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Impact of Aging Phenomena on
Latches’ Robustness

M. Omafia, D. Rossi, Member, IEEE, T. Edara, C. Metra, Fellow, IEEE

Abstract—In this paper, we analyze the effects of aging
mechanisms on the soft error susceptibility of both standard and
robust latches. Particularly, we consider Bias Temperature
Instability (BTI) affecting both nMOS (positive BTI) and pMOS
(negative BTI), which is considered the most critical aging
mechanism threatening the reliability of ICs. Our analyses show
that, as an IC ages, BTI increases significantly the susceptibility
of both standard latches and low-cost robust latches, whose
robustness is based on the increase in the critical charge of their
most susceptible node(s). Instead, we will show that BTI
minimally affects the soft error susceptibility of more costly
robust latches that avoid the generation of soft errors by design.
Consequently, our analysis highlights the fact that, in
applications mandating the use of low-cost robust latches,
designers will have to face the problem of their robustness
degradation during IC lifetime. Therefore, for these applications,
designers will have to develop proper low-cost solutions to
guarantee the minimal required level of robustness during the
whole IC lifetime.

Index Terms— Static Latch; Robust Latch; Soft Error; Aging;

I. INTRODUCTION

HE continuous scaling of microelectronic technology

enables to keep on increasing system complexity and
performance. However, this comes together with an increased
vulnerability of ICs to radiation-induced faults [1, 2, 3].
Particularly, it has been proven that single event transients
(SETSs) affecting storage elements (latches and flip-flops) are
by far the major cause of soft errors (SEs) affecting sequential
circuits [4, 5]. Consequently, extensive research efforts have
been recently devoted to the devising of novel hardening
approaches for latches and flips-flops. Robust latches can be
divided in two categories, depending on how their increased
robustness against SETs is achieved [6]. One category,
hereinafter referred to as category 1, consists of latches made
robust by increasing the capacitance of some of their nodes
and/or the driving strength of some transistors (e.g., the
latches proposed in [7, 8, 9, 10]). These approaches usually
require low area overhead, but do not guarantee complete
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immunity against SEs. In fact, depending on the hitting
particle energy, SETs may still be generated and possibly
result in output SEs. The second category of robust latches,
hereinafter referred to as category 2, consists of latches whose
robustness relies on proper modifications of their internal
structure, which make them robust regardless of the hitting
particle energy (e.g., the latches in [4, 6, 11, 12, 13, 14]).
Latches in category 2 use independent feedback loops to
control the output (in some cases through a C-element). This
way, a SET affecting one of the loops cannot result in a SE.
Therefore, only SETs affecting the input node and satisfying
the latch setup and hold times can generate a SE. However,
this event has been proven to be very unlikely [8]. Therefore,
robust latches in category 2) are less vulnerable to SEs than
latches in category 1). A main drawback of category 2)
latches, which might limit their use in low-cost applications, is
their higher area overhead, power consumption and, in some
cases, impact on performance compared to robust latches in
category 1).

Together with the increased susceptibility to SETS,
aggressively scaled electronics is becoming increasingly prone
to aging mechanisms, such as bias temperature instability
(BTI), which is considered the primary parametric failure
mechanism in modern ICs [15, 16, 17]. Negative BTI (NBTI)
and Positive BTI (PBTI) are observed in pMOS and nMOS
transistors, respectively. They cause performance degradation
of MOS transistors, when they are ON. For instance, it has
been proven that, due to NBTI, the absolute threshold voltage
of pMOS transistors can increase by more than 50mV over ten
years, thus resulting in more than 20% circuit performance
degradation [18]. In data-paths of high performance systems,
such a performance degradation may exceed circuit time
margin, eventually leading to a delay-fault. As a consequence,
in the last few years, together with SET modeling, significant
efforts have been also devoted to modeling circuit
performance degradation over time due to BTI (e.g., [19, 17]).
Several approaches have been also proposed to limit the
effects of BTI [20, 18], all based on the idea to integrate on-
die aging sensors able to detect performance degradation
induced by BTI, to then allow the adjustment of the system
clock period, thus avoiding that incorrect data are sampled.

