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Model of forming a spatial-temporary radio frequency portrait
of subscriber terminals in satellite communication systems monitoring

Currently, the development of satellite communications systems (SCS) is associated with the development of
signals of complex structure. The popularization and distribution of software-defined radio systems (Soft-
ware-defined radio, SDR) are noted, which leads to a_decrease of quality of functioning of the SCS. Promis-
ing areas of countering the unauthorized use of the time-frequency resource of the KA repeater are methods
aimed at determining the location of subscriber terminals (ST) and analyzing the service and semantic parts
of the transmitted message. Accounting for changes of physical parameters requires the use of a large amount
of heterogeneous a priori data; it is not achievable task in practice. According to the theory of mathematical
statistics, the approximation is used at solving problems of sample analysis. The result of the approximation
is a spatio-temporal radio-frequency portrait (STRFP) of an ST participating in the formation of a group sig-
nal. Thus, the aim of the research is to develop a model of changing the physical parameters of a radio signal
and to study the possibility of approximating physical parameters in order to form a spatio-temporal radio-
frequency portrait of an ST SCS.

Keywords: satellite communication system, group signal, non-energy parameter, communication channel,
time division multiple-access, satellite repeater, radio frequency portrait, sample.

Introduction

One of the directions in the development of satellite communications systems (SCS) is the use of sig-
nals with a complex. structure that allow for the efficient use of the frequency-time resource. In particular, in
SCSfor various purposes (commercial and military), time division multiple access (TDMA) technologies are
widely used [1]. It should be noted that the rapid development of SCS leads to an increase in the number of
cases of unauthorized use of the time-frequency resource of the spacecraft-relay (SC-relay), which in turn
leads to a decrease in the quality of functioning of the SCS.

In this situation, the forefront is the issue of ensuring hardware accessibility to the signals of individual
subscriber terminals (ST), which is achieved by decomposition of a group signal.

A method for analyzing signals with a complex frequency-time structure (CFTS) is described, which al-
lows the separation of STs without access to the semantic component of transmitted messages [2]. This
method is based on the localization of the values of non-energy parameters of the signal of an individual ST
in the parameter space.

The radio exchange in the SCS, operating through spacecraft — repeaters (SC-R) in the geostationary
orbit (GSO), is characterized by a dynamic change in the physical parameters of the radio signals, due to a
number of reasons in practice [3—7]. Moreover, the application of the known method [2] is not possible.

78 BecTHuk KaparaHguHckoro yHusepcureTa



Model of forming a spatial-temporary radio frequency portrait ...

Accounting for changes in physical parameters requires the use of a large amount of diverse a priori da-
ta, such as the coordinates of the Astronomical radio source and SC—R; state of the ionosphere and tropo-
sphere; temperature of atmospheric layers, water content over the entire length of the radio path, etc. [§-9],
which is not a solvable task in practice.

When solving problems of sample analysis, the approximation method is used in the theory of mathe-
matical statistics; it is a description of the experimental points by some deterministic function. The studied
complex object is replaced by a simpler object in order to study its properties.

The experimental estimates of the physical parameters of the radio signal with the frequency response
are approximated by some deterministic function at the final stage of observation in relation to the described
problem. The result of the approximation is a spatio-temporal radio-frequency portrait (STRFP) of an ST
participating in the formation of a group signal. The STRFP is directly dependent on the transmission condi-
tions and is unique, which allows for signal decomposition based on the analysis of the STRFP.

