Joknager BI'YUP Dokrapy BGUIR
T.22, Ne 5 (2024) V.22, No 5 (2024)

@) |
http://dx.doi.org/10.35596/1729-7648-2024-22-5-33-42

Opueunanvhas cmamsi
Original paper

YIK 621.382

CXEMOTEXHHUYECKOE MOJEJUPOBAHUE BO3JIEMCTBUS
TAXKEJBIX 3APAXKEHHbBIX YACTHULl HA HIEPEXOJAHBIE IPOLECCHI
B BUITIOJISAPHBIX AHAJIOT'OBBIX MUKPOCXEMAX

0. B. IBOPHUKOB!, B. A. YEXOBCKMIA?, 1. FO. JOBIIEHKO?, YOHI TXAHb HI'YEH?

'OAO «Munckuii nayuno-uccnedosamensckuti RpUOGOPOCMPOUMETbHBLL UHCTIUNTYITLY
(2. Munck, Pecnybnuxa benapycsy)
?Unemumym sadepnwix npobnem benopycckozo 2ocydapcmeenno2o yrueepcumema
(2. Munck, Pecnybnuxa benapycsy)
3Benopycckuii 20cyoapcmeennblii yrusepcumen unpopMamuKi, u paouodneKmpoHuKu
(2. Munck, Pecnybnuxa benapycsy)

Hocmynuna 6 pedaxyuio 29.07.2024

© Benopyccknii rocyapcTBEHHBIH YHUBEPCUTET HH(POPMATHUKH U paModIeKTpOHHKH, 2024
Belarusian State University of Informatics and Radioelectronics, 2024

Annotanust. OHIM U3 (aKkTOPOB, BEI3BIBAIOLINX MTOTEPIO paO0OTOCIIOCOOHOCTH MHTEIPAIILHBIX MUKPOCXEM KOC-
MHYECKHX allaparoB, SBISIETCS BO3JCHCTBHE TSKEIBIX 3apsDKCHHBIX YacTHl. [lomanaHue MX B 3JIEKTPOHHBIE
YCTpOMCTBA MPUBOINUT K MOSBICHUIO OJMHOYHBIX MEPEXOTHBIX MPOIECCOB (KOPOTKUX TOKOBBIX MMITYJIbCOB), KO-
TOpbIC B aHAJIIOTOBBIX MHUKPOCXEMax HPOSBISIOTCS B MCKaKEHUH (POPMBI BBIXOJAHBIX CHTHAJIOB, a B LIU(PPOBBIX
MHKPOCXEMaxX MOTYT BBI3BAaTh OJMHOYHBIN cO0il. B cTaThe paccMOTpeHa METOANKA CXEMOTEXHHUYECKOTO MOJICIH-
POBaHMS BO3IEHCTBUSI TSKEIBIX 3apPSDKEHHBIX YaCTHIl Ha OUITOSIPHBIC aHAJTOTOBBIE MUKPOCXEMBI, BKITFOYAIOMIAs
Ppa3paboTaHHyO0 3KBUBAJICHTHYIO AIEKTPHUUECKYIO cXeMy OunoisipHoro Tpansucropa st LT Spice 1 mopsigok npo-
BE/ICHUS MOJICJINPOBAHMS EPEXOAHBIX MpolieccoB. HecMOTps Ha MPUHATHIC YIPOLICHHS, 8 UMEHHO — OTCYTCTBHE
y4eTa 3aBUCUMOCTH JIIUTEIFHOCTH (PPOHTA HAPACTAHUS | CIIa/Ia TEHEPHPYEMOTO0 3apsHKEHHOM 9acTUIIe TOKOBOTO
HMITyJIbCa OT apaMeTPOB TPAH3UCTOPHOW CTPYKTYPHI, Ha JIOMYIIEHHS O TOM, YTO BECh 3apsiji TEHEPHPYETCS B K-
TUBHOI1 0a3e 1 00J1acTsIX MPOCTPAHCTBEHHOTO 3apsi/ia SMUTTEPHOTO U KOJUIEKTOPHOT'O [IEPEX0/10B, — pa3paboTaHHas
SKBUBAJICHTHAS CXeMa MO3BOJIMIIA OMPEEIUTh, 9TO (hOpMa KOJUIEKTOPHOTO TOKOBOTO MMITYJIbCA CXEMBI ¢ O0IINM
SMHUTTEPOM HPHU BO3/ICHCTBUM TSDKEJIOH 3apsDKEHHOW YacTHIIBI ONPEEIsieTCs] OBICTPO/ICHCTBHEM TpaH3MCTOpA
U ero pe>xuMoM padothl. C npuMeHeHneM pa3paboTaHHON METOINKH OIPEJIeNIeHbl «KPUTHIECKHE» TPAH3HUCTOPI
JIByX M3yYCHHBIX aHAJIOTOBBIX MUKPOCXEM, a TaKkke 000CHOBaHA HEOOXOIMMOCTD ITyHTHPOBAHMS TOKO3aJafOIIHX
PE3UCTOPOB KOHECHCATOPOM HEOOIBIION EMKOCTH.

KutioueBble c/i0Ba: NpoHUKAIONIAsl paidalsi, OAMHOUHBIE IEPEXOAHbIE MPOLIECCHI, IUHEIHAs Mepeiadya YHEPruH,
paauanuoHHasl CTOMKOCTb.

KongumkTt nnTepecoB. ABTOPHI 3asBISIIOT 00 OTCYTCTBHU KOH(IIMKTa HHTEPECOB.

