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HNHANKATPUCHI PACCEAHUA MUJIVIMMETPOBBIX U TEPATEPLHEBBIX BOJIH B JOXAAX

I1pu co3naHuM paJHOTEXHUYECKUX CHCTEM MHUILTUMETpoBOro (MM) u TeparepueBoro (TI'm) quana3zoHoB HEOOXOIUMBI TTIOAPOOHBIE
CBEZICHHs 00 YITIOBBIX XapaKTEPUCTUKAX PACCESHUS U3Ty4ICHHUS OcagKaMu. 3MepsATh HHANKATPUCH! PACCESHUS TOCTATOYHO CIIOKHO, MPOILIE
MOJIyYUTh MX PACUCTHBIM IyTeM. J[si MHUKPOBOJIHOBOTO AMAma3OHa yIAaeTcsi BOCIIONB30BATHCS TOTOBBIMH TaOJMLIAMH HHIUKATPHC pac-
cestHus, Ho Juist T uana3oHa BOJH TakHe JaHHbBIE OTCYTCTBYIOT. B paboTe mpencTaBiieHbl pe3ylbTaThl pacueTa HHANKATPUC PACCESTHUS
BoH MM 1 TI'I{ AnMana30HOB H0XKIEBBIMH KAIUIIMH. PacdeTs! BBIIOIHEHHI 10 TOYHBIM (hOpMysaM Isi BCEro MHTEPBaia Pa3MEpOB Karels,
BCTPEYAIOMIMXCS B 0cajkax. Ha OCHOBaHWY MOTYYEHHBIX PE3yJIbTATOB CO3MaHa 0a3a JaHHBIX, KOTOPAs HPEICTABISIeT OOUIMPHBIC BO3MOKHOCTH
JUIS BBIYMCIICHHUS MHIMKATPUC PACCESIHUS MPH Pa3HOOOPA3HBIX COYETAHHSAX HA4aJIbHBIX ITapaMETPOB: JUIMHBI BOJHBI U3IydeHUs, QYHKIMH
pacrpeaeneHnst JOXKIEBbIX Karesb 10 pa3MepaM U 3HAYCHHST HHTCHCHBHOCTHU IO/, [10JIydeHHBIE Pe3yIbTaThl MOTYT OBITh HCHOIB30BaHbI

MIPH OI[EHKE MPOCTPAHCTBEHHOTO PACIIPEIeTIeHHsT MOITHOCTH u3imydernst MM i TI' quanazonos. M. 3. bubmuorp.: 20 Hass.
KroueBble cji0Ba: HHIMKATpUCA PACCESHUS, AUCTAHIMOHHOE 30HIMPOBaHKE, (QDYHKIHUS pacrpeleeHns TOKACBBIX Kalelb 110

pa3Mepam, TeparepLeBblii AUaNa30H YIEeKTPOMArHUTHBIX BOJH.

[Ipu nporHo3upoBaHUU PabOTHI PaTUOTEX-
HUYECKUX CHCTEM MHUKPOBOJIHOBOTO JMAla30Ha, Ha-
OpUMEpP CHUCTEM CBSI3U U MEpelladu JaHHBIX, B Paiio-
HAaX C BBICOKOW BEPOSTHOCTBIO BBINMAJICHUS OCAJKOB
HEOOXOIUMBI HAJC)KHBIC NaHHBIC 0 Kod(DduUIreHTax
ocnalIeHnsl CHTHAJa JO0XKIEM, T. €. 0 Kod(duuneH-
TaX TIepeladd B HANpaBIEHHH CTPOTO BIEpen
(6=0°). Ins paaroNOKaIlMOHHBIX CHUCTEM HEOOXO-
JIUMO pacrojaraTh Takke KodpduimeHTamu odpar-
Horo paccesuuss (6 =180°) n0XIEBHIMH KaIUIAMH,
HaXOJIAIIMMUCS B TPeAeiax «OCBEIIEHHOT0» 00BheMa
MPOCTPAHCTBA, MOCKOJIbKY OHH OKAa3bIBAKOT MAaCKU-
pymolliee JeHCTBUE MPHU COMPOBOXKICHUU 1eiu. st
peuieHus 3aja4, TpeOYIOIINX CBEJACHUSA 00 aMILTUTY-
JlaX PACCESIHUS M3JIYYCHHs] U B IPYTUX BO3MOMKHBIX
HANpaBJICHUSIX, KPOME JIBYX YIOMSHYTBHIX, HEOOXO-
JUMBI OoJiee TOJAPOOHBIC YIIIOBBIC XapaKTCPUCTHKH
paccestHms. B muTepatype nx 4acTto Ha3BIBAIOT MHIH-
KaTpHCaMH PAcCEsHUs, a MHOTIA, NPU HCIIOJIb30Ba-
HUH napameTpoB CTOKca M MaTPHUYHOTO TIPEICTaBIIe-
HUsl, UMEHYIOT (ha3oBbiMH (yHKIMAMHU paccesiaust [1].
B yactHOCTH, [l IUCTAHIIHOHHOTO 30HAMPOBanus [2, 3]
TaK{C YTJIOBBIE XapPaKTEPUCTUKHA HEOOXOIMMEI IpH
pCIICHUH TEOPETHYCCKHUX 33a7a4 O MEPEHOCE MHUKPO-
BOJIHOBOTO H3JIYYCHHS B Pa3HOOOPA3HBIX pPacceu-
BAaIOIIMX CPelax, B TOM 4Hcie B TOKIIX [4]. OqauMm
U3 MPUMEPOB MPAKTHYCCKOTO MPUMEHEHHS CBEICHHM
00 MHAMKATPHCAX PACCESIHUS SIBISICTCS HCIIOJIb30Ba-
HHE WX MPH OIICHKE BIUSHUS JT0KICH Ha XapaKTepH-
CTHKH COTIPOBOXKICHHS IEJICH IBYXITO3UIIHOHHBIMH
panuonokanuonubivu  ctanisiMu  (PJIC) (B atom
clIlydae WX Ha3bIBAIOT OWcTaTHYeCKUMH K03 duiu-
€HTaMH PacCesiHus), a TAKKe MPH OIEHKE JOMOIHHU-
TENBHBIX ITOMEX B JIMHHUAX CBS3H. BO MHOTHX CTpaHax
C Pa3BUTOH HAIMOHATIBHOW CETHI0O MHKPOBOJIHOBBIX
JIMHUHM Tepeadd JaHHBIX OTMCUCHO MOSBJICHHE B3a-
HMMHBIX TIOMEX M Ja)Ke MMpocaurBaHue HHHOPMALIUH K3
OJTHOTO KaHaja CBS3W B IPYTOW NPH BEHIMAJCHUH TOXK-
Iisl B 30HE 00111eT0 00BheMa NiepeceueHms. ITO yAaloch
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JErKO OOBACHUTh HAIWIMEM OOKOBOTO PAaCCEsTHUS
M3JTy9ICHHUS OTACABHBIMU KaIULIME A0 [5]. B aroit
paboTe IpH OLIEHKE YypPOBHS TaKUX MOMEX VIS JBYX
YacTOT MUKPOBOJHOBOTO IMala30Ha KaK pa3 ¥ IOHa-
JOOMINCh WHIUKATPUCHI PACCESHUS JIOXKAEBBIMH
KalUIMM TIOJ YIJIaMU TIEPECEeYeHus] Tpacc pacrpo-
CTpaHEHMs, ¥ 3TU OLEHKH COBIAIN C PEIbHO Ha-
OnronaeMbIMU BeslnunHaMu. [lo pekoMeHnanuu as-
TOpoB paboThl [5] ObLIO U3MEHEHO B3aHMHOE PACIO-
JIO)KEHHE HEKOTOphIX aHTeHH. [TomoOHBIM 00pazom
CHTHAJIbl Ha JIMHUSX MEXCITyTHUKOBOW CBSI3U MOTYT
nHTEp(dEprUpoBaTh C CHUTHAAMH TPU3EMHBIX JTHHUH
CBSI3U TIPH HAJIMYUHU OOIIETO MCIOIB3yeMOoro o0beMa
MIPOCTPAHCTBA B CPEIAHUX BBICOTAX TPOMOCHEpHI.