Thus, the aim of the article is to develop a model for changing the physical parameters of a radio signal
and to study the possibility of approximating physical parameters in order to form an STREP ST SCS:

Experimental

During the propagation of radio signals through the physical communication channel, they change un-
der the influence of various factors, including the state of the ionosphere, ion concentration over the entire
length of the radio path, troposphere, water content on the propagation path, and the.length of the radio path,
which changes due to the motion of the spacecraft — P and subscriber terminals, etc. Moreover, the value of
each physical parameter depends to a certain extent on the distance between the SC-R and the ST, the state
of the atmosphere and ionosphere, which continuously changes over time. The value of the k" physical pa-
rameter of the radio signal from the ST at a certain point in time is determined by the Equation (1):

—_ R) At) Ion)
v ()=, (1) +v O O+ (O3 @), (1)
where v, (¢,) is the base value of the parameter at time, f; v,((R)(t ) is change in the parameter due to a change
in the distance between SC—R — ST — radio monitoring receiving station; v,EAt)(t) is change in parameter

due to the influence of the atmosphere; v,(f'")(t) is change in the parameter due to the influence of the iono-

sphere.

Subscriber terminals operating in the.same SCS'can be located at geographically distant positions and,
accordingly, communication channels from ST to SC-R, depending on their condition, will affect radio sig-
nals differently.

Figure 1 shows a simulation scheme for radio monitoring of ST SCS for the following conditions:

— the period of functioning of the ST corresponded to 24 hours;

—the SC repeater moved in the area at 62° E, according to the TLE obtained from open access for the

SC-R «UFO-10»;

— ST1 stationary object with coordinates 45.031° N and 41.6917° E;

— ST2 is a mobile object.that performs rectilinear movement with initial coordinates of 35.934° N and

101.614° E‘at a speed of 40 km/h towards the sub-satellite point;

—ST3 is.a-mobile object that performs rectilinear movement with initial coordinates of —45.13° S and

95.66° E at aspeed of 40 km / h towards the sub-satellite point;

= ST4 is a mobile object that performs rectilinear movement with initial coordinates of —45.45° S and

41.318° E at a speed of 40 km/h away from the subsurface point;

—the daily change in the total electronic content of the ionosphere on radio paths was obtained on the

basis of data from the international reference model of the ionosphere [10].

The Doppler shift of the carrier frequency and the time delay with respect to the time-synchronous grid
consider such as the main non-energy parameters.

In general the slant range between the ST and SC-R and the effect of the ionosphere on the propagation
path of the radio signal are the main heterogeneous factors are influenced on the amount of time delay of the
signals of various ATs relative to the reference time grid. The change of the time shift of the signals of indi-
vidual antibodies relative to the time grid is caused by a change in these factors.

A change of the carrier frequency of the antibodies observed at the input of the receiver of the radio
monitoring complex occurs due to the Doppler Effect, which, on the one hand, is caused by the movement of
the SC-R on the GSO, and, on the other hand, by the movement of the mobile STs themselves, which carry
out the movement during the radio communication session.
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Figure 1. Scheme of the simulation of radio monitoring ST SCS

Figure 2 presents the graphs of changes of physical parameters obtained in the result of modeling.
The changes of the listed physical parameters take the form of a certain curve (Fig. 2). Moreover, two
types of sections (namely, “quasilinear” and “quasiquadratic”) are distinguished on each of the curves.

Polynomials of the second y,, ,(t)=b-t*+c-t+d and thitd orders y, ()=a-+b-r’+c-t+d

were used as approximants for studying the approximation.error of changing physical parameter on a finite
observation interval; the coefficients of them were found by the least squares method by minimizing the sum
of the form.

The results illustrating the maximum value of the absolute error of the approximation (s) (&, and &;)

depending on the moment of the beginning of the observation #,, the duration of the hour #,,,= 1 and the type
of the approximating polynomial are summarized in Table 1.

When approximating a model of changing the time delay, the smallest approximation error is achieved
using a third-order polynomial and does not exceed 0.68 ps #,,-= 1 for an hour (Table 1).