In addition, recent works [21, 22, 23, 24, 25] have shown
that BT has a negative impact on the SE susceptibility of I1Cs.
This occurs because BTI significantly reduces the value of the
critical charge of nodes of both combinational circuits and
SRAMs over time. In fact, as shown in [26], the critical charge
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of a node strongly depends on the value of the restoring
current of its pull-up/pull-down networks. Since BTI increases
significantly the absolute value of the transistor threshold
voltage, it also reduces the value of the restoring current of the
affected node. As a result, its critical charge reduces, and the
likelihood of SET generation increases noticeably.

As previously mentioned, SETs affecting latches and flip-
flops are by far the major cause of SEs affecting sequential
circuits. However, to the best of our knowledge, the impact of
aging phenomena (namely, BTI) on their SE susceptibility has
not been assessed in details so far. In [27], we have presented
a preliminary analysis of the effects of NBTI on the soft error
rate (SER) of a standard and two robust latches (one robust
latch in category 1 and one robust latch in category 2). In this
paper, we extend the analysis in [27] to account for the effects
of both NBTI and PBTI (BTI) on the SER of the standard and
robust latches considered in [27]. We also assess the effect of
different stress conditions on the transistors composing the
latches. Moreover, we analyze the effects of BTl on the SER
of four additional robust latches (two in category 1 and two in
category 2) recently proposed in literature.

We show that, during the circuit operating time, BTl may
significantly increase the SER of standard latches and that of
low-cost robust latches in category 1, while it minimally
affects the SER of more expensive robust latches in category
2. This because robust latches in category 2 filter out SETs on
all their internal and output nodes by design. They are only
susceptible to SEs due to SETs occurring at their input node
during the latch setup and hold times, which is an unlikely
event [8]. It should be noted that hold time is generally
negligible for recent latches, and it will not considered in our
analysis. Our analysis highlights that, in applications requiring
the use of low-cost robust latches in category 1, rather than the
more robust, but also more costly latches in category 2,
designers will need to face the problem of the degradation of
their robustness over time.

The rest of the paper is organized as follows. In Section I,
we give some preliminaries on BTl and soft error rate of
latches. In Section I1l, we analyze the impact of BTI on the
critical charge and setup time of a standard and some robust
latches in category 1 and 2. In Section 1V, we analyze the
impact of BTI on the SER of the considered latches. Finally,
in Section V, we draw some conclusive remarks.

1. PRELIMINARIES ON BTI AND SER

As discussed in [8], the soft error rate (SER) of a latch can
be expressed by the sum of several contributions, each
referred to a node of the latch. In turn, SET susceptibility of
each node can be expressed as a function of: 1) the window-of-
vulnerability (WOV), which is the time interval within a clock
period (7cx) during which a SET hitting the node can
propagate till the output of the latch and give rise to a SE; ii)
the critical charge (Q.:) of the considered node, that is the
amount of charge collected by the hit node that produces a
voltage glitch whose amplitude exceeds the logic threshold of
the fan-out gate. The total SER for a latch is given by:

n
Wov; o
SER = ) =t @yl e PO, )
i-1 K

where i=/..n are the nodes of the latch that may produce an
output SE if affected by a SET; «; is proportional to the
susceptible area of the node i (4;); @p is the flux of hitting
particles (@p = 56.5/s-m? at sea level [28]); B is a parameter
depending on the technology and operating environment [8].

As discussed in [8], SEs caused by SETs affecting the
internal/output nodes of a latch are the major contributors to
the overall latch SER, while SEs caused by SETs affecting the
latch input node have a marginal impact. This is mainly
because the WOV of the latch input node, which is equal to the
latch setup and hold times, is considerably smaller than the
WOV of the latch internal/output nodes, which is generally
equal to latching phase duration 7cx/2 [8].

Bias Temperature Instability (BTI) causes significant
threshold voltage degradation in MOSFET using either
Hafnium-dioxide high-k dielectric material or pure Silicon
Dioxide (SiO2) [17]. Negative BTI (NBTI) and Positive BTI
(PBTI) are observed in pMOS and nMOS transistors,
respectively. They cause a threshold voltage shift (4Vs) in
MOS transistors when they are ON (stress phase), at elevated
temperatures [17]. The BTI-induced degradation is partially
recovered when the MOS transistors are OFF (recovery
phase). The reaction-diffusion model in [17] allows designers
to estimate the threshold voltage increase as a function of
technology parameters, operating conditions and time.
However, it is not suitable to model long-term BTI
degradation. In [29, 25], an analytical model has been
proposed that allows designers to estimate the long-term,
worst-case threshold voltage shift AV, as a function of applied
voltage, stress/recovery time and temperature. It is:

