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Annomayusn. [{ns uoenmudukayuy cocmoanus cHyMHUKOGbIX KAHAN08 CE:A3U UCHONb3VIOMCA NPOSHO3HbIE MEMOObl U MO-
Oenu. Oonaxo, oMU OYEeHUBAIOM UX COCIMOAHUE UL HA KAYECINEEHHOM YPOSHE, YN0 He NO36O0JAeM NPOU3800UMb MOHKYIO HACMPOTi-
KY Xapaxmepucmux 1 napamempos cnymuurxoesix xananos. Ilooobunsie modenu u memoost ne mozym obecneuueams OOCMO8EPHYIO
UOEHIMUPUKAYUIO COCMOAHUTI CHYIMHUKOGIX KAHANIO8 CEA3U U ONEPAIMUEHO ONPeOesisims U3MeHeH e 3aKOH08 pacnpeoeneHus cyuaii-
HObIX GeIUYUH, CEA3AHNBIX C NOAGNEHUEM MEKOMACUIMABHbIX HEOOHOPOOHOCIET 6 Clyiae OUHAMUYHO20 UBMEHEHUs UOHOCHEepHO20
¢noA, Ymo xapaxkmepHro ona 6vicmpuix samupanuii cuenanoe GPS/TJIOHACC.

Mamepuans: u memoost. Ha npaxmuke, O npocHO3UPOEAHUSA U UCCAEO08AHUS PACAPOCMPAHENUS PAOUOGOTH, HAULTU
WUPOKOE NPUMEHEHIE 8ePOAIMHOCINHbIE MOOETU, OCHOSAHNbIE HA 3AKOHAX pacnpedenenus cayyaiinvix eenuqun Paiica, Penes, Haxa-
eamu U HOpMaIbHO20 3aK0HA pacnpedenenus. Onepamuenoe ynpasnenie u nOOOeplICane Ha mpebyemMom ypoene OmHoOuleHIs cue-
Han/utym mpebyem paznuuams cOCIOSHUA CHYMHUKOBbIX KAHAIO8 U UOEHIMUPUYUPOBAINL UX XAPAKMEPUCTHUKY HE MOTbKO MENCOY
3aKOHAMU PACHPeOeNeHUs CAYYAUHBIX 6eIUYUN, HO U HYMPU KANCO020 3aKoHA. Dmo nozeonum obecnedums nooodepaicanue Konuye-
CIMGEHHBIX U KAYECMBEHHBIX XAPAKMEPUCINUK CHYIMHUKOBBIX KAHANOE8 Ha mpebyemom yposne. Paccmosanue medncoy smmupuieckoii u
meopemuieckoil GyHKYuAMU pacnpeoenenus 6epoSIMHOCMEil A6Aemcs OOCMAMOYHO IPPexmuenoti cmamucmuxoti o npoeepu
eunomes 0 euoe 3aKOHa pacnpeoenenus eeposmHocmeti cyuaiinon eenuyunsl. K kpumepusm coenacus, ucnonv3yiowum paznuinsle
6APUAHMbBL AHATUZA PACCIMOAHUSA MEJICOY MEOPEMUHECKOIl U IMIUPULECKOll PyHKyuamU pacnpedenenus, omuocames: Kpamepa-pon
Museca-Cymupnosa (Omeza-keadpam); Konmozoposa-Cmupnoea; Ilupcona (Kpumepuii Xu-xeadpam);, Andepcona-Iaprunea; Ky-
nepa; Bamcona. B ceasu ¢ smum, om moeo, kaxoii kpumepuii 6y0em ucnonw306an, i HACKOILKO A0eK6amHuo Gyoem npoeedena oyen-
Ka U UOeHMUPUKAYUA MEKYIYe20 COCMOAHUA CHYIMHUKOGIX KAHAI08 CA3HU, 3A6UCUIM GO3MOICHOCIL YOOBNEMEOPEHUs KAUeCEeH-
HoIx xapaxmepucmux nepeoasaemvix cucnanoe GPS/TJIOHACC. Jlna xaxcoozo uz udenmupuyupyemMvix 3aK0H08 pacnpeoeneHuil
(Haxaeamu, Paiica, Penes, nopmanenoeo zaxona) 6vumu ceenepuposanst crmamucmudeckue evtoopku, no 100 evibopox ¢ paznuunvim
xoauuecmeom usmepenuii (om 1 000 oo 1 000 000). Taxum obpazom, cymmaproe KOMUUECINEo gviBOPOK PAUUHO20 pasMepa Ol
uodenmuguyupyemvix 3aK0H06 pacnpeoenenus cocmasnsem 1600. Bee uccneoyemore kpumepuu npoeepanics Ha 0OUHAKO8bIX 6b16OP-
xax. Beibopru obpabamvisanuce ¢ nomouvio 6ubnuomexu SciPy. Paspa6oman anzopumm, nozeonaouuii ocyujecmeums ¢vioop 2u-
nomesvl N0 MAKCUMATTLHOMY 3HAYEHUIO KOIpPuyuenma npaedonooobus. Pezynomamom pabomel aneopumma aensemes kosQuyu-
enm npagoonooodls, COROCMABNEHHBII ¢ KAXHCOOT U3 CIAMUCIUYECKUX SUNOMes, NPU MFMOM NPeOnoYmente omoaemes moii 2uno-
mese, KOMOpas umeem MaKcuMansuwlii kodppuyuenm npasoonooobus. C nomowgpio 6utnuomexu Timeit npoeedensvi uzmepenus
epemenu pabomul aneOPUMMOE UCCTIEOYEMbIX KPUMEPUEE 6 3a6UCUMOCINY OM Pa3Mepa eblBOPKY O/ UCCAEOYeMbIX 3aKOHO8 pacnp e-
Oenenuii. B cmamve npeonosicen xpumepuii uoenmuurayuy COCOAHUA CRYMHUKOSbIX KAHAN08, obecneyugalowuii moiHocme He
menee 95 %. Eeo adexeamnocme noomeepoicoena oanHviMu, NOMyHEHHbIMU NPU MOHUMOPUH2E MPAHCUOHOCHEPHBIX KAHANOB CA3U C
UCHONB306aHUEM HAYUHO20 060pyOosanus «Annapammo-npocpammublii KOMRIEKC NACCUEHO20 MoHumopunea uonocpeper NovAtel
GPStation-6».