At the same time, it is necessary to take into account the mechanisms of noise impact in the conditions
of data transmission to the SCS; operating through the spacecraft — R.
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Figure 2. Change of physical parameters of the signal from subscriber terminals, where a is time delay relative

to the reference time grid, b is the carrier frequency of the radio signal at the input of the receiver
of the radio monitoring system
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Table 1

Maximum absolute approximation error delays by polynomials of the second and third

Ly » [N] 1 2 3
€, ,[s] 2.655'1077 14.377:107 48.059:10°7

&, [s] 1.8035-1077 2.1529-107 3.884:107

According to [11], the potential accuracy of measuring non-energy parameters such as delay. y,(¢) and
Doppler shift y,(¢) against the background of Additive white Gaussian noise, expressed through standard
deviation, are determined by the Equations:

1 1
Gys: 27 Gyfz 2
2-E/N,-(2-1-Af,) 2-E/N,-(2-1-At,)

where Af;; is equivalent spectral width; Az, is equivalent observation time.
The potential accuracy of estimating the delay and Doppler frequency shift is calculated taking into ac-
count the width of the spectrum of the radio signal Af = 9600 Hz and accumulation interval of 7= 0.025 s,

that is, a radio signal base of 240.

The dependence of the potential accuracy of estimating the delay and carrier frequency on the signal-to-
noise ratio is calculated based on the described parameters (Fig. 3).

Under the conditions for receiving a radio signal with a signal=to-noise ratio of 15 dB for the considered
radio signal, the standard deviation of the delay and carrier frequency corresponds to 6.949 ps and 2.668 Hz,
respectively.

The error in determining the value of physical parameters is a random variable. We assume that the er-
ror of determining the value of a physical parameter is distributed according to the normal law within the
framework of the model under consideration [12—16]. A‘sample describing the effects of noise on each of the
considered parameters is formed considering the obtained results.
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Figure 3. Dependence of the standard deviation of the parameter, where « is time delay on the signal-to-noise ratio;
b is carrier frequency on the signal-to-noise ratio

The Equation describing k& the physical parameter of the radio signal from the ST with the impact of
noise will take the form:

V() = v, (1) + v (6) + 91" () + v (1) + 8, (1),

where Sk (¢) is the effect of noise & on the value of the physical parameter of the radio signal from ST.
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Results and Discussion

The error of approximation by polynomials of the second and third order under the influence of noise
was studied based on the additive model (3). A «quasiquadratic» section was selected for the experiment.
A change in the time delay was simulated for a typical reception state with an SNR of 15 dB (Fig. 4).

s
0.1295 ......... R [SRRREEEE SRRRRRRR , ........ e , ........ SRR , ........ SRRERREE .
0.1295F - - - - - ........ ......... ........ ........ ........ ........ ........ ........ ........
0.1295F - SRR ST TP RUUPO ORI SR ST SO :
04295k - ... L e L S S Leeetttl L ;
: : : : ;...': : : : :
L]
: : : °®: : : : : :
01295 ......... ........ ......... v... ...... ........ s ........ ........ s ........ ........ .
: .
: : s : : : : . : :
01295 ......... e : .........: ........ [EERERREE e EEERERERE SEEREERE IR % e il :
: b4 : : : : : : : :
L2
L] .
........ PO AU IS SUPIUICTURIUI ST I USRI, %
e BEOL I . U
L[]
[ ]
L3 : : : : : : : : : :
01295 L L L L L L L — L ) >
0 5 10 15 20 25 30 35 40 45 m

Figure 4. Change in time delay under noise at SNR = 15 dB

Based on the results of modeling the approximation by a polynomial of the second and third order of
the time delay under the influence of noise in a sample of 1000 tests, the distribution density of the approxi-
mation errors is constructed (Fig. 5).
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Figure 5. Probability density of approximation errors with a signal to noise ratio of 15 dB,
where a is second-order polynomial; b is third-order polynomial

When analyzing the results obtained, the approximation error with a probability of 0.9 for various SNRs
does not exceed the values presented in Table 2.
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Table 2
The value of the maximum absolute approximation error
Signal to noise ratio, [dB] Sti?rizrge(liz;’la[tsl]o o, &, g,
5 219.8:10° 191-10° 258:10°
10 12.36°10° 16.4:10° 16.9:10°
15 6.949-10° 10-10° 810°
20 3.908:10° 7-10°° 4-10°°
25 1.95:10° 6:10° 2:10°

Analysis of the data in Table 2 shows that the choice of the best polynomial for appreximation is not
obvious [17-20].
Figure 6 presents the results of the analysis and selection of conditions for the application'of polynomials.
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Figure 6 Dependence of the absolute approximation error on the SNR

Based on the simulation results,.it was found that for the approximation of an arbitrary section it is ad-
visable to use a second-order polynomial with an SNR of less than 10 dB, the use of which provides a signif-
icantly smaller error than‘when using a third-order polynomial. For SNR above 10 dB, it is preferable to use
a polynomial of polynomial order.

