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Cucrema KOMIIBIOTEPHOI0 MOJACJITUPOBAHUA AHTCHH
ME€TOAOM MOMCHTOB

KBacuukoB A. A., lemakoB A. B., IanoB A. A, Kimrokun /I. B.,
KomnatnoB M. E., Kykcenko C. I1.

ITocmanogka 3a0auu: npoekmupoganue aHmMeHH A61Aemcs OOHOU U3 OCHOBHBIX 3A0ay, 803HUKAIO-
wux npu paspabomke co8PEeMeHHbIX PAOUOINEKMPOHHBIX cpedcms. [[lis eé peuteHus WUpoKo NPUMEHAIOMCs
PAazuyHble CUCHEMbl A8IMOMAMUUPOBAHHO20 npoekmuposanus. Omcymcmeue NoIHOYEHHbIX 0me4echGeH-
HbIX aHAN0208 3apPYOedNtCHBIX cUCmeM NPOEKMUPOBAHUS 8 YCI08UAX UMNOPMO3aMeujeHus mpedyem co30aHusl
omeuecmeeH ol cucmemyl, 001a0alowel WUPOKUM CREKMPOM DYHKYUOHATLHBIX 603MOICHOCMEU U BbICO-
KOl CIMeneHvio UHMezpayuy ¢ Cywecmeyrowmumu naKkemamu npukiaonvix npoepavm. Llenvto pabomer a675-
emcs npeocmasienue pe3yibmamos paspabomKy cCucmemvbl KOMILIOMEPHO20 MOOEIUPOSAHUS. PAOUOTNEXHU-
yeckux xapakmepucmux aumenn. HMcnonv3yemvie memoowvl: OJisi MOOCIUPOSAHUS AHMEHH NPUMEHAEMCS
YUCTEHHBI MEMOO MOMEHMO8, NPe0yCMAMPUBAIOWULl 3aMeHy MEMALIUYECKUX NOGEPXHOCMEN UCCAeOyeMOU
MoOenu aHmeHHbl IKEUBANEHMHBIMU NOBEPXHOCHIHBIMU 2NIEKMPUYECKUMU MOKAMU. [{I51 annpoKcumayuu mo-
oenu aHmeHHbl UCNONb3YeMmcs Mpey2oibHas NONUSOHANILHASL CemKd, a 05l Npeocmasienus MoKa 6 A4euKkax
cemku — 6azucnvie RWG-gyuxyuu. Hoeusna: nosuznoii obnadaem pazpabomanHulii U NPOSPAMMHO peaiu-
306aHHbII ANOPUMM MOOETUPOBAHUS AHMEHH, OMAUYAIOWUUCS COBMECIHbIM NpUMeHeHueM DapuyeHmpu-
yeck020 noopasoenenus aueek cemku Ha 9 cyompey2on1bHUK08 0/l pacyema no8epXHOCHHbIX UHMESPanos u
napanienbHol opeanusayuell npoyeoyp GulUUCIeHULl ¢ UCNONb308aHuem oupekmus cmanoapma OpenMP.
Pesynvmam: na ocnoge npeoioiceHno20 aneopumma paspabomana cucmema MoOeIupo8aHusi U blnOJIHEeHO
eé mecmupoganue Ha npumepe mpex AHMEHH C pasiuuHbiMu KoHcmpykyusmu. Ilpakmuueckan 3nauu-
MOCHb. pa3pabomannas cucmema MoOeIupOBanUs Modicem Obimb UCHONL30BAHA @ 3a0a4ax cunmesa u aua-
JU3A WUPOKO20 KpPYy2a Munog aHmeHH.

Knwuesvie cnosa: sviuuciumenvuas 3JzeKmp00uHaJ\4uKa, YucieHHvle .MemOdbl, Memoo MOMEHMOE,
AaHmMeHHa, ()uaepafwwa HanpaesjlernHocmu, BX00HO1 MMI’Z@()(JHC, cucmema MO()eﬂMPOGGHMﬂ.

AKTYaJIbHOCTh

Pa3BuTre METOAOB U CPEJCTB MPOECKTUPOBAHMS aHTEHH OOYCIIOBJIEHO BO3pac-
TalONUMUA TpeOOBaHUSIMU K MX OCHOBHBIM mMokazaTensM kadecTBa [1]. [lupokoe
pPacrpOCTpaHEHUE TOJYYHIIA YHCICHHBIE METOJBl PEIIECHUS JJIEKTPOAMHAMHYECKHAX
3a/1a4, UCIIOJIb3yEMbIE, TOMUMO IIPOUYET0, B CHCTEMAX aBTOMATU3UPOBAHHOTO MPOEK-
tupoBanus (CAIIP). Ilpumenenune CAIIP no3BoisieT CylecTBEHHO COKPATUTh BpEeMsI
pa3pabOTKu aHTEHH, ONTUMHU3UPOBATh UX XapAaKTEPUCTHUKH, a TAK)KE CHU3UTh (PUHAH-
COBBIE 3aTpaThl Ha MpoekThpoBaHue [2]. Jns MomenupoBaHUS aHTEHH IIMPOKOE
NpUMEHEeHHE MOoay4yms1 MeTosl MoMeHTOB [3]. Ilpu ero mcnonap3oBaHUU MeTauIUYe-
CKHE€ YaCTU MOJEJIM AaHTEHHBI 3AMEHSIOTCS 3KBUBAJICHTHBIMU TOBEPXHOCTHBIMM JJICK-
TPUUECKUMHU TOKaMH, TIOCIIE YETO pelIaeTcs 3a/1a4a Bo30yKACHUs 3JI€KTPOMarHuTHO-
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ro nojs 3TuMu Tokamu. [Ipu sTom TpeOyercs NHIb AUCKPETU3ALUS MOBEPXHOCTU
aHAIM3UPYEeMON KOHCTPYKIIMM aHTEHHbI 0€3 HEeOOXOAMMOCTHU 3aJaHMsl TPAHHYHBIX
YCIIOBUM, YTO MO3BOJSIET CHU3UTh TPEOOBAHUS K BBIYMCIMUTEIBHBIM pecypcaM Hc-
MoJIb3yeMol paboyeil CTaHINM, a TAK)XKE COKPATUTh BpEMs MOJICIIMPOBAHUS.

