Siberian Aerospace Journal. Vol. 25, No. 4

UDC 621.391
Doi: 10.31772/2712-8970-2024-25-4-482-492

Jass umtupoBanusi: [loBbiieHne TouHOCTH mno3unuonupoBanusi cucteMbl [JIOHACC / A. JI. Tumodees,
A. X. Cynranos, . K. Memkos, A. P. I'u3arynun // Cubupckuil aspokocmuueckuit xxyprain. 2024. T. 25, Ne 4.
C. 482-492. Doi: 10.31772/2712-8970-2024-25-4-482-492.

For citation: Timofeev A. L., Sultanov A. Kh., Meshkov 1. K., Gizatulin A. R. [Increasing the positioning accu-
racy of the GLONASS system]. Siberian Aerospace Journal. 2024, Vol. 25, No. 4, P. 482-492. Doi: 10.31772/2712-
8970-2024-25-4-482-492.

IHoBblIeHHe TOYHOCTH NO3UNUOHUPOBaHus cucteMbl TJIOHACC
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Tounocms onpedenenus KOOPOUHAM 8 CUCIEMAX 2100ATbHO20 NOZUYUOHUPOBAHUS. ONPeOesemcs KOIu-
4eCmeoM CNYMHUKOS, OOHOBPEMEHHO BUOUMBIX HABULAYUOHHBIM 000pyOosaruem nompebumens. Ha 60.1b-
wetl yacmu Nno8epXHOCMU 3eMIU HAO 20PU3OHMOM HAX00AMCs 00HO8peMenHo 0o 11 cnymuukog IJ10-
HACC. Odnaxo omuowenue cueHan/uym 6 Kamane césasu, Heodxooumoe 01 0e30uubouH020 npuema uH-
gopmayuu, yacmo obecneyusaemcs moavko 01s 2—4 cnymuuros. /[is nosviuieHuss moyHOCmuU NO3UYUOHU-
POBAHUA NPEOTONHCEHO UCHOIbI0OBAb MEMOO 20102PAPUUECKO20 NOMEXOYCIOUYNUBO20 KOOUPOBAHUS, OCHO-
BAHHBIL HA 2002paguyeckom npedcmasieruu yugposoco cuenana. Ilpoyecc xoouposanus coobujeHus
npedcmasnsaem cobol Mamemamuieckoe MOOEIUPoOsanue 20J102pAMMbl, CO30A8aeMOU 8 BUPMYATILHOM NPO-
CMparcmee 8OIHOU OM UCTMOYHUKA 6X00H020 cueHana. Ilokazano, umo eonoepaghuneckoe npedcmasgierue
cucHana obaadaem cywjecmeenHo OObuLell HOMEXOYCMOUYUBOCTNBIO U NO3BOISEM 80CCMAHOBUMb UCX00-
HYI0 Yu@posyto Komounayuio npu nomepe 60abWEN YACmu KOO08020 COOOUeHUS U NPU UCKAICEHUU KOOU-
POBAHHO2O CUSHANA UWLYMOM, 8 HECKOJIbKO pa3 Npesocxo0sauum yposens cuenana. Ilposedennuvie ucciedosa-
HUSL NOKA3AAU, YMO 66e0eHlUe 20102pAPUUecK020 KOOUPOBAHUsl 8 KAHAAE CHRYMHUKOBOU CG3U CUCTeMbl
T7JIOHACC 0acm 603mM02icHOCIb HABUCAYUOHHOU annapamype nompebumenei NOLY4aAmMb UHGOPMAyUuIo
¢ bonvule2o KOIUYeCmea CnymHuKkos, 4mo CyujeCmeeHHo NosbiCum moyHOCMb NO3UYUOHUPOBAaHUs. B uac-
Mo 6cmMpeyarowencs: cumyayui, Ko20a mpedyemoe OmHoueHue CUSHAT/ULYM BblOePIACUBAEMCST MOAbKO OJis
4 cnymuuxos [ JIOHACC, noepewnocmo nosuyuonuposanus npegviiuaem 10 m. Ilpu ucnonvzosanuu 20.10-
epagpuueckozo KoOuposanus 6 maxkou dxce cumyayuu oyoem 06e30uudouHo 0eKoouposamvpcs uUHpopmayus
om 9 CHYMHUKO8 U NO2PEeUIHOCIb NO3UYUOHUPOBAHUSL COCMABUN OKOA0 2 M.

