News of the National Academy of sciences of the Republic of Kazakhstan

NEWS
OF THENATIONAL ACADEMY OF SCIENCES OF THE REPUBLIC OF KAZAKHSTAN

PHYSICO-MATHEMATICAL SERIES
ISSN 1991-346X https://doi.org/10.32014/2020.2518-1726.44
Volume 3, Number 331 (2020), 118 — 126

VIK: 528.85; 517.958; 551.510.513:629.78
MPHTMU: 89.27-57.29-41

V.F. Grichshenko', A.A. Mukushev?

ISLLP "Ionosphere Institute", Almaty, Kazakhstan;
%al-Farabi Kazakh National University, Almaty, Kazakhstan.
E-mail: labreab@mail.ru

CIRCUIT SIMULATION OF SINGLE FAILURES
OF MEMORY MODULES OF ON-BOARD ELECTRONICS

Abstract. The main objective of the work is the circuit simulation of single failures of a cell of memory
modules under given conditions and parameters of transistors of a memory element during the passage of a single
particle.

The ionization current and critical charges are determined, which lead to a single failure and to the inversion of
the logical state of the memory module cell.

Application area. The results can be used in the design of microprocessor systems of on-board elecronics of
spacecraft.

Keywords: circuit simulation, critical charge, ionization current, on-board equipment.

Relevance of the problem. It is known that during the operation of various spacecraft (SC) as a result
of the action of cosmic rays (CR) on-board electronics failures are , which leads to emergency situations,
and in some cases to the loss of satellites, for example, «KazSat -1» and «Phobos-Soil».

In various countries (France, Russia, USA, China) in cases where it is necessary to predict the
behavior of complex structures in space during long-term space flights, or to identify processes that lead to
emergency situations in orbit, when decision-making requires preliminary “playback” Several options for
the development of events and their consequences are used to simulate the behavior of systems in real
conditions.

Therefore, in this work, we use the method of circuit simulation, which is a highly efficient and
relatively low-cost method that allows us to evaluate the complex influences of space factors (SF) on the
functional state and failures of on-board electronics.

Status of the issue. Distinguish satellite failures for reasons of occurrence, as well as for their impact
on the loss of performance of individual on-board systems.

The reasons for the occurrence include the complex influence of SF, including: radiation exposure to
solar (SCR) and galactic (GCR) cosmic rays, particles of the Earth’s radiation belts (RP), solar
electromagnetic radiation, magnetospheric plasma, SC intrinsic atmosphere, microgravity,
micrometeorites and others SF. In more detail, the radiation effects of outer space on the failures of on-
board electronic equipment under microgravity conditions were considered by the authors in [1].

It should be noted that the use of electronic components of increased reliability in the on-board
electronic equipment does not eliminate the likelihood of failures due to external factors of space.

Falures in the performance of individual on-board systems can result from design errors, poor
preflight testing, deterioration of the mechanical and electrical components of systems, incorrect
commands or operations due to errors by operators or ground systems, and other causes that are identified
by hardware developers in the analysis of failures.

Classification of failures of electronic on-board equipment. In this work, single failures caused by the
influence of CR nuclei will be considered as the most dangerous from the point of view of emergency
situations in the control systems of on-board equipment.
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The types of failures that are most often observed in ground-based modeling experiments and real
conditions:

SEU (single event upset) - single reversible failures in integrated circuits (ICs) with regular logic,
manifested in the form of loss of information in individual cells;

SEL (single event latchup) - single events (“latch” effect) caused by the inclusion of parasitic
thyristor structures when protons or heavy CR nuclei enter the sensitive volume of CMOS ICs;

SEHE (single event hard error) - a single microdose effect associated with local release of energy in
the sensitive volume of active IC elements upon the entry of protons or CR nuclei with subsequent "dose"
failure of this element (after thermal annealing, a return to the working state is usually observed);

SEFTI (single event functional interrupt) - a single effect of functional interruption (most characteristic
of functionally complex Large Integrated Circuits (LSIs), such as microprocessors, controllers, etc.);

SEB (single event burnout) - a single burnout effect in powerful MOS transistors associated with the
opening of a parasitic bipolar transistor when protons or CR nuclei hit;

SEGR (single event gate rupture) - a single breakdown effect of a gate dielectric in MOS structures
upon the entry of protons or CR nuclei;

SES (single event snapback) - a single effect of secondary breakdown in n-MOS transistors;

SET (single event transient) is a transitional ionization reaction caused by the entry of a proton or CR
nuclei into the sensitive region of the IP. The effect can manifest itself in the form of current pulses in the
output circuits in analog ICs and in mixed type ICs, and can also lead to distortion of information in high-
frequency optical information transmission lines [2].