B nactosiee BpeMs Ha pbIHKE MPOrpaMMHOTO 00ecTeueHus JOMUHUPYIOIEee
noJioxkeHue 3aHuMaroT 3apyoexunsie CAIIP, B ToM uucie cuctembl, OCHOBaHHbIE Ha
MeTOJIc MOMEHTOB U ero Bapuanusx: Altair Feko [4], Momentum [5], Concept-I1I [6]
u ap. Ilpu stom oreuectBeHHbie CAIIP He MOryT COCTaBUTh KOHKYPEHIIMIO 3apy-
OEXHBIM, TTOCKOJIBKY OHU MPAKTHYECKH OTCYTCTBYIOT [7]. OmHako mis 3¢ dekTuBHO-
ro UMIopro3zamenieHus pazpadorka oreuectBeHHbIX CAIIP kpaitne akryanbHa. [lan-
Has paboTa MOCBAILIEHA ONMMCAHUIO MEPBBIX IIaroB, BBHITOJHEHHBIX aBTOPCKUM KOJI-
JIEKTUBOM, B pamkax cosaanus oredectBeHHOM CAIIP nns momenupoBanus paamo-
TEXHUYECKUX XAPAKTEPUCTUK AHTEHH C UCIIOJIb30BAaHUEM METOAA MOMEHTOB.

AJITOPUTM pacyeTa paIHOTeXHNYECKNX XaPAKTEePUCTHK AHTEHH
JIns arciieHHoro aHaiau3a 0ok Gu3nueckoit 3amaun Tpedyercs MoCTpoeHUe
MaTeMaThuyeckor mojenu [8], sBistonieiicss NpuOIMKEHHBIM OMMCAHUEM HCCIIeTye-
MOTO 00BEKTa ¢ MpUMEHEHHEM anropuTMmoB [9]. [ns mocTpoeHus mMaTeMaTHYECKOM
MOJIEIN TPU HUCIOJIB30BAaHUU METOJAa MOMEHTOB MCIOJIB3YETCS TPUAHTYIISAIUS UC-
XOJTHOM TeOMETPUH UCCIEAYEMOro 00beKTa ¢ y4€TOM €ro KOHCTPYKTUBHBIX 0COOCH-
Hocreil. [locne TpuaHTyIsuu NpoOu3BOAUTCS 3aMEHA STYEEK PACYETHOM CETKU Ha K-
BHUBAJICHTHBIE TTOBEPXHOCTHBIC DJIEKTPUUECKHUE TOKU W PEIICHUE 3aJlauyd BO30YyXkie-
HHUS JIEKTPOMArHUTHOTO TIOJISl B TAJIbHEW 30HE STUMH TOKAMMU.
[Ipouenypy mMonenvupoBaHUsT aHTEHHBI C MCIOJB30BAHUEM METOJAa MOMEHTOB
MOJKHO MPEACTaBUTh B BHJIE TIOCIIEI0BATEIbHOCTH ericTBui [10]:
1. Onpenenenue 1ene pacuera U HEOOXOIUMOM JUIsl 3TOTO BXOJHOW U BbI-
XOJTHOM MH(POPMAIIHH, a TAKXKE TPEOYyEeMO# MOTrPENIHOCTH PE3YJIbTATOB.

2. ©opMyIMpOBKa MHTETPAIBHBIX YPAaBHEHUI B YaCTOTHOW 0O0JacTH U 3aja-
HUE UCTOYHUKA BO3JICHCTBUSI.

3. TlocTpoeHue pacyeTHOM CETKH, Mepexo/i OT GyHKIMOHATBHBIX YPABHEHUH K
cucTeMe JIMHEHHbBIX anreOpanueckux ypaBHenuit (CJIAY) ¢ momoinpio 3a-
MEHBI HEMPEPHIBHBIX (DYHKIIMI X JUCKPETHBIMHU aHAJIOTAMH.

4. Pemenne CJIAY c¢ 3agaHHON TOYHOCTHIO.

5. Brruucnenue u3 pemenus CJIAY TtpeOyeMbIx XapaKTepUCTHK U UX BU3ya-
J3aLus.

OueBUIHO, UTO BCE YKA3aHHBIE 3TAlbl B3aMMOCBSI3aHbl. TaK, N3MEHEHUE MIIO0T-
HOCTH SIYEEK B PACUETHOM CETKE OKa3bIBa€T BIIMSIHUE Ha pazMep GopMupyemoit
CJIAY wu Bpems e€ pemenus [11].

OnnuM 13 Haubosiee PaclpoOCTPAHEHHBIX aITOPUTMOB, TPUMEHSIEMBIX TIPH T10-
CTPOCHUU PACUECTHOW CETKH MJI1 MOAECIUPOBAHUS AHTEHH METOJJOM MOMEHTOB, SIBJISI-
€TCSl aJITOPUTM TPUAHTYIANMH J[eToHe, COTIACHO KOTOPOMY Ui JIF0OOTO TPEyroJih-
HHUKA BEPHO, YTO BHYTPHU OIMUCAHHOW OKOJO HETO OKPYKHOCTHU OTCYTCTBYKOT TOUYKH
M3 MHOYECTBA, OMKCHIBAIOIIETO MCXOAHYIO TeoMeTpuio aHTeHHBI [12]. Yder aToro
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KpUTEpHUs TO3BOJISIET MPUOIU3UTD PACUETHYIO CETKY K PaBHOMEPHOM, 3a CUET 4Yero
MOJKET OBITh YBEJIMUYEHA TOYHOCTD pemenus [13].

