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Abstract—Designers typically add design margins to semicon-
ductor memories to compensate for aging. However, the aging
impact increases with technology downscaling, leading to the need
for higher margins. This results into a negative impact on area,
yield, performance, and power consumption. As an alternative,
mitigation schemes can be developed to reduce such impact.
This paper proposes a mitigation scheme for the memory’s sense
amplifier (SA); the scheme is based on creating a skew in the
relative strengths of the SA’s cross-coupled inverters during
design. The skew is compensated by aging due to unbalanced
workloads. As a result, the impact of aging on the SA is reduced.
To validate the mitigation scheme, the degradation of the sense
amplifier is analyzed for several workloads. The experimental
results show that the proposed mitigation scheme reduces the
degradation of the sense amplifier’s critical figure-of-merit, the
offset voltage, with up to 26%.

Index Terms—sense amplifier, memory, aging, mitigation

I. INTRODUCTION

Aggressive downscaling has been the main contributor to

the improved performance and functionality of Integrated

Circuits (ICs) over the past decades. However, due to several

challenges, both the rate and benefits of downscaling have

started to slow down [1]. One major challenge of downscaling

is that it worsens the reliability of ICs due to increased time-

dependent variability [2]; this consists of variations that occur

during the operational lifetime of the IC. It includes environ-

mental variations, such as fluctuations in the supply voltage

and temperature, and aging variations due to, for instance,

Bias Temperature Instability (BTI) [3]. Traditionally, design-

ers use worst-case guard-banding to tolerate this variability,

meaning extra design margins are added to guarantee a reliable

operation of the IC during its intended lifetime. However,

these extra margins cause penalties in area, performance, and

power consumption. As time-dependent variability increases

with downscaling, higher margins are required and, thus, these

penalties increase. Alternatively, designers can incorporate

mitigation schemes into the design that reduce the impact of

time-dependent variability. In this work, we address aging in

the Sense Amplifier (SA) of semiconductor memories. The SA

speeds up read operations by amplifying a small voltage signal

generated by the memory cells. Hence, the SA is a crucial

component for the memory’s read operation. Degradation of

the SA may lead to the incorrect read-out of the memory

cell [4, 5]. Moreover, several publications have reported that

the SA is very sensitive to aging [6, 7]. For example, its

offset voltage metric may degrade up to 100% [7]. Hence,

This work was supported through the projects TRACE (CATRENE, Grant
16ES0488K-16ES0502, 16ES0737) and PRYSTINE (ECSEL, Grant 783190).

understanding the impact of aging on the SA and providing

mitigation schemes are crucial aspects of reliable memory

design.

Prior work has mainly focused on mitigating the impact of

aging on the memory cell array [8–11]. Most of these works

try to balance the probability of writing zeroes and ones to the

memory cells, as this minimizes their degradation. Contrary to

the memory cells, the peripheral circuitry has received signifi-

cantly less attention. Prior work on the peripheral circuitry has

mainly focused on estimating the impact of aging; examples

are the SAs [12] and the address decoders [13]. To our best

knowledge, only two publications exist on mitigation schemes

for the SAs [5, 14]. In [5] a framework is proposed that finds

a memory array granularity (i.e. number of banks) that results

in a minimized SA degradation for a target application. This

scheme is, however, not directly applied to the SA circuit.

Hence, additional mitigation schemes that directly target the

SA can still be added to further reduce its aging. The authors

of [14] propose the Input Switching Sense Amplifier (ISSA); it

is based on periodically switching the SA’s differential inputs

to create a balanced workload. A drawback of this scheme

is that it requires additional control circuitry to enable the

switching. Moreover, the output value of the SA still needs

to be inverted in case the inputs are switched, resulting in a

non-negligble penalty for the memory’s overall delay.

This paper proposes the skewed SA to mitigate the aging

of the memory’s SA. The skewed SA has a skew in the

relative strengths of the SA’s cross-coupled inverters. The skew

between the cross-coupled inverters is compensated by aging

due to unbalanced workloads. As a result, the skewed SA has

a lower degradation compared with the standard SA and, thus,

it improves the lifetime and reliability of the memory. In short,

the contributions of this work are as follows:

1) It proposes the skewed SA design to mitigate the degra-

dation of the memory’s SA.

2) It validates the performance of the proposed scheme

by investigating, as a case study, the aging impact for

different workloads with and without mitigation.

3) It uses an industrial 14 nm FinFET SA design and a

calibrated BTI aging model for the circuit simulations;

thus, it provides accurate and relevant results.

