in layered waveguide structures.

1. THEORETICAL MODELING OF THREE-LAYER
WAVEGUIDE STRUCTURE

1.1. Model formulation

We consider a three-layer planar structure which is
symmetric about the center. It is made of nonmagnetic
materials with optically homogeneous properties in the
longitudinal direction. The interfaces between layers
are assumed to be planar. We place the origin of the
coordinates in the middle of the inner layer (core or
interlayer), in the yz plane; with the x-axis perpendicular
to the planes of interfaces and the z-axis along the layers
in the direction of wave propagation. Let layer interfaces
be located in planes x = ta (then the thickness of the
layer is assumed to be 2a). The media in all layers are
considered with no allowance for dielectric losses.

In the model considered herein, the inner
layer is characterized by spatial inhomogeneity of
optical properties in the direction transverse to the
plane of the layers (graded-index layer), while the
outer adjacent layers (liners) are characterized by
optical nonlinearity (nonlinear layers), i.e., by the
dependence of the refractive index (or dielectric
permittivity) on the light intensity. In this case, the
interlayer thickness is considered to be much less than
the thicknesses of the outer liners. Therefore, when
studying the distribution of the electric field localized
near the core, the liners can be considered to be semi-
limited media, neglecting the influence of boundaries
located at a further distance when compared to the
value of a. This consideration is acceptable provided
that the field rapidly decreases at a distance from
interfaces and becomes negligible before reaching the
outer boundaries of thick liners.

Let a transverse electric wave (TE wave) propagate
along interfaces of a three-layer waveguide structure
whose electric field strength component can be written
in the following form:

E, (x,2) = y(x)e!(Pzo0), (M

wherein y(x) is spatial distribution of electric field
strength in the transverse layer direction (envelope
amplitude), o is frequency, p = kn is the propagation
constant, n = ck/w is effective refractive index, c is the

speed of light in vacuum, &k = 2w/A is wave number, A is
wavelength, and ¢ is time.

It is known [4, 5] that field y(x) is defined as
the solution for the stationary equation (magnetic
permeability is equal to unity):

2
% e, 1) = n2 2y (x) = 0, ?)

wherein dielectric permittivity of the three-layer
waveguide structure can be written as follows:

e ]) = {SG (x), |x| <a, 3

exn (), x| >a,

wherein function €g(x) defines the dependence of the
dielectric permittivity on the spatial coordinate in the
direction perpendicular to layers (dielectric permittivity of
the graded-index layer), while function €y (/) defines the
dependence of the dielectric permittivity on the light intensity
I= |E : , wherein E stands for the amplitude of the electric
field strength (dielectric permittivity of the nonlinear layers).

We can represent the transverse field distribution in
the following form:

\yg)(x), x<-a,
v =), [<a, )

v (), x>a,

Then the following equations may be derived
from (2):

2,
LIN e ()~ () =0, x<-a. (5)
dx?
2
d-y g (x) oG () -2} kY6 (0 =0, [ <a, (6)
dx?
2, ()
YN {en (D) - n2 32y (x) =0, x>a, (7)
dx?

which are supplemented by boundary conditions
corresponding to the requirements of continuity of field
components at layer interfaces:

vy (Ea0) =y (#a+0),

) (3
dyy(ta£0) dy§)(zat0)

dx dx
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as well as to the field vanishing condition at infinity:

|\u§‘r)(x)| -0, |x| —> o0,

In terms of physics, the requirement of limitation
of the solution should be considered an obvious
supplement. Thus, the set of Egs. (5)—(7) and boundary
conditions (8) represent a mathematical formulation
of the proposed model for the three-layer waveguide
structure with a dielectric permittivity profile described
by means of the distributed expression (3).

1.2. The dispersion equation in the general case

In the inner layer, the solution to Eq. (6) can be
represented as follows:

Vg (X) = CF(x)+ G F(x), 9)

wherein C |, 2 are the values depending on optical and
geometrical parameters of the system and determined
by boundary conditions (8). F y(x) are special
functions which are linearly independent solutions to
Eq. (6) at the given dielectric permittivity profile €g(x).
Since (6) is a linear homogeneous differential equation
of the second order with a coefficient depending on
variable x, its solutions are often expressed in the most
general form through hypergeometric functions. In
certain types of dielectric permittivity profiles, the
solutions can be expressed through other pairs of
linearly independent special functions, such as Bessel
functions, Airy functions, and others. The main
requirements for /' 1, ,(x) are continuity and limitation
on the interval —a < x < a of these functions, as well as
their derivatives F 1. 2().

In the outer liners, the solutions to Egs. (5) and (7)
can be represented as follows:

¥ (x)

(i) X)= (i)—
VN (X)) =wy ‘P%)(ia),

(10)

wherein \Ilgi) is field amplitudes at layer interfaces in

planes x = *a. ‘P%) (x) are solutions to nonlinear
Egs. (5) and (7) are limited in regions x < —a and x > a,
respectively, while satisfying requirement

¥ (0)| 0, x| > 0. The explicit form of functions

‘{’%) (x) is determined by the type of nonlinearity model
of the outer liner medium. For example, for the most

common Kerr nonlinearity, ‘I’g‘r) (x) are expressed
through hyperbolic functions depending on the nonlinear
response sign.

Substituting solutions (9) and (10) into boundary
conditions (8) results in the following system of algebraic

equations for values C, , and amplitudes v

ng) = C,F (£a) + C,F, (*a), an
vy = CF(Ea)+ CyF; (+a),
where we denote
1 d¥P) (+a)
e = N . (12)

‘PS) (xa) ' dx

The solvability condition of the system (11) allows
the dispersion equation to be obtained which determined
the values of the propagation constant for waveguide
modes of the considered three-layer structure in the
general case:

AIAS) = A7ASY, (13)

wherein

+ + ,
A%z) = Fi z(ia)'g%\]e)ff - F] »(fa). (14)

This dispersion equation defines the relationship
between propagation constant , wave number £, the
optical characteristics of the layers (unperturbed values
of dialectic constants and parameters of dielectric
permittivity dependencies in graded-index and nonlinear
layers as determined by a certain type of model). The
geometric parameter of the three-layer structure is
considered the half-width of interlayer a.

The amplitude at one interface can be chosen as
an independent characteristic, through which other
parameters of solutions (9) and (10) can be expressed.
In particular, the following ratio of amplitudes at the
left and right interlayer boundaries may be derived
from (11):

A+
ng) _ Ag IAG)
ng) Af) AG)

(15)

wherein

A®) = F (+a)F)(+a) - Fy (+a)F/(za).  (16)

Then values C, , can be written in the following
form:

A(+) A(_)
— gy b2 L2
C1,2 \Va A(+) \Va A(’)' (17)

Taking into account (15), field distribution in the
inner layer can be rewritten in the following form:
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v
AD)

Vo) =LA R+ AR (0] (18)

Thus, the resulting expressions (10) and (18)
determine the field distribution in the transverse layer
direction. The parameters thereof are determined by
expressions (12), (14), and (16) while the propagation
constant is determined by dispersion Eq. (13).

1.3. Constructing waveguide modes
of a given symmetry and discrete spectrum

Due to the symmetry of the considered three-layer
waveguide structure, even and odd modes should
clearly exist therein. They are described by symmetric
and antisymmetric field distributions in the transverse
direction, respectively. The solution to problem (5)—(8)
can then be searched for on semiaxis x > 0. We continue
it in the even or odd direction for symmetric or
antisymmetric modes, respectively.

For symmetric distribution, the solutions should be even

functions: wﬁ) (-x)= \ll%\?) (x) and yg(=x)=yg(x),
while for antisymmetric distribution, they should be odd:

W (0 ==y () and w (=x) =y (x). The upper
indices (£) can be omitted due to the given symmetry chosen.

The mode with given symmetry can be described by
the following solution:

Fg(g(x)

s 19
“ o (g(a) (15

Vg () =v

where F;(g) is the special function selected in a certain
manner to resolve Eq. (6) on semiaxis x > 0, with
internal argument g(x). The explicit form thereof is
related to the spatial dependence profile type of the inner
layer dielectric permittivity. The argument g contains
propagation constant 3, as well as optical and geometric
parameters of the waveguide system.

For the symmetric mode, function F; should have
an extremum at the symmetry center of the three-layer
waveguide structure (at x = 0). This implies that the
derivative of function F; should go to zero at x = 0. For
the antisymmetric mode, function F; should go to zero
itself. Due to the necessity for symmetry of the desired
field profile, these requirements result in the spectrum
of propagation constant values (or effective refractive
index) becoming discrete.

In particular, it should be as follows for the
symmetric mode:

dF(g(%))

i = F5(g(0)g'(0)=0.

x=0

(20)

Thus, if g'(0) =0, then

g0)=¢; =1,2,..), 1)

wherein éj are zeros of the derivative of special
function F. Since argument g contains propagation
constant 3, resolving Eq. (21) with respect to it allows
a discrete spectrum of its values B=Pp(§ j) to be
obtained. This is determined by the sequence of zeros of
the derivative of special function F; solving Eq. (6).

Similarly, it should be as follows for antisymmetric
mode:

F5(g(0)) =0. (22)

Hence,

wherein { ; are zeros of special function F. Solving
Eq. (23) with respect to the propagation constant allows
a discrete spectrum of its values PB=p(E j) to be
obtained. This is determined by the sequence of zeros of
special function F; solving Eq. (6).

The solution to nonlinear Eq. (7) in the outer layer at
X > a can be represented in the following form:

\PN(‘]N(X_ a —xN))
PN (anrN)

N =v, ; 24

where the dependence of coefficient g on the system
parameters is known for a certain nonlinear response
model, while value xy; is determined by the boundary
conditions. Function ¥ should have parity coinciding
with that of function F,.

It should be noted that the solutions chosen in the
form of (19) and (24) automatically satisfy the continuity
conditions at interfaces of waveguide structure layers at
x=*a.