[locne nuckpeTH3alMyd aHTEHHBI BBHIMOJIHSAETCS 3aMEHa BEKTOpa IUIOTHOCTU
MOBEPXHOCTHOTO AJEKTPUUECKOTO TOKa J HA SKBUBAJICHTHBIC TOBEPXHOCTHBIE TOKHU B
syerKax CEeTKH B COOTBETCTBUU C MHTETPATLHBIM YPABHEHUEM DJIEKTPUUECKOTO MOJIS.
IIpu »>TOoM mnpumensitorcss O6asucHble GyHKIUMU Pao-Bunbrona-I'muccona (RWG-
byukun) [14], kaxmas U3 KOTOPHIX acCOLMHPYETCs ¢ oOmuM pedbpom ummHOM |,
JBYX CMEXKHBIX TpeyroibHukoB Tn" u Ty~ (puc. la). [lomoxkeHne nmpou3BOIBHBIX TO-
YeK Ha MOBEPXHOCTSIX TPEYTOJbHHKOB OMHMCHIBACTCS PaanyC-BEKTOPaMH Iy~ OTHOCH-
TEJBHO Havajga KoopAuHAT (Touka O) WIM PaguyC-BEKTOPaAMH Pn° OTHOCHTEIBHO
BEpPIIIMHBI, TPOTUBOJICKAIIEeH obmiemy pebpy. [Ipubmmxenno obmiee pedpo |, 1Byx
COCEHUX TPEYTrOJbHUKOB COOTBETCTBYET MAJOMY SJIEKTPUUECKOMY AMIIONIO, XapaK-
TepusyomeMycs BermauHamu dn = 1 — | u l, (puc. 16).

PeGpo (Herpanuyanoe) n

a o
Puc. 1. RWG-dyHKIus 1715 mapbl CMEXKHBIX TPEYTOJLHUKOB (),
U UX TPEJCTaBJICHUE B BUJIE IO (6)

basuchas QyHkuus, cBs3aHHas ¢ oOmmM pedpom l,, uMmeer cnemyrommii
Bun [14]:

1,/(2S;)p, (r), reT;
fn(r): |n/(28n‘)pn‘(r), reT
0, retl”,

rae Sy u Sy — IIoIIaau TPeyrobHUKOB T " 1 T~ COOTBETCTBEHHO.

IIIOTHOCTE TOKA HA BCEW MOBEPXHOCTU MCCIEAYEMOU CTPYKTYPBI, COCTOSILIEH
3 M BHyTpeHHUX pedep MOBEPXHOCTHOM CETKH, MOKET OBbITh IPEICTaBlIeHa B BUC
cynepro3utiu 6asucHpIX GyHkimii [14]:

Jzilmfm(r),
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rae |ln mpencTaBisoT co00il HOpMaabHBIE KOMIOHEHTHI IJIOTHOCTEH TOKOB U OIpe-
TESA0T UCKOMBIA BeKTOop |, KoTopeiii naet equHcTBeHHoe perienue CJIIAY s 3a-
JTAHHOT'O0 BEKTOpa BO3IeUcTBUS V

Zl=V, (1)
rae Z — KBaJjpaTHas MaTpHIla, 3JIEMEHTHI KOTOpPOM 0e3 ydera MoTeph B METaJIe MO-
I'yT OBITh BBIYHCIICHBI KaK

Zmn = Im(jo‘)(A;m 'pfr1+/2+A%n 'pfn7/2)+cD;1n _®;]n)’ (2)

Irac « - » — CKAJLIPHOC IPOU3BEACHUC, 4 BCIIMYNHBI /A\mni u (I)mnjE OIIPCACIIAIOTCA KaK

o= . 28:{[[)“ g, (r)ds’ toom 3 T[pn (r')ds’|,
s _ 1 b
D, = Imios S;Tjigm )ds 5 Tj'g ")ds’ |,

I’ — BEKTOp, HANpaBICHHBIA M3 IEHTPA KOOPAMHAT B TOYKY HAOIIONEHHMsS, a
gm (r") — dysaxuus I'puna Buga
s —r’)

exp(—
a k — mocrostHHas pacpocTpaHeHHUS B CBOOOTHOM IMPOCTPAHCTRBE.

[Ipu BBIYHCICHUH MUATOHATBHBIX JJEMEHTOB MAaTPHIBl Z BO3HUKACT CHHTY-
JSIPHOCTD, JJISl YCTPAHEHUS KOTOPOU HMCTOIB3YETCS JEICHUE TIEPBUYHOTO TPEYTOIb-
HUKa Ha 9 cyOTpeyronbHukoB [15, 16]. [lonarasi, 4To MOABIHTErPaTLHOE BHIPAKECHHE
SBJISICTCS] HCU3MEHHBIM B KQXKJIOM U3 CYyOTPEyTrOIbHUKOB, UCXOHBIN HHTETPA MOKET
OBITh 3aMKCaH Kak

— ! 9 - kR,
jeele g sigem o e
T r —r‘ 997 R
r1e .« — paaryc-BeKTOp IIEHTpa CyOTPEYTroJbHHUKA | IEPBUYHOTO TPEYTOJIbHUKA N C
TUTOMIAIBIO Sp.

