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• �Information systems. Computer 
sciences. Issues of information  
security

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

• �Modern radio engineering  
and telecommunication systems 

• �Micro- and nanoelectronics. Condensed 
matter physics

• �Analytical instrument engineering  
and technology

• �Mathematical modeling 
• �Economics of knowledge-intensive  

and high-tech enterprises and industries. 
Management in organizational systems

• �Product quality management. 
Standardization

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

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

• �Современные радиотехнические 
и телекоммуникационные системы

• �Микро- и наноэлектроника. Физика 
конденсированного состояния

• �Аналитическое приборостроение  
и технологии

• �Математическое моделирование
• �Экономика наукоемких и высокотехно

логичных предприятий и производств. 
Управление в организационных системах

• �Управление качеством продукции. 
Стандартизация

• �Мировоззренческие основы  
технологии и общества

РОССИЙСКИЙ 
ТЕХНОЛОГИЧЕСКИЙ 
ЖУРНАЛ
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Abstract
Objectives. 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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НАУЧНАЯ СТАТЬЯ

Автоматизация поиска  
юридической информации на арабском языке: 

подход к поиску документов

Камел С. Жафар 1, @, 
Али А. Мохаммад 2, 
Али Х. Исса 3, 
А.В. Панов 1, @

1 МИРЭА – Российский технологический университет, Москва, 119454 Россия 
2 Национальный исследовательский университет «Высшая школа экономики», Москва, 109028 Россия
3 РОСБИОТЕХ – Российский биотехнологический университет, Москва, 125080 Россия
@ Авторы для переписки, e-mail: zhafar.k@edu.mirea.ru, panov_a@mirea.ru 

Резюме 
Цели. Поиск юридической информации, например, информации, связанной с различными юридическими 
вопросами, такими как наказание за  преступления, является сложной задачей. Предлагаемый авторами 
подход может быть эффективным и действенным способом автоматизации поиска юридической информа-
ции без необходимости использования большого количества размеченных данных или значительных вычис-
лительных ресурсов. Целью статьи является анализ возможности использования подхода к поиску докумен-
тов в контексте юридических текстов на арабском языке, с применением методов обработки естественного 
языка и неконтролируемой кластеризации. 
Методы. Использован подход Top2Vec – алгоритм моделирования темы, который создает вложения доку-
ментов на основе семантического контекста, чтобы группировать юридические тексты на арабском языке 
в соответствующие темы. Использован алгоритм кластеризации на основе плотности для определения под-
тем внутри каждого кластера. Решаются проблемы работы с арабским юридическим текстом, такие как мор-
фологическая сложность, двусмысленность и отсутствие стандартизированной терминологии. Предложен 
конвейер предварительной обработки, включающий в себя токенизацию, нормализацию, выделение корней 
и удаление стоп-слов.
Результаты. Результаты оценки подхода с использованием набора данных юридических текстов на араб-
ском языке, основанного на ключевых словах, показали его эффективность и превосходство с точки зрения 
точности и запоминаемости. Предлагаемый подход обеспечивает точность поиска – 87% и полноту поиска – 
80%. Применение этого подхода может значительно улучшить поиск юридических документов, сделав его 
более быстрым и точным.
Выводы. Предложенный подход может быть ценным инструментом для юристов и исследователей, которым 
необходимо ориентироваться в обширном и сложном ландшафте арабской юридической информации, по-
вышая эффективность и точность ее поиска.

Ключевые слова: поиск документов, обработка естественного языка, Тop2Vec, алгоритм кластеризации 
на основе плотности, арабские юридические документы, вложения слов, косинусное сходство
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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 
AI, 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 AI 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 AI 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.

Zhong et al. present an overview of the development, 
current state and future directions of legal AI [6]. Legal 
AI 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 AI 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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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)1 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 

1  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.

Data collection Data preprocessing ForecastAssessment

Text embedding

Size reduction

Clustering

Model training

Fig. 1. Top2Vec approach to legal information retrieval
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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:

•	 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 

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

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 

“Deep learning is a type of machine learning ...  
unsupervised learning from unstructured  
or unlabeled data...”

“Statistics is a form of mathematical analysis...  
for a given set of experimental data or real research. 
Statistical research methodologies...”

“Artificial neural networks... are computational 
systems inspired in part by biological neural 
networks... Such systems are trained to perform 
tasks with a...”

“Markov chain is a stochastic model describing 
a sequence of possible events in which 
the probability of each event is...”

Learning
Network

Neuron 

Data Statistics

Probability

Chain

Fig. 2. Example of a semantic space
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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:

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.

Topics

7

6

5

4

3

2

1

Documents1	 2	 3	 4	 5	 6	 7

Fig. 3. Retrieving dense document regions using spatial clustering of applications based  
on hierarchical density with noise
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•	 Documents: corpus of preprocessed documents for 
clustering.

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

•	 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.

•	 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.

•	 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.

•	 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.

•	 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.

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

•	 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:

cos( , )
(|| || || ||)

,q d q d
q d

�
�
�

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)Precision = ,
Total Documents Retrieved (TDR)

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

=

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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НАУЧНАЯ СТАТЬЯ

Помехоустойчивость приема сигнала OFDM 
с использованием квадратурной  

амплитудной модуляции с мягкими решениями 
при наличии узкополосных помех

А.А. Парамонов @, 
В.В. Чу

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

Резюме 
Цели. Целью работы является исследование помехоустойчивости передачи цифровой информации в систе-
мах на основе мультиплексирования с ортогональным частотным разделением (orthogonal frequency division 
multiplexing, OFDM) и квадратурной амплитудной модуляцией (quadrature amplitude modulation, QAM) подне-
сущих в присутствии узкополосной помехи. В качестве способа борьбы с этой помехой исследовано приме-
нение демодулятора с мягкими выходами и последующее декодирование используемых в системе сверточ-
ного кода и кода LDPC (low-density parity-check code).
Методы. Представленные в статье результаты получены с использованием методов статистической радио-
техники, математической статистики, теории кодирования и компьютерного моделирования.
Результаты. Представлен простой метод вычисления мягких оценок битов в демодуляторе М-ичных сигна-
лов QAM, где М является четной степенью двойки. Получен большой объем численных результатов, показы-
вающих зависимость вероятности ошибки на бит передаваемой информации от кратности М, от отношений 
сигнал/шум, сигнал/узкополосная помеха, от скорости кодов.
Выводы. Из полученных результатов можно сделать вывод, что использование кодирования с мягкими ре-
шениями демодулятора значительно улучшает помехоустойчивость приема OFDM-сигнала, позволяя эф-
фективно бороться с узкополосными помехами. Кодирование LDPC показывает превосходство над сверточ-
ным кодированием в повышении помехоустойчивости приема сигнала OFDM как в отсутствие узкополосных 
помех, так и при их наличии. Наряду с использованием в системах QAM-OFDM, предложенный простой метод 
демодуляции сигналов QAM с мягкими решениями может применяться в любых системах беспроводной свя-
зи, использующих М-позиционные сигналы QAM, у которых М представляет собой число 2 в четной степени.
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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  1a 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(t) with symbol duration equal 
to the OFDM signal symbol duration is transmitted on 
each orthogonal frequency of the OFDM signal. Signal 

( )x t  received by the receiver on this frequency can be 
described as follows:

	 ( ) ( ) ( ),= +x t x t w t � (1)

wherein w(t) 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 t  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 t  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:

Encoding M-QAM 
modulation

Inverse 
fast Fourier 
transform

Adding  
guard  

interval

Bits

Synchronization 
OFDM  
symbol 
division

M-QAM 
demodulation

Removing  
guard  

interval
DecodingFFT

Bits

Fig. 1. The OFDM system structure: (a) transmitter, (b) receiver

(b)

(a)
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g s(2 )
gg( ) e ,π +θ= j f nTn A

wherein Ag is the narrowband interference amplitude;  
fg is the narrowband interference frequency; Ts is 
sampling interval equal to the symbol duration; and θ is 
the randomly distributed phase, θ ∈ (−π; π]. 

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

g s , 0 1, 0.5 0.5,+ a
= ≤ ≤ − − ≤ a ≤

mf f m N
N

wherein fs 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 

interference and using the fact that s
s

1 ,=f
T

the following 

can be obtained:

2 ( )
gg( ) e .

π + a + θ 
 =

j m n
Nn A

At α = 0, the interference frequency coincides with the 
subcarrier frequency and the interference is orthogonal 
to other subcarriers. At α ≠ 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:

21 2g
2 ( )0

1 1 e( ) g( )e e .

1 e

π− πa− θ
π

− +a=

−
= =

−
∑

j nkN j
jN

j m kn N

A
G k n

N N

When the narrowband interference is 
orthogonal (α = 0), it has the following form after FFT:

ge , ,
( )

0,        .

θ == 
≠

jA k m
G k

k m

Thus, the narrowband interference coinciding 
in frequency with some mth subcarrier does not fall 
on frequencies of other subcarriers. If α  ≠  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]:

2
g2 2

, 2
1 cos(2 )[| | ] .21 cos ( )

− πa
σ = = ⋅

π
− − + a

kG k
A

E G
N m k

N

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

	 .= +X X W � (2)

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

	

2

2
| |

2
2

1( | ) e .
2

 −
−  σ =

πσ

X X

f X X



 � (3)

Here, σ2 is the distribution variance (3).
Each M-QAM signal symbols carries log2M bits 

of information. For example, for 16-QAM, the bits 
are b0, b1, b2, and b3. 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
,opt
2

2
,opt
2

| |

2
2

| |

2
2

2 2
,opt ,opt2

( | )
( ) ln

( | )

1 e
2ln

1 e
2

1 (| | | | ),
2

−

+

−

+

∈

∈

 −
 −
 σ 

 −
 −
 σ 

− +

= ≈

πσ≈ =

πσ

= − − −
σ

∑
∑

i

i

i

i

X S
i

X S

X X

X X

i i

f X X
l b

f X X

X X X X









 

� (4)

where +
iS  and −

iS  stand for sets of symbols whose 
ith bit is 1 and 0, respectively.

In expression  (4), ,opt
+
iX  and ,opt

−
iX  are signals X 

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

	

2
,opt

2
,opt

arg min | | ,

arg min | | .

+

−

+

∈

−

∈

= −

= −
i

i

i
X S

i
X S

X X X

X X X





� (5)

Determining soft decisions by using expressions (4) 
and  (5) is a  rather cumbersome task. The complexity 
of calculations increases significantly with increasing 



21

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

Alexey A. Paramonov,  
Chu Van Vuong

Noise immunity of QAM-OFDM signal reception using soft-decision  
demodulation in the presence of narrowband interference

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: b0, b1, b2, and b3. 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 IQ-diagram: ( ) ( ),= ℜ + ℑi i iX X j X    
where ( ), ( )ℜ ℑi iX X   are real and imaginary parts of 
oscillation .X

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

Fig. 2. M-QAM constellations

16-QAM 64-QAM

256-QAM
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0 0 1 1

–3 –1 1 30 2–2–4 4

I

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

The conditional probability of the received 
oscillation iX  at b0 = 0 is as follows:

	

2

2

2

2

( ( ) 3)
20 2

( ( ) 1)
2

2

1( | 0) e
2

1 e .
2

ℜ +
−

σ

ℜ +
−

σ

= = +
πσ

+
πσ

i

i

X

i

X

P X b






� (6)

The conditional probability of the received 
oscillation iX  at b0 = 1 is as follows:

Table 1. Projections of signal points of 16-QAM signal on 
the I and Q axes

b0b1 I b2b3 Q

00 −3 00 3

01 −1 01 1

11 +1 11 −1

10 +3 10 −3

It should be noted that the value of bit b0  affects 
the projection of the signal point on the I-axis only, but 
does not affect the projection on the Q-axis. This can 
be clearly seen in Fig. 3a. When b0 = 0, the real part of 
16-QAM signal takes value −1 or −3. When b0 = 1, the 
real part of the signal is +1 or +3.

The soft decision-making process for the first 
bit b0  is shown in Fig.  4, representing the lower part  
of Fig. 3a.

Fig. 3. Example of calculating the logarithms of likelihood ratios for each bit of 16-QAM signal
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The likelihood ratio is described by the following 
expression:

2 2

2 2

2 2
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( ( ) 1) ( ( ) 3)
2 20

( ( ) 1) ( ( ) 3)0
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( | 0) e e .
( | 1)

e e

ℜ + ℜ +
− −

σ σ

ℜ − ℜ −
− −

σ σ

= +
=

=
+

i i

i i

X X

i
X Xi

P X b
P X b

 
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



� (8)

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 b0 = 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:

	

2 2
0 2

2

1( , ) (( ( ) 1) ( ( ) 1) )
2

2 ( ).

≈ ℜ − − ℜ + =
σ

= − ℜ
σ

i i i

i

l b X X X

X

  



� (9)

When making the decision on bit b1, 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  b0 
affects the projection of the signal point on the I-axis 
only and does not affect the projection on the Q-axis. At 
b1 = 0, the real part of 16-QAM signal takes –3. When 
b1  =  1, the real part of the signal takes  –1, as shown 
in Fig. 5.

0 1 1 0

–3 –1 1 30 2–2–4 4

I

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

The likelihood ratio for the second bit b1  of the 
received oscillation X  is the following:

    

2 2
1 2

2

1( , ) (( ( ) 1) ( ( ) 3) )
2

2 ( ( ) 2).

≈ ℜ + − ℜ + =
σ

= − ℜ +
σ

i i i

i

l b X X X

X

  



� (10)

For 16-QAM signals, only the projection of the 
signal point on the Q-axis varies depending on the value 
of bit b2 (Fig. 3c). When b2 = 0, the imaginary part of 
16-QAM signal takes 1. When b2 = 1, the imaginary part 
of the signal takes −3, as shown in Fig. 6.

1 1 0 0

–3 –1 1 30 2–2–4 4

Q

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

The logarithm of the likelihood ratio for b2 of the 
received oscillation X  is the following:
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It follows from Fig. 3d that the value of b3 affects 
the projection of the signal point on the Q-axis only. 
When b3 = 0, this projection takes −3. When b3 = 1, the 
projection takes −1, as shown in Fig. 7.

0 1 1 0

–3 –1 1 30 2–2–4 4

Q

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:

     

2 2
3 2

2
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2

2 ( ( ) 2).

≈ ℑ + − ℑ + =
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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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2( , ) [| ( ) | 2] ( ).= ℑ − ∀ℑ
σi i il b X X X   � (16)

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 
b0b1b2b3b4b5, 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 I-axis. The remaining three 
bits affect its imaginary part only, thus determining the 
projection on the Q-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: b0b1b2b3b4b5b6b7. 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 I-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.

