A G H AGH UNIVERSITY OF SCIENCE AND TECHNOLOGY

Faculty of Physics and Applied Computer Science

Master thesis

Piotr Rymaszewski

major: technical physics

specialisation: solid state physics

Development of 12-bit ADC for particle
physics applications using deep-submicron

CMOS technology

Supervisor: dr hab. inz. Marek ldzik

Cracow, August 2013



Aware of criminal liability for making untrue statements I declare that the following thesis
was written personally by myself and that I did not use any sources but the ones mentioned in
the dissertation itself.

(Signature)




Cracow, August 2013

The subject of the master thesis and the internship by Piotr Rymaszewski,
student of 5th year major in technical physics, specialisation in solid state physics

The subject of the master thesis: Development of 12-bit ADC for particle physics
applications using deep-submicron CMOS technology

Supervisor: Dr hab. inz. Marek Idzik

Reviewer: Dr inz. Krzysztof Swientek
A place of the internship: WFilS AGH, Krakéw

Programme of the master thesis and the internship

1. Discussion with the supervisor on realization of the thesis.
2. Collecting and studying the references relevant to the thesis topic.
3. The internship:

— Design and simulations of integrated analog—to—digital converter.

— Design of physical layout of circuit.
4. Ordering and first analysis of the obtained results.

5. Final analysis of the results obtained, conclusions — discussion with and final approval by
the thesis supervisor.

6. Typesetting the thesis.

Dean’s office delivery deadline: August 2013

(signature of Head of Department) (Supervisor’s signature)

IT



Supervisor’s review

I1I



Reviewer’s review

IV



Author wishes to express sincere gratitude to his super-
visor dr hab. inz. Marek Idzik who provided invaluable
support and guidance throughout the research.

Special thanks are also due to dr Jan Kaplon, Dominik
Przyborowki, Jakub Moron and Michat Dwuznik whose

knowledge and help were vital to the author.




Table of contents

Page

Introduction . . . . . . .. 1
1 High Energy Physics experiments . . . . . .. . ... ... ... ......... 2
1.1 Physics in HEP experiments . . . . . . . . . .. ... ... ... ... ... 2
1.2 Present and future HEP experiments . . . . . . . ... . ... ... ... .... 4
1.3 Read-out electronics . . . . . . . .. 6
1.4 Motivations for thiswork . . . . . . . . . . . ... L 7

2 Overview of analog-to-digital converters . . . . . . ... ... ... ....... 9
2.1 Basic definitions . . . . . ... 9
2.1.1 Static parameters . . . . .. ..o 10

2.1.2  Dynamic parameters . . . . . . . . . .. L0 o 13

2.2 Overview of ADC architectures . . . . . . . . . .. ... ... ... ... 16
2.2.1 Oversampling ADC . . . . . . .. . 17

2.2.2 Nyquist rate ADC . . . . . .. 18

3 SAR ADC - algorithm variants and building blocks general considerations 22

3.1

3.2

Variants of successive approximation algorithm . . . . . . .. ... ... ... .. 22
3.1.1 Classical algorithm . . . . . . . .. ... ... 0L 24
3.1.2 Emergysaving . . . . . . ..o 25
3.1.3 Monotonic switching . . . . . .. ... oo 27
3.1.4 Merged capacitor switching (MCS) . . . ... ... ... ... ...... 29
3.1.5 Early reset merged capacitor switching (EMCS) . . . . .. .. ... ... 30
3.1.6  Asymmetric merged capactior switching (AMCS) . . . ... ... .. .. 32
3.1.7  Tri-level switching . . . . . . . . ... 34
3.1.8 Switchback algorithm . . . . . . . ... ... 37
3.1.9 Improved switchback algorithm . . . . .. ... ... ... ... ... .. 40
3.1.10 V,,—based monotonic . . . . . . . ... ... 43
3.1.11 Comparison of power consumption of presented SAR algorithms . . . . . 45
Digital-to-analog converter . . . . . . . . . . ... L 47
3.2.1 Split binary-weighted DAC . . . . . . . . .. ... oL 48




Table of contents

3.2.2  Split DACs comparison . . . . . . . . . ... 52

3.3 Sampling switch . . . . . . ..o 53
3.4 Comparator . . . . . . ... 56
3.5 SARlogic . . . . . 60
3.6 DAC switches . . . . . . . . 61

4 Design of 12-bit SAR ADC . . . . . . .. . . 62
4.1 DAC . . . e 63
4.1.1 MIM capacitor DACs . . . . . . . . . . ... 63

4.1.2 MOM-capacitor based DAC . . . . . .. ... ... ... ... ...... 67

4.1.3 Comparison of MCS and EMCS algorithms influence on DAC’s performance 71

4.2 Bootstrapped switch . . . . . ... oo 73
4.3 Comparator . . . . . . . ... 75
4.4 DAC switches . . . . . . . 78
4.5 SAR MCS Logic . . . . . . . . 79
4.6 Performance of designed ADC . . . . . . . . ... oL 86
Summary . . ... 89
Appendix A Energy cost of DAC switching for 3-bit classical ADC. . ... .. 91
Appendix B Logical effort method . . . . . .. ... ... ... ... ....... 95

Appendix C Matlab code for SAR algorithms energy consumption calculation 99

List of Figures . . . . . . . . . . . . 107
List of Tables . . . . . . . . . . 111
Bibilograpy . . . . . . .. 115

VII



Introduction

Current times are very exciting for High Energy Physics (HEP) — results from experiments
carried out at Large Hadron Collider (LHC), the biggest particle collider up to date, state that
a particle very similar to Higgs boson have been found. This is a discovery of a great magnitude,
since it delivers long sought after informations about particle interactions and further confirms
that Standard Model, theory currently used to describe particles and their behaviour, is correct.
In light of this discovery future HEP experiments are being planned to determine, with precision
greater than achievable by LHC, exact nature and properties of this newly found particle. To
reach these goals new colliders and detectors will require electronics capable of delivering more
precise data than electronics used in current experiments.

Presented thesis is focused on read-out microelectronics that might be used in future HEP
experiments. The goal of this work is design of 12-bit analog-to-digital converter with very low
power consumption (in range of single mW) capable to work with 40MHz sampling clock.

The thesis is divided into four chapters. First contains brief overview of High Energy Physics
experiments — starting with physics behind them, followed by review of LHC, largest currently
running experiment, and a role of electronics in its operations. Here also motivations for this
works are presented.

Chapter two reviews basic definitions and parameters (both dynamic and static) connected
with ADCs in general, which will be used throughout the thesis. Furthermore most popular
ADC architectures are presented and example applications are mentioned.

In third chapter various approaches to successive approximation ADC are reviewed in detail
accompanied by results of Matlab simulations of power consumption of each configuration.
Based on presented informations the choice of configuration used in this design is justified. In
this chapter also general considerations about SAR ADC building blocks are presented.

Fourth chapter presents in detail designed converter — chosen architecture for each block and
it’s working principles are explained (heavily relying on theories and equations from previous
chapter). Here also are presented simulations results of each block separately and ADC as a
whole.

Thesis is than concluded with a summary which reviews achieved goals and a brief discussion

of potential future work.




1 High Energy Physics experiments

1.1 Physics in HEP experiments

The main theory currently used to describe particle physics is Standard Model. It was
developed in 1970s by Steven Weinberg, Sheldon Glashow and Abdus Salam and is still applied
to explain results of many high energy physics experiments. According to this theory the
Universe is built out of structureless particles that can be divided into two groups having 6
members each:

— leptons (having a unity electric charge e™): e™, v, u=, v, 77, vy

— quarks (having fractional electric charge %e* or —%e*): up, down, top, bottom, strange,

charm

Interactions in Standard Model are described as exchange of bosons, different for each
interaction (photons for electroweak, gluons for strong, W+, W=, Z° for weak and not verified

experimentally gravitons for gravitational interactions).

In the years following it’s introduction studies of particle physics using Standard Model
shown that for energies in range of teraelectronovolts electromagnetic interaction and weak
interaction can be in fact described by one mechanism (called electroweak interaction) - this
lead to extrapolation of theory, saying that in fact for high enough energy scale all interaction
become one, as presented at Figure 1.1. To better describe unification of electromagnetic and
weak interactions supersymetric particles were postulated, which were supposed to enable the

unification mechanism.

Electromagnetic Force 3 THE TERASCALE
ELECTROWEAK UNIFICATION @

“GRAND UNIFICATION”
Weak Nuclear Force

BIG BANG
Strong Nuclear Force
Gravitation
101 1012 10° 10® 102 1 103 106 10° 1012 1018 Energy (TeV)
10 102 106 1 10® 1012 1018 1024 1030 1036 1042 Time (s)

Figure 1.1: Energy scale for unification of fundamental interactions. [1]
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Originally Standard Model postulated that all bosons are massless, but experiments UA1
and UA2 carried out in CERN in 1980s proved otherwise. This discovery lead to modification
of Standard Model - Higgs mechanism was introduced, explaining inconsistency between theory
and experimental data by adding new particle, Higgs boson, which by interaction with other

particles gave them mass.

To experimentally verify existence of supersymetric particles and Higgs boson Large Hadron
Collider (LHC) was build at CERN - first HEP experiment capable of producing and observing
particle interactions at energies in teraelectronovolt range. At 4% July 2012 first results of
this experiment were published showing that a particle consistent with characteristics of Higgs
boson was observed [2] (Figure 1.2). Despite of this tremendous achievement experiments at
LHC are not finished — though new particle was found it’s exact characteristics must be further
examined to verify if it is indeed a Standard Model Higgs boson or other kind of boson as

predicted by theories which go beyond Standard Model [3].
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Figure 1.2: Experimental limits from ATLAS on Standard Model Higgs production in the mass
range 110-600 GeV. The solid curve reflects the observed experimental limits for the production of a
Higgs of each possible mass value (horizontal axis). The region for which the solid curve dips below

the horizontal line at the value of 1 is excluded with a 95% confidence level (CL). [2]

Despite this newest discoveries one must remember though, that Standard Model is by no
means the final model of particle physics - it presents a very good description of particles as

we currently understand them, but it also has its weaknesses:

— it does not incorporate gravitational interactions,
— it requires many additional parameters to be introduced to explain some phenomena (e.g.
neutrino oscillations, two independent masses for weak bosons),

— it does not explain some of particle’s quantum numbers (e.g. electric charge, colour).
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1.2 Present and future HEP experiments

As have been mentioned in previous section currently the largest experiment of high energy
physics is Large Hadron Collider at CERN. It is situated in 27 km long tunnel, formerly used by
Large Electron Positron Collider. LHC is designed to collide two proton beams with maximum
energy of 8 TeV in the centre-of-mass or two lead ions beams with energy of 5.5 TeV per nucleon
pair. Acceleration of beam to maximal energy is a complicated process consisting of four stages
(in case of proton beams) [4]:

— Linac-2 — production of proton beam with energy of 50 MeV

— PSB — acceleration of beam from Linac-2 to kinetic energy of 1.4 GeV

— PS — further acceleration of beams up to 26 GeV

— SPS — final injector for LHC (also providing beam for COMPASS and CNGS projects),

achieving beam energy of 450 GeV

After injection into LHC beam is further accelerated to maximal energy and kept on right
track using superconducting magnets. Two proton beams circulate LHC ring in opposite direc-
tion inside two separate channels and are intersected only in four places where main experiments
are located (schematic view of LHC complex in presented in Figure 1.3):

— ATLAS — largest of LHC experiments, general purpose detector (search for Higgs boson,

supersymetric particles, dark matter, etc.)

— CMS - second largest experiment, also general purpose

— LHCb - designed to study asymmetries between B and B mesons

— ALICE — build to study properties of strongly interacting matter at extreme energy

densities (quark-gluon plasma) during lead ions collisions
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Figure 1.3: Schematic of LHC complex with indiaction of all experiments and booster rings.

Reproduced from [5].
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It was foreseen that some of the innermost parts of detectors will suffer from performance
degradation due to radiation effects after a few years of running the experiment. To remedy
this a long-term plan to remove damaged parts and replace them with upgraded substitutes
was adopted. This plan assumes a series of upgrades, done in two phases, to end approximately
at year 2021, leading to increase in collision energy of proton beams to 14 GeV and ten-fold
increase in luminosity (number of events per second) — hence the name of final configuration of
the machine is High Luminosity LHC. This will allow to further improve on accuracy of studies
(e.g. measure more precisely mass of newly discovered boson) and also extend possibilities in

terms of new particles and phenomena discoveries.

Although increase in energy and luminosity in HL. LHC will lead to possibility of more
precise measurements, there is a fundamental barrier that limits accuracy — both LHC and
HL LHC use proton beam. Because protons have their own internal structure (two up quarks
and one down quark) their collisions produces high background, which prevents achieving high
precision needed to answer questions about Higgs boson mass, spin, parity, etc. A solution is
to use structureless particles — leptons, which collisions should be much cleaner and therefore
observations and measurements of new particles would be made easier. Since electrons are
only stable leptons, they are natural choice in this case, but their low mass (about 2000 times
lower than that of a proton) causes them to radiate their energy much more rapidly when their
path is curved (bremsstrahlung radiation is proportional to m~). Therefore successors to LHC
will be linear colliders and plans together with research & development work for two possible
candidates (ILC — International Linear Collider and CLIC — Compact Linear Collider) have

been undergoing for past few years — their design specifications can be found in Table 1.1.

Table 1.1: Basic design parameter for the ILC and the CLIC accelerators [6].

Parameter ILC CLICs00Gev CLICs1.v
centre-of-mass energy [GeV] 500 500 3000

peak luminosity |1 2. 10% 2.3 10% 5.9 - 10%
pulse rate [H z] 5 50 50
number of bunches per pulse ~3000 354 312
bunch spacing [ns] 330 0.5 0.5

particles per bunch 210 6.8 - 10° 3.7-10°
accelerating gradient [%} 31.5 80 100
energy loss due to bremsstrahlung [%} 0.03 0.07 0.28
total AC power consumption [MW] 230 271 582




1.3. Read-out electronics

General layouts of both accelerators are similar (therefore only ILC’s schematic is presented
— Figure 1.4) but their build methodology, final specifications and experimental conditions are
very different. Full comparison of the two is far out of scope of this work but two differences
will be pointed out:

— centre-of-mass energy — while ILC uses 1.3GHz Superconducting RF cavities to accelerate
electrons over a course of over 30 km to energy of 500GeV, CLIC is considered to be
designed in multi-stage way to achieve energy of 500GeV, 1.5TeV or 3TeV depending on
stage. Operation frequency of CLIC is 30GHz, which leads to device length of 37.5km for
maximal energy,

— bunch spacing - much shorter time between subsequent bunches (0.5ns for CLIC vs. 330ns
for ILC) makes a very significant difference for electronics needed for detectors - time-
tagging combined with good pileup management are essential for CLIC, while in ILC each

bunch can be processed separately.

Positron source Detectors Electron source

Electrons

Main Linac Damping Rings Main Linac

Figure 1.4: Schematic of LHC complex with indiaction of all experiments and booster rings [1].

Choice between two designs will be determined be results from LHC, so in light of recent
discovery of new boson ILC seems like a more probable candidate. On the other hand data
analysis from ATLAS and CMS suggest that there is no new physics below 1TeV [7], so if LHC
will find some signs of supersimetric particles in higher energies proceeding with CLIC will be

the only choice.

1.3 Read-out electronics

Detectors used in each of experiments described in previous section are very different from
one another - they are designed with different specifications (detecting different kinds of parti-
cles, working with different collision energies and luminosities, etc.) but all of them require very
specific read-out electronics and its design have to take into consideration not only appropriate
functionality but also many additional factors:

— effects connected to prolonge exposure to high levels of radiation (increased leakage cur-

rent, shifts in transistor’s threshold voltages, signle event upsets, etc.)

— very high number of read-out channels combined with small avaiable space
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— need to minimize amount of used materials (to reduce secondary interactions with beam
collision products)
— high relaiability (due to as compact construction of detectors as possible and presence of
high energy particle beams, all repairs and replacements of parts are problematic)
All those factors make it necessary to design read-out electronics as Application Specific Inte-
grated Circuits (ASIC) instead of using complex systems of discrete elements. As example of
such ASIC system a read-out chain for LumiCal detector (part of detector for ILC) is presented
on Figure 1.5.

ASIC DATA
SILICON FRONT-END ASIC ADC ASIC CONGENTRATOR
SENSORS
'_I COMPRESSION
>
‘| M OPTICAL
PREAMP.| PZC_ | FILTRATION] &H | PIPELINE ADC g BT
Erewll G B == S
CONTROL | DAC | POLARIZATION CONTROL | DAC | POLARIZATION

L]

I
[T]
DATA FROM
OTHER ASICS
CONTROL BUS

Figure 1.5: LumiCal’s readout electronics flow chart. Reproduced from [10].

LumiCal is a sandwich calorimeter (it is build out of staggered layers of tungsten absorber
and silicon sensors). When an electron or positron pass through such structure they deposit
an electric charge in sensor layer and pass through it, but when they encounter tungsten they
quickly lose their momentum resulting in bremsstrahlung radiation. This causes (in environ-
ment of heavy tungsten nuclei) creation of new electron - positron pairs — so called electro-
magnetic shower occurs. Shape of this shower and number of penetrated layers is determined
mainly by kind of particle which passes through and its energy. Role of read-out electronics is
to measure the charge collected by each sensor and pass it to Data Acquisition system (DAQ).
Front-end ASIC is supposed to extract information from silicon sensor, shape and amplify it
and store the information in sample & hold device. Because of ease of transmition and data
processing signal from front-end is converted to digital form using an analog-to-digital con-
verter. OQutput stage — data concentrator — passes informations from ADC to DAQ via optical
buffer.

1.4 Motivations for this work

As was mentioned in previous sections future HEP experiments will require more precise
measurement electronics than used presently. This thesis is a research & development work

investigating if ADC with parameters of potential interest to future experiments (low power,

7
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12-bit resolution with 40MHz sampling frequency, 144 um pitch) is feasible to design using
130nm technology. Inspiration for this attempt is very high activity related to SAR ADC
resulting in quite rapid development of new variations and improvements for this architecture
— this trend can be seen in number of publications on this topic in recent years (as presented in
Figure 1.6). Focus will be especially given to new method of capacitive DAC switching which

lead to very significant reduction in power consumption.

1sscc
14 | |52 vLsi
E23 cicc
== ASSCC & ESSCIRC
o 12
S
2
2 10
=%
5 8
3
€ 6
3
Z 4 3
2| 2
2 |1 é 1

02 03 04 05

Figure 1.6: Number of articles about SAR ADC published in recent years. [8]




2 Overview of analog-to-digital con-

verters

2.1 Basic definitions

An analog-to-digital converter is a device connecting analog and digital signal domains - it
translates an analog signal (continuous in time and amplitude) into a digital word (composed
of few signals with binary quantised amplitudes denoted 0 for Viefmin and 1 for Viesimaes — see
figure 2.1).

Figure 2.1: Schematic representation of operation of ADC.

Due to the very nature of this process translation will never be ideal — for two input sam-
ples ADC’s output will be different only if the samples differ by more than minimal voltage
recognizable by ADC. This minimal value is called Least Significant Bit (LSB) and for N-bit

converter is defined as [9]:

‘/fref
2N

LSB = (2.1)
This inaccuracy results in multi-step input-output characteristic (example shown in Figure
2.2a) and introduces so called quantization noise — difference €; between real value of input
and its quantisized substitute (presented in Figure 2.2b). Figure 2.2 contains plots for two
examples of ADC — "simple ADC" which functions exactly as described in previous paragraph
(change of input voltage by 1 LSB results in change of output code by one) but, as can be
observed by comparing equations 2.19 and 2.20, exhibits lower signal-to-noise ratio than "ideal

ADC" (same characteristics as simple one but with added offset Vs fst = %LSB). This claim

9
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is proven in section 2.1.2.

e -i-—
—— ideal ADC ! €Q simple
no - __ simple ADC [ -
I : : LSB 1 1 1 1 1 1 1
101 - 1 1 1 1 1 1 1
() | 1 1 1 1 1 1 1 1 1
= | o 0 K K K K ! ! K —>V;,, [LSB]
S 100 — - N 0 1 2 3 4 5 6 7 8
- .
a | [
011 - - P
45 | 'y €Q ideal
<
© 010 ! s
: =4 ARV SNs /: /: >V, [LSB]
001 - - ,LQBJ /1,2,’%,/4,/:5,/6,7 8
| P
000 ! L Vin
1 T T T T T T T T I . . .
011 2 3 4 5 61371 8 Vres (b) Quantization noise
8 16 8 8 8 8 8 8 16 8 8

(a) Inpout-output characteristics

Figure 2.2: Consequences of input signal quantization shown for 3-bit ADC.

Output of ADC can be therefore expressed as (assuming binary-weighted output bits):

N-1

‘/:)ut = M“ef : Z Dz22 (22)

=0

where D; represents value of i-th digital output.

On figure 2.2a two characteristic voltage levels can be noticed: V,.; — reference voltage and

Vs — full scale voltage. They are connected through relation:

st,simple = V;ef —1-LSB (23)
3
Visideal = Vyes — 3 LSB (2.4)

Combining equations 2.1 and 2.3 leads to other, also commonly used, definition of LSB:

Vis
2N —1

LSB =

2.1.1 Static parameters

There are many characteristics that can be used to measure how much given ADC differs
from an ideal one. In this section those used when sampling static or slowly changing signals

will be introduced.

10
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Offset error

As mentioned in previous section an ideal ADC has an offset of %LS B — any deviation from
this value is considered an offset error (also known as zero-scale error). To put this in other
words — difference between %LSB and voltage causing first ADC transition is an offset voltage.
Origins of this error can be different for different architectures (offset in comparators in flash
ADC, offset in DAC for SAR, etc.) but in general it is correlated with mismatch of components

of an ADC or changes in reference voltages.

