o5B-1

Efficient Analytical Determination of the SEU-induced Pulse
Shape

Rajesh Garg

Department of ECE
Texas A&M University
College Station, TX 77843
rajeshgarg @tamu.edu

Abstract— Single event upsets (SEUs) have become problematic for
both combinational and sequential circuits in the deep sub-micron era
due to device scaling, lowered supply voltages and higher operating
frequencies. To design radiation tolerant circuits efficiently, techniques
are required to analyze the effects of a radiation particle strike on a
circuit early in the design flow, and hence evaluate the circuit’s resilience
to SEU events. For an accurate estimation of the SEU tolerance of a
circuit, it is important to consider the effects of electrical masking. This
is typically done by performing circuit simulations, which are slow. In
this paper, we present an analytical model for the determination of the
shape of radiation-induced voltage glitches in combinational circuits. The
output of our approach can be propagated to the primary outputs of
the circuit using existing tools, thereby modeling the effects of electrical
masking. This enables an accurate and quick evaluation of the SEU
robustness of a circuit. Experimental results demonstrate that our model
is very accurate, with a very low root mean square percentage error
in the estimation of the shape of the voltage glitch of (4.5%) compared
to SPICE. Our model gains its accuracy by using a non-linear model
for the load current of the gate, and by considering the effect of 75
on the radiation induced voltage glitch. Our analytical model is very
fast (275 faster than SPICE) and accurate, and can therefore be easily
incorporated in a design flow to estimate the SEU tolerance of circuits
early in the design process.

I. INTRODUCTION

Single event upsets (SEUs) (or single even transients (SETs)) have
become increasingly problematic for both combinational and sequen-
tial VLSI circuits in the deep sub-micron (DSM) era [1], [2], [3], [4].
This is due to continuously decreasing feature sizes, lower supply
voltages and higher operating frequencies which cause a reduction
in the noise margins of VLSI designs. Many critical applications such
as biomedical, space and military electronics demand reliable circuit
functionality. Therefore, the circuits used in these application must be
hardened so that they can provide reliable operation in the presence
of radiation particles.

Circuit hardening approaches [5], [6] often employ selective gate
hardening to reduce the area and delay overhead associated with the
hardening approach. This is achieved by only protecting those gates
in the circuit which are the significant contributers to the soft error
failure rate of the circuit. Such gates in the circuit are identified based
on three masking factors: logical, electrical and temporal masking [3],
[5]. Out of these masking factors, both logical and temporal masking
can be obtained without electrical simulations [3], [5]. However,
electrical masking of a gate GG in the circuit heavily depends upon
the electrical properties of all the gates along any sensitized path
from the output of G to a primary output of the circuit. Thus,
electrical (SPICE) simulations are required to determine electrical
masking effects in the circuit. For efficient circuit hardening, it is
important to consider the effects of all these three masking factors and
hence circuit simulations are required. Another reason for the need
of the circuit simulations is that when a voltage glitch propagates
through the circuit, the pulse width of the voltage glitch can increase,
resulting in pulse spreading [7]. With circuit simulations, it will be
possible to accurately obtain the glitch width at the primary output
of the circuit. This is important for system level circuit hardening
approaches [8], [9], [10] which use information about the radiation
induced voltage glitch at the primary output for soft error detection
and tolerance mechanisms. Therefore, techniques are required to
analyze and simulate a circuit early in the design flow, and evaluate
its resilience to SEU/SET events. Based on the results of this analysis,
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circuit hardening approaches can be implemented to achieve the
level of protection required (while satisfying area, delay and power
constraints) while taking masking factors into consideration to reduce
overheads. This will help in reducing the number of design iterations.
However, this can be practically achieved only if these analysis
techniques can quickly and accurately simulate the SETs for different
particle energies and for different gates with different input states.

An exhaustive SPICE based simulation of SET events in a circuit
would be accurate; however it would require a large number of
simulations since the circuit can have a large number of gates and a
radiation particle strike can occur at any one of these gates (which
can have any input state). Also, the transient pulse resulting from
an SEU event depends upon the node capacitance and the sizing
characteristics of the gate driving that node, the amount of charge
dumped by a radiation particle strike and the state of the circuit
inputs. Therefore, it is computationally intractable to use SPICE-
like simulators to simulate the effect of SET events at early stages
in the design flow. Thus, there is a need for efficient and accurate
models/simulators for SET events in combinational circuits. These
simulators should quickly estimate the shape of the voltage glitch at
the node where the radiation particle strikes, and then propagate the
effect of voltage glitch to the primary outputs of the circuit.

The current pulse that results from a radiation particle strike is
traditionally described as a double exponential function [11], [12].
The expression for the pulse is

Q (eft/ Ta
(Ta — 73)

Here @ is the amount of charge deposited as a result of the ion
strike, while 7, is the collection time constant for the junction and
T is the ion track establishment time constant. The time constants
To and Tg depend upon several process related parameters, and
typically 7, is of the order of 200ps and 73 is of the order of tens
of picoseconds [5], [4].

In this paper, we present an analytical model for the radiation
induced transients in combinational circuits. Our model efficiently
estimates the shape of the voltage pulse or glitch that results from a
radiation particle strike. The voltage glitch estimated by our analytical
model can be propagated to the primary outputs of the circuit using
a voltage glitch propagation tool such as [13]'. Since there exists
previous work to address glitch propagation, it is not addressed in
the current work. The properties of the voltage glitch (such as the
magnitude, glitch shape and pulse width) at the primary output can
be used to evaluate the SEU/SET robustness of the circuit. Based
on the result of this analysis, circuit hardening approaches can be
implemented to achieve the level of SET tolerance required.