Jos uuTupoBanusi. CXeMOTEXHUYECKOE MOJICIMPOBAHUE BO3/ICHCTBUS TSXKEIBIX 3apsHKEHHBIX YaCTHIl Ha Tiepe-
XOIHBIC TIPOIIECCHl B OMITONIIPHBIX aHAJIOTOBBIX MHKpocxemax / O. B. JIBopuukos [u np.] // Joxmagsr BI'YUP.
2024. T. 22, Ne 5. C. 33-42. http://dx.doi.org/10.35596/1729-7648-2024-22-5-33-42.
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Abstract. One of the factors causing the failure of spacecraft integrated circuits is exposure to heavy charged partic-
les. The entry of heavy charged particles into electronic devices leads to the appearance of single event transients
(short current pulses), which in analog microcircuits manifest themselves in distortion of the output signal shape,
and in digital microcircuits can cause a single event upset. The article discusses a technique for circuit mode-
ling of the effect of heavy charged particles on bipolar analog microcircuits, including the developed equivalent
electrical circuit of a bipolar transistor for LTSpice and the procedure for modeling transient processes. Despite
the simplifications adopted, namely: failure to take into account the dependence of the duration of the rise and fall
of the current pulse generated by a charged particle on the parameters of the transistor structure, the assumption
that the entire charge is generated in the active base and the space charge regions of the emitter and collector
junctions, an equivalent circuit has been developed made it possible to determine that the shape of the collec-
tor current pulse for circuit with a common emitter when exposed to a heavy charged particle is determined
by the speed of the transistor and its operating mode. Using the developed methodology, the “critical” transistors
of the two studied analog microcircuits were determined, and the need to bypass the current-setting resistors with
a small capacitor was justified.
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BBenenune

BoszelicTBue npoHMKaIOMIEH pagualiy CYyLIIECTBEHHO BIUSET HA pabOTOCTIOCOOHOCTh 3JIEKTPOH-
HBIX YCTPOMCTB U MOXKET MPHUBECTU KaK K KaTaCTPO(YUUECKHM, TaK M K MapaMEeTPHYECKHUM OTKa3aM.
K 0CHOBHBIM COCTaBISAIOMINM MPOHUKAIONIEH pajlaliii KOCMHUYECKOTo MPOCTPaHCTBA MOKHO OTHECTH
ramMMma-u3iay4yeHue, IOTOKH HEHTPOHOB M 3aps’KEHHBIX YaCTHIl, a TAKXKE OT/IEJIbHbIE TSAKEIble 3apsKeH-
ueie yactubl (heavy charged particle, HCP). Bozneiicteue HCP Ha nHTerpanbHbie MUKPOCXEMBI TIPH-
BOJUT K TOSIBICHUIO TaK Ha3bIBaMbIX OJMHOYHBIX MEPEXOAHBIX MpoleccoB (single event transients,
SET), koTopble B aHATOTOBBIX MHUKPOCXEMaX MPOSBISIIOTCS B UCKKEHUH (POPMBI BEIXOIHBIX CUTHAJIOB,
a B IM(POBBIX yCTPOHCTBAX MOTYT BBI3BATh M3MEHEHUE YPOBHS JIOTHYECKUX BEHTHJICH, T. €. OIUHOY-
HBIH cooii [1, 2].

Baxnocts yuera BiusiHust HCP Ha MEKpOCXeMBbl KOCMHUYECKHX aliapaToB OOBICHSIET OOIBIIOE KO-
JMYECTBO paboT, HANIPaBICHHBIX Ha!

— npuOOpHO-TeXHOJIOrHYeckoe MoaenupoBanue ¢popmbl SET aiist pa3HBIX TPaH3UCTOPHBIX CTPYK-
Typ [3-7];

—m3yuenue SET B pa3HbIX cxeMax BKJIIOUeHHUS U peskumax padotsl MOIT 1 OUoSIsIpHBIX TpaH3HUC-
TOpOoB [8—12];

—uccnenoBanue SET B GyHKIIMOHATBHO 3aBEpIICHHBIX aHAJIOTOBBIX KOMIIOHEHTAX: KOMIIApaTopax,
onepauroHHbIX yeunuteasix (OY) [13-19].

Ha ocnose pesynbraros uzyuenust SET B OY LM124 u xomnaparope LM139 [14, 15, 19] moxHO
MPEANOIOKHUTE, YTO BBIXOAHOW MMITYJIEC B (DYHKIIMOHAJIHLHO 3aBEPUICHHBIX aHAJOTOBBIX KOMIIOHEHTAX
B OOJBbIIICH CTETIeHH ONpeeNsieTcss MECTOM PACIIONIOKEHUS Ha CXeMe aKTHMBHOTO JIEMEHTa, Ha KOTOPBIT
Bozaeiicteyer HCP, 3apsinom, renepupyembiM HCP B uHTErpanpHbIX 3J€MEHTax, OBICTPOACHCTBHEM
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TPaH3UCTOPOB U EMKOCTBIO IPUMEHSAEMBIX B CX€ME KOHIEHCATOPOB, & B MEHBIIIEH CTENEHH — AJTUTEIb-
HOCTBIO (poHTa HapacTaHus U cnaja Bei3BaHHOro HCP TokoBoro nMmysnbsca. C yd4eToM U3JI0KEHHOTO
B IIPOLECCE UCCIEA0BAHUS PACCMOTPEHA YIIPOLIEHHAs METOJUKA CXEMOTEXHUUECKOTO MOJAEIUPOBAHUS
Bo3eiictBust HCP Ha OumomnsipHble aHATOTOBBIE MUKPOCXEMBI.

Yuert BAMSIHUSA TAKEI0M 3apmlcem{0171 HJaCTUIbI HA OIMHOYHBIC MEPEXOAHBIC MTPOLECCHI

B [2, 4] npeanoxeno Bei3BaHHBIT HCP TOKOBBIN UMITYIBC /(f) OMUCHIBATH BRIPAKECHUEM

I(t)=L exp_—t—exp_—t , (1
TFr=Tr TF Tr
rne Qp — renepupyemsiii HCP 3apsig
qLET pD
p=—7—; 2
Ir

Tr, Tz — IIOCTOSIHHAsl BPEMEHH CIaJla M HapacTaHWs TOKOBOIO MMITynbca; ¢ — Bpems, Ki; g — 3apsn
snektpona; LET, — nuneiinas nepenada suepruu (Linear Energy Transfer), MbsB/(r/em?); p — mwioT-
HOCTb MOJYTIPOBO/IHUKA; D — riryOuHa nnponukHoBeHust HCP; /. — sHeprus nepBu4HOM HoHU3AIMH, 3B,
Ut KpemHus 3,62 5B.

