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HpI/IBeZ[eH 0630p BBITIOJTHEHHBIX B Poccum paéoT, CBA3AaHHBIX C IKCIEPUMEHTAJbHBIMU U TEOPETUYECKHUMU HC-
CJIeIOBAaHUAMU 110 HpOéJIeMaM ONTUYECKOI CBSI3W BHE IIpeaeI0B HpHMOfI BUINMOCTH B BOSI[yLHHOﬁ n BOHHOfI cpe-
Aax. HpI/IBO]IHTCSI OCHOBHbIE€ pe3yJJabTaThbl IIOJIEBbIX, .HaéopaToprIx " YUCJEHHBIX 3KCIEPUMEHTOB B I/IK*, BUIMOM
u y(D*}lI/IaHaBOHaX JJINH BOJIH. B JIaéOpaTOprIX 9KCIIepUMEeHTaX B KadeCTBe paCCEuBaIOMINX CPeJ HCIIOJIb30BaHbBI
BO/ITHO-TIHNLEPHUHOBAA CMEChb N aTMOCC];)eprIfI BO34yX. B mnoneBbix IKCIEPUMEHTaX OITHUYecKad CBA3b OCYIECTBJIA-
JlaCch B IPHU3€MHOM C.Jioe aTMOCCbepI)I, a TaK)Xe B HCKYCCTBEHHbBIX U IIPUPOJHBIX BOJOEMaX (B TOM YHCJ€ B 3UMHEe
BpeM:a yepes JIe}I). I/ICCJIQ,"IOBEIHI/IFI BBIIIOJIHAJIUCH AJ1 KOMIVIAaHAPHBIX W HEKOMIJIAaHApPHBIX CXeM (bOpMI/IpOBaHI/IFI

KaHaJ/IOB CBA3H.

Knaiouesvie caosa: onruko-snekrpontas saropusontHass (NLOS) cBsA3b, 9KCIIEPUMEHTbI, BO3/IyLIHASA, BOAHAIL
cpefa, BepodaTHOCTh ommOku; optoelectronic non-line-of-sight (NLOS) communication, experiments, air, water

medium, probability error.

BBeaeunne

HecMoTpst Ha To uTO TepBble PaGOThI, MOCBAIIEH-
Hble ONTHYECKON CBSI3M HA PACCESTHHOM W3JIyYeHUn
(non-light-of-sight, wmm NLOS-cBa3b), 6blan omy6./m-
koBanbl Gosee S50 mer masaz (cm., Hampumep, [1]),
TeopeTHYecKne W IKCIepUMeHTATbHbIE WCCIeOBAHUS
B 9TOM HATIpaBJIEeHWN TMPOJIOJIKAIOTCSA W, 60Jiee TOTO,
UX HMHTEHCHBHOCTb He ocJjiabeBaer. Yuenble B Kurae,
CIOA, Wzpaunme, Muanmu, Kanage u Apyrux crpaHax
CTaBAT pas3/IMYHbIe BOMPOCHI, OTBETHI Ha KOTOPbBIE TI0-
3BOJIIIOT OIIEHUTH 06JIaCTH MPAKTUYECKOTO MPUMEHEHUST
3TOTO BUJA CBSI3U B aTMocdepe U IOJ BOOI, oIlpese-
JINTD YCJIOBHS, TAPAHTUPYIOIINE ee YCTOHYMBOCTD, BBICO-
Kyl HaJeXHOCTb, JOCTYIMHOCTh M T.A. B uacTHocTH,
paccMaTpuBaIOTCS BOTPOCHI, CBSI3aHHBIE C BBIOOPOM
tuna Moayasaiuu (Haupumep, [2]), yderom kouury-
panuu cBsa3u (C OMHUM H3JIyYaTeeM M OJHUM HabOpOM
MPUEMHHUKOB, CO MHOKECTBOM WU3JydaTesiell WU MpH-
eMHIKOB), C HCIO/JIb30BaHIEM peTpaHCcaATOpoB (Ha-
npumep, [3]) u 1.1
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B Poccun onHa U3 mepBBIX TEOPETUYECKUX paboT
10 3aTOPU3OHTHOH ONMTHYECKOI CBA3W ObLIa OIMy6JIMKO-
Bana B 1977 r. B.M. IloxxugaeBpiM [4], a sakcrepuMeH-
taapHasg — B 2004 r. B.B. IToarepom [5]. C 2012 r.
YUCJIeHHble W 3JKCIIEPUMEHTAJIbHbIE UCCTIEJOBAHUS IO
npo6aemaMm NLOS-cBa3u B atMocdepe U BOAHOI cpejie
OCYIIECTBJISIIOTCSI B HECKOJIbKUX pernoHax Poccun, Hau-
60Jiee MHTEHCUBHO U IMIUPOKO — B VIHCTUTYTe ONTHKU
armocepst um. B.E. 3yesa CO PAH (MIOA CO PAH),
r. Tomck. UncieHHnble 3KCIEPUMEHTBI BBITIOJHSIOTCS
MeTozioM MonTte-Kapso, Tak ke Kak 3TO B OCHOBHOM
nenaercsl 3apyGesKHBIMH KOJIIETaMH B T€OPETHYECKUX
uccjaegoBanugax onrtudeckoit NLOS-cBg3u. Okcnepu-
MEHTBI TIPOBOMIATCA B PEATHHBIX YCJIOBUAX MPU3EMHOM
arMocdepbl, B MUCKYCCTBEHHBIX M €CTEeCTBEHHbBIX BOJO-
eMax U B JJaAGOPATOPHBIX YCJIOBUSX C MOJETbHBIMU [IIC-
TIePCHBIMU cpeflaMi U aTMOC(EPHBIM BO3TyXOM.

Buok-cxema TummuHoii cucteMbl NLOS-cBs31 1pu-
BesleHa Ha puc. 1.

C TOYKM 3peHUsT CUCTEMHOTO aHaIn3a JI06yio 13
paccMaTpuBaeMbIX OIITUKO-3JIEKTPOHHBIX CHCTEM CBI3U
(O9CC) MOXHO pas3jeNuTh Ha JBe YacTH: IIPHEMO-
mepeJaoNlylo 1 BHEITHNH KaHast cBsA3u. llpm duxcm-
POBaHHbBIX XapaKTePUCTUKAX ONTHKO-3JIEKTPOHHBIX 6JI0-
koB Ha puc. 1 Bbixonnble mapamerppr OICC 6ynyt
3aBHCETb OT ONTHYECKOTO COCTOSIHUSI KaHaJa Paclpo-
CTpaHeHMs M3JIy4YeHHs OT HCTOYHUKA [0 IIpUEeMHHUKA.
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Puc. 1. O6mas crpykrypHas Oiok-cxema cucreMbl NLOS-
cBA3N

Kax B atMocdepe, Tak 1 B BOIHOITI cpejie 3TH COCTOSTHI
MOTYT BapbHpOBAThCSA B IMUPOKUX mpedesax [6—10].
OueBUIHO, YTO JaJIbHOAeliCcTBIE, CTAaOMIbHOCTD, Kade-
ctBo cBsa3n (HampuMep, BEPOATHOCTH OMIMGOK U UX
CKO) ompegendioTca He TOJBKO XapaKTePHCTHKAMIU
anmaparypbl (KagecTBO ONTHKU, YyBCTBUTEJBHOCTD (Ho-
TONPUEMHHUKOB, CTaGMIBHOCTD PaGOThI ONTHYECKOTO UC-
TOYHMKA U T.JI.), HO ¥ OITHYECKHM COCTOSTHHEM KaHaJIa,
CBS3BIBAIOIIETO Yepe3 paccessHue UCTOYHUK U TIPUEMHIK
n3nyderus. [1oaToMy TIpH OJMHAKOBBIX allapaTypHBIX
XapaKTePUCTUKAX OITHYECKUE CBOIICTBA KaHaJA CBS3U
MOTYT TMPUBOANUTH K OTPAHUYEHUIO JATbHOCTH JA€HCTBUSI
O3CC, TOBBIMEHNIO BEPOSITHOCTEH OIMMOOK M Jake
MIPepPbIBAHUIO WU TpeKpalieHuio cBsa3u. Cpeaun coco-
6OB TIpEOJIOJIEHUsT 3TUX TpobieM OYyAyT YyIIpaBJsieMoe
CHIDKEHHE CKOPOCTH Tepefaynl WHGOPMAIMOHHBIX IT0-
TOKOB, TIOBBINIEHNE MOIIHOCTH W3JTyYeHUs WJIH CIIeK-
TPAJBbHOU YYBCTBUTEJIBHOCTH (DOTOTIPUEMHUKOB H T.J.

KakoBa poJib TMOJIEBBIX 3KCIIEPUMEHTOB B HCCJIe-
noBannn xapaktepuctuk OI9CC? Pesynabrarsl, mosy-
YeHHDbIE TIPU WX BBIMOJHEHHWU, HOCSIT YaCTHBII Xapak-
Tep B CIJIY U3MEHYUBOCTH ONTHYECKUX XapaKTEPUCTHUK,
HampuMmep, aTtMocdepbl. Kpome Toro, B HacTosIiee
BpeMsI HeT CPEJCTB ONEPATUBHOTO KOHTPOJS OMNTHYe-
CKOTO COCTOSIHUSI BHEIIHUX KaHAJOB CBSI3U. JTu (Dak-
TOpPbI He TI03BOJIIOT WCCJE0BaTh B TIOJHOM O6beMe
B MOJIEBBIX ycJoBuaX addextuBHOCTD padoter OICC
B 3aBHCHMOCTH OT BapbUPYEMBIX XapPaKTEPUCTHK WC-
XO/JHBIX TEOMETPUYECKUX MMapaMeTpoB cxeM (opMupo-
BaHUs KaHAIOB CBs3u. TeM He MeHee II0JIEBbIe HKCIIe-
PUMEHTBI BJKHBI /I [JOKA3aTeIbCTBA Pean3yeMOCTH
npeasiaraeMbix BapuantoB OJCC, a uX pe3yJbTaTbl
MO3BOJISTIOT MOJTBEPUTD HJIU OTIPOBEPTHYTH BBIBOJBI U3
YUCJIEHHBIX JKCIIEPUMEHTOB U TIOCTaBUTh MEpe] Teope-
TUKaMU HOBBIE BOIIPOCHI.

1. YUncseHHble 3KCIePUMEHTBI

Teopernueckoe — mccirefoBaHUe — IepeJJaTOYHBIX
cBOIIcTB 3aropu3oHTHBIX KaHatoB OIDCC BbINoJIHSETCSA
B paMKaX TEOPHH IIePEeHOCa KOPOTKOBOJHOBOTO H3JIy-
YeHHsI B PACCEMBAIONINX U MOTJIOMAIIMX cpefax (Ka-

KOBBIMU SIBJIAIOTCS aTMOocdepa U BOJHBIE CPe/Ibl) U Teo-
pHUU aHATHN3a JUHEHHDBIX CHCTEM.

