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Abstract — This paper presents a forecasting method of the
Single Event Upset effect on the performance of analog and
digital circuits designed in SAED 14nm FinFet technology.
Meanwhile, the EDA tool was suggested which automatically
inserts the radiation effect in the SPICE netlist and generates
a new netlist for further debugging. The tool can
automatically run a SPICE simulation and generate plot files
in SPICE output formats. The suggested user-friendly GUI
helps the designer to realize the measurements and organize
the faster debug.

Keywords — SAED 14nm FinFet; radiation; parametric
degradation; single event upset; SPICE Compatible Single
Event Upset Debugger; an incident particle; voltage
overshoot.

l. INTRODUCTION

Radiation-resistant electronics have been used in
various areas. Generally, the aerospace, nuclear reactors,
and military applications [1] use rad-hard integrated
circuits (ICs) [2]. ICs operating in above-mentioned
spheres operate under a large amount of radiation which is
resulting in significant parametric degradations of the
analog and digital circuits. Meanwhile, this effect can lead
to unexpected current generations and voltage strikes that
occur on analog and digital parts.

An example of the influence of radiation effects on IC
functionality is presented in Fig. 1.
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Fig. 1. Influence of radiation on transfer characteristics of
NFET transistor

The dependency of the drain current on the gate-source
voltage of NFET transistor is presented. The simulation
was run with HSPICE simulator [3] and output plots are
presented with Saber tool [4]. In the transfer characteristics
before radiation effect is presented in the first curve. The
second curve corresponds to the transfer characteristics of
the transistor in 30kRad case. In the third curve, the
radicalization dose was set to 100kRad. The threshold
voltage shift was measured after the radiation effect [5].
According to the simulation results, it was decreased 2
times. The threshold shift is critical both in analog and
digital ICs. In digital ICs it may cause high dynamic
currents flowing through the digital cells during the
transitions. In analog blocks, it causes current mismatches
in current mirror block, the degradations of the parameters
of operational amplifiers and op-amp based systems etc.

Il. THE INFLUENCE OF SINGLE EVENT EFFECT ON THE

PARAMETERS OF ANALOG AND DIGITAL CIRCUITS

The result of the single event effect (SEE) commonly
takes place during the operation of the analog and digital
parts of integrated circuits. The influence of the effect can
appear on every transistor of the system, on the part of the
IC or on whole IC. High energy particles cause huge
violations and even force the IC to break down mode [6].

The most common type of errors meeting in ICs is
single event upsets (SEU) effect. During this effect a path
of electron-hole pairs forms which means that there is a
charge collection after ion strike [7,8]. The collected
charge can be calculated using Liner Energy Transfer
(LET) phenomenon. Equation (1) is defined to calculate
the energy transferred to the matter by the incident particle.

LET =1/ pxdE/dx 1)

where p is the density of a material, dE xdx is the energy
that transferred to silicon on the path length,

[LET] = J xm? xkg™* or [LET] = MeV xcm? x mg " [6].

This may result in generation of incorrect transitions in
digital integrated circuits or voltage shift in analog signals.
In Fig. 2 the process of Single Event Effect is illustrated
for MOSFET transistors and for FinFet transistors. If the
collected charge causes SEU then the collected charge is
the critical charge on which SEU can appear. Experimental
data provide the importance of those effects. Until the LET
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is equal to 10 MeV*cm?/mg, the FinFet device shows
higher stability than the MOSFET devices. With the
increase of LET (close to 20MeV*cm?/mg) the behaviour
of FinFet devices became same as the MOSFET behavior

[8].

__.—Source

Path of the
particle

TN Source (X Dran

AT . Paih of he
ptype f = saricle
E
Charge A

High energy
collection particie

(@) (b)

Fig. 2. Single Event Effect (SEE) in (a) FinFet transistor and
(b) MOSFET transistor [7]
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I1l.  THE 14NM FINFET BANDGAP REFERENCE CIRCUIT

Consistent voltage references are necessary parts in
precision analog designs. The process, supply voltage and
temperature (PVT) variations are the main reasons which
cause the output voltage variations of any voltage reference
based on voltage regulators. The power supply can vary by
+10%. While in the precision systems like analog to digital
converters (ADC) the reference voltage variation shouldn’t
exceed +2-3%. Hence traditional voltage regulators don’t
work on those conditions due to the high variation of the
supply voltage. The bandgap reference circuits are used to
compensate these variations and achieve higher accuracies

[9].
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Fig. 3. Bandgap reference circuit

To achieve temperature independence of any system
two opposite components are required. In bandgap
references, the negative temperature coefficient derives
from the base-emitter voltage of p-n junction of the diode-
connected bipolar transistor.

