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Abstract— A closed-form model for simulation and analysis of ~ This paper is a first step towards the development of a
voltage transients caused by single-event upsets (SEUs) in logicunified, accurate, and efficient closed-form model for (i-si
circuits is described. A linear RC model, derived using a SPICE- ulation and analysis of SEU-induced transients and (i) SEU

based calibration of logic gates for a range of values of fanout, . . A .
charge, and scale factor is presented. A full set of experimental robustness driven design-for-reliability techniques.eTgro-

results demonstrate that on average, the model is accurate to POsed approach resembles logical effort [23], [25] which is
within 5% of the results obtained using SPICE with over 100X widely used to estimate gate and path delays in integrated

improvement in computational speed. Besides simulation and circuits. A linear RC model, derived using a SPICE-based
analysis of SEU-induced transients, the proposed model can be qgjinration of logic gates for a range of values of fanout,
used to perform reliability-aware logic synthesis through the - . .
incorporation of robustness metrics to tune cell libraries. charge, and scale factor is introduced m_ this paper. Theemod
has a closed-form solution for the SEU-induced transiemd, a
l. INTRODUCTION can be inte_grated into simulation_ tools for soft error fadlu
rate analysis. A full set of experimental results demomstra
Technology trends, including smaller feature sizes, lowetiat the model is accurate to within 5% of the results obtiine
voltage levels, higher operating frequencies, and redlamid using SPICE on average, with over 100X improvement in
depth are projected to cause an increase in the soft erharefai computational speed. The model is also compatible with load
rate in nanoscale integrated circuits [2], [14], [15], [38pft and performance constraints, and can be easily integrated
errors occur as a result of single-event upsets (SEUs) dauifto several design automation tools. Cell library synihes
by high-energy neutron or alpha particle strikes in integfta and characterization tools can use the model for designing
circuits. Although soft errors cause no permanent damagg, t SEU-tolerant versions of cells subject to area-delay-powe
can severely limit the reliability of electronic systems. constraints. The model can also be used for back-of-the-
As design complexity increases, there is significant istereenvelope evaluations of soft error robustness, and can be
in the development of (i) simulation and analysis techniqueised with logic synthesis tools to identify and harden highl
for SEU-induced transients and (ii) SEU-robustness meefdc  susceptible gates in a design [29].
incorporation into the design flow at higher levels of design The rest of this paper is organized as follows. In Sec. Il,
abstraction. In addition to the capability to simulate agen we provide an extensive background and motivate the problem
of SEU particle energies (charges), logic synthesis angjdes addressed in this paper in greater detail. In Sec. Ill, we
for-reliability technigues require the capability to avale and describe the proposed model and derive closed-form saokitio
optimize logic gates over a range of load and scale factorsftg the waveform of the SEU-induced transients. In Sec. IV,
meet design constraints. Such SEU-robustness metricsdwowe present an algorithm to calibrate gates for the proposed
facilitate convergence to inherently reliable solutiomsttmeet model. In Sec. V, we present and discuss simulation results.
area-delay-power objectives. This will not only lessen th®ection VI is a conclusion.
investment in SEU analysis and hardening strategies in the
latter stages of the design process, but also decrease the Il. BACKGROUND AND MOTIVATION
number of iterations in the design cycle. Current techniques for SEU-induced transient analysis and
Research in this direction has been hampered by the absesiosulation fall into device-, circuit-, and logic-level tegories
of efficient and accurate models for SEU-induced transjentiepending on the extent of accuracy desired and the computa-
primarily because of the non-linear nature of the diffei@nt tional complexity. Device-level approaches take into acto
equations. Whereas several approximations have been pnteractions at the nuclear level, and yield accurate tesil
posed and are discussed in Sec. Il, there is no comprehensixerbitant computational cost. Whereas these can be used to
model with a closed-form solution that is immediately usabluide post-layout soft error analysis techniques, theynacan
not only for simulation, but also across the broad range gfiide synthesis tools in the early phases of design space
transformations that constitute logic synthesis. Suchifiedn exploration. Examples include the work of [21] that formed
model would have several advantages as soft error related cthe basis for many modeling programs such as [13] and the
cerns emerge even in mainstream cost-sensitive electrf#t]lic soft error Monte Carlo modeling program (SEMM) [17].