The rest of this paper is organized as follows. Section II

provides the background. Section III discusses the proposed

mitigation scheme. Section IV presents a case study to validate

the mitigation scheme. Finally, Section V concludes this

paper.
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II. BACKGROUND

This section first discusses the SA, followed by its metrics.

A. Sense Amplifier

Memories contain SAs that amplify a small voltage gen-

erated by the memory cells in order to speed up the read

operation. Fig. 1 shows the schematic of the standard latch-

type SA. It is a popular design due to its high performance and,

therefore, it is used in this work. The operation of the standard

latch-type SA consists of two phases, namely the sensing
phase and the amplification phase. In the sensing phase,

the SA senses the voltage difference on BL and BL that is

generated by the memory cell. In this phase, SAEnable is low,

so the pass transistors Mpass and MPass forward the voltage

difference on BL and BL to the SA’s internal nodes SAOut

and SAOut. In the amplification phase, the SA amplifies the

sensed voltage difference to a full-swing read value. In this

phase, SAEnable is high, so the pass transistors disconnect

BL and BL from the SA and the voltage difference between

SAOut and SAOut is amplified by the cross-coupled inverters

of the SA. Finally, the full-swing read value is available at

node SAOut and its complementary value at SAOut.

B. Sense Amplifier Metrics

Two often-used metrics of the SA are its sensing delay
and its offset voltage [6, 7]. The sensing delay is the delay

of the SA to amplify the sensed voltage difference to a

full-swing value. The offset voltage is the differential input

voltage that results in a differential output voltage of zero

for the SA. Due to process variation and aging [7], there is

typically a mismatch in the strengths of the cross-coupled

inverter pairs of the SA. As a result, the offset voltage is

never zero. To guarantee a correct readout of the memory

cell, the bitline swing should exceed the SA’s offset voltage.

A lower offset voltage leads to a higher performance (i.e.

higher speed and lower power), as it means a lower bitline

swing is required. Arguably, the SA’s offset voltage is more

important than its sensing delay. Typically, the sensing delay

is only a small fraction of the memory’s total read delay (e.g.

∼2% [15]) and, thus, its degradation has a marginal overall

impact. Contrarily, generating the required bitline swing takes

a considerate amount of time due to the cell’s weak drive

strength. Therefore, this work focuses on the offset voltage

metric of the SA.

Each fabricated SA has a different offset voltage due to the

stochastic nature of process variation and aging [7]. Hence, the

distribution of the offset voltage should be analyzed. In order

to provide a quantifying metric for this distribution, we use

the offset voltage specifation and the method to determine it

introduced in [7]. The method is based on performing Monte

Carlo simulations during which process variation and aging

are injected into the SA. During each simulation, the offset

voltage is measured. Next, a fitted normal distribution of the

offset voltage is obtained using the mean and spread of the

measured offset voltages. Using this normal distribution, the

offset voltage spec for a target failure rate is then calculated;

SAEnable

Mup Mup

Mdown Mdown

SAEnable

Mtop

Mbottom

SAEnable

BL BL

SAOut SAOut

Mpass Mpass

SAEnable

Fig. 1: Latch-type sense amplifier.

i.e. the generated bitline swing should be equal or higher than

this spec to guarantee the target failure rate. In this work a

target failure rate fr = 10−9 is used, similarly as in [7].

III. PROPOSED MITIGATION SCHEME

This section first introduces the concept of the mitigation

scheme. Next, it discusses the skewed SA design.

A. Concept

It was demonstrated in [7] that the SA’s offset voltage

has the highest degradation in case the SA is stressed by an

unbalanced workload; i.e. it reads more ones than zeros or

vice versa. The impact on the fitted normal distribution of the

SA’s offset voltage due to an unbalanced workload (dominated

by read 1), is illustrated in Fig. 2a. Here, the distributions are

shown before aging (time-zero) and after aging. In addition,

the mean (the striped vertical bars) and the corresponding

offset voltage spec are indicated for each distribution. Note

that these results have been obtained from a calibrated model

at SPICE level, so these results should be sufficiently accurate.

The figure reveals that the mean of the distribution shifts away

from zero due to aging. This happens because unbalanced

workloads cause an unequal stress for the SA’s cross-coupled

inverters. For instance, in case the SA reads mainly ones,

transistors Mdown and Mup in Fig. 1 are stressed the most.

Due to the shift of the mean, the offset voltage spec degrades

significantly for unbalanced workloads. This needs to be taken

into account during design, meaning sufficient bitline swing

margin should be added to the memory. Alternatively, methods

can be developed to mitigate the degradation, which is the

focus of this work.