Vpasuenue nepenoca naayuenns (YII) ycranas-
JINBaeT CBSI3b MeXK/y UHTEHCUBHOCTBIO CBETOBOIO IIO-
TOKA B Cpej/le B 3Q/laHHDBIX TOYKe U HAIPAaBJIEHUU C OIL-
THUEeCKIMU XapaKTepUCTUKaMU cpelbl. B uHTerpo-
nuddepennnanbroii popme YIIU nmeer Bua

%Z—i + (o, gradl) =
= Bexe] +Puc j I(r, ) g(r, , 0)do’ + Bo(r, ®), (1)
Q

rne [ =1\, r, ® t) — UHTEHCHBHOCTb OITHYECKOTO
U3JIy4eHNsI B TOUKE ' B HAIIPABJIEHWH ©®; ¢ — CKOPOCTb
cBeTa; PBey(A, ) — KOa(pPUINEHT OcTabaeHNs U3JTyde-
Hug B Touke T; Bo (A, r) — KoadpuumeHT paccesHus
cBeta B Touke r; g(A, r, ®, ®') — MHIUKATpHCA Pac-
cessHMS B TOYKe r B HAIPaBJIeHUH ®; ®' — HalpaBlie-
HUEe PacTIpoCTpaHeHUs M3Iy4YeHUusd J0 paccednus; @y, —
(YHKIMST UCTOYHUKOB B TOYKE I B HAIPaBJIEHUH ]
A — [JIMHA BOJIHBI M3JIy4eHUA.

ITo ypaBHeHHe pelaeTcsd MPHU 3aJaHHBIX HAUATb-
HBIX U TPAHUYHBIX YCJIOBUIX, COOTBETCTBYIONINX KOH-
kperroit cxeme OICC. AHaIUTHYECKOTO OOIIETO pe-
menug YIIM He cyliecTByer, M0O3TOMY HCIIOJIb3yeTCS
YICJEHHBII MeTOJ] €ro pellleHus, B HallleM CJydae 3TO
meton Momnte-Kapao [11]. [[ng aHaamsa BHeENIHETO
kaHama cBsa3u U OICC MOXHO NPUMEHHUTH TEOPUIO
muHeitHbix cucreM. Ileapio pemtenus ypasHenus (1)
6yZeT ompeziesieHNe UMITYJIbCHON TepeJaTOYHON Xapak-
TEPUCTUKH, WJIN UMIYJIbCHOW peaxinu, cucteMbl 2(t)
Ha BXogHo# 8(t)-ummysbe [12].

Ha ocHoBe ajaroputMa MoAuQUIIMPOBAHHON BOIi-
HOIl JIOKaJbHOM OIleHKN HaMU ObLTa co3/jaHa IporpaMMa
MOJIETUPOBAHNS UMITYJIbCHBIX PeaKIii atMochepHbIX
u noaBogubix NLOS-kanamoB OI9CC metogom MonTe-
KapJio [13]. Teomerpuueckag cxema OICC, n1a KoTo-
poii 6bLT0 BBIMOJIHEHO MoJeaupoBanne (yHkumii (),
n3obpakeHa Ha puc. 2. ITox KoMIIaHApHOW cxeMoii

Z

y / | Netounnk [Tpnemunk ¥

Yu
Puc. 2. Teomerpmueckas cxeMa koMiutaHapHoit O9CC, s
KOTOPOH cpaBHUBatoTcs anropurmbl [15]: S — ucrounuk; D —
IpHeMHHK; Yy — 6a30Boe paccTosHHe OT HCTOYHHKA JO IIPH-
eMHHKa; O, — YroJ Me/y HalpaBjeHHeM ONTHYecKoil ocu
HCTOYHUKA U TOPU3OHTANbIO; V¢ — YIOJ PACXOAUMOCTH HUCTOY-
HUKa; 04 — YroJl MeKIy HallpaBJeHUeM ONTHYeCKOH OCH IIpu-
eMHHKa U TOPU30HTAJIbIO; V4 — YTOJI TIOJIS 3PEHusl; z, — BbI-
coTa TOUKH IlepeceueHMs ONTHYeCKHX oceil MCTOYHMKA U IIPU-
eMHUKa; | — TOuKa IepeceyeHUsT ONTUYECKUX OCeil MCTOUHUKA
U TIpUeMHUKA
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0O3CC mnonuMaeTtcs cxeMa, Mpu KOTOPOHl och T0JIS 3pe-
HUS TIpUEMHUKA U ONTHYECKas OChb MU3Jydaressd JeKaT
B OJHOIT TJIOCKOCTH.

B mamreii pa6ote [13] mpeasnoxen Moauguimpo-
BAHHBIN aJTOPUTM JABOWHOW JOKAJTbHOU oOlleHKu. DBbI-
TIOJIHEHO CPaBHEHUe TPY/J0EeMKOCTH TpeX AaJTOPUTMOB
CTATUCTUYECKOTO MO/JIEJTUPOBAHUS MHOTOKPATHO pacce-
SJHHOH dYacTH WMIyJbcHOI peakiuu KaHata NLOS-
CBSI3U: KJIACCUYECKOTO aJATOPUTMAa JIBOWHON JIOKAJbHOM
onenku [11], xom6unupoBaHHOil oreHku [14] u npen-
JaraemMoro ajroputMma. I[lokaszaHo, 4TO TPYJ0eMKOCTb
Halllero aJITOPUTMa 3HAUYMTEIbHO MeHbllle, yeM KOHKY-
penToB (B cpeHeM B 5 pa3 IO CPABHEHUIO C aJTOPUT-
MOM [IBOITHOI JIOKaJbHOI OIleHKu u B 5,9 pasa —
C QJTOPUTMOM KOMOGUHHPOBAHHOI OIEHKH), IIPH OINTH-
YecKoW JJINHE JIMHUU CBA3U Tg;p < 1. ITo obecreunBa-
€T, COOTBETCTBEHHO, B cpeaHeM B 2,2 u 2,4 pasa
MEHDBINYIO TIOTPENTHOCTh BBIYUCIEHUN HAIUM AJITOPUT-
MOM II0 CPaBHEHMIO C KOHKYPUPYIOUIUMH MPU OJUHA-
KOBOM BpeMeHH, 3aTpayeHHOM Ha pacueTbl. OTMeTHM,
YTO CO3/IAaHHBII HAMU AJTOPUTM MOXKET HCIO0JIb30BATh-
¢S 71T MOJIeJTNPOBAHMS UMITYJIbCHBIX peaklnii B 3aja-
YyaxX OGHCTATHYeCKOTO 30HINPOBAHUS atMochephbl U BOJ-
HBIX Cpejl.

1.1. Ammocepepa

O6partuMcsd K OCHOBHBIM pe3yJbTaTaM paboT
[16, 17], B KOTOPBIX aHAMH3UPYIOTCS 3aTOPU30HTHBIE
0O3CC, paboraioniie B IPHU3EMHOM cJioe aTMOcQepsl,
KOT/Ia MCTOYHWK W TPUEMHUK W3Jy4eHUS PacIosiorKe-
HBI Ha 3eMHOW TMOBEPXHOCTH Ha paccTosHun Yy (cM.
puc. 2) MeXIy HUMH, HasbiBaeMoM G6a30BbIM. B [15]
paccmorpena cucteMa NLOS-cBa3u, reomerpudeckas
cxeMa KOTOpoil mpuBe/ieHa Ha puc. 2. /lig ynpoiieHus
33Jla4d OHA COOTBETCTBYET CJy4Yaio, KOTJa IIOCKOCTDb
SID 1nepneHuKyJIsIpHa 3eMHOII moBepxHocTu. Ha
3eMHON TIOBEPXHOCTH pacmosaraercss 3(t)-MMITyIbCHBIN
NCTOYHUK JIa3ePHOTO M3JIy4YeHHS C YIJIOBOH pacxoim-
MOCTBIO V;, TIOJIOKEeHNEe OCH KOTOPOTo 3aJaH0 YIJoM 6.
Ha 6a30BoM paccTosiHUM OT WCTOYHHKa Yy pas3Melra-
eTcs TMPHEMHUK C YTJIOM TIOJIS 3peHHs V4, OCh KOTOPOTO
OPHEHTHPOBAHA B HANpPaBJeHWW, 3aJaHHOM YTJOM 0.
B [17] ompenenensr xapakTepuctuku @Y YDOK-4I-4
u3 [18], KoTopble MCTOIB30BAINCH B YHMCJIEHHBIX IKC-
nepuMenTax. OHUI npuBeieHbl B Ta6I. 1.

Ta6numa 1
Xapaxkrepuctuku ®IY YDK-4TI-4 [18]

X, HM EK, MA/BT k, HM ZK, MA/BT

200 30 300 52
210 36 310 50
220 45 320 49
230 31 330 48
240 53 340 47
250 54 350 42
260 54 360 25
270 54 370 7

280 53 380 3

290 53 390 1

[IpuMeuanue. Ix — cHeKTpagbHasd

YYBCTBUTEJIbHOCTD (bOTOKaTO}.'[a.

Onrnyeckne XapaKTEPUCTUKH MPU3EMHOTO  CJIOS
armMocdepsl, TP KOTOPBIX MOJEINPOBANACh (DYHKIINS
M(t) ¢ moMoIbI0 TeHepaTopa ONTHYECKUX MoJeJel,
noctpoennoro Ha ocHoBe LOWTRAN-7 [19], nanb
B Tab. 2.

Ta6auma 2

Onruyeckue napamerpsl npusemuoro (0—1 kM) ciost
atMocdepsl, Hcnob3yeMbie B pacyeTax

A, MEM | Sw, KM| Ctay KM | Gy KM | Gtm, KM ' | Gy, KM
0,3 10 0,6610 0,6200 0,16500  0,1400
0,3 50 0,1130 0,1060 0,16500  0,1400
0,5 10 0,4330 0,4100 0,01660  0,0165
0,5 50 0,0744 0,0700 0,01660  0,0165
0,9 10 0,2150 0,1960 0,13694  0,0015
0,9 50 0,0367 0,0334 0,13694  0,0015

[Ipumevanue. o, — KO3 UIMEHT a3pO30JBHOIO
ocnabineHust; o5, — K03(h@UINEHT a3pO30JbHOTO PACCESHUS;
Gtm — K0I((PUIIMEHT MOJEKYIAPHOTO OCJIA0JEHUS; Ggy — KO-

a3 PUINEHT MOJEKYIIPHOTO paccesHHud; Sy — MeTeopOJIoTrH-
Yeckasg JAaJbHOCTb BUAUMOCTH.

