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AbstracfNAdvanced CMOS technology introduces reliability The traditional way to handle intrinsic reliability is to limi
challenges that can no longer be completely solved at the the supply voltage of the whole circuit, based on measurem
technology level. This paper gives a short general overview of of the CMOS technology at hand. However, because there

degradation at the circuit level. As a critical component, a 10- o ; o o .
bit current-steering DAC is designed. A trade-off is presented, only a few critical points for reliability in the circuit, this

where a higher supply voltage leads to more degradation, but Voltage reduction inevitably means a big design margin
also to signiPcant savings in area. The OSwitching-Sequence Poshe majority of the transistors in the circuit. Additionally, th

Adjustment® (SSPA) calibration method is applied to further reduction of the supply voltage below 1V is held back |
reduce the required area. The complete DAC is then analyzed fundamental semiconductor physics (e.g. the non-scalab

over a lifetime of bve years, using recent simulation tools. An . e
average decline of 0.33 bit in the ENOB of the DAC is measured. of the subthreshold slope). For analog integrated circuits, .

ODynamic resequencing®, applying SSPA multiple times ovelowering the supply voltage is already a big challenge.
the lifetime of the circuit, is presented as a solution which  The design time is also becoming a decisive factor in 1

can, on average, compensate 0.21 bit of the DAC performance commercial success of electronic components. To integ
degradation. reliability in the already complex design Row (Odesign
reliability®), an efbcient method for simulating degradat
is required. An overview of existing simulation methods
As scaling continues, new materials and processes gigen in [7]. Recent tools are able to take into accol
required to further reduce the dimensions of CMOS transistotieterministic and stochastic degradation phenomena, and
For example, Ohigh-kO dielectrics and metal gates are ingegrectly simulate the interaction of degradation with ti
duced in the gate stack to ensure optimal performance. Forgibcess variations. At the same time, these tools are abl
new technology generations, a critical factor is the lifetime @ffbciently simulate relatively large circuits [8]. Here, multip
the devices that are produced. More and more, guaranteediigulations are done for a 10-bit DAC (830 transistors)
this lifetime for a large set of produced chips is becoming 32nm CMOS, using the predictive technology model presen
problem, even for consumer electronics. Degradation effe¢its[9]. The reliability simulations will be used to allow for ¢
can no longer be completely solved at a technology level, aodntrolled increase of the supply voltage of the current sour
hence become an issue that circuit designers need to take intthe DAC, but also to demonstrate a solution that increa
account [1] [2]. its useful life without needing extra margins or redundanc
Both internal and external factors can cause reliability The circuit topology and the supply voltage play a maj
problems. External phenomena such as ESD, EMI, latch-uprote in the amount of change in the transistor characterist
radiation damage are not taken into account here. This papeiction Il presents a short overview of how these chan
deals mainly with the effects of intrinsic degradation phenonaffect digital and analog circuits, and also states the b
ena, mostly Hot Carrier degradation (HCI), Bias Temperatureethods for dealing with these changes. In this paper
Instability (BTI) and Time Dependent Dielectric Breakdowrturrent-steering digital-to-analog converter (I-DAC) is select
(TDDB) [3]. as a critical component for reliability. Section 11l handles tt
InBuenced by high electric belds, electrons or holes design of the DAC, including a trade-off between the use
the channel cause - by different mechanisms - defects different supply voltages. Section IV gives an overview of |
the gate stack, changing the characteristics of the transisgimulation results of the degradation of the DAC, and prese
This is expressed by a change in transistor parameters,aofelegant solution to compensate for part of the degradat
which typically the change in threshold voltage is the most Conclusions are presented in section V.
signibcant. 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 thé\ reliability analysis was done on basic digital and anal
device [4]. Deterministic and stochastic models describe thesecuits, leading to these general conclusions. In [10], a sim
dependencies for the different degradation phenomena [5] fjalysis was done for the different blocks within a R3a
[7]. These models are approximations, so the results of tA®C, but without taking into account process variations a
simulations should mostly be considered qualitatively relevastochastic degradation effects.