Earlier, the authors of this work presented the mechanism of occurrence of failures (SEU) in memory
modules during the passage of a single CR particle under microgravity conditions [1] and circuit
simulation of failures (SEL) as a result of the occurrence of electrostatic discharges [3].

In this work, the circuit simulation of failures (SEU and SEL) was carried out on the storage devices
(memory) of the CMOS structure, by the action of the ionization current caused by the passage of the CR
ionizing particle. This is facilitated by the characteristics of CMOS structures: ultra-low power
consumption in a static state and high noise immunity.

The mechanism of formation of the ionization current. In the general case, the single-fault effect is
associated with the ingress of single particles into the active region of the transistor, followed by the
formation of an ionization track inside the transistors and the generation of electron-hole pairs.

Free carriers of electric charge are created along the track of the ionizing particle. The average energy
required to create one electron — hole pair in silicon is 3.6 eV [4].

An example of the formation of an ionization current caused by the radiation effect in an n-channel
transistor (nMOS) is shown in Figure 1.

ion track ion drift ion diffusion

(a) (b) (¢)

Figure 1 — The mechanism of formation of failure caused by a single CR particle

Figure 1 shows the stages of formation of the ionization current and the time diagram of this current,
including:

la - a charged particle passes near a p-n junction with reverse bias and creates free electron-hole
pairs; 1b - electrons pulled up by a positively charged drain field drift toward it, expanding the depletion
region and creating an ionization current pulse; lc - the charge remaining after the end of the pulse
continues to deviate into the depletion region until it is collected or recombined.
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A single reversible faulures (SEU) in a memory cell occurs when a charged particle collides with a
sensitive region of the transistor and causes a change in the state of this cell. In a memory cell, especially
in a node storing a high logical level, reverse biases between the drain and the substrate are very sensitive
to SEU-type failure caused by ionizing particles. This is due to the fact that the storage node is supported
by a relatively weak pull-up transistor (pMOS transistor) compared to a strong step-down transistor
(nMOS transistor) on another node [5].

The collection of the charge generated by the influence of the CR particle is shown in figure 1. The

collected charge Q. , depends on the type of ionizing particle, trajectory, energy value and location of the

coll

impact. The range Q. , is from 1 to hundreds of pC. Usually, the critical charge Q. , for a static memory

coll
cell is understood as the minimum charge that can be collected by the affected node to change the logical
state of the memory cell Reverse biased nMOS transistors are most sensitive to the effects of CR particles
due to the presence of a field and a large space charge region. Thus, O, is smaller than the O, storage

crit
node, then the current generated by the pull-up transistor will prevent the bit from turning over. The value
Q.. canbe defined as:

Q.= J[:]Ddt:(cminXVdd)+(IdeTF)’ (1)
0

where C_ . is the minimum capacity of the transistor body, V,, is the voltage of the memory cell, 7, is

min
the maximum drainage conductivity pMOS of the transistor, and 7). is the switching time of the memory

cell.

Currently, various models based on the concept of threshold voltage are known. These include
Levell-Level3, MOS Model 9, BSIM3, BSIM4. The BSIM4 model is the most reliable and describes all
the necessary parameters for mathematical expression 1. A significant difference between compact models
is the choice of basic variables, in terms of which physical processes in a transistor are described.

From expression 1 it is seen that the value of the critical charge depends on the circuitry parameters
of MOS transistors. Therefore, we used SPICE parameters of a compact circuitry model of a transistor
(SPICE - Simulation Program with Integrated Circuit Emphasis) [6].

We have developed geometric models of transistors, presented in figure 2, corresponding to the
technological process of 0.5 microns.
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Physico-topological models of nMOS and pMOS transistors have also been developed using the
BSIM4 model.

The physico-topological models of nMOS and pMOS transistors shown in Figure 1 were created with
the aim of extracting the circuit parameters of MOS transistors. Physico-topological models of MOS
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transistors were created using Electric VLSI computer-aided design. This application is used to design
ultra-large integrated circuits.

: As a result of the design, a netlist (list of parameters and specifications) of MOS transistors was
obtained, a fragment of which is presented below:

*#* SPICE deck for cell PMOS 1V {lay} from library tut 2

*#%* Created on Cp amp 22, 2020 20:00:47

*** Last revised on Cp amp 22, 2020 20:27:49

*%* Written on Cp anp 22, 2020 20:29:26 by Electric VLSI Design System, version 9.07

*#* Layout tech: mocmos, foundry MOSIS

*#% UC SPICE ***  MIN_RESIST 4.0, MIN_CAPAC 0.1FF, MIN_TF 1.2NS

*CMOS/BULK-NWELL (PRELIMINARY PARAMETERS).........

