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ALGORITHM FOR MODELING THE CHARACTERISTICS
OF UV COMMUNICATION CHANNELS
OF A WIRELESS AD-HOC NETWORK

MepcnekTWBHBIM 1M MaNOW3y4YeHHbIM  HamnpasneHWeM  SABNSAeTCA  MOCTPOEHWE  MOOWIbHBIX
camoopraHumsytowmxcs ceTeir (Mobile Ad-Hoc Network, MANET) ¢ Y® kaHanoMm CBSi3W Ans MPUMEHEHMSt Ha
BOEHHbIX W [ApYrMX OTBETCTBEHHbIX M ONacHbIX 06bekTax. CucTembl GeCpOBOAHON OMTMYECKON CBA3W B
ynbTpaduoneToBom (Y®P) ananasoHe NpuBnekardT MHTEPEC Gnarogaps YHUKanbHON BO3MOXKHOCTW 06ecrneyeHns
CBS3 NpW OTCYTCTBUM NPSMOI BUAMMOCTW MeXKAy NepesaTuikoMm U NpueMHUKOM (pe>kum non-line-of-sight,
NLOS) 3a cueT CBOWCTB paccesHns YD usfyueHns, 4T0 CyLeCTBEHHO pacLUMpseT BO3MO>KHOCTU UCMOb30BaHMS
ceTeilt MANET. [ina co3aaHusa ceTeii YP CBA3M C BbICOKMMM TaKTUKO-TEXHUYECKMMI napaMeTpamm TpebyeTcs
paspaboTka 3h(PeKTUBHbIX aNrOPUTMOB MOAENMPOBAHUA Takux cucTeM. PaspaboTaHHbIi anropuTm Ha 6ase
mMeTofa MoHTe-Kapno 006befuHAeT [OCTOMHCTBA W3BECTHBLIX aHAIMTUYECKUX W YUCIEHHBIX METOLOB
MOZenMpoBaHna Y® KaHanos, MO3BONMAA MPU pacyeTe yuuTbiBaTb YIbl MECTa W a3uMyTbl MPUEMHUKOB U
nepesaTuMKoB, BAMAHWE MPENATCTBUSA, BbIOUMPATb KOMOMHAUMM C Pa3MYHBIM  YACNIOM MNepefaTuukoB U
MPUEMHUKOB Y ® U3nyyeHus.

Kntouesble cnosa: 6GecnpoBofHas ynbTpaduoneToBas CBA3b, MOOWIbHAA CamMoOpraHW3yowWwasnca CeTb,
MANET, MIMO, meTog MoHTe-Kapno.

A promising and little-studied direction is the construction of mobile ad-hoc networks (Mobile Ad-Hoc
Network, MANET) with a UV communication channel for use in military and other responsible and dangerous
facilities. Wireless optical communication systems in the ultraviolet (UV) range attract interest due to the unique
ability to provide communication in the absence of direct visibility between the transmitter and receiver (non-line-
of-sight mode, NLOS) due to the properties of UV radiation scattering, which significantly expands the possibilities
of using MANET. To create UV communication networks with high tactical and technical parameters, it is
necessary to develop effective algorithms for modeling such systems. The developed algorithm based on the Monte
Carlo method combines the advantages of known analytical and numerical methods for modeling UV channels,
allowing the calculation to take into account the location angles and azimuths of receivers and transmitters, the
influence of obstacles, and choose combinations with a different number of transmitters and receivers of UV
radiation.

Keywords: wireless UV communication, Mobile Ad-Hoc Network, MANET, MIMO, Monte Carlo method.

