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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 ofthe 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 ofthe 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 offailures ofelectronic 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 ofloss 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 ofthis element (after thermal annealing, a return to the working state is usually observed);

SEFI (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 I1Cs 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 ofthe occurrence of electrostatic discharges [3].

In this work, the circuit simulation of failures (SEU and SEL) was carried out on the storage devices
(memory) ofthe 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 offormation 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 ofthe 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.

@ ®

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

Figure 1shows 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; 1c - 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 Qadl depends on the type of ionizing particle, trajectory, energy value and location of the

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

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, Qall is smaller than the Qait storage

node, then the current generated by the pull-up transistor will prevent the bit from turning over. The value
Qait can be defined as:
=
Qa, = JIDdt =( Xvdd)+ ( XTf) , (1)
0
where Cmin is the minimum capacity of the transistor body, Vd is the voltage of the memory cell, 1dl is

the maximum drainage conductivity pMOS of the transistor, and TF 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 pMQOS transistors shown in Figure 1were 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_I1V{lay} from library tut_2

*** Created on Cp anp 22, 2020 20:00:47

*** | ast revised on Cp anp 22, 2020 20:27:49

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

*** |_ayout 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:

@)

where QO is the total charge collected from one particle, tf is the current decay time associated with the

diffusion charge collection time (~ 0.1 ... 0.4 ns), tr 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 1with an explanation.

The value ofthe conduction current 1 dp 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.
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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

The main elements of a memory cell are pairs of CMOS transistors (transistors Ti, T2 and Ts, T4,
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 ofa single elementfailure was performed asfollows. Suppose, initially, transistors

Ts and T: are open in a memory cell, and transistors Ts and T. are closed. The conduction current Ido

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 ofthe 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 ofthe closed transistors Ts and
T2 contribute to the switching of the memory cell. In this case, the drain current of a closed-n channel
transistor T reduces the voltage at the inputs of transistors T« and Ts , the ionization current of a closed-
p channel transistor Ts reduces the voltage at the inputs of transistors T: and Tz .

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.

Figure 5 - Time dependence on the outputs (Qo, Q) 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 ofthe memory cell and
also add a charge in excess ofthe 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
Wi=25V Wi=33V Wi=5V
Conductivity current value Idp, ~A calculated in the
circuit simulation program X 0 160
The value of the critical charge Qcrt, pC at the % % 193

corresponding conductivity current Ip~A

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 ofthe memory cell.

The dependence of the critical charge Qxiton the supply voltage Mddand conduction current Idp, leading
to the inversion ofthe logical state ofthe 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 ofthe memory elementtransistors 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. ®. NpuweHkol A. A. MyKyLweB?2

1"NoHoctepa HCTUTYTI" EXKLUC/A, Anmatbl, KasakcTaH;
22n-dapabu Kasak ynTTbiK yHuBepcuteT" Anmatbl, KasaxctaH

SNEKTPOHAbLL, BOPTTbL, AMMAPATYPAHbBIHXAAbI MOAYIbAEP1HLL,
XANTbI3bI1KT1 1CTEH WbITY/TAPbIH CbISBA H¥CUAMEH MOJENBAEY

AHHOTauMa. JKyMmbICTbIL, Hen3n MakcaTbl 6epinreH wapTTap KesiHAe 3pTYpni MakcaTTarbl rapbiLl
annapaTTapbiHbly, (FA) 60pTThbIK 3/MEKTPOHAbLI annapaTypacbiHbIl, HOTEH WbITYNapbiH Cbi36aHyCKanblK MoAenbaey
X3He rapbiw caynenepwiy (FC) >kanrbi3 GenlliekTepuily, eTyi KesiHAe Xafbl 3MeMeHTLIL, TPaH3UCTOPNapbIHbIL,
napameTpnepi 60/1bIN Tabblnagbl.