Note that the analytical model for the induced current waveform for collecting charges on ion tracks
is usually approximated by a double exponential curve with fast rise and fall times:

I, ()= L[e(—mk) _ e(*t/rp)] , )

Tp —Tg

where (), is the total charge collected from one particle, 7,. is the current decay time associated with the

diffusion charge collection time (~ 0.1 ... 0.4 ns), 7, is the current rise time associated with the carrier drift

time through the SCR of the pn junction (~ 10 ... 50 ps). The simulated ionization current pulse is
considered in figure 1 with an explanation.
The value of the conduction current /,, at which a single failure will occur can only be estimated by

circuitry modeling the effects of single CR cores using a general-purpose electronic circuit simulator
SPICE.

The effect of CR nuclei on the sensitive region of a transistor in an SPICE simulator is simulated by
the ionization current of a passing particle. To simulate the ionization current, an equivalent circuit was
created consisting of a circuit model of a field-effect transistor and a model of a current generator
connected in parallel with the p-n junction of the drain. Figure 3 shows the macromodel of the
replacement of the ionization current caused by the action of CR nuclei.

os

Figure 3 — Macromodel of ionization current substitution caused by exposure to CR nuclei

In the simulation scheme of a single failure in a 6 static memory cell, the stock p-n junctions of closed
transistors are vulnerable at the ingress of a single particle.
Figure 4 shows a static memory element (cell).
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Figure 4 — The memory element of the storage device based on CMOS structures

5

The main elements of a memory cell are pairs of CMOS transistors (transistors Ti, T2 and T3, Ta,
respectively), which is a logical inverter, shown in Figure 3. In such an inverter, when transmitting logical
signals, one of the transistors is always open and the other is closed. Switches S1 and S2 are used to set
the initial conditions for simulation.

Circuit simulation of a single element failure was performed as follows. Suppose, initially, transistors
T4 and T, are open in a memory cell, and transistors Ts and T, are closed. The conduction current /,,

caused by the passage of the ion is modeled by a current source connected in parallel with the affected
transistor in accordance with Figure 2. Then, a surge in the current induced by the ingress of a particle
causes two competing processes in the memory cell: absorption of the excess charge and positive feedback
operation.

It is also easy to notice that the ionization currents of the drains of open transistors confirm the
logical state of the memory cell. Only the ionization currents of the drains of the closed transistors T3 and
T, contribute to the switching of the memory cell. In this case, the drain current of a closed-# channel
transistor T, reduces the voltage at the inputs of transistors T4 and T3 , the ionization current of a closed-
p channel transistor T3 reduces the voltage at the inputs of transistors T and T .

In virtual modeling, a memory element was exposed to a current amplitude of up to 36 mA. The
simulation results show that the cell is in a stable state, although there are minor bursts, are presented in
figure 5a. Since these bursts do not exceed the threshold value, it can be assumed that the memory element
provides storage of a bit of information. With an increase in the amplitude of the ionization current over
36 mA, the memory element changes its state, thereby ensuring a single failure to store one bit of
information. The obtained time dependence is presented in figure 5b.
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Figure 5 - Time dependence on the outputs (Qo, Q1) of the memory cell and the effect of the ionization current
a) up to 36 mcA per memory element, b) over 36 mcA per memory element
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From the simulation results presented in Figures 5a and 4b, it can be seen that a single CR particle
does not always cause a single failure. To do this, it must fall on the sensitive part of the memory cell and
also add a charge in excess of the critical value.

The results of evaluating the critical charge at various supply voltages of the memory element
obtained by circuit simulation are presented in table 1.

Table 1 — Values of critical charge and conduction current at various supply voltages

Supply voltage Supply voltage Supply voltage
Vaa=2.5V Vaa =33V Via=5V
Conductivity current value Ilj, pA calculated in the 30 30 160
circuit simulation program
The value of the critical charge Qci, pC at the
. . 36 96 193
corresponding conductivity current /gy HA

From the presented results it is seen that an increase in the supply voltage of the memory element
contributes to an increase margin in the critical charge, leading to inversion of the memory cell.

The dependence of the critical charge Q.. on the supply voltage V. and conduction current 7, leading
to the inversion of the logical state of the memory module cell, is presented in table 1.

Thus, in the work, circuit simulation of a memory module cell failure was performed under given
conditions and parameters of the memory element transistors when passing a single particle.

The conductivity current and the voltage value of the memory element at which the cell state
switched, that is, a single failure, were determined.

The critical charge value which leads to the inversion of the logical state of the memory module cell
is determined.