Fig. 4 presents the dependency of base-emitter voltage
on the temperature. The Negative to absolute temperature
(NTAT) coefficient In SAED 14nm FinFet technology [10]
variation is equal to 255mV.
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Fig. 4. The dependency of base-emitter voltage on the
absolute temperature

The Positive to absolute temperature (PTAT)
coefficient derives from the voltage difference of the two
p-n junctions operating at unequal current densities.
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Fig. 5. Positive to absolute temperature dependency

The temperature dependency of the output reference
voltage on the technology is presented in Fig. 6. In a
typical case, the simulation results show less than 5mV
degendency on the absolute temperature which varies in -

0°C to +125°C range. The voltage independence will be
achieved while the transistors operate in the saturation
region. The simulation results, where the PVT parameters
are varied, are presented in Table 1. The Vyy PVT variation
is [1.1900 — 1.2160] i.e. 26mV while the supply voltage
varies with 360mV.
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Fig. 6. Reference voltage vs absolute temperature

Table 1
Reference Voltage Variation vs PVT Variations
TT/bip_t SS/bip_s FF/bip_f
VDD18=1.8V | VDD18=1.62V | VDD18=1.98V
Vbgmin (V) 1.2010 1.1900 1.2102
Vbgmax (V) 1.2055 1.1960 1.2160
Vhg-40 (V) 1.2015 1.1915 1.2120
Vhg+125 (V) 1.2010 1.1900 1.2102

IV. THE DESCRIPTION OF SCSEU TOOL

SCSEUD EDA debugging tool is developed to
organize the simulation of the SEU at transistor (or circuit)
level. The benefits of the suggested tool are:

e Spice compatibility.

e Multiple Single Event Effect injection.

e Fast debug of the influence of SEU.

e High accuracy due to the SPICE compatibility.
o User-friendly simple GUI.

The benefits of suggested tool propose a new way of
designing RadHard integrated circuits. It’s a separate
module which can be integrated with other tools.

SCSEU tool is written in C programming language.
Apart from that, during the development of the tool, the
C++/Qt5 libraries have been used to create user-friendly
GUI [11]. The designer can provide the required
information for SEU simulation by using the proposed
GUL. Input file of the tool is a SPICE netlist. The tool
works on the given netlist and as result provides an output
which is a modified (SEUs injected) SPICE netlist file. In
Fig. 7 the corresponding scenario is presented [12]. The (2)
illustrates the current pulse function of time [13].
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Fig. 7. The SPICE model of SEU on a) NFET transistor, b)
PFET transistor
where I, - is the maximum possible current, 6 - is the

angle of an incident particle to the surface of the circuit, a -
is a collection time constant of the junction, and f - is the
time constant of initial establishing the ion track. For
SEAD14nm FinFet technology their values are equal to
a=150ps and f=4ps. The approximate maximum current is
nearly proportional to the energy of the particle. The total
current goes up as the angle of the incident particle rises.
The Single Event Upsets are injected into SPICE netlist.
Two possible methods are suggested to the designer to
choose whether random or manual method is preferable.

A. Randomly

This method is helpful in case there is a huge number
of devices and it is not known which device has a higher
influence on the simulation results. The first step of the
tool is the gathering information from the given netlist. The
tool passes through the netlist once and saves information
such as wires, connection points, device names, device
positions. SCSEU tool needs to know transistors types
because SEU errors are injected differently depending on
the transistor type. It searches for information about
transistor model to determine its type. The information is
gathered only for those devices that SEUs can be inserted
on. Table 2 shows the types of devices that SEEs can be
injected on.

Table 2

The list of supported types of devices and the schematic
updates that SCSEU tool implements in the netlist

Device type Schematic connection
NFET/PFET drain to bulk
PNP/NPN emitter to base and collector to base

N/P-type diode cathode to anode

Interconnections on the interconnection

The devices which are not supported by the tool (such
as capacitors, inductors) will be automatically neglected by
the tool. In random simulation case, the tool chooses the
device on which the influence appears from the listed
detailed information about the devices. Passing through the
netlist once more the randomly chosen devices are found
and SEUs are inserted. For example, on the transistors, the
influences are injected by adding an exponential current
source corresponding to the SEU radiation energy between
the drain and the body. The random generation mechanism
of SEU insertion in SPICE netlist organized by the GUI is
presented in Fig. 8.
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Fig. 8. SCSEUD random simulation GUI

B. Manually

To specify the names of the devices on which the SEU
effect should be simulated, the separate GUI window is
created (Fig. 9). In the Existing items window, the whole
list of devices is listed. To select one from the list, the
corresponding device should be selected and moved to the
Selected items view.
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Fig. 9. SCSEUD manual simulation GUI