JlaHHBIe MccleJOBaHUS BBITTOMHEHBI IPH TIOJAEPKKe HaydHOTo TpoekTa «Pa3paboTka pobOTH3MPOBaHHOTO GECTTUIOTHOTO
JIeTaTeNLHOTO annapara MyJIbTUPOTOPHOTO THIA ¢ HCTIOIb30BaHUEM OecIiaTGOpMEHHON HHEpPIMANLHOM HABUTAIIMOHHOH CHCTEMBI)
Denepanpuoit [leneBoit [Iporpammer Ha 2014-2020 roapl (yHuKanbHBIN uaeHTHdHKaTop REMEFI57818X0222) ipu dunancoBoit
nojiepxkke Munuctepersa Hayku u Bricimero O6pasosanus Poceun, Ha 6aze [[KII CKOVY.

KnroueBnie cioBa: kputepuit coriacus, HACHTHQUKAIUS 3aKOHA paclpeAe/eHUs, TpaHCHOHOc]epHbIe KaHANLl CBSI3H,
GPS, I'TIOHACC.

Abstracts. Predictive methods and models are used to identify the state of satellite communication channels. However, they
evaluate their condition only at a qualitative level, which does not allow fine-tuning the characteristics and parameters of satellite
channels. Such models and methods cannot provide reliable identification of the States of satellite communication channels and
quickly determine changes in the distribution laws of random variables associated with the appearance of small-scale inhomogenei-
ties in the case of dynamic changes in the ionospheric layer, which is typical for rapid fading of GPS/GLONASS signals. In practice,
probabilistic models based on the laws of distribution of random variables of rice, Rayleigh, Nakagami and the normal distribution
law are widely used for forecasting and studying the propagation of radio waves. Operational management and maintenance of the
signal-to-noise ratio at the required level requires distinguishing the States of satellite channels and identifying their characteristics
not only between the laws of distribution of random variables, but also within each law. This will ensure that the quantitative and
qualitative characteristics of satellite channels are maintained at the required level. The distance between the empirical and theoret-
ical probability distribution functions is a fairly effective statistic for testing hypotheses about the type of probability distribution law
of a random variable. The agreement criteria that use different variants of analyzing the distance between the theoretical and empir-
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ical distribution functions include: Kramer-von Mises-Smirnov (omega-square); Kolmogorov-Smirnov, Pearson (Chi-square Crite-
rion); Anderson-darling; Cooper, Watson's. In this regard, the ability to meet the quality characteristics of transmitted
GPS/GLONASS signals depends on which criteria will be used and how well the current state of satellite communication channels
will be assessed and identified. For each of the identified distribution laws (Nakagami, rice, Rayleigh, normal law), statistical sam-
ples were generated, 100 samples with a different number of dimensions (from 1,000 to 1,000,000). Thus, the total number of sam-
ples of various sizes for the identified distribution laws is 1,600. All the studied criteria were tested on identical samples. Selections
were processed using the SciPy library. An algorithm has been developed that allows you to select a hypothesis based on the maxi-
mum value of the likelihood coefficient. The result of the algorithm is a likelihood coefficient compared with each of the statistical
hypotheses, while preference is given to the hypothesis that has the maximum likelihood coefficient. The Timeit library is used to
measure the running time of the algorithms of the studied criteria, depending on the sample size for the studied distribution laws. The
article offers a criterion for identifying the state of satellite channels, which provides an accuracy of at least 95 %. Its adequacy is
confirmed by data obtained during monitoring of transionospheric communication channels using scientific equipment "NovAtel
GPStation-6 passive ionosphere monitoring Hardware and software complex". These studies were carried out with the support of the
scientific project "Development of a multirotor type robotic unmanned aerial vehicle using a strapdown inertial navigation system"
of the Federal Target Program for 2014-2020 (unique identifier REMEFI157818X0222) with the financial support of the Ministry of
Science and Higher Education of Russia, based on the NCFU Central research center.