A. Fanout, charge, scale factor, and process technology

Consider a 2-inpulAND gate driving one or more identical
2-input NAND gates in its transitive fanout to two levels
of logic that approximate loading conditions (described in
Sec. IV). The charge deposition due to a particle strike at th
outputn of the NAND gate is modeled by a double exponential
current pulsel;, (t) atn [6], [16], [24]:

e

Fig. 1. Simulation setup for Fig. 2. A SEU modeled by a doubleoexmntial
waveformIj, is injected at the output of a 2-inpstaND gate, whose fault- Ln(t) = Q o t/Ta _ o~ t/Ts 1)
free value is 1 (both inputs are high). Note tligt equals{(Co, + hCY). m - (Ta _ Tﬁ)

where ) is the charge (positive or negative) deposited as a

- . result of the particle striker, is the collection time-constant

In contrast, circuit- and logic-level approaches use a doy e junction, andrs is the ion-track establishment time-
ble exponential model [6], [16], [24] for a SEU at a nOdeconstant.TCY and 73 are constants that depend on several

(Egn. 1, Sec. II-A). Logic-level approaches are abstraetio . t
. d . . process-related factors. Note tha, ... fo I;, (t)dt equals
based, approximating SEU-induced transients by squa&e:pulQ for conservation of charge.

with equivalent magnitude-duration profiles. Such modeé¢s a The output response of theand gate (determined using

mfainly used for fault injection and simulation, and COMPIOsp)cE simulations) to a SEU that produce8 & 1 transient
mise accuracy for speed of computation. Examples inclu Fthe output—for combinations of values of fandutcharge

linear regression modeling in the gate-level trans'en“tfalﬂepositionQ, gate scale factog, and process parameters

simulator described in [4] and square pulse modeling in [l]and T3—is presented. Note that fanout is measured in terms

Circuit-level approaches constitute the middle ground bgs ijentical gates and the scale factor is uniformly apptied
tween device-level and logic-level simulation approacE#s- 5| ransistors in thevanD gate and the fanout. A transient to
pirically verified circuit-level models, such as [8], useaficg logic 1 (logic 0) refers to the case when the steady-state log
factors to extend the base model for a 600nm process tegh e ap, is logic 0 (logic 1) in the fault-free case and a SEU
nology to other feature sizes. SPICE-based circuit-leyel 3generates a positive (negative) transition to logic 1 ddiat
proaches, such as [27], depend on lookup table and databgseggih inputs of thenanD gate are set to logic 1, so that the
for simulation. A second class of SPICE-based circuitllevgyiage is 0 at in the fault-free case. The worst-case transient
approaches have focused on the solution to the transisig&urs when the site for the particle strike is the gate dytpu

level differential equation to obtain a closed-form s@uti gjnce transients at internal nodes are reduced in seveityd
for the SEU-induced transient at the output of a logic gatﬁwy propagate to the output of the gate.

This is a non-linear second-order Riccati differential&én. |, each sub-figure, it is clear that as the fanbuincreases,
The absence of a particular solution for the initial comif e magnitude and duration of the SEU transient diminishes
precluo_les the existence of a _general closed-form s_oluthgpidw_ For fixedh, €, T, and 73, larger charges increase
Numerical methods suggested in literature to solve thi®eqyransient severity. Largeér(gate sizes) increase SEU-immunity
tion include the use of a computationally expensive infinitg,q giminish SEU effects. Finally, the process parameter
power series solution [22] and numerical analysis based gy ., also determine the magnitude and duration of the
the fourth-order Runge-Kutta method [28]. In [6], the me&thoy,sjents. Parameters and ¢ are central to post-mapping
from [22] was improved using piecewise quadratic functiongynsformations such as gate resizing, fanout optimizatio
to further improve the accuracy of simulation. In [5], a ﬁrStresynthesis and remapping, etc. [9] and hence are integral t

order RC model for pulse width computation, augmentgfle’yevelopment of the unified model for simulation, analysi
by a set of rules for transient propagation was proposed in synthesis described in the next section.
a switch-level simulator. In summary, previous research on

circuit-level methods for SEU-induced transients are timhi  [1l. PROPOSED THREEPARAMETER MODEL T, (h, @, &)