Conclusions

Based on the model, changes in the physical parameters of the radio signal under the influence of the
communicationchannel are studied. The quality of approximation of the change in the physical parameter of
the signal by polynomials of the second and third order is investigated. The minimum error for the SNR of
15 dB is‘achieved by approximating the change in the delay by a second-order polynomial and is 38 us. Ap-
plication of the developed model makes it possible to use the spatio-temporal radio-frequency portrait of the
ST, which in turn creates the prerequisites for the implementation of the method of decomposition of the ST
SCS group signal during radio monitoring in the absence of access to switching and address parameters.
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M. BanaprueB, A. bocsriit, O. I'anbriera, X. L3sH

CnyTHUKTIK 0ailJIaHbIC J)KYylieJIepiHiH MOHUTOPHHTI Ke3iHae a00HEHTTIK
TEPMHUHAJAAPABIH KEHICTIKTIK-yaKbITIIA PAANOKUUIIK NOPTPETiH
KAJBINTACTBHIPY MOAeJi

Kasipri xe3nme >xepcepikrtik Oaitnansic sxyidenepin (JKBX) naMeiTy yakpeIT SKHUTIrT pecypehlH THIMAIL
HaiijanaHy/ bl KaMTaMachl3 €Tyre MYMKIHIIK OepeTiH Kypaenai KypbUIBIMIbI CHTHAJIJapIbl JaMBITYMEH
GaitnanpicTel. CoHBIMEH KaTtap, penenik rapsim ammapartapbiabl (CK-perneci) yakKpITTBIK IKHITIKTIK
pecypchIH pYKcaTChI3 Maiijananyra MyMKIHIIK OepeTin Garmapiamansik KamraMackis etyne (BKE) tansmvan
eTy JkoHe Tapary Oap, Oyn e3 keserinnme JKBJXK >KyMBICHIHBIH camachiHBEIH TeMeHneyiHe okenenmi. CA-
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PETPAHCIATOPBIHBIH ~ YaKbITTBIK OKMUIKTIK PECypChblH —PYKCaTChl3 IaiilajlaHyFa Kapchl —TYPYHABIH
MEePCIEKTUBAJBIK OaFbITTapbl €Ki Heri3ri MaceyeHi Iuemryre OarbITTadfaH ojicTep OOJBII TaObLIAIbL:
aOOHEHTTIK TepMHHAILAAP/bIH OpPHAIACYBIH aHBIKTAy JKOHE KiOepiieTiH xabapiaMaHbBIH KbI3MET €Ty JKOHE
MarbIHAIBIK OeJTiKTepiH Tannay. PU3HKaIBIK TapaMeTpiiep il e3repyiH eckepy YIIiH reTeporeH Il anpruopisl
JIEPEKTEeP/IiH KOl MOJIIepiH KONIaHYIbl KaKET eTe/i XOHE IC Ky3iHAe Oyl NICHIJIeTIH Macele eMec.
MareMaTHKaJIBIK CTAaTUCTHKA TEOPHSCH OOMBIHINA ipIKTEMEHI Tajjay ecenTepiH MIeNIKeH Ke3Je >KyBIKTay
KOJIIaHbLIaAbl. 3epTTeNreH Kypaeni oObeKT OHBIH KaCHETTepiH 3epTTey YIIH KapamalblM OOBEeKTIMeH
aybIcThIpbUIaabl. CHUMaTTanFaH Mocesere KaTbICThl KYPAENi XUUIKTIK KYpbUIBIMBI 0ap paJuOCHIHAJIbIH
(Gu3MKanblK MapaMeTpiepiHiH JKCIEePUMEHTTIK Oaramapbl OaKbUIayIblH COHFBI Ke3eHiHge Oenrimi
JeTepMUHMPIICHTeH (QYHKIMAMEH KyBIKTaiabl. JKaKblHOAayABIH HOTWDKECI TONTHIK CHTHANABI KYpyFa
KaTbicaThlH AT-HBIH KeHICTIKTIK-yaKbITTHIK paanoxuinik noprperi (KYPXKIT). KYPXKII rapary mraprrapbina
Tikenel OalnaHbIcTH koHe Oipered, Oyn omelH KYPXKII Tammayer Herizinme CHTHaIABI BIABIPATYFa
MYMKiHZIIK Oepeni. Ocburaiinia, 3epTTeyJiH MaKcaThl PaAuOCHTHAIIBIH (U3UKAIIBIK ITapaMeTpIIepiH o3repTy
MmozeniH xkacay xkoHe AT JKBX KeHICTIKTIK-yaKBITTBIK PaJHOXHUUIIK MOPTPETiH KaJbIITaCTHIPY: YIIiH
(hU3UKANBIK TapaMeTpIIepil XKybIKTay MYMKIHITIH 3epTTey OOJIBIT TaObLUIa bl