V. THE IMPACT OF SEU oN CMOS LATCH

The transient simulation results after the applied SEU
at the output node of the CMOS latch is presented in Fig.
10 and Fig. 11. The peak current injected by the SEU was
selected from 20uA to 90uA and the output voltage drops
with 300mV from its initial “1” (800mV) value. This is
close to the threshold voltage of the FinFet device and can
lead to unexpected transition on the output of the next
stage of the latch. Meanwhile, the dropped voltage can
change the state of the latch to the “0” or force it to enter
the metastable state.
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Fig. 10. The impact of SEU on CMOS latch while static «“1”

is stored

The same test was implemented with the latch stored
“0” value. The 90uA injected current is enough to change
the state of the latch and the 75uA current is enough to

raise the stored voltage value with 300mV.
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Fig. 11. The impact of SEU on CMOS latch while static “0”

is stored

VI. THEIMPACT OF SEU ON THE PERFORMANCE OF

BANDGAP REFERENCE

To estimate the influence of the SEU on the
performance of the bandgap reference the manual method
was selected. SPICE simulation was run with HSPICE.
The peak current injected by the SEU was selected from
20uA to 90uA and the output voltage strikes were plotted.
First, the SEU was applied to the bipolar transistor Q1. Fig.
12 presents the simulation results. In 90uA case the
positive strike value is equal to 1.22V which also can cause
voltage overshoots and stress conditions for the low
voltage FinFet devices.
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. 12. The impact of SEU on Q1 bipolar transistor
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Fig. 13. The impact of SEU on M12 input transistor

Then the simulation has been implemented by applying
the SEU on M12 input device (Fig13). The injected current
causes a voltage drop at the output. The voltage drop is
approximately 40mV. Bandgap output settles to its
nominal value after 37ns. The final check has been
implemented on Mout device (Fig. 14). Again, output
voltage overshoot is detected.
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Fig. 14. The impact of SEU on Mout transistor

VII. CONCLUSION

The single event upset forecasting method in analog
and digital circuits designed with SAED 14nm FinFet
technology is proposed in this paper. To estimate the
influence of the SEU digital and analog blocks have been
discussed. The FinFet latch was designed and the
forecasting of radiation effect on the stability of the latch
was measured. The bandgap reference circuit with PVT
compensation is designed and SEU effect simulation was

implemented to measure the performance of the analog-
sensitive parts. Meanwhile, the Spice Compatible Single
Event Upset Debugger (SCSEUD) tool was developed to
realize the SPICE netlist update and run SPICE simulation
to analyze the SEU effect on the performance of analog
and digital circuits
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Annomayus OanuM n3  GaxkTopoB, BJMAIIIMX Ha
CTa0MJILHOCTh HHTETPAJbHBIX CXeM, fIBJIsIeTCH HaJn4ue
paiManuMu B OKpy:Kawwieil cpeae. BuusHue paananuu
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CTAHOBUTCH KPHUTHYECKHM B CJIy4ae HCHOJb30BAHHUSA
HHTETPAIBHBIX CXeM B CHCTEMax pPadoTalomMX B YCJIOBHAX
HHTEHCHUBHOr0 paguanuoHHoro ¢ona. K npumepy, B



cHcTeMaxX MCHOJIb3YeMbIX B KOCMOCe, B BOCHHOH TeXHHKe, B
si/IepHOii IPOMBILLIEHHOCTH. B paMkax 1aHHoii cTaThyu ObLIO

pa3paborano mnporpamMmHoe o0ecneyenue (ITIO) Spice-
Compatible-Single-Event-Upset-Debugger (SCSEUD),
KOTOpoe obecmeunBaeT onIcTpoe MOJeTHPOBaHHE

onnHo4YHbIX c6oeB B MC. Ha Bxox manmnoro IO momaércs
¢aiin, onucannplii Ha s3bike SPICE (SPICE netlist). Ha
BbIXO0/le mosy4yaeM ¢aill TOro Ke THIA, HO YK€ € y4eTOM

BJMSIHUSL  BO3/1eiicTBUS paauanMoHHoro  3¢pdgekra
OIMHOYHOr0 €005, IPH MOJEJIHMPOBAHHH KOTOPOIr0 MOJIy4aeM
BO3MOKHOCTb HM3MEpPUThL BO3[eiicTBHe PagHALHOHHOIO
3¢ dexra.

OcHoBHbIMH JieMenTamMu UC sBasiloTcst y3ibl CcTaTH4ecKoM
NaMATH, K KOUM OTHOCHATCH TPHUITEPLI. IMox Bo3a€iicTBHEM
paipanuu B JaHHBIX yCTpOﬁCTBaX MOryT BO3HUKHYTbH
COCTOSTHHSI METACTAOMJIBHOCTH U JIOKHbBIE MEePEKJIIYCHUS.

