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Abstract

Reliability of analog and mixed signal circuits fabricated using complementary metal
oxide semiconductor technologies in the deep-submicrometer technology nodes is signif-
icantly affected by process, voltage and temperature (PVT) variations. Degradation
induced due to aging mechanisms like bias temperature instability, conducting and non-
conducting hot carrier injection in n-channel and p-channel MOSFET devices leads to
additional challenges in design of reliable circuits. PVT variations and aging mechanisms
together lead to lifetime degradation of device and circuit performance. Introduction of
alternative high-κ dielectric stack with metal gate has on one hand improved transistor
performance but on the other hand has introduced effects like positive bias temperature
instability which degrades the transistor parameters over lifetime. Hence reliable and
robust operation of semiconductor integrated circuits over their specified operating life-
time is an important specification target for products fabricated in current and future
nano-technology era.

We can no longer gain from the reliability experience achieved from the older mate-
rials and technologies. Accurate prediction of aging induced performance degradation is
important right from the design phase in order to avoid chip failures at client site and ex-
pensive design re-spins. However the new challenges are posed by interaction of different
aging mechanisms causing enhancement or slow down of the overall circuit performance
degradation. Successful integration of the new technology hence depends on the quick
understanding of reliability physics and study of aging degradation behavior beyond the
level of single transistors i.e. further extended to circuit domain. These aging effects
which contribute to both temporal and permanent parameter shifts in transistors cannot
be handled only by process improvements. Mitigation of reliability degradation needs
to be addressed by design strategies and techniques in the form of countermeasures in
advanced technology nodes.

This thesis presents the outcome of investigations on the effects of aging mechanisms
induced parameter shifts and performance degradation in analog and mixed signal cir-
cuits. The lifetime degradation induces threshold voltage and drain current shifts that
can result into mismatch in matched transistor pairs which is especially important for
analog and mixed signal circuit’s accuracy. The investigations are done based on analyti-
cal evaluation, aging simulation and measurements using sample circuits implemented in
state-of-the-art 32nm high-κmetal gate CMOS technology. Circuit performance degrada-
tion due to process variation, variability in aging induced parameter drifts and recovery
effects is not treated in this thesis. Calibration and correction techniques suitable for
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overcoming time varying aging induced circuit performance degradation are proposed
and investigated.

The structure of this thesis is designed to guide the reader from important aging
mechanisms, over to aging degradation in important analog building blocks and coun-
termeasures to overcome these effects, leading to effects of aging induced performance
degradation on switch, ring oscillator and analog to digital converter (ADC) circuits.

Chapter 1 gives an overview of the importance of precise analog and mixed signal
(AMS) circuits and the challenges it faces under aging degradation. It points the need
of accurate prediction of circuit lifetime degradation under aging mechanisms in current
nano-technology era. Presenting the state-of-the-art scientific research in the field of
AMS circuit reliability, the contribution of this thesis work is highlighted.

Chapter 2 introduces the high-κ metal gate CMOS technology and related aging
wearout mechanisms treated in this work. The modeling of the degradation induced by
these aging mechanisms on transistor level is explained using a sub-circuit model. And
an aging simulation flow to evaluate the reliability of the circuit post aging is discussed.

Chapter 3 presents an analytical approach to evaluate the contribution of different
aging mechanisms to performance degradation of linear circuit. This technique proves
to be in good agreement with circuit simulations, but with considerably less computing
effort and providing more intuitive insight into the various degradation contributions. The
concept of accelerated aging to perform quick circuit lifetime prediction measurements
under aging degradation is introduced.

Chapter 4 summarizes the findings related to aging degradation in operational am-
plifier circuits, both in closed and open loop configurations. The importance of circuit
topology selection concerning reliability is explained with an example of comparison be-
tween two operational amplifier design implementations viz., simple Miller amplifier and
folded cascode amplifier. Based on the methodology explained in chapter 3, contributions
of different aging mechanisms towards aging induced performance degradation in these
two topologies are compared.

Chapter 5 proposes two solutions viz., chopper stabilization and autozeroing to miti-
gate the effects of aging induced performance degradation in differential circuits. The con-
cept of using chopper stabilization technique as a degradation countermeasure is proved
with measurement results on the test chips implemented using 32nm high-κ, metal gate
CMOS technology.

Chapter 6 presents the contribution of different aging mechanisms towards parameter
drifts in transistors of the ring oscillator circuit. The increased contribution of hot carrier
mechanism in minimum channel length devices toward circuit lifetime degradation is
highlighted. And an adaptive bipolar tracking technique to monitor and compensate
aging degradation in the ring oscillator circuit is demonstrated by measurements.

Chapter 7 presents the contribution of different aging mechanisms towards parameter
drifts in transistors of the transmission gate switches used commonly in switched capac-
itor circuits. Further, ineffectiveness of using bipolar stress as online countermeasure to
compensate aging degradation using accumulation stress is discussed.
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Chapter 8 introduces analysis and evaluation of aging degradation in high resolution
Nyquist rate successive approximation register (SAR) ADC circuit. The impact of aging
on building blocks of SAR ADC viz., input buffer and comparator, and its individual
and combined effect on ADC performance is evaluated under asymmetrical input stress
condition. The need to implement special countermeasures which can correct time varying
errors resulting from stress induced degradation in high resolution ADC’s implemented
in deep-submicrometer CMOS technology is highlighted.

Chapter 9 presents analysis and evaluation of aging induced performance degrada-
tion in oversampling sigma-delta ADC circuit. Investigations are carried out on aging
degradation of different building blocks in fully differential third-order, 2-stage, multi-bit
(17-level) sigma delta ADC implemented in 32nm high-κ metal gate CMOS technology.

Chapter 10 summarizes conclusions from this work and outlook.
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Kurzfassung

Diese Arbeit untersucht durch Alterungsmechanismen induzierte Parameterdrift und
Degradation der Schaltungseigenschaften von Analog-und Mixed-Signal-Schaltungen in
Submikrometer-CMOS-Technologien. Dazu wird der kombinierte Effekt von mehreren
Degradationsmechanismen wie Bias Temperature Instability und Injektion heißer Ladung-
sträger auf das Schaltungsverhalten ermittelt. Diese Mechanismen induzieren Schwellsp-
annungs- und Drain-Stromdriften. Dadurch entstehende Offsets in Transistorpaaren
können die Genauigkeit von Analog-und Mixed-Signal-Schaltungen beeinträchtigen. Die
Untersuchungen basieren auf analytischen Berechnungen, Simulationen und Messungen
von Testschaltungen in einer aktuellen 32nm High-κ Metal-Gate-CMOS-Technologie.
Zur Kompensation der zeitlich variablen Effekte auf das Schaltungsverhalten werden
Kalibrier- und Korrekturverfahren vorgeschlagen und untersucht.
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Chapter 1

Introduction

This chapter gives an introduction to various topics that will be investigated in this thesis.
It highlights the importance of precise and reliable analog and mixed signal (AMS) circuits
in today’s electronic system design. The challenges faced by these circuits under aging
degradation are discussed. It points out the need of accurate prediction of circuit lifetime
degradation under aging mechanisms in current deep-submicrometer technology era. A
brief overview of the current state-of-the-art scientific research in the field of AMS circuit
aging is presented and the contributions of this thesis work are introduced.

1.1 Motivation

1.1.1 Analog and Mixed Signal Circuits

DSP

ADC

DAC
Anti-
Imaging

Anti-
Aliasing

Tuning

RF and Analog Blocks

Mixed Signal Blocks
Digital Blocks

Amplifier Frequency Up-
Down Converter

ADC
Post-processing

DAC
Pre-processing

Fig. 1.1: An analog mixed signal integrated circuit

Real world signals such as temperature, speed, pressure, flow, voice are a few ex-
amples that we deal in everyday life which are all analog in nature. Analog circuits
are found in many electronic systems with human interface applications for example
displays, speakers, microphones, cameras, automobiles, sensors, mobile phones, etc. to
process analog input signals and generate analog output signals. With scaling being more
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favorable to digital circuits compared to analog circuits in terms of area, cost and robust-
ness towards noise and variation, more and more functionality is being shifted to digital
domain and analog has moved into the background. Due to this paradigm shift mixed
signal circuits which serve as connection between analog and digital signal processing do-
main are indispensable as illustrated in figure 1.1. Precision and accuracy of analog and
mixed signal (AMS) circuits is linked to good matching of transistor pairs in structures
like current mirrors, differential pairs, etc. and high signal-to-noise ratio which is linked
to the available signal swing and voltage headroom.

Non-constant field scaling of CMOS technology has resulted in smaller and faster
AMS circuits but with deteriorated linearity and accuracy. In deep-submicrometer tech-
nology era with supply voltages around 1V, the downscaling of transistor threshold volt-
age has de-accelerated due to transistor variability, matching and leakage issues resulting
into limited voltage headroom. This limited voltage headroom makes cascoding of tran-
sistors difficult to implement. Further due to limited degree of control on device param-
eters like dopant concentration, channel length and oxide thickness transistor mismatch
increases due to the process variations. In addition transistor parameters like thresh-
old voltage and drain current are affected due to aging which results in mismatch and
degradation in performance over circuit operating lifetime.

1.1.2 Aging in Deep-submicrometer CMOS Technology

Integrated electronic systems with AMS circuits fabricated using CMOS technology find a
wide range of applications ranging from life critical field; aircraft, pacemaker and automo-
tive, consumer electronics field; television systems, mobile, camera and gaming station,
to non-critical field; toys and electronic greeting cards. CMOS transistors used in these
circuits are expected to degrade (age) with time. This causes the circuit performance
to deviate from its specifications measured post fabrication. So device and circuit relia-
bility evaluation is of prime practical importance. The recent CMOS technologies have
witnessed slowing down or stopping of supply voltage (VDD) and threshold voltage (Vth)
scaling because of the non-scalability of sub-threshold slope whereas the transistor gate
length (L) and thickness of gate oxide (tox) is continuing to scale down. This results
into a net increase in lateral electric field, effective channel field and the vertical oxide
field. Moreover, with scaling of device geometry and the increase in device number,
power consumption rises resulting into rise in the operating temperature which produces
another big issue with respect to device reliability. The introduction of first nitrogen
and then high-κ in the gate oxide stack has lead to enhancement of oxide degradation
in both pMOSFET and nMOSFET devices. This leads to enhancement of different ag-
ing degradation mechanisms in the integrated circuits fabricated using state-of-the-art
deep-submicrometer CMOS technology.

Aging degradation mechanisms can be classified into destructive and non-destructive
categories, depending on if it leads to transistor hard failure (e.g. gate-oxide breakdown)
or wearout (e.g. bias temperature instability (BTI), conducting, non-conducting hot car-
rier injection (CHCI, NCHCI)). Hard failures due to destructive stress are completely
unacceptable since it can partially or completely disrupt the functionality of the circuit.
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On the other hand wearout mechanisms due to the non-destructive stress are acceptable
unto a limit which is defined by the desired circuit accuracy and precision. So to pre-
dict if the circuit meets the target lifetime expectation, performance degradation over
lifetime under non-destructive stress effects must be analyzed by the designer. Accurate
prediction of aging degradation is important to avoid expensive re-spins, for gaining the
consumers trust and to correctly define the warranty period and cost of the product.
In order to perform quick practical aging predictions to evaluate the lifetime reliability
of an integrated circuit, it is necessary to map the end-of-life use case condition of the
product (e.g. mobile phone use case of 4 Years, 85◦C, 105% of worst case VDD) to an
meaningful and accurately mapped accelerated stress condition (e.g. 103s, 125◦C, 120%
of worst case VDD). For these evaluations the AMS circuit is assumed to be well designed
and functioning perfectly at time zero. This acceleration allows the stress conditions to
shrink the 4 year product life to a 103s period so the reliability of the circuit can be
studied in laboratory and guaranteed. The shrinking in lifetime of a MOSFET device is
possible by elevating the stress temperature, bias voltages and time.

1.1.3 Impact of Aging on Analog and Mixed Signal Circuits

I
2

I
4

I
8

Fig. 1.2: Matching sensitive analog and mixed signal circuits

Current mirror, operational amplifier and bandgap reference circuits are some of the
very basic building blocks of AMS systems. The precision and accuracy of these basic
building blocks is linked to the matching of the transistor pairs as illustrated in figure 1.2.
The reliability performance of all such matched pair circuits depends closely on their aging
differential. Analog circuits always witness DC voltages for biasing purposes irrespective
of the input signal unlike digital circuits. Further in addition to the applied DC bias
voltages, a high temperature may also exist on the chip because of the high transistor
density. Thus the failure rate varies as a function of stress voltage, temperature and
time. Further the maximum allowed margins of process and aging degradation induced
parameter drifts and variations are lower for analog applications and high resolution
mixed signal circuits [2].

The transistors in typical AMS circuit are operated either in active mode or power
down mode. Operation in either of these modes can induce aging degradation in the
transistors depending on the surrounding bias conditions [3]. In the circuit active mode,
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the transistors are usually operated in saturation region with gate to source overdrive
voltage Vod = |Vgs − Vth| of around several 100mV and drain to source voltages |Vds| >
|Vod|. Diode connected transistors are less prone to aging degradation due to their low
biasing values with |Vgs| = |Vds|. Other transistors can see high voltage conditions enough
to induce aging degradation due to BTI and/or HCI depending on the input signals and
the circuit configuration (closed loop, open loop, feedback, etc.). Asymmetrical input
signals lead to aging degradation induced offset voltages in matched differential pairs [4].

In a typical power down mode the bias currents are switched off to avoid power
consumption of the inactive circuit, but the supply voltages are not driven down in order
to allow for fast reactivation of the circuit. In this case the potentials of the internal nodes
are determined by the input signals and the sub-threshold or off state leakage currents
of the transistors. All the transistors connected in the current mirror configuration are
not prone to aging degradation in this case because the diode connected transistors lead
to low gate voltages. The remaining transistors can be affected by BTI stress depending
on the input signals.

In case of specific circuits like ring oscillator the transistors see high gate to source
voltages (|Vgs|), being switched between VDD and VSS leading to BTI and NCHCI degra-
dation. Also the transistor here experience high drain to source voltage (|Vds|) during
signal transition phase resulting into degradation due to CHCI. CMOS transistor switches
with bi-directional current flow typically used in switched capacitor circuits experience
similar stress conditions like the transistors in the ring oscillator circuit but with lower
|Vds| values resulting into low CHCI and NCHCI degradation.

Thus accurate evaluation of aging degradation is required on circuit level to obtain
realistic risk evaluation for precise reliability qualification. Simply sizing up devices,
such as is done to reduce process variation and HCI effects offers little relief to NBTI
and PBTI degradation effects on circuits. The AMS circuit designers need to move
one step further to include device aging impact into consideration, so that the circuit
can meet the specifications at end-of-life (EoL). Special circuit techniques are needed as
countermeasure for these aging degradation effects [5].

1.2 State-of-the-art

A trend of rising interest among the research community in the field of AMS circuit
reliability is witnessed in this deep-submicrometer technology era facing severe reliability
challenges. The plot in figure 1.3 illustrates the approximate number of publications
from academia and industry in IEEE conferences and journals over a period of last 10
years in the field of AMS circuit reliability related to aging degradation mechanisms like
NBTI, PBTI, CHCI and NCHCI. A summary of the state-of-the-art and related articles
published over the last decade is presented in this section.

A comprehensive overview concerning reliability of MOSFET devices implemented
in 0.25µm technology under analog operation for NBTI and CHCI degradation is given
in [3]. In the similar direction an overview of analog circuit reliability for an advanced
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Fig. 1.3: IEEE publications in the field of analog and mixed signal circuit reliability
targeting BTI and HCI mechanisms

32nm high-κ metal gate technology is presented in [6]. Physical design and reliability
issues in deep-submicrometer analog CMOS technology are discussed in [7,8]. The NBTI
induced mismatch in operational amplifier circuits implemented in 90nm technology was
found to induce little change in output characteristics compared to time zero process
variability for asymmetric stress condition results presented in [9]. Similar circuit level
aging simulations under NBTI effect on current mirror, operational amplifier, comparator
and digital to analog converter circuits are presented in [10]. The importance of extreme
levels of matching for highly accurate applications is highlighted. Effect and modeling of
aging induced mismatch in balanced analog circuits is presented in [11–15]. NBTI effect
on aging reliability of bandgap reference circuit using thermal sensor DAC is studied in [2]
using aging simulation, and the degradation was not found to be significant to cause error
to the functionality. NBTI and CHCI aging effects on the performance degradation of RF
and analog circuits is presented in [16–20]. An optimum operating voltage that balances
NBTI degradation against transistor voltage headroom is presented in [21]. Effect of HCI
stress on matching variations is presented in [22]. Analog circuit simulation using the
BTI recovery models are shown in [23].

In [6, 24] passive techniques using burn-in and calibration to treat aging induced
offset in differential structures implemented in 32nm technology are explained. Active
NBTI compensation techniques in 65nm technology based on body biasing and differential
matching by switching the input pair are presented in [25]. Similar offset voltage reduction
of the SRAM sense amplifier implemented in 40nm technology using HCI trimming is
proposed in [26]. In [27] the potential to boost the performance of AMS circuits using
elevated VDD and thick oxide transistors without degrading the reliability is discussed.
A prognostic circuit to measure the threshold voltage shift due to NBTI and report the
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state of health of analog circuit is reported in [28]. Design tools for efficient analysis
and prediction of the lifetime yield of analog circuits together with effects of process
variation are presented in [29–33]. A methodology to study the influence of BTI and
process variability on functionality of different configurations of an amplifier circuit is
investigated in [34].

It can be noticed from the summary above that till date very few publications deal
with PBTI effect in nMOSFETs which was introduced with the use of high-κ since
45nm technology node. Moreover AMS circuit reliability evaluation under combined
effects of NBTI, PBTI, CHCI and NCHCI is rarely performed [35–37]. For accurate
circuit lifetime predictions it is important to consider all the aging effects together since
interaction between these effects can enhance or slow down the overall circuit performance
degradation depending on the input voltages and stress condition. Also a very limited
research is carried out on the countermeasures to compensate and overcome the aging
induced performance degradation in the AMS circuits.

1.3 Contributions of This Work

In this thesis non-destructive aging mechanisms associated with the deep-submicrometer
CMOS technology and their impact on the end-of-life performance of AMS circuits are
evaluated. The combined effects of NBTI, PBTI, CHCI and NCHCI induced transistor
aging, resulting mismatch, AMS circuit degradation and contribution of individual aging
mechanisms to this performance degradation, for the 32nm high-κ metal gate technology
[38] is studied. Instead of studying each aging mechanism independently using dedicated
on-chip test structures, the study of its combined effect on circuit performance is proposed
since it is important to evaluate how these aging mechanisms interact with one another.
Countermeasures to overcome aging induced performance degradation are proposed and
demonstrated with measurement results.

An analytical approach to evaluate the contribution of different aging mechanisms
to performance degradation of linear circuits is introduced. The importance of circuit
topology selection concerning reliability is explained with an example of comparison be-
tween two operational amplifier design implementations viz., simple Miller amplifier and
folded cascode amplifier. Two solutions viz., chopper stabilization and autozeroing to
mitigate the effects of aging induced performance degradation in differential circuits are
proposed. The impact of aging degradation on ring oscillator circuit performance is
evaluated and an adaptive bipolar tracking technique to monitor and compensate this
degradation is demonstrated. Similarly transmission gate switches used commonly in
switched capacitor circuits are investigated for degradation due to aging. Based on the
aging degradation knowledge of various basic building blocks aging induced performance
degradation in complex Nyquist rate and oversampling analog to digital converter circuits
are investigated.
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1.4 Summary

Although more and more circuit functionality is being shifted into digital domain, analog
and mixed signal circuits will always play a very important role in integrated circuits of
electronic systems since the real world signals are analog in nature. Hence the importance
of analog and mixed signal circuits was highlighted in this chapter. Slowing down of
supply voltage and threshold voltage scaling, increase in power consumption, introduction
of new gate dielectric stack and continuous scaling of transistor gate length and oxide
thickness has enhanced aging mechanisms in deep-submicrometer technology era. The
impact of this aging degradation on AMS circuit performance was discussed.

A trend of rising research interest among the research community in the field of AMS
circuit reliability was highlighted. And a summary of the current state-of-the-art research
in this field was provided. Further introduction to the contributions of this thesis work
to further gain insight into reliability issues in AMS circuits fabricated in 32nm deep-
submicrometer CMOS technology were presented. The various topics introduced in this
chapter will be covered in more detail in the subsequent chapters.
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Chapter 2

Transistor Level Modeling of Aging

Mechanisms

At shrinking deep-submicrometer technology nodes severe reliability concerns are raised
on device and circuit level. Aging degradation mechanisms such as conducting hot carrier
injection (CHCI), non-conducting hot carrier injection (NCHCI) and bias temperature
instability (BTI) affect MOSFET parameters like threshold voltage and drain current.
These effects are not modeled in conventional transistor models like Spice or Spectre.
Thus, the conventional circuit simulators cannot effectively handle aging simulation.
Dedicated device models with additional information related to aging degradation mech-
anisms and reliability simulation tools are therefore required to enable static and dy-
namic simulations of CHCI, NCHCI and BTI to evaluate device and circuit reliability.
This chapter introduces the 32nm high-κ metal gate CMOS technology which was used
for aging simulation, test chip implementation and measurements. Further the aging
degradation mechanisms treated in this thesis, transistor level modeling of these aging
mechanisms and aging simulation flow are explained.

2.1 High-κ Metal Gate CMOS Technology

Starting from 45nm CMOS technology node high-κ (HK) and metal-gate (MG) are used
in semiconductor manufacturing process to overcome the problem of increasing leakage
current with scaling gate oxide thickness. These HK stacks have less gate leakage because
of their higher physical thickness for the same equivalent oxide thickness (EOT), because
of the higher dielectric constant (κ) of these materials compared to the conventional SiO2

or SiON dielectrics. Among various HK materials, Hf-based films of HfO2 and HfSiO2

are considered as one of the most promising alternative gate dielectrics because of their
thermal stability, low density of interface states and low leakage current [38].

