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Abstract. Fibre-optic gyroscope (FOG) navigation systems are widely used in autonomous, aerospace, and terrestrial applications due to their high
stability and independence from external navigation signals. While significant progress has been made in improving FOG performance at the sensor level,
fewer studies have investigated the system-level impact of residual gyroscope errors, particularly during periods of GNSS unavailability. This study
addresses that gap by analysing the accuracy and reliability of navigation in FOG-based inertial navigation systems under various operational modes:
GNSS-aided, unaided, and intermittently aided. A mathematical model of navigation is implemented in a MATLAB/Simulink environment to assess error
propagation. Performance is evaluated using practical metrics such as heading drift, position error accumulation, and recovery efficiency after GNSS
signal restoration. Simulation results show that during unaided navigation, heading errors reach approximately 2-3 degrees over 600-900 seconds, while
position errors grow to 40-80 meters during 300600 seconds of GNSS outage. Upon GNSS reacquisition, error reduction of 80-90% is observed within
30-60 seconds. These results demonstrate that system-level modelling can significantly enhance navigation reliability without requiring modifications
to the FOG hardware.
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MODELE OCENY DOKLADNOSCI 1 NIEZAWOD,NOSCI SYSTEMOW NAWIGACYJNYCH
OPARTYCH NA ZYROSKOPACH SWIATELOWODOWYCH

Streszczenie. Systemy nawigacyjne oparte na zZyroskopach swiattowodowych (FOG) sq szeroko stosowane w aplikacjach autonomicznych, lotniczych
oraz naziemnych ze wzgledu na wysokq stabilnos¢ i niezaleznos¢ od zewnetrznych sygnatow nawigacyjnych. Chociaz osiggnieto znaCigcy postep
w poprawie parametréw FOG na poziomie czujnika, znacznie mniej badar poswigcono wplywowi resztkowych bledéw zyroskopu na poziomie
systemowym, szczegolnie w okresach niedostepnosci sygnatu GNSS. Niniejsza praca wypelnia te luke poprzez analize dokladnosci i niezawodnosci
nawigacji w inercyjnych systemach nawigacyjnych opartych na FOG w roznych trybach pracy: z wspomaganiem GNSS, bez wspomagania
oraz z okresowym wspomaganiem. Matematyczny model nawigacji zostal zaimplementowany w srodowisku MATLAB/Simulink w celu oceny propagacji
bledow. Wydajnosé systemu oceniano przy uzyciu praktycznych miar, takich jak dryf kursu, narastanie bledu polozenia oraz efektywnosé odzyskiwania
dokiadnosci po przywréceniu sygnatu GNSS. Wyniki symulacji pokazujq, ze podczas nawigacji bez wspomagania bledy kursu osiggajg okoto 2-3 stopnie
w czasie 600-900 sekund, natomiast bledy polozenia rosng do 40-80 metréw w trakcie 300—600 sekund zaniku sygnatu GNSS. Po ponownym pozyskaniu
sygnatu GNSS obserwuje sie redukcje btedow o 80-90% w ciggu 30—60 sekund. Uzyskane wyniki wskazujq, ze modelowanie na poziomie systemowym
moze znaczgco zwigkszy¢ niezawodnosé nawigacji bez koniecznosci modyfikacji sprzetu FOG.

Stowa kluczowe: Zyroskop $wiattowodowy, inercyjny system nawigacyjny, doktadno$¢ nawigacji, zanik GNSS, analiza na poziomie systemowym

continues to focus on the gyroscope itself, often neglecting
the performance of the overall navigation solution.

Fibre-optic gyroscope (FOG) navigation systems are essential In  particular, the relationship between FOG

Introduction

error

in modern autonomous, aerospace, and terrestrial operations,
where consistent position and attitude estimation must be
maintained, even in the absence of external navigation support.
Due to their solid-state construction [7, 12], long-term stability,
resistance to electromagnetic interference, and ability to operate
in harsh or GNSS-denied environments, FOG-based inertial
navigation systems (INS) are widely regarded as robust
alternatives or complements to satellite navigation technologies
[1-4].

