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AHHOTamus. Pemraercs 3aja4a y4eTa IpoCTpaHCTBEHHO-BPEMEHHOI N3MEHUYMBOCTH CYTOYHBIX BapHAIMil MOJOC KOT€PEHT-
HOCTH ISl TPAaHCHOHOC(EPHOTO paJroKaHala CIyTHUKOBOH CBs3U. [IpuMeHeH aHaIMTHYEeCKUH MOJXO0M K CO3JaHHI0 MaTeMaTH-
YEeCKOM MOJIEIH JUIsl BBIYUCIICHHS TTOJIOCHI KOTEPEHTHOCTH B TPAaHCHOHOC(EepHOM pannokanane. Co3faH alropuT™M U armapaTHo-
HPOrPaMMHBIIl KOMIUIEKC TIOCTPOCHHSI PETMOHAIBHBIX 3JIEKTPOHHBIX KapT I10J0C KOTePEHTHOCTH IO AKCIEPUMEHTAIBHBIM JaH-
HBIM TIOJIHOTO JIEKTPOHHOTO COAep KaHus. [IpUBeeHBI SKCIIEPHMEHTAIBHBIC PE3Y/IbTAaThl CYTOYHBIX BAPUALMH ITOJIOC KOTE€PEeHT-
HocTH Ui Pecny6nuk Mapuit On u Tatapcran.

KnroueBble cioBa: mojoca KOTepeHTHOCTH, TPAaHCHOHOC(HEPHBIH paJfoKaHall, MOJTHOE SJIEKTPOHHOE COAEpXKaHHeE; dJIeK-
TPOHHAsI KapTa; AUCIIEPCHOHHbIEC HCKAKCHUS.

Abstract. The problem of taking into account the space-time variability of daily variations in coherence bands for the trans-
ionospheric radio channel of satellite communications is being solved. An analytical approach to the creation of a mathematical
model was applied to calculate the coherence band in the trans-ionospheric radio channel. An algorithm and a hardware-software
complex for constructing regional electronic maps of coherence bands based on experimental data of the total electronic content
have been created. The experimental results of diurnal variations of coherence bands for the Republic of Mari El and Tatarstan
are given.

Keywords: coherence band; transionospheric radio channel; total electronic content; electronic maps; dispersion distortion.

BBEJEHHUE HUCKaXEHUN HIMPOKOIIOJIOCHBIX M CBEPXIIUPOKOIOJIOC-
HBIX TPAHCHOHOC(EPHBIX KAHAIOB MJIH BHIOUPATH I10JI0-
Cy HeMCKakeHHOH mepemaun. Llems paboTel — paspa-
00TKa KOMIUIEKCHOTO T0/IX0/1a JJIsl MOHUTOPUHTa HOHO-
cthepsl 3emMiam Ha OCHOBE HATYPHBIX JKCIEPHUMEHTOB
HAKJIOHHOTO ¥ TPAHCUOHOC(HEPHOT0 30HIMPOBAHUSI.

Ienb paboTHI: cO3aHUE ammapaTHO-IPOrPAMMHOTO
KOMILIEKCA MOCTPOCHUS JJICKTPOHHBIX KapT MOJIOC KO-
TePEHTHOCTH Il TPaHCHOHOC(HEPHOTO pajroKaHaia
CBsI3M, MOJYYCHHBIX TI0 JAHHBIM IJIO0ATbHBIX HABHUIra-
UOHHBIX cryTHUKOBBIX cucteM [ JIOHACC/GPS.

AHATUTHYECKHUI TOAXOA U aarOPUTM Uil CO3AaHUs
komiuiekca. B paborax [lvanov, Ivanov, Ryabova, et al.,
20176; lvanov, lvanov, Ryabova, et al., 2016] moka3a-
HO, YTO MPH PACCMOTPCHUM HEIMHEHHBIX UCKAKEHUN B
TPAHCHOHOC(EPHOM paJHoKaHale C YUETOM AUCTIEPCUU
BTOPOr0 MOpSJKA SISl OmpeleseHus] rpy0oil OleHKH
JMCTICPCUOHHBIX MCKaXXCHUN HCIOJB3YeTCs MOIXOJ Ha
OCHOBE KOPPEJIAIHOHHOW CBSI3U IOJIOCHI KaHajga C I0-
nocoi KorepeHTHOCTH. CTOUT OTMETHUTh, YTO OITH-
MaJIbHOM I pabOThl PAIHMOTEXHHUYCCKHUX CHCTEM, HC-
MOJIB3YIOIUX TPAHCHOHOCHEPHBIA pagnOKaHas, SBIIs-
€TCsl 10JI0Ca YacTOT, JJIsl KOTOPOM CIPaBEMIMBO YCJIO-
Bue By<B, rme By, — momoca kamama, B, — moioca
KOT€PCHTHOCTH, B TIpeeiax KOTOpPOW NpeHeOperaroT
JICTICPCUOHHBIMU UCKAKCHUSIMH.