However the introduction of HK as new gate dielectric material in combination with
MG generates new reliability challenges which were absent in conventional SiO2 or SiON
gate stacks. In addition to negative bias temperature instability (NBTI) in pMOSFET,

9
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positive bias temperature instability (PBTI) in nMOSFET is the new reliability concern
in HK/MG technology because of the high density of structural defects in the HK di-
electrics resulting into additional fast transient charge trapping [39]. Further hot carrier
stress has emerged as a dominant degradation factor in short channel MOSFETs [40].

To study the effect of these enhanced reliability issues on analog and mixed sig-
nal circuit aging degradation, circuits implemented using state-of-the-art 32nm HK/MG
CMOS technology are investigated in this thesis.

2.2 Aging Degradation Mechanisms

One of the important aspects of any electronic system is to perform reliably for a defined
period of time. Various wearout mechanisms can lead to device and circuit degradation
over its defined operating lifetime. This results from non-constant aggressive scaling of
device dimensions, increasing electric fields and usage of new materials which enhances the
reliability concerns at deep-submicrometer CMOS technology era. The aging degradation
mechanisms causing wearout of device performances and not hard failure (e.g. dielectric
breakdown) are treated in this thesis. In this section these reliability wearout mechanisms
are introduced.

2.2.1 Bias Temperature Instability

DS G

B

p+p+

N − well

VDDVDD

VDD

Fig. 2.1: Negative Bias Temperature Instability mechanism

Bias temperature instability is a degradation effect resulting in generation of interface
states at the Si/SiO2 interface and oxide traps under vertical gate oxide fields Fox ≤
6− 10MV/cm in inversion (Vgs > |Vth|) and at elevated temperatures (30 to 200◦C) [41].
The highest impact of BTI is observed in pMOSFETs when stressed with high negative
gate voltage at elevated temperatures [42]. It is referred to as negative BTI (NBTI)
due to the negative gate to source voltage. In pMOSFETs, the channel holes interact
with the passivated hydrogen bonds in the dielectric resulting into generation on traps
and interface states as illustrated in figure 2.1. This results into increase in absolute
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threshold voltage value. The effect of BTI is enhanced at high temperatures. This NBTI
aging degradation mechanism effect has been reported 45 years ago [43] and has gained
interest due to enhanced reliability concerns in recent years [44–46]. Introduction of new
dielectric material like high-κ has enabled BTI effect in nMOSFETs and is referred to
as positive bias temperature instability (PBTI) due to positive gate to source voltage.
Currently BTI is one of the most serious and important reliability concern for both digital
and analog circuits. At advanced technology nodes this effect is enhanced due to reduced
voltage headroom, high oxide electric fields resulting from non-constant field scaling, high
temperatures due to higher power dissipation and introduction of new dielectric material.

RecoveryPhaseStress Phase
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.)
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Fig. 2.2: Recovery effect in BTI reliability mechanism [1]

BTI degradation starts relaxing very quickly after the removal of the stress. Fig-
ure 2.2 illustrates the recovery of Vth drift which is observed once the stress field is
removed. This threshold voltage relaxation phenomenons consist of long recovery tran-
sients. The recovery component is caused by de-trapping of charge during subsequent
removal of stress signal after a stress phase [47]. The resulting recovery consists of fast
and slow (so-called permanent) components. These effects have a broad range of time
constants, and thus this component can be considered as similar to low frequency (1/f)
flicker noise [48]. This recovery is beneficial for enhanced device lifetime but it also makes
characterization of BTI degradation quite tedious. Recovery after NBTI or PBTI stress
in MOSFETs and its dependence of gate voltage, temperature and frequency of stress
signal has been a hot topic of research in the past decade [49,50].

The stress signal causing BTI degradation can be of two types viz., static stress (DC
Stress) or dynamic stress (AC Stress). The AC stress is shown to be beneficial for lifetime
enhancement of the device and circuit [51–53]. In case of a 50% duty cycle AC stress
the recovery occurring during the non-stressing half periods reduces the degradation by
around a factor of two compared to the DC stress. Wide research on the topic, dependence
of duty cycle, frequency and magnitude of the AC stress on BTI degradation and recovery
is available in the literature.

Device degradation due to aging resulting from slow recovering or permanent BTI
degradation mainly increases the absolute threshold voltage (Vth) of the MOSFETs. This
permanent Vth shift ((∆Vth)N/PBTI) behavior in the pMOSFET and nMOSFET transis-
tors resulting from NBTI and PBTI degradation respectively is modeled using equa-
tion (2.1), similar to [10, 34, 54] using different set of parameters for pMOSFET and
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nMOSFET devices. These device related parameters are fitted to single device stress
measurements

(∆Vth)N/PBTI = A ·

(
Vgs

Tinv

)m

· e(
∆E
kT ) · Lα ·W β · tn (2.1)

where, A, m, ∆E, α, β are experimentally determined fitting parameters, Tinv is the
electrically measured oxide thickness, k is the Boltzmann constant, T is the temperature,
t is the stress time and n is in the range between 0.19 to 0.26. Different fitting parameters
are used to model NBTI in pMOSFET and PBTI in nMOSFET devices.

The ∆Vth degradation due to BTI follows a power law behavior in time over wide
range of decades. The shift in Vth depends on the stress voltage (Vgs) with an exponent m
and on the stress time (t) with an exponent n. BTI degradation has saturating charac-
teristics at larger stress time. It has a weak dependence to the transistor dimensions (W
and L). The temperature (T ) dependence is modeled to follow Arrhenius law with the
activation energy (∆E). The BTI degradation also to some extent depends on the drain
to source voltage (Vds), however this relation is not modeled here.

The basic BTI mechanism is not yet fully understood. There have been different
efforts to model BTI [48, 55, 56]. An accurate but simple to use BTI degradation evalu-
ation and prediction model is required that models not only DC stress degradation and
recovery but also the response to dynamic (AC) stress with arbitrary stress/recovery
sequences, but at the moment no generally accepted model is available.

2.2.2 Hot Carrier Injection
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Fig. 2.3: Hot Carrier Injection mechanism

The recent CMOS technologies have witnessed slowing down or stopping of supply
voltage (VDD) and threshold voltage (Vth) scaling because of the non-scalability of sub-
threshold slope whereas the gate length (L) and oxide thickness (tox) is continuing to scale
down. This results in a net increase in lateral electric field, effective channel field and
the vertical oxide field. Due to this aggressive non-constant field scaling hot carrier (HC)
effect is again a prime concern for device and circuit reliability. The impact of conducting
hot carrier injection (CHCI) and non-conducting hot carrier injection (NCHCI) on device
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and circuit reliability are the indicative of the ability of the process to resist wearout
mechanisms during operating lifetime [57].

MOSFET devices fabricated in deep-submicrometer CMOS technology era experi-
ence very high lateral field and the extension of the pinched-off region approaches the
values in the order of the carrier mean free path. Under these conditions carriers can gain
large kinetic energies while transiting through the regions of high electric field. When the
carrier energy gets significantly larger than that associated with the lattice in thermal
equilibrium, they are called hot. These hot carriers can gain enough energy to be injected
into the gate oxide, cause interface damage or induce substrate and gate leakage intro-
ducing instabilities in the electrical characteristics of a MOSFET device as illustrated
in figure 2.3 [41]. These hot carriers in the channel traveling from source to drain can
experience very high electric field near the drain region resulting into impact ionization
and conducting hot carrier injection (CHCI) into the oxide. Conventional Spice mod-
els include impact ionization effect but not CHCI. CHCI leads to degradation of drain
current (Id) and absolute increase in transistor threshold voltage (|Vth|).

The MOSFETs operating in sub-threshold region or off-state with high drain to
source voltage experience interface trap generation in the gate-drain overlap region and
localized charge trapping into the spacer oxide [58]. The damage is elevated with increas-
ing temperatures. This effect induces degradation in drain current, Id and is commonly
referred to as off-state or non-conducting HCI (NCHCI).

Device degradation due to aging resulting from CHCI and NCHCI reduces transistor
Id and CHCI also gives a small contribution to the Vth shift. The degradation in Id
resulting from CHCI and NCHCI effects are modeled separately by equation (2.2) using
different set of parameters for the two effects and also for pMOSFET and nMOSFET
devices. These device related parameters are fitted to single device stress measurements

(∆Id)CHCI/NCHCI = Id ·B · V p
ds · e

(∆E
kT ) · Lδ · tq (2.2)

where, B, p, ∆E, δ are experimentally determined fitting parameters, k is the Boltzmann
constant, T is the temperature, t is the stress time and q is in the range between 0.25 to
0.45. Total four sets of different fitting parameters are used to model CHCI and NCHCI
degradation in both pMOSFET and nMOSFET devices.

The ∆Id degradation due to CHCI and NCHCI also follows a power law behavior
in time over a wide range of decades. The shift in Id depends on the stress voltage
(Vds) with an exponent p and on the time (t) with an exponent q [59]. This degradation
has saturating characteristics at larger stress time. The temperature (T ) dependence is
modeled to follow Arrhenius law with the activation energy (∆E). The HCI degradation
also to some extent depends on the gate voltage (VG), however this relation is not modeled
here.

To minimize the effect of HCI degradation process modifications like double diffusion
of source and drain, and graded drain junctions, etc. are implemented typically [42]. A
designer can use larger channel lengths (L) for HCI critical devices.
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2.3 Transistor Level Modeling
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Fig. 2.4: Modeling of MOSFET degradation mechanisms

All MOSFET devices are expected to degrade with time. This causes the circuit
performance to deviate from its specifications measured post fabrication. So device and
circuit reliability is of prime practical importance in electronic systems. Accurate pre-
diction of aging induced performance degradation is important right from the design
phase in order to avoid chip failures at client site and design re-spin. The accuracy of
predicting the circuit reliability is closely attached to accurate modeling of aging degra-
dation mechanisms on transistor level. This section explains the modeling of nMOSFET
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Fig. 2.5: Threshold voltage degradation with respect to stress time, temperature
and control voltages simulated using equation (2.3) with different set of fitting
parameters for both nMOSFET and pMOSFET devices
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and pMOSFET device aging mechanisms on transistor level in 32nm HK/MG CMOS
technology process.

V thshift = a · (∆Vth)N/PBTI + b · (
∆Id
Id

)CHCI (2.3)

Idshift = c · (
∆Id
Id

)CHCI + d · (
∆Id
Id

)NCHCI (2.4)

where, a, b, c, d are experimentally determined fitting parameters. Different fitting pa-
rameters are used for modeling aging degradation in pMOSFET and nMOSFET devices.

The MOSFET’s Vth and Id degradation due to aging mechanisms explained in sec-
tion 2.2 can together be modeled by replacing the MOSFET model with the equivalent
sub-circuit model shown in figure 2.4. The Vth degradation is modeled by an equivalent
voltage source V thshift in series to the gate terminal. The Id degradations due to hot
carrier effects are modeled by a current controlled current source (CCCS) between the
drain and source terminals, where Idshift is the gain and the current of this source is
dependent on the drain current of the MOSFET device. The values of the equivalent
sources are determined using equations (2.3)-(2.4), which describe the relation of different
contributing factors to the overall degradation. The total V thshift which is a combination
of BTI and CHCI is modeled by equation (2.3). The total Idshift which is a combination
of CHCI and NCHCI is modeled by equation (2.4). Equations (2.3)-(2.4) are fitted to
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Fig. 2.6: Drain current degradation with respect to stress time, temperature, con-
trol voltage and gate length simulated using equation (2.4) with different set of
fitting parameters for both nMOSFET and pMOSFET devices
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single device stress measurement data using different set of parameters for pMOSFET
and nMOSFET devices.

Figure 2.5 plots the relation of V thshift with respect to stress time (t), temperature
(T ) and control voltages (|Vgs| and |Vds|) simulated with equation (2.3) for both nMOS-
FET and pMOSFET devices with different set of fitting parameters. It can be observed
that Vth degradation in pMOSFET is high compared to nMOSFET considering combined
effect of BTI and CHCI. Figure 2.6 plots the relation of Idshift with respect to stress time
(t), temperature (T ) and control voltage (|Vds|) and transistor gate length (L) simulated
with equation (2.4) for both nMOSFET and pMOSFET devices with different set of fit-
ting parameters. A strong dependence of stress conditions is seen in case of degradation
induced in pMOSFET and nMOSFET due to CHCI and NCHCI mechanisms.

The transistor level sub-circuit models explained in this section with aging informa-
tion related to BTI, CHCI and NCHCI stress effects are used in the subsequent chapters
for the analytical evaluation of aging degradation, aging simulation and lifetime predic-
tion on circuit level.

2.4 Reliability Simulation Flow

SPICENetlist
RelXpert SPICE

Models

SPICE/
SPECTRE RelXpert

Transistor
DegradationData

AgedNetlist

Fig. 2.7: Simulation flow for circuit reliability evaluation

Circuit level aging simulation enables evaluation of the effects of aging degradation on
individual transistors of the circuit and the overall circuit performances under DC and AC
stress. It indicates the health of the transistors and the circuit after a specified stress time.
For these evaluations based on circuit simulation, in this research the aging simulation
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tool RelXpertTM [60] is used which employs the models explained in section 2.3. In this
section an introduction to the general aging simulation flow is provided.

The simulation flow for circuit reliability evaluation under aging degradation is il-
lustrated in figure 2.7. The circuit netlist and the transistor models having additional
information related to the parameter values of equations (2.1) and (2.2), describing the
aging behavior under BTI and HCI stress are provided to the aging simulation tool. The
stress conditions like temperature, stress time (in seconds, minutes or years) and bias
conditions are provided in the netlist. The aging simulation tool enables calculation on
actual signal waveforms across each transistor in the circuit based on circuit operating
conditions. Further these waveforms are used to evaluate the degradation (“Age”) in
each transistor which can be extrapolated to a specified stress time. In this aging sim-
ulation tool the predictions about lifetimes and percentage degradation are made based
on formulas presented in section 2.2.

Deg(ti) =

(

A ·

(
Vgs

Tinv

)m

· e(
∆E
kT ) · Lα ·W β

) 1

n

·
(
ti − t(i−1)

)
(2.5)

Age =

(
1

tsimstop − tsimstart

)

·

∫ tsimstop

tsimstart

Deg(ti)dt (2.6)

∆Vth = (Age · t)n (2.7)

where Deg is the degradation evaluated during each transient simulation time step (ti),
Age is the degradation of the transistor which can be extrapolated to any stress time
(t), tsimstart is the start time of the transient simulation, tsimstop is the end time of the
transient simulation.

For example to evaluate ∆Vth due to BTI degradation for each transistor in the netlist
either under DC or AC stress, the aging simulation tool uses Spice/Spectre transient sim-
ulations with user specified simulation time via parameters (tsimstart and tsimstop). To
accurately evaluate the circuit aging degradation, simulation for at least the duration of
one complete cycle of the input signal must be performed on the circuit under investiga-
tion. For each transient simulation time step (ti) degradation (Deg) in each transistor is
evaluated using equation (2.5) which is basically equation (2.1) without stress time (t)
dependence multiplied with the size of each time step. Finally at the end of this transient
simulation, equations (2.6) evaluates the value of degradation (Age) for each transistor,
which can be used to evaluate ∆Vth at any specified stress time t using equation (2.7).
Similarly degradation due to other stress mechanisms is evaluated. To handle the recov-
ery effect in case of AC stress, an AC factor (< 1) is multiplied to the BTI degradation
results depending on the duty cycle of the stress signal waveforms across each transistor.

After evaluating the BTI and HCI degradation for each individual MOSFET device
in the circuit, the aged devices in the circuit netlist are replaced with the sub-circuit
model described in section 2.3. On this aged circuit netlist transient simulation can then
be performed for comparison of before and after degradation waveforms. It provides in-
formation on how long the circuit takes to degrade to a certain degradation percentage
and the degradation of the chosen circuit at the selected circuit age. Further the ag-
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ing simulation tool lists for all measured transistors the information about their “Age”
degradation. This transistor degradation data summary enables tracking the device with
maximum HCI or BTI effect. It helps to detect and identify weakest spots in the circuit
and work on them to improve the circuit reliability.

2.5 Summary

Accurate transistor aging models and aging simulation tools are needed to correctly
predict and analyze the circuit performance degradation over lifetime or at end-of-life
conditions. In this chapter the reliability issues related to the state-of-the-art high-κ
metal gate CMOS technology were discussed. The reliability wearout mechanisms treated
in this thesis viz., BTI and HCI were introduced. Aging leads to shift in threshold voltage
and drain current of MOSFET devices and this degradation depends mainly on applied
bias conditions, temperature and stress time. BTI mechanism has weak dependence of
device dimensions whereas HCI degradation can be reduced by increasing the transistor
channel length. The modeling of the degradation induced by these aging mechanisms
on transistor level based on single device measurements was explained using sub-circuit
models for nMOSFET and pMOSFET devices. And an aging simulation flow to evaluate
the reliability of the circuit post aging was discussed.



Chapter 3

Circuit Level Analytical Evaluation

and Accelerated Aging

Electronic systems must meet expected performance specifications over a desired product
lifetime. Evaluation of the impact of aging on circuits is not trivial due to superposi-
tion of different aging mechanisms which can enhance or slow down the aging induced
performance degradation. In chapter 2 the MOSFET device level models with aging
induced parameter drifts and reliability simulation flow are discussed. Degradation due
to different reliability mechanisms like positive bias temperature instability (PBTI), neg-
ative bias temperature instability (NBTI), conducting hot carrier injection (CHCI) and
non-conducting hot carrier injection (NCHCI) are taken into consideration. Based on
these models and aging simulation tools, in this chapter an approach to analytically
evaluate aging degradation in linear analog and mixed signal circuits is introduced [61].
The method introduced in the chapter is based on using sensitivity analysis. It is fast,
intuitive and gives quantitative insight into the various factors contributing to circuit
aging.

Another important aspect of reliability study of an electronic system over its life-
time is to find a meaningful stress condition to shorten the product life span from 4 years
end-of-life (EoL) use case to 2 days or less. This enables circuit reliability experiments to
be performed in a reasonable time and allows quick feedback. This concept of shrinking
the use case product EoL for reliability studies is known as accelerated aging [41]. Again
finding a right accelerated EoL stress condition to map with the use case life span of
the circuit is not trivial since its necessary to ensure that the contribution of reliability
mechanisms match in both the cases. Also it is necessary to ensure that no new reliability
mechanism is introduced after shrinking the product lifetime. The concept of evaluat-
ing such accelerated stress condition [35] is summarized in this chapter since it is used
while performing measurements in later chapters. Also the methodology for analytical
evaluation introduced in this chapter is further used for mapping of realistic EoL aging
behavior for an accelerated stress test setup.

19
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3.1 Methodology for Analytical Evaluation

T1 T2

V thshiftV thshift

Idshift

Idshift

Fig. 3.1: Aging degradation induced parameter drifts in MOSFET devices

In analog and mixed signal (AMS) circuits aging degradation mechanisms signifi-
cantly affect MOSFET device parameters like threshold voltage (Vth) and drain current
(Id) as illustrated in figure 3.1, resulting into degradation of circuit performance over
product lifetime. It was explained in section 2.2 that the contribution of different aging
mechanisms to these device parameter drifts depends on the applied stress condition. Due
to interaction of these aging mechanisms, the impact of aging induced device parameter
drifts either slows down or enhances circuit performance degradation. It is important
to note that the transistors with maximum parameter drifts are not always the weakest
spots in circuit design since degradation of circuit performance depends on the sensitiv-
ity of the performance towards that parameter drift. Further while evaluating circuit
performance degradation in differential structures, aging induced mismatch in matched
pairs is more important compared to individual transistor parameter drift. So to study
the behavior, sensitivity and contribution of different aging mechanisms on circuit per-
formance an analytical approach is required. The methodology to analytically evaluate
circuit level aging induced performance degradation is explained next.

3.1.1 Steps for Analytical Evaluation

The methodology to analytically evaluate performance degradation due to aging mecha-
nisms in linear AMS circuits can be divided into following three simple steps:

1. The sensitivity of the circuit performance under investigation, towards each transis-
tor’s Vth and Id shift is evaluated. This can be done using hand calculations based
on small signal analysis approach. However it gets tedious and time consuming for
complex circuits with large number of transistors. Another approach which makes
this evaluation trivial is one using the sensitivity analysis simulation option which
is available in most of the standard Spice simulation tools. This option finds the
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sensitivities of the defined output variable or performance with respect to the com-
ponent instance parameters in the circuit. The typical command for the Spectre
simulation tool [62] to perform sensitivity analysis is

sens (output variable or performance) to (design parameters) for (analysis)
E.g. sens (OFFSET ) for (DC )

For this example the DC sensitivities of circuit performance OFFSET are evaluated
with respect to selected component instance model parameters of all devices in the
design which also includes aging induced Vth and Id shift.

2. The reliability simulation flow introduced in section 2.4 is used to evaluate aging
degradation in individual transistors of the circuit depending on the applied stress
condition. Aging simulation tools such as RelXpert [60] generate a report which
contains information regarding NBTI, PBTI, CHCI and NCHCI degradation in
each transistor for the simulated stress condition. These evaluations are based on
the equations (2.1)-(2.2) discussed in section 2.2. Using this aging information
and equations (2.3)- (2.4) contribution of NBTI, PBTI and CHCI to Vth shift and
contribution of CHCI and NCHCI to Id shift is evaluated for each transistor of the
circuit.

3. The results obtained from steps 1 and 2 above i.e. sensitivities of investigated circuit
performance towards all device parameter shifts and the contribution of different
aging mechanisms to device parameter shifts for each transistor, are multiplied
together. Due to linearity of the circuit, when these multiplication results evaluated
for all transistors are added up, it determines the investigated circuit performance
degradation.

This analysis provides insight into contribution of various aging reliability mecha-
nisms toward circuit performance degradation and helps to identify the weak spots
in the design concerning reliability.

3.1.2 Application of Methodology

In this section the methodology explained in section 3.1.1 is applied in practice to an
example of an operational transconductance amplifier (OTA) circuit configured in a open
loop configuration. It is basically a two stage fully differential amplifier with frequency
compensation. The aim of this example study is to demonstrate the effectiveness of the
introduced methodology in determining the contribution of different aging mechanisms to
aging induced performance degradation of an OTA circuit. The schematic of the designed
OTA is illustrated in figure 3.2. The OTA circuit is designed in a 32nm high-κ, metal
gate CMOS technology.