Kmiouesvie cnosa: 20ﬂozpa¢uuecme Kodupoeaﬁue, ucnpaenenue omubox 6 Kauane ces3uU, nocpewt-
HOCNMb NO3UYUOHUPOBAHUAL.
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The accuracy of determining coordinates in global positioning systems is determined by the number of

satellites simultaneously visible to the consumer's navigation equipment. Over most of the earth's surface,
there are up to 11 GLONASS satellites above the horizon at the same time, but the signal-to-noise ratio in
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the communication channel required for error-free information reception is often ensured only for 2-4 sat-
ellites. To improve the positioning accuracy, it is proposed to use the holographic noise-immune coding
method based on the holographic representation of the digital signal. The message coding process is a ma-
thematical modeling of a hologram created in virtual space by a wave from the input signal source. It is
shown that the holographic representation of the signal has significantly greater noise immunity and al-
lows restoring the original digital combination when most of the code message is lost and when the coded
signal is distorted by noise several times exceeding the signal level. The studies have shown that the intro-
duction of holographic coding in the GLONASS satellite communication channel will enable consumer na-
vigation equipment to receive information from a larger number of satellites, which will significantly im-
prove the positioning accuracy. In a common situation where the required signal-to-noise ratio is main-
tained for only 4 GLONASS satellites, the positioning error exceeds 10 meters. Using holographic coding
in the same situation, information from 9 satellites will be decoded without error, and the positioning error
will be about 2 meters.

Keywords: holographic coding, error correction in the communication channel, positioning error.

Introduction

One of the main characteristics of the global navigation satellite system GLONASS is the accuracy
of coordinate and altitude estimates obtained in the navigation user equipment (NUE) only from satel-
lite signals without using additional information [1]. Positioning accuracy is of particular importance
for navigation systems of aircraft, including unmanned aircraft, in conditions of unintentional and in-
tentional interference [2; 3]. However, insufficient positioning accuracy in many cases requires the
development of other methods for solving this problem. In [4], it is proposed to use a high-precision
ephemeris and time correction system for solving fundamental geodynemic and geodetic problems,
collecting, storing and processing measurement and navigation information on GLONASS satellite
navigation systems. In [5], calculation methods are proposed for reducing errors caused by signal pas-
sage in the ionosphere and troposphere; in [6], it is shown that the use of spatial selection methods us-
ing an antenna array can significantly increase the accuracy of navigation determinations by reducing
the influence of multipath reception. The paper [7] describes the idea of digital recording of navigation
signals and proposes a high-speed post-processing method to improve the accuracy of estimates. An
approach to improving the noise immunity of navigation equipment by using a deep integration
scheme for navigation equipment is proposed in [8; 9]. A method for improving the noise immunity of
positioning systems by transmitting an additional time stamp is considered in [10]. The most complex
and costly is the creation of a new navigation and information satellite system proposed in [11], which
eliminates the problems in the development of the GLONASS system. The accuracy of positioning is
greatly influenced by the characteristics of the NUE. Standard NUE samples do not provide the re-
quired level of noise immunity at the existing power level of received GLONASS signals of about mi-
nus 166—-156 dBW [12; 13]. The GLONASS system uses Hamming code to improve noise immunity,
which corrects single errors. The transmitted blocks of digital information are 85-bit codes, where the
most significant 77 bits contain information symbols, and the least significant 8 bits contain check
symbols [12].

Problem statement

The accuracy of coordinate measurements is determined by the number of satellites simultaneously
visible to navigation equipment. GLONASS errors are 3—6 m when using 7-8 satellites. Up to 11
GLONASS satellites are simultaneously above the horizon on most of the earth’s surface, but the sig-
nal-to-noise ratio in the communication channel, necessary for error-free reception of information, is
often ensured only for 2—4 satellites. Fig. 1 shows an example of the visibility of satellites of different
navigation systems in urban areas.

Fig. 2 shows the signal levels for visible.
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Fig. 1. Visibility of GPS, GLONASS, BEIDOU, GALI-
LEO satellites

The required signal-to-noise ratio is maintained for 4 GLONASS satellites, 5 GLONASS satellites
are in the visibility zone, but are not used due to the low signal-to-noise ratio. Under these conditions,
the positioning error exceeds 10 m. The positioning error can be reduced not only by increasing the
number of satellites in the satellite constellation, but also by using coding that ensures the correction
of a larger number of errors.

A large number of error-correcting codes of varying efficiency have been developed to date. How-
ever, their efficiency is insufficient to restore the original message when transmitting information over
a satellite communication channel under conditions of a low signal-to-noise ratio, when large frag-
ments of information can be lost. One of the ways to improve the stability of a communication channel
is to use a form of signal representation that ensures the restoration of a message based on its frag-
ment. The holographic method of error-correcting coding has such a feature [14; 15]. The holographic
code can be used to solve a variety of problems, for example, to increase the reliability of onboard
memory systems [16] or to increase the noise immunity of a radar channel [17]. Holographic coding
can be used with the same success to increase the noise immunity of a satellite communication chan-
nel. The process of coding the transmitted information is a mathematical modeling of a digital holo-
gram created in virtual space by a wave from the coded object [18; 19]. Holographic coding of arbi-
trary digital information differs from optical holography by the following factors:

— the object is one-dimensional;

— the object is not tied to spatial dimensions, the unit of measurement of the size of the object and
the hologram is the wavelength of the radiation;

— the wave propagates without attenuation and is coherent at any length.