To mitigate the aforementioned degradation, this paper

proposes to shift the SA’s mean offset voltage at time-zero

(i.e. during design). The effect of this scheme is illustrated

in Fig. 2b; the mean of the distribution at time-zero is now

shifted to −10.0mV. However, with aging the distribution’s

mean shifts towards zero. This results in a lower offset spec

compared to the case without mitigation from Fig. 2a. Note

that in case an opposite workload is applied (mainly zeros are

read, instead of ones), the distribution would shift to the left,

resulting in a higher spec compared with the case without

mitigation. Hence, this method can be efficiently applied if

the workload has a certain degree of predictability. It is also

worth noting that this method causes a higher spec at time-

zero due to the shift of the mean. However, the spread of
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Fig. 2: Degradation of the offset voltage (a) without and (b) with mitigation.

the offset voltage also increases with aging [7]. As a result,

the spec at time-zero is still lower than the spec after aging

in Fig. 2b. Hence, the increasing spread due to aging is able

to compensate for the shift of the mean at time-zero up to a

certain degree. In addition, prior works have shown that the

bitline swing stays roughly constant with aging [6, 15].

To create a shift in the mean offset voltage at time-zero, we

propose the skewed SA. Its design is discussed next.

B. Skewed Sense Amplifier Design

Fig. 3 depicts the design of the skewed SA. An additional

PMOS transistor is added either to node SAout or SAout

compared with the standard latch-type SA from Fig. 1. Note

that this transistor is turned off; i.e. the gate and source are

hard-wired to VDD. The purpose of this transistor is to create

an additional capacitance. As a result, the inverter will be

slower at driving its node during a read-operation. Hence, this

creates a shift in the mean of the SA’s offset voltage. The

addition of transistor Mskew mitigates workloads that favor

read ones, since this makes the SA weaker at reading zeros.

On the other hand, the addition of Mskew mitigates workloads

that favor read zeros.
The impact of the additional capacitance on the mean offset

voltage of the skewed SA can be mathematically modelled as
follows. At the start of the SA’s operation, pull-down tran-
sistors Mdown and Mdown discharge the pre-charged nodes
SAOut and SAOut. In case the offset voltage is supplied at the
inputs of the SA, both pull-down transistors will discharge
the nodes to the SA’s metastable point. For a SA with a
balanced cross-coupled inverter pair, its metastable point lies
at VDD

2 . In case we assume the drain-current of the pull-down
transistors is constant, the discharge to the metastable point
can be described for a conventional SA as follows [16]:

Id ·Δt

CL
=

VDD

2
(1)

Here, Id is the drain current of the pull-down transistors, CL

is the load capacitance at nodes SAOut/SAOut, and Δt the
time to discharge the load by VDD

2 . In case of the skewed SA,
one of the internal nodes has a higher capacitance. Hence, the
connected pull-down transistor will be slower at discharging
it. In case both pull-down transistors are matched, this node
requires a lower initial voltage in order to discharge to the
metastable point in the same time Δt as the other pull-down

Mup Mup

Mdown Mdown

SAEnable

Mtop

MbottomSAOut SAOut

SAEnable

SAEnable

BL BL
Mpass Mpass

SAEnable

Nfin=n

Mskew Mskew

Nfin=n

Fig. 3: Design of the skewed sense amplifier.

transistor. The required voltage difference between the nodes
to achieve this, is the offset voltage Vos. Based on (1), the
discharge of the skewed SA to its metastable point can now
be described as follows:

Id ·Δt

CL + n · Cd
+ Vos =

Id ·Δt

CL
=

VDD

2
(2)

Here, n is the skewing factor, which denotes the number of
fins of the skew transistor, and Cd the drain capacitance of a
single fin. By solving (2) for Vos, the following equation can
be derived to estimate the offset voltage of the skewed SA:

Vos =
VDD

2
− VDD

2
· CL

CL + n · Cd
(3)

From (3), it follows that the created shift in offset voltage

depends on the skewing factor n, e.g., a higher skewing factor

results in a higher offset voltage shift. Hence, an appropriate

skewing factor should be selected which must be based on the

expected aging due to the target workload.

IV. VALIDATION VIA A CASE STUDY

This section presents a case study to validate the mitigation

scheme. It first discusses the experimental setup, followed by

the experimental results.