Recent research has primarily focused on improving
the performance of FOGs at the sensor level. Studies have
analysed error sources, proposed compensation techniques,
and examined sensor behaviour under both steady and varying
environmental conditions [2, 10]. Comprehensive reviews have
also categorized FOG designs, signal-processing techniques,
and emerging technological trends [8, 16]. As a result,
the physical behaviour of FOG sensors and methods for mitigating
sensor-level errors are now well understood [9, 17].

However, improvements at the sensor level do not automa-
tically translate to enhanced navigation performance. In practical
INS applications, gyroscope outputs are integrated over time,
and even small residual errors can accumulate, leading
to significant degradation in position, heading, and attitude
estimates [11]. The navigation system functions as a dynamic
entity where sensor errors propagate nonlinearly and interact
with algorithm assumptions, initial conditions, and the availability
of external corrections. Despite this, much of the literature

characteristics and navigation accuracy at the system level remains
underexplored. Key factors such as error growth rates, navigation
stability, and system resilience during GNSS outages are often
simplified or overlooked [15, 18]. This limits the ability to design
systems that not only function under ideal conditions but also
maintain reliability in uncertain or degraded environments.

Importantly, improving navigation reliability does not
necessarily require modifications to the gyroscope hardware.
Greater benefits can be achieved by integrating an understanding
of FOG error behaviour into system-level modelling, error
propagation analysis, and robustness-focused design [19].
This approach shifts the focus from sensor optimization to full-
system optimization, which is especially relevant for autonomous
platforms operating over extended periods or in GNSS-denied
environments.

This study investigates how the reliability and accuracy
of FOG-based navigation systems can be enhanced through
system-level analysis. It examines how realistic gyroscope error
profiles influence the performance of strap down inertial
navigation and explores system-level strategies to improve
robustness and accuracy [14, 20, 21]. Navigation performance
is assessed using practical metrics such as attitude drift, heading
error growth, position error accumulation, and recovery following
periods of limited or absent GNSS availability [23, 30].

Building on existing experimental and theoretical research
on FOGs, this study shifts focus toward navigation outcomes
rather than sensor characteristics alone. Simulation-based results
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offer deeper insights into the interaction between gyroscope
behaviour and navigation algorithms, and they support
the development of effective FOG-based navigation systems
designed for autonomous or GNSS-denied environments.

1. Materials and methods

A simulation-based study was conducted to evaluate
the accuracy and reliability of FOGs within a hierarchical
navigation system context. Unlike traditional sensor-focused
approaches, the proposed method emphasizes how gyroscope
errors propagate through the navigation states and contribute
to system-level performance degradation. A mathematical model
of the navigation system was analysed in a controlled simulation
environment to assess its behaviour under different operating
scenarios [5].

1.1. Navigation system model

The system examined is a typical strap down inertial
navigation system (INS), where angular rate data from fibre-optic
gyroscopes is processed within a navigation algorithm to estimate
attitude, velocity, and position [6, 22]. The gyroscope is modelled
as a source of angular rate input, without simulating its internal
physical structure or compensation mechanisms.

Let wy(t) denote the angular-rate output of the gyroscope.
At the system level, it can be represented as [13, 29]:

@, (t) = @, (t)+b, (t)+n, (t) ()
where  wy(t) is the true angular rate of the platform;
by(t) — the residual gyroscope bias; ng(t) — represents stochastic
disturbances affecting the measurement.

In this work, by(t) and ny(t) are interpreted as effective error
components acting at the navigation-system input.

The navigation algorithm integrates angular-rate measu-
rements to obtain attitude estimates [24]. For small attitude
errors, the evolution of the attitude error vector O(t) can be
approximated by:

0.1 =0, +(by +ng (k))At @)

where At is the discrete integration step; index k — denotes
the discrete time instant.

This relation highlights the cumulative nature of gyroscope
errors in inertial navigation.