Ha ocnose (1) pa3paboTrana SKBUBAJICHTHAS AJICKTPUUIECKAS CXeMa /n—p—n-TPaH3UCTOpa IS TIPOT-
pammHoro obecniedernst LT Spice (puc. 1), yautsiBatomias Boszneiicresue HCP.

C

RC

() (none)

(C) PULSE(I1 12 Tdelay Trise Tfall Ton Period Neycles)
ICB () SINE{loffset lamp Freq Td Theta Phi Ncycles)
(®) EXP(I112 Td1 Tau1 Td2 Tau2)

EXP(0 {pulse*0.57}/10n 0.05n 10n 0.1n)

Q1 () SFFM{loff lamp Fcar MDI Fsig)
B npn <$> O PWLETiT12i2..)
N . () PWL FILE: Br
IBE EXP(0|{pulse*0.29} 10n 0.05n 10n 0.1n) ) TABLEWA 1 v212..)
Vinitial [A]: 0
EXP(0 {pulse*0.14}{10n 0.05n 10n 0.1n) Hj::i::;;
Rise Tau[s]: 0.05n
RE Fall Delaylsl: | 10n
Fall Tau[s]: 0.n
E

Puc. 1. DxBuBaneHTHas IeKTpHUeckas cxema n—p—n B LT Spice,
YUHUTBIBAOIIAS BO3JCHCTBHIE TSHKEIBIX 3aPSKCHHBIX YaCTHII
Fig. 1. Equivalent electrical circuit n—p—n in LTSpice, taking into account impact of heavy charged particles

B cooTtBeTcTBUM € pUC. 1 TOKOBBIH HMITYJIBC TIOCTYIAET B MOMEHT BpeMeHH ¢ = 10 He, MakcHMalIbHOE
3HAUEHHME UMITYJIbCA YCTAHABIMBAETCS C MIOMOILBIO TIIo0abHOTO TapaMeTpa Pulse, THnossie 3HaYeHUS
MOCTOSIHHBIX BpeMEHHU cOCTaBISIOT T = 0,10 He u 13 = 0,05 He [2], pacnpeneneHue CyMMapHOro re-
HEpUPYEMOTO0 3apsiia MEXIy aKTUBHOW 0a30i [ x, 00JI1aCThIO IPOCTPAHCTBEHHOTO 3apsiia SMUTTEPHO-
0 3z M KOJUIEKTOPHOTO /-3 IEPEXO/I0B BHINOJHEHO B COOTBETCTBUH € MX TOJIMHAMH 32 CUET BBEACHUS
MHOXHUTEIS niepent todanbHbeIM napamerpoM Pulse. Ha puc. 2 nokaszana ¢gopma cyMMapHOTO TOKOBOTO
AMITyJThCa M TOKa Yepe3 Bce MCTOYHHUKH Ha puc. 1. Ilpm stom cymmaphsrii 3apsin coctasisutr 100 dpKa
n obecrieunBaics npu Pulse = 2 MA. 3ameTum, 4TO MIMPHHA BCEX UMITYJIBCOB Ha MOJIOBUHE UX BBICOTHI
Obu1a oxono 180 mc, a BennYMHa CyMMapHOTO 3aps/a yCTaHaBIUBaIach IIPU MOAEIMPOBAHUN IIEPEX0I-

HBIX TPOIIecCOB MoadopoM mapameTpa Pulse mo 3apsay cyMMapHBIM TOKOM TECTOBOTO KOHJEHCAaTopa
eMKocThio 1 .
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Puc. 2. d)OpMa TOKOBOT'O NMITYJIbCaA, OMMUCBIBAIOIIIECTO BOSHCﬁCTBHe TAXKCIIBIX 3apsAKCHHBIX YaCTHUIL:
1 — cymmapusiii ipu Qp = 100 oK 2, 3, 4 — ucTOUHUKOB [, I, I3 COOTBETCTBEHHO
Fig. 2. Shape of the current pulse describing the impact of heavy charged particles:
1 —total at O, = 100 fC; 2, 3, 4 — sources Iz, I, 15, respectively

Bnusinue HCP na mepexonubie xapakrepuctuku (TRAN-aHanu3) n—p—n-TpaH3uctopa B cXeme
BKJItOUYEeHUs ¢ 00meit 0a3oit (OB) u oOuum smutrepom (OD) npu pa3HON BEJIMUYWHE KOJUICKTOPHOTO
TOKa WILTIOCTPUPYIOT pHc. 3, 4. Ha 3TuxX prcyHKax U J1ajee TOKOBbIH UMITYJIbC TOCTYIAaeT B MOMEHT Bpe-
menn ¢ = 10 He, a BXOTHOM CUTHAI (CTYIIEHbKA SMUTTEPHOTO ToKa B cxeme ¢ Ob, 6a30BOro TOKa B cXeMe
¢ 0D, manpspkeHus st Kommnaparopa u OY) — B MOMEHT BpeMeHH ¢ = 9 HC.

1,50 1,55
2 2
1,45 1,50 +
1,40 — 1,45 —
135 140
o % 1,35
21,30 & 10,05fuc\ 15,02 ne
< C130 - -
51,25 H ?
. < 1,25 1
1,20 — =
;L, ’ ¥ 120 109
S 1,15 1 E 115
1,10 — 1,10 —
e 03 K
1,00 — 1,00
0,95 1 1 | 0,95 | | | | | | |
8,0 9,0 10,0 11,0 12,0 0 10 20 30 40 50 60 70 80
1, HC t, HC
Puc. 3. HopmupoBaHHBI TOKOBBIN MMITYJIBC B CXEME Puc. 4. HopmupoBaHHBIN TOKOBBIA UMITYJIBC B CXEME
¢ obuieii 0a3ol Mpy BO3ACHCTBUHU TSDKEIBIX ¢ OOIIMM 3MHUTTEPOM IPU BO3ACHCTBUH TSKEIBIX
3apspKeHHbIX yacTul ¢ Op= 10 oK 3apshKeHHbIX yacTull ¢ Op= 10 ¢pKi:
1 — I()/1£(0); 2 — 1(2)/1(0) ipm 1(0) = 100 MKA; 1 — Ix(0)/13(0); 2 — 1(t)/1(0) mipu 1(0) = 100 MKA;
3 —1(2)/10) mpu 1(0) = 500 MKA 3 = 1()/10) npu 1(0) = 500 MKA
Fig. 3. Normalized current pulse in a common base Fig. 4. Normalized current pulse in a common emitter
circuit under the influence of heavy charged particles circuit under the influence of heavy charged particles
with Qp =10 fC: 1 — I(£)/1x(0); 2 — I(£)/1(0) with Qp= 10 fC: 1 — I(¢)/13(0); 2 — I2)/1(0)
at 1(0) = 100 pA; 3 — I(£)/1(0) at 1(0) = 500 pA at [+(0) = 100 pA; 3 — I(8)/1-(0) at I(0) = 500 pA
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st obecrieueHust OIMHAKOBOTO padovero pexxrMa TpaH3ucTopoB npu MoaenupoBanun SET smut-
TepHbIi Tok B cxeMe ¢ Ob ycranaBnuBaincs Ha ypoBHe 100 u 500 MKA, a KOJUIEKTOPHBIM TOK B CXeMeE
¢ O3 3apaBaics B pepenax 100 MxA £ 5 % u 500 MKA £ 5 % npu nomomu reueparopa 6a30Boro Toka.
Crynenbka Toka 1151 cxeMm ¢ Ob u O3 coctasmsuia 10 % ot Benuuun HavaabHOTO ToKa [5(0) 1 15(0).