I. INTRODUCTION

Il. DEGRADATION AT THE CIRCUIT LEVEL



1) The transistors that degrade the most are the ones wh VDD
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maximal operating frequency and the power usage. F compConl. compConk
symmetrically loaded analog circuits, thle changes are

much smaller, in the order of mV. However, in genere Ve o_i "
the performance of the analog circuit is more sensitive ’
these small changes, so serious problems can still ari v Unary Current Cell
When analog circuits are asymmetrically loaded, the h 0—1 M,

change is signibcantly higher.
3) As reported earlier in [11], the interaction of proces - -

variations with degradation can be a signibcant phe-

nomenon and needs to be taken into account in ord®g. 1. Figure from [15]. M1-4: basic current source of a current-steer

to accurate|y simulate the degradation behaviour. DAC. The current of transistor M1 is switched Yout or Vout , where itOs
ed with the currents of the other sources. M5-7: adaptation of the b

4) Compgrab}e to the WaY process' Varlatlons are_ hand%?ﬁjrent source for the SSPA algorithm. M5 and M6 connect the source to
on a circuit level, solutions for circuit degradation camrurrent comparator and M7 implements a drain for the current sources

be found in (a) design margins, (b) redundancy, and (&) statistical outliers.
active control techniques. Advanced simulations allow to

apply design margins and redundancy very selectively to . .
the most critical points. For the unary part, a bve bit thermometer decoder is nee:

Active control techniques require a Omonitor® of ¢hge topology of the unary current source is shown in F
circuit behaviour, a feedback loop or other controt: The current is mainly determined by transistor M1. N

algorithm, which is preferably implemented in the digitafjmd M4 SWitCh. this curren_t to the cprrect output node, wh
domain, and OknobsO to be able to change the cir%ﬁcc’de transistor M2 raises the impedance of the cur
' urce, thereby reducing the harmonic distortion caused

behaviour. Numerous control techniques exist, rangir?[(‘? .
from straightforward to very complex. For digital cir-1MPut pattern dependence of the impedance at the output.
cuits, a OShmoo plot® can be made, showing the maximal€ Vvariation of the current sources can be attributed

operating frequency as a function of the supply voltagg’."o distinct factors: (1) Ogradient faultsO, system_atic vari@
[12] presents a more complex system that eliminatQver the area of the DAC. Numerous layout techniques exis

the margins in a digital design by applying in-situ erro§olve this [16]. This is not taken into account here. This pay
detection and correction. only looks at (2) random variations, which can be descrit

In analog design, putting an ampliPer in a negative feeBy PglgromOs rulg [,17]' ) .

back loop eliminates the exact value of its gain, as long Mainly, the variation ofVr of transistor M1 will cause
as that gain remains high enough. More complex contr‘ﬁe initial spread of the LSB current. Considering M1 is
is applied within Odigitally assisted analog circuits® [1§?turat|on, this variance of the current can be written as:

As an example, in section lll, a digital control algorithm 12(1 1s5) 4A2,

for the switching sequence of a current-steering DAC is 3 ! m 5 1)
. 12, WL(Vas" Vo)

explained.

with Ay, a technology dependent parameter. The spreau
Il. DESIGN OF A CURRENTSTEERINGDAC the LSB current can be lowered by increasing the atda
A current-steering digital-to-analog converter (I-DAC) conef the transistor or by increasing;s " Vr. This increase in
sists of a set of current sources, which have to be matched veojtage can be done by adapting the supply voltage. Howe
well in order to achieve a high static linearity. The interactiothis gives rise to more degradation, a trade-off which
of process variation with degradation is very signibcant fdfustrated in section IlI-A.
the performance of the DAC. By taking into account detailed As was suggested in [1], area and power are limit
simulations of the behaviour of an individual current sourdey (A) a controlled increase of the supply voltage, su
over its lifetime, the DACOs area and power usage canpueted by the simulation tools, and (B) application of tl
reduced, while still guaranteeing its performance. Switching-Sequence Post Adjustment (SSPA) calibration
Here, a 10-bit DAC is designed. The bve most signibcagorithm, which measures the currents and creates an opt
bits (MSB) have a unary switching scheme, while the bwavitching sequence for the unary sources. The estimated e
least signibcant bits (LSB) have a binary switching schemaf. these techniques on a 6-bit DAC can be seen in Fig. 2.
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Fig. 2. Figure from [1]. A clear improvement is expected in area x power HA)

