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Abstract— A radiation hardening technique for combinational ~detection/tolerance. As the soft error failure rate in reigam
logic circuits is described. The key idea is to exploit the application environments increases, there is a need for low
asymmetric logical masking probabilities of gates, hardening oyerhead solutions to meet the demands of the highly com-
gates that have the lowest logical masking probability to achieve titi d t . . ial
cost-effective tradeoffs between overhead and soft erroraflure  PEUUVE an CQS_ sensitive mamstream commerma maﬂi'et [
rate reduction. The technique, which decouples the physical Whereas traditional fault avoidance techniques for mission
from the logical aspects of soft error susceptibility of a gate, critical applications target all modeled faults, fault Elance

uses a novel gate (transistor) sizing technique that is both techniques for mainstream applications need to targeesaft
efficient and accurate (in comparison to SPICE). A full set of failure rate reductions in a cost-effective manner
experimental results demonstrate the cost-effective tradéfs that This paper describes a new technique fc;r designing

can be achieved. s
radiation-hardened combinational logic circuits thatrepthe
middle ground between no protection/no overhead and very
|. INTRODUCTION high protection/very high overhead. Rather than focus on
When high-energy neutrons (present in terrestrial cosmidl modeled faults, radiation hardening is targeted toward
radiation) or alpha particles (that originate from impiestin the nodes that have the highest soft error susceptibiliy, i
the packaging materials) strike a sensitive region in a serttie nodes that contribute the most to the soft error failure
conductor device, the resulting single-event upset (SE) crate of the logic circuit. This allows cost-effective trads
alter the state of the system resulting in a soft error. Sofire  between radiation hardening overhead and soft error &ilur
in memories (both static and dynamic) have traditionallgrbe rate reduction.
a much greater concern than soft errors in combinationat log The proposed approach belongs to a class of techniques for
circuits (for the same minimum feature size) since memorieadiation hardening that increase (or maximize) the eailitic
contain by far the largest number and density of bits susceptharge @)..;;) for nodes in a designQ.,;; is the minimum
ble to particle strikes. In the next decade, technologydsen amount of charge that needs to be deposited by a particle
smaller feature sizes, lower voltage levels, higher opwgat strike to produce a SEU [6]. A node is hardened by adding
frequencies, reduced logic depth—are projected to cause capacitance (to increasg.,;;), or drive (to dissipate deposited
increase in the soft error failure rate in core combinationaharge), or a combination of both. For elementary CMOS
logic in integrated circuits [4], [14], [18]. gates, this is achieved by sizing gates (or just transistbes,
Radiation hardening techniques for fault avoidance (fault by altering thelV/ L ratios of the transistors in the gates. The
tolerance) to increase reliability primarily rely on consgtive proposed algorithm uses an efficient fault simulation-dase
design practices such as the use of high reliability comptse technique to identify and rank the critical nodes that dbote
the exclusion of radiation-sensitive circuit styles (suak significantly to the soft error failure rate of a combinatbn
dynamic logic and non-CMOS styles), and the incorporatidagic block. A fast and accurate technique is used to sizeethe
of sufficient functional margin in circuit designs to accourcritical gates to render them immune to SEUs with specified
for anticipated shifts in circuit characteristics [6], [L219]. worst-case characteristics. All the gates are processe in
Such techniques have been historically used for space amuigle pass to optimize the design to meet soft error faiate
mission critical applications (e.g., traffic control, bamk reduction requirements. The proposed technique is cobipati
medicine). In such applications, the primary objective ds twith other optimization techniques that specifically targe
achieve very high reliability with cost and performance agrea, delay, and/or power reduction. It can also be used to
secondary concerns. complement other fault avoidance and fault detectiorvéolee
However, the overhead (area, power, delay) costs of tratkchniques such as the use of silicon-on-insulator substra
tional radiation hardening approaches (often exceedi®§a0 error detection and correction codes, etc. to further reduc
are unacceptable for high-volume mainstream applicationike soft error failure rate. Experimental results for 180nm
where cost and performance are the primary objectives. Temd 130nm process technologies are presented to show that
ditionally for mainstream applications, soft error fadurates the proposed technique reduces the soft error failure rate
have been tolerable with no need for fault avoidance and fasignificantly with minimal impact to overhead.