In order to meet the continuity condition of the field
derivative at the interface between the graded-index and
nonlinear layers, (19) and (24) should be substituted
into (8) atx = a whence the following equation is derived:

F5(8(@)g'(@) _gn'Yn(ann)
FG (g(a)) \PN(QNXN) ’

(25)

which allows value xy to be determined depending on
the optical and geometrical characteristics of the layered
structure.

This shows the possible existence of waveguide
modes of a given symmetry in the case when the
propagation constant is given by a discrete spectrum of
values.
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2. RESULTS AND DISCUSSION

2.1. Some analytically solvable profiles
of the graded-index layer

First, we consider the types of symmetric dielectric
permittivity profiles in the graded-index layer for which
exact analytical solutions are known. For comparison,
we also consider the case of a step structure with the inner
layer characterized by the constant dielectric permittivity
value, independent of spatial coordinate (Fig. 1a):
&g = €, — const. Then the solution to Eq. (6) is determined
by trigonometric functions and has the following form
for even modes:

cos( px)
Xx)= , 26
V() =v, cos(pa) (26)
while for odd modes:
sin( px)
X)= 5 27
V() =v, sin( pa) @7)
wherein p2 = k2 (g9 — nz). These modes exist for values
of effective refractive index n? <g,.

Symmetric graded-index profiles:
1) Linear (Fig. 1b):

X
eg(x)=¢, [I—AUJ, (28)
a
e(x) A
€
€, ey(h)
-a 0 a ;
(a)
gg(x) &

wherein g is the dielectric permittivity at the center of
the waveguide structure symmetry,and A = (g —€,) / g
is the change in dielectric permittivity from g, to the
value of dielectric permittivity at the interface of
layers €.

The solution to Eq. (6) on interval 0 < x < a with
linear profile (28) can be written as [36]:

Ai(x/ xg +9)

Vo) =Vam 7 3 +0) 29)

wherein F;=Ai(g)isthe Airy function, g(x) = x/xg +39,

8=—(gy —n*)(ak / gyA)*?, (30)

1/3
X =] =2 31)
G kzsoA '

When constructing the even solution (as noted
in Section 1.3), there is a necessary requirement that
function (29) has an extremum in the middle of the
waveguide at x = 0. Therefore, 6 = ij, j=12, .,
where for a linear profile, & are zeros of the derivative
of the Airy function: Ai’(?;j) =0: § = —1.018792972,
&, = —3.248197582, &, = —4.820099211, ... Then (30)
yields the following discrete spectrum of effective
refractive index values:

n? =g —[&,|(ggA / ak). (32)

€g(X) A

Fig. 1. Spatial symmetric profiles of dielectric permittivity of a three-layer waveguide structure:
constant (a), linear (b), parabolic (c), and exponential (d)
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When constructing an odd solution, there is
anecessary requirement that function (29) turns to zero in
the middle of the waveguide at x = 0. Therefore, 5 = { are
zeros of the Airy function: Ai(C/) =0:C,=-2.338107410,
G, =—4.087949444, C, = —5.520559828, ...

2) Parabolic (Fig. 1c¢):

2
eg(¥)=¢, [l—A[gj j

For parabolic profile (33), the limited solution
to Eq. (6) is known to be expressed through Hermite
polynomials Hj(x):

(33)

Hj(x/xo)‘{

_ (xzfaz)/ng
)=y, ——— ,
V6 (D=, Hj(a/xo)

(34)

wherein j = 2m for even modes and j = 2m + 1 for odd

modes, m=0, 1,2, ..., x3 =a/kJeyA, which exist at
discrete values of effective refractive index [38]:

n? =g, —(2/ +1),/eqA / ak. (35)
3) Exponential (Fig. 1d):
66 (x) =gy ll- Al —c /9y, (36)

The solution to Eq. (6) with exponential profile (36)
can be written as follows:

sz (2ve—‘x‘/2a )
Jy,,(2ve12)

wherein F; = J,, (g) is the first order Bessel function of

V() =v, , (37)

order w=ak(n? - g, W2, g=2v o rl/2a ,
v =ak(Ag W2 [4].
Even modes are defined by the dispersion

equation J', (2v) = 0. With the roots of the equation
J’éj(Zv) = 0 denoted by ﬁj, the following discrete
spectrum of effective refractive index values is obtained:
n?=¢ +(&./2ak)>. (38)
J " "a J
Odd modes are defined by the dispersion
equation J, (2v) = 0. With the roots of the equation
JQ-(ZV) =0 denoted be (;j, the following discrete spectrum
of effective refractive index values is obtained:
2 _ 2

nj—8a+(gj/2ak) . (39)
The analysis of roots of such equations and

corresponding spectra is given in [39].

It should be noted that there are exact analytical
Egs. (6) for other spatial profiles of dielectric permittivity.
These include a smooth step described by a hyperbolic
tangent [40], symmetric Epstein profile (inverted
symmetric Poschl-Teller potential) described by
a hyperbolic cosine [41]. Such rather complex solutions
are expressed through a hypergeometric function. They
cause difficulties for simple analysis, so they have not
been considered here.

Thus, the solutions quoted above are the exact
analytical solutions which describe the field distributions
for three different dielectric permittivity spatial profiles.

2.2. Some analytically solvable models of outer
liner nonlinearity

Now we consider some types of nonlinear medium
models of the outer liners in which the dielectric constant
depends on the electric field strength and for which
exact analytical solutions are known. For comparison,
we also consider the linear medium in which outer
layers are characterized by a constant value of
dielectric permittivity, independent of the field strength:
gy = &gy — const. Then the solution to Eq. (7) limited on
semiaxis x > ¢ may be written as follows form:

Y ()= e N, (40)
wherein g =k?(n? —g)). On the negative semiaxis,
such a solution obviously continues in an even or odd
way to describe symmetric and antisymmetric modes,
respectively. Using conditions (8) for functions (19)
and (40), the analog of dispersion Eq. (25) for
a waveguide with linear liners yg +¢gy =0 may be
derived. Here 4y =F;(g(a))g'(a)/ F5(g(a)), from
which the spectrum of the effective refractive index
values is obtained as follows:
n? =gy + (g k)% (41)

By relating (41) to the discrete spectrum obtained
for a particular graded-index profile of the inner layer,
constraints on the mode orders excited in the interlayer
of a given thickness can be obtained.

The simplest models of nonlinear media of the outer
liners are the following:

1) Kerr nonlinearity:

en()=¢g5y +al, (42)

where a is the Kerr nonlinearity coefficient, I = |E |2 is
field intensity. Then the even/odd solution to Eq. (7)
with dielectric permittivity (42) at |x| > a for self-
focusing nonlinearity at o > 0 has the following form:
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\,,N(x):i\ﬁ S
@ Teh(g T aT 1)

Using conditions (8) for functions (19) and (43), we
determine the following parameter value

1
xy =-——Arth| 1C (44)
N qN
and the field amplitude at the boundary of layers
2.9 2
Wa =4[ 7" ~Eon — (/1 A)7). (45)

The discrete spectrum obtained for a particular
graded-index profile of the inner layer should be
substituted into expressions (43)—(45).

2) Step nonlinearity:

&, I <,

aN(1)={ (46)

€y, 1>1,

wherein [ is a threshold level of intensity (a known
characteristic of the medium). When crossing this
threshold, a sharp change from dielectric constant value
g, to &, occurs [42, 43]. Thus, in the neighborhood of
the layer interface in a nonlinear medium where 7 > [,
a region (near-surface domain) of width x is formed
with dielectric constant £, Beyond it, further in the liners
where < I, the dielectric constant is &,. Such domains
arise symmetrically on both sides of the inner layer [37].
The position of the boundaries of the near-surface
domain is determined by x,, found from additional
field continuity requirements at domain boundaries, as
follows:

Yy (Ex +0) = yy (+x, —0) =112,

(47)
Yy (Fx +0) =y (Fx, —0).

In the step nonlinearity model, Eq. (7) with dielectric
constant (46) decomposes into two:

W () = (2 —eky (0) =0, T< I [x|>x, (48)

YR (X)) + (85 —nPk2y () =0, I> 1, a<|x|<x_ (49)

The solution to Eq. (48) at n® > g, for even/odd
modes may be written as follows:

YN () = £ 2eTOTR), (50)

wherein q12 =(n? - € )k2, while the solution to Eq. (49)
at n® < &, has the following form:

Y (@) =2y, cos(p, (x F a) F )/ cos(d),  (51)
wherein p% =(g, — n? )k2 while values x, ¢ are
determined from boundary conditions (8) and (47).

Substituting solutions (19), (50), and (51) into

boundary conditions (8) and (47), parameters of even
modes can be found (similar for odd modes), as follows:

o =arctg| 1S |, (52)
%)
_ 1 q
X, =a+— ¢ +arctg| — |, (53)
%) %)
1/2
2, .2
y, =12 2220 (54)
) Z 2l te!

The discrete values of effective refractive index obtained
for a certain spatial profile of the inner graded-index layer
should be substituted into expressions (50)—54).

Thus, exact analytical solutions for two models of
media nonlinearity are obtained.

2.3. Example of field distribution
in a symmetric waveguide structure

The case when the inner graded-index layer is
characterized by parabolic profile (33) and outer
layers by Kerr self-focusing nonlinearity (42) may
be considered as a particular example of the model of
a symmetric three-layer waveguide structure.