Eq
AV = 7 Kit * Cox(Vaq — Ven)e kT (aAt)", (2)

where Coy is the oxide capacitance, At is the operating time, o
is the fraction of time in which the considered transistor is
under a stress condition, E, is the interface traps activation
energy (E, = 0.8eV [30]), k is the Boltzmann constant, T is
the operating temperature, n is a fitting parameter equal to 1/6.
The coefficient y enables to distinguish between PBTI (3=0.5)
and NBTI (y=1) effects [25, 19, 24], showing that PBTI is less
a severe problem than NBTI. By means of the parameter o
(0 < a < 1) we are able to account for the effective amount of
time during which a device is under stress. It is a=0, if the
MOS transistor is always OFF (recovery phase), whereas a=1,
if it is always ON (stress phase). Finally, the parameter Ky
lumps technology specific and environmental parameters, and
has been estimated to be K = 2.7VY2F12s16 py fitting the
model in [29] with the experimental results reported in [31]
for a 32nm High-K CMOS technology.

As introduced before, in this paper we investigate the
impact of BTI on the latches’ SER that, as shown in (1),
depends on the Qcrit and on the WOV of each latch node.
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1. IMPACT OF BT1 ON LATCH NODE CRITICAL CHARGE AND
SETUP TIME

We assess the impact of BTI-induced MOS transistor
threshold voltage shift (4Vi) on the Qcrit of latch nodes and on
the latch setup time (tsu). Particularly, through HSPICE
simulations, we analyze how Qcritand tsy vary as a function of
operating time and stress ratio. This latter, in turn, depends on
the probability to have a logic 1 at the latches’ input. In our
analysis, we have not evaluated the latches’ hold time (thold)
degradation due to BTI, since we have verified that for the
considered latches it is thoig = 0.

A. Simulation Setup

The considered latches are shown in Fig. 1. They are: 1) the
latch in [32] (Fig. 1(a)), as an example of standard latch; 2) the
robust latches recently proposed in [7], [8] and [10] (Figs.
1(b), 1(c) and (d), respectively) that belong to category 1; 3)
the robust latches recently proposed in [6] and [14] (Figs. 1(e)
and 1(f), respectively) that belong to category 2. We have
implemented all latches with a 32nm High-K CMOS
technology [33], with 1V power supply, 1Ghz clock
frequency, and minimum transistor sizes guaranteeing a
correct behavior.

Q
A

o
L

Q,
X

(d)

(e) (f)

Fig. 1. Schematic representation of the latches considered in our analyses: a)
standard latch; b) robust latch of category 1 in [7]; c) robust latch of category
1in [8]; d) robust latch of category 1 in [10]; e) robust latch of category 2 in
[14]; c) robust latch of category 2 in [6].

For each latch, we have evaluated only the Qi of those
nodes that, when affected by a SET, may generate a SE. Since
these nodes present a finite value of Qcrit, they are the only
nodes contributing to the SER of a latch. In particular, we
have evaluated the Qcit of the following nodes: B, C, Q and D,
for the standard latch (Fig. 1(a)); inl, nQ, lol and D, for the
robust latch in [7] (Fig. 1(b)); Q and D, for the robust latches
in [8] and [10] (Figs. 1(c) and 1(d)). As for the robust latches
in category 2 in [6, 14] (Figs. 1(e) and 1(f)), we have
evaluated the Qcrit of node D only, since SETs affecting all
other nodes are completely filtered out.

We have computed the threshold voltage shift AVy induced
by BTI degradation by utilizing the model in (2), for some
representative circuit operating times (4t=0, 1, 3, 6 years). We
have considered an operating time up to 6 years only, because
we have verified that the BTI degradation exhibited after 6
years is comparable to that after 10 years of operation, being
the maximum difference lower than 2%. In order to account
for the impact of different stress ratio on the BTI-induced Qcrit
variation, we have considered three different probabilities of
having a logic 1 at the latches’ input (Pin=1). Namely, we have
evaluated the BTI degradation for Pjn=1=0.25, P\n=1=0.5, and
P|N:1:0.75.

