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CHEKTPAJIbHBIE MOJEJIX CBY-IIPUEOPOB
C IPOAOJIbHBIM B3AMMOJENCTBUEM

BBeaenue

Teopernueckuil aHaNU3 yCUIIEHUS HEMOHOXPOMATHYECKHX CHTHAJIOB JJIEKTPOHHBIMH ITy4KaMi
B HalpaBJIAIOIHKX 3JIeKTpoAuHaMudeckux cucremax (DC) saBiuseTcs JOCTaTOYHO aKTyalbHBIM. JTO
aHaJIM3 HEOOXOMUM s obecreyeHHsl 3JIEKTPOMATHHTHOM COBMECTHMOCTH pagHO3JeKTPOHHBL:
YCTPOHCTB, pa3paGOTKH BBHICOKOCKOPOCTHBIX BBICOKOMOIIHEBIX MEPENATYMKOB C BAKYYMHBIMH OKO-
HEYHBIMH YCHJIMTENAMH M T.4. Ocoboe BHUMaHHE NOJDKHO OBITh YEIEHO YCHJICHHIO HIMPOKOIIC-
JIOCHBIX M CBEPXIIMPOKOIMOJIOCHBIX 3JIEKTPOMArHUTHBIX HMMITYJIBCOB, KOTOpbIE CTAHOBATCH BC:
Oonee BaXXHBIMHM B CHCTEMAax paJHOJIOKAllMH M MEpeJadyd AaHHBIX, HA3€MHOM M KOCMHYECKOH G-
POBO¥ CBSI3H BOEHHOT'O U I'PAXXJAHCKOTO HAa3HAYEHHS.

Hanpumep, BakyymHubie npu6opsl O-tuna (JIBB u 1IHpOKONONIOCHBIE KIHCTPOHBI) MOTYT H2
CETOHAIIHUH IEeHb 00eCcneynTh CpeJHHI YPOBEHB BHIXOJAHOM MOIHOCTH B COTHHM BaTT U IIUKOBBI
YPOBHH MOIIHOCTH B HECKOJIPKO KHJIOBATT B YacTOTHOM auanasone 10 5 I'T'm u Benue [1]. Kpose
TOTO, TUHEHHOCTb BaKyyMHBIX YCHJIMTENICH MOIIHOCTH 3HAYUTENIHHO BBILIE TPAH3UCTOPHBIX Onarc-
Japs paboTe HX B pexHME, JATEKOM OT HACBIIICHHS, a TAK)KE ONTHMH3AlUH KOHCTpyknun CBY-
npubopa B IEIOM. YKa3aHHbIE NpPEHMYIIECTBA O00ECIEUHBAIOT BO3MOXKHOCTH 3(dexTHBHOrO
HCII0JIb30BAHMs BaKyyMHBIX NpuOopoB O-THIa B KayeCTBE OKOHEUYHBIX YCHIMTENEH Mepelarolny
CTAHLMH Ha3€MHBIX W TNEPEABHXKHBIX CHCTEM CBS3M HOBOTO IOKOJIEHHs. HeMasoBaXHYyIO poJib
HIDAET TAK)KE€ OTHOCUTENIbHAS JEHIEBM3HA U HANEXKHOCTh TaKuX MpUOOpPOB, OCTHraeMas 3a cye:
HCIIOJIB30BAHUS NPH MX HU3rOTOBJIEHUU TPAJUIIMOHHBIX, YCOBEPHIEHCTBOBAHHBIX 3a IPEALICCTBYHO-
H[HE NECATUNETHS TEXHOJIOTHH.

Cka3aHHOE 03Ha4yaeT aKTyaJbHOCTh MPOJOJDKEHUS TEOPETHYECKUX HUCCIIE0BaHUH MEXaHU3MOB
IPOI0NHHOTO B3aHMOJEHCTBUA U pa3pabOTKU COBpeMeHHBIX Mojene# BakyyMHbIXx CBU-npubopos
O-tuna. TpamuiMOHHBIE METOAbl MOJEIMPOBAHUA HerapMoHu4yeckux mnporecco B CBY-
JIEKTPOHHKE, M3BECTHbIE KaK MHOTOYACTOTHBIE MOAXOJbI, He 00ecrneynBalOT aJAeKBaTHOTO pelle-
HUSA Npo0JieMBbl aHAJIW3a U ONTHMHU3ALMK YaCTOTHBIX XapaKTePUCTUK YCHIIUTENBHBIX CHCTEM. Takue
MOJI€JIH OrpaHHYEHbl YYETOM AMCKPETHBIX CIIEKTpaIbHBIX KOMIOHEHT CUTHAJIOB, IPHYEM YacCTOTbi
YYHUTBHIBAEMBIX FApMOHHMK JOJDKHBI ONpeAeNsaThCS 3apaHee. YBEIHUYECHHE KOIMYECTBA DTHX rapMo-
HHK TpeOyeT TONOTHUTEIbHBIX BBIYUCIHUTENBHBIX PECYPCOB.