This aging simulation is performed for a mobile phone EoL use case condition of
4 years, 85◦C and 105% of worst case VDD (VDD = 1.155V ), under asymmetrical DC
input stress (V inn = 1.155V , V inp = 0V ). Moreover all the reliability mechanisms
discussed before i.e. NBTI, PBTI, CHCI and NCHCI are taken into account. In this
case the worst affected circuit performance due to aging induced parameter drifts is found
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Fig. 3.2: Schematic of simple Miller OTA circuit

to be offset whereas other performances like amplifier gain, bandwidth and phase margin
are not significantly affected. The table 3.1 summarizes the simulated performances of the
simple Miller OTA circuit before and after stress evaluated at VDD = 1V and T = 25◦C.
To study the contribution of each transistor’s parameter shift resulting from different
aging mechanisms to offset degradation in the OTA circuit, the procedure explained in
section 3.1.1 is followed.

Vos = V outp − V outn; @V inn = V inp = Vcm (3.1)

Vis =
Vos

Ao

(3.2)

where Vos is the output referred offset, Vcm is the common mode voltage (analog ground),
Vis is the input referred offset and Ao is the open loop amplifier DC gain

In the OTA example, output referred offset (Vos) given by equation (3.1), resulting
from asymmetrical stress is considered to be the dominant aging induced performance
degradation and hence its sensitivity towards aging induced Vth and Id shift of each
transistor is evaluated. The sensitivity analysis option available in standard simulation
tools is used to evaluate the sensitivity of Vos towards Vth and Id shift of each transistor.
The results are illustrated in figure 3.3 and figure 3.4 respectively.

Next, the degradations of individual transistors in the circuit due to aging mecha-

Stress Condition Gain Phase Bandwidth Input referred
(dB) margin (◦) (MHz) offset (mV )

Virgin (Before Stress) 53.43 88.56 741.4 0
4Yrs, 85◦C, VDD = 1.155V 53.41 89 741.35 5.29

Table 3.1: Simulated performances of the simple Miller OTA circuit evaluated at
VDD = 1V and T = 25◦C
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Fig. 3.3: Sensitivity of output referred offset towards aging induced V thshift of
different transistors in the simple Miller OTA circuit
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Fig. 3.4: Sensitivity of output referred offset towards aging induced Idshift of dif-
ferent transistors in the simple Miller OTA circuit

nisms like PBTI, NBTI, CHCI and NCHCI are noted from the output generated by the
aging simulation tool. Using (2.3) and (2.4) the contributions of different aging mecha-
nisms to Vth and Id shift of each transistor are evaluated with different parameters for
nMOSFET and pMOSFET devices. The results are illustrated in figure 3.5 and figure 3.6
respectively. The asymmetrical stress condition causes transistors N0 and P2 to experi-
ence perfect BTI stress condition: high gate source voltage and low drain source voltage,
and transistor P0 to experience perfect CHCI stress condition: high drain source voltage.
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Fig. 3.5: Transistor level V thshift resulting in open loop simple Miller OTA circuit
after aging simulation with stress time of 4 Yrs at VDD = 1.155V and T = 85◦C
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Fig. 3.6: Transistor level Idshift resulting in open loop simple Miller OTA circuit
after aging simulation with stress time of 4 Yrs at VDD = 1.155V and T = 85◦C

Vos = SVT1
· (a · (∆Vth)N/PBTI + b · (

∆Id
Id

)CHCI)T1 + . . .

+ SIT1
· (c · (

∆Id
Id

)CHCI + d · (
∆Id
Id

)NCHCI)T1 + . . . (3.3)

= SVT1
· V thshiftT1

+ SVT2
· V thshiftT2

+ . . .

+ SIT1
· IdshiftT1

+ SIT2
· IdshiftT2

+ . . . (3.4)

The Vos can then be evaluated analytically using equation (3.4) which is obtained
from equation (3.3). For each transistor (Tn), the sensitivity (SVTn

) of Vos towards Vth shift
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as well the sensitivity (SITn
) towards Id shift is multiplied with the respective Vth and Id

shifts. These results are illustrated in figure 3.7 and figure 3.8 respectively. Finally these
multiplication results representing individual transistor contributions are summed up to
get the overall aging induced offset. The results of this analysis are matching closely with
results obtained by circuit simulation using RelXpert, as illustrated in table 3.2. Thus the
contributions of individual aging mechanisms to overall circuit performance degradation
are analyzed and evaluated.

Stress Condition Using Simulation Using Analytical Method

4Yrs, 85◦C, VDD = 1.155V 5.29 5.32

Table 3.2: Comparison between simulated and analytically evaluated aging induced
input referred offset in (mV ) resulting in the open loop simple Miller OTA circuit
evaluated at VDD = 1V and T = 25◦C

3.1.3 Insight into Aging Degradation Mechanisms

The insight gained from the analytical evaluation of aging degradation mechanisms in-
volved in performance degradation of an OTA circuit under asymmetrical stress is dis-
cussed in this section. It can be observed from figure 3.3 that aging induced output
referred offset is most sensitive to mismatch in Vth shift of the input differential pair
transistors (N0 and N1) in the OTA circuit. Analysis of data from aging simulation in
figure 3.5 and figure 3.6 illustrates that Vth shift is a combined effect of BTI and CHCI
degradation which is evaluated using (2.3), and the Id shift is a combined effect of CHCI
and NCHCI which is evaluated using (2.4). Further output transistor P2 experiences most
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Fig. 3.7: Output referred offset resulting in open loop simple Miller OTA circuit
due to transistor level V thshift after aging simulation with stress time of 4Yrs at
VDD = 1.155V and T = 85◦C
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Fig. 3.8: Output referred offset resulting in open loop simple Miller OTA circuit
due to transistor level Idshift after aging simulation with stress time of 4Yrs at
VDD = 1.155V and T = 85◦C

Vth shift due to high NBTI stress. However, figure 3.7 shows that the dominant contribu-
tion to Vos due to Vth shift comes from input transistor N0 due to high sensitivity of Vos to
large mismatch in input transistor pair resulting from PBTI stress induced high Vth shift
in N0 and NCHCI stress induced small Id shift in N1. NBTI degradation of pMOSFET
devices P0 and P1 is equal since they see same gate to source voltage from common mode
(cm) feedback circuit (neglecting the Vds dependence) and hence compensates each other
due to differential signaling. Similarly, figure 3.8 shows that the dominant contribution
to Vos due to Id shift comes from CHCI degradation of pMOSFET device P0. Further, it
was observed that Vth shift makes the dominant contribution (96%) to Vos compared to
Id shift (4%).

3.2 Concept of Accelerated Aging

In order to perform quick measurements to evaluate the lifetime reliability of an integrated
circuit, it is necessary to map the use case EoL stress condition of the product to an
accelerated stress condition. From equations (2.1) and (2.2) it can be noted that the
shrinking in lifetime of a MOSFET device is possible by increasing the temperature (T )
and/or the bias voltages; gate to source voltage (|Vgs|) for BTI and drain to source voltage
(|Vds|) for HCI. However while shrinking lifetime on a circuit level care must be taken
that this mapping does not introduce new reliability mechanisms and the contribution of
existing reliability mechanisms remain comparable in both cases. In [35] the concept of
deriving an accelerated test setup from the dominating degradation effect is introduced. It
is shown that a general increase in temperature and voltage leads to significant deviation
in the lifetime degradation of a circuit compared to that under use case conditions.
However the evaluation of an accelerated stress condition based on a dominant reliability
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mechanism greatly enhances the mapping of lifetime degradation.

N0 N1 N2 N3 N4 N5 P0 P1 P2 P3
−0.5

0

0.5

1

1.5

2

2.5

3

3.5

 

 

CHCI Contribution
BTI Contribution

Transistor

O
ff
se
t
d
u
e
to

V
th

sh
if
t
in

(V
)

Fig. 3.9: Output referred offset resulting in open loop simple Miller OTA circuit
due to transistor level V thshift after aging simulation with stress time of 103s at
VDD = 1.394V and T = 125◦C
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Fig. 3.10: Output referred offset resulting in open loop simple Miller OTA circuit
due to transistor level Idshift after aging simulation with stress time of 103s at
VDD = 1.394V and T = 125◦C

Using the analytical evaluation methodology discussed in section 3.1 and an acceler-
ated test mapping concept from [35], a realistic mapping of mobile phone EoL use case
conditions (4 Years, 85◦C, 105% of worst case VDD) for the introduced OTA circuit onto
an accelerated measurement test setup of 103s can be determined. The procedure is
explained in the next paragraph.
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Stress Time T (◦C) Vscale (%) Offset (mV)

4Yrs 85 105% (VDD=1.155V) 5.29
103s 125 126.73% (VDD=1.394V) 6.099

Table 3.3: Comparison between simulated aging induced input referred offset re-
sulting from EoL use case condition with respect to mapped acceleration condition
in the open loop simple Miller OTA configuration evaluated at VDD = 1V and
T = 25◦C

Based on the analysis presented in section 3.1.3 it is clear that PBTI in nMOSFET
device N0 is the dominant reliability mechanism contributing to aging induced offset in
the OTA circuit. Hence for stress time of 103s and stress temperature of 125◦C, a voltage
scaling factor (Vscale) was evaluated using equations (2.1) such that equation (3.5) is
satisfied, in order to find a realistic acceleration test setup. The results of this mapping
are summarized in table 3.3.

V thshift(VDDusecase, Tusecase, 4Y rs) = V thshift(VDDaccelerated, Taccelerated, 10
3s) (3.5)

Figure 3.9 and 3.10 illustrates the contribution of various reliability mechanisms
towards aging induced output referred offset evaluated for accelerated stress condition
of 103s, 125◦C at 126.73% of worst case VDD. Comparing figure 3.9 with figure 3.7
and figure 3.10 with figure 3.8, it is seen that the order of relevance of degradation
mechanisms remains the same under acceleration. The deviation between resulting offset
is small (13.26%) and hence this voltage and temperature scaling can be used to evaluate
degradation of the OTA circuit equivalent to 4 Years aging at VDD = 1.155V (105% of
worst case VDD) and T = 85◦C.

3.3 Summary

In this chapter a new methodology to analytically evaluate aging degradation of linear
analog and mixed signal circuits was proposed and discussed. It was based on a three step
approach: evaluating the sensitivity of a circuit performance towards degrading device
parameters by sensitivity analysis, evaluating the contributions of different degradation
mechanisms and summing up the product of performance sensitivity with respective con-
tributions due to different degradation mechanisms. It proved to be in good agreement
with circuit simulations, but with considerably less computing effort and providing more
intuitive insight into the various degradation contributions. This method was demon-
strated for an amplifier circuit designed in a 32nm high-κ, metal gate CMOS technology.
This circuit was analyzed for reliability after aging by simulation and using the proposed
methodology. It was observed that the most severely affected performance due to aging
was amplifier offset, whereas other performances like amplifier gain, bandwidth and phase
margin are not affected. It was highlighted that for differential circuits aging induced
mismatch in matched pairs degrades the circuit performance. Hence asymmetrical stress
is most harmful for reliability of such circuits. The transistor most affected by aging
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degradation is not always the weakest spot concerning reliability in circuits. The circuit
performance is most affected by the aging induced mismatch in the matched transistor
pairs toward which the performance under investigation has highest sensitivity.

Further, the concept of accelerated aging to perform quick circuit lifetime prediction
measurements under aging degradation was introduced. With the results of the sensitivity
analysis a realistic mapping of the circuit aging onto an accelerated measurement test
setup was determined.
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Chapter 4

Aging in Operational Amplifiers

4.1 Operational Amplifiers

V inn

V in

V inp

V out

Gm.V in

VDD

VSS

Rout

Fig. 4.1: Equivalent circuit for an operational amplifier

An operational transconductance amplifier (OTA) is one of the most important build-
ing blocks in analog and mixed signal circuits. The equivalent circuit for an OTA is illus-
trated in figure 4.1. A high gain OTA is typically used in negative feedback configuration
to achieve a precise closed loop transfer function ideally independent of the OTA’s open
loop gain. It is also used in open loop configuration without frequency compensation
as pre-amplifier stage in the latch based comparator circuits. Typically fully differential
OTA topologies are used because of its advantages like high DC and dynamic common
mode rejection, increased output voltage swing, increased immunity to external noise and
reduced even order harmonics.

In this chapter first the findings related to aging in closed and open loop OTA cir-
cuit configurations [4, 35, 61, 63] are summarized. Based on the methodology explained
in chapter 3, contribution of different aging mechanisms towards aging induced perfor-

31
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mance degradation in these two configurations are discussed. Next, two OTA design
implementations viz., simple Miller OTA and folded cascode OTA are compared for ag-
ing induced performance degradation. The advantages of cascode structures towards
shielding of transistors from high bias voltages are highlighted and on the other hand
the difficulties in design of such topologies at reduced supply voltage are discussed. All
the OTA circuits are designed in a 32nm high-κ, metal gate CMOS technology and the
investigations are carried out under asymmetrical input stress condition since it induces
maximum degradation in matched differential structures.

4.1.1 Closed Loop OTA

Figure 4.2 illustrates the schematic of closed loop OTA circuit configuration in fully
differential topology. This is the most commonly used configuration for OTA circuits

V inn

V inp V outn

V outp

Fig. 4.2: Schematic of OTA circuit in closed loop configuration
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Fig. 4.3: Output referred offset resulting in closed loop simple Miller OTA circuit
due to transistor level V thshift and Idshift after aging simulation with stress time of
4 Yrs at VDD = 1.155V and T = 85◦C
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Stress Time T (◦C) Vscale (%) Offset (mV)

4 Yrs 85 105% (VDD = 1.155V ) 0.012
10 Yrs 125 105% (VDD = 1.155V ) 0.0305

Table 4.1: Simulated aging induced input referred offset resulting from asymmet-
rical DC input stress (V inn = 1.155V , V inp = 0V ) in closed loop simple Miller OTA
configuration evaluated at VDD = 1V and T = 25◦C

either as unity gain buffers or amplifiers with precise gain. Considering the OTA circuit
in figure 3.2, under closed loop condition the input transistor pair operate near common
mode voltage and hence do not experience high stress voltage. However the output
transistors can see full supply voltage levels. Since the sensitivity of the offset is small for
the parameter drifts in output transistor pair as illustrated in figures 3.3 and 3.4, the aging
induced offset is small even for worst case asymmetrical input stress conditions. Aging
induced input referred offset in closed loop OTA configuration for a mobile phone EoL
use case condition of 4 years, 85◦C and 105% of worst case VDD (VDD = 1.155V ), under
asymmetrical DC input stress (V inn = 1.155V , V inp = 0V ) is presented in table 4.1.
Figure 4.3 confirms that the dominant contribution to aging induced output referred
offset due to Vth shift comes from NBTI stress mechanism in output pMOSFET device
P2. NBTI degradation of pMOSFET devices P0 and P1 compensates each other since
they see same gate to source voltage from common mode (cm) feedback circuit.

4.1.2 Open Loop OTA

V inn

V inp V outn

V outp

Fig. 4.4: Schematic of OTA circuit in open loop configuration

Figure 4.4 illustrates the schematic of an open loop OTA circuit configuration in
fully differential topology. Again considering the same OTA circuit in figure 3.2, under
open loop condition both the input and output transistor pairs of the OTA circuit can
see full supply voltage levels. The sensitivity of the offset is very high for the mismatch
in parameter drifts in input transistor pair as illustrated in figure 3.3. Hence worst case
offset results due to high asymmetrical input stress conditions. Aging induced input
referred offset in open loop OTA configuration for a mobile phone EoL use case condition
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Fig. 4.5: Output referred offset resulting in open loop simple miller OTA circuit
due to transistor level V thshift and Idshift after aging simulation with stress time of
4 Yrs at VDD = 1.155V and T = 85◦C

of 4 years, 85◦C and 105% of worst case VDD (VDD = 1.155V ), under asymmetrical DC
input stress (V inn = 1.155V , V inp = 0V ), is presented in table 4.2. Here, the input
referred offset is evaluated using equation (3.1). Figure 4.5 confirms that the dominant
contribution to induced output referred offset due to Vth shift comes from PBTI reliability
mechanism in input nMOSFET device N0.

Comparing the simulated results in table 4.1 and table 4.2, it can be noted that under
asymmetrical stress conditions open loop OTA configurations are significantly affected
by aging in terms of induced offset compared to closed loop configuration. In the OTA
circuit (figure 3.2) the bias current through transistors N4 and N5 decides the gain,
phase margin and bandwidth. Both in closed and open loop circuit configurations these
transistors see only limited gate and drain voltages, so no remarkable degradation due to
aging mechanisms occurs. Consequently, no significant performance degradation of gain,
phase margin and bandwidth (less than 1%) is observed after aging since the bias current
is not affected. This is true however only when all the transistor operate in saturation
region even after parameter drifts due to aging. This behavior also shows that the current
mirror structures are robust towards aging effects.

Stress Time T (◦C) Vscale (%) Offset (mV)

4 Yrs 85 105% (VDD = 1.155V ) 5.29
10 Yrs 125 105% (VDD = 1.155V ) 10.438

Table 4.2: Simulated aging induced input referred offset resulting from asymmet-
rical DC input stress (V inn = 1.155V , V inp = 0V ) in open loop simple Miller OTA
configuration evaluated at VDD = 1V and T = 25◦C
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4.2 Comparison Between Aging of Different OTA

Topologies

In order to study the behavior of circuit level performance degradation due to aging
mechanisms on different OTA designs, in this section a comparison between two OTA
circuit implementations is presented. Two very popular fully differential OTA topologies
viz., simple two stage Miller OTA and folded cascode two stage OTA circuits are studied.
The details of their implementation and performance degradation due to aging under
mobile phone EoL use case condition are presented in this section.

4.2.1 Simple Miller OTA

N0 N1

N2
N3

N4N5

P0 P1

P2 P3

V inn V inp

V outn V outp

VDD

cm

Fig. 4.6: Schematic of simple Miller OTA circuit

DC Gain = 53.43 dB Gain Bandwidth = 741.4 MHz
Phase Margin = 88.56◦ Offset = 0V

Table 4.3: Simulated simple Miller OTA performances evaluated at VDD=1V and
T=25◦C

The schematic of two stage simple Miller OTA in fully differential configuration and
with frequency compensation is illustrated in figure 4.6. It is basically the same circuit
discussed in section 3.1.2. Simulated performances of the simple Miller OTA at nominal
condition (Virgin, T = 25◦C and VDD = 1V ) are listed in table 4.3. Implementing this
circuit using only regular threshold voltage (Vth) pMOSFET and nMOSFET devices with
Vth ≈ 0.45V and supply VDD = 1V leads to significant challenges in using input signals
with the common mode voltage Vcm = 0.5V at the gate of input differential pair, N0

and N1, and maintaining the tail transistor N4 in saturation. To overcome this problem
transistors N0 and N1 are implemented using low Vth nMOSFET devices and transistor
N4 using regular Vth nMOSFET device sized to achieve a low overdrive voltage.
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Sensitivity of output referred offset towards aging induced V thshift and Idshift, and
the contribution of various aging mechanisms towards aging induced offset is presented
in section 3.1.2. Aging induced input referred offset in open loop simple miller OTA
configuration for a mobile phone EoL use case condition of 4 years, 85◦C and 105% of
worst case VDD (VDD = 1.155V ), under asymmetrical DC input stress (V inn = 1.155V ,
V inp = 0V ) is presented in table 4.2. And the insight gained from the analytical evalua-
tion of aging degradation mechanisms involved in performance degradation of this simple
miller OTA circuit under asymmetrical stress is discussed in section 3.1.3.

4.2.2 Folded Cascode OTA

N0 N1

N3

N4 N5

N6 N7N8 N9N10

P0 P1

P2 P3

P4 P5

Svinn SvinpV outn V outp

VDD

cm

Vbp

Vbn

Fig. 4.7: Schematic of folded cascode OTA circuit

Vcm

V inp/n
Svinp/n

VshiftC

φ1φ1φ1φ1

φ1φ1

φ2φ2φ2

φ2φ2

φ2

Fig. 4.8: DC level shifting circuit used to shift the Vcm of the input signals

The schematic of two stage folded cascode OTA with frequency compensation in
fully differential configuration is illustrated in figure 4.7. Simulated performances of the
folded cascode OTA circuit at nominal condition (before stress, T = 25◦C and VDD = 1V )
are listed in table 4.4. This circuit is implemented using only regular threshold voltage
pMOSFET and nMOSFET devices with Vth ≈ 0.45V and supply VDD = 1V . The
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DC Gain = 59.71 dB Gain Bandwidth = 736.8 MHz
Phase Margin = 89◦ Voffset = 0V

Table 4.4: Simulated folded cascode OTA performances evaluated at VDD = 1V and
T = 25◦C

Stress Time T (◦C) Vscale (%) Offset (mV)

4 Yrs 85 105% (VDD = 1.155V ) 0.775
10 Yrs 125 105% (VDD = 1.155V ) 1.39

Table 4.5: Simulated aging induced input referred offset resulting from asymmet-
rical DC input stress (V inn = 1.155V , V inp = 0V ) in open loop folded cascode OTA
configuration evaluated at VDD = 1V and T = 25◦C

challenge in using the input signals with the common mode voltage Vcm = VDD

2
at the

gate of input differential pair, N0 and N1, and maintaining the tail transistor N3 in
saturation is overcome with a simple level shifting circuit as depicted in figure 4.8. This
circuit is added before the inputs of this OTA topology. This simple level shifting circuit
shifts each input signal (V inp/n) of the OTA with Vcm = VDD

2
to a new shifted signal

(Svinp/n) with higher Vcm depending on the difference between the common mode and
the shift voltage (Vshift). During clock phase when φ1 is ON and φ2 is OFF, the difference
between Vshift and Vcm is stored onto the capacitor. And during the phase when φ1 is
OFF and φ2 is ON, this difference adds with V inp/n to get a DC shifted signal Svinp/n.

The aging simulations on this folded cascode OTA topology in open loop configura-
tion are performed for the same mobile phone EoL use case of 4 years, 85◦C and 105% of
worst case VDD (VDD = 1.155V ), under asymmetrical DC input stress (V inn = 1.155V ,
V inp = 0V ). In this case the worst affected circuit performance due to aging induced
parameter drift is also found to be offset. Table 4.5 summarizes the simulated input re-
ferred offset after stress evaluated at VDD = 1V and T = 25◦C. An analytical evaluation
and insight into aging mechanisms in the folded cascode OTA is explained next based on
the methodology introduced in chapter 3.

