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B npedcmasnennoti pabome onucana umMumayuoHHas mMooenb pacnpoCmpaHerus paouosoin 8 HeoOHOPOOHOIL cpeoe,
KOMOopas, 0CHO8AHA Ha MemoOde MPAaccuposKu paouoyyell ¢ UCHONb306aHUEM NOTUSOHANLHOU MOOeNU NPeOCmAasIeH s

cpeodbl pacnpocmpaneHus.
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The implementation model of radio waves propagation in inhomogeneous media which based on the method of tracing

radio waves with used polygonal model is described.

MMuTaumoHHas mogernb pacnpocTpaHeHus
AeLMMeTPOBbIX PAAVNOBOJIH

Beegenne. OpnHoil w3 BaXHEHmMX  3amad
panuou3NKH SBIISIETCSI IIPOTHO3UPOBAHHUE
pacipocTpaHEeHUsI PaJoOBOIH B HEOJHOPOAHBIX CpPEIax.
BcneactBue  HEBO3MOXKHOCTM — PEMIMTh 3Ty  3ajady
AQHATIMTUYECKH, 65110 pazpaboTano MHOKECTBO
HpI/I6J'lI/I)KeHHbIX SMIIMPUYCCKUX MO)ICHeﬁ, KOTOPbIC UMEJIU
OTpaHMYEHHBIN AMana3oH NpuMeHeHus [1,2].

COBpeMeHHI:-Ie TCXHOJIOI'HMHU MO3BOJIAKOT
MIPOM3BO/INTH YHCIICHHBIE 3KCIICPUMEHTHI, KOTOpPBIE NaroT
BO3MOXXHOCTh YYHTBIBATb MHOXECTBO (DakTOpoB Ipu
MO/ICTIMPOBAHMH TIpOIIecca.

B crarbe ocBemaercs UHCIEHHBIA  METOJ
MOJICTIMPOBAHMSL  PACIPOCTPAHEHHS  PAAMOBOJIIH  IIOX
Ha3BaHUEM «TPAcCHUpOBKa Jyuei». JlaHHBIA MeTox
ycrmemrHo npuMmeHsercss B omntuke [3] u akyctuke [4,5].
TpaccupoBka Jyden [103BOJISIET Y4YUTHIBaTh
HEOTPaHWYCHHOE KOJNNYECTBO (haKTOPOB, HO NPEIbSIBISLCT
BBICOKHUC Tpe6OBaHI/IH K BBIUHCIMTCILHOM MOIIHOCTH.
Taxoxe TpaccHpoOBKa Jyded MPOU3BOAUTCS MPU TOMOUIH
OINTHYECKOT0 MPHOJIMIKEHHST IBYDKSHUS JTy4dei, HO IaHHBIN
HEJIOCTaTOK MOXKHO KOMIIGHCHPOBAaTh IIPU  OMOIIH
ucnonb3oBanusa meronga Monre-Kapio [2,6]. [IpoBeneno
MHOXKECTBO ~ HWCCJIEJJOBAaHHWH, KOTOpBIE  JIOKa3bIBAIOT
paboTOCIOCOOHOCTh TPACCHPOBKM IIydeil Uil MPOTHO3a
pactipocTpaHeHuss paanoBoiH [7,8]. OmmcaHHBIE HIKE
METObl MPECTABICHHUS CPEIbl M PacIpOCTPaHAIOIIEiics
BOJIHBI TIO3BOJISIFOT aCCHMHIIMPOBATh PE3YNbTaThl JIPYTUX
MOJIeJIel HITH SKCTIEPUMEHTAIBHBIX JaHHBIX.