AHaymm3 pe3ysibTaToOB, IpHUBeJeHHBIX B [16, 17],
MOKA3bIBAET, YTO HAa KOPOTKUX GA30BBIX PACCTOSTHUSAX
(Yy < 2—3 kM) Han6oJibllasg MOLUIHOCTh IIPUHIMAEMOro
U3JIyYeHHs] IPU OJMHAKOBBIX MPOYUX YCJIOBUSX TOCTH-
raerca npu A = 300 uM. [Ipu Gosbirmx 6a3oBBIX pac-
CTOSHUAX W HU3KOH MYTHOCTH CPelbl 3TOT MaKCUMyM
nabmionaercss 1 A = 500 um. Ilpu BBICOKOH MyTHO-
cTH cpelbl 1 6a30BBIX paccTosgHuAX 3—10 KM OH J0CTH-
raercd Takke g A = 500 uM, Ho ecau Yy > 10 kM, TO
npu A = 900 uM. [IpoBeneHHBIe pacdeTbl UMILYJIBCHBIX
PeaKIHii MO3BOJITIOT OIIEHUTDb JAJTbHO/IefICTBHE CICTEMBI
CBSI3U M MAaKCUMAJBHYIO YaCTOTY CJI€JJOBAHUS UMITYJIb-
COB, KOTOPYIO He OTPaHHUYMBAEeT aTMOC(epHBI KaHaJ
cBa3u. B paccMmoTpenHoit B [16] Moemn onTHKO-3JI€K-
TpoHHOI cucteMbl NLOS-cBg3um BO3MOXKHa Tiepejaya
uHdopManun Ha 6a30Bble paccTogHUSA 10 40 KM TIpn
A =500 M, Sy = 10 KM ¢ 9acTOTOH vy OT 8,3 - 10°
10 3,3-107 I'm u Ha 6a3oBble paccrosuus mo 200 kM
npu A = 500 HM, Sy = 50 KM ¢ YacTOTOH Vy.x B JdHUa-
nasone or 5-10° mo 3,3-107 Tu, uro corJiacyeTcs
C pe3yJbTaTaMU TIOJIEBBIX HKCIIEPUMEHTOB TI0 3arOpu-
30HTHOI ONTHYECKON CBI3U Ha PacCesSHHOM Ja3epHOM
U3TyYeHIH.

BolmosiHeHHBIE PAcYeThl BEPOSITHOCTU PETHCTPA-
MU OMUGOYHBIX CUMBOJIOB, TIpuBeJeHHbIe B [17] mis
Y®-gnanazona B JHEBHBIX U HOYHBIX YCJIOBUAX, MO-
Ka3ajl, 4YTO TP OPTaHM3AIMU TaKOTO BHJA OITHYe-
CKOIl CBSI3U JHEM TMPeANOYTUTESbHO UCTOJb30BATh W3-
JydeHne Ha A = 295 HM, 4eM Ha JAPYTUX JJIUHAX BOJH
W3 9TOT0 Juala3oHa, a HOYblo — Ha A = 395 HM.

1.2. Ammocepepnas cesaszv ¢ BIIVIA

B pa6ote [20] o6cyskmaroTcs pe3ynbTaTbl YHC-
JIEHHBIX 3KCIEPIMEHTOB, BBIOJTHEHHBIX [JII aHATH3a
xapakTepucTuk armocdeproit NLOS-cBa3um Mexay
HA3eMHBIM HCTOYHUKOM HH(MOPMAIUU U ITPEEMHIKOM
Ha 6opTy OGecIUJIOTHOTO JIeTaTeJbHOTO — allapara
(BIIJTA) (puc. 3). CrartucTuyeckue 3SKCIEPUMEHTHI

Ontuyeckast 3aropu3oHTHas1 CBA3b. HOJICB])IC, JlaﬁopaToprIe U YUCJIEHHbIE€ OKCII€EPUMEHTHI... 789



¢ ucmnosib3oBaHWeM MeTofa MoHTe-KapJio BBITOJHEHBI
JUI TIPA3eMHOTO CJI0s1 atMocdephbl B Anana3oHe [JTHH
BomH oT 200 mo 750 M ¢ marom AA = 10 HM Tpu
Sm=1,10 u 50 xMm.

z 4

BILJIA (D)

.y

;L d

—
Tt R C

ST 2

X S Y
Yy

Puc. 3. T'eoMmeTpuueckas cxeMa YHCJIEHHBIX 3KCIIEPUMEHTOB

no NLOS-cesasu B armocdepe Mexay BIIJIA (mpueMHuk)

U UCTOYHUKOM Ha 3eMHOH noBepxHocTH [20]: vy — yroa pac-

XOAUMOCTH U3Jy4eHHsS UCTOYHUKA; 64 — YTOoJl MexXAy Halpas-

JIEHIEM OITHYeCKON OCH TNpHEMHUKA U BepPTHKAIbO; g —
BbIcoTa pacnojoxenus BILTA

OcHOBHbBIE pe3yJIbTAThl, MOJy4YeHHbIE B 3TUX UHC-
JIEHHBIX JKCIEPUMEHTAX, CBOJATCA K CJeIyIoneMy.
B 3aBucHUMOCTH OT yrJjla OPHEHTAIIMU OCH ONTHYECKOTO
myuka 0, ONTUMaJbHbIE YCJAOBHS CBsA3U (C TOUKH 3pe-
HUSI MUHUMAJIBHOTO OCJIabJIeHUs U3JIyYeHusl B KaHaJle)
peamuayiorca npu 0y = 94,5°. C pocToM pacXomamMo-
CTH U3JIy4YeHUs] MCTOYHUKA V4, C OJHOI CTODOHBI, yBe-
JIMYMBAETCSI  MOIIHOCTD NPUHIMAEMOTO  UMITYJIbCA,
C [JIpyToii — CYIIeCTBEHHO YBEJINYNBAETCS €ro -
TesbHOCTH. [locsieJHee MOKeT IIPUBECTH K TOBBINIEHUIO
BEPOSITHOCTEN ONMIMOOK WU Jake K CPBIBY CBA3U. [Ipn
0;,=90°, Yy=1xm aaa A > 700 HM HamMeHbIIIee
ociabJieHne TOJIE3HOTO CUTHATA CIeAyeT OXKUAATh MPH
Sm=1xMm, qra L = 400—-550 um — npu Sy = 10 KM,
a ara A =200 aMm — npu Sy = 50 kM. [lng pacemot-
PEHHBIX XapaKTePHCTUK IpHeMollepearolieil crucTeMbl
U JIHEBHBIX YCJIOBHI HAWIyYIIeil JJIUHON BOJIHBI C TOY-
K 3PEeHUsT MaKCUMAJIbHOTO 3HAYEHUS OTHOIIEHUS CHUT-
Has/1yM siByisieTcst A = 2835 HM. OIHAKO MaKCUMAJTbHO
JIOCTIZKUMAsST CKOPOCTD Tiepeaun MHGOPMAINN Ha 3TOi
JITTHE BOJIHBI Oy/1eT MeHbllle, YeM Ha GOJBIMNX JTNHAX
BOJTH.

1.3. Ilodeoonas ceaswv

Pe3yabTatel MozenMpoBaHus TpoOIlecca TMepeHoca
OTITUYECKNX CUTHANTOB B TOoABOAHBIX OIDCC MeromoMm
Monte-KapJiio ob6eyzxaatores B [21]. Ha puc. 4 npuse-
JleHa TreoMeTpuyeckas cxeMa KaHama NLOS-cBsism,
KOTOpasl paccMaTpHUBajach B 3Toil pabore.

MogesnpoBaHe OCYIIECTBISAIOCH B MPEITIONIOKE-
Hun, 9to ¢GopMa Ja3epHOTO UMITYJbCA WCTOYHHUKA
TIPSIMOYTOJIbHAS, €r0 JINTeJbHOCTh 30 HC, MOIIHOCTDH
B ummyabce Py = 1 Br, miomaab aneptypbl MpHeMHU-
ka 0,01 M*>. Pacyerbl MMITyJIbCHOII PeakIMm 3TOTO Ka-
HaJla TOJBOJHOII ONTHYECKOIl CBSI3M BBIOJHSIINUCH TSI
CJIeIYIOIUX ONTUKO-TeOMeTpudeckux ycuaosuil: Yy = 10;

bmiskuas
J0Ha

[lenTpaabHas
T 30Ha

Jlanbuasn
30Ha

Puc. 4. Cxema ¢opMHUpOBaHUS KaHAJA [IOJBOIHOI ONITHYECKON

CBSI3M Ha paccestHHOM uaiydennn (Buz cepxy) [21]: 6, — yrox

MeXIy HalpaBJieHHeM ONTHYecKOil OCH IpHeMHUKA ¥ IeplieH-

JIIKYJISIPOM K HAIIPABJEHUIO HAa UCTOYHUK; 69 — YroJ Mexzay

ONTHYECKOI OCbI0 UCTOYHMKA M TIEePIEeHAMKYJISIPOM K HallpaB-
JIEHUIO Ha IIPpHeMHUK

20; 30; 40; 50; 100 M; 6o = 0; 30; 45; 85°; 0, = 30; 45;
83° vy = 0,0034°; vy = 2°. Jlng KaskI0H paccMOTpPEeH-
Hoil curyanun MozenupoBanoch 30 mauek mo 10° Tpa-
extopuii (Bcero 3-10° Tpaexropmii). PesymbraThl pac-
YeTOB TTOKA3a/H, YTO /IS peaH3alliil 3TOT0 BapHaHTa
cBs3u Ha A = 500 HM 1pu ray6une BumuMocTu 30 M
Ha 6a30BbIX paccTosguuaAx 10—100M u mpu MHUPOKOM
Habope HaINpaBJIeHUNl OpHUEHTAInil ONTHYECKUX oOceil
UCTOYHWKA U MPHUEMHOIl cucTeMbl HEOOXOMMO, YTOOBI
npefieJibHag MOITHOCTh W3JIyYeHUs, PerHcTpupyeMas
TPUEMHUKOM, OTJINYATACh OT MOIIHOCTH M3JIy9YeHUs UC-
TouHUKa He MeHee yeM Ha 150 1B. B atoMm ciaydae Mak-
CUMAJTbHOE KOJIMIeCTBO MePe[aBAeMBbIX U TTPIMHIMAEMBIX
UMITYJIbCOB (C BEPOSITHOCTBIO HE BBIIIE 3a[aHHOi) GyaeT
JeskaTh B mpeenax ot 3-10° go 2 - 107 I

2. ITosieBbie U 1aGoOpaTOpPHBIE
KCIEPUMEHTDI

Pe3ybTaThl MOJEBBIX 3KCIEPHUMEHTOB II0 aTMO-
chepupiM NLOS-mmHuSM cBg3u B BuguMoM u Y D-
IUaTa30HaxX JUIMH BOJH TIPUBEAEHBI M OOGCYKIAIOTCS
B [22—29]. Tunmynas ymporienHnag 6ok cxema O9C
NLOS-cBsi3u npuBenena Ha puc. 1.