The sensitivity of output referred offset (Vos) towards Vth and Id shift of each tran-
sistor is evaluated. The results are illustrated in figure 4.9 and figure 4.10 respectively.
Next, the degradation of individual transistors in the circuit due to aging mechanisms
like PBTI, NBTI, CHCI and NCHCI are noted from the output generated by the aging
simulation tool. And using (2.3) and (2.4) the contribution of different aging mechanisms
to Vth and Id shift of each transistor is evaluated with different parameters for nMOSFET
and pMOSFET devices. The results are illustrated in figure 4.11 and figure 4.12 respec-
tively. The Vos is then evaluated analytically using equation (3.4). The contribution
of different aging mechanisms causing Vth and Id shifts in individual transistors which
results into induced offset are illustrated in figure 4.13 and figure 4.14 respectively. The
results of this analysis are matching closely with results obtained by circuit simulation
using RelXpert, as illustrated in table 4.6. Thus the contributions of individual aging
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Fig. 4.9: Sensitivity of output referred offset towards aging induced V thshift of
different transistors in the open loop folded cascode OTA circuit

mechanisms to overall folded cascode OTA circuit performance degradation are analyzed
and evaluated.

The insight gained from the analytical evaluation of aging degradation mechanisms
involved in aging of a folded cascode OTA circuit under asymmetrical stress is discussed
next. It can be observed from figure 4.9 that aging induced output referred offset is most
sensitive to mismatch in Vth shift of the pMOSFET pair P0 and P1 in the OTA circuit.
The good news is that NBTI degradation of these pMOSFET devices is equal since
they see the same gate to source voltage from common mode (cm) feedback circuit and
hence compensate each other due to differential signaling. Analysis of data from aging
simulation in figure 4.11 and figure 4.12 illustrates that Vth shift is a combined effect of
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Fig. 4.10: Sensitivity of output referred offset towards aging induced Idshift of
different transistors in the open loop folded cascode OTA circuit
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Fig. 4.11: Transistor level V thshift resulting in the open loop folded cascode OTA
circuit after aging simulation with stress time of 4 years at VDD = 1.155V and
T = 85◦C

BTI and CHCI degradation which is evaluated using (2.3), and the Id shift is a combined
effect of CHCI and NCHCI which is evaluated using (2.4). Further output transistor
P4 experiences most Vth shift due to high NBTI stress and transistor P5 experiences
most Id shift due to high NCHCI stress. However, figure 4.13 shows that the dominant
contribution to Vos due to Vth shift comes from input transistor N0 due to high sensitivity
of Vos to mismatch in input transistor pair. Similarly, figure 4.14 shows that the dominant
contribution to Vos due to Id shift comes from NCHCI degradation of pMOSFET device
P5. Further, it is observed that Vth shift makes the dominant contribution (99%) to Vos
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Fig. 4.12: Transistor level Idshift resulting in the open loop folded cascode OTA
circuit after aging simulation with stress time of 4 years at VDD = 1.155V and
T = 85◦C
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Fig. 4.13: Output referred offset resulting in the open loop folded cascode OTA
circuit due to transistor level V thshift after aging simulation with stress time of 4
years at VDD = 1.155V and T = 85◦C

compared to Id shift (1%).

Comparing the simulated results in table 4.2 and table 4.5, it can be noted that
under similar asymmetrical stress conditions simple Miller OTA topology is more affected
by aging in terms of induced offset compared to folded cascode OTA topology. This
results due to a main advantage of folded cascode OTA over simple Miller OTA topology
i.e. shielding of the transistors from high bias voltages by the cascode structures. In
the cascode structure degradation due to CHCI stress is significantly reduced since the
transistors are exposed to reduced drain to source voltages. This finding highlights that
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Fig. 4.14: Output referred offset resulting in the open loop folded cascode OTA
circuit due to transistor level Idshift after aging simulation with stress time of 4
years at VDD = 1.155V and T = 85◦C
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Stress Condition Using Simulation Using Analytical Method

4Yrs, 85◦C, VDD = 1.155V 0.775 0.784

Table 4.6: Simulated aging induced input referred offset in (mV ) resulting in the
open loop folded cascode OTA circuit after a stress time of 4Yrs at 85◦ evaluated
using analytical methodology

aging induced performance degradation in OTA is dependent on the circuit topology and
analytical evaluation is necessary to locate the weak spots concerning reliability.

4.3 Summary

In this chapter aging induced performance degradation in fully differential OTA circuits
was evaluated and discussed. The OTA circuits were designed in 32nm high-κ, metal
gate CMOS technology. The investigations were carried out under asymmetrical input
stress condition since it induces maximum degradation in matched differential structures.
The most degraded circuit performance of OTA circuit under asymmetrical stress was
offset. The other performances of the OTA circuit were not much affected, provided all
the transistors remained in saturation region.

Aging of open loop and closed loop OTA configurations under similar stress condi-
tions were compared. In closed loop configuration the output transistors which can see
full supply voltage levels, experienced most parameter shifts while in open loop condi-
tion the input transistor pair witnessed large mismatch due to aging induced parameter
shifts. Since the sensitivity of aging induced offset is high towards mismatch in input
differential transistor pair, open loop OTA configurations were significantly affected by
aging in terms of induced offset compared to closed loop configuration.

Next, two OTA circuit topologies viz., simple Miller OTA and folded cascode OTA
both in open loop configuration, were compared for aging induced performance degrada-
tion. Performance of folded cascode OTA topology was found to be more robust to aging
degradation over simple Miller OTA topology because of the shielding of its transistors
from high bias voltages by the cascode structures. Hence under similar asymmetrical
stress conditions simple Miller OTA topology was more affected by aging in terms of
induced offset compared to folded cascode OTA topology. The importance of circuit
topology selection and analytical evaluation to locate the weak spots concerning reliabil-
ity was thus highlighted.
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Chapter 5

Active Countermeasures against

Aging Degradation

In chapter 4 it is discussed how the degradation due to aging mechanisms induces the
parameter drifts in transistors and results into performance degradation in the closed and
open loop operational transconductance amplifier (OTA) circuits. The most degraded
circuit performance of OTA circuit under asymmetrical stress is offset. The other per-
formances are not much affected, provided all the transistors remain in saturation region
even after aging induced parameter drifts. Aging under asymmetrical stress conditions
induces large offset in open loop configuration and small offset in closed loop configura-
tion. In closed loop configuration the input transistors of the OTA circuit see smaller
stress compared to the output stage transistors and these output transistors are the main
contributors to offset. On the other hand in the open loop configuration the input transis-
tors see a large stress and due to high sensitivity of offset towards these input transistors
pair, they are the main contributors to aging induced offset. High resolution mixed signal
circuits require OTA circuits with high precision. For e.g. 12-bit data converter with 1V
signal range has a smallest resolution of 244µV and the aging induced offset discussed in
section 4.1.2 can introduce errors in its transfer characteristics.

In [6, 24] passive techniques to treat aging induced offset using burn-in and cali-
bration are explained. This type of calibration is off-line and requires re-calibration at
regular intervals. Adaptive body biasing technique to compensate aging induced param-
eter drift is treated in [64]. However it has a drawback of increase in chip area. This
chapter introduces active countermeasures to overcome aging induced offset [65]. The two
techniques explained in this chapter are Chopper Stabilization (CHS) and Auto Zeroing
(AZ) [66, 67]. CHS technique tries to preserve the matching of matched transistor pairs
by symmetrical degradation of both transistors in the pair and hence it ensures that no
offset is induced due to aging. This technique is suitable for all fully differential configu-
rations. On the other hand AZ technique treats the offset by sampling and cancellation,
and ensures that the circuit operation is not affected. In this chapter these well known
techniques to eliminate DC offset and low frequency (1/f) noise are demonstrated to
significantly reduce the effects of performance degradation induced by aging mechanisms
in analog circuits.

43
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5.1 Chopper Stabilization

The Chopper Stabilization (CHS) technique is better described as offset stabilization
in OTA by using a chopper circuit. This technique has been used for many years to
reduce low frequency (1/f) noise and process variation induced DC offset in amplifier
circuits. Typically CHS technique is implemented in linear circuits like closed loop am-
plifier for high precision applications. The application of CHS technique to counteract
aging induced performance degradation in fully differential circuits is demonstrated in
this section.

5.1.1 Introduction to CHS Technique
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Fig. 5.1: Chopper Stabilization concept
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Fig. 5.2: Spectrum at different nodes of the chopper stabilized circuit
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The classical CHS technique is illustrated in figure 5.1 [68]. A CHS circuit consist of
an amplifier with two stages where first stage gain (A1) should be high for effective noise
reduction. The two multipliers at the input and output of the first amplifier stage are
driven by chopping clock signal (CLK) with frequency (fc) and amplitude +1 and −1.
After modulation by the first multiplier, at VA, the input signal spectrum is shifted to
the odd harmonic frequencies of CLK. At the input of the amplifier’s first stage, VB, the
undesired noise signals are added to the input signal spectrum. After demodulation by the
second multiplier, at VC , the input signal spectrum is shifted back to its original position
and the undesired noise signal spectrum is now shifted to odd harmonic frequencies of
CLK. Figure 5.2 shows the spectra at the different nodes to visualize how the DC and
low frequency amplifier noise is shifted to higher frequencies outside baseband. Thus,
this technique up-convert the input signals to higher frequency using an input multiplier,
where the signal is multiplied with a high frequency clock signal. The output signal
is again multiplied with the clock signal to convert it back to the baseband. Thus, low
frequency noise and offset of the amplifier is eliminated from the output signal. High gain
of the amplifier first stage and high chopping frequency enhance the noise suppression.
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Fig. 5.3: Schematic diagram of chopper stabilized amplifier
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φ̄1(φ̄2)

φ1(φ2)
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Fig. 5.4: Non-overlapping clock and switch topology for CHS and AZ implementa-
tion

Figure 5.3 and 5.4 illustrates the schematic implementation of CHS technique. Here
the multipliers are implemented using four pairs of cross coupled switches controlled by
non-overlapping clocks. The switches are implemented using CMOS transfer gates, also
called transmission gate topology. The second amplifier stage is not shown. During
phase when φ1 is “ON” and φ2 is “OFF”, V inn and V inp are connected to V An and
V Ap respectively and V Bp and V Bn are connected to V outp and V outn respectively.
Whereas during phase when φ1 is OFF and φ2 is ON, V inn and V inp are connected
to V Ap and V An respectively and V Bp and V Bn are connected to V outn and V outp
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respectively. Due to this modulation at the input and demodulation at the output the
average equivalent input noise (V neq) of the amplifier first stage is removed, which is
given by equation 5.1 [68].

V neq(φ1) = V n1 +
V n2

A1

V neq(φ2) = −V n1 +
V n2

A1

V neq(average) =
V neq(φ1) + V neq(φ2)

2
=

V n2

A1

(5.1)

where V n1 and V n2 are the input noise of the amplifier first and second stage respectively
and A1 is the gain of the amplifier first stage.

5.1.2 Reduction in Aging Degradation using CHS Technique

N0 N1
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V outn V outp

VDD

cm

Fig. 5.5: Schematic of simple Miller OTA circuit

The use of CHS technique in fully differential structures causes both transistors of the
input differential pair and other matched pairs in the circuit to be stressed equally due to
the continuous switching of the input connection via the cross coupled switches which is
quite beneficial with respect to aging. This equal distribution of stress in matched pair’s
results into negligible mismatch and ideally zero offset after aging since the degradation

Stress Condition Without CHS With CHS

4Yrs, 85◦C, VDD = 1.155V 5.29 2.223E-6
103s, 125◦C, VDD = 1.394V 6.099 9.611E-7

Table 5.1: Simulated input referred offset in (mV ) resulting in the aged simple
Miller OTA circuit with and without CHS technique evaluated at T = 25◦C and
VDD = 1V
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Fig. 5.6: Output referred offset resulting in open loop OTA circuit without CHS
due to transistor level V thshift and Idshift after aging simulation with stress time of
103s at VDD = 1.394V and T = 125◦C

effects cancel one another in the differential signal. The comparison of aging related
performance degradation of the simple Miller OTA circuit illustrated in figure 5.5 (from
section 4.2.1) with and without CHS technique, for the mobile phone EoL use case of 4
years at 85◦C with 105% of worst case VDD,(VDD = 1.155V ), under asymmetrical DC
input stress (V inn = 1.155V , V inp = 0V ) is presented next using aging simulation and
test chip measurements. The equivalent mapped accelerated aging bias condition for
stress time of 103s at 125◦C was derived to be VDD = 1.394V as discussed in section 3.2.
Therefore for measurement purposes the OTA was stressed with static (DC) asymmetrical
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Fig. 5.7: Output referred offset resulting in open loop OTA circuit with CHS due
to transistor level V thshift and Idshift after aging simulation with stress time of 103s
at VDD = 1.394V and T = 125◦C
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stress of VDD = 1.394V , V inp = 0V and V inn = 1.394V at 125◦C for 103s.

CHS technique results in symmetrical degradation of the transistor pairs in the OTA
circuit as is confirmed by the aging simulation results. From figure 5.6 it can be observed
that in the OTA circuit without CHS, application of asymmetric stress induces mismatch
in matched pairs due to degradation of differential transistor pairs which leads to gen-
eration of offset. Whereas, figure 5.7 clearly shows that in the OTA circuit with CHS,
continuous switching of input stress causes symmetrical degradation of all transistor pairs
and hence offset cancellation. With CHS technique the stress time for each transistor in
the circuit is reduced to half, however only a small reduction in BTI induced V thshift

(≈ 12%) is observed in figure 5.7 compared to that in figure 5.6. This results due to the
BTI degradation’s power law behavior in time (∆Vth ∝ tn), where n is around 0.19 to 0.2.
The simulation results in figure 5.7 do not account for the AC factor due to the recovery
effect which can reduce the BTI degradation by a factor of two [49]. Degradation of
the switches results into their Vth shift over lifetime as they are operated with full swing
clock signals, however this does not affect the circuit performance at moderate operating
frequencies. Table 5.1 compares the simulated degradation induced input referred offset
in simple Miller OTA circuit without and with CHS technique evaluated at T = 25◦C
and VDD = 1V .

Simulation results show that the induced input referred offset is reduced by more
than 99% due to the inherently equal distribution of stress on the input transistors and
other matched transistor pairs while using the chopper stabilization circuitry.

5.1.3 Measurements

Fig. 5.8: Die photograph of the measured 32nm HK/MG simple Miller OTA test
chip

To prove the concept of mitigation of aging mechanisms induced mismatch and offset
using CHS technique, measurements are performed on simple Miller OTA test chips
fabricated using state-of-the-art 32nm high-κ (HK), metal gate(MG) CMOS technology.
The schematic of this implemented OTA is illustrated in figure 5.5. The die photograph
of the measured test chip is illustrated in figure 5.8. The measurements are performed
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Fig. 5.9: Measurement test setup for accelerated aging of simple Miller OTA test
chip

on four test chip samples (S1-S4). Samples S1-S2 are used to measure the aging induced
performance degradation (offset) without, while S3-S4 are used to measure the offset
with CHS technique. The virgin (before stress) performances of S1-S4 are presented in
table 5.2. Accelerated aging conditions similar to that used during simulations i.e. static
(DC) asymmetrical stress of VDD = 1.394V , V inp = 0V and V inn = 1.394V at 125◦C for
103s, are applied to the samples. For the CHS technique, chopping clock frequency (fc)
of 5Hz is used for S3 and 500Hz is used for S4. In this section the aging measurement
setup, its limitations and results with and without CHS technique are presented.

The CHS technique is implemented using discrete components around the test chip.
Since the switches are selected to withstand high voltages and were implemented exter-
nally, they are expected to experience negligible aging degradation. The entire measure-
ment activity is divided into following five steps and is repeated for all samples:

M1 ⇒ M2 ⇒ S ⇒ M3 ⇒ A ⇒ M4 ⇒ M5

where,
“S” → Stress phase with stress time of 103s at 125◦C and VDD = 1.394V
“A” → Annealing phase at high temperature, 125◦C and VDD = 0V for 104s to study

Performance Simulated
Measured

S1 S2 S3 S4

DC Gain (dB) 53.43 59.20 60.51 57.84 60.73
Vos (mV) 0 210 420 691 230

Table 5.2: Simulated and measured simple Miller OTA DC gain and output referred
offset before stress evaluated at T = 25◦C and VDD = 1V
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Measurement Step
Without CHS With CHS
S1 S2 S3 S4

M2, before aging 0.23 0.34 0.769 0.147
M4, after annealing −2.71 −2.47 0.758 0.248
∆offset −2.94 −2.81 −0.011 0.101

Table 5.3: Measured input referred offset (in mV ) resulting in the aged simple
Miller OTA circuit with and without CHS technique evaluated at 125◦C

long term permanent offset behavior

And the offset measurements were performed,
“M1” → before stress at 25◦C and VDD = 1V
“M2” → before stress at 125◦C and VDD = 1V
“M3” → post stress relaxation at 125◦C and VDD = 1V
“M4” → post annealing at 125◦C and VDD = 1V
“M5” → post annealing at 25◦C and VDD = 1V .

In the accelerated measurement test setup, the temperatures during measurement,
stress and annealing phases are precisely controlled by monitoring temperature of the
Peltier element which is attached to the top casing of the test chip as illustrated in
figure 5.9. The measurement setup is completely automated using LabVIEW software.
Table 5.3 compares the aging degradation induced input referred offset in simple Miller
OTA test chips without and with CHS technique measured at T = 125◦C and VDD = 1V
before aging and after annealing.
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respectively
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Fig. 5.11: Measured output referred offset transition plots in simple Miller OTA
during pre stress and post annealing phases for samples S3 (fc = 5Hz) and S4 (fc
= 500Hz) with CHS technique

∆offset = offsetpost annealing − offsetpre stress (5.2)

Figure 5.10 illustrates the transition plots of measured output referred offset in simple
Miller OTA test chips during different phases of measurement for samples S2 and S4,
without and with CHS technique respectively. Here ∆offset is evaluated at 125◦C using
(5.2). Comparing the aging induced offset (∆offset) values in the OTA circuit without
and with CHS technique it is proved that use of CHS techniques results into mitigation of
the permanent component of aging degradation. The ∆offset is reduced by around 96%
for sample S4, when compared to S2. It is also shown that with the use of CHS technique
the relaxation of offset post stress is not visible. Negligible relaxation of offset occurs
after stress phase and post annealing, as observed from the offset transition graph for
S4. Aging of S2 generated large offset value. It is known from [4] that accelerated aging
without CHS leads to large relaxation of this aging induced offset. But this could not be
observed here due to saturation effects. Due to open loop configuration and high gain of
the OTA circuit, the output voltages are saturated for large values of aging induced offset
during both post stress and annealing phases. So for these saturated output voltages,
the relaxation behavior and the exact values of the generated output referred offset could
not be measured. With CHS technique the aging induced offset is very small hence no
saturation is observed and also the relaxation parts are compensated. The input referred
offset in table 5.3 is evaluated before and after stress by connecting one of the OTA
circuit inputs to a bias level of Vcm and sweeping the voltage at the other input till the
output referred offset is equal to 0.

Figure 5.11 illustrates the plot of measured transition of output referred offset in
simple Miller OTA test chips during two phases of measurement (before stress and after
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Fig. 5.12: Measured stress voltages generated at the gate of input differential pair
transistors of the simple Miller OTA circuit while using CHS technique

annealing) at 125◦C for samples S3 and S4, both with CHS technique but operated at
different chopping frequencies. Sample S3 is modulated and demodulated at 5Hz and
S4 at 500Hz. The ∆offset is reduced by around 99% for sample S3 with low chopping
frequency and around 96% for S4 with high chopping frequency, when compared to S1 in
table 5.3. The somewhat higher value of ∆offset for S4 results due to the limitation of
the existing measurement setup which is built for DC and low frequency measurements.
As illustrated in figure 5.12, the static (DC) asymmetrical stress applied at the input of
the CHS circuit turns into a toggling waveform before reaching the input transistor pair
of the OTA circuit, due to cross coupled input switches of the CHS. It can be observed
that waveform at the frequency of 5Hz was much cleaner and symmetric compared to
that at 500Hz where spikes and loading occurs. The aging induced degradation is highly
sensitive to the exact value of the stress voltages applied at the input transistors due
to the high gain of the circuit and exponential dependence seen in (2.1). Therefore, the
measurement could be performed more precisely with integrated switches. Nevertheless,
significant reduction in aging degradation using the chopping technique concept could be
proved experimentally in both cases.

In this investigation mismatch induced due to process variation and variation in ag-
ing degradation is not considered. Device variations due to technology fluctuations are
known to cause parameter variations, e.g. threshold voltage mismatch due to statistical
variation of the number of doping atoms in a transistor. In the same way, also degradation
effects show mismatch, e.g. due to varying number of traps in the oxide and the interface
to the channel. Such statistical effects are not included in our simulation models, and
they could counteract the offset compensation obtained in the CHS technique for circuits
implemented using minimum size transistors. However the input transistors of an ampli-
fier have much larger area, so there is much less mismatch of the degradation behavior
due to averaging effects as reported in [6]. This can also be seen from the measurement
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results in table 5.3, by the very small aging induced ∆offset in S3.

CHS techniques when implemented for a closed loop OTA configuration, can addi-
tionally cancel offset due to process variation and low frequency flicker (1/f) noise as
explained in section 5.1.1. This makes the circuit robust over entire operation lifetime.

5.2 Auto Zeroing
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Fig. 5.13: Schematic diagram of comparator with auto zeroing

The classical Auto Zeroing (AZ) technique which is sometimes also referred to as
correlated double sampling is illustrated in figure 5.13 [69]. This technique has been
used for many years to reduce low frequency flicker (1/f) noise and DC offset in amplifier
circuits. This technique is applicable for sampled data systems since the input signals
are disconnected from the circuit during the sampling phase.

