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YHcaeHHOe MOAEIHPOBAHHE YaCTOTHO-CEI€KTHBHbBIX
noBepxHocTen ¢ [1-00pa3HbIMH anepTypaMH

IIpeomem u yenwv padomer. [Ipeomemom ucciedo8anuli AGAAIOMCSA 0COOEHHOCMU PACCESHUA INEKMPOMASHUMHBIX 60H HA Nep-
@opuposannvix sxpanax ¢ I1-obpasznoii popmoti anepmyp. Llenv pabomer — mooenuposanue 4acmomno-ceneKmusHbx nosepx-
HOCmell ¢ 3a0AHHbIMU YACMOMHBIMU XAPAKMEPUCTIUKAMU U UCCTIE008AHUE BOZMONCHOCEN YRPABIEHUS XAPAKMEPUCTNUKAMU
IKPAHOB NYMEM YCIOHCHEHUS 2eOMEMPUL UX DNEMEHMAPHBIX AYeeK.

Memoost u memooonozusn padomol. [is 4ucieHHO20 MOOEIUPOBAHUSL UCNONb3068aH npocpammubli komnieke MWD3, pas-
pabomannwvili 1abopamopuetl sviuucaumensrou snekmpoournamuxu UPO HAH Ykpaunvl. Ocnosannwiii na memooe 4acmuyHblx
obnacmeil, yuumuleaiowjem nogeoerue noisi 8onusu pebep, u memooe 0600ujeHHbIX MAMPUY PACCEAHUS, NPOSPAMMHYBIL KOMNIEKC
nO03605em PaAcCHUmMvl8anb XapaKmepucmuky PAcCCesHUs CLONCHBIX 80THOB00HBIX Y3108 U PEULENOK ¢ KYCOUHO-KOOPOUHAMHOU
¢opmoti epanuy.

Pesynvmamur pabomer. [1a peanusayuu nocmagientvix yeiell 6 npoeKyuoHHble cxemvl npoepammuozo komniekca MWD3
ObLI UHMEZPUPOBAH KBUPMYATLHBII» 801H0600. B pesynemame sosmooicnocmu npoepammuozo komniexca MWD3 6bLiu pacuiu-
DeHbl Ha pacuem 4acmomHoO-CeleKMUSHbIX NOBEPXHOCMell ¢ KYCOUHO-KOOPOUHAMHOU (hopmoil anepmyp 6e3 OONOIHeHUs CUuc-
memvl HO8bIMU pacuemuvimu Orokamu. IIposedeno yuciennoe mooenuposanue nep@opuposannvlx Ikpanos c I1-obpasnvimu
anepmypamu.

3aknwuenue. Paccuumanvl Kon@ueypayuyu 0OUHOUHO20 U COBOEHHO20 MEMALTUHECKUX IKPAHOB, A MAKICce COCMABHOU
pewemxu, 06pazoeanHoll Napoll IKPAHO8 ¢ OUINEKMPUYECKUM 3ANOTHEHUEM MeHCOY HUMU, XAPAKMEPUCIIUKYU KOTNOPbIX NOT-
HOCMbIO Y0081emeopsom mexnuveckomy 3adanuto. Ilepghopuposannvie sxpansl 0becneuusaiom sSHA4UMenbHoe CHUMCEHUe Om-
padrcaroweii cnocobHOCIMU HA HUSKUX YACMOMAX U HUSKULL YPOBEHb BHOCUMbBIX NOMEPb 8 3A0AHHOU 0ONACU MULTUMEMPOBO2O
ouanasoua. [Ipedcmasnennvie pe3ynvmamol Mo2ym Obinb UCHONb308AHBI CHEYUATUCTNAMY 8 0ONACMU AHMEHHO-PUIEPHOU meX-
HUKU U noivzosamensmu npocpammuozo xomniexca MWD3. Hau. 4. Bubnuoep.: 15 naszs.

Knrwuessie cnosa: peuiemxa, GOJZHOGOO, PE3OHAHC npoxoofcdeHuﬂ, UacmommHo-CeneKmuBHast NOBEPXHOCN1b.

YacrotHo-cenextuBHbIe noBepxHOCTH (UCII), BBI-
MOJTHEHHBIE B BHJIE METAJUIMYECKUX MEpUOANYEC-
KU 11ep(HOPUPOBAHHBIX SKPAHOB, IIMPOKO UCIONb-
3yIOTCS B Pa3IMYHBIX YCTPOMCTBaX pa3AeicHUs
curtaiioB B auamnasone 4yactor oT 1 I'T mo 1 TI'x
[1-4]. B cayyae nepdopaliiyi OTBEPCTHIMH TPsi-
MOYTOJIEHOU (hOpMBI OHM 00ECTIEYHBAIOT TOTYBOJI-
HOBBIM PE30HAHC MOJHOTO MPOXOXKIEHHS Maaaro-
el BOJHBI B OKPECTHOCTH ONHOM YacTOTHI, IpU
9TOM PE30HAHCHAs AJIMHA BOJIHBI IPUMEPHO PaBHA
MTOJIOBMHE JUTHHBI 1enn. [IpoxokaeHne B monoce
4acTOT pPeaTU3yeTcss HECKONBKUMHU TOCIe0oBa-
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TenbHO pacnonoxeHHbIME YCII. YacToTHO-Cenek-
TUBHBIC TIOBEPXHOCTH MOT'YT 00ecreunBaTh U 00-
Jiee CIIOKHYIO, HalpuMep MHOTOYACTOTHYIO, WIIH
Jlake KaueCTBEHHO MPOTHBOIOJIOKHYIO — OTpaxa-
TEIBHYIO XapakTepucTuky [5-9]. B obmem ciy-
yae THIT XapaKTEPUCTHKH, (POpPMUPYEeMOU 3Kpa-
HOM, OIPEAENseTCS TeOMETPUEH anepTyp, UX KO-
JUYECTBOM UM B3aUMHBIM PACIOJIOXKEHHUEM Ha €ro
JJIEMEHTApHOH syeiike. Pe3oHaHCHBIE OTBEpPCTHUS
C TIONEPEYHBIM CEYCHHUEM CIIOKHOW (hOPMBI IatoT
OOIBITIIE BO3MOXKHOCTH T10 YIIPABJICHUIO UX ITapa-
METpaMH H, CIEeIOBATEIbHO, UX JIEKTPOIUHAMHU-
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Puc. 1. ©parments! oguHouHoU UCTI ¢ BBIACICHHBIM MTEPUO-
JIOM (@) ¥ COCTaBHOM PEIISTKH C AUDICKTPUYECKHUM 3aIl0JIHe-
HUEM MEXTy SKpaHamu (6)