KauectBo cBsi3u B aKcmepuMeHTax Gy/eM OIHCHI-
BaTb CpeJHUM 3HAueHHeM U CpeJHeKBAAPATHYeCKUM
orkonerneM (CKO) ommbok 3a ceanc cssasu. IIporme
OCYIIECTBUTb pacueT 3TUX XapaKTepUCTHUK Ha OCHOBe
anasm3a rpadudeckoit TectoBoil mudopmanuu. Ilpen-
Jo’keHHas HaMu B [23] mpomeaypa OIeHKH BepOsITHO-
ctu ommubok cBs3u u ux CKO B peajbHOM BpeMeHU
CBOJUTCA K CJIeIyIoeMy.

Ilyctp Z; — nepefaHHbIl CUMBOJ, z; — IPUHATBII.
Bynem cuutars, uto

0, ecnu Z; = z;
X; =
1, ecau Z; # z;.

IIyctp B ceance cBs3u nepenaHo N CHMBOJIOB,
puyeM

m

N = Zn]-,
=1
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T.e. INPUHATHIH DA CUMBOJOB pa3buT Ha 7m Iadek
1O 7; CHMBOJIOB B Kask/0ii. Bysem cumrarh ciydaiiHoi
BeJIMYNHOII cpejiHee KOJIMYECTBO OMMOOYHO HMPUHSTHIX
CHMBOJIOB

Toraa cpenHss BepOSATHOCTH OMMUOKU TpueMa WH(HOP-
MaIlii 110 KaHaTy 3a CeaHC CBSI3N

I
y:%;%:

a CpeJlHeKBaJApaTUYHOe OTKJIOHEHNEe

2.1. Ammocepepnvie noneagvie
aKcnepumenmot

B 2013—2016 tr. B JileTHe-OceHHUIT Tepwoa ObLIa
TIpoBe/leHa cephs TIOJEBBIX IKCIIEPIMEHTOB C IIEJIHI0
OTIEHKM BO3MOJKHOCTH U KadecTBa IpueMa uH@opMa-
1NN TI0 3aTOPU30HTHBIM ONTHYECKUM KaHAJaM CBI3U
TIPU PA3JIUYHBIX aTMOCHEPHBIX YCJIOBUAX U BapUAIUAX
reOMeTPUYECKUX MMapaMeTPOB IIpueMoIlepealonieil cxe-
Mbl OJCC. IKCcIepuMeHTDbI BBITOJHAJINCH HAa aTMO-
cepupIX Tpaccax B Tomckoii o6mactu. Kapra-cxema
ATUX JKCIepUMeHTOB u3 [27] mpuBemeHa Ha puc. S.
B kadvecTBe MCTOYHMKA W3Jy4eHUST HCMOJb30BAJICA Ja-
3ep Ha mapax 6pomuaa Menu [30], cozganueri B8 MOA
CO PAH, co ciegyouMu XapaKTepUCTHKAMU: A =
= 510,6 HM, uYacTOTa TIOBTOPEHUSI UMIyJbcoB 11—
14 xI'n, poutenbHOCTH MMMIyabca At = 30 Hc, cpeaHAs
MolHocTh P = 4—14 BT, auaMerp myuyka Ha BXOJe
B atMochepy & = 15 MM; pacXoJUMOCTb HU3JIyYeHUS
Av = 0,06 mpag. ¥Yros mosg 3peHUS IMPUEMHOTO Te-
JIeCKOTIa B 3KCIepUMeHTaX cocTaBasii  FOV = 2°
Wcnonb3oBaiicst ¢oronpueMank MIAY-84 wm DIY
YDOK-4I-2. Onrudeckass ochb TeseCKOIla B OCHOBHOM
mepeceKasa ONTHYECKYIO OCh JIa3epHOTO MYyYKa, W ee
HaKJOH OTHOCHTETHHO TOPU30HTATHHON IMJIOCKOCTH
3a7aBajicsl yrjaoM o. MoOuWibHAsA TpHeMHasi ONTHKO-

3JIEKTPOHHASI CHCTEMa MOTJIa pPa3MemaTtbcsi B JIO6OM
JIOCTYTTHOHN J/IJis aBTOTpaHCIoOpTa Touke. Ilepematoras
O3C pacnomaraniach B ceBepHOIl OariHe O6Ji0Ka «As»
MOA CO PAH (touka S Ha pmc. 5) Ha BBICOTE
hy =13 M or 3emHOil ToBepxHOoCTH U 173 M H.y.M.
Hampapsienne ocu Ja3epHOro IIy4Ka OMPEIEJISIOCH
yraoM MecTa 5° <0 < 15° W a3UMyTaJTbHBIM YIJIOM
-10° < ¢ < +10° B ropu3oHTaJIbHON IJIOCKOCTH OTHOCU-
TeJTbHO HampaBjeHus Ha mnpueMuayio OIDC. Bo Bpems
npoBeJleHUs1 dKclepuMeHToB B 2013 r. cpeaHsaa Mou-
HOCTH JIa3epPHOTO HCTOYHWKA WM3JIYYeHUs COCTABIATA 4
u 6 Bt, 2016 r. — 8,5 u 14 Br.

B skcmepuMeHTax u3Mepssics WHTEPBAJI BpeMeHU
MEXIYy U3TydaeMbIM JIa3epHbIM U CHHXPOWMITYJIBCOM.
VIMeHHO 3TOT BHJ MOAYJANMU u3TydeHus (BpeMs-
ummyJibcHas mMoayJsimst [31], wau digital pulse inter-
val modulation (DPIM)) ucmonbayercsa B maboparop-
wpix Makerax O9CC B UOA CO PAH. Ilepsbie yc-
TeTTHbIE TI0JIEBble SKCIIEPIMEHTHI OBLTH OCYIIEeCTBJIEHBI
B 2013 r. pu GasoBoM paccrosiuu 9,9 kM (umdpa 7
Ha puc. 5). OCHOBHbIE 3KCIEPUMEHTBI MPOBOMINCH
TIPU PACTIONIOKEHNN TPUEMHOI cucTeMbl 32 p. ToMbio
Ha 6a30BbIX paccTogHusax 12, 26 u 69,8 kM (1udpsr 2,
3 u 4). DKCIEePUMEHTbI BBIIOJHAJIUCH C aBLyCTa IO
OKTA6pPb B TEMHOE BpeMsI CYTOK B YCJOBUAX OOGJAUHO-
cru (oThesbHBIE O6MadHble 0OPA30BaHUS, CILIOITHAS
06JauHOCTh), 6e306/1auHoii  aTMocdepbl M OCaAKOB
(noxap). [ls OlleHKH KayecTBa CBSA3HM B KauecTBe WH-
dopmanun, mepemaBaeMoii mo atMochepromy NLOS-
KaHaly, UCIOJb30BAJOCh M306paskeHNe Tpadiryeckoro
TECTOBOTO CUTHAJa B BH/E IEPHOAUYECKOIl TPeyroJib-
Hoii (6e3 TOPM3OHTAJIBHOTO KaTeTa) CTPYKTypbl. Ha
puc. 6 TIpuBe/leH TIpUMepP TaKOTO M300paKeHUd, TPHU-
HATOrO ¢ omubKkaMu (BepTUKAIbHbIE JTUHUHM).

KouTposb cocTosinust atMochepHOro KaHaja OIl-
TUYeCKON CBSI3UW HA PACCESTHHOM W3JIyYeHUU OCYIIecT-
BUTH B TIOJIEBBIX YCJOBHAX TPAKTHYECKH HEBO3MOXKHO.
[ToaToMy A/t aHATH3a BIMSHUS ONTHYECKUX W MeTeo-
poJIoTUYecKNX ycoBuii Ha KadecTBO pa6oter OICC
WCTIOJIb30BAIHCH CJIEAYIONINEe MapaMeTpbl. MeTeopoo-
rU4yecKas JadbHOCTb BUIUMOCTH Sy U3MePSIach ¢ MH-
TepBasioM B 1 4 Ha Tepputopun bazoBoro akcrnepuMeH-
tangpHoro koMmiiekca MMOA CO PAH, yaanennoro ot
touk S (cM. puc. 5) Ha paccrosgune 12 kM. /[namnazon
n3MepeHnii Sy orpaHIINBAJICA CBepXy 3HaueHHeM 30 KM.

Tloteia
Jaepxunckoe
Oc
i Prifianono
Kap6uimeso Bepeariito 3
4 000
1
40,00 wm N
4 |
60,00 kM L
5 KM 1
69,5 e Bepxnee Jlasposo 4 :
g Ceuenono Fhanunan cf
I pocTopsil
A Komoam
Kupeenck 86-it Ksapran A
peenc I‘BF
Q'

Puc. 5. Cxema HanpasJennii (CTpeJKi) JazepHOro Jyua U Touek pasMmentenus npuemHoii OIC B skcmepumentax 2013—2016 rr.
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Puc. 6. l3o6paskenue rpapuieckoro recT-o6beKTa, IPUHITOrO
yepe3 NLOS-kaHan ¢ paccesHueM

JlaBJieHne, BIaKHOCTb, KOHIIEHTpaIus aspo3os (¢ pas-
MepaMu dactull 6ojee 300 uM) usmepsiuch Ha TOP-
crannuu [32], pasmelieHHoit Ha BbicoTHO# cTaHIUN
MOA CO PAH (maxomutca Ha paccrostHuu 400 M ot
NCTOYHMKA Ja3epHoro mamydenus). Koaddpuument as-
po3osibHOTO ocyabenus Be,, atMocdepbl Ha A = 500 uM
olpejie]sAics Ha TOPU3OHTalbHOI Tpacce (HaunmHaro-
meficst OT 3/laHud, T/e pa3Meliacs nepealoniuii Ja3ep
O3CC) ¢ moMomplo ammapaTypbl W IO MeTOAMKE,
omucaHHbIM B [33—35].

[ToneBble sKclepUMeHTHI, BbINoJHEHHBIE B 2013—
2016 rT. C 1eJBbI0 OIIEHKN BO3MOKHOCTH W KadecTBa
nepenayn nHQGOPMAIUN 1O aTMOC(EPHBIM 3aTOPU30HT-
HbIM OICC B BuanMoM u Y D-auamna3oHax JJIUH BOJIH,
mo3BoJimiu c(hOPMyIUPOBaTh CJeaytolie o6Ine u da-
CTHBIE BBIBOJIBI.