Key words: consent criterion, identification of the distribution law, transionospheric communication channels, GPS,
GLONASS.

Introduction. One of the important stages in the control and management of transionospheric communication
channels is the identification of their states. Based on the results of the analysis of its data, a control action is developed
that allows maintaining the signal-to-noise ratio (S / N) within acceptable limits to ensure the required communication
quality. For this purpose, various actions can be taken: increasing the power, changing the frequency of signal transmis-
sion, using different coding methods, organizing diversity reception, etc. If the S / N ratio is not maintained within ac-
ceptable limits, errors in the transmission of GPS / GLONASS signals increase significantly and their quality character-
istics do not meet the requirements of practical problems, which is unacceptable.

In practice, for forecasting and studying the propagation of radio waves, probabilistic models based on the dis-
tribution laws of Rice, Rayleigh, Nakagami random variables and the normal distribution law have found wide applica-
tion. These models are basic for the analysis of the qualitative characteristics of satellite channels [1].

The existing practical methods for identifying the state of transionospheric communication channels are based
on predictive models [2, 3]. They use parametric forecasting, which cannot fully meet the requirements of practice due
to insufficient forecast accuracy with dynamic changes in the ionosphere, which are characteristic when small-scale
irregularities appear in the ionosphere [2]. In addition, they do not explicitly indicate the criterion used and do not de-
velop recommendations for its choice. The difference in states belonging to the same distribution law, characteristic of
slow fading, has not been studied sufficiently [2].

Thus, the problem of choosing a criterion for identifying the states of transionospheric communication chan-
nels, in the case of dynamically changing ionospheric formations, is relevant and significantly affects the efficiency of
processing GPS / GLONASS data and the accuracy of determining the location of objects (for example, unmanned aeri-
al vehicles).

It is necessary that the distribution laws of random variables describing the state of satellite communication
channels (Nakagami, Rice, Rayleigh, the normal law) are unambiguously estimated by the used criterion with the re-
quired accuracy.

Materials and methods. In works [4-7], criteria are given that are used to compare theoretical and empirical
probability distribution functions. The distance between the empirical and theoretical probability distribution functions
is a fairly effective statistics for testing hypotheses about the form of the probability distribution law of a random varia-
ble. Goodness-of-fit criteria using different versions of the analysis of the distance between the theoretical and empirical
distribution functions are presented in [8—12]. These include the following criteria:

— Cramer-von Mises-Smirnov (Omega-square);

— Kolmogorova-Smirnova;

— Pearson (Chi-square test);

— Anderson-Darling;

— Cooper;

— Watson.

The Cramer-von Mises-Smirnov criterion is designed to test simple hypotheses about the belonging of the ana-
lyzed sample to a fully known law.

When testing simple hypotheses, the criterion is free of distribution, that is, it does not depend on the type of
law with which agreement is checked [11]. The hypothesis being tested is rejected when the statistics are large. In
[11,13], it was established that when testing complex hypotheses, where the estimate of a scalar or vector distribution
parameter is calculated from the same sample, nonparametric goodness-of-fit tests lose the property of freedom from
distribution. In this case, the distributions of statistics of nonparametric goodness-of-fit tests depend on a number of
factors: the type of the observed law corresponding to a fair testable hypothesis; the type of parameter being evaluated;
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the number of estimated parameters. The differences in the limiting distributions of the same statistics when testing
simple and complex hypotheses are so significant that it is impossible to neglect it [11, 13].