OTH TpHUMepsl MOKAa3bIBAIOT 3HAYMMOCTD
WHIUKATPHUC PACCESHUS AL TEOPHU W MPAKTHKH, H,
COOTBETCTBEHHO, BO3HHMKAET BOIPOC O METOJAaX HX
nonydeHus. YacTUYHO WHIMKATPUCH pPacCesHHs
MOYHO TOJIY4YHTh ITyT€M U3MEPEHHH OTHOCUTENIBHBIX
aMIUIUTYJ] pacCestHUsl MO/ OTICIbHBIMU KOHKPETHbI-
Mu yriamu. Tak, HaIpuMep, aBTopbl paboTs! [6] u3-
MEpHIIM aMIUIUTY/Ibl PAcCesiHUSl B JOXKASIX Ha BOJIHE
8 MM mox yriiom 6 =90° K HampaBIEHHIO PacIpo-
CTPaHEeHUS; €CTb U JPYTHe IMOJ0OHBIC MpUMEpHI [7].
OnHako W3MEpPHUTh MHIMKATPUCH pacCesHUsl I0A
BCEMU BO3MOJKHBIMU YIJIAaMH JIOCTaTOYHO CJIOXHO,
3HAYUTEIILHO MPOILE MONTYYUTh UX PACUETHBIM IYTEM.