OnTHKO-3/IEKTPOHHAS CBSI3b B BUJIUMOM JIUATIa30He
JUTMH BOJIH MOJKET YCTAaHABJMBATHCS B YCJIOBUSAX Kak
o6navyHoil, Tak u 6e3o06saunHoii atMocdepsl. [lpn Ha-
JUYuN 06TAYHOCTH CBA3b OCYUIECTBUMA 4epe3 06JacTu
BXOJKJIEHUS W PacCesHHs JIa3epHOTO W3JIy4YeHHs Ha
HIDKHEN TpaHWIle CIJIONHON 06JaYHOCTH WJIN HA HUXK-
Heil 1 GOKOBOIl TpaHWIIAX OAWHOYHBIX O6JaKoB. AHa-
JIN3 BJUSHHUSA ONTUYECKOTO M METEOPOJIOTHYECKOTO CO-
cTosiHust atMocdepbl Ha CTATHCTHYECKHE XapaKTepu-
CTUKH KadecTBa ¢BsA3M Ha A = 510,6 HM IOKa3aj, 4YTO
B CXeMaX 3aTOPU30HTHOI CBS3W, KOT/a JIa3ePHBIN JIyd
NPUEMHOIl CUCTEMOI TepeXBaThIBAETCI B MHPU3EMHOM
cjoe atMocdepbl, KauecTBO CBA3W OIpEessIeTcs pac-
cesTHUEeM H3Jy4YeHUsI, KOTOPOe 3aBUCUT B OCHOBHOM OT
cofiepkaHusi B arMocdepe aspozosiss. MakcuMasbHast
6a3a, TIpU KOTOPOU BO3MOKHA YCTOWYMBAsl CBSI3b C Be-
posTHOCTBIO omu60oKk Ha ypoBHe 0,1, MOXKeT TNpeBbI-
matb 70 KM. JTO corjacyeTcsl ¢ pe3yJbTaTaMu YHUC-
JIEHHBIX KCIIEPIMEHTOB.

[ToeBBIe SKCIIEPUMEHTHI TTOATBEPIKIUIN BO3MOK-
HOCTb CO3/IJaHUs U KaueCTBEHHOTO (DYHKIITMOHUPOBAHUS
MHoroagpecHblx O9CC B Y®D-guana3oHe AJIUH BOJH
C JaJbHOCTBIO JIeNICTBUS, TPEBBINIAIONIE COTHU MeT-
poB [28, 29]. Itu aKcmepuMeHTHI OBLIH ITPOBEIEHBI
C YCTaHOBKOIl, cOOTBeTCTBYyIOIIell cxeMe Ha puc. 1, HO
TIpu BKJIOYeHUN B ee coctaB BBO kpucrasmna 11a mpe-
0o6pa3oBaHus BUIUMOTO U3aydeHus B Y D.

[IpencraBiger nHTepec cpaBHeHNE KauyecTBA CBS3U
B BuAUMoM u Y d-auanasoHax AJUH BoJH. /[l aTOrO
obpatnMcd K pabotaM [25—27], B KOTOPBIX TIpHBeIeHBI
TpuUMepbI OIleHOK BeposATHocTeil omu6ok n ux CKO,
TIOJTy9eHHBIX B TIOJIEBBIX YCJOBHUAX B BUANMOM IHAla-
30He [JUH BOJH. V3 cpaBHeHUSI 3THUX pe3yJbTAaTOB
¢ TpuBeJleHHBIMU B [28, 29] ciemyeT, 4TO MaJbHOCTD
JIefiCTBHST CBS3M B BHM/IUMOM [Malla30HE CYIIECTBEHHO
Boinre, 4eM B Y D. Kazamoch 6b1, Y D-amamason mpes-
MOYTHTeJbHee [JIs1 KaueCTBEeHHON CBSI3U, TaK KakK IIO-
MeXW COJIHEYHOTO WM3JIy4YeHWs B I9TOM cCJydae CyIIecT-
BeHHO Hike. OJHAKO eCJI yUecTb, YTO 3KCIEPUMEHTDI
TIPOBOIIIACH B CyMepKaX, MOITHOCTD JIa3ePHOTO U3JIY-
YeHHsI B BUJMIMOM JHalla30He IMpeBocXoaumia 6osee yeM
B 15 pa3 MomHOCTD Y@D-UCTOYHWKA W IPUMEHSINCDH
pasiamyHble MDY, To pe3yabTaT CpaBHEHUSI HE MOXKET
BBI3BIBATh OCOOBIX coMHeHUil. TeM He MeHee yIaJoCh
peammusoBath NLOS-cBsi3b Ha 6a30BBIX PACCTOSTHUAX
no 3 kM npu P <300 MBr. Onuruko-a/ieKTpoHHAS
cBa3b B YD-1uana3oHe BO3MOXKHA KaK IPH OPHEHTa-
1IN OTITHYECKON OCW TIPHEeMHOI CUCTeMBbI B HaIlpaBJie-
HUU Ha WCTOYHUK C YIJIaMU K TOpu3oHTYy GoJsiee 10°, Tak
U B HAMPaBJEHUN OT UCTOYHWKA JI0 YTJIOB HAKJIOHA OCH
ONTUYECKOll NpUeMHON cHUCTeMbl K TOPH30HTY [0 30—
40° mpm 6a30BBIX PACCTOSHUAX [0 IECSITKOB KILIOMET-
pos (IIpE COOTBETCTByIOMIEiT MONIHOCTH HCTOYHHKA
UBJIyYEeHNs ).

2.2. Hexomnaanapnvle cxemol C8s3U.
Jlabopamophste u nosegvie IKcnepumeHmot

B 2020 r. MBI TpOBeJIN TIOABO/IHBIE HKCTIEPIMEHTHI,
B KOTOPBIX CBA3b OCYIIECTBJIAIACh MO KOMILTAHAPHOI
U HeKOMIUIaHapHO#l cxemaM. Bynem cuutatb HekoM-
IJIAHADHBIMU CXeMaMU CBSI3U He TOJbKO Te, B KOTOPBIX
ONTUYeCKHe OCH JIa3epHOTO ITyYka U IOJIsI 3peHUus Ipu-
eMHHIKa He JieskaT B OJ[HOI IIJIOCKOCTH, HO U Te, B KO-
TOPBIX PErUCTPUPYEeMblil CUTHAJT He COJEpKUT OIHO-
KpaTHO paccegHHOTO n3aydeHnsa. O6palieHne K HEKOM-
IIJTaHApHOW cXeMe IO03BOJIET OIeHHTh YCJOBHS, NPH
KOTOPBIX CBA3b BO3MOXKHA, U HACKOIBKO ee KadeCTBO
VXyAIIaeTcs, ecJU Peaa30BaTh KOMIUIAHAPHYIO CB3b
HEBO3MOJKHO.

[TosieBble 3KcrepUMeHTBI ObLTM TIPOBEJEHBI HAa
03. Bogapckoe B okpectHocTu T. ToMCKa ¢ MaKeTOM
noaBogHoit NLOS-cuctemsl, oncannoii B [36]. Bpems
[IpoBeJleHUs1 — 3UMa U BeCHa, Kor/a TOJIUHA JIbJa
npoctaraia 50 cM. llesb akcTIeprIMeHTOB COCTOSIA B TOM,
9TO6BI IO ypoBHIO ommn6ok cBsA3u m ux CKO oreHuTsh
BJIISTHIE HEKOMILTAHAPHOCTH HA KauecTBO CB3H, B TOM
4mcJie TIPU ee OCYIIecTBJIEHUN dYepe3 Jed. B kadecTse
UCTOYHWKA JIa3epHOTO M3JIy4deHUs Ha A = 450 HM wucC-
[I0JIb30BAJICSL  [TOJIYIIPOBOJAHMKOBBIH  Moaysb  B2000,
KOTOPBIT ObLT TiepeBefieH B YIIPaB/IAEMbIil UMITYJIbCHBIIH
pexxuM ¢ yactotoii Mopmymagimu 14 kI, P = 13—
20 mBr. Ou mnorpysxkancs Ha Tay6uny 5,8 M. Ilpuem-
HBIIl TeJecKOIl pa3Mellajcsl Ha TOBEPXHOCTH JbJa Ha
pacctogHUM L OT JyHKH, B KOTOPYIO OILyCKAaJICS HC-
TOYHWK, U OPHEHTHPOBAJICA TePIeHANKYISIPHO BepXHeit
TpaHuIle JbJa WM TOTPYXKAJICA B JIYHKY Ha TJIyOHHY
10—120 cM ot HIKHelH KpoMKH Jibja. OpHeHTanus of-
THYECKON OCH TIpUeMHHUKA IPU 3TOM 3a/1aBajlach a3u-
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MyTaJIbHBIM yIJioM ¢ Hu yraoM 0 (yrom Mex1ay ocbio
U TOPHM3OHTAJbHON JMHEeEi). YTON ¢ OTCYUTHIBAETCS
OT TUIOCKOCTH, TepIeHIUKYISIPHOI TTOBEPXHOCTH JIBJA,
TIpoXodIell depe3 IEHTPbI JYHOK, B KOTOPBIE TIOTPY-
JKQJINCh MICTOYHUK 1 TipueMHuK. [Ipu ¢ = 0° ontudeckas
OCb TpPHEMHHKA OPHEHTHPOBAJACH Ha Ja3epHBIH JIyd
U peaJn30BBIBAJIACH KOMIUTAHApDHAs CXeMa OpTaHh3a-
1IN CBSA3N.

Pe3ynbTaThl 5KCIEPHIMEHTOB MOKA3aJH, 4TO C yBe-
JmyeHneM L ¥ ¢ BePOSITHOCTb OIIMOOK CBS3H P BO3-
pacTaet, u TeM ObIcTpee, yeM Oouibliie L. Ilpu L = 5 M
CB43b «IIpolafiaeT» yxe mpu ¢ > 90°. IIpuuuHa Taxoii
3apucumoctu p = p(e, L) B TOM, 4TO ¢ yBeJUYeHUEM
DPACCTOSIHUS OT OCH JIa3epPHOTO ITyYKa WHTEHCUBHOCTD
paccesTHHOTO  W3JIy4eHus, KaK OTMeueHO  BBIIIE,
YMEHbBIAETCSI U3-32 €ro IorjolleHus B BoJe. OmHAKO
TOJIBKO 3TUM OODBSICHHUTH TAKYIO 3aBHCUMOCTDb, BUIMMO,
HeJb3sI, eCJH yYecTb, YTO B HAIlleM CJIy4Yae NPHEMHHK
pacmosarasncst GJM3KO K HIDKHeH ITOBepXHOCTH JIbJa
(h =10 cM) u ero onruveckas och Oblla MapajieilbHa
eit (0 = 0°). TlosToMy cjefyeT YYUTHIBATb BJUSHUE
OTpakKeHUs W MepeoTPaKeHUsT M3JIyYeHUs OTO JbJa Ha
perucTpupyeMble CBETOBBIE TIOTOKU — 3Ta OJHA U3 3a-
Jlad, KOTopas MOKeT ObITh pelleHa TeOPeTHIeCKH.