The main contributions of this paper are:

« We present a closed-form analytical expression to compute the
shape of the voltage glitch induced by a radiation particle strike.
Although not addressed in this paper, this voltage glitch can be
propagated to the primary outputs of the circuit to measure the
SEU robustness of the circuit.

e We use a model for the load current Iit(‘/}n,vout) or the
output terminal current) of the gate G to increase the analysis
accuracy. In contrast, the existing approaches [14], [13] model

iseu(t) - - eit/‘rﬁ) (1)

'We are currently developing a more accurate voltage glitch propagation
tool
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the electrical behavior of the gate using a linear RC circuit. The
load current model of the gate is also more accurate than the
transistor /ps model used in [15] for the SET analysis.

o Our model can be used for any combinational gate.

o The model can be used for the analysis of SET events on
arbitrarily sized gates with different loading, and for arbitrary
values of deposited charge.

o In contrast to [14], [13], we consider the effect of the ion track
establishment constant (73) of the radiation particle induced
current pulse. This improves the accuracy of our method.

It was reported in [15], through SPICE simulations, that ignoring
T results in an under-estimation of the pulse width of the voltage
glitch by 10%. Therefore, neglecting the contribution of the 73 term
of the current pulse of Equation 1 diminishes the severity of the
radiation particle strike, and hence leads to an optimistic estimate for
the voltage glitch. In other words, the magnitude and the pulse width
of the voltage glitch that is estimated can be lower than the actual
values. Therefore, ignoring 73 (as done by [14], [13]) for SEU/SET
tolerance analysis and for circuit hardening, can lead to an optimistic
design. Hence, the system can fail in the event of a radiation particle
strike. In this paper, we consider the effect of 73 on the radiation
induced current pulse, and also use a non-linear model for the load
current of a gate, to increase the analysis accuracy. The root mean
square error in the estimation of the shape of the voltage glitch using
our approach is 4.5% (compared to SPICE based simulation).

II. PREVIOUS WORK

The simulation and analysis of SEU-induced transients has been a
topic of interest for many years. Much work has been done on this
topic for combinational and sequential circuit elements [16], [1], [2],
[14], [17], [18], [13]. Most of this work can be classified under three
categories: device-level, circuit-level and logic-level.

Device based simulation approaches [19], [20] perform three-
dimensional numerical simulation to evaluate the effect of a radiation
particle strike by solving device physics equations. Although such
approaches result in a very accurate analysis, they are extremely time-
consuming in nature. Also, these techniques provide very little direct
insight into the problem of circuit hardening.

For circuit-level and logic-level simulation approaches, a double
exponential current pulse (Equation 1) is used to model a particle
strike [11], [18], [6]. Logic-level based approaches [17], [21] are
utilized when the speed of analysis is more critical than the accuracy
of the analysis. In these approaches, the electrical nature of transient
faults are abstracted into logic-level models, which are then used
in gate-level timing simulations to propagate the effects of particle
strikes to the memory elements at the outputs of the circuit. The
large inaccuracy of these approaches makes them unattractive for
robustness evaluation of circuits under SEU transients.

Circuit-level simulation approaches provide accuracy and runtimes
which are intermediate between device and logic based methods. As
mentioned in Section I, SPICE based circuit simulation provides an
accurate analysis, however it is still very time consuming since a
large number of simulations are required to be performed due to
the reasons mentioned in Section I. In [22], the authors presented a
methodology to analyze compound noise effects in circuits by using
look-up tables and a database generated using SPICE simulations of
all the cells in a library. An iterative approach for soft error rate
analysis of combinational circuits (while accounting for electrical
masking) is reported in [23]. As the approach of [23] estimates the
effects of a radiation particle strike iteratively, the speedup obtained
over SPICE simulations is not high. Many approaches [24], [13],
[14] attempt to solve a non-linear differential equation (this equation
is called Ricatti differential equation) of the transistor to obtain a
closed-form expression for SEU-induced transients. However, due to
the non-linear nature of the differential equation, it is not possible to
obtain a closed-form solution. Thus, many approximations have been
proposed to model SEU transients. The authors of [24] presented
an exact solution of the Ricatti equation using a computationally
expensive infinite power series solution. In [13], a switch-level
simulator is presented to simulate faults induced by radiation particle

strikes. The simulator uses a linear RC gate model to simplify the
analysis. In [14], a closed-form model is reported for SEU induced
transient simulation for combinational circuits. Again, a linear RC
gate model is used, which is derived using a SPICE-based calibration
of logic gates for a range of values of fanout, charge deposited
and scale factor. In [14], [13], the circuit simulation approaches
assume a linear RC gate model which is not a valid assumption
as will be explained in Section III. Also, these approaches neglect
the contribution of the ion track establishment constant (73) of the
SEU-induced current pulse of Equation 1, which further increases
the inaccuracy in the analysis. Recently, an analytical model for the
estimation of the pulse width of the voltage glitch induced by a
radiation particle strike in combinational circuits was reported in [15].
The approach of [15] is only able to predict the pulse width of the
voltage glitch induced by a radiation particle. The current model
used in [15] is not very accurate due to which the inaccuracy in the
pulse width estimation is sometimes high (as high as 10%). Also,
this approach cannot predict the shape of the voltage glitch which is
required for efficient circuit hardening as explained in Section I. In
contrast to this, we uses a more accurate current model of a gate and
our approach can accurately predict the shape of the voltage glitch
induced by a radiation particle strike. Our model can also compute
the pulse width of the voltage glitch. Also, our model incorporates
the contribution of 73.

Orthogonal to the analysis of SEU-induced transients, a great
deal of research has been conducted on circuit-level modeling and
simulation for static timing analysis (STA) [25] and static noise
analysis (SNA) [26]. The approaches for STA [25] and SNA [26] are
iterative, and hence sometimes require a large number of iterations
to converge. Thus, the speedup obtained by such iterative approach
is not high (the speedup of [25] is 3-70x and [26] is 20X compared
to SPICE), and also varies in a wide range depending upon the
simulation scenario. In contrast to these iterative approaches, our
analytical approach is at least 275% faster compared to SPICE.