The work was carried out according to the republican budget program 008 “Applied scientific
research in the field of space activity within the framework of the scientific and technical program*
Development of space technologies for monitoring and forecasting of natural resources, technological
changes in the environment, creation of space technology and ground space infrastructure, research of near
and deep space objects (program code 0.0799 for 2018-2020); under the project “Creation of an integrated
system for predicting radiation hazard and methods for protecting onboard electronic equipment for
spacecraft of various purposes under the complex influence of space factors” (reg. No. 0118PK00801).

B. ®@. I'pumenxko’, A. A. Mykymes?

"Uonochepa macturyter” EXXIIC, Anmarer, Kazakcran;
20n-Mapabu Kazak yiarTeIK yHuBepcHuTeTi, Anmartsl, KazakcTan

SJIEKTPOH/IBIK BOPTTBIK AIIAPATYPAHBIH JKAJIbI MOYJIbJIEPIHIH
YKAJIFBI3LUIIKTI ICTEH LIBIFYJIAPBIH ChI3BA HYCKAMEH MOJEJBAEY

Annotanusi. JKyMBICTBIH Heri3ri MakcaThl OepiireH ImapTrap Ke3iHAe OpTYpii MakcaTTarbl Fapblll
anmapattapblHblH (FA) OOpPTTBHIK 37EKTPOHABI anmapaTypachlHBIH ICTEH IUBIFYJIAPBIH CHI30aHYCKAIBIK MOIEIbICY
soHe Fapbim caynenepinin (FC) sxanrpi3 OemmekTepiHiH ©Tyi Ke3iHAe XaJbl 3JIEMEHTIHIH TPaH3UCTOPJIAPBIHBIH
mapamMeTpIepi OOJBIN TaObIIA b

Moacene esexminiei. Fapemuteik coymenepain (FC) ocepi HoTmkecinme opTypii Makcarrarsl FA maiimamany
Ke3iH/ie OOPTTHIK AIEKTPOH/BIK JKYHENEep/IiH ICTeH LIBIFYbl OPbIH aJaThlHbI O€JIrii, OyJI ITAaTTaH ThIC XKaraainapra,
an KeuOip jKarjaiijapia CIyTHUKTEpIiH, Mbicanbl, KazSat-1 sxoHe «®o0oc-rpyHT» >KOFalyblHAa ajbIll KeJesl.
CoHIBIKTaH OYJI )KYMBICTA JKOFaphl THIM/II KOHE CaIbICTHIPMANIbl TOMEH IIBIFBIH/IBI diC OOJIBINT TaOBLIATHIH, OIpeH-
capan fapbim coyienepiniy (FC) eTy kesiHie >kaabl 3JEMEHTIHIH TPaH3UCTOPJAPBIHBIH CXEMOTEXHHUKAJIBIK
napamMeTpIiepid Oaranayra MyMKIHIIK OEpeTiH CXeMOTEXHHUKAJIBIK MOJICIIBCY 91iCI KOJIaHbLIA b,

Mbaceneniy acazoaivl. IcTeH WIBIFYIBIH Maka 0oiy cebernrepi OOWBIHINA, COHAAN-aK OJIAPIBIH JKEKEICTeH
OOpTTHIK >KYHenepaiH >KYMBIC icTey KaOUISTTUIriHIH >KOFaldyblHa ocepl OoibIHINA akpIpaThutanbl. [laiima Oomy
cebenrepine FK®-npiH kemenai oacepi xataipl, onslH imiHae: KyH (KFC) sxene ramakrukansik (I'FC) rapbim
CoyJeNepiHiH paIualsuIbIK ocepi, KepIiH pagualsiblk Oengeynepinin 6emmekrepi (JKPB); mMuxporpasurammys,
MHKpoMeTeopuTTep koHe Oacka na FK daxropmaper. JKekemereH OOPTTHIK JKYHETIepHiH KYMBIC icTey
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KaOUIeTTUNINHIH JKOFalyblHa jko0aniay Ke3iHjae KaTesep, ylliap aJIbIHIaFbl Canachld3 TeKcepy, JKyHelnepaiH
MEXaHHUKAJBIK JKOHE 3JIeKTP KOMIOHEHTTEPiHIH TO3YBI, OIepaTOpIapAbIH HeMece JKep YCTi JKylelnepiHiH Karenepi
cayiapblHaH KaTe KOMaHJanap HeMece Olepanusuiap jKoHe HaKThl JKarJaiiap/a iCTeH IIbIFyJIapAbl Tajjiay Ke3iHue
anmapaTypaHbl 931pJICYIiIep COMKECTEHAIPETIH 0acka 1a ceOenTep oKelyi MyMKIH.