BBepeHme

Cuctembl 6eCnpoBOAHOM ONTUYECKON CBA3M B Yy/bTpaduonetoBoM (Y®P) amanasoHe
NPUB/MEKADT WHTepeCc 6narofaps YHWKa/IbHOM BO3MOXHOCTU 06ecrneyeHns CBA3W  Mpu
OTCYTCTBUM MPAMOW BUAMMOCTU MEXAY MepefaTyMkoM U NpueMHUKOM (pexxum non-line-of-
sight, NLOS) 3a cueT CBOWCTB paccesHus Y® usnyyeHusa [1, 2]. OThenbHbIM HarpaB/ieHem
AB/NAETCA MOCTPOEHMEe MOGWBbHBLIX camoopraHusytowmxcs ceteir (Mobile Ad-Hoc Network,
MANET) ¢ Y® kaHal1OM CBA3WN 19 MPUMEHEHUS HA BOEHHbLIX W APYrMX OTBETCTBEHHbIX U
onacHbIX o6bekTax [3, 4].

Co3paHve cpeacts Y® CBA3M C BbICOKAMU TaKTUKO-TEXHUYECKMMUN XapaKTepucTuKamu
TpebyeT pa3paboTKM M NPUMEHEHWUA &aIrOPUTMOB MOZLE/IMPOBaHUA TakuWX cucTeM. 3ajaya
MOZE/NMPOBAaHNA MPeLCTaBAeT BbICOKYH TPYLHOCTb M3-3a C/I0KHOrO XapakTepa paccesiHus B
Y® KaHasne cBA3M, 00YC/0BMIEHHOINO CWU/IbHBLIM B/IMSIHWEM 60/IbLUON0 KOMNYECTBA (PAKTOPOB:
MOrOAHbIX YC/IOBWIA, TeOMETPUYECKOrO PacrnofiokeHUss W XapaKTepUCTUK HarpasieHHOCTY
rnepesaroLLero 1 NpUemMHoOro y3sos 1 np. BosbLLoe YMCo HayUHbIX paboT NMOCBALLEHO
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v TFKiUmKTW

pa3paboTKe M aHa/In3y Kak aHa/IMTUYeCKMX [6, 7], TaK U YMCNEHHbIX Mogeneil Y® KaHanoB Ha
6a3e MeTofa CTaTUCTUYECKMX UCMbITaHUA MoHTe-Kapro [8, 9].

Cnepyetr OTMETUTb HeLOCTATKM W3BECTHbIX aHAIMTUYECKMX W YMC/IEHHBIX Croco60B
MOZeNMpoBaHns Y ® KaHanoB CBSA3M, 0COOEHHO CYLLECTBEHHbIE B KOHTeKCTe ceTeii MANET:

- OONbLUMHCTBO W3BECTHbIX aHAIMTUYECKUX MOJENeN He Y4YUTbIBAKOT WX a3uMyThbl
(noBOpPOTLI), YUTO HEOOXOAMMO YUWTLIBATL MPU MEPEMELLEHUAX W MOBOPOTax Y3/0B CBA3N
(HekonnaHapHas reoMeTpus KaHana);

- @HAIMTUYECKMI NOAXO0S YYUTbLIBAET U3MEHEHWE a3UMYTOB, OZHAKO UCMO/b3YeT MOAEe/b
OAHOKpATHOro paccesHust U 06nafaeT HefoMyCTUMOM MOrPeLlHOCTLI0 MOLE/IMPOBAHUS, Koraa
BK/1a[, MHOTOKPaTHbIX PaCCEAHUN CYLLECTBEHEH;

- pacyeT Mojenenl Y® KaHanoB YMCNEHHbIM MeTOLOM MoHTe-Kapno TpebyeT 60MbLUnX
BbIUMC/IUTENbHBIX 3aTpar, MpY 3TOM BO3MOXHOCTM CHVXXEHUS BbIYMC/IUTENIbHBIX 3aTpaTr B
M3BECTHbIX aBTOpam paboTax He paccMaTpuBatoTCH;