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

( )ℜ iX 0( , )il b X 1( , )il b X 2( , )il b X

( ) 6ℜ < −iX 8[ ( ) 3]− ℜ +iX 4[ ( ) 5]− ℜ +iX 2[ ( ) 6]− ℜ +iX

6 ( ) 4− ≤ ℜ < −iX 6[ ( ) 2]− ℜ +iX 2[ ( ) 4]− ℜ +iX 2[ ( ) 6]− ℜ +iX

4 ( ) 2− ≤ ℜ < −iX 4[ ( ) 1]− ℜ +iX 2[ ( ) 4]− ℜ +iX 2[ ( ) 2]ℜ +iX

2 ( ) 0− ≤ ℜ <iX 2 ( )− ℜ iX 4[ ( ) 3]− ℜ +iX 2[ ( ) 2]ℜ +iX

0 ( ) 2≤ ℜ <iX 2 ( )− ℜ iX 4[ ( ) 3]ℜ −iX 2[ ( ) 2]− ℜ −iX

2 ( ) 4≤ ℜ <iX 4[ ( ) 1]− ℜ −iX 2[ ( ) 4]ℜ −iX 2[ ( ) 2]− ℜ −iX

4 ( ) 6≤ ℜ <iX 6[ ( ) 2]− ℜ −iX 2[ ( ) 4]ℜ −iX 2[ ( ) 6]ℜ −iX

( ) 6ℜ ≥iX 8[ ( ) 3]− ℜ −iX 4[ ( ) 5]ℜ −iX 2[ ( ) 6]ℜ −iX

Table 3. Values of ( , )k il b X  for k = 3, 4, 5 for 64-QAM signal

( )ℑ iX  3( , )il b X 4( , )il b X 5( , )il b X

( ) 6ℑ < −iX 8[ ( ) 3]ℑ +iX 4[ ( ) 5]− ℑ +iX 2[ ( ) 6]− ℑ +iX

6 ( ) 4− ≤ ℑ < −iX 6[ ( ) 2]ℑ +iX 2[ ( ) 4]− ℑ +iX 2[ ( ) 6]− ℑ +iX

4 ( ) 2− ≤ ℑ < −iX 4[ ( ) 1]ℑ +iX 2[ ( ) 4]− ℑ +iX 2[ ( ) 2]ℑ +iX

2 ( ) 0− ≤ ℑ <iX 2 ( )ℑ iX 4[ ( ) 3]− ℑ +iX 2[ ( ) 2]ℑ +iX

0 ( ) 2≤ ℑ <iX 2 ( )ℑ iX 4[ ( ) 3]ℑ −iX 2[ ( ) 2]− ℑ −iX

2 ( ) 4≤ ℑ <iX 4[ ( ) 1]ℑ −iX 2[ ( ) 4]ℑ −iX 2[ ( ) 2]− ℑ −iX

4 ( ) 6≤ ℑ <iX 6[ ( ) 2]ℑ −iX 2[ ( ) 4]ℑ −iX 2[ ( ) 6]ℑ −iX

( ) 6ℑ ≥iX 8[ ( ) 3]ℑ −iX 4[ ( ) 5]ℑ −iX 2[ ( ) 6]ℑ −iX
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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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(d) 4th bit
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Table 4. Values of ( , )k il b X  for k = 0, 1, 2, 3 for 256-QAM signal

( )ℜ iX 0( , )il b X 1( , )il b X 2( , )il b X 3( , )il b X

( ) 14ℜ ≤ −iX 16[ ( ) 7]− ℜ +iX 8[ ( ) 11]− ℜ +iX 4[ ( ) 13]− ℜ +iX 2[ ( ) 14]− ℜ +iX

14 ( ) 12− ≤ ℜ < −iX 14[ ( ) 6]− ℜ +iX 6[ ( ) 10]− ℜ +iX 2[ ( ) 12]− ℜ +iX 2[ ( ) 14]− ℜ +iX

12 ( ) 10− ≤ ℜ < −iX 12[ ( ) 5]− ℜ +iX 4[ ( ) 9]− ℜ +iX 2[ ( ) 12]− ℜ +iX 2[ ( ) 10]ℜ +iX

10 ( ) 8− ≤ ℜ < −iX 10[ ( ) 4]− ℜ +iX 2[ ( ) 8]− ℜ +iX 4[ ( ) 11]− ℜ +iX 2[ ( ) 10]ℜ +iX

8 ( ) 6− ≤ ℜ < −iX 8[ ( ) 3]− ℜ +iX 2[ ( ) 8]− ℜ +iX 4[ ( ) 5]ℜ +iX 2[ ( ) 6]− ℜ +iX

6 ( ) 4− ≤ ℜ < −iX 6[ ( ) 2]− ℜ +iX 4[ ( ) 7]− ℜ +iX 2[ ( ) 4]ℜ +iX 2[ ( ) 6]− ℜ +iX

4 ( ) 2− ≤ ℜ < −iX 4[ ( ) 1]− ℜ +iX 6[ ( ) 6]− ℜ +iX 2[ ( ) 4]ℜ +iX 2[ ( ) 2]ℜ +iX

2 ( ) 0− ≤ ℜ <iX 2 ( )− ℜ iX 8[ ( ) 5]− ℜ +iX 4[ ( ) 3]ℜ +iX 2[ ( ) 2]ℜ +iX

0 ( ) 2≤ ℜ <iX 2 ( )− ℜ iX 8[ ( ) 5]ℜ −iX 4[ ( ) 3]− ℜ −iX 2[ ( ) 2]− ℜ −iX

2 ( ) 4≤ ℜ <iX 4[ ( ) 1]− ℜ −iX 6[ ( ) 6]ℜ −iX 2[ ( ) 4]− ℜ −iX 2[ ( ) 2]− ℜ −iX

4 ( ) 6≤ ℜ <iX 6[ ( ) 2]− ℜ −iX 4[ ( ) 7]ℜ −iX 2[ ( ) 4]− ℜ −iX 2[ ( ) 6]ℜ −iX

6 ( ) 8≤ ℜ <iX 8[ ( ) 3]− ℜ −iX 2[ ( ) 8]ℜ −iX 4[ ( ) 5]− ℜ −iX 2[ ( ) 6]ℜ −iX

8 ( ) 10≤ ℜ <iX 10[ ( ) 4]− ℜ −iX 2[ ( ) 8]ℜ −iX 4[ ( ) 11]ℜ −iX 2[ ( ) 10]− ℜ −iX

10 ( ) 12≤ ℜ <iX 12[ ( ) 5]− ℜ −iX 4[ ( ) 9]ℜ −iX 2[ ( ) 12]ℜ −iX 2[ ( ) 10]− ℜ −iX

12 ( ) 14≤ ℜ <iX 14[ ( ) 6]− ℜ −iX 6[ ( ) 10]ℜ −iX 2[ ( ) 12]ℜ −iX 2[ ( ) 14]ℜ −iX

( ) 14ℜ ≥iX 16[ ( ) 7]− ℜ −iX 8[ ( ) 11]ℜ −iX 4[ ( ) 13]ℜ −iX 2[ ( ) 14]ℜ −iX

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

( )ℑ iX  4( , )il b X 5( , )il b X 6( , )il b X 7( , )il b X

( ) 14ℑ ≤ −iX 16[ ( ) 7]ℑ +iX 8[ ( ) 11]− ℑ +iX 4[ ( ) 13]− ℑ +iX 2[ ( ) 14]− ℑ +iX

14 ( ) 12− ≤ ℑ < −iX 14[ ( ) 6]ℑ +iX 6[ ( ) 10]− ℑ +iX 2[ ( ) 12]− ℑ +iX 2[ ( ) 14]− ℑ +iX

12 ( ) 10− ≤ ℑ < −iX 12[ ( ) 5]ℑ +iX 4[ ( ) 9]− ℑ +iX 2[ ( ) 12]− ℑ +iX 2[ ( ) 10]ℑ +iX

10 ( ) 8− ≤ ℑ < −iX 10[ ( ) 4]ℑ +iX 2[ ( ) 8]− ℑ +iX 4[ ( ) 11]− ℑ +iX 2[ ( ) 10]ℑ +iX

8 ( ) 6− ≤ ℑ < −iX 8[ ( ) 3]ℑ +iX 2[ ( ) 8]− ℑ +iX 4[ ( ) 5]ℑ +iX 2[ ( ) 6]− ℑ +iX

6 ( ) 4− ≤ ℑ < −iX 6[ ( ) 2]ℑ +iX 4[ ( ) 7]− ℑ +iX 2[ ( ) 4]ℑ +iX 2[ ( ) 6]− ℑ +iX

4 ( ) 2− ≤ ℑ < −iX 4[ ( ) 1]ℑ +iX 6[ ( ) 6]− ℑ +iX 2[ ( ) 4]ℑ +iX 2[ ( ) 2]ℑ +iX

2 ( ) 0− ≤ ℑ <iX 2 ( )ℑ iX 8[ ( ) 5]− ℑ +iX 4[ ( ) 3]ℑ +iX 2[ ( ) 2]ℑ +iX

0 ( ) 2≤ ℑ <iX 2 ( )ℑ iX 8[ ( ) 5]ℑ −iX 4[ ( ) 3]− ℑ −iX 2[ ( ) 2]− ℑ −iX

2 ( ) 4≤ ℑ <iX 4[ ( ) 1]ℑ −iX 6[ ( ) 6]ℑ −iX 2[ ( ) 4]− ℑ −iX 2[ ( ) 2]− ℑ −iX

4 ( ) 6≤ ℑ <iX 6[ ( ) 2]ℑ −iX 4[ ( ) 7]ℑ −iX 2[ ( ) 4]− ℑ −iX 2[ ( ) 6]ℑ −iX

6 ( ) 8≤ ℑ <iX 8[ ( ) 3]ℑ −iX 2[ ( ) 8]ℑ −iX 4[ ( ) 5]− ℑ −iX 2[ ( ) 6]ℑ −iX

8 ( ) 10≤ ℑ <iX 10[ ( ) 4]ℑ −iX 2[ ( ) 8]ℑ −iX 4[ ( ) 11]ℑ −iX 2[ ( ) 10]− ℑ −iX

10 ( ) 12≤ ℑ <iX 12[ ( ) 5]ℑ −iX 4[ ( ) 9]ℑ −iX 2[ ( ) 12]ℑ −iX 2[ ( ) 10]− ℑ −iX

12 ( ) 14≤ ℑ <iX 14[ ( ) 6]ℑ −iX 6[ ( ) 10]ℑ −iX 2[ ( ) 12]ℑ −iX 2[ ( ) 14]ℑ −iX

( ) 14ℑ ≥iX 16[ ( ) 7]ℑ −iX 8[ ( ) 11]ℑ −iX 4[ ( ) 13]ℑ −iX 2[ ( ) 14]ℑ −iX
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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 MATLAB1 
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 

, { 1, 3,..., ( 1)}.∈ ± ± ± −a b M  In this case, the average 
signal strength is dependent on modulation 
multiplicity  M. For comparable simulation results at 
different modulation multiplicities, coefficient 
l depending on M need to be introduced into the signal 
representation. Then complex envelopes of signals may 
be represented by numbers, as follows:

l(a + jb), where , { 1, 3,..., ( 1)}.∈ ± ± ± −a b M

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

2 2 2
s

s
1

( )
.

2=

+
= ∑

M
i i

i

T l a b
E

M

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

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

2 22

1

( )
1 .

2=

+
= ∑

M
i i

i

a bl
M

According to this relationship, it follows that 
1
5

=l  

for 16-QAM signal, 
1
21

=l  for 64-QAM signal, and 

1
85

=l  for 256-QAM signal.

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

b s 2
2

1/ log .
log

= =E E M
M

In the OFDM system, subcarriers are located on the 

frequency axis at distance 
s

1
T

 apart. The noise variance 

in this band is 02
n 0

s
σ = =

N
N

T
 (N0 is single-sided noise 

spectral density).
The SNR, understood as the ratio of the average 

signal energy per bit of transmitted information to the 
noise spectral density:

b
2

0 n 2

1 .
log

=
σ

E
N M

Hence, it may be written in the following way:

2
n

b
2

0

1 .
log

σ = E
M

N

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

Gaussian noise with variance 2
n

b
2

0

1

log
σ = E

M
N

 should 

be modeled to obtain the desired SNR b

0

E
N

.

Figures 9–11  show the dependencies of bit error 
rate (BER) Peb 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, 

https://www.mathworks.com/products/matlab.html
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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 G1(X) = 1 + X +X 2 + 
+ X 3 + X 4 and G2(X) = 1 + X + X 3 + X 4. This code is 
decoded using 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 

every third output bit according to the pattern 
1 1 0

.
1 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 Peb is significantly reduced when compared 
to cases without encoding.

Peb

100
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10–8

SIR = ∞, LDPC
SIR = 0, LDPC
SIR = ∞, soft-decision convolutional code
SIR = 0, soft-decision convolutional code
SIR = ∞, hard-decision convolutional code
SIR = 0, hard-decision convolutional code
SIR = ∞, no encoding
SIR = 0, no encoding

0	 2	 4	 6	 8	 10	 12	 14
Eb/N0, dB

Fig. 9. Dependence of BER Peb on SNR Eb/N0  
for OFDM system with 16-QAM modulation  

and different types of encoding

Figure 9 shows that in the presence of narrowband 
interference and for Peb = 10−3, 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 Peb  =  10−3, 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 Peb  =  10−3, 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.
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Fig. 10. Dependence of BER Peb on SNR Eb/N0  
for OFDM system with 64-QAM modulation  

and different types of encoding
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Fig. 11. Dependence of BER Peb on SNR Eb/N0  
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 Peb = 10−3, 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.
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Fig. 12. Dependence of BER Peb on SNR Eb/N0  
for OFDM system with 16-QAM modulation  

and different code rates

Peb

100

10–1

10–2

10–3

10–4

10–5

10–6

R = 1/2, LDPC
R = 1/2, convolutional code
R = 3/4, LDPC
R = 3/4, convolutional code
No encoding

0	 5	 10	 15	 20	 25	 30
Eb/N0, dB

Fig. 13. Dependence of BER Peb on SNR Eb/N0  
for OFDM system with 64-QAM modulation  

and different code rates

Peb

100

10–1

10–2

10–3

10–4

10–5

10–6

R = 1/2, LDPC
R = 1/2, convolutional code
R = 3/4, LDPC
R = 3/4, convolutional code
No encoding

0	 5	 10	 15	 20	 25	 30
Eb/N0, dB

Fig. 14. Dependence of BER Peb on SNR Eb/N0  
for OFDM system with 256-QAM modulation  

and different code rates

Figure 13  shows that at Peb = 10−3, 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 Peb = 10−3, 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.
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Fig. 15. Dependence of BER on SNR Eb/N0  
for OFDM system with 16-QAM in the presence  
of narrowband interference with different levels

Figure 15  shows that at Peb = 10−3, when there is 
no narrowband interference (SIR = ∞), 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 Peb  =  10−3, when SIR  =  −20  dB, LDPC 
encoding gives at least 20  dB better results than 
transmission without encoding.
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Fig. 16. Dependence of BER on SNR Eb/N0  
for OFDM system with 64-QAM in the presence  
of narrowband interference with different levels
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Fig. 17. Dependence of BER on SNR Eb/N0  
for OFDM system with 256-QAM in the presence  
of narrowband interference with different levels

Figure 16  shows that at Peb  =  10−3, when there 
is no narrowband interference  (SIR  =  ∞), 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 
10−3 with Eb/N0 higher than 5 dB. At SIR = –20 dB. This 
occurs at Eb/N0 higher than 8 dB.

