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DKCITepUMEHTAJBHO TTOKa3aHa BO3MOXHOCTh Pa3JIOKEHMST CBEPXKOPOTKOTO UMITYJIbCa Ha IMOCIeA0BATEb-
HOCTb UMITYJIbCOB MEHbIIIEH aMIIJIUTYIbl B MOIAJIbHOM (DWIbTPE Ha IByXCTOPOHHEH nevyatHoi mate. s
MTOATBEPXKICHUS pe3yTbTaTOB 9KCTIEPUMEHTATLHOTO MCCIeA0BAHUSI BBITTOJIHEHO KBa3UCTATUYECKOE MOIE-
naupoBaHue. B xone nsmepeHuii ociaadiaeHue coctaBuio 5.4 pasa 1o OTHOILIEHUIO K nojoBuHe DI C, a 1o-
noca nponyckanus 120 MIt. U3MeHeHNe TpaHUYHBIX YCIOBUIT Ha KOHIIAX ITACCUBHOIO MPOBOAHMKA Ha
Kopotkoe 3ambikaHue (K3) u xonocToii xon (XX) mo3BoiniIo yBeIMYUTh ociaadiieHre 10 6.7 pa3a 1 mojocy
nponyckanwus go 150 MIt. Iloka3zaHo nosiBieHIE OOIIOJIHUTEIBHBIX MMITYJIbCOB ipu K3-XX, mipencrapie-
HbI PE3YJIbTaThl aHAIN3a LIEJIOCTHOCTU MOJIE3HOTO CUTHAJIA.
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1. TIOCTAHOBKA 3AJAYUN

IMTapannensHO ¢ OypHBIM pa3BUTHUEM U BHEAPECHU -
€M B pasjim4yHble chepbl NeSITEIbHOCTA Pa3InIHOMN
panno3eKTpoHHON ammnapaTtypsl (PDA) B mocnen-
HUE TOAbl BeIyTCs aKTUBHBIE pabOThI 1O CO3MaHUIO
HOBBIX HCTOYHUKOB MOIIHOIO IIpeIHAMEPEHHOIO
aneKTpoMarauTHoro n3nydenus [1—3]. Ocobo onac-
HBIMU SIBJISIIOTCST CBEPXKOPOTKHE UMITYJIbehbl (CKHW),
KOTOPBIC IIPOSIBIISIIOTCS B BUIIE OTACIbHBIX UMITYJIb-
COB WJIM X TTocienoBarenbHoCcTH [4]. U3BeCTHBI TpH
a(pdekTa, KOTOpble MOTIYT BO3HUKATh B PDA mpu
BosaeiictBuu CKWM: HeoOpaTuMble OTKa3bl HEKOTO-
PBIX DJIEMEHTOB; IIEPEX0]] AKTUBHBIX 2JIEMEHTOB B pe-
JKMM HAaCBIIIEHUS; OIIMOKU TIpU mepenade Luppo-
BbIX HaHHBIX [5]. IlepBhlil 3(deKT BO3HUKAET IIpU
BBICOKMX YPOBHSIX BO3IEHCTBYIOIIETO MMITYJIbCHOIO
aJieKTpoMarHuTHoro nojst (6osee 100 kB/m). Bos-
HUKHOBEHME BTOPOIro, KaK MpaBUJIO, IIPOUCXOIUT B
TeX CJiydasix, KOrma 4acToTa ITOBTOPEHMsI BO3ACi-
CTBYIOIIIMX WMIIYJIbCOB COCTaBJIsIET HEe MeHee He-
CKOJILKMX COTEH repl. Bo3aMOXHBIM ClIeICTBUEM ITO-
CJIETHEro SIBJIsIeTCs UCKaXXeHe OMTOBO IOCIe10Ba-
TEeJIbHOCTU (HMCKaxKeHUe TMOJEe3HOTO CUTHAaja). DTOT
cIIoco0 BO3meiicTBUS Ha LIM(PPOBLIE YCTPOMCTBA Je-
MOHCTPUPYET BBICOKYIO 3(P(MEKTUBHOCTL daxXe MPH
OTHOCUTEJILHO HM3KUX aMIUIUTydax BO3ACHCTBYIO-
LIUX DJIEKTPOMATHUTHBIX UMITYJIBCOB [6].