YECKOW CBSI3bIO C BOTHOBEAYIIMMH TpakTamu. Oc-
HOBHBIM CIIOCOOOM YIIpaBIIEHHUS CTETEHBIO STOU
CBA3M sBNsieTCS TpaHchopMmamus npoduis ee
anepTypsl. i1 CIOXKHBIX PE30HAHCHBIX anepTyp
yIpaBiIeHHUE JEKTPOAUHAMUYECKON CBSA3BIO OCY-
IIECTBISACTCS B 3HAYUTENbHO (HAa OAMH-IBA IO-
psiaka) Oonee mmMpokux mpenenax. [lpu sTom yem
BEITIIE KOd(PHUITMEHT TpaHchopManud POt
amnepTypsl, TeM OoJblliee BINUSHUE HA CTENCHb €
3NEKTPOAMHAMUYIECKOM CBA3H C BOJIHOBOJHBIM Tpa-
KTOM OKa3bIBaeT CMEIIEHHE alepTypsl B MIOCKO-
CTH TIONEPEYHOTO ceueHus TpakTa. B pabore pac-
cmorpensl UCII, nepdopuposannsie [1-00pazHbI-
MU pE30HAHCHBIMH OTBEPCTUAMU (pHC. 1), obecte-
YUBAIOIINE PE30HAHCHOE MPOXOKIEHHE II0CKOH
BOJIHBI, JIMHEHHO IIOJISIPU30BaHHON IEpIIECHIU-
KYJISIpHO TOPU3OHTAJIBHBIM IiedaM [I-00pa3HbIX
aneptyp. IlpuBeneHbl mpuUMEpbl NPOEKTHUPOBA-
HUS KOMIAKTHBIX NOJ0CHO-Mponyckaomux YCII
¢ mmpuHOK monockl mopanka 10 %. Yucnennoe
MOJEJIMPOBaHNE YacTOTHBRIX xapakrepuctuk YCII
BBITIOJIHEHO C TIOMOIIBIO MPOTPAMMHOTO KOMILIEK-
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ca MWD3. Oco0eHHOCTBI0O TpOTPaMMHOHN pea-
JM3alMY B JAHHOM CJIy4yae SBJISIETCS BBEACHHUE B
COOTBETCTBYIOIIME MPOCKIMOHHBIE M PEKOMIIO-
3ULIMOHHBIE aJTOPUTMBI «BUPTYaJTbHOTO» BOJIHO-
BOJIa. DTO TO3BOJSCT BBIMOIHUTH OBICTPOE pe-
IIEHHE TIOCTABIEHHOH 3a/laul C UCIOIb30BAHUEM
YK€ UMEIOIINXCS MPOTPaMMHEIX CPEACTB 0e3 Io-
MOJIHUTEIBHOTO PacyeTa MHTErPajoB CBSI3U MEX-
Iy MOAAaMH BOJHOBOJIOB CJIOKHOTO TTOTIEPEYHOTO
ceueHus U rapmoHukamu ®inoke. JlemoHCTpanus
3TOH BO3MOXHOCTH ObLIa CaMOCTOSTEJIBHOM Iie-
JIBIO UCCIIEZIOBAHUS, PE3YJABTaThl KOTOPOTO MPHUBE-
JICHBI B CTAThE.

1. Maremaruueckasi MoJeb U 0COOEHHOCTH
YHCJeHHOoH peanaudanuu. Monenupyemas YCII
MpE/ICTaBIsIeT COOOH Mapy METaJUIMYEeCKUX JKpa-
HOB TOJNIIMHON t, MPOMEKYTOK MEXIY KOTOPBIMHU
3aMoJIHeH coeM audiekrpuka tonmmmuoi d. Ha
AJIEMEHTAPHOM MEPHUOAE SKPAHOB MPOPE3aHbI IBE
omnHakoBble [1-00pasHbIe menu, OpUEeHTHPOBAH-
HbIC BEPTUKAIBHBIME IUICYAMH HABCTPEUY OPYT
npyry. BrenrHue pasmepsl meneit a x b, pasmepst
CHMMETPUYHO DPACIIOJIOKEHHOTO TpedHs a, x b, .
Ha nmnomaake snemeHTapHOro nepuoja meiau npo-
pe3aHbl Ha pacCTOSTHIU dY OT TOPU30HTAIBHBIX I'Pa-
HUII AJlIeMEHTapHOM nepuonnyeckoit sueitku. lllenn
CUMMETPUYHBI oTHOCUTENbHO ocu O.X, paccTosiHne
JI0 BEPTUKAJIbHBIX Ipanuil siueiiku dX = (L, —a)/2.
Ha sxpan magaer ruiockast TMHEHHO MONSPU30BaH-
Hasl BOJIHA, BEKTOP k MEKTPUIECKOTO OIS KOTO-
poti B tiockoctu XOY HanpasieH Baonb ocu OY;
BEKTOD kK nexur B E-mockoctu YOZ, yroJ naje-
Hust BosiHbl 60— B miockoct YOZ. B cooTBeTCTBUU
C MPHUHSATOW TePMHUHOJIOTHEH [4], OyneM Ha3bIBaTh
TaKkyl BOJIHY E-TOISIpU30BaHHON, a KpOCC-MOJIs-
PU30BaHHYIO BOJHY — H-TOISPU30BaHHOM.