B. Impact of BTI on the Critical Charge

In Table 1, we report the Qcrit values of the nodes of the
considered latches, for circuit operating times and input
probabilities previously considered. The table also reports the
relative reduction of Qcit of each node for the considered
circuit operating times, calculated as:

Achit:]-OO (chit_At:1,3,6 - chit_At:O) / chit_At:O-

First, for all latches and for all input probabilities, the Qcrit
of all nodes decreases rapidly during the early stage of
lifetime. Particularly, it can be observed that, after only 1 year
of operation, the Qcrit degradation exceeds 60% of the total
degradation experienced after 6 years. After 3 years of
operation, it exceeds 90% of the value after 6 years for all
nodes and input probabilities. Moreover, considering the
standard latch and the robust latches in category 1, we can see
that node B in the standard latch, node Inl in the latch in [7],
and node Q in the latches in [8, 10] exhibit the lowest value of
Qcrit for all considered operating time. This holds true for all
considered input probabilities.

It is worth noticing that the relationship among the Qcrit of
the nodes in the standard latch and in the robust latch in [7] is
in accordance with the results reported in [26]. They proved
that the critical charge of a circuit node depends much more
on the conductance of the gate driving the node (driving
strength) than on the node capacitance. In fact, for the
standard latch and for the robust latch in [7], the Qi Of the
input and output nodes is considerably higher than that of the
other internal nodes (i.e., B and C in the standard latch, Inl
and lol in the latch in [7]). Indeed, these latter are driven by
transfer gates, which exhibit a much lower strength than the
gates driving the input and output nodes. Moreover, we can
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also note that the Qcrit Of input node D is slightly higher than
that of the output node Q. This because, although both nodes
are driven by gates with the same conductance, the node
capacitance associated with the input node D is slightly higher
than that associated to the output node Q, which we have
assumed loaded by a minimum-sized inverter.

From Table 1, we can observe that all nodes exhibit the
highest Qcrit degradation for Pin=1=0.75, and that the relative
difference between different Pin=1 is small (always lower than
4%). Moreover, the nodes with the highest reduction in the
Qcrit Value after At=6 years are: node B in the standard latch
(AQcrit = -17.4%), node D in the robust latch of category 1 in
[7] (4Qcrit = -20.2%), and node D in the robust latches of
category 1 in [8] and [10] (AQeit = -20.3% and 14.8%,
respectively). As for the robust latches of category 2 in [14,
6], their input node, which is their only susceptible node,
presents a 16.8% and 20.2% Qcit reduction, respectively.

C. Impact of BTl on Setup Time

We now report some of the simulation results showing how
the setup time (tsu) of the considered latches (Fig. 1) increases
as a function of circuit operating time At. As clarified in
Section 11, the SER of latches depends linearly on the WOV of
their nodes. Since the WOV of the input node equals the tsy of

the latches, we should account for the tsy variation due to BTI
to accurately characterize how operating time affects the SER
of the latches. Consider that robust latches of category 2 in
[14, 6] can experience SEs only because of SETs affecting
their input node during tsu. Thus, for these latches, the tsu
variation over time will directly influence their SER. On the
other hand, in the standard latch and in the considered robust
latches of category 1 ([7, 8, 10]), the WOV of the input node
(tsu) is considerably smaller than the WOVs of all other nodes
(generally equal to Tck/2). Therefore, the tsy variation over
time will minimally affect the SER of these latches. However,
in order to avoid timing violations in aged circuits, such a tsu
variation should be taken into account by the designers,
especially if the latches are connected to the outputs of critical
data-paths.

Fig. 2 shows the values of the tsy of all considered latches,
as a function of circuit lifetime At, for Pin=1=0.5. We can
observe that, for all latches, the value of tsy is a monotonic
function increasing with the circuit operating time At.
Particularly, tsy increases with a much higher rate during the
first 2-3 years of circuit operation, than during the remaining
circuit operating time. In fact, the variation exhibited at At = 3
years ranges from 78% to 96% of the total variation after 6
years of operation.

TABLE 1. VALUES OF Qcrr OF THE NODES OF THE LATCHES IN FIG. 1 AND THEIR RELATIVE REDUCTION AFTER SOME REPRESENTATIVE CIRCUIT OPERATING TIMES
AND THREE DIFFERENT PROBABILITIES OF HAVING A LOGIC 1 AT THE LATCHES’ INPUT (Pin=1=0.25, P\y=1=0.5, AND Py=1=0.75).

