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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 development of contemporary models for the conversion of accents in foreign languages 
utilizes deep neural network architectures, as well as ensembles of neural networks for speech recognition and 
generation. However, restricted access to implementations of such models limits their application, study, and 
further development. Moreover, the use of these models is limited by their architectural features, which prevents 
flexible changes from being carried out in the timbre of the generated speech and requires the accumulation 
of context, leading to increased delays in generation, making these systems unsuitable for use in real-time multi-
user communication scenarios. Therefore, the relevant task and aim of this work is the development of a method that 
generates native-sounding speech based on input accented speech material with minimal delays and the capability 
to preserve, clone, and modify the timbre of the speaker’s voice.
Methods. Methods for modifying, training, and combining deep neural networks into a single end-to-end architecture 
for direct speech-to-speech conversion are applied. For training, original and modified open-source datasets were used.
Results. The work resulted in the development of a real-time accent conversion method with voice cloning based 
on a non-autoregressive neural network. The model comprises modules for accent and gender detection, speaker 
identification, speech conversion, spectrogram generation, and decoding the resulting spectrogram into an audio 
signal. As well as demonstrating high accent conversion quality while maintaining the original timbre, the short 
generation times of the applied method make it acceptable for use in real-time scenarios.
Conclusions. Testing of the developed method confirmed the effectiveness of the proposed non-autoregressive 
neural network architecture. The developed model demonstrated the ability to work in real-time information systems 
in English.
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Метод конвертации акцента с клонированием голоса 
в реальном времени на основе неавторегрессионной 

нейросетевой модели

В.А. Нечаев @,  
С.В. Косяков

Ивановский государственный энергетический университет имени В.И. Ленина, Иваново, 
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@ Автор для переписки, e-mail: nechaev@gapps.ispu.ru 

• Поступила: 23.07.2024 • Доработана: 03.02.2025 • Принята к опубликованию: 26.03.2025

Резюме 
Цели. В настоящее время при разработке моделей для преобразования речи с акцентом в речь без акцен-
та используются архитектуры глубоких нейросетей, а также ансамбли предобученных нейросетей для рас-
познавания и генерации речи. При этом доступ к реализациям таких моделей является ограниченным, что 
затрудняет их применение, изучение и дальнейшее развитие. Также использование данных моделей огра-
ничено особенностями архитектуры, которая не позволяет гибко менять тембр генерируемой речи и требует 
накопления контекста, что ведет к увеличению задержки при генерации и делает данные системы непри-
годными для использования в сценариях коммуникации двух и более людей в реальном времени. В связи 
с этим актуальной задачей и целью настоящей работы является разработка метода, позволяющего на осно-
ве входной речи с акцентом генерировать речь без акцента с минимальными задержками с возможностью 
сохранения, клонирования и модификации тембра говорящего, что позволит преодолеть ограничения теку-
щих моделей.
Методы. Применены методы модификации, обучения и объединения глубоких нейросетей в единую сквоз-
ную архитектуру для прямого преобразования речи в речь. Для обучения использованы оригинальные и мо-
дифицированные наборы данных из открытых источников.
Результаты. Разработан метод конвертации акцента с клонированием голоса в реальном времени на осно-
ве неавторегрессионной нейросетевой модели, которая состоит из модулей определения акцента и пола, 
идентификации говорящего, преобразования речи в фонетическое представление, генерации спектрограм-
мы и декодирования полученной спектрограммы в аудиосигнал. Метод демонстрирует высокое качество 
конвертации акцента с сохранением оригинального тембра, а также низкие задержки при генерации, прием-
лемые для использования в сценариях реального времени.
Выводы. Апробация разработанного метода подтвердила эффективность предложенной неавторегресси-
онной нейросетевой архитектуры. Разработанная прикладная нейросетевая модель продемонстрировала 
возможность работы в информационных системах на английском языке в режиме реального времени.

Ключевые слова: конвертация акцента, генерация речи, распознавание речи, конвертация голоса, машин-
ное обучение, нейронная сеть
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INTRODUCTION

One of the most important channels of interaction 
between businesses and their customers is communication 
through voice communication. This is evidenced by the 
development and widespread use of call centers, which 
can now be established to operate on a cross-national and 
cross-regional basis. In such cases, English is very often 
used to overcome the interlingual barrier despite the 
operators and clients of call centers not all being native 
speakers of this language. As a result, situations may 
arise when a customer abandons a communication due to 
the difficulty of mutual understanding with the operator, 
which leads to economic losses. With the development 
of artificial intelligence systems, accent conversion 
software systems have been used to solve this problem, 
which enable to reduce the speaker’s accent to a certain 
extent [1]. Such systems can also be used in the process 
of teaching foreign languages [2, 3], re-recording and 
enhancing the quality of previously recorded speech [4], 
and improving the quality of existing speech recognition 
systems [5]. Despite the considerable developments that 
have recently taken place in this area of research, the 
problem of improving and enhancing the quality of such 
systems remains relevant.

Accents in speech, representing an integral feature 
of pronunciation, can be divided into native accents, 
which depend on many regional and cultural factors, 
and foreign accents [6]. At the same time, foreign accent 
differs from native accent at the segmental (phonemes) 
and suprasegmental (intonation, accents, rhythmics) 
levels [7]. A foreign accent manifests itself when 
a native speaker of one language (L1 speech) speaks in 
another non-native or second language (L2 speech) [8]. 
L2 speech can be less intelligible to native speakers 
than L1 speech based on similar content [9], resulting 
in reduced comprehension of and trust in what is said, 
negative attitudes towards the speaker, and other forms 
of discrimination by native speakers [10–12].

Early methods for accent conversion in the 
generation phase are based on reference L1 examples 
corresponding to L2 speech [13–16]. For each 
L2 phrase, a corresponding L1 phrase is required. The 
practical application of such models is limited due to 
insufficient data to cover all possible speech variations. 
Such approaches also require significant resources for 
data collection and processing, which increases the 
development time and cost of such systems. In addition, 
the strict adherence to pairwise examples may reduce the 
versatility and scalability of the technology by limiting 
its ability to adapt to new accents or speech styles that 
were not included in the original dataset.

In subsequent developments, this limitation was 
overcome, meaning that reference examples are not 
required at the inference stage [17–22]. However, parallel 

datasets containing similar L2 and L1 phrases are still used 
for model training [17, 20], necessitating difficult and 
expensive operations for obtaining a sufficient amount of 
such data. Moreover, the autoregressive recurrent neural 
networks used by the described methods complicates 
the process of training them. Another method [19] uses 
pretrained neural networks to convert text to speech. 
To preserve individual voice characteristics, a separate 
model would need to be trained for each target speaker, 
making multi-user use difficult. Methods [21, 22] based 
on predicting the duration of each generated phoneme, 
which transforms the original L2 speech duration and 
speaker identity, require the accumulation of context, 
increasing generation time and complicating real-time 
use. Although the method described in [18] is not subject 
to the disadvantages listed above, the implementation 
of the model is limited to a finite set of accents, whose 
identifiers have to be determined during the model 
training phase. This complicates the process of training 
the data and applying the model with accents that have 
not been previously represented in it.

The present work set out to develop an accent 
conversion method that overcomes the above problems 
and shortcomings, capable of converting any speech 
from L2 to L1 without using reference examples or 
parallel data in the training and generation stages, which 
greatly simplifies, cheapens and speeds up the process of 
adapting the system to new accents.

1. RESEARCH OBJECTIVES

Speakers perceive literacy and fluency, on the one 
hand, and accent, on the other hand, as separate entities; 
improvement of one of them leads to an enhanced overall 
perception of L2 speech by native speakers [9, 23]. 
At the same time, absolutely accurate reproduction of 
L1 speech by a non-native speaker is difficult to achieve 
in practice due to differences in phonetic interference 
and speech perception by native speakers [24]. When 
solving the task of accent conversion, it is important 
to preserve the speaker’s individual vocal features 
(timbre, pitch, loudness), i.e., it is necessary to perform 
voice cloning [25] while modifying segmental and 
suprasegmental characteristics associated with the 
foreign accent and pronunciation [13, 17, 18]. This is 
especially important in situations where it is necessary 
to preserve the emotional coloring, expressiveness, and 
individual features of speech, including voice features 
related to the speaker’s gender.

In order to fulfill these conditions, it is necessary to use 
several interconnected, end-to-end architecture models 
for accent and gender detection, speaker embedding (SE), 
speech-to-phonetic (STP) representation, and 
spectrogram generation, as well as the decoding of the 
resulting spectrogram into an audio signal.
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In addition, in real-time scenarios, such as human 
voice communication using high-speed communication 
channels, it is necessary to ensure minimal delays 
in the generation and transmission of processed 
speech [26–28]. Accent translation should be performed 
in real-time without the use of recurrent networks [29] 
to avoid the error accumulation effect associated with 
sequential output generation.

The training phase is based on publicly available 
open data for training the speech recognition and 
generation systems. In addition, the method set out to be 
independent of the availability of benchmark examples 
and parallel data at the training and inference stages.

2. RESEARCH METHODS

2.1. Architecture of the developed system

The developed accent conversion method includes 
several interrelated models integrated into a single 
end-to-end architecture for accent and gender detection, 
SE, STP conversion, spectrogram generation, and 
decoding of the obtained spectrogram into an audio 
signal. Figure 1 shows the general scheme of interaction 
of the above models at the output stage (generation of 
output L1 audio).

AE/GE

Accent

Embedding

 

Gender

Embedding

 

SE

STP

STS

Vocoder

L2

speech

L1

speech

Fig. 1. General derivation scheme of the accent 
conversion method with voice cloning

The L2 speech audio signal is fed to the input of 
the STP model, to the input of the Accent and Gender 
Embedding (AE/GE) model, and to the input of the 
SE model. The accent embedding affects the generation 
of the phonetic representation, which in vectorized form 
is fed to the input of the speech-to-speech (STS) and 
mel spectrogram generation model. The AE/GE vector 
representations (embeddings) are also fed to the input of 
the STP model, as well as the output of the SE model, 
which is a vector representation of individual voice 

characteristics (timbre). The resulting spectrogram 
is converted into an L1 speech audio signal using 
a decoding vocoder model.

The overall pipeline of L1 speech generation from 
the original L2 speech can be simplistically represented 
as a formula:

aL1 = FV(FSTS(FSTP(aL2, FAE(aL2)),  
 FAE(aL2), FGE(aL2), FSE(aL2))), (1)

where aL1 is the generated L1 speech audio signal; aL2 is 
the input L2 speech audio signal; FV is the vocoder 
model; FSTS is the STS model; FSTP is the STP model;  
FAE is AE in the AE/GE model; FGE is GE in the 
AE/GE model; FSE is the SE model, vector representation 
of individual voice characteristics.

In order to obtain a single end-to-end model of 
accent conversion, it is necessary to perform the training 
process of each model sequentially. Thus, the AE/GE 
and SE models are independent of other models and their 
training can be performed in any order. The output of 
the trained AE/GE model will be required at the stage of 
obtaining the STP model. All previous models (AE/GE,  
SE, STP) are required to derive the STS model. The 
training of the vocoder model is based on the output of 
the STS model.

2.2. AE/GE model

In order to obtain fixed length vectors representing 
the accent and gender features of the speaker, the 
model is first trained for the classification task. In such 
a configuration, class labels used in the training process 
are returned by the model at the output of the last layer, 
while vector representations used as voice features are 
taken from a special intermediate layer.

This and other models use a preprocessor 
based on fast Fourier transform, which converts 
the incoming audio signal (time domain) into a mel 
spectrogram (frequency domain), showing the frequency 
content of the audio signal on a perceptual mel scale, 
which approximates the nonlinear frequency response of 
the human ear. Here, the sampling frequency (sampling 
rate) is 22050 Hz and the window width is 1024 sound 
fragments (samples), while the window step is 256 samples 
and the number of generated mel bands is 80.

Figure 2 shows the training scheme of the accent 
and gender detection model. It contains blocks of 
convolutional network of Jasper architecture of 
3 × 3 configuration [30]. The accent decoder and gender 
decoder, which have a common architecture, consist 
of an attention pooling layer [31], a normalization 
layer, a convolutional layer to obtain AE and GE of 
dimension 192, and a linear layer to obtain (predict) the 
accent class (AC) and gender class (GC).
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Fig. 2. Training diagram of the AE/GE model.  
CE are cross entropies

After feeding the audio signal to the preprocessor, 
the mel spectrogram is fed to the Jasper blocks, as well 
as, in parallel, to the accent decoder and the gender 
decoder, along with the corresponding fully connected 
layers in the output to obtain the accent and gender 
prediction vectors. During the model training process, 
the sum of CEs is minimized:
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where LAE, GE is the overall loss function of the AE/GE 
model; A is the number of ACs (40); G is the number 
of GCs (2); xa are accent predictions; xg are gender 
predictions; ya are ground truth accent labels; yg are 
ground truth gender labels.

2.3. SE model

Figure 3 shows the training scheme of the SE model 
and tone vector representation. This scheme contains 
an input convolutional neural network of SincNet 
architecture [32], layers of X-Vector DNN1 model [33], 
and a layer for obtaining vector representations of 
dimensionality 512.
Speech

SincNet
X-Vectors

DNN
VE

AM-Softmax

Loss

Fig. 3. Diagram of the SE model training. VE is the voice 
embedding—vector representation of the speaker’s 

individual voice characteristics

Unlike the AE/GE model, the audio signal is not 
pretransformed into a mel spectrogram, i.e., the digitized 
audio signal in the time domain with a sampling rate of 
16000 Hz is fed to the band-pass filters of the SincNet 
architecture, then to the convolution layers of the 
X-Vector DNN and the output fully connected layer, 
which provides a vector representation of individual 

1  Deep neural network.

voice characteristics (timbre) at the output. In the 
process of model training, the problem of representation 
learning is solved while minimizing the Additive 
Angular Margin (AAM Loss) function [34].

2.4. STP conversion model

The next step is speech recognition taking into 
account the speaker’s accent. For this purpose, it is 
necessary to obtain a model for converting speech into 
phonetic or textual representation. The training scheme 
of the STP model is shown in Fig. 4. The dotted line 
represents the blocks that are fixed (frozen) during 
the backpropagation process, i.e., the weights in these 
blocks are not updated, but their previously obtained 
states are used.

Preprocessor

Speech

Conformer

Encoder

Decoder

AE/GE

Accent

Encoder, FFT

+

Subsampler

CTC Loss

AE

Fig. 4. Diagram of STP model training

The speech audio signal is fed to the input of 
the preprocessor as previously described and then 
in parallel to the AE/GE model to obtain the AE 
and to the convolutional dimensionality reduction 
block (Subsampler) with a factor of 4. Further conversion 
is carried out using the Conformer encoder, which 
comprises a 12 module Conformer architecture [35] 
having an internal dimensionality of 512 consisting of 
fully connected [36], convolutional [37], and attention 
mechanism transformer layers [38]. AE is then 
normalized, reduced to dimensionality 512, summed 
with the output of the Conformer encoder, and fed to 
the input of the accent encoder, which has a single stack 
feed-forward transformer (FFT) architecture [39]. The 
output of the accent encoder is further utilized in the 
STS model as a distribution of phonetic tokens. Finally, 
the output signal of the accent encoder is fed to the decoder, 
which has a single-layer convolutional architecture with 
Softmax activation function, and forms at the output 
a vector of predictions of textual tokens of dimension 
equal to the size of the tokenizer dictionary (128) plus 
one (for a blank token). During model training, the 
Connectionist Temporal Classification (CTC) Loss 
function [40] is minimized, which calculates the loss 
between the continuous (unsegmented) time series and 
the target sequence:
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where LSTP is the loss function of the 
STP model (CTC Loss); x is the probabilities of text 
tokens predicted by the model; y is the sequence of text 
tokens from the target text; ρ is the alignment path 
x predictions to reduce to y sequence by removing all 
blank tokens and merging repeated tokens; Ax, y is the set 
of all possible alignment paths; T is the number of 
predicted tokens in x; 

t
xρ  is the probability of a particular 

predicted token at step t given the chosen alignment 
path ρ.

2.5. STS conversion  
and spectrogram generation model

The previous models are combined into a single 
architecture for STS conversion and spectrogram 
generation. Figure 5 presents a schematic of its training. 
The STS model includes the previously discussed blocks 
of preprocessor, accent, gender (AE/GE model) and 
speaker’s timbre (SE model) with the corresponding 
modules of vector representations (AE, GE, VE), as 
well as the STP conversion block (STP model). All these 
blocks are marked with a dotted line due to their training 
was performed earlier and is not performed at the stage of 
STP-model training. Moreover, an untrained block based 
on normalized cross correlation function and median 
smoothing was added to the architecture to extract the 
fundamental or lowest frequency of the periodic sound 
signal (F0), which is perceived by the human ear as 
pitch [41, 42].

Preprocessor

Speech

Upsampler

AE/GE

STP

SE

STP Encoder

Pitch, F0

GE AEVE

Speaker
Encoder

+

Accent
Encoder

+

STS Decoder

+

Mel Loss

Fig. 5. STS Model training diagram

The speech audio signal is fed to the preprocessor, 
pitch block and SE model input. The mel spectrogram 
from the preprocessor is fed to the inputs of the AE/GE 
and STP models. The phonetic representation from the 
STP model is fed to an upsampler with a factor of 4 
to equalize the original and generated spectrograms, 
consisting of two convolutional 1D-transposed layers 
and two rectified linear unit (ReLU) activation functions 
placed after each convolutional layer. After the 
upsampler, the phonetic representation is transformed 
using a STP encoder, which has a six-stack feed-forward 
transformer (FFT) architecture [39] used in the Fastpitch 
architecture as an input unit operating in the token 
domain [43], with inner and outer dimensions of 1536 and 
384, respectively. The vector representations of accent, 
gender, speaker’s timbre and pitch profile are normalized 
and reduced to dimensionality 384. Next, the accent 
vectors and the output of the STP encoder are summed 
and fed to the input of the accent encoder (1 stack FFT). 
Similarly, the pitch, timbre, gender vectors are summed 
and fed to the input of the speaker encoder (1 stack FFT). 
Thus, the speaker encoder aggregates speech properties 
related to individual voice characteristics except accent, 
which in turn is the responsibility of the accent encoder. 
The sum of the output vectors of the speaker encoder and 
the accent encoder is fed to the input of a STS decoder 
consisting of 6 stacks of Fastpitch architecture FFTs from 
the output mel area [43]. Finally, the vector is projected 
to dimension 80 to match the original number of mel 
areas. During the training process, the loss function is 
minimized based on the standard deviation:

 2
STS

1

1

1( , ) ( ) ,
N

i i iN
i

i
i

L x y d y x
d =

=

= −∑
∑

 (4)

where LSTS is the loss function of the STS 
model (Mel Loss); N is the number of elements in the 
mel spectrogram; x is the mel spectrogram predicted 
by the model; y is the target mel spectrogram; d is the 
mask of the spectrogram duration for collection into 
a batch of fixed size, consisting of values 1 (the element 
should be considered) and 0 (the element should not be 
considered), obtained from the duration of the predicted 
spectrogram.

2.6. Model of sound signal generation  
from mel spectrogram (vocoder)

Mel spectrogram of L1 speech in the frequency 
domain obtained using the STS model is converted 
into a sound signal in the time domain. For this 
purpose, a model based on generative-adversarial 
networks (HiFi-GAN) [44] is used. The output audio 
signal has a sampling rate of 22050 Hz. The model is 



13

Russian Technological Journal. 2025;13(3):7–20

Vladimir A. Nechaev,  
Sergey V. Kosyakov

Accent conversion method with real-time voice cloning  
based on a non-autoregressive neural network model

trained as follows: the audio signal from the training 
dataset is converted into a mel spectrogram using the 
STS model, then the resulting spectrogram is passed to 
a vocoder and converted into an audio signal. Using the 
received and original audio signals, the loss functions 
for the generator and discriminator are calculated as 
described in [44].

2.7. STS conversion and spectrogram  
generation simplified model (Ablation)

In order to conduct comparative experiments, 
a simplified version of the accent conversion model 
was also developed, the schematic of which is shown 
in Fig. 6.

Preprocessor

Speech

Upsampler
SE

STP Encoder

Pitch, F0

VE

Speaker
Encoder

+

STS Decoder+

Subsampler

Conformer
Encoder

STP Decoder

Mel
Loss

CTC
Loss

Fig. 6. Schematic of a simplified  
accent conversion model

This simplified model excludes the AE/GE model, as 
well as all related encoders in the STP and STS models. 
Thus, in the resulting simplified model, the output is 
not conditioned on accent and gender properties. In 
addition, the training of the STP model was conducted 
not separately, but simultaneously with the STS model 
without fixing the weights of the STP with minimization 
of the sum of the CTC Loss and Mel Loss functions.

3. PRACTICAL APPLICATION OF THE METHOD

3.1. Model training

AE/GE model was trained on the following datasets: 
CMU-ARCTIC [45], L2 ARCTIC [46], Speech Accent 
Archive [47], Common Voice 16.1 [48]. All of them 
represent audio recordings of speech in English, their 
corresponding textual transcriptions, and contain 
additional meta-information about accent, gender and, 
in some cases, native language, place of residence and 
age of the speaker. Using this information, the audio files 
were grouped into 40 classes denoting native or foreign 
English accents, e.g., British, American, Russian, 
Indian and South Asian, Canadian, German, Australian, 
African, Japanese, Eastern European, etc. The gender of 

the speaker is also highlighted. The total duration of the 
audio files marked in this way amounted to 1087.6 h for 
the training sample, and 7.6 h for the validation and test 
samples.

VoxCeleb1 [49] and VoxCeleb2 [50] data collections 
with a total duration of 2794 h have been used to train 
the SE model. These sets represent grouped speech 
audio recordings of 7363 individuals. Audio recordings 
pertaining to one person are presented during training as 
positive examples and, conversely, those pertaining to 
different people as negative examples.

STP model was trained on data from 
CMU-ARCTIC [45], L2 ARCTIC [46], Common 
Voice 16.1 [48], LibriSpeech [51], NPTEL20202, 
VCTK [52], GigaSpeech [53]. The mentioned sets 
consist of audio recordings of English speech with 
different accents and corresponding text transcriptions. 
The total duration of the pooled training sample was 
6107 h and the validation sample was 48 h. The text 
transcriptions were normalized, i.e., converted from the 
canonical written form to the spoken form [54], which 
is especially important for numbers and abbreviations, 
and were also brought to a unified form: lower case 
into ASCII format, punctuation, special characters and 
additional indentation were removed. A SentencePiece 
tokenizer [55] with a dictionary size of 128 was trained 
on the training part of the texts, with which all the texts 
are processed during the training and evaluation of the 
model.

STS model and vocoder were trained using 
the following datasets: CMU-ARCTIC [45], 
L2 ARCTIC [46], VCTK [52], LibriTTS-R [56], 
LJ Speech3. When we split the data into training and 
validation samples, their duration was 681 and 17.6 h, 
respectively. Only audio information without textual 
markup is used in the training process.

A simplified model (ablation) was trained on data 
for the STP and STS models.

In order to train, evaluate, and use the described 
models, code has been developed using the open-source 
libraries Pytorch [57] and NVIDIA NeMo [58]. The 
implementation and weights of the vector representation 
model of the speaker’s timbre (SE model) are taken from 
the Pyannote library [59]. Training was conducted on 
a server with 8 NVIDIA Tesla V100 graphics processing 
units (GPUs).

AE/GE model was trained using the stochastic 
gradient descent optimizer with a learning rate of 1 ∙ 10−3, 
weight decay 2 ∙ 10−4, momentum 0.9, and a Cosine 

2  NPTEL2020 – Indian English Speech Dataset. https://
github.com/AI4Bharat/NPTEL2020-Indian-English-Speech-
Dataset. Accessed May 01, 2024.

3  Ito K., Johnson L. The LJ Speech Dataset. https://keithito.
com/LJ-Speech-Dataset/. Accessed May 01, 2024.

https://github.com/AI4Bharat/NPTEL2020-Indian-English-Speech-Dataset
https://github.com/AI4Bharat/NPTEL2020-Indian-English-Speech-Dataset
https://github.com/AI4Bharat/NPTEL2020-Indian-English-Speech-Dataset
https://keithito.com/LJ-Speech-Dataset/
https://keithito.com/LJ-Speech-Dataset/
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Annealing scheduler for 200 epochs. To train the STP 
and STS models, the AdamW optimizer was used with 
a learning rate of 1 ∙ 10−3, a regularization factor of 
0.001, and a similar scheduler as for the AE/GE model 
for 50 epochs for each model. Fine-tuning of the HiFi-
GAN vocoder model was performed by initializing 
model weights obtained from open sources [44], 
using the AdamW optimizer and a learning rate of 
1 ∙ 10−6 for 40 epochs. The training of the simplified 
model (ablation) was carried out with similar parameters 
used in the STS model.

Table 1 shows the number of trainable parameters 
of the models optimized during training. In total, the 
considered accent conversion architecture (full STS), 
consisting of several interconnected models, has 
164 mln parameters.

Table 1. Number of trained parameters

Model Number of parameters, mln

AE/GE 24.9

SE 4.3

STP 82.1

STS 52.7

Full STS 164

Vocoder 84.7

Total 248.7

3.2. Performance assessment

The model performance was assessed on a Linux 
server running a single NVIDIA Tesla T4 GPU, an 
8-core virtual central processing unit (vCPU), and 16 GB 
of random-access memory (RAM). To accomplish 
this, the model was first exported to the open source 
ONNX format and then deployed using NVIDIA Triton 
open-source software. Using the program interface 
of the NVIDIA Triton-deployed model and a 5 s test 
audio file containing English L2 speech, we measured 
the response generation latency at 200 iterations. As 
a result, the average latency was 52 ms and throughput 
was 96 RTFX.

Performance assessment results of the accent 
conversion model show low generation delays. Together 
with the features of the architecture, which does not 
require the accumulation of long context but can handle 
segments of less than 0.25 s duration, this makes it 
possible to apply the proposed model in real-time dialog 
when response delays affect communication [26–28].

3.3. Objective quality assessment

Open-source data as well as pretrained speech 
recognition models were used to perform objective 
quality assessment. Using the proposed accent conversion 
method, an audio file was generated for each example 
from the test set. Quality metrics were then calculated for 
the original and corrected audio files. Table 2 presents the 
results of the objective quality assessment.

As test datasets, we used subsamples totaling 
26.9 h that did not participate in the process of training 
the accent conversion model and its components. All 
of them include text transcriptions and audio files of 
English speech with different native and non-native 
accents from open sources:

• 3.2 h from CMU-ARCTIC [45], 
L2 ARCTIC [46] (ARCTIC), 10 accents: American, 
English, Chinese, Indian, Korean, Vietnamese, 
Spanish, Arabic, Dutch, German;

• 3.1 h from Common Voice [48], 12 accents: 
American, English, Indian, Australian, African, 
Chinese, Filipino, Malaysian, German, Russian, 
French, Eastern European;

• 15.2 h from NPTEL2020, Indian accent;
• 5.4 h of Afrispeech-200 [60], African accent (Yoruba, 

Swahili, Igbo, Zulu, Tswana, Idoma, Afrikaans).
Speech recognition models obtained from open 

sources were used: Conformer [35], Citrinet [61], and 
Whisper [62]. In this case, the Whisper model is taken in 
two variants: large multilingual (L. Mult.) and medium 
English (M. En.). Recognition was performed on audio 
files without processing and on audio files after accent 
conversion. The recognized and true transcriptions were 
then reduced to a single form using normalization [54], 
after which quality metrics were compared and counted: 
word error rate (WER), character error rate (CER). 
In Table 2, the best results for each pair: the test dataset and 
the speech recognition model are highlighted in bold type.

As can be seen from the results, in almost all cases 
the accent conversion method improves the recognition 
of the pretrained models, as indicated by the reduced 
values of word and character error rates. The accent 
conversion model improves speech quality by making it 
more recognizable.

3.4. Subjective quality assessment

Group-based listening tests were conducted 
with 53 participants from different countries with 
an English language proficiency level of at least 
B2 according to the CEFR4 scale. For this purpose, 

4  CEFR (Common European Framework of Reference) is 
the system of foreign language proficiency levels used in Europe. 
https://www.coe.int/en/web/common-european-framework-
reference-languages. Accessed May 01, 2024.

https://www.coe.int/en/web/common-european-framework-reference-languages
https://www.coe.int/en/web/common-european-framework-reference-languages
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each of the participants was given instructions, where 
within each experiment they were asked to listen 
to 1 or 2 audio files and give their assessment of 
compliance with the quality criterion on a five-point 
scale, where ‘1’ – definitely does not comply, ‘2’ – 
rather does not comply, ‘3’ – compromise, ‘4’ – rather 
complies, ‘5’ – exactly complies. The resulting scores 
were then used to calculate the mean opinion score 
(MOS) for each experiment. The results are presented 
in Table 3.

Twenty pairs of audio files from test subsamples 
of L2 ARCTIC [46] and NPTEL2020 datasets with 
non-native English accent (Original) were randomly 
selected as audio samples: Indian, Chinese, Korean, 

Vietnamese, Spanish, Arabic, and German. Each 
original audio pair represents a recording of the same 
speaker. For each selected audio file (40 in total), 
variants were generated using a simplified accent 
conversion model (Ablation) and using the proposed 
model (Proposed). A total of 3 experiments were 
conducted to evaluate voice naturalness, speaker 
similarity and absence of foreign accent. In all 
experiments, at least 3 evaluations were asked for each 
type of sound sample. The test samples themselves 
were varied across experiments, eliminating repetition. 
The sample could be listened to an unlimited number 
of times before scoring. Thus, each interviewee made 
a total of 9 to 12 evaluations.

Table 2. Results of accent conversion model assessment with speech recognition models. Data after conversion are 
marked as ‘conv.’

Test dataset
Speech recognition model

Conformer Citrinet Whisper L. Mult. Whisper M. En.

WER, %

ARCTIC 9.57 11.73 16.23 8.91

ARCTIC conv. 8.78 11.55 12.69 8.68

Common Voice 9.07 25.80 36.89 11.26

Common Voice conv. 9.12 23.38 22.71 10.62

NPTEL2020 29.18 29.88 16.41 15.18

NPTEL2020 conv. 25.26 29.41 13.87 11.64

Afrispeech-200 43.2 46.24 37.91 33.61

Afrispeech-200 conv. 35.19 39.49 35.56 29.96

CER, %

ARCTIC 3.73 4.85 10.30 3.98

ARCTIC conv. 3.52 4.68 6.06 3.92

Common Voice 3.75 8.74 21.41 5.66

Common Voice conv. 3.77 8.29 13.63 5.22

NPTEL2020 16.87 17.70 11.94 10.67

NPTEL2020 conv. 14.79 17.01 10.10 9.44

Afrispeech-200 31.52 34.79 24.30 20.04

Afrispeech-200 conv. 27.86 28.92 23.15 18.88



16

Russian Technological Journal. 2025;13(3):7–20

Vladimir A. Nechaev,  
Sergey V. Kosyakov

Accent conversion method with real-time voice cloning  
based on a non-autoregressive neural network model

When assessing the naturalness of the voice, 
participants were asked to determine on a five-point scale 
how natural the speech in the audio example sounds, 
i.e., whether the listener gets the impression that it is 
a real live human voice and not a generated or robotized 
speech. A score of ‘1’ means that the voice is definitely 
artificial, synthesized using computer-generated 
methods, and ‘5’ means that the example sounds like 
speech produced using analog or digital sound recording 
methods of a real human voice. Interviewees were also 
advised not to pay attention to the presence or absence of 
background noise in the recording in order to concentrate 
on speech evaluation.

In order to conduct an experiment on speaker 
similarity evaluation, pairs of audio recordings were 
prepared: Original–Original, Original–Ablation, and 
Original–Proposed. Meanwhile, the first pair includes 
recordings from the original data only, which are 
recordings of the same speaker but uttering different 
phrases. The other pairs include an original recording 
of one phrase and a generated version of another phrase 
by the same speaker. Participants were asked to listen 
to such pairs of audio recordings and decide whether 
they were spoken by the same person, i.e., how similar 
the timbre in one file is to the timbre in the other file. 
Score ‘1’ is the speech in the audio recordings definitely 
belongs to different people, ‘5’ is the timbre of the 
speakers in the audio recordings is identical, belonging 
to one person. Interviewees were recommended to 
ignore the L1 and L2 accent properties during the 
evaluation in order to focus on comparing the overtone 
coloration of the voice.

To assess the absence of a foreign accent, participants 
were asked to listen to an English-language audio file 
and decide how much of a foreign accent they thought 
the recording contained. English and American accents 
were assumed to be native L1 and all other accents were 
assumed to be non-native L2. A score of ‘1’ means that 
the speech has a pronounced foreign L2 accent, ‘5’ 
means that the speech is definitely an English-speaking 
L1 without a foreign accent.

The analysis of the table shows that the highest 
estimates of voice naturalness and speaker similarity 
show the original examples, which is obvious, since 

they are obtained without using speech synthesis 
methods, and together with the lowest estimate 
of the absence of foreign accent demonstrates 
the calibration of the opinions of the experiment 
participants on real data. Adding the AE/GE model 
to the overall scheme of the accent conversion model 
significantly improves the quality of generation, this 
is demonstrated by the improved results compared 
to the simplified Ablation model. In all subjective 
experiments, the proposed model shows a score 
higher than ‘4’, meaning that, in the opinion of the 
interviewees, the model rather meets the specified 
quality criteria.

CONCLUSIONS

The study presents an accent conversion method that 
converts any L2 speech with a pronounced foreign accent 
into L1 speech, does not depend on the availability of 
reference examples and parallel data at the training and 
generation stages, which greatly simplifies, cheapens 
and speeds up the process of adapting the system to new 
accents.

The proposed non-autoregressive model, which does 
not use recurrent networks in its architecture, features 
an accelerated training process and real-time accent 
translation while avoiding the error accumulation effect 
associated with sequential output generation.

The described method also includes an algorithm 
for cloning the speech characteristics of the speaker 
to preserve his or her vocal identity even following 
accent conversion. This is especially important in 
situations where emotional coloration, expressiveness, 
and individual speech features are required. In addition, 
the method enables real-time modification of voice 
characteristics such as accent, timbre, and gender-related 
voice features during the generation process by copying 
the corresponding characteristics from an audio sample, 
making it applicable in a wider range of scenarios than 
previous developments.

The model demonstrates high quality accent 
conversion while preserving the original timbre, as well 
as low generation latency acceptable for use in real-time 
scenarios.