A. Experimental Setup

As a a case-study, we investigate the impact of aging on

the latch-type SA from Fig. 1. For this analysis, a 14 nm
FinFET design at industrial-strength is used. The SA circuit

is simulated using Spectre. Here, Monte Carlo simulations

are performed during which the effects of aging and process

variation are injected. For the aging, the calibrated atomistic

BTI model from [3] is used. The used stress condition for the

aging is three years at 125°C and nominal VDD. This extreme

condition corresponds to a device with a long lifetime. To

simulate process variation, Pelgrom’s model is used [17]. For

each workload, 1,000 Monte Carlo simulations are performed.

During each Monte Carlo iteration, the offset voltage of the SA

is measured. After the Monte Carlo simulations have finished,

the corresponding offset voltage spec (discussed in Section II)

of the offset distribution is calculated. Subsequently, the SA

is replaced by the skewed SA from Fig. 3 with an appropriate

skewing factor n. Here, a skewing factor is chosen that results

in a mean offset voltage shift that is closest to the mean

shift due to aging without mitigation. Note that this shift is

performed in the opposite direction. Next, the impact of aging
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Fig. 4: Degadradation of the offset voltage spec for several workloads.

is also evaluated for this skewed SA in order to evaluate its

mitigation capability.

Six different workloads are used for the aging; they are

named 20%r0r1, 20%r0, 20%r1, 40%r0r1, 40%r0, and 40%r1.

Here, the first number (20% or 40%) indicates the activation

rate of the SA. For instance, 20% indicates that 20% of the

cycles, the SA performs a read operation. After the activation

rate, the pattern of the read values is indicated. Three patterns

are used: r0r1 (50% of the reads are 0 and 50% of the reads

are 1), r0 (all reads are 0), r1 (all reads are 1). The sequence

r0r1 is used to mimic a balanced workload, while r0 and r1

are used to mimic an unbalanced workload.

B. Experimental Results

Fig. 4 shows the offset voltage spec after three years of

aging without and with mitigation for the different workloads.

The figure reveals the following:

• The mitigation scheme reduces the degradation of the

offset voltage spec significantly. The highest observed

offset voltage spec without mitigation is 76.2mV, while

it is only 56.7mV with mitigation; a reduction of ∼26%.

In addition, the benefit of the mitigation is strongly

workload-dependent. The mitigation scheme gives the

highest benefits for unbalanced workloads (i.e. 20%r0,

20%r1, 40%r0, and 40%r1). This is due to the fact that

unbalanced workloads shift the mean of the offset voltage

distribution, which the mitigation scheme compensates

for. On the other hand, the mitigation scheme gives

no advantage for balanced workloads (i.e., 20%r0r1 and

40%r0r1). The reason for this is that balanced workloads

do not shift the mean of the offset voltage distribution.

Hence, the degradation is already minimal for balanced

workloads and, thus, the mitigation scheme cannot reduce

it further.

• The mitigation scheme reduces the dependency of the

offset spec’s degradation on the workload significantly;

it varies only between 54.9mV and 56.7mV with mit-

igation, while it varies between 54.9mV and 76.2mV
without mitigation. The dependency on the workload for

the mitigation scheme is low, due to the fact that it

compensates for the shift of the mean offset voltage. Note

that this mean offset voltage shift has the highest impact

on the degradation of the offset voltage spec [7].

• In case no mitigation scheme is applied, the degrada-

tion of the offset voltage spec depends strongly on the

workload; the offset voltage spec varies between 54.9mV
and 76.2mV. The degradation is mainly impacted by

the pattern of the read values (i.e. balanced versus un-

balanced) and it is highest for unbalanced workloads.

For example, workload 20%r0r1 gives an offset spec of

only 54.9mV, while workload 20%r1 gives a spec of

73.0mV. Unbalanced workloads result in a much higher

degradation due to the shift in the mean offset voltage [7].

In addition, the degradation of the offset spec has a slight

dependence on the activation rate of the workload. A

higher activation rate results in a higher degradation, since

the SA is stressed more. For instance, workload 20%r1

gives an offset spec of 73.0mV, while 40%r1 gives an

offset spec of 76.2mV.

V. CONCLUSION

This paper proposed the skewed SA design to mitigate

the impact of aging on the memory’s SA. It is based on

creating a skew in the relative strengths of the SA’s cross-

coupled inverters at design time. The skew is compensated by

aging due to unbalanced workloads, which results in a reduced

overall impact of aging on the SA. Our case study revealed

that the mitigation scheme reduces the degradation of the offset

voltage spec with up to 26%. Hence, our proposed mitigation

scheme can be applied in order to extend the lifetime and

improve the reliability of memories.
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