In the Kolmogorov-Smirnov goodness-of-fit test, it is advisable to use statistics with the Bolshev's correction
[14]. The distribution of this statistic, given the validity of the hypothesis being tested, quickly converges to the Kolmo-
gorov distribution, and for n> 25 the dependence on the sample size can be neglected [14]. Statistics like
D, =sup|F,(x)=F(x)]-

The Anderson-Darling test is acceptable for a sample size n > 25 [15]. The check can be carried out for any
type of distribution, if the distribution parameters are assumed to be known. If the statistics are large, the hypothesis
being tested is rejected. Statistics of the form [15]

L 2i-1 2i—1
Sy =-n-23 (F—In(F(x,0)) +(1-=—In(1 — F(x,0)))-
= 2n 2n
Cooper's goodness test is a development of the Kolmogorov goodness-of-fit test and was proposed to test sim-
ple hypotheses about the fact that the analyzed sample belongs to a fully known law [16]. If the statistics are large, the

hypothesis being tested is rejected. Statistics like D" = max(i ~F(x,,0) _’;1)’ D; =max(F(x,,0) _i) .
n n n

The Watson goodness test is a development of the Cramer - Mises - Smirnov goodness test [16]. If the statis-
tics are large, the hypothesis being tested is rejected. Statistics like

u i —0.5 1< 1
U?=>» (F(x,0 ! ‘on(=) F(x,0)-0.5) +—.
=D, 8) =T S (6, 6) 09

Required:

1. Investigate the above criteria for the corresponding statistics on previously known test samples of the laws
of distribution of random variables and determine a criterion with an identification accuracy of no worse than 95%.

2. Check the adequacy of the selected criterion on statistical samples obtained using the hardware and software
complex for passive monitoring of the ionosphere NovAtel GPStation-6.

Results and discussion. Statistical samples were generated for each of the identified distribution laws (Nak-
agami, Rice, Rayleigh, normal law). The samples were processed using the SciPy library.

For each of the distribution laws defined above, 100 samples were obtained with a different number of meas-
urements (from 1,000 to 1,000,000). Thus, the total number of samples of different sizes for the identified distribution
laws is 1600. All the studied criteria were tested on the same samples.

To solve the identification problem, an algorithm has been developed that provides:

1. Collection of experimental statistics of empirical distribution.

2. Calculation of the mathematical expectation and variance of the sample of the empirical distribution.

3. Construction of the differential function of the empirical distribution.

4. Calculation of the mathematical expectation and variance of the empirical distribution.

5. Construction of differential distribution functions for each of the reference distributions with mathematical
expectation and variance of the empirical distribution.

6. Determination of the coefficient of likelihood of the sample under study for each criterion for the assumed
distributions.

7. Ranking the results of testing hypotheses according to the maximum likelihood ratio.

8. Selection of a hypothesis based on the maximum value of the likelihood coefficient.

Table 1
Sample sizes for testing identification criteria
Number of measure- Distribution law
ments in the sample Normal Rayleigh Rice Nakagami
1 000 100 100 100 100
10 000 100 100 100 100
100 000 100 100 100 100
1 000 000 100 100 100 100

The result of the algorithm is the likelihood coefficient compared with each of the statistical hypotheses, with
preference given to the hypothesis with the maximum likelihood coefficient. An example of the algorithm for the An-
derson-Darling test of the studied sample of 1000 measurements is presented in Table 2. For this test, the maximum
likelihood coefficient is 6.485299, which corresponds to the identification of Nakagami's law.

Table 2
An example of the algorithm for the Anderson-Darling test
Criterion Initial distribution Estimated distribution Coefficient of probability
. Rice 4,37399
Anderson-Darling Nakagami Nakagami 6,485299
Normal 4,1812
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Rayleigh 4,2382

Total time 0,633 c.

The greatest interest is the comparison of accuracy criteria and distribution laws of random variables, since It is
investigated that the distribution for some values of their arguments has a sufficient form.

Using the algorithm presented above, a study was carried out to select a criterion. Determined on a given plu-
ral. The test results are summarized in Table 3.

