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Abstract— A comprehensive technique for simulation of tran- there is no solution that is accurate, efficient, and diyectl
sients caused by single-event upsets (SEUs) in combinationalcompatible with present-day design flows.
logic circuits is described. Based upon linear RC models of This paper presents a comprehensive technique for simu-

gates, the proposed technique integrates a closed-form model, .. . . - .
for computation of the SEU-induced transient at the site of a lation of transients caused by SEUs in combinational logic

particle strike with propagation models for the transients along Circuits. Based upon linear RC models of gates, the proposed
a functionally sensitized path. A full set of simulation results technique integrates a closed-form model for computation o

ir}diﬁate th?t onba\_/er?jge,_thesn;?géls _afelaQCUfate tOkWithin _10d% the SEU-induced transient at the site of a particle strikéa wi
of the results obtained usin simulations (peak magnitude : H H
and duration about 0.5VDDg) with over 1000X ig’rqprovemgnt in prop{;\'gatlon models for the tra.nSIEHtS along a functlonglly
computational speed. sensitized pat_h. The proposed Ime_ar RC modeling technique
resembles logical effort [6], [7] that is widely used to esie
|. INTRODUCTION gate and path delays in integrated circuits. The models are
Increasing design complexity and technology trends, hcluderived using a SPICE-based calibration of logic gates for
ing smaller feature sizes, lower voltage levels, higheraiiey a range of values of fanout, charge, and propagation path
frequencies, and reduced logic depth are projected to @usdopologies. Closed-form solutions for SEUs along a propa-
increase in the soft error failure rate in core combinationgation path in combinational logic circuits can be computed
logic in subdi00nm integrated circuits [1]-[5]. Soft errorsusing the models. In addition to integration into tools fofts
occur as a result of single-event upsets (SEUs) caused hy higrror failure rate analysis, the compatibility with loaddan
energy neutron and alpha particle strikes in integratemliits. performance constraints facilitate integration of theswlets
Although soft errors cause no permanent damage, they emith design automation tools for area-delay-power-réligh
severely limit the reliability of electronic systems. optimization. Cell library synthesis and characterizatiools
As soft errors emerge as a reliability threat in mainstreacan also use these models to assess and design SEU-tolerant
commodity electronics [5], there is significant interesttfie versions of cells subject to area-delay-power constrafafsll
development of simulation techniques for SEUs and softrerrget of simulation results indicate that on average, the iBode
failure rate analysis in integrated circuits. Introduciagft are accurate to within 10% of the results obtained using EPIC
error analysis into the front-end of the design flow, at highsimulations (peak magnitude and duration aliboi/pp) with
levels of design abstraction, provides the first means tesassover 1000X improvement in computational speed.
the vulnerability of combinational logic circuits to SEUs. The rest of this paper is organized as follows. In Sec. II, we
Based upon this analysis, robustness metrics can be usegrtavide some background and motivate the problem addressed
identify and radiation harden logic blocks through relidgpi here in greater detail. In Sec. lll, we describe the linear
aware logic synthesis and tuning of cell libraries. In addit model used to obtain closed-form expressions for the SEU-
addressing soft error concerns at an early stage in therdedigduced transients at the site of the particle strike. In. éc
cycle will facilitate convergence to inherently reliabditions we describe linear RC models to compute the waveform for
that meet area-delay-power objectives. This has cost ared ti the transient as it propagates through gates on a fundgonal
to-market benefits, since it will minimize iterations anchéi sensitized path. In Sec. V, we present the algorithm to kb
consuming rework during physical synthesis. gates for the proposed model. In Sec. VI, we present the
Central to all soft error analysis technigues in combimatlo simulation results. Section VIl is a conclusion.
logic is the simulation of SEU-induced transients at logiteg
over a range of SEU particle energies (deposited chargels) an
their subsequent propagation through functionally sezesit  There are two steps to simulation of SEUs in combina-
paths. This is necessary in order to estimate the effectstiminal logic circuits. The first step is the computation of
masking factors — logical, electrical, and temporal — on ththe SEU-induced transient at the site of the particle strike
SEU as it propagates through the combinational logic dircuirhe next step involves the propagation of these SEU-induced
Whereas several approaches for SEU modeling and simulatteansients along functionally sensitized paths to the arim
have been proposed in literature and are discussed in Secolitputs/latches/flip-flops. The identification of functdiy