Holographic encoding/decoding algorithm

The input data block of the original digital message, which is an n-bit binary code, is transformed
into a secondary block - a single position code with the number of positions N = 2". This transforma-
tion introduces redundancy into the message with a coefficient ¢ = 2"/n. The secondary block has (N-
1) zeros and one unit in the position specified by the primary block. Thus, the block of the original
digital message is used as the address of the position of the one in the sequence of zeros of the single
position code of the secondary block.

The code combination is formed by geometric construction in the plane.
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From the primary n-bit data block X, a secondary block A4, a spatial one-dimensional object (herein-
after referred to as the object), consisting of points 4(i), i = 1...N, the value of one of which is 1, the
rest are zeros: A(x) = A@{)=1,i=X, A(@) = 0 for i # X, is formed.

The distance between the points is d. The cell A(x) is the source of a spherical wave propagating in
the plane of analysis and characterized by a wavelength A = d.

Let us consider the values of the spherical wave front in the plane of the object on a line parallel to
the object at a distance L, at N points with a step of d. The wave from the source propagates without
attenuation and hits all the elements of the one-dimensional array H(j), j = 1...N (Fig. 3). This set of
points forms a section of the Fresnel zone plate (Fresnel zone ruler), which is the simplest hologram —
a hologram of a point. Thus, a one-dimensional object A(i) is assigned a one-dimensional hologram
H(j). The values of the resulting hologram are rounded to one bit, resulting in the formation of an N-bit
one-dimensional array Hy(j), which is a code combination of an n-bit input data block X.

The values of the wave front at the points under consideration H(y), j = 1...N are determined by the
phase of the incoming wave. The wave phase ¢ is a function of the spatial coordinates. The value of
the wave from the element 4(7) at the point where the hologram element H(j) is located equals to

H(j) = A(i)sin (i, /), (D

where (i, j) is the radiation phase of the element A(7) at the point H(j).
The distance /(, j) between points 4(i) u H(j) is

then @(z, j) is the fractional part of the ratio of 1(z, j) to the wavelength:
0, /) = {1, /) /A3

Thus, the code combination Hy(j) is a point hologram, which is also a one-dimensional zone ruler
carrying information from the input data block in the form of an N-bit code for the coordinate of the
center of the Fresnel zones.

The code combination is transmitted over the communication channel and decoding is performed
on the receiving side - the hologram is restored, the maximum is found and its coordinate is output as
an n-bit output code.

The distorted hologram Hp(j) received over the communication channel is considered as a one-
dimensional array of points, the number of which may be less than N due to the loss of part of the in-
formation, and the values of the received elements are distorted by noise. Each of the points of the ho-
logram Hpg(j) is a source of a spherical wave with the same wavelength A as in encoding. The recon-
structed object A(7) is a one-dimensional array of points located with a step d on a straight line paral-
lel to the hologram Hp(j)and located at a distance L from it.

The intensity of the wave from the hologram point Hz(j) at the point of the reconstructed object
Ag(i) is calculated in the same way as in coding (1). Waves from each point of the hologram Hx(j)
(Fig. 3) arrive at each point of the object AR(i), and as a result of the interference of these waves, the
values of the N-bit representation of the reconstructed object 4x(i) are formed:

Ap (i)=Y He(j), i=1...N.

Therefore, the reconstructed object Ax(i) is a second-order hologram (a hologram of a hologram) of
the original object.

To obtain the output data block in the form of an n-bit code, it is necessary to determine the posi-
tion number Y, in which the maximum of the Ag(i) array is located. This number is the value of the
output data block.
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Fig. 3. Spatial coding scheme

Sequence of operations of the encoding/decoding algorithm is the following:

1. Transformation of the primary data block X into the secondary block 4.

2. Calculation of the wave front values at the hologram points H.

3. Transmission of the hologram.

4. Calculation of the reconstructed object Az based on the received hologram Hx.
5. Search for the maximum in the A array.

6. Determination of the maximum value and formation of the output block Y.

Simulation results

The noise immunity of the considered holographic code was studied by simulating the coding-
decoding processes in the Matlab environment when transmitting code messages over a noisy channel.
A pseudo-random noise generator implemented by the Random function was used as a noise source.

Fig. 4 shows the result of reconstructing a signal carrying the value ¥ = 100. The reconstructed sig-
nal contains a small coding noise.