Macene B3eKTTT. FapblwTbik caynenepaw, (FC) acepi HaTuXecwae apTYpni makcattarsl FA nainganaHy
Ke3L e 60PTTbIK 3NEeKTPOHABIK XYyenepaLy ITeH WhIrybl OpbIH anaTbiHbl 6enrini, 6yn WwWraTTaH ThiC Xargainnapra,
an Keibip >xargannapfa CNyTHUKTepAiH, Mbicanbl, KazSat-1 >k3He «®P060C-rpyHT» >KOranyblHa anbin Kenegi.
CoHAbIKTaH 6y XYMbICTa Xorapbl TUIMAI XX3He canbiCTblpMasibl TEMEH WbITbIHABLI 34ic 60/bIN TabblnaTtbiH, Gipew-
capay, rapbiw caynenepww (FC) eTy kesiHAe afbl 31eMeHTLUL, TPaH3UCTOPNapbiHbIL CXeMOTEXHUKabIK
napameTpnepiH 6aranayra MY MKIHAIK 6epeTiH CXeMOTeXHUKaNbIK MOAeNbAeY 34ici KongaHblnagsl.

MaceneHry, >Karfaibl. 1cTeH WbIryAbll, naiiga 6ony ceGenTepi 6oiibiHWA, COHAA-aK onapably, XeKenereH
6OPTTLIK XYWeneppil, XyMbiC t0Tey KabineTTiNiriHiL oranybliHa acepi 6oibIHIWA @XblpaTbinagbl. Maiiga 6ony
cebenTepiHe FK®-HbIL, KeweHAi acepi aTafbl, OHbIY iwiHge: “"H (KFC) a3He ranaktukansik (FPC) rapbiw
CaynenepLil, pagnauunsanbik acepi, Xepaiy paguaunanbik 6engeynepidiy 6enwektepi (OKPB); mukporpasuTayums,
MUKPOMETeOpUTTEp >3He 6acka fa FK caktopnapbl. KekenereH 60pTTbiK >XYVlenepgiy >KyMmbic —toTey
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KableTTWNHL, JXoranyblHa obanay Ke3BAe KaTenep, ywap anfblHAarbl canacbi3 Tekcepy, YW enepaiH
MeXaHNKa/blK X3He 3M1eKTP KOMMOHEHTTepLULL, TO3ybl, OnepaTopnapablH Hemece ep ycn XY/ enepiHiH kaTenepi
canfapbiHaH KaTe KOMaHAanap Hemece onepauusnap X3He HaKTbl Xargainapja icTeH WbIrynapfbl Tangay KesiHge
annapaTtypaHbl 33ipneyLuinep caiikecTeHAipeTiH 6acka ga cebentep akenyi MymMK1H.

YKymbicTa FC aponapbiHbIH 3cepiHeH TyblHAaraH, 60pTTbIK annapaTypaHbl 6ackapy YWenepiHae wTaTTaH
ThIC XarfannapablH nariga 601ybl TyproiCblHaH HerypabiM KayinTi. oHbIH WwBAe: SEU (single event upset) - eke
yALWbIKTapAa aknapaTThl XoranTty TYpiHAe KepiHeTiH TypakTbl fornkackl 6ap VIC - ga xanrbi3 KainTbiMAbl akaynap;
SEL - (single event latchup) - FC etyi ke3iHge KMOIM NC cesimTan 6eTrepiHge napasuTrik TUPUCTOP/bIK
KypblnbiMAapaLy, Kocybl ("bicbipma™ acepi) XaHe 6acka 4a toTeH WbIryfaH TyblH4aybl 6ipeH-capaH okuranapra anbin
Kenegi.

Byn xywmbicta VIC palibiHaay KesiHfe 6acbiM 60nbin TabblnatblH KMOTMT-KypbinbiMaa XY prisinreH ecte cakray
KypbinrbinapbiHa (CK} paguauusanbik acep eTy KesiHfe iCTeH LWbIrynapAblHbIH CXEMOTEXHUKabIK MOAeNaeyaiH
(SEU x3He SEL) Hatwxenepi kenTipinesi.

TpaH3ncTopnapAblH iWiHAETI MOHM3AUMANBIK TPeKL, >X3He 3MeKTPOHAbl TEeCiKTep >KynTapbiHbIH Mainga
60/ybIMEH TpaH3MCTOpbIHAArbl N-KaHanga (nMOS) cayneneHy aceplueH TyblHAaraH MOHAaHy TOTbIHbIH Mainga 6ony
Ke3eHAepi MeH MexaHW3Mi KapacTbIpbliagbl.