in their flexibility for the dual objectives of synthesis and The gifferential equation for the SEU-induced transient at
simulation. The closed-form model proposed in this papés fai,q output of theNAND gate in Fig. 1 is given by:
into the category of circuit-level techniques and overceme v

c

these drawbacks. The model can be used to obtain both Cr—m = Ln(t) — Ip(t) 2)
magnitude and duration of the transient waveform at a logic dt

gate. In combination with transient fault propagation nisdewhere C,, is the total load capacitance (load and parasitic)
such as [19], it can be used to accurately simulate SEUsahn, I;,(t) is the double exponential current pulse modeling
logic circuits. Further, the model integrates gate scat¢ofa the SEU, andp(t) is the current through the nMOS transistor
and load (through fanout) making it compatible with synthesnetwork restoring the output to its fault-free value. Ndiatt
tools for SEU-robustness evaluation and design. The velatC,, equals¢(C, + h(C), since ¢ scales both the gate and
simplicity and high accuracy allow it to be used early in thés fanout. Sincel(¢) is non-linear inV¢,, the differential
design process to evaluate design alternatives. equation is equivalent to a non-linear second-order Riccat
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Fig. 2. Output transient as a function of fandutcharge@, scale factog, and collection time-constant, for a 2-inputNAND gate in 130nm technology

calibration techniques described in Sec. IV.

With this model, the differential equation for the SEU-
induced transient at the output of theND gate in Fig. 3
is given by:

dVe,
dt

= Iin(t) — == _GaVe,

Ch -1,
Rp Tn

4)

Fig. 3. Linear RC model fonAND gate when a particle strike occurs at its

primary output. The nMOS transistor network is replaced by elquivalent We will return to the formr,, = RpC,, in Sec. IV when
resistanceftp. we describe a methodology to calibrate the proposed model
to obtain7,. A rearranged version of differential equation 4,
shown on the left, is equivalent to the first-order diffeiaint

differential equation with no closed-form solutions. kes, Sequation of the form shown on the right.

we turn to the method of logical effort [23], [25], which ha

been widely used in a variety of application domains as well dVe, Ve,  ILn(t) _ dy B

as in industry standard tools for electronic design autamat a5, ¢, dz + p(x)y = q(z) ®)
Logical effort is based on a reformulation of the converaion

RC model of CMOS gate delay which separates the effects gie solution to this first-order differential equation cae b
gate Size, topo|ogy’ parasitiCS, and load. Using |Og|c‘mref obtained through the use of integrating factors. The final
the delayr of a gate with input capacitane® is estimated by solution to the transient waveforivi, (?) is given by
modeling it as a linear function of the lo&¢ being driven and et

is given bygh+p whereg is the logical efforth equalsC;/C; Vo () = Q ot/ (e n.e a|0> ©)

is the electrical effort (and hence fanout), and the pacasit " CnTa /1 — 1/74

delayp is the intrinsic delay of the gate.

Consider Fig. 3 that presents a similar linear RC model f§¥ithout loss of generality, the parametey that controls the
the NAND gate from Fig. 1Rp, is the equivalent resistance thafise time of I;,(t) is ignored for the rest of this discussion.
models the effects of the nMOS transistors that dissipate thote that all the analysis is easily extended to double expo-
charge and restore to its original value. The produdt,C,, Nnential models for the injected current with non-zefpand
is denoted byr,,, which can be thought of as a recovery timés presented in Sec. llI-C.
constant that reflects the ability of the transistors toigie
the deposited charge to restore the node to its originatlogh. Ve, (¢t) and Vg, (tmax)
value. Based on the discussions in Sec. II-A, the recoverg ti
constantr,, would be a function of the particle chargg the
fanout h, and the gate scale factgr A linear model forr,,
along the lines for delay in logical effort, is given by:

Depending on the relative values of and 7, there are
five primary intervals inr,, € [0, c0) that need to be analyzed
in order to obtain the solution for the transient waveform.
Further, except the limiting cases when equals 0 oroo, it
T = ao + aph + aoQ + acé (3) can be easily shown that the voltadie, (¢t) at the affected
node changes from its steady-state value and reaches a peak
whereay, an, ag, andas are constants determined using thealue, before finally returning to its steady-state valube T



peak value that the node attains is obtained by differéntjat This is the most commonly encountered case for logic gates