Figure 17  shows that at Peb = 10−3, when there is 
no narrowband interference (SIR = ∞), LDPC encoding 
gives 12  dB better results than no encoding. At 
SIR = 0 dB, BER drops lower than 10−3 when Eb/N0 is 
greater than 8 dB. At SIR = –10 dB, BER drops lower 
than 10−3 when Eb/N0 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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to the research work.
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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.
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НАУЧНАЯ СТАТЬЯ

Помехоустойчивость приема сигналов 
с многопозиционной частотной манипуляцией 

на фоне ретранслированной помехи

А.Е. Троицкая, 
Ю.А. Полевода @, 
Г.В. Куликов 

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

Резюме 
Цели. Радиотехнические системы передачи информации широко применяются в  роботизированных ком-
плексах для использования военными и гражданскими службами. При попадании такого комплекса в слож-
ную окружающую среду, в  которой возникает большое количество ретранслированных помех, например, 
при попадании комплекса под завал, в железобетонные трубы или различные коммунальные объекты, связь 
с командным пунктом может быть потеряна. Задача поддержания надежной связи в сложных условиях рас-
пространения радиоволн является весьма актуальной. В  области телекоммуникаций широко используют-
ся многопозиционные виды модуляции, которые, несмотря на  их хорошие спектральные характеристики, 
обеспечивают невысокую помехоустойчивость в условиях нефлуктуационных помех, особенно в случае ре-
транслированных помех. Представляется целесообразным исследовать возможность применения сигналов 
с многопозиционной частотной манипуляцией (М-ЧМ) в радиосистемах со сложной помеховой обстановкой. 
Целью работы является анализ помехоустойчивости когерентного приема сигналов М-ЧМ на фоне ретранс-
лированной помехи.
Методы. Использованы методы статистической радиотехники, теории оптимального приема сигналов и ма-
тематического моделирования.
Результаты. Приведена модель сигнала М-ЧМ и ретранслированной помехи. Получены статистические па-
раметры распределений случайных процессов в  многоканальном когерентном приемнике сигналов М-ЧМ 
на  фоне ретранслированной помехи. На  этой основе рассчитана вероятность битовой ошибки при приеме 
сигналов М-ЧМ разной позиционности М на фоне ретранслированной помехи с различной интенсивностью.
Выводы. Показано, что воздействие ретранслированной помехи приводит к снижению помехоустойчивости 
приема сигналов М-ЧМ, которое тем больше, чем выше интенсивность помехи. С возрастанием позицион-
ности сигналов М-ЧМ при небольшой интенсивности ретранслированной помехи помехоустойчивость при-
ема значительно улучшается, но  помеха большой интенсивности сильно увеличивает вероятность битовой 
ошибки. Наличие помехи с относительной интенсивностью 0.5 вызывает энергетические потери от 4 до 6 дБ 
в зависимости от позиционности. При М > 4 сигналы М-ЧМ значительно выигрывают в помехоустойчивости 
у сигналов с многопозиционной фазовой, квадратурной амплитудной и амплитудно-фазовой манипуляцией.

Ключевые слова: многопозиционная частотная манипуляция, ретранслированная помеха, помехоустойчи-
вость, вероятность битовой ошибки
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INTRODUCTION

Radio engineering information transmission 
systems are widely used in robotic complexes for 
military and civilian applications such as civil defense, 
emergencies and disaster relief1  [1–4]. In a harsh 
environment involving a large amount of retransmitted 
interference2 [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.

1   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.).

For an M-FSK signal, the ith version of sending a 
channel symbol with duration Ts, carrying information 
about k = log2M information bits, can be written as 
follows:

	  

0 0

s

1( ) cos ,
2

1, ,  (0, ],

  +  = w + − Dw   
   

= ∈

i
Ms t A i t
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�

 (1)

where 0 s s2 /=A E T  is the signal nominal amplitude, 
Es = kEb is channel symbol energy, Eb is the energy per 
one bit of information; ω0 is the center frequency of the 
signal spectrum (carrier frequency); Δω = 2Δωd, Δωd is 
frequency deviation (the minimum deviation that fulfills 
the orthogonality condition is equal to π/2Ts); and t is 
time.

By introducing the notations of shift keying index 
h = ΔωdTs/π and multiposition channel symbol 

1, 3, ..., ( 1),= ± ± ± −iC M  expression (1) can be 
represented in the following form [15]:

0 0
s

( ) cos .
 π

= w +  
 

i is t A t C h t
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	∆ω	 011	 010	 ω0	 110	 100	 ∆ω	101	 111

ω1	 ω2		  ω3	 ω4	 	 ω5	 ω6	 	 ω7	 ω8

ω

Fig. 1. Example of frequency arrangement  
for 8-FSK signal
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We use signal (1) with time delay τ ≤ Ts and random 
phase φint as the retransmitted interference arising due to 
M-FSK signal reflecting from some obstacle:

( )

( )

( )

0 0

0 0

s

int

int

int

1cos ,
2

0 ,
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2
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 �(2)

where μ 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.

M-FSK signal

Retransmitted interference

sj

sj

si

si

Ts 2Ts 3Ts

t

t

τ

sm

sm

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

We consider the presence of white Gaussian 
noise n(t) with single-sided spectral density N0  and 
δ correlation function at the receiver input of the 
information transmission system which are additional to 
the useful signal and retransmitted interference:

0( ) ( ).
2

τ = d τ
N

R

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 Ii 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 μ, phase φint, delay τ, 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:

	 *
es 11 ( ) , .== − > ≠∏M

i m ii m
P p I I m i � (3)

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 ( )>i m ip I I  included in (3) and 
defined through the standard probability integral (error 
function), it would be sufficient to calculate their 
conditional statistical characteristics:
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Pes, the averaging of conditional probability *

esP  for 
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random interference parameters, such as the random 
phase φint, is carried out using a numerical method. 
Parameters μ and τ 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 Peb, 
recommendation  [14] describing the relationship 
between its value and the error probability when 
receiving channel symbol Pes for multiposition 
orthogonal signals is taken into account:

Peb = Pes/((M – 1)/(M/2)).

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) Eb/N0 lies within the range from 
1  to 13  dB; the relative intensity of retransmitted 
interference μ lies in the range  [0; 1]; the relative 
interference delay τ/Ts  =  0.5. The calculation results 
are presented in Figs. 3 and 4.
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Fig. 3. Dependencies of BER Peb on the relative intensity 
of the retransmitted interference μ at Eb/N0 = 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 (μ  <  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 (μ  ∊  [0.4;  0.5]), the use of signals with 
multiple frequency-shift keying allows a fairly low 
bit error rate (10−5–10−4) to be maintained, which is 
not available when using other types of QAM  [10], 

M-PSK  [11], and APSK  [12] signals at the same 
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 Peb  
on SNR Eb/N0  at different relative interference 
intensities μ (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 (μ ≤ 0.1) 
and SNR (Eb/N0 = 10 dB), the BER is seven times lower.

The presence of interference with relative intensity 
μ = 0.5 at Peb = 10−4 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.

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 (μ  ∊  [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.
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2.	The impact of retransmitted interference reduces 
M-FSK signal reception noise immunity, which is 
greater the higher its intensity. For example, the 
presence of interference with a relative intensity 
μ = 0.5  at Peb = 10−4  causes energy losses from 
4  to 6  dB depending on the M-FSK signal 
positionality.

3.	At M > 4, M-FSK signals significantly gain in noise 
immunity over M-PSK, QAM, and APSK signals 
across a wide range of retransmitted interference 
intensities.

4.	The use of M-FSK signals with such high energy 
characteristics is justified in radio channels without 
significant frequency limitations.
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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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с дополнительным сигналом компенсации  

в системе с ортогональным частотным  
разделением каналов для гауссовского канала
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Резюме 
Цели. Мультиплексирование с ортогональным частотным разделением каналов (orthogonal frequency division 
multiplexing, OFDM) стало стандартом для различных систем беспроводной связи с высокой скоростью пере-
дачи данных благодаря нескольким преимуществам, одним из которых является эффективное использова-
ние полосы частот. Главным недостатком OFDM является высокое значение отношения пиковой мощности 
к средней мощности – пик-фактору, на что указывает повышение частоты битовых ошибок из-за нелиней-
ности усилителя мощности. Цель статьи – оценка возможности снижения значения пик-фактора с помощью 
разработанного авторами метода ограничения с дополнительным сигналом компенсации в канале с белым 
гауссовским шумом и анализ его основных параметров.
Методы. Использованы методы статистической радиотехники, теории оптимального приема сигналов 
и компьютерного моделирования. 
Результаты. Проведен анализ влияния уровня ограничения сигнала OFDM и числа дополнительных сигналов 
при использовании метода ограничения с дополнительным сигналом компенсации на качество (уменьшение 
потерь при передаче) сигнала OFDM. Получены результаты, показывающие снижение величины пик-фактора 
OFDM-сигнала, и зависимости вероятности битовой ошибки от отношения сигнал/шум при фиксированных 
значениях ограничения и числа дополнительных сигналов в канале с белым гауссовским шумом.
Выводы. Предложен метод ограничения с дополнительным сигналом при передаче OFDM-сигнала в канале 
с белым гауссовским шумом, обеспечивающий компенсацию потерь информации, обусловленных ограни-
чениями уровня сигнала в канале передачи. Установлено, что увеличение уровня ограничения увеличивает 
величину пик-фактора, а при изменении числа дополнительных сигналов пик-фактор изменяется незначи-
тельно. Для эффективной реализации метода ограничения с  дополнительным сигналом компенсации не-
обходимо выбирать параметры уровня ограничения порогового значения и число дополнительных сигналов 
в зависимости от прогнозируемого отношения сигнал/шум в системе.

Ключевые слова: метод ограничения с дополнительным сигналом, пик-фактор, вероятность битовой ошиб-
ки, ортогональное частотное разделение каналов, белый гауссовский шум
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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:

	
21

OFDM
0

1( ) ( )e , 0, 1,
π−

=
= = −∑

j knN
N

k
S n X k n N

N
� (1)

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 j is an imaginary unit.

For a  discrete-time OFDM signal SOFDM(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:

	 { }
2
OFDM

OFDM 2
avg OFDM

max ( )
PAPR( ( )) ,

( )
= n S n

S n
P S n

� (2)

where 2
OFDMmax ( )n S n  is the OFDM signal maximum 

power, { }2
avg OFDM ( )P S n  is the OFDM signal average 

power, and OFDM ( )S 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:

	
init init

lim
init

( ) at ( ) ,
( )

e  at ( ) ,φ

 ≤= 
> nj

S n S n C
S n

C S n C
� (3)

where Slim is the signal following OFDM signal 
limitation, C  is the threshold value or signal limitation 
level, init ( )S n  is the amplitude of the initial nth signal 
sample, and φn  is the phase angle of the nth signal 
sample.

According to the limitation method with an 
additional signal for signal SOFDM(n), 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 Slim is augmented with 
samples containing information about position numbers 
p and additional data Sadd(p) as the difference between 
the initial and limited samples, which can be described 
by the following expression:

	 add init lim( ) ( ) ( ).= −S p S p S p � (4)

Thus, the transmitted signal Slim 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 Sadd(p). The number of 
additional samples reserved for transmitting position 
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numbers p and values of Sadd(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 m. 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 Sinit 
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 MATLAB1 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.

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 C is 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.

Start

End

Entering C and m values

Generating OFDM signal using the limitation
method with additional signal

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

Start

End

Entering initial OFDM data

At m = 16 At C = 0.18

Entering C value Entering m value

OFDM signal using limitation method  
with additional signal

OFDM signal using limitation method  
with additional signal

PAPR calculation

CCDF for plotting

PAPR calculation

CCDF for plotting

Fig. 2. Block diagram of the algorithm for calculating PAPR
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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 PAPR0.

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

10–1

10–2

10–3

10–4

10–5

B
ER

	 –20	 –15	 –10	 –5	 0	 5	 10	 15
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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.
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Fig. 3. Results of the OFDM signal PAPR reduction using the limitation method with an additional signal:  
(a) at m = 16, (b) at C = 0.18. CCDF is the complementary cumulative distribution function
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Fig. 5. Dependence of BER on SNR  
at fixed value of m = 16

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 
shown in Fig. 6.

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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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 CO2 laser (λ = 10.6 μm) 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 CO2 marker (λ = 10.6 μm) 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 α  =  65°, a  decrease in 
reflection is observed from 18.5% to 13.5% relative to ITO without CNTs and SEV treatment; at α = 71°, a decrease 
from 6.4% to 4.7% is observed; at α = 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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Влияние обработки поверхностными 
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Резюме 
Цели. Цель работы – исследование влияния обработки поверхностными электромагнитными волнами (ПЭВ) 
тонких проводящих пленок на основе оксидов индия и олова (indium tin oxides, ITO) с лазерно-осажденными 
одностенными углеродными нанотрубками (УНТ) на рефрактивные свойства, оценка эффективной толщины 
слоя лазерно-осажденных УНТ до и после ПЭВ-обработки.
Методы. Для формирования структур использовался метод лазерно-ориентированного осаждения с при-
менением CO2-лазера (λ = 10.6 мкм). Диагностика модификаций тонких пленок ITO осуществлялась при по-
мощи эллипсометра в спектральном диапазоне 300–1000 нм. Для описания оптических свойств подложек 
крон К8 и тонких пленок ITO использовалась модель Коши. Для интерпретации результатов эллипсометрии 
модификаций ITO с УНТ была введена модель виртуального слоя с эффективной толщиной. При постобра-
ботке поверхности использовался CO2-маркер (λ = 10.6 мкм) для генерации ПЭВ. Оценка влияния ПЭВ-об-
работки на толщину виртуального слоя проводилась при помощи эллипсометрии и атомно-силовой микро-
скопии в контактном режиме. 
Результаты. На основе данных эллипсометрии установлено, что эффективная толщина слоя УНТ находи-
лась в диапазоне 24–26 нм. После ПЭВ-обработки толщина эффективного слоя УНТ снизилась до 4–8 нм. 
При осаждении УНТ на поверхность ITO и последующей ПЭВ-обработке поверхности снижаются потери на 
отражение для p-поляризованного излучения. В спектральном диапазоне 400–750 нм при угле падения от-
носительно нормали к плоскости структур 65° наблюдается снижение отражения с 18.5% до 13.5% относи-
тельно ITO без УНТ и ПЭВ-обработки, при 71° – снижение с 6.4% до 4.7%, при 77° – снижение с 1.8% до 1.2%. 
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INTRODUCTION

Indium tin oxides  (ITO) are degenerate 
semiconductors with n-type conductivity  [1–3]. 
Their properties depend largely on the stoichiometric 
composition (In2O3)x–(SnO2)1−x. Here, SnO2 is used to 
increase electron concentration (N). It has been shown [1] 
that, in a pure In2O3 matrix (x = 0), electron concentration 
ne  =  1  ∙  1020  cm−3. In the range 0.02  <  x  <  0.15, the 
N value increases up to 9 ∙ 1020 cm−3. Further increase 
of SnO2 content is not reasonable due to the decreased 
mobility of charge carriers μ [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 ρ. In the case of ITO, 
the value of this parameter varies in the range of  
10−4–10−3  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 ωpl and damping frequency γ  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  CO2 
laser (Laser Center, Russia; wavelength λ = 10.6  μm;  
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power P ≈ 30 W; beam diameter d = 5 mm). 
Cerac,  Inc.  (USA) provided ITO pellets with 
stoichiometric composition  (In2O3)0.9–(SnO2)0.1. 
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  J.A.  Woolam M-2000RCE 
ellipsometer  (J.A.  Woolam, USA) with built-in 
CompleteEASE software (version 4.91)1. For this purpose, 
the complex reflectance indices for s- and p-polarized 
radiation were rp and rs, respectively. Then, according to 
the ellipsometry equation (1), the ellipsometric parameters 
ψ and Δ were determined on the basis of the measured 
complex reflection indices pr  and sr  and phase difference 
in reflection from the interface δp and δs [20] 2:

	 p sp p ( )

s s

| |
e tg e .