B MHKpOBOJIHOBOM Juana3oHe BOJH OObIY-
HO HE BO3HHMKAET MPOOJIEM C BBIIIOJIHEHHEM PacyeToB
YIJIOBBIX XapaKTEPHUCTHK paccesHus Xoxasimu. bo-
Jjee TOro, BO MHOTHX CIIydasiX yJaeTcsl BOCIIOJIB30-
BaThCSl MMEIOLIMMUCS B JINTEPAType TOTOBBIMHU Tal-
JIWLAMH WHAWKATPHUC JUIA pabodMx 9acTOT 3IEKTPO-
MarHuTHOro0 crekrpa BmioTh g0 100 T [8-11].
Opnako st Oonee BBICOKMX dacToT (Teparepue-
Boro (TT'1r) nuanazoHa BOJIH) TaKHe AaHHBIE OTCYTCT-
BYIOT. 3aTe€M OHH NPUBEJAEHBI JIUIIb JUIS YacTOT OI-
THUYECKOTO U OJIIDKHEro MHPPaKpacHOTO JUara3oHOB
(mampumep, [12]). Hanuune npobena B TT'u quamna-
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30HE 00YCJOBIEHO psmoM npuduH. C OJHOU CTOPO-
HBI, B HUX He OBUTO HAaJOOHOCTH, MOCKOJNBKY J0 He-
JIAaBHETO BPEMEHM ATOT AMAIa30H HE HMCIOJIB30BAJICA
B IIPAaKTHYECKUX MPUIIOKEHUAX NU3-32 OTCYTCTBHS He-
00XOMMBIX TeXHHYECKUX cpeacTB. OHaKo mocien-
Hue 20 ser HaOmogaeTcs aKTHBHOE OCBOCHHUE DTOM
obnactu vactot [13]. Kpome Toro, otcyrcTBHE yITO-
MSIHYTBIX TaOJIMYHBIX JaHHBIX JUIS YKa3aHHOTO JHa-
Ma30Ha BOJH OOBSICHSACTCS TaKKe TE€M, YTO BBIUHUCIIE-
HUE WHIWKATPHUC PACCesHHUA KalULAMH BOIBI B 3TOM
JIFaria30He COMPOBOXKIACTCS HAMOOJBIINMHU TPYIHOC-
TSAMH HE TOJIBKO TI0 CPaBHEHWIO C MHUKPOBOJIHOBHIM
JMara3oHoM, HO ¥ C ONTHYCCKUM. TakK, B MUKPOBOJI-
HOBOM JIMama30HE JJIMHBI BOJH HW3JIy4YCHHUS 3HAUYH-
TCJIBHO IMPCBLIIIAIOT Pa3MEpPbl JO0KACBLIX KallCjb, WU
JIOCTaTOYHO BOCIOJB30BATHCSA MPOCTHIMU (IIPHUOIIH-
JKEHHBIMH) (OpPMYJIaMH, COAEPIKAIMMH JIMIIb Tep-
BbI€ HECKOJIBKO CJjIaraCMbIX psA10B Mu unn JaxXe oo-
HO ciaraeMoe (pajeeBckoe npuommkenne). B ontuke
HaOJo1aeTCsl 0OpaTHOE COOTHOIICHHE MEXIY pas-
MepaMH Karejdb U JUIMHOW BOJHEI, YTO TaKXe IM03BO-
JET BOCIIONB30BAThCS IMPOCTHIME (aCHMIITOTHYEC-
kM) Gopmynamu. A B mpomexxyrouHoM, Tl nua-
MMa30He, JUTMHBI BOJH M3JIYYCHUs CPAaBHUMEI C pa3Me-
paMu TOKAEBBIX Kallellb, HAYWHAS CO CPEIHHX H IO
CaMbIX MeENKHX. B CBs3M ¢ 3THM B 3TOH oOnactu
YacTOT HaOJIOAI0TCS M3BECTHBIE PE30HAHCH MU H,
COOTBETCTBEHHO, M3JIy4eHHE BOJIH 3TOTO JAMara3oHa
TOJIBEPIKEHO HAMOOJIBIIIEMY BO3IEHCTBHIO J0XK€H [14].
DTO MPUBOJUT K TOMY, YTO UMEHHO 37IeCh B OECKO-
HEYHBIX psAgax MU TNpHUXOAWTCS YYWUTHIBaTh Hau-
OoJIbIIIEE YKCIIO caraeMbix [9].

1. Meroanka BBIYMCJIEHHS WHIUKATPHC
paccessHusi. ©OpMyITBI IS BEIYUCICHHUS HHANKATPHC
paccessHUSI MOXHO HaiTH, B YacTHOCTH, B pabo-
tax [1,9-11, 15]. Bce onm Gasupyrorcs Ha pere-
HUSX MU BEKTOPHOTO BOJTHOBOTO YpaBHEHHSA B 3aJa-
Ye O pacCcesHUH AIEKTPOMArHUTHOTO W3IYYCHHS Ha
yacThnax cepuaeckon (GopMel.

HopmupoBaHHass WHAMKaTpHCa pacCestHUs
oTIpeieNaeTcsl CIeyIOIUM BbIpaxeHueM [1]:

w(0.9) =g 0D &
qu)IF(Q,(p)sianG
0 0

rne F(0,p) — yrnoBoe pacnpejeneHHe WHTEHCUB-

HOCTU M3JIy4€HHS, PACCESIHHOTO YacTULEl panuyca a
C KOMILJIEKCHOW JUAJIEKTPUYECKON MPOHUIIAEMOCTHIO

m=ve = N, — jn, ¥ BOJHOBBIM HapameTpoM X = ka,

dmax
D" (i (0)sin? (p) +i,(0) cos? (p))N(d, R)Ad

dmin
"reuomzm -

Zkchacc N(d,R)Ad
dmln

rae R — MHTCHCHBHOCTD H0KAsL; d — quamerp Karuiu.

k=27/A, A — nuuHa BonHBI, 6 — Yroi paccesHus
[0 OTHOIICHHIO K HAINPABJICHUIO PACIPOCTPAHCHHUS
BoiHBl. CormacHo Teopun Mu  F(6,p) moxHO

npeactaBuTh B Buae [15]

F(0.9) =i, (0)sin?(p) +i,(6) cos® (). 2)
3nech

1,(0) =‘z%(an”n +b,7,)
"~ 3)
i 2(9) = ‘zl%(bn”n + a'nTn)

rae a, u b, — xoadouuenTs paznoxeHus pacce-
SHHBIX TI0JIeH M0 c(heprIEecKHM rapMOHHKAM B 3a1a-
ye Mu; 7, u 7,— yrnossle ko3 uIUeHTH, SB-
Jstrotrecs: QYHKIUSIMA TOJIbKO OT CO0S(H). Boipaxe-

HUA 114 8, D,, 7, ¥ 7, NOIPOGHO PaCKPHITHI B pa-

6ore [9].
®opmyny (1) MOXKHO TIPEJICTABUTH B BHJIE
2 (0.9) =D sin?() + 29 _co’(p), (@)
pacc pacc
FZ[C pacc (m X) = 72[ Z(Zn +1)(|an|2 + |bn|2) — Ccye-
n=1

HHE pacCesHHus.

B ommuue OT MHAMKATPHUC DPACCEsIHUSA OT-
JeJBbHBIX Karlelb, JUIl BEIYUCIICHUS] MHANKATPUC pac-
CesiHHsl MOJH/MCIIEPCHON cpefbl (IMOXIs1) BhIpaxe-
HHe (4) HEOOXOAUMO JOMOMHUTH QYHKIHMEH pacnpe-
JeJIeHHs JOKAeBbIX Kamenp mo pasmepam N (d)Ad.