ANbTepHATHUBHEBIN CHEKTPATbHBINH NMOAX0J K MOJEIMPOBAHHIO BaKyyMHBIX MHKPOBOJIHOBBIX
YCHJIMTEIBHBIX M TeHEPaTOPHBIX YCTpo#cTB onucaH B [2]. O6patHoe npeobpazoBanne @ypre Npu-
MEHAETCS K BXOJJHOMY CHTHaJIy, 3aJaHHOMY B YacTOTHOH obnacTu. 3aTeM MOZAEIUpYyeTCs Nepeaaya
CHHTE3MPOBAHHOM HerapMoHU4ecKod BoJHBI yepe3 DC ¢ y4eToM HEJIHHEHHOTO B3aHMOICHCTBHUA
BOJIHBI M 3JIEKTPOHHOro myuka. CrieKTpanbHbIi aHATH3 PUMEHSETCS KO BpEMEHHOH BBIOOPKE Bbl-
XOZHOIO CHTHAJIA IS TMONyYeHHs YaCTOTHOIO MPeACTABICHUS OHOrO U3 HUX. DTOT OAXO/ MO3BO-
JIS€T BBIIOJIHATE YHCJIEHHOE MOJEIHPOBAHHE YCHICHHS YaCTOTHOrO KOHTHHYyyMa cHUrHaiuoB B OC
pasnuuneix CBU-npubopos. [lonobHbie anroputmsl paspaGotansl B koHue 1990-x — Havaie
2000-x rr. 114 npuGOPOB €O CKpelleHHbIME NoasMu [3]. OaHaKo MOMBITKA aJanTalldH WX K NpHOO-
pam O-THIA CTOJNKHYJACh C PALOM 3aTPyJAHEHHUH, BBI3BAHHBIX Pa3IHYHIMH B F€OMETPHUH MPOCTPAH-
CTBa B3aUMOJEHCTBHS, KOHCTPYKIUAX HCroNb3yeMblx JC, MeToax BBOJA SJIEKTPOHHOTO TMOTOKA U
T.1.. TeM He MeHee, 3TH TPYAHOCTH NPEOJ0JIUMBIL.

LJenb cmambu — pa3paboTka KOPPEKTHOrO U 3(HEKTUBHOIO AIrOPHTMA CNIEKTPAIBLHOTO MOJIe-
nmuposanusg CBY-npu6opoB ¢ NpoaoIbHEIM B3aUMOJEHCTBHEM (J1aMIl Gerylieil BOJHBI U OHOITyYe-
BBIX KJIMCTPOHOB), IIPUTOAHOTO JUIS MCIIOJIb30BAHMA B HECTAIMOHAPHBIX H CIIEKTPAJIBHBIX MOAENIAX
HHXXEHEPHOTO Ha3HA4YEHHUS.
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Oo6mee onHcanne CIEKTPAILHBIX MOAEIEH

AJITOPUTM CIEKTPAABHOTO MOAEIMPOBaHUS BakyyMHbIX CBY-npn6opoB (He3aBHCHMO OT HX
fuIla) JO0CTaTOYHO MOJPOGHO M3JIOKEH B juTeparype (cM., Hanpumep, [2]). C npakTHyecKoi TOUKH
KOCHHUA €ro Ba)KHEHINEH OCOOEHHOCTBIO SIBJIETCS TO, YTO BMECTO aHAIN3a OTAEIBHBIX anpHOPHO
1510pDaHHBIX TapMOHHMK HEJIMHEHHOro mpomecca B3aUMOAEHCTBHS 3JIEKTPOMAarHUTHOW BOIHBI C

SKTPOHHBIM IIOTOKOM @HAIM3UPYETCS KOHTHHYYM 4YacTOT C allpUOPHO BHIOPAHHBIMHM IPaHHLIAMH.
D MO3BOJIAET HE CTPOMThH 3apaHee MOJEIM CIEKTpa YKa3aHHOTO Mpolecca, OrpaHHYHBIIHNCH
~¢IMOJIOKEHHEM O PaMKaX CyIECTBEHHOTO JJi TOro WJIM HHOTO HCCIeI0BaHUS YaCTOTHONO JIHa-
_3oHa. Ilo3ToMy 31€ch yaeIMM BHHMaHHE ONTMCAHUIO KOHKPETHOH Moeny, pa3pabaTeiBacMoii s
- .IeHHs CNenH(HHECKHX HAay4YHBIX W TEXHHYECKHX 3aray. HauHem, kak 0OBIYHO, C BbIOpaHHBIX
~HOJMM)KEHHH M JonylleHHH. ['aBHBIM M3 HHUX SBISETCS asUMyTalbHas OJHOPOJHOCTh BCEX
3MYECKHX MOJIEH. JTO O3HAYaeT, YTo:
— FeOMETPHSI CUCTEMBI [TPEATIONIAraeTCsl a3UMYTalbHO-CUMMETPUYHON;
— pacnpeaeneHne o0beMHOTO 3apsaaa p(z,r,¢) B IPOCTPaHCTBE B3aUMOICHCTBHS OJJHOPOAHO B

\yTaJbHOM HampasieHuu (Op/ 0p =0);
pacmpejiesieHie CKaaspHOro MNOoTeHuuana u(z,7,p) B CHCTEME TaKXKe a3MMYTalbHO-
*METPHUYHO (3TO BBITEKAET U3 MPEAbIAYIIUX ABYX ITOJI0XEHHU);
— paclpejiesieHie MHAYKIUY BHEIIHEro MarHuTHoro nonst B, (z,r,¢) B cucreMe a3uMyTaibHO

iMeTpHYHO OB, / 0 = 0);

— WHAYKUMS BHEIIHEro MarHuTHOro mons B,(z,r,¢), coznaBaemMoro ¢GoKyCHpYOUIMM coO:1e-
= 110M, [IOCTOSIHHA BO Bcei Mojenupyemoit obnactu (0B, /0z=0, 0B,/ dr =0, 0B,/ 0p=0). U3
. =CHCTBA HYJIO AMBEPreHNuN MarautHoro nons (divB, = 0) cnexgyer, 4yTo naHHOE MMOJie HE HMEET
i HaJBHOW cocTaBmsionied (B, =0). AsuMyTaiapHas COCTaBIAIONIAsS €ro TaKKe paBHA HYIIO
_ =0), uro crenyer U3 NpeAbIAYUIEro MyHKTA.