CoBpeMeHHBIe TU(PPOBBIC U aHAJIOTOBBIE MUKPO-
CXEMBbI, KaK TPaBUJIO, UMEIOT CITeIIaJIbHbIE 3aIIIUT-

HBIE LIeTM, OO0eCIIeuMBalIOIINe OCIa0JIeHUE ITOMEX.
Jist 3a1UThl IMPOKO MCHOJB3YIOTCS CIIELIMaIU3U-
pOBaHHBIE YCTPOIICTBAa — Ta30BbIe Pa3pSIIHUKM, Ba-
puctopsl, TVS-nnons. OmHAKO OHM UMEIOT HEKOTO-
pbie HEAOCTATKM: Y Ta30BBIX Pa3psSIIHUKOB 3TO — BhI-
COKO€ 3HauyeHMEe HaIpsDKeHUsT cpabaTbiBaHus (OT
JIECSITKOB JIO COTEH BOJIBT) M HaIIpsDKEHUS Ayru (M3-3a
3TOTO HCIIOIb30BaHNE UX IS 3aIUTHI HU3KOBOJIBTHBIX
LIETIei 3aTPYyIHUTEILHO); 3aBUCHUMOCTb HAIIPSDKEHUS
cpabaThIBaHUSI OT CKOPOCTH HapacTaHWSI MMITYJIbCA;
HHU3KOEe OBICTpOJIeHCTBUE; MIMTEIBHBIN Mepuon BoC-
CTAHOBJICHUST, OTpaHNYEHHEBIN CPOK CIYKOBI (TaHHbIE
B3SThl M3 Kartajiora https://www.compel.ru/lib/66139).
B kadecTBe OCHOBHOTO HEAOCTaTKa BapUCTOPOB
MOXHO OTMETUTh MX OOJNBIIYIO COOCTBEHHYIO €M-
KOCTb, KOTOpasi BHOCUTCS B Lielb. B 3aBucMMOCTH O
KOHCTPYKIIMHY, TUIIA 1 HOMHUHAJILHOTO HAITPSKEHUS
3Ta eMKOCTh MOXeT cocTaBsaTh oT 80 1o 30000 nd.
Kpome Toro, HegocTaTKOM 3JIEMEHTA SIBJISIETCS HU3-
KOUYaCTOTHBIM IIIYM, CO3JaBaeMbIii UM IIpU padoTe.
I[Ipu pauTeabHOM BO3ACUCTBUM HAIIPSDKEHUIT KpU-
TUYECKOM BEJIMYMHBI — pacCeMBaHME MOIIHOCTU
MpeKpallaeTcs, a caM ITOJIYIIPOBOIHUKOBBIIA 3JIEMEHT
neperpeBaeTcsl M BEIXogUT M3 cTtpod [7]. Cranmaprt-
Hast TexHoiorust TVS-11onoB He No3BOJISIET AeiaTh UX
JI0CTaTOYHO 3(h(PEKTUBHBIMU TSI HAMIPSDKEHWN HIDKE
5 B. Ix eMKOCTHO€ CONPOTUBJICHUE HAMPSIMYIO OTHO-
CHUTCS K 00JIaCTH IIepexona U pacTeT SKCIIOHESHIINAIb-
HO, B TO BpeMsI KakK pabodee HaIlpsDKeHUE CHIDKAETCS.
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BiusiHe eMKOCTHOIT Harpy3kd, KOTOPYIO cO3macT
3allIUTHBINM AUOJ BBICOKOYACTOTHOMY CUTHAJy, WJIH
rnepeaavyu yepes JIMHHYIO JIMHUIO, TIPUBOAST K OTpa-
xenmto curHana (http://www.electrosad.ru/Electron-
ics/zaschita.htm).

JI1s moBBINIeHUd 3alIuIIeHHOCTU PDA OT KOH-
TYKTUBHBIX MIOMEX MpemiaraloTcsl Takue ycTpoiicTBa
3alIUTHl, KaK OrpaHU4YUTeI, GUIBTPH U T.O. Tak,
HaTpuMep, M3BECTHO YCTPOMCTBO 3alllUTHI “DJeK-
Tpuyeckasl po3eTka ¢ 3aiuToii ot momex” [8]. Hemo-
CTaTKOM YCTPOMCTBA SIBISCTCS CJIOXKHOCTh KOH-
cTpyKuuu. M3BeCTHO yCTPOMCTBO IJIsT 3aIIUTHI POA
OT UMITYJIbCHBIX TIepeHanpsoKeHu [9], a Takke st
3aIIUTHL CPEICTB CBSI3U OT UMIYJIbCHBIX IIepeHAaIIpsI-
xeHnit [10]. HemocTtaTkamMu YCTpPOWCTB SIBIISTIOTCSI
CJIOXKHOCTh KOHCTPYKIIUY U MaJiblil pecypc. B pabote
[11] mpuBeneH 0630p akTuBHBIX EMI-bmisTpoB mis
CHUKEHMSI YPOBHSI KOHIYKTUBHBIX IIOMEX B CUJIOBBIX
BJICKTPOHHBIX TIpeoOpa3oBareysix. OOHAKO y HUX
€CTh HeJOCTATKU: 11 OOJBIIOro KOJIMYECTBA LICTICH,
TpeOyIOIIMX 3allUThI, TP CTAHAAPTHOM MOIXOAE IO-
HagoOUTCS U OOJIBbILIOE KOJIUYECTBO (PUIILTPOB, KOTO-
pBIe 3aHMMAIOT OOJIBIIION O0BEM; OHM BKIIIOYAIOTCS B
pa3pbiB KOHTPOJIBHBIX U CUJIOBBIX KabeJieid, 4To IIpu
HaJIMYU OOJIBIIOTO KOJWYECTBA LIEMEN CylIeCTBEH-
HO 3aTPYAHSIET UX yCTAHOBKY U JIeJIaeT 3Ty paboTy J0-
pPOroii M CIIOXKHOIA.

B nocniennee Bpemsi Bce 60sblIee BHUMaHUE Yaessi-
€TCsI YCTPOMCTBAM Ha TMOJOCKOBBIX U MUKPOIIOJIOCKO-
BbIX TUHMSIX TTepenaun (MITT). Onu nMeroT Masbie ra-
0apuThl, NMPOCThle KOHCTPYKIIMU, MPaKTUUYECKU He-
OIPaHUYEHHBIN CPOK CITY>KObI, (DYHKIIMOHUPOBAHUE B
IIMPOKOM Juaria3oHe HamnpstkeHuii. Kpome Toro,
OHM MOTYT YCTaHaBIMBaTbCId Ha MEYaTHBIX TaTax
(ITIT), yTO CcylIECTBEHHO 3KOHOMUT MECTO B YCTPOIi-
CTBE, TaK KaK He MPUXOAUTCS BBIHOCUTH (DUIBTPHI
oTaenbHbIM OsiokoM. ITpousBoacTBO Takux (uib-
TPOB CYLIECTBEHHO JelleBsie, a pa3MellleHe UX Ha
I1aTe He CJIOXHee YCTaHOBKU B OJIOKe.