JIs MUKPOBOJIHOBOTO JHara3oHa 3TO MOXXET OBITH
OJIHO W13 U3BECTHBIX paCIpENeICHUN, HalpuMep
Mapamia-ITansmepa, Jlayca-Ilapconca, 'amma nnm
norHopMmaibsHoe pacrnpexaenenune. B Tl nquanasone,
rae TpeOyercss ydeT MENKHX Karejb, [0 HalleMy
MHCHHIO, JIUIIG B MIEPBOM MPHUOIMKCHUU JTOMYCTUMO
WCIIONIb30BaHue pacnpeneneHuid becra m Mapmaina-
[Tanbmepa, HO TIpeNnOUTUTENIbHEE — paclpeiesieHuE,
npe/IokeHHOe aBTopaMu padotsl [16]. Takum obpa-
30M, YUUTBIBAs KOHKPETHOE PacHpelesICHUue JT0XK]e-

BHIX Karesb 1o pasmepam N(d), mist Beramcienus

WHIUKATPUCHl PAaCCEsIHUS TMOJUIUCIEPCHON CpeJibl
(MoK IsT) IOTTy9aeM CIICAYIONIee BIPaKCHHE:

()



B. JI. Kocmuna u 0p. / Hnouxampucwl paccesnus MUiumMemposuix...

s Beraucnenuii mo gopmynam (4, 5) tpe-
OYIOTCSI TaK:KE CBEJICHUS O KOMIUICKCHBIX IMOKa3aTe-
JSIX TPEJIOMIICHUS BOJBI, COJiepiKalieiics B 10xkK/ie-

BBIX KaIUIAX, M=+/€ =N — jn, MId Bcex HeobOXo-

JTUMBIX JJIUH BOJIH M TeMIeparyp. B cBs3u ¢ 3TuM B
pabote [17] B MOTIOJIHEHHE K W3BECTHBIM W XOPOIIO
paboTaromuM B MUKPOBOJIHOBOM H MHJITIMETPOBOM
(MM) mama3zoHax neGaeBCKHM (opMyIaM MpeIo-
JKeHa pacyeTHas MOJENb I BBIYUCICHHUS KOM-
TUICKCHOM JMAJICKTPUUCCKOM MPOHUIIAEMOCTH BOBI U
B CyOMMJUTMIMETPOBOM (CyOMM) AMamazoHe, 4To II0-
3BOJIIeT oxBaTuUTh auamna3oH yactor 0,03+3 TI'm u
uaTepBan Temmeparyp —10+70 °C. K sroit pacuer-
HOW MOJIEJ M Tpuiaraercsi ynoOHas HoMoTrpamMMa Juist
OBICTpPOrO IepecueTa 3HAYCHHH UAJIEKTPUUECKON
MNpOHUIIAEMOCTU BOJAbI OT O,Z[HOPI TEMIEpATYphl K
npyroii. 3 Hee cienyert, yto B TI'n anana3zone yvac-
TOT TeMIepaTypHas 3aBHCHMOCTh 3HAUHTEIBHO Clia-
Oce (mpUMEpHO HA [1BA MOPSAKA), YEM B MHUKPOBOJ-
HOBOM. B CBSI3M ¢ 5THUM B BBIYHCIICHUSX HHIUKATPHUC
paccesHUSL HeT He0OX0AMMOCTH TPUMEHSATE TTOAPOO-
HBII mar mo temreparype. Ko BpeMeHHU 3aBepuieHus
9TON paboTHI OBLIa OIMyOJIMKOBaHA €IIe OJHA MOI00-
HOTO THIa pacdyeTHas Mozenab Dimcona [18], oxsa-
ThIBatOI[asi 0OJiee IIMPOKUE YACTOTHBIM W TeMmIiepa-
TYpHBIA HHTEPBaJbl M 0a3UPYIONIAACS Ha JIOPEHT-
IIOBCKOH (popme pezoHaHCHBIX JIHHUHA. [IpoBeneHHOE
CpPaBHEHHME PACUETHBIX 3HAYEHUW KOMIUJIEKCHOW -
JJICKTPUUYECKON TPOHHUIIAEMOCTH BOJABI TIO 0O0EHM
mojersim [17, 18] nano mpakTudecku COBMAIArOIIHEe
pe3yibTaThl B CyOMM nuama3one BOJH. ClemyeTr otT-
METUTh, YTO B 3TOM JHANa3oHe Ooyiee MPaBOMEPHO
UCTIONIb30BaHUE CQEPHUYCCKO MOJETH  JOXKICBBIX
Kamenb, a JUId pacyeToB mo Gopmynam Mwu MOXHO
HCIIONB30BaTh YCOBEPIICHCTBOBAHHBIN anroputm [19],
MO3BOJISIFOIINYM COKPATUTh BpEMsl BBIYMCIICHUH MpHU
COXpPaHEHHUHU JAOCTaTOYHON TOYHOCTH.

2. MaauKaTpuchl paccessHUsl OT/AeIbHBIX
kanejb. Ha puc. 1 B xauecTtBe nprumMepa MpuBeICHbI
WHINKATPUCHI PacCeSHUS M3IYYCHHS OTIENBbHOW Ka-
wie quametpom 1,0 MM B TUIOCKOCTH MOJSIpU3ALIMH
@ =0° Ha HECKOJbKUX [UIMHAX BOJH. WHIMKATPUCHI

B OpTOTOHANBHOU TIOCKOCTH (¢ =90°) MOmOOHBI 1

B IIENIAX COKpAIeHUs] 00beMa MyOJIMKAUU 3/1eCh U
Jlajiee He TPeICTaBJICHBI.