Gain error

Gain error, also called slope factor error, is a difference in slope of straight line drawn

through the transfer characteristics and the slope of corresponding line of an ideal ADC.

Full scale error

Full scale error is in principle very similar to offset error — it is difference between ideal
value of full-scale voltage (Vis = Vier — %LSB) and measured one that triggers transition to

last output code available. This error is a result of both offset error and gain error.

Differential NonLinearity (DNL)

While three kinds of errors mentioned above are not very severe since they can be removed
with measurement calibration, DNL and described next INL are more important.

For an ideal ADC difference in input voltage for which output code change AV}, change 15,
by definition, equal to 1 LSB. For real ADC value of AV}, change Will most likely differ for
each output code due to elements mismatch, process variation, etc. Differential nonlinearity is
a measure of how much AV, cpange changes from code to code and can be defined as [11, 12]

(example of transfer curve of an ADC exhibiting DNL errors is presented in Figure 2.3a):

_ AVin change(m) — LSB Vi (m) — Vip(m — 1) — LSB

DNL(m) LSB LSB

[DNL(m)] = LSB

Value of DNL provides also information about missing codes [12] (ass can be observed in Figure
2.3b):

— DNL(m) < —1 LSB = m-th code will be missing

— DNL(m) > 1 LSB = m-th code is present, (m+ 1)-th presence depends upon (m+2)-th

transition value

11
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(a) Characteristics with INL and DNL errors.
(b) DNL as indication of missing codes.

Figure 2.3: Example of INL and DNL errors for 3-bit ADC.

Integral nonlinearity (INL)

Information about converters linearity is obtained by calculating INL [11, 12]:

Vmeas (m) - Vfit (m)
LSB

INL(m) =

[INL(m)] = LSB

where V,eqs(m) is measured value of m-th transition step and Vy;(m) is value of this level
calculated from straight line fit to transfer function (as presented in Figure 2.3a). In literature

two ways of fitting are reported:

— fit only through first and last point of transfer characteristics

— use best fit to fit all point from characteristics (used in this work)

Integral non-linearity measures monotonicity of converter — if highest value of INL is below
$LSB converter is monotonic [11]. One of the most important characteristics of an ADC is its
Effective Number Of Bits (ENOB), which informs about realistic resolution of converter during

normal operation. It can be calculated using INL as [13]:

2N
ENOB = log (2.8)
i (\/1 + 21332 : anl\,:_l2 ]NL(m)Q)

12



Chapter 2. Overview of analog-to-digital converters

2.1.2 Dynamic parameters

Dynamic parameters inform about converter’s behaviour when sampling fast changing sig-
nals. This shows influence of noise, sampling time uncertainty, nonlinear distortions, etc.
Results obtained through dynamic parameters depend not only on ADC itself, but also on sig-
nals used as input (amplitude, frequency) and sampling clock (frequency, jitter). This makes

dynamic parameters measurement more demanding than static ones.

One of commonly used method of measurement is through analysis of discrete Fourier trans-
form (DFT) of converters response to input sinus signal with amplitude % DFT transforms
discrete K-element sequence of samples from time domain z(k) into its equivalent in frequency

domain X (m):
X(m) =3 a(k)e %" (2.9)

Result of this transformation is a periodic K-element sequence of values X (m) distributed

evenly along frequency axis at points:

fsample
m)=m:—- - 2.10
flm) =m - L (2.10)
where fsample is sampling frequency of x(k). Obtaining correct results depends upon choosing
proper input signal frequency f;, — it should be related to sampling frequency foumpre and

number of collected samples K by relation [10, 16]:

J
fin = 7fsample (211)

K
where J is mutually prime number to K. If this condition is not met, spectral leakage will
occur — input signal will be spread among whole frequency range f(m) instead of one point,

which will lead to false results of DFT.

Fourier transform can be used to analyse signals constituted of many components (e.g.
signal and its harmonic) thanks to its linearity — transform of sum of signals is equivalent to

sum of transformed signals [15]:

K-1 j2mkm K1 j2mkm K1 j2mkm
KXsum(m) = Z [21(k) + z2(k)]e” K = Z xi(k)e” K+ Z xo(k)e” K
k=0 k=0 k=0 (2.12)

= Xi(m) + Xs(m)

13



2.1. Basic definitions

Total Harmonic Distortion (THD)

Harmonics distortions at ADCs output (presence of harmonics of input signal) appear due
nonlinearities in converter and due to missing codes. To measure how much those distortions
degrade ADC performance parameter THD was defined as ratio of total power of harmonics to

power of fundamental signal [10, 16]:

4 X2 (k- fuig) m0d Fampic)
avrg( SZQ) (213)

K
THD = 20log,, J 22
[THD] = dB

where Ky is number of harmonics taken into account (usually Ky = 10) and X,,4() is average

of measured values of frequency interval f (7).

Signal to Non-Harmonic Distortion (SNHR)

To measure influence of error sources other than harmonics, e.g. quantization noise and
noise introduced by capacitances and resistances, SNHR is used. It is defined as power of
signal to total power of all other frequency intervals within measured bandwidth, excluding

harmonics frequencies [10, 16]:

afurg (fszg)

SNHR = 20log 10 e
iEf .
Zk:l 7 " Xavrg(f(Z» (214)

[SNHR] = dB

where fh[k} = (k : fsig) mod fsample-

Signal to Noise and Distortion (SINAD)

Dynamic parameter which describes overall performance of ADC is SINAD — here both
harmonic and nonharmonic sources of noise are taken into account. SINAD is defined as ratio

of power of signal to total power of noise and distortion within measured bandwidth:

- avrg(fszg) )
Say T X2 (F(i)) (2.15)

SINAD = 201log 10 ( J

[SINAD] = dB
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Chapter 2. Overview of analog-to-digital converters

Effective Number Of Bits (ENOB)

This parameter was already defined in section 2.1.1 among static parameters, but it can be

calculated also based on dynamic parameters. Equation for ENOB is based on definition of

Singal to Noise Ratio (SNR) for ideal ADC. SNR is defined as [14, 16]:

SNR = logy, (Power of signal)

Power of noise (2.16)

[SNR] = dB

Standard input signal is a sinus wave with amplitude of Vref , thus its average power (Ps;p,)
can be calculated as (using very common simplification R = 1Q = P=2=V?):
2 V2
ref ref
szn - 2 t == 2.17
=7 / ( sin(27 f )) 3 (2.17)

To calculate noise power we assume that all components are ideal, so only quantization noise
is present (this assumption poses some restrictions on quantization process — quantization levels
must be uniform, equiprobable, not correlated to input and large number of them must exist
[14]; all those conditions are met for an ideal 12-bit ADC with high swing input signal). From
Figure 2.2b for ideal ADC it is clear that e € {—LS—B, LSTB}, and additionaly we assume that

probability distribution of quantization error P(eg) is constant within mentioned range and

equal to zero outside it. Probability normalization leads to: [*. P(eg)deg = 1 = P(eq) = ++

LSB*
All this allows to calculate the average noise power as:
o0 2" LSB*
(Proise) = /_OO P(EQ)EQdEQ LSB / Lsz odeg = 12 (2.18)
Combining equations 2.1, 2.16, 2.17 and 2.18 results in:
3
SN Rigeat apc = 101ogyg (2 . 2N) ~6,02- N + 1,76 [dB] (2.19)

Expression 2.19 shows highest achievable SNR for N-bit converter. For comparison — if an
ADC would have a transfer characteristics like "simple ADC" from figure 2.2a than its noise

power would be (Psise simpte) = LSB OLS B de LSB , hence

3
SN Ryimpie apc = 10log,, (8 : 2N) ~6,02- N — 4,26 [dB] (2.20)
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2.2. Overview of ADC architectures

Calculating value of N from equation 2.19:

_ SNR—1.76

N
6.02

(2.21)
By substituting ENOB for N and SINAD for SNR commonly used equation for ENOB is
obtained [16]:

SINAD — 1.76

ENOB = 2.22
© 6.02 ( )

2.2 Overview of ADC architectures

One of most important theorems in signal conversion is Nyquist-Shannon theorem [14]:

A band limited signal x(t), which Fourier spectrum X (jw) vanishes for frequencies

lf] < %fsample is fully described by a uniform sampling x(f — ), where n € N.
sample

Based on this theorem all existing architectures of analog-to-digital converters can be divided

into two categories:

— Nyquist rate ADC — input signals have maximal frequency twice (or little bit more) lower
than that of sampling. This category is represented by many different architectures, some
of which are:

o Flash converter
o Pipeline converter
o Successive approximation converter

— oversampling ADC — frequency of sampling is many times higher than that of input
signals. Only ¥ — A converters works in this way.

Each architecture is suitable for different purpose depending on number of bits, sampling

frequency, power and area consumption needed (as presented in Figure 2.4). Following section

will give a brief summary of each mentioned architecture.

L INDUSTRIAL
MEASUREMENT

VOICEBAND,
AUDIO

DATA
E /ACQUISITION
HIGH SPEED:
7 INSTRUMENTATION,
VIDEO, IF SAMPLING,
p SOFTWARE RADIO, ETC.
1 --- CURRENT
STATE OF THE ART
10 (APPROXIMATE)
d

8 T T T T T T >
10 100 1k 10k 100k im 10M  100M 1G
SAMPLING RATE (Hz)

RESOLUTION (Bits)
>

Figure 2.4: General allotment of different architectures of ADC. [17]
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Chapter 2. Overview of analog-to-digital converters

2.2.1 Oversampling ADC

Oversampling ADCs work very differently compared to Nyquist rate converters — they relay

on noise shaping and oversampling followed by averaging of input signal. They are capable of

achieving very high resolution (even 24-bits) but maximal input signal frequency rarely exceeds

few MHz. For those reasons they are mostly used for processing of sound. Operations of ¥ — A

converter (only kind of oversampling ADC) is easiest to summarize by explaining function of

each of its building blocks (block diagram of converter is shown in Figure 2.5):

Antialiasing filter — filters out any noise outside signal bandwidth, so it will not be aliased
back close to signal during oversampling
Sampling circuit — samples input signal with frequency many times higher than frequency
resulting from Nyquist-Shannon theorem
Modulator — many different kinds of modulators are used varying mainly in number of
incorporated integrators and resolutions of analog-to-digital and digital-to-analog convert-
ers (not necessarily having the same resolution), but simplest one can for example consist
of one integrator, comparator as ADC and switch as DAC connected in one feedback
loop. This block has two main functions:

o shaping noise in such a way that majority of it is shifted to high frequencies

o producing at the output a digital signal with frequency equal to sampling frequency

and mean value equal to value of sampled input

Digital filter — most commonly a low-pass filter, which should remove noise shifted to
high frequencies
Decimator — produces a lower frequency (compared to sampling frequency) converter
output signal by averaging filtered modulator output over set period of time. Simplest

implementation is a counter which counts number of pulses over pre-set number of cycles.

‘/in%

filter circuit

Antialiasing H Sampling

Digital P,
Decimator |: “N—2
filter Dy
DU

Figure 2.5: Block diagram of ¥ — A ADC.
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2.2. Overview of ADC architectures

2.2.2 Nyquist rate ADC

Flash converter

Principle of operation of flash ADC is simple — input voltage is compared with every transi-
tion point of ADC at the same time, resulting in information on how many LSBs are required
to match sampled voltage level. This number is than translated into binary value by digital
logic — thanks to such means of operation flash ADC is fastest of all ADC.

Vin

S&H

Vref max

Dn-1
=S

Dy 2
=N

Decoder

| Do,

Vref min

Figure 2.6: Schematic of simple Flash ADC.

Simple implementation using resistive divider is shown at Figure 2.6. First and last resistor
have half of unit resistance value R, to achieve transfer characteristic similar to ideal ADC
from Figure 2.2a. In such configuration one of the inputs of each comparator is V;,, and second

one is V,.(7):

= o5 =1 (Ve mae = Vie min) + Vies min (2.23)

The way this converter works limits its usage to relatively low resolutions due to various

reasons:

— rise in resolution by 1 bit requires twice more transition points hence twice smaller resis-
tances in divider — scaling those down to very small values introduces very strong influence
of mismatch and because of that becomes impossible for high resolution

— number of required comparators is 2¥ — 1, resulting in exponential growth of power
consumption and area of converter

— offset of all comparators needs to be kept below % LSB, resulting in very small and hard

to achieve values for high resolutions
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Chapter 2. Overview of analog-to-digital converters

Pipeline converter

Pipeline converter is build out of cascade of individual stages (not necessarily identical) each
performing part of conversion (simple block diagram of pipeline ADC is presented in Figure
2.7).

CLK CLK CLK
Vin V7Q1 * ‘/;'(552___
Stage 1 [~ | Stage 2 Viesn_| Stage M
CLK—> Digital logic

Vool

Dy-1 Dn—2 Dy Do
(a) Block schematic of pipeline ADC.

N +
Vin,,j > Szrrlfii?g ADC T DAC> Vrcs,j

('LI\A L]

(b) One of stages in pipeline converter.

Figure 2.7: Pipeline architecture.

Pipeline ADC’s sequence of conversion starts with input signal being sampled by 1% stage
(as shown in Figure 2.7b). This sample is converted to digital value by an L-bit ADC (L can
have any value, but most commonly low values are used, often single bit). This value serves as
one output of stage — conversion result. ADCs output is than converted back to analog form,
subtracted from original input and the result is amplified K times producing residual value

Vies; = (Vin — Vpac,) - K1, or put in more general form for j-th stage;:
V;“es,j = (‘/res,jfl - VDAC,j) : Kj (224)

The residual value V. ; serves as input for next stage. Gain factor K is often set to be 2% so
all stages can use the same reference voltage. Output of each stage is passed to digital logic,
which after last stage finishes conversion forms digital output word based on results of stages
conversions. For converter build out of M stages it takes M + 1 clock cycles to convert signal
(assuming that digital logic operation takes only one cycle), but advantage of this architecture
is that after given stage has done conversion for one sample it can immediately start conversion
for another one — in such mode of operation after initial wait of M + 1 clock cycles conversion
results are provided every clock cycle (with the same resolution) despite the fact that conversion
itself always takes M + 1 cycles. Pipeline ADC achieve medium resolution (8 to 12 bits) and
consume moderate amounts of power — for those reasons they were very commonly used but in

recent years are being superseded by SAR ADC.
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2.2. Overview of ADC architectures

Succesive Approximation Register (SAR) converter

Schematic of simple SAR ADC is shown on Figure 2.8. It consists of sample and hold circuit,
comparator, SAR control logic and DAC (used to produce reference voltage for comparator).
Conversion starts by sampling input signal (sampling duration is controled by CLKumpic) at
the end of which the logic set Most Significant Bit (MSB) to 1 causing DAC’s output voltage
Vpac to rise to %V}e 7. Than comparator decides which of those two voltages is higher:

— if V;,, > Vpace than the value of sampled voltage is higher than %Vre #, so first bit of output

word was guessed corectly and remains 1
— if Vi, < Vpac than the value of sampled voltage is lower than %VT@ #, so first bit of output
word was guessed incorectly and is reset to 0
After this check next bit (MSB-1) is changed to 1 (resulting in Vpac = %Vref if MSB =1 or
Voac = iVm s if MSB = 0) and whole process is repeted until all N bits are resolved — this
algorithm can be summarized as shown on Figure 2.9a and example waveform is shown on
Figure 2.9b.

CLKsample

‘/in

SAR
Logic

[Dn-1,Dn—2,---, D1, D]

Figure 2.8: Block schematic of simple SAR ADC.

A
Ves — i T 1
VsaH — Vbac 110
———— 110
- i b
No Vig/2 / 100 o
/ 010
— 001
000
D; =0 0—
| | | | |
W gUess | o I ] | I
[Dn_1,DNn_2, -, D1, Do Sampling MSB Bit #2 LSB t
(a) Simple SAR ADC (b) Waveform of sampled signal (thin line) and SAR ADC

algoritm. approximation (thick line). [14]

Figure 2.9: Succesive approximation algorithm and example of 3-bit conversion.
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Chapter 2. Overview of analog-to-digital converters

Although this way of approximation works correctly it is quite wasteful in regard of power
e.g. if Viy, = Vies min DAC is charged and discharged for every bit wasting energy. For this
reason SAR architecture was not very popular until few years ago when improved implementa-
tions of successive approximation algorithm were proposed — those, alongside with more detailed

examination of SAR ADC will be described in the next chapter.
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3 SAR ADC — algorithm variants and
building blocks general considera-

tions

3.1 Variants of successive approximation algorithm

As was mentioned in previous chapter recent years brought many developments in successive
approximation ADCs. This evolution of SAR architecture is mainly driven by need for medium
resolution ultra low-power ADCs and is made possible by advances of technology used to
manufacture integrated circuits and optimization of SAR ADC architecture.

Despite the fact that from the point of view of basic functionality (providing voltage ref-
erence) any DAC architecture can be used in SAR ADC (resistor string, R-2R ladder, current
steering, etc.) most commonly used one is charge scaling DAC — all reviewed in this chapter
successive approximation methods use this kind of digital-to-analog converter. In its simplest
implementation (presented in Figure 3.1) it consists of a parallel array of binary-weighted ca-

pacitors, resulting in total capacitance Cl,; of:
N-1
Ciot = (Z 2 + 1> c, =2, (3.1)
i=0

where C', is unit capacitance. All capacitors are connected together by one plate while second
plate of each capacitor is connected to a separate switch .S; providing a voltage level appropriate
at the current conversion phase (in example shown in Figure 3.1 those are: reference voltage
Vier and ground level Vi,,4). Output of such converter Vp 4¢ is a result of voltage division among

capacitors.

N-1
Vpac = Viep = 3 527N + Vg (3.2)

=0

The main differences between presented methods of successive approximation are architec-
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Vbac
O

o

and

Cy Cy 2C,, 2N=2¢,| 2N-1c,
Vgnd So S1 Sn_2 SN_1

[ [ ]
Vand Vies  Vgna Vies Vand Veer  Vand Vrer

Figure 3.1: Schematic of simple charge scaling DAC.

ture of used DAC and algorithm of its switching, but no matter how an array of capacitors will
be modified, the output value will always be a result of voltage division among capacitors. This
short overview of charge scaling DAC should have provided enough information to allow un-
derstanding of concepts described in this chapter, a more detailed examination of this building

block will be presented in chapter 3.2.

Following sections contain overview of some of the more popular variants of SAR algorithm,
each illustrated with an example showing all possible states in all conversion stages for 3-bit
ADC (except for improved switchback algorithm, were minimal example showing all techniques
requires 4-bits). Values of energy marked in all those examples are values drawn from voltage
source due to the operation of DAC and are noted over blue arrows showing transitions between
stages. In all cases those values are calculated based on the change of the charge stored
in capacitors connected to voltage source after switching is done. Assuming that transition
between stages starts at 7} and ends at T, the energy drawn from source Ep, 1, can be
calculated as [18]:

v (t) - V:source

Z‘source (t) = %

T Q(T2)
= Vtsource ’ @dt = Vtsource/ ’ dQ
T1 dt Q(Tl)
(3.3)

By definition charge () stored in capacitor is equal to product of its capacitance C,,, and voltage

Ts
ET1—>T2 = -/T Z.source(t>vsource(t)dt =
1

across it Vi, leading to:

ET1—>T2 = Ccastource [‘/cap(TZ) - ‘/;ap(Tl)] (34)

Since the design presented in this work is fully differential all reviewed methods will be
also shown in differential configuration. Based on equation 3.4 calculations of energy consump-
tion for all described algorithms were implemented in Matlab 2009b and results are presented

throughout this chapter as energy consumption plots. Code itself is included as appendix C.
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3.1. Variants of successive approximation algorithm

3.1.1 Classical algorithm

In the classical approach [18, 19] (presented in Figure 3.2) two capacitive DACs work in
complementary way to converge DAC top plate voltages after sampling to V., = % In
sampling phase input is sampled on bottom plate of capacitive DACs while top plates are being
charged to common-mode voltage V,,,. When the sampling ends the top plates are disconnected
from V., and all bottom plates of DAC capacitive network sampling V;,, , are connected to V4,
except for biggest capacitor 2V~1C, which is switched to V,¢; (voltage at comparator input for
this side is then V,, = Vi, , + %Vre 7). Bottom plates of DAC network sampling V;,, ,, are switched
in a complementary way — 2V "1C,, is connected to Vgnd, while the rest is switched to V,..;. Then
the first comparison is performed — Dy_; which is the Most Significant Bit (MSB) is decided
and based on that decision bottom plate voltages of MSB capacitors (2V71C,) are set:

— Dn_1 =11t Vi, > Vipp, resulting in Sy ,>V,er and Sy > Vina

— Dy_1 =0if Vi, < Vipp, resulting in Sy > Vyng and Sy > Vies
After that the second largest capacitors bottom plates are switched (on Vj,, sampling side
to Vies, on Vi, sampling side to Vj,4) and the whole process is repeated. Conversion ends
when all bits have been resolved. Every bit found brings the difference between two DACs
top plate voltages AVpac closer to V., — after the last bit is found this difference should be
|AVpac| < LSB.

Although this approach to successive approximation is quite intuitive it is also wasteful in
respect to power consumption, especially when wrong assumptions are made — this can be seen
from Figure 3.3 (energy used for DAC switching for output code 0(00---00) is much higher
than for 4095(11---11)). Overview of most important features of this algorithm is presented
in Table 3.1.