JJs1 4MCIIEHHOTrO HCCIENOBaHUS XapaKTepHC-
tuk paccessaus YCII wmcmonp3yercss MeTom dac-
THYHBIX 00JIacTeld M METOMl 00OOIIEHHBIX MATPHIT
paccesiausa. Uccnenyemas YCII npencrasisieTcs B
BH/JIC Tapbl METAJIUTMYECKUX SKPAHOB, KAXKIbIN UX
KOTOPBIX HArpy>ke€H Ha BHEIIHUN KaHan Dioke
BO3AYIIHBIM 3amonHeHneM (€= 1,0) u BHyTpeH-
HUM kaHan Proke, 3aMOTHEHHBIN JTUAIEKTPUKOM C
OTHOCUTENIbHON JUAJIEKTPUYECKON MPOHUIIAEMO-
cThio € = 1,0. CBs3p MEXIY dKpaHaMHU OCYIIECT-
BJISIETCSI TIO BOJIHOBO/IAM, 3aIlOJHEHHBIM JMJIEK-
TpukoM. B cBOI0 ouepenb, HarpyKeHHBIH SKpaH
TaKKe NPEICTABISIETCS. B BUAE ABYX HEOTHOPOI-
HOCTEH, pacroIO)KEHHBIX Ha HEKOTOPOM pPaccTo-
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SITHUW JPYT OT Apyra. DTHMH HEOJHOPOIHOCTIMHU
3[IECH SIBIIIOTCS TUIOCKOCTHBIE COEAMHEHHUS BOJ-
HOBOJAHBIX KaHaIOB (DJIOKe, MONEPEeYHOe CEUeHHE
KOTOPBIX COBMAJaeT C CEUEeHHEM JIIeMEHTapHOU
stueiiku mephopupPOBaAHHOTO dKpaHa, U AByX [1-00-
Pa3HbIX BOJTHOBOAOB MEHBILIETO CEUCHHUS.

DJneMeHTapHble HEOAHOPOIHOCTH COSAHHSIOT-
Csl TAaKUM 00pa3oM, YTO CBSI3b MEXAY HUMH OCY-
mectBisieTcss o [1-o6paznpiM BomHOBO#aM. Ilo-
cTpoenue 6a3ucoB [1-00pa3HBIX BOJIHOBOAOB SIB-
JIAeTCS OTAENbHOW 3ajmadeil. s pelieHus 3Toi
3amaun cedeHus 11-oO0pa3HBIX BOJHOBOIOB MpE-
CTaBIIAIOTCA B BHJE IUIOCKOCTHBIX COWJICHEHHN
TIPSIMOYTOJIBHBIX oOmacteit. st pacdera Oasu-
COB BOJIHOBOJIOB CJIOKHOTO TOTIEPEIHOTO CEUCHHUS
W 751 pacyeTa IJIOCKOCTHBIX COUWJICHEHUH MEXTY
STUMHU BOJIHOBOJAMH, MPSMOYTOJBHBIMU BOJHO-
BojaMu U kaHanamu Droke HUCMONb3yeTCs METO.
YaCTHYHBIX 007acTel, YUUTHIBAIOIINNA 0COOEHHO-
CTH TIOBeieHue 1o BOmm3u pedep [10—-12]. Me-
TOM OOOOIICHHBIX MATPHI] PACCESTHUS MPUMEHS-
eTCS ISl TOIYYCHHUS MATPHUIBI PACCESTHUS BCE
CTPYKTYPHI Uepe3 MaTPHUILIbI pacCesHUS BCEX IIOC-
KOCTHBIX COWICHEHUI U UX MOCIeIOBATEIbHBIX
cOOpOK.

Yucno Mon, y4yuThIBAEMOE B UMCJIEHHOW pea-
JIA3aIAA TPOCKITMOHHBIX aJITOPUTMOB, BBHIOMpA-
eTCs TaKuM 00pa3oM, YTOObI MaKCHUMAaJIbHBIC I10-
MepEUHbIC BOJHOBBIC YHCIA BHICIINX H- u E-MoJ
BO BCEX KaHaIax ObLIM paBHEL. J[J1s1 KOHTpOMIS Ipa-
BHJILHOCTH peaji3allii YHCICHHOTO allTOpUTMa,
B YaCTHOCTH, HCITONB3yETCS MPOBEPKA BHITIOIHE-
HUSl COOTHOIIEHWH B3aMMHOCTHU JJISi BOJH COUJIe-
HSIEMBIX BOJIHOBOJIOB M 3aKOHA COXPaHEHHs dHEp-
TUU KaK MO paclpOCTPAHSIONINMCS, TaK U MO 3aTy-
XaIOUIUM BOJIHAM.

