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1. ECTECTBEHHDbIE CPEAQbI PPB

KocmMuyeckoe npocTpaHcTBo

| PaanocBsa3b — 3TO 3/IEKTPOCBA3b, OCyLLEeCTBAAeMas MocpeacTBOM PaAMOBOJIH.
000 km — PagnoKaHan — COBOKYMHOCTb TEXHUYECKMX CPeACTB U cpedbl pacnpoCcTpaHeHUs
PaAVOBO/H, Aenalwmx BO3MOXHbIM Mpouecc paguocsBaAsu. PaguonnHua —
paAuoKaHan, obecrneymBaoWMin PaanoCcBA3b B 04HOM HanpaBaeHun. PagmoceTb
— COBOKYMHOCTb PaguMoONWHWUM, paboTalowmx Ha oAHOW, obuwei ana Bcex
_aboHeHTOB, rpynne YacToT.
Cpefia pacnpocTpaHeHUA ABIAETCA HEOTbEM/IEMOM YacTbio 1060 pagnonnHnm
n nobon paauocetTu. MICTOpUYECKM TaK C/IOKUNOCb, YTO AnA bosbluen 4actu
TEXHUYECKUX NPUJSIONKEHUI PAIMOBONIH €CTECTBEHHOM Cpeaoi pacnpoCcTpaHeHuUn
aBnaeTca atmocdepa 3emnu.

NoHocdepa

< 80 KM —s
Crpatocdepa {

ATtmoccepa

Tponocdepa

Ha pacnpoctpaHeHne paaunoBonH (PPB) BauseTr B OCHOBHOM 4acTb atmocdepbl, npoctupatowanca ao 1000 km. Ao
HEKOTOPOW CTeENEeHM YCNOBHO B aTMochepe MOXKHO BblAenUTb Tpu obnactu: Tponocdepy, ctpatochepy U noHochepy).
Tponocdepa, camana HMXKHAA 061acTb aTMocdepbl, npocTmpatowasaca Ao BbicoT 10...15 km. Ctpatocdepa pacnonaraerca Hag,
Tponocdepon ao BbicoT 50..80 kKm. Hap ctpatocdepon Haxoautca moHocdpepa. OHa 3aHMMaeT 061acTb OKONO3EMHOIO
NpocTpaHcTBa OT BbicoTbl 80 KM A0 BbicoTbl 1000 KM. Ha pacnpocTtpaHeHune pagunosonH (PPB) BanAeT B OCHOBHOM 4acTb
atmocoepbl, npoctuparowanca Ao 1000 Km. [Jo HEKOTOPOW CTENEHU YCAOBHO B aTMOCPepe MOXKHO BblAeNTb TPU 061aCTu:
Tponocodepy, cTpatochepy n noHochepy). Tponochepa, camaa HUKHAA o0bnacTb aTMocdepbl, NPOCTUPAIOLWANACA A0 BbICOT
10...15 km. Ctpatocdepa pacnonaraerca Hag Tponocdepon ao BbicoT 50...80 km. Hapg cTtpaTtochepon HaxoauTcsa noHocohepa.
OHa 3aHMmaeT 06/1acTb OKO/M03EeMHOro NpPOCTPaHCcTBa OT BbicoTbl 80 KM a0 BbicoTbl 1000 Km. Ecnm paavoBO/HbI
MCNONb3YHOTCA AN CBA3M C KOCMUYECKMMW annapaTtamMum, TO eCTECTBEHHOM Cpeaon UX pacnpocTpaHeHua byaet He TONbKO
aTmocdepa, HO U KOCMUYECKOe NPOCTPaAHCTBO. KoCcMMUYECKMM cUMTaeTCcsa NPOCTPAHCTBO 3a Npeaenamun atmocdepol.



2. ECTECTBEHHbIE CPEAbI PPB (npoaomkeHue 1)

[0 aHanoOrMmM MOXKHO roBOPUTb O ecTecTBeHHOW cpeae PPB B Bnae Tonwm 3emnmn, BKAOYAA BOAY PEK,
03ep, MOPEN N OKEaHOB.

Bonpocsbl, cBA3aHHble ¢ PPB B TONLWe 3emnn, He byayT paccmaTpuBaTbCA.

3TO He o03Ha4yaeT, 4yto 3emns Boobuwe He BAMAeT Ha Npouecc pPacnpoCcTPaHEeHUs PaAMOBOJIH.
YcTaHOBNEHHbIM GaKT — rpaHuUa pasgena mexay 3eMHOM NOBEPXHOCTbD U BO3AYXOM BO MHOIMUX
CNy4YaaAX UrpaeT OYEeHb BA)XHYKO POJib B PACNPOCTPaHEHMM pPaanoBOAH. [MonynposogAwme CBOWCTBA
3€MHOM NOBEPXHOCTU MPUBOAAT K YTEYKE IHEeprMn pagnoBosiH B 3emnto. M3-3a chepnyHoCcTU 3emnu
BO3HMKaeT AMdpaKumna, TO eCTb paccesHMe BOJIHbI 3@ CYET BbINYKJAOCTU 3€MHOro wWapa. HepoBHOCTH
3€MHOM NOBEPXHOCTM PACCEMBAIOT M OTPAXKAIOT PAaANOBOJIHbI, USMEHAIOT UX NMNONAPU3ALUIO, CO34at0T
3aTeHeHMe NyHKTa pagmonpuema. Y4acTKM 3eMHOM NOBEPXHOCTU, HaxoAAwmMeca B HeNocpeacTBEHHOM
61130CTU OT AaHTEHH, MOTYT CYLLLECTBEHHO BAIMATb HAa UX NapameTpbl.



OCHOBHbIE TUlbl PAANOBOJIH

PafMoBOMHbI MPUHATO KNaccudULMPOBaTb MO MEXaHU3MY UX pacnpocTpaHeHus. JaHHas Knaccudpukaumn
0bycnoBsieHa HEKOTOPbIMU cneundPruyeckMmmn CBOMCTBAMM eCTECTBEHHbIX Cpea, pacnpoCcTpaHeHMa paAnoBo/H. B
HacTosALee Bpema NPUHATO BblAENATb YETbIpe peryaapHbIX cnocoba pacnpocTpaHeHnsa pagmuoBoIH, KOTopble, B
CBOIO o4epeab, onpeaensatoT YeTblpe TUNa PaAuoBO/IH: NMPsIMble, 3eMHble, TponocdepHblie U MoHoCchepHbIe.

KA

: %KA

N
KA/ Mpamaa paguMoBONHA —  PAAMOBO/IHA,  PaCMNpPOCTPaHAOLWANACA
X HenocpeacTBEHHO OT WCTOYHMKA K MecTy npuema. [pumeHeHwume:
pagnocsAsb B cBOBOAHOM  npocTpaHcTBe  (Kocmoce)  mexkay

KocMmuyecknmm annapatamu (KA); pagmocsasb mexKay 3eMHOM CTaHUUEN
(3C) n KA B TeX cnyyasax, Korga BAUSAHMEM OTHOCUTE/NIbHO TOHKOrO C/0A

aTMocdepbl MOXKHO NpeHebpeyb Ao | oman OTPAXEHHEA  pyrenna
NI A

3emMHaA pagnMoBOIHA— PaAMOBOJIHA, PACNPOCTPAHAOLWAACA
B6/1M3M 3eMHOM NOBEPXHOCTM U BKAOYAIOLLLAA NPAMYIO BOJTHY,
BOJIHY, OTPa*KEHHYI0 OT 3eMAMN U NOBEPXHOCTHYO BOJHY.

anMEHEHMe: JIMHUUN Ha3eMHOM pPaanocCBA3n, CETU 3BYKOBOIO MoBepxHOCTHas
AHTeHHa (AndpakuUmoHHas)
BelaHUA (pa,ﬂ,MOBeLLI,aHMFl),' ceTtn TeneBU3NOHHOIo BewaHuA. / / BonHa



OcHOBHbIe TUNbl PaguoBoiH (NnpoaonKeHue 1)

TponocdepHaa pagmuoBONHA — PaAMOBOJIHA, PACMPOCTPAHAOLWAACA
o MexXay Todykamum Ha (nmam) BOAM3M  3eMHOM NOBEPXHOCTU MO
nacTtb
o,  paccevBaloLux TpaeKkToOpuUAM, Nexkalum Uuennkom B Tponocdepe. XapaKtep
il HEeO4HOPOAHOCTEN “
Y Tpongcq)epbl TpaeKToOpUN onpeaenseTca HeoAHOPOAHOCTAMM Tponochepbl, KOTOPbIE

paccemBaloT 3HEPrnio PaamMoBO/IHbI. Takoe pacceaHne, C OAHOM
= "Toonoctepre  CTOPOHBI, OCNAbNAET Mo/se PacnpoCTPaHAIOLWENCA BOMHbI B MPAMOM
|/ ToTeel - HampaB/lieHWM, a C  Apyroi — CnocobeTByeT pacnpoCcTpaHeHwio
PacCeAHHOM 3HePrnn AaneKko 3a JIMHUIO TOPU30HTa, YTO MCMO/b3YeTCA B
HEKOTOPbIX TEXHO/IOTUAX TE/eKOMMYHUKaUWA. TpumeHeHue: nHUK
Ha3eMHOMN PaANOCBA3N B TPYAHOAOCTYMHbIX PErMOHaX.

NoHochepHana pagmnoBosiHA — pPaaMOBOJIHA, PACNPOCTPAHAOLWLAACA B
pe3ynbtaTe OTparkeHua OT WOHOCPepbl WU pPacCeaHUA B HEW.
MpumeyaHue: BepxHue caomn atmocdepbl (MoHochepa) coaepKaT ras B
MWOHN3UPOBAHHOM COCTOAHUWU. BOANHbI € 4yactotamum HuxKe 30 My
MCMbITbIBAOT CUAbHOE npesiomneHne B MOHochepe. TpaekTopuu
PACNPOCTPAHEHMSA 3TUX BOJIH UCKPUBNAETCA HACTONIbKO, YTO OHU (BO/IHbI)
BO3BpaLlatoTcA Ha 3emnto. NNpumMmeHeHue: NMHUKN ganbHEN PAAUOCBA3N;

CeTu 3BYKOBOro BellaHusa (pagmoBelwaHnsa) anAa TPYAHOAOCTYMHbIX
PAaNOHOB.




PPB B cBO60aHOM nNpocTpaHcTBE
CB0OOAHOE NPOCTPAHCTBO — OAHOPOAHAsA, be3rpaHUYHYIO cpesia, Y KOTOpOM
abconoTHanA ANINEKTPUHECKAA NPOHNUAEMOCTb &,, abconTHaa MarHmMTHas

kAT npoHUUaemoctb U, , W YyAeNbHaa nNpPoBOAMMOCTb ¢  ONpeaenarTcA
% Mpsamas pagnoBonHa BbIPAXKEHUAMM:

A KA 2 g, =5 =& =1072/(36m), ®/M; s =p-pyg = po = 4w - 1077, Tv/m;

o = 0, Cm/m. Mpun 3Tom € = u = 1. Takaa cpena ABAAETCA U3OTPOMNHOMN U He

% nornowatowen. lMogobHbIX cpes B npupode He cyuwectsyeT. OaHako

? nyyeHne ocobeHHocten PPB B cBOH6OAHOM nNpoOCTpaHCTBE ABAAETCA

[varpamma onpaBAaHHbIM U HeobxoaumbiMm, notomy csonctBa IMI1, onpepeneHHble

[varpamma ”aa“HpTii”Hil”E;";” Ana cBoboAHOro NPOCTPaHCTBA, KpamHe BaKHbl A1 MOHUMAHUA CYLLHOCTU

HanpaBneHHOCTH
aHTeHHbl KA 1

PPB B ntobon ectectBeHHOM cpeae. B HeKoTopbix cnyyaax PPB B atmocdepe
NPOUCXOAUT MPU OTCYTCTBUMU CYW,ECTBEHHOrO BAMAHUA TPaHWUUbI pasgena
3eMHAA MNOBEPXHOCTb — BO3A4yX, T[OPOACKOW 3aCTPOMKKM, a TaKKe
HeogHopoaHocTer Tponocdepbl wmAn unoHocdepbl. B Takmx caydasx
aTmochepy MOXKHO paccmaTpuBaTb Kak cBobogHoe npocTpaHcTBo. EWE ¢
60/MblWLIMM  OCHOBAaHMEM KOCMMWUYECKOE TMPOCTPAHCTBO MOMHO  TaKXe
paccmaTpuBaTb Kak cBOHOAHOE NPOCTPAHCTBO.

6)

PaccmoTpum paguonuuuio mexkay asyma KA 1 u KA 2 (puc. a). C uenbio ynpoLlEeHMS PacCMOTPUM nepeaady
pPagnoCUrHanoBs B ogHom HanpasneHnn — oT KA 1 B ctopoHy KA. B atom cnyyae pagumonepenatynmk v nepegaroLlas
aHTeHHa HaxopgATcAa Ha KA 1, a npnemHaa aHTeHHa U pagmonpmemHmnk — Ha KA 2. Takaa paguosiMHMA No onpeaesieHunto
MCNONb3yeT NPAMYO paanoBosHy. Nyctb JH aHTEHH OpPMEHTUPOBAHbI CBOMMM MAKCUMMYMaMM B HanpaB/iEHUN TOYEK, rae
pacnonoxeHbl cootTBeTcTBEHHO KA 2 1 KA 1 (puc. 6).



PPB B cBO60a4HOM NpocTpaHcTBe (NpoaonxKeHue 1)

Beegem 0603HauyeHuA: P; — MOLHOCTb PaAMOCUTHaNa Ha BbIXOAe paguonepenaTtynKka, 11 — KodIbPUUMEHT
nosesHoro Agencrensa duaepa nepenatollein aHTeHHbl, P{ — MOLLHOCTb paAMOCUIHaNa Ha BXoAe nepeaatoLleit
aHTEHHbI, a1 — KOO PMUMEHT NONE3HOTO AENCTBUA Nepesatowen aHTeHHbl, D1 — KOapdULMEHT HanpaBieHHOro
AEeNCTBMA nepegatollen aHTeHHbl, G; — KO3pPUUMEHT ycuaeHnA nepeparollen aHTeHHbl, P, — MOLWWHOCTb
pagmMocurHana Ha BXo4e pPaguonpuemMHuKa, 1, — KoadpPuUMEeHT nonesHoro aencrema puaepa npUemHOM
aHTEHHbl, P, — MOLWHOCTb PaaMOCUrHaNa Ha BbIXOAE MPUEMHOMN aHTEHHbI, Np, — KO3OOUUMEHT NOMe3HOro
AENCTBMA MPUEMHON aHTeHHbl, D, — KOo3pOPUUMEHT HanpaB/NEHHOro AEWCTBMA MPUEMHOWN aHTeHHbl, G, —
KO3)OUUMEHT YCUNEHUA MPUEMHOM aHTEHHbI.  3HayeHMe mowHocTH : P{ = P;1;. MowHoCTb N3yYeHus
nepegatoweit aHTeHHbl KAl: Py = P{naq = PiN1Naq.
Mepepalowaa aHTEHHA, OPUEHTUPOBAHHAA  MaKCUMMYyMOM
N3Ny4EeHUA Ha NYHKT Npuema, co3aaeT B Aa/IbHEN 30HE B TOUKE

AnTeHHa nepepatowast - G, D, 77, AHTeHHa npuemHas - G,,D,,77,, nprema  cpefHee (BO BPEMEHN — 34 rlepmo,u,) 3HaquHme
N 3 MJIOTHOCTU NOTOKa 3Heprmun I, = PsD,/(4mtr*) =
- | r ] \Bblxon-Pz' Pinna1D1/(4mr<). C y4eTom TOro, Yto KO3IPPULMEHT YCUNEHMA

- o G, = Din4q, MOXHO nonyunts I, = Pyn, G,/ (4mtr?).
— Pnnep - 1 Pnnep 17, — 3HayeHne I, y6biBaeT Kak 1/r% . 310 obbAcHAETCA
nepeaTk [ X 1 [LmevemHiK | UCKNHOUYUTENBHO  PACXOAMMOCTbIO  M3/lydaembiX  chepuyecKmx
Betron - Py Bxon - B paguoBonH. B  cBOBOAHOM  NpPOCTPaHCTBE,  OTCYTCTBYeT

B) nornoweHune aHeprmm pagnoBoO/H.