- W3BECTHble aH/IMTUYECKME W YUC/IEHHblE MOAENN Y® KaHa/ioB OPUEHTUPOBaHbI Ha
aHasM3 CUCTeMbl CBA3M C OLHWM NepesaTyMkoM W OLHWM MNPUEMHUKOM (OLHOKaHa/bHbIiA
pexxum, single input, single output, SISO), n He no3BONAT BbIOMPATL KOMOWMHALWUK C
Pa3/IMYHLIM YMCNIOM MNePeaaTymMKoB U MPUEMHUKOB (MHOTOKaHa/IbHbIN pexxum, multiple input,
multiple output, MIMO);

- W3BECTHble Mogenu Y® kaHanos (kpome [10]) He yuuTbIBAIOT BMSHWE MPENATCTBUI
(3naHnin NN ecTeCTBEHHbLIX HEPOBHOCTEN penbedia);

- 60MbLUMHCTBO UCcnefoBaTeneli paccMaTpuBatoT eaiM3MpoBaHHY NMPAMOYTO/IbHYHO
(hopmy Amarpamm HarpasneHHoctn (JH) nepefjatumka u MprveMHVWKa, B TO BPEMSA Kak
60/bLLUMHCTBO CBETOAMOA0B U (hoTOAMOA0B YD Anana3oHa 06/1afatoT KocuHycomnaansHoin AH.

Llenbto paboTbl ABNSETCA paspaboTka W aHanv3 ObICTPOAEMCTBYHOLLENO anroputMa
MOZE/NIMPOBAaHNSA XapaKTepucTUK GecrnpoBOLHbIX YNbTPAMONETOBLIX KaHaloB CBA3W [N
pacyeTa 6eCnpoBOAHO CaMOOPraHU3YHOLLENCA CETU.

AJITTOPUTM MOAE/IPOBAHUSA XapaKTeEPUCTUK OeCnpoBOAHbIX YbTPagronNeToBbIX
KaHas10B CBA3N

PaccmaTpuBaemas reometpusa kaHana UV NLOS nokasaHa Ha pucyHke 1. Ha pucyHke
0603HauveHo: TX - nmepefarumnk, RX - NPUEMHUK, I - paccToaHue Mexay TX u Rx, 0, n ™y, -
yron mecta v wnpuHa AH, nHaekc 1 oTHOCUTCA K NepeaaTymky, NUHAEKC 2 - K NPUEMHUKY, € -
yron paccesHus, V - o6wmii 06beM guarpamm HanpaeneHHoCTM TX U RX, ry, - pacCTosHUE OT
TX 1 Rx go ueHTpa obnactn V, "*t,r - a3nuMyTbl NnepefaTynka U NpUeMHUKa, w 1 h - lwmpuHa un
BbICOTA NPENATCTBUSA, 1,5 - PACCTOAHME OT NPENATCTBUA [0 NepejaTymKka n NpueMHuKa.

a) 6)
PucyHok 1 - Meometpusa kaHana UV NLOS: a) BepTuKasibHasa NPOEKLMA KaHana,;
6) ropmsoHTa/IbHasA NPOeKLUMA KaHaa
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cxogHbiMM napaMeTpaMy MOZENMN, UCNOMb3yeMbIMU A1 UHALMaIU3ALUN alropuTMa,
ABNAIOTCA: NOrOfHble YCOBUA, 3aJatoLlime MOLeNb PacCesHNs B COOTBETCTBUM C UCMO/b3YeMOM
6as3oii Mopenelt paccesHus; napameTpbl mogenein OH MaccvMBa nepefaTyMKoB M MaccuBa
NPYEMHUKOB; NapameTpbl MOZENN penbeda.