B pabote [12] paccMOTpeHBl BCTPEYHO-IIThIPE-
Bble MUKPOIIOJOCKOBbIE (DUIBTPhl KaK YCTPOMCTBa
3alllMThl OT CBEPXIIMPOKOMOJOCHBIX WMITYJIbCOB.
BrisiBiieHO, 4TO Takue PUIBTPBI TIOAXOIST IS a1~
ThI 3JIEKTPOHHBIX LIENel OT OUeHb OBICTPIX TTePEXO -
HBIX MPOILIECCOB OMACHOMN aMIJIUTYIbI U JIETKO UHTE-
IPUPYIOTCS B 2JIEKTPOHHBIE cxeMbl. B pabore [13]
MpencTaBJIeHbl pe3yJIbTaThl pacyeTa U UCCAeAOBaAHUS
(GUIBTPOB HUXKHUX YACTOT C pacnpenejJeHHbIMY Ta-
pamerpaMu ¢ yactoTamu cpesa 6 m 7 I'Tu. Hemo-
CTaTKOM YCTPOMCTB SIBJISIETCSI CJIOXKHOCTb UHTETpa-
uuu B ITTI1.

B cBsi3u co ckazaHHBIM aKTyajeH MOUCK HOBBIX
YCTPOMCTB 3aluThl. Tak, WCCIEeayloTCsl HOBbIE 3a-
LIIUTHBIE YyCTpolicTBa Ha ocHoBe MI1JI, Ha3bpIBaeMbIe
MonaiibHble prbTphl (M®D), B OCHOBY pabOTHI KOTO-
PBIX TOJIOKEHO UCITOJIb30BAHUE MOJATBHBIX UCKAXKE-
HUii [14—16]. OcHOBHas uaest MOJABbHOM GUITbTpa-
LIMU 3aKJII0YaeTCs B OCIA0JIEHUU BIUSTHUS TTOMEXO-
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BOTO MMITYJIbCA 3a CUET PA3HOCTHU 3aIePXKEK MO €TI0
nornepeyHbiXx BoaH B MITJI. OcoOblif nHTEepecC npen-
craBstior M@, 1ojiydeHHBIE 3a cUeT MOoAU(UKAIINN
MI1JI un xonnanapHoii tuanu (KITJI). DTo noctura-
eTCsI, HallpuMep, 3a CUYET IBYX BHIPE30B B OIOPHOI
miockoctu. Takue M® npocThl B peajin3anuu, UMe-
IOT MEHBIIYIO [NIMHY 1 TOCTAaTOYHO XOpOoIllee II0IaB-
nenne CKM, a Takke JIETKO MHTETPUPYIOTCS B peab-
Hele I1I1. Tak, HanpuMep, M®P MOXHO peaqTnu30BbI-
BaTh B I1I1, ncronb3ys yxXe UMeIInecs neyaTHbIe
nopoxku Ha III1. Tak, B padore [17] akcriepuMeH-
TaJIbHO MMOKa3aHa BO3MOXHOCTh ocitadneHuss CKH B
M® ¢ maccMBHBIM IPOBOTHUKOM B BEIPE3€ OIMOPHOM
miockoct. Kondurypaius takoro M® nonydaercs
3a CYeT ABYX BBIPE30B B OIOPHOIT INIOCKOCTH OObIU-
aoit MI1JI. B paborte [18] paccmaTpuBaeTcst BIUSTHUE
JIBYX CIIOCOOOB COENMHEHMsI OMIOPHBIX IMTPOBOJIHUKOB
(Ha xoH1Tax M® u BIOJIb BCeil IJIMHBI) Ha pa3jioxkKe-
Hue CKHM B M@ Ha 1ByXCTOpPOHHEM MeYaTHOI IuiaTe
(I1IT). Kondurypauust takoro M® nonyvaercs 3a
CUET ABYX BBIPE30B B OIIOPHOM IJIOCKOCTH OOBIYHOM
KI1JI. IToka3aHo, 9TO B cllydyae COEIMHEHUST TOIBKO
Ha KoHLIax M® K BBIXOIY IMPUXOAST TPU UMITYJIbCA, a
BIIOJIb BCell IUIMHBL — ABa. B pabore [19] mpuBeneHo
cpaBHeHue xapaktepuctuk KITJT u M®. Ing cpas-
HEHUS XapaKTepUCTUK n3roronjieH maket KITJI miu-
Hoit 53 mMm. ITokaszano, yro KITJI He mo3Bonser 3a-
mutuTh oT CKUW (ocnabienue cocraBuiio 1.21 pasa
10 OTHOLLIEHUIO K TTOJIOBUHE BJIEKTPOABIXKYIIEH cu-
Jbl (BJ1C). TMocne namepenust KITJI B ee onopHoii
IUIOCKOCTU OBLIM CAEJIaHbI IBa BhIpe3a, YTO ITO3BO-
Juno obpazoBatb M®D. JlobaBiieHUEe IBYX BbIPE30B
no3Bosuiao ociabuth CKHU (o pesyiabTaram usmepe-
HUI1 0cJ1abIeHre COCTaBWIIO 2.3 pas3a Mo OTHOIIEHHUIO K
nojoBuHe DJIC). Inuna M® 53 MM MO3BOJISIET €r0
Jierko uHTerpuponath B I111, ucronnb3ys B KauecTBe 3a-
IIUTHI YK€ UMEIOIINECS TIeYaTHbIE TOPOXKN U TI0JIM-
ronsl. Ha puc. 1a, Ha mpuMepe 11aThl IporpaMMUpy-
€MOro MUKPOKOHTPOJIEpa, ITOKa3aHa BO3MOXHOCTh
HUCIIOJIb30BaHUsI TaKoro MM B CUTHANIBHBIX JIMHUSIX
1 lensx nutaHusi. Bo3aMoxHasi cxema BKIIOUEHMUSI
M® B seKTpUYECKYIO LICMb IIpUBeIcHa Ha puc. 10.

Mexxay TeM uccienoBaHus mogooHeix M@ He 3a-
BeplleHbl. Tak, He UCCIeJOBAHO 9KCIIEPUMEHTAIBHO
ocnabnenne CKM B M® nHa JT1I1 ¢ onopHBIMU IIPO-
BOIHWKAMU, COENMTHEHHBIMM TOJILKO Ha KOHIIAX.