Xagbl anemeHTiHiH 6ipehi capal icmeH WbIrybT CXeMOTEXHUKabIL, MOAenbiey OpbiHAandbl. Cynb6anbik
napameTpnepai 6Garanay YwiH BSIM4 mogenw aHe Electric VLS| aBToMaTTaHAbIpbiAraH xo6anay >YWeciH
naiiganaHa oTeipbin N-MOIT 3He p-MOTI TpaH3ucTOpnapbiHbIH (U3NKA-TOMONOMUALIK MOAENbAEPiH KOMAaHy
apKblbl TpaH3WCTOpNapAblH reomMeTpusanbiK YArici 3sipneHgi. bipeH capaH iCTeH LWbIry KesiHAeri eTkisriwiTep
TOTbIHbIH M3HI. SPICE >annbl MakcaTTarbl 3/7eKTPOHAbIK CXeManapfAblH CUMYNATOPbIH MaiifjanaHa oTbIpbin
6aranaHpbl.

Spice-cumynatopgarbl FC AgponapbiHblH TPaH3MCTOPbIHbIH Ce3iMTan aiimarbiHa 3cep eTyi TOK Ke3iMeH
6alianaHbICTbIpabl, 0N fananblK TPAH3UCTOPAbIH CXEMOTEXHUKA/bIK MOAENHEH X3He p-n arbiH eTKe/iHe napannenb
KOCbIifaH TOK reHepaTopbl MoOJenlleH TypaTblH MakpoMofenbaiH 6Ganamansl cxemacblHga MogenpeHeni. FC
SAPONAPbIHbIH 3CepLUeH TyblHAAraH MoHAay TOTbIH aMacThIpy MakpoMogenl Kypbingbl.

BupTyanabl Mogenfeyde 6epinreH napameTpnepilw, >xagbl 3neMeHTi 36 MKA fellHN amnanTyAaMeH TOK
acepiHe yuwbIpaiigsl. Mogenbaeyal, HaTUXKenepi yAWbIK TypakTbl KYWOe KaHe LeKn M3HHEH acnaiiTbiH eneycis
esrepicTep 6ap eKeHiH KepCeTTi. COHAbIKTaH Xajbl 3/IeMeHN aknapaT 6UTIHIH caKTanyblH KaMTamachl3 eTe anajbl.
VioHfay TOrbIHbIH aMMANTyAackl 36 MKA orapbl 60AraHAa Xa/bl 3neMeHnN e3iHiH xaii-kYWiH esrepTesi. ocbinaiiua
6ip aknapaT 6MTIH cakTayaa 6ipeH capaH iCTEH LbITYAbl KEPCETTI.

3pTYpni KOpPeKTeHy KepHeyiHAe KPpUTUKa/bIK 3apsATbIH XX3HE eTKI3riWTiK TOrblHbIH MaHAepi 6epinreH. XKag
3MEMEHTIHIH KyaT KepHeyiH apTTbipy >Xaj YsALbITbIHbLL, WHBEPCUACbIHA 3KENeTiH CbiHW 3apsf 60WbiHLWA KOpAbIH
apTyblHa blKNa eTeTL KepceTiNreH.

OTKI3FiWTIK TOrbl >K3He YAWbLIKTbIH KYViH aybICTbIPbIN KOCY, AFHWM Xanrbi3 10TeH LWbIfy 60AraH kagpl
3/IEMEHTLLLL, KyaT KepHeYiHIH Lamachl aHbIKTanabl.

YKaa Moaynbepi yAWbITbIHBIH NOTUKanbIK KYWiHiH MHBEPCHACHIHA 3KENETLI KPUTUKANLIK 3apAATHIH LIaMachl
aHbIKT/14bl.

Ocblnaia, XyMbiCTa >eke-fapa OefwekTepAiH eTyi KesiHAe >Kafbl 3/E€MEHTIHIH TpaH3UCTOpNAapbIHbIH
napameTpnepi MeH OeplireH LWapTTap Ke3iHAe >Kaf MOAy/bAeplill YAWbIKTapblHbIH ICTEH LWbIFYbIHbIH
CXEMOTEXHMKa/bIK Mogenaeyi opblHAanabl. AnblHraH HaTWXKenep apTYpni makcatTarsl FA 60pTTbIK 3N1eKTPOHAbIK
annapaTypacblH/Aa naiiganany YLiH MUKponpoLeccopnbik XYVienepai xobanay Ke3sie naiiananbinybl MYMKiH.