Table 3. Results of subjective quality assessment (MOS with 95% confidence interval)

Examples Naturalness of voice Similarity of the speakers Absence of foreign accent

Original 4.83 ± 0.10 4.91 ± 0.08 2.06 ± 0.18

Ablation 3.38 ± 0.13 3.92 ± 0.15 3.58 ± 0.17

Proposed 4.04 ± 0.16 4.30 ± 0.18 4.11 ± 0.14
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Abstract
Objectives. Despite the recent success of large language models, which are now capable of solving a wide 
range of tasks, a number of practical issues remain unsolved. For example, users of systems providing question 
answering (QA) services may experience a lack of commonsense knowledge and reasoning proficiency. The present 
work considers knowledge injection methods as a means of providing functional enhancements to large language 
models by providing necessary facts and patterns from external sources.
Methods. Knowledge injection methods leveraged in relevant QA systems are classified, analyzed, and compared. 
Self-supervised learning, fine-tuning, attention mechanism and interaction tokens for supporting information 
injection are considered along with auxiliary approaches for emphasizing the most relevant facts.
Results. The reviewed QA systems explicitly show the accuracy increase on the CommonsenseQA benchmark 
compared to pretrained language model baseline due to knowledge injection methods exploitation. At the same time, 
in general the higher results are related to knowledge injection methods based on language models and attention 
mechanism.
Conclusions. The presented systematic review of existing external knowledge injection methods for QA systems 
confirms the continuing validity of this research direction. Such methods are not only capable of increasing the 
accuracy of QA systems but also mitigating issues with interpretability and factual obsolescence in pretrained models. 
Further investigations will be carried out to improve and optimize different aspects of the current approaches and 
develop conceptually novel ideas.
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Резюме 
Цели. Несмотря на наблюдаемые в последние несколько лет успехи больших языковых моделей, которые 
способны решать широкий перечень задач, ряд практических проблем остается не до конца решенным. 
В контексте построения вопросно-ответных систем к таким проблемам можно отнести использование общих 
знаний и учет причинно-следственных связей. Целью статьи является рассмотрение методов интеграции 
знаний, которые способны усовершенствовать функционирование больших языковых моделей путем предо-
ставления необходимых сведений и закономерностей из внешних источников.
Методы. В работе осуществляются классификация, анализ и сопоставление методов интеграции знаний, 
используемых в актуальных реализациях вопросно-ответных систем. В частности, рассматривается вовле-
чение вспомогательных сведений через самообучение, дообучение, механизм внимания и использование 
токенов взаимодействия, а также описываются соответствующие вспомогательные подходы для акцентиро-
вания наиболее релевантных сведений.
Результаты. Рассмотренные в обзоре вопросно-ответные системы непосредственно демонстрируют воз-
растание точности относительно базового решения на основе предобученной языковой модели за счет ис-
пользования методов интеграции знаний на примере бенчмарка CommonsenseQA. При этом в целом более 
высокие результаты показывают методы интеграции знаний, основанные на использовании языковых моде-
лей и механизма внимания.
Выводы. Представленный систематический обзор существующих методов интеграции знаний из внешних 
источников в работу вопросно-ответных систем фактически подтверждает эффективность и перспектив-
ность этого направления исследований. Данные методы демонстрируют не только возможность увеличить 
точность вопросно-ответных систем, но и в некоторой степени сгладить проблемы, связанные с интерпрети-
руемостью результатов и устареванием знаний в предобученных моделях. Последующие изыскания способ-
ны как улучшить и оптимизировать отдельные аспекты существующих подходов, так и выработать концепту-
ально новые.

Ключевые слова: глубокое обучение, обработка естественного языка, вопросно-ответная система, база 
знаний, графовые нейронные сети, интеграция знаний
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INTRODUCTION

The development of question answering (QA) 
systems in recent years has been significantly influenced 
by the emergence and subsequent improvement of pre-
trained language models [1]. The effectiveness of such 
models is based on the processing of large text corpora 
containing heterogeneous information, which makes it 
possible to capture both certain linguistic regularities 
and specific facts in the model weights [2]. Nevertheless, 
due to the peculiarities of natural languages, a significant 
amount of relevant information about the surrounding 
world may not always presented in the text in an explicit 
form, making it difficult to identify such information 
by language models at the training stage. In the first 
place, such information concerns various kinds of social 
interactions, including their psychological aspects, but 
also basic physical principles, which are learned by human 
beings at an early age. Examples of the latter include 
understanding the need to take care when crossing the 
road or cool down excessively hot food before eating it.

In order to compensate for this disadvantage, different 
kinds of knowledge sources can be used, in which such 
data will be recorded in an unambiguous form. For 
example, Cyc1, which set out to collect general ideas 
about the world around us, can be considered as one of 
the first examples of a combined ontology and knowledge 
base. The main idea consists in the information record 
in the form of logical rules, which corresponded to the 
main direction of development of applications in the 
field of artificial intelligence of that time. A number 
of similar sources have been developed to date, albeit 
having somewhat different approaches to knowledge 
description, such as ATOMIC [3] and ConceptNet2.

From a formal point of view, several arguments 
in favor of using external knowledge sources in the 
development of QA systems can be distinguished. 
Here, the primary motivation is directly to obtain more 
accurate and satisfying results for the user. By providing 
additional context to the query, a model can be expected 
to be able to answer a number of questions for which 
the internal representations of pretrained language 
models may not be sufficient. On the one hand, such 
questions include those where some causal relations 
are omitted, while, on the other, there is uncertainty in 
terms of identifying the semantics of some words due to 
their polysemy and insufficient context. This is largely 
determined by the limitations identified in the analysis of 
the application of transformers, which tend to rely only 
on the superficial and statistically most likely meanings 
of individual words [4], while for logical inference they 

1 Cycorp. https://cyc.com. Accessed December 01, 2024.
2 ConceptNet. An open, multilingual knowledge graph. 

https://conceptnet.io. Accessed December 01, 2024.

rely heavily on heuristics learned from the training 
sample [5].

Even language models with a large number of 
weights, which demonstrate high results on many 
benchmarks, can not only make mistakes, but sometimes 
produce answers that have no relation to reality, which 
are popularly known as hallucinations [6]. In this 
regard, there is even a separate research area dedicated 
to methods of extracting query-relevant information and 
including it into the input data to improve the quality of 
answers [7] and using retrieval-augmented generation to 
reduce the number of hallucinations [8].

External knowledge sources can be used to reduce the 
requirements for the necessary computational resources 
to utilize pretrained language models. In particular, the 
purposeful involvement of additional information may 
enable the use of models having fewer weights while 
maintaining system accuracy at a comparable level [9]. 
This approach can be used to simplify QA system 
exploitation, as well as offsetting the cost of extracting 
and processing auxiliary data.

No less important is the use of knowledge bases from 
the position of explainable artificial intelligence (XAI). 
Due to the structured nature of knowledge bases, 
information extracted from them can provide a sequence 
of logical reasoning to the user to serve as a justification 
of the system’s result. This property can be extremely 
important from the point of view of practical application 
since it is often the lack of interpretability of the results 
obtained with the help of neural networks that restricts 
their application in areas where there is a high risk of 
error and corresponding potential damage to society. In 
general, in order to effectively evaluate the adequacy 
of a system, it is desirable to have the most complete 
understanding of its operation.

Finally, the problem of updating the facts captured in 
the weights of language models is significant. Training of 
such models is typically performed on specific data sets 
and takes quite a long period of time. At the same time, 
a huge number of events occur every day, which leads 
to the change of a part of knowledge and the appearance 
of new facts. One way to solve this problem is to extract 
such information from external databases.

In this regard, it is quite relevant to consider how to use 
auxiliary general information to solve specific problems, 
such as the development of QA systems. In particular, 
the successful operation of the system requires that the 
information obtained is sufficient but not redundant, as 
otherwise it may impede its functioning and degrade the 
results. Also of equal importance is the way in which the 
additional knowledge is processed, as this will largely 
determine the effect of its use in the system. Thus, since 
the procedure of knowledge injection can be influenced 
by a substantial number of aspects, this paper presents an 
attempt to systematically analyze and compare existing 

https://cyc.com
https://conceptnet.io
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approaches in order to draw a complete picture of the 
relevant ideas.

KNOWLEDGE BASES

In general, several directions can be distinguished 
in the field of QA system development depending 
on the methods used to provide additional data. For 
example, open domain QA implies the absence of 
a specialized knowledge base and is focused on the use 
of information from general-purpose sources. For this 
purpose, Wikipedia3 is typically used and thus, due to 
its considerable volume and structural heterogeneity of 
content, the focus shifts significantly towards methods 
of searching for relevant information.

When using more narrowly focused queries to 
search for answers to more specialized questions, closed 
domain QA approaches include those complicated by 
the need to perform logical inference and take specific 
information into account. In this regard, specialized 
bases of structured knowledge, for example, knowledge 
graphs, can act as external knowledge sources that 
simplifies to a certain extent information retrieval, as 
well as implementation of logical inference and auxiliary 
operations. A relevant example is the knowledge 
graph DBpedia4.

In the context of developing approaches to 
knowledge injection in the field of QA systems, 
structured knowledge bases are of primary interest. To 
some extent, this can be justified by the current state 
of affairs in this area. In particular, the emergence 
and subsequent development of pretrained language 
models has significantly reduced the need for contextual 
requirements to be provided to the query. As a result, 
some models after fine-tuning are now able to show 
results comparable to those of humans. Consequently, 
the main interest shifts towards analyzing the cases in 
which humans outperform existing QA systems. As 
a rule, such queries are those requiring out-of-context 
general ideas about the structure of the surrounding 
world, as well as analyzing cause-and-effect relations 
between individual facts.

In such circumstances, structured common 
knowledge bases can be particularly useful. In the first 
place, they directly provide the system with missing 
facts, which can be extracted taking into account existing 
relationships among themselves and together with other 
related information. Moreover, the structured nature of 
the knowledge greatly simplifies its machine processing 
and hence its use in practice. Thus, it seems possible 
to solve, to some extent, simultaneously the problems 

3  https://www.wikipedia.org/. Accessed December 01, 2024.
4  The DBpedia Knowledge Base. https://www.dbpedia.org. 

Accessed December 01, 2024.

related to the class of queries that can be considered 
challenging for existing QA systems.

While Wikipedia can still be of use as an 
external source of additional data, due to the lack of 
systematization and large redundancy of information, 
the Wikidata5 structured knowledge base which is 
based on data from Wikipedia has become of increasing 
relevance. The Wikidata graph consists of more 
than 100 mln entries describing elements of human 
knowledge in some way. Since each element of the 
graph corresponds to a certain set of properties that 
characterize it and establish its relationships with other 
elements, the content of Wikidata can be represented as 
for other knowledge graphs as a set of so-called subject–
predicate–object triplets for which the object is a set of 
specific property values or a reference to another entity.

The ConceptNet knowledge base is also frequently 
used as a knowledge source in the context of building 
QA systems. This knowledge base, in addition to unique 
general information, partially includes information 
from other relatively frequently used sources such as 
the previously mentioned Cyc and DBpedia. Within 
ConceptNet, words and phrases are grouped based on 
several dozen relations. Comparable to the Wikidata 
resource discussed earlier, ConceptNet contains over 
30 mln entries, although one must keep in mind that 
a significant portion of this value is due to the presence 
of effectively duplicate entries due to the existence of 
counterparts in another language, single-rooted words, 
and symmetric relationships. In addition, a slightly 
greater emphasis in ConceptNet is placed on linguistic 
properties, for example by capturing synonyms, 
antonyms and etymologically related words for a word. 
Finally, a feature of ConceptNet is the existence of 
weights for each relationship between elements, which 
heuristically reflects the degree of probability or 
importance of a given relationship.

Among the relatively recent general knowledge bases, 
ATOMIC, which contains more than 1 mln elements, can 
also be emphasized. The peculiarity of ATOMIC is the 
reflection of information in the form of abstract events and 
their results, which can be used emphasize complex cause-
and-effect relations existing in the surrounding world. In 
particular, for example, based on some event in ATOMIC, 
it is possible to identify any of its consequences, as well as 
the intention, desire, or other characteristic of one of the 
participants, which can provide models with potentially 
missing knowledge about social interactions.

Table 1 presents examples of information that can be 
extracted from the knowledge bases discussed above. In 
general, they are somewhat similar, except for the more 
specific purpose of the ATOMIC database.

5  Wikidata. The free knowledge base. https://www.wikidata.
org. Accessed December 01, 2024.

https://www.wikipedia.org/
https://www.dbpedia.org
https://www.wikidata.org
https://www.wikidata.org
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KNOWLEDGE INJECTION METHODS

A classification of knowledge injection methods 
based on the analysis of current research on the topic 
is presented in Fig. 1. Accordingly, the main ideas 
of knowledge injection methods can be considered 
in the context of developing QA systems with the 
corresponding examples and taking into account the 
peculiarities of specific selected classes of methods. 
The main place in this classification is occupied by the 
division of knowledge injection methods according to 
the use of knowledge bases, which is understood as 
processing the information directly when inferencing 
answers to queries and thus excludes cases of involving 
knowledge bases in the process of pretraining models. 
In turn, both language and graph models can be used to 
extract features from knowledge base data.

Knowledge  
injection methods

Without 
knowledge bases

Text embeddings 
injection

With  
knowledge bases

Graph embeddings 
injection

•  Self-supervised 
learning

• Fine-tuning

• Attention mechanism • Attention mechanism
• Interaction tokens

Fig. 1. Classification of knowledge injection methods

METHODOLOGICAL BASIS

Despite the differences in the approaches used 
for knowledge injection, it is possible to identify 
a common methodological basis in the QA systems 

discussed below. In particular, this applies both to the 
problem formulation itself and the supporting methods 
used.

The use of additional context in the system creates 
a certain specificity in terms of operation. In this regard, 
such auxiliary stages as retrieval of relevant data to 
the query also begin to acquire significant importance. 
In general, this stage implies determination of some 
number of entities n: (q1, …, qn) in the received query. 
For this purpose, classical methods from the field of 
natural language processing, such as lemmatization and 
part-of-speech tagging, continue to be mostly used in 
practice. The subsequent part of the process may vary 
depending on the specific task.

Many works on knowledge injection in QA systems 
assume that a question has answer choices. Accordingly, 
the goal of the system is to estimate the probability of 
each answer and select the most probable one. This allows 
us to significantly simplify and unify the construction 
and evaluation of systems. Therefore, in such cases, we 
will assume that the identified n entities correspond to 
m similarly extracted entities from the answer choices: 
(a1, …, am).

The next step involves some knowledge base, which 
can be formalized as G = (V, E), where V is the set of 
entities in the knowledge base, and E ⊆ V × R × V is 
the set of triplets of the knowledge base of the entity–
relation–entity kind. In practice, the established form of 
representation of such knowledge bases is a graph. Based 
on this, it is possible to construct a set of paths between 
entities defined in the context of the used knowledge 
base of the following form:

p = ((qi, rl, vl), (vl, rl+1, vl+1), …, (vk−1, rk, aj)),

where i ∊ (1, …, n), j ∊ (1, …, m); k is the path length 
in the graph; l ∊ (1, …, k); qi is the ith entity from the 
query; aj is the jth entity from the answer; vl and rl are 
the lth entity and relation in the graph, respectively.

Subsequently, a knowledge base subgraph or set of 
paths is used as additional context to determine the most 
likely answer.

Table 1. Examples of information extracted from the knowledge bases

Knowledge base Data example

DBpedia DBpedia subject SemanticWeb

Wikidata Wikidata uses semantic technology

ConceptNet ConceptNet motivated by goal let computers understand what people already know

ATOMIC Person X pays Person Y a compliment. Person X wanted to be nice
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One of the main problems in this setting is to 
determine the most relevant information in relation to 
the query. A possible tool for solving this problem is the 
Attention mechanism [10], which allows us to calculate 
the so-called Attention Weights quantitatively evaluating 
the degree of importance of this or that information 
from the context. Formally, the attention mechanism is 
defined by the expression:

 

T

model
Attention( , , ) softmax

,

d

 × = ⋅ =
 
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= ⋅

Q KQ K V V

Attention weights V

 (1)

where Q = Query = X × Wq; K = Key = X × Wk; 
V = Value = X × Wv; modelN d×∈X  is the embedding6 
of the input data; modelq ,kd d×∈W   modelk ,kd d×∈W   

modelv ,vd d×∈W   N is the number of vectors in the 
input data; dmodel, dk, dv are the dimensions of the 
embedding in the model and matrices K and V, and  
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∑
Thus, the attention weights, when multiplied by 

the embedding of the context, can adjust the influence 
of its individual elements on the result. In practice, it 
is common to use several groups of different matrices 
(so-called heads) to take into account different aspects 
of the data within the mechanism; the ensuing result 
of their application is concatenated and projected into 
the desired dimension using one more matrix, which is 
called Multi-Head Attention:

 
1 o

Multi-Head Attention
Concatenation( , ..., ) ,zAttention Attention W

=
= ×  (2)

where Attentioni is the ith result of the Attention block, 
modelo ,vzd dW ×∈  while z is the number of the attention 

heads.
The attention mechanism, which plays a major 

role in many deep learning models, is widely used 
in developing approaches for knowledge injection. 
A feedforward neural network is also often used in 
conjunction with multi-head attention, which together 
form the main part of the model called a transformer. 
A multilayer perceptron is a specific implementation 
of feedforward neural network; from a practical point 
of view, the role of this component of the transformer 
is considered in the context of storing and retrieving 
patterns learned in the process of the training.

6  Embedding means a vector representation.

METHODS OF KNOWLEDGE  
INJECTION WITHOUT KNOWLEDGE BASES

The involvement of auxiliary knowledge does not 
necessarily imply the use of specific knowledge bases. 
For example, similar examples with an indication of 
the correct answer can be used as information to help 
obtain a more accurate answer to a query. For example, 
[11] and [12] demonstrate the positive effect of adding 
queries from the training sample to the input data based 
on the similarity of their embeddings to the embedding 
of the original query.

Another type of approach is based on the idea 
of directly accessing the information learned in the 
process of the model pretraining; retrieved depending 
on the query, it is used as additional input data. For 
this purpose, [13] proposes to ask the pretrained 
model clarifying questions using templates, and use 
the answers as useful context. A similar approach 
in [14] also involves the exploitation of auxiliary 
data generated for a query in the QA system. 
Specially trained for knowledge generation models 
as described in [15] generate structured information 
in the format of knowledge base paths. Thus, the 
approaches discussed above are based on the idea of 
providing additional information as input, for which 
pretrained and other auxiliary models can be used, 
while fine-tuning of the language models may not be 
required.

Quantitatively, the most extensive group of 
approaches comes from the concept of pretraining 
models. Many experimental results support the idea 
that models with a large number of weights, trained 
on as much diverse information as possible, are able 
to show better results when they are subsequently 
adapted to specific conditions [16]. This concept relies 
heavily on the self-supervised learning methodology, 
which enables the extraction of representations from 
text corpora without the need of labels. To accomplish 
this, special tasks are developed according to the model 
training requirements. In particular, two such tasks 
were used in the development of the bidirectional 
encoder representations from transformers (BERT) 
language model [1]. The first task is the prediction of 
words in a sentence masked by a special token. For 
this purpose, some tokens from a sentence are selected 
with a probability of 15%, then 80% of these tokens are 
masked, 10% are replaced by a random token, while the 
remaining 10% are left unchanged. Cross-entropy can 
be used as a measure of error for the model’s masked 
token prediction:

 
1

1Cross-entropy log( ),
N

i i
iN =

= − ×∑y y  (3)
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where N is the total number of examples; yi is one-hot-
vector7 encoding the correct answer for the ith example; 

iy  is the model prediction vector for the ith example 
denoting the probability of matching each possible 
answer choice within the problem.

The second task concerns determining the correct 
order of two sentences in a text. This is realized through 
adding a special token [CLS] to the input data during 
training, representing information from the entire 
sentence, and is reduced to a binary classification task. 
The goal of this classification is to determine whether 
some sentence B is a continuation for the sentence А  
based on their resulting embeddings in the output of the 
model for the [CLS] tokens. In this learning framework, 
in 50% of cases, B is a random sentence, while in the 
other 50% of cases, B is a correct continuation. Cross-
entropy can also function as the measure of loss for the 
task. The total model loss during training is considered 
as the sum of losses for each task. The overall training 
scheme of the BERT model is shown in Fig. 2:

In the pretraining phase, some tokens of unlabeled 
sentence A and B pair are masked, after which the  
embeddings (E[CLS], E1, …, EN, E[SEP], and E1

’, …, EM
’) 

of the tockens (Tok 1, …, Tok N and Tok 1, …, Tok M) 
of the masked sentence A and masked sentence B 
with addition of generalization and separation 
tokens ([CLS] and [SEP]) are fed to the input of the 
BERT transformer. The resulting final embeddings 
(C, T1, …, TN, TSEP, T1

’, …, TM
’) are used to predict 

masked tokens and sentence order. In the Fine-Tuning 

7  One-hot vector is a binary vector in which only one element has the value 1, and remaining elements are equal to 0.
8  Multi-Genre Natural Language Inference—dataset for the Natural Language Inference task—establishes a logical relationship 

between the text fragments.
9  Named Entity Recognition is the task of recognizing named entities in the text.
10  Stanford Question Answering Dataset is a QA dataset, which implies automatic answers to questions in natural language.

phase, the format of the input data and the predicted 
data changes depending on the task (MNLI8, NER9, 
SQuAD10). In the case of QA SQuAD dataset, the input 
is a Question and the corresponding Paragraph, and the 
output is a predicted position in the context of the correct 
answer (Start/End Span).

Subsequently, this methodology has been modified 
and adapted in the context of pretraining of other 
language models. In the context of QA systems, many 
approaches have been developed based on modifying 
and extending BERT self-supervised learning tasks or 
replacing them with others. In general, when building 
these kinds of models, it is most common to modify 
the masking procedure by imposing constraints on 
what should be masked in a sentence and changing the 
masking parameters during training. 

One of the first and most significant developments in 
this direction was the Enhanced Language Representation 
with Informative Entities (ERNIE) model [17], the 
scheme of which is shown in Fig. 3. Its main idea is 
that if one also pretrains to predict the masked named 
entities identified in the text based on the knowledge 
base as an additional task for self-supervised learning, 
it can improve the model’s language understanding as 
well as contextualize its certain knowledge about the 
world. Specifically, for this purpose, for text tokens, the 
corresponding named entity is replaced by a random 
entity in 5% of the cases, and in 15% of the cases, the 
entity is masked and should be predicted from the text 
tokens. In addition, the paper introduces an interaction 

E[SEP] E[SEP]

T[SEP] T[SEP]

EN EN

TN TN

E1 E1

Tok 1 Tok 1Tok N Tok NTok M Tok MTok 1 Tok 1

T1 T1

E[CLS] E[CLS]

[CLS] [CLS][SEP] [SEP]

C C

E1́ E1́

T1́ T1́

EḾ EḾ

TḾ TḾ

NSP Mask LM Mask LM Start/End Span

BERT BERT

Masked Sentence A Masked Sentence B ParagraphQuestion

Question Answer PairUnlabeled Sentence A and B Pair

Pretraining Fine-Tuning

MNLI NER SQuAD

Fig. 2. BERT model training scheme [1]
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mechanism between the embeddings of entities and the 
corresponding text tokens, which can bring additional 
information to both types of embeddings, thereby 
increasing the accuracy of predicting the correct tokens. 
To this end, an intermediate embedding is introduced 
that combines information at the level of tokens and 
named entities, due to which the initial embeddings of 
tokens and entities are subsequently updated, which is 
defined by the expressions:

  t e( ),j kj = σ + +h W w W e b 

 t t( ),j j= σ +w W h b  (4)

e e( ),k j= σ +e W h b

where hj is the aggregate embedding of the token number 
j, σ is a given nonlinear activation function,  jw  and wj 
are embeddings of the token j before and after knowledge 
injection, ke  and ek are the embeddings of the named 
entity k matching the token j before and after knowledge 
injection,  ,W  W, b , and b are model parameters.

In the process of training the ERNIE model, the input 
text token embeddings (Token Input) pass through N layers 
of the transformer (T-Encoder), after which, together with the 
named entity embeddings (Entity Input) they are processed 
by M layers of the aggregator (K-Encoder). At each layer i 
of the aggregator, the entity (e1 and e2) and text (w1, …, wn) 
embeddings pass through corresponding или related  
Multi-Head Attention block, and the corresponding updated 
entity (ẽ1 and ẽ2) and text (w̃1, …, w̃n) embeddings are fed 
into the knowledge injection block (Information Fusion), 
the output of which, according to the formulas (4), produces 
the embeddings of entities (Entity Output) and text (Token 
Output) taking into account the knowledge injection.

A similar method is at the heart of the KnowBert 
model [18], but the injection of external information occurs 
at the level of embeddings of entities, which are updated 
through the attention mechanism and by adding pretraining 
entity embeddings from the knowledge base, which 
subsequently also affects the embeddings of all tokens 
through the attention mechanism, according to the formula:

 MLP(MHA( , , ),e e
i i′ ′ ′=H H S S   (5)

where i′H  is the embedding of the token i after knowledge 
injection, MLP is the multilayer perceptron, MHA is 
Multi-Head Attention, Hi is the embedding of the 
token i before knowledge injection, e′S  are updated 
embeddings of the identified named entities.

A conceptually similar architecture to ERNIE is 
proposed in [19], the main difference being the use 
of information about relations between entities, the 
prediction of which is represented by a separate task 

for pretraining. In the Weakly Supervised Knowledge-
Pretrained Language Model [20], instead of masking 
entities in the pretraining phase, the model is trained 
to predict whether entities in the input data have been 
replaced by others of the same type within the Wikidata 
knowledge base. The architecture of the model in this 
case is consistent with BERT, but token masking is only 
performed at 5% rather than 15% to avoid masking 
too large a fragment of context, as entities can consist 
of multiple words. In [21], word combination masking 
is applied in addition to masking words and named 
entities, which improves the model’s understanding of 
word combinability, and the injection is done in stages: 
at each stage, a BERT-like model is trained on only one 
type of masking. The use of multiple training modes, 
in which the model switches from word prediction to 
phrase prediction depending on which mode between the 
last two consecutive iterations had the largest reduction 
in model loss relative to the total reduction in loss over 
all iterations, is a major innovation [22].

The authors of the study [23] pretrain a BERT-based 
model, aiming to learn masked entity prediction from 
their descriptions, as well as to converge embeddings of 
synonymous entity descriptions and distance antonymous 
ones, for which a special loss function is used:

 ori syn

ori syn ori ant

( , )
log ,

( , ) ( , )

f
L

f f
= −

+∑
h h

h h h h
  (6)

where ( , ) exp( ),i j i jf =h h h h  hori is the embedding of 
the masked entity description, hsyn is the embedding of 
the synonymous entity description, hant is the embedding 
of the antonymous entity description. 

In order to deal with specific tasks this model is used in 
pair with BERT as an additional source of knowledge in the 
form of embeddings of identified entities, and their injection 
is performed through concatenation of model outputs 
with BERT outputs with optional application of attention 
mechanism to take into account the importance of data 
on specific entities. The use of the attention mechanism is 
considered for both output embeddings from the last model 
layers and output embeddings across model layers with 
averaging applied, and the result of the attention mechanism 
is concatenated with the output of the BERT model instead 
of the output of the auxiliary model. Linguistic features also 
play an important role in [24], in which an additional task 
for self-supervised learning is to determine the semantic 
similarity of a pair of words, while the model is trained by 
alternating between the BERT self-supervised learning task 
and the auxiliary task. A similar idea is presented in [25], 
where the model is trained to classify words into groups 
with similar meaning based on WordNet11 data.

11  A lexical database of the English language developed at 
Princeton University. https://wordnet.princeton.edu/. Accessed 
December 01, 2024.

https://wordnet.princeton.edu/
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A logical development of entity and relation 
masking approaches is the use of predicting structured 
knowledge units in the form of triplets as the 
pretraining stage task, which may enable learning 
more general principles and relationships similar 
to those contained in knowledge bases. Thus, in 
Knowledge Embedding and Pretrained Language 
Representation (KEPLER) [26], embeddings of 
triplet elements are treated as embeddings of their 
descriptions from a knowledge base, obtained using 
the same model that is used to generate embeddings of 
text tokens in the masked token prediction task. In this 
case, the scoring function of TrancE knowledge graph 
embedding model is applied to compute the loss in the 
triplet prediction task [27]:

 d(h, t) = ||h + r – t||,  (7)

where h is the embedding of the subject in the triplet, 
r is the embedding of the relation in the triplet, t is the 
embedding of the object in the triplet.

In [28], a set of triplets from a single subgraph is 
given as input to the model, and therefore the attention 
mechanism additionally utilizes the adjacency matrix 
to account for existing relationships, and training is 
performed in a triplet reconstruction format, which 
involves composing triplets from updated vertex 
embeddings and using the scoring function (7). The 
study [29] contains the idea of pretraining three functions 
based on an encoder model to predict each triplet 
element from the other two, which should facilitate 
the learning of possible combinations. In this setting, 
the answer score is the product of the similarity scores 
of the values of the three pretrained functions and the 
corresponding real triplet elements, where the subject 
represents the context of the question, the relation is 
the question itself, and the object is the specific answer 
choice. A pretraining function that will participate in 
finding answers to queries by identifying the most likely 
relationships with auxiliary data from the knowledge 
base is proposed in [30]. With the help of this function, 
the extracted auxiliary facts for each answer choice are 
compared by the degree of similarity with the facts for 
the question, and the more probable answer is considered 
to be the one for which this similarity of facts is higher 
on average.

At the same time, triplets from a relevant subgraph 
to a query can be directly fed to the input of the model 
within the framework of pretraining on a par with text 
tokens using special embeddings to indicate the token 
type, as shown in [31]. In this regard, when implementing 
the attention mechanism in the model, a mask matrix 
is used to restrict the interaction of unrelated vertices 
in the subgraph. In [32], it was proposed to improve 
the approach of the ERNIE model by modifying the 

representation of entities by taking into account their 
relationships in the corresponding subgraph, and 
using the attention mechanism to filter out potentially 
irrelevant context for a query.

Another way of using knowledge bases in the 
pretraining phase of the model can be to build new 
QA datasets on their basis, with which the system also 
improves its ability to find correct answers in a certain 
way. This approach is used in [33], and in [34] it is 
developed by conceptualization: specific facts are 
considered in a more general way, so that more situations 
can be covered and the ability to distinguish between 
similar variants can be improved. For example, using the 
ATOMIC framework, playing soccer can be represented 
as a tedious event.

The concept of Self-supervised Bidirectional Encoder 
Representation Learning of Commonsense (elBERto) 
model [35] is more emphasized on quantitative expansion 
of the number of self-supervised learning tasks. In order 
to improve the system’s ability to process difficult 
queries, three more tasks were added to the BERT 
self-supervised learning tasks: the first one is aimed at 
distinguishing contexts with opposite meanings; the 
second one requires putting in order several jumbled 
sentences taken from the same paragraph; the third one 
extends the learning of contextual relationships through 
entity masking. According to the authors, this approach 
will also allow the system to better capture linguistic 
patterns and provide more universal applications.

Another concept of knowledge injection implies 
as an additional step the fine-tuning on the basis of 
existing datasets corresponding to the practical task. 
For example, the use of the SQuAD dataset [36] from 
the field of QA systems has gained some popularity in 
this regard. Its key features include a relatively large 
size (more than 100000 queries), while each query is 
accompanied by a corresponding context taken from 
Wikipedia. Thus, as a result of training on this dataset, 
the model better adapts to the problem formulation and 
format, and in addition processes a rather significant 
amount of data, thus increasing the amount of learned 
factual information.

As a relevant and characteristic example in this 
regard, we can mention the UnifiedQA model [37], the 
development of which was based on training the language 
model on 8 QA datasets of different types. It allows the 
existing benchmark formats to be adapted and provides 
an increase in the accuracy of the model on unseen 
questions in the training process, opening also new 
opportunities for its further fine-tuning. The feasibility 
of such an approach was also confirmed for the Unicorn 
model from [38], but in this case, the scope of the study 
was limited exclusively to CommonsenseQA datasets.

The methods considered above can be referred to 
the class of approaches without explicit involvement 
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of knowledge bases, since the use of the corresponding 
systems does not imply the direct extraction of the context 
to the query exactly from knowledge bases, and the 
emphasis is created on the knowledge that was obtained 
in the process of training. In fact, the large language 
models developed in the last few years are essentially 
based on a similar idea: training on a large amount of 
qualitative data, taking into account different specificities 
and human preferences, can increase the versatility of the 
systems and the evaluation of the results obtained with 
their help, if this process is sufficiently scaled up.

The advantages of this class include, in a sense, 
greater versatility due to its independence from the use 
of knowledge bases. In addition, the significant reliance 
of the QA system architecture on pretrained and fine-
tuned models allows us to simplify its development, 
subsequent use and adaptation to specific tasks.

At the same time, this class of approaches can be 
considered to a certain extent limited in its possibilities 
for further development. The point is that, in general, the 
increase in the efficiency of models here is associated 
with targeted and point improvement, expansion of the 
amount of learned information, while no fundamentally 
new mechanisms that improve the system’s reasoning 
abilities are introduced. In addition, this direction 
does not practically solve the problem of the lack 
of interpretability of the received answers and their 
justification by the system, as well as the problem of 
knowledge obsolescence.

METHODS OF KNOWLEDGE INJECTION 
WITH THE KNOWLEDGE BASES

The basic unit of information in knowledge bases can 
be considered in terms of entity–relation–entity triplets, 
while more complex relationships can be conveyed by 
a set of triplets or paths. Knowledge base subgraphs 
used in addition to or instead of paths can be considered 
as a set of paths having common elements. As a result, in 
terms of information processing, a QA system may have 
3 types of attributes in some combination:

1) features obtained by processing the query context by 
a language model;

2) features based on extracted paths;
3) features associated with subgraphs of the knowledge 

base.
Thus, one direction for research is how to effectively 

process these different types of features and how to 
combine the corresponding results.

One approach to injecting features into the system 
is based on the fact that triplets and their aggregates 
can often be translated quite easily into natural 
language sentences, and in this form, it is possible to 
feed them into the input of the language model as an 
auxiliary context. It should be noted, however, that in 

this form they can also serve as a justification for the 
resulting answer. An example of the implementation 
of such an approach is the Knowledge-Augmented 
language model PromptING (KAPING) [39]. In [40], 
its effectiveness is investigated in the context of using 
language models pretrained on auxiliary datasets. In the 
DEscriptive Knowledge for COmmonsense question 
answering (DEKCOR) model [41], in addition to the 
triplets extracted from ConceptNet, dictionary definitions 
of the corresponding entities are input, whereas in 
Knowledgeable External Attention for commonsense 
Reasoning (KEAR) [42] (Fig. 4) the context of the query 
is extended by including additional information from 
a number of QA datasets, which enables the use of more 
specific information.

In particular, under the KEAR architecture, to the 
concatenation of a question with one of the answer 
choices (Question & Candidate) relevant extracted auxiliary 
data (Knowledge Retrieval) from ConceptNet knowledge 
base, Wiktionary dictionary (Definition) and additional 
datasets (Training Data) are added to the model input. 
Embeddings of the query tokens (E[CLS], E0, …, EN)  
to which a segment indicator (S0) and the auxiliary 
context 0( , ..., )

k
k k

NE E  to which a segment indicator (S1) 
is added are fed to the Transformer input. The answer 
probability (Score Prediction) is defined based on the 
final embedding of the auxiliary token E[CLS]  
obtained by the attention mechanism (Self-
Attention / External Attention).

The advantage of knowledge injection through 
language models is the possibility to rely heavily on the 
performance of pretrained models, while in some cases 
even avoiding the need to change their weights (e.g., 
the KAPING model). Also, the computational cost of 
acquiring additional features can be considered relatively 
small. At the same time, since most pretrained models 
can only efficiently utilize a fixed amount of information 
from the input data, there is a need to limit the amount of 
less relevant information.

In the simplest case, a restriction on the number 
of triplets (e.g., no more than 3 consecutive triplets) or 
a set of heuristics that take into account the peculiarities 
of a particular knowledge base can be used. In [43], 
in order to include only potentially relevant metadata 
from Wikidata in the model’s input, the increase in the 
probability of a correct answer is estimated taking into 
account the corresponding Information Gain:

 pmi( , )( | ) 2 ( ),my k
mP y k P y=  (8)

where y is the correct answer; km is a particular pattern 

containing m metadata; 
( , )

pmi log .
( ) ( )

m

m

P y k
P y P k

 
=   

 
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The study [44] shows the feasibility of ranking the 
extracted additional information based on its importance 
estimation through an auxiliary pretrained model, while [45] 
shows the positive effect of using weighted summation of 
knowledge embeddings when injecting them, in addition to 
ranking, to emphasize more salient facts.