| |
d −d D= = y

 

 

j j
r r

r r
� (1)

This expression is used in the Jones formalism; 
the parameters rp and rs 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:
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Parameters N, C, S  are related to the ellipsometric 
angle ψ and Δ 2:

1  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.
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The abovementioned parameters are normalized by 
reflection coefficient by intensity:
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In expression  (3), Rs and Rp correspond to the 
intensity reflection coefficients for s- and p-type 
polarization, respectively. When analyzing the spectral 
dependencies pr  and sr  along with their complex 
conjugate values *

pr  and *
s ,r  it is necessary to take into 

account the complex refractive indices ( )in  of the 
corresponding media [20]:
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Parameter n is the refractive index of the medium, 
while k  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 ψ and Δ 
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)2:

exp exp expmod 2 mod 2 mod 2
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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 l 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:

	 2 4( ) .l = + +
l l
B Cn A � (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 heff of the CNT layer according to the following 
assumptions:

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

2.	The extinction k = f(λ) and refractive index n = f(λ) 
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 hEMA is fixed and the variable 
parameter is the percentage content of components; in 
particular, component 1 is air, while component 2 is the 

Effective media approximation  (EMA)

Substrate

ITO ITO

Substrate

CNT CNT

Virtual layer model

hEMA
PCNT

hITO hITO

heff

hsubs hsubs 

(а) (b)

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

hITO is the thickness of the ITO, hsubs is the thickness of the substrate

material [20]. In the effective thickness approximation, the 
component content is taken as 100% (PCNT = 1), while the 
varying parameter is the effective thickness heff. 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 k 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 CO2  marker  (λ  =  10.6  μm, modulation 
frequency 1  kHz, beam diameter 150  μm, 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: 
А = 1.550, B = 0.00541 and C = −9.153 ∙ 10−7 (Fig. 2а). 
The parameters for the ITO thin films were as follows: 
А = 1.506, B = 0.085 and C = −3.72 ∙ 10−8 (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.

https://refractiveindex.info/
https://refractiveindex.info/
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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 (α = 65°, 71°, and 77°), which exceed 
the Brewster angle θBr. In the case of ITO, the value of 
θBr 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 Rp = f(α) dependence, 
to reduce the noise/reflected signal ratio, and thus to 
interpret the ellipsometry results more reliably.

The data in Fig.  3  illustrate only the amplitude 
values of reflection coefficients, which are used to 
compare structures in the context of their application. 
To determine the thickness of ITO films by the optical 
method, we use the ellipsometric parameters ψ  and 
Δ (Fig. 4), then follow the procedures described in step 1.

(а) (b)

Fig. 2. Spectral dependencies of the refractive index:  
(a) K8 crown substrates, (b) ITO thin films
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Fig. 3. Spectral dependencies of reflection coefficients 
of ITO thin films on glass in the range of 300–1000 nm  

at different angles of incidence: 65°, 71°, and 77°

(а) (b)

Fig. 4. Spectral dependencies of ellipsometric parameters ψ (a) and Δ (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.
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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 Rp at α = 65° 
in the case of ITO were 20.3%  (λ  =  358.3  nm) and 
22.0% (λ = 591.4 nm), and 14.2% (λ = 348.5 nm) and 
18.1%  (λ  =  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 

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 ε2 and of the boundary layer (air) 
as ε1, the depth of the SEW attenuation l2 in ITO can be 
estimated as follows [25]:

	 1 2
2 2

2

( )
.

e + e
= −
w e
cl � (8)

Here c  and ω  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: 
|ε2|  >  ε1  and  ε2  <  0. The possibility of satisfying this 

(а) (b)

Fig. 6. Spectral dependencies of ellipsometric parameters ψ (a) and Δ (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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condition near the resonant frequencies ωpl 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 CO2 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.

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 heff ≈ 6 nm. 
Similar procedures were carried out for 10  regions of 
ITO/CNT and ITO/CNT/SEW structures. It was found 
that heff 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 θ 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. 

(а) (b)

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
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Table. Comparison of refractive properties of ITO modifications for p-polarization

Parameter
ITO modification

ITO ITO with CNT ITO with CNT and SEW

Parameters of extrema at α = 77°: λ (nm) / Rp (%)

Maximum 1 358.3 nm / 20.3% 348.5 nm / 14.2% 330.6 nm / 13.2%

Minimum 1 437.3 nm / 13.9% 390.9 nm / 6.8% 387.2 nm / 6.1%

Maximum 2 593.3 nm / 22.2% 463.3 nm / 18.1% 535.7 nm / 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 832.9 nm / 16.9% The data are not applicable  

for the specified conditions

Average Rp value (%) in the visible range (400–750 nm) at different α

α = 65° 18.5% 12.8% 13.5%

α = 71° 6.4% 3.4% 4.7%

α = 77° 1.8% 0.8% 1.2%

(а) (b)

Fig. 9. Spectral dependencies of ellipsometric parameters ψ (a) and Δ (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°
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Thus, the data on the change of refractive properties 
presented in the current study, as well as in a separate 
study devoted to wetting mechanisms during laser 
ablation and SEW treatment [26], indicate that a part of 
CNT clusters remains on the ITO surface at the selected 
mode of SEW treatment, resulting in thickness variation. 
Additional information on the effect of SEW treatment 
can be obtained from atomic force microscopy.

Figure 11a shows the surface profile of CNT on 
the ITO film prior to SEW treatment. The mean-square 
roughness Sq  is  41.2  nm, while the maximum height 
hmax and hmin 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, hmax, hmin are 
different in different surface areas. However, a tendency 
of decreasing roughness can be distinguished in SEW 
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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 Sq value to 11.0 nm 
at hmax = 32.2 nm and hmin = −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: Sq = 0.9 nm, hmax = 32.2 nm, hmin = −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 μm) 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 heff 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 heff 
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 heff 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 (n, μ, ωpl).
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 a means 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 
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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.
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feedbacks are considered. The conditions for the TCS identifiability are obtained. Adaptive algorithms for estimating 
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Об идентификации взаимосвязанных систем
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Резюме 
Цели. Проблеме идентификации взаимосвязанных систем до настоящего времени уделялось недостаточно 
внимания. Взаимосвязанные системы управления широко применяются в различных технических системах. 
Как правило, применяются многоканальные системы. Из-за сложности их описания применяют упрощенные 
модели, которые не всегда отражают специфику объекта. Поэтому задача синтеза математических моделей 
является актуальной. Целью настоящей работы является разработка подхода к получению моделей в усло-
виях неполной априорной информации. Для решения задачи применяется адаптивный подход. На приме-
ре двухканальных систем (ДС) с перекрестными связями и идентичными каналами разрабатывается метод 
получения математической модели. Рассматривается случай асимметричных перекрестных связей, и полу-
чены оценки их влияния на качество работы адаптивной системы идентификации. В рамках предлагаемой 
постановки ставится задача оценки идентифицируемости параметров двухканальной системы на основе 
имеющейся экспериментальной информации и последующем синтезе адаптивной системы. Дается обоб-
щение предлагаемого подхода на случай многосвязной системы.
Методы. Применяются метод адаптивной идентификации системы, неявное идентификационное представ-
ление для модели, метод векторных функций Ляпунова.
Результаты. Предложен подход к  оценке идентифицируемости двухканальных систем с  перекрестными 
связями. Показано влияние постоянства возбуждения на оценки параметров двухканальной системы. Пред-
ложен метод синтеза адаптивных алгоритмов оценки параметров для двухканальных систем с перекрест-
ными связями по данным «вход-выход». Дано обобщение подхода на случай взаимосвязанных систем. Ре-
зультаты применены для построения моделей системы слежения и двухканального корректора для систем 
автоматического регулирования.
Выводы. Рассмотрены особенности адаптивной идентификации двухканальных систем с идентичными ка-
налами, перекрестными и обратными связями. Получены условия идентифицируемости ДС. Синтезированы 
адаптивные алгоритмы оценивания параметров ДС. Дано обобщение предлагаемого подхода на случай не-
идентичных каналов и многосвязных систем. Доказана экспоненциальная диссипативность адаптивной си-
стемы идентификации. Предлагаемые методы могут использоваться при разработке систем идентификации 
и управления сложными динамическими системами.

Ключевые слова: адаптивная идентификация, идентифицируемость, устойчивость, двухканальная систе-
ма, векторная функция Ляпунова, многосвязная система, постоянство возбуждения
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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], 
a method 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 n sequentially 
interconnected vertical layers:
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1) first layer
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where 11 1 1, 21 2 2,, ,= − = −n nv g y v g y  , 1−i kv  is the 
output of cross-connection of the ith channel, i = 1, 2; 

, ∈q
i kX  is the state vector of the kth layer of the ith 

channel of the TCS; ;×∈ k kq q
kA  ;∈ kq

kC  
;∈ kq

kB  , ∈i ky  is the output of kth layer of ith 
channel; , 1−i kv  is the output of cross-connection, and 

( )∈ig t  is the system input (master control). Matrix 
kA  is a Hurwitz matrix.

Parameter dk−1 represents an operator. Depending on 
the problems solved by the TCS, dk−1 can be a constant, 
nonlinear function, or differential operator.

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

( ) ( ){ }o , 0 e( ), ( ) 1,2 & 1, , , , = ∀ = = ∈ =   i i kg t y t i k n t J t t � (3)

where J  is the data capture interval; t  is time; and t0 
and te 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

,ˆ ,∈i ky  where 1,2; 1, .= =i k n
The problem is reduced to selecting algorithms for 

adjusting model parameters in such a way that

	 , , ,ˆlim | | ,
→∞

− ≤ di k i k i kt
y y � (4)

where , 0d ≥i k  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):
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where 1 11
×∈q qK  is the known stable matrix (reference 

model); 1 11
ˆ ,×∈q qA  11

ˆ ∈qB  is the matrices of 
model (5), and ,1

ˆ
iX  is the state vector.

We denote 1,1 1,1 1,1
ˆ ,−E X X  2,1 2,1 2,1

ˆ .−E X X  
Then for the first layer
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where 1 1 1 1 1 1
ˆ ˆ,D − D − A A A B B B  are matrices of 

parametric mismatches.
Similarly, error equations for the remaining layers of 

TCSs are obtained:
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Let input gi(t), i = 1, 2 satisfy the excitation constancy 
(EC) condition:

	 2
, 0 0: ( ) [ , ],a a a ≤ ≤ a ∀ ∈ +

i i i i ig t t t t TEC � (8)

where anda aii  are positive numbers, T > 0. Further, 
condition (8) is written as ,( ) .a a∈

i iig t EC  If gi(t) does 
not have an EC property, then it is written as 

,( ) .a a∉
i iig t EC

Theorem 1. Let the following conditions be satisfied: 
1) ,( ) ,a a∈

i iig t EC  where ( , ) 0;a a >i i  2) system (5) is 

stable and detectable; 3) matrix 1 11
×∈q qK  is a Hurwitz 

matrix; 3) outputs 
1 11 ,( ) ,σ σ∈

i iiv t EC  where 

1 10, 0, 1,2;σ > σ > =i i i  4) 
,1 ,1

,1 ,( ) ,a a∈
i i

i t
X X

X EC  

where 
,1 ,1

( , ) 0.a a >
i iX X  Then system (5) is identifiable if

	
2 2

12 1 12 1 10.5 ( 0.5) ,π D + υ D ≤ l − VA B � (9)
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where 1 0.5,l >  
11 1212 2max( , ),π = a aX X  12 11 21,υ = σ + σ  

2 T
1 1 1tr( ),D = D DA A A  tr is a  matrix trace, and 

T T
1 11 1 11 21 1 21( ) 0.5 ( ) ( ) 0.5 ( ) ( ),= +V t t t t tE R E E R E  T

1 1 0= >R R  
is a symmetric matrix.

When condition (9) is satisfied, system (5) is called 
parametrically 1,XEC -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:

T T
1, 2,1, 2,( ) 0.5 ( ) ( ) 0.5 ( ) ( ).= +k k k k kk kV t t t t tE R E E R E �(10)

Theorem  2. Let the following conditions be 
satisfied: 1) matrix ×∈ k kq q

kK  is a Hurwitz matrix;  

2) 
1, 1,

2
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k k
k X X
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2, 2,
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k k
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k kk X X  
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y yk k
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3) system  (5) is 1,XEC -identifiable; 4) system  (7) is 
stable and detectable; 5) 

2, 1 2, 1

2
,2, 1 ;

− −
a a− ∈

v vk k
kv EC   

6) operator dk−1 is constant: dk ≤ ωk ≤ ω, where ω is some 
number; 7) λk  ≥  0.5. Then system  (7) is  

,k XEC -identifiable, if
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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 dk is 
differentiable.

Theorem 3. Let the conditions of Theorem  2  be 
satisfied and: 1) operator dk−1  is differentiable, i.e., 

1, 1 2, 1 2 2, 1( ) ;− − − −= +k k k kv d y d v dt  2) systems  (1) 
and  (2) are stable, detectable, and recoverable. Then 
system (7) is ,k XEC -identifiable, if
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2,1,
, 2max ( , ),π = a a

kk
k i X X  Vk(t) 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 o  [28, 29] and consider the system (1). Let 1A  be the 
Frobenius matrix with vector of parameters 11, ,∈q

sA  

1
T

1, 1, ,1 1, ,2 1, ,[ , , , ] ,= s s s s qa a aA  T T
1 1 1,[1,0, ,0] , [0, ,0, ] .= =  sbC B 

T T
1 1 1,[1,0, ,0] , [0, ,0, ] .= =  sbC B  In space 11 11( , )v y , system  (1) 

corresponds to the following representation:

	 T
1,1 1,1 1,1,=y A P � (13)

where 
1 1

T
1,1 1,1,1 1,1,2 1,1, 1, 1,2 1,[ , , , ; , , , ],= −  q s qa a a b b bA  
12

1,1 ,∈ qA  12
1,1 .∈ qP  

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

	
T

1,1 1,1 1,1
T

2,1 1,1 2,1

,

.

 =


=





y

y

A P

A P
� (14)

In order to evaluate the identifiability of system (14) 
by the output 1,( yEC -identifiability), we consider the 
following model:

	
T

1,1 1,1 1,1 1,1

T
2,1 2,1 1,1 2,1

ˆˆ ,

ˆˆ ,

 = −χ +

 = −χ +





y e

y e

A P

A P
� (15)

where 1 0,χ >  ,1 ,1 ,1ˆ= −i i ie y y  is the prediction error of 
the ,1iy th output, i  =  1,  2. The following equation is 
derived for ,1ie :

	 T
,1 1 ,1 1,1 ,1,= −χ + Di i ie e A P   1,1 1,1 1,1

ˆ .D = −A A A � (16)

We consider LF 2 2
1,2 1,1 2,1 1,1 2,1( , ) 0.5( ).= +V e e e e  For 

1,2 ,V  we derive:

T
1,2 1 1,2 1,1 1,1 1,1 2,1 2,1

1 T T
1,2 1,1 1 1 1,1

1

2 ( )

1 ,
2 2

= − χ + D + ≤

χ
≤ − + D D

χ

V V e e

V

A P P

A P P A

where T T T
1 1 1,1 1,1 2,1 2,1.= +P P P P P P
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It follows from (16) that 1,1 0,D =A  if vector ( )i tP  
is extremely nondegenerate, i.e., ,( ) a a∈

i i
i t

P P
P EC  

(i = 1, 2) and subsystem (1) is parametrically 1,yEC -identifi
able by the output. The 1,yEC -identifiability of subsys
tem (2) is justified similarly.

