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Abstract: Integration of the resulting output signals of the global navigation satellite system (GNSS) and the inertial navigation 
system (INS) is designed to ensure reliable, safe and stable performance of the aircraft navigation system. To achieve this goal, it is 
necessary to meet the following requirements for the obtained navigation parameters: high accuracy, continuity of information 
provision during long-term operation, reliability of the integration algorithm with acceptable computational costs of the aircraft 
onboard electronics. This paper examines the extended Wiener method for integration of GNSS and INS navigation systems under 
conditions of an unstable navigation data supply. Processing of navigation information from measuring devices is the basis for 
ensuring flight safety and aircraft control accuracy. Navigation parameters are measured as part of an integrated modular avionics 
system, including global navigation satellite systems (SRNS), inertial navigation system (INS), GPS/GLONASS and radar systems. 
The results of modeling the error in aircraft speed and position after applying the extended Wiener filter are presented. The 
effectiveness of the proposed algorithm was assessed based on strict statistical criteria. 
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Аннотация: Комплексирование результирующих выходных сигналов глобальной навигационной спутниковой системы 
(ГНСС) и инерциальной навигационной системы (ИНС) призвано обеспечить надежную, безопасную и устойчивую 
работоспособность навигационной системы воздушного судна (ВС). Для достижения этой цели необходимо обеспечить 
следующие требования к получаемым навигационным параметрам: высокая точность, непрерывность предоставления 
информации при длительной работе, надежность алгоритма комплексирования при приемлемых вычислительных 
затратах бортовой электроники ВС. В данной работе исследуется расширенный метод Винера для комплексирования 
навигационных систем ГНСС и ИНС в условиях нестабильной подачи навигационных данных. Обработка 
навигационной информации от измерительных устройств является основой обеспечения безопасности полетов и 
точности управления воздушным судном. Измерение навигационных параметров осуществляется в составе интегральной 
модульной авионики, включающей спутниковые радионавигационные системы (СРНС), инерциальную навигационную 
систему (ИНС), GPS/ГЛОНАСС и радиолокационные системы. Представлены результаты моделирования погрешности 
по скорости и положению ВС после применения расширенного фильтра Винера. Проведена оценка эффективности 
предложенного алгоритма на основе строгих статистических критериев. 
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1. Introduction 
 

The navigation system is the main source of 
parametric information for providing the crew 
and aircraft navigation systems with data on the 
aircraft attitude and its motion characteristics. 
The main sources of navigation information are 
the satellite navigation system (SNS) and the 
inertial system (INS) [1, 2]. However, each indi-
vidual navigation system does not fully satisfy 
the requirements of accuracy, noise immunity, 
autonomy and fault tolerance. 

The disadvantage of the inertial navigation 
system is the accumulated error (drift) during 
long-term operation, which grows proportionally 
to the operating time or even faster depending on 
the accuracy class of the system. The disadvan-
tage of the global navigation satellite system is 
its dependence on external interference, signal 
interruption and other factors that can prevent 
accurate coordinate calculation. 

The integration of the signals from the two 
navigation systems listed above makes it pos-
sible to compensate for the disadvantages of 
each individual system and use their advantages 
in operation. In particular, highly accurate but 
drift-prone inertial navigation system data can be 
corrected by relatively stable, but less accurate 
and interference-prone global navigation satellite 
system data. Algorithms for the integration of 
two or more sources of navigation information 
allow for the provision of aircraft systems with 
correct navigation parameters that have been op-
timally filtered. 

This paper discusses an improved algorithm 
for integrating navigation systems based on the 
extended Wiener filter, which provides statis-
tically optimal processing of data from various 
sources, taking into account their stochastic 
characteristics [3, 4]. 

 
 

2. Mathematical justification for 
the choice of an extended Wiener filter 
for integrating navigation systems 
 
2.1. Comparative analysis of the methods 
for integrating navigation systems 
 

Various methods are currently used to solve 
the problem of integrating navigation data, in-
cluding the Kalman filter, the Wiener filter, 
fuzzy logic methods and neural network ap-
proaches. The choice of the optimal method is 
determined by the specific application condi-
tions, accuracy requirements and computing re-
sources of the onboard equipment. 