OTMeTUM, YTO HHIMKATPUCHI OTIENbHBIX
JIO’KJEBBIX Karelb HEe UMEIOT CYIIECTBEHHOTO Mpak-
TUYECKOTO MPUMEHCHHS, HO WX BBIUMCIICHHUE SBIISCT-
¢Sl HeOOXOAMMBIM ATAIIOM JUTA TIepexo/ia K MHINKAT-
pricaM TOJHINCIIEPCHBIX CpeJ, IMUPOKO HCIIONb3Yye-
MBIM BO MHOTHX TPaKTHYECKUX MPHUIOKECHUAX. B TO
K€ BpeMs aHAIN3 WHAWKATPHUC OTICIBHBIX Karreib
WHTEpECeH Il IOHUMaHUS HEKOTOPHIX (PH3UUECKUX
3aKOHOMEPHOCTEN paccessHusl 3IEKTPOMATrHUTHBIX
BOJIH THJIPOMETEOPaAMHU.

B caHTUMETpOBOM U JCIIMMETPOBOM IUAara-
30HAaX, TJIC JUIMHBI BOJH PaIdOU3IyYeHHs A 3aMETHO

28

NPEBBIIAIOT pa3Mephl JOXKIECBBIX Karelb (B 3TOM
cliydae BOJIHOBOHW mapametp X =27a/A 3Ha4uTeNb-
HO MeHbIe 1), HHIAMKATPUCHI PACCESHUS OTACIBHBIX
JIOKJEBBIX Karenb OJM3KH K POJIEEBCKHM, HAIOMH-
HAIOIM BOCBMEPKY B IUIOCKOCTH IIOJISIpU3ALMU H
KpYyT B OPTOrOHaJIBHOM IIOCKOCTH. [Ipy 3TOM HHTEH-
CHBHOCTb PAaCCESIHUS MAAAIOIIEro Ha KaIllio U3IIyde-
HUS B HAIIPaBJICHUSIX BIEPEA M Ha3aJ IMPUMEPHO OMH-
HakoBa. B psze ciryqaeB paccesiHuE B 3aJHIOIO TTOIY-
chepy maxke NPEBBINAECT PACCESHHE B MEPETHION0,
TIPOSIBIICTCS TaK Ha3bIBaeMBIN 2P dext Tomcona.
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Puc. 1. uaykatpuch! paccesHus OTAEBHON Karuield quamerpoM 1,0 Mm

Ha mmHax BoiH 0,1; 0,5; 1,05 3,0 u 8,3 MM (COOTBETCTBEHHO KpH-
BbIe 1-5)

Ha puc. 1 310 yacTM4HO BHJHO Ha BOJIHE
A =8 mm. B 1ienom xe u3nydeHne 3THX IUana3oHOB
YMEpPEHHO CTpajaeT OT JOXKIeH. B MM nuamazoHe
HAOJFOIaeTCsI IPYroe: JATMHBI BOJH H3JIyYCHHS B HEM
MPAaKTUYECKH TIOJIHOCTBIO COBIAJAIOT C pa3Mepamu
JOXKIEBBIX Karejb, 9YTO MPUBOAUT K CHIIFHOMY Pe30-
HaHCHOMY B3auMonedcTBuio. Ilo 3TON mnpuuuHe
MM JMalla30H COBMECTHO C TIPHUMBIKAIOMINM K HEMY
CcyOMM oOKa3zayics HamOoyiee TOABEPKEHHBIM OCIa0-
JSIOLIEMY M PACCEUBAIOILEMY BO3JEHCTBUIO TOXKIEH.
3/1ech ke MPOUCXOAUT U CYUIECTBEHHOE H3MEHEHHE
BHa HHAWKATpHUC paccesHus. [1o Mepe mpoaBmkeHus
B CyOMM [Mara3oH B HHUX MOSBISIETCS U OBICTPO pac-
TET CWJIBHO BBITSIHYTHIN Y3KHH NEpeIHUN JIENECTOK,
OHH CTAHOBATCA IOXOXKXKHWMHU Ha ,HI/lanaMMI)I HanpaB-
JICHHOCTH OONBIINX 3€pKalbHBIX aHTeHH (puc. 2).
DTOT JIEMECTOK OKPYKEeH 3HAYMTENbHO Oonee cra-
ObIMH OOKOBBIMHU JIelIeCTKaMH. WX TOJOKEHHUS B
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YIJIOBOM IJIOCKOCTH JIJIsl Karelb Pa3HoTo pa3Mepa He
COBMAJIAIOT, YTO MPUBOJAUT K MEPEKPHITUIO MPOBAJIOB
MEXIYy HAMH U CTIQKUBAHUIO WHIUKATPUC MOJH-
JACTIEPCHBIX CPEI.

10°
:I_l..--:|F -l LI 5o
" ...\_‘I_:L.IE
A
0,5 1,0 15 S

Puc. 2. InaukaTpucsl paccesHus B MOJSIPHOM cUCTEME KOOPMHAT

BenuunHa nepeaHero JenectTka UHIUKATPH-
Chl PACCEeSHHUS PACTET C YBEIMYCHUEM BOJHOBOTO
napameTpa OTIICJIbHBIX KalleJib U MPH €ro 3HAYCHUSX
X >20 nerxko MOXeT ObITh OLICHCHA IO MPEACITBHOM
dbopmyne K. C. lllndprHa 11 KanelIbHbIX WHIUKAT-
puc B HanpaBieHun Briepen [20]
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JIETBHOE 3HAYEHHE CpaCC =m°|1l+ m‘ ,