Kinm ce30ep: ciyTHUKTIK GaillaHbIC Ky#eci, TONTHIK CUTHAN, YHEPIeTHKAIBIK eMec mapamerp, OannaHbic
apHAachl, yaKpITIIa OJIHYTe KONTEreH MYMKIHIIK, FaphbIll alaparsl, PETPAHCISITOP, PaIHOKHUIIIK OPTPETi,
yari.

M. BanaprueB, A. bocsriit, O. IanbrieBa, X. 11351

Mopeanb ¢popMUpOBaHHS IPOCTPAHCTBEHHO-BPEMEHHOT O
PaAN04YaCTOTHOIO MOPTPETA A00HEHTCKNUX TEPMHHAJIOB
IPU MOHUTOPHUHIE CIYTHUKOBBIX CUCTEM CBSI3H

B HacTosmmee BpeMs pa3BUTHE CIyTHUKOBBIX cucTeM cBsi3u (CCC) €BsA3aHO ¢ pa3pabOTKON CUTHAJIOB CIIOXK-
HOH CTPYKTYpBI, MO3BOJSIOMNX oOecreunTh 3G(eKTHBHOE MCHOIb30BAHNE YAaCTOTHO-BPEMEHHOTO pecypcea.
Hapsiny ¢ aTuM, oTMeualoTCs MOMyNsApU3anust U paclpoCcTpaHEHHE MPOTPAMMHO OIPE/SNIIEMBIX PAAUOCHC-
tem (Software-defined radio, SDR), uTo mpuBoauT kK cHWXeHHUIO KauecTBa (yHkironnposanus CCC. Ilep-
CIIEKTHBHBIMA HAIIPABIEHHUSMH IPOTHBOJCHCTBUS HECAHKIIMOHUPOBAHHOMY HCIIOJIb30BAaHUIO YaCTOTHO-
BpeMeHHOTo pecypca KA-perpaHcisiTopa sSBISIOTCS METOIbL,  HAIIPABJICHHBIC HA ONpeelIeHHe MEeCTONOIOo-
JKeHHUs a0OHEeHTCKUX TepMuHaoB (AT) u aHanmu3 ciry)XeOHOM M CeMaHTHYECKOH JacTeil mepenaBaeMoro co-
o0meHust. YUET n3MeHeHHsT GH3UIEeCKUX NapaMeTpoB TPeOyeT UCIIOIb30BaHMS OOJIBIIOr0 00beMa pasHOPOA-
HBIX alPHOPHBIX JaHHBIX U Ha MPAKTHKE SABIsIETCA HepemaeMoi 3agadeii. CorimacHo TeOpUH MaTeMaTH4ECKOi
CTAaTHCTUKH, MPHU PEIIeHHH 3a7ad aHajin3a BBIOOPKH NMPUMEHSETCs anmpoKcumarys. M3ydaeMslil CIOXKHBIH
00BEKT MoJAMeHseTCsl 00jee MPOCTHIM OOBEKTOM C LENBIO M3ydEeHHs ero cBOMCTB. [IpuMeHHTENBHO K OMu-
CaHHOM 3a/1a4e SKCIEPHUMEHTAIbHBIC OLEHKH (PU3NUECKUX MTapaMEeTPOB PaIMOCHIHAJIA CO CIIOKHOW YaCTOTHO-
BPEMEHHOI CTPYKTYpOH anIpoKCEMHUPYIOTCS HEKOTOPOH eTepMUHUPOBAHHOM (yHKIMEl Ha KOHEYHOM 3Ta-
e HaOroieHnsl. Pe3ynprar anmnpokcHManuy IpeacTaBisieT co0oi IMpoCcTpaHCTBEHHO-BPEMEHHOH parodac-
totubii oprper (IIBPUIT) AT, ygactByronmx B opMupoBanuu rpymmosoro curHaia. [IBPUIT manpsamyio
3aBUCHUT OT YCJIOBHH HEpefauyl U ABISCTCS YHUKAIBHBIM, YTO ITO3BOJISIET OCYIIECTBISITE JEKOMIIO3UIINIO CUT-