The rest of this paper is organized as follows. In Sec. lsjte of the particle strike [5], [15]:
we motivate the problem in greater detail and discuss the key
ideas that are presented in this paper. In Sec. lll, we fataul Lin(t) = _@ (e*t/fa — e*t/fﬂ) )
the problem of gate sizing for SEU immunity and present a (Ta = 75)
technique that achieves this objective. In Sec. IV, we presgyhere () is the charge (positive or negative) deposited as a
the proposed algorithm for soft error failure rate redutio  regylt of the particle striker, is the collection time-constant

combinational circuits. In Sec. V, we present and discg;s Siof the junction, andr; is the ion-track establishment time-

Section VI is a conclusion. process-related factors.
[I. MOTIVATION 3
Since radiation bombards a chip fairly uniformly in space , Q:g-gpc , Q:ggpc
. oy . . . . To— V.2Zn8 Te— V.2ns
and time, the probability of a particle strike at a combioadil s 1= 0.05ns s 1= 0.05ns

node is roughly proportional to its active area. Following a
strike, the characteristics of a SEU vary greatly dependimg
which node it occurs at in the combinational logic circuibr F

Voltage (V)

a specific application, the first step in radiation harderigg (W y

U . . . (*j=4 8 10 Q=0.3pC
to select a range of incident particle energies over whieh th JUL . 0030
probability of occurrence of a particle is significant enbug , Q=02C , 1:320.0125ns

require hardening. We defer a discussion on how this range 7= 0.05ns
can be selected to Sec. V in this paper. Once a range of jgarticl ‘ = 00125
energies is chosen, the two factors that determine whether a e s e s T e e
particle strike at a node produces a SEU at that node areg1) th Time (ns)

critical charge of the node and (2) the drive strength of tite g
that drives the node. In this section, we begin by discussing
how transistor sizing within a gate to alter its drive stréng
affects the vulnerability of the gate to SEUs. The focus is on With this model, Fig. 1 presents how sizing affects the
the magnitude and duration of the SEU that results fromvalinerability of the nand gate to particle strikes. The otite-
particle strike, as a function of charge and drive strengitle sponse of the nand gate (determined using SPICE simulations
masking factors that influence how a SEU propagates througha SEU that produces @— 1 transient at the output—for

a logic circuit are described. We discuss how sensitizatop combinations of values of transistor sizing, process petars

of the masking factors, can be used to rank and size the gatesind 7z, as well as deposited charge—is presented. In each

Fig. 1. SEU effectéQ, v, (Ta,‘rg))

in a logic circuit to decrease the soft error failure rate. sub-figure, it is clear that as the size of the nMOS transstor
(that dissipate the deposited charge) increases, the tdgni
A. Sizing and SEU vulnerability and duration of the SEU transient diminish rapidly. In other

i i . . words, transistors (i.e., gates) can be sized to dissisat&)(
Con.5|der a 2-input nand gate dr.|vmg a Iumped capacitangg, injected charge as quickly as it is deposited, so that the
Cp at its outputN. The total capacitance & is: transient does not achieve sufficient magnitude and duratio
1) to propagate to the fanout. Besides and 73, the maximum
charge@ for which SEU immunity is desired (i.e., the range
Here, (W/L) is the size of a single nMOS transistor in th@f incident particle energies) has to be considered to deter
nand gaté. C,,;; is the unit output capacitance (includedNis optimal transistor size.
nMOS and pMOS) obtained by dividing the output capacitance .
of the nand gate by the size of the nMOS transistor in the naRd Masking factors
gate. G is the lumped parasitic capacitance (interconnect andA simple and direct solution to radiation harden a logic
fanout) atV. We focus on the voltag¥,..(¢) at N, since its circuit would be to size all the gates over a range of particle
magnitude and duration will determine how a SEU propagatefiergies. However, the overhead costs of such an approfich wi
through gates in the transitive fanout of the nand gate to the prohibitive. Selective hardening of the most sensitites)
primary outputs/latches/flip-flops. can be performed, to significantly harden the logic circtithw
The charge deposition due to a particle strike Matis lower overhead costs. The factors that affect the capgaluifit
modeled by a double exponential current pulgg(t) at the a SEU to propagate through the logic circuit and cause a soft
error can be used for this purpose. Whereas the rate at which
_ T_Although we refer to transistor sizes and Wg(L in the formulation, we 3 SEU at a node occurs depends on incident particle energy
limit ourselves to symmetric gate sizing in this paper for reasexplained distribution, the drive strength of the gate, and the altic