24



Chapter 3. SAR ADC — algorithm variants and building blocks general considerations

Viet Vier Vier Vina

4C, Cu | Cu u
Yes — Dy =1 % % % T
— Vin Voo

NN i)y — =

V

101. 2c, | ¢,
4 Vinp ~Vinn > 4V . f : Vg,, L
Mol e e Te T # % Tﬁ #“
. /e, " |2e, Tos T e .
Sop = Vi S0, = Vi (C“""'i/) " Vona Vena Veer  Veey -
O2p = Vin,p D0p = Vinp // gna gna re. re. — — 1y,
S:;,):Vm,;) 512:‘/”1.;) ! Viet Vgna  Vgna  Vina /. 1\017]7. O Ving = Vinn > Voo +
ch C. |C.  |Cu Jj( 20, |c. |au / ( CuVig /F /F /F /F
/ 4C, 2C, Cy Cy
Vem T T T 7T N Vem - T T T N v. v
. . 2 gnd 7Ef l]nd Vier
m a2 Vingp = Vinn >0 L Vind TC/ nf Vind
L J R I oz L L L L | &Cu J/(" J/( j/
Tic. Toc. 7\0 & Tie, Toe, Te. T \ Yes — Dy — 1
SJJ, 51,4 1% V, V, v, N\ =
n=Van | Sw=Vanl i Vees  Vier  Vies . sc, ‘,f/> T
271 - m n Un - n,n \ ‘/(714/. ‘/T‘EZ V nd V nd 4 in,p in,n DD +
No — Dy =0, \BC Jj \T/F o I I e T
(scuvz;) A e, Teew e Tcu
N - RN v, V, V,
e v I v, ref gnd gnd Vier
e B < Vgnd  Vgna  Vier  Vina
T R NN
ic, "|2c. e o ) = T
Viet ' Vgnd  Vies Vies -
No s Dy =0 Vinp = Vi > ~3Vo0_| |
(scv2,) £ T L L
Tie. T . Ta e
\ Vier Vier Vind  Vier
Sampling Finding Dy (MSB) Finding D; | Finding Dy (LSB)

Figure 3.2: 3-bit SAR ADC incorporating classical algorithm.

Calculations leading to energy values shown on Figure 3.2 are presented in appendix A. For
all other algorithms such calculations can be carried out in the same manner — for this reasons

full calculations will be omitted and only results will be presented.

7000 [ i T T T T : .
—, 6000
M
Required DAC resolution N ©” 5000
>
(for N-bit ADC) 5 4000
Number of needed C,, o oN £ 3000
(for differential DAC) i
& 2000 1
Required reference 3
‘/gnda‘/cmv‘/ref 1000 i
sources
0 . . . ‘ . . .
) 0 512 1024 1536 2048 2560 G072 3584 4096
DAC’s convergence 1y DG it code
voltage ref energy drawn from Vref (average = 5459 B[Cu er'])
Table 3.1: Features of classical algorithm. Figure 3.3: Energy consumption due to DAC

switching for 12-bit ADC using classical

algorithm.

3.1.2 Energy saving

Energy saving algorithm [20] uses modified DAC architecture — second biggest capacitor is
split into binary divided array in which each of scaled capacitors can be switched separately.
Such configuration allows to share part of charge accumulated in this sub-DAC instead of

just discharging 2¥—2C, to ground as happens in classical algorithm. Operations of positive
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3.1. Variants of successive approximation algorithm

and negative DACs are complementary, so for simplicity only positive DAC switching will be
described.

Energy saving algorithm (example of 3-bit ADC using this method is presented in Figure
3.5) implements bottom plate sampling (top plates are held at V,.r). After sampling is done,
top-plates are disconnected from V¢ and all bottom plates are switched to V,q. In such state
first comparison is made, resulting in finding value of Dy_; and next configuration of DAC’s
bottom-plate voltages:

— Dn_1 = 11if Vi p > Vipp, leading to ViSy_2,p> Vyna and Vzn—25; > Viey

— Dy_1 =0if Vi, < Vipn, leading to ViSn_2i > Vier and Viin—25; > Vona

If Dy_1 = 0 than 4-th decision that is 1 will result in connecting capacitance 2¥=27C,, of
sub-DAC to Vs and Dy_;—; = 0 will lead to disconnecting 2% ~2~* capacitance from main DAC
from V,.¢ and connecting it to Vjnq. If Dy_; was 1 than operations will be complementary.
Figure 3.5 presents an example of 3-bit ADC using this algorithm.

Although this algorithm is more energy efficient than classical one (by 56.25% as can be
seen from Table 3.2 or by comparing Figures 3.3 and 3.4), splitting second largest capacitor in
separate binary weighted array to be used during switching requires nearly double the number
of switches in circuit — for high resolution ADC those switches and buffers needed to drive them

might be quite big, resulting in additional area needed for layout.

Required DAC resolution N
(for N-bit ADC)
Number of needed C,, N ol
. ) 2-2 o
(for differential DAC) >
Required reference %
Vgnda Vref £
sources 2 o
DAC’s convergence 1y Q
2 Vref O 500F
voltage
Efficiency 0 ‘ ‘ s . ‘ ‘ i
56.25% 0 512 1024 153,300 2j481 dzsso 3072 3584 4096
_ . output code
(1 Eavg/Eavg,classzc) energy drawn from Vref (average = 21388.13[(3u erf])
Requires 2N-1
Remarks switches for Figure 3.4: Energy consumption due to DAC
each DAC switching for 12-bit ADC using energy saving

Table 3.2: Features of energy saving algorithm. algorithm.
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Figure 3.5: 3-bit SAR ADC incorporating energy saving switching algorithm.

3.1.3 Monotonic switching

Other name used for this method is set-and-down algorithm [19, 21|, idea behind it is to

converge voltages sampled on DACs’ top plates to Vi, instead of converging them to V.,

as in classical method - the comparison of Vpac voltages during conversion for classical and

monotonic switching algorithms is presented in Figure 3.6.

During the sampling phase bottom plates of all capacitors are switched to V,..; while input

is sampled onto top plates. After sampling is finished top plates are disconnected from input

signal, bottom plates remain at V,.; and first comparison is performed. Based on decision of

comparator Dy_1 is resolved and appropriate bottom plate voltage is changed:
— Dn_1 =11if Vi > Vipp, resulting in Sy_o,>Vyng and Sy_2,>Vier
— Dy_1 =0if Vi, < Vipp, resulting in Sy_o,>V,er and Sy_2,,> Vyna

After that the procedure is repeated until whole digital output word is found (Figure 3.8 shows

an example of 3-bit ADC using monotonic switching).

In an alternative version of this algorithm the sampled voltages are converged to higher of

the two. This method would use bottom plate voltages complementary to those described above

(during sampling all capacitors would be switched to V,,; and based on comparator decision

one of capacitors would be switched to V,.; each cycle). Disadvantage of such approach is the

need to switch bottom plate voltages from V4 to V,.s during conversion — this operation is

slower than switching from V,.; to Ve for the same size of switch due to lower mobility of

holes than electrons.
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Sample Phase 1 Phase 2 Phase 3 Phase 4 Phase 5

Sample Phase 1 Phase 2 Phase 3 Phase 4 Phase 5
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Figure 3.6: Comparison of voltage on DACs top plates during conversion using classical algorithm

and monotonic switching. [19]
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Remarks

Table 3.3: Features of monotonic algorithm. algorithm.

Although monotonic switching algorithm uses half the number of unit capacitors compared
to classical method (thanks to top-plate sampling required DAC’s resolution can be lowered
by 1 bit) and is more efficient energy-wise (by 81.25% as can be observed by comparing Figure
3.7 and 3.3) it has big disadvantage — sampled voltages common-mode gradually decreases
from V.., to Vnq. This forces the comparator to work with very wide range of common mode

degrading its performance. Overview of features of this algorithm is presented in Table 3.3.
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Figure 3.8: 3-bit SAR ADC incorporating monotonic switching algorithm.

3.1.4 Merged capacitor switching (MCS)

This algorithm (also called V,,,-based algorithm) [21, 22] uses top-plate sampling and three
bottom-plate voltage levels to approximate sampled signal by converging voltage on both DACs
to V,,. Sampling starts with all bottom plates set to V,,, and sampling on top plates of
capacitors. End of this phase results in switching off sampling switches and performing first
comparison to find value of Dy_; (bottom plates remain at common mode voltage V,,):

— Dy_1 =1if Vi, > Vipp, leading to Sy—2,> Vg and Sy_on>Vies

— Dy_1 =0if Vi, < Vipn, leading to Sy_2,>V,er and Sy_2,>Vyna
After appropriate bottom plate voltages are found next comparison is performed following the
same rules (as seen in example presented in Figure 3.10).

This method requires 1 bit lower DAC resolution compared to classical method (leading to
lower number of capacitors needed) and is much more power efficient — comparison of Figure 3.9
and 3.3 shows 87.5% lower average energy consumption. Although additional reference voltage
source V,,, is required, it does not need to be very accurate — it’s actual voltage level does
not influence differential DAC’s output, it only decides DACs common-mode voltage value.

Additionally no power is drawn from this source, as can be seen at Figure 3.9.
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Required DAC resolution
(for N-bit ADC)
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(for differential DAC)
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Y 87.5%
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Vem voltage
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Table 3.4: Features of MCS algorithm.
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Figure 3.10:

3-bit SAR ADC incorporating merged capacitor switching (MCS) algorithm.

3.1.5 Early reset merged capacitor switching (EMCS)

This algorithm is an improvement of MCS algorithm focused on lowering energy consump-

tion due to DAC switching — still top-plate sampling and three bottom-plate voltage levels are

used to approximate sampled signal by converging voltage on both DACs to V,,,, but switching

sequence is slightly modified [23].

Sampling starts with all bottom plates set to V., and sampling on top plates of capacitors.
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End of this phase results in switching off sampling switches and performing first comparison to
find value of Dy_; (bottom plates remain at common mode voltage):

— Dy_1 =11if Vi, > Vipp, leading to Sy—2,> Vg and Sy_0,>Vies

— Dn_1 = 0if Vi p < Vipn, leading to Sy_o,>V;er and Sy—2,>Vyna

Further DAC switching follows the same rules as above if Sy_;, is supposed to be switched
to the same voltage to which Sy_;_1, is connected. Otherwise (if switching according to rules
above would result in connecting those two switches to different voltages), (as seen in example
presented in Figure 3.14), Sy_;_1, is connected to V., and Sy_;, is connected to:

— Vyes if it was supposed to be connected to Vg

— Vyna if it was supposed to be connected to V,.;
Those two switching phases (switching to V., and switching to Vj,q or V,.r) should be done one
after the other (in any order), because simultaneous switching would reduce energy efficiency
back to level of MCS algorithm, as presented in Figure 3.12.

A big advantage of described method is reducing INL and DNL by removing the worst case
code switching such as [10---00] — [01--- 11]. Overall effect on INL is presented in Figure 3.11.
Furthermore this method requires 1 bit lower DAC resolution compared to classical method
(leading to lower number of capacitors needed) and is much more power efficient — comparison
of Figure 3.13 and 3.3 shows 89.07% lower average energy consumption. Additional reference
voltage source V,,,, does not need to be very accurate — it’s actual voltage level does not influence
differential DAC’s output, it only decides DACs common-mode voltage value. No power is

drawn from this source, as can be seen at Figure 3.13. Overview of basic features of EMCS

algorithm is presented in Table 3.5.
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Figure 3.14: 3-bit SAR ADC incorporating early reset merged capacitor switching (EMCS)

algorithm.

3.1.6 Asymmetric merged capactior switching (AMCS)

This method (described in [24, 25]) follows exactly the same algorithm as merged capacitor

switching, except for last switching of capacitors — based on value of D; last pair of capacitor

switches are set to:
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— Dy =1 than Sop>Vyna, Son>Vem

— Dy = 0 than Sop,> Ve, Son>Vynd
One-sided switching causes the sampled voltage to converge to V,,, — LS B rather than to V,,,,
but for medium and high resolution ADCs this difference is very small and should not cause a
problem for comparator (unlike large variations in common mode voltage observed in monotonic
switching procedure). As presented in Figure 3.16 this method requires some modification to
DAC:

— unit capacitor with bottom plate at fixed potential (used in other switching algorithm to

ensure fully binary voltage scaling) is removed

— capacitances connected to S and Sy are the same size (in both DACs), rest of capacitances

are scaled in usual way in respect to S7 — this can be used either to lower the total number
of used unit capacitors by half (when setting two smallest capacitance to C,,) or to improve
matching (when setting them to 2C,,)

This method requires 2-bit lower DAC resolution compared to classical method (leading to
much lower number of capacitors needed) and has higher efficiency — comparison of Figure 3.15
and 3.3 shows 93.75% lower average energy consumption. Additional reference voltage source
V.m is required and it should provide an accurate voltage level since it’s actual voltage value
influence differential DAC’s output in the LSB bit (on the other hand in case of inaccurate
Vem value an error will be introduced only in last bit). Additionally no power is drawn from

this third source, as can be seen at Figure 3.15. Table 3.16 summarizes the features of AMCS

algorithm.
Required DAC resolution N9
(for N-bit ADC)
Number of needed C,, o oN-2 E 400
(for differential DAC) o
z 300}
Required reference ®
thnda cha Vref g 200
sources £
DAC’s convergence 2 L0l
Vem — LSB Q
voltage S
0
- 0 512 1024 1536 2048 2560 3072 3584 4096
Eﬁ:‘lCIGI’le 93 75% ADC output code
(1 - Ea'ug/Eavg,classic)
Causes = = total energy (average = 341 .1[[?u erf])
common-mode energy drawn from \4"@f (average = 341 1[Cu er )
changes when — griergy drawn from ch (average= 0 O[Cu me])
Remarks ) )
used with split
DAC (descr. in Figure 3.15: Energy consumption due to DAC
sect. 3.33) switching for 12-bit ADC using AMCS algorithm.

Table 3.6: Features of AMCS algorithm.
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Figure 3.16: 3-bit SAR ADC incorporating asymmetric merged capacitor switching (AMCS)

algorithm.

3.1.7 Tri-level switching

The idea behind this variation of successive approximation is based upon converging voltages
sampled on DACs top plates to the voltage level of one of those samples (higher or lower one,

depending on implementation) [26]. An example presenting 3-bit ADC is shown in Figure 3.19.

Conversion starts with sampling input on top plates of capacitive DACs, while all bottom-
plates are kept at V4. When sampling ends top plates are disconnected from input, bottom
plates remain at low voltage level and first comparison is performed. Based on the result value
of Dy_1 and next step of approximation are decided:

— D1 = 1if Vi > Vin, resulting in V2% S, Vi, Sin™> Ve

— Dy_y = 0if Vi < Vipn, tesulting in V22, ” Sip> Vi, Sin>Vigna
Thus one of the DACs (the one with higher value of sampled voltage) remains in the same state
as before comparison — this DAC will remain passive throughout the rest of conversion process,
all switching will be done on second DAC (further referred to as active DAC). After all voltages
are settled second comparison takes place and based on its result Dy_o and voltage of bottom
plate of 2V=3C,, of active DAC S N—3act are decided:

— if Dy_o =1 than SN—S,act_)‘/T@f
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— if Dy_9 = 0 than Sy_34ct> Vyna
This ends second cycle of conversion. All further cycles follow the same methodology as use for
finding Dy _5. This switching procedure results in variable DAC’s convergence and common-
mode levels (comparison between classical and tri-level algorithm waveforms is presented in
Figure 3.17), which leads to the need of a comparator capable to work with wide range of

common-mode voltages.

sample 1 2 3 4 5
sample 1 2 3 4 5

i

(b) Tri-level switching

(a) Classical algorithm

Figure 3.17: Comparison of voltage on DACs top plates during conversion using classical algorithm

and tri-level switching. [26]

Although this method of conversion is very energy efficient (average switching energy is
96.87% lower than in classical method, as can be noticed from comparison of Figure 3.18
and 3.3) and requires 2-bit lower DAC resolution compared to classical method, an additional
reference voltage source V., is required and it must provide a very accurate voltage level since
it’s voltage value influence differential DAC’s output in all conversion phases. Power drawn
from both reference sources for a 12-bit ADC is presented on Figure 3.18. Negative energy
values on this figure mean that for given output code more energy is given back to source than

drawn from it.
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Required DAC resolution

N -2
(for N-bit ADC)
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Table 3.7: Features of tri-level algorithm.
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Figure 3.19: 3-bit SAR ADC incorporating tri-level algorithm.

36



Chapter 3. SAR ADC — algorithm variants and building blocks general considerations

3.1.8 Switchback algorithm

In switchback method (first described in [27], example of 3-bit ADC conversion stages is
given in Figure 3.23) conversion starts with sampling the input on top plates of DACs while
MSB capacitor’s bottom plates are kept at V4 and bottom plates of all the rest of capacitors
are held at V,.¢. After sampling phase ends sampled voltages are compared and both value of
Dy _1 and MSB capacitors bottom plate voltages are decided:

— Dn_1 =11t Vi p > Vipp, leading to Sy_g,>Vyna and Sn_gn>V,er

— Dy_1 =0if Vi, < Vipn, leading to Sy_2,>V,er and Sy_2,,>Vyna
Such procedures enables switching of MSB capacitors without consuming energy. This improve-
ment comes from observation that while energy from external source is needed when changing
DAC’s top-plate from Vs to %me using MSB capacitor (changing DAC’s input from [11---11]
to [01---11], presented in Figure 3.20a, assuming that at start DAC is discharged), additional
energy is not needed to discharge top plate from %‘/;ef to Vi using MSB capacitor (changing
DAC’s input from [01---11] to [11---11], presented in Figure 3.20b).

I [ | 2v2e,v2, [ ] |
TPl pea e Tl TRl prea e, e
Viet  Vief Viet  Vief Vina  Vier Viet  Vier

(a) Energy non-efficient sequence.

| [ ] | 0 | [ ] |

e A R g e A g e
Vona ~ Vres Vieg  Viey Vieg  Viey Vieg  Vier

(b) Energy efficient sequence.

Figure 3.20: Ilustration of idea behind initial switching sequence

Calculation of energies shown in Figure 3.20 is done using equation 3.4:
— from [11---11] to [01---11] — Figure 3.20a:

2N—1
E=2Y"1C,V,es [Vref = g Vres = (Vies = Vref)] =220V, (3:5)

— from [01---11] to [11---11] — Figure 3.20b:

oN-1
E :2N710u‘/ref [Vref — Vies — <Vref - w%ef)] +
o1 (3.6)
+ 28O Ve [me — Vier — (Vgnd - QNVref)] =0

During each subsequent transition only one capacitor is switched, but while first transition

leads to increase of top plate potential of one of the DACs (by %Vm ), all other result in lowering
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3.1. Variants of successive approximation algorithm

potential of appropriate DAC (by ﬁ%e 7 after resolving i-th bit as in other algorithms). This
scheme allows for one-sided operation each cycle, as in monotonic switching, while maintaining
convergence level of samples at V., (in worst case scenario initial common-mode level is %Vm ¥
and by the end of conversion is lowered to %Vre 7)- The comparison of DAC’s top plate potentials

for monotonic and switchback methods is presented on Figure 3.21.

Sample | Phase 1 Phase 2| Phase 3 Phase 4 Sample | Phase 1/ Phase 2’ Phase 3 Phase 4

Bt 1 1 0 1 By 1 1 0 1
(a) Monotonic algorithm (b) Switchback algorithm

Figure 3.21: Comparison of voltage on DACs top plates during conversion using monotonic and

switchback algorithms. [27]

Although this method lowers required DAC resolution by 1-bit compared to classical method
and is more power efficient, it requires DAC precharge before every conversion, which is very
energy consuming (since DAC has a N-1 resolution, precharge energy can be calculated, based
on equation 3.5, as 2 - 2%V _SC’uVTZef). Taking into account only power consumption during
conversion the switchback algorithm has efficiency of 90.63% but a realistic calculation including
precharge energy lowers this value to 71.87% (this difference can be seen on Figure 3.22).
Additionally some time after each conversion is needed to perform this precharge, which extends

time between subsequent conversions. Table 3.8 sums up basic features of switchback method.
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Required DAC resolution

N -1
(for N-bit ADC)
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Table 3.8: Features of switchback algorithm.
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Figure 3.23: 3-bit SAR ADC incorporating switchback switching algorithm.
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3.1.9 Improved switchback algorithm

Improved switchback algorithm [28] uses the same technique as switchback method to avoid
power consumption when switching capacitors after resolving Dy_; (pre-charging both DACs
0 %Vref by making their inputs [01---11] and sampling on DACs top plates in such state).
Also the same methodology of switching is applied — first switching increases voltage at one of
the DACs top plate, while all further voltage changes lower appropriate DAC voltage level, so
by the end of conversion process convergence of Vpac, and Vpacy, to Ve, should be achieved.
It also has the same disadvantage as switchback algorithm — it requires precharge before every
conversion, which severely lowers power efficiency and adds more time between two conversions.
Example of a 3-bit ADC following improved switchback algorithm is presented in Figure 3.25.
This algorithm incorporates an innovative technique to lower energy consumption — switch-
ing bottom plate of capacitor 2'C,, (i # {0, N — 1}) from V,.; to Vy,4 will result in the same
top plate voltage of the DAC as instead switching bottom plate of 2¢71C,, from V. 7 to Ve, but
in latter case energetic cost will be lower (example comparing those two cases is presented at
Figure 3.24).

| Zove, vz, |
——————— -
Vref re gnd ref ref
(a) Energy non-efficient sequence.
=2Ne, V2
ref
| Lo o | | |

- lcﬂ mT o e T e T, e
ef  Vies

V;“ef ref r chm ‘/’r‘ef ‘/ref ‘/ref
(b) Energy efficient sequence.

Figure 3.24: Ilustration of idea behind energy-saving switching sequence.