Il. BACKGROUND AND MOTIVATION
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sensitized paths is usually performed using fault simoati on (i) equivalent inverter models for gates and (ii) square
However, determination of the final magnitude and duratiar trapezoidal approximations for SEUs. They also cannot
of the propagated pulse along a functionally sensitizetl gt (iii) accurately model varying fanout and combinations of
computationally expensive, since it depends on the etedtrigates along a propagation path, (iv) handle swings ab®ye
properties of the intermediate gates along the path. SPICEamd below ground, (v) account for non-linear amplificatiod a
an equivalent circuit simulator can be used to account fx-el attenuation effects on SEU-induced transients, and (‘eipaat
trical and temporal masking effects as a SEU originating atfer a range of charge deposited by particles of different
sensitized node propagates to the primary outputs/lafftipes energies. In this paper, we integrate the linear modeling
flops. Since SEU simulation has to be performed for partictechnique proposed in [26] for SEU-induced transients at th
strikes over a range of deposited charge for each sensitiz#® of a particle strike with linear RC-based propagation
node for each input pattern, and since this analysis hasmmdels to simulate SEUs over a range of particle charges
repeated over tens of thousands of input patterns, everesimip combinational logic circuits. The proposed technique is
Monte Carlo and SPICE-based simulation techniques blow apmpatible with a combination of gates and load conditions
very quickly on circuits with 100-200 gates. along a functionally sensitized path, does not suffer from

Classical techniques for the analysis and simulation tfe shortcomings listed above, and is highly accurate in
SEU effects in combinational circuits fall into the device-comparison to SPICE-based circuit-level simulation.
circuit-, and logic-level categories depending on theausacy
and computational complexity. Device-level approachashs
as [8]-[15], take into account interactions at the nuclesel, Consider a chain of 2-inpiHAND gates to several levels of
and yield accurate results at exorbitant computationat. cogic as shown in Fig. 1. At each level of logicNaND gate
Whereas these can be used to guide post-layout analydiwes two identical gates, to two levels of logic to approate
techniques, they do not scale well and cannot be usedldading conditions (described in Sec. V). In other words th
the early phases of design space exploration. Logic-levela fanout-of-2 (FO2) chain of 2-inpwAND gates along
approaches are abstraction-based, approximating SEi¢édd which we study the propagation of a SEU-induced transient.
transients by square or trapezoidal pulses with equivaldntFig. 1, the site of the particle strike is denoted by node
magnitude-duration profiles [16]-[18], and are mainly used and is the output of the firstAND gate in the chain. The
for fault injection and simulation. Although these appioes charge deposition due to a particle strike at the outpat the
scale well, they are inadequate from an accuracy standpoiaND gate is modeled by a double exponential current pulse
for SEU simulation. This is because they lack the ability td,(¢) atn [27], [28]:
cover a range of particle energies and SEU-induced transien 0
profiles, and since they cannot account for non-linear pulse Iin(t) = —— (e_t/”" - e_t/”’) 1)
attenuation and amplification effects during propagation. (7o = 7)

Circuit-level approaches constitute the middle ground behere Q) is the charge (positive or negative) deposited as a
tween device-level and logic-level simulation approackss- result of the particle striker,, is the collection time-constant
pirically verified circuit-level models, such as [19], usmlkng of the junction, andrs is the ion-track establishment time-
factors to extend the base model fo6@0 nm process tech- constant.7, and 73 are constants that depend on several
nology to other feature sizes. SPICE-based circuit-leyel aprocess-related factors. Note that; .., fot Iy (t)dt equals
proaches, such as [20], depend on lookup tables and dasab#&gdor conservation of charge.
for SEU-induced transient simulation and propagation. A transient to logic 1 (logic 0) refers to the case when the

