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AbstractÑAdvanced CMOS technology introduces reliability
challenges that can no longer be completely solved at the
technology level. This paper gives a short general overview of
degradation at the circuit level. As a critical component, a 10-
bit current-steering DAC is designed. A trade-off is presented,
where a higher supply voltage leads to more degradation, but
also to signiÞcant savings in area. The ÔSwitching-Sequence Post
AdjustmentÕ (SSPA) calibration method is applied to further
reduce the required area. The complete DAC is then analyzed
over a lifetime of Þve years, using recent simulation tools. An
average decline of 0.33 bit in the ENOB of the DAC is measured.
ÔDynamic resequencingÕ, applying SSPA multiple times over
the lifetime of the circuit, is presented as a solution which
can, on average, compensate 0.21 bit of the DAC performance
degradation.

I. I NTRODUCTION

As scaling continues, new materials and processes are
required to further reduce the dimensions of CMOS transistors.
For example, Ôhigh-kÕ dielectrics and metal gates are intro-
duced in the gate stack to ensure optimal performance. For all
new technology generations, a critical factor is the lifetime of
the devices that are produced. More and more, guaranteeing
this lifetime for a large set of produced chips is becoming a
problem, even for consumer electronics. Degradation effects
can no longer be completely solved at a technology level, and
hence become an issue that circuit designers need to take into
account [1] [2].

Both internal and external factors can cause reliability
problems. External phenomena such as ESD, EMI, latch-up or
radiation damage are not taken into account here. This paper
deals mainly with the effects of intrinsic degradation phenom-
ena, mostly Hot Carrier degradation (HCI), Bias Temperature
Instability (BTI) and Time Dependent Dielectric Breakdown
(TDDB) [3].

Inßuenced by high electric Þelds, electrons or holes in
the channel cause - by different mechanisms - defects in
the gate stack, changing the characteristics of the transistor.
This is expressed by a change in transistor parameters, of
which typically the change in threshold voltageVT is the most
signiÞcant. The degradation effects are all strongly dependent
on the lifetime, the technology, the device type (NMOS or
PMOS) and size, the temperature and the voltages over the
device [4]. Deterministic and stochastic models describe these
dependencies for the different degradation phenomena [5] [6]
[7]. These models are approximations, so the results of the
simulations should mostly be considered qualitatively relevant.

The traditional way to handle intrinsic reliability is to limit
the supply voltage of the whole circuit, based on measurements
of the CMOS technology at hand. However, because there are
only a few critical points for reliability in the circuit, this
voltage reduction inevitably means a big design margin for
the majority of the transistors in the circuit. Additionally, the
reduction of the supply voltage below 1V is held back by
fundamental semiconductor physics (e.g. the non-scalability
of the subthreshold slope). For analog integrated circuits, just
lowering the supply voltage is already a big challenge.

The design time is also becoming a decisive factor in the
commercial success of electronic components. To integrate
reliability in the already complex design ßow (Ôdesign for
reliabilityÕ), an efÞcient method for simulating degradation
is required. An overview of existing simulation methods is
given in [7]. Recent tools are able to take into account
deterministic and stochastic degradation phenomena, and also
correctly simulate the interaction of degradation with the
process variations. At the same time, these tools are able to
efÞciently simulate relatively large circuits [8]. Here, multiple
simulations are done for a 10-bit DAC (830 transistors) in
32nm CMOS, using the predictive technology model presented
in [9]. The reliability simulations will be used to allow for a
controlled increase of the supply voltage of the current sources
in the DAC, but also to demonstrate a solution that increases
its useful life without needing extra margins or redundancy.

The circuit topology and the supply voltage play a major
role in the amount of change in the transistor characteristics.
Section II presents a short overview of how these changes
affect digital and analog circuits, and also states the basic
methods for dealing with these changes. In this paper, a
current-steering digital-to-analog converter (I-DAC) is selected
as a critical component for reliability. Section III handles the
design of the DAC, including a trade-off between the use of
different supply voltages. Section IV gives an overview of the
simulation results of the degradation of the DAC, and presents
an elegant solution to compensate for part of the degradation.
Conclusions are presented in section V.

II. D EGRADATION AT THE CIRCUIT LEVEL

A reliability analysis was done on basic digital and analog
circuits, leading to these general conclusions. In [10], a similar
analysis was done for the different blocks within a ßash
ADC, but without taking into account process variations and
stochastic degradation effects.



1) The transistors that degrade the most are the ones which
(a) have to operate under the biggest voltages, for exam-
ple in digital circuits or in asymmetrically loaded analog
circuits, and (b) have to operate (quasi) continuously.