[Ipennonoxenne 06 a3uMyTaJibHOW CHMMETPUH CHCTEMBI IO3BOJISET CBECTH HEPBOHAYATHHO
= XMEPHYIO 33/]a4y K TaK Ha3bIBa€MOH pa3MepHOCTH «2.5D», oCTaBUB [Jisl-paCCMOTPEHUS TOIBKO
» . 4AQTBHYIO Z M PaIMaIbHYIO ¥ KOOD/MHATHI IIPU pacyeTe IoJjel, 0IHaKO COXpPaHUB BCe TPU KOOp-
F=aThl IIPU MOJAENHPOBAHUU JAWHAMHUKH DNIEKTPOHHOTO MOTOKA. DTO CYHIECTBEHHO CHHXAET rpe-
MBI 00BbEM BBIYMCIICHUH, I/1aBHBIM 00pa3oM 3a CUET YMEHBIIIEHHS CYMMAapHOTO YHC.1a V3.I0B

"TPAaHCTBEHHOM CETH IUCKPETH3allUd IPH pelleHHH ypaBHeHHs [lyaccoHa juis moreHuMaia B
© .TPAaHCTBE CUCTEMBI.

B T0 e BpeMs Takoe NpUOIM)KEHHE OIpPaHUYMBAET IOJHOTY U JOCTOBEPHOCTh IOIy4aeMBbIX
¢ IbTATOB. B 4acTHOCTH, OHO HE MTO3BOAET YYECTh ABYX BaXKHBIX SBJICHUH:

— BO3HHKHOBEHHS a3UMYTAJIBHON TypOyJE€HTHOCTH 3JIEKTPOHHOIO MOTOKA BCJIEICTBHE MEPEKO-
¢ DOKYCHPYIOIIEH CHCTEMBI M B3aUMOICUCTBHS 3JIEKTPOHOB C BBICOKOYACTOTHBIM IIOJIEM CIIH-
i aHOM OC;

~ a3UMYTalbHBIX KoJeOaHUN MPOCTPaHCTBEHHOrO 3apsja, NIPUBOASUIMX K MOSBICHHIO Pa3IHy-

rPyHIIMPOBOK IIOTOKA B JAHHOM HAIlpaBJICHHH M HapyIAIOUWMX IMIMHApUHYECKyio ¢opmy

[POHHOTO MyYKa. JBHXYIIErOCs BHYTPH 3aMeUIIoNIeN CUCTeMBI. [103TOMY MOZIENIb pa3MepHo-

2.5D paccMarpuBaeTcs Kak IPOMEXyTOYHasl.

K 4ncny apyrux cylmecTBEHHBIX IPUOAMIKEHHH CIIeyeT OTHECTH:

HTHOPHPOBAHHUE PENATHBUCTCKUX 3Q(PEKTOB U MAarHUTHOTO 110JI51, CO3AABAEMOTr0 JBHXKVIIH-
» .5 B BAKyyMe CBOOOJHBIMHU 3apsiiaMHu;

— npubIMKEeHUE HENPEPBIBHOCTH (KOHTHHYAIBHOCTH) CTPYKTYphl cniupaibHoit DC JIBB. 310

-YaEeT, YTO YpaBHEHHE BO3DYXKAECHHUSA JIEKTPOMarHUTHOro curHana B 3C 3aNUChIBACTCS W peina-

B BHJe TUGGepeHIHAIBHOIO YPaBHEHHUS B YaCTHBIX NpOM3BOjHBIX [4]. Hampotus. B cnek-
f— IbHBIX MOJIENSAX KJIUCTPOHOB Ul 3TOHM LEJIH HCIOJIb3YETCs cucTteMa OOBIKHOBEHHBIX IH(de-
t {HaNbHBIX YPaBHCHHUH Ui NOTEHIMANOB B OTAENBHBIX pe3oHaropax tumosodl OC. CoriacHo

=
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Kjaccuukanuy, IpUHATOR B pabore [2],
TaK¥e NPUOJIMKEHUS [I03BOJIIOT TOBOPUTDH O
CHCKTPaNbHBIX MOJENAX HNEPBOrO M BTOPOIO
YPOBHEH COOTBETCTBEHHO.