JI714 BBEZIEHUSI NCTOYHUKA BO3JICHMCTBUS B PACUETHYIO CETKY MCIIOJIb3YETCS 3a-
nanue HanpspkeHus: Vin B OECKOHEUHO MajioM 3a30pe A MeXIy ABYMSI CMEXKHBIMU
TPEYTOJILHUKaMU CETKU ¢ 001muM pedpom |, (puc. 2).

9, (1) =

—_— T
T, /
T, e -
7 — 7 A0 X
+ _
i
zn/
e
—

Puc. 2. Mopaenb nctounnka Bo30y>kKIeHHs B 00111eM pedpe pacueTHOM CeTKH
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HarnpsikeHHOCTB 3JIEKTPUYECKOTO TMOJISI B 3a30P€E OIMPEACIISIeTCS Kak
V.
E = —V(P = Xm n y?
I71€ ( — IEKTPUYECKHI MOTEHIHAN, Ny — OPT HOPMaJU K o0uiemMy pedpy Tpeyroib-
HUKOB.
[Tpu A =0 HanpsDKEHHOCTH TOJISI B 3a30p€ MOXKET OBITh alpPOKCHMHUPOBAaHA C
MOMOIIBIO JIeTbTa-QyHKIUN KaK

E=V,3(y)n,.
B pe3ynbrate, 351eMeHTBHI BEKTOpa BO3ACHCTBUS V ONPEACIISIIOTCS KaK
Voo = | EfdS=V, [ 3(y)n,fdS=1V,, (3)
T Ty T Ty
Vinen =0 (4)

Crnenyromum 3TanoM BeiuucisieTcs Bektop | u3 ypaBaenus (1), uro sBisercs
HauboJiee pecypcoeMkoi nporeaypoi anroputMa. s pemenus CIIAY ucnonb3y-
IOTCSl TIPOLICyphl OMOIMOTEKH JIMHEHHOM anreOpsl Eigen [17] u AMpeKTHBBI HHTEP-
deiica OpenMP [18] s pacnapaiieiMBaHUsT BBIYUCICHUNH W 3(PQPEKTUBHOIO HC-
M0JIb30BAaHUSI PECYPCOB MHOTOIPOLIECCOPHBIX BBIUMCIUTENBHBIX cUcTeM. M3 momy-
yeHHOro pemieHuss CJIAY BBINOTHSAIOTCS pacyeTbl TPEOYEMbIX pPAIUOTEXHHUUYECKUX
XapaKTePUCTHK aHTEHHBI. Tak, BXOJHOW MMIIEJaHC aHTEHHBI OMPEIENIeTCS KaK OT-
HOIIICHUE 3a/IaHHOTO HANPSDKEHUS K MOJIHOMY TOKY, MEPHeHIUKYISIPHOMY BBIOpaH-
HOMY peOpy ceTku ¢ umHaekcoM N. TTockonbKy KomMmoHeHTa OaszucHo# (yHkimu fp,
HOpMaJIbHasi K paccMaTpuBaeMoMy peOpy, BCerja paBHa €IMHHULE, TO BBIPAKEHUE
JUTSL BBIYUCIICHHSI BXOJTHOTO UMIICITaHCA aHTCHHBI MOXKET OBITh 3amucaHo kak [13]

Vin
Z,= T (5)
n'n

XapakTepUCTUKN U3TYUCHHs] aHTEHHBI OMPENETISIOTCS 0 BRIYUCIEHHOMY BEK-
topy |. [Ipu numonsHOM TpencTaBIeHUH BHYTPEHHUX pedep pacdeTHON CEeTKH Iu-
MOJIBHBI MOMEHT M pedpa M BBIYUCISAETCS HHTETPUPOBAHUEM MTOBEPXHOCTHOTO TOKA
M0 TUIOLIAAN CMEXHBIX TPEYTOJIBHUKOB, YTO COOTBETCTBYET MPOU3BEICHUIO (P heK-
TUBHOTO TOKA JUTOJIS M €T0 JJTUHBI:

m= [ 16, (r)ds=1, [ f(r)ds=I1,(rs—rs).
T +Tr T +T

HanpsikeHHOCTH MarHUTHOTO M 3JIEKTPUYECKOTO ToJieH B TOUKE HAOTIOACHMS
I, BO30yX/1aeMble OJUHOYHBIM OSCKOHEYHO MAJIbIM JTUTIONIEM M, pacloyIOKEHHBIM B
Havaje KOOPJAWHAT, MOTYT OBITh 3amucanbl Kak [19]

jk 1 1] .

Hm(r)zﬂ(mxr)r—z 1+W € Jk ’

- n-m[Bec] ) Lo
T r

rae I =|r|, 1 =1201 OM — BOJIHOBOE CONPOTHBIICHHE CBOOOIHOT'O IIPOCTPAHCTBA.
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s cTpyKTyphl, coctodiei u3 M nunosnei, pe3yabTUPYIONIUE JIEKTPUIECKOE
E u marautHoe H mosnsa B I onpezensitorcss B Buae cynepno3uuuu Eyn u Hp, Bbunc-
JICHHBIX IS Kaxa0ro u3 M aunoneit otaenbHO:

E("Fi%("‘%('ﬁ?“ﬁﬁ_))’ (6)
H(r):miHm(r—%(r;*+rr§)j. (7)

HpH BBIYUCJIICHUAX II0JISI B I[&J'II)HCI?I 30HC OCIaCTCs IIPCAIIOJIOKCHUC O PaCIIpO-

CTpaHCHHUH IIOCKOU BHGKTpOMaFHHTHOﬁ BOJIHBI (HO OTHOIICHHUIO K TOYKC Ha6J'IIOI[€-
HUA r), 4TO MMPpUBOAUT K CICAYIOIIUM COOTHOIICHUAM:

E(r)=nH(r)><£,

HI) =2 E(r).
nr

Paccrosinue 1o nanbHei 30HbI (30HBI @payHrodepa) NpuOIMKEHHO pACCUUTHI-
Baercs Kak [19]

R, ~ Somax (8)

1€ Dmax — MakcUMalIbHBIN JIMHEWHBIN pa3Mep aHTEHHBI, A — JJTMHA BOJTHBI.