M=n; — jn, — KOMIUICKCHBIH IOKa3aTelb HPEIoM-
n2+ns+1
(n, +1)2 +n3
[IpoBenenHast o 310 GopMysie OLIEHKA aMIUIUTY/IbI
HEepeTHEro JIETIECTKa WHIUKATPUCHl PACCEsTHUS JUIA
BOJIH CPEAHEH 4acTH CyOMM auama3oHa Ui Kalld
nuamMeTpoM 2,86 MM (TIpH 3TOM BOJHOBOHM Mapa-
merp X =20) maer 3HaueHue 28, a TOYHOE BBIYHC-
nenue — 31,2. B KOPOTKOBOJIHOBO# YacTH CyOMM Jua-
na3oHa (Ha yacrore 3 TT'm) st kamesns ¢ nuamerpa-
MU | U 2 MM BETMYHMHBI HIEPETHHUX JIENIECTKOB WHJIH-
KaTpPHUC pacCestHusl COOTBETCTBEHHO paBHBI 70 u 280,
a TOYHBIA pacder maeT 3HaueHHs 76 u 290. Taxum
obpazoMm, dopmyna K. C. Hludpuna obecneumBaer
TOYHOCTh OIICHKH IIOPS/IKA €IUHHMI] MporeHToB. OHa
MoJIe3Ha TPH OTJIAJKE HPOrpaMMBI pacdeTa HWHAW-
KaTpUC paccesHHs, IMOCKOJIbKY I03BOJISIET OBICTPO
MOJIYYUTh 3HA4YEHHs WHAWKATPHC B KOHTPOJIBHBIX

TOYKaXx.

Kak Obul0 OTMEYEHO paHee, B PIJIEEBCKHX
MHJIMKATPUCaX pPAacCesHUsl OTCYTCTBYEeT OOKOBOE
W3JIyYeHHE B IUIOCKOCTH NOJSIPH3ALMH. JTO XKe
CBOHCTBO, HO B Ooyiee OCIaOJIICHHOM BHJE, IIPOIOII-
JKAeT COXPAHATHCA B KaIlCNIBHBIX WHIUKATPHCaX BO
BCEM MM JHana3oHe. IMEHHO Ha HUX NMPHUCYTCTBYIOT
Hanbolnee TITyOOKHe MHHHMYMBI paccesHHs BOIH3H
6okoBeix yrioB 80-100° (puc.l must 1=8,3;3 u
1 mm. Ho ¢ panbHeHmuM pocToMm 4acToThl (K cpel-
Hel JacTh CyOMM JAnama3oHa W BBHIIIE) 3Ta 0COOEH-
HOCTb MHAWKATPUC OJWHOYHBIX Kamlellb MOCTEHNEHHO
HCYEe3aerT.

JeHus AokAeBoit Bomel [17] m & =
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3. UnaukaTpuchl paccesiHHsl TOJIHMINC-
nepcHoii cpeasl. [Ipu pabote B MOXKASIX THHUN CBsI-
3u win PJIC wm3mydeHHBIE aHTEHHAMH PaIlOBOJHEI
OCBEIAIOT OJHOBPEMEHHO MHOXECTBO  KaIlelb,
MMEIOLIUX UIMPOKUN CHEKTP pa3MepoB. B aTom ciy-
Yae, KaKk yKe OTMEeYasioCh, IOJIOXKEHHS OCHOBHOTO H
OOKOBBIX JIENIECTKOB MHIUKATPUC OTAEIBHBIX Kalleilb
pa3HOTro pazMepa B YIJIIOBOH IIOCKOCTH HE COBIAJIA-
0T, YTO MPUBOJUT K TEPEKPBITHIO NPOBAJIOB MEXKIY
HUMH W CIJI2XHBaHUIO HHJMKATPUCHI DPacCesHUs
nonuauctepcHoit cpensl. [loaTtoMy Ha mpakThke Ha-
Omonarorca Oojiee CIVIaXXKCHHBIE Pe3yIbTUPYIOLIHE
MHIVKATPUCHl paccesHus Noxned. Takue MHOUKaT-
PHCHI TaKke paccyuTaHbl Hamu it MM n TT'm oua-
na3oHoB mpu Temmneparype 25 °C U HECKOJbKUX 3Ha-
YyeHHH WHTEHCHBHOCTH 1oxzaed R or 1,25 1no
100 mm/4, a TakKe UIsI BCEX M3BECTHBIX M IIMPOKO
MIPUMEHSEMbIX B HACTOSIIEE BPEMS pacIlpeieiIeHUH
JOXKIEBBIX Kalenb Mo pazMepaMm. B dumcno mocnen-
HHUX BXOJAT KaK KJIacCHYECKHe pacipexneneHus bec-
ta, Mapmanna-Ilanemepa, Jlayca-Ilapconca, ['amma
U JIOTHOPMA@JIBHOE paclpesielieHue, TaKk U OpUIH-
HaJIbHOE paclpeseieHne, NpeyIoKeHHOe aBTOpaMu
9TO# paboTel crenuanpho i T quanasona [16].
Ero ocobeHHOCTh COCTOUT B TOM, YTO OHO IO3BOJISIET
OXBaTUTh B pacyerax HauOoyiee MeJKHE I0XKIEBbIe
kamm (¢ auamerpamu 0,05+0,6 Mmm), paHee He yuu-
ThIBa€MBbIe KJIACCUYECKUMHU PpaCHpeAeTCHUsIMH, HO
JOCTaTOYHO cymecTBeHHbIe mia TI'm nuamasoHa.
[losBneHNEe B NMpaKTHKE METEOPOIOTHUECKHX HM3Me-
peHuil COBPEMEHHBIX AM3APOMETPOB IIOATBEPANIIO
MX TIPUCYTCTBHE B AOKAAX BO MHOTHX reorpadude-
CKMX paiioHax 3eMHOTO IIapa, OTAAICHHBIX OT HKBa-
TOPHAIBHOTO T0sICa.