TYWiH cesgep: n36eKn Mofenbaey, KpUTUKaNbIK 3apsifl, MOHAaHY TOTbl, 6OPTTbIK Xab/bIK.

B. ®. NpuuweHkol A. A. Mykywies?2

1ATOO "MHCTMTYT noHocdepbl”, Anvatbl, KasaxcTaH;
2Anb-dapaby Kazaxckuii HaumoHanbHbIi yHMBEpCUTET, AnMaTbl, KasaxcTaH

CXEMOTEXHUWYECKOE MOAE/IMPOBAHUE OANHOYHbLIX OTKA30B MOAY/IEW
MAMATUN SNEKTPOHHOW EOPTOBOW AMMNAPATYPbI

AHHoTauus. OCHOBHOI LeNblo paboTbl SIBASETC CXeMOTEXHWYECKoe MOAeNMpoBaHWe OTKa3oB 6GOPTOBOIA
9MEKTPOHHOI annapaTypbl KOCMUYECKMX annapaTtoB (KA) pas3fMYHOrO Has3HaueHUs NpU 3afaHHbIX YCNOBUSX U
napameTpoB TPAH3UCTOPOB 3/1EMEHTA NamMsATh MPU NPOXOXAEHUM OfMHOYHOI YaCTULbI KOCMUYECKMX nydeit (KJT).

AKyTabHOCTb MPOG/eMbI. M3BECTHO, UTO BO BpeMsi aKcnayaTauum KA pasnnyHoOro HasHaueHus B pesynbTate
BO3/eCTBUS KOCMMYecKux nydeid (KJT) nmpoucxogsaT OTKasbl GOPTOBbIX 3/1EKTPOHHbLIX CUCTEM, YTO MPUBOAUT K
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HewwTaTHbIM CUTyauusM, a B HEKOTOPbIX CAyyasax W K noTepe CNYTHUKOB, HanpumMep, KazSat -1 n «®0o60C-rpyHT».
Moatomy B faHHOW paboTe WUCMONL3YeTCA MEeTOJ CXEMOTEXHWYECKOro MOLENMpPOBaHuA, ABASIOLWKIACS
BbICOKOI((EeKTNBHLIM WU OTHOCUTENIbHO HWU3KO3aTpaTHbIM METOAO0M, MO3BONSKOLWMNIA OLEHUTb CXEMOTEXHUYECKUE
napameTpbl TPAH3UCTOPOB 3/IEMEHTa NaMATU NPU MPOXOXKAEHUN OLUHOUYHON YacTULLbl KOCMUYECKUX nyydeid (KJ).

CocTosHue sonpoca. PasnuuaroT oTkasbl KA no npuynMHaM BO3HUKHOBEHWS, a TakXe N0 WX BAUSHUIO Ha
noTepto paboTocrnoco6HOCTH OTAE/NbHbIX 60PTOBLIX cUCTeM. K npuynmHaMm BO3HUKHOBEHWUS OTHOCUTCS KOMMIEKCHOe
BnmsiHME ®©KI1, B TOM yncne: pagnaunoHHoe Bo3aeincTeme conHeyHbix (CKJ/) u ranaktuyeckmx (FKJT) KocMmuyeckmnx
Nyyeit, YacTul pagnaymoHHbix noscos 3emnn (PM3); MMKporpaBuTaLmsa, MUKpOMeTeopUThl U apyrue daktopsl Kr.
K noTepe paboTocnoco6HOCTU OTAeNbHbIX 60PTOBLIX CUCTEM MOTYT MPUBECTU OWWOKM NPU MPOEKTUPOBAHUN,
HeKayeCTBEHHas MpeAnoneTHas MpOBepKa, W3HOC MeXaHWYeCKUX WU  3MeKTPUYECKUX KOMMOHEHTOB CUCTEM,
HEKOPPEKTHbIE KOMaHAbl WAU Ofepauun BCMeACTBME OLIMOOK OMepaTopoB WM Ha3eMHbIX CUCTEM U Apyrue
NPUYUHBI, KOTOPblE UAEHTUDULMPYIOTCA paspaboTumkamu annapaType nNpy aHanau3e 0TKa3oB B peasibHbIX YCNOBUAX.