Jlanee BOKpYr aHTEHHBI MPOU3BOAUTCS MOCTpoeHUEe cdepnl paanycoMm Ry, ko-
TOpasi TakK)Ke 3a7aeTcss HabOPOM TPEYTOJIBHUKOB, B IIEHTPE KAXKIOTO M3 KOTOPHIX BBI-
quCIseTcs BEKTOpHOE Ipom3BeaeHue E u H mis onpenenenns ycpeHEHHOM MO Tie-
pHOIy KOMIUJIEKCHOM TUIOTHOCTH MOTOKA dHEpruu (BekTopa YmoBa-IloitHTHHTA):

W(r) :%Re(E(r)x H" (),

rae Bepxuuil uHaeke y H(r) o0o3HayaeT 3pMUTOBO COMPSDKCHHE. DTO BBIPAKCHHE
XapaKTepu3yeT IUIOTHOCTh MOTOKA SHEPrUU 3JEKTPOMAarHUTHOW BOJIHBI, KOTOpas B
JanbHEHN 30He UMEET €IMHCTBEHHYIO PaualbHYI0 cocTaBisonryo W

w(r)=w L.
r

[Tonnas w3imyyaeMass MOIIHOCTh Pryg BBIYMCIISIETCS Kak CyMMa MPOU3BEICHUM
IJIOTHOCTH MoToKa sHepruu W B 1IeHTpax TpEeyroJibHUKOB cephbl Ha WX TUIOMIAIb.
Jlanmee 1S 3aJaHHBIX TOYEK B cepuyeckoit cucteme koopaunar Pi (Ry, 0i, ¢i) mpowus-
BOJUTCS BBIYMCIICHUE IIOTHOCTH MOMIHOCTH HM3aydaemoro nonst kak U = rW. Ko-
b PUIMEHT HANPABICHHOTO JNEWCTBHS AHTEHHBI BBIYHUCIACTCS Yepe3 HOPMHUPOBAH-
HYIO IJIOTHOCTh MOUTHOCTH:

D =10Ig(U/U,), (9)
rie Uo =P/ (4n), a koapdurment ycunenus G onpeneisieTcs Kak
max(U
G —101gM>V). (10)
0
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CTpyKTypa cHCTeMBbI MO1eJTUPOBAHMS
Ha ocnoBe ommcanHoro airoputma paspaboTaHa cCUCTEMa KOMIIBIOTEPHOIO
MOJICTTUPOBAHUS PAIMOTEXHUUECKUX XapaKTepUCTUK aHTeHH. Ha puc. 3 nmpuBeaeHa
CTPYKTypHasi cxema pa3pab0oTaHHOU CUCTEMBI.

.| Moaynbynpasnenua |, Moaynb
- NPOEKTOM C ONCKpeTU3aLmnm
A A A
\4 \4 v
Moaynb Moaynb Moaynb 06paboTku
BM3Yya/IM3aLmm BbIYMCNEHU pe3y/ibTaToB
yY

Puc. 3. CTpykTypHas cxema CHCTeMbl MOJICTUPOBAHUS

CucremMa MOZIETUPOBAHUS BBINIOJIHEHA B BHJIE€ Ha0Opa HE3aBUCUMBIX U (YHK-
LMOHAJIBHO 3aKOHYEHHBIX MOyJield. OCHOBHBIM MOJYJIEM CUCTEMBI, OTBEYAIOIUM 32
OpraHM3alMI0 U XPAaHEHHWE HEOOXOAMMBIX ISl BBIYUCIIEHUS (DaliIoB, SIBISETCS MO-
OyJib yrnpasieHus: npoektoM. Ha HadyanpHOM 3Tame paboThl ¢ CUCTEMOM I0JIb30Ba-
T€JIb CO3JACT HOBBIA IIPOEKT, KOTOPBIA COXPAHSAETCS B OTIAEIbHOW TUPEKTOPHM HA
paboueit cranuuu. [Ipu cozmanuu MpoekTa MojabL30BaTeNb BhIOMpaeT (aitn C ucxon-
HOl reomerpuei anteHHbl B ¢opmate STEP. Jlanee daitn nyonupyercs B pabodyro
IUpeKTopuio 1 koHBepTupyetcs B popmat OFF, conepxaniuii MacCuBbl KOOpAMHAT U
HOMEPOB BEPIIMH UCXOAHOW MOJUTOHAIBHOM CETKHU, KOTOPbIE UCIOJIB3YIOTCS B Kaye-
CTBE MCXOAHBIX JTAHHBIX MPH JUCKPETU3ALMU Mozend. Jamee BBOASTCS YaCTOTHBIN
Mana3oH MOJEIUPOBAHUS U MAaKCUMAJIbHBIN 1IATr pACUETHOM CETKH, KOTOPBIE COXpa-
HSAIOTCS B TEKCTOBOM (haiisie B JUPEKTOpUU MpoekTa. /[ 3amaHusi MCTOUHHUKA BO3-
JCUCTBHS B 3a30p€ MEX/Y TPaHSIMH MOJENIU aHTeHHBI cTpoutcs nopt [19]. Tlocpen-
CTBOM MHTEPAKTHUBHOI'O B3aWMOJEHCTBUS C MOJEJIbIO aHTEHHBI IT0JI30BATENb 3a1a€T
KOOPJMHATHI TOYEK a1 U Ay, ONPEAEISIFONIMX BBICOTY NIOPTA, a IIUPUHA ITOPTA BBIYKC-
JSIeTCsl aBTOMAaTHYECKd BO BpeMsi paOOThl MOAYJSl AUCKPETHU3AlMU 1O 3aJaHHOMY
YHCITy STYEEK CEeTKU Ha JUIMHY BOJIHBI, KOTOpPOE Mpeoldpa3yercs B MaKCUMaJIbHBIN 11ar
muckperusanuu A (puc. 4a). Ilocie 3TOro BBITIONHSIETCS MpoIeaypa OObEIUHEHUS
pPacCUYEeTHBIX CETOK aHTEHHBI M MOPTa C MOCIEAYIOMIMM BbIOOpOM pebpa ajsl 3a1aHus
HanpsokeHus Vin (MyHKTHpHas JuHUS Ha puc. 46). Ilo pesynbTaTam BBIYMCICHHUNA Ha
OJIHOM M3 BBIOPAHHBIX MOJIB30BATEIEM YACTOT MOYJIb TPOU3BOAUT COXPAHEHUE BEK-
topa |, a Takxe napametpoB RWG-pyHKkuii 1 UX HyMepaluo B pacyeTHOU CeTKe.
OnucaHHbIl MOAXO0J K OpraHu3alMi XpaHEHUs JAaHHBIX MPOEKTa MO3BOJISIET IMONY-
YUTh MOBTOPHBIN JIOCTYI K pe3yJbTaTaM MOJIEIUPOBAHMS O€3 MX MOBTOPHOTO pacyue-
Ta MOCJIE MEePEe3ayCcKa CUCTEMBI.