Attitude errors propagate further into velocity and position
estimates. In a simplified form, the error dynamics can be
expressed as [25, 27]:

OV, =0V, +CH AL
0Py, =0 P, +OVAL

where dv and Jp denote velocity and position errors, respectively;
C — coefficient matrix determined by the adopted kinematic
model.
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These relations demonstrate how small orientation errors
induced by gyroscope imperfections can lead to growing
navigation errors over time.

1.2. Error-state navigation framework

An error-state representation is used to study the accuracy
and reliability of navigation in various operating situations [26].
The state vector of navigation error can be defined as:

x=[6" &v" 5p" ] | @

which includes attitude, velocity, and position errors, as well
as slowly varying gyroscope bias components.
The discrete-time error-state dynamics are described by:

X1 = FX, +Gw, (5)

where F is the state-transition matrix; G — the noise-distribution
matrix; w, — represents process noise capturing unmodelled
dynamics and stochastic disturbances.

Measurement updates, when available, are represented as:

z, = Hx, +v, (6)

where z, denotes external aiding measurements (e.g., GNSS-
derived position or velocity); H — the measurement matrix,
v — the measurement noise.

When there is a failure in GNSS coverage or poor external
supporting signals, the measurement update is turned off, only
inertial propagation is used to come up with the solution [16, 30].
This model allows the analysis of navigation efficiency when
working in an aided and unaided mode and offers a uniform model
of analysing errors accumulation and recovery.

1.3. Simulation framework and implementation

The error-state model and navigation model are applied
to a simulation setup in a MATLAB/Simulink environment.
The simulation architecture is based on the functional structure
of the navigation system, such as the generation of gyroscopes
signals, inertial mechanization and the propagation of the error
states, and optional external aiding [2, 28].

Fig. 1 illustrates a block-level diagram of the simulation setup,
showing how gyroscope measurements are fed into the navigation
algorithm, how states are propagated, and how external aiding
is integrated into the error-state framework.

The navigation system was tested under multiple conditions,
including fully aided scenarios, complete GNSS outages,
and partial aiding. Table 1 summarizes the key simulation
parameters, including integration step size, simulation duration,
external aid availability, and gyroscope error profiles used in each
scenario.
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Fig. 1. Block diagram of the fibre-optic gyroscope-based navigation system architecture implemented in the simulation framework
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Table 1. Simulation parameters and navigation scenarios

Parameter Symbol Value / Range
Simulation time step At 0.01-0.05s
Total simulation duration Tsim 300-3600 s
Navigation mode - AidEd./ Unaigeg/
Intermittent aiding
Gyroscope bias level by 0.01-0.1°h
Gyroscope noise level ng (1-5)x10%°/\h
Initial attitude error [2) 0-1°
Initial velocity error Avy 0-0.1 m/s
Initial position error Apo 0-5m
GNSS update rate (if available) fonss 1-5Hz
GNSS outage duration Tout 60-600 s
Intermittent GNSS duty cycle D 20-80%
Performance metrics - Heading error, position
error, drift rate

2. Research results

This section presents the outcomes of a system-level
simulation study aimed at assessing the accuracy and reliability
of navigation systems that rely on FOGs. The primary focus lies
in the time-dependent behaviour of navigation performance under
various operational scenarios, including nominal external aiding,
complete GNSS outages, and conditions following GNSS signal
re-acquisition. Unlike sensor-level investigations, these results
reflect the performance of the navigation system as a whole.

Fig. 2 displays the evolution of heading error over time
under both aided and unaided operational modes. When aided
by external measurements, the heading error remains small
and stable, typically constrained within 0.3-0.5° throughout
the entire observation period. This result reflects the stabilizing
influence of measurement updates within the navigation
algorithm.

In contrast, under unaided conditions, heading error
accumulates over time due to the integration of small residual
gyroscope errors. Simulations conducted under representative
parameters show that heading error gradually increases, reaching

Aided operation

Unaided operation

Heading Ercor (°)

300
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approximately 2-3° after 600-900 s of operation without aiding.
These findings demonstrate how even minimal residual biases
at the sensor level can lead to noticeable degradation in orientation
accuracy when external corrections are absent.