In this structure, the spatial distribution of the electric
field in the transverse layer direction is determined
by expressions (34) and (43). The discrete spectrum
of effective refractive index values is determined by
expression (35) [38]. Limited by considering even modes
for which j = 2m, m =0, 1, 2, ..., the field distribution
symmetric about the waveguide structure center can be
written in the following form:

y(x)=

(2 ) ff)e(a2—x2)/2x§ Hzm(X/xo)’
pm ¢ H,, (a/xy)

¥ <a, (55)
=y, npm

cosh(kn,,, (xF a F xy)) ’

|x|> a,
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where nzm =gy — gy — (@m+1)\/gyA /ak and
1 |H5 (a/x)) a
NGeft N —Hzm 0= — b (56)
@l xg) X,

Thus, expression (55) represents an analytical
solution to problem (5)—(8), when selecting symmetry,
the parabolic profile of inner layer (33), and the self-
focusing nonlinearity of liners (42).

The characteristic profiles of the solution (55) are
shown in Fig. 2. It illustrates the impact of the relative
change of dielectric constant in interlayer A on the electric
field distribution at fixed values of other waveguide
parameters for the main mode at m = 0 (Fig. 2a): even
first-order mode m = 1 (Fig. 2b), and even second-order
mode m = 2 (Fig. 2c¢).

The results show that the electric field strength
increases with growing value of A for the main (Fig. 2a)
andfirst(Fig. 2b) modes. However, the intensity decreases
with increasing A for higher-order modes (Fig. 2c).
Thus, the dependence of the field strength on A is not
monotonic. Increasing the thickness of interlayer a gives
the same effect.

v}
40
m=0 2
20 1
10
‘4 a -2 0 2 a 4 «x
(a)
)
m=1 4
1 2-
1
——
-4 -a -2
2]
(b)
1}
m=2 ! 1
| 1
| 14 2/
1 1
1 1
4 “a \§ 0 a 4 x
~1
1
2]

Fig. 2. Field distribution (55) at parameter values (in
conventional units): k= 0.65, a =6, g5, =0.1, g, =30,
a =3, and various A =5 (line 1), A =8 (line 2) for the first
three even modes: m=0(a), m=1(b), m=2(c)

The existence of a discrete spectrum of effective
refractive index values indicates the ability of waveguide
modes to propagate at certain values of parabolic profile
parameters. The propagation constant is related to the
incidence angle of the beam exciting the waveguide
mode. Thus, a discrete set of incidence angles should be
taken into account since a waveguide mode of a certain
order in the considered system can be excited only at
a certain incidence angle. This depends on the dielectric
permittivity at layer boundaries and the change in
dielectric permittivity inside the graded-index layer.

Thus, the study obtained and analyzed the exact
analytical solution which describes the field distribution
in a symmetric three-layer waveguide structure where
the inner graded-index layer and outer layers are
characterized by parabolic profile and Kerr self-focusing
nonlinearity.

CONCLUSIONS

This paper proposes a model of a symmetric
three-layer planar waveguide structure with adjacent
layers characterized by physically different optical
properties. In particular, the inner layer is characterized
by the dependence of dielectric permittivity on a spatial
coordinate in the direction perpendicular to the interface
plane. Outer layers are characterized by the dependence
of dielectric permittivity on the electric field amplitude.
In other words, the considered three-layer structure
consists of the inner graded-index layer sandwiched
between nonlinear optical liners. The spatial profile
of the interlayer dielectric permittivity and the type of
nonlinear response of the liner medium are assumed to
be arbitrary.

The propagation of transverse electric waves with no
losses taken into account is described from a theoretical
point of view. The paper also formulates equations and
boundary conditions for the transverse field distribution
in a three-layer waveguide structure.

Solutions describing spatial distribution of the
electric field transversely to layers are obtained in
general form. The study shows that due to the transverse
symmetry of the three-layer waveguide structure, even
and odd stationary modes corresponding to symmetric
and antisymmetric transverse field profiles can
propagate along it. The paper also proposes a method of
constructing even (symmetric) and odd (antisymmetric)
solutions resulting in the existence of a discrete spectrum
of the effective refractive index value.

Particular cases of specific spatial profiles of the
inner layer dielectric permittivity with exact analytical
solutions to the wave equation are considered. In
particular, solutions for linear, parabolic, and exponential
profiles described by corresponding special functions
are given. The study also determined discrete spectra
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of the effective refractive index values in layers with
considered graded-index profiles.

In addition, specific models of media nonlinearity,
such as Kerr and step nonlinearities, are also considered.
For such nonlinearities, exact analytical solutions are
given to the nonlinear wave equation describing the
dependencies of the stationary electric field amplitude
on the distance from layer interfaces in nonlinear optical
media.

The study provides a detailed analysis of symmetric
three-layer waveguide structure, where the inner graded-
index layer is characterized by a parabolic spatial
profile and the outer liners represent Kerr nonlinear
optical media. The exact analytical solution to the

formulated boundary value problem describing the
transverse symmetric field distribution for self-focusing
nonlinearity is obtained and analyzed. The main mode
intensity significantly exceeds the intensity of higher-
order modes. The electric field strength grows with the
increasing relative change of dielectric permittivity in
the interlayer for the main mode and first-order modes.
However, it decreases with an increase of its value for
higher-order modes.

The results obtained can be useful in developing
various optical waveguide devices. The proposed theory
also expands understanding of physical properties of
nonlinear waves and localization patterns of light beams
in distributed media.
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Abstract

Objectives. Due to the need for prompt and rational assessment of service quality within the framework of complex
IT projects, including infrastructure servicingand maintenance, which ofteninvolve alarge number ofidentical or similar
iterations, it becomes necessary to develop novel analysis methods based on nonlinear aggregation of indicators.
As a result of changes in the structure of the process, territorial remoteness, automation, informatization, and the
emergence of big data, the use of existing assessment methods often becomes impossible or labor-intensive. The
purpose of the present work is to develop an approach to assessing the quality of work (services) in the framework
of IT projects based on nonlinear aggregation of indicators.

Methods. The proposed approach to assessing service quality within IT projects is based on nonlinear aggregation
of a number of indicators involving a preliminary decomposition of the system into private indicators. In order to meet
the requirements of the decomposition process, service quality indicators must fully characterize the properties
of the service as a whole at the different stages of its life cycle.

Results. The application of the proposed nonlinear aggregation methodology to quality indicators obtained
by decomposing the system is described with the further calculation of a single indicator that takes all the essential
initial parametric indicators into account. The decomposition of complex systems to the level of elementary
relationship subsystems more adequately reflects interrelated phenomena in a complex system.

Conclusions. The practical application of the neural network parametric data aggregation model for assessing the
quality of IT services is demonstrated. The use of an aggregated information and analytical indicator for assessing
service quality increases the availability of analytical information for decision makers, reduces the dimension
of analytical data, and improves the objectivity of the obtained generalized information.
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Peslome

Llenu. HeobxoammocTb ornepaTtMBHOrO M OOOCHOBAHHOIO OLEHMBAHWS KayecTBa YCNyr B paMkax COXHbIX
MT-npoeKkToB, Taknx Kak CEpBUCHOE, TexHn4Yeckoe obcnyxmBaHne UT-nHdpacTpyKTypbl, BKOYAIOLWEH BbINOJHE-
HMe 6OJIbLIOr0 YMCa CXOXMX UM aHaNIOMMYHbIX UTepauuii, npegonpenensetT HeobXoAMMOCTb Pa3pPaboTKM HOBbIX
MeTOA0B OLIEHKN KayeCTBa, OCHOBAHHbLIX Ha HENIMHENHOM arpernpoBaHuu nokasateniei. [NpruMeHeHne NpexHUX
MeTOO0B KOHTPOJIS1 CTAHOBUTCSH HEBO3MOXHbIM MO0 Tpyao3aTpaTHbIM BBUAY W3MEHEHUs CTPYKTYpbl Nnpouecca,
TeppuTopmanbHON yaaneHHoCTW, aBToMaTm3aunmn, MHdopmaTnsaummn u nossneHns 60blunx AaHHbIX. Llens pabo-
Tbl — pa3paboTka Noaxoaa K oLueH1BaHMIo kadecTBa padoT (ycnyr) B pamkax NT-npoekToB Ha OCHOBE HEeJIMHENHOr o
arpermpoBaHusi nokasaTene.

MeTopbl. Mpennaraetca Noaxon K OLueH1MBaHMIO kadecTBa paboT (ycnyr) B pamkax NT-npoekToB Ha OCHOBE Henun-
HelrHOoro arperMpoBaHu1s psiaa nokasaTesieil ¢ npeaBapuTebHON AeKOMMO3ULMEN CUCTEMbI HA YacTHbIe MHAMKATO-
pbl. [MokasaTenu kayecTsa yciyru A40SXKHbl COOTBETCTBOBATb TPeboBaHMSM npoLecca A4eKOMMNo3nLUnK, T.€e. NOoJIHO-
CTblO XapakTepn3oBaTb CBOMCTBA YCYrn Kak eauHOro LLesIoro Ha CTaamsix ee XXM3HEeHHOro upkna.

PeaynbTatbl. OnNmMcaHo NpMMeHeHne npeasoXeHHON MeToA0N0MMN HEJIMHENHOMO arperMpoBaHms K MHAMKATOpam
KayecTBa, MoJslyYeHHbIM MyTeM OeKOMMO3MLUK CUCTEMBI, C AAJIbHENLINMM pacyeToM eAMHOro rnokasartesns, y4uThbl-
BalOLLLEr0 BCE CYLLECTBEHHbIE M3HaYaslbHble MapamMeTpuyeckme nokasarenu MHamkaTopos. MNpeanoxeHo Npon3Bo-
OMTb AEKOMMO3UNLMIO CIOXHbIX CUCTEM A0 YPOBHS 3/1IeMEHTAPHbIX MOACUCTEM COOTHOLUEHWN, ONUCbIBAeMbIX 3TUMU
MHAMKaTopaMm, KOTopble N3HaYaslbHO 6onee afekBaTHO OTpaXaloT B3aMMOCBSA3aHHbIE SAB/IEHUS B CJIOXKHOM cucTe-
Me, Hexenun abconoTHbIE NoKasaTenu.