III. OUR APPROACH

In Section III-A, we classify the radiation-induced transient into
4 cases based on the magnitude of the voltage glitch induced by a
radiation particle strike. Our model for a radiation-induced voltage
glitch, based on these cases, is introduced in Section III-B. In
Section III-C, we provide details about our method to determine the
shape of the radiation-induced voltage glitch.

A. Classification of Radiation Particle Strikes

The analysis presented in this paper is for an inverter with its input
at VDD and its output at GND. The radiation particle strike results in
a positive voltage glitch at the output of the gate. However, the same
analysis and the same analytical model can be used for any type of
gate (NAND, NOR, etc), with any logic values applied to its inputs.
The handling of NAND, NOR, etc. gates is achieved by constructing
an equivalent inverter for the gate. The size of this inverter depends on
the given input values of the gate. The applicability of our model to
different gates is verified by applying our model to a 2-input NAND
gate (for all four input combinations) and 3-input NOR gate (for all
eight input combinations). These results are presented in Section IV.
Note that for multiple input gates, we do not consider the radiation
particle strike at intermediate nodes of the gate, because the worst-
case transient occurs when the particle strike occurs at the output
node of the gate. Therefore, the estimate of the voltage glitch at the
output node of the gate due to a particle strike at any intermediate
node will not be useful for circuit hardening. Hence, in our analysis,
we do not consider the cases where the radiation particle strike occurs
at intermediate nodes of multi-input gates.

Consider four identical inverters as shown in Figure 1 (a). These
inverters are implemented using a 65nm PTM [27] model card with
VDD=1V. Let node a be at logic value 0 when a radiation particle
strikes the diffusion of INV1. This is modeled by the injection of
iseu(t) (described by Equation 1) at node a. The voltage glitch that
results from the radiation particle strike is shown in Figure 1 (b) for
four different inverter sizes (1X, 4X, 5X and 6X) and for ()=100fC,
To = 200ps and 73 = 50ps. From Figure 1 (b), we observe that INV1
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Fig. 1. a) SEU current injected at the output of inverter INV1, b)Voltage
glitch at node a

can operate in 4 different cases during the radiation event transient,
based on the maximum voltage glitch magnitude Vias. Note that
the value of Vgnr depends upon the sizes of the devices M1 and
M2, the gate loading at the output node a and the value of Q, 7o
and 73. The classification of INV1 operating in different cases is
as follows. If an SEU event results in a maximum voltage glitch of
magnitude Vanr > VDD + 0.6V, we refer to this as Case 1. If
VDD + |Vrp| < Vam < VDD + 0.6V, then we call this Case 2.
If Voo is greater or equal to V. DD/2 and less than VDD + |Vrp|,
this condition is referred to as Case 3. For Vaa < V. DD/2, we have
Case 4. Out of these 4 cases, Case 4 corresponds to a voltage glitch
of magnitude less than V. DD /2 and hence the radiation event does
not result in a logic flip at the node. For other regions, the radiation
event causes a logic flip, and hence we present our analysis for these
cases (i.e. for Cases 1, 2 and 3). The shape of the voltage glitch is
computed differently for different cases, due to the different behavior
of M1 and M2 (Figure 1 (a)) for these cases. The description of Cases
1, 2 and 3 is summarized below:

o Case 1: In this case, with the increasing voltage of node a
(Va), M1 starts conducting in the linear region and enters
the saturation region when the V, becomes more than VY ..
M2 starts conducting in the saturation mode once V, crosses
VDD + |Vrp|. Eventually when V, reaches VDD + 0.6V, the
voltage between the source diffusion and the bulk terminal of
the PMOS transistor M2 becomes > 0.6V. Therefore, the diode
between these two terminals get forward biased and it starts
conducting heavily. Thus V, gets clamped to a value around
VDD + 0.6V.

o Case 2: In this case as well, both M1 and M2 conduct similar to
Case 1. However, the diode between the diffusion and the bulk
terminals of M2 remains off.

e Case 3: Only M1 conducts in this case. M1 starts conducting
in the linear region and when V, crosses V,5¥.,, M1 enters the
saturation region. M2 remains off in this case.

Based on the above discussion, we note that inverters of four
different sizes operate quite differently during the radiation-induced
transient, and the maximum voltage glitch magnitude (Vgar) deter-
mines their behavior at different times during the transient. Therefore,
it will not be accurate to model INV1 by a linear RC gate model,
as in the case [14], [13]. Also, it will be inaccurate to model the
load current of INV1 (during the radiation induced transient) at the
transistor current of M1 (as modeled by [15]) since M2 also conducts
in Cases 1 and 2.

B. Overview of Our Model for Determining the Pulse Shape of the
Voltage Glitch

Figure 2(a) (shown at the top left portion of Figure 2) schematically
illustrates a voltage glitch that results from a radiation strike at the
output node a of INV1. As shown in Figure 2(a), the node voltage
rises and reaches VY., at time 1., VDD/2 at time t1, VDD +
|Vrp| at time T} (for Cases 1 and 2), and then after reaching a
maximum value of Vg, the node voltage falls to VDD + |Vpp| at
time 7% (for Cases 1 and 2), V. DD/2 at time t2 and finally to VY,
at the time 7'2,,. Hence the shape of the voltage glitch of Figure 2(a)
is defined by the node a voltage equations between the time intervals:
0, TL), {(TLy, TH), (Th, T3) and (T3, T2,,)} for Cases 1 and 2
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or (T, T2, for Case 3, and (T2,,,00) for all cases. Our goal is
to compute all the variables which define these time intervals, and
also the node voltage equations of node a corresponding to these
time durations. We can also compute ¢; and ¢2 to obtain the width
of the voltage glitch of Figure 2(a) (the width of the voltage glitch is
t> —t1). Before we can use our analytical model, we characterize all
the gates in our library using the same approach as reported in [25].
For each gate (for all input combinations), we compute the load
current of the gate (Jout(Vin, Vour)) as a function of its output node
voltage, and store this in a look-up table. We also compute the input
gate capacitance C¢ (the output node diffusion capacitance C'p) as a
function of the input (output) node voltage and store them in a look-
up table. For these look-up table entries, we discretize the voltages
in steps of 0.1V. For example, for INV1 of Figure 1, we compute
I4(Vin, Va) through output terminal a for different V, voltage values
at a, when the input node in is at V.DD and GND (V;, = VDD
and V;,, = GND). Thus, the number of current look-up tables for
any gate is equal to 2" (where n is the number of inputs of a gate).
Similarly, Cp is also computed depending upon the input state of
the gate. Therefore, for an n-input gate, the total size of the look-up
tables for Cg is 23-n, Cp is 17-2" and load current I, is 17-2".
This step is performed once for each gate in a library and thus it
does not affect the runtime of our model. Also, n is typically < 3,
hence these lookup tables are quite tractable in size. The saturation
voltage (Vgsq:) is obtained using SPICE [28].