PPB B cBO60A4HOM NpocTpaHcTBe (NpoaonkeHue 2)

bes BbiBoZa ( BbIBOA MMeeTCA B PEKOMEHJOBaHHOM yyebHom nocobum no PPB) npusegsem dopmyny
MOLLHOCTM PaAMOCUTHaNa Ha Bxoae paguonpuemnuka: P, = (P1n11,G1G,2%)/(41r)?.

3T1a popmyna onpeaenseT PaAuoYacTOTHYIO 3HEPreTUKy npu nepeaadye CUrHanoB NoO PagumoanUHUK B
yCA10BUAX CBOOOAHOIO NPOCTPaHCTBA.

Tak:Ke 6e3 BbIBOAA NpWMBEAEM OAHY BecbMa BaKHYyl0 (GOPMYAy, MO3BOAAIOLWYI PaccyuTaTb aMMAUTYaY
HaNPAXKEHHOCTU 3NEeKTPUYECKOro MONA B TOYKE NPMemMa, 3Has napameTpbl PafMOTEXHUYECKOTO CPeAcTBa:
MOLLIHOCTb Ha BbiXoAe nepejaTumKka, KoadpdULMEHT NonesHoro AeicTena duaepa nepenatolleii aHTeHHbI U
KO3bGULMEHT yeunenus nepepatolleit aHtennsl: E,, = \/60P 101G /r =,/60P}G/T.

3Ty GOPMY/Ny NONE3HO MOMYUYUTb CAaMOCTOATENbHO. PeKOMeHAaLMK, KaK 3TO cAenaTtb, MMeloTca B yyebHOM
nocobun no PPB.




NMOTEPU NPU NEPEOAYE 3/IEKTPOMATHUTHOWU SHEPTUU NO PAANONTUHUN
B YCNOBUAX CBOBOAHOIO MPOCTPAHCTBA

B Teopun PPB WNPOKO NCNONb3YOTCA NOHATUA «NOTEPU MPU Nepesaye» N « OCHOBHbIe NOTepu NMpu nepeaaye.
MoHATME «noTepu Npu Nepeaade» PacCMOTPUM Ha NPUMEPE PUCYHKA — 3TO OTHOLIEHME MOLWHOCTU P; Ha
BXOAE Nnepeaatollei aHTEHHbI K MOLLHOCTM P, Ha BbIXxoAe NpMeMHO aHTeHHbI. MpuBeaeHHOe onpeaeneHune, ¢
yyeTtom 0603HauYeHmA NoTepb Npu nepegave B yC0BUAX CBOBOAHOIro NPOCTPAHCTBA Kak L, No3BoONAET
3anucatb: Leg = P{/P,. HAEeKc «CB» NoAYEepKMBAET, YTO peyb MAET O NoTepsax Npu nepeaaqe B yC10BUAX
cBob6oaHOro NpocTpaHCTBa.
MosHo nonyunts: Lcg = P{/Py = PNy /Py. Unn Loy = (4mr/A4)% /G Go.
Yncnnteno B popmyne NnpUHATO Ha3biBaTb «OCHOBHbIMM NOTEPAMM NPU Nepeaaye B yCA0BUAX CBOOOAHOrO
NPOCTPAHCTBA»
Locg = (4mr/2)?. Taknm obpasom, Lycg — 37O NOTepuU Npu nepegaye TakKe B CBO6ogHOM
NPOCTPAHCTBE, HO NP YCNOBUN NPUMEHEHMSA N3OTPOMHbIX aHTEHH (BOOOpPaXKaemMbIX aHTEHH, U3/Ty4arOLLLMX
PAAMOBOIHbI PABHOMEPHO MO BCEM HaNpaBAEHUAM UM NPUHMMAIOLWLNX PAANOBOIHbI PABHOMEPHO CO BCEX
HanpaBaeHun). na TakMX aHTEHH CNpPaBeaIMBO PaBeHCTBO: G = G,= 1.

AHTeHHa opeasiia CuDyry  Avtenvanpyemran -G, Do MockobKY aBCONOTHOE 3HAYEHME NOTEPb MOXKET U3MEHATHCA B

P’ /YO-(L r PM'\ P Becbma 6onblwnx npeaenax, nx y,£|,O6HO BblpaxKaTb B ,u,eu,l/l6enax:
Bxogn - F; r 7 Bbixop, - 9
™~ 7
= ®upep - 1, dupep -7), —— LCBI AB = 10 lg(LCB) = 20 lg(él.nr/)') — 10 lg(Gl) —
nepefaTynk -o’\_ 70- NPUEMHMK 10 lg(Gz),
Buixog - P, Bxoa - P,

Locg, b = 10 1g(Locg) = 20 lg(4mr/2).



AONO/THUTE/IbHBIE NOTEPU NPU NEPEOQAYE U
MHOWUTENb OC/NIAB/IEHUA B YCNOBUAX PEA/IbHOW CPEAbI

B peanbHbIX cpeaax, OT/IMYHbIX MO CBOMM CBOMCTBaM OT CBOHOOAHOro NpOCTPAHCTBA, PACMPOCTPAHAIOLLAACS
PaAMOBO/IHA UCNbITbIBAET AONONHUTE/IbHbIE NOTEPU Npu nNepegade — Lyop. Mpn 3TOM nosHbie noTepu Npw
nepegave L byayt onpepenatoca nponsseaeHvem: L = LegLjop.

[lononHUTeNbHbie MOTEPU BO3HUKAKOT, Hanpumep, npu PPB Hap nosepxHocCTbio 3emnn, B Tponocdepe,

noHocdepe, B YCNOBUAX TOPOACKOM 3aCTPOUKK. [ONONHUTENbHble MNOTEPM — 3TO AOMNOJIHUTE/IbHOE
ocnabneHne amnanTyabl HaNPAXEHHOCTU MOAA NO CPAaBHEHUIO C €€ ocnabneHmem B ycioBuAx cBoH6oAHOro
NPOCTPAHCTBA.

[lna KonnyectBeHHOM OUEHKW AOMOMHUTENbHOro ocnabneHmna amnanTyabl BBOAAT MHOMUTENb ocnabaeHus
nons ceo6oAHOro NpocTpaHcTaa V, KOTopbIi A7 KPAaTKOCTM Ha3bIBAOT MPOCTO MHOXKUTENEM 0C1abneHus.
MHoKuTenb ocnabneHuns B obLem cayyae ABAAETCA KOMMNAEKCHON BeMUYMHOM:

V= Emp/EmO = Vexp(—joy), roe: Emp M E, o — KOMMJIEKCHbIE aMMIUTYAbl HANPSANKEHHOCTU NOAA B TOUKE
npuema npu PPB B peanbHOl cpede u B cBO6OAHOM NPOCTPAHCTBE, COOTBETCTBEHHO; V 1 ¢y — moaynb u
da3a MHOXUTeNna ocnabneHus.

B 60/bLLIVHCTBE CAyYaeB MOAYAb MHOXUTENA ocnabneHna IV meHblue eanHULbl, HO MHOraa (Hanpumep, npwu
NHTepdepeHUMn BOAH) 3HaYeHne V MmoxKeT 1 npesbiwaTh eguHuLLY.

Mogaynb MHOMKUTENb 0CabneHna cBA3aH C BeJIMYMHOWM A0NONHUTE/IbHbIX NOTEPb:

L,Z[OH — 1/V2 .

Echv  nepeiitn kK peumbenam, To: Lyop, ab =—201g(V) , L,nb = Leg,Ab + Lyop, ABb = Leg, Ab —
20 lg(V), 1B.



AmMmnnutyaa
HaNPS>KEHHOCTK Nons

OBJ/IACTb NMPOCTPAHCTBA, CYLWECTBEHHAA A1 PPB B CBOBOAHOM NMPOCTPAHCTBE

[MepBUYHbLIN
NCTOYHUK

N
m
o

m
o

A

BTopunyHbIN
nctouHuk AS,

Kpyrnoe otsepctue
AnameTpa

d2 d3 d4
[AnameTp oTBEPCTUSA

MexXay TOYKOM U3nydeHua pagmoBoNH A M TOYKOM uX npuema B
HaxoAMTCA  Henpo3payHblM 418 PaguMoBONAH 3KpaH OeCKOHEeYHbIX
pa3mepoB. [ycTb NNOCKOCTb 3KpaHa NepneHauKynsapHa nmHmm AB, a B
LEHTPE 3KpaHa WMeEeTcA Kpyrnoe oTBepcTMe anameTpa d
[IPON3BONBHYIO MOBEPXHOCTb S, 3aMKHYTYIO BOKPYr TOYKM A, MOXHO
3a4aTb B BUAE TPEX YacTeln: NNOCKOCTU OTBEPCTMSA, MJIOCKOCTM 3KPaHa U
H6eCcKOHeYHO yganeHHoM nonycdepobl, ONUPAOLLENCA HA SKPaH.

Jllobon  k-bIh  anemeHTapHbIX  y4acTOK  nosepxHoctn  ASy ,
PACMONIOKEHHbIN Ha MOBEPXHOCTM OTBEPCTUA, NpeacTaBiseT cobou
BTOPUYHbIA MUCTOMHUK CchepuyecKonm BOJIHbl. 3HAYEHME CYMMapPHOM
HaNpPAXXeHHOCTM NonA B ToUuKe B byaet 3aBmceTb OT pacctoaHmna AB, ot
MeCTa HaxOXKAEeHWA 3KpaHa (napameTpbl py WU Ty), OT AMameTpa
oTBepcTMA B Hem d. Ecam pgy U 1y OCTaBUTb HEM3MEHHBIMU U MbICIEHHO
yBennumeatb d, HauyMHaAs C HY/IEBOrO 3HAYEeHMA, TO HaAMNPAXKEHHOCTb
Nons B TouKe B byaeT nameHATbCA (CM. PUCYHOK).



lMepBas 30Ha
®peHens

OtBepcTne
anameTtpa d;

NMEPBAA U BTOPAA 30Hbl ®PEHE/NA

MepBas n BTOpas
30HblI PpeHens

OKpyXHOCTb
anameTtpa d;

6)

Mpu yBennyeHnn pmametTpa d amnanTyga HaNPAXKEHHOCTU NoAs
CHavyana byaet ysennumsatbca. MNpu HekoTopom 3HaveHun d = dq (pwuc.
a)HacTynuT TaKoOWM MOMEHT, Koraa bynet BbIMO/HATbLCH
paBeHcTBO:(p1+711) — (po+19) =1-1/2.

B stom cnyyae pasHOCTb ¢a3 pagMoBOJIH BTOPUYHbLIX MCTOYHMKOB,
Haxo4AWMXCcA OT TOYKM B Ha pacctoaHuu 1; (nepudepuitHas AnHKUA
oTBepcTMAa amametpa di) U 1y (TOYKa PACNONONKEHUA BTOPUYHOTO
MCTOYHMKA B LeHTpe oteepctma 0) byaet pasHa AY = k(A / 2) = m.
[MoBEpPXHOCTb OTBEPCTUA Ha3biBaeTcA nepBoM 30HOM PpeHensa. Bce
BTOPUYHbIE MWCTOYHMKM PaLMOBOJIH, PACMONIOXKEHHbIE B nNpeaenax
NepBOM 30Hbl, XapaKTepu3ylTca Tem, 4To ¢a3bl CO34aBAEMbBIX MMM
nonenm B Touke B otaunyatrotca oT $asbl NosA, CO34aHHONO BTOPUYHbIM
U3nyyaTenem, HaxoaAWMMCA B Touke O, He 6onee yem Ha T (Ha 180°).

MMeHHO no3aTomy B TOYKe B amnautyaa HanpaXeHHOCTM Nonsa nonyyaetcA Hambonbwen — pasHou 2E,, roe E, —
HaNPAXXEHHOCTb MOoNA, co3gaBaemasd NepBUYHbIM UCTOYHUKOM M3NyvYeHUA B cBOOOAHOM MPOCTPAHCTBE, T.€. MPU MOJIHOM

OTCYTCTBUU 3KPaAHaA.

Mpu panbHelwem yBenMYEeHUU AnameTpa OTBepcTuA oT dq A0 d, aMnAnTyda HaMpPAMEHHOCTW nosa B Touke B byaet
yMeHbLaTbcA. [10 Mepe yBenMyeHUa AnameTpa OTBEPCTUA HACTYMUT TaKOM MOMEHT, Koraa byaeT BbINONHATLCA PAaBEHCTBO:
(pa+713) — (po+10) = 2 - A/2. MNoOBEPXHOCTb KOMbLLEBOMW YaCTU OTBEPCTUSA, OrPaHUYEHHAA OKPYKHOCTAMM C guameTpamu dq
n d, HOCUT Ha3BaHWe BTOPOM 30HblI DpeHena. MNone B Touke B Tenepb dopmupyeTtca AByma 30Hamu OpeHens— nepsom u
BTOpO. MMeHHO npoTMBOda3HOCTb MNOMel, CO34aBaeMbiX BTOPUYHBIMU MCTOYHMKAMM 3TUX 30H, ABAAETCA MNPUYMHOW
YMEHbLUEHNA CYMMapPHOM aMNANTYAbl HANPAXEHHOCTM NOAA A0 HEKOTOPOro HaMMEHbLUETO 3HAYEHMA.



MEPBAA, BTOPAA, TPETbA U YETBEPTAA 30HbI ®PEHENA.
CYLLECTBEHHAA OBJZIACTb 411 PPB.

Mpw ganbHenwem ysennyeHnn oteepctuma ot d, Ao d; (puc. 2) 3HayeHne amMnaAnTyabl HANPAKEHHOCTU NONA HAYHET CHOBA
BO3pacTaTb M AOCTUIHET HOBOrO MaKCMMyMa, Korga byaeT BbiNoNHATLCA paBeHCTBO: (p3+13) — (po+19) = 3 - 4/2.
KonbueBaa ob6nactb OTBEPCTUA OrpaHMYEHHAA OKPYKHOCTAMM C AnameTpamun d, U d3 COOTBETCTBYET TpeTbeh 30He
dpeHens.