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

	
T

1, 1,1,
T

2, 2,1,

, =


=





k kk

k kk

y

y

A P

A P
� (17)

where 2
, ∈ kq

i kP  is 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 dk−1  =  const and 
construct structure 

, ,,i k i ku yS  described by function 

, ,, , ,: ,→
i k i ku y i k i kf u y  i = 1, 2 for both channels of the 

kth layer. Structure 
, ,,i k i ku yS  represents the TCS input-

output state. We define secants for 
, ,, :

i k i ku yS

	
, , 0, , 1, ,, , ,x xx = +

i k i k i k i ku y i ka a u � (18)

where 
0, , 1, ,

andx xi k i k
a a  are parameters determined by 

the least squares method. 
Since the cross-connection is rigid, the angle 

between secants 
, ,,x

i k i ku y  would not exceed a  certain 
value: 

1,1, 1,2, ,
| | .x x x− ≤ d

k k i k
a a  Hence, cross-

connections are positive. If cross-connections are 
asymmetric, then 

1,1, 1,2, ,
| | .x x x− > d

k k i k
a a  In this case, 

signal 1, 1−kv  operates out of phase with output 1, 1−ky  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:

	
T

1, 1, 1,1,

T
2, 2, 2,1,

ˆˆ ,

ˆˆ ,

 = −χ +

 = −χ +





k k k kk

k k k kk

y e

y e

A P

A P
� (19)

where 0,χ >k  , , ,ˆ= −i k i k i ke y y  is the prediction error 
for output ,i ky  (k = 1, 2, i is the ith element in the kth 
layer). For , ,i ke  the following equation is derived:

T
, , ,, ,= −χ + Di k k i k i ki ke e A P   1, 1, 1,

ˆ .D = −k k kA A A � (20)

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

	 1, 1, , 1,
ˆ ,D = = −




k k k i k keA A PÃ � (21)

where ×∈ k kq q
k RÃ  is the diagonal matrix with , 0.γ >k j

We consider subsystem (14)–(16) and LF 
2

1 1,1 1,1( ) 0.5 .=V e e  From condition 1 0,≤V  the adaptive 

algorithm for adjusting vector 1,1Â  is derived, as 
follows:

	 1,1 1,1 1 1,1 1,1
ˆ ,D = = −


 eA A PÃ  � (22)

where 1 11
×∈ q qRÃ  is the diagonal matrix with 1, 0,γ >j  

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:

	
11

T
1,1 1 1,1 1,1 1,1 1,1( , ),= −χ + D + ve e f pA P A � (23)

where ( )⋅f  is uncertainty resulting from the  
nonfulfillment of the EC condition.

We consider LF 2
1, 1,1 1,1( ) 0.5 ,=

eV e e  
T 1

1, 1,1 1,1 1 1,1( ) 0.5 .−
D D = D DV A A AÃ
Theorem  4: Let the following conditions be 

satisfied: 1) ,( ) ,a a∈
i iig t EC  

1,1 1,1
1,1 , ;a a∉

P P
P EC   

2) 
,1 ,1

,1 , ,a a∉
y yi i

iy EC  i = 1, 2; 3) | f |2 ≤ αf, where αf ≥ 0; 

4) there exists such 0υ >  that 
T 2 T T

1,1 1,1 1,1 1,1 1,1 1,1 1,1 1,1( )D = υ + D De eA P A P P A  is valid at 

0;>>t t  5) 
2 21 1

max 1 1,1 1, 1 1,1min( ) ( ) ;− −
Dl D ≤ ≤ l DVA AÃ Ã  

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

	



1,1

1
1

1
1, 1,1 1

1,1,

2
2

04
2

DD

π χ a    −    χ    ≤ + χ     υη        υ −    













 S
S

P
f

e eV V

VV

B
A

� (24)

while comparison system 
1 11 1( ) ( )= +

S St tS A S B  
for  (24), where T

1 1, 1,( ) [ ( ), ( )] ,D= et s t s tS  1, ( )ws t  
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(w = e, Δ) is majorant for 1, ( )

wV t  and 1, 0 1, 0( ) ( ).≥ w ws t V t  
Then system (14)–(16), (23) is exponentially dissipative 
with estimate

( ) ( )01 1
1

0

T
1, 1, 1 0[ ( ) ( )] ( ) ,− −τ

D ≤ + τ∫ 

S S
t

t t t
e S

t
V t V t e t e dA AS B

if 
1,1

2
1 8 ,χ η > ϑP  where ( )

1,1
2

1min ,η = π lP Ã  
1,1

0,π ≥P  

1,1 1,1
T

1,1 1,1 ( ),≤ ϑ aP PP P  min 1( )l Ã  is minimum 
eigenvalue of matrix 1.Ã

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 dk−1  in  (2) is 
constant.

We represent 1,kP  and 1,D kA  as: 

1,2, 1
T T

1, ,1,[ , ] ,
−

= 

kk j vk pP P T T
1, ,1,[ , ] ,D = D D

k j kk dA A  
where 

,2, 1, −i kj vp  is transformation 1,2, 1,−kv  j  is element 

1,D kA  that is the transformation of dk−1. Then (20) has 
the following form:

	 T
1, 1, 1, 1, 1, 1,1,÷ ( ),= − + D + k k k k k k kke e fA P A P � (25)

where 1, ( )⋅ ∈kf  is uncertainty resulting from the non-
fulfillment of the EC condition.

We consider system (19), (20), (25), and LF 
2

, 1, 1,( ) 0.5 ,=

k e k kV e e  T 1
, 1, 1,1,( ) 0.5 .−
D D = D D

k k kk kV A A AÃ
Theorem  5. Let the Theorem 4  conditions be 

satisfied and: 1) 
, ,

1, ,( ) ,a a∉
y yi k i k

ky t EC  

1, 1,
1, , ;a a∉

k k
k P P

P EC  2) 
1,1, 1, 1 1, 1( , ),− −= υ

kk u k ku y v  

1,; ;∉ku EC  3) 
1,

2
1, ,≤ a

kfkf  where 
1,

0;a ≥
kf   

4) estimate 
2 21 1

max 1, , 1,min( ) ( )− −
Dl D ≤ ≤ l Dk k k k kV AA Ã Ã  

is valid, where λk(Γk) is minimum eigenvalue of matrix Γk;  
5) 

1, 1,
T

1, 1, ;≤ π < a
k kk P PkP P  6) there exists such υ > 0 

that at 0>>t t  the following is valid:

	 T 2 T T
1, 1, 1, 1,1, 1, 1, 1,( );D = υ + D Dk k k kk k k ke eA P A P P A � (26)

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

	

1,
1,, ,

,,

2
2 ,

04
2

DD

ϑ χ a    −    χ    ≤ + χ     υη        υ −     

























k
k

k
k SkSk

Pk f
k e k ek

k
kk

V V

VV
VV B

A

� (27)

while comparison system ( ) ( )= +

k kk S k St tS A S B  
for  (27), where T

, ,( ) [ ( ), ( )] ,D=k k e kt s t s tS  , ( )k ws t  
(w = e, Δ) is a majorant for , ( )

k wV t  and , 0 , 0( ) ( ).≥ k w k ws t V t  
Then system (19), (20), (25) is exponentially dissipative 
with estimate

( ) ( )0

0

0( ) ( ) ,− −τ
≤ + τ∫

S Sk k
k

t
t t t

k k S
t

t e t e dA AV S B

if condition 
1,

2 32χ η > ϑ
kk P  is satisfied, where 

1,
0,π ≥

kP  

1, min ( ).η = π l
k kP Ã

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.

2. ICS

We consider system SICS

	 1

2

( ) ( ) ( , ) ( ),
( ) ( ) ( , ),
= + +

= +

 t t t t
t t t

X AX DF X BU
Y CX F XL

� (28)

where ∈mX  is the state vector, ×∈m mA  is the state 
matrix, ,×∈m qD  ( )1 :, → m qtF X  is the nonlinear 
vector function, ∈kU  is the input (control) vector, 

,×∈m kB  ∈nY  is the output vector, ,×∈n mC  
( )2 :, → m ntF X  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 2 ( , )tF X  can be either 
a disturbance (measurement error) or a variable representing 
the influence of certain subsystems.

The data set has the following form:

	 { }o 0( ), ( ), , , . = ∈ < ∞  N Nt t t t t tY U � (29)

Assumption  1: Elements 1, 1( ) ,ϕ ∈i jx F  

2, 2( )ϕ ∈i jx F  are smooth single-valued functions.
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For estimating parameters of matrices A, D, B, C, 
the following model is used:

	 1

2

ˆˆ ˆ ˆ ˆ( ) ( ) ( ) ( ) ( , ) ( ) ( ),
ˆ ˆ ˆ( ) ( ) ( , ),

 = + +


= +

 t t t t t t t

t t t

X A X D F X B U

Y CX F XL
� (30)

where ˆ ( )tA , ˆ ( )tD , ˆ ( )tB  are matrices with adjustable 
parameters.

Problem. For system (27) satisfying Assumption 1, 
to develop model (30) on the basis of analysis o  and find 
such rules for adjusting parameters of matrices ˆ ( )tA ,  
ˆ ( )tD , and ˆ ( )tB  so that

ˆlim ( ) ( ) ,
→∞

− ≤ dyt
t tY Y   0,d ≥y

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 

2 ( , )tF 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 SICS 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 xx a x b g y � (31)

	 ( )1 1 1 1( ) ( ) ,= − + − − − − ′ y yy a y b x g y k g y  � (32)

	 1 1 1 1( ),= − + − x xx a x b g y � (33)

	 ( )1 1 1 ( ) ( ) ,= − + + − + − ′ y yy a y b x g y k g y � (34)

where 1,−=x xa T  1 ;−=x x xb T k  ,xT  xk  are the time 
constant and amplifier gain, respectively; k  is the cross-
connection parameter; 1,−=y ya T  1−=y y yb T k  are 

servomotor parameters; g,  g1  are input influences. The 
cross-connection is shown in parentheses as a differentiating 
link with parameter k, 1 1 1 1( ) ( ) .− = −′g y d g y dt

The information about link outputs xi(t),  yi(t), 
and outputs gi(t) 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(t) 
and consider the system of filters (transformation):

	
1

1

1

,

,
,

ϑ ϑ

υ υ

= −µ +

= −µ + ϑ

= −µ +υ







y yp p y

p p
p p

 � (35)

where 1 1,ϑ − + x g y  1 1( ) ,υ − d g y dt  (0) 0,=ip  
, , ,= ϑ υi y  1 0µ >  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:

	 ˆˆ ˆ ( ),= −χ + + −

x x x xx e a x b g y � (36.1)

	 ˆ ˆ ˆ ˆ ˆ ,ϑ ϑ υ υ= −χ + + + +

yy y y p yy e a y a p a p a p �(36.2) 

where ˆ ˆ, ,= − = −x ye x x e y y  ,χ χx y  are positive 
numbers (reference model). Algorithms for adjusting 
parameters of system (36) are the following:

	

ˆˆ , ( ),

ˆ ˆ, ,

ˆ ˆ,
ϑ υϑ ϑ υ υ

= −γ = −γ −

= −γ = −γ

= −γ = −γ





 

 

x x

y y py

x a x x b x

y a y p a y y

a y a y

a e x b e g y

a e y a e p

a e p a e p

� (37)

where ,γ γ
i ia b  ( , , , , , )= ϑ υy yi x y a p  are positive 

numbers ensuring convergence of (36).
System (31), (32) is modelled with parameters: 

ax = 1.2, bx = 2, ay = 5.95, by = 1, k = 5. The inputs are 
g(t) = 1.5sin(0.1πt), g1(t) = 1.5sin(0.1πt).

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 

0, ,
1

0.53,
ex =

y
a  

0, ,
1

0.45
ex = −

y
a  of secants 

1 1, ,,e ex xy y  proves the 

fulfillment of condition 
0, , 0, , 0

1 1
| | ,

e ex x x− > d
y y

a a  

where 
0

0.2.xd =  Hence, cross-connections are 
antisymmetric.



71

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

Nikolay N. KarabutovOn identification of interconnected systems

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

0 50 100 150 200

–0.5

0.0

0.5

1.0

1.5

2.0

ey

ex

ex

ex

eyey

t

–0.25 0.00 0.25
–0.5

0.0

0.5

1.0

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).

–0.5 0.0 0.5 1.0 1.5 2.0 2.5
–0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

ey

ây

ây

âϑâϑ

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:

( )( )

1 1 1 1 6

2 2 2 2 6 2 6

6 7

7 01 7 02 6 0 1 1 2

( ),

( ) ( ),
,

sign( ) sign( ) ,

= −a + b −


′= −a + µ − + b −
 =
 = −a − a +b









x x g x

x x g x g x
x x

x x x x x x

�(38)
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y1

yi

ξε1,yξ

ξε,y1

ε1, ε

y

Fig. 1. Estimating the structure of cross-connections

The parameters of Eqs. (31) and (32) are estimated 
with respect to Note  4. The identification system 
parameters are: μ1 = 1.5, χx = 1.5, χy = 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 t is hereafter 
the current time in relative units.
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âx âx
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Fig. 2. Adjusting parameters of model (36.1)
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Fig. 3. Adjusting parameters of model (36.2)
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where g  is the master control, x6  is the object output, 
g − x6 is the mismatch error, x1 is the amplitude channel 
output, x2  is the phase channel output, 
u  =  x1sign(x1)  ∙  sign(x2) is the regulator output, and

6 6( ) ( ) ,′− = −g x d g x dt  1 1 2 2 2 01 02 0, , , , , , ,a b a µ b a a b  
are system parameters.