Hajla Ha ocHoBe aHamm3a ero [IBPUIL. Taxum oOpa3om, menbio uccienoBaHus ABseTcsl pa3paboTka MOJETH
U3MEHEHU (U3NYECKHMX NMapaMeTPOB PAANOCHUTHANA U HUCCIIE0BAHUE BO3MOXKHOCTH ANPOKCUMALMH (H3H-
YECKUX MapaMeTpoB C Hebi0 (OPMHUPOBAHUS NPOCTPAHCTBEHHO-BPEMEHHOTO PaJMOYacTOTHOTO MOPTpeTa
AT CCC.

Kniouesvie cnosa: criyTHUKOBas CUCTEMa CBS3U, TPYNIIOBOH CUTHAN, HEYHEPIeTHYECKUH MapaMeTp, KaHall
CBSI3U, MHO>KECTBCHHBII JOCTYII C BPEMEHHBIM pa3fieicHUEM, KOCMUYECKUH ammapar, peTpaHciIsTop, pajuo-
YaCTOTHBII MOPTpET, BEIOOpPKA.

References

1 Eremeev, 1. Yu., & Semenov, K.V. (2010). Osobennosti orhanizatsii sputnikovykh setei sviazi s primeneniem tekhnolohii
mnohochastotnoho dostupa s vremennym razdeleniem kanalov [Features of satellite communication networks organization using
multi-frequency access technology with time division of channels]. Naukoemkie tekhnolohii — Journal Science Intensive Technolo-
gies, 9, 3643 [in Russian].

2 Bogdanovskii, S.V., Ovcharenko, K.L., & Simonov, A.N. (2017). Metod opredeleniia koordinat istochnikov radioizlucheniia
na osnove poliarizatsionnykh izmerenii [Method for determining the coordinates of radio sources based on polarization measure-
ments)]. Trudy Voenno-kosmicheskoi akademii imeni A.F. Mozhaiskoho — Proceedings of the Military Space Academy named after
A.F. Mozhaysky, 657, 3843 [in Russian].

3 Cyganov, A.S., & Staricin, S.S. (2017). Model formirovaniia kadrovoi struktury i informativnyi priznak dlia otsenivaniia
perioda kadra hruppovykh sihnalov s mnohochastotnym mnozhestvennym dostupom s vremennym razdeleniem [A model for form-

Cepus «dunsukay. Ne 4(100)/2020 85



M. Baldychev, A. Bosyy et al.

ing a frame structure and an informative feature for evaluating the frame period of group signals with multi frequency multiple access
with time division]. Telekommunikatsii — Telecommunications and Radio Engineering, 4,25 [in Russian].