5.2.1 Introduction to AZ Technique

The basic principle of Auto Zeroing (AZ) technique is to sample the DC offset and low
frequency noise using switched capacitor circuits and then subtract it from the input
signal of the OTA. This technique is suitable for sampled data systems and requires
minimum two non-overlapping clock phases for offset cancellation. During the sampling
phase (φ1 is ON and φ2 is OFF) the DC offset and the low frequency noise are sampled
and stored on the capacitors. Next, during the cancellation or zeroing phase (φ1 is OFF
and φ2 is ON) these stored values are subtracted from the input signal. Thus the sampled
unwanted offset and noise on the capacitors lead to cancellation. The two phases of non-
overlapping clocks and the switches implemented using transmission gate topology are
illustrated figure 5.4.
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Fig. 5.14: Schematic diagram of comparator with AZ

The circuit configuration during two phases of AZ technique implemented for a fully
differential simple Miller OTA topology is illustrated in figure 5.14. The circuit operation
is explained as follows: during sampling phase when φ1 is ON and φ2 is OFF, ideally
the differential input voltage of the OTA is Voff and this is sampled on the capacitor.
Next during the compensation phase when φ2 is ON and φ1 is OFF, the differential input
voltage of the OTA is given by Vinp − Vinn + Voff − Voff = Vinp − Vinn. The accuracy
of the offset cancellation using AZ technique depends on the open loop DC gain of the
OTA (Ao).

For ideal OTA (where Ao is the open loop DC gain of the OTA)

(Voutp − Voutn) = Ao · (Vxp − Vxn) (5.3)

And for the OTA in a closed loop configuration (where Ao � 1):

Vxp ≈ Vxn

The schematic on the left in figure 5.14 shows the circuit configuration during sam-
pling phase (φ1 ON). The OTA is operated in a unity gain feedback loop, thus the voltages
at the output terminals at time (t = nT ) are given by:

Voutp[nT ] = Vxn[nT ] + Voff

Voutn[nT ] = Vxp[nT ]

⇒ (Voutp − Voutn)[nT ] = Vxn[nT ] + Voff − Vxp[nT ] (5.4)

Substituting (Voutp − Voutn) in equation (5.4) with result in equation (5.3) we have,

Ao · (Vxp − Vxn)[nT ] = Vxn[nT ] + Voff − Vxp[nT ]

⇒ Voff = (Ao + 1) · (Vxp − Vxn)[nT ]

⇒ (Voutp − Voutn)[nT ] =
Ao

Ao + 1
· Voff (5.5)
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VC1[nT ] = Vcm − Voutp[nT ] (5.6)

VC2[nT ] = Vcm − Voutn[nT ] (5.7)

Next as shown by the schematic on the right in figure 5.14, during the compensation
phase (φ2 ON) the OTA is operated in open loop configuration and now the voltages at
the input terminals at time (t = (n+ 1

2
)T ) are given by:

Vxn[(n+
1

2
)T ] = Vinn[(n+

1

2
)T ]− VC1[nT ]− Voff

Vxp[(n+
1

2
)T ] = Vinp[(n+

1

2
)T ]− VC2[nT ]

Substituting VC1[nT ] and VC2[nT ] with result in equation (5.6) and (5.7) we have,

(Vxp − Vxn)[(n+
1

2
)T ] = (Vinp − Vinn)[(n+

1

2
)T ]− (Voutp − Voutn)[nT ] + Voff (5.8)

Substituting (Voutp − Voutn)[nT ] in equation (5.8) with result in equation (5.5) we
have,

(Voutp − Voutn)[(n+
1

2
)T ] = Ao · ((Vinp − Vinn)[(n+

1

2
)T ] +

1

Ao + 1
· Voff

︸ ︷︷ ︸

Residual Offset Error

) (5.9)

The expression under curly bracket is termed as residual offset error which results
from finite OTA gain. The error induced by charge injection from switches is assumed
to be zero due to full differential configuration. Thus the above analysis shows that the
accuracy of offset compensation using the AZ technique is dependent on the open loop
gain of the amplifier circuit.

5.2.2 Reduction in Aging Degradation using AZ Technique

The same OTA circuit as illustrated in figure 5.5 is simulated with AZ technique for the
mobile phone EoL use case of 4 years at 85◦C with 105% of worst case VDD (VDD =
1.155V ), under asymmetrical DC input stress (V inn = 1.155V , V inp = 0V ) and for the
equivalent mapped accelerated aging bias condition for stress time of 103s at 125◦C with
VDD = 1.394V , V inn = 1.394V and V inp = 0V using a clock frequency of 12.5MHz. As
illustrated in figure 5.15, the degradation effects in the simple Miller OTA circuit using AZ
do not compensate each other as compared to the one using CHS. The order of relevance
of the degradation mechanisms and the induced mismatch in matched transistor pairs
remains the same as that of figure 5.6 without AZ. However, since the OTA is alternately
operated in closed and open loop configurations, which results from the two operation
phases, the total time when stress is applied to the input differential pair is reduced
by one half. Therefore, the absolute values of the corresponding offset components are
reduced, and the comparison in table 5.4 shows that still significant offset remains due to
aging. This is the offset of the amplifier by itself induced due to aging. When the offset
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Fig. 5.15: Output referred offset resulting in open loop simple Miller OTA circuit
with AZ due to transistor level V thshift and Idshift after aging simulation with stress
time of 103s at VDD = 1.394V and T = 125◦C

of the comparator is regarded after applying the autozeroing for offset cancellation, it
looks much better (99% reduction), see last column of table 5.4. The storage of the offset
on the capacitor and cancellation during the next phase is able to remove almost all the
degradation induced offset. The remaining offset is the residue offset error resulting from
finite OTA gain as discussed in section 5.2.1. Similar to the circuit with CHS technique,
the degradation of the switches results in increase of their ON resistance but does not
affect the circuit performance at moderate operating frequencies.

In this section, only the permanent part of degradation is simulated and analyzed,
mainly due to the lack of a model for the recovery parts of degradation. But the discussed
technique can also be beneficial for these effects. AZ technique is known to reduce effects
of low frequency 1/f noise. The low frequency part of the recovery component of the
degradation is similar to 1/f noise. Therefore, recovery components with time constants
larger than the clock period can be compensated in the same way as the slowly varying
permanent stress effects. Thus this technique also has a potential to reduce performance
deterioration due to the recovery component of the stress degradation.

Stress Condition Without With AZ With AZ (after
AZ (due to aging) offset cancellation)

4Yrs, 85◦C, VDD = 1.155V 5.29 3.08 1.014E-3
103s, 125◦C, VDD = 1.394V 6.099 4.31 9.161E-3

Table 5.4: Simulated input referred offset in (mV ) resulting in the aged OTA circuit
with and without AZ technique evaluated at T = 25◦C and VDD = 1V
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5.3 Summary

In this chapter two solutions, chopper stabilization and auto zeroing to reduce the effects
of aging degradation in analog and mixed signal circuits were proposed and evaluated.

Chopper stabilization is usually used in analog circuits to eliminate offset and low
frequency noise. In this chapter its application to mitigate aging related performance
degradation in fully differential circuits was proposed. This mitigation of aging degrada-
tion results due to symmetrical degradation of the matched transistor pairs. No mismatch
in matched transistor pairs results into zero offset and cancellation of aging induced pa-
rameter drifts due to differential signaling. The concept was proved with measurement
results on the test chips fabricated using 32nm high-κ, metal gate CMOS technology.
Using CHS aging induced performance degradation in the implemented fully differential
OTA was reduced by more than 96% (measured). It was also shown that using CHS, the
relaxation of the offset due to the BTI mechanism was not visible. Hence dynamic errors
resulting from this relaxation behavior could be avoided. In the examined samples, there
was no mismatch in degradation induced parameter drifts which was to be expected in
general due to large analog size input transistors. Thus the concept of CHS could be
effectively used to eliminate mismatch induced due to aging in all differential circuits.

Auto zeroing is another technique used in sampled data circuits to eliminate offset
and low frequency noise. With AZ, the aging degradation induced offset is stored on
the input capacitors and canceled during the next clock phase, resulting in around 99%
reduced offset (simulated) during circuit operation. AZ is suitable for sampled data sys-
tems, since the input signals are disconnected from the circuit during the offset sampling
phase. However the accuracy of offset compensation using the AZ is dependent on the
open loop gain of the amplifier circuit. And a low open loop gain results into residue offset
errors. On the other hand, mitigation of the aging degradation using CHS is independent
of the amplifier open loop gain. And it can be used in both continuous time and sampled
data systems. AZ also has the potential of reducing the low frequency components of
relaxing degradation in amplifiers circuits.
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Chapter 6

Aging in Ring Oscillator Circuits

This chapter provides evaluation of aging degradation in ring oscillator circuit typically
used as voltage controlled oscillator (VCO) for clock generation, which is one of the
important building blocks in mixed signal applications. Ring oscillator is also often
used to demonstrate and evaluate new technology nodes. Investigations related to the
reliability of the ring oscillator circuits implemented in CMOS technology are presented
in [49,51,70,71]. A model to predict time dependence of ring oscillator aging degradation
is presented in [72]. It is reported that aging of the ring oscillator leads to reduction in the
supply current (IDD) and degradation in the oscillator switching frequency (fosc). Further
increase in lifetime was observed under dynamic (AC) stress compared to static (DC)
stress considering bias temperature instability as the main contributor to ring oscillator
performance degradation. However, due to aggressive non-constant field scaling, hot
carrier injection is again a prime concern for device and circuit reliability [57].

Hence, in this chapter the contributions of different aging mechanisms viz. NBTI,
PBTI, CHCI and NCHCI towards parameter drifts in transistors of the ring oscillator cir-
cuit implemented in 32nm high-κ metal gate CMOS technology, stressed under both AC
and DC stress are analyzed and discussed. Further a new circuit technique to efficiently
monitor and compensate aging induced performance degradation in the ring oscillator
circuit is demonstrated. This simple closed loop feedback technique monitors the per-
formance degradation due to aging and compensates it by reducing the resistance of the
CMOS switch added at the input terminal of each inverter stage. The switch control
voltage tracks the ring oscillator degradation and provides useful information about its
aging behavior.

6.1 Ring Oscillator

A typical ring oscillator comprises of an odd number of CMOS inverter stages. The
output of each inverter is used as input for the next one. The last output is fed back to
the first inverter stage. The frequency (fosc) depends on the number of stages (N) and the
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V(t)
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Fig. 6.1: Different aging mechanisms causing degradation in CMOS inverter stage
of a ring oscillator circuit under AC stress condition

delay time of each inverter stage (τd). The fosc can be approximated using equation (6.1)

fosc =
1

2 ·N · τd

τd =
τn + τp

2
(6.1)

τn =
VDD · CL

Idn
, τp =

VDD · CL

Idp

where τn, τp are the switching time constant of nMOSFET and pMOSFET transistors.
Idn, Idp are the drain current of nMOSFET and pMOSFET transistors at |Vgs| = VDD.
And CL is the load capacitance which is a combination of input oxide and parasitic output
capacitance of the inverter stage.

During normal operation of the ring oscillator circuit both the nMOSFET and pMOS-
FET transistors in the inverter stages are degraded by aging under AC stress condition.
Figure 6.1 illustrates input (Vin(t)) and output (Vout(t)) waveforms of an inverter stage.
As depicted here the stress conditions can be divided into two main regions. When the
input is in the steady-state i.e. equal to supply voltage (VDD) or ground (VSS), the “ON”
transistors are exposed to BTI and the “OFF” transistors to NCHCI stress. In the region
when the input makes a transition, both transistors are exposed to CHCI. In case when
the ring oscillator circuit is exposed to only DC stress condition, e.g. during disable or
power down mode, all the ON transistors are exposed to BTI and the OFF transistors to
NCHCI stress. In the absence of any transition degradation resulting from CHCI stress
is missing.

Transistor W/L [nm/nm]

pMOSFET (W
L p

) 1020/30

nMOSFET (W
L n

) 690/30

Table 6.1: MOSFET devices W/L ratios
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Fig. 6.2: Comparison between contribution of different aging mechanisms causing
degradation in nMOSFET and pMOSFET transistors of the ring oscillator circuit
both under AC and DC stress for mobile phone EoL use case conditions

The aging related performance degradation of the ring oscillator circuit is evaluated
for a mobile phone EoL use case of 4 years at 85◦C with 105% of maximum specified
VDD (VDD = 1.155V ), under both AC and DC stress conditions. The equivalent acceler-
ated aging bias condition for stress time of 104s at 125◦C is derived to be VDD = 1.481V .
The aging simulation is performed on the ring oscillator circuit consisting 23 inverter
stages with (W/L) ratios of the MOSFET devices presented in table 6.1 and imple-
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degradation in nMOSFET and pMOSFET transistors of the ring oscillator circuit
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Characterized at → VDD = 0.9V VDD = 1.481V
Stress Condition ↓ Simulated Measured Simulated

Use case (DC) 1.33 − 0.707
Accelerated (DC) 1.104 1.57 0.394
Use case (AC) 4.06 − 1.75

Accelerated (AC) 3.6 2.3 1.21

Table 6.2: Measured and simulated relative degradation of the ring oscillator fre-
quency (∆fosc) in percentage under DC and AC use case and accelerated stress
conditions evaluated at different VDD values for T = 125◦C

mented using 32nm high-κ metal gate CMOS technology. The simulated fosc before
stress is 1.38GHz, evaluated at VDD = 1V and T = 125◦C.

The comparison between aging induced parameter drifts in nMOSFET and pMOS-
FET transistors of the ring oscillator circuit under AC and DC stress conditions is de-
picted in figure 6.2. It is observed that the degradation due to BTI stress is around
factor of two more under DC stress compared to that under AC stress considering AC
factor due to the recovery effect. Moreover, parameter shifts due to CHCI and NCHCI
degradation under AC stress lead to overall higher performance degradation in the ring
oscillator circuit. These results highlight enhanced HCI degradation at 32nm technol-
ogy node compared to 130nm node discussed in [51] where BTI degradation was the
main contributor to ring oscillator performance degradation and lifetime enhancement
was found under AC stress compared to that under DC stress.

Figure 6.3 shows the comparison between contribution of different aging mechanisms
in nMOSFET and pMOSFET transistors of an inverter stage in the aged ring oscillator
under use case and accelerated AC stress conditions. It is observed that the composi-
tion of aging mechanisms remains nearly same for the pMOSFET device and in case of
nMOSFET device the NCHCI contribution is particularly reduced for lower stress time in
accelerated stress condition. However, the frequency degradation in both the conditions
is similar. The difficulty in exact mapping of accelerated stress setup to the use case
condition arises since more than one dominant aging effect prevails in the ring oscillator
circuit.

Table 6.2 presents the simulated and measured degradation of fosc in percentage
under DC and AC use case and accelerated stress conditions characterized at different
VDD values for T = 125◦C. In the case of AC stress condition, the results do not account
for the AC factor due to the recovery effect. This could be the reason for lower measured
value of degradation under accelerated AC stress compared to the corresponding simu-
lation result. It should be noted that under AC stress both transistors of each inverter
stage witnesses BTI degradation whereas under DC stress only one of the two transistors
in each inverter is degraded by BTI stress. Nevertheless, the analysis presented in fig-
ure 6.2 and the measurement results confirm an important result that unlike in previous
technology nodes, degradation due to HCI mechanism under AC stress leads to enhanced
performance degradation in the ring oscillator circuit compared to BTI degradation and
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hence lifetime enhancement under AC stress is no more guaranteed.

∆fosc% =
fosc(pre−stress) − fosc(post−stress)

fosc(pre−stress)

· 100 (6.2)

Further, the relative performance degradation of the aged ring oscillator circuit in-
creases as the operating voltage (VDD) during characterization decreases due to reduced
transistor voltage headroom and overdrive [71]. This is depicted in figure 6.4, where
relative degradation of fosc is evaluated using equation (6.2), measured at different VDD

values for two test chips stressed under DC and AC accelerated stress conditions respec-
tively. It can be observed that the relative degradation increases as VDD reduces. And the
degradation under AC stress is more compared to that under DC stress due to high HCI
contribution even with reduction of BTI contribution resulting from the recovery effect.
The contribution of CHCI degradation reduces as fosc decreases due to less number of
signal transitions.

6.2 Aging Monitor and Compensation Circuit

EN
OUT

Frequency
Divider

Fig. 6.5: Ring oscillator circuit schematic with aging monitor and compensation
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Fig. 6.6: Schematic of CMOS inverter and switch used in the ring oscillator circuit

To monitor the performance degradation in the ring oscillator circuit under various
aging mechanisms and to compensate the degradation effects, a special ring oscillator
structure is implemented on the test chip in 32nm high-κ metal gate CMOS technology.
This modified ring oscillator with aging monitor and compensation circuit technique is
illustrated in figure 6.5. Here a CMOS switch stage is added at the input of each inverter
stage. The detailed schematics of an inverter and switch stage with the (W/L) ratios
of the MOSFET devices are shown in figure 6.6 and table 6.1 respectively. The enable
signal (EN) allows the oscillator to be stressed under static DC or dynamic AC state.
There are total 23 inverter and switch stages in the circuit. The frequency divider circuit
is added to divide the fosc by a frequency divider ratio (Divider) of 210 which makes the
measurement setup simple. This ring oscillator circuit modification changes the equation
for fosc from equation (6.1) to (6.3).

fosc =
1

2 ·N · τd ·Divider

τd =
τn + τp

2
+ τs (6.3)
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Fig. 6.8: Aging degradation monitor and adaptive bipolar compensation algorithm

τs = Rs · CL

where, Rs is the equivalent resistance of the switch stage.

To monitor and compensate the aging degradation, virgin (pre-stress, t = 0) per-
formance (IDD or fosc) of the ring oscillator circuit is measured and stored as reference.
During the operating life time of the circuit (in this case, mapped accelerated stress time
(= 104s) equivalent to EoL mobile phone use case condition), aging induced performance
degradation is monitored which can be achieved using a sensing hardware. After each
monitoring step (tstep = 5s) the degradation is compensated by controlling Rs, which
in turn is varied by nMOSFET switch control voltage (VNEN) and pMOSFET switch
control voltage (VPEN), for example using a micro-controller. Therefore this compensa-
tion technique works in the background without affecting the normal circuit operation.
The measured sensitivity of IDD to change in the switch control voltages (|Vgs|n/p) is
illustrated in figure 6.7. It can be observed that the ring oscillator has a linear and wide
tuning range over the switch control voltages. Also the switch control voltages are not
elevated during stress so there is no degradation in switch performance during and after
stress.

Aging results into weakening of nMOSFET and pMOSFET transistors in the ring
oscillator circuit over stress time, hence it causes reduction in IDD. In order to compensate
this degradation, based on the sensitivity of IDD towards switch control voltage, we
defined a small voltage step (Vstep = 50µV ) to be added to VNEN and subtracted from
VPEN in case the monitored IDD is smaller than the reference IDD. This results into
reduction of the switch resistance (Rs) and increase in IDD. When the monitored IDD

is larger than the reference, the switch control voltages are not changed. This unipolar
compensation techniques tracks the IDD degradation and tries to compensate it.

However, the threshold voltage shift due to the aging degradation show quasi satura-
tion behavior due to power law relationship towards stress time (tn), see equations (2.1)
and (2.2). Hence the degradation is higher at the beginning of the stress and then it
partially saturates after long stress time. Based on this knowledge the unipolar compen-
sation technique is modified to adaptive bipolar compensation technique. In adaptive
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bipolar technique at the beginning of the accelerated stress condition (t < 100s), where
more degradation is expected, large Vstep (VstepL = 100µV ) is used. For stress time
(100s < t < 1000s) medium Vstep (VstepM = 50µV ) is used. And for later stress time
(t > 1000s), where less degradation is expected, small Vstep (VstepS = 25µV ) is used. In
addition, when the monitored IDD is larger than the reference, depending on the stress

time,
VstepL,M,S

2
is subtracted from VNEN and added to VPEN in order to reduce the time

required to track the reference. Figure 6.8 illustrates the adaptive bipolar compensa-
tion technique algorithm used to monitor and compensate aging induced performance
degradation.

6.3 Measurements

Fig. 6.9: Die photograph of ring oscillator test chip

To prove this basic concept of the background monitoring and compensation of aging
induced performance degradation, measurements are performed on the ring oscillator test
chips. These test chips are fabricated using 32nm high-κ, metal gate CMOS technology.
The die photograph of the measured test chip is illustrated in figure 6.9. Accelerated
aging conditions similar to that used during simulations, i.e. stress time of 104s at
VDD = 1.481V and T = 125◦C, are applied to the samples. The switch transistors
control voltage (|Vgs|n/p) was set to 0.9V at the beginning of compensation to avoid its
aging degradation. The monitoring of performance degradation and compensation during
aging was achieved using a completely automated measurement test setup illustrated in
figure 6.10, controlled using a LabVIEW program.

The quasi-saturation behavior of aging degradation was observed in figure 6.11, where
IDD degradation in ring oscillator circuit without and with compensation is measured
during stress. With adaptive bipolar compensation the degradation in IDD is significantly
reduced. Figure 6.12 illustrates the comparison between tracking accuracy of unipolar and
adaptive bipolar compensation technique. Unipolar technique has two main drawbacks.
The compensation is found to be lagging in the beginning of the stress period due to larger
degradation compared to the used voltage step (Vstep = 50µV ) values. And during the
later stress period it leads or over compensates the reference since the same Vstep are now
larger compared to the degradation values. The adaptive bipolar compensation technique
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Fig. 6.10: Measurement test setup for accelerated aging of ring oscillator test chip

efficiently takes care of both these drawbacks. Using adaptive bipolar compensation
technique the aging degradation is compensated by 98% over the accelerated lifetime of
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this ring oscillator circuit. Moreover, the compensation is achieved within 200s using
adaptive bipolar tracking compared to 600s required for unipolar tracking. Figure 6.13
illustrates the comparison between switch control voltage tracking behavior during the
stress period under unipolar and adaptive bipolar compensation techniques. It can be
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observed that unipolar technique results into over compensation. This is because except
at the beginning of the stress period, the compensation technique leads the reference
which results into higher fosc and hence results into higher degradation.