Given a gate G, its input state,
the gates in the fanout of G and
Vemt-----> Q, 7, and T3

VDD foonfnne ‘ l

v Cell library data
ut)» C and Cp

Vep
Determine the value of Vs

Lo r;n fed using gate current model for

Vi Vi < Vo < VDD + |Vip|

dsat [

' 7N [N time
Tow 0 Th TRtT2, Yes No Yes_| No voltage
glitch
(a)
No

Use Case 3 equations to Determine the value of Vs
estimate the shape and using gate current model for
width of voltage glitch Vo> VDD + |Vrp|

Use Case 1 equations to
estimate the shape and
width of voltage glitch

Use Case 2 equations to Yes No
estimate the shape and
width of voltage glitch

Fig. 2. Flowchart of our model for Pulse Width Calculation

Figure 2(b) shows the flowchart of our algorithm to compute the
shape and the width of the voltage glitch. The input to our model is
a gate GG (the radiation event is to be simulated at the output node of
gate G), its input state, the list of gates which are driven by the gate
G, and the values of @), 7 and 7g. Our algorithm first computes Vg as
using the gate current model for VY, < Vo < VDD + |Vrp| and
then determines the case that is applicable. If Vaar < VDD/2 (i.e.
Case 4 applies), then there is no voltage glitch reported. Otherwise
if Vau < VDD + |Vrp| then Case 3 applies and we use Case
3 equations to obtain the shape and the width of the voltage glitch
else we again compute Vs using gate current model for V, >
VDD + |Vrp|. Based on this new value of Vg, the operating
case of gate GG can be found (either Case 1 or Case 2) and then the
corresponding case equations are used to compute the shape and the
width of the voltage glitch. The steps of our algorithm are explained
in the following sub-sections.

C. Derivation of Our Model for Determining the Shape of the Voltage
Glitch

As mentioned earlier, the analysis presented in this paper is for
INV1 (Figure 1) with its input node in at VDD and the output node
a at GND. A radiation particle strike results in a positive voltage
glitch at node a. To ensure that the model for radiation events in
combinational circuit elements is manageable, we simplify the load

current model IV Vl(Vin, V) of INVI. Note that in the following
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analysis we use I;NVl(Va) instead of I;NVl(Vm,Va) since the
analysis is presented for Vi, = V. DD. With the input terminal of
INV1 at VDD, IZNVY(V,) can be written as:

VaN< Vdj.\s[at
Visat L Va < VDD + |Vrp|

[NV o Va/En
a (Va) =4 Kz+ K4V,
VDD + |Vrp| <V, < VDD + 0.6V

Ks + K - Va

Here, R, is the linear region resistance of M1 (since M2 is off
in this region), which is calculated using the IZVV1(V,) versus V,
lookup table for V,, values less than VY ,. The constants K3 and
K, are obtained by using a linear equation for the points 7. VV?! (Va)
versus V, from the lookup table for V, values greater than ‘1/\?]\;” and
less than VDD + |Vrp|. When V, > VDD + |Vrpl|, IIVVH(V,)
increases super-linearly with V; because both M1 and M2 are ON.
Thus, the constants K5 and K¢ are obtained by fitting a least square
line to the points (Vi, IV Vl(Va) ) from the lookup table for V,
values greater than VDD + |Vrp| and less than VDD + 0.6V.

To determine the applicable case, we first need to find Viaas. The
method of finding Vgar is described next.
1) Voltage glitch magnitude Ve A radiation event can result in
a node voltage flip only if 1722 > IINVY(V DD/2), where I724% is
the maximum value of SEU-induced current pulse of Equation 1. This
is a necessary condition which is used to check whether a radiation
event will result in a significant voltage glitch or not. The differential
equation for the radiation-induced voltage transient at the output of
INV1 of Figure 1 is given by:
CdVa(t) —|—L£NV1(V¢1) —
dt
where, C' is the capacitance® at node a. The above equation can be
integrated with the initial condition Vo (t) = 0 at ¢ = 0 to obtain
Va(t). For deep sub-micron processes, Visq: is much lower than
Vas — Vr due to short channel effects. For the 65nm PTM [27]
model card used in this paper, Visq: for both NMOS and PMOS
transistors is lower than V DD/2. Therefore, to obtain the Vo
value, we first integrate Equation 2 from the initial condition and
using IIVV1 = Va/Rn till V, reaches the VN . value. Then we
again integrate Equation 2 using I/VV1(V,) = K3 + K4 - V, to
obtain the V,(t) expression. Then, we find the maximum value
Vi attained by this Vo (¢) expression. If Vaamr < VDD + |Vrp|
then INV1 is operating in Case 3. Otherwise, INV1 in operating
in either Case 1 or Case 2°. The methodology to decide between
Cases 1 and 2 is explained later. Now integrating Equation 2 using
IINVY(V,) = V,/R,, and with the initial condition V;(¢) = 0 at
t =0, we get:

iseu(t) 2

I eft/Ta eft/Tﬁ .
()= S geTt/BaC
R S )
whereX:R—ZJ/ZRRC’_%7
o Q 1 1
h_m—m&Z_X Y

To obtain the time T,, when V,(t) reaches the V)Y, value from

Equation 3, we linearly expand Equation 3 around the initial guess

T1%  The expression for T, thus obtained is:

la la
VN _ In(e*Tsat/’a e Tsar/8 Ze—Tslgt/Rnc)
Tl _Tla + dsat C X Y
sat = T sat 7T1a/ 7T1a/
In/_ e sat! T e sat’ "B z efT;gt/RnC)
C T X Y RnC