BepoAaTHOCTb paccesHUs (POTOHA B 3aJaHHOM HanpasfieHUW onpefensetca (ha3oBoi
(yrnosoi) dyHKuUMel paccesHus. da3oBas (yHKUMA SBNSETCA B3BELLEHHOW CYMMOW (Pa30BbIX
(hyHKUMI1 MonekynsapHoro paccesHus Panes (Rayleigh) un asposonsHoro paccesHus Mu (Mie) [5]:

kR kM
P{") = "M+ 2
ks ks
rfe p = coS - KOCUHYC yrna paccesHus, Kk, = k™ + k” - cyMMapHbIii KoathduLeHT
paccesHus. [1ge ha3oBble (PYHKLMM COOTBETCTBYHOT 0606LLeHHOM Moaenn Panesi n 06006LLEHHO
(yHKuMM Henyey-Greenstein, COOTBETCTBEHHO,

W, 3[A+3/+(1-ym"]
PTA =T enar2y)

1-g 1 056 1)
P+ g2-Zgpjn @+ gy
raey, g, f - napameTpbl Mogeny paccesiHus.

[Mpwn 3TOM MOLENMPYHOTCA CNefytoLLme napameTpbl pacrpoCTPaHEHUS U3MTYyYeHNA:

1. HavasibHble HanpaBneHns Noneta POTOHOB.

OTKMNOHEHWE OT LieHTpanbHOro flyda [JH nepefatumka WypUHbI o 3aaeTcs
BbIpaXKeHNAMU

P (P) =

U arcsin [rand(1, M)], /,,,,=2" rand(1),
X

rae rand(1, M) - yHKLMA, reHepupytoLas BeKTOp A/IMHbI M He3aBUCUMBIX ClyYaiiHbIX Yncen ¢
paBHOMepHbIM pacnpeaeneHnem mexxkay O n 1. [lJaHHble COOTHOLLEHUA 3a4at0T

X cosk U ,Uel0, 1],
KocyHycouganbHyto opmy [H fos)(U) = < 2 (PT

oLuUnr[o0,].

MpoeKkuMn HayaNbHbIX OTKNOHEHWI nonfeTa (DOTOHOB HA  KOOPAMHATHblE  OCK
paccuuTbIBaKOTCA MO opmynam = cos?™,,,, ° sin,,,,, =sin”™,,,, ° sin0,,,,, = c0s0,,,,,
cuMBON ° 0603Ha4YaeT MOKOMMOHEHTHOe Mpou3BefeHne (npousBefeHvie Agamapa). [N
MOZENMPOBaHNSA HaYa/lbHbIX TPAEKTOPUIA (HOTOHOB, N3/TyYaeMblX NepeaaTynKaMmn ¢ pasnnyHbIMm
yrnamm mMecta BT U asumyTamu T, BbINOMHAETCA Npeobpa3oBaHme KOOPAMHAT, OMUCbIBaEMOe
Npon3BefeHNEM ABYX MaTpuL, MOBOPOTa B TPEXMEPHOM NPOCTPaHCTBE:

X
"= M1, MT=M"\--BT I-M, {*T),

rfe MaTpuLbl BPaLLEeHNs BOKPYT OCEN Y 1 Z

Mcosa 0 sina® Acosa -sina O
M, (a) = 0 1 0 |,M,(@a= |sina cosa O
-sina 0 cosaj \/ 0 0 1

Mpy Hanmumm 6onee ogHoro nepegaryvka (pexxum MIMO nnn MISO - multiple input,
single output) AgononHUTeNbHas [AMCKPETHas C/y4vailHasd BefMdMHAa C  PaBHOMEPHbIM
pacnpezeneHviem 3aaeT HOMep nepeaarymka, KOTopbI UCNYCKaeT KaXblii KOHKPETHbI POTOH.
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Mpeobpa3oBaHMe KOOPAMHAT A1 NPUEMHUKOB C Pa3IMyHbIMU yriamm Mecta Or 1 a3uMyTamu
OMNUCbIBAETCA aHA/I0MMYHBIMMW BbIPKEHUAMM.