Eqgn. 6 and solving for the time instant.., as follows: for nominal values of, and is further discussed in Sec. V-D.
S . For the special case whef) << 7, which would be true for
(rnfm) In ( ) Tn > Ta a large buffer, the terms simplify to
tmax = Ta Tn = Ta Q T
(TZWI;XH) hl <:—Z) :Tn < Ta VCn (t> C TZ 7t/TO‘ ( - e*t/'rn) and
(i) 7, = co: This is a limiting case for dynamic nodes, since Ve, (bmax) ~ Q (T_n)
Rp is co and the node is not driven. In this cases, the transient e Cn \Ta
voltage Ve, (t) is an exponential function given by (v) 7,, = 0: This is again a corner case when the charge is
Q —t)r dissipated as quickly as it is depositédd;  (¢) is always 0 in
Vo, (1) = 2 (1-e7t/7) ; "
n C this case.

The maximum value of the voltage disturbance is given By sEU.induced — 0 transients
Ve, (tmax) = Q/Cy,, 1.€., when all the charge is transfered to

the capacitor. This is the model that would be used for DRAM The generalhsolu::on folr the voltag@a (t) foIIo_V\_nng il ~
cells as well as dynamic logic nodes. 0 transient, when the voltage at a node transitions fiGm,

(i) 7 > 7a: Ve (1) is given by to lower values and back t@pp is given by:

_e—t/Ta S
Ve, (t) = g Tn (e—t/Tn B e_t/T“) Vbp (1 c,L (1—e )) I Th = 00
n Cn (Tn 7'0() Vo (8 Vbb (1 CQ (T e ( —t/Tn ,e—t/ﬂ'a)) L Th > Ta
. . . . ) Ch t) = n—Ta)
Re-substitution of this value fot,.x in the above equation Voo <1 _t/m)) —

gives the following expression for the peak valuel@f, ().

Cn (Ta—Tn)

VDD<_£ = (4/7‘*—6%/7")) $ T < Ta

Q Ta \ ™77
Ve, (tmax) = o\ The expressions fot... given in Eqn. 7 would still hold,
oA though the time instant corresponds to a minimty, for

For the special case when >> 7,, the terms simplify t0 .4 transients under consideration.

Q —t/T —t/T,
Ve, (t) ~ e K (1—6 g ) and C. Non-zerorg
Q [7a)\ The parameterrg controls the rise time of the current
Ve, (tmax) & o (T—O‘) pulse I;,(t) and is usually negligible in comparison tg,.

Ignoring 75 diminishes the severity af;,(¢) slightly and pro-
In the limiting case, the behavior fat, >> 7, approaches yides a conservative estimate fig: (¢). Since the integrating

that of soft nodes above. The casg >> 7, is relevant factor used to solve Eqn. 5 i€/t», the general solution for
for dynamic logic gates with a weak keeper, when the logig, (t) for non-zerory is given by:

value may be fully corrupted following a particle strike,tbu . e/ ot/
is eventually restored by the keeper. Ve (1) = Let/m /T e7t/Taly e T,
(i) 7, = 7.: In this case, the solution in Eqn. 6 is " n Ta(l/mn = 1/7a)  7(1/mn —1/7p)

misleading since it seems to suggest that the charge can be
dissipated as fast as it is deposited and Wat(?) is always 0. There are several regions of interest, based on the relative
Using I'HOpital’'s rule, or by direct integration of Eqn. 6 withvalues ofr,,, 7, and 3. For 73 < 1, < 7o (which is most

7, equal tor,, V¢, (t) is given by: relevant),Vg, (t) is given by:
—t/Ta _ o—t/Tn —t/Tn _ o—t/T
Ve, () = @ et/ Ve, (t) = @ (e - -2 - ﬁ)
3 Tn Chn Tao — Tn T™n — T3

Here, tmax equalsr, and Ve, (tmax) is given by: It is important to note that there are no closed-form expres-

o Q e L Q sion for the time instant$,,., and ¢, in this case, since
VC (tmux) = -