A second class of SPICE-based circuit-level approachsteady-state logic value atis logic O (logic 1) in the fault-free
separatethe computation of the SEU-induced transient fromase and a SEU generates a positive (negative) transition to
the propagation of this transient. Computation of the SEUbgic 1 (logic 0) atn. Without loss of generality, this discussion
induced transient involves solving the transistor-levifled focuses on the simulation df— 1 SEU-induced transients.
ential equation — explicitly, or implicitly through firstrder Both inputs of theNAND gate are set to logic 1, so that the
models — to obtain a closed-form solution for the SEU-inducevoltage is 0 at in the fault-free case. The worst-case transient
transient at the output of a logic gate. This is a non-lineaccurs when the site for the particle strike is the gate dutpu
second-order Riccati differential equation. The abserfca osince transients at internal nodes are reduced in seveiityd
particular solution for the initial conditions precluddsetex- they propagate to the output of the gate. The output response
istence of a general closed-form solution. Solutions psedo of the NAND gates in the FO2 chain determined using SPICE
in literature include numerical analysis [21]-[23] and tfirs simulations to a SEU that produced)a-1 transient atn is
order RC modeling [24] for waveform and magnitude-duratioghown in Fig. 1. The output nodes are denoted/byl,, and
analysis. For propagation of these SEU-induced transients in the figure.
such circuit-level simulators use a set of propagationsr(24] Two different charges were used for the simulations. When
and equivalent inverter models [18], [25] for gates. the deposited charge (518 pC, it is clear from the figure that

In summary, previous methods proposed in literature suffégre peak value of the SEU-induced transient excééds for
from one or more of the following disadvantages. They relthe processi(2 V). However, the propagated transientsiaf

A. Simulation challenges
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Cn
100 nm technology, FO2 2-input NAND chain (h, hy, hy, hs, ... =2)
0=0.18pC 0=0.15pC

Voltage (V)

Time (107! ns)

Fig. 1. Waveforms for FO2 2-inpwtAND chain (L00 nm technology) obtained from SPICE simulations

V5, etc. may have no more than a full voltage swing along thke output of the particle strike in Fig. 1 is given by:
sensitized path. The ability of strikes to cauge, to exceed dve
(drop below)Vpp (ground) also requires that a distinction be Cn ~ = [in(t) — In(t) (2)
made between gates immediately in the fanout of the siteeof th d¢
particle strike and those that are several levels of logitoneed Where C,, is the total load capacitance (load and parasitic)
from the site of the strike. When the charge deposited @ . fin(¢) is the double exponential current pulse modeling
0.15pC, the SEU-induced transientathas a peak magnitudethe SEU, and(¢) is the current through the nMOS transistor
that is less thaipp for the process. But the non-linear naturé@etwork restoring the output to its fault-free value. Ndtatt
of the NAND gates result in an amplification of this transienf’» equals{(C, + hCy), since{ scales both the gate and
such that it has a full voltage swing as it propagates alorg tis fanout. Sincelp(t) is non-linear inV¢,, the differential
fanout. The models proposed in this paper account for thed@uation is equivalent to a non-linear second-order Riccat
effects and can be used to obtain closed-form expressions diferential equation with no closed-form solution. Irestie we
the waveform of the SEU-induced transient as it propagatén to the method of logical effort [6], [7] that has been elid
through the logic circuit. used in a variety of application domains as well as in ingustr
standard tools for electronic design automation. Logialre
is based on a reformulation of the conventional RC model
I1l. SEU-INDUCED TRANSIENTS of CMOS gate delay which separates the effects of gate size,
topology, parasitics, and load. Using logical effort, thedagy 7
In this section, we briefly review the linear model proposeof a gate with input capacitandg; is estimated by modeling
in [26] for the computation of the waveform of the SEUit as a linear function of the load; being driven and is given
induced transient at the site of the particle strike. The ehodby gh + p whereg is the logical effort,h equalsC;/C; is the
can be used to obtain both magnitude and duration of th&ectrical effort (and hence fanout), and the parasitiaylel
transient waveform at the site of the strike. Further, thel@ho is the intrinsic delay of the gate.
integrates gate scale factprand load (through fanout) that
are central to post-mapping transformations such as gsite reA- Three-parameter linear mode), (h, Q, €)
ing, fanout optimization, resynthesis and remapping, [@@] Consider Fig. 2 that presents a linear RC model for the
making it compatible with synthesis tools for SEU-robuste nanD gate from Fig. 1 that is analogous to the model used for
evaluation and design. logical effort. Ry is the equivalent resistance that models the
The differential equation for the SEU-induced transient afffects of the nMOS transistors that dissipate the charge an
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1F
100nm, 2-input NAND; 7, = 0.2ns
08l Tn = 5.39 +3.14h +17.49-1012Q - 1.27¢ ps
= 1 - SPICE
~ 06\ F -
E” ( FQZ, 0.16pC, ¢=1.2 _ Model
S o4\
> FO4%0.12pC, ¢= 1.7
Fig. 2. Linear RC model fonAND gate when a particle strike occurs at its 0.2/ s = FO6, 0.10pC, =2
primary output. The nMOS transistor network is replaced lg e¢quivalent [ T e T
resistancefip. % 02 0.4 06 0.8 1
Time (ns)