Kak ¥ BO Bcex ajqropurMax BBIYHCIIH-
TEJIBHOrO0 DJKCIIEPUMEHTA, MOJEIHPOBAHUE
(H3HYECKHX NPOLECCOB MO HEOOXOAUMOCTH
CONPSHKEHO ¢ NPHUHATHEM Ha KaXIOM 3TaIle
OpPOYHX JONYHIEHWH, KOTOpbie, TeM He
MEHee, He ABIAIOTCS CTONb (PYHIaMEHTalb-
HBIMH, KaK BBIIIENIEPEYUCIICHHBIE, I03TOMY
BBIXO/ISIT 32 PAMKH CTaThH.

lllmammca 3JICKTPOHHOTO II0TOKA

Kax orMe4anocs Belllie, peaan30BaHHbIE
B HacTosflIee BpeMs CIEKTpajbHbIE MOZEIH Puc. 1
JIbB ¥ x1MCTpOHOB OTHOCATCA K KJIacCy Tak
HaspiBaeMbIXx  2.5D  wMogzenedt  [5]. Dto
03HA4aeT, YTO aHAIU3 TPAEKTOPHUH 3JIEKTPOHOB OCYIIECTBIISIETCS B TPEXMEPHOM IIPOCTPaHCTBE, B ™
BpEMS KaK pacdeT N0JeH Npou3BOJUTCH B IBYMEPHOM (z,r) npubmxeHud. [ HecTalioHapHO™
MOJIENIMPOBAHMSA JUHAMHUKH JJIEKTPOHHBIX MPOIECCOB B MOJENSAX HUCHONB3YETCH IHMIMHIPHYECK:
cuctema koopauHat (puc. 1). B npeanosnoxeHnn paBeHCTBA HYJIO a3UMYTallbHOH COCTABIISAIOIIE A
3JIEKTPHUYECKOTO T0JI YpaBHEHUS JABWKEHUS BJIEKTPOHA JIJI TAKOW CHCTEMbI UMEIOT BUJL,

d2
7§~=|n|E,
d’r doY do
= E + h = - M -

dr’ LA dr) i E (e
d’o dr drdo
P29 B :

dr? i “dr diodr

rae E(7,z,r) — BeKTOp HanpsHKEHHOCTH 3JIEKTPHUHYECKOIO MOJs; T} — OTHOIIECHHE 3aps/ia 3JIEKTPOH1

k ero macce. OOparure BHHUMaHue, 4TOo B (1) He ¢urypupyer asumyTajabHasi COCTaBJIfIOILAL
HanpsHKEHHOCTH IEKTPHUYECKOr0 MOJIs, YTO COOTBETCTBYET BBIIEYKa3aHHON Pa3MEPHOCTH MOJIC,IH.

Jlns pemieHus 3TOH CUCTEMBI 1iejec000pa3sHO UCII0Ib30BaTh MHOTOKPATHO anpoOXMpOBaHHBIA
aHaJOrMYHBIX MogJensx npubopoB M-tuma Merox Pysre-Kyrra deTBeproro mnopsixa
JIOCTOMHCTBaAMH KOTOPOI'O SIBJISETCH «CaMOCTapTyeMOCTb» U 3HAaYHTEIbHO MEHBIIEE, YeEM Y METO.1a
Anamca TOro Xe MOpSAAKa, KOJMYECTBO MEPEMEHHBIX U1 KaXJOoM 4YacTHIbl, XPaHUMBIX &
onepaTuBHO# naMatu DBM.

XapakTepHOH OCOOEHHOCTBIO MCIIOJIb30BAaHHS LMIMHAPUYECKOH CHCTEMBI KOOpAMHAT B
OJIHOCBSA3HBIX 00J1aCTAX B3auMOAEHCTBUS MpuOopoB O-Tuma sABIAETCS CUHTYISPHOCTh CHCTEMSI (1 |
npu r — 0. B onuckiBaeMBIX MOJENAX JaHHAsd CHHTYJISPHOCTh OOXOAMTCA IIyTEM MEPEXO/a K aHa-
JTUTHYECKOMY PEINeHHI0 YKa3aHHOH CHCTEMBI B IMUIMHAPHYECKOH o0jacTé IpOCTpPaHCTBA pajuy-
COM B OJIHY SUEHKY CETH IUCKPETH3ALMH, OKPYKArOLIEH OCh.

B nienoM e, eciid He yYUTHIBATh OTJIMYME METOAOB BBOJA 3apsHKEHHBIX YACTHIl B IIPOCTPAHCT-
BO B3aMMOJEHCTBHS, aJITOPATMBI MOJIETMPOBAHUSA JUHAMUKH 3JIEKTPOHHOTO MOTOKa B pubopax O-
TUIIA IPH MCIIOJb30BaHUH NOAX0Aa JlarpaH>xa IPaKTHYECKH HE OTJIMYAIOTCH OT COOTBETCTBYIOIIU
aJICOPUTMOB JJIS CUCTEM CO CKpelIeHHbIMH NoAsAMH [3]. OCHOBHOE pa3inMuue B MOJENIAX UMEET Me-
CTO B YacTH, Kacaromielcs pacyeTra 3JIeKTPOMAarHUTHBIX IOJIEH.
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MOI]CJIl/lpOBaHHC JNEKTPOMATHMTHLIX noJiei

PaccMOTpHM BHagane airopuTMsl pacuera CojaeHOMAanbHbIX noei DC. B kauecTBe OCHOBHBIX
SPEMEHHBIX NPH MOJEIUPOBAHHU 3THUX MOJIEH HMCHOMAB3YKOTCS KOMIIOHEHTBI BEKTOPHOI'O HMOTEH-
wia A(t,z,r). JIns JIBB nanHelii noteHiman packiaasiBaercs B psj Teitopa nmo Tak Ha3pBae-

