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Figure of merit

Digital full scale amplitude
Sampling frequency

Gain error

Integral non-linearity
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Chapter 1

INTRODUCTION

The history of the application of semiconductors for controlling currents goes
back all the way to 1926, in which Julius Lilienfeld filed a patent for a “Method
and apparatus for controlling electric currents” [1], which is considered the
first work on metal/semiconductor field-effect transistors. More well-known is
the work of William Shockley, John Bardeen and Walter Brattain in the 1940s
[2, 3], after which the development of semiconductor devices commenced. In
1958, independent work from Jack Kilby and Robert Noyce led to the invention
of integrated circuits. A few milestones in IC design are the first monolithic
operational amplifier in 1963 (Fairchild ;2A702, Bob Widlar) and the first one-
chip 4-bit microprocessor in 1971 (Intel 4004).

Ever since the start of the semiconductor history, integration plays an impor-
tant role: starting from single devices, ICs with basic functions were developed
(e.g. opamps, logic gates), followed by ICs that integrate larger parts of a sys-
tem (e.g. microprocessors, radio tuners, audio amplifiers). Following this trend
of system integration, this eventually leads to the integration of analog and dig-
ital components in one chip, resulting in mixed-signal ICs: digital components
are required because signal processing is preferably done in the digital do-
main; analog components are required because physical signals are analog by
nature. Mixed-signal ICs are already widespread in many applications (e.g. au-
dio, video); for the future, it is expected that this trend will continue, leading
to a larger scale of integration.

Given the trend of mixed-signal integration, this leads to both new challenges
and new opportunities with respect to the integrated analog components.
Challenges are for example testing of the performance of analog components
that are embedded inside a large system, or the fact that the IC technology
is optimized for digital circuitry, which can be disadvantageous for ana-
log components. On the other hand, the mixed-signal integration also gives
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2 SMART AD AND DA CONVERSION

opportunities, like the possibility to shift parts of the system from the analog to
the digital domain, or vice versa. From this point of view, the aim of this work
is to investigate concepts to improve the performance of analog components
by making use of the opportunities that are offered by mixed-signal sys-
tem integration. This ‘smart’ concept will be applied to analog-to-digital and
digital-to-analog converters, as these components are essential in mixed-signal
systems.

The outline of this book is as follows: Chapter 2 studies trends and expecta-
tions in converter design with respect to applications, technology evolution and
system design. Problems and opportunities are identified, and an overview of
performance criteria is given. In Chapter 3, the smart concept is introduced that
takes advantage of the expected opportunities (described in Chapter 2) in order
to solve the anticipated problems. Chapters 4 and 5 apply the smart concept to
digital-to-analog converters. In the discussed example, the concept is applied
to reduce the area of the analog core of a current-steering DAC. In Chapter 4,
the theory is presented while Chapter 5 discusses the implementation and ex-
perimental results. Chapter 6 up to Chapter 9 focus on the application of the
smart concept to analog-to-digital converters. The main goal here is to im-
prove the performance in terms of speed/power/accuracy. Chapter 6 introduces
the general concept and defines key factors for the analog design and the smart
approach in order to achieve the targeted high performance. Then, Chapter 7
deals with the analog design of an open-loop track-and-hold circuit. Exper-
imental results are presented and compared against prior art. In Chapters 8
and 9, two calibration techniques are presented and experimentally verified
by using the track-and-hold from Chapter 7. Finally, conclusions are drawn in
Chapter 10.



Chapter 2

AD AND DA CONVERSION

This chapter studies trends and expectations in converter design with respect
to applications, technology evolution and system design. Problems and op-
portunities are identified, and an overview of performance criteria is given. In
Chapter 3, the smart concept is introduced that takes advantage of the expected
opportunities in order to solve the anticipated problems.

1. Introduction

Electronic systems perform functions on many different types of signals, like:
audio, video, medical images or RF communication signals. Despite the large
variety, all signals are analog by nature in the physical world. However, at
present most of the signal processing or signal storage is preferably performed
in the digital domain. This leads to the need for analog-to-digital and digital-to-
analog conversion. Actual systems can include both AD and DA conversion, or
either one of the two. A general view on AD conversion is given in Fig. 2.1: the
analog input signal is transferred to the digital domain through an ADC. De-
pendent on the situation, analog signal processing can be applied before the
actual conversion, like pre-amplification, filtering or demodulation. Also, dig-
ital signal processing can be applied after the conversion, like error correction,

filtering or data compression.
" Digital signal
ADC processing

Figure 2.1. General view on AD conversion.

Analog
source

P. Harpe et al., Smart AD and DA Conversion. 3
Analog Circuits and Signal Processing, DOI 10.1007/978-90-481-9042-3_2,
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4 SMART AD AND DA CONVERSION

A general view on DA conversion is given in Fig. 2.2: the digital input sig-
nal is transferred to the analog domain through a DAC. Dependent on the sit-
uation, digital signal processing can be applied before the actual conversion,
like encoding or filtering. Also, analog signal processing can be applied after
the conversion, like modulation or filtering.