Kax ciemyer u3 puc. 4, popma KOJUIEKTOPHOTO TOKOBOTO UMIIYJIbCa JIsl HAaOOIee MPUMEHSIEMO cXe-
MbI ¢ O3 ompenensieTcs B OOJBIEH CTENICHH OBICTPOACHCTBHEM TPAH3UCTOPA H €TO PEKUMOM PabOTHI, 4eM
(hopmoit TokoBoTO MMITYITbCa, BBI3BaHHOTO HCP. Bimstane HCP Ha aHanmoroBsle KOMITOHEHTBI H3y4alloch
st cxeM kommaparopa ADComp3 (puc. 5) 1 OY OAmp9M (puc. 6), nonpo6Ho onucanHbix B [20, 21].

Vee
R2 RS RY RII
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52K

Vee

Puc. 5. Dnexrpuueckas cxema kommnaparopa ADComp3
Fig. 5. Electrical circuit of the ADComp3 comparator
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Puc. 6. DiaekTpudeckas cxema OlepaldoHHbIX yemuteaeii OAmpIM 6e3 O10ka CMEIIeHuS,
3a1aro0IIero HanpshKeHUE B y3i1ax Biasnl, Biasn2, Biaspl, Biasp2
Fig. 6. Electrical diagram of operational amplifiers of the OAmp9M op-amp

without a bias block that sets the voltage in the nodes Biasnl, Biasn2, Biaspl, Biasp2
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[Ipu MonEeTMpPOBaHUH TPAH3UCTOPHI CXEM ITOOUEPEAHO 3aMEHSUINCH Ha SKBUBAJICHTHYIO CXeMy puc. |
JUIS n—p—n-TPAH3UCTOPA U aHAJIIOTUYHYIO €11 U1 p—n—p, ofHOBpeMeHHO ¢ TRAN-aHann30M BBITIOTHSII-
csl MapaMeTpUYeCKUi aHaln3 ¢ U3MEHeHneM robanpHoro napamerpa Pulse B mpenenax ot 200 MkA
10 200 MA (o nupektuBe .step param pulse list 200u 2m 20m 200m), 4T0 COOTBETCTBOBAIO CyMMap-
HOMY reHepupyeMoMy 3apsiay B auanasone oT 10 ¢pKi qo 10 nKi, peructpupoBaics UMIyJbC Ha Bbl-
XOJ€ YCTPOICTB M ONpPEAEIUICS CyMMAapHbIH 3apsili, IpU KOTOPOM YCTPOICTBO HENPaBWIbHO (DYHK-
uroHUpoBaJo. [Ipy 3TOM BBIXOJHONM cHUTHAN KOMIIapaTopa onpenernsuics Mexay y3namu Outl u Out2,
COEIMHEHHBIMU Yepe3 50-OMHBIE pe3HCTOPHI C IMHOW HYJIEBOrO IMOTEHIINANA, a BBIXOJHBIM CUTHAJIOM
OAmp9M Ob1n1 UMITyJIbC HanpsbKeHUs B y3ie Ou npu coenuHeHnu OV 1o cxeMe HeMHBEPTHPYIOIIETO
MIOBTOPHUTES HANPSHKEHUSI.

MopenupoBaH#€e MO3BOJIMIO YCTAHOBUTE, YTO:

— HaNMWYWe BHYTPEHHEHW 0OpaTHOW CBS3M B KOMIIapaTope, pealn30BaHHON Ha pe3ncropax R3, R7,
MIPUBOIUT K TOMY, uTo nonaganue HCP B 110001 13 TpaH3UCTOPOB IIEPBOTO U BTOPOro AnuddepeHnnaib-
HOTO KacKa/ia MPaKTUUECKU He BiIusieT Ha popMy BbIXOAHOTO curHana. Tonbko Bozaelicteue HCP Ha BbI-
xoxuble Tpausuctopsl Q11, Q13 npuBoaut k motepe paboTocnocoOHOCTH (pUC. 7, KpUBas 3 MOKa3bIBACT
YABOEHHE BBIXOIHOTO UMITYJIbCA) MPHU BO3AEHCTBUM YacTHUIlBI ¢ 3apsiioM 10 Ko,

— HanboJ1ee CylecTBEHHO Ha paboTococoOHOCTh KoMIaparopa Biusiet Bozaericteue HCP Ha Tpan-
3UCTOPHI O10Ka cMemeHus (puc. 5, Q17). Ipu Bozaeticteun HCP ¢ 3apsmom 2 nKir xa Q17 kommaparop
TEpsieT CBOIO PaboTOCHOCOOHOCTH (pHC. 8, KpuBasi 2), KOTOpasi MO>KET ObITh BOCCTAHOBJICHA IPH LIyH-
THUPOBAHUM TOKO3aJaromiero pesucropa R18 xonaeHcaropom ¢ HEOONBIIONH eMKOCTBIO, OKoJIo 15 nd
(puc. 8, xpuBas 3);