«IM PEryJIsapHbIM MoJaMm cnupanphoit 3C A, (z,7,B) [4], onpeAensieMbIM Kak KOMIUIEKCHbIE OTH-
210114e :COOCTBEHHBIX BUAOB KoJebaHui 3Tol cucteMbl A, (z,7.f3) B ee NpoJ0JbHOM Hampab:le-

THH.
A‘,(Z,I‘,B) =A,,(Z,7‘,B)6Xp(°~1BZ); A,,(Z,V,B) = Ae(z,r,B)exp(iBz) -

:cb —n/D<B<7m/D -- 0poaobHOE BOJHOBOE YHCJO (TIOCTOSIHHAS PACIPOCTPAHEHHS) MOIbI:
— nepuon IC. O6001meHHOEe BOJHOBOE ypaBHEHHE il aMIUIMTYJ PEryJIsipHbIX Moa u,(t,z)

eeT BUA [4]:
1 d’8,, O’u, 1 d*,, O'n,
- 0.2t +(0?),
or* o\ 2 dp’ & 24 dp* oz
Ld'(e,), 0%, 1 d°(0), O',
2 dB* o 24 dp’ P
= )
P e [ asay| Ana20)
Do '
1 62 / 6'] | A "

- + o
208 | W |, 82% 60’

¢ )(t,z,r) — BeKTOp INIOTHOCTH TOoKa; ®,(B) u 6,(B) — cobcTBeHHas yacToTa i K03hdHUIHEHT 3a-

.AHHs paccMaTpuBaeMoro Bujaa konebanuit 3C A (z,7,B) cooTBeTcTBeHHO; W, (B) — Tak Ha3bl-

cMasi [OrOHHas €IMHHUYHAs IICEBJOJIHCPTHs BEKTOPHOrO MOTEHIMana peryssipHod moapr IC
A (o,7,B) [4]; S, — nomepeuyHoe ceuyeHue cucreMbl. MlHaekc 0 o3HaYaet, 4TO COOTBETCTBYIOLIAS

HYKMHa BEMUCseTes npu =0,
YucieHHas METOJMKA pelieHUs ypaBHeHHs (2) omucaHa B [6]. OT™MeTHM, YTO 3a BpeMs. Ipo-
»Iiee ¢ MOMEHTA HalMCAaHUS YKa3aHHOH CTaTbH, CTalo OYEBHIHBIM HECOBEPIIEHCTBO IIpeiUIa-
&MOli B Hell SBHOW TPEXCIIOMHON CXEMEI, B CBSI3H C YEM 3aM€Ha €€ Ha HEeSIBHYIO cxeMy, obnajalo-
10 60JILLION BBIYHCIHTENEHON YCTONYUBOCTBIO, BXOJUT B YUCIIO ITEPBOOYEPENHBIX 3aay.
JInis KIMCTPOHOB BEKTOPHBIN NoTeHnuan A(f,z,r) packiaabiBaeTcsi B 00001meHHbIH psg Dy-

10 napuMalbHEIM QyHKIHAM pe3onaTopHod OC A (z,r) [4], onpenenseMbiM KaK JUCKPETHOE

:00paszoBanne Pypbe cOOCTBEHHBIX BHIOB KoJieOaHHH 3TOH cHCTeMbl A, (2,7) B €€ MpOIOJib-

[ HAITPaBJICHHH:
& [ 2mmn) Rl 1 Nz‘:'A o . 2mnm
A Bl k2 l) = — zZ,r)exp
11;6 ‘ Nm:O - ]\’r

N - konuuecTBO pe3oHaropoB B DC. MaTpuuHoe ypaBHEHHE BO30OYKAECHUS 1 BeKTopa H3 N
JAMTYA TapUHAATBHEIX MOA U ,(#) MMeeT BHA [4]:

U u

dtzl s G)
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2
rae [w } Mo | —Marpuusl Nx N KBaZpaToB NapiHaJbHBIX YaCTOT U NapUHaIbHBIX KO GH:

€HTOB 3aTyxaHHs OC COOTBETCTBEHHO; | ¥, | — Marpuina NxN Tak Ha3plBa€MbIX CIUHHYE

IICeBAO3HEPruii napuuanbHeix Mo IC [4]; L — nnuna cuctems! (puc. 1). Bepxuuit unaexc 7' o3
4YacT TPaHCIIOHMPOBaHHE MATPHIIHL.

YucneHnas Meroavka pelieHus ypaBHeHus (3) onucana B [3]. OHa ocHOBaHa Ha HCIIONb3C
HUM Mertoaa ApaMmca — bamdopra yerBeproro nopsiaka. [IpeasapurensHo (3) mpeoOpasyercs
CHUCTEMY M3 JIByX YpaBHEHHil NlepBoro nopsjaka. B koHile utepanuii 3HaueHHE NIPaBOM YacTH YP:
HEHHs €ILE pa3 KOPPEKTUPYETCs AJs UCIOJIb30BaHUS €ro Ha CJIEAYIOUIMX BPEMEHHBIX Iarax
HaseiBaemas cxema P(EC)™E).