Ilenp gaHHOW paboOThl — 3KCIEPUMEHTAIBHOE
noarBepxkaeHue ocnadnenuss CKMY B M® na JATI1I1 ¢
OITOPHBLIMU ITPOBOIHUKAMMU, COEIMHEHHBIMU TOJILKO Ha
KOHIIaX, C JEMOHCTpaLKeil BO3MOXHOCTU €TI0 UCITOJIb-
30BaHMS TS 3aIUTHI CHTHAJIBHBIX LIETIEN OT ITOMEX.

2. KOHCTPYKIHA MO,
moAaxXoabl U METObI

Ha puc. 2a npuBeneHo nornepedyHoe ceueHue M@
Ha JIT1II1. Ha puc. 26 npuBeaeHa cXeMa BKJIIOUEHUS
M®, koTOpas COCTOUT U3 MSATU MapalieIbHbIX IIPO-
BOITHUKOB. AKTUBHBII IPOBOAHUK JMHUM HA OTHOM
Ne 11
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Puc. 2. TTonepeyHoe ceyeHue (a) u cxema BKIoueHust (6) M® na AT1I1: s — pasHOC NPOBOAHUKOB, W) — LIMPUHA AKTUBHOTO
A 1 naccuBHoro I1 MpoBOAHMKOB, Wy — IIMPUHA ONOPHBIX O MPOBOIHMKOB, /I — TOJILMHA AUAJIEKTPUKA, ! — TOJILIMHA MTPO-
BOIHUKOB, €, — OTHOCUTEJIbHASL TUAIEKTPUUYECKas IPOHUILIAEMOCTb.

KoHIe coenuHeH ¢ ucrouHunkoM CKWM, mpencraB-  IOOKIIIOUEHBI C 000OMX KOHIIOB. 3HAUEHMSI COTIPOTUB-
JICHHBIM Ha cxeMe uaeanbHbiM uctouHukom DJIC Eu  neHuit R1 = R2 = R3 = R4 = 50 Om.

BHYTpeHHUM conpotuBieHreM R1. Ha npyrom KoH-
1I€ aKTMBHbII MPOBONHUK JIMHUU COEOUHEH C Ha-
TPYy3KOM, TIpEICTaBIIECHHOW CONpOTUBICHHEM R3.

71 TIpoBeAeHUST SKCITIEPUMEHTATBEHOTO MCCIIEI0-
BaHMS BO BPEMEHHOM 00JIaCTH, MCITOIb30BaJICS 1T (-
poBoii cTpobockonnueckuit ocuuanorpacd DSA8300
Hauasno curnaapHOro mpoBogHuKa (ITaCCUBHOTO) HA (puc. 3a). C MoMoIIbIO MCKpeTHOTo MoyJist (SOE04)
HMKHEM CJIOC IOMIOXKHN IMOAKIIOYEHO K IVTACTUHE 1 gxonq M® nogaBajics CUTHAJI ¢ IMHEHO HapacTa-
(SIBJISIETCS OTTIOPHBIM MTPOBOJAHUKOM) Y€PE3 PESUCTOP  10IUM dpoHTOM. KoONMUecTBO TOYEK yCpeaHEHUS
R2, a koHeu — uepes pesucrtop R4. Tpu KpailHUX  mnpuHATO paBHBIM 30. M3 TPOU3BOAHBIX OT BPEMEH-
TMIPOBOIHMKA SIBJISTIIOTCSI OTMIOPHBIMM WM HAIPSIMyI0  HBIX OTKJIMKOB Ha CTyleH4YaToe BosaeiictBue U(r),
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Puc. 3. Ludposoit crpobockonmmyeckuit ocuruiorpad
DSA8300 (a) u dopma BozneiictBytomeit DAC (6).

MOJTyYeHbI BpEMEHHBIE OTKJIMKU HAa BO3IEUCTBYE BUIA
dU(?)/dt. Tak KaK uccieayeMoe YCTpOMCTBO JIMHEIHO,
TO JUISl IPOCTOTHI BOCIIPUSITUSI CUTHAJI HOPMUPOBAH K
0.63 B mo MakcuManbHOM amMIuiutyae. JlaHHoe BO3-
JIeficTBUE MCIOJIb30Baoch B KauecTBe DJIC mcrou-
HUKa TIOMeXU ¢ napaMmerpamu: amrummtyna 0.634 B,
BpeMst dpoHTa 14.6 1ic, cnaga 12 1c ¥ IJIOCKOM Bep-
muHb 4.7 nc (mo ypoBHsiM 0.1...0.9), oOmas niu-
TeabHOCTH (1o ypoBHIo 0.5) 22 1ic (puc. 30).

J11s1 mpoBeIeHUST DKCIIEPUMEHTAJTBHOTO UCCIIEIO -
BaHMS B YaCTOTHOI 001aCTH ObLI UCIIOJb30BaH BEK-
TOPHBII aHAJIM3aTOP 2NeKTpuuecKux 1ereit “IlaHo-
pama” P4226 (puc. 4). JIisg NMOBBIIIEHUST TOYHOCTH
perucTpalyy CUrHajaoB BEIIIOJHEHA KaIuOpOBKa.

IlpenBaputenpHass ONTUMM3ALMS TIapaMeTpPOB
MOIIEPEYHOro CEYSHUSI IJIS1 U3rOTOBJICHUSI 1abopaTop-
Horo MakeTa MM, a Takke cpaBHEHUE PE3yIETATOB U3-
MEpEeHMs Y MOACTMPOBAHUS BBIITOJHSUIM C TIOMOIIIBIO
KBaszuctatuyeckoro mnoaxoma B cucteme TALGAT.
Marpunsl L u C BBEYMCIIEHBI METOIOM MOMEHTOB.
IToTepu B mpoBOgZHMKAX W AURJIEKTPUKAX OTIPEACIISI-

PAJUOTEXHUKA 1 SJIEKTPOHUKA

CAMOMJIMYEHKO u np.