“)

To obtain the initial guess T2%, we approximate the rising part
of the SEU-induced current by a line between the origin and the
point where ise. (t) of Equation 1 reaches its maximum value I:;".
The SEU-induced current ise. (t) reaches Iiey” at Toon”. Then we
substitute this approximated SEU current in the RHS of Equation 2

and integrate it from the initial condition V,(t) = 0 at ¢ = 0 to

2The value of C' is obtained by the addition of the average value of n-Cg
and C'p over the operating voltage range. The factor of n occurs due to the
fact that we assume a fanout of n.

3In Cases 1 and 2, both M1 and M2 conduct and hence INV1 load current
model K5 + Kg -V, is used to accurate value of Vg . This new value of
Vs is used to decide between Cases 1 and 2.

Va(t) = VL, att = T2& using IZNV(V,) = Vi / Ra. After this we
solve for TL% by performing a quadratic expansion of the resulting
equation around the origin. The expression we get for T1% is not
reported for brevity.

So far we know T4, the time when V() reaches VY ,, or the
time when M1 enters the saturation mode. Now we again integrate
Equation 2 with the initial condition V, () = V., at t = T%,,, and
using IZNVY(V,) = K3 + K4 - V,. The expression we get for V, (t)
is:

T 67t/7'a 67t/7'5 Ks Kat/C
Vo) = G — =)~ T2 ®)
where X'zﬁfi Y’:£,i
C Ta C T8
1 In 1 efTslat/Tﬂ
7' = VN eKiTla/C _ 66Kﬂsat/c(T
_e T Ky ke
Y’ Ky

To calculate the value of Vg, first we differentiate Equation 5
and equate dV,(t)/dt to zero and solve for Ty,,, (the time
at which V,(t) reaches its maximum value). Since the equation
dV,(t)/dt = 0 is also transcendental equation, hence we linearly
expand dVq(t)/dt = 0 around T, ~and solve for Ty, . We get:

T8 ~ra
Ve e VoM G 4 K2’ ~KaTy,, /C
T T T TaX' T3Y’ C
Vem = LVam —Ta —Ta
W™ < eu /s n ng/efKélT;}GM /C
T2X’ TgY/ Cc?
(6)

Now, we calculate Vgn by substituting Tv,,, obtained from
Equation 6, in to Equation 5. If Vanr < VDD/2 then Case 4
applies and the radiation event does not flip the logic level of the
affected node. If VDD/2 < Vau < VDD + |Vrp|, then Case 3 is
applicable. Otherwise, either Case 1 or Case 2 is applicable. Before
we describe the methodology to decide between Case 1 and Case 2,
we will first discuss the method to obtain the value of Ty, .

Note that the output node voltage of INV1 i.e. V,(¢) of Equation 5
always attains its maximum value after Tio.” (the time Zsew ()
of Equation 1 reaches its maximum value I7.5"). Therefore, we
integrate Equation 2 using a linear model (i, (¢)) for radiation-
induced current for time ¢ > Tio,” and with the initial condition
Va(t) = V™ att = Topy” obtained from Equation 5. The radiation-
induced linear current model i3, (¢) has one of its end-points IZs;” at
a time value of T4,,,”. The other end-point has its current value as 0,
and its time value ¢* is obtained by equating the charge deposited by
the actual SEU current ise,, (¢) from time 50, to oo and the charge
deposited by the linearized radiation-induced current equation. Hence
the expression for the radiation-induced linear current model is:

iﬁﬁﬂ:g%%1_%t%§?):P+Aﬁ )
Now we substitute i5e,(t) for iseu(t) in Equation 2, use
IiNVl(Va) = K3 + K4 -V, and then integrate. After this we
differentiate the resulting equation for V() and equate dV4(t)/dt
to zero and solve for Ty, .

Deciding between Case 1 and Case 2: Before we can decide
whether INV1 is operating in Case 1 or Case 2, first we need to
compute the time ¢1 when V4 (t) reaches VDD /2 and then we have
to compute T (the time when V,(t) reaches VDD 4 |Vrp|) using
t1. After this, we will integrate Equation 2 using the initial condition
Vo(t) =VDD +|Vrp|att =Tp and IINVH(V,) = K5 + Ko - Va
to obtain the expression for V4 (¢). Then this expression of Vg () will
be used to decide between Cases 1 and 2 using the Vs value. As
shown in the flowchart of our algorithm in Figure 2, the method to
compute t; is identical for cases 1, 2 or 3. Therefore, the value of
t1 will also be useful for the estimation of the pulse width of the
voltage glitch induced. To obtain the expression for ¢1, we substitute
t =t; and V,(t1) = VDD/2 in Equation 5 and then solve for ¢;
after expanding it linearly around the point ¢ (which is an initial
guess for t1). Here t$ = T,V DD/(2V,}Y,,). The expression for t;
is therefore:
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Then we compute the time ¢t = T3 when V,(t) reaches VDD +
|Vrp| since the load current model of INV1 changes at this time
instant. To obtain 7’5, we repeat the same steps as we followed for the
derivation of the ¢; expression with the condition V,(t) = VDD +
|[Vrp| at t = TH in Equation 5 and with the initial guess Tp% =
t1 + (VDD + |Vrp| = Vi.,)/(VDD/2 — V.F.,). The expression
for T4 is therefore similar to Equation 8 with t¢ replaced by T5%,
t1 by T and VDD/2 by VDD + |Vrp|.