The device degradation due to stress consists of so-called permanent and relaxation
components as discussed in section 2.2.1. The permanent component leads to slow varying
Vth and Id shifts on device level. The relaxation component is caused by de-trapping of
charge during subsequent recovery phase after stress. This recovery process has a broad
range of time constants. The adaptive bipolar tracking algorithm discussed in this chapter
can be implemented on-chip to monitor not only on-the-fly aging degradation behavior
but also recovery behavior. To measure the recovery behavior stress phase (without
compensation) can be performed, followed by the fast tracking of relaxation behavior
during recovery phase using the switch control voltages. The change in switch control
voltages will provide precise information on the recovery behavior in the time range that
depends on how fast the performance can be monitored and the compensation steps can
be applied.

6.4 Summary

In this chapter the contribution of different aging mechanisms towards parameter drifts
in transistors of the ring oscillator circuit implemented in 32nm high-κ metal gate CMOS
technology, stressed under both AC and DC stress was presented. It was shown by aging
simulation and measurement results that unlike in previous technology nodes, enhanced
HCI mechanism under AC stress leads to higher performance degradation in the ring
oscillator circuit compared to BTI degradation and hence significant lifetime enhance-
ment under AC stress is no more guaranteed. Also it was demonstrated by measurement
results that during characterization the relative performance degradation of the ring oscil-
lator circuit increases with decreasing operating voltage (VDD) due to reduced transistor
voltage headroom and overdrive.

A very simple but effective technique to monitor and compensate aging degrada-
tion in ring oscillator circuit was presented. An improved adaptive bipolar algorithm
to achieve quick and accurate compensation of aging degradation was suggested. The
step size for compensation was adapted based on the quasi-saturation behavior of aging
degradation under adaptive bipolar technique. This concept was demonstrated using a
modified ring oscillator circuit test chip. The aging degradation was compensated by
around 98% over the lifetime of this ring oscillator circuit. This tracking algorithm could
further be implemented on-chip to monitor and compensate aging degradation on-the-fly.
Also recovery behavior could be monitored with this concept.
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Chapter 7

Aging in Switches used in Switched

Capacitor Circuits

This chapter provides evaluation of aging degradation in switches used in the switched
capacitor (SC) circuits. Switched capacitor circuits are sampled data or discrete time cir-
cuits most commonly used in implementing filters, analog to digital and digital to analog
converters. Aging leads to increase in switch resistance over lifetime resulting into limited
transfer of charge onto capacitor at high operating frequencies. The aging degradation
in switches is studied using a special ring oscillator test chip with switch stages added at
the input of each inverter stage. The aging of the switch results into degradation of the
ring oscillator and hence frequency reduction. The amount of degradation and its impact
on circuit performance is investigated in this chapter.

7.1 Switches in SC Circuit

Vin

Sw

C ⇒

Transm
-issionGate

nMOS

pMOS

Fig. 7.1: Schematic of basic switched capacitor circuit and illustration of different
types of switches

A simple switched capacitor circuit example is a sampling circuit illustrated in fig-
ure 7.1, which is the most basic building block of a sampled data analog to digital
converter [73]. A basic sampling circuit consists of a switch (Sw) and a capacitor (C).
The switch can be implemented using nMOSFET, pMOSFET or complementary (both

71
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transistors) MOSFET devices. The switch is controlled (either ON or OFF) using gate
control voltage of VDD and VSS depending on the type of the device used. The ON
resistance (Ron) of the nMOSFET transistor increases considerably as input voltage ap-
proaches above (VDD−VthN) and for pMOSFET transistor when input voltage approaches
below |VthP |. Hence most commonly complementary or transmission (Tr) gate topology
is used for switch implementation to enable rail-to-tail voltage swings. The Ron of a Tr
gate switch is given by equation (7.1). Ignoring body effect, the Ron of Tr gate is ideally
independent of the input voltage level in the first order of approximation for high VDD

values.
Ron = RonN ‖ RonP

Ron =
1

µ · Cox · (
W
L
) · (VDD − VthN − |VthP |)

(7.1)

when µN · Cox · (
W
L
)N = µP · Cox · (

W
L
)P

where µ is the charge-carrier effective mobility, W is the transistor gate width, L is the
transistor gate length and Cox is the gate oxide capacitance per unit area.

The sampling speed of the switch capacitor circuit depends on the value of Ron and
C. The voltages across the capacitor (VC) and switch (VS) in figure 7.1 when capacitor
is charging from 0V, are given by equations (7.2) and (7.3) respectively. For discharging
the equations are interchanged.

VC(t) = Vin · (1− e
−t
τ ) (7.2)

VS(t) = Vin · e
−t
τ (7.3)

τ = Ron · C (7.4)

where τ is the time required by VC to reach Vin · (1−
1
e
), i.e. C to charge to about 63.2%.

Hence about 5τ are required for C to be fully charged (99.3%).

The aging related performance degradation of the Tr gate switch used in the switched
capacitor circuit is evaluated for a mobile phone use case of 4 years at 85◦C with 105%
of maximum specified VDD (VDD = 1.155V ). The aging simulations were performed
both under static (DC) stress and dynamic (AC) stress at frequency of 1MHz with 50%

VNEN = 1.33V

VPEN = −1.531V

VNEN

VPEN

CC
0

0

−1.531V

1.33V

DC Stress AC Stress

Fig. 7.2: Accelerated aging DC and AC stress conditions for Tr gate switch used
in the switched capacitor circuit
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duty cycle. In order to continuously degrade both the transistors in the switch, for
emulating the worst case stress condition, Vin = 0V and VDD = 0V were used during
aging simulation, as illustrated in figure 7.2. Hence, the equivalent accelerated aging
bias condition for stress time of 104s at 125◦C was derived to be VNEN = 1.33V and
VPEN = −1.531V .

Figure 7.3 shows the contribution of different aging mechanisms in nMOSFET and
pMOSFET transistors of the Tr gate switch under DC and AC use case and accelerated
stress condition. Both the transistors are affected only by BTI aging mechanism. The
BTI degradation in pMOSFET transistor is dominant compared to that of nMOSFET
transistor. And it is reduced by around 50% under AC stress compared to that under
DC stress considering the AC factor due to the recovery effect. CHCI and NCHCI
degradations are absent due to zero input voltage. Moreover the Tr gate switch operates
in the triode region for most of the time hence CHCI and NCHCI degradations are
negligible even for non-zero input voltages.

∆Ron% =
Ron(post−stress) −Ron(pre−stress)

Ron(pre−stress)

· 100 (7.5)

Figure 7.4 illustrates the comparison between simulated Ron of Tr gate switches
over input voltage range before and after aging under AC and DC stress conditions,
characterized at nMOSFET switch control voltage (VNEN = 0.9V ), pMOSFET switch
control voltage (VPEN = 0V ), VDD = 0.9V and T = 25◦C. The relative degradation in
the aged switch (∆Ron) increases as the switch overdrive reduces during characterization
due to reduced transistor voltage headroom. This behavior is presented in table 7.1 where
relative degradation of Ron is evaluated using equation (7.5) characterized at different Vin

values. Here maximum degradation is observed when Vin ≈ 0.5V i.e. the overdrive of the
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devices in the switch is close to zero (Vth ≈ 0.4V ). Figure 7.5 illustrates the voltage across
the capacitor resulting from charging and discharging cycles for a pulsed and rising input
signal, both before and after aging. A realistic behavior of switched capacitor circuit used
in ADC’s where the capacitors are charged and discharged with input signal with respect
to analog ground (0.5V) is illustrated in figure 7.5(b). Figure 7.4 and 7.5 illustrate that
aging leads to increase in Ron of the Tr gate switch and hence increase in charging and
discharging time constant (τ) which leads to limited transfer of charge onto capacitor.
The circuit operation is severely affected when the aged switches operate at low overdrive
voltages.

7.2 Aging Monitor for Switch Degradation

To monitor the degradation in the switches under various aging mechanisms, the same
ring oscillator test structure described in section 6.2 and illustrated in figure 7.6, is

Characterized at →
Vin = 0V Vin = 0.4V Vin = 0.5V Vin = 0.9V

Stress Condition ↓

Use case (DC) 0.537 5.34 19.2 1.76
Use case (AC) 0.322 3.07 9.63 0.92

Table 7.1: Simulated relative increase in Ron (∆Ron) in percentage for the trans-
mission gate switches aged under DC and AC stress for mobile phone EoL use case
condition, evaluated at different input voltage values for VNEN = 0.9V , VPEN = 0V ,
VDD = 0.9V and T = 25◦C
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Fig. 7.5: Transient waveform of voltage across capacitor during charging and dis-
charging cycles with fresh and aged (under DC stress for mobile phone EoL use
case condition) transmission gate switch

used for aging simulation and measurements. Here each inverter circuit stage models
the capacitor and is not aged by applying VDD = 0V . Hence the degradation in the
ring oscillator frequency (fosc) post aging directly represents degradation in the switches.
The detailed schematics of two inverter and switch stages with the (W/L) ratios of the
MOSFET devices are shown in figure 7.7 and table 7.2 respectively. There are total 23
inverter and switch stages (N) in the circuit. The frequency divider circuit is added to
divide the fosc by a frequency divider ratio (Divider) of 210 which makes the measurement
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Transistor W/L [nm/nm]

pMOS (W
L p

) 1020/30

nMOS (W
L n

) 690/30

Table 7.2: MOSFET devices W/L ratios

setup simple. The frequency of this ring oscillator circuit is given by equation (7.6):

fosc =
1

2 ·N · τd ·Divider

τd =
τn + τp

2
+ τs (7.6)

τs = Rs · CL

where, τn, τp are the switching times of nMOSFET and pMOSFET transistors and Rs is
the equivalent resistance of the switch stage. Aging leads to increase in Rs and hence
degradation of fosc.

7.3 Measurements

To evaluate the degradation of the transmission gate switches measurements are per-
formed on the ring oscillator test chips fabricated in 32nm high-κ metal gate CMOS
technology. The die photograph of the measured test chip and the measurement setup
is illustrated in figures 6.9 and 6.10 respectively. Accelerated aging conditions similar to
that used during simulations, i.e. stress time of 104s at VNEN = 1.33V , VPEN = −1.531V
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and T=125◦C, are applied to the samples. The supply voltage (VDD) is set to 0V to
avoid the ring oscillator aging degradation. Two test chips are stressed under DC and
AC (1MHz with 50% duty cycle) accelerated stress conditions respectively. The entire
measurement activity is divided into following steps and is repeated for both samples:

M1 ⇒ M2 ⇒ S ⇒ R ⇒ M3 ⇒ M4 ⇒ A ⇒ M5 ⇒ M6

where,
“S”→ Stress phase with stress time of 104s at 125◦C and VNEN = 1.33V , VPEN = −1.531V ,
VDD = 0V
“R”→ Relaxation phase with stress time of 103s at 125◦C and VNEN = 0.7V , VPEN = 0.2,
VDD = 0.9V
“A” → Annealing phase at high temperature, 125◦C and VNEN = 0V , VPEN = 0V ,
VDD = 0V for 104s to study long term permanent offset behavior

And the fosc and IDD measurements were performed,
“M1” → before stress at 25◦C and VDD = 0.9V
“M2” → before stress at 125◦C and VDD = 0.9V
“M3” → post stress at 125◦C and VDD = 0.9V
“M4” → post stress at 25◦C and VDD = 0.9V
“M5” → post annealing at 125◦C and VDD = 0.9V
“M6” → post annealing at 25◦C and VDD = 0.9V .

Figure 7.8 illustrates the behavior of drain current (IDD) degradation in the ring
oscillator structure due to aging of switches under DC and AC stress conditions measured
during different measurement phases evaluated at 125◦C for VDD = 0.9V , VNEN = 0.7V
and VPEN = 0.2V . A degradation of 2.1% under DC stress and 1.132% under AC stress
are noted after stress phase and before relaxation phase. It can be confirmed with these
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measurement results that BTI degradation under DC stress is ≈2x times more compared
to that under AC stress. Relaxation in degradation is observed after stress due to BTI
recovery effect. These measurements during the relaxation phase are performed at 5s
interval. A relaxation of 0.563% after DC stress and 0.37% after AC stress are measured
in the post annealing phase.

Figure 7.9 illustrates the behavior of ring oscillator frequency (fosc) degradation
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Fig. 7.10: Measured relative degradation of the ring oscillator frequency (∆fosc)
in percentage vs. switch control voltage (|Vgs|n/p) characterized at VDD = 0.9V and
T = 125◦C



7.4. Countermeasures 79

due to aging of switches under DC and AC stress conditions measured during different
measurement phases evaluated at 125◦C for VDD = 0.9V , VNEN = 0.7V and VPEN =
0.2V . Degradation values similar to IDD degradation are noted post stress and annealing.
A degradation of 2.089% under DC stress and 1.333% under AC stress are noted after
stress phase and before relaxation phase. It can be confirmed from the measurement
results plotted in figures 7.8 and 7.9 that aging leads to increase in switch resistance that
results into fosc and IDD degradation.

∆fosc% =
fosc(pre−stress) − fosc(post−stress)

fosc(pre−stress)

· 100 (7.7)

Further, during characterization the relative performance degradation of the aged
switched capacitor circuit increases as the switch overdrive voltage decreases due to re-
duced transistor voltage headroom. This is depicted in figure 7.10, where relative degra-
dation fosc is evaluated using equation (7.7) characterized at different switch control
voltage values. It can be observed that the relative degradation increases as switch con-
trol voltage reduces. However, one of the transistors in the Tr gate switch turns “OFF”
below |Vgs|n/p = 0.5V after which this relation does not hold true.

Hence it can be concluded that the performance degradation of the switched capacitor
circuit due to aging of switch depends not only on the magnitude of switch degradation
but also on the circuit operating frequency and overdrive of the switch during circuit
operation.

7.4 Countermeasures

Recovery of BTI degradation in both nMOSFET and pMOSFET devices under accumula-
tion stress was reported in [1]. Recovery in case of nMOSFET device whereas degradation
in case of pMOSFET device was measured under accumulation stress by [6,74]. Hence a
possibility of using bipolar AC stress during aging as a countermeasure to compensate or
reduce degradation is considered. With bipolar stress both the transistors in the switch
experience inversion stress during half clock period and accumulation stress during the
remaining half period. The degradation induced by inversion stress is expected to be
fully or partially compensated by accumulation stress.

The behavior of BTI degradation under accumulation stress is not modeled in the
sub-circuit aging simulation models discussed in section 2.3. However in [75] behavior of
BTI degradation under DC, unipolar and bipolar stress was investigated. It was shown
using measurements that for bipolar stress additional interface state trap generation can
result into enhanced BTI degradation. This effect is enhanced at high frequencies. To
confirm this behavior measurements are performed on the switches in the ring oscillator
test chip under bipolar AC (1MHz, 50% duty cycle) stress for stress time of 104s at
125◦C, VDD = 0V , VNENhigh = 1.5V VNENlow = −1.5V and VPEN = 0V , such that
only nMOSFET was aged in both inversion and accumulation region. As illustrated in
figure 7.11, no significant reduction in fosc degradation is observed under bipolar stress
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as compared to unipolar stress.

Hence to ensure proper working of switched capacitor circuit under aging degradation
of switches, care must be taken to appropriately size the transistors during design phase
based on the aging information to always remain below the maximum RC time constant
value required for operating clock frequency range.

7.5 Summary

In this chapter the contribution of different aging mechanisms towards parameter drifts
in transistors of the transmission gate switches used commonly in switched capacitor
circuits was presented. The test structure was implemented in 32nm high-κ metal gate
CMOS technology and stressed under both AC and DC stress. It was found by aging
simulation and measurements that both the transistors in the switch are affected by BTI
aging mechanism and it is reduced by around 50% under AC stress compared to that
under DC stress due to recovery effect.

The relative performance degradation of the switch increases as the switch overdrive
voltages during characterization is decreased, due to reduced voltage headroom. It was
shown that the performance degradation of the switched capacitor circuit due to aging
depends not only on the magnitude of switch degradation but also on the circuit operating
frequency and overdrive of the switch during circuit operation. The ineffectiveness of
using bipolar stress as on-line countermeasure to compensate aging degradation using
accumulation stress was discussed. And hence the importance of proper sizing of switches
to ensure reliable working of switched capacitor circuit under aging degradation was
highlighted.



Chapter 8

Aging in Successive Approximation

Register ADC

Successive approximation register (SAR) analog to digital converter (ADC) is a widely
used Nyquist rate ADC in the field of medium to high resolution applications. These
ADC’s can be designed for high-performance at low-power [76]. The SAR ADC works
on the principle of binary search algorithm which is most commonly implemented using
charge redistribution technique. A typical high performance SAR ADC consist of an
input buffer circuit to drive input and reference voltages, comparator, capacitive digital
to analog converter (DAC) and SAR control logic. In this chapter the effect of aging
degradation mechanisms on performances of a state-of-the-art fully differential 12-bit
SAR ADC are discussed.

8.1 Introduction to SAR ADC

The performance of SAR ADC is very sensitive to non-idealities in the input buffer, DAC
and comparator circuits. Aging mechanisms like NBTI, PBTI, CHCI and NCHCI induce
mismatch in matched transistor pairs resulting into circuit performance degradation. A
detailed analysis and discussion regarding effect of aging induced transistor parameter
drifts on the performances of closed and open loop OTA circuits implemented using 32nm
high-κ metal gate CMOS technology are presented in chapter 4. Hence based on these
findings, the aging degradation of SAR ADC performance is analyzed in this chapter.

The schematic of 12-bit fully differential SAR ADC is illustrated in figure 8.1 [63,
77]. It consists of a fully differential input buffer circuit, two binary weighted capacitor
arrays, a fully differential comparator and a SAR control logic module. The input buffer
circuit is used in the charge redistribution based high speed SAR ADC to drive the
DAC within a short settling time (≈4ns). The buffer circuit is implemented using an
OTA circuit in closed loop configuration. The DAC is charge redistribution based and
hence is implemented using capacitors. The buffer drives the DAC with reference voltage
(V refp/n) and analog input (Ainp/n) during different phases of the clock signals that

81
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Fig. 8.1: Schematic of Successive Approximation Register ADC

control the switches. The clock signals are shown only schematically in figure 8.2, not
displaying the more complex clocking during the ADC operation. The comparator used
in the SAR ADC typically consist of few preamplifier stages realized using open loop
OTA, followed by a regenerative latch stage which uses positive feedback. This first
open loop OTA stage of the comparator mainly determines the precision of the overall
comparator.

The operation of the circuit can be divided into three phases. The first phase is offset
cancellation and sampling phase. The second phase is the hold phase. And the third
phase is the bit-cycling phase. At the beginning of each conversion start of conversion
(SOC) signal indicates the SAR logic to begin the conversion process and at the end of
conversion the end of conversion (EOC) signal indicates the user that the digital output
of converted analog input signal is available.

During the offset cancellation and sampling phase, the preamplifier stages in the
comparator circuit are configured in closed loop configuration. So the two inputs of the
comparator are at same potential equal to the common mode voltage (V cm = 0.5V ),
which is required for offset cancellation. The input of the buffer circuit is connected to
Ainp and Ainn, hence signal at Ainp is connected to V outp and at Ainn is connected to
V outn. The switches Spx (x=0 to 11)are connected to V outp and the switches Snx (x=0
to 11) are connected to V outn. Hence the two capacitor arrays are charged respectively
to voltages of (±Ainp−Ainn

2
).

During the hold phase, the preamplifier stages in the comparator circuit are config-
ured in open loop configuration. And then the input of the buffer circuit is connected to
V refp and V refn, hence signal at V refp is connected to V outp and at V refn is connected
to V outn. Also the switches Spx (x=0 to 11) are connected to V outn and the switches Snx

(x=0 to 11) are connected to V outp. Hence the voltage at the negative input terminal of



8.1. Introduction to SAR ADC 83

CLK

HOLD

SOC

OffsetCancellation
Sampling

EOC

Bit-Cycling

φ1φ1 φ2
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the comparator (V comn) is (V refn −
Ainp−Ainn

2
). While the voltage at the positive input

terminal of the comparator (V comp) is (V refp +
Ainp−Ainn

2
).

During the bit-cycling phase, the SAR logic performs bit-cycling for 12 clock cycles to
perform the successive approximation. The input of the buffer circuit remains connected
to V refp and V refn, hence V outp is connected to V refp and V outn is connected to V refn.
At the beginning switch Sp11 is connected from V outn to V outp. Hence the voltage at

(V comn) is added with (vrefp−vrefn
2

). And the switch Sn11 is connected from V outp to

V outn. Hence the voltage at (V comp) is subtracted with (vrefp−vrefn
2

). The other switches
remain unchanged. The output of the comparison of these two input voltages decides
the MSB (12th bit). If the comparison result is high, switch Sp11 remains connected to
V outp and switch Sn11 remains connected to V outn throughout the conversion. On the
other hand if the evaluation result is low, switch Sp11 is connected back to V outn and
switch Sn11 is connected back to V outp. This completes evaluation of the MSB bit. The
evaluation of the remaining bits is done similar to the MSB evaluation.

8.1.1 SAR ADC Model Implementation

To study the impact of aging degradation in different building blocks on the performance
of a SAR ADC circuit, all the blocks viz. buffer, DAC, comparator and SAR control
logic, of the 12-bit SAR ADC as illustrated in figure 8.1 are modeled as ideal elements
using Verilog-A to reduce the complexity and the simulation time. Based on the working
of SAR ADC as explained in section 8.1 the model implementation is done as follows:

The voltages at different nodes during offset cancellation and sampling phase are
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given by equation 8.1:

V comp = V cm

V comn = V cm

dacp =
Ainp − Ainn

2

dacn =
Ainn − Ainp

2
(8.1)

where dacp and dacn are the voltages across the two capacitor arrays.

The voltage at different nodes during the hold phase is given by equation 8.2:

V comp(1) = V refn − dacp

V comn(1) = V refp − dacn (8.2)

Finally the voltage at different nodes during the bit-cycling phase is given by equa-
tion 8.3:

V comp(2) = V comp(1) +
V refp − V refn

2

V comn(2) = V comn(1)−
V refp − V refn

2
for i = 2 : 1 : 13

if (V comp(i) < V comn(i))

V comp(i+ 1) = V comp(i) +
V refp − V refn

2i

V comn(i+ 1) = V comn(i)−
V refp − V refn

2i

Dout(14− i) = 1

else

V comp(i+ 1) = V comp(i)−
V refp − V refn

2i

V comn(i+ 1) = V comn(i) +
V refp − V refn

2i

Dout(14− i) = 0 (8.3)

where Dout is the final digital output in binary format.