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

It is assumed that elements of set 
{ }o 1 2 6( ), ( ), ( ), 0, = ∈   kx t x t x t t t  are measured, where 

tk is the known number. The parameters of system (38) 
are identified using the following model:

	 1 1 1 1 1 1 6
ˆˆˆ ( ),= − + a + b −x k e x g x � (39)

2 2 2 2 2 2 6 2 6
ˆˆˆ ˆ ( ) ( ),= − + a + µ − + b −x k e x d g x dt g x �(40)
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6 6 6 01 6ˆ ˆ ˆˆ ,= − + a + a + a

x up x p ux k e x p p � (41)

where k1, k2, k6 are known numbers (the reference model 
parameters); ˆ , 1, 2, 6;= − =i i ie x x i  

5 5
ˆˆ ˆ ˆ, ( 1, 2), ,a b = a a

x xi i p pi

5 5
ˆˆ ˆ ˆ, ( 1, 2), ,a b = a a

x xi i p pi  are adjustable parameters; ˆ ( 1, 2, 6)=ix i  
are model outputs; 

6
,x up p  are obtained by analogy 

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

1 11 1 1 1 1 6
ˆˆ , ( ),a ba = −γ b = −γ −

 e x e g x

	
2 22 2 2 2 2 6

ˆˆ , ( ),a ba = −γ b = −γ −

 e x e g x  

	
22 2 6ˆ ( ) ,µ ′µ = −γ − e g x � (42)

01 66 6
01 6 6 6 6ˆ ˆ ˆ, , ,aa = −γ a = −γ a = −γ  

x x u up p x p p ue x e p e p

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

System (38) is modelled with the following 
parameters: α1 = 1.05, β1 = 3.5, α2 = 2.2, β2 = 2.2, α01 = 3, 
α02 = 5.03, β0 = 5.2, g(t) = sin(0.05πt). 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.
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Fig. 7. Phase portraits of the system: (1) x6(x2), (2) x6(x1)
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Fig. 8. Estimating the mutual influence of variables x1, 
x2 on x6

The analysis shows the relationship between 
variables x1 and x2 (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 x1  and x2  on the change in variable x6. The 
intervals of the impact of variables on x6  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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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. It assumes 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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НАУЧНАЯ СТАТЬЯ

Модели симметричных трехслойных 
волноводных структур с градиентной сердцевиной 

и нелинейно-оптическими обкладками

С.Е. Савотченко @

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

Резюме 
Цели. Выявление закономерностей дисперсионных свойств волноводных мод оптического диапазона в слоис-
тых средах с распределенными оптическими характеристиками представляет собой актуальную и важную за-
дачу, имеющую фундаментальное и прикладное значение в нелинейной оптике и оптоэлектронике. Сочетание 
нелинейного отклика и градиентных распределений оптических свойств соседних слоев слоистой структуры 
дает возможность легко подобрать требуемые значения выходных характеристик с помощью широкого ряда 
управляющих параметров, что делает такие волноводы наиболее перспективными с точки зрения возможных 
технических приложений. Цель работы – развитие теории трехслойных плоских волноводных структур с гради-
ентной сердцевиной и нелинейно-оптическими обкладками с произвольными профилями, в рамках которой 
представляется возможным нахождение точных аналитических решений нелинейных стационарных волновых 
уравнений, описывающих в явном виде поперечное распределение электрического поля волноводных мод. 
Методы. Использованы аналитические методы математической физики и  теории специальных функций 
применительно к нелинейной и волноводной оптике.
Результаты. Проведено теоретическое описание поперечных стационарных волн, распространяющихся 
вдоль плоской симметричной трехслойной волноводной структуры, состоящей из внутреннего градиентного 
слоя, зажатого между нелинейно-оптическими обкладками, причем пространственный профиль диэлектри-
ческой проницаемости прослойки и вид нелинейного отклика среды обкладок предполагаются произволь-
ными. Сформулирована математическая модель такой волноводной структуры на основе нелинейных урав-
нений с распределенными коэффициентами. Получены решения, описывающие в общем виде поперечное 
распределение амплитуды огибающей электрического поля. В  силу поперечной симметрии трехслойной 
волноводной структуры в ней могут возбуждаться четные и нечетные стационарные моды, соответствующие 
симметричным и  антисимметричным поперечным профилям поля. Разработан метод построения четных 
(симметричных) и  нечетных (антисимметричных) решений, существующих при определенных дискретных 
значениях эффективного показателя преломления / константы распространения. Такие дискретные спектры 
получены в слоях с градиентными линейным, параболическим и экспоненциальным профилями. В качестве 
примера применения сформулированной теории детально проанализирован случай симметричной трех-
слойной волноводной структуры, внутренний градиентный слой которой характеризуется параболическим 
пространственным профилем, а внешние обкладки представляют собой керровские нелинейно-оптические 
среды. На основе анализа полученного точного аналитического решения установлено, что напряженность 
электрического поля для основной моды и  моды первого порядка увеличивается с  ростом параметра па-
раболического профиля, характеризующего относительное изменение диэлектрической проницаемости 
в прослойке, однако уменьшается для мод более высоких порядков.
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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  = ±a  (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 ,b −w= y i z t
yE x z x � (1)

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

speed of light in vacuum, k = 2π/l is wave number, l is 
wavelength, and t 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

2 2
2
( ) { ( , ) } ( ) 0,y

+ e − y =
d x x I n k x

dx
� (2)

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

	 G

N

( ), ,
( , )

( ), ,

e <e = 
e >

x x a
x I

I x a
� (3)

wherein function G ( )e 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 N ( )e I  defines the 
dependence of the dielectric permittivity on the light intensity 

2 ,=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:

	

( )
N
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−

+
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Then the following equations may be derived 
from (2):
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d x
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�(5)
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dx
� (6)
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d x

I n k x x a
dx

�(7)

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

( )
N G( 0) ( 0),±y ± ± = y ± ±a a  

	
( )

N G ( 0)( 0)
,

±y ± ±y ± ±
=

d ad a
dx dx

�

(8)
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as well as to the field vanishing condition at infinity: 
( )
N| ( ) | 0, .±y → →∞x x
In terms of physics, the requirement of limitation 

of the solution should be considered an obvious 
supplement. Thus, the set of Eqs. (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:

	 G 1 1 2 2( ) ( ) ( ),y = +x C F x C F x � (9)

wherein C1, 2 are the values depending on optical and 
geometrical parameters of the system and determined 
by boundary conditions  (8). F1, 2(x) are special 
functions which are linearly independent solutions to 
Eq.  (6) at the given dielectric permittivity profile  G ( ).e 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 F1, 2(x) are continuity and limitation 
on the interval −a < x < a of these functions, as well as 
their derivatives F'1, 2(x).

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

	
( )

( ) N( )
N ( )

N

( )
( ) ,

( )

±
± ±

±

Y
y = y

Y ±
a

x
x

a
� (10)

wherein ( )±ya  is field amplitudes at layer interfaces in 
planes x  =  ±a. ( )

N ( )±Y x  are solutions to nonlinear 
Eqs. (5) and (7) are limited in regions x < −a and x > a, 
respectively, while satisfying requirement 

( )
N| ( ) | 0, .±Y → →∞x x  The explicit form of functions 

( )
N ( )±Y x  is determined by the type of nonlinearity model 

of the outer liner medium. For example, for the most 
common Kerr nonlinearity, ( )

N ( )±Y 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 C1, 2 and amplitudes ( ):±ya
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where we denote
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±

±

Y ±
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Y ±

d a
dxa

� (12)

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:

	 ( ) ( ) ( ) ( )
1 2 1 2 ,+ − − +D D = D D � (13)

wherein

	 ( ) ( )
1, 2 1, 21, 2 Neff( ) ( ).± ± ′D = ± e − ±F a F a  � (14)

This dispersion equation defines the relationship 
between propagation constant b, wave number k, 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):

	
( ) ( )( )
1

( ) ( ) ( )
1

,
− ++

− + −

D Dy
=

y D D
a

a
� (15)

wherein

	 ( )
1 2 2 1( ) ( ) ( ) ( ).± ′ ′D = ± ± − ± ±F a F a F a F a  � (16)

Then values C1,  2  can be written in the following 
form:

	
( ) ( )
1, 2 1, 2( ) ( )

1, 2 ( ) ( ) .
+ −

+ −
+ −

D D
= y = y

D Da aC � (17)

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

( ) ( )
G 1 21 2( )( ) { ( ) ( )}.

±
± ±

±

y
y = D + D

D
ax F x F x � (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: ( ) ( )

N N( ) ( )+ −y − = yx x  and G G( ) ( ),y − = yx x  
while for antisymmetric distribution, they should be odd: 

( ) ( )
N N( ) ( )+ −y − = −yx x  and G G( ) ( ).y − = −yx 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:

	 G
G

G

( ( ))
( ) ,

( ( ))
y = ya

F g x
x

F g a
� (19)

where FG(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 b, as well as optical and geometric 
parameters of the waveguide system.

For the symmetric mode, function FG should have 
an extremum at the symmetry center of the three-layer 
waveguide structure  (at  x  =  0). This implies that the 
derivative of function FG should go to zero at x = 0. For 
the antisymmetric mode, function FG 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:

	 G
G

0

( ( ))
( (0)) (0) 0.

=

′ ′= =
x

dF g x
F g g

dx
� (20)

Thus, if (0) 0,′ ≠g  then 

	 (0) = x jg  (j = 1, 2, …), � (21)

wherein xj  are zeros of the derivative of special 
function  FG. Since argument g  contains propagation 
constant b, resolving Eq. (21) with respect to it allows 
a  discrete spectrum of its values ( )b = b x j  to be 
obtained. This is determined by the sequence of zeros of 
the derivative of special function FG solving Eq. (6).

Similarly, it should be as follows for antisymmetric 
mode:

	 G ( (0)) 0.=F g � (22)

Hence,

	 (0) = z jg  (j = 1, 2, …), � (23)

wherein zj are zeros of special function FG. Solving 
Eq. (23) with respect to the propagation constant allows 
a  discrete spectrum of its values ( )b = b z j  to be 
obtained. This is determined by the sequence of zeros of 
special function FG solving Eq. (6).

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

	 N N N
N

N N N

( ( ))
( ) ,

( )
Y − −

y = y
Ya
q x a x

x
q x

� (24)

where the dependence of coefficient qN on the system 
parameters is known for a  certain nonlinear response 
model, while value xN is determined by the boundary 
conditions. Function YN should have parity coinciding 
with that of function FG.

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) at x = a whence the following equation is derived:

	 G N N N N

G N N N

( ( )) ( ) ( )
,

( ( )) ( )
′ ′ ′Y

=
Y

F g a g a q q x
F g a q x

� (25)

which allows value xN 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): 
eG = e0 – const. Then the solution to Eq. (6) is determined 
by trigonometric functions and has the following form 
for even modes:

	 G
cos( )( ) ,
cos( )

y = ya
pxx
pa

� (26)

while for odd modes:

	 G
sin( )( ) ,
sin( )

y = ya
pxx
pa

� (27)

wherein 2 2 2
0( ).= e −p k n  These modes exist for values 

of effective refractive index 2
0.< en

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

	 G 0( ) 1 ,
 

e = e − D 
 

x
x

a
� (28)

wherein e0 is the dielectric permittivity at the center of 
the waveguide structure symmetry, and 0 0( ) /D = e − e ea  
is the change in dielectric permittivity from e0  to the 
value of dielectric permittivity at the interface of 
layers ea.

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

	 G
G

G

Ai( / )
( ) ,

Ai( / )
+ d

y = y
+ da

x x
x

a x
� (29)

wherein FG = Ai(g) is the Airy function, G( ) / ,= + dg x x x  

	 2 2/3
0 0( )( / ) ,d = − e − e Dn ak � (30)

	
1/3

G 2
0

.
 

=   e D 

ax
k

� (31)

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, d  =  xj, j  =  1,  2,  ..., 
where for a linear profile, xj are zeros of the derivative 
of the Airy function: Ai'(xj)  =  0: x1  =  −1.018792972, 
x2 = −3.248197582, x3 = −4.820099211, … Then  (30) 
yields the following discrete spectrum of effective 
refractive index values:

	 2 2/3
0 0( / ) .= e − x e Dj jn ak � (32)

εG(x) εG(x)

εG(x)εG(x)

ε0 ε0

ε0ε0

εa εa

εaεa

εN(I) εN(I)

εN(I)εN(I)

0 0

00

a a

aa

x x

xx

–a –a

–a–a

(a) (b)

(d)(c)

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 
a necessary requirement that function (29) turns to zero in 
the middle of the waveguide at x = 0. Therefore, d = z are 
zeros of the Airy function: Ai(zj) = 0: z1 = −2.338107410, 
z2 = −4.087949444, z3 = −5.520559828, …

2) Parabolic (Fig. 1c):

	
2

G 0( ) 1 .
   e = e − D    

xx
a

� (33)

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

	
2 2 2

00 ( )/2
G

0

( / )
( ) e ,

( / )
− −y = y j x a x

a
j

H x x
x

H a x
� (34)

wherein j = 2m for even modes and j = 2m + 1 for odd 
modes, m = 0, 1, 2, ... ,  2

0 0/ ,= e Dx a k  which exist at 
discrete values of effective refractive index [38]:

	 2
0 0(2 1) / .= e − + e Djn j ak � (35)

3) Exponential (Fig. 1d):

	 /
G 0( ) {1 (1 e )}.−e = e − D − x ax � (36)

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

	
/2

2
G 1/2

2

(2 e )
( ) ,

(2 e )

−

−
y = y

x a
w

a
w

J v
x

J v
� (37)

wherein FG = J2w(g) is the first order Bessel function of 
order 2 1/2( ) ,= − eaw ak n  /22 e ,−= x ag v  

1/2
0( )= Dev ak  [4].

Even modes are defined by the dispersion 
equation J'2w(2v)  =  0. With the roots of the equation 
J'xj(2v)  =  0  denoted by xj, the following discrete 
spectrum of effective refractive index values is obtained:

	 2 2( / 2 ) .= e + xj a jn ak � (38)

Odd modes are defined by the dispersion 
equation J2w(2v)  =  0. With the roots of the equation 
Jzj(2v) = 0 denoted be zj, the following discrete spectrum 
of effective refractive index values is obtained:

	 2 2( / 2 ) .= e + zj a jn ak � (39)

The analysis of roots of such equations and 
corresponding spectra is given in [39].

It should be noted that there are exact analytical 
Eqs. (6) for other spatial profiles of dielectric permittivity. 
These include a smooth step described by a hyperbolic 
tangent  [40], symmetric Epstein profile  (inverted 
symmetric Pöschl–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: 
eN = e0N – const. Then the solution to Eq. (7) limited on 
semiaxis x > a may be written as follows form:

	 N ( )
N ( ) e ,− −y = y q x a

ax � (40)

wherein 2 2 2
N 0N( ).= − eq k n  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 G N 0γ + =q  may be 
derived. Here G G Gã ( ( )) ( ) / ( ( )),′ ′= F g a g a F g a  from 
which the spectrum of the effective refractive index 
values is obtained as follows:

	 2 2
0N G( / ) .= e + γn 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:

	 N 0N( ) ,e = e + aI I � (42)

where a is the Kerr nonlinearity coefficient, 2=I E  is 
field intensity. Then the even/odd solution to Eq.  (7) 
with dielectric permittivity  (42) at | x |  >  a for self-
focusing nonlinearity at a > 0 has the following form:
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wherein 2 2 2
1 1( ) ,= − eq n k  while the solution to Eq. (49) 

at n2 < e2 has the following form:

	 N 2( ) cos( ( ) ) / cos( ),y = ±y φ φ ax p x a � (51)

wherein 2 2 2
2 2( )= e −p n k  while values xs, ϕ  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:

	 G

2
arctg ,

 γ
φ =   

 p
� (52)

	 1
s

2 2

1 arctg ,
   = + φ +       

q
x a

p p
� (53)

	
1/22 2

2 11/2
s 2 2

2 G
.

 +
y =   + γ 

a
p q

I
p

� (54)

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:

2 2 2
0( )/2 2 02 2

Geff
2 0

0

N

( )
( / )

( )e ,
( / )

,

,
cosh( ( ))

,

−

y =


−


 <= y 



 >

 

a x x m
pm

m

pm

pm

x
H x x

n n
H a x

x a
n

kn x a x

x a

� (55)

	 N
N

2( ) .
ch( ( ))

y = ± ⋅
a  

qx
k q x a x

� (43)

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

	 G
N

N N

1 Arth
 γ

= −   
 

x
q q

� (44)

and the field amplitude at the boundary of layers

	 2 2
0N

2 ( ( / ) ).y = − e − γ
aa n k � (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:

	 1 s
N

2 s

, ,
( )