BrleonicanHplil aJrOpUTM peain3oBaH YHC-
JIEHHO B paMKaxX MPOrpaMMHOTO KOMIIIEKca
MWD3, mpenHa3zHaueHHOTO JJISl pPEIIeHHs 3a7adq
aHajan3a, CUHTE3a U ONTUMU3AINUA KOHCTPYKTHB-
HBIX Y3JI0B aHTEHHO-BOJIHOBOJIHBIX TPakToB. [1po-
IPpaMMHBIN KOMITJIEKC PeaTM30BaH TaAKKM 00pa3oMm,
YTO YaCTh TPAHUYHBIX YCIOBUH, THIIBI CHMMETPHU
¥ HEKOTOPbhIE NPYTHe acCHeKThl YUUTHIBAIOTCS Ha
HaydaJIbHOM 3Tare (GOopMyYIHPOBKH YHCICHHOTO aJl-
TOpUTMa, YTO MPUBOIUT B PE3YJIBTATE K BHICOKOM
CKOPOCTH pacieToB.

OCco00EHHOCTRIO IPOTPAMMHOM pealn3aly BbI-
[IEONMMCAaHHONH MaTreMaTH4ecKod MOJIeNH SBIIs-
eTCsl BBEJICHHE B COOTBETCTBYIOIINE MPOEKIINOH-
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HbIE U PEKOMITO3UIIMOHHBIE CXEMBI «BHPTYAIbHO-
T0» BOJHOBOJIA. TaKOM MOIXOJ ITO3BOJISICT BHIMOII-
HUTB OBICTPOE pelIeHre MOCTaBICHHOHN 3a7a4H C
HCITOJIb30BAHUEM YK€ MMEIOITUXCS TTPOTPAMMHBIX
cpencts. [IpsMoyroiabHbIE «BUPTYaIBHBIC) BOJIHO-
BOJIBI HYJICBOH JUIMHBI MEXJY IIEISIMH CIIOKHOM
(hopMBI W TIEPUOTUYECKUM TTOIYIPOCTPAHCTBOM
HCIIONIB30BANIACH TSI pacdera MIOCKOCTHOTO CO-
YICHCHMsI MEXAy KaHaioM @Droke M MHOTOKa-
HaJIbHON JIMHHEH U3 BOJHOBOIOB CJIOXKHOIO IIO-
niepeyroro cedenus [10, 12]. Dtot moaxom oObIY-
HO HCITIOJIb3YETCs B TOM CITydae, KOT/Ia HU OJIMH U3
COWIEHSAEMBIX BOJIHOBOIOB HE SIBISETCSA OOBEM-
JIIOITUM TI0 OTHOIIECHHIO K apyromy [11]. 3mech
3TOT TOIXOJ BBIOpaH IjIsi OBICTPOTO PEUICHUs 3a-
JIa4¥ C UCIIOJIb30BAHUEM UMEIOIIUXCS CPEIICTB 0e3
CJIOKHOTO pacyeTa WHTErPajioB CBSI3U MEXKIY MO-
JlaM{ BOJHOBOJOB CIIOKHOTO IMOIEPEYHOTO Ceue-
HUS 1 TapMoHuKamu ®rnoke. PaccunteiBaroTcs MH-
TErpalibl CBA3M MEXIy MomaMu kKaHaima Dioke u
«BUPTYQJIBHOTO» TIPSIMOYTOJIHHOTO BOJTHOBOAA H
HUHTETPAJIbl CBS3U MEXKIY MOIAMU «BHPTYaJIbHO-
ro» u I1-o0pa3Horo BomHOBOMOB. [IpenmytiecTpa
WCTIONB30BAHUS «BUPTYAIBHOT0» BOJHOBONA CTa-
HOBSTCS emie 0oliee OUYEBUAHBIMHU C YCIOKHEHH-
€M TEOMETPHH HCCIIeayeMoro y3ia. Tak, mpu me-
pexone OT pacdeTa OJUHOYHOTO dKpaHa K PacueTy
9KpaHa Ha CJIO€ MUAJICKTPUKA TEPECUUTHIBACTCS
TOJIKO MaTPUIIA PACCESHUSI TUTOCKOCTHOTO COCIU-
HeHUs kaHana Dioke, 3aMOHEHHOTO JAUAIICKTPH-
KOM, C «BUPTYaJIbHBIM» BOJHOBOZIOM.