The Kalman filter is one of the most common 
methods of integration and has a number of ad-
vantages: recursive structure; the ability to work in 
real time; taking into account the dynamics of the 
system [5]. However, for the Kalman filter to work 
effectively, precise knowledge of the system dy-
namics model and noise characteristics is required, 
which is not always available in real aircraft oper-
ating conditions. 

The extended Wiener filter, unlike the Kal-
man filter, does not require full knowledge of the 
system dynamics model and can operate effec-
tively using only statistical characteristics of sig-
nals and noise. This makes it more stable under 
conditions of model uncertainty and in the pres-
ence of non-stationary interference [1, 6]. Below 
we present a mathematical justification for 
choosing the extended Wiener filter to solve the 
problem. 
 
2.2. Theoretical foundations of the extended 
Wiener filter 
 

The classical Wiener filtering problem is 
formulated as the problem of minimizing the 
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mean square error between the true signal 𝑠ሺ𝑡ሻ 
and the estimate of this signal 𝑠̂ሺ𝑡ሻ, obtained by 
linear filtering of a noisy observation 𝑦ሺ𝑡ሻ ൌ
𝑠ሺ𝑡ሻ ൅ 𝑛ሺ𝑡ሻ, where 𝑛ሺ𝑡ሻ is the additive noise. 

For the discrete case applicable to navigation 
systems, the extended Wiener filter can be repre-
sented as 

 
 𝑠̂ሾ𝑛ሿ ൌ ∑ ℎேିଵ

௞ୀ଴ ሾ𝑘ሿ𝑦ሾ𝑛 െ 𝑘ሿ, (1) 
 

where ℎሾ𝑘ሿ is the impulse response of the filter, 
𝑁 is the filter order. 

Unlike the classical Wiener filter, the extend-
ed filter takes into account the non-stationarity 
of the statistical characteristics of signals and 
noise, as well as the possibility of integrating 
more than two data sources. The optimal impulse 
response of the filter is found from the condition 
of minimizing the functional: 

 
 𝐽 ൌ 𝐸ሼሺ𝑠ሾ𝑛ሿ െ 𝑠̂ሾ𝑛ሿሻଶሽ, (2) 

 
where 𝐸ሼ⋅ሽ is the mathematical expectation. 

The solution to this optimization problem 
leads to a system of Wiener-Hopf equations: 

 
 ∑ ℎேିଵ

௞ୀ଴ ሾ𝑘ሿ𝑅௬௬ሾ𝑖 െ 𝑘ሿ ൌ 𝑅௦௬ሾ𝑖ሿ,  
 𝑖 ൌ 0, 1, … , 𝑁 െ 1, (3) 

 
where 𝑅௬௬ሾ𝑚ሿ ൌ 𝐸ሼ𝑦ሾ𝑛ሿ𝑦ሾ𝑛 െ 𝑚ሿሽ is the auto-
correlation function of the observation, 
𝑅௦௬ሾ𝑚ሿ ൌ 𝐸ሼ𝑠ሾ𝑛ሿ𝑦ሾ𝑛 െ 𝑚ሿሽ is the mutual corre-
lation function between the true signal and the 
observation. 

For the case of integrating several navigation 
systems, the extended Wiener filter can be repre-
sented in vector form: 

 
 𝒔ොሾ𝑛ሿ ൌ ∑ 𝑯ேିଵ

௞ୀ଴ ሾ𝑘ሿ𝒚ሾ𝑛 െ 𝑘ሿ, (4) 
 

where 𝐲ሾ𝑛ሿ ൌ ൣ𝑦ଵሾ𝑛ሿ, 𝑦ଶሾ𝑛ሿ, … , 𝑦ெሾ𝑛ሿ൧
்  is the 

vector of observations 𝑀 from different naviga-
tion systems, 𝐇ሾ𝑘ሿ is the matrix of impulse re-
sponses of the filter. 