, ,
e <e = e >

I I
I

I I
� (46)

wherein Is is a  threshold level of intensity  (a known 
characteristic of the medium). When crossing this 
threshold, a sharp change from dielectric constant value 
e1  to e2 occurs  [42, 43]. Thus, in the neighborhood of 
the layer interface in a nonlinear medium where I > Is, 
a  region  (near-surface domain) of width xs is formed 
with dielectric constant e2. Beyond it, further in the liners 
where I < Is, the dielectric constant is e1. 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 xs, found from additional 
field continuity requirements at domain boundaries, as 
follows:

1/2
N s N s s( 0) ( 0) ,y ± + = y ± − =x x I  

	 N s N s( 0) ( 0).′ ′y ± + = y ± −x x �
(47)

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

	 2 2
N 1 N( ) ( ) ( ) 0,′′y − − e y =x n k x  I < Is, | x | > xs,�(48)

2 2
N 2 N( )( ) ( ) ( ) 0,′′y + e − y =x x n k x  I > Is, a < | x | < xs.�(49)

The solution to Eq.  (48) at n2  >  e1  for even/odd 
modes may be written as follows:

	 1 s( )1/2
N s( ) e ,y = ±  q x xx I � (50)
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where 2
0 0N 0(4 1) /= e − e − + e Dpmn m ak  and

	 2 0
Geff

0 2 0 0

( / )1 .
( / )

′  = − 
  

m

m

H a x an
kx H a x x

� (56)

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 D 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 D for the main (Fig. 2a) 
and first (Fig. 2b) modes. However, the intensity decreases 
with increasing D  for higher-order modes  (Fig.  2c). 
Thus, the dependence of the field strength on D  is not 
monotonic. Increasing the thickness of interlayer a gives 
the same effect.
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Fig. 2. Field distribution (55) at parameter values (in 
conventional units): k = 0.65, α = 6, ε0N = 0.1, ε0 = 30, 

a = 3, and various ∆ = 5 (line 1), ∆ = 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 servicing and maintenance, which often involve a large number of identical 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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Резюме 
Цели. Необходимость оперативного и  обоснованного оценивания качества услуг в  рамках сложных 
ИТ-проектов, таких как сервисное, техническое обслуживание ИТ-инфраструктуры, включающей выполне-
ние большого числа схожих или аналогичных итераций, предопределяет необходимость разработки новых 
методов оценки качества, основанных на  нелинейном агрегировании показателей. Применение прежних 
методов контроля становится невозможным либо трудозатратным ввиду изменения структуры процесса, 
территориальной удаленности, автоматизации, информатизации и появления больших данных. Цель рабо-
ты – разработка подхода к оцениванию качества работ (услуг) в рамках ИТ-проектов на основе нелинейного 
агрегирования показателей.
Методы. Предлагается подход к оцениванию качества работ (услуг) в рамках ИТ-проектов на основе нели-
нейного агрегирования ряда показателей с предварительной декомпозицией системы на частные индикато-
ры. Показатели качества услуги должны соответствовать требованиям процесса декомпозиции, т.е. полно-
стью характеризовать свойства услуги как единого целого на стадиях ее жизненного цикла.
Результаты. Описано применение предложенной методологии нелинейного агрегирования к индикаторам 
качества, полученным путем декомпозиции системы, с дальнейшим расчетом единого показателя, учиты-
вающего все существенные изначальные параметрические показатели индикаторов. Предложено произво-
дить декомпозицию сложных систем до уровня элементарных подсистем соотношений, описываемых этими 
индикаторами, которые изначально более адекватно отражают взаимосвязанные явления в сложной систе-
ме, нежели абсолютные показатели. 
Выводы. Показано преимущество практического применения модели параметрического нелинейного 
агрегирования данных для оценки качества ИТ-услуг. Использование агрегированного информационно-
аналитического показателя оценки качества услуг улучшает доступность аналитической информации для 
лиц, принимающих решения, снижает размерность аналитических данных, повышает объективность полу-
чаемой обобщенной информации.

Ключевые слова: агрегирование, оценка, качество, индикатор, ИТ-проект, аналитика
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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 
such as INDSER, 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 
a number 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.”1

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.

1   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 (IPTI).
This indicator expresses the probability that 

a request sent to the IT service will be processed within 
the agreed timeframe:

	
1IPTI ,

1 2
=

+
D

D D
� (1)

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:

	
1ORI ,

1 2
=

+
T

T T
� (2)

where T1  is the time period of service operation (in 
hours) for the reporting period, T2  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:

	
1CSI ,

1 2
=

+
Y

Y Y
� (3)

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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2

1 2

1AIAI , 0 AIAI 1,
( 1)

1 =

= ≤ ≤
−

+ a∑N n
nn

i
h

� (4)

where AIAI is the aggregated information-analytical 
indicator; αn are weighting coefficients that verify the 
individual importance of the indicators of elementary 
aggregates; in are the values of the indicators of elementary 
aggregates, i.e., i1 = IPTI, i2 = ORI, i3 = CSI, … Here N is 
the number of indicators which can be of any value; h2 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 
AIAI for five organizations that are part of the group of 
companies providing IT support services (authors’ data 
based on the materials of Digital Service2).

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:

•	 threshold value;
•	 target value;
•	 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.

•	 works (services) do not require additional control,
•	 additional control of works (services) is required),
•	 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 AIAI 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 

Table. Calculated data of indicators and AIAI

Pos. No. IPTI ORI CSI AIAI

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
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Fig. 1. AIAI visualization (dot diagram)
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Fig. 2. AIAI visualization (combined diagram)
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as reducing the dimensionality of analytical data and 
increasing the objectivity of the obtained generalized 
information, the use of the aggregated information-
analytical indicator for assessing the quality of services 
improves the availability of analytical information for 
decision makers.

Authors’ contribution
The authors’ contribution to the writing of the article, 

including the development of the concept (idea formation, 
formulation and development of key goals and objectives), 
conducting research, preparing and editing the text, and 
approval of the final version of the article is joint, balanced, 
and equivalent.

REFERENCES

	 1.	 Kurnosova O.A. Assessment of the quality of organization of the system of logistic service at industrial enterprises. Uchenye 
zapiski Krymskogo federal’nogo universiteta imeni V.I. Vernadskogo. Ekonomika i upravlenie. 2019;5(71):54–67 (in Russ.). 
Available from URL: https://sn-ecoman.cfuv.ru/wp-content/uploads/2019/05/54-67.pdf?ysclid=lx303wgj28650321072

	 2.	 Parasuraman A., Zeithaml V.A., Berry L.L. SERVQUAL: A multiple-item scale for measuring service quality. J. Retail. 
1988;64(1):12–40.

	 3.	 Shatalova V.V., Likhachevskii D.V., Kazak T.V. Big Data: how Big Data technologies are changing our lives. Big Data and 
Advanced Analytics. 2021;7(1):188–192 (in Russ.).

	 4.	 Vainshtok A.P., Yurkov E.F. Ranking models of index estimation of the Russian Federation subjects in accordance with 
socio-economic indicators. Informatsionnye protsessy = Information Processes. 2023;23(1):138–147 (in Russ.). Available 
from URL: http://www.jip.ru/2023/138-147-2023.pdf 

	 5.	 Limbourg S., Giangb H.Q., Coolsc M. Logistics Service Quality: The Case of Da Nang City. Procedia Eng. 2016;142: 
124–130. https://doi.org/10.1016/j.proeng.2016.02.022

	 6.	 Rahman  S. Quality management in logistics services: A comparison of practices between manufacturing companies 
and logistics firms in Australia. Total Quality Management & Business Excellence. 2008;19(5):535–550. https://doi.
org/10.1080/14783360802018202

	 7.	 Franceschini  F., Rafele  C. Quality evaluation in logistic services. Int. J. Agile Man. Syst. 2000;2(1):49–54. http://doi.
org/10.1108/14654650010312589

	 8.	 Gajewska  T., Grigoroudis E. Importance of logistics services attributes influencing customer satisfaction. In: 4th IEEE 
International Conference on Advanced Logistics and Transport (ICALT): Conference Paper. IEEE; 2015. P. 53–58. https://
doi.org/10.1109/ICAdLT.2015.7136590

	 9.	 Ershova T.B. General characteristics of quality IT services company. Ekonomicheskie i gumanitarnye nauki = Economic 
Science and Humanities. 2011;2(229):109–112 (in Russ.).

10.	 Borden L. How to Measure and Improve the IT Service Desk Experience. ISG White Paper; 2015. 12 p.
11.	 Lapko A.V., Lapko V.A., Tuboltsev V.P. Methodology for aggregating of the results of automatic classification of statistical 

data. In: Reshetnev Readings: Materials of the 27th International Scientific and Practical Conference dedicated to the 
memory of the general designer of rocket and space systems, Academician M.F. Reshetnev. Krasnoyarsk: 2023. P. 430–432 
(in Russ.).

12.	 Rodzin S.I., Bozhenyuk A.V., Rodzina O.N. Methods of fuzzy multicriteria group decision-making for evacuation tasks in 
emergency situations. Izvestiya YuFU. Tekhnicheskie nauki = Izvestiya SFedU. Engineering Sciences. 2023;2(232):186–200 
(in Russ.).

13.	 Shamasna Kh.A., Semashko A.V. Development of a data aggregation and visualization system in an intelligent poultry farm. 
Nauchno-tekhnicheskii vestnik Povolzh’ya = Scientific and Technical Volga Region Bulletin. 2023;9:135–139 (in Russ.).

14.	 Trainev  V.A., Trainev  O.V. Parametricheskie modeli v ekspertnykh metodakh otsenki pri prinyatii reshenii 
(Parametric Models in Expert Assessment Methods for Decision Making). Moscow: Prometei; 2003. 231  p. (in  Russ.).  
ISBN 5-94798-023-1

15.	 Sakulin  S.A., Alfimtsev  A.N., Bobretsova  A.G. An approach to decision support for choosing a telecommunications 
equipment supplier based on aggregation operators. Vestnik komp’yuternykh i informatsionnykh tekhnologii = Herald of 
Computer and Information Technologies. 2023;20(11):46–53 (in Russ.).

16.	 Krasnov A.E., Nadezhdin E.N., Nikol’skii D.N., Repin D.S., Kalachev A.A. Neural network approach to the estimation of the 
functioning efficiency of the organization based on the aggregation of its activities. Informatizatsiya obrazovaniya i nauki = 
Informatization of Education and Science. 2017;1(33):141–154 (in Russ.).

17.	 Krasnov A.E., Krasnikov S.A., Aniskin D.Yu., et al. Models of quantitative evaluation of objects4 quality of technologies, 
manufacture and business in IDFM standard. Khranenie i pererabotka sel’khozsyr’ya = Storage and Processing of Farm 
Products. 2006;3:53–56 (in Russ.).

18.	 Sapogov  A.A. Existing methods for financial data aggregation. Innovatsii i investitsii = Innovations and Investments 
Magazine. 2023;8:247–250 (in Russ.).

19.	 Sapogov A.A., Krasnov A.E. Problem of selection of weight coefficients in aggregation operations. In: Science. Production. 
Education: Collection of scientific papers of the All-Russian Scientific and Technical Conference. Moscow: April 14, 2023. 
2023. Р. 132–139 (in Russ.).

https://sn-ecoman.cfuv.ru/wp-content/uploads/2019/05/54-67.pdf?ysclid=lx303wgj28650321072
http://www.jip.ru/2023/138-147-2023.pdf
https://doi.org/10.1016/j.proeng.2016.02.022
https://doi.org/10.1080/14783360802018202
https://doi.org/10.1080/14783360802018202
http://doi.org/10.1108/14654650010312589
http://doi.org/10.1108/14654650010312589
https://doi.org/10.1109/ICAdLT.2015.7136590
https://doi.org/10.1109/ICAdLT.2015.7136590
http://D.Yu


96

Russian Technological Journal. 2024;12(5):90–97

Andrey E. Krasnov, 
Alexander A. Sapogov

Service quality assessment in IT projects  
based on aggregate indicators

20.	 Pivneva S.V., Blokhina M.V. Decomposition of the school management process in a unified information environment. In: 
Modern Technologies and Automation in Technology, Management and Education: Collection of proceedings of the Second 
International Scientific and Practical Conference. Balakovo: December 18, 2019. 2020. V. 1. P. 216–219 (in Russ.).

21.	 Elkin V.I. Aggregation and decomposition of systems of partial differential equations and control systems with distributed 
parameters. Comput. Math. Math. Phys. 2023;63(9):1741–1750.

	 [Original Russian Text: Elkin V.I. Aggregation and decomposition of systems of partial differential equations and control 
systems with distributed parameters. Zhurnal vychislitel’noi matematiki i matematicheskoi fiziki. 2023;63(9):1575–1586 
(in Russ.). https://doi.org/10.31857/S0044466923090089]

22.	 Lubenets  K.A. Indices: prospects and problems. In: Innovative Research: Problems of Implementation of Results and 
Directions of Development: Collection of Articles of the 17th International Scientific Conference. Tyumen: November 18, 
2023. St. Petersburg: Lomonosov International Institute for Advanced Studies; 2023. P. 43–45 (in Russ.).

23.	 Krasnov A., Pivneva S. Hierarchical quasi-neural network data aggregation to build a university research and innovation 
management system. In: Murgul V., Pukhkal V. (Eds.). International Scientific Conference Energy Management of Municipal 
Facilities and Sustainable Energy Technologies (EMMFT 2019). Advances in Intelligent Systems and Computing. 2021. 
V. 1259. P. 12–25. https://doi.org/10.1007/978-3-030-57453-6_2

СПИСОК ЛИТЕРАТУРЫ

	 1.	 Курносова  О.А. Оценка качества организации системы логистического сервиса на промышленных предприяти-
ях. Ученые записки Крымского федерального университета имени В.И.  Вернадского. Экономика и управление. 
2019;5(71):54–67. URL: https://sn-ecoman.cfuv.ru/wp-content/uploads/2019/05/54-67.pdf?ysclid=lx303wgj28650321072

	 2.	 Parasuraman A., Zeithaml V.A., Berry L.L. SERVQUAL: A multiple-item scale for measuring service quality. J. Retail. 
1988;64(1):12–40.

	 3.	 Шаталова В.В., Лихачевский Д.В., Казак Т.В. Большие данные: как технологии Big Data меняют нашу жизнь. Big 
Data and Advanced Analytics. 2021;7(1):188–192.

	 4.	 Вайншток А.П., Юрков Е.Ф. Ранговые модели индексации субъектов РФ по социально-экономическим показателям. 
Информационные процессы. 2023;23(1):138–147. URL: http://www.jip.ru/2023/138-147-2023.pdf 

	 5.	 Limbourg  S., Giangb  H.Q., Coolsc  M. Logistics Service Quality: The Case of Da Nang City. Procedia Eng. 2016;142: 
124–130. https://doi.org/10.1016/j.proeng.2016.02.022

	 6.	 Rahman  S. Quality management in logistics services: A comparison of practices between manufacturing companies 
and logistics firms in Australia. Total Quality Management & Business Excellence. 2008;19(5):535–550. https://doi.
org/10.1080/14783360802018202

	 7.	 Franceschini  F., Rafele  C. Quality evaluation in logistic services. Int. J. Agile Man. Syst. 2000;2(1):49–54. http://doi.
org/10.1108/14654650010312589

	 8.	 Gajewska  T., Grigoroudis  E. Importance of logistics services attributes influencing customer satisfaction. In: 4th IEEE 
International Conference on Advanced Logistics and Transport (ICALT): Conference Paper. IEEE; 2015. P. 53–58. https://
doi.org/10.1109/ICAdLT.2015.7136590

	 9.	 Ершова  Т.Б. Общая характеристика качества ИТ-услуг предприятия. Экономические и гуманитарные науки. 
2011;2(229):109–112.