Fig. 3 provides insight into the impact of GNSS signal loss
on position accuracy. The position error increases progressively
during GNSS outages, initially growing at a slow rate
but accelerating over time due to the compounding effects
of attitude and velocity inaccuracies. For outage durations
between 300-600 s, position error can increase from a few meters
to approximately 40-80 meters, depending on the level
of gyroscope error and the accuracy of initial alignment. These
results highlight the vulnerability of inertial navigation systems
to error accumulation over extended unaided intervals, reinforcing
the importance of system-level robustness evaluations.

Recovery behaviour following GNSS signal restoration is also
examined as a key indicator of navigation system reliability.
As shown in Fig. 4, the reintroduction of external aiding causes
the navigation solution to return toward the corrected state,
with accumulated errors significantly reduced. In the tested
scenarios, navigation errors decrease by approximately 80-90%
within 30-60 s after GNSS re-acquisition, with residual position
errors falling to the 5-10 m range. The speed and completeness
of recovery depend on the extent of error accumulation during
the outage. Nonetheless, the simulations confirm that the naviga-
tion solution converges smoothly without instability or oscillation,
demonstrating the structural resilience of the system under
intermittent aiding conditions.

Overall, the obtained results demonstrate that navigation
accuracy and system reliability are strongly influenced by how
gyroscope errors are managed and by the availability of external
measurements. The clear patterns of error growth during unaided
operation and error reduction after aiding recovery confirm that
system-level modelling offers essential insight into the limitations
and behaviour of FOG-based navigation systems, especially
in autonomous or GNSS-denied environments.

400

Time (s)

Fig. 2. Heading error evolution of the navigation system under aided and unaided operation modes
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Fig. 4. Recovery of navigation error after GNSS re-acquisition following an outage period

3. Conclusions

This study addressed the challenge of improving the accuracy
and reliability of FOG-based navigation systems from a system-
level perspective. In contrast to sensor-focused research
that concentrates on internal gyroscope behaviour or error
compensation methods, the presented work explored how residual
gyroscope errors propagate through the navigation algorithm
and influence the overall performance of the system under realistic
operational conditions.

The navigation performance was evaluated through
a simulation framework implemented in MATLAB/Simulink,
using a mathematical model of a strap down inertial navigation
system operating in aided, unaided, and intermittently
aided modes. The results clearly show that cumulative gyroscope
error integration significantly affects navigation accuracy,
particularly in the absence of GNSS signals. Under typical system
settings, unaided operation leads to heading errors of several
degrees within 10-15 minutes, while position errors can increase
to tens of meters.

The simulations confirmed that heading errors grow steadily
over time during unaided operation, resulting in faster
accumulation of position errors. Prolonged GNSS outages were
shown to degrade navigation performance considerably,
emphasizing the importance of system-level robustness
over sensor-level performance indicators. At the same time,
the simulations demonstrated that the navigation system retains
stability and is capable of returning to a corrected state once
external aiding becomes available again.

A notable outcome of the study is the evidence of reliable
recovery behaviour following GNSS re-acquisition. After a period
of unaided operation, the navigation error is reduced by more
than an order of magnitude in under one minute, with the system
converging smoothly to a limited residual error without exhibiting
instability or oscillations. This finding supports the robustness
of the error-state framework under conditions of intermittent
aiding and defines practical limits on autonomous operation time.

Overall, the results indicate that improving navigation
accuracy and reliability does not necessarily require hardware
modifications or enhancements within the fibre-optic
gyroscopes themselves. Instead, significant performance
gains can be achieved through system-level modelling, careful
integration of gyroscope error dynamics into the navigation
algorithm, and thorough evaluation under realistic aiding
conditions. The proposed framework provides valuable insight
into the performance boundaries of FOG-based navigation
and supports the development of reliable navigation solutions
for autonomous, terrestrial, airborne, and GNSS-denied
environments.