Cneoyrowmii MUHUMYM 3HaYEHUA AMNNUTYAbl HANPAXKEHHOCTU Nona 6yaeT Npu BbINOJIHEHUM PABEHCTBA:

(ps+714) — (po+71y) =4 - A/2. Konbuesas obnacTb OTBEPCTUA, OrpaHMUYEHHAA OKPYKHOCTAMM AMAMETPOB dz U dg4,
COOTBETCTBYET YeTBepToM 30He PpeHens

3HayeHMA aMNANTYA HaNPAXKEHHOCTU NONA B TOUKe B NpMHMMALOT 3KCTpemMasnbHble 3HaYeHUA B CyYasx, Koraa

(pp+1,)— (pg+19) =n-A1/2. MaKcumymMbl amnanTyabl OyayT npyM 1 HEYETHOM, @ MUMHUMYMbI NMPU 11 YETHOM.
Mepsas - TpeTbs Mepeas — yeTBepTas CywecTBeHHY0O 06n1acTb OObIYHO OrpaHUYMBAOT BOCEMbIO 30HAMMU
30HblI PpeHens 30HblI PpeHens CDpEHEIIFI (Tl — 8)
A Mpu Takom NpubAINKEHUN OLIMOKA B BbIYMC/IEHUM MONA HE NPeEBbILLIAEeT

16%. BHewHWMM aunameTp n-on 30HbI DPpeHena onpeaensercs

COOTHOLWEeHNEeM:
Oteepctue JAY g dyn = 2\/ nAlporo/(po + 10)],
anametpa di ' .
. rane n=1,2,3..... — Homep 30Hbl PpeHena, p[Na KOTOPOWU
: paccumTbiBaeTcA AMameTp.
OkpyxHocTb  OKpYXHOCTb OkpyxHocTe  OKpyXHOCTb
avavetpa d,  avametpa d; Avametpa ds; Auvametpa d;

B) r)



NPOCTPAHCTBEHHAA ®OPMA OBJ/IACTU NPOCTPAHCTBA, CYLLLECTBEHHOWU ANA PPB

10 km |

A
Y

_______________O__ —_——— e ——

30Ha ! 54,8 m

[Mpn cmelweHnn 3KpaHa BAONb OCEBOW NNMHUKN AB anameTp Ntobon 30HbI U3MEHAETCS.
OH bygeT makcMmaneH, Korga pg = 1y, U YMeHbLIaeTca No mepe NpubanKeHnA skpaHa
K TodKam A wuam B. TaK Kak pasHuua pacctoaHuint (p,+1,) — (pg+1) =n-1/2
NOCTOAHHA, TO KOHUbI AnameTpa /toboi 30HbI PpeHena npouepTAT anAnnc ¢ GoKycamm
B TOYKax A n B. MOHO cuuTaTb, YTO Mepenaya SHEPrum MNPOUCXOAUT B HEKOTOPOM
obnacTu NpocTpaHCcTBa, UMeloLwen Gopmy anAMnNconaa BpalleHna ¢ oKycamm B TOYKAX
A n B. dnnnncona orpaHMYmMBaeT CyWecTBEHHYO obnactb npoctpaHcTtea PPB. UHoraa
OrpaHUYMBAIOTCA YY4ETOM TONIbKO NepBon 30HblI PpeHens (n = 1). CywecTByeT noHATUE
MWHUMaNbHOM 30HbI — 3TO OTBEPCTME B 3KpaHe, npu Kotopom E/E, =1, T. e.
AOCTUTaeTcA amMnnTyaa, PaBHAA HAMNPAXEHHOCTM NOoAA NPU OTCYTCTBUM 3SKPaHa.
AnameTp MMHMMANbHOM 30HbI onpeaensaeTca BbiparkeHnem: dyyy = 0,578d, , roe dq

MuHumanehas 59 o — ANaMeTp nepBom 30HbI PpeHens. 10 km
30Ha
! N\ Y ! ™ >|
a— I A
1 MepBas 30Ha 54.8 M g
Ha npakTuKe BbICOTbl aHTEHH (ToYkM A 1 B) BbIGMpatoT Tak, 4Tobbl OblNa obecneyeHa %
«4YNCTOTa NepBon 30HblI PpeHena». Ha puc. g nokasaH npumep HenpasUIbHOIO a)

BblObOpa BbICOT — OAMH M3 06BEKTOB (3A4aHME) nonagaeT B nepByto 30HY PpeHend. Ha
puUc. 6 NMOKasaHo, YTO YBe/MYEHME BbICOT aHTEHH MNOo3BoAsieT obecneymtb YUCTOTY

nepson 30HblI PpeHens.

[IH aHTeHHbl B To4YKke A BAMAET Ha Gopmy M pasmepbl CyWeCcTBEHHOM obnacTu.
Ocob6eHHO 3aMeTHO 3TO NPOABASETCSA NPU A0CTAaTOYHO Y3KMX AMArpaMmax aHTEHH Ha %

yactotax f > 300 MTI',.

AQ TlepBas 30Ha

6)



OCOBEHHOCTU NPOLECCA PPB HAZL 3EMJIEU

TeXHUYeCKuUx cpeacts AMHUM HaA3EeMHOW pPagMoCBA3M PACNOIONKEHbl Ha uAuM BOAKU3K
noBepxHocTM 3eman. B  3Tom c/ayyae TexHONOrMA pPagmocBA3M  peanmsyeTca ¢
MCNONb30BaHMEM 3eMHbIX BOJIH. CamMoO MOHATME CYLWECTBEHHOM 061aCcTM BO3HMK/IO MNpu
PAaCCMOTPEHUN paaMoaMHMKM B cBoBoAHOM npocTpaHcTBe (puc. a). B cBobogHoOMm
NPOCTPAHCTBE MAEHTUYHbIE SIUNCbI MOXHO BbIAENUTb Ha NOOOM paauanbHOM Jyde,
NCXOAALLEM U3 TOYKU U3ydYeHUA A. INeKTPoMarHMTHble MOoNA, COCPEeAOTOYEHHbIE B 3TUX
3NINNCONAAX, COBEPLLUEHHO He byayT BANATbL Ha nose B TouKe B.

Ecnn pagnonnHua pacnonorxKeHa Hag 3emnen n obe aHTeHHbl HaxoaATCsA AO0CTaTOYHO BbICOKO
(puc. 6), T0, o4epTUB CyLECTBEHHYIO 061aCTb (NYHKTUP), BUAUM, YTO Mmexay TouKkamu A n B
CyLLEeCTBYeT NpsamMan BO/IHa, PACNPOCTPaAHAIOLLAACA HEMNOCPEACTBEHHO OT UCTOYHUKA K MECTY
npuema. Ecam yuntbiBaTb TONbKO 3Ty BOJIHY, TO B TOYKe B co3aaeTca TOYHO TaKoe e none,
KoTopoe 6bino 6bl B oTcyTtcTBMe 3eman. OAHaAKo B CPAaBHEHUWU CO cayd4aem cBoboaHOro
npocTtpaHcTBa (puc. a) nosBunacb Becbma CyllecTBEHHaA 0CObeHHOCTb. 3JHeprus
PAaANOBO/IH, CKOHLEHTPUPOBAHHAA B anaunnconae, coorsetcraytowem nydyy AC, noBamsaeT Ha
none B To4YKe B . NMpon3ongeT 3To 3a CYET OTPAKEHUA PaANOBONHbI OT NOBEPXHOCTU 3eM/Nn.

6)
CeyeHuMe «NOMaHOro» 3N1AMNCoOnaa CoOOTBETCTBYET Najatouler BonHe (HanpasneHne AC) n BonHe oTpaxKeHHoM (HanpasBaeHue

CB). 9To ceyeHue NOKa3aHoO Ha puc. 6 ToueyHom nNnHMen. MonHoe none B To4Ke B cOCTOUT M3 ABYX COCTaBAAOWMX, OAHA U3
KOTOPbIX COOTBETCTBYET NPAMOWN BOJIHE, @ Apyraa — OTPaXKEHHOM OT 3emMnun. ITO C/ly4an «BbICOKO MOAHATbIX aHTEHH». OH
XapaktepeH npu ucnonb3oBaHum 4yactotr 30..300 MMy (OBY) mn 300..3000 Ml (YBY). TUNMYHbIMKM NPMMEPaMM BbICOKO
NOAHATbIX aHTEHH ABAAIOTCA AHTEHHbl PaAVOpPEeNenHbIX CTaHUWA NPAMON BUAMMOCTU, AaHTEHHbl PAAUOTENEBU3UOHHbLIX
nepeaatoLmx CTaHUMMN, aHTEHHbI 6a30BbIX CTaHLMIA COTOBOM CBA3MW.


file:///C:/9затененная

OCOBEHHOCTMU MPOLIECCA PPB HAZL 3EMJIEM (npogoneHue 1)

MpMHUMNMANBHO MHOM Cly4an, KOraa nepeaatowas aHTeHHa (Touka A) u npuemHan aHTeHHa (Touyka B)
HaXO4ATCA B HENocpeacTBeEHHOM 6AM30CTM OT 3eM/In, U CyLecTBeHHAs 061acTb 419 PacnNpPOCTPaHEHMA
PaAMOBOH HE IEXUT LEeNMKOM Hag 3emnen. Tenepb Nose B TOYKe B y)Ke Henb3a NpeacTtaBuTb Kak pesynbtat
HaNOXKEeHMA NPAMOWN U OTParKeEHHOM BOJH. [1pocTan oTparkaTeNbHaA TPAKTOBKA 34eCb HEMPUMEHNMA, U HYXKHA
CTPOras NOCTaHOBKA 3/1EKTPOANHAMUYECKOM 3a4a4M O BO3OYKAeHUM Tena, ummntupytowero 3emnto. Takas
3aZa4a OTHOCMKTCA K Knaccy ANdPaKLUMOHHDbIX.

Ona obneryeHna eé peweHnA BBOAAT HEKOTOPbIE YyNpoLweHUA. Bo-nepBbix, 3eM1H0 CYMUTAOT NPABUbHbIM
chepuryeckmMm TesiIoM. Bo-BTOPbIX, MOBEPXHOCTb 3EM/IN CYUTAOT NAEANbHO [/1aAKOM 1 OAHOPOAHOWN.
MaTtepuanbHble NnapameTpbl aTMocdepbl (BO3ayxa) NPUHUMALOT TAaKUMMU }Ke, KaK U NapameTpbl cBOH6oaHOro
NPOCTPAHCTBA.

PaccMOTpeHHbIN C/ly4an COOTBETCTBYET HM3KO PACNONOXKEHHbIM aHTEHHaM. OH XapaKTepeH npu
ncrnonb3oBaHum Yactot 0,3...3 My (CH) n 30...300 Ky, (HY). TunnyHbIMM NpMmepamm HU3KO PacnoNOKEHHbIX
aHTEHH SIB/IAIOTCA aHTEHHbI PaANOBELLLAaTENbHbIX CTaHLMI CETEN 3BYKOBOIO BELLLAHUA B YKa3aHHbIX
Anana3oHax




NPEAENbHOE PACCTOAHUE NPAMOW BUANMOCTMW.
OCBELLLEHHAA OBZIACTb U OBJZIACTU TEHM.

Bbllwe 6bl10 NOKa3aHO, YTO OCOOEHHOCTU PaACAPOCTPAHEHUA 3E€MHOM BOAHbI  MeXay
Toukamm A u B onpegenaotca  NoNoOKeHMem o061acTM  CyWwecTBEHHOW Ans
PacnpoCTpaHeHMA PaanUOBOIH OTHOCUTE/NIbHO NOBEPXHOCTU 3emnun. Mpu 3agaHHON AnHE
PaguMoNMHUM T MONOXKEHNEe cylwecTBeHHOM obnacTn onpegenseTca BbiICOTaMM NoAbEMA
nepeparoLert u NPUEMHON aHTeHH hy u h, (puc. a).

[Mpn OUEHKe YCNOBUM PACNpPOCTPAHEHUS 3eMHOI BOMHbI B C/ly4ae BbICOKO MOAHATbIX
aHTeHH, Korga hy > A wn h, > A, AAVMHY pPaguoNMHUM T 4acTO CPaBHUBAKT C
npeaenbHbIM PAacCTOAHMEM NPAMON BUAMMOCTHU 11p (puc. 6). A BbICOT NoABeCa aHTEHH
Ha nepegaye M NpPUeme BCEr4a BbIMONHAIOTCA HepaBeHCTBa hy K azy u h, K aszy, rae
azy = 6370 Km — paguyc 3emnm, NO3TOMY BeMYMHA Typ, OTCYMTbIBAaemaa BAO/b
NOBEPXHOCTU 3eMan, NPUBANKEHHO paBHaA NpAMon AB, KacaTeNibHOM K MOBEPXHOCTH.

W3 reomeTpun puc. 6 cneayer, uto rp = +/2azm (v Ry + 1/ h2).

Ecnau rpp BbIpa3nTb B KWAOMeETpaAx, hy u h, — B meTpax, To:

mp = 3,57(\/h_1 + \/h_z)

30HY AEeNCTBUA 3€MHOM BOJIHbI MPUHATO AeNUTb Ha 06a1acTM — OoCBelleHHY 061acTb U
obnactb TeHn. OcBeuweHHaa 0b6nacTb — 3TO 30HA 3€MHOW MOBEPXHOCTU, OKpPYrKatoLias
nepefaroLlyt0o aHTEHHY M feXallas B rpaHMuax npeaenbHOro pPaccToAHMA NPAMOWN
6) Bugmmoctu (r < rgp ). O6nacTb TEHM — 3TO 30HA HA 3eMHOM NOBEPXHOCTU, OKPY*KatoLLan
nepeaaroLLyo aHTEHHY W Nerkawaa 3a rpaHMuaMM npeaenbHoOro PaccTtoAHMUS MNPAMOWN
sugmumoctn (r > rgp ). NHoraa ncnonb3ytoT noHATHME 061acTv NOAYTEHW, ANA KOTOPOWM
cnpaseanneo ycnosue (1 = ryp ).
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B/IMAHUE 3EMJIU NMPU BbICOKO NOAHATbIX AHTEHHAX —
NMPUBNNXKEHUE NNOCKOU 3EMHOU NOBEPXHOCTU

BbinonHAETCcA ycnoBMe BbICOKO MOAHATbIX aHTEHH (hy > A wn h, > A). Ecam pagmonnuHua
nmeeT Hebonbwylo npoTaxKeHHocTb (r < 0,2177p ), TO 3€MHYI0 MOBEPXHOCTb NPUBAMMKEHHO
MOHO CYMUTATb NNOCKOM. [onHOe none B TouKe B cKnapgblBaeTcs U3 ABYX COCTABAIOLLUX.
OAHa M3 HUX COOTBETCTBYET NPAMOM BOHE, @ ApYrada — OTPAXKeHHOM OT 3eM/In BOJHE.

Ecnm yuntbiBaTb TONBKO NPAMYIO BOJIHY, TO B TOUKe B co3aaeTtca Takoe none, Kotopoe 6bl1o
6bl B oTCcyTCTBME 3emnu (puc. 6). BolparkeHne ans KOMNEKCHOM aMNANTYAbl HaNpPAXEHHOCTU
nona npamoii sonHbl ENX = (\/60PG / ry)e I+,

[na npnbaAnKeHHOro y4yeTa OTpaKeHHOM BOHbI MCMONb3YIOT METOZ, 3€PKabHbIX
oTobpaxkeHnin. CyTb MeToAa — 3aMeHa peasibHOM aHTEHHbI €€ 3epKasibHbIM 0TOBpaXKeHnem
3a NOBEPXHOCTbIO pasgena (Touka Azg). Mpn 3Tom cama NOBEPXHOCTb pPa3aena UCKIYaeTca
N3 paccmoTpeHus (puc. 8).