BbiBoAbl. Moka3aHO MNpPeuMyLecTBO MNpPakTU4eCckoro MpPUMEHEHUST MOAENN MapamMeTpPUHeckoro HeanHerHoro
arpermpoBaHust OaHHbIX s oueHkn kadectBa UT-ycnyr. Mcnonb3oBaHue arperMpoBaHHOro MHGOPMaLMOHHO-
aHaIMTUYeCcKOro rnokasartens OoLueHKM KadecTBa YCNyr yaydlaeT OOCTYNHOCTb aHaNUTUYeckoi nHdopmaumm ons
L, NPUHMMAIOLNX PEeLLUEHUS, CHUXAET Pa3MepPHOCTb aHaIMTUYECKMX AAaHHbIX, MOBbILLAeT 0O bEKTUBHOCTb MOJy-
yaemoli 06006LLEHHO MHDOPMaLN.

KnioueBble cnoga: arpernposaHue, oLgHKa, Ka4ecTBo, MHaukaTop, UT-npoekT, aHanuTunka

e Moctynuna: 05.02.2024 » flopa6oTaHa: 19.03.2024 ¢ MpuHATa k ony6nukoBauuio: 12.07.2024

Ansa untnpoBaHus: KpacHos A.E., CanoroB A.A. OueHka kayecTBa ycnyr B paMmkax MT-npoekToB Ha OCHOBE arperu-
poBaHus nokasartenen. Russ. Technol. J. 2024;12(5):90-97. https://doi.org/10.32362/2500-316X-2024-12-5-90-97

Mpo3payHocTb pUHAHCOBOM AEATENbHOCTU: ABTOPbLI HE UMEIDT PUHAHCOBO 3aMHTEPECOBAHHOCTN B NPEACTaBNEH-
HbIX MaTepunanax nin Metoaax.

ABTOpPHI 3a51BNSAOT 06 OTCYTCTBMM KOHMIMKTA MHTEPECOB.
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INTRODUCTION

An important element in the management of
a company’s processes consists in assessing the quality
of the services provided. Such an assessment provides
a basis for feedback to support management decisions.
However, a unified methodology for assessing all aspects
of service quality is yet to be developed.

During the period of rendering services within the
framework of complex IT projects, including service
and maintenance works, it is necessary to ensure proper
definitions that underly the information-analytical
parameters of work performance. Such information-
analytical parameters can be used in analytical reporting
to support organizational and technical decisions as
a means of improving work performance (service
provision).

Quality assessment indicators reflecting parameters
used for quality management can be measured in
different ways. In any case, the result of the measurement
comprises a set of numerical values for the parameters.
However, it may not be sufficient to indicate that
the quality of a project depends on the timing of its
implementation. Thus, decisions must also be taken
concerning whether all operations must necessarily
begin and end at a certain time or only after a certain
deadline. In addition, it should be stated which outcomes
are to be monitored. The results of quality assessment
are used in service delivery, monitoring and processes
management.

The purpose of the present work is to propose
a methodology for the nonlinear aggregation of
heterogeneous quality indicators. In this connection,
the main task is to apply the proposed methodology of
nonlinear aggregation to the quality indicators obtained
by decomposition of the system, with further calculation
of a single indicator that takes into account all the
significant initial parametric indicators.

PROBLEM STATEMENT

Depending on the specifics of a project, various
indicators can be used for nonlinear calculation of
a single quality indicator. These include defect density,
failure probability, availability of service, reliability, etc.
At present, many methods of service quality assessment
have been developed, including critical-case methods
suchasINDSER,Kano, SERVQUAL,SERVPERF[1-4].
Various weighted average ranking methods are also
applied, many of which are based on the ranking of
essential attributes of the provided service quality,
e.g., tangibility, reliability, assurance, trust, security,
attention, communication, and customer understanding.
However, traditional quality assessment schemes are
often not adapted to the changed information realities.

Often it becomes impossible to operate with big data;
moreover, there are no methods of online monitoring
in the process of service provision or there are no
reliable mathematical methods for calculating the
proposed characteristics due to their being based on
expert assessments, whose results can be difficult to
formalize. In [4], it is noted that “there is no single
best method for assessing the state [...] since the state
is a multidimensional characteristic, and different
methods [...] reflect different aspects of its state [...] so
there is a need for research into methods [ ...] that enable
objectivizing the assessment of the subject’s state on the
basis of available heterogeneous data.”

For example, the commonly used SERVQUAL
model is based on the concept of customer service,
which is based on the expectation-perception principle.
The questionnaire used in the SERVQUAL model
consists of five blocks of user questions, each of which
responds to a specific request. 22 pairs of questions
in each block are distinguished using the Likert
scale, where each parameter has its own value. This
methodology is based on the assessment of consumer
attitudes towards the product or service provided to the
customer. Despite the fact that SERVQUAL models
are based on quantitative and qualitative indicators of
customer satisfaction, they lack universality. Some of
the shortcomings noted by researchers were taken into
account in the development and supplementation of
evaluation methodology concepts. At the same time,
the majority of works do not contain conceptually
new approaches to the methodology of service quality
assessment [5—8].

Since the evaluation of services “has a qualitative
character and is an object of nonnumerical nature,”
the essential evaluation of services cannot be correctly
performed within a deterministic framework but
becomes possible only within the context of a linguistic
scale [9].

The widespread practice of service quality
assessment focused on customer satisfaction cannot be
recognized as successful due to the risk of substituting
subjective feelings for objective concepts; moreover,
there is a danger of manipulating consumer opinions. At
the same time, when assessing the quality of services, it
is impossible to completely abandon the evaluation of
consumer opinion, i.e., it becomes necessary to achieve
a balance between consumer opinion and objective
evaluation [10].

Along with methods of comparative analysis
based on approaches to solving problems of multi-
criteria and multi-objective decision making in fuzzy
conditions, clustering methods [11] attract attention
due to the possibility of using the mathematical
and conceptual apparatus formed on their basis for
ranking research objects in quality assessment. Fuzzy
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multi-criteria optimization methods include ELECTRE,
PROMETHEE, VIKOR, TOPSIS, AHP, ANP, and
DEMATEL approaches [12]. At the same time, the
algorithms used in construction of decision matrices
only achieve the goal of ranking within the group
under consideration based on the available criteria.
These are of little use in practical evaluation since they
consider situational and relative rather than objective
location problems. Such ranking algorithms evaluate
an alternative solely within the presence of other
alternatives. Clustering, on the other hand, represents
a visualization method according to which the presence
of relationships can be shown on a two- or three-
dimensional projection. Meanwhile, the still-popular
average value method can be supplemented with
anumber of weighting coefficients within the framework
of metrics understandable to the researcher [13].

The issue of IT service quality assessment, which
remains a priority for any organization, implies decision
making with the help of one model or another [14, 15].
In this case, service quality can be defined as “a set of
service characteristics that determine its ability to meet
the established or anticipated needs of the consumer.”!

The proposed use of a parametric nonlinear data
aggregation model to assess the quality of IT services
offers a number of advantages over traditional
methods [16-19]. According to this methodology,
the process of IT service quality assessment requires
identification of the necessary quality indicators to
inform the further assessment of the service quality level.
Service quality indicators should meet the requirements
of the decomposition process, i.e., fully characterize the
properties of the service as a whole at the stages of its
life cycle, which determine its ability to meet certain
customer needs.

Thus, the identification and establishment of quality
indicators in an IT project, especially in such works
as service and maintenance of IT infrastructure, is
a complex and fundamental procedure for the subsequent
quality assessment according to the parametric data
aggregation model, because it implies decomposition
of the service delivery process in terms of quality into
the corresponding aggregates. Since the process of
decomposition has its own peculiarities and limitations,
it should be performed according to the developed
methodology rationally, expediently, and in accordance
with the set goals [20, 21].

To this end, it is necessary to establish which initially
qualitative characteristics are important in controlling
the realization of the IT project, representing them in the
form of vectors of values with criterion indicators.

' GOST R 50646-94. State Standard of the Russian
Federation. Service for people. Terms and definitions. Moscow:
Izdatelstvo standartov; 1994 (in Russ.).

RESULTS

It is proposed to use the following indicators for
IT projects:
1. Inquiry Processing Timeliness Indicator (IPTT).
This indicator expresses the probability that
a request sent to the IT service will be processed within
the agreed timeframe:

IPTIZL, (1)
D1+ D2

where D1 is the total number of processed requests for
the reporting period, D2 is the total number of overdue
requests for the reporting period.
2. Operational Readiness Indicator (ORI).
This indicator expresses the probability that the
IT service is in an operational state at a given point in
time:
T1

Rl =——, 2
T1+T2 @)

where 71 is the time period of service operation (in
hours) for the reporting period, 72 is the time of
IT service unavailability for the reporting period.
3. Consumer Satisfaction Indicator (CSI).
This indicator expresses the probability that the
IT service will meet the consumer’s needs:

Yl

CSl=———,
Y1+7Y2

€)

where Y1 is the total number of users for the reporting
period, Y2 is the total number of complaints for the
reporting period.

As well as being methodologically justified by
a single dimension and concept, the use of the introduced
indicators having numerical values from 0 to 1 has
practical significance, convenience of application, and
visualizability.

It is proposed to decompose complex systems only
to the level of elementary subsystems described by these
indicators, which initially reflect interrelated phenomena in
a complex system more adequately than absolute indicators.

Since a complex system is composed solely only
inherent relations, representing interconnected and
interdependent processes that reflect an internal balance,
the description of elementary subsystems using absolute
values will significantly complicate the calculation of
aggregate indicators.

The next step in the parametric nonlinear aggregation
model comprises the calculation of the aggregated
indicator of the service quality assessment. A simpler
interpretation of the methodological approach given
in [17, 18] is proposed as an aggregation technique:
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AIAl = !