References

[1] Bereziuk, O., Lemeshev, M., Savina, N., Wojcik, W., Titova, N., Ovcharuk, V.,
Hrechanovska, E., & Smailov, N. (2025). Optical and ultrasonic methods
and remote tools in environmental tasks. In A. Smolarz, W. Wojcik, R. S.
Romaniuk, & S. V. Pavlov (Eds), Photonics Applications in Astronomy,
Communications, Industry, and High Energy Physics Experiments 2025 (p. 28).
SPIE. https://doi.org/10.1117/12.3099047

[2] Cao, Y., Bai, H, Jin, K, & Zou, G. (2023). An GNSS/INS Integrated
Navigation Algorithm Based on PSO-LSTM in Satellite Rejection. Electronics,
12(13), 2905. https://doi.org/10.3390/electronics12132905

[3] Cao, Y., Xu, W., Lin, B, Zhu, Y., Meng, F., Zhao, X., Ding, J., Lou, S., Wang,
X., He, J., Sheng, X., & Liang, S. (2022). Long short-term memory network
of machine learning for compensating temperature error of a fiber optic
gyroscope independent of the temperature sensor. Appl. Opt., 61, 8212-8222.

[4] Chen, L., Huang, Z., Mao, Y., Jiang, B., & Zhao, J. (2023). Digital Control
and Demodulation Algorithm for Compact Open-Loop Fiber-Optic Gyroscope.
Sensors, 23(3), 1473. https://doi.org/10.3390/s23031473

[5] Gao, X., Luo, H., Ning, B., Zhao, F., Bao, L., Gong, Y., Xiao, Y., & Jiang, J.
(2020). RL-AKF: An Adaptive Kalman Filter Navigation Algorithm Based
on Reinforcement Learning for Ground Vehicles. Remote Sensing, 12(11), 1704.
https://doi.org/10.3390/rs12111704

[6] He, Q. Yu, H. Liang, D., & Yang, X. (2024). Enhancing Pure
Inertial  Navigation Accuracy through a Redundant High-Precision
Accelerometer-Based Method Utilizing Neural Networks. Sensors, 24(8),
2566. https://doi.org/10.3390/524082566

[71 Kremer, I, Wdjcik, W., Shymchyshyn, O., lvakh, M., Murashchenko, O.,
Prytula, M., & Smailov, N. (2025). Primary converter of optical sensors
for explosive hazardous substances. In A. Smolarz, W. Wojcik, R. S. Romaniuk,
& S. V. Pavlov (Eds), Photonics Applications in Astronomy, Communications,
Industry, and High Energy Physics Experiments 2025 (p. 26). SPIE.
https://doi.org/10.1117/12.3099037

[8] Lefevre, H. C. (2014). The fiber-optic gyroscope, a century after Sagnac’s
experiment: The ultimate rotation-sensing technology? Comptes Rendus.
Physique, 15(10), 851-858. https://doi.org/10.1016/j.crhy.2014.10.007

[9] Lu, N., Zhang, H., Dong, C., Li, H., & Chen, Y. (2025). NIGWO-iCaps NN:
A Method for the Fault Diagnosis of Fiber Optic Gyroscopes
Based on Capsule Neural Networks. Micromachines, 16(1), 73.
https://doi.org/10.3390/mi16010073

[10] Niu, M., Ma, H., Sun, X., Huang, T., & Song, K. (2022). A New Self-
Calibration and Compensation Method for Installation Errors of Uniaxial
Rotation Module Inertial Navigation System. Sensors, 22(10), 3812.
https://doi.org/10.3390/s22103812

[11] Oguntuase, J. O., Hiroji, A., & Komolafe, P. (2023). How Good Is a Tactical-
Grade GNSS + INS (MEMS and FOG) in a 20-m Bathymetric Survey? Sensors,
23(2), 754. https://doi.org/10.3390/s23020754