Now we integrate Equation 2 with the initial condition V,(t) =
VDD +|Vrp| at t = Tk, and using IVVY(V,) = K5 + Ks - Va.
The expression we get for V() is:

— 1 —Kgt/C
Va(t) U(T—v —E*"Ze ¢ ©)
where X”:ﬁfi Y”—ﬁfi
C Ta C T8
*Tl/Toc
z" = dlzateKGT}j/C - I_neKGT}D/C(e ):// -
1l
e TP/ K KeTL/C
v Ot RS

To calculate the value of the maximum value of V,(t) of Equa-
tion 9 i.e. Vg (maximum glitch magnitude for Case 1 or Case 2),
we have to repeat the same steps as we followed while calculating the
maximum value of V,(t) of Equation 5. After we obtain the value
of Ve, we can decide whether the INV1 is operating in Case 1
or Case 2. Note that by using this method, Ve can be evaluated
to be greater than V. DD + 0.6V, because the diode is not modeled
in Equation 2. Therefore, if Van > VDD 4 0.6V then we set
Vem = VDD +0.6V.

So far, we have obtained the expression for Vizas which can be
used to determine the operating case of INV1. We also derived
expressions for T, t1, T4 and the INV1 output node voltage
equations for different time durations (Equations 3, 5, 9).

2) Derivation of the expressions for Case 3: The derivation of the
expressions for the shape and the pulse width of the voltage glitch is
as follows. First, we derive the expression for ¢» i.e. the time when
Va(t) falls to V. DD/2 value. Note that in this case, only M1 of
Figure 1 (a) conducts because the magnitude of the glitch voltage is
less than VDD + |V p|. Therefore, Equation 5 describes the voltage
of node a for all times ¢ such that T, <t < T2,,. The expression
for ¢2 can be obtained in similar manner as ¢; with the substitution
t = t2 and Vo (t2) = VDD/2 in Equation 5 and with the initial
guess point 5. Based on our observation, we find that t5 (the time

. VDD/2 : max
when sy (t) falls to I after reaching I.3") can be used as
an initial guess for t2 since the node voltage at that time will be
close to V. DD/2. We ignore the contribution of the e ="/ term of
iseu(t) when calculating 5. This is reasonable since 7, is usually 3-
4 times of 73 and therefore e s approaches 0 much faster than the
e~ /7o term. Thus the value of e~*/78 around ¢$ (which is greater
than Tgo.") will be approximately equal to 0. The expression for ¢5

is —7alog ILEP2 )1,
Now, we again substitute t = T2, and Vo (T2%,) = ViV, in

Equation 5 and solve for T'2,, in a similar manner as solved for ¢,
(Equation 8) using the initial guess T2 The expression for T2 s
to + Vo — 0.5 - VDD /(dVq(t)/dt|t=t,).

To obtain the node a voltage equation for ¢t > T2,,, we integrate
Equation 2 with the initial condition V,(T2,) = V.., and using
IINVY(V,) = V. /Rn. The expression we get is:

I —t/Ta —t/73
Va(t) = 6(6 X — eT — Ape(TS‘“*t)/RnC) (10)
I eT2i/ma  o—T/7s
here Ap = Vg — — _
where Ap = Vigsat C’( < %
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Now we can write the analytical expression of the voltage glitch
induced by a radiation particle strike. The voltage glitch is described
by a set of 3 equations (Equations 3, 5 and 10) as summarized below:

Eqn.3 t<TL,
Va(t) =< Egqn.5 Tl <t<TZ,
Eqgn.10 t>T2,

3) Derivation of the expressions for Case 2: In this case, the
magnitude of the voltage glitch Vg is between VDD + |Vrp|
and VDD + 0.6V. Therefore, both M1 and M2 of INV1 conducts
for the time ¢ such that T3 < t < Tﬁ and hence the node a voltage
is described by Equation 9P(this equation was used to calculate Vaar
value for cases 1 and 2). To obtain the value of T2, substitute
Vo(T2%) = VDD 4 |Vrp| for t = T2 in Equation 9 and then solve
for T3 by using T2% as the initial guess. The expression for T'3 that
we get is:

_72a _T2a
cTP/To‘ieTP/TBJrQB
2 2 X// Y// T
Tp =Tp" + T2a T2a B an
TPt TTPYTE | Kez! —KeT2%/C
X770 Y77y I ©

kg2 K
B=2z"e KeTp'/C 72 — (VDD + |Vrpl)

where

The value of T2 is obtained using the following observation. We
observed that when ise.(t) becomes equal to the drain to source
current (Ips) of M1 of Figure 1 (a), then at that instant, the /ps of
M2 is approximately equal to O and the voltage at node a is VDD +
|Vrp|. Thus, the value of T2® is obtained by solving IZNV!(V DD+
[Vrp|) = dsew (TE) (since at this instant Ips of M2 is zero therefore
Ips of M1 is equal to IZVVY (VDD +|Vrp|)). In this derivation, we
ignore the contribution of the e ~/™8 term of ise,, (t). The expression
for T3 is —7o log (IZNVY (VDD + |Vrp|)/I).