B kauectBe mpumepa Ha puc. 3 HOKa3aHbI
WHJIMKATPUCHl PACCESIHUSI M3JIYYEHHs JIOXKJIEM C WH-
TeHCcUBHOCTHIO R =50 MM/4 M pacripenenenueM Ka-
MeNb 0 pasMepam u3 pabothl [16]. [l cpaBHeHUS
NpUBEJICHA MHIWKATPUCA PACCESIHUS TOXKIEM TaKOH
JK€ WHTEHCHBHOCTHM C paclpelesieHUeM Kaleib I10
pasmepam Jlayca-Tlapconca u3 pa6otsr [8]. Buaso,
9YTO OCHOBHAsl JHEpPrus CyOMM paJHOBOJH, OCBe-
MIAIOIINX J0KAEBOH 00bEM, YXOIHUT U3 HEro CTPOro
B HalpaBlCHHU BIEPEA Y3KHM MyYKOM (CM. pHC. 2).
OTMmeTuM, 4TO 3TO SIBIICHHE BHOCHUT CYIIECTBEHHYIO
KOPPEKIMIO B PEIICHNs] yPaBHEHUH MEpeHOCca JTyqHC-
TOM 3HEPTHH, CHIKAs B 3TOM JMaIa30He pOJb MHOTO-
KpPaTHOTO pacCesiHus, a TaKKe YPOBEHb IEPEKPECT-
HBIX TIOMEX B CHCTEMax CBSI3M BO BpEMs JIOXKICH.
Kpowme Toro, ymyumaet 3xeck padory PJIC mo cpas-
HEHUIO C MHKPOBOJHOBBIM IHMAIa30HOM, TIE H3-3a
s¢pdexkta ToMmMcoHa MOXKIb 3HAYMTEIBHO CHIIBHEE
MacKUpyeT BO3IyUIHbIE e, Vcnonb30BaHNe B TOM
JMana3oHe M3JIY4eHMs] C KPYrOBOM NOJspU3aLueil
JIMIIb YaCTHYHO MOJaBIAET 3Ty nomexy. CpaBHeHUe
MOJIyYCHHBIX PE3yJIbTaTOB C H3BECTHBIMHU JIUTEpa-
TYpPHBIMH JAHHBIMH TOKA3aJI0 BIIOJIHE XOPOIIEE CO-
otBeTcTBHE. [y yacToT cyOMM Jquana3oHa HaM He
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yAajaioChb HaWTH PE3YIbTAThI HO,HO6HI)IX BBIUHCIICHUN
UHAUKATPUC pacCeIHUA B JOKIAX.
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Puc. 3. VHauMKaTpuchl paccesHUS MOXKIEM C HHTCHCHBHOCTBHIO
50 MM/4 K pacmipesiesieHHeM Karenb o pa3Mepam u3 paboTsl [16]
Ul BEpPTUKaJbHOW moisipu3auuu Ha BonHax 0,1; 0,5; 1,0; 3,0 u
8,3 MM (cooTBeTCTBEHHO KpuBbIe 1-5); 6 — Ha BonHe 1,0 MM 1u1st
pacnpenenenus Jlayca-Ilapconca [8]

4. baza IaHHBIX MHIMKATPHUC paccesHUs.
B mnpouecce BbimonHeHUsT pabOTBl CO34aH MaKeT
MIPOrpamMM, MO3BOJISIOIINHA BBIYUCIIATh HHANKATPUCHI
paccesiHUSL Ha J1I000H JUIMHE BOJIHBI MUKPOBOJHOBO-
ro, MM ¥ CyOMM JHMana3oHOB KakK JJs OTAENBHBIX
Karenb, B NOJHOM HHTEpPBAaJle W3MCHEHHS WX IHa-
MeTpoB 0,05+7,0 MM, Tak W JUIS JOXKISA, UIS BCEX
IIMPOKO HCTIONIB3YyEMBIX B HACTOAIIEE BPEMs B MHUK-
POBOJIHOBOM M MM JMAalla30HaX BUAOB paclpenerne-
HUH Kallesb 10 pa3Mepam, a Iuisi CyOMM Jnana3zoHa —
pacmpesieNnieHuss ¢ PacIIMPEHHBIM CHEKTPOM pas3Me-
poB kamenmb w3 paboTel [16]. [dns memoHCTparmu
BO3MOXKHOCTEH 3TOr0 MakeTa Mmporpamm ObUIM pac-
CUMTAHBl WHIUKATPUCHI PACCESIHUS OOOMX THIIOB
(OTHENBHBIX KalleNlb U MOJHIUCIIEPCHON cpeabl) Ui
KOHKpeTHOro Habopa mmH BonH A= 8,3; 5,0; 3,19;
3,0; 2,14; 1,0; 0,83; 0,5; 0,3 u 0,1 mm. [TorydeHHbIE
pe3ysbTaThl Jadd BO3MOXKHOCTh CO34aTh 0a3y IaH-
HBIX MHAMKaTpUC paccesHus BoiH MM u TI'n nuamna-
30HOB JIOXKJICBHIMH KAIUISIMU 1 MAaCCUBOM JIOXKISL.

baza nanHBIX oOecreuMBaeT OIEpaTHBHBII
JOCTYIn K MaccuBaM JaHHBIX W paludOHAIbHOE
yIpaBJIeHUE UMH, BBIOOpP COTIACHO (YHKIMHU 3aIrpo-
ca m ux o00paboTky. Vcmomb3yemblii KOMIUIEKT
IpOTpaMM TNPOCT U yIOOCH B MPHUMEHEHUH, HE Tpe-
OyeT OT moyb30BaTeNs KaKUX-TH00 0COOBIX HABHIKOB
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MnporpaMMupOBaHusd WKW CHEUUAJIBHOIO OIlbiTa B
o0nacTu 00pabOTKY JAHHBIX.