Latch Categorv 1 Latches Categorv 2 Latches
Standard Latchin [7] Latch in [2] Latchin[10] [ Latchin[14] | Latchin[§]
D E C Q D Inl | nQ Iol D Q D Q D D

A=0 | QuaffCf 1368 [ 512 | 835 | 1033 || 1368 | 638 | 1667 | 1261 | 1368 | 1037 || 14.02 | 10.38 14.93 14.01
A=l vear| Qe=(fC)|| 12.08 | 434 | 793 [ 983 | 1208 | 373 | 1381 | 11.76 | 1187 | 933 | 12.08 | 9.32 1343 1197
Pryver=0 3 AQa (%) -117 | <113 | 73 [ 67 || <117 (127 51 | 67 | 125 | 98 || <138 | <100 110 143
At=3 vears| Qu=(fC)|| 11.29 | 433 2 | 980 || 1129 | 539 | 13635 | 1162 | 1134 | 929 [ 1151 | 929 12.77 11.30
Prooi=0.3 |AQua %6y -17.3 | <150 | 81 | 69 || -1735 |-150| 60 | 78 || -171 | <121 [ <179 | -121 143 178
At=Gyears| Qe (fC)|| 1117 | 429 | 781 | 97 1117 | 348 | 1534 | 1149 | 1123 | 914 || 1128 | 9.12 12.63 11.34
Prei=03 |aQu (%o -183 | -162 | 87 | -73 | -183 |-167| 67 | &89 || 179 | 135 || -195 | -13.8 153 190
At=1 year| Qe (fC)] 1220 | 460 | 797 | 9.9 1220 | 392 | 1591 | 1191 [ 1214 | 966 || 1229 | 9.64 13.62 12.31
Pro=i=0.25|AQu (%) -108 | 101 | 68 | 33 |[ -108 |-101| 435 | 35 || -113 | 86 [ -124 | 88 96 121
At=3 vears| De=(FO)[ 1131 | 445 | 701 | 989 || 1131 [ 569 | 1577 | 1074 || 1163 | 943 || 11.69 | 9.43 13.01 11.74
Pryer=0.25 AQa (%) -15.8 | <131 73 [ 61 || <158 (133 33 | 68 | 150 | -108 || <167 | -109 -13 -16.1
At=G years| Qe (FC)[| 1140 | 439 | 786 | 9.83 || 1140 | 559 | 1566 | 1163 || 11.51 | 930 || 11.57 | 9.29 12.77 1157
Promi=0.25|AQuz (%6 167 | 143 | 81 | 67 || -167 |-150| 69 | 78 || -158 | ‘120 [ 175 | 121 143 173
At=1 year| Qe (fC)| 11.74 | 447 | 791 | 982 || 11.74 | 5.69 | 1577 | 11.63 || 1169 | 945 | 1197 | 9.44 12.5% 11.80
Promi=0.75|AQua (%6 142 | 127 75 | 68 |[ 142 |-134| 33 | 78 || -146 | -106 | -146 | -107 149 157
At=3 vears| Qe=(FO)[ 1117 | 430 | 7.83 | 980 || 1117 [ 532 1539 1135 | 1121 | 921 || 114 | 82 12.54 11.40
Prcer=0.75 AQa (%) -183 | <160 | B4 [ 7.0 | <183 [-161| 64 | B4 | 2181 | 2128 || <187 [ 4131 -16.0 126
At=Gyears| Qe (fC)|| 1094 | 423 | 777 | 975 || 1084 | 541 | 1546 | 1141 | 11.06 | 9.04 | 11.17 | 8.01 12.43 11.17
Poe==0.75|aQu ey 20 | 174 | 01 | 91 | 200 |177| 72 | 93 || -192 | 145 || 203 | -148 168 202
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Fig. 2. Values of the setup time of the considered latches as a function of
circuit operating time, for the case of having a logic 1 at the latches’ input with
a 50% probability (i.e., Pin=1=0.5).

TABLE 2. VALUES OF Tsy OF THE LATCHES IN FIG. 1 AND THEIR RELATIVE
INCREASE AFTER SOME REPRESENTATIVE CIRCUIT OPERATING TIMES, AND FOR
THREE DIFFERENT INPUT PROBABILITIES (Pin=1).