KBasuctatuueckuii ckaispHbIH NOTEHIHAI 3IEKTPHUECKOTO II0JISA B CUCTEME U(Z,7) OIHCHI:

€TCA YPABHCHHCM nyaCCOHa, KOTOpO€ 1A LHUJIHHAPUYECCKUX KOOpAHUHAT B ABYMCPHOM HpI/I6J'II/I
HHUH UMECT BH/L:

2 \
au+l£(r6uﬁ p(z,r)

& ror\ or) €

rae p — GyHKUUS pachpefeieHHs IUIOTHOCTH 0OBEMHOrO 3apsjia B MpocTpaHCcTBe NpHOOpa; €

3NIEKTpUYeCKas OCTOSHHAs, J{s pelleHus 3/UIMIITUYECKOTO ypaBHEeHHUS (4) aBTOpaMH NPENIIORKE
HCII0JIB30BaTh Pa3jloKE€HUE NMOTEHIHAasa M0 COOCTBEHHBIM (QYHKIMAM LWIMHIPHYECKOH CHUCTE
(kigenfunction Decomposition, ED) ¢ BbluucieHHeM aMIIMTY[ TapMOHUK HENMOCPEACTBEHHO
YCJIOBHMS MX OPTOTOHAJILHOCTH. /IaHHBIN MeTO HE OTHOCHUTCS K CETOYHBIM, ABJIASACH, CKOPEE, HE
rpanbHeM. Jis OCTH)KEHUS ONTUManbHOro ObicTpoaeicTBus anroputma Metol ED npumense:
JMIIb K pajuajbHON KOOpAMHATE, B TO BpeMS KaK II0 ABYM OCTaJbHBIM IIPEAJIAaracTcs HCIOJb
BaTh JAUCKpeTHOE rpeoOpazoBanue Pypse. [ToaToMy Takyto KOMOMHAIMIO BEIYMCIICHHH MPEIO:-
Ho umenosatb FAED (Fourier Analysis and Eigenfunction Decomposition). Ilogpo6uoe onucar
merona FAED npuseaeno B cratee [7].

CocTtaBsiomye HanpsHKEHHOCTH MOTEHIMAIBHOIO JIEKTPHYECKOTO MOJIA B y3/1aX CETH dr
KpeTu3aiuu HaxoaaTcs nmyTeM AuddepeHnupoBanus NOTeHIKaNa # 1o GopMyiaM

OcTaeTcs pacCMOTPETh AJITOPUTMBI IpeoOpa3oBaHus pa3IMYHbIX KOOPAMHAT MOJAeNeH (Ie:
X0/a OT IIepeMEeHHBIX Ditniepa k nepeMeHHbM Jlarpanxa ¥ Hao6opoT). MHTepnosAys COCTaB s
IUX HANPSHYKEHHOCTH 3JICKTPUIECKOTO I0JI U3 Y3JI0B CETH AMCKPETU3AIMH B MECTA PACIIONONKEE
MakpodacTtHIl BeinojiHseTcs metogom PWS (Polynonuals with Smoothing) [8], nocrouncTBamu
Toporo 1o cpapHeHHIO ¢ pacnpoctpaneHHbIM MeTogoM CIC (Clouds In Cells) [5] sBisiores Ob:.
pOTa M CII@XHBaHHUE HE TONBKO IPOCTPAHCTBEHHEIX, HO M BPEMEHHBIX (IykTyauud 3apsza. 1!
TEPNOJIMPYIOIINH OJHHOM B 3TOM METOJIE HMEET BU/I

E(t,z,r) = PE, + PE,(t —1,) + PE_(z~2,) + PE,(r - 1,),

rae PE,,PE,,PE_,PE  — xo3QduuueHTH OJIHHOMA; #),Z,,%, — KOOpPAWHATBI ICHTPa IPOCTP-
CTBEHHO-BPEMEHHOM SUESHKH CETH THUCKPETH3AIMH, B KOTOPOH HAXOMUTCH YacTHIIa.
KospduuueHTs IOJIHHOMA HAX0AATCA 110 GopMyJIam:

PE,=(+E,+E,+E,+E, +E, +E, +E, +E,)/8;

PE =(-E,+E,-E,+E,-E,+E,-E,+E,)/4At;
PE =(-E,-E +E,+E,-E,-E;+E,+E,)/4Az;
PE =(-E,-E -E,-E,+E,+E,+E +E;)/4Ar,

6 SN 0485-8972 Paouomexnuxa. 2019. Buin. 1



2.Az.Ar — pa3Mepsl IPOCTPAHCTBEHHO-BPEMEHHOM AYEHKH 10 COOTBETCTBYIOIMM KOOpIAUHA-
JopMyJie (6) HyMepalus OKPYXaloUIMX SYEHKY y3710B CETH. B KOTOPBIX BBIYHCIISIOTCA 10JIS
= — JBOWYHasd. cortacHo mabnony RZT. Y3ny ¢ MeHbIINM 3HaUYEHUEM TOH MIIM HHOH KOOp-

~pucBauBaetrcs Homep 0, y3ny ¢ Oonbliei koopAUHATOH — 3HaueHue | (puc. 2).
TpamoJIiiisg KOOPAWHAT MAaKpOYacTHIl Ha KOHEIl CIIeQYIOUEr0 BPEMEHHOIO mara Juig Io-
1ero pacuera IoJiell OCymecTBIsAeTCS MOAH(PUIIMPOBAHHLIM METOAOM Jiinepa (BTOpoi mo-
HOCTH /11 KOOpAWHAT):