Bocnone3yemcst  pesynbratoM  padotel  [lvanov,
Ivanov, Ryabova, et al., 20176], rae nonyuena gopmyna
JUTsl TIOJIOCHI KOTEPEHTHOCTH B BUJIE:

Ha paboTocnocoOHOCTh IIUPOKOTO Kpyra pajauo-
TEXHUUYECKHUX CPEJICTB, B TOM UMCIIE PAAHOIIEKTPOHHBIX
cucteM, (QYHKIMOHUPYIONIMX C UCIOJIb30BAaHHEM KaHa-
JIOB pacIpoCTpaHeHHS pamuoBOIH «3emisi—KocMocy
(cmygaif TpaHCHOHOC(EPHOTO pacrpocTpaHeHus) 00Jb-
moe BIISTHHE OKasbiBaeT woHocdepa. [Ipm sTom akTy-
ATBHOW ISl IMUPOKOTIOIOCHBIX CHUTHAJIOB SIBISICTCS HC-
cieoBaHHEe TPOOIEMBI TUCTIEPCHOHHBIX HCKaXCHUH.
IIpu oueHke AUCIEPCUOHHBIX UCKAKEHUH, KaK IPaBU-
JI0, UCCIIEYIOTCSI YaCTOTHAs U UMITYJIbCHAs XapaKTepH-
CTUKa SKBUBaJIEHTHOU JuHEHHOH cucteMbl (DJIC).

B pa6orax [lvanov, lvanov, Ryabova, et al.,
2017a, 6] moka3aHO, YTO CTCICHb HMCKaXXCHUS CHUCTEM-
HBIX XapakTepucTuk DJIC MOXKHO OIICHUTh, CpaBHHUBAS
mapameTp, Ha3blBaeMbIil monocoit korepeHTHOCTH (1K)
KaHalla, C MOJIOCOM MporyckaHusi kKaHana cBszu. IIK
XapaKTepU3yeT MPeleTbHO BO3MOXKHYIO MTOJIOCY YacTOT,
JUIL KOTOPO# TUCTIEPCHOHHBIMH HCKAKCHUSMH MOYKHO
npereOpeus. [IK ompenenseTcss MOTHBIM 3JICKTPOHHBIM
conepxanneM uoHochepsr — TEC, 3HaYeHHE KOTOPOTO
BapbUpPYETCsl B 3aBUCHUMOCTH OT Pa3lMuHbIX (aKTOPOB:
BpeMsI CYTOK, C€30H, F€OMarHMTHas OOCTaHOBKa, COJI-
HEYHasi aKTHBHOCTh. Kpome storo, nonochepa 3emin,
a, CIIeIOBATEIbHO, M HapaMeTphl JUCIIEPCHU SBIISIOTCS
(YHKIMAMH KOOPIWHAT TOYKH NpPUEMAa W BPEMEHHU H
JUIL TIONIb30BaHMs TPeOYIOT KaprorpadupoBaHus. B
9TOH CBS3HM HEOOXOIMMO pa3padoTaTh alrOpUTM U IPO-
rpaMMHOE oOecriedeHHe I IOCTPOCHHUS IEKTPOHHBIX
KapT M0JIOC KOT€PEHTHOCTH Ha OCHOBE JIAHHBIX CITyTHH-
koBbIX HaBuramuonueix cuctem [JIOHACC u GPS.
OTO MO3BOJIUT OCYILECTBIATh MOHHUTOPUHI CTENEHU
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rae Nt = I N, (Z) dz — mnonmoe snexTpoHHOE CO-
S

nepxanne (uctunnoe TEC); k — 80.5 [mM*/c?]; ¢ — cko-

poCTh cBeTa; L = \/4Cf_3 / Tk

ITpu uzmepennn TEC Ha OCHOBE TaHHBIX HABHUTAIlH-
OHHBIX CIYTHHUKOB [fcroxeBwd, MbBUIbHHKOBA, JleMb-
ssHOB ¥ ap., 2013] UMET MEeCTO CTOXaCTHYECKHE I10-
rpemHoCcTH. B pesynprate usmepenHoe 3Hauenue TEC
MOJKHO 3aITCaTh B CICAYIOIIEM BHIE:

N, =N, AN, = N, =N, FAN,, )

rne AN; — croxactuueckas norpemHocts TEC
CnyuaiiHas cocrasisromas cornacao (1) u (2) Mmox-
HO TIPEJICTaBUTh B BUJIE:

b, = nAN; Y2, )

Ortkyna:

b, /B, =+/N,/AN,. ®)

TakuM 00pa3oM, €Clid HOJoca KOTePEeHTHOCTH CO-

crasisiia B, a npu xoppexuuu B ouenke N, 6buia

nomyieHa omuOka ANy, To B pe3ynbraTe mojoca Kore-
PEHTHOCTH YBEIWYIIIACH U CTajla PaBHOI:

N - B
b~ | = e 4)
AN, ° oN,

rae ON, = AN, / N, — orHocurensHas norpemHocts

onpenenenus TEC.

Jns  uccnenoBaHUA MPOCTPAHCTBEHHO-BPEMEHHOM
M3MEHYUBOCTH TIOJIOC KOT€PEHTHOCTH OBUT pa3paboTaH
NTOpPUTM MX KapTorpadupoBaHus IJIsl TPaHCHOHO-
cepHbIX KaHaJOB CIyTHHUKOBOW cBs3u. [l peanmnza-
UM QJITOPUTMA HCIOJIB30BaH KOMIUIEKC IIPOTrPaMM,
KOTOPBII BKJIFOYAJI B ce0s MSTh MOJIYJIe OCHOBHOTO IPO-
rpammuoro obecreueHust (I10), co3maHHBIX Ha sA3BIKE
Autolt, n Bcriomorarensubie 110, Takue kak [Wget, 2007;
PostgreSQL, 2016], Mapretive [http://maperitive.net/docs/
default.html], ffmpeg. OGoOmieHHass cxemMa HCIONIB30Ba-
uus narHOro 10 mpencrasieHa Ha puc. 1.

VcxomHBIMU JaHHBIMH JUTS TTOCTPOSHHS KapT SBIIS-
torcst RINEX ¢aiimer momydeHHBIX ¢ pedepeHIHBIX
CTaHIMU CeTH NMPHEMHHUKOB, MPEIOCTABIAEMble PUPMO
HEXAGON. Ilocne koHBepTaluud U HpeoOpasoBaHUs
RINEX-daiinoB paccuntbiBatorcst 3HaueHus [19C
[Mylnikova, Yasyukevich, Kunitsyn, et al., 2015; Yasyu-
kevich, Mylnikova, Polyakova, 2015]. [lanee crenepu-
poBaHHble 3HaueHus: 1EC nepecyuThIBaOTCS B HOJIOCY
KOT€PEHTHOCTH, aKKYMYJIHPYIOTCS U UCTIONB3YIOTCS ISt
CO3/1aHUs KapT MOJIOC KOTePEHTHOCTH HOHOC(EPHI 3eM-
mu (mporpamma iMapCreate). Ilporpammuas peanusa-
Ul YYATBIBACT BO3MOXKHOCTH BBHIOOpa MHTEPECYROIIEH
reorpauecKor 30HBI AT TOCTPOCHUS M BPEMCHHOM
OTPE30K KaK IO J]aTe, TaK U 10 BPEMEHH CYTOK.

9KCIIEPUMEHTAJIBHBIE PE3YJIbTATbBI

Jlns neTHero u 3uMHero coJiHnectossaus 2016 1. Hax
Tepputopueii pecnyomuk Mapwuii-On u Tarapcrana ObI-
JIY TIPOBEICHBI UCCIIE0BAHNUS IPOCTPAHCTBEHHO-BPEMEH-

RINEX chamam

leciuite kKoHeepTep Eaza AcHHBX IRI
e ! - [ Mowvyuakess morsanun TEC 1
Gasw aommx IRI
7 ¥ - %
{ ]

Maplec koHsepTep
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Puc. 1. AnropuT™M NOCTPOEHHUE SNEKTPOHHBIX KapT HOHO-
cdepbl 3eMITH U UCTIOIB3YeMOe POrpaMMHOe obecredeH e

HOW HU3MEHUYUBOCTU MOJIOC KorepeHTHocTH. Ilpu 3To
Bapbupymomue 3HaueHuss TEC Obum mosyueHsl 1o pe-
3yJIbTaTaM TpaHCHOHOC(EpHOro 30HAMpOBaHMA. B ka-
YyecTBe pabouei 4acTOThl CUCTEMBI KOCMHYECKOH CBSI3H
nuarHoctupoBanachk yacrtora | I'Tu. B BeiOpaHHBIH 11e-
puoxa noHocdepa ObUIa MATHUTOCIIOKOWHON. DJIEKTPOH-
HO-AMAarHOCTHYECKHE KapThl I 3aJaHHBIX PETHOHOB
[peACTaBIeHbl Ha puc. 2. L[BeToM BbIJI€TI€Ha UHTEHCHB-
HOCTb U3MEHEHHUsI 3HaYEHHUH MOJIOC KOI€PEHTHOCTH OT-
HOCHUTENBHO (paKTopa Ce30HHOCTH.