Latch | Latch | Latch | Latch | Latch | Latch
STD | in[7] | in[8] |in[10] |in[14] | in[6]
A=0 | tsu(ps) | 860 | 22.8 | 312 | 130 | 187 | 17.3
At=1yr | (@) | 937 | 251 | 351 | 146 | 205 | 188
Pin=r=05 | At )| 90 | 203 | 125 | 123 | 96 | 87
At=3yrs | Bu(P9) | 977 | 262 | 363 | 158 | 212 | 196
Pin-=05 | At (%) | 136 | 152 | 163 | 215 | 134 | 133
At=6yrs | lu(ps) | 993 | 267 | 365 | 166 | 217 | 20.2
Pn==05 | At (%) | 155 | 17.4 | 17.0 | 277 | 160 | 1638
a=tyr | @) | 91 | 259 | 366 | 142 | 199 | 192
Pin-1=025 | A¢ o6) | 58 | 141 | 17.3 | 92 72 | 110
At=3yrs | Bu(ps) | 94 | 273 | 302 | 150 | 209 | 203
Pin-1=025 | op o6y | 93 | 200 | 256 | 156 | 124 | 17.6
At6yrs | Bu(P9) | 97 | 276 | 403 | 153 | 214 | 211
Pina1=025 1 A¢ @) | 128 | 215 | 292 | 177 | 151 | 221
At=tyr | Bu(Ps) | 95 | 246 | 323 | 153 | 20.2 | 185
Pin=1=075 | At @6) | 107 | 83 | 37 | 177 | 86 | 68
At=gyrs | su(ps) | 102 | 257 | 3275 | 171 | 215 | 192
Pn=1=075 | At %) | 186 | 128 | 5 | 315 | 156 | 10.8
At=6yrs | 'V (ps) | 103 | 26.0 | 328 | 182 | 221 | 193
Pin=1=075 | At %) | 198 | 143 | 53 | 400 | 188 | 114

More in details, Table 2 reports the tsy values of the
considered latches for some representative circuit operating
times (At=0, 1, 3, 6 years), and three different probabilities of
having a logic 1 at the latches’ input (Pin=1=0.25, Pin=1=0.5,
and Pn=1=0.75). The table also reports the relative increase of
the tsy of each latch for the considered circuit operating times,
calculated as:

Atsu=100 (tsu_at=1,36 - tsu_at=0) / tsu_at=o.

We can observe that latches in [7], [8] and [6] experience
their maximum tsy increase for Pin=1=0.25, whereas for all
other latches, the maximum tsy increase is exhibited for
Pin=1=0.75. After At=6 years of circuit operating time, the
compared latches present a tsy increase ranging from 18.8%
(latch in [14]) to 40% (latch in [10]). Designers should
consider such a tsy variation in order to avoid timing
violations during circuit lifetime, especially if the latches are
connected to the output of critical data-paths.

IVV. IMPACT OF BTI ON LATCH SER

We evaluate the SER of the considered latches as a function
of the circuit operating time (A4f), for the considered Piy-;
probabilities. As shown in (1), for a given latch, the total SER
is the sum of the SER of each node that, if affected by a SET,
may produce a SE. Therefore, the SER of the analyzed latches
will be expressed by the sum of: the SER of nodes B, C, O and
D, for the standard latch (Fig. 1(a)); the SER of nodes inl, nQ,
Iol and D, for the robust latch in [7] (Fig. 1(b)); the SER of
nodes Q and D, for the robust latches in [8, 10] (Figs. 1(c) and
1(d)); the SER of node D only (since SETs on other nodes of
these latches are filtered out), for the robust latches in [14, 6]
(Fig. 1(e) and 1(f)).

In Table 3, we report the nodes i contributing to the SER of
the considered latches, together with the expressions of the
WOV; and parameter k;, (reported in the 3™ and 4" columns,
respectively). As clarified before, parameter £; is proportional
to the susceptible area of node i (4;). As for the flux of hitting
particles @p in (1), we considered @p = 56.5/s-m? [28]. Finally,
for the considered 32nm CMOS technology, we have derived
the value of parameter £ from [34]. In particular, for our
analysis we have considered 8= 90x10"? 1/C.