The level of coding noise, which determines the potential noise immunity of the code, depends on
the length of the code combination. The shape of the reconstructed signal carrying the value Y = 400,
with N = 1024 (redundancy coefficient ¢ = 128) is shown in Fig. 5

Let us consider the code’s resistance to errors caused by noise in the communication channel. The
effect of noise is simulated by replacing part of the hologram with a binary random sequence. With a
random fragment length in the signal of 70%, the reconstructed signal exceeds the maximum noise
emission value by 11 dB (Fig. 6).

Increasing the length of the code combination leads to an increase in the noise immunity of the
code. At N = 1024, the output signal is restored from a signal consisting of 80% random sequence. The
signal-to-noise peak ratio at the decoder output is 6.3 dB (Fig. 7).
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Fig. 4. Reconstructed signal at N = 256
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Fig. 7. Signal at the decoder output at N = 1024. Random fragment length 80 %

If the noise in the channel distorts 90% of the signal, it is necessary to increase the code combina-
tion length to N = 4096 to obtain a signal-to-noise ratio at the decoder output of 5 dB (Fig. 8).
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Fig. 8. Channel losses 90 %. Reconstructed signal at N = 4096
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A study of the dependence of the holographic code’s error-correcting ability on the distance be-

tween the object and the hologram L, the hologram pitch d, and the wavelength 4 showed that the best
results are achieved with L = nd and 1 = d.

Let us consider the code's error-correcting capabilities.

The error-correcting capabilities of an error-correcting code with n = 2* symbols in a code combi-
nation, of which & symbols are information, are estimated by the maximum number of errors # that it
can correct for a given degree of redundancy, for example, for the Reed—Muller code (RM code) ) t =
22 _ 1 [20], which corresponds to the correction of errors of any type, constituting up to 25% of the
code word length.

One of the most effective known error-correcting codes is the Reed—Solomon code (RS code),
widely used in error-correcting coding, in data recovery systems from compact discs, and in creating
archives with the ability to recover information in the event of damage [21]. The limit of the error-
correcting ability (n, k) of the RS code is determined by the Singleton bound [22], according to which,
to correct ¢ errors, the code must have at least n — k = 2¢ check symbols, i.e. two check symbols for one
error. With a high degree of redundancy (n >> k), the number of correctable errors ¢ approaches 50%
of the code word length n. For example, the RS code (255.8) with a redundancy coefficient of 32 eli-
minates 123 errors, while the code word contains 132 correct symbols - errors occupy 48% of the code
word. A feature of the RS code is that it demonstrates such a high correcting ability only for burst er-
rors [21]. At the same time, random errors are typical for most digital channels described by the model
of a binary symmetric channel without memory. If we switch from burst errors to random errors uni-
formly distributed over the code word, the maximum number of errors corrected by the RS code will
be t =n/2k— 1. It follows that the same version of the (n, k) RS code with n = 256, k = 8 corrects 15
random errors, which is 6% of the code word length.

To assess the noise immunity of the holographic code, a comparison of the reliability of informa-
tion transmission over a channel with additive white Gaussian noise using several codes was per-
formed. The dependence of the decoding error probability on the signal-to-noise ratio in the channel
for the RS code, RM code, majority code and holographic code was considered. For this purpose, the
above-considered maximum numbers of correctable errors for each code were taken and the depend-
ence of the probability of occurrence of the number of errors no greater than the maximum on the sig-
nal-to-noise ratio was constructed. In all cases, the number of bits of the original word is 8, the length
of the code word is 256 bits (code rate R = 1/32). The results are shown in Fig. 9.
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Fig. 9. Dependence of the probability of decoding error P, on the signal-to-noise ratio at code rate R = 1/32:
1 —holographic code; 2 — majority code; 3 — RM code; 4 — RS code; 5 — without coding

One of the most reliable methods of information transmission in highly noisy channels is averaging
within the limits of the introduced redundancy with a majority method of choosing a solution. How-
ever, it turned out that the holographic code is more noise-resistant and provides a gain of 2 dB com-
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pared to the majority code, which makes it possible to obtain a decoding error probability of 10—6 with
a signal-to-noise ratio S/N = —7 dB. The capabilities of the proposed holographic code are determined
by the level of introduced redundancy: with a redundancy coefficient of ¢ = 32, error-free decoding of
the signal occurs when 70% of the signal is replaced by a random sequence, while the Hamming code
used in GLONASS corrects one error in an 85-bit word.