Now we calculate the node a voltage equation for time duration
Tf; < t < Tfat. For this, we integrate Equation 2 with the
initial condition V,(t) = VDD 4+ |Vrp| at t = T3, and using
IINVY(V,) = K3+ K4 - Va. The resulting expression for V, (t) that
we get is:

V)=~ )%, T zre MO a2
« K1l e In kuT2 )0 e Tr/ma
whereZ" = (VDD + |Vrp|)e™ 4 sat/™ — Yoke pI=( X
2
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Using Equation 12, we can obtain the values of t2 and T2, for
Case 2 in the same manner as t2 and 772,, were derived for Case3.
After we obtained the values for to and T2, the node a voltage
equation for ¢t > T2, is same as Equation 10 (with the values of
to and T?2,, calculated for this case). Now that we have derived all
variables for this case, we can write the equation for the radiation
induced voltage glitch at node a as shown below:

1

Egqn. 3 t < T,
Eqq.5 TL,<t<Tp

Va(t) =< Eqn.9 TH<t<T}
Eqn.12 T:<t<TZ,
Eqn. 10 t>T2,

4) Derivation of the expressions for Case 1: In this case, both M1
and M2 of Figure 1 (a) conduct similar to Case 2. However, when
the voltage at node a reaches VDD + 0.6V value, the diffusion
diode between the node a and the bulk terminal of M2 gets forward
biased and start conducting heavily. Thus Vg (¢) get clamped to a
value around VDD + 0.6V. Therefore, all expressions derived for
Case 2 are also applicable to this case with a slight modification
to incorporate the effect of this clamping action. In this case, when
Equation 9 computes a value greater than V. DD +0.6V for any time
t then we set the node a voltage value to V. DD + 0.6V. Thus, the
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resulting equations for the voltage glitch for this case are:

Egn. 3 t< Tl

Eqgn. 5 Tl <t <Tp
Vao(t) =< min(Egqn. 9,VDD +0.6V) T <t<T3

Eqgn. 12 Tp <t <Tiy

FEqgn. 10 t>T2,

Using the equations for the radiation-induced voltage glitch ob-
tained in this Section (for Cases 1, 2 and 3), we can determine the
shape of the glitch. For all three cases, we can also find the pulse
width of the voltage glitch at node a using the values of ¢1 and ¢2.
Note that we do not ignore 73 in the derivation of the voltage glitch
equations and in the calculation of all time variables of our model
such as T%,, ¢1, T}., etc. Sometimes, we ignored the contribution of
the e /8 term of 4sey (t) only during the calculation of the initial
guess for these time variables.

IV. EXPERIMENTAL RESULTS

We compared the accuracy of our model for determining the shape
of the voltage glitch induced by a radiation particle strike with
SPICE [28]. Our method is implemented in per! and is 275% faster
than SPICE simulation for the estimation of the radiation-induced
voltage glitch at the output of an inverter. For other gates such as
NAND, NOR, etc, SPICE takes more time to simulate a radiation
particle strike due to more number of transistors in these gates than
inverter. However, the runtime of our approach does not change
significantly with different gate types due to the usage of a model for
the load current of the gate. Therefore, the speedup of our approach
compared to SPICE simulation will be higher for NAND, NOR and
any complex gates *. We implemented a cell library using a 65nm
PTM [27] model card with VDD = 1V. Our cell library contains
INV, NAND and NOR gates of 5 different sizes (1x to 5x) and
different numbers of inputs. As mentioned in Section III-B, before
we can use our model to compute the shape and the pulse width,
we need to obtain look-up tables for the load current model of the
gate, the input gate capacitance C'¢ and the output node diffusion
capacitance Cp (for all input combinations) for all the gates in our
library. The method to obtain the load current, Cc and Cp look-up
tables was explained in Section III-B.

To validate the applicability of our model to different types of
gates, we simulated radiation particle strikes at the output of INVs, 2-
input NANDs and 3-input NORs using our model. For each gate type
we considered 5 different sizes (1x to 5x) with all possible input
states. We also validated the applicability of our model to different
scenarios by loading the gates with different loads and by varying the
values ), 7o and 73. All gates were loaded with 1 and 3 inverters of
the same size as the equivalent inverter of G. We simulated radiation
particle strikes corresponding to Q = 150fC, 7o = 150ps and
73 = 50ps and Q = 100fC, 7o = 200ps and 73 = 50ps.

The radiation-induced voltage glitches obtained using our model
and SPICE are shown in Figure 3 for INV, NAND2 and NOR3
gates with different scenarios (as mentioned in the figure). Figure 3
also reports the operating case of the gate with the gate size and
the input state. From Figure 3, we observe that the voltage glitch
waveforms obtained using our model match very closely with the
voltage glitch obtained from SPICE. Note that we simulated these
gates of different sizes with all possible input states and with different
radiation induced current pulses. However, due to the lack of space,
we are showing only a few waveforms. The voltage glitches shown
in Figure 3 were chosen to demonstrate applicability of our model
to different scenarios. Figure 3(b) corresponds to Case 3 in which a
4x INV has its input at GND value and is driving 3-4x INVs. In
this case, the voltage glitch predicted by our model deviates from
SPICE when the affected node voltage drops to 0.2V. This is due to
the Miller-feedback from the switching of the output of the loading
inverters (3-4x INVs) to the node affected by radiation strike. The
effect of the Miller-feedback is more dominant for the gates operating

4For 2-input NAND gate, our approach is 330x faster than SPICE
simulations

( [ Il Input State [ Avg
[Load [ " Gate [0 [ T J 2 T 3 T 4 T 5 T 6 ] 7 JRMSPEm |
1 INV 2.86 2.62 2.74

1 NAND2 3.75 3.05 33 4.0 3.52
1 NOR3 3.45 2.43 7.06 3.65 10.85 5.38 7.40 8.76 6.12
3 INV 346 [ 4.94 4.2
3 NAND2 3.72 3.36 3.57 5.89 4.13
3 NOR3 329 | 424 | 513 [ 451 9.40 572 | 5.64 10.41 6.04
[Ave ] Il I I I I I I I [ 506 ]
TABLE I

RMSP ERROR OF OUR MODEL FOR 3 X GATES AND @ = 150fC,
Too = 150ps AND 753 = 50ps

[ T Gate Size ]
[ Load | Gae [[ Tx ]