in Sec. lll-A. Thus, scaling a single transistor is equinéléo scaling all ) )
transistors (hMOS and pMOS) in the gate by the same ratio. charge, there are three masking factors that determinehethet

Ctotal - Cunit (W/L) + Cp



this SEU can propagate to the primary outputs/latches/fliig- that fault detectability can vary by orders of magnitude
flops and result in a soft error: across a design. Electrical masking depends on the elgctric
1) Logical masking occurs in the absence of a fungroperties of the intermediate gates along a sensitizeld, pat
tionally sensitized path from the gate to the primari€., on their drive strengths. Similar to logical maskiSgUs
outputs/latches/flip-flops. at gates several levels of logic deep are likely to have adnigh
2) Electrical masking occurs if the SEU is attenuated #@sobability of electrical masking. Results from [2] suggst
it propagates along a sensitized path to the primawhile electrical masking does produce an observable efitect
outputs/latches/flip-flops. does not significantly reduce the observed soft error failur
3) Latching-window masking occurs if a SEU reaches th@te. It follows that the probability of electrical maskidges
primary outputs/latches/flip-flops at an instant other tha#pt exhibit an asymmetry similar to the probability of logiic
the clocking window masking—for SEUs of the same magnitude—across all gates
Note that the rate at which soft errors are generated at"a@ logic circuit. Finally, latching-window masking depin
primary output/latch/flip-flop due to SEUs at a particulatega ©n the frequency of operation of the circuit. The probapitit
diminishes as each masking factor increases. Note also t#@ghing-window masking is essentially the same—for SEUs
each masking factor has to be considered independentObfhe same magnitude—across all the nodes in a logic block.
the other two. While these three factors present a natubiSUmmary, besides gate sizing, sensitization probphsithe
barrier to soft errors in logic circuits [13], technologyemds ©ne factor that contributes significantly to the asymmetrhe
such as smaller feature sizes, lower voltage levels, higgft error susceptibility of gates in a combinational citcln
operating frequencies, and reduced logic depth are causift§ Paper, we use this asymmetric distribution in sereitn
these barriers to diminish significantly. In [16], it was wimo (logical masking) probabilities to rank and radiation ferd
that as a result of these factors, the soft error susceptiol the most susceptible gates in a design.
internal nodes (which is the contribution of the node to the TO illustrate this skew, the sensitization probability -dis
overall soft error failure rate) in a logic circuit can vary b tribution profile for six benchmark circuits is presented in
an order of magnitude or more. This provides an opportunifyd- 2. Sensitization probability on the x-axis is divideda
to significantly reduce the soft error failure rate at reauicd€n intervals from 0 to 1, and the y-axis shows the number
cost, since nodes with high soft error susceptibility can ¥ nodes with a sensitization probability in each intervéie
hardened, while those with very low soft error susceptipili Primary outputs, which are always sensitized, are omittechf
can be ignored. By selectively hardening only those nodats thhe histograms. It is clear from the figure that less than 20%
are most susceptible to SEUS, the soft error failure rategicl Of the gates on average have a high sensitization probabilit
circuits can be significantly reduced at a fraction of thet co§> 0.8) in logic circuits.
of conventional techniques that try to harden all nodes.