— 0<AlAI<], (4)

N @@, -D
1+Zn 1% 7”}12

where AIAI is the aggregated information-analytical
indicator; o, are weighting coefficients that verify the
individual importance of the indicators of elementary
aggregates; i, are the values of the indicators of elementary
aggregates, i.e., i, = IPTL, i, = ORI, i; = CSI, ... Here N is
the number of indicators which can be of any value; 42 are
the expert estimations of unknown interference intensities
of the elementary aggregate indicators.

According to the conditions of formula (4), the
AIAI monotonically increases to 1 when the values
of all elementary aggregates approach to their upper
values, i.e., to 1. Thus, the AIAI objectively reflects the
qualitative characteristics of the process of rendering
services (works performed). The AIAI can also be
used to identify processes that require additional
controls.

The presented methodology resolves many problems
“associated with the use of indices, such as the choice of
a base for calculation, the quality of source data and data
aggregation” [22, 23].

The following table presents the calculation of
AIAL for five organizations that are part of the group of
companies providing IT support services (authors’ data
based on the materials of Digital Service?).

Calculated AIAI are presented in the diagrams
(Figs. 1 and 2).

DISCUSSION OF RESULTS

As shown in the diagrams, the AIAI obtained by the
model of parametric nonlinear aggregation correlates
with the set of initial data represented by elementary
aggregate indicators, as well as adequately summarizing
the set of initial indicators within the framework of
relations between them.

In the process of pilot application and operation
taking into account expert opinion, the AIAI may be
supplemented with the following conditions for best
practical application:

e threshold value;
o target value;
e actual value.

The target direction of AIAI changes for all works
over time: positive — increasing; negative — decreasing.

Target and threshold values can be used to set
the AIAI scale of the work, including for comparison
over time. The AIAI scale can also be divided into the
following areas:

2 http://digitservice.ru (in Russ.). Accessed December 05, 2023.

Table. Calculated data of indicators and AlAl

Pos.No.|  IPTI ORI sl ATAI
1 0.85 0.75 0.88 0.66
2 0.79 0.76 0.74 0.58
3 0.93 0.95 0.98 0.88
4 0.65 0.55 0.64 0.46
5 0.58 0.5 0.45 0.40
1.0 &
|}
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Fig. 1. AlAl visualization (dot diagram)
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Fig. 2. AlAl visualization (combined diagram)

e works (services) do not require additional control,
e additional control of works (services) is required),
e preventive measures are required.

If the actual value of AIAI is not less than the target
value, it corresponds to the wording “works (services)
do not require additional control.” If the actual value
of AIALI is greater than or equal to the threshold value
and less than the target value, this corresponds to the
wording “additional control is required.” In cases where
the actual value of AIAI is less than the threshold value,
it can be concluded that “preventive measures are
required.”

CONCLUSIONS

The parametric nonlinear data aggregation model
for IT service quality assessment offers a number of
advantages in terms of practical application. As well
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as reducing the dimensionality of analytical data and Authors’ contribution
increasing the objectivity of the obtained generalized The authors’ contribution to the writing of the article,

information, the use of the aggregated information-
analytical indicator for assessing the quality of services

including the development of the concept (idea formation,
formulation and development of key goals and objectives),
conducting research, preparing and editing the text, and

improves the availability of analytical information for  gpproval of the final version of the article is joint, balanced,
decision makers. and equivalent.
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Abstract

Objectives. Theresearchaimstodevelopaconceptual approachtothedigital transformation of university educational
processes. The approach is based on a detailed analysis of the stages, participants, and components of the
educational process at universities in order to develop a roadmap for digitalization and the development of a data-
driven educational process management system. The main objectives of digital transformation are: (1) improve
convenience for all groups of end users by providing access to data and operations with data related to the educational
process; (2) increase the transparency of all components of the educational process; (3) release human and time
resources by minimizing routine operations and improving the quality of decisions. The development of a data-driven
educational process management system is based on digital culture principles of process management, which imply
that the data collected in university systems are consistent, organized into a single structure. and stored in a form
convenient for the development of new digital services. The development of tools for intelligent decision support and
learning analytics is executed cooperatively by developers, analysts, and end users at all levels.

Methods. The research considers the work experience of the authors and their colleagues in Russian and
international universities as users of information systems and services, developers of educational analytics services,
and managers at various levels, as well as the stages of university digital transformation.

Results. The proposed conceptual approach increases comprehension by setting goals and organizing the planning
of digital transformation processes in education. As well as providing a detailed description of the major participants
and components of the educational process, comprising students, teachers and educational programs, the article
discusses data selection criteria.

Conclusions. The development of a conceptual approach for creating a data-driven educational process
management system at a university is becoming a priority task, whose successful execution will underpin further
university advancement and competitiveness.

Keywords: digitalization, digital transformation, data-driven management, educational process, student, teaching

staff, educational program, learning analytics
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Peslome

Llenu. Llenbto paboTbl aBnseTcs pa3pabdoTka KOHLEeNTyanbHOro noaxoaa K umdpoBon TpaHchopmMaumm obpa3osa-
TeNbHOro npoLiecca B By3e. B ocHoBe BbIOpaHHOIo Noaxoaa NexuT AeTallbHblli aHanmn3 9T1anoB, y4aCTHUKOB U KOM-
NMOHEHTOB 06pa3oBaTeIbHOO NPOLECCa B BY3€ C LIe/blO BbIPpabOoTKM JOPOXHOM KapTbl MO ero umdposmnsaumm n cos-
LaHWIO CUCTEMbI yNpaBieHns o6pasoBaTesibHbIM MPOLECCOM Ha OCHOBE AaHHbIX. OCHOBHbIMM 3aa4aMiu LMGPOBOM
TpaHchopmaumm ABASIOTCS: NMOBbIWeHne yaobcTBa AOCTyNa K AaHHbIM M paboTbl C AaHHBIMKW, OTHOCSALLMMUCS K 00-
pasoBaTesibHOMY MPOLLECCY, OJ1 BCEX MPYMn KOHEYHbIX MN0Jib30BaTENel; NoBbILLIEHME NMPO3PaYHOCTM BCEX COCTaB-
naowmx o6pasoBaTeslbHOro Npouecca; BblICBOOOXAEHNE HYEeNOBEKO-BPEMEHHbIX PECYPCOB 3a CHET MUHMMU3ALMN
PYTMHHbIX onepauuii 1 MOBbILEHNSA KayecTBa NpUHUMaeMbIX pelleHnii. B ocHoBe co3aaHust CUCTEMbI YrpaBieHus
obpaszoBaTesibHbIM MPOLLECCOM Ha OCHOBE AaHHbIX fiexaT NPUHLMMbI LMPPOBOI KybTypbl yNpaBieHns NpoL.eccamu,
KOTOpble NoApa3yMeBaloT, YHTO coOOMpaeMble B YHUBEPCUTETCKMX CUCTEMAX AaHHbIE YNOPSA0YEHbl B €ANHYIO CTPYK-
Typy, cornacoBaHbl Mexay cob0oi, HEMPOTMBOPEUMBLI U XPaHATCS B BUAE, YOOOHOM AN1s pa3paboTky HOBbIX LIMMPO-
BbIX CEPBUCOB. PaspaboTka MHCTPYMEHTOB MHTEIEKTYaNlbHOM NOAAEPXKKN MPUHATUS peLLeHnii n y4ebHon aHanm-
TUKN BEOETCS B TECHOM B3aMMOAENCTBUM Pa3paboTHMKOB, aHANIMTUKOB M KOHEYHbIX MOJIb30BaTesNe BCEX YPOBHEN.
MeTopabl. B paboTe ncnosnb3oBaH onbIT paboTbl aBTOPOB U UX KOJIIEN B POCCUMCKUX 1 3apyBeXHbIX By3ax B Kaye-
CTBe Nnosb3oBartesieit MHGOPMAaLMOHHbIX CUCTEM 1 CEPBUCOB, Pa3paboT4YMKOB CEPBUCOB YUEOHOM aHANUTUKN N PYy-
KOBOAMUTENEN pa3HOro ypoBHS. MprBeneHbl aTanbl LMdpPoBO TpaHchOopMaLuMm opraHn3aumm.

PesynbTaTthbl. [peanoxeH KOHUeNnTya bHbIA NOAX04 K MOHUMaHMIO, MOCTAHOBKE LIeNel 1 NaHupoBaHUIO Npouec-
COB LUMdpoBoi TpaHchopmauumm obpasoBaTenibHOro npotecca. NMoapobHO onncaHbl JaHHbIE OCHOBHbIX YHaCTHUKOB
1 cocTaBnsoLLmMx o6pa3oBaTesibHOro npouecca: odyyaloLlmxcsl, npenoaaBartenel u1 06pas3oBaTesibHbIX NMPOrpamMm,
HeobxoauMble oS yrnpaB/ieHUs By3OM Ha OCHOBE JaHHbIX; apryMeHTMPOBaH nx oToop.

BbiBoAbl. PaspaboTka KOHUENnTyabHOro noaxoaa Ass Co34aHus CUCTeMbl ynpaBfieHns o6pa3oBaTesibHbIM Mpo-
LLeCCOM Ha OCHOBE AaHHbIX B By3e CTAaHOBUTCS MPUOPUTETHOM 3aa4eil, OT Ka4eCTBa PeLLeHnst KOTOPOoK BO MHOMOM
OynyT 3aBMCETb Pa3BUTME U KOHKYPEHTOCNOCOOHOCTL YHMBEPCUTETA B OYAYLLEM.

KnioueBble cnoea: umndposmnsauus, umdposas TpaHchopmaLms, yrnpasieHne Ha OCHOBE AaHHbIX, 00pa3oBaTesib-
HbIF Npouecc, obyyawowmiics, Npodeccopcko-npenogaBaTenbCknini cocTaB, obpasoBaTenbHas nporpamma, yd4edbHas
aHanuTuka
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Mpo3payHocTb pUHAHCOBOMN AEATENIbHOCTU: ABTOPbLI HE UMEIDT PUHAHCOBO 3aMHTEPECOBAHHOCTN B NPEACTaB/EH-

HbIX MaTepmnanax nin Mmetogax.