—Haub6osiee kputruHbIM Jist OY OAmMpIM sensiercs Bo3nericteue HCP na Tpansuctop X13 (puc. 9,
KpuBas 3), COEAMHEHHBIN C CAMBIM BHICOKOMMIIEJAHCHBIM y3JIOM CXEMBI, 4TO TpebyeT Tu00 OrpaHIInTh
nomyctuMbli 3apsa HCP ma ypoBae 1 Ki1, 00 TpOBECTH CXeMOTEXHHUECKYI0 MoaepHu3ariio OY.
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3
550 - 200 —
450 150
1
350 100 -
3 50 —
m 250 — m
Eﬁ E“ 0
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>0 ~100
=507, ~150 ]
~150 \ 200 - -~ 2
2 |
=250 | | | i -250 | | | |
0 20 40 60 80 0 20 40 60 80
1, HC t, HC
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Puc. 7. IMnynbChl HanpsKEHUs KoMIIapaTopa
ADComp3: 1 — mexnay Bxogamu Inpl u Inp2;
2, 3 — mexay Beixogamu Outl u Out2
TIPY BO3AEHCTBUH TSKEIBIX 3aPSKEHHBIX YaCTHIL
Ha Qll ¢ Op=1nKn
u Op= 10 nKi cooTBETCTBEHHO
Fig. 7. ADComp3 comparator voltage pulses:

1 — between Inp1 and Inp2 inputs; 2, 3 — between
outputs Outl and Out2 when exposed to heavy
charged particles on Q11
with O, =1 pC and O, = 10 pC, respectively

Puc. 8. Umnynbcel HanpsbkeHMs: kKoMIaparopa

ADComp3: 1 — mexnay Bxogamu Inpl u Inp2;
2 — mexay Berxonamu Outl u Out2 npu Bo3aecTBUI
TSDKEJBIX 3apsKEHHBIX yacTll ¢ Op= 2 nKn na Q17;
3 — pu BO3AEHCTBUU TSDKEIBIX 3apsHKEHHBIX YaCTHUIL
¢ Op=2 nKn ra Q17 u BKIIOUCHUH (QUITBTPYIOMIETO

KkoHJeHcatopa 15 nd

Fig. 8. ADComp3 comparator voltage pulses:

1 — between Inp1 and Inp2 inputs; 2 — between
outputs Outl and Out2 when exposed to heavy charged
particles with O,=2 pC on Q17; 3 — when exposed
to heavy charged particles with O, =2 pC on Q17
and the connection of a 15 pF filter capacitor
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Puc. 9. Umnynbcel HanpsbkeHust onepautoHHoro ycunurens OAmpIM
IIPU €r0 COCAMHEHUH B PEXKMME MOBTOPUTEINS HanpshkeHus: 1 — Mexxay Bxomamu Ni u In;
2, 3 — na Berxoae Ou mpy BO3IEHCTBAN TKEIBIX 3apsHKEHHBIX YacTuIl Ha X 13
¢ Op=10Kinu Qp=10 nKua coorBeTcTBEHHO
Fig. 9. Operational amplifier voltage pulses of the OAmp9M op amp when connected in voltage follower:
1 — between the inputs Ni and In; 2, 3 — at the output Ou under the influence of heavy charged particles on X13
with O, =1 pC and Q) = 10 pC, respectively

Hecmotps Ha mpuHSATHIE yIIPOIIEHHS, @ UMEHHO — OTCYTCTBHE Y4eTa 3aBUCUMOCTH JTUTEITHHOCTH
(poHTa HapacTanus u craga reHepupyemoro HCP TokoBoro mmiryiasca OT mapaMeTpoB TPaH3HCTOP-
HOM CTPYKTYpHI, Ha JOMYIICHUS O TOM, YTO BECh 3aps][ TCHEPHPYETCS B aKTUBHOU 0aze W 00macTsix
MIPOCTPAHCTBEHHOTO 3apsi/ia AMUTTEPHOTO U KOJUICKTOPHOTO MIEPEX0/I0B, — SKBUBAJICHTHASI CXeMa OUIIO-
JSIPHOTO TPAH3UCTOPA C BKIIOUCHHBIMU MapaJICIBHO MEPEXoAaM U MPOMEKYTKY KOJJIEKTOP-IMHUTTEP
OKCIIOHCHIIUAJIbHBIMU MCTOYHHUKAMU TOKA IMO3BOJIACT BBIIIOJIHUTHE CXEMOTCXHHNYCCKOC MOJACIMPOBAHUC
BoznetictBus HCP Ha OumosisipHbIe aHAJIO0TOBBIE MUKPOCXEMEL.

3aKJIIoueHue

1. Pa3paborana SKkBUBaJCHTHAs DJICKTpHUECKas cxema OumoiisipHoro Tpansucropa mist LTSpice,
YUUTBHIBAIOLIAs BO3ICHCTBUE TSDKEIBIX 3apsbKeHHBIX yacTHll. [IpuMenenue ee npu mogenuposanuu SET
B N—p—N-TPAH3UCTOPE MOKA3aJI0, 4To (GopMa KOJUIEKTOPHOTO TOKOBOTO MMITyJIbca AJIsl Hanbosee mpume-
HSIEMOH CXEMBI C OOILIMM SMUTTEPOM OTpEeNsieTcs B OONbLICH CTeNeHN ObICTPOACHCTBUEM TPAH3UCTO-
pa ¥ ero pexuMoM padoThl, 4eM (GOPMOI TOKOBOTO UMITYJIbCA, BEI3BAHHOTO TSDKEJIBIMU 3aPsKEHHBIMU
YacTHUIIAMHU.