C. Asymmetric sensitization © o880 | 00 €2670 {400 €3340

The central idea in this paper is to decouple sensitization,
which determines the propagation probability of a SEU in & w0 100
Boolean terms, from the electrical and physical propenies 2 o - S i 1) - 1
SEU vulnerability at a gate in a logic circuit. Consider the §
three masking factors introduced in Sec. II-B. Logical niagk g o s o5 10
depends on the input pattern that is being applied to theitirc “ o ¢ ‘ 1
i.e., whether or not there is a sensitized path from the gate o
to the primary outputs/latches/flip-flops. The probabildf 20 200 “00
logical masking at the gate is given by: . . .

Plogical masking — 1-— Peensitization (3) Sensitization Probability

where P, siti-ation 1S the probability of sensitization, i.e., the Fig. 2. Sensitization probability distribution

probability that there exists one (or more) functionallysie
tized paths from the gate to the primary outputs/latches/fli
flops. Consider the nod€'s shown in Fig. 5. Ifa is set to
logic O, the effects of a SEU at/; are logically masked There is a tradeoff between the accuracy of radiation
from the primary outputG. Similarly, if either (or both)Gs hardening techniques and their computational efficiencyiléVh
and G¢ evaluate to logic 1, a SEU a¥; will be logically it can be argued that addressing the soft error robustness
masked from primary outpu#/, since one or more side inputsof a logic circuit following physical design when maximum
along the SEU’s propagation path are set to controllingeslu information is available is very accurate, the computation
Logical masking leads to a high asymmetry—for SEUs of thepst renders such techniques prohibitive. There is a need
same magnitude—in the soft error susceptibility of gates for techniques to incorporate SEU-robustness metricstireo
combinational logic. A similar observation from testingthy design cycle at higher levels of abstraction, i.e., eaitiethe

D. Accuracy versus efficiency



design cycle, to realize inherently robust circuits. By mlaty where (W/L), . is the minimum transistor size required to
SEU effects at the gate-level, the computational bottlenelimit the peak of the SEU transient tb5Vpp. Rearranging,
can be significantly alleviated. Post-mapping transfoiomat

; . ) e . %% Iin(tmaz)
of the kind proposed in this paper can significantly improve (_> = mmar] )
the soft error robustness of integrated circuits. They daa a L) min  10(0:5VbD)
lessen the investment in such Strategies at lower levelgeof t]'he second condition is given by Charge conservation over th
design process, thereby decreasing the number of itesaitioninterval [0, ¢,,,,.]. In other words, the integral of both sides of
the design cycle. Eqn. 4 over the interval, t,,,.] must be equal, i.e.,

Ill. SI1ZING FOR SEU IMMUNITY

0.5Vpp
In this section, we describe an efficient method to compute(cumf(W/L)mm + Cp)/ AVour =
the minimum transistor siz€iV/L), .. required to limit the tmas 0 tmaz
maximum value of the transient pulsE,,.(t) at N to a / I (t)dt — (W/L)mm/ Ip(Voue) dt
pre-specified value. This builds on the efficient simulation 0 0
techniques presented in [22]. For the rest of this discussie Since Ip(V,,:) is a non-linear equation that depends on
assume this limit on the peak valueli$Vpp (thatisV;y for Vv, (¢), the following approximation is used to simplify the
gates in the transitive fanout). Note that the method is lyguaintegral. We assume that the voltayg,.(¢) rises from 0 to
applicable for any other limit on the peak value ©f,;. the peak value 00.5Vpp linearly, i.e.,
Without loss of generality, we describe a technique to size
the nMOS transistors in a logic gate for SEU immunity. The Vout(t) = 0.5Vpp - (
method is equally applicable to sizing the pMOS transisitors
a gate. While the pMOS and nMOS transistors can be sizgd a result/, is just a function of time and Eqn. 8 is directly
independently in a logic gate, this has implications foregaintegrated to get a non-linear equation /L), . andt,mq..
sizing that are discussed in Sec. IlI-A. Note that this assumption is accurate since the nMOS transis
The voltageV,:(t) following a particle strike is given by tors are in the linear region of operatiofi,(; < 0.5Vpp).
the solution to the following differential equation: With this approximation, Eqn. 7 and Eqgn. 8 can be solved
dV,ut using the bisection method [17] over the intertal,,+, t,f]
Ciotat (F) = Lin(t) = (W/L) - Ip(Vour) (4) to determine both unknowns,,, and(W/L), .. simultar{e-
ously. The number of iterations to determifi&’/L), . using
the bisection method for an error tolerance of 0.001nstand
of 1ns is 10. A comparison between the results obtained using
this method and SPICE is presented in Fig. 3. The solid curve
represents the results obtained using the above methoé whil
the dotted curve represents the results obtained usingESPIC
clear that the results obtained using the proposedgizi
hod are in excellent agreement with SPICE, at signifigzant
aIess computational cost.