B naHHoii mccienoBaTenbCKoOll  paGoTe ¢ NMOMOLUBIO
NPOrpaMMHOro obecneueHus ObL10 BBIIIOJIHEHO
NPOTrHO3MPOBAHUE BO3JEHCTBUS paguanuud Ha HUPPOBOii
y3ea — D-tpurrep. Bblia ompenesieHa MUHMMAJIbHAsI /1032
paauanuu, BoO3JelcTBHE KOTOPOii BBHI3bIBAeT H3MeHeHHe
a0COTIOTHOr0 3HAYEHHS] BHIXOJHOI0 HANPSIKEHHs] TPUITepa
foaplie 4YeM Ha 3HayeHHe TIOPOrOBOr0 HANPSKEHUS
Tpan3ucropa (0,3 B). lanHoii 10361 BO3AeiicTBHSA
JO0CTATOYHO /I BBeJAeHMs] TPHUITepa B  COCTOSIHHE
MeTACTAOMJILHOCTH WJIHM [Jisl ero mepekjiodenus. Ilpu
pa3padoTrke aHAJIOTOBBIX HHTEr paJIbHbIX cxem
HCIOJIb3YIOTCSL Y3JIbl, B KOTOPHIX He00X0AMMO NpUMEHEeHue
HCTOYHHUKOB CTA0MJIbHOro HanpsikeHusi. [Ipumepamu Takux
cxeM SIBJSIIOTCS  aHAJA0ro-uugpoBbie mnpeodpa3oBaTenu,
KOMOapaTopbl M T.0. B Bbllleyka3aHHBIX CHCTEMax
JOIMYCTHMAs MOTPENIHOCTh He J0JI’KHA nmpeBbIaTh t 2-3%.
Takum 006pa3oM, UCNOJIb30BAHUE HCTOYHUKOB MUTAHUS WU
CcTa0M/IU3ATOPOB HANPSKEHHsI B KadecTBe TIeHEPaTopoB
CTa0UJIbHOTO OMOPHOro HANPSKEHUs CTAHOBHUTCS
HEBO3MOKHBIM, MOCKOJIbKY IHANA30H NOTPEeIIHOCTH JAHHbIX
cucrtem coctapJser £ 10%.

Bo3Hukaert
KpHCTaLIe

3agaya  pa3spa0oTKH  pa3MelaeMbIX  Ha

HCTOYHHKOB CTa0UJIbHOTO ONOPHOI0
HANPsSIZKeHM. IIpumepom TaKou CHCTEMBI
SIBJIAIeTCSl HCTOYHMK  onmopHoro  Hampsokenuss  (MOH),
BBIXO/IHOE HAIPsZKeHHe KOTOpPOro paBHO
LIHPUHE 3aNpeléHHOM 30HBI HCII0JIL3yEeMOro
NoJynpoBogHuKka. MCTOYHMK Takoro Tuma odecnme4nBaeT
He3aBHCHMOCTh IOJTYy4aeMOro ONOPHOr0 HAMpsLKeHHs OT
npouecca, HaNpPsiKeHus: MUTAHUS U TeMIepaTypbl.

B pamMkax AaHHOTO HCCJeJOBAHHS MO TEXHOJIOTHYeCKOMY
npoueccy SAED 14nm FinFet 0b11 pa3pa0oTan MCTOYHHK
OMOPHOTr0 HANPSI’)KEHUs ¢ HOMUHANBHBIM 3HayeHueMm 1.2B. B
CBOI0 O4Yepelb, OTKIOHEHHe 0T HOMHUHAJILHOrO 3HAYeHHUsl B
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3aBHCHMOCTH OT TIpoLlecca, HANpPsKeHHUs TNUTAHUA W
TeMInepaTypsl cocTaBiasier 26mMB.

Hcnoab3yss fAaHHOe mporpaMMHoe ofecnedyeHHe ObLIO
NpOU3BeJeHO NPOrHO3UpPOBaHUe BJMsIHUA cOosa. W3
pe3yJbTaTOB cjeaAyeT, 4YTO BCJIEACTBHEe PAIHANHOHHOIO
pozzieiicTBusi Ha MOH BO3HUKAIOT OTKJIOHEHMsI 3HauYeHHs
HOMHHAJILHOTO HANPSDKEHHs — NajieHNe WM BO3pacTaHue B
3aBHCHMOCTH OT 03Bl PAaMALMOHHOIO BO3/EHCTBHS M OT
KOHKPETHOT0 3JIeMeHTA IO0BepPraonerocst Bo31eicTBHIO.
Knrouesvie cnosa — SAED 14nm FinFet; paauanus;
Jerpajanus napaMeTpoB; oaMHO4YHbIH cOoii; SPICE
Compatible Single Event Upset Debugger; 3apsikeHHas
4acTHIA; MepeHanpsuKeHne.
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