Also, in order to inject heterogeneous data, an 
attention mechanism can be applied to aggregate 
features based on their relevance to the task. In other 
words, the extracted knowledge that has more semantic 
relationship with the query, which is determined based 
on operations on embeddings, will be considered more 
relevant. Most often in practice, attention weights are 
derived based on operations on embeddings, which 
enable updating the relevant embeddings with respect to 
the specific task and its context. In particular, a similar 
approach is presented in works [46–48], and in the 
article [49] auxiliary knowledge is also filtered based 
on the frequency of occurrence of entities and relevant 
paths, while for knowledge injection a sigmoid function 
is additionally used to adjust how much they will affect 
the context update for the query. In addition to the 
attention mechanism for filtering out irrelevant data, 
the study [50] proposed to use graph-based approaches 
to determine the importance of individual nodes in 
the extracted subgraph: node closeness calculation, 

Score Prediction

Self-Attention Self-AttentionExternal-Attention

E[CLS] E0 EN Ek
0 Ek

1 Ek
n Ek

Nk

S0 S0 S0 S1 S1 S1 S1

Question & Candidate ConceptNet Definition Training Data

What do people do while playing guitar? 
Singing

Playing guitar, 
subevent, singing

Guitar: A musical 
instrument

A man is seen what while 
playing the guitar? Singing

Knowledge Retrieval

ConceptNet Data from multiple datasetsWiktionary
The free dictionary

OpenBookQA
CommonsenseQA

RiddleSense, Rainbow…

Fig. 4. KEAR model architecture [42]

PageRank12 and its modification, which enables only the 
most informative paths to be considered.

In addition, a disadvantage of knowledge injection 
through language models is the limited use of structured 
knowledge bases, which may reduce the potential 
efficiency of the final implementation. In order to 
preserve the effect of considering the relationships 
when translating triplets into text and to prevent 
information mixing in the K-BERT model [51], the 
positional encoding is included at the stage of generating 
embeddings, and in the subsequent computations, 
a specially introduced Visible Matrix is adopted, the 
elements of which determine what tokens a particular 
token should interact with in a given context.

In this regard, it is necessary to mention one of the main 
tools for processing structured knowledge—graph neural 
networks. This tool allows us to obtain and update embeddings 
of graph vertices using the concept of message passing:

 ( , ( , , )),
u

u u u v uvv N
x x x e

∈
= φ ⊕ ψh  (9)

where hu is the embedding of the vertex u; xu and xv are 
the features of the vertices u and v; euv is the feature of 

12  A ranking algorithm that evaluates the number and quality 
of links leading to web pages.
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the edge between the vertices u and v; φ  and ψ are the 
set differentiable functions; 

uv N∈
⊕  is a permutation 

invariant aggregation operator acting on the neighbors 
of the vertex u.

Due to this, in practice, the embedding of each 
entity can use different contextual data obtained from 
the knowledge base, taking into account in a certain 
way the information from its neighbors in the graph. 
An example of such a model used in the context of 
knowledge injection is the Graph Convolutional  
Network [52].

The features obtained by graph neural networks 
can also be subsequently injected into the system 
operation using an attention mechanism. Among 
the implementations of this kind is the model 
architecture [53] depicted in Fig. 5. Here, the 
embedding of each vertex of the auxiliary subgraph 
is adjusted for relevance with respect to the existing 
embedding of the query before it is directly used to 
obtain an answer:

 
c

c
( )

,
( )

i
i

jj N∈

σ
α =

σ∑
h Wh

h Wh
 (10)

where αi is the relevance degree of the vertex i; hc is the 
embedding of the query context; W is the weight matrix; 
hi is the embedding of the vertex i; N is the set of vertex 
indices neighboring the vertex i.

Evidence <sep>  Question + Choice

Graph-Based Contextual Representation Learning Module

Node Representation

Graph Convolutional Network

Word Representation Input Representation <cls>

Graph Attention

Graph-Based Inference Module

Output

Fig. 5. Model architecture from [53]

In general, the model is organized as follows: first, 
a subgraph with auxiliary information is extracted 
from an existing query consisting of a question and 
one of the answer choices. This information in the 
form of evidence is appended to the query and fed 
to the input of the language model (Graph-Based 
Contextual Representation Learning Module). The 
Word Representation token embeddings obtained at 
the output of the model are fed to the Graph-Based 

Inference Module, where they are used to initialize the 
corresponding nodes of the auxiliary graph, which are 
subsequently updated using the Graph Convolutional 
Network. The resulting Node Representation 
embeddings of the graph nodes are then aggregated 
using the Graph Attention mechanism with importance 
relative to the Input Representation embedding of the 
textual context, and the resulting graph embedding 
along with the textual embedding are directly used 
to predict the answer probability using a multilayer 
perceptron.

Similarly, the Multi-Hop Graph Relation 
Networks (MHGRN) model [54] is organized in 
a similar way, but its key difference is the consideration 
of the auxiliary subgraph as a set of paths connecting 
vertices, according to which the embedding of each 
vertex is updated based on the given length of paths 
from it. To aggregate information along the paths, 
special attention weights are introduced, which are 
defined as the conditional probability of a given 
sequence of triplets given the available context 
for a query, whereas to calculate the probability of 
a particular answer, the resulting embeddings of 
entities from the answer are aggregated using the 
attention mechanism and, together with the embedding 
of the query context, are processed by the multilayer 
perceptron. Thus, this approach also takes into account 
the importance of relations between entities. In the 
Joint reasoning with Language models and Knowledge 
graphs (JointLK) model [55], the least relevant 
nodes of the auxiliary subgraph are cut off and a new 
representation of the query context is additionally 
introduced, which takes into account the degree of its 
importance with respect to the subgraph and is the third 
component for obtaining the answer score along with 
the original context representation and the embedding 
of the subgraph. In the study [56], the message passing 
mechanism implements consistent updating of both 
entity and relation embeddings, which in this case are 
also used to estimate the answer probability. In this 
case, a modified adjacency matrix, whose elements 
are the corresponding attention weights, is used to 
formalize the relevance of relations between vertices 
under a given query context. In the Knowledge-Aware 
Graph Network (KagNet) module [57], the embeddings 
of the vertices of the auxiliary graph updated with the 
help of message passing mechanism are considered 
as elements of paths connecting entities from the 
question and one of the answer options. As a result, 
for each such pair of entities, a vector of structured 
features is generated as an average of the embeddings 
of the paths connecting them, and a vector of textual 
features obtained as the result of applying a multilayer 
perceptron to the concatenation of the embeddings of 
the query and each entity from the pair. To estimate 



34

Russian Technological Journal. 2025;13(3):21–43

Daniil V. RadyushKnowledge injection methods  
in question answering

the probability of a particular answer, averaging 
over all pairs of entities from the query and response 
is implemented. Furthermore, in addition, instead 
of averaging, the authors also propose to utilize the 
attention mechanism for feature aggregation.

One of the certain disadvantages of using graph 
neural networks is the increase in the number of 
parameters in the model and, consequently, in the 
resources for its training and use. In this regard, 
[58] proposes a simplified algorithm for obtaining 
triplet embeddings based on one-hot vectors indicating 
the type of entity in the graph and a certain relation 
within the ConceptNet database. To calculate the final 
answer probability, the model uses two scores: for 
textual and graph features. The former is based on the 
processing of the query embedding by the multilayer 
perceptron, while the latter is based on a weighted 
sum of path embeddings that takes into account their 
frequency of occurrence.

The process of knowledge injection may be 
somewhat more difficult when there are multiple 
sources of information and training on different types 
of tasks. In such conditions, it is necessary to solve the 
problems associated with the need to retrain the model 
weights and the displacement of learned facts by new 
ones, which can lead to unstable results. One possible 
solution is the use of adapters [59]—special modules 
oriented for a specific data source or task, which allows 
us not to change the weights of the main model and to 
train only a relatively small number of adapter weights, 
and thus avoid knowledge mixing. In practice, several 

different adapters are usually trained independently 
and then used together to solve a particular task. 
Thus, the model [60] employs two types of adapters: 
the first one is focused on learning general facts from 
knowledge bases, while the second one is focused on 
linguistic information. Within the architecture, each 
output from the transformer model layer is fed to the 
input of the corresponding adapter layer, resulting in 
the formation of certain auxiliary features on the last 
adapter layer, which can be used to predict the answer 
together with the outputs of the last transformer 
layer. In [61] (Fig. 6), a slightly different approach is 
implemented where the weights of the adapters pre-
trained on data from ATOMIC, ConceptNet, WikiData, 
and WordNet knowledge bases are also not changed 
when training the model on a specific task, but instead 
knowledge injection is performed by the attention 
mechanism (formula ), where the adapters form Value 
and Key, and the pretrained transformer forms Query:

At each model layer, input data passes through 
the transformer layer and enters the Zero-shot Fusion 
knowledge integration block both directly (circle 4)  
and after interaction with adapter models (circles 1,  
2, and 3). In this block, embeddings interact within 
the attention mechanism (formula (1)): the output 
representation from the transformer are used as 
query, while the outputs from the adapters act as 
Value and Key. Subsequently, the result of the 
knowledge integration block is summed with the 
output from the Multi-Head Attention block of the 
transformer and normalized (Add & Norm). The goal 

Add & Norm

Add & Norm

Add & Norm

Add & Norm

Zero-shot Fusion

Zero-shot Fusion

Feed Forward

Multi-Head Attention

1 2 3 4

1 2 3 4

softmax

query

value key

Fig. 6. Knowledge injection scheme using adapters from [61]
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of model training under this architecture is to be able to 
address a more relevant adapter, which to some extent 
resembles the concept of mixture of experts [62].

Separately, in the context of knowledge injection, 
we can distinguish a group of approaches based on 
the use of so-called Interaction Tokens. The concept 
of interaction tokens is largely similar to the idea 
of using a special token [CLS] in language models, 
which can serve to classify a whole text fragment. 
Similarly, interaction tokens in the case of textual 
information or Interaction Nodes in the case of graphs 
can act as an intermediate container of necessary 
information for combining heterogeneous data. An 
example of the corresponding QA architecture can 
be seen in Fig. 7: within the Graph REASoning 
Enhanced Language Model (GreaseLM) [63] textual 
and structured information are processed independently, 
and their integration is realized by updating the 
vector representations of the interaction token and the 
interaction node by applying a bilayer perceptron to 
their concatenation:

~ ~ ~ ~
int intint int int int[ ; ] MInt([ ; ]) MLP([ ; ]),= =h e h e h e  (11)

where 
~

inth  is the embedding of the interaction token 
before the knowledge integration, inte  is the embedding 
of the interaction vertex before the knowledge 
integration, MInt is the modality interaction layer.

In GreaseLM training, the concatenation of 
a question with one of the answer choices is processed 
using N layers of the model-encoder (Uni-modal 
Encoder) and together with the auxiliary graph (KG 
Retrieval) passes through M layers (GreaseLM Layer) 
of the knowledge integration block (Cross-modal 
Fuser). At each layer of this block, the embeddings 
of the text tokens (h1, …, hT, hint) and graph 
vertices (eint, e1, …, eJ) are processed by the 
language model layer (LM Layer) and graph neural 
network layer (GNN Layer), respectively, and the 
integration process itself is carried out through the 
interaction (MInt, formula (11)) of the embeddings 
of the special tokens (h̃int and ẽint). After the 
knowledge integration process is completed, the 
embeddings of the special tokens with the graph 
embedding (Pooling) obtained by means of the 
attention mechanism are used for Answer Selection 
by the perceptron (MLP).

Within the DRAGON13 model [64], the GreaseLM 
architecture was considered in the context of self-
supervised learning: after a knowledge integration 
layer, the obtained textual features are used to predict 

13  DRAGON— Deep Bidirectional Language-Knowledge Graph Pretraining.

masked text tokens, while the graph features are used 
for the Link Prediction task, which involves establishing 
probability of a link between vertices in a graph using 
scoring functions similar to (7).

The Question Answer Graph Neural Network 
(QA-GNN) model [65] uses only an interaction node 
initialized by a embedding of the textual context from 
the query, based on similarity with which, determined 
using a pretrained model, the relevance of other nodes 
is estimated. These evaluations, together with features 
representing the types of vertices and relations in the 
form of one-hot encoding, are used to compute attention 
weights, which are used to implement the message 
passing between vertices and the corresponding 
update of their embeddings. The answer selection 
process is also essentially formulated similarly to 
the GreaseLM model. In PipeNet [66], compared 
to QA-GNN, the computation of the relevance of the 
vertices of the auxiliary graph to the query context 
is, in a sense, replaced by an algorithm for cutting 
off irrelevant vertices, based on determining the 
shortest distance between entities within the language 
dependency graph corresponding to the query:

 
a| |

q a1
q

a

( , )
( ) ,

| |

V
i Dist c c

D c
V

== −
∑

 (12)

where D(cq) is the relevance of the entity cq from the 
query, Dist(cq, ca) is the shortest distance between 
the entity cq from the query and the entity ca from the 
corresponding answer choice, Va is the set of entities 
from the answer choice for the query. 

The rest of the QA-GNN architecture is essentially 
the same, except for the use of vertex relevance scores in 
the calculation of attention weight.

To summarize the methods of knowledge injection 
with graph models, it can be stated that they are 
characterized by the greatest variety of ideas used, 
which demonstrate a wide range of possibilities 
for taking into account the features of structured 
knowledge and their inclusion in the work of 
QA systems. A positive aspect can also be considered 
the possibility to increase the interpretability of the 
model due to the formation of fact chains with the help 
of knowledge bases, which can be updated separately 
in a timely manner depending on the current events. 
At the same time, the full-fledged integration of graph 
features leads to a significant complication of model 
architectures and, depending on the implementation, 
may require certain additional computational resources, 
as a result of which the benefit of knowledge injection 
becomes more ambiguous.
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COMPARATIVE ANALYSIS

The described approaches also differ from the point 
of view of setting up the experimental part. Thus, first 
of all, different benchmarks could be used to test the 
efficiency of implementations. As a result, it was decided 
to perform the comparative analysis with respect to the 
CommonsenseQA dataset that appeared most frequently 
in the considered works [67].

CommonsenseQA consists of 12102 questions 
offering five answer choices, one of which is correct. 
The choice in favor of this dataset can be justified 
by its higher complexity in terms of the relatively 
poor results of QA systems on it compared to its 
counterparts. In this case, the higher complexity 
is due to the focus of the questions on social and 
psychological aspects and the need to establish causal 
relationships, as well as the lack of any additional 

context for the questions. While this complicates 
the effective implementation of pretrained language 
models due to the smaller number of inputs, such 
a formulation of the problem favors the formation of 
such a context through external knowledge bases.

Table 2 summarizes the results of the models 
without Ensemble on the CommonsenseQA 
dataset test sample. For practical comparison of 
implementations in the context of this dataset, 
accuracy (the percentage of questions that were 
answered correctly) is used as a metric. It should 
also be noted that one of the most frequently used 
language encoder models, RoBERTa [68], was chosen 
as the baseline benchmark.

The results show that any of the considered approaches 
can increase the accuracy of the QA system with respect 
to the base solution using a pretrained language model, 
thus confirming the promising avenue of this line of 

Table 2. Comparison of the effectiveness of knowledge injection methods

Model Injection method Accuracy on CommonsenseQA test set, %

RoBERTa [68] (2019) – 68.7

Model from [15] (2020) Self-supervised learning 75.6

Model from [23] (2022) Self-supervised learning 78.5

UnifiedQA [37] (2020) Finе-tuning 79.1

Model from [44] (2023)
Text embeddings  

and attention mechanism 75.0

Model from [47] (2020)
Text embeddings  

and attention mechanism 80.3

DEKCOR [41] (2021)
Text embeddings  

and attention mechanism 80.7

KEAR [42] (2022)
Text embeddings  

and attention mechanism 86.1

JointLK [55] (2022)
Graph embeddings  

and attention mechanism 74.4

Modelfrom [53] (2020)
Graph embeddings  

and attention mechanism 75.3

MHGRN [54] (2020)
Graph embeddings  

and attention mechanism 75.4

QA-GNN [65] (2021) Interaction tokens 73.4

GreaseLM [63] (2022) Interaction tokens 74.2

DRAGON [64] (2022) Interaction tokens 76.0
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research. At the same time, the models using graph-based 
embeddings demonstrate noticeably lower accuracy, 
while the best result on the CommonsenseQA dataset is 
obtained using the KEAR model with knowledge base 
information injection via text-based embeddings.

However, from a practical point of view, the existence 
of other important factors should be taken into account 
when comparing approaches. For example, models based 
on self-supervised learning and fine-tuning, despite their 
lower accuracy, require less additional computations 
to obtain an answer to a query. At the same time, the 
very process of pretraining such models implies a rather 
significant expenditure of computational resources. In 
addition, not all implementations use the same language 
models, which in itself may result in differences in the 
final accuracy. The amount of time the model needs to 
obtain an answer it can also be considered as a relevant 
factor.

If proceeding solely from the results on the 
CommonsenseQA benchmark, it can be stated that the use of 
more architecturally complex models in general does not have 
a significant enough effect to compete with more established 
approaches that focus solely on the use of language models. 
Nevertheless, it continues to be worthwhile to continue the 
comparative analysis using other benchmarks as a means of 
better assessing the real state of art.

CONCLUSIONS

The presented review forms a basis to argue for the 
effectiveness of knowledge injection techniques in the 
field of QA system design. Already existing solutions 
experimentally confirm the possibility of simultaneously 
achieving several main goals of knowledge injection in 
this context.

However, there is still considerable room for further 
improvement in multiple aspects of the process. Firstly, 
currently relatively basic and well-established in the field 
of natural language processing methods for extracting 
data from knowledge bases for a query prevail. Only 
a few works propose ways to improve this process, such 
as paraphrasing additional knowledge from the database 
to simplify its processing by the system. In this context, 
given the potential importance of extracting relevant 
information in terms of further implementation, specific 
approaches can be considered along with their impact 
on the result.

Secondly, it is of interest to analyze the potential 
impact of choosing a particular graph model for 
processing structured information, since in existing 
works the main emphasis is shifted to comparison 
according to the criterion of the used language model. 
At the same time, over the last few years, many new 
promising models of knowledge graphs embeddings and 
graph neural networks have appeared, whose capabilities 
in the framework of practical tasks of this kind have yet 
to be established, but can significantly affect the results 
of the system as a whole.

Thirdly, there is currently a lack of systematic 
studies comparing methods for combining data from 
different modalities in the context of QA system 
design. This issue can also be considered relevant due 
to the possibility of generalizing to a wider range of 
tasks.

Finally, within the current vector of development of 
the field of QA system design leading to the prevalence of 
universal generative language models such as ChatGPT 
in applications, it makes sense to emphasize the study of 
the peculiarities of knowledge injection methods in this 
type of model.
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Abstract
Objectives. Pipelining is an effective method for increasing the clock frequency of digital circuits. At the same 
time, balancing the pipeline stages during circuit synthesis at the register transfer level does not yet guarantee 
a balanced topological implementation of such a pipeline in terms of signal propagation delays according to the 
selected technological basis. This is due to the specifics of the algorithms for placing and routing components of 
digital devices, which are not capable of optimizing solutions in a strict mathematical sense in an acceptable time. 
In practice, approaches for developing digital devices combine manual control of topological constraints that set 
general rules for placing components with automatic optimization for localized fragments of the circuit are used to 
obtain results close to optimal. Pipeline circuits are based on a simple connection diagram of individual stages to 
demonstrate the effect of using topological design constraints on their example. On the basis of pipeline structures, a 
number of algorithms can be implemented to effectively complement programmable processor devices and provide 
hardware acceleration of some tasks. The present work develops methodological recommendations for managing 
topological design constraints in the implementation of pipeline computing structures based on programmable logic 
devices (PLD) with field-programmable gate array (FPGA) architecture.
Methods. The work is based on accepted methods for designing and modeling digital systems.
Results. Based on the analysis, modifications to a 32-bit CORDIC transcendental function computation pipeline were 
developed. By adding design constraints on the placement of register groups corresponding to the pipeline stages a 
significant increase in the clock frequency can be achieved as compared to automatic placement to reduce the running time 
of the tracing algorithms. The resulting effect is systematically reproduced in several implemented versions of the pipeline.
Conclusions. The presented recommendations can be used to control the clock frequency and number of stages of 
pipeline computing structures while simultaneously reducing the time of one iteration and routing of a module based 
on PLD with FPGA architecture.
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Управление топологическими ограничениями 
при реализации конвейерных вычислительных 
структур на базе программируемых логических 

интегральных схем

И.Е. Тарасов @,  
П.Н. Советов,  
Д.В. Люлява,  
Н.А. Дуксин

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

Резюме 
Цели. Конвейеризация является эффективным приемом повышения тактовой частоты цифровых схем. При 
этом балансировка стадий конвейера при синтезе схемы на уровне регистровых передач еще не гарантирует 
сбалансированную по задержкам распространения сигнала топологическую реализацию такого конвейера в вы-
бранном технологическом базисе. Это обусловлено спецификой алгоритмов размещения и трассировки компо-
нентов цифровых устройств, которые не позволяют получать оптимальные решения в строгом математическом 
смысле за приемлемое время. В практике разработки цифровых устройств применяются подходы, основанные 
на комбинации ручного управления топологическими ограничениями, задающими общие правила размещения 
компонентов, и автоматической оптимизации для локализованных фрагментов схемы, которая в этом случае по-
зволяет получать результаты, близкие к оптимальным. Конвейерные структуры имеют простую схему соедине-
ний отдельных стадий, что позволяет продемонстрировать на их примере эффект от применения топологических 
проектных ограничений. В то же время, на базе конвейерных структур возможна реализация ряда алгоритмов, 
эффективно дополняющих программируемые процессорные устройства и обеспечивающие аппаратное ускоре-
ние некоторых задач. Цель работы – разработка методических рекомендаций по управлению топологическими 
проектными ограничениями при реализации конвейерных вычислительных структур на базе программируемых 
логических интегральных схем (ПЛИС) с архитектурой field-programmable gate array (FPGA).
Методы. Использованы методы проектирования и моделирования цифровых систем.
Результаты. На основе проведенного анализа разработаны модификации конвейерного вычислителя 
32-разрядного преобразования CORDIC для вычисления трансцендентных функций. Установлено, что до-
бавление проектных ограничений по размещению групп регистров, соответствующих стадиям конвейе-
ра, позволяет существенно повысить тактовую частоту по сравнению с автоматическим размещением  
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INTRODUCTION

High performance computing systems are designed 
as a combination of general purpose and specialized 
subsystems. At the architectural design stage, it is 
necessary to identify tasks to be solved by specialized 
subsystems that complement the work of general purpose 
processors. Such identified tasks should be both in high 
demand and either too inefficient to be solved by the 
central processing unit or represent an unacceptable load. 
In digital electronic devices and systems, algorithms 
for digital signal processing [1], calculation of hash 
functions in information protection subsystems [2], 
acceleration of artificial neural networks [3], etc., are 
often implemented based on specialized computing 
devices. In the present paper, approaches to the design 
of a pipeline calculator are considered on a number of 
examples.

When developing a computing device that transforms 
the input vector x  into the output vector y , the 
transformation of the function given in the high-level 
input language into a sequence of actions is performed at 
each stage of the transformation. For this purpose, 
a synthesizer developed in the Specialized Computer 
Systems Laboratory at RTU MIREA is used [4]. The 
output of the synthesizer comprises a text in the hardware 
description language, which forms registers at the stages 
of the pipeline and combinational logic nodes between 
them to perform the transformations f1, f2, f3, … fn. 
A similar approach is used in a number of 
synthesizers [5]1. However, for the developed software 
product there is a possibility of synthesis control based 
on feedback formed by analyzing the results of 
component placement and tracing. In this case, the 
maximum value of the signal propagation delay between 
the stages of the pipeline determines the minimum 

1 https://docs.amd.com/r/en-US/ug1399-vitis-hls/HLS-
Programmers-Guide. Accessed October 10, 2024.

period of the clock frequency signal. The components of 
this delay should be determined for the topological basis 
in such a way that the synthesizer can evenly distribute 
the signal propagation delay between the pipeline stages.

The signal propagation delay between registers 
of a programmable logic device (PLD) using field 
programmable gate array (FPGA) architecture is defined 
as follows2:

 t = tlogic + troute, (1)

where tlogic is the propagation delay determined by the 
combinational elements; troute is the propagation delay 
determined by the PLD trace circuitry.

For achieving high clock frequency and uniform 
distribution of total signal delay between all stages 
of the pipeline, the synthesizer should evaluate the 
components defined by the combinational elements as 
well as those defined by the trace circuits. Once the 
signal transformations have been distributed to the 
combinational logic nodes, the resulting register transfer 
level (RTL) representation of the pipeline is passed to 
the PLD computer-aided design (CAD) system, which 
performs the placement of the circuit components and 
tracing of the interconnects. In this case, suboptimal 
component placement introduces additional signal delay 
that violates the uniformity of delay distribution across 
the pipeline stages.

The stages in the development of a pipeline 
computing device are shown in Fig. 1.

In order to achieve a high clock frequency of the 
pipeline operation, it is necessary to estimate the 
components of the signal propagation delays and 
eliminate the negative effects of suboptimal mutual 
placement of the interconnected components on the 
PLD chip. While the placement optimization problem 

2 https://docs.xilinx.com/r/en-US/ug906-vivado-design-
analysis/Timing-Analysis. Accessed October 10, 2024.

и уменьшить время работы алгоритмов трассировки. Полученный эффект систематически воспроизводит-
ся в нескольких реализованных вариантах конвейера.
Выводы. Рассмотренные рекомендации позволяют управлять тактовой частотой и количеством стадий кон-
вейерных вычислительных структур при одновременном уменьшении времени одной итерации размещения 
и трассировки модуля на базе ПЛИС. 

Ключевые слова: ПЛИС, конвейер, проектные ограничения, CORDIC
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can be formulated in the strict mathematical sense, it 
has no practical solution in an acceptable time due to 
the burgeoning complexity of optimization algorithms 
for a general formulation. In practice, the PLD-based 
design uses design constraints that specify the areas for 
placing groups of components (so-called topological 
design constraints). For groups of components (called 
P-blocks) placed in this way, optimization by 
CAD algorithms can be performed in a reasonable 
time but with suboptimal results. Technical methods 
for controlling design constraints are specified in the 
AMD UltraFast™ Design Methodology Guide for 
FPGAs and Systems-on-a-Chip3. Research into the 
use of topological design constraints as reflected in 
a number of publications and dates back to 2011 [6] 
is driven by the development of design tools such as 
Xilinx PlanAhead [7, 8]. At present, the use of design 
constraints is still being used in network packet 
processing [9] and digital signal processing [10].

CONTROL OF THE SYNTHESIS OPERATIONS  
OF THE PIPELINE FUNCTIONAL UNITS

We consider the following sequence of design of 
a pipelined computational structure. A set of test pipeline 
chains containing nodes with the appropriate logic 
function is created to estimate the delay determined 
by combinational logic. For these nodes, the pipeline 
is synthesized and placed, and the experimental 
estimate is written into the data structure passed to the 
C-RTL synthesizer. As the synthesizer is an original 
design, appropriate modifications are introduced to 
account for delays introduced by external sources.

3 https://docs.amd.com/r/en-US/ug949-vivado-design-
methodology. Accessed October 10, 2024.

It should be noted that the use of PLD does not 
require the evaluation of a wide range of possible 
arithmetic and logic operations. For this purpose, since 
bitwise operations are performed based on truth tables, 
while addition and subtraction operations can be carried 
out using special “fast carry chain” nodes, it is sufficient 
to estimate the delay caused by these two classes of 
operations.

Given an architectural pattern and certain delay 
parameters, the design sequence of the pipeline 
computing structure shown in Fig. 2 can be adopted.

Source text

Delay  
parameters  
of the main 

functional units Topological  
design constraints 

in .xdc format

RTL 
representation

Templates  
for topological 

pipeline 
representation

C-RTL Trubol synthesizer (RTU MIREA)

PLD CAD (AMD Vivado)

FPGA Configuration

Fig. 2. The sequence of the automated design  
of the pipeline computing structure

The input to the developed sequence is assumed to 
be the program source code in a problem-oriented high-
level language, as well as the design constraints formed 
on the basis of the study of the hardware platform 
characteristics. The synthesis uses the delay parameters 
of the main functional nodes that have been preliminarily 
evaluated in the process of pipeline synthesis according 
to a predetermined scheme that explicitly distinguishes 
the circuit fragments for evaluation. The dedicated 
synthesizer generates an RTL representation of the 
module in the hardware description language, which is 
complemented by the design constraints file in .xdc or 
.sdc format (depending on the CAD system used). This 
file is created by parameterizing one of the developed 
templates for the topological pipeline representation.

FORMATION OF TOPOLOGICAL DESIGN 
CONSTRAINTS FOR PIPELINE COMPUTATION 

STRUCTURE

When placing a pipeline in PLD, it is necessary to 
specify the rules for placing its individual components. 
In PLD CAD systems, it is common practice to have 
a hierarchical (modular) placement mode whose 
placement algorithms use the project modules at the RTL 
level as localized project units to place their components 

C-RTL Trubol synthesizer (RTU MIREA)

PLD CAD (AMD Vivado)

x→

x→

x→

y→

y→

y→

f

Reg

Reg Reg Reg Reg

Reg

Reg

Reg

f1 f2

f2

f3

f3

f1
Suboptimal 
placement

Fig. 1. The stages in the development  
of a pipelined computing device.  

The C-RTL Trubol synthesizer is a software developed 
by the authors. The synthesizer is a tool for creating 

a description in the electronic CAD format

https://docs.amd.com/r/en-US/ug949-vivado-design-methodology
https://docs.amd.com/r/en-US/ug949-vivado-design-methodology
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as compactly as possible. At the same time, the designer 
can accompany the project with special project constraint 
files that control the processes of the Implementation 
group, such as timing analysis and placement. The 
corresponding constraint language command groups 
deal with timing constraints and topological (area) 
constraints.

The command for describing design constraints 
within a single stage has the following form:
create_pb <pblock name>
< X-axis pblock coordinate >
< Y-axis pblock coordinate >
< pblock width> < pblock height>
< list of elements associated with pblock>

In this example, PLD on-chip boundaries with 
specified coordinates are set for triggers whose names 
match the template (Figure 3). The size of the on-chip 
boundaries and coordinates are precisely matched to 
the overall topology of the chip along with the number 
of registers and logic elements involved in each stage. 
The name template is selected based on the RTL level 
description format.

Fig. 3. The process of the P-block allocation in PLD  
using FPGA architecture

The study confirms the assumed utility of describing 
topological design constraints only for pipeline registers. 
This is due to the local relation of the combinational 
logic between the register groups and corresponding 
pipeline stages. By defining the pipeline stage placement 
regions, a compact placement of the combinational 
logic nodes associated with the registers is achieved 
while preserving the CAD capability to perform local 
optimizations. In this case, the manual control of separate 
pipeline components, including separate triggers and 
combinational logic nodes, would be excessively labor-
intensive.

For the circuit synthesizer developed in RTU MIREA 
in RTL format, it is recommended to modify it by 
generating register names with the introduction of 
fragments that uniquely identify the pipeline stage to 
which this register belongs. Although this information 
is available in the internal representation of the 
synthesizer, it has not yet been used. Analysis of world 

analogs has confirmed the impossibility of identifying 
the pipeline stage is impossible in them; consequently, 
the exported RTL representation typically uses end-to-
end numbering of separate circuit triggers. At the same 
time, the introduction of information about the pipeline 
stage allows the allocation of a group of registers 
corresponding to this stage using a regular expression 
having the following form:
*/pipeline_unit/*/*reg_Кi\_*

EXAMPLES OF PRACTICAL TESTING  
OF THE METHOD

The practical testing of the method is carried out 
through the implementation of several types of pipelines. 
For example, sequential application of the vector rotation 
operation is used in the CORDIC4 algorithm [11]. Similar 
operations in the form of a combination of addition and shift 
are used in successive multiplication with accumulation. 
These operations can be combined in a single configurable 
pipeline. The schematic fragment generated in Vivado5 
CAD shown in Fig. 4 demonstrates the possibility of 
obtaining a locally optimal solution by automatic placement 
of pipeline components followed by their optimization.

Fig. 4. Pipeline stage placement in automated mode  
in Vivado CAD

From a CAD point of view, the search for an optimal 
solution does not take into account the stage partitioning 
inherent in the pipeline architecture. Based on this 

4 CORDIC is an acronym for COordinate Rotation DIgital 
Computer; a “digit by digit” method.

5 https://www.amd.com/en/products/software/adaptive-
socs-and-fpgas/vivado.html. Accessed October 10, 2024.

https://www.amd.com/en/products/software/adaptive-socs-and-fpgas/vivado.html
https://www.amd.com/en/products/software/adaptive-socs-and-fpgas/vivado.html
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assumption, the placement characteristics can be improved 
using the approach described above. The experimental 
results confirm the possibility of improving basic circuit 
performance when the block boundaries of each stage 
partially overlap the boundaries of adjacent blocks. The 
result obtained using this strategy is shown in Fig. 5.

6 https://www.xilinx.com/products/boards-and-kits/1-66ql3z.html. Accessed October 10, 2024.

In comparison to the standard placement (Fig. 6), 
a clock frequency of 1 GHz can be achieved by placement 
in an AMD FPGA Virtex™ UltraScale™+xcvu440_
CIV-flga2892-3-e6 (Fig. 7).

When the number of stages of the CORDIC algorithm 
is increased, the result of the approach becomes even 

Fig. 6. CAD report snippet with project time characteristics for the circuit solution obtained in auto mode

Fig. 5. Pipeline stage placement of using topological design constraints

https://www.xilinx.com/products/boards-and-kits/1-66ql3z.html
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more pronounced. The results for 64 stages at a clock 
frequency of 600 MHz are shown in Figs. 8 and 9.

Fig. 8. Pipeline stage placement  
(64 stages, 600 MHz clock frequency)

A similar approach is applied to the 
placement of the considered circuit on the 
AMD FPGA Artix-7 xc7a100tcsg324-17 (16 stages, 
400 MHz clock frequency) and AMD FPGA Kintex™ 
UltraScale™ xcku115_CIV-flvf1924-3-e8 (32 stages, 
850 MHz clock frequency) chips. The viability of 
the approach is demonstrated by the comparison 
of timing analysis results for the circuits under 
consideration (Figs. 10–13).

7 https://www.amd.com/en/products/adaptive-socs-and-fpgas/fpga/artix-7.html. Accessed October 10, 2024.
8 https://www.amd.com/en/products/adaptive-socs-and-fpgas/fpga/kintex-ultrascale-plus.html. Accessed October 10, 2024.

Fig. 10. Pipeline stage placement using topological 
design constraints (xc7a100tcsg324-1 PLD)

Fig. 11. CAD report snippet with project 
time characteristics for the obtained 
placement (xc7a100tcsg324-1 PLD)

Fig. 7. CAD report snippet with project time characteristics for a circuit solution using topological design constraints

Fig. 9. CAD report snippet with time characteristics of the CORDIC pipeline computer project  
(64 stages, 600 MHz clock frequency)

https://www.amd.com/en/products/adaptive-socs-and-fpgas/fpga/artix-7.html
https://www.amd.com/en/products/adaptive-socs-and-fpgas/fpga/kintex-ultrascale-plus.html


51

Russian Technological Journal. 2025;13(3):44–53

Ilya E. Tarasov 
et al.