restoren to its original value. The produd®pC,, is denoted Fig. 3. Transient waveforms for 2-inpwiaND gate in100 nm technology.
by 7,, — it can be interpreted asracovery time constarthat ™ was calibrated as a function of fandutcharge(, and scale factof [26].
reflects the ability of the transistors to dissipate the dépd
charge to restore the node to its original logic value. Adine
model forr,, along the lines for delay in logical effort, as
a function of the particle charg@, the fanouth, and the gate
scale factor is given by:

Let ¢ denote the distance of the gate on the sensitized path
from the site of the strike. For each logic gate (other than
the site of the particle strike) on the sensitized path for
SEU-induced transient propagation, there are three paeasne

T = ag + aph + agQ + agf (3) that are required to reconstruct the waveform. These are the

_ _ ropagation time-constants for rising and falling edgeshef
whereay, an, ag, andas are constants determined using thgr Pagd J g cd

o _ A ansients denoted by, andr; ., the minimum and maximum
calibration techniques from [26] and summarized in Sec. V. P

. . . . . values of voltage of these transients denoted iy and
With this model, the differential equation for the SEU g By,

Vi and the time instants at which the rise and fall of the

induced transient at the output of thexnb gate in Fig. 2 propagated transients begin and end at the gate denoted by

is given by: t;f andt;,. In the next three sub-sections, we describe how
c dve, _ () — Ve, _ 4 ) — CnVe, ) these quantities are defined and measured from the SPICE
ode ! Rp " T simulations of the calibration structure described in Séc.

This is a first-order differential equation whose solutianc  1he models for propagation of SEU-induced transients are

be obtained through the use of integrating factors. The firfdfssified based on the distance (i.e., levels of logic) that
solution to the transient waveforii, (¢), whenr, < 7, that Separate the gate from the site of 'Fhe parpcle strike. Guitias .
is the the most commonly encountered case for logic gates f3f€x: equals 1, i.e., gates in the immediate fanout of the site

nominal values o, is given by of the strike, are analyzed separately.from gates that ape at
0 distance of two or more levels of logic from the site of the
Ve, (t) = 0—(77”) (e—t/w — e—t/m) strike for two reasons. First, the waveform at the input céteg
n \Ta — Tn

with index 1 has the capability to rise abowgp (or fall below
Without loss of generality, the parametey that controls the 0) for large charges. Second, the double-exponential eatur
rise time of I, (t) is ignored for the rest of this discussionthe voltageV, (t) driving the gate has a form and slew rate
Note that all the analysis is easily extended to (i) doubkdtogether different from single-pole exponential wavefs
exponential models for the injected current with non-zefo of the type encountered at the outputs of logic gates.

and (i) 1 — 0 SEU-induced transients — both are described l&l p tion time- ; . dri
detail in [26]. . Propagation time-constants,. and 7,

Fig. 3 presents the results for the 2-inpukNp gate in ~ Without loss of generality, consider theAND gate at
100nm technology whenr, is modeled as a function of distance 1 from the site of the particle strikeDA- 1 transient
fanouth, chargeQ, and scale factof. The solution forr,, was &t n produces al —0 transient at the output of this gate.
obtained following the calibration runs described in Sec. \pince the fanout gates reproduce waveforms delayed by an
The graphs shown in the curve are for three arbitrary pa@§ount equal to the propagation delay of the gate, the shape
chosen in the the calibrated space. Since SEU simulationOfsthe propagated waveform is very similar to the stimulus.
always run on a fixed library of gateg,is always fixed for In logical effort, thegh + p form for the propagation time-
all the gates in the library. We thus focus on a two-parameteé@nstantr reflects the fact that the only factor that influences

model 7, (h, Q) for the rest of this paper. the propagation delay is the fanout of the gate. Analogous
to logical effort, a first-order RC model for the propagation
IV. PROPAGATION OFSEU-NDUCED TRANSIENTS time-constant for the falling transition & is denoted by .