8

max

) for 0 <t < tmaz (9)

whereCy,1q is the total capacitance & (Eqn. 1),1;,(t) is
the current from the patrticle strike (Eqn. 2), afi#f/L) is the
aspect ratio of a single nMOS transistor in the gdig.s the
effective drain current through the nMOS transistor nelwor
the gate and is a function &f,,;. It is assumed that the pMOS
transistors are off, since the inputs to the gate are su¢htha |, .
. |y
evaluates to logic 0 when the SEU occurs. The cross—c:oupllr(:.%st
nature (timet and voltageV,,;) of the differential Eqn. 4
implies that there is no closed form expression for the itst
tmaz When V. (t) reaches0.5Vpp. However, sincet,,q. ‘0
occurs after the injected currehf, (¢) reaches its maximum, it
is possible to use the following iterative procedure to cotap

35r

301
tmaw-

The first step is to determine a suitable search interval for
tmaz- The maximum value of;,(¢) occurs at a time instant 20
tsiare that is given by

tstart = <M> : ln (T_a> (5)
Tao — T3 T3

from Eqn. 2.4+ can be used as the beginning of the search s 0 05 o8 o s o9
interval for ¢,,,42, SINCE tiar = tstart. tmaz 1S lOCated in Injected charge O (pC)

the interval(tsiqrs, tre ], Wheret, ¢ is bounded by the clock

period of the logic circuit. I1f0.5Vpp is the maximum value

of V,.:(t) at timet,,,., two conditions must be satisfied by
Eqn. 4. The first condition is that the slopé/,,;/dt must
equal 0 att,, 4, i.€.,

25r

for SEU immunity
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—— Sizing Technique
--- SPICE
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Fig. 3. Sizing for SEU immunity

A. Continuous, symmetric gate sizing

Since the nMOS (pMOS) network of a CMOS gate can
Lin(tmaz) = (W/L)min - In(0.5VDD) = 0 6)  be sized independently of the pMOS (nMOS) network, the