The optimal matrix 𝐇ሾ𝑘ሿ is found from the 
solution of the Wiener-Hopf matrix equation: 

 

 ∑ 𝑯ேିଵ
௞ୀ଴ ሾ𝑘ሿ𝑹𝒚𝒚ሾ𝑖 െ 𝑘ሿ ൌ 𝑹𝒔𝒚ሾ𝑖ሿ,  

 𝑖 ൌ 0, 1, … , 𝑁 െ 1, (5) 
 

where 𝐑𝐲𝐲ሾ𝑚ሿ is the autocorrelation matrix of 
the observations, 𝐑𝐬𝐲ሾ𝑚ሿ is the mutual correla-
tion matrix between the true signal and the ob-
servations. 
 
2.3. Adaptive modification of 
the extended Wiener filter 
 

To improve the efficiency of integration of 
navigation systems under conditions of changing 
characteristics of signals and interference, an 
adaptive modification of the extended Wiener 
filter is proposed. The main idea is to use a slid-
ing window to estimate the correlation functions: 

 
 𝑹𝒚𝒚ሾ𝑚, 𝑛ሿ ൌ ଵ

௅
∑ 𝒚௅ିଵ

௟ୀ଴ ሾ𝑛 െ 𝑙ሿ𝒚்ሾ𝑛 െ 𝑙 െ 𝑚ሿ;  (6) 
 

 𝑹𝒔𝒚ሾ𝑚, 𝑛ሿ ൌ ଵ

௅
∑ 𝒔௅ିଵ

௟ୀ଴ ሾ𝑛 െ 𝑙ሿ𝒚்ሾ𝑛 െ 𝑙 െ 𝑚ሿ,  (7) 
 

where 𝐿 is the size of the sliding window. 
The adaptability of the filter is ensured by 

periodic recalculation of the matrix of impulse 
responses based on updated estimates of the cor-
relation functions. The update frequency is de-
termined by the dynamics of changes in the 
characteristics of signals and interference. 

For the case when the true signal 𝐬ሾ𝑛ሿ is una-
vailable (which corresponds to the real situa-
tion), a blind identification method is used based 
on minimizing the mutual information between 
the components of the estimated signal. This al-
lows us to identify the most informative compo-
nents of the signal without a priori knowledge of 
its characteristics. 
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3. Methods for assessing the 
effectiveness of navigation parameter 
integration algorithms 
 
3.1. Navigation systems used and their 
characteristics 
 

To evaluate the efficiency of navigation pa-
rameter integration algorithms, we will deter-
mine the characteristics of the systems operating 
on board the aircraft. According to research da-
ta [1, 6], the mean-square errors (MSE) of de-
termining the aircraft location for various navi-
gation systems are: 

Inertial Navigation System (INS): σ_"INS" = 
= 6500 m; 

Air Data Computer (ADC): σ_"ADC" =        
= 11000 m; 

Doppler Velocity Sensor (DVS): σ_"DVS" =  
= 4000 m; 

Short Range Navigation System (SHORAN): 
σ_"SHORAN" = 400 m; 

Global Navigation Satellite System (GNSS): 
σ_"GNSS" = 175 m. 

The specified accuracy characteristics are 
based on experimental data and the results of 
studies of errors in navigation systems operated 
on modern civil aviation aircraft [7, 8], except 
for DVS, which is an experimental tolerance, i.e. 

we assume that there is a DVS with a given 
standard deviation for experimental testing. 
 
3.2. Research methodology and performance 
criteria 
 

The study used a mathematical model of air-
craft motion as a rigid body with six degrees of 
freedom. When modeling a flight along a route 
(fig. 1), a control method using a running point 
was used [2, 9]. 

The following indicators are defined for the 
efficiency criterion: 

1) cumulative deviation (𝐼 ), describing the 
deviation of the aircraft position at each moment 
in time ሺ𝑥, 𝑧ሻ using navigation signals from its 
position during an ideal flight. ሺ𝑥௜ௗ௘௔௟, 𝑧௜ௗ௘௔௟ሻ. 