B paboTe paccMaTpMBalOTCS OAMHOYHbIE OTKa3bl, Bbi3BaHHbIe BO3AeNCTBMEM afep KJ1, Kak Hanbonee onacHble
C TOYKW 3pEHUS BO3HWKHOBEHWSA HellTaTHbIX CUTyauuii B cucTemax ynpasfeHus GOpTOBO anmapaTypbl, B TOM
yncne: SEU (single event upset) - ofMHOYHble obpaTumble cbou B VIC ¢ perynspHoli NOrukoi, nposenstoLinecs B
BUAe notepu uHMoOpmMaumm B OTAeNbHbIX fAdeiikax; SEL (single event latchup) - o0fgMHOYHbIE CO6LITMSA
pagvauuoHHOro  3allenkmBaHUa (3PMEKT «3allefnk»), BbI3BaHHble BK/IOYEHMEM NAPasUTHLIX TUPUCTOPHBIX
CTPYKTYp npu KJ1 B 4yBCTBUTENbHbIA 06beM KMOTI NC 1 gpyrve oTkasbl.

B paHHO paboTe MpUBOAATCSA pe3y/nbTaTbl CXeMOTEXHUYECKOro MoAenupoBaHus oTkKaszoB (SEU u SEL) npwu
pafvauvoHHOM BO3AENCTBMU Ha 3anoMuHarowme yctpolicTea (3Y), koTopoe nmposogunock Ha KMOT-cTpyKType,
ABNAIOLLENCSH AOMUHUPYIOLLEn npu n3rotosneHun NC.

PaccmaTpuBaloTcs aTanbl ¥ MexaHu3M 00pa30BaHMs TOKA MOHM3aLMKW, BbI3BAHHOIO pajunaLMoHHbIM aPdeKToM
B N-KaHa/bHOM TpaHsuctope (NMOS) ¢ nocnegyowmnm 06pa3oBaHUEM BHYTPWM TPaH3UCTOPOB WMOHM3ALMOHHOIO
Tpeka 1 reHepaumm 371eKTPOHHO-AbIPOYHbIX Map.

BbINO/HEHO CXEMOTEXHWYECKOE MOAENMPOBaHWE OAWHOYHOrO CO0Si 3neMeHTa namsTU. [ONs  OLEHKK
CXEMOTEXHMNYECKMX MapaMeTpoB 6bian pas3paboTaHbl: reoMeTpuyeckas MoAenb TPaH3UCTOPOB, C MCMO/b30BaHUEM
mogenn BSIM4 un qusnko-tononoruyeckme mogenu n-MOTIT un p-MOT TpaH3MCTOPOB C UCMO/b30BAHUEM CUCTEMbI
aBTOMaTMU3MpPOBaHHOro npoekTuposaHus Electric VLSI. 3HauyeHne ToKa NPOBOAMMOCTHU, MPU KOTOPOM MPOUCXOAUT
O[MHOYHBI 0TKa3, OLLEHUBA/ICA C NCMOMb30BAHUEM CUMYATOPA 3/1EKTPOHHBIX CXeM 06LLiero HasHaueHust SPICE.

BosgeiicTBe Ha 4yBCTBUTENbHYK 061acTb TpaH3aucTopa agep KJ/1 B SPICE-cumynsaTtope uMuTUpyeTcs
WUCTOYHUKOM TOKa, KOTOpbIA MOAeNupyeTcs B 3KBMUBA/IEHTHOMW CXemMe MakpoMOfenu, COCTosAWeild 13
CXEMOTEXHMNYECKON MOZenn NoneBOro TpaH3WCTopa W MOAeNW reHepaTopa TOKa, BKAKOYEHHOrO napanienbHo p-n
nepexofy cToka. Co3faHa MakpoMofe/b 3aMeLLeHNa ToKa MOHM3aLuK, BbI3BaHHOMO BO3geicTBreM sgep KJ1.