Method for designing specialized computing systems  
on the basis of hardware and software cooptimization

Fig. 12. Pipeline stage placement using topological 
design constraints (xcku115_CIV-flvf1924-3-e PLD)

Fig. 13. CAD report snippet with project time 
characteristics for the obtained placement  

(xcku115_CIV-flvf1924-3-e PLD)

The results confirm the possibility of setting 
design constraints on registers of a separate module 
describing the pipeline to systematically improve the 
design properties of computers having a pipelined 
structure. The continuing interest in pipelined 
nodes [12] confirms the relevance of this research 
direction. In addition, pipelined devices can function 
as subsystems of computational complexes to increase 
their efficiency both in widespread tasks [13] and 

when used as accelerators of a narrow computational 
subclass [14, 15].

CONCLUSIONS

The presented materials describe results obtained 
by the Specialized Computer Systems Laboratory 
at RTU MIREA in the development of a design 
methodology for specialized pipelined computing 
accelerators. By focusing on a simple hardware 
architecture with localized connections between nodes, 
it is possible to develop a set of algorithms and design 
measures for systematically improving the topological 
representation properties of a computing device from 
its initial high-level language description. The obtained 
results can be adapted to other types of architectural 
templates to extend the nomenclature of specialized 
electronic component bases.
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Abstract
Objectives. The active development of intelligent automatic control systems, which is associated with increasing 
requirements to the quality and accuracy of control systems of modern technical systems, requires the development 
of new approaches to their analysis and synthesis. A promising class of intelligent control devices is based on 
regulators that use fuzzy-logic inference technology. The purpose of this work is to develop a method for the complex 
synthesis of type-1 fuzzy regulator parameters on the basis of the Yakubovich circle criterion.
Methods. The proposed methodology is based on a consideration of fuzzy regulators in terms of the corresponding 
nonlinear transformation that support the use of methods derived from the theory of nonlinear automatic control 
systems. Analogs of the degrees of stability and oscillation are used as quality indicators. The synthesis of the 
parameters of the nonlinear transformation can be reduced to determining sufficient regions of absolute stability of 
the system with the shifted and extended Nyquist plot obtained using the Yakubovich circle stability criterion.
Results. In accordance with the theory of fuzzy sets and algorithms of fuzzy logical inference described  
by Takagi–Sugeno, the possibility of one-to-one correspondence of the nonlinear transformation and the parameters 
of an appropriately arranged knowledge base of the fuzzy controller is shown. A procedure proposed for synthesizing 
the parameters of the type-1 fuzzy regulator is aimed at ensuring complex requirements for the quality of the 
control system according to the degree of stability, the degree of oscillation, and steady-state mode accuracy. The 
effectiveness of the proposed technique, which guarantees the absolute stability not only of the equilibrium position 
but also of the processes, is confirmed by the results of model experiments.
Conclusions. The paper proposes a convenient engineering technique for determining the parameters of an 
intelligent controller constructed using fuzzy logic inference technology based on methods informed by automatic 
control theory. The convenience of using such indirect quality indicators as the degree of stability, the degree of 
oscillation, and accuracy in steady-state mode, is demonstrated. These indicators are explicable for developers of 
applied control systems.

Keywords: intelligent control system, fuzzy logic inference, fuzzy controller, Takagi–Sugeno model, absolute 
stability of processes
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НАУЧНАЯ СТАТЬЯ

Анализ и синтез интеллектуальных систем 
автоматического управления  

с нечетким регулятором I рода

Ю.А. Быковцев @,  
В.М. Лохин

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

Резюме 
Цели. Активное развитие интеллектуальных систем автоматического управления, связанное с повышением 
требований к качеству и точности систем управления современных технических систем, требует разработки 
новых подходов к их анализу и синтезу. Одним из перспективных классов интеллектуальных управляющих 
устройств выступают регуляторы, построенные на базе технологии нечеткого логического вывода. Целью 
настоящей работы является разработка методики комплексного синтеза параметров нечеткого регулятора 
I рода на основе кругового критерия Якубовича. 
Методы. В основу предлагаемой методики положено рассмотрение нечеткого регулятора с позиции соот-
ветствующего нелинейного преобразования, что позволяет использовать методы теории нелинейных си-
стем автоматического управления. В качестве показателей качества в работе используются аналоги поня-
тий «степень устойчивости» и «степень колебательности». Синтез параметров нелинейного преобразования 
сводится к определению достаточных областей абсолютной устойчивости системы со смещенной и расши-
ренной амплитудно-фазовыми частотными характеристиками, полученных с помощью кругового критерия 
устойчивости Якубовича. 
Результаты. В соответствии с теорией нечетких множеств и алгоритмом нечеткого логического вывода  
Такаги – Сугено показана возможность взаимно-однозначного соответствия нелинейного преобразования и 
параметров базы знаний нечеткого регулятора при соответствующей организации последней. В работе пред-
ложена процедура синтеза параметров нечеткого регулятора I рода, нацеленная на обеспечение комплексных 
требований к качеству системы управления по «степени устойчивости», «степени колебательности» и точности в 
установившемся режиме. Предложенная методика также гарантирует абсолютную устойчивость не только поло-
жения равновесия, но и процессов, а ее эффективность подтверждена результатами модельных экспериментов.
Выводы. В работе предложена удобная инженерная методика настройки параметров интеллектуального 
регулятора, построенная по технологии нечеткого логического вывода на основе методов теории автома-
тического управления. Показано удобство применения таких косвенных показателей качества, как «степень 
устойчивости», «степень колебательности» и точность в установившемся режиме.
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INTRODUCTION

Intelligent technologies have been increasingly 
applied in various fields of activity over the last two 
or three decades. One such field is automatic control 
systems (ACS) [1], for which a new generation of 
controllers based on intelligent technologies (expert 
systems, neural-like networks, associative memory 
or fuzzy logic) is being developed. These intelligent 
controllers not only provide high quality ACS 
performance, but are also capable of adaptation to 
various uncertainties affecting the system.

Among these intellectual technologies, fuzzy 
inference or fuzzy logic is the most widely used for 
both objective and subjective reasons [2–4]. In robotics, 
fuzzy logic is already commonly applied in the control 
systems of autonomous and semi-automatic robots 
of various types, in the control systems of complex 
technological equipment, as well as at all hierarchical 
levels of intelligent control systems (strategic, tactical, 
and executive). This is largely due to the possibility of 
using a fuzzy inference system (FIS) to construct control 
models even for complex objects at the level of logical-
linguistic reasoning.

However, this novel formalism is not entirely 
compatible with current automatic control theory (ACT). 
In particular, a serious problem has arisen in connection 
with the creation of new approaches to solving the 
stability and quality evaluation problems pertaining to 
a new class of automatic control systems. This problem 
has been solved quite actively in the last two decades. 
A comprehensive generalization of the work is given in 
the monograph by Pegat [5]. The concept proposed at the 
beginning of the present century in the RTU MIREA by 
Makarov et al. has turned out to be very promising [1]. 
Summarizing the long-term research experience in the 
field of fuzzy ACS taking into account the results of the 
studies presented in [1–6], it can be stated that:

1. Fuzzy inference allows the synthesis of logical-
linguistic control models for complex objects.

2. Despite the apparent complexity of the fuzzy 
inference formalism, it has been established that the 
fuzzy regulators (FR) based on this technology are 

essentially nonlinear. This means that they implement 
a nonlinear transformation, whose parameters can 
change slightly when the fuzzy inference technology 
is modified (Mamdani, Sugeno, etc.).

3. The nature of the nonlinear transformation in FR 
unambiguously determines the parameters of the 
input logical-linguistic variables.
The representation of FR as a nonlinear ACS element 

provides a broad perspective for incorporating traditional 
approaches to nonlinear systems adopted in ACT 
and modified taking the specific nature of nonlinear 
transformations in the study of intelligent ACS into account.

SPECIFIC FEATURES OF ACS ANALYSIS  
AND SYNTHESIS WITH FR

We consider a fuzzy logic system having an input (E) 
and an output (U) linguistic variable with reasoning 
domains on XE ⊆ ℝ and YU ⊆ ℝ, for which the 
corresponding term sets TE and TU are given. Each value 
of a linguistic variable from the underlying term set is 
given by the normal fuzzy sets AA {( ( ), ) | X }= µ ∈E

i Ee e e  
and AA {( ( ), ) | X }.= µ ∈U

i Uu u u  Fuzzy inference 
models currently in active use include the Mamdani, 
Larsen, Takagi–Sugeno, and Tsukamoto models, which 
have their relative advantages and disadvantages [7]; 
regardless of the model type, the resulting fuzzy 
transformation can be represented as a certain nonlinear 
mapping f: XE → YE.

Nevertheless, some general principles of FR design 
have been formulated by most developers of fuzzy 
control systems, namely:

1. The number of fuzzy sets in the underlying term 
sets: 5–7.

2. The term set should contain at least one fuzzy set 
defined by the membership functions (MF) of 
classes L and γ to limit the control value. This is 
related to the ACS physical characteristics.

3. The symmetry of the MF position with respect to 
the central MF to ensure control symmetry when the 
system state deviates from equilibrium.
The division of FR into type 1 and type 2 proposed 

in [1] depends on the processing method of the input 

Ключевые слова: интеллектуальная система управления, нечеткий логический вывод, нечеткий регулятор, 
модель Такаги – Сугено, абсолютная устойчивость процессов

Для цитирования: Быковцев Ю.А., Лохин В.М. Анализ и синтез интеллектуальных систем автоматическо-
го управления с нечетким регулятором I рода. Russian Technological Journal. 2025;13(3):54−62. https://doi.
org/10.32362/2500-316X-2025-13-3-54-62, https://www.elibrary.ru/SHAEZM

Прозрачность финансовой деятельности: Авторы не имеют финансовой заинтересованности в представлен-
ных материалах или методах.

Авторы заявляют об отсутствии конфликта интересов.

https://doi.org/10.32362/2500-316X-2025-13-3-54-62
https://doi.org/10.32362/2500-316X-2025-13-3-54-62
https://www.elibrary.ru/SHAEZM


57

Russian Technological Journal. 2025;13(3):54–62

Yuri A. Bykovtsev,  
Valery M. Lokhin

Analysis and synthesis of intelligent automatic control systems  
with type-1 fuzzy regulator

variables. This paper considers the ACS using the 
most popular type-1 FR based on the Takagi–Sugeno 
fuzzy inference model to be the most promising. This 
is primarily due to the lightweight defuzzification 
procedure representing the weighted mean calculation, 
which requires significantly less hardware resources and 
controller processor time compared to other methods. 
Additionally, the mapping implemented by the fuzzy 
model involving a piecewise linear function, which 
is dependent on the appropriate arrangement of the 
knowledge base, greatly simplifies both the analysis 
and synthesis of fuzzy ACS. The latter factor will be 
discussed in detail.

An excerpt of the fuzzy system is shown in Fig. 1, 
where two fuzzy sets 1AE

i−  and AE
i  are defined by the 

class t MF triples {ai−1, bi−1, ci−1} and {ai, bi, ci}, 
respectively, on some reasoning interval.

We will obtain the expression for the mapping f in 
the range of the input actions [bi−1, bi]. Let the rule base 
contain two condition-action rules having the following 
form:

1. If E is 1AE
i−  then *

1,iU u −=
2. If E is AE

i  then *,iU u=
where * *

1 const, const.i iu u− ≡ ≡
In this case, the degree values of the linguistic 

variable E belonging to the fuzzy sets 1AE
i−  and AE

i  
during fuzzification are defined as follows:

 1
1

1 1
( ) , ( ) .−

−
− −

− −
µ = µ =

− −
i i

i i
i i i i

c e e a
e e

c b b a
 (1)

According to the Takagi–Sugeno fuzzy inference 
procedure and the adopted constraints on MF parameter 
values, the output variable is defined as follows:

* *
1 1

1

1 1* *
1

1 1 1 1
* * * *

1 1 1

1 1

( )

.

− −

−

− −
−

− − − −

− − −

− −

µ + µ
= =

µ + µ

   − − − −
= + ÷ + =      − − − −   

− −
= +

− −

i i i i
i

i i

i i i i
i i

i i i i i i i i

i i i i i i

i i i i

u u
u e

b e e b b e e b
u u

b b b b b b b b

u u b u b u
e

b b b b

 (2)

Thus, the mapping f is a linear function on the 
interval [bi−1; bi], whose definition area is given by the 
location of the vertices of adjacent MFs, while its range 
is given by the value of the rule base conclusions.

Using the results of the above analysis, the fuzzy ACS 
based on the above principles can be represented as 
a nonlinear system, whose FR static characteristic is 
piecewise linear (Fig. 2). Thus, it is possible to carry out 
a comprehensive analysis of the dynamics of the fuzzy 
ACS according to the theory of nonlinear systems with 
regard to the nonlinear transformation characteristics.

Fuzzy regulator

g

g

e

e

u ẋ = Ax + Bu,
y = CTx

ẋ = Ax + Bu,
y = CTx

y

y

μ(e)

e

e

u

u

Fuzzy  
regulator

Control  
object

Control  
object

Rule 
base

Fig. 2. Conversion of an intelligent ACS with FR  
into a nonlinear ACS. Here, g is the master control;  

u is the control action; y is the control object output;  
x is the state vector; A is the system matrix;  

B is the control matrix; C is the output matrix

So far, several approaches have been developed for 
analyzing the stability of systems with FR. As noted in [5], 
despite the intensive development of new methods, the 
second Lyapunov method [8, 9] and the absolute stability 
criterion [10, 11] continue to be the most widely used. For 
single-input-single-output (SISO) systems, the Popov 
criterion and the circular criterion are recommended. 
For multiple-input-multiple-output (MIMO) systems, 
the most appropriate methods are those based on the 
hyperstability criterion due to providing a rigorous 
mathematical basis for stability evaluation.

The lack of convenient engineering methods to 
evaluate the qualitative parameters of these systems, such 

μ(e)

u

1
AE

i–1

bi–1 = ai ci–1 = bi e

u*i

u*i–1

bi–1 bi e

AE
i

Fig. 1. Relationship between the MF parameters  
and the type of the nonlinear mapping
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as speed and overshoot, is evident in a sufficient number 
of studies on the stability of fuzzy systems. This approach 
to the problem is more constructive due to the stability 
problem being automatically solved by achieving the 
required level of ACS quality. However, as shown by 
the analysis of existing studies, this problem has been 
insufficiently studied and remains to be worked out.

In addition to analytical methods for studying 
fuzzy ACS, methods based on numerical optimization 
algorithms including genetic algorithms [12, 13], 
methods related to particle swarm behavior [13, 14], 
gradient descent [15, 16], and others, are currently 
gaining wide popularity. Although these methods are 
powerful and capable of automatically determining 
the FR parameters, their use in practical engineering 
is exacerbated by a number of factors. Firstly, in order 
to use these techniques effectively, the quality function 
should be precisely defined, which can be a challenge. In 
addition, the algorithms do not provide any guidance for 
further adjustment of the FR parameters following their 
calculation on the basis of the quality criteria.

In view of the obvious potential of fuzzy systems 
and the relevance of FR implementation in a wide range 
of control systems for industrial and special purposes, 
the above analysis demonstrates a need to create new 
approaches to the study of the dynamics of such systems 
based on the traditional methods adopted in ACT. 
Based on the proposed concept, in which fuzzy ACS is 
considered as a nonlinear system, a suitable platform can 
be created for this purpose.

It is convenient to take analogs of known quality 
indicators for linear ACS as initial quality indicators, 
in particular, the stability degree as an indicator of 
transient damping rate and the oscillation degree as an 
indicator of oscillation damping. By considering FR 
in terms of its static characteristics, it is possible to 
adapt known methods for analyzing and synthesizing 
nonlinear ACS (in particular the Yakubovich circle 
stability criterion). In [17], it is shown that this criterion 
can be applied to the shifted amplitude-phase-frequency 
response (APFR) of the linear part to determine the 
sectional constraints on the nonlinear transformation 
that guarantee a certain degree of stability for the fuzzy 
ACS, as well as the absolute stability of the equilibrium 
position and processes. In this respect, an extension of 
this method to include oscillation degree and fuzzy ACS 
accuracy requirements seems promising.

ALGORITHM FOR SETTING I TYPE FR 
PARAMETERS BASED ON INDIRECT 

PERFORMANCE INDICATORS

The fuzzy system model, analogous to describing 
nonlinear systems adopted in ACT, can be represented 
as follows:

 
T

,
( ),

,

u
u f y

y

= +
=

=

x Ax B

C x



 (3)

where x ∈ ℝn, u ∈ ℝ1, f(y) is a scalar function which is 
the FR static input-output characteristic and belongs to 
the class (K1; K2) and thus satisfies the equation [2], as 
follows:

 1 2
( ) .df yK K

dy
≤ ≤  (4)

Here the task consists in synthesizing the appropriate 
FR knowledge base for providing the absolute process 
stability in fuzzy ACS and the qualitative characteristics 
of the transient process such as the degree of stability, 
the degree of oscillation, and accuracy.

For further study, it would be convenient to use the 
shifted ( )ω− ηW j  and extended ˆ ( )ω− ωW j m  APFR 
of the linear part, where W(jω) = CT(jωI – A)−1B, η is 
the analog of the stability degree and m is the analog 
of the oscillation degree. The family of shifted 
(η1 > η0 > 0) and extended (m1 > m0 > 0) APFRs for 
3rd order linear parts are shown in Figs. 3a and 3b, 
respectively. The characteristic change in the shifted 
APFR of the linear part at η = η0 is due to the transition 
of one of the poles W(s) to the right complex  
half-plane.

Let the fuzzy control system be required to provide 
a fast performance not exceeding the decay time of the 
exponent 0e ,n t−  with n0 chosen such that the degree of 
irregularity (r) of the shifted linear part ( )W jω− η  is 
equal to one.

Using the modification of the circle criterion 
proposed in [17], the following sufficient condition can 
be formulated: A fuzzy system, which is absolutely 
stable in class S S

1 2( ; )K K , has a degree of stability not 
less than η provided that the shifted APFR for the linear 
part of ( )W jω− η  covers the circle with the center on 

the real axis at point S S
1 2

1 1 1 ,
2 K K

 
− +  

 
passing through 

points S
1

1
K

−  and S
2

1 ,
K

−  which also belong to the real 

axis, r times.
The extended AFC should be outside the above 

circle to ensure the required degree of oscillation m. 
Further, if the required degree of oscillation is provided 
in section O O

1 2( ; ),K K  then both quality requirements are 
met in section { }O S O S

1 1 2 2max( ; );min( ; )K K K K , given the 
results obtained based on the specified stability. Thus, it 
is possible to determine the parameters K1 and K2  
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of the nonlinear transformation and the corresponding 
parameters of the FR settings by considering the fuzzy 
ACS as nonlinear and applying the Yakubovich circle 
criterion.

Finally, we consider the problem of ensuring fuzzy 
ACS accuracy. Since the stationary control error of the 
system is determined by the part of the static characteristic 
close to the equilibrium, the choice of the gain factor a

1K  
is determined by the requirement of the desired accuracy 
in the whole range of disturbances f. It is shown in [18] 
that for static linear parts, the stationary error in the range 

of disturbances 
a

1 lp1

lp

(1 )b K K
f

K

+
≤  is defined as follows:

 lp
stnr a

lp 1
,

1
=

+

fK
e

K K
 (6)

where b1 is the right boundary of the static characteristic 
section with the gain factor a

1 ,K  while lp 0
lim ( ).K W j
ω→

= ω

It follows from (6) that if the maximum disturbance 
value fM = sup(f) is known and the permissible control 
error value ep is set, the required gain factor a

1K  and the 
section boundary b1 are defined as follows:

 M lp pa
1

lp p
,

f K e
K

K e

−
=  (7)

 M lp
1 a

lp 1
.

1

f K
b

K K
≥

+
 (8)

Thus, the condition of ensuring the required quality 
indicators of transients and steady-state error is met in 
the section O S a O S

1 1 1 2 2(max{max{ , }, };min{ , })K K K K K  
that ensures the absolute stability of the fuzzy ACS.

We consider an example of the synthesis of the 
I type FR parameters for the problem of stabilizing the 
fuzzy ACS equilibrium with a linear part of the 3rd order 
with a frequency response W(jω). In accordance with 
the methodology discussed above, the necessary 
constructions are shown in Fig. 4. From these it follows 
that:

• the required value η0 is ensured if the FR characteristic 
is in section (0.6; 2.5);

• the required value m0 is provided in section 
(0.05; 6.1).
If the steady-state error requirement and (7) are 

additionally taken into account, the final desired section 
is as shown in Fig. 4b. The transient x(t) in fuzzy 
ACS where FR is typed has a synthesized nonlinear 
characteristic as shown in Fig. 4c.

Based on the obtained FR nonlinear transformation 
and the above recommendations for the structure of the 
knowledge base, the appropriate content can be easily 
constructed:

• since the synthesized nonlinear transformation has 
four points of gain factor variation, the term set TE 
for the linguistic error variable E will contain five 
fuzzy sets TE = {A0, A1, A2, A3, A4};

• the MFs specifying fuzzy sets A0 and A4 belong 
to classes L and γ respectively (due to the output 
constraint);

• the remaining MFs belong to class t.
As explained above, the definition area of the 

ith piecewise linear section of the regulator static 
characteristic depends on the mutual position of the 
adjacent MFs. The range depends on the value of the 
rule base conclusions from the rule base. Running 
through the entire definition area of the nonlinear 
characteristic (Fig. 4b) and taking into account its 
symmetry with respect to the origin of the coordinates, 
the MF parameters (Fig. 5) can be easily determined 
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Рис. 3. Family of shifted (a) and extended (b) APFRs of the linear part
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for the input variable, as well as the MF values for the 
output variable embedded in the rule base:

• IF E is A0, THEN u = 1.1;
• IF E is A1, THEN u = 0.35;
• IF E is A2, THEN u = 0;
• IF E is A3, THEN u = −0.35;
• IF E is A4, THEN u = −1.1.

CONCLUSIONS

The present work develops the concept proposed by 
Makarov, according to which the fuzzy Zadeh transformation 
implemented in the circuit of type-1 FR ACS is in fact 
a nonlinear transformation. However, it becomes piecewise 
linear when the Sugeno model is used. For such a fuzzy 
system that uses methods from the theory of nonlinear 
control systems, the problem of dynamics research is solved 
in a form suitable for an engineer-developer. A methodology 
is proposed, which not only provides a definition of the 
ensured stability area, but can also be used to provide the 
required quality indices of the control process.

Obviously, the results will also be valid when 
Mamdani, Larsen, and Tsukamoto fuzzy inference 
models are used in control systems: since the 
nonlinear transformations corresponding to these 
models are smooth, they can be approximated by 
piecewise linear sections. Thus, the solution of the 
problem can be reduced to the proposed method. 
In this case, the linear approximation section at the 
origin (having a small slope) is chosen based on the 
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required steady-state error. Meanwhile, the slope 
of the steep section is selected based on the quality 
requirements according to the Yakubovich criterion. 
This approach can be used to solve analysis and 

synthesis problems of fuzzy ACS having a type-1 
regulator.
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Abstract
Objectives. In the context of military operations, states face the threats of attacks by unmanned aerial vehicles (UAVs) 
on vulnerable assets, in particular, those pertaining to law enforcement agencies. Currently, there is no uniform or—
more importantly—effective approach to detecting and suppressing certain types of UAVs, in particular, first person 
view (FPV) drones. The aim of the work is to develop modernized systems for the detection and suppression of enemy 
unmanned aerial vehicles and to justify their full-scale implementation in the service activities of law enforcement 
agencies.
Methods. The work used system-structural, comparative-legal, and measurement research methods along with 
analysis, observation, and field modeling. In addition, the research refers to generalized and systematized experience 
of using UAVs in combat conditions.
Results. The structure, basic tactical and technical characteristics are described according to the principle 
of operation of the identification complex for detecting and suppressing UAVs, having the ability to intercept analog 
radio signals carrying video information, which makes it possible to effectively detect and counteract enemy UAVs 
at a considerable distance. An algorithm of actions to be taken by law enforcement officers when using this complex 
is also developed and described. Proposals for creating a hardware and software system based on the complex with 
the possibility of spoofing a video stream are outlined.
Conclusions. The results of the study indicate the need to supply law enforcement agencies with an identification 
system for detecting and suppressing UAVs having the ability to intercept an analog radio signal carrying video 
information. The use of such a system across a wide area subject to UAV attacks will significantly improve the 
effectiveness of alerting all categories of employees and civilians, as well as contributing to the establishment 
of airspace control and improving the effectiveness of the fight against UAVs.

Keywords: identification system, analog radio signal, video information, unmanned aerial vehicle, antenna, 
descrambling, video stream
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Идентификационный комплекс обнаружения 
и подавления беспилотных воздушных судов 
на основе видеоперехвата для использования 

в условиях боевых действий
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Резюме 
Цели. В условиях проведения боевых действий государства столкнулись с угрозами атак беспилотных воздушных 
судов (БВС) на различные объекты, в частности, объекты силовых структур. В настоящее время нет единого, а са-
мое главное, эффективного подхода по обнаружению и подавлению различных видов БВС, а именно, FPV-дронов. 
Целью работы является создание модернизированных комплексов обнаружения и подавления БВС противника 
и обоснование полномасштабного внедрения этих комплексов в служебную деятельность силовых структур.
Методы. В работе использовались системно-структурный, сравнительно-правовой, измерительный мето-
ды исследования, анализ, наблюдение и натурное моделирование, а также обобщение и систематизация 
опыта применения БВС в условиях боевых действий.
Результаты. Описаны структура, основные тактико-технические характеристики и принцип работы иден-
тификационного комплекса обнаружения и подавления БВС с возможностью перехвата аналогового радио-
сигнала, несущего видеоинформацию, позволяющего эффективно обнаруживать и противодействовать 
БВС противника на значительном расстоянии. Разработан и описан алгоритм действий сотрудников си-
ловых структур при работе с данным комплексом, изложены предложения по созданию на базе комплекса  
аппаратно-программных систем с возможностью подмены видеопотока.
Выводы. Полученные результаты исследования указывают на необходимость внедрения в служебную де-
ятельность силовых структур идентификационного комплекса обнаружения и подавления БВС с возможно-
стью перехвата аналогового радиосигнала, несущего видеоинформацию, применение которого на широком 
участке местности, подверженном атакам БВС, позволит существенно улучшить эффективность оповеще-
ния всех категорий служащих и гражданского населения, а также будет способствовать установлению кон-
троля над воздушным пространством и повышению эффективности борьбы с БВС.
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INTRODUCTION

The capabilities of modern unmanned aerial 
vehicles (UAVs) have been demonstrated in combat 
operations. UAV attacks carried out by copter-type 
UAVs equipped with a “drop” system and first person 
view (FPV) drone-type UAVs [1] pose a threat not 
only to civilian and industrial buildings and structures, 
but also to critical infrastructure facilities and facilities 
belonging to law enforcement agencies, as well as their 
personnel [2].

During military operations, the territories of 
many states are often subjected to indiscriminate 
and sometimes chaotic attacks by UAVs equipped 
with various munitions and explosive devices 
(PG-7V1 (VL2, VR3, VM4), RKG-35, etc.) [3], especially 
improvised explosive devices (Fig. 1).

Fig. 1. Improvised explosive devices  
used in an UAV attack

In addition, recently developed “drop” systems for 
FPV drones are already in widespread use. These are 
capable of carrying out multiple attacks using different 
types of modernized munitions [4]: for example, FPV 

1 A shot with an anti-tank grenade.
2 A shot with an anti-tank grenade “Luch.”
3 A shot with an anti-tank grenade “Resume.”
4 A modernized anti-tank grenade shot.
5 A handheld shaped-charge grenade.

drones can remotely mine terrain by dropping munitions 
of different types: “butterfly,” “bell,” etc.

The above factors, together with the analysis of 
statistical data, indicate that FPV drones are the most 
dangerous to the civil population, law enforcement 
personnel, and facilities. They can attack at high 
speeds (over 100km/h), carry a significant payload 
in the form of an explosive charge, and penetrate 
deep into territory to a distance of 15–20 km, and 
in certain cases, up to 30 km [5]. Moreover, combat 
experience has shown that contemporary FPV drones 
use non-standard, permanently shifted frequencies for 
control [6], significantly increasing their resistance to 
electronic reconnaissance and electronic warfare (EW) 
detection.

In view of the increasingly challenging situation 
and the intensified use of FPV drones, it is necessary 
to introduce additional measures to increase the 
effectiveness of countering the enemy in this context, as 
well as to inform the civilian population of the threat of 
UAV attacks in a timely manner. The actual direction is 
the development of improved complexes for detection 
and suppression of UAVs. In particular, the creation and 
introduction of an identification complex for detection 
and suppression of UAVs with the ability to intercept 
analog radio signals carrying video information [7].

IDENTIFICATION COMPLEX  
FOR UAV DETECTION AND SUPPRESSION, 

CAPABLE OF INTERCEPTING ANALOG RADIO 
SIGNALS CARRYING VIDEO INFORMATION

Based on the above considerations, as well as 
electronic reconnaissance combat operations data 
confirming it to be a key EW approach and effective 
circuit of destroying enemy UAVs [8], researchers from 
the Belgorod oblast of the Russian Federation have 
developed an identification complex for detecting and 
suppressing UAV (hereinafter “the complex”). The 
complex can be used to detect and identify an enemy 
UAV in the airspace with a high degree of probability. The 
complex is based on the interception of the analog radio 
signal carrying video information from enemy UAVs.

Ключевые слова: идентификационный комплекс; аналоговый радиосигнал, видеоинформация, беспилот-
ное воздушное судно, антенна, дескремблирование, видеопоток
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It should be noted that similar products are currently 
being developed for this purpose, such as the “EFIR” 
and “Umbrella” detectors (Fig. 2). The basic operating 
principle of such complexes is based on scanning the air 
and recording the carrier frequency with detecting and 
recording the video stream.

However, from an analysis and evaluation of the 
tactical and technical characteristics of such products, 
it appears that they do not allow the simultaneous 
detection of UAV signals in a wide range of frequencies 
(the products include a minimum number of frequency 
bands, for example 2.4 and 5.8 GHz) and at long 
distances (the declared maximum detection distance 
ranges from 500 m to 5 km) [9].

The developed identification complex includes the 
following components:

• directional receiving antennas for specific frequency 
ranges (circular antennas can be used, but in this 
case the detection distance is much shorter);

• receiver for analog radio signal carrying video 
information;

• video signal transmission cable with RCA connectors 
(the length of the cable depends on the installation 
configuration of the equipment, and it should be 
noted that the quality of data transmission decreases 
with increasing cable length);

• monitor with VGA or HDMI connector;
• AV RCA-VGA or AV RCA-HDMI monitor 

connection converter (depending on the monitor 
used);

• VGA-VGA or HDMI-HDMI cable;
• 2 USB, 5V/2.1A power supplies.

The complex operating principle consists in the use 
of a circular antenna (when the direction of the likely 
UAV take-off is unknown) or a directional antenna to 
continuously monitor the surrounding space within a 
radius of 1.5 to 3 km (when using a circular antenna) 
and up to 30 km (when using a directional antenna). 
These distances depend on a number of factors such 
as the transmitting power of the FPV drone, the gain 
of the receiving antenna, the terrain, and so on. When 
the UAV with analog video signal transmission channel 
appears, the complex automatically intercepts and 
transmits (duplicates) to the monitor a video with an 
illustration of the terrain over which the UAV is flying 
and flight data, which is observed on the monitor screen 
or in the FPV drone goggles by the operator who is 
controlling it.

The developed complex is capable of operating across 
a wide range of temperatures, under strong vibrations, 
and in various other extreme conditions. An important 
aspect of the complex’s operation is its passivity, meaning 
that it does not emit any signals of its own that could be 
detected by devices that scan radio waves.

A special feature of the complex is its ability 
not only to detect UAVs by receiving an analog 
video signal (displayed on the monitor), but also to 
descramble encrypted “X-signals.” This allows for 
the prior identification of illegal flights of UAVs, with 
the possibility of determining their speed and altitude, 
predicting their trajectories, and identifying possible 
targets. The detection range of enemy UAVs (up to 
30 km) allows time for security and countermeasures to 
be put into place.

Fig. 2. “EFIR” UAV detector
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It should also be noted that in addition to the above 
characteristics, the complex offers unique capabilities 
and potential for use in combat operations. However, 
for reasons of confidentiality, the circuitry and more 
detailed tactical and technical characteristics of the 
complex cannot be disclosed.

PRACTICAL APPLICATION OF THE DEVELOPED 
IDENTIFICATION COMPLEX FOR UAV DETECTION 

AND SUPPRESSION

After deploying the developed complex at a site, its 
successfully tactical and technical characteristics were 
confirmed by detecting more than 500 UAVs over the 
course of several months of operation. For example, 
in just one day, the complex enabled the detection of 
20 FPV drones, 9 of which were successfully suppressed6.

The complex was used to identify UAV flight 
directions by analyzing topographic maps, including 
offline electronic maps (Figs. 3 and 4). In addition, under 
certain conditions, it is possible to determine UAV launch 

6 Statistical data (materials) are provided by the initiative 
group, the developers of the complex.

points. Furthermore, the integration of the complex into 
the mobile version is being actively pursued in order to 
use the complex on mobile objects.

In addition to military applications, the complex has 
been successfully used by law enforcement officers. Over 
a short period of time, it has been used to significantly 
increase the efficiency of detection and suppression of 
UAVs in the controlled area (18 FPV drones destroyed). 
The practical use of the complex has demonstrated 
that an integral part of its successful application is 
the maintenance of appropriate documentation (log, 
statement, etc.), which must necessarily reflect the 
information received (location of the UAV detected 
with reference to a settlement or exact coordinates, the 
nature of the UAV behavior, the measures taken, and the 
result obtained, etc.). To this end, researchers from the 
FKU NPO “STiS”7 of the Ministry of Internal Affairs of 
Russia and the I.D. Putilin Belgorod Law Institute of the 
Ministry of Internal Affairs of the Russian Federation8 
have developed an optimal template for the logbook of 
data on the detection of illegal UAVs.

7 https://стис.мвд.рф (in Russ.). Accessed March 20, 2025.
8 https://белюи.мвд.рф (in Russ.). Accessed March 20, 2025.

Fig. 3. Identifying UAV flight directions by collating complex data on terrain maps

Fig. 4. Capturing UAV analog video and linking the flight path to a terrain map
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Therefore, for the timely detection and effective 
suppression of hostile UAVs, it is proposed to 
introduce this complex into the official activities of 
law enforcement officers and create a network of 
strongholds equipped with the complex alongside EW 
and other means of suppression of UAVs on the basis of 
established roadblocks, checkpoints, and dislocations, as 
well as at temporary bases of law enforcement agencies 
with further alerting of the authorities through closed 
communication channels and the civilian population 
through open ones (e.g., in messenger groups etc.).

It is also necessary to define the algorithm of 
actions for law enforcement officers [10] when using the 
complex:

• identifying the threat;
• alerting personnel, operations duty officer, 

countermeasures group, and civilians through 
prepared communication channels;

• taking measures to suppress the enemy UAV by all 
possible means (EW, physical elimination including 
the use of firearms [11], etc.);

• taking measures to eliminate the consequences of 
UAV suppression or detonation and documenting 
the incident.
Personnel should be alerted simultaneously with 

civilians. The message should be brief but informative: 
UAV direction, expected type, required action.