 
 𝐼 ൌ ඥሺ𝑥 െ 𝑥௜ௗ௘௔௟ሻଶ ൅ ሺ𝑧 െ 𝑧௜ௗ௘௔௟ሻଶ;  (8) 

 
2) average lateral deviation ሺ𝑚∆௭ሻ , which 

reflects the deviation of the flight route from the 
course line (required track) and is determined by 
the expression 

 

 𝑚∆௭ ൌ ට ଵ

ெ
∑ ሺ∆𝑧௜ሻଶெ

௜ୀଵ , (9) 

 
 
 

 
 

Fig. 1. Route control method of the aircraft 
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where ∆𝑧௜  is the deviation from the course line 
(required track) at the moment of observation 𝑖; 
𝑀 is the number of observations;  

3) the accuracy of the aircraft reaching the 
final point of the route ሺ𝜉ሻ, which is determined 
by the formula  

 

 𝜉 ൌ ට൫𝑥 െ 𝑥௪௣௧൯
ଶ

൅ ൫𝑧 െ 𝑧௪௣௧൯
ଶ

; (10) 
 
4) the probability of keeping the aircraft 

within the allotted corridor relative to the re-
quired track 𝑃ሺ|∆𝑧| ൑ 𝐿௠௔௫ሻ . Considering that 
the lateral deviation of the aircraft from the re-
quired track is a function of many random pa-

rameters, the probability density of the parame-
ter ∆𝑧  can be assumed to be subject to the 
Gaussian law [10, 11–13]. 

 
 𝑃ሺ∆𝑧ሻ ൌ ଵ

√ଶగ  ఙ∆೥
𝑒𝑥𝑝 ൜െ

ሾ∆௭ି௠∆೥ሿమ

ଶఙ∆೥
మ ൠ, (11) 

 
where 𝜎∆௭  is the variance of the lateral devia-
tion ∆𝑧. 

We will assume that the permissible devia-
tion from the course line does not outweigh 
𝐿௠௔௫ ൌ 200 𝑚 . Therefore, the probability that 
the aircraft will not go beyond the permissible 
limit is determined by the expression  

 
 

 𝑃ሺ|∆𝑧| ൑ 200ሻ ൌ ଵ

√ଶగ ఙ∆೥
׬ 𝑒𝑥𝑝 ൜െ

ሾ∆௭ି௠∆೥ሿమ

ଶఙ∆೥
మ ൠ

ଶ଴଴
ିଶ଴଴  𝑑∆𝑧    ⟹ 

 𝑃ሺ|𝛥𝑧| ൑ 200ሻ ൌ 𝛷 ቂଶ଴଴ି௠೩೥

ఙ೩೥
ቃ ൅ 𝛷 ቂଶ଴଴ି௠೩೥

ఙ೩೥
ቃ, (12) 

 
where Φሺ𝑎ሻ is the tabulated probability integral. 
 
4. Implementation of the integration 
algorithm based on the extended 
Wiener filter 
 
4.1. Structural diagram of the integration 
algorithm 
 

Figure 2 shows the block diagram of the pro-
posed algorithm for integrating navigation sys-
tems based on the extended Wiener filter. 

It should be noted that this paper examines 
the characteristics of modern DVS of a new gen-
eration, which have significantly improved tech-
nical characteristics compared to previous mo-
dels. Modern DVS, developed by Luch Design 
Bureau and other manufacturers, are multifunc-
tional single housing units with digital data out-
put, which significantly simplifies their integra-
tion with onboard navigation systems. They are 
distinguished by high accuracy of speed meas-
urement (error no more than ±0.25%) and drift 
angle (error no more than ±16 arc minutes) due 
to the use of frequency modulation and modern 
algorithms for digital signal processing. Some 

DVS models, such as the DISS-32-28 and D001, 
have a wide range of measured speeds (from 180 
to 4000 km/h) and operating altitudes (from 1.6 
to 30,000 m), making them applicable to both 
traditional aircraft and advanced unmanned aeri-
al vehicles. 
 
4.2. Mathematical implementation of the 
extended Wiener filter for navigation systems 
 

With regard to the problem of integration of 
navigation systems, the extended Wiener filter is 
implemented as follows. Let there be M naviga-
tion systems, each of which provides an estimate 
of the aircraft state vector: 

 
 𝒚௝ሾ𝑛ሿ ൌ 𝒔ሾ𝑛ሿ ൅ 𝒏௝ሾ𝑛ሿ,  𝑗 ൌ 1, 2, … , 𝑀, (13) 

 
where 𝐬ሾ𝑛ሿ is the true aircraft state vector, 𝐧௝ሾ𝑛ሿ 
is the error vector of the jth navigation system. 