above algorithm can be extended to size CMOS gates asyway to calculate the probability of logical masking is to pign
metrically. This disadvantage of skewing transistor sigigs simulate the system with a typical workload for some number
nificantly is that thel — 0 (0 — 1) delay through the gate canof clock cycles. For each clock cycle, fault simulation can
be significantly affected. For example, increasing WigL of be performed on each gate to determine if it is sensitized to
the nMOS transistors adds to the diffusion capacitance and one or more outputs/latches/flip-flops. Nodes which are only
significantly increase the pull-up time of a gate if the pMOSensitized for a very few input patterns will have a negligib
transistors are not adequately resized. If the rising itians effect on the overall soft error rate (since their prob&pili
through the gate lies on the critical path, this can signifiiga of being sensitized is extremely low) and can hence can be
impact performance. This paper only discusses symmettéc gignored for radiation hardening. A less accurate alteveati
sizing for radiation hardening. to simulating the system with a typical workload would be
to just apply random patterns at the primary inputs to get
a rough estimate. Fault simulation was run on the circuit in
In this section, we formulate the gate sizing problem fdfig. 5 in this manner and the logic 0 and logic 1 sensitization
SEU immunity. We show how the gate sizing techniquprobabilities were computed as shown in the figure. Note that
presented in Sec. lll can be used to size critical nodes inttee fraction of cycles where a node may assume a logic 0O
logic circuit to reduce the soft error failure rate signifilgt  value may differ significantly from the fraction of cycles arh
with minimal impact to overhead. the node assumes a logic 1 value. As a direct consequence,
there can be a significant difference between the logic 0 and
A. Problem statement logic 1 sensitization probabilities of a gate, especidilthere
Given a mapped combinational circuit composed of gat@s reconvergent fanout in the logic circuit (e.g%). Since
from a technology library. For each gatén the circuit, several this paper focuses on continuous, symmetric gate sizirgy, th
different sizesl, 2, ...,k are available in the library, each oflogic 0 and logic 1 sensitization probabilities are colkghs
which implements the same logic function but differs in ongsummed) when the gates are inserted into the priority queue
or more of the following aspects—area, delay, drive strengthensitizationQ.
and power consumption. The gate sizing problem for SEU
immunity is to select optimum sizes for each (or a subset)
of the gates in the combinational logic circuit such that the
objective function—defined by the susceptibility of the logi
circuit to SEUs (i.e., the soft error failure rate of the logi
circuit)—is minimized.

IV. PROPOSED ALGORITHM

Sensitization Logical
Gate probability masking
logic 0 | logic 1 | probability
G 0.79 0.21 0.0

H 0.81 0.19 0.0
G; 0.38 0.56 0.06
G, 0.56 0.19 0.15
G, 0.47 0.16 0.37
Gs 0.19 0.12 0.69
Gs 0.19 0.09 0.72
Gy 0.09 0.05 0.86

B. Proposed algorithm

The pseudo-code for the proposed procedure for radiation
hardening is presented in Fig. 4. While coverage is the
only objective considered for the rest of this paper, other
constraints can also be directly integrated into the foatioih
as explained in Sec. IV-C.

Fig. 5. Identifying and ranking critical gates

Gates are dequeued fromensitization@ in decreasing
order of their collapsed sensitization probability (iresi&ng or-
der of logical masking probability). The gates are procésse
decreasing orded, H, G3, G1, ... for Fig. 5) till the coverage
netlist — technology mapped version of the logic circuit objective is met or any of theonstraints are violated. The
coverage — desired reduction in soft error failure rate gate sizing routine @E-SEU-IMMUNITY symmetrically sizes
constraints — overhead; possibly area, delay, and/or power . . .
sensitization() — priority queue of gates both the nMOS and the pMOS transistors in a library gate
using the technique from Sec. Ill. Once the minimum size for
SEU immunity is determined for a gate, the transistor sizes

FAULT-SIMULATE (netlist);
for each gatey € netlist

do ENQUEUE(sensitizationQ, g, Pensitization(g)) (both nMOS and pMOS) are updated as follows:
while coverage is not met ancconstraints are not violated
do SizE-SEU-IMMUNITY (EXTRACT-MAX (sensitization(Q)) (W/L)ypdatea = maX{(W/L)O,,.igi,,ml , (W/L)"m}
UPDATE-COVERAGE-CONSTRAINTY netlist)
DEQUEUHsensitizationQ) Note that the scaling of the gate is done such that the ratio of

the sizes of the nMOS and pMOS transistors in the original
library gate remains unchanged.
The routine WDATE-COVERAGE-CONSTRAINTS first up-

The first step is to rank all the gates in the circuit iflates coverage, which is defined as follows:
descending order of their sensitization probability usthg 2 P.(ge)
method RULT-SIMULATE as follows. Since the probability
of logical masking of a node depends on the probability of
each input pattern being applied to the circuit, an efficient (all gatesg)

Fig. 4. RADIATION-HARDEN(netlist, coverage, constraints)

(candidateyy..)