using a bigger supply voltage and by applying a calibration algorithm, he (b) supply voltage 1.2V
SSPA resequencing.
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TRADE-OFF OF ADAC CURRENT SOURCE USING A SUPPLY VOLTAGE OF
1.0VoOR1.2V. 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.

A. Supply voltage trade-off

)

In order to reduce the area of the current source and s
keep the variation within specibcation, th&s " Vr of
transistor M1 needs to be raised. Keeping all transistors
saturation, this can only be done by increasing the supf:
voltage. Table | summarizes the trade-off that has to be UEES
at a supply voltage of 1.2V, the area is about bve times small”™ =~ % z 3 : 5
but the average shift of M1&% is about bve times higher. Time (years)

Worse, the standard deviation of the current also 'ncreasﬁa 4. Evolution of the (39) individual current sources of the unary part

Fig. 3 shows how this affects the idealized distributions of the the DAC, showing the Ocrossover® between some currents. The beginning
LSB current sources. of the lifetime is expanded, as this is where the crossovers are most visible.

. . N g{fis is caused by the interaction of process variation with degradation. It is
The degradation of M2-4 is not signibcant, because ly with recent simulation tools [8] that this can be accurately simulated.

the lower voltages over these devices. This also means that
the degradation behaviour of the DAC is not signibcantly
dependent on the digital input pattern. B. SSPA calibration

An important note is that the degradation of the current
sources has a signibcant interaction with the initial variation For high-accuracy DACs, the allowed standard deviation be-_
that is present. The normal distributions of Fig. 3 have a simgtemes small. The voltages are Pxed, so according to PelgromOs
shift in average and spread, but in practise the individual cutle, the necessary area rises signibcantly. This is called the
rent sources exhibit more random degradation behaviour. Figintrinsic-accuracyO method for DAC design.
4 clearly shows that the sources do not follow a deterministic However, calibration methods exist that allow a bigger
degradation path, but can OcrossoverQ with each other. Sthisdard deviation of the current sources. These are typical
changes the order of the current sources, something whickei@mples of the active control techniques discussed in section
important for the SSPA calibration. II. In a DAC, calibration can happen by adapting the values

individual currents and
he ir evolution (seed 1234)




yield | ! intrinsic | intrinsic area| ! with SSPA | area with SSPA | L(ENOB) | ! (ENOB)

99.9% 0.8% 1.000 1.8% 0.198 (1) Oy before 7.9854 0.4163

90.0% 1.2% 0.444 2.9% 0.076 (2) Oy reseql 9.1807 0.3363

(3) 5y reseql 8.8472 0.3510

TABLE I (4) By reseq2|  9.0541| 0.3613

MAXIMUM ALLOWED STANDARD DEVIATION FOR THE LSB CURRENT,
AND THE CORRESPONDING MINIMAL AREA NEEDED(RELATIVE TO TABLE Il
INTRINSIC CASE WITH99.9%YIELD) AS A FUNCTION OF THE REQUIRED OVERVIEW OF THE AVERAGE AND STANDARD DEVIATION OF A
YIELD, WITH OR WITHOUT SSPACALIBRATION. NORMALLY DISTRIBUTED POPULATION OF50 DACs.