2) Device degradation has an impact both for digital and
analog design. In digital circuits, the threshold voltage
can degrade by several tens of mV, causing a serious
change in delay. This has a fundamental impact on the
maximal operating frequency and the power usage. For
symmetrically loaded analog circuits, theVT changes are
much smaller, in the order of mV. However, in general
the performance of the analog circuit is more sensitive to
these small changes, so serious problems can still arise.
When analog circuits are asymmetrically loaded, theVT

change is signiÞcantly higher.
3) As reported earlier in [11], the interaction of process

variations with degradation can be a signiÞcant phe-
nomenon and needs to be taken into account in order
to accurately simulate the degradation behaviour.

4) Comparable to the way process variations are handled
on a circuit level, solutions for circuit degradation can
be found in (a) design margins, (b) redundancy, and (c)
active control techniques. Advanced simulations allow to
apply design margins and redundancy very selectively to
the most critical points.
Active control techniques require a ÔmonitorÕ of the
circuit behaviour, a feedback loop or other control
algorithm, which is preferably implemented in the digital
domain, and ÔknobsÕ to be able to change the circuit
behaviour. Numerous control techniques exist, ranging
from straightforward to very complex. For digital cir-
cuits, a ÔShmoo plotÕ can be made, showing the maximal
operating frequency as a function of the supply voltage.
[12] presents a more complex system that eliminates
the margins in a digital design by applying in-situ error
detection and correction.
In analog design, putting an ampliÞer in a negative feed-
back loop eliminates the exact value of its gain, as long
as that gain remains high enough. More complex control
is applied within Ôdigitally assisted analog circuitsÕ [13].
As an example, in section III, a digital control algorithm
for the switching sequence of a current-steering DAC is
explained.

III. D ESIGN OF A CURRENT-STEERINGDAC

A current-steering digital-to-analog converter (I-DAC) con-
sists of a set of current sources, which have to be matched very
well in order to achieve a high static linearity. The interaction
of process variation with degradation is very signiÞcant for
the performance of the DAC. By taking into account detailed
simulations of the behaviour of an individual current source
over its lifetime, the DACÕs area and power usage can be
reduced, while still guaranteeing its performance.

Here, a 10-bit DAC is designed. The Þve most signiÞcant
bits (MSB) have a unary switching scheme, while the Þve
least signiÞcant bits (LSB) have a binary switching scheme.

Fig. 1. Figure from [15]. M1-4: basic current source of a current-steering
DAC. The current of transistor M1 is switched toVout or Vout , where itÕs
added with the currents of the other sources. M5-7: adaptation of the basic
current source for the SSPA algorithm. M5 and M6 connect the source to the
current comparator and M7 implements a drain for the current sources that
are statistical outliers.

For the unary part, a Þve bit thermometer decoder is needed.
The topology of the unary current source is shown in Fig.
1. The current is mainly determined by transistor M1. M3
and M4 switch this current to the correct output node, while
cascode transistor M2 raises the impedance of the current
source, thereby reducing the harmonic distortion caused by
input pattern dependence of the impedance at the output.

The variation of the current sources can be attributed to
two distinct factors: (1) Ôgradient faultsÕ, systematic variations
over the area of the DAC. Numerous layout techniques exist to
solve this [16]. This is not taken into account here. This paper
only looks at (2) random variations, which can be described
by PelgromÕs rule [17].

Mainly, the variation ofVT of transistor M1 will cause
the initial spread of the LSB current. Considering M1 is in
saturation, this variance of the current can be written as:

! 2(I LSB)
I 2
LSB

!
4A2

VT

W L(VGS " VT )2 (1)

with AVT a technology dependent parameter. The spread of
the LSB current can be lowered by increasing the areaW L
of the transistor or by increasingVGS " VT . This increase in
voltage can be done by adapting the supply voltage. However,
this gives rise to more degradation, a trade-off which is
illustrated in section III-A.

As was suggested in [1], area and power are limited
by (A) a controlled increase of the supply voltage, sup-
ported by the simulation tools, and (B) application of the
Switching-Sequence Post Adjustment (SSPA) calibration al-
gorithm, which measures the currents and creates an optimal
switching sequence for the unary sources. The estimated effect
of these techniques on a 6-bit DAC can be seen in Fig. 2.



Fig. 2. Figure from [1]. A clear improvement is expected in area x power by
using a bigger supply voltage and by applying a calibration algorithm, here
SSPA resequencing.