BbipakeHne A4Na KOMNAEKCHON aMNANTYAbl HANPAXKEHHOCTU NONA OTPAXKEHHOW BO/HDI

EOTP — (\/6OP /rz)Re JkT2 | rpe: 1, — pacctosiHme AsgB = AC + CB (puc. 8); R = Rel? —
KOMMNEKCHbIN KO3OPUUNEHT OTPArKEHMA N BOMHbI OT MNJIOCKOM 3€MHOMN MOBEPXHOCTMU.
CymmapHoe none E,,, = EIIP + EQ™ = (V60PG / r)(1 + Re/(kAT=0))g=jkT
BennunHbl P, G, 06bIYHO M3BECTHbI — OHM XaPaKTEPU3YIOT PAAMONNHMNIO. HEM3BECTHBIMMU
asnaTca: Ar = r, —r; =& 2h h,/r — pa3HOCTb ANVH NyTE, NPOXOAUMbIX MPAMOIA BONHOM U
OTPaXEHHOMN, MOAY/1b KOMMNJIEKCHOTO KO3pPUMUMeHTa oTpaxKeHma R, pa3osbin caBur npm
oTpa*keHunun 6 (pa3a KomnnekcHoro KoapdbULMEHTa OTParKeHuna). PyHKLUMA BO BTOPbIX
KPYMbIX CKOBKax Ha3blBaeTcA MHOXUTenem ocnabnenusa V =1 + Re Jj(kAT=0) — yo—jov,
PacueTHble popmynbl ana R n 6 npmuBeaeHbl B yuebHom nocobumm no PPB.



BAUAHUE 3EMJIU NPU HU3KO PACNONOMEHHbBIX AHTEHHAX —
NMPUBNINXKEHUE NNOCKOU 3EMHOM NOBEPXHOCTU

a)

WaeanbHo + E,
nposoasLLas
NOBEPXHOCTb 3

'ffxfo {/ff/////////ffffff//ff//f/ g
|« >
r
PeanbHas
3eMHas =
ES’M
NOBEPXHOCTb

’////;A’j////////////f////////////fT///x

r

Ob6e aHTeHHbI pacno/ioXKeHbl AMb60o Ha noBepxHocTn 3eman (hy = 0 n h, = 0) puc.
a, "mbo Ha BbicoTe hy KA un h, KA. Mpu nogobHOM pPacnonoxeHUn aHTeHH
MHTepdepeHUMOHHaa dopmyna p[aeT HenpasBu/bHbIM  pe3ynbtaT. [lpu HU3KO
PACNONOXEHHbIX AHTEHHAX 3eMHaAa BOJIHA HE MOXET ObiTb pa3aeneHa Ha BOJIHY
NPAMYIO U BOJIHY OTpa*keHHyl. B gaHHOM cnyyae cywecTsyeT eaMHaa BOJHA,
PacNpPOCTPAHAIOWAACA BAONb NOBEPXHOCTU 3eMAMN.

AMNANTYAHOE 3HauYeHWe HanpAXEeHHOCTM noas Takou BoAHbl Ezy = EVam(p).
3pgeck: E,, = V120PG/r —amnautyga HanpaeHHOCTUM noAafA, CO34aBaemoro
BEPTUKANIbHbIM  3/IEKTPUYECKMM BMOpPATOpPOM Hag WMAeanbHO NPOBOAALLEN

naockoctbio (o = ); Vau(p) = |1 — jmpe P —2e~P.\[p f(;/ﬁexzdx| — MOAy/b
MHOXUTeNns  ocnabneHus, OUEHMBAIOWMNA, BO CKOJMIbKO pPa3s  3Ha4yeHue
HanpPAXeHHOCTU MonA Hag peanbHoM 3emnen Ezy  MeHblue 3HaYeHusA
HaNPAXEHHOCTU NONA Hajd MAeanbHO NPoBOAALLEN NNOCKOCTbIO Ey NPU NpoYmx
PaBHbIX YycnoBUsAX. BenuumHa p — napameTp, HA3bIBAEMbI UYUCJAEHHbIM
pacctosaHuem (6e3pasmepHaa BenaununHa) p = nir/[A|E|]; & =&, — j600,4 —
KOMMJIEKCHaA OTHOCUTE/NIbHAs  AMINEKTPUYEeCcKas MNPOHMLAEMOCTb 3eMHOM
NOBEPXHOCTH.

dopmyny Ezy = EoV3m(p), NnpuHATO HasbiBaTb dopmynoit LLynelikuHa — BaH-aep-
Mona. MpubnmkeHne nnockon 3emanm Ana NPUMeEHeHUs 3Ton  Gopmyabl
CNpaBeAnvBO 419 PaccTofHmi r < 7 - 103 A1/3.



BIUAHUE 3EMJTU NPU HU3KO PACMONOXEHHbLIX AHTEHHAX —
NMPUBNTNKEHUE NNOCKOU 3EMHOU NOBEPXHOCTU

E, E

PeanbHasa B _
3eMHad
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CTporuit aHa/In3 NOKa3bIBAET, YTO BEKTOP 3/IEKTPUYECKOrO MOJIA B KaXKA0M TOYKE 3eMHOM NMOBEPXHOCTH
npuobpeTaeT HakNOH Bnepea. [ToMmnmo BepTUKanbHOM cocTaBnsaowen Eg BOSHMKaeT ropnsoHTabHas

coctasndAwowan Er, HanpaBneHHaA napannesbHO 3eMHON NOBEPXHOCTM. AMNanTyaa u ¢pasa
FOPM30OHTaIbHOW COCTABAAOLLEN ONPeaenatoTca 3NEKTPUYECKMMM NapameTpamm 3eMHOU

noBepxHOCTW. Ecan 3HaueHune |§B | onpegeneHo, To |§F| ~ |§B |/|\/€2 —j60021|.




ATtmocdepa

BIMAHUE TPOMNMOCPEPLI HA PPB. PEOPAKLUUA PAANOBOJIH

KocmMuyeckoe npocTpaHcTBo

Tponocdepa — 3TO HMXKHAA 061acTb aTMmocdepbl, NPOCTUPAOLWLAACA MO
BbicoTe ao 10..15 km. B Hen cocpepoTtovyeHa OCHOBHAsA Macca BCeWM
atmocoepbl (okono 80%) n novtm BcA macca BoaAHbIX NapoB. Kpome
TOro, B Tponocdepe Mmoryt HabnoaaTbCAa rmapomeTeopsbl (TyMaH, A0XKAb,
CHer, rpag,).

Cneunduka PPB Tponocdepe onpegenaercA NPOCTPAHCTBEHHO-
BPEMEHHbIM pacnpeaeneHnem 3Ha4eHM MaTepuabHbiX NApameTpoB
3TOW cpeabl: €4 = €leq, A= U g, 0. O6bluHO ' =1, ol =
0 nostomy Onpegenaowmm napameTpom Tponochepbl ABNAETCA €€

OTHOCUTE/IbHaA ANINEKTPUNYECKAA NMPOHULAEMOCTb €T, KOTOPdA CBA3adHA

c Ko3ddULMEHTOM NpenomneHus cpeabl ny popmynont n't = Vel.
3HayYeHMA N BeCbMa Ma/io OT/IMYALOTCA OT eAMHUUbI U Aa)Ke Yy NOBEPXHOCTU 3eMau nexkaT B npegenax
1,00024...1,00046. OnepupoBaTb TaKMMMU 3Ha4yeHMAMM He yaobHO, no3TomMy BBOAAT MNPUBEAEHHbIN

koapdULMeHT npenomnenna Tponocoepbl Ny, CBA3aHHbIM € n' cooTHoweHuem: N1 = (nT— 1) - 106.
NpuBeaeHHbIV KoadduumeHT npenomnenms N1 4acTo Ha3bIBAOT MHAEKCOM NPENOMAEHWUA UM UHIOEKCOM
pedpakumum. 3asmucumocts ep(h) 6aM3Ka K aKcnoHeHumanbHol: €1 (h) = AeLoexp(gTh/AeO), roe: Ael_o -
npusemHoe (h = 0) OTKAOHeHWe 3HayeHua €' oT eguuunubl; g' = de'(h)/dh — BepTUKanbHbINM rpagueHT
AN3TIEKTPUYECKON NPOHMLL@EMOCTHM Tponochepbl y 3eMHOM NOBEPXHOCTW.

CyuwiectByeT NoHATME «CTaHAAPTHaAA pagauoatmocdepar». [lna Heé gT =-785-10"81/m, a AEZZO = 5,78
10™% d/m.

NoHocdepa

<
CrtpaTocdpepa {

Tponocdepa

T



B/IMAHUE TPONOC®HEPDbI HA PPB. PE®PAKLIUA PAAUOBOJTH (npoaonkeHue 1)

[MonoxuTtensHas Hynesas OTpuuarternbHas
pedpakuma pedpakums pedpakuma
g”" <0 g’ =0 g’ >0

e /

a) 6) B)

[MpAMbIM CneacTBMEM MNABHOTO M3MEHEHUA AUINEKTPUYECKOM MNPOHULAEMOCTU Tponochepbl ABAAETCA
NNaBHOE UCKPUBAEHUE TPAEKTOPMM PACNPOCTPAHEHMS PAANOBO/IHbI — ABNEHUE pedpaKLUUn.

Pasobbem ycnoBHO BCHO Toauly Tponocdepbl NO BbICOTE Ha 6onblloe YNCNO CHepUYECKUX, KOHLUEHTPUYHbIX
3eMHOW NOBEPXHOCTM cnoes. [lpn nepexoge OT CNOS K C/A0K0 NPOUCXOAUT NPesioM/ieHne TpaekTopun. Ecam
YMUCNO CNoeB pPas3bueHns ycTtpemmnTb K OECKOHEYHOCTU, TO TPAEKTOPMS BOJIHbI MPEBPALLAETCA B MJIAaBHYHO
KpuByto. KpnBM3Ha TpaeKTopum 3aBucuT oT g'. Ecam g1 < 0, To TpaeKkTopua pacnpocTpaHeHua obpalleHa
BbINYKAOCTbIO BBEpX, ecin g > 0, To TpaeKTopua obpalleHa BbIMYKNOCTbIO BHU3. B COOTBETCTBMM C 3TUM
PA3NYaLtOT TPU BMAa TponochepHoU pedpakumm: NoNOKUTENbHAA pedpaKumMa, Koraa gT < 0 (puc. a), HyneBas
pedpakuma — g’ = 0 (puc. 6), oTpuuaTtensHasa peppakuma — g' > 0 (puc. ).

Yaule Bcero HabnoaaetTcs nonoxntenbHaa peppakums.



B/IUAHUE TPONOC®EPbI HA PPB. PEOPAKLIUA PAAUOBOJTH (npoaonkeHue 2)

PasnnyaloT HECKONbKO BWAOB MONOXUTENbHOW pedpakunn: CTaHAAPTHAA pedpakuma npwu gT = -7,85-
1078 1/M (pwc. a), noBbileHHasa pedppakuma npu g. < —7,85- 1078 1/M (puc. 6), KpuTMdecKkas pedparums
npu gT = —31,4-10"81/M, Korga TpaeKTOpWA PacnpoCTPaHEHUA PaAMOBOHbLI NapannenbHa 3eMHOM
noBepxHocTu (puc. 8), ceaepxpedpakuma, nam BonHOBOAHaA pedpaKkuma, npu gT < —31,4-10"81/Mm, Korga
BO/IHA 3a cyeT pedpaKkuMm NagaeT Ha NOBEPXHOCTb 3eM/IM U OTPAXKAeTcA OT Heé, a Aanee BHOBb UCKPUBAAETCA

M BHOBb NajaeT Ha NOBEPXHOCTb 3eMau (puc. 2).

CtaHpapTHas
pedpakumd

g’ =-7,85-10

—7

a)
Kputnyeckas
pedpakumg
g "'=-31,4-10

m

B)

g1

M

51

M

[NoBbILLEHHAasA
pedpakuyus

g’ <-7,85-10

"

g 1

M

6)

CBepxpedpakL

nA

YTobbl yuyecTb pedpakumio B Tponochepe npu pacyeTax
HanPAXEeHHOCTM NOAA BMECTO UCTUHHOIO paanyca 3eMn dzy
BBOAAT SKBMUBANEHTHbIN Pagunyc dy:

_ T
ay = azu/(1+ asy - g7/2).
C yyeToMm pedpaKUMM  3SKBMBANEHTHOE  NpeAesbHOe

paccTosHWe NPAMOIt BUAMMOCTU Tpy = /2a3(y/hy + /h3).

B cnyyae vyyera pedpakuum camum noHATMA obnacten
OCBELWEHHOCTU, TEHU U MNONYTEHW CTAHOBATCS YCNOBHbIMM.
TouyKa npuema, HaxoAALLanAcA Npu onpeaeneHHOM 3Ha4YeHUwu
g', Hanpumep, B 061aCTV MOAYTEHM, NPU APYIMUX 3HAYEHMAX
g' MOXeT OKa3aTbcA WM B 06NACTM OCBELLEHHOCTU WUAU B

obnacTtu TeHu.




BNAUNAHUE TPOMNOCPEPLI HA PPB. OC/ZIABNTEHUE PAANOBOJIH B OCAAKAX U TA3AX

PaanoOBOIHbI NPU pPacnpocTpaHeHUn B Tponocdhepe MoryT NPOXoAnTb CKBO3b OCaAKWU: A0XAb, rpaj, CHer, TYMaH, KoTopble
MHaye HasbIiBalOT rugpometeopamu. Ocagku ABAAIOTCA OAHOM M3 NPUYMH  JOMNOJIHUTENIbHLIX NOTEPb nepeaayun
(mononHuTEeNnbHOro ocnabneHunsa) nNpu pacnpocTpaHeHUn paamoBonH. OcnabneHne B ocajKkax HaYMHAET CKa3blBATbCA Ha
yactotax f > 61Ty, (A < 5cM) m ocobeHHO cywecTBeHHO Ha YacTtotax f > 10 Tu. Mpu 3TOM OCHOBHOE 3Ha4YeHue umeet

ocnabneHne B AoXAe, a TakXKe B TymaHe M B obnakax. Ecnm onpegeneH moaynb MHoOXKuTena ocnabnenua V = |I7 , TO
_valn
aMNANTYAQ HanpAXKeHHOCTb nona: E = (\/60PG/7‘) -V, B/m. MHoXuTenb ocnabnenunsa 8 poxae: Vy = 10 20, roe: y; -
noroHHoe ocnabneHwve B geunbenax Ha kunometp (ABb/Km); Iy — AnnHa Tpacchbl AOXKAA B KMNOMETPaX.
Ecnun pafmoBosiHa NpoxoamT NyTb 1™ M M3 3TOTO NYTU Ha 30HY A0XAA MPUXOAMUTCA OTPE3OK L7, TO HANPAXKEHHOCTb NoNA:
_vala
E = (\/6OPG/r) -+ 10 20, B/m. MpousseneHne y;l; Mmeer YeTKMN PUINYECKMI CMbIC — 3TO AOMOJIHUTE/bHbIE

notepu Npu nepejaye B A0XKAeE, BbipaxeHHble B geunbenax Ly = yl;, aB.