! Y (v V
ry =r,+(v,+v,)At/2,

HHJIEKC, COOTBETCTBYIOUIMH Hayaly TeKy- . 7 R
aua; F — uHAcKe, COOTBETCTBYIOMIMH KOHIY
mara (Hayany ciegyroniero); X — HHIAEKC,
#"UTBVIOIIUH KOHITY CJIEAYIOUIEro 1iara. F <NHEE S S W
.TOMHCTBOM METOJAa FWD> ABJAETCA ObICT- ‘
HE ¥ OTCYTCTBHE HEOOXOAMMOCTH B pe3ep-

—-wH JIOTIONHHUTEJILHOM NaMATH Ui KOOPIH- ol AR
STaBJIAIOMMX CKOPOCTEH. gring
136exxaHue «CcaMOJACHCTBHS» YacTHI, T.€. o
w FIHOTO YCKOPEHHS MX IOJI BIHSHHEM cOOCT- e S G t
m+ >  KYJIOHOBCKOTO TMOJIf, (HOPMHPOBAHHE Puc. 2

pacnpeneneHiss 00hEMHOTO 3apsAaa p Ha
#e ¥OOPJMHAT BCEX MAaKPOYaCTHIl B CHCTEME 10
<@}0 Ha KOHEIl TeKylIero BPEMEHHOIO 11ara, v
12 KOHEI[ CIEAYIOMIEro mara Heo6XoquMo POBOAUTH 110 GopMyiaM, 0OpaTHBEIM HHTEPIIO-
wsERIM 1S 3JIeKTpryeckoro o (5). Kak cnemyer u3 nutepatyps! (cM., HanpuMmep, [5]). ato
-wgorwYECKH TApaHTHPYET OTCYTCTBHE camojeiicTBHs. BecoBble KOS(hUIMEHTH 11 pa3aadu
. = COOTBETCTBYIOUIHE Y3JIbl CETH JUCKpeTH3aluu MeTtogoM PWS umeror Bui:

=1/8—(t—t,)/ 4At —(z—z,)/ 4Az—(r —ry) / 4Ar ;
W, =1/8+—t,)/ 4At —(z2—z,)/ 4Az—(r —1,) / 4Ar
W,=1/8—(t—t,)/ 4At+(z—z,)/ 4Az —(r —r,)/ 4Ar;
W, =1/8+(t—t,)/ 4At +Tz—2,) /| 4Az = (r — 1)/ 4Ar ;

W, =1/8+(t—1,)/ 4M1 +(z—z,) | 4Dz + (r ~1,) /| 4Ar .

nokaseiBaeT npaktuka [3], Merog PWS ofecneunBaér ypoBeHb IIyMOB MOJIETM HE XVKE
IC, oT/IMyasich OT HEro MEHBIITUM YUCJIOM ONepalui Ha OJIHY MaKpOYacTHILy.

I\'TpaJ]belﬁ AHAJIN3 BLIXOAHOTO0 CHIHAaJIa

'PUTMBI CHEKTPAJIHOTO aHAIM3a SBJIAIOTCS BAXXHEHINEH COCTABHOM 4acThiO CNEKTPATh-
:e;1ei, OTJIHYas MX OT HecTanlMoHapHBIX. OT BbIOOpA 3THX aJITOPHTMOB B 3HAYHTEIHLHOH Me-
-AT 3(¢eKTHBHOCTb MOJEIMPOBAHUS, [IOCKOJIBKY YMEHBIIEHHE UIHHBI BPEMEHHBIX BbIOO-
-IbTAaTOB IIPH CGXPaHEHHH paspeINaromed crioCOOHOCTH METO/IA B YaCTOTHOM 061acTH UM

Z40CTH OLIEHKM 4YacTOThI OTHENbHBIX CHMEKTPAJIbHBIX KOMIIOHEHT MO3BOJISET CVIIECTBEHHO
3aTpaThl Ha POBEJCHUE BHIYUCIUTEIBHBIX paboT.
neKTpaibHbIX Mozenax JIbB u KIIMCTpOHOB MOTyT OBITh MCIIOJIB30BAHBI TE KE ANTOPHTMBI
~&IbHOr0 ¥ TApPMOHHYECKOTO aHalu3a, YTo ¥ B Mozienax npubopoB M-tuna. K HuM oTHOCAT-
~+dunMpoBaHHbIi KOBapHallMOHHBI! MeToa 1 MeToA [Iponu [9], a Takxke crietuaibHO Daspa-
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OoTaHHEIE /11 aHaNKM3a BO36Y)KAAIOLIEro ToKa arOpUTMbI FApMOHUYECKOH uHTepnoaauny [1(
BO3MOJXHOCTH, JOCTOMHCTBA M HENOCTATKU B IOCTaTOYHOH MEpe NMpoaHalIu3UPOBaHb! B JIUTER
(cM., Hanpumep, [3]).