Calculation of energies shown in Figure 3.24 is done using equation 3.4:
— [11---11] to [10---11] — Figure 3.24a:

N—2 2N —oN—2 3N
E=(2V=2V7) OV, [ veg = o Veer = (Veey = Vref)] 52 GV (37)
— [11---11] to [§1---11] - Figure 3.24b:
2N _ 2N72
FE :2N_lcu‘/ref |“4’ef - T%ef - (‘/'ref - eref)‘| +
2N - 2N_2 cm =" /2 Vre 1
+ 210V [Vm — i Voer = (Vo - Vref)] Vom=eVeer 2OV,

(3.8)
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To even further decrease number of needed unit capacitors the same technique as in AMCS

described in 3.1.6 is used — two smallest capacitors in each DAC (connected to S1,, Sop, Sins Son

switches) have equal capacitance, rest is binary scaled. Switching algorithm proceeds as de-

scribed above until Dy is resolved — based on its value last DAC switching follows the rule:

— if Dy =1 than S()p*‘/cm; S()n~> ref
— if Dy =0 than Sop" refs Son_"/cm

After this switching a comparison resulting in deciding value of Dy is carried out.
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) J i s NS
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Figure 3.25: 4-bit SAR ADC incorporating Sanyal-Sun switching algorithm.
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It is clear that improved switchback algorithm is the most complicated of all described
successive approximation variants — it combines techniques used in other approaches to perform
DAC switching during conversion in most efficient energy-wise way (in this case energy efficiency
is 98.43%). This does not mean though, that it is the most energy efficient method overall —
due to high complexity the digital logic will most likely require more power compared to other
approaches and when a more realistic calculation including precharge energy is carried out,
efficiency drops to 89.09% (precharge influence on power consumption is shown in Figure 3.27).
Additional reference voltage source V., is required to provide a very accurate voltage level since
it’s actual voltage value influence differential DAC’s output in all conversion phases. Power
drawn from both reference sources for a 12-bit ADC is presented on Figure 3.26. Negative
energy values on this figure mean that for given output code more energy is given back to
source than drawn from it. Voltages on DACs top-plates have common-mode level behaving
the same way as in switchback algorithm, the only difference is that at last conversion it is
shifted by LSB due to asymmetric switching. Summary of features of improved switchback

method is shown in Table 3.9.

Required DAC resolution N9
(for N-bit ADC)
o B
Number of needed C, 5 oN . 00T - T e — L 1T~
(for differential DAC) =
& 400}
Required reference ug
%nd» chv Vref £ ool
sources 5
=
worst case: S0
DAC’s convergence 5y = H-"_l_—l —~ |§_l—'-r’
voltage 1Vref = 1024 1536 2048 2560 3072 3584 4096
meiLSB ADC output code
Efficiency 82.17%
. 0 == = {otal energy (average = 597.3[C V2
(1_E /E ,l(") u ref
a9 avg.casse R X DAC energy drawn from V (average_ 694 ?[C erf]
equires m— energy drawn from V (average_ -97 4[(3u Vrzef])
precharge
Remarks
before every Figure 3.26: Energy consumption due to DAC
conversion switching for 12-bit ADC using improved

Table 3.9: Features of improved switchback switchback algorithm.

algorithm.
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— mp. switchback (E_ = 537.3[C V< ]
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imp. switchback (without precharge) (Eavg = 85 3[Cu Vrze'])

Figure 3.27: Comparison of power consumption due to DAC switching when including and

excluding precharge for 12-bit ADC using improved switchback algorithm.

3.1.10 V,,—based monotonic

The idea behind this variation of successive approximation is based upon using passive
voltage shift (voltage level change without any charge change on DAC) to reduce energy needed
during DAC switching [29], as presented in Figure 3.30.

Conversion starts with sampling input on top plates of capacitive DACs, while all bottom-
plates are kept at V.,,. When sampling ends top plates are disconnected from input, bottom
plates are kept at V., and first comparison is performed. Based on the result value of Dy_;
and next step of approximation are decided:

— Dn_y = 1if Vipp > Vig, tesulting in V2%, " Sip> Ve, Sin>Vies

— Dn_1 =0if Vi < Vi, resulting in V?i][)_QSip_>‘/;nef, Sin> Ve

This means that after first bit is decided all switches of one DAC remain unaffected, while
all switches on other DAC are set to V. resulting in mentioned passive voltage shift, and
overall no energy drawn from sources in this step. All further DAC switching is performed

following rules stated in Table 3.10.

Table 3.10: Reference voltages choice after deciding value of Dy_1 in V,,,-based monotonic

switching.
Dy =1 Dny_1=0
DAC side ‘/in,p V;n,n V;n,p V;n,n
Si—l if Dz =1 V;;nd V;“ef ‘/cm chm
Si—l if Dz =0 ‘/cm ‘/cm V;“ef qund

This switching procedure results in variable DAC’s convergence and common-mode levels
as shown in Figure 3.28 | which leads to a need of comparator capable to work with quite wide

range of common-mode voltages.
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sample 1 2 3

sample

(a) Monotonic algorithm

(b) Vep-based monotonic algorithm

Figure 3.28: Comparison of voltage on DACs top plates during conversion using monotonic and

Vem-based monotonic algorithms. [29]

This method of conversion is the most energy efficient among all described in this chapter

(average switching energy is 97.65% lower than in classical method, as can be noticed from com-
parison of Figure 3.29 and 3.3) and requires 2-bit lower DAC resolution compared to classical
method. Disadvantage of this method is a requirement to supply additional reference voltage

source V., capable of providing a very accurate voltage level since it’s actual voltage value

influence differential DAC’s output in all conversion phases. Power drawn from both reference

sources for a 12-bit ADC is presented on Figure 3.29. Negative energy values on this figure

mean that for given output code more energy is given back to source than drawn from it.

Required DAC resolution
(for N-bit ADC)

N -2

Number of needed C,,
(for differential DAC)

2.2N

Required reference

sources

thnda ch,a Vref

DAC’s convergence

voltage

worst case:

%‘/ref — chm

Efficiency
(1 - Ea'ug/Eavg,classic)

97.65%

Remarks

Requires very
accurate V.,

source

Table 3.11: Features of V,,,-based monotonic

algorithm.

u - ref

DAC switching energy [C. V2 ]

0
o

o
o

0
o

[=]

|
o
o
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ADC output code

== = total energy (average= 127 Q[Cu er )
energy drawn from Vref (average = 127 9[Cu Vrze )

_ 2
m— energy drawn from ch (average = O.O[Cu Vret])

Figure 3.29: Energy consumption due to DAC
switching for 12-bit ADC using V,,,-based

monotonic algorithm.
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Figure 3.30: 3-bit SAR ADC incorporating V., algorithm.
3.1.11 Comparison of power consumption of presented SAR algo-

rithms

Most important characteristics of all described methods are presented in Table 3.12, while
Figure 3.31 shows comparison of power consumption due to DAC switching for 12-bit ADCs
incorporating different SAR algorithm variants (on X-axis output code of ADC is marked,
while Y-axis presents energy consumption in technology-independent unit C’Uerf). It can be
clearly seen that thanks to new approaches to SAR algorithm the energy consumption has been
lowered, but it must be noted that this figure presents only DAC switching energy consumption
and consumption of other blocks is omitted — this observation might cause some approaches to
loose their attractiveness due to high power consumption of e.g. more complicated logic. Energy
consumption grows very quickly with increasing ADC’s resolution (as presented on Figure 3.32),
but all described algorithms keep their energy efficiency in shown resolution range.

Variable convergence level of sampled voltages in some SAR variants (monotonic, tri-level)
also causes difficulties that cannot be seen when just comparing algorithms based on Figure

3.31.

implemented in the presented work — constant convergence level combined with relatively un-

For those two reasons Merged Capacitor Switching algorithm has been chosen to be

complicated switching sequence (simple digital logic) and usage of top plate sampling appeared
to be a good starting point for a very low-power SAR, ADC design. Although EMCS algorithm

appears to have very similar characteristics with added bonus of improving linearity, it has
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3.1. Variants of successive approximation algorithm

also the disadvantages of more complex digital logic and a need of two-phase DAC switching

(leading to longer time needed for conversion).
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Figure 3.31: Comparison of power consumption due to DAC switching for different SAR algorithm

variants.
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Figure 3.32: Comparison of average DACs’ switching energy for different resolutions. For ease of
comparison two versions of plot are presented — with linear Y-axis scale (left) and logarithmic Y-axis

scale (right).
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Table 3.12: Comparison of average switching energy for different algorithms and different ADC’s

number of bits V.

Needed DAC  Number of
] ) Needed DAC’s
resolution needed Cy  Equg[CuV% f]
Algorithm Efficiency reference convergence
(for N-bit (for diff. (N=12)
sources voltage
ADC) DAC)
) N reference L 1
classical N 2.2 5459.5 Vand, Vs Vrer 5Vies
(0%)
energy saving N 22N 2388.3 56.25% Vnd, Vres Woes
monotonic N-1 2.2N-1 1023.5 81.25% Vynd, Vyes WVeer = Vyna
MCS N-1 2.oN-1 682.2 87.5% Vand: Vers Vrer Vi
EMCS N-1 2.9N-1 596.8 89.07% Vand: Vers Vrer Ve
AMCS N-2 2.9N-2 341.1 93.75% Vinds Vaa, Vier Vem — LSB
) N lower one of
trilevel N-2 2.2N-2 170.4 96.87% Vand, Vi Vees
{V:in,na V;Ln,p}
worst case:
switchback N-1 2.2N-1 1535.5 71.87% Vnds Vyes 5
Z‘/;‘ef — V;“ef
worst case:
improved N_2 3
] N-2 2287 597.3 82.17% Vnd, Vo Vees Ve —
switchback
Ve — LSB
Vem-based worst case:
) N-2 2.2N-2 127.9 97.6% Vinds Vi, Veer 3
monotonic TVeer = Vem

1

conversion

2

3

3.2 Digital-to-analog converter

— value of supplied voltage should be accurate, since it have a direct influence on resolving Dy

— value of supplied voltage must be very accurate, since it is relied upon in all conversion phases

— value of supplied voltage does not need to be very accurate, since it have no influence on result of

Digital-to-analog converter is used in SAR ADC as reference voltage level generator con-
trolled by SAR logic. Since presented design incorporates MCS algorithm a 11-bit DAC is

needed (top plate sampling allows for first comparison without any DAC switching), which

would require a simple binary-weighted charge scaling DAC build out of 2048 unit capacitances

(as can be can seen from Figure 3.1). Such large number of capacitors would undoubtedly lead

to very big layout area and high total capacitance (unless a very small capacitor having good

matching properties would be available, which is not the case in IBM CMRF8SF technology).

47



3.2. Digital-to-analog converter

To remedy this a split binary-weighted architecture was used in this design.

3.2.1 Split binary-weighted DAC

A split binary-weighted DAC, shown in Figure 3.33 consists of two binary-weighted arrays:
one M-bit and one L-bit, where M + L = N. Those arrays are connected with bridge capacitor
Cp which size should be chosen in such a way that its capacitance in series with L-bit DAC
capacitance (when all capacitors’ bottom plate switches in L-bit DAC are connected to V,q)

is equivalent to C,, [12]:

-, (3.9)

L

T T
I I :

| : |

'C,, C. 20, ol-1c,| ! e 20, 2M-1¢,

! Sr0 St Sr.la : Sm.0 Sm S,
I Vona : :

|

[ T T [ : T T

[

Vgn(l ‘/ref Vgnd Vref thnd Vrefl V;)nd ‘/7‘ef ‘/gnd ‘/ref Vgnd ‘/'r'ef |
LSB side MSB side

Figure 3.33: Schematic of charge scaling split binary-weighted N-bit DAC.

Gain error

Value of C'g obtained through equation 3.9 is a fraction of C, — implementation of such
value would lead to mismatch between bridge capacitor and the rest of array and possibly lead
to difficulties in layout. For those reasons often instead of using ideal value of C'p a single unit
capacitance C,, is used [9]. This modification is a cause of gain error in conversion. Additionally
to save area the dummy capacitor (always connected to V,q) in L-bit DAC can be removed —
its role is only to provide precisely binary voltage division, so its removal will also cause only
constant gain error. To see how output voltage changes due to those errors first calculation for
ideal case (ideal value of Cz and additional dummy C,, in L-bit DAC) will be done (calculations
will be carried out for final state of DAC i.e. all capacitors will be connected to either V,q or
Vier)-

First case to be considered is situation when entire L-bit DAC is connected to V4 and
number of capacitors from AM-bit DAC are connected to Vs (presented in Figure 3.34). Voltage

Vbac can be expressed as (C‘]}fef denotes total capacitance connected to V,.r, while effective
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capacitance of series connection of L-bit DAC and Cp is denoted C,p)

cM C
VDAC:< _1)‘/5f+CeL ref — HCeL 2Mg ref (310)
o
|< , o Vugxc
T T T -7
Vynd S0 S Snrv—1

gnd gnd gnd

Figure 3.34: Schematic of split DAC with L-bit DAC connected to Vi,q

Second case to be considered is situation when entire AM-bit DAC is connected to Vg4

and number of capacitors from L-bit DAC are connected to V,.; (presented in Figure 3.35)
is total capacitance connected to V,.r, while

Voltage V can be expressed as (where Cy
effective capacitance of series connection of M-bit DAC and Cp is denoted Cepy)

G (Gt

CL M CL [2

L VI P e S ¥

2LC, + Copy "~ 7'M = Cor=0)C. | ™ 2L, 28 4 (2M — 1)(2F — 1) + 2M — 12 ’“ef)
3.11
Leading to:
Cy 2" o,

VvV, = V= Vies Vier 3.12
L—1)+2F 2NC, ( )

Vpac =i e w6 T @ — )2

» Cp
V___ : |/ o Vpac
| SN I
C/F /P 2(“/P 2L- 1{F C/P 2('/F 2M-1¢,
Vynd StL,0 St Sr,L-1 Vynd Vynad Vona

Figure 3.35: Schematic of split DAC with M-bit DAC connected to Vg

Combining equation 3.10, 3.12 and using superposition principle DAC output voltage is

obtained:

2FCY  + CF
Vref Vref ‘/ref (313)

Vbac,idea = INC
u

Following the same methodology for situation where Cp = (), and dummy capacitor in
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3.2. Digital-to-analog converter

L-bit DAC is removed results in:

M
CVT‘ ef

VDAC,M*DAC"VQ,,M - 2M(1 o 27N>C

Vyes (3.14)

1 C‘ere f

VDAC,L-DACHVyy = oM " 9L(1 — 2-N)C,

Vies (3.15)

1 LM 4 CF
Vi non—ideal — : oL o V;“e 3.16
DAC, deal 1 _ 9N INC, ! ( )

Comparison of equations 3.13 and 3.16 reveals that gain error introduced by non-fractional

1

=~ This small constant value (for

value of C'g and removal of dummy capacitor is equal to

given resolution) can be calibrated digitally if needed.

Value of unit capacitance C,

Capacitance of unit capacitor C, should be kept as small as possible to save power and
area. On the other hand using too small value will lead to high mismatch and noise influence.
Value of capacitance that would allow for reliable operation of DAC in respect to mismatch

and thermal noise will be calculated in two next paragraphs.
— Mismatch limited capacitance

Unit capacitor can be characterised using its value C, and standard deviation o,. Those

values can be correlated with their layout parameters by [30]:

C, = Ko - A, (3.17)
Ou 1 K,

Ju - 9 1
C. = V2 A (3.18)

where A, is area of unit capacitor, K¢ is capacitor density parameter and K, is technology

dependant matching parameter.

To calculate value assuring safe operation of classical DAC (like the one shown in Figure
3.1) a worst-case deviation of non-linearity is selected as starting-point — for this DAC such
value is differential non-linearity at MSB code transition expressed as [30]:

opnL = 2N — 1% .LSB (3.19)

Assuming that 3o0pn; < 1LSB (to achieve high reliability) and combining equations 3.17,
3.18 and 3.19 results in mismatch limited value of unit capacitance for classical DAC C,, gassic(for
differential configuration, which requires v/2 lower unit capacitance since voltage range is 2 times

bigger and mismatch error rises only v/2 times):

C, = (2V = 1) K2Kc (3.20)

9
2v/2

20



Chapter 3. SAR ADC — algorithm variants and building blocks general considerations

As an example unit capacitor value for MIM-capacitor in IMB130nm CMRFS8SF technology
(KU = 4.12%, Ko = 2.05,um> for 11-bit DAC should have capacitance Cy, a1, classicai-

Cu,MIM,classical = 227fF (321)

Based on equations 3.14 and 3.15 (which show that L-side DAC influence on output voltage
is 2L smaller than that of M-side DAC) one can assume that for for M > % the M-side of
DAC will be the main contributor to mismatch induced error. From equation 3.19 a worst-case
standard deviation of DNL for M-bit DAC can be calculated as:

& ‘/ref
c, 2M

opnL =\ 2M —1 (3.22)

Combining equation above with equations 3.17, 3.18 and assuming that 3opyry < 1-LSB
leads to mismatch limited value of unit capacitance for differential split DAC (), sp:¢ defined

as:

. 2AN=M) (oM 2
Cuspiit = \/‘2 (2" —1) K2Kc (3.23)

Using the same capacitor as in previous example, unit capacitor for split DAC with M=7,

N=4 has capacitance Cy rr1a,spiit-
Cu,MIM,classical = 35989fF (324)

— Thermal noise limited capacitance

Thermal noise generate by capacitive DAC with total capacitance Cy; is equal to V;

kT

herm — C
tot

herm*

vz (3.25)

where kp = 1.38-107% | ]
2.1, 3.25 and assuming similarly to previous case that 3y/V;2,,. < 1LSB thermal limited total

DAC capacitance Ciot therm:

is Boltzmann constant and 7' is temperature. Combining equations

22N
C(tot ,therm — 9V kBT (326)
ref

Applying this equation to considered case (N = 11,T = 293K, V,.r = 1.2V) yields:
Otot,therm ~ 1053[fF] (327)

Comparing values of Cy nrrascassicats Cunirng,spiit a0d Chot therm (respectively equations 3.21,
3.24 and 3.27) it becomes apparent that influence of thermal noise is negligible. The other
thing worth noting is the difference in capacitance of Cy arrasciassicar @a0d Cy arragspiie — their

values indicate that while split DAC uses many times less unit capacitors, for some configu-
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3.2. Digital-to-analog converter

rations it might turn out to have similar total capacitance to classical DAC due to mismatch
limitations. In such cases choice between classical and split DAC might be dictated by minimal
unit capacitance allowable by DRC rules (e.g. in IMB130nm CMRF8SF minimal capacitance

of MIM-capacitor is 60fF, meaning that Cy, a7 classical 1S impossible to implement).

3.2.2 Split DACs comparison

Split DAC architecture allows for substantial reduction in number of unit capacitors needed
to construct 11-bit DAC — Table 3.13 presents comparison of few possible configurations (output
capacitance of DAC (implementation of Cp = C,, is assumed) is denoted C,,;, while value of

mismatch limited unit capacitance is presented in technology-independent form where

Cy
KZKc
C, is calculated based on equation 3.23). Another benefit of split DAC approach is lowering
energy needed to perform DAC switching (when compared to classical DAC with the same
resolution and using the same size of C,,) — Figure 3.36 presents energy consumption for different

configurations of 10-bit split DAC (using classical algorithm).

Table 3.13: Comparison of different configurations of 11-bit DAC. Values are shown for single DAC.

M-bit L-bit Number of Cout[Cu] e
C, in DAC ane
) 6 95 31.98 404305
6 5 95 63.97 205275
7 4 143 137.94 103452
8 3 263 255.87 51929
9 2 515 511.75 26015
10 1 1025 1023.5 13020
11 (without split) 0 2047 2047 6513
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Figure 3.36: Normalized switching power for different distributions of L and M bit values for

10-bit DAC using classical switching algorithm. [32]

It can be seen from Figure 3.36 that more equal the distribution of L and M is, more power
efficient DAC will be. The trade-off is higher value of unit capacitance and potentially greater

influence of capacitance C'g on linearity of converter.

3.3 Sampling switch

To sample input signal onto DAC a device that connects and disconnect DAC from input
is needed — a sampling switch. In simplest implementation (shown in Figure 3.37) such circuit
can be just a single transistor (nMOS or pMOS) which through control of gate potential is

turned on and off by Vo x when needed.

_‘LV cLK c, c,

Vi \j Vin

R
= ON
T Col Cal [
Figure 3.37: Single nMOS sampling switch and its RC' equivalent. [34]

Figure 3.37 presents also an RC' equivalent of this single transistor structure, which shows
that sampling can be thought of as charging and discharging capacitor through resistor. Here
a problem arises — while load capacitance has a rather constant value (in respect to input
voltage), resistance of turned on transistor R,, will change depending on level of input signal
as presented in Figure 3.38a. If a set time is allocated for sampling, such variable resistance
and in turn variable value of RC' would result in variable sampling accuracy of input signal.
There are two ways to remedy this situation:

— circuit solution — using switch architectures that allows for lower transistor on-resistance

e.g. transmission gate (resistance Ry, i gate Presented on Figure 3.38a) or bootstrapped
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3.3. Sampling switch

switch (resistance presented on Figure 3.38b — nMOS with increased Vi)

— technological solution — using modified, non-standard transistors e.g. with lowered thresh-
old voltage (comparison between different transistor;s on-resistance is presented in Figure
3.38Db)

Rou|  High V; nOS Low V; nMOS
usable signal range nMOS with
increased V
/
! on,tr. gate
| VThP | Ve - Ven an—

(a) Rop for nMOS, pMOS and transmission 0 Voo signal level

gate (Roneq) [39] (b) Ry of different nMOS switches [34]

Figure 3.38: On-resistance R,, of transistor switches as a function of input signal level.

Comparing Figures 3.38a and 3.38b it can be clearly seen that while transmission gate

has much lower R,, over whole signal range compared to simple nMOS switch, there still is

dependence between input signal level and switch on-resistance. For that reason a more complex

bootstrapped switch seems to be a more reliable solution.