The integration problem supposes finding the 
optimal estimate 𝐬ොሾ𝑛ሿ the true aircraft state vec-
tor based on observations from all M systems: 

 
 𝒔ොሾ𝑛ሿ ൌ ∑ 𝑾𝒋

ெ
௝ୀଵ ሾ𝑛ሿ𝒚𝒋ሾ𝑛ሿ, (14) 
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where 𝐖௝ሾ𝑛ሿ is the matrix of weighting coeffi-
cients for the jth navigation system. 

The optimal weighting coefficients are found 
from the condition of minimum mean square er-
ror: 

 
 𝑾௝ሾ𝑛ሿ ൌ 𝑹௦ሾ𝑛ሿ𝑹௬ೕ

ିଵሾ𝑛ሿ, (15) 
 

where 𝐑௦ሾ𝑛ሿ ൌ 𝐸ሼ𝐬ሾ𝑛ሿ𝐬்ሾ𝑛ሿሽ  is the covariance 
matrix  of  the  true  state  vector,  𝐑௬ೕ

ሾ𝑛ሿ ൌ 
ൌ 𝐸ሼ𝐲௝ሾ𝑛ሿ𝐲௝

்ሾ𝑛ሿሽ is the covariance matrix of ob-
servations of the jth system. 

The covariance matrix of the true state vector 
can be estimated based on a priori data on the 
aircraft dynamics or using high-precision refer-
ence measurements at the stage of system cali-
bration. 

Taking into account the non-stationarity of 
the characteristics of navigation systems, the co-
variance matrices are estimated recursively: 

 
 𝑹௬ೕ

ሾ𝑛ሿ ൌ 𝛼𝑹௬ೕ
ሾ𝑛 െ 1ሿ ൅ ሺ1 െ 𝛼ሻ𝒚௝ሾ𝑛ሿ𝒚௝

்ሾ𝑛ሿ,  (16) 
 

where 𝛼 is the forgetting coefficient, which de-
termines the speed of filter adaptation to chang-
ing conditions (0 ൏ 𝛼 ൏ 1). 

To initialize the recursive algorithm (16) the 
initial covariance matrix Ryj[0] can be specified 

based on the passport characteristics of the errors 
of the navigation systems or the results of pre-
liminary calibration. 

In the event of failure or temporary unavaila-
bility of one of the navigation systems, the cor-
responding weighting coefficients are automati-
cally adjusted taking into account the current 
estimates of the statistical characteristics of the 
remaining systems [14–16]. 
 
5. Results of the study of 
the integration algorithm efficiency 
 
5.1. Analysis of the navigation systems 
accuracy 

 
Figure 3 presents the results of modeling the 

impact of errors in various navigation systems 
on the accuracy of maintaining the course line. 
The shown results represent the absolute devia-
tions of the flight path from the course line (re-
quired track) |Δz| at each observation moment. 

The analysis of the results shows that the ac-
curacy of maintaining an aircraft on a flight path 
depends significantly on the mean-square error 
of the navigation system used. As shown in the 
graphs, the smallest deviation from the course 

 
Fig. 2. A block diagram of signal integration using an extended Wiener filter 
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line is achieved using the Global navigation sat-
ellite system, which has the smallest coordinate 
determination error, while the largest deviation 
is achieved using the Air Data Computer. 

Table 1 shows the results of calculating the 
mean-square lateral deviation m_Δz for various 
navigation systems. 

The results confirm that the GNSS with the 
lowest mean square error provides the best accu-
racy of maintaining the course line, and the ADC 
with the highest error provides the worst ac-
curacy. 

5.2. The efficiency of integrating using 
the extended Wiener filter 
 

Figure 4 shows the results of modeling the 
absolute deviation from the course line when 
integrating navigation signals using the extended 
Wiener filter. 