6 Opbireetiag costrisitars, Thew CCAT44 14 | ASSTTE
CEHTIOph
Puc. 2. D1eKTpoHHBIE KapThl IOJIOC KOTEPEHTHOCTH TPaH-

CHOHOC(EPHBIX PaMOKaHAJIOB HaJl TEPPUTOpUEH pecIyOimK
Mapnuii-On u Tarapcran B 2016 1.
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AHanmu3upys NOJXy4YCeHHBIE JaHHBIC, MOXHO CHIEIaTh
BBIBOJIBI, YTO B JHEBHOE BpeMs CYTOK MOJIOCHI KOTe-
PEHTHOCTH MMEIOT MUHUMAJIbHBIE 3Ha4eHus. B mepwo-
IIBI TIEPEXOHOTO BpeMEHHU (YTPEeHHHE W BEYEpHHE 4a-
ChI) HAOJIOAIOTCS PE3KOE N3MEHEHHUE TO0JI0C KOTEePEeHT-
HOCTH, KOTOpBIE B HOYHOE BpEMs IOCTHTAIOT MaKCH-
MaJIbHBIX 3HaueHM. M3 3TOTO ClienyeT, 4To B JTHEBHOE
BpeMsi HEOOXOIMMO JINOO OTPaHUYHMBATH MOJOCY YACTOT
JUTS. ONITUMAJIBHOM PabOThI CHCTEM KOCMUYECKOH CBsI3H,
00 periath 3aJa4y KOPPEKIMU JUCICPCHOHHBIX HC-
Ka)KeHUH.

3AK/IIOYEHHE

[IpencraBneH ammapaTHO-TIPOTPAMMHBIN KOMILIEKC
IUTA TIOCTPOCHHUS TUATHOCTUYECKUX JIICKTPOHHBIX KapT
MIOJIOC KOTEPEHTHOCTH TPAaHCHOHOC(EPHBIX paauoKaHa-
JIOB. Y CTaHOBIICHO, YTO MHHHUMAJIBHBIC 3HAYCHHUS MTOJIOCHI
KOT'€PEHTHOCTH MMEIOT MECTO B JIHEBHOE BpPEeMsI CYTOK,
MaKCHUMaJIbHbIe — B HOYHOE. 3HAYMTEIIbHBIC BapHUAIlUH
HAOJIIOMAIOTCS TPU Mepexoae OT MHA K HOYH (WMiIH
Hao0opoT). JlnarHoctudeckue KapThl B YCIOBHSX dYa-
CTOTHOH JHCIIEPCHU TO3BOJISIFOT HAJ HCCICITyEeMbIM
PETHOHOM OLICHHBATh WHTCHCUBHOCTH CYTOYHBIX H3MeE-
HEHHH TOJOC KOTEPEHTHOCTH UTS BBISIBICHUS MPEICITh-
HOW TOJIOCHI YacTOT IS pabOThI CHCTEM KOCMHYECKOM
CBSI3HM TPU MOCTOSHHO MCHSFOIIUXCS Hapamerpax cpe-
Iel. OTO OyIeT CIocOOCTBOBATH ITOCTHIKCHUIO HOBBIX
BO3MOKHOCTEH AJIs1 pabOTHI MIMPOKOIIOIOCHBIX TPAHCH-
OHOC(EpHBIX PaTUOTEXHHUUECKHX CUCTEM, OOecrednBast
UX MOBBIIICHHYIO IOMEX0YCTOWYHBOCTD U CKPBITHOCTb.

PaboTa BhINIOJIHEHA TIPU MOANEPIKKE TpaHTa MUHU-
CcTepcTBa HAayKd W BhICIIEro oOpaszoBaHuss Pd:
Ne 3.4074.2017/TT4 wu rpantoB Poccuiickoro ¢doHma
¢dbyHIameHTanpHBIX  UcchenoBanmid:  Ne 18-37-00079,
Ne 17-07-00799, 19-07-00629.
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