4 Kamnev, V.E., Cherkasov, V.V., & Chechin, G.V. (2004). Sputnikovye seti sviazi [Satellite communication networks]. Mos-
cow: Alpina Publisher [in Russian].

5 Eskobal, P. (1970). Metody opredeleniia orbit [Methods for determining orbits]. Moscow: Mir [in Russian].

6 Boev, S.F., Vikulova, Y.M., Chebotar, I.V., Baldytchev, M. T, Gaychuk, Y.N., & Galtseva, O.V. (2018). Determination tech-
nique of quasireference value of a carrier radio signal frequency of uncooperated onboard lighting source during radio monitoring.
1OP Conference Series: Materials Science and Engineering, 457, 012010, DOI: 10.1088/1757-899X/457/1/012010.

7 Baldychev, M.T., Gajchuk, Yu.N., Kulikov, S.V., & Gudaev, R.A. (2015). Reshenie zadachi raspoznavaniia izluchaiushchikh
obektov na osnove podkhoda k otozhdestvleniiu ikh diahramm napravlennosti [Solving the problem of recognizing radiating objects
based on an approach to identifying their directional diagrams]. Naukoemkie tekhnolohii — Telecommunications and Radio Engi-
neering, 16(12),26-30 [in Russian].

8 Gorbulin, V.I., Liferenko, V.D., Kulikov, S.V., Gudaev, R.A., & Baldychev, M.T. (2017). Metodika raspoznavaniia tipov
kosmicheskikh obektov na osnove sovokupnosti radiotekhnicheskikh priznakov s uchetom vesovykh koeffitsientov [Method of
recognition of types of space objects based on a set of radio technical features taking into account the weighting coefficients].
Uspekhi sovremennoi radioelektroniki — Achievements of Modern Radioelectronics, 9, 57-65 [in Russian].

9 Kantor, L.Ya., & Timofeev, V.V. (1988). Sputnikovaia sviaz i problema heostatsionarnoi orbity [Satellite communications
and the problem of geostationary orbit]. Moscow: Radio i sviaz [in Russian].

10 Recommendation ITU — RP/1057-2. (2014). Raspredelenie veroiatnostei, kasaiushchikhsia—modelirovaniia
rasprostraneniia radiovoln [Probability distributions concerning radio wave propagation modeling]. Geneva: ITU [in Russian].

11 Zamarin, A.L., Eremeev, 1.Yu., & Ovcharenko, K.L. (2017). Sravnitelnyi analiz podkhodov k otsenivaniiu zaderzhki sihnalov
v usloviiakh apriornoi neopredelennosti vzaimnoho chastotnoho sdviha [A comparative analysis of approaches to the estimation of
delay signals in conditions of a priori uncertainty of the mutual frequency shift]. Estestvennye. i tekhnicheskie nauki — Natural and
technical sciences, 2, 126—130 [in Russian].

12 Ovcharenko, K.L. (2017). Potentsialnaia tochnost otsenivaniia zaderzhki sihnalov pri nalichii chastotnoho rassohlasovaniia
na osnove vychisleniia vzaimnoi korreliatsionnoi funktsii modifitsirovannykh kempleksnykh ohibaiushchikh [Potential accuracy of
signal delay estimation in the presence of frequency mismatch based on the calculation of the mutual correlation function of modified
complex envelopes]. Uspekhi sovremennoi radioelektroniki — Achievements of Modern Radioelectronics, 7, 39—44 [in Russian].

13 Kulikov, S.V., Gudaev, R.A., Zelenkov, A.V., Baldychev, M.T., & Vikulova, YuM. (2016). Reshenie zadachi
raspoznavaniia izluchaiushchikh obektov na osnove ispolzovaniia alhoritma sravneniia spektralnykh portretov [Solving the problem
of recognizing emitting objects based on the use of the spectral portrait comparison algorithm]. Naukoemkie tekhnolohii — Science-
intensive technologies, 17, 12, 12—17 [in Russian].