MpenctaBneHa cxemoTexHuyeckas SPICE mogenb anemeHTa namMatn Ha ocHoBe KMOTT - cTpykTyp. NokasaHo,
4YTO B CXEMEe MO[EeNMPOBaHWA OAMHOYHOro cH0S B CTaTMYECKOM 3/IEMEHTE MamATh, YA3BMMOro K MonajaHuio
OAMHOYHOW YacTuubl, SIBAAOTCS CTOKOBblE P-n Mepexofbl 3aKpbITbIX TPaH3WCTOPOB. PacCMOTpeH MexaHu3M
06pa3oBaHNs TOKa NPOBOAMMOCTU, BbI3BAHHOIO MPOXOXAEHWEM OAMHOYHOW yacTuubl KJ1, KOTopbIiA MogenvpyeTcs
NCTOYHMKOM TOKa, MOAK/FOYEHHOTO Mnapasnie/iHO NOpaxeHHOMY TPaH3UCTopY.

B BMpTyaNbHOM MOAENMPOBaHMU 3MIEMEHT NamATW 3afaHHbIX MapaMeTpoB NoABeprancsa BO3LENCTBUIO TOKa
aMnAnTygoi fo 36 MKA. Pe3ynbTaTbl MOAENNPOBAaHMA MOKa3ann, YTo fveiika HaXo4MTCA B YCTOMUYMBOM COCTOSHUM
N UMEIOTCHA HEe3HAUUTe/IbHbIe BCM/IECKU, KOTOPbIE HE MPEBLILIAKT NMOPOroBOro 3Ha4YeHus, No3ToMy 3/1eMeHT NamaTu
obecrneynBaeT XpaHeHue 6WUTa UHA(OpMauun. [pu yBenWYeHUW aMnAUTyfbl TOKA WOHM3aUuWM CBblle 36 MKA
31eMEHT NaMATW U3MEHSeT CBOE COCTOsIHWE, TEM CaMbIM 06ECrevmBaeT OfMHOYHBIA 0TKa3 B XpaHeHUN O4HOro 6uTa
NH(opmMaLmn.

MpepncTasneHbl 3HaYeHUA KPUTUYECKOTO 3apafa U TOKa MPOBOAUMOCTM NPY PasfIUYHbIX HaMPsXKeHUAX NUTaHus.
lMoka3aHO, 4TO YyBe/MYEHMEe HanpsHKeHWs NUTaHUA 371eMeHTa MamAaTh CNOCOOBCTBYET YBEIMYEHUIO 3anaca no
KpPUTUYECKOMY 3apagy, NPUBOAALLEMY K UHBEPCUU AYEiKN NaMATH.

OnpefeneH TOK NPOBOAUMOCTM Y BEIMYMHA HAMPSHXKEHUSA NMUTAHUA 3/1eMeHTa NamAaTu, Npyv KOTOPOM MPOM30LLIO
NepeK/YeHne COCTOSIHNE AYENKU, TO eCTb OANHOYUHbI OTKa3.

OnpepeneHa BeNNMYMHA KPMTUYECKOr0 3apaga, KoTopas NpuBoAUT K MHBEPCUU IOTUYECKOTO COCTOSHUSA AYeiku
mMoaynel namaTu.

Taknm 06pa3oM, B paboTe BLIMOMHEHO CXEMOTEXHUUYECKOE MOAENMpPOBaHME 0TKasa AYeiiku Mofynei mamsaTtu
npu 3afjaHHbIX YC0BUAX M NMapaMeTpoB TPAH3MCTOPOB 3/1IEMEHTA MamMATW MPY MPOXOXAEHUN OAMHOYHOM YacTuLbI.
Mony4yeHHble pe3ynbTaTbl MOTYT 6blTb WMCMNONb30BaHbl MPWU MPOEKTUPOBAHUM MUKPOMNPOLLECCOPHbIX CUCTEM Afif
1Cnonb3oBaHWs B 6OPTOBOM 3/1EKTPOHHON annapatype KA pa3fiMyHOro HasHaveHus.

KntoueBble C€noBa: CXeMOTEXHWYECKOE MOJENMPOBaHME, KPUTWMYECKUA 3apsf, TOK MOHM3aumu, 6GopToBas
annaparypa.
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