2. JIns OlleHKM BIIMSIHUS TSDKEJIBIX 3apsSKEHHBbIX yacTull Ha komnaparop ADComp3 u onepainyoH-
HbIi yeunutenb OAmpI9M TpaH3UCTOPHI AHAJIOTOBBIX YCTPOIMCTB MOOUEPENHO 3aMEHSIIUCH Ha pa3pa-
0OTaHHYIO SKBUBAJICHTHYIO cXeMY, oiHOBpeMeHHO ¢ TRAN-aHan30M BBIOTHSIICS MapaMeTpUIECKUi
aHaJIM3 C M3MEHEHHEM CYMMapHOI0 T'e€HEpHUPYEMOTO TSDKEIBIMHU 3apsHKEHHBIMHM YacTHUIAMH 3apsja
B nuamazone ot 10 ¢pKi no 10 nKi u perucrpupoBaincst UMIyIbC Ha BBIXO/IE YCTPOWMCTB, YTO MO3BO-
JIUIIO OTIPEJISIUTh HAauOoJIee «KKPUTUIECKUE IEMEHTHI, OIICHUTH «JIJIsl HAaNXY/IIETO CIy4as YpOBEHb
JOIIyCTUMOTO 3apsiia TeHEPUPYEMOT0 TSDKEIBIMU 3apsDKEHHBIMM YacTULAMHU, C(OPMYIHPOBaTh Tpeo-
BaHMSI K CXEMOTEXHHUYECKOM MOJEPHHU3ALNH, B TOM YHCJIE€ HEOOXOAMMOCTD HIYHTHPOBAHUS TOKO3aat0-
LIMX PE3UCTOPOB KOHAECHCATOPOM HEOOJIBIION EMKOCTH.

CHnucok JIuTeparypsbl

1. Perez, R. Methods for Spacecraft Avionics Protection Against Space Radiation in the Form of Single-Event
Transients / R. Perez / IEEE Transactions on Electromagnetic Compatibility. 2008. Vol. 50, No 3. P. 455-465.
http://dx.doi.org/10.1109/TEMC.2008.927735.

39



Joknager BI'YUP Dokrapy BGUIR
T.22, Ne 5 (2024) V.22, No 5 (2024)

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

40

Perez, R. Analysis and Simulations of Space Radiation Induced Single Event Transients / R. Perez // 2016 ESA
Workshop on Aerospace EMC. 2016. P. 1-6. http://dx.doi.org/10.1109/AeroEMC.2016.7504569.

JloBmenko, M. 0. MogenupoBaHue BO3AEHCTBUS TSKEIOW 3apsyKCHHON 4YaCTUIBl Ha AJIEKTPUYECKHUE
XapaKTePUCTUKH TpuOOpHO# cTpykTypsl n-MOII-tpan3ucropa / U. 0. Jlosiienko, B. P. Cremnuikui,
B. T. Illangaposuy // Hoxmamer BI'YWUP. 2020. T. 18, Ne. 7. C. 55-62. http://dx.doi.org/10.35596/1729-
7648-2020-18-7-55-62.

Comparison of the Transient Current Shapes Obtained with the Diffusion Model and the Double Exponential
Law — Impact on the SER / F. Wrobel [et al.] // 2013 14™ European Conference on Radiation and Its Effects
on Components and Systems. 2013. P. 1-4. http://dx.doi.org/10.1109/RADECS.2013.6937441.

Efficient Method for Estimating the Characteristics of Radiation-Induced Current Transients / W. G. Bennett
[et al.] // IEEE Transactions on Nuclear Science. 2012. Vol. 59, No 6. P. 2704-2709. http://dx.doi.org/10.1109/
TNS.2012.2218830.

The Effects of Temperature on the Single-Event Transient Response of a High-Voltage (>30 V) Complementary
SiGe-on-SOI Technology / A. P. Omprakash [et al.] // in IEEE Transactions on Nuclear Science. 2019. Vol. 66,
No 1. P. 389-396. http://dx.doi.org/10.1109/TNS.2018.2886577.

Single-Event Upset Mitigation in a Complementary SiGe HBT BiCMOS Technology / N. E. Lourenco
[et al.] // IEEE Transactions on Nuclear Science. 2018. Vol. 65, No 1. P. 231-238. http://dx.doi.org/10.1109/
TNS.2017.2778803.

Load Resistor as a Worst-Case Parameter to Investigate Single-Event Transients in Analog Electronic Devices /
I. Lopez-Calle [et al.] // Proceedings of the 8" Spanish Conference on Electron Devices, CDE’2011. 2011.
P. 1-4. http://dx.doi.org/10.1109/SCED.2011.5744202.

An Electrostatic Discharge Protection Circuit Technique for the Mitigation of Single-Event Transients in SiGe
BiCMOS Technology / M. K. Cho [et al.] // IEEE Transactions on Nuclear Science. 2018. Vol. 65, No 1.
P. 426-431. http://dx.doi.org/10.1109/TNS.2017.2778946.

An Investigation of Single-Event Transients in C-SiGe HBT on SOI Current Mirror Circuits / S. Jung
[et al.] // IEEE Transactions on Nuclear Science. 2014. Vol. 61, No 6. P. 3193-3200. http://dx.doi.org/10.1109/
TNS.2014.2358207.

Modeling the Dependence of Single-Event Transients on Strike Location for Circuit-Level Simulation /
L. Ding [et al.] / IEEE Transactions on Nuclear Science. 2019. Vol. 66, No 6. P. 866—874. http://dx.doi.
org/10.1109/TNS.2019.2904716.

The Role of Negative Feedback Effects on Single-Event Transients in SiGe HBT Analog Circuits / J. Seungwoo
[et al.] // IEEE Transactions on Nuclear Science. 2015. Vol. 62, No 6. P. 2599-2605. http://dx.doi.org/10.1109/
TNS.2015.2498540.

Study of Single-Event Transients in High-Speed Operational Amplifiers / P. Jaulent [et al.] // IEEE Transactions
on Nuclear Science. 2008. Vol. 55, No 4. P. 1974—1981. http://dx.doi.org/10.1109/TNS.2008.920265.

Circuit Modeling of the LM124 Operational Amplifier for Analog Single-Event Transient Analysis /
Y. Boulghassoul [et al.] / IEEE Transactions on Nuclear Science. 2002. Vol. 49, No 6. P. 3090-3096. http://
dx.doi.org/10.1109/TNS.2002.805400.

Liu, J. Simulations for Single Event Transient Effects in the LM 124 Operational Amplifier / J. Liu // 2019
International Conference on Intelligent Computing, Automation and Systems. 2019. P. 552-555. http://dx.doi.
org/10.1109/ICICAS48597.2019.00121.