Monyne auckperuzanuu (cMm. puc. 3) GopMHUpYyeT TPEYroJbHYI0 MOBEPXHOCT-
HYIO0 CETKY Ha OCHOBE 33JJaHHOTO YHUCJa A4YEEK, YKIAJbIBAIOIINXCA HA JUIMHY BOJIHBI.
B nmporpamMmMmHON peanu3anyy MOIYJS UCIOJIB3YETCsS AJITOPUTM TpUaHTyisuu [le-
none n3 oubmmorekn CGAL [20], B kauecTBe BXOIHBIX IMapaMeTPOB KOTOPOTO MPH-
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MEHSI0TCA TeoMeTpus aHTeHHbl B (popmare OFF, mMakcumanbHOE 3HAaYEHHE Iara
JUCKPETU3ALMKU U YUCIIO UTEPALUN alallTUBHOIO YTOYHEHUS CETKHU.

T

a O
Puc. 4. Cxematnunoe npeacraBicHue (a) U pe3yiabTaT BEIIOJHEHUS (0)
IIPOLICYPHI 33JaHUs UCTOYHHUKA BO30YKICHUS

[Ipu BBIMOSHEHUU BBIYMCICHUN B JIMAIla30HE YacCTOT MCIIOJIB3YETCs OJlHA pac-
YeTHAas CETKa, CTPOSIIIASACA OTHOCUTEIBHO BEPXHEN IPAHUIIBI YaCTOTHOTO JUAMa30Ha.
Ha ocHOBe IHCKPETHU3NPOBAHHON MOJICTTN aHTCHHBI MOYJTb BEIYUCICHHH (OPMUPYET
CJIAY B cootBeTcTBUH C (2)—(4) 1 BBIIOJIHACT ¢€ pelIeHUe Ha KaXKJI0M 3aJaHHOM Ja-
CTOTE€ C WUCHOJb30BaHUEM Tmpoueayp u3 OuOimoreku Eigen [17] w aupexTuB
OpenMP [18]. 3aTem moay4deHHbIC BEKTOPHI | MCHONIB3YIOTCS B MOAYJEe 00pabOTKU
Pe3yJIbTATOB JUIS BBIUMCICHHS XapaKTepUCTHK aHTeHHBI 110 (6), (7), (9) u (10). DroT
MOJYJIb TaK)Ke OCYIIECTBIIICT (DOPMHUPOBAHHE MACCUBOB JTAHHBIX NJISi ABYMEPHOTO
OTOOPAKEHUS XapAKTEPUCTUK M3IIYYCHHUS] aHTEHHBI B TpeOyeMBbIX ceueHusX. Moayib
BU3YaJU3AIMKN CIY>KUT JUIsI OTOOpaKEHHUS] TPEXMEPHOU CIIEHBbI, MOJACIM aHTEHHBI U
BBIYHCIICHHON auarpaMMbl HampasieHHoctu ([IH). B Hem Taxke peanusyrorcs dJe-
MEHTHI rpaduyeckoro uHrepdenca, ciyxamie ajs BbIBOJAA XapaKTEPUCTHK H3IIy4de-
HUS Ha YKa3aHHBIX IJIOCKOCTSIX B MOJSPHOM CHUCTEME KoopawHat. J[nsi peanwzanuu
MOIyJsl ~ HUCIONB3YIOTCA  OMONMOTeKHM ©  cpenctBa  paspabotku  Qt [21],
OpenCascade [22] u VTK [23]. Anroputm pabOThl CHCTEMBI, MOSICHSIOIIUI TpOIIe-
Iypy BBIYHCICHHS PaJMOTEXHUYCCKUX XapaKTEPUCTHK AaHTCHHBI, IPUBEJCH Ha
puc. 5.