= ——Ty€ . T
Cntp e dVe, /dt = 0 results in a transcendental equationtin

Cy

(V) 7 < 7at Ve, (1) is given by IV. CALIBRATING THE MODEL

Ve (t) = Q_ ™ (e—t/m _ e—t/m) The 3-stage calibration structure based on the 4-stage- stru

! Ch (Ta = Ta) ture proposed in [25] for logical effort analysis is shown in
Substitutingt,.x from Egn. 7 in the above expression give§ig. 4. The two preliminary stages to shape the slope of the
the following expression for the peak value af, (¢): stimulus are replaced by a single first stage that contaias th

_Ta_ gate under calibration. A current source at the output (and n

Ve, (tmax) = Q (T_”) e (8) the input) of the gate under calibration serves as the stisoul

Cn \Ta The second and third stages are there to serve as a load on



the first stage. Each stage contains a primary gate (a), a lpad,.. — maximum allowed fanout for gate-under-calibration
gate (b), and a load on the load (c). Gate (c) is essentidgmax — maximum calibration charge for process technology

to model the gate-drain overlap capacitance and preveats [t§max — maximum scale factor for gate-under-calibration
output of gate (b) from switching rapidly. Gate (a) in thetfirs To — junction collection time-constant for the process tfechnol DOy
: T M = (hmax/2 - 5 - Emax) X 4 matrix with calibration entries

stage is the gate under calibration; its inputs have staoili .
and its output is the site of a particle strike. All side irput f%’:L}'lBiA;EtéG,jTE(’g;ag Qmass Emax, Ta);
are set to non-controlling values to allow the propagatiébn p ¢, Q— er:j)/(S t0 Quax BY Qumax/5

the SEU-induced transient through the stages. for & 110 &max
do RUN-SPICE(h, @, £, 7o)
NS Ty, +— COMPUTE-T,(h, Q, €, 7o) > Use Eqgn. 9

UPDATE(M, T, h, Q, §)
(ao,an,aq,as) < RUN-LINEAR-REGRESSIONM)

(a) (a) (a)

h-1 copies h-1 copies

o~

n Fig. 5. CALIBRATE-GATE(hmax,; @max; Emax, Ta)

h copies
used to describe the sensitivity of a process technology to
SEUs. A particle with a LET of 1 Me\m?/mg deposits
approximately 10 fGim of electron-hole pairs along its
track [7], [15]. The LET of very few ionizing particles in
silicon is higher than 15 Me¥m?/mg [10], [26]. The LET of

For values ofh, @, and ¢, the calibration structure is @ particle is multiplied by the charge collection depth téedt
simulated using SPICE over the interyal ,,]. The value for the total electron-hole pairs generated by a strike. Forgs®
7,, is obtained from the simulation trace as follows. Considégchnologies of 180nm and higher, the charge collectiotfdep
the integral of both sides of Eqn. 4: does not change significantly and is typically 2 microns in

T Qv o . [ epitaxial (as well as bulk) substrates [11], [15]. This gian

/ Cp—Smdt :/ Iin (t)dt — —”/ Ve, (£)dt  (9) upper bound of 0.3pC for 180nm process technologies. For

0 d 0 Tn Jo smaller feature sizes, the charge collection efficiencyabses
The term C,(dVcg, /dt) corresponds to the currenic, primarily due to higher channel doping density and a deereas
through the capacitanc€’, and its integral is given by the in active layer thickness, which reduces depletion widttd an
product of the measured average current throGghand7,. channel funneling [11], [12], [16]. In [8], an inverse lirea
Similarly, the average voltage across the capadifer over relation between collected charge and doping density was
the simulation interval is directly obtained from SPICE.eThdetermined empirically. For example, since uniform te¢hno

Stage 3

Fig. 4. Proposed test structure to calibrate the model.

terms in Eqn. 9 can be rearranged to obtajn ogy scaling [20] increases doping density by a factor\of
c, ffa Ve (t)dt (equalsy/2) in successive process technologies, upper bounds
Tn = S (10) of 0.21pC, 0.15pC, and 0.11pC can be derived for 130nm,

_a—t/Ta) _ [T
@ (1 ¢ ) o Lo, (t)dt . 100nm, and 70nm process technologies. In Sec. V, we use
The pseudo-code for the procedure used to calibrate the g€ actual values of doping density to scale the base value

in the test structure for a range of values bn@, and{  of 0.30pC to obtain the calibration limit for smaller proses
is given in Fig. 5. Besides choosing a range of values f@schnologies.