Kymeicra FC saponapbIHBIH 9CepiHEH TYybIHIaFaH, OOPTTHIK almapaTypaHbl Oackapy KyHelepiHJe IITaTTaH
TBIC JKaF/aiylapAbIH 1aii1a Ooysl TYPFBICBIHAH HEFYpIIbIM Kayinti, onbIH imminze: SEU (single event upset) — xeke
YAMIBIKTap/a aKnaparThl XKOFAITY TYPiHIEe KOPIHETIH TYpakThl Jorukacsl 6ap MC — na sxanFbi3 KaUTBIMIBI aKayJiap;
SEL — (single event latchup) — FC etyi kesinme KMOII UC cesimTan Oerrepinie NapasuTTiK THPUCTOPIBIK
KYpBUTBIMIapAiH KocyHl ("sICBIpMa" acepi) jkoHe 0acKa /a iCTeH MIBIFYAaH TYbIHIAYHI OipeH-capaH OKUFajIapra ajbIll
KeJemi.

By sxympicta IC maiisianay kesiage 6ackiM Oombin TabputaTeln KMOII-KyphUTBIMIA KYPTi3iireH ecre cakray
kypoutFbuiapbiHa (CK) paauanusuiblk ocep eTy KesiHJAe ICTeH UIBIFYJIapIbIHbIH CXEMOTEXHUKAIBIK MOACIICYAiH
(SEU xone SEL) HoTmKENEpi KeATIpiiaem.

Tpan3ucropiapAplH IIiHAET] HMOHW3ALMSIBIK TPEKiH MKOHE JIIEKTPOHIBI TECIKTep JKYITAphIHBIH Maiifa
OotybIMEH TpaH3UCTOPBIHAAFbl N-kaHaina (nMOS) cayneneHy acepiHeH TybIHJIaFaH HOHJaHy TOTBIHBIH Haiaa 6oy
Ke3eHJIepi MeH MeXaHHM3Mi KapacThIpbUIabl.

JKanpl sneMeHTIHIH 6Oipen capay icmeH WbleyblH CXEeMOMEXHUKATLIK Mooenvoey opbiHOanovl. CyidabIK
napametpiepai Oaranay ymin BSIM4 mopnenin sxone Electric VLSI aBTomarTanaplpsuiraH xobamay >kyleciH
naiinanana oreipein N-MOIT xone p-MOII Tpan3ucTopriapblHbIH (PHU3HMKa-TOMOJIOTHUSUIBIK, MOAEJIBIAECPIH KOJIaHy
apKBUTBl TPAH3UCTOPJIAPABIH TeOMETPHSUIBIK YTici o3ipieHmi. BipeH capaH icTeH WIBIFY Ke3iHIETi OTKi3rimTep
toreiHbIH MoHI, SPICE kanmel MakcaTTarbl 3JEKTPOHIBIK CXEMalapAblH CHMYIATOPHIH ITaiifianaHa OTBIPHII
OarayiaHibl.

Spice-cumynsitopaarel FC  simposiapbIHbIH TPAH3UCTOPBIHBIH CE3IMTall aliMarbiHA dcep €Tyl TOK Ke3iMeH
GaliaIaHBICTBIPAIBI, OJ1 JAJIANIBIK TPAH3UCTOP/IBIH CXEMOTEXHHUKAIBIK MOJICTIHEH KOHE P-N aFblH OTKEIIHE Mapalielb
KOCBUIFaH TOK T'€HEepaTOpbl MOJENIHEH TYPaThIH MaKpOMOJIENbIiH Oamamansl cxemacbiHa Moxenpeneai. FC
SIPOJIAPBIHBIH 9CEPIHEH TYbIHAAaFaH HOH/AY TOFbIH aIMacThIPy MaKpOMOAEII KYPbUIIbI.

Bupryanasl mozenaeyne OepiireH napameTpiepliH JKaasl dJeMeHTI 36 MKA JeliHri aMIUIMTyJaMeH TOK
acepiHe yuIbIpaiabl. Molenbaey/IiH HOTHKeNepl YAIIBIK TYPaKThl KyiiJle oHe HIeKTI MOHHEH aclalThIH eleyci3
e3repicTep 0ap €KeHiH KOpCeTTi, COHJBIKTaH JKaabl JJIEMEHTI aKlapar OWTIHIH CaKTaJIyblH KaMTaMachl3 €Te ajla/ibl.
Honpay TOTBIHBIH aMIUIUTYAACk 36 MKA >KOFapbl OOJIFaH 1A JKa ikl AJIEMEHTI ©3iHiH jkaii-KyHiH e3repTeai, ochuIaiia
0ip akmapaT OWTiH cakTayna OipeH capaH iCTEH LIBIFY bl KOPCETTi.

OPTYpIi KOpeKTeHY KepHEYiHAe KPUTHKAIBIK 3apSITHIH KOHE OTKI3TIIITIK TOTBIHBIH MOHAEpi OepinreH. XKan
AIIEMEHTIHIH KyaT KepHEYiH apTTBHIPY >KaJ YAIIBIFBIHBIH WHBEPCHICHIHA OKENETiH CHIHH 3apsa OOHBIHIIA KOPABIH
apTybIHA BIKIAJ €TETiHI KOPCETIITeH.