CooTHoweHne mexay ¥ (Ab/km) n nHteHcnsHoCTbIO AoxAaA I (Mm/4) onpeaensetca dopmynoit y, = klff.

3HaYeHns KO3PPUUMEHTOB kK U a ABNAIOTCA CAOXKHbBIMU GYHKLMUAMM YacCTOTbl M 3aBUCAT OT BMAa NONAPU3ALNM PAANOBOJHbI.
YcpeaHeHHble 3HaYeHUA YKa3aHHbIX KoaddpuumeHTos anda yactot 10 ....40 My, npuseaeHbl B yuebHOM nocobumm no PPB.
PacnpeneneHne MHTEHCMBHOCTU A0XAA, KaK BAONb MOBEPXHOCTU 3eMU, TaK U MO BEPTUKA/IN, OT/IMYAETCA CYyLLECTBEHHOWM
HEPAaBHOMEPHOCTLIO. B 3TOM CBA3K BBOAAT NOHATUE 3GPEKTUBHOW A/IMHbI TPACCHI 1571, @ AONOAHUTENbHbIE MOTEPU B AOXKAE,
Bblpa)KeHHble B geunbenax, onpenensaor Kak Ly = yyryy. IPdekTuBHaa avHa Tpaccel 4oxaa Ly = ryp = k.1, rae k. =
1/(1 + 0,02857re%015n),

Cnegyrowmmm no cBoemy 3Ha4yeHuo GakTopom ocnabneHusa pagnmoBONH ABAAKOTCA: TYMaH, 06/1a4HOCTb, rpaj, CHer, rasbl
atmocdepsbl (Kncnopoa, BoaaHble napbl). KpaTkas nHpopmaumsa ob nx yyete ectb B yuebHom nocobum no PPB.



BANAHUE TPOMNOCPEPHI HA PPB. PACCEAHUE PAANOBO/JIH

B 60/IbLUMHCTBE C/ly4aeB 3aBUCMMOCTb €| (h) 6amnsKa K

° 3KCMOHeHUunanbHon. OfHaKo 3Ta 3aBUCMMOCTb He OTpakaeT
O 9 « Ly MUKPOCTPYKTYpPbI Tponocdepbl, B KOTOPO HENPEPbLIBHO
. 9 o o MNPOUCXOAAT CNOXHble TypbyneHTHble (BUXpeBble) npoLecchl
< @ o ° I oarrrrs. [ABUXEHMNA BO34YLWHbIX Macc. BuxpeBoe ABuKeHMe NopoXKaaeT B

Tponocdepe BO3HMKHOBEHUE NOKA/IbHbIX HEOAHOPOAHOCTEMN

OTHOCUTENIbHOW AMN3NEKTPUYECKOMN NMPOHULAEMOCTHU. Takne

Wm;% W% HEOAHOPOAHOCTM NPeacTaBNAT cobon HebonbLIne obbembl

2) ©) BO3/JyXa C OT/INYAIOLLMMUCA 3HAYEHUAMMU ANINEKTPUYECKOM
NPOHNLLAEMOCTMW.

MrHoBeHHaA KapTUHA pacnpegeneHna HeoAHOPOAHOCTEM B Tponochepe CXxemaTUyecKM MoKasaHa Ha puc. a. Nomummo
HEOAHOPOAHOCTEN BUXPEBOrO0 XapakTepa, B Tponocdepe CyLWECTBYIOT C/IOUCTble HEOAHOPOAHOCTU, BbI3biBaeMblie
dopmupoBaHMeM B Tponochepe MHBEPCHbIX c/10eB, 0bpa3oBaHMeM 061aKOB, METEOPOIOTMYECKMMU PPOHTAMU U APYTUMU
npoueccamm. Takoro poaa Heoa4HOPOAHOCTM CIOUCTONO XapPaKTePa CXeMaTUUYEeCKMN NMOKa3aHbl Ha puc. 6. B peanbHbIX yc1oBUAX
BUXPEBbIE U CIONCTble HEOAHOPOAHOCTU CYLLLECTBYHOT OAHOBPEMEHHO M B CBOEN COBOKYMHOCTM AeNatoT Tponochepy C TOUKM
3peHUA pacnpeneneHna AMSN1eKTPUYECKON MPOHULAEMOCTHN, CneaoBaTenbHO, U KoadbduumeHTa NpPenom/ieHnsa, cpeaomn
ONTUYEeCKM HeogHopoaHou. [Mpun nwbon noroge u npu NbbIX ycNoBMAX BCerga MMerT MeCTO HeoAHOPOAHOCTU
Tponocdepbl. OHM MmoryT bbITb HoNee CUNbHO UM MEHE CUIbHO BblpParkeHbl, HO OHM CYLLLECTBYIOT NPU BCEX YC/IOBUAX. ITO
06CTOATENLCTBO CTA/10 KAKOYEBLIM ANA 0OBACHEHMA MeXaHMU3Ma PacnpoCTPaHeHna PaanoBoaH ananasoHos: OBY, YBY n CBY
Ha PACCTOSAAHMA, KOTOPble 3HAUYMTENbHO MNPEBbLIWAOT NpPeae/sbHOE PACCTOAHUE MNPAMOM BUAMMOCTU AaKe C Yy4eToMm
pebpakunn. @Paktbl NogobHOro pacnpocTpaHeHuna Obian BnepBble 3adUKCUMPOBAHbI IKCMEPUMMEHTA/IBHO B cepeauHe
NPOLW/IOro BEKa.



AOANIbHEE TPOMNOC®HEPHOE PACINMPOCTPAHEHUE PAANOBOJIH

OB6nacTs Kak BuxpeBble, Tak W C/OUCTble HEeOAHOPOAHOCTM ABAAKOTCA WUCTOYHUKaMU

o/ stﬂcﬁzgzaﬂ*:ggzm pacceAHMA paanoBOH. [lpoueccom pacceaHMA Ha3bIBAlOT NpoLecc nepensnyyeHus
/ A

)/ TpOnocepbi 3N1EeKTPOMArHMTHOro NONA B HEOAHOPOAHOU cpeae NO HanpasBAeHUAM, OTIUYHbIM OT

HanpaB/AeHUA PacnNpPoOCTPaHEHMS NEPBUYHOro nonAa. B 3aBMCMMOCTM OT CBOWCTB
=" TponocdepHsie HEeo4HOPOAHOCTEN PA3NMNYAIOT ABA BUAA PACCEAHUA: HEKOTEPHTHOE U KOrepeHTHOeE.
/ BOMHbI JIoKanbHble BUXpeBble HEOAHOPOAHOCTM XaOTUUYECKN NepeMeELLaloTCa B Tponocdepe.
B 3tom cayyae ¢a3bl 3N1EKTPOMATHUTHLIX TMOAEN, PaCCeAHHbIX OTAE/IbHbIMU
HEOAHOPOAHOCTAMM, MEHAITCA BO BPEMEHW MO CAYYaWMHbIM HE3aBUCUMbIM
3aKOoHam. TaKoe pacceAHMe Ha3blBAOT HeEKorepeHTHbIM. C/1onCTble HeO4HOPOAHOCTHU
bopMUPYIOT NOAA, U3MEHANLWMECS NO AETEPMUHMPOBAHHOMY (Hecny4amHomy)
3aKOHY. TaKoe pacceAHMe Ha3bIBAlOT KOFePEeHTHbIM.
PacnpocTtpaHeHne paauoBOIH B Tponocdepe Ha PacCToAHUA, NPEBbILLAoLLIMe NpeaeibHOe PACCTOAHNE NPAMON BUANMOCTH
Ha3bIBAlOT Aa/IbHUM TponochepHbIM pacnpocTpaHeHnem pagmosonH (OTP). PeanbHoe none ATP dopmupyertca B pesynbrate
KaK KOrepeHTHOro, TakK U HEKOrepeHTHOro pacceaHUn. Pe3ynbTupytollee nose noaBepXKeHo 3ammpaHuam (payKTyaumam) Bo
BPEMEHU U B MPOCTpPaHCTBe. PacnpeaenenHme amnauTtyd nNoaAa HOCUT XapaKTEpP CAOMKHOIO0 HEeCTaUuMOHAPHOro C/Ay4amHOro
npouecca. Ha pagmonunmax ATP ncnonb3yetcs anana3oH yactoT ot 0,4 ao 15 Mu,. Peannsyemasa annHa takmx amHmnim ao 700
Km. MepBbie AnHun TP npuMeHANNCb B TEX CAy4asXx, KOrda CTPOUTENIbCTBO paanopenenHbiX IMHUIKA C MHTEPBanaMU NPSMOWN
BUAMMOCTU MO TEM MAU UHBIM NPUYNHAM (IKOHOMMYECKOTO UM TEXHUYECKOro XapakTepa) 6bi10 HeuenecoobpasHo mau
HEBO3MOXHO: MNP HEOBXOAMMOCTU MPEOoAONEeTb MPOTAXKEHHblE BOAHbIE MPENATCTBMA, B Masio3ace/IeHHOW HeobXUTom
MECTHOCTU M T.A. WUHTEeHCMBHOE BHeApeHWUe CrYTHUKOBLIX CUCTEM CBA3M PE3KO CHU3UAO WUHTEpec K CTauMOHaPHbIM
paanonnHuam ATP. OaHako co3aaHue MobuabHbIX TPONocPepHbIX cuctem aAna paboTbl HA MHTEPBANax, HEe UMELWMX
NPAMON BUAMMOCTU, NPOTAKEHHOCTblo A0 100-150 Km npeacTtaBnsieTcds U CerogHA OAHUMM W3 NEepPCneKTUBHbIX A1
BEZIOMCTBEHHbIX ceTen CBA3MN.



BTMAHUE NOHOC®EPDLI HA PPB

Koomuieckoe npocTpaHcTso NoHocdepa — 3To BepxHASA 061acTb aTMochepbl, HAX0AALWAACA Ha BbICOTE
npnbnmnsmutenbHo ot 80 go 1000 km. B moHochepe noa AeNCTBUEM
0b6/ly4EHUA KOCMUYECKMMU NYy4aMK, MAYyWMMMK, B NEPBYHO o4vepeab, OT
ConHUa, nNpoucxoauT paclenneHrne MONEKYN KMCnopoda M a3oTa Ha
aTombl. Kpome TOro, AencreyeTr NpoLecc MOHM3ALUUM aTOMOB — OTPbIB
OAHOr0 UM HECKOJIbKMX 3/IEKTPOHOB OT aToMa. B pe3ynbtate MoHU3aumum
"B 0bnactm umoHocdhepbl o0b6pasyercs bHonblwoe YUCAO CBOOOAHbIX
3aPAMKEHHbIX 4acTUL, — 3/1eKTPOHOB M WMOHOB. MoHOCchepa cocTouT U3
CMECU rasa HeuTpanbHbIX MOSIEKYN (B OCHOBHOM a30Ta M KMCA0pPOAaA) U
NNa3Mbl — CMECU 3aPSKEHHbIX YaCTUL, Hecylmx OTPULLATENIbHbIN UK
NONOXUTENbHbIN 3apsaa. Hocutenammu oTpuuaTenbHbIX 3apsaa0B ABAAIOTCA
3N1eKTPOHblI WU OTpuUATENbHble WOHbI. Hocutenamm noNoXKUTENbHOTO
3apAaa ABNAKOTCA MONOKMUTENIbHbIE MOHDI.

NoHocdepa

<

ATtmoccepa

CrtpaTocdpepa {

Tponocdepa

B uenom moHochepHyto nnasmy Ha NobON BbICOTE MOXHO CYUTATb I/IEKTPUYECKU HenTpanbHOW. Hapaay c
MOHU3aUMEN NpoucxoauT M obpaTHbIM NpoLecc UcYe3HOBEHUA CBODOAHbLIX INEKTPOHOB M MONOMKUTENbHbIX
MOHOB BCNEeACTBUE UX BoccoeanHeHus (pekombuHauumn). Yem meaneHHee NPOUCXOAUT PeKoMObUHauUMA, TeEm
Gonbluee YNCIO CBOBOAHbIX 3MEKTPOHOB B eAnHULEe 06bema. Yucno N2 cBoBOAHbIX 3/1EKTPOHOB B eAMHULE
obbema HOCUT Ha3BaHME 3/IEKTPOHHOM NNOTHOCTU (3N1EKTPOHHOM KOHUeHTpauun). Cneunduka PPB B
noHocdepe onpeaenaeTca B OCHOBHOM pacnpeaesieHMemM 3N1eKTPOHHOM NJOTHOCTU MO BbiCOTe.



CTPOEHUE MOHOCODEPDI

h, KM 4

SﬂeKTpOHHaﬂ NNOTHOCTb B VIOHOC(bepe - O€Hb

400
N3yuyeHne noHochepbl NO3BOANAO BbIABUTb XapaKTEPHble 06/1acTH

(cnhown) NnoBbILWLEHHOW 3/1EKTPOHHOM NNOTHOCTU. MoHOChepHble cioun

npuHATO 0603HayaTb bykBamu: D, E, F;, F,. 9T chon asnatoTtca

perynapHbimn. Cnoun F;, n F, nHorga paccmaTpmuBaloTCA KaK egMHbIN

cnon—F.B obnactax E n F cnoHTaHHO moryT ob6pa3oBaTtbcs

JIOKanbHble 06/1aCTV NOBbILWEHHOM NJIOTHOCTU 3/IEKTPOHOB, KOTOpPbIE
., NPUHATO Ha3blBaTb CNOPAaANYECKMMU CIOAMMN.

300

200

O6nactb F;

100 [

O6nactb D

1 100 100 00 10 100 New'  PacnpegeneHue 3N1eKTPOHHOM NAOTHOCTU MO BbICOTE 3aBUCUT OT pAAa
.k 4 $aKTOPOB: BPEMEHM CYTOK (AEHb, HOYb), BpemeHu roga, 11-neTtHero
nepuoaa CoONHEeYHOM aKTUBHOCTM, reorpadmyeckmx KOopanHar.

\\ KapTVIHbI ycpeaHeHHOro pacrnpeaeneHna 3ﬂ€KTpOHHOl7'I NAOTHOCTU NO
O6nactb F
/

OneKTpoHHast NNOTHOCTb B MOHOCHEPE - HOYb

400 (

BbICOTE, XapaKTepHble A8 AHEBHOIO U HOYHOIO BPEMEHM,
n30b6paKeHbl Ha PUCYHKE.