Analysis of Two-Stage CMOS Op-Amp for Single-Event Transients / H. Langalia [et al.] // 2012 International
Conference on Communication, Information & Computing Technology. 2012. P. 1—4. http://dx.doi.org/10.1109/
ICCICT.2012.6398149.

Single-Event Transient Response of Comparator Pre-Amplifiers in a Complementary SiGe Technology /
A. Ildefonso [et al.] // IEEE Transactions on Nuclear Science. 2017. Vol. 64, No 1. P. 89-96. http://dx.doi.
org/10.1109/TNS.2016.2619582.

Modeling and Analysis of Analog Single Event Transients in an Amplifier Circuit / Y. Wang [et al.] // 2013
International Conference on Optoelectronics and Microelectronics. 2013. P. 94-97. http://dx.doi.org/10.1109/
ICoOM.2013.6626499.

Simulations of Single Event Transient Effects in the LM139 Voltage Comparator / J. Liu [et al.] / 2014
10" International Conference on Reliability, Maintainability and Safety. 2014. P. 189-192. http://dx.doi.
org/10.1109/ICRMS.2014.7107167.

PangmanmoHHO CTOMKHE KOMITOHEHTHI TOTy3aKa3HBIX aHAJIOTOBBIX MukpocxeM / O. B. JIBopHuxoB [u ap.] //
WzBectus By30oB. Dnekrponuka. 2022. T. 27, Ne 3. C. 308-321. https://doi.org/10.24151/15615405-2022-27-
3-308-321.

CxeMoTexHUYEeCKast MOJEPHU3AIINS ONIEPAllMOHHBIX YCHIIUTENEH JUIsS YBEIMYCHUsI CKOPOCTH HAPACTAHUS BbI-
xoauoro Harnpspkenust / S1. 1. lankun [m ap.] // Joxnanet BI'YUP. 2023. T. 21, Ne 4. C. 46-53. http://dx.doi.
org/10.35596/1729-7648-2023-21-4-46-53.



Joknager BI'YUP Dokrapy BGUIR

T 22, Ne 5 (2024) V.22, No 5 (2024)
References
1. Perez R. (2008) Methods for Spacecraft Avionics Protection Against Space Radiation in the Form of Single-

10.

11.

12.

13.

14.

15.

16.

17.

18.

Event Transients. [EEE Transactions on Electromagnetic Compatibility. 50 (3), 455-465. http://dx.doi.
org/10.1109/TEMC.2008.927735.

Perez R. (2016) Analysis and Simulations of Space Radiation Induced Single Event Transients. 2016 ESA
Workshop on Aerospace EMC. 1-6. http://dx.doi.org/10.1109/AeroEMC.2016.7504569.

Lovshenko 1. Yu., Stempitsky V. R., Shandarovich V. T. (2020) Modeling The Impacts of Heavy Charged
Particles on Electrical Characteristics of n-MOSFET Device Structure. Doklady BGUIR. 18 (7), 55-62. http://
dx.doi.org/10.35596/1729-7648-2020-18-7-55-62 (in Russian).

Wrobel F., Dilillo L., Touboul A. D., Saigné F. (2013) Comparison of the Transient Current Shapes Obtained
with the Diffusion Model and the Double Exponential Law — Impact on the SER. 2013 14" European
Conference on Radiation and Its Effects on Components and Systems. 1-4. http://dx.doi.org/10.1109/
RADECS.2013.6937441.

Bennett W. G., Schrimpf R. D., Hooten N. C., Reed R. A., Kauppila J. S., Weller R. A, et al. (2012) Efficient
Method for Estimating the Characteristics of Radiation-Induced Current Transients. /EEE Transactions
on Nuclear Science. 59 (6), 2704-2709. http://dx.doi.org/10.1109/TNS.2012.2218830.

Omprakash A. P., Ildefonso A., Fleetwood Z. E., Tzintzarov G. N., Cardoso A. S., Babcock J. A., et al. (2018)
The Effects of Temperature on the Single-Event Transient Response of a High-Voltage (>30 V) Complementary
SiGe-on-SOI Technology. IEEE Transactions on Nuclear Science. 66 (1), 389-396. http://dx.doi.org/10.1109/
TNS.2018.2886577.

Lourenco N. E., Ildefonso A., Tzintzarov G. N., Fleetwood Z. E., Motoki K., Paki P., et al. (2017) Single-
Event Upset Mitigation in a Complementary SiGe HBT BiCMOS Technology. IEEE Transactions on Nuclear
Science. 65 (1), 231-238. http://dx.doi.org/10.1109/TNS.2017.2778803.

Lopez-Calle 1., Franco F. J., Agapito J. A., Izquierdo J. G. (2011) Load Resistor as a Worst-Case Parameter
to Investigate Single-Event Transients in Analog Electronic Devices. In Proceedings of the 8" Spanish
Conference on Electron Devices, CDE’2011. 1-4. http://dx.doi.org/10.1109/SCED.2011.5744202.

Cho M. K., Song I, Pavlidis S., Fleetwood Z. E., Buchner S. P., McMorrow D., et al. (2017) An Electrostatic
Discharge Protection Circuit Technique for the Mitigation of Single-Event Transients in SiGe BiCMOS
Technology. IEEE Transactions on Nuclear Science. 65 (1), 426—431. http://dx.doi.org/10.1109/
TNS.2017.2778946.

Jung S., Lourenco N. E., Song 1., Oakley M. A., England T. D., Arora R., et al. (2014) An Investigation
of Single-Event Transients in C-SiGe HBT on SOI Current Mirror Circuits. /EEE Transactions on Nuclear
Science. 61 (6), 3193-3200. http://dx.doi.org/10.1109/TNS.2014.2358207.

Ding L., Chen W., Wang T., Chen R., Luo Y., Zhang F., et al. (2019) Modeling the Dependence of Single-Event
Transients on Strike Location for Circuit-Level Simulation. /EEE Transactions on Nuclear Science. 66 (6),
866—874. http://dx.doi.org/10.1109/TNS.2019.2904716.