More in details, according to the expressions of the WOVs
and parameter k reported in Table 3, we can express the SER
of the standard latch (SERsrp) and of the robust latches in [7,
8, 10, 14, 6] (SER[7,3, 10, 14, 6) as follows:

SERsrp = (DP(WADQ_&QCT&(D) + %ABe—ﬁ'an‘t(B) +

% AgeFQrie© 4 % AgeFeri(@) 3)

SER[7] = (DP(%E:C;ZMADe_ﬂ.Q"“(D) + %Alnle_ﬁ'chit(Inl) +

% ApgePoerie® % Ajpye P Qericion) @)
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Lsetu —B-Q i ZBQ s
SER[S] =@ (—;Cz[s] Ape B-Qcrit(D) 4 %AQG B ant(Q)) (5)

SERj10) = Dp (% ApeBQcre® 4 % AgeF (@) ©)

SER}yyy = ®p 22114 4 o= Qcrie(D) )
Tck
SERie) = @p %ADe—ﬁ'Qcm(D) )

TABLE 3. EXPRESSIONS OF WOV AND PARAMETER K FOR THE NODES OF THE
LATCHES IN FIG. 1.

Latch Node i WOV, ki
D tsu st Ap=9.22x10%5 m?
B TCK/Z As =0.22x10"15 m?
Standard
c Tewl2 Ac=3.07x10% m?
Q Tewl2 Ag =3.07x10"° m?
D tsu Ap =9.2x105 m?
) In1 Texl/2 Ain=9.21x10 m?
in[7]
nq Texl2 Ang=3.07x10% m?
lol Texl2 A101=3.07x10 m?
. D tsu g Ap=1.23x10"* m?
in [8]
Q Texl2 Ag=1.43x10"" m?
. D tsupg Ap=1.94x10" m?
in [10]
Q Tewl2 Ag=1.23x10" m?
in [14] D tsu [14] AD=1.54><10_14 m?
in [6] D tsu [6] AD=1.23><10_14 m?
STDlatch
25105 | mmmmmmmmmmmmmemmccssssssssssooossooooooos
‘,——_Lamh o
20x10°
—_ Latchin [8]
= /
L Latchin [10]
~ 15x10% m————rL
5 —
(7p]
5 100+
©
—
5x10-
Latchin [14]
Latch in [6]

Circuit operating time (years)

Fig. 3. Values of the SER of the considered latches as a function of circuit
operating time, for the case of having a logic 1 at the latches’ input with a 50%
probability (i.e., Pin=1=0.5).

In Fig. 3, we report the obtained trend of the SER for all the
considered latches as a function of At, for Pin=1=0.5. We can
see that, as expected, the SER increases with At for all latches.
During the first 2 years of circuit operation, SER degradation
rate is much higher than during the remaining operating time.
For all latches, after only 2 years, the SER degradation
exceeds 90% of the total degradation exhibited after 6 years of
operation. We can also observe that, during the whole circuit
lifetime, the SER of the robust latches in [6, 14] (in category
2) is approximately one order of magnitude lower than the
SER of the standard latch and the robust latches in [7, 8, 10]
(in category 1). Nonetheless, the SER of the robust latches in
[7, 8, 10] are all lower than that of the standard latch along the
whole circuit lifetime.

These results show that, as expected, the latches in [6, 14]
are much more robust than the standard latch and the robust
latches in [7, 8, 10]. Moreover, over the circuit operating time,
the SER increase experienced by the latches in [6, 14] is
negligible compared to that of the standard latch and the
robust latches in [7, 8, 10].

Table 4 reports the SER values of the considered latches for
At =0, 1, 3, 6 years, and the considered probabilities to have a
logic 1 at the latches’ input (Pin=1=0.25, Pin=1=0.5, and
Pin=1=0.75). For each circuit operating time, the table also
reports the ratio between the SER increase of the standard
latch and the latches in [7, 8, 10] over the SER increase of the
latch in [6] (denoted by Ruser [61), and over the SER increase
of the latch in [14] (denoted by Ruser [147). In particular, we
calculated:

ASERsTD;[7,8,10]. |, : SERAt=1,36 —SERAt=0
—SIoI280L with ASER = years .
ASER(6,14] SERAt=0

Raser [6,14] =

The results reported in Table 4 show that, after 6 years of
circuit operation, the SER increase of the considered robust
latches in category 2 (i.e., those in [6, 14]) is at least 10 times
smaller than the SER increase of the standard latch, and of the
other considered robust latches in category 1 (i.e., those in [7,
8, 10]).

Therefore, as highlighted before, the impact of BTI on the
SER of robust latches in category 2 is negligible compared to
the impact of BTI on the SER of standard and low-cost robust
latches in category 1. Finally, we can see that the effect of
different Pin=1 is limited, being the relative SER difference
between the case with Pn=1=0.75 (highest SER) and
Pin=1=0.25 (lowest SER) less than 1.5%.