Baauaauus cucteMbl MOAeTHPOBAHUS
TectupoBanue pazpaboTaHHONW CHUCTEMBI MOJCTHUPOBAHUS BBIMOJIHEHO B COOT-
BETCTBHU C PEKOMEHIAIUsIMH cTanaapra [24]. g 3Toro UCrnonbp30BaHbl TPU aHTCH-
Hbl, aHanuTuueckue BoipaxeHuss u CAIIP EMPro (Meron koHEYHBIX pa3HOCTEW BO
BpeMeHHOI oOmactH) [25]. CHadana paccMOTpeHa MOJENb CHMMETPUYHOTO IOITYy-
BOJIHOBOTO BHUOpaTopa (IUMOJIsi), BHIIOJIHEHHOTO U3 JIBYX OJMHAKOBBIX OECKOHEYHO
TOHKUX HJEAIbHO NPOBOMANIMX ILIACTHH pazmepoMm Lxw=1000x50 mm? (puc. 6)
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[26]. Ha gacTtoTte 75 MI'ny ¢ marom auckperu3anuu A /60 BBIYHCICHBI HOPMHPOBAH-
uele amiumatyaubie JJH B mtockocTsax 6 =90° u ¢ =90° (puc. 7).

I | I— .

Moayab ynpaBieHHsl IPOEKTOM

/ Co3pganue nmpoekra /

3agaHue TeOMeTpUn

AHTCHHBI
I

3amaHue 4acToT
MOJEIIUPOBAHUS

3agaHue rpaHuI]

MopayJib IMCKpeTH3alHU

[TocTpoenue

pacueTHOM CEeTKHU

Mopaynb BbIYHCICHUI

Jst BeexX fnin< f < finax

Boruncnenue zm, (2)

M Vin (?)—(4)

Pemrenne CJIAY (1)
[

Beraucnenne Za (5)

Coxpanenue | u Zp

/_

== [OpenCascade

_1| OpenMP
Eigen

Mopayb 00padoTKHU pe3ya1bTaTOB
3amanne MaccuBa

/ TOUYEK HAOIIOICHHSI Pi/

|
<Z[Jm BeeX fpin< f < fmax>
|

[TocTpoenue chepsl
pamuycom Ry (8)
|

CETKH I cpepbl

Breruucienune Prag

Jlnst Bcex P >

[TocTpoenne pacueTHOM |

Beruncnenue E (6),

H (7), D (9) u G (10)
I

CoxpaHeHHE pe3yJIbTaToOB

Mopayb BU3yaJIM3alUH

Busyanuzanus E (6),

H (7), D (9) wu G (10) |

Puc. 6. 'eomerpuueckas moaenb (a) u pacuetHas cetka (6) aumoss [26]
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0

300

90 270

180

a
Puc. 7. Hopmuposanusie IH numoiis B miockocTsax ¢ = 90° (a) u 6 = 90° (6)

s 75 MI'a: mam (—) u EMPro (—)

Bo BTOpoM cnydae paccMoTpeHa CHUMMETpUYHAs OWKOHUYECKas aHTEHHA
(puc. 8a) ¢ mapamerpamu a =508 mm, g =20 Mm 1 @1 =0, =53,1° u3 [27]. [Ipu moe-
JUPOBAHUU Iar Auckperusamuu npuHAT A/ 15 (puc. 86). [nst cpaBHEeHuUs pe3yiibTa-
TOB HCIOJIL30BaHbl EMPro u anammtudeckue Beipakenus u3 [28, 29]. [TomyueHHbIe
JIH B mnockoctu 6 =90° na gacrorax 100 MI'm u 1 I'T'n mpuBenens! Ha puc. 9.
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Puc. 8. I'eomerpuueckas moaenb (a) u pacyeTHas cetka (0)

CPIMMCTpI’I‘IHOﬁ OMKOHUYECKON aHTCHHBI
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O ‘E| / |Emax| O |E‘ ““ ‘Emax|
T B e

330 30 330 30

240 | 120

210 ) 7 150 210 7 150

Puc. 9. Hopmupoannsie JIH nis 6ukoHnYecKoi aHTEHHBI B IIIOCKOCTH 6 = 90°
st 100 MI'n (@) u 1 I'T (6): Hammum (—), Beipaxenus u3 [28, 29] (—) u EMPro (—)

B TpeTtheM ciyuae paccMOTpEeHa NUpaMHUAAIbHAs PYIIOPHAsl aHTEHHBI ¢ pa3Me-
pamu (MM): @, =80; b, =60; a =23; b=10; I =150; I, = 10 (puc. 10a). lllar nquckperu-
3al[iM TPUHAT PaBHBIM A/ 15, a UCTOYHHMK BO3ACHCTBHS pa3Melialicsi B CEpEIUHE
MPSIMOYTOJIBHOTO MPOBOJIHUKA, COSANHSIOIEr0 HEHTPhl IIMPOKUX CTEHOK KOHIA pe-
ryisipHoit yactu pynopa (puc. 106). JIH, Beruucnennsie Ha gactote 8 [T B ocHOB-
HbIX TIockocTAX (¢ =0° u ¢ =90°), npuBenens! Ha puc. 11. M3 nmonydyeHHBIX pe3yib-
TaTOB BUJIHO, YTO PE3yJIbTaThl, MOJyYEHHbIE B pa3paboTaHHoi cucteme, EMPro u no
AHAJTUTUYECKUM BBIPAKEHUSM, XOPOLIO COTJIACYIOTCS, YTO MOATBEPXKIAET KOPPEKT-
HOCTh pa3pabOTaHHBIX aJITOPUTMA pacyeTa U CUCTEMbI MojenupoBanus. i Harsa-
HOCTH TPEXMEpHBIE TUarpaMMbl KO3(P(ULUEHTOB YCUICHUS TUX aHTEHH MPHUBEACHbI
Ha puc. 12.
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‘PI/IC. 10. Monens (a) u pacueTHas cetka (6) pyrnopHOU aHTECHHBI