Seungwoo J., Song I, Fleetwood Z. E., Raghunathan U., Lourenco N. E., Oakley M. A., et al. (2015) The Role
of Negative Feedback Effects on Single-Event Transients in SiGe HBT Analog Circuits. /[EEE Transactions
on Nuclear Science. 62 (6), 2599-2605. http://dx.doi.org/10.1109/TNS.2015.2498540.

Jaulent P., Pouget V., Lewis D., Fouillat P. (2007) Study of Single-Event Transients in High-Speed Operational
Amplifiers. 2007 9" European Conference on Radiation and Its Effects on Components and Systems.
1974-1981. http://dx.doi.org/10.1109/TNS.2008.920265.

Boulghassoul Y., Massengill L. W., Sternberg A. L., Pease R. L., Buchner S., Howard J. W., et al. (2002)
Circuit Modeling of the LM124 Operational Amplifier for Analog Single-Event Transient Analysis. /EEE
Transactions on Nuclear Science. 49 (6), 3090—3096. http://dx.doi.org/10.1109/TNS.2002.805400.

Liu J. (2019) Simulations for Single Event Transient Effects in the LM124 Operational Amplifier. 2079
International Conference on Intelligent Computing, Automation and Systems. 552-555. http://dx.doi.
org/10.1109/ICICAS48597.2019.00121.

Langalia H., Lad S., Lolge M., Rathod S. (2012) Analysis of Two-Stage CMOS Op-Amp for Single-Event
Transients. 2012 International Conference on Communication, Information & Computing Technology. 1-4.
http://dx.doi.org/10.1109/ICCICT.2012.6398149.

Ildefonso A., Lourenco N. E., Fleetwood Z. E., Wachter M. T., Tzintzarov G. N., Cardoso A. S., et al. (2016)
Single-Event Transient Response of Comparator Pre-Amplifiers in a Complementary SiGe Technology.
IEEE Transactions on Nuclear Science. 64 (1), 89-96. http://dx.doi.org/10.1109/TNS.2016.2619582.

Wang Y., Wang W., Du Y., Cao B. (2013) Modeling and Analysis of Analog Single Event Transients
in an Amplifier Circuit. 2013 International Conference on Optoelectronics and Microelectronics. 94-97.
http://dx.doi.org/10.1109/ICoOM.2013.6626499.

41



Jloknazgel BI'VUP
T 22, Ne 5 (2024)

Dokrapy BGUIR
V.22, No 5 (2024)

19. LiuJ.,, Liu Y, Cheng J., En Y., Zhang T., He Y. (2014) Simulations of Single Event Transient Effects in the
LM139 Voltage Comparator. 2014 10" International Conference on Reliability, Maintainability and Safety.
189-192. http://dx.doi.org/10.1109/ICRMS.2014.7107167.

20. Dvornikov O. V., Tchekhovsky V. A., Prokopenko N. N., Galkin Ya. D., Kunts A. V., Chumakov V. E. (2022)
Radiation-Hardened Components of Semi-Custom Analog Microcircuits. News of Universities. Electronics.
27 (3), 308-321. https://doi.org/10.24151/15615405-2022-27-3-308-321 (in Russian).

21. Galkin Ya. D., Dvornikov O. V., Tchekhovski V. A., Prokopenko N. N. (2023) Circuit Design Modernization
of Operational Amplifiers for Increasing Slew Rate of Output Voltage. Doklady BGUIR. 21 (4), 46-53. http://
dx.doi.org/10.35596/1729-7648-2023-21-4-46-53 (in Russian).

Bruaan aBropoB / Authors’ contribution

ABTOpHI BHECIHM paBHBIA BKJIa] B Hammcanwe ctath / The authors contributed equally to the writing

of the article.

Caenenust 00 aBTopax

JABopuukoB O. B., n1-p TexH. Hayk, J0L., IJI. Hayd4.
cotp., OAO «MuHCKUII Hay4yHO-UCCIEI0BATENbCKUI
MIPUOOPOCTPOUTEIILHBII HHCTUTYT

YexoBckuii B. A., 3aB. ma0. 3IEKTPOHHBIX METOIOB
U CPEICTB YKCIepUMeHTa, THCTUTYT saepHBIX Tipo0ieM
Benopycckoro rocyapcTBEHHOTO YHHBEPCHTETA

JloBmenko U. 1O., 3aB. nayu.-ucciuen. 1a6. «Kommbro-
TE€PHOE MPOEKTUPOBAHNE MHUKPO- U HAHOAIEKTPOHHBIX
cucrem» (HWJI 4.4), Benopycckuii rocynapcTBeH-
HBI YHHMBEPCHUTET HMH(OPMATUKH M PaJNOIEKTPOHH-
ku (BI'YUP)

Your Txanb Hryen, acn. kad. MUKpPO- 1 HAHODJIEKTPO-
auku, bI'YUP

Ajpec 111 KOppecnoHIeH MU

220013, Pecmry6nuka benmapycs,

. Munck, yi. I1. BpoBku, 6

Bbenopycckuil rocy1apcTBEHHbII YHUBEPCUTET
MH(POPMATHKH U PaHOIEKTPOHUKH

Ten.: +375 17 293-88-90

E-mail: lovshenko@bsuir.by

JloBmenko MBan FOprenma

42

Information about the authors

Dvornikov O. V., Dr. of Sci. (Tech.) Associate Profes-
sor, Principal Researcher, JSC “Minsk Research Instru-
ment-Making Institute”

Tchekhovski V. A., Head of the Electronic Methods
and Experiment Means Laboratory, Institute for Nuc-
lear Problems of Belarusian State University

Lovshenko I. Yu., Head of the Research Laboratory
“CAD in Micro- and Nanoelectronics” (R&D Lab. 4.4),
Belarusian State University of Informatics and Radio-
electronics (BSUIR)

Trong Thanh Nguyen, Postgraduate of Micro- and Na-
noelectronics Department, BSUIR

Address for correspondence

220013, Republic of Belarus,
Minsk, P. Brovki St., 6

Belarusian State University

of Informatics and Radioelectronics
Tel.: +375 17 293-88-90

E-mail: lovshenko@bsuir.by
Lovshenko Ivan Yur’evich