14 Loginov, A.A., Marychev, D.S., Morozov, O.A., & Fidelman, V.R. (2013). Alhoritm vychisleniia funktsii neopredelennosti v
zadache odnovremennoi otsenki chastotno-vremennykh kharakteristik sihnalov [ Algorithm for calculating the uncertainty function in
the problem of simultaneous estimation of the time-frequency characteristics of signals]. Izvestiia vysshikh uchebnykh zavedenii.
Povolzhskii rehion — Proceedings of higher educational institutions. Volga region, 3, 62—73 [in Russian].

15 Ershov, R.A., Morozov, O.A., & Fidelman, V.R. (2014).. Vychislitelno-effektivnyi alhoritm otsenki vremennoi zaderzhki
shirokopolosnykh sihnalov [Computationally efficient. algorithm for estimating the time delay of wideband signals]. Izvestiia
Samarskoho nauchnoho tsentra Rossiiskoi akademii nauk — Bulletin of the Samara Scientific Center of the Russian Academy of Sci-
ences, 4, 384-387 [in Russian].

16 Bosyi, A.S., Eremeev, 1.Yu., Ovcharenko, K.L., Tiustin, M.M., & Shilovskii, E.Yu. (2019). Metod opredeleniia
mestopolozheniia zemnykh stantsii po retranslirovannym sihnalam v usloviiakh neopredelennosti koordinat kosmicheskoho apparata-
retransliatora s primeneniem bespilotnoho letatelnoho apparata [Method for determining the location of earth stations using relayed
signals under conditions of uncertainty in the coordinates of a relay spacecraft using an unmanned aerial vehicle]. Trudy Voenno-
kosmicheskoi akademii imeni AF. Mozhaiskoho — Proceedings of the Military Space Academy named after A.F. Mozhaisky, 667,
161-169 [in Russian].

17 Bogdanovskii, S.Vs, Simonov, A.N., Teslevich, S.F., & Shaidulin, Z.F. (2015). Prostranstvenno-poliarizatsionnaia obrabotka
radiosihnalov pri pelenhovanii istochnikov radioizlucheniia s bespilotnoho letatelnoho apparata [Spatial polarization processing of
radio signals for direction finding of radio emission sources from an unmanned aerial vehicle]. Naukoemkie tekhnolohii — Science-
intensive technologies, 16, 12, 50-55 [in Russian].

18 Petukhov, P.E.; Borovkov, Yu.E., Krenev, A.N., Chebotar, 1.V., & Baldychev, M.T. (2018). Alhoritm formirovaniia i
obrabotki.sihnalov.s moduliatsiei chastoty vrashcheniia vektora poliarizatsii [Algorithm for the formation and processing of signals
with modulation of the/frequency of rotation of the polarization vector]. Naukoemkie tekhnolohii — Science-intensive technologies,
19,10, 15-18. DOI: 10.18127/j19998465-201810-03 [in Russian].

19 Boev, S.F., Timoshenko, A.V., Chebotar, I.V., & Baldychev, M.T. (2017). Metod kompleksnoho primeneniia bortovykh
radiotekhnicheskikh i radiolokatsionnykh sredstv dlia raspoznavaniia radiomolchashchikh vozdushnykh obektov v usloviiakh
radioelektronnoho podavleniia [The method of complex application of airborne radio engineering and radar equipment for the recog-
nition of radio silent air objects in conditions of electronic suppression]. Zhurnal radioelektroniki — Radio Electronics Journal, 4, 1—
17 [in Russian].

20 Kulikov, S.V., Epaneshnikov, N.M., Gudaev, R.A., Chebotar, 1.V., & Baldychev, M.T. (2020). Modelirovanie sistemy
monitorinha vozdushno-kosmicheskoho prostranstva [Simulation of a monitoring system for aerospace]. Radiotekhnika — Radio
engineering, 84, 4(8), 46—68 [in Russian].

86 BecTHuk KaparaHguHckoro yHusepcuTeTa