«BupryanabpHBIe)» BOIHOBOABI MOTYT OBITh BBI-
OpaHbl AByMsI crocob0aMH: TO OZHOMY TIPSMO-
YTOJIbBHOMY BOJHOBOJY C CEYCHHEM, OIHCHIBAIO-
UM KQXKIYIO IIEJh CIOKHOTO MONEPEYHOro ceue-
Hus (puc. 2, a), ¥ OJMH IPSIMOYTOIHHBIN BOITHOBOJ
C CEYEHHEM, OIMCHIBAIOIIUM BCE IIEIN JJIEMEH-
TapHOW TepHOAMYECcKON sSUeiku (puc. 2, 6). Ilpu
TIEPBOM TIOIXOIE IPSIMOYTOJIBHBIC «BUPTYATHHBIC)
BOJIHOBOJIBI MOTYT HaKJIaJILIBAThCSI IPYT HA IPYTa,
YTO HE SIBIISETCS MPOOJIEMOM, TaK KaK 3TH BOJIHO-
BOJIbI BCETO JIUIIb OMPENETSIOT CBA3b MEXKIY MO-
Jamu meneil u rapmonukamu @noke. IlepBblit
noaxo Oomee 3ddexren Omaromaps MeHbIIEMY
001IeMy 9HCITy MO ABYX «BUPTYaJIbHBIX» BOJIHO-
BOJIOB MEHBIIIETO CEUYCHUS B CPABHCHHUH C OJHHUM
«BUPTYaJIbHBIMY» BOJTHOBOJIOM OOJIBIIIOTO CEUCHUS.
Tak, pacder skpaHa, (parMeHT KOTOPOTO IMPHBE-
JIeH Ha pUC. 1, ¢ UCIIOIIb30BaHUEM TIEPBOTO MTOIXO-
Jla BEITIOJTHAETCS B TPH pasa ObIcTpee.
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Puc. 2. MozpenupoBaHue INIOCKOCTHOTO COWICHEHUS] KaHa-
na ®noke (1) ¥ BONMHOBOAHBIX KaHAJIOB (2) CIIOXKHOTO IIOTIe-
PEYHOTO CEYEHHMs C MCIOJIb30BAHUEM: d — MHANBUYAJIbHBIX
«BHUPTYaJBHBIX» BOJHOBOJOB (3); 6 — 00LIEro «BUPTYyaIbHO-
ro» BosiHOBO/A (4)
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Puc. 3. YacToTHBIE XapaKTEPUCTHKH BHOCHMBIX M 00paTHBIX
HOTepb: d — OJMHOYHOI penteTku ¢ napoit I1-006pa3HbIX 1ie-
Jelt Ha 3IeMeHTapHOM nepuose (yron magenus 6= 8°); 6 —
CIIBOCHHOW PEIICTKH C Mapoil MEaHAPONOAOOHBIX Iiesiel Ha
3JIEMEHTapHOM Hepuojie (HOpMaIbHOE MaJeHHE)
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2. YucjeHHoe MOAeJHPOBAHHE OIMHOYHO-
ro nepgopupoannoro 3xpana c Il-o6pa3HbI-
MH anepTtypamu. Ha ocHOBe omncaHHOW BbIIIE
MaTeMaTH4eCKOW MOJEIN HCCIENOBaHbl XapaKTe-
PHUCTUKHU paccesHUs OOJUHOYHOIO dKpaHa, nepgo-
pupoBanHoro [1-o6pa3usiMu oTBepcTHAMH. Takoit
9KpaH oO0ecleurnBaeT MPOXOKICHHUE MaJaroliei
BOJIHBI, BEKTOP 3JIEKTPUUYECKOTO IOJIsI KOTOPOHl B
miockocTd XOY OpueHTHPOBaH NapajuieIbHO OCH
OY. YacroTa pezoHaHCa NPOXOXKIACHUS ONpeeis-
€TCsl, NIaBHBIM 00pa3oM, JUIMHOW IIEIH MO CPea-
Hell NWHWY, KOTOpasi MPUMEPHO paBHA IMOJOBHHE
JUTMHBI BOJIHBI HA pe30HAHCHOW wactoTe [13-15].
JloOpoTHOCTE pe30HaHCa ONpeAeisIeTcs] He TOb-
KO BEJIMYMHOM 3a30pa IIEIH, HO U COOTHOLIEHH-
€M €€ TOPU3OHTAIBHOTO W BEPTUKAJIBHBIX IIJE-
geit [13, 14]. UeM kopode TOpU30HTAITBEHOE TIEHO,
TeM OOIbIe JOOPOTHOCTh PE30HAHCA MPOXOKIIC-
Hus. [1-o0pa3Has mienb MOKeT oOecreunBarh Ha
OIMH-/IBa TIOpsiAKa Oonee AOOPOTHBIM pe30HaHC
MIPOXOXKICHUS, YEM KIacCHYeCKasl IPSIMOYTOJIbHAS
mens. [lpu sToM BenmumHa 3a3opa [1-oOpasHoi
menmn OynaeT B pas3sl Oonbire. [1-o0pazHple menn
MOTYT OBITh UCIIONIb30BaHBI U JIJISI POPMUPOBAHUS
HU3KOJOOPOTHBIX PE30HAHCOB MPOXOKJeHus. B
aToM ciydae [I-o0pasHeie anepTypsl UIMEIOT 3Ha-
YUTEIBHOE MPEUMYIIECTBO B CPaBHEHHU C Ips-
MOYTOJIHBIMH LIEIISIMH. Y3e1, 00eceunBaromuil
HIMPOKOIIOIOCHOE NPOITyCKaHHE, CIOKHO CHHTE-
3MpOBATh Ha PEUIETKAaX C MPSIMOYTOJBHBIMHE arep-
TypaMH. YBEIMYECHHE BBICOTBHI IPSMOYIOJIBHON
Hiedu Uil CHIKEHUS JOOPOTHOCTH pe30HaHca
MIPOXOXKIECHUS IPUBOANT K CMEILIEHUIO PE30HAHCA
B 00JIaCTh BBICOKMX YacCTOT. DTOT BBICOKOYACTOT-
HBIH CIIBUT KOMITEHCUPYETCSI YBEITHUEHHEM JAJTUHBI
LIEJIM, OTPAHUYEHHOM pa3MepaMu NEPUOINYECKON
sueiiku. Pa3meps! sueliku He MOTYT OBITh yBEJH-
YeHBI, TaK KaK OHM BBHIOMPAIOTCS TAKUM 00pa3oM,
9TOOBI PE30HAHC MPOXOKIACHUS OBLIT PacroiokeH
KaKk MOXHO Jajblllé OT Hayaja MHOTOMOJIOBOTO
nuanasoHa. [Ipeogoners 3T0 orpaHUYEHNE MOKHO
€IMHCTBEHHBIM 00pa3oM — MepeiTu K anepTypam
coxHO# popmel, B yacTHOCTH [1-00pa3HbIM.