ABTOPbI 3a5BNSIOT 06 OTCYTCTBUM KOHOMKTA MHTEPECOB.

INTRODUCTION

The digitalization of education is an important process
aimed at solving problems related to the creation of
technologies and the development of services for optimizing
the educational process and making it more adequate
to the needs of its key stakeholders: students, teachers,
employers and graduates [1]. Over the past two decades,
a large number of information systems and services have
been implemented for collection, storage, and processing
of data on participants and components of the educational
process [2]. First of all, we mean here learning management
systems (LMS), representing platforms for providing
teaching and learning materials related to the corresponding
courses. Depending on the level of development of teaching
and learning materials, as well as the automation of
assessment procedures, e-courses hosted on such platforms
can serve both as a support for the educational process
conducted in face-to-face format and as comprehensive
resources within the framework of distance learning [3].
Examples of such systems include intra-university online
learning platforms, many of which are Moodle-based!, as
well as Massive Open Online Course (MOOC) platforms,
including such well-known platforms as Coursera?,
edX3, and Udacity* (a more detailed list can be found on
Wikipedia®®). Such platforms allow for the collection of
large amounts of data about learners and their process of
mastering educational material. The emergence of such
data collection tools has given rise to new areas of research
such as Educational Data Mining and Learning Analytics.
These fields, which were formalized as distinct areas of
research in the early 2000s, have been developing much
more rapidly over the past decade. A comparison of these
concepts is presented in [4]. The ultimate goal of both
processes is the ability to predict learning outcomes based
on the analysis of educational platform data, while the
focus of Learning Analytics is on the learning process itself

! https://moodle.org/. Accessed January 15, 2024.

2 https://www.coursera.org/. Accessed January 15, 2024.

3 https://www.edx.org/. Accessed January 15, 2024,

4 https://www.udacity.com/. Accessed January 15, 2024,

5 https://en.wikipedia.org/wiki/List_of MOOC providers.
Accessed January 15, 2024.

6 Roskomnadzor: the foreign owner of the resource violates
the law of the Russian Federation.

and, accordingly, the performance (success) of the learner
in mastering the course material. Educational Data Mining
focuses directly on the process of extracting information
from various sources [5].

A number of studies in the field of Learning
Analytics have been related to the creation of systems
for predicting learning outcomes based on the analysis of
grades received, time spent on assignments, and overall
course performance [6]. In addition, learning analytics
tools are viewed as a source of real-time information
for participants of the educational process (teachers
and students). They allow learners to assess their own
progress in the course compared to other participants, as
well as to plan their time for completing assignments [7].

We note, however, that the potential of such systems
is limited, as it is based on student activity data in
e-learning courses, which can also be supplemented with
attendance and activity data in face-to-face classes [8].
In particular, most existing systems do not take into
account learners’ individual characteristics such as
cognitive style, motivational component, language and
cultural aspects. In [9], the author emphasizes that in
the digital educational environment, unlike traditional
in-class learning, the stakeholders of the educational
process have difficulties in determining the level of
student engagement and motivation due to the lack
of a conceptual approach to the process of modeling,
forming, and maintaining student engagement in
learning using digital educational resources. Moreover,
such systems typically work with intra-disciplinary level
data, i.e., data produced by student work activity within
the studied course. At the same time, to create a decision
support system that functions at the university level,
it is necessary to use data from different hierarchical
levels (see [10]), since aggregated data used for
university statistics often do not reveal the underlying
causes of problems arising in the educational process.
In addition to students, educational processes involve
teaching staff, who provide training and monitoring over
the formation of knowledge, skills and abilities, as well
as the degree programs (DP) themselves [11].

The present work proposes a conceptual approach to
understanding, goal-setting and planning the processes
of digital transformation of the educational process to
enable the development of intelligent decision support
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tools. The described approach can serve as a basis for
the development of a data-driven educational process
management system.

1. METHODS

The study is based on the experience of the authors and
their colleagues in Russian and international universities
as users of information systems and services, developers
of learning analytics services, and managers at different
levels (teachers, e-course developers, academic heads of
the educational program, department heads, school deans,
heads and deputy heads of student affairs, developers
of student success forecasting models, heads of IT
departments, etc.). In addition, we study the global research
experience in the fields of Digitalization in Education,
Learning Analytics, and Educational Data Mining.

The following section describes the stages of
digital transformation of the organization to provide
a more informed vision of the roadmap and planning of
activities for digitalization of the educational process. Its
main objectives are to increase the transparency of all
components of the educational process and subprocesses
within it, minimize the routine burden on the participants
of the educational process, and optimize the educational
process by improving the quality of decisions taken
at different levels. One of the main goals of digital
transformation of an educational organization is to create
a data-driven educational process management system
as a set of Learning Analytics tools providing intelligent
decision-making support.

2. STAGES OF THE DIGITAL
TRANSFORMATION

The digital transformation of an organization is
based on its level of digital maturity, representing an
awareness of the need to transform its core processes
related to data acquisition and information exchange. At

Stage 1

Organization of the work
with data in a digital form
e Data export opportunity
e Generation of forms and reports

e Storage of documents in scanned form subdivisions

e Increase in process transparency

the initial level of digital maturity, such transformations
are spontaneous and typically initiated by individual
departments as a means of optimizing their internal
processes. A high level of digital maturity implies
the consistent implementation of activities for the
coordinated transformation and integration of all key
processes of the organization in accordance with the
developed transformation strategy and roadmap. As
shown in the figure below, the digital transformation of
an organization can be divided into three main stages.

2.1. Organization of work
with data in digital form

The main disadvantage of document flow on physical
media is the high labor intensity of their verification,
statistical processing, analysis, and, as a consequence,
decision-making based on the information extracted from
them. Here, an acute problem arises in terms of accessing
data from past periods, for example, for the preparation of
reports or visualization of achievements over time.

When implementing electronic document or file
management systems at this stage, a critical feature
is the availability of data export tools in widely used
formats, as well as options for presenting data in various
formats, in particular, for the creation of summary forms
and reports. In other words, one of the important criteria
for the usability of the abovementioned systems and
services is the availability of tools that provide flexibility
in working with data. An example that illustrates the
actual absence of document digitization is the storage
of scanned versions of previously printed documents
within the system.

2.2. Technological optimization of processes
The next step in digital transformation involves

changing the methods of working with data and
organizing interactions between departments based on

Technological optimization
of processes
e Introduction of new forms of work
e Change in interaction between

Digital culture
of process management
e Unified data structure
e Ability to connect new modules
e Module update based on user
feedback

Figure. Stages of the organization’s digital transformation
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new working methods and tools to enhance process
transparency and release human resources. An example
of the transition to this stage is the optimization of
the reporting process by automating the collection of
data required for a specific type of reports throughout
the reporting period. The results of an employee’s or
team’s work during the reporting period should ideally
be entered into the appropriate system as they arise. In
this case, preparing a report does not require special
efforts, since the process itself automates the generation
of summarized data on outcomes achieved over a certain
period. The approaches used at this stage not only save
human resources but also significantly increase process
transparency and reduce the likelihood of providing
inaccurate data.

2.3. Transition to a digital culture
of process management

At this stage, all key processes of the organization’s
functioning should comprise parts of a single whole. All
collected data should be organized into a unified and
coordinated structure to organically complement each
other. As described in detail in [10], information systems
function on the basis of database(s) designed to take into
account the principles of student-centeredness, data
continuity, and data consistency. Compliance with these
principles when designing and developing the digital
infrastructure of the university guarantees consistency
and the absence of conflicts in data when working across
different systems. It also guarantees completeness
by storing all data with timestamps that allow for the
accurate reconstruction of a learner’s educational
history, as well as providing ease of use. The information
systems should allow for the connection of new modules
and be updatable based on feedback from end users. The
development of new modules and services is carried out
in close cooperation between developers, analysts, and
end users at all levels: top and middle managers, student
affairs staff, as well as representatives of teaching staff
and students. This digital infrastructure facilitates the
development of data-driven learning analytics and
decision support tools for more effectively identifying
issues in the learning process and finding their possible
solutions.

3. RESULTS

In this section, the main participants and components
of the educational process (hereinafter subjects or
objects of the educational process) are considered:
students, teachers and DPs. The data structure for
each subject (or object) is proposed and its detailed
description is given in the context of the concept and
objectives of data-driven management. The more

information can be collected, the more clearly it can be
structured and described in detail, resulting in higher
system potential.

3.1. Student data

Since the student is a key participant in the
educational process, it becomes especially important to
initially classify his or her data in such a way that their
subsequent use will simplify the process of data extraction
and analysis [12]. When building a model of a student,
two types of data should be taken into account: (1) the
data that do not change or change very slowly over
time (socio-demographics, gender, age, nationality and
cultural characteristics, psychological characteristics
and cognitive features, etc.); (2) accumulated data
on the process and results of learning (accumulated
digital footprints (entrance examination scores, results
of participation in academic competitions, secondary
education certificate grades, data on his or her activity
on educational platforms) comprising a student’s digital
educational history, the concept of which was introduced
in [13].

One of the important tasks of Learning Analytics
is modeling the student, including the creation of his
or her digital twin. It is clear that the more data about
the student and his or her learning process can be
collected, the more accurate the learner model will be.
In particular, an important task is developing tools for
collecting data on student’s use of learning materials
from external sources (educational content, educational
forums, various reference materials).