The necessity to reproduce the waveforms of the SEblowever, for SEUs, the shape of the stimulus varies depgndin
induced transients along a functionally sensitized prapag upon the deposited charge and the fanouth at the site
path arises since soft error analysis depends on accumaftehe strike. Thus, in the absence of a universal stimulus
simulation of electrical and temporal effects on such fets. waveform (assumed for logical effort), the linear modeltfoer
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propagation time-constants must include the effects oh baemporal information used to time-shift the waveforms can

h and Q. Since the shape of the SEU-induced waveform Ige calculated in a straightforward manner when we recognize

determined by the recovery time constaptof the gate at the that the propagation time-constants essentially correspo

site of the strike, and since it accounts for bdthand @ at the 50% crossing point (with @n2 factor) on the input

the site of the strike, the propagation time-constatj}sand waveforms. In other words, a fanout gate turns on and begins

T;f are modeled as functions of local fandytand the shape a rising/falling transition when its input reach@$Vpp in the

of the input stimulusr,,. falling/rising directions. Leit;}l (t;;l) be the time instant at
For gates at a distance 2 and higher, the propagation timeiich the input to a gate begins a falling (rising) transitio

constants are modeled as a function of the shape of fhiee time instance at which the output of the gate begins its

stimulus in addition to the local fanout;. Since the shape rising (falling) transition is given by addinqjjlhﬁ (r;;llnz)

of the rising and falling edges atis influenced byr;;1 and to these time instants.

Tg;l of the (i — 1)*" gate respectively, linear approximations As explained before, gates at level 1 constitute a corne, cas

for the propagation time-constants are given by the folgwi Since the stimulus can have a peak larger (or smaller) han

expressions: on a0—1 (1—0) transient. This is handled in a straightfor-
ward manner by modeling, . and ¢, as functions of the

o) Top (Tas ) ti=1 shape of the double-exponential stimulus, i.e., as funstio
Tpf = T;-f (Té}_la hi) ti>2 of h and @ (and hence implicitlyr,,). Linear approximations

for the time instantg; ; andt;, used to reconstruct temporal
information for the propagated waveforms are given by the

i o (Tny 1) =1 following expressions:

pr i (Tgfl’hi) L0 >2 P RO P
7, andr!, are directly obtained from the calibration runs by T i e i 2
measuring the time that the output waveformlattakes to
rise (fall) from O (/pp) to 0.5pp. i tzl)'r‘ (h, Q) i1
B. Minimum and maximum voltagé& . and V. pf = Fol g riclng 1> 2

In addition to the propagation time-constants, the minimum
and maximum voltages reached by these propagated tramsiéht Waveforms
is essential to reproduce the waveforms completely. As wasThe piece-wise expressions used to construct the waveforms
shown in Fig. 1, the transients can have a swing that is le€fss V-, Vi, Vo, andVs are presented in Fig. 4. The waveforms
than the full range{0, Vpp}. Analogous to the propagationare obtained by a straightforward traversal of all the gates
time constants, the minimum and maximum values of tledong a functionally sensitized path. Since the waveforms
transient voltage at each stage can be parameterized as fwoeresponding to different charges can all be computed in a
tions of the shape of stimulus and the local fanbutLinear single pass (as opposed to multiple SPICE runs), significant
approximations for the minimum and maximum values of theomputational savings are obtained since soft error aisalys
SEU-induced transients along a propagation path are giyentbchniques simulate over a range of deposited charge (ihis c

the following expressions: responds to a range of incident particle energies). In Séc. V
. . we present simulation results for several randomly geadrat
Vioo— Vanin (Tn, hi1) =1 combinational netlists to illustrate the computationatiaacy
mim Vi (Timt b)) 1i>2 and efficiency of the proposed method.
V. CALIBRATING THE MODEL
‘ Vi (Tn,h1) =1 A single 3-stage calibration structure, based on the 4estag
Vinax = Vi i1\ L is9 structure proposed in [7] for logical effort analysis, isosim
max (Tpf ’ 1) = in Fig. 5. This structure can be used to calibrate the gates fo