IIpumephl pe3yJIbTaTOB MOJETHPOBAHHS

CnextpansHoe MonenupoBanue CBU-npubopoB ¢ HpoJOIbHEIM B3aUMOIECHCTBHEM SB1-
obmHpHOK HayyHOH MpobyieMoii, He ycTynaromeit o Macimrabam aHAIOTHYHOMY MOJETHPOB..
npubopoB M-tuna. Ha ceroHsInBmMii AeHs NOTy4€HBI JUIIb HEKOTOPEIE NPeABAPUTENBHBIE pe
TaThl, I03BOJIAIOLINE OLCHUTH a€KBAaTHOCTh NPEIJIOKEHHBIX B CTaThe Mozenei. Ha puc. 3 no-
Ha JMHAMHKa IEKTPOHHOrO jJyda B cratuueckoM pexume JIBB Northrop-Grumman ¢ BbeIxo_
momHocTho 200 BT n cpenneit yactoTo# pabouero auanasona 4 I'Tn [11]. OcHoBHEIE mapaM.
JIBB cnenyromue:

— pagnyc nydka r; = 0,35 mMmM;

— BHyTpeHHU# paguyc IC ry — 1,24 mMm;

— JUIMHA pocTpaHcTBa B3auMoaeicTeus L — 100 mm;

— yckopsiouee HanpskeHue Uy = 2,84 kB;

— Tok nyuka Iy = 0,17 A,

— nuana3oH pabouux gactot f— 3,0 ... 7,0 I'T;

— HOMHHAaJbHasA HHAYKLIHMA MarHATHOTO nojisa By = 0,095 Ta.

Puc. 3, a nony4eH npu NOHMXEHHOM 3HAYEHUH HHAYKLHHU (OKYCHPYIOIIEr0O MarHUTHOTO
By = 0,045 Tn, puc. 3, 6 — npy HOMHHANBEHOH MHAYKIMK. BUAHO, YTO MONBITKA YMEHBIIUTS
BHEIIHMH paauyc npubopa B LEJIOM 3a CHET YMEHBIICHNA HHAYKUUH 1o GOKyCHpPYIOmIEH CE.
MBI [IPUHLMIIAATEHO BO3MOXHA, OJJHAKO TpeOyeT UCCleJOBaHUS BIMAHNA NEPHOJNYECKOH CTaT:
CKO#. MOIyNAIMM paguyca Jdy4da Ha 3((EeKTHBHOCTb B3aMMOJECHCTBHS €ro C BBICOKOYACTO™
nosiem IC.

Ha puc. 4 npuseieHbl npeaABapUTENbHbIE PE3YIbTaThl MOAECIHPOBaHHS IMHAMHYECKUX P.
MOB OJJHOJIy4€BOTO MHOTOPE30HATOPHOTO HIPOJETHOrO KJIMCTPOHA C BBIXOAHOH MOIIHOCTBIO 2”7
n paboueit yactotoit 550 MI'1 (@) n ykasanHo# Beie JIBB (6). Buana rpynnupoBka 31€KTpC
ro Mmy4YKka B CTyCTKH BBICOKOYAcTOTHBIM nosieM DC. KonuyecTBoO Makpo4acTHII, MCIOJIb30BaH
o0oMx pacueTax, COCTaBJIAIO OpAAKa 10%.

7]

Puc. 3

Puc. 4
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BhiBoasbl

PazpaGoTannble cnekTpalbHble MOJETH OJHOJYYEBEIX IPOJIETHBIX KinucTpoHos H JIBB npea-
HA9eHbI U1 MHXKEHEPHOTO aHAIM32 M ONTHMH3AlMH CIIEKTPA/IbHBIX XapaKTEPUCTHK IIMPOKOro
:ca CBU-nipu60poB, OCHOBAaHHBIX HA HEMHEHHOM HPOJOIHHOM B3auMONEHCTBHH 3aMe11eHHOM
{TPOMATHUTHOM BOJIHBI C JJIEKTPOHHBIM IOTOKOM. B OT/IHMYHe OT CyIIecTBOBABIIUX PaHEe alro-

"™OB YHCJIEHHOTO TE€OPETHYECKOrD ‘aHajli3a aHAIOTHYHBIX NPHOOPOB, CIEKTPANBHBIH MOIX0A K
w. 22/ IHPOBAHHMIO JIaET BO3MOXKHOCTD, HCCIIGHOBAHH KOHTHHYAJIBHBIX CIIEKTPOB YCHIMBAEMBIX CHI-
1B B CKOJIb YTOZIHO HIMPOKOM HAa¢TQTHOM; AHANa30He (BIIOTH A0 CBEPXIIHMPOKONOJIOCHBIX H BH-

{MI1yJIbCOB). DTO OTKPBIBAE€T HOBBIE BO3MOXHOCTH IS pa3paboTKU B IPUMEHEHHS IJIEKTPOBa-
'HBIX CHCTEM B pAJi€ MPAKTHUECKH BAKHBIX 00/1acTel TENIEKOMMYHHKAHY U PaTHO;I0KAIIHH.

[epBooucpeIHBIMH HanpaBIEHUSMH JalbHEHIIHX HCCIIEAOBAHUH ClIEAyEeT CUUTATS!

CO3JjaHKeE MOTHOCThIO TpexMepHbIX (3D) Moxaenei;

— peaJM3alHI0 BO3MOXXHOCTH aHanu3a cinabo HeperylsapHbIX (“tapered” [11]) B akcHa1bHOM
2aBJIEHHH CHUCTEM, IOCKOIBKY TakMe CHCTEMBI NpeIaraloTcs B KayecTBE CIIEAYIONIETO 3Tamna
~:00TkH JIBB H KIMCTPOHOB ¢ ONITUMHU3NPOBAHHBIMH IT1apaMeTPaMH U XapaKTEPUCTHKAMH:

— pa3paboTKy HESBHBIX CXEM. HHTEIpHpOBaHUA JU(depeHIHATbHBIX YpaBHEHHIM BBHICOKUX T10-
COB B YACTHBIX IIPON3BOIHBIX.
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