Y MOA CO PAH ecTtb BO3MOXHOCTH TIPOBOJUTD
JlabopaTOpHbIE HKCHEPUMEHTBI IO OITHYECKOW CBS3U
B Bospioit asposonbHoii kamepe (BAK) o6bemom
1860 M>. TeoMeTpideckie CXeMbI IKCIIEPHMEHTOB, BbI-
IIoJIHEHHBIX B kaMepe B 2020 r., coBmajaioT co cxe-
MaMH, WCIOJb30BAHHBIMEU B TIOJIEBBIX 3KCHEPUMEHTAX.
B kamepe MOKHO coO3[aBaTh pa3IMYHbIe MO/IETbHBIE
paccemnBalolne 1 MOTJIOMAIONINE Cpebl. MBI MCTIOTH30-
BaJI BOJIHO-TJINIIEPITHOBYIO CMeCh, CO3/aBaeMyio C IIo-
Moo reHepaTopa dactui] TyMmada LEXOR LM50003.
B skcnepumeHntax ¢ momoribio u3Mepurens [37] KoH-
TPOJUPOBATOCH 3HaUeHNWe KoaUIMmenTa ocaabgeHus
Cpe[Ibl.

Ha puc. 7 mpuBeieHbl TeoMeTpUYECKIe CXeMbl
9KCIIEPUMEHTOB B a9PO30JIbHON KaMepe.

DuKcHpoBaHHBIE XapPAKTEPHUCTHKH TeoMeTpHye-
CKOIT CXeMBI 3KCIIEPUMEHTOB: vy = 1°; ¢y = 0°; vy = 2%
L = 23,3 m; 6, = 15°. Bappupyemble mapaMeTpbl: ¢g =
=0; 7,5; 15° 64 = 0; 10; 20°. BoIcoThI pacmosoKeHusI
UCTOYHWKA W TIPHEMHUKA WU3JIydaTesss OTHOCUTEIHHO
ToJIa a3PO30JIbHOI KaMepbl OBLIN Pa3JMYHBI, YTO ¥C-
kiouasio peaausanuio LOS-ceasu (puc. 7, 6).

Ecnmu cpaBHUTH pe3ysibTaThl TOJEBLIX MOABOTHBIX
3KCIIepUMEHTOB ¢ noJsyuyeHHbIMU B BAK ¢ MozesbHOIi
paccemBalolieii cpefioif, To OCHOBHOe WX pa3jnyne Co-
CTOUT B TOM, 4TO 6a30Bble PACCTOSHUSI, MPHU KOTOPBIX
YCTaHABJIMBAJIACDH CBSI3b TIO] BOJIOI, 3HAUYNTEIHHO MEHb-
1re TeX, 4To 6bUTH peanu3oBanbl B BAKe. Jto MokHO
OODBSICHUTD TEM, YTO TIOTJIOIIEHNE ONTHYECKOTO M3JIY-
4YeHNS B BOJe CYIIeCTBEHHO BBINIE, YeM B BOHO-TJIN-
1IepUHOBOIT cMecH. B To ke BpeMs 3aBUCUMOCTH OTMTHOOK
cBs3u p = p(04, @g) VI HTUX CPEJ] AHATOTUYHBIL.

IKCIEePUMEHTBI TToKa3asu, 4to npu 0, = 0° u ¢z = 0°
BEPOATHOCTH OIMUOOK CBSA3W 3HAYUTEJNBHO BBIIIE, YeM
mpu ApyTux yraax. C Hamell TOYKHW 3peHNs, OObSICHUTD
3TO MOXKHO CJIeAyIONM o6pa3oM. cTouHMKOM moJie3-

Puc. 7. TeoMerpuueckue cxeMbl JJaGOPATOPHBIX 9KCIIEPIIMEHTOB,
BoinosiHeHHbIX B BAK MOA CO PAH: a — Buj c6oky; 6 — Buj
cBepxy; O — yros Mex1y HalpaBJeHueM ONTHYeCKOil OCU HC-
TOYHHKA 1 TOPU3OHTAJIBIO; O — YTOJ MeXKIY HAIPaBJIeHIeM OIl-
THYECKON OCH NMPHEMHUKA ¥ TOPHU30HTATDBIO; @5 — a3UMyTalb-
HBIIl YroJl ONTHYECKOH OCH HCTOYHUKA; (g — A3UMYTaTbHBIN
YroJl ONTHYECKON OcH HpHUeMHUKa; [ — paccTosiHue MesKIy
MPOEKIUAME TOUeK S U D Ha TOPH3OHTATBHYIO OCh

Horo curfajga B NLOS KOMMyHUKallUOHHBIX CXeMaX
sIBJIEeTCSI paccesiHHOe, B TOM 4YHCJe MHOTOKPATHO, W3-
nyyerne. O6beMHOE «TeJO» SIPKOCTH 3TOTO U3JTy4eHIs
¢opmMupyeTcs BOKPYT Jas3epHOTo Imyuka. [l1a mpocto-
Thl PacCy>k[IeHUil IpeallosoXUM, UYTO pacceuBaroLas
U TIoTJIoIIAioNasl cpeAbl onHopoAHbl. Torma dopma
3TOTO «TeJay SIPKOCTU GyneT MPeCTaBIsATbh co60il Ko-
HyC BpallleHHd C Pa3MbITOH BHeIIHeH MTOBEPXHOCTHIO.
[IpueMHUK perucTpupyer u3sJayuyeHue, UCXOJdIIee U3
HEKOTOPOil 06J1acT! 3TOT0 06beMHOTO HCTOUHHKA. OHO
6y/ieT 3aBHUCETb He TOJBKO OT MOJS 3PEHUsT MPHEeMHI-
Ka, HO U OT MHTEHCUBHOCTH M3JIy4eHHs, HCXO/SAIIero
13 06bEMHOTO MCTOYHWKA, PACCETHHOTO BOKPYT Ja3ep-
HOTO IIy4Ka B HAIIpaBJIeHUU Ha IpHeMHUK. U3 skcrie-
DUMEHTOB B TOJIEBBIX YCJOBUSX B BOj/le CJEIYyeT, 4UTo
yBeJInYeHHne a3uMyTajgbHOro yria ¢ (mepexos oT KOM-
[UJIAHAPHOW K HEKOMIUIAHADHOW cXeMe CBS3M) M yIJia
MecTa 0 NPUBOAMUT K HeJMHEHHOMY BO3PACTAaHUIO OIINU-
60k cBg3u. CBs3b yepe3 JeJ BO3MOKHA, HO ee KadyecT-
BO HeJHMHEHHO YXyJIlaeTcsl IpH yBeJUYeHHH pacc-
TOSHUSI MEXK/y ONTHYECKUMHU OCSIMU MCTOUYHUKA U TIPU-
eMHHKa wu3aydeHns. JlabGopaTopHble 3KCIepPHIMEHTHI
NOATBEPXKAAIOT BBIBOA O TOM, 4TO YCTOHYMBAsI HEKOM-
IJIAHADHAS CBSI3b BO3MOJKHA IIPH OpPUEHTAIMU ONTHYe-
CKUX oceil IpueMHUKa U WU3JIy4yaTesss B IIpeJesax
06 =10—15°u ¢ < 15°.
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2.3. [Todeoonas u nooaeonaa NLOS-cés3v

OCHOBHBIE TOJIBOJIHBIE IKCIIEPUMEHTBI ObLIN BBI-
TIOJTHEHBI Ha MCKYCCTBEHHOM BojioeMe U 03. Bospckoe
B OKpecTHOCTSAX T. ToMcka BecHOI, JIeToM, OCEHBIO
u 3umoil (Bkouas ciydaii cssu uepes Jex). VX pe-
3yJIbTATBI OTMHCAHbI B pabote [38].

B wmckycctBeHHOM OTKpBITOM Bomoeme (6Gacceiin)
pasMepoM 6x3x2 M 3KCIHEpPUMEHTHI POBOJIINCH
B ampesie ¢ MOOWJIBHBIM Ja3epoM Ha Tlapax OpoMuia
Meau (puc. 8) u B OKTAGPE € UCIOJIb30BAHHEM JIa3ep-
Horo Monyss B2000. Bo BpeMsl sKcllepUMeHTOB Bapb-
HNPOBAJICh TJIyOWHA TOTPY’KEHHS B BOAY JIa3epHOTO
ayda (ot 0,1 no 1,0 M) m opueHTaNUs OCH TPUEMHOM
O5C Ha «061aK0» paccessHHOTO n3Jaydenus. Bapuaiun
3TUX TApaMeTPOB IPUBOJAWIN K HU3MEHEHUsSM IIPOTS-
JKeHHOCTHU JIMHUI ¢BA3W B Gacceline ot 6 1o 9 M. Ilox
reoMeTPUYECKOil TPOTSIKEHHOCTBIO [ JIMHUK CBSI3H TI0-
HUMaeM CyMMYy OTDPe3KOB ocell IpueMHOIl U mnepenalo-
el ONTHYECKUX CUCTEM [0 TOYKN WX IepecedeHus.
OKCIEePUMEHTBI OCYUIECTBISINCh KaK B HEBO3MYIIEH-
HOWl BOJHON cpefie, TaK U MPHU ee MHTEHCUBHOM MeXa-
HUYECKOM TTepeMelTNBaHIH, IPUBOISAIIEM K TTOSIBJIEHUIO
BOJIH Ha ee TOBEPXHOCTH M TypOYJEeHTHOMY IepeMe-
MUBaHUIO BoAbI. [Ipy mepeMemuBaHNT BOABI 3aMETHOTO
BU3YaJbHOTO TOBBINIEHUS MYTHOCTH He HaOIIOaTIoCh.

—>
JemoysaTop

Jlazep KoMmunblotep

[Ipuemuaa ODC

Jlazep

(- o>

Y Jlasepuplii vy
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b

2

Hcerounnk B [IpuneMHnK

[Tpoexung Gazbl Ha TOPHIOHTAIBHYIO IIOCKOCTh
Fd
7]
Puc. 8. T'eomerpuueckue cxembr noasoauoit NLOS-cBasu: a —

BUJ CO0KY; 6 — BUI CBepXY; 3eJieHbiii azep (1) pasMernascs
Ha Gepery osepa; cunuii nazep (2) — B Boze

Jlsi OlleHKM ONTHYECKUX YCJIOBUIl INPOBeJEHNUS
JKCIIEPUMEHTOB B BOJie HEOOXOAMMO 3HATh XapaKTepH-
CTHKY, OTIpeJIeJIAIONINe IPOIeCC B3AUMOIEUCTBUS OIITH-
YeCKOTO M3JIy4YeHUSI ¢ BOJOI, B YACTHOCTH CIIEKTPATTH-
HyI0 TIpPO3payHOCTb BoAbl. ABTOpbl [10] ob6pamaror
BHUMaHWe Ha TOT (paKT, YTO B HAyYHOU OTE€UECTBEHHON
JuTepaType 06CYKIAIOTCA pe3yabTaTbl HCCJIeTOBaHHN
3TOH XapaKTepUCTHKN HA OCHOBE ONpe/leIeHHs OTHO-
CHUTeJIbHOIT Tpo3payHocTH 1o 6esoMy ancky Cexkku. Ita
METO/JIMKA XapaKTepPU3yeTCs 3HAYUTETbHOI IMOrpPeInHo-
croio usMepenuii (20% u Gosee). B sureparype mpu-
BeJleHO Mayio WHpopManun o6 ONTHYECKHX CBOIICTBAaX
BOZHBIX 06bekTOB (B yacTHOCTH 03ep) B Cubupu. B pa-
6ote [10] mccimemoBana cmeKTpagbHAs IPO3PAYHOCTH
o3ep AnTaiicKoro Kpas ¢ MTOMOIIbI0 0OBEKTUBHOTO CIIeK-

TpodoToMeTpHyeckoro Meroga. Ha ocHoBe mHpopMa-
U7 U3 3TOH paGoThl MOXKHO TPEANOJOKUTh, UTO Xa-
pakTepucTuku 03. bogpckoe B ToMmckoit obmactn 6m3-
K K TakoBBIM B 03. Jlama Aunraiickoro kpas (osepo-
CTapyIla, pacloJiokeHO B OKpecTHOocTH T. Baphayrma,
HeNmpoTouHoe). MOXKHO Mpenogarath, 4To 03. Bosp-
CKoe TOXKe uMeeT 3BTPOQHBIH Tpoduyeckuit craryc.