Puc. 4. BexTopHblii aHAIM3aTOP 2JEKTPUUYECKUX LieTeit
“Tlanopama” P4226.

torcst MatpuiaMu R u G. MogaenupoBanue B TAL-
GAT no3BojseT 3HAYUTENbHO COKOHOMUTh BpeMsl U
cpencTBa Ha pa3paboTKy yeTpoiicTB. Pe3ymbTaTel MO-
JIEeIMPOBaHUS MUMEIOT MPUEMJIEMYIO TOYHOCTh, UTO
MOATBEPKIAECHO pe3yJbTaTaM1U MHOTOYMCIIEHHBIX BE-
pudwnkaimii [20].

3. PE3YJIBTATHI
3.1. Onmumusayus

11 M3roToBiaeHUs J1abopaTOpHOrOo MaKeTa BhI-
nonHeHa ontuMusauug M® na AIIII. Jaa storo
B3SIT IBYXCTOPOHHUM (POJIBIMPOBAHHBINA CTEKJIOTEK-
CTOJIUT OO01IeH ToIHOM 250 MKM (f =35 MKM U h =
= 180 MxM). ONITUMHU3UPOBAINCH IIMPHUHA AKTUBHOIO
U TTaCCUBHOTO MPOBOIHUKOB (w;) oT 500 10 4000 MKM 1
pa3Hoc mpoBoagHUKOB s oT 500 1o 4000 MxM nipu [ =
= 12 cm. lllupuHa OMOPHBIX TPOBOAHUKOB W, MPU-
HsTa 800 MkM. OTITUMM3a1IMsI BEIIOIHSIIACH IO KPU-
TEpPUIO YMEHBIICHUSI aMIUIMTYIbl HaNpsKeHUs Ha
Beixoae M@ 3a cyeT BbIpaBHUBAHUS aMIUIUTYI UM-
NyJbCOB ¥ MAaKCUMM3allMM PA3HOCTU MOTOHHEIX 3a-
nepxkek Moj. B kauecTBe BO31€iiCTBYIOIIETO UMITY/Ib-
ca mpy ONTUMMU3ALIMU UCTIOJIb30BaIi CUTHAJ CTPOOO-
CKOIIMYECKOIo ocLuuiorpada B ¢popMe CTyIIeHbKH.

BrlpaBHMBaHME aMIUTUTYI W MUHUMU3ALNS 10
0.060 B nocturnyTsl 1ipu w; = 700 MKM 1 s = 3450 MKM.
PesynbraTthl MomenMpoBaHMsI TTOKa3aHbI Ha puc. 5.
Kak BuUIHO, aMIUIUTyJa BBIXOMHOTO HAIIPSDKEHUS
paBHa 0.06 B, a pa3HOCTb ITOTOHHBIX 3aJ€PKEK UM-
mybcoB cocTaniseT 0.384 He.

3.2. Makem M@

151 U3roTOBJIEHUS] MAKETOB BBITIOJIHEHA TPACCU-
poBka maketa I[1IT M®. /InuHa makera M@ ripuHsTa
paBHOI 12 cM (13-3a THOKOCTU MaKeTa BBUIY MaJloi
TOJIIIMHBI TuaJieKTpuKa). [Tocne nsroropienus M
Ne 11
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Puc. 5. ®opma HarpsKeHMST Ha BBIXOJE ONTUMU3UpoBaHHOro M®.

Puc. 6. ®oto BepxHero (a) u HUXKHero (6) cioeB makera MD.

MPOBENECH KOHTPOJIb I€OMETPUUECKUX IMTAPaAMETPOB.
C NoMOIIbIO YBETUYUTENIBHOTO CTEKJIa C HU3MEpU-
TEJbHOW JMHEMKONH KOHTPOJUPOBAIMU ILIMPUHY II€-
YATHBIX TIPOBOIHUKOB M PACCTOSTHUE MEXIY HUMMU.
ITosyyeHBl peanbHblE 3HAYEHUSI T€OMETPUYECKUX
napaMeTpoB, CPETHUE 3HAUYEHUST KOTOPBHIX COCTABU-
Jm: wy = 738 MKM, w, = 985 MkM 1 s = 3255 mxm. Ha
puc. 6 Moka3aH U3roTOBJIEHHBI MakeT M®D.

3.3. Pezynbmameot sxcnepumenma

Ha puc. 7 npencraBiieHbl pe3ybTaThl 9KCIECPU-
MEHTa M MOJCIMPOBAHUSI BO BpEeMEHHOI O0JIaCTH.
Bunxo, yro CKU packiiagblBaeTCsl Ha IBa UMITyJIbCa
C MEHBIIIMMU aMIUTUTYIaMU C 3aepXKKaMu /T, u [Ts. C
M3MEHEHNEM TPaHUYHBIX YCJIOBMIA HAa KOHIIAX Mac-
CUBHOI'O IPOBOIHMKA Ha KOPOTKOe 3aMbikaHue (K3)
U xXoJtocToii xon (XX) aMIUIMTyHa UMITYJIbCOB CTaHO-
BUTCSI MEHbIIIe. DKCIIEPUMEHTAJILHO IIOATBEePXKIaeT-
Ccsl TIOSIBJIGHWE HOMOJHUTENbHBIX HMMITYJIbCOB (CM.
puc. 76, A1 un A2) npu u3BMeHEHU U TPaHUYHbBIX YCJIO-
BUIi HAa KOHIIAX MaCCUBHOTO ITpoBogHuKa. M3 puc. 70
BUIHO, UYTO IIPU ITIEPBOM ITPOXOJE CUTHAJIA MO JIMHUU
JIOTIOJITHUTEJIbHBIE UMITYJILChI OTCYTCTBYIOT, YTO O0b-
SICHSIETCSI OTCYTCTBMEM OTpPaxKeHWM OT Hayaua JIu-
HuK. OHU NOSBIISIIOTCS MOCJIE TPETHEro MPOX0aa, KO-
IJ1a OTpaxKeHHBII OT KOHILIA JIMHUY CUTHAaJ (IIpy Iep-
BOM IIPOXOJIe) BEpPHYJICS B Hadano. Takke BUIHO, YTO
aMIUIUTyJa JOMNOJHUTEIbHBIX MMITYJIbCOB MEHbIIE
AMIUIUTYIbl OCHOBHBIX MMIIYJIbcoB Mona. CriemoBa-
TenbHO, ocimabiaenmne CKM HeobXxommMo OlleHUBATH
no 3HayeHuto U,,, UMEHHO OCHOBHBIX UMIIYJIbCOB