On-resistance can be approximated with equation (valid only for Vg > Vi, when Vg <

Vi, switch is turned-off and its resistance becomes very high, ideally infinite) [34]:

L

Ron ~
MOComW (VGS - VTh)

(3.28)

where W is transistor’s width, L is its length, g is charge carrier effective mobility and C,, is

gate oxide capacitance per area. From equation 3.28 the idea behind bootstrapped switch can

be seen — if Vizg was to be kept constant and high regardless of input’s signal voltage, than R,,

would always have constant, low value. This can be realised, on conceptual level, by adding

a voltage source V,srs: between transistor’s source and gate (shown in Figure 3.39a) of such

value that:

VGS = ‘/offset = ‘/ref (329)

Circuit that would act in that fashion is presented on Figure 3.39b. It consists of an nMOS

transistor TNSW, capacitor Cysrser and five switches Sy + S5 ([S1, Se, S5] are controlled in

complementary way to [Ss, S4]). When CLK is low Cyyyse is charged to V,.; while transistor’s

gate is kept at Vi,q (circuit is turned off). When CLK goes high capacitor is disconnected

from voltage source and connected between transistor’s source and gate (S5 is open now, so

transistor’s gate is no more connected to Vj,q) — such modes of operation effectively realise
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circuit from Figure 3.39a.

Vies
]

Vtgnd 9
< _\ Ss S /_
5 | 3

Voff.set VG >|
Coffset
Vi’!L O o Vout o /V v —CL
_—\ S So T— ~
(a) Concept of bootstrapped switch. S S |
TNSW s 1‘/
J— gnd
Vm o ° Vout

(b) Basic bootstrapped switch.

Figure 3.39: Bootstrapped switch concept.

Charge injection

When a MOS transistor is conducting, a finite amount of charge carriers are present in
its channel. When transistor is turned off those carriers (and associated with them electrical
charge) are distributed among source and drain. Total charge that is distributed in this process
Qcn can be calculated as [34, 35]:

Qch = WLCox (VGon - VTh) (330)

where Vg, is transistor’s gate voltage in on-state. This injection of charge results in distortion

of sampled voltage AV, (figurative example shown on Figure 3.40) which can be expressed as:

AV, = ag %Ch (3.31)
2

where aq is a fraction of @), that was injected to Cs.

Figure 3.40: Charge injection when turning switch off and its influence on sampled voltage. [35]

Function describing charge distribution among transistor’s source and drain is quite complex
and depends on many parameters (e.g. impedance seen from each transistor’s terminal, slope of
C'LK signal controlling gate voltage) but numerical solution can be found [34], based on which

plot shown in Figure 3.41 can be obtained. Curves seen on this figure represent different values
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%/—’40 Coz
aCs

C LK signal. Examination of Figure 3.41 leads to a conclusion that distribution of charge from

of g—;, parameter on X-axis is a defined as B = (Vgon — Vi) , where a is a slope of
charge injection effect depends heavily on ratio of C to Cs. For SAR ADC this means that
without knowledge about input signal driver’s parameters no calculations of charge injected

into ADC can be made, therefore it is very hard to implement any precautions measures.
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Figure 3.41: Charge injection distribution among transistor’s source and drain. Reproduced from
[34].

3.4 Comparator

Function of a comparator is to compare two analog input signals (or one signal and a
reference source voltage) and decide which of them has higher voltage level. A differential
comparator has two inputs and two outputs (as presented in Figure 3.42a) and in an ideal case
exhibits a transfer curve as the one in Figure 3.42b, which means that:

— if Vipp = Vinn > 0 than Vi, = Vourm and Voun = Vour

— if Vipp — Vinm <0 than Vi p = Vourr and Vourn = Vourm
Output voltage level Vo mr, Vour,r are in vast majority of implementations set to Vief, Vyna

respectively.
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Vout
A
""""" — Vout,H
Vinp
0 ‘/in,p - Vvin,n
‘/'L'n,n """" Vout L
(a) Symbol of differential comparator.
= Vout,p T 77 Vout,n

(b) Transfer curve of ideal differential

comparator.

Vout,H

‘/in,p - V%n,n
LJ VYout,L
‘/offset
= VYout,p T~ 7 Voutn

(c) Transfer curve of realistic differential

comparator.

Figure 3.42: Differential comparator symbol and its transfer curve (ideal and realistic).

When effects of unideal behaviour of circuit (e.g. offset voltage V,ffser or finite gain) are
taken into account the transfer curve changes — an example of a more realistic transfer curve
is presented in Figure 3.42c. Behaviour of comparator changes in such case to:

— if Vinp — Vinn > Vig than Vo, = Vourw and Vo = Vour

— U Vinp = Vinn < Vospser — Vir than Vi, = Vourr and Vourn = Vouru

Comparators used in CMOS technology can be divided into three general groups:

— open-loop comparators (example shown in Figure 3.43) — operational amplifiers without
frequency compensation acting as continuous time comparators. Lack of compensation
does not cause problems in this case since precise value of gain and its linearity are
not necessary, but due to limited gain-bandwidth product this kind of comparators are
rather slow in relation to other architectures. Additional disadvantage is static power

consumption.
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VYTef

T
Vmi{ F/M Vout

%ias
H |
V.

gnd Viqnd

Figure 3.43: Two-stage open loop comparator [37]

— pre-amplifier based latched comparator — combination of open-loop comparator and a
latch (example presented in Figure 3.44). Such combination allows for low offset (reduc-
tion of latched stage offset thanks to pre-amplifier’s high gain) and reduction of both
kickback and metastability problems (both phenomenons will be explained later). Com-
monly a clock signal is employed to change between operation modes — reset and evalua-
tion. They also faster than open-loop comparators but static power consumption is still

a problem.

V;)ut.p Voutm

}Yin.n

cu @FM

Vgnd V:qnd Vtgn d

V;;ias

Figure 3.44: Static latched comparator [37]

— fully dynamic latched comparators — circuits from this group can work differently from one
another (e.g. Lewis-Grey comparator [38] uses input transistors in triode mode as voltage
controlled resistors while double-tail dynamic latched comparator [39] uses differential
input pair and is separated into two stages), but they all have in common a latch output
which in principle uses input-voltage dependant capacitance discharge time to resolve
input level. Comparators from this group have high speed, full-swing output with high
power-efficiency (not static power consumption). Clock signals are always used in this
comparators to change from evaluation to reset phase and back. Since a comparator from
this group is used in presented design a more detailed description of it is presented in

section 4.3.
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Chapter 3. SAR ADC — algorithm variants and building blocks general considerations

Kickback noise

An interesting phenomenon happening during operation of latched comparator is so called
kickback noise. It’s nature can be understood by considering a simplified structure of said
comparator shown in Figure 3.45. Circuit proceeding comparator (in case of presented ADC
it would be capacitive DAC) is modelled as voltage source with small series resistance. This
source drives gates of input pair’s transistors, which have some parasitic capacitances (e.g.

between drain and gate, or source and gate). When a very fast switching from V4 to Vs or

_1
2w fC

the sharper the voltage change, the higher frequency components are presents, thus parasitic’s

from Ver to Ve occurs (during evaluation phase) those parasitic’s reactance changes —

reactance gets lowered. This can be approximated as a short between drain and gate of input

transistor resulting in distortion of gate’s voltage — so called kickback noise.

{VDD
Thévenin »—|>o“—«
equi .
qunfalenfat‘ / |
preceding circuit — —

S
0

Figure 3.45: Kickback noise generation in latched comparator. [40]

AAA
Yy

In general faster comparators generate more kickback noise [40]. There are techniques to
mitigate this effects, one of the more common is to add pre-amplifier before comparator, but a

drawback of this solution is introducing static power consumption to circuit.

Metastability

Latched comparators, as was mentioned before, relay on input voltage dependant capaci-
tance discharge time to resolve input level. This leads to longer comparator decision times for
small input voltage differences. When this voltage difference is small enough comparator might
have not enugh time to resolve given samples properly which might lead to bad interpretation
by succeeding gates leading to a conversion error. In [30] it was shown that probability of such

event occurring P,; can be described as:

1 ‘/;‘Bf _ Tmax
= — T 3.32
PRI (3.32)

Py

where Ay is comparator’s gain factor, V), is voltage range over which input signal changes,
Tnae is maximal time allowable for a comparator decision and 7 is regeneration time constant

of comparator.
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3.5. SAR logic

In [41] a far more extensive examination of this phenomenon can be found, including deriva-
tion of minimal comparator’s gain to allow for metastability errors impact be lower than that

of quantization noise.

3.5 SAR logic

Because architecture of SAR logic depends mainly on incorporated algorithm and on re-
quired ADC parameters (e.g. conversion frequency), it will be described in detail in next
chapter. Here only brief discussion of one of logic’s main building blocks — D flip-flop — will be

presented.

o] o —bCLK Q
rising
1 1 1
non-rising | X Q D
0 X X 0 A
—1 RST Q@

Table 3.14: Example of a truth table for D

Figure 3.46: Symbol of D flip-flop.
flip-flop.

D flip-flops (symbol and example of truth table presented in Figure 3.46 and Table 3.14)
are used in all SAR algorithms implementation to construct chains of gates able to follow
successive approximation algorithm. D flip-flop (DFF) can be constructed in many different
ways depending on main goal of design — classical DFF (shown in Figure 3.47a) consisting of
two latches connected in master-slave configuration is low design risk (with non-overlapping
clock signal risk of race condition is minimal, transmission gate in front of feedback inverters
prevents any fight between feedback and new input). Additional advantage is very low leakage
of charge during absence of clock thanks to feedback inverters. If on the other hand speed is of
main concern DFF can be constructed as show on Figure 3.47b — absence of feedback inverters
and their transmission gate allows for faster operation and lower transistor count, though due
to charge leakage output state will not be held for long time after clock signal disappears. More

architectures are available e.g. in [43].
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(a) Static D flip-flop.

Voo

CLK CLK I?_SL%

D

CLK CLK

(b) Dynamic D flip-flop with reset.

Figure 3.47: Used architectures of D flip-flops.

3.6 DAC switches

To achieve desired ADC resolution DAC switches must be sized in such a way to change
bottom plate voltages quickly enough to allow for DAC’s output voltage to settle within required
accuracy within time that is allowed for 1 bit conversion. Assuming simple RC model of switch
as resistance R, and corresponding to it DAC’s capacitance Cj,,, output voltage V. will

behave according to:
Voutr(t) = Vi (1 — et ) (3.33)

To achieve V,,; = Vj,, — 1LSB in worst case scenario (starting with V., = Vj,q4 and having to

charge DAC to Vi, = V,.y) results in charging time At expressed as:
N=12
At = RoyyCouln (28 = 1) "% 8.3 RoyCl (3.34)
This useful equation allows for relatively easy sizing of DAC switches based on RC time
constant of output voltage (Cs, is known and constant for every switch, therefore width of
switching transistor must be increased to the size achieving desired RC constant of output

voltage).
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4 Design of 12-bit SAR ADC

This chapter presents a precise description of SAR ADC designed in 130nm IBM CMRF8SF
CMOS technology. Figure 4.1 shows a block diagram of converter (since presented work is
focused on R&D few ADCs were designed, differing in used DAC architecture and resulting
from that small differences in other building blocks; despite that block diagram for all ADCs

is the same). Signal names shown in this figure will be kept throughout this chapter.

Analog power domain

—————————————————— — i |
! COMPp { |
I —>— + > H ?{>D[11 0]
I Comparator J SAR > CLKy,
: > | 5 COMPy I I logic s usy
| I
I /r ACT o 1 > DATARDY
iBoot.straped RSTipac |l | V\J/
switches V SW 3 x[10: 0]
| Switches , I |
I | ' B,[10: 0] 2 ||l I
V;n,p ! ! N VDAC D Dy I g 1 |
CLKw L : Diff tial = I
¥ : ifferentia = | Buffers| |
i E : VDAC,n DAC B,,[l() : 0] O
Vinn _)_|:_/< E —— :I_I_/IN: I
| oo ol !

Digital power domain

Figure 4.1: Block schematic of designed 12-bit SAR ADC.

Design of this ADC started with a VerilogA description of all building blocks (except for
DAC which was in this starting phase built out of ideal capacitances), which were then gradually
replaced by their transistor-level equivalents. Such approach allowed for easier design process
than starting with transistor-level design for every block separately and then putting them
together (easier functional verification, shorter simulation times — VerilogA code is simulated
quicker than transistor-level schematics). The order in which those building blocks are described
in this chapter is the same as the order in which their schematics were designed and is a
result of dependence of one blocks on other circuits characteristics (e.g. bootstrapped switches

transistors size depend on their load capacitance, which is total capacitance of DAC). Since
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Chapter 4. Design of 12-bit SAR ADC

there are two power domains present in the design different names for sources for each domain

will be used: Viefa, Vom, Vonao for analog domain and Vs 4, Vyna,a for digital domain.

4.1 DAC

Since the goal of this work is to design a 12-bit SAR ADC with as small power consumption
and area as possible, split DACs with ratio M=8, L=3 and M=7, L=4 based on Table 3.12
appeared to be a good balance between area saving and relatively low mismatch influence. Next

step was finding capacitor with good matching quality available in used technology.

4.1.1 MIM capacitor DACs

Based on design manual for used technology [31] MIM (metal-insulator-metal) capacitors
appeared to have the best matching qualities among all available capacitors. Because design
specification constrained pitch of designed ADC to 144um minimal MIM-capacitors allowed
by DRC rules were chosen as DACs building blocks — this allows for construction of two DAC
placed side-by-side, each built out of four rows of capacitors. Such minimal MIM capacitor has
matching coefficients: Ko = 2.05 [%}, K, = 4.12 [%pum], which means that, based on equation
3.23, unit capacitance should be:

— forsplit L=4, M =7: C, =359.89fF

— forsplit L=3, M =8: C, =180.7fF
Those results indicate that actual capacitance of chosen MIM-capacitor (60 f F) is far too small
and ADC with DAC built out of such small capacitors will have very big performance variation
due to mismatch (thermal noise is, based on equation 3.27, completely negligible). On the other
hand capacitances as big as those calculated above are undesirable considering the limitations
(e.g. 144pm pitch) and requirement to keep power consumption as small as possible. To check
ADC’s performance variation when using small unit capacitance three DACs were designed:

— split L =4, M =7: C, = 60 (refereed to as L4AM7 DAC, presented in Figure 4.2a)

— split L =4, M = 7: C, = 30 (refereed to as L4AM7-0.5C DAC, presented in Figure 4.2b)

— split L =3, M = 8: C, = 30 (refereed to as L3M8-0.5C DAC, presented in Figure 4.2¢)
Unit capacitance of 30 fF is obtained by connection in series two 60 fF capacitors. To check
ADC’s performance variation 200 Monte Carlo simulations where done for three considered
ADCs (using different DACs). To be sure that all effects are related to capacitors all ADC’s
blocks used for simulation, except for DAC, where VerilogA models, not transistor-level schemat-
ics. Simulation where done for 20MHz sampling and Discrete Fourier Transforms were calcu-
lated based on 64 samples (this relatively low number of samples is a result of long simulations
times) using script made by staff of Department of Particle Interactions and Detection Tech-
niques WFiIS AGH. Results are presented on Figures 4.3a, 4.3b and 4.3c.
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(b) Schematic and layout floor-plan of L4M7-0.5C DAC.
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(c) Schematic and layout floor-plan of L3M8-0.5C DAC.

Figure 4.2: Schematics and layout floor-plans for MIM-capacitor based DACs.
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(a) ADC with L4M7 DAC.

11,73 11.8 11.89 11.9 11.95 12 1285 12.1 12,15
ENOB

(b) ADC with L4M7-0.5C DAC.
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(c) ADC with L3M8-0.5C DAC.

Figure 4.3: Results of 200 Monte Carlo dynamic simulations for ADCs with different DACs
schematic (rest of the functional blocks — VerilogA).
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(c) ADC with L3M8-0.5C DAC.

(rest of the functional blocks — VerilogA).

Figure 4.4: Results of 15 Monte Carlo static simulations for ADCs with different DACs schematic
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The performance variation was also checked with static simulations of ADCs with all three
DACs (also with all functional blocks except for DAC replaced with their VerilogA models).
Because of very long simulation times a standard approach like histogram method described
in [16] could not have been adopted, so simulations were done by introducing a very slowly
changing differential ramp signal to ADC’s input and sampling it’s output every 25ns (40MS/s).
Rise time of ramp signal was chosen in such a way to (for ideal case) sample every LSB step
three times (about 12000 data points per simulation were gathered). Simulation data was
than analysed and input voltage of data points having the same ADC output were averaged.
Obtained in this way an analog voltage value assumed was to be the middle of LSB step —
after such analysis from about 12000 points initially gathered, a data set of 4096 points was
obtained. From this a transfer curve of ADC was plotted and both INL and DNL are calculated
in a way described in section 2.1.1. Since the number of samples per LSB step is relatively low,
results presented on Figure 4.4a, 4.4b and 4.4c should be treated only as approximation of real
performance.

Results presented on Figure 4.3 in all cases show that ADC’s ENOB stays within 0.5-bit
range of 12-bit value, which is an acceptable result (ENOB above 12 bits is most likely a result
of relatively low accuracy of simulation — only 64 samples per DFT). Larger spread of ENOB
for configurations using C, = 30fF is to be expected, but even in their case overall results
are reasonably good. Also static simulations presented in Figure 4.4 are relatively good, there
are no non-linearities which would indicate missing codes (DNL linearity errors larger than
1LSB), but all converters are not monotonic (INL above 0.5 LSB). It can be seen though that
DAC with smaller unit capacitance perform worse. Higher errors observed in L4M7-0.5C DAC
compared to L3MS&-0.5C DAC despite both DACs having the same unit capacitance is also
to be expected because of higher total number of capacitors in L3M8-0.5C DAC leading to
lower influence of mismatch. This might suggest that equation 3.23 is too conservative and
leads to unit capacitance values larger than in reality needed (assuming that the technology

parametrization for MIM-capacitors is good).

4.1.2 MOM-capacitor based DAC

One of possible alternatives to MIM capacitor is metal-oxide-metal (MOM) capacitor, which
uses parasitic capacitances that exists between metal lines, as shown on Figure 4.5a. Although
MIM capacitors use vertical electric field, which is denser than lateral field when per layer
capacitance is considered, MOM capacitors can be stacked in several layers using both lateral
and vertical field — in such configuration their density can be higher. MOM capacitors in form
shown in Figure 4.5a are not available in used in this work design kit, but there are capacitors
using the same principle — VNCAPs (example shown in Figure 4.5¢) — built out of interleaved
metal multi-finger structure. Problem with those capacitors is their big top and bottom plates

(on Figure 4.5¢ seen as left and right plate) — their area is quite big compared to area of actual
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capacitor. This results in large undesired parasitic capacitance to substrate, which would make
DAC designed out of VNCAP ineffective (unwanted parasitics would degrade output voltage
levels). For those reasons designing MOM capacitors by drawing by hand structures like that
presented in Figure 4.5b seemed beneficial — area of metal in relation to capacitor area is
much smaller compared to VNCAP, which should lead to smaller value of unwanted parasitic
capacitance. Additional benefit of making structures by hand is lack of restrictions on capacitor
size (only restrictions for spacing of metal lines and their width remain). Such approach has
also its drawbacks — due to construction of MOM capacitors it would be rather difficult to build
split DAC out of them, so to minimize number of used capacitors a classical (not split) binary-
weighted MOM DAC was build to suite AMCS algorithm requirements (this of course requires
some modifications in SAR logic). Also no models for Monte Carlo simulations are available
for capacitors designed in described way, which means that reliability of MOM-capacitor based

DAC cannot be checked through simulations.

common
plate

/| capacitor  ewewryen|
E— / inner plate | [~ | capacitor
e [

grounded

/// . shield plane

inner plate
node routing

(a) MOM capacitor array [33]
(b) Example of single MOM

(c) Example of single

capacitor. VNCAP capacitor.

Figure 4.5: Examples of MOM and VNCAP capacitors (not to scale).

To find the best configuration of metal layers for MOM-capacitors few different attempts
were made, but all of the suffered the same flaw — very high unwanted parasitic capacitance to
substrate, it’s value ranged from 30% to 50% of unit capacitance. Best result — C, = 2.5fF)
with Cparasitic = 0.8fF — was obtained for capacitor presented in Figure 4.5b constructed out
of Metal3 (outer ring (common for all capacitors top plate) 1.2um x 10.8um, inner metal strip
(bottom plate) 0.2um x 10um) with no additional shielding. Routing was done using Metalb
(MQ). Schematic and layout floor-plan of DAC based on this unit capacitor are presented in
Figure 4.6. No common-centroid technique is applied to keep amount of metal used for routing

to minimum (to minimize undesired parasitics capacitances between metals).
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Figure 4.6: Schematics and layout floor-plan for MOM-capacitor based DAC (capacitor sizes are

not to scale). Letter D indicates dummy capacitors.

Even in this best case though performance degradation is observed — additional parasitic
capacitance to substrate results in capacitive division of each unit capacitor voltage. This means
that e.g. effective reference voltage for DAC is lower than actual one and therefore input signals
with large amplitude saturate converter. For described MOM-capacitor differential signal’s
amplitude had to be lowered from 1.15V (as used for MIM-capacitor based DACs) to 0.88V
in order to not saturate ADC during simulations. Because no Monte Carlo model of inter-
metal parasitic capacitances was available only single measurement of ADC performance was
done. Similarly to MIM-capacitor based DACs all building blocks in ADC were substituted
for VerilogA models. Simulations were done for both purely capacitive extract of DAC and
fully RC extract (both parasitic resistances and capacitances included in simulation), DFT was
calculated based on 4096 samples — results are presented on Figure 4.7. Reason for much better

results when simulating circuit with full RC extracted has not been found.
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Figure 4.7: ADC performance with MOM-capacitance based DAC (differential input amplitude

lowered to 0.88V)

Static simulations (performed in exactly the same way as for MIM-capacitor based DAC,

only narrowing analysed analog voltage range to not saturate converter) are presented in Figure

4.8.