OcHoBHOH CJI0’KHOCTBIO peanu3aiuu
TPACCUPOBKH JIy4el OCTABAIHCh CITa0bIC BEIYUCIUTEIBHBIC
CIOCOOHOCTH KOMITBIOTEPOB, HO COBpPEMEHHbBIE

TEXHOJIOTUH TTO3BOJISIIOT POBOIUTH PacyeThl TPACCUPOBKH
0O0JIBIIIOro KOJIMYECTBA JIy4el U XpaHEeHHUs Pe3yJIbTaToB.
IpencraBnenne cpeabl. IIpu MmoaenmupoBaHuU
UCTIONB3YETCs TOJUTOHAIBHOE MPENCTAaBICHUE cpenpl. B
TPEXMEPHOM MOJIEITUPOBAHUN MOJIMTOHAIBHOE
NIPEACTaBICHNE SIBIIECTCA HamOoJiee pPacIpOCTPAHECHHBIM
METOJIOM, TaK Kak I03BOJSIET MOJEIHPOBaTh (OPMBI
npeaMeToB 000w ciaoxuocTh [9]. Kakapiii TpexMepHbIit
00BEKT TPENCTABISIET CEeTKY 'CKICEHHBIX" MEXAy coOoi
3JIEMEHTAPHBIX (DUTYD - MMOJUTOHOB. Pa3Mephl MONIUTOHOB
HC OrpaHUYCHbI, MO3TOMY BO3MOXHAa 3KOHOMUA IMaMATU
npu MOJACIUPOBaHUN NYTEM MNPHUMCHCHHUA IIOJUIOHOB
NIEpEeMEHHOTO pasmepa. Taxoxe IIpUMEHEHHE
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MOJINTOHAJIEHOM MOACIW  MO3BOJIICT MPOU3BOAUTH
pacyeTbl pas3IMIHbIX Macmrabos. B Hpe[[CTaBHeHHOﬁ
MOICIN MBI HCIIOJB3YEM TPEYTOJIbHUKN B Ka4d€CTBE

¢buryp TUTS MTOJTUTOHOB. Ha puc. 1
MIPOIEMOHCTPUPOBAHBl  HPUMEPHl  HCIOJIb30BAHUS
MOJMIOHOB ATl IPEACTAaBICHUS  TPEXMEPHBIX
TIOBEPXHOCTEM.

Puc. 1 — IlpeacraBiienne JaHamadTa npu NOMOILIH
Ha0opa TPeYroJbHBIX MOJUTOHOB

Bribop B MONB3y TONHIOHANEHOW MOJEIH
OOBSCHSIETCS TEM, YTO Bce OOJbIIE HCCIICA0BAHUM
MPOBOJIUTCS JJIsI CHCTEM KOMITBIOTEPHOTO 3pEHHUS |
pacmo3HaBaHHUsS 00pa30B, KOTOPHIE TaKKe IMPUMEHSIOT
MONMUTOHANBHYI0 ~ Mozmenb [10], d9ro  mo3BosIeT
ACCHMIJIMPOBATh PE3yJIbTATHl CHCTEM aHAIH3a CPEIBl U
MONyYUTh OOJee TOYHBIE BXOIHBIC NAHHBIE MOJICIH.
OOBeKTBl MOJAEIHPYEMOH Cpelbl, COCTABJICHHBIC W3
IIOJIMI'OHOB, JOJI?’KHbI 6bITI> 3aMKHYTBIMH, TaK Kak
BHYTPUM  Ka&XIOro O0OBEeKTa  OINpelesieHbl  CBOM
panuodusnueckue napamerpbl. B naHHOW cTaThe Mbl
MPUMEHSEM  PE3YJIbTaThl  HCCIICAOBAHUS  WHJIEKCA
pedpaknuu NEUMETPOBBIX PaUOBOJIH, MPOBEACHHBIC
B[11]. B kayectBe mnapamerpa, XapaKTE€pHU3YyIOLIETO
BEIIECTBO, MBI UCIIOJIE30BAIN MHIEKC pepaKiInu.