All types of noise-immune coding, including holographic code, require the introduction of redun-
dancy. The results of code comparison shown in Fig. 9 were obtained with the same code rate R =
1/32, i.e. with the same 32-fold redundancy. Other codes work with low redundancy, but with much
lower efficiency. When using communication channels with a low signal-to-noise ratio, a holographic
code can increase noise immunity by an order of magnitude, but this requires the introduction of at
least 10-fold redundancy. This increases the volume of transmitted information and, when using the
same communication channel, increases the transmission time and therefore the time for determining
the coordinates. Therefore, the capabilities of holographic coding in terms of the duration of the time
interval for determining the coordinates must be proportionate to the task at hand. This method is well
suited for geodetic work, but will most likely be less in demand for measuring the coordinates of fast-
moving objects.

Conclusion

The conducted studies have shown that the introduction of holographic coding in the GLONASS
satellite communication channel will enable consumer navigation equipment to receive information
from a larger number of satellites due to the code’s ability to ensure the ability to correctly decode the
signal with a signal/noise ratio in the satellite channel of up to -7 dB, which will significantly increase
the positioning accuracy. The resulting problem of increasing the delay in issuing coordinates can be
solved by two methods: increasing the speed of information transfer in the satellite channel or organiz-
ing an additional channel with holographic coding so that the modified navigation equipment can op-
erate in two modes — fast with current accuracy and slow, but more accurate.

Buarogapuocru. Pabota BbIMONHEHA TPW MOAMACPKKEe TrpaHTa Poccuiickoro HaywHoro (oHAa,
npoekT Ne 24-29-00080, https://rscf.ru/project/24-29-00080/.

Acknowledgements. The study was supported by the grant of Russian Science Foundation
Ne 24-29-00080, https://rscf.ru/project/24-29-00080/.

bubauorpadguyeckue CChIIKA

1. Iynmnoeckuii B. b. Beioop cinytankoB ['JIOHACC mist CHIDKEHHSI TTOTPENTHOCTH OTIPEICICHIS
TUTAHOBBIX KoopauHat // PakeTHO-kocMUuYeckoe MpHOOPOCTpOCHHE W MH(POPMAIMOHHBIC CHCTEMBL
2019. T. 6, Ne 3. C. 15-22.

2. MajorabapuTHbIH HHTETPUPOBAHHBIN HAaBHTaIllMOHHO-TIOCcanouHbll KoMmiuieke / b. C. AneruH,
. A. Anronos, K. K. Bepemeenko u np. / Tp. MAU. 2012. Ne 54 [DOnexrponnsiii pecypc]. URL:
https://www.mai.ru/science/trudy/published.php?1D=29692.

3. Banaritute A. A., Huxkutun /1. I1., CagoBckas E. B. MccrnemoBanue BIUSHUSA OMIMOKH MHOI'O-
JY4EeBOCTU HA TOYHOCThH ompeneneHus: mapamerpoB curHanoB 'HCC (rmo0OanbHBIX HaBUTaIMOHHBIX
CIYTHUKOBBIX CHUCTEM) MPH MOMOIIM HMHUTaTOpa HaBUrauuoHuoro moius / Tp. MAN. 2014. Ne 77
[Dnextponnsiii pecype]. URL: http://www.mai.ru/science/trudy/published.php?ID=53172.

4. Mansres I'. H., Cakymur A. H., Cakymun E. A. [loTeHnuanpHas TOYHOCTD MPUBS3KU TIOIBHK-
HBIX M3MEPHUTEIbHBIX MYHKTOB 10 CHTHAllaM CIyTHHKOBOM HaBuranuonHo# cucrembl I'JIOHACC //
Bompocs! paanosnektponukw, cep. Texauka tenesuaenns. 2015. Ne 2. C. 57-64.

5. Ps6oer U. B., Pomanos U. C. Onpenesnenne GakTopoB, BIUAIONIMX HA TOYHOCTh O3UIIHOHHPO-
BaHUS C TIOMOIIBIO TTI00ANBEHBIX HABUTAITMOHHBIX CITyTHUKOBBIX cucteM GPS u 'JIOHACC // DSPA:
Bomnpoce mpumenenus uugposoii 00padoTku curnanos. 2018. T. 8, Ne 2. C. 167-170.

489



Siberian Aerospace Journal. Vol. 25, No. 4

6. Lpipemmnunosa H. C., XaBponuna T. E. TouHOCTs M3MEPEHNS HABUTALIMOHHBIX TaPaMETPOB B HABH-
TalMOHHOM anmapaType NOTpeOUTeNs CITyTHUKOBOM paJlOHABUTAlIMOHHON CHCTeMBI | JIoHacc, ocHalleH-
HOU aHTeHHOMH pemeTKol // AKTyanbHble poOiembl aBranuu 1 kocMoHaBTukd. 2015. T. 1. C. 80-82.