Coverage =
g Ps(9)

-100%  (10)




whereP;(-) returns the collapsed sensitization probability of &, = 0.2ns andrz = 0.05ns in all our simulations [5].
gate. Candidate gates are all the gates that may be sized fowe built a technology library that comprised inverters, and
SEU immunity as they are dequeued frammsitization@. 2-input and 3-input nand and nor gates for synthesis of the
Thus, the percentage of propagated SEUs over all the cydesichmarks.
is reduced (in %) by an amount that equals coverage for theUpper bounds for the charge used for gate sizing are
worst case parameters, since the gates have been sized getérmined as follows. The term linear energy transfer (LET
that the SEUs will not propagate even if a sensitized paith used to describe the sensitivity of a process technology t
exists. Note that 90% (50%) coverage corresponds to an or&&Us. A particle with a LET of 1 Me\Mm?/mg deposits
of magnitude (factor of 2) reduction in the soft error fadlur approximately 10 fGim of electron-hole pairs along its
rate for the chosen charge range (worst-case SEU paraeterack [6], [14]. The LET of very few ionizing particles in
For the circuit in Fig. 5,5y gatesy) (F5(9)) is 5.05—only silicon is higher than 15 MeX¥m?/mg [9], [20]. The LET of
gates{G, H,G3} may need to be sized for 50% coveragea particle is multiplied by the charge collection depth toadt
while all the gates excep¥s and G4 may need to be sized the total electron-hole pairs generated by a strike. Forga®
for 90% coverage. In Sec. V, we present simulation resultschnologies of 180nm and higher, the charge collectiothdep
that show that only 54.3% of the gates on average need todues not change significantly and is typically 2 microns itkbu
considered candidates for sizing to achieve 90% coverage.and epitaxial substrates [10], [14]. This gives an uppembou
of 0.3pC for 180nm process technologies. For smaller featur
sizes, the charge collection efficiency decreases due tehig
Sizing the transistors in a gate affects the three majdoping densities [10], [11]. In [8], an inverse linear radat
design constraints: area, power consumption, and deldy thatween collected charge and doping density was reported.
can be integrated into the methodPbATE-COVERAGE- Since the doping density at 130nm is usually more than twice
CONSTRAINTS Since the constraints are updated after eathie doping density at 180nm, the charge collection depth at
gate is sized, the algorithm terminates as soon as one1@0nm is approximately 1 micron. This gives an upper bound
the constraints is violated. Area information is obtainezhf of 0.15pC for 130nm process technologies.
physical layout of the standard cell library. Area changes i Under the first major heading in Table 1, we provide details
discrete steps a8v/L),,,,, increases. This is because in mosibout the circuits that were chosen—name, number of primary
standard cell libraries, gates of drive strength 1 and 2,i@puts, number of primary outputs, and number of gates. Unde
and 4, etc. usually have the same cell area. Power changgssecond major heading, we report the number of gates that
continuously as the gate is sized. However, switching #gtivwere targeted for sizing. This remains constant, since vee us
at each of the gates can be obtained duringlF-SIMULATE  |ogical masking as the criterion to determine coverage.
and can be used to estimate the increase in power after eacfinder the third major heading, we report the area, power,
gate is sized using a simple load model. If either area or powghd delay overhead when the gates in the circuit are sized
constraints are violated andaRIATION -HARDEN terminates, tg obtain 90% coverage (an order of magnitude reduction in
the reduction in the soft error failure rate will be maximizethe soft error failure rate) for a 180nm process technology.
since the gates were processed in order of criticality fronhe charge used to simulate SEUs were 0.2pC and 0.3pC
sensitization(. respectively. The overhead is normalized w.r.t to the area,
Delay is the most difficult constraint to handle, since sizinpower, and delay of the original circuit after technology
changes not only the drive strength of a gate, but also th@pping and is reported as a percentage in all the cases. The

input and output capacitances. The effects of sizing a gafea numbers are derived from the technology library, while
are thus not localized from a delay perspective, since all thower and delay are given by