IIpeacraBaenue pagnoBoHbl. DPOHT BOIHBI
ompezensercss HaOOPOM TOYEK, KOTOpPbIE HMEIOT

HavaJbHbBIE KOOpAHHATEI, COBIIAIAIOTIHE c
KOOpAMHATAMH HCTOYHHKA CHUTHaIA. TpaeKTopus
JNBIKEHUS] KKIOM TOYKM TOJUMHSETCS 3aKOHAM
reOMEeTPUIECKON ONTUKHU u MOKET

HHTEPIPETHPOBATHCA KaK JIyd paguoBOJHBI. Kaxmbiit
Jyd TMPOXOAUT CBOH MyTb, B3aUMOJCHCTBYS ¢



nperpajaMu Bo Bpems pacrpocTpaHeHus. COBOKYIHOCTh
TOYEK C OJMHAKOBBIM BpPEMEHEM TI'€HEpaluH SBIAETCS
BOJIHOBBIM (PPOHTOM.

JBmkenue TOYKHU BOJIHOBOT'O (dhponTa
JMUCKPETU3UPOBAHO, U  OIPEICNIACTCS  CICAYIOIIUMHU
MapaMeTPUYECKHUMHU BBIPAKECHHUSIMU:

Xn = Xn1 t in-‘ldt
yn = yn-‘l + Jn-‘ldt ’ (1)

Zn=Zpq t kn-1dt

rjie X, — koopauHarta X TOYKH BOJIHOBOTO (PPOHTA MpH
uTepanuu N, y, — KoopauHata Y TOUKHA BOJHOBOTO PPOHTA
OpU UTEpali N, Z, — KoopauHata Z TOYKH BOJHOBOTO
(hpoHTa TPH HMTEpanuu N, inq — COCTABJSIONIAS BEKTOPa
CJIE[IOBAHUS BIOJIb OCH abCHHUCC, jnq — COCTaBJISIONIast
BEKTOpa CIICAOBAHHMs BIOJb OCH OpAWHAT, Kpq —
COCTaBIIAIOIIAsI BEKTOPA CJIeIOBAaHUS BIIOJIb OCH alIUIMKAT,
dt — 370 mar BpeMeHH MOIECIH.

IIpu B3aMMOAEHCTBMM C MPEMSATCTBUEM JIy4
MOXKET OTpaSI/ITbCH WX OTKJIOHUTHCA OT HepBOHa'—laJ’leOFO
HaHpaBJ’IeHI/Iﬂ JOBWXKCHUA: U3MCHSATCA napaMeprl BeKTOpa
cmemoBanusi  nyda i, j, K. Kpurepum BbIGOpa
MPOMCXOJSILEr0 SBJCHUS M €ro peanmusanus OyayT
OmucaHbl HIKE. TOYHOCTh BBIXOAHBIX JAAHHBIX MOZEIIH
3aBUCUT OT  KOJMYECTBA  MOJEIMPYEMbIX  YACTHIL.
KonnuectBo wactuil B MoIeIupyeMoil cpefe OrpaHuyeHo
BBEIUYMCIIUTENIFHOH MOITHOCTRIO M OOBEMOM XpaHWIIHIIA
JTaHHBIX.

HMcTounuk curnajga. B Momenm HCTOYHHK
CHUTHaJla HCIyCKaeT JIydd B Pa3HBIX HAIMPaBICHHUAX B
COOTBETCTBUM C 33JaHHOM i1 HEro JauarpaMMoin
HaHpaBHeHHOCTI/I. KOJ’II/I'—ICCTBO HNCTOYHUKOB CHI'HaAJIa HC
orpanndeHo. KonnyecTBo sydeil B KaXKI0M HampaBlIeHHH
HpOHOpL{I/IOHaJ'H)HO MOIIIHOCTH CHUTHaJla HUCTOYHUKA B
3alaHHOM HanpasieHuH. Ha puc. 2 nokazana TpaccupoBKa

Jy4el  TOYEYHOrO0  MCTOYHHKA CO  C(epHYEecKOi
JUarpaMMoi HaNPaBJICHHOCTU B OJTHOPOJTHOM
MIPOCTPAHCTBE.