When collecting data, it is important to adhere to
the principle of data continuity [10] to ensure that no
data that changes over time is lost, in particular, in the
process of updating (overwriting). For example, in case
a student does not pass an exam at the first attempt, all
dates and results of attempts should be stored in the
database. This gives a more comprehensive picture of
academic performance, helping to identify problems with
learning in a timely manner and adjust personal learning
trajectories. In cases when a student switches from one
major (degree program) to another, such changes in the
student’s interests or difficulties in mastering certain
courses should also be recorded. In other words, such
indicators can be used to identify and address problem
areas with subsequent adjustment of the DP in order to
improve its quality.

We will conditionally divide all data into three
groups. The first group includes general data used in
educational and administrative processes. The second
group operates with data related to a specific DP and its
learning outcome requirements. Finally, the third group
contains information about the student’s activity and
performance in a particular course of the DP.
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The first block includes basic data on the student:
basic personal data,

socio-demographics,

health records,

admission data,

academic status of the student.

Basic personal data contains the student’s surname,
first name, patronymic, date and place of birth, gender,
data on main identification documents (passport, social
security number, taxpayer identification number).

Socio-demographic data includes information
on marital status, family members, as well as the
number of dependents and average income. This
information may prove useful when considering the
possibility of applying for social scholarships and
other assistance.

Health records form an important basis for
determining whether inclusive education is necessary.
This includes data on the presence of medical conditions
and the opinions of medical experts.

Admission data traditionally include entrance
examination scores or results of previous final attestation,
as well as the results of participation in academic
competitions, which confer certain privileges when
applying for the next level of education. An applicant’s
portfolio data can give additional points at admission
to some areas of training. At admission to a Master’s
program, information about the student’s bachelor’s
diploma, results of entrance examinations, as well as
publication record, will be required.

Academic status contains information about the
current status of the student, e.g., studying / completed
training / on academic leave / expelled / in the process
of readmission. It can also indicate the status of the
student in the educational context, namely, information
about courses mastered within the framework of the DP,
attained internships, internships, supervisors, the topic
of a graduation thesis, etc.

These data can be supplemented with data on
a student’s psychological characteristics, cognitive
features and styles. Taking into account such
student characteristics can be useful in planning
and organizing his educational and extracurricular
activities, for example, when designing a personalized
learning path.

The second group contains the following data
blocks of interim and final attestation, as well as pre-
professional training of student:

Data block for intermediate and final assessment:

e results of intermediate assessment for all years of
study;

e term exams results;

e amount of academic debts at the present moment;

e number of attempts to pass the assessment for the
course.

Pre-professional training data block:

e topics of completed research works and data on
scientific advisors;

e research publications;

e conference presentations and talks;

e experience in professional activity in organizations
relevant to the field of study;

e reviews and feedback on research and graduation
theses;

e experience in team projects/startups participation
with record on personal contribution.

The intermediate assessment section can provide
useful information about the most challenging courses
for students and help to select the appropriate educational
materials, taking into account their background in the
field of study, motivation and ambitions. Based on such
data, it is possible to create more advanced services,
such as services for predicting the student’s success in
completing an educational program or recommendation
systems [14], which can build a personalized learning
path depending on preferences, abilities and previously
accumulated information about the user (digital
footprints and digital educational history).

The research interests of the student and his or her
readiness for research activity can be judged based on
pre-professional training data. This is important when
choosing a base for internships, or selection of potential
job places for future graduates. Data on the scientific
supervisor, reviews and feedback can provide students
with guidance on choosing research topics, the relevance
of these topics, and prospects for further development or
career opportunities in the science and technology sector.

We move on to the third group of data comprising
educational course data. This includes:

e number of accesses to the LMS and total time spent
in it;

e number of transitions and number of clicks within
the LMS;

e number of viewed educational videos and their
viewing duration;

e participation in discussions on educational forums;
e number of references to external educational sources,
total time spent on mastering educational material;

e success in completing assignments (accuracy,
timeliness, independence level).

The data of the third group characterize the student’s
performance within a particular course. Currently, most
educational courses are presented in electronic form in the
university LMS (typically Moodle-based; a detailed list
of LMS can be found on Wikipedia’-®). Course structure,

7 https://en.wikipedia.org/wiki/List_of learning_management
systems. Accessed January 15, 2024.

8 Roskomnadzor: the foreign owner of the resource violates
the law of the Russian Federation.
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the content of assessment materials, evaluation criteria,
and deadlines for assignments are generally determined by
the course instructor on the basis of the approved course
syllabus.

The course instructor, using access to the event
log and gradebook, can obtain data on the student’s
activity within the course. It is also possible to get such
data as study time, number of accesses to educational
materials, educational video viewing time, and results of
interim testing. In future, it will be possible to use these
or other indicators to track the dynamics of academic
performance within a course.

To summarize, the data in the first group usually
remain unchanged or change slowly over time, while the
data of the second group are updated on a regular basis,
typically at least once per academic term. The data of the
third group are updated most frequently, usually weekly.

3.2. Data on tertiary teachers
(course instructors)

The next key subject of the educational process
is the teacher, whose qualifications, experience and
pedagogical skills largely determine the effectiveness
of knowledge delivery and consequent effectiveness
of the educational process. The author’s interpretation
of a particular course in the curriculum influences
the motivation of students and their involvement,
knowledge and skills gained as well as the learning
outcomes of the course [15]. Unlike student data, on
which most researchers of learning analytics are focused,
the exploration of teacher data has drawn much less
attention. However, interest in this topic has recently
started to grow (see, for example, [16]).

Teachers undergo regular performance appraisals,
for example, as part of employment or competitive
election. For this procedure, the applicant prepares
a list of his or her achievements for a certain period in
the form approved by the organization where he/she
plans (to continue) to work. However, data submitted in
this way may contain inaccuracies; for example, there
may be errors in their design. Most importantly, such
data are usually used once and are not stored for future
use. In addition, the preparation of such reports is time-
consuming and routine. On the other hand, a properly
organized data collection on the teacher’s achievements
in different areas will make it possible to receive such
reports automatically without time and labor costs,
while significantly reducing the risks of inaccurate or
erroneous information. From a manager’s point of view,
adigital service for working with faculty data can provide
opportunities to monitor the achievements not only of
an individual employee, but also to generate summary
reports on teams (employees of a department, institute,
members of a scientific team) or groups (3rd-year

students, PhDs under the age of 35, etc.), as well as
the dynamics of employee- or team achievements over
a certain period.

For the convenience of assessment, monitoring
and timely adjustment of the educational process in
the context of the teacher, it is proposed to consider the
data on the teacher by analogy with that of students as
multidimensional, structured, dynamically updated data
on professional competence, communication skills, as
well as digital competence and digital culture, including
a group of personal data and groups of indicators. Each
indicator is considered with respect to the information
that can be obtained in the current moment—static
data and dynamic data changing over time under the
influence of some external factors, experience, or issued
recommendations.

The first block of data contains basic personal and
professional information:

e basic personal data (surname, name, patronymic,
date and place of birth, gender, data of basic
documents);

e socio-demographic data (marital status, family

members, average income);

health data (in relation to labor duties);

data on education, academic degrees and titles;

data on previous employment and positions held;
data on mother-tongue and foreign language
proficiency;

data on teaching experience;

e profile data in scientometric databases
professionally-oriented social networks.

This block, which contains a standardized set of data
that does not change or changes slowly over time, can be
used to form a picture of the main stages of work history,
e.g., relating to periods of employment.

The following blocks describe the teacher’s
competence as researcher, mentor, or practitioner.

The teaching and learning competence data block
contains:

e data on courses taught (linked to academic years and
semesters, indicating the type of classes and form of
delivery);

e data on the number of students in the courses taught;

e data on developed teaching and learning materials
and e-courses;

¢ data on external resources used in teaching practice;

e developed information content used in teaching
activities;

e data on completed professional development /
retraining / vocational training courses;

e data on student assessment of the teacher (if
available);

e student attendance in the course during the semester;

e student academic performance within the course and
the results of the term exam.

and
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The scientific research competency data block
includes:

e data on publications and intellectual property
objects;

e data on participation in projects supported by
research grants or carried out within the framework
of contractual works, as a manager or contractor;

e data on membership in dissertation councils,
editorial boards of scientific journals;

e data on work performance as an expert.

The mentoring competency data block contains:

e data on scientific supervision of graduation theses /
dissertations of students / master’s degree students;

e data on scientific supervision of postgraduate
students / scientific advising of doctoral students;

e data on publications of students/postgraduate
students co-authored with an academic staff member;

e data on graduation theses / candidate/doctoral
dissertations, defended under the supervision of an
academic staff member;

e data on students/postgraduate students who won
prizes in competitions/contests/conferences (with
indication of the event level).

The practical competence data block includes:

e data on work experience in organizations/enterprises
in the field of training in which the teaching is
provided (indicating places of work, positions held,
main duties performed);

e data on developed cases drawn from practical
experience;

e data on practice-oriented tasks developed for
competitions/hackathons;

e data on expert experience in the professional field.
In addition to these blocks, it is also appropriate to

introduce an additional data block, where an employee
could provide other information indicating his or her
professional qualifications, for example, awards received,
competitions won, interuniversity and international
team participation, consortia, organization of events,
presentations of popular science lectures, experience in
preparing and conducting trainings, business games, etc.
These data can be subsequently classified into separate
blocks to facilitate their effective application.

These blocks can be supplemented by a block of
communicative and other soft skills, which can include
the ability to deliver the course according to the audience
preparation and proficiency (adaptability), motivation
building and critical thinking skills, the ability to build
productive interpersonal relationships within the team.
However, it should be noted that the measurement of
such skills requires special consideration. The level
of communicative competence can be evidenced, for
example, by the results of student evaluation of the
instructor, the number of co-authors in publications, or
participation in collective projects.

The block of teacher digital competence and digital
culture requires a separate detailed exploration. It needs
to consider the proficiency of using various digital tools
in teaching and research, as well as the acceptance of
changes brought by digitalization and the readiness to
implement these changes. As faculty digital culture is
an integral part of the corporate culture, its development
becomes a significant issue of change management in
the university.