Obviously, the Omega-square test has the worst result. The standard implementation of the criterion, taken as a
basis, is capable of qualitatively determining only the normal distribution. At the same time, the Kolmogorov-Smirnov,
Cooper and Watson criteria show a fairly good result. Acceptable for them is the choice of 1000 elements, which allows
using the data for the requirements for the laws of distributed random variables in practical application.

Figure 2 shows probability graphs. Similar graphs were obtained for the laws of Rayleigh, Rice, Nakagami.

Using the time library, which measures the running time of the algorithms, the criteria are investigated depend-
ing on the size. The results of measuring the average running time of algorithms and empirical selection criteria in ac-
cordance with Rice's law are presented in Table 4 and Figure 3.

The analysis showed that the Chi-square test has the longest average running time of the algorithm. The rest of
the algorithms have comparable average running time of the algorithms. Taken together, the studied characteristics de-
termine the laws, the best indicators in terms of probability and average time have the Kolmogorov-Smirnov test.

Table 3
Values of probabilities of the correct base of empirical distributions
Normal law
Sample size
Criterion

1000 10 000 100 000 1000 000
Kolmogorov-Smirnov 96 % 97% 98 % 98 %
Cooper's 95 % 96 % 96 % 96 %
Chi-square 75 % 75 % 78 % 79 %
Omega square 86 % 88 % 90 % 90 %
Anderson-Darling 80 % 85 % 87 % 88 %
Watson 94 % 95 % 95 % 95 %

Nakagami's law
Kolmogorov-Smirnov 97 % 97% 97 % 97 %
Cooper's 95 % 95 % 95 % 96 %
Chi-square 70 % 72 % 74 % 75 %
Omega square 0% 0% 0% 0%
Anderson-Darling 80 % 81 % 82 % 84 %
Watson 95 % 95 % 95 % 95 %
Rice's law
Kolmogorov-Smirnov 95 % 95% 95 % 95 %
Cooper's 94 % 95 % 95 % 95 %
Chi-square 75 % 75 % 78 % 79 %
Omega square 0% 0% 0% 0%
Anderson-Darling 80 % 85 % 87 % 88 %
Watson 95 % 95 % 95 % 95 %
Rayleigh's law
Kolmogorov-Smirnov 97 % 97% 98 % 98 %
Cooper's 95 % 95 % 96 % 96 %
Chi-square 72 % 74 % 74 % 75 %
Omega square 0% 0% 0% 0%
Anderson-Darling 65 % 71 % 72 % 72 %
Watson 95 % 95 % 95 % 95 %
Table 4
Average running time of criteria identification algorithms for distribution of empirical samples according to Rice's
law
Pasmep BLIGOpKH
Criterion
1000 10 000 100 000 1 000 000

Kolmogorov-Smirnov 0,2688 c. 0,688 c. 1,596 c. 1,76 ¢.

Cooper's 0,328 c. 0,67 c. 1,75 ¢. 1,83 ¢.

Chi-square 0,479 c. 0,848 c. 2,72 ¢. 5,09 c.

Anderson-Darling 0,578 c. 0,823 c. 1,654 c. 1,896 c.

Watson 0,487 c. 0,563 c. 1,647 c. 1913 ¢

In order to check the adequacy of the research results, the empirical distributions obtained with the use of the
NovAtel GPStation-6 hardware-software complex for passive ionosphere monitoring were tested. For testing, the crite-
ria of Kolmogorov-Smirnov, Cooper and Watson were used. The data received from the GPStation-6 receiver were pro-
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cessed manually. We studied 100 samples with a predetermined distribution of 10,000 elements. The analysis showed
the closeness of the results of the studies. The best criterion was the Kolmogorov-Smirnov test, which has an identifica-
tion accuracy of more than 95%. Cooper and Watson's tests respectively identified the empirical distribution with 90
and 93 percent accuracy.
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Fig. 3. Graph of the dependence of the average identification time of empirical samples distributed according to Rice's law

Conclusions / Conclusion. In this work, a criterion is chosen for identifying the distribution law describing the
disturbances of the ionosphere in transionospheric communication channels. The best criterion is the Kolmogorov-
Smirnov criterion, since with relatively close mean values of the identification time of the distribution laws with the
Cooper and Watson criteria, it has the best accuracy. The use of this criterion will make it possible to reasonably opti-
mize the classification thresholds for the states of transionospheric communication channels of the laws of distribution
of random variables. In the future, it is advisable to conduct additional research using it to identify the following empir-
ical distributions: Beckman, Hoyt, truncated normal law.
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