[12] Osadchuk, O., Kaczmarek, C., Osadchuk, l., Nanaka, O., Melnyk, O.,
Skoshchuk, V., Petrenko, V., & Smailov, N. (2025). Optical-electronic generator
of determinative chaos based on bipolar field transistor structure with negative
differential resistance. In A. Smolarz, W. Wojcik, R. S. Romaniuk,
& S. V. Pavlov (Eds), Photonics Applications in Astronomy, Communications,
Industry, and High Energy Physics Experiments 2025 (p. 25). SPIE.
https://doi.org/10.1117/12.3098870

[13] Post, E. J. (1967). Sagnac Effect. Reviews of Modern Physics, 39(2), 475-493.
https://doi.org/10.1103/RevModPhys.39.475

[14] Smailov, N., Tashtay, Y., Sabibolda, A., Kuttybayeva, A., Baigulbayeva, M.,
& Nussupov, Y. (2025). Performance Analysis of Fiber-Optic Gyroscopes
under Vibration and Temperature Effects. 2025 International Conference
on Electrical Engineering and Photonics (EExPolytech), 379-382.
https://doi.org/10.1109/EEXPolytech66949.2025.11253752

[15] Taghizadeh, S., & Safabakhsh, R. (2023). An integrated INS/GNSS system
with an attention-based hierarchical LSTM during GNSS outage.
GPS Solutions, 27(2), 71. https://doi.org/10.1007/s10291-023-01412-w



https://doi.org/10.1117/12.3099047
https://doi.org/10.3390/electronics12132905
https://doi.org/10.3390/s23031473
https://doi.org/10.3390/rs12111704
https://doi.org/10.3390/s24082566
https://doi.org/10.1117/12.3099037
https://doi.org/10.1016/j.crhy.2014.10.007
https://doi.org/10.3390/mi16010073
https://doi.org/10.3390/s22103812
https://doi.org/10.3390/s23020754
https://doi.org/10.1117/12.3098870
https://doi.org/10.1103/RevModPhys.39.475
https://doi.org/10.1109/EExPolytech66949.2025.11253752
https://doi.org/10.1007/s10291-023-01412-w

60 IAPGOS 2/2026

[16] Tang, H., Yang, C., Qin, L., Liang, L., Lei, Y., Jia, P., Chen, Y., Wang, Y.,
Song, Y., Qiu, C., Zheng, C., Li, X., Li, D., & Wang, L. (2023). A Review
of High-Power Semiconductor Optical Amplifiers in the 1550 nm Band.
Sensors, 23(17), 7326. https://doi.org/10.3390/s23177326

[17] Tashtay, Y., Smailov, N., Naubetov, D., Sabibolda, A., Nussupov, Y.,
Kashkimbayeva, N., Mailybayev, Y., & Batyrgaliyev, A. (2025). Fiber-Optic
Gyroscopes:  Architectures, Signal  Processing, Error  Compensation,
and Emerging Trends. Journal of Sensor and Actuator Networks, 15(1), 3.
https://doi.org/10.3390/jsan15010003

[18] Tashtay, Y., Smailov, N., Tazhen, K., Sabibolda, A., Nazarova, A., & Bazarbay,
A. (2025). Integration of GNSS and Fiber-Optic Gyroscope: Improving
Navigation Robustness under Satellite Signal Loss. 2025 International
Conference on Electrical Engineering and Photonics (EExPolytech), 412-415.
https://doi.org/10.1109/EExPolytech66949.2025.11253802

[19] Tavares Jr., A. J. A., & Oliveira, N. M. F. (2024). A Novel Approach
for Kalman Filter Tuning for Direct and Indirect Inertial Navigation
System/Global Navigation Satellite System Integration. Sensors, 24(22), 7331.
https://doi.org/10.3390/s24227331

[20] Wang, W., & Chen, X. (2016). Temperature drift modeling and compensation
of fiber optical gyroscope based on improved support vector machine
and particle swarm optimization algorithms. Applied Optics, 55(23), 6243.
https://doi.org/10.1364/A0.55.006243