10.	 Borden L. How to Measure and Improve the IT Service Desk Experience. ISG White Paper; 2015. 12 p.
11.	 Лапко А.В., Лапко В.А., Тубольцев В.П. Методика агрегирования результатов автоматической классификации стати-

стических данных. В сб.: Решетневские чтения: Материалы XXVII Международной научно-практической конфе-
ренции, посвященной памяти генерального конструктора ракетно-космических систем академика М.Ф. Решетнева.  
Красноярск: 2023. С. 430–432.

12.	 Родзин С.И., Боженюк А.В., Родзина О.Н. Методы нечеткого многокритериального группового принятия решений 
для задач эвакуации при чрезвычайных ситуациях. Известия ЮФУ. Технические науки. 2023;2(232):186–200. 

13.	 Шамасна Х.А., Семашко А.В. Разработка системы агрегации и визуализации данных в интеллектуальной птицефа-
брике. Научно-технический вестник Поволжья. 2023;9:135–139.

14.	 Трайнев В.А., Трайнев О.В. Параметрические модели в экспертных методах оценки при принятии решений. М.: 
Прометей; 2003. 231 с. ISBN 5-94798-023-1

15.	 Сакулин С.А., Алфимцев А.Н., Бобрецова А.Г. Подход к поддержке принятия решений по выбору поставщика теле-
коммуникационного оборудования на основе операторов агрегирования. Вестник компьютерных и информационных 
технологий. 2023;20(11):46–53. 

16.	 Краснов А.Е., Надеждин Е.Н., Никольский Д.Н., Репин Д.С., Калачев А.А. Нейросетевой подход к проблеме оценива-
ния эффективности функционирования организации на основе агрегирования показателей ее деятельности. Инфор-
матизация образования и науки. 2017;1(33):141–154.

17.	 Краснов А.Е., Красников С.А., Анискин Д.Ю., Воробьева А.В., Кузнецова Ю.Г., Краснова Н.А., Сагинов Ю.Л. Моде-
ли количественного оценивания качества объектов технологий, производства и бизнеса в стандарте IDFM. Хранение 
и переработка сельхозсырья. 2006;3:53–56.

18.	 Сапогов  А.А. Существующие методики агрегирования финансовых данных. Инновации и инвестиции. 
2023;8:247–250.

https://doi.org/10.31857/S0044466923090089
https://doi.org/10.1007/978-3-030-57453-6_2
https://sn-ecoman.cfuv.ru/wp-content/uploads/2019/05/54-67.pdf?ysclid=lx303wgj28650321072
http://www.jip.ru/2023/138-147-2023.pdf
https://doi.org/10.1016/j.proeng.2016.02.022
https://doi.org/10.1080/14783360802018202
https://doi.org/10.1080/14783360802018202
http://doi.org/10.1108/14654650010312589
http://doi.org/10.1108/14654650010312589
https://doi.org/10.1109/ICAdLT.2015.7136590
https://doi.org/10.1109/ICAdLT.2015.7136590


97

Russian Technological Journal. 2024;12(5):90–97

Andrey E. Krasnov, 
Alexander A. Sapogov

Service quality assessment in IT projects  
based on aggregate indicators

19.	 Сапогов  А.А., Краснов  А.Е. Задачи определения весовых коэффициентов при операциях агрегирования.  
В сб.: Наука. Производство. Образование: Сборник научных трудов Всероссийской научно-технической конферен-
ции. Москва: 14 апреля 2023 г. 2023. С. 132–139.

20.	 Пивнева С.В., Блохина М.В. Декомпозиция процесса управления школой в единой информационной среде. В сб.: 
Современные технологии и автоматизация в технике, управлении и образовании: Сборник трудов II Международ-
ной научно-практической конференции. Балаково: 18 декабря 2019 г. 2020. Т. 1. С. 216–219.

21.	 Елкин В.И. Агрегирование и декомпозиция систем дифференциальных уравнений с частными производными и си-
стем управления с распределенными параметрами. Журнал вычислительной математики и математической физи-
ки. 2023;63(9):1575–1586. https://doi.org/10.31857/S0044466923090089

22.	 Лубенец К.А. Индексы: перспективы и проблемы. В сб.: Инновационные исследования: проблемы внедрения результа-
тов и направления развития: сборник статей XVII международной научной конференции. Тюмень: 18 ноября 2023 г. 
Санкт-Петербург: Международный институт перспективных исследований имени Ломоносова; 2023. C. 43–45.

23.	 Krasnov A., Pivneva S. Hierarchical quasi-neural network data aggregation to build a university research and innovation 
management system. In: Murgul V., Pukhkal V. (Eds.). International Scientific Conference Energy Management of Municipal 
Facilities and Sustainable Energy Technologies (EMMFT 2019). Advances in Intelligent Systems and Computing. 2021. 
V. 1259. P. 12–25. https://doi.org/10.1007/978-3-030-57453-6_2

About the authors

Andrey E. Krasnov, Dr. Sci. (Phys.-Math.), Professor, Head of the Department of Information Security, 
Russian State Social University (4, Vil’gel’ma Pika ul., Moscow, 129226 Russia). E-mail: krasnovmgutu@yandex.ru. 
Scopus Author ID 57192947423, RSCI SPIN-code 5431-8134, https://orcid.org/0000-0002-4075-4427

Alexander A. Sapogov, Postgraduate Student, Russian State Social University (4, Vil’gel’ma Pika ul., Moscow, 
129226 Russia). E-mail: sapogovmail@gmail.com. RSCI SPIN-code 2253-5104, https://orcid.org/0009-0007-8095-
2771

Об авторах

Краснов Андрей Евгеньевич, д.ф.-м.н., профессор, заведующий кафедрой информационной безопас-
ности, ФГБОУ ВО «Российский государственный социальный университет» (129226, Москва, ул. Вильгельма 
Пика, д. 4, стр. 1). E-mail: krasnovmgutu@yandex.ru. Scopus Author ID 57192947423, SPIN-код РИНЦ 5431-8134, 
https://orcid.org/0000-0002-4075-4427

Сапогов Александр Александрович, аспирант, ФГБОУ  ВО «Российский государственный соци-
альный университет» (129226, Москва, ул.  Вильгельма Пика, д.  4, стр.  1). E-mail: sapogovmail@gmail.com. 
SPIN-код РИНЦ 2253-5104, https://orcid.org/0009-0007-8095-2771

Translated from Russian into English by Lyudmila O. Bychkova
Edited for English language and spelling by Thomas A. Beavitt

https://doi.org/10.31857/S0044466923090089
https://doi.org/10.1007/978-3-030-57453-6_2
mailto:krasnovmgutu@yandex.ru
https://orcid.org/0000-0002-4075-4427
mailto:sapogovmail@gmail.com
https://orcid.org/0009-0007-8095-2771
https://orcid.org/0009-0007-8095-2771
mailto:krasnovmgutu@yandex.ru
https://orcid.org/0000-0002-4075-4427
mailto:sapogovmail@gmail.com
https://orcid.org/0009-0007-8095-2771


98

Russian Technological Journal. 2024;12(5):98–110

© A.A. Kytmanov, Yu.N. Gorelova, T.V. Zykova, O.A. Pikhtilkova, E.V. Pronina, 2024

ISSN 2500-316X (Online)

UDC 378.1
https://doi.org/10.32362/2500-316X-2024-12-5-98-110
EDN WAZLGB

Philosophical foundations of technology and society

Мировоззренческие основы технологии и общества

RESEARCH ARTICLE

A conceptual approach  
to digital transformation of the educational process  

at a higher education institution

Alexey A. Kytmanov 1, @, Yuliya N. Gorelova 2, Tatiana V. Zykova 3,  
Olga A. Pikhtilkova 1, Elena V. Pronina 1

1 MIREA – Russian Technological University, Moscow, 119454 Russia
2 Kazan (Volga Region) Federal University, Kazan, 420008 Russia
3 Siberian Federal University, Krasnoyarsk, 660041 Russia
@ Corresponding author, e-mail: kytmanov@mirea.ru 

Abstract
Objectives. The research aims to develop a conceptual approach to the digital 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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НАУЧНАЯ СТАТЬЯ

Концептуальный подход  
к цифровой трансформации  

образовательного процесса в вузе

А.А. Кытманов 1, @, Ю.Н. Горелова 2, Т.В. Зыкова 3,  
О.А. Пихтилькова 1, Е.В. Пронина 1
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@ Автор для переписки, e-mail: kytmanov@mirea.ru 

Резюме 
Цели. Целью работы является разработка концептуального подхода к цифровой трансформации образова-
тельного процесса в вузе. В основе выбранного подхода лежит детальный анализ этапов, участников и ком-
понентов образовательного процесса в вузе с целью выработки дорожной карты по его цифровизации и соз-
данию системы управления образовательным процессом на основе данных. Основными задачами цифровой 
трансформации являются: повышение удобства доступа к данным и работы с данными, относящимися к об-
разовательному процессу, для всех групп конечных пользователей; повышение прозрачности всех состав-
ляющих образовательного процесса; высвобождение человеко-временных ресурсов за  счет минимизации 
рутинных операций и повышения качества принимаемых решений. В основе создания системы управления 
образовательным процессом на основе данных лежат принципы цифровой культуры управления процессами, 
которые подразумевают, что собираемые в университетских системах данные упорядочены в единую струк-
туру, согласованы между собой, непротиворечивы и хранятся в виде, удобном для разработки новых цифро-
вых сервисов. Разработка инструментов интеллектуальной поддержки принятия решений и учебной анали-
тики ведется в тесном взаимодействии разработчиков, аналитиков и конечных пользователей всех уровней.
Методы. В работе использован опыт работы авторов и их коллег в российских и зарубежных вузах в каче-
стве пользователей информационных систем и сервисов, разработчиков сервисов учебной аналитики и ру-
ководителей разного уровня. Приведены этапы цифровой трансформации организации.
Результаты. Предложен концептуальный подход к пониманию, постановке целей и планированию процес-
сов цифровой трансформации образовательного процесса. Подробно описаны данные основных участников 
и составляющих образовательного процесса: обучающихся, преподавателей и образовательных программ, 
необходимые для управления вузом на основе данных; аргументирован их отбор.
Выводы. Разработка концептуального подхода для создания системы управления образовательным про-
цессом на основе данных в вузе становится приоритетной задачей, от качества решения которой во многом 
будут зависеть развитие и конкурентоспособность университета в будущем.

Ключевые слова: цифровизация, цифровая трансформация, управление на основе данных, образователь-
ный процесс, обучающийся, профессорско-преподавательский состав, образовательная программа, учебная 
аналитика
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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-based1, as 
well as Massive Open Online Course (MOOC) platforms, 
including such well-known platforms as Coursera2, 
edX3, and Udacity4 (a more detailed list can be found on 
Wikipedia5, 6). 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 

1  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.
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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 

https://moodle.org/
https://www.coursera.org/
https://www.edx.org/
https://www.udacity.com/
https://en.wikipedia.org/wiki/List_of_MOOC_providers
https://doi.org/10.32362/2500-316X-2024-12-5-98-110
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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 

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 

Figure. Stages of the organization’s digital transformation

Stage 1 Stage 2 Stage 3

Organization of the work  
with data in a digital form

•  Data export opportunity
•  Generation of forms and reports
• � Storage of documents in scanned form

Technological optimization  
of processes

•  Introduction of new forms of work
• � Change in interaction between 

subdivisions
•  Increase in process transparency

Digital culture  
of process management

• � Unified data structure
• � Ability to connect new modules
• � Module update based on user 

feedback
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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:
•	 results of intermediate assessment for all years of 

study;
•	 term exams results;
•	 amount of academic debts at the present moment;
•	 number of attempts to pass the assessment for the 

course.

Pre-professional training data block:
•	 topics of completed research works and data on 

scientific advisors;
•	 research publications;
•	 conference presentations and talks;
•	 experience in professional activity in organizations 

relevant to the field of study;
•	 reviews and feedback on research and graduation 

theses;
•	 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:

•	 number of accesses to the LMS and total time spent 
in it;

•	 number of transitions and number of clicks within 
the LMS;

•	 number of viewed educational videos and their 
viewing duration;

•	 participation in discussions on educational forums;
•	 number of references to external educational sources, 

total time spent on mastering educational material;
•	 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 Wikipedia7, 8). 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.

https://en.wikipedia.org/wiki/List_of_learning_management_systems
https://en.wikipedia.org/wiki/List_of_learning_management_systems
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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, 
a digital 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:

•	 basic personal data  (surname, name, patronymic, 
date and place of birth, gender, data of basic 
documents);

•	 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;
•	 profile data in scientometric databases and 

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:

•	 data on courses taught (linked to academic years and 
semesters, indicating the type of classes and form of 
delivery);

•	 data on the number of students in the courses taught;
•	 data on developed teaching and learning materials 

and e-courses;
•	 data on external resources used in teaching practice;
•	 developed information content used in teaching 

activities;
•	 data on completed professional development / 

retraining / vocational training courses;
•	 data on student assessment of the teacher  (if 

available);
•	 student attendance in the course during the semester;
•	 student academic performance within the course and 

the results of the term exam.



105

Russian Technological Journal. 2024;12(5):98–110

Alexey A. Kytmanov, 
et al.

A conceptual approach to digital transformation  
of the educational process at a higher education institution

The scientific research competency data block 
includes:

•	 data on publications and intellectual property 
objects;

•	 data on participation in projects supported by 
research grants or carried out within the framework 
of contractual works, as a manager or contractor;

•	 data on membership in dissertation councils, 
editorial boards of scientific journals;

•	 data on work performance as an expert.
The mentoring competency data block contains:

•	 data on scientific supervision of graduation theses / 
dissertations of students / master’s degree students;

•	 data on scientific supervision of postgraduate 
students / scientific advising of doctoral students;

•	 data on publications of students/postgraduate 
students co-authored with an academic staff member;

•	 data on graduation theses / candidate/doctoral 
dissertations, defended under the supervision of an 
academic staff member;

•	 data on students/postgraduate students who won 
prizes in competitions/contests/conferences  (with 
indication of the event level).
The practical competence data block includes:

•	 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);

•	 data on developed cases drawn from practical 
experience;

•	 data on practice-oriented tasks developed for 
competitions/hackathons;

•	 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:

•	 field of study, including level of education, form of 
education;
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•	 results of surveys of graduates regarding their 
satisfaction with training within the DP, employment 
opportunities, competitiveness in the labor market, 
etc.;

•	 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

•	 consideration of these indicators in dynamics over 
a certain period of time;

•	 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;

•	 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 

•	 requirements of the federal state educational standard 
or the educational standard of the educational 
organization, including learning outcomes expressed 
in term of competencies;

•	 professional standards, for which the DP trains 
students, including formed professional competencies;

•	 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:

•	 distribution of Unified State Exam scores of 
applicants admitted to the DP, including their 
average and passing scores;

•	 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.;

•	 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.;

•	 share of students  (by year of study) who have 
achievements in research activity  (presentations 
at scientific conferences, publications, intellectual 
property objects);

•	 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.;

•	 employment rate of graduates in organizations 
relevant to their field of study;

•	 results of surveys of students regarding their 
satisfaction with the components of the educational 
process within the DP;
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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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