PaccMoTpuM 4acTHBIN cilydail IPOEKTUPOBA-
Hust YCIL. [Tycts HeoOxommumo pa3paboTaTh 3KpaH,
00ecneynBarOIUi MPOXOKICHHE TUIOCKON E-T10-
JISIPU30BAaHHON BOJIHBI ¢ yIioM TajaeHus 6= 8° B
gactoTHOM pauamnazone 34...37ITn ¢ ypoBHeM
BHOCHMBIX ToTeph He Oosee 0,5 nb. TpeOyercs
TaKke 00ECIeuuTh 3amupaHue KpocCc-TOJPU30-
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BaHHOW BOJTHBI B YKa3aHHOM JAuarna3oHe. B cooT-
BETCTBHH C BXOJIHBIM 33/laHMEM ObLIa CIIPOEKTH-
poara UCII cnemyromeld reoMeTpUH: TOJIIMHA
skpaHa t=1,0 MM, pa3Mepsl 3JIEMEHTApHOIO Iie-
puona L, XL, =5,6x%5,5 MM, pasMep IEHTpaIb-
Hoit BeTaBku @ X b =43 x 1,8 MM, a,xb,=19x
% 0,6 mm?, dx = (L, —a)/2 mm u dy = 0,8 Mm. Yac-
TOTHBIE XapaKTEPUCTHKH PEIIECTKH MPHBEICHBI Ha
puc. 3, a. Kak BUZHO U3 pHCyHKa, BO BCEM 3a/1aH-
HOM JMara3oHe obecreunBaeTcs oTpaxkeHue H-mo-
JSIPU30BAHHONW BOJHBI C YPOBHEM BHOCHMBIX IIO-
TEPb (SZLI) He xyxe 25 1b. [Ipoxoxaenue E-nomis-
PU30BaHHOW BOIIHBI O0ECIIEUNBACTCS C YPOBHSIMHU
00OpaTHBIX MOTEPh (S1H1) Ha HM3KOYaCTOTHOM Ipa-
Hutle monockl He xyxe 20 n1b u He xyxe 12 nb Ha
€ro BBICOKOYACTOTHOU rpanuile. MUHUMYM BHOCH-
MBIX TIOTEPh 82”1 Jocruraercs Ha yactore 34,8 I'T'y
(oOpatHble oTEPH 81”1 cocrasitoT 50 n1b). Takum
obpazom, maxe ogunHouHas YCII co mensmu [1-060-
pasHoro npodwiIst o0ecIeunBaeT MPOMyCKaHue Ta-
JTAIOIIEH BOJHBI B ITOJIOCE YACTOT mupuHOi ~10 %.

3. YucjieHHOEe MO/AEeJIMPOBaHNe IBYXCJIOHHO-
1o nep(popupoBaHHOrO 3KpaHa ¢ MOIUGUIHPO-
BaHHbIMH I1-00pa3sHbivMu anepTypamu. Vcnomns-
3yEeMBI IPOTPAMMHBINH KOMILIEKC JOMyCKaeT CBO-
OomHy0 MaHUMYIAIHIO TeomeTpueit meneit YCII.
IIpuBeneM dYacTHBIM NpuUMEp PpELIEHUS 33]auH,
aKTyaJbHOW JJIs1 Pa3pabOTKH HIMPOKOTIOIIOCHBIX
3kpaHoB. LlInpokonoaocHoe MPOXOXKICHHUE JINHEH-
HO TIOJISIPU30BAaHHOM BOJIHBI 00€CTIeUnBAETCs 34€Ch
9KPaHOM C MEaHAPOIIOJ00HOH TeoMeTpreH IIesen
(puc. 3, 6). Ha snemeHTapHOM TIepHone SKpaHa
MIpOpEe3aHbl ABE MEaHAPONIO00HbIE enH. [ eomeT-
pus 3agaam: t=0,1mm, L,XxL,=5,6x55 MMZ,
axb=37x18mm’ dx=(L,—ag)/2mm u dy=
=(L,/2 ~b)/2, pasmep ueHTpaNbHOW U JIBYX JIO-
MOJIHUTEIIBHBIX BCTaBOK a,x b, =1,5%0,3 MM
YacroTHast XapaKTEepPHCTHKA pPEeIIeTKH, 00pa3o-
BanHOW mapoit YCII, pa3HeceHHBIX Ha pPaccTos-
HUE, IPUMEPHO PAaBHOE YETBEPTH JUIMHBI BOJHBI
Ha I[EHTPaJbHOM YacTOTE MOJIOCHl MPOMYyCKaHUS
d=2,75 mm, mpuBeneHa Ha puc. 3, 6. Kak BugHO
W3 PHCYHKa, pelieTka 00ecleunBaeT MpPOXOKIe-
HUe E-NoNsSpu30BaHHOM BOJHBI B TIOJIOCE MPOITYC-
KaHus mupuHoi 12,5 % ¢ ypoBHEM 00paTHBIX I10-
Teph (SIHI) He MeHee 15 nb. B monoce mpomyc-
KaHHs ypOBEHb MyNbCAllMii BHOCUMBIX HOTEPh HE
npesbimaer 0,2 1b. Ilpu 3toM Kpocc-nosspu3o-
BaHHAas BOJIHA OTPAKAETCS C YPOBHEM BHOCHMBIX
OTEPh (Szﬁ) He menee 35 ab.
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Puc. 4. YacToTHBIE XapaKTEPUCTUKU (BHOCUMBIC H OOpaTHBIC
MOTEpH) PELIETKU U3 ABYX SKpaHOB ¢ [1-00pa3HBIMU IIENIMHI
U JMAJIEKTPUYECKUM 3aIOJHCHHEM MEXAY SKpaHaMH (yroi
nageHust 0= 8°): a — B IMPOKOM HHTEPBAJIC YaCTOT (ABE MO-
JSpU3alKn); O — B TOJIOCE MPOMYCKaHus (mapajuienbHas mo-
TSIpU3aINs)