[21] Wang, X., Cui, Y., & Cao, H. (2023). Temperature Drift Compensation
of Fiber Optic Gyroscopes Based on an Improved Method. Micromachines,
14(9), 1712. https://doi.org/10.3390/mi14091712

[22] Xu, H., Wang, L., Zu, Y., Gou, W., & Hu, Y. (2023). Application
and Development of Fiber Optic Gyroscope Inertial Navigation System in
Underground Space. Sensors, 23(12), 5627. https://doi.org/10.3390/s23125627

p-ISSN 2083-0157, e-ISSN 2391-6761

[23] Yang, Y., Wang, X., Zhang, N., Gao, Z., & Li, Y. (2024). Artificial neural
network based on strong track and square root UKF for INS/GNSS intelligence
integrated system during GPS outage. Scientific Reports, 14(1), 13905.
https://doi.org/10.1038/s41598-024-64918-4

[24] Zhang, C., & Lin, T. (2016). A Long-Term Performance Enhancement Method
for FOG-Based Measurement While Drilling. Sensors, 16(8), 1186.
https://doi.org/10.3390/s16081186

[25] Zhang, C., Wang, L., Gao, S., Lin, T., & Li, X. (2017). Vibration Noise
Modeling for Measurement While Drilling System Based on FOGs. Sensors,
17(10), 2367. https://doi.org/10.3390/s17102367

[26] Zhang, W., Wang, L., & Zu, Y. (2024). The Zero-Velocity Correction Method
for Pipe Jacking Automatic Guidance System Based on Fiber Optic Gyroscope.
Sensors, 24(18), 5911. https://doi.org/10.3390/s24185911

[27] Zhang, W., Zhang, D., Zhang, P., & Han, L. (2022). A New Fusion
Fault Diagnosis Method for Fiber Optic Gyroscopes. Sensors, 22(8), 2877.
https://doi.org/10.3390/s22082877

[28] Zhang, X., Cui, X., & Huang, B. (2021). The Design and Implementation
of an |Inertial GNSS Odometer Integrated Navigation System Based
on a Federated Kalman Filter for High-Speed Railway Track Inspection.
Applied Sciences, 11(11), 5244. https://doi.org/10.3390/app11115244

[29] Zhang, Y., Guo, Y., Li, C., Wang, Y., & Wang, Z. (2015). A New Open-Loop
Fiber Optic Gyro Error Compensation Method Based on Angular Velocity
Error Modeling. Sensors, 15(3), 4899-4912. https://doi.org/10.3390/s150304899

[30] Zhao, S., Zhou, Y., & Huang, T. (2022). A Novel Method for Al-Assisted
INS/GNSS Navigation System Based on CNN-GRU and CKF during GNSS
Outage. Remote Sensing, 14(18), 4494. https://doi.org/10.3390/rs14184494

M.Sc. Maral Abulkhanova
e-mail: m.abulkhanova@satbayev.university

Maral Yuldashevna Abulkhanova is a doctoral student
(Ph.D.) of the Department of Electronics,
Telecommunications and  Space  Technologies
of the Kazakh National Research Technical University
named after K.I. Sathayev, Almaty, Kazakhstan.

Her research interests are focused on the field
of telecommunications, including research in optics
and optoelectronics.

https://orcid.org/0000-0001-6055-1646

Ph.D. Nurzhigit Smailov
e-mail: n.smailov@satbayev.university

Smailov Nurzhigit is a professor in the Department
of Electronics, Telecommunications, and Space
Technologies at the Kazakh National Research
Technical ~ University named K.  Satbayev
(KazNRTU), Almaty, Kazakhstan. He received his
B.Eng.,, M.Eng., and Ph.D. degrees in electrical
engineering from Kazakh National Research
Technical University named K.l. Satbayev, in 2010,
2011, and 2016, respectively.