300

200

100 =




CTPOEHUE MOHOCODEPDLI (npogonkeHue 1)

Kaxkablh Cnot He MMeeT onpeaeneHHO BblPaXKEHHbIX BEPXHUX M HUMKHUX FpaHuu,. MpUHATO onpeaenaTb rpaHuuy w
NONYTONIWMHY Z CNOA — PACCTOAHUS OT HUMMKHEW TpaHuUbl [0 MaKCMMyMa 3/1eKTPOHHOM NAOTHOCTU. B Tabnuue
npMBeAEeHbl AaHHble ANA PerynapHbIX cnoes noHocdepsbl. A MaKCUManbHON SNEKTPOHHOM NJIOTHOCTM NPUBEAEHbI ABa
3HayeHuss Hambonbllee, Habnwgaemoe B AHEBHOE Bpems, MU HaumeHbllee — B HOYHOe Bpems. TakxKe B Tabauue
npuseaeHo 3HaYeHne CpeaHEero Y1csia CTOIKHOBEHWUI 3/IEKTPOHOB C HEMUTPabHbIMU MONEKy/amMmu noHocdpepbl — v. OT
3HaAYeHUA V 3aBMCUT NPOBOAMMOCTb MOHOChEpPSI, a, cneaoBaTesibHO, ocnabneHne paAnoBoaH. B HoYHble Yachl 3a cyeT
MNPOLECCOB PEKOMOUHALMKN 3TEKTPOHOB U NOMOXKUTENbHbIX MOHOB c1on D 1 F; ncuyesatoT U ocTaroTca To/bKo cion E u
F(TouHee F,), HO MX 3neKTPOHHaA NJOTHOCTb CYLLECTBEHHO YMEHbLLAETCS.

NoHocdepHbie cnou

BbicoTta MonytonwuHa MaKcumanbHas Yucno
HUXXHeN CNoA Z, KM 3/1EKTPOHHAA N/IOTHOCTb B | CTO/NIKHOBEHUIA
rpaHuULbI cnoe N°,1/m3 3N1eKTPOHOB
cnos v, 1/c
h, Km JeHb Houb
Il 50..60 - 8-10° 0 107
3 100..120 15...20 2101 2-10° 105
160...180 20...100 4 .10 2-10° 10*
200...250 50...300 21012 3.10M1 103

KomnbloTepHoe moaennpoBaHne MOHOCHEpbl OCYLLECTBAAETCA C MOMOLLbIO CNOXKHOW NMPOrpammbl, KOTOpas OCHOBaHa Ha
dM3NYECKMX 3aKOHax, onpeaenalowmx pacnpefeneHme XapakTepUCTUK Nnasmbl B MNPOCTpaHCTBE. B moaenu Takxke
MCNONb3yeTcA CTaTUCTUYECKOEe ycpeaHeHne 60NbLIOoro KonYecTsa M3MepeHuin, BbIMOIHEHHbIX C MOMOLLbIO MOHOCHEPHbIX
CTaHUMMN, reoPpU3mMUYECcKMX PaKeT, KOCMMUUYECKMX annapaTos.



OCHOBHbIE CBOMCTBA NOHOCDEPDI

Cneunduka PPB B noHochepe onpenenserca 3HAYEHUAMU MAKPOCKOMUYECKMX MNapamMeTpoB 3TOM cpeapl:
abCoNOTHON AMN3NEKTPUYECKON MPOHULLAEMOCTU e}\’l = g”eo; abCcoNtOTHON MArHUTHOW MPOHULAEMOCTHU ,ug =
ulu,; yaensbHoii nposogumoctu ¥, Kak npasuno utt = 1.

Boipaxenua ana el notl: e = 1 - (3190 - N?)/(v? + w?), c¥ = 2,82 - 1078|(v - N?)/(v2 + w?)],

rae: N°— uncno cBobOAHbIX 9/1EKTPOHOB B eAnHULIE 06beMa - 31eKTpoHHaA naotHocTb (1/M3); Ha goctaTouHo
BbICOKMX 4acToTax, koga w2 > v2, swipasenna ana e n o! ynpowaiorea: e¥ ~ 1 —80,8(N?/f2), oV =
7,17 - 10‘10[(1/ . N3)/f2]. YnpouleHHble $OopMy/ibl MOXKHO MCMOAb30BaTb AJ1A YACTOT Bbille NMPUMEpPHO 3
Mly, To ectb B gmana3oHax BY, OBY, CBY m KBY. OcHOBHbie cBOMCTBA MOHOChEPHI, BbiTEKalOWne U3
ynpouleHHbIX dopmyn. OTHOCUTENbHAA ANINEKTPUYECKAA MPOHNLLAEMOCTb MOHOChEpPbI:

1. Bcerga meHblue eamHuubl (€9 < 1), To ecTb MeHbLUe OTHOCUTENbHOMN AUSNEKTPUYECKON MPOHULEAEMOCTY
cB0H6OAHOro NPOCTPAHCTBA.

2. 3aBUCUT OT 3NeKTPOHHOW nioTHocTM N2 U YacTOTbl CTONKHOBEHWI 3NEKTPOHOB C HEUTPaNbHbIMMU
monekynamm V. 3HaueHua N2 W Vv noABepKeHbl NPOCTPAHCTBEHHBIM W BPEMEHHbIM U3MEHEHUM,
cnegoBaTeNibHO, MOHOChepa ABNAETCA HEOAHOPOAHOW CPeaon.

3. 3aBUCUT OT YacToTbl [, TO ecTb MOHOChepa ABAsSETCA Agucneprupytowen cpegon. C NoBbllWEHMEM YACTOTbI
CBOMCTBa MoHOChepbl NPUBAMKAIOTCA K CBOMCTBaM cBoboaHoro npoctpaHctea (e¥ = 1). OcHoBHOE BAMsHME
noHocdepol Ha ycnosmna PPB HabatopgaeTcsa Ha YyacTtoTax HMxe 100 My,

4. MoXeT NpUHMMaTb Hy/neBble 3HAaYEHUA, eCIN YacToTa NOAA PagMoBo/iHbl f ByaeT paBHa TakK HAa3biBaeMOM

cob6CTBEHHOM YacToTe MOHOCPEPHOM Nnasmel f = \/80,8 - N3,



OCHOBHbIE CBOMCTBA NOHOC®EPDI

(npoponxkeHune 1)

hA

hMAK C

& (h)

5. Ha vactotax f < f, oTHOCUTENbHAA AMINEKTPUYECKAA
MPOHULLAEMOCTb noHocoepsol NPUHUMaET
oTpuuaTtenbHble 3HaveHna (&1 <0). Ha puc. a
NoKa3aHO KauecTBeHHOe u3meHeHwue - N2 no BbicoTe, a
Ha puc. 6 MOKa3aHO KayecTBEHHOe W3MeHeHMe &V
MoHocepHOro cnoA Mo BbICOTE h ANA TPex 4acToT,
yaosnetsopawowmx ycnosuiwo f3 < f, < f;. Ha Bcex
4yacToTax OTHOCUTEeNbHaA AN3N1eKTprYeckan
MPOHULLAEMOCTb CHa4yaNa yMeHbLUAETCA, a 3aTeMm, Bbllle
MaKCMMyMa 3/1EKTPOHHOM MAOTHOCTM, BO3paCTaeT C
BbICOTOW. [1nA HEKOTOPOW YacTOTbl f3 Ha BbiCOTax OT hq
no h, 3Hauyenuna € orpuuatenbHbl. PacnpoctpaHeHue
PAaANOBONHbI C YacTOTOM f3 B YKa3aHHOM WHTepBane
BbICOT HEBO3MOXHO. IJTO O0O0bACHAETCA Tem, 4TO

kKoapduumeHT pacnpocTpaHenna k = 2mf3+/ eleyuy
nou €1 <0 u oOTCyTCTBMM noOTEpb CTaHOBWTCA

BE/IMYNHOM 4YMUCTO MHUMOMW. CnepoBaTenbHo,
amnantyaa nons ybbiBaeT MO 3KCNOHEHUMaNbHOMY
3aKOHY, a BOJIHOBOW NpoL,ecc pa3pyLuaeTcs.



OCHOBHbIE CBOUCTBA MOHOC®HEPbI (npoaonkeHue 2)
dopmynbl  AnA  yaenbHol nposogumoctn ol = 2,82 - 10_8[(1/ . Na)/(v2 + a)z)] , o1 =717
1071[(v - N?)/f?| nokasbisatorT:
1. YaenbHas NpoOBOAMMOCTb MPSMO MPOMOPLMOHanbHa npomsseaeHuto v - N2, KoTopoe npuUHUMAET
MaKCUMasibHOE 3HayeHue B noHochepHom cnoe D u HUKHen vactn cnos E. YuntbiBaa, yto cnot D
CYLLLECTBYET TO/IbKO B IHEBHOE BPEMS MOXKHO YTBEPKAATb: NPOBOAMMOCTb, @, C/IeJ0BaTE/IbHO, U NOTEPU
nepenaumn (ocnabneHune) B noHocpepe B AHEBHOE BpemA Bonblle, YeM B HOYHOE.
2. YnenbHaa npoBOAMMOCTb, XapaKTepusylollasas NOTEPU B NMPOLECcCe PacnpocTpaHeHMsa PaauoBONH B
noHocdpepe, obpaTHO NPONOPUMOHANbHA YaCTOTE. ITO O3HAYaeT, YTO C POCTOM YacTOTbl NMOTEPU B
noHocdepe ymeHbLiatoTca. lotepu nepegaum B noHochepe manbl Ha YacToTax Bbiwe 100 MTlw.
3. Mpu BbINOAHEHMU ycnoBMA w? K V2 yaenbHaa NPoBOAMMOCTb, a, CNefoBaTeNbHO, U MOTEPU NpW
nepepaye (ocnabneHne) npu pacnpocTpaHEHUU PAANOBONHLI MPAKTUYECKM He 3aBUCAT OT 4acToThl.
Takas cutyauma xapaktepHa ansa amanasoHos HY (300....3000) klu, 1 OHY (30...300) K.
Pe3ynbTaTbl Hay4YHbIX MCCAEAO0BaHMM CTPYKTYPbl MOHOCHEpPbl MOKa3aau, 4YTo €€ AUINEeKTPUYecKas
NPOHULLAEMOCTb U yaAeNbHaA NPOBOANUMOCTb 3aBUCAT OT HAMNPAXKEHHOCTU MNOCTOAHHOIO MAarHUTHOrO NOAA
3emnun. B pesynbrate TakoM 3aBUCMMOCTU MOHOChepa npmobpeTtaeT CBOMCTBA aHU3OTPOMHOM cpeapbl —
3HaueHus ¥ n k onpeaenatoTca HanpaBaeHMEM PacnpPOCTPaHEHUA PAAMOBOJIHbI.
Moa, BAMAHMEM MATHUTHOTO NOAA BO3HUKAET ABJIEHME [ABOMHOro JlydenpenomMieHus, Koraa
3NEKTPOMArHUTHAA BOJIHA pacwennsetcA Ha JABe — OObIKHOBEHHYO U HeobblKHOBEHHYIO,
PACMNPOCTPAHAIOWMECA NO Pa3HbIM TPAEKTOPUAM C PA3/IMYHbIMU CKOPOCTAMU U UCMbITbIBAlOWME Pa3Hble
notepu (ocnabnenums).



®OPMUPOBAHUE TPAEKTOPUU PAANOBOJIH B UOHOCPEPE

[0 OTHOLWIEHWUIO K PaAAMOBONHAM, W3/y4aeMbiM HA3E€MHOM QHTEHHOU WM
nonagatoWwmm B MoHocpepy CHU3Y BBepPX, MOHOChepa BedeT ceba KaKk cpeaa
C MOCTENEHHO W3MEHSAWMMUCA 3HAYEHUEM 371eKTPOHHOM naoTHocTn N°.
[TYHKTUPOM NOKa3aHbl YPOBHW OAWHAKOBbLIX 3HAYEHWUN 3SNIEKTPOHHOM
NNOTHOCTU. KayecTBEHHOE U3MEHEHUE 3/IEKTPOHHOM MJIOTHOCTU MO BbICOTE
NOKa3aHO Ha puc. a. OTHocuTeNbHaA AWINEKTPUYEeCKaa MNPOHULAEMOCTb
noHocdepbol €7 meHseTca B npepenax Tonawm atmocdepbl (puc. 6).
MPMHUMNMANBbHO Ba*KHbIM ABASAETCA TOT (aKT, 4YTO ANA HEKOTOPOoM
dUKCMPOBaHHOW YacToTbl 3HaueHue GpyHKumnm e¥(h) cHavana ymeHbluaeTcs,

d 3aTéM Ha BbICOTax, npesbillalow X BbICOTY PaACNO/IOKEHUA YPOBHA

MaKCUMaNbHOM QHEKTpOHHOI‘/JI NJ1OTHOCTU — BO3pacTaeT. YuntblBaa n = +/&, ANA l/IOHOCCI)epr TlH(Na) =

JEU(N?) = \/1 — 80,8(N?/f?2). Monagawowmii B MIOHOCHEPY N4 ABUMNKETCA NO KPUBOAMHENHOMN TPAEKTOPUM, B
Ka*K4OWN TOYKe KOTOPOW BbINONHAETCA yCnoBMe: Sin@ + n = const, rae: ¢ — yron NafeHua, Xapakrepusyowmin
HanpaB/ieHNe Npuxoda BOJIHbI B AQHHYK TOYKY; N — KO3OOUUMEHT NPenomsieHnAa B 3TOM Toyke. [na TOYKM

TPAEKTOpUKN, rae BOAHA BXOAUT B MOHOChepy, Mmeem: @ = @, Ng =0, ngl = 1. Cnpasegnamso sing@ - n

sing, - 1. B TOUKe BepLUMHbI TPAeKTOPWUM, FAe /yd UCMbITbiBaeT nosopoT: @ =90, N2 = N2, nM =

Jl — 80,8(N.3,/f?2). Cnpaseganso sing - n = sin90° - Jl — 80,8(N3,/f2). MoxHo nonyuntb sin@q- 1 =

\/1 — 80, 8(N?n/f2). 3TO ycnoBME NOBOPOTA Iy4a Yy M-TO YPOBHA 3/IEKTPOHHOM NNOTHOCTMU.



®OPMWUPOBAHUE TPAEKTOPUN PAONOBOJIH B MOHOC®EPE (MPOAO/NKEHME 1)

 f, £ f

\\\“{\\\\\\\&\\\\\\\\\\\\\\R\\\\\\‘

[TOBOPOT Nly4a M COOTBETCTBYIOLLEE eMYy OTParKeHMUe PaanoBO/IHbI OT MOHOChepbI
NPOMCXOANT He OT eé HMKHel rpaHuLLbl ¢ Bo3ayxom (N3 = 0) u He OT rpaHULLb
MaKCMMasIbHOW 371eKTPOHHOM NAOTHOCTM (N acc), @ HA HEKOTOPOIA BbICOTE B eé ToALLe.
YpoBeHb 3/1eKTPOHHOM NJIOTHOCTK, NPU KOTOPOM obecneynsaeTca NOBOPOT
(oTparkeHune), oTBEYAET YCNOBUIO NO3 < N,?l < NI\?IAKC. Ecnu ycnosme nosopoTa
PaAMOBO/IHbI HE BbINOMHAETCA [0 BbICOTbl MAKCMMa/IbHON 3/1EKTPOHHOMW NJOTHOCTU, TO
BOJIHAa B CTOPOHY 3eM/I1 He OTPasuTCA, a YUAET B KOCMMYECKOoe NPoCTPaHCTBo. Ecan

PeLwnTb ypaBHEHNE OTHOCUTENLHO f, TO [ = \/(80,8 - N3)/(cos ¢g)?.