The converter is simulated with a clock frequency of 33.33MHz, and a conversion rate
of 1.19MS/s was used with Vrefp = 0.8V , Vrefn = 0.2V , Vin = 0.6Vp−p and VDD = 1V .

8.2 Aging in SAR ADC Building Blocks

The aging induced input referred offsets in closed and open loop simple Miller OTA circuit
configuration analyzed in chapter 4 are summarized in table 8.1 and 8.2 respectively.
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Stress Time Temp (◦C) Vscale (%) Offset (mV)

4 Yrs 85 105% (VDD = 1.155V ) 0.012
10 Yrs 125 105% (VDD = 1.155V ) 0.0305

Table 8.1: Simulated aging induced input referred offset resulting from asymmet-
rical DC input stress (V inn = 1.155V , V inp = 0V ) in closed loop simple Miller OTA
configuration evaluated at VDD = 1V and T = 25◦C

Stress Time Temp (◦C) Vscale (%) Offset (mV)

4 Yrs 85 105% (VDD=1.155V) 5.29
10 Yrs 125 105% (VDD=1.155V) 10.438

Table 8.2: Simulated aging induced input referred offset resulting from asymmet-
rical DC input stress (V inn = 1.155V , V inp = 0V ) in open loop simple Miller OTA
configuration evaluated at VDD = 1V and T = 25◦C

The transistor parameter shifts due to aging degradation mechanisms induces mis-
match in matched differential pairs in the closed and open loop OTA circuit configura-
tions. The most degraded circuit performance is offset. In the input buffer circuit used
in the SAR ADC, the OTA always operates in closed loop configuration and its input
transistors see smaller stress compared to the output stage transistors. Simulation results
show that these output transistors are the main contributors to offset. On the other hand
in the preamplifier stages in the comparator used in the SAR ADC, the OTA operates
in open loop configuration and its input transistors see a large stress. Simulation results
show that these input transistors are the main contributors to offset. The effect of these
aging induced offsets in the buffer and comparator circuit on performance of SAR ADC is
incorporated in the models and analyzed in the next subsection. The implemented DAC
is charge redistribution based and since the capacitors are not affected by HCI and BTI
wearout mechanisms it is considered ideal in this analysis. The impact of switch aging is
neglected since proper device sizing can take care of the aging induced increase in switch
“ON” resistance as discussed in chapter 7.

8.3 Effect of Aging on SAR ADC Performance

The aging induced performance degradation in the closed and open loop OTA config-
urations are incorporated into the 12-bit SAR ADC model which is introduced in sec-
tion 8.1.1. This section presents SAR ADC performance degradation due to aging of its
building blocks particularly the input buffer and the comparator circuits. The individual
and combined effects are discussed separately.

8.3.1 Effect of Buffer Aging on SAR ADC

Aging of the buffer circuit under asymmetrical input stress for mobile phone EoL use case
condition induces input referred offset of 12µV, as presented in table 8.1. This offset value
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Fig. 8.3: Schematic of input buffer circuit with modeled aging induced offset

is very small when compared to the resolution (VLSB) of a 12-bit SAR ADC, evaluated
using equation (8.4) which is around 146.5µV for full scale voltage (VFS) range of 0.6Vp−p.
Hence this offset does not affect the ADC performance as long as it remains below 1

2
VLSB.

In case the offset becomes larger than this value, then the transfer characteristics depicted
in figure 8.4 shows that a gain error arises in the converter due to aging induced offset
in the input buffer circuit. The deviation from ideal curve is maximum at small values
of input signal and reduces gradually until the input reaches its full-scale value. This
results from the fact that the input signals (Ainp/n) see complete offset voltage of the
input buffer during offset cancellation and sampling phase, whereas the reference voltage
(V refp/n) see offset voltage which is divided by 2i during each successive approximation
cycle of bit-cycling phase.
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VLSB =
VFS

212

=
V refp − V refn

212
= 146.5µV (8.4)

For example if we consider the aging induced input referred offset of 5mV in the
input buffer circuit, V refp = 0.8V and V refn = 0.2V . Then the deviation from the ideal
curve at:

1. Ainp = 0.2V and Ainn = 0.8V , is given by equation (8.5).

Dout =
V refp−V refn

2
+ Ainp−Ainn

2
+ (5mV − 0)

VLSB

= 33, (Ideal = 0)

⇒ Deviation = 33 (8.5)

2. Ainp = 0.5V and Ainn = 0.5V , is given by equation (8.6).

Dout =
V refp−V refn

2
+ Ainp−Ainn

2
+ (5mV − 2.5mV )

VLSB

= 2064, (Ideal = 2047)

⇒ Deviation = 17 (8.6)

3. Ainp = 0.8V and Ainn = 0.2V , is given by equation (8.7).

Dout =
V refp−V refn

2
+ Ainp−Ainn

2
+ (5mV − 5mV )

VLSB

= 4095, (Ideal = 4095)

⇒ Deviation = 0 (8.7)

Thus, if the worst case aging induced input referred offset of the buffer circuit is
greater than 1

2
VLSB ≈ 73.24µV for full-scale voltage, VFS = 0.6Vp−p, then SAR ADC

performance will be affected by aging degradation in the manner explained above, with
magnitude depending on the offset in the input buffer.

8.3.2 Effect of Comparator Aging on SAR ADC

Aging of the comparator circuit under asymmetrical input stress for mobile phone EoL
use case condition induces input referred offset of around 5mV, as presented in table 8.2.
This offset value is larger than 1

2
VLSB of the 12-bit SAR ADC with VFS = 0.6Vp−p.

Therefore, the transfer characteristics depicted in figure 8.6 shows that an offset error
arises in the converter due to aging induced offset in input stage of the comparator circuit.
Here it is assumed that the input referred offset is not compensated using techniques like
autozeroing. The deviation from ideal curve remains constant for all valid values of the
input signal.
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V inp V outn

V outp

Voff

Fig. 8.5: Schematic of pre-amplifier input stage in the comparator circuit with
modeled aging induced offset

For example if we consider the aging induced input referred offset of 5mV in the
comparator circuit, V refp = 0.8V and V refn = 0.2V , the deviation from the ideal curve
at Ainp = 0.2V and Ainn = 0.8V , is given by equation 8.8:

Dout =
V refp−V refn

2
+ Ainp−Ainn

2
+ 5mV

2

VLSB

= 17, (Ideal = 0)

⇒ Deviation = 17 (8.8)

As per the SAR conversion operation discussed in section 8.1, the offset of the com-
parator is sampled onto the capacitor arrays during offset cancellation and sampling
phase. And is later compensated based on the principle of autozeroing discussed in sec-
tion 5.2. However the accuracy of this cancellation technique depends on the open-loop
gain of the input stage amplifier which is typically small for such stages. This can lead
to incomplete cancellation of offset resulting into residue offset error.
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Fig. 8.6: Simulated input vs. output transfer characteristics of 12-bit SAR ADC
with and without input referred offset in the comparator circuit
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8.3.3 Combined Effect of Buffer and Comparator Aging on SAR

ADC

The combined effect of aging induced offset in the input buffer and comparator circuit
on the transfer characteristics of SAR ADC is depicted in figure 8.7. The deviation
from ideal curve is affected based on the signs of the generated offset. For example if
V refp = 0.8V and V refn = 0.2V , the deviation from the ideal curve at Ainp = 0.2V
and Ainn = 0.8V for different signs of induced offset is given by,

1. For aging induced input referred offset of +5mV in both input buffer and compara-
tor circuits,

Dout =
V refp−V refn

2
+ Ainp−Ainn

2
+ 5mV + 5mV

2

VLSB

= 50, (Ideal = 0)

⇒ Deviation = 50 (8.9)

2. For aging induced input referred offset of +5mV in input buffer circuit and −5mV
in comparator circuits,

Dout =
V refp−V refn

2
+ Ainp−Ainn

2
+ 5mV − 5mV

2

VLSB

= 16, (Ideal = 0)

⇒ Deviation = 16 (8.10)

Therefore offsets induced in opposite directions compensate the aging mechanisms
induced degradation to great extent.
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Fig. 8.8: Power Spectral Density plot of aged 12-bit SAR ADC circuit with 10mV
input referred offset in the input buffer circuit compared with fresh ADC

The simulated differential non-linearity (DNL) and integral non-linearity (INL) for
an aged 12-bit SAR ADC under mobile phone EoL use case stress condition are shown
in figure 8.9. These performances are not affected due to aging of the input buffer and
comparator circuits. This results from the fact that gain and offset errors are corrected
before evaluating INL and DNL of a Nyquist rate ADC. It was confirmed by simulations
that also the spectral characteristics of the ADC were not affected. The resultant ENOB
is 11.98 bits, which represents that the linearity of this SAR ADC is not affected by the
aged buffer circuit as illustrated in figure 8.8. There are proven methods to correct gain
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Fig. 8.9: Simulated DNL and INL of aged 12-bit SAR ADC with 10mV input
referred offset in the input buffer circuit
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and offset errors. But it is important to note that these errors will vary over time. Hence
special countermeasures need to be implemented to guarantee a stable and correct circuit
function for the whole lifetime of the circuit.

8.4 Countermeasures

Active countermeasures like chopper stabilization and autozeroing techniques were dis-
cussed in chapter 5 as very effective techniques in mitigating effects of aging degradation
in OTA circuits. Apart from these techniques, digital background calibration techniques
are also used quite frequently to overcome effects of non-idealities in high resolution state-
of-the-art ADC circuits [78]. Digital calibration is preferred over analog calibration due to
high robustness and integration density together with low cost and power requirements
of digital circuitry. They are implemented to calibrate errors resulting from variation
in mismatch over temperature, power supply or aging degradation [79]. They perform
without interruption of the normal ADC operation. In contrast foreground calibration
is done when the ADC is not converting (e.g. immediately after power ON) and thus
cannot react to continuous error changes unless the ADC is interrupted and calibrated
again.

The digital background calibration process can be divided into two phases; first
during the measurement phase the deviation of the ADC output with respect to an ideal
converter is estimated in the digital domain. And in the second phase, the evaluation
phase, in order to calibrate, the estimation of the errors from the measurement phase is
subtracted from the raw output code of ADC [80,81].

Digital background calibration techniques rely on adaptive algorithms in order to
minimize the error in the estimation of the non-idealities in the ADC [5]. Adaptive
algorithms are used in two different approaches: channel error identification [82] and
correlation-based [83] techniques. The first approach requires an accurate reference ADC,
e.g. a sigma-delta converter, as reference ADC. Correlation based calibration is a sta-
tistical approach to estimate and calibrate errors digitally and has the advantage that
minimal extra analog design effort is required for calibration purposes, i.e. there is no
redundant hardware so that the extra implementation is kept minimal. A disadvantage
for this implementation can be the long correlation time, i.e. the calibration of the ADC
can last for around one minute [84].

The effectiveness of correlation-based digital background calibration techniques in
overcoming aging induced performance degradation in SAR ADC circuits needs to be
investigated.

8.5 Summary

In this chapter aging degradation in high performance Nyquist rate SAR ADC was dis-
cussed and analyzed. The impact of aging on building blocks of 12-bit SAR ADC viz.,
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input buffer and comparator, and its individual and combined effect on ADC performance
was evaluated under asymmetrical input stress condition. Using the findings related to
aging degradation in closed loop OTA (buffer) and open loop OTA (comparator input
stage) configurations, the impact of its aging on the performance of a SAR ADC circuit
was evaluated. The most severely affected performance due to aging under asymmetrical
stress in buffer and comparator circuit configurations was found to be offset.

It was shown that the aging induced offset in the input buffer stage introduces gain
error, whereas aging induced offset in the comparator stage introduces offset error in the
ADC transfer characteristic. The combined effect results into time varying gain and offset
errors in its transfer characteristic. If this offset in the buffer and comparator stage have
opposite signs then they tend to compensate the aging mechanisms induced performance
degradation to a considerable extent.

The analysis carried out in this chapter leads to the conclusion that for mobile phone
EoL use case condition the performance of 12-bit SAR ADC implemented in 32nm high-κ
metal gate CMOS technology, is not severely affected by aging degradation. However,
for other stress conditions leading to higher values of degradation there is a need to
implement special countermeasures which can correct time varying errors resulting from
stress induced aging degradation in high resolution ADC’s implemented in nano-scale
CMOS technology.



Chapter 9

Aging in Sigma Delta ADC

Sigma delta (Σ∆) ADC implements a data conversion technique, in which high perfor-
mance is achieved by both oversampling and noise shaping. In discrete time Σ∆ ADC
different functionalities are implemented using switched capacitor circuits. One of the
main advantages of using Σ∆ ADC is that high accuracy can be realized at relaxed analog
circuit requirement. In this chapter the effect of aging degradation mechanisms on the
performances of state-of-the-art fully differential third-order, 2-stage, multi-bit (17-level)
Σ∆ ADC are evaluated and discussed.

9.1 Introduction to Sigma Delta ADC

The application field of Σ∆ ADC’s is between low to medium speed. The high oversam-
pling ratio (OSR) (larger than 64) combined with single-bit quantizer provides very good
resolution (over 80dB signal to noise and distortion ratio (SNDR)), but it is limited only
to low signal bandwidth. In order to expand the signal bandwidth, the OSR must be
reduced, e.g. down to 8 to 16. But at low OSR high resolution can hardly be guaranteed
due to weak noise shaping effect. If accuracy is still desired, the in-band quantization
noise must be further suppressed. For this reason, multi-bit quantizer is introduced. In
fact, after employing multi-bit quantizer, the quantization noise reduction is caused by
smaller quantization step size. Additionally, the stability is also better than single-bit
quantizer, since implementation of larger scaling coefficients is possible.

Apart from increasing the resolution of quantizer, using more aggressive noise-shaping
function is another approach to enhance SNDR. Actually this can be done by employing
Σ∆ ADC with higher order quantization noise transfer function (NTF). Theoretically,
the higher the order of NTF, the better the noise shaping effect will be. But increasing
the orders of Σ∆ ADC results in stability problems and system overload may occur even
when the input signal is not quite large. Fortunately the root-locus simulation shows, if
the coefficients of the integrator are properly selected, first and second order sigma-delta
converters are intrinsically stable [85]. By using cascaded topologies or multi-stage-noise-
shaping (MASH) topologies, in which high-order is accomplished by interconnecting two

93
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or more first and/or second order sigma-delta converters, the stability problem in high-
order Σ∆ ADC is avoided [86].

9.1.1 Sigma Delta ADC Implementation
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Fig. 9.1: 3rd order multi-bit (17-level) 2-1 MASH Σ∆ ADC model

A third-order 2-stage cascaded Σ∆ ADC with multi-bit (17-level) quantizer, satisfy-
ing both the high-speed and high-resolution requirements is investigated for performance
degradation under aging effect. The circuit comprises two major portions, the analog
noise-shaping circuit and digital quantization error cancellation logic as illustrated in fig-
ure 9.1. A fully differential implementation of this circuit is done in Cadence and Simulink
environment. The analog noise-shaping circuit in the left (blue block) is implemented
in Cadence environment using 32nm high-κ metal gate CMOS technology except for the
multi-bit quantizer and digital to analog converter (DAC). These two blocks are mod-
eled using Verilog-A. And the digital logic to cancel the quantization noise of first stage
is implemented in Simulink. The third-order noise-shaping is realized in two stages by
interconnecting second-order and first-order Σ∆ converters, where the quantization error
of first stage is shaped by the second stage. One of the most essential portions of cas-
caded architecture is the digital quantization error cancellation logic, where theoretically
the quantization error of first stage can be completely canceled out and the quantization
error of second stage is first shaped by the second stage, and then further shaped by the
second-order high-pass filter H2(z) in quantization error cancellation logic. As a result,
the output signal (Yout) should contain only two components, the delayed converted input
signal and shaped quantization error of second stage. Through employing multi-bit (17-
level) quantizer and DAC in both the stages, an aggressively increased interstage gain,
namely c1 and c2, can be implemented without overloading the modulators.



9.1. Introduction to Sigma Delta ADC 95

The output of the first and second stage is given by:

Y1(z) = z−2 ·X1(z) + (1− z−1)2 ·Q1(z)

Y2(z) = z−1 ·X2(z) + (1− z−1) ·Q2(z) (9.1)

where,X2(z) = c1[Y1(z)−Q1(z)]− c2 · Y1(z)

Therefore, the digital output Y1(z) and Y2(z) in terms of X1(z), Q1(z) and Q2(z) are
given by:

Y1(z) = z−2 ·X1(z) + (1− z−1)2 ·Q1(z)

Y2(z) = z−1 · [(c1 − c2) · Y1(z)− c1 ·Q1(z)] + (1− z−1) ·Q2(z) (9.2)

If c1 = c2 then,

Y1(z) = z−2 ·X1(z) + (1− z−1)2 ·Q1(z)

Y2(z) = −c1 · z
−1 ·Q1(z) + (1− z−1) ·Q2(z) (9.3)

Now, the cancellation of the quantization error of the first stage is performed using:

Yout(z) = Y1(z) · z
−1 + Y2(z) ·

1

c1
· (1− z−1)2 (9.4)

Yout(z) = z−3 ·X1(z) +
1

c1
· (1− z−1)3 ·Q2(z) (9.5)

The optimal coefficients for this third-order 2-stage cascaded multi-bit Σ∆ ADC are
listed as following:

g1 = 0.5, g1 = 0.5, g2 = 2, g2 = 2, g3 = 1, g3 = 1,

c1 = 8, c2 = 8, d0 = 0, d1 = 0.125 (9.6)

The maximum achievable SNDR is given by equation (9.7) [87]:

SNDRmax = 1.76 + 6.02 ·m+ (20 · L+ 10).log10(OSR)− 10 · log10 · (
π2·L

2 · L+ 1
) (9.7)

where m = Number of quantizer bits and L = order of Σ∆ ADC

According to equation (9.7), the maximum SNDR of a third-order 17-level Σ∆ ADC
at the full scale input amplitude and OSR = 16 is given by:

SNDRmax = 1.76 + 6.02 · 4.123 + (20 · 3 + 10) · log10(16)− 10 · log10 · (
π2·3

2 · 3 + 1
)

= 89.12dB (9.8)

The circuit schematic of analog noise-shaping block in the fully differential third-
order, 2-stage, 17-level, cascaded sigma-delta ADC converter implemented in Cadence
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Fig. 9.2: Schematic of analog noise-shaping circuit in 3rd order multi-bit (17-level)
2-1 MASH Σ∆ ADC

environment is illustrated in figure 9.2. Here the multi-bit quantizer (ADC) and DAC
models are implemented with Verilog-A. The digital quantization noise cancellation cir-
cuit is implemented in Simulink environment. The Cadence-Simulink co-simulation is
performed with an interface engine which enables bi-directional flow of data between the
two environments during simulation. The complete system was simulated with:

Input signal bandwidth: 25KHz
Input signal frequency: 10.15625KHz
Input signal amplitude (Vp−p): 0.6V
Oversampling ratio (OSR): 16
Sampling frequency: 800KHz
Number of FFT points used to calculate SNDR: 210 = 1024

The simulated SNDR for the fresh circuit is evaluated to be 91.62dB. It is higher than
that evaluated in equation (9.8) since equation (9.7) does not account for the additional
noise shaping achieved by the factor 1

c1
in equation (9.5). The effective number of bits

(ENOB) was calculated to be 14.93 bits.



9.2. Aging in Sigma Delta ADC Building Blocks 97

9.2 Aging in Sigma Delta ADC Building Blocks

This section presents an evaluation of aging degradation in the Σ∆ ADC building blocks,
particularly the integrator, multi-bit quantizer and DAC circuits. The impact of individ-
ual and combined degradation of different building blocks on overall ADC performance is
discussed separately. The aging induced performance degradation in the closed and open
loop operational transconductance amplifier (OTA) configurations for a mobile phone
EoL use case stress condition discussed in chapter 4 are added to the Σ∆ ADC building
blocks. The impact of switch aging is neglected since proper device sizing can take care
of the aging induced increase in switch “ON” resistance as discussed in chapter 7.

9.2.1 Effect of Integrator Aging on Sigma Delta ADC
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Fig. 9.3: Switched capacitor integrator stage with scaling and subtraction circuit

The third-order, 2-stage Σ∆ ADC requires two modulators implemented using three
switched capacitor integrators. The integrator circuit basically consists of OTA along
with few switches and capacitors. One such fully differential switched capacitor inte-
grator stage with scaling and subtraction circuit is illustrated in figure 9.3. During the
sampling phase φ1 is “ON” and φ2 is “OFF”, allowing the voltages across capacitors C1

to track V in while the charge from the previous cycle is stored on capacitors C2 con-
nected across an OTA circuit. Next during the integration phase φ1 is “OFF” and φ2

is “ON”, voltage stored across capacitors C1 is subtracted by voltage V Q, where V Q
is the 17-level quantized output signal converted back to analog domain using 17-level
DAC. The remaining charge is transferred to capacitors C2 through virtual ground node
of the OTA circuit. Since C2 = a · C1 the voltage stored on C2 is scaled by factor 1

a
, i.e.

QC2
= 1

a
· C · (V in− V Q).

Since the OTA in the integrator circuit always operates in the closed loop configura-
tion, based on the findings in section 4.1.1 an input referred offset of 0.05mV is added to
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Offset (mV)
SNDR (dB) ENOB (bits)

Integrator1 Integrator2 Integrator3

0 0 0 91.62 14.93
0.05 0 0 76.3 12.38
0 0.05 0 88.3 14.38
0 0 0.05 90.9 14.81

0.05 0.05 0.05 76.0 12.33

Table 9.1: Impact of integrator aging degradation on Σ∆ ADC performance

each of the OTAs in the three integrator stages. The sensitivity of Σ∆ ADC performance
(SNDR) towards this aging induced offset in each of the integrator stage is evaluated
independently by applying offset to only one the three OTA circuits at a time. Finally a
combined effect of aging degradation of all integrator stages on the Σ∆ ADC performance
is evaluated. The power spectral density (PSD) plots for the implemented third order
Σ∆ ADC with offset modeled in different integrator stages are illustrated in figure 9.4.
The simulation results evaluating impact of integrator aging degradation on Σ∆ ADC
performance are summarized in table 9.1.