Note again that a distinction is made between gates at log@th 0 —1 and 1 — 0 transients by setting the inputs to the

level 1 and gates that are two or more logic levels remov&@tes appropriately. Note that the structure can also b tose
from the site of the particle strike. calibrate gates for strikes at internal nodes in order toeiase

4 4 simulation accuracy. For@— 1 SEU-induced transient, three
C. Time instants),; and,,, sets of coefficients for each logic gate in the library forteac
With propagation time-constants and min-max values on te@mbination of parameters, @), h1, andh, are given by
transients, the waveforms can be reproduced accuratechte 1) 7,, when the gate is the site of the particle strike,
of the nodes. However, it is necessary to include temporal2) 7}, and 7}, V,\;,, andt), and ¢, when the gate is
information with the waveforms to obtain the exact time driven by a gate at whose output the particle strike
instants when the transient reaches nodes along the path. Th  occurs, and
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Vcn (t) = CQ(7_T+7_) (e_t/Ta - e_t/Tn) : 0 S t g tmax

Vbp 0<t <ty
Vit) =4 Vo = (Vo — Vi) (1= 70750/ ) el <i <l
Voo = (Voo — Vi) (€70 15/75r) by << tma
0 0<t <2,
Valt) = q Vi (1- et/ <<t
Vi (e7010/70r) 25 <t <
Vbp :0<t< t‘:,f
Vs(t) = Vo = (Vo — Vi) (1= 0750/ ) o8 <i <l
Vop — (Vop — Viin) (e_(t_t?”)/fgr) (13, <t < tmax

Fig. 4. Expressions used to construct the waveforms alon&HEid's propagation path

3) 7,; and 7., andV;,,, when the gate ig > 2 levels values of voltageVc, and current/c, over the simulation

of logic from the site of the strikeVi, for i>2is interval [0,7,], 7, can be obtained by rearranging the terms

approximated using the expressitvbp — Vélia;l))_ in the integrated form of Eqgn. 4 to obtain:

In logical effort, two preliminary stages are used to shayee t o Cn Jo" Ve, (t)dt 5)
slope of the stimulus, Here, this is replaced by the firstestag " Q (1 — e*t/fa) - OT“ I, (t)dt
that contains the gate under calibration. A current soutrtieea

There is an entry corresponding to each combination of free

output (and not the input) of the gate under Cal'brat'on%rvvariablesh, O, hy, and hy in the matrices. Robust linear

as the stimulus. With respect to the first stage, the secodd Bgression based on an iteratively re-weighted least sgquar
third stages are there to serve as a load on the first stagle. E‘.g orithm (functionr obust fit in MATLAB) is then run

stage contains a primary gate (a), a load gate (b), and a | each of theM matrices to obtain the coefficients for the
on the load (c). Gate (c) is essential to model the gate-dr:?i ear models

overlap capacitance and prevents the output of gate (b) from
switching rapidly. Gate (a) in the first stage is the gate unde

. . N . ; . v, /QEU v, v,
calibration; its inputs have stabilized and its output is #ite @ o @ @
of a particle strike. All side inputs are set to non-contng!
values to allow the propagation of the SEU-induced transien h-1 copies hy-1 copies hy copies

through the stages.

Similarly, the second and third stages are present to eadibr
the gate’s propagation properties to SEU-induced tratsign rcopies
its inputs. When the gates (b) and (c) that load the third stage
are accounted for, the 3-stage structure has a total depth of
five logic levels. In [26],h; and ho were equal toh in the
second and third stages. However, to factor varying fanout Fig. 5.
conditions along a propagation path, and i, are allowed
to vary independently over the rand&, h.,.. } increasing the
number of calibration runs that need to be performed. A. Choosing charge