The comparison with the results of individual 
navigation systems (fig. 3) shows that integra-
tion provides a significant improvement in the 
accuracy of maintaining the course line (required 

 
 

Fig. 3. Absolute deviation of the flight route from the course line using navigation systems 
 
 

Table 1
Determination results 

 
Navigation System INS ADC DVS SHORAN GNSS 

Average Lateral Error (𝑚∆௭), m 861.4379 2188.583 416.3014 33.9721 18.0735 

Lateral Error Variance (𝜎௱௭
ଶ ), m² 742076.64 4789818.62 173286.87 1154.11 326.65 

 
 

 
 

Fig. 4. Absolute deviation from the course line when integrating navigation signals using a Wiener filter 
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track). Moreover, the accuracy of the integrated 
system exceeds that of the most accurate indi-
vidual system (GNSS). 

Figure 5 shows a comparison of the accumu-
lated deviation I using individual navigation sys-
tems and the integration method. 

The graphs clearly demonstrate that signal 
integration using the extended Wiener filter al-
lows for a significant reduction in cumulative 
deviation compared to using individual naviga-
tion systems. 

 

5.3. Algorithm stability to navigation systems 
failures 
 

To assess the stability of the proposed algo-
rithm to individual navigation systems failures, 
situations with an absence of signal from one of 
the systems were simulated. Figure 6 shows the 
absolute deviations of the flight path from the 
course line |∆𝑧| in the absence of a signal as a 
result of, for example, a malfunction of one of 
the navigation systems. 

The results show that the proposed integra-
tion algorithm remains operational even if one of 
the systems fails. The accuracy of determining 

 
 

Fig. 5. The dependence of the accumulated deviation I on the results of the integration of navigation systems during flight: 
a – in a straight line, б – along the route 

 
 

 
 

Fig. 6. Absolute deviations of the flight path from the course line (required track) 
 



Научный Вестник МГТУ ГА Том 28, № 05, 2025
Civil Aviation High Technologies Vol. 28, No. 05, 2025
 

30 

the aircraft position decreases only slightly and 
remains higher than when using the most accu-
rate system alone. Figure 7 shows the effect of 
integrating various combinations of four naviga-
tion systems on the accumulated deviation I. The 
characteristic jumps in the graphs (fig. 7) corre-
spond to the moments of an abrupt change in the 
flight path upon entering a turn (t ≈ 120 s) and 
the beginning of the stabilization section after 
completing the turn (t ≈ 240 s). At these mo-
ments, the adaptive Wiener filter algorithm rear-
ranges the weighting coefficients in accordance 
with the change in flight dynamics, which tem-

porarily increases the position estimation error. 
The simulation results for various combinations 
of three (figs. 8–10) and two (figs. 11–13) navi-
gation systems confirm the efficiency of the pro-
posed integration algorithm even with a limited 
set of available systems. For various combina-
tions of combining two navigation systems, the 
results of determining the absolute deviation |∆z| 
and the accumulated deviation I are shown in 
Figures 11–13. From the figures it is clear that 
the use of the Wiener filter for integrating vari-
ous systems also improves the accuracy of route 
maintenance. 

 
 

 
 

Fig. 7. The influence of integrating various four systems on I during flight: 
 a – in a straight line, b – along a route 
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Fig. 8. The results of determining the absolute deviation of the flight path  
from the course line (required track) during integration of 3 system 
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Fig. 9. I when flying: a – in a straight line, b – along the route 
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Fig. 10. Accumulated deviation I when flying: a – in a straight line, b – along the route 
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Fig. 11. The results of determining the absolute deviation of the flight path from the course line  
when integrating two systems 
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Fig. 12. Accumulated deviation I when integrating two systems: a – in a straight line, b – along the route 
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Fig. 13. Accumulated deviation I when integrating two systems: a – in a straight line, b – along the route 
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5.4. Probabilistic characteristics of 
keeping aircraft within an acceptable 
airway range 
 

Based on the obtained statistical characte-
ristics of the lateral deviation of the aircraft from 
the course line, the probabilities of keeping the 
aircraft within the acceptable airway range of 
200 m width were calculated. The results are 
presented in Table 2. 

Analysis of the table data shows that integ-
rating navigation systems using the extended 
Wiener filter significantly increases the proba-
bility of keeping an aircraft within the acceptable 
range compared to using individual navigation 
systems. Moreover, the highest probability is 
achieved by integrating all available systems.  
 
6. Mathematical analysis of the reasons 
for increasing accuracy during 
integration 
 

To theoretically substantiate the experimental 
results obtained, we will conduct a mathematical 
analysis of the effect of integration on the accu-
racy of aircraft location determination [17]. 