Yem BblLLEe 31€KTPOHHAA NJIOTHOCTb M-rO YPOBHA, TeM 60/bLUe YacToTa, NPU KOTOPOW
TPaeKTOpPMA PafMOBOHbI UCbITbIBAET NOBOPOT. O603Hauas Yepes N axc F,

MaKCMMaibHOEe 3HaYeHUe 31eKTPOHHOMN NAOTHOCTM MOHOChepHOoro cona F,, Haxoamum
MaKcUManbHyto (NpesenbHyo) 4acToTy, NPU KOTOPOM pPaZiMoBO/HA, Naaatowas Ha
MoHoChepPy Nog YoM @y, MOXKET OTPA3UTLCA OT STOFO CNOA:

fapen = \/(80,8 + Nt akc FZ)/(COS ©o)2 ~ |9 /NI\?IAKC F /cos @g.  Tpu LaHHOM 3HAaYEHWUM YIa @y PAAMOBONHbI Ha

4acToTax, NPEBbIWAOWMX fipE;, HE OTPAXKAKOTCA — OHU NPOHKU3bLIBAIOT MOHOCHEPY HACKBO3b, KaK 3TO NOKa3aHO A/18 4acToT
fs 1 fg. Yem meHblue YacToTa paanoBoHbl (Ha pucyHke f; < fo < f3 < fa < fs < fg), TEM HUXKE YPOBEHb 3/IEKTPOHHOM
NJIOTHOCTM, OT KOTOPOro PaANOBOJIHA 3TOM YacTOTbl OTparkaeTca. Yepes f, 0603HaueHa npeaenbHan YacToTa PaANOBOJIHbI,
KOTopasa cnocobHa M3MEHUTb CBOO TPAEKTOPUIO TaK, YTOObI BEPHYTLCA Ha 3emMito. PagMOBONHBI YacToT fo > fo U fo > f4
MPOXOAAT Yepe3 NoHochepy M OT HEE He OTpaXKatoTCA.



®OPMWUPOBAHUE TPAEKTOPUU PAOVNOBOJTH B UOHOC®DEPE (npoponikeHue 2)

I'Ipe,u,eanaﬂ YaCTOTa fHPE.ﬂ ANA BEPTUKA/IbHOIO HarnpaB/aeHUA na,u,arom,eﬁ PaanoBO/IHblI MOAYYN/1a HAa3BaHWNE KpI/ITI/NECKOI\/'I

_ - 3 o _ _Jfrr  _
fxp = fupeg, =0 = 9 /NMAKC F,- ITW 4acCTOTbl CBA3aHbI Mexay cOb0i 3aKOHOM CeKaHca frpgy = = fxp * S€C @y.

COS Qg

Mpu pacyeTe pagmonmHum gnanasoHa BY ygobHee onepnpoBaTth He YrA0OM NAAEHUA @, A YI/TOM BO3BbILEHUA
(yrnom mecTa) [ n paccTosHMEM MeXAay nepeaatoweit U NpueMHON aHTEHHaMK. ITO PACcCTOAHME Ha3blBAOT CKAYKOM
PaAMOBOJIHbI, @ ONPeAeeHHYI0 4/1A 334aHHOTO CKayka M 3a4aHHOMN BbICOTbI MIOHOCHEPHOTO CNOA NPeAe/bHYIO0 YacToTy frpg
— MaKCUMaNbHO NpumeHumon yactotor (MIY). Tak, Hambonbwmn ckavok ana cnos F, paseH 4000 Km, a COOTBETCTBYHOLLYHO
emMy MaKCMMaNbHO MPUMEHUMYIO YAaCcTOTY 0603HAYaKT fmmy-_4000, KPUTHMYECKAA Ke YacToTa 0603HaYvaeTca fymy-o-
PagnoBO/HbI, UCNbITAaBLIME OTPAXKEHNE B MOHOCHEpe, 4OCTUMAOT MOBEPXHOCTU 3EMIM N OTPAXKALOTCA OT HEE, MOBTOPAA CBOM
NyTb Bepes 3a CHeT MHOTOKPATHbIX OTPaXeHUM OT MoHocdepbl 1 3emnn. B obuem cnydae MIMY 3aBUCUT OT A/INHBI TPACChI,
BbICOTbl OTPA*KeHMA OT MOHOCPEPbI, 3aKOHA pacnpeneeHna 3NEKTPOHHOM NJAOTHOCTU C/1051 MO BbICOTE U KPUTUYECKOM YACTOTh!
cnos. Mo ycnosuam HeobXoaMMOCTH OTPaXKeHUA OT 3a4aHHOrO €n0A noHocdepbl pabodas YacToTa f, B AnanasoHe BY (3...30

MTlu) He aonkHa npesbiwaTb MMY, To ecTb AO0AXKHO BbINOAHATHCA YCNOBUE fp < MITY. HuKHAA rpaHnua paboumx 4yacToT
onpeaenaeTca C y4eTom TOro, YTo C YMeHbLUEHMEM YACTOTbl YBE/IMYMBAETCA YAe/IbHAsA NPOBOANMOCTb MOHOCHEPDI U,
COOTBETCTBEHHO, YBE/IMYMBAETCA NOI/IOWEHMNE SHEPIUU PAaAMNOBO/HbI. B pe3ysibTaTe yMeHbLlUaeTCcAa HanpPAXKEHHOCTb NONA U
yXyAllaeTca KayecTBo npmema. HammeHbllaa 4acToTa, NP KOTOPOWM KauyecTBO NPMeMa CHUXKAeTCcAa A0 MUHUMAbHO
[OMNYCTUMOTO YPOBHSA, HA3bIBAETCA HaUMEHbLLEN NpumeHsaemon Yactotol (HMY). B koHeyHOM cueTe paboyas yactoTa fp
BbIbMpaeTca Tak, 4Tobbl BbinoaHAN0Cb ycnosue HITH < fp < MIIY. [na cBA3u ncnonbayetca onTMmanbHaa paboyana yacrtoTa
(OPY), koTopas BbibupaeTca Ha 15% meHbwe MIMY. CyToYHble U CE30HHbIE U3MEHEHMUA COCTOSAHMA CI0EB MOHOCHEPDI
BbI3bIBAOT HEOHXOAMMOCTb CMeHbI PaboUmMxX 4acTOT) B COOTBETCTBUM C YACTOTHbIM (BO/THOBbLIM) pacnmMCcaHUEM.




BJIMAHUE TOPOACKON 3ACTPOMKU HA PPB

Ona ropoda xapaKTepHO MNpPUMEHEeHUe TeNeKOMMYHMKAUMOHHbIX paguocpeactsa guanasoHa YBY m OBY, B
4YaCTHOCTU, TeneBewaHnAa M COoTOBOU CBA3U. [pn TeneBewaHUN MexXay aHTEHHOW TeseueHTpa U NPUEMHbIMU
aHTEHHAMM MMeeTCs NpPAMan BUAMMOCTb. Mexay MobuabHbIMU NMPUEMHUKaMM abOHEHTOB 1 6a30BOMN CTaHUUEN
NpPAMOM BUMAMMOCTU, Kak npaBuno, HeT. PopmupoBaHue Tpebyemoro ypoBHA nonsa obecneymBaeTcA 3a cyeT
OTPAXXEHUN MEPBUYHOrO0 NONA CTEHAMM 34aHUW, a TaKKe ANPPaKUMOHHbIMU NpPOoLECcCaMU HA KOHCTPYKLUMAX
CTPOUTE/NIbHbIX OO BHEKTOB.

B mupoBOM npakTuKe uccnegoBaHuit B ob6nactm PPB mcnonb3yloT ycpeaHEHHbIE XapaKTEPUCTUKU TOPOACKOM
3aCTPOMKM: NMNOTHAA rOpPoACKaa 3acTpoiKa (6onblion ropos) — 3acTpoWKa BbICOKMMM 3aaHuAMM (Bbiwe 20
3Ta)Ken) ¢ Masion NNOoLLAAbIo 3eN1eHbIX HaCaXKAEeHWIN; TOPOACKAA 3aCTPOMKA — MHOTO3Ta*KHaA aAMUHUCTPATUBHAA U
XWNaa 3acTpoWKa, WHAYCTPUANIbHbIE PaMOHbl. [TNOTHOCTb 343HWKM AO0CTAaTOMHO BbICOKAA, HO MOMKeT ObITb
pa3baBneHa 3e/leHbIMUM HacaXKAeHNAMM, HEOOIbLLMMN CKBEPAMMU.

[ToMMMO ropoACKOM 3aCTPOMKM WMHOrAa NPUMEHAOT U ApYyrne ycpeaHEHHble XapPaKTEPUCTUKU MECTHOCTH,
Hanpumep: NPUropoa — OAUHOYHbIE KUAble AOMA, aAMUHUCTPATUBHbIE 34aHUA BbiCOTOM 1-3 3Ta)ka, bonblme
naowaan 3esieHblX HacaxKAeHUM (aepeBbeB); CeNbCKaA MECTHOCTb — OTKPbITOE MPOCTPAHCTBO C HECKONbKUMM
30aHUAMU, depMbl, KYCTaPHUKOBbIE HACAXKAEHMA, LLOCCE, OTKPbITOE NPOCTPAHCTBO — 03€pa, BOAOXPaHMANLILA,
OTKPbITble Yy4acTKn 6e3 HacaKaeHUN.

KayecTBO CBA3M 3aBUCUT OT MHOTUX TEXHUYECKMX NAPAMETPOB PaAMNOJANHUUN, KOTOPble HAaXO4ATCA NOA KOHTPOJEM
NPOEKTUPOBLMKOB 0OBEKTOB paamocBa3n. KOHTPOb NpeanosiaraeT BO3MOXHOCTb U3MEHUTb MapPaMEeTpPbl C LUENbHo
yAy4dlleHUa KayecTBa CBA3MN.



B/IMAHUE FOPOACKOM 3ACTPOMKU HA PPB (npogoneHue 1)

OAHUM M3 YHMBEpPCa/bHbIX MapamMeTpPoB ABAAIOTCA NOTEPU MNpM nepeaadve B npouecce pacrnpocTpaHeHus
paguoBosiH. Echn onpepgenutb notepu nNpu nepepade B ycnoBusix ropoga L, To pelcTeylollee 3HayeHue

HaNpPAXeHHOCTU NoAA BbluMcaaeTca no popmyne £, = (\/ 30PG / r)(l/L), B/m,

BbipaxkeHne V30PG / r onpeaenseT nose B yc/oBUAX cBOBOAHOrO NMpOCTPaHCTBa, a BblpaxkeHue 1/L — 310
MHOXUTeNb 0cNabieHnAa Noaa B yC/I0BMAX TOPOACKOM 3acTPOMKK. NoTepun L aBnseTca ciy4anHOM BENNYUHOM, YTO
npegonpenenaeT C/Iy4amHbIN XapaKTep 3Ha4YEeHMM HanpAaXKeHHOCTM nons. OUEeHKY BIMAHUA rOPOACKOMN 3aCTPOMKHU
Ha PPB penatotT Ha oCHOBe npeackasaHuAa cpeaHero (MeanaHHOro) 3HayYeHUA HanPAXEHHOCTU MOoNA B TOYKE
npuema. [Ons ero pacyeta pa3paboTaHbl cTaTuctmyeckne moaenu PPB, npeactasnswouwime cobon cuctembl
rpadUKOB UM MaTEMATUYECKUE BblparkeHUA, coaepKalme B Ka4yecTBe napameTpoB HEKOTOPbIe CTaTUCTUYECKHU
ycpeaHEeHHble XapaKTePUCTUKN TOPOACKOMN 3aCTPOUKMW.

Mopaenb moxeT pa3pabaTbiBaTbCA KaK Ha OCHOBE TEOPETUKO-BEPOATHOCTHOIrO NOAX0Aa, Tak U nytem ob6paboTkm
pPe3yNbTaToOB 3KCNEPUMEHTA/IbHbIX MUCCNeAoBaHMM. Takue MOAENN Ha3bIBAalOTCA CTAaTUCTUYECKUMU UM
SMMUPUYECKMMM COOTBETCTBEHHO. EAMHOM moaenn, no3BONAKOWEN C BbICOKOM CTEMEHbID A0CTOBEPHOCTU
onpeaennTb 3Ha4YeHMe NoAA B 3aAaHHOW TO4YKe npumema, He cyuwecTtsyeT. OgHa M3 LWKMPOKO MPUMEHAEMbIX
MOJe/ie OCHOBAHA Ha 3KCNEePUMEHTA/IbHbIX AaHHbIX, MOAYYeHHbIX ANoHUeMm OKymypow B npouecce NsmepeHui
YPOBHEW pagnocmrHanos B r. Tokno. [lpyron anoHeu, — Xata — npeactaBun gaHHble OKyMypbl B MaTEMATUYECKOM
dopme. MonyumBLIAACA IMNUPUYECKAA MOAENb OMNUCAHUA TPaPUUECKMX AaHHbIX NOJIyYMna Ha3BaHME MOAEeNU
OKymypbI-XaTbl ( B OTe4eCcTBEHHOM inTepaType 3Ty MOAENb YacTo Ha3biBalOT moaenibio OKamypbi-XaTbl).



BIUAHUE TOPOACKOM 3ACTPOUKU HA PPB (npoaon:keHue 2)

B mopenn Okymypbi-XaTbl dopmyna Aans pacyeta cpeaHux (megmanHbix) noTtepb L = 69,55 4+
26,16-1g(f) — 13,82 - lg(hgc) — alhyc) + (44,9 — 6,55 - lg(hgc))lg(r),nb, rme: f — uactota (Mflu) B
AnanasoHe 150...1500 Mrlu; hgc, hyc — 90 PeKTUBHbIE BbICOTbI COOTBETCTBEHHO 6a30BOM CTaHUUM U MOBUNBHOM
CTaHUMW Hafg ypoBHem 3emaun (M) B ananasoHe 30...200 m;  — pacctosHue (Km) B npegenax 1...20 km; a(hyc) =
(L,1-1g(f) — 0,7)hyc — (1,56 lg(f) — 0,8).

dopmyna ana cpegHero (megmaHHOro) 3HaveHua HanpsaxeHHoctn nona: E = 39,82 + Pgc + Gge —
6,16-lg(f) + 13,82 - lg(hgc) + alhyc) — (44,9 — 6,55 - lg(hgc)) lg(r), aB/mKkB/m, roe: Pgc — ypoOBeHb
MOLLHOCTM Ha BXoAe nepegarowen aHTeHHbl 6a3oBon cTaHuun (gBBT); Gge — KoapduMUMeEHT ycuneHuA
nepeaarolen aHTeHHbl 6a30BOW CTaHUMM OTHOCUTENbLHO MOAYBOJIHOBOro BuMbpatopa 6e3 notepb (Aba). Echm
KO3PPUMUMEHT yCUNEHMA 334aTb MO OTHOWEHUID K KOIQPUUMEHTY YCUNEHMA WU30TPOMHOrO U3ay4yatena wu
Bblpa3uTb ero B abu, 10: E = 37,67 + Pgc + Ggc — 6,16 - lg(f) + 13,82 - lg(hgc) + alhyc) —

—(44,9 — 6,55 - lg(hgc)) lg(r), AB/MKB/Mm, rae Ggc — KOIPPUUMEHT ycuneHna nepegatollen aHTeHHbl 6a3oBoM
CTaHUMM OTHOCUTENIbHO M30TPONHOro nany4datensa (abn).