2. CpefiHee paccTosHWe MeX/y ToYKamu paccesHus (DOTOHOB (CpeLHUIA CBOBOAHbIN
npo6er ()0TOHOB)

A(S) - cnyyaliHblil BEKTOP [/IMHBI M, 3/1eMeHTbI KOTOPOro paBHOMEPHO pacnpesenieHbl mexay 0 v 1;
- TEH30P HOBbIX KOOPAMHAT TOYEK PacCeaHus r,+i = (X,+i y,+i z,+i)

JTH =z,+">As,

roe i, i+l - Homepa Tekyllel W HOBOM TOYKM paccesHus, ry, = rr = (X Y Z7) - TEH30p
KOOpAMHAT MaccuBa nepeiaTynKoB;

3. HoBble HanpaeneHWs noseTa OTOHOB MOC/e paccesHus.

MaccuB yrnoB noneta Kakaoro (POToHa Mo OTHOLLUEHMIO K TEKYLLMM HanpasneHnsam 0
BbIYMCNAETCA HA OCHOBE COOTHOLLEHUA

cos 0
= 2>k j P{")d/n, ) - cnyvaiiHblin BEKTOP A/IMHbI M, 31eMeHTbI KOTOPOro
-1

paBHOMEPHO pacnpegeneHbl mexay 0 1 1, He3aBUCKUMBIA OT BekTopa S). TekyLive Npoekumm
OTK/IOHEHWi1 NoneTa (hOTOHOB Ha KOOPAMHATHbLIE OCU BbIYUC/AKOTCA HA OCHOBE BbIPaXKEHUI:

- M /\
T \/S:T )' o (LiX' e LI-Z © cos™i - Lly" = sin”i) + LIX' = cos0i ,
. TAA
|—|.§/+1 .oosint o (Lly" o LA o cos?i + LIX' o sin”i) + Ly"  cos0i
VI (A7)
Lir' +1=-5sin0; > cos™ 1- (iJ™y + LI" © cos0; .
4. MNoTepu 3Heprum hoTOHOB C PACCTOSHUEM
p2, =expCxall- |;
rae I = (Xg Y Zg) - TEH30p KOOPAMHAT MaccuBa NpYeMHIKOB;

5. BekTop BepOSTHOCTEN BbbkmBaHWA (survival probability) ¢)0TOHOB € y4eTOM MoTepb
3Heprum

Oy =(1-pry)°exp(-A:a|ry-ry_i|)oro, i, pp-=j/’(co8 0)"IT, I, - BeKTOp Te/IeCHbIX

YI/I0B Yron BUAMMOCTU anepTypbl NPYEMHMKA U3 ToYeK paccesHus r' = (X' y' z');
6. BekTop BepoATHocTel npubbitusa (arrival probability) ¢oToHOB B NpreMHMK nocne
'-ro pacceaHus

P/= °Pi °P2/ ° obstacle(r,, rg).

Mpy Ha/MumMM MHOrMX MpueMHUKOB (pexxum MIMO unm SIMO - single input, single
output) pesynbTUpYyIOLLEee Mofie 3PEHWUs BbIYMCNAETCA CYMMUPOBAHWEM 3HadeHuid FOV,
PacCcUMTaHHbIX 418 OTAENbHBIX MPUEMHUNKOB.

B oT1nume ot anroputma [10], npu pacyete BeposaTHOCTY NpubbiTHa (arrival probability)
()OTOHOB B MPUEMHWK C YYETOM ero rofis 3peHus 1 anepTypbl LOMONHUTENIbHO YYMTbIBAETCA
BNNAHVE NPenATcTBUA (yHKUmeld obstacle(r;, rg). PYHKUMA MpOBEpsSeT YCnoBue OrnbaHus
MPensATCTBUSA KaXKablM (DOTOHOM MaccuBa M ONpefenseTca Kak
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obstacle( ) = condl « cond?2, condlzdll; 1* cond2= 6, >'6y,
ZZ -
roe ~ = arctg P n 62=arctg 27 2x Y/l

)+Cy ¥YT)
BO3BbILLUEHMSA TOYEK paccesHnss POTOHOB C KoopAnHaTamu (X,Y,z) OTHOCUTE/IbHO nepefaTumka Tx
N NPUEMHNKa RX COOTBETCTBEHHO.