OTKI3rIITIK TOTBI JKOHE YAIIBIKTBIH KYHIH ayBICTBIPBIII KOCY, SFHHM JKalFbI3 ICTEH IUBIFYy OOJFaH MKambl
3JIEMEHTIHIH KyaT KepHEYiHIH I1aMachl aHBIKTAJI/IbI.

Kan mMonynbaepi YAIIBIFBIHBIH JOTUKAJIBIK KYHIHIH MHBEPCHACHIHA OKEJNETiH KPUTHKANIBIK 3apsSATHIH LIaMachl
AHBIKTAJIJIBL.

Ocepunaiiiia, XyMbICTa >KeKe-Japa OeNIIeKTepIiH OTyl Ke3iHAe >albl SJIEMEHTIHIH TpaH3UCTOPJIapbIHbIH
napaMeTpiepli MeH OepiireH ImapTTap Ke3iHAe JKaJ MOAYJBAEPIHIH YAIIBIKTAPBIHBIH ICTEH LIBIFYBIHBIH
CXEMOTEXHHKAIBIK MOJEJIICYl OpBIHAAIIBI. AJIBIHFAH HOTWKENEp 9pTypili MakcarTarbl FA OOPTTBIK JIEKTPOHABIK
anmnapaTypachlH/Ia Naianany yiiH MUKPOIIPOLIECCOPIIBIK JKYyHenepai xkobaay Ke3iHe naijananbliIybl MYMKiH.

Tyiiin ce3aep: Ti30eKTi MOAETBACY, KPUTUKAIBIK 3apsil, HOHIAHY TOTHI, OOPTTHIK KaOJbIK.

B. ®. I'pumenxo!, A. A. Mykymes?

IITOO "Uncturyt nonocdepsr", Anmarsl, Kazaxcran;
2Anb-Mapabu Kazaxckuii HalMOHaIBHBIH yHUBEpCUTET, Anmartsl, Kasaxcran

CXEMOTEXHUYECKOE MOJIEJTMPOBAHUE OJIMHOYHBIX OTKA30B MOJYJIEHN
HMAMSATH JTEKTPOHHOM BOPTOBOM ATIITAPATYPBI

AnHoTauus. OCHOBHOH IeJbI0 PabOTHI SABJISAETCS CXEMOTEXHMYECKOE MOJCIMPOBAHHE OTKA30B OOPTOBOM
ANIEKTPOHHOHN ammapaTypsl Kocmuueckux ammapatoB (KA) pasmudHoro HasHadeHHWS HpU 3aJaHHBIX YCIOBUSAX H
apaMeTpOB TPAH3UCTOPOB AIEMEHTA MTAMATH NPH MIPOX0KACHUN OJUHOYHOM dacTuIlpl kKocMudeckux mydent (KJI).

Axymanvnocms npobnemvi. VI3BecTHO, 4TO BO BpeMst dKcIuTyaranun KA pa3nuuHOro Ha3HaueHHs B pe3yJibTaTe
Bo3zeiicTBus kocmudeckux ayued (KJI) mpoucxonmsT oTkasbl OOPTOBBIX 3JEKTPOHHBIX CHUCTEM, YTO HPUBOAUT K
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HEIITATHBIM CUTYaIHsM, & B HEKOTOPBIX CIIy4yasX U K HOTepe CIIyTHUKOB, Hanpumep, KazSat -1 u «®oboc-rpyHT».
ITosTomy B maHHOI paOoTe HCHIONB3YeTCS METOJ CXEMOTEXHHYECKOTO MOJEIMPOBAHUS, SIBIISEOLIUICS
BBICOKOD((PEKTUBHBIM M OTHOCHTENILHO HU3KO3aTPAaTHBIM METOJIOM, ITO3BOJISIIOIMN OIIEHUTH CXEMOTEXHHUYECKHE
HapaMeTphl TPAaH3UCTOPOB JIEMEHTA MaMATH IIPU MIPOXOXKICHUH OJMHOYHON YacTHIIBI KocMudeckux gyde (KJI).