2x | 3X [ 4x [ 5x | Avg RMSPEm |
1 INV 272 | 266 | 274 | 308 | 349 294
T NAND2 345 | 327 | 352 | 393 | 380 36
1 NOR3 443 | 476 | 604 | 696 | 602 564
3 INV 366 | 395 | 420 | 461 [ 515 43
3 NAND2 381 | 383 | 414 | 469 | 453 12
3 NOR3 477 | 499 | 612 | 698 | 712 6.00
[ Ave ] I I I I I I 445 I
TABLE I

RMSP ERROR OF OUR MODEL FOR DIFFERENT GATES SIZES AND
Q = 150fC, 7o = 150ps AND 73 = 50ps

in Case 3 than in Case 1 and 2. This is because in Case 3, the
effect of a radiation particle strike is lower than in Case 1 or 2 and
hence the Miller-feedback has a significant impact on the voltage
glitch. We also observe slight mis-matches in some of the voltage
glitch waveforms of Figure 3. We conjecture that this is due to the
modeling error which is introduced by the gate characterization at a
coarser voltage step of 0.1V.

We evaluate the performance of our model by calculating the root-
mean-square percentage (rmsp) error of the voltage glitches obtained
using our model compared to the glitch waveforms obtained using
SPICE. We computed the rmsp error over a time period for which the
affected node voltage value is greater (lesser) than Vrny (VDD —
|Vrp|) for a positive (negative) glitch. Table I reports the rmsp
error of our model for 3x gates and with a radiation particle strike
corresponding to Q = 150fC, 7o = 150ps and 73 = 50ps for all
possible input states. Column 1 reports the number of inverters driven
by the gate reported in Column 2. Note that the loading inverters are
of the same size as the equivalent inverter of the corresponding gate.
Columns 3 through 10 reports the rmsp error of the voltage glitch
estimated by our model compared to SPICE for all possible input
states. Column 11 reports the average rmsp error for a 3x gate
averaged over its all possible states. A blank entry in Table I implies
that the input state of the corresponding column is not applicable to
the corresponding gate. From Table I, we conclude that our model
is able to predict the radiation-induced voltage glitch for 3x gates
with a very small 7msp error of 5.06% (as reported by the last row
of Table 1) averaged over all gates for all input states. We obtained
similar results for @@ = 100fC, 7o = 200ps and 73 = 50ps (which
are omitted for brevity).
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Fig. 4. SEU induced voltage glitch at 2X-INV1

Tables II reports the rmsp error of our model for different gate

sizes from 1x to 5Sx with @ = 150fC, 7o = 150ps and 73 = 50ps
and averaged over all possible input states for a gate. From Tables II,
we observe that our model to estimate radiation induced voltage
glitch is very accurate and the average rmsp error is 4.45% averaged
over all simulated scenarios (different gate types, gate loading and
gate sizes). Also, our approach is at least 275x faster than SPICE
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(d) Case 1: 2X-NAND2 with Input=00
Fig. 3.

simulations. Note that the best known previous analytical approach
to predict the radiation-induced voltage glitch is reported in [14]
which is just 100x faster than SPICE. Also in [14], the authors
report that their approach sometimes yields 15% error in the SEU
induced glitch, compared to SPICE. Moreover, the authors ignore
the effect of the ion track establishment constant (73) by setting
it to zero for both their model as well as SPICE simulations. To
evaluate the impact of ignoring 73 on the radiation-induced voltage
glitch, we simulated radiation particle strikes (with and without the
inclusion of 73) at the output of inverters of different sizes (1x -
5x) in SPICE. We performed these simulations for two different
radiation strike parameter values (Q = 150fC, 7o = 150ps, and
73 = 50ps) and (Q = 100fC, 7o = 200ps and 73 = 50ps) and for
different loads on the inverters. For Q = 150fC, 7o = 150ps, and
T3 = 50ps (Q = 100fC, 7o = 200ps and 73 = 50ps), we found
that ignoring 73 results in an underestimation of the pulse width of
the voltage glitch by 10% (8%). The voltage waveforms at the output
of a 2X inverter under a radiation particle strike with and without
the inclusion of the 75 term (for Q = 150fC, 7, = 150ps, and
T3 = H0ps) are shown in Figure 4. The rmsp error of the voltage
glitch without 73 shown in Figure 4 is 40% which is much higher
than the error of our approach. Thus, for an accurate analysis, it is
crucial to include the contribution of 75. As mentioned earlier, the
authors of [14] ignore 73 and therefore, the error of their approach
can be much higher than reported in [14] when compared with the
shape of the radiation-induced voltage glitch obtained by considering
the contributions of 73. To the best of our knowledge, our paper is
the first to model the effect of both 7, and 73 for the estimation of
the shape of the radiation-induced voltage glitch. Thus, our approach
is more accurate than the best known previous approach [14].

V. CONCLUSIONS

In this paper, we present an analytical model for the determination
of the shape of radiation-induced voltage glitches in combinational
circuits. The radiation-induced voltage glitch at an internal node of a
circuit can be propagated to the primary outputs of the circuit (using
existing tools) to account for the effects of electrical masking. This
enables an accurate and quick evaluation of the SEU robustness of
a circuit. Experimental results demonstrate that our model is very
accurate, with a very low root mean square percentage error in the
estimation of the shape of the voltage glitch (of 4.5%) compared to
SPICE. Our model gains its accuracy by using a non-linear model for
the load current of the gate, and by considering the effect of 73 of

(e) Case 3: 4X-NOR3 with Input=010
Radiation-induced voltage glitches obtained using our model and SPICE for different gates

(f) Case 2: 5X-NOR3 with Input=000

the radiation induced current pulse. Our analytical model is very fast
(275x faster than SPICE) and accurate, and can therefore be easily
incorporated in a design flow to implement SEU tolerant circuits.
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