UAVs can be suppressed either directly in the 
vicinity of the observation station, or using the tactics of 
mobile ambush groups armed with additional electronic 
reconnaissance equipment and various UAV suppression 
equipment (EW systems, smoothbore weapons, etc.) to 
intercept and suppress drones away from civilian areas 
and critical assets.

It should be borne in mind that the use of EW 
means in the immediate vicinity of the complex may be 
the cause of interference and equipment malfunction. 
Therefore, it is necessary to switch off the various EW 
complexes and other means of UAV suppression in 
the immediate vicinity of the complex during its use. 
Since EW cannot guarantee UAV suppression [12], 
it is also necessary to be prepared to use firearms 
to defeat the drone. At low altitudes (up to 40 m), 
UAVs can be effectively suppressed with smoothbore 
weapons loaded with shotgun cartridges #3 and #5. 
Alternatively, an effective “density” of fire can be created  
with 3–5 automatic weapons [13].

Once the UAV has been disposed of, first aid 
should be administered to any casualties and the scene 
cordoned off from unauthorized persons, taking care 
to ensure that no further mined parts remain on the 
surviving parts of the UAV. Taking all necessary safety 
precautions, the surviving parts of the UAV should then 
be reassembled for examination. If the status of the 
UAV is in doubt, or if it has been destroyed without 

an explosive device detonating, it is strictly forbidden 
to approach it until the object has been examined by 
experts. This is because the explosive device may be 
remotely triggered or rigged to detonate after a certain 
period of time.

In addition, regular briefings are required to develop 
the knowledge and skills of the personnel in the algorithm 
of actions to be taken upon detection of a UAV.

STRATEGIC TASKS SOLVED  
BY THE DEVELOPED IDENTIFICATION COMPLEX 

FOR DETECTING AND SUPPRESSING UAVS

One of the strategic goals of using the complex 
consists in the collection of information, followed by its 
mandatory analysis and use in the official activities of 
law enforcement officers, including special forces.

When used on a regular basis, the system also solves 
the following tasks:

• UAV direction detection and tracking. This allows 
UAV flight paths to be tracked and, in some cases, the 
launching point and the most dangerous directions to 
be determined and recorded in surveillance logs and 
terrain maps, including the use of various services. 
The data thus obtained can be used to reinforce the 
EW systems in certain directions and to carry out 
ambush operations;

• identification of UAV models and types [14]. The 
nature of the drones behavior in the air (flight 
speed and altitude, stability, etc.) allows UAV 
models and types to be identified with a high 
degree of accuracy, making it possible to predict 
further operator actions and prepare for a potential 
threat;

• detection of enemy groups (with UAV identity or unit 
call sign information) conducting terrorist activities 
in the vicinity (in a specific area). This information 
is often displayed on screen when an analog radio 
signal carrying video information is intercepted. 
After the attack, this data could potentially be passed 
on to the investigating authorities for analysis. In 
addition, this approach allows a more accurate 
determination of the number and size of enemy 
UAV groups in a given area;

• identification of criminals (traitors). At present, 
there are known cases of launching UAVs by 
hostile sabotage-reconnaissance groups and 
criminals (traitors) from various territories. Since 
these facts are difficult to detect without special 
equipment, such groups may operate for a long time, 
causing selective damage to vital infrastructure and 
civilian population. With a high-quality functional 
arrangement of the complex, the UAV take-off 
position can be captured by a video signal (when 
entering the antenna coverage area), thus enabling 
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measures to be taken to liquidate and eliminate such 
groups;

• documentation of UAV suppression (elimination) or 
the result of using it. In this case, it is a matter of 
documenting both the disposal of the UAV and the 
further collection of its fragments, including in the 
case of its suppression without disposal, for further 
investigation. There are also known cases of drones 
being found by civilians and injured by a detonation 
of the explosive device. In the event of UAV attacks 
and injuries, the complex enables rapid response and 
dispatch of the necessary services to the designated 
location to provide assistance;

• determination of UAV technical abilities [15]. Using 
the complex with the ability to intercept the analog 
radio signal carrying video information, it is possible 
to determine the flight range and limit distances. It 
is also possible to monitor new techniques used by 
the enemy (e.g., the use of special software makes 
it possible to record the frequency values of the 
UAV used during the flight), including any increase 
in battery power. The complex can also be used to 
determine the resistance of UAVs to the EW systems 
used to counter them and make adjustments to its 
operation.

CONCLUSIONS

The use of an identification complex for the 
detection and suppression of UAVs having the ability 
to intercept analog radio signals carrying video 
information, along with the possibility to protect a large 
area of terrain vulnerable to UAV attack, significantly 
improves the effectiveness of alerting all categories of 
officials and the civilian population. It also contributes 
to the establishment of airspace control to increase 
the effectiveness of the fight against UAVs. In turn, 

the collection and analysis of data obtained using the 
complex and recorded in the logbook can be used to 
supply accurate forecasts of the situation in a given area.

On the basis of the characteristics identified by 
scientific analysis and practical application of the 
developed complex, the following innovative features 
that determine its potential in conditions of special 
military operation can be distinguished:

• wide frequency range (more than 4 frequencies);
• UAV detection range up to 30 km;
• the ability to descramble encrypted “X” signals;
• resistance to extreme conditions and a wide operating 

temperature range: from −25 to +40°C.
Thus, the results of the study determine the 

possibility of creating hardware-software systems 
with the possibility of spoofing the video stream, 
which implies interference in the form of transmitting 
an extraneous video to the UAV operator, as well 
as permitting various modifications of the complex: 
stationary, automotive, etc.
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Abstract
Objectives. In recent years, more and more attention has been paid in radar theory and practice to the development 
of multiple-input and multiple-output (MIMO) radar, which offers a number of advantages over traditional radar 
based on phased antenna arrays (PAAs). These include the possibility to flexibly view space and adapt to a changing 
signal-interference environment, etc. MIMO technology used in radar requires the emission of a probe signal in the 
form of a coherent system of orthogonal signals, each of which triggers its own emitter in the transmitting antenna 
array (AA). As a result, the specified target search area is simultaneously illuminated. Specific spatiotemporal 
processing (SSP) is used to collect signals from all directions in the irradiated zone at the receiver output. In this 
regard, the task of finding an SSP structure in MIMO radar that is optimal compared to the traditional approach 
becomes urgent. The study set out to synthesize the structure of SSP with single–channel reception in MIMO radar 
and compare the obtained structure and characteristics with those similar in traditional parallel-view radars based 
on multipath receiving radar.
Methods. The study is based on methods and principles of the theory of multibeam synthesized aperture antennas 
and methods for the synthesis of optimal Neiman–Pearson detectors based on the likelihood ratio.
Results. For a MIMO radar with AA for transmission and reception provided by a single weakly directional antenna, 
a split SSP was synthesized to form optimal pre-threshold statistics (PTS) of the detector against a background 
of white Gaussian noise. The obtained PTS is compared with a similar PTS in a traditional parallel space survey radar 
with a mirror structure.
Conclusions. It is shown that the detection quality indicators of the compared radars in the mirror construction are 
equivalent in the mode of parallel target search in the same spatial sectors.

Keywords: MIMO radar, parallel space survey, space-time processing, FFT algorithm, multipath antenna array, 
pre-threshold statistics
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НАУЧНАЯ СТАТЬЯ

Об эквивалентности характеристик 
и «зеркальности» построения традиционных 

и MIMO радиолокационных станций 
при параллельном обзоре пространства  

на основе антенных решеток

Б.М. Вовшин 1, 2, @,  
А.А. Пушков 1,  
Е.М. Халтурина 1

1 НПО «Алмаз», Москва, 127411 Россия
2 МИРЭА – Российский технологический университет, Москва, 119454 Россия
@ Автор для переписки, e-mail: boris@eleron.net 

• Поступила: 30.07.2024 • Доработана: 13.02.2025 • Принята к опубликованию: 31.03.2025

Резюме 
Цели. В последние годы в теории и практике радиолокации все больше внимания уделяется вопросам соз-
дания MIMO (англ., «много входов – много выходов») радиолокационных станций (РЛС), обладающих рядом 
достоинств перед традиционными РЛС с фазированными антенными решетками. К этим достоинствам сле-
дует отнести возможности гибкого обзора пространства, адаптации к меняющейся сигнально-помеховой 
обстановке и т.д. Технология MIMO в радиолокации требует излучения зондирующих сигналов в виде ко-
герентной системы ортогональных сигналов, каждый из которых возбуждает собственный излучатель пе-
редающей антенной решетки (АР). Вследствие этого одновременно «освещается» заданная зона поиска 
цели. Пространственно-временная обработка (ПВО) «собирает» сигналы со всех направлений в облученной 
зоне на выходе приемника. В связи с этим актуальной является задача поиска оптимальной структуры ПВО 
в MIMO РЛС по сравнению с традиционным подходом. Цель работы – синтез структуры ПВО при одноканаль-
ном приеме в MIMO РЛС и сравнение полученного построения и характеристик с аналогичными в традици-
онных РЛС параллельного обзора на основе многолучевой приемной АР.
Методы. Использованы методы и принципы теории многолучевых антенн с синтезированной апертурой 
и методы синтеза оптимальных по критерию Неймана – Пирсона обнаружителей на основе отношения прав-
доподобия.
Результаты. Для MIMO РЛС с АР на передачу и одиночной слабонаправленной антенной на прием синте-
зирована разделяющаяся ПВО, формирующая оптимальную предпороговую статистику (ППС) обнаружите-
ля на фоне белого гауссова шума. Проведено сравнение полученной ППС с аналогичной ППС в традицион-
ной РЛС параллельного обзора пространства, имеющей «зеркальное» построение. 
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INTRODUCTION

In recent years, research into Multiple-Input, 
Multiple-Output (MIMO) radars has claimed an important 
position within the theory and practice of radiolocation. 
Interest in MIMO radars has arisen in connection with 
the emerging possibilities of overcoming the limitations 
of traditional phased antenna array (PAA) radars in 
observing targets. MIMO technology is anticipated to be 
as revolutionary as the electronic scanning that replaced 
mechanical scanning in antenna technology to provide 
new radar characteristics and functionality [1, 2].

The idea of MIMO radar was originally based on 
the well-known property of radars in survey mode: 
the signal-to-noise ratio (SNR) at the receiver input 
and consequent detection quality index is practically 
independent of the transmit beamwidth Δθ0.5tr for 
a given survey sector Δθsvy and time tsvy. This statement, 
which is based on the fact that a decrease of the antenna 
directivity on transmission and concomitant decrease 
in the signal level on the target in the radar can be 
compensated by increasing the observation time, can be 
clarified as follows.

During the target location time in the beam width Δθ0.5, 
the size of the accumulated packet of reflected signals 
with period T0 is Q = (tsvyΔθ0.5)/(T0Δθsvy). Therefore, as 
the observation rate increases, the value of Q decreases 
in proportion to the decrease in tsvy, which can only be 
increased at T0 = const by widening the beam by Δθ0.5. If the 
beam width is matched to the survey sector Δθ0.5 = Δθsvy, 
the echo signals from all targets having a priori unknown 
angular coordinates within the coverage area can be 
collected using a receiving multibeam AA (MBAA). 
When this parallel type of view is applied, the number of 
coherently accumulated pulses Q is limited only by the 
correlation time interval of the target itself tTRG corr [3, 4]. 
In practice, traditional radars with parallel-view PAA have 
the following well-known disadvantages [5, 6]:

1. A wide directivity pattern (DP) for transmission 
equal to Δθsvy is usually achieved by a weakly 
directional antenna (WDA). It must therefore have 

increased electrical strength for a given radiated 
power.

2.  If the orthogonality condition is satisfied, the number 
of MBAA beams formed cannot exceed the number 
of radiators, and the step d between them is limited 
to overlap the area. These two factors determine the 
angular resolution of the radar.

3.  Like any PAA, the MBAA has dispersive properties 
that limit the bandwidth of the probe signals (PS) 
used [4].
Some studies [7–9] have demonstrated the possibility 

to compensate or completely eliminate these 
disadvantages and limitations using the MIMO radar 
technology. The essence of this technology is as follows. 
A transmitting M-element AA radiates an M-component 
system of mutually orthogonal coherent PS. The width 
of partial DPs of this AA Δθel should be equal to Δθsvy. 
In turn, the PS orthogonality supports the assumption 
that the superposition of the received echo signals, after 
reflection from the target, can be divided into 
M independent channels with uncorrelated noise 

2
noise0 at ,

, ,
0 at ,i j

i j
n n i j M

i j

σ == ∈
≠

 where 2
noise0σ  is the 

noise variance, assumed to be equal in all channels for 
simplicity, and the line above is the averaging symbol.

MIMO radars are limited to parallel space survey 
because there is virtually no PS interference on the target. 
In search mode, the radar is assumed to have a multi-beam 
pattern at the receiver, as in a traditional radar. We consider 
the implementation of parallel view in MIMO radars 
combined with spatiotemporal processing (SSP), which 
forms the optimal pre-threshold statistics (PTS) according 
to the Neyman–Pearson criterion [10].

This integrated approach allows MIMO radars to 
be compared with traditional radars at the PTS level in 
terms of providing equivalent detection quality index 
when searching for targets. Once this problem is solved, 
the design conditions and principles of MIMO radar can 
be determined to offer advantages over traditional radars 
despite possible practical difficulties.

Выводы. Доказано, что в режиме параллельного поиска цели в одинаковых пространственных секторах по-
казатели качества обнаружения у сравниваемых РЛС при «зеркальном» построении эквивалентны. 

Ключевые слова: MIMO РЛС, параллельный обзор пространства, пространственно-временная обработка, 
алгоритм БПФ, многолучевая антенная решетка, предпороговая статистика
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The present work sets out to synthesize the 
SSP structure in a MIMO radar and compare it with 
similar processing in a traditional parallel-view radar 
assuming similar detection quality performance.

PARALLEL SURVEY AND TARGET DETECTION 
IN TRADITIONAL RADARS WITH MBAA

We consider the design principles of traditional 
radars with MBAA for parallel survey of a given angular 
sector Δθsvy. The most common is to use WDA for 
transmission and MBAA for reception, as shown 
in Fig. 1. Without loss of generality, it is assumed that 
the WDA DP width ΔθWDA = Δθsvy and the number of 
independent beams of the linear MBAA is equal to the 
number of emitters N, arranged in equidistant steps 

( )
0

r
svy

,
1 sin 2

d
λ

≤
+ ∆θ

 where λ0 is the operating 

wavelength. In addition, the narrow-bandwidth condition 
of the excitation signal u(t) with a bandwidth Δfs [2, 8] is 
imposed on the receiving MBAA:

 svy
a r

s

1( 1) sin ,
2

T N d
f

∆θ 
= −    ∆ 

  (1)

where Ta is the time of filling the MBAA aperture with 
a pulse of equivalent duration τp.e. = 1/Δfs.

We define the PS complex envelope ref ( )tU
following reflection from a point target with a three-
component vector of information parameters 
κ = {RTRG, VrTRG, θTRG,}, where RTRG, VrTRG, and θTRG 
are range, radial velocity, and angular coordinate of the 
target, respectively. At the MBAA output, it has the 
following form:

 0 TRG

0

ref

2
tr TRG tr TRG TRG

2
tr TRG

( , )

( ) ( )e

( )e ,

j f t

j f t

t

F U t

U t

� �
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κ �
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U

 (2)

where Ftr(θTRG) is the WDA DP level in the θTRG 
direction; TRG TRG2 cRτ =  is signal delay time; c is the 
speed of light; TRG r1 2 cVγ = ±  is a Doppler time scale 
change coefficient for which D r 02F V= λ  is a Doppler 
frequency, TRG .t t′ = γ

It can be further assumed that Ftr(θTRG) ≈ const 
and that the complex envelope of the received signal is 
decomposed by condition (1) into a scalar time function 
and an N-dimensional vector β(θTRG) of spatial phases 
in the single-target situation:

 
r TRG tr TRG TRG

r
TRG TRG

0 1
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( ) exp ( 1)sin .

N

n

U t U t

d
j n

�

� �� � � � � β �

� ��� �β � � � �� �
�� �� �

 (3)

–2 –1 1 2

–M/2 M/2

ΔθsvyΔθsvy = Δθsvy

TRG{R
TRG

, V
rTRG

, θ
TRG

}

1 1 2 3 N...dr 5

N-dimensional vector

|Z|2max

2

3

4

A = 1,

A = 0{
Fig. 1. Traditional radar with parallel space survey: (1) WDA; (2) PS shaper; (3) temporal processing (PS shaping);  

(4) spatial processing (diagram-forming scheme); (5) MBAA. TRG{RTRG, VrTRG, θTRG} is target;  
А is the threshold at which a decision is made about the presence or absence of a signal
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We consider the multichannel target detection 
problem in the classical mixture reception formulation, 

r( ) ( ) ( ),y t AU t n t= +  where A = {1, 0} depending on the 
presence/absence of the valid signal, and n(t) is white 
Gaussian noise. In the absence of correlating external 
interference with the same white Gaussian noise intensity 
in the MBAA channel, 2 2 2

0 ( , ),i j i j Mσ = σ = σ ∈ while 
the (N × N) dimensional correlation matrix function of 
the interference is represented by the following equation:

 0( ) ( ),t s N t s�Φ � � � �I  (4)

where I is the unit diagonal matrix; N0 is the noise power 
spectral density; δ is the Dirac delta function.

Under these conditions, the optimal SSP by 
Neyman–Pearson criterion can be reduced to calculating 
the PTS in the form of the squared modulus of the weight 
integral:

 
22 *

rec
0

1| | ( ) ( ) ,Z Y t U t dt
N Σ ′ ′ ′ξ = = ∫    (5.1)

 T *
TRG TRG( ) ( , ) ( ),iY t t� � �� � β �Y  (5.2)

where Y is the input vector.
In Eqs. (5.1) and (5.2), the symbols (*) and (Т) stand 

for complex conjugation and transposition, respectively. 
Equation (5.2) defines the complex amplitude at the 
output of the ith secondary MBAA channel phased in the 
expected direction θTRGi (i ∈ 1, N). As mentioned above, 
the N rays formed by MBAA should cover the entire 
given survey sector Δθsvy. In practice, the lossless 
formation of orthogonal rays can be conveniently 
implemented based on the fast Fourier transform (FFT) 
algorithm when N = 2q, where q is an integer (the Butler 
matrix in analogue form [1]). The FFT algorithm 
converts the counts of the N-dimensional vector of the 
input signal (3) (primary MBAA channels) into a vector 
of N orthogonal rays (secondary channels (DP)) using 

the (N × N) transformation matrix { } ,
,( ) ,N N

n iwθ =W  
where ( )exp 2 ;niw j n N= π n, i are the numbers of the 
primary and secondary MBAA channels, respectively.

After implementing the FFT, Eq. (5.1) can be 
considered as expressing the PTS in each of the N secondary 
channels if we assume: T *

TRG TRG( ) ( , ) ( ),iY t tΣ ′ ′= θ θY W  
where TRG 0 rarcsin ( 1 / 2) ( 1)i i N d θ = − λ −   (see Fig. 1).

The principles of the parallel survey described above 
are common to the traditional radar systems with MBAA. 
They have some features that are more important for 
comparison with MIMO radars. These include:

1. The target is simultaneously irradiated by a single 
coherent PS tr ( )U t  at the carrier frequency f0 with 
a given average power.

2. Increasing the number of elements in the WDA, 
e.g., in the form of a small AA, is often impossible 
in principle. This is because it is accompanied by 
a narrowing of ΔθWDA, which does not effectively 
illuminate the search area Δθsvy.

3. The resolving power of MBAA beams is 
determined by the geometric size of their aperture 
LmultiАA = (N – 1)dr. In this case, according to point 2, 
the number of orthogonal beams is limited by the 
number of primary channels N, and the increase in 
step dr is limited by the width of the specified survey 
sector Δθsvy. These factors do not allow the MBAA 
beams to be narrowed or their number to be increased.

4. The design of a traditional parallel space survey 
radar (Fig. 1) implements a factorized representation 
of the PTS (3). This allows the sequential SSP to 
be divided into spatial (DP) and spatiotemporal 
processing (Woodworth function) in this order.
It should be noted here that the reverse order is 

impractical as it would require the same temporal 
accumulation to be performed in each primary MBAA 
channel prior to the spatial accumulation, which 
conveniently performed only once.

The above features and limitations are rare. They are 
mostly removed in MIMO radars due to the increased 
dimensionality of the problem. Instead of a single PS, 
N orthogonal but coherent signals are transmitted 
simultaneously, providing additional freedom for radar 
surveillance.

Assuming equivalent PTS and detection performance, 
we now turn to the analysis of the differences between 
MIMO radars and traditional radars.

PARALLEL SURVEY AND TARGET DETECTION 
IN MIMO RADARS

We start with the main characteristic of MIMO 
radars, which is the illumination of the coverage area by 
a system of orthogonal arrays that excite the AA with 
step dr, shown in the left part of Fig. 2. The array 
generally emits a vector signal with a complex envelope 

tr tr 1( ) { } .M
m mt U ==U   The orthogonality condition of 

these components should be satisfied for all directions 
θ within the sector Δθsvy. Then the normalized correlation 
coefficient between the pth and qth components can be 
described by the following equation:

tr tr*
tr tr

1/22 2
tr tr

( 1) sin ( 1) sin
c c

.
| ( ) | | ( ) |

pq

p q

p q

d d
U t p dt U t q dt
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The complex envelope of the total signal reaching 
the target has the following form:
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tr TRG

tr tr
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c
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m
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t

d d
U t m j m
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 π 
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

 (7)

As in the previous case, it is assumed to be 
narrowband. This satisfies condition (1). Note that 
for MIMO radars, by operating on orthogonal signals, 
e.g., separated by Δf0 carrier frequencies [11, 12], 
the traditional limitations of the AA bandwidth are 
practically eliminated. When received, they can be 
band-separated and thus their interference can be 
neglected. For the correctness of the comparison, it is 
assumed that the signal bandwidth transmitted by the 
MIMO radar AA is the same as that of a traditional radar 
and is equal to Δfs = (N − 1)Δf0 under the condition 
Δfs ≪ Δf0.

The average power of the vector signal (7) reaching 
the target can be represented by quadratic Hermite:

tr
tr TRG

01 1
T *

TRG TRG

2
exp ( )sin

( ) ( ).

M M

p q
p q

d
P U U j p q

= =

 π
= − θ = 

λ  

= α θ α θ

∑∑

I

 

 (8)

We assume that the power (8) is the same as in the 
previous case, i.e., Ptr = Pt.p.GWDA, where Pt.p. is the 
transmitter power at the WDA input of the traditional 
radar and GWDA is the directional coefficient of the 
WDA.

For a point target with a vector of information 
parameters r TRG TRG{ ', , },t Vκ � �  the complex amplitude 
of the reflected signal is as follows:

  
ref TRG TRG tr TRG tr TRG

1

tr
TRG

0

( , , ) ( ) ( )

2
exp ( 1)sin .

M

m
m

t F U t

d
j m

=

′ ′τ θ = θ − τ ×

 π
× − θ 

λ  

∑U 

 (9)

We assume that all radiators of the transmitting AA 
have the same weakly directional DP adapted to the 
coverage area, i.e., Ftr(θTRG) = const for all θTRG ∈ Δθsvy. 
Then, Eq. (9) can be viewed as the M-dimensional vector 

{ }TRG( )
ref tr TRG 1

( ) ( , )e ,m
Mj

m m
t U t α θ

=
′= τU   which 

coincides with the vector exciting the single receiving 
WDA in the right part of Fig. 2, where αm(θTRG) is the 
phase run-up of the mth partial signal.

We proceed with the synthesis of the SSP at the 
output of this WDA, given that the received signal 

rec ref( ) ( )U t U t=   is factorized into M temporal and 
spatial multipliers. We therefore divide it into 
M independent channels, as shown in Fig. 3:

{ }TRG

T
rec TRG TRG ref TRG TRG

( )
tr TRG 1

( , , ) ( , , )

( )e ,m
Mj

m m

t t

U t α θ
=

′ ′τ θ = ⊗ τ θ =

′= − τ

U E U 



 (10)

where 1{1}M
m==E  is the M-dimensional unit vector and 

⊗ is the Kronecker product symbol.

5
Δθsvy Δθsvy Δθsvy Δθsvy

1:M

U1(t) U2(t) U3(t) UN(t)...

1 2 3 M
dt dr

|Z|2max

1 2 3 N
... 6

7

8

θ0i

1

2

3

4

A = 1,

A = 0{
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, V
rTRG

, θ
TRG

}

Fig. 2. MIMO radar with parallel space survey: (1) orthogonal PS generator; (2) temporal processing;  
(3) spatial processing; (4) PTS generator; (5) transmitting AA; (6) receiving AA; (7) driving generator;  

(8) power amplifier
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With respect to the noise properties, these channels 
are independent and their correlation matrix function 
is described by Eq. (4), which applies here as well. 
In the white Gaussian noise background, optimal 
temporal processing is implemented by a set of matched 
filters (MFs) for each partial signal Um(t) in the receive 
channel. However, in contrast to (5), in the one-
target situation for the expected direction θTRGi in the 
expression for PTS, the time multiplier of the signal is 
a vector rather than a scalar and is of the following form:

tr
TRG

0

tr
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22
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0 1

22
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0 1
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i
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ndM j m

m
m

Z t t

Y t U t
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π
− θ − θ

λ

=

π
− − θ − θ

λ

=

′ ′ξ = = θ θ =

′ ′= θ =

=

∑

∑

Y U

 

 (11)

where 0 ( )mU t′  is the complex envelope of the expected 
signal in the mth partial channel, Ym mf(0) is the result of 
temporal accumulation of the signal, which corresponds 

1:M

...
1 2 3 M

dt

|Z|2max

98

10
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1
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...

...
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TRG{R
TRG

, V
rTRG

, θ
TRG
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Fig. 3. Sequence of SSP steps in MIMO radars: (1) orthogonal PS shaper; (2) low-noise amplifier;  
(3) MF; (4) diagram-forming scheme (M-point FFT); (5) PTS shaper; (6) maximum sampling;  

(7) power amplifier; (8) transmitting AA; (9) receiving AA; (10) driving generator

to the maximum amplitude at 0t′ =  at the MF output in 
the mth channel.

An important feature of the scheme in Fig. 3 is that 
temporal accumulation precedes spatial accumulation, 
indicating an inverse order relative to traditional SSP.

Using 0t′ ≠  in (11), the output signal mf ( )mY t′  can 
be considered as a frequency-temporal mismatch in 
range and velocity, and the formula generally as 
a multidimensional mismatch function in the range-
velocity-angle coordinates, similar to [13].

An additional interpretation of Eq. (11) can be 
provided. It corresponds to the traditional AA 
multiplier formula, where the vector mf ( )t′Y  has the 
form of a time-dependent amplitude distribution of 
M-element equidistant AA with step dtr. If 
Ymf(0) = const in all channels, then this equivalent 
distribution is uniform at the time corresponding to the 
signal maximum. In antenna theory, this transformation 
of a single receive radiator into an AA identical to the 
transmit one (Fig. 4) corresponds to the concept of the 
synthesized aperture. However, most papers dealing 
with MIMO radars use the term virtual sublattice/
lattice [7, 14, 15].
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Due to the a priori uncertainty of the angular 
position of the point target (θTRGi) after time 
accumulation, it is necessary to implement a multi-
beam diagram-forming scheme at the virtual sublattice 
output. As shown above, a digital FFT algorithm can 
be used to form orthogonal beams and thus to obtain 
M secondary receive beams:

 

2 T * 2
0mf

2
0

,
2

| | max | (0) ( ) | ,

2( ) exp .

i
M

i Mm i

Z

mij
M =−

= θ

 π  θ =   
  

Y W

W
 (12)

From the obtained structure of the MIMO radar, 
which performs parallel space survey, it is possible to 
infer its mirror structure compared to the traditional 
radar, as shown in Fig. 4.

In Fig. 4, the channels for the Doppler processing at 
the inputs of the threshold devices are not shown in the 
versions compared. In both cases, the Doppler filtering 
systems are identical and can be implemented by 
different methods in the form of inter-cycle compensation 
or a set of filters tuned to the expected radial velocities 

0
r0 ,

2
V

T
λ∆ϕ

=
∆

 where Δφ0 is the phase difference between 
adjacent packet pulses and ΔT is the repetition interval. 
This means that the informative parameter velocity has 
no specific characteristics for the narrowband 
MIMO radar. Under the chosen conditions, PTS 

equivalence of both versions ensures identity of their 
statistical detection quality index.

The main characteristics of MIMO radars 
with transmitting AA and receiving single channel 
arrangement (WDA) are as follows:

1. The target is simultaneously irradiated by a vector 
of coherent orthogonal PS tr ( )tU  emitted, for 
example, by AR elements at different carrier 
frequencies f0m. Increasing the number of AA 
radiators not only does not lead to a narrowing of 
the survey sector Δθsvy but also reduces the 
requirements on the electrical strength of the path 
for a fixed radiated power.

2. The angular resolution in this MIMO radar is 
only determined by the size of the transmitting 
AA Ltr = (M − 1)dtr into which the received WDA 
is transformed by the initial frequency-temporal 
processing into a virtual sublattice.

3. As in the traditional case of a single WDA for 
reception, the SSP is factorized into temporal 
and spatial variants. However, their order is not 
fundamental and for practical purposes can be 
reversed compared to the MBAA version.

4. The advantages of MIMO radars mentioned in 
point 1 are partially offset by certain difficulties in 
the practical implementation of the transmitting AA. 
These difficulties include the need to form a set of 
coherent signals and maintain their coherence when 
routing ultrahigh frequency signals through the 
channels of the transmitting AA.

4

Δθsvy = ΔθsvyΔθsvy = Δθsvy

5

dr

1 2 3 M
...

1 2 3 M...

8
d r

1 2 3 M
...

6

1 2 3 M...
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2 1

23

ξ0
A = 1,

A = 0{A = 1,

A = 0{
(а) (b)

Fig. 4. Mirror construction of traditional (a) and MIMO (b) radars with parallel space survey:  
(1) diagram-forming scheme; (2) temporal processing; (3) orthogonal PS shaper; (4) transmitting WDA;  

(5) receiving WDA; (6) receiving MBAA; (7) transmitting AA; (8) low-noise amplifier
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The coherent spatiotemporal processing in the virtual 
sublattice channels is performed at a lower level of the 
valid signal compared to the traditional version, where 
MFs of the secondary channels operate following their 
coherent spatial accumulation. However, the detection 
quality is theoretically the same for the same SNR value 
while maintaining linearity.

CONCLUSIONS

The results obtained in the paper allow the following 
conclusions:

1. The comparison between the radar of traditional 
construction and the MIMO radar with a single 
channel per reception in the parallel target search 
mode shows the equivalence of their statistical 
PCOs under the following conditions:

• same resulting SNR and PTS in the detector;
• same bandwidth of coherent PSs and linearity in 

receive;
• same survey sectors Δθsvy;
• the possibility to divide the SSP into frequency-

temporal and spatial components.
2. The theoretical equivalence of the versions 

compared is achieved by mirroring their structural 
schemes (see Fig. 4).

Traditional version:
• WDA for transmission and M-element MBAA for 

reception;
• spatial accumulation precedes temporal 

accumulation.
MIMO radar:

• M-element AA for transmission and WDA for 
reception;

• temporal accumulation precedes spatial 
accumulation.
The total number of SSP channels is equal. 

When the single WDA for reception is replaced by 
a multichannel receiving AA, the main advantages of 
MIMO radars over traditional radars become apparent. 
This more complex case will be discussed in the next  
paper.
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Abstract
Objectives. The work set out to investigate the possibility and effectivity of using a movable cylindrical defect with 
metal pins in the design of a photonic crystal to control the frequency response of a narrow-band filter in a rectangular 
waveguide having a cross-section of 23 × 10 mm in the X-band, as well as to determine the most effective methods 
for controlling frequency response.
Methods. A numerical simulation of the frequency response of the filter was carried out using the openEMS software 
package, which is based on Maxwell’s equations solved by the finite-difference time-domain method. The frequency 
response of the currently proposed and implemented filter construction in the X-band was further investigated in an 
experimental study.
Results. Numerical simulation shows that a resonant transmission peak in the stopband of the frequency response 
can be caused to appear by introducing a movable cylindrical defect having two metal pins into the center of a photonic 
crystal structure. In addition, the position of this peak on the frequency response can be effectively controlled 
by rotating the cylindrical defect around its axis. If the position of the defect remains unchanged, an increase in the 
frequency of the transmission peak occurs as a result of decreasing the period of the photonic crystal. However, 
the frequency of this resonant transmission peak is most strongly influenced by changes in the size of holes in the 
photonic structure. These changes can be used to control both the position and shape of the transmission peak, as well 
as the overall frequency response. At the same time, the difference in transmission remains practically unchanged 
when the cylinder rotates around its axis. The simulation results were confirmed by the data of an experimental study 
of the frequency response of photonic crystals made from PETG plastic using 3D printing technology.
Conclusions. The proposed, designed, and manufactured experimental samples of narrow-band filters in the X-band 
based on a photonic crystal demonstrated reliably variable transmission values and the possibility of controlling the 
resonant peak frequency and thus the entire frequency response, including operational control. This makes them 
very promising for practical use in radio-electronic equipment.

Keywords: narrow-band filter, resonant filter, microwave range, photonic crystal, 3D printing, openEMS
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Резюме 
Цели. Цель работы – исследовать возможность и эффективность использования в конструкции фотонного 
кристалла подвижного цилиндрического дефекта с металлическими штырями для управления амплитудно- 
частотной характеристикой (АЧХ) узкополосного фильтра на прямоугольном волноводе с сечением 23 × 10 мм 
в трехсантиметровом диапазоне (X-диапазоне), определить способы наиболее эффективного управления АЧХ.
Методы. Для численного моделирования АЧХ фильтра используется программный пакет openEMS, в основе 
которого лежит система уравнений Максвелла, решаемая методом конечных разностей во временной обла-
сти. Проведено также экспериментальное исследование АЧХ действующего макета предложенной и создан-
ной конструкции фильтра в трехсантиметровом диапазоне (X-диапазоне).
Результаты. Результаты численного моделирования показывают, что введение в центр конструкции фотонно-
го кристалла подвижного цилиндрического дефекта с двумя металлическими штырями приводит к появлению 
в полосе запирания на АЧХ фильтра резонансного пика пропускания, положение которого эффективно управ-
ляется поворотом цилиндрического дефекта вокруг его оси. При неизменном положении цилиндрического 
дефекта уменьшение периода фотонного кристалла приводит к увеличению частоты пика пропускания. На ча-
стоту резонансного пика пропускания наиболее сильное влияние оказывает изменение размера отверстий 
в конструкции фотонного кристалла, что может использоваться как эффективный фактор для управления по-
ложением пика пропускания и формой всей АЧХ; при этом значение коэффициента пропускания при повороте 
цилиндрического дефекта вокруг его оси практически не изменяется. Проведены также экспериментальные 
исследования АЧХ фотонных кристаллов, изготовленных с использованием технологии 3D-печати из пластика 
PETG (полиэтилентерефталатгликоль), данные которых согласуются с результатами моделирования.
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INTRODUCTION

Electromagnetic waves are widely used in diverse 
fields of science and technology, including radiolocation 
and navigation services, as well as information and 
telecommunications technologies, medical equipment, 
etc. One of the most common types of transmission lines 
for microwave electromagnetic waves are rectangular 
waveguides with so-called partially- and fully-filled 
waveguides, whose fillable structures are typically 
comprised of dielectric plates of various shapes and 
sizes. Artificial materials and structures are used in 
various waveguide designs, particularly those based 
on photonic crystals or metamaterials [1–13]. Photonic 
crystals in the microwave range are based on a section of 
waveguide whose filling comprises a periodic structure 
consisting of individual cells made of materials having 
different refractive indices. This leads to the formation of 
band gap and allowed photonic bands (frequency ranges) 
in the transmission spectrum analogous to energy bands 
in solids [1, 2, 4–9]. Thus, photonic crystals can be used 
to construct frequency-selective devices, in particular, 
on the basis of rectangular waveguides [6, 7]. Such 
devices are capable of isolating microwave radiation 
both in a specific frequency band (bandpass filter), as 
well as in the frequency range below (low-pass filter) or 
above (high-pass filter) a specific cut-off frequency in 
a given frequency range, and passing it to the output of 
the device almost without loss.