fanout h and scale factog, the range of values for charge

Q is determined by process-related factors as explained in V. SIMULATION RESULTS

Sec. IV-A. This produces a matrix of1 of values obtained  The SPICE libraries for four process technologies—180nm,
with a entry forr,, corresponding to each combination of fre@30nm, 100nm, and 70nm—were obtained from the Berkeley
variables f, @, £). Note that in Fig. 5, the dimensions ofpredictive technology model [3]. We useq, = 0.2ns and

M are (hmax/2 - 5 - {max) rows and 4 columns. Robust linearr; = 0 in all our simulations. The maximum charges used
regression based on an iteratively re-weighted least equafior calibration of each process technology are presented in
algorithm (functionr obust fit in MATLAB) is then run Table I. The charges were derived based on the discussion
on M to obtain the coefficienta,, an, ag, andag. Further, presented in Sec. IV-A. The doping densities for the n-ceann

in order to analyze the effects of process variations and vigere obtained from the SPICE files and used to scale the base
determine tolerance limits,, can also be varied over a rangecharge of 0.30pC for a 180nm technoldgiNote that these

of values and a separate calibration performed for eactevalialues are only a guideline to determine the maximum charge
in this range. for a process technology.

A. Choosing charge ;
. . The doping density for the 130nm process technology doefotiotv the
Upper bounds on the charge used for calibration are det?{féling trend. However, for consistency, we did not altées &md used 0.30pC

mined as follows. The term linear energy transfer (LET) iss the worst-case charge for the 130nm process technology.




TABLE | | .
MAXIMUM CHARGE USED FOR CALIBRATION l()Onm7 2-1nput NAND; T, = 0.2ns
08l Tn = 5:39 + 3.14h +17.49-1020 — 1.27¢ ps
Process Doping _ )
; Charge (pC S L
technology (o density (G ) e o) o 96/~ FO2,0.16pC, &= 1.2 ifﬁ
en - _
180 5.9- 107 0.30 ENIN
130 56- 1017 0 301 >O 0.4
100 9-7 10% 0 18 FO4%0.12pC, &= 1.7
0 . 02 as— FO6, 0.10pC, & = 2
70 12.0- 107 0.15 SN pC. ¢
% 02 04 e .
Time (ns)

A. Accuracy of the proposed model , , _ _
) . Fig. 8. Transient waveforms for 2-inptfAND gate in 100nm technology.
Fig. 6 presents a comparison of the waveforms for the SEY; was calibrated as a function of fanalit chargeQ, and scale factot.

induced transients for a 2-inpyiaND gate in 100nm and a 3-
input nor gate in 130nm process technologies. In all thes;ase
the dotted curves were obtained from SPICE simulations. TR8d chargel). The calibration process explained in Sec. IV
solid curves were obtained when the calibration techniq¥éds performed using all possible pairs for= {2,4,6} and
from Sec. IV was used to estimate and the closed-form @ = {0.036,0.072,0.108,0.144,0.180} pC. The solution for
double-exponential solution was used to plot the voltage obtained following the calibration runs and linear regi@ss
waveform. (¢, Q) were set to (1, 0.18pC) and (3, 0.30pCis given in the figure§ was set to 1 for all the runs. The graphs
respectively. It is clear that the transient waveform otedi Shown in the curve are for three arbitrary pairs chosen in the
using that proposed model is accurate to within 5%, both the calibrated space, and it is clear that the transient foave
magnitude and duration, of the transient waveform obtain@®tained using that proposed model (solid curves) is ateura
using SPICE simulations for values of fanout from 2 to 8. to within 5%, both in magnitude and duration, of the transien
waveform obtained using SPICE simulations (dotted curves)
5 100nm, 2-input NAND . 130nm, 3-input NOR in all the cases.
£=1,0=0.18pC,7,=02ns | ¢=3,0=0.30pC, 7, = 0.2ns
08 C. 7, =ao +anh+agQ + ac&
Fig. 8 presents the results for the 2-inpnAND gate
in 100nm technology wherr,, is modeled as a function
of fanout h, charge@, and scale factog. The calibration
process from Sec. V-B was extended to include triples obthin
using the valueg = {1,2,3}. The solution forr,, obtained
following the calibration runs and linear regression isegiv
in the figure. The graphs shown in the curve are for three
Fig. 6. Comparison of the simulation results for 100nm and #8Onarbitrary pairs chosen in the the calibrated space. For the
technologies between the proposed model and SPICE {h = 2,Q = 0.16pC, ¢ = 1.2} triple, the results are off
by approximately 15%. The main reason is that the triple is
close to the boundary of the space that was calibrated. It is
well known that such points are usually prone to larger srror
, in comparison to points chosen well within the space (as is
. 100?1"12"“{’“(; I;AND the case with the other two curves). Hence, it is clear that th
r =320 +_3.2’9T,;’11i21'1§6,1012Q - accuracy of the model can be improved by not only selecting
FO4, 0.15pC more points W|th|n_ the _cahbratlon space, but al_so by exmyd_
the size of the calibration space to more than just the ndmina
points that occur in practice. Our experiments (that are not
reported here) show that this significantly improves aanura
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... SPICE D. Design-for-SEU-robustness