4. UnciaeHHoe MoxeJIMPpOBaHHE COCTABHOM
YCII ¢ nuaieKkTpu4ecKuM 3anoanennemM. Kom-
ro3unnoHHo Oonee cimokHas YCII mpemcraie-
Ha B KadecTBe Tperhero mpumepa. YCII obpazo-
BaHa IBYMs MCETANIMYCCKHMU BKpaHaMu C OU-
IEKTPUUECKUM 3aMIOJTHEHHEM MEXAy HUMH (CM.
puc. 1, 6). CipoekTupoBaHHast B COOTBETCTBUH C
BBIIIICIIPUBEICHHBIM BXOJHBIM 3aJ]aHHEM Ha CHH-
te3 YCII umeer cnemyromryto reomerpuro: L, X
xL,=56x55mm’, t=0,ImMM, axb=37x
x 14mv%, a,xb,=1,7x0,4mm% dy=0,8mm;
d=4,2 mm, £=2,08, tgd=0,0; 6= 8°. YacToTHBIE
xapakrepructiuky YCII B mmpokoM 1uana3oHe yac-
TOT ¥ B YBEIMYEHHOM MacIITa0e B ITOJIOCE MPOITY-
CKaHUA NpuBeeHbl Ha puc. 4. IlyHKTHUpPHBIM TIpsi-
MOYTOJFHUKOM 371€Ch 0003Hau€HBI TPAaHHUIIBI T10-
JIOCBI NPOITYCKaHUs. Kaxk BUAHO M3 pHUCYHKa, BO
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BCEM 3aJaHHOM [Mamna3oHe o0ecCIIeUuMBAETCS OT-
paxxeHue H-moJsipu30BaHHON BOJHBI C YPOBHEM
BHOCHMBIX TOTEPH (SZLI) He menee 45 nb. Ilpo-
XOXKJeHUE E-TONIIpU30BaHHON BOJHBI 00CCIICUH-
BaeTCA BO BCEH IMOJIOCE MPOMYCKAHUS C YPOBHEM
00paTHBIX TOTEPH (51“1) He meHee 12 nb. MuHnu-
MyMBI BHOCHUMBIX TIOTEPH TOCTHUTAIOTCS HA YacTo-
Tax, ONMM3KUX K TPAHUIAM TIOJIOCH TIPOITyCKAHUSI.
YpoBeHBb TyIbCAIlU BHOCHMBIX IIOTEPh MEXKITY
MUHHMyMam# He npeBbimaet 0,25 n1b. Takum 06-
pasom, coctaBHas YCII obecnieurBaeT mporycka-
HHe€ IaJarolicii BOJIHBI B 3aJaHHOM MOJI0CE YaCTOT
C YPOBHEM BHOCHUMBIX ITOTEPH, HE MPEBHIIIAOIINAM
3HAUEHUS, OTIPEACIICHHBIC BXOJHBIM 3a/IaHHEM.
BriBoasbl. B paboTe nmpomeMoHCTpUPOBAHO CY-
IIECTBEHHOE PaCIIMpPEHHE BO3MOXHOCTEH CHCTe-
MbI MonienupoBanuss MWD?3 Ha 3a1auu 0 4acTOTHO-
CEJICKTHBHBIX JKpaHax. BBelneHne W3BECTHOrO
KJIIOYEBOIO 3JIEMEHTA — IUIOCKOCTHOI'O COYJIEHE-
HMSI BOJIHOBOJHOT'O KaHasa ¢ kaHajioM DJoke, cBs-

3aHHOTO C aHaJM30M (pa3MpPOBaHHBIX AHTEHHBIX
pemmeTok [4], — MO3BOIMIO IPUMEHHUTD YUCICHHO-
aHanutuaeckue anroputmel MWD3 nns pernenus
3aj1a4 0 nepoprupOBaHHBIX IKPAHAX C TPOU3BOIb-
HBIMH KyCOYHO-KOOPJIMHATHBIMH OTBEPCTHIMH.
Bo3MOXHOCTE CBOOOAHOIN MaHUITYISIIUN UX QOp-
MOH MO3BOJIICT CYILECTBEHHO PAaCLIMPUTH [IHa-
[a30H TpeOOBaHMN K YaCTOTHBIM, IOJSIPU3ALM-
OHHBIM W JpPYyTUM XapaKTepHUCTHKaM aHTEHHO-
($uIepHBIX yCTPOHCTB. B KauecTBe KOHKPETHOTrO
MpUMepa IPUBEICHO pelIeHNe 3aa4l IPOEKTHPO-
BaHM KpaHa co caBoeHHbIMU [1-00pa3HbIME 11e-
JSIMH ¢ TioJiocoit poryckanus 10 % u TpeboBaHu-
€M II0JIaBJICHUsI KPOCC-TIOJIIPU30BaHHOIO CUTHAJIa
He Hwke 40 nb. Mcnonb3oBanue [1-00pa3HbIX Iie-
JIeil TO3BOJIMIIO CHHTE3HPOBaTh KoMIakTHy10 YCII
(cTo¥t nuPNeKTpUKa, METaUIM3UPOBAHHBINA C IBYX
CTOPOH NepPOPUPOBAHHBIMU SKpaHaMH), obecre-
YHUBAIOLIYIO IIUPOKOIOJIOCHOE NPOIYyCKAHUE JIH-
HEWHO MOJISIPU30BAHHOM BOJIHBI.
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NUMERICAL MODELING OF FREQUENCY-SELECTIVE
SURFACES PERFORATED BY U-SHAPED SLOTS

Subject and Purpose. Peculiarities of the electromagnetic wave scattering at screens perforated by U-shaped slots are the
subject of the paper. Numerical modeling of frequency-selective surfaces with frequency characteristics given and research into
the possibilities of the performance control of the screens by complicating their elementary cell geometry are the purposes of
the paper.