Adding a single defect to a photonic crystal results 
in a violation of the periodicity of its structure and 
the appearance of a resonant transmission peak on its 
frequency response [10–12]. By controlling the position, 
shape and size of the defect, resonant (narrow-band) 
filters, controllable sensors, absorbers, and other useful 
devices can be created [1–4, 7–10].

This paper presents studies on photonic crystals 
into which a mobile rotating cylindrical defect has been 

inserted. In addition, the results of experimental studies 
into photonic crystal samples fabricated using 3D printing 
technology are compared with the characteristics of their 
mathematical models using the specialized openEMS 
software1.

DESCRIPTION OF THE STRUCTURE

Innovative 3D printing technology is already 
widely used for the prototyping of products in the 
microwave range [13–16]. In this paper, fused deposition 
modeling (FDM), a type of 3D printing technology, is 
used to fabricate photonic crystals. FDM technology 
is based around the melting and application of plastic 
filament to form layers on the surface of previously 
applied layers to form the structure of a given model. 
The structure is created by first designing a 3D model, 
typically in a computer-aided design (CAD) system2. The 
3D model can be saved in the widely used STL file format 
as a numerical array. The photonic crystal is designed 
using the OpenSCAD CAD system, which can be used 
to create complex three-dimensional models with a high 
degree of parameterization. The design optimization 
process is greatly simplified by the ability to automatically 
recalculate the entire geometry by changing one parameter. 
The resulting photonic crystal comprises a section of 
a rectangular waveguide having a fully filled cross-
section of 23 × 10 mm. Air holes are placed periodically 
along the waveguide axis. The cross-section of the holes 
is rectangular. Polyethylene terephthalate glycol (PETG), 
which has a relative permittivity of εʹ ≈ 2.5 in the 
investigated frequency range, is selected as a material for 
the fabrication of the photonic crystal [15, 16].

A schematic representation of the proposed structure 
with designations of the main dimensions of the designed 

1 https://www.openems.de. Accessed March 20, 2025.
2 https://openscad.org. Accessed March 20, 2025.

Выводы. Предложенные спроектированные и изготовленные экспериментальные модели узкополосных 
фильтров в трехсантиметровом диапазоне (X-диапазоне) на основе фотонного кристалла показали доста-
точные для практики изменения значения коэффициента пропускания и возможности эффективного управ-
ления частотой резонансного пика и всей формой АЧХ, что делает их весьма перспективными для практиче-
ских применений в радиоэлектронной аппаратуре.
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elements is shown in Fig. 1. The specific values for the 
dimensions are given in the table. Similar photonic 
crystal structures have been proposed and analyzed in 
several works (e.g., [6, 13]).

w g

Λ
α

L
h

d
z

x

Fig. 1. Schematic representation of the proposed 
structure for filling a photonic crystal with a mobile 

rotating defect (viewed from the wide wall side  
of the waveguide, in the xz plane)

A defect located in the center of the designed 
photonic crystal comprises a movable cylinder rotating 
around its axis, in which two thin metal rods with 
a circular cross section and a diameter of d = 2 mm are 
placed symmetrically at a distance of h = 4 mm on either 
side of the axis. The position of the first defect (rotation 
angle α = 0°) corresponds to the position of a pair of 
defect rods perpendicular to the waveguide axis, along 
the x-axis. The position of the second defect (rotation 
angle α = 90°) corresponds to the position of a pair of 
defect rods along the waveguide axis, i.e., along the 
z-axis.

RESULTS AND DISCUSSION

After determining the optimal structure of the 
photonic crystal, the stage of numerical modeling of its 
properties can begin. The openEMS software used for 
this purpose is based on the finite difference time domain 
method, representing one of the most popular numerical 
methods in computational electrodynamics [17]. The 
software supports the import and export of geometric 
models from various file formats (e.g., PLY, STL), which 
greatly simplifies the modeling process, especially when 
CAD is used for design. openEMS is integrated with 
scripting languages such as MATLAB3, Octave4, and 
Python5 for automating the process of setting model 

3 https://www.mathworks.com/products/matlab.html. Accessed  
March 20, 2025.

4 https://octave.org/. Accessed March 20, 2025.
5 https://www.python.org/. Accessed March 20, 2025.

parameters, performing calculations, and processing the 
obtained data.

Figure 2 depicts 3D printed photonic crystal 
structures having a cylindrical defect, while the frequency 
response of the photonic crystals obtained by numerical  
modeling and experimental studies is shown in Fig. 3. 
Specific data are given for two defect positions: 
α = 0° (position 1) and α = 90° (position 2). Both 
numerical simulation and experimental data indicate that 
a clear resonance peak in transmission can be observed 
at defect position 2. At the resonance peak frequency, the 
change in transmission coefficient (ΔT) exceeds 15 dB 
when the defect position changes from 1 to 2.

Fig. 2. General view of the manufactured 
photonic crystals with defect

The dependence of the transmittance peak position 
on the photonic crystal period is shown in Fig. 4. 
As the period of the photonic crystal decreases, the 
transmittance peak is observed to shift towards high 
frequency. The change in the hole size w has a stronger 
effect on the position of the transmission peak frequency 
compared to the change in the hole spacing L.

The dependence of the change in transmission 
coefficient ΔT on the period of the photonic crystal 
Λ is shown in Fig. 5. The change in transmission 
coefficient ΔT reaches 22 dB at the fixed hole size 
w = 5 mm, and the effect of the hole spacing L is minimal. 
When the hole size w is increased from 3 mm to 9 mm 
and the hole spacing L is fixed at 22 mm, the change in 
the transmission coefficient ΔT for the photonic crystal 
reaches 14 dB (from 16 dB to 30 dB).

Table. Main dimensions of the elements of the designed photonic crystal having a rectangular hole shape

Hole shape Number 
of holes (i)

Hole 
period (Λ), 

mm

Hole size along the 
waveguide axis (w), mm

Hole 
spacing (L), 

mm

Hole size along the wide wall  
of the waveguide (g), mm

Rectangular 4 24–31 5–9 19–22 18
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Fig. 3. Frequency response for defect rotation angle α equal to 0° and 90° obtained by numerical modeling (a, b, c) 
and experimental study (d, e, f) of photonic crystals: L = 19 mm, w = 5 mm (a, d); L = 22 mm, w = 5 mm (b, e);  

and L = 22 mm, w = 9 mm (c, f)
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CONCLUSIONS

The paper demonstrates the possibility of effectively 
using a mobile cylindrical defect to control the frequency 
response of a narrow-band filter in a rectangular X-band 
waveguide having a cross-section of 23 × 10 mm. The 
defect rotates around its photonic crystal structure 
axis with respect to which two identical metal pins 
are symmetrically arranged. Numerical simulation 
results show that the transmission peak shifts to higher 
frequencies as the hole period Λ of the photonic crystal 
decreases. The largest shift in the frequency of the 

transmission peak with increasing hole period occurs 
at a fixed hole spacing. At the same time, the minimum 
change in transmission coefficient is observed for 
a defect rotation angle of 90° (position 2). Designed and 
experimentally developed models of photonic crystal-
based narrow-band filters of this structure show a change 
in the transmission coefficient in the range of 16 dB 
to 30 dB when the angle of defect rotation is changed 
from 0° to 90°. The results are promising for use in real 
technical applications.

Authors’ contribution. All authors equally contributed 
to the research work.

REFERENCES

 1. Wan B.F., Xu Y., Zhou Z.W., Zhang D., Zhang H.F. Theoretical investigation of a sensor based on one-dimensional photonic 
crystals to measure four physical quantities. IEEE Sens. J. 2020;21(3):2846–2853. https://doi.org/10.1109/JSEN.2020.3027759

 2. Aly A.H., Mohamed D., Mohaseb M.A. Theoretical and simulation study in defective semiconductor layer that incorporated 
with superconducting-dielectric photonic crystal. Int. J. Modern Phys. B. 2019;33(32):1950397. https://doi.org/10.1142/
S0217979219503971

 3. Buchnev I.Yu., Osipov O.V. Investigation of the electromagnetic properties of a transverse insert based on a planar layer of a 
chiral metamaterial in a rectangular waveguide. Fizika volnovykh protsessov i radiotekhnicheskie sistemy = Physics of Wave 
Processes and Radio Systems. 2023;26(1):93–105 (in Russ.). https://doi.org/10.18469/1810-3189.2023.26.1.93-105 

 4. Ghasemi F., Aliasghary M., Razi S. Magneto-sensitive photonic crystal optical filter with tunable response in 12–19 GHz; 
cross over from design to prediction of performance using machine learning. Phys. Lett. A. 2021;401:127328. https://doi.
org/10.1016/j.physleta.2021.127328

 5. Zhao L., Li Y., Chen Z.M., Liang Z.H., Wang J., Shen X., Zhang Q. A Band-Pass Filter Based on Half-Mode Substrate 
Integrated Waveguide and Spoof Surface Plasmon Polaritons. Sci Rep. 2019;9(1):13429. https://doi.org/10.1038/s41598-
019-50056-9

 6. Mikhailov A.I., Ryabov E.A., Sergeev S.A. Evaluation of the possibilities of 3D-printing for the making of waveguide 
photonic crystals. Fizika volnovykh protsessov i radiotekhnicheskie sistemy = Physics of Wave Processes and Radio Systems. 
2022;25(3):29–35 (in Russ.). https://doi.org/10.18469/1810-3189.2022.25.3.29-35 

 7. Ishchenko E.A., Pasternak Yu.G., Pendyurin V.A., Fyedorov S.M., Chernoivanenko I.A. Active rectangular waveguide 
bandpass filter based on the metamaterial. Vestnik Voronezhskogo gosudarstvennogo tekhnicheskogo universiteta = Bulletin 
of the Voronezh State Technical University. 2022;18(3):57–60 (in Russ.). https://doi.org/10.36622/VSTU.2022.18.3.007 

 8. Liu L., Ye M., Yu Z., Xue W. Notch microwave photonic filter with narrow bandwidth and ultra-high all-optical tuning 
efficiency based on a silicon nanobeam cavity. J. Lightwave Technol. 2023;41(15):5051–5058. https://doi.org/10.1109/
JLT.2023.3248611

 9. Yu B., Yang J., Song Y., Wang Z., Zhang T., Yan B., Xu R. Terahertz Metamaterial Waveguide with I-Shaped Resonators for 
Phase and Absorption Modulation. Photonics. 2023;10(7):816. https://doi.org/10.3390/photonics10070816

10. Skripal A.V., Ponomarev D.V., Sharonov V.E. Resonance characteristics of microwave photonic crystals with inclusions in 
the form of conducting nanolayers. Technical Physics Letters. 2023;10:23–26. 

  [Original Russian Text: Skripal A.V., Ponomarev D.V., Sharonov V.E. Resonance characteristics of microwave photonic 
crystals with inclusions in the form of conducting nanolayers. Pis’ma v Zhurnal tekhnicheskoi fiziki. 2023;49(19):27–30 
(in Russ.). https://doi.org/10.61011/PJTF.2023.19.56269.19645 ]

11. Kumar N., Pandey G.N., Dhayal S., Dhayal S.S. Microwave Propagation Characteristics in Magnetized-Cold-Plasma-Based Binary 
Photonic Crystal with Defect of MCP Layer. Macromol. Symp. 2023;407(1):2100515. https://doi.org/10.1002/masy.202100515

12. Usanov D.A., Skripal’ A.V., Posadskii V.N., et al. Defect Mode in Microwave Waveguide Bragg Structures with Metal Pins. 
Tech. Phys. 2019;64(10):1523–1526. https://doi.org/10.1134/S1063784219100232 

  [Original Russian Text: Usanov D.A., Skripal’ A.V., Posadskii V.N., Tyazhlov V.S., Baikin A.V. Defect Mode in Microwave 
Waveguide Bragg Structures with Metal Pins. Zhurnal tekhnicheskoi fiziki. 2019;89(10):1606–1610 (in Russ.). https://doi.
org/10.21883/JTF.2019.10.48180.6-19 ]

13. Khairushev I.V., Ryabov E.A., Sergeev S.A Theoretical and experimental studies of photonic crystals manufactured by 
3D printing technology in the X-band. Microwave Electronics and Microelectronics. 2022;1:546–549 (in Russ.). Available 
from URL: https://mwelectronics.etu.ru/assets/files/2022/546-549.pdf 

14. Pei Z., Xu Y., Wei F., Liu T., Su D. Electromagnetic property of a novel gradient honeycomb composite fabricated by 
3D forming. J. Magn. Magn. Mater. 2020;493:165742. https://doi.org/10.1016/j.jmmm.2019.165742

https://doi.org/10.1109/JSEN.2020.3027759
https://doi.org/10.1142/S0217979219503971
https://doi.org/10.1142/S0217979219503971
https://doi.org/10.18469/1810-3189.2023.26.1.93-105
https://doi.org/10.1016/j.physleta.2021.127328
https://doi.org/10.1016/j.physleta.2021.127328
https://doi.org/10.1038/s41598-019-50056-9
https://doi.org/10.1038/s41598-019-50056-9
https://doi.org/10.18469/1810-3189.2022.25.3.29-35
https://doi.org/10.36622/VSTU.2022.18.3.007
https://doi.org/10.1109/JLT.2023.3248611
https://doi.org/10.1109/JLT.2023.3248611
https://doi.org/10.3390/photonics10070816
https://doi.org/10.61011/PJTF.2023.19.56269.19645
https://doi.org/10.1002/masy.202100515
https://doi.org/10.1134/S1063784219100232
https://doi.org/10.21883/JTF.2019.10.48180.6-19
https://doi.org/10.21883/JTF.2019.10.48180.6-19
https://mwelectronics.etu.ru/assets/files/2022/546-549.pdf
https://doi.org/10.1016/j.jmmm.2019.165742


90

Russian Technological Journal. 2025;13(3):84–91

Evgeny A. Ryabov 
et al.

Control of the frequency response of a narrow-band filter for the X-band frequency  
based on a photonic crystal with a movable cylindrical defect

15. Andreev A.A., Ryabov E.A., Khairushev I.V., Sergeeva B.V., Sergeev S.A. The influence of temperature on the dielectric 
constant of plastics in the microwave range. Microwave Electronics and Microelectronics. 2023;1:388–392 (in Russ.). 
Available from URL: https://mwelectronics.etu.ru/assets/files/2023/novoe/388-392.pdf 

16. Zechmeister J., Lacik J. Complex Relative Permittivity Measurement of Selected 3D-Printed Materials up 
to 10 GHz. In: 2019 Conference on Microwave Techniques (COMITE). IEEE; 2019. P. 1–4. https://doi.org/10.1109/
COMITE.2019.8733590

17. Liebig T., Rennings A., Held S., Erni D. OpenEMS – a free and open source equivalent-circuit (EC) FDTD simulation 
platform supporting cylindrical coordinates suitable for the analysis of traveling wave MRI applications. Int. J. Numerical 
Modelling: Electronic Networks, Devices and Fields. 2013;26(6):680–696. https://doi.org/10.1002/jnm.1875

СПИСОК ЛИТЕРАТУРЫ

 1. Wan B.F., Xu Y., Zhou Z.W., Zhang D., Zhang H.F. Theoretical investigation of a sensor based on one-dimensional 
photonic crystals to measure four physical quantities. IEEE Sens. J. 2020;21(3):2846–2853. https://doi.org/10.1109/
JSEN.2020.3027759

 2. Aly A.H., Mohamed D., Mohaseb M.A. Theoretical and simulation study in defective semiconductor layer that incorporated 
with superconducting-dielectric photonic crystal. Int. J. Modern Phys. B. 2019;33(32):1950397. https://doi.org/10.1142/
S0217979219503971

 3. Бучнев И.Ю., Осипов О.В. Исследование электромагнитных свойств поперечной вставки на основе планарного слоя 
кирального метаматериала в прямоугольном волноводе. Физика волновых процессов и радиотехнические системы. 
2023;26(1):93–105. https://doi.org/10.18469/1810-3189.2023.26.1.93-105

 4. Ghasemi F., Aliasghary M., Razi S. Magneto-sensitive photonic crystal optical filter with tunable response in 12–19 GHz; 
cross over from design to prediction of performance using machine learning. Phys. Lett. A. 2021;401:127328. https://doi.
org/10.1016/j.physleta.2021.127328

 5. Zhao L., Li Y., Chen Z.M., Liang Z.H., Wang J., Shen X., Zhang Q. A Band-Pass Filter Based on Half-Mode Substrate 
Integrated Waveguide and Spoof Surface Plasmon Polaritons. Sci Rep. 2019;9(1):13429. https://doi.org/10.1038/s41598-
019-50056-9

 6. Михайлов А.И., Рябов Е.А., Сергеев С.А. Оценка возможностей 3D-печати для изготовления волноводных фо-
тонных кристаллов. Физика волновых процессов и радиотехнические системы. 2022;25(3):29–35. https://doi.
org/10.18469/1810-3189.2022.25.3.29-35

 7. Ищенко Е.А., Пастернак Ю.Г., Пендюрин В.А., Фёдоров С.М., Черноиваненко И.А. Активный волноводный по-
лосовой фильтр на основе метаматериала. Вестник Воронежского государственного технического университета. 
2022;18(3):57–60. https://doi.org/10.36622/VSTU.2022.18.3.007 

 8. Liu L., Ye M., Yu Z., Xue W. Notch microwave photonic filter with narrow bandwidth and ultra-high all-optical tuning 
efficiency based on a silicon nanobeam cavity. J. Lightwave Technol. 2023;41(15):5051–5058. https://doi.org/10.1109/
JLT.2023.3248611

 9. Yu B., Yang J., Song Y., Wang Z., Zhang T., Yan B., Xu R. Terahertz Metamaterial Waveguide with I-Shaped Resonators for 
Phase and Absorption Modulation. Photonics. 2023;10(7):816. https://doi.org/10.3390/photonics10070816

10. Скрипаль А.В., Пономарев Д.В., Шаронов В.Е. Резонансные характеристики сверхвысокочастотных фотонных кри-
сталлов с включениями в виде проводящих нанослоев. Письма в Журнал технической физики (Письма в ЖТФ). 
2023;49(19):27–30. https://doi.org/10.61011/PJTF.2023.19.56269.19645

11. Kumar N., Pandey G.N., Dhayal S., Dhayal S.S. Microwave Propagation Characteristics in Magnetized-Cold-Plasma-
Based Binary Photonic Crystal with Defect of MCP Layer. Macromol. Symp. 2023;407(1):2100515. https://doi.org/10.1002/
masy.202100515 

12. Усанов Д.А., Скрипаль А.В., Посадский В.Н., Тяжлов В.С., Байкин А.В. Дефектная мода в СВЧ волноводных 
брэгговских структурах с металлическими штырями. Журнал технической физики. 2019;89(10):1606–1610. 
https://doi.org/10.21883/JTF.2019.10.48180.6-19

13. Хайрушев И.В., Рябов Е.А., Сергеев С.А. Теоретические и экспериментальные исследования фотонных кристал-
лов, изготовленных технологией 3D-печати, в X-диапазоне. Электроника и микроэлектроника СВЧ. 2022;1:546–549. 
URL: https://mwelectronics.etu.ru/assets/files/2022/546-549.pdf 

14. Pei Z., Xu Y., Wei F., Liu T., Su D. Electromagnetic property of a novel gradient honeycomb composite fabricated by 3D 
forming. J. Magn. Magn. Mater. 2020;493:165742. https://doi.org/10.1016/j.jmmm.2019.165742

15. Андреев А.А., Рябов Е.А., Хайрушев И.В., Сергеева Б.В., Сергеев С.А. Влияние температуры на диэлектрическую 
проницаемость пластиков в СВЧ диапазоне. Электроника и микроэлектроника СВЧ. 2023;1:388–392. URL: https://
mwelectronics.etu.ru/assets/files/2023/novoe/388-392.pdf 

16. Zechmeister J., Lacik J. Complex Relative Permittivity Measurement of Selected 3D-Printed Materials up 
to 10 GHz. In: 2019 Conference on Microwave Techniques (COMITE). IEEE; 2019. P. 1–4. https://doi.org/10.1109/
COMITE.2019.8733590

17. Liebig T., Rennings A., Held S., Erni D. OpenEMS – a free and open source equivalent-circuit (EC) FDTD simulation 
platform supporting cylindrical coordinates suitable for the analysis of traveling wave MRI applications. Int. J. Numerical 
Modelling: Electronic Networks, Devices and Fields. 2013;26(6):680–696. https://doi.org/10.1002/jnm.1875

https://mwelectronics.etu.ru/assets/files/2023/novoe/388-392.pdf
https://doi.org/10.1109/COMITE.2019.8733590
https://doi.org/10.1109/COMITE.2019.8733590
https://doi.org/10.1002/jnm.1875
https://doi.org/10.1109/JSEN.2020.3027759
https://doi.org/10.1109/JSEN.2020.3027759
https://doi.org/10.1142/S0217979219503971
https://doi.org/10.1142/S0217979219503971
https://doi.org/10.18469/1810-3189.2023.26.1.93-105
https://doi.org/10.1016/j.physleta.2021.127328
https://doi.org/10.1016/j.physleta.2021.127328
https://doi.org/10.1038/s41598-019-50056-9
https://doi.org/10.1038/s41598-019-50056-9
https://doi.org/10.18469/1810-3189.2022.25.3.29-35
https://doi.org/10.18469/1810-3189.2022.25.3.29-35
https://doi.org/10.36622/VSTU.2022.18.3.007
https://doi.org/10.1109/JLT.2023.3248611
https://doi.org/10.1109/JLT.2023.3248611
https://doi.org/10.3390/photonics10070816
https://doi.org/10.61011/PJTF.2023.19.56269.19645
https://doi.org/10.1002/masy.202100515
https://doi.org/10.1002/masy.202100515
https://doi.org/10.21883/JTF.2019.10.48180.6-19
https://mwelectronics.etu.ru/assets/files/2022/546-549.pdf
https://doi.org/10.1016/j.jmmm.2019.165742
https://mwelectronics.etu.ru/assets/files/2023/novoe/388-392.pdf
https://mwelectronics.etu.ru/assets/files/2023/novoe/388-392.pdf
https://doi.org/10.1109/COMITE.2019.8733590
https://doi.org/10.1109/COMITE.2019.8733590
https://doi.org/10.1002/jnm.1875


91

Russian Technological Journal. 2025;13(3):84–91

Evgeny A. Ryabov 
et al.

Control of the frequency response of a narrow-band filter for the X-band frequency  
based on a photonic crystal with a movable cylindrical defect

About the Authors

Evgeny A. Ryabov, Assistant, Department of Solid State Physics, Institute of Physics, Saratov National Research 
State University (83, Astrakhanskaya ul., Saratov, 410012 Russia). E-mail: k1u2r3ka@mail.ru. RSCI SPIN-code  
9110-4151, https://orcid.org/0000-0003-4777-7346 

Anton A. Andreev, Engineer, Semiconductor Technology Educational Laboratory, Institute of Physics, Saratov 
National Research State University (83, Astrakhanskaya ul., Saratov, 410012 Russia). E-mail: andreev25304@mail.ru. 
RSCI SPIN-code 6173-0839, https://orcid.org/0009-0003-3212-6484

Sergey A. Sergeev, Cand. Sci. (Phys.-Math.), Associate Professor, Department of Solid State Physics, Institute 
of Physics, Saratov National Research State University (83, Astrakhanskaya ul., Saratov, 410012 Russia). E-mail: 
ssergeev@bk.ru. RSCI SPIN-code 6883-7787, https://orcid.org/0000-0002-4442-6797 

Alexander I. Mikhailov, Dr. Sci. (Phys.-Math.), Professor, Department of State Physics, Institute of 
Physics, Saratov National Research State University (83, Astrakhanskaya ul., Saratov, 410012 Russia). E-mail: 
mikhailovai13@mail.ru. RSCI SPIN-code 2491-0488, https://orcid.org/0000-0002-4158-9195

Об авторах

Рябов Евгений Александрович, ассистент, кафедра физики твердого тела, Институт физики, ФГБОУ ВО 
«Саратовский национальный исследовательский государственный университет имени Н.Г. Чернышевского»  
(410012, Россия, Саратов, ул. Астраханская, д. 83). E-mail: k1u2r3ka@mail.ru. SPIN-код РИНЦ 9110-4151, 
https://orcid.org/0000-0003-4777-7346 

Андреев Антон Андреевич, инженер, учебная лаборатория по полупроводниковой электронике, Инсти-
тут физики, ФГБОУ ВО «Саратовский национальный исследовательский государственный университет име-
ни Н.Г. Чернышевского» (410012, Россия, Саратов, ул. Астраханская, д. 83). E-mail: andreev25304@mail.ru. 
SPIN-код РИНЦ 6173-0839, https://orcid.org/0009-0003-3212-6484 

Сергеев Сергей Алексеевич, к.ф.-м.н., доцент, кафедра физики твердого тела, Институт фи-
зики, ФГБОУ ВО «Саратовский национальный исследовательский государственный университет  
имени Н.Г. Чернышевского» (410012, Россия, Саратов, ул. Астраханская, д. 83). E-mail: ssergeev@bk.ru.  
SPIN-код РИНЦ 6883-7787, https://orcid.org/0000-0002-4442-6797 

Михайлов Александр Иванович, д.ф.-м.н., профессор, кафедра физики твердого тела, Инсти-
тут физики, ФГБОУ ВО «Саратовский национальный исследовательский государственный университет  
имени Н.Г. Чернышевского» (410012, Россия, Саратов, ул. Астраханская, д. 83). E-mail: mikhailovai13@mail.ru. 
SPIN-код РИНЦ 2491-0488, https://orcid.org/0000-0002-4158-9195

Translated from Russian into English by K. Nazarov
Edited for English language and spelling by Thomas A. Beavitt

mailto:k1u2r3ka@mail.ru
https://orcid.org/0000-0003-4777-7346
mailto:andreev25304@mail.ru
https://orcid.org/0009-0003-3212-6484
mailto:ssergeev@bk.ru
https://orcid.org/0000-0002-4442-6797
mailto:mikhailovai13@mail.ru
https://orcid.org/0000-0002-4158-9195
mailto:k1u2r3ka@mail.ru
https://orcid.org/0000-0003-4777-7346
mailto:andreev25304@mail.ru
https://orcid.org/0009-0003-3212-6484
mailto:ssergeev@bk.ru
https://orcid.org/0000-0002-4442-6797
mailto:mikhailovai13@mail.ru
https://orcid.org/0000-0002-4158-9195


92

Russian Technological Journal. 2025;13(3):92–102

© A.D. Yarlykov, O.A. Demin, 2025

ISSN 2500-316X (Online)

UDC 621.372.8
https://doi.org/10.32362/2500-316X-2025-13-3-92-102
EDN OEBXOF

Modern radio engineering and telecommunication systems

Современные радиотехнические и телекоммуникационные системы

RESEARCH ARTICLE

Development of a microwave low-pass filter  
based on a microstrip line projection model

Alexey D. Yarlykov @,  
Oleg A. Demin

MIREA – Russian Technological University, Moscow, 119454 Russia
@ Corresponding author, e-mail: yarlykov@mirea.ru

• Submitted: 18.09.2024 • Revised: 03.02.2025 • Accepted: 24.03.2025

Abstract
Objectives. Sections of microstrip lines having finite length are widely used to develop integrated circuits and 
microwave devices for various purposes, such as power dividers, directional couplers, attenuators, and filters. 
In particular, low-pass filters in the microwave range are comprised of a cascade connection of regular sections 
of microstrip lines having various geometric parameters. However, modern approaches to calculating microwave 
filters using commercial software require large computational and time-consuming resources, especially when 
carrying out electrodynamic analysis of microstrip lines. The work set out to develop an algorithm and a method 
for calculating filters using a projection approach to the electrodynamic analysis of microstrip lines that reduces 
the time required to calculate characteristics of microwave filters while maintaining high accuracy of the obtained 
results.
Methods. The proposed projection approach to the electrodynamic analysis of a microstrip line can be used to rapidly 
and accurately calculate the main electrodynamic parameters of retardation coefficient and wave impedance across 
a wide range of changes in the geometrical parameters of the line, as well as its dielectric constant and frequency.
Results. Formulas obtained on the basis of analytical expressions for calculating the electrodynamic parameters 
of a microstrip line are used to describe the nature of changes in the elements of the scattering matrix of multistage 
low-pass filters in a given frequency band. A developed computer program was used to calculate the values of the 
elements of the low-pass filter scattering matrix across a wide range of substrate dielectric constant and frequency 
parameters. The obtained results were compared with the characteristics of filters calculated using commercial 
software.
Conclusions. The proposed approach to calculating the electrodynamic parameters of microstrip lines and 
consequent elements of the scattering matrix of multistage low-pass filters can significantly reduce the calculation 
time while achieving a sufficiently high accuracy of the obtained results to significantly reduce labor costs when 
calculating microwave filters in engineering practice.

Keywords: microstrip line, projection approach, low-pass filter, retardation coefficient, wave impedance, scattering 
matrix, reflection coefficient, transmission coefficient
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Разработка сверхвысокочастотного фильтра 
нижних частот на основе проекционной модели 

микрополосковой линии
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Резюме 
Цели. Отрезки микрополосковых линий конечной длины применяются для разработки интегральных схем 
и устройств сверхвысоких частот (СВЧ) различного назначения, таких как делители мощности, направленные 
ответвители, аттенюаторы и фильтры, имеющих, в большинстве случаев, сложную топологическую структу-
ру. В частности, фильтры нижних частот (ФНЧ) СВЧ-диапазона представляют собой ступенчатое соединение 
регулярных отрезков микрополосковых линий с различными геометрическими параметрами. Однако совре-
менные подходы к расчету фильтров СВЧ при помощи коммерческих программ требуют больших вычисли-
тельных и временных затрат, связанных, в частности, с предложенными подходами к электродинамическому 
анализу микрополосковых линий. Целью статьи является разработка алгоритма и методики расчета филь-
тров с использованием проекционного подхода к электродинамическому анализу микрополосковых линий, 
позволяющих сократить время расчета характеристик фильтров СВЧ при сохранении высокой точности по-
лученных результатов.
Методы. Предложен проекционный подход к проведению электродинамического анализа микрополосковой 
линии, позволяющий быстро и с высокой точностью проводить расчет ее основных электродинамических 
параметров – коэффициента замедления и волнового сопротивления в широком диапазоне изменения гео-
метрических параметров линии, ее диэлектрической проницаемости и частоты.
Результаты. На базе аналитических выражений для расчета электродинамических параметров микрополо-
сковой линии получены формулы для описания характера изменений элементов матрицы рассеяния много-
каскадных ФНЧ в заданной полосе частот. Разработана компьютерная программа, позволяющая рассчиты-
вать значения элементов матрицы рассеяния ФНЧ в широком диапазоне диэлектрической проницаемости 
подложки и частоты. Проведено сравнение полученных результатов с характеристиками фильтров, рассчи-
танных при помощи коммерческих программ.
Выводы. Предложенный подход к расчету электродинамических параметров микрополосковых линий и, как 
следствие, элементов матрицы рассеяния многокаскадных ФНЧ позволяет значительно сократить время 
расчетов при достижении достаточно высокой точности полученных результатов, что значительно снижает 
трудозатраты при проектировании фильтров СВЧ в инженерной практике.
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INTRODUCTION

Today, the vast majority of microwave devices 
and modules are structurally based on microstrip 
transmission lines (MTL). This is due to their small 
mass and size parameters, as well as the ease of 
transition to their topology from elements offering 
concentrated parameters during low-frequency 
prototyping of microwave devices [1]. For example, 
the simplest microwave low-pass filter (LPF) topology 
comprises a cascade of regular sections of finite-length 
MTLs having different strip conductor widths [2]. The 
geometric parameters of the MTL, as well as the dielectric 
constant and frequency of its substrate, determine 
the value of the main electrodynamic parameters of 
the line, namely the retardation coefficient and wave 
impedance, which play a key role in calculating the 
characteristics of microwave filters [3]. However, 
contemporary approaches to their calculation using 
a number of commercially available software products 
imply rather high computational and time costs both in 
the calculation of the basic electrodynamic parameters 
of MTLs [4] and in the design of microwave filters 
in general [5]. Considering this, the task of applying 
the MTL projection model detailed in [6] is relevant. 
In this model, an open MTL is simulated as a shield 
over a wide range of geometrical parameters, as well as 
substrate permittivity and frequency. Furthermore, [7] 
defines the minimum shield size that allows an 
open MTL to be modelled with a given accuracy, 
while [8] presents methods to improve the efficiency 
of the proposed MTL model. This paper describes the 
application of the MTL model proposed in [9] to the 
calculation of the LPF microwave scattering matrix. 
The presented model demonstrates high accuracy of 
results along with a significant reduction in the time 
requirement.

1. DESIGN METHODOLOGY  
FOR MICROWAVE LPFS

The basic methodology of microwave filter design is 
given in [10–12]. According to the classical approach, the 
first stage of microwave filter design is the calculation of 

its low-frequency prototype on concentrated elements. 
It starts with the determination of the number of sections 
(links) in the calculated filter. This number is determined 
based on the required type of filter approximation and 
the amount of barrier band attenuation. In this way, for 
the Butterworth filter, the number of sections can be 
determined by the following formula:
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where L(ω) is the value of attenuation at frequency ω in 
the cut-off band; ωCO is the filter cut-off frequency; 
GT is the pulse amplitude (Throb) in the passband (in 
decibels).

Having determined the number of links in the 
filter, its equivalent low-frequency circuit can be 
constructed in which each filter section is represented 
as a concentrated element (inductance or capacitance) 
according to Table 5.2 from [12]. The circuit shown 
in Fig. 1 is an example of such an equivalent circuit for 
a five-link LPF.

g0 g1 g3 g5 g6

g2 g4

Fig. 1. Equivalent circuit of the low-pass prototype  
of the five-section LPF. gi stands for normalized 

parameters of the equivalent circuit

The normalized parameters of the equivalent circuit 
(g-parameters) are determined by the type of filter 
approximation and the total number of sections N. For 
the Butterworth filter, the g-parameters are determined 
by the following formulae:
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and for the Chebyshev filter by
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Once the g-parameters have been calculated, they 
should be denormalized to determine the absolute 
values of the capacitances Ck and inductances Lk in 
the equivalent circuit, as well as the generator and load 
resistances Rk, thus determining the wave impedance of 
the supply line. Denormalization is carried out according 
to the following rule:

 LD
LD

LD CO CO
,  ,  ,k k

k k k k
g g R

R R g C L
R

= = =
ω ω

 (5)

where RLD is the load resistance equal to the wave 
impedance of the supply line.