The pseudo-code for the procedure used to calibrate thdJpper bounds on the charge used for calibration are deter-
gate in the test structure for a range of valueshpi), h;, mined as follows. The term linear energy transfer (LET) is
and hy is given in Fig. 6. Besides the range of values foused to describe the sensitivity of a process technology to
fanout h, hy, and h,, the range of values for charge is SEUs. A particle with a LET of 1 MeMm?/mg deposits
determined by process-related factors (see Sec. V-A). Eagbproximately 10 fGim of electron-hole pairs along its
SPICE run is used to measure and populate the entries oftedick [3], [30]. The LET of very few ionizing particles in
the M matrices shown in Fig. 6 except!,, . In order to silicon is higher thari5 MeV-cm?/mg [31], [32]. The LET of
populateM.. , 7, is obtained from the simulation trace usinga particle is multiplied by the charge collection depth teadr
the technique described in [26] as follows. Using the averathe total electron-hole pairs generated by a strike. Fotgs®

o)

n

h, copies

Stage 1 Stage 2

Proposed test structure to calibrate the model.

Paper 37.3 INTERNATIONAL TEST CONFERENCE 6



hmax — Maximum allowed fanouth k1, hs2) for gate-under-calibration

Qmax — Maximum calibration charge for process technology

Ta — junction collection time-constant for the process technology

M., — Matrix with calibration entries fot,

M.,.IIUP, pr%w My, Mt;f, and/\/ltér — Calibration matrices for level= 1 gates
MT;,f, Mo and My — Calibration matrices for level > 2 gates

for h « 110 hmax by 1
for Q@ < Qmax/5 t0 Qmax BY Qmax/5
for hy < 1 t0 hmax by 1
for ha < 110 hmax by 1
do RUN-SPICE(h, Q, h1, ha, Ta)

Tn <= COMPUTE-T,(h, Q, Ta); UPDATE(M.,,, Tn, h, Q,)
MEASURE—AND-UPDATE(MT;f,Tn,hl); |\/|EASURE—AND-UPDATE(MT}W,Tmhl)
MEASURE-AND-UPDATE(M 1, Tn, h1)
MEAsuRE—AND-UPDATE(Mt;'Th,Q); MEASUREAND-UPDATE(M,1 , h, Q)
MEASURE-AND-UPDATE(M i, Tp., h2); MEASUREAND-UPDATE(MT;;T,Tﬁf»hz)

pf

MEASURE-AND-UPDATE(My; Top h2)
Tn(h, Q) < RUN-LINEAR-REGRESSIONM,,)

Top (T, h1) — RUN-LINEAR-REGRESSIONM.1 ); Tpr(Tn, h1) « RUN-LINEAR-REGRESSIONM .1 )
» -
Vigin(Tn, h1) +— RUN-LINEAR-REGRESSIONM 1 )
t,l,’f(h,vQ) — RUN-LINEAR-REGRESSION{Mt}Jf); t},T(h,Q) - RUN-LINEAR-REGRESSION{M%T)
7o (ot hi) — RUN-LINEAR-REGRESSIOI‘{MT;f); T;,T(T;;l,hi) — RUN-LINEAR-REGRESSION{MTIL;T)

P
Vinax(Tyz 1> hi) < RUN-LINEAR-REGRESSIONMy:i )

P

Fig. 6. CALIBRATE-GATE(hmax, @max, Ta) for 0 — 1 SEU-induced transients

technologies o180 nm and higher, the charge collection deptieharge 0f0.30 pC for a 180 nm technology. Note that these
does not change significantly and is typically 2 microns imalues are only a guideline to determine the maximum charge
epitaxial (as well as bulk) substrates [3], [33]. This gias for a process technology.

upper bound of).3 pC for 180 nm process technologies. For
smaller feature sizes, the charge collection efficiencyabses
primarily due to higher channel doping density and a deereas

TABLE |
MAXIMUM CHARGE USED FOR CALIBRATION

in active layer thickness, which reduces depletion widtd an Process Doping ch c
channel funneling [27], [33], [34]. In [19], an inverse lame technology (nm)| density (cn?) arge (pC)
relation between collected charge and doping density was 180 5.9. 107 0.30
determined empirically. For example, since uniform te¢hno 130 56- 10" 0.3¢
ogy scaling [35] increases doping density by a factorof 100 9.7 107 0.18
(equalsy/2) in successive process technologies, upper bounds 70 12.0- 10" 0.15

of 0.21pC, 0.15pC, and0.11 pC can be derived fot30 nm,
100 nm, and70 nm process technologies. In Sec. VI, we us _ FO2 2-iNpUtNAND CHAIN

the actual values of doping density to scale the base value ] o ]
of 0.30pC to obtain the calibration limit for smaller process We firstretum to the example used in the motivation (Fig. 1)
technologies. and compare the waveforms obtained using the proposed sim-

ulation technique (solid curves) with the reference warefo
obtained through SPICE simulations (dotted curves) in Fig.