Method and Methodology. The numerical modeling is performed upon the MWD3 software package developed in the
laboratory of computational electromagnetics of the IRE NASU. Based on the scattering mode technique and the mode-matching
technique taking into account the electromagnetic field behavior near the edges, this software package enables calculations of
scattering characteristics of both compound waveguides and gratings with piece-wise boundaries.

Results. A virtual waveguide was incorporated into the MWD3 projection schemes, extending capabilities of the MWD3
software and making it possible to treat the frequency-selective surfaces with piece-wise boundaries without adding new building
blocks. Numerical modeling of perforated screens with U-shaped slots was carried out.

Conclusion. Configurations of single and double metal screens and, also, a compound grating formed by two screens separated
by a dielectric layer were calculated in full agreement with the given task. The perforated screens provide essential reflectivity
decrease at low frequencies and, also, a low insertion loss level in the given millimeter wave region. The obtained results can be
of interest for specialists in antenna-feeder engineering and for MWD?3 software users.

Key words: grating, waveguide, transmission resonance, frequency-selective surface.
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UM CEJIbBHE MOJEJIFOBAHH A YACTOTHO-CEJIEKTUBHUX
I[TOBEPXOHB I3 IT-ITOAIBHUMU OTBOPAMU

IIpenmert i meTta podoru. IIpenMeToM IOCTIIKEHHS € OCOONMBOCTI PO3CIIOBAaHHS €IEKTPOMATrHITHUX XBHJIb Ha NepgopoBa-
HHX ekpanax i3 [I-moxi6Horo dopmoro anepryp. Mera pobOTH — MOJETIOBAaHHS YaCTOTHO-CEJICKTUBHUX IIOBEPXOHb 13 3alaHUMHU
YaCTOTHHMH XapaKTePUCTUKAMHU Ta JOCIIKEHHSI MOXIIMBOCTEH KepyBaHHS XapaKTePHCTHKAMH €KPaHIB IIUISIXOM YCKJIQJHEHHS
reoMeTpii IXHIX elTeMEeHTapHUX KOMIpOK.

Mertoau i MeTomostorist po6oTu. J{jist 4rcensHOT0 MOJEIIOBAaHHS BHKOPUCTAHO PO3pOOIICHUH 1ab0opaTopiero 00UHCIIIOBAIIb-
Hoi enekrponuHamiku IPE HAHY nporpamumnii kommnexe MWD3. IporpaMuunii kommieke 6a3yeThbest Ha METO1 y3araabHEHNX
MaTpHUIb PO3CIIOBAaHHS Ta METO1 YaCTKOBHX 00JIaCTeH, 1110 BpaxoBy€ NOBE/IHKY €IeKTPOMArHITHUX MOJMIB 011 pebep 1 o3BoIIsE
PO3paxyHKH XapaKTEePUCTHK CKJIAJHUX XBUJICBITHUX BY3JIiB TA IPATOK i3 KYCKOBO-KOOPAWHATHOIO ()OPMOIO MEXK.

Pesyabrat po6oru. 1106 mocsrtu mocrasieHol MeTH, y MpOeKLiiiHi cxemu mporpamHoro xkomiuiekcy MWD3 Gyio inTe-
TPOBAHO «BIPTyaJbHUI» XBUIIEBI]. STk HAaCIiIOK, MOXKIMBOCTI ITporpaMHoro komriekcy MWD3 Oynu nmommpeHi Ha po3paxyHOK
YaCTOTHO-CEJICKTUBHAX ITOBEPXOHb i3 KyCKOBO-KOOPAMHATHOIO (hOpMOIO anepTyp Oe3 JOIMOBHEHHS CHCTEMH HOBHMH OJOKaMH
po3paxyHky. [IpoBeneHo uncensHe MOJEII0BaHHS ephopoBaHuX ekpaHiB i3 [1-moxibHuMY aneprypamy.

BucnoBku. Po3paxoBano koH(iryparii OAMHOYHOTO i MOABIIHOI0 METaJIeBUX EKPAHIB, a TAKOXK IPATKH, C(HOPMOBAHOI TapoOI0
€KpaHiB 13 AieNIeKTPUYHOIO BKIAAWHKOIO MK HUMU. OTpUMaHi XapaKTepHCTHKH IIIUTKOM 330BOJIBHSIOTH TEXHITHOMY 3aBJIaHHIO.
IlepdopoBani ekpanu 3a0e3neUyOTh 3HAYHE 3HIDKCHHS BIIOMBHOI CIIPOMOXKHOCTI HAa HH3BKHX YacTOTaX Ta HU3BKUI pPiBCHb
BTPAT, 1[0 BHOCATHCS y 3aJJaHil YacTHHI MiJliMeTpoBoro Aiarna3oHy. OTpuMaHi pe3yasTaTH MOXYTh OyTH BUKOPHCTaHI Cliemiamic-
TaMH B 00J1acTi aHTeHHO-(iZiepHOi TEXHIKH Ta KOPHCTyBadaMH IporpamHoro komruiekcy MWD3.

Knrwowuosi cnosa: Ipamka, xeuﬂesié, PE3OHAHC npoxodofceHH}z, Uacmommno-celeKmueia NOBepxXHs.
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