Having calculated the parameters of the equivalent 
circuit, a transition to the topology of the filter on 
distributed elements should be carried out according 
to Table 5.3 from [10]. An example of the topology of 
a five-section LPF on MTL is shown in Fig. 2. As can be 
seen from the figure, this consists of a linear strip 
conductor with a varying strip width W along its length. 
The section l1 of the MTL has a large wave impedance 
with respect to the wave impedance Z of the supply line, 
while the section l2 has a smaller wave impedance.  

If CO
1 8
l

λ
<  and 

8
CO

2 CO
CO

6 10 ,
8

l
 λ π ⋅

< λ =  ω 
 then  

section l1 has an inductive impedance and l2 has 
a capacitive impedance, where λCO is the wavelength 
corresponding to the cut-off frequency. Therefore, 

the above conditions should be checked when selecting the 
wave impedance and calculating the length of the sections.

Z ZW1

l1 l3

W2

l2

Fig. 2. Topology of a five-section microwave LPF  
on an MTL. W1, W2 are the widths of the strip conductors

In order to ensure a single-wave mode in the line (no 
transverse resonance), the width of the strip conductor 

should not exceed CO
4

λ
.

To ensure a jump in resistance at the transition from 
inductive to capacitive element and vice versa, the ratio 
of wave impedances for these elements should not be 
less than 3 times. The width of the strip conductors, the 
dielectric permittivity of the substrate, and its height are 
determined on the basis of the required wave impedances 
and taking into account the conditions described above.

Once the wave impedances and the widths of the 
strip conductors have been selected, the lengths of all 
the line segments in the filter should be determined. The 
length of the segment that implements the inductance is 
determined by the following formula:

 
8

CO

CO

3 10 arcsin ,L
L

L
l

Z
 ω⋅

=   ω ε  
 (6)

while the length of the segment that implements the 
capacitance is given by

 ( )
8

CO
CO

3 10 arcsin ,C Cl CZ⋅
= ω
ω ε

 (7)

where ε is the dielectric permittivity of the substrate;  
L and C are the inductance and capacitance values 
calculated at the low-frequency prototyping stage, 
respectively; and ZL and ZC are the wave resistances of 
the inductive and capacitive MTL segments, respectively.

The final stage in the design of the filter topology 
is the correction of the lengths of its capacitive and 
inductive line segments, taking into account the influence 
of terminal capacitances and inductances. Their values 
are subtracted from the initial values of inductance and 
capacitance for each section of the filter. Taking into 
account the obtained values, the corrected length of the 
line segments is calculated again using Eqs. (6) and (7).

The most labor-intensive part of the whole design 
process consists in the determination of the geometrical 
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parameters of the strip conductor segments based on 
the required ratio of the line wave impedances, which 
can be determined using special graphs, for example, 
in [13]. However, it should be noted that all elements 
of the matrix are frequency-dependent functions when 
calculating the scattering matrix of the microwave filter. 
This requires the calculation of wave impedances and 
propagation constants of MTL segments as dispersion 
properties, which leads to significant computation time 
when modeling filters using commercial software.

2. PROJECTION APPROACH  
FOR THE CALCULATION OF MTL 

ELECTRODYNAMIC PARAMETERS

The projection approach considered in [14] for 
reducing the computational and time costs represents the 
surface current density on the strip conductor as a system 
of basic functions in the form of Chebyshev polynomials 
that take into account the field characteristics at the 
edges of the strip conductor. By decomposing the 
longitudinal component of the surface current density 
by the Chebyshev basis of only one basis function, 
the dispersion equation used to determine the MTL 
retardation coefficient n0 can be obtained as follows:

   
( )2 E 2 M 2 2

0 02
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1 ( )sin ( ) 0,m m m
mm
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∞

=

 
+ α α β = 
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∑  (8)

where ( )
1

E
0 1 0 2

1 2

1ctg ctg ( ) ,m m m
m m

G k h k b h
−

 ε
 = β + β −   β β 

 

( )( ) 1M
1 0 1 2 0 2ctg ctg ( )m m m m mG k h k b h

−
 = β β + β β −   are 

the functions obtained by solving the electric (E) and 
magnetic (M) eigenwave problems, respectively; J0(mα) 
is the Bessel function; m is an integer that determines the 
field structure in MTL; h is the substrate height; 

2
1 ;m mβ = ε − χ  2

2 1 ;m mβ = − χ  2 2 2G ;m mχ = α +  

0
;m m
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π

α =  ;
2

W
a

π
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 k0 = 2πf/c is 

the wave number; f is the frequency; c is the speed of light in 
a vacuum; W is the strip width; a, b are the shield dimensions; 
and S is the distance from the strip edge to the shield wall.

The wave impedance Z0 is determined by the power 
carried through the line cross section and the current in 
the strip conductor, as follows:
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where ( )E,M
mG ′  is the derivative of function E,M

mG  with 
respect to 2

0 .n
In [9], the problem of calculating the retardation 

coefficient and the wave impedance of the shielded 
MTL using Eqs. (8) and (9) is considered. The slow 
convergence of the series included in these expressions 
results in a considerable time needed to calculate the 
parameters to ensure the convergence of the series. Thus, 
simple formulae for calculating the main electrodynamic 
parameters of the line in the quasi-static approximation 
are proposed along with the limits of their applicability. 
After determining the dependence of retardation 
coefficient and wave impedance on frequency based on 
the obtained expressions, the following simple formulas 
can be used for calculating dispersion characteristics of 
shielded MTL:

 n(f) ≈ ξnn0(f), Z(f) ≈ ξZZ0(f), (10)

where Z0(f) is the wave impedance calculated in 
the “first approximation” at a given frequency f; 
ξn, ξZ are coefficients that depend on the width of the 
strip conductor and are determined by the following 
approximation formulae:

( )
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 (11)

Given the proposed formulae, the table shows 
the values of the propagation constant and wave 
impedance of MTL over a wide range of variations 
of the strip conductor width, the dielectric constant 
of the substrate, and the frequency. The first lines of 
each cell show the values of the propagation constant 
G = nk0 and the wave impedance Z for a line with 
a quartz substrate (ε = 3.8). The second lines show the 
values for a line with a polycore substrate (ε = 9.6), 
while the third lines show the values for a line with 
an arsenide-gallium substrate (ε = 13.3). Here, 
the width of the strip conductor and the frequency 
are normalized to the substrate height h to unify 
the values of the electrodynamic parameters of 
the line. These tables allow the design engineer 
to determine the material and substrate height, as 
well as the geometric parameters of the microwave 
filter topology, on the basis of the specified cut-off 
frequency. The numerical values of the propagation 
constant and the retardation coefficient given for the 
selected geometrical and physical parameters of the 
filter are also necessary for the calculation of the 
scattering matrix elements.
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Table. MTL propagation constant and wave impedance

f h, GHz ∙ mm 0.1 1 3 5 7 10 15

W/h = 0.1

G
0.19
0.29
0.34

1.93
2.90
3.37

5.79
8.72
10.16

9.67
14.60
17.04

13.57
20.55
24.03

19.45
29.63
34.72

29.38
45.15
53.13

Z
163.70
109.01
93.66

163.71
108.99
93.63

163.85
109.05
93.68

164.16
109.34
94.01

164.67
109.92
94.70

165.81
111.45
96.56

168.81
116.12
102.46

W/h = 0.5

G
0.20
0.30
0.35

1.97
2.98
3.48

5.92
8.99
10.50

9.90
15.10
17.67

13.90
21.31
25.01

19.97
30.85
36.31

30.26
47.28
55.92

Z
101.64
67.23
57.69

101.65
67.21
57.66

101.75
67.23
57.67

102.00
67.44
57.91

102.40
67.90
58.44

103.29
69.06
59.83

105.57
72.36
63.82

W/h = 1

G
0.20
0.30
0.36

2.01
3.05
3.56

6.03
9.22
10.79

10.09
15.51
18.20

14.18
21.94
25.81

20.40
31.83
37.58

30.97
48.90
57.96

Z
75.74
49.82
42.70

75.74
49.80
42.67

75.82
49.80
42.66

76.03
49.97
42.86

76.36
50.35
43.31

77.09
51.31
44.42

78.91
53.82
47.31

W/h = 1.5

G
0.20
0.31
0.36

2.03
3.11
3.63

6.12
9.41
11.02

10.24
15.85
18.63

14.41
22.44
26.44

20.74
32.59
38.53

31.51
50.09
59.40

Z
61.45
40.24
34.46

61.45
40.21
34.42

61.52
40.21
34.41

61.69
40.37
34.60

61.98
40.70
34.99

62.61
41.51
35.93

64.13
43.51
38.16

W/h = 2

G
0.21
0.32
0.37

2.06
3.16
3.69

6.19
9.56
11.22

10.37
16.12
18.98

14.59
22.85
26.96

21.02
33.20
39.28

31.95
50.98
60.46

Z
52.01
33.93
29.03

52.01
33.91
29.00

52.06
33.91
28.99

52.22
34.07
29.17

52.48
34.40
29.54

53.05
35.15
30.36

54.36
36.89
32.16

W/h = 3

G
0.21
0.32
0.38

2.09
3.23
3.79

6.31
9.80
11.52

10.57
16.55
19.51

14.88
23.47
27.73

21.45
34.08
40.35

32.61
52.22
61.89

Z
40.06
25.99
22.21

40.05
25.97
22.18

40.10
25.98
22.19

40.23
26.15
22.37

40.46
26.46
22.69

40.93
27.09
23.34

41.97
28.41
24.60

W/h = 4

G
0.21
0.33
0.38

2.12
3.29
3.85

6.39
9.99
11.75

10.72
16.87
19.90

15.10
23.91
28.26

21.76
34.69
41.06

33.06
53.01
62.78

Z
32.71
21.14
18.05

32.71
21.12
18.03

32.75
21.15
18.05

32.87
21.32
18.22

33.08
21.60
18.51

33.49
22.14
19.04

34.35
23.17
19.99

W/h = 5

G
0.21
0.33
0.39

2.14
3.33
3.91

6.46
10.13
11.92

10.83
17.11
20.19

15.26
24.24
28.65

22.00
35.12
41.56

33.40
53.55
63.36

Z
27.70
17.85
15.24

27.70
17.84
15.21

27.74
17.88
15.24

27.86
18.05
15.42

28.04
18.30
15.67

28.41
18.75
16.12

29.13
19.56
16.87
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f h, GHz ∙ mm 0.1 1 3 5 7 10 15

W/h = 6

G
0.22
0.34
0.39

2.16
3.37
3.95

6.51
10.24
12.06

10.93
17.30
20.42

15.39
24.49
28.95

22.18
35.44
41.92

33.64
53.94
63.78

Z
24.06
15.47
13.19

24.05
15.45
13.17

24.09
15.50
13.21

24.21
15.67
13.38

24.38
15.89
13.61

24.71
16.27
13.99

25.33
16.92
14.61

W/h = 7

G
0.22
0.34
0.40

2.17
3.40
3.99

6.56
10.33
12.17

11.00
17.45
20.60

15.50
24.69
29.17

22.32
35.69
42.19

33.84
54.23
64.09

Z
21.27
13.65
11.64

21.27
13.64
11.62

21.31
13.70
11.67

21.42
13.85
11.83

21.58
14.05
12.04

21.88
14.36
12.37

22.42
14.90
12.91

W/h = 8

G
0.22
0.34
0.40

2.19
3.42
4.02

6.60
10.41
12.27

11.06
17.57
20.74

15.59
24.84
29.35

22.44
35.88
42.40

33.99
54.45
64.32

Z
19.08
12.23
10.42

19.08
12.23
10.41

19.12
12.28
10.46

19.23
12.42
10.61

19.38
12.59
10.80

19.65
12.86
11.09

20.13
13.31
11.57

W/h = 10

G
0.22
0.34
0.40

2.20
3.46
4.07

6.65
10.53
12.41

11.16
17.75
20.96

15.72
25.07
29.62

22.62
36.16
42.71

34.21
54.76
64.65

Z
15.84
10.12
8.63

15.83
10.12
8.61

15.88
10.18
8.68

15.98
10.30
8.81

16.11
10.43
8.97

16.33
10.63
9.21

16.72
10.98
9.60

Table. Сontinued

A linear function can be used to approximate the 
numerical values of the propagation constant and wave 
impedance within two adjacent frequencies. This allows 
sufficient accuracy in calculating the elements of the 
scattering matrix.

3. CALCULATION OF SCATTERING MATRIX 
ELEMENTS FOR MULTI-CASCADE LPF

According to [12], the most convenient approach 
to calculating the scattering matrix of multi-cascade 
microwave filters is the transition to the transmission 
matrices calculated separately for each irregularity in the 
filter, followed by their multiplication and the reverse 
transition from the final transmission matrix to the 
final scattering matrix. In more detail, we consider the 
calculation of the scattering and transmission matrix for 
the ith-step transition shown in Fig. 3.

It is assumed that the source resistance Zsrc(f) = Z1(f) 
and the load resistance ZLD(f) = Z2(f) when the source is 
connected to the left arm and the load to the right arm. In 
this case, the coefficient of reflection from the first arm, 

S11, and the coefficient of transmission from the first arm 
to the second arm, S21, are functions of the frequency 
which are determined as follows:

 ( ) ( ) ( )
( ) ( )

( )1 1G 22 1
11

2 1
e ,i f lZ f Z f
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−−
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+
 (12)
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+

 (13)

Similar expressions can be obtained for the 
reflection coefficient from the second arm, S22, and 
the transmission coefficient from the second arm to 
the first arm, S12, by substituting 1 for 2 and 2 for 1 in 
expressions (12) and (13):

 ( ) ( ) ( )
( ) ( )

( )2 2G 21 2
22

1 2
e ,i f lZ f Z f

S f
Z f Z f

−−
=

+
 (14)
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Thus, the scattering matrix Si for the step transition 
can be represented by:
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The transition from the scattering matrix Si to the transmission matrix Ti is performed according to [12] by the 
following rule:
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T  (17)

After calculating the transmission matrix Ti for each ith irregularity in the filter topology, the final LPF transmission 
matrix T can be obtained by multiplying the transmission matrices of all its irregularities:
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The transition from the transmission matrix T to the LPF scattering matrix S is performed according to [12] by 
the following rule:
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4. RESULTS OF NUMERICAL ANALYSIS

l2l1

Z1, Г1 Z2  Г2

Fig. 3. The MTL step transition topology.  
Z1, Z2 are the wave impedance of the MTL segment; 

G1, G2 are the propagation constants of this segment

Based on the above algorithm, a software is 
developed using the GNU Octave1 programming 
language to calculate the LPF characteristics 
in a wide range of varying strip conductor  
width (0.1 ≤ W/h ≤ 10), substrate permittivity (2 ≤ ε ≤ 20) 
and frequency (0.1 GHz ≤ f ≤ 15 GHz). The structure 
of the software includes the main body, in which 

1  https://octave.org/. Accessed March 20, 2025.

mathematical calculations are performed according to 
the algorithm given in this paper, as well as a subroutine 
for approximating the data from the table by frequency 
and dielectric permittivity. Based on the results obtained 
using the software, the LPF is calculated at different cut-
off frequencies (1, 5, and 10 GHz) and its characteristics 
are compared with those obtained using commercial 
software. The amplitude-frequency characteristics 
of the corresponding filters (solid line is the filter 
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calculation using the proposed approach; dashed line is 
the filter calculation using commercial software) and the 
absolute gain calculation error values (right) are shown 
in Fig. 4. The time taken to calculate the transmittance 
using the proposed approach is only a few seconds, 
while calculating the transmittance using commercial 
software takes several minutes.

By analyzing the obtained graphs, it can be 
concluded that the absolute value of the transmission 
coefficient error does not exceed 0.08 in the whole 

investigated range. Simultaneously, for the LPF with 
1 GHz cut-off frequency, the maximum value of the 
absolute transmission coefficient error is observed in the 
barrier band at a frequency of 7 GHz and is 0.072. For 
the LPF having a cut-off frequency of 5 GHz, while the 
maximum value of the absolute error of the transmission 
coefficient at a frequency of 12 GHz is 0.04. For the 
LPF with a cut-off frequency of 10 GHz, the maximum 
value of the absolute error of the transmission coefficient 
is 0.04.
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CONCLUSIONS

The present work presents a microstrip LPF 
designed based on the MTL projection model along with 
a calculation of its scattering matrix. The accuracy of the 
obtained results is verified by comparing the transmission 
coefficient of the developed filter with a model constructed 
using modern computer-aided design systems. The 
absolute error of the transmission coefficient in a wide 

frequency band up to 15 GHz calculated based on the 
comparison does not exceed 0.08 for different filter 
cut-off frequencies. The use of the projection approach 
allows a significant (tenfold) reduction of the calculation 
time of the reflection and transmission coefficients for 
each pair of microwave multipole arms, together with 
a sufficiently high accuracy of the obtained results.
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Abstract
Objectives. Microsystem engineering is currently receiving a great deal of research attention due to the very 
wide scope of application of its various elements. The present study of the development and creation of modern 
gyroscopes based on microelectromechanical systems (MEMS gyroscopes) analyzes the risks associated with the 
technological aspects of their production and identifies promising areas for further development both of MEMS 
gyroscopes themselves and the technologies used to manufacture them.
Methods. A detailed analysis of existing scientific publications, analytical reviews, and other available sources 
on MEMS gyroscopes and current trends in the field of microoptoelectromechanical technologies and ferroelectric 
films was carried out.
Results. A brief description of the design solutions of modern MEMS gyroscopes and their integration into 
mechatronic systems is presented. The production technologies of MEMS gyroscopes and specifics of the 
technological equipment used are considered. A separate section discusses the configuration and calibration 
aspects of these devices. Promising directions for the development of MEMS gyroscopes with an emphasis on the 
use of microoptoelectromechanical converters and ferroelectric films are highlighted.
Conclusions. Based on the analysis, the prospects for the development of MEMS gyroscopes are shown, despite 
the existing technological challenges. It is noted that new physical principles and unique technologies can contribute 
to the emergence of new types of MEMS gyroscopes using micro-optoelectromechanical converters and ferroelectric 
films. This, in turn, opens up new horizons for future developments in this area. The necessity of developing new 
production technologies and specialized equipment to improve the quality of MEMS gyroscopes is demonstrated.

Keywords: MEMS gyroscope, microsystem technology, creation technology, production equipment, 
microoptoelectromechanical converter, optical tunneling effect, photonics, ferroelectricity

For citation: Kuznetsov P.S. Microelectromechanical systems for improved gyroscope design.  Russian Technological 
Journal. 2025;13(3):103−121. https://doi.org/10.32362/2500-316X-2025-13-3-103-121, https://www.elibrary.ru/KBLENU

Financial disclosure: The author has no financial or proprietary interest in any material or method mentioned.

The author declares no conflicts of interest.

https://doi.org/10.32362/2500-316X-2025-13-3-103-121
https://www.elibrary.ru/KBLENU
mailto:ps_kuznetsov@mail.ru
https://doi.org/10.32362/2500-316X-2025-13-3-103-121
https://www.elibrary.ru/KBLENU


104

Russian Technological Journal. 2025;13(3):103–121

Pavel S. KuznetsovMicroelectromechanical systems  
for improved gyroscope design

ОБЗОРНАЯ СТАТЬЯ
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Резюме 
Цели. Микросистемная техника является одним из наиболее популярных и перспективных направлений, ко-
торые активно развиваются в настоящее время. Область применения элементов микросистемной техники 
весьма широка. Настоящая работа направлена на всестороннее изучение процессов разработки и создания 
современных гироскопов на основе микроэлектромеханических систем (МЭМС-гироскопов). Целью иссле-
дования является анализ рисков, связанных с технологическими аспектами их производства, а также опре-
деление перспективных направлений для дальнейшего развития как самих МЭМС-гироскопов, так и техно-
логий их изготовления.
Методы. В ходе работы осуществлен детализированный анализ существующих научных публикаций, анали-
тических обзоров и других доступных источников, посвященных МЭМС-гироскопам и актуальным трендам 
в области микрооптоэлектромеханических технологий и сегнетоэлектрических пленок.
Результаты. Представлено краткое описание конструктивных решений современных МЭМС-гироскопов, 
а также их интеграция в мехатронные системы. Рассматриваются технологии производства МЭМС-гироско-
пов и специфика используемого технологического оборудования. В отдельном разделе обсуждаются аспек-
ты настройки и калибровки этих устройств. Выделены перспективные направления развития МЭМС-гироско-
пов с акцентом на применение микрооптоэлектромеханических преобразователей и сегнетоэлектрических 
пленок.
Выводы. На основе проведенного анализа показана перспективность развития МЭМС-гироскопов, несмо-
тря на имеющиеся технологические вызовы. Отмечено, что новые физические принципы и уникальные тех-
нологии могут способствовать появлению новых видов МЭМС-гироскопов, использующих микрооптоэлек-
тромеханические преобразователи и сегнетоэлектрические пленки. Это, в свою очередь, открывает новые 
горизонты для будущих разработок в данной области. Показана необходимость разработки новых техноло-
гий производства и специализированного оборудования для повышения качества МЭМС-гироскопов.

Ключевые слова: МЭМС-гироскоп, микросистемная техника, технология создания, оборудование произ-
водства, микрооптоэлектромеханический преобразователь, оптический туннельный эффект, фотоника, сегне-
тоэлектричество
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INTRODUCTION

Microsystem technology (MST) is a popular and 
promising area of research due to the wide field of 
application of its components. These include primary 
information sensors of electrical and non-electrical 
quantities, micromotors and various elements of 
avionics, as well as medical microinstruments.

Microelectromechanical systems (MEMS) and 
MEMS gyroscopes in particular are among the most 
demanded areas in microsystems technology [1]. The 
main purpose of a MEMS gyroscope is to determine the 
motion parameters of systems and devices in which they 
are installed. Their small overall dimensions and low 
power consumption make them attractive for use in many 
industries such as automotive technology, robotics, cell 
phones, and many others. In particular, their use in special-
purpose systems (unmanned aerial vehicles, guided 
projectiles, inertial navigation systems, etc.) determines 
the increased requirements pertaining to the characteristics 
and technology of MEMS gyroscopes [2–6].

The purpose of the present work is to study the 
process of creating MEMS gyroscopes, to analyze its 
features, as well as to identify promising directions for 
the development of MEMS gyroscopes and methods of 
their manufacture.

SPECIFIC FEATURES OF MODERN MEMS DESIGN

Microsystems technology comprises a set of 
scientific, technical and technological methods that 
ensure the creation of an ordered composition of 
micron and submicron regions of materials with a 
given composition, structure and geometry in the 
volume and (or) on the surface of a solid body. This 
characteristic enables the realization of the functions 
of perception, transformation, storage, processing, 
translation of information, energy, motion and generation 
of control actions in the required modes and operating 
conditions [7].

A microelectromechanical system is a system 
that combines microelectronic and micromechanical 
elements (Fig. 1). These devices with the help of 
mechanical elements convert the external impact into an 
electrical signal (gyroscopes, accelerometers, pressure 
sensors, etc.) or under the influence of electrical forces 
they themselves make movements [8].

Micro-
mechanics

Micro-
electronics

Micro-
electromechanical 

system (MEMS)

Fig. 1. MEMS diagram [8]

A MEMS gyroscope is a microminiature 
electromechanical system in which the energy of 
primary (forced) oscillations of inertial mass under 
the influence of external angular velocity is converted 
into the energy of secondary oscillations on which 
basis information about the measured impact may be 
obtained [9–11].

Thus, the simplest MEMS-based gyroscope consists 
of two main functional elements: an angular velocity 
sensor (AVS) and service electronics that perceive, 
amplify and processes the signal from the capacitive 
output of the sensor, as well as controlling the operation 
of the micromechanical structure. Let us consider the 
structural characteristics of these two elements, as well 
as how they are arranged in the assembly.

Most MEMS gyroscopes belong to the gyroscopes 
of the oscillation type. Depending on the type of inertial 
mass, all designs of micromechanical sensors (MMS) 
used in gyroscopes can be divided into several main 
types as presented in Fig. 2 [12, 13].

The first type is beam inertial masses. The principle 
of their operation can be described as follows: piezo 
elements provide an oscillatory motion to the cantilever 
beam in the direction of the X axis (Fig. 3). Rotation 
about the Z axis, which is parallel to the longitudinal 
axis of the beam, causes oscillations along the Y axis 
according to the Coriolis force, which are registered by 
other piezo elements [14].

Types of inertial masses  
of MEMS gyroscopes

Beam Tuning fork Lamellated Ring type

Fig. 2. Types of inertial masses of MEMS gyroscopes

Piezoelectric 
elements

Measured 
rotation

Measuring (secondary)  
vibrations due  

to Coriolis force

Generated 
(primary)  

oscillations

Y

X
Z

Fig. 3. Principle of operation of the beam gyroscope

The second type of inertial masses are tuning fork 
gyroscopes, named according to the design of the 
resonator. Gyroscopes built on this principle work quite 
simply (Fig. 4): rotation around a vertical axis causes 
the masses oscillating in counter-phase in one plane 
to oscillate in a plane perpendicular to the primary 
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oscillations. Secondary oscillations detected using 
capacitive sensors provide information about the angular 
velocity [14].

Measured 
rotation Oscillations due 

to Coriolis force

Generated 
(primary) 

oscillations

Fig. 4. Principle of operation of the tuning fork gyroscope

Due to the presence of vertical oscillations, these 
gyroscopes cannot be fabricated using planar technology, 
which prevents their mass production.

Another type of gyroscopes utilizes plate inertial 
masses [9–11, 15]. Depending on the type of motion 
of primary and secondary oscillations of inertial 
masses, gyroscopes are L-L-type (linear-linear), R-R-
type (rotate-rotate), and R-L-type (rotate-linear), and 
R-L and L-R combinations are possible (Fig. 5) [15, 16]. 
Significant progress in the field of L-L-type gyroscopes 
was achieved by Analog Devices (USA), which created 
the integrated MEMS technology [5]. The MEMS 
gyroscope of this type (Fig. 6) works as follows. Inertial 
masses 1, suspended through two-dimensional springs 2, 
sway in opposite directions (antiphase), causing primary 
oscillations to arise. The springs 2 ensure the movement 
of the inertial masses in two directions by means of 
an electrostatic force sensor. When angular velocity 
occurs, Coriolis forces are generated, which cause the 
inertial masses to move in a direction perpendicular to 
the direction of primary oscillation, also counter-phase. 
The inertial masses cause the movement of the removal 
combs connected with them through two-dimensional 
springs 2 and hung on one-dimensional springs 4, 
which enable the removal brushes to move only in one 
direction. The take-off combs are connected with each 
other according to the differential scheme, which allows 
us to obtain at the output a signal equivalent to the acting 
angular velocity.

MEMS gyroscopes  
with lamellar inertial masses

L-L type  
MEMS gyroscope

R-R type  
MEMS gyroscope

R-L type  
MEMS gyroscope

Fig. 5. Types of MEMS gyroscopes  
based on inertial masses

1

2

34

Direction of secondary  
oscillations

Direction  
of primary 
oscillations

Direction  
of primary 
oscillations

Fig. 6. Operating principle of L-L-type gyroscope:  
(1) one-dimensional springs;  

(2) removal strip contacts;  
(3) two-dimensional springs;  

(4) inertial masses

A schematic diagram of the R-R-type gyroscope, 
another type of MEMS gyroscope, is shown in Fig. 7. 
The inertial mass (rotor) relative to the anchors installed 
on the substrate (base) has a suspension mechanism 
including elastic and intermediate elements. The 
electrostatic actuator causes primary oscillatory motion 
of the rotor around the Z-axis. When the transfer angular 
velocity Ωx of the base appears, the variable gyroscopic 
torque causes secondary oscillations of the rotor 
around the Y axis, which can be detected by capacitive 
displacement meters [9–11, 17, 18].

Primary 
oscillations 

Secondary 
oscillations 

Z

Z

Y

Y

1

23

4

XX

Ωx

Fig. 7. Operating principle of R-R-type gyroscope:  
(1) intermediate (kinematic) suspension element;  

(2) rotor; (3) elastic suspension elements; (4) anchor

The last type of MEMS gyroscopes is the R-L-type 
gyroscope. According to the design (Fig. 8), it is a 
tuning gyroscope realized as two inertial masses fixed 
by elastic elements on the outer frame. The frame itself 
is connected to the base through elastic elements that 
provide it with rotational motion around the axis. The 
electrostatic motor, which is presented in the form 
of a crested structure, excites antiphase progressive 
oscillations of the masses. In the presence of angular 
velocity Ω, whose vector coincides with the measuring 
axis of the frame rotation, Coriolis forces arise to create 
a variable torque that leads to angular oscillations of the 
frame around the axis having a frequency equal to that 
of the motor. The amplitude of the frame oscillation is 
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a measure of the angular velocity being measured. The 
frame oscillations are measured by means of a capacitive 
sensor, the electrodes of which are located on the base 
under the inertial masses.

The ring MEMS gyroscope is a special case of an AVS 
with distributed parameters. The ring resonator oscillates 
in the direction corresponding to the main vibrational 
mode. Under the influence of angular velocity (rotation 
of the ring), the orientation of the vibrational mode 
relative to the ring itself changes. This is due to the 
impetus to maintain its orientation under the action of 
the inertia force caused by Coriolis acceleration [11]. As 
such, the ring MEMS gyroscope can be considered as a 
type of wave solid-state gyroscope.

Among many existing technologies of MMS fabrication 
included in MEMS gyroscopes [5, 10, 11, 15, 16], let 
us consider in detail the silicon-on-glass technology. 
The micromechanical sensors manufactured by this 
technology comprise a vacuum-dense capsule in which 
the leads from the silicon structure elements are led 
hermetically through metallized holes in the glass to the 
surface where they are connected with contact pads. The 
micromechanical silicon structure in vacuum inside the 
capsule is a vibrating microgyroscope. The design of 
MMS in capsule version is presented in Fig. 9.

6

1

2

3

45

Fig. 9. MMS design in capsule version:  
(1) cover; (2) base frame (Si); (3) base;  

(4) silicon structure; (5) contacts (Al); (6) getter (Ti)

Several approaches are taken to the manufacture of 
MMS and service electronics. The smallest and the most 
technologically labor-intensive is the variant in which 
the sensor and the chip are located on one crystal and 
sealed in one housing. An alternative variant has similar 
design with the difference that the elements are executed 
on two different crystals. In this case, the resulting 
MEMS gyroscope is used as an independent element. 
A third design variant assumes separate encapsulation 
of the sensor and chip, after which they are located on 
the switching board together with other elements of the 
system. The fourth option, which is the most convenient 
from the point of view of its subsequent use, features a 
design in which the encapsulated sensor and integrated 
circuit are mounted on the switching board and placed in 
one sealed enclosure as separate elements.

Among the possible variants of MMS design, 
silicon-on-glass technology has the following positive 
features:

1) closest technology to silicon microelectronics 
technology and consequently well mastered;

2) technology has the possibility of group production;
3) silicon and glass wafers used in production are 

produced by industry;
4) specialized equipment produced for this technology 

is constantly upgraded and improved;
5) technology enables the production of various types 

of MMSs;
6) finished encapsulated element is an independent 

assembly element, which makes it possible to 
separately control its parameters, thereby reducing 
the yield of defective MEMS gyroscopes.
We now turn to the design of the entire MEMS 

gyroscope in the final design, which involves the 
integration of an encapsulated MMS and an integrated 
circuit of service electronics.

Primary  
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Fig. 8. Operating principle of R-L-type gyroscope:  
(1) elastic suspension elements of secondary oscillations; (2) anchors; (3) inertial mass;  
(4) elastic suspension elements of primary oscillations; (5) rigid suspension elements.  

FK is a Coriolis force vector; v is a velocity vector; φ is a rotation angle of the sensitive element (SE)
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There are several variants of mutual arrangement of 
the capsule and chip. The first variant is a classical planar 
arrangement, i.e., the micromechanical converter and the 
service electronics circuit are located next to each other. 
The second variant is a two-tier arrangement, i.e., in a 
special case with the chip located at the bottom and the 
encapsulated element at the top. This arrangement has 
an advantage over the first embodiment because of the 
reduced size of the final product with a slight increase in 
height. However, it also requires the design of a special 
case, which complicates production.

The third option involves mounting the 
micromechanical transducer directly on the integrated 
circuit. The disadvantage of this design consists in the 
risk of damage to the chip when the capsule is mounted 
on it. Other design options are impossible due to the need 
to place the chip on the bottom for heat dissipation [19].

Let us consider in detail the second variant from 
the point of view of possibility of manufacturing of 
prototype and serial samples of MEMS gyroscopes. 
The finalized version (Fig. 10) with the addition 
of an intermediate ceramic board for mounting the 
micromechanical converter and its electrical switching 
with the microcircuit has the following advantages:

1) possibility to control all components of the MEMS 
gyroscope before final assembly;

2) possibility to install micromechanical transducers of 
various designs and sizes on the switching board;

3) sensor capsule replaceability;
4) sealing of the enclosure, providing protection from 

external influencing factors of the microcircuit in 
the enclosureless version and the micromechanical 
converter [20, 21].

5 1 2

34

Fig. 10. MEMS gyroscope design:  
(1) switching board; (2) encapsulated MMS;  

(3) integrated circuit; (4) metallization; (5) cover [8]

MEMS GYROSCOPES—A CLASS 
OF MECHATRONIC SYSTEMS

Mechatronics is a field of science and technology 
based on the synergetic combination of mechanics, 
electronics, and a controlling computer system for the 
design and creation of fundamentally new systems and 
modules having intelligent control of their functional 
motion [8, 22–25]. Figure 11 depicts a schematic 

representation of this definition. In essence, MEMS is a 
mechatronic node that lacks a control system.

Control  
system

Mechatronic 
system

Mechanics Electronics

Fig. 11. Schematic diagram of the mechatronic 
system [8]

A more detailed study of the MEMS gyroscope 
design, which includes service electronics, demonstrates 
that it has the character of a mechatronic system. Let 
us analyze the products developed by GIROOPTIKA1 
(Russia) presented in Fig. 12 [14, 26–31].  
Figure 13 shows the structural diagram of the 
micromechanical angular velocity transducer. As can be 
seen, in addition to the main MMD of angular velocity, 
the presented sensor also includes an additional MMD 
of linear acceleration (accelerometer), and the service 
electronics is represented by ASIC chip, produced 
by GIROOPTIKA.

(a) (b) (c)

Fig. 12. Micromechanical transducers produced 
by GIROOPTIKA: (a) angular velocity;  

(b) linear acceleration; (c) complex transducer

The function of the accelerometer in the presented 
MEMS gyroscope is to measure linear acceleration and 
subsequent MMS compensation of angular velocity to 
accelerations.

The purpose of an ASIC chip is to provide amplification 
and direct digital conversion of the signal from the MMS 
outputs of angular velocity and linear acceleration, as 
well as digital formation of MEMS gyroscope output 
signals and control signals for MMS. In addition, the 
chip has a built-in processor unit with a permanent 
memory device (ROM), which provides the possibility 

1  http://gyro.ru/. Accessed March 22, 2025.
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of individual adjustment and calibration of each AVS, 
taking the technological variation of parameters 
and their temperature dependence into account. The 
processor unit is used to adjust the MMS (adjusting 
the frequency of natural oscillations of the MMS along 
the measuring axis relative to the frequency of forced 
oscillations), to correct the nonlinearity of the scale 
factor and zero offset. Compensation of technological 
variation of parameters and their temperature 
dependence and sensitivity to overload along the output 
axis of the angular velocity MMS is calculated in 
accordance with the data recorded in ROM, taking into 
account the signal of the on-chip built-in temperature 
sensor with its own analog-to-digital converter and 
linear acceleration MMS.