Pe3ybraThl M3MepeHHil CIIeKTPaTbHBIX Ko3dduiu-
eHTOB ocJjabyennd Bojbl 03. Jlama [10, 39] ucnosab3oBa-
JINCHh AN TPpyOOil OIeHKU YPOBHSA ONTHYECKUX TIPOTH-
SKeHHOCTell JIMHUI CBA3W, KOTOPBIE PeaTH30BBIBAJICH
7 WCCTEOBATNCH B HAIMUX 3KcepuMeHTax. Omnrmde-
CKasg [JIMHA JIMHWH CBSI3W B MCKYCCTBEHHOM BOJIOEMe
Haxoaujaach B mpefenax 25 <1 < 70. B akcnepumen-
TaxX Ha 03. BosgpckoM reoMeTpmdeckas MPOTSKEHHOCTD
JUHUH cBg3W BapbupoBajach oT 11 g0 15 M, 4TO cooT-
BETCTBOBAJIO OITHYeCKUM umHaM 88 < 1 < 120. IloJre-
BbI€ SKCIIEPUMEHTBHI, BbIoHeHHbIE B 2015 1. mo NLOS-
cXeMe ¢ UCTOYHMKAMU U3JIyYeHHs! CpeiHeil MOITHOCTBIO
10 20 MBT Ha HMCKYyCCTBEHHOM U eCTEeCTBEHHOM BOJIO-
eMax ¢ 1eJbl0 OIEHOK KadecTBa cBsi3u (Ha OCHOBE
KOHTpOJIA BeposTHOCTell ommbGok casu u ux CKO),
TO3BOJIAIOT CleJaTh cieayfounii BbBoA. [Ipm pasme-
MeHNY WCTOYHIKOB W TIPUEMHWKOB U3JIyYeHUS B BOJIE
pean3oBbIBaIKCh Hanbosee GaaronpustHbie (110 cpaB-
HEHUIO ¢ BapUaHTaMU PUEMHUK B BOJe/UCTOYHUK BHE
u Hao60pOT) YCJIOBHs IS Tlepejadn  WHGOPMaIUK
C HAWMEHBIINMHU BEPOSITHOCTSIMH OIIMOOK, He IIPEBbI-
matonMu 1—2%; MeXaHHYecKoe MepeMelnBaHie BO-
bl He TPHUBOAMIO K CYIIECTBEHHBIM H3MEHEHHUSIM Be-
pOATHOCTEl OMNGOK.

OTMeTHM, YTO BO3MOKHOCTH ONTHYECKOIH MOBOJI-
HOIl CBA3M OTpaHWYEHBI ONTUYECKNM COCTOSHUEM BO/I-
HO#l cpenbl. Hampumep, HAIM TOMBITKH OCYIIECTBJIE-
HUS CBSI3HM ¢ TeM ke JabopatopHbiM MaketoM OI9CC
Ha 03. Depe3oBckoe Ha 6a30BOM PACCTOSIHUH 5 M He
yAAJIUCh U3-32 OYeHb MYTHOIl BOJIBI.

PesysbTaThl 3KCHEPUMEHTOB IIO3BOJISIOT TIPEIIO-
Jarath, 4to Bo3MoxkHO cosfganme NLOS O3CC, ad-
(deKTUBHO (DYHKITMOHUPYIONTNX B BOJle M CMeNTaHHBIX
cpemax (Boma—artmocdepa, armMocdepa—Boaa, B TOM
qucye depes Jej) ¢ JAJUHON JUHUIT CBA3H OT HECKOJIb-
KUX JIECSATKOB IO COTEH METPOB.

3. lloBblmeHne HaJI€3KHOCTH, YCTOMYHMBOCTH
1 3¢ PEeKTHBHOCTH anmapatypHbIX
peamusanuii NLOS-cBsi3u

[TapasieibHO HCCIeTOBAHUIO BIUSAHUS OTITUKO-TE0-
MeTPHYECKNX MapaMeTpOB aTMOC(EPHBIX U MOABOTHBIX
KaHaJIOB CBSI3M HA PACCESTHHOM ONTHYECKOM WM3JIyYeHUN
Ha kayectBO paborbi OICC (B pacCMOTPEHHBIX BbILIE
B paborax [13, 15, 20—29, 36, 38]) B Poccun B 2012—
2022 TT. I0CTAaTOYHO WHTEHCUBHO BeJICSI TIOUCK METO-
JIOB 1 CPEJICTB TOBBINIEHNS HAJEKHOCTH, YCTONUNBOCTH
u 3(hGEeKTUBHOCTH aNMapaTyPHBIX peaan3aiuii 3TUX
0O3CC [40—50]. HauboJsiee 3HauuMble, ¢ Hallell TOYKHU
3PeHUst, pe3yJIbTaThl OMYOJIUKOBaHBI B paboTax Co-
TpyaaukoB MHctutyTa JsazepHoit dusukn CO PAH
B COABTOPCTBe ¢ KoJueramMu u3 HoBOcHOMPCKOTO TeX-
HUYeCKOTO yHUBepcuTera u WHCTUTYyTa KWUHETUKH
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n topeuns CO PAH [40—45]. Ecam B pabortax [0
2013 1. [41, 42] B ocHOBHOM paccCMaTPHUBAJICH Teope-
TUYeCKIEe MPeIMOChLIKN COOTBETCTBYIONINX Pa3paboToK,
TO B mocJjieHne To/1bl [43—49] GbuIn TIpeTosKeHbl OpH-
TMHAJIbHbIE WH)KEHEPHDbIE pellleHus, 0COOEHHO Kacaio-
muecss obeclieueHNs] YCTOWYMBOI U HaJeKHOIl CBSI3U
¢ awxyumumuca BIIJIA n kocMuyeckuMu anmaparami.

Pab6ornr [43, 44] nocBseHbI HccTe0BaHIIO (POTO-
YCTOHUUBOCTH ITAHAPHO-BOJIOKOHHBIX CTPYKTYD B BHU-
ne mieHok ToammHoi 600—800 MKM 13 0c060 YMCTOTO
TTOJIMMETHJIMETAKPUIATa U aKPUJIOBON CMOJIBI, B TOM
yncye pu AmuteabHoM Y D-o6aydennn. K topiam mire-
HOK TIPHCOEINHSINCH BOJIOKOHHBIE CBETOBO/IBI, C BBIXO-
JIOB KOTOPBIX WM3MepsIach MOIIHOCTb U3JIY4YeHUS JIIO-
MUHECIIEHIINU B 3aBHCHMOCTH OT MOIIHOCTH U BpeMeHH
Y D-o6ayuennsi. [lokaszana nepcreKTUBHOCTh MPUMeHe-
Hus moMuHOGOpoB THMa Coumarin B MJIaHAPHO-BOJIO-
KOHHBIX CTPYKTypax B Y D-mH(pOPMANMOHHBIX CHCTe-
MaxX B KauyecTBe TPHUEMHBIX aHTeHH /I ONTHYECKUX
TelekoMMyHUKaIuii. [loguepkBaeTcsd, dYTO TOJTHMEp-
Hble TIJIEHOYHble W BOJIOKOHHBIE JIOMHUHOMOPHBIE TIpe-
obpasoBaresii — JIIOMUHECIIEHTHbIE AHTEHHBI — OTKPBI-
BalOT 3HAYNTEJbHbIEe MEPCIEKTUBBI [JII MOCTPOEHUS
6osee coBepiieHHbIX Y D-nH(POPMAIMOHHBIX CEHCOP-
HBIX U TeJeKOMMYHHUKAIIMOHHBIX cUcTeM. B oTinyne oT
JINH30BBIX U pedIEeKTOPHBIX ONTHYECKUX 3IEMEHTOB
OHM WMeIOT GOJIbINNE TIIOMAAN U YIJIBI TOJSI 3peHHs
U MeHbIINN Bec. 3a CYeT IOJHOTO BHYTPEHHETrO OTpa-
kennsg Y D-usnydenuit or JIOMHHOMOPOB B TLIEHKE
WU BOJIOKHE TIPOMCXOAMUT KOHIIEHTpAIlUsS CUTHAJNIA Ha
BBIXO/IHBIX TOPIAX, KOTOPbIE MOTYT GBITH MOIKJIIOYEHDI
K (pOTONIPHEMHIKAM WM ONTHYECKUM KabeJisiM.

B [45] npuBeqieHbI pPe3yJIbTaThl HCCIEIOBAHUS OII-
THYECKUX XapaKTePUCTUK MHOToJsyueBoro Y d-usmiyya-
Tenss Ha MaTpuile 3 x 3 Y D-cBeTon00B € YIJIOM pac-
xoauMocT Jjydya 0,33° U YIJIoM pacXoJUMOCTH BceX
Jydeit 6° B ycsI0BUSIX BBICOKOTOPHOII aTMocdepnl. Pac-
npesesenue Y M-UMIy/IbCOB Ha 3aKPBITOH Tpacce oka-
3a70ch OJM3KUM K JIOTHOPMAJIBHOMY. JKCIIEPUMEHTDHI
Ha Tpaccax o6GcepBaropun «Kafitanak» B Pecmy6iike
Antaii mokasasiM, Y4TO C YBeJUYeHHEM BBICOTBI PacCIIo-
JIOKEHMST TPACChl CBSI3U yBEJIMYUBAETCS YPOBEHb IIPSI-
Moro Y @-curnaja, a ypoBeHb paccedHHOTo Y dD-cur-
HaJla YMeHbIIaeTcs.