A data collection and storage system should
be capable of automatically retrieving data as they
become available. An example is the retrieval of data
from scientific metrics systems on published articles.
Where automatic retrieval is impossible, the system
should provide standardized data entry with supporting
documents or references.

3.3. Degree program data

DP is one of the most significant components
of the educational process and its quality directly
affects its popularity among students and applicants.
Insufficiently high indicators of the educational
process (e.g., low academic performance, high
percentages of students who change a DP over the
course of training, low employment rates) can represent
the evidence not only of insufficiently trained students,
but also problems with the program itself. The most
acute of these is the low demand for the program
during the admission campaign and consequently low
competition among the applicants. This could result
in enrollment of students with lower exam scores who
tend to be less motivated. This, in turn, entails further
problems with their learning within the program. Low
demand for DP typically has two reasons behind it:
external (obsolescence, i.e., insufficient compliance
with the changing demands of the labor market) and
internal (inconsistency of the content and structure
of the program with the stated learning outcomes).
Despite the fact that the educational community—
including DP developers themselves—recognizes the
existence of the mentioned problems, there is currently
no methodology to clearly describe an algorithm for
DP analysis and evaluation, as well as identifying its
weaknesses and correcting them.

In this regard, it is important to define a set of internal
DP indicators for characterizing the features of its
structure and content, as well as external DP indicators,
which form a basis for judging DP quality and demand.
Each indicator then needs to be associated with a set of
data on which basis it will be calculated.

The main internal characteristics of the DP can be
considered as follows:

e field of study, including level of education, form of
education;
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e requirements of the federal state educational standard
or the educational standard of the educational
organization, including learning outcomes expressed
in term of competencies;

e professional standards, for which the DP trains
students, including formed professional competencies;

e the structure of an DP, defined by its curriculum and

including a set of disciplines and practices, as well

as their labor intensity and mastering schedule;

DP development team;

Personnel implementing the DP;

material and technical support for the DP;

other characteristics, such as involvement of employer

representatives in the learning process, availability of

real-life tasks (cases) adapted to the learning process,
geography range of internship sites, etc.

These characteristics, which determine the design,

structure, and content of the DP, have a direct impact

on its quality. However, in order to assess the quality
of the DP, it is necessary to evaluate external indicators
independent of its internal content, as they indicate how
much external stakeholders (graduates, their employers,
various administrative bodies of regional and federal
levels) are satisfied with DP quality.

Among the main external indicators characterizing
the quality of a DP, we note the following:

e distribution of Unified State Exam scores of
applicants admitted to the DP, including their
average and passing scores;

e proportion of entrants to the DP who have particular
achievements (winners and prize-winners of academic
olympiads and competitions at various levels);

¢ indicators related to the results of the intermediate
certification: grade distribution records by course
within a specific term / examination period,
dynamics of the proportion of students who have
a certain level of academic debt, etc.;

e student academic status updates: dynamics of
dropout rates, academic leaves, changes of degree
program (major) or higher education institution,
dynamics of re-enrollments, transfer to DPs from other
DPs within the university, from other universities, etc.;

e share of students (by year of study) who have
achievements in research activity (presentations
at scientific conferences, publications, intellectual
property objects);

e share of students (by year of study) who have
achievements in professional activities, noted
by potential employers as a result of internships,
participation in project work, case studies, etc.;

e employment rate of graduates in organizations
relevant to their field of study;

e results of surveys of students regarding their
satisfaction with the components of the educational
process within the DP;

e results of surveys of graduates regarding their
satisfaction with training within the DP, employment
opportunities, competitiveness in the labor market,
etc.;

e results of surveys of employers regarding their
satisfaction with the qualification of graduates,
interaction with the university, development team,
course instructors implementing the DP.

Note that the development of a methodology for
working with the above indicators requires special
attention, since their absolute values (as they are) do not
carry much meaning in terms of determining the quality
of DP. The following approaches can prove useful

e consideration of these indicators in dynamics over
a certain period of time;

e consideration of relative values of the indicators
compared to similar indicators from other degree
programs within one or similar groups of fields of
study within the university;

e consideration of relative values of the indicators
compared to similar indicators of degree programs
in the same field of study at other universities,
ranging from the nearest regional competitors to all
universities in the country implementing programs
in this field.

The development of methods for analyzing and
assessing the quality of degree programs, as well
as identifying their strengths and weaknesses, is
a distinct and under-researched field of study. The
very definition of the quality of a degree program is
an important task in itself. We suggest that the quality
of a degree program be defined in terms of achieving
the desired learning outcomes, expressed in terms of
competencies a graduate should possess upon successful
completion of the program. However, measuring the
level of possession of competencies, or professional
skills of graduates are nontrivial tasks that do not have
a straightforward solution. It should also be understood
that a degree program is not an unchanging set of
documents, but rather a dynamically evolving entity
that connects students, faculty and teaching staff,
administrative personnel, employer representatives, and
other stakeholders within the educational process. As
a key component of the educational process, DP is an
important object of study within the framework of data-
driven educational process management. In the context
of a rapidly changing labor market, the tasks of creating
tools for analyzing DPs, managing and optimizing their
portfolio within the university are highly relevant.

4. DISCUSSION

Processes of digitalization in higher education
institutions are currently implemented mainly through
the creation of specialized systems and services which
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function within particular areas and are aimed at
solving a limited range of tasks [17]. One of the main
disadvantages of this approach is that such services
usually do not include protocols of interaction with
each other, since their operation is often based on data
stored in databases specially designed for these systems.
This leads to the problems described in [10], namely,
data duplication and redundancy, as well as absence of
unified storage standards and consequent conflicts in
data exchange between different information systems.
The inability to integrate these systems as components
of a coherent whole presents a challenge to addressing
higher-level objectives, such as, for instance, determining
the root causes of a decline in student retention rate
in a given DP or the increase of student attrition from
that program and their subsequent enrollment in other
programs. We believe that the use of a single information
platform, referred to as the “core”, which instantiates the
principles for data collection, storage, and processing
for all university information systems, can help address
the aforementioned challenges. Such systems would
represent modules connected to the core. In addition,
the sequential connection of new modules, modified
according to end user requests, will significantly improve
the transparency of internal processes, reduce labor and
time expenditures, and increase the speed and accuracy
of decision-making.

It should be noted that the core data elements of
students, faculty, and DPs discussed in this work are
interconnected in numerous ways. For example, the
outcomes of a student’s mid-term assessment in a subject
are not solely determined by the student themselves,
their motivation, level of preparation, and assignments
completed during the term. Rather, they depend on the
qualifications of the teachers who taught this subject, and
the level of their expectations, methods, formats, teaching
materials, as well as the structure of the course (in
particular, the total workload and the distribution of
workload between contact hours and independent
study), as outlined in its syllabus. Additionally, if the
course content is based on knowledge gained in other
subjects of the educational program, then the structure of
the course, as determined by the curriculum, also plays
a significant role. In practice, there are instances where
the skills and knowledge acquired by students in one
subject are applied in another, with both subjects being
taught concurrently in a single semester, which can
create understandable challenges for students. Thus, the
purpose of data-driven educational process management
is to, among other things, simplify the process of
accessing a diverse range of data related to the education
process as much as possible, and to develop data analysis
and visualization tools to facilitate the identification of
areas for improvement in the educational process with
a view to further optimizing it.

The next significant consideration is that the
development, customization, and technical maintenance
of such a system must be undertaken throughout its
entire lifecycle. Both the development and subsequent
refinement or modification of individual modules
should occur in close collaboration with end users,
based on the systematic collection of feedback. Having
a team consisting of representatives from various roles,
including developers, technical support personnel,
senior management, and representatives from all groups
of users and stakeholders, can help to make the process
of evolving such a system more effective. In addition, it
is essential that the process of gathering feedback and
making subsequent changes to the system is regular and
timely. Otherwise, the positive impact of the process
may be significantly diminished, which could in turn
negatively affect the overall effectiveness of the system.
In this regard, using proprietary software developed by
third-party vendors may offer less practical benefit to the
organization compared to developing its own software
in-house by a dedicated team of developers.

Finally, we would like to highlight another aspect
that plays a crucial role in the successful implementation
and development of a data-driven educational process
management system. This aspect involves the adoption of
the system by all relevant stakeholders and their willingness
to contribute to its improvement and enhancement.
The introduction of such a system has the potential to
significantly enhance the transparency of various aspects
of an employee’s performance, which may lead to at least
a mixed reaction towards the system and decisions made
based on data generated by it. A very important point here
is the interpretation of the data and indicators obtained.
In view of the above, building a system of decision-
making in relation to participants in the education process
in the context of rewarding them for their achievements
and supporting them in eliminating problem areas and
realizing potential points of growth will be an important
component of the successful implementation and further
development of such a system.

CONCLUSIONS

In the present article, we propose a conceptual
approach to the digitalization of the educational process
in a higher education institution, describing its main
stages, as well as providing data blocks for the key
participants and components of the educational process:
students, teaching staff and DPs. We highlight certain
features and challenges associated with the development
and implementation of information systems and digital
services for building a data-driven educational process
management system.

In subsequent works, the authors plan to study
in detail each component of the proposed conceptual
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approach, analyzing the specifics of collecting and
assessing indicators related to students, teaching staff,
and DPs.

Digitalization of the educational process represents
an essential stage in the development of a university,
without whose implementation it will be impossible to
reach a significantly new level of educational activity.
The continuously growing market of educational
services, especially in terms of continuing professional
education, puts universities in a position of catching-
up as compared to online educational platforms, which
have significantly excelled in the use of digital tools
for Learning Analytics. Consequently, the development
of a conceptual approach to create a digital system of
educational process management in the university

becomes a priority task, the quality of which will greatly
influence the future development and competitiveness of
the university.
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