INL [LSB)

DML [LSB]

ADC output code

: | LB, > = 0.472 [mv]

Differertail analog input [%]

i 1 1 1 1 1 I I I
12 -1 08 06 04 02 0 02 04 06 0B 1 12

) 1024 2043

ADC output code

3072 4096

Figure 4.8: Results static simulation (obtained through simulation) for ADCs with MOM-capacitor
based DAC extract (rest of the functional blocks — VerilogA).

Figures 4.7 and 4.8 show that with lowered maximal input signal amplitude ADC works

quite well during dynamic simulations, but static performance is much worse (very non-linear
behaviour with INL exceeding 1LSB for most of codes). Additional benefit of using MOM-

capacitor based DAC is it’s much smaller size compared to MIM-capacitor based converters, as

is presented in Table 4.1 and Figure 4.9.

70

2e+B7



Chapter 4. Design of 12-bit SAR ADC

Table 4.1: Size comparison of layouts of designed DACs.

DAC Width [pm] | Length [um)]
MOM-based 146 188
MIM-based L4M7-0.5C 435
MIM-based L4M7 144 815
MIM-based L3M8-0.5C 800

MIM L3M8-0.5C
(800 um)

MIM L4M7
(815 ym)

MIM L4M7-0.5C
(435 um)

MOM
(188 pm)

Figure 4.9: comparison of layouts of designed DACs.

4.1.3 Comparison of MCS and EMCS algorithms influence on DAC’s

performance

While MCS algorithm was chosen instead of EMCS to be implemented in presented design
(for various reasons), EMCS has one very interesting feature — thanks to eliminating the need
for worst case code switching (e.g. [01---11] — [10---00]) linearity of ADC should improve
(when comparing to same ADC’s configuration using MCS algorithm). To see how large said
improvement would be in case of 12-bit ADC, simulations using VerilogA model of functional
blocks (including EMCS logic) and schematics of two of designed DACs were carried out (both
dynamic and static, simulation methodology was also exactly the same as in previous sections).
Results are presented in Figure 4.10 and 4.11. Comparing Figures 4.3a with 4.10a, and 4.3c with
4.10b reveals that variation of values of ENOB is smaller when using EMCS algorithm, while
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4.1. DAC

analysis of static simulations (comparison of Figure 4.4a with 4.11a, and 4.11b with 4.11b)
shows about 20% lower INL (DNL is unchanged). This results are very encouraging (quite
substantial improvement in performance by just changing the algorithm of DAC switching)
and might lead to re-consideration of implementing EMCS algorithm as a potential future

work on the project.

30

11.75 11.8 11.85 11.9 11.95 12 12.85 12.1 12,15
ENOB

(a) ADC with LAM7 DAC.

a
11,85 11.9 11,95 12 12,85 12,1
ENOB

(b) ADC with L3M8-0.5C DAC.

Figure 4.10: Results of 200 Monte Carlo dynamic simulations for ADCs (using EMCS algorithm)
with different DACs schematic (rest of the functional blocks — VerilogA).
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(b) ADC with L3M8-0.5C DAC.

Figure 4.11: Results of 15 Monte Carlo static simulations for ADCs (using EMCS algorithm) with
different DACs schematic (rest of the functional blocks — VerilogA).

4.2 Bootstrapped switch

Transistor-level schematic of bootstrapped switch (based on [36]) is presented in Figure
4.12 (transitor’s bulk connections are marked only in non-standard cases i.e. nMOS bulk
at potential different than V4, or pMOS bulk potential different than V,.s,). Transistors
TNy, TP,, TN3, TPy, TNs correspond to switches S7, Ss, 53, 54, S5 from Figure 3.39b, additional
transistors are needed for more reliable operation:

— gate of TP, must be connected to node G (gate of TNSW) to be always able to turn

transistor off when C'LK is high (important for cases when input voltage is near to V.,
— potential at nodes B and G rises to 2V,.¢, so transistor could not be turned off if its

gate would be connected to CLK)
— transistor T'Ng is used to connect gate of T'P, to node A when CLK is low (if gate of
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4.2. Bootstrapped switch

TP, was controlled by CLK than for input near V,.r, and low CLK signal gate-source
voltage of T'P, would be near —2V,. s, which might damage the transistor). When CLK
goes high gate of T'P, is connected to V,.f, by T'P;

— because gate of T'Ng is connected to node G, which potential is controlled by TP, a
dependency loop exist between the two transistors. For this reason T'Ngg is needed to
force start T'P, to conduct when C'K L goes high

— transitor T'Nps was added to prevent Vip of T'N5 reaching 2V,..f, when CLK is low

‘ for 4pF ‘ for 8pF

WNSW [um] | 15.36 25.8 Viera

T Ny [um] 0.48 0.48 N 1 Vit . TP,

TP, [um)] 0.48 0.48 0LA~{ CLK w{ #

TNs5 [um] 0.48 0.48

TP, [um] 0.48 0.48 @ — >| ®

TNs [um] 5.76 7.88 TNes| Cogpou (

T Nrs [pm] 5.76 7.88 II II g{ l;l Vieta CIE
T'Ng [um)] 0.96 0.96 N . TNy TN
TNes [pm] 0.96 0.96 I

TP [um] | 048 | 0.48 o © |ow Vond.a
Coffset [fF] 500 750 Vo Voo

Table 4.2:

Figure 4.12: Transistor-level schematic of bootstrapped switch [36].
Bootstrapped switches

components sizes.

Sampling duration

Because four different DACs are designed in this work they require different bootstrapped
switches. Sizing of transistor depends on bootstrapped switch’s output capacitance (input
capacitance of DACs), which are (for MIM-capacitor based DAC calculation is based upon
Table 3.13, for MOM-capacitor based DAC simulated value is presented):

— for LAMT7 DAC C}, = 8.28pF

— for L3M8-0.5C DAC C;, = 7.68pF

— for L4M7-0.5C DAC C;,, = 4.14pF

— for MOM DAC C;,, = 3.31pF
This shows that only two separate bootstrapped switches are needed because there are two pairs
of DACs with similar input capacitance. All transistors in designed bootstrapped switches have
length of 120nm (minimal allowable in used technology), widths are presented in Table 4.2.

Figure 4.13 shows simulated sampling accuracy (in bits) as a function of sampling time

duration - it can be observed that at least bns is needed to sample input with enough accuracy

74



Chapter 4. Design of 12-bit SAR ADC

(13bits, to be sure that switches do not limit accuracy of the ADC), but in final design 7ns

sampling time was chosen (for both switches) to get additional safety margin.

Sampling accuracy [bits]

0 1 2 3 4 5 6 7 g8 9 10
Sampling time length [ns]

Bootstrapped switch for 4pF Bootstrapped switch for 8pF

Figure 4.13: Sampling accuracy of designed bootstrapped switches as a function of sampling time.

4.3 Comparator

A fully dynamic latched comparator presented in [37] was used in the design because of its
low offset and kickback noise, combined with fast operation. Schematic of circuit is presented
in Figure 4.14 and all transistors widths are given in Table 4.3 (all transistors have length of
120nm).
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Table 4.3: Widths (in

pum) of all the transistors

. Figure 4.14: Transistor-level schematic of used comparator [37].
used in comparator.

Simulated waveforms of presented comparator are shown in Figure 4.15. Operations of this
circuit can be divided into two phases: reset and evaluation.

During reset phase (CLK = 0) transistors TP, and T Ps are turned on so nodes D;,, and
D, ,, are charged to V,cs,. This result in turning on transistors T'N;s and T'N;7 leading to
discharge of nodes D;,, and D; , to Vya,. This results in turning on transistors TPy, TPy,
TPy and T'Py5 and as result both Vi, and Vi, are reset to V,.;.

When C'LK changes to logical 1 evaluation phase starts. Transistors T'P, and T Ps are turned
of and D;, and D; , nodes are discharged to V,q, in rates dependant upon input voltage level.
When either of the two voltages drops below Vi.f, — |Virn,| (where Vi, is threshold level of
pMOS transistor) transistor T'Pjg or T'Pjg invert appropriate D; node’s voltage into D; node.
As D;, and D; , rise within different times, they turn on one after the other TNy, and T'Ny3
leading to start of latch regeneration at both outputs at different times. After either one of
Voutp OF Vourn, drops below Viero — |Vrn,| the positive feedback becomes much stronger (7'Fg
and T'Py are switched on). Output V., will be logical 1 if D;, > D;  or will drop to logical
0 if opposite is true.

As can be seen from Figure 4.15a designed comparator resolves correctly voltages differing
by 0.25mV (% LSB). Due to metastability phenomenon described in previous chapter, time

which is needed for this comparison is longer than in case of higher input voltage difference.
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As can be seen on waveforms in Figure 4.15b around 200 ps is needed to perform comparison

in case of so small input voltage difference to get correct results — this should be fast enough
for designed ADC.
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(b) Close-up of one of the comparisons from (a).

Figure 4.15: Simulated waveforms of comparator operations.
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4.4 DAC switches

Each of the binary scaled capacitors in both DACs (in each ADC) has it’s own switch and

associated with it buffers — Figure 4.16 presents one of such circuits.

Size of transistors in switch must be chosen large enough to ensure DAC’s voltage settling
with acceptable accuracy within time constrains based on conversion rate, which for this design
is 40MS/s (meaning that there are 25ns between subsequent conversions). Taking into account
that it was decided to allocate 7ns for sampling, only 18ns remain to determine 12bits, which
means that on average one bit should be resolved every 1.5ns. Within this time digital logic
must interpret comparator’s output and decide next switching step, DACs must be switched and
their voltage settle with high accuracy, so comparator can make correct decision. Simulations
have shown that to achieve all that even in bad conditions (e.g. comparator’s metastability) in
given time DAC switching should not take longer than 0.6ns. Based on that information and
equation 3.34 each switching transistor should be sized to such width (length was always kept
minimal) that measured time constant R, Cy, of DAC’s output voltage is about 72ps (to allow

for some safety margin actual sizing was done for 65ps).

After switches sizing was complete buffers that were needed to effectively drive switches were
calculated (both number of buffers and their size) based on logical effort method described in
appendix B. Example of simulated operation of switch with buffers obtained in described way

is presented in Figure 4.17.
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capacitors of DAC.
Figure 4.17: Simulated waveform of operations
of DAC switch.
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4.5 SAR MCS Logic

Designed logic is asynchronous — it does not need any external clock to control timing (apart

from C'LKgqmpie which just starts the conversion and does not control ADC after that in any

way). As was explained in previous section average time for resolving one bit must be 1.5ns

or less. This is equivalent to working with frequency of approximately 670 MHz — this means

that logic cannot be synthesized automatically from Verilog code (using special tools) because

circuits obtained in this way are build out of library elements, which would be too slow. As a

result whole logic had to be done by hand, including design of logic gates and D flip-flops.

Successive approximation logic used in presented design consists of four main functional

blocks as shown in Figure 4.18. Description of each block will be presented in separate section

but signal names are kept the same throughout this chapter. Additionally all buffers used just

to speed up signals will be omitted in presented schematics to keep them simple.

COMPp —>|

compy —y| Comparator

CLEK sampte —3 control > ACTeoms
CLK, — circuit [ > VAHP

RSTprr —>
fiste=2= BUSY

CLKo,dgetayed —3] —>» BUSY
CLK ampte —3m generator

VALID —» DAC switches = D[11:0]
COMPp —3» control > swH[10 : 0]
COMPyN —>» & > swCM][10 : 0]
RSTprr =3 Data output > swL[10 : 0]

CLK.s'umplc +
BUSY —>

RSTere —>

Bootstraped switches
control

&

Internal reset

» CLKMP
> RSTDFF

Figure 4.18: Block schematic of designed SAR MCS logic.

Bootstrapped switches control & internal reset

Simplified schematic of this block is presented in Figure 4.19a and simulated waveforms of

its behaviour are shown in Figure 4.19b. This block of digital logic has two goals:

— produce C' LKy, signal which is used to control opening and closing of sampling switches.

This signal goes high (starting sampling) 280ps after C' LK qmpie rises to have some time
to reset the rest of the logic. When C' LK q,pie falls to zero, C LKy, follows immediately

so that sampling end is in fact controlled by C' LK qmpiec-

— generate internal reset signal RSTppp — reset is active (gates and DFFs are reset) when

RSTppr is low, so whenever one of signals C LK sumpie, RSTest (external reset) or BUSY

(indication that ADC is currently converting) goes high , reset for digital logic is stopped.

In case of next sampling clock rising before current conversion is finished (BUSY would

still be high, as can be seen in Figure 4.19b at 48ns) ADC is reset and new conversion

starts (any result from unfinished conversion is discarded).
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Figure 4.19: Bootstrapped switch control and internal reset generator circuit with simulated

waveforms of its operation.

DAC switches control & data output

Simplified schematic of this block is presented in Figure 4.21. This is the biggest and most
complex block of digital logic. It consists of three chains of D flip-flops:
1. Control chain — task of this part of logic is to assure that:
— DACs switching is performed in correct way (defined by MCS algorithm)
— output bits D are resolved from MSB to LSB in correct order.
Output of each DFF in this chain is connected to data input of next DFF in this chain
(with the exception of first D flip-flop, which input is connected to V,.f) and to clock input
of one of the decision circuit of decision chain. All DFFs in control chain have common
clock input which is connected VALID signal (it goes high after comparator decision is
made and goes low when comparator is reset) — this means that after first comparator
decision all DFFs in this chain are clocked but only first one’s output — C' LKy, — goes
from 0 to 1 (at start all flip-flops are reset, so all starting outputs are at 0). When next
comparator decision will be observed again all DFFs will be clocked and than output of
first DFF will remain at 1 and output of second DFF — C' LK, — will change to 1, while
the rest will remain at 0. Simulation results of this process are presented in Figure 4.20
(only few C' LK signals are shown for clarity of plot).

Each C'LK is a triggering signal for one of the decision circuits from decision chain, so
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the order in which C'LK signals go from 0 to 1 decides the order in which decision circuits

are used. This dependency assures that output bits will be resolved in proper sequence
(from MSB to LSB).
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Figure 4.20: DAC switches control for MCS algorithm — circuit schematic.

81



4.5. SAR MCS Logic

: _
_ oA_noA_noA_noA_dﬂo
| |
_ MTOGH MTOH . . e MTOGH MTOH |
o ah o akh o  al —o akt
| lla Tja [otla (11la |
1 r—--- - - —-—"=—=}=-=-===== = = = £ = - = = =+ = - = = =
(44 21vess 1) g ; oo
ureyo %MOE@E e Y NIIWOO
|
_ . ms ms . ms
LU gyl Tome| LS ey Torms | © LU rarsy| G| T gy |
I/ ns ns / ns
| a [ol7voms | 770 a e o o l6liwOms no a lotj7voms | 777 a |
O R e R AE lams |17 10 otz | 1" N0
G - - _ - - - - - __ - -1 __1_1
( s3I [0I13U0D ZT) e B e S .
UTRTYD TOTSID
rey IS | ISU Lz, ISU e ISU Yz, ISU e _
| a a e a at— _
bpfay
lo b 10 T [ i) rvr=7=S RN PP P e a0 T — O 10
|§o||||4 ||||| Eo||||+|vmo|||||m@||bﬁ|||||v:|o|||4||L
( AAQ orureusp z1) :

urero [0IjU0))

DAC switches control for MCS algorithm — circuit schematic.

Figure 4.21

82



Chapter 4. Design of 12-bit SAR ADC

% 0 ¥ 1
o] 5 10 15 20 25 20
time [ns]
CLK CLK Q swH 1z : . .
COMPy RSTprr| Ew
—N1p % 0.6 E

RSTprr

2. Decision chain — this part of digital logic consists of 12 decision circuits presented in Figure

4.22a and it’s task is to determine to which potential capacitors from the DACs should
be connected at given phase of conversion. When an i-th decision circuits is triggered
by a C'LK; it changes states of swH;, swCM; and swL; — signals controlling to which
potential 2°C, in DAC is connected (swH controls connection to Viefa, sSwCM controls
connection to V., and connection to Vg, , is controlled by swL) If any of this signals is
high, a potential with which this signal is bound is connected to DAC’s capacitor:

— swC'M; is always an inversion of CLK;, so when C'LK; goes to 1, swC'M; goes to 0
resulting in disconnecting 2°C, in DAC from V,,,

— if input of decision circuit is COM Pp (p-side output of comparator) than ¢ output
of DFF decides state of swL; while swH; is decided by @Q. If signal connected to
DFF’s input D is COM Py (n-side output of comparator) than ) controls swH;
and @ controls swL;. Half of decision circuit are connected to COM Pp and the
other half to COM Py — reason for this is to attempt to even out capacitive loads of
comparator’s outputs since any mismatch in this respect might degrade comparator’s
performance [42].

One of the inputs of AND gate controlling state of swl; and swH; signals is delayed
CLK; — this is implemented to assure that capacitors are disconnected from V,,, before
being connected to Viesq O Vinga.

Value of output bit D; for given conversion is the same as state of swl;, therefore swL

signals are provided to memory chain as conversion results.
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(b) Example of simulated waveforms.

Figure 4.22: Decission circuit schematic together with simulated waveforms.
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3. Memory chain — to speed up operations of both control and decision chains dynamic D
flip-flops were used in both of them (schematic of such DFF is presented in Figure 3.47b).
As a consequence any data stored in those DFFs might get corrupted due to charge
leakage after being stored for long time. To remedy this memory chain was introduced
consisting of 12 static DFF (with schematic as presented in Figure 3.47a). Input data
for those flip-flops are ADC’s output bits values found by decision chain. All DFFs in
this chain are triggered by delayed C'LK| signal, which means that ADC’s output word

is saved only after whole conversion is done.

Comparator control circuit

Simplified schematic of this block is presented in Figure 4.23a, while Figure 4.23b presents

waveforms from simulations of this block. This circuit has two tasks:

— generate VALID signal which is used to monitor when a stable comparator output is
available — VALID goes to logic 1 only when one of comparator’s outputs is high while
the and other is low. If both of comparator’s output are is the same logical state VALID
is at 0. This functionality is achieved by using single XOR gate.

— generate ACT,,,,, signal which controls comparator’s reset and evaluation phases timing.
This functionality is provided using 3-input NOR gate to generate COM P,y signal which
is delayed by variable (between conversion phases) amount of time. Starting value of
COMPF,,; is 1. At CLK qmpie rising edge COM P, goes to 0 causing comparator to
reset. When C LK qmpre goes back to 0 COM P, goes to one and first comparison of
DAC’s top plate voltages is performed. As a result (after comparison is finished) VALID
goes up which resets the comparator and in turn causes VALID to go to 0 — this feedback
loop is continued throughout whole conversion. C'LKj is used to reset comparator at
the end of conversion process. ACT,yy,, signal is additionally sensitive to RSTppp to
assure that comparator will be reset after RSTppp goes to 1 (important in case of bad

conversion).
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(b) Example of simulated waveforms.

Figure 4.23: Comparator control circuit together with example of simulated waveforms.

BUSY generator

Task of this simple circuit is to generate BUSY signal which would indicate if ADC is
currently converting (BUSY = 1) or not (BUSY = 0). This functionality is obtained by using
one DFF (static with reset, taken from IBM CMOSSRF library, which in contrast to all design
DFFs is reset when RST signal is high) with input D connected to V,.;. At the start BUSY
is zero and goes high at the rising edge of C LK umpe (DFF is reset, so it’s Q output goes to
1) and remains in this state until C LK gejayeq goes high which results in triggering DFF and
BUSY going to logical 0. In case of C'LKsqmpie rising before end of current conversion BUSY

remains high.
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(b) Simulated waveforms.

Figure 4.24: BUSY signal generator with simulated waveforms of circuit operations.

4.6 Performance of designed ADC

Result of Discrete Fourier Transforms obtained from simulation of schematics of designed
ADC with MIM-capacitor based DACs are presented on Figure 4.25. Simulations were done for
40MS/s (signal frequency was chosen according to rules described in section 2.1.2, which turned
out to be nearly 16MHz), for each DFT 1024 samples were gathered. Analogical simulation
results with VerilogA models of functional blocks and MOM-based DAC extract were shown
in Figure 4.7. Average power consumption for 40Ms/s conversion rate (for both analog power

domain F,,, and digital power domain Py;,) for all ADCs is presented in Table 4.4.
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(b) ADC with L4M7-0.5C DAC
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Figure 4.25: Results of Discrete Fourier Transforms of simulations of full schematic of ADCs with

different MIM-capacitor based DACs.
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Table 4.4: Average power consumption of designed ADCs.

P.,o@40MS /s [uW] Puiy@40MS/s [uW]
MOM-based 306 326
MIM-based L4AM7-0.5C 376 396
MIM-based L4M7 427 452
MIM-based L3M&-0.5C 397 421

Full schematic simulations show that designed ADCs work well — in two cases ENOB is
about 11.6, while the best ADC (the one with L4M7 MIM-capacitor DAC) achieves 11.85
ENOB. Power consumption was kept below 1mW, which is well within design limits. Those are
very good results for 12-bit ADC, but it must be remembered that next step in design would
be physical layout and post-layout simulations, which would most likely show degradation in

the performance due to parasitic capacitances and resistances.
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Summary

The goal of this work was to design a 12-bit successive approximation analog-to-digital
converter for possible use in future readout systems of High Energy Physics experiments. The
converter should be able to work with 40MHz sampling clock, while maintaining very low power
consumption and area. In the first part of the thesis overview of present and future HEP ex-
periments was presented and the role of read-out microelectronics used in experimental devices
was described. In chapter two basic definitions connected with ADCs were explained together
with review of popular ADC architectures. Third chapter contains a detailed description of
different approaches to successive approximation ADC and converter’s building blocks. In the
last chapter a detailed description of designed ADC illustrated with simulation results was
presented.

In order to design a converter meeting required specifications a thorough examination of
various approaches to successive approximation ADC was carried out, followed by development
of Matlab code to calculate energy consumption of each configuration. This allowed to quanti-
tatively compare all approaches in terms of power efficiency which, coupled with informations
about other features of each method (e.g. number of needed voltage references, required internal
DAC resolution, complexity of digital logic), lead to selection of Merged Capacitor Switching
as the configuration implemented in the presented design.