TOYECHHOI'O

HCTOYHHKA co
HaNmpaBJI€HHOCTH B

Puc. 2 — U3ny4yenue
cepuyeckoit  auarpammoit
OJHOPOJHOM NPOCTPAHCTBE

Ha pwuc.2 MOXHO BHIETh, Kak (PPOHT BOJHBI
PaBHOMEPHO pAacIpOCTpaHICTCs MO BCEM 3aJaHHBIM
HaTIPaBJICHUSIM.

Pacnpocrpanenue jy4deii B npocrpancrse. [Ipu
reHepali MOJICIIUPYEMO Cpe/ibl B MOJIeNH (popMHUpYeTCs
HabOp DJEMEHTOB, COCTOSIIIMX W3 HEOTPAHHYCHHOTO
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KOJMYECTBA ITOJWTOHOB KaXKIbId. Kakmplii 3meMeHT
MPOXOANUT MpPeaoOpaboTKy: A KaXJOTro IOJIMIOHA
BBIYUCIIACTCA HOpMaJlb W HAIPaBJKACTCA OT LCHTpaA
JjieMeHTa B OCCKOHEYHOCTh. Hopmallb BBIYHCIISIETCS
Ipyu 1MOMOIINU BEKTOPHOTO IPOU3BEACHUSA BCKTOPOB,
KOTOpble  CcQOpMHpOBaHBl W3  JIBYX  CTOPOH
TPEYTOJIbHUKA. ITycte BEPIIUHBI MTOJTUTOHA
omuckiBatorcst  ToukamMu  A(Xa,Ya,Za), B(Xg,Ys,Zg),
(Xc,Yc,Zc), Torma Mbl MOXKEM TMONTYUYHTh BEKTOPHI:

a1 = (Xg-Xa, Ye-Ya, Zg-2Z))
ay= (Xc-Xa, Yo -Ya, Zc-2Zp)

TOT/Id BEKTOP HOPMaIH OY/IeT PaBEH:
n=(a;xay)/n

[Mocne BbIUMCIEHHS HOpMalK, (HOPMHUPYETCs
ypaBHEHHE TJIOCKOCTH MOJIUTOHA BHUIA:

Ax+By+Cz+D=0, 2)
rne D = - (a-XA +b-Yp+ C'ZA).

ITocne BerUMCIEHUS YpaBHCHUA IUIOCKOCTH JId
MTOJIUTOHA, JAaHHBIC O TOJHWIOHE OTHPABISIOTCA B 0a3y
MaHHbIX. [Ipy  BEIMONHEHWH MOJCIUPOBAHHS BCE
QJIEMEHTHl W WX TIIOJIUTOHBI KOMHUPYIOTCS W3 0a3bl
MAHHBIX B OIEPATHBHYIO TAMATH BBIYUCIUTEIHHON
CTaHIINH.

BrBog: MOJIMTOHATBbHAS MOJIENb
MIPEICTABICHUSA CPEAbI MO3BOJISIET (hOPMUPOBATH Cpexy
000N CIOKHOCTH JUIS TPACCHUPOBKHU JTy4ed. JlaHHBIN
HOAXOJ IOMOJHSET CHOCO0BI TPACCUPOBKU PaANOIyeH,
OIMyOJIMKOBAHHBIX B HCTOYHUKAX [ 1-3].

B3aumopeiictBue Jyda co cpemoi. Ilpu
pacmpocTpaHEeHHH  JIyd  IIEpeceKaeT  MHOXECTBO
9JIEMEHTOB MOJeNUpyeMon cpeabl. Kaxaplii snemeHT
COCTOUT W3  TMOJIMTOHOB, TO  B3aUMOJCUCTBUEC
MIPOUCXOIUT TIPH TIEPECEUCHNH Tyda C MOTUTOHOM. Tax
KaK paclpoCTpaHEHHE Jy4a OIUCHIBACTCS CHCTEMOM
¢opmyn (1), To mepecedeHHe Jy4a U TIOJATOHA
BBIUMCIIACTCS CIEIYIOIUM 00pa3oM: BBIOIHIETCS
TOUCK OJIMKAMIIEro MOJUTrOHa, KOTOPBIM HaXOIUTCS Ha
MyTH  CiefioBaHusi  BojaHoBoro  (ponra. Ilomck
BBINIOJIHACTCS ~ CJEAYIOUIMM  00pa3oM:  IOJICTaBUM
3HA4YEHHs KOOPAMHAT U3 cucteMbl ypaBHeHui (1) B (2) u
MTOJTyYUM BBIPKCHHE, KOTOPOE BBIMJISIIUT CIICIYFOIINM
obpazom:

4 ()CNfl i temonkn )+ B (yN—l + 7 temonxn )+ 3)
+D'(ZN71+k'tcm0ﬂKH)+C:O

Pemass ypaBHenue (3) OTHOCHUTENBHO teroman,
MOJTy4aeM CIIEAYIOIIEe BBIPAKECHHUE:

/ A'xN—leB'yN—lJrC’ZN—lJrD. 4)
cmokn Ai+B-j+Ck

Eciu teonq MEHBIIE HyNs WM €0 3HAueHHE
paBHO 6eCKOHeIIHOCTI/I, TO TNIEPECECUYCHHUA C IUIOCKOCTBIO
HOJUroHa HeT. EciM IepecedeHHe CyIECTBYET, TO



BBITTOJTHACTCS
MOJIUTOHY .

[Tocne mpoBepku BceX MOJUTOHOB BBIOMpAETCS
OKalIINiA, a TOCIe 3TOTO CPAaBHUBAETCH 1l o C IIATOM
dt u ecmm toopu<dt, TO Momens cumraer, 49TO
CTOJKHOBeHHe mnpom3onuio. I[locme 3TOro MpoOUCXOTUT
OTpa)KEHUE WJIU MTPEIOMIICHHE.

IIpenomnenune mgyded MOAUMHSETCS  3aKOHY
Cuemmmyca. Tak  Kak  @pu  peIIeHHH  334a4d
pacmpoCTpaHeHHsT JTy4Ya MBI HCIIONB3YeM BEKTOPHYIO
dhopMynHpoBKYy, TO Ooyiee YHOOHBIM W 3(PPEKTHBHBIM
SIBIISIETCSI CJIE/TyIOIIEee BHIPAKEHHE, KOTOPOE MPEACTaBIISET
yHIpoIieHHoe BeIpaxenue u3 [13,14]:

MpoBepKa  NPUHAMICKHOCTH  TOUYKH

TAe y, — BEKTOp IPEIOMICHHOrO Jy4a, | — BEKTOP

-

MaJaloIero Jy4a, 7 — BEKTOpP HOPMaJH K MOBEPXHOCTH,
Ny — kodduuueHT mnpenomieHus cpensl 1, Ny —
K03(h(DULIMEHT TPETOMIICHHS CPeIbI 2.

[JanHas ¢GopMynMpoBKa I03BOJISIET MPOU3BOAUTD
pacder npenomieHus Hanoosee 3pheKTHBHBIM crIOcoO0M,
TaK KaK He COJCPXKUT JAaXe TPUTOHOMETPHYECKUX
¢dyaxmuid. Kak w3BecTHO, TIPH MPOXOXKICHUH JIyda depes
TpaHULly pasjesa ABYyX cpell BO3MOXKHO KaK IPEIOMIICHHUE,
TaKk M OTpakeHue. B 1aHHOW MoOJenu y4HUTHIBAETCS
SBJICHHE TIIOJJHOTO BHYTPEHHETO OTPaKeHUs, KOTOpoe
IPOUCXOMUT, €CIIU BBIIOIHACTCS CIEIyIollee YCIOBHE,
KOTOpOE BBIBOAUTCS K3 3akoHa CHenmyca:

nl~sine1 = nz-sineza
TOTAa

sinGZ:%-sine1 :
2

B ciyyasx, xorma Nq-sinBq> Ny, mpenomieHue
Jy4a HEBO3MOXHO, M IPOUCXOJHUT IOJHOE BHYTPCHHEE
OTpaxkeHue, peanuzyemoe 1o MIPUHIIKIY,
Mpe/CTaBICHHOMY HIDKe. DOPMYITHPOBKA OTPaXKEHUs VISt
paanonyyeit GopMyIHpyeTCs CIeIyIOINUM 00pa3oMm:

ra2=ri—2 1‘”%

—_— —

rac ro — BEKTOP OTPAXXECHHOT'O JIy4a, ri BEKTOP
nagaromero Jjgyda n — BEKTOPp HOpMaJld K IJIOCKOCTHU
IIOJIMT'OHA.