PAOAMOTEXHUKA W OJIEKTPOHUKA  ToMm 68

Ne 11

mon. Tak, mpu cortacoBaHHOM ciIy4ae, 1o pe3y/ibTa-
TaM 3KCHEpUMEHTa, JOCTUTHYTO OcJiabjieHUEe BXOJ-
HOro Bo3aeiicTBUs B 5.4 pa3a, a B cimydae K3-XX —
6.7 paza. AMIZIUTYIbI HAIIPSISKEHUS TIEPBBIX IBYX M-
MyJIbCOB M Pa3HOCTb 3aJepXKeK MO, MOJydyeHHbIe
IpU SKCIIEPUMEHTE U MOAEIMPOBAHUM, TIPUBEICHDI
B Taom. 1.

71 TOUHOTO OTpee/ieHIsI BpeMeHH IMPUXO0aa 10-
IMOJIHUTEJIbHBIX UMITYJIBCOB C ITIOMOIIbBIO KBa3UCTaTU -
YECKOTO MOJETUPOBAHMS BIUMCIIEHBI TIOTOHHbIE 3a-
IEepXKW W BpeMs TpUXoma TISITU OCHOBHBIX MOI
(ta6n. 2). IlomyuyuBiivecs KOMOMHAIUW U Bpems
MPUX0Ja TOTIOJHUTEbHBIX UMITYJIbCOB MPUBEIEHBI B
TabJ. 3, a HAIPSDKEHMST TOTIOJIHUTETBHBIX MMITYIIh-
COB IO pe3yJIbTaTaM MOIETUPOBAHMS U DKCTIEPUMEH-
Ta — B TabJ. 4.

M3 puc. 7 BUAHO, UTO pe3yJbTaThl IKCIIEpUMEHTa
U MOJETUPOBAHUS BO BPEMEHHOI 0067aCTU XOPOIIIO
comtacyloTcss mo ¢opMe U BpeMeHHU MpUxojaa UM-
IyJIbCOB, XOTSI B 3KCIIEPUMEHTE MEHbIIE Pa3HOCTb
3afepxKeK Moa. OTKJIOHEHUE pPe3yJbTaTOB MOJETU-

Taommua 1. BeixonHble XapaKTepUCTUKU UcciieayeMoro M@

MognenupoBaHue DKCIIepUMEHT
ITapamerp
50-50 K3-XX 50-50 K3-XX
U,, B 0.055 0.041 0.059 0.047
Us, B 0.057 0.021 0.055 0.028
AT, HC/M 3.7 3.1
2023
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Puc. 7. ®opmbl HanpsikeHUs Ha Bbixoae M@, norydeHHbIe ITpu akcriepumenTe (/) u MozpeaupoBaHuu (2): R2 = R4 =50 Owm (a)

1 K3-XX (6).

POBaHUS ¥ DKCIIEPUMEHTA, PACCYMTaHHOE Kak (| X, —
- XX, + X,|)100%, cocraBisier 8.8%. D10 00Y-
CJIOBJIEHO TEM, UYTO peaJibHOE 3HAUCHUE €, MEHbIIIEe
MPUHSITOTO B MojeaupoBaHuu. HaGmiogaeTcss HeKo-
TOpPOE OTKJIOHCHUE pPe3yJbTaTOB B3KCIIEpUMEHTA U
MOIEIUPOBAHUS IO aMIUIMTYyAaM WMIIYJIbCOB, 4YTO
MOXET OBITh BEI3BAHO HEYYTEHHbBIM BIIMSTHUEM KOaK-
CHAJIbHO-MUKPOIIOJIOCKOBBIX M KOAKCUAIbHEIX IIe-
pexonoB. OTKJIOHEHMS COCTAaBJISIIOT: IIPU COIJIACo-
BaHHOM ciyvae st U, 3.5%, Us 1.8%, npu K3-XX
U,6.8%, Us 14.3%.

Ha puc. 8 mpencraBieHbl pe3yabTaThl KCIIepU-
MEHTa U MOJEIUPOBaHNS YACTOTHOW 3aBUCUMOCTH
|S5|. TTosockr mponyckanus £, (1o ypoBHIo —3 1B) u
pPE30HaHCHBIEC YaCTOTHI f; IpuBeaeHbl B Taba. 5. Ilo
pe3yJibTaTaM 3KCIepUMEHTa BUAHO, UTO C U3MEHe-
HMEM TpaHUYHBIX YCJIOBUU IOjloca MPOMYyCKaHUS
cTajia 6oabIre u coctasmuiaa 150 M1, Torna Kak ¢ Ha-