Let us assume that there are M independent 
navigation systems, each of which provides an 
estimate of the aircraft state vector with an error 
variance. 𝜎௜

ଶ. When data integration is performed 

using an extended Wiener filter, the resulting 
error variance is determined by the expression: 

 

 𝜎௥௘௦
ଶ ൌ ൬∑ ଵ

ఙ೔
మ

ெ
௜ୀଵ ൰

ିଵ

. (17) 
 
For the case of integrating two systems with 

variances 𝜎ଵ
ଶ and 𝜎ଶ

ଶ we obtain: 
 

 𝜎௥௘௦
ଶ ൌ ఙభ

మఙమ
మ

ఙభ
మାఙమ

మ. (18) 
 
Obviously 𝜎௥௘௦

ଶ ൏ minሺ𝜎ଵ
ଶ, 𝜎ଶ

ଶሻ, that confirms 
the theoretically observed effect of increasing 
accuracy during integration. 

For an adaptive extended Wiener filter with 
recurrent estimation of the statistical characte-
ristics of signals and noise, the variance of the 
resulting error is determined by a more complex 
expression: 

 
 𝜎௥௘௦

ଶ ሾ𝑛ሿ ൌ 𝜎௦
ଶሾ𝑛ሿ െ ∑ 𝑲௜

்ெ
௜ୀଵ ሾ𝑛ሿ𝑹௜ሾ𝑛ሿ𝑲௜ሾ𝑛ሿ,  (19) 

 
where 𝜎௦

ଶሾ𝑛ሿ  is a priori variance of the state vec-
tor, Kiሾnሿ is the gain coefficient of the filter for 
the ith system, 𝐑௜ሾ𝑛ሿ is the covariance matrix of 
the measurements of the ith system. 

This expression explains the dependence of 
the accuracy of the integrated system on the sta-
tistical characteristics of individual navigation 
systems and their mutual correlation effect. 

Table 2 
The probability of keeping the aircraft within the acceptable range (200 m) 

 
Navigation system/intergration Mean-square deviation σΔz, m The probability Pሺ|Δz|൑200ሻ 

INS 862.14 0.2321 
ADC 2188.58 0.0914 
DVS 416.30 0.4812 
SHORAN 33.97 0.9999 
GNSS 18.07 0.9999 
Integration of all systems 12.35 0.9999994 
Integration (INS, DVS, SHORAN, 
GNSS) 

14.21 0.9999990 

Integration (DVS, SHORAN, 
GNSS) 

15.83 0.9999987 

Integration (SHORAN, GNSS) 16.94 0.9999983 
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7. Conclusion 
 

A study of the effectiveness of navigation 
system integration algorithms based on the ex-
tended Wiener filter allows us to draw the fol-
lowing conclusions: 

1. Integration of navigation system signals 
using the extended Wiener filter significantly 
improves aircraft positioning accuracy compared 
to using individual navigation systems. Moreo-
ver, the mean-square lateral deviation from the 
course line decreases from 18.07 m (for the most 
accurate GNSS system) to 12.35 m when inte-
grating all available systems. 

2. The proposed integration algorithm is 
highly resilient to failures of individual naviga-
tion systems. Even if the most accurate system 
(GNSS) fails, the aircraft positioning accuracy 
remains sufficiently high due to the adaptive re-
distribution of weighting factors in the filter. 

3. The probability of keeping an aircraft 
within an acceptable 200-meter-wide airway 
range using the integrated system is 0.9999994, 
which exceeds the corresponding figure for the 
most accurate standalone system (0.9999 for 
GNSS). 

4. Mathematical analysis confirms that the 
improved accuracy during integration is a conse-
quence of optimal statistical processing of data 
from various navigation systems, taking into ac-
count their stochastic characteristics. 

5. The adaptability of the extended Wiener 
filter ensures effective integration of navigation 
systems under changing signal and interference 
characteristics, which is particularly important 
for ensuring flight safety in challenging condi-
tions. 

Thus, using the extended Wiener filter for in-
tegration of navigation systems is an effective 
method for improving the accuracy, reliability, 
and safety of aircraft navigation. 
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