gates in the transitive fanin and transitive fanout are ichg
by the change in capacitance. The load-dependent nature of Power= f (W/L, Ciotal)
delay means that the problem of gate sizing for delay is NP- Delay= g (W/L, Cyotal)
complete [7]. Recomputing delay after each gate is sized may
be computationally expensive, so it may be done only if thehere f and g are obtained from extensive simulation of the
gate is on a critical path. Techniques, such as the one pessetibrary cells. It is clear that an order of magnitude redomtin
in [3], can also be used to decrease the delay of the circthie soft error failure rate, i.e., 90% coverage, for worsteca
following the proposed sizing procedure. The gates thae hasharge 0.3pC may be obtained with area, power, and delay
actually been sized for SEU immunity are flagged such thaverhead of 22.5%, 21.4%, and 12.2% on average. Further
their sizes are not further reduced (i.e., these sizes sena@ reductions can be achieved using other technology-depénde
lower bound so that SEU immunity is not compromised). transformations following the proposed one.
Under the fourth major heading, we report results for a
V. SIMULATION RESULTS 130nm process technology. The charges that were used to
The SPICE libraries used were from the TSMC 180nm argimulate SEUs were 0.1pC and 0.15pC respectively. Similarl
130nm process technologies. The combinational benchméok the worst case charge of 0.15pC, 19.4%, 18.0%, and 4.6%
circuits were chosen from the LGSynth91 suite [21]. We uséd area, power, and delay overhead are incurred on average.

C. Design constraints



TABLE |

RADIATION HARDENING OVERHEAD FOR A 90%REDUCTION IN SOFT ERROR FAILURE RATE

180nm Technology 130nm Technology
(Pls annsweG ates T‘ggf;:d Charge Overhead (%) Charge Overhead (%)
' ' (pC) | Area | Power| Delay || (pC) | Area | Power| Delay
b9 103 0.20 4.9 6.9 4.7 0.10 4.5 5.7 2.5
(41, 21, 211) 0.30 165 | 22.2 3.9 0.15 15.2 18.5 0.0
c880 397 0.20 4.0 4.0 2.3 0.10 4.0 3.8 0.5
(60, 26, 512) 0.30 25.9 25.0 10.6 0.15 25.1 23.7 4.3
c2670 418 0.20 1.4 1.1 0.6 0.10 1.2 0.9 0.4
(233, 140, 756) 0.30 14.2 11.7 8.6 0.15 13.7 11.0 4.7
¢c3540 815 0.20 7.8 9.6 10.3 0.10 7.6 8.7 2.7
(50, 22, 1467) 0.30 284 | 34.9 19.8 0.15 27.8 | 323 5.3
c5315 1293 0.20 35 4.0 1.2 0.10 3.2 35 0.4
(178, 123, 2115) 0.30 19.3 | 20.7 12.9 0.15 18.5 18.8 3.1
c7552 1485 0.20 3.8 4.2 5.8 0.10 3.7 3.9 2.8
(207, 108, 2534) 0.30 20.9 21.9 14.4 0.15 20.4 | 205 5.4
i10 1212 0.20 35 3.2 4.5 0.10 3.3 2.7 2.6
(257, 224, 2646) 0.30 16.1 13.2 15.0 0.15 15.0 114 9.7
0.20 4.1 4.7 4.2 0.10 3.9 4.2 1.7
Average Overhead (%) | —G=5— 5551 214 | 122 || 015 | 194 | 180 | 46
VI. CONCLUSION [9] G. Hubert,et al., “Study of basic mechanisms induced by an ionizing

In the future, as designs become more complex and as
the soft error failure rate of logic circuits becomes unatce [10]
ably high, there will be a need for gate-level techniques for
radiation hardening. The gate sizing technique for raolmti;;
hardening presented in this paper targets soft error &ailate

reduction by selectively sizing the most sensitive nodes

a logic circuit. An area for future research is to inves'tigatﬂ ]
how the proposed technique can be integrated with other
technology-dependent optimization algorithms with npéti (23]
objectives.
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