rpy3kamu — 120 MTI1. B kondpurypauuu K3-XX ya-
CTOTHI TIEPBOTIO Y BTOPOIO PE30HAHCOB YMEHBIIIAIOTCS.
HeO6ompime oTmmanst pe3ysIbTaToB 00YCIOBIECHBI pas-
JIMYMEM 3HAYCHMI 3JIEKTPOPUINMYECKUX IMapaMeTpOB
peajbHbIX IPOTOTUIIOB U MX MaTeMaTUYSCKUX MOJIE-
Jieid. Tak, MOTYT OT/JIMYATbCS 3HAYEHUS €, U tgs, UTO
capuraeT rpaduku 1o 4dactore. Ilomumo aToro, B
MOJCINPOBAHUM HE YYUTHIBAJIOCH BIUSHUE KOAKCH-
aJIbHO-MMKPOITOJIOCKOBBIX ¥ KOAKCHAJIBbHBIX IIEPEX0-
JI0B, KOTOPbI€ BHOCST YaCTOTHO-3aBUCUMBbIE TIOTEPU.
OTKJIOHEHHE IS TIOJIOCHI IIPOITYCKAHUSI COCTABIISICT
IUIST corsacoBaHHOTO cirydast 3.9%, st K3-XX 1.3%.

Hccnenyembrit M® MOXHO UCHOIb30BAaTh B CUT-
HaJIbHBIX LENIX, IO3TOMY BaXXHO OLIEHUTb LIEJIOCT-
HOCTB IOJIE3HOTrO curHaina. s aHanusa nHgopma-

Ta6muma 3. IlapameTpbl TONOTHUTEIBLHBIX WMITYJIBCOB
npu K3-XX

Hmrmynsc KomouHamus 3amepxka, HC
Ta6mmma 2. [ToroHHbIe 3aIepXKKU W BpeMsT TIpUXoaa M- 1 27, + 13) 1.73
Ty ICOB MO 2 (T, + 213) 211
IToronnsie
Bpems npuxona, HC
3aIepXKU, HC/M
T 3.55 | It 0.43 |31, 1.28 Ta0auua 4. AMruntyasl (U;) TOMOMTHUTENBHBIX UMITYIIb-
1 378 |k, 0.45 |30, 136 coB Ha Bbixoge M® npu K3-XX
1 6.94 |n, 0.83 |30, 2.49 AmMmrudryna MognenupoBaHue | DKCOEPUMEHT
Ts 6.96 |15 0.83 | 3/1; 2.50 U,, B 0.0143 0.0141
PAIMOTEXHUKA U BJIEKTPOHUKA  Tom 68  Ne 11 2023
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Puc. 8. YacToTHBIE 3aBUCUMOCTH |S5 |, TOIydeHHBIe K dKcnepuMenTe (/) 1 MonearpoBaHuu (2): R2 = R4 =50 Om (a) u

K3-XX (6).

ILIMOHHO-3aBUCUMBbIX OTKJIOHEHUI aMILTATYIbI U (a3bl
MOJIE3HOTO CUTHaja Ha Bxoa M@ monaBaiuch IceB-
JocayJaiiHble OuToBbIe NociienoBaTeibHocT! (ITCBIT)
pasmepHocThio 10000 6aiiT m amrummtynoii 1 B. Cko-
poOCTh TIepeladyu OaHHBIX H3MeHslack ot 50 mo
250 Mowut/c ¢ marom 50 MOwuT/c, a IJIUTEIBHOCTh
HapacTtanus (1 cnaga) — ot 4000 mo 800 mic. I'ma3ko-
BbIe nuarpaMmabl, nojgydeHHbIe 11t [ICBIT co ckopo-
cThio nepenaun gaHHbX 50, 100 1 250 MowuTt/c u Bpe-
meHeM HapacTtanwus/cnaga 4000, 2000 u 800 nc, mpu
Harpy3kKax Ha KOHIIaX MacCUBHOIO IMPOBOJHUKA IO
50 Om, nipeactaBiaeHbl Ha puc. 9. [Ipu aToM aHanU3U-
POBAJIUCh CpeIHECTATUCTHUECKOE (Da30BOE OTKIIOHE-
Hue (puc. 10a) u orHomeHue curHan/mym (OCI)
(puc. 1006).

BunHo, 4yto B moJioce nponyckanuss M® yeTko
MPOCEXKMBAETCS TIEPEXOI MEXKIY JTOTMUECKUMU YPOB-
HsaMu. ClienoBaTellbHO, B TTojIoce Tponyckanus M@
BEPOSITHOCTh BO3HMKHOBEHHUSI OUTOBBIX OLIIMOOK OyIeT
Hu3Kkoi. C yBeIMYeHNEM CKOPOCTU Tepeaadn JaHHbIX
OCII ymensiaercs, a ¢a3oBoe OTKIOHEHUE (IKUT-
Tep) — yBenmmumBaercd. [Ipu 100 Mout/c OCII co-
craBisieT 46.194 paza, a ¢pa3oBoe OTKIIOHEHUE — Me-
Hee 1 1ic ot 50 mo 100 Mo6wuT/c.

st HarnsimHOro mpeacTtaBieHusl 3(hGEKTUBHO-
ctt M@ mpuBeneHBI Pe3yabTaThl OTHOBPEMEHHOTO
pacrpocTpaHeHus TTOJIe3HOTO M TIOMEXOBOTO CUTHA-
PAINOTEXHUKA 1 DJIEKTPOHUKA

TOM 68 No 11

J0B. Kpome Toro, ripencraBieHO CpaBHEHME IIa3KO-
BBIX AuarpamMm st TuHuu 6e3 M@ u ¢ Hum. Tak, Ha
Bxon uHui mogaBaiack IICBII co ckopocThio niepe-
mauy gaHHbIX 100 MOUT/C 1 MTOMEXOBBIIT CUTHANI C
yactoToit moBTtopeHuss 10 MIu. Ina3koBele nua-
rpaMMBbI, IOJyYEeHHbIE 111 TUHUK 6e3 MD 1 ¢ HUM,
npuBeAeHbI Ha puc. 11. BumgHo, 4ro B tmHuu 6e3 M®
13-3a OOJIBIIION aMIJIMTYAbI UMITYJIbCa HAOIIO1aeTCsI
nepeKpbITHe I1a3a. JIMHUY HanpsoKeHUs OyIyT Iepe-
ceKaThb HaJIOXKEHHBbIE CTaHIApTU3UPOBAaHHbIC MACKHU,
YTO MPUBENET K YXYIOIIEHWIO KayeCTBa MOJE3HOTO
curHajna. B ciydae mcnonb3oBaHusi M®P ymaercs
YMEHBIIIUTh aMIUIMTYAY IIOMEXOBOIO MMITYJIbca, B
pe3yabTaTe 4ero OydeT MEHBIIIe TIepeceYeHUN JIMHUIA
HanpsKeHUsI ¢ Mackoii (cM. puc. 1106).