Because focus of this work was put on research & development four different versions of
ADC were designed (using Cadence software and IBM CMRF8SF 130nm technology) with
the most important difference between them being the architecture of internal DAC (other
functional blocks like bootstrapped sampling switches or DACs’ switches and their buffers also
differ between designed ADCs). Results of schematics-level simulations of ADCs showing their
performance and total power consumption are presented in Table 4.5.

The results for ADCs with MIM-capacitor based DAC are quite pleasing — good dynamic
performance, no missing code or major non-linear behaviour and power consumption kept well
below 1mW.
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4.6. Performance of designed ADC

Table 4.5: Summary of designed ADCs performance.

Used SAR ADC’s internal ENOB INL,,, 0 DNL,ax | Pot@40M S/ s
capacitors | algorithm | DAC architecture [bit | [LSB] [LSB] (W]
L4M7 11.85 0.65 0.55 879
MIM MCS L4AMT7-0.5C 11.64 0.96 0.64 727
L3M8 11.61 0.63 0.55 818
MOM AMCS 11bit AMCS 11.57 2.74 1 818

It is worth stressing out that design of MOM-capacitor based DAC is first of its kind in

Department of Particle Interactions and Detection Techniques WFiIS AGH and even though

range of input signal’s voltages is lower than in case of MIM-capacitor based DACs and much

worse static performance is measured, using MOM-capacitors turned out to be a feasible way

of significantly reducing area of the converter.

Future continuation of work presented in this thesis should start with making physical

layouts of all remaining functional blocks. This will quite surely degrade performance of ADCs

and might result in requirement for design modification e.g. adding calibration for DACs and

comparator, improving design of sampling switches.
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A Energy cost of DAC switching for
3-bit classical ADC

Switching scheme for a 3-bit ADC using classical SAR algorithm is shown in Figure 3.2
and is repeated in this appendix in Figure A.1 for ease of reading. Power (energy) drawn
from voltage supply V,.; due to capacitor switching during each transition can be calculated
as follows (calculations is carried out for each capacitor separately based on equation 3.4, for
better clarity notation Fxy will be used where X is size of capacitor in C, and Y = {n,p}

indicates to which DAC capacitor belongs to):

Vier  Vier Vier Vina
ENERNCNG
Yes — Dy =1
o,V GEr—
ic. . (o e G N N
LeLe Bt L TR T T T
v v Ziy { Vond  Vgnd  Vgna  Vies
114 inp — Vinn > 5VDD + V;-ef‘ V’fd Ve Vgn,d
Yes = Dy =1 /L L L L NN NN
(cavy) / “Tic, e, e “Te [ E i i
Sop = Vipp Sop = Vinp wrel) " Vand Vgnd Veer  Vies ; P B
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Figure A.1: 3-bit SAR ADC incorporating classical algorithm.

Switching after sampling

Top plate voltage of DAC sampling V;,,,, before switching Vj, pre = Vo

Top plate voltage of DAC sampling V;, , after switching Vi, post = Vinp — Vem + %Vre ¥
Top plate voltage of DAC sampling V;,, , before switching Vi, pre = Vo

Top plate voltage of DAC sampling V;,, ,, after switching Vi, post = Vinn — Vem + %Vre 7
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Energy consumption due to switching of 4C;, in DAC sampling Vj,, ,:
E4p - 4Cu‘/:r‘ef [V;"ef - ‘/tp,post - (‘/Yin,p - %p,pre)] = ch‘/;?ef
Energy consumption due to switching of 2C,, and two single C,, in DAC sampling V;, ,, (bottom

plate voltages before and after switching for both capacitors are the same, so their energy

consumption can be calculated simultaneously):
E2n +2- Eln — 4Cuvref [V;“ef - ‘/tn,post (‘/zn,n - ‘/tn,pre)] — ZCuV?ef

Total energy consumption FE,, in this conversion step is algebraic sum of partial energies
E4p, EQn and 2 - Elni

Etotal = E4p + E2p +2- Eln = 4Cuv;~2@f

Switching after D, =1

1 3

Vivpre = Vinp = Vem + §VT€f Vippost = Vinp — Vem + Z‘/ref
1 1
V;n’pre - V;m" — Vem + §V7"€f V;‘/n,post = V;n,n — Ve + Z‘/ref

E4p = 4Cuvref [V;"ef - Vt/p,post - (Vref - V;fpvpre)] = _Cuvv?ef
3
E2p = 2Cuv;"ef [V;"ef - V;p,post - (‘/gnd - ‘/tp,pre)] = §Cu‘/r2ef
1
2- Eln = 2C’uv;"ef [V;"ef - V;Sn,post - (V;"ef - ‘/tn,pre)] - iou‘/;?gf

Etotal - E4p + E2p +2- Eln = Ouv;?ef

Switching after D, =0
1 1

V;p,pre = ‘/;n,p - ‘/Cm + 5‘/;“6f V;fp,post = ‘/;n,p _ ‘/cm + 4‘/;“6]“
L 3
Wn,pre = ‘/in,n - ‘/cm + 5‘/;5]‘ V;tn,post = V;n,n - ‘/cm + Z‘/ref

5)
E2p = 2Cuv;"ef [V;’ef - V;p,post - (‘/gnd - ‘/tp,pre)] = §Cuv;26f
E4n - 4Cu‘/ref [V;"ef - ‘/tn,post - (‘/gnd - ‘/tn,pre)] — SCU‘/',?ef
1
2- Eln - 2Cu‘/;ef [V;"ef - ‘/tn,post - (eref - Wn,pre)] - _icu‘/fef

Etotal = E2p + E4n +2- Eln - 5Cuv;2@f
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Appendix A. Energy cost of DAC switching for 3-bit classical ADC

Switching after D; =1 (for D, = 1)
3 7
V;fp,p're - VYin,p - ‘/cm + 7‘/'r’ef V;fp,post = ‘/in,p - ‘/cm + 7er’ef

4 8
Vingre = Vinn = Vo + Vier  Vingont = Vin = Vom + 3V
By + Bap = 6CuVres Vrey = Vipgast = (Viey = Vipare)] = —1CuV2s
Biy = CuVres Wres — Vg — (Vna — Vipre)] = SCV2
Emzcm@ﬂwd—wwmrwwd—ww@] LA
Eiotar = Eup + Eop + By + By = C ‘/Tef
Switching after D; =0 (for Dy, = 1)
Vipgre = Ving = Ve + 2Vreg Vingout = Ving = Ve + 2 Veeg
Vingre = Vinn = Ve + Ve X%mﬂzvan—mm+§wd

Eip =4C,Vier Vier = Vippost = Vier — Vippre)] = C Vref
Eyp = CuVaes [Vier = Vippost = (Vond = Vippre)] = gCume

o = 2Cu Vit Wees = Vingont = (Vina = Vingr)] = 1CuV2
Emzqwqmﬁ—mwm—G@rw%mn:—gm@f

13
Etotal == E4p + Elp + EQn + Eln — C ‘/’f'ef

Switching after D; =1 (for D, = 0)

1 3
V;fp,p're = VYin,p - ‘/cm + Z‘/ref V;fp,post = ‘/in,p - ‘/cm + g‘/'ref

3 5
th’pre - Vm’" — Vem + Zvref th,post = Vin,n — Vem + *Vref
E2p = QCuWef [‘/ref - ‘/tp,post - (eref — ‘/tp,pre)] = C’ V;ef

7

Elp = Cuv;"ef [‘/ref - V;fp,post - (‘/gnd - ‘/tp,pre)] = gouv;ef
5}
E4n + Eln = 5Cuv;"ef [V;“ef - V;fn,post - (V;"ef - ‘/tn,pre)] = gcu‘/;zef

Etotal - E2p + Elp + E4n + Eln - O V;’ef
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Switching after D; =0 (for Dy = 0)
1 1
Vippre = Vinp = Vem + 2 Vrey Vippost = Vinp — Vem + 2

Vie
4 g Vres
3 7
‘/tn,pTe = %n,n - ‘/cm + Z‘/ref ‘/tn,post = ‘/in,n — ‘/cm + g‘/?’@f
9
Elp = Cu‘/ref [‘/Tef - ‘/;‘/p,pOSt - (‘/jgnd - ‘/tp,pre)] = éCu‘/Tzef
)
E4n + Eln = 5Cu‘/ref [V;"ef - ‘/tn,post - (‘/ref — Wn,pre)] = _gcu‘/?ef

7
E2n == QCuV;ef [‘/ref - V;fn,post - (‘/gnd — %n,pre)] = Zcuvzef

r

9
Etotal = Elp + E4n + E?n + Eln = ZCuv;?ef
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B Logical effort method

Logical effort is method of sizing CMOS logical gates and adjusting their number to obtain
lowest possible delay along chain of gates. It is based on simple model of logic CMOS gates,
presented in Figure B.1, in which delay is a result of charging and discharging capacitors
through resistors. In this Figure Cj, represents capacitance of transistor’s gates connected to
input. Voltage level on input decides whether output will be connected to positive power supply
by pull-up resistive network R,; (modelling conducting transistors as resistors) or to negative
power supply by pull-down resistor network Rg. Output of every gate in this model is loaded
with two capacitances: parasitic capacitance of gate’s components C); and capacitive load that
needs to be driven by analysed logic gate (in most cases it is input capacitance of next CMOS

gate in chain).

Figure B.1: Conceptual model of one input one output CMOS logical gate.

The main focus of described method is on minimizing delay by scaling size of transistors
and/or changing number of gates in path. To make this approach easier every gate will be
described as a scaled version of template circuit — to obtain given gate all transistor widths
within it must be multiplied by scaling factor «. In simplest version of logical effort method
additionally we assume that pull-up and pull-down resistances are equal. Four quantities char-
acteristic for each gate (Cj,, Cpi, Rai, Ryi) are related to their template equivalents (Cy;, Cpt, Ryi)
by:
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Cin = aCl (B.1)

Cpi = Ocht (BQ)
1

Ry = Ry = — Ry (B.3)
a

In gate model as shown in Figure B.1 delay dus is a result of charging and discharging
capacitor through resistor and can be calculated as ( & is fabrication process constant relating

value of RC to delay in time):

Cout
dabs - ’{Rti (Cpt + Cout) - /{thCtz

C + l{RmC’pt (B4)

Scaling factor « is hidden within Cj,.

Equation B.4 can be rewritten to obtain key equation of logical effort:
dabs = T(9h+p) (B5)

Where equation components are defined as:

— 7 = KRy Ciny — so called delay unit, relating delay of given gate to that of inverter with
logical effort of 1 and no parasitic delay (Cj,, is inverter’s input capacitance and R,
is its pull-up or pull-down resistance). This value is characteristic for given fabrication

process.

thctz
g Riny Cl'rw

inverter g = 1 is chosen). This value is determined by gate’s topology.

— logical effort, relates RC' constant of given gate to that of inverter (for
— h= % — electrical effort relates input and output capacitances and is only component
of equation B.5 that is affected by scaling factor a (through value of Cj,)

p= % — parasitic delay, a fixed term (in relation to scale factor «) associated with

gate topology

Total delay along path of N gates can be calculated as:
N
D =Y (ghi + p) (B.6)
=1

To calculate transistor size providing minimal path delay additional definitions are needed
— total logical effort G and total electrical effort H are defined as:




Appendix B. Logical effort method

C’out N
H= : B.8
C(in,l ( )

where Cj,; is input capacitance of first gate in chain and C,,; y is load capacitance for last

gate.

To take into account that for branching paths only part of total current flows through
branch along which calculations are carried out, a branching effort at the output of logic gate

b is introduced:

b — C(onfpath + Cofffpath o C(total B
= 8 =7 (B.9)
of f—path of f—path

where Cop,—par, is load capacitance along analysed path while Cyf_pqs, is load capacitance leading

off anaylised path. Total branching effort B is defined as:

B=T[b (B.10)

Product of total branching effort and total electrical effort can be than calculated as:

BH = ‘”“NHb—HhZ (B.11)
Cznl i=1

Path effort F' can therefore be calculated as:

N

i=1

Minimal path delay is obtained when all stages bear the same effort f (not necessarily

implying the same delay per stage) [44]:

Fo VF (B.13)
Combining equations B.6 and B.13 results in expression for minimal delay along path D:

—Nf+P (B.14)

||M2

After finding minimal delay sizes of transistors in logical gates that realize such performance

can be calculated by working from last gate to the first one and for each of them calculating

97



its desired input capacitance Cjy, ;:
_ Y
Cin,i - ?Couti (B15)

Logical effort for each gate can be calculated based on its definition — it is the ratio of
gate’s input capacitance to input capacitance of inverter with the same drive. Result of this
calculation compared with equation B.1 provides needed scaling factor a for given CMOS gate.
If for some reasons this ideal value of scale factor cannot be used (e.g. matching or restrictions
in transistors width) the closest possible should be chosen — sizing obtained through logical
effort method is quite flexible i.e. stages twice too small or twice too large result in delay only
15% worse than minimal [44].

Although logical effort method provides simple and efficient algorithm for sizing logical gates
to obtain minimal delay, it has some shortcomings:

— modeling gate with just RC' delay is overly simplistic — variable rise times of signals or

effects such as velocity saturation in transistors are not taken into account

— only goal of this method is to obtain lowest delay — there are completely none power or

area optimization

— when presented with complicated branching paths with large number of stages calculations

become difficult
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C Matlab code for SAR algorithms

energy consumption calculation

In this appendix Matlab scripts used to calculate DAC switching power consumption are
presented. All function require the same input:

— N — resolution of ADC (in bits, must be integral number)

— input — input value of ADC (in LSB)
Output of all functions is also the same:

— en_vref — energy (in C,V2 f) drawn during conversion from V¢

— en_vcm — energy (in CuVTQef) drawn during conversion from V,,,
Value of V., can be set within code itself (as fraction of V,.r). All calculations are based on
equation 3.4.

Classical algorithm

1 function [en_vref en_vcm] = calc_energy_classic(N, input)
2 input_bin = decZbin(input,N) — '0';

3 caps = zeros(l,N+1);

4 caps(l,N+1) = 1;

5 for i=1:N

6 caps(l,i) = 2~ (N—1i);

7 end

8 sp_pre = zeros(l,N+1);

9 sp_post = zeros(l,N+1);

10 sn_pre = zeros(1l,N+1);
zeros (1,N+1);

27 (N—1);
13 en_vecm = 0;

14 sp_pre(1l,1) = 1;

15 sp_post(1l,1) = 1;

16 sn_pre(l,1) = 0;

17 sn_post(1,1) = 0;

18 for i=2:(N+1)

19 sp_pre(l,i) = 0;

20 sp_post(1l,i) = 0;

21 sn_pre(l,i) = 1;

22 sn_post (1,1i) = 1;

23 end

24 vp_pre = 0.5;

25 wvp_post = 0.5;

26 vn_pre = 0.5;

27 wvn_post = 0.5;

28 for D=1:(N—1)

29 if input_bin(1,D) == 1

30 sp_post (1,D+1) = 1;

31 sn_post (1,D+1) = 0;

32 else

33 sp_post (1,D+1) = 1;

34 sp_post (1,D) = 0;

35 sn_post (1,D+1) = 0;

36 sn_post (1,D) = 1;

37 end

38 vp_post = caps_to_vx(caps, sp_post, 1)/sum(caps);
39 vn_post = caps_to_vx(caps, sn_post, 1)/sum(caps);
40 for i=1:(N+1)

41 if sp_post(l,i) == 1

42 en_vref = en_vref + caps (i) (sp_post(l,i) — vp_post — (sp_pre(l,i) — vp_pre));
43 end

44 if sn_post(l,i) == 1

45 en_vref = en_vref + caps(i)*(sn_post(l,i) — vn_post — (sn_pre(l,i) — vn_pre));
46 end

47 end

48 sp_pre = sp_post;

49 sn_pre = sn_post;

50 vp_pre = vp_post;

51 vn_pre = vn_post;

52 end

Energy saving
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function [en_vref en_vcm] = calc_energy_energy_saving (N, input)
input_bin = dec2bin(input,N) — '0';
caps = zeros(1l,N—1);

caps (1,N=1) = 1;
for i=1:(N—2)

caps(l,1i) = 27 (N—1—2);
end
cap_msb = 27~ (N—1);
caps_tot 2°N;
10 spM_pre =
11  spM_post
12 snM_pre = 0
13 snM_post
14 spM2_pre eros (1,N—1);
15 spM2_post = zeros(l,N—1);
16 spL_pre = zeros(l,N—1);
17 spl_post zeros (1,N—1);
18 snM2_pre zeros (1,N—1);
19 snM2_post = zeros(1l,N—1)
20 snl_pre = zeros(l,N—1);
21 snlL_post = zeros(1l,N—1);

COTDU R WN =

i
;

0
7
0
z

i

23 en_vref = 0;
24 en_vcm = 0;

28 wvn_pre = 1;
29 wvn_post = 1;

30
31 for D=1:(N—1)
32 if =1
33 if input_bin(1,D) == 1
34 spM_post = 1;
35 snM_post = 0;
36 for i= 1:(N—1)
37 spM2_post (1,1) = 0;
38 snM2_post (1,1) = 1;
39 spL_post (1,1i) = 1;
40 snL_post (1,1i) = 0;
41 end
42 else
43 spM_post = 0;
44 snM_post = 1;
45 for i= 1:(N—1)
46 spM2_post (1,1) = 1;
47 snM2_post (1,1) = 0;
48 spL_post(1,i) = 0;
49 snlL_post(1,1i) = 1;
50 end
51 end
52 else
53 if input_bin(1l,1) == 1
54 if input_bin(1,D) == 1
55 spM2_post (1,D—1) = 1;
56 snM2_post (1,D—1) = 0;
57 else
58 spl_post (1,D—1) = 0;
59 snL_post (1,D—1) = 1;
60 end
61 else
62 if input_bin(1,D) == 1
63 spL_post (1,D—1) = 1;
64 snL_post (1,D—1) = 0;
65 else
66 spM2_post (1,D—1) = 0;
67 snM2_post (1,D—1) = 1;
68 end
69 end
70 end
71
72 vp_post = 1 + caps_to_vx(cap_msb, spM_post, 1)/sum(caps_tot) + caps_to_vx(caps, spM2_post, 1)/sum(caps_tot) +
caps_to_vx (caps, spl_post, 1)/sum(caps_tot);
73 vn_post = 1 + caps_to_vx(cap_msb, snM_post, 1)/sum(caps_tot) + caps_to_vx(caps, snM2_post, 1)/sum(caps_tot) +
caps_to_vx (caps, snL_post, 1)/sum(caps_tot);
74
75 if spM_post ==
76 en_vref = en_vref + cap_msbx (spM_post — vp_post — (spM_pre — vp_pre));
7 end
78 if snM _post ==
79 en_vref = en_vref + cap_msbx(snM_post — vn_post — (snM_pre — vn_pre));
80 end
81 for i=1:(N—1)
82 if spM2_post(1l,i) == 1
83 en_vref = en_vref + caps (i)« (spM2_post(l,i) — vp_post — (spM2_pre(l,i) — vp_pre));
84 end
85 if spL_post(l,i) ==
86 en_vref = en_vref + caps (i) (splL_post(l,i) — vp_post — (spL_pre(l,i) — vp_pre));
87 end
88 if snM2_post(1l,1i) ==
89 en_vref = en_vref + caps (i)« (snM2_post(l,i) — vn_post — (snM2_pre(l,i) — vn_pre));
90 end
91 if snL_post(l,i) ==
92 en_vref = en_vref + caps (i) (snl_post(l,i) — vn_post — (snL_pre(l,i) — vn_pre));
93 end
94 end
95 spM_pre = spM_post;
96 spM2_pre = spM2_post;
97 spL_pre = spl_post;
98 snM_pre = snM_post;
99 snM2_pre = snM2_post;
100 snL_pre = snL_post;
101 vp_pre = vp_post;
102 vn_pre = vn_post;
103 end
.
Monotonic
1 function [en_vref en_vcm] = calc_energy_monotonic (N, input)
2 input_bin = dec2bin(input,N) — '0';
3 caps = zeros(l,N);
4 caps(l,N) = 1;
5 for i=1:(N—1)
6 caps(1l,i) = 2"~ (N—1i—1);
7 end
8 sp_pre = zeros(l,N);
9 sp_post = zeros(l,N);
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10 sn_pre = zeros(l,N);

11 sn_post = zeros(1,N);

12 en_vref 0;

13 en_vcm = 0;

14

15 for i=1:N

16 sp_pre(1l,1)

17 sp_post (1,1)

18 sn_pre(1l,1)

19 sn_post (1,1)

20 end

21 vp_pre = 1;

22 wvp_post = 1;

23 vn_pre = 1;

24 vn_post = 1;

25 for D=1:(N—1)

26 if input_bin(1,D)

27 sp_post (1,D)

28 else

29 sn_post (1,D) = 0;

30 end

31 vp_post = caps_to_vx(caps, sp_post, 1)/sum(caps);
32 vn_post = caps_to_vx(caps, sn_post, 1)/sum(caps);
33 for i=1:N

34 if sp_post(l,i) ==

35 en_vref = en_vref + caps(i)x*(sp_post(l,i) — vp_post —
36 end

37 if sn_post(l,i) == 1

38 en_vref = en_vref + caps(i)*(sn_post(l,i) — vn_post —
39 end

40 end

41 sp_pre = sp_post;

42 sn_pre = sn_post;

43 vp_pre = vp_post;

44 vn_pre = vn_post;

45 end

(sp_pre(l,i) — vp_pre));

(sn_pre(l,i) — vn_pre));

MCS

1 function [en_vref en_vcm] = calc_energy_mcs (N, input)

2 input_bin = dec2bin(input,N) — '0';

3 caps = zeros(l,N);

4 caps(1l,N) = 1;