Research interests: electronics, radio engineering,
optical sensors.

https://orcid.org/0000-0002-7264-2390

Ph.D. Anar Khabay
e-mail: a.khabay@satbayev.university

Anar  Khabay is an associate  professor
in the Department of Electronics, Telecommunications
and Space Technologies at the Kazakh National
Research Technical University named after K. I.
Satpayev (Satbayev University), Almaty, Kazakhstan.
She is also affiliated with the Department
of Automation and Robotics at Almaty Technological
University. She received her specialist degree
in  mechatronics and robotics from Satbayev
University in 2007, a Master’s degree in instrument
engineering in 2009, and completed her Ph.D.
in instrument engineering in 2019.

Her research interests include automation systems,
robotics, instrumentation, electronics, and intelligent
control technologies.

https://orcid.org/0000-0002-0409-1531

Ph.D. Yerlan Tashtay
e-mail: y.tashtay @satbayev.university

Yerlan Tashtay is a Head of the Department
of Electronics, Telecommunications, and Space
Technologies at the Institute of Automation
and Information Technologies. He holds degrees
in automation of production processes from
Bauman Moscow State Technical University
and Computational Mathematics and Cybernetics
from Lomonosov Moscow State University.

Research interests: automation, telecommunications,
digital signal processing and space technologies.

https://orcid.org/0000-0002-0809-537X

Ph.D. Gulbakhar Yussupova
e-mail: g.yusupova@alt.edu.kz

Yussupova Gulbakhar is an associate professor
in the Department of Radio Engineering
and Telecommunications, ALT University named after
Mukhamedzhan Tynyshpayev, Almaty, Kazakhstan.
She received her Ph.D. degree in radio engineering,
electronics and telecommunications from Kazakh
National Research Technical University named after
K. I. Satbayev.

Research interests: radio engineering, telecom-
munication systems, digital signal processing, wireless
communications, applied electronics.

https://orcid.org/0000-0001-9765-2221

M.Sc. Beibarys Sekenov
e-mail: sekenov1120@gmail.com

Beibarys Sekenov is M.Eng. and leading engineer
at the Department of Electronics, Telecommunications
and Space Technologies. In 2023, he received
a bachelor's degree in engineering and technology
with a specialty in Telecommunications at Kazakh
National Research Technical University named K.I.
Satbayev ~ (KazNRTU), Almaty, Kazakhstan.
In addition, he works as an engineer of the | category
in a project funded by the Ministry of Science
and Higher Education "AP19679041 Research
and application of fibre-optic strain gauges
for monitoring the stress state of metal and concrete
structures”. His research interests include the areas
of Earth remote sensing and satellite navigation
systems.

https://orcid.org/0009-0006-8161-7900

Ph.D. Akezhan Sabibolda
e-mail: sabibolda98@gmail.com

Akezhan Sabibolda holds a Ph.D. in Telecom-
munications from the Kazakh National Research
Technical University named after K.l. Satbayev.
He received his master’s degree in Telecom-
munications and Radio Engineering from the State
University "Zhytomyr Polytechnic", Ukraine, in 2021. W
His research interests include radio monitoring, i

direction finding, digital signal processing, cyber- !
security, and telecommunications. ‘ w

https://orcid.org/0000-0002-1186-7940



https://doi.org/10.3390/s23177326
https://doi.org/10.3390/jsan15010003
https://doi.org/10.1109/EExPolytech66949.2025.11253802
https://doi.org/10.3390/s24227331
https://doi.org/10.1364/AO.55.006243
https://doi.org/10.3390/mi14091712
https://doi.org/10.3390/s23125627
https://doi.org/10.1038/s41598-024-64918-4
https://doi.org/10.3390/s16081186
https://doi.org/10.3390/s17102367
https://doi.org/10.3390/s24185911
https://doi.org/10.3390/s22082877
https://doi.org/10.3390/app11115244
https://doi.org/10.3390/s150304899
https://doi.org/10.3390/rs14184494
https://orcid.org/0000-0001-6055-1646
mailto:y.tashtay@satbayev.university
mailto:g.yusupova@alt.edu.kz
https://orcid.org/0000-0001-9765-2221
mailto:a.khabay@satbayev.university
mailto:sekenov1120@gmail.com
https://orcid.org/0009-0006-8161-7900