: With the proposed model, cell library synthesis and contin-
0 02 04 06 08 ! uous, uniform gate sizing can be integrated to allow stahdar
Time (ns) cell libraries to be automatically customized. For example
Fig. 7. Transient waveforms for 2-inpsfAND gate in 100nm technology. cons@er the 2—Inpl_JIt\IAND gate calibrated in Sec-. V-C. Since
7o was calibrated as a function of fanolitand chargeQ. Vop is 1.2V for this process technology, SEU-induced tran-
sients can be prevented from propagating to fanout gates by
Fig. 7 presents the results for a 2-inpND gate in 100nm limiting them to 0.6V at the site of the strike. A simple
technology whenr,, is modeled as a function of fanout analytical procedure to determine the gate sjzerhen the




NAND gate is robust enough to limit the peak of worst-cases]
SEU-induced transients to 0.6V is as follows. For example,
consider the case when the gate drives the equivalent of[

fanout of 2. For worst-case charge 0.18pf;, evaluates to
13.56ps for a unit-sized gate?,, is 12.08fF in this case.
Sincer, > 74, Vo, (tmax) is, from Eqgn. 8, 0.83V. A similar
calculation for¢ equals 2 shows thaVe, (tmax) IS 0.38V.

Thus, it is clear that a unit-sized gated is not robust to SEUEI
and that scaling it by a factor of 2 makes it robust. Using the
bisection method [18] over the intenglk [1, 2], the exact size [g]

for the gate that limits the value of the SEU-induced tramtsie

to 0.6V (or any other voltage) can be determined. For thi

example, the optimum value f@ris 1.35 to limitVg,, (tmax) tO

0.6V. Note that scaling the gate reduces the equivalenutand10l
and hence the load capacitance, since the sizes and topaflogy
gates in the fanout remains unchanged. As a result, the vajue
of 1.35 obtained above is a lower bound. If equivalent fanout
is factored into the bisection-based search to further aver ;5

accuracy, the optimum value fd@ris 1.42 to limit Ve, (tmax)
to 0.6V.

In this manner, the SEU-robustness metric can be incord%)%]

rated during post-mapping transformations to render alla(o

subset [29]) of the gates immune to worst-case SEUs. Ndtél
that gate sizing is conservative. This is because it attetapt |15

limit transients locally and does not account for the atéenu

tion that may occur along a propagation path. However, o
experiments indicate that for the worst-case charges used

calibration, the SEU-induced transients are large enohgh t

VI. CONCLUSION

In the future, as the soft error failure rate of logic cireuit

becomes unacceptably high even for mainstream applicatiop?2]
high-level SEU analysis and robustness techniques wilf pla

a critical role in accelerating convergence to SEU—toIEra[ig]
designs. A closed-form, linear RC model that is accurate in
comparison to SPICE at significantly less computationat ¢
was presented in this paper. The model can also be use
continuously size gates to make them immune to worst-case
SEUs for a process technology. An area for future researéfl
is to investigate how the proposed model can be integratﬁg]

with other technology-dependent optimization algorithaith

multiple objectives of area, delay, and power.
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