Although the complex micromechanical 
transducer (Fig. 12c) is similar in structure to the 
angular velocity transducer, the information on linear 
acceleration is not only used for internal correction, but 
is also output to an external consumer.

Thus, it is a ready-made mechatronic system capable 
of performing certain tasks. Further development 
of microsystem technology using the principles 
of mechatronics can lead to the creation of highly 
intelligent micromechatronic systems: an integrated 
circuit will control the entire system, micromechanical 
devices will, on the one hand, control and recognize 
the processes occurring around them, and, on the 
other hand, will become microminiature actuators. 
The first samples of micromechatronic robots already 
exist [8, 25, 32, 33].

BASICS OF MEMS GYROSCOPE  
PRODUCTION TECHNOLOGY

MEMS gyroscope manufacturing can be divided 
into 4 main processes:

1) MMS production in capsule version;
2) manufacturing of an integrated circuit that performs 

signal processing and control of the MMS;
3) switch board manufacturing;
4) finished product assembly.

The most complex processes in the creation of 
MEMS gyroscopes, which involve the fabrication of the 
MMS and the control integrated circuit, require special 
equipment. However, the largely typical ASIC fabrication 
process has already been technologically perfected. Let 
us dwell in more detail on the production of encapsulated 
MMS [34], whose manufacturing technology is based 
on the bulk micromechanics group technology. The deep 
plasma-chemical etching of silicon and anodic joining of 
silicon and glass wafers is necessary due to the design 
requiring a hermetic connection between them. In this 
technology, the starting materials are double-sided 
polished silicon wafers and glass wafers of the same 
diameter.

The glass plate is pre-treated, as a result of which 
through-holes for contacts in the lower plate are created 
by micro-abrasive processing, and recesses with a depth 
of about 50 µm are formed in the upper plate. After 
that, the upper plate is sprayed with a getter to maintain 
vacuum in the inner volume of the MMS.

The silicon wafers, which are also pre-treated, have 
a required silicon between 50 and 70 µm. Great care 
is required when handling these wafers, which are not 
industrially produced due to their non-standard size. 
Therefore, it is common to use either standard silicon 
wafers (100–500 µm thickness for 100 mm diameter) or 
silicon-on-insulator wafers with a 70 µm thick working 
layer and 500-µm thick silicon backing layer. This 
enables the use of standard equipment when processing 
silicon.

At the first stage of the production process cycle, 
photolithography and deep plasma chemical etching of 
silicon are performed on silicon wafers to form bilateral 
alignment marks on the wafer. The next step involves 
plasma chemical etching of cavities in the silicon. In 
this process, silicon oxide is used as a mask, on which 
photolithography is followed by etching. Next, plasma 
chemical etching of silicon to a depth of 20 µm is 
performed. Although the linear dimensions in this 
working layer are not critical, it is important to obtain 
good uniformity in depth during the etching process. 
After removing the silicon oxide from the formed 

Micromechanical 
angular velocity  

transducer

Micromechanical  
angular velocity 

sensor

Micromechanical 
linear acceleration 

sensor
ASIC chip Switching board

Fig. 13. Structural diagram of a micromechanical angular velocity transducer



110

Russian Technological Journal. 2025;13(3):103–121

Pavel S. KuznetsovMicroelectromechanical systems  
for improved gyroscope design

structure, the surface is cleaned prior to carrying out 
the anodic bonding operation. The last process brings 
together the glass plate with the holes and silicon wafer. 
At this stage, it is important to control the gas pressure in 
the cavity since both low vacuum and high overpressure 
can lead to the destruction of the silicon layer during the 
subsequent thinning operation.

The essence of the silicon thinning process consist in 
the formation of a silicon layer having a total thickness of 
70 µm from the initial silicon wafer. The silicon thinning 
process is followed by a projection photolithography 
operation. In this step, a pattern is formed with the 
structure in the silicon layer.

The deep plasma chemical etching operation 
following the projection photolithography forms the 
majority of the MMS structure. At an etching depth is 
50 μm and minimum gap is 2 μm, the maximum aspect 
ratio is defined as 1 : 25. The quality of MMS functioning 
is affected by nonuniformity of etching and deviation of 
geometrical dimensions to one side or the other, as well 
as inclination and roughness of walls: large deviations 
from the set values can lead to significant deterioration 
of its characteristics up to rejects.

During the etching process, all the main structures of 
the MMS, including moving parts and elastic elements, 
are formed. From this point on, any operations that may 
damage the structure, including photoresist application 
and liquid plate processing, should be excluded from the 
technological process.

The next step in the process flow is the anodic 
bonding of the top glass wafer to the silicon base. At 
this stage, the structure is sealed at the level of the wafer. 
At the same time, it is necessary to maintain a given 
vacuum level in the MMS volume, which is achieved 
by thermal activation of the thin-film getter sprayed on 
the glass. In the process of sealing the product by anodic 
bonding, two opposite processes occur: the release of 
oxygen from the glass and its absorption by the getter at 
elevated temperature.

The final operations of the technological process, 
which are carried out at the level of the wafer, involve 
the creation of external metallization. At this stage, a 
thick layer of aluminum is sprayed, which covers the 
silicon contact pads at the bottom of the through holes in 
the glass, as well as the side walls of these holes with the 
metallization output to the glass surface.

The next step is the cutting of wafers into crystals, 
which is performed using a disk wafer cutting unit in 
two passes. After that, the wafer is transferred to the 
functional test. Those chips that successfully pass the 
function test are transferred to the following stages for 
installation into the housing and further assembly of the 
transducer.

When considering such technology, it is important to 
note that the processes of anode bonding with preliminary 

alignment of the wafers to be bonded (double-sided 
alignment) and the process of dry or deep plasma 
chemical etching of silicon are processes that cannot 
be performed on standard equipment for producing 
integrated circuits and/or semiconductor devices. Other 
processes can in principle be carried out on standard 
equipment with appropriate changes in the modes and 
materials used. This applies to chemical processing, 
photolithographic processes, vacuum coating processes, 
wafer-to-crystal separation, etc. Such a requirement may 
be facilitated by the use of glass and silicon wafers with 
standard dimensions (thickness and diameter) for the 
manufacture of the micromechanical elements.

Manufactured encapsulated MMSs after separation 
into separate crystals are checked for resonance 
frequencies and goodness of fit in addition to visual 
inspection. Here, not only the difference between the 
output and input frequencies will be checked, but also the 
presence of the necessary vacuum inside the encapsulated 
element. Such control permit a considerable reduction 
in the labor intensity and increased percentage of yield 
of good products at the operations of assembly and 
tuning of MEMS gyroscopes. However, it is impossible 
to completely exclude poorly working angular velocity 
MMSs at the early stages of manufacturing, since for this 
purpose it would first be necessary to connect the MMS 
to the processing electronics and its tuning, including 
mechanical effects in the form of rotations and turns.

The MEMS gyroscope is assembled by 
3D-integration of an encapsulated integrated circuit and 
encapsulated MMS using a ceramic switching board 
into a special ceramic-metal housing. Integration is 
performed by sequential mounting of the elements into 
the housing followed by their mutual connection with 
microwires using the ball-and-wedge method.

The ASIC crystal, switch board, and encapsulated 
element are assembled using a conductive adhesive used 
in microelectronics. Sealing of the case is carried out by 
soldering the ceramic cover to the base of the case. A 
tightness check is carried out with the help of helium leak 
detector according to the methods and criteria used for 
microcircuits in ceramic-metal cases. In order to ensure 
that the product operates with the specified technical 
characteristics, transducer adjustment and calibration 
operations are additionally performed.

MEMS GYROSCOPE MANUFACTURING 
EQUIPMENT

The choice in favor of silicon-on-glass or silicon-
on-insulator technologies made in the previous sections 
was based, among other things, on the possibility of 
using industrial equipment in gyroscope manufacturing 
technology. The selected technologies can be 
divided into two parts: technologies transferred from 
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microelectronics and technologies that are inherent 
only in the manufacture of micromechanical devices. 
Thus, the equipment providing the corresponding 
technological processes is also divided into two groups. 
The equipment of the first group was initially produced 
by the USSR industrial sector and later by the CIS 
countries. However, today this market is dominated 
by foreign manufacturers from various countries and 
regions.

There is a wide range of options for selecting manual, 
semi-automatic or automatic equipment for standard 
microelectronics processes such as vacuum deposition, 
photolithography operations, chemical treatments, 
thermal oxidation, etc. Special attention should be paid 
to equipment designed for special processes within the 
selected technology of volume micromechanics and 
silicon-on-glass technologies. Such processes should 
include:

• deep plasma chemical etching of silicon and glass;
• double-sided connection of silicon and glass wafers;
• anode bonding of silicon and glass wafers without 

loss of alignment accuracy;
• silicon thinning on glass.

A few features of MEMS equipment should be noted 
here:

• specialized equipment for micromechanics 
operations is high-precision and very expensive and 
is produced by manufacturers only to order and for 
specific technology and customer requirements;

• the same basic equipment, as a rule, is manufactured 
in two modifications. The first is a variant of manual 
or semi-automatic equipment designed for research 
and development, small batch production or pilot 
production. The second modification is an automatic 
equipment with loading through cassettes, designed 
for manufacturing;

• the equipment is also available in cluster version to 
combine with units performing related operations, 
i.e., to create a cluster that automatically performs a 
whole cycle of operations;

• most manufacturers have recently started to offer 
the technology together with the equipment, and all 
manufacturers include commissioning and training 
in the price [35].
Regardless of the specific features of the 

technological process, the main requirement for 
equipment for the production of elements and devices 
of microelectronics and micromechanics consist in 
the possibility to maintain production with the lowest 
percentage of defects.

Requirements for the level of introduced contaminants 
and the composition of the residual gas environment 
inside the working chamber play an important role 
both in microelectronics manufacturing (neighboring 
tracks shorting out (Fig. 14a)) and in micromechanics 

manufacturing (microparticle blocking 
motion (Fig. 14b)). Figure 15 shows the structure of 
high technology equipment, where the pumping means 
and motion input elements in the vacuum allow us to 
create and maintain an ultra-clean vacuum environment. 
In addition, they have the ability to protect the process 
volume from particles and contaminants created by 
other elements of the vacuum system. This is primarily 
due to the fact that cryogenic pumping elements have no 
moving elements at all, while devices with contactless 
magnetic interaction have no rubbing elements. Their 
main features and basic properties are presented in 
numerous specialized literature [36–41].

(a) (b)

Fig. 14. Trapped microparticles on the product 
surface: (a) shorting of neighboring chip tracks;  

(b) blocking the movement of micromechanics crests

High-tech equipment

Ultra-clean vacuum 
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Fig. 15. Structure of environmentally friendly high-tech 
equipment

DETERMINATION OF PARAMETERS 
IN THE MANUFACTURING  
OF MEMS GYROSCOPES

The functional purpose of MEMS angular 
velocity detection (MEMS gyroscopes) is to convert  
non-electrical physical quantities (angular velocity) into 
an electrical measuring signal containing quantitative 
information about the influencing angular velocity.

The main parameters determining the functional 
purpose and application area are as follows:

• angular velocity measuring range;
• resolving power;
• scaling factor nonlinearity.

The main technical characteristic of the MEMS 
gyroscope is the output (conversion) characteristic, i.e., 
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the dependence of the output signal on the values of the 
determined angular velocities within the measurement 
range. The output characteristic used in the transducer 
channel of the MEMS gyroscope is an information 
channel that provides the generation of information 
about the angular velocity projections on the sensitivity 
axes of the AVS and transmission of this information 
to the consumer in accordance with the information 
exchange protocol.

Therefore, it is necessary to take into account the 
errors in the output characteristics of MEMS gyroscopes 
that may occur during their manufacture. The errors are 
divided into two categories: basic errors and additional 
errors. Basic errors are determined under normal 
conditions, i.e., in the absence of external influencing 
factors. These include nonlinearity and instability of 
output characteristics. The instability of the output 
characteristic includes the zero offset instability and the 
instability of the scale factor of the MEMS gyroscope.

Additional errors occur under the influence 
of external factors such as ambient temperature, 
mechanical effects, etc. Since MEMS gyroscope MMSs 
are a complex three-layer structure and have temperature 
dependence of their parameters, the temperature error 
of the output characteristic has the greatest influence. 
This is primarily due to the fact that the measuring gaps 
in silicon capacitors have values of 2–3 µm, while the 
recorded minimum displacements have values less than 
a nanometer. At such small values and micromechanical 
structural complexity, even the use of differential 
measurement methods cannot exclude the influence of 
temperature [42, 43].

In general, it is not only the micromechanical 
element that is temperature dependent, but also the 
electronics processing the signal from capacitive sensors 
and controlling the gyroscope operation. Therefore, it is 
necessary to adjust and calibrate the MEMS gyroscope.

MEMS gyroscope tuning, which is necessary for 
obtaining stable output parameters, consists in setting 
and stabilization operations within the temperature 
range of the bandwidth and scaling factor of the MEMS 
gyroscope. In addition, the temperature drift of the zero 
offset must be determined and compensated.

The setting operations are carried out in a climate 
chamber on a rotary stand. The climate chamber is used 
to set the temperature according to the requirements, 
while the stand automatically works out the specified set 
of angular velocities to determine the scaling factors. A 
temperature sensor built into the MEMS gyroscope is 
used to measure the temperature.

The result of tuning consists in the dependencies of 
coefficients responsible for bandwidth and scaling factor 
on the readings of the built-in temperature sensor. These 
dependencies, which are presented in tabular (matrix) 
form, are used by the control program in the piecewise 

linear approximation algorithm, which calculates 
the coefficient values for any reading of the built-in 
temperature sensor.

After the temperature dependence of the coefficients 
is added to the control program, the temperature drift of 
the zero offset is determined.

MEMS gyroscope tuning, which invariably precedes 
calibration, is intended to ensure its operability in the 
range of operating temperatures and angular velocities. 
As a result, the MEMS gyroscope can be guaranteed to 
have technical parameters close to the required ones. 
Final adjustment of parameters is carried out during 
calibration.

MEMS gyroscope calibration is performed 
to determine the output characteristics of the 
angular velocity transducer channels under normal 
conditions (basic errors) and under the influence of 
external factors (additional errors). Accurate calibration 
over the entire temperature range is typically performed 
during the final setup and calibration of the inertial 
measurement unit (IMU) into which the MEMS 
gyroscopes are installed. Since the IMU controller is 
usually much more powerful than the integrated circuit 
of the sensor’s control electronics, it algorithmically 
compensates for all errors of the MEMS gyroscopes and 
the IMU.

ALGORITHMIC COMPENSATION  
OF THE MEMS GYROSCOPE ERRORS

Compensation of sensor errors for normal conditions 
and for each of the operating range temperatures at 
which the calibration is performed is performed in the 
IMU controller using a special control program that uses 
the error compensation algorithms determined during 
the calibration. These algorithms are based on the use 
of temperature dependencies of MEMS gyroscope 
characteristics, which are formalized in the form of 
tables obtained during the calibration process.

The final version of the sensor characteristics 
table is obtained by simulation and control of these 
characteristics in a special program while checking 
the IMU output characteristics. Modeling is performed 
using the files recorded during calibration and additional 
measurements performed following calibration. On the 
basis of the obtained physical values from the unit output 
data and their errors during modeling, a conclusion 
is drawn about fulfillment or non-fulfillment of the 
requirements to the final IMU parameters.

Compensation of nonlinearity, instability, and 
asymmetry of the output characteristics of the AVS 
is carried out using the calibration characteristics 
determined during calibration in the climatic chamber 
in the range of operating temperatures of the IMU and 
across the whole range of angular velocity measurement 
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from ±0.01°/s to the maximum value according to the 
documentation.

The output characteristics of the AVS after 
calibration in the climatic chamber are presented as a 
piecewise linear approximation of the real dependence 
of the output signal on the set value of the angular 
velocity for the formed temperature range set in the 
climatic chamber.

As a result of implementation of the above 
algorithms, nonlinearity, instability, and asymmetry are 
removed from the output signal of the AVS. Thus, the 
scaling factor and zero offset are made identical at all 
temperatures and at all angular velocities in the operating 
range [44–48].

Now let us consider the compensation of errors of 
MEMS gyroscopes caused by vibration. When the MMS 
is mounted on a vibrating base, inertial forces caused by 
vibration acceleration act on the moving masses.

MMS has increased output signal noise due to the 
sensitivity of gyroscopes to linear overload due to finite 
suspension stiffness in the in-phase direction of motion 
of the moving masses and technological asymmetry 
of the suspension. In case of asymmetric sensitivity of 
gyroscopes to linear acceleration in case of vibration, 
parasitic offset of their zero signal can be formed. 
Nonlinearity of sensitivity to linear acceleration under 
the action of constant acceleration (measured or free fall 
acceleration) leads to the appearance of asymmetry of 
sensitivity to superimposed variable acceleration and, 
accordingly, to the constant zero offset of gyroscopes.

Additional compensation of residual errors is 
performed algorithmically. The influence of MMS 
sensitivity to linear acceleration is reduced by calibrating 
them taking into account the effective gravitational 
acceleration 1g and introducing correction factors with 
reference to external accelerometers.

PROMISING DIRECTIONS  
OF THE MEMS GYROSCOPE DEVELOPMENT

In addition to the positive qualities of MEMS 
gyroscopes, such as their low cost and small overall 
dimensions, there are also negative aspects. This type 
of transducer is characterized by the high instability 
of parameters from start to start. Zero offset of MEMS 
gyroscope can reach values of about 70°/h. These features, 
which are inherent both to Russian and foreign samples, 
require periodic testing and recalibration, including the 
possibility of self-calibration of channels during operation. 
All this limits the possibility of using MEMS gyroscopes 
in special-purpose equipment requiring high accuracy. 
Moreover, their use in the equipment of other classes can 
lead to complications and increased final costs.

The accuracy and stability of MEMS gyroscope 
parameters depend on how the detection of MMS 

micro-movements is performed. Capacitive data 
acquisition is most often used, i.e., the capacitance 
between fixed and moving parts (electrodes) of the MMS 
designed for this purpose changes during movement. 
In this case, there is a mutual influence of control and 
detection circuits of the useful signal of the sensor.

The accuracy of MEMS gyroscope output parameters 
is also significantly affected by the signal-to-noise ratio. 
Attempts to eliminate this problem by improving the 
MMS design lead to contradictions. To increase the 
noise immunity of the MMS, it is necessary to increase 
the initial capacitance. This leads to an increase in the 
area of the electrodes and a decrease in the gap between 
them, which results in increased damping of the moving 
parts. In order to compensate for this, it is necessary to 
perforate the silicon structure of the MMS, which in 
turn leads to a decrease in the area of the electrodes and 
consequent decrease in the initial capacitance.

Improved MMS parameters can be achieved with the 
use of optical technologies to detect micro-movements. 
The combined use of MEMS and microoptics can lead 
to synergistic effects that can solve many problems. 
For example, a microoptoelectromechanical (MOEM)  
transducer is a miniaturized device that performs 
measurement and subsequent processing of an optical 
signal when inertial mass movements occur.

Recently, the optical tunneling effect has been 
increasingly used in measuring devices for data 
acquisition. This effect is based on the process according 
to which light penetrates from an optically denser 
medium into an optically less dense medium under 
the condition of complete internal reflection from the 
interface. In this case, the electromagnetic field appearing 
in the optically less dense medium exponentially decays 
along the normal to the interface at a distance equal to 
the wavelength of the radiation source. Devices based 
on the optical tunnel effect have high resolution, low 
temperature error, and high noise immunity [49–53].

The principle of operation of the primary transducer 
made of fused quartz is based on the dependence of the 
light reflection coefficient of the medium-gap-medium 
structure on the gap size [54]. The angle of incidence 
of light on the boundary between the first medium and 
the gap (air) is chosen such that there is a complete 
internal reflection at a large gap value. If the gap value 
is comparable to the wavelength of radiation, its part 
passes (tunnels) through the gap into the second medium 
to decrease the reflection coefficient of the medium-gap-
medium structure. Thus, the power of optical radiation 
reflected from the medium-gap-medium structure carries 
information about the size of the gap and, accordingly, 
about the nature of the object motion.

Figure 16 shows the schematic diagram of the MOEM 
displacement detector. The main PE of this device is 
a thin plate of quartz glass on which a kind of beam is 
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cut with the help of a laser. A laser beam is directed to 
the end of this plate, which spreads along the plate and 
transfers part of its energy to photodetectors installed at 
some small distance from the top and bottom of the plate. 
Under the action of external forces, the beam bends and 
some difference appears between the values of energy 
transmitted to the photodetectors as the distance to the 
sensors begins to differ (Fig. 17). This difference is what 
is used to determine the displacement of the beam [55].

1

2

3

4

5

6

Fig. 16. Basic circuit of the MOEM detector:  
(1) photodetector F1; (2) housing cover;  

(3) quartz plate (CE); (4) enclosure base;  
(5) photodetector F2; (6) laser source [55]

F1

F2

F1

F2

Fig. 17. Readings from the CE of the detector [55]

Technologies currently being developed involving 
optical processors include those aimed at optical or 
photonic computers, hypothetical computing devices in 
which calculations are performed by photons emitted by 
lasers or light-emitting diodes. Most current research 
is aimed at replacing traditional (electronic) computer 
components with their optical equivalents. Importantly, 
the frequency of a light wave is several orders of 
magnitude higher than the frequency of electrical signals 
and waves used in silicon technology. Due to the small 
wavelength of the light wave, it is possible to process 
information at increased speeds.

In most works on optical computing [56–61], the 
translation of information into an optical signal is required 
to start processing. In the design of the MOEM detector 
presented above (Fig. 16), there are two photodetectors 
for information acquisition and conversion into an 

electrical signal. If the laser radiation is directly sent 
to the optical signal receiver of the photonic calculator, 
the information about the CE oscillations before the 
processing is not transformed in any way, thus obviating 
the risk of distortions, which is important for special-
purpose equipment.

The use of segmentoelectrics and segmentoelectric 
films is becoming increasingly popular in 
microelectronics devices, sensors, actuators, etc. Much 
attention is paid to the application of segmentoelectric 
structures in MEMS [62–66].

A segnetoelectric device is a crystalline dielectric 
having two or more stable (or unstable) states with 
different non-zero electric polarization at zero external 
influence (electric field, temperature, etc.), which is 
termed spontaneous polarization [67].

The use of segnetoelectric films in MEMS gyroscopes 
for motion detection has a number of advantages over 
classical strain-resistive and capacitive methods in terms 
of qualitatively expanding the capabilities of sensors. 
The threshold sensitivity of dynamic strain sensors based 
on segmentoelectric films decreases to (Δl/l) ≈ 10−9. The 
use of such devices promises to increase the sensitivity 
of sensors by up to two orders of magnitude as compared 
to existing analogs. Such generator-type sensors offer 
long-term stability and do not require a source of 
stabilized voltage.

The creation of such sensors is associated with the 
solution of certain technological problems. The first 
one consists in a combination of the technology used to 
create segmentoelectric films with that used for creating 
silicon mechanical structures. To solve the second 
problem, it is necessary to develop methods for creating 
a stable polarized state in the film [63, 68].

CONCLUSIONS

The ever-increasing demand for the production of 
MEMS gyroscopes and other MMSs contributes to the 
rapid development of microsystems technology. The entire 
process of creating a particular product requires constant 
management, not only in terms of design development, 
where all input elements must be precisely calculated, but 
also in when it comes to tuning and calibration.

An important factor in the production of such devices 
is the competent organization of the technological 
process of CE creation, which includes the operations 
themselves, as well as the selection and operation of 
special vacuum equipment.

In spite of all the discussed difficulties, novel types 
of MEMS gyroscopes operating on new principles are 
constantly appearing. This requires the development of 
progressive technologies for their production, as well 
as new specialized equipment and methods for their 
adjustment.
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Abstract
Objectives. The work set out to study the spectra of the magnetorefractive effect (MRE) in the  
cobalt–silicon (Co–Si) nanocomposite, taking into account the contribution of the size effect (SE), and to compare the 
results obtained by varying the parameters of the SE. The presented approaches to investigating the magnetooptical 
properties of nanocomposites, which are relevant for the practical application of nondestructive testing methods, 
have the potential to significantly increase the efficiency of their use in various fields, including spintronics and optics.
Methods. Computer modeling approaches based on the Bruggeman approximation are used to model the examined 
structure as a medium with effective properties.
Results. MRE spectra obtained within the framework of the modeling fell within the range of 0.5–3.5 eV. The 
modeling was carried out for MRE both with and without taking into account the semiclassical size effect. The resultant 
modeling of the spectral dependencies of the MRE is based on the example of a Co–Si nanocomposite at different 
cobalt particle sizes and form factors. The influence of size effects on the form of the MRE spectra is confirmed. The 
reliability of the methods is confirmed by a comparison of the obtained results with empirical data. The value of the 
obtained results consists in the good agreement of all the calculated parameters of the discussed nanocomposite 
and the form of the spectral dependencies of the MRE with the results of various experiments.
Conclusions. The confirmation that both the size and form factor of granules have a significant impact on the 
appearance of the MRE spectra raises the prospect of developing promising nanocomposite properties at particular 
particle sizes. The presented results highlight the possibility of optimizing the material characteristics to improve 
sensitivity in magnetic sensors and noncontact devices for studying nanostructures.
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Резюме 
Цели. Целью работы является исследование спектров магниторефрактивного эффекта (МРЭ) в нанокомпозитах 
«кобальт–кремний» (Co–Si) с учетом вклада размерного эффекта, а также сравнение полученных результатов 
при изменении параметров размерного эффекта. Данное исследование является важным для практического 
применения бесконтактных методов, т.к. оно направлено на расширение их возможностей и создание новых 
подходов к неразрушающему контролю и исследованию магнитооптических свойств нанокомпозитов, что может 
значительно повысить эффективность их использования в различных областях, включая спинтронику и оптику.
Методы. Применялось компьютерное моделирование в рамках перспективного метода эффективной сре-
ды – приближения Бруггемана, согласно которому исследуемая структура заменяется средой с эффектив-
ными свойствами.
Результаты. В рамках моделирования получены спектры МРЭ в диапазоне 0.5–3.5 эВ. При этом модели-
рование проводилось для МРЭ без учета и с учетом квазиклассического размерного эффекта. Конечным 
результатом стало моделирование спектральных зависимостей МРЭ на примере нанокомпозита Co–Si при 
различных значениях размера частиц и форм-фактора кобальта. Показано влияние размерных эффектов 
на вид спектров МРЭ. Достоверность методик хорошо подтверждается сравнением полученных результа-
тов с эмпирическими данными, а ценность полученных результатов обусловлена тем, что все рассчитанные 
параметры обсуждаемого нанокомпозита и форма спектральных зависимостей МРЭ хорошо согласуются 
с результатами различных экспериментов.
Выводы. В рамках моделирования показано, что учет размеров и форм-фактора гранул оказывает значи-
тельное влияние на вид спектров МРЭ, демонстрируя перспективные свойства нанокомпозита при опре-
деленных размерах частиц. Представленные результаты подчеркивают возможность оптимизации харак-
теристик материала для улучшения чувствительности в магнитных сенсорах и устройствах бесконтактного 
исследования наноструктур.

Ключевые слова: нанокомпозиты, теория эффективной среды, магниторефрактивный эффект, ферро-
магнетик, размерные эффекты
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INTRODUCTION

Investigating the magnetorefractive effect (MRE) in 
cobalt–silicon (Co–Si) nanocomposites is an important 
factor in the development of advanced magnetic and 
optical devices. Understanding the contribution of the 
size effect to this phenomenon is crucial for elucidating 
the magnetic and optical properties of nanomaterials, 
thus expanding the possibilities for various kinds of 
noncontact research [1–3].

Significant changes in the physicochemical properties 
of nanocomposites as the result of decreased grain size can 
include significant improvements in MRE functionality. In 
this connection, Co–Si nanocomposites are of particular 
interest due to their unique magneto-optical properties. 
A deeper understanding of the mechanisms governing 
the interaction between the light and the magnetic field 
in such systems can be achieved by modeling the MRE 
taking into account the size effect [4, 5].

Thus, taking into account the possible significant 
enhancement of practically important effects such as 
magnetoresistance, quantum Hall effects, MRE and 
many others, investigation of the properties of promising 
nanostructures represents an urgent task [6]. Co–Si 
nanocomposite materials provide an interesting example 
of a nanostructure; by modeling the observed optical and 
magneto-optical effects represents a useful noncontact 
and nondestructive approach to estimating characteristic 
parameters of the studied samples [7, 8].

MATHEMATICAL MODEL  
AND CALCULATION METHODS

In the paper, a mathematical model based on 
the effective medium theory is developed to analyze 
the MRE in composite materials containing cobalt 
nanoparticles in a silicon matrix. The main purpose of 
the calculation is to investigate the influence of the size 
effect and particle form factor on the MRE spectra.

The magnetorefractive effect describes the effect of 
the magnetic field on the complex refractive index of the 
nanocomposite, which is expressed by the change in the 
dielectric permittivity ε under the magnetic field [9]. In this 
study, the effective medium approximation (ЕМА) using 
the Bruggeman model is chosen to calculate the effective 
permittivity εEMA using the Co–Si nanocomposite as an 

example. The volume fraction of metallic particles (Co) 
in this structure is X = 0.5.

The calculation is carried out for particles with 
diameters ranging from 2 to 8 nm with different values 
of the form factor L in order to study the effect of varying 
the particle size and shape on the MRE spectra.

The magnetorefractive effect is calculated as 
the change in the reflection coefficient R of the 
nanocomposite [10]:

2 2
2

2 2 2 2
3 1(1 ) ,

( )((1 ) )
R n kR k

R n k n k
  ∆ ∆ρ − −

= − −    ρ + − +  
 (1)

where 
∆ρ
ρ

 is the magnetoresistance; k, n are the 

extinction and refraction coefficients, respectively.
The key parameters of the model are the diagonal 

and non-diagonal complex components of the dielectric 
permittivity tensor (DPT):

 γ = γ1 – iγ2, ε = ε01 – iε02, (2)

where ε01 and γ1 are the real parts of the diagonal and 
non-diagonal DPT components; ε02 and γ2 are the 
imaginary parts of the DPT components, respectively.

These parameters depend on quasi-classical 
size effects, which are considered in the paper as 
a contribution of particle shape and size as captured by 
the MRE spectral dependence.

The size effect is accounted for by additive terms in the 
diagonal and non-diagonal components of the DPT based 
on the Drude–Lorentz model. The dielectric permittivity 
and the absorption coefficient of the particles are calculated 
with respect to the free path time τ and the concentration of 
the particles. The effective medium theory [11] is optimal 
for describing the spectral dependencies of nanostructures 
and nanocomposites in particular. The effective medium 
is described by Bruggeman’s equation, which takes into 
account the contribution of the magnetic component of 
the material, the volume concentration of cobalt, and the 
shape of the nanoparticles:
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where ε0 and ε1 are the dielectric permittivities of the 
medium components, while L is the form factor of the 
medium particles.

The size effects are taken into account by varying the 
particle form factors L and by additives in the diagonal 
and non-diagonal DPT components of the nanocomposite 
ferromagnetic component. This is related to electron 
scattering on the granule surfaces. Finally, given the 
size effect contribution to the DPT, the DPT complex 
components εmod and γmod are expressed as follows, 
according to the Drude–Lorentz model [11, 12]:

  

2 2
p p

mod Co
bulk gr

bulk 2 gr 2
grbulk

mod Co 2 2
bulk gr

,
( / ) ( / )

4 / 4 /
,

( / ) ( / )
xy xy

i i

i i

ω ω
ε = ε + −

ω ω+ τ ω ω+ τ

πσ τ πσ τ
γ = γ + −

ω ω+ τ ω ω+ τ

 (4)

where εCo and γCo are the diagonal and non-diagonal 
components of the ferromagnetic DPT (here cobalt); ωp is the 
plasma frequency; ω is the electromagnetic wave frequency; 

bulk 2
s bulk bulk4 / ;xy M Rσ = π ρ  gr 2

s gr gr4 / ;xy M Rσ = π ρ  Ms is 
the saturation magnetization of the ferromagnet; Rbulk and Rgr 
are the extraordinary Hall effect coefficients of the bulk and 
granules, respectively; ρbulk and ρgr are the specific resistances 
of the bulk and granules, respectively; τbulk, τgr are the electron 
mean free times in the bulk and granules, respectively.

The size effect is evident in both the extraordinary 
Hall effect parameter and the resistivity:

 gr bulk
0 0

0.2 1 ,l lR R R
r r
 

= + +  
 

 (5)

 gr bulk
0

1 ,l
r

 
ρ = ρ +  

 
 (6)

where R is the value of the extraordinary Hall effect 
parameter of the surface material of the granules, r0 is 
the particle size of the nanocomposite, and l is the 
electron mean free path.

MODELING RESULTS

After obtaining the values of the MRE parameter 
(ΔR/R) ignoring the size effect by equations (1)–(3) 
within the framework of the promising method of the 
effective medium–Bruggeman approximation, the 
influence of the quasi-classical size effect on the spectra 
at different particle shape L (form factor) and cobalt 
particle diameter d is analyzed. A nanocomposite with 
cobalt volume fraction X = 0.5 is selected as the sample. 
This choice is determined by the proximity to the 

percolation threshold, which can significantly modify 
and amplify the physical effects.

As shown in Fig. 1, the most significant change in 
MRE observed in the nearest infrared (IR) region of the 
spectrum taking the size effect and particle diameter 
d = 2 nm into account is due to intra-band transitions. 
According to Fig. 2, the size effect contribution becomes 
noticeable only from 4 nm granule size.

In Fig. 3, the quasi-classical size effect is 
considered for different particle form factors. The 
highest effect enhancement corresponds to L = 0.2. 
The obtained order of magnitude results, which are in 
good agreement with the known experimental data for 
nanocomposites (e.g. [3, 4]), show a general trend of 
MRE enhancement with decreasing particle size and 
form factor.

Without SE contribution
d = 2 nm
d = 8 nm

ΔR
/R

0.35

0.30
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0.5 1.0 1.5 2.0 2.5 3.0 3.5

Energy, eV

Fig. 1. MRE as a function of the incident electromagnetic 
wave energy without (solid line) and with the contribution 
of the size effect for Co particle sizes of d = 2 nm (dots) 

and d = 8 (dashed line) nm
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Fig. 2. MRE as a function of the incident electromagnetic 
wave energy considering the size effect contribution  

for the Co–Si nanocomposite at different particle 
diameters d = 2, 4, 6, and 8 nm
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Fig. 3. MRE as a function of the incident electromagnetic 
wave energy considering the size effect contribution  

for the Co–Si nanocomposite at L = 0.2, 0.33, 0.4, and 0.6

The results open the prospect for a wide range of 
promising applications of nanocomposites in modern 
electronics based on the optical, magneto-optical, 
galvanomagnetic and other effects observed in the 
discussed nanostructures [13–15].

CONCLUSIONS

Model MRE spectra are obtained on the 
example of Co–Si nanocomposites taking the 

contribution of the size effect into account. In 
addition to the quasi-classical size effect, the results 
confirm the importance of considering the particle 
form factor contribution to the MRE spectral 
dependencies. All results are within the order of 
magnitude consistent with known data for similar  
nanostructures.

The results can be used to extend the possibilities 
of noncontact research methods and develop highly 
sensitive sensors and memory systems based on 
a wide range of nanostructures, such as the Co–Si 
nanocomposite.
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