5 for i=1:(N—1)

6 caps(l,1i) = 2~ (N—i—1);

7 end

8 sp_pre = zeros(l,N);

9 sp_post = zeros(l,N);

10 sn_pre = zeros(l,N);

11 sn_post = zeros(1,N);

12 en_vref = 0;

13 en_vem = 0;

14 wvem = 0.5; % what fraction of Vref is Vecm

15

16 for i=I1:N

17 sp_pre(l,i) = vcm;

18 sp_post (1,1i) = vecm;

19 sn_pre(l,i) = vcm;

20 sn_post (1,1i) = vem;

21  end

22 vp_pre = vcm;

23 vp_post = vcm;

24 vn_pre = vcm;

25 wvn_post = vcm;

26 for D=1:(N—1)

27 if input_bin(1,D) == 1

28 sp_post (1,D) = 0;

29 sn_post(1,D) = 1;

30 else

31 sp_post (1,D) = 1;

32 sn_post (1,D) = 0;

33 end

34 vp_post = caps_to_vx(caps, sp_post, 1)/sum(caps) + vcmxcaps_to_vx(caps, sp_post, vcm)/sum(caps);
35 vn_post = caps_to_vx(caps, sn_post, 1)/sum(caps) + vcmxcaps_to_vx(caps, sn_post, vcm)/sum(caps);
36 for i=1:N

37 if sp_post(1l,i) ==

38 en_vref = en_vref + caps (i) (sp_post(l,i) — vp_post — (sp_pre(l,i) — vp_pre));
39 end

40 if sp_post(l,i) == vcm

41 en_vcm = en_vcm + vemxcaps (i) * (sp_post(1,1i) — vp_post — (sp_pre(l,i) — vp_pre));
42 end

43 if sn_post(l,i) == 1

44 en_vref = en_vref + caps(i)*(sn_post(l,i) — vn_post — (sn_pre(l,i) — vn_pre));
45 end

46 if sn_post(l,i) == vcm

47 en_vcm = en_vcm + vemxcaps (i) x (sn_post (1,1i) — vn_post — (sn_pre(l,i) — vn_pre));
48 end

49 end

50 sp_pre = sp_post;

51 sn_pre = sn_post;

52 vp_pre = vp_post;

53 vn_pre = vn_post;

54 end

EMCS

1 function [en_vref en_vcm] = calc_energy_emcs (N, input)
2 input_bin = dec2bin(input,N) — '0';

3 caps = zeros(l,N);

4 caps(1l,N) = 1;

5 for i=1:(N—1)

6 caps(1l,i) = 2" (N—i—-1);

7 end

8 sp_pre = zeros(l,N);

9 sp_post = zeros(l,N);

10 sn_pre = zeros(l,N);

11 sn_post = zeros(1,N);

12 en_vref = 0;

13 en_vecm = 0;

14 vem = 0.5; % what fraction of Vref is Vcm
15

16 for i=1:N

17 sp_pre(l,i) = vcm;

18 sp_post (1,1i) = vecm;

19 sn_pre(l,i) = vcm;




20 sn_post (1,1i) = vcm;
21  end

22 vp_pre = vcm;

23 vp_post = vcm;

24 vn_pre = vcm;

25 vn_post = vecm;

26 for D=1:(N—1)

27 if D ==
28 if input_bin(1,D) == 1
29 sp_post (1,D) = 0;
30 sn_post (1,D) = 1;
31 else
32 sp_post (1,D) = 1;
33 sn_post (1,D) = 0;
34 end
35
36 else
37 if input_bin(l,D) == sn_pre(l,D—1)
38 if input_bin(1l,D) == 1
39 sp_post (1,D) = 0;
40 sn_post (1,D) = 1;
41 else
42 sp_post (1,D) = 1;
43 sn_post (1,D) = 0;
44 end
45 else
46 if input_bin(1,D) == 1
47 sp_post (1,D—1) vem;
48 sn_post (1,D—1) = vcm;
49
50 vp_post = caps_to_vx(caps, sp_post, 1)/sum(caps) + vcmxcaps_to_vx (caps, sp_post, vcm)/sum(caps);
51 vn_post = caps_to_vx(caps, sn_post, 1)/sum(caps) + vcmscaps_to_vx (caps, sn_post, vcm)/sum(caps);
52 for i=1:N
53 if sp_post(l,i) == 1
54 en_vref = en_vref + caps(i)=x(sp_post(l,i) — vp_post — (sp_pre(l,i) — vp_pre));
55 end
56 if sp_post(1l,i) == vcm
57 en_vcm = en_vcm + vcemxcaps (i) x (sp_post (1,1i) — vp_post — (sp_pre(l,i) — vp_pre));
58 end
59 if sn_post(l,i) == 1
60 en_vref = en_vref + caps(i)x(sn_post(l,i) — vn_post — (sn_pre(l,i) — vn_pre));
61 end
62 if sn_post(1l,i) == vcm
63 en_vcm = en_vcm + vemxcaps (i)« (sn_post (1,1i) — vn_post — (sn_pre(l,i) — vn_pre));
64 end
65 end
66 sp_pre = sp_post; sn_pre = sn_post; vp_pre = vp_post; vn_pre = vn_post;
67 sp_post (1,D) = 1;
68 sn_post (1,D) = 0;
69 else
70 sp_post (1,D—1) = vcm;
71 sn_post (1,D—1) = vcm;
72 vp_post = caps_to_vx(caps, sp_post, 1)/sum(caps) + vcmxcaps_to_vx(caps, sp_post, vcm)/sum(caps);
73 vn_post = caps_to_vx(caps, sn_post, 1)/sum(caps) + vcmxcaps_to_vx (caps, sn_post, vcm)/sum(caps);
74 for i=1:N
75 if sp_post(l,i) == 1
76 en_vref = en_vref + caps (i)« (sp_post(l,i) — vp_post — (sp_pre(l,i) — vp_pre));
7 end
78 if sp_post(l,i) == vcm
79 en_vcm = en_vcm + vcemxcaps (i) x (sp_post(1,1i) — vp_post — (sp_pre(l,i) — vp_pre));
80 end
81 if sn_post(l,i) == 1
82 en_vref = en_vref + caps(i)x(sn_post(l,i) — vn_post — (sn_pre(l,i) — vn_pre));
83 end
84 if sn_post(l,i) == vcm
85 en_vcm = en_vcm + vcemxcaps (i) x (sn_post(1l,i) — vn_post — (sn_pre(l,i) — vn_pre));
86 end
87 end
88 sp_pre = sp_post; sn_pre = sn_post; vp_pre = vp_post; vn_pre = vn_post;
89 sp_post (1,D) = 0;
90 sn_post (1,D) = 1;
91
92 end
93 end
94 end
95 vp_post = caps_to_vx(caps, sp_post, 1)/sum(caps) + vcmxcaps_to_vx(caps, sp_post, vcm)/sum(caps);
96 vn_post = caps_to_vx (caps, sn_post, 1)/sum(caps) + vcmxcaps_to_vx(caps, sn_post, vcm)/sum(caps);
97 for i=1:N
98 if sp_post(l,i) ==
99 en_vref = en_vref + caps(i)=* (sp_post(l,i) — vp_post — (sp_pre(l,i) — vp_pre));
100 end
101 if sp_post(l,i) == vecm
102 en_vcm = en_vcm + vcemkcaps (i) x (sp_post (1,1) — vp_post — (sp_pre(l,i) — vp_pre));
103 end
104 if sn_post(l,i) == 1
105 en_vref = en_vref + caps(i)*(sn_post(l,i) — vn_post — (sn_pre(l,i) — vn_pre));
106 end
107 if sn_post(l,i) == vcm
108 en_vcm = en_vcm + vemkcaps (i) x (sn_post(1,1) — vn_post — (sn_pre(l,i) — vn_pre));
109 end
110 end
111 sp_pre = sp_post;
112 sn_pre = sn_post;
113 vp_pre = vp_post;
114 vn_pre = vn_post;
115 end
1 function [en_vref en_vcm] = calc_energy_amcs (N, input)
2 input_bin = decZbin(input,N) — '0';
3 caps = zeros(l,N—1);
4 caps(l,N—1) = 1;
5 for i=1:(N—2)
6 caps(l,i) = 2~ (N—1—2);
7 end
8 sp_pre = zeros(l,N—1);
9 sp_post = zeros(l,N—1);
10 sn_pre = zeros(l,N—1);
)

11 sn_post zeros (1,N—1
12  en_vref 0;

13 en_vecm = 0;

14 vem = 0.5; % what fraction of Vref is Vecm
15 for i=1:(N—1)

i

16 sp_pre(l,i) = vcm;
17 sp_post (1,1i) = vecm;
18 sn_pre(l,i) = vcm;

102




Appendix C. Matlab code for SAR algorithms energy consumption calculation

19 sn_post (1,1i) = vcm;
20 end

21 vp_pre = vcm;

22 vp_post = vcm;

23 vn_pre = vcm;

24 vn_post = vecm;

25 for D=1:(N—1)

26 if D # (N—1)

27 if input_bin(1,D) == 1

28 sp_post (1,D) = 0;

29 sn_post (1,D) = 1;

30 else

31 sp_post (1,D) = 1;

32 sn_post (1,D) = 0;

33 end

34 else

35 if input_bin(1,D) == 1

36 sp_post (1,D) = 0;

37 sn_post (1,D) = vcm;

38 else

39 sp_post (1,D) = vcm;

40 sn_post (1,D) = 0;

41 end

42 end

43 vp_post = caps_to_vx(caps, sp_post, 1)/sum(caps) + vcmxcaps_to_vx(caps, sp_post, vcm)/sum(caps);
44 vn_post = caps_to_vx(caps, sn_post, 1)/sum(caps) + vcmxcaps_to_vx(caps, sn_post, vcm)/sum(caps);
45 for i=1:(N—1)

46 if sp_post(l,i) == 1

47 en_vref = en_vref + caps (i) (sp_post(l,i) — vp_post — (sp_pre(l,i) — vp_pre));
48 end

49 if sp_post(l,i) == vcm

50 en_vcm = en_vcm + vemxcaps (i) * (sp_post (1,1) — vp_post — (sp_pre(l,i) — vp_pre));
51 end

52 if sn_post(l,i) == 1

53 en_vref = en_vref + caps (i) (sn_post(l,i) — vn_post — (sn_pre(l,i) — vn_pre));
54 end

55 if sn_post(1l,i) == vcm

56 en_vcm = en_vcm + vemxcaps (i) (sn_post(1l,1) — vn_post — (sn_pre(l,i) — vn_pre));
57 end

58 end

59 sp_pre = sp_post;

60 sn_pre = sn_post;

61 vp_pre = vp_post;

62 vn_pre = vn_post;

63 end

Tri-level switching

1 function [en_vref en_vcm] = calc_energy_trilevel (N, input)
2 input_bin = decZbin(input,N) — '0';
3 caps = zeros(l,N—-1);

4 caps(l,N—1) = 1;

5 for i=1:(N-2)

6 caps(l,i) = 2~ (N—1—-2);

7 end

8 sp_pre = zeros(l,N—1);

9 sp_post = zeros(l,N—1);

10 sn_pre = zeros(l,N—1);

11 sn_post = zeros(l,N—1);

12

13 en_vref = 0;
14 en_vcm = 0;

15 wvem = 0.5; > what fraction of Vref is Vcm
16

17 for i=1:(N—1)

18 sp_pre(l,i) = 0;

19 sp_post (1,1i) = 0;

20 sn_pre(l,i) =

21 sn_post(1l,i) = 0;

22  end

25 wvn_pre = 0;
26 vn_post = 0;

27

28 sw_side = 0; % 0 — switching pDAC; 1 — switching nDA
29

30 for D=1:(N—1)

31 if D ==

32 if input_bin(1,D) == 1

33 for i = 1:(N—1

34 sp_post (1,1) = 0;

35 sn_post (1,1) = vcm;

36 sw_side = 1;

37 end

38 else

39 for i = 1:(N—1)

40 sp_post (1,1) = vcm;

41 sn_post (1,1) = 0;

42 sw_side = 0;

43 end

44 end

45 else

46 if sw_side == 0

47 if input_bin(1l,D) == 1

48 sp_post (1,D—1) = 0;

49 else

50 sp_post (1,D—=1) = 1;

51 end

52 end

53 if sw_side ==

54 if input_bin(1l,D) == 1

55 sn_post (1,D—1) = 1;

56 else

57 sn_post (1,D—1) = 0;

58 end

59 end

60 end

61 vp_post = caps_to_vx(caps, sp_post, 1)/sum(caps) + vcmxcaps_to_vx(caps, sp_post, vcm)/sum(caps);
62 vn_post = caps_to_vx(caps, sn_post, 1)/sum(caps) + vcmxcaps_to_vx(caps, sn_post, vcm)/sum(caps);
63 for i=1:(N—1)

64 if sp_post(l,1i) ==

65 en_vref = en_vref + caps (i) (sp_post(l,i) — vp_post — (sp_pre(l,i) — vp_pre));
66 end

67 if sp_post(1l,i) == vcm

68 en_vcm = en_vcm + vemkcaps (i) x (sp_post (1,1) — vp_post — (sp_pre(l,i) — vp_pre));
69 end




70 if sn_post(l,i) ==

71 en_vref = en_vref + caps(i)=*(sn_post(l,i) — vn_post — (sn_pre(l,i) — vn_pre));
72 end

73 if sn_post(l,i) == vcm

T4 en_vcm = en_vcm + vemscaps (i) * (sn_post (1,i) — vn_post — (sn_pre(l,i) — vn_pre));
75 end

76 end

7 sp_pre = sp_post;

78 sn_pre = sn_post;

79 vp_pre = vp_post;

80 vn_pre = vn_post;

81 end

Switchback

1 function [en_vref en_vcm] = calc_energy_switchback (N, input)
2 input_bin = dec2bin(input,N) — '0';
3 caps = zeros(l,N);

4 caps(1l,N) = 1;

5 for i=1:(N—1)

6 caps(1l,i) = 2" (N—1—1);

7 end

8 sp_pre = zeros(l,N);

9 sp_post = zeros(l,N);

10 sn_pre = zeros(l,N);

11 sn_post = zeros(1l,N);

12 sp_pre(l,1) = 0;

13 sp_post(1,1) = 0;

14 sn_pre(l,1) = 0;

15 sn_post(1l,1) = 0;

16 for i=2:N

17 sp_pre(l,i) = 1;
18 sp_post(1,i) = 1;
19 sn_pre(l,i) = 1;
20 sn_post (1,1i) = 1;
21 end

27 en_vref = 2" (N=-2);
28 en_vcm = 0;

29

30 for D=1:(N—1)

31 if == 1

32 if input_bin(1l,D)

33 sp_post (1,D) = 0;

34 sn_post (1,D) = 1;

35 else

36 sp_post (1,D) = 1;

37 sn_post (1,D) = 0;

38 end

39 else

40 if input_bin(1,D) == 1

41 sp_post (1,D) = 0;

42 else

43 sn_post (1,D) = 0;

44 end

45 end

46 vp_post = caps_to_vx(caps, sp_post, 1)/sum(caps);
47 vn_post = caps_to_vx(caps, sn_post, 1)/sum(caps);
48 for i=1:N

49 if sp_post(l,1i) ==

50 en_vref = en_vref + caps(i)=*(sp_post(l,i) — vp_post — (sp_pre(l,i) — vp_pre));
51 end

52 if sn_post(l,i) == 1

53 en_vref = en_vref + caps (i) (sn_post(l,i) — vn_post — (sn_pre(l,i) — vn_pre));
54 end

55 end

56 sp_pre = sp_post;

57 sn_pre = sn_post;

58 vp_pre = vp_post;

59 vn_pre = vn_post;

60 end

Improved switchback

1 function [en_vref en_vcm] = calc_energy_imp_switchback (N, input)
2 input_bin = dec2bin(input,N) — '0';
3 caps = zeros(l,N—1);

4 caps(l,N—1) = 1;

5 for i=1:(N—2)

6 caps(1l,i) = 2" (N—1—-2);
7 end

8 sp_pre = zeros(l,N—1);

9 sp_post = zeros(l,N—1);
10 sn_pre = zeros(l,N—1);

11 sn_post = zeros(l,N—1);
12 sp_pre(l,1) = 0;

13 sp_post(1,1) = 0;

14 sn_pre(l,1) = 0;

15 sn_post(1l,1) = 0;

16 for i=2:(N—1)

17 sp_pre(l,i) = 1;

18 sp_post(1l,i) = 1;

19 sn_pre(l,i) = 1;

20 sn_post (1,1i) = 1;

21 end

24 vn_pre = O.é;
25 wvn_post = 0.5;

27 en_vref = 27 (N-3);
28 en_vcm = 0;
29 wvcm = 0.5; % what fraction of Vref is Vcm

30

31 for D=1:(N—1)

32 i == 1

33 if input_bin(1l,D) == 1
34 sp_post (1,D) = 0;
35 sn_post (1,D) = 1;
36 else

37 sp_post (1,D) = 1;
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38 sn_post (1,D) = 0;

39 end

40 elseif D == N—1

41 if input_bin(1,D) ==

42 sp_post (1,D) = vcm;

43 sn_post (1,D) = 1;

44 else

45 sp_post (1,D) = 1;

46 sn_post (1,D) =vcm;

47 end

48 else

49 if input_bin(1,D) == 1

50 if sp_pre(l,D—1) == 1

51 sp_post (1,D—1) = vcm;

52 else

53 sp_post (1,D) = 0;

54 end

55 else

56 if sn_pre(l,D—1) == 1

57 sn_post (1,D—1) = vcm;

58 else

59 sn_post (1,D) = 0;

60 end

61 end

62 end

63 vp_post = caps_to_vx(caps, sp_post, 1)/sum(caps) + vcmxcaps_to_vx(caps, sp_post, vcm)/sum(caps);
64 vn_post = caps_to_vx(caps, sn_post, 1)/sum(caps) + vcmxcaps_to_vx(caps, sn_post, vcm)/sum(caps);
65 for i=1:(N—1)

66 if sp_post(l,i) ==

67 en_vref = en_vref + caps (i) (sp_post(l,i) — vp_post — (sp_pre(l,i) — vp_pre));
68 end

69 if sp_post(1l,i) == vcm

70 en_vcm = en_vcm + vemxcaps (i) x (sp_post (1,1) — vp_post — (sp_pre(l,i) — vp_pre));
71 end

72 if sn_post(l,i) == 1

73 en_vref = en_vref + caps(i)=*(sn_post(l,i) — vn_post — (sn_pre(l,i) — vn_pre));
74 end

75 if sn_post(l,i) == vcm

76 en_vem = en_vem + 0.5+caps (i) * (sn_post(l,i) — vn_post — (sn_pre(l,i) — vn_pre));
77 end

78 end

79 sp_pre = sp_post;

80 sn_pre = sn_post;

81 vp_pre = vp_post;

82 vn_pre = vn_post;

83 end

V.n-based monotonic

1 function [en_vref en_vcm] = calc_energy_vcm_monotonic (N, input)
2 input_bin = dec2bin(input,N) — '0';

3 caps = zeros(l,N—1);

4 caps(l,N—1) = 1;

5 for i=1:(N—2)

6 caps(l,i) = 2"~ (N—1i—2);

7 end

8 sp_pre = zeros(l,N—1);

9 sp_post = zeros(l,N—1);

10 sn_pre = zeros(l,N—1);

11 sn_post = zeros(1l,N—1);

12

13 en_vref = 0;

14 en_vcm = 0;

15 wvem = 0.5; % what fraction of Vref is Vcm
16

17 for i=1:(N—1)

18 sp_pre(l,i) = vcm;

19 sp_post (1,1i) = vecm;

20 sn_pre(l,i) = vcm;

21 sn_post (1,1i) = vcm;

22  end

23 vp_pre = vcm;

24 vp_post = vecm;

25 vn_pre = vcm;

26 vn_post = vcm;

27

28 for D=1:(N—1)

29 if D ==

30 if input_bin(1l,D) == 1

31 for i = 1:(N—1

32 sp_post (1,1) = vcm;

33 sn_post (1,1) = 1;

34 end

35 else

36 for i = 1:(N—1)

37 sp_post (1,1i) = 1;

38 sn_post (1,1i) = vcm;

39 end

40 end

41 else

42 if input_bin(l,1) ==

43 if input_bin(1,D) == 1

44 sp_post (1,D—=1) = 0;

45 else

46 sn_post (1,D—1) = 0.5;

47 end

48 end

49 if input_bin(1l,1) ==

50 if input_bin(1,D)

51 sp_post (1,D—1) = 0.5;

52 else

53 sn_post (1,D—1) = 0;

54 end

55 end

56 end

57 vp_post = caps_to_vx(caps, sp_post, 1l)/sum(caps) + vcmxcaps_to_vx(caps, sp_post, vcm)/sum(caps);
58 vn_post = caps_to_vx(caps, sn_post, 1)/sum(caps) + vcmxcaps_to_vx(caps, sn_post, vcm)/sum(caps);
59 for i=1:(N—1)

60 if sp_post(l,i) == 1

61 en_vref = en_vref + caps (i) (sp_post(l,i) — vp_post — (sp_pre(l,i) — vp_pre));
62 end

63 if sp_post(l,1i) == vcm

64 en_vcm = en_vem + vemxcaps (i) (sp_post (1,1) — vp_post — (sp_pre(l,i) — vp_pre));
65 end

66 if sn_post(l,i) ==

67 en_vref = en_vref + caps(i)*(sn_post(l,i) — vn_post — (sn_pre(l,i) — vn_pre));
68 end




if sn_post(l,1i) == vcm
en_vcm = en_vcem + vemxcaps (i) x (sn_post (1,1) — vn_post —
end
end
sp_pre = sp_post;
sn_pre = sn_post;
vp_pre = vp_post;
vn_pre = vn_post;

(sn_pre(l,i) — vn_pre));
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