Pemrennst HeKOTOPBIX TPOOJIEM, CBI3aHHBIX C yC-
TOWYMBOCTBIO W HAZEKHOCTHIO CICTEM CBI3W Ha pacce-
SHHOM ONTHYECKOM W3Jy4eHUH, TIpeJjiaraloTcd U B pa-
60Tax Apyrux aBTOpoB [46—52], HO B HUX OTCYTCTBYET
nHdopMaiug o npaktudeckoit peamuzammu OICC,
a colepsKarcs TpeJIOKEHHsT O CIocobax U MeToJax
noBbieHusT 3GEKTUBHOCTH UX (PYHKIIMOHIPOBAHUS.
Hamnpumep, B ny6uukaiuu [46] ¢ 1eibio yMeHbBIIEHUS
BJIUSHUS TPUPOJHBIX (PaKTOpOB Ha paboTy CHCTEMBI
CB43H IIpejijIaraeTcsl BBeCTH B Hee /[Ba IIPOCTPAHCTBEH-
HBIX KaHaJa C TIPUEMOM PACCETHHOTO WU3JIYYeHUsS OT
JIBYX pa3HeCEeHHBIX B MPOCTPAHCTBE MCTOYHUKOB. /[l
yBesmueHnss MorqHoctn Y @D-uznyvennss B [47] ([Tasb-
HEBOCTOYHBIN (beiepabHbIil YHUBEPCUTET) Mpe/iaraeT-
ca ucnosnb3zoBaTb B OICC goctatouHo addeKTUBHbIE
u MajorabapuTHBIE TIOJYIIPOBOJIHUKOBbIE (DOTOIMOIBI
n cBeroauoapl. B [48] aBroper u3 AO <«IOkmopreo-
gorusi» u IOHOro rocynapcTBeHHOrO yHUBEPCHUTETa

AHATM3UPYIOT BO3MOKHOCTU OCYIECTBJEHUS OITHYe-
CKOIf CBSI3M B MOPCKOIl BOJle W MPUBO/IAT ee OTNITHIECKITe
XapakTepucTuku. ABTOpbI [49] o6cy:kaaioT mpobieMbl
pa3paboTKU METOJUKH MacIHITabHOTO (hU3HYECKOTO MO-
nesupoBanus cucteMbl Y D-C-cBsA3M, MO3BOJILIONIEH
OIIEHUTDb MTPOU3BOAUTENBHOCTD CUCTEMBI B HOBBIX YCJIO-
BHSIX C HOBBIMH KOMIIOHEHTaMH HAa OCHOBE JKCIIEPUMEH-
TAJTBHBIX PE3yJbTAaTOB, MOJYYEHHDBIX C IPeIbIIyIIMI
KOMIIOHEHTaMHU. BBITIOTHEHHOe MO/eTNPOBaHNe CHCTe-
MbI Y D-CcBA3W TIPW BapbUPOBAHUN YPOBHS OCBENEHHO-
CTH U MOJIeJ COJTHETHO-CJIETIOTO (PUJIbTPa TMOKA3AJIO0
a(ppexTUBHOCTD TpeATOKEHHON METOAUKU I yIIPO-
meHns peagusanun cucteM Y D-cBg3u.

B pa6ote [50] mpoaHasm3mpoBaHbl BO3MOKHOCTH
atMoc(epHBIX U TOABOJHBIX ONTHYECKUX CUCTEM CBS-
3u. IlpuBomsarcs pesysabTarbl MojeanpoBanus NLOS-
CBSI3U B BOJIOEME, COJEPIKAIEM YACTHUIIBI JUAMETPOM
0,8 MKM B KOHIleHTpanuu 2 - 107 em™. TlokazaHo, 4TO
Ha MapaMeTphbl UMITYJIbCOB B 3TUX CHCTEMaX 3HAYHUTENb-
HO BJIUSTIOT HAHOITY3BIPBKHU B BoJle. B MpUpPOJHBIX BOJO-
eMax TpeATOYTHTeIbHee NCIOIb30BAHNE CUCTEM CBSI3U
B Ipefesax mpsaMoil BuauMoctu. HambosbmuM sHepre-
THYECKNUM TIOTEHIINAJIOM W MUHUMAJbHOH MesKCUM-
BOJIbHO} WHTepdepeHnneil 061agaf0T CHCTEMBI CBS3M,
B KOTOPBIX TIpUEMHBIH OJOK HAXOJIUTCSI BHE 30HBI
TIPSMOil BUAMMOCTH M3JIydaTesisl U PETUCTPUPYET MOTOK
MOJIEKYJITPHOTO WJIU a3PO30JHHOTO PACCESTHHOTO U3JY-
JeHusA. B mpUpoOAHBIX BoJ0EMax BO3MOXKHO IpUMeHe-
HHEe CHCTeM CBI3U ¢ YacToToii MeHee 20 M1 Ha pac-
crosinusx He Gojiee 20 M. B kadecTBe paccemBaromieit
06J1acTH MOKHO HCIIOJIb30BaTh HO BOJOEMa, MOBEPX-
HOCTb BOJIBI WJIU CJIOU BOJBI C 60Jiee BBICOKOH MYyTHO-
ctoio. B [51] npuBenen kpatkuii 0630p paboT, MOCBS-
meHHbIil aTMocdepHbIM (TTOABOIHBIM) GHCTATHYECKUM
cucteMaM CBs3U. PaccMoTpeHa cuUTyanusi, KOTJa MpH-
eMHBII 6JIOK HaXOJWUTCS BHE 30HBI IPSMOU BHIUMOCTH
U3JIydaTesii M PETUCTPUPYET IOTOK MOJEKYJISPHOTO
WM a3pO30JIbHOTO paccesiHHOro usiyudenus. Omnpefe-
JIeHBI TIpe/leTbHble BO3MOYKHOCTH COBPEMEHHBIX 3aropH-
30HTHBIX CHCTEM CBsI3U. B my6umkanum [52] ommcanb
METO/BI TIOCTPOEHMS TeJeKOMMYHUKAIIMOHHBIX U KBaH-
TOBO-KpUNTOTpadUYecKoil ONTUYECKOil  CITyTHUKOBOI
cucreM cBsi3u. B [53] o6cyskmaroTcst XapaKTepHCTHKH
Y® armocdepHBIX JTUHUIT CBA3N.

3akaoueHne

B 2012—2022 rr. B Poccun BBIIOIHEHO MHOKECT-
BO TEOPETUYECKUX M IKCIEPUMEHTAIbHBIX HUCCJIeI0Ba-
HUIi, CBSI3aHHBIX C OIIEHKON BO3MOKHOCTH Pean3aliun
ONTUYECKO!l CBSI3M HA PACCESTHHOM W3JIy4YeHWUH, OIIpe-
JleJIeHeM ee KauecTBa, YTOUHeHHeM 06J1acTell ee mpiMe-
HeHUs B aTMOC(EePHBIX U MOABOIHBIX YCJI0BUAX. MeTo-
noM Monrte-Kapsio ycraHoB/JeHa 3aBUCUMOCTb [aJib-
HocTH JeiictBusg, kadectBa NLOS-cBg43u, ckopoctu
nepenayn MHGOPMAIIMT OT TEOMETPUIECKUX TapaMeT-
POB KOMILIAaHAPHBIX M HEKOMILJIAHAPHBIX CXEM ee pea-
JIN3AIUN B BOJHON cpefie W TPU3EMHOM cJioe aTMocde-
pbl. MccaenoBaanch BapHaHThl OMCTATHYECKON CBI3H
HA3eMHOTO WMCTOYHUKA C TPUEMHUKOM, pa3MelleHHbIM
Ha BIIJIA.

[TomeBbIME W JTaGOPATOPHBIMU JKCIIEPUMEHTAMU
MOATBEP:KAEHO, YTO B MPHU3EMHOM cJioe aTMocdepbl
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3aTOPM30HTHAS CBSI3b BO3MOKHA Ha 6a30BBIX PACCTOS-
HuAX g0 70 KM TIpu cpefHell MOUTHOCTU W3JIy4YeHUs
ncrounnka 12 Br, mogBoanasg — mo S50 M Tipu cpemHeit
MorHocTH uctoyanka Ao 20 mBr. OueBuzaHo, 4uTO, yBe-
JIMYUBAsg MOITHOCTD M3JIYYeHUS U CIEeKTPATIbHYIO YYBCT-
BUTEJIbHOCTb (POTOIPUEMHUKOB M HCIIOIb3Ys Y3KOIIO-
JIOCHble (PUIBTPBI, MOXKHO OCYIIECTBJSATH CBSI3b Ha
paccesiHHOM M3JIyyeHHM B BuguMoM u Y D-puamnazoHax
crekTpa B aTMocdepe 10 COTeH KUJIOMETPOB, a MO
Bo/ION B BHANMON 06JACTH CIIEKTpa — JO COTEH MeT-
poB. [lapa/enbHO B 3TOT MepPHO/ MPOBOIUINCH Pabo-
TBI, CBSI3aHHBIE C TIONCKOM ITyTell TOBBLIMIEHUS HaJleX-
HOCTH ONTHYECKOIl CBA3UM HA PACCESTHHOM H3JyYeHUN.
C 3T0ii 1eJIbI0 paccMaTPUBAJINCh HOBBIE BUJIBI IPHEM-
HBIX aHTEHH, PETPAHCJATOPbI U CHCTEMBI C Pa3HBIMU
WCTOYHUKAMU U TIPUEMHUKAMMU.

OCHOBHBIMH TIEeHTPaMU, T/le aKTHBHO BeJUCH TeOo-
peTnvecKkue M 3KCIepUMEHTATbHbIE HCCJIeOBAHUS TI0
PA3TMYHBIM PACCMOTPEHHBIM BBINE HATIPABJIEHUIM,
asiagoTca UJID CO PAH n MOA CO PAH. Taxxe
oTMeTuM PaGoTbI, KOTOPbIE BBITIOJHSAIOTCA B /lasbHEBO-
cTOUHOM (be/lepabHOM yHUBepcuTere, IOxkHOM TOCY-
JIapCTBEeHHOM yHUBepcuTeTe, HOBOCMOMPCKOM TeXHU-
YecKOM yHHUBepcutrere, VHCTUTyTe XUMHUeCKOH KuHe-
tuku u ropernss CO PAH, Cu6T'YTU, HarmonaabHoM
uccaeoBaTeJbcKoM TOMCKOM HOJUTEXHUYECKOM YHU-
BepcuteTe, beJropoJckoM rocyJapcTBEHHOM HalllO-
HaJBHOM HCCJIeI0OBAaTeIbCKOM yHUBepcuTeTe, Buaan-
MUPCKOM TOCYJapCTBEHHOM YHUBEPCUTETE W IPYTHUX
yVUpexXIeHNAX U By3ax Poccun.
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of-sight communication: field, laboratory, and numerical experiments in Russia in 2012—2022.

Experimental and theoretical studies of optical non-line-of-sight communication in air and water media
performed in Russia in 2012—2022 are rewieved. The main results of field, laboratory, and numerical experi-
ments in the IR, visible, and UV wavelength ranges are given. In the laboratory experiments, a water-glycerine
and atmospheric air mixture were used as a scattering medium. In the field experiments, communication was
implemented in the near-surface air layer, as well as in artificial and natural water reservoirs (including
through ice). Investigations were performed for coplanar and non-coplanar schemes of communication channels.
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