Digital Digital signal
processing DAC

Figure 2.2. General view on DA conversion.

This work focusses on the actual AD and DA conversion, neglecting the
other components of the signal processing chain.

2. Trends in applications

A trend in applications is that they typically demand a higher performance in
terms of speed, accuracy, power consumption and chip-area. A motivation for
the increase in demand is illustrated below.

e Speed and accuracy

Over time, speed and accuracy requirements of an application are typically
increasing. For example, the audio CD standard used 16 bit/44.1 kHz data,
while current DVD players often use 24 bit/192 kHz. For digital still cam-
eras, a 3 megapixel sensor with 12 bit dynamic range was state-of-the-art
in 1999. Ten years later, state-of-the-art evolved to 25 megapixel sensors
with 14 bit dynamic range. For wireless communication, the data-rate re-
quirements are increasing, thus leading to a higher speed and/or accuracy
requirement for the converters.

e Power
In many situations, the power consumption is an important factor: e.g. to
prevent problems due to thermal heating or to extend the lifetime of a
battery-operated device. For example, for the previously mentioned still
cameras, the battery lifetime improved from 400 shots to 4,000 shots on
one battery. Though the reasons for this improvement are diverse, it shows
that reducing power consumption is an important feature.

e Area
For all applications, the chip-area is a cost-factor. Thus, area reduction is
preferable when possible.

Concluding, the trends in applications lead to the challenge that more and more
performance is expected from the AD/DA converters. To meet this challenge,
two important opportunities are: trends in technology and trends in system
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design. Both these factors might be used beneficially as will be discussed in
the following sections.

3. Trends in technology

In technology development, the most important trend is down-scaling of the
devices for each technology generation. Next to that, also the power supply
is being reduced. Figure 2.3 shows the development of technology and power
supply as a function of time for the UMC foundry [4]. While the technology
scales down at a relatively constant rate, the power supply scaling flattens out
because of threshold limitations.

o 1000 p 6
& P 5 X
c x -~
S ’ = 4
g X 2
2 X g x
a X » 5 5 X
2 x g:: X
.E 1 %54 X X
Ll (1] 0
1990 1995 2000 2005 2010 1990 1995 2000 2005 2010
Year Year

Figure 2.3. Technology scaling and supply scaling as a function of time.

For digital designs, both trends are beneficial as they enable:

e Higher speed
Because of the reduction of the dimensions of the devices and the inter-
connect, the associated capacitances are also reduced, resulting in a higher
speed of operation.

o Lower power-consumption
The power consumption of digital circuits is proportional to CV3,. As
both the capacitances and the supply are being reduced, the power con-
sumption will also decrease.

e Smaller area
The smaller dimensions result in a smaller area or a higher integration
density.

On the other hand, the same trends are not necessarily beneficial for ana-
log designs. For a noise-limited system, the noise-power requirement (kT'/C)
results in a minimum C-value to be implemented. Moreover, as the supply
scales down, the signal power most likely also scales down, thus requiring
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even an increase in C' to maintain the SNR. Because of that, analog circuits
do not directly take advantage of scaling to achieve a higher speed or a lower
power-consumption. Apart from that, technology scaling also complicates ana-
log design because of the following reasons:

e Short channel effects
For smaller transistor geometries, secondary effects become more and more
important. Because of that, the complexity of the transistor behavior in-
creases, which complicates accurate circuit design.

e Low voltage operation
The reduced supply voltage limits the number of transistors that can
be stacked, which complicates the implementation of certain circuit
topologies.

While digital circuit design benefits from technology scaling, analog circuit
design is getting more complicated. For mixed-signal designs, like AD and DA
converters, it seems a logical option to shift some of the analog problems to the
digital domain to be able to benefit from technology scaling.

4. Trends in system design

As mentioned previously in Chapter 1, there is a tendency to integrate more
and more components of a system into a single chip. As signal processing is
predominantly performed in the digital domain while physical signals are ana-
log by nature, this leads to the integration of analog and digital components in
one chip, resulting in mixed-signal ICs. For the integrated analog components,
the system integration offers both new challenges and new opportunities. Some
of the challenges that become more important because of the mixed-signal in-
tegration are the following:

¢ Hostile environment
Digital circuits create a hostile environment for the analog circuits by caus-
ing interference, which potentially reduces the performance of the analog
circuits.

e Testing
A stand-alone analog component can be tested directly for functionality
or performance. On the other hand, analog components embedded in a
large integrated system cannot be accessed directly, thus complicating test
methodologies. A dedicated test-mode or an internal self-test strategy might
be necessary to facilitate testing.

e Yield
Especially when combining many different components into one integrated
chip, the overall yield might be affected adversely by critical components.