Pe3ynbTaTbl MOAeNMpoBaHUA

B pesynbtate MOAENMPOBaHUA MOMYyYeHbl 3aBUCMMOCTU NOTEPbL OT MapaMeTpoB
reoMeTpum KaHasna (pUCyHOK 2), BpeMs MOZEeNMPOBaHUS COCTaBUIO OKO/10 35 C Mpu KO/IMYeCTBe
(hotoHOoB M=100000. BblnM NPUHATBI CreayroLiMe 3HaYeHUs mnapaMeTpoB Y@ KaHana:
AaIbHOCTL €BA3K r =100 M, yr/ibl BO3BbILLEHNA Nepefatymka v npueMHuka B\ =300 n B, =500,
WwnpuHbl JH nepegatumka n npvemHuka g\ =179 n ¢, =300, AnnHa BoNHbI n3nyyeHns >1=260 HwM,

KO3(h(MLMEHTbI paccesHUs 1 NOTOLLEHWS AN ACHOW Noroapl, NAowaas anepTypbl NPUEMHIUKA
AN=1,77 cm2,
r H

10 10 10 10 10 10 10°10 ’

0 20 40 60 80 100 0 20 40 60 80 100
tetal(deg) teta2(deq)

PuUcyHOK 2 - 3aB1UCMMOCTU NOTEPL OT NapamMeTpoB reoMeTpumM KaHana

3aKnyeHne

BbinonHeHa  paspaboTka 6bICTPOAENCTBYHOLLErO aropuTMa MOAEMPOBaHNA
XapaKTePUCTUK GECnPOBOAHbLIX YNbTPa(MONETOBbIX KaHa/NO0B CBA3W: 3aTyXaHWUs, MMMNY/bCHOM
XapaKTepuCTLLICK, NoMocbl 4acToT. Pa3paboTaHHbIn anroput™ Ha 6a3e mMeToga MoHTe-Kapno
00beMHAET [OCTOMHCTBA M3BECTHbLIX aH/IMTUYECKUX U YMCNEHHBIX METOL0B MOAENMPOBaHUSA
Y® KaHanoB, NO3BOMAA MPU pacyeTe YyUUTbIBaTb Y rNbl MecTa WU a3uMyTbl NMPUEMHUKOB U
nepefaTyvMkoB, B/USAHWE MNPENATCTBUA, BbIOUPaTb KOM/3MHAUMW € Pa3IMYHbIMUKCIOM
nepeaaTynkoB v npueMw”™"KoB Y® wusnyveHuns. Bbicokoe 6)131lcn'p5SopeiicTeue anroputma
JOCTUTHYTO 6narogaps napaiiesibHOMy MOZENr*POBaHUIO PacrpOCTPaHeHUs OTAe/bHbIX
(hoTOHOB (BMeCTO NocnefoBaTe/lbHOro MOAENNPOBaHNA B LUMK/IE, KaK B U3BECTHbIX a/IrOPUTMax).

BnarogapHocTun
PaboTa BbinonHeHa no rpaHTy lMpesngeHTa P® MK-2159.2020.8 «MogenvposaHve
1 3KCNeprMeHTabHOE KCCnefoBaHme 6ecnpoBOAHOIN MOGUIBHON CaMOOPTaHU3YOLLECS
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ceTn ynbTpadumoneToBON CBA3N». Teopus MOATOTOBNEHA B paMKax rocyfapCTBEHHOrO
3afaHne P® 2020-0029 «Pa3paboTKa TeopeTUYeCKNX OCHOB NMOCTPOEHNSA
MH(OPMaLMOHHO-aHAIM T UYECKOr 0 obecneyeHus TENEeKOMMYHUKALMOHHBIX cucTem

re03KOo/0rM4ecKoro MOHUTOPUHIA NPUPOAHBIX PECYPCOB B CENIbCKOM X03SIACTBEY.
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