V. CONCLUSIONS

We have analyzed the effects of bias temperature instability
(BTI) on the soft error rate of both standard and robust latches.
We have shown that the SER of both standard latches and
low-cost robust latches, whose robustness relies on the
increase of the critical charge of their most susceptible
node(s), degrades considerably over time due to BTI. Instead,
as for the SER of the most costly robust latches, which avoid
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the generation of soft errors by design, we have proven that it
is minimally affected by BTI. For all considered latches, after
only 2 years, the SER degradation exceeds 90% of the total
degradation exhibited after 6 years of operation. We have also
shown that the effect of different input statistics on latch SER
is less than 1.5%. The obtained results highlight the fact that,
in applications mandating the use of low-cost robust latches,
designers will have to develop proper innovative low-cost
solutions to counteract SER degradation over time, thus
guaranteeing the minimal required level of robustness during
the whole IC lifetime.

TABLE 4. SER OF THE LATCHES IN FIG. 1, AND RATIO BETWEEN THE SER
INCREASE OF THE STANDARD AND THE LATCHES IN [7, 8, 10] OVER THE SER
INCREASE OF THE LATCHES IN [6, 14], AND FOR THREE DIFFERENT
PROBABILITIES OF HAVING A LOGIC 1 AT THE LATCHES’ INPUT (Pin=1).

Latch |Latch in|Latch in|Latch in|Latch in|Latch in
STD [7] [8] [10] [14] [6]
At=0 |[SER (FIT)[2.37x10%[2.21x10*|1.61x10| 1.37x10* | 4.19x10® |3.38x10°
SER (FIT)[2.51x10|2.39x10%|1.78x10*| 1.51x10* | 5.25x10¢ | 4.40x 10
AELyr Raser | 132 17.4 16.7 14.2 NA NA
Pin=1=0.5 —
Ruaser 1| 128 16.9 16.2 138 NA NA
SER (FIT)[2.54x10|2.42x10%|1.83x10*| 1.55x10* | 5.78x10 | 4.79x 10
=TS Raserps | 12.0 15.4 15.3 13.0 NA NA
Pin=1=0.5
Raser gy 10.7 13.7 13.7 11.6 NA NA
SER (FIT)[2.55x10|2.45x10%|1.85x10*| 1.58x10*| 5.97x10 | 5.01x 10
AEOYIS D emm| 112 | 149 | 148 | 129 NA NA
Pin=1=0.5 =
Raser 1| 103 13.7 135 11.9 NA NA
SER (FIT)[2.49x104|2.35x10%| 1.77x10*| 1.49x10* | 5.03x10 | 4.36x 10
At=1yr
R 12.1 14.9 15.7 12.9 NA NA
Pin=1=0.25] ASER[9]
Raser g 138 17.1 18.0 14.8 NA NA
SER (FIT)[2.52x10|2.40x10%|1.81x10*| 1.53x10* | 5.58x10 | 4.87x10
At=3 yrs
Raser- 10.0 13.1 13.4 10.8 NA NA
Pin=1=0.25] ASERT9]
Raser 14| 10.6 13.9 14.2 115 NA NA
SER (FIT)[2.54x10|2.43x10%|1.84x10*| 1.55x10* | 5.83x10 | 5.13x10
At=6 yrs
R 9.4 12.5 12.7 10.3 NA NA
Pin=1=0.25 AR
Raser 4| 98 13.2 13.4 10.9 NA NA
SER (FIT)[2.52x104|2.40x10%|1.79x10*| 1.53x10* | 5.39x10 | 4.39x 10
At=1yr
R 14.6 19.2 17.6 15.7 NA NA
Pin-1=0.75|_2oER
Raser g 121 15.9 14.6 13.1 NA NA
SER (FIT)[2.55x104|2.44x10%|1.83x10*| 1.57x10*| 5.98x10 |4.73x10°
At=3 yrs
Raser- 13.4 17.2 16.3 15.0 NA NA
Pin=1=0.75 ASERTE]
Raser puag| 10.0 12.8 12.2 11.2 NA NA
SER (FIT)[2.57x10|2.47x10*|1.86x10*| 1.60x10*| 6.21x10° | 4.85x10°
At=6 yrs
R 13.2 17.5 16.9 15.8 NA NA
Pin=1=0.75 ASER (6]
Raser 4|  9-6 12.7 12.3 11.4 NA NA
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