0 iE‘ / |Emax| 0 |E| / |Emax|
330 Lo 30 330 30
g , : ‘
300 \_0:6—— 60 300 60
04—+
 “ “ 9 \“‘ | \\
270 — — 90 270 : 90
/ / “ \ / ‘\
240 120 240 120
150 210 150
180 g, © 180 6. ©
a 9]

Puc. 11. Hopmupoaunsie JIH pynopHo#t antennst g 8 [T npu ¢=0° (a) u
©=90° (6): namu (—) u EMPro (—)

Gain

40.6
I m

Gain

5.68e-05

ot 1.10e-05 1.64 2.83 o

N . | =

a o 8
Puc. 12. Tnarpammbl K03(hGUIIMESHTOB YCUIICHUS U0 (a), ONKOHHYECKOH (6)
U pynopHo#H (8) anteHH A1t yactot /5 MI', 1 u 8 I'T'1y

3aki0ueHue

B nanHoill paboTe npuBenEHbI Pe3yabTaThl pa3pabOTKHU CUCTEMbI MOJIEIUPOBA-
HUSl aHTE€HH, OCHOBAaHHOW Ha PELIEHUH MHTETPAIbHOTO YPaBHEHHUS DJIEKTPHUUECKOTO
MOJI METOJIOM MOMEHTOB ¢ Hcnonb3oBaHueM RWG-(yHkumii 1 6apuiieHTpu4eckoro
noJipa3ziesieHus siueek CeTKU Ha 9 cyOTpeyroinbHuKoB. Pa3paboTana cTpykTypa u aj-
rOpUTM paboThl cCUCTEMBbl MojaenupoBaHus. [IpuBenaeHb ocoOeHHOCTH €€ porpaMmm-
HOM peanu3alMy C WCIOJIb30BaHHWEM AUpeKTUB ctanmapra OpenMP, a Takxe cro-
POHHHMX OMOIMOTEK MOCTPOESHUS pacueTHOU ceTku, pemenus CJIAY u Buzyanuzanuu
pe3yJbTaTOB BBIYUCICHUN. BBIMOIHEHO TeCTUpOBaHHE NMPOTPAMMHO PEATU30BAHHON
CUCTEMBI C ITOMOIIBIO0 aHAJIN3a TPEX PA3IMYHBIX AHTEHH U CPaBHEHMS IOJyYEHHBIX
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pe3ynbTatoB ¢ AaHHbIMH K3 ctopoHHed CAIIP u pesyiapTaTaMy aHaIUTHYECKOTO
pacdera.

B pamkax gajipHeNIIero COBepIIeHCTBOBAHUS CUCTEMBI LieJIecO00pa3Ha pean-
3alMsl Pa3IMYHBIX MOAXOJOB K YMEHBLIECHUIO BBIYMCIMTEIBHBIX 3arpar. s 3Toro
MOTYT OBITh MCIIOJIB30BaHbl METOJIbl OBICTPBIX MYJIBTUIONEH W aJalTUBHOM Iepe-
KPECTHOM (MO3aWYHO-CKEJIETHOM) alpOKCUMAILIUU, KOTOPbIE MO3BOJISAIOT pelaTh 3a-
Ja4y aHajau3a AJIEKTPUYECKU OOJIBIIMX OOBEKTOB, HE MpuOeras K pacrnpeneieHHbIM
BBIYMCIICHHUSIM.

baaronapuocru
Aemopvl brazooapam peyenzenma 3a yeHHvle 3ameyanus, O1a2o0aps Komo-
DPbiM cmambsi ObLIA 3HAYUMENTLHO YAYYUIEHA.

Paboma evinonnena npu gunarncosoti noddepaicke Munobpnayku Poccuu no
npoexmy FEWM-2020-0039.
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Software for Antenna Simulation by the Method of Moments

A. A. Kvasnikov, A. V. Demakov, A. A. Ivanov, D. V. Klyukin,
M. E. Komnatnov, S. P. Kuksenko

Formulation of the problem. Antenna design is one of the main problems in the development of
modern radioelectronic equipment. Various computer-aided design systems are widely used to solve it. There
are no full-fledged domestic analogues of foreign design systems, therefore, in the context of import substitu-
tion, it is necessary to study the issue of creating a domestic system with a wide range of functional capabili-
ties and a high degree of integration with existing software packages. Purpose. The aim of the work is to
present the results of the development of a simulation software for the radioengineering characteristics of
antennas by the method of moments. Methods. To solve the problem of antenna simulation, the numerical
method of moments is used, in which the metal surfaces of the antenna are replaced by equivalent surface
currents. A triangular polygonal mesh representation is used to approximate the curvilinear boundaries of
the surfaces of antenna models, and RWG basic functions are used to represent the current in the mesh cells.
The novelty is the developed and software-implemented antenna simulation algorithm, which is distin-
guished by the co-use of barycentric subdivision of mesh cells on 9 subtriangles for the surface integrating
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and parallel computations using the OpenMP standard. Results. Based on the proposed algorithm, a simula-
tion software was developed and tested on the example of three antennas with different designs. Practical
relevance. The developed simulation software can be used in the synthesis and analysis of a wide range of
antenna types.

Key words: computational electromagnetics, numerical methods, method of moments, antenna, radi-
ation pattern, input impedance, simulation software.
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