MpounsBeseHne MOLWHOCTU Ha KOIOPULMEHT YCUEHUA, USMEPEHHbBIA MO OTHOLWIEHMIO K MOAYBOJHOBOMY
CUMMETPUYHOMY BMOpaTopy (amnonto), HasbiBaloT 3PPeKTUBHO wmsnyvyaemon mowHoctbto (PG,BT) wam
(P, nBBT + G, nbn).

Echn B npoussegeHun PG 3HaveHune KoadpPuuMeHTa YCUNEHUS U3MEPEHO OTHOCUTE/NIbHO WM30TPOMHOro
n3ny4vatens, To peyb nget 06 skBMBANEHTHOM N30TPONHO-MU3y4aemon mowHoctun (P, nbBT + G, nbun).



3AMWUPAHUA CUTHAIOB MNPU PPB

dnyKkTYyauum amnanTyabl NPUHUMAEMOro CUrHasla BO BpemMeHW Ha3biBaloTca 3amupaHmamu. OHM npuBOAAT K
H6ecnopAaaoYHbIM KONebaHMAM HanpPAXKeHHOCTU NOAA B MecTe Npuema.

dnyKTYyaunum AMINEKTPUYECKOM MPOHMLAEMOCTU Tponocdepbl MOPOXKAAT M3IMEHEHMA YCAOBUK MNpouecca
pedpaKkunm pagmoBOH, YTO NPUBOAUT K pedpPaKLUMOHHbIM 3aMUPAHNAM NPUHMMAEMOTO CUTHANA.
Ncnonb3oBaHme adpdekTa TponocPepHOro paccesHMsa CBOAUTCA K MPUEMY MHOXKEeCTBA BOMIH, aMnauTtyabl U ¢asbl
KOTOPbIX HEMPEPbIBHO MEHAITCA. [1pn 3TOM NPOABAAETCA APKO BbiPaXKEHHbINM NPOLLECC 3aMUPAHUN CUTHaNA.

Mpn noHocdepHom PPB 3ammnpaHma obycnosneHbl 04HOBPEMEHHbIM NpoABAeHMeEM ABYX ¢aKTopos. [lepBbl —
MHOrO/1ly4€eBOCTb, BTOPON — U3MEHEHMSA BbICOTbI OTparkatowwen obnactu noHocdpepbl. na paanonnHmUn cCOToBOU
CBAA3U C NOABUKHbIMM 06 bEKTAMM MHOIO/Y4EBOCTb NPOABAAETCA BCeraa M Bceraa HabnwgatoTca 3HaUYUTEbHbIE
3aMMNpPaAHNA CUTHANOB.

[MpnHATO pa3nnyatb bbICTPblE U MeasieHHble 3aMUPaHnA. bbICTpble 3aMUpPaHMAa UMEKOT AJIMTENBHOCTb OT AO0NEN
[0 AecATKOB ceKkyHA,. [Mpupoaa 6biCTpbIX 3aMUpPaHUA (MHaYe X Ha3blBalOT MHTepPepeHLMOHHbIMM) 06yCcNoBIEeHA
MHOTrO/1y4eBOM CTPYKTYPaA CUTHANA, KOTOpaa GOPMUPYETCA M3 BOSH, NPUXOAALLUX B TOUYKY NPMEMaA NO Pa3NNYHbIM
TpaekTopuam. Pa3oBble COOTHOLWIEHUA MeXKAY OTAE/IbHbIMU NYy4aMU B MPUHMMAEMOM MHOTOJly4EBOM CUrHane
MOTYT M3MEHATbLCA 33 CYET C/Iy4aMHbIX NMPOCTPAaHCTBEHHO-BPEMEHHbIX Bapuaumm abCcontoTHON AUINEKTPUYECKOM
NPOHNLLAEMOCTU Cpeabl, a TAaKXKe 3a CYET ABUKEHUA OAHOTO Nan 060mnx KOPPECNOHAMPYIOLMX MYHKTOB.
MeaneHHble 3aMUPaAHUA MMET ANUTENbHOCTb OT eAUHUL, A0 HECKONbKUX AEeCATKOB MMUHYT. OHM B OCHOBHOM
obycnoBneHbl CAy4aMHbIMU U3MEHEHUAMMU pedpakumnm B Tponochepe, pacceasHMEM KPYyNHOMACLWITAbHbIMM
HEOAHOPOAHOCTAMMU WOHOCHEPLI, KPAaTKOBPEMEHHbIM MOIM/MIOWLEHNEM 3SHEPrMM pPagUOoBOH, HanNpumep, B
MOHM3MPOBAHHbIX C10AX MOHOCPEPbI, B 0CaaKax M rasax Tponocdepbl 1 T.N.



3AMUPAHUA CUTHAJIOB MNMPU PPB (npoponxeHue 1)

Hannume 3amupaHmii TpebyeT BBECTM XapPaKTEPUCTUKY CpeaHero
YPOBHA MPUHUMAEMOrO CUTHaNA U CTEMEHWN OTKIIOHEHMA MIHOBEHHbIX
3HAaYE€HUN YPOBHA OT YKAa3aHHOro cpeaHero 3HadyeHuA. Hambonee
PAacnpoCTpPaHEHHbIM ABAAETCA BblpaXeHMe CcpeaHero YpoBHA B
MeAMaHHbIX 3HAaYEHMAX HANPAXEHHOCTM nonAa. MegmaHHbIM MPUHATO
tHa3bIBaTb TAKOW YPOBEHb CUTHANA, KOTOPbIN MNPEBOCXOAUTCA B TEYEHUE
50% BpemeHu npuvema. ITOT YPOBEHb NPUHATO 0603HauaTb Yepes Ey
unn Eys. Xapaktepusya cpegHM ypoBeHb NPUHMMAEmMoro curHana,
MeAMaHHOEe 3Ha4YeHMe HaNPAXKEHHOCTU MONA HUKAK He OTpaxKaer
rMybuHbl 3amupaHun. Ha puc. a noOKasaH CAy4YaMHbIM CUrHan,
nmerowmn Ey = Ey 5. [Apyron caydyamHbi CUTHAN, UMEROLWUIA NPEXKHUN

MeAMaHHbIM YpPOBEHb MOKa3aH

E+ Ha puc. 6. MacwTtab no ocam

g, Sirhersn E4 OopAMHAT M abcumcc Ha 3TUX
PUCYHKaX OAWNHAKOB. Ob6a

oI CUFHaNa MMEIT OAHO U TO XKe

MM_”’_' MenaHHOe  3Ha4yeHue,  HO

CUFHaAN, nNpeACcTaBAEHHbIA Ha

E, - . t puc. 6, UMeeT CyLEeCTBEHHO
0T, T R . T , MeHblLlee OTK/IOHEHME oT

a) 6) MeANaHHOIo YPOBHA.



3AMUPAHUA CUTHAJIOB MNMPU PPB (npoponyeHue 2)

MNop, rnybunHoi 3ammnpaHnii noHMmatoT oTHoleHwue (Eq 1 /Ey o), BbipaxeHHoe B Aeumbenax No OTHOLIEHMIO K
1 mkB/m, 1o ectb pasHoctb (20lgE,, — 20lgEy ) Ab/mkB/m. Yepes Ey, n Ey9 0603HaueHbl ypoBHM nons,
npeBblaeMble COOTBETCTBEHHO B TeyeHne 10% n 90% spemenun HabnaogeHmna T. MoOXHO BMAETb, YTO NybumHa
3aMUpPaHNI, MOKA3aHHbIX Ha puc. d, bonblie rybuHbl 3aMmnpaHnin Ha puc. 6.

Kak BCSIkaA c/ydalHaA BenMYMHA, YPOBEHb 3aMUPAIOLLErO CUTHANa MOXKeT OblTb OueHeH TOJIbKO
CTaTUCTMYECKU. 3aMUPaAHMA NPeacTaBaatoT cObon HeCTauMOHaPHbIN CAyYanlHbIM NpoLUEecc, HO C Npuemaemon ana
NMPAaKTUKM TOYHOCTbIO B TEYEHME OrPaHUYEHHbIX MWHTEPBANIOB BPEMEHU 3aMUPAHMUA MOMKHO CYMUTATb
CTAUMOHAPHbIM C/AyYarHbIM npoueccom. PayKTyaumm ypoOBHA CUTHANA OTHOCUTE/IbHO HEKOro MeAWaHHOro
YPOBHA B TEYEHME TAKOrO OrPaHNUYEHHOro MHTEPBAIa BPEMEHU — 3TO M eCTb BbICTpble 3aMUpPaHUS.

Hanbonee uyacto BcTpevatowanaca GyHKUMA pacnpegeneHus (MHaye — 3aKOoH pacnpeneneHus) BepoATHOCTEMN
CNYYaMHOM BeNMYUHbLI (AEeNCTBYIOWEro 3HAa4YeHMA HANPAXKEHHOCTM nondA) npu bbicTpbiX (MHTepdEPEHLUMOHHDIX)
3aMUPaHMAX YA0BAETBOPUTENIbHO aNNPOKCMMMPYETCA 3aKOHOM pacnpeaeneHusn Panes:

P(E > Ep) = exp(—0,693 EHZ/EMZ), roe: P(E > E) — BepoATHOCTb TOro, YTO 3HauyeHue CAyyYalHOoM
BeAMYMHbI E npeBblwaeT 3agaHHbiM (nmoporosbi) ypoBeHb Ep; Epf — MeamaHHOe 3HayeHWe C/1y4amHOM
BennymnHbl E. B Teopun PPB dyHKUMKN pacnpedeneHma 4acTo BblpaXKatoT B NMPOLEHTAX BpeMeHu. B aTom cayuyae:
T(E > Ep) = 100 exp(—0,693 -EHZ/EMZ), roe T(E > Ep) uuTaetca Kak «NPOUEHT BPeMeHu, B TeyeHue
KOTOPOro 3HayeHue CAy4yamHOW BenunuuHbl E npesblwaeT 3agaHHbIM ypoBeHb Ep, ...» WAM KaK «NpOUEHT
yCTOMUMBOM CBA3M..». TaK, ecnnm B Kadectse Ep BblbpaTb, Hanpumep, camo MegMaHHOE 3Ha4vyeHue, TO
okasbiBaetca, uto P(E > Ey) = 0,5, a T(E > Ep) = 50%, TO ecTb YCTOMUMBOCTb CBA3M B 3TOM C/ly4ae COCTaBUT
Bcero 50%.



3SAMUPAHUA CUTHANOB NPU PPB (npoaon»eHue 3)

OyHKUMA pacnpeneneHns BepOATHOCTEN C/y4alMHOM BeMUYMHbI — yCcpeaHeHHbIX B npegenax onpeaeneHHbIX
NHTEPBANIOB BPEMEHM JAEUCTBYIOWMUX 3HAYEHUN HaMPSAMKEHHOCTU Nons — MNPU MeANEHHbIX 3aMUpPaHUAX
NPUMEPHO COOTBETCTBYET JIOrapUPMMUYECKM HOPMAJIbHOMY 3aKOHY

P(E > Ep) =1—(1/V2m) f_xoo exp(—t2/2)dt, roe: x =20 (lg(Ep) —lg(Ey))/0 — Bepxuuit npepen

MHTErpana, o =20 (lg(E0,16) — lg (EM)) mnn o = 20 (lg(EM) — lg(E0,84)).

Yepes Ey 16 1 E( g4 0603HaYEHbI YPOBHM NOASA, NPEBbILLIaeMble B TeYeHMe COOTBETCTBEHHO 16% 1 84% BpemeHu
HabAaeHNA UK, APYTMMKN CI0BaMMU, P(E > E0,16) = 0,16 u P(E > E0)84) = 0,84.

dopmyny MOXKHO MpuBECTM K Buay, YyAoBHOMY nAna npakTudeckux pacdetos: P(E > Ep) = 0,5 —

0,5 erf(x/V2), rae erf(x/v2) = \%fg/ﬁ exp(—t?)dt  xopowo u3BecTHaa OYHKUMA, Ha3blBaeMas

MHTErpasoM BEPOATHOCTU, KOTOPAA BXOAUT B HAbOp BCTpoeHHbIX GyHKUMIM cnctembl Mathcad.

Cnepyet 0bpaTvTb BHMMAHME HA TO, YTO PyHKUMM (3aKOHY) HOPMaANIbHOrO pacnpeaeneHua NOAYUHAETCA He
cama cnyyamHaa sennumHa E, a eé norapuoém (IgE).

Norapudmmueckn HopmanbHaa yHKUUA pacnpeneneHma xapakTepmsyeTca ABYMA NapameTpamum: MeanaHHbIM
3HayeHnem FE);, BblparkeHHOM B geumbenax no OTHOWEHWUIO, Hanpumep, K 1 MKB/M, u cTaHAapTHbIM
KBAAPaTUYECKMM OTK/IOHEHMEM (MHAYe — NPOCTO CTAHAAPTHbIM OTK/JIOHEHWMEM) — O, BbIPAa’KEHHOM TaK)Ke B
aeumnbenax.



3AMUPAHUA CUTHAJTOB MNMPU PPB (npoponikeHue 4)

Ha peanbHbix Tpaccax paanonmHui bbicTpble U MeasieHHble 3aMUPaHNA MOTYT NPOABAATLCA OAHOBPEMEHHO. B
KayecTBe NpMmepa Ha PUCYHKe NOKa3aH XapaKTep U3MEHEeHWUI HanpAXeHHOCTM Nos B TOYKe NpuMema CMrHana
PaAMONMHUN AaNIbHEFO TPONOCPEPHOro PacNpPOCTPaHEHUS.
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Cny4yarHOM BE/IMMMHOM 3€eCb ABNAETCA AeNCTByloLlee
3HaYeHMe HanpAXKeHHOCTU MoNA CUrHana, TO eCTb
cyrybo nonoxxutenbHaa BennymHa, MMEHHO K Takmm
BE/IMMMHAM MOMKHO MPUMEHATb JIorapudPmMmnUYecKu
HOPManbHYO GYHKUUIO pacnpeneneHna. BennuumHa,
byHKUMIO pacnpegeneHums KOTOpOU Mbl
paccmaTpuBaem, npeactaBnser cobon meanaHHbIE
3HaYeHUA OENCTBYIOLWEN HAMPAXEHHOCTM NoAs,
onpeaesieHHble 3a OAHO- MATUMUHYTHbIE UHTEPBAbI.
B npegenax sTux nHtepsanoB HabarogatoTca bbicTpble
3aMUpPaHUA.

[lelicTBMeE BbICTPLIX 3aMUPaAHUI NPU ONepaLnm BbIYUCIEHNA MeANAHHOTO 3HaYeHNA YPOBHSA B npeaenax
Ka*K[0ro MHTepBasia Crnaskmsaetca. MMeHHO 3T MmeuaHHble 3HaYeHMs HanpsaXKeHHOCTU Nons,
COOTBETCTBYIOLWME OAHO- NATUMUHYTHLIM MHTEPBA/IaM BPEMEHMU, NOAYNHEHDbI NorapndMUYECKU
HOPMa/IbHOMY 3aKOHY pacnpeaeneHuns, KoTopbli annpPoOKCUMUPYET Med/IeHHble cyYaHble KonebaHua
YPOBHA NPUHUMAEMOTrO CUTHaNA BCAEACTBME BAUAHUA U3MEHAIOLLUXCA METEOPON0rMYECKUX YC/TI0BU I

(cnnowHanA, NNaBHO MEHAWAACA IMHUA).