VDD 1.0V 1.2V
M1.W 0.200µ 0.060µ
M1.L 1.200µ 0.750µ
area 0.240µ2 0.045µ2

M1.I DS 1.999µA 2.058µA
M1.I G 0.356µA 0.182µA
M1.VGST 0.266V 0.445V
! VT,M 1 (1y) 3.7 mV 18.0 mV
! (VT,M 1) (0y) 5.18 mV 11.24 mV
! (VT,M 1) (1y) 5.19 mV 11.97 mV
! I (1y) 8.0e-9 A 1.11e-7 A
! (I ) (0y) 2.73% 2.68 %
! (I ) (1y) 2.75% 3.18 %

TABLE I
TRADE-OFF OF ADAC CURRENT SOURCE USING A SUPPLY VOLTAGE OF

1.0V OR 1.2V.

A. Supply voltage trade-off

In order to reduce the area of the current source and still
keep the variation within speciÞcation, theVGS " VT of
transistor M1 needs to be raised. Keeping all transistors in
saturation, this can only be done by increasing the supply
voltage. Table I summarizes the trade-off that has to be made:
at a supply voltage of 1.2V, the area is about Þve times smaller,
but the average shift of M1ÕsVT is about Þve times higher.
Worse, the standard deviation of the current also increases.
Fig. 3 shows how this affects the idealized distributions of the
LSB current sources.

The degradation of M2-4 is not signiÞcant, because of
the lower voltages over these devices. This also means that
the degradation behaviour of the DAC is not signiÞcantly
dependent on the digital input pattern.

An important note is that the degradation of the current
sources has a signiÞcant interaction with the initial variation
that is present. The normal distributions of Fig. 3 have a simple
shift in average and spread, but in practise the individual cur-
rent sources exhibit more random degradation behaviour. Fig.
4 clearly shows that the sources do not follow a deterministic
degradation path, but can ÔcrossoverÕ with each other. This
changes the order of the current sources, something which is
important for the SSPA calibration.

(a)

(b)

Fig. 3. The evolution of the normal distribution of the individual currents,
at supply voltages of (a) 1.0V and (b) 1.2V. In (b), a clear shift is visible in
both average and standard deviation.

Fig. 4. Evolution of the (39) individual current sources of the unary part
of the DAC, showing the ÔcrossoverÕ between some currents. The beginning
of the lifetime is expanded, as this is where the crossovers are most visible.
This is caused by the interaction of process variation with degradation. It is
only with recent simulation tools [8] that this can be accurately simulated.

B. SSPA calibration

For high-accuracy DACs, the allowed standard deviation be-
comes small. The voltages are Þxed, so according to PelgromÕs
rule, the necessary area rises signiÞcantly. This is called the
Ôintrinsic-accuracyÕ method for DAC design.

However, calibration methods exist that allow a bigger
standard deviation of the current sources. These are typical
examples of the active control techniques discussed in section
II. In a DAC, calibration can happen by adapting the values



yield ! intrinsic intrinsic area ! with SSPA area with SSPA
99.9% 0.8% 1.000 1.8% 0.198
90.0% 1.2% 0.444 2.9% 0.076

TABLE II
MAXIMUM ALLOWED STANDARD DEVIATION FOR THE LSB CURRENT,

AND THE CORRESPONDING MINIMAL AREA NEEDED(RELATIVE TO
INTRINSIC CASE WITH 99.9%YIELD ) AS A FUNCTION OF THE REQUIRED

YIELD , WITH OR WITHOUT SSPACALIBRATION .

of the current itself [14], but also by changing the switch-
ing sequence of the current sources, so-called ÔSwitching-
Sequence Post AdjustmentÕ (SSPA) calibration [15]. Slightly
larger and slightly smaller current sources are combined, so
that the overall non-linearity decreases. Also, the statistical
outliers are eliminated by including more current sources than
needed (here 39 instead of 31). The sources with the smallest
and largest currents are not used for the DAC operation. It is
proven in [15] that including these extra sources makes the
total area smaller, by further increasing the allowed variation.

SSPA signiÞcantly lowers the required area of the DAC
itself, while only requiring minimal adjustments to the current
source topology (transistors M5-7 in Fig. 1) and only one
current comparator as extra analog circuitry. Once the current
sources are compared, the algorithm itself performs the sorting
and resequencing completely in the digital domain. With
technology scaling, this digital control logic requires less and
less overhead. Finally, to feed back the switching sequence,
the thermometer decoder is replaced by a RAM.

For the 10-bit DAC, Table II shows that SSPA allows for a
higher standard deviation of the current sources. It follows that
the required area of the DAC goes down signiÞcantly, though
Table II does not take into account the extra analog and digital
control logic that SSPA requires.

IV. RESULTS

The degradation of the performance of the DAC is sim-
ulated, taking into account the process variations. As the
unary part of the DAC only contains 39 current sources, these
process variations, and their interaction with the degradation
phenomena, are far from completely averaged out. It takes
multiple DAC instances to get a somewhat complete picture
of the evolution of the performance of the DAC. 50 instances
with a random initial variation were simulated for this paper.
Section IV-A discusses the DAC performance degradation, and
section IV-B proposes an elegant solution.