The results illustrated in figure 9.4 and summarized in table 9.1 confirm that the Σ∆
ADC performance is most sensitive to the aging induced input referred offset in the first
integrator stage compared to the similar offset in the second and third integrator stages.
Here an input referred offset of 0.05mV in the first integrator stage (integrator1) degrades
the SNDR by around 15dB whereas the same offset in second and third integrator stage
(integrator2 and integrator3) only slightly affects the SNDR (decrease by 3dB and 1dB
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respectively). Thus the offset in the first integrator stage outweighs by far the impact of
aging on sigma-delta performance degradation, leading to a large SNDR drop down to
76.3dB. The increased degradation of SNDR comes from the increase in DC power in the
Σ∆ ADC’s PSD which is visible in figure 9.4.

9.2.2 Effect of Multi-Bit Quantizer Aging on Sigma Delta ADC

To realize the required 17-level multi-bit quantizer in both stages of the fully differential
third-order Σ∆ ADC, two differential pairs i.e. total four flash ADC’s are implemented.
A differential pair of this 17-level flash ADC circuit used for each stage of the Σ∆ ADC is
illustrated in figure 9.5. The 16-bit output of these flash ADC’s are thermometer coded
and are fed to a 16-bit thermometer coded DAC which will be discussed in next section.
The primary source of error due to degradation in the flash ADC comes from aging
induced offset in the input pre-amplifier stage of the comparator circuits. As discussed
in chapter 4.1.2 significant input referred offset is generated due to aging in the open
loop OTA circuit configuration under asymmetrical stress conditions. Each flash ADC
consist of 16 comparator circuits and 16 reference voltages as illustrated in figure 9.6.
The negative input of the comparatori is connected to the resistor ladder providing the
reference voltage V refi, where i [∈0..15] and these voltages are fixed. Therefore, higher
the value of V refi of the corresponding comparatori, the more it’s input transistor device
connected to the negative input will be stressed due to higher Vgs. The positive input of
all the comparators are connected to input voltage V in. Therefore all input transistors
connected to the positive terminal will experience the same level of stress. Hence for
V in = 0V worst case positive offset is induced in comparator15 followed by comparator14
and so on. On the other hand for V in = VFS worst case negative offset is induced in
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17Level
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n
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FlashADC

p

Fig. 9.5: Differential configuration of 17-level flash ADC used as quantizer in multi-
bit Σ∆ ADC
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comparator0 followed by comparator1 and so on.

This Σ∆ ADC is implemented in the fully differential configuration, hence for asym-
metrical stress condition all the comparators in one of the flash ADC from the differential
pair experience positive offset where as the others experience negative offset. For e.g.
considering the mobile phone EoL use case condition under asymmetrical input stress
(V inn = 0V and V inp = 1.155V ) for the implemented Σ∆ ADC, the comparators in the
flash ADC ( n) in the negative path with input V inn generate maximum positive input
referred offset at comparator15 followed by comparator14 and so on. And at the same
time the comparators in the flash ADC ( p) in the positive path with input V inp generate
maximum negative input referred offset at comparator0 followed by comparator1 and so
on. These different values of aging induced offset are modeled in all the flash ADC’s
implemented using Verilog-A for both stages of the Σ∆ ADC and the simulation results
are summarized in table 9.2. The offset values used in this table are not determined by
aging simulation, but are used only for demonstration purpose.

The resolution of the 17-level (≈ 4.123 bits) flash ADC is given by 1
2
VLSB ≈ 28.5mV

for VFS = 1Vp−p. Thus for input referred offsets less than 28.5mV there are no missing
codes and hence no significant degradation of Σ∆ ADC performance is expected. This
is confirmed by simulation results presented under table 9.2 where for data Set 2 small
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Comparator Set 1 Set 2 Set 3
No. n(mV) p(mV) n(mV) p(mV) n(mV) p(mV)

15 0 0 14 0 30 0
14 0 0 12 0 25 0
13 0 0 10 0 20 0
12 0 0 8 0 15 0
11 0 0 6 0 10 0
10 0 0 4 0 5 0
9 0 0 2 0 1 0
8 0 0 0 0 0 0
7 0 0 0 0 0 0
6 0 0 0 −2 0 −1
5 0 0 0 −4 0 −5
4 0 0 0 −6 0 −10
3 0 0 0 −8 0 −15
2 0 0 0 −10 0 −20
1 0 0 0 −12 0 −25
0 0 0 0 −14 0 −30

SNDR (dB) 91.62 88.1 84.7
ENOB (bits) 14.93 14.35 13.78

Table 9.2: Impact of 17-level flash ADC aging degradation on Σ∆ ADC performance

SNDR degradation is noted and for Set 3 the SNDR is reduced down to 84.7dB.

9.2.3 Effect of Current Steering DAC Aging on Sigma Delta

ADC

III

Itotal

Vout

Fig. 9.7: 17-level current steering DAC circuit
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In case of high data rate requirements commonly current steering DAC circuits are
implemented in multi-bit Σ∆ ADC. The unit elements of the thermometer coded DAC
circuit are implemented using 16 identical unit current sources (I) as illustrated in fig-
ure 9.7, which are realized by current mirroring a reference current (Iref ) into these
current sources. The contribution of these current sources to the total output current
(Itotal) and therefore output analog voltage (Vout) is controlled by the switches driven by
the digital inputs.

Due to the fact that all the unit current sources witness identical bias conditions
hence they are stressed equally. Thus the shifts in transistor parameters due to aging
degradation are equal for all unit current sources. For this reason, degradation mecha-
nisms are more likely to generate gain errors (GDAC) in the DAC transfer characteristics
than nonlinear errors as illustrated in figure 9.8 [10]. Moreover, the aging induced input
referred offset in the buffer circuit will result into offset error in DAC transfer character-
istics. Different gain errors (1VLSB and 2VLSB) in the DAC transfer characteristics and
offset error of (0.05mV) in the buffer circuit are modeled in the DAC implemented using
Verilog-A and the simulation results of Σ∆ ADC performance degradation are summa-
rized in table 9.3. From simulation results it can be seen that even a gain error of 2VLSB

does not affect the SNDR significantly when no asymmetry is introduced in the fully
differential circuit due to aging degradation. ADC performance could be affected in the

Gain Error (VLSB) Offset (mV) SNDR (dB) ENOB (bits)

0 0 91.62 14.93
1 0 89.6 14.59
2 0 88.5 14.40
2 0.05 85.5 13.90

Table 9.3: Impact of 17-level DAC aging degradation on Σ∆ ADC performance
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case of asymmetry in the aging induced gain errors since the DAC outputs are fed back
to be subtracted from the original input signal and therefore undergo the same transfer
function as the input signal itself [88].

9.2.4 Combined Effect of integrator, Quantizer and DAC Aging

on Sigma Delta ADC

Gain Error (LSB) Offset (mV) SNDR (dB) ENOB (bits)

0 0 91.62 14.93
2 0.05 75.9 12.32

Table 9.4: Combined effect of building blocks aging degradation on Σ∆ ADC per-
formance

The combined effect of aging induced degradation in the integrator, 17-level quantizer
and 17-level DAC stages on the performance of Σ∆ ADC is evaluated in this section. An
aging induced input referred offset of 0.05mV in all the OTA’s of the integrator stages
is modeled which degrades the SNDR to 76dB as discussed in section 9.2.1. Positive
and negative aging induced offset in the comparator stages of differential quantizers
implemented using flash ADC is modeled using the offset values from the Set 3 of table 9.2.
And the aging induced gain error of 2LSB and offset error of 0.05mV due aging of the
buffer circuit, in transfer characteristics of the current steering DAC are also modeled.
The combined effect of aging of these building blocks of Σ∆ ADC in summarized in
table 9.4. The SNDR is reduced to 75.9dB which highlights that the increase in DC
power in the PSD of the Σ∆ ADC resulting from the aging induced offset in the first
integrator stage dominates the overall degradation.

9.3 Countermeasures

The complete cancellation of the quantization error of the first Σ∆ stage done by the dig-
ital quantization error cancellation logic shown in figure 9.1 relies on the perfect matching
of the analog NTF of the first stage (NTF1) and its digital counterpart H2(z) [89]. While
the digital circuitry will intrinsically provide the desired transfer functions, the analog
transfer functions are affected not only by non-idealities but also by aging induced param-
eter drifts which will lead to the so called noise-leakage. This means that the quantization
noise of the first stage cannot be totally removed by the cancellation logic and therefore
leaks through to the Σ∆ ADC output (Yout) [90]. This implies, that the noise-leakage
might be reduced by adapting the digital transfer function H2(z) to the modified analog
transfer function NTF1 by estimating new NTF1 itself. Therefore the aging degradation
induced impacts on the analog transfer functions could be corrected [88]. The increase
of DC power in the Σ∆ ADC’s PSD needs to be handled by post processing its output.
The effectiveness of correlation-based digital background calibration techniques discussed



104 Chapter 9. Aging in Sigma Delta ADC

in section 8.4, in overcoming other aging induced performance degradation in Σ∆ ADC
circuits needs to be investigated.

9.4 Summary

Oversampling sigma delta ADC is relatively robust in terms of accuracy of its matched
analog components compared to Nyquist rate ADC. The investigations carried out in
this chapter related to the impact of aging degradation on the performance of Σ∆ ADC
revealed the fact that, to a high extent the precision of the Σ∆ circuits exceeds the
precision of its components. The increase of the DC power in the PSD related to the offset
induced due to aging in the first integrator stage mainly affected the ADC performance.
The impact of aging degradation in the multi-bit quantizer and the DAC circuit was not
significant due to its low resolution.

Any mismatch induced in aging behavior was not accounted due to the use of typical
analog size transistors used in the implementation of these building block of the Σ∆ ADC.
Investigations related to the errors induced due to this mismatch and also dynamic errors
due to relaxation behavior of the BTI degradation could give additional insight into the
impact of aging on the performance of Σ∆ ADC.



Chapter 10

Conclusions and Outlook

10.1 Conclusion

In this thesis analog and mixed signal circuits designed in advanced state-of-the-art 32nm
high-κ metal gate CMOS technology were investigated for performance degradation re-
sulting from aging wearout mechanisms. An aggressive non-constant field scaling in the
deep-submicrometer CMOS technology, introduction of new dielectric material like high-
κ and increase in operating temperatures due to high density of transistors per chip has
inevitably led to rising reliability concerns from degradation mechanisms such as bias
temperature instability (BTI) and hot carrier injection (HCI). A combined effect of these
degradation mechanisms on the performance of analog and mixed signal circuits was
evaluated analytically, by simulations and by measurements on test hardware. The worst
case stress conditions for different circuit topologies were studied and weakest spots in the
circuit susceptible to highest aging degradation were located. Instead of using unrealistic
elevated stress conditions application specific qualification was carried out considering the
application conditions including temperatures and voltage ranges the electronic system is
going to withstand during its lifetime. In this thesis all the evaluations were carried out for
an end-of-life (EoL) mobile phone use case stress condition. Accelerated test conditions
mapping accurately to this end-of-life use case conditions were used ensuring that no new
aging mechanism was introduced while using accelerated stress. This was confirmed by
comparing simulation and measurement results. Efficient countermeasures to compensate
aging induced performance degradation were introduced and demonstrated using mea-
surement results. Significant reduction in performance degradation was achieved using
these on-line monitoring and compensation techniques.

Asymmetrical stress induces mismatch in matched transistor pairs. Hence, while
evaluating performance degradation in differential analog and mixed signal circuits, ag-
ing induced mismatch in matched pairs is more important compared to other individual
transistor’s parameter drift. Therefore, asymmetrical input stress is most harmful for
reliability of such circuits. In fully differential operational amplifier (OTA) circuits aging
under asymmetrical stress induces offset, whereas other performances like amplifier gain,
bandwidth and phase margin were not considerably affected provided all the transistors
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remain in saturation after aging. The performance of the OTA in open loop configura-
tion is significantly more degraded compared to that in closed loop configuration. The
methodology for analytical evaluation of aging degradation in linear circuits revealed that
the transistor most affected by aging degradation is not always the weakest spot concern-
ing reliability in circuits. The differential circuit is most affected by the mismatch in the
matched transistor pair toward which the performance under investigation has highest
sensitivity. Further, the comparison between two operational amplifier topologies showed
that simple Miller OTA was more affected by aging as compared to the folded cascode
OTA topology. Performance of folded cascode OTA topology was more robust to aging
degradation because of shielding of its transistors from high bias voltages by the cascode
structures.

Active countermeasures are required to mitigate aging induced performance degra-
dation in highly precise and accurate AMS circuits. Two on-line techniques viz., chopper
stabilization (CHS) and auto zeroing (AZ) were proposed and evaluated. Using CHS
technique, a significant reduction of more than 96% was measured in the aging induced
offset of the OTA test chips. Further, relaxation of the offset due to BTI was not observed
due to symmetrical degradation and differential signaling. AZ was also very effective in
offset cancellation, however the accuracy of the technique is limited by the open loop
gain of the OTA circuit and its application is restricted to sampled data systems.

The performance of ring oscillator circuit implemented with minimum gate length
devices in 32nm technology node is affected by relatively high conducting hot carrier
injection (CHCI) mechanism compared to BTI mechanism under AC stress for mobile
phone EoL use case condition. Hence lifetime enhancement under AC stress is no longer
given. An effective monitoring and background compensation technique to counteract
aging induced performance degradation in ring oscillator circuit was demonstrated by
measurement results. The adaptive and bipolar selection of compensation voltage steps
enhances the tracking algorithm which was able to reduce the performance degradation
by 98%. This tracking algorithm could further be implemented on-chip to monitor and
compensate aging degradation on-the-fly. Also fast recovery behavior could be monitored
with this concept.

CMOS switches most commonly used in switched capacitor circuits experience in-
crease in their “ON” state drain to source resistance (Ron) due to aging degradation.
This results into incomplete transfer of charge onto capacitors and hence circuit perfor-
mance degradation. The degradation effect is worst at minimum overdrive voltages and
maximum operating frequency. A switch aged for an EoL mobile phone use case condi-
tion under DC stress experiences 19% increase in its Ron when charaterized at minimum
overdrive voltage post aging. Under AC stress, around 50% reduction in aging degrada-
tion due to recovery of BTI mechanism was measured compared to that under DC stress.
The ineffectiveness of using bipolar stress as on-line countermeasure to compensate ag-
ing degradation using accumulation stress was discussed. And hence the importance of
proper sizing of switches to ensure reliable working of switched capacitor circuits at worst
case overdrive, maximum frequency and under aging degradation was highlighted.

Aging induced degradation of both high performance Nyquist rate and oversampling
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ADC circuits were analyzed and evaluated. In a 12-bit successive approximation (SAR)
ADC aging induced offset in the input buffer stage introduces gain error, whereas aging
induced offset in the comparator stage introduces offset error in the ADC transfer charac-
teristic. The combined effect results into time varying gain and offset errors in its transfer
characteristic. If this offset in the buffer and comparator stage have opposite signs then
they tend to compensate the aging mechanisms induced performance degradation to a
great extent. The analysis carried out on a 12-bit SAR ADC implemented in 32nm high-
κ metal gate CMOS technology leads to the conclusion that for mobile phone EoL use
case condition, its performance is not severely affected by aging degradation if the aging
induced offsets, particularly in the comparator circuit, are handled using countermeasure
techniques. Similarly, for the oversampling sigma-delta (Σ∆) ADC which is considered to
be more robust against non-idealities in its analog building blocks, investigations related
to aging degradation revealed that the impact of aging on its performance under mobile
phone EoL use case condition is also not very severe. A third-order 2-stage cascaded
Σ∆ ADC with multi-bit (17-level) quantizer was investigated for performance (SNDR)
degradation under aging effect. The aging induced offset in the first modulator degrades
the SNDR by 16% mainly due to the increase of the DC power in the PSD. The impact
of aging degradation in the multi-bit quantizer and the DAC circuit was not significant
due to its low resolution.

Based on these investigations it can be concluded that the wearout mechanisms in
32nm high-κ metal gate CMOS technology are not show-stoppers for the development of
analog and mixed signal systems. However a careful analysis of aging effects at device and
circuit level, right from the design phase and incorporation of effective countermeasures
is necessary while implementing highly accurate and precise circuits.

10.2 Outlook

10.2.1 Variability in Aging Degradation

BTI and HCI induced degradation in analog (micrometer) sized transistors are typically
deterministic in nature and are also called temporal deterministic unreliability effects. In
this case identical parameter shift is induced in matched transistor pairs on application of
symmetrical stress. This was observed from the very small aging induced input referred
offset (11µV) measured in the Miller OTA circuit with chopper stabilization technique.
Here all the matched transistor pairs in the OTA circuit were stressed with symmetri-
cal stress. However scaling down the transistors to nanometer dimensions changes the
deterministic nature of degradation effect to stochastically distributed effect, e.g. due
to varying number of traps in the oxide and the interface to the channel. This is now
termed as temporal stochastic unreliability effects. This results in time dependent shift
in parameters of the transistors combined with time dependent increase in standard de-
viation on these parameters [91]. Hence the matched pairs can develop mismatch during
operating lifetime even under symmetrical stress and lead to circuit failures. In this the-
sis mismatch induced due to process variation (e.g. threshold voltage mismatch due to
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statistical variation of the number of doping atoms in a transistor) and variation in aging
degradation were not considered and hence require further investigations.

10.2.2 BTI Recovery Effect

There have been tremendous efforts in understanding the mechanisms and physics behind
BTI recovery behavior since it has been the source of disagreements and confusions related
to BTI measurement issues [46, 49, 92]. However, at the moment no generally accepted
models are available for evaluating the recovery behavior of BTI degradation under AC
stress with arbitrary stress/recovery sequences at EoL and during operating lifetime of
the MOSFET device and circuit. Hence there are very limited investigations carried out
related to the impact of transient threshold voltage (Vth) change resulting due to the
BTI recovery effect on analog and mixed signal circuits performance [93]. This transient
Vth changes can induce dynamic errors in precise and accurate analog and mixed signal
circuits and hence needs to be reviewed. Also, variability in the recovery behavior of BTI
mechanism is not investigated fully yet.

10.2.3 Novel Devices and Design Strategies

As the conventional CMOS planar structure is approaching its physical limits, the In-
ternational Technology Roadmap for Semiconductors (ITRS) [94] reflects the trend of
migration from geometrical scaling to equivalent scaling and design equivalent scaling in
the semiconductor industry. Equivalent scaling refers to the performance improvement
with introduction of new material, new device structures (e.g. 3-D devices) and other
non-geometrical process innovations. Design equivalent scaling represents performance
improvement by innovative design, improved software and data processing. Recent exper-
imental investigations show that the new devices like multiple gate field-effect transistor
(MuGFET) with standard orientation exhibits worse BTI degradation effects than planar
devices due to higher availability of Si − H bonds at the fin sidewalls and due to the
self-heating effect caused by the silicon-on-insulator (SOI) body [95]. Fin-shaped field
effect transistor (FinFET) devices are found to have improved HCI immunity however
it significantly depends on factors like interface state generation, temperature and self
heating effects [96]. Hence BTI and HCI continues to remain one of the major reliability
concerns even with equivalent scaling [97]. A concept of design for reliability (DFR)
targets to implement intrinsically robust and self-healing circuits using innovative de-
sign techniques [29]. Using accurate transistor aging models, circuit reliability analysis
methodology and novel design strategies, this design equivalent scaling can be achieved.
In this thesis an intuitive analytical methodology to evaluate the contribution of different
aging mechanisms to performance degradation of linear circuits was introduced. And few
novel design strategies to compensate aging degradation were demonstrated using both
analytical and experimental results.

By incorporating innovative process improvements and design strategies the growth
of semiconductor industry despite of enhanced degradation mechanisms looks optimistic
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but the future will show...



110 Chapter 10. Conclusions and Outlook



List of Symbols and Abbreviations

κ dielectric constant

µ charge-carrier effective mobility

Σ∆ Sigma delta

τ switching time constant

Ao Open loop amplifier DC gain

CL Load Capacitance

Cox gate oxide capacitance per unit area

CLK clock signal

cm common mode

fc chopping clock frequency

fosc oscillator switching frequency

Fox Vertical Gate Oxide Field

IDD supply current

Id Drain current

k Boltzmann constant

L transistor gate length

N number of stages

Rs Switch equivalent resistance

Ron ON resistance

T Temperature

Tinv Electrically measured oxide thickness

111



112 Chapter 10. List of Symbols and Abbreviations

tox thickness of gate oxide

Vcm Common mode voltage

VDD supply voltage

Vds Drain to source voltage

VFS full scale voltage

Vgs Gate to source voltage

Vis Input referred offset

Vod Gate to source overdrive voltage

Vos Output referred offset

Vp−p peak-to-peak voltage

VSS Ground

Vth threshold voltage

V ref reference voltage

AC Stress dynamic stress

ADC analog to digital converter

Ain analog input

AMS analog and mixed signal

AZ Auto Zeroing

BTI bias temperature instability

CCCS current controlled current source

CHCI conducting hot carrier injection

CHS Chopper Stabilization

CMOS Complementary Metal Oxide Semiconductor

DAC digital to analog converter

DC Stress static stress

DFR design for reliability

DNL differential non-linearity
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DSP Digital Signal Processor

ENOB effective number of bits

EOC end of conversion

EoL end-of-life

EOT equivalent oxide thickness

FinFET Fin-shaped field effect transistor

HK high-κ

IC Integrated Circuit

IEEE Institute of Electrical and Electronics Engineers

INL integral non-linearity

ITRS International Technology Roadmap for Semiconductors

MASH multi-stage-noise-shaping

MG metal-gate

MOSFET Metal oxide semiconductor field effect transistor

MuGFET multiple gate field-effect transistor

NBTI negative bias temperature instability

NCHCI non-conducting hot carrier injection

nMOSFET n-channel MOSFET

NTF noise transfer function

OSR oversampling ratio

OTA operational transconductance amplifier

PBTI positive bias temperature instability

pMOSFET p-channel MOSFET

PSD power spectral density

PVT process, voltage and temperature

RF Radio Frequency

SAR Successive approximation register
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SC switched capacitor

SNDR signal to noise and distortion ratio

SOC start of conversion

SOI silicon-on-insulator

Tr Transmission gate

VCO voltage controlled oscillator
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