Ta6muua 5. [Monocel mpomnycKaHus f, 1 pe30HAHCHBIE Ya-
ctotel MO f; (MI1)

Je N b
Meron 50- | K3- | 50- | K3- | 50- | K3-
50 | XX | 50 | xx | 50 | XX
Monemuposa- | 111| 146| 931| 3781386 | 1146
HHUC
DKCIIEpUMEHT 120 150 | 1010 378 (1590 | 1090
2023
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t, HC
U, B (©)

t, HC

1, HC

Puc. 9. I'naskoBble quarpammbl py R2 = R4 = 50 OM u cko-
poctu niepenayu naHHbIx 50 (a), 100 (6) u 250 Mowut/c (B).

M3 pesynbratoB BUIHO, 4TO M® MOXKET OBITH UC-
MOJIb30BaH UIs1 nepeaadyy HU@pPOBBLIX JaHHBIX B IO~
JIOCe TIPONYCKaHMUSI.

3AKJIITOYEHHME

Takum ob6paszom, paccMoTpeHa 3amuTa POA ot
BO3IEMCTBUSI KOHIYKTUBHBIX ITOMEX MAJION JJTUTEIb-
HOCTH 3a CYET MMPUMEHEHUS TEXHOJIOTUY MOAATbHOM
dunprpanuu. I1poBeaeHo 3KCIIEpUMEHTAIbHOE MC-
cleqoBaHVe BO BPEMEHHONI U YaCTOTHOI 0OJIacTsIX.
s moaTBEepXKIeHUS MOTYYEeHHBIX PE3YIbTATOB BhI-

300
2501
200

O 150
100

50

(@)

ocla

O | Il
50 100 150 200 250
C, Mour/c
Q
l:i 40 ~ (6)
Q »
S|
5 30
=
o)
220 R
S}
8 10+
m
o
g 0 é 1 1 )
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Puc. 10. 3aBucumocts OCII (a) u dha3oBOro OTKIOHE-
Hus (6) OT CKOPOCTHU Tepenadyu JaHHbIX Ipu R2 = R4 =
=50 Om.

U,B (a)
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0 =rA
~0l5 4

8§ 12 16 20 24 28

U, B (6)
0.7 -
0.6
0.5
0.4
0.3
0.2
0.1
0
—0.1

6 12 18 24 30 36 42 48
t, HC

Puc. 11. [maskoBble nuarpaMMbl OMTHOBPEMEHHOTO pac-
MPOCTPaHEHUSI IMOJIE3HOTO U [TOMEXOBOTO CUTHAJIOB B JIU -
Hum 6e3 M@ (a) uc MO (6).
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TMOJTHEHO KBAa3UCTATUYECKOE MOACIUPOBAHUE, TPU
KOTOPOM YUYTE€HBbI U3MEPEHHbBIE apaMeTphl IToTepey-
Horo ceuyeHus1 M@ 1 BBITTOJIHEHO CpaBHEHUE PE3YJib-
TaTOB MOJEJIIMPOBAHUS U DKCIIEPUMEHTA.

DKCNepUMEeHTaAIBHO JoKa3aHa BO3MOXHOCTb pa3-
snoxeHust CKW 8 M® na AI1I1. IToka3aHo, yto CKHN
€ O01IEeH JIUTEebHOCTBIO 22 MC pacKiiaibIBaeTCs PU
/=12 cm. U3MeHeHne rpaHNYHBIX YCJIIOBUI ITO3BOJISI-
€T YBEJIUYUTb OcJiablieHUe U TOJIOCY MPOMyCKaHUs
M®. Tak, no pesyJbTaTaMm 3KCIeprMeHTa ocadJe-
Hue CKU cocrasmiio 6.7 pasa, a mojioca MpoIrycKa-
Hust — 150 MI1. DkcnepuMeHTalbHO MOKa3aHOo MOo-
SIBJICHUE JOIOJHUTEJbHBIX UMITYJIbCOB MIPU U3MEHEe-
HUU TPaHWYHBIX YCJIOBUN Ha KOHIAX MAaCCUBHOIO
MnpoBoJAHMKA. Pe3ynbTaTsl 9KCIIepuMeHTa U MOJIEJIU -
pOBaHMSI BO BDEMEHHOM M YaCTOTHOI 00JIacTsIX XO-
portio cornacyiotcs. [TokazaHo, yto M® MoxXeT OBITh
KCIIOJIb30BaH IS Mepenayu UU@pPOBBIX JaHHBIX B
MoJIoCe MPOMyCKaHMsI.

ABTOD 3asiBJIsIeT 00 OTCYTCTBUU KOH(JIMKTA UHTE-
pecoB.

PMHAHCHUPOBAHUE PABOThHI

PaGora BbIMoJIHEHA MpU (UHAHCOBOI TMOAIEPXKKE
Poccuiickoro HayuHoro ¢onzaa (rmpoekt Ne 19-19-00424)
1 MuHucTepcTBa o0pazoBaHus U Hayku Poccuiickoit de-
nepanuu (mpoext FEWM-2020-0039).
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