Cocmosnue eonpoca. Paznuuator otka3sl KA mo mpuumHaM BO3HHUKHOBEHHS, a Talkoke MO WX BIMAHUIO Ha
MOTEPI0 PabOTOCTIOCOOHOCTH OTIEIBHBIX OOPTOBBIX cucTeM. K mpuunHaM BOSHHKHOBEHHSI OTHOCUTCSI KOMIIJIEKCHOE
rustare OKII, B ToM uncie: paguannonHoe Bo3zaerictue comHeunbix (CKJT) u ranaktryeckux (I'KJT) kocMudeckux
Jy4eH, yacTull paauanrnoHHbIX nosicoB 3emin (PII3); MukporpaBuraryst, MUKpoMeTeOpHUTHl U apyrue dakropsr KII.
K morepe paboTocrmocoOHOCTH OTHENBHBIX OOPTOBBIX CHCTEM MOTYT HPUBECTH OMIMOKHA TPU NPOECKTUPOBAHHU,
HEKAYeCTBCHHAs] IPEAMNOJEeTHAsT MPOBEPKA, H3HOC MEXAHWYECKHMX M JJIEKTPHYECKUX KOMIIOHEHTOB CHCTEM,
HEKOPPEKTHBIE KOMAaHAbl WJIM OIEpallM BCIEICTBHE OIIMOOK OINEpaToOpoB MM HAa3eMHBIX CHCTEM M ApYIHe
HPUYHMHBI, KOTOPbIe HASHTU(QHUIMPYIOTCS Pa3pabOTIMKaMH amIapaType pH aHaJIu3e OTKAa30B B PEAIbHBIX YCIOBHUSX.

B pabote paccmarpuBaroTcsi OMMHOYHBIE OTKa3bl, BeI3BaHHbIC BozzelcTBreM siep KJI, kak Hanbonee omacHele
C TOYKM 3PCHUsS] BO3HHKHOBEHHS HEIUTATHBIX CUTyallMil B CHCTEMax YHpaBJIEHHs OOPTOBOW ammapaTypbl, B TOM
gucie: SEU (single event upset) — onuHouHbIe 0Opatumbie coou B VIC ¢ peryssipHON JIOTHKOM, MPOSIBIISIONINECS B
Buzie morepu uH(opMmaumu B oTAeNbHBIX sueiikax; SEL (single event latchup) — oxuHOuYHBIE COOBITHS
panuanvoHHOro 3amenkuBaHus (3QGEKT «3alleNkn»), BbI3BAaHHBIE BKIIIOUYEHHEM Iapa3suTHBIX THUPUCTOPHBIX
crpyktyp ripu KJI B uyBcTBHTEenbHBIN 006eM KMOII VIC 1 npyrue oTkassl.

B nannoii pabote mpUBOAATCS pe3ybTaThl CXeMOTEXHHUYECKOro mozenupoBanust otkazoB (SEU u SEL) mpu
paauaIioHHOM BO3ICHCTBUH Ha 3amoMuHaromue ycrpoicta (3Y), kotopoe mpoBommiock Ha KMOII-cTpykrype,
SIBIISFOIIEHCS. TOMUHUpYIOMIEH pu m3rotosieHnn VC.

PaccmaTpuBaroTCs 3Tanbl 1 MEXaHM3M 00pa30BaHMS TOKAa MOHHM3ALUH, BRI3BAHHOTO pajlalnoHHBIM 3¢dexTom
B n-KaHaibHOM TpaH3ucrope (nNMOS) ¢ mociemyrommM 00pa30BaHWEM BHYTPH TPAH3UCTOPOB HOHHU3AIMOHHOTO
TpEKa 1 TeHEepaluy IEKTPOHHO-IBIPOYHBIX Tap.

BeimonHeHO cxemomexnuueckoe Moodenuposanue O0O0UHOYHO20 C€OOs BIEMEHTa maMsaTH. Jlnd  OleHKn
CXEMOTEXHUYECKUX MapaMeTpoB ObUIM pa3pabOoTaHbl: TEOMETPHYECKass MOJIENb TPAH3HUCTOPOB, C MCIIOJIb30BaHHEM
mojenu BSIM4 u ¢usuxo-rononorndeckue moaenu n-MOIT u p-MOII TpaH3UCTOPOB € UCIOJIB30BAHMEM CHUCTEMBI
aBTOMaTU3MpoBaHHOro npoekriposanus Electric VLSI. 3Hayenue Toka npoBOJMMOCTH, TIPH KOTOPOM IPOUCXOAUT
OJIMHOYHBII 0TKa3, OIIEHUBAJICS C HCIIOJIb30BAHUEM CHUMYJISITOpa DJIEKTPOHHBIX cxeM obmuiero HasHaueHus: SPICE.

BospeiictBue Ha 4yBcTBHTENBbHYIO OOnacth Tpansuctopa sigep KJI B SPICE-cumynstope umutHpyercs
UCTOYHUKOM TOKa, KOTOPBI MoOJENupyeTcd B OSKBHBAJEHTHOM CX€M€ MAaKpOMOAENH, COCTOSIEeNd U3
CXEMOTEXHHYIECKOW MOJENN IOJIEBOTO TPAH3MCTOPAa M MOJAENM T€HEpaTOpa TOKA, BKIIOYEHHOTO MapajuleNbHO p-n
nepexony croka. CozjaHa MaKpoOMO/IEJb 3aMEIIeHHs TOKAa HOHN3AINH, BEI3BAHHOTO Bo3aeiicTBueM siiep KJL.