Mpumep ncnonb3oBaHusA

Jist  Toro, droOBl MOXHO OBUIO HATJISIAHO
MOKa3aTh paboTy TPACCHPOBKHU, MbI HCIIOJIb30BAH MOJIENb
atMocdepbl, KOTOpas MPEIACTaBICHAa B BHAC JJICMCHTOB,
uMerorx (GpopMbl NapauIeNenuIieia, HaXOIAIIUXCS APYT
HaJ JPYyroM W WMCIONIMX 3HAYCHHUS KO3 PHUIIMECHTA
MPEJIOMIICHHUS,, KOTOPBI OBl TOBTOPSUI BEPTHUKAIBHBIM

npodwib  Ko3pPUIMEHTa  MPEJOMIICHUS  PealbHOM
atMocdepbl,  TpeAcCTaBIeHHBIH B paborax [11,12].
ChopmupoBaB  HaOOp  NOJIWTOHOB, MBI  NPOBEJIH

TPAaCCUPOBKY nyqeﬁ U3 TOYCYHOIo HUCTOYHHKA C
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monyceprueckol AuarpaMMoil  HampaBJICHHOCTH B
YKa3aHHOM CUHTE3UPOBAHHOU cpeze, PacloIOKEHHOTO
Ha BbicoTe 20 M Haja UAEaIbHO POBHOM MOBEPXHOCTHIO
3emnu. BceneactBue  HEOAHOPOTHOCTH — CTPYKTYPBI
aTMocdepbl  BOJIHOBOH  (DPOHT  pajvocHTHala ¢
MOBEPXHOCTH 3eMIIM UCKaXkaeTcsl. TpaccUpoBKa Jiydei
MO3BOJISIET  ONPEAENUTh, KaK  IPOUCXOAUT  ITO
uckaxxeane. Ha puc.3 MBI MokeM HaOIrOIaTh
HCKaXCHUS ¢dponHTa PaaHOBOIHEI npu
nmormyceprueckoll auarpaMMe HampaBieHHOCTH. [l
HATJISTHOCTH PEKOMEHyeM pHC. 3 CPaBHUTE C pHC. 1.

Puc. 3 — Uckaxxkenne

BOJIHOBOT'O
PaAMoOBOJIHBI B HEOJTHOPOIHOI aTMOcdepe

¢ponTa

JlaHHBIE PUCYHKH HECYT JIMILIb KauyeCTBEHHBIN
XapakTep, TaK Kak AJIs IMOJYyYEHUs KOJIMYECTBEHHBIX
JNaHHBIX ~ TpeOyercs  Oonbimie  uHpOpMALUM O
Tororpaduu, aHTPONOreHHbBIX (aKTopax H Jp.

3akntoyeHune

PazpaboTannas MOJIENb MO3BOJISIET
MPOU3BOAUTh  MOJEIUPOBAHUE  PACHPOCTPAHEHUS
pagMoOBOIH C 3aJaHHOM TOYHOCTHIO. IIpuMeHeHue
MOJIMTOHAJIBHOW ~ MOJENH  TPEACTaBICHHUS  CPEMBI
MIO3BOJISIET MIPOBOANTH MOJICITUPOBAHKE B Cpenie JIF000H
reomeTpudeckoir  ¢opmel. Ha  mpencraBieHHOM
IpUMepe  MOKa3aHa  BO3MOXKHOCTb  ACCHMMIIALUH
JAHHBIX U3 BHEIIHUX UCTOYHUKOB.
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