It is clear from the figure that the results obtained using the
proposed method are in excellent agreement with the results

o ) obtained using SPICE simulations, both in terms of mageitud
The SPICE libraries for four process technologiesSénm, 5.4 quration of the propagated transients.

130 nm, 100 nm, and70 nm — were obtained from the Berkeley ) )

predictive technology model [36]. We used = 0.2ns and B- Arbitrary propagation path

75 = 0 in all our simulations. The maximum charges used In order to verify that the technique works with arbitrary

for calibration of each process technology are presenteddembinational logic networks, we implemented a random

Table 1. The charges were derived based on the discussion _ .
dins V-A. The dopina densities for the n-chan The doping density for the30nm process technology does not follow

presente _m ec. : p_ 9 Rfe scaling trend. However, for consistency, we did notratés and used

were obtained from the SPICE files and used to scale the basepC as the worst-case charge for tt0) nm process technology.

VI. SIMULATION RESULTS
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100 nm technology, FO2 2-input NAND chain (h, Ay, hy, by, ... =2)
0=0.15pC

0 =0.18 pC

0.8

0.6r .

Voltage (V)

04r°

0.2f-

Time (10! ns)
Fig. 7. Waveforms for FO2 2-inpiNAND chain (L00 nm technology) obtained using proposed method (solid cyiaves SPICE simulations (dotted curves).

h=4 h=2 hy=4 hy=3 h=2 h=1 hy=3 hy=2

Voltage (V)

Time (10! ns)

Fig. 8. Waveforms obtained for SEU propagation along anfyitfanctionally sensitized propagation paths extractednfrandomly generated netlists and
random particle charge. The solid (dotted) curves are nbthusing the proposed method (SPICE simulations).

netlist generator. The propagation paths were then erttacanalyzed separately by assuming that only one path is active
and all side inputs of other fanout gates on the path wer@sett any instant in time. This is a conservative approach and
controlling values. Thus, the SEUs could propagate alomg orensures that worst-case transients are propagated. THe fina
one functionally sensitized path. The functionally séme@ magnitude and duration of the transient due to reconvergent
path was then extracted and the SEU was simulated usfagout and propagation along multiple paths to the same
SPICE as well as the proposed method to a logic depth obdtput gate is handled by expanding overlapping arrivats an
gates. The waveforms for two out of several simulated cassmsidering the maximum of the propagated transients. Our
are presented in Fig. 8. For the case wijhequals0.18 pC simulation results indicate that on average, the magniaundke
(0.16 pC), the fanout along the propagation path Wa2,4,3 duration about).5Vpp of the propagated transient obtained
({2,1,3,2). As explained above, only one propagation pathsing the proposed model is accurate to within 10% of the
was chosen for simulation. When the case with the abilitgsults obtained using SPICE with over 1000X improvement
for a SEU to propagate along more than one fanout gdtecomputational speed.

is encountered, the two different propagation paths can be

Paper 37.3 INTERNATIONAL TEST CONFERENCE 8



VII. CONCLUSION [16]

In the future, as the soft error failure rate of logic cirsuit
becomes unacceptably high even for mainstream application?]
high-level SEU analysis and robustness techniques wilf pla
a critical role in accelerating convergence to SEU-tolerapg
designs. A comprehensive technique for simulation of tran-
sients caused by SEUs in combinational logic circuits w?ls]
described in this paper. Based upon linear RC models o?
gates, the proposed technique is compatible with a range of
charge deposition as well as propagation paths with varyif§!
fanout, topology, and types of gates. The close similaity t
logical effort, high accuracy, and computational ease mdtke [21]
attractive for integration into design automation tools.

[22]
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