IIpencraBnena cxemorexamueckas SPICE monens snemenTa nmamsta Ha ocHoBe KMOII — ctpykryp. [lokazano,
4TO B CXEME MOJEIMPOBAHMSA OJMHOYHOTO COOSl B CTATHUECKOM 3JIEMEHTE MaMSTH, YSI3BHMOIO K MOMAJaHUIO
OJIMHOYHOM YacTUIBI, SBISIOTCS CTOKOBBIE p-N IEPEXOAbI 3aKPBITBIX TPAH3UCTOPOB. PaccMOTpeH MeXaHu3M
00pa3oBaHus TOKA IPOBOAUMOCTH, BBI3BAHHOTO IIPOXOKAECHUEM OJUHOUYHOHN dacTuisl KJI, koTopslit Mogenupyercs
HUCTOYHHUKOM TOKa, MOJIKII0UYEHHOT0 MapajIeIbHO OPAXXKEHHOMY TPaH3UCTOpY.

B BupTyanbHOM MOAETMPOBAHUH SJIEMEHT MaMATH 3aJaHHBIX NapaMeTPOB MOJBEpPrajics BO3ACHCTBHIO TOKa
aMIUIUTY oM 10 36 MKA. Pe3ynpTaTsl MOAENIUpPOBaHUS IOKA3aIH, YTO siueiika HAXOAUTCS B YCTOMYMBOM COCTOSIHUM
U MUMEIOTCSI HE3HAUUTEIbHbIE BCIUIECKU, KOTOPbIE HE MPEBBIIAIOT IOPOrOBOr0 3HAYEHHUS, IOITOMY DJIEMEHT MaMATH
oOecrieunBaeT XpaHeHHe Outa uHpopMarmu. [Ipy yBeIMYEHWM aMIUIMTYAbl TOKa HMOHMW3AlMU CBBINE 36 MKA
3JIEMEHT MaMSTH U3MEHSET CBOE COCTOSHHE, TEM CaMbIM OOECTIEYHBAET OJMHOYHBII OTKa3 B XpaHCHWH OJHOTO OHMTa
nHpOpPMALIUH.

IIpencraBneHbl 3HaUEHUS KPUTHUECKOTO 3apAa U TOKa MPOBOANMOCTH IPH PA3IMYHBIX HAPSHKEHUAX ITUTAHHA.
[TokazaHO, YTO yBENMUYCHHUE HANpPsDKCHHUS NHTAHUS 3JIEMEHTa MaMATH CHOCOOCTBYET YBEIMUYCHHUIO 3amaca II0
KPUTHYECKOMY 3apsiy, IPUBOAALIEMY K MHBEPCHH STUCHKH MaMSTH.

OmperneneH TOK IPOBOJUMOCTH U BEJTMUNHA HANPSKEHHUS MUTAaHUS 3JIEMEHTA MaMsITH, IIPU KOTOPOM MPOU30IILIO
MEePEKIII0YEHUE COCTOSIHUE STUEHKH, TO €CTh OAMHOYHBIN OTKa3.

OnpezeneHa BeIHUMHA KPUTHYECKOTO 3apsAa, KOTopast IPUBOJUT K MHBEPCUH JIOTHYECKOTO COCTOSHUS sTUeHKU
MOJyJIEH MaMsTH.

Takum 00pazoM, B pabOTe BBIOJIHEHO CXEMOTEXHHUYECKOE MOJAEIHPOBAHUE OTKa3a SUCHKH MOJIyJel MmamsaTh
IPU 33JaHHBIX YCIOBUSIX M MapaMEeTPOB TPAaH3UCTOPOB 3JIEMEHTA MaMSITH IPU MPOXOKACHUH OJUHOYHON YaCTUIBL.
[TonydeHHble pe3yabTaThl MOTYT OBITH HMCIHOJIB30BaHBl IPH MPOEKTUPOBAHHMHM MHKPOIPOLECCOPHBIX CHUCTEM ISt
HCTIOIB30BaHUs B OOPTOBOM AIIEKTPOHHOH ammapaTtype KA pa3nmnaHoro HazHa4YeHUs.

Ki1roueBble €/10Ba: CXEMOTEXHHYECKOE MOJCIMPOBAHUE, KPUTHYECKUH 3apsja, TOK HOHM3AIMM, OOpTOBas
anmaparypa.
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