Mormal Frobability Plot
of the current itself [14], but also by changing thg switch ggg ' ' el g
ing sequence of the current sources, so-called OSwitchi 035
Sequence Post Adjustment® (SSPA) calibration [15]. Sligr 030}
larger and slightly smaller current sources are combined, 0.75
that the overall non-linearity decreases. Also, the statistic
outliers are eliminated by including more current sources th
needed (here 39 instead of 31). The sources with the small
and largest currents are not used for the DAC operation. It 210
4 : . 005}
proven in [15] that including these extra sources makes t >+
total area smaller, by further increasing the allowed variatio ~ 8.01
SSPA signibcantly lowers the required area of the DA
itself, while only requiring minimal adjustments to the curren:
source topology (transistors M5-7 in Fig. 1) and only ongg 5 comparison of the normal distribution of the DAC performan
current comparator as extra analog circuitry. Once the currgit instances with random initial variation), expressed by the effect

i i ber of bits. Comparing (1) the DAC before resequencing, (2) with init
sources are compared, the algorithm itself performs the Sortﬁe@gquencing (normal SSPA), (3) after 5 years of degradation, still using

and resequenc!ng colmp!eFer in the digital dpmain. Withime switching sequence, and (4) after dynamic resequencing has provi
technology scaling, this digital control logic requires less anaw switching sequence for the DAC at 5 years of age.

less overhead. Finally, to feed back the switching sequence,
the thermometer decoder is replaced by a RAM.

For the 10-bit DAC, Table Il shows that SSPA allows for 4hat in the results the average ENOB is smaller than 10 t
higher standard deviation of the current sources. It follows th@r this paper, getting the full 10-bit static performance w
the required area of the DAC goes down signiPcantly, thougit the main goal.

Table Il does not take into account the extra analog and digitalThe ENOB of the 50 DACs follows a normal distributior

Probability
=
on
=

0.25

control logic that SSPA requires. Fig. 5 shows the cumulative distribution of the ENOB, b
fore and after resequencing and degradation. The results
IV. RESULTS summarized in Table Ill. The initial resequencing (1) - (.

The degradation of the performance of the DAC is sinincreases the average ENOB with 1.2 bit, and also signiPca
ulated, taking into account the process variations. As tfi@proves the standard deviation. Degradation (2) - (3) cau
unary part of the DAC only contains 39 current sources, theg8 average decline of 0.33 bit after bve years, and a sl
process variations, and their interaction with the degradatiierease in standard deviation.
phenomena, are far from completely averaged out. It takes ) . .
multiple DAC instances to get a somewhat complete pictufs Solution: dynamic resequencing
of the evolution of the performance of the DAC. 50 instances Fig. 4 clearly shows that the order of the current sourc
with a random initial variation were simulated for this papechanges over the course of the lifetime of the DAC. The ic
Section IV-A discusses the DAC performance degradation, aati Odynamic resequencingO is that a new application o

section IV-B proposes an elegant solution. SSPA algorithm might partially compensate the degradati
. by calculating a new switching sequence for the degrau
A. DAC degradation DAC.

The static linearity of the DAC can be measured by calculat- Table 11l shows that dynamic resequencing is able to red
ing the integral and differential non-linearities (INL and DNL)}he degradation by 0.21 bit on average (3) - (4): the D/
of the DAC. To achieve a 10-bit accuracy, the maximal INL o6 able to partially Oheal® the damage (0.33 bit) done
the DAC has to be 0.5 LSB-currents or smaller, and the DNiegradation. However, there is a further slight increase
has to be 1 LSB-currents or smaller. The INL specibcatidhe standard deviation. This might be caused by the fact
generally is the most stringent one. The maximal INL numbeynamic resequencing has no inBuence on the DACs wt
can be translated into an Oeffective number of bitsO (EN®@&)e a low ENOB because of their binary bits. These DA
of the DAC after fabrication. This ENOB is used here as @stay behind® while the DACs which are limited by their ur
measure of the static accuracy of the DAC. It can be observgits improve.
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