BeiBoapl. TakuMm 00pa3oM, BBITOTHEHBI
pacdeTbl MHOAUKATPUC PACCESIHUSI BOJIH MHKPOBOJIHO-
Boro, MM u TI'l 1nana3zoHOB N0XKJIEBBIMHU KaIUISIMHU.
PacdeTsl BHITIONHEHBI MO TOYHBIM (QOpMyIaM IS
BCEr0 MHTEpBaja pa3MepoB Kalleib, BCTPEUAIOLUIUXCS
B ocagkax. PaccuuTaHbl WHIUKATPUCHI PACCESIHUS
BOJIH MUKpOBOJIHOBOro, MM u TI'y nuamazoHoB
MOJIUIUCTIEPCHON Cpesloi (OKIEM) C Pa3IMuHBIMH
BUJIAMU pacIpeieieHHus Karelb M0 pa3MepaM U 3Ha-
YCHUAMU HUHTCHCHUBHOCTHU OOXIA. PeByJ’ILTaTLI BBbI-
YUCIIEHUH MOTyT 6I)ITL HCIIOJIB30BaHbI IJIsI PCHICHUA
TEOPETUYECKUX 3a/1ad U MPAKTUYECKUX MPUMEHEHUI
B pPaguOJIOKAllMM W PaguocBs3u. il MOBBIICHUS
3((HEeKTUBHOCTH TPUMCHEHHUS IONyYCHHBIX PE3yIib-
TaTOB OHH O(OPMIICHBI B BHJE 0a3bl JaHHBIX WHIU-
KaTpHUC paccesiHusl.
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V. L. Kostina, Yu. I. Malyshenko, A. N. Roenko

MILLIMETER AND TERAHERTZ WAVE
SCATTERING DIAGRAMS IN RAINS

Detailed information about millimeter and terahertz
wave scattering diagrams in rains is needed to develop millimeter
and terahertz range radio engineering systems. It is rather difficult
to measure scattering diagrams, the easier way is to calculate them.
The prepared tables of scattering diagrams can be used for micro-
wave range, but there are no such data for the terahertz one. This
paper presents the results of scattering diagram calculation of
millimeter and terahertz waves by raindrops. The calculations were
using the exact formulas for all interval of raindrop sizes appeared
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in precipitation. Data base of scattering diagrams was developed
on the basis of obtained results. It gives a wide opportunity for
calculation scattering diagrams at various combination of initial
data, i.e. radiation wave length, raindrop size distribution function
and rain intensity value. The obtained results may be used for
estimation of radiation power spatial distribution in millimeter and
terahertz ranges.

Key words: scattering diagram, remote sensing, rain
drop size distribution function, terahertz frequency range.

B. JI. Kocrina, O. |. Mamumenko, O. M. Poenko

IHIAUKATPUCH PO3CISIHHA MUIIMETPOBUX
I TEPATEPIIOBUX XBWJIb ¥V JIOIAX

Ilpu cTBOpeHHI pPamiOTEXHIYHHX CHCTEM MLIIMETpO-
Boro (Mm) i TeparepuoBoro (TI'm) miamazoHiB moTpiOHI AeTabHI
BIZIOMOCTi NP0 KYTOBiI XapaKTEPHCTUKH PO3CISIHHS BHIPOMIHIO-
BaHHS OIaJaMu. BuMmiproBaTu IHIUKATPHUCH PO3CITHHS IOCHTH
CKJIQJIHO, TIPOCTillle OTPHMATH iX depe3 po3paxyHKH. [l Mikpo-
XBUJIBOBOTO Jlialla30Hy BJAETHCS CKOPUCTATUCSA TOTOBMMH TaOiu-
UMM IHAUKATpUC po3CistHHS, ane it TI' miama3oHy XBHIIb Taki
JaHi BicyTHI. ¥ po0OOTi HOJaHO pe3ysIbTaT! PO3PaxXyHKY iHIUKAT-
puc poscisiHHs XBUIb MM 1 TI'1 Jiana3oHiB JOIOBHMH KPAIULSIMH.
Po3paxyHKH BUKOHAHO IO TOYHUX (pOpPMyIIax JUIs BChOTO iHTEpBa-
Iy po3MipiB Kpamens, IO 3yCTpidaroThes B omanax. Ha mincTasi
OTPHMMAHHUX PE3yJIbTATIB CTBOPEHO 0a3y NaHUX, sKa HAJa€ BEIMKI
MOXKJIUBOCT] IJI1 OOYHCIIEHHS iHIMKATPUC PO3CISHHS HPH Pi3HO-
MaHITHUX MO€JHAHHAX ITOYATKOBHX [apaMeTpiB: AOBXHHM XBHII
BUIPOMIHIOBaHHsI, (yHKIi PO3MOALTY AOLIOBUX Kpareib 3a po3-
MipoM 1 3Ha4yeHHS iHTeHCHBHOCTI Jomry. OTpHMaHi pe3yabTaTé
MOXKYTh OyTH BHKOPHUCTaHI IPH OLIHIOBAaHHI IPOCTOPOBOTO PO3-
MOALTY TOTY)KHOCTI BUTNIpoMiHIOBaHHs MM 1 TI'11 riama3oHiB.

Kio4oBi cjioBa: iHIUKATPUCH PO3CISHHS, AUCTAHIIM-
HE 30HIyBaHHS, (YHKIiS PO3MOILTY JOIIOBHX Kpareib 3a Po3Mi-
paMmH, TepareploBuii Aiana3oH eIeKTPOMArHiTHUX XBUIIb.
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