A. DAC degradation

The static linearity of the DAC can be measured by calculat-
ing the integral and differential non-linearities (INL and DNL)
of the DAC. To achieve a 10-bit accuracy, the maximal INL of
the DAC has to be 0.5 LSB-currents or smaller, and the DNL
has to be 1 LSB-currents or smaller. The INL speciÞcation
generally is the most stringent one. The maximal INL number
can be translated into an Ôeffective number of bitsÕ (ENOB)
of the DAC after fabrication. This ENOB is used here as a
measure of the static accuracy of the DAC. It can be observed

µ(ENOB) ! (ENOB)
(1) 0y before 7.9854 0.4163
(2) 0y reseq1 9.1807 0.3363
(3) 5y reseq1 8.8472 0.3510
(4) 5y reseq2 9.0541 0.3613

TABLE III
OVERVIEW OF THE AVERAGE AND STANDARD DEVIATION OF A

NORMALLY DISTRIBUTED POPULATION OF50 DACS.

Fig. 5. Comparison of the normal distribution of the DAC performance
(50 instances with random initial variation), expressed by the effective
number of bits. Comparing (1) the DAC before resequencing, (2) with initial
resequencing (normal SSPA), (3) after 5 years of degradation, still using the
same switching sequence, and (4) after dynamic resequencing has provided a
new switching sequence for the DAC at 5 years of age.

that in the results the average ENOB is smaller than 10 bits.
For this paper, getting the full 10-bit static performance was
not the main goal.

The ENOB of the 50 DACs follows a normal distribution.
Fig. 5 shows the cumulative distribution of the ENOB, be-
fore and after resequencing and degradation. The results are
summarized in Table III. The initial resequencing (1) - (2)
increases the average ENOB with 1.2 bit, and also signiÞcantly
improves the standard deviation. Degradation (2) - (3) causes
an average decline of 0.33 bit after Þve years, and a slight
increase in standard deviation.

B. Solution: dynamic resequencing

Fig. 4 clearly shows that the order of the current sources
changes over the course of the lifetime of the DAC. The idea
of Ôdynamic resequencingÕ is that a new application of the
SSPA algorithm might partially compensate the degradation,
by calculating a new switching sequence for the degraded
DAC.

Table III shows that dynamic resequencing is able to reduce
the degradation by 0.21 bit on average (3) - (4): the DAC
is able to partially ÔhealÕ the damage (0.33 bit) done by
degradation. However, there is a further slight increase of
the standard deviation. This might be caused by the fact that
dynamic resequencing has no inßuence on the DACs which
have a low ENOB because of their binary bits. These DACs
Ôstay behindÕ while the DACs which are limited by their unary
bits improve.



The extra circuitry that has to be implemented (on top of
the SSPA hardware) to calculate a new switching sequence
after a certain lifetime depends on the usage of the DAC.
When the DAC is not continuously in use, but is switched on
and off regularly, dynamic resequencing can be implemented
in the startup sequence, while the supply voltage is on but
before the correct operation of the DAC is critical. In this case,
dynamic resequencing is done without any extra hardware,
just a small change in the digital controller. However, when
the DAC is always on, or the resequencing during startup is
not allowed, the SSPA operation needs to take place while
the DAC is operational. An extra RAM is required to store
the new sequence, as are circuits to switch quickly from one
memory to the other. The current comparator needs to compare
all currents one by one. This can be done by slightly changing
the switching sequence for each comparison. Temporarily,
two of the ÔoutlierÕ current sources that are present replace
the nominal current sources that are being measured. During
these comparisons, the performance of the DAC is lower.
With these measurements, the digital algorithm can generate
the new switching sequence. The extra hardware is mostly
digital control logic and memory, which both scale well. So,
apart from what is necessary for the SSPA algorithm itself,
Ôdynamic resequencingÕ only has a very small area and power
requirement.

V. CONCLUSION

An overview has been given of the challenges that degrada-
tion introduces at the circuit level. Both digital and analog cir-
cuit design need to take into account the reliability challenges
of recent CMOS technology, including the interaction of
process variation with degradation phenomena. The different
types of solutions have also been mentioned.

A 10-bit DAC has been designed, trading extra degradation
for a reduced area. SSPA calibration is applied, not only at the
beginning of the lifetime, but also as Ôdynamic resequencingÕ,
at any point during the lifetime. It is proven that this technique
can ÔhealÕ an average 0.21 bit out of the 0.33 bit that the DAC
degrades over Þve years. Dynamic resequencing only requires
a small adaptation of the SSPA algorithm.
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