7. WMapmasun I1. B., KonapateeB A. C., ['pebennukoB A. B. [Ipumenenue uudpooii peructpa-
IIMU JIJIS] TIOBBIMIEHHS] TOYHOCTHBIX XapaKTEPUCTHK M3MEPEHHsI IICEB0JAIBHOCTH TI0 CUTHAIAM CITyT-
HUKOBBIX panuoHaBuranuoHHbix cuctreM ['JIOHACC/GPS // Bectauk Cub. roc. a3poKOCMU4. YH-Ta
M. akan. M. @. Pemerrera. 2012. Bem. 1 (41). C. 109-111.

8. KoMmIulekcHass HaBUTAlMOHHAs CHCTeMa JieTaTesibHoro ammapara / A. FO. Mumun, O. A. ®po-
goea, F0. K. HcaeB, A. B. Eropos / Tp. MAU. 2010. Ne 38 [Dnekrponssiii pecypc]. URL:
https://trudymai.ru/published.php?ID=14161.

9. NBanoB B. @., Komxkapos A. C. IloBblieHHE TOMEXOYyCTOMUNBOCTH HAaBUTALIMOHHOM ammapa-
Typsl norpedurenst [JIOHACC 3a cueT KOMIUIEKCHPOBaHHS C WHEPLHUAILHBIMA HABUTALMOHHBIMH
natankamu // Tp. MAN. 2017. Ne 93. C. 23-39.

10. TkaueB A. b. HoBble criocOoOBI OBBIMICHUST TTIOMEXOYCTOMYNBOCTH CUTHAJIOB TJI00ANBHBIX Ha-
BUTAIIMOHHBIX CITyTHUKOBBIX cucteM // BectHuk MAM. 2011. T. 18. Ne 5. C. 72-77.

11. Poccuiickass HaBHralioHHO-MH(pOpPMAIIMOHHAs CIyTHHKOBas cuctema / B. B. JIBopkuH,
P. B. bakureko, B. B. Kypmun, A. A. IloBanses // PakeTHO-kOcMu4eckoe IpUOOPOCTPOCHHE U HUH-
¢dopmarmonnsie cuctemsl. 2018, T. 5, Ne 3. C. 3—16. DOI: 10.30894/issn2409-0239.2018.5.3.3.16.

12. TJIOHACC. UnuTepdeiicHblif KOHTPOJIBHBIN JOKyMeHT. M. : Pocc. Hay4.-uccien. HH-T KOCMHUY.
npudopoctpoenus, 2008. 60 c.

13. ConosbeB FO. A. Cucremsl ciytHukoBo# HaBuramuu. M. : 9KO-TPEH/I3, 2000. 268 c.

14. Tumodee A. JI. Mcnonb3oBanue rojaorpaguueckoro KOAUPOBAHUS AJISl MOBBILICHHUS TIOMEXO0-
ycToiunBOCTH KaHanoB cBsa3u // UTmopran. 2018. T. 18, Ne 2 [Omektponnsiii pecypc]. URL:
http://itportal.ru/science/tech/ispolzovanie-golograficheskogo-kodi.

15. Ilpumenenue ronorpauyeckoro KOAWPOBAHMS ISl TMOBBIMICHNUS HAJEKHOCTH Nepenadn HH-
¢dopMaruu B 3airymieHHbIx kaHanax cBs3u / A. JI. Tumodee, A. X. Cynranos, U. K. Meikos,
A. P. T'mzarynmuu // Xypuan pamuosnekrponuku. 2024. Ne 6. [Dnekrponssiii pecypc]. URL:
https://doi.org/10.30898/1684-1719.2024.6.8.

16. IloBwImeHNE CpOKa aKTUBHOT'O MCTIOIL30BaHUS OOPTOBOM 2IIEKTPOHHOM amnmapaTypbl KOCMUYe-
ckux ammapatoB / A. JI. Tumodees, A. X. Cyaranos, U. K. Memikos, A. P. T'uzatynun // Cubupckuii
aspokocmuyeckuid xypHai. 2024. T. 25, Ne 1. C. 33-42. Doi: 10.31772/2712-8970-2024-25-1-33-42.

17. Pagnonokauus ¢ ronorpaduyeckuM KoarpoBaHueM 30Haupyomero curaana / A. JI. Tumode-
eB, A. X. Cynranos, 1. K. Memkos, A. P. I'm3arynun // Xypnan paguosnexrponuku. 2024. Ne 3
[Onextponnslii pecypc]. URL: https://doi.org/10.30898/1684-1719.

18. Timofeev A. L., Sultanov A. Kh. Holographic method of error-correcting coding // Optical
Technologies for Telecommunications 2018. 2019. Vol. 11146. P. 111461A. DOI: 10.1117/12.2526922.

19. Tumodeer A. JI., CynranoB A. X. [TocTpoeHre MOMEXOyCTOHYMBOIO Koja Ha Oa3e royorpa-
(uUecKoro MpeACcTaBICHUS IPOU3BONIbHOI 1 poBoit nHpopMaluu // KomnproTepHas ontuka. 2020.
T. 44, Ne 6. C. 978-984. DOI: 10.18287/2412-6179-CO-739.

20. Kynpsmmros b. 1. OcaoBrl Teopuu koaupoBanust. CII6. : BXB-Ilerepoypr, 2016. 224 c.

21. Cxuap b. Ludporas cesa3b. TeopeTnyecknue OCHOBBI M MIPaKTHYECKOE MpUMeHeHue. M. : Buiib-
sime, 2007. 1104 c.

22. Mak-Bunbsimc @. JIxk., Cosr H. JIx.A. Teopus Kom0B, HCIIpaBistomux omuokd. M. : CBs3b,
1979. 744 c.

References

1. Pudlovsky V. B. [Selection of GLONASS satellites to reduce the error in determining plan co-
ordinates]. Raketno-kosmicheskoye priborostroyeniye i informatsionn-yye sistemy. 2019, Vol. 6, No. 3,
P. 15-22 (In Russ).

490



Aviation and spacecraft engineering

2. Aleshin B. S., Antonov D. A., Veremeenko K. K. et al. [Small-sized integrated navigation and
landing complex]. 7r. MAL 2012, No. 54 (In Russ). Available at: https://www.mai.ru/science/trudy/
published.php?ID=29692.

3. Valaityte A. A., Nikitin D. P., Sadovskaya E. V. [Study of the influence of multipath error on
the accuracy of determining the parameters of GNSS (global navigation satellite systems) signals us-
ing a navigation field simulator]. Tr. MAL 2014, No. 77 (In Russ). Available at:
http://www.mai.ru/science/trudy/published.php?ID=53172.

4. Maltsev G. N., Sakulin A. N., Sakulin E. A. [Potential accuracy of binding of mobile measuring
points using signals from the GLONASS satellite navigation system]. Voprosy radioelektroniki, ser.
Tekhnika televideniya. 2015, No. 2, P. 57-64 (In Russ.).

5. Ryabov L. V., Romanov 1. S. [Determination of factors influencing positioning accuracy using
global navigation satellite systems GPS and GLONASS]. DSPA: Voprosy primeneniya tsifrovoy obra-
botki signalov. 2018, Vol. 8, No 2, P. 167-170 (In Russ.).

6. Tsyrempilova N. S., Khavronina T. E. [Accuracy of measurement of navigation parameters in
the navigation equipment of the consumer of the GLONASS satellite radio navigation system
equipped with an antenna array]. Aktual'n-yye problemy aviatsii i kosmonavtiki. 2015, Vol. 1, P. 80—82
(In Russ.).

7. Sharshavin P. V., Kondratyev A. S., Grebennikov A. V. [Application of digital registration to
improve the accuracy of pseudo-range measurements using signals from satellite radio navigation sys-
tems GLONASS/GPS]. Vestnik Sib. gos. aerokosmich. un-ta im. akad. M. F. Reshetneva. 2012, No. 1
(41), P. 109-111 (In Russ.).

8. Mishin A. Yu., Frolova O. A., Isaev Yu. K., Egorov A. V. [Integrated navigation system of an
aircraft]. 7r. MAI 2010, No. 38 (In Russ). Available at: https://trudymai.ru/published.php?ID=14161.

9. Ivanov V. F., Koshkarov A. S. [Increasing the noise immunity of GLONASS consumer naviga-
tion equipment through integration with inertial navigation sensors]. 7r. MAI 2017, No. 93, P. 23-39
(In Russ.).

10. Tkachev A. B. [New ways to increase the noise immunity of signals from global navigation sa-
tellite systems]. Vestnik MAI. 2011, Vol. 18, No. 5, P. 72-77 (In Russ.).

11. Dvorkin V. V., Bakitko R. V., Kurshin V. V., Povalyaev A. A. [Russian navigation and infor-
mation satellite system]. Raketno-kosmicheskoye priborostroyeniye i informatsionn-yye sistemy. 2018,
Vol. 5, No. 3, P. 3-16 (In Russ). DOI: 10.30894/issn2409-0239.2018.5.3.3.16.

12. GLONASS. Interfeysnyy kontrol'nyy dokument [ GLONASS. Interface control document (revi-
sion 5.1)]. Moscow, 2008, 60 p.

13. Soloviev Yu. A. Sistemy sputnikovoy navigatsii [Satellite navigation systems]. Moscow,
ECO-TRENDS Publ., 2000, 268 p.

14. Timofeev A. L. [Using holographic coding to increase the noise immunity of communication
channels]. /Tportal. 2018, Vol. 18, No. 2. (In Russ). Available at: http://itportal.ru/science/tech/ ispol-
zovanie-golograficheskogo-kodi.

15. Timofeev A. L., Sultanov A. Kh., Meshkov 1. K., Gizatulin A. R. [Application of holographic
coding to increase the reliability of information transmission in noise communication channels].
Zhurnal radioelektroniki. 2024, No. 6 (In Russ). Available at: https://doi.org/10.30898/1684-
1719.2024.6.8.

16. Timofeev A. L., Sultanov A. Kh., Meshkov I. K., Gizatulin A. R. [Increasing the period of ac-
tive use of on-board electronic equipment of spacecraft]. Siberian Aerospace Journal. 2024,
Vol. 25, No. 1, P. 33-42. Doi: 10.31772/2712-8970-2024-25-1-33-42.

17. Timofeev A. L., Sultanov A. Kh., Meshkov 1. K., Gizatulin A. R. [Radar with holographic cod-
ing of probing signal]. Zhurnal radioelektroniki. 2024, No. 3. Available at: https://doi.org/
10.30898/1684-1719.

18. Timofeev A. L., Sultanov A. Kh. Holographic method of error-correcting coding. Optical
Technologies for Telecommunications 2018. 2019, Vol. 11146, P. 111461A. DOIL: 10.1117/12.2526922.

491



Siberian Aerospace Journal. Vol. 25, No. 4

19. Timofeev A. L., Sultanov A. Kh. [Construction of an error-resistant code based on a holo-
graphic representation of arbitrary digital information]. Komp 'yuternaya optika. 2020, Vol. 44, No. 6,
P. 978-984. (In Russ.). DOI: 10.18287/2412-6179-CO-739.

20. Kudriashov B. D. [Fundamentals of coding theory]. Osnovy teorii kodirovaniya. St. Petersburg,
BHV-Petersburg Publ., 2016, 224 p.

21. Sklar B. [Digital Communications: Fundamentals and Applications]. Moscow, Vil'yams Publ.,
2007, 1104 p.

22. Williams F. J. Mac, Sloane N. J. A. Teoriya kodov, ispravlyayushchikh oshibki [The Theory of
Error-Correction Codes]. Moscow, Svyaz' Publ., 1979, 744 p.

© Timofeev A. L., Sultanov A. Kh., Meshkov I. K., Gizatulin A. R., 2024

TumogeeB Asexkcanap JIeOHHTOBHY — KaHIUIAT TEXHUIECKUX HAYK, TOUCHT; Y QUMCKUI YHHBEPCUTET HAYKU U
texnonoruid. E-mail: a_1 t@inbox.ru. https://orcid.org/0000-0003-2137-803X

CyaraHoB AJIb0EpT — JOKTOP TEXHHUYECKUX Hayk, mpodeccop; Y PUMCKHI YHHBEPCUTET HAYKH U TEXHOJIOTHH.
E-mail: tks@ugatu.ac.ru. https://orcid.org/0000-0002-2830-3498

MemkoB Ban KOHCTAHTMHOBMY — KaHIMJIAT TEXHUYECKUX HAYK, JOLCHT; Y PHUMCKUH YHUBEPCHUTET HAYKH U
texHosoruii. E-mail: mik.ivan@bk.ru. https://orcid.org/0000-0003-3479-3072

I'u3atynun A3zat PUHATOBMY — KaHIUIAT TEXHUUYECKUX HAYK, NOUEHT; Y QUMCKHI YHHUBEPCUTET HAYKH M TEXHO-
noruil. E-mail: azat poincare@mail.ru. https://orcid.org/0000-0002-0753-0608

Timofeev Aleksandr Leonidovich — Cand. Sc., Docent, Ufa University of Science and Technology. E-mail:
a_| t@inbox.ru. https://orcid.org/0000-0003-2137-803X

Sultanov Albert Khanovich — Dr. Sc., Professor, Ufa University of Science and Technology. E-mail:
tks@ugatu.ac.ru. https://orcid.org/0000-0002-2830-3498

Meshkov Ivan Konstantinovich — Cand. Sc., Docent, Ufa University of Science and Technology. E-mail:
mik.ivan@bk.ru. https://orcid.org/0000-0003-3479-3072

Gizatulin Azat Rinatovich — Cand. Sc., Docent, Ufa University of Science and Technology. E-mail:
azat_poincare@mail.ru. https://orcid.org/0000-0002-0753-0608

Cratbs nocrynuia B pegakuuto 05.02.2024; npunsra x my6muxanuu 02.11.2024; ony6aukosana 26.12.2024
The article was submitted 05.02